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INTRODUCTION 

With growing process of gallium phosphide based 
light-emitting diode structures completed, and after 
technological stages of light-emitting diodes fabrica-
tion these structures are in a complex metastable con-
dition with high level of internal mechanical strains 
(IMS), non-uniform throughout the volume of a 
crystal [1–5], thus the most part of dislocations still 
remains to be nonequilibrium defects [3–5], fixed on 
stoppers. 

Earlier it has been established [6] that in GaAsP/
GaP light-emitting diode structures reduction of 
number of defects with small energy of activation takes 
place due to processes of natural ageing. These defects 
actively participate in processes of defects formation 
and microfractures. These processes take place in ac-
tive area of structures and area of contacts, are accom-
panied by acoustic emission (ÀÅ), and result in degra-
dations of both intensity of electroluminescence (EL) 
and other parameters of light-emitting diode struc-
tures [7–9]. Process of natural ageing occurs mainly 
at the expense of binding of dot defects and disloca-
tions in clusters, i.e. at formation of new complexes 
of defects with higher energy of activation Å that leads 
to increase of their degradation resistance [6, 7]. It is 
essential, as a prime condition for stable work without 
degradation of light-emitting diodes is prevention of 
occurrence and multiplication of defects of different 
dimensionality in their active area [1, 4, 6–15] and in 
the area of their ohmic contacts [2, 13, 16]. 

On the other hand, now processes of ageing with-
out external influence, i.e., processes of natural ageing 
are scantily known. It, in particular, is connected with 
necessity of measurements during reasonably long 
time, which should be comparable to characteristic 
time of these relaxation processes. 

The shifts received by us earlier (Δλ ~20–50 
nm) in red and green bands in naturally aged 
GaAs

0,15
P

0,85
/GaP structures (with formation of an 

infra-red band), which are accompanied by intensive 
ÀÅ [9], considerably exceed typical known shifts — 
Δλ ~5–7 nm [11], whereby ÀÅ is often absent. For 
GaAs

0,15
P

0,85
/GaP light-emitting diodes in this case 

cardinal change of colour of radiation from green to 
red takes place. Estimation of temperature of over-
heating for shifts Δλ ~20–50 nm within the limits of 
known modifications of Varshni relationship made 
by us (using different data [9]) gives too high val-
ues — from 250 to 400 K. 

Research of influence of natural ageing of low-
dimensional GaP/GaP and GaAsP/GaP heterostruc-
tures on change of their electrical and optical char-
acteristics, and also determination of mechanisms 
of cardinal transformation of electroluminescence 
spectra at superthreshold current density was the work 
purpose. 

EXPERIMENT 

Industrial light-emitting diodes on the basis of 
GaP:N/GaP structures with green luminescence, 
GaP:N, Zn-O/GaP structures with red luminescence 
in a metal-glass package with the sizes of structure 
450õ450 μm, and also GaAsP:N, Zn-O/GaP struc-
tures of yellow luminescence in the polymeric pack-
age were investigated. These structures have been 
made in the early eighties, and as we had been fixed 
substantial growth of ÀÅ threshold and destruction 
currents in similar structures, it gives promise to ex-
pect that in them the processes of natural ageing oc-
curred. 

In addition to standard linear increase of the cur-
rent at spectra measurement (Figs. 1, 2), in this work 
algorithm of step-by-step increase of J with the op-
timised mode of step-by-step J change was used for 
achievement of critically high currents J in light-emit-
ting À3Â5 structures. This algorithm corresponds to 
confident actuation of potentially active (for the spec-
ified J) sources of ÀÅ according to the Kaiser law. 

Approximate calculations of empirical depen-
dences between current intensity and number of the 
step of its increase established earlier were performed. 
In Figure 3 dependence of direct current I of light 
emitting structures on the step number n of its increas-
es is presented. I

n
=10 mA, time between steps varied 

from 3 to 10 minutes. 
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Fig.1. Electroluminescence spectra of the GaP: N, Zn-O/
GaP structures and the plan of the radiative jumps.
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Fig.2. Electroluminescence spectra of the GaP:N/GaP struc-
tures at increase of the current. 
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3 - J(n) = 1,86n2+8 

The specified dependence (curve 1) was deter-
mined empirically on the basis of measurements of 
more than 300 samples. Curves 2 and 3 in Fig. 3 are 
function J(n) = an2+b type, where n is the number 
of the step, constants a=1,86 and b=10 for curve 2; 
a=1,86, b=8 for curve 3. 
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RESULTS 

Spectra of GaP: N and Zn-O/GaP structures are 
presented in Fig. 1 at different currents, tens times ex-
ceeding their possible admissible values specified by 
manufacturer. Reversible and irreversible degradations 
of bands were observed, namely, decrease of their in-
tensities and displacement with temperature partially 
restored at current decrease. At current increase along 
with irreversible degradation of EL bands reversible 
decrease in intensity (²) of the red band at λ = 700 nm 
(1.76 eV) and intensity increase of IR band at λ = 910 
nm (1.36 eV), were revealed i.e., redistribution of their 
intensities took place. The spectrum at 10 mA before 
and after current increase to 100 mA did not change. 
In the case if current exceeded 200 mA irreversible de-
crease in EL intensity of the red band ²

R
 and increase 

in intensity of the IR-band ²
IR

 took place (Fig. 1). At 
the maximum current (before structure destruction) 
complete irreversible disappearance of the red band 
was observed, but IR band was retained. 

Spectra of GaP: N/GaP structures at currents 
lower than 500 mA are shown in Fig. 2. Initially they 
have only the green band at λ = 565 nm. For these 
structures reversible and irreversible degradations of 
intensity were observed too. It was revealed therewith 
that a part of aged GaP: N/GaP structures at currents 
250–300 mA and temperature 500–600°Ñ degrade 
slowly and do not fail, unlike just manufactured ones 
(≈1 year) structures of such type for which these cur-
rents exceeded destruction currents. Such values of 
currents earlier (25–30 years ago) have been also un-
attainable for these aged structures. 

The maximum displacement of the green band 
registered by us, which was caused by recombination 
on the isoelectronic centres of nitrogen N

P
, makes 90 

nm (0.3 eV) for GaP: N, Zn-O/GaP structures and 84 
nm (0.28 eV) for GaP: N/GaP structures (Figs. 1, 2), 
that essentially exceeds known displacement Δλ ~5–7 
nm [1, 11] and even displacement Δλ ~20–50 nm reg-
istered by us earlier [9]. 

Band displacement occurs both at considerable 
self-heating of structure by passing current with inten-
sity of 450–500 mA (thus the structure temperature 
increases to more than 600°Ñ), and external heating 
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(to 600°Ñ). Colour of radiation of aged GaP:N/GaP 
structures monotonously varies therewith from green 
to red. Considerable displacement of the maximum of 
the green band by 0.28–0.3 eV is caused be narrowing 
of the forbidden bandwidth with growth of the active 
area temperature. Dependence of green band peak 
position in GaP:N/GaP structures on current and 
dependence of E

g
 on temperature for GaP are shown 

in Fig. 4. From this figure we notice that by and large 
these dependences are similar. 
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Fig.4. Dependence of the maximum of EL green band of the 
GaP:N/GaP structure on current (1) and dependence E

g
 GaP on 

temperature (2) 

It was revealed that GaP:N, Zn-O structures un-
der study degraded faster than GaP:N/GaP struc-
tures. This fact is in line with results presented in [12]. 
It is supported also by the fact that after natural ageing 
maximal achievable current in our experiment for the 
first structures was 400 mA, and for the second ones it 
was 500 mA. 

It should be noted that at the increase of hetero-
junction current not only displacement of EL bands, 
but also redistribution of EL intensity on the structure 
surface take place (Fig. 5). As follows from Fig. 5, at 
reasonably small currents rather uniform distribution 
of intensity is observed at moderate displacement of 
the band Δλ. If currents are close to currents of de-
struction and extreme shifts of the band are observed, 
then EL intensity in the area of the cross-like electrode 
substantially (by a factor of ten) exceeds the intensity 
on periphery of the radiating surface of the structure. 
The temperature of this surface can be judged by the 
appearance of EL intensity maxima in the area of par-
tially fused electrode. 

DISCUSSION 

By and large irreversible degradation of EL struc-
tures is connected with both defects formation in the 
area of contacts, which results in growth of their resis-
tance, and defects formation in active area (p-n het-
erojunction), which results in the increase of nonradi-
ative recombination as well as in reduction of injection 
ratio [1, 2, 4, 6–15]. 

Let us discuss both reversible and irreversible deg-
radations and redistribution of relative intensities ² of 
the red and IR bands. The red band at 1.76 eV (700 
nm) of GaP: N, Zn-O/GaP structures corresponds to 

radiating recombination of free holes with electrons, 
bound on the Zn–O centres and represents two close-
ly spaced lines caused by recombination on donor-ac-
ceptor pairs (DAP) (Zn

Ga
–O

P
)–Zn

Ga
 or recombina-

tion of bound excitons on close DAP Zn
Ga

–O
P
 (insert 

in Fig. 1 represents radiative jumps). Zinc is a small 
acceptor with ionisation energy Å

Zn
 = 0.061 eV, and 

position of the line 1.76 eV means that electron-bind-
ing energy on the complex is of about 0.4 eV [11]. 
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Emission line in infra-red band is located at 1.36 
eV (910 nm). It corresponds to radiation recombina-
tion on distant DAP with participation of the deep do-
nor O

Ð
 and shallow acceptor Zn

Ga
 (insert in Fig. 1) or 

recombination of the free electron defects with bound 
electron on O

Ð
. 

For DAP in GaP with shallow impurities at dis-
tance between impurity atoms r>115Å the radiative 
jump energies are described well by expression [11]: 

 P 2 2 5 6( ) / /g A Dhv E E E e r e b r= − + + ε − ε   (1) 

where Å
À
 and Å

D
 are energy positions in the forbid-

den zone of the acceptor and donor, which form DAP, 
respectively, r is the distance between donor and ac-
ceptor centres, ε− is dielectric constant, b is a con-
stant of dipole-dipole polarised interaction between 
neutral impurity centres in the initial exited state. Last 
summond takes into account interaction of electrons 
with the acceptor, a hole with the donor and electrons 
and holes. Interaction between the ionised impurities 
(with interaction energy e2/εr) prevents the bounding 
of electrons and holes on very close pairs, except for 
cases when at least one of values Å

À
 or Å

D
 is very high 

[11]. 
It should be noted that the band 1.36 eV with par-

ticipation of O
Ð
 donor is not shifted with growth of 

current density and temperature, unlike the band 1.76 
eV (see Fig. 1). Absence of shift of the radiation band 
maximum 1.36 eV can be explained by strong linear 
electro-phonon interaction, when relative depth of a 
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trap is not changed with temperature [11]. Let us note 
that Zn–O trap can be in the empty state occupied by 
electron or exciton. 

Reversible degradation of the red band can be ex-
plained by the fact that with temperature raise recom-
bination on DAP is quenched due to the channel of 
radiative recombination of free holes on neutral do-
nors Î

P
. This effect is not connected with EL intensity 

reduction due to increase of phonon absorption with 
temperature increase. The red band (1.76 eV) passes 
in the band 1.36 eV, caused by O

P
 donor. It is the rea-

son for reversible redistribution of relative intensities ² 
of the red and IR bands. 

Irreversible degradation of the band 1.76 eV and 
growth of the band 1.36 eV occurs at the expense of 
disintegration of Zn

Ga
-O

P
 DAP, appearance of dot de-

fects, and diffusion of Zn and O in non-uniform elec-
tric, thermal and thermoelastic fields, thus diffusion of 
p-n — heterojunction takes place [10]. 

Zinc as an element of the first and transitive group 
diffuses by dissociation mechanism of diffusion: in the 
form of a negative ion (Zn

Ga
-) by vacancies of gallium 

sublattice and in the form of positive ion (Zn
i
2 +) by 

interstitial sites. The local electric field therewith has 
accelerating action on diffusion of ions of replacement 
and decelerating action on diffusion of ions by inter-
stitial sites. 

Before degradation oxygen in p-layer of such 
structures is uniformly distributed with thickness. In 
[4] heterogeneity of distribution and oxygen concen-
tration increase in vicinity of p-n — heterojunction af-
ter structure degradation was fixed at current density 
20 À/cm2 during 500 hours, which was connected with 
partial disintegration of Zn-O complexes [4]. 

High values of diffusion constant and solubility of 
oxygen atoms caused by the big difference of their tet-
rahedral radii with those of GaP basic elements lead to 
high mobility of O in gallium phosphide lattice. 

Transition (diffusion) of mobile positive ions, in 
particular Zn, from p-area into n-area owing to de-
crease of a barrier height at direct displacement at high 
currents [10], and also from p+-area into ð-area also 
takes place [13]. 

By and large features and degradation mecha-
nisms of just produced light-emitting structures 
of such a type are described in detail, e. g., in [2, 4, 
6–15]. In our case substantial growth of maximal pos-
sible admissible parameters, namely, current, voltage, 
temperatures of these structures was fixed after long 
(25–30 years) ageing processes. In addition, this made 
it possible to reach considerable displacements of the 
EL green band maximum without structure destruc-
tion. 

Let us note that considerable lowering of duration 
of the degradation first stage was revealed for the light-
emitting diodes, which were put into operation after 
two years of their storage under natural conditions. It 
was caused by diffusion of Zn

i
 interstitial atoms to p-n-

heterojunction [13]. 
Naturally, at currents ~500 mA the degradation 

caused by appearance of dislocations in active area of 
these structures is also possible. If the average distance 
between dislocations l becomes comparable to diffu-

sion length of minority carriers L, EL intensity dras-
tically falls as a result of nonradiative recombination 
of carriers on dislocations, as 1/2

Dl −= ρ  where ρ
D
 is the 

dislocation density [14]. 
It is known that the increase of dislocation 

density in epitaxial layers of gallium phosphide to 
ρ

D
 = (2÷5)⋅105 cm-2, which corresponds to average 

distance between dislocations l = (2÷4) L, results in 
reduction of quantum efficiency of the green lumi-
nescence approximately by a factor of two [14]. For 
green band L = 5÷7 μm, for the red band L ≤ 2 μm. At 
ρ

D
 = 107 cm-2 (l = 3.2 μm) quantum efficiency of GaP 

structures with green radiation is equal to zero [14]. 
Thus, in these aged structures ρ

D
 does not reach the 

value of 107 cm-2 at degradation by the current lower 
than 400–500 mA. 

At the same time at full quenching of the red band 
in GaP: N, Zn-O and in GaAsP: N, Zn-O structures 
at currents 300–400 mA the green band remained. In 
GaP: N/GaP structures it did not disappear even at 
500 mA. Dislocations have considerably lower influ-
ence on intensity of the red band at the specified dis-
location density, as for this band L ≤ 2 μm, and disap-
pearance of the red band should occur at ρ

D
 = 2.5∙107 

sm-2. As discussed above, full disappearance of the red 
band takes place due to disintegration of the Zn–O 
DAP. 

Thus, at the increase of current density and EL 
degradation at the expense of appearance of disloca-
tions in active area, the green band is shifted to the red 
area, and red band disappears completely. At the same 
time from positions of EL dislocation quenching con-
cept the green band should disappear first. 

In our case it points, on the one hand, to such 
dominating mechanism of degradation of EL green 
and red bands as formation of dot defects, in particu-
lar, exit of Zn in interstitial site and formation of V

Ga
 

[10–13]. From the other hand, substantial increase of 
activation energy of dislocations formation in natural-
ly aged structures and reduction of number of struc-
ture defects with small activation energy Å obtain an 
indirect evidence. 

CONCLUSIONS 

It was shown that in naturally aged GaP/GaP and 
GaAsP/GaP structures at superthreshold increase of 
heterojunction current the catastrophic shift of EL 
spectrum into the red area takes place simultaneously 
with appearance of acoustic emission. As this takes 
place, light-emitting diodes based on these structures 
keep working capacity at currents, which exceed max-
imal known currents by the factor of tens. 

Mechanisms of transformation of EL spectra were 
analyzed at superthreshold currents, which result in 
reversible and irreversible degradations of EL intensi-
ty, in particular, to disappearance of the red EL band. 

It was shown that the dominating mechanism of 
degradation in naturally aged GaP/GaP and GaAsP/
GaP structures at superthreshold currents is forma-
tion and diffusion of dot defects instead of formation 
of dislocations. 
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It was shown that naturally aged structures based on gallium phosphide with green and red colours of radiation can withstand direct 
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INTRODUCTION. 

Tin oxide is well known material for sensor appli-
cation. Tin dioxide sensitive properties were studied by 
many authors. In spite of good sensitivity to different 
compounds it has low selectivity, which was compen-
sated by varying of operation temperature or using 
metal dopants. 

Porphyrins are often used for optical sensor applica-
tions [1,2]. It was reported that adsorption of molecules 
on porphyrin structures changed absorption spectra in 
visible light [2]. Absorption maximum position shift was 
observed under gas molecules adsorption [2]. 

2-Mercaptoethanol is organic liquid used in some 
biological applications. 2-Mercaptoethanol is consid-
ered a toxin, causing irritation to the nasal passage-
ways and respiratory tract upon inhalation and irrita-
tion to the skin. 

The combination of tin oxide and porphyrins 
deposited by sol gel method was already successfully 
used for gas detection [3]. It is expected that layered 
SnO

2
-porphyrin structure are suitable for 2-Mercap-

toethanol detection. 
In the previous works tin oxide-porphyrine sen-

sors were based on resistivity measurements. In this 
case additional power was consumed to heat them 
up to operating temperatures of 200–350 0C. On the 
other hand, optical sensors based on absorbance and 
transmittance measurements operate at room tem-
peratures. 

In the present work, optical, structural character-
ization of tin oxide-porphyrine structures and sensi-
tivity tests to 2-mercaptoethanol are reported. 

EXPERIMENTAL. 

Tin oxide layers were deposited by electro-spray 
pirolysis technique.Tin chloride ethanol solution with 
0.01 mol/l concentration was used. Deposition of the 
layers was performed on glass substrates at 330 0C with 
17 kV of applied voltage. 

5, 10, 15, 20-tetrakis-(N-methyl-4-pyridyl)-
porphynato-Cu-tetra iodide (Cu-Porph) and 5, 15-
di –(N-methyl-4-pyridyl)-10,20-di (n-nonyl)-por-
phynato-tin dichloride (Sn-Porph) were deposited 
on top of tin oxide layer by dip coating into water and 
toluene solutions, correspondently. 

Structural properties of the deposited films were 
investigated with X-ray diffraction (XRD) and Atomic 
Force microscopy (AFM) methods. 

Phase identification of as deposited and annealed 
films has been studied by means of XRD (Philips MW 
1380) instrumentation with CuKα radiation (λ=0,154 
nm). The incident angle of X-rays was 2°. The mea-
surements were performed with a constant speed 
1/8 °/min in the 2θ range 20–60°. 

Atomic force microscopy (Veeco Dimensions 
3100) was used to investigate the surface morphol-
ogy of obtained samples in tapping mode. The bearing 
area curves (BAC) and rms roughness R

q
 values have 

been calculated from AFM images to show surface 
morphology of the samples. 

For optical characterization of the samples 
UV-1700 UV-VIS spectrophotometer has been 
used. Transmittance spectra have been measured 
at the range of wavelengths 200–1100 nm with 1 
nm step. 

RESULTS AND DISCUSSION. 

XRD spectra of tin oxide films are plotted in fig.1. 
The one can see peaks at 26.5, 34.4 and 51.6, corre-
sponding to tetragonal phase of tin oxide. By means 
of numerical methods average grain size d and lattice 
strain ε were estimated from XRD data. The obtained 
values for d and ε were 7 nm and 0.0027, correspon-
dently. 

The surface images of SnO
2
 and SnO

2
-porphyrin 

films are presented in fig.2. Tin oxide surface consisted 
of surface agglomerates with average dimension 100 
nm (fig.2a). The roughness value Rq for tin oxide film 
was 26 nm. 

UDC 621.315.592

R. VITER, V. SMYNTYNA, I. KONUP , I. LYDINA, J. PUUSTINEN, J. LAPPALAINEN, V. IVANITSA. 

Experimental physics department, Odessa I. I. Mechnikov University, Odessa, Ukraine, 
+38067 66 39 327, viter_r@mail.ru 
Microbiology department, Odessa I. I. Mechnikov University, Odessa, Ukraine 
Department of Electrical and Information Engineering,
 University of Oulu, Oulu, Finland 

INVESTIGATION OF OPTICAL AND STRUCTURAL PROPERTIES OF TIN 
OXIDE-PORPHYRIN STRUCTURES FOR OPTICAL SENSORS APPLICATION. 

Tin oxide-porhyrin structures deposited on glass substrates have been investigated for 2-Mercap-
toethanol detection. Tin oxide layer was deposited by electro-spray pirolysis. Porphyrin layers were 
grown by dipping the substrates into porphyrin solution in water and toluene. Structural properties 
were characterized by XRD and AFM methods. Optical transmittance in range of 200–1100 nm of the 
structures was performed before and after adsorption of 2-Mercaptoethanol on their surfaces. Optical 
response of the structures to 2-Mercaptoethanol at room temperature is reported. The influence of 
2-Mercaptoethanol adsorption to optical transmittance was discussed. 

© R. Viter, V. Smyntyna, I. Konup, I. Lydina, J. Puustinen, J. Lappalainen, V. Ivanitsa, 2010



10

20 30 40 50 60

20

40

60

80

100
Intensity (a.u.)

2θ

 

Fig.1. XRD spectrum of tin oxide layer. 
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Fig. 2: AFM image: a) SnO
2
, b) Cu-Porph, c) Sn-Porph, d) SnO

2
-Cu-Porph, e) SnO

2
-Sn-Porph. 
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Surface structure of porphyrins was really smooth 
(Rq=1.2÷1.4 nm) (fig.2b, 2c). After deposition of por-
phyrin layers on top of tin oxide the surface was still 
rough (fig.2d, 2e). The surface roughness (Rq) was 
about 21 and 18,5 nm for SnO

2
-Cu-Porph and SnO

2
-

Sn-Porph, correspondently. It can be concluded that 
porphyrin layer ‘smoothes’ tin oxide surface. 

Optical transmittance data of the samples are plot-
ted in fig.3, 4. Both Cu-Porph and Sn-Porph trans-
mittance spectra have minimums at 418 nm (fig.3b) 
and 440 (fig.4b) corresponding to the Soret band. The 
Q-band is absent for Cu-Porph but appears for Sn-
Porph as transmittance minimums at 570 and 610 nm 
(fig.4b). After deposition of porphyrins on top of tin 
oxide film, blue shift of minimums was observed for 
Sn-Porph and red shift was Cu-Porph (fig3c, fig.4c). 
In case of Cu-Porph, minimum transformed to pla-
teau (fig3c). This phenomenon is similar to the one 
observed in [4] where red shift of minimums was ob-
served. The shift of the transmittance minimums indi-
cates the occurrence of a strong interaction between 
tin oxide and porphyrin [4]. It was shown that porphy-
rins mostly exist as monomers on metal oxides. The 
heteroaggregates formation is possible between them 
what leads to optical properties changes [4]. 

Transmittance spectra of the sample were mea-
sured after 2-Mercaptoethanol adsorption on the 
their surface. The response of the samples to 2-Mer-
captoethanol was different: the transmittance value 
dropped for SnO

2
-Sn-Porph and enhanced for SnO

2
-

Cu-Porph structures in the range of 410–430 nm (fig. 
3d, fig.4d). 
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Fig. 3. Transmittance spectra: a) SnO
2
, b) Cu-Porph, c) 

SnO
2
-Cu-Porph, d) SnO

2
- Cu-Porph-2-Mercaptoethanol. 

It is known that tin oxide is poorly sensitive to or-
ganic compounds at room temperatures [3]. There-
fore, porphyrine is key point in interaction between 
the structures with 2-Mercaptoethanol. As Soret bands 
correspond to ϖ-electrons transitions [5] the possible 
mechanism of 2-Mercaptoethanol adsorption comes 
through interaction adsorbed molecules with unsatu-

rated bonds of porphyrins. It results to changes in het-
eroaggregates bonding and brings to optical changes. 

However, it is necessary to perform additional 
measurements of electrical properties to reveal or con-
tradict this interaction mechanism. Next works will be 
devoted to resolution of this problem. 
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Fig. 4. Transmittance spectra: a) SnO
2
, b) Sn-Porph, c) SnO

2
-

Sn-Porph, d) SnO
2
- Sn-Porph-2-Mercaptoethanol. 

CONCLUSION. 

Porphyrins form heteroaggregates with tin oxide 
after their deposition on top of metal oxide surface 
what was proofed by Soret band shift and AFM data. 
2-Mercaptoethanol adsorption on top of the surface 
led to transmittance changes what can be used in opti-
cal sensors. Adsorption mechanism can be explained 
by interaction of 2-Mercaptoethanol with unsaturated 
bonds of porphyrins. 

References 

A. Dunbar, T. H. Richardson, A. J. McNaughton, W. Barford, 1. 
J. Hutchinson, C. A. Hunter, Understanding the interactions 
of porphyrin LB films with NO

2
// Colloids and Surfaces A: 

Physicochem. Eng. Aspects. — 2006. — Vol. 284–285. — 
P. 339–344 
Isabelle Leray, Marie-Claude Vernie`res, Claude Bied-2. 
Charreton, Porphyrins as probe molecules in the detection 
of gaseous pollutants: detection of benzene using cationic 
porphyrins in polymer films // Sensors and Actuators B. — 
1999. — Vol. 54. — P. 243–251 
E. A. Makeeva, M. N. Rumyantseva, A. M. Gaskova, 3. 
B. A. Ismailov, V. A. Vasnev, Sensor properties of hybrid 
SnO

2
-polysilazane materials // Proceedings of the Euro-

sensors XXIII conference, Procedia Chemistry. — 2009. — 
Vol. 1. — P. 172–175 
Huihua Deng, Zuhong Lu, Haifang Mao and Yaochun Shen, 4. 
Cosensitization and photoelectric conversion of a nanostruc-
tured electrode with tetrasulfonated porphyrins TiO

2
 // J. 

Chem. Soc., Faraday Trans. — 1998. — Vol. 94. — N 5. — 
P. 659–663 
Akrajas Ali Umar, Muhamad Mat Salleh, Muhammad Ya-5. 
haya, Self-assembled monolayer of copper (II) meso-tetra(4-
sulfanatophenyl) porphyrin as an optical gas sensor, Sensors 
and Actuators B. — 2004. — Vol. 101. — P. 231–235 



12

UDC 539.183 

R. Viter, V. Smyntyna, I. Konup , I. Lydina, J. Puustinen, J. Lappalainen, V. Ivanitsa. 

INVESTIGATION OF OPTICAL AND STRUCTURAL PROPERTIES OF TIN OXIDE-PORPHYRIN STRUCTURES FOR 
OPTICAL SENSORS APPLICATION. 

Summary. 
Tin oxide-porhyrin structures deposited on glass substrates have been investigated for 2-Mercaptoethanol detection. Tin oxide 

layer was deposited by electro-spray pirolysis. Porphyrin layers were grown by dipping the substrates into porphyrin solution in water 
and toluene. Structural properties were characterized by XRD and AFM methods. Optical transmittance in range of 200–1100 nm of 
the structures was performed before and after adsorption of 2-Mercaptoethanol on their surfaces. Optical response of the structures 
to 2-Mercaptoethanol at room temperature is reported. The influence of 2-Mercaptoethanol adsorption to optical transmittance was 
discussed. 
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The fundamental purposes of the high-precision 
atomic PNC studies are to search for new physics be-
yond the standard model of the electroweak interac-
tion by precise evaluation of the weak charge Q

W
 and to 

probe parity violation in the nucleus by evaluation of 
the nuclear anapole moment. The recent LEP experi-
ments are fulfilled [1,2], that yield extremely accurate 
values for Z-boson properties. Although the spectacu-
lar experimental achievements of particle physics in 
the last decade have strengthened the Standard Model 
(SM) as an adequate description of nature, they have 
also revealed that the SM matter represents a mere 
5% or so of the energy density of the Universe, which 
clearly points to some physics beyond the SM despite 
the desperate lack of direct experimental evidence. 
The sector responsible for the spontaneous breaking of 
the SM electroweak symmetry is likely to be the first to 
provide experimental hints for this new physics. The 
detailed review of these topics can be found in refs. 
[1–6], in particular, speech is about brief introducing 
the SM physics and the conventional Higgs mecha-
nism and a survey of recent ideas on how breaking elec-
troweak symmetry dynamics can be explained. Atomic 
optical and Stark pumping PNC measurements have 
been completed in Cs (0.35 % accuracy [1]), Tl (1.7 
%), Bi (2 %), Pb (1.2 %). A few atomic PNC experi-
ments (in heavy systems such as Fr, Ba+, Ra+, Yb) are 
currently in progress. Atomic-optics tests of the stan-
dard model provide important constraints on possible 
extensions of the standard model. A recent analysis [2] 
of parity-violating electron-nucleus scattering mea-
surements combined with atomic PNC measurements 
placed tight constraints on the weak neutral-current 
lepton-quark interactions at low energy, improving 
the lower bound on the scale of relevant new physics 
to ~ TeV. The precise measurement of the PNC am-
plitudes in Cs [1] led to an experimental value of the 
small contribution from the nuclear-spin dependent 
PNC accurate to 14%. So, form the one side there is 
very actual necessity of the further development and 
increasing of the theoretical approaches accuracy and 
carrying out new atomic optical and Stark pumping 
PNC experiments. The multi-configuration relativ-
istic Hartree-Fock (RHF) and Dirac-Fock (MCDF) 
approximation (c.f.[3,4,17,26] is the most reliable ver-
sion of calculation for multi-electron systems with a 

large nuclear charge; in these calculations one- and 
two-particle relativistic effects and radiative QED 
corrections are taken into account, however an accu-
racy of theses methods is out of the necessary test one. 
This fact has stimulated a development of different 
versions of the many-body perturbation theory (PT), 
namely, the PT with RHF and DF zeroth approxima-
tions, QED-PT and nuclear QED PT (N-QED PT) 
[1–43]. In present paper the N-QED PT approach is 
used for studying the fundamental parameters of the 
hyperfine, electroweak, PNC interactions in heavy at-
oms (nuclei) and new objects for the Stark pumping 
experiments are proposed. We firstly predict the values 
of the weak charge Q

W
 for some heavy atoms. 

The basises of the N-QED PT, which is the com-
bination of the ab initio QED PT formalism and nu-
clear relativistic middle-field (RMF) approach that 
allows to make a précised account of the relativistic, 
correlation, nuclear, radiative effects, are in details 
described in serried of papers [10,38–44]. So, we are 
limited only by the key aspects. The wave electron 
functions zeroth basis is found from the Dirac equa-
tion 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 accounted for [10]. The concrete 
nuclear model is based on the relativistic mean-field 
(RMF) model of a nucleus. More concretely, we used 
so called NL3-NLC and generalized Ivanov et al ap-
proach (see details in refs. [4,12]), which are among 
the most successful parameterizations available. Fur-
ther one can write the Dirac-Fock -like equations for 
a multi-electron system {core-nlj}. Radial parts F and 
G of two components of the Dirac function for elec-
tron, which moves in the potential V(r,R) are defined 
by solution of the Dirac equations (PT zeroth order). 
The general potential includes the electrical and po-
larization potentials of a nucleus. The radiative QED 
(the self-energy part of the Lamb shift and the vacuum 
polarization contribution) are accounted for within 
the QED formalism [4,10]. The hyperfine structure 
constants are defined as follows. The interaction 
Hamiltonian is the standard: 

 I e NH ej A eJ Aμ μ
μ μ= +   (1) 
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where ,e Nj jμ μ  are Lorentz covariant current operators 
for the electron and the nucleus respectively: 

 e e ej μ μ= ψ γ ψ
� �

  (2) 

 31
( )

2 2
v

N N N v N NJ
M

μ μ μ+ τ λ
= ψ γ ψ + ∂ ψ σ ψ

� �
  (3) 

Here 
1 ,
2

vμν μ⎡ ⎤σ = γ γ⎣ ⎦ . The rest notations are stan-

dard. Using the first-order perturbation based on the 
S-matrix method one can get the expression for the 
hyperfine structure. Usually the transverse part of the 
photon propagator is defined as follows: 

 121
4 | 1 2 |x x

δ
π −

  (4) 

But more consistent scheme is proposed in refs. 
[10,44] and consist in using (after transition to no-
time diagrams) the following expression: 

 12 1 2
1 1 exp( | | )(1 )

4 | 1 2 |
i x

x x
ω − α α

π −
  (5) 

So, it allows to take into account the Breit ef-
fect (magnetic interaction). Further, as usually, the 
reduced matrix element in (6) can be divided on the 
electron part and on the Dirac part and the anomalous 
part for a nucleus. In order to define all parts the cor-
responding relativistic wave functions of the electron 
and single-particle states of a nucleus are required 
(look above). 

Further let us consider the elements of calculat-
ing the PNC transition amplitude. The dominative 
contribution to the PNC amplitude is provided by the 
spin-independent part of the operator for a weak in-
teraction, which should be added to the atomic Ham-
iltonian [5]: 

 ( )at W
j

H H H j= + μ∑ , 1
5 ( )

2 2W W
GH Q r= γ ρ ,  (6) 

Where -is the Fermi constant of the weak inter-
action, γ

5
 –is the Dirac matrice, ρ(r)-is a density of 

the charge distribution in a nucleus and Q
W

 is a weak 
charge of a nucleus, linked with number of neutrons N 
and protons Z and the Weinberg angle θ

W 
in the Stan-

dard model (c.f. [1–3]): 

 2(1 4sin )W WQ Z N= − θ −   (7) 

With account for the radiative corrections, equa-
tion (7) can be rewritten as shown in refs.[5,18]: 

 

2{ (1 [4.012 0.010]sin ) }
(0.9857 0.0004)(1 0.0078 )

W WQ Z N
T

= − ± θ − ×
× ± +  

 2sin 0.2323 0.00365 0.00261 )W S Tθ = + −   (8) 

The parameters S,T parameterize the looped cor-
rections in the terms of conservation (S) and violation 
(T) of an isospin. The spin-dependent contribution 
to the PNC amplitude has three distinct sources: the 
nuclear anapole moment, the Z-boson exchange in-
teraction from nucleon axial-vector currents (A

n
V

e
), 

and the combined action of the hyperfine interac-

tion and spin-independent Z-boson exchange from 
nucleon vector (V

n
A

e
) currents [7,9,34]. The anapole 

moment contribution strongly dominates. The above-
mentioned interactions can be represented by the 
Hamiltonian 

 ( ) ( )
2

i
W i

GH k I r= α ⋅ ρ   (9) 

where k(i=a) is an anapole contribution, k(i=2)=k
Z0

 — 
axial-vector contribution, k(i=kh)=k

Qw
 is a contri-

bution due to the combined action of the hyperfine 
interaction and spin-independent Z exchange . The 
estimate of the corresponding matrix elements is in 
fact reduced to the calculation of the integrals as 
[10]: 

 

1

0

| |
2 2

[ ( ) ( ) ( ) ( )] ( )

i j i jW W k k m m

i j i j

Gi H j i Q

dr F r G r G r F r r

−

∞

< >= δ δ ×

× − ρ∫   (10) 

The general expression for the corresponding 
PNC amplitude for a-b transition is written as: 

 

(1)

(1)

| |
| | | |

[

| | | |

W

n a n

W

b n

a PNC b
b e A n n H a

b H n n e A a

ν
ν

ν
ν

< >=

< α >< >
= − +

ε − ε

< >< α >
+

ε − ε

∑

  (11) 

The corresponding spin-dependent PNC contri-
bution is : 

 

( )

(2) ( )
2

| | | |

| | | |

sd a
a

hf
hf

a PNC b k a PNC b

k a PNC b k a PNC b

< > = < > +

+ < > + < >   (12) 
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Here the following notations are used: 
| | F Fa aIF M>= > , | | I Ib bIF M>= > , I — spin of a nucle-
us, F

I,F
-is a total momentum of an atom and M — its 

z component (I,F are the initial and final states). It 
should be noted the expressions for the matrix ele-
ments ( )| | aa PNC b< > , (2)| |a PNC b< > are similar 
to Eq. (13). The full description of the correspond-
ing matrix elements and other details of the general 
method are presented in refs.[4,10,39–44]. 

In table 1 we listed the values of the hyperfine 
structure (hfs) energy and magnetic moment (in nu-
clear magnetons) of nucleus in 207Tl, calculated on 
the basis of different theoretical models [12–14]. In 
table 2 there are listed the PNC amplitudes (in units of 
10–11iea

B
(-Q

W
)/N ), which are calculated by the differ-

ent methods (without the Breit corrections): DF, RHF, 
MCDF, many-body perturbation theory (MBPT) and 

our nuclear-QED PT results (other data from refs. 
[25–34]). In table 3 we list the nuclear spin dependent 
corrections to the PNC 133Cs: 6s-7s amplitude E

PNC
, 

calculated by different theoretical methods (in units of 
the k

a,2,hf
 coefficient): MBPT, DF-PT, the shell model, 

N-QED PT (present paper) (from refs. [9,27,28,34]). 

Table 1 
The hfs energy and magnetic moment (in nucl. magnetons) In 

209Pb, 207Tl 

207 Tl
Magn. moment [μ

N
] HS NLC Tomaselli N-QED

Theory 
Exp. [14]

1.8769      1.8758      1.6472      1.8764 
1.8765(5)

HFS[eV]  HS NLC Tomaselli N-QED
ΔE1

HFS 
ΔE

QED

3,721      3,729      3,2592      3,5209 
-0,0201      -0,0178      -0,0207

Total 3,701      3,708      3,2592      3,5002

Table 2 
PNC amplitudes (in units of 10–11iea

B
(-Q

W
)/N ), which are calculated by different methods (without the Breit corrections): DF, RHF, 

MCDF, MBPT and nuclear-QED PT. 

Atom 
Trans.

Spin 
of 

Nucl.

Nucl. 
moment 

μ
N

Weak 
charge 

Q
W

Radius 
(fm) of 
nucleus

DF RHF MCDF MBPT N-QED 
(our data)

133Cs 
6s-7s 7/2 2.5826 -73.19 4.837 -0.741 -0.926 

-0.897
-0.935
-0.905

-0.897 
-0.904 -0.8985

223Fr 
7s-8s 3/2 1.1703 -128.08 5.640 -13.72 -16.63 -15.72 -15.49 -15.515

Table 3 
The nuclear spin dependent corrections (in units of the k

a,2,hf
 coefficient) to the PNC 133Cs: 6s-7s amplitude E

PNC
, calculated by different 

theoretical methods (see text). 

Correction MBPT Shell model DF N-Qed PT
K (sum) 0.1169 0.1118 0.1102 

0.1082
0.1159

k
2
- the Z-boson exchange interaction from nucleon axial-vector 

currents (A
n
V

e
)

0.0140 0.0140 0.0111 
0.0084

0.0138

k
hf 

— the combined action of the hyperfine interaction and spin-
independent Z exchange 

0.0049 0.0078 0.0071 
0.0078

0.0067

k
a 
–anapole moment 0.0980 0.090 0.0920 0.0954

In table 4 there are presented the estimated val-
ues of the weak charge Q

W 
for different heavy at-

oms, predicted in different approaches (from refs. 
[18,27,28,34]). Let us underline that the correct val-
ues of the weak charge are firstly predicted by us for 
205Tl and 173Yb atoms. The analysis of results shows 
that in principle a majority of theoretical approaches 
provides physically reasonable agreement with the 
Standard model data, but the important question is 
how much exact this agreement. However, the pré-
cised estimates indicate on the tiny deviation from 
the Standard model. In our opinion, now the most 
interesting subject is the rare-earth element. The 
corresponding value Q

w
 for Yb is listed. The heavy 

atoms and multicharged ions of Tm, Eu, Dy, Sn are 
now in consideration. 

These elements have very complicated hyperfine 
structure and its spectrum of highly excited states is 
very dense. It is easily to understand that the distance 
between levels decreases exponentially with the num-
ber of excited particles. Respectively, according to the 
PT, this can lead to enhancement of small perturba-
tions, e.g. electroweak interactions. Obviously, one 
could say about the statistical dynamical and possibly 

Table 4 
The estimated values of the weak charge Q

W 
for different 

heavy atoms, predicted in different approaches (from refs. 
[18,27,28,30,34]). 

Atom: Standard 
model RHF+ Breit MCDF MBPT

N-QED 
(our 
data)

133Cs -73.19(13) -72.66
-71.70

-69.78
-71.09

-72.69
-72.18 -72.62

205Tl -116.81(4) -116.20 --- --- -116.15
173Yb  -95.44(5) --- --- --- -92.31

Note: Transition for Yb Yb 5p64f146s2 1S
0
 -5p64f146s5d 3D

1
; 

quasi-elastic mechanisms. From other side, hitherto 
nobody has seen an enhancement in macroscopic 
systems with infinitely dense spectra. There are a few 
tiny explanations of the ‘killing” this enhancement. 
However, the rare-earth elements have very interest-
ing spectra of autoionization resonances (with very 
unusual from physical point of view their behavior in a 
weak electric and laser fields; the known effect of giant 
broadening [4]). The elementary comments shows that 
the perspectives of the PNC experiments with Stark 
pumping of the individual states in the rare-earth at-
oms (and probably more effective multicharged ions 
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of these elements) and simultaneously polarized laser 
field dressing (with a cold-atom fountain or inter-
ferometer) could provide comfortable conditions for 
observation of the weak effects. It is possible an exis-
tence of the dc Stark shift, arisen from the electroweak 
nuclear anapole moment violating P , but not T. It is 
characterized by the pseudo scalar ξk∧E⋅B involving 
the photon angular moment and static electric and 
magnetic fields. In any case it’s self-understood that 
only a précised, experiment may make more clear this 
fundamental topic. 
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1. INTRODUCTION 

Gas sensors on p-n junctions [1, 2] have some 
advantages in comparison with these, based on oxide 
polycrystalline films [3] and Schottky diodes [4]. P-n 
junctions in wide-band semiconductors have high po-
tential barriers for charge carriers, which results in low 
background currents, high sensitivity and selectivity to 
the gas components [5, 6]. 

The advantage of silicon p-n junctions as gas sen-
sors is that they are compatible with silicon amplifying 
elements. Characteristics of p-n junctions in silicon as 
gas sensors were studied in previous works [7–9]. It 
was shown that the gas sensitivity of silicon p-n struc-
tures at forward biases is caused by enhancing of sur-
face recombination, as a result of band bending in p-
region, due to electric field of adsorbed ions. The gas 
sensitivity of studied p-n structures at reverse biases is 
due to forming of a surface conductive channel which 
shorts the p-n junction. 

The purpose of this work is a comparative study 
of the influence of ammonia and water vapors on 
stationary I–V characteristics of emitter–collector, 
base–collector and emitter–base junctions in silicon 
planar transistors, as well as on the kinetics of corre-
sponding currents. 

2. EXPERIMENT 

The measurements were carried out on silicon 
n-p-n and p-n-p transistors of the structure shown in 
fig 1. The n regions were doped with phosphorus and p 
regions with boron. The top surface was not cowered, 
so there was only a natural oxide layer. 

The effect of vapors over water solutions of several 
NH

3
 concentrations and over distilled water was stud-

ied on stationary I-V characteristics, as well as on the 
current kinetics in transistors. The sensitivity of the 
n-p-n transistors was higher than p-n-p ones. 

I–V characteristics of the emitter-collector cur-
rent of an n-p-n transistor in air with ammonia va-
pors of partial pressures 100Pa, 200Pa and 500Pa are 
presented in fig. 2 with curves 1, 2 and 3, respectively. 
Curve 4 was measured in water vapors at a pressure 
of 2000 Pa. The ordinates of curve 4 are multiplied 

by 10. The measurements in dry air give currents 
910I −< A. 

B E 

n 

C 

p 

n 

Fig. 1. Structure of the transistor.

The (absolute, current-) sensitivity of a gas sensor 
can be defined as 

 IS I P= Δ Δ ,   (1) 

where ΔI is the change in the current (at a fixed volt-
age), which is due to a change ΔP in the corresponding 
gas partial pressure [10]. An analysis of the data, pre-
sented in fig. 2, gives for the sensitivity of the transistor 
to ammonia vapors at a voltage of 4V an estimation 

1.3S � mA/kPa, while for the silicon p-n junctions 
S=20 μA/kPa [9]. The transistor works as a gas sensor 
with inherent amplification. 

An analogous analysis of the curve 4 in fig. 2 gives 
for the sensitivity to water vapors an estimation of 
S=3 μA/kPa. Thus, the sensor is gas-selective. The 
sensitivity of the transistor to ammonia vapors is ~400 
times higher than to water vapors. 

I–V curves in fig. 2 are nonlinear. The sensitiv-
ity at low bias voltages up to 1V is much lower than at 
higher biases. 

Fig. 3 illustrates the kinetics of the emitter–col-
lector current in the transistor after let in- and out of 
ammonia vapors with a partial pressure of 500 Pa. The 
response time t

r
 for current rise was estimated as the 

duration of the current increase to 90% of its station-
ary value after letting in the vapor into the container 
with the sample. And the decay time t

d
 was obtained 

in a similar way, for the current decrease from the sta-
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tionary value to 10% of it. An analysis of the data, pre-
sented in fig. 3, gives t

r ≈ 80s and t
d ≈ 10s. A comparison 

with the data, obtained in the previous work [9], show 
that the response time of the transistor as gas sensor is 
higher than that of the silicon diode sensor. And decay 
time of the both sensors is practically the same. 

0,1 

0,2 

0,3 

0 1 2 3 4 

4 

1 

2 

3 

V, Volts 

I, mA 

Fig. 2.  I–V characteristics of the emitter-collector current 
of n-p-n transistor in ammonia vapors of partial pressures: 1 – 
100Pa; 2 – 200Pa; 3 –500Pa, and in water vapors of pressure 2000 
Pa (4). The ordinates of curve 4 are multiplied by 10.

0,1 

0,2 

0 

I, mA 

100 200 t, s 

0,3 

300 

Fig. 3.  Kinetics of the emitter–collector current after let in- 
and out of ammonia vapors with a partial pressure of 500 Pa.

3. DISCUSSION 

In order to verify the mechanism of the gas sen-
sitivity of the transistors, I–V characteristics of emit-
ter–base forward current and of base–collector reverse 
current were measured. The results of these measure-
ments are shown in fig. 4. I-V characteristic of the for-
ward current in the emitter–base junction, placed in 
dry air, is presented as curve 1 in Fig. 4. I–V curve can 
be described with the expression 

 0( ) exp[ / ( )]I V I qV nkT= , (2) 

where I
0
 is a constant; q is the electron charge; V de-

notes bias voltage; k is the Boltzmann constant; T is 
temperature; n ≈ 1.1 is the ideality constant. Some 
deviation from the value n=1 can be ascribed to re-
combination on deep levels in p-n junction and at the 
surface [11]. 

Curve 2 in Fig. 4 is the emitter–base character-
istic, obtained in air with ammonia vapors of partial 
pressure 500Pa. A comparison between curves 1 and 
2 shows that ammonia vapors change the emitter base 
characteristic only at low biases, where 50nAI ≤  and 

0.5VoltsV ≤ . The additional current due to ammonia 
molecules adsorption linearly depends on the voltage. 

0 1 2 3 4 
V, Volts 

10-8

10-7

10-6

10-5

10-4

10-3
I, A 

1 2 

3 

4 

Fig. 4. I–V characteristics of the n-p-n transistor: 1, 2 – 
emitter–base forward currents in dry air and ammonia vapors, 
respectively; 3, 4 – emitter-collector and base–collector currents, 
accordingly. The ammonia partial pressure was of 500Pa.

Curves 3 and 4 in fig. 4 present the emitter–col-
lector and base–collector characteristics, respectively, 
measured in ammonia vapors with a partial pressure of 
500 Pa. The currents, obtained in dry air, were of 10–9A. 
Curve 4 is similar to I–V characteristics of the reverse 
current in silicon p-n junctions in ammonia atmosphere 
[7–9]. A comparison between curves 3 and 4 shows, 
that the additional current, due to ammonia molecules 
adsorption, is strongly amplified in the transistor. 

Fig. 5 schematically presents the influence of ad-
sorbed donor molecules on the charge carrier distri-
bution in the n-p-n transistor. The emitter-base and 
base- collector junctions cross the crystal surface, 
cowered by natural oxide layers 1 and 2, respectively. 
Adsorbed molecules are ionized and form layers of 
positive charge 3 and 4. The electric field of ions bends 
depletion regions 5 and 6 in emitter–base and base–
collector junctions and forms, under a high enough 
ions surface density, conducting channels 7 and 8. The 
conductivity of the channels is enhanced with increas-
ing surface charge. 

The equivalent scheme of the transistor with 
adsorbed ions on the surface is shown in fig 6. The 
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conductive channel in the base–collector junction is 
presented by nonlinear resistor R

BC
. The dependence 

( )BC BCR V under a fixed ammonia partial pressure is de-
termined by curve 4 in fig. 3. The channel in the emit-
ter–base junction is presented with resistor R

EB
. 

4 3 2 1 

p n n 
collectorbase emitter 

9 

6 5 

8 7 

9 9 

Fig. 5.  Schematic of the n-p-n transistor in NH3 atmosphere: 
1, 2 – oxide layers; 3, 4 – adsorbed ions; 5, 6 – depleting regions; 
7, 8 – conductive n-channels; 9 – metallic contacts.

REB 

RBC 

Fig, 6.  The equivalent scheme of the n-p-n transistor with 
adsorbed positive ions.

An analysis of curve 2 in fig. 4 yields 
1.4MOhmEBR = . It is seen from fig. 6 that the con-

ductive channel in emitter–collector junction, repre-
sented as resistor R

EB
, decreases the amplification fac-

tor of the transistor. This explains the observed small 
gas sensitivity of the transistor at low bias voltages 
(V<0.5Volts). At higher voltages the injection current 
in the emitter–base junction is much higher than in 
resistor R

EB 
(in the surface channel), and the amplifi-

cation factor is high. 
The amplification factor of the sensor is 74β = at a 

voltage of 4Volts and 17β =  at V=1Volt. The observed 
decrease in the amplification factor at lowering voltage 
can be explained by the effect of the recombination at 
deep levels in the depletion region of the emitter–base 
junction. 

4. CONCLUSIONS 

The gas sensitivity of silicon transistors is much 
higher than the sensitivity of silicon p-n junctions. 
This effect is due to formation of a surface conductive 
channel, which shorts the base–collector junction. 
The resistance of this channel decreases with increas-
ing vapors partial pressure. The current of this chan-
nel is amplified in the transistor. A similar channel in 
the emitter–base junction decreases the amplification 
factor of the transistor and the gas sensitivity at low 
bias voltages. 

The sensitivity of transistors to ammonia vapors is 
much higher than to water vapors, which can be ex-
plained taking into account donor properties of am-
monia molecules at the silicon surface. 

The response time of the sensor at room tempera-
ture is of 100 s. 
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CHARACTERISTICS OF SILICON TRANSISTORS AS GAS SENSORS 

Abstract 
The influence of ammonia and water vapors on I-V characteristics of the forward and reverse emitter–collector, base–collector and 

emitter–base currents as well as on the kinetics of the corresponding currents in silicon transistors was studied. The gas sensitivity of 
the transistors is much higher than the sensitivity of silicon p-n junctions. This effect is due to formation of a surface conductive chan-
nel, which shorts the base–collector junction. A similar channel in the emitter–base junction decreases the amplification factor of the 
transistor and the gas sensitivity at low bias voltages. The sensitivity of the transistors to ammonia vapors is much higher than to water 
vapors. The response time of the sensors at room temperature is of 100 s. 
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Ô. Î. Ïòàùåíêî 

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÐÅÌÍ²ªÂÈÕ ÒÐÀÍÇÈÑÒÎÐ²Â ßÊ ÃÀÇÎÂÈÕ ÑÅÍÑÎÐ²Â 

Ðåçþìå 
Äîñë³äæåíî âïëèâ ïàð³â àì³àêó ³ âîäè íà ÂÀÕ ïðÿìîãî ³ çâîðîòíîãî ñòðóì³â åì³òåð–êîëåêòîð, áàçà–êîëåêòîð òà åì³òåð–

áàçà, à òàêîæ íà ê³íåòèêó â³äïîâ³äíèõ ñòðóì³â ó êðåìí³ºâèõ òðàíçèñòîðàõ. Ãàçîâà ÷óòëèâ³ñòü òðàíçèñòîð³â íàáàãàòî âèùà, í³æ 
÷óòëèâ³ñòü êðåìí³ºâèõ p-n ïåðåõîä³â. Äàíèé åôåêò îáóìîâëåíèé ôîðìóâàííÿì ïîâåðõíåâîãî ïðîâ³äíîãî êàíàëó, ÿêèé çàêî-
ðî÷óº p-n ïåðåõ³ä áàçà–êîëåêòîð. Ïîä³áíèé êàíàë â ïåðåõîä³ åì³òåð–áàçà çìåíøóº êîåô³ö³ºíò ï³äñèëåííÿ òðàíçèñòîðà ³ éîãî 
ãàçîâó ÷óòëèâ³ñòü ïðè íèçüêèõ íàïðóãàõ çì³ùåííÿ. ×óòëèâ³ñòü òðàíçèñòîð³â äî ïàð³â àì³àêó çíà÷íî âèùà, í³æ äî ïàð³â âîäè. 
×àñ ñïðàöþâàííÿ ñåíñîð³â ïðè ê³ìíàòí³é òåìïåðàòóð³ íå ïåðåâèùóº 100 ñ. 

Êëþ÷îâ³ ñëîâà: êðåìí³ºâ³ òðàíçèñòîðè, ãàçîâ³ ñåíñîðè. 

ÓÄÊ 621.315.592 

Ô. À. Ïòàùåíêî 

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÐÅÌÍÈÅÂÛÕ ÒÐÀÍÇÈÑÒÎÐÎÂ ÊÀÊ ÃÀÇÎÂÛÕ ÑÅÍÑÎÐÎÂ 

Ðåçþìå 
Èññëåäîâàíî âëèÿíèå ïàðîâ àììèàêà è âîäû íà ÂÀÕ ïðÿìîãî è îáðàòíîãî òîêîâ ýìèòòåð–êîëëåêòîð, áàçà–êîëëåêòîð è 

ýìèòòåð–áàçà, à òàêæå íà êèíåòèêó ñîîòâåòñòâóþùèõ òîêîâ â êðåìíèåâûõ òðàíçèñòîðàõ. Ãàçîâàÿ ÷óâñòâèòåëüíîñòü òðàíçèñòî-
ðîâ íàìíîãî âûøå, ÷åì ÷óâñòâèòåëüíîñòü êðåìíèåâûõ p-n ïåðåõîäîâ. Äàííûé ýôôåêò îáóñëîâëåí ôîðìèðîâàíèåì ïîâåðõ-
íîñòíîãî ïðîâîäÿùåãî êàíàëà, êîòîðûé çàêîðà÷èâàåò p-n ïåðåõîä áàçà–êîëëåêòîð. Ïîäîáíûé êàíàë â ïåðåõîäå ýìèòòåð–
áàçà óìåíüøàåò êîýôôèöèåíò óñèëåíèÿ òðàíçèñòîðà è åãî ãàçîâóþ ÷óâñòâèòåëüíîñòü ïðè íèçêèõ íàïðÿæåíèÿõ ñìåùåíèÿ. 
×óâñòâèòåëüíîñòü òðàíçèñòîðîâ ê ïàðàì àììèàêà çíà÷èòåëüíî âûøå, ÷åì ê ïàðàì âîäû. Âðåìÿ ñðàáàòûâàíèÿ ñåíñîðîâ ïðè 
êîìíàòíîé òåìïåðàòóðå íå ïðåâûøàåò 100 ñ. 

Êëþ÷åâûå ñëîâà: êðåìíèåâûå òðàíçèñòîðû, ãàçîâûå ñåíñîðû. 
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Nonideal heterojunction basic photo-electric 
characteristics impossible to explain without the as-
sumption of a determining role differing from ther-
moemission mechanisms current through space 
charge region (SCR) carry [1, 2]. Such mechanisms 
usually have tunnel character. In this connection, 
detailed studying SCR parameters influence on het-
erojunction conductivity is very important, as allows 
to specify the losses mechanism in heterophotoele-
ments. Especially interesting seems the investigation 
of barrier region conductivity dependence on its width 
in connection with the assumption currenttransport 
tunnel character. We shall consider, for example rather 
popular in one’s time typical nonideal heterojunction 
CdS-Cu

2
S. 

It is established, that the barrier width concentrat-
ed in more wideband CdS effectively can be changed 
by light from cadmium sulfide intrinsic absorption 
region [3, 4], where in a short circuit current mode 
(no voltage bias) Fermi level position in quasineutral 
region is a constant value, not dependent on illumi-
nation intensity. In these conditions the barrier height 
does not change and it is possible to determine con-
ductivity dependence solely on SCR width. 

With this purpose the heterojunction current-volt-
age characteristics (CVC) were received at illumina-
tion it by various intensity light with λ < 620 nm (FIG. 
1). A curve measured at various illumination levels has 
various heterojunction photocapacity values (C

ph
). It 

is visible, that with photocapacity growth and, hence, 
SCR extent reduction, at constant barrier height in 
point U=0 junction differential resistance decreases 
considerably. 

Investigation conductivity active component on 
an alternating current (f=20kHz) were carried out by 
a compensation method with the use of the alternating 
current bridge by which the junction capacity also has 
been measured, at that the signal measuring amplitude 
did not exceed 5 mV. If for each photocapacity value 
to calculate the barrier width it is possible to construct 
its conductivity or resistance dependence on extent 
for alternating or a continuous current (FIG. 2). In 
the latter case the heterojunction resistance analysis 
for zero bias determined from CVC shows (fig. 1) that 
with SCR width increase its resistance as on continu-
ous (curve 2), and on alternating (curve 1) currents 

grows, remaining, however, on an alternating current 
essential smaller then stationary value, what is rather 
typical for tunnel-jumping transport mechanism [5]. 

  

FIG. 1. CVC of CdS-Cu
2
S heterojunction at various photo-

capacity values appropriate to various light levels exposure by light 
from CdS intrinsic absorption region. 

The given curves are not exponential, and find out 
much weaker dependence which is coming most likely 
to linear, that also testifies most likely the multistage 
transport mechanism, but not direct tunneling. 

Dependences CdS-Cu
2
S heterojunction conduc-

tivity on continuous and alternating current on the ap-
plied bias value at various light levels exposure are giv-
en in FIG. 3. Though at illumination intensity growth 
conductivity always increase, however this growth for 
the big and small biases can be caused by the differ-
ent reasons. From FIG. 3 it is visible, that at enough 
big biases conductivity on continuous and an alternat-
ing current differs much less, than at small biases. It 
can testify that with increase of an external continu-
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NONIDEAL HETEROJUNCTION CONDUCTIVITY 

CdS-Cu
2
S heterojunction conductivity both on continuous, and on an alternating current 

strongly depends on barrier parameters which can vary under illumination influence. It is established, 
that space charge region resistance essentially depends on its width (this dependence is close to linear) 
at fixed barrier height. It can testify to prevalence of tunnel multistage mechanisms of transfer over 
researched structure, for example, tunnel-jumping conductivity 
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ous voltage in the current restriction series resistance 
begins to play an essential role in CdS base layer which 
conductivity is determined by free carriers, is not con-
nected with the transport on the located states and does 
not depend therefore on a measuring signal frequency. 
Saturation of characteristics G=G(U) also testifies to 
it at biases close to barrier amount value. 

  

FIG. 2. Dependence of heterojunction resistance on contin-
uous (curve 1) and alternating (f = 20 kHz, curve 2) current. 

  
FIG. 3. Dependence of conductivity on continuous (solid 

curves) and alternating (dotted curves) current on positive bias 
value at various levels of illumination (1 and 1a- 100 rel. un.; 2 and 
2a — 20 rel. un.; 3 and 3a — 2 rel. un.). 

