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ELECTROLUMINESCENCE OF NATURALLY AGED LIGHT-EMITTING
DIODE STRUCTURES BASED ON GALLIUM PHOSPHIDE.

It was shown that naturally aged structures based on gallium phosphide with green and red colours
of radiation can withstand direct currents, which are tens times higher than any maximum values of
currents for just produced structures. Considerable displacement (by 0.28—0.3 eV) of a green band of
electroluminescence of structures at a self-heating by passing current and full quenching of a red band
at degradation of structures were fixed. Physical mechanisms of these phenomena are discussed.

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 (AE), 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 E 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 (AL ~20-50
nm) in red and green bands in naturally aged
GaAs, P ../GaP structures (with formation of an
infra-red band), which are accompanied by intensive
AE [9], considerably exceed typical known shifts —
AN ~5—7 nm [11], whereby AE is often absent. For

GaAsO,ISPO’SS/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 AA ~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-0O/GaP structures with red luminescence
in a metal-glass package with the sizes of structure
450x450 um, 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 AE 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 Jin light-emit-
ting A’BS structures. This algorithm corresponds to
confident actuation of potentially active (for the spec-
ified J) sources of AE 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 / of light
emitting structures on the step number # of its increas-
es is presented. / =10 mA, time between steps varied
from 3 to 10 minutes.

4 © V. P. Veleschuk, O. 1. Vlasenko, M. P. Kisselyuk, O. V. Lyashenko, S. G. Nedil’ko, V. P. Shcherbatsky, 2010
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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) = an’+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 (I) of the red band at A = 700 nm
(1.76 eV) and intensity increase of IR band at L =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 7, and increase
in intensity of the IR-band 7, 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 A = 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°C 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, 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 AA ~5—7
nm [1, 11] and even displacement AA ~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°C), and external heating
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(to 600°C). 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 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, 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 AA. 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 I of
the red and IR bands. The red band at 1.76 eV (700
nm) of GaP: N, Zn-O/GaP structures corresponds to

6

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, —0O,)—Zn_ or recombina-
tion of bound excitons on close DAP Zn —O, (insert
in Fig. 1 represents radiative jumps). ch is a small
acceptor with ionisation energy E, = 0.061 eV, and
pos1t10n 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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Fig. 5. Distribution of EL integral intensity of the GaP:
N /GaP surface I(S) (a), photo of structure (b) and I(L) for green
band of EL at different currents (c).

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, and shallow acceptor Zn,_ (insert in Fig. 1) or
recombination of the free electron defects with bound
electron on O,

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

th:Eg—(EA-i-ED)+e2/er—ezbs/gr6 (D)

where E, and E 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, &— 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 e’/er) prevents the bounding
of electrons and holes on very close pairs, except for
cases when at least one of values E, or E, is very high
[11].

It should be noted that the band 1.36 eV with par-
ticipation of O, 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



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 O, 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 €V, caused by O, donor. It is the rea-
son for reversible redistribution of relative intensities I
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 -O, 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 negatlve ion (Zn ') by vacancies of gallium
sublattice and in the form of positive ion (Zn?*) 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 A/cm? 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 p-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, 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 / 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 / =p,"? where p is the
dislocation density [14].

It is known that the increase of dislocation
density in epitaxial layers of gallium phosphide to
p, = (2+5)-10° cm?, which corresponds to average
distance between dislocations / = (2u4) L, results in
reduction of quantum efficiency of the green lumi-
nescence approximately by a factor of two [14]. For
green band L = 547 pm, for the red band L <2 um. At
p, = 10" cm™ (/= 3.2 uym) quantum efficiency of GaP
structures with green radiation is equal to zero [14].
Thus, in these aged structures p, does not reach the
value of 107 cm™ 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 um, and disap-
pearance of the red band should occur at p,, = 2.5-10’
sm. 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,
[10—13]. From the other hand, substantial increase o%
activation energy of d1slocat10ns formation in natural-
ly aged structures and reduction of number of struc-
ture defects with small activation energy £ 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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Veleschuk V. P., Viasenko O. 1., Kisselyuk M. P., Lyashenko O. V., Nedil’ko S. G., Shcherbatsky V. P.

ELECTROLUMINESCENCE OF NATURALLY AGED LIGHT-EMITTING DIODE STRUCTURES BASED ON GALLIUM
PHOSPHIDE.

Abstract

It was shown that naturally aged structures based on gallium phosphide with green and red colours of radiation can withstand direct
currents, which are tens times higher than any maximum values of currents for just produced structures. Considerable displacement (by
0.28—0.3 eV) of a green band of electroluminescence of structures at a self-heating by passing current and full quenching of a red band
at degradation of structures were fixed. Physical mechanisms of these phenomena are discussed.

Key words: heterostructure, electroluminescence, defect, acoustic emission
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Beaewyk B. I1., Baacenko O. 1., Kucearox M. I1., lawenko O. B., Hedinvko C. I., lllepbaysxuii B. I1.

EJEKTPOJTIOMIHECHEHIIS TPUPOAHO 3ICTAPEHUX CBITIIOAIOJHUX CTPYKTYP HA OCHOBI ®OCOIAY
TAJIIIO.

Pesiome

TNokazaHo, 1110 MPUPOAHBO-3ICTAPEHi CTPYKTYpH Ha OCHOBI (hocdimy Tastito 3eJIEHOTO i 4epBOHOTO KOJIBOPiB BUTIPOMiHIOBAHHS MO-
XyTb BUTPUMYBATH TPsIMi CTPYMHU, SIKi B J€CSITKU pa3iB MEePEBUILLYIOTh Oylb-sIKi MaKCUMaJlbHi 3HAYEHHSI CTPYMiB JJIs1 CBiXKOBUTOTOB-
JieHux cTpyKTyp. 3adikcoBanuii 3HauHMit 3cyB (Ha 0,28..0,3 eB) 3eneHoi cMyru enekTpoioMiHECHIeHILil CTPYKTYp TpU caMopasirpisi
MPOTiKaIOYMM CTPYMOM i IMOBHE raciHHsI YePBOHOI CMYTH MpU Jierpaaauii crpyktyp. O6roBopeHi hizuuHi MexaHi3MU JaHUX SIBUILL.

Kimouogi ciioBa: reTepocTpyKTypa, eleKTPOTIOMiHECIIeHITisT, 1e(heKT, aKyCTUUHA eMICist

VYK 539.2:539.4
Benewyk B. I1., Bracenko A. H., Kuceniox M. I1., Jlawenko O. B., Hedeavko C. I., lllepbayxui B. 1.

BJIEKTPOJIIOMNHECHEHINA ECTECTBEHHO COCTAPEHHBIX CBETOAUOJHBIX CTPYKTYP HA OCHOBE
DOOCOUIA TATLINA.

Pesiome

IToka3aHo, YTO €CTECTBEHHO-COCTAPEHHbIE CTPYKTYPhI Ha OCHOBE (hocduIa rajiivst 3eJICHOr0 M KpACHOTO LIBETOB U3JTyYEHHUS MO-
I'yT BBIAEPXKXUBATH MPSIMbIE TOKH, B IECATKH pa3 MpeBbIIIAIOLIINE JTI00ble MAaKCUMaIbHbIE 3HAYEHUSI TOKOB TSI CBEXKEM3TOTOBIEHHBIX
CTPYKTYp. 3aMKCHUpOBaHO 3HauMTeIbHOE cMeleHre (Ha 0,28..0,3 eB) 3e1eH0il MOJOCHI 3JEKTPOITIOMUHECLEHIIUN CTPYKTYP MPU
camMopa3orpeBe MPOTEKAIIUM TOKOM U IOJIHOE TallieHue KPacHOM MOJIOChI TIpH Aerpagaiuu cTpykTyp. OGCyXIeHbl (puznyeckue
MEXaHU3MBbI TAHHBIX SIBICHMIA.

KioueBble clioBa: reTepoCTPYKTYpa, SJIEKTPOTIOMUHECHEHIINS, Te(eKT, aKyCTUUeCKast SMUCCUST
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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.

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,-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 °C. 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 °C 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 CuKa radiation (A=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 26 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 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 € were estimated from XRD data. The obtained
values for d and & were 7 nm and 0.0027, correspon-
dently.

The surface images of SnO, and SnO -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.

© R. Viter, V. Smyntyna, 1. Konup, I. Lydina, J. Puustinen, J. Lappalainen, V. Ivanitsa, 2010 9
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Fig. 2: AFM image: a) SnO,, b) Cu-Porph, c¢) Sn-Porph, d) SnO,-Cu-Porph, €) SnO,-Sn-Porph.
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Surface structure of porphyrins was really smooth
(Rg=1.241.4 nm) (fig.2b, 2¢). 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,-Cu-Porph and SnO,-
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,-Sn-Porph and enhanced for SnO,-
Cu-Porph structures in the range of 410—430 nm (fig.
3d, fig.4d).
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Fig. 3. Transmittance spectra: a) SnO,, b) Cu-Porph, c)
SnO,-Cu-Porph, d) SnO,- 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 w-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,, b) Sn-Porph, ¢) SnO,-
Sn-Porph, d) SnO,- 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.
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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.

Key words: tin oxide, porphyrin, optical sensors, 2-Mercaptoethanol detection.
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JOCJIIZKEHHA ONITUYHUX TA CTPYKTYPHUX BJIACTUBOCTE CTPYKTYP OKCH/I OJIOBA-IIOP®IPUH
AJIA OIITUYHUX CEHCOPIB.

Pe3iome
Y po6oTi goCTimKeHO BIaCTUBOCTI CTPYKTYP OKCHI 0JI0Ba-TIopdipyH TS BU3HAYSHHS MOJIEKYJT MepKarroeTaHoy. OKCu ooBa

0yJ10 HAHECEHO METOIOM €JIEKTPO-CIIpeii MipoJiidy Ha CKIIsHI miakiaanuHky. [TopdiprH1 HAHOCWINCS i3 PO3YMHIB OPraHiYHMX CITO-
siyk. CTpyKTYpHi BJIIaCTUBOCTI 3pa3KiB OYJIO MOCIIIKEHO 3a JOTIOMOTOI0 METOMIB AU(MpaKIlii peHTTeHiBCbKOTO BUIIPOMiHIOBAaHHS Ta
aTOMHO-CUJIOBOI MiKpocKorii. ONTUYHI B1acTUBOCTI OyJi0 AocaiakeHo B Aiana3oHi xBuib 200—1100 HM. BusHaueHo BruiuB aacopOiii
MEpPKaNTOETaHOIy Ha ONTUYHI BIACTUBOCTI CTPYKTYP Ta OOTOBOPEHO MEXaHi3M B3a€MO/lil MOJIEKYJT 3 TOBEPXHEIO 3pa3KiB.

Kimouosi cioBa: ocku ojioBa, mopdipuH, ONITUYHI CEHCOPH, IETEKTyBaHHSI MEPKAIOTETaHOITY.

VK 539.183
P. B. Bumep, B. A. Cuoinmoina, . I1. Konyn, U. Jleiduna, 4. [lyycmunuen, F0. Jlannanaiinen, B. A. Heanuya.

WCCJIEZOBAHUE ONITUYECKHX U CTPYKTYPHBIX CBOVICTB CTPYKTYP OKCHUJI OJIOBA- ITIOP®VIPUH JIJIS
OIITUYECKUX CEHCOPOB.

Pe3iome
B pabote uccienoBaHbl CBOMCTBA CTYPKTYP OKCHJI 0JI0Ba- TOPGUPHUH TS OTIPEeIEHUST MOJIEKYJT MepKanTosTaHosia. OKcu oJ10-

Ba HAHOCUJICSI HA CTEKJISTHHBIE MOUIOXKKHW TIPU MOMOILIY METO/a 31eKTPO-CIpaii nuposusa. [TopduprHbl HAHOCUIUCH U3 PACTBOPOB
opraHuuyeckux pactBopureneil. CTpyKTypHble CBOMCTBA 00pa3L0B U3y4YaJUCh MPU MOMOLIM METOAOB AU(dpaKLUKU PEHTTEHOBCKOTO
MU3JIy4EeHUS] ¥ aTOMHO-CUJIOBOM MUKpOcKomuu. ONTUYECKUE CBOMCTBA ObUIM MCCAea0BaHbl B MHTepBaie MiuH BojaH 200—1100 HM.
YcTaHOBIIEHO BIUSIHUE a[ICOPOIIMN MEPKANTO3TAaHOIa Ha ONTUYECKHE CBOMCTBA CTPYKTYP M TIPEUIOKEH MEXaHU3M B3aMMOIEHCTBYSI
MOJIEKYJI C TOBEPXHOCThIO 00PA31I0B.
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NUCLEAR-QED THEORY OF HYPERFINE, ELECTROWEAK, PARITY NON-
CONSERVATIVE EFFECTS IN HEAVY ATOMS, NUCLEI AND NEW STARK

PUMPING PNC EXPERIMENTS

The combined QED perturbation theory formalism and relativistic nuclear mean-field theory are
applied to studying the fundamental parameters of the hyperfine, electroweak, parity non-conservation
(PNC) interactions in heavy atoms, nuclei. There are firstly predicted the nuclear weak charged for some
atoms and new objects for the PNC Stark pumping experiments with cold-atom fountain are noted.

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,,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]), T1 (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

© 0. Yu. Khetselius, 2010

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,, 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 priicised 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-n/j}. 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:

leej_'e“zu+e.7;2p (1)
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where j*,j\ are Lorentz covariant current operators
for the electron and the nucleus respectively:

B =0, (2)
- 1+71, = — A = y—
J; = 5 2 WNY“WN +Eav(WNGH Vy) (3)

1 .
Here o*' = E[Y“ﬂ/v} . 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:

1 S,

—_—z 4
47| x1—x2 | @

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

1

S 5
4| x1—x2 | (%)

exp(i| o] x,)(1-o,a,)

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]:

G
22

Where -is the Fermi constant of the weak inter-
action, y, —is the Dirac matrice, p(r)-is a density of
the charge distribution in a nucleus and Q,, is a weak
charge of a nucleus, linked with number of neutrons N
and protons Z and the Weinberg angle 0, in the Stan-
dard model (c.f. [1-3]):

0, =Z(1-4sin’0,)— N (7)

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

H:Ha[-‘r“ZHW(j)’ H;V = QWYSp(r) 5 (6)

0, ={Z(1-[4.012£0.010]sin’ 0, ) — N} x
x(0.9857 +0.0004)(1+ 0.0078T)

sin’0,, = 0.2323+0.00365S —0.002617) ®)

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 (4, V),
and the combined action of the hyperfine interac-
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tion and spin-independent Z-boson exchange from
nucleon vector (V A) currents [7,9,34]. The anapole
moment contribution strongly dominates. The above-
mentioned interactions can be represented by the
Hamiltonian

.G

H,, =—k (o.-Dp(r) )

w \/5 P
wherek(i=a)isananapole contribution, k(i=2)=k,, —
axial-vector contribution, k(i=kh)=k_ is a contri-
bution due to the combined action on 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]:
<il|H) |j>=i x

G
_Q 6 - 6mm
2\/5 W=k —k; im;

x|, drTF, (NG, (=G, (ME,Mlp(r)  (10)

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

<a|PNC|b>=
Z[<b|eavAv|”><”|Hv(V])|a>+

n 8,; - 8,1

+<b|H§,})\n><n|eavAv|a>

an

€, —€

n

The corresponding spin-dependent PNC contri-
bution is :

<a|PNC|b>"=k,<a|PNC|b>" +
+ky, <a|PNC|b>® +k, <a|PNC|b>"" (12)

where _
<a|PNC|b>"=

z:<a|HV(Vl)\n><n|H,(Vhf)|m><m|eocVAV|b>+

(e, —€,)(e, —¢,)

m#a
n#a

() ()
+z<a|HW’f |n><n|H) |m><m|e(vaV|b>+

(e, —€, ), ~¢,)

m#a
n#a

() (hf)
+Z<a|HW |m><m|ea, A" |n><n|H} |m>+

(e, —¢,)(, —¢,)

m#a
n#b

(hf) (hf)
+Z<a|HW |m><m|ea A" |n><n|H} \b>+

(e,—¢,)(e, —¢,)

m#a
n#b

) (hf')
+Z<a\eochV|n><n\HW |m><m|H,' |b>+

(e, —¢, )&, —¢,)

m#b
n#b

(hf') )
+Z<a\eochV|n><n\HW |m><m|H, |b>+

(Sb - Sm)(sb - 8,1)

m#b
n#b

<a|HY |m><m|ea, 4" |b>
(ga_gfﬂ)z
Z<a|eochV\n><n|HV(;)\b>

n#b (Sb - 8" )2

—<a|H£Vhf)|a>z

m#a

<b|H|b>. (13)



Here the following notations are used:
|a >=| alF,M, >,|b>=|bIF,M, >, I — spin of a nucle-
us, 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 <a|PNC|b>“, <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 2’TIl, calculated on
the basis of different theoretical models [12—14]. In
table 2 there are listed the PNC amplitudes (in units of
10-"iea (-Q,,)/N ), which are calculated by the differ-
ent methods (without the Breit corrections): DF, RHE,
MCDE 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 'PCs: 6s-7s amplitude E, .,
calculated by different theoretical methods (in units of

the k , - 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 T]
Magn. moment [, ] HS NLC Tomaselli N-QED
Theory 1.8769 1.8758 1.6472 1.8764
Exp. [14] 1.8765(5)
HFS[eV] HS NLC Tomaselli N-QED
AE' o 3,721 3,729  3,2592  3,5209
AE ., -0,0201  -0,0178  -0,0207
Total 3,701 3,708  3,2592  3,5002
Table 2

PNC amplitudes (in units of 10~"iea,(-Q,)/N ), which are calculated by different methods (without the Breit corrections): DF, RHF,
MCDF, MBPT and nuclear-QED PT.

The nuclear spin dependent corrections (in units of the k , -

Spin Nucl. Weak Radius
%t;gl of moment charge (fm) of DF RHF MCDF | MBPT (I:J%Eg)
) Nucl. Uy Qy nucleus
Cs 20926 | -0.935 20.897
o 72 2.5826 -73.19 4.837 0741 | 008 | oo o -0.8985
;angrs 32 1.1703 ~128.08 5.640 1372 | -1663 | -15.72 -15.49 _15.515
Table 3

coefficient) to the PNC '**Cs: 6s-7s amplitude E_, calculated by different

theoretical methods (see text).

Correction MBPT Shell model DF N-Qed PT

K (sum) 0.1169 0.1118 0.1102 0.1159
0.1082

k,- the Z-boson exchange interaction from nucleon axial-vector 0.0140 0.0140 0.0111 0.0138

currents (4 V) 0.0084

k,,— the combined action of the hyperfine interaction and spin- 0.0049 0.0078 0.0071 0.0067

independent Z exchange 0.0078

k —anapole moment 0.0980 0.090 0.0920 0.0954

In table 4 there are presented the estimated val- Table 4

ues of the weak charge Q,, 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
205T1 and '*Yb 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 prii-
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_ 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

The estimated values of the weak charge Q, for different
heavy atoms, predicted in different approaches (from refs.
[18,27,28,30,34]).

Standard N-QED
Atom: RHF+ Breit | MCDF | MBPT (our
model data)
vos |aay | G | e | 9aN | e
25T | -116.81(4) -116.20 - -—- -116.15
3Yb | -95.44(5) - --- --- -92.31

Note: Transition for Yb Yb 5pf4f46s?'S  -5p®4f'46s5d °D ;

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 EkAE-B involving
the photon angular moment and static electric and
magnetic fields. In any case it’s self-understood that
only a priicised, experiment may make more clear this
fundamental topic.
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NUCLEAR-QED THEORY OF HYPERFINE, ELECTROWEAK, PARITY NON-CONSERVATIVE EFFECTS IN HEAVY
ATOMS, NUCLEI AND NEW STARK PUMPING PNC EXPERIMENTS

Abstract.

The combined QED perturbation theory formalism and relativistic nuclear mean-field theory are applied to studying the funda-
mental parameters of the hyperfine, electroweak, parity non-conservation (PNC) interactions in heavy atoms, nuclei. There are firstly
predicted the nuclear weak charged for some atoms and new objects for the PNC Stark pumping experiments with cold-atom fountain
are noted.
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YK 539.19
0. I0. Xeyeauyc

ATEPHO-KD/I TEOPUA CBEPXTOHKUX, DJIEKTPOCIABBIX, HECOXPAHEHUA YETHOCTU DOPEKTOB
B TSAKEJBIX ATOMAX, A/IPAX 1 HOBBIE PNC OKCIIEPUMEHTBI C HITAPKOBCKOU HAKAYKOU

Pesiome.

KBDJ1 teopuun BO3MYyILLEHUI W PENITUBUCTCKAsK sACpHAsi TEOPUSI CPEIHETO IMOJIS MCIIOJIb30BaHbl JJIsl U3YYEeHMs IMapamMeTpoB
CBEPXTOHKOTO, 3JIEKTPOCIab0T0, He COXPAHSIOIIEro YeTHOCTh B3aMMOAEUCTBUI B TSIKEJIbIX aTOMax, siapax. BriepBble mpeacka3aHbl
3HAUEHUs C1aboro 3apsia siapa sl psiia aTOMOB M yKa3aHbl HOBbIE BOBMOXHOCTH PNC aKCIeprMeHTOB ¢ ITAPKOBCKON HaKauKOMI
(cboHTaH XOJIOMHBIX aTOMOB).

KuroueBble ciioBa: CBEpXTOHKOE, 3J1eKTpocaaboe B3auMOIEiCTBUE, HECOXPAHEHNE YETHOCTHU, TSIXKeJIble aTOMBI U sI1Ipa, sIepHO-
K3/I Teopusi, 3KCIIepUMEHTHI C IITAPKOBCKOM HAKAYKOMU

YK 539.19
0. 0. Xeyeniyc

AJEPHO-KEJ TEOPISA HAATOHKUX, EJIEKTPOC/IABKUX, HE3BEPE2KEHHSI IIAPHOCTI E®EKTIB Y BA2KKUX
ATOMAX, AJJPAX TA HOBI PNC EKCIIEPUMEHTH 3 IITAPKIBCbKOIO HAKAYKOIO

Pesiome.

KE]I teopist 30ypeHb i peIsITUBICTCHKA siIepHa MOJIENIb CEPEIHBOTO MOJIsSI BUKOPUCTAHI TSI BABHAYCHHSI TTapaMeTpiB HAATOHKOI,
eJIEKTPOCIa0Ko1 B3aeMO/ii Ta epeKTy He30epeXkeHHST MapHOCTI y BaXXKUX aToOMax, siipax. Briepie nepenbavyeHi 3Ha4eHHS CJ1a0KOTO
3apsiny SApa IUIs psily aToMiB M yKa3aHi HOBi MoxkyimBocTi PNC ekcIiepuMeHTiB 3 IITapKiBChKOIO HaKauyKoto ((POHTAaH XOJIOTHUX aTo-
MiB).

KumouoBi ciioBa: HanToOHKa, eJIeKTpociabka B3aEMOIist, He30epeKeHHST TTapHOCTi, BaXKi aToMu Ta siapa, saepHo-KE]L teopist,
€KCIIePUMEHTH 3 IITapPKiBCbKOIO HAKAYKOIO
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CHARACTERISTICS OF SILICON TRANSISTORS AS GAS SENSORS

The influence of ammonia and water vapors on /-V characteristics of the forward and reverse
emitter—collector, base—collector and emitter—base currents as well as on the Kinetics of the corre-
sponding currents in silicon transistors was studied. The gas sensitivity of the transistors is much higher
than the sensitivity of silicon p-# junctions. This effect is due to formation of a surface conductive
channel, 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 sen-
sitivity 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.

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-# junctions as gas sen-
sors is that they are compatible with silicon amplifying
elements. Characteristics of p-# 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 /—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, concentrations and over distilled water was stud-
ied on stationary /-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
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by 10. The measurements in dry air give currents
I<107°A.
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=
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Fig. 1. Structure of the transistor.

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

S, =AI/AP, (1

where Al is the change in the current (at a fixed volt-
age), which is due to a change AP 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
S =1.3mA/kPa, while for the silicon p-n junctions
S5=20 pA/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
5=3 pA/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 7, 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 7, 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 7 _80sand 7, 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.

[ mA
3
0,3
2
0,2 ,/

NN

N

o)
—
[\
(98]
N

V, Volts
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.
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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, /—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. -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

1(V)=1,explgV / (nkT)], 2)

where /,is a constant; g is the electron charge; V' de-
notes bias voltage; k is the Boltzmann constant; 7 is
temperature; n~1.1 is the ideality constant. Some
deviation from the value #»=1 can be ascribed to re-
combination on deep levels in p-# 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 7 <50nA and
V' <0.5Volts . The additional current due to ammonia
molecules adsorption linearly depends on the voltage.

I A
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104 yyy\y"'
o / |
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2 f\ 1
0 1 2 3 4
V, Volts

Fig. 4. 1-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~°A.
Curve 4 is similar to /—V characteristics of the reverse
current in silicon p-# 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,.. The dependence
R, (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, .

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.

—o+
Rpc

REB

Lo —

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

An analysis of curve 2 in fig. 4 yields
R, =14MOhm . It is seen from fig. 6 that the con-
ductive channel in emitter—collector junction, repre-
sented as resistor R, ,, 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, (in the surface channel), and the amplifi-
cation factor is high.

The amplification factor of the sensoris p =74 ata
voltage of 4Volts and B =17 at F=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.

UDC 621.315.592
F. O. Ptashchenko

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 /-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-# 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.

Key words: silicon transistors, gas sensors.
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®. 0. I[Imawenko
XAPAKTEPUCTUKU KPEMHIEBUX TPAH3UCTOPIB 1K TA3OBUX CEHCOPIB

Pesiome

HocnimkeHo BIUIMB napiB amiaky i Boau Ha BAX npsiMoro i 3B0pOTHOTO CTPyMiB eMiTep—KOJIEKTOP, 6a3a—KOJIEKTOp Ta eMiTep—
0a3a, a TAKOX Ha KiHeTUKY BiIIIOBIIHMX CTPYMiB y KPEMHIEBUX TpaH3UCTOpax. [a30Ba UyTIMBICTh TPAH3UCTOPIiB HAbOAraTo BUILA, HixX
YYTJIMBICTh KPEMHIEBUX p-n TiepexoniB. Januit edekt oGyMoBiaeHUi (HOpMyBaHHIM MTOBEPXHEBOTO MPOBIAHOTO KaHAJY, SIKUii 3aKO0-
pouye p-n niepexin 6aza—kosekTop. [TonioHMiT KaHaT B epexoii emiTep—0a3a 3MeHIIye KoedillieHT MiICMIEHHS TpaH3MCTOopa i Horo
ra3oBy UyTJIMBIiCTb MPU HU3BKUX HATpyrax 3MmileHHs1. YyTauBicTb TpaH3UCTOPIB 10 MapiB aMiaky 3HAUHO BUIIA, HiX JI0 MapiB BOIU.
Yac crpairioBaHHSI CEHCOPiB P KiMHATHil TeMIiepatypi He niepeBuiirye 100 c.

KiiouoBi c10Ba: KpeMHi€BI TPAH3UCTOPU, FA30Bi CEHCOPU.

VK 621.315.592
. A. [Tmawenko
XAPAKTEPUCTUKU KPEMHUEBBIX TPAH3UCTOPOB KAK TA30OBBIX CEHCOPOB

Pesiome

HccrenoBaHo BIMsiHUE TapoB aMMHUaka v Boabl Ha BAX mpsiMoro m 06paTHOTO TOKOB 3MUTTEP—KOJIIEKTOP, 6a3a—KOJUIEKTOp 1
SMUTTep—0a3a, a TAKXe Ha KWHETUKY COOTBETCTBYIOIIMX TOKOB B KDEMHUEBBIX TpaH3UCTOpaX. [a30Basi 4yBCTBUTEIbHOCTb TPAH3UCTO-
POB HAMHOTO BbIIIIE, YeM YYBCTBUTEIILHOCTb KDEMHUEBBIX p-# MepexonoB. laHHblii a¢dekT odycnonieH popMupoBaHueM MOBEpX-
HOCTHOT'O MPOBOJSIIIIEro KaHajla, KOTOPbI 3aKOpayuBaeT p-xu nepexol 6aza—KosieKTop. [1og00HbIN KaHal B TIepexoae dSMUTTEp—
6aza yMeHblI1aeT K03GhOUIIMEHT YCUTIEHUSI TPAH3UCTOPA U €r0 Ta30BYI0 UyBCTBUTEJLHOCTD IMPU HU3KUX HATMPSIKEHUSIX CMELIEHUSI.
YyBCTBUTEJBHOCTb TPAH3UCTOPOB K MapaM aMMHUaKa 3HAUUTEJIbHO BBIIIE, YeM K MapaM Bojbl. Bpemsi cpabaTbiBaHUSI CEHCOPOB MPU
KOMHATHOI TemniepaType He npesbitaet 100 c.

