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The constructive form of the Kuryshkin-Wodkiewicz model of quantum measure-
ments was earlier developed in detail