At stimulating light large intensities change to 
ohmic current on voltage dependence occurs at lower 
biases. Conductivity growth at illumination for large 
voltage, apparently, is caused by CdS base layer con-
ductivity increase, and for small — barrier region 
conductivity growth due to SCR width reduction. As 
it was marked above, the measuring signal amplitude 
made units of millivolt, that is much less then the 
external bias voltage and a measuring signal did not 
influence on a barrier parameters. At the absence of 
external bias the difference between conductivity on 
continuous and alternating current is maximal, as in 
this case the running current is determined almost 
exclusively by a barrier height and width which con-
ductivity can be caused by the frequency-dependent 
mechanism of transport on the located states [5]. Such 
G=G (U) dependence character can results in anom-
alies CdS-Cu

2
S volt-farad characteristics for positive 

biases because of measuring alternating signal voltage 
drop redistribution inter photo cell various layers at re-
duction junction resistance with the applied continu-
ous voltage growth. 

Thus, conductivity at rather small biases depends 
not only on height, but also on barrier width and can be 
determined by tunnel-recombination transport mech-
anism. Nonideal heterojunction conductivity both on 
continuous, and on an alternating current strongly de-
pends on the barrier parameters, which can vary under 
illumination. Such dependence testifies to prevalence 
tunnel-recombination transport mechanism. 
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ÏÐÎÂ²ÄÍ²ÑÒÜ ÍÅ²ÄÅÀËÜÍÎÃÎ ÃÅÒÅÐÎÏÅÐÅÕÎÄÓ 

Ðåçþìå 
Ïðîâ³äí³ñòü ãåòåðîñòðóêòóðè CdS-Cu

2
S ÿê íà ïîñò³éíîìó, òàê ³ íà çì³ííîìó ñòðóì³ ñèëüíî çàëåæèòü â³ä ïàðàìåòð³â 

áàð'ºðà, ÿê³ ìîæóòü ì³íÿòèñÿ ï³ä âïëèâîì îñâ³òëåííÿ. Âñòàíîâëåíî, ùî îï³ð îáëàñò³ ïðîñòîðîâîãî çàðÿäó ³ñòîòíî çàëåæèòü 
â³ä ¿¿ øèðèíè (öÿ çàëåæí³ñòü áëèçüêà äî ë³í³éíî¿) ïðè íåçì³íí³é âèñîò³ áàð'ºðà. Öå ìîæå ñâ³ä÷èòè ïðî ïåðåâàãó òóíåëüíèõ 
áàãàòîñòóï³í÷àòèõ ìåõàí³çì³â ïåðåíîñó â ñòðóêòóð³, ùî äîñë³äæóºòüñÿ, íàïðèêëàä, òóíåëüíî-ñòðèáêîâî¿ ïðîâ³äíîñò³. 

Êëþ÷îâ³ ñëîâà: ãåòåðîïåðåõ³ä, áàð,ºð, òóíåëüíî — ñòðèáêîâà ïðîâ³äí³ñòü. 
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ÏÐÎÂÎÄÈÌÎÑÒÜ ÍÅÈÄÅÀËÜÍÎÃÎ ÃÅÒÅÐÎÏÅÐÅÕÎÄÀ 

Ðåçþìå 
Ïðîâîäèìîñòü ãåòåðîñòðóêòóðû CdS-Cu

2
S êàê íà ïîñòîÿííîì, òàê è íà ïåðåìåííîì òîêå ñèëüíî çàâèñèò îò ïàðàìåòðîâ 

áàðüåðà, êîòîðûå ìîãóò ìåíÿòüñÿ ïîä äåéñòâèåì îñâåùåíèÿ. Óñòàíîâëåíî, ÷òî ñîïðîòèâëåíèå îáëàñòè ïðîñòðàíñòâåííîãî 
çàðÿäà ñóùåñòâåííî çàâèñèò îò åå øèðèíû (ýòà çàâèñèìîñòü áëèçêà ê ëèíåéíîé) ïðè íåèçìåííîé âûñîòå áàðüåðà. Ýòî ìîæåò 
ñâèäåòåëüñòâîâàòü î ïðåîáëàäàíèè òóííåëüíûõ ìíîãîñòóïåí÷àòûõ ìåõàíèçìîâ ïåðåíîñà â èññëåäóåìîé ñòðóêòóðå, íàïðèìåð, 
òóííåëüíî-ïðûæêîâîé ïðîâîäèìîñòè. 

Êëþ÷åâûå ñëîâà: ãåòåðîïåðåõîä, áàðúåð, òóíåëüíî — ïðûæêîâàÿ ïðîâîäèìîñòü. 
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INTRODUCTION 

Metal oxides (SnO
2
, Fe

2
O

3
, ZrO

2
, ZnO, In

2
O

3
, 

Ga
2
O

3
, WO

3
 etc.) and composites are used for manu-

facturing semiconductor sensors. That type of sensors 
changes its electrical resistance under the influence of 
analyzed gas. Basic advantages of such sensors are low 
price, small size, high sensitivity and low power con-
sumption. Pure and doped ZnO films were investigat-
ed as base for sensors of O

2
[1], H

2
[2], NO

X
[3], ethanol 

[4] etc. ZnO is prospective chemically and thermally 
stable n-type semiconductor which is sensitive for 
toxic and inflammable gases. Because of the fact of its 
stability, ZnO is one of most widespread materials for 
gas sensors, cheap and convenient for production. 

SETTING TASKS 

It is needed the better understanding of interac-
tion mechanism between gas molecules and semi-
conductor surface to apply the thin ZnO films for 
chemical and gas sensors. It is important to detect 
changes in such atomic system and their influence to 
electrical resistance. This problem is very difficult to 
solve experimentally. That is why theoretical ab ini-
tio methods are indispensable. One of them is density 
functional theory (DFT). Self-consistent density of 
electronic charge is one of the most important pa-
rameters of DFT, which totally characterizes ground 
state of electronic system. The method allows calcu-
lating total energy, forces and tensions. It provides a 
way for observation of chemical bonds. That is why ab 
initio calculation is required for detection of charge 
redistribution details in nanoscale ZnO layers during 
adsorption of gas molecules. For this purpose Car-
Parrinello molecular dynamic [5] and ab initio norm-
conserving pseudopotential [6] have been realized by 
means of auctorial software [7]. 

CALCULATION METHOD 

The Car-Parrinello method (CP method) is 
based on density-functional theory (DFT) and the 
Born-Oppenheimer (OB) adiabatic approximation. 
For conventional DFT electronic structure calcula-

tions, the Kohn-Sham (KS) equations are solved self-
consistently. In the BO approximation, wave func-
tions are considered as functions of ionic positions
{ }:{ ( ; )}l i lR r Rψ
G GG

, but in the CP method, they { }( )i rψ
G

 
are treated as classical dynamical variables indepen-
dent of{ }lR

G
. They are postulated to evolve by New-

ton’s equations of motion so that “dynamical simu-
lated annealing” can be performed to search a global 
minimum of the electronic configuration. 

The Lagrangian in the CP method is decribed as 

   
{ }

( )

2 2

*

1, , , , ( )
2

[{ ( )},{ }] ( ) ( )

i l l
i l

l l ij i j ij
i j

L R R r dr M R

E r R r r dr

ψ ψ = μ ψ + −

ψ + ε ψ ψ − δ

∑ ∑∫

∑∑ ∫

G GG G G� �� �

GG G G , (1)

where { }iψ  are single-electron orbitals, and the elec-
tronic density ( )p rG  is assumed to be given by 

 
2( ) ( )i

i
p r r= ψ∑G G

. (2)

The first term of Eq. (1) is a fictitious classical me-
chanical kinetic energy of { }iψ . The second term is 
an ionic kinetic energy, and E is the total energy (the 
sum of the electronic energy and the ion-ion Coulomb 
interaction energy). Lagrangian multipliers ijε  are in-
troduced to satisfy the orthonormality constraints on 
{ }iψ . The details of the electronic energy were partic-
ularly described in literature. From Eq. (2), equations 
of motion for iψ  and lR

G
 are derived as

 *( ) ( )
( )i ij j

ji

Er r
r

δ
μψ = − + ε ψ

δψ ∑G G
G  (3)

 l l lM R E= −∇
G
��  (4)

If an electronic structure reaches for a state in 
which no force acts on iψ , that is, the left-hand side of 
Eq. (3) is equal to zero, this equation is identical with 
the KS equation and iψ  becomes the eigenstate of the 
KS equation. To attain this, the kinetic energy of { }iψ  
is gradually reduced until { }iψ  are frozen. This pro-
cedure is called “dynamical simulated annealing.” If 
the one also relaxes the ions with Eq. (4), the minimi-
zation with respect to electronic and ionic configura-
tions can be executed simultaneously. 

It is also possible to obtain { }iR  and { }iψ  without 
reducing the kinetic energy. If { }iψ  are kept close 
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to eigenstates during the time evolution, ionic tra-
jectories generated by Eq. (4) are physically mean-
ingful. When the CP method is applied to study the 
dynamical evolution of a system consisting of ions 
and electrons, it is called “ab initio molecular dy-
namic.” 

CALCULATION RESULTS AND THEIR 
DISCUSSION 

Atomic basis of primitive tetragonal cell of super-
lattice represented infinite ZnO film with thickness of 
5.76 Å with ÑÎ or ÑÍ

4
 molecules on (001) surface. It 

consisted of 16 zinc atoms, 16 oxygen atoms and at-
oms of molecule. Calculation algorithm required us-
ing of atomic basis with inverse symmetry. Therefore 
elementary cell contained two inversely symmetric 
fragments of ZnO film with gas molecules on their sur-
faces. So, total number of atoms in basis was 68 or 74. 
The chosen cell parameters allowed modeling infinite 
4-layered film in X and Y directions and free surfaces 
in Z direction. Properties of pure ZnO film and ZnO 
film with molecules on O-terminated and Zn-termi-
nated surfaces were investigated. The value of total 
energy of atomic systems for Γ-point of Brillion zone 
of superlattice, space distributions of valence electrons 
density and atomic coordinates were obtained. Space 
distribution of valence electrons density for pure films 
is shown on Fig. 1 

Fig. 1. Density space partial distributions of valence electrons 
in ZnO film (Zn — black pheres, O — white spheres) for iso-val-
ues: (a) 0.8–0.9 from maximal value, (b) 0.4–0.5 from maximal 
value. 

It demonstrates an absence of charge cross-pieces 
between films. The space distribution of valence elec-
trons density along films is shown on Fig. 2. The pres-
ence of molecules near film surfaces changes charge 
distribution significantly (Fig. 3 — Fig. 5). 

The one can see from Fig. 3–5, that the interac-
tion between molecule and ZnO film shows the forma-
tion of common charge regions between molecule and 
film. The degree of redistribution is more significant 
in O-terminated film. Comparison of O-terminated 
film (Fig. 4) and Zn-terminated film (Fig. 5) shows 
that O-terminated film is more active as for adsorp-
tion. In this case charge cross-piece appears between 
two films. 

Fig. 2. Density space partial distributions of valence electrons 
in ZnO film (Zn — black spheres, O — white spheres) for iso-val-
ues. View to surface. (a) 0.6–0.7 from maximal value, (b) 0.5–0.6 
from maximal value. 

Fig. 3. Density space partial distributions of valence elec-
trons in O-terminated ZnO film with CO molecule 2 Å apart. (a) 
0.8–0.9 from maximal value, (b) 0.7–0.8 from maximal value, (c) 
0.6–0.7 from maximal value. 

Fig. 4. Density space partial distributions of valence electrons 
in O-terminated ZnO film with CO molecule 2 Å apart. View to 
surface. (a) 0.9–1.0 from maximal value, (b) 0.8–0.9 from maxi-
mal value, (c) 0.7–0.8 from maximal value. 

Fig. 5. Density space partial distributions of valence electrons 
in Zn-terminated ZnO film with ÑÍ4 molecule 2.5 Å apart. (a) 
0.9–1.0 from maximal value, (b) 0.8–0.9 from maximal value, (c) 
0.7–0.8 from maximal value, (d) 0.5–0.6 from maximal value. 
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Fig. 6. Density space partial distributions of valence electrons 
in Zn-terminated ZnO film with ÑÍ4 molecule 2.5 Å apart. View 
to surface. (a) 0.8–0.9 from maximal value, (b) 0.7–0.8 from max-
imal value, (c) 0.6–0.7 from maximal value, (d) (100) cut. 

CONCLUSIONS 

An analysis of valence electrons’ density allows 
affirming that: two thin ZnO films separated by a dis-
tance of 5 Å may emerge like a electrical relay which is 
closing after gas molecule adsorption. 

O-terminated film is more sensitive for adsorption 
than Zn-terminated one. 
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ÒÎÍÊÀ ÏË²ÂÊÀ ZnO ßÊ ÑÅÍÑÎÐ: ÐÎÇÐÀÕÓÍÎÊ ²Ç ÏÅÐØÈÕ ÏÐÈÍÖÈÏ²Â. 

Ðåçþìå 
Îêñèä öèíêó ZnO º ìàòåð³àëîì äëÿ âèãîòîâëåííÿ àäñîðáö³éíî-íàï³âïðîâ³äíèêîâèõ ãàçîâèõ ñåíñîð³â. Äëÿ âèãîòîâëåííÿ 

òàêèõ ñåíñîð³â ñë³ä ðîçóì³òè ìåõàí³çìè âçàºìîä³¿ ìîëåêóë ãàçó ç ïîâåðõíåþ ZnO. Îäí³ºþ ç õàðàêòåðèñòèê, ÿêà äîçâîëÿº öå 
çðîáèòè, º ãóñòèíà åëåêòðîííîãî çàðÿäó, ÿêà ïîâí³ñòþ õàðàêòåðèçóº îñíîâíèé ñòàí åëåêòðîííî¿ ñèñòåìè. Äëÿ ¿¿ âèçíà÷åííÿ 
ìîæíà âèêîðèñòîâóâàòè ÷èñåëüíèé ðîçðàõóíîê ç ïåðøèõ ïðèíöèï³â. Â ðàìêàõ äàíîãî äîñë³äæåííÿ ïðîñòîðîâèé ðîçïîä³ë 
ãóñòèíè âàëåíòíèõ åëåêòðîí³â áóâ ðîçðàõîâàíèé çà äîïîìîãîþ ìîëåêóëÿðíî¿ äèíàì³êè Êàð-Ïàð³íåëëî ç âèêîðèñòàííÿì çáå-
ð³ãàþ÷îãî íîðìó ab initio ïñåâäîïîòåíö³àëà. 

Êëþ÷îâ³ ñëîâà: ãåòåðîñòðóêòóðà, àäñîðáö³éíî-íàï³âïðîâ³äíèêîâèé ãàçîâèé ñåíñîð, ïñåâäîïîòåíö³àëà. 
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ÒÎÍÊÀß ÏËÅÍÊÀ ZnO ÊÀÊ ÑÅÍÑÎÐ: ÐÀÑ×ÅÒ ÈÇ ÏÅÐÂÛÕ ÏÐÈÍÖÈÏÎÂ 

Ðåçþìå 
Îêñèä öèíêà ZnO ÿâëÿåòñÿ ìàòåðèàëîì äëÿ èçãîòîâëåíèÿ àäñîðáöèîííî-ïîëóïðîâîäíèêîâûõ ãàçîâûõ ñåíñîðîâ. Äëÿ 

èçãîòîâëåíèÿ òàêèõ ñåíñîðîâ ñëåäóåò ïîíèìàòü ìåõàíèçìû âçàèìîäåéñòâèÿ ìîëåêóë ãàçà ñ ïîâåðõíîñòüþ ZnO. Îäíîé èç 
õàðàêòåðèñòèê, êîòîðàÿ ïîçâîëÿåò ýòî ñäåëàòü, ÿâëÿåòñÿ ïëîòíîñòü ýëåêòðîííîãî çàðÿäà, êîòîðàÿ ïîëíîñòüþ õàðàêòåðèçóåò 
îñíîâíîå ñîñòîÿíèå ýëåêòðîííîé ñèñòåìû. Äëÿ åå îïðåäåëåíèÿ ìîæíî èñïîëüçîâàòü ÷èñëåííûé ðàñ÷åò èç ïåðâûõ ïðèíöè-
ïîâ. Â ðàìêàõ äàííîãî èññëåäîâàíèÿ ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ïëîòíîñòè âàëåíòíûõ ýëåêòðîíîâ áûëî ðàññ÷èòàíî ñ 
ïîìîùüþ ìîëåêóëÿðíîé äèíàìèêè Êàð-Ïàðèíåëëî ñ èñïîëüçîâàíèåì íîðìîñîõðàíÿþùåãî ab initio ïñåâäîïîòåíöèàëà. 

Êëþ÷åâûå ñëîâà: ãåòåðîñòðóêòóðà, àäñîðáöèîííî-ïîëóïðîâîäíèêîâûé ãàçîâûé ñåíñîð,. ïñåâäîïîòåíöèàë. 
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1 INTRODUCTION 

Methods for influencing the radioactive decay rate 
have been sought from the first years of formation of 
nuclear physics. Beta decay strengths influence nucle-
ar transmutations, the pathways of stellar nucleosyn-
thesis in stars and the resulting abundance of atomic 
nuclei. Nuclear transmutation (i.e. change in the 
nuclear charge) induced by nuclear reactions of ra-
dioactivity are often accompanied by a redistribution 
of the electrons around the final transmuted nucleus. 
Electrons originally in the ground state of the target 
atom (molecule) can be excited either in the bound 
spectrum or to the continuum of energy. Calculations 
of the population distribution of the atomic states of 
the daughter atom require a complete description of 
both the bound spectrum and the continuum of en-
ergy. Calculation of the β decay parameters while tak-
ing into account the cooperative electronic processes 
(an interaction between beta particle, generated by an 
atomic nucleus, and the electron shells, which sur-
round a beta active nucleus in the atomic or molecular 
system) and the chemical environment contribution 
is now of a great theoretical and experimental inter-
est (see, for details, Refs. [1–148]). Discrepancies in 
the experimental data for parameters of the β-decay in 
the heavy radioactive nuclei can be partly explained 
by contributions of the cooperative electron-nuclear 
processes and chemical bond effect. Naturally, the 
problem of detecting a neutrino mass is of a great im-
portance. The possible source of the corresponding 
data about it is the β-decay spectrum shape. As it is 
well known, neutrinos were postulated by Pauli (1930) 
to properly explain the β-decay of the free neutron 

en p eí −→ + + without violating energy-momentum 

conservation. In the last years new experimental fea-
sibilities have allowed for improvements in the mea-
surement of the β-decay parameters resulting in a 
more accurate definition of the neutrino mass [1–16]. 
These data are especially important for standardiza-
tion of the beta decay parameters for a whole number 
of the heavy radioactive nuclei [1–16,24,29–31]. It is 
interesting to note that discrepancies in data on the 
half-life period for 241Pu are not explained hitherto, 
though quite a reasonable comment is connected with 
taking into account the bound β-decay channel etc 
(see Refs. [3–13,15,31,41]). The population distribu-
tion of the atomic states of the daughter atom requires 
a complete and correct description of the cooperative 
electron-nuclear processes and chemical environment 
effect on the β-decay parameters [1–19,24,29–31]. 
One has to consider the following effects: i) Changing 
the electron wave functions because of the changing 
atomic electric field; changing the valence shell oc-
cupation numbers in different chemical substances; 
ii) The integration limits (calculating the Fermi inte-
gral function) are also changed in a case of the dif-
ferent chemical substances; as a rule, β-particle and 
neutrino take away the difference between the initial 
and transmuted final nuclei, provided by the nuclear 
and electronic rearrangement. One must also mention 
the additional channel, when β-electron occupies a 
free state in the bound atomic spectrum. Approaches 
implemented up to now can be characterized as force 
ones using, first of all, the change in energy balance 
of radioactive decay: creation of isomeric states, varia-
tion of energy of the chemical bond in molecules with 
radioactive atoms and β-decay to bound states in the 
ionized atoms [1–37,29–31,42–76]. The last channel 
was discovered for the first time in experiments on the 
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  We review a new field of investigations, which lies on the boundary of the modern quantum 
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6 6 * -
2 4 3 3 eHe ( Li ) e+→ + + ν . The half-life period Ò

1/2
 for β-decay of tritium atom (ion) has been es-

timated while taking into account the bound β-decay channel and some other accompanying effects. 
The estimated values of Ò

1/2
 for the tritium β-decay and free triton decay are: (T

1/2
)

a
=12.26 years (cor-

rection due to the electron-atomic effects (ΔT
1/2

/T
1/2

)
a
=0.82%) for the tritium atom and (T

1/2
)

t 
=12.36 

years for the triton decay. These data are in physically reasonable agreement with experimental data. 
We analyse the firstly [1] presented value Ò

1/2
 in a case of the β-decay in the halogen-containing mo-

lecular tritium (3ÍÑl): (T
1/2

)
m
=12.28 years (3ÍÑl); the correction due to the chemical bond effect is 

(ΔT
1/2

)
am

=0.024 (i.e. 0.20%). 
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synchrotron and SIS/ESR (GSI, Germany), when 
the bound β decay 163Dy66+→ 163Ho66+ was studied by 
using the technology of the highly-or fully-ionized 
atomic beams (multicharged ions) [5,6,42]. In fact, 
the β-transition Dy66+→ Ho66+ was observed, which is 
accompanied by a capture of the β-particle on the Ê 
and L shell levels in the bound spectrum of the daugh-
ter atom. In fact, the complete ionization of 163Dy in 
the storage ring of a heavy ion accelerator makes its 
beta decay to the K shell of 163Ho possible, with a half-
life of 47 days, while in the neutral atom this decay 
is energetically forbidden [6]. The similar effect was 
obtained for 187Re [7]. The authors of Ref. [7] observed 
the bound-state β-decay of fully ionized 187Re nuclei 
circulating in a storage ring. Let us remember also 
that such an effect may be responsible for creation of 
elements in the space and astrophysical plasma (see 
details in Refs. [10–16,124,143,144]). The authors 
of Ref. [8] reported the first measurement of a ratio 
λβb

/λβc
 of bound-state (λβb

) and continuum-state (λβc
) 

β--decay rates for the case of bare 207Tl81+ ions. These 
ions were produced at the GSI fragment separator 
FRS by projectile fragmentation of a 208Pb beam. In 
Ref. [4] the half-lives of isomeric states of fully ion-
ized 144Tb, 149Dy, 151Er were measured. These nuclides 
were produced via fragmentation of about 900 MeV/u 
209Bi projectiles, separated in flight with the fragment 
separator (FRS) and stored in the cooler ring (ESR). 
The authors of Ref. [4] observed for the first time dras-
tic increases of the half-lives of bare isomers by factors 
of up to 30 compared to their neutral counterparts. 
This phenomenon is due to the exclusion of the strong 
internal conversion and electron-capture channels in 
the radioactive decay of these bare nuclei. The authors 
of Ref. [7] reported on the study of the dominating 
breakup channels involving nα6He or 3n2α in the final 
state, with special emphasis dedicated in this contri-
bution to the three-particle channel. 

One could also mention the known change of the 
decay rate for 7Be, which was measured most thor-
oughly. The change in the K-capture rate by ~10–2 due 
to the influence of the energy of chemical bond and 
the atomic configuration of the environment (includ-
ing measurements with 7Be placed inside the fullerene 
C

60
) was registered (see Refs. [10–12, 50–59,62–68]). 

It has been experimentally and theoretically found that 
the chemical environment (chemical bond, pressure 
etc.) effect resulted in changing (~ 0.1–1.0%) the cor-
responding decay constant. The helium-isotope mass-
spectroscopy method for measuring the triton decay 
constant for various cases of the electron environment 
was used to determine the tritium half-life without al-
lowance for decay to beta-electron bound states and 
to calculate the respective reduced half-life in Ref. 
[9]. More intriguing effects are considered in a case of 
α-decay (see Refs. [13,145–147]). Results on variation 
of the decay rate of Mössbauer isomers due to inter-
ference of electromagnetic waves in the system of the 
emitter and a screen from the same atom in the ground 
state situated at a distance of ~ 2mm seem quite impres-
sive [146]. The values of the measured relative variation 
of the decay rate for 119mSn, 125mTe reach ~10%. 

The elementary cooperative electron-β and 
γ-nuclear processes in atoms and molecules were con-
sidered in the pioneering papers by Migdal (1941), 

Levinger (1953), Schwartz (1953), Gol’dansky-
Letokhov-Ivanov (1971–1976), Kaplan-Markin-Yu-
din (1973–1975), reviews by Batkin-Smirnov (1980), 
papers by Freedman (1974), Carlson et al. (1968), 
Intemann (1983), Isozumi et al. (1977), Law- Camp-
bell (1975), Martin-Cohen (1975), Mukouama et al. 
(1978), Law-Suzuki (1982), Wauters-Vaeck (1997) 
et al [1–5,14,43–60,60–82,120,124]. The elemen-
tary cooperative electron α-nuclear processes were 
considered in the papers by Levinger (1953), Hansen 
(1974), Watson (1975), Anholt-Amundsen (1982), 
Law (1977), Mukoyama-Ito (1988) et al (see Refs. 
[14,43–60,60–82,120]). In this context, the known 
Mössbauer, Szilard-Chalmers and other cooperative 
effects should be mentioned [14,60]. The consistent 
quantum electrodynamics (QED) theory of coopera-
tive electron γ-nuclear processes in atoms and mol-
ecules is developed in Refs. [25–28,39–40,71–76]. In 
fact, it is possibly a reverse bridging between nuclear 
structure theory and quantum chemistry (atomic and 
molecular physics). Data on β-decay parameters can 
be used for studying the chemical bond nature, treat-
ing the spatial structure of molecular orbitals, identi-
fying the electron states in some tritium-containing 
systems and diagnostics of the compounds by means 
of exchange of the hydrogen atoms by tritium (“tri-
tium probe”) [56,57,62–72]. In this review paper we 
discuss the cooperative electron-β-nuclear processes 
in atomic systems (laser-e-β-nuclear spectroscopy as 
a new trend in a modern quantum optics and spectros-
copy), including the processes of excitation, ioniza-
tion, and electronic rearrangement induced by nucle-
ar reactions and β-decay. the state of art in a field of 
the modern calculations of the β-decay parameters for 
a number of allowed (superallowed) transitions (33P-
33S, 241Pu-241Am etc) and a chemical bond effect on 
β-decay parameters. There are a few factors that have 
to be taken into account: changing the integration lim-
its in the Fermi function integral, energy corrections 
for different chemical substances, and the possibility 
of the bound β-decay or other decay channels. We dis-
cuss the electronic rearrangement induced by nuclear 
transmutation in the β-decay 4 6 * -

2 4 3 3 eHe ( Li ) eí +→ + + . 
The half-life periods for β-decay in the tritium atom 
(molecule) are estimated by taking into account the 
bound β-decay channel correction and some other ef-
fects. 

2. QUANTUM THEORY OF THE β-DECAY 
AND COOPERATIVE ELECTRON- 
β-NUCLEAR PROCESSES 

2.1 Introduction: General formalism 
As it is well known, the fundamental process be-

hind β decay is weak interaction of the down (up) 
quarks (for example: ed u e−→ + + ν etc) via the ex-
change of virtual bosons [81.8 (W±) and 91.2 (Z0) 
GeV/ñ2)], opened in CERN (1983).The first theory 
of β-decay was proposed by E. Fermi (1934), who in-
troduced the local (contact) 4-fermion interaction of 
the nucleons and leptons. Hamiltonian of the Fermi 
nucleon-lepton interaction is as follows: 

 ì
â â ì( )( )p n eH G ν= Ψ γ Ψ Ψ γ Ψ .  (1) 
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Here Gβ is the Fermi constant, Ψ are the four-
component wave functions of the particles (solutions 
of the Dirac equation), 0e

+Ψ = Ψ γ , μγ are the Dirac 
matrices, μ=0,1,2,3,4; 0

0γ = γ ; i
iγ = −γ  (i=1,2,3). 

The nucleon-lepton interaction had purely vector 
form in the Fermi theory. The modern “V-A” theory 
usually uses an effective β-decay Hamiltonian which 
was introduced by Feynman and Gell-Mann: 

 ì
ì( ) ( ) c.c. ,

2

G
H J x L xβ

β = +    (2) 

where Jμ is the nucleonic current, L
μ
 is the leptonic 

current and x is a spatial-temporal coordinate. De-
spite a great progress in development of the compre-
hensive theory for the nuclear β-decay (electroweak 
interactions), hitherto many practical questions are 
far from a satisfactory treatment. The further con-
sistent calculations of the β-decay parameters that 
take into account accompanying cooperative effects 
are needed. The wide-spread quantum mechanical 
methods (such as the Hartree-Fock (HF) method, 
the random-phase approximation, the Coulomb ap-
proximation (CA), the Hartree-Fock-Slater (HFS) 
and Dirac-Fock (DF) methods, DFT etc) are usually 
used in the atomic calculations and calculations of 
the β-allowed (superallowed) transitions parameters 
[1,2,11–16,29–31,80–133]. The difficulties of the 
corresponding calculations are well known (insuffi-
ciently correct account for exchange and correlation 
in the wave functions of β-particle, problem of gauge 
invariance, generation of the non-optimized bases of 
the wave functions for a discrete spectrum and con-
tinuum etc). The nuclear, relativistic, radiative cor-
rections should be accurately taken into account too. 
As a rule, to estimate the β-spectrum shape and decay 
parameters, the special tables [15,29–31] of the Fer-
mi functions are usually used (the CA data). In some 
papers (see Refs. [13–16,29–31]) the HFS approach 
that takes into account the nuclear finite size effect was 
used. In Ref. [15], the finite size correction was taken 
into account as correction to the CA calculation re-
sult and the screening effect was calculated within the 
atomic model potential scheme. In some papers (see 
Refs. [29–31] and references therein) the DF meth-
od is used. A gauge-invariant QED PT formalism for 
the calculation of the spectra and wave functions for 
heavy atoms while taking into account the relativistic, 
correlation, nuclear, and QED effects has been devel-
oped in Refs. [24–28,37–41,76–82,120,122–124]. 
This formalism provides two optimized gauge invari-
ant (GI) calculation schemes with the DF (GIDF) 
and DKS (GIDKS) zeroth approximation. Below, the 
DKS scheme is used in our calculation. 

As it is well known, a probability of the transition 
from the initial state |ξ> with the energy Eξ to some 
final state <f| with the energy E

f
 per unit of time is de-

fined as follows [15,124]: 

 
0

,

2
0

(2 / ) | | |

| ( / ) | , ,
f

E E f

dW f H

dN dE E E E
ξ

= ξ

= π < ξ >

> = −

=

  (3) 

where the value (dN/dE) defines a density of the fi-
nal states of a system per unit of energy and the cor-
responding matrix element is: 

 3 3
1| | f Af H H d r d rβ ξ< ξ >= ψ ψ∫ … ,  (4) 

where the interaction Hamiltonian Hβ and wave func-
tions of the initial ψξ and final ψ

f
 states. The expres-

sion for a number of the β-, ν� -particles with energy in 
the interval from E till E+dE is as follows: 

 ( )

2 2 2 4
3 7 5

2
0

1 | |
2

,

f e

e e e

dW f H E m c
c
E E E dE

ξ β= < ξ > − ×
π

× −

=
  (5) 

( )

( )

2 2 2 4
03 7 5

2
0

1 | |
2

.

fdW f H E E m c
c

E E E dE

ξ β ν

ν ν ν

= < ξ > − − ×
π

× −

�

� � �

=
   (6) 

Further we will study the allowed and super al-
lowed β-transitions. The contribution of these transi-
tions is the most significant to the resulting spectrum 
of the β-decay. At the same time, the forbidden transi-
tions contribution is usually about a few percent of the 
total intensity. Distribution of β particles on energy in 
a case of the allowed transitions is as follows: 

 2 2 2
03

( ) /
1 ( , ) ( ) | | .

2

dW E dE

G F E Z E p E E M

β =

= ⋅ ⋅ ⋅ ⋅ − ⋅
π

  (7) 

Here Å, p=(E2–1)1/2 are a total energy and pulse 
of β-particle; E

0
=1+(E

b
/m

e
c2), Å

b
 is the boundary en-

ergy of β-spectrum; |M| is a matrix element, which 
is not dependent on an energy in a case of allowed 
β-transitions. The Fermi and integral Fermi functions 
are defined as [13,29,124]: 

 2 2
1 12

1( , ) ( ),
2

F E Z g f
p − += +    (8) 

 
0

2
0 0

1

( , ) ( , ) ( ) .
E

f E Z F E Z E p E E dE= ⋅ ⋅ ⋅ −∫   (9) 

Here f
+1

 and g
-1

 are the relativistic electron radial 
functions; the indexes ±l=χ, where χ=(l-j)/(2j+1). 
The half-life period can be defined as follows: 

 3 2 2
1/2 02 2 |T ln G M f E Zβ= π / [ | ( , )].   (10) 

Here two calculation schemes are usually used: i) 
The relativistic electron radial wave functions are cal-
culated on the boundary of the spherical nucleus with 
radius R (see [13,14]); ii) The values of these functions 
in zero are used [24,29–31]. 

2.2 The DKS Basis of the Relativistic Wave Func-
tions 

As usual, a multielectron atom is described by the 
Dirac relativistic Hamiltonian (the atomic units are 
used): 

  ( ).i i j
i i j

H h(r ) V r r
>

= +∑ ∑   (11) 

Here, h(r) is one-particle Dirac Hamiltonian for 
electron in a field of the finite size nucleus and V is 
potential of the inter-electron interaction. In order to 
take into account the retarding effect and magnetic 
interaction in the lowest order on parameter α2 (the 
fine structure constant) one could write [77,86]: 
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 ( ) ( ) ( )
,i j

i j ij ij
ij

1
V r r exp i r

r
− α α

= ω ⋅    (12) 

where ω
ij
 is the transition frequency; α

i
 ,α

j 
are the 

Dirac matrices. The Dirac equation potential includes 
the electric and polarization potentials of a nucleus 
and exchange-correlation potentials. The standard 
KS exchange potential is [91]: 

 2 1/3( ) (1/ )[3 ( )] .KS
XV r r= − π π ρ   (13) 

In the local density approximation the relativistic 
potential is [92]: 

 
[ ( )]

[ ( ), ] ,
( )

X
X

E rV r r
r

δ ρ
ρ =

δρ
  (14) 

where [ ( )]XE rρ is the exchange energy of the multi-
electron system corresponding to the homogeneous 
density ( )rρ , which is obtained from a Hamiltonian 
having a transverse vector potential describing the 
photons. In this theory the exchange potential is [98]: 

      
2 1/2

2 1/2

3 [ ( 1) ] 1[ ( ), ] ( ) { ln },
2 2( 1)

KS
X XV r r V r β + β +

ρ = ⋅ −
β β +

  (15) 

where 2 1/3[3 ( )] /r cβ = π ρ . The corresponding correla-
tion functional is [91,92]: 

     1/3[ ( ), ] 0.0333 ln[1 18.3768 ( ) ]CV r r b rρ = − ⋅ ⋅ + ⋅ρ ,  (16) 

where b is the optimization parameter (for details see 
Refs. [80,124–126]). Earlier it was shown [80, 124–
126] that an adequate description of the atomic char-
acteristics requires using the optimized basis of wave 
functions. In Ref. [80] a new ab initio optimization 
procedure for construction of the optimized basis is 
proposed. It is reduced to minimization of the gauge 
dependent multielectron contribution ImδE

ninv
 of the 

lowest QED PT corrections to the radiation widths 
of atomic levels. In the fourth order of QED PT (the 
second order of the atomic PT) there appear the dia-
grams, whose contribution to the ImδE

ninv
 accounts 

for the correlation (polarization) effects. This contri-
bution describes the collective effects and it is depen-
dent upon the electromagnetic potentials gauge (the 
gauge non-invariant contribution). All the gauge non-
invariant terms are multielectron by their nature (the 
particular case of the gauge non-invariance manifes-
tation is a non-coincidence of the oscillator strengths 
values, obtained in the approximate calculations with 
the “length” and “velocity” transition operator forms). 
The above cited contribution to imaginary part of the 
electron energy can be defined after quite complicated 
calculation as [80]: 
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α
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× ω + +
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 3 4 2 1( ) ( ) ( ) ( ).m n sr r r rα×Ψ Ψ Ψ Ψ    (17) 

Here, C is the gauge constant, f is the boundary 
of the closed shells; n ≥ f indicating the unoccupied 
bound and the upper continuum electron states; m ≤ f 
indicates the finite number of states in the atomic core 
and the states of a negative continuum (accounting 
for the electron vacuum polarization). The minimiza-
tion of the functional ImδE

ninv 
leads to the DKS-like 

equations for the electron density that are numerically 
solved. As a result one can get the optimal PT one-
electron basis. In concrete calculations it is sufficient 
to use a more simplified procedure, which is reduced 
to the functional minimization using the variation 
of the correlation potential parameter b in Eq. (16) 
[124–126]. The differential equations for the radial 
functions F and G (components of the Dirac spinor) 
are as usually: 

 ( ) ( )1 0,F F m V G
r r

∂
+ + χ − ε + − =

∂
 

 ( ) ( )1 0,G G m V F
r r

∂
+ − χ + ε − − =

∂
  (18) 

where F, G are the large and small components re-
spectively; χ is the quantum number. To prevent the 
integration step from becoming too small it is usually 
convenient to turn to new functions isolating the main 
power dependence: 1f Fr − χ= , 1g Gr − χ= . The Dirac 
equations for F and G components are transformed as 
follows: 

 ' ( | |) / ( 2 / ) ,nf f r ZVg ZE Z gχ= − χ+ χ − α − α + α  

 ' ( | |) / .ng g r ZVf ZE fχ= χ− χ − α + α   (19) 

Here E
nχ is one-electron energy without the rest 

energy. The boundary values are defined by the first 
terms of the Taylor expansion: 

 ( )( ) ( )0 2 1 ; 1ng V E r Z fχ= − α χ + =  at 0χ < , 

 ( )( )2 20 2 ; 1nf V E Z Z gχ= − − α α =  at 0χ > . (20) 

The condition f, g→0 at r→ ∞  determines the 
quantified energies of the state E

nχ. The self-consis-
tence condition of the continuum state functions 
means that the normalized functions differ by less 
than 10–6 in relation to their values at the maximum 
point on two neighbour iterations. The normalization 
of electron radial functions f

 
and g provides the behav-

iour for large values r: 

 -1 1/2( ) [( 1) ] ( )g r r E / E sin prχ χ→ + + δ , 

 -1 1/2( ) ( /| |)[( 1) ] ( )f r r E / E cos prχ χ→ χ χ − + δ .  (21) 

2.3 Nuclear Finite Size and Radiation Effects 
Usually in order to account for the nuclear finite 

size effect the charge distribution in the nucleus ( )rρ  
is described by the following Gaussian function: 

 ( ) ( ) ( )3 2 24 expr R rρ = γ π −γ , 

 ( ) ( )2 3

0 0

1;drr r R drr r R R
∞ ∞

ρ = ρ =∫ ∫ ,  (22) 
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where 24 ,  and  R Rγ = π is the effective nuclear radi-
us. The following R-dependence is usually assumed: 
R=1.606⋅10–13⋅Z1/3 (cm). Such a definition of R is 
rather conventional. One could assume it as some ze-
roth approximation. The Coulomb potential for the 
spherically symmetric density ρ(r|R) is: 

  ( ) (( ) ( ) ( )' ' 2 ' ' ' '

0

1
r

nucl
r

V r R r dr r r R dr r r R
∞

= − ρ + ρ∫ ∫ . (23) 

It is determined by the following system of differ-
ential equations: 

 ( ) ( ) ( ) ( ) ( )' 2 ' ' 2 ' 2

0

, 1 , 1 , ,
r

nuclV r R r dr r r R r y r R= ρ ≡∫  

 ( ) ( )2' , , ,y r R r r R= ρ  

 

( ) ( )
( ) ( )

5 2 2

2

' , 8 exp

82 , , ,

r R r r

rr r R r R
r

ρ = − γ π −γ =

= − γ ρ = − ρ
π

  (24) 

with the boundary conditions: 

 ( ) ( )0, 4nuclV R r= − π  , ( )0, 0y R = , 

 ( ) 3 2 30, 4 32 .R Rρ = γ π =   (25) 

The presented nuclear model was earlier used in 
many calculations of the atomic and nuclear systems 
[91–142]. It can be improved where necessary. More-
over, any relativistic mean field model, nuclear DFT, 
the HF theory with density dependent forces etc may 
be used [91,92,98,120–126]. The procedure for tak-
ing into account the QED corrections is given in Refs. 
[124–126]. Different approaches to estimating the 
QED corrections are developed and discussed, for ex-
ample, in Refs. [93–132]. Regarding the vacuum polar-
ization effect let us note that this effect is usually taken 
into account by means of the Uehling potential in the 
first PT order. This potential is usually written as: 

 

( ) ( )

( ) ( )

1

2
2

2

2 exp 2
3

1 21 1 2 ,
3

U r dt rt Z
r

tt C g
rt

∞α
= − − α ×

π

− α
× + ≡ −

π

∫

  (26) 

where g=r/αZ. The more exact approach is proposed 
in Refs. [77,124–126]. The Uehling potential may be 
approximated by the analytical Ivanov-Ivanova func-
tion [77]. The use of the new approximation for the 
Uehling potential allows one to decrease the calcula-
tion error for this term down to 0.5–1% [79,126]. Be-
sides, using a quite simple analytical functional form 
for approximating the potential, Eq. (26) allows its 
easy inclusion into the general system of differential 
equations. At least, this procedure was earlier appro-
bated in the precise atomic calculations [79,124–126]. 
The function C(g) in two limited cases has the known 
asymptotic as follows: 

 
( ) ( ) ( )1 ln 2 1.410548 1.037845 ,

0,
C g C g g g

g
→ = + −

→

�
 

 ( ) ( ) ( ) 3 2
2 1.8800exp ,

.
C g C g g g

g
→ = − −

→ ∞

�   (27) 

An account of the two limiting expressions for C(g) 
is realized as follows: 

 ( ) ( ) ( ) ( ) ( )( )1 2 1 2/ .C g C g C g C g C g= +� � � � �   (28) 

The final expressions are as follows: 

 ( ) ( ) ( ) ( ) ( )( )1 2 1 2/C g C g C g C g C g= +� � �� � � � � , 

 ( ) ( ) ( )2 2C g C g f g=�� � ,  

 ( ) )(( )1.1022 1.3362 0.8028f g g g= − + .  (29) 

Other details can be found in Refs. [77,124–
126,148]. 

3 Study of the Electronic Rearrangement Induced 
by Nuclear 

Transmutation: the β Decay of 6Íå 
Here we consider the electronic rearrangement ef-

fect induced by the β-decay of 6He. The main purpose 
is to treat the polyelectronic system 

 6 6 * -
2 4 3 3 eHe ( Li ) e+→ + + ν .  (30) 

As in Ref. [51], we have calculated within the 
framework of the sudden approximation (since the 
velocity of most β- electrons is quasirelativistic) the 
population of the bound and continuum states of Li+. 
If we neglect the effect of recoil of the daughter nucle-
us, the corresponding transition probability to a final 
atomic state is given by 

 0 2 2| | | ,fi f iT =< Ψ Ψ >   (31) 

where Ψ
i
 corresponds to the wave function of the ini-

tial state with nuclear charge Z and Ψ
f
 to the wave 

function of the transmuted ion with nuclear charge Z’ 
(Z’=Z+1 for β-decay). The sum over all the transitions 
involving the same initial state is 1. In Tables 1 and 
2 the DKS calculation results of the energy eigenval-
ues (in at. units) and the excitation energies (in cm-1) 
for 1snl 1S states in the He-like ion of Li+ are listed. 
The total energies of the lowest members of Li+ 1S Ry-
dberg states obtained using the Â-spline basis set by 
Wauters-Vaeck and the Hylleraas basis sets (within the 
complex coordinate approach) are listed in Tables 2,3 
too [25,26,51]. 

Table 1 
Eigenvalues of energy (in atomic units) for the 1snl 1S states in Li+

State Hylleraas B-spline DKS
1s2 1S 

1s2s 1S 
1s3s 1S 
1s4s 1S 
1s5s 1S 
1s6s 1S 
1s7s 1S 
1s8s 1S 
2s2 1S 
2p2 1S

-7.2799135 
-5.0408767 
-4.7337556 
-4.6297832 
-4.5824274 

-1.905845 
-1.630439

-7.2793492 
-5.0408201 
-4.7337397 
-4.6297767 
-4.5824240 
-4.5569496 
-4.5416882 
-4.5318274 
-1.904924 
-1.628787

-7.2795438 
-5.0408413 
-4.7337488 
-4.6297798 
-4.5824256 
-4.5569529 
-4.5416916 
-4.5318322 
-1.9052764 
-1.6293165

The agreement between the DKS, B-spline and 
complex coordinate values (with using Hylleraas ba-
sis sets) is satisfactory. In Table 4 there are presented 
the values of calculated transition probabilities (in %; 
>0.05) to Li+ states induced by β-decay of 6He. The 
QED DKS results are compared in Table 3 with data 
of the pioneering work by Winther and B-spline data 
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by Wauters-Vaeck (see Refs. [48–52,120,124]). Con-
trary to the wave functions used in the B-spline of 
Wauters-Vaeck and in our scheme, the Li+ wave func-
tions used by Winther are not orthogonal. It implies 
that the sum over the transition probabilities to all the 
Li+ states is not 1. In Table 4 the results of calculating 
the total transition probabilities for the population of 
different electronic states induced by the beta decay of 
6He are listed. It is interesting to calculate not only the 
transition probabilities to discrete states but also the 
ionization probability of one or two electrons. Using 
a radioactive recoil spectrometry experiment, Carl-
son et al. measured that single ionization probability 
is (10.4±0.2)% and B-spline and DKS values agree 
well with this result [24,48–52]. In the same experi-
ment the double ionization probability was found to 
be (0.042±0.007)%. The DKS value is well correlated 
with this result. 

Table 2 
Excitation energies (in cm-1) for the 1snl 1S states in Li+

State Experiment B-spline GIDKS
1s2 1S 

1s2s 1S 
1s3s 1S 
1s4s 1S 
1s5s 1S 
1s6s 1S 
1s7s 1S 
1s8s 1S

0 
491335 
558778 
581597 
591989 
597581 
600930 

-

0 
491262 
558653 
581464 
591860 
597451 
600800 
602964

0 
491298 
558704 
581502 
591917 
597513 
600875 
603032

Table 3 
Transition probabilities (in %) to the Li+ states induced 

by the β-decay of 6He

State Winther Wauters-Vaeck, 
B-spline GIDKS

1s2 1S 
1s2s 1S 
1s3s 1S 
1s4s 1S 
1s5s 1S 
1s6s 1S 
1s7s 1S 
2s2 1S 
2p2 1S 

2s3s 1S 
2s4s 1S

67.0 
16.6 
2.7 
0.8

70.85 
14.94 
1.86 
0.62 
0.29 
0.16 
0.10 
1.56 
0.18 
0.23 

-

68.13 
14.37 
1.81 
0.63 
0.26 
0.14 
0.10 
1.24 
0.16 
0.21 
0.05

Table 4 
Total transition probabilities (in %) for the population of different 

electronic states induced by the beta decay of 6He

Final 6Li+ state Experiment Wauters-Vaeck, 
B-spline DKS

Bound states - 89.09 87.4
Autoionizing states - 2.97 2.56
Ionization of one 
electron 10.4±0.2 7.47 9.85

Ionization of two 
electrons 0.042±0.007 0.32 0.09

Further we consider the quantity P
K
, the probabil-

ity per nuclear disintegration that an atomic K vacancy 
(a hole in the 1s2 shell) is created. The analysis of dif-
ferent calculation schemes is presented in Refs. [1,51]. 
In the sudden approximation this quantity is simply 
defined as follows [1]: 

 1 1 21 [ (1 ) | (1 )2 2
K f iP s S s S= − < Ψ   Ψ >] .  (32) 

If electronic correlation effects are not taken into 
account this formula simply reduces to 1-(1s

f
|1s

i
)4, 

with the 1s radial distributions being optimized in, 
for example, HF approximation. This approach has 
been used by Carlson et al, who predicted a P

K
 value 

of 26.9% for the beta decay of 6He. The introduction 
of electronic correlation significantly increases the 
probability to P

K
=27.61% (Law-Campbell result), 

P
K
=32.91% (Izozumi et al.), P

K
=29.15% (Wauters-

Vaeck) and P
K
=31.87% (Glushkov et al). In any case 

one can conclude that the optimized DKS method is 
quite an adequate approach to the calculation of pa-
rameters for excitation, ionization, and electronic re-
arrangement in atoms, ions and molecules induced by 
the β-decay. It is obvious also that the method as ap-
plied here is not restricted to using the sudden approx-
imation. More over the main corrections (kinemat-
ics’, recoil etc.) to this approximation, for example, in 
a case of nuclear reactions may be further considered 
[51,171,72,124,149,150]. 

4 THEORY OF THE CHEMICAL 
ENVIRONMENT EFFECT ON THE β DECAY 
PARAMETERS 

4.1 Introduction 
Here we discuss the contributions of the chemical 

bond and electronic rearrangement effects on the nu-
merical values of β-decay parameters following to the 
refs. [1,79,80]. We will consider the energy corrections 
due to the electronic rearrangement induced by the 
β-decay. The allowed (superallowed) β-transitions 3H-
3He, 6He-6Li, 33P-33S, 35S-35Cl, 63Ni-63Cu, 241Pu-241Am 
are considered. The parameters of some allowed and 
super allowed β-transitions are listed in Table 5 [79,80]. 
Indeed, such a choice is defined by the following cir-
cumstance. The expressions (12)-(15) are exact for 
these transitions and the corresponding nuclear matrix 
elements are simplified in comparison with forbidden 
transitions. For example, the value ∫1 can be defined 
exactly for superallowed β±-transitions: ∫1=[(T ∓ T

3
)

(T±T
3
+1)]1/2. Here Ò

3
 is the isospin projection, which 

is defined as Ò
3
=(Z–N)/2. An account of the meson 

exchange currents (this contribution is about a few 
percent) for β-transition between purely isospin states 
does not change the result, connected with the isospin 
conservation. The value ∫σ=0 for the superallowed 
0+→0+ transition between the neighbour members of 
an isomultiplet and for Ò=1: ∫1= 2 . Let us remember 
that the known theoretical parameter ξ for a majority 
of the β-transitions is [15]: ξ=αZ/2R>>1. 

The β-decay 241Ðu-241Àm is non-unique of the first 
forbiddance (ξ=18, i.e. ξ>>1). As a result, the expres-
sions are correct for this transition too. The chemi-
cal bond effect on the β-decay parameters is studied 
in a number of publications (see Refs. [1–15,24–
27,29–31,124–126]). An account (or non-account) 
of the chemical environment contribution leads to the 
known discrepancies in the data for half-life periods. 
A part of these discrepancies is due to the β-decay 
channel contribution (the β-particle occupies the 
external non-occupied atomic level). One could also 
take into account a few additional factors, provided 
by the chemical bond effect: i) Changing the electron 
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wave functions because of the changing atomic elec-
tric field and shell occupation numbers in different 
chemical substances; ii) The integration limits (Fermi 
integral function) are also changed in a case of the dif-
ferent chemical substances; as a rule, the β-particle 
and neutrino take away the difference between the 
initial and final nuclei, provided by the nuclear and 
electronic rearrangement. We already mentioned the 
bound β-decay channel. The confirmation of this de-

cay channel was found in the synchrotron and SIS/
ESR experiments (GSI, Darmstadt) [3–8,42]. The 
mass-spectrometric St. Petersburg experiment (Rus-
sia) should also be mentioned [9]. It was the first to 
measure a change in the lifetime of a tritium nucleus 
due to changes in its electron surroundings. Despite 
these remarkable experimental results of previous 
years, accurate data on the corresponding parameters 
are absent for a majority of β decays. 

Table 5 
Parameters of the allowed (super allowed) β-transitions 

Decay Z
mat

-Z
daught

fi
i fI I ππ → Type Å

0
, keV Ò

1/2
lg ft

3H-3He 
6He-6Li 

33P-33S 
35S-35Cl 

42Sc-42Ca 

45Ca-45Sc 
63Ni-63Cu 

241Pu-241Am

1 → 2 
2 → 3 

15→16 
16→17 
21→20 
20→21 
28→29 
94→95

1/2+→1/2+ 

0+→1+ 
1/2+→3/2+ 

3/2+→3/2+ 

0+→0+ 
7/2- →7/2- 

1/2-→3/2- 

5/2+→3/2-

super. 
super. 
allow. 

“” 
super. 

“” 
“” 

1 forb.

18.65 
3500 
249 

167.4 
5409 
257 
65.8 
20.8

12.296 years 
0.813 sec 
25.3 days 
87.4 days 
0.683 sec 
165 days 
100 years 
14.4 years

3.05 
2.9 
5.0 
5.0 
3.5 
6.0 
6.6 
5.8

4.2 Beta Decay of Tritium 
In the experiment of Ref. [9] a change in the tri-

tium nucleus lifetime due to changes in its electron 
surroundings was discovered. To calculate the absolute 
values of the difference of the decay constants Δλ

am 
and 

half-life periods (T
1/2

=ln2/λ) for molecular and atom-
ic tritium ΔT

1/2
=(T

1/2
)

m
-(T

1/2
)

a 
we use the value: (T

1/2
)

m
= (12.296±0.017) years. The experimental values for 

Δλ
am

 and ΔT
1/2 

are as follows [9] 

 Δλ
am

=(4.6±0.8)⋅1012 sec-1 , (ΔT
1/2

)
am

=

 =(0.03152±0.00553) years =11.5±2.0 days. 

In the reaction H+→3He+++e-+18.6 keV the 
β-electrons are generated with wavelengths, which are 
characteristic for the atomic electron systems. In this 
case the interaction between the beta-electron and or-
bital electrons and vacancies is very effective. Further 
it leads to observable changes in the half-life period. It 
is well known [1–3,9,124] that hitherto the attempts 
to define nuclear constant values (which characterize 
the beta processes) on the basis of data for the tritium 
decay fail. The obtained values for the half-life pe-
riod and boundary beta spectrum energy in the cor-
responding experiments are dependent upon the type 
of the studied chemical compound. As a result, there 
is no possibility of agreement between the experi-
mental values of T

1/2
 and E

0
. It is of great interest to 

study an effect of the triton chemical surrounding on 
T

1/2
. It is especially important in light of the known 

simplicity of such atomic structures as 3Í, 3Í+, 3Í-. 
Using the experimental data on the difference be-
tween the decay parameter values for atomic and mo-
lecular tritium it was experimentally found the half-
life period value for the atomic tritium [9]: (T

1/2
)

a
=

=(T
1/2

)
m
-(ΔT

1/2
)

am
=(12.264±0.018) years. Further it is 

possible to find an absolute value of the free triton half-
life period (T

1/2
)

t 
by using the experimental value (T

1/2
)

a 
and theoretical data on the β-decay atomic effects in 

3Í. We have taken into account the following effects: 
i) the electron excitation in the bound spectrum while 
occupying the He level by the β-electron; ii) excita-

tion to the continuum spectrum due to the exchange 
of the orbital electron by β-electron; iii) the charge 
screening effect by the orbital electron; iv) the excited 
states in 3Íå+. According to Ref. [9], the correspond-
ing correction to the value (T

1/2
)

a 
is 0.86±0.08%, that 

results in the value of the free triton half-life period 
as follows: (T

1/2
)

t
= (12.369±0.020) years. An account 

of the chemical surrounding effect in a case of the T-
containing compounds is an important problem not 
only from the point of view of the β-decay theory, but 
in light of using the tritium electron sensor (probe) to 
reveal the spatial correlations of coordinates for mo-
lecular studying object, definition of the electron den-
sity distribution, direction of the chemical bonds etc 
(see Refs. [1,2,9,50–52, 56–59,62–68]). The tritium 
electron probe possesses a complex of the known pa-
rameters, provided by specific features of the β-decay 
(namely, by an opposite direction of the β-electrons 
pulse in relation to a nucleus spin direction because 
of the non-conserving parity in the β-decay; definite 
helicity of the corresponding antineutrino; a spin of 
antineutrino is collinear to a pulse and the definite he-
licity is taken by an electron too; the exact representa-
tion of the β-electrons energy spectrum in the range 
from zero to the boundary energy 18.6 keV, which is 
not perturbed by the atomic effects). It is obvious that 
studying the tritium β-decay in some atomic-molec-
ular systems allows one in principle to define a whole 
set of parameters for the input electron flux. Further it 
allows one to treat the electron structure of a system. 
We have estimated the numerical values of the β-decay 
parameters in the atom (ion) of tritium while taking 
into account the atomic factors. Let us note that a 
channel of forming β-electron in the K- shell is not 
significant in the case of the tritium ion β-decay [124]. 
Our estimate for the tritium atom half-life period is: 
(T

1/2
)

a
=12.26 years; the correction to value (T

1/2
)

a 
due 

to the electron-atomic effects is 0.0082⋅12.26 years 
[i.e.(ΔT

1/2
/T

1/2
)

a
=0.82%]. In result, the half-life pe-

riod value (T
1/2

)
t 
is [31,134]: (T

1/2
)

t 
=12.36 years. Obvi-

ously, there is a physically reasonable agreement be-
tween the calculated and measured values. One could 
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wait for more contradictory picture in the case of the 
β-decay in more complicated atoms because of the 
large complexity of taking into account the atomic ef-
fects in comparison with quite simple system 3Í. In 
Refs. [31,134] the first estimate of the T half-life pe-
riod in the case of β-decay for the halogen-containing 
molecular T (3ÍÑl) was presented. The calculation 
was carried out within the non-relativistic KS ap-
proach while using the exchange-correlation poten-
tials Eqs. (13) and (16). The obtained value for (T

1/2
)

 
is (T

1/2
)

m
=12.28 years; the corresponding correction 

due to the chemical bond effect is (ΔT
1/2

)
am

=0.024, i.e. 
0.20%. For comparison let us remember the experi-
mental (molecular tritium) value: (T

1/2
)

m
=12.296 years 

and the chemical bond effect correction (ΔT
1/2

)
am

=
=0.03152, i.e. 0.26%. Obviously, here there is physi-
cally reasonable agreement too. From the other side, 
the corrections due to the chemical bond effect for 
the molecular tritium and halogen-containing tritium 
compound will be different. 

4.3 The Chemical Bond Effect on the Beta Decay 
Parameters 

Further we review the DKS calculation results 
for the β-decay parameters and corrections due to 
the chemical bond and other atomic effects [14,24–

27,30,124–126]. The energy corrections to the 
boundary energy of β-spectrum due to the electron 
shells reconstruction are presented in Table 6. The 
following beta decays 33P(0)-33S(+1), 33P(+1)-33S(+2), 35S(0)-
35Cl(+1), 35S(+2)-35Cl(+3), 63Ni(0)-63Cu(+1), 63Ni(+2)-63Cu(+3), 
241Pu(0)-241Am(+1), 241Pu(+2)-241Am(+3), 241Pu(+2)-241Am(+3), 
241Pu(+4)-241Am(+5) are considered in ref. [1]. Calcula-
tion is carried out in the free ion approximation. The 
value δÅ corresponds to the correction to the bound-
ary β-spectrum energy due to the electron shell recon-
struction. The value δ2Å is the difference of the cor-
responding corrections. Analysis shows that the DKS 
values are a little larger than the corresponding values 
that are obtained on the basis of the relativistic HFS 
and DF methods [14–16,24,29–31]. Obviously, the 
classical DF and HFS methods give a little more error 
in calculating the energy parameters in comparison 
with their optimized versions. It is worth comparing 
the Fermi function values for different calculation 
models [24, 29–31]. Two alternative definitions of the 
Fermi function values are usually used: i) The relativ-
istic electron radial wave functions are calculated on 
the boundary of the spherical nucleus with radius R 
[14,15]; ii) definition of Fermi function by means of 
squares of expansion amplitudes of the radial wave 
functions f2

+1
(0)+g2

–1
(0), r→0 (see [29–31,24]). 