KioueBbie ciioBa: KpeMHUEBbIE TPAH3UCTOPDI, TA30BbIE CEHCOPHI.
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NONIDEAL HETEROJUNCTION CONDUCTIVITY

CdS-Cu,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

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,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 A < 620 nm (FIG.
1). A curve measured at various illumination levels has
various heterojunction photocapacity values (Cph). 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].

1
0.4 U, Volt

FIG. 1. CVC of CdS-Cu,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,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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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.

R, kOhm
12}
2

;18
a4t

/

1 1 1 1 1 1

0 0.4 0.8 1.2 1.6 2.0 2.4 W, um

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

G, mS 1a

10’

10°

10"

2
10
0.0
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 l1a- 100 rel. un.; 2 and
2a — 20 rel. un.; 3 and 3a — 2 rel. un.).

0.4 1.0 U, Volt
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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,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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NONIDEAL HETEROJUNCTION CONDUCTIVITY

Abstract

CdS-Cu,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 re-

searched structure, for example, tunnel-jumping conductivity
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B. A. bopuax, M. 1. Kymanosa, B. A Cmunmuna, A. I1. basraban, €. B. Bpumascokuii, H. I1. 3amosceka
MMPOBIAHICTb HEIIEAJTBHOI'O TETEPOITIEPEXOJY

Pe3siome

Mposignicts rerepoctpykrypu CdS-Cu,S Ak Ha MoCTiiHOMY, Tak i Ha 3MiHHOMY CTPYMi CHJIBHO 3aJIeXHUTh Bill TapaMeTpiB
Gap'epa, SIKi MOXYTh MiHSATHCS ITi BILIMBOM OCBiTJIeHHs. BcTaHOB/IEHO, 1110 OMip 06JIACTi IPOCTOPOBOIO 3apsiAy iCTOTHO 3aIeXKUTh
Bl 11 1MpuHU (LSl 3aJIeXXHICTh OJIM3bKa 10 JIiHIHOT) pU He3MiHHIl BUCOTI O6ap'epa. Lle MoXe CBiTUMTH MpO repesary TyHeJIbHUX
0araTocTymiHYaTUX MeXaHi3MiB IePEeHOCY B CTPYKTYPi, 110 JOCTIIKYEThCS, HAIPUKIIAA, TYHEIbHO-CTPUOKOBOI IMPOBiTHOCTI.

Kumouogi ciioBa: reteponiepexin, 6ap-€p, TYHEIbHO — CTPUOKOBA MPOBiTHICTb.

VK 621.315.592
B. A. bopwax, M. U. Kymanosa, B. A Cmoinmeina, A. I1. basaban, E. B. bpumasckuii, H. I1. 3amoesckas,
MMPOBOAUMOCTDb HEMJEAJIbBHOT'O TETEPOIIEPEXOIA

Pe3iome

[MpoonumocTs rerepocTpykTypbl CdS-Cu,S Kak Ha MOCTOSIHHOM, TaK M Ha NEPEMEHHOM TOKE CUJIbHO 3aBUCUT OT ITapaMeTpOB
bapbepa, KOTOpPbIE MOTYT MEHSIThCS IO/ AEHCTBUEM OCBEILEHHUsI. YCTAaHOBJIEHO, YTO COMPOTUBJICHUE 00JaCTU MIPOCTPAaHCTBEHHOTO
3apsijia CYIIeCTBEHHO 3aBUCHUT OT €€ IMMPUHBI (3Ta 3aBUCUMOCTH OJIN3Ka K JIMHEIHOI) TP HEM3MEHHOM BbICOTe Oapbhepa. DTO MOXET
CBMIETEbCTBOBATh O MIPE00IafaHUU TYHHEIBHBIX MHOTOCTYIIEHYAThIX MEXaHU3MOB IIEPEHOCA B UCCIIEAYEMOM CTPYKTYpe, HAlIpUMep,
TYHHEJIBHO-TIPBIKKOBOM MPOBOIUMOCTH.

KmoueBble c10Ba: reTepornepexo, 6apbep, TYHEJIbHO — MPBIXKKOBast IPOBOIUMOCTb.
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ZnO THIN FILM AS SENSOR: AB INITIO CALCULATIONS

ZnO is a matherial for manufacturing adsorption-semiconductor sensors. Therefore an under-
standing of mechanisms of interactions inside such systems is important. One of valuable character-
istics for this purpose is space distribution of the valence electron density. The calculations have been
performed using Car-Parrinello molecular dynamic and ab initio norm-conserving pseudopotential
models. CO and CH, adsorption on ZnO thin film was examined.

INTRODUCTION

Metal oxides (SnO,, Fe,O,, ZrO,, ZnO, In0,,
Ga,0,, WO, 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,[1], H,[2], NO,[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-
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tions, the Kohn-Sham (KS) equations are solved self-
consistently. In the BO approximation, wave func-
tions are considered as functions of ionic positions
{R, }: {y,(7;R))} , but in the CP method, they {y,(¥)}
are treated as classical dynamical variables indepen-
dent of 4R, {. 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

R RN R z
L {V,\V,R,R,}: wY [, (P dF + D MR} -
i 1

] Q)
Elfw (AR Y e, (Jwi P (Pydr =3,

where {y,} are single-electron orbitals, and the elec-
tronic density p(7) is assumed to be given by

GEDY G &)

The first term of Eq. (1) is a fictitious classical me-
chanical kinetic energy of {y,}. 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 ¢, are in-
troduced to satisfy the orthonormality constraints on
{y,}. The details of the electronic energy were partic-
ularly described in literature. From Eq. (2), equations
of motion for y, and R, are derived as

OF
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MR =-VE 4)

If an electronic structure reaches for a state in
which no force actson v, , that is, the left-hand side of
Eq. (3) is equal to zero, this equation is identical with
the KS equation and vy, becomes the eigenstate of the
KS equation. To attain this, the kinetic energy of {y,}
is gradually reduced until {y,} 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.

Itis also possible to obtain {R,} and {y,} without
reducing the kinetic energy. If {y,} 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 E with CO or CH, 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 I'-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

<

€

L

]
a) b)

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.
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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 E 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.

a) )

Fig. 4. Density space partial distributions of valence electrons
in O-terminated ZnO film with CO molecule 2 E 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 CH4 molecule 2.5 E 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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ABSTRACT

ZnO is a matherial for manufacturing adsorption-semiconductor sensors. Therefore an understanding of mechanisms of inter-
actions inside such systems is important. One of valuable characteristics for this purpose is space distribution of the valence electron
density. The calculations have been performed using Car-Parrinello molecular dynamic and ab initio norm-conserving pseudopotential
models. CO and CH, adsorption on ZnO thin film was examined.
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TOHKA IIJIIBKA ZnO SIK CEHCOP: PO3PAXYHOK I3 IIEPIIIUX ITPUHIIUIIIB.

Pesiome

Oxcun urHKY ZnO € MaTepiaJoM ISl BATOTOBJIEHHS aacopOLiiiHO-HAMiBIPOBITHUKOBUX Ta30BUX CEHCOPIB. J1JIsI BUTOTOBJIEHHS
TaKUX CEHCOPIB CJIil pO3yMiTH MeXaHi3MM B3aEMOIii MOJIeKyJI ra3y 3 moBepxHeto ZnO. OnHiero 3 XapaKTepUCTUK, sIKa T03BOJISIE 1ie
3pOOUTH, € TYCTHHA €JIEKTPOHHOTO 3apsiy, sIKa MOBHICTIO XapaKTep13y€e OCHOBHMII CTaH eJIEKTPOHHOI cucteMu. Jjist 1 BUBHAYeHHST
MOXHa BUKOPUCTOBYBATH YMCEIbHUI PO3paxyHOK 3 MEepUIMX MPUHLMIIIB. B pamkax naHOro JOCIiIKEHHSs POCTOPOBUI PO3MOMILT
TYCTVMHM BaJICHTHUX €JICKTPOHIB OyB pO3paxoBaHMIi 3a JOITOMOTO0I0 MOJIeKy/IsspHOI auHamiku Kap-ITapiHesio 3 BUKOprUCcTaHHSIM 30e-
pirarouoro HopMy ab initio ceBaonoTeH1liana.

KirouoBi ciioBa: reTepoCcTpyKTypa, aacopOLiitHO-HaMiBIPOBITHUKOBUII TA30BUI1 CEHCOP, TICEBIOMOTEHITIaa.

YK 538.975
P. M. Banabaii, I1. B. Mep3aukun.
TOHKAS IIVIEHKA ZnO KAK CEHCOP: PACUET U3 ITEPBBIX ITPUHIIUIIOB

Pesiome

Oxcun mmHKa ZnO gBiISIeTCSl MaTepUaaioM Ul U3TOTOBJICHUS alCOPOIIMOHHO-TTOYIIPOBOIHUKOBBIX Ta30BBIX CEHCOPOB. st
M3TOTOBJICHUSI TAKUX CEHCOPOB CJIEAYET MOHMMATh MEXaHU3Mbl B3aUMOJCIHCTBUSI MOJIEKYJ Ta3a ¢ MoBepXHOCThIO ZnO. OgHoi U3
XapaKTepUCTUK, KOTOpast TIO3BOJISIET 3TO CAEJIATh, SIBJISIETCS TNIOTHOCTD JIEKTPOHHOTO 3apsiia, KOTopast TOJIHOCTHIO XapaKTepu3yeT
OCHOBHOE COCTOSIHUE JIEKTPOHHOM cUCTeMBI. IS ee onpenesieHrst MOXKHO UCIOb30BaTh YMCACHHBIM pacueT U3 MepBbIX MPUHIIM-
rnoB. B paMkax 1aHHOTO UcClieoBaHUsI TPOCTPAHCTBEHHOE pacIipeesieHUe MIIOTHOCTHA BaJIEHTHBIX 2JIEKTPOHOB ObUIO PACCUUTAHO C
MOMOIIIBIO MOJIEKYIsIpHOM AuHaMuku Kap-TlapuHesio ¢ ucroab3oBaHMEM HOPMOCOXPaHSIIONIETO ab initio ceBmonoTeHIIMAaa.

KimouyeBble c10Ba: reTepoCcTpyKTypa, ancopOLMOHHO-TTOTYTPOBOIHUKOBBIN ra30BbIil CEHCOP,. TICEBIOMTOTEHIIAAI.
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LASER- ELECTRON-B-NUCLEAR SPECTROSCOPY OF ATOMIC AND
MOLECULAR SYSTEMS AND CHEMICAL ENVIRONMENT EFFECT ON

THE B-DECAY PARAMETERS: REVIEW

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 coopera-
tive laser-electron-f-nuclear processes in atoms and molecules, including the excitation, ioniza-
tion, electronic rearrangement, induced by the nuclear reactions and B-decay and a state of art of
the modern calculating the f-decay parameters for a number of allowed (super allowed) transitions
(3P-3S, 2#'Pu-2"Am etc) and a chemical bond effect on B-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 B-decay or other decay channels. We
rev1ew the studles of the electromc rearrangement induced by nuclear transmutation in the f-decay

He4 - ( Li; ) +e€” +V,. The half-life period 7, , for B-decay of tritium atom (ion) has been es-
tlmated whlle takmg into account the bound B- decay channel and some other accompanying effects.
The estimated values of 7| ) for the tritium B-decay and free triton decay are: (7 P12 26 years (cor-
rection due to the electron-atomic effects (AT, /T, ), =0. 82%) for the tritium atom and (T/ ),=12.36
years for the triton decay. These data are in phys1cally reasonable agreement with experlmental data.

We analyse the firstly [1] presented value T,
lecular tritium CHCI): (T

(ATI/Z)am 0.024 (i.e. 0. 20%2

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 3 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 f-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 B-decay spectrum shape. As it is
well known, neutrinos were postulated by Pauli (1930)
to properly explain the B-decay of the free neutron
L —p+e + _without violating energy-momentum
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V2 in a case of the B-decay in the halogen-containing mo-
), =12.28 years (*HCI); the correction due to the chemical bond effect is

conservation. In the last years new experimental fea-
sibilities have allowed for improvements in the mea-
surement of the B-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 ?*'Pu are not explained hitherto,
though quite a reasonable comment is connected with
taking into account the bound B-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 B-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, B-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 B-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 -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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synchrotron and SIS/ESR (GSI, Germany), when
the bound B decay '®*Dy®*— ©Ho%" was studied by
using the technology of the highly-or fully-ionized
atomic beams (multicharged ions) [5,6,42]. In fact,
the B-transition Dy®*"— Ho®%* was observed, which is
accompanied by a capture of the B-particle on the K
and L shell levels in the bound spectrum of the daugh-
ter atom. In fact, the complete ionization of '©Dy in
the storage ring of a heavy ion accelerator makes its
beta decay to the K shell of '*Ho 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 '¥’Re [7]. The authors of Ref. [7] observed
the bound-state $-decay of fully ionized '¥’Re 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
kﬁb/kﬁc of bound-state (A,,) and continuum-state (kﬁc)
"-decay rates for the case of bare 27TI3!* ions. These
ions were produced at the GSI fragment separator
FRS by projectile fragmentation of a 2%®Pb beam. In
Ref. [4] the half-lives of isomeric states of fully ion-
ized '“Tb, Dy, 'Er were measured. These nuclides
were produced via fragmentation of about 900 MeV/u
2Bi 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 na.*He or 3n2a 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 'Be, 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 "Be placed inside the fullerene
C,,) 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
a-decay (see Refs. [13,145—147]). Results on variation
of the decay rate of Mussbauer 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 !'"Sn, '»"Te reach ~10%.

The elementary cooperative electron-f and
y-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 o-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
Mussbauer, Szilard-Chalmers and other cooperative
effects should be mentioned [14,60]. The consistent
quantum electrodynamics (QED) theory of coopera-
tive electron y-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 f-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--nuclear processes
in atomic systems (laser-e--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 (-decay. the state of art in a field of
the modern calculations of the B-decay parameters for
a number of allowed (superallowed) transitions (**P-
3§, #Pu-'Am etc) and a chemical bond effect on
B-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 B-decay or other decay channels. We dis-
cuss the electronic rearrangement induced by nuclear
transmutation in the B-decay jHe, — (Lil) +e +7,.
The half-life periods for B-decay in the tritium atom
(molecule) are estimated by taking into account the
bound B-decay channel correction and some other ef-
fects.

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

2.1 Introduction: General formalism
As it is well known, the fundamental process be-
hind B decay is weak interaction of the down (up)
quarks (for example: d > u+e” +Vv_ etc) via the ex-
change of virtual bosons [81.8 (W*) and 91.2 (2°)
GeV/c?)], opened in CERN (1983).The first theory
of B-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:
H, =G, (Y, v, Y)Yy Y). (1)
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Here GB is the Fermi constant, ¥ are the four-
component wave functions of the particles (solutions
of the Dirac equation), ¥, =%¥"y,, y"are the Dirac
matrices, p=0,1,2,34; y'=y,; v =-y, (=1,2,3).
The nucleon-lepton interaction had purely vector
form in the Fermi theory. The modern “V-A” theory
usually uses an effective -decay Hamiltonian which
was introduced by Feynman and Gell-Mann:

G, .
H, =—LJ (x)L (x)+c.c., 2

P= 0 (x)L; (x) (2)
where J* is the nucleonic current, L is the leptonic
current and x is a spatlal temporal coordinate. De-
spite a great progress in development of the compre-
hensive theory for the nuclear B-decay (electroweak
interactions), hitherto many practical questions are
far from a satisfactory treatment. The further con-
sistent calculations of the B-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 B-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 B-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 -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 |£> with the energy E. to some
final state </f with the energy E /. per unit of time is de-
fined as follows [15,124]:

dw,, =Qr/h)|< f|H|&>
>’ (dN / dE)|,_p, .E, = E, - E,, (3)

where the value (dN/dFE) defines a density of the fi-
nal states of a system per unit of energy and the cor-
responding matrix element is:
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< fIH|E>= jwa d'r, (4)
where the interaction Hamiltonian H, and wave func-
tions of the initial y, and final y, states. The expres-
sion for a number of the B-, v partlcles with energy in
the interval from FE'till E+dFE is as follows:

1 2 [ 2 4
dWﬁf :m|<f|[‘1ﬁ|é>| Ee—mc X

y.d’r ..

<E,(E,~E,) dE,, )
aw,, = 3h75| S1H, &5 J(E,~E,) —mc' x
x(E, — E, )E2dE,. (6)

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

AW, (E)/ dE =

1
:FGZ-F(E,Z)-E-p~(E0—E)2-\M|2. (7)

Here E, p=(E?>—1)? are a total energy and pulse
of B-particle; E=1+(E, /m ¢?), E, is the boundary en-
ergy of f- spectrum |M| is a matrix element, which
is not dependent on an energy in a case of allowed
B-transitions. The Fermi and integral Fermi functions
are defined as [13,29,124]:

F(E.Z)= 2;2 ®)

2 2
= +f#1)9

)

Here f, and g | are the relativistic electron radial
functions; the indexes 1=y, where y=(/-j)/(2j+1).
The half-life period can be defined as follows:

T, =212/ [Gy |M [ f(E,, 2)]. (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].

f(EO,Z):jn F(E,Z)-E-p-(E,—E)dE.

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):

H= Zh(r)+ZV(rr) (11)
i>j

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 o (the
fine structure constant) one could write [77,86]:



(] —0o,0; )
v (i, )=exp oy )r—j’

ij
where o, is the transition frequency; o, ,0. 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]:
Vet (r) ==/ m)Br’p(r)]”. (13)

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

(12)

Vilp(r).r] 2%

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

W_l}’ (15)
BB +1) 2

where B=[3n’p(r)]"* / c. The corresponding correla-
tion functional is [91,92]:

V.[p(r),r]=—0.0333-b-In[1+18.3768-p(r)"*], (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 ImSE,  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 ImdE 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]:

; (14)

VD0 = VIS (r)- {%ln

2

ImSE,, (o—s|b)=-C<x
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ninv

1 1

<[ [ [ [andrdndr, Y ( + )

f.m<f (Dmn + (Das ®,, = O

mn as

Vo)WY, ()Y ()Y, () [A-aya,) /K, ]x
x{[as0, — (om0 ns,)]/ 1y
xsin[o,, (7, +73,)]+

HI+ (o) (0o, cosf, (7, +73,)1}

¥, (1), ()Y, (1) (7). 17)

Here, C is the gauge constant, f is the boundary
of the closed shells; #» > 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 /mSE,  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:

oF F
1 —_ — =
. +( +X)r (e+m-V)G =0,

oG
— 18
or i (18)

where F, G are the large and small components re-
spectively; y 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: f = Fr' ™ | ¢ =Gr'™. The Dirac
equations for Fand G components are transformed as
follows:

S ==l DS/ r—aZVeg —(aZE, +2/aZ)g,

(l—x)%+(a—m—V)F=0,

g'=(~-lxhg/r—oZVf+alZE, f. 19)

Here E  is one-electron energy without the rest
energy. Thexboundary values are defined by the first
terms of the Taylor expansion:

g=V(0)-E, yaz/2x+1); f=1aty<0,

f=W0)-E,-2/’Z* Yoz; g=1at x>0.(20)

The condition f, g—>0 at > determines the
quantified energies of the state EM. The self-consis-
tence condition of the continuum state functions
means that the normalized functions differ by less
than 107¢ in relation to their values at the maximum
point on two neighbour iterations. The normalization
of electron radial functions fand g provides the behav-
iour for large values

g,(r)—> FIE+1)/ E]”zsin(pr+8x) ,
S, () —> r GUIDIE =1) / E1"cos(pr + 5,). (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 p(r)
is described by the following Gaussian function:

p(r|R)= (4v" N7 Jexp (=),
Tdrrzp(r|R): L Tdrr3p(r|R): R, 22)
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where y :4/ nR?, and Ris the effective nuclear radi-
us. The following R-dependence is usually assumed:
R=1.606-10"3-Z'/* (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 p(#|R) is:

Vot (| R)= —((l/r)jdr'r'zp (r| R)+ Tdr‘r'p (r'|R). (23)

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

V,;M, (r,R)z (l/r2 )I dr'r’p (r',R)E (l/r2 )y (r,R),
y'(r,R): rzp(r,R),

(o R)= 81" 1\ exp ()=

8r

:—ZYVP(V,R)=—?P(I”,R), (24)
with the boundary conditions:
V:mz'] (O’R): —4/(7'5}") s y(O’R): O ’
p(0,R)=4y"* [n=32/R". (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:

U(r)= —%J.dt exp (—2rt/aZ )x
1

Nt -1 20

x 2 =—— 26

(1+1/2t )t—2 . C (@) (26)
where g=r/aZ. 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:

C(g)— C (g)=In(g/2)+1.410548-1.037845g,
g0,

C(g)— C,(g)=-1.8800exp(-g)/g",
g —> 00,

27)
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An account of the two limiting expressions for C(g)
is realized as follows:

C(2)=C ()G (2)/ (C(2)+C. (2))

The final expressions are as follows:
C(@)=C ()G () € (). ()
C,(2)=C.(2)/ (2),

£(2)=((1.1022/g -1.3362)/g +0.8028).  (29)

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

3 Study of the Electronic Rearrangement Induced
by Nuclear

Transmutation: the B Decay of °He

Here we consider the electronic rearrangement ef-
fect induced by the B-decay of °He. The main purpose
is to treat the polyelectronic system

(28)

‘He, —» (SLi) +e +V,. (30)

As in Ref. [51], we have calculated within the
framework of the sudden approximation (since the
velocity of most B 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

Ty P=<V¥,|¥,>%, 31

where ¥, corresponds to the wave function of the ini-
tial state with nuclear charge Z and YW, to the wave
function of the transmuted ion with nuc{ear charge 7’
(Z’=Z+1 for B-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™)
for 1sn/ 'S states in the He-like ion of Li* are listed.
The total energies of the lowest members of Li* LS Ry-
dberg states obtained using the B-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 1sn/ 1S states in Li*
State Hylleraas B-spline DKS
15218 -7.2799135 -7.2793492 -7.2795438
1s2s 'S -5.0408767 -5.0408201 -5.0408413
1535 1S -4.7337556 -4.7337397 -4.7337488
lsds 'S -4.6297832 -4.6297767 -4.6297798
1s5s 1S -4.5824274 -4.5824240 -4.5824256
1s6s 'S -4.5569496 -4.5569529
1s7s 'S -4.5416882 -4.5416916
1s8s 1S -4.5318274 -4.5318322
25218 -1.905845 -1.904924 -1.9052764
2p*'S -1.630439 -1.628787 -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 B-decay of *He. The
QED DKS results are compared in Table 3 with data
of the pioneering work by Winther and B-spline data



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
®He 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™') for the 1sn/ 1S states in Li*

State Experiment B-spline GIDKS

1s? 1S 0 0 0

1s2s 1S 491335 491262 491298

1s3s S 558778 558653 558704

1s4s LS 581597 581464 581502

1s5s .S 591989 591860 591917

1s6s 'S 597581 597451 597513

1s7s 1S 600930 600800 600875

158s LS - 602964 603032
Table 3

Transition probabilities (in %) to the Li* states induced
by the -decay of ‘He

State Winther Walgers—_\/aeck, GIDKS
-spline
15> 'S 67.0 70.85 68.13
1s2s LS 16.6 14.94 14.37
1s3s 1S 2.7 1.86 1.81
1s4s 'S 0.8 0.62 0.63
1s5s 1S 0.29 0.26
1s6s LS 0.16 0.14
1s7s 'S 0.10 0.10
2518 1.56 1.24
2p*'S 0.18 0.16
2535 1S 0.23 0.21
2545 'S - 0.05
Table 4

Total transition probabilities (in %) for the population of different
electronic states induced by the beta decay of ‘He

Final SLi* state Experiment Wauters-Vaeck, DKS
B-spline

Bound states - 89.09 87.4
Autoionizing states - 2.97 2.56
lonization of one 10.4+0.2 7.47 9.85
electron
lonization of two | 445, 007 0.32 0.09
electrons

Further we consider the quantity P, the probabil-
ity per nuclear disintegration that an atomic K vacancy
(a hole in the 1s?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]:

P =1-[<¥,(1s°'S)|¥,(1s”'8) >, (32)

If electronic correlation effects are not taken into
account this formula simply reduces to 1—(1sf| Ls)*,
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, value
of 26.9% for the beta decay of °He. The introduction
of electronic correlation significantly increases the
probability to P =27.61% (Law-Campbell result),
P .=3291% (Izozumi et al.), P,=29.15% (Wauters-
Vaeck) and P,=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 B-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 § DECAY
PARAMETERS

4.1 Introduction

Here we discuss the contributions of the chemical
bond and electronic rearrangement effects on the nu-
merical values of B-decay parameters following to the
refs. [1,79,80]. We will consider the energy corrections
due to the electronic rearrangement induced by the
B-decay. The allowed (superallowed) B-transitions 3H-
3He, *He-SLi, 33P-3S, 3S-3Cl, ©Ni-%Cu, 'Pu-*'Am
are considered. The parameters of some allowed and
super allowed B-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 B*-transitions: | 1=[(T+T)
(TxT,+1)]'2 Here T, is the isospin projection, which
is defined as 7,=(Z—N)/2. An account of the meson
exchange currents (this contribution is about a few
percent) for B-transition between purely isospin states
does not change the result, connected with the isospin
conservation. The value Jo=0 for the superallowed
0*—0" transition between the neighbour members of
an isomultiplet and for 7=1: [1= \/% . Let us remember
that the known theoretical parameter & for a majority
of the B-transitions is [15]: E=aZ/2R>>1.

The B-decay *'Pu-?*'Am is non-unique of the first
forbiddance (§=18, i.e. £>>1). As a result, the expres-
sions are correct for this transition too. The chemi-
cal bond effect on the B-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 B-decay
channel contribution (the B-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 B-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 B-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 § decays.

Table 5
Parameters of the allowed (super allowed) 3-transitions

Decay ™ Laaught [l_“r -7 ;‘,f Type E,, keV T, Ig ft
SH-3He 152 1/2*—>1/2* super. 18.65 12.296 years 3.05
®He-°Li 253 0r—>1* super. 3500 0.813 sec 2.9
BP-3§ 1516 1/27—3/2* allow. 249 25.3 days 5.0
3§-5C1 16—17 3/2*—>3/2* 167.4 87.4 days 5.0
“Sc-2Ca 21520 0*—>0* super. 5409 0.683 sec 3.5
$Ca-*Sc 2021 7/2-—7/2 257 165 days 6.0
Ni-%Cu 28—29 1/2—3/2 65.8 100 years 6.6
2#1Pu-2'Am 9495 5/27—>3/2" 1 forb. 20.8 14.4 years 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 AL and
half-life periods (7, —ln2/X) for molecular and atom-
ic tritium AT =( ) T, ), we use the value: (T )
=(12. 296+O 017) years Tﬁe experimental values for
Ak ,and AT ,are as follows [9]

AN, —(4 6+0.8)-10"2sec!, (A T )=
=(0.03152+0.00553) years =11.5£2.0 days.

In the reaction H*—3He*"+e+18.6 keV the
B-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 7', and E. It is of great interest to
study an effect of the triton chemical surrounding on
T, 2 It is especially important in light of the known
simplicity of such atomic structures as *H, 3H*, 3H-.
Using the experimental data on the dlf’ference 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, /2)

=(T, ) -(AT, ) ,=(12.264+0.018) years. Further it is
poss1ble to ﬁnd an absolute value of the free triton half-
life period (T, ) by using the experimental value (7, ,)
and theoretical data on the B-decay atomic effects in
H. We have taken into account the following effects:
i) the electron excitation in the bound spectrum while
occupying the He level by the B-electron; ii) excita-
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tion to the continuum spectrum due to the exchange
of the orbital electron by B-electron; iii) the charge
screening effect by the orbital electron; iv) the excited
states in *He*. According to Ref. [9], the correspond-
ing correction to the value (7 ), is 0.86+0.08%, that
results in the value of the free triton half-life period
as follows: (T )= (12.369£0.020) years. An account
of the chemlcai surroundlng effect in a case of the T-
containing compounds is an important problem not
only from the point of view of the B-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 -decay
(namely, by an opposite direction of the pB-electrons
pulse in relation to a nucleus spin direction because
of the non-conserving parity in the B-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 B-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 B-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 -decay
parameters in the atom (ion) of tritium while taking
into account the atomic factors. Let us note that a
channel of forming B-electron in the K- shell is not
significant in the case of the tritium ion B-decay [124].
Our estimate for the tritium atom half-life period is:
T,,),=12.26 years; the correction to value (7, ,) due
to 'the electron-atomic effects is 0.0082-12.26y years
[i.e.(AT, //T ,),=0.82%]. In result, the half-life pe-
riod Value (T ) is[31,134]: (T1 )= 12 36 years. Obvi-
ously, there 1s a physically reasonable agreement be-
tween the calculated and measured values. One could



wait for more contradictory picture in the case of the
B-decay in more complicated atoms because of the
large complexity of taking into account the atomic ef-
fects in comparison with quite simple system *H. In
Refs. [31,134] the first estimate of the T half-life pe-
riod in the case of B-decay for the halogen-containing
molecular T (*HCIl) was presented. The calculation
was carried out within the non-relativistic KS ap-
proach while using the exchange-correlation poten-
tials Egs. (13) and (16). The obtained value for (7 2)
is (T ,),=12.28 years; the corresponding correctlon
due t0 the chemical bond effect is (AT, ),,=0.024, i.e.
0.20%. For comparison let us remember the experi-
mental (molecular tritium) value: (7, ,), =12.296 years
and the chemical bond effect correctron (A | /z)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 B-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 B-spectrum due to the electron
shells reconstruction are presented in Table 6. The
following beta decays ¥*P©-3S¢+D  3peD_33§(+2)  35§0)_
BCLEHD, BSEDICIED BNO-SBCyuth, GN{*+-83Cu+),
241Pu(0)_24lAm(+1), 241Pu(+2)_241Am(+3)’ 241Pu(+2)_24lm(+3),
HPUtHH-24AM™ are considered in ref. [1]. Calcula-
tion is carried out in the free ion approximation. The
value 8 F corresponds to the correction to the bound-
ary B-spectrum energy due to the electron shell recon-
struction. The value 82E 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 /2, (0)+g*_,(0), r—0 (see [29—31,24]).

Table 6

The energy corrections to boundary energy of the 3-spectrum due to the electron shells reconstruction

The total shell energy, eV

Differences in energy, eV

Decay Configuration Mat. atom Daught. atom SE 8°F
PO SCD [Nel3s3p%, 30, , 9239 10782 1543 4
P#D— S+ [Ne]3523p21/2 9230 10759 1529
SO CIeD [Nel3s3p2, 307, , 10791 12471 1680 3
St CI* [Ne]3s23p2|/2 10760 12407 1647

Ni®— Cu®h [Ar]3d“3/23a'4 4s? 41238 44871 3633 %
Ni*?— Cu* [Ar]34* 3/23d 41214 44821 3607

Pu©®— Am®™b [Rn]5f5/27s 806868 829365 22497
Pu®?— Am™» [Rn] 5}‘5)/2 806852 829331 22480 17
Pu®?— Am™*? [Rn]5£ 75 806845 829309 22464 33
Put*¥— Am™*9 [Rn]5f, 806800 829245 22445 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 fis changed for different B-decays {for ex-
ample, ¥P-*S (£ =249%eV), »S-*CI (E;=167 keV)
on 2—4%; SNi-*Cu (£,=65.8 keV) on 5% #Py-
*'Am (£;=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 B-decay *P®-3S 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: Af/f is the relative changing
decay probability (Fermi integral function), which
is equal to the change in the B half-life period with

the opposite sign (-AT, /2/ T /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©® decay. Analogously, the
value 249014 eV is used for the decay of P®? 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 Af/f[29—31]: Af/f= 0.0079%
(GIDF), Af/f=0.0082% (GIDKS), Af/f=0.0075%
(DF). One concludes that the corresponding change
Af/f is sufficiently small. The experimental data for
B-decay *P©®-3S are absent. But our data are corre-
lated with recent theoretical and experimental data
for 'Be, *Na, and “K isotopes [10,11]. These data
suggest that the effect of chemistry (plus pressure)
is quite little and discernible. Calculation for ¥*P-3S
decay shows that the integral Fermi function is less in
the case of the ionized phosphor B-decay in compari-
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son with the neutral phosphor. As a result, B-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 *P©—S decay
Decay of a neutral atom Decay of an ionized atom Af/f, 1073 %
Atom E, eV NE,,Z) lon E, eV f(E,,Z)

p© 249000 4.87541(-2) A Pt 248987 4.87501(-2) 8.2

249013 4.87617(-2) 249000 4.87580(-2)
P©® 249000 4.87565(-2) B paH 248986 4.87524(-2) 8.39

249014 4.87637(-2) 249000 4.87598(-2)
PO 249000 4.87529(-2) C P(') 248988 4.87492(-2) 7.5

249012 4.87608(-2) 249000 4.87572(-2)

It is interesting to note that in the case of the S©
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| is 167400100 eV.

There is another situation (large changes in
T, value) for **'Pu-**'Am decay. This transition is
ofV great interest due to the different dependence of
change in T, pon chemical surrounding and large
discrepancies in the B-decay parameters data. The
typical example of Pu compounds is the pair PuO.,
PuO. In Table 8 we present the GIDKS data (Af/

S=-AT, /2/ T, /2) regarding the chemical bond effect
on the half-life period for the B-decay **'Pu-*'Am.
According to the DE, GIDE, 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 >*'Pu decay runs more slowly in
comparison with ionized Pu*?. 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 B-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 *'Pu-2*'Am
Decay of a neutral atom Decay of an ionized atom
Atom E, eV NE, Z) Ton E, eV NE, Z) A, %
20800 1.72164(-3) Puc» 20783 1.71596(-3) -0.33
20817 1.72522(-3) 20800 1.71953(-3) -0.33
Pu® 20800 1.72164(-3) Puc» 20767 1.71148(-3) -0.59
20833 1.72952(-3) 20800 1.71931(-3) -0.59
20800 1.72164(-3) Puc 20748 1.70615(-3) -0.90
20852 1.73403(-3) 20800 1.71842(-3) -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 (Af/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 B-nuclear processes in atomic systems
(including processes of the excitation, ionization,
electronic rearrangement) and chemical bond ef-

36

fect on the B-parameters. We reviewed the relativistic
DKS treating the finite size of the nucleus, radiation
and exchange-correlation corrections to the B-decay
parameters for a set of the allowed (superallowed)
transitions: **P-*S, 3S-3Cl, ®N-9Cu, *'Pu-’Am
etc. We discussed also the chemical bond effect on pa-
rameters of some B-transitions. The correct treatment
of chemical environment effect is shown to modify the
[B-decay characteristics (integral Fermi function, half-
life period, probability). The electronic rearrange-
ment induced by nuclear transmutation in the $-decay
SHe, — ($Li})" +e +~, is considered. The quantita-
tive estimates for excitation to the final discrete states
of °Li* (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
B-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 *He, population of the
continuum states resulting from exchanging the orbital
electron by B-electron, the charge screening effect due
to the orbital electron etc.). The estimated values of the
half-life period T , for tritium B-decay and free triton



B-decay are as follows: (T,,) =12.26 years (correc-
tion due to the electron-atomic effects (AT, /T, /2) =
= 0.82%) for the tritium atom and (7 ), 1536 years
for the free triton. These data are in physwally reason-
able agreement with the experimental data: (7)) =
(12.264£0.018) years, (AT, /T, ,),= 0.86+0.08% ‘and
( n /2) =(12.369+ 0.020) years for ‘atomic tritium and
=(12.296+0.017) years, (AT, ), = 0.03152 (1 e.

é&) for the molecular tritium. 'fhe values T ,ina
case of B-decay for the halogen-containing molecu—
lar tritium (CHCI): ( T,,),=12.28 years (CHQI) is firstly
presented and the correction due to chemical bond ef-
fect (AT, ), =0.024 (i.e. 0.20%). In conclusion let us
note that the further development of the electron-3-
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 B-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 (-decay life-
times and other (nuclear) parameters with taking into
account the chemical bond and much larger bound
B-decay effects is also important in astrophysics and
cosmology, studying the substance transformation
in the Universe, relationships for n/p, *H/*He, cos-
mological constants etc. [1—16, 120, 124,140—150].
In any case, the electron-f (more generally, o, v, p
)-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 B-(or y- and a-)
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-B-NUCLEAR SPECTROSCOPY OF ATOMIC AND MOLECULAR SYSTEMS AND CHEMICAL
ENVIRONMENT EFFECT ON THE 3-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-B-nuclear processes in atoms and molecules [1],
including the excitation, ionization, electronic rearrangement, induced by the nuclear reactions and -decay and a state of art of the
modern calculating the B-decay parameters for a number of allowed (super allowed) transitions (**P-33S, 2'Pu-2*'Am etc) and a chemical
bond effect on B-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 B-decay or other decay channels. We review the
studies of the electronic rearrangement induced by nuclear transmutation in the -decay gHe4 —)( Li: ) +€” +V,. The half-life
period T for B-decay of tritium atom (ion) has been estimated while taking into account the bound B- decay channel and some other
accompanymg effects. The estlmated Values of T, , for the tritium B-decay and free triton decay are: (7, ,) =12.26 years (correction due
to the electron-atomic effects (AT, T,), =0. 82&) for the tritium atom and (T ,),=12.36 years for the triton decay. These data are in
physically reasonable agreement Wlth experlmental data by Akulov-Mamyrin [9] We analyse the firstly presented [1] value 7, " in a case
of the B decay in the halogen-containing molecular tritium CHCI): ( =12.28 years (*HCI); the correction due to the chemical bond
effect is (AT, ,),,=0.024 (i.e. 0.20%).

Key words: laser-electron-f-nuclear spectroscopy, cooperative effects, beta-decay
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A. B. Inywrkos

JIABEPHAS DJIEKTPOH-B-AAEPHAS CIIEKTPOCKOITA ATOMHBIX 1 MOJIEKVJIAPHBIX CUCTEM U D®®EKT
BJIIMAHUA XUMNYECKOI'O OKPY2KEHUA HA TIAPAMETPBI BETA PACITIAJIA: OB30P

Pesiome

IpencrasneH 0630p UccIen0BaHUI B HOBOI 00J1aCTH, Jiexalllel Ha CThIKE COBPEMEHHOM KBAHTOBOM ONTUKU U (DOTORIEKTPOHU -
KU, JTa3epHOU, aTOMHO 1 sinepHoii dusrku. O6CYKIa0TCs 0COGEHHOCTH KOOTIEPATUBHBIX JIA3€PHO-3JIEKTPOH-3-SIIEPHBIX TIPOLIEC-
COB B aTOMax M MOJIeKyJax, a Takxe TBepabIX Tesax [1], BKitouatone Bo30yXaeHue, MOHU3aluIo, 2JIeKTPOHHOE Tiepepacrpesese-
HUe, UHAYLMPOBaHHbBIE SICPHBIMU peakusIMu, B-y-pacranom. JlaH 0630p mpobiieMaTKY BEIYMCICHMS TAapaMeTpoB 3- pacmana st
psiia pa3peleHHbIX (CBEpX pa3pellieHHbIX) iepexonoB (**'Pu-*'Am u ap), a Takke addeKTa BIUSTHUS XMMUYECKO CBSI3U Ha TTapame-
TpPBI B-pacmnana, BKIovas Takue HakTopel KaK U3MEHEHHeE MpeeioB MHTerpupoBaHus GyHkumu depMu, BKIIaa KaHaia CBI3aHHOTO
B-pacnana u npyrux KaHanos. KOIMYeCTBEHHO OLEHEHO SNEKTPOHHOE MepepacpeneneHue, MHIYLIMPOBAHHOE ANEPHOI TpaHCMyTa-
uuelt B f-nepexone: 2He Mg ( L13 ) +e€" +V, . Ilepnon momypacnana T, , nis B-pacnana aroMa TpUTHS (MOHA) OLIEHEH C YUETOM
BKJIajia KaHaJla CBSI3aHHOTO B-pacraaa u psiaa np (busnueckux apdexros. OueHeHbl 3HadeHus T |, AUIs1 B-pacriaza TPUTHsL ¥ pacriana
cBobogHoro tputoHa: (7, ) =12.26 net (mompaBKa 3a CYET 3JIEKTPOH-aTOMHBIX KOOIIepaTUBHBIX 3(pheKToB (AT //T | /2) =0.82%) nnst
aroma tpurust u (T, ), —lﬁ 36 ner wis pacnaga TputoHa. [IpuBeaeHHbIE TEOPETUYECKUE TaHHbBIE HAXOASTCS B MIPUEMJIEMOM COTJIa-
CHUU C HEJABHUMU C-)KCHC]:)I/IMSHTaIH:HI:IMI/I nMaHHBIMU AKyJoBa-MawmbipuHa [9]. [IpoaHann3npoBaHbl BIiepBbIe TTPeACTaBIeHHbIE B [1]
ouerku 7| , B ciydae B-pacriaja IJist FaJIOreH- COAEPXKAILEro MOJICKYIISIPHOTO TPUTHSL CHCI): ( =12.28 net ((HCI); nonpaBka Ha
addext xummuueckoro okpyxenus (AT, /2) =0.024 (i.e. 0.20%).
KimoueBbie ciioBa: nazepHasi 3J1eKTPOH- B siIepHast CIIEKTPOCKOIMSI, KoornepaTtuBHble 3¢ deKThl, 6eTa-pacman
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JIABEPHA EJIEKTPOH-B-AJEPHA CIIEKTPOCKOIIISI ATOMHHUX I MOJIEKYJIAPHUX CUCTEM TA EDEKT
BIIJIUBY XIMIYHOI'O OTOYEHHS HA ITAPAMETPU BETA PO3IIAZLY: OIVIA L

Pe3siome

IIpencraBneHo omIsia AOCTIIKEHb Y HOBIil rajy3i Ha CTUKY Cy4aCHOI KBAaHTOBOI ONTUKU i (DOTOEIEKTPOHIKH, JIa3€PHOI, aTOMHOI,
sinepHoi Gi3uku. OOroBOpIOIOTHCSI 0COOIMBOCTI KOOMEPATUBHUX JIa3ePHO-EJIEKTPOH -~ sIIEPHUX MPOLIECiB B aTOMax i Mojiekyax, a
TaKOX TBepAUX Tijax [1], BKIovyaoun 30yMKeHHSs, i0Hi3allil0, eJIEKTPOHHUI Mepepo3IOAis, IKU iHIyKOBAaHUI SIIEPHUMU peakili-
MM, B-y-posnagoM. Haganuit omisa npoGieMaTuky BU3HAYEHHSI IapaMeTpiB -posmany Uisl psiLy T03BOJIEHUX (Ha TO3BOJIEHUX)
nepexoniB (*'Pu-*'Am iH1.), a TaKOX edeKTy BIUIMBY XiMiYHOTO 3B’S13KYy Ha TIapaMeTpu 3-po3Maiy 3 ypaxyBaHHSIM TakKux GhakTopiB
K 3MiHEHHs MEX iHTErpyBaHHs NPU 3HaXOLKeHHI QyHKLIi PepMi, BHECOK KaHally 3B’3aHHOTO B- posnay Ta iHIuMx KaHaiis. Oui-
HEHUI €NEKTPOHHMIA TIEPEPO3IIOLNI, IHIYKOBAaHUIA IMEPHOIO TPAHCMYTALI€I0 Y B-po3nani: , He M ( 3 Li;’ ) +e + V, . Ilepion momy-
posnany T, , 4 B- po3najy aToMa TpuTis (i0Ha) OLIHEHO 3 ypaxyBaHHAM BHECKY KaHaJly 3B I3aHHOTO - posnay i iHImx GisnyHux
edexriB. OuiHeHi 3HayeHHA T, TS f3- posmay TpuTis i po3niaiy BiibHOro TpUTOHY: (7 ) ) =12.26 pokiB (momnpaBKa Ha ypaxyBaHHS
€JIEKTPOH-aTOMHUX KOONepaTuBHUX eekTiB (AT, [2/ T, /Z)H:O.SZ%) wrst Tpurito i (7)), =1 736 POKiB [u1s1 po3nany TpuToHy. HaBeneHi
TEOPETUYHI AaHi 3HAXOMSATHCS Y MPUINHATHIN 3rofl i3 HeJaBHIMUM eKCTIepUMEeHTAIbHUMU JaHUMU AKynoBa-MawmupiHa [9]. [Ipoana-
Ji30BaHi Briepiue HaseneHi B [1] ouinku T, ;2 ¥ BUNAIKY - po3najy Juls MOJIEKYJISIPHOTO TPUTIst, IO MiCTUTE rajloreH CHCI: (T, /2)
,—12.28 poxiB (*HCI); monpaska Ha e(eKT XiMi41HOTO OTOYEHHS (AT, ),,=0.024 (i.e. 0.20%).

KimouoBi ci10Ba: j1a3epHa eJ1eKTpOH — [3- siiepHa CIIEKTPOCKOITisl, KoonepaTuBHi edekTH, 6eta-po3naj
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DIFFUSION OF TRANSITION-METAL IONS (Fe, Ni) IN ZINC

CHALKOGENIDES

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.

The last years wide interest was paid to zinc-chal-
cogenides (ZnS, ZnSe, ZnTe) due to their new appli-
cation fields. The ZnS and ZnSe 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

42

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 10* 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 7 = 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, ZnSe: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
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where C, 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 7 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. OPTICAL 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 AEg (in meV) and impurity con-
centration N (in sm™) is determined by the relation:

3 1/3
AE, =-2-10° (—)
Y

eNl/}
9y
4ne €,

()

Table 1

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

Impurity concentration, cm-3

Annealing Ni-doped crystals

Fe-doped crystals

temperature, 7, K ’
“ ZnSe:Ni

ZnTe:Ni

ZnS:Fe ZnSe:Fe ZnTe:Fe

1020 -

3.1017 —_—— —_— -

1070 -- 2-107

4107 - - 2-10"7

1120 210"

1170 4-10"

6100 _ _ 3-10'8
_——— 4.10|9

1220 8-10"

8-10"

1270 10%

1320

where e, electron charge, ¢ 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).

Inthe visible spectral region the crystals doped with
nickel feature had series of absorption lines, caused by
the intrastate transitions from the lower *T, (F)-state to
the excited G-states in the limit of the Ni?* 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 SE(F) on the high-power excited states of Fe?*
ion. The absorption spectra of undoped ZnSe crystals
and ZnSe:Fe and ZnSe:Ni crystals, doped at tempera-
ture 1170 K 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 (A). This magnitude is the
function of the coordinate x in the direction of the dif-
fusion flux; it is determined by the relation

E, eV

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

A D*(@®-D*@)

- , 3
D*(0)—D*() ©)

where D*(x) isthe optical density of the crystal asa 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*(0) 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 A(x) with the concentration profile of the
impurity C(x)/C, calculated by formula (1).

A, arb. un.

A, arb. un.
1.0 1

0.8 [ 1

0.6 1

04 1

02 [ 1
1 J

Q a

1 O

50 100

150
x, mkm b)

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 =1020—1320
K were calculated similarly. In the Table 2 presented
the nickel and iron diffusivities in the investigated
crystals at the temperature T =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

D(T) =D, exp[— ij @)
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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 £ and the preexponential factor D, 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 = Ni-doping = Fe-doping
of the cmz/; at Dg’ E,eV cmz/; at Dg’ E,
erystal | 00k | em/s | 0 | Tk | em /s | eV
ZnS 4107 103 2.6 8-10~!! 0.16 2.2
ZnSe 7-107 | 8.8:10°| 3.5 1-10-1° | 3.3-10° | 2.9
ZnTe 8107 | 0.03 1.5 4107 |5.6:10°| 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)) enables us to determine the activa-
tion energies E_of diffusion processes in the proper
crystals and the factors D, from the Arrhenius equa-
tion.
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DIFFUSION OF TRANSITION-METAL IONS (FE, NI) IN ZINC CHALKOGENIDES

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.

Key words: zink chalkogenides, diffusion doping, optical-density, diffusivity.

VIK 621.315.592
0. @. Bakcman, 10. A. Huyyk, B. B. Auyn, 0. H. Ilypmos
ANOPY3NA NOHOB ITEPEXOIHbBIX METAJIJIOB (FE, NI) B XAJIbKOTEHUJIAX IIMHKA

Pesiome

HWccnenoBanbl MoHOKpUCTaILTEI ZnS, ZnSe, ZnTe, nerupoBaHHbIE XeJie30M U HuKeeM. JAnddy3rnoHHOoe IernpoBaHNEe OCYIIECT-
BJISUIACh M3 METAJUIMYECKOTO HUKEJISI U MOPOLIKOOOpa3HOro XeJje3a B atMocdepe resiist ¥ aprota. McciienoBaHbl CrIeKTpbl ONTHYE-
CKOI1 TUIOTHOCTH B obactu aHepruit 2—3.8 3B. 1o BenmmunHe cMmelieHusT Kpas TIOTJIONIEHHS OTIpee/IeHbl KOHIIEHTPAIIU HUKEIS 1
Kejesa B uccienayeMbix Kpuctaiiax. [TokazaHo, 4To JIerMpoBaHUE HUKEJEM 1 XeJIe30M MPUBOIUT K MOSIBJICHUIO TTOJIOC TOTJIOILEHHU S
B BUIMMOM 00JIaCTH CTIIEKTpa.

Ouddy3roHHbIH TPOodUIE TPUMECH HUKEIIS U Kejle3a ONPeesieH MyTeM U3MEPEeHUs OTHOCUTEIbHOM ONTUUYECKOM TUIOTHOCTH
KPUCTAJUIOB B BUAMMOI 061acTu criekTpa. Paccunransl koadhduumeHTs nuddy3nn HUKels 1 xejesa B Kpuctamiax ZnS, ZnSe, ZnTe
pu Temneparypax 1020—1320K.

KimoyeBble c10Ba: XaTbKOTEHUIBI TIMHKA, TU(DGY3NOHHOE JIETUPOBaHKE, ONITUYECKasl TNIOTHOCTbD, KO3hGUIIMEeHTHI nuddy3nu.

YK 621.315.592
0. @. Bakcman, 10. A. Hiuyk, B. B. Auyn, 10. M. I[Typmos
JU®Y3IA IOHIB ITEPEXIIHUX METAJIIB (FE, NI) B XAJTbKOTEHIJIAX ITMHKY

Pesiome

Jocnimkeno MoHoKpucTaim ZnS, ZnSe, ZnTe, neroBani 3ami3oM Ta HikeneM. JludysiliHe eTyBaHHSI BUKOHYBAJIOCh 3 MeTaJjle-
BOTO HiKeJIIO Ta TOPOIIKOIOAIOHOTO 3ai3a B aTMochepi retito Ta aprony. JlociakeHo CIIeKTpY ONTUYHOI TYCTUHU B 00JIACTi eHepriii
2—3.8 eB. 3a BetmunHOIO 3CyBY Kparo ITOTJIMHAHHS BU3HAYEHI KOHIIEHTpAIlil HiKeJTIo i 3aTi3a B JOCiKyBaHMX KprcTajiax. [Toka3aHo,
10 JIETYBaHHSI HiKeJIEM i 3aJ1i30M MPU3BOAUTH 1O BUHUKHEHHSI CMYT MOTJIMHAHHS B BUAMMIli O0JIACTi CIIEKTDY.

Jwndysiitnuii mpodiab TOMIIIOK HiKeIo i 3a/i3a BU3HAYEHO IIIJIIXOM BHMIipIOBAaHHSI BiTHOCHOI ONTHYHOI TYCTUHU KPUCTAJIiB
B BUIMMIl obiacTi ciekTpy. Po3paxoBaHi Koeditientr nudysii Hiketo i 3amiza B Kpuctanax ZnS, ZnSe, ZnTe rpu TeMnepatypax
1020—1320K.

KuiouoBi ciioBa: XaJIbKOTEHIIW LIMHKY, TUdY3iliHe JeryBaHHsI, ONTUYHA IYCTUHA, KoebillieHTH 1udys3ii.
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THE OPTICAL PROPERTIES OF THE CLUSTERS AT THE SOLID STATE

MATRIX

In this article the results of the experimental and theoretical investigation of polyhedral submi-
cron particles (later referred as PSP), in particular, Si-atomic clusters (ACs) are surrounded by solid
state matrix. The article presents optical spectra of Si Y — ACs.

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 Y 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,
¢) 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-
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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.
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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  and larger than Si .
These preliminary survey data indicate that the spec-
tral signature common to Si,,— Si,, grows in at about
Si cand 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
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 [10]. 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,H,), hexasilaprismane (Si;H,) and octasilacu-
bane 2SiXHX) at the PDFT level were calculated. The
Si-Si bond lengths in Si H, are shorter than the sin-
gle bond length of 2,352 A calculated for H,Si-SiH,,
and it increases in the order Si,H, (2,314 A) <Si H,
(2,359 A and 2.375 A) < Si H, (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 mongqcyclic 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
(SiH,) at the matrix surrounding are listed in the tabl.
1. Octasilacubanes (Si;H,) bearing alkyl, aryl and si-
lyl substituents of various sizes were calculated using
the semiempirical MIEHT-a method [19] and PDFT
approach [10]. X-ray structures are available for Y =
2,6-Et,C.H,, CMe,CHMe, 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. Astabl. 1shows O, , symmetry of Si H, 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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Table 1

Symmetries, Si-Si-bond lengths, charges and HOMO energies of octasilacubane derivatives ( SigYs) (symbol * denotes calculated by
PDFT scheme; in brackets are results from MIEHT-q. using basis STO/DZ)

Substitutions Symmetry 0, Charge on the skeletal Si HOMO, eV

(Y) rsi-sip A atoms (HF/DZ)

H O 2,400%*(2,34) 0,044 * —9,7 *(-8,23)
t—Bu D> 2,44517] 0,264 (7] —8,681[7]
CMe,CH Me, D> 2,462 6] 0,242 [6] —8,5416]

Si(SiH 3), D 2,410* 0,0244 * —92+*
SiH 5 O 2,401 *(2,36) —0,211* -9,5*(=8,31)
SiF 5 O, 2,390 * (2,35) —0,540 * -9,8%(-10,42)

The prismanes with Si and Ge skeletons are yel-
low to orange. These prismanes have absorptions
tailing into the visible region. For example, SiH,
has an absorption band with a maximum at 241 nm
tailing to ca 500 nm. The absorptlon band of Ge,Y, (
Y =2,6-i-PrpCqH3) has a maximum at 261° nm
which is red-shifted compared to that of GeY, be—
cause of the higher-lying orbitals of the Ge—Ge bonds
[13]. Hexasilaprismane Si Y, 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 Y, was immediately regenerated. A single
chemical species was produced during the photo-
chemical reaction since the bands of Si Y, (with single
Si-Si-bonds) and those assigned to Si, Y, (with double
Si-Si-bonds) appeared and disappeared simultane-
ously (Fig.2). The folding angle of the parent hexasila-
Dewar benzene (Si H,) with C, symmetry is 120° at
the PDFT level. The through-space interaction be-
tween the Si=Si double bonds splils the ©-MOs into
bonding (TC ) and antibonding (g, ) sets, as shown
our calculafions. Likewise, their 7t -MOs split into

* and TC . The alJowed transitions from to 7-5
and from 1, to g, correspond to the experlmemal
absorption bands at 455and 335 nm, re§pectlvely The
lowest energy transition from g, to g, is forbidden.
However, it is allowed if the C, symmetry is lowered.
The relatively weak absorption at 500 nm is assigned
to the transition. The activation parameters for the
isomerization of Si Y, (with double Si-Si-bonds) to
Si Y, (with single Si-Si-bonds) are 4,=10,595 eV. The
small 4, 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-a 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,H,), hexasilaprismane (Si;H,) and octasilacubane
(SigH,) depends strongly on the steric bulkiness of the
substituents (matrix). The silyl-substituted Si Y (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 Y (Y=CMe,CHMe,) is
very stable even in air and survives for two weeks in the
solid state.
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FIGURE 2. Light transition for two type of the cluster Si H, in matrix surrounding (hexane) (PDFT-model for the clusters and
SW — approach for the matrix)
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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 RC1 SiSiCl R and RSiCl, (R =
2,6-i-Pr,C . H,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,Y, Y=¢— Bu ) was synthe-
sized as bright yellow crystal. A diffuse reflection ab-
sorption of Si H, is red-orange. The UV/Vis spectrum
of Si.Y, (Y= CMe,CH 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 ArCy,SiSiCl,Ar and of ArSicj]; and
was isolated as orange crystal with Mg/MgBr, 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 Y with chloral at-
oms is formed is not clear, but the first step involves
the electrophilic attack by PCI, on the strained Si-Si
bond, followed by an intramolecular skeletal rear-
rangement. Bromo and iodo derivatives of Si Y are
also formed by the reactions of Si Y, with Br, and with
L,. 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;Y, Y=¢- 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 Y — ACs.