Table 6 
The energy corrections to boundary energy of the β-spectrum due to the electron shells reconstruction

Decay Configuration
The total shell energy, eV Differences in energy, eV

Mat. atom Daught. atom δÅ δ2Å
P(0)→ S(+1) 
P(+1)→ S(+2) 

[Ne]3s23p2
1/2

3p
3/2 

[Ne]3s23p2
1/2

 

9239 
9230 

10782 
10759 

1543 
1529 

14 

S(0)→ Cl(+1) 

S(+2)→ Cl(+3) 

[Ne]3s23p2
1/2

3p2
3/2

 

[Ne]3s23p2
1/2

 

10791 
10760 

12471 
12407 

1680 
1647 

33 

Ni(0)→ Cu(+1) 

Ni(+2)→ Cu(+3) 

[Ar]3d4
3/2

3d4
5/2

4s2 

[Ar]3d4
3/2

3d4
5/2

 

41238 
41214 

44871 
44821 

3633 
3607 

26 

Pu(0)→ Am(+1) 

Pu(+2)→ Am(+3) 

Pu(+2)→ Am(+3) 

Pu(+4)→ Am(+5)

[Rn]5f6
5/2

7s2
 

[Rn]5f6
5/2 

[Rn]5f4
5/2

7s2
 

[Rn]5f4
5/2

806868 
806852 
806845 
806800

829365 
829331 
829309 
829245

22497 
22480 
22464 
22445

17 

33 
52

According to Refs. [3,24, 29–31], the difference 
in the Fermi function values increases with increas-
ing Z. The same effect is characteristic for the integral 
Fermi function. It is found that the integral Fermi 
function f is changed for different β-decays {for ex-
ample, 33P-33S (E

0
=249keV), 35S-35Cl (E

0
=167 keV) 

on 2–4%; 63Ni-63Cu (E
0
=65.8 keV) on 5%, 241Pu-

241Am (E
0
=20.8 keV)  — 32%} in the case of using 

the Fermi function definition on the basis of the wave 
functions values on the boundary of a nucleus and val-
ues of these functions in zero [29–31,124]. In Table 7 
the quantitative chemical bond effect on the half-life 
period for the β-decay 33P(0)-33S is listed. In column A 
we present the data, obtained on the basis of calcula-
tion within the optimized DF approach (GIDF). The 
GIDKS data are listed in column B and the standard 
DF calculation data in column C [24, 29–31]. We use 
the following notations: Δf/f is the relative changing 
decay probability (Fermi integral function), which 
is equal to the change in the β half-life period with 
the opposite sign (-ΔT

1/2
/T

1/2
). Let us give a short 

comment regarding the choice of the boundary en-
ergy values. The value 249000 eV is accepted for the 
boundary energy of the P(0) decay. Analogously, the 
value 249014 eV is used for the decay of P(+2) in the 
first variant of calculation. The pair of the energy val-
ues 248986 and 249000 eV is chosen in the second 
variant of the calculation correspondingly. All pre-
sented results lead to an identical conclusion about 
the dependence of the change in the half-life period 
on the ionic degree. All versions of the calculation 
give very close values of Δf/f [29–31]: Δf/f= 0.0079% 
(GIDF), Δf/f=0.0082% (GIDKS), Δf/f=0.0075% 
(DF). One concludes that the corresponding change 
Δf/f is sufficiently small. The experimental data for 
β-decay 33P(0)-33S are absent. But our data are corre-
lated with recent theoretical and experimental data 
for 7Be, 22Na, and 40K isotopes [10,11]. These data 
suggest that the effect of chemistry (plus pressure) 
is quite little and discernible. Calculation for 33P-33S 
decay shows that the integral Fermi function is less in 
the case of the ionized phosphor β-decay in compari-
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son with the neutral phosphor. As a result, β-decay 
of the ionized phosphor runs more slowly. From the 

other side, the Fermi function value is more for neu-
tral phosphor and its decay runs more quickly. 

Table 7 
The chemical bond effect on the half-life period for the decay 33P(0)→33S decay

Decay of a neutral atom Decay of an ionized atom Δf/f, 10–3 %
Atom Å

0
, eV f(Å

0
 ,Z) Ion Å

0
, eV f (E

0
 ,Z)

P(0) 249000 
249013

4.87541(-2) 
4.87617(-2)

À P(1+) 248987 
249000

4.87501(-2) 
4.87580(-2)

8.2

P(0) 249000 
249014

4.87565(-2) 
4.87637(-2)

Â P(1+) 248986 
249000

4.87524(-2) 
4.87598(-2)

8.39

P(0) 249000 
249012

4.87529(-2) 
4.87608(-2)

Ñ P(1+) 248988 
249000

4.87492(-2) 
4.87572(-2)

7.5

It is interesting to note that in the case of the S(0) 
decay the correction to boundary kinetic energy is 
more than 33 eV when compared to the case of the 
S(+2) decay. The experiment allows one to define only 
the sum of energies, obtained by leptons from atomic 
nucleus and electron shells [29–31]. In this case, the 
experimental value E

0
 is 167400±100 eV. 

There is another situation (large changes in 
T

1/2 
value) for 241Pu-241Am decay. This transition is 

of great interest due to the different dependence of 
change in T

1/2 
on chemical surrounding and large 

discrepancies in the β-decay parameters data. The 
typical example of Pu compounds is the pair PuO

2
, 

PuO. In Table 8 we present the GIDKS data (Δf/

f=-ΔT
1/2

/T
1/2

) regarding the chemical bond effect 
on the half-life period for the β-decay 241Pu-241Am. 
According to the DF, GIDF, GIDKS data [1,12–
14], the Fermi function values in the case of the Pu 
double ionization are less than ~0.1–0.9% in com-
parison with analogous data for the neutral Pu de-
cay. So, the neutral 241Pu decay runs more slowly in 
comparison with ionized Pu(+2). The Fermi function 
value change is ~0.1–0.4% (the HFS data) and ~ 
0.3–0.8% (GIDF data). An account of the chan-
nel of β-decay with occupying the external atomic 
orbitals gives a reasonable explanation of the Pu 
half decay period values dependent on the chemical 
composition [24,29–31,15,124]. 

Table 8 
The chemical bond effect on the half-life period for the decay 241Pu-241Am

Decay of a neutral atom Decay of an ionized atom
Atom E

0
, eV f(E

0,
 Z) Ion E

0
, eV f(Å

0,
 Z) Δf/f, %

20800 
20817 

1.72164(-3) 
1.72522(-3)  Pu(+2) 20783 

20800 
1.71596(-3) 
1.71953(-3) 

-0.33 
-0.33 

Pu(0) 20800 
20833 

1.72164(-3) 
1.72952(-3) Pu(+2) 20767 

20800 
1.71148(-3) 
1.71931(-3) 

-0.59 
-0.59 

20800 
20852

1.72164(-3) 
1.73403(-3) Pu(+4) 20748 

20800
1.70615(-3) 
1.71842(-3)

-0.90 
-0.90

Surely, it would be desirable to compare the theo-
retical data with any experiment. It is known that in a 
compound the typical (Mulliken etc) atomic charge 
often is about half of the nominal oxidation state. Our 
results (Δf/f ~1%) are correlated with other theoretical 
and experimental data [10,11]. From the other side, 
one could wait for a possible giant change in the half-
lives of bare isotopes compared to their neutral coun-
terparts [94]. The preliminary data [1] indicates such 
an effect. Surely, the FRS-ESR experimental studying 
is of a great interest in this case. 

5 CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

We discussed a new field of investigations, which 
lies on the boundary of the modern quantum optics 
and photoelectronics, laser physics and atomic and 
nuclear physics [1]. It includes different interesting 
physical boundary processes, in particular, the coop-
erative electron β-nuclear processes in atomic systems 
(including processes of the excitation, ionization, 
electronic rearrangement) and chemical bond ef-

fect on the β-parameters. We reviewed the relativistic 
DKS treating the finite size of the nucleus, radiation 
and exchange-correlation corrections to the β-decay 
parameters for a set of the allowed (superallowed) 
transitions: 33P-33S, 35S-35Cl, 63N-63Cu, 241Pu-241Am 
etc. We discussed also the chemical bond effect on pa-
rameters of some β-transitions. The correct treatment 
of chemical environment effect is shown to modify the 
β-decay characteristics (integral Fermi function, half-
life period, probability). The electronic rearrange-
ment induced by nuclear transmutation in the β-decay 
6 6 * -
2 4 3 3 eHe ( Li ) eí +→ + +  is considered. The quantita-
tive estimates for excitation to the final discrete states 
of 6Li+ (including to the doubly excited autoionizing 
states) as well as the total probabilities for single and 
double ionization are listed. The half-life period for 
β-decay of the tritium atom (ion) has been estimated, 
taking into account the bound beta decay channel cor-
rection and some other accompanying effects (popu-
lation of the bound states of 3Íå, population of the 
continuum states resulting from exchanging the orbital 
electron by β-electron, the charge screening effect due 
to the orbital electron etc.). The estimated values of the 
half-life period Ò

1/2
 for tritium β-decay and free triton 
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β-decay are as follows: (T
1/2

)
a
=12.26 years (correc-

tion due to the electron-atomic effects (ΔT
1/2

/T
1/2

)
a
=

= 0.82%) for the tritium atom and (T
1/2

)
t 
=12.36 years 

for the free triton. These data are in physically reason-
able agreement with the experimental data: (T

1/2
)

a
= 

(12.264±0.018) years, (ΔT
1/2

/T
1/2

)
a
= 0.86±0.08% and 

(T
1/2

)
t 
=(12.369± 0.020) years for atomic tritium and 

(T
1/2

)
m
=(12.296±0.017) years, (ΔT

1/2
)

am
= 0.03152 (i.e. 

0.26%) for the molecular tritium. The values Ò
1/2

 in a 
case of β-decay for the halogen-containing molecu-
lar tritium (3ÍÑl): (T

1/2
)

m
=12.28 years (3ÍÑl) is firstly 

presented and the correction due to chemical bond ef-
fect (ΔT

1/2
)

am
=0.024 (i.e. 0.20%). In conclusion let us 

note that the further development of the electron-β-
nuclear spectroscopy of atoms, ions and molecules is 
of a great theoretical and practical interest. The devel-
opment of new experimental methods (combination 
of the FRS and ESR) [3–12,147]) for the measure-
ment of the β-decay parameters promises the further 
essential progress in our understanding of radioactive 
nuclear decays. Obviously, the storage rings are ideal 
tools for precise measurements of masses and beta de-
cay lifetimes of nuclei of relevance for astrophysics. 
Such an approach can be useful, providing perspective 
for the development of new nuclear models, search of 
the new cooperative effects on the boundary of atomic 
and nuclear physics, carrying out new methods for 
treating the spatial structure of molecular orbitals, 
diagnostics of the hydrogen-containing compounds 
by means of exchange of the hydrogen atoms by tri-
tium, studying the chemical bond nature and check-
ing different theoretical models in quantum chemistry 
and solids physics, studying the properties of energy 
releasing in the tritium (DT, TT) plasmas. Finally, an 
availability of more exact data on the β-decay life-
times and other (nuclear) parameters with taking into 
account the chemical bond and much larger bound 
β-decay effects is also important in astrophysics and 
cosmology, studying the substance transformation 
in the Universe, relationships for n/p, 3H/3He, cos-
mological constants etc. [1–16, 120, 124,140–150]. 
In any case, the electron-β (more generally, α, γ, μ 
)-nuclear spectroscopy of atoms and molecules opens 
absolutely new possibilities in the bridging of nuclear 
physics and traditional quantum chemistry (atomic 
and molecular physics) [1–16,124,140–150]. Obvi-
ously, these possibilities are strengthened by quickly 
developed nuclear quantum optics (see Refs. [14,20–
28, 40,41,56–80,147–150]). Really, a superintense la-
ser (more exactly, x-raser or graser) field may provide 
a definite measurement of the change in the dynamics 
of the nuclear processes, including β-(or γ- and α-) 
decay, as it has been underlined, for example, in Refs. 
[20,56–59,74,76,150]. 
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UDC 539.184 

A. V. Glushkov 

LASER- ELECTRON-β-NUCLEAR SPECTROSCOPY OF ATOMIC AND MOLECULAR SYSTEMS AND CHEMICAL 
ENVIRONMENT EFFECT ON THE β-DECAY PARAMETERS: REVIEW 

Abstract 
We review a new field of investigations, which lies on the boundary of the modern quantum optics and photoelectronics, laser 

physics and atomic and nuclear physics. We discuss the cooperative laser-electron-β-nuclear processes in atoms and molecules [1], 
including the excitation, ionization, electronic rearrangement, induced by the nuclear reactions and β-decay and a state of art of the 
modern calculating the β-decay parameters for a number of allowed (super allowed) transitions (33P-33S, 241Pu-241Am etc) and a chemical 
bond effect on β-decay parameters. A few factors are taken into account: changing the integration limits in the Fermi function integral, 
energy corrections for different chemical substances, and the possibility of the bound β-decay or other decay channels. We review the 
studies of the electronic rearrangement induced by nuclear transmutation in the β-decay 6 6 * -

2 4 3 3 eHe ( Li ) e+→ + + ν . The half-life 
period Ò

1/2
 for β-decay of tritium atom (ion) has been estimated while taking into account the bound β-decay channel and some other 

accompanying effects. The estimated values of Ò
1/2

 for the tritium β-decay and free triton decay are: (T
1/2

)
a
=12.26 years (correction due 

to the electron-atomic effects (ΔT
1/2

/T
1/2

)
a
=0.82%) for the tritium atom and (T

1/2
)

t 
=12.36 years for the triton decay. These data are in 

physically reasonable agreement with experimental data by Akulov-Mamyrin [9]. We analyse the firstly presented [1] value Ò
1/2

 in a case 
of the β-decay in the halogen-containing molecular tritium (3ÍÑl): (T

1/2
)

m
=12.28 years (3ÍÑl); the correction due to the chemical bond 

effect is (ΔT
1/2

)
am

=0.024 (i.e. 0.20%). 
Key words: laser-electron-β-nuclear spectroscopy, cooperative effects, beta-decay 
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A. Â. Ãëóøêîâ 

ËÀÇÅÐÍÀß ÝËÅÊÒÐÎÍ-β-ßÄÅÐÍÀß ÑÏÅÊÒÐÎÑÊÎÏÈß ÀÒÎÌÍÛÕ È ÌÎËÅÊÓËßÐÍÛÕ ÑÈÑÒÅÌ È ÝÔÔÅÊÒ 
ÂËÈßÍÈß ÕÈÌÈ×ÅÑÊÎÃÎ ÎÊÐÓÆÅÍÈß ÍÀ ÏÀÐÀÌÅÒÐÛ ÁÅÒÀ ÐÀÑÏÀÄÀ: ÎÁÇÎÐ 

Ðåçþìå 
Ïðåäñòàâëåí îáçîð èññëåäîâàíèé â íîâîé îáëàñòè, ëåæàùåé íà ñòûêå ñîâðåìåííîé êâàíòîâîé îïòèêè è ôîòîýëåêòðîíè-

êè, ëàçåðíîé, àòîìíîé è ÿäåðíîé ôèçèêè. Îáñóæäàþòñÿ îñîáåííîñòè êîîïåðàòèâíûõ ëàçåðíî-ýëåêòðîí-β-ÿäåðíûõ ïðîöåñ-
ñîâ â àòîìàõ è ìîëåêóëàõ, à òàêæå òâåðäûõ òåëàõ [1], âêëþ÷àþùèå âîçáóæäåíèå, èîíèçàöèþ, ýëåêòðîííîå ïåðåðàñïðåäåëå-
íèå, èíäóöèðîâàííûå ÿäåðíûìè ðåàêöèÿìè, β-γ-ðàñïàäîì. Äàí îáçîð ïðîáëåìàòèêè âû÷èñëåíèÿ ïàðàìåòðîâ β- ðàñïàäà äëÿ 
ðÿäà ðàçðåøåííûõ (ñâåðõ ðàçðåøåííûõ) ïåðåõîäîâ (241Pu-241Am è äð), à òàêæå ýôôåêòà âëèÿíèÿ õèìè÷åñêîé ñâÿçè íà ïàðàìå-
òðû β-ðàñïàäà, âêëþ÷àÿ òàêèå ôàêòîðû êàê èçìåíåíèå ïðåäåëîâ èíòåãðèðîâàíèÿ ôóíêöèè Ôåðìè, âêëàä êàíàëà ñâÿçàííîãî 
β-ðàñïàäà è äðóãèõ êàíàëîâ. Êîëè÷åñòâåííî îöåíåíî ýëåêòðîííîå ïåðåðàñïðåäåëåíèå, èíäóöèðîâàííîå ÿäåðíîé òðàíñìóòà-
öèåé â β-ïåðåõîäå: 6 6 * -

2 4 3 3 eHe ( Li ) e+→ + + ν . Ïåðèîä ïîëóðàñïàäà Ò
1/2

 äëÿ β-ðàñïàäà àòîìà òðèòèÿ (èîíà) îöåíåí ñ ó÷åòîì 
âêëàäà êàíàëà ñâÿçàííîãî β-ðàñïàäà è ðÿäà äð. ôèçè÷åñêèõ ýôôåêòîâ. Îöåíåíû çíà÷åíèÿ Ò

1/2
 äëÿ β-ðàñïàäà òðèòèÿ è ðàñïàäà 

ñâîáîäíîãî òðèòîíà: (T
1/2

)
a
=12.26 ëåò (ïîïðàâêà çà ñ÷åò ýëåêòðîí-àòîìíûõ êîîïåðàòèâíûõ ýôôåêòîâ (ΔT

1/2
/T

1/2
)

a
=0.82%) äëÿ 

àòîìà òðèòèÿ è (T
1/2

)
t 
=12.36 ëåò äëÿ ðàñïàäà òðèòîíà. Ïðèâåäåííûå òåîðåòè÷åñêèå äàííûå íàõîäÿòñÿ â ïðèåìëåìîì ñîãëà-

ñèè ñ íåäàâíèìè ýêñïåðèìåíòàëüíûìè äàííûìè Aêóëîâà-Ìàìûðèíà [9]. Ïðîàíàëèçèðîâàíû âïåðâûå ïðåäñòàâëåííûå â [1] 
îöåíêè Ò

1/2
 â ñëó÷àå β-ðàñïàäà äëÿ ãàëîãåí- ñîäåðæàùåãî ìîëåêóëÿðíîãî òðèòèÿ (3ÍÑl): (T

1/2
)

m
=12.28 ëåò (3ÍÑl); ïîïðàâêà íà 

ýôôåêò õèìè÷åñêîãî îêðóæåíèÿ (ΔT
1/2

)
am

=0.024 (i.e. 0.20%). 
Êëþ÷åâûå ñëîâà: ëàçåðíàÿ ýëåêòðîí-β-ÿäåðíàÿ ñïåêòðîñêîïèÿ, êîîïåðàòèâíûå ýôôåêòû, áåòà-ðàñïàä 
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ÓÄÊ 539.184 

A. Â. Ãëóøêîâ 

ËÀÇÅÐÍÀ ÅËÅÊÒÐÎÍ-β-ßÄÅÐÍÀ ÑÏÅÊÒÐÎÑÊÎÏ²ß ÀÒÎÌÍÈÕ ² ÌÎËÅÊÓËßÐÍÈÕ ÑÈÑÒÅÌ ÒÀ ÅÔÅÊÒ 
ÂÏËÈÂÓ Õ²Ì²×ÍÎÃÎ ÎÒÎ×ÅÍÍß ÍÀ ÏÀÐÀÌÅÒÐÈ ÁÅÒÀ ÐÎÇÏÀÄÓ: ÎÃËßÄ 

Ðåçþìå 
Ïðåäñòàâëåíî îãëÿä äîñë³äæåíü ó íîâ³é ãàëóç³ íà ñòèêó ñó÷àñíî¿ êâàíòîâî¿ îïòèêè ³ ôîòîåëåêòðîí³êè, ëàçåðíî¿, àòîìíî¿, 

ÿäåðíî¿ ô³çèêè. Îáãîâîðþþòüñÿ îñîáëèâîñò³ êîîïåðàòèâíèõ ëàçåðíî-åëåêòðîí-β- ÿäåðíèõ ïðîöåñ³â â àòîìàõ ³ ìîëåêóëàõ, à 
òàêîæ òâåðäèõ ò³ëàõ [1], âêëþ÷àþ÷è çáóäæåííÿ, ³îí³çàö³þ, åëåêòðîííèé ïåðåðîçïîä³ë, ÿêèé ³íäóêîâàíèé ÿäåðíèìè ðåàêö³-
ÿìè, β-γ-ðîçïàäîì. Íàäàíèé îãëÿä ïðîáëåìàòèêè âèçíà÷åííÿ ïàðàìåòð³â β-ðîçïàäó äëÿ ðÿäó äîçâîëåíèõ (íàä äîçâîëåíèõ) 
ïåðåõîä³â (241Pu-241Am ³íø.), à òàêîæ åôåêòó âïëèâó õ³ì³÷íîãî çâ’ÿçêó íà ïàðàìåòðè β-ðîçïàäó ç óðàõóâàííÿì òàêèõ ôàêòîð³â 
ÿê çì³íåííÿ ìåæ ³íòåãðóâàííÿ ïðè çíàõîäæåíí³ ôóíêö³¿ Ôåðì³, âíåñîê êàíàëó çâ’ÿçàííîãî β- ðîçïàäó òà ³íøèõ êàíàë³â. Îö³-
íåíèé åëåêòðîííèé ïåðåðîçïîä³ë, ³íäóêîâàíèé ÿäåðíîþ òðàíñìóòàö³ºþ ó β-ðîçïàä³: 6 6 * -

2 4 3 3 eHe ( Li ) e+→ + + ν . Ïåð³îä ïîëó-
ðîçïàäó Ò

1/2
 äëÿ β- ðîçïàäó àòîìà òðèò³ÿ (³îíà) îö³íåíî ç óðàõóâàííÿì âíåñêó êàíàëó çâ’ÿçàííîãî β- ðîçïàäó ³ ³íøèõ ô³çè÷íèõ 

åôåêò³â. Îö³íåí³ çíà÷åííÿ Ò
1/2

 äëÿ β- ðîçïàäó òðèò³ÿ ³ ðîçïàäó â³ëüíîãî òðèòîíó: (T
1/2

)
a
=12.26 ðîê³â (ïîïðàâêà íà óðàõóâàííÿ 

åëåêòðîí-àòîìíèõ êîîïåðàòèâíèõ åôåêò³â (ΔT
1/2

/T
1/2

)
a
=0.82%) äëÿ òðèò³þ ³ (T

1/2
)

t 
=12.36 ðîê³â äëÿ ðîçïàäó òðèòîíó. Íàâåäåí³ 

òåîðåòè÷í³ äàí³ çíàõîäÿòüñÿ ó ïðèéíÿòí³é çãîä³ ³ç íåäàâí³ìè åêñïåðèìåíòàëüíèìè äàíèìè Aêóëîâà-Ìàìèð³íà [9]. Ïðîàíà-
ë³çîâàí³ âïåðøå íàâåäåí³ â [1] îö³íêè Ò

1/2
 ó âèïàäêó β- ðîçïàäó äëÿ ìîëåêóëÿðíîãî òðèò³ÿ, ùî ì³ñòèòü ãàëîãåí (3ÍÑl): (T

1/2
)

m
=12.28 ðîê³â (3ÍÑl); ïîïðàâêà íà åôåêò õ³ì³÷íîãî îòî÷åííÿ (ΔT

1/2
)

am
=0.024 (i.e. 0.20%). 

Êëþ÷îâ³ ñëîâà: ëàçåðíà åëåêòðîí — β- ÿäåðíà ñïåêòðîñêîï³ÿ, êîîïåðàòèâí³ åôåêòè, áåòà-ðîçïàä 
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The last years wide interest was paid to zinc-chal-
cogenides (ZnS, ZnSe, ZnTe) due to their new appli-
cation fields. The ZnS and ZnSå crystals doped with 
transitional metals have been used as active media and 
gates in lasers of medium infrared (IR) radiation range 
[1,2]. The ZnTe crystals doped with iron and nickel are 
perspective materials for a photorefraction [3]. There-
fore the fabrication of zinc chalcogenides crystals 
doped with transition-metal ions is actual problem. 

There are two basic methods of zinc-chalcogenides 
doping with transition-metal ions. The first one is dop-
ing during the growing process from vapor phase and 
the second one is diffusive doping. In [4] the ZnSe:Fe 
and ZnSe:Ni single crystals were obtained from a va-
por phase by free growth on a single crystal substrate 
with the use of chemical transport in hydrogen. 

The advantage of the diffusion doping is the ex-
act adjusting of profile and level of doping. In [2] the 
ZnSe:Fe crystals are obtained by the doping from a 
solid phase metallic source (a metallic layer). The dif-
fusion doping in the iron vapor is carried out in [5]. 
Duration of diffusion process and small iron impurity 
concentrations in the obtained crystals are the lacks of 
these diffusion doping methods. 

In this study we describe the diffusion technique of 
doping which allows to obtaining zinc-chalcogenides 
single crystals with predicted iron and nickel-impurity 
concentration. The structure of optical absorption 
spectra has been studied and identified in the visible 
region. Basing on the optical absorption edge shift, the 
nickel and iron concentration has been determined. 
The analysis of the relative optical density profile in 
the visible region enabled us to calculate the diffusivity 
of nickel and iron in ZnS, ZnSe, ZnTe crystals. 

The purpose of this study is the development of 
the diffusion technique of zinc-chalkogenides crystals 
doping with iron and nickel and the determination of 
the diffusivity. 

1 EXPERIMENTAL 

The samples for the study were prepared by nickel 
and iron diffusion doping of pure ZnS, ZnSe and ZnTe 

single crystals. The undoped crystals were obtained by 
free growth on a ZnSe single crystal substrate with the 
(111) growth plane. The method and the main char-
acteristics of the ZnS, ZnSe and ZnTe crystals were 
described in details in [6]. Selection of temperature 
profiles and design of the growth chamber excluded 
the possibility of contact of the crystal with chamber 
walls. The dislocation density in obtained crystals was 
no higher than 104 cm–2. 

The ZnS:Ni, ZnSe:Ni and ZnTe:Ni crystals 
were doped by diffusion of impurity from the metal-
lic nickel layer deposited on the crystal surface in the 
He + Ar atmosphere. The crystals were annealed at 
the temperatures T

a
 = 1020–1270 K. The diffusion 

process time was about 5 hours. After annealing the 
crystals changed the color: the crystals ZnS:Ni got a 
yellow color, ZnSå:Ni was light-brown, and ZnTe:Ni 
was dark-brown. 

The first experiments with Fe diffusion were car-
ried out according to a procedure similar for Ni diffu-
sion. The crystals were doped via impurity diffusion 
from a metal Ni layer deposited on the crystal surface 
in an evacuated quartz cell. It was found that at 1220 
K, the metal Ni layer ~10 mkm dissolved completely in 
the crystals in the span of no longer than 30 min. The 
optical absorption spectra showed that the obtained 
crystals were lightly doped. However, these crystals 
were found to be convenient objects for studying the 
optical absorption spectra. 

To obtain heavily doped crystals the diffusion by 
impurity from metal powderlike Fe in He + Ar atmo-
sphere was carried out. In order to avoid etching of 
crystals, powderlike ZnSe in the ratio 1:2 was added 
to the Fe powder. Crystals were annealed in evacu-
ated quartz cells at temperatures from 1120 to 1320 
K. The duration of the diffusion process was 10–30 
hours. After annealing the ZnS:Fe crystals acquired a 
yellow-brown color, ZnSe:Fe was red-brown, and the 
ZnTe:Fe crystals were dark-brown. 

The diffusion of nickel and iron was carried out 
under conditions, where the impurity concentration in 
the source (the metallic nickel layer) remained almost 
constant. In this case, the solution of the Fick diffusion 
equation for the one dimensional diffusion has the form 

UDC 621.315.592 
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The ZnS, ZnSe, ZnTe single crystals doped with iron and nickel are investigated. The diffusion 
doping is carried out from metallic nickel and powderlike iron in helium and argon atmosphere. The 
optical density spectra are investigated in the wavelength range of 2–3.8 eV. From the value of the 
absorption edge shift, the nickel and iron concentrations in crystals under investigation is determined. 
It is shown that nickel and iron doping results in appearance of absorption lines in the visible spectral 
region. 

The nickel and iron impurity diffusion profile is determined by measuring the relative optical 
density of crystals in the visible spectral region. The diffusivities of nickel and iron in ZnS, ZnSe, ZnTe 
crystals are calculated at temperatures of 1020–1320 K. 
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⎛ ⎞
= −⎜ ⎟

⎝ ⎠
, (1) 

where C
0
 is the activator concentration near the sur-

face, the symbol “erf” designates the error function 
(the Gauss function), D is the diffusivity, x is the coor-
dinate, and t is the time. 

The optical density spectra in the visible region were 
measured by means of an MDR-6 monochromator 
with diffraction gratings 1200 lines/mm. A FEU-100 
photomultiplier was used as a light flow receiver. The 
optical density spectra were measured at 77 and 300 K. 

To measure the diffusion profile of the impurities, 
a thin (0.2–0.4 mm) plate of the crystal was cleaved 
in the plane parallel to the direction of the diffusion 
flow. The measurements of the optical density profile 
of the Ni and Fe-doped crystals were carried out us-
ing an MF-2 microphotometer. This device provides 
the optical density measurement with the step 10 mkm 
in the direction of the diffusion flow. In this case, the 

integrated optical density in the spectral range 2.0–2.8 
eV was measured. 

2. ÎPTICAL DENSITY SPECTRA IN THE 
VISIBLE REGION 

The optical density spectra (D* — optical densi-
ty) of the ZnS:(Fe,Ni), ZnSe:(Fe,Ni), ZnTe:(Fe,Ni) 
crystals have been measured. The iron and nickel 
doping of crystals results in the absorption edge shift 
toward lower energies. The shift value increases with 
annealing temperature. The band gap varies due to the 
Coulomb interaction between impurity states. Thus 
correlation between ΔÅg (in meV) and impurity con-
centration N (in sm-3) is determined by the relation: 

 
1 3 1 3

5

0

32 10
4g

s

eNE ⎛ ⎞Δ = − ⋅ ⎜ ⎟π πε ε⎝ ⎠
, (2) 

Table 1 
Results of calculation of doping impurities concentrations in crystals under investigation.

Annealing 
temperature, T

a
, K

Impurity concentration, cm-3

Ni-doped crystals Fe-doped crystals
ZnS:Ni ZnSe:Ni ZnTe:Ni ZnS:Fe ZnSe:Fe ZnTe:Fe

1020 --- --- 3∙1017 --- --- ---
1070 --- 2∙1017 4∙1018 --- --- 2∙1017

1120 4∙1017 2∙1018 6∙1019 --- --- 3∙1018

1170 2∙1019 4∙1019 --- 2∙1016 3∙1016 4∙1019

1220 5∙1019 8∙1019 --- 2∙1017 2∙1017 8∙1019

1270 2∙1020 1020 --- 7∙1017 8∙1017 ---
1320 --- --- --- 9∙1018 2∙1018 ---

where å, electron charge, ε
s 
is the static permittivity of 

ZnS, ZnSe or ZnTe. Using the shift of the band gap, 
we calculated the nickel and iron concentration in the 
studied crystals (see Table 1). 

In the visible spectral region the crystals doped with 
nickel feature had series of absorption lines, caused by 
the intrastate transitions from the lower 3T

1
(F)-state to 

the excited G-states in the limit of the Ni2+ ion. 
The crystals doped with iron in the visible region 

are characterized by the series of absorption lines, 
which are due to intrastate transitions from the basic 
state 5E(F) on the high-power excited states of Fe2+ 

ion.. The absorption spectra of undoped ZnSe crystals 
and ZnSe:Fe and ZnSe:Ni crystals, doped at tempera-
ture 1170 Ê presented in Fig. 1 as an example. The in-
vestigation of optical properties of zinc chalkogenides 
doped with Fe and Ni were described in details in 
[7,8]. 

3. DETERMINATION OF NICKEL AND IRON 
DIFFUSIVITY IN THE ZNS, ZNSE, ZNTE 
CRYSTALS 

The presence of the absorption bands in the visible 
range (Fig. 1) indicates the possibility of determin-
ing the diffusion profile of the impurity by measuring 
the relative optical density (Δ). This magnitude is the 
function of the coordinate x in the direction of the dif-
fusion flux; it is determined by the relation 

D* 

1 

2 

3 

4 

1 

2 

3 

2.0 2.2 2.4 2.6
, eV

Fig. 1. Spectra of the optical-density D* in the visible region 
of (1) ZnSe, (2) ZnSe:Fe and (3) ZnSe:Ni crystals.

 
*( ) *( )
*(0) *( )

D x D
D D

− ∞
Δ =

− ∞
, (3) 

where D*(x) is the optical density of the crystal as a func-
tion of the coordinate x, D*(0) is the optical density of 
the crystal in the near surface layer with the coordinate 
x = 0, and D*(∞) is the optical density of the crystal in 
the region where the impurity concentration is negli-
gibly low (crystal is undoped). The selected definition 
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of the relative optical density allows us to compare the 
dependence Δ(x) with the concentration profile of the 
impurity C(x)/C

0
 calculated by formula (1). 

, arb. un. 

x, mkm 
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Fig. 2. Profiles of relative optical density (points in the curves) 
and diffusion profiles (solid lines) of Ni impurity in the ZnTe:Ni 
crystals (a) and Fe impurity  in the ZnTe:Fe crystals. The diffusion 
temperature is 1070 (1), 1120 (2), 1170 K(3).

In Fig. 2. we show relative optical density pro-
files (points on curves) and diffusive profiles (solid 
lines) of nickel impurities in the ZnTe:Ni crystals 
and iron in the ZnTe:Fe crystals. By means of selec-
tion of diffusivity in (1), we obtained good agree-
ment between profiles of the relative optical den-
sity and impurities concentration in investigated 
crystals. The diffusivities of Ni and Fe in the ZnS, 
ZnSe, ZnTe crystals at temperatures T

a
=1020–1320 

K were calculated similarly. In the Table 2 presented 
the nickel and iron diffusivities in the investigated 
crystals at the temperature T

a
=1220 K. It is estab-

lished that nickel diffusivities are two orders of mag-
nitude higher than iron diffusivities in all types of 
the investigated crystals. 

The temperature dependence of the difusivities 
(fig. 3) is described by the Arrhenius equation 

 0( ) exp aED T D
kT

⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (4) 

104/T, -1
8 8.5 9

10-10 

10-9 

D, cm2/s 

1 

2 

Fig. 3. The temperature dependences  of iron diffusivities in 
ZnS:Fe crystals (1) and nickel diffusivities in ZnS:Ni (2) crystals.

Thus, from temperature dependences of nickel 
and iron diffusivities the diffusion process activation 
energies E

a
 and the preexponential factor D

0
 in the Ar-

rhenius equation were calculated for the proper crys-
tals (see Table 2). Comparing obtained the diffusion 
process activation energies, it was established that in 
the ZnSe crystals both for nickel impurity and for the 
iron impurity the diffusion process activation energy 
has maximal value. 

Table 2 
The results of diffusion process investigations 

Type 
of the 
crystal

Ni-doping Fe-doping
D, 

cm2/s at 
1220  K

D
0
, 

cm2/s E
a
, eV

D, 
cm2/s at 
1220  K

D
0
, 

cm2/s
E

a
, 

eV

ZnS 4∙10–7 103 2.6 8∙10–11 0.16 2.2
ZnSe 7∙10–7 8.8∙106 3.5 1∙10–10 3.3∙103 2.9
ZnTe 8∙10–7 0.03 1.5 4∙10–9 5.6∙10–3 1.6

It evidences that in crystals ZnSe diffusion of tran-
sitional metal ions is due to dissociative mechanism. 
High activation energies of 4.45  eV and 3.8  eV were 
obtained for a diffusive process in the ZnSe:Cr and 
ZnSe:Co crystals [9,10]. 

4. CONCLUSION 

The investigations enable us to draw the following 
conclusions. 

The diffusion nickel and iron doping technique is 
developed for ZnS, ZnSe, ZnTe single crystals. Con-
centrations of doping impurities in the investigated 
crystals are determined. 

It is shown that the diffusion profile of a nickel 
and iron impurities can be determined by measuring 
the relative optical density of crystals in the visible 
region. 

The nickel and iron diffusivities in ZnS, ZnSe, 
ZnTe crystals are calculated in the temperature range 
of 1020–1320 K. The analysis of the temperature de-
pendences D(T

a
) enables us to determine the activa-

tion energies E
a
 of diffusion processes in the proper 

crystals and the factors D
0
 from the Arrhenius equa-

tion. 
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Abstract 
The ZnS, ZnSe, ZnTe single crystals doped with iron and nickel are investigated. The diffusion doping is carried out from metal-

lic nickel and powderlike iron in helium and argon atmosphere. The optical density spectra are investigated in the wavelength range of 
2–3.8 eV. From the value of the absorption edge shift, the nickel and iron concentrations in crystals under investigation is determined. 
It is shown that nickel and iron doping results in appearance of absorption lines in the visible spectral region. 

The nickel and iron impurity diffusion profile is determined by measuring the relative optical density of crystals in the visible spec-
tral region. The diffusivities of nickel and iron in ZnS, ZnSe, ZnTe crystals are calculated at temperatures of 1020–1320 K. 
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Ðåçþìå 
Èññëåäîâàíû ìîíîêðèñòàëëû ZnS, ZnSe, ZnTe, ëåãèðîâàííûå æåëåçîì è íèêåëåì. Äèôôóçèîííîå ëåãèðîâàíèå îñóùåñò-

âëÿëàñü èç ìåòàëëè÷åñêîãî íèêåëÿ è ïîðîøêîîáðàçíîãî æåëåçà â àòìîñôåðå ãåëèÿ è àðãîíà. Èññëåäîâàíû ñïåêòðû îïòè÷å-
ñêîé ïëîòíîñòè â îáëàñòè ýíåðãèé 2–3.8 ýÂ. Ïî âåëè÷èíå ñìåùåíèÿ êðàÿ ïîãëîùåíèÿ îïðåäåëåíû êîíöåíòðàöèè íèêåëÿ è 
æåëåçà â èññëåäóåìûõ êðèñòàëëàõ. Ïîêàçàíî, ÷òî ëåãèðîâàíèå íèêåëåì è æåëåçîì ïðèâîäèò ê ïîÿâëåíèþ ïîëîñ ïîãëîùåíèÿ 
â âèäèìîé îáëàñòè ñïåêòðà. 

Äèôôóçèîííûé ïðîôèëü ïðèìåñè íèêåëÿ è æåëåçà îïðåäåëåí ïóòåì èçìåðåíèÿ îòíîñèòåëüíîé îïòè÷åñêîé ïëîòíîñòè 
êðèñòàëëîâ â âèäèìîé îáëàñòè ñïåêòðà. Ðàññ÷èòàíû êîýôôèöèåíòû äèôôóçèè íèêåëÿ è æåëåçà â êðèñòàëëàõ ZnS, ZnSe, ZnTe 
ïðè òåìïåðàòóðàõ 1020–1320Ê. 

Êëþ÷åâûå ñëîâà: õàëüêîãåíèäû öèíêà, äèôôóçèîííîå ëåãèðîâàíèå, îïòè÷åñêàÿ ïëîòíîñòü, êîýôôèöèåíòû äèôôóçèè. 
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Ðåçþìå 
Äîñë³äæåíî ìîíîêðèñòàëè ZnS, ZnSe, ZnTe, ëåãîâàí³ çàë³çîì òà í³êåëåì. Äèôóç³éíå ëåãóâàííÿ âèêîíóâàëîñü ç ìåòàëå-

âîãî í³êåëþ òà ïîðîøêîïîä³áíîãî çàë³çà â àòìîñôåð³ ãåë³þ òà àðãîíó. Äîñë³äæåíî ñïåêòðè îïòè÷íî¿ ãóñòèíè â îáëàñò³ åíåðã³é 
2–3.8 åÂ. Çà âåëè÷èíîþ çñóâó êðàþ ïîãëèíàííÿ âèçíà÷åí³ êîíöåíòðàö³¿ í³êåëþ ³ çàë³çà â äîñë³äæóâàíèõ êðèñòàëàõ. Ïîêàçàíî, 
ùî ëåãóâàííÿ í³êåëåì ³ çàë³çîì ïðèçâîäèòü äî âèíèêíåííÿ ñìóã ïîãëèíàííÿ â âèäèì³é îáëàñò³ ñïåêòðó. 

Äèôóç³éíèé ïðîô³ëü äîì³øîê í³êåëþ ³ çàë³çà âèçíà÷åíî øëÿõîì âèì³ðþâàííÿ â³äíîñíî¿ îïòè÷íî¿ ãóñòèíè êðèñòàë³â 
â âèäèì³é îáëàñò³ ñïåêòðó. Ðîçðàõîâàí³ êîåô³ö³ºíòè äèôóç³¿ í³êåëþ ³ çàë³çà â êðèñòàëàõ ZnS, ZnSe, ZnTe ïðè òåìïåðàòóðàõ 
1020–1320Ê. 
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The smaller electronegativity of silicon will af-
fect the bond polarity and ionicity, which will in turn 
have a major influence on the bond lengths involving 
silicon. Steric effects caused by bulky substituents will, 
on the one hand be less important than in the carbon 
analogues because of the longer bond lengths, but, on 
the other hand, will have a greater effect because of 
the lower barrier to distortion. One of the striking dif-
ferences between silicon and carbon atoms is the ease 
of formation of hypervalent species with silicon. Five- 
and six-coordinate silicon compounds are stable and 
the role of d orbitals in the bonding of silicon in these 
compounds is a subject of continuing debate [1–3]. 
On the other hand, synthesis of the polyhedral silicon 
compounds due to their high symmetry is a great chal-
lenge since it could lead to novel physical and chemical 
properties unexpected from the carbon compounds. 
And such synthesis is possible until recently [4,5,10]. 
In the last two decade we have been witnessing an ex-
plosion of information on the geometry of submicron 
particles (SP) (atomic clusters — ACs) extracted from 
photoluminescence spectra [6–9,20]. 

In this article the results of the experimental in-
vestigation of Si-ACs are summarized together with 
our DFT theoretical calculations [10]. These are also 
compared with those for the small and more ACs an-
alogues. Comparison of the experimental geometry 
with optimized calculated geometry is given. The ar-
ticle covers Si

n
Y

m
 morphology and adsorption spec-

tra, where Y are substituent’s simulating of the solid 
state matrix surrounding. In this refrain, we stress that 
the Si-ACs may be either tri-, tetra-, penta- or hexa-
coordinate and Y may have different coordination 
numbers [11,12]. For each type of Si-Y bond, typi-
cal and exceptional compounds are shown and the 
relevant geometric parameters are listed at the [10]. 
Our simulation package contains the tools which 
are necessary for the investigation and visualization 
of the results generated by the calculation program-
packages (CPP) such as a) PDFT, b) POTENTIAL, 
c) GEOMETRY. 

The theoretical method used in the present work 
is the parameterized density functional scheme of that 
allows for full relaxation of covalent systems with no 
symmetry constraints. To study the dynamics of the 
Si-ACs we offer the approximate calculation scheme. 
This is the density-functional theory (DFT) in the 
realization of Kohn and Sham (KS), using a few em-

pirical parameters [4]. This method, which named 
parameterized DFT- PDFT, is based on the Hartree-
Fock scheme plus a proper treatment of the electron 
correlation. The use of only a few parameters mini-
mizes the effort for the determination of the param-
eters; it yields a close relation to full ab initio DFT 
schemes (for example, GAMESS [13]). This is guar-
antee of the good “transferability” of the parameters, 
going from one system to another. The use of some 
approximations in connection with a few empirical 
parameters makes the scheme computation extremely 
fast. PDFT allows also the study of dynamical pro-
cesses through the coupling with molecular dynam-
ics (MD). The method of simulation of the inter-
PSP interaction is based on the MD description. The 
main idea our description leads to the estimation of 
the energetically characteristics of the Si-ACs which 
contain from some to several tens atoms. The closely 
packed ACs were tested and investigated in [10]. The 
MD is particularly suitable for finding minimum con-
figurations for ACs. When applied to the bulk phases 
of Si, MD-PDFT has reproduced binding energy dif-
ferences between the high-pressure metallic phases 
and the diamond phase in excellent agreement with 
the schemes based on the local density approxima-
tion (LDA) [11,12]. GEOMETRY-package (GP) is a 
geometrical program based on 3D-representation of 
the investigation of ACs -structures. The GP gener-
ates detailed and easily interpretable and aesthetically 
appealing graphics representing models of molecular 
structures and related properties. The package of-
fers a high level of interactivity through the use of the 
mouse and via a large set of menus and submenus, 
organized in such a way so as to enable users to learn 
rapidly the basic operations leading to efficient visu-
alization. For all the menu items, a help facility has 
been implemented. Various representation options 
and attributes may be selected for adapting the vi-
sual output to personal needs and preferences: the 
molecular structures may be represented as discrete 
dots, and the global appearance may be modified via 
attributes such as back ground appearance, perspec-
tive or orthogonal projection and others. The purpose 
of the GP is the interactive visual representation of 
three-dimensional models of molecular structures 
and properties for research. Due to the flexibility of 
the data- and program-structure, various chemical 
systems ranging from small compounds (clusters) to 
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large macromolecules may be investigated, additional 
interfaces and tools can easily be implemented. 

The first optical spectra have been recorded for 
neutral Si-ACs containing 18–41 atoms [20]. These 
spectra reveal (Fig.1) a surprise: minute silicon clusters 
have numerous strong sharp absorption’s which do not 
shift in energy-over entire cluster size range. Results 
are totally unexpected since theoretical calculations 
predict by PDFT a wide variation in structure over the 
size range of the Si-ACs. Fig. 1, show that the spectra 
can be divided into two parts. The first lies at energies 
above 3 eV. Here the peaks result from transitions which 
are rate limited by one-photon absorption’s. Many of 
these peaks exhibit saturation power dependencies even 
at the lowest laser fluencies that we are able to use for 
our experiments, e.g., at 3,68 eV in Fig. 2. The second 
part of these spectra lies below 3 eV where various peaks 
in the spectra arise from multiple photon excitations. 
Furthermore, these peaks ride on broad background 
absorption. The power dependencies of these peaks, 
e.g., at 1,98 and 2,58 eV in Fig. 1, have slopes which are 
less than the expected photon order, indicating that the 
broad background absorption results from transitions 
which are rate limited by one-photon transitions. 

 

Fig 1. Photo dissociation spectra of the atomic clusters 

The tiny pieces of silicon where most of the atoms 
are on the surface should be greatly reconstructed from 
bulk silicon [10,11]. Yet, the optical signature of these 
clusters has much in common with that of crystalline 
silicon. The most startling finding is that the absorp-
tion spectra for all investigated clusters are essentially 
identical furthermore, we have obtained partial spec-
tra of Si-ACs smaller than Si

18 
and larger than Si

41
. 

These preliminary survey data indicate that the spec-
tral signature common to Si

18 
— Si

41 
grows in at about 

Si
18 

and persists for sizes up to at least 70 atoms. This 

spectral similarity is completely unexpected from both 
a molecular and a bulk perspective. In both cases, Si

18 
this size range are expected to undergo rapid structural 
changes because of the large surface/interior atom ra-
tio. From a molecular point of view, these clusters span 
a sufficiently large size range to have structural differ-
ences, which should show up in their optical spectra. 
Our theoretical studies have explored the geometries 
of small silicon clusters [l0]. The differing calculated 
methodologies find that the Si-ACs should be strongly 
reconstructed from bulk silicon, but morphology of 
its are different. The nature of this reconstruction re-
mains open to intense debate. Some calculations pre-
dict that silicon clusters in our size range have tetrahe-
dral bonded network structures whereas others predict 
more compact structures. 

The optimized ACs of tetrasilatetrahedrane 
(Si

4
H

4
), hexasilaprismane (Si

6
H

6
) and octasilacu-

bane (Si
8
H

8
) at the PDFT level were calculated. The 

Si-Si bond lengths in Si
4
H

4 
are shorter than the sin-

gle bond length of 2,352 A calculated for H
3
Si-SiH

3
, 

and it increases in the order Si
4
H

4
 (2,314 A) < Si

6
H

6
 

(2,359 A and 2.375 A) < Si
8
H

8 
(2,396 A). It is inter-

esting that the Si-Si bond lengths are shorter in the 
three-membered rings than in the four-membered 
rings, as is also calculated for the monqcyclic rings: 
cyclotrisilane (2,341 A) vs cyclotetrasilane (2,373 A). 
This trend is enhanced in the heavier compounds. 
However, bond lengths are not necessarily correlated 
with bond strengths; the bonds in three-membered 
rings are weaker than those in four-membered rings. 
This is because the heavier atoms are forced to hy-
bridize to a considerable extern in order to achieve 
and maintain the three-membered skeletons of a 
given symmetry a large energy loss. To compensate 
for this energy loss, the bond lengths between skeletal 
atoms shorten in order to form bonds as effectively as 
possible. However, the cost for hybridization is too 
large to be offset just by bond shortening, leading to 
higher strain and weaker bonds in the three-mem-
bered rings. As a result of the high strain and weak 
bonds, the heavier polyhedral compounds consisting 
of only three-membered rings easily undergo bond 
stretching or bond breaking. 

The structural parameters of the octasilacubane 
(Si

8
H

8
) at the matrix surrounding are listed in the tabl. 

1. Octasilacubanes (Si
8
H

8
) bearing alkyl, aryl and si-

lyl substituents of various sizes were calculated using 
the semiempirical MIEHT-α method [19] and PDFT 
approach [10]. X-ray structures are available for Y = 
2,6-Et

2
C

6
H

3
, CMe

2
CHMe

2
 and t-Bu [18]. Both the 

calculated and the X-ray structures show almost per-
fect cubic skeletons. In addition, the experimental 
skeletal Si bond lengths are reasonably well repro-
duced by the calculations, taking into account the 
overestimation of the Si-Si bond distances by ca 0,05 
A. As tabl. 1 shows O

h
, symmetry of Si

8
H

8
 is lowered as 

the substituents become more bulky. Nevertheless, all 
of the calculated structures still retain relatively high 
symmetry in contrast with the avialable experimental 
structures in crystals. This suggests that packing forces 
significantly affect the favourable conformations of 
bulky substituents around the cubane skeleton, prob-
ably because the energy loss due to the conformational 
changes is very small. 
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The prismanes with Si and Ge skeletons are yel-
low to orange. These prismanes have absorptions 
tailing into the visible region. For example, Si

6
H

6
 

has an absorption band with a maximum at 241 nm 
tailing to ca 500 nm. The absorption band of Ge

6
Y

6
 (

2,6 Pr2 36Y i C H= − − ) has a maximum at 261 nm, 
which is red-shifted compared to that of Ge

6
Y

6
 be-

cause of the higher-lying orbitals of the Ge-Ge bonds 
[13]. Hexasilaprismane Si

6
Y

6
 is photosensitive. On 

irradiation in solution at low temperature with light 
having wavelength 340–380 nm, new absorption bands 
appeared at 335, 455 and 500 nm assignable to the ab-
sorption bands of hexasila-Dewar benzene. Upon ex-
citation of these bands with wavelengths longer than 
460 nm, Si

6
Y

6
 was immediately regenerated. A single 

chemical species was produced during the photo-
chemical reaction since the bands of Si

6
Y

6
 (with single 

Si-Si-bonds) and those assigned to Si
6
Y

6
 (with double 

Si-Si-bonds) appeared and disappeared simultane-
ously (Fig.2). The folding angle of the parent hexasila-
Dewar benzene (Si

6
H

6
) with C

2v
 symmetry is 120° at 

the PDFT level. The through-space interaction be-
tween the Si=Si double bonds splils the π -MOs into 
bonding ( Sπ ) and antibonding ( Aπ ) sets, as shown 
our calculations. Likewise, their *π -MOs split into 

*
Sπ  and *

Aπ . The allowed transitions from Sπ  to *
Sπ  

and from Aπ  to *
Aπ  correspond to the experimental 

absorption bands at 455 and 335 nm, respectively. The 
lowest energy transition from Aπ  to *

Sπ  is forbidden. 
However, it is allowed if the C

2v
 symmetry is lowered. 

The relatively weak absorption at 500 nm is assigned 
to the transition. The activation parameters for the 
isomerization of Si

6
Y

6
 (with double Si-Si-bonds) to 

Si
6
Y

6
 (with single Si-Si-bonds) are 0,595àÅ =  eV. The 

small àÅ  value is consistent with the high reactivity of 
Si=Si double bonds. 

The lowest energy absorption is forbidden when 
the cubane has high symmetry, but becomes weakly al-
lowed when the symmetry is lowered. MIEHT-α cal-
culations [10] show that the spectrum shape in the low 
energy region depends strongly on the substituent’s. 

The kinetic stability of tetrasilatetrahedrane 
(Si

4
H

4
), hexasilaprismane (Si

6
H

6
) and octasilacubane 

(Si
8
H

8
) depends strongly on the steric bulkiness of the 

substituents (matrix). The silyl-substituted Si
n
Y

m 
(Y=

t Bu− ) is stable in an inert atmosphere, but is oxi-
dized in air to give colourless solids. The 1,1,2-trim-
ethylpropyl-substituted Si

n
Y

m 
(Y= 2 2C CHMe Me ) is 

very stable even in air and survives for two weeks in the 
solid state. 

Table 1 
Symmetries, Si-Si-bond lengths, charges and HOMO energies of octasilacubane derivatives ( 88 )Si Y  (symbol * denotes calculated by 

PDFT scheme; in brackets are results from MIEHT-α using basis STO/DZ)

Substitutions 
(Y )

Symmetry 0
,Si Si Àr −

Charge on the skeletal Si 
atoms

,HOMO eV  
(ÍF/DZ)

H hO 2,400 * ( 2,34 ) 0,044 * 9,7− *( 8,23− )

t Bu− 2D 2,445 [7] 0,264 [7] 8,68− [7]

2 2C CHMe Me 2D 2,462 [6] 0,242 [6] 8,54− [6]

3 3( )Si SiH 2D 2,410 * 0,0244 * 9,2− *

3SiH hO 2,401 * (2,36) 0,211− * 9,5− *( 8,31− )

3SiF hO 2,390 * (2,35) 0,540− * 9,8− *( 10,42− )

 

FIGURE 2. Light transition for two type of the cluster Si
6
H

6
 in matrix surrounding (hexane) (PDFT-model for the clusters and 

SW — approach for the matrix) 

Most probably, the, small HOMO-LUMO gap 
of 13 makes it possible that the Si=Si double bonds 
undergo formally symmetry forbidden [2+2] thermal 

reaction. Benzene is a key intermediate in the reduc-
tive oligomerization of RCl

2
SiSiCl

2
R and RSiCl

3
 (R = 

2,6-i-Pr
2
C

6
H

3
R) [16,17]. All cubanes of Si, Ge and Sn 
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are coloured from yellow to purple [18]. The silyl-sub-
stituted octasilacubane (Si

8
Y

8 ,
Y= t Bu− ) was synthe-

sized as bright yellow crystal. A diffuse reflection ab-
sorption of Si

8
H

8 
is red-orange. The UV/Vis spectrum 

of Si
8
Y

8 
(Y= 2 2C CHMe Me ) exhibits absorption bands 

at 252,350 nm and around 500 nm [18]. Aryl-substi-
tuted octasilacubane were prepared by the dechlorina-
tive reactions of 2 2Ar SiSi ArCl Cl  and of 3ArSiCl  and 
was isolated as orange crystal with Mg/MgBr

2
 reagent 

[17]. The spectrum depends on the type of the aryl 
substituent. The absorption band at around 240 nm is 
attributeclTo the a-a* transition, while the absorption 
at around 280 nm is caused by transition from a a-n 
mixing between the orbitals of the Si-Si a bonds and 
the aromatic it orbitals. 

SUMMARY 

The mechanism by which Si
n
Y

m 
with chloral at-

oms
 
is formed is not clear, but the first step involves 

the electrophilic attack by PCl
5
 on the strained Si-Si 

bond, followed by an intramolecular skeletal rear-
rangement. Bromo and iodo derivatives of Si

n
Y

m 
are 

also formed by the reactions of Si
8
Y

8 
with Br

2
 and with 

I
2
. Octasilacubanes were used as a model in an attempt 

to understand the optical properties of porous silicon 
because both porous silicon and octasilacubane show 
a broad photoluminescence spectra and large Stokes 
shifts. Si

8
Y

8 ,
Y= t Bu− , for example, shows an absorp-

tion edge at ca 3,2 eV and a broad photoluminescence 
spectrum with a peak at 2,50 eV. At the [10] more de-
tail information of the processes of matrix influence 
on the polyhedral ac are gives. 

Deep thanks to Prof. Dr. M. Drozdov for the help-
ful comments of some calculation results. 
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THE OPTICAL PROPERTIES OF THE CLUSTERS AT THE SOLID STATE MATRIX 

Abstract. 
In this article the results of the experimental and theoretical investigation of polyhedral submicron particles (later referred as PSP), 

in particular, Si-atomic clusters (ACs) are surrounded by solid state matrix. The article presents optical spectra of Si
n
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 — ACs. 
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ÎÏÒÈ×ÅÑÊÈÅ ÑÏÅÊÒÐÛ ÊËÀÑÒÅÐÎÂ Â ÒÂÅÐÄÎÒÅËÜÍÎÉ ÌÀÒÐÈÖÅ 

Ðåçþìå 
Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ èññëåäîâàíèé ïîëèýäðè÷åñêèõ ñóáìèêðîííûõ ÷àñòèö 

(ÏÑ×), â ÷àñòíîñòè, Si-àòîìíûõ êëàñòåðîâ (AÊ) â òâåðäîòåëüíîì ìàòðè÷íîì îêðóæåíèè. Ïðèâåäåíû îïòè÷åñêèå ñïåêòðû 
Si

n
Y

m
 — ÀÊ. 
Êëþ÷åâûå ñëîâà: àòîìíûå êëàñòåðû, îïòè÷åñêèå ñïåêòðû, ýëåêòðîííàÿ ñòðóêòóðà. 
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Ðåçþìå 
Íàâåäåíî ðåçóëüòàòè åêñïåðèìåíòàëüíèõ ³ òåîðåòè÷íèõ äîñë³äæåíü ïîë³åäðè÷íèõ ñóáì³êðîííèõ ÷àñòèíîê (ÏÑ×), çî-

êðåìà, Si-àòîìíèõ êëàñòåð³â (AÊ), òàêèõ ÿê òåòðàåäð, ãåêñàãîíàëüíà ïðèçìà, êóá ó ìàòðè÷íîìó îòî÷åí³. Ïðåäñòàâëåí³ îïòè÷í³ 
ñïåêòðè Si

n
Y

m
 — ÏÑ×. 

Êëþ÷îâ³ ñëîâà: àòîìí³ êëàñòåðè, îïòè÷í³ ñïåêòðè, åëåêòðîííà ñòðóêòóðà. 
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The experimental and theoretical studying of the 
radiation transition characteristics of a whole num-
ber of atomic systems, which are interesting and per-
spective from the point of view of the quantum elec-
tronics and photoelectronics, is in last years of a great 
importance (c.f.[1–42]). It is also very important for 
search the optimal candidates and conditions for re-
alization of the X-ray lasing. Especial interest attracts 
studying the Ne-like multicharged ions. Neon-like 
ions play an important role in the diagnostics of a 
wide variety of laboratory and astrophysical plasmas. 
Primarily because of its importance to astrophysical 
plasmas, one of the most thoroughly studied neon-
like ions is Fe16+. For this ion, there has been a long 
series of the Hartree-Fock (HF), Dirac-Fock (DF), 
relativistic perturbation theory (PT) etc. Neon-like 
Kr, Br, Ni is also important, especially as a diagnos-
tic for tokamak plasmas [1–5,8–15]. Although there 
was some early work on the HF studying spectra o 
these ions though an accuracy of these calculations 
is not high. The well-known multi-configuration HF 
and DF (MCDF) approaches are widely used in cal-
culations of the atoms and ions [3,8–11]. It provides 
the most reliable version of calculation for atomic 
systems. Nevertheless, as a rule, detailed descrip-
tion of the method for studying role of the relativis-
tic, gauge-invariant contributions, nuclear effects is 
lacking. Serious problems are connected with correct 
definition of the high-order correlation corrections, 
QED effects etc. The further improvement of this 
method is connected with using the gauge invariant 
procedures of generating relativistic orbital basis’s 
and more correct treating the nuclear and QED ef-
fects [1,2,19–26]. Here we present a new, relativistic 
approach (detailed description see ion refs. [36–39]) 
to description of the forbidden radiative transitions 
characteristics in spectra of the heavy atoms and 
multicharged ions. New method is based on the en-
ergy approach and gauge-invariant QED perturba-
tion theory (PT) formalism with using the optimized 
one-quasi-particle representation and précised ac-
counting for the exchange-correlation effects [19–
25,31,33–35]. There are carried out the calculations 
of energies, probabilities and oscillator strengths for 
the radiative (E1,Ì1, Å2 etc) transitions in spectra 
of ions of the isoelectronic sequences NeI. Earlier it 
has been carried theoretical studying of the energies, 
oscillator strengths [36–38] of the Zn-like multich-
arged ions and some heavy lanthanide atoms. 