Key words: atomic cluster, optical spectra, electronic structure
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THEORETICAL DETERMINATION OF THE RADIATIVE TRANSITION
PROBABILITIES IN SPECTRA OF Ne-LIKE MULTICHARGED IONS

On the basis of a new scheme within a gauge-invariant quantum electrodynamics (QED) pertur-
bation theory it is carried out calculating energies and transition probabilities for some E1, M1, E2 and
other transitions in spectra of the Ne-like multicharged ions.

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 Fe'** 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 priicised 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,M1, E2 etc) transitions in spectra
of ions of the isoelectronic sequences Nel. 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.

©OT. A. Florko, 2010

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

W(TPIM) = c,®(y,PIM) (1)
is obtained as the above described self-consistent
solutions of the Dirac—Fock type equations. Configu-
ration mixing coefficients ¢_are obtained through di-
agonalization of the Dirac Coulomb Hamiltonian

H =X ca, p + (B-1)c? =V (rlnl)+

V-V . R+ Z; exp(ior,)(1 _alaz)/rij 2)
In this equation the potential:
V)=V, (rlnl)+V, +V  (rIR). (3)

This potential includes the electrical and polariza-
tion potentials of the nucleus. The part ¥, 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) 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 8F
(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 Im3E 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,(r) + V_.(r), with V (r) de-
scribing the electric potential of the nucleus, V.(r),
imitating the interaction of the quasi-particle with the
core. The core potential V_(r) is related to the core
electron density p () 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 p.(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 ImdE , leads to the integral differ-
ential equation for the p, » that can be solved using one
of the standard numerlcal codes. In ref. [22] authors
treated the function p _ 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 p [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
IMAE(B) = —— 3 yiml |

s a>n>f
[a<n§f]

“4)

where z — for electron and Z — for vacancy.
a>n>f a<n<f
The potential Vis as follows:
ol . . sin|w| 7,
v = [[anane; ) S0

"2

(1= 04,00,) 5 (1, )91 (7). (&)

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

A =L plal 6
=g e ©
The corresponding oscillator strength

gf =\, -T, /6.67-10", where g is the degeneracy de-
gree, A is a wavelength in angstroms (A). Under calcu-
lating the matrix elements (5) one could use the angle
symmetry of the task and write the expansion for po-
tential sinwl|r,/r,, on spherical functions as follows:

sin|oa|r]2 b
= X
K

b 2nn
XZ(X) "y (|oo|rl)J)+/ (I(n|r2)P (cosrrz)

where J —is the Bessel function of first kind and (A) =
2\ + 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:

(7
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Vi =[O
XZ( 1)( I ﬁijka(1234);
0, =0 +0. (8)

where j, are the entire single electron momentums,
m, — their prOJectlons O is the Coulomb part of
1nteract10n O/ - the Breit part. The detailed expres-
sions for these parts are received and presented in refs.
[2,19-22].

The full probability of the A -pole transition is
usually represented as a sum of the electric (a multi-
pole expansion) 4° = B’ and magnetic ( a multipole
expansion) 4 = P" parts. More over, one could show
that the corresponding expressions for probabilities of
the electric and magnetic A -pole transition y — & in
a case of the radiative decay of the one-quasiparticle
states are equal:

P.f (y - 8) =2 (2j + I)Qf (y6;y8)
OF =0 +07, \+0,
B (y—>8)=2(2j+1)0 (v8;v3)
0'=0". )
In the numerical calculations the transition prob-

ability , as usually, is expanded to the series on the
known parameter oo as follows:

0% ~ (ao)”, 0F_, = (ao)

~ ((X(x))}\” ) Q}hh” ~ ((X(D)Mj ) (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 1s22s?2p°®) the
corresponding probability has the following form (say,
transition: j, j,[J]1— j,j,[/]):

AN NACANIARAIE

— (g T
=(J){ - }P(Mll)(fl),
]2...j1...j1

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, 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 2s?2p°3s,3d,4s,4d and 2s2p®3p,4p in the Ne-
like ions of the Ni XIX and Br XXVI (in s’'; total angle
moment J=1): a — the MCDF method; b- relativistic
PT with the empirical zeroth approximation (RPT-
MP); cl — 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 2s?2p*3s,3d,4s,4d and 2s2p®3p,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. a-MCDF b-RPTMP cl-QED PT c2-QED PT
2p,,3s,, 7.6+11 9.5+11 1.3+12 9.7+11 8.1+11
2p, ,3s,, 6.0+11 1.8+12 1.0+12 7.6+11 6.2+11
2p,,3d, , 1.4+11 2.2+11 1.5+11 1.7+11 1.4+11
2p3/23d5/2 1.2+13 2.1+13 1.2+13 1.5+13 1.2+13
2p]/23d3/2 3.2+13 4.8+13 3.6+13 4.0+13 3.3+13
2s,,3p,, - - 8.5+11 9.5+11 8.1+11
2s,,3p,, - - 5.1+12 5.6+12 4.7+12
2p, 4s, , 3.3+11 - 3.6+11 4.1+11 3.4+11
2p]/24s]/2 2.0+11 - 3.0+11 3.1+11 2.4+11
2p3/24d3/2 4.5+10 - 5.2+10 5.4+10 4.8+10
2p, ,4d, 8.3+12 - 8.3+12 9.2+12 8.2+12
2p, ,4d, , 8.1+12 - 7.9+12 8.9+12 8.0+12
2s, ,4p,, - 6.3+11 5.7+11
231/24p3/2 - 2.7+12 2.4+12
Table 2

Probabilities of radiation transitions between levels of the configurations 2s*2p°3s,3d,4s,4d and 2s2p®3p,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 /=1 Exp. a-MCDF b-RPTMP cI-QED PT c2-QED PT
2,3, , 45+12 6.2+12 44+12 5.5+12 44+12
2p,,35,, 31+12 48+12 2.8+12 3.6+12 27+12
2p,,3d, , 2.8+11 3.9+11 2.9+11 3.5+11 2.8+11
2p,,3d, , 6.1+13 8.0+13 6.3+13 7.5+13 6.1+13
2p,,3d, , 8.6+13 9.5+13 87+13 9.9+13 8.6+13
2s,,3p,, 3.9+12 - 42+12 47+12 40+12
2s,,3p;,, 1.4+13 - 1.5+13 1.8+13 1.4+13
2,45, L1+12 - 12+12 1.5+12 L1+12
20,35, , 2.1+12 - 25+12 2.8+12 23+12
2p, 4d, , 2.8+10 - 7.3+10 6.9+10 6.3+10
2p,4d, , - . 28+13 27+13 23+13
2p, ,4d, , 2.0+13 - 22+13 23+13 2.0+13
254D, , 25+12 - - 29+12 2.6+12
2s,,4p, , 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, 2351/2 (J=1) (curve 1), 2p3/23p3/2 (J=1) (curve
2), 2p3/2§p|/2 (J=1) (curve 3), 2p, 23p]/2 (J=1) (curve
4), 2p1/23p3/2 (J=1) (curve 5), ZSuzde/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].
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Fig.1. Z-dependences of the M1 forbidden transition prob-
abilities A from levels 2s, 2351/2 J=1) (curve 1), 2p3 23p3 , =1
(curve 2), 2p,,3p, » J= 15 (curve 3), 2pl 23pl , (J= 1) (curve 4),
2p,,3p,, J= 1§ (curve 5), 2s ,3d,, J=1) (curve 6) into the ground

32
state of Ne-like ions..
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THEORETICAL DETERMINATION OF THE RADIATIVE TRANSITION PROBABILITIES IN SPECTRA OF NE-LIKE

MULTICHARGED IONS

Abstract.

On the basis of a new scheme within a gauge-invariant QED perturbation theory it as been carried out calculating the energies and
transition probabilities for some E1, M1, E2 and other transitions in spectra of Ne-like multicharged ions.
Key words: theoretical spectroscopy, multicharged ion, radiative transition
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TEOPETUYHOE OITPEJAEJEHUE BEPOATHOCTEN PAIMAIIMOHHBIX ITEPEXOIOB B CITEKTPAX NE-

MMOJOBHBIX MHOTI'O3APAJHBIX NOHOB

Pe3iome.

BeinosnHeH pacuet sHepruit ¥ BepositHocTeit E1, M1, E2 1 np. paaraluiMoHHBIX epexooB B crieKTpax Ne-1moJoOHbIX MHOT03a-
PSITHBIX MOHOB Ha OCHOBE HOBOI PEJIITUBUCTCKOM CXEMBI B paMKaX KaIMOpOBOYHO-MHBapuaHTHOM KOJI Teopuu BO3MYIIIEHUIA.
KimoueBbie cioBa: TeopeTryeckast CrieKTpOCKOIMSI, MHOTO3apsIIHbII MOH, palvallMOHHBIH Mepexo.
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TEOPETUYHE BU3HAYEHHSA IMOBIPHOCTEW PATIIAITITHUX ITEPEXO/IIB Y CITEKTPAX NE-TTOJIIBHUX

BATATO3APAJTHUX IOHIB

Pesiome.

BukoHaHO po3paxyHOK eHepriii i imoBipHocTeit E1, M1, E2, iHImx pagianiiHuX nepexodiB y crekrpax Ne-moaioHux 6arato-
3apsIHUX iOHIB HA OCHOBI HOBOI PENIITUBICTCHKOI CXEMHM Y MexKax KaiopoBouHo-iHBapiaHTHOI KE/I Teopii 30ypeHb.
KurouoBi cjioBa: TeopeTUUHa CIIEKTPOCKOITisl, Garato3apsiiHU i0H, pamialliiHUi mepexis
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REVERSIVE SPECTRAL CHARACTERISTICS IN IR-QUENCHING RANGE
OF PHOTOCURRENT. THE CASE OF INTERACTING HOLES.

The interaction processes between the basic and excited states of sensitization centres were inves-
tigated 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.

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

% 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 % = 0. The possibilities cleared to carry

out the analysis under the other magnitudes dar are
lacked. dt

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 % relaxation phenomena effect

on photocurrent behavior. When results are compared

under different values of % and then different de-
t

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 1073 — 10" 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

. d\ ..
maximum rates 7 , remove these contradictions.
t

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 62—7” in IR-region can be the effective instrument
t

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 (Eg~2,42 eV), that allows to carry out
investigations within wide range of wavelengths from
visible area up to 1600 pm.

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(A) 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()) can be observed higher
than shortwave one.

The higher rate of wavelength change the stron-
ger decrease in maximum within the range 1400 pm
in comparison with maximum 1000 um. 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(X) 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(A) should prevail. But the other
situation is realizes experimentally. At any exposure
regimes the maximum of spectral characteristics Q(A)
in 1000 um area was observed lower than at A=1400
pum.
In whole spectral distribution of quenching coef-
ficient at increase of excitation wavelength Q(AT) and

at its decrease Q(A) for different rates % 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 um to preserve the inter-influence
of curves. d

The reverse curves for o ~1 um/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 um/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 um 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 % . So the value Qmaxl(KT) 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 Qmaxl(ki) becomes smaller when light
wavelength decreases up to numbers of order 1000
um. The optimum rate exists when the discordance
AQ=Q, (N —Q_ (u) is the highest accordingly
to the model developed in [2,3]. In our case it is ap-
proximately 1 um/s. At further rate increase the dis-
cordance decreases because at direct change A has no
time to excite R-state and at reverse change — R’.

Q9% a

100 —

50 —

900

1200

1500

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.

Ec

kT

hv=1,1eV
hv=0,9 eV
E,

Figure 2. Band diagram of sensitized semiconductor.

VARIANT B:

Now the excitation by long waves meets firstly
unexcited occupatlon of R’ states and the value of
maximum Q_. (K»L) is defined only by the time of

dr
exposure on exc1ted states R’ and then rate R At
t
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
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it causes its decrease. Occupation of R’-centres is
found lower, namely, AQ = Qmaxz(kJ«) Qmaxz(kT)
Let’s note the characteristic peculiarity. As AQ =
Q...AT — Q_ () is correct for the left maxi-
mum, accordin, to Bolzano-Cauchy theorem curves
Q(kT) and Q(kf) 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 Y-ordinate X-abscissa
Position (value of quench- (wavelength of irradia-
of maximum ing Q, %) tion 1)
A. With increase C Both values —
04y and Q_ (A1)

Shl% ed to short wave-
lengths comparatively
with steady-state maxi-
mum, but Q_ (W)
shifted considerably.
With increase of rate

of rate —, the

discordance
AQ=Q,., (1) —
Q) in-
creases, reaching
the greater values
approximately at
1 um/s, and the
decreases anew.

these deviations

(1000 — 1100 pm)

firstly decrease reaching
the greater values ap-
proximately at 1 pm/s,
and then decrease.

D. BothvaluesQ_,(A))
u Q (T shified to
the greater wavelengths
comparatively with the

Shortwave maximum of quenching

B. With increase

of rate —, the
dt

g 21(s)corannC((3}h ¢) steady-state maximum
S i but Q. (AT) shifted
S Q0 -1 onsiderably. With in-
— creases, reaching

| the greater values | creace  of rate ——
= approximately at dt
on

1 um/s, and the

these deviations firstly
decreases anew.

increase reaching the
greater values approxi-
mately at 1 pm/s, and
the decreases anew.

Longwave maximum of quenching

VARIANT C:

Values Q_ (M‘) and Q_ (Xi) changes down
differently. Curve QM connected with undisturbed
occupation of basic states and show simple scaling
of steady-state short-wave maximum Q(A). 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
um were carried out. As result the maximum Qmaxl(kT)
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-



ing studied later. As result the maximum loses its sym-

metry and depending on rate % 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,. () and Q_ (A1) in Fig. 1 depending on ap-

plied rate % is shown by the section of dotted lines. It

characterises as half-moon which right side is formed
by maxima coordinates Qmaxl(kT), and left side — by
maxima Q__ (Ad).

VARIANT D:

The similar semi-moon with right convex forms
for longwave maximum. Now the curveQmaxz(KT) 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(1T). 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.

UDC 621.315.592

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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REVERSIVE SPECTRAL CHARACTERISTICS IN IR-QUENCHING RANGE OF PHOTOCURRENT. THE CASE OF

INTERACTING HOLES

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.

Key words: spectral characteristics, photocurrent, holes.
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Kapaxuc IO. H., bpumasckuit E. B., Kymanosa M. U., Yemepeciok I'. I

PEBEPCUBHBIE CITEKTPAJIbHBIE XAPAKTEPUCTHUKHU B OBJIACTU UK-TAIITEHNSA ®OTOTOKA. CIIVUA

B3ANMOJENCTBYIOIINX JOBYIIEK

Pesiome

Hccnenosanbl MPOLIECCHI B3aUMOIEMCTBUSI MEXKIY OCHOBHBIM U BO36y}KZ[éHHI)IM COCTOAHHUEM OUYYBCTBJIAIOIIMX LIEHTPOB C IIPpH-
MEHCHUEM PEBEPCUBHOIO METOAA. YcraHOBIIEHO, YTO Bce HAOMIOMaeMbIe 3¢)d)€KTI)I MOTryT OBITH OOBSICHEHBI CTUMYJIUPOBAHHBIM YPOB-
HEM 3aIl0JHEHUS JBIPOYHBIX JIOBYLIEK U U3MEHEHUEM TEPMUYECKOTO MepepacnpeleseHUs 3aXBaYeHHBIX HOCUTENEH C y‘{éTOM OTKOp-

PEKTUPOBAHHOU 30HHOI CXEMBI.

Kurouesble cioBa: CIIEKTpPaJIbHbIC XapaKTEPUCTUKU, (I)OTOTOK, JIOBYIKA.
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YK 621.315.592
Kapacic 0. H., bpumascokuii E. B., Kymanosa M. 1., Yemepecrok I. I.

PEBEPCUBHI CIIEKTPAJIBHI XAPAKTEPCTUKHN Y OBJIACTI I4-TACIHHA ®OTOCTPYMY. BUITAIOK
B3AEMOIIIOYHX [TACTOK

Pe3iome

JocnimKeHi mpouecy B3aEMO/il MiXK OCHOBHUM 1 30yIKEHUM CTAHOM UYYTJIMBHUX LIEHTPIB 3 BUKOPUCTAHHSIM PEBEPCUBHOTO 3a-
co0y. [oBeneHo, 10 BCi criocTepekeHi e(eKTH MOXYTh OYTH MOSICHEHI CTUMYJIbOBAHMM PiBHEM 3aIllOBHEHHS JipKOBUX MACTOK Ta
3MiHOIO TEPMIYHOTO TIEPEPO3IOILTY 3aX0IIEHMX HOCIIB 3 ypaXyBaHHSIM BiTKOPETroOBaHOI 30HHOI CXeMMU.

KumouoBi ciioBa: crieKTpajibHi XapaKTepUCTUKU, (DOTOCTPYM, TTACTKH.
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RELATIVISTIC THEORY OF THE AUGER (AUTOIONIZATION) DECAY
OF EXCITED STATES IN SPECTRA OF MULTICHARGED IONS

Relativistic method of calculating the characteristics of the Auger decay in the atomic spectra,
based on the S-matrix Gell-Mann and Low formalism, is used for estimating the transition energies and
autoionization probabilities in spectra of the Fe ion with one vacancy above the core 1s?2s?2p°3s?3p®.

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~ to 10~'%s), 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 [§—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

© L. V. Nikola, A. V. Ignatenko, A. N. Shakhman, 2010

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 18?28*2p®3s23p°.

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:

Vo =[G)GDG)G
x;(—l)“ (mjlf* i:j xReQ, (1234);

m3
0, =0 +0. M

The terms Q2" and O correspond to subdivi-
sion of the potential into Coulomb part cos|w|r,/
r,, and Breat one, cos|o|r a,a,/r . The real part
on the electron interaction matrix element is de-
termined using expansion in terms of Bessel func-
tions: :

cos|oa|r]2: T

N Ty
XZ (k)JM% (|(n r )J,k,% (I(n r )ﬂ (costr,). (2)
A=0
where J is the 1% order Bessel function, (A)=2A+1.

The Coulomb part O is expressed in terms of radial
integrals R, , angular coefficients S, [4,11]:
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ReQ =

+R, (1243)s, (i24§)+ R, (1243)s, (1243)+
+r (1333)s, (1243)} 3)
Asaresult, the Auger decay probability is expressed
in terms of ReQ, (1243) matrix elements :

ReR, (1243)=
:.Udrlr rzf(r )f3 (rl)f2 (rz)ﬂ(rz)Z(l)(r )Z(I) (r ) 4)

where fis the large component of radial part of single
electron state Dirac function and function Zis :

Z(l) _I: 2 :|M% Jk+% (OL|(1)13|V)

PT(+3)

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; is to be changed by the
small g one and the moment / is to be changed by
[, =1, ~1 for Dirac number x> 0 and /+1 for x <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:

Q“Br_ 7B;1+Q +Qm+i’ (5)

where the contribution of our interest is determined
as:

Re {R, (1243)s, (1243)+

|c013|ocZ

o = %Re {R.A (1233)s; (1233 )+
+R, (1243)S] (1243)+ R, (1243)s] (1243 )+
+R, (1243)s; (1243)} (6)

The Auger width is obtained from the adiabatic
Gell-Mann and Low formula for the energy shift [13].

The contribution of the A, = O

the Auger level width with a vacancy n [ j m_ is:

> >0, (akyB)O, (Brkar),

py<s k>

diagram to

2
200, ™

while contribution of the A_ = ' one is:

-
Z 2. 2.0, (akyB)O, (kaoc){J“ j? N } 8)
B 1

2 PY<f k> s

(J<x

The formulas (7),(8) define the full Auger level

width. The partial items of the » > sum answer to
By k

contributions of a'—(By)' K channels resulting in for-
mation of two new vacancies By and one free electron
k: o, =0 to,~o_ . The final expression for the width
in the representation of jj-coupling scheme of single-
electron moments has the form:

TQj7L 27505 0) = 23 020k, 236551, ki P (9)

Jilk
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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 ReR, (1243) is reduced to
the solution of a system of differential equations [4]:

n = 1120 (alo]r ),
= LAZY (alo]r ),
Y3 = [y1f2f4 +Whf ]Z;Ez) (0L|(D|I’)rl_)ﬂ

In addition, y,()=ReR (1243), y (0)=X (13).
The system of differential equations 1ncludes also
equations for functions f/r*-!, g/ Z; ® Z( The
formulas for the auger decay probability include the
radial integrals R (akyP), where one of the functions
describes electron in the continuum state. When cal-
culating this integral, the correct normalization of the
function ‘¥, is a problem. The correctly normalized
function should have the following asymptotic at r—0

[4]:

(10)

(i +(az)" | sinlr+a),
[ (aZ) ][ cos(kr+a)

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

N(r)=
= {!@k [sz [(Dk +(aZ)72J+g,f [wk +(ch’2)“ }A,

It can be shown that at » — o, N(r)—>N,, where N,
is the normalization of functions f,, g, 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 k/ levels in the final state:

E,(jkI,>*"'L,) = E;()—E; (k,”"'L,)  (12)

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

f}—)(é’i{ K )

g

E,(jkI,**"'L,) = E(j)~ E(k)= E()~ A(k,1;*"'L,) (13)

where the item A 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. [§—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
1s22s?2p®3s23p®. 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 1s?2s?2p°3s?3p® with defi-



nite quantum numbers of vacancies n 1 and n,l,. 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 10>cm') , calculated within ab initio QED PT, MCDF and available experimental data.
N i f Exp.[15] MCDF RPT QED PT
1 1s2s?2p°®3s23p 1s 22822p°®3s? 577000 577500 577200 577148
2 152s?2p®3s23p? 1s 225?2p®3s23p 575700 576230 575910 575820
3 1s2s22p°3s?3p? 1s 22s22p°3s?3p? 574400 575040 574940 574532
4 1s2s?2p°3s23p* 1s 22s22p®3s?3p? 573400 573920 574360 573937
5 1s2s22p°3s23p° 1s 22s2p®3s?3p* 572400 572860 573520 572845
6 1s2s?2p°3s?3p°® 1s 22s22p®3s?3p° 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 1sg, 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  : QED PT —OB (A- our data); RPT-WOB (B) [12].
n?l’)

method AB AB AB A

nl 2s 2p 3s 3p

2s 399+14 42+14 131+14 14+15 130+14 14+14 198+14

2p 264+1528+15 158+1417+14 722+14

3s 834+1290+12 243+13

3p 612+13

Note: the mantissa and decimal order of value are
given: 42+14=0.42-10"%;

The analysis of the presented data in the table 2
shows that our results are less than the corresponding
datafromref. [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 1s?2s2p®3s23p°®.
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PEJIATUBUCTCKAS TEOPHA OXKE (ABTOMOHU3AIIMOHHOTO ) PACITATTA BO3BYKIEHHBIX COCTOAHIM B

CIIEKTPE MHOT'O3APATHOI'O NOHA

Pesiome.

PeITMBUCTCKMIA METOM pacyeTta XapakTepucTuk OXe paciiafga B aTOMHBIX CIIEKTpax, KOTOPBI OCHOBBIBAETCSI HA S-MaTPUIHOM
dbopmamuzme Tenmn-Mana u Jloy m KB/l Teopum BO3MYIIEHWIA, MCIIONB30BaH [UISI OILICHKW SHEPTUIl TEepexXoloB BEPOSTHOCTEN
ABTOMOHM3AIIMOHHOTO paciaja B CrieKTpe MoHa Fe ¢ omHoit BakaHcuel Hamx ocToBoM 1822s?2p®3s?3p®.

KiioueBble cJioBa: aBTOMOHM3AIIMOHHBIN PACIial, MHOTO3aPSIIHBII NOH, PEJIITUBUCTCKAST TEOPHUS

VK 539.184, 539.186
JI. B. Hikoaa, I. B. lenamenko, A. M. Illlaxman

PEJIATUBICTCBHKA TEOPIS OXKE (ABTOIOHI3AIIITHOT'O ) PO3TIANTY 3BYIIZKEHUX CTAHIB Y CITEKTPI

BATATO3APAJTHOIO IOHY

Pesiome.

PensTuBicTChbKUiT MeTON po3paxyHKy XapakTepucTuk Oxe posnaay B aTOMHUX CIIEKTpaX, sIKMil 0a3yeTbCs Ha S-MaTPpUYHOMY
dopmanizmi [enn-Mana ta Jloy i KEJI Teopii 30ypeHb, BUKOPUCTaHO JIsI OLIHKM EHEPTiil MepexoliB Ta WMOBIpHOCTEN aBTO
ioHizauiiiHoro posmany B criekTpi ioHy Fe 3 onHielo BakaHci€lo Hax 0cTOBOM 1s?2s?2p®3s23pP.

KumouoBi ciioBa: aBToioHi3alliiiHuit po3nan, 6araTo3apsiiHUi i0H, PeISITUBICTChKA TEOpist
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ANALYSIS OF THE ELECTROMAGNETIC AND STRONG INTERACTIONS
EFFECTS IN X-RAY SPECTROSCOPY OF HADRONIC ATOMS AND

“KAONIC HELIUM PUZZLE”

It is given an analysis of the electromagnetic and strong interactions contributions to the transi-
tions energies in the X-ray spectra of the hadronic atomic systems and kaonic helium puzzle. It is con-
sidered an advanced approach to redefinition of the meson-nucleon phenomenological optical model
potential parameters and increasing an accuracy of the hadronic transitions energies definition.

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

© V. N. Pavlovich, T. N. Zelentsova, I. N. Serga, 2010

purely electromagnetic values and the finite lifetime of
the state corresponds to an increase in the observed level
width. At present time several highly priicised 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 priicised 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]:

m*c*¥(x) = {iz[iha, +eV, (N +°V¥(x), (1)
C

where c is a speed of the light, / is the Planck con-
stant, and ‘W (x) is the scalar wave function of the
space-temporal coordinates. Usually one considers
the central potential [V (r), 0] approximation with the
stationary solution:

Y (x) = exp(-iEt/ 7 )d(x) 2)
where ¢(x)is the solution of the stationary equation.

{LZ[E+eV0 (M +8°V? —m*c*}o(x) =0 3)
c
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Here E is the total energy of the system (sum of
the mass energy mc” and binding energy ¢ ). In prin-
ciple, the central potential V, 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 Vis the
sum of the following potentials. The nuclear potential

for the spherically symmetric density p (| R) is:

V.. (r| R): - ((l/r)J: dr'r’p (r' | R)+ ]?dr'r'p (r' | R) (@)

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

i(r)y= 7,/ {1+exp[(r—c)/a)l} )

where the parameter ¢=0.523 fm, the param-
eter ¢ is chosen by such a way that it is true the fol-
lowing condition for average-squared radius:
<p?>12=(0.836-4"°+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:

V'nucl (r,R)= (l/r2 )j drr’p (r' , R)E (1/r2 )y (r.R)
y'(r,R):r2p(r,R) (6)
A'(r) = (i1, | a)exp[(r—c)/ al{l +exp[(r—c)/ )]}’
with the boundary conditions:
Vyet (0,R)=—4/(mr)

y(O,R): 0,
ii(0) = 71, / {1+ exp[—c/al}

(7)

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]:

M
== K, ()4 A0, (], (8)
u M,

where M, and M, are the kaon and nucleon masses
and p is the kaon-nucleus reduced mass, p,(r),p,(r)

are the proton and neutron densities in the nucleus
and 4, ,A4,, are the complex effective Kp and Kn scat-
tering fengths. The known Batty approximation [11]

reduces Eq.(10) to the next expression:

1lap(r)],

2n . M,

Vy=-—[+ ®)
u

N



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)= i+ @)+ e+ @] ) (10)

Where ¢ and tare the isospines of pion and nu-
cleon. The nucleon spin proportional terms of the
kind c[kk'] are omitted. The constants in (10) can
be expressed through usual s-wave (a.,, ) and p-wave

o, ,, ) scattering length (7 and J -isospin and spin
of he system =N . The corresponding parameters in
the Compton wave length % _terms are as follows:

by = (o, +20.,)/3=-0.00172 .
by = (0, — 0, )/3=—0.0862 ..

¢) = (4o, + 20, +20, +or,, )/3=-0.208(2, ).

o = (20, 200, + 0y, 0y, )/3=-0.184(R, ) .

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

Vy(r)=—2nny[ 24 a, + (A—Z)A’lan]p(r). (11)

The s-wave lengths of the n'p-scattering
a,=(2a,+a,)/3 u n'n- scattering a, = a, ; scatter-
mg are introduced to Eq. (11). Because of the equality
between a, =b;+b/ and a, =b;—b/ (with an oppo-
site sign) the theoretlcal shift of the s-level with T'=0
(4=27) 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:

E~E(+E +E,+E,; (12)

Here E, -is the energy of meson (say, kaon) in a
nucleus (Z, A) with the point-like charge (dominative
contribution in (12)), E,, is the contribution due to

the nucleus finite size effect, E,, is the radiation cor-
rection due to the vacuum-polarization effect, E, is
the energy shift due to the strong interaction ¥, .The
last contribution can be defined from the experimen-
tal energy values as:

Ey=E—(Ey+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 E, 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-*He 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:

AE(2p)=AE(2p-nd)-AEE¥(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“*He is -40eV. The
corresponding value from the last E570 experiment
is 1.9eV, the model potential theoretical value by
Friedman et al is 0.4 eV and by Sukharev et al is
1.575B [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) and measured
(E ) X-ray energies for some kaonic atoms are list-
ed (from refs.[1,16,17,19]).