Let us describe in brief the important moment of 
our theoretical approach. As usually, the wave func-
tions zeroth basis is found from the Dirac equation 
solution with potential, which includes the core ab 
initio potential, electric, polarization potentials of 
nucleus (the Gaussian form for charge distribution 
in the nucleus is used). All correlation corrections of 
the PT second and high orders (electrons screening, 
particle-hole interaction etc.) are accounted for. The 
wave function for a particular atomic state 

 ( ) ( )
NCF

r r
r

PJM c PJMΨ Γ = Φ γ∑   (1) 

is obtained as the above described self-consistent 
solutions of the Dirac–Fock type equations. Configu-
ration mixing coefficients c

r
 are obtained through di-

agonalization of the Dirac Coulomb Hamiltonian 

 H
DC

=Σ
i
 cα

i
 p

i
 + (β

i
-1)c2 – V

c
 (r|nlj)+

 V
ex

-V
nucl

 (r|R) + Σ
i>j

 exp(iωr
ij
)(1-α

1
α

2
)/r

ij  
(2) 

In this equation the potential: 

 V(r)=V
c
 (r|nlj)+V

ex
+V

nucl
 (r|R).  (3) 

This potential includes the electrical and polariza-
tion potentials of the nucleus. The part exV accounts 
for exchange inter-electron interaction. The main 
exchange effect are taken into account in the equa-
tion. The rest of the exchange-correlation effects are 
accounted for in the first two PT orders by the total 
inter-electron interaction [20–22,31,35,37]. The ef-
fective electron core density (potential V

c
) is defined 

by iteration algorithm within gauge invariant QED 
procedure [22]. Following to refs.[2,22], let us in brief 
note the key moments. 

Consider the one-quasiparticle system. A quasi-
particle is a valent electron above the core of closed 
electron shells or a vacancy in the core. In the low-
est second order of the EDPT a non-zeroth contribu-
tion to the imaginary part of electron energy Im δE 
(the radiation decay width) is provided by relativistic 
exchange Fock diagram. In the fourth order of the 
QED PT there are diagrams, whose contribution into 
the ImδE accounts for the core polarization effects. 
It is on the electromagnetic potentials gauge (the 
gauge non-invariant contribution). Let us examine 
the multielectron atom with one quasi-particle in the 
first excited state, connected with the ground state by 
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the radiation transition. In the zeroth QED PT ap-
proximation we, as usually (c.f.[2,21,37]),use the one 
electron bare potential V

N
(r) + V

C
(r), with V

N
(r) de-

scribing the electric potential of the nucleus, V
C
(r), 

imitating the interaction of the quasi-particle with the 
core. The core potential V

C
(r) is related to the core 

electron density ρ
C
(r) in a standard way. The latter ful-

ly defines the one electron representation. Moreover, 
all the results of the approximate calculations are the 
functionals of the density ρ

C
(r). In ref.[22] the low-

est order multielectron effects, in particular, the gauge 
dependent radiative contribution for the certain class 
of the photon propagator calibration is treated. This 
value is considered to be the typical representative of 
the electron correlation effects, whose minimization is 
a reasonable criterion in the searching for the optimal 
one-electron basis of the PT. The minimization of the 
density functional Im δE

ninv
 leads to the integral differ-

ential equation for the ρ
c
, that can be solved using one 

of the standard numerical codes. In ref. [22] authors 
treated the function ρ 

c
 in the simple analytic form 

with the only variable parameter b and substituted it to 
(6). More accurate calculation requires the solution of 
the integral differential equation for the ρ 

c 
[2,37]. 

The probability is directly connected with imagi-
nary part of electron energy of the system, which is 
defined in the lowest order of perturbation theory as 
follows: 

 

[ ]

2

 
Im ( )

4
n

n n
n f
n f

eE B V αω
α α

α> >
α< ≤

Δ = −
π ∑ ,  (4) 

where 
 n fα> >

−∑  for electron and 
n fα< ≤

−∑  for vacancy. 

The potential V is as follows: 
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1 2 1
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r
(r ) r

ω ω
= Ψ Ψ

− α α Ψ Ψ

∫∫
  (5) 

The separated terms of the sum in (5) represent 
the contributions of different channels and a probabil-
ity of the dipole transition is: 

 
1

4
án

n n n

ù
á áÃ V

ð α= ⋅  (6) 

The corresponding oscillator strength : 
2 15/ 6.67 10

nggf α= λ ⋅Γ ⋅ , where g is the degeneracy de-
gree, λ is a wavelength in angstroms (Å). Under calcu-
lating the matrix elements (5) one could use the angle 
symmetry of the task and write the expansion for po-
tential sin|ω|r

12
/r

12
 on spherical functions as follows: 

 ( ) ( ) ( ) ( )

12

12 1 2

1 1 1 2 1 2
2 20

sin
2

cos

r
r r r

J r J r P
∞

λλ+ λ+
λ=

ω π
= ×

× λ ω ω∑ r r ,  (7) 

where J –is the Bessel function of first kind and (λ) = 
2λ + 1. This expansion is corresponding to usual mul-
tipole one for probability of radiative decay. Substitu-
tion of the expansion (7) to matrix element of interac-
tion gives as follows: 

 

( )( )( )( )

( ) ( )

1
2

1234 1 2 3 4

1 3

1 3

1 Im 1234

V j j j j

j j
Q

m m

ω

μ
λ

λμ

= ×⎡ ⎡⎣ ⎣
λ⎛ ⎞

× − ×⎜ ⎟− μ⎝ ⎠
∑ ; 

 Qul BrQ Q Qλ λ λ= + .  (8) 

where j
i
 are the entire single electron momentums, 

ò
i
 — their projections; QulQλ is the Coulomb part of 

interaction, BrQλ - the Breit part. The detailed expres-
sions for these parts are received and presented in refs. 
[2,19–22]. 

The full probability of the λ -pole transition is 
usually represented as a sum of the electric (a multi-
pole expansion) E EA Pλ λ=  and magnetic ( a multipole 
expansion) M MA Pλ λ= parts. More over, one could show 
that the corresponding expressions for probabilities of 
the electric and magnetic λ -pole transition γ → δ  in 
a case of the radiative decay of the one-quasiparticle 
states are equal: 

 

( ) ( ) ( )

( ) ( ) ( )
, 1 , 1

,

2 2 1 ;

2 2 1 ;

.

E E

E Cul Br Br

M M

M Br

P j Q

Q Q Q Q

P j Q

Q Q

λ λ

λ λ λ λ− λ λ+

λ λ

λ λ λ

γ → δ = + γδ γδ

= + +

γ → δ = + γδ γδ

=   (9) 

In the numerical calculations the transition prob-
ability , as usually, is expanded to the series on the 
known parameter αω as follows: 

 

( )( ) ( )
( ) ( ) .

Qul Br
, 1

3 5Br
, 1

Q , Q ,

Q , Q

λ λ
λ λ λ−

λ+ λ+
λλ λ λ+

≈ αω ≈ αω

≈ αω ≈ αω   (10) 

In a case of the two-quasi-particle states (this case 
of the Ne-like ions, where the excited states are repre-
sented as stales with the two quasiparticles — electron 
and vacancy above the closed shells core 1s22s22p6) the 
corresponding probability has the following form (say, 
transition: 1 2 1 2j [ ] [ ]j J j j J→ ): 

 

1 2 1 2

1
2 1 1

( | [ ], [ ])

... ...
( ) ( |11)( )

... ...

P j j J j j J

J J
J P j

j j j

λ =

⎧ ⎫λ⎪ ⎪= λ⎨ ⎬
⎪ ⎪⎩ ⎭

,  (11) 

where the electric and magnetic parts are defined 
above. 

The calculations were divided into two stages 
(with using the PC atomic code “Superatom-ISAN”) 
[2,8,9,18–25]. In the first stage, the radial wave func-
tions were generated in small multiconfiguration 
expansions. The spectroscopic orbitals required to 
form a reference wave function were obtained with a 
minimal configuration expansion, with full relaxation. 
Then virtual orbitals were generated in five consecu-
tive steps. At each step, the virtual set has been extend-
ed by one layer of virtual orbitals. A layer is defined as 
a set of virtual orbitals with different angular symme-
tries. In the present letter, five layers of virtual orbitals 
of each of the s, p, d, f symmetries were generated. At 
each step, the configuration expansions were limited 
to single and double substitutions from valence shells 
to all new orbitals and to all previously generated vir-
tual layers. The initial shapes of radial orbitals were 
obtained in the V

c
 potential. The important effects of 
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the polarization interaction of external electrons and 
their mutual screening were taken into account, ac-
cording to ref.[2–4]. 

In tables 1 and 2 we present the pprobabilities of 
the radiation transitions between levels of the configu-
rations 2s22p53s,3d,4s,4d and 2s2p63p,4p in the Ne-
like ions of the Ni XIX and Br XXVI (in s-1; total angle 
moment J=1): a — the MCDF method; b- relativistic 
PT with the empirical zeroth approximation (RPT-
MP); c1 — our QED PT data (without correlation 
corrections); c2 — our QED PT data (with an account 
for the correlation corrections); exp. — experimental 
data [1–4,8–11,15,18,20,21]. 

Analysis of the obtained data allows to make the 
following conclusions. Firstly, one can see that our ap-
proach provides physically reasonable agreement with 
experiment and significantly more advantage able in 
comparison with standard Dirac-Fock method and 
little better than the RPTMP method, though the 
last (RPTMP) results hitherto are considered as the 
most acceptable (see refs. [13–18]). Secondly, we have 
checked that the results for the transition probabili-
ties, obtained within our approach in different pho-
ton propagator gauges (Coulomb, Babushkin, Landau 
gauges) are practically equal, that is provided by using 
an effective QED energy procedure [22]. 

Table 1 
Probabilities of radiation transitions between levels of the configurations 2s22p53s,3d,4s,4d and 2s2p63p,4p in the Ne-like ion of Ni XIX (in 
s-1; total angle moment J=1): a — the MCDF method; b- relativistic PT with the empirical zeroth approximation (RPTMP); c1 — our QED 
PT data (without correlation corrections); c2 — our QED PT data (with an account for the correlation corrections); exp. — experimental 

data [1–4,8–11,15,18,20,21].

Level J=1 Exp. à-MCDF b-RPTMP ñ1-QED PT ñ2-QED PT 
2p

3/2
3s

1/2
7.6+11 9.5+11 1.3+12 9.7+11 8.1+11

2p
1/2

3s
1/2

6.0+11 1.8+12 1.0+12 7.6+11 6.2+11

2p
3/2

3d
3/2

1.4+11 2.2+11 1.5+11 1.7+11 1.4+11

2p
3/2

3d
5/2

1.2+13 2.1+13 1.2+13 1.5+13 1.2+13

2p
1/2

3d
3/2

3.2+13 4.8+13 3.6+13 4.0+13 3.3+13

2s
1/2

 3p
1/2

- - 8.5+11 9.5+11 8.1+11

2s
1/2

 3p
3/2

- - 5.1+12 5.6+12 4.7+12

2p
3/2

4s
1/2

3.3+11 - 3.6+11 4.1+11 3.4+11

2p
1/2

4s
1/2

2.0+11 - 3.0+11 3.1+11 2.4+11

2p
3/2

4d
3/2

4.5+10 - 5.2+10 5.4+10 4.8+10

2p
3/2

4d
5/2

8.3+12 - 8.3+12 9.2+12 8.2+12

2p
1/2

4d
3/2

8.1+12 - 7.9+12 8.9+12 8.0+12

2s
1/2

4p
1/2

- 6.3+11 5.7+11

2s
1/2

4p
3/2

- 2.7+12 2.4+12

Table 2 
Probabilities of radiation transitions between levels of the configurations 2s22p53s,3d,4s,4d and 2s2p63p,4p in the Ne-like ion of Br XXVI 
(in s-1; total angle moment J=1): a — the DF method; b- RPTMP; c1,2 — our QED PT data (without and with account for correlation 

corrections); exp. — experimental data [1–4,8–11,15,18,20,21].

Level J=1 Exp. à-MCDF b-RPTMP ñ1-QED PT ñ2-QED PT 
2p

3/2
3s

1/2
4.5+12 6.2+12 4.4+12 5.5+12 4.4+12

2p
1/2

3s
1/2

3.1+12 4.8+12 2.8+12 3.6+12 2.7+12

2p
3/2

3d
3/2

2.8+11 3.9+11 2.9+11 3.5+11 2.8+11

2p
3/2

3d
5/2

6.1+13 8.0+13 6.3+13 7.5+13 6.1+13

2p
1/2

3d
3/2

8.6+13 9.5+13 8.7+13 9.9+13 8.6+13

2s
1/2

 3p
1/2

3.9+12 - 4.2+12 4.7+12 4.0+12

2s
1/2

 3p
3/2

1.4+13 - 1.5+13 1.8+13 1.4+13

2p
3/2

4s
1/2

1.1+12 - 1.2+12 1.5+12 1.1+12

2p
1/2

4s
1/2

2.1+12 - 2.5+12 2.8+12 2.3+12

2p
3/2

4d
3/2

2.8+10 - 7.3+10 6.9+10 6.3+10

2p
3/2

4d
5/2

- - 2.8+13 2.7+13 2.3+13

2p
1/2

4d
3/2

2.0+13 - 2.2+13 2.3+13 2.0+13

2s
1/2

4p
1/2

2.5+12 - - 2.9+12 2.6+12

2s
1/2

4p
3/2

7.1+12 - - 8.9+12 8.0+12

Thirdly, calculation has confirmed the great role 
of the inter electron correlation effects of the second 
and higher PT orders, namely, effects of the inter elec-
tron polarization interaction and mutual screening. In 
fig.1 we present the calculated by us Z-dependences 
of the M1 forbidden transition probabilities A from 

levels 2s
1/2

3s
1/2

 (J=1) (curve 1), 2p
3/2

3p
3/2

 (J=1) (curve 
2), 2p

3/2
3p

1/2
 (J=1) (curve 3), 2p

1/2
3p

1/2
 (J=1) (curve 

4), 2p
1/2

3p
3/2

 (J=1) (curve 5), 2s
1/2

3d
3/2

 (J=1) (curve 6) 
into the ground state of Ne-like ions. 

The observed non-regularities are explained by 
the complex character of the configuration interac-
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tions and increased significant role of the relativistic 
and exchange-correlation effects. In conclusion let us 
note that a significant part of the quite exact spectral 
probabilities data is firstly obtained and can be used in 
different applications, including astrophysics, plasma 
physics and chemistry, atomic optics, laser physics, 
quantum electronics, physics of the Sun and aurora 
phenomena etc [1–3,14,15,18,19,25,31,40–42]. 

Fig.1. Z-dependences of the M1 forbidden transition prob-
abilities A from levels 2s

1/2
3s

1/2
 (J=1) (curve 1), 2p

3/2
3p

3/2
 (J=1) 

(curve 2), 2p
3/2

3p
1/2

 (J=1) (curve 3), 2p
1/2

3p
1/2

 (J=1) (curve 4), 
2p

1/2
3p

3/2
 (J=1) (curve 5), 2s

1/2
3d

3/2
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Spectral characteristics of semiconductor samples 
were measured experimentally beginning from the 
small wavelengths up to the longer ones. Under inves-
tigation of intrinsic conductivity the abovementioned 
procedure gives no influence on experimental result. 
But this statement is not valid when the processes con-
nected with captures in holes are studied. 

Under such procedure the processes for occupa-
tion — devastation of holes take place with additional 
period. Firstly, large concentration of non-equilibri-
um carriers is created under excitation by wavelengths 
from intrinsic absorption band. The piece of the men-
tioned carriers settle in holes. Under rather high inten-
sities of light and velocity of light wavelength change 
one can create such conditions when the hole by the 
moment of its excitation is found completely occupied 
with non-equilibrium charge, independently on the 
pre-history of processes flowed. 

It is convenient. In this case the photoresponse is 
found large at the expense of considerable carrier release 
that makes easy to determine the basic parameter — ac-
tivation energy, i.e. hole depth, that is identical both for 
equilibrium charge and for non-equilibrium one. 

But the processes connected with concentrations 
of charge carriers on holes that existed there primar-
ily before light exposure can not be examined. At the 
expense of large number of non-equilibrium charges 
entering such processes are completely disrupted. 

One should wait relaxation times under illumina-
tion by each wavelength out of various spectra ranges 
when the conception about the direction of its change 
to raise or to decrease lost. Each wavelength of light 
applied causes the independent effect which is not 
connected with the foregoing exposure. 

In case when equilibrium processes in crystals are 
studied in participation of holes, one should use the 
reverse change in radiation wavelength from the great-
er values (infrared) up to small ones (visible range). 
In this case the light acts only as the instrument for 
excitation. Concentration of captured charge existed 
in holes is only read out with help of light when carri-
ers from holes are excited. 

We note that the new conditions take place. Prob-
ably this is the reason that such procedure to change 
spectral content of excitation has been narrow ex-
tended. 

The carriers shifted from bound to free state are 
non-equilibrium by definition, but their concentra-
tion under usually applied high excitation levels is de-
termined by equilibrium charge located in holes be-
fore illumination. 

The conditions with interacting holes system, as in 
our case, between basic and excited states of R-centres 
are complicated. The long-wave light effect is found 
to be symmetrical in this time. Under any excitation 
flow the levels are activated in turn. The direction to 
change wavelength (from long to short waves or from 
short to long waves) defines only the order to activate 
holes — either at first they are activated from narrower 
excited state and then from the deeper excited one, or 
vice versa. In the latter case, one should take into ac-
count that the part of IR-radiation quanta with energy 
1,1 eV (for cadmium sulphide) can excite R-centres in 
depth 0,9 eV forming hot free holes. 

In all variants of current formation in semicon-
ductor crystal, the universality of reversive procedure 
allows to carry out measurements both traditionally 
under steady-state conditions and in dynamic regime 
under different velocity of changes in exciting light 
wavelength. 

The comparison of traditional, steady-state mea-
surements and the procedure under different velocities 
d
dt
λ

 allows to note the following particularities: 

1. Firstly, both procedures do not contradict each 
other . On the contrary, steady-state procedure should 
be understood as particular case of measurements with 

null rate 0d
dt
λ

= . The possibilities cleared to carry 

out the analysis under the other magnitudes 
d
dt
λ

 are 
lacked. 

2. The steady-state procedure for measurements 
of reach photocurrent operates good for significantly 
occupied holes which concentration is high. The low 
charge accumulated in holes and/or their low con-
centration are more typical. The processes connected 
with this component on photocurrent formation in-
fluence only during earlier seconds of exposure. The 
analysis does not observe them from photocurrent 
steady-state value because they have been already 
absent there. 
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Under dynamic measurements the role of relax-
ation changes. It stops to be opponent and becomes 
ally. Under measurements, particularly quick studies, 

with large values of 
d
dt
λ

 relaxation phenomena effect 

on photocurrent behavior. When results are compared 

under different values of 
d
dt
λ

 and then different de-

grees of relaxation influence, one can show up these 
mechanisms and, finally, holes parameters and con-
clude that these mechanisms are forming. 

3. Non-equilibrium carriers interchange and bal-
ance their energy with lattice during very short time 
of 10–3 — 10–1 s [1]. As result, the contributions of 
equilibrium and non-equilibrium carriers in current 
can not be divided under steady-state measurements. 
If dark current is formed exclusively at the expense 
of charge equilibrium component, it is customary to 
consider that the value of light current is connected 
only and exclusively with non-equilibrium charges. 
This can be come true for high levels of exposure but 
not correct for low illumination. Later we show that 
the procedure of studies proposed, particularly within 

maximum rates 
d
dt
λ

, remove these contradictions. 

4. When capturing holes interact, as in our case, 
between basic and excited state of R-centres, the pro-
cesses of charge redistribution should occur rather 
quickly because this is one and the same centre geo-
metrically. The carriers have not waste time to drift 
from one centre to the other. We should note that the 
particularities of these processes remain unexplored 
now. And the procedure of high rate measurements 

for 
d
dt
λ

 in IR-region can be the effective instrument 

of such studies. 
The investigation of phenomena occurred under 

different order of excitation clear the opportunity that 
has not been applied earlier to precise the particulari-
ties of processes flowed. 

Semiconductor single crystal cadmium sulphide 
was chosen for investigation as the model material. Its 
advantages are the following: firstly, high photosensi-
tivity (photoresponse — up to eight orders); second-
ly, IR-quenching of photocurrent characteristic for 
rather narrow class of materials; thirdly, it is wideband 
semiconductor (E

g
~2,42 eV), that allows to carry out 

investigations within wide range of wavelengths from 
visible area up to 1600 μm. 

The range of applied excitation energies is called 
the area of interacting holes in the sense that inter-
action to R and R’-levels is excitation of physically 
single centre in contrast to the common situation with 
different groups of centres observed in [2,3]. 

If the model of Bube was realized at activation of 
R-centres [4], the significant variations between direct 
and backward spectral dependencies Q(λ) should not 
appeared. The basic state with activation energy 1,1 
eV is primarily excited when illumination wavelength 
changes from small values to the greater ones. And the 
occupation of these state by holes decreases respec-
tively. If excitation with energy 0,9 eV is carried out 
later, the number of activated holes can not be so large 

and longwave maximum Q(λ) can be observed higher 
than shortwave one. 

The higher rate of wavelength change the stron-
ger decrease in maximum within the range 1400 μm 
in comparison with maximum 1000 μm. This should 
take place as result of the following causes. Firstly, 
the steady-state (but non-equilibrium — intrinsic 
light effects) occupation of R and R’-centres has no 
time to restore. Secondly, in order that hole excited 
by longwave light may transfer to free state, it needs 
to absorb photon, that needs time. The analogous ra-
tio of Q(λ) maxima heights should be observed under 
reverse change of wavelength — from large values to 
small ones. 

Thermal excitation (according to Bube theo-
ry) influences only on R’-centres, whereas capture 
cross-section for R and R’-centres is similar. As re-
sult, steady-state concentration of holes on R’-centres 
should be considerably lower than on R-levels. Under 
quick change of wavelength we read out this picture 
and longwave maximum should locate lower. 

At slow decrease in wavelength of quenching light 
the situation should have time to equalize slightly at 
the expense of holes departure from R-centres when 
light passes energy within the range of ~ 0,9 eV. This 
process is spread in time that is enough to realize the 
competitive process — holes created by intrinsic light 
in valence-band are captured. So, the height of short-
wave maximum Q(λ) should prevail. But the other 
situation is realizes experimentally. At any exposure 
regimes the maximum of spectral characteristics Q(λ) 
in 1000 μm area was observed lower than at λ≈1400 
μm. 

In whole spectral distribution of quenching coef-
ficient at increase of excitation wavelength Q(λ↑) and 

at its decrease Q(λ↓) for different rates 
d
dt
λ

 is shown 

in Fig. 1. For steady-state curve we used measure-
ments with relaxation up to 20 minutes in each point 
to avoid transient processes [5,6]. The sample is expo-
sured for a long time in each cycle at spectrum edges 
at 1000 and 1600 μm to preserve the inter-influence 
of curves. 

The reverse curves for 
d
dt
λ

~1 μm/s that causes the 

most distinctive modifications is shown in Figure 1. 
The characteristic changes observed in curve of pho-
tocurrent quenching along the whole range of applied 
rates (from 0,33 up to 2,5 μm/s) are brought together 
in Table 1. 

In order to make the observation more useful we 
show the corrected shape of band-diagram with both 
states of R-centres [7] (Fig. 2). 

VARIANT A: 

Value Q in each of maxima is proportional to the 
number of holes knocked out by light, correspond-
ingly, for shortwave maximum — from basic state of 
R-centres and for longwave maximum — from excited 
state. At increase of wavelength in quenching range 
beginning from 900 μm the exciting light influences 
firstly on the deeper basic level (see Fig. 2). The initial 
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occupation of this centre is the same as in steady-state 
measurements, but the number of activated holes is 
found smaller because the total time of its exposure is 

lower depending on rate 
d
dt
λ

. So the value Q
max1

(λ↑) is 

found lower than the steady-state one. If excitation is 
carried our from long waves up to short ones, the ex-
cited state R’ is devastated preliminary. As result of in-
crease in holes number there the flow of thermally ex-
cited holes from the basic state raises (in Fig. 2 named 
as kT). And as result occupation of R-centres is found 
lower and value Q

max1
(λ↓) becomes smaller when light 

wavelength decreases up to numbers of order 1000 
μm. The optimum rate exists when the discordance 
ΔQ = Q

max1
(λ↑) — Q

max1
(λ↓) is the highest accordingly 

to the model developed in [2,3]. In our case it is ap-
proximately 1 μm/s. At further rate increase the dis-
cordance decreases because at direct change λ has no 
time to excite R-state and at reverse change — R’. 
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Figure 1. Spectral distribution of quenching at measurements 
in steady-state conditions (a), at decrease of wavelength (b) and at 
its increase (v) with rate 1 nm/s. 
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Figure 2. Band diagram of sensitized semiconductor. 

VARIANT B: 

Now the excitation by long waves meets firstly 
unexcited occupation of R’ states and the value of 
maximum Q

max2
(λ↓) is defined only by the time of 

exposure on excited states R’ and then rate 
d
dt
λ

. At 

direct measurements with increase of wavelength the 
mentioned process has one more cause [2]. Excita-
tion of R-states has occurred before. If raise of hole 
thermal inflow was characteristic for Variant A, now 

it causes its decrease. Occupation of R’-centres is 
found lower, namely, ΔQ = Q

max2
(λ↓) — Q

max2
(λ↑). 

Let’s note the characteristic peculiarity. As ΔQ = 
Q

max1
(λ↑) — Q

max1
(λ↓) is correct for the left maxi-

mum, according to Bolzano-Cauchy theorem curves 
Q(λ↑) and Q(λ↓) should cross without fail. Really, we 
have observed this effect at any change rates of light 
wavelength, at all intensities of illumination. This is 
shown by point “K” in Fig. 1. The similar nuance is 
the peculiarity of applied procedure and it can not be 
observed in traditional measurements. 

Table 1 
The analyses of characteristic changes for curves of Fig. 1 for 

different rates of changes on wavelength of quenching light. 

Coordinate 
axis 

Position 
of maximum

Y-ordinate 
(value of quench-

ing Q, %)
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(wavelength of irradia-

tion λ)

 S
h

or
tw

av
e 

m
ax

im
um

 o
f q

ue
n

ch
in

g 
(1

00
0 

—
 1

10
0 
μm

)

À. With increase 

of rate 
d
dt
λ

, the 

discordance 
ΔQ = Q

max1
(λ↑) — 

Q
max1

(λ↓) in-
creases, reaching 
the greater values 
approximately at 
1 μm/s, and the 
decreases anew.

C. Both values — 
Q

max1
(λ↓) and Q

max1
(λ↑) 

shifted to short wave-
lengths comparatively 
with steady-state maxi-
mum, but Q

max1
(λ↓) 

shifted considerably. 
With increase of rate 

d
dt
λ

 these deviations 

firstly decrease reaching 
the greater values ap-
proximately at 1 μm/s, 
and then decrease.
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B. With increase 

of rate 
d
dt
λ

, the 

discordance 
ΔQ = Q

max2
(λ↓) — 

Q
max2

(λ↑) in-
creases, reaching 
the greater values 
approximately at 
1 μm/s, and the 
decreases anew.

D. Both values Q
max2

(λ↓) 
è Q

max2
(λ↑) shifted to 

the greater wavelengths 
comparatively with the 
steady-state maximum 
but Q

max2
(λ↑) shifted 

considerably. With in-

crease of rate 
d
dt
λ

 

these deviations firstly 
increase reaching the 
greater values approxi-
mately at 1 μm/s, and 
the decreases anew.

VARIANT C: 

Values Q
max1

(λ↑) and Q
max1

(λ↓) changes down 
differently. Curve Q(λ↑) connected with undisturbed 
occupation of basic states and show simple scaling 
of steady-state short-wave maximum Q(λ). Both its 
slopes undergo rather the same decrease. The right 
slope is bigger because some shift of capture-devas-
tation equilibrium is characteristic for measurements 
with wavelength longer than maximum one. The 
abovementioned shift is caused by exciting light itself 
when measurements at wavelengths shorter than 1000 
μm were carried out. As result the maximum Q

max1
(λ↑) 

slightly shifts to the left. The picture changes at mea-
surements when light wavelength decreases. As is was 
mentioned previously, excited level devastated prelim-
inary. Thermal excitation from R-centres raised and 
their occupancy decreases. This can be seen clearly at 
longwave slope of maximum than at shortwave one be-
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ing studied later. As result the maximum loses its sym-

metry and depending on rate 
d
dt
λ

 significantly shifted 

to the left. Obviously this effect will decay with in-
crease in change rate of light wavelength because light 
has time to knock out the smaller number of holes with 
decrease in time of influence on the centre. 

The total behavior shortwave maxima coordinates 
Q

max1
(λ↓) and Q

max1
(λ↑) in Fig. 1 depending on ap-

plied rate 
d
dt
λ

 is shown by the section of dotted lines. It 

characterises as half-moon which right side is formed 
by maxima coordinates Q

max1
(λ↑), and left side — by 

maxima Q
max1

(λ↓). 

VARIANT D: 

The similar semi-moon with right convex forms 
for longwave maximum. Now the curveQ

max2
(λ↑) de-

creases non-symmetrically because the basic level was 
devastated preliminary, thermal transmission from R 
to R’ decreased and this is cleared significantly on 
the left slope of dependence Q(λ↑). We note that the 
whole variety of curve family in Fig. 1 can be explained 
applying one mechanism [2,3] — raise or decrease in 
thermal excitation of holes from basic to excited states 
depending on direction of changes in light wavelength. 

Namely, the presence of simultaneous effects allows to 
consider the existence of such channel for intercentre 
redistribution of charge concentrations to be proved. 
Its observation became possible owing to reversive 
method of excitation applied. 
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Abstract 
The interaction processes between the basic and excited states of sensitization centres were investigated by reversive procedure. It 

was stated that all the observed effects can be explained by stimulated level of hole trap occupation and changes in thermal redistribution 
of captured carriers taking into account that the band scheme was corrected. 
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1. The Auger decay is related to very key channel 
of decay of the excited atomic (molecular) states and 
attracts a great interest because of the importance for 
different applications in a plasma physics, physics of 
the ionized gases, quantum optics and photoelec-
tronics [1–16]. When calculating the Auger decay 
characteristics it is usually used the two-step model 
[1–5]. 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 correct 
dynamic theory of the Auger effect [1–5] the pro-
cesses are not believed to be independent from one 
another. The fact is taken into account that the relax-
ation 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 correctly a number of cor-
relation effects, including the energy dependence 
of the vacancy mass operator, the continuum pres-
sure, spreading of the initial state over a set of con-
figurations etc. [1–6]. Note that the effects are not 
described adequately to date, in particular , within 
the Auger decay theory [1–3]. One could remind that 
the inner shell excitation relaxes via resonant Auger 
electron or fluorescent photon emission. For exam-
ple, the resonant Auger spectra of the halogens and 
noble gases were for the first time reported by Eber-
hardt et al and since then the resonant Auger spectra 
of noble gases have been studied extensively both ex-
perimentally and theoretically [1–8]. In particular, 
argon (chlorine) and corresponding like ions have 
attracted a lot of interest. 

The most widespread theoretical studying is 
based on using the multi-configuration Dirac–
Fock (MCDF) calculation [1–8]. The theoretical 
predictions based on MCDF calculations have been 
carried out within different approximations and 
remained hitherto non-satisfactory in many rela-
tions. Earlier [8–10] it has been proposed relativ-
istic perturbation theory (PT) method of the Auger 
decay characteristics for complex atoms, which is 
based on the Gell-Mann and Low S-matrix for-
malism energy approach) and QED PT formalism 
[11–14]. The novel element consists in an using 
the optimal basis of the electron state functions 

derived from the minimization condition for the 
calibration-non-invariant contribution (the second 
order PT polarization diagrams contribution) to the 
imaginary part of the multi-electron system energy 
already at the first non-disappearing approxima-
tion of the PT [13]. Earlier it has been applied in 
studying the Auger decay characteristics for a set of 
neutral atoms, quasi-molecules and solids. Besides, 
the ionization cross-sections of inner shells in vari-
ous atoms and the Auger electron energies in sol-
ids (Na,Si etc) were estimated. Here we will apply 
this approach to studying the autoionization decay 
probabilities in spectra of the multicharged ions on 
example of the Fe ion with one vacancy above the 
core 1s22s22p63s23p6. 

2. Let us describe briefly the key aspects of the 
relativistic method to autoionization and Auger de-
cay probabilities. Within the frame of PT approach 
[8,11,14] to the Auger effect description, the Auger 
transition probability and, accordingly, the Auger line 
intensity are 

defined by the square of an electron interaction 
matrix element having the form: 
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The terms QulQλ  and BrQλ  correspond to subdivi-
sion of the potential into Coulomb part cos|ω|r
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r
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 and Breat one, cos|ω|r
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α
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α

2
/r

12
. The real part 

of the electron interaction matrix element is de-
termined using expansion in terms of Bessel func-
tions: : 
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ω π
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× λ ω ω∑ r r .  (2) 

where J is the 1st order Bessel function, (λ)=2λ+1. 
The Coulomb part QulQλ  is expressed in terms of radial 
integrals Rλ 

, angular coefficients Sλ 
[4,11]: 
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As a result, the Auger decay probability is expressed 
in terms of ReQλ(1243) matrix elements : 

( )
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )1 12 2

1 1 2 1 1 3 1 2 2 4 2

Re 1243R

dr r r f r f r f r f r Z r Z r
λ

λ < λ >

=

= ∫∫ . (4) 

where f is the large component of radial part of single 
electron state Dirac function and function Z is : 
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The angular coefficient is defined by standard way 
[8]. The other items in (3) include small components 
of the Dirac functions; the sign “∼” means that in (3) 
the large radial component f

i
 is to be changed by the 

small g
i 
one and the moment l

i
 is to be changed by 

1i il l= −�  for Dirac number æ
1
> 0 and l

i
+1 for æ

i
<0. 

The Breat interaction is known to change consider-
ably the Auger decay dynamics in some cases (c.f. [4]). 
The Breat part of Q is defined as the sum: 

 Br Br Br Br
, 1 , , 1Q Q Q Qλ λ λ− λ λ λ λ+= + + ,  (5) 

where the contribution of our interest is determined 
as: 
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The Auger width is obtained from the adiabatic 
Gell-Mann and Low formula for the energy shift [13]. 

The contribution of the À
d
 = d =                 diagram to 

the Auger level width with a vacancy nαlαjαmα is: 
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The formulas (7),(8) define the full Auger level 
width. The partial items of the 

kβγ
∑∑ sum answer to 

contributions of α-1→(βγ)-1K channels resulting in for-
mation of two new vacancies βγ and one free electron 
k: ω

k
=ωα+ωβ–ωα. The final expression for the width 

in the representation of jj-coupling scheme of single-
electron moments has the form: 

 2
1 1 2 2 1 1 2 2(2 , 2 ; ) 2 | (2 , 2 ;1 , ) |
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j l
j l j l J j l j l l kjlΓ = Γ∑   (9) 

Here the summation is made over all possible de-
cay channels. The basis of electron state functions was 
defined by the solution of Dirac equation (integrated 
numerically using the Runge-Cutt method). The cal-
culation of radial integrals ReRλ(1243) is reduced to 
the solution of a system of differential equations [4]: 
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In addition, ó
3
(∞)=ReRλ(1243), ó

1
(∞)=Xλ(13). 

The system of differential equations includes also 
equations for functions f/r|æ|-1, g/r|æ|-1, ( )1Zλ , ( )2Zλ . The 
formulas for the auger decay probability include the 
radial integrals Rα(αkγβ), where one of the functions 
describes electron in the continuum state. When cal-
culating this integral, the correct normalization of the 
function Ψ

k 
is a problem. The correctly normalized 

function should have the following asymptotic at r→0 
[4]: 
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When integrating the master system, the function 
is calculated simultaneously: 
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It can be shown that at r → ∞, N(r)→N
k
, where N

k 
is the normalization of functions f

k
, g

k
 of continuous 

spectrum satisfying the condition (11). 
The energy of an electron formed due to a transi-

tion jkl is defined by the difference between energies of 
an atom with a hole at the j level and double-ionized 
atom at kl levels in the final state: 

 2 1 2 2 1( , ) ( ) ( , )S S
A J A A JE jkl L E j E kl L+ + + += −   (12) 

To single out the above-mentioned correlation ef-
fects, the equation (12) can be presented as: 

2 1 2 1( , ) ( ) ( ) ( ) ( , ; )S S
A J JE jkl L E j E k E l k l L+ += − − − Δ   (13) 

where the item Δ takes into account the dynamic cor-
relation effects (relaxation due to hole screening with 
electrons etc.). Other details of the method and calcu-
lational procedure can be found in refs. [8–14]. 

3. Now let us describe some calculated data for the 
transitions energies and autoionization decay prob-
abilities in the spectra of the multicharged ions on ex-
ample of the Fe ion with one vacancy above the core 
1s22s22p63s23p6. This ion of a great interest because of 
the high complexness of the spectrum and great ac-
tuality for astrophysical applications [4–7, 15,16]. As 
the final state of the studied system after autoioniza-
tion decay is the three-quasiparticle, the general num-
ber of the decay channels is sufficiently large, so we are 
limited only by summarized probability of the auto-
ionization decay for the state 1s22s22p63s23p6 with defi-
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nite quantum numbers of vacancies n
1
l

1
 and n

2
l

2
. The 

detailed information about total number of channels is 
presented in ref. [17]. In table 1 we present values of the 
“i-f” transitions energies, calculated by us within ab 

initio QED PT, and also results of calculations within 
the MCDF (by Klapish et al), relativistic PT (RPT) 
with empirical zeroth approximation (by Ivanov et al) 
and available experimental data [12,15–17]. 

Table 1 
The “i-f” transitions energies (in 102 cm-1) , calculated within ab initio QED PT, MCDF and available experimental data.

N i f Exp.[15] MCDF RPT QED PT
1 1s2s22p63s23p 1s 22s22p63s2 577000 577500 577200 577148
2 1s2s22p63s23p2 1s 22s22p63s23p 575700 576230 575910 575820
3 1s2s22p63s23p3 1s 22s22p63s23p2 574400 575040 574940 574532
4 1s2s22p63s23p4 1s 22s22p63s23p3 573400 573920 574360 573937
5 1s2s22p63s23p5 1s 22s22p63s23p4 572400 572860 573520 572845
6 1s2s22p63s23p6 1s 22s22p63s23p5 571430 571886 572550 572124

Analysis of the data in table 1 allow to make the 
following conclusions. Firstly, the accurate account 
of the complicated inter-electron (vacancy) cor-
relations plays a critical role not only for acceptable 
quantitative agreement between theory and experi-
ment, however, it is of the principal importance for 
right interpretation of the corresponding transitions 
in the spectra. Secondly, the presented in ref.[15] in-
terpretation of the experimental highly ionized iron 
spectra, probably, is not fully correct because of the 
high complexness these spectra and, besides, using 
the DF calculation results for the corresponding in-
terpretation. In fact in our opinion, the experimental 
data, in particular, for the “5” and “6” transitions (see 
table 1) are probably not correct and corresponding 

to other transitions. The difference between the RPT 
and QED PT data is connected with using the a little 
different basises of the relativistic wave functions. In 
our ab initio approach calculation it has been used the 
QED method [13]. In refs. [12,16] it has been used 
the empirical zeroth approximation, which natural-
ly accounts for the main (not all) part of the inter-
particle correlations contribution. In the table 2 we 
listed the values for probabilities of decay of the FeX 
states with vacancy 1s

½
 , obtained within our approach 

(QED PT) with using the optimized basises (OB) of 
the one-quasiparticle wave functions and calculation 
data within the RPT with empirical zeroth approxi-
mation (without optimization of basises (WOB) of the 
wave functions) [12]. 

Table 2 
Probabilities of decay of the FeX states with vacancy 1s 

½
 : QED PT –OB (A- our data); RPT-WOB (B) [12].

 n
2
l

2

method A B A B A B A
n

1
l

1
2s 2p 3s 3p

2s 399+14 42+14  131+14 14+15 130+14 14+14 198+14
2p  264+15 28+15 158+14 17+14 722+14
3s 834+12 90+12 243+13
3p 612+13

Note: the mantissa and decimal order of value are 
given: 42+14=0.42⋅1014; 

The analysis of the presented data in the table 2 
shows that our results are less than the corresponding 
data from ref. [12,16] at ~5%. This fact can be explained 
by using the specially optimized basises of the one-
quasiparticle wave functions (it is in fact corresponding 
to degree of account for the multi particle exchange-
correlation effects) in our scheme. In refs. [12,16] it 
had been used the formalism of relativistic PT with 
the empirical zeroth approximation, and optimization 
of the one-quasi-particle wave functions basises is not 
specially fulfilled, though using the empirical informa-
tion about corresponding one-quasiparticle atomic ion 
allows indirectly take into account the correlation cor-
rections. The great experience of using the relativistic 
QED perturbation theory [4,6,11–14] shows that the 
basis optimization, as a rule, improves averagely the 
atomic parameters values at 5–20%. Earlier an appli-
cation of our scheme to studying the Auger decay char-
acteristics for a set of neutral atoms, quasi-molecules 
and solids, the ionization cross-sections of inner shells 

in various atoms etc has demonstrated a reasonably well 
agreement with available sufficiently exact experimen-
tal data. So, we believe that the received results should 
be considered as quite acceptable and very useful for 
many applications. At last, it is obvious that the further 
experimental studying of the corresponding spectra is 
of a great importance. 
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RELATIVISTIC THEORY OF THE AUGER (AUTOIONIZATION) DECAY OF EXCITED STATES IN SPECTRUM OF 
MULTICHARGED ION 

Abstract. 
Relativistic method of calculating the characteristics of the Auger decay in the atomic spectra, based on the S-matrix Gell-Mann and 

Low formalism and QED perturbation theory, is used for estimating the transition energies and autoionization probabilities in spectra of 
the Fe ion with one vacancy above the core 1s22s22p63s23p6. 

Key words: autoionization decay, multicharged ion, relativistic theory 

ÓÄÊ 539.184, 539.186 

Ë. Â. Íèêîëà, À. Â. Èãíàòåíêî, À. Í. Øàõìàí 

ÐÅËßÒÈÂÈÑÒÑÊÀß ÒÅÎÐÈß ÎÆÅ (ÀÂÒÎÈÎÍÈÇÀÖÈÎÍÍÎÃÎ ) ÐÀÑÏÀÄÀ ÂÎÇÁÓÆÄÅÍÍÛÕ ÑÎÑÒÎßÍÈÉ Â 
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Ðåçþìå. 
Ðåëÿòèâèñòñêèé ìåòîä ðàñ÷åòà õàðàêòåðèñòèê Îæå ðàñïàäà â àòîìíûõ ñïåêòðàõ, êîòîðûé îñíîâûâàåòñÿ íà S-ìàòðè÷íîì 
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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 
content. The current mass of the up (u) and down (d) 
quarks is two orders of magnitude smaller than a typi-
cal hadron’s mass of about 1 GeV. This extraordinary 
phenomenon is proposed to originate from spontane-
ous 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 sys-
tems. One could turn the attention on the some differ-
ences between the pionic and kaonic systems. In the 
kaonic case one deals with the strangeness sector, and, 
for example, the strong interaction effect amounts to 
a very small shift and width in pionic hydrogen of 7 
and 1 eV respectively, At the same time in case of the 
kaonic hydrogen the values are 200 and 240. Nowdays 
the transition energies in pionic and kaonic atoms are 
measured with an unprecedented precision and from 
studying spectra of the hadronic atoms it is possible to 
investigate the strong interaction at low energies mea-
suring the energy and natural width of the ground level 
with a precision of few meV [1–20]. 

In this paper we give an analysis of the electromag-
netic and strong interactions contributions to the transi-
tions energies in the X-ray spectra of hadronic atomic 
systems. Besides, we consider an advanced approach to 
redefinition of the meson-nucleon phenomenological 
optical model potential parameters and increasing an 
accuracy of the hadronic transitions energies definition. 

The mechanism of creation of the hadronic atoms 
is well known now (e.g. [1,2]).. Really, such an atom 
is formed when a negative kaon (pion) enters a me-
dium, looses its kinetic energy through ionization and 
excitation of the atoms and molecules and eventually is 
captured, replacing the electron, in an excited atomic 
orbit. The further de-excitation scenario includes the 
different cascade processes such as the Auger transi-
tions, Coulomb de-excitation, scattering etc. When a 
kaon (pion) reaches a low-n state with the little angular 
momentum, strong interaction with the nucleus causes 
its absorption. 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. At present time several highly précised measure-
ments are carried out for the kaonic (pionic) hydrogen, 
helium and other elements. The E570 experiment [12] 
(look figure 1) allowed to make the précised measure-
ment of the X-ray energies in the kaonic helium atom. 
For this system during last decades it takes a place very 
complicated situation. Speech is about a large discrep-
ancy between the theories and experiments on the ka-
onic helium 2p state. At the beginning of the 1970’s and 
80’s several experimental groups (WG71- Wiegand-
Pehl (1971), BT79-Batty et al (1979), BR83- Baird et 
al (1983) (e.g.[8–15]) declared relatively large repul-
sive shift (~ -40 eV), while the physically reasonable 
optical models calculations give shift less on the order. 
This sharp disagreement between the experimental and 
theoretical results received the status of “kaonic helium 
puzzle”. More large shift was predicted in the theory 
with assuming the existence of the deeply bound kaonic 
nuclear states. Several theoretical estimates of the last 
years (look c.g. [12]) did not confirm the large shift in 
the kaonic helium. The new measurement of the ka-
onic helium X-ray was performed using the KEK-PS 
K5 kaon beam channel in 2005. As a target, super fluid 
liquid helium was used. The kaonic-atom production 
points were detected by measuring the charged particles 
produced by the kaon-nucleus reaction using the vertex 
chambers, and in addition, the stopped-kaon events in 
the helium target were selected using a counter mea-
suring the kaon velocity. The X-rays from the kaonic 
atoms and the Ti/Ni calibration foils were detected us-
ing 8 SDDs, which have excellent resolution in energy 
[~190 eV (FWHM) at 6.5 keV] and timing [~160 ns 
(rms)]. In total, about 2000 events of the kaonic helium 
La X-rays are collected. The fit functions of the X-ray 
peaks were carefully studied. The function to fit the 
pileup events were obtained using the flash ADC data, 
in which the signal shape of the SDDs were recorded. 
The functions to fit the low-energy tails were deduced 
from the fit of the Ti/Ni peaks. 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. The systematic error of the fit func-
tions is found to be 2 eV. 
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Fig. 1. The experimental kaonic Helium-4 X-ray energy spec-
tra. The kaonic helium 3d-2p, 4d-2p, 5d-2p transitions are clearly 
observed (from refs. [12]) 

The most known theoretical models to treating 
the hadronic atomic systems are presented in refs. [9–
11,16–20]. In refs. [16–18] there were developed an 
effective ab initio schemes to the Klein-Gordon equa-
tion solution and further definition of the X–ray spec-
tra for multi-electron kaonic atoms with the different 
schemes for account for the nuclear, radiative, corre-
lation effects. The theoretical studying the strong in-
teraction shifts and widths from X-ray spectroscopy of 
kaonic atoms (U, Pb etc) was fulfilled. The most diffi-
cult aspects of the theoretical modeling are reduced to 
the correct description of the kaon (pion)-strong in-
teraction as the electromagnetic part of the problem is 
reasonably accounted for in models [16–19]. Besides, 
quite new aspect is linked with the possible, obviously, 
very tiny electroweak and hyperfine interactions. 

All available theoretical models to treating the 
hadronic (kaonic, pionic) atoms are naturally based 
on the using the Klein-Gordon equation [5]: 

 2 2 2 2 2
02

1( ) { [ ( )] } ( )tm c x i eV r x
c

Ψ = ∂ + + ∇ Ψ= = ,  (1) 

where c is a speed of the light, h is the Planck con-
stant, and Ψ

0
(x) is the scalar wave function of the 

space-temporal coordinates. Usually one considers 
the central potential [V

0
(r), 0] approximation with the 

stationary solution: 

  (x)  exp(-iEt xΨ = /  )φ( )=   (2) 

where xφ( ) is the solution of the stationary equation. 

 2 2 2 2 2
02

1{ [ ( )] } ( ) 0E eV r m c x
c

+ + ∇ − φ ==   (3) 

Here E is the total energy of the system (sum of 
the mass energy mc2 and binding energy ε

0
). In prin-

ciple, the central potential V
0
 naturally includes the 

central Coulomb potential, the vacuum-polarization 
potential, the strong interaction potential. Standard 
approach to treating the last interaction is provided 
by the well known optical potential model (c.g. [11]). 
Practically in all works the central potential V

0 
is the 

sum of the following potentials. The nuclear potential 
for the spherically symmetric density ( )r Rρ  is: 

   ( ) (( ) ( ) ( )' ' 2 ' ' ' '

0

1
r

nucl
r

V r R r dr r r R dr r r R
∞

= − ρ + ρ∫ ∫   (4) 

The most popular Fermi-model approximation 
the charge distribution in the nucleus ( )rρ  (c.f.[1,2]) 
is as follows: 

 0( ) / {1 exp[( ) / )]}ñ r ñ r c a= + −   (5) 

where the parameter a=0.523 fm, the param-
eter ñ is chosen by such a way that it is true the fol-
lowing condition for average-squared radius: 
<r2>1/2=(0.836⋅A1/3+0.5700)fm. The effective algo-
rithm for its definition is used in refs. [7,18–20] and 
reduced to solution of the following system of the dif-
ferential equations: 

 ( ) ( ) ( ) ( ) ( )' 2 ' ' 2 ' 2

0

, 1 , 1 ,
r

V nucl r R r dr r r R r y r R= ρ ≡∫  

 ( ) ( )2' , ,y r R r r R= ρ   (6) 

 2
0'( ) ( / ) exp[( ) / ]{1 exp[( ) / )]}ñ r ñ a r c a r c a= − + −  

with the boundary conditions: 

 ( ) ( )0, 4nuclV R r= − π  

  ( )0, 0y R = ,  (7) 

 0(0) /{1 exp[ / ]}ñ ñ c a= + −  

Another, 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 [21–24].To take 
into account the radiation corrections, namely, the ef-
fect of the vacuum polarization there are traditionally 
used the Ueling potential and its different modifica-
tions such as [1–7]. The most difficult aspect is an ad-
equate account for the strong interaction. In a case of 
the kaonic atomic systems the most popular approach 
to treating the strong interaction between the nucleus 
and orbiting kaon is the phenomenological optical po-
tential of model, such as [1,2]: 

 
2 [1 ][ ( ) ( )]K

N Kp p Kn n
N

MV A r A r
M

π
= − + ρ + ρ

μ
,  (8) 

where M
K
 and M

N
 are the kaon and nucleon masses 

and μ is the kaon-nucleus reduced mass, ( ), ( )p nr rρ ρ  
are the proton and neutron densities in the nucleus 
and ,Kp KnA A are the complex effective Kp and Kn scat-
tering lengths. The known Batty approximation [11] 
reduces Eq.(10) to the next expression: 

 
2 [1 ][ ( )]K

N
N

MV a r
M

π
= − + ρ

μ
,  (9) 
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where the effective averaged K-nucleon scattering 
length: a=[(0.34±0.03)+i(0.84±0.03)] (fm). 

The presented value of the length has been indeed 
chosen to describe the low and middle Z nuclei [11]. 
The disadvantage of the usually used approach is con-
nected with approximate definition of the proton and 
neutron densities and using the effective averaged K-
nucleon scattering length. 

In the pion-nucleon state interaction one should 
use the following pulse approximation expression for 
scattering amplitude of a pion on the “i” nucleon 
[1,2]: 

      ( ) ( ) ( ){ } ( )0 1 0 1 ;i if r b b t c c t kk r r′ ′ ′ ′ ′= + τ + + τ δ −⎡ ⎤⎣ ⎦   (10) 

Where t  and τ are the isospines of pion and nu-
cleon. The nucleon spin proportional terms of the 
kind [ ]kk ′σ  are omitted. The constants in (10) can 
be expressed through usual s-wave ( )2Tα  and p-wave 
( )2 , 2T Jα  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: 

 ( )0 1 32 3 0.0017 .b π′ = α + α = − λ  

 ( )0 3 1 3 0.086 .b π′ = α − α = − λ  

 ( ) ( )3
0 33 13 31 114 2 2 3 0.208 .c π′ = α + α + α + α = − λ  

 ( ) ( )3
1 33 13 31 112 2 3 0.184 .c π′ = α − α + α − α = − λ  

The scattering amplitude for pin on a nucleus is 
further received as a coherent sum of the Nπ -scatter-
ing lengths. ðàññåÿíèÿ. In approximation of the only 
s-wave interaction the corresponding potential can be 
written in the Dezer form [1,2]: 

   ( ) ( ) ( )2 1 1 12 .N p nV r ZA a A Z A a r− − −
π ⎡ ⎤= − π μ + − ρ⎣ ⎦=   (11) 

The s-wave lengths of the 1p−π -scattering 
( )1 32 3pa = α + α  è 1n−π - scattering 3na = α ; scatter-

ing are introduced to Eq. (11). Because of the equality 
between 0 1na b b′ ′= +  and 0 1pa b b′ ′= −  (with an oppo-
site 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 repre-
sented as the sum: 

 ;KG FS VP NE E E E E≈ + + +   (12) 

Here KGE -is the energy of meson (say, kaon) 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 radiation cor-
rection due to the vacuum-polarization effect, NE  is 
the energy shift due to the strong interaction NV .The 
last contribution can be defined from the experimen-
tal energy values as: 

 ( )N KG FS VPE E E E E= − + +   (13) 

From the other side the strong meson-nucleus in-
teraction contribution can be found from the solution 
of the Klein-Gordon equation with the corresponding 
meson-nucleon potential. In this case, this contribu-
tion NE  is the function of the potentials (8)-(11) pa-
rameters. 

Let us further to analyse some theoretical and ex-
perimental results and present some proposals on the 
further improvement of the available theoretical ap-
proaches. In table 1 some experimental and theoreti-
cal X-ray energies for kaonic helium for the 2–1 tran-
sition (in keV), taken from refs. [11–18]. 

Table 1 
Measured and calculated K-4He X-ray energies (eV) of 3d-2p , 4d-

2p and 5d-2p transitions

Transition 3d-2p 4d-2p 5d-2p
Experiment [12] 6466,7±2,5 8723,3±4,6 9760,1±7,7

Theory [16] 6463,50 8721,70 9766,80
Theory [17] 6463,00 8722,00 -
Theory [18]  6464,03 8721,10 9766,54

The corresponding strong interaction shift is de-
fined as the obvious difference: 

 ΔE(2p)=ΔE(2p-nd)-ΔEEM(2p-nd) 

It is interesting to give an analysis of the dif-
ferent theoretical and experimental estimates. Ac-
cording to the WG71,BT79,BR83 experiments 
(look [1,2]) the strong interaction contribution to 
the transition energy in the K-4He is -40eV. The 
corresponding value from the last Å570 experiment 
is 1.9eV, the model potential theoretical value by 
Friedman et al is 0.4 eV and by Sukharev et al is 
1.57ýÂ [12,16–19]. Thus, so called the “kaonic he-
lium puzzle” has the physically reasonable resolu-
tion. In table 2 the data for Li-,K-,W-,U-kaonic 
atoms are given (from refs. [11–20]). Note that 
in table 2 there are presented the electromagnetic 
(EM) X-ray energies of K- atoms for transitions be-
tween circular levels (from res. [11,16–20]) and the 
kaon mass was assumed to be 493.677±0.013MeV 
[11]. In table 2 the theoretical (E

c
) and measured 

(E
m

) X-ray energies for some kaonic atoms are list-
ed (from refs.[1,16,17,19]). 

Table 2 
Calculated (E

c
 ) and measured (E

m
) kaonic atoms X-ray energies (in keV) 

Nucl. Transition E
c
 [1]  E

c
 [16] E

c
,[19]  E

c
, [17] E

m

Li 3–2 15.319 15.330 15.335 15.392 15.320 (24) 
15.00 (30)

K 5–4 - 105.952 105.962 105.970 105.86 (28)
W 8–7 - - 346.572 346.54 346.624(25)
W 7–6 - - 535.136 535.24 534.886(92)

In table 3 we present the calculated ( C) and mea-
sured (M) strong interaction shifts ΔE and widths G 

(in keV) for the kaonic atoms X-ray transitions, taken 
from ref. [1,2,11,16,20]. 
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The width G is the strong width of the lower level 
which was obtained by subtracting the electromagnetic 
widths of the upper and lower level from the measured 
value. The shift ΔE is defined as difference between 
the measured E

M
 and calculated E

EM 
(electromagnet-

ic) values of transition energies. The calculated value 
is obtained by direct solving the equation (3) with the 
optical model kaon-nucleon potential. It is easily to 
understand that when there is the close agreement 
between theoretical and experimental shifts, the cor-
responding energy levels are not significantly sensitive 
to strong nuclear interaction, i.e the electromagnetic 
contribution is dominative. In the opposite situation 
the strong-interaction effect is very significant. Fur-
ther one can perform the comparison of the theoreti-
cally and experimentally defined transition energies 
in the X-ray spectra and further make redefinition of 
the meson-nucleon model potential parameters using 
Eqs. (8)-(11). Taking into account the increasing ac-
curacy of the X-ray hadronic atoms spectroscopy ex-
periments, one can conclude that the such a way will 
make more clear the true values for parameters of the 
kaon (pion)-nuclear potentials and correct the disad-
vantage of widely used parameterization of the poten-
tials (8)-(11) from the light nuclei physics. 
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Table 3 
Calculated ( C) and measured ( M) strong interaction shifts ΔE and widths G for K- -atoms X-ray transitions: a- shift was estimated with 

Miller et al measured energy [1]; b — shift estimated with Cheng et al measured energy [2]; c — theory [11]; d — theory [20]. 

Nucl  ΔE
C
 (d) G

C
 (d) ΔE

C
(c) G

C
 (c)  ΔE

M
 G

M
 

W, 
8–7

0.038 0.072 -0.003 0.065 0.079c 

0.052d
0.070 (15)

W, 
7–6

-0.294 3.85 -0.967 4.187 -0.353c 

-0.250d
3.72 (35)

Pb, 
8–7

0.035 0.281 -0.023 0.271 0.072c 

0.047d
0.284 (14) 

0.370 (150)a

U, 
8–7

-0.205 2.620 -0.189 2.531 0.120a ; 0.032b 

-0.40c ; -0.213d
2.67(10) 

1.50 (75)a
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To number of the very actual problem of modern 
nuclear technology, quantum and photoelectronics is 
related a search of the effective methods for isotopes 
and nuclear isomers separation and obtaining espe-
cially pure substances at atomic level. The basis for its 
successful realization is, at first, carrying out the opti-
mal multi stepped photo-ionization schemes for dif-
ferent elements and, at second, availability of enough 
effective UV and visible range lasers with high average 
power [1–27]. The standard laser photo-ionization 
scheme may be realized with using processes of the 
two-step excitation and ionization of atoms by laser 
pulse. The scheme of selective ionization of atoms, 
based on the selective resonance excitation of atoms 
by laser radiation into states near ionization boundary 
and further photo-ionization of the excited states by 
additional laser radiation, has been at first proposed 
and realized by Letokhov et al (c.f. ref.[1]). It repre-
sents a great interest for laser separation of isotopes 
and nuclear isomers. The known disadvantage of two-
step laser photoionization scheme a great difference 
between cross-sections of resonant excitation σ

exc
 and 

photo-ionization σ 
ion 

([σ
exc

/σ
ion

]>104÷108). It requires 
using very intensive laser radiation for excited atom 
ionization. The same is arisen in a task of sorting the 
excited atoms and atoms with excited nuclei in prob-
lem of creation of γ -laser on quickly decayed nuclear 
isomers [1,2]. 

Originally, Goldansky and Letokhov [3,4] has 
considered a possibility of creating a γ -laser, based on 
a recoiless transition between lower nuclear levels and 
shown that a γ -laser of this type in the 20–60 keV re-
gion is feasible. A feature of design is operation based 
on relatively short-lived isomer nuclear states with 
lifetime of 0,1 to 10 sec. The authors [3] has estimated 
the minimal number of excited nuclei required for 
obtaining appreciable amplification and possibility of 
producing sufficient amounts of excited nuclei by irra-
diation of the target with a thermal neutron beam or by 
resonant γ -radiation. It is important that low-inertia 
laser selection of a relatively small friction of excited 
nuclei of a given composition from the target by the 
two-step method of selective laser photoionization of 
atoms with excited nuclei by the radiation from two la-

sers is principally possible. But, it is obvious that here 
there is a problem of significant disadvantage of the 
two-step selective ionization of atoms by laser radia-
tion method [1,2]. The situation is more simplified for 
autoionization resonance’s in the atomic spectra, but 
detailed data about characteristics of these levels are 
often absent (c.f.[2,4,5,12,17]). The key problems here 
are connected with difficulties of theoretical studying 
and calculating the autoionization resonance char-
acteristics. In [2,3] it has been presented principally 
new approach to solving a class of problems treated. In 
ref. [2,3,14,19–23] new optimal schemes for the laser 
photo-ionization sensors of separating heavy isotopes 
and nuclear isomers were proposed. It is based on the 
selective laser excitation of the isotope atoms into ex-
cited Rydberg states and further autoionization and 
DC electric field ionization mechanisms. To carry out 
modelling the optimal scheme of the U and Tm iso-
topes (nuclei) sensing, the optimal laser action model 
and density matrices formalism (c.f.[2,14,19–22]) 
were used. The similar schemes of laser photo ioniza-
tion method are developed for control and cleaning 
the semiconductor substances [19]. The optimal laser 
photo-ionization schemes for preparing the films of 
pure composition on example of creation of the 3-D 
hetero structural super lattices (layers of Ga

1-x
Al

x
As 

with width 10Å and GaAs of 60Å) have been proposed 
and new models of optimal realization of the first step 
excitation and further ionization of the Ga+ ions in 
Rydberg states by electric field are calibrated. In this 
paper we give the further development of approach 
to construction for the optimal schemes of the laser 
photo-ionization isotope separation technology and 
to creation of new possible principal scheme of γ -laser 
on quickly decayed nuclear isomers with laser auto-
ionization or electromagnetic field ionization sorting 
the excited atoms. 

Let us remind that in a classic scheme the laser 
excitation of the isotopes and nuclear isomers sepa-
ration is usually realized at several steps: atoms are 
resonantly excited by laser radiation and then it is re-
alized photo ionization of excited atoms [1]). In this 
case photo ionization process is characterized by rela-
tively low cross section σ

ion
=10–17–10–18ñm2 and one 
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could use the powerful laser radiation on the ioniza-
tion step. This is not acceptable from the energetics 
point of view [2]. The alternative mechanism is a tran-
sition of atoms into Rydberg states and further ion-
ization by electric field or electromagnetic pulse. As 
result, requirements to energetic of the ionized pulse 
are decreased at several orders. The main feature and 
innovation of the presented scheme is connected with 
using the DC electric field (laser pulse) autoionization 
on the last ionization step of the laser photoioniza-
tion technology. There is a principal difference of the 
simple ionization by DC electric filed. The laser pulse 
ionization through the auto ionized states decay chan-
nel has the advantages (more high accuracy, the better 
energetics, universality) especially for heavy elements 
and isotopes, where the DC electric field ionization 
from the low excited states has not to be high effective. 
This idea is a key one in the realization of sorting the 
definite excited atoms with necessary excited nuclei of 
the A+ kind, obtained by optimal method of selective 
photo-ionization of the A kind atoms at the first steps. 
The suitable objects for modelling laser photoioniza-
tion separation technology are the isotopes of alkali 
element Cs, lanthanides and actinides. We considered 
the isotopes of 133

55 78Cs  and 171
70 101Yb . For example, the 

resonant excitation of the Cs can be realized by means 
dye lasers with lamp pumping (two transitions wave-
lengths are: 62S

1/2
→7 2P

3/2
 4555A and 62S

1/2
→7 2P

1/2
 

4593A) [15]. In table 1 there are listed the energy pa-
rameters for different states of the caesium, obtained 
in the different approximations (from refs. [1,2,23]). 
It is useful to remind the corresponding hyperfine 
splitting energy (6 2S

1/2
 , transition 4–3) of Cs: exp.

data- Δν(F,F’)= 9192,64MHz ; ΔE(F,F’)= 306,630⋅ 
10–3 cm-1 ; theor. data [23] -Δν(F,F’)= 9177,80MHz ; 
ΔE(F,F’)= 306,135⋅ 10–3 cm-1 (from ref.[23]). 

Òable 1 
Valent electron ionization energies (in atom. units) of the 133Cs: 
εRHF –one-configuration Hartree-Fock data, ðåëÿòèâèñòñêîãî 
ÕÔ; εRHF +δεRHF — the same data, but with account for the 
correlation corrections; εQED — QED perturbation theory data; 

εExp- experimental data (see text) 

State εRHF εRHF +δεRHF εQED εExp

6s
1/2

0,12737 0,14257 0,14295 0,14310

6p
1/2

0,08562 0,09198 0,09213 0,09217

6p
3/2

0,08379 0,08951 0,08960 0,08964

7s
1/2

0,05519 0,05845 0,05862 0,05865

7p
1/2

0,04202 0,04385 0,04391 0,04393

7p
3/2

0,04137 0,04303 0,04309 0,04310

The next step is in the further excitation to the 
Rydberg S,P,D states with main quantum number 
n=31–37 (the optimal value n=35). Final step is the 
autoionization of the Rydberg excited atoms by a elec-
tromagnetic field pulse and output of the created ions. 
The scheme will be optimal if an atom is excited by 
laser radiation to state, which has the decay probabil-
ity due to the autoionization bigger than the radiation 
decay probability. In figure 1 we present the numeric 
modelling results of the optimal form of laser pulse 
in the photoionization scheme with auto-or electric 
field ionization by solving the corresponding differen-
tial equations system [2,3,14,19–22]. The following 
definitions are used: δ+dashed line is corresponding 

to optimal form of laser pulse, curves 1 and 2 are cor-
responding to populations of the ground and excited 
states of Cs. The δ -pulse provides maximum possi-
ble level of excitation (the excitation degree is about 
~0,25; in experiment [1] with rectangular pulse this 
degree was ~ 0,1). It is in great degree similar to anal-
ogous scheme with the DC electric field and stochas-
tic collisional ionization mechanisms [3,15,21,22]. 
In fig.1 there is also presented the typical behaviour 
of the ground (curve 1) and highly excited (curve 2) 
states population. Let us remember data regarding the 
excitation and the ionization cross sections for studied 
system: the excitation cross section at the first step of 
the scheme is ~10–11cm2; the ionization cross-section 
from excited 72P

2 
state: σ

2
=10–16cm2, from ground 

state σ
2
=10–18cm2 [1]. One can see that the relation 

of these cross sections is 105 and 107 correspondingly. 
This fact provides the obvious non-efficiency of stan-
dard photoionization scheme. 

1 

2 

1.0 

 
 
0,5 
 
 
 
 
0,0 

1    2             3            τ 

δ
x1,x

Fig.2. Results of modelling Cs isotopes separation process by 
the laser photo-ionization method ( δ+dashed — laser pulse opti-
mal form; see text) 

A use of the autoionization mechanisms at the fi-
nal step for ionization of the Rydberg excited atoms 
provides more optimal scheme from energetic point of 
view. For example, for the 352S

1/2 
transition the corre-

sponding cross section can reach the value ~10–13cm2. 
So, from energetic point of view, this type of ionization 
can be very perspective alternative to earlier proposed 
classical two-step and more complicated photoioniza-
tion schemes (c.f.[3,19–21]). More suitable situation 
takes a place for the for Yb isotope separation. It is very 
important that the proposed scheme can be easily im-
plemented to the possible advanced scheme of the γ — 
laser on quickly decayed nuclear isomers with using 
laser photoionization sorting excited nuclei M*

k+1
 with 

autoionization mechanism through the Rydberg states. 
Fig.2 easily explains the principal moments of this 
scheme. It generalizes the known Goldansky-Letokhov 
[4] and other [2,9,21,22] schemes and has to be more 
efficient especially from energetics point of view. In 
this context it is worth to remind very impressive results 
of the last years, connected with engineering atomic 
highly excited Rydberg states and correspondingly co-
operative laser-gamma-muon-electron- nuclear states 
(transitions) with the laser (and raser) pulses [24–30]. 
It is quite possible that cited new effects can be realized 
in the tasks considered here. 

So, the laser photo ionization scheme with auto-
ionization of the highly excited atoms (with optimal 
set of energetic and radiative parameters: pulse form, 
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duration, energetic for laser and electric field pulses 
etc.) could provide significantly more high yield and 
effectiveness of the whole process of the isotope sepa-
ration. It is especially worth for implementation to the 
possible principal scheme of γ -laser on quickly de-
cayed nuclear isomers with autoionization sorting the 
excited atoms. 

  
Fig.1. Possible scheme γ — laser on quickly decayed nuclear 

isomers with using laser photoionization sorting excited nuclei 
M*

k+1
 with electric field and auto- and electric field ionization 

mechanisms: 1 — target of atoms M
k
; 2- flux of slow neutrons; 

3 — laser ray for evaporation of target; 4 — laser ray for the first 
step excitation of atoms with excited nucleus A(M*

k+1
)

 
; 5 — la-

ser ray for second-step excitation to highly excited atomic states 
and Rydberg autoionization by electromagnetic field; 6 — collec-
tor system; 7 — atoms with excited nucleus A(M*

k+1
)

 
; 8 — flux of 

evaporated atoms; 
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Abstract 
Optimal scheme of the laser photo-ionization heavy isotopes (isomers) separation technology and the new possible principal scheme 

of γ -laser on quickly decayed nuclear isomers with autoionization sorting the highly excited heavy atoms are presented. 
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CALCULATION FOR MIGRATION-DEPENDENT CHANGES IN NEAR-
CONTACT SPACE-CHARGE REGIONS OF SENSITIZED CRYSTALS 

Energy shape for contact barrier to crystal contained R-centers has been calculated. It was shown 
that migration of sensitizing centers can cause the longtime changes in shape of photocurrent relax-
ation curves. 

Longtime relaxation of photocurrent up to 50–60 
minutes was observed in sensitized CdS samples under 
illumination by intrinsic light 515 μm (Figure 1). It is 
characteristic that photocurrent became stable within 
the range of 10 minutes under low illumination. With 
increase of light flux, the raise of photocurrent is found 
to be non-proportional. The value of photocurrent in-
creased only several times with raise of exposure level 
in one order. This situation certifies that several con-
curring processes take place in the crystal. 
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Fig. 1. Relaxation of intrinsic photocurrent at illumination 
level: (1) — 10–15 lx; (2) — 1–3 lx. 

Besides, relaxation was accompanied firstly by de-
crease of photocurrent during 10–15 minutes in some 
crystals with rather large distance between contacts 
(not less than 1 mm). And then the restoration of pho-
tocurrent value took place during the period of 40–50 
minutes. 

The similar times for the flowing processes exclude 
the electronic explanation only and are the typical for 
migration-ionic phenomena [1,2]. The transition of 
impurity ions along crystal lattice is possible already 
at field intensities 104 — 105 V/cm that was shown 
previously [1,2]. At barrier height of order 1 eV and 
width ~1 μm it is possible to reach such level of fields 
in near-contact regions of crystals. 

Volt-current characteristics for investigated samples 
was of symmetric sublinear shape that was typical for 
back branches of Schottky barriers [3]. It indicates that 
closing contacts exist in both sides of crystal (Figure 2). 

Barrier fields in that time has the directions which 
promote withdrawal of negatively charged doping to 

the central part and extraction of positively charged 
impurity to space-charge regions (SCR) of contacts. 

  R1   R2   R3 

      S

R R

 = 0 + eU  = 0 - eU 

diffusion diffusion

drift drift

Fig. 2. Migration processes in crystal by electric light and field. 

In studies of IR-quenching effect we showed that 
the samples had rather high concentration of S- and R-
centers. But the behavior of these impurities in electric 
fields is different. Naturally S-center is the complex of 
sulphur vacancy and interstitial cadmium [4]. It can 
not have the observable conductivity to move along 
crystal lattice. As a first approximation for this study 
we consider that distribution of S-centers remain uni-
form with electric field strength applied. 

On the contrary, R-center is cooper in cadmium 
sublattice [4] that can move rather easily along the 
crystal. 

According to paper [5], R-centers create the lev-
els in the forbidden band with depth of occurrence 
0.9–1,1 eV. It is obvious that these centers can cap-
ture the intrinsic holes and contain them for a long 
time. In paper [6] it was shown that R-centers charge 
positively. In the described conditions their extraction 
out of the crystal regions with width of diffusion length 
from barrier internal boundary and accumulation of 
this impurity in SCR of contacts take place under ef-
fect of Schottky barrier fields. 

© A. A. Dragoev, A. V. Muntjanu, Yu. N. Karakis, M. I. Kutalova, 2010
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In whole, the distribution of R-center concentra-
tion comes to the shape shown in Fig. 2. The part of 
these centers losses its charge as result of slack recom-
bination processes. So, concentration of charged N

2
+ 

-centers in near-contact regions under equilibrium 
conditions is considerably lower than their general 
concentration N

2
. 

When the crystal is simultaneously affected by in-
trinsic light and external voltage (Fig. 1), its internal 
situation changes. Let’s firstly observe the initial state 
of contacts. In darkness and under condition 2 dnN N+ < , 
the charge in SCR is concentrated in ionized donors. 
As far as the barrier is closing we neglect the influence 
of free electric charge. Then e dnN

+ρ = . 
Distribution of potential in SCR can be found 

from Poisson equation 

 
2 2

2

4
dn

d e N
dx

ϕ π
=

ε
 ,  (1) 

which standard solution is 

 ( ) ( )
2

22
dn

ex N L xπ
ϕ = −

ε
.  (2) 

Value L in (2) specifies width of SCR at equilib-
rium height of barrier φ

0
: 

 d 02

1
2 dn

L
Ne

ε
= ϕ

π
  (3) 

At exposure with higher light intensity the condi-
tion 2 dnN N+ <  is broken. R-centers, already located in 
SCR and distributed there uniformly, capture the great 
amount of non-equilibrium holes and completely ion-
ized 2 2N N+ = . We used high-ohmic crystals, therefore, 
concentration of donors there is not large. Simulta-
neously the striking effect of IR-quenching indi-
cates the great concentration of R-centers. As result, 

2 2 dnN N N+ = >> . 
The positive charge in SCR is observed now in R-

centers and equations (2)-(3) are modified : 

 ( )
2

2l
b 2

2( ) ex N L xπ
ϕ = −

ε
;  (4) 

 ( )l
b 02

2

1
2

L eU
Ne

ε
= ϕ −

π
.  (5) 

where φ and L were calculated for the case of light val-
ues at high intensities. Here we take into account that 
barrier height decreased up to value ( ) 00 eUϕ = ϕ −
under influence of internal voltage. It will be shown 
below that the changes in second barrier that increased 
in the same field affected insignificantly. 

Equations (3)-(5) make possible to explain the in-
crease of photocurrent within the region “A” in Fig. 1. 
It is seen that width of barrier (5) in light and because 
of condition 2 dnN N>>  decreased comparatively to 
dark value (3). Simultaneously the barrier became 
lower. Resistance R

1
 (Fig. 2) in this part of crystal de-

creases and the current raises. Because the processes 
are limited only by the time of capture to holes, the 
changes take place quickly. 

However, the processes that occur in the barrier (in 
Fig. 2 it is the left one) are more complicated. If the 

number of light quanta is small the concentration of 
non-equilibrium holes is created insignificant. In SCR 
of the contact they distributed according to the law 

 ( ) ( )
exp

x
p x p

kT
ϕ⎡ ⎤

Δ = Δ ⎢ ⎥
⎣ ⎦

,  (6) 

where pΔ - concentration of holes near barrier origin; 
( )xϕ - potential distribution. As the criterion of low 

illumination we choose 

 
( )

2exp
x

p N
kT

ϕ⎡ ⎤
Δ <⎢ ⎥

⎣ ⎦
.  (7) 

This means that the number of holes is insufficient 
in any barrier point to occupy all R-centers. In such 
conditions the positive charge registered is the holes 
captured at R-centers correspondingly to formula 
(7): 

 ( ) ( )
2 exp

x
eN x e p

kT
+ ϕ⎡ ⎤

ρ = = Δ ⎢ ⎥
⎣ ⎦

.  (8) 

Then Poisson equation has the form: 

 
( )2 2

2

4 exp
xd e p
kTdx

ϕ⎡ ⎤ϕ π
= Δ ⎢ ⎥ε ⎣ ⎦

.  (9) 

or 

 ( )
2

2 expd z A z
dx

=   (10) 

where 

 z a= ϕ ; 
24 1eA p

kT
⎛ ⎞π

= Δ⎜ ⎟ε⎝ ⎠
; 

1a
kT

= .  (11) 

Integration of formula (10) gives 

 ( )
2

2 exp 1dz A z
dx

⎛ ⎞ = −⎡ ⎤⎜ ⎟ ⎣ ⎦⎝ ⎠
.  (12) 

Equation (12) requires the numerical integration 
of formula (7). But it can be simplified. The condi-
tion (7) supposes the small number of hole near bar-
rier bottom and, correspondingly, the small charge in 
sensitizing centers. Otherwise, the remote boundary 
of the barrier is dependent on ionized donors: 

 ( ) ( )
exp dn

L
p L N

kT
+ϕ⎡ ⎤

Δ <⎢ ⎥
⎣ ⎦

.  (13) 

Here we take into account the low levels of exposure 
( ) 0p L nΔ <  and small potential of barrier ( ) 0Lϕ → . 

Thus, the barrier now consists of two parts, the greater 
one submitted to equation (12), and the boundary is 
defined by analogy to (2). In order to value the width 
of SCR for such barrier it is enough to apply (12) in 
condition 1ze >> . 

Then 

 2 exp
2

dz zA
dx

⎛ ⎞= ± ⎜ ⎟
⎝ ⎠

.  (14) 

In whole SCR with increase of x the value ϕ , and 
then z too, decays (see Fig. 2, the left barrier). In such 
situation the sign “+” in equation (14) should be re-
jected as the symbol without any physical meaning. 
Then, taking into account (11) we obtain 
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 ( )
2

1
2exp 1

2
e p x L

kT kT
ϕ π Δ⎛ ⎞− = − +⎜ ⎟ ε⎝ ⎠

.  (15) 

Theoretically, there is no difficulty to obtain the 
explicit shape of potential distribution 

 

( )
2

1

12 ln
21

kT
e p L x
kT

⎡ ⎤
⎢ ⎥
⎢ ⎥ϕ =
⎢ ⎥π Δ

− −⎢ ⎥
ε⎣ ⎦

,  (16) 

and, owing to condition (7), equation (16) should 
join to equation (2). But formula (15) is sufficient to 
value the width of SCR. In the left boundary, when 

0x =  

 
2

0
1

2exp 1
2
eU e pL
kT kT

ϕ − π Δ⎛ ⎞ = −⎜ ⎟ ε⎝ ⎠
.  (17) 

Here we took into account that voltage decreased 
barrier height was applied together with light (as shown 
in Fig. 2). But 1L is only the part of barrier, although 
the greater one, that is defined by the charge captured 
in R-centers 

 

0

1 2

1 exp
2

2 1

eU
kTL

e p
kT

ϕ −⎛ ⎞− −⎜ ⎟
⎝ ⎠=

π
Δ

ε

.  (18) 

Taking into account equation (5) for greater levels 
of exposure let’s calculate 

     

0

01 2
l
b 0

1 exp
2 exp

2

eU
eUL NkT

p kTL eU
kT

ϕ −⎛ ⎞− −⎜ ⎟ ϕ −⎛ ⎞⎝ ⎠= ⋅ ⋅ ⎜ ⎟Δϕ − ⎝ ⎠
  (19) 

In other case, applying formula (13) we obtain 

 

0

1
l
b 0

exp 1
2
eU

L kT
L eU

kT

ϕ −⎛ ⎞ −⎜ ⎟
⎝ ⎠>

ϕ −
.  (20) 

And expression for 1L  being solved for the large 

barriers, owing to condition 
( )

exp 1
x
kT

ϕ⎡ ⎤
⎢ ⎥
⎣ ⎦

� . So, unit 

in numerator (20) can be removed. It is evident, that 
any exponent with index exceeding unit is greater than 
its degree. So, finally we obtain 

 

0

1
l

0b

exp
1

eU
L kT

eUL
kT

ϕ −⎛ ⎞
⎜ ⎟
⎝ ⎠> >>
ϕ −

. 

Here 1L  — only the part of barrier under the con-
dition of low illumination level. Finally, 

Ll
b

 , Ll
s
 , Ld , with :l — light, b — big, d — dark 

 
l
s
l
b

1
L
L

>> .  (21) 

It means that at low illuminations the barrier hav-
ing the same height considerably broadens. This is the 
second cause for the current to be lower in curve 2 
within region “A” of Fig. 1. 

We also note that owing to 2 2 dnN N N+ = >>  the 
comparison of equations (3) and (5) gives d l

bL L> . At 
the same time, any occurrence of the positive charge 
within SCR in light must decrease its width [3]. So, 
the logical order of equations (3), (5) è (21) is aligned 
as follows d l l

s bL L L> > . With illumination the width of 
SCR decays, the higher light intensity the greater de-
crease. This is in accordance with equation (18) ( pΔ  
in denominator) and with formula (5). 

Now let’s observe the influence of light on forma-
tion of ionic-coordination mechanisms. 

The travel of charged R+-impurity can occur in 
applied electric field within the times of tens minutes 
(region “B” of Fig. 2). And the behavior of SCR in 
both ends of crystals is observed different. 

Let the polarity of applied field is such as shown 
in Fig. 2. Then it must cause the withdrawal of 

2N
+ -centers from the left barrier and the increase of 

their concentration owing to drift component in the 
right barrier. Simultaneously, diffusive withdrawal of 

2N
+ -centers from both contacts is forming because 
2N
+ -centers charge in light everywhere. It is seen from 

Figure 2 that both causes for the left barrier add to-
gether but for the right barrier they concur. And appli-
cation of field and light results in the greater extraction 
of R-centers from the left contact to the central part, 
but the height of this contact diminishes by external 
field. In the right contact the external field would in-
crease the height, but the greater concentration of re-
sidual 2N

+ -charge decrease it. So, the parameters of 
the right SCR are controlled by the complex of causes 
that concur each other. As a first approximation the 
right SCR should be considered as stable region and 
changes of Fig. 1 connected only with the left contact. 
The dominating mechanism for it is expansion that 
was shown above. The height of this barrier can be also 
considered stable because the external field decreases 
it and the departure of R+-charge — increases. 

Thus, the region “B” of Fig. 1 is controlled only 
by one process — the left SCR expands and its resis-
tance increases but current decays. This process will 
be the stronger the higher intensity of light. Firstly, 
concentration of charged centers in this case is greater. 
Secondly, the barrier is wide for twilight illumination 
as shown in (21). This just the case when we did not 
observe the longterm decrease of current in curve 2 of 
Fig. 1. 

We note that the change in polarity of applied volt-
age does not vary the view. The barriers simply switch 
places and roles. 

The sensitizing centers that extract out of near-
contact SCR actuate two more mechanisms outside. 
Depending on light intensity, large or small concen-
tration of positive charge captured to centers is found 
in subsurface layer that was shown above. Respectively, 
these centers by the action of diffusion or drift leave 
this region that accompany by its expansion. The 
change in length for the central part of crystal take 
place at the same time. 

As far as the total length of crystal — central part 
plus two contact regions — remain invariable, the 
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expansion in of the contact should inevitably result 
in narrowing of central part. And its electrical resis-
tance ( 2R  in Fig. 2) decreases because of the simple 
reduction in length. But resistance of the whole tan-
dem raises because the part of inter-electrode space 
replaced by the higher ohmic region of barrier. 

This would result in the further stimulation of 
photocurrent decrease, but this process is put over by 
the other one. R-centers coming to central part sensi-
tized it. In accordance to paper [8] lifetime of major-
ity carriers can increase up to five orders. We showed 
[6] that such situation will take place when concen-
trations of S- and R-centers become approximately 
equal: 2 1~N N . 

The increase of lifetime in its turn causes the in-
crease of conductivity 

 ( )en e fσ = μ = τ μ .  (22) 

As far as decrease of conductivity with barrier 
expansion carries out approximately linear and even 
sublinear, the process (22) is accompanied by ava-
lanche increase of conductivity. And the current in 
region “C” of Fig. 1 must raise as shown by dotted 
line. But the term of this process is longer. Firstly, it 
initiates by several concurring mechanisms in contrast 
to the region “B” and all the more to region “A” in 
Fig. 1. Secondly, the simple increase in concentration 
of sensitizing centers at the bottom of SCR 2 1N N>>  
does not initiate the additional changes. The definite 
time to distribute groups of R-centers along a crystal 
is required. Namely this is the cause for asymmetry in 
well sides at relaxation in Fig. 1. 

The abovementioned processes are obviously 
absent for twilight illumination (curve 2 in Fig. 1). 
The number of R+-centers is considerably lower and 
their doping in central part of crystal is insignificant. 
Besides, the barrier was considerably wider primar-
ily (see (21)). For comparatively short samples SCR 

of contacts can join upon the whole. The sensitiz-
ing centers have no space to extract. We connect the 
absence of current decrease in region “C” of curve 1 
(Fig. 1) observed experimentally with the described 
situation. 

In conclusion we note — after finishing all the 
processes of redistribution for curve 1 in Fig. 1, cur-
rent becomes stable at the same level in region “C” 
( )maxI  as in maximum after termination of capture 
processes in region “A” that was expected earlier. This 
can be explained taking into account the following: 
as many sensitizing centers has left SCR as the equal 
number of them has finally caused the changes in the 
central part of crystal 
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Relatively new direction in the atomic and nuclear 
physics has obtained a great pulse in the last decades 
because of the possible great contribution to under-
standing as theory of strong interactions and nuclear 
forces as applied applications in a field of creation new 
X-ray standards [1,2]. 

It is well known that an exotic (hadronic) atom is 
usually formed when a particle, with a negative charge 
and long-enough lifetime, slows down and stops in 
matter. It can then displace an atomic electron in the 
atomic system and become bound in a high principal 
quantum number atomic orbital around the nucleus. 
The principal quantum number of this highly excit-
ed state is of the order of n =(m/m

e
)1/2, where m and 

m
e
 are the masses of the particle and of the electron, 

respectively [1]. The higher the overlap between the 
wave functions of the electron and the particle, the 
more probable is the formation of an exotic atom [1]. 
The hadronic atoms formed in this way are named af-
ter the particle forming them. It the particle is a the 
negative kaon K-, a meson with a spin-0 and a life-
time of 1.237⋅10–8 s, a kaonic atom is thus created. In 
principle, the pionic, muonic and other exotic atomic 
systems are created by the same way. 

Because the particle mass, and thus transition en-
ergies are so much higher that the electron’s (a kaon is 
.964 times heavier than an electron), the de-excitation 
of the exotic atom will start via Auger processes, in a 
process equivalent to internal conversion for gamma-
rays, while the level spacing is small and there are elec-
trons to be ejected, and then via radiative (E1) transi-
tions, producing characteristic X-rays while cascading 
down its own sequence of atomic levels until some 
state of low principal quantum number. 

Theoretical consideration of the corresponding 
kaonic atoms has obtained a great pulse in the last 
decades because of development of the consistent 
methods of quantum electrodynamics in a theory of 
relativistic atom [3–5]. As the relativistic and radiative 
corrections has a critical role as for usual heavy atoms 
and ions as for the hadronic atoms, implementation 
of the consistent methods of their précised account 
[1–23] became one of the most important and chal-
lenging problems of a theory. 

Our aim here to give analysis of the most wide-
spread schemes of the account for the vacuum po-
larization effect and indicate the most effective ones. 
Besides, we propose new generalized approach to this 
topic. 

Usually, the vacuum polarization is accounted for 
in the so called Uehling approximation [3,4], which 
comes from changes in the bound-kaon wave function, 
and can be relatively easily implemented in the frame-
work of the resolution of the Klein-Gordon equation 
using one of the self-consistent methods. For exam-
ple, speech is about the Dirac-Fock method in the 
one- or-multi-configuration approximations or more 
sophisticated versions such as many-body relativistic 
perturbation theory or quantum-electrodynamics per-
turbation theory [3–5, 10–23]. In practice one only 
need to add the corresponding Uehling potential to 
the nuclear Coulomb potential, to get the contribu-
tion of the vacuum polarization to the wave function 
to all orders, which is equivalent to evaluate the con-
tribution of all diagrams with one or several vacuum 
polarization loop of the well known kind. For the ex-
act signification of these diagrams one could look the 
corresponding reviews, e.g., [3–5]. The Uehling po-
tential accounts practically for the main contribution 
due to the vacuum polarization effect. But there are 
other corrections of the higher orders. In particular, 
the other two vacuum polarization terms are usually 
included, namely the Kallen and Sabry term, which 
contributes to the same order as the iterated Uelhing 
correction, and the Wichmann and Kroll term, which 
is calculated by perturbation theory [3–5,10–18,22]. 
It should be noted that in general theoretical treating 
of the corresponding vacuum polarization diagrams 
represents very complicated problem, which hitherto 
has not the complete solution despite the many im-
pressive attempts to do it. 

In the first order of the perturbation theory on 
the parameter Zα  (Z is a charge of a nucleus in the 
atomic system and α is the fine structure constant) the 
main vacuum polarization correction to the potential 
of a nucleus is matrix element of the Uehling potential 
[3]: 

 

( )

( ) ( )
2 1 22 2 2
2

2
3

exp 2 1 .
2

Uh

m

ZV r
r

md r m
∞

−

α α
Δ = − ×

π
⎛ ⎞

× μ − μ + μ μ −⎜ ⎟μ⎝ ⎠
∫  (1) 

The expression (1) is written for the point nucleus 
in the atomic system. It is well known that the pré-
cised consideration of the heavy atomic and hadronic 
systems must take into account the finite size effect 
and other nuclear corrections too. An account of the 

UDC 539.182 

V. A. TARASOV, N. V. MUDRAYA 

Odessa National Polytechnical University, Dept. Nucl. Phys., av. Shevchenko, 1, Odessa, 65044, Ukraine
e-mail: quantmud@mail.ru 

X-RAY OPTICS AND SPECTROSCOPY OF KAONIC ATOMS: VACUUM 
POLARIZATION CORRECTION TO TRANSITION ENERGIES 

It is given an analysis of the schemes for accounting the radiation corrections due to the polariza-
tion of vacuum to the X-ray transitions energies in the spectra of kaonic systems. It is considered a new 
possible parametric approximation for vacuum polarization potential. 

© V. A. Tarasov, N. V. Mudraya, 2010



80

finite nucleus size effect modifies this expression by 
the following way [4]: 

 

( ) ( )

( ) ( )

2
3

2 1 22 2
2

2 exp 2
3

1 ,
2

Uh
m

V r d r d r r

rm m
r r

∞α ′ ′Δ = − μ − μ − ×
π

′ρ⎛ ⎞
× + μ −⎜ ⎟ ′−μ⎝ ⎠

∫ ∫�

  (2)
 

Here ( )rρ  is a function of the charge distribution 
in a nucleus, which is normalized by a standard condi-
tion: 

 ( ) 3 .r d r Zρ =∫   (3) 

The Ueling potential obviously decreases for 
1.r m−>>  Wichmann and Kroll developed the method, 

which allows to calculate the vacuum polarization ef-
fect in all orders on the parameter α ( )nZα ,and based 
on the exact electronic propagator in an external field 
(look details in ref. [2]). In refs. [10,18,19] it has been 
introduced another representation for the vacuum-
polarization potential: 

 

( )

( ) ( )

( )

2 1 22 2 2
2

2
3

exp 2 1
2

2 ,
3

Uh

m

ZV r
r

md r m

C g
r

∞
−

α α
Δ = − ×

π
⎛ ⎞

× μ − μ + μ μ − ≡⎜ ⎟μ⎝ ⎠
α

≡ −
π

∫

  (4) 

 
rg
Z

=
α

. 

In ref. [18,19] the alternative approach for defini-
tion of the function C(g) was used and based on the 
asymptotical expressions in two limited cases: : 

  
( ) ( ) ( )1 ln 2 1.410548 1.037845

0
C g C g g g

g
→ = + −

→

�
  (5a) 

 
( ) ( ) ( ) 3 2

2 1.8800expC g C g g g
g

→ = − −

→ ∞

�
  (5b) 

An account for the asymptotical expressions can 
be realized in Eq. (4) by the following way: 

 ( ) ( ) ( ) ( ) ( )( )1 2 1 2/C g C g C g C g C g= +� � � � �   (6)

The error, provided by using the expression (6) is 
not overcome ~ 2–5% of the general vacuum-polar-
ization shift in he nuclear charge range Z=10–170. 
The main part of the error is connected with indefi-
niteness in the definition of the ( )2C g�  in Eq. (7). 
More exact approximation of the Ueling potential has 
been introduced in ref.[21]. The final expressions in 
this approach for the function C

2
(g) are as follows: 

 ( ) ( ) ( ) ( ) ( )( )1 2 1 2/C g C g C g C g C g= +� � �� � � � �   (7a) 

 ( ) ( ) ( )2 2C g C g f g=�� �   (7b) 

 ( ) )(( )1.1022 1.3362 0.8028f g g g= − +   (7c) 

The using this formula permits one to decrease the 
calculation errors for this term down to ~1–2%. The 
error of the usual calculation scheme is ~10% [3,4]. In 
our opinion the further improvement of the presented 
expressions can be reached by means additional cor-
rection multiplayer, say b, which value is found by 
means the fitting procedure, for example under appli-
cation the concrete atomic system. Besides, the same 
approach had the additional advantage. Really, there is 
no necessity to define very complicated, higher order 
contributions of the Wichmann and Kroll type to the 
general vacuum polarization correction and it is pos-
sible indeed to be limited by the generalized Uerling 
term. One can introduce the generalized determina-
tion as C

2
(g)= C

2
(g|b), where the parameter b can be 

found within the fitting procedure. As example, in ta-
ble 1 we list the numerical values of the C(g) function 
in the Ueling potential as function of the parameter 
g r z= α  in the four approximations: A- Exact data 
[18], B- calculation data [18,19], C- calculation data 
[21] and D- calculation data (this work). 

Table 1 
The numerical values of the C(g) as function of the parameter 
g r z= α  in the four approximations: A- Exact data [1], B- 

calculation data [33], C- calculation data [13] and D- calculation 
data (this work). 

g r z= α A  B C  D 

1.000 0.1766 0.22 0.177 0.1794 
0.750 0.2832 0.28 0.2802 0.2841 
0.500 0.4831 0.43 0.4765 0.4830 
0.400 0.6160 0.55 0.5976 0.6058 
0.300 0.8083 0.73  0.7895 0.8004 
0.200  1 .1126 1.03 1.1096 1.1213 
0.150  1.3472 1.27 1.3386 1.3501 

Further as example, we are listing the known data 
on the energy (in eV) contributions for selected tran-
sitions in the kaonic nitrogen [22,23]. According ref. 
[23], in a case of the 8k-7i, transition the Coulomb 
contribution value is 2968.4565eV; the vacuum po-
larization one is 1.8758eV; the relativistic recoil one 
is 0.0025eV and hyperfine structure one is -0.0009eV 
(the total value: 2970.4118eV). According ref. [22], in 
a case of the 8i-7h transition the Coulomb contribu-
tion value is 2968.5344eV; the vacuum polarization 
one is 1.1789eV; the relativistic recoil one is 0.0025eV 
and hyperfine structure one is -0.0006eV (the total 
value: 2969.6373eV). In the both papers the different 
methodises for the vacuum polarization correction 
have been used. The analysis shows that the parametric 
approximation iproposed in this paper to estimating 
the vacuum polarization correction to the transition 
energy can improve the results of the both approaches 
averagely on ~0.5–1% without increasing additional 
numerical efforts. 
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It is given an analysis of the schemes for accounting the radiation corrections due to the polarization of vacuum to the X-ray 

transitions energies in the spectra of kaonic systems. It is considered a new possible parametric approximation for vacuum polarization 
potential. 
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INTRODUCTION 

Thick-film technology is one of the basic methods 
of radio electronic apparatus complex miniaturiza-
tion. Resistors and conductive elements in the general 
volume of hybrid integrated elements take large space. 
Resistance pastes on basis RuO

2 
differ by a relative 

chemical inactivity. They can be made with the wide 
range of surface resistance, low values of temperature 
coefficient of resistance (ÒCR). Dioxide of ruthenium 
(rutile) does not dissolve in a glass matrix, what allows 
to promote the temperature of annealing to 12000Ñ 
and to get resistance compositions properties which 
insignificantly depend on the annealing profiles. Large 
positive ÒCR is compensated due to glass-binding or 
special alloying additions in small concentrations. With 
the purpose of economy of expensive pure ruthenium 
in the paste, ruthenium compounds with appropriate 
crystalline structure similar to pyrclorine are widely 
used in resistance pastes M

2
Ru

2
O

7
. In particular, the 

lead ruthenate obtained by sintering at 800–8800Ñ of 
dioxide of ruthenium and oxide or salt of lead mixture 
is used. Such material has low surface resistance and 
cubic crystalline structure. 

It is known that forming of ruthenic resistors thick 
films is accompanied by difficult chemical processes 
[1]. During the paste annealing the interaction be-
tween the conductive phase of resistor and glass and 
binding compound appears. The phase composition of 
resistor base on Pb

2
Ru

2
O

7-x
 strongly related to chemi-

cal composition of permanent and temporal binding 
compounds of the resistance paste. 

The influence of the glass composition on conduc-
tivity of the hetero-phase system of “glass- Pb

2
Ru

2
O

7-x
, 

RuO
2
” was studied in the present work. 

RESULTS AND THEIR DISCUSSION 

The Pb
2
Ru

2
O

7-x
 content and permanent binding 

compound in the inorganic components of the stud-
ied pastes were 30 and 70 w %, correspondently. Re-
sistance films have been obtained by annealing of the 

pastes, deposited on ceramics at 850 0Ñ. The exposi-
tion time at maximal temperature was 15 min. 

It was figured out that in pastes containing only 
Pb

2
Ru

2
O

7-x
 before annealing, two crystalline phases 

were observed in X-ray-diagram, corresponding to 
pyrclorine Pb

2
Ru

2
O

7-x
 and rutile RuO

2
 phases. The 

appearance of ruthenium dioxide in the layers is im-
possible to explain by thermal dissociation of initial 
conduction phase (CCP), because the annealing tem-
perature is not enough for activation of this process. 
Consequently, RuO

2 
appears as a result of chemical re-

actions via interaction between Pb
2
Ru

2
O

7-x
 and bind-

ing components of resistive paste. 
It is known that Pb

2
Ru

2
O

7-x
 interacts with some 

metal oxides. This interaction is affected by acid-base 
transitions and can be realized because acidic proper-
ties of those metal oxides are stronger than in case of 
ruthenium. Therefore, it is possible to conclude that 
in our case in the permanent binding compound of 
resistive paste there are components with acid stron-
ger properties than ruthenium. Thus, RuO

2 
is formed 

within chemical reaction, affected by interaction of 
binding components of the paste with Pb

2
Ru

2
O

7-x. 
In glass resistors composition there are silicon, 

aluminum and boron oxides belonging to acid type. 
In [1] from the method of X-ray-phase analysis results 
it was published that only B

2
O

3
 destroys Pb

2
Ru

2
O

7-x
 

completely. We studied pastes based on glasses con-
taining silicon and boron oxides. In fig.1 the change 
of Pb

2
Ru

2
O

7-x 
and RuO

2
 content in resistors on the ba-

sis of the system of “Pb
2
Ru

2
O

7-x
 — Pb-Si-B- glasses” 

is presented. It can be seen that with the increase of 
B

2
O

3 
content in binding components of resistive paste 

Pb
2
Ru

2
O

7-x 
concentration diminishes and RuO

2 
in 

thick films concentration increases. These results are 
similar to the data, published in [1]. Thus, appearance 
RuO

2
 in resistors is affected by Ru substitution with 

boron in Pb
2
Ru

2
O

7-x
. 

Instability of Pb
2
Ru

2
O

7-x
 in resistance pastes re-

sults not only from the B
2
O

3 
presence in glass compo-

sition. The process of formation of ruthenium dioxide 
begins with the certain concentration of boron oxide. 
Lead ruthenate collapses in resistors with glasses, 
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which have concentration of acid-type oxides close or 
higher to lead oxide concentration. In fig.1 Pb

2
Ru

2
O

7-

x
 decomposition of begins at the acid B

2
O

3 
concen-

trations about
 
10…20 %. It was found, that only in 

glasses with Pb
2
Ru

2
O

7-x
 content no more than 30% 

noticeable increase RuO
2 

takes place. Consequently, 
interaction of Pb

2
Ru

2
O

7-x
 with binding components of 

the paste starts if the glass contains boron oxide and 
has certain base properties. The relation of basic and 
acid components must be less than 1. In our case this 
value was 0.5. 

The content of temporary binding components 
in the paste composition plays considerable role. The 
increase of ruthenium dioxide maintenance in the 
resistors obtained from pastes with organic binding 
agent based on fat passes through the stage of metal-
lic ruthenium formation with subsequent oxidization 
to ruthenium dioxide. Therefore, it can be explained 
that considerable Pb

2
Ru

2
O

7-x
 decomposition (fig. 1) 

takes place under the boron oxide concentration up 
to 20%, while Pb

2
Ru

2
O

7-x 
maintenance in the initial 

component is more than 30%. It points to the fact that 
transition function of lead ruthenate transformation 
to ruthenium dioxide is partly provided by temporary 
organic binding agent. 

 

Fig.1. Dependence of CCP percentage content on the con-
centration B

2
O

3 
in permanent binding agent. 1 — Pb

2
Ru

2
O

7-x
; 2 — 

RuO
2
 

Electrical properties of the obtained layers were 
studied. It was found that with the increase of conduc-
tive phase-permanent binding agent ration in pastes 
(CCP:ÑS) the surface resistance of the films goes 
down (fig.2) and the ÒCR values comes from the posi-
tive values to negative. Thus, the investigated layers 
show the features described by classic dependence of 
the layer properties on its composition for thick-film 
resistive materials. The dependence is conditioned by 
diminishing of dielectric layers thickness between the 
CCP particles and ramification of their cluster chains 
under decreasing of the bulk part of ÑS. The change of 
microstructure of Pb

2
Ru

2
O

7-x 
and RuO

2
 resistors un-

der the increase of CCP maintenance in resistive lay-
ers was confirmed by microscopic studies performed 
before [2]. The resistive elements based on RuO

2
 have 

lower resistance and TRC value is much higher in the 
positive values region in comparison with thick-film 
resistors (TFR) based on Pb

2
Ru

2
O

7-x
 (with the identi-

cal bulk part of CCP). It is explained by higher con-
ductivity of RuO

2 
clusters. 

Different electrical properties are shown by resis-
tive elements with the identical CCP concentration 
but with the different dispersion parameter of initial 
phases. It is explained by influence of CCP and ÑS 
particle sizes on microstructure and electrical proper-
ties of the hetero-phase systems. It is known that thin-
ner initial powders of ingredients are, i.e. the higher 
the active surface area, the higher resistivity and 
smaller and even negative ÒCR values show thick-film 
resistors. However, the opposite dependences can take 
place and [2]. 

 

Fig.2 Dependence of surface resistance on PbO contents in 
two-component glasses composition. Pb

2
Ru

2
O

7-x
 content in initial 

composition, %: 1 — 20, 2 — 35, 3 — 50. 

Composition varying changes not only acid-basic 
(chemical) but also physical and chemical properties 
of ÑS [3]. Change of PbO/SiO

2
 ration in two-compo-

nent glasses composition causes the change of basicity, 
and also to decrease of linear expansion temperature 
coefficient (TCLE). Such change of properties ap-
propriately influences on electrical properties of TFR. 
Acidity grows with PbO growth, i.e. concentration 
RuO

2 
grows, resistance decreases (fig.2). If this process 

occurred only as acid-basic interaction, resulting in 
RuO

2 
accumulation in bulk films, their resistance must 

constantly decline. However, this value doesn’t change 
monotonically with ÑS composition, but according to 
dependence with the extreme value (fig. 2). The change 
of glasses composition can lead to gradual change (di-
minishing) of internal deformation tension in resistive 
films, to its removal and even development to oppo-
site direction. Such change of internal tension can be 
reflected on the change of dielectric barriers thickness 
between the CCP particles and to be interfered with 
the processes occurring under TFR forming. 

The investigation of concentration dependence of 
resistive films conductivity showed that the resistive 
films conductivity considerably grows with the increase 
of concentration of conducting phase Pb

2
Ru

2
O

7-x
 up 

to 30% and higher. Such increase is explained by con-
ductivity percolation transition because of conduct-
ing phase cluster formation in a glass matrix. It was 
emphasized that with growth of B

2
O

3 
concentration in 

glass the increase of conductivity begins at the lower 
Pb

2
Ru

2
O

7-x
 concentrations because of high-conduct-

ing phase RuO
2
 concentration increase in the matrix-

dispersible system. 
The transfer of electrons between separate con-

ducting grains by means of thermo electronic emission 
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with the presence of activating process was supposed 
as the conductivity mechanism. The mechanism of 
electrons tunneling was also considered. A temper-
ature-activating component can appear from the re-
distribution of charges between the conductivity isles. 
Tunnel-resonance conductivity is possible because of 
admixtures presence in the glass matrix. 

CONCLUSIONS 

Large maintenance of boron oxide and high acidity 
of glasses are the main reasons of chemical Pb

2
Ru

2
O

7-x 
decomposition and formation of ruthenium dioxide 
under annealing of the hetero-phase systems. 

The increase of resistive layers conductivity with 
the growth of conduction phase maintenance can be 
explained by percolation transition because of con-
ducting phase cluster formation in the glass matrix. 
The increase of conductivity begins at lower concen-

trations Pb
2
Ru

2
O

7-x
 with growth of B

2
O

3 
concentration 

in glass. 
The transfer of electrons between separate con-

ducting grains by means of thermo electronic emission 
with the presence of activating process is the possible 
current mechanism. Mechanism of electrons tunnel-
ing also takes place. 
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2 
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Ðåçþìå 
Ðåçèñòèâíûå ïàñòû íà îñíîâå RuO

2 
îòëè÷àþòñÿ îòíîñèòåëüíîé õèìè÷åñêîé èíåðòíîñòüþ. Áîëüøîå ñîäåðæàíèå îêñèäà 
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At present time to the important and actual top-
ics of the applied atomic optics, spectroscopy and 
photoelectronics is related a problem of studying the 
collisional shifts and broadening of the hyperfine 
structure lines for heavy elements (alkali, alkali-earth, 
lanthanides, actinides and others) in an atmosphere of 
inert gases [1–23]. From the other side, this task is of 
a great importance for understanding the elementary 
atomic collisional processes in a low-temperature as-
trophysical and laboratory plasma physics and plasma-
chemistry [2,6,7]. Besides, one could mention also that 
the heavy atoms are very interesting from the point of 
view of studying a role of weak interactions in atomic 
optics. More over, speech is about unprecedented per-
spectives in order to check precisely a correctness of 
the Standard model [2,6,22]. Another important topic 
is related with construction of the quantum frequency 
measure. For a long time the corresponding phenom-
enon for thallium atom attracted a special attention 
because of possibility to create the thallium quantum 
frequency measure. Alexandrov and co-workers [5] 
have realized the optical pumping of the thallium at-
oms on the line of 21GHz, which corresponds to tran-
sition between the components of hyperfine structure 
for the ground state, and have measured the collisional 
shift of this line due to buffer (bath) gas. Naturally, the 
inert buffer gases (He, Ar etc.) were used. 

The detailed non-relativistic theory of the colli-
sional shift and broadening of the hyperfine structure 
lines for simple elements (light alkali elements etc.) 
has been developed by many authors (see discussions 
in refs. [1–8]). However, consideration of heavy ele-
ments faces the serious difficulties [2,3,18,22,23]. 
Firstly, a critical importance has a correct account 
for the relativistic and exchange-correlation correc-
tions. From the other side, a great role plays a quality 
of the electron wave functions. Particularly, calcula-
tions of the hyperfine structure line shift and broaden-
ing allow one to check the quality of the wave func-
tions and study the contribution of the relativistic and 
exchange-correlation effects. By the way, in last years 
the alkali, lanthanide and actinide elements attract a 
great interest because of their perspectives in many 
applications, including the sensor physics and atomic 
optics devices (see refs. [1–7] and references there). 
It is very curious that until now a consistent, accu-
rate quantum mechanical approach for calculating 

key characteristics of the collisional processes was not 
developed though many different simplified models 
have been proposed (see, for example [1,4]). The most 
widespread approach is based on the calculation of the 
corresponding collision cross-section, in particular, in 
a case of the van der Waals interaction between col-
liding particles. However, such an approach does not 
factually define any difference between the Penning 
process and resonant collisional one and gives often 
non-correct results for cross-sections. More consis-
tent method requires data on the process probability 
G( R ) as a function of inter nuclear distance. It should 
be noted that these data are practically absent at pres-
ent time. 

In this paper the problem of constructing the al-
kali caesium atom quantum measure of frequency 
and definition of the collisional shift for the caesium 
atom hyperfine lines in a medium of bath (He) gas 
are studied. Earlier developed new, comprehensive 
relativistic approach [8,18–21] is used to calculate 
the interatomic potentials, hyperfine structure colli-
sion shift and broadening for the Cs atom in a medium 
of the inert bath gases. The basic expressions for the 
collision shift and broadening of the hyperfine struc-
ture spectral lines are satisfying to the kinetic theory of 
spectral lines [2,7]. The exchange perturbation theory 
has been used for calculating the corresponding inter-
atomic potentials. Earlier the approach has been suc-
cessfully applied to studying the collisional shift of the 
thallium, rubidium and other atoms hyperfine lines in 
a medium of the inert (He etc ) gases [18–21]. 

As the detailed description of the used formalism 
is given in refs. [9–11], below we are limited by pre-
senting the key expressions. First of all, to calculate 
the collision shift of hyperfine structure spectral lines 
one could use the following expression known from 
kinetic theory of spectral line form (see [8,18]): 

 ( ) ( ) ( ) 2

0

4
1U R kTb

p
N

f e g R R R dR
p p

∞
−πΔ

= = + δω⎡ ⎤⎣ ⎦∫   (1) 

where U(R) is the effective potential of the inter-
atomic interaction, which has a central symmetry in 
a case of the systems A—B (in our case, for example, 
B=He; A=Cs); Ò- is a temperature, oω -is a frequency 
of the hyperfine transition in the isolated active atom, 

( ) ( ) / oR Rδω = Δω ω - is the relative local shift of the hy-
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perfine structure lines, which is arisen due to the dis-
position of the active atoms (say, atom of caesium and 
helium He) on a distance R, bN - is a concentration 
of the buffer atoms and { ( )1 g R+ } is the temperature 
form-factor. To calculate an effective potential of the 
interatomic interaction we use a method of the ex-
change perturbation theory [2,11]. To calculate a lo-
cal shift one uses a method of exchange perturbation 
theory (we use the modified version ÅL-ÍÀV [18]). 
Within exactness to second order terms on potential 
of Coulomb interaction of the valent electrons and 
atomic cores one can write: 

 ( ) 0 6
1 2 6

0

2 1 ,
1 Ba a

S C
R

S R E E E

⎛ ⎞
δω = + Ω + Ω − +⎜ ⎟⎜ ⎟− +⎝ ⎠

  (2) 

Here Ñ
6
 is the van der Waals constant for interac-

tion À-Â (e.g., a pair of Cs-Íå; look below); I, Å
1a,b

 
are the ionization potential and excitation energy on 
the first level for atoms A, B correspondingly; S

0
 is the 

overlapping integral; The value of ,bEα  is defined as 
follows: 

 ( ), , 1 , 2 ,b a b a bE I Eα = +  

The values Ω
1
, Ω

2
 in the expression (2) are the 

non-exchange and exchange non-perturbation sums 
of the first order correspondingly, which are defined 
as follows: 

 ( ) ( ) ( ) ( )1 ' ' 1 '
0 0 0 01 1 / 1 10 HFñ H=< Φ Φ 〉 < Φ Φ 〉  

 
( )

( ) ( )' ' '
0 0'

1
0 0 0

1 12
1

HF k k

k k

H V

N S E E

〈 Φ Φ 〉
Ω =

− ρ −∑   

 
( )

( ) ( )' ' '
0 0'

2
0 0 0

1 12
1

HF k k

k k

H U

N S E E

〈 Φ Φ 〉
Ω =

− ρ −∑  

where '
HFÍ  is the operator of hyperfine interaction, N 

is the total number of electrons taken into account in 
calculation; E

k
,, ( ) ( ) ( )' '1 1 2k k ka b

F NΦ = φ …  — en-
ergy and non-symmetrized wave function of state k = 
{k

a
,,k

b
} for isolated atoms A and B. The non-exchange 

matrix element of the Coulomb interatomic interac-
tion is as follows: 

 V
ko

 = < Ô′
k
 (1) | V (1) | Ô′

0
 (1) >. 

Correspondingly the exchange matrix element is 
as follows:. 

 ( ) ( ) ( )' '
0 0

2
1

N

k k
i

U V i i
=

= 〈 Φ Φ 〉∑  

For example, in a case of the system Fr—Íå the 
operator V(1) is as follows: 

 

2 3

12 13 1

(1) ( ) ( )

1 1 12 ( ) ,

SCF SCFa a

SCF
b

V U r U r

U R
r r r

= + −

− + + +   (3) 

where U
SCF

 (r) is the self-conjunctive field, created by 
the Cs core. 

Let us return to consideration of the van der Waals 
constant Ñ

6
 for the interatomic A-B interaction. As a 

rule, one could use the approximate values for the van 
der Waals constant Ñ

6
 etc. Often the sufficiently great 

mistake in definition of the van der Waals constants 
provides non-high accuracy of the inter-atomic po-
tentials calculation and further inaccuracies. The van 
der Waals constant may be written as follows [2,6]: 

 
2

6 6,0 6,2
3 ( 1)( , ) ( )  C (l)  
(2 1)(2 3)
M L LC L M C L
L L

− +
= − ⋅

− +
,  (4) 

where C
6,0

 (L) is the isotropic component of the inter-
action and C

6,2
 (L) is the component corresponding to 

the P
2
(cosθ) term in the expansion of the interaction 

in Legendre polynomials, where the angle specifies the 
orientation in the space-fixed frame. The dispersion 
coefficients C

6,0
 (L) and C

6,2
 (L) may be expressed in 

terms of the scalar and tensor polarizabilities 0 ( ; )L iwα  
and 2 ( L; iw) α evaluated at imaginary frequencies. In 
particular, for the helium case one may write: 

 6,0 0
0

3( ) ( ; ) ( )HeC L L iw iw dw
∞

= ⋅ α α
π ∫   (5) 

where Heα is the dynamical polarizability of helium. 
The polarizabilities at imaginary frequencies are given 
in atomic units as follows: 

 
2

|| 2 2
,

ˆ( ) | | | |
( , ; ) 2

( )
L

M L

E E LM z L M
L M iw

E E w
γ

γ γ γ

γ γ

− < >
α =

− +∑   (6) 

where Eγ is the energy of the electronically excited 
state |LγMγ > and the z axis lies along the internuclear 
axis. Usually (see [3,4,23]) the non-relativistic Har-
tree-Fock basises of the wave functions are used. More 
sophisticated approach is based on using the relativ-
istic Dirac-Fock wave functions (first variant) [8,21]. 
Another variant is using the relativistic wave functions 
as the solutions of the Dirac equations with different 
model potentials and different density functionals (the 
Kohn-Sham DFT theory) [18,22]. In this paper we 
have used the basis of relativistic functions, generated 
by the Dirac equation with the Green-Ivanov-Ivanova 
model potential [2,11]. The detailed approbation of 
this model potential in studying spectra and radia-
tive characteristics of the ytterbium and thallium at-
oms is given in refs. [2,11,14–16,19,20]. In a number 
of papers it has been rigorously shown that using the 
optimized basises in calculating the atomic electron 
density dependent properties has a decisive role (see 
discussions in refs. [2,18]). Here we will not in details 
discuss this question. 

The ground configuration for the caesium atom 
is: [Xe]6s ( term: 2S). In table 1 we list t our theoreti-
cal results for the line shift f

p
 (1/Torr) for the Cs-He 

pair. The observed value of the line shift (T=323K) 
and other theoretical results for f

p
 are given in table 1 

too. Other theoretical data are obtained on the basis of 
the exchange PT with using the wave functions basises 
in Clementi et al and Hartree-Fock approximations 
(from refs. [1,2,4,12]). 

The important feature of our scheme is a correct 
account of the correlation and polarization effects 
with using special effective functionals from [2,11]. 
A difference between our theoretical data and other 
calculation data is explained by using the different ba-
sises of wave functions and different PT schemes. For 
other temperatures there are no quite precise data. It 
is obvious that using the gauge-invariant optimized 
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basises of the wave functions and correct version of 
the exchange PT will be necessary in a case of the al-
kali elements in an atmosphere of more heavy inert 
gases [18,22,23]. 

Table 1 
Theoretical data for shift fρ (10–9 1/Torr) of the Cs-He system 

(look text) 

System Cs-Íå Cs-He Cs-Íå Cs-Íå

T, K Experi- 
ment Our theory Other 

Theor. [6] 
Other 

Theor. [6] 
223 - 178 - -
323 135 137 126 109
423 - 123 111 96
523 - 112 100 85
623 - 105 94 78
723 - 98 - -
823 - 92 - -
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ÊÂÀÍÒÎÂÀß ÌÅÐÀ ×ÀÑÒÎÒÛ È ÄÅÒÅÊÒÈÐÎÂÀÍÈÅ ÑÒÎËÊÍÎÂÈÒÅËÜÍÎÃÎ ÑÄÂÈÃÀ ËÈÍÈÉ 
ÑÂÅÐÕÒÎÍÊÎÉ ÑÒÐÓÊÒÓÐÛ ÀÒÎÌÀ ÖÅÇÈß Â ÀÒÌÎÑÔÅÐÅ ÃÅËÈß 

Ðåçþìå. 
Ðàññìîòðåíà ïðîáëåìà ïîñòðîåíèÿ öåçèåâîé êâàíòîâîé ìåðû ÷àñòîòû è îïðåäåëåíèÿ ñòîëêíîâèòåëüíîãî ñäâèãà ëèíèé 

ñâåðõòîíêîé ñòðóêòóðû àòîìà öåçèÿ â àòìîñôåðå áóôåðíîãî (ãåëèé) ãàçà. Ðåëÿòèâèñòñêèé ïîäõîä èñïîëüçîâàí â ðàñ÷åòå ìå-
æàòîìíûõ ïîòåíöèàëîâ, ñòîëêíîâèòåëüíîãî ñäâèãà è óøèðåíèÿ ëèíèé ñâåðõòîíêîé ñòðóêòóðû. 