Table 2
Calculated (E, ) and measured (E ) kaonic atoms X-ray energies (in keV)
Nucl. Transition E [1] E_[16] E_[19] E, [17] E_
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 87 - 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 AE and widths G

(in keV) for the kaonic atoms X-ray transitions, taken
from ref. [1,2,11,16,20].
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Table 3

Calculated ( C) and measured ( M) strong interaction shifts AE 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]; ¢ — theory [11]; d — theory [20].

Nucl AE_(d) G, (d) AE_(<) G, (© AE, G,
W, 0.038 0.072 -0.003 0.065 0.079° 0.070 (15)
8—7 0.052¢
W, -0.294 3.85 -0.967 4.187 -0.353¢ 3.72 (35)
7—6 -0.250¢
Pb, 0.035 0.281 -0.023 0.271 0.072¢ 0.284 (14)
8—7 0.047¢ 0.370 (150)°
U, -0.205 2.620 -0.189 2.531 0.120°; 0.032° 2.67(10)
8—7 -0.40¢; -0.213¢ 1.50 (75)°

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 AE is defined as difference between
the measured E, and calculated E_, (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
Egs. (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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It is given an analysis of the electromagnetic and strong interactions contributions to the transitions energies in the X-ray spectra
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phenomenological optical model potential parameters and increasing an accuracy of the hadronic X-ray transitions energies definition.

Key words: electromagnetic and strong interactions, hadronic atomic systems, X-ray spectra

VYIAK 539.17
B. H. Ilasnosuu, T. H. 3enenyosa, H. H. Cepea

AHAIIN3 B3®PEHKTOB BJIEKTPOMATHUTHOTI'O ¥ CUILHOTO B3AUMOJEVICTBHI B PEHTTEHOBCKOI
CIIEKTPOCKOIINM ATIPOHHBIX ATOMOB U 3ATATKA KAOHHOTI'O I'EJINA

Pesiome.

TpoaHann3upoBaHbl BKJIAIbI 3JEKTPOMArHUTHOTO U CUJIbHOTO B3aMMOJEHCTBUII B 9HEPTUU MEPEXOA0B B PEHTTEHOBCKUX CIIEK-
Tpax alpOH-aTOMHBIX CUCTEM, a TaKXe “3arajgka KaoHHoro reius”. PaccmorpeH adheKTUBHBIN MTOAXO0 K TTepeorpeie/IeHUIO TTapa-
METPOB ONTUYECKOTO MOAEIbHOTO ME30H-HYKJIOHHOTO MOTeHIMAIA U YBEIMYCHUIO TOYHOCTH OMNpPeAeIeHUs] SHEPTUii TIepexo0B B
PEHTIEHOBCKHUX CITEKTPaxX alpOHHBIX aTOMOB.

KioueBbie clioBa: 3JIeKTPOMAarHMTHOE M CUJIbHOE B3aUMOJICCTBYE, aIPOHHBIC aTOMHBIE CUCTEMbI, PEHTTEHOBCKHE CIIEKTPhI

V1K 539.17
B. M. Ilagnosuu, T. M. 3enenyosa, I. M. Cepea

AHAJII3 E®EKTIB EJEKTPOMATHITHOI I CIUIBHOI B3AEMO/II Y PEHTTEHIBCBHKIV CHEKTPOCKOITIT
AJJPOHHUX ATOMIB I “3ATAJIKA KAOHHOTI'O I'EJITIO”

Pesiome.

IlpoaHanizoBaHi BHECKM €JEKTPOMArHiTHOI Ta CUJIbHOI B3a€EMOJiil B €Hepril MepexoliB y PeHTIeHiBCbKUX CIEKTpax aapoH-
aTOMHUX CUCTEM, a TAaKOX Ipo0JieMa KAOHHOTO rejiito. Po3risiHyTo echeKTUBHME MiAXia 10 MepeBM3HauYeHHS TapaMeTpiB ONITUYHOTO
MOJIeJIb-HOTO ME30H-HYKJIOHHOT'O TIOTeHUialy i 301/IbIIEHHIO TOUHOCTI BU3HAUYEHHSI €Hepriii Mepexo/liB y PEHTIeHiBCbKUX CIEeKTpax
aIPOHHUX aTOMiB.

KimouoBi ci10Ba: eyleKTpoMarHitHa, CUJIbHA B3a€EMOJisl, aApDOHHI aTOMHi CUCTEMU, PEHTIEHIBChKi CIIEKTpU
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LASER PHOTOIONIZATION ISOTOPE SEPARATION TECHNOLOGY
AND NEW PRINCIPAL SCHEME FOR y-LASER ON QUICKLY DECAYED
NUCLEAR ISOMERS WITH AUTOIONIZATION SORTING OF HIGHLY

EXCITED ATOMS

Optimal scheme of the laser photo-ionization heavy isotopes (isomers) separation technology
and the new possible principal scheme of y -laser on quickly decayed nuclear isomers with autoioniza-
tion sorting the highly excited heavy atoms are presented.

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 o, and
photo-ionization o, ([c, /o, [>10*10%). 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 y -laser on quickly decayed nuclear
isomers [1,2].

Originally, Goldansky and Letokhov [3,4] has
considered a possibility of creating a y -laser, based on
a recoiless transition between lower nuclear levels and
shown that a y -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 y -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 7m 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, Al As
with width 10E and GaAs of 60E) 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 y -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 o, =10"""—10""*cm? 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 .Csl’ and . Yb'. For example, the
resonant excitation of the Cs can be realized by means
dye lasers with lamp pumping (two transitions wave-
lengths are: 6°S, —7 ?P, ., 4555A and 6%S, 7 P, /2
4593A) [15]. In (able 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 °S, ,» » transition 4—3) of Cs: exp.
data- Av(EF’)= 9192,64MHz ; AE(E,F’)= 306,630
10~ cm™' ; theor. data [23] -Av(EF’)=9177,80MHz ;
AE(EF’)= 306,135- 103 cm™! (from ref.[23]).

Table 1
Valent electron ionization energies (in atom. units) of the *°Cs:
eRfHF —one-configuration Hartree-Fock data, peastuBHcTCKOrO
X®D; £fHF +3¢RHF — the same data, but with account for the

correlation corrections; £ — QED perturbation theory data;
gb- experimental data (see text)

State SRHF SRHF +88RHF SQED SExp

6s . | 0,12737 | 0,14257 0,14295 | 0,14310
6p,, | 008562 | 0,09198 0,09213 | 0,09217
6p,, | 0,08379 | 0,08951 0,08960 | 0,08964
7s,, | 0,05519 | 0,05845 0,05862 | 0,05865
7p,, | 0,04202 | 0,04385 0,04391 | 0,04393
7p,, | 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: 6+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 & -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~''cm?; the ionization cross-section
from excited 7°P, state: ¢,=10~'°cm?, from ground
state 5,=107'%cm? [1]. One can see that the relation
of these cross sections is 10° and 107 correspondingly.
This fact provides the obvious non-efficiency of stan-
dard photoionization scheme.
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Fig.2. Results of modelling Cs isotopes separation process by
the laser photo-ionization method ( 8+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 352§, ,transition the corre-
sponding cross section can reach the value ~10-"cm?.
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 y —
laser on quickly decayed nuclear isomers with using
laser photoionization sorting excited nuclei M, || 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 y -laser on quickly de-
cayed nuclear isomers with autoionization sorting the
excited atoms.

Fig.1. Possible scheme y — laser on quickly decayed nuclear
isomers with using laser photoionization sorting excited nuclei
M, with electric field and auto- and electric field ionization
mechanisms: | — target of atoms M,; 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(MM",, ) ; 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", . ); 8 — flux of

k+1
evaporated atoms;
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LASER PHOTOIONIZATION ISOTOPE SEPARATION TECHNOLOGY AND NEW PRINCIPAL SCHEME FOR y -LASER
ON QUICKLY DECAYED NUCLEAR ISOMERS WITH AUTOIONIZATION SORTING OF HIGHLY EXCITED ATOMS

Abstract

Optimal scheme of the laser photo-ionization heavy isotopes (isomers) separation technology and the new possible principal scheme
of y -laser on quickly decayed nuclear isomers with autoionization sorting the highly excited heavy atoms are presented.

Key words: laser photoionization, isotopes separation, y -laser on quickly decayed nuclear isomers
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JJABEPHO-®OTONOHUSAIIMOHHAA TEXHOJIOI'US PASAEJTEHUA N30TOIIOB M1 HOBAA ITPUHIIUIIVNAJIBHAA
CXEMA y -JIA3EPA HA BBICTPOPACTTAJJAIOINUXCA ATEPHBIX N30OMEPAX C ABTOMOHU3AITMOHHOMN
COPTUPOBKOU BBICOKO BO3BYXJIEHHBIX ATOMOB

Pesiome

IIpenyoxeHbl HOBasl cxeMa Jia3epHO-(POTOMOHU3ALIMOHHON TEXHOJIOTUU pa3aeeHUs TSKEIbIX U30TOMOB (M30MEPOB) U HOBast
BO3MOXHasl IPUHIMITMAJIbHAS CXeMa ¥ -J1a3epa Ha ObICTpopacnafalonxcs siIEPHBIX U30Mepax ¢ aBTOMOHU3aLMOHHOM COPTUPOBKOI
BBICOKO BO30YKIEHHBIX TSKEJIBIX AaTOMOB.

KimoueBble ciioBa: nazepHas poTonoHu3aLuMs, pa3iejieHue u30ToIoB, y-J1a3ep Ha OBICTPO pacnalaloInXcs SAePHbIX M30Mepax

VIK 535.42
C. B. Ambpocos, O. IO. Xeueniyc, 0. M. Jlonamkin, A. A. Ceunaperko

JIA3EPHO-®OTOIOHI3AIIITHA TEXHOJIOTTA PO3ITOJLTY I30TOIIIB I HOBA INPUHIMAITIAJIBHA
CXEMA v -JIA3EPA HA SAEPHUX I3OMEPAX, IIIO IBUJIKO PO3ITAJAIOTHCA, 13 ABTOIOHI3AIIIMHOIO
COPTHUPOBKOIO BUCOKO 3BY/ZKEHX ATOMIB

Pesiome

3anpornoHoBaHi HOBa cxeMa Jia3epHOo-()OTOIOHI3aLifHOT TeXHOJIOTi PO3MOAiTY BaKKUX i30TOMiB (i30MepiB) Ta HOBA MPUHLIUITI-
ajbHa cXema y — Jla3epa Ha SIepHMX i30Mepax, 1110 HIBUAKO PO3MaAaloThes, i3 aBTO i0Hi3aLiHHUM COPTYBaHHSIM BUCOKO 30YIKEHUX
BaXXKUX aTOMiB.

Kurouosi ciioBa: nazepHa hoToioHi3allisl, PO3MO/ALT i30TOIIB, Y- Ja3ep Ha SIIEPHUX i30Mepax, 110 LUBUIKO PO3MaAal0ThCs

73



UDC 621.315.592

A. A. DRAGOEV, A. V. MUNTJANU, YU. N. KARAKIS, M. I. KUTALOVA

Odessa I. I. Mechnikov National University,

2, Dvorianskaya str., Odessa 65082, Ukraine. Tel. +38 048 — 7266356.

Fax +38 048 — 7266356, E-mail: wadz@mail.ru

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 pm (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—15Ix; (2) — 1-3 Ix.

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 10* — 10° V/cm that was shown
previously [1,2]. At barrier height of order 1 eV and
width ~1 um 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.
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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.
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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,*
-centers in near-contact regions under equilibrium
conditions is considerably lower than their general
concentration N,

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. Indarknessand undercondition N, <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 p=e¢N, .

Distribution of potential in SCR can be found
from Poisson equation

d’¢ 4mne’
— = N, , 1
dx* g " (D
which standard solution is
2me?
o(x)="—N,, (L-x) . )

€

Value L in (2) specifies width of SCR at equilib-
rium height of barrier ¢,:

e 1
L, = f——
¢ 2ne’ N, o

At exposure with higher light intensity the condi-
tion N, <N, isbroken. R-centers, already located in
SCR and distributed there uniformly, capture the great
amount of non-equilibrium holes and completely ion-
ized N, = 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,
N, =N,>N,, .

The positive charge in SCR is observed now in R-
centers and equations (2)-(3) are modified :

3)

2
2me

0L (¥) =N, (L-xY; )

€

| g 1

L \/27’[62 N, ((PO eU) ’
where ¢ 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 ¢(0)=¢,—eU
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 N, >> N, decreased comparatively to
dark value (3). Simultaneously the barrier became
lower. Resistance R, (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

Ap(x)::Apexp{E%%)},

where Ap - concentration of holes near barrier origin;
¢(x)- potential distribution. As the criterion of low
illumination we choose

Mﬁ%®@q<M.

(6)

7
kT ™
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):

o (x)
=eN? =eA . 8
p=eN; (x) epexp{kT} ®)
Then Poisson equation has the form:
d’¢ 4me’ o(x)
=——A —= 1, 9
=) g
or
2
fo = Adexp(z) (10)
where
4me’ 1 1
=ap; A= Ap |—; a=—. 11
T [ : pjkT = U
Integration of formula (10) gives
(EJZ = ZA[exp (z)—l} ) (12)
dx

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:

Ap(L)exp{QE;)}<:ﬁﬂ;.

Here we take into account the low levels of exposure
Ap(L)<n, and small potential of barrier ¢(L)—0.
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 e >>1.

Then
(2 =124 exp(ij .
d 2

13)

(14)
X
In whole SCR with increase of x the value ¢ , 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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o) 2ne’ Ap
S _L)+l. (15
eXp( 2ij Gt (15)

Theoretically, there is no difficulty to obtain the
explicit shape of potential distribution

¢ =2kT In ! R

2me’ Ap
kil Y
ekT (l x)

(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
x=0

2
exp(% er L (17)
2kT ekT
Here we took into account that voltage decreased
barrier height was applied together with light (as shown
in Fig. 2). But L, is only the part of barrier, although
the greater one, that is defined by the charge captured

in R-centers
1- exp[ (pozk;Uj
L

= : (18)
2ne’ Ap 1
kT
Taking into account equatlon (5) for greater levels

of exposure let’s calculate

e (_ (poz;cze"Uj N U
o . —Z'CXP(MJ (19)
L, JQO_eU Ap 2kT

kT

In other case, applying formula (13) we obtain

exp P —eU)
L . 2kT
le Py — elU
kT
And expression for L, being solved for the large

(20)

barriers, owing to condition exp{ ( )} >1. 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

Here L, — only the part of barrier under the con-
dition of low illumination level. Finally,
L' -L'-L?, with :1 — light, b — big, d — dark
1

—f>>1.
b

2y
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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 N, =N, >> N, the
comparison of equations (3) and (5) gives L' > 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) u (21) is aligned
as follows L' > I > [, . With illumination the width of
SCR decays, the higher light intensity the greater de-
crease. This is in accordance with equation (18) (Ap
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
N, -centers from the left barrier and the increase of
their concentration owing to drift component in the
right barrier. Simultaneously, diffusive withdrawal of
N, -centers from both contacts is forming because
N, -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 N, -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



expansion in of the contact should inevitably result
in narrowing of central part. And its electrical resis-
tance (R, 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: N, ~N,.

The increase of lifetime in its turn causes the in-
crease of conductivity

G:enu:e(fr)p. (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 N, >> 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
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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”
(I, ) 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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CALCULATION FOR MIGRATION-DEPENDENT CHANGES IN NEAR-CONTACT SPACE-CHARGE REGIONS OF

SENSITIZED CRYSTALS

Abstract

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 relaxation curves.

Key words: cristals, R-centers, photocurrent, relaxation curve.
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PACCYET MUTPALIMOHHO — 3ABUCUMOI'0 U3MEHEHUSA NPUKOHTAKTHBIX OI13 OUYBCTBJIEHHBIX

KPUCTAJLJIOB

Pesiome

PaccunrtaH sHepreTnueckuii mpoib KOHTAKTHBIX 0aphepOB K KPUCTAJLTY, comepkaiiero R-meHTpsol. [TokazaHo, 4To Murparus
LIEHTPOB OYYBCTBJICHUSI CITOCOOHA BBI3BAaTh TOJITOBPEMEHHbIC NU3MEHEHMS BUIA PeJlaKCallMOHHBIX KPUBBIX (DOTOTOKA.
KioueBble ciioBa: KpucTtai, R-1ieHTphI, POTOTOK, pefakcalimoHHas KpyuBasi.
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PO3PAXYHOK MITPAIIITHO — 3AJIEKHOI 3MIHA TPUKOHTAKTHHIX OII3 3 MIZIBUIITEHOIO YYTIABICTIO
KPUCTAJIIB.

Pesiome

PospaxoBaHo eHepreTMUHMI 00pHUC KOHTAKTHUX Oap-€PiB 10 KPUCTAJIiB, B SIKMX 3HaXOOAThcsl R — meHTpu. JloBeaeHo, 110 Mirpa-
1IisI LIEHTPIB MiABUIICHHS YYTIMBOCTI CIIPOMOXXHA BUKJIMKATU 6araToTepMiHOBI 3MiHU BUTJISILY pelaKCalliiiHUX KPUBUX (DOTOCTPYMY.

Kiouosi cioBa: kpuctain, R- nentpu, ¢potocTpym, peiakcailiiiHa KpuBa.
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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.

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_)"?, where m and
m_ are the masses of the particle and of the electron,
respectlvely [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~% 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 priicised 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.

© V. A. Tarasov, N. V. Mudraya, 2010

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 Za (Z is a charge of a nucleus in the
atomic system and o is the fine structure constant) the
main vacuum polarization correction to the potential
of a nucleus is matrix element of the Uehling potential

[3]:
20Za
X

AV, (r)z -

3nr
72 1/2
Iduexp(—ZW) (;,L ) (1)

The expression (1) is written for the point nucleus
in the atomic system. It is well known that the prii-
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
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finite nucleus size effect modifies this expression by
the following way [4]:

2 ©
AVUh (r): —%Id%'[duexp(—mxh —r'|)><

m? 2 p(r
oaeer s

U
=7

)

Here p(r) is a function of the charge distribution
in a nucleus, which is normalized by a standard condi-
tion:

Ip(r)d3r:Z. 3)

The Ueling potential obviously decreases for
r>>m"'. Wichmann and Kroll developed the method,
which allows to calculate the vacuum polarization ef-
fect in all orders on the parameter a (Za)' ,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:

20.Za
3nr

= 2

20,
=———C(g),
3nr (g)

X

AV, (r)=-

“4)

r

ToZ
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: :

C(g)—>C (g)=1n(g/2)+1.410548-1.037845¢

(5a)
g—0
C(g)—)éz (g)=—1.8800exp(—g)/g3/2 (5b)
g —> ™

An account for the asymptotical expressions can
be realized in Eq. (4) by the following way:

C(2)=C(2)C.(2)/ (C(2)+C.(2)) (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 C,(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 (g) are as follows:

C(2)=C ()6, () (€ (). (2) ()
¢,(2)=C,(2)/ (g) (70)

£(g)=((1.1022/g -13362)/g +0.8028)  (7c)
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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(g)= C,(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/oz 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/ oz in the four approximations: A- Exact data [1], B-
calculation data [33], C- calculation data [13] and D- calculation

data (this work).
g= r/otz 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 2968.4565¢eV, the vacuum po-
larization one is 1.8758eV; the relativistic recoil one
is 0.0025eV and hyperfine structure one is -0.0009¢V
(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 1.1789¢V, 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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X-RAY OPTICS AND SPECTROSCOPY OF KAONIC ATOMS: VACUUM POLARIZATION CORRECTION TO

TRANSITION ENERGIES

Abstract.

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.
Keywords: X-ray spectroscopy, kaonic atoms, vacuum polarization
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PEHTTEHOBCKASA OIITUKA U CIIEKTPOCKOIIN A KAOHHBIX ATOMOB: IIOITPABKA 3A CUET ITOJIAPU3ALINI

BAKYYMA K DHEPTUAM ITIEPEXO/10B

Pe3iome.

BoimonHeH aHanm3 npoueanyp ydera paI[HaHI/IOHHOﬁ TIOIIPABKMU Ha ITOJIAPpU3allMI0 BaKyyMa K SHEPIrugaM pE€HTTCHOBCKUX IIEPEC-
XO/10B B CIIEKTpaX KAOHHbIX aTOMOB. PaCCMOTpCHO BO3MO2KHO€ HOBOC IMapaMEeTPHUUICCKOEC ]'[pI/I6J'II/I)KeHI/IC JUJId BaKyyM- IoJisipyu3anu-
OHHOTO IMoT€HIMaIa.
KnroueBbie ciioBa: PEHTICHOBCKas CIIEKTPOCKOITU S, KAROHHBIC aTOMbI, IOJAPpU3allusgd BaKyyMa
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B. A. Tapacos, H. B. Mydpa

PEHTTEHIBCHKA OTITUKA I CLIEKTPOCKOITISI KAOHHUX ATOMIB: TIOTTPABKA 3A PAXYHOK ITOJIAPU3AIIIT

BAKYYMY JIO EHEPTIi1 [IEPEXO/IIB

Pesiome.

BukoHaHo aHaji3 mpolieayp ypaxyBaHHsI palialliitHOI ITOITpaBKY Ha MOJISIPU3allilo BAKYyMY 0 €HEPTili peHTTeHiBCHKUX MEPEXOIiB Y
CITeKTpaX KAOHHUX aTOMiB. PO3IJIsTHYyTO MOKJIMBE HOBE TTapaMeTpUIHe HAOIMKeHHS IS BAKYYM- TIOJISIPU3alliiiHOTO ITOTEeHITiaTy
Kirouosi ciioBa: peHTreHiBChKa CIIEKTPOCKOITis, KAOHHI aTOMM, TTOJISIpU3allisi BAKYyMY
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FEATURES OF INTERACTION OF COMPONENTS IN “GLASS- Pb,Ru,0O,

RuO,” HETERO-PHASE SYSTEMS

Resistance pastes on basis RuO, differ by a relative chemical inactivity. Large maintenance of
boron oxide and high acidity of glasses are the main reasons of chemical Pb,Ru,0, 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 conducting phase cluster formation in the glass matrix. The increase
of conductivity begins at lower concentrations Pb,Ru,O. with growth of B,O, concentration in glass.
The transfer of electrons between separate conducting grains by means of thermo electronic emission
with the presence of activating process is the possible current mechanism. Mechanism of electrons

tunneling also takes place.

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, differ by a relative
chemical inactivity. They can be made with the wide
range of surface resistance, low values of temperature
coefficient of resistance (TCR). Dioxide of ruthenium
(rutile) does not dissolve in a glass matrix, what allows
to promote the temperature of annealing to 1200°C
and to get resistance compositions properties which
insignificantly depend on the annealing profiles. Large
positive TCR 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 Ru,O.. In particular, the
lead ruthenate obtained by sintering at 800—880°C 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,Ru,O, strongly related to chemi-
cal composition otz 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,Ru,O, ,
RuO,” was studied in the present work.

RESULTS AND THEIR DISCUSSION

The Pb,Ru,O, 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 °C. The exposi-
tion time at maximal temperature was 15 min.

It was figured out that in pastes containing only
Pb,Ru,0O, before annealing, two crystalline phases
were observed in X-ray-diagram, corresponding to
pyrclorine Pb,Ru,O, and rutile RuO, phases The
appearance on mtfqemum 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,appears as a result of chemical re-
actions via interaction between Pb,Ru,O, and bind-
ing components of resistive paste.

It is known that Pb Ru,O, 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, is formed
within chemical reaction, affected by interaction of
binding components of the paste with Pb,Ru,O,

In glass resistors composition there are s111con
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,O, destroys Pb,Ru,O,
completely. We studied pastes based on glasses con-
taining silicon and boron oxides. In fig.1 the change
of Pb,Ru,0, and RuO, content in resistors on the ba-
sis of the system of “Plz) Ru,0, — Pb-Si-B- glasses”
is presented. It can be seen that with the increase of
B,0, content in binding components of resistive paste
Pb Ru O, concentration diminishes and RuO, in
thrck ﬁlms concentration increases. These results are
similar to the data, published in [1]. Thus, appearance
RuO, in resistors is affected by Ru substitution with
boron in Pb, Ru,0,

Instabrhty of Pb Ru,O, in resistance pastes re-
sults not only from the B203 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,Ru,O,

_ decomposition of begins at the acid B,O, concen—
trations about 10...20 %. It was found, that only in
glasses with Pb,Ru,O, content no more than 30%
noticeable increase RuO, takes place. Consequently,
interaction of Pb,Ru,O. 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,Ru,O, decomposition (fig. 1)
takes place under the boron oxide concentration up
to 20%, while Pb,Ru,O, 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.

Atb. unit %

30

60

40

20

0

10 14 16 20 B O %

P

Fig.1. Dependence of CCP percentage content on the con-
centration B,O,in permanent binding agent. 1 — Pb,Ru,0, ;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:CS) the surface resistance of the films goes
down (fig.2) and the TCR 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 CS. The change of
microstructure of Pb,Ru,O, and RuO, resistors un-
der the increase of CéP mamtenance 1n resistive lay-
ers was confirmed by microscopic studies performed
before [2]. The resistive elements based on RuO, have
lower resistance and TRC value is much higher in the
positive values region in comparison with thick-film
resistors (TFR) based on Pb,Ru,O, (with the identi-

cal bulk part of CCP). It is explained by higher con-
ductivity of RuO, 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 CS
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 TCR values show thick-film
resistors. However, the opposite dependences can take
place and [2].

Igp

PbO, %

Fig.2 Dependence of surface resistance on PbO contents in
two-component glasses composition. Pb,Ru,O, 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 CS [3]. Change of PbO/SiO, 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, grows, resistance decreases (fig.2). If this process
occurred only as acid-basic interaction, resulting in
RuO, accumulation in bulk films, their resistance must
constantly decline. However, this value doesn’t change
monotonically with CS 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,Ru,0, up
to 30% and higher. Such increase is explamed by con-
ductivity percolation transition because of conduct-
ing phase cluster formation in a glass matrix. It was
emphasized that with growth of B,O, concentration in
glass the increase of conductivity begins at the lower
Pb,Ru,O, concentrations because of high-conduct-
ing phase RuO, 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,Ru,O,
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-

UDC 544.187.2; 621.315.59

trations Pb,Ru, O, with growth of B,O, 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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FEATURES OF CO-OPERATION OF COMPONENTS IN HETERO-PHASE SYSTEMS OF “GLASS- Pb,Ru,0

Abstract

RuO,”

277X

Resistance pastes on basis RuO, differ by a relative chemical inactivity Large maintenance of oxide of the coniferous forest and high
acidity of glasses, is principal reason of chemical decomposition of Pb,Ru,O, and formation of dioxide of ruthenium at burning of the

hetero-phase systems

As the physical mechanism of current-conduction the transfer of electrons is credible between separate conducting corns by means
of thermic-emission emission supposing the presence of activating process.
Key words: RuO, resistive pastes, Pb,Ru,0, compounds, hetero-phase systems.
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OCOBEHHOCTH B3ANMOJIENCTBAVSI KOMITOHEHTOB B TETEPO®A3HBIX CUCTEMAX “CTEKJIO — -

Pb,Ru,O

277X

RuO, “

Pe3iome

PesuctruBHBIE MacTbl HA OCHOBE Ru02 OTJIMYAIOTCH OTHOCUTEIBHON XMMUYECKON MHEPTHOCTHIO. Bonbiroe coepKaHME OKCUa
60]321 U BBICOKAsI KUCJIOTHOCTh CTEKOJT — OCHOBHAS NpUYNHA XUMUYECKOI'O PA3JI0KEHUA PYTCHUTAa CBUHILIA U 06p330BaHI/I£[ JUOKCHIa

pPYTeHUTA MPH 0OGKUTE reTepodasHbIX CHCTEM.

B kauectBe ¢)H3I/I‘{ECKOFO MEXaHM3Ma TOKOIIPOTCKAHUA BEPOATEH IEPCHOC IJICKTPOHOB MCEXKIAY OTACJIbHBIMU ITPOBOAALINMU
3épHaMI/I OCpEeaACTBOM TepMOBJTeKTpOHHOﬁ OMMUCCHUH, npezmonara}omeﬁ HaJIM4ne€ aKTUBALITMOHHOTIO ITpoLIECca. Takxe HaGmromaICs

MCXaHHU3M. TYHHCJIMPOBAHUA SJICKTPOHOB

KioueBbie ciioBa: PYTEHUT CBUHILA, TYHHEJIMPOBAHUE 3JICKTPOHOB, l"eTepO(l)aZiHbIe CUCTEMBI.
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1. JI. Kypmawes, T.,H. byeaesa, T. U. Jlagpenosa, H. H. Cadosa

OCOBJIMBOCTI B3AEMO/IIi KOMIIOHEHTIB Y TETEPO®A3HUX CUCTEMAX “CKJIO — - Pb,Ru,O

Pe3iome

RuO, “

277X

PesucruBHi nactu Ha ocHoBi RuO, XapaKTepu3yIoThCsl BiTHOCHOIO XiMiuHOIO iHEPTHiCTIO. Benmkuii ckiian okcuy 6opa i BUcoka
KHCJIOTHICTh CKJIa — OCHOBHA IIPUYMHA XiMiYHOTO PO3KJIaay pyTeHiTa CBUHIIS i yTBOPEHHSI JiOKCUAA PYTeHiTa IMpU OOKUTY IreTepo-

(azHUX cucteM.

B sikocTi iznyHOro MexaHi3My CTPYMOIIPOTiKaHHS BUPOTiIEH MePEeHOC 3JEKTPOHIB MPOMiXK OKPEeMUMMU MPOBITHUMHM 3epHAMU
3a JIONIOMOT'0I0 TEPMOEJIEKTPOHHOI eMicii, Mpy HasIBHOCTI akTUBalliiiHOTrO mpoiiecy. Takox criocTepiraBcsi MexaHi3M. TYHEIIOBaHHS

9JIEKTPOHIB

Kumouogi ciioBa: pyTeHiT CBUHIIS, TYHEJIIOBAaHHS 2JIEKTPOHIB, reTepodas3Hi CHCTEMH.
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QUANTUM MEASURE OF FREQUENCY AND SENSING THE COLLISIONAL
SHIFT OF THE CAESIUM ALKALI ATOM HYPERFINE LINES IN MEDIUM

OF HELIUM GAS

Problem of constructing the alkali atom quantum measure of frequency and definition of the col-
lisional shift of the caesium atom hyperfine structure lines in a medium of helium bath gas are consid-
ered. At first, within relativistic approach it is studied the interatomic potential and hyperfine structure
line collision shift and broadening for the caesium atom in a medium of helium bath gas.

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

© E. V. Mischenko, 2010

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]):

=é=ﬂT

VMY 4 o (R)Bw(R)RdR (1
o e [1+g(R)po(R)RdR (1)

p

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); T- is a temperature, o, -is a frequency
of the hyperfine transition in the isolated active atom,
3o(R) = Aw(R)/ ®, - 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, N, - is a concentration
of the buffer atoms and {1+ g%?)} 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 EL-HAV [18]).
Within exactness to second order terms on potential
of Coulomb interaction of the valent electrons and
atomic cores one can write:

+0Q,+Q, - S 2+ ! , (2)
S, R E, E-‘rEB

Here C, is the van der Waals constant for interac-
tion A-B (e.g., a pair of Cs-He; look below); I, E b
are the ionization potential and excitation energy on
the first level for atoms A, B correspondingly; S is the
overlapping integral; The value of Eq.s is deﬁned as

follows:
Eas=(1,,+E,, )2,

The values Q, Q, in the expression (2) are the
non-exchange and exchange non-perturbation sums
of the first order correspondingly, which are defined
as follows:

iy =< @y (1) [H,, | @, (1) )< @4 (1) | @, (1))
> z,<q>;(1)|H;,F|<I>;(1)>VkO

Sw(R)zl

Q =
1 N(I_So)po k E,—E,

O 2 Z ,<q)l()(l)|H}1F|q);c(l)>Uko
P N(A-S)p, 5 E,-E,

where [ . is the operator of hyperfine interaction, N
is the total number of electrons taken into account in
calculation; E,,, ®,(1)=F, (1)¢, (2 .N) —en-
ergy and non- symmetrlzed wave functlon of state k =
{k,,k,} forisolated atoms A and B. The non-exchange
matrix element of the Coulomb interatomic interac-
tion is as follows:

Ve =<® [V, (1) >

Correspondingly the exchange matrix element is
as follows:.

U, z< o, ()| (1)@, (1))

For example, in a case of the system Fr—He the
operator V(1) is as follows:

V() =Uger (r:)+User (ras )—
1

QW (R)+ 2t 3)
s Ty
where U .. (r) is the self-conjunctive field, created by
the Cs core.

Let us return to consideration of the van der Waals
constant C, for the interatomic A-B interaction. As a
rule, one could use the approximate values for the van
der Waals constant C, etc. Often the sufficiently great
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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]:

M?*—L(L+1)
(2L (2L +3)

where C 5.0 (L) is the isotropic component of the inter-
action and C, 5.2 (L) is the component corresponding to
the P (cos0) 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, , (L) and C,, (L) may be expressed in
terms of the scalar and tensor polarizabilities o, (L;iw)
and o, (L; iw) evaluated at imaginary frequencies. In
particular, for the helium case one may write:

Co(L,M)=C (L)~ Co( D

3% =
Cool) == j oty (L iw)aL, (iw)dw (5)
0
where @, is the dynamical polarizability of helium.
The polarizabilities at imaginary frequencies are given
in atomic units as follows:

a(LM.l_w):?‘z(Ey—EL)\<LM|§|LVMy>|2
e 5 (E,—E,) +w

where E is the energy of the electronically excited
state |L M > 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: [XeJ6s ( term: 2S). In table 1 we list t our theoreti-
cal results for the line shift f (1/Torr) for the Cs-He
pair. The observed value of the line shift (T 323K)
and other theoretical results for f 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

(6)



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 / (10~° 1/Torr) of the Cs-He system
(look text)
System Cs-He Cs-He Cs-He Cs-He
Experi- Other Other
K ment Our theory Theor. [6] | 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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QUANTUM MEASURE OF FREQUENCY AND SENSING THE COLLISIONAL SHIFT OF THE CAESIUM HYPERFINE

LINES IN MEDIUM OF HELIUM GAS

Abstract.

A problem of constructing the caesium quantum measure of frequency and sensing the collisional shift of the caesium hyperfine
structure (HFS) lines in a medium of bath (He) gas is treated. Relativistic approach is used in calculating the inter atomic potentials,

oscillator strengths, HFS collision shift and broadening.

Keywords: quantum measure of frequency, collisional shift, caesium, helium gas.
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YK539.184
E. B. Muwenko

KBAHTOBAA MEPA YACTOTbBI U AETEKTUPOBAHUE CTOJIKHOBUTEJIbLHOI'O CABUTA JVHAN
CBEPXTOHKOMU CTPYKTYPbI ATOMA LIE3H1S B ATMOC®EPE I'EJINA

Pesiome.
PaccMoTpeHa npobieMa MoCTpOeH s LIE3MEBOI KBAHTOBOI MePBI YaCTOThI M OIPEAEIEHUS CTOJIKHOBUTEIBHOTO CIBUATA JIMHUIA

CBEPXTOHKOI CTPYKTYpbI aToMa 1ie3ust B aTMocdepe OydepHoro (resuii) raza. PesiTMBUCTCKUI TTOAXO MCTIOIB30BaH B pacyeTe Me-
JKaTOMHBIX TIOTEHLIMAIOB, CTOIKHOBUTEIBHOTO CABUTA M YIIMPEHUS IMHUY CBEPXTOHKOM CTPYKTYPHI.

KimoueBble c10Ba: KBaHTOBast MEpa 4aCTOThI, CTOJIKHOBUTEJIBHBIN CIBUT, LIE3UI, a3 reavs

YK 539.184
0. B Miwenko

KBAHTOBA MIPA YACTOTH I IETEKTYBAHHS 3CYBY JITHII HAITOHKOI CTPYKTYPU ATOMY IIE3IA 3A
PAXYHOK 3ITKHEHDb B ATMOC®EPI I'EJIIA

Pesiome.
PosrisiHyTo mpo6JieMy moOyIoBH 11€3i€BOi KBAHTOBOI Mipy YacCTOTH i BUBHAYEHHSI 3CYBY 32 PaXYHOK 3iTKHEHb JIiHili HAATOHKOT

CTPYKTYpH aToMy 1ie3ist B atMocdepi OydepHoro (Termiit) raszy. PesTuBiCTCHKU TiIXia BUKOPUCTAHO Y PO3PaXyHKY MiXKaTOMHUX TTO-
TEHLiaJIiB i 3CyBY Ta YIIMPEHHSI JIiHili HAATOHKOI CTPYKTYPH 3a PaxXyHOK 3iTKHEHb.
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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 Schridinger 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 (ns’np®)?P or (nsnp®)?S 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 )
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.
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As usually, the hydrogen-like Hamiltonian for
atom in a magnetic field B has the form as follows:

2

~ 1 le , €
H=— ——|Br) ——
2m(p+20[ r])

r

“4)

Here we did not account for the electron spin,
though its account is supposed. Because of the invari-
ance of H in relation to rotations around the axe Oz
(it is parallel to field B and crossing a nucleus of an
atom) naturally z- component of the orbital moment

L =hM is the conserving variable. In the cylindrical
coordinates with axe Oz||B with account of the trivial
dependence of the wave function upon the rotation
angle ¢ around the axe z (¥ ~ ¢™*), one could write
the corresponding equation in the form (in atomic
units: e=h=m=1):

2 2 2

82+1 o 00 M 4 2+ +(——YM)
op

y

pop o
x¥(p,z)=0 (5)

Naturally the 2D equation (5) has not an ana-
Iytical solution as the Coulomb interaction term with
r=(p>+z*)"*, prevents to the variables separation. It
is easily to show that the equation (5) can be rewritten
as follows:

(6)
m’ [ p*),

Hvy(p,2)=Ey(p,2)
H=-1/2(0"/0p*+1/pd/op+0* | z* —
V(p,2)=—(p* +2°) " +1/8y*p’

where y=B/B (B,=2,3505-10°). The potential 1/8y’p’
limits a motion in the direction, which is perpendic-
ular to the B direction. In the region y>>1 the elec-
tron motion along (or perpendicular) magnetic field
is defined by the Coulomb interaction (by a size of
the cyclotronic orbit A = (fic/eM)"*). The simplified
circumstance is that the potential of the longitudinal
Coulomb interaction can be received by way of the
averaging the total Coulomb potential e*(p* +z%)™"?
on the little radius of the transverse motion. The one-
particle energy for given values of magnetic field B is
defined as:

+ym/?2,

&g, =(m,+|m [+2s  +1)y/2—¢, 7

where gy — one-particle energy (the field is absent),
S 1 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[-(-2¢)"* 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=n<¥,, |H¥, > (8)

with the general Hamiltonian H (G- resonance width).
The state functions ¥, and V' are assumed to be nor-
malized to unity and by the 8(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
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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:

)

Here G( R ) is a probability of the Auger effect G(
R)= 2n|V g, (indexes land 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:

o= j 2mpdp{l — exp[— J.G(R)dt}

—0

o = (4nf, /V)T R*G(RWI-UR)/EdR  (10)

Here v is the relative velocity of collision, R, is the
minimally possible distance of rapprochement (the
turning point); f is the probablllty that the process is
permitted on fuﬁ 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|V(R)GE1V(R)...V(R)|2> insist of the simple ma-

trix element gl|V(R) 2)in expression for probability
of collisional decay. Here [1>=[A*+B> is the initial
state, [2>=[A+B*+e> is the final state; ¢ _is the Green
function (see below); Ew is an energy of quasi-mole-
cule A*B 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)= i V[I]Z (n)/RllJrle

Ih=1

e [@ir2n)! p oy o R
Vi, (n)=(=1) —(211)!(212)!((711”2(n){Ql, ®0'}),n 2

where @, is an operator of the 2'-pole moment of
atom and C, (n) is the modified spherical function. If
we suppose that atom A* is in the state with the whole
moment J, and projection on the quantization axe M
in the final state the corresponding quantum numbers
are JjM 3 The final expression for the full probability
of the electron ejection is similar to expressions, ob-
tained in ref. [17,18]:

2121, + 1), +1)(24, +3)(2L, +1)(1, +1)(21, +3)
RIZESQL4D[1+8,, (27, +1)

2
Z (szlafl 04 +1 0) X

PIle';/f

(11)

G(R) =
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Here the reducible matrix elements are represent-
ed as:

R, (1) =
=<n,J;0,,|0td" ¢ 0/d"| 0,7 EL, > (13)

Here d* —QB] is an operator of the dipole moment
of atom B, g*# is a radial Green function. Because of
that the ﬁnal state of atom B | E1 > is a state of contin-
uum with scattering phase §, 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 ¢ 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,z)
of the Rydberg electron on space of effective quantum
numbers # should be introduced. The equation of mo-
tion of the Rydberg electron has the well known form:

of (n,t)/ étt=2/on [O(n-N, )D( R)n’ of (n.t)/ on | —

— O(n-N, )G(n,R)f(n,1) (14)

Here ®(n-N, ) is the Heviside function. It served
here as additive multiplier in the coefficient of diffu-
sion: Dn’ and provides freeezing of the stochastic pro-
cesses in region of the low lying states in accordance
with the known Cirikov criterion: N, <n<N . For
the Rydberg states (n>N ) adirect channel of’qomza—
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 Schrudinger 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(2'S )+B —He(1'S )+B* +e" (B,=H, Na;
T=300°K). The Penning process cross-section is given
in the classical limit by a simple formula (in atomic
units) [1] :

9. 6371

or = (P55, TRD 5)

where v=.2T/p - velocity, p — normalized mass
of collided atoms, R — interatomic distance and I' is
the probability (autoionization width). The experi-
mental values of the cited process cross sections (field
B=0) are [1,20,21]: 5, (He-H)=33-10""°cm* , o ,(He-
Na)=17-10""cm?. 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: o (He—
H)=(6—8)-10"'%cm?, c,(He-Na)=(7-9)-10~ “6em?
(T=300°K). The external magnetlc field effect on the
Penning process parameters can be different in depen-
dence upon the parameter y. 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
(y=10-—1072) 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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The basises for the consistent quantum theory of the Penning and stochastic collisional ionization of atoms in an external magnetic
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Pe3iome.
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COMBINED ELECTRODYNAMICAL AND QUANTUM — CHEMICAL
APPROACHES TO MODELLING THE CATALYTIC ACTIVITY OF METALS,
METAL ALLOYS AND SEMICONDUCTORS

The catalytic activity estimating of the metals, binary metallic alloys and semiconductor materials
is considered within the combined quantum mechanical and electrodynamics approach in the elec-

tron theory of catalysis.

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]. Itisknown [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-
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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 [§—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
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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: E;
). Let us denote the position of the Fermi level inside
the crystal as E;. . The direct link between the values
E, and E; can be obtained from the condition of the
electric neutrality of crystal:

6+J‘p(x)dx:0, (D)
0

where o is a density of the surface charge and p 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:

c=o(P,T;E;), (2)

where P is a pressure, 7'is a temperature. Naturally, if
all surface charge is provided only by the chemisorbed
particles (say, the same kind), then the expression for
o has more complicated form (see refs. [2,5,7]). The
second item in Eq. (1) is the function of E;. and E; :

3)

In result one can write the obvious relationship,
which gives a direct link between E; and E; :

[p(x)dx = R(T;E}; E}) .
0

o(P,T;E; )+ R(T;E;;E;)=0 or E; = 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:

e=1+¢, +¢g, +te,+¢,,

5

where ¢ (ij) describes the contribution into € due to the
i-j transitions. In approximation of the free electrons
the expression for ¢_ looks as:

e, =2nv (E k> {1+[4(k)) -

—k*In|(2k;. + k) / 2k = k)| 4k} (6)
where k=¢- a,, q is the wave number, «a, is the Bohr
radius, ¢, = (3n’z,/Q)"7 ; z,is a number of electrons in
”i” band; v,(E,)= N,(E,)a,e, N,(E,) is a density of
states on the Fermi surface in “i” band. The corre-
sponding expression for ¢, is as follows:



£y = 21V, (E K M, [ (1+[4(k!)? -
—k2]1n|(2k;’ +k)/ 2k - k)| /4kky  (7)

Here the matrix element M, is defined by the su-
perposition of the wave functions for d electrons. The
contribution ¢ (ds) is important only for systems con-
taining the precious metals. This contribution is de-
fined as follows:

ddx = [mekdezf; / éhzkz]X
x{1+[4(k, )" —k*1In|(2k, + k) / 2k, — k| / 4k, K} (8)

where m_is the effective mass of electron in the conduc-
tivity band, ,» /. are the numeral parameters [23,24].

Usually the contribution & + 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:

¢ sinkr

o ke(k)
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:

D (r)=-( €’ a/r) exp[-oR]cos[aR]

O(r)=-— )

(10)

where
=120k )T
(v, (E)+ (k; /ki Wy (Ep)+ [ (ki L)V (B
R=2g;r , a=(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 ®(r) and obtain the corre-
sponding spectrum of states, which could be continual
or discrete in dependence upon the critical parameter
¢ =o,/a [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 o and a for a num-
ber of metals are presented [8]. The spectrum is con-
tinual, if £<0,362 and the corresponding material is a
catalyst for the hydrogen ionization [27,28] reaction.

If £>Co, 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 £, as well as the corresponding state density
v(E,), accompanied with electronic structure param-
eters o 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 is connected with con-
centration by the formula:

(qR)7=(qr,)c,

where r, — the electron gas characteristic parameter.
Let us remind that (gr, )”~0.01-0.05 for the typical
metals. For screened potentlal V(r) near the admixture
(if |AE, -V |< E,. ), the corresponding Poisson equa-
tion looks as:

AV(r) = q* { V(r)- AE, }(11)

1.% - R
F.’t

1.0 F Ni"

0.8

0.6

0.4

0.2 L1
10121416 182022a

Fig.1. A diagram of parameters o, a for a number of metals

Elementary solution of equation (7) with the
boundary conditions:

(dvydr),=0, (R)=0,V—>-Z e /r, r—0

(here Z, is a difference of the components valences)
is defined as:

V(r,R)—AE, =[-Z e/ r]{gR.chlq(R, —r)]+
+shlq(R, —r)]}/[qR.ch(qR,)+ sh(¢R,)] (12)

Second boundary condition provides the expres-
sion for Fermi level shift in dependence upon the con-
centration c:

AE, =Z,e'q/[qR.ch(qR,)+sh(gR.)] . (13)

So, for the binary metallic alloy, the value v(E)) is
substituted by the value v(E,)=v(E,) +Av(E,) [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 AE, in the alloy
Ni-Cu upon the Cu concentration ¢ (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 {. 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 AE, in the alloy
Ni-Cu upon Cu concentration ¢ (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 . The corresponding
Poisson equation is as follows:

Vir)=q {(V(r)-A},

where g=4k,/ ma, and A is a constant. Let us sup-
pose that there is the finite screening radius R near the
probing charge Z and n(R)=n, Then a constant 4 is
equal V(R). Beyond the radius R the point charge Z,
potential is equal to:

V(R )= -Ze*/ [¢(0) r], r>R,

where £(0) is a static dielectric permeability. Indepen-
dent solution for the Poisson equation have the fol-
lowing form: Ze%exp[qr|/r. So, the general expression

for potential energy is:
W(r) =- Ze* /r {C, exp(-qr) +
+C,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:

W(r) = -{Ze* /r}{ sh|q(R-r)]/ sh{qR] —
—Ze /¢(0)R, r<R (15)
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The continuity condition for electric field under
r=R allows to define a link between the screening pa-
rameter and ¢ (0) as:

€ (0) =sh[qR]/qR.

Ifg(0)>1, Risequal to finite value comparable with
distance to the nearest atoms (for example, for NiO,
CuO, ZnO, ZnS, ZnTe semiconductors this value is
4.8—6.1E) [6]. The Schrodinger equation solution
with potential (15) allows to define the corresponding
energy spectrum in dependence upon the parameters
g(0), k,(E}) 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 {<Co 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-
Iytic 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



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.
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Abstract.
The catalytic activity definition for metals, binary metallic alloys and semiconductor materials is considered within the combined
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ENERGY APPROACH TO POSITRON COLLISIONAL EXCITATION AND
IONIZATION OF MULTIELECTRON RYDBERG ATOMS

Within the energy approach (S-matrix formalism) it is presented a new basis approach to positron
collisional ionization of the Rydberg multi-electron atoms in the quantum defect approximation.

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

© T. N. Zelentsova, T. B. Tkach, A. N. Shakhman, I. N. Serga, 2010

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

Asinrefs. [13,14,20], for definiteness, we consider
the highly excited Rydberg states 1s22s?2p°nl (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 and some parameterized potential V,
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. 2s2p®, 2s?2p’ states of the F-like ion and 2s*2p°nl
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: (2, )3 [IM], &, )>(® e ). Here @ is the state
of the ion with closed shells (ground state of the Ne-
like ion); J. is the total angular moment of the initial
target state; indices iv, ie are related to the initial states
of vacancy and electron; indices ¢, and ¢ 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
|1 >=a; z aa,® clM

o my, ,my,

ey

Here C, is the Clebsh-Gordan coefficient. Fi-

nal state is: | F >=a_®, , where @, 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
AF appears first in the PT second order in the form of
integral over the scattered positron energy €_:

J.dSS(G(S
with

(e, —¢, —€, —¢, —i0) (2)

2 te’ In’ sc)

ImAE=n G(¢ 3)

Here G is a definite squired combination of the
two-electron matrix elements (2). The value c=-2
ImAE 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 6 function. The
collisional strength Q(/ — F) is connected with the
collisional cross section o by expression (c.f. [4,14]):

ol > F)=
=Q( > F)-n/{Q2J, +g, [(aZ) e, +2]}  (4)

Here and below the Coulomb units are used; 1
C.u. »27,0547? eV, for energy; 1 C.u.~0,529-10-%/Z
cm, for length; 1 C.u. ~2,419-10-'7/Z? sec for time.
The collisional de-excitation cross section is:

c(IK - 0)=
- 27'5 Z (zjsc +1){Z < 0 ‘ Jzn’-]sc ‘J:e’jlv"] > Bli](lv} (5)

Jin+Jse Jie Jiv

gie ’ 8in s gxc )

ivo

Here B, 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:

100

< O | jin’jsz‘ | jie’jiv"]i >=
= (2, + D@y, + DD (1) x

x{8, , / (2J, +1)Q, (sc,ie;iv,in) +

jin"'j.s‘c""]i P
OO 0, (iesinsiv,sc)} (6)
JioweeSipereeih
In (6) values Q, are defined in ref. [4]. For the
collisional excitations from ground state (inverse pro-
cess) one must consider a; ®, as the initial state and
s ~J M
|F >=a, Z a,a, @,C @)
my, ,mg,

as a final state. The cross-section is as follows:

o(0 > IF) =2m(2J, +1) D (2, +1)-
Jin s Jse
{ Z B/L w <Jg s]/‘J/ | JinsJse 1 0 >}2
Jfe,J o
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

Y(IPIM) =) ¢, ®(y,PIM) 9)
which should be received from the self-consistent so-
lutions of the Dirac type quantum-defect equations.
Configuration mixing coefficients ¢ _are usually ob-
tained through diagonalization of the Dirac-Coulomb
Hamiltonian, which is chosen by us in the following
form [4]:

HDCZZi [caipi + (Bi_ De? —
— V(rlnl)] + X, exp(ior)(1-a,0,)/r,  (10)

where o, are the Dirac matrices. The potential in
H . 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]:

f==(u+|)f/r-azvg- (ocZEnX +2/aZ)g (11)

g'= (X—|X|)g/r—ocZVf+0LZEnxf (12)



Here the Coulomb units (C.u.) are used; E, 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:

1 1
= =— ,neN (13)
2n,, 2(n-38,)
where n . — effective quantum number, 5, — 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):
M
8 =8"+> 8E (14)
i=1
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 t. Accord-

ing to the Siton theorem , a link between phase shift
and quantum defect is given by [1]:

(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. =-1/r for
r>r,>0 (r,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—oc. For large values of r the corre-
sponding functions are satisfying to the asymptotics as
follows:

f(E,L7) = u(mlr)sin(mm)—v(m,l,r)e™ ,

T=9,m

(16a)

g(E, 1,7y > —u(ml.r)sin(nm) +v(m,1,r)e™" "> (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(t+ mm) =sin(t+ my/—1/2E )=0 (17)

Finally for the bound state, the correctly normal-
ized solution is as follows:

Fop (r)=cos(nd,)s, (E . r)+sin(nd, )c, (E,,r) (18)

where E , =F and the functions s, ¢, 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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Abstract.

Within the energy approach (S-matrix formalism) it is presented a new basis approach to positron collisional ionization of the Ry-
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DHEPTETMYECKUI ITOX0 K OIIMCAHUIO ITO3UTPOH-CTOJIKHOBUTEJIBHON MOHU3ALINN

MHOTI'OBJIEKTPOHHBIX PUTBEPTOBCKHNX ATOMOB

Pe3iome.

B pamkax sHepreTuueckoro noaxona (S-mMaTpuuHblit popmManniM) U3I0KeHbl OCHOBbBI HOBOTO TEOPETUUYECKOTO METOA OIu1ca-
HMUSI TO3UTPOH-CTOJKHOBUTEIBHON MOHU3ALIMM MHOTO3JIEKTPOHHBIX pUAGEPrOBCKMX aTOMOB B MPUOIMKEHUU KBAHTOBOTO AedekTa.
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BATATOEJIEKTPOHHUX PIIBEPTIBCBKUX ATOMIB

Pesiome.
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SENSING STRONG INTERACTION EFFECTS IN X-RAY SPECTROSCOPY OF

KAONIC ATOMS

The theoretical studying the strong interaction shifts and widths from X-ray spectroscopy of some
kaonic atomic systems is fulfilled. Sensing the strong interaction effects and theoretical estimating
spectra of kaon atoms is considered as a new tool for studying nuclear structure and strong K-nucleus

interaction.