Êëþ÷åâûå ñëîâà: êâàíòîâàÿ ìåðà ÷àñòîòû, ñòîëêíîâèòåëüíûé ñäâèã, öåçèé, ãàç ãåëèÿ 
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ÊÂÀÍÒÎÂÀ Ì²ÐÀ ×ÀÑÒÎÒÈ ² ÄÅÒÅÊÒÓÂÀÍÍß ÇÑÓÂÓ Ë²Í²É ÍÀÄÒÎÍÊÎ¯ ÑÒÐÓÊÒÓÐÈ ÀÒÎÌÓ ÖÅÇ²ß ÇÀ 
ÐÀÕÓÍÎÊ Ç²ÒÊÍÅÍÜ Â ÀÒÌÎÑÔÅÐ² ÃÅË²ß 

Ðåçþìå. 
Ðîçãëÿíóòî ïðîáëåìó ïîáóäîâè öåç³ºâî¿ êâàíòîâî¿ ì³ðè ÷àñòîòè ³ âèçíà÷åííÿ çñóâó çà ðàõóíîê ç³òêíåíü ë³í³é íàäòîíêî¿ 

ñòðóêòóðè àòîìó öåç³ÿ â àòìîñôåð³ áóôåðíîãî (ãåë³é) ãàçó. Ðåëÿòèâ³ñòñüêèé ï³äõ³ä âèêîðèñòàíî ó ðîçðàõóíêó ì³æàòîìíèõ ïî-
òåíö³àë³â ³ çñóâó òà óøèðåííÿ ë³í³é íàäòîíêî¿ ñòðóêòóðè çà ðàõóíîê ç³òêíåíü. 
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PENNING AND STOCHASTIC COLLISIONAL IONIZATION OF ATOMS IN 
AN EXTERNAL MAGNETIC FIELD 

The basises for the consistent quantum theory of the Penning and stochastic collisional ionization 
of atoms in an external magnetic field are presented and based on the Schrödinger equation solution 
for atom in a magnetic field and Focker-Plank stochastic equation method. 

1. A recent progress in modern experimental 
technique of generation electromagnetic (laser) field 
stimulates a great attention to the studying elementary 
atomic collisional processes in plasmas, gases and oth-
er mediums at presence of the external field [1–22]. 
The most interesting and simultaneously very com-
plicated phenomena include the ionization of excited 
atoms by means of the photon and electron impact, 
atom-atom or ion-atom collisions). Though there are 
many theoretical and experimental papers, however 
some important aspects are remained unclear hith-
erto. The situation, however, does not look as good for 
more complex targets, such as ionization of the heavy 
multielectron system, say, noble gases leaving the ion 
in the outer (ns2np5)2P or (nsnp6)2S states, ionization 
plus simultaneous excitation of He and other quasi-
two-electron targets such as Mg, the role of resonances 
and auto ionizing states, and the additional complex-
ity when the linear momentum of the incoming pro-
jectile and the two outgoing particles (electrons in this 
paper) are no longer in the same plane. Interestingly, 
out-of-plane ionization and ionization via auto ioniz-
ing states without excitation both seem to be sensitive 
to higher-order effects, very similar to simultaneous 
ionization-excitation in coplanar kinematics [4]. In-
deed to fulfill an accurate account of the inter electron 
correlation effects in the atomic collisions is very diffi-
cult as these effects and other ones are not adequately 
described within many simplified models. Situation 
changes dramatically under consideration of the dif-
ferent atomic collisional processes under availability 
of the external electromagnetic fields. Even more sim-
ple case of the external static electric or magnetic field 
is remained hitherto quantitatively undeceived. 

From this point of view, a great interest attracts a 
formulation of the consistent quantum theory for the 
atomic collisional processes in presence of the exter-
nal magnetic field. [1–5, 11–14]. Let us remind the 
key interatomic collisional processes, which are of a 
great interest for many applications, namely: 

 A*(nl)+B→(A+B+)+e or  (1) 

 A*(nl)+B→(A+ +B)+e or  (2) 

 A*(nl)+B→AB++e.  (3) 

In these formula A* denotes the atom in an excited 
state, B+ is the ionized atom. The process (3) is corre-

sponding to the associative ionization. It takes a place 
when the dissociation energy of molecular ion AB+ is 
more than the ionization potential of the excited atom 
[1,2]. The first process (1) takes a place and runs very 
effectively in a case when the excitation energy of the 
A atom is more than the ionization potential of the 
atom B. Here one can introduce the Penning process, 
which is corresponding to the situation when the atom 
A is in the metastable state. The most widespread the-
oretical schemes for description of the cited processes 
(look, for example, [1–5,20,21]) are based on the de-
fining the capture cross-section of collisional particles 
by field of the wan der Waals interaction potential. It 
should be mentioned several versions of the rectilin-
ear classical trajectories model too [1–3,20]. Similar 
models, however, do not account for any difference 
between the Penning process and resonant collisional 
processes. In refs. [17–20] the different new approach-
es to the treating elementary atomic processes (1)-(3) 
are presented. Though the Penning and stochastic 
collisional ionization of atoms had been a subject of 
intensive theoretical and experimental interest, how-
ever, the available level of modelling in not satisfactory 
[20]. The modern actual tasks are connected with the 
external magnetic field on the corresponding Penning 
and stochastic collisional ionization processes, how-
ever, hitherto it is absent any adequate theory. So, the 
main aim of this work is firstly to present the basises of 
a consistent theory. 

2. In order to take into account an external mag-
netic field and construct the corresponding electron 
wave functions one must start for the treating the Zee-
mane problem. It is very important to have the zeroth 
approximation, which includes an external magnetic 
field, i.e. the strength of the field is arbitrary. Let us 
underline that despite a long history since the dis-
covery of the Zeemane effect and sufficiently great 
number papers on atomic systems in an external mag-
netic field, hitherto a majority of results are as a little 
acceptable for many applications as related only the 
hydrogen atom (look, for instance, [4–6,11–13]). A 
definite interest has been renewed after discovery of 
the quantum chaos phenomenon in atomic systems in 
the static magnetic field [1–13,22]. Below we consider 
a standard scheme to treating multi-electron atom in 
a static magnetic field. The purpose is to present the 
basis scheme for definition of the electron wave func-
tions for further using in the collisional task. 

© V. I. Mikhailenko, A. A. Kuznetsova, G. P. Prepelitsa, A. V. Ignatenko, 2010



90

As usually, the hydrogen-like Hamiltonian for 
atom in a magnetic field B has the form as follows: 

 [ ]
2

21 1ˆ ( ) .
2 2

e eH p Br
m c r

= + −   (4) 

Here we did not account for the electron spin, 
though its account is supposed. Because of the invari-
ance of Ĥ  in relation to rotations around the axe Oz 
(it is parallel to field Â and crossing a nucleus of an 
atom), naturally z-component of the orbital moment 
L

z
=hÌ is the conserving variable. In the cylindrical 

coordinates with axe Oz||Â with account of the trivial 
dependence of the wave function upon the rotation 
angle φ  around the axe z ( ~ iMe φΨ ), one could write 
the corresponding equation in the form (in atomic 
units: e=h=m=1): 

  

2 2 2
2 2

2 2 2

1 44 ( )

( , ) 0
y

M E M
r Rz

z

⎡ ⎤∂ ∂ ∂
+ + − − γ ρ + + − γ ×⎢ ⎥

ρ ∂ρ∂ρ ∂ ρ⎢ ⎥⎣ ⎦
×Ψ ρ =   (5) 

Naturally the 2D equation (5) has not an ana-
lytical solution as the Coulomb interaction term with 

2 2 1/2( ) ,r z= ρ +  prevents to the variables separation. It 
is easily to show that the equation (5) can be rewritten 
as follows: 

 H ψ(ρ,z)=Eψ(ρ,z)  (6) 

 
2 2 2

2 1/2

1 / 2( / 1/ / / ),
( , ) ( ) 1/ 8 / 2,
H z m
V z z m

2 2 2

2 − 2 2

= − ∂ ∂ρ + ρ∂ / ∂ρ + ∂ ∂ − ρ

ρ = − ρ + + γ ρ + γ
 

where γ=Â/Â
î 
(Â

î
=2,3505⋅109). The potential 1/ 8 2 2γ ρ

limits a motion in the direction, which is perpendic-
ular to the B direction. In the region γ>>1 the elec-
tron motion along (or perpendicular) magnetic field 
is defined by the Coulomb interaction (by a size of 
the cyclotronic orbit 1/2( / )c eMλ = = ). The simplified 
circumstance is that the potential of the longitudinal 
Coulomb interaction can be received by way of the 
averaging the total Coulomb potential 2 2 2 1/2( )e z −ρ +  
on the little radius îf the transverse motion. The one-
particle energy for given values of magnetic field B is 
defined as: 

 ( | | 2 1) / 2B zm m sμ μ μ μ με = + + + γ − ε   (7) 

where εμ — one-particle energy (the field is absent), 
S

z
μ is the spin projection on the axe z. Let us remember 

that the wave function at absence of the field has the 
asymptotics as exp[- 1/2( 2 )− ε  r]. When magnetic field 
is present, the value should be replaced by the ioniza-
tion energy from the stationary state on the Landau 
lowest level. In order to find the width of the Zeemane 
resonance it is necessary to know the imaginary part of 
state energy in the lowest perturbation theory [4]: 

 Im E = G/2 =π <Ψ
Eb

 |H|Ψ
Es

 2>   (8) 

with the general Hamiltonian H (G- resonance width). 
The state functions Ψ

Eb
 and Ψ

Es
 are assumed to be nor-

malized to unity and by the δ(k -k’)-condition, accord-
ingly. The necessary electron wave functions in a case 
of the atom in a static magnetic field are defined by 
the numerical solution of the corresponding equation 
(6) (see refs. [4,6,1–13,20]). Further we will suppose 

that the corresponding energies and wave functions 
are found, so let us return to collisional problem. 

3. As usually, one can introduce the definition of 
complete cross section for collisional process (1) as 
follows: 

 
0

2 {1 exp[ ( ) ]}d G R dt
∞ +∞

−∞

σ = πρ ρ − −∫ ∫   (9) 

Here G( R ) is a probability of the Auger effect G( 
R)= 2π|V

12
|2g

2
 (indexes 1and 2 are relating to states: 

A*+B and A+B++e; g is a density of the final states; 
V is operator of interaction between atoms). In a case 
when ionization process is realized in the repulsive 
potential of interaction between atoms in the initial 
channel, the cross-section is: 

 2(4 / ) ( ) 1 ( ) /
tn

w
R

f v R G R U R EdR
∞

σ = π −∫   (10) 

Here v is the relative velocity of collision, R
tn
 is the 

minimally possible distance of rapprochement (the 
turning point); f

w
 is the probability that the process is 

permitted on full electron spin of system of the col-
lisional atoms. 

Further, as usually, it is necessary to account for 
a possibility of decay in the second and higher or-
ders of perturbation theory on V( R). Such approach 
may be used as for the Penning ionization descrip-
tion as for ionization through the wan-der-Waalse 
capture [3,5]. In the perturbation theory second and 
higher orders it is introduced the matrix element: 

1 ( ) ( )... ( ) 2EV R G V R V R
∞

 insist of the simple ma-

trix element 1 ( ) 2V R in expression for probability 
of collisional decay. Here [1> ≡ [À*+Â> is the initial 
state, [2> ≡ [À+Â++e> is the final state; G

E
 is the Green 

function (see below); Å∞ is an energy of quasi-mole-
cule À*Â under R → ∞  . The latter is corresponding to 
approximation of the non-interacting atoms. 

Naturally it is supposed that the atomic wave func-
tions are constructed within above presented scheme 
with external magnetic field. Further one can use for 
operator V(R) the standard expansion on non-reduc-
ible tensor operators: 

 V(R)= 1 2

1 2
, 11 2

1( ) /
l l

l l
l lV n R

=

∞
+ +∑   (11) 

2

1 2 1 2 1 2

1 2

1 2

(2 2 )!
( ) ( 1) ( ( ){ })

(2 )!(2 )!
l A B

l l l l l l
l lV n C n Q Q
l l +

+
= − ⊗ , n=

R
R

 

where lmQ
�

is an operator of the 2l-pole moment of 
atom and C

lm
 (n) is the modified spherical function. If 

we suppose that atom À* is in the state with the whole 
moment J

i
 and projection on the quantization axe Ì

i
; 

in the final state the corresponding quantum numbers 
are J

f
Ì

f
 ; The final expression for the full probability 

of the electron ejection is similar to expressions, ob-
tained in ref. [17,18]: 

 
1 2

1 2

1 1 1 2 2 2
2 2 8 2

2 (2 1)( 1)(2 3)(2 1)( 1)(2 3)
( )

(2 1)[1 ] (2 1)l l
i l l i

l l l l l lG R
R l J+ +

π + + + + + +
=

+ + δ +
 

 1

2 1
1 2 3

0 2
1 0 1 0( )

f

p
l l

p p p l
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1, 2( )lf
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f i

l l p
l l

J J J
⎡⎧ ⎫⎪ ⎪ℜ +⎢⎨ ⎬
⎪ ⎪⎢⎩ ⎭⎣

 

 + ]1 2 2 3 1 2 3 2
2, 1( 1) ( )l l p p lf

Jl

l l p
l l

Jf Ji J
+ + + ⎧ ⎫

− ℜ⎨ ⎬
⎩ ⎭

.  (12) 

Here the reducible matrix elements are represent-
ed as: 

 0

2 1

2, 1

*

( )

; ;

lf
J l

A BA B A B
A i B i l Jl l A f f

l l

n J O l Q d g Q d O J El

ℜ =

=< >
� �� �

  (13) 

Here dB =QB
1 
is an operator of the dipole moment 

of atom Â, gA*B0
Jl 

is a radial Green function. Because of 
that the final state of atom Â | Å1

f
> is a state of contin-

uum with scattering phase lfδ then the fine structure of 
levels in atom B is not accounted. It is possible to show 
that the similar expression for G can be received from 
Eq. (8) within energy approach [10,12]. 

The attractive perspective for realization the sto-
chastic c collisional process is provided by a case 
when the atom A in process (1) is highly excited (Ry-
dberg state). In principle here the theoretical treating 
is similar to a case of the external static electric field 
[5]. The qualitative physical picture is corresponding 
to a chaotic drift of the Rydberg electron which in-
teracts with the electromagnetic field of dipole (and 
simultaneously with an external magnetic field). This 
interesting physical situation can be adequately treat-
ed within generalized theory of chaotic drift for the 
Coulomb electron in the external microwave field (see 
refs. [4–6,11–13]). The function of distribution f(n,t) 
of the Rydberg electron on space of effective quantum 
numbers n should be introduced. The equation of mo-
tion of the Rydberg electron has the well known form: 

( , ) /f n t t∂ ∂ t= / n∂ ∂
 
[Θ(n-N

min
)D( R)n3

 
( , ) /f n t n∂ ∂ ] —

 — Θ(n-N
max

)G(n,R)f(n,t)  (14) 

Here Θ(n-N
min

) is the Heviside function. It served 
here as additive multiplier in the coefficient of diffu-
sion: Dn3 and provides freeezing of the stochastic pro-
cesses in region of the low lying states in accordance 
with the known Cirikov criterion: N

min
<n<N

max
. For 

the Rydberg states (n>N
max

) a direct channel of ioniza-
tion is opened and the electron ejection takes a place. 
It is important to note that process will be realized 
with more probability under availability of the external 
magnetic field. Naturally, any numerical estimate can 
be received only on the basis of concrete calculation. 
It is obvious that the dynamics of the whole process 
will be very interesting and it is hardly possible to give 
any exact estimated on the basis of the qualitative con-
clusions. 

4. In this paper we presented the basises of a con-
sistent theory for the Penning and stochastic col-
lisional ionization of atoms in an external magnetic 
field, which is in fact based on the Schrödinger equa-
tion solution for atom in a magnetic field and Focker-

Plank stochastic equation method. In this aspect the 
theory differs of the analogous approaches [3,5,17–
19], where an external field is generally absent or the 
electric static field is present [5]. Despite an obvi-
ous consistency of the presented theory, its practical 
realization is naturally connected with sufficiently 
complicated numerical calculations (even account-
ing availability of such effective numerical codes as 
“Dirac”, “Superatom”, Superstructure” and others 
[4,12,20]). The other problems for the theory realiza-
tion are discussed in ref. [5]. Nevertheless, in order to 
demonstrate the important sequences of the theory we 
will give some qualitative estimates, using the obvious 
classical particular case of the presented approach, 
namely, the motion classical rectilinear trajectories 
approximation [1,3]. As example, we consider the 
process He(21S

0
)+B

0
→He(11S

0
)+B+

0
+e- (B

0
=H, Na; 

T=300oK). The Penning process cross-section is given 
in the classical limit by a simple formula (in atomic 
units) [1] : 

 2/11 2 2/119 63( )( ) ( )
11 256P R

v
π π

σ = Γ Γ   (15) 

where 2 /v T= μ - velocity, μ — normalized mass 
of collided atoms, R — interatomic distance and Γ is 
the probability (autoionization width). The experi-
mental values of the cited process cross sections (field 
B=0) are [1,20,21]: σ

P
(He-H)=33⋅10–16cm2 , σ

P
(He-

Na)=17⋅10–16cm2. As it’s indicated in ref. [5], these 
values are the upper limit of the true ones. The data, 
provided by the classical model [3,20], are: σ

P
(He-

H)=(6–8)⋅10–16cm2, σ
P
(He-Na)=(7–9)⋅10–16cm2 

(T= 300oK). The external magnetic field effect on the 
Penning process parameters can be different in depen-
dence upon the parameter γ. If B is not large (in com-
parison with standard atomic value), the correspond-
ing effect will not be essential. The simple estimates 
show [6,9] that during changing the field strength 
(γ=10–5→10–2) for both processes the autoionization 
width can be changed on the three-four times. But, 
obviously this is a qualitative estimate. The classical 
model does not give an adequate quantitative descrip-
tion of the process. In a case of the stochastic colli-
sional process, in particular, with Rydberg collided 
atoms, the external filed effect can essentially change 
the stochastic mechanism [9,12]. So, in any case an 
availability of the external magnetic field makes sig-
nificantly more complicated the physics of the studied 
collisional processes. 
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INTRODUCTION 

A study of catalytic activity for metals, metallic al-
loys and semiconductors is of a great importance for 
different practical applications, for example, during 
the elaboration of electrochemical solid-state energy 
sources, planning the efficacy of semiconductor sen-
sors and naturally developing advanced chemical in-
dustry technologies etc [1–19]. It is known [2,3,8–10], 
that the components concentration’s change in metal-
lic alloys could result in drastic variation of catalytic 
activity as well as of electrochemical properties. The 
same effect is characteristic for semiconductors when 
some impurities are introduced inside the pure mate-
rial. Generally speaking catalysis on semiconductors 
is more widespread phenomenon that it seems at first 
sight. Really, a majority of metals is usually covered 
by semiconductor film [5,7]. In the contact with pure 
surface the oxygen, hydrogen and nitrogen are quickly 
absorbed by a surface even under low temperatures. 
The attempts of comprehensive quantitative descrip-
tion of the metal-like systems (metallic alloys, heavily 
doped semiconductors) electronic structure including 
the description of processes on electrodes’ surfaces 
of the electrochemical solid-state energy sources and 
naturally electrochemical and catalytic processes have 
been undertaken in a number of papers (see refs.in 
[1–26]). 

Naturally a mechanism of heterogeneous catalytic 
process can be understood under obligatorily treating 
intermediate stages, namely, stages of adsorption and 
desorption [1,2]. Generally speaking, as any chemical 
process, the heterogeneous catalytic process has the 
electron mechanism in the end. Any heterogeneous 
reaction can be interpreted as the process based on 
radical mechanism. Radicals and ion-radicals ap-
pear on the surface under chemosorption and provide 
the radical mechanism of the heterogeneous reac-
tions. But, naturally it doesn’t mean that non-radical 
mechanisms are excluded. The catalytic reaction path 
through one-electron charged intermediates (ion-rad-
icals) is not the main mechanism in heterogeneous ca-
talysis but, of course, is possible in some special cases. 
As example, above the cited approaches to adsorption 
and catalysis one could mention a group of the con-
ceptual models which are based on using the density 
functional formalism [14–16]. There is a great num-

ber of papers (see [1–5, 16–19,26]), where the cataly-
sis and electrochemical problems are considered with-
in ab initio quantum chemistry methods. Using these 
methods allowed to get very useful information about 
processes considered, however, some quite important 
moments of the physical and chemical nature of these 
processes often remain up to known degree veiled. 
Besides, one could mention well known calculation 
difficulties of description of the catalysis processes 
within ab initio quantum chemistry methods [1–5,8–
13]. Simplification of the corresponding calculation 
schemes leads to a loss of the quantitative accuracy 
for phenomenon description and, generally saying, to 
qualitatively invalid conclusions in many cases. Natu-
rally, a great interest attracts a development of more 
physical and calculationally economical model ap-
proaches to a catalysis problem. In this sense, as alter-
native, one could indicate more simplified (from the 
calculation point of view), but quite effective electro-
dynamical and quantum-chemical modeling models 
for description of the catalytic processes (see [8–10, 
20–22]). Above cited approaches it should be sepa-
rately mentioned a group of papers, which are devoted 
to simple homogeneous phone models by Lang-Kohn, 
Bardeen, Theophilou, Vannimenus-Budd, Norskov-
Lundqvist-Hjelmberg et al and base on an conception 
of the Kohn-Sham density functional theory (look a 
detailed review of the corresponding models and re-
sults in refs.[1–5,15–19,26]). 

At present time there is a great number of experi-
mental papers (see refs. [1–3,5–7]), where it has been 
shown that the electronic processes in metallic and 
semiconductor materials provide their electric, opti-
cal and magnetic properties and simultaneously the 
catalytic ones. Though now it is clear that activation 
of reagents in heterogeneous catalysis is associated, 
as a common rule, with surface adsorption but not 
with deep penetration into the solid matrix. Neverthe-
less, there is a certain parallelism between electronic 
and catalytic properties of the material. To find a link 
between these two groups of properties is a main aim 
of the electron theory of catalysis. Naturally here one 
could mention the pioneering papers in a field of elec-
tron theory of catalysis by Hauffe et al (Germany), 
Boudart, Voltz, Taylor et al (USA), Germain , Claudel 
et al (France), Pisarzhevsky, Wolkenstein, Lyashenko, 
Terenin, Lidorenko (USSR) et al (see reviews [1–
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10,26]). On the one hand, the electron theory of catal-
ysis is based on the modern theory of chemical bond, 
but on the other hand its fundament is modern theory 
of solids. It is well known that the theory of chemical 
bond has to do with the transformations of molecules 
on the surface and the theory of solids treats the pro-
cesses inside material. The theory of chemisorption 
and heterogeneous catalysis has to do with the trans-
formations of the surface molecules each connecting 
the crystal and forming a united system. As a rule, the 
electron theory of catalysis like other modern variants 
of the catalysis theory are not alternative and do not 
compete with each other. As a matter of fact, these 
theories describe different aspects of the process and 
surely differ only by the conceptual approach to the 
problem. Here we consider a problem of catalytic ac-
tivity definition for metals, binary metallic alloys and 
semiconductor materials and present the basises of a 
new approach to electronic theory of catalysis, which 
is based on using the electrodynamical and quantum-
mechanical models [8–10, 20–22]. 

1. LINK BETWEEN THE FERMI LEVEL 
POSITIONS ON SURFACE AND INSIDE THE 
MATERIAL 

Now it is obvious that the catalytic properties of 
metals and semiconductors are directly connected 
with electronic processes which occur inside and on 
the surface of the materials and provide these proper-
ties in the end. The role of catalyst results in genera-
tion of the surface radicals, which are arisen due to the 
free valences of catalyst on the surface and forming 
during reaction. Naturally the free valences on the sur-
face exhaust very slowly as the valences supply on the 
surface from the volume. Appearance of the radical or 
ion-radical forms is connected with a role of the crystal 
lattice free electrons and holes during chemosorption. 
Say, a semiconductor in the catalytic process has a role 
not only inert layer (where the chemical reaction runs) 
but as an active e participant of the process too. More 
over it can by one of the components in the interme-
diate stages of the reaction. In any case, the catalytic 
properties of semiconductor are defined by their na-
ture and electron structure and a mechanism of the 
catalytic action is in definite degree inside the material 
too. One could mention that introduction of the im-
purities inside the semiconductor changes its catalytic 
properties [5,7]. More over, now it is well established 
a certain correlation between the material electrocon-
ductivity, the output work (forbidden band width in the 
energy spectrum of semiconductor) and its catalytic 
properties (the adsorption ability of material too). An 
effect of the light (laser radiation) on semiconductor 
leads to internal photoelectric effect and changing its 
adsorption and catalytic activity. One could note that 
the Fermi level position defines the adsorption and 
catalytic activity of the surface in relation to molecules 
of the given kind under other equal conditions. Natu-
rally, the Fermi level position on the surface is depen-
dent upon its position inside the crystal. Surely there is 
a direct link between the surface and bulk properties of 
materials. The factors, which shift the Fermi level in-
side, say, in the semiconductor, influence on its surface 

properties too. Naturally, special case is a case of the 
large density of the surface states. 

The chemosorption ability of the surface, a degree 
of its charging, a reactive ability of the chemisorbed 
particles etc are directly defined by the Fermi level po-
sition on the surface of crystal (say, a distance between 
the Fermi level and the conductivity band bottom: s

FE
). Let us denote the position of the Fermi level inside 
the crystal as v

FE  . The direct link between the values 
s
FE  and v

FE  can be obtained from the condition of the 
electric neutrality of crystal: 

 
0

( ) 0x dx
∞

σ + ρ =∫ ,  (1) 

where σ is a density of the surface charge and ρ is a 
density of the volume charge in the plane, say x (the 
material occupies the semispace x>0). Further one 
could write as follows: 

 ( , ; )sFP T Eσ = σ ,  (2) 

where P is a pressure, T is a temperature. Naturally, if 
all surface charge is provided only by the chemisorbed 
particles (say, the same kind), then the expression for 
σ has more complicated form (see refs. [2,5,7]). The 
second item in Eq. (1) is the function of s

FE  and v
FE  : 

 
0

( ) ( ; ; )s v
F Fx dx R T E E

∞

ρ =∫ .  (3) 

In result one can write the obvious relationship, 
which gives a direct link between s

FE  and v
FE  

: 

 ( , ; ) ( ; ; ) 0s s v
F F FP T E R T E Eσ + =  or ( ; ; )s v

F FE f P T E=   (4) 

This equation establishes correlation between the 
surface and bulky properties of the material (semicon-
ductor etc.). Let us further to introduce new advanced 
electrodynamical and quantum-mechanical models 
in the electron theory of catalysis for metals, metal al-
loys and semiconductors. 

2. ELECTRODYNAMICAL AND QUANTUM-
MECHANICAL APPROACHES FOR METALS 
AND METALLIC ALLOYS 

It is well known [23,24] that the electron structure 
of a metallic system in the simple approximation can 
be approximated by a set of isotropic s-d energy bands. 
The static dielectric permeability is represented as fol-
lows: 

 1 ,ss dd sd dsε = + ε + ε + ε + ε   (5) 

where ε (ij) describes the contribution into ε due to the 
i-j transitions. In approximation of the free electrons 
the expression for ssε  looks as: 

 

2 2

2

2 ( ) {1 [4( )

]ln (2 ) / 2 ) / 4 }.

s
ss s F F

s s s
F F F

E k k

k k k k k k k

−ε = πν + −

− + −   (6) 

where k=q⋅ Ba , q is the wave number, Ba  is the Bohr 
radius, q

F
 = (3π2 z

i
 /Ω)1/3 ; z

i
 is a number of electrons in 

”i” band; 2( ) ( )i F i F BE N E a eν = , ( )i FN E  is a density of 
states on the Fermi surface in “i” band. The corre-
sponding expression for ddε  is as follows: 
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22 2

2

2 ( ) {1 [4( )

]ln (2 ) / 2 ) / 4 }

d
dd d F dd F

d d d
F F F

E k M k

k k k k k k k

−ε = πν + −

− + −  (7) 

Here the matrix element Ì
dd

 is defined by the su-
perposition of the wave functions for d electrons. The 
contribution ε (ds) is important only for systems con-
taining the precious metals. This contribution is de-
fined as follows: 

 

2 2 2

2 2

[2 ]

{1 [4( ) ]ln (2 ) 2 4 }
ds s d c

d d d d

å m k e f / ðh k

k k k k / k k) / k k .

= ×

× + − + −   (8) 

where m
s
 is the effective mass of electron in the conduc-

tivity band; k
d 
, f

c
 are the numeral parameters [23,24]. 

Usually the contribution dsε  in Eq. (5) for transition 
metals is about several percents. The effective poten-
tial, which imitates an effect of metallic potential field 
on the hydrogen atom (for process H=H++e-) is de-
fined as follows: 

 
2

0

2 sin( )
( )

e krÖ r dk
r k k

∞

= −
π ε∫   (9) 

Further it is supposed that a problem considered 
has the spherical symmetry and crystal potential is ful-
ly screened by the conductivity electrons. Substitution 
of (5) to (9) leads to the expression: 

 Φ (r)=-( e2 a/r) exp[-αR]cos[αR]  (10) 

where 

 

2 1/4

2 1/4

[ 12( ) ]

{ ( ) ( / ) ( ) ( / ) ( )}

s
F

d s d s
s F F F d F c F F s F

k
E k k E f k k E

−1 −α = π ×

× ν + ν + ν , 

 2 s
FR q r=  , 1( )sFa k −=  

Further the key idea is as follows. We find the nu-
merical solution of the Schrodinger equation for the 
hydrogen atom in a field Φ(r) and obtain the corre-
sponding spectrum of states, which could be continual 
or discrete in dependence upon the critical parameter 

−1ζ =α/à [8–10]. Such a problem for the potential (10) 
has been in details considered by Bonch-Bruevich and 
Glasko, Marinov and Popov and reconsidered by Li-
dorenko etal (look the reviews in [8–10,23,25,26]). In 
fig.1 the corresponding parameters α and à for a num-
ber of metals are presented [8]. The spectrum is con-
tinual, if ζ<0,362 and the corresponding material is a 
catalyst for the hydrogen ionization [27,28] reaction. 

If ζ>ζo, the spectrum is discrete (metal or metal 
alloy does not demonstrate catalytic activity for cited 
reaction). In refs. [9,10] such an approach has been 
successfully applied to studying the catalytic proper-
ties of the metals in relation to reaction of the hydro-
gen ionization and obtained a good agreement with 
the known experimental data [1,5–7]. 

Let us consider further more interesting case of 
the binary metallic alloys and present the correspond-
ing model. In the binary metallic alloy the Fermi level 
position E

F
 as well as the corresponding state density 

ν(E
F
), accompanied with electronic structure param-

eters α and a are changing under change of the admix-
ture concentration c. To define the cited changing it is 
quite correct to use the Thomas-Fermi approach [23]. 
We suppose that the admixture’s atoms volume has the 

spherical form. The radius R
c
 is connected with con-

centration by the formula: 

 (qR
c
)-3 = (qr

s
 )-3c , 

where r
s 
— the electron gas characteristic parameter. 

Let us remind that (qr
s
 )-3~0.01–0.05 for the typical 

metals. For screened potential V(r) near the admixture 
(if F F| E V | EΔ − < ), the corresponding Poisson equa-
tion looks as: 

 ΔV(r) = 2q  { V(r )- Δ FE  } (11) 
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Fig.1. A diagram of parameters α, à for a number of metals 

Elementary solution of equation (7) with the 
boundary conditions: 

 (dV/dr )
Rc

=0 , V(R
c
)=0, V→- vZ e /r , r→0 

(here vZ  is a difference of the components valences) 
is defined as: 

    

( , ) [ / ]{ [ ( )]
[ ( )]} / [ ( ) ( )]
c F v c c

c c c c

V r R E Z e r qR ch q R r
sh q R r qR ch qR sh qR

− Δ = − − +
+ − +  (12) 

Second boundary condition provides the expres-
sion for Fermi level shift in dependence upon the con-
centration c: 

 2 / [ ( ) ( )]F v c c cE Z e q qR ch qR sh qRΔ = + .  (13) 

So, for the binary metallic alloy, the value ν(E
F
) is 

substituted by the value ν(E
F
)=ν(E

F
) +Δν(E

F
) [9]. In 

fact the parameters, which define the catalytic activity 
for metallic compounds, are directly dependent upon 
the components concentration. As example of the 
models application for definition of the catalytic activ-
ity of metallic alloy in relation of the hydrogen ioniza-
tion reaction let us consider the alloy Ni-Cu. In fig.2 
a dependence of the Fermi level shift ΔE

F
 in the alloy 

Ni-Cu upon the Cu concentration ñ (in atomic units) 
is presented and calculated according to Eq. (13). 

The estimate shows that the alloy Ni-Cu with a 
small concentration of Cu (till 16%) is a good catalyst 
for the hydrogen ionization reaction, however situa-
tion is changed in the opposite direction with a growth 
of ζ. This is in acceptable agreement with the experi-
mental data [1,5–7]. 
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Fig. 2. A dependence of the Fermi level shift ΔE
F
 in the alloy 

Ni-Cu upon Cu concentration ñ (in atomic units) [9] 

3. ELECTRODYNAMICAL AND 
QUANTUM-MECHANICAL MODEL FOR 
SEMICONDUCTOR 

Now, we consider similar to above described one 
approach to description of catalytic processes on 
semiconductors and determine a connection between 
the semiconductors electron structure parameters and 
their catalytic activity in the relation to simple mod-
el reaction of the H H e+= +  type. Above proposed 
model is transformed through the following way. In 
order to describe the electronic structure of semicon-
ductor let us use the known Resta model [39] in the 
Thomas-Fermi theory for semiconductors (see [8]). 
We consider the model semiconductor as the electron 
gas with non-perturbed density n

0
. The corresponding 

Poisson equation is as follows: 

 V(r )= q {V(r )-À}, 

where q=4k
F
/ πa

B
 and À is a constant. Let us sup-

pose that there is the finite screening radius R near the 
probing charge Z

e
 and n(R)=n

0
. Then a constant A is 

equal V(R). Beyond the radius R the point charge Z
e
 

potential is equal to: 

 V(R )= -Ze2/ [ε(0) r], r>R , 

where ε(0) is a static dielectric permeability. Indepen-
dent solution for the Poisson equation have the fol-
lowing form: Ze2exp[qr]/r. So, the general expression 
for potential energy is: 

 V(r) =- Ze2 /r {C
1
 exp(-qr) + 

 + C
2
 exp(qr)} + A , r<R  (14) 

Taking into account the continuity condition, 
boundary condition ( V(r)→0, r→0), the expression 
for V (r) looks as follows: 

 V(r) = -{Ze2 /r}{ sh[q(R-r)]/ sh[qR] –

 – Ze / ε(0)R , r<R (15) 

The continuity condition for electric field under 
r=R allows to define a link between the screening pa-
rameter and ε (0) as: 

 ε (0) = sh[qR]/qR. 

If ε(0)>1, R is equal to finite value comparable with 
distance to the nearest atoms (for example, for NiO, 
CuO, ZnO, ZnS, ZnTe semiconductors this value is 
4.8–6.1Å) [6]. The Schrodinger equation solution 
with potential (15) allows to define the corresponding 
energy spectrum in dependence upon the parameters 
ε(0), k

F
 (Å

F
) and then to find a link between the semi-

conductors electron structure parameters and their 
catalytic activity likely above described approach. Let 
us note here that a problem of definition of the hy-
drogen atom state energies in the static screened po-
tential (in particular, the potential of the Debye type) 
approximation is well known in a theory of plasma 
and considered in many papers (see [23–26]). How-
ever, the potential (15) in this task is firstly considered 
by us. As an example of the approach application, we 
have carried out an estimate of the catalytic activity 
for the CuO, ZnO semiconductors in the hydrogen 
ionization (oxidation) reaction. Our estimate (the 
considered case for semiconductors is corresponding 
to the numerical estimate ζ<ζo for metals) shows that 
the ground level of the hydrogen atom in a case of the 
CuO and ZnO semiconductors is in a continuum, i.e. 
the known Mott effect has a place here [30]. In their 
turn this means that the the CuO and ZnO semicon-
ductors are good catalysts for the hydrogen ionization 
reaction. This is in an excellent agreement with the 
known experimental data [1,5–7]. We believe that the 
simplified model for semiconductors may be naturally 
improved, but the key idea remains the same. 

CONCLUSIONS 

We presented the combined approach to estimat-
ing the catalytic activity of the metallic and semicon-
ductor materials in the electron theory of catalysis, 
which is based on the combined quantum-mechanical 
and electrodynamical models. We have shown that 
even in the zeroth approximation very useful informa-
tion about catalytic activity of the studied materials 
for some model reactions can be obtained within quite 
simple and physically reasonable approach. The cata-
lytic properties of the semiconductor and metallic ma-
terials are directly connected with electronic processes 
which occur inside and on the surface of the materials 
and provide these properties in the end. In fact, our 
approach can be considered as an effective zeroth ap-
proximation in the electron theory of catalysis. It can 
also provide an evaluation of the charge exchange pro-
cesses on a surface and, in such a way, could be used 
for the semiconductor sensors efficiency prediction 
for the given type reactions. Naturally, some addi-
tional factors such as the electrolyte influence, surface 
effects, the electrodes potential, the electrolyte type, 
electron concentration in the surface layer and many 
others [1–10] should be taken into account. Let us 
underline that very important and positive feature of 
the approach is clear quantitative physical correlation 
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between the electron structure parameters for metal-
lic and semiconductor materials and their catalytic 
properties. On the other hand, naturally, the presented 
approach is the semi-quantitative one in more degree 
and surely can not provide a full quantitative descrip-
tion of the catalysis properties for any substances in re-
lation to any reactions. More over it would be very use-
ful further to link the elaborating approach with recent 
theory of the catalysis on the metals and semiconduc-
tors (not only by means of the eq. (3,4) and similar 
sufficiently complicated relationships) in order to pro-
vide more consistent, combined quantitative descrip-
tion of the complicated reactions on metals, metallic 
alloys, semiconductors. In any case we believe that 
the presented conception can be very useful in dealing 
with new challenges in the modern theory of catalysis, 
connected with direct electric or laser field effect on 
the catalytic processes on the surface of metallic and 
semiconductor materials (by means of the photoef-
fect, the Szilard-Chalmers type effects etc) and gov-
erning by these processes, carrying out new biocata-
lysts and studying related topics, searching new classes 
of the nanocluster catalysts) etc (see refs. in [31,32]). 
It is self-understood that the corresponding potentials 
should be modified in a case of the nano-cluster films 
(semiconductor heterostructures and superlattices; 
the Stark effect in nanocluster films). In this essence 
earlier developed quantum-mechanical methods (see 
[27,28]) can be easily and naturally combined with the 
presented approach. 

References 

Waite, R.E.; Bockris, J.; Conway, B. E. Modern Aspects of 1. 
Electrochemistry (N-Y., Plenum Press) 1999, Vol.21; Funda-
mentals of Electrochemical Deposition, The Electrochemi-
cal Society Series, Ed. Paunovic, M. (N. — Y., John Wiley & 
Sons, Inc.) 2006. 
Thomas, J.M.; Thomas, W. J. Principles and Practice of Het-2. 
erogeneous Catalysis (N. — Y., Wiley-VCH) 1996; Richards, 
R. Surface and Nanomolecular Catalysis (N. — Y., CRC 
Press) 2006. 
Stampfl C., Kreuzer H., Payne S., Scheffler M., Challenges 3. 
in predictive calculations of processes at surfaces: surface 
thermodynamics and catalytic reactions//Appl. Phys. A. — 
1999. — Vol.69. — P. 471–480. 
Da Silva J. L.F., Stampfl C., Scheffler M., Adsorption of Xe 4. 
Atoms on Metal Surfaces: New Insights from First-Principles 
Calculations//Phys.Rev.Lett. — 2003. — Vol.90. — P. 066104. 
Austin, S. Material Solid State Batteries (Singapore, World 5. 
Scientific) 1996; Electronic Phenomena in Adsorption and 
Catalysis on Semiconductors and Dielectrics, Springer Series 
in Surface Sciences, Eds. Kiselev, V. F.; Krylov, O.V. (Berlin, 
Springer) 1997, Vol.7. 
Wolkenstein, F. F. Electron Processes on surface of 6. 
semiconductors under chemosorbtion (Moscow, Pub. Nau-
ka) 1991; Meylikhov, E.Z.; Lazarev S. D., Electrophysical 
properties of semiconductors (Moscow, Pub.Nauka) 1997. 
Royter, V. A. Catalytic properties of substances (Mos-7. 
cow, Pub. Nauka) 1998. 
Glushkov A. V., Kondratenko P. A., Lepikh Ya.I. , Fed-8. 
chuk A. P., Svinarenko A. A., Lovett L., Electrodynamical 
and quantum — chemical approaches to modelling the elec-
trochemical and catalytic processes on metals, metal alloys 
and semiconductors//Int. Journ. of Quantum Chemistry. — 
2009. — Vol.109,N14. — P.3473–3481. 
Glushkov A. V., Electron theory of Catalysis on Metallic Al-9. 
loys: Electrodynamical model// Electrochemistry. — 1999. — 
Vol.27,N1. — P. 131–133; Electron theory of Catalysis on 
Metals: Quantum Chemical model// Electrochemistry. — 
1998-Vol.29,N3. — P.369–376. 
Glushkov A. V., Lepikh Ya.I., Fedchuk A. P., Khetselius 10. 
O.Yu.,Electrodynamical and quantum –chemical modelling 

the electrochemical and catalytic processes on metals and 
semiconductors: Lanthanide perovskites// Photoelectron-
ics. — 2008. — N17. — P.89–94. 
Wilson, S. Handbook on Molecular Physics and Quan-11. 
tum Chemistry (Chichester, Wiley) 2007, 650p.; Glushkov, 
A. V. Relativistic Quantum Theory. Quantum Mechanics of 
Atomic Systems (Odessa, Astroprint, Odessa) 2008, 900p. 
Slater, J. C. The self-Consistent Field Method for molecules 12. 
and solids: Quantum theory of molecules and solids (N. — Y., 
McGraw-Hill) 1999. 
Glushkov A. V., Parkhomenko V. D., Tcybulev P. N., Be-13. 
lous M. V., Katashinsky A. K., Bound States in Catalysis: 
New electrodynamical & quantum chemical models in elec-
tron theory of catalysis// Uzhgorod Univ. Sci. Herald. Series.
Physics. — 2000. — Vol.8,N2. — P.361–365. 
Kohn W., Sham L., Quantum density oscillations in an inho-14. 
mogeneous electron gas//Phys. Rev.A. — 1995. — Vol.137. — 
P.1697–1710. 
Advanced Topics in Theoretical Chemical Physics, Progress 15. 
in Theoretical Chemistry and Physics, Eds. Maruani, J.; 
Lefebvre, R.; Brändas, E. (Berlin, Springer) 2004, Vol.12. 
The Fundamentals of Electron Density, Density Matrix and 16. 
Density Functional Theory in Atoms, Molecules and the Solid 
State, Progress in Theoretical Chemistry and Physics, Eds. 
Gidopoulos, N.I., Wilson, S. (Berlin, Springer) 2004, Vol.14. 
Li, W. — X.; Stampfl, C.; Scheffler, M., Why is a Noble Met-17. 
al Catalytically Active? The Role of the O-Ag Interaction in 
the Function of Silver as an Oxidation Catalyst//Phys. Rev. 
Lett. — 2003. — Vol.90. — P.256102 
Piccinin, S.; Stampfl, C.; Scheffler, M., First-principles in-18. 
vestigation of Ag-Cu alloy surfaces in an oxidizing environ-
ment//Phys. Rev. B. — 2008. — Vol.77. — P.075426. 
Masnou F., Philips N., Valiron P., Model potential calcula-19. 
tions of the molecular system Na-Ne//Phys.Chem.Lett. — 
1998. — Vol.41,N3. — P.395–398. 
Glushkov A. V., Fedchuk A. P., Khetselius O.Yu., Heavy El-20. 
ements , Relativistic SOC Effects in Catalysis Processes// 
Proc. European Science Foundation REHE School and 
Workshop on “Spin-Orbit Coupling in Chemical Reactions”, 
(Poland ), 1998. — P.11. 
Glushkov A. V., A new approach in Electron theory of Cataly-21. 
sis: Electrodynamical and QuantumChemical models.Catal-
ysis modeling in Plasma Chemical Reactors// Proc. 220th Na-
tional Meeting of American Chemical Society: Catalysis and 
Plasma Technologies, Washington, (2000). — P. 221–224. 
Glushkov A. V., New Approach in Electron Theory of Ca-22. 
talysis: Electrodynamical and Quantum Mechanical Models 
for binary metallic alloys// Proc.12th International Congress 
on Catalysis, Granada (Spain), 2000. — P.Th31. 
Lundqvist, S.; March, N. Theory of Inhomogeneous Elec-23. 
tron Gas (N-Y., Plenum Press) 1993,Ch.5. 
Pines, D.; Nozieres, F. Theory of quantum liquids (N. — Y., 24. 
Benjamin) 1966. 
Two-dimensional electron systems. Eds. Maradulin, A.; Lo-25. 
zovik, Yu.E. (Amsterdam, North-Holland) 1996. 
Kraeft, W. — D.; Kremp, D.; Ebeling, W.; Ropke G. Quan-26. 
tum statistics of charged particle systems (Berlin, Akad. — 
Verlag) 1996. 
Glushkov A. V., Ivanov L. N., DC Strong-Field Stark-Effect: 27. 
consistent quantum-mechanical approach // J.Phys.B:At.
Mol.Opt.Phys. — 1999. — Vol.26,N16. — P.L379–389. 
Glushkov A. V., Ambrosov S. V., Ignatenko A. V., Ko-28. 
rchevsky D. A., DC Strong Field Stark Effect for Non-hydro-
genic Atoms: Consistent Quantum Mechanical Approach // 
Int.Journ.Quant.Chem. — 2004. — Vol.99,N5. — P.936–939. 
Resta, R., Density functionals in theory of semiconductors//29. 
Phys.Rev.B. — 1997. — Vol.16. — P.2717–2726. 
Mott, N.F.; Metal-Insulator transitions, London, Taylor & 30. 
Francis, 1994. 
Glushkov A. V., Khetselius O.Yu., Malinovskaya S. V., New 31. 
laser-electron nuclear effects in the nuclear γ transition spec-
tra in atomic and molecular systems// Frontiers in Quantum 
Systems in Chemistry and Physics (Springer). — 2008. — 
Vol.18. — P.523–540. 
Glushkov A. V., Khetselius O.Yu., Malinovskaya S. V., Op-32. 
tics and spectroscopy of cooperative laser-electron nuclear 
processes in atomic and molecular systems — New trend 
in quantum optics// Europ.Phys.Journ. ST. — 2008. — 
Vol.160,N1. — P.195–204. 



98

UDC 541.27 

A. P. Fedchuk, A. V. Glushkov, Ya.I. Lepikh 

COMBINED ELECTRODYNAMICAL AND QUANTUM — CHEMICAL APPROACHES TO MODELLING THE 
CATALYTIC ACTIVITY OF METALS, METAL ALLOYS AND SEMICONDUCTORS 

Abstract. 
The catalytic activity definition for metals, binary metallic alloys and semiconductor materials is considered within the combined 

quantum mechanical and electrodynamics approach in the electron theory of catalysis. 
Key words: catalytic properties, metals, binary metallic alloys, semiconductors 

ÓÄÊ 541.27 

A. Ï. Ôåä÷óê, A. Â. Ãëóøêîâ, ß. È. Ëåïèõ 

ÝËÅÊÒÐÎÄÈÍÀÌÈ×ÅÑÊÈÉ È ÊÂÀÍÒÎÂÎÕÈÌÈ×ÅÑÊÈÉ ÏÎÄÕÎÄ Ê ÌÎÄÅËÈÐÎÂÀÍÈÞ 
ÊÀÒÀËÈÒÈ×ÅÑÊÎÉ ÀÊÒÈÂÍÎÑÒÈ ÌÅÒÀËËÎÂ, ÑÏËÀÂÎÂ 

È ÏÎËÓÏÐÎÂÎÄÍÈÊÎÂ 

Ðåçþìå. 
Èçëîæåí êîìáèíèðîâàííûé ýëåêòðîäèíàìè÷åñêèé è êâàíòîâî-õèìè÷åñêèé ïîäõîä â ýëåêòðîííîé òåîðèè êàòàëèçà ê 

ìîäåëèðîâàíèþ ýëåêòðîõèìè÷åñêèõ ñâîéñòâ è êàòàëèòè÷åñêîé àêòèâíîñòè ìåòàëëîâ, ìåòàëëè÷åñêèõ ñïëàâîâ è ïîëóïðîâî-
äíèêîâûõ ìàòåðèàëîâ. 

Êëþ÷åâûå ñëîâà: êâàíòîâî-õèìè÷åñêèé ïîäõîä, êàòàëèòè÷åñêèå ñâîéñòâà, ìåòàëëû, ìåòàëëè÷åñêèå ñïëàâû, ïîëóïðîâî-
äíèêè 

ÓÄÊ 541.27 

Î. Ï. Ôåä÷óê, Î. Â. Ãëóøêîâ, ß. ². Ëåï³õ 

ÅËÅÊÒÐÎÄÈÍÀÌ²×ÍÈÉ ² ÊÂÀÍÒÎÂÎÕ²Ì²×ÍÈÉ Ï²ÄÕ²Ä ÄÎ ÌÎÄÅËÞÂÀÍÍß ÊÀÒÀË²ÒÈ×ÍÎ¯ ÀÊÒÈÂÍÎÑÒ² 
ÌÅÒÀË²Â, ÑÏËÀÂ²Â ² ÍÀÏ²ÂÏÐÎÂ²ÄÍÈÊ²Â 

Ðåçþìå. 
Âèêëàäåíî êîìá³íîâàíèé åëåêòðîäèíàì³÷íèé òà êâàíòîâî-õ³ì³÷íèé ï³äõ³ä â åëåêòðîíí³é òåîð³¿ êàòàë³çó äî ìîäåëþâàííÿ 

åëåêòðîõ³ì³÷íèõ âëàñòèâîñòåé òà êàòàë³òè÷íî¿ àêòèâíîñò³ ìåòàë³â, ìåòàë³÷íèõ ñïëàâ³â ³ íàï³âïðîâ³äíèêîâèõ ìàòåð³àë³â. 
Êëþ÷îâ³ ñëîâà: êâàíòîâî-õ³ì³÷íèé ï³äõ³ä, êàòàë³òè÷í³ âëàñòèâîñò³, ìåòàëè, ìåòàë³÷í³ ñïëàâè, íàï³âïðîâ³äíèêè 



99

1. INTRODUCTION 

In this paper we firstly give the QED interpretation 
of the such physically interesting and very complicated 
phenomenon as positron collisional excitation and ion-
ization of the multi-electron atoms in Rydberg states. 
Considered will be processes, which lead to single (out-
er shell) ionization of the multielectron atom. Positron 
impact can lead to ionization via two reaction channels 
usually called break up (of the atom into an electron 
and ion) and transfer of one atomic electron to the pro-
jectile to form positronium. The most accurate posi-
tron ionization cross sections for example, for helium 
are presented in [1] and analysed in comparison with 
that for electron impact ionization. It should be noted 
that the features of particular interest are the merging of 
the cross sections above 600 eV when the first Born ap-
proximation is valid, the positron cross section exceed-
ing the electron cross section at medium energies and a 
cross over of the cross section curves near threshold. 

Let us remember that the modern quantum the-
ory of atomic systems can be considered as a funda-
mental basis for treating a wide cycle of phenomena, 
including the excitation, photoionization, radiation 
and autoionization decay etc. [1–21]. In the last 
years a great success has been achieved in the ap-
plied atomic , nuclear, and laser physics, quantum 
and photo-electronics. Naturally, for more than 80 
years, the theory of collisional ionization was devel-
oping and considering mainly the ground states and 
lowest excited states in usual neutral atoms, begin-
ning from the hydrogen one. But a great progress in 
experimental laser physics and appearance of the so 
called tunable lasers allow to get the highly excited 
Rydberg states of atoms. In fact this is a beginning 
of a new epoch in the atomic physics regarding the 
Rydberg atoms [1–8]. The experiments with Ryd-
berg atoms had very soon resulted in the discovery 
of an important ionization mechanism, provided by 
unique features of the Rydberg atoms. Relatively new 
topic of the modern theory is connected with con-
sistent treating the positron-collisional ionization of 
the Rydberg atoms [1–5]. From the theoretical point 
of view, the positron collisional effect can essential-
ly affect on the Rydberg states in atoms. In the last 
years there is appearing a sufficiently great number 
of papers devoted to the electron collisional ioniza-
tion of the Rydberg atoms within the non-relativistic 

and relativistic approaches (look refs. [1–21]). Usu-
ally the standard methods of atomic physics, includ-
ing the Hartree-Fock, Dirac-Fock, different model 
potential schemes, R-matrix and energy approaches 
etc [1–4] were used in order to define the electron-
collisional ionization characteristics of neutral and 
even Rydberg atoms. In our opinion the significant 
advantage of the simple model potential and quan-
tum defect approached (non-relativistic schemes) 
in comparison with other methods and, particularly, 
other model potentials is the possibility of present-
ing analytically, in terms of the hypergeometric 
functions, the quantitative characteristics for arbi-
trarily high orders, related to both bound–bound 
and bound–free transitions. From the other side, the 
heavy Rydberg atomic systems and corresponding 
collisional phenomena should be considered within 
strictly relativistic theory. Here we present new com-
bined quantum defect method and energy approach 
to definition of the positron-collisional excitation 
and ionization characteristics of the Rydberg atoms. 
The important feature of new theory is implementa-
tion of the quantum defect approximation to the S-
matrix energy formalism. This provides sufficiently 
correct and simultaneously simplified numerical pro-
cedure to definition of the corresponding collisional 
ionization properties. Naturally, the similar formu-
lation is in many aspects similar to the correspond-
ing electron impact ionization phenomenon. More 
over, as starting basis we use the energy approach to 
QED theory of multi-particle relativistic atoms by 
Glushkov-Ivanov [4, 11,12] and earlier developed by 
us theory of the electron-Rydberg atoms collisional 
phenomena [20,21]. 

2. POSITRON COLLISIONAL IONIZATION 
OF THE RYDBERG ATOMS: ENERGY 
APPROACH 

As in refs. [13,14,20], for definiteness, we consider 
the highly excited Rydberg states 1s22s22p5nl (n>>3) 
of the Ne-like ion, which can be treated as two-quasi-
particle (2QP) states. It is usually accepted, as the bare 
potential, a potential including the electric nuclear 
potential V

N
 and some parameterized potential V

C
, 

that imitates the interaction of closed-shell electrons 
with quasi-particles. The parameters of the model 
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bare potential are chosen so as to generate accurate 
eigen-energies of all one-quasi-particle (1QP) states, 
i.e. 2s2p6, 2s22p5 states of the F-like ion and 2s22p6nl 
states of Na-like ions, with the same nucleus. Usually 
the experimental one-quasi-particle energies are used 
for determination of parameters of the model poten-
tial (look refs. [4,10,11]). Naturally (look below) the 
quantum defect approximation is very effective here 
as it provides the hydrogen-like approximation for the 
corresponding wave functions. 

The energy approach in scattering theory [4,11–
14] and the masters formulas are applicable here, but 
there is a key difference. Consider as an example, the 
positron-collisional excitation of the Rydberg Ne-like 
ion: ((2j

iv
)-13j

ie
[J

i
M

i
], ε

in
)→(Φ

o
,ε

sc
). Here Φ

o
 is the state 

of the ion with closed shells (ground state of the Ne-
like ion); J

i
 is the total angular moment of the initial 

target state; indices iv, ie are related to the initial states 
of vacancy and electron; indices ε

in 
and ε

sc 
are the in-

cident and scattered energies, respectively to the inci-
dent positron and scattered positron (electron). It is 
convenient to use the second quantization representa-
tion. In particular, the initial state of the system “atom 
plus free electron” can be written as 

 ,
,

,
| i i

ie iv
iv ie

J M
in ie iv o m m
m m

I a a a C+ +>= Φ∑   (1) 

Here ,
,

i i

ie iv

J M
m mC  is the Clebsh-Gordan coefficient. Fi-

nal state is: | sc oF a+>= Φ , where oΦ  is the state of an 
ion with closed electron shells (ground state of Ne-like 
ion), |I> represents three-quasiparticle (3QP) state , 
and |F> represents the one-quasiparticle (1QP) state. 
For the state (1) the scattered part of energy shift Im 
ΔE appears first in the PT second order in the form of 
integral over the scattered positron energy ε

sc 
: 

 ( , , , ) /( 0)sc iv ie in sc sc iv ie ind G iε ε ε ε ε ε − ε − ε − ε −∫   (2) 

with 
 ImΔE=π ( , , , )iv ie in scG ε ε ε ε   (3) 

Here G is a definite squired combination of the 
two-electron matrix elements (2). The value σ=-2 
ImΔE represents the collisional cross-section if the 
incident positron eigen-function is normalized by the 
unit flow condition and the scattered particle eigen-
function is normalized by the energy δ function. The 
collisional strength ( )I FΩ →  is connected with the 
collisional cross section σ by expression (c.f. [4,14]): 

 2

( )
( ) / {(2 1) [( ) 2]}i in in

I F
I F J Z

σ → =

= Ω → ⋅ π + ε α ε +   (4) 

Here and below the Coulomb units are used; 1 
C.u. ≈27,054Z2 eV, for energy; 1 C.u.≈0,529⋅10–8/Z 
cm, for length; 1 C.u. ≈2,419⋅10–17/Z2 sec for time. 
The collisional de-excitation cross section is: 

,

2
,

,

( 0)
2 (2 1){ 0 | , | , , }

in sc ie iv

IK
sc in sc ie iv i ie iv

j j j j

IK
j j j j j J B

σ → =

= π + < >∑ ∑   (5) 

Here ,
IK
ie ivB  is a real matrix of eigen-vectors coef-

ficients, which is obtained after diagonalization of the 
secular energy matrix. The amplitude like combina-
tion in (8) has the following form: 

 1/2

0 | , | , ,

(2 1)(2 1)( 1) ( 1)ie i

in sc ie iv i

j J
ie iv

j j j j J

j j + λ+

λ

< >=

= + + − × − ×∑  

 

,{ / (2 1) ( , ; , )

... ...
( ; ; , )}

... .....

iJ i

in sc i

ie iv

J Q sc ie iv in

j j J
Q ie in iv sc

j j

λ λ

λ

× δ + +

⎡ ⎤
+ ⎢ ⎥λ⎣ ⎦

  (6) 

In (6) values Qλ  are defined in ref. [4]. For the 
collisional excitations from ground state (inverse pro-
cess) one must consider 0ina

+ Φ  as the initial state and 

 ,
,

,
| f f

fe fv
fe fv

J M
sc fe fv o m m
m m

F a a a C+ +>= Φ∑ �  (7) 

as a final state. The cross-section is as follows: 

 
,

(0 ) 2 (2 1) (2 1)
in sc

f sc
j j

IF J jσ → = π + + ⋅∑  

 
,

2
,{ , | , | 0 }

fe fv

FK
fe fv fe fv f in sc

j j
B j j J j j⋅ < >∑   (8) 

To calculate the corresponding parameters, one 
should use the relativistic expressions for quantum 
defect approximation wave functions. As it was indi-
cated, the heavy Rydberg atomic systems should be 
considered within strictly relativistic theory. 

3. QUANTUM DEFECT APPROXIMATION 
FOR RYDBERG ATOMS 

In order to simple and accurately treat the Ry-
dberg multi-electron atoms it is useful to apply the 
known quantum defect approximation by Seaton et al 
(see refs. [1. 20,21]) and implement it to the scheme 
for calculation the collisional excitation (ionization) 
cross-sections. Let us give the master formulas of this 
approximation in application to our task. The general 
expression for the wave function can be presented in a 
standard form as follows: 

 ( ) ( )
NCF

r r
r

PJM c PJMΨ Γ = Φ γ∑   (9) 

which should be received from the self-consistent so-
lutions of the Dirac type quantum-defect equations. 
Configuration mixing coefficients c

r
 are usually ob-

tained through diagonalization of the Dirac-Coulomb 
Hamiltonian, which is chosen by us in the following 
form [4]: 

 H
DC

=Σ
i
 [cα

i
 p

i
 + (β

i
-1)c2 –

 – V(r|nlj)] + Σ
i>j

 exp(iωr
ij
)(1-α

1
α

2
)/r

ij  
(10) 

where α
i
,,β are the Dirac matrices. The potential in 

H
DC

 contains the electrical potential of a nucleus, the 
electron self-consistent potential and the potential of 
exchange inter-electron interaction. In the quantum 
defect approximation the one-particle wave functions 
are found from solution of the relativistic Dirac equa-
tion, which can be written in the central field in a two-
component (f,g) form [4]: 

 ( ) ( )2nf f r ZVg ZE Z gχ′ = − χ + χ − α − α + α   (11) 

 ( )' ng g r ZVf ZE fχ== χ − χ − α + α   (12) 
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Here the Coulomb units (C.u.) are used; nE χ  is 
one-electron energy without the rest energy and other 
notations are standard. In the quantum defect approx-
imation to describe a spectrum of the Rydberg atom it 
is usually used the simple formula: 

 
( )2 2

1 1 ,
2 2

alk
eff l

E n N
n n

= − = − ∈
− δ

  (13) 

where n
eff

 — effective quantum number, δ
l
 — quantum 

defect, which is dependent upon the orbital quantum 
number. Usually to reach a high accuracy in defini-
tion of the quantum defect it is used an expansion (the 
known Ritzs formula): 

 (0)

1

M
i i

l l l
i

E
=

δ = δ + δ∑   (14) 

From the physical point of view, for the bound 
states a quantum defect defines an effect of the non-
Coulomb part of the atomic potential in multi-electron 
system. For the scattering states a role of the quantum 
defect belongs to the asymptotic phase shift τ. Accord-
ing to the Siton theorem , a link between phase shift 
and quantum defect is given by [1]: 

 lτ =δ ⋅π   (15) 

Further it is non-difficult to present the Dirac 
equations (11) or (12) in the quantum defect approxi-
mation. Really, in this case the potential V

at
=-1/r for 

r>r
0
>0 (r

0 
is a radius of the atomic core, for example 

in the F-,Ne-,Na-like ions). Naturally for the bound 
states the corresponding components, for example, 
F(r )→0 under r→∝. For large values of r the corre-
sponding functions are satisfying to the asymptotics as 
follows: 

 ( , , ) ( . . ) sin( ) ( , , ) i mf E l r u m l r m v m l r e π→ π − ,  (16a) 

   ( 1/2)( , , ) ( . . ) sin( ) ( , , ) i mg E l r u m l r m v m l r e π +→ − π +   (16b) 

where u,v are respectively exponentially increasing and 
decreasing functions. Naturally to get asymptotically 
exponentially decreasing function a multiplier u in (16) 
must reach to zero, i.e. it is correct a condition: 

 sin( ) sin( 1/ 2 ) 0m Eτ + π = τ + π − =   (17) 

Finally for the bound state, the correctly normal-
ized solution is as follows: 

( ) ( ) ( ) ( ) ( ), cos , sin ,
alkl E l l alk l l alkF r s E r c E r= πδ + πδ   (18) 

where E
alk

=E and the functions s
l
 , c

l
 represent the nor-

malized (on energy) regular and non-regular Coulomb 
functions. Further using the quantum defect approxi-
mation functions in the energy approach scheme to cal-
culating the positron-collisional excitation (ionization) 
of the Rydberg atoms is the same as in the initial version 
of the method [4] (see also details in refs. [20,21]). 

4. CONCLUSIONS 

Thus, here we have presented a new combined 
quantum defect method and energy approach to 
definition of the positron-collisional excitation and 

ionization characteristics of the Rydberg atoms. The 
key feature of the presented basis theory is an imple-
mentation of the quantum defect approximation into 
the frames of the S-matrix energy formalism to pos-
itron-Rydberg muilti-electron atom collisional sys-
tem. Obviously, this will provide sufficiently correct 
and simultaneously simplified numerical procedure 
to definition of the corresponding collisional exci-
tation and ionization properties and thus it is repre-
sented significantly more advantagable in comparison 
with the cumbersome Hartree-Fock and Dirac-Fock 
methods [1–4]. Naturally, from the one side, the task 
considered has to be more simple in comparison the 
similar electron-collisional problem (absence of the 
exchange) [1–4,6,7,20], but, from another side, one 
should take into account different channels of decay, 
including the transferring one ionized atomic electron 
to the projectile to form positronium (look, for exam-
ple, [1,2,5]). As result, a theoretical description of the 
multi-body collisional system and correspondingly 
some expressions will become more complicated. 

In conclusion the authors would like to thank Pro-
fessors V. D.Rusov, A. V. Glushkov, V. N. Pavlovich, 
V. N. Vysotsky for useful comments. 
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1. INTRODUCTION 

At present time studying the hadronic, in particu-
lar, kaonic atomic systems (pionic, muonic etc atoms) 
is of a great importance for further the development of 
atomic and nuclear theories and sensing the nuclear 
structure (fundamental kaon, pion-nucleus strong 
interactions) and carrying out new low-energy X-ray 
standards [1–16]. Besides, it is attractable due to the 
possibilities to evaluate the kaon etc mass using high 
accuracy X-ray spectroscopy. The spectroscopy of ka-
onic hydrogen allows to study the strong interaction 
at low energies by measuring the energy and natu-
ral width of the ground level with a precision of few 
meV [1–5]. The collaborators of the E570 experiment 
[6,7] measured X-ray energy of a kaonic helium atom, 
which is an atom consisting of a kaon (a negatively 
charged heavy particle) and a helium nucleus. Batty 
et al [4] had performed theoretical and experimental 
studying the strong- interaction effects in spectra of 
high Z kaonic atoms. These authors had applied the 
naïve phenomenological optical model estimates. 
Now new exciting experiments are been preparing in 
order to make sensing the strong interaction effects in 
other hadronic atoms. It is known that the shifts and 
widths due to the strong interaction can be system-
atically understood using phenomenological optical 
potential models. Nevertheless, one could mention 
a large discrepancy between the theories and experi-
ments on the kaonic helium 2p state. A large repul-
sive shift (about -40 eV) has been measured by three 
experimental groups in the 1970’s and 80’s, while a 
very small shift (< 1 eV) was obtained by the optical 
models calculated from the kaonic atom X-ray data 
with Z>2 [1–6]. This significant disagreement (a dif-
ference of over 5 standard deviations) between the ex-
perimental results and the theoretical calculations is 
known as the “kaonic helium puzzle”. A possible large 
shift has been predicted using the model assuming the 
existence of the deeply bound kaonic nuclear states. 
However, even using this model, the large shift of 40 
eV measured in the experiments cannot be explained. 
A re-measurement of the shift of the kaonic helium 
X-rays is one of the top priorities in the experimen-
tal research activities. In the theory of the kaonic and 
pionic atoms there is an important task, connected 
with a direct calculation of the X-ray transition ener-

gies within consistent relativistic quantum mechanical 
atomic and nuclear theory methods. The standard way 
is based on solution of the Klein-Gordon equation, 
but there are many important problems connected 
with accurate accounting for as kaon-nuclear strong 
interaction effects as QED radiative corrections (first-
ly, the vacuum polarization effect etc.) [1–5]. This 
topic has been a subject of intensive theoretical and 
experimental interest (see [12–20]). In refs. [5,10] it 
has been developed an effective ab initio scheme to 
the Klein-Gordon equation solution and further defi-
nition of the X–ray spectra for multi-electron kaonic 
atoms with an account of the nuclear, radiative effects. 
The theoretical studying the strong interaction shifts 
and widths from X-ray spectroscopy of kaonic atoms 
(U, Pb etc) was fulfilled. In this paper, which goes on 
our work [5,10,21], we study some transitions in the 
X-ray spectra of lithium, sodium etc. 

2. THE KLEIN-GORDON EQUATION 
APPROACH IN THE KAONIC ATOM THEORY 

As the key moments of the used approach to study-
ing the spectra for multi-electron kaonic atoms with 
an account of nuclear and radiative effects are earlier 
in details described [10,21]), here we are limited only 
by the master equations. The wave functions of the ze-
roth approximation for kaonic atoms are found from 
the Klein-Gordon equation [5]: 

 2 2 2 2 2
02

1( ) { [ ( )] } ( )tm c x i eV r x
c

Ψ = ∂ + + ∇ Ψ= = ,  (1) 

where h is the Planck constant, c the velocity of the 
light and the scalar wavefunction Ψ

0
(x) depends on 

the space-time coordinate x = (ct,r). Here it is con-
sidered a case of a central Coulomb potential (V

0
(r), 

0). A usually, We consider here the stationary solution 
of Eq. (1). In this case, we can write: 

  (x)  exp(-iEt xΨ = /  )φ( )=   (2) 

and Eq. (1) becomes: 

 2 2 2 2 2
02

1{ [ ( )] } ( ) 0E eV r m c x
c

+ + ∇ − φ ==   (3) 

where E is the total energy of the system (sum of the 
mass energy mc2 and binding energy ε

0
). In principle, 
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the central potential V
0
 should include the central 

Coulomb potential, the vacuum-polarization po-
tential as well as the kaon-nucleus strong interac-
tion potential (optical model potential). Earlier we 
have calculated some characteristics of hydrogen-like 
and other multi-electron ions with using the nuclear 
charge distribution in the form of a uniformly charged 
sphere and Gaussian form (c.f. [19–21]). The advan-
tage of the Gaussian form nuclear charge distribution 
is provided by using the smooth function instead of 
the discontinuous one as in the model of a uniformly 
charged sphere [22]. It is obvious that it simplifies the 
calculation procedure and permits to perform a flex-
ible simulation of the real distribution of the charge in 
a nucleus. In last years to define the nuclear potential 
it is usually used the Fermi model for the charge distri-
bution in the nucleus ( )rρ  (c.f.[21]): 

 0( ) / {1 exp[( ) / )]}ñ r ñ r c a= + −   (4) 

where the parameter a=0.523 fm, the parameter 
ñ is chosen by such a way that it is true the fol-
lowing condition for average-squared radius: 
<r2>1/2=(0.836⋅A1/3+0.5700)fm. Further let us 
present the formulas for the finite size nuclear po-
tential and 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 poten-
tial is realized by exchanging W(r) by the potential 
[18]: 

( ) ( ) ( ) ( ) ( )2 2

0

r

r

W r R W r dr r r R dr r W r r R
∞

= ρ + ρ∫ ∫ .  (5) 

We assume it as some zeroth approximation. Fur-
ther 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 spherically symmetric den-
sity ( )r Rρ  is: 

   ( ) (( ) ( ) ( )' ' 2 ' ' ' '

0

1
r

nucl
r

V r R r dr r r R dr r r R
∞

= − ρ + ρ∫ ∫   (6) 

It is determined by the following system of differ-
ential equations [18]: 

 ( ) ( ) ( ) ( ) ( )' 2 ' ' 2 ' 2

0

, 1 , 1 ,
r

V nucl r R r dr r r R r y r R= ρ ≡∫  

 ( ) ( )2' , ,y r R r r R= ρ   (7) 

 2
0'( ) ( / ) exp[( ) / ]{1 exp[( ) / )]}ñ r ñ a r c a r c a= − + −  

with the boundary conditions: 

 ( ) ( )0, 4nuclV R r= − π  

  ( )0, 0y R = ,  (8) 

 0(0) /{1 exp[ / ]}ñ ñ c a= + −  

The new important topic is connected with a cor-
rect accounting the radiation QED corrections and, 
first of all, the vacuum polarization correction. Proce-
dure for an account of the radiative QED corrections 
in a theory of the multi-electron atoms is given in de-
tail in refs. [5,18]. Regarding the vacuum polarization 

effect let us note that this effect is usually taken into 
account in the first PT order by means of the Uehling 
potential: 

( ) ( )( )

( )

2
2

2
1

2 1exp 2 1 1 2
3

2 ,
3

tU r dt rt Z t
r t

C g
r

∞α −
= − − α + ≡

π

α
≡ −

π

∫

  (9) 

where 
rg
Z

=
α

. In our calculation we usually use more 

exact approach. The Uehling potential, determined as 
a quadrature (9), may be approximated with high pre-
cision by a simple analytical function. The use of new 
approximation of the Uehling potential [18] permits 
one to decrease the calculation errors for this term 
down to 0.5 — 1%. Besides, using such a simple ana-
lytical function form for approximating the Uehling 
potential allows its easy inclusion into the general sys-
tem of differential equations. 

3. ESTIMATE OF THE STRONG 
INTERACTION EFFECT CONTRIBUTION 

As it is well known, the nuclear absorption is de-
fined by the strength of the strong interaction and 
overlapping the kaonic atomic wave function with the 
nuclear ones. The widespread approach to treating the 
strong interaction between the nucleus and orbiting 
kaon is in using the phenomenological optical poten-
tial of the following form [1,5,10]: 

 
2 [1 ][ ( ) ( )]K

N Kp p Kn n
N

MV A r A r
M

π
= − + ρ + ρ

μ
,  (10) 

where μ is the kaon-nucleus reduced mass, M
K
 and 

M
N
 are the kaon and nucleon masses, ( ), ( )p nr rρ ρ  

are the proton and neutron densities in the nucleus 
and ,Kp KnA A are the corresponding complex effec-
tive Kp and Kn scattering lengths. It si well known 
the Batty simplifying assumption of the following 
kind [4]: 

 
2 [1 ][ ( )]K

N
N

MV a r
M

π
= − + ρ

μ
, 

where a is the effective averaged K-nucleon scattering 
length. Batty et al had analyzed the previous kaon data 
and found the acceptable value for the a length is as 
follows [4]: 

 a=[(0.34±0.03)+i(0.84±0.03)] (fm). 

The presented value of the length a has been in-
deed chosen to describe the low and middle Z nuclei 
[4]. The disadvantage of the usually used approach is 
connected with approximate definition of the proton 
and neutron densities and using the effective aver-
aged K-nucleon scattering length. More correct ap-
proach is in the relativistic mean-field (RMF) model 
for the ground-state calculation of the nucleus. The 
RMF model has been designed as a renormalizable 
meson-field theory for nuclear matter and finite nu-
clei [20]. 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 
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model (for a comprehensive review see ref. [19,20]), 
its ansatz is a Lagrangian or Hamiltonian that incor-
porates the effective, in-medium nucleon-nucleon in-
teraction. As a Kohn-Sham scheme, the RMF model 
can incorporate certain ground-state correlations and 
yields a ground-state description beyond the literal 
mean-field picture. RMF models are effective field 
theories for nuclei below an energy scale of 1GeV, 
separating the long- and intermediate-range nucle-
ar physics from short-distance physics, involving, 
i.e., short-range correlations, nucleon form factors, 
vacuum polarization etc, which is absorbed into the 
various terms and coupling constants. In our opinion, 
the most effective parameterization is available in the 
NL3-NLC scheme (see details in refs. [5,20]), which 
is used by us. 

4. RESULTS AND CONCLUSIONS 

In ref. [5,21] we have listed some calculation data 
for a set of kaonic atom (H, N, U, Pb etc)transitions. 
Here we present the same data for the Li-,K-, and 
W- systems. In table 1 we present the calculated elec-
tromagnetic (EM) X-ray energies of kaonic atoms for 
transitions between circular levels. The transitions are 
identified by the initial (n

i
) and final (n

f
 ) quantum 

numbers. The calculated values of transition energies 
are compared with available measured (E

m
) and other 

calculated (E
c
) values [1–7]. In a case of the close agree-

ment between theoretical and experimental data, the 
corresponding levels are less sensitive to strong nuclear 
interaction. In the opposite case one could point to a 
strong-interaction effect in the exception cited above. 

Table 1 
Calculated (E

c
 ) and measured (E

m
) kaonic atoms X-ray energies (in keV) 

Nucl. Transition  E
c
,our theor  E

c
, [4] E

c
 [6] E

c
 [7] E

m

Li 3–2 15.335 15.392 15.319 15.330 15.320 (24) 
15.00 (30)

K 5–4 105.962 105.970 - 105.952 105.86 (28)
W 8–7 346.572 346.54 - - 346.624(25)
W 7–6 535.136 535.24 - - 534.886(92)

Note: the kaon mass was assumed to be 493.677±0.013MeV [11]. 

In table 2 we present the calculated ( C) and 
measured (M) strong interaction shifts ΔE and 
widths G (in keV) for the kaonic atoms X-ray tran-
sitions. The subscripts M and C stands for measured 
and calculated values correspondingly. The width G 
is the strong width of the lower level which was ob-
tained by subtracting the electromagnetic widths of 
the upper and lower level from the measured value. 
The shift ΔE is defined as difference between the 
measured E

M
 and calculated E

EM
 (electromagnetic) 

values of transition energies; the calculated value is 

obtained by direct solving the equation (1) with ka-
on-nuclear potential. Besides, the measured values 
by Miller et al and Cheng et al (from refs. [1,4] are 
listed in table 2 too. It should be noted that Cheng 
et al did not make any energy calibration above the 
511 e+ annihilation and Batty et al [4] indicated 
that the corresponding difference between the en-
ergy values is not serious. In whole this work allows 
to conclude that the measured strong interaction 
parameters are reasonably well reproduced by the 
Klein-Gordon theory. 

Table 2 
Calculated ( C) and measured ( M) strong interaction shifts ΔE and widths G for the kaonic atoms X-ray transitions: a- the shift was 
estimated with Miller et al measured energy (see [1]); b — the shift was estimated with Cheng et al measured energy (see [1]); c — the shift 

by Batty et al [4]; d — this work; 

Nucl  ΔE
C
 (d) G

C
 (d)  ΔE

C
 ( c) G

C
 ( c)  ΔE

M
 G

M
 

W, 8–7 0.038 0.072 -0.003 0.065 0.079c 

0.052d 0.070 (15)

W, 7–6 -0.294 3.85 -0.967 4.187 -0.353c 

-0.250d 3.72 (35)
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In last years a great attention is turned to prob-
lems of experimental and theoretical study of high 
temperature multi-charged ions plasma and develop-
ing the new diagnostics methods (c.f. [1–4]). Similar 
interest is also stimulated by importance of carrying 
out the approaches to determination of the charac-
teristics for multi-charged ions plasma in thermo-
nuclear (tokamak) reactors, searching new mediums 
for X-ray range lasers. The X-ray laser problem has 
stimulated a great number of papers devoting to de-
velopment of theoretical methods for the modeling 
the elementary processes in a collisionally pumped 
plasma. 

A great progress in development of laser technique, 
tokamaks and accelerators experiments resulted to a 
new class of problems in the plasma physics and corre-
spondingly diagnostics of their parameters. The elec-
tron temperatures and particle confinement times in 
tokamak plasmas permit the ionization of the heavy 
impurity elements up to the helium-like (eventually 
hydrogen-like) charge state. High resolution spectros-
copy of the line emission of these ions has become a 
powerful technique for determining the electron and 
ion temperatures T

e 
and T

i
 , the macroscopic plasma 

movement and dynamics of the plasma impurity 
transport. Experimental measurements have beer car-
ried out by means of Bragg crystal spectrometers, high 
quality spectral analysis for diagnostic-relevant impu-
rities at several large tokamaks: Ti20+ and Fe24+ (Princ-
eton Large Torus), Cr22+ (tokamak de Fontenau-aux-
Roses=TFR) etc [1–4]. The TFR measurements of 
the plasma parameters and wavelengths, atomic char-
acteristics of satellite spectrum of the He-like ions 
from Ar16+ to Mn23 (Ar, Sc, V,Cr, Mn) are accurately 
carried out and presented in ref. [2]. 

Two key theoretical problems must be solved in 
order to develop a special code and to predict neces-
sary plasma parameters needed for sensing the plasma 
parameters. First one is a highly accurate definition 
of the rate coefficients for elementary processes in 
the plasma that are responsible for the forming emis-
sion lines spectra. The second problem is connected 
with necessity of development new adequate calcu-
lation schemes for defining the wavelengths, level 
populations, inversions, line intensities etc. at definite 
plasma parameters. Despite of great number papers, 
devoting to solving cited problems (c.f. [1–10] and 
references in them), they are at present time quite far 

from final adequate solution. The most consistent ap-
proach to considered problems solving must base on 
the quantum electrodynamics (QED) [6–10]. In ref. 
[9–11] two new consistent QED versions for calcula-
tions of the spectroscopic characteristics of the mul-
ticharged ions in plasma have been developed, based 
on the QED perturbation theory formalism [12]. In 
ref. [11] some illustrations regarding sensing the toka-
mak plasma parameters (electron temperature etc.) 
and calculation results for wavelengths atomic charac-
teristics of satellite spectrum of the He-like ions were 
presented and compared with the experimental data of 
the tokamak de Fontenau-aux-Roses measurements. 
Here we use more sophisticated theory [11], however, 
it takea into account the QED corrections according 
the methodics [3,6,12]. 

Let us describe the key moments of the used the-
ory for definition of the spectroscopic characteristics 
for multicharged ions in plasma [9,11]. Both theoreti-
cal spectroscopy perturbation theory (PT) schemes al-
low calculating spectra and spectroscopic characteris-
tics of neutral atoms, multicharged ions with account 
of relativistic, correlation, nuclear, QED effects. The 
version [11] allows to take into account the QED, ra-
diative effects; version [9] allows to account for the 
correlation effects and should be used in calculation 
of not very heave atomic systems. It does not account 
for the QED effects. The wave functions zeroth basis is 
found from the Dirac equation solution with potential, 
which includes the core ab initio potential, electric, 
polarization potentials of nucleus (the gaussian form 
for charge distribution in the nucleus is used). All cor-
relation corrections of the PT second and high orders 
(electrons screening, particle-hole interaction etc.) 
are accounted for. The nuclear potential is provided 
by choice of the charge distribution in the nucleus as 
the Gaussian function: 

 ( ) ( ) ( )3 2 24 expr R rρ = γ π −γ  

Here 24 Rγ = π ; R is an effective nucleus radius, 
defined as: ( )13 1 31.60 10R z cm−= × . The Coulomb po-
tential for spherically symmetric density ( )r Rρ  is: 

 ( ) (( ) ( ) ( )' ' 2 ' ' ' '

0

1
r

nucl
r

V r R r dr r r R dr r r R
∞

= − ρ + ρ∫ ∫  

Let us consider the Li-like ion as example. One 
can write the DF-like equations for a three-electron 
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system 1s2nlj. Formally they fall into one-electron 
Dirac equations for the orbitals 1s,nlj with potential: 

 V(r)=2V(r|1s)+V(r|nlj)+V
ex

+V(r|R). 

This potential includes the electrical and polariza-
tion potentials of the nucleus. The part exV accounts 
for exchange inter-electron interaction. The main ex-
change effect will be taken into account if in the equa-
tion for the 1s orbital we assume V(r)=V(r|1s)+V(r|nlj) 
and in the equation for the nlj orbital V(r)=2V(r|1s). 
The rest of the exchange-correlation effects are ac-
counted for in the first two PT orders by the total 
inter-electron interaction [11,12]. The core electron 
density is defined by iteration algorithm within gauge 
invariant QED procedure [13]. Other details of the 
calculation procedure, including definition of the ma-
trix elements of the QED PT with effective account of 
the exchange-correlation effects can be found in ref. 
[9–11]. In order to take into account the Breit and 
QED corrections we used the approach and the cor-
responding data from refs. [3,6,12]. 

The spectral lines we are concerned with here are 
the characteristic lines w,x,y,z, (1s21S

0
–1s2p 1P

1
, 3P

2
, 

3P
1
, 1s2s 3S

1
) of the helium-like ion and associated sat-

ellite lines of the Li-like type 1s22l-1s2l2p produced 
by dielectronic recombination to, or inner-shell exci-

tation of , the lithium-like ion. The most prominent 
helium-like and satellite lithium-like lines are given in 
tables1 and 2. The corresponding alternative data from 
refs. [2,11] are presented too. With respect to the in-
tensities of the spectral lines one should note that the 
line, say, q (see table 1) is mainly due to collisional ex-
citation of the lithium-like ion (c.f.[2,4,5]). Neglect-
ing recombination and cascade effect for w, the ratio 
of the local emissivities of these lines is ε

q
/ε

w
~2/3n

Li
/

n
He

, where n
Li

 and n
He 

are the densities of the Li- and 
He-like ions, respectively (from optically thin plasmas 
the ratio of the line-of-sight integrated emissivities is 
observed) [2]. For a satellite (s) line which is excited 
mainly by dielectronic recombination from the He-
like to the Li-like ion one can write [11] : 

 ε
q
/ε

w
= F

1
(s, T

e
)F

2
*(s)/C

w
(T

e
), 

 F
1
(s, T

e
)=(1,65⋅10–22)T

e
-3/2exp(-E

s
/T

e
) 

where E
s 
and T

e
 are in eV; F

2
*(s) is a line-specific inten-

sity factor given in table 1; C
w
(T

e
) is the rate coefficient 

(in cm3/s) for collisional excitation of line w; E
s
 is the 

difference in energy of the satellite state in the recom-
bined ion and the ground state in the recombining ion 
[2–4]. The ε

q
/ε

w 
ratio may be used as a diagnostic for 

the electron temperature (provided the electron veloc-
ity distribution in Maxwellian). 

Table 1 
Calculated wavelengths and satellite intensity factors (λ in Å; F

2
* in 1013 s-1): Ar

Line Array λ [2] λ [11] λ, present F
2

*

w 
x 
s 
t 

m 
y 
q 
k 
r 
a 
j 
z

1s2p1P
1
 — 1s21S

0 
1s2p3P

2 
— 1s21S

0 
1s2s2p2P

3/2 
— 1s22s 2S

1/2
 

1s2s2p2P
1/2 

— 1s22s 2S
1/2 

1s2p2 2S
1/2 

— 1s22p 2P
3/2

 
1s2p3P

1 
— 1s21S

0
 

1s2s2p2P
3/2 

— 1s22p 2S
1/2

 
1s2p2 2D

3/2 
— 1s22p 2P

1/2
 

1s2s2p2P
1/2 

— 1s22s 2S
1/2

 
1s2p2 2P

3/2 
— 1s22p 2P

3/2
 

1s2p2 2D
5/2 

— 1s22p 2P
3/2

 
1s2sp 3S

1
 — 1s21S

0

3,9457 
3,9632 
3,9648 
3,9660 
3,9629 
3,9671 
3,9784 
3,9875 
3,9808 
3,9831 
3,9917 
3,9916

3,9461 
3,9636 
3,9652 
3,9665 
3,9634 
3,9674 
3,9787 
3,9878 
3,9811 
3,9835 
3,9923 
3,9919

3,9460 
3,9634 
3,9650 
3,9662 
3,9632 
3,9672 
3,9785 
3,9876 
3,9809 
3,9834 
3,9919 
3,9918

- 
- 

1,80 
3,36 
2,60 

- 
0,98 

16,67 
2,75 
3,48 

22,93 
-

Table 2 
Calculated (this paper) wavelengths and satellite intensity factors (λ in Å; F

2
* in 1013 s-1): Sc, V

Line Array λ (Sc) F
2

* (Sc) λ (V) F
2

*(V)
w 
x 
s 
t 

m 
y 
q 
k 
r 
a 
j 
z

1s2p1P
1
 — 1s21S

0 
1s2p3P

2 
— 1s21S

0 
1s2s2p2P

3/2 
— 1s22s 2S

1/2
 

1s2s2p2P
1/2 

— 1s22s 2S
1/2 

1s2p2 2S
1/2 

— 1s22p 2P
3/2

 
1s2p3P

1 
— 1s21S

0
 

1s2s2p2P
3/2 

— 1s22p 2S
1/2

 
1s2p2 2D

3/2 
— 1s22p 2P

1/2
 

1s2s2p2P
1/2 

— 1s22s 2S
1/2

 
1s2p2 2P

3/2 
— 1s22p 2P

3/2
 

1s2p2 2D
5/2 

— 1s22p 2P
3/2

 
1s2sp 3S

1
 — 1s21S

0

2,8697 
2,8805 
2,8816 
2,8828 
2,8811 
2,8844 
2,8901 
2,8951 
2,8926 
2,8930 
2,8989 
2,9002

- 
- 

2,47 
6,78 
3,57 

- 
0,48 

25,90 
3,93 
6,48 

35,54 
-

2,3788 
2,3866 
2,3878 
2,3887 
2,3876 
2,3908 
2,3941 
2,3976 
2,3969 
2,3962 
2,4011 
2,4029

- 
- 

2,57 
8,98 
4,17 

- 
0,21 

30,82 
4,89 
8,78 

43,30 
-

In ref. [2,11] it was indicated that the ε
q
/ε

w 
ratio 

increases very rapidly with increasing nuclear charge 
Z due to mainly the Z4 dependence of the radiative 
transition probability A

r
 in the expansion F

2
*(s). It is 

instructive to make use of a z-scaling law for the C
w
(T

e
) 

of two elements A and B as [2]: 

 C
w

A
 
(T

e
)=γ3/2C

w
B

 
(γ2 ,T

e
) 

where γ=(Z
B
-0,5)/ (Z

A
-0,5). In table 1 we present the 

calculated wavelengths and satellite intensity factors 
(λ in Å; F

2
* in 1013s-1) for the multicharged ion of Ar. 

The corresponding data have been received on the ba-
sis of calculations within the multi-configuration in-
termediate-coupling scheme with a statistical Thom-
as-Fermi potential (ref. [2]) and our scheme (with 
account for the Breit and QED corrections). In a 
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whole, an account of the radiative corrections leads to 
some changing the wavelengths. A detailed compari-
son with experiment [2] shows that our data are a little 
in more good agreement with experimental data than 
data [2,11]. In table 2 we present the calculated in this 
paper wavelengths and satellite intensity factors (λ in 
Å; F

2
* in 1013s-1) for the multicharged ion of Sc and V. 

One could guess that an account of the Breit and ra-
diative corrections is naturally important in spectros-
copy of satellite lines. Numerical evaluation for the 
most prominent satellite line j (see table 1) shows that 
ε

q
/ε

w
~zn, where n=7,08 (n is very weakly T

e
 dependent 

between 1000 and 2000 eV). The evaluated value of the 
electron temperature is 1550 eV, which is in a physi-
cally reasonable with the experimental values [2]. 

So, the carried out calculation of the wavelengths 
and atomic characteristics of satellite spectrum of the 
He-like ions from Ar16+ to V22+ and evaluation of the 
TFR plasma parameters (electron temperature) shows 
that theoretical spectroscopy scheme, based on the us-
ing QED PT method of calculating the multicharged 
ions spectroscopic characteristics with account the ra-
diative corrections should be widely used for diagnos-
tics the tokamak plasma parameters. 
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Abstract. 
A high resolution theoretical spectroscopy scheme is used for sensing and diagnostics the tokamak plasma parameters. There are 

obtained the theoretical values for the wavelengths and other atomic characteristics of satellite spectrum for the He-like ions from Ar16+ 
to V22+ , which are compared with other theoretical results and the tokamak de Fontenau-aux-Roses measurements data. 
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ÑÏÅÊÒÐÎÑÊÎÏÈÈ ÂÛÑÎÊÎÃÎ ÐÀÇÐÅØÅÍÈß 

Ðåçþìå. 
Ìåòîä òåîðåòè÷åñêîé ðåíòãåíîâñêîé ñïåêòðîñêîïèè âûñîêîãî ðàçðåøåíèÿ èñïîëüçîâàí äëÿ îöåíêè è äèàãíîñòèêè ïà-

ðàìåòðîâ ïëàçìû òîêàìàêà. Ïîëó÷åíû òåîðåòè÷åñêèå çíà÷åíèÿ äëèí âîëí è äð. àòîìíûõ õàðàêòåðèñòèê ñàòåëëèòíîãî ñïåêòðà 
He-ïîäîáíûõ èîíîâ îò Ar16+ äî V22+ , êîòîðûå ñðàâíèâàþòñÿ ñ èìåþùèìèñÿ òåîðåòè÷åñêèìè äàííûìè è äàííûìè èçìåðåíèé 
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The paper is devoted to carrying out new adequate 
consistent relativistic approach to the recoil-induced 
excitation and ionization in atoms and ions due to 
the neutron capture and alpha-particle. In last years 
a development of methods of the laser spectroscopy 
allowed observing and further using the little changes 
in structure of atomic and molecular spectra resulted 
from the corresponding alteration of the internal state 
of a nucleus or because of the cooperative neutron-
electron-gamma-nuclear processes, including the 
neutron capture [1–20]. The neutron capture phenom-
enon is responsible for complicated and rich physics of 
the different excitation and ionization processes in the 
electron shells of the atoms and ions [1–8]. The first 
references to the neutral recoil are originated from the 
known classical papers by Migdal and Levinger (look 
the detailed description of the history and correspond-
ing models in refs. [1,2]), who evaluated approximately 
the ionization of an atom undergoing a sudden recoil in 
due to neutron impact and in a radioactive disintegra-
tion respectively. Gol’dansky-Letokhov-Ivanov have 
estimated an influence of the electron shell on velocity 
of recharging the metastable nucleus during the muon 
and neutron capture within simple qualitative models 
[2,3] and found the cited effect to be very small. The 
neutral recoil situation differs radically from processes 
involving a charged particle for which the sudden re-
coil approximation is often invalid (look, for example, 
refs. [1–3, 10–14]). An attractive situation arises un-
der the transition to heavy multicharged ions because 
of changing the energy and geometric parameters of 
the electron shell. The character of interaction with 
a nucleus may change strongly, opening new chan-
nels of electron-nuclear processes [7–9]. Such effects 
as the electron-positron pair production (during the 
nucleus recharging) etc. are added to traditional chan-
nels of the nucleus excited state decay Here one could 
mention the processes of capture of neutron or alpha 
particle by atom or ion [1,2,4]. It is easily imagine a 
situation when this process becomes by energetically 
possible only after removal of the strongly bound elec-
tron in the initial state. It is known that it’s possible 
the transfer of part of a nuclear energy to the atom or 
molecule electron shells under radiating (absorption) 
the γ quanta by a nucleus. 

The different simple models (look, for example, 
refs. [1–4, 5–9,13–19]) were developed to evaluate the 

different cooperative processes channels, in particu-
lar, excitation or ionization of an atom, the electronic 
redistribution of an atom induced a sudden recoil of 
its nucleus occurring when a neutral particle is either 
emitted (γ-radioactivity) or captured (neutron capture 
for instance). The consistent QED approach to cited 
processes has been developed in refs. [9–12,19–21]. 

Here we adapt a relativistic energy approach 
[10,11,19–22] to the recoil-induced excitation and 
ionization in atoms (ions) due to the neutron capture. 
As method of calculation of the correlated electron 
wave functions, we use the QED perturbation theory 
(PT) on inter electron interaction [24–27]. 

Let us describe the key moments for the quantum 
approach to the recoil-induced excitation and ioniza-
tion in atoms due to some particle capture [11–13]. 
The initial state of system being a discrete state, it is 
clear that two phenomena can occur after the momen-
tum transfer to the final nucleus: an excitation to a final 
discrete state of the daughter system or an ionization, 
the final state lying in the continuum. The transition 
amplitude matrix element is given by the overlap be-
tween initial state (nuclear charge Z) and final state 
(nuclear charge Z’) in a Galilean boost of velocity v. 
The overlap in the momentum space is as follows: 

 ( , ) ( , )i fdp p Z p k Z∗ ′Φ Φ +∫
GG G G

  (1) 

where subscript i, f represent the set of quantum 
numbers of the initial and final states and ћk=mv is 
the recoil momentum of electron accompanying the 
resulting nucleus and having kinetic energy equal to 
(ka

0
)2Ry. The energy E

R
 of the recoiling nucleus of 

mass M
R
 is: 

 E
R
= R

e

M
m

(k a
0
)2R

yd
  (2) 

The function ( , )i p ZΦ
G

is related to the function 
( , )i r ZΨ as: 

 
3
2( , ) (2 ) ( , )ip r

i ip Z dre r Z− − ⋅Φ = π Ψ∫
G GG G G

  (3) 

So, using these relations the overlap is defined by: 

 b
if
 = ( , ) ( , )ik r

i fdr r Z e r Z− ⋅ ∗ ′Ψ Ψ∫
G GG GK

  (4) 

The probability of populating state f starting from 
state i is given by P

if
=|b

if
 | 2. As we are dealing in multi-
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electron systems, one can write the wave function of 
system as: 

 ( ) ( )L S i i L S
i

LSM M a LSM Mψ γ = Φ γ∑   (5) 

The extension of eq.(4) to two-electron system is: 

 1 2( )
1 2 1 2 1 2( ; ; ) ( , ; )ik z z

if i fb dr dr r r Z e r r Z− + ∗ ′= Ψ Ψ∫ ∫
G G G G G G

  (6) 

where the Oz-axis of the coordinate system is chosen 
along the k direction. The two-electron recoil op-
erator R=exp[-ik(z

1
+z

2
)] matrix element between the 

correlated electronic wave functions of the form (5) is 
written in standard form [1,22]: 

 

/

/ /

( ( ) | | ( ))

( ( ) | | ( ))
S L S

L S L S

L S M R LSM M

LSM M R L S M M∗

′ ′ ′Ψ γ Ψ γ =

′ ′ ′= Ψ γ Ψ γ = 

 = / /

,
( ) | | ( )i j i L S j L S

i j
a a LSM M R L S M M∗ ∗ ′ ′Φ γ Φ γ 〉∑  (7) 

It could be reduced to the direct and exchange 
contributions: 

 
1

(1 )(1 )
a a b b c c d dl l l lρ ρ ρ ρ+ δ + δ

×

 × [R (ab, cd)+ (-1)la+lb –L-S R(ba, cd)]  (8) 

where R(ij , rt ) ≡ 〈 (ρ
i
 l

i
 )

1
 (ρ

j 
l
j
)

2
LSM

L 
M

S
 |R* | 

 / /
1 2( ) ( )r r l l L Sl l L S M M′ ′ρ ρ 〉  

The plane wave function development can be used 
for each one-electron recoil operator: 

  

1 2( )

, 0

( ) ( )
1 2 0 0

( ) (2 1)(2 1)

( ) ( ) (1) (2)

ik z z l l

l l

l l
l l

R e i l l

j kr j kr C C

∞
′− + +

′=

′
′

′= = − + + ×

×

∑
  (9) 

where ( ) (4 ) / (2 1)l
m lmC l Y= π + .The one-electron re-

duced matrix element brings some simplification tak-
ing the target in its ground state 1s21S: 

 
11 /

1 2 00 1 2 00( ) ( ) | | ( ) ( )i i j j r r l ll l S R l l L∗〈 ρ ρ ρ ρ 〉  
=(-1)lr-ll 

min

min

( ) ( )

,
2 1 (2 1)(2 1) ( || || )( || || )

l
l l l l

i r j l
l l m l

L i l l l C l l C l
+∞

′ ′+

′ =−

′ ′+ + +∑ ∑  

 
0
0

i jl l
m m

⎛ ⎞
×⎜ ⎟−⎝ ⎠

 
0

r ll l L
m m

′⎛ ⎞
⎜ ⎟−⎝ ⎠ 0

i rl l l
m m

⎛ ⎞
⎜ ⎟−⎝ ⎠

 
0

j ll l l
m m

′⎛ ⎞
⎜ ⎟−⎝ ⎠

 

0
( ) ( ) ( )

r r r rl l ldrP r j kr P r
∞

ρ ρ×∫  
0

( ) ( ) ( )
i j l ll l ldrP r j kr P r

∞

′ρ ρ∫   (10) 

All notations in eq. (10) are standard. The matrix 
element on correlated electron functions is calculated 
according to the formula: 

 
1 2

2
1 2 1 2

, ,
| | | | | | |f i f f i i

f i f f
R R< Ψ Ψ > = < Φ Φ > +∑ ∑  

 
1 2 1 2 1 2

1 2 1 2 1 2 1 2
0 0

| | | |
...f f n n n n i i

n n n n f f

V R
E E

< Φ Φ >< Φ Φ >
+ +

−∑   (11) 

where E0 and Φ are the eigen values and eigen func-
tions of the Coulomb hamiltonian, V is operator of 
the electrostatic interaction between electrons; its 
matrix elements are equal to difference between di-
rect and exchange integrals. Such an approach allows 
accounting for the inter-electron correlation in the 
initial and final states with high degree of accuracy. 
[25–27]. 

It should be strictly noted that, generally speaking, 
the presented above formulas are acceptable for treat-
ing the non-relativistic atomic systems (say, hydrogen, 
helium etc). Consistent and qualitatively adequate de-
scription of the cooperative processes in multicharged 
ions (essentially relativistic systems) requires using 
the the QED formalism, in particular, the relativistic 
energy approach, based on the S-matrix Gell-Mann 
and Low formalism and QED PT (the basises are in 
details presented in refs. [10,11,19], look standard 
QED [20–23]). To calculate transition amplitude it is 
necessary to use the basis’s of the correlated relativ-
istic Dirac bi-spinors. To construct such basis we use 
formalism of the QED PT on the inter-electron inter-
action [9,21,24]. 

In the QED PT the matrix elements of the inter-
action operator between two-electron states give the 
standard contribution of the first order (energy ma-
trice M): 
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where, as usually, 
1 1 1 2 2 2

1
1 1 1 2 2 2
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1 for2

n l j n l j
P

n l j n l j
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2
3 3 3 4 4 4
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P
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≠⎧⎪= ⎨ =⎪⎩
 

The variable Q
a
 ( Qul BrQ Q Qλ λ λ= + ) contains the 

Coulomb and Breit parts and is standardly expressed 
through the radial integrals Rλ 

and angle coefficients 
Sλ 

., The detailed expressions can be found, for exam-
ple, in ref. [24]. In particular, one could write for the 
Coulomb part (in the Coulomb units) 

  

( ) ( ) ( ) ( ){
( ) ( ) ( ) ( )}

Qul 1 1243 1243 1243 1243

1243 1243 1243 1243 .

lQ R S R S
Z
R S R S

λ λ λ λ

λ λ λ λ

= +

+ +

� � � �

� � � � � � � � � � � �   (13) 

Here there used the notations: the large compo-
nent of the Dirac wave function is denoted as 1 (2,3,4), 
the little component — as ( )1243� � � � , i.e. with “wave” 
symbol. For example, one of the 

integrals in Eq. (13) is as follows: 
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The Breit part is as follows [24]: 

 Br Br Br Br
, 1 , , 1Q Q Q Qλ λ λ− λ λ λ λ+= + + ,  (15) 

where 
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Further it should be mentioned that the angle part 
of the matrix element S(1243) is factorized on the in-
dexes 1, 3 and 2, 4 and can be presented by the follow-
ing way: 

 

( ) ( ) ( )( ) ( ) ( )
( ) ( ) ( ) ( )

( )

( ) ( ) ( )

( )

3 3

1 3

3 1

11

1
1 3

3 1

3 1

1243 1 13 24 ,

13 1

1
1 1 0 2 12 2

1
1

1 1 0

1
1 .

0 0 0

l l l

l j

j j

l j

S S S

S ll l

j j

l
j j

l

λ+ +
λ λ λ

+
λ

+ +λ

+ +λ

⎫
⎪
⎪
⎪= λ −
⎪
⎪= − ×
⎪

⎧λ ⎪⎛ ⎞ ⎪ ⎪⎜ ⎟× ×⎨ ⎬⎜ ⎟− λ λ +⎪ ⎪⎝ ⎠ ⎩
⎪

λ⎛ ⎞ ⎪⎡ ⎤− + +⎜ ⎟ ⎪⎣ ⎦ −⎝ ⎠ ⎪
⎪λ ⎫⎛ ⎞ ⎪×+ − ⎪⎬⎜ ⎟

⎪⎝ ⎠ ⎪⎭ ⎭

  (17) 

The available in Eq. (17) 3j symbols are expressed 
by the known standard analytical formulas. 

We have performed studying the transition prob-
abilities to different electronic states, which are in-
duced during the capture of a neutron by the 3He, 
39Ar16+ ions. The atom 4He resulting from the neutron 
capture by 3He recoils with a 99keV energy. The high-
er recoil energy 1,6MeV is corresponding to K=3,99. 
According to ref. [12], at K=1 the total population of 
the three first series 1S,1P and 1D reaches as much as 
~98%. The dominating channel is excitation to dis-
crete state (57%) and then the channel for ioniza-
tion of one electron (38%). It differs from situation of 
higher recoil energies, as then the double-ionization 
processes become dominant. We will not present the 
probabilities data as the relativistic values are practi-
cally identical to results by Glushkov et al and Wau-
ters et al, where non-relativistic approaches (PT and 
B-spline approach) are used to define the correlated 
wave functions [12,14]. Thus, the relativistic effects 
have to be not important for He atomic system. The 
relativistic effects however became important for heavy 
multicharged He-like ions. In a case of He-like ion 
139Ar16 the binding energy of electrons is much higher 
in comparison with neutral He. We firstly carried out 
the calculation of the transition probabilities for this 
ion and defined (look table 1) that at K=5 the total 
population of the three first series 1S,1P and 1D reaches 
as much as ~69% and it differs drastically from situa-
tion of the neutral He. 

Table 1 
Transition probabilities (in %) to different electronic states by 

capture of a neutron by 139Ar16+ 

ΣP (K=5) 
Final States 1S 1P0 1D 1S+1P+1D

Discrete states 
Autoionizing states 
Ionization of one electron 
Double ionization 
SUM

56,6595 
0,5811 
2,7214 
0,3306 

60,2926

11,8841 
0,2508 

18,9950 
0,3361 

31,4660

0,3318 
1,0094 
6,3182 
0,5815 
8,2409

68,8754 
1,8413 

28,0346 
1,2482 

99,9995

It has been found that at relatively high recoil 
energies ~28% probability transfer from the discrete 
spectrum population mechanism to single-ionization. 
It is relatively new situation in the recoil induced ion-
ization of the atomic systems by a neutron capture. 
Obviously, the experimental studying the processes 
considered and determination of the corresponding 
probabilities in a case of the high Z-charged ions is of 
a great importance. 

In conclusion, the authors would like to thank 
very much Profs. V. D. Rusov, A. V. Glushkov, 
V. I. Vysotskii, V. N. Pavlovich for useful comments 
and advices. The critical comments of the anonymous 
referees are much acknowledged too. 
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RELATIVISTIC APPROACH TO THE RECOIL INDUCED EXCITATION AND IONIZATION OF IONS DURING 
CAPTURE OF NEUTRON 

Abstract. 
The relativistic energy approach is adapted to description of the recoil-induced excitation and ionization in atoms due to a neutron 

capture. The data for transition probabilities to different electronic states, induced by a neutron capture, are presented. 
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Î. Þ. Õåöåëèóñ, À. Â. Ëîáîäà, Þ. Ì. Ëîïàòêèí, Þ. Â. Äóáðîâñêàÿ 

ÐÅËßÒÈÂÈÑÒÑÊÈÉ ÏÎÄÕÎÄ Ê ÎÏÈÑÀÍÈÞ ÝÔÔÅÊÒÎÂ ÂÎÇÁÓÆÄÅÍÈß È ÈÎÍÈÇÀÖÈÈ Â ÈÎÍÀÕ 
ÂÑËÅÄÑÒÂÈÅ ÇÀÕÂÀÒÀ ÍÅÉÒÐÎÍÀ 

Ðåçþìå. 
Ðåëÿòèâèñòñêèé ýíåðãåòè÷åñêèé ïîäõîä àäàïòèðîâàí ê çàäà÷å îïèñàíèÿ âîçáóæäåíèÿ è èîíèçàöèè â àòîìàõ è èîíàõ, èí-

äóöèðîâàííûõ îòäà÷åé âñëåäñòâèå çàõâàòà íåéòðîíà. Ïðåäñòàâëåíû äàííûå âåðîÿòíîñòåé ïåðåõîäîâ â ðàçëè÷íûå ýëåêòðîí-
íûå ñîñòîÿíèÿ, èíäóöèðîâàííûå çàõâàòîì íåéòðîíà, äëÿ ðÿäà èîíîâ. 

Êëþ÷åâûå ñëîâà: âåðîÿòíîñòü èîíèçàöèè, çàõâàò íåéòðîíà, ýíåðãåòè÷åñêèé ïîäõîä 
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Î. Þ. Õåöåë³óñ, À. Â. Ëîáîäà, Þ. Ì. Ëîïàòê³í, Þ. Â. Äóáðîâñüêà 

ÐÅËßÒÈÂ²ÑÒÑÜÊÈÉ Ï²ÄÕ²Ä ÄÎ ÎÏÈÑÓ ÅÔÅÊÒ²Â ÇÁÓÄÆÅÍÍß ÒÀ ²ÎÍ²ÇÀÖ²¯ Â ²ÎÍ²Õ ÇÀÂÄßÊÈ 
ÇÀÕÎÏËÅÍÍÞ ÍÅÉÒÐÎÍÓ 

Ðåçþìå. 
Ðåëÿòèâ³ñòñüêèé åíåðãåòè÷íèé ï³äõ³ä àäàïòîâàíî äî îïèñó çáóäæåííÿ òà ³îí³çàö³¿ â àòîìàõ òà ³îíàõ, ³íäóêîâàíèõ â³ääà÷åþ 

çàâäÿêè çàõîïëåííþ íåéòðîíó. Ïðåäñòàâëåí³ äàí³ éìîâ³ðíîñòåé ïåðåõîä³â ó ð³çí³ åëåêòðîíí³ ñòàíè, ÿê³ ³íäóêîâàí³ çàõîïëåí-
íÿì íåéòðîíó, äëÿ ðÿäó ³îí³â. 

Êëþ÷îâ³ ñëîâà: ³ìîâ³ðí³ñòü ³îí³çàö³¿, çàõîïëåííÿ íåéòðîíó, åíåðãåòè÷íèé ï³äõ³ä 
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INTRODUCTION 

The GF method is very well known in a quantum 
theory of field, quantum electrodynamics, quantum 
theory of solids. This approach naturally provided 
the known progress in treating atoms, solids and mol-
ecules, as it has been shown in many papers (c.f.[1–
15]). The experimental PES spectra of molecules usu-
ally show a pronounced vibrational structure [5–6]. 
Many papers have been devoted to treatment of the 
vibrational spectra by construction of potential curves 
for the reference molecule (the molecule which is to 
be ionized) and the molecular ion. Usually the elec-
tronic GF is defined for fixed position of the nuclei. 
The cited method, however, requires as input data the 
geometries, frequencies, and potential functions of 
the initial and final states. Since in most cases at least a 
part of these data are unavailable, the calculations have 
been carried out with the objective of determining the 
missing data by comparison with experiment. To avoid 
this difficulty and to gain additional information about 
the ionization process, Cederbaum et al [11] extended 
the GF approach to include the vibrational effects and 
showed that the GF method allowed ab initio calcu-
lation of the intensity distribution of the vibrational 
lines etc. For large molecules far more approximate 
but more easily applied methods such as DFT [16,17] 
or from the wave-function world the simplest corre-
lated model MBPT are preferred [2,8,10]. Indeed, 
in the last decades DFT theory became by a great, 
quickly developing field of the modern computational 
chemistry of molecules. Here the combined theoreti-
cal approach [12–15] to vibrational structure in PES 
of molecules, which is based on the DFT and the GF 
approach, is used for quantitative treating the carbon 
oxide molecule. The density of states, which describe 
the vibrational structure in PES, is calculated with us-
ing combined DFT-GF approach. It is important that 
calculation procedure is significantly simplified with 
using DFT formalism. This simplification allowed to 
get the first important results in a laser-electron-γ nu-
clear spectroscopy of molecules [14], namely, results 
on the electron-vibration-rotation-γ nuclear satellite 
lines. 

The density of states in one-body and many-body 
problem. 

Quasiparticle Fermi-liquid density functional 
theory 

As usually (see details in refs. [2,8,11,14]), the 
quantity which contains the information about the 
ionization potentials (I.P.) and molecular vibrational 
structure due to quick ionization is the density of oc-
cupied states: 
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( ) (1/ 2 ) a (0) ( )ti t
k kk
N dte a t

−

= π ∫ 〈ψ ψ 〉==º º ,  (1) 

where 0Ψ 〉  is the exact ground state wave function 
of the reference molecule and ( )ka t is an electron de-
struction operator, both in the Heisenberg picture. For 
particle attachment the quantity of interest is the den-
sity of unoccupied states: 
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Usually in order to calculate the value (1) states 
for photon absorption one should express the Ham-
iltonian of the molecule in the second quantization 
formalism. The Hamiltonian is as follows: 
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where TΕ  and TΝ  are the kinetic energy operators 
for electrons and nuclei, and U represents the inter-
action; UΕΕ represents the Coulomb interaction be-
tween electrons, etc; x (X) denotes electron (nuclear) 
coordinates. As usually, introducing a field operator 

( , , ) ( , , ) ( , )i i
i

R x x R a RΨ θ = ϕ θ θ∑  with the Hartree-Fo-
ck (HF) one–particle functions ô

i 
( ( )i R∈ are the one-

particle HF energies and f denotes the set of orbitals 
occupied in the HF ground state; R

0
 is the equilibrium 

geometry on the HF level) and dimensionless normal 
coordinates Q

s
 one can write the standard Hamilto-

nian as follows [11,15]: 
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with n
i
=1 (0), i∈f (i∉f), δσ

f
=1 (0) , (ijkl)∈σ

f
 , where 

the index set v
1
 means that at least kϕ  and lϕ or iϕ  and 

jϕ are unoccupied, v
2
 that at most one of the orbitals 

is unoccupied, and v
3
 that kϕ  and jϕ or lϕ and jϕ  are 

unoccupied. Here for simplicity all terms leading to 
anharmonicities are neglected. The sω are the HF fre-
quencies; sb , t

sb  are destruction and creation opera-
tors for vibrational quanta as 

 (1/ 2)( ),t
s s sQ b b= + / (1/ 2)( )ts s sQ b b∂ ∂ = −   (5) 

The interpretation of the above Hamiltonian and 
an exact solution of the one-body HF problem is given 
in refs. [5,6]. The HF-single-particle component 0H  
of the Hamiltonian (4) is as follows: 
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Correspondingly in the one-particle picture the 
density of occupied states is given by 
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g

Q Q Q
⎛ ⎞⎛ ⎞∂ ∂

= ± γ = ± ⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠
.  (9) 

Introducing new operators 

 1 2
1

( )
M

sl sl t
s l l

l
c b b

=

= λ + λ∑   (10) 

with real coefficients 1 2,   sl slλ λ  , defined in such a way 
that 0H�  in new operators is 

 0
1 1

ˆ ˆ ( ) .
M M

t t
s s s s s s

s s
H c c g c c k

= =

= ω + + +∑ ∑� =   (11) 

eq. (7) is as follows: 

 
1

20 ˆ( ) 0

ˆ( )
M

k
n n

k k

N n U

n

= 〈 〉 ×

×δ − ±Δ ± ⋅ ω

∑
"

=

º

º º º   (12) 

where δ  function in (12) naturally contains the infor-
mation about adiabatic ionization potential and the 
spacing of the vibrational peaks; 

2ˆ 0n U〈 〉  is the 
well-known Franck-Condon factor. 

In a diagrammatic method to get function ( )kN º  
one should calculate the GF ' ( )kkG º first [1,3,11,18]: 

 { }

11
'

0 0

( )

( ) (0)

ti
kk

t
k k

G i dte

T a t a

−∞−

−∞
= − ×

×〈ψ ψ 〉

∫ == º

º

  (13) 

and the function ( )kN º  can be found from the rela-
tion 

 ( ) Im ( )k kkN a G aiπ = − ηº º , ka sign= − º .  (14) 

Choosing the unperturbed Hamiltonian 0H  to be 
0

t
i i i NH a a H= +∑ º  one finds the GF. In the known 

approximation GF is as follows: 

 

( )

( )

1

2

( ) exp

ˆˆ 0 exp ,

OB
kk kk k

k k k k
n

G t i in t

n U in t

−
′ ′ ⎡ ⎤= ±δ − ε Δε ×⎣ ⎦

× ± ⋅ω∑

∓

  (15) 

The corresponding Dyson-like equation (Σ= Ô ) is 
as follows: 

 ( ) ( ) ( ) ( )OB OB
kk kk kk kk k k

kk
G G G G′ ′ ′′ ′′ ′

′

∈ = ∈ + ∈ Φ ∈∑   (16) 
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where 
2

ˆ 0
in i i iU n U=  and ˆˆi i i i iE hn=∈ Δ ∈ ⋅ω∓ ∓  (17) 

The direct method for calculation of N
k
(∈) as the 

imaginary part of the GF includes a definition of the 
vertical I. P. (V. I. P.s) of the reference molecule and 
then of N

k ( )∈ . The zeros of the functions 

 ( ) ( )op
k k
D ⎡ ⎤∈ =∈ − ∈ +Σ ∈⎣ ⎦ ,  (18) 

where ( )op

k
∈ +Σ denotes the k-th eigenvalue of the 

diagonal matrix of the one-particle energies added to 
matrix of the self-energy part, are the negative V. I. P. 
‘s for a given geometry. One can write [11,13]: 

 ( ) ( ). . . k kkV I P F= − ∈ + , 

    ( )( ) ( ) ( )1. . .
1 /k kk kk kk

kk k

F V I P
∈

= Σ − ≈ Σ ∈
− ∂Σ ∈ ∂

.  (19) 

Expanding the ionic energy 1N
kE

− about the equi-
librium geometry of the reference molecule in a power 
series of the normal coordinates of this molecule leads 
to a set of linear equations in the unknown normal 
coordinate shifts δQ

S
, and new coupling constants are 

then: 

 ( ) ( )1 0
1/ 2 /k k lg F Q= ± ∂ ∈ + ∂⎡ ⎤⎣ ⎦   (20) 
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 ( )2

0

1 / /
4ll k k l lF Q Q′ ′

⎛ ⎞ ⎡ ⎤γ = ± ∂ ∈ + ∂ ∂⎜ ⎟ ⎣ ⎦⎝ ⎠
 

The coupling constants lg  and lly ′  are calculated 
by the well-known perturbation expansion of the self-
energy part using the Hamiltonian H

EN
 of Eq. (3). In 

second order one obtains: 

( )( )
( ) ( )2

, ,

ksij ksji ksij ksij ksji ksij
kk

i j i js i j s i j
s F s F

V V V V V V

∉ ∉

− −
∈ = +

∈ + ∈ − ∈ − ∈ ∈ + ∈ − ∈ − ∈∑ ∑ ∑  (21) 

and the coupling constant g
l
, can be written as 

    
( ) ( )

( ) ( )
1 / . . .1

1 / . . .2
k kk kk

l
l kk k

q V I P
g

Q V I P
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∑
∑

,  (22) 
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l l ls i jk
k

ksij ksjik

l s i jk

V V
Q Q QV I P

q
V V

Q V I P

− ∂ ∈⎡ ⎤∂ ∈ ∂ ∈
− −⎢ ⎥∂ ∂ ∂⎡ ⎤ ⎣ ⎦− + ∈ − ∈ − ∈⎣ ⎦=

−∂ ∈
∂ ⎡ ⎤− + ∈ − ∈ − ∈⎣ ⎦

∑

∑
 (23) 

It is suitable to use further the pole strength of the 
corresponding GF: 

 [ ]
1

1 ( . . .) ;1 0,k kk k kV I P
−∂⎧ ⎫ρ = − − ≥ ρ ≥⎨ ⎬

∂ ∈⎩ ⎭
∑   (24) 

   ( )0 1 ,l l k k kg g q≈ ρ + ρ −⎡ ⎤⎣ ⎦  0 1/22 /l k lg Q−= ± ∂ ∈ ∂   (25) 

Below we give the DFT definition of the pole 
strength corresponding to V. I. P.’s and confirm the 
earlier data [11–15]: p

k
≈0,8–0,95. The coupling con-

stant is: 

 0 0
0 0

1 2
4

l l
ll ll l

ll l

g g
g

Qg g
⎛ ⎞ ⎛ ⎞∂

γ = γ +⎜ ⎟ ⎜ ⎟∂⎝ ⎠ ⎝ ⎠
  (26) 

Further we consider the quasiparticle Fermi-liq-
uid version of the DFT, following to refs. [18–20]. The 
master equation can be derived using an expansion for 
self-energy part Σ into set on degrees of x, ε-ε

F
, p2-p2

F
 

(here ε
F
 and p

F
 are the Fermi energy and pulse cor-

respondingly): 

2 2
0[ / 2 / ( ) ( / ) ] ( )

(1 / ) ( )

p Z r x p p p x

x

α α λ
α

λ λ

− + + ∂ ∂ Φ =

= − ∂ ∂ε ε Φ

∑ ∑ ∑

∑  (27) 

The functions λΦ  in (27) are orthogonal with a 
weight ρ

k
-1=a-1=[1-∂Σ/∂ε]. Now one can introduce 

wave functions of the quasiparticles ϕλ=a-1/2Φλ, which 
are, as usually, orthogonal with weight 1. The equa-
tions (27) can be obtained on the basis of variational 
principle, if we start from a Lagrangian of a system L

q 
(DF). It should be defined as a functional of quasipar-
ticle densities: 

 
2

0 ( ) | ( ) | ,r n rλ λ
λ

ν = Φ∑  

 
2

1( ) | ( ) | ,r n rλ λ
λ

ν = ∇Φ∑  

 * *
2 ( ) [ ].r nλ λ λ λ λ

λ

ν = Φ Φ − Φ Φ∑  

The densities ν
0
 and ν

1
 are similar to the HF elec-

tron density and kinetical energy density correspond-
ingly; the density ν

2
 has no an analog in the HF or 

DFT theory and appears as result of account for the 
energy dependence of the mass operator Σ. A Lagran-
gian L

q
 can be written as a sum of a free Lagrangian 

and Lagrangian of interaction: L
q
 = L

q
0 + L

q
int, where a 

free Lagrangian L
q

0 has a standard form: 

 0 * ( / )q pL dr n i tλ λ λ
λ

= Φ ∂ ∂ − ε Φ∑∫ ,  (28) 

The interaction Lagrangian is defined in the form, 
which is characteristic for a standard (Kohn-Sham 
[16]) DFT (as a sum of the Coulomb and exchange-
correlation terms), however, it takes into account for 
the energy dependence of a mass operator Σ : 

 
2

int
1 2 1 2 1 2

, 0

1 ( , ) ( ) ( )
2q K ik i k
i k

L L F r r r r dr dr
=

= − β ν ν∑ ∫   (29) 

where ikβ  are some constants (look below), F is an 
effective potential of the exchange-correlation inter-
action. The Coulomb interaction part KL looks as fol-
lows: 

 

2 1 0 1

2 2 0 2 1 2 1 2

1 [1 ( )] ( )[1
2

( )] ( )/ | |

KL r r

r r r r dr dr

= − − ν −

− ν −

∑∫
∑   (30) 

where Σ
2
=∂Σ/∂ε. In the local density approximation 

the potential F can be expressed through the exchange-
correlation pseudo-potential V

xc
 as follows [20]: 

 F(r
1
,r

2
)=δV

xc
/δν

0
⋅δ(r

1
-r

2
). 