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
nanve 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-
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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 [3]:

m’c’¥(x) = {iz[ihat +eV, (N +°V¥(x), (1)
¢

where # is the Planck constant, ¢ the velocity of the
light and the scalar wavefunction ¥ (x) depends on
the space-time coordinate x = (ct,r). Here it is con-
sidered a case of a central Coulomb potential (V(r),
0). A usually, We consider here the stationary solution
of Eq. (1). In this case, we can write:

Y (x) = exp(-iEt/ 7 )d(x) 2)
and Eq. (1) becomes:
{LZ[E+ eVO(r)]2 +IPVE—mcPP(x) =0 3)
c

where E is the total energy of the system (sum of the
mass energy mc? and binding energy €,). In principle,
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the central potential ¥, 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 p(r) (c.f.[21]):

i(r)= 1,/ {1+expl(r—c)/a)l} “)

where the parameter a=0.523 fm, the parameter
¢ 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]:

W(r|R)= W(r)j:drrzp(r|R)+Idrr2W(r)p (r|R). (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 p(r| RS is:

oG-l far o) ©

It is determined by the following system of differ-
ential equations [18]:

V' nucl (r,R) = (l/r2 )j dr'rvzp(r',R)E (l/r2 )y (r,R)

y’(r,R):rzp(r,R) 7

i'(r) = (1, | a)exp[(r—c)/ al{l +exp[(r—c)/ a)]}’
with the boundary conditions:
Ve (0. R) = =4/ (r)
y(0,R)=0,
i(0) = 71, / {l+exp[—c/al}

®)

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
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effect let us note that this effect is usually taken into
account in the first PT order by means of the Uehling
potential:

© 2
U ()=~ 2 Jaresp (2rfaz) i1/ Wt =
1

20,
=——C ,
3nr (g)

)

r .
where g = 7 In our calculation we usually use more
a

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-
Iytical 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]:

2n.. M
VN = _T[l‘f' MK ][AKppp (r)+ AKnpn (}")] ’
N

where p is the kaon-nucleus reduced mass, M, and
M, are the kaon and nucleon masses, p,(r),p,(r)
are the proton and neutron densities in the nucleus
and 4,,,4,,are the corresponding complex effec-
tive Kp and Kn scattering lengths. It si well known
the Batty simplifying assumption of the following
kind [4]:

(10)

21 M
—==[+—X[ap(),

" [ M, 1lap(r)]
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(0.840.03)] (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

Vy =



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,) and final (n, ) quantum
numbers. The calculated values of transition energies
are compared with available measured (E, ) and other
calculated (E ) 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_ ) and measured (E ) kaonic atoms X-ray energies (in keV)
Nucl. Transition E_,our theor E,, [4] E, [6] E. [7] E,

. 15.320 (24)
Li 3-2 15.335 15.392 15.319 15.330 15.00 (30)
K 5—4 105.962 105.970 - 105.952 105.86 (28)
W 87 346.572 346.54 - - 346.624(25)
\ 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 AE 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 AE is defined as difference between the
measured E, and calculated E_, (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 AE 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]); ¢ — the shift
by Batty et al [4]; d — this work;

Nucl AE, (@) G. (@ AE, () G. (0 AE,, G,
W, 8—7 0.038 0.072 -0.003 0.065 0. 0.070 (15)
W, 76 -0.294 3.85 -0.967 4.187 -0.353 3.72 (35)
-0.250
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SENSING STRONG INTERACTION EFFECTS IN X-RAY SPECTROSCOPY OF HADRONIC ATOMS

Abstract.
The theoretical studying the strong interaction shifts and widths from X-ray spectroscopy of kaonic atoms is fulfilled. Sensing

the strong interaction effects and theoretical estimating spectra of kaonic atomic systems can be considered as a new tool for studying
nuclear structure and strong K-nucleus interaction.
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JTETEKTUPOBAHUE D®P®EKTOB CUJIBHOI'O B3AMMOJIENCTBAA B PEHTTEHOBCKO¥ CHEKTPOCKOITNU
AJPOHHBIX ATOMOB

Pe3iome.
BeimosHeHO TeopeTrUeckast OlleHKa CIBUTOB M IIUPUH YPOBHEH, 00YCIOBIEHHBIX 3¢ (peKTaM1u CUIILHOTO B3aMMOEHCTBYS, B

paMKax peHTTeHOBCKOI CIIEKTPOCKOMUY KAOHHUX aTOMOB. JleTekTrpoBaHue 3¢ (HeKTOB CUIBHOTO B3aUMOJECTBUS U OLIEHKA CTIEeK-
TPOB KAOHHBIX aTOMOB SIBJISIIOTCSI OMHUM W3 HOBBIX MOIXOA0B K OMPEAEICHUIO SIIEPHOI CTPYKTYPHI U MApPAMETPOB CUJIBHOTO KAOH-
SIIEPHOTO B3aUMOJICMUCTBUS.
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JETEKTYBAHHSA E®EKTTIB CUJILHOI B3AEMO/IIT Y PEHTTEHIBCBHKIN CHEKTPOCKOITIT ATPOHHUX
ATOMIB

Pe3siome.
BukoHaHO TeOpeTUYHY OLIIHKY 3CYBiB i LUIMPWH PiBHIB, IKi 00yMOBJIEHI e(peKTaMU CUJIBHOI B3a€EMO/Iii, B MEXaX PEHTTeHiBCbKO1

CIIEKTPOCKOITii KAOHHUX aTOMiB. JleTeKTyBaHHS e(eKTiB CHJIbHOI B3aEMOIII i TEOpETUYHA OLIiHKA CIIEKTPiB KAOHHUX aTOMIB € OMHUM
3 HOBUX IMiIXOMAiB 10 BU3HAUEHHS SIAEPHOI CTPYKTYPH i MapaMeTpiB CUJIbHOI KAOH- SIIEPHOI B3aEMOI.
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ESTIMATING THE TOKAMAK PLASMA PARAMETERS BY MEANS HIGH
RESOLUTION THEORETICAL X-RAY SPECTROSCOPY METHOD

A high resolution theoretical spectroscopy scheme is used for sensing and diagnostics the toka-
mak plasma parameters. There are obtained the theoretical values for the wavelengths and other atom-
ic characteristics of satellite spectrum for the He-like ions from Ar'®* to V?** | which are compared with
other theoretical results and the tokamak de Fontenau-aux-Roses measurements data.

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 7 and 7, , 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: Ti?** and Fe*** (Princ-
eton Large Torus), Cr??* (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 Ar'®* to Mn? (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
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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:

p(r|R)= (4v" N Jexp (-v)

Here y= 4/ nR? ; R is an effective nucleus radius,
defined as: R =1.60x10""z" (cm). The Coulomb po-
tential for spherically symmetric density p(r|R) is:

V. (r| R): - ((l/r):([ dr'r’p (r' | R)+ Idr'r'p (r' | R)

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 Is°nlj. Formally they fall into one-electron
Dirac equations for the orbitals Is,n/j with potential:

V(r)=2V(r|1s)+V(r|nlj)+V,_+V(r|R).

This potential includes the electrical and polariza-
tion potentials of the nucleus. The part ¥, accounts
for exchange inter-electron interaction. The main ex-
change effect will be taken into account if in the equa-
tion for the Is orbital we assume V(r)=V(r|Is)+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, (Is*'S—1s2p 'P, P,
P, Is2sS) of the helium-like ion and associated sat-
elhte lines of the Li-like type Is?2I- ]s212p 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 € /& ~2/3n, /

, where n . and n,,_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] :

e = F (s, T)F,'(s)/C(T),
F (s, T)=(1,65-10-2)T"’exp(-E/T)

where E and T, are in eV, F,’(s) is a line-specific inten-
sity factor glven intable I; C (T e) is the rate coefficient
(in cm?/s) for collisional exc1tat10n of line w; E _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 ¢ /e 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 (A in E; F,"in 108s™): Ar

Line Array A2] AT A, present F;
w Is2p'P, — Is”'S, 3,9457 3,9461 3,9460 -
X IsZp3P — ]sZ’S 3,9632 3,9636 3,9634 -
s 1s2s2p? P/ — ]s22sfS/ 3,9648 3,9652 3,9650 1,80
t Is2s2p’P, ,— Is°2s°S, , 3,9660 3,9665 3,9662 3,36
m Is2p?*S,,— Is°2p°P,, 3,9629 3,9634 3,9632 2,60
y 1s2p P — Is’'S, 3,9671 3,9674 3,9672 -
q ]SZSZ])ZP/ — ]sZZpZS, ) 3,9784 3,9787 3,9785 0,98
k Is2p*°D, ]s22p2P/ 3,9875 3,9878 3,9876 16,67
r 1s2s2p }// — Is 2s2S 3,9808 3,9811 3,9809 2,75
a ISZpHP/Z IsZZpZP 2 3,9831 3,9835 3,9834 3,48
j Is2p??D.,— ]s22p2P 3,9917 3,9923 3,9919 22,93
z Is25pS, — Is’'S, 3,9916 3,9919 3,9918 -

Table 2
Calculated (this paper) wavelengths and satellite intensity factors (A in E; F,"in 10%s"): S¢, V

Line Array A (Sc) F. (Sc) A (V) F (V)
w Is2p'P, — Is?'S, 2,8697 - 2,3788 -
X IsZp3P — IsZ’S 2,8805 - 2,3866 -
s 1s2s2p? P/ — ]s22s2S/ 2,8816 2,47 2,3878 2,57
t Is2s2p°P,,— 1s°25°S, , 2,8828 6,78 2,3887 8,98
m Is2p?%S,, ISZZpZP/Z 2,8811 3,57 2,3876 4,17
y 1s2p P — Is?'S, 2,8844 - 2,3908 -
q ]s2s2p2P/ — Is?2p 2S e 2,8901 0,48 2,3941 0,21
k Is2p’°D, ,— Is’2p°P, 2,8951 25,90 2,3976 30,82
r 1s2s2p 1/,/2— ]s22s2S 2,8926 3,93 2,3969 4,89
a 1s2p 22P/2 ISZZpZP/ 2,8930 6,48 2,3962 8,78
j Is2p*°’D,,,— Zs22p2P/2 2,8989 35,54 2,4011 43,30
z ]s2sp S — Is’'S, 2,9002 - 2,4029 -

In ref. [2,11] it was indicated that the ¢ /8 ratio
increases very rapidly with increasing nuclear charge
Z due to mainly the Z* dependence of the radiative
transition probability A in the expansion F,’(s). It is
instructive to make use of a z-scaling law for the C (T)
of two elements A and B as [2]:

CAHT)=pC L T)
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where y=(Z,-0,5)/ (Z,-0,5). In table 1 we present the
calculated wavelengths and satellite intensity factors
(A in E; F,"in 10%s™) 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



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 (A in
E; F,"in 10"s™) 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
g /e, ~7", where n=7,08 (n is very weakly T, 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 Ar'** to V?** 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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ESTIMATING THE TOKAMAK PLASMA PARAMETERS BY MEANS HIGH RESOLUTION THEORETICAL X-RAY

SPECTROSCOPY METHOD

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 Ar'®*
to V' | which are compared with other theoretical results and the tokamak de Fontenau-aux-Roses measurements data.
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Pesiome.
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RELATIVISTIC APPROACH TO THE RECOIL INDUCED EXCITATION
AND IONIZATION OF IONS DURING CAPTURE OF NEUTRON

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 elec-
tronic states, induced by a neutron capture, are presented for some ions.

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 modelsinrefs. [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 y quanta by a nucleus.

The different simple models (look, for example,
refs. [1—4, 5—9,13—19]) were developed to evaluate the
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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 (y-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:

[dp @.(5.2)®(5+k.2) (1
where subscript i, f represent the set of quantum
numbers of the initial and final states and Zk=my is
the recoil momentum of electron accompanying the
resulting nucleus and having kinetic energy equal to
(ka,)’Ry. The energy E, of the recoiling nucleus of
mass M, is:

M
E=""%

(ka)R, )

e

The function ®,(p,Z7)is related to the function
Y. (r,Z) as:

O,(p,2) = (2n) * [die TV (7,2) 3)
So, using these relations the overlap is defined by:
b,= j dF ¥ (F,Z)e " (7, Z)) (4)

The probability of populating state f'starting from
state i is given by P,_f=|b f| 2, As we are dealing in multi-

i
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electron systems, one can write the wave function of
system as:

YOLSM, M) =Y a O LSM,M) — (5)
The extension of eq.(4) to two-electron system is:
by = [[dF; [ dR ¥ (7373 Z)e W (7L ZY) - (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,+z,)] matrix element between the
correlated electronic wave functions of the form (5) is
written in standard form [1,22]:

(Y(YL'S'Mg)| R| W (yLSM M )) =
= (Y(LSM M) | R | ¥(y'L'S' M M) =
=@, (O (y,LSM, M) | R | D(y,L'SM M) (7)
ij
It could be reduced to the direct and exchange
contributions:
1
X
JO+8, 0, )0+8,,0,)
x [R (ab, cd)+ (-1)*"~1-S R(ba, cd)]
where R(ij, 1) =((p, 1), (p,!,

(1) (), L'S'M M )

The plane wave function development can be used
for each one-electron recoil operator:

®)

R= —zk( +2;) Z ( l)]” (2l+1)(21 +1)><

LI'=0

%, (kn) j, (ki )CS" (DCY (2) )

where CY =./(4r)/(2/+1)Y,, .The one-electron re-
duced matrix element brings some simplification tak-
ing the target in its ground state 1s?'S:

P | —/_ 7)ir-ll
<(pili)l(pjlj)21 Soo | R 1(p,L),(P/1), Li)o> (-1)
o +hnig
2L +1) @I+l +1) Y (@ 1) 1C 014
L m==l
Lol oY (L 4 LY(L 1 1
X
m —-m 0 m —-m 0){-m 0 m
Lor
m 0 —-m
B, () ["drB, (), ()R, () (10)
All notations in eq. (10) are standard. The matrix

element on correlated electron functions is calculated
according to the formula:

YU, IR|Y, 5=
fii

F,, (r)j,(kr)

N

z <K@, [RIDy, >+
Jisho

+Z flf2|V|q)nln2 ><(Dnan|R|
E, _E.;)i/%

nny nn,

12 (1)
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where £’ and @ 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):

M(z) <n 11]1 n, 2]2 [J] int | 74 4]4 ny 3]3 [J]>
=1)11)2 (_1)1+Jz+./4+-] x
<[+ D)@+ 1)@+ 1)1 +1)]

Zz{m }(6”5,{4+( 1) 8.8, )0, (12)

ik a .]2]

1 for nlj #nyl,j,

where, as usually, P, = )
¥ 4 {% for nlj =nlj,

for  nylj;s # nyl,j,

1
P =
: {% for nl,j, =mn,l,j,

The variable Q, (Q, =0 +0;) contains the
Coulomb and Breit parts and is standardly expressed
through the radial integrals R, and angle coefficients
S, ., 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)

o = {R (1243)5, (1243)+ R, (1243)s, (1243)
+R, (1243)s, (1243 )+ R, (1243)s, (1243)}.

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:

R, (1243)=
= [[ansr £, £ ()
<o ()1 ()20 ()20 ().

(13)

(14)



m{ 2 T/J“/(Od"%'r)
A |o; |0z r'l"(?uré)

The Breit part is as follows [24]:

fo = f,;rl + m + ))+1 5 (15)
where
B = %Re {r. (1233)s; (1233 )+
R, (1243)s; (1243)+ R, (1243)s; (1243 )+
+R, (1243)s; (1243)} (16)

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:

SO (1243)= () (-1)"" 5L (13)S! (24),
SOA3)= (=1)"" (i, )x

J3 Ao 1

= 50 2x(x+1)
ooy !l

(A1
_1 L+ ji+h )
SR )

The available in Eq. (17) 3/ 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,
PAr'e* ions. The atom “He resulting from the neutron
capture by *He 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 'S,'P and 'D 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
¥Ar'® 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 'S,'P and 'D reaches
as much as ~69% and it differs drastically from situa-
tion of the neutral He.

(17)

Table 1
Transition probabilities (in %) to different electronic states by
capture of a neutron by '¥°Ar'¢*

>P (K=5)

Final States IS Ipo 'D IS+'P+'D
Discrete states 56,6595(11,8841| 0,3318 | 68,8754
Autoionizing states 0,5811 | 0,2508 | 1,0094 1,8413
Ionization of one electron | 2,7214 | 18,9950 | 6,3182 | 28,0346
Double ionization 0,3306 | 0,3361 | 0,5815 | 1,2482
SUM 60,2926 | 31,4660 | 8,2409 | 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. 1. 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.
Key words: atom ionization probability, capture of neutron, energy approach
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0. 0. Xeyeauyc, A. B. Jlobooa, I0. M. Jlonamkun, FO. B. /ly6posckas

PEJIATUBUCTCKUM IOJIXO0]I K OITMCAHUIO DP®P®EKTOB BO3BYXXIEHUA 1 MOHU3ALIMU B MIOHAX

BCJIEACTBUE 3AXBATA HEMTPOHA

Pe3iome.

PensaruBucTckmil sHepreTMIECKUI ITOAXO afalTHPOBAH K 3a1a4e oImrcaHus BO3OYXIeHWS 1 MOHM3AIMY B aTOMax M MOHAX, UH-
JIYUMPOBAaHHBIX OTIAYeil BCJIEACTBUE 3axBaTa HelTpoHa. [IpencTaBieHbl JaHHbIE BEPOSITHOCTEH MEePEeX0oI0B B pa3IMUHbIC 3JICKTPOH -
HBIE COCTOSTHMS, MTHIYLIMPOBAaHHBIC 3aXBaTOM HEWTpPOHA, IS Psifia MIOHOB.

KioueBbie clioBa: BEpOSITHOCTh MOHM3ALIMU, 3aXBaT HEUTPOHA, SHEPTETUUECKUIA ITOIXO

VK 539.142; 529.182

0. I0. Xeyeniyc, A. B. Jloboda, 10. M. Jlonamkin, IO. B. Jly6posceka

PEJIATUBICTCBKU NIIXIA 10 OMIUCY E®EKTIB 3BYIKEHHS TA IOHI3AIIIL B IOHIX 3ABJISIKA

3AXOILIEHHIO HEMITPOHY

Pe3iome.

PensaruBicTchkuii eHEepre TMUHUI TTiAXIM aIanTOBaHO 10 OMKCY 30YIKeHHS Ta iOHi3allii B aToMax Ta ioHaX, iHIyKOBaHUX Biiayeto
3aBISIKM 3aXOTUIEHHIO HeWTpoHy. [IpeacraBneHi naHi IMOBIpHOCTE! TIEPEXOiB y Pi3Hi €IEKTPOHHI CTaHMU, SIKi iIHIYKOBaHi 3aXOIJIeH-
HSIM HEWTPOHY, AJIS psIY iOHIB.
KuouoBsi ciioBa: iMOBipHiCTh i0Hi3alli1, 3aXOIUIEHHSI HEUTPOHY, EeHEPreTUYHMIA TTiaXin
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THE GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH
TO VIBRATIONAL STRUCTURE IN THE PHOTOELECTRON SPECTRA

OF CARBON OXIDE MOLECULE

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.

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-y nu-
clear spectroscopy of molecules [14], namely, results
on the electron-vibration-rotation-y nuclear satellite
lines.

The density of states in one-body and many-body
problem.
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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:

N, (€)= 1/ 2xh) [die™ “ (y, |a, (0)a, )], (1)

where |W,) is the exact ground state wave function
of the reference molecule and g, (¢) 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:

N, (€)= 1/ 2xm) [die™ “ (y,Ja, D, (O)]v,)  (2)

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:

H=T,(0/x)+T,(d/0X)+

AU (%) + U (X) + Upy (5, X)), (3)
where 7, and T, are the Kkinetic energy operators
for electrons and nuclei, and U represents the inter-
action; U, represents the Coulomb interaction be-
tween electrons, etc; x (X) denotes electron (nuclear)
coordinates. As usually, introducing a field operator
Y(R,0,x)=)_ ¢,(x,R,0)a,(R,0) with the Hartree-Fo-
ck (HF) one-+particle functions ¢, ( €, (R) are the one-
particle HF energies and f denotes the set of orbitals
occupied in the HF ground state; R is the equilibrium
geometry on the HF level) and dimensionless normal
coordinates Q_ one can write the standard Hamilto-
nian as follows [11,15]:

H=H,+H,+HY+HE , @
t 1 t .t
H, = z € (R))a;aq, +EZ Vijkl (Ro)aiajalak —

_Z Z Vi (R) =V (RN a; ’

ij kef

M
Hy,=h), o/(bb, +%),
s=1
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H) =27 ”22 [ Q] (b, +b)ala, —n]+

1
"4 b +b )b, +b)d'a, —n],
4 i s,s'=1 (aQ aQ J ( )( )[ i ,]
M
H(z) 23/22 Z [ ,jk,j (b +b)><
s=1 S 0
x[v, ajaia, +dv,a,a,aa + 28v,aia a.a] ]+

—ZZ

s,8'=1

[WJ o

x(b, +b.[Ov, a;a’a, +0v,a,a.a;a; +20v,a’a,a,a; ],

with n=1(0), ief (i¢f), 6=1 (0) , (jjkl)ec,. where
the index set v, means that at least ¢, and o, or ¢, and
@, are unoccupled v, that at most one of the orbitals
is unoccupled and v, that ¢, and ¢, or ¢,and ¢, are
unoccupied. Here for simplicity all terms leadmg to
anharmonicities are neglected. The o, are the HF fre-
quencies; b_,b' are destruction and creation opera-

59 7s

tors for vibrational quanta as

0, =(1/\2)(b, +b'), 0100, = (1/\2)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 H,
of the Hamiltonian (4) is as follows:

H, :z €, (Ro)al.’a,.+i ho, (blb, +%)+
+Z Z 2 1/2(
22

s,s'=1 i

Q'jaa—n](b +b)), +

s

1 620
aja,—n])(b, +b)(b, +b.) (6
(aQaQJ[ (b, +0)(b,. +b;) (6)
Correspondingly in the one-particle picture the
density of occupied states is given by

J. dte™ <0| e

+in '/

"0y, ()

1
N)(e)=—
i (€) o

M
hobib +Y gl(b +b)+

M
s=1 s=1
i

Vo (b, + Db, + ) (8)
, 1 (0 , 1( o0*°
g =t—=|—|, Vy=%t— )
ﬁ[ﬁQxl £8Q6Q j
Introducing new operators
M
=2 (' +A3h) (10)

1=1
with real coefficients A, AJ
that H, in new operators is

, defined in such a way

B M M
H(,:Z hd)scjc_s+z g.(c,+cl)+k. (11)
s=1 s=1

eq. (7) is as follows:
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Ne)=Y | & |U |0y [x

nynyy

xd(e—€, tAe, tn-hd) (12)

where & function in (12) naturally contains the infor-
matlon about adlabatlc 10n12at10n potentlal and the
|U |0y | is the

well-known Franck-Condon factor
In a diagrammatic method to get function N, (¢)
one should calculate the GFG,,.(¢) first [1,3,11,18]:

Gy.(€)= —ih"f die™ " x

x(yo| T{ a,(0)a;(0) } |w,) (13)

and the function N, (e) can be found from the rela-
tion

(14)

Choosing the unperturbed Hamiltonian H, to be
H, =) ¢ala,+H, one finds the GF. In the known

[t e}

approximation GF is as follows:
G/ (1) = £8,,iexp [—in“ (e, F As)t] x
x3|(4, U )| exp (zin, - do,r), (15)

The corresponding Dyson-like equation (=0 ) is
as follows:

Gkk' (e) Glng (€)+ zGIng (E)I)kk G’f " (e)
( Kiij

7N, (€¢) =almG,, (e—ain) , a =—signe, .

(16)

Vg WU, U, U,

ki~ mi ™~ ny i~ ml

e+E -E -E,

D, (€)= Z Z

i,jeF nn;.m

iy oy O

i,jeF  m.n;.n
lgl

Vg iU, U, U,

K'lij = i nij = ml

e+El—E,.—E].

where U, |<ﬁ,. |U,.|0>|2 and E, =€, FA €, Thi. -, (17)

The direct method for calculation of N (e ) as the
imaginary part of the GF includes a definition of the
vertical I. P. (V. I. Ps) of the reference molecule and
then of N, (e)- The zeros of the functions

D, (e):e—[e”p +Z(e)}, (18)

where ge”’” +X ) denotes the k-th elgenvalue of the
diagona 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]:

(V.LP), =—(c, +F,),

1

F, =%, (-(v.L.P))=~ WZM (). (19)

Expanding the ionic energy E,'" 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 3Q, and new coupling constants are

then:
g =+(1/2)o(e +F, )/ 80, ], (20)



Yy = i(%j[az (e, +F,)/ 00,180, |,

The coupling constants g, and y, are calculated
by the well-known perturbation expansion of the self-
energy part using the Hamiltonian H,, of Eq. (3). In
second order one obtains:

Z(Z)(E z ( ksij /(Sjl) ksyA Z ( ksij " )Vksy (21)
SiF bl

€+€ €+€ - € —E

and the coupling constant g, can be written as

1 oe 1+4,(0/0€)Y ,[-(V.1P),]

“* R0 1- (a/ae)zkk[ (.rp)] - ¢
[—(V.I.P.)k+es—e -€, T 00, 00, g,

q = (23)
6j ( ksij /Gﬂ)
0, [—(V.I.P.),C +€ —€ —€ T

It is suitable to use further the pole strength of the
corresponding GF:

p, = {1 _a_aez w[FV.LP), ]}

& = g10 [pk +4q, (pk _1):|» glo =270 €, /00,

Below we give the DFT definition of the pole
strength corresponding to V. I. P.’s and confirm the
earlier data [11—15]: p,~0,8—0,95. The coupling con-

stant is:
& \/’ 0
+
Yu VH(gOJ aQI[ ]

Further we consider the quasiparticle Fermi-lig-
uid version of the DFT, following to refs. [18—20]. The
master equation can be derived using an expansion for
self-energy part X into set on degrees of x, e-¢,, p’-p*,
(here ¢, and p, are the Fermi energy and pulse cor-
respondingly):

[(P*12=.Z, /1, + (x)+ p(@Y. /op>) pl®, (x) =

=(1-0) /oe)e, @, (x) 27

The functions ®, in (27) are orthogonal with a
weight p,'=a'=/1- 02/68] Now one can introduce
wave functions of the quasiparticles ¢, =a™"*®,, which
are, as usually, orthogonal with welght 1. The equa-
tions (27) can be obtained on the basis of variational
principle, if we start from a Lagrangian of a system L
(DF). It should be defined as a functional of quasipar-
ticle densities:

-1

s12p, 20, (24)

(25)

(26)

Vo(r)zznx |, () |2,

V()= n |V, ([,

v, (1) =) m[®,®, -0, D, ].
A

The densities v, and v, are similar to the HF elec-
tron density and kinetical energy density correspond-
ingly; the density v, has no an analog in the HF or
DFT theory and appears as result of account for the
energy dependence of the mass operator . A Lagran-
gian Lq can be written as a sum of a free Lagrangian
and Lagrangian of interaction: L Lq” + L i where a
free Lagrangian L % has a standard form:

L =[dry no, G0/ ot-z,)®,, (28)
A

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 X :

[M=L —— Z jﬁ,kF(rl,rz)v (r)V, (r,)drdr, (29)

where f, are some constants (look below), F is an
effective potential of the exchange-correlation inter-
action. The Coulomb interaction part L, looks as fol-

lows:
L :‘%IU—sznvo(n)u_
_Z Z(rz )]VO (FZ)/ | n—n ‘ d’”ldl’z

where X =0Z/0e. In the local density approximation
the potential F'can be expressed through the exchange-
correlation pseudo-potential V_ as follows [20]:

F(r,r)=3V _/dv O(r r,).
Further, one can get the following expressions for
¥, =-3L)" /&v,:

(30)

T, =(1=2,V, +Z& +%[30052ch /8vivi +

HBooOV e 1 0VyVy + B0V i / Vv, +
Boid Ve 1 8Ve VoV, + B0V 1 8Vi Vv, +

B0V e 10V, -V, 31

z"1 = B018VXC /SVO Vo +I3128VXC /8V0 "V, +BIIBVXC /8‘/0 Vi

2, =BV e 18V Vo + P18V 18V v + B0V i 18V v,
Here V, is the Coulomb term, X is the exchange
term. Using the known canonical relationship, one
can derive the quasiparticle Hamiltonian, which is
corresponding to L, :
H, =H’

q q

int __ 0 _
+H =H, —L;+

+%BOOSVXC 18Vy Ve +BydV e 8V Vg v, +

1 1
+EB118VXC /8v, 'Vl2 _EBZZSVXC /8v, 'Vg (32)
Further let us give the short comment regarding
constants f3,. 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 B.,, 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 8,, B,, B,, B,, should be neglected
(at least in the zeroth approximation in comparison
with others) so they can be equal to 0. The value
of B, is dependent on definition of V. If as V_ it is
use one ofthe DFT exchange- correlation potentlals
from, then without losing a community of statement,
B 00=1. The constant B, can be in principle calculated
by analytical way, but it is very useful to remember
its connection with a spectroscopic factor F of the
system [18]:

F, = {1 _ﬁz w[-V.LP), ]}
S

One can see that this definition is corresponding to
the pole strength of the corresponding Green’s func-
tion [2,11]. As potential V_ we use the Gunnarsson-
Lundqvist exchange-correlation functional [17]:

Vie(r) ==(1/m)[3n* - p(r)]"” -
~0,0333-In[1+18,376-p"* ()]

(33)

(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, 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 [15] it is easily to estimate the
pole strengths p, and tlzle values g,. 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 . Sn R
N, (e)= ;e ’ ;6(6—61‘, +A e, +n-h®),

S =g*(ho)” (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 g” and Eq. (35).
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Fig.1. Experimental and calculated (the uppermost spectrum
is calculated with S” and Eq. (35)) photoelectron spectrum of the
CO molecule (see text).

We will mean that S° denotes the constant S cal-
culated with g° and $*” denotes the value derived from
the experimental spectrum. The deviations of the one-
particle constants g’ 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 1
Experimental and calculated (our data) values of
SO Sexp
S5¢ In 4o S5c In 4o
0.045 2.394 0.262 0.04 2.30 0.27°

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(4,5c), which is
practically identical to the experimental values, how-
ever the value S(1n)=2.59 is in some degree differ-
ent from S, 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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FACTORS INFLUENCING THE YIELD STRESS OF SILICON

Factors influencing the yield stress of silicon are investigated with advanced research methods. It
is shown that elastic stresses which are concentrated at the structural defects (dislocation, crystalline
grain boundary, dendrite and lamella) will influence on the yield stress of silicon.

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 — 1, . 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 p =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 m1 H,O + 100 ml HF (46 %)) is used to etch close-
packed silicon planes (111) with the etching speed of
about (2—3) um/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~° to 1-10-¢;

— optical methods of researches with the usage of
metallographic microscope “MMP-2P”;

— 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-
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ter selective chemical etching application, the surface
of wafers was investigated on deficiency with the usage
of metallographic optical microscope “MMP-2P”. 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

Itis 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).

T,artbun. T
1 —

0 |
Ex 0.5

g, arb.un.

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].

© V. A. Smyntyna, O. A. Kulinich, I. R. Iatsunskyi, I. A. Marchuk, 2010



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
(t,), depending on orientation and other parameters,
being over the range t, =(5-10° =2-10°) N/cm® at
magnitudes of the relative strains g, = (107 —-2-107")
[8]. If the average distance between the 60° disloca-
tions is 1073 m, the relative strains counted by formula
e=(b/D)k , where D — average distance between
dislocations, b -magnitude of a vector Burgers pro-
jection, k = 0.5, is equal 2.7-107°, 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—1200° C (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 sp*-hybridizations), ac-
cording to expression ¢&=wC (Vegard’s law), where
o — 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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1073, 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 § 91
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.
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Na 082 <2 sigma Si 93.202 92.812 Fig. 7. The X-Ray analysis of dendrites in silicon.

K 104 <2 sigma 0 6.304 6.656 - o

Al 095 <2 sigma Al 531 538 When silicon atoms are clustering it can form
20.00kV TOTAL 100.016 100000 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 60° dislocations (fig. 9).

Fig.4. The X-Ray analysis of dislocation core.

/):0“ 50um 0811 10 50 SEI

Fig.5. The SEM image of dislocation accumulation.

Fig. 8. The pattern of twinning lamellas, 1 x 5000.

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. 9. The SEM image of dislocation networks, 1x2300.

In some cases, silicon wafers have layered struc-
ture that was revealed as a result of selective chemical
Fig. 6. The SEM image of dendrite on a silicon surface. 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;

UDC 537. 311. 33: 622. 382.33
V. A. Smyntyna, O. A. Kulinich, 1. R. latsunskyi, 1. A. Marchuk

— 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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FACTORS INFLUENCING THE YIELD STRESS OF SILICON

Abstract

Factors influencing the yield stress of silicon are investigated with advanced research methods. It is shown that elastic stresses which
are concentrated at the structural defects (dislocation, crystalline grain boundary, dendrite and lamella) will influence on the yield stress

of silicon.
Key words: silicon, structural defects, the yield stress.
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®AKTOPLI, BIUAIOIINUE HA BEINYMHY ITIOPOTA INTACTUYHOCTU B KPEMHUN

Pe3iome

Hcnonb3ys coBpeMeHHBbIE METOIbI UCCIIeIOBaHMsI, ONIPENeICHHBI (haKTOPhI, BIUSIONIME Ha BEJIMUYMHY MOPOTa IUIACTUIHOCTH
MOHOKPUCTAJLTIMYECKOro KpeMHuUsl. Hapsiny ¢ u3BeCTHbIMU (hakTOpamu, BeJIMYMHA [TOPOTa IIaCTUIHOCTH OyIeT 3aBUCETh OT YIPYTUX
HampsDKeHUH, JIOKAJIM30BaHHBIX B 00J1aCTH HaXOXIEHMS CTPYKTYPHBIX e(DEKTOB.

KiroueBble ciioBa: KpeMHMIA, CTPYKTypHBIE Ne(EKThI, TOPOT MIACTUYHOCTH.
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®AKTOPH, 11O BIUIMBAIOTH HA BEJTMUYMHY ITOPOTA INIACTUYHOCTI B KPEMHI{

Pesiome

3a IOMOMOror CyJacHUX METOMIB HOCIIiIKEHHS, BU3HAYCHHI (haKTOpH, 110 BIUIMBAIOTh HAa BEJIMYMHY MOPOTa TUIACTUYHOCTI B
HaIliBIPOBiTHUKOBOMY KpeMHilo. [Topsia 3 BimoMmumu akropaMu, Ha BeJIMYMHY IMOpOra IJIACTUYHOCTI BIUIMBAIOTh MPYXKHi HAIIpy-
SKEHHSI, 1110 JIOKaJTi30BaHi B 00J1aCTi 3HAXOMKEHHSI CTPYKTYPHUX Te(EKTiB.

Kiouosi ciioBa: KpeMHili, CTPYKTYpHi Ie(eKTH, IOPIr IIACTUIHOCTI.
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JOINT INFLUENCE OF INTERNAL FIELDS AND INDIUM SURFACE
SEGREGATION ON BAND STRUCTURE IN InGaN/GaN SINGLE

QUANTUM WELL

In this paper, authors investigate the influence of the indium surface segregation and piezoelectric
polarization on the band structure of the InGaN/GaN single quantum well. The obtained results evi-
dence 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 segregation is dominated for the low

indium amount in the In(x)Ga(1-x)N alloy.

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
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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:

nnam Wnom - 22 Wnnm + 22
n, (z)—T{erfc[—zL j+eiffc[—2L ]:I (D)

1 2

here: n,, (z) is the indium distribution, #,,, is the
nominal indium molar fraction in QW layer, w,_ is
the nominal width of QW, L, and L, 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]:

0, z<z,
n,(z)= noerf(%j, z,<z<z,, 2
1
zZ,-z z-z
noe;ff[ - 1J|:1 —noerf[—lﬂ,z2 <z
Ll Ll
125



here z,-z =w, This formula approximates with
high accuracy the indium distribution obtained by
means of the theory of Muraki ef 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 L, and L, 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 L, and L,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 is calculated using Vegard’s interpolation

piezo

formula [13]:

P o (2) = XP [e(2)]+ (1P [6(2)] (3)
where the strain coefficient ¢(z) is defined as
S(Z) _ Aubs —a(z) (4)
a(z)

here a_, 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:

S
(6)

When the piezoelectric is absent, the quantum
well is characterized by the square potential profile.

P (2(2))= -1 3736(2) 7559 (2)

piezo

P (e(z))=-0.918¢(2)+9.541¢° (z)

piezo
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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]:

(rlws)=exp (&7 o, (2)(r]S) 9

where (r|S) is the periodic Bloch function in the po-
sition-coordinate representatlon ?, (Z)IS the envelope
function for the electron’s j -th state k, is in-plane
wave vector and 7, i is the in- plane radlus Vector Solving
of the Ben-Daniel-Duke problem gives unknown en-
velope functions ¢, (z) 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]:

(rlvi)=exp(®7) 3 Zg 2)r|m),

ZT Xl Yi zl
where m $mS$ is an index indicating type of the basis
function in the bulk Hamiltonian, N, is number of
considered subbands for the m-th band, (r|m) 1s the
periodic Bloch function of the m-th type and g 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:

- Ny
(vi)=ew (@) T SX e ()rlm),

here index o refers to upper c=U or lower 6 =L
blocks of the Hamiltonian. The 6x6 Hamiltonian in
block-diagonal form [14] is

®)

)

HY 0
H_ = , 10
6x6 ( O HL] ( )
with HY and H" being
F K —iH
HY =| K G A-iH|, 11
iH A+iH A
F K iH
H" =| K G A+iH |, (12)
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here: F=A+A,+A+0,G=A —-A,+1+0,

hZ
r=o (42 + 407 Y0, &, =D +D, (e, +2,),
0
hZ
2 2
0= o (442 + 4,2 )+0,, 0, =Dy +D, (&, +2,, ),
0
- 2C
8\9{ = 8” asubs a , €, =— 13 s Sxy = g‘ = gz‘f =0 .
a G,
n n
K=—— Ak}, H=——Ak k., A=-2A,,
m, 2m,

k, = ‘IEH‘ , 4,(j=1+5) are valence-band structure
parameters, D, (j=1+4) are deformation potentials,
A,, A,, A, are energy parameters, C,, and C,, 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 k. — 9/0z.
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 L, =L, =1
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.
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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.

0.2

Energy, eV

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].
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M. V. KLYMENKO, S. 1. 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.
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M. B. KIUMEHKO, C. H. IIETPOB, A. B. IIYJIHKA

COBMECTHOE BJIVNAHUE BHYTPEHHUX ETEKTPOCTATUYECKUX ITOJIEN n HOBEPXHQCTHOﬁ
CETPETAIMM NHANA HA 30HHYIO CTPYKTYPY B InGaN/GaN OAMHOYHOUN KBAHTOBOU SAME

Pesiome

B 3710i1 paboTe, aBTOPBI UCCIIEAYIOT BIMSIHUE TTOBEPXHOCTHOM Cerperaliui MHAMS U Mbe303JIeKTPUUECKOM MOIsSIpU3aliii Ha 30H-
Hylo cTpyKTypy InGaN/GaN oarHO4YHOI KBaHTOBOM sIMbI. [ToyueHHbIe pe3yJIbTaThl CBUAETEIbCTBYIOT, UTO MOBEPXHOCTHAsI CEerpe-
raius MHAUS IPUBOIUT K “crHeMy” cIBUTY 9Hepruu nepexona (70 MaB mis mivHbI cerperaiimu | HM Ha KaXXI0oM reteponHTepdeiice)
B TO BpPeMsI KaK Ibe303JIeKTpUYeCKas MoJIsipu3alivs o0yciaBauBaeT “KpacHblit” caBur. CoBMeCTHOE eicTBre 0001X 3¢ (PeKTOB OKa-
3bIBACT BIMSIHUE Ha MOTEHIMATBbHBII TPOdUIIb ONpeesisisi TMHERHYIO 3aBUCMMOCTD SHEPTUU MTepexo/ia OT IHUPUHBI KBAHTOBOM SIMBI.
[be3oanexkTprueckas Moysipu3aius sIBJsieTcs: Mpeodaaaiolleid Mpy OONbLINX COAePXKAHUIX UHAMS, a TOBEPXHOCTHAsI cerperauus
WHIUS TIpeobafaeT npu MajaoM conepxxanuu uHaus B In(x)Ga(1-x)N tBepmom pactBope.

KioueBbie cioBa: MoBEPXHOCTHAsI cerperaiusi, CTpyKTypa, KBAHTOBOE ToJIe.
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CYMICHUY BILUIVB BHYTPIIIHIX EJEKTPOCTATUYHUX ITQJIIB TA IOBEPXHEBOI CETPETALIIT IH/IS HA
30HHY CTPYKTYPY B InGaN/GaN ITOOJJMHOKIV KBAHTOBII SIMI

Pesiome

Y po6oTi aBTOpH AOCIIIKYIOTh BIUTMB ITOBEPXHEBOI cerperallii iHIis i M'e30eIeKTpUYHOI IoIsIpr3allii Ha 30HHY cTpyKTypy InGaN/
GaN nooanHOKoi KBaHTOBOI siMu. OTpUMaHi pe3yIbTaTh CBiMUaTh, IO IIOBEpXHEBA ceTperarlist iHIisl IPUBOIUTH IO “CHUHBOTO” 3Mi-
LIeHHs eHeprii nepexoy (70 MaB ISl TOBXWHMU cerperallii 1| HM Ha KoKHOMY retepoiHTepdeiici) y Toit yac sk m'e30eJeKTpuyHa 1o-
Jisipr3aitisi 00yMoBiioe “dyepBoHe” 3mimeHHs. CrijibHa Mist 000X eheKTiB BIUIMBAE HA MOTEHIIMHUI TTPOodiih BU3HAYAIOUM JIiHIITHY
3aJIEXKHICTh €HEPTil IepexoIy Bill IMPUHM KBaHTOBOI siMu. [1'e€30e1eKTpruyHa ToJIIpu3allis € TIepeBakalouoro IPU BEJTMKOMY BMICTi
iH[isT, a TOBepXHEBa Cerperailis iHmis mepesaxae mpu MmajgoMy BMicTi iHmis B In(x)Ga(1-x)N TBepmoMy po3uuHi.

KiiouoBi c10Ba: moBepxHeBa cerperalilisi, CTpyKTypa, KBAHTOBE T10JIe.
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INFLUENCE OF y-IRRADIATION ON EMITTING PROPERTIES
OF MULTILAYER HETEROSTRUCTURES

The results of investigations of gamma irradiation-induced resistance degradation of optical emit-
ters manufactured using of the multilayer GaAlAs-heterostructures are described. Some associations
in changing of electrical and electroluminescent characteristics of emitters with exposure parameters

are obtained.

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 B, 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,B, 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].
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RESULTS AND DISCUSSION

The experimental investigation of irradiation-in-
duced degradation of GaAlAs MLH-structures at vari-
ous irradiation parameters of gamma quanta Co® 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 10'%guanta/cm? to
10'8quanta/cm? 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 5-10'° quanta/cm? 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.

Voltage, V'

Current, A

0.8 1.0 1.2 1.4

0.6

Fig. 1. Current-voltage characteristic of the test LED before
(1) and after (2) of gamma radiation exposure by integral flux with
intensity 5-10'°quanta/cm?

In an absolute majority of the tested samples at
small values of direct current (107—10-°4), 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~#—10-24 the recombination com-
ponent of a current predominates. Good approxima-
tion of this region of the current-voltage characteristic
is an exponential function:

U
I1=1, ~exp(ne.7j (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~%s before irradiation and of
1,23-107% 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:

E 3/2 16 3/4
v, :60.[_g] 10" )"
L) N,

where Eg — energy gap and N, | — 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 10'®quanta/cm?. 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.
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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 5-10'%quanta/cm?

The Iluminous-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 5-10"quanta/cm? 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.
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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 5-10'quanta/cm?

In comparison of current-voltage and luminous-
voltage characteristics (Figs. 1 and 2) it can be seen,

UDC 621.315.592
V. I. Irkha, V. E. Gorbachev

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 10""quanta/cm? 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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INFLUENCE OF y-IRRADIATION ON EMITTING PROPERTIES OF MULTILAYER HETEROSTRUCTURES

Abstract

The results of investigations of gamma irradiation-induced resistance degradation of optical emitters manufactured using of the
multilayer GaAlAs-heterostructures are described. Some associations in changing of electrical and electroluminescent characteristics of

emitters with exposure parameters are obtained.

Key words: Multilayer structures, Optical emitters, Gamma radiation hardness, Degradation.
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BJIMSTHUE y-OBJIYYEHUA HA U3JIYYAIOIIINE CBOYICTBA MHOTOCJIOMHBIX TETEPOCTPYKTYP

Pesiome

IpuBeneHbI pe3ybTaThl UCCASIOBAHUMI PAAMALIMOHHONW CTOMKOCTH ONITUYECKUX U3JTydaTesieil, U3rOTOBJIEHHBIX Ha OCHOBE MHO-
rocioitHbIx GaAlAs-reTepocTpykTyp. [ToydeHbl HEKOTOpbhIe 3aKOHOMEPHOCTH B MIBMEHEHUHN 3JIEKTPUUECKUX U 3JIEKTPOJIOMIHEC-
LIEHTHBIX XapaKTEPUCTUK M3JTydaTeseil B 3aBUCUMOCTH OT J03bl FaMMa-U3JTy4eHUSI.

KmoueBbie ciioBa: MHOTOCIIOMHBIE CTPYKTYPBI, ONITUYECKHUE U3JTyJaTes v, paquallMOHHasT CTOMKOCTb, TaMMa U3JTydeHue, aerpa-

Janus.
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BIIJIUB y-OITPOMIHEHHA HA BUITPOMIHIOIOYI BJIACTUBOCTI BATATOIIIAPOBUX TETEPOCTPYKTYP

Pesiome

HaseneHo pe3ysnbraTti 10CIiIKeHb pafialliiHOT CTIHKOCTI ONTUYHUX BUITPOMiHIOBaviB, BUTOTOBJIEHUX Ha OCHOBI OaraTolapo-
Bux GaAlAs-retepocTpyKTyp. OTpUMaHO AesIKi 3aKOHOMIPHOCTI B 3MiHEHHI €JIEKTPUYHUX Ta eJIeKTPOTIOMiHICLIEHTHUX XapaKTepuc-
TUK BUIIPOMiHIOBAaYiB B 3aJI€XKHOCTI BiJl 1031 raMMa OITPOMiHEHHSI.

Kimouogi ciioBa: 6araroriaposi CTpYKTypHU, Hi BUTIPOMiHIOBaYi, pafialliifHa CTiliKiCTh, TaMMa-OMPOMiHEHHSI, AeTpaallis.
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K pykormnucu nipuiaraercs
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BaHME HECKOJBKNX IMNMPOB, KOTOPHIE pa3ae/IsSIOTCS
3amsToii. B cirydae, xorma aBTOpOoM (aBTOpaMm) He
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3. YupexxaeHue, MOJHBINA TTOYTOBLIN agpec, HO-
Mep TesieoHa, HoMep (pakca, agpeca JIEKTPOHHOM
MOYTHI IS KaXKIOTO M3 aBTOPOB




4. Ha3BaHue cTaTbu

5. Pesome o0bemMom 10 200 ciIOB MUILETCS HA
AHTJIMIICKOM, PYCCKOM SI3bIKax, U ( IJIS aBTOPOB U3
VYKpauHbl) — Ha YKPAaMHCKOM.,ITOCJIE TEKCTa PE3IOMe
reyararotcs KitoueBnbie ciioBa.

Texcm noKeH rnevaraTbes LIpUGTOM 14 MyHKTOB
yepe3 ABa MHTEpBasia Ha OeJioii Oymare (popmara A4.
HasBaHue cTaTthu, a TaKKe 3aTOJ0BKU TOAPA3IEIOB
MeYaTaloTCsd MPOMUCHBIMU OyKBAaMU U OTMEYAIOTCSI
MOYKUPHBIM IIPUGTOM.

Ypasnenus HeobXomuMo meyaTaTh B pegaKTOpe
dopmynr MS Equation Editor. . Heobxonumo naBath
oIpeeicHre BEJIMUMH, KOTOPHIC MOSIBIISIIOTCS B TEK-
CTe BITEPBEIE.

Tabauyst J1oKHBI OBITH BEITIOTHEHBI B COOTBET-
CTBYIOIIMX TaOJIMYHBIX peAaKTopax WM IPEICTaB-
JICHHBIE B TEKCTOBOM BHUJE C MCIIOJb30BaHUEM pa3-
JenauTeneit (Touka, 3amsitasi, 3amsrasi C TOYKOi, 3HaK
TaOYJISILINN).

Ccviiku Ha aumepamypy IOIDKHBI TT€YATAThCS
yepes JBa MHTepBalla, HYMEpPOBAaThCS B KBAJAPATHBIX
IyKKaxX (B HOPMaJIbHOM ITOJIOXEHMHU) IIOCeAoBa-
TEJIbHO B TMOPSIAKE MX MOSIBJIEHUS B TEKCTE CTaTbU.
CcbuiaTbcsl HEOOXOAMMO Ha JIMTEpaTypy, KoTopast
n3gaHa HauymHasg ¢ 2000 roma. st CChbUTOK MCIIONb-
3yI0TCS cleayrone (opMarhl:

Knueu. Asrop(1) (MHULIMAJIBI, TOTOM (DaMUJIUN),
Ha3BaHWE KHUTU KypCUBOM, U3AaTEbCTBO, FOPOM U
rox uzganus. (Ilpu cchlikKe Ha MIaBy KHUTH, YKa3bl-
BaeTCsl Ha3BaHME IJ1aBbl, HA3BaHWE KHUTY KyPCHUBOM,

HoMmepa ctpanull). [Tpumep J A Hall, Imaging tubes,
Chap 14 w1 The Infrared Handbook, Eds W W Wolfe, O
J’ Zissis. 2000,, ERIM, Arm Arbor, MI .pp 132—176,

Kypuanot ( Kypranwr). ABTop(1) (MHULIAAIIBI, TTO-
TOM (haMUJINK), Ha3BaHUE CTaTbU, Ha3BaHUE XypHa-
Jla KypCUBOM (KCITOJIB3YIOTCSI a0OpeBUATyphl TOJIBKO
JUUISI UBBECTHBIX XXypHAJIOB), HOMEP MO3TOMY U BbI-
IycKa, HOMep CTpaHMIl U Tox n3manus. [Ipumep N
Blutzer and A S Jensen, Current readout of infrared
detectors // Opt Eng 2000,26(3), pp 241248

Hantocmpayuu 6ynyT CKaHUPOBATHCS LIU(GPPOBBIM
ckaHepoM. [TpyHMMalOTCS B MeYaTh TOJIBKO BHICOKO-
KavyecTBEHHbIe WLTIOCTpaluy. [Toanvucu u cuMBOIIbI
IOJDKHEI OBITh BIleyaTaHbl. He mpuHMMaroTcs B Tie-
JaTh HETaTHBBI, CJIAIBI, TPAHCTIOPAHTHI. [paduku u
PUCYHKU TI€YaTalOTCsI B TEKCTE CTAThMU.

PucyHku noJKHBI UMETh COOTBETCTBYIOLIME K
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Mep M MOJIMUCH HETTOCPEACTBEHHO Ha PUCYHKaX.

Pezrome oobemom 10 200 cI0B MUIIETCS HA aH-
TJIMIACKOM, PYCCKOM SI3bIKaxX. M Ha YKPAaMHCKOM (JIJIsT
aBTOpOB u3 YKpauHbl). [lepen TekcToM pe3rome co-
OTBETCTBYIOIIMM $I3bIKOM yKasbiBatoTcsa YK, da-
MUJIUU Y THUIIAAJIBI BCEX aBTOPOB, Ha3BaHUE CTAThH,
KJIIOUEBbIE CJIOBA..
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JKEHHSI Ta TEXHIYHI pO3pO0OKU Y HampsIMKax

* (pisuka HaAMiBOPOBiTHUKIB;

* reTepo- Ta HU3bKOBUMIPHi CTPYKTYpH;

* (pismka MiKpoeJIeKTPOHHHX NPHJIAJIIB;

* niHiiiHa Ta HeJIiHiiiHA ONITHKA TBEPIOTO Tija;

* ONTOEJEKTPOHIKA Ta ONTOEJNEKTPOHHI MpUIaIm;

* KBAHTOBA €JIEKTPOHIKA;

* CEHCOpHKA.

36ipHuK “DoToeNeKTpOHIKA” BUIAETHCS AHTITiA-
CbKOIO MOBOI0. PyKOINMC MOJa€eTHCS aBTOPOM Y IBOX
MpUMipHUKaX aHIJIiCBbKOI0 MoBoio. o pyKormucy
TIOMAETHCST €IEKTPOHHA KOITisl MaTepiaiy, sika MOXe
OyTu HajiciaHa 40 pelaKilil eIEKTPOHHOI MOIITOIO.

EnexTpoHHa Komis CTaTTi MOBUHHA BiAMOBiOaTU
HACTYITHUM BUMOTaM:

1. EmexTpoHHa KOITiSI Martepiany HaICUIAETHCS
OJHOYACHO 3 TBEPAOIO KOIi€I0 TEKCTY Ta MAJIFOHKIB.

2. JI1st TeKCTY IPUITYCTUMI HACTYITHI (hopMaTt —
MS Word (rtf, doc).

3. Mamonku npuiimMaoTbes y popmarax — EPS,
TIFE, BMP, PCX, JPG, GIF, CDR, WME, MS Word
I MS Giaf, Micro Calc Origin (opj). MantoHKu, BU-
KOHaHi TMakeTaMy MaTeMaTU4YHOI Ta CTaTUCTUYHOI
00pOoOKM TTOBMHHI OYTH KOHBEPTOBaHI y BUIIIEBKA3a-
Hi rpacdivuHi opmatu.

Pykonucu HancuiaioThCsl Ha apecy:

“PHOTOELECTRONICS”

Binm. cexp. Kyranogiit M. 1., Byn. Ilacrepa, 42,
di3. dak. OHY, m.Oneca, 65026 E-mail: wadz@mail.
ru, Ten. 0482—23—34—61.

o pyKkomnucy 101aThCs:

1. Komn PAC ta YIIK. JonmycKaeTbcsl BUKOPHUC-
TaHHS JSKIJIBKOX I (PIiB, 11O PO3TIISIOTHCS KOMOIO.
Y Bumanky, Koju aBTopoM (aBTopaMM) He Oyie BKa-
3aHO XOJeH Iudp, peaakilis KypHaay BCTAaHOBJIOE
mdp CTaTTi 32 CBOIM BUOOPOM.

2. IpizBume (a) Ta iximianm aBTopa (iB), Ha3Ba
CTATTI.

3. YcraHoBa, MoBHA ITOIITOBA aapeca, HOMEp Te-
JnedoHy, HoMep (akcy, agpeca eJeKTPOHHOI IOIITH
IS KOSKHOTO 3 aBTOPIB.

Peszrome 06'emom 1o 200 ciiB MuULLIETbCS aHTJIil-
CbKOI0, YKPalHCHKOIO Ta pociiicbkor MoBaMmu Ilepen
TEKCTOM DPe3loMe BilMOBiIHOIO MOBOIO BKa3yIOThCS
Ha3Ba CTaTTi, IPi3BUILIA Ta iHilliaJu BCiX aBTOPIB, ITiC-
JIg 3aKiHYEHHS TEKCTY Pe3loMe IPYKYIOThCS KJIIOYOBi
cJioBa.

Texcm noBUHEH ApyKyBaTUCs IpUTOM 12 MyHK-
TiB Yepe3 IBa iHTepBaJM Ha OioMmy mamepi ¢hopMary
A4. Ha3Ba craTTi, a TaKkoxX 3aroJIOBKM MiIpO3miliB
JIPYKYIOTBCSI IIPOITMCHUMM JIiTEpaMU i BiI3HAYAIOTh-
Csl HAITiBXXUPHUM IIPUPTOM.

Pignannsa HeoOXimHO IPyKyBaTH Y penakTopi hop-
myn MS Equation Editor. CrarTi 3 BmucaHUMHU Bin
PYKY piBHSIHHSIMU J0 APYKY He mpuiimMaroTbes. Heo6-
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XiTHO JaBaTy BUSHAYEHHS BEJIMYMH, 1110 3'SIBJISTIOTHCS
B TEKCTi BOEpIIIE.

Tabauyi noBUHHI OyTHM BMKOHAHI Y BiIIIOBIZHMX
TaOJIMYHUX pemakTopax abo TMpeAcTaBieHi y TeK-
CTOBOMY BUIJISIAI 3 BUKOPMCTAaHHSIM PO3AiIBHUKIB
(Kparka, KoMa, KoMa 3 KpaIkolo, 3HaK TaOyJIsIilii).

Ilocunanusa na nimepamypy NOBUHHI APYKYyBaTUCS
yepe3 JiBa iHTepBaJld, HYMEPYBaTUCh B KBaJIpaTHUX
IyXKax (y HOpMaJIbHOMY MOJIOKEHHI) MOCIiIOBHO Y
MOPSIIKY iX MOSIBY B TEKCTi cTatTi. 11 mocuiaaHb BU-
KOPHUCTOBYIOThCSI HACTYITHI (popMmaTu:

Kuueu. ABtop(m) (iHiLlianu, MoTiM Mpi3BUILA),
Ha3Ba KHUTU KYpCUBOM, BUAABHUIITBO, MIiCTO i piK
BuaaHHs. ([Tpy mocunaHHi Ha T1aBy KHUTU, BKa-
3YEThCS Ha3Ba IJlaBU, Ha3Ba KHUTU KYpCUBOM, HO-
Mmepu cropiHok). I[Ipukiman J A Hall, Imaging tubes,
Chap 14 w1 The Infrared Handbook, Eds W W Wolfe,
O J' Zissis. 2000 ERIM, Arm Arbor, MI, pp132 —
176

Kypuanu ( Yaconucu). Asrop(n) (iHiiaau, morim
Mpi3BUINA), Ha3Ba CTaTTi, Ha3Ba XXKypHaJy KypCUBOM
(BUKOPHUCTOBYIOThCSI aOpeBiaTypu TILIbKM IJISI Bimo-
MUX XYpHaJliB), HOMEp TOMY i BUITYCKY, HOMEp CTO-
piHoK i pik BumaHHs. ITpuknang N Blutzer and A S
Jensen, Current readout of infrared detectors // Opt
Eng 2000, 26(3), p. 241248

Inrocmpayii 6ynyTh cKaHyBaTUCS TMMOPOBUM CKa-
HepoM. IlpuitMaloTbes IO OPYKY TiAbKM BHCOKOSI-
KicHi imocTpauii. ITinnucu i cMMBOIM MOBUHHI OyTH
BIpyKoBaHi. He mpuiiMaloTbcs 10 IPyKy HETaTHBH,
cllaiiiv, TpaHCIapaHTH.

PucyHku moBuHHI MaTtu BignoBimHuiT g0 dop-
Marty XypHaiy po3mip He O6inbiie 160x200 mm. Texcr
Ha pUCYHKaxX MOBMHEH BUMKOHYBaTUCh IIpudToM 10
nyHkTiB. Ha rpagikax oguHULII BUMipy BKa3ylOThCS
yepe3 KoMy (a He B IyKKax). Yci pUCyHKU (iJTlocTpa-
11i1) pO3MIIILYIOTECS B TEKCTi i HyMEPYIOTHCSI B TTOPSII-
KY iX pO3MillIEeHHS B TEKCTi.
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