Further, one can get the following expressions for 
int /i q iLΣ = −δ δν : 

 

2 2 2
0 2 0 00 0

00 0 0 01 0 1
2 2 2 2

01 0 0 1 02 0 0 2

02 0 2

1(1 ) /
2

/ /

/ /
/

ex
K XC

XC XC

XC XC

XC

V V

V V

V V
V

Σ = − Σ + Σ + β δ δν ν +

+β δ δν ν + β δ δν ν +

β δ δν ⋅ν ν + β δ δν ⋅ν ν +

+β δ δν ⋅ν   (31) 

1 01 0 0 12 0 2 11 0 1/ / /XC XC XCV V VΣ = β δ δν ⋅ν + β δ δν ⋅ν + β δ δν ⋅ν  

2 02 0 0 12 0 1 22 0 2/ / /XC XC XCV V VΣ = β δ δν ⋅ν + β δ δν ⋅ν + β δ δν ⋅ν  

Here V
K
 is the Coulomb term, 0

exΣ  is the exchange 
term. Using the known canonical relationship, one 
can derive the quasiparticle Hamiltonian, which is 
corresponding to qL : 

 

0 int 0

2
00 0 0 01 0 0 1

2 2
11 0 1 22 0 2

1 / /
2

1 1/ /
2 2

q q q q K

XC XC

XC XC

H H H H L

V V

V V

= + = − +

+ β δ δν ⋅ν + β δ δν ⋅ν ⋅ν +

+ β δ δν ⋅ν − β δ δν ⋅ν   (32) 

Further let us give the short comment regarding 
constants β

ik
. Indeed, in some degree they have the 

same essence as the similar constants in the well-
known Landau Fermi-liquid theory and the Migdal 
finite Fermi-systems theory. Regarding universality 
of β

ik
,, indeed, as we know now, the total universality 
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of the constants in the last theories is absent, though 
a range of its changing is quite small [18]. In any 
case it requires a careful check. Obviously, the terms 
with constants β

01
, β

11
, β

12
, β

22
 should be neglected 

(at least in the zeroth approximation in comparison 
with others), so they can be equal to 0. The value 
of β

00
 is dependent on definition of V

xc
. If as V

xc
 it is 

used one of the DFT exchange-correlation potentials 
from, then without losing a community of statement, 
β

00
=1. The constant β

02
 can be in principle calculated 

by analytical way, but it is very useful to remember 
its connection with a spectroscopic factor F

sp 
of the 

system [18]: 

 [ ]1 ( . . .)sp kk kF V I P∂⎧ ⎫= − −⎨ ⎬
∂ ∈⎩ ⎭

∑   (33) 

One can see that this definition is corresponding to 
the pole strength of the corresponding Green’s func-
tion [2,11]. As potential V

xc
 we use the Gunnarsson-

Lundqvist exchange-correlation functional [17]: 

 

2 1/3

1/3

( ) (1/ )[3 ( )]

0,0333 ln[1 18,376 ( )]
XCV r r

r

= − π π ⋅ρ −

− ⋅ + ⋅ρ   (34) 

Using the above written formula, one can simply 
define the values (24), (33). 

RESULTS AND CONCLUSIONS 

In ref. [15] the above presented combined ap-
proach has been applied to analysis of the photoelec-
tron spectrum for the sufficiently complicated from 
the theoretical point of view N

2
 molecule, where the 

known Koopmans’ theorem even fails in reproduc-
ing the sequence of the V. I. P.’s in the PE spectrum 
(c.f.[5–7]). It is stressing, however it has been possible 
to get the full sufficiently correct description of the di-
atomics PES already in the effective one-quasiparticle 
approximation [11,13]. Another essential aspect is suf-
ficiently simple calculational procedure, provided by 
using the DFT. Moreover, here the cumbersome cal-
culation is not necessary, if the detailed Hartree-Fock 
(Hartree-Fock-Rothaan) data (separate HF-potential 
curves of molecule and ion) for the studied diatomic 
molecule are available. The carbon oxide molecule, 
which is considered in this paper, has been naturally 
studied in many papers. (see [3–8]). In full analogy 
with the molecule of N

2
 [15] it is easily to estimate the 

pole strengths p
k
 and the values q

k
. When the change 

of frequency due to ionization is small, the density of 
states can be well approximated using only one param-
eter g: 

 ( ) ( )
0

ˆ ,
!

n
s

k k k
n

SN e n
n

∞
−

=

∈ = δ ∈ − ∈ +Δ ∈ + ⋅ ω∑ =  

 ( ) 22S g −= ω=   (35) 

In case the frequencies change considerably, the 
intensity distribution of the most intensive lines can 
analogously be well approximated by an effective pa-
rameter S. In fig.1 it is presented the experimental [5,6] 
PES for the CO molecule together with the theoretical 
one, calculated with g0 and Eq. (35). 

 

Fig.1. Experimental and calculated (the uppermost spectrum 
is calculated with S0 and Eq. (35)) photoelectron spectrum of the 
CO molecule (see text). 

We will mean that S0 denotes the constant S cal-
culated with g0 and Sexp denotes the value derived from 
the experimental spectrum. The deviations of the one-
particle constants g0 from the experimental ones are 
practically fully arisen due to the correlation effects. 
In table 1 we listed the experimental and calculated 
(our data) values of S. 

Table I 
Experimental and calculated (our data) values of 

S0 Sexp

5σ 1π 4σ 5σ 1π 4σ
0.045 2.394 0.262 0.04 2.30 0.27b

One could guess that there a physically reason-
able agreement between the theoretical and experi-
mental results for all three bands. It should be noted 
that more sophisticated calculation by Cederbaum et 
al [11] gives the theoretical value S(4,5σ), which is 
practically identical to the experimental values, how-
ever the value S(1π)=2.59 is in some degree differ-
ent from Sexp. This example also confirms that quite 
simple theory become an effective tool in interpret-
ing the vibrational structure of the molecular PES, 
especially taking into account an essential simplifi-
cation (implementation of the DFT scheme) of the 
standard Green’s function approach. At last, we 
should note that the presented combined GF-DFT 
approach can be very helpful for multi-atomic mol-
ecules, especially for larger ones, when full ab initio 
calculations can be not available. 

In conclusion authors would like to thank Profs. 
C. Rothaan, L. Cederbaum, S. Wilson for useful dis-
cussions. 
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THE GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO VIBRATIONAL STRUCTURE IN THE 
PHOTOELECTRON SPECTRA OF CARBON OXIDE MOLECULE 

Abstract. 
The combined theoretical approach to vibrational structure in photoelectron spectra (PES) of molecules, which is based on the 

density functional theory (DFT) and the Green’s-functions (GF) approach, is used for quantitative treating the carbon oxide molecule 
PES. 
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1. INTRODUCTION 

Further micro- and nano-miniturization of 
electronics elements produces enhanceable require-
ments to the semiconductor quality and to the tech-
nology. As it is known, sources of structural defects 
in semiconductors are stresses. Plastic deformation 
is always characterized by the yield stress. The stress 
level at which a material no longer behaves elastical-
ly, but instead experiences a small plastic deforma-
tion is known as the yield stress (point) or a plasticity 
threshold — τ

k
 . The great number of research papers 

is devoted to the problem of defect formation and, 
in particular, the yield point of monocrystallin sili-
con and systematize in monographs (see, e.g. [1, 2]). 
However, not all factors influencing the yield stress of 
silicon are sufficiently detailed investigated. This fact 
has conditioned the problem statement of the given 
work devoted to the investigation of the structural de-
fects in silicon wafers and their influence on the yield 
point. 

2. EXPERIMENTAL DETAILS 

We studied Cz-Si wafers of different orientation, 
N-, P- type with ρ = 4 — 10 (Ohm⋅cm). 

The following methods and equipment were used 
for researching the silicon wafers: 

– method of selective chemical etching by Sirtle or 
Secco; Sirtle chemical selective etchant (50 g CrO3 + 
100 ml H

2
O + 100 ml HF (46 %)) is used to etch close-

packed silicon planes (111) with the etching speed of 
about (2–3) μm/min. Knowledge of the etching speed 
enabled us to control the depth of analysis from the 
surface into the bulk of the silicon wafer. 

– scanning electron microscopy (SEM), by means 
of scanning electron microscope analyzer “Cam Scan-
4D” with a system of the energetic dispersive analyzer 
“Link-860” (with the usage of “Zaf” program, mass 
sensitivity of the device is 0.01 %, beam diameter 
ranges from 5∙10–9 to 1∙10–6 ; 

– optical methods of researches with the usage of 
metallographic microscope “ÌÌÐ-2Ð”; 

– Auger spectrometer LAS-3000 (beam diam-
eter — 5 microns). 

The technique of experiments consisted of the fol-
lowing: the selective chemical etching method allows 
one to carry out the level-by-level analysis of silicon by 
etching layers and to reveal defects simultaneously. Af-

ter selective chemical etching application, the surface 
of wafers was investigated on deficiency with the usage 
of metallographic optical microscope “ÌÌÐ-2Ð”. To 
improve the defects image quality and to obtain the 
possibility of making the quantitative analysis of im-
purity, we applied such methods of analysis as scan-
ning electron microscopy with energetic dispersive 
analyzers and Auger spectrometer. 

3. RESULTS AND DISCUSSION 

It is known, that stresses and deformations exceed-
ing a plasticity threshold are the source of structural 
defects in solids. In case of a defectless material the 
yield stress depends on electrophysical and elastic pa-
rameters and other conditions (temperature, pressure, 
etc.). Alternative, the magnitude of a plasticity thresh-
old can essentially vary. The relationship between the 
stress and strain that the material displays is known as 
a stress-strain curve (Fig. 1). 

Fig.1. The quality stress-strain curve.

It is unique for each material and is found by re-
cording the amount of deformation (strain) at dis-
tinct intervals of tensile or compressive loading. Up to 
this amount of stress, stress is proportional to strain 
(Hooke’s law), so the stress-strain graph is a straight 
line, and the gradient will be equal to the elastic mod-
ulus of the material (region 1, Fig.1). Second region 
of stress-strain curve describe the increasing of dislo-
cation density due to the formation of new disloca-
tions and dislocation multiplication (region 2, Fig.1). 
At sufficiently large strains, the stress in materials in-
creases with strain in a nonlinear manner, this is called 
hardening. On further straining, the material breaks 
(region 3, Fig.1) [2]. 
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According to the Frank-Read source mechanism, 
presence of point defects of various type changes elas-
tic parameters of crystals that at external actions leads 
to formation of structural defects. Thus, in this theory 
key parameter influencing the yield stress is the den-
sity of point defects [3]. 

Figure 2 illustrates the dislocation multiplication 
due to scribing of silicon wafers at a room tempera-
ture. Mechanical stresses are passed round approxi-
mately in the radial direction from a scribe channel 
because this direction is possible to relate with disloca-
tions and areas with the changed mechanical potential 
and which can be related to Frank — Read sources. In 
the context of Alexander — Haasen model the dislo-
cation multiplication happens by their recrawlings to 
the subsequent reproduction [4]. However, the prob-
lem related to the impurity atmosphere effecting on 
the yield stress will stand aside. According to models 
of static and dynamic dislocation “ageing”, impu-
rity atmospheres interacting with dislocations, create 
starting stresses, which are necessary for overcoming 
to shift dislocation from a place [5]. Such interaction, 
also, creates the additional retardation rationing an 
impellent at dislocations moving. The dynamic “age-
ing” leads to astable dislocation jump moving and dis-
location multiplication owing to their brakes-off from 
the impurities. The offered models well present some 
experimental data, according to which, increasing of 
initial dislocation density can lower the yield stress, 
however the presence of the impurity atmospheres in-
creases the yield stress [6, 7]. 

 
Fig.2. The SEM image of dislocation multiplication.

Elastic stresses are accumulated around the dis-
location core during dislocation formation (Fig. 1, a 
region 2). For single crystalline silicon the yield stress 
(τ

ê
), depending on orientation and other parameters, 

being over the range 8 9 2(5 10 2 10 )k N cmτ = ⋅ − ⋅  at 
magnitudes of the relative strains 5 4(10 2 10 )k

− −ε = − ⋅  
[8]. If the average distance between the 60° disloca-
tions is 10–5 m, the relative strains counted by formula

( )b D kε = , where D  — average distance between 
dislocations, b -magnitude of a vector Burgers pro-
jection, 0.5k ≈ , is equal 52.7 10−⋅ , i.e. is in the second 
region (fig. 1). Such relative strains are starting on 
further mechanical and thermal affecting. Dangling 
bonds are shaped around the dislocation core due to 
presence of compression and extension zone. These 

cause atomic bonds weakening and change the local 
threshold of plasticity. 

The yield stress depends on temperature [5]. The 
yield stress decrease is caused by the temperature in-
creasing. At temperatures 1000–12000 Ñ (the high-
temperature oxidation) the yield stress falls down in 
50–60 times. Thus, presence of strains around dislo-
cations and temperature increase can lower the yield 
stress of single crystalline silicon. 

The impurity atmosphere around dislocations can 
result not only “ageing”, but also generates compen-
sation stresses and strains. Impurity atoms accumulate 
around dislocations in an extension zone if impurity 
atom radius more than radius of silicon atom. Thus 
there is a decrease of stresses and strains localized 
around dislocations. Impurity atoms accumulate in 
a compression zone if the radius of impurity atom is 
less, than radius of silicon atom. In this case there is 
a decrease of strains and stresses. Figure 3 shows the 
electronic image of 60° dislocation received on a sur-
face p-Si (10 (100)) which come out after 2 minutes 
etching (Sacco etchant). The picture is received in a 
conductance mode. 

Fig.3. The SEM image of dislocations 1x3000 (conductance 
mode).

The X-Ray analysis of light areas of dislocation 
has shown presence of oxygen atoms (oxygen concen-
tration is 6 atomic percents) (fig. 4). Oxygen atoms are 
located in interstitial position of a silicon crystal lat-
tice, and being in an inactive electrical state. Oxygen 
atoms decrease stresses and strains localized around 
dislocation due to radius of oxygen atom more than 
radius of silicon atom occupying a position in an ex-
tension zone of dislocation. This causes that silicon 
crystal lattice begin more hardening and increase the 
yield stress. 

If oxygen atoms create in dislocation-free silicon 
uncontrollable impurities in the form of interstitial 
position atoms accumulations or an accumulation of 
oxygen precipitates, it occurs the relative strains which 
it is possible to count approximately (taking into ac-
count known restrictions on sp3-hybridizations), ac-
cording to expression Cε = ω (Vegard’s law), where 
ω — Vegard’s coefficient, depending on a type of im-
purity atoms and their lattice position, C — impurity 
concentration. The calculations for the oxygen atoms 
have shown that the strain is approximately equated 
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10–5. Such strain is starting to decrease the yield stress 
and cause the subsequent defect formation at the fur-
ther affecting. If concentration of impurities consider-
ably exceeds 6 atomic percents there are stresses and 
strains leading to generation not of one dislocation 
but their accumulations (fig. 5). Thus, impurity atoms 
are proportioned between dislocations, and process 
of dislocation generation stop, when stresses relax to 
level of elastic values. 

  

Fig.4. The X-Ray analysis of dislocation core.

Fig.5. The SEM image of dislocation accumulation.

In very rare cases, when concentration of impurity 
atoms in silicon is more than solid solubility limit, it 
can organize macroimperfections known as dendrites 
(fig. 6). Dendrites consist of a mixture of solid solu-
tions of iron or chromium (fig.7). 

Fig. 6. The SEM image of dendrite on a silicon surface.

Fig. 7. The X-Ray analysis of dendrites in silicon.

When silicon atoms are clustering it can form 
twinning lamellas (fig.8). On the interface line den-
drite — silicon are stresses often exceeding the yield 
stress of silicon. Thus, it is disordered silicon under a 
dendrite area and the area containing dislocation net-
works, consisting of 600 dislocations (fig. 9). 

Fig. 8. The pattern of twinning lamellas, 1 × 5000.

Fig. 9. The SEM image of dislocation networks, 1õ2300.

In some cases, silicon wafers have layered struc-
ture that was revealed as a result of selective chemical 
etching (fig. 10) [9]. Boundary lines of layers are dis-
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oriented under different angles from each other and 
the strains are localized around boundary lines. These 
stresses exceed the yield point and can cause the gen-
eration of new defects and decrease a silicon plasticity 
threshold. 

Fig.10. The SEM image of silicon layer structure defects.

4. CONCLUSIONS 

On the basis of our researches, the following con-
clusions can be drawn: 

the yield stress of monocrystallin silicon de- –
crease with increasing of a dislocation density and can 
vary in the presence of impurities atoms which local-
ized around dislocations; 

in one case, impurity atmospheres participate in  –
processes of “ageing” of dislocations that increases a 
plasticity threshold of silicon, in another one — pres-
ence of oxygen atoms near dislocations creates com-
pensation stresses which can cause to the hardening of 
the crystal lattice of silicon and increase the magni-
tude of the yield stress; 

stresses and strains which decrease the yield  –
point and are starting for formation of new defects 
are a consequence of the background uncontrollable 
impurity of oxygen atoms in dislocation-free silicon 
crystals; 

presence of dendrites, lamellas and layered  –
structure of silicon decrease a local magnitude of yield 
stress due to strains accumulated around a boundary 
line of defects and monocrystallin silicon. 
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INTRODUCTION 

Light-emitting diodes and semiconductor lasers 
based on InGaN/GaN quantum well structure are of 
actual interest due to their operation in the spectral 
range from the visible to the UV radiation [1]. On the 
other hand, a widespread application and designing of 
these devices is limited by existed difficulties concern-
ing predictions of their optical spectral characteristics. 
Indeed, all published theories of the optical response 
of considered structures contain at least one fitting pa-
rameter. The most frequently encountered one is the 
linewidth of the inhomogeneous broadening [1], [2]. 
This kind of the broadening is related to 3D random 
variations of the potential relief caused by the indium 
composition fluctuations. Effects changing uniform 
indium distribution are the indium surface segregation 
[3], [4] and clustering [5]. In this letter, we focus on 
the indium surface segregation (ISS) and its influence 
on the band structure in InGaN/GaN single quantum 
well structure. The aim of this work is the theoretical 
investigation of traits in the band structure which are 
caused by the ISS and piezoelectric effects. 

As a rule, the ISS is investigated experimentally 
by using the transition electron microscopy (TEM) 
[6], [7], reflection high energy electron diffraction 
(RHEED) [8] and X-rays diffraction (XRD) [9]. All 
these methods have own disadvantages in case of ultra-
thin quantum wells. TEM could induce an additional 
local strain in the crystal lattice after a long duration of 
the electron beam exposition time [10]. RHEED is re-
alized during the crystal growth and cannot be applied 
after the fabrication. The XRD technique has low sen-
sitivity for distances up to 2 nm and its experimental 
data are difficult to interpret. The optical spectros-
copy avoids most of these disadvantages. However, the 
application of the optical spectroscopy requires the 
theory providing clear connection between the opti-
cal spectroscopic data and parameters of the structure 
imperfections. 

Knowing of the band structure is necessary for 
computations of the optical characteristics using Fer-
mi’s Golden Rule, density matrix approach or Green’s 

function method. That is caused the topicality of this 
paper. 

INDIUM DISTRIBUTION PROFILE 

There are several approaches to modeling and pa-
rametrization of the indium profile in the structure 
with segregation. One of them is based on the Fick’s 
law [6]. This approach gives the indium distribution 
profile expressed as a linear combination of the com-
plementary error functions: 

 ( )
1 2

2 2
2 2 2
nom nom nom

In
n w z w z

n z erfc erfc
L L

⎡ ⎤⎛ ⎞ ⎛ ⎞− +
= +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 (1) 

here: ( )Inn z  is the indium distribution, nomn is the 
nominal indium molar fraction in QW layer, nomw  is 
the nominal width of QW, 1L  and 2L are lendth of the 
surface segregation. 

Some authors use the Gaussian function for po-
tential profile approximation for QWs where surface 
segregation effects take place. In this case, the width of 
the Gaussian function is a fitting parameter which can 
be found from experimental data or theory treatment. 
Gaussian approximation gives symmetrical indium 
distribution function. However, TEM images of QW 
structures argue that the surface segregation leads to 
asymmetrical shape of the indium distribution profile. 
Therefore, we use more complicated description of 
the surface segregation based on kinetic equations [7]. 
The solution of the coupled kinetic equations is fitted 
by the following expression [3]: 
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here 2 1 nomz z w− = This formula approximates with 
high accuracy the indium distribution obtained by 
means of the theory of Muraki et al. [11], [12]. Ex-
pression (2) gives asymmetrical indium distribution. 
This approximation contains two fitting parameters 
instead of single one as in case of Gaussian approxi-
mation. That gives more freedom to provide accurate 
fitting. As it follows from the experimental data, fit-
ting parameters 1L  and 2L  are not equal that means 
inequality of the segregation effect for switch-on and 
switch-off regimes of the MBE indium source evapo-
rator. Hereafter, we name parameters 1L  and 2L the 
segregation lengths. 

POSITION-DEPENDENT MATERIAL 
PARAMETERS AND INTERNAL ELECTRIC 
FIELDS 

In this paper, we consider nitride single quantum 
well structure with layers made of In(x)Ga(1-x)N and 
GaN semiconductor alloys. All position-dependent 
material parameters except the band gap energy have 
been computed using linear interpolation formulas. 
We use the second order interpolation formula with 
the bowing parameter to compute the band gaps. Ma-
terial parameters for relevant binary semiconductors 
have been taken from [17]. In the case of In(x)Ga(1-x)
N QW heterostructure, the molar fraction of indium x 
is a position-dependent parameter. All other position-
depended quantities are related to the indium distri-
bution in the structure. 

Well-known peculiarity of the wurtzite crystal het-
erostructure is strong internal electric fields caused by 
spontaneous polarization and piezoelectric effects. In 
this paper, we neglect the spontaneous polarization 
and focus our attention on piezoelectric fields. This is 
good approximation in case of high indium amount in 
In(x)Ga(1-x)N alloy. 

High indium amount leads to significant lattice 
constant mismatch for In(x)Ga(1-x)N/GaN mate-
rial pair. Lattice mismatch causes strong strain giving 
origin to piezoelectric effects. Piezoelectric polariza-
tion P

piezo
 is calculated using Vegard’s interpolation 

formula [13]: 

 InN GaN
piezo piezo piezoP (z) xP  [ (z)] (1-x)P [ (z)]= ε + ε  (3) 

where the strain coefficient (z)ε  is defined as 

 subsa -a(z)
(z)

a(z)
ε =  (4) 

here subsa is the lattice constant of the substrate and 
( )a z  is the lattice constant of the unstrained semicon-

ductor alloy at a point z. 
As has been shown in Ref. [13], piezoelectric po-

larization of binary strained semiconductors can be-
expressed as: 

 ( )( ) ( ) ( )21.373 7.559InN
piezoP z z zε = − ε + ε  (5) 

 ( )( ) ( ) ( )20.918 9.541GaN
piezoP z z zε = − ε + ε  (6) 

When the piezoelectric is absent, the quantum 
well is characterized by the square potential profile. 

The piezoelectric effect leads to zigzag shape of the 
quantum well. 

BAND STRUCTURE 

The electron wave function is obtained as solution 
of the Ben-Daniel-Duke equation resulted from joint 
action of the single-band and the envelope function ap-
proximations [16]. This approach is based on the follow-
ing representation of the electron wave function [15]: 

 ( ) ( )|| ||expe
j jr ik r z r Sψ = ϕ

G G
, (7) 

where r S  is the periodic Bloch function in the po-
sition-coordinate representation, ( )j zϕ is the envelope 
function for the electron’s j -th state, ||k

G
 is in-plane 

wave vector and ||r
G

is the in-plane radius-vector. Solving 
of the Ben-Daniel-Duke problem gives unknown en-
velope functions ( )j zϕ  and band structure of the con-
duction band. The valence band structure is computed 
separately in more complicated manner to include into 
consideration intense band mixing effects. In the frame 
of the envelope function approximation, we use six-
band model including into consideration interaction 
between heavy hole, light hole and spin-orbit split-off 
states with all possible directions of the spin. This ap-
proximation is widely used for semiconductor nitrides 
with wurtzite crystal structure [14]. In this case, wave 
functions for the valence band are represented as [13]: 

 ( ) ( )|| ||
1,

, , ,

exp
mN

h m
j j

jm X Y
Z X Y Z

r ik r g z r m
== ↑ ↑

↑ ↓ ↓ ↓

ψ = ∑ ∑
G G

, (8) 

where m $m$ is an index indicating type of the basis 
function in the bulk Hamiltonian, mN is number of 
considered subbands for the m-th band, r m  is the 
periodic Bloch function of the m-th type and m

jg  are 
the hole envelope functions. 

Usually, to simplify the problem, the block-diag-
onal representation of Hamiltonian is applied. In this 
case, the problem is solved for each block of the Ham-
iltonian separately. The wave functions in the block-
diagonal representation are modified as: 

 ( ) ( )
3

|| || ,
, 1 1

exp
mN

h m
j j

U L m j
r ik r g z r mσ

σ= = =

ψ = ∑ ∑∑
G G

, (9) 

here index σ  refers to upper Uσ = or lower Lσ =  
blocks of the Hamiltonian. The 6 6× Hamiltonian in 
block-diagonal form [14] is 

 6 6
0

0

U

L

H
H

H×

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
, (10) 

with UH  and LH  being 

 U

F K iH
H K G iH

iH iH

−⎛ ⎞
⎜ ⎟= Δ −⎜ ⎟
⎜ ⎟Δ + λ⎝ ⎠

, (11) 

 L

F K iH
H K G iH

iH iH

⎛ ⎞
⎜ ⎟= Δ +⎜ ⎟
⎜ ⎟− Δ − λ⎝ ⎠

,  (12) 
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here: 1 2F = Δ + Δ + λ + θ , 1 2G = Δ − Δ + λ + θ ,

 ( )
2

2 2
1 2

02 z tA k A k
m ελ = + + λ
=

, ( )1 2zz xx yyD Dελ = ε + ε + ε , 
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2 2
3 4

02 z tA k A k
m εθ = + + θ
=

, ( )3 4zz xx yyD Dεθ = ε + ε + ε , 
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a a
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−
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33

2
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C
C

ε = − ε , 0xy yz zxε = ε = ε = , 

 
2

2
5

02 tK A k
m

=
=

, 
2

6
02 t zH A k k
m

=
=

, 32Δ = Δ , 

||tk k=
G

, jA ( 1 5j = ÷ ) are valence-band structure 
parameters, jD ( 1 4j = ÷ ) are deformation potentials, 

1Δ , 2Δ , 3Δ  are energy parameters, 13C  and 33C  are 
elastic stiffness constants. 

In the frame of the envelope function approxima-
tion, Hamiltonian (10) is transformed to the differ-
ential operator using the transformation zk z→ ∂ ∂ . 
The band structure and envelope functions have been 
computed numerically, applying the finite difference 
method [14]. 

BAND STRUCTURE 

We restrict our consideration here only by the 
valence band due to its more complicated structure 
comparing with conduction band. 

Computed band structures presented in Fig. 1 un-
cover effects of joint action of the piezoelectric polar-
ization and indium surface segregation for semicon-
ductor heterostructures with different indium amount 
(with different depths of the quantum well). Here, the 
indium surface segregation lengths equals 1 2 1L L= =  
nm that corresponds to the experimental data [2]. As 
it follows from Fig.1, indium surface segregation does 
not lead to changes in the shape of the valence band 
dispersion curves. It means that the influence of sur-
face segregation on the effective mass of carriers is not 
significant. Also, one can observe the blue energy shift 
of all states caused by the indium surface segregation 
effect. The energy shift is equal 20 meV for the con-
duction band and 50 meV for the valence band. Total 
blue shift is 70 meV. 

For all considered cases, the piezoelectric polar-
ization leads to significant shift of energy subbands in 
both conduction and valence bands. The resulted shift 
of the transition energies is red one for all cases that is 
opposite to the ISS. This feature of the nitrite quantum 
well structures is well-known and it is proved by several 
experimental works. Increasing of the indium amount 
leads to increasing of such an energy shift. That is 
caused by direct relation between indium amount and 
piezoelectric polarization following from Eq. 3. 

As follow from presented results, the indium 
surface segregation leads to constant energy shift of 
subbands relative to subbands for the case when the 
piezoelectric polarization is present. In the shallow 
quantum well, the piezoelectric polarization in weak 
and the indium surface segregation is dominant caus-
ing strong blue shift. In the case when the indium 

amount is equal, the piezoelectric polarization and in-
dium surface segregation have almost the same effect. 
Acting in opposite direction, their joint action does 
not change the energy of subbands significantly rela-
tive to their position in the square quantum well. At 
high indium amounts, the indium surface segregation 
just compensates the piezoelectric effect a little bit. 

 
 

a) 
 

 
 

b) 
 

 
 

c) 

Fig. 1 — Band structures for InGaN/GaN single quantum 
well with indium amount a) x=0.1, b) x=0.2 and c) x=0.3 for 
square quantum well (solid curve), quantum well with piezo-
electric polarization (dashed curve) and joint action of piezo-
electric polarization and indium surface segregation (dotted 
curve)
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WIDTH DEPENDENCE OF THE BAND 
STRUCTURE 

Fig. 2 contains dependences of the valence band 
edges on the quantum well width. In the case of the 
square quantum well, dependences of the band edges 
on the width of the quantum well are nonlinear ones. 
Especially, this is well-observed for holes which have 
lager effective mass. The piezoelectric polarization 
leads to zigzag potential profile of conduction and va-
lence band edges. As s result, the dependence of the 
band edges on the quantum well width becomes linear. 
The ISS does not change the charter of this depen-
dence significantly leading to some constant energy 
shift of subbands. This is the case for both conduction 
and valence bands. 

 
 

a) 
 

 
 

b) 

Fig. 2 — Dependences of a) valence and b) conduction 
band edges on the quantum well width for the square quantum 
well (solid line), quantum well with piezoelectric fields (dashed 
line) and quantum well with joint action of piezoelectric polar-
ization and indium surface segregation (dotted line)

Changes in the width of the quantum well can lead 
to appearing of new confinement states in the quan-
tum well. Such states are denoted by circles in Fig. 2. 
Conduction band have only one confined state in all 
cases. 

CONCLUSIONS 

In this paper, we have investigated the influence 
of the piezoelectric polarization and indium surface 
segregation on the band structure in InGaN/GaN 
single quantum well. Obtained results evidence that 
the joint action of the piezoelectric polarization and 
indium surface segregation cause unique position of 
subbands at the energy axis. The low indium amounts, 
the indium surface segregation is dominant effect 
due to piezoelectric polarization is weak in this case. 
However, the piezoelectric effects are prevailed at the 
high indium amount. Joint action of the indium sur-
face segregation and piezoelectric polarization causes 
linear dependence of band edges on the width of the 
quantum well. This result is confirmed by experimen-
tal data based on the photoluminescence measure-
ments [19].

References 

Hader J., Moloney J. V., and Koch S. W.,1.  Influence of internal 
fields on gain and spontaneous emission in InGaN quantum 
wells // Appl. Phys. Lett. — 2006. — 89, — P. 171120 
Witzigmann B. et al.,2.  Microscopic analysis of optical gain in 
InGaN/GaN quantum wells // Appl. Phys. Lett. — 2006. — 
88, — P. 021104 
Mayrock O., Wunsche H. — J. and Henneberger F.3. , Polar-
ization charge screening and indium surface segregation in 
(In,Ga)N/GaN single and multiple quantum wells // Phys. 
Rev. B — 2000. — 62. — P. 16870 
Potin et al.,4.  Comparison of the In distribution in InGaN/
GaN quantum well structures grown by molecular beam 
epitaxy and metalorganic vapor phase epitaxy // J. Crystal 
Growth — 2004. — 262. — P. 145 
Ruterana et al.,5.  Composition fluctuation in InGaN quantum 
wells made from molecular beam or metalorganic vapor phase 
epitaxial layers // J. Appl. Phys. — 2002. — 91. — P. 8979 
Biswas D., Kumar S. and Das T.6. , Band offsets of InXGa1–
XN/GaN quantum wells reestimated // Thin Solid Films — 
2007. — 515. — P. 4488 
Stanlay I., Coleiny G. and Venkat R.,7.  Theoretical study of In 
desorption and segregation kinetics in MBE growth of InGaAs 
and InGaN // J. Crystal Growth — 2003. — 251 — P. 23 
Martini S. et al.,8.  Influence of indium segregation on the 
RHEED oscillations during the growth of InGaAs layers on a 
GaAs(0 0 1) surface // J. Crystal Growth — 2003. — 251. — 
P. 101 
Pereira S. et al.,9.  Strain and composition distributions in 
wurtzite InGaN/GaN layers extracted from x-ray reciprocal 
space mapping // Appl. Phys. Lett. — 2002 — 80. — P. 3913 
Li T. et al.,10.  Indium redistribution in an InGaN quantum 
well induced by electron-beam irradiation in a transmission 
electron microscope // Appl. Phys. Lett. — 2005. — 86. — 
P. 241911 
Muraki K. et al.,11.  Surface segregation of In atoms during mo-
lecular beam epitaxy and its influence on the energy levels in 
InGaAs/GaAs quantum wells // Appl. Phys. Lett. — 1992. — 
61. — P. 557 
Dussainge A. et al.,12.  In surface segregation in InGaN/GaN 
quantum wells // J. Crystal Growth — 2003. — 251. — P. 471 
Fiorentini V., Bernardini F. and Ambacher O.,13.  Evidence for 
nonlinear macroscopic polarization in III–V nitride al-
loy heterostructures // Appl. Phys. Lett. — 2002. — 80. — 
P. 1204 
Chuang S. L. and Chang C. S.,14.  Band Structure Model of 
Strained Quantum-Well Wurtzite Semiconductors // Semi-
cond. Sci. Technol. — 1997. — 12. — P. 252 
Chow W. W. and Koch S. W.,15.  Semiconductor Laser: Funda-
mentals. Physics of the gain materials — Springer, 1999. — 
P. 298 
Bastard G.,16.  Wave Mechanics Applied to Semiconductor Het-
erostructures. — John Wiley & Sons Inc., 1991 — P. 557 
Vurgaftman I., Meyer R. and Ram-Mohan L. R.,17.  Band pa-
rameters for nitrogen-containing semiconductors // J. Appl. 
Phys. — 2003 — 94. — P. 3675 



129

Chuang S. L.18. , Optical gain of strained wurtzite GaN quan-
tum-well lasers // IEEE J. Quantum Electron. — 1996. — 
32. — P. 1791 

Berkowicz E. et al,19.  Optical spectroscopy in InGaN/GaN 
quantum wells // Phys. Stat. Sol. (b), — 1999. — 216. — 
P. 291 

UDC 539.293 

M. V. KLYMENKO, S. I. PETROV, O. V. SHULIKA 
JOINT INFLUENCE OF INTERNAL FIELDS AND INDIUM SURFACE SEGREGATION ON BAND STRUCTURE IN 
InGaN/GaN SINGLE QUANTUM WELL 

Abstract 
In this paper, authors investigate the influence of the indium surface segregation and piezoelectric polarization on the band struc-

ture of the InGaN/GaN single quantum well. The obtained results evidence that the indium surface segregation leads to the blue shift of 
the transition energy (70 meV for the segregation length 1nm at both heterointerfaces) while the piezoelectric polarization itself causes 
the read shift. Joint action of both effects influence on the potential profile determining the linear dependence of the transition energy on 
the width of the quantum well. The piezoelectric polarization is prevailed for the high indium amount, and the indium surface segrega-
tion is dominated for the low indium amount in the In(x)Ga(1-x)N alloy. 

Key words: surface segregation, internal fields, structure. 

ÓÄÊ 539.293 

Ì. Â. ÊËÈÌÅÍÊÎ, Ñ. È. ÏÅÒÐÎÂ, À. Â. ØÓËÈÊÀ 

ÑÎÂÌÅÑÒÍÎÅ ÂËÈßÍÈÅ ÂÍÓÒÐÅÍÍÈÕ ÅËÅÊÒÐÎÑÒÀÒÈ×ÅÑÊÈÕ ÏÎËÅÉ È ÏÎÂÅÐÕÍÎÑÒÍÎÉ 
ÑÅÃÐÅÃÀÖÈÈ ÈÍÄÈß ÍÀ ÇÎÍÍÓÞ ÑÒÐÓÊÒÓÐÓ Â InGaN/GaN ÎÄÈÍÎ×ÍÎÉ ÊÂÀÍÒÎÂÎÉ ßÌÅ 

Ðåçþìå 
Â ýòîé ðàáîòå, àâòîðû èññëåäóþò âëèÿíèå ïîâåðõíîñòíîé ñåãðåãàöèè èíäèÿ è ïüåçîýëåêòðè÷åñêîé ïîëÿðèçàöèè íà çîí-

íóþ ñòðóêòóðó InGaN/GaN îäèíî÷íîé êâàíòîâîé ÿìû. Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò, ÷òî ïîâåðõíîñòíàÿ ñåãðå-
ãàöèÿ èíäèÿ ïðèâîäèò ê “ñèíåìó” ñäâèãó ýíåðãèè ïåðåõîäà (70 ìýÂ äëÿ äëèíû ñåãðåãàöèè 1 íì íà êàæäîì ãåòåðîèíòåðôåéñå) 
â òî âðåìÿ êàê ïüåçîýëåêòðè÷åñêàÿ ïîëÿðèçàöèÿ îáóñëàâëèâàåò “êðàñíûé” ñäâèã. Ñîâìåñòíîå äåéñòâèå îáîèõ ýôôåêòîâ îêà-
çûâàåò âëèÿíèå íà ïîòåíöèàëüíûé ïðîôèëü îïðåäåëÿÿ ëèíåéíóþ çàâèñèìîñòü ýíåðãèè ïåðåõîäà îò øèðèíû êâàíòîâîé ÿìû. 
Ïüåçîýëåêòðè÷åñêàÿ ïîëÿðèçàöèÿ ÿâëÿåòñÿ ïðåîáëàäàþùåé ïðè áîëüøèõ ñîäåðæàíèÿõ èíäèÿ, à ïîâåðõíîñòíàÿ ñåãðåãàöèÿ 
èíäèÿ ïðåîáëàäàåò ïðè ìàëîì ñîäåðæàíèè èíäèÿ â In(x)Ga(1-x)N òâåðäîì ðàñòâîðå. 

Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíàÿ ñåãðåãàöèÿ, ñòðóêòóðà, êâàíòîâîå ïîëå. 

ÓÄÊ 539.293 

Ì. Â. ÊËÈÌÅÍÊÎ, Ñ. È. ÏÅÒÐÎÂ, Î. Â. ØÓËÈÊÀ 
ÑÓÌ²ÑÍÈÉ ÂÏËÈÂ ÂÍÓÒÐ²ØÍ²Õ ÅËÅÊÒÐÎÑÒÀÒÈ×ÍÈÕ ÏÎË²Â ÒÀ ÏÎÂÅÐÕÍÅÂÎ¯ ÑÅÃÐÅÃÀÖ²¯ ²ÍÄ²ß ÍÀ 
ÇÎÍÍÓ ÑÒÐÓÊÒÓÐÓ Â InGaN/GaN ÏÎÎÄÈÍÎÊ²É ÊÂÀÍÒÎÂ²É ßÌ² 

Ðåçþìå 
Ó ðîáîò³ àâòîðè äîñë³äæóþòü âïëèâ ïîâåðõíåâî¿ ñåãðåãàö³¿ ³íä³ÿ ³ ï'ºçîåëåêòðè÷íî¿ ïîëÿðèçàö³¿ íà çîííó ñòðóêòóðó InGaN/

GaN ïîîäèíîêî¿ êâàíòîâî¿ ÿìè. Îòðèìàí³ ðåçóëüòàòè ñâ³ä÷àòü, ùî ïîâåðõíåâà ñåãðåãàö³ÿ ³íä³ÿ ïðèâîäèòü äî “ñèíüîãî” çì³-
ùåííÿ åíåðã³¿ ïåðåõîäó (70 ìýâ äëÿ äîâæèíè ñåãðåãàö³¿ 1 íì íà êîæíîìó ãåòåðî³íòåðôåéñ³) ó òîé ÷àñ ÿê ï'ºçîåëåêòðè÷íà ïî-
ëÿðèçàö³ÿ îáóìîâëþº “÷åðâîíå” çì³ùåííÿ. Ñï³ëüíà ä³ÿ îáîõ åôåêò³â âïëèâàº íà ïîòåíö³éíèé ïðîô³ëü âèçíà÷àþ÷è ë³í³éíó 
çàëåæí³ñòü åíåðã³¿ ïåðåõîäó â³ä øèðèíè êâàíòîâî¿ ÿìè. Ï'ºçîåëåêòðè÷íà ïîëÿðèçàö³ÿ º ïåðåâàæàþ÷îþ ïðè âåëèêîìó âì³ñò³ 
³íä³ÿ, à ïîâåðõíåâà ñåãðåãàö³ÿ ³íä³ÿ ïåðåâàæàº ïðè ìàëîìó âì³ñò³ ³íä³ÿ â In(x)Ga(1-x)N òâåðäîìó ðîç÷èí³. 

Êëþ÷îâ³ ñëîâà: ïîâåðõíåâà ñåãðåãàö³ÿ, ñòðóêòóðà, êâàíòîâå ïîëå. 
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INTRODUCTION 

During an exposure by a hard radiation in semi-
conductor materials irradiation-induced defects ap-
pear, which change the basic electrical materials prop-
erties, such as a lifetime, mobility and carrier density. 
Such modifications lead to degradation of biographic 
parameters of electronic devices and often are the 
main reason of decrease of their working life. Wide 
spreading of A

3
B

5 
type of semiconductor materials in 

microelectronics [1] provokes interest to investigations 
of irradiation-induced effects in their compounds and 
alloys. The interaction of gamma radiation with solid 
state, ionisation and the displacement effects in atom-
ic subsystem of material, as well the defect formation, 
processes of their accumulation and reorganization 
depend on irradiation energy and intensity, on expos-
ing time and temperature and on type of doping ele-
ments. The question about the nature of irradiation-
induced defects formation, leading to degradation of 
A

3
B

5
 semiconductors, remains open. 

A LEDs fabricated in a GaAlAs- multilayer het-
erostructures (MLH-structures) have several advan-
tages. Withing forming of the intermediate GaAlAs-
layers between the GaAs-substrate and GaAlAs-active 
region it is possible to achieve the considerable de-
crease of a defect level in active region, what results 
to magnification of a quantum efficiency of emission. 
Additional reemission of photons by the intermediate 
GaAlAs-layer significantly increases the total emis-
sion intensity of LED [2]. Spatial separation of the in-
termediate GaAlAs-layer and active region promotes 
a resistance magnification to irradiation-induced deg-
radation of MLH-structures which are emitting light 
[3]. Use of MLH-structures allows us to separate deg-
radation processes related to redistribution of an elec-
tric charge from degradation what causes increasing of 
charge carriers recombination. 

Layer-to-layer difference of electronic and emit-
ting properties of MLH-structures also affects char-
acteristic properties of their degradation. Thus, by 
means of selection of gamma quanta exposure irradia-
tion parameters it is possible to control a process of 
nonradiative recombination centres formation both in 
an active region and in other layers which participate 
in the generating processes or in outputting of photons 
[4]. 

RESULTS AND DISCUSSION 

The experimental investigation of irradiation-in-
duced degradation of GaAlAs MLH-structures at vari-
ous irradiation parameters of gamma quanta Ñî60 expo-
sure have been carried out. The structure of samples and 
experimental technique are described in papers [2,3]. 

As it was considered in previous papers [2–4], the 
electroluminescence spectra of the test MLH-struc-
tures have two emission bands. The long-wave compo-
nent of a spectrum appears as a result of reemission of a 
short-wave component. For all samples, the maximums 
of emission bands match to energies 1,61 and 1,48 eV. 

Electroluminescent characteristics of the LEDs 
before and after exposure by integral gamma-quan-
tum’s flux with intensity from 1016quanta/cm2 to 
1018quanta/cm2 have been measured. After the radia-
tion exposure of samples the quenching of lumines-
cence at a long wavelength component of a spectrum 
and some decreasing of intensity of a short-wave 
component was observed. However, even for various 
parameters of exposure no shifting of maximums of a 
emitting intensity and no modification of a halfwidth 
of spectrum bands have been detected. 

As it was expected, that after the gamma-radiation 
treatment which speeds up formation of defects in a 
semiconductor and appearance of additional levels in 
semiconductor forbidden band, new emission bands in 
spectrum of the samples should be observed. Absence 
of additional emission bands is an argument in favour 
of the fact, that irradiation-induced defects are the 
nonradiative recombination centres, which decreasea 
total efficiency of process of light emitting. 

Thus, we conclude that gamma-radiation of such 
intensity doesn’t change the main mechanism of gen-
eration of photons at the recombination kind of emis-
sion. 

To figure out the ways of decreasing the role of the 
irradiation-induced effects on LED's the influence of 
hard radiation on a current-voltage characteristic of 
p-n- junction has been studied. The current-voltage 
curves of the test samples before (1) and after (2) of 
radiation exposure by integral gamma-quantum’s flux 
with intensity 5⋅1016 quanta/cm2 are shown in a Fig. 1. 
As the one can see from the figure, the current-voltage 
diagrams have a several slopes, which indicate that the 
charge transfer mechanism across a MLH-structure 
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changes with growing the level of injection of charge 
carriers. 

 

Fig. 1. Current-voltage characteristic of the test LED before 
(1) and after (2) of gamma radiation exposure by integral flux with 
intensity 5⋅1016quanta/cm2 

In an absolute majority of the tested samples at 
small values of direct current (10–7–10–5A), the cur-
rent-voltage characteristic is being well described by 
the tunnel mechanism of carriers transfer. In this re-
gion of a current-voltage characteristic after exposing, 
there is small magnification of the current. We relate 
this fact to insignificant magnification of concentra-
tion of irradiation-induced deep levels that is the par-
ent of increment of tunnel current. 

At the second region of a slope of a characteristic 
at direct currents 10–4–10–2A the recombination com-
ponent of a current predominates. Good approxima-
tion of this region of the current-voltage characteristic 
is an exponential function: 

 0 exp eUI I
n kT

⎛ ⎞= ⋅ ⎜ ⎟⋅⎝ ⎠
. (1) 

Coefficient n for the test samples varies in the 
range from 1,68 to 1,73. 

After the exposing by gamma-radiation, the cur-
rent-voltage characteristic with the parallel shift to 
high-currents region (Curve 2 on a Fig. 1) was ob-
tained. We consider such modifications of this region 
of the current-voltage characteristic as result of de-
creasing of a lifetime of charge carriers after the ex-
posure. During an exposure by a hard radiation in a 
volume of MLH-structure irradiation-induced defects 
are formed, which act as active recombination centres 
that shorten lifetime of charge carriers. 

The lifetime of minority charge carriers on second 
current-voltage characteristic slope region that cor-
responds to a dominance of recombination-current 
component has been experimentally estimated. The 

value of lifetime of 1,86⋅10–9s before irradiation and of 
1,23⋅10–9s after exposure was calculated. 

The magnification of the reverse current after of 
irradiation has been experimentally observed. 

For investigation of influence of an irradiation on 
carrier concentration in MLH-structures, we have 
measured an avalanche breakdown voltage. An empir-
ical equation of a dependence of value of a breakdown 
voltage from impurity density has been derived: 

 

3/43/2 16

,

1060
1,1
g

B
A D

E
U

N
⎛ ⎞⎛ ⎞

= ⋅ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
,  (2) 

where E
g
 — energy gap and N

A,D
 — impurity density in 

high-resistance region of p-n- junction. 
Values of an avalanche breakdown voltage for all 

tested samples were within the interval from 6,5V to 
12,5V. We did not observe any variations in these val-
ues after an exposure by integral gamma-quantum’s 
flux with intensity up to 1018quanta/cm2. This fact 
indicates that intensity of irradiating, which we used 
in experiments, is insufficient to produce essential 
changes in impurity concentration. Similar results 
were mentioned earlier [1]. 

The above mentioned statements indicate, after 
irradiation of MLH-structures the significant increas-
ing of number of a nonradiative recombination cen-
tres shorten a lifetime of charge carriers. It can lead to 
practically full decreasing of emission intensity even 
at such irradiation integral fluxes when carrier density 
does not considerably vary yet. 

 

Fig. 2. Luminous-voltage characteristic of the test LED for 
long-wave band (1) and short-wave band (2) of an emission spec-
trum before, but (3) — for short-wave band after of gamma radia-
tion exposure by integral flux with intensity 5⋅1016quanta/cm2 

The luminous-voltage and luminous-current 
characteristics of the test samples before (1), (2) and 
after (3) of radiation exposure by integral gamma-
quantum’s flux with intensity 5⋅1016quanta/cm2 are 
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shown in a Fig. 2 and 3. Curves (2) and (3) relate to 
short-wave component, but curve (1) relates to long-
wave component of an MLH-structure emission spec-
trum. Absence of long-wave component of a spectrum 
after radiation exposure indicates above mentioned 
cancellation. As it follows from figures, irradiation has 
no effect on slope of curve. It confirms the absence of 
essential variations of carrier density after the radia-
tion exposure. 

 

Fig. 3. Luminous-current characteristic of the test LED for 
long-wave band (1) and short-wave band (2) of an emission spec-
trum before, but (3) — for short-wave band after of gamma radia-
tion exposure by integral flux with intensity 5⋅1016quanta/cm2 

In comparison of current-voltage and luminous-
voltage characteristics (Figs. 1 and 2) it can be seen, 

that the most effective emission corresponds to second 
current-voltage characteristic slope region in which 
total recombination current dominates. 

CONCLUSION 

The obtained experimental information allows to 
making some conclusions about the main mechanism 
of GaAlAs MLH-structure optical emitters irradia-
tion-induced degradation phenomenon. 

After the radiation exposure by integral gamma-
quantum’s flux with intensity up to 1017quanta/cm2 of 
optical emitters a significant decreasing of emission 
intensity occurs. 

Formation of a nonradiative recombination cen-
tres is a dominant result of irradiation-induced degra-
dation of light-emitting MLH-structures. 

Opposite to lasers based on MLH-structures, the 
irradiation-induced optical losses increasing and de-
creasing of electrons injection in the MLH-LEDs are 
unnoticeable effects in comparison with predominat-
ing of nonradiative recombination. 

Using the additional reemission effect of photons 
by the intermediate layer in multilayer optical emit-
ters leads to considerable decreasing LED’s resistance 
within gamma irradiation-induced degradation. 
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Äî ðóêîïèñó äîäàþòüñÿ: 
1. Êîäè ÐÀÑ òà ÓÄÊ. Äîïóñêàºòüñÿ âèêîðèñ-

òàííÿ äåê³ëüêîõ øèôð³â, ùî ðîçä³ëÿþòüñÿ êîìîþ. 
Ó âèïàäêó, êîëè àâòîðîì (àâòîðàìè) íå áóäå âêà-
çàíî æîäåí øèôð, ðåäàêö³ÿ æóðíàëó âñòàíîâëþº 
øèôð ñòàòò³ çà ñâî¿ì âèáîðîì. 

2. Ïð³çâèùå (à) òà ³í³ö³àëè àâòîðà (¿â), íàçâà 
ñòàòò³. 

3. Óñòàíîâà, ïîâíà ïîøòîâà àäðåñà, íîìåð òå-
ëåôîíó, íîìåð ôàêñó, àäðåñà åëåêòðîííî¿ ïîøòè 
äëÿ êîæíîãî ç àâòîð³â. 

Ðåçþìå îá'ºìîì äî 200 ñë³â ïèøåòüñÿ àíãë³é-
ñüêîþ, óêðà¿íñüêîþ òà ðîñ³éñüêîþ ìîâàìè Ïåðåä 
òåêñòîì ðåçþìå â³äïîâ³äíîþ ìîâîþ âêàçóþòüñÿ 
íàçâà ñòàòò³, ïð³çâèùà òà ³í³ö³àëè âñ³õ àâòîð³â, ï³ñ-
ëÿ çàê³í÷åííÿ òåêñòó ðåçþìå äðóêóþòüñÿ êëþ÷îâ³ 
ñëîâà. 

Òåêñò ïîâèíåí äðóêóâàòèñÿ øðèôòîì 12 ïóíê-
ò³â ÷åðåç äâà ³íòåðâàëè íà á³ëîìó ïàïåð³ ôîðìàòó 
À4. Íàçâà ñòàòò³, à òàêîæ çàãîëîâêè ï³äðîçä³ë³â 
äðóêóþòüñÿ ïðîïèñíèìè ë³òåðàìè ³ â³äçíà÷àþòü-
ñÿ íàï³âæèðíèì øðèôòîì. 

Ð³âíÿííÿ íåîáõ³äíî äðóêóâàòè ó ðåäàêòîð³ ôîð-
ìóë MS Equation Editor. Ñòàòò³ ç âïèñàíèìè â³ä 
ðóêè ð³âíÿííÿìè äî äðóêó íå ïðèéìàþòüñÿ. Íåîá-



õ³äíî äàâàòè âèçíà÷åííÿ âåëè÷èí, ùî ç'ÿâëÿþòüñÿ 
â òåêñò³ âïåðøå. 

Òàáëèö³ ïîâèíí³ áóòè âèêîíàí³ ó â³äïîâ³äíèõ 
òàáëè÷íèõ ðåäàêòîðàõ àáî ïðåäñòàâëåí³ ó òåê-
ñòîâîìó âèãëÿä³ ç âèêîðèñòàííÿì ðîçä³ëüíèê³â 
(êðàïêà, êîìà, êîìà ç êðàïêîþ, çíàê òàáóëÿö³¿). 

Ïîñèëàííÿ íà ë³òåðàòóðó ïîâèíí³ äðóêóâàòèñÿ 
÷åðåç äâà ³íòåðâàëè, íóìåðóâàòèñü â êâàäðàòíèõ 
äóæêàõ (ó íîðìàëüíîìó ïîëîæåíí³) ïîñë³äîâíî ó 
ïîðÿäêó ¿õ ïîÿâè â òåêñò³ ñòàòò³. Äëÿ ïîñèëàíü âè-
êîðèñòîâóþòüñÿ íàñòóïí³ ôîðìàòè: 

Êíèãè. Àâòîð(è) (³í³ö³àëè, ïîò³ì ïð³çâèùà), 
íàçâà êíèãè êóðñèâîì, âèäàâíèöòâî, ì³ñòî ³ ð³ê 
âèäàííÿ. (Ïðè ïîñèëàíí³ íà ãëàâó êíèãè, âêà-
çóºòüñÿ íàçâà ãëàâè, íàçâà êíèãè êóðñèâîì, íî-
ìåðè ñòîð³íîê). Ïðèêëàä J A Hall, Imaging tubes, 
Chap 14 ø The Infrared Handbook, Eds W W Wolfe, 
Î J' Zissis. 2000 ERIM, Arm Arbor, MI, ðð132 — 
176 

Æóðíàëè ( ×àñîïèñè). Àâòîð(è) (³í³ö³àëè, ïîò³ì 
ïð³çâèùà), íàçâà ñòàòò³, íàçâà æóðíàëó êóðñèâîì 
(âèêîðèñòîâóþòüñÿ àáðåâ³àòóðè ò³ëüêè äëÿ â³äî-
ìèõ æóðíàë³â), íîìåð òîìó ³ âèïóñêó, íîìåð ñòî-
ð³íîê ³ ð³ê âèäàííÿ. Ïðèêëàä N Blutzer and A S 
Jensen, Current readout of infrared detectors // Opt 
Eng 2000, 26(3), p. 241–248 

²ëþñòðàö³¿ áóäóòü ñêàíóâàòèñÿ öèôðîâèì ñêà-
íåðîì. Ïðèéìàþòüñÿ äî äðóêó ò³ëüêè âèñîêîÿ-
ê³ñí³ ³ëþñòðàö³¿. Ï³äïèñè ³ ñèìâîëè ïîâèíí³ áóòè 
âäðóêîâàí³. Íå ïðèéìàþòüñÿ äî äðóêó íåãàòèâè, 
ñëàéäè, òðàíñïàðàíòè. 

Ðèñóíêè ïîâèíí³ ìàòè â³äïîâ³äíèé äî ôîð-
ìàòó æóðíàëó ðîçì³ð íå á³ëüøå 160x200 ìì. Òåêñò 
íà ðèñóíêàõ ïîâèíåí âèêîíóâàòèñü øðèôòîì 10 
ïóíêò³â. Íà ãðàô³êàõ îäèíèö³ âèì³ðó âêàçóþòüñÿ 
÷åðåç êîìó (à íå â äóæêàõ). Óñ³ ðèñóíêè (³ëþñòðà-
ö³¿) ðîçì³ùóþòüñÿ â òåêñò³ ³ íóìåðóþòüñÿ â ïîðÿä-
êó ¿õ ðîçì³ùåííÿ â òåêñò³. 

Çäàíî ó âèðîáíèöòâî 02.06.2010. Ï³äïèñàíî äî äðóêó 10.06.2010. 
Ôîðìàò 60õ84/8. Ïàï³ð îôñåòíèé. Ãàðí³òóðà «Newton». Äðóê îôñåòíèé. 

Óì. äðóê. àðê. 15,81. Òèðàæ 300 ïðèì. Çàì. ¹ 362.

Âèäàâíèöòâî ³ äðóêàðíÿ «Àñòðîïðèíò»
65091, ì. Îäåñà, âóë. Ðàçóìîâñüêà, 21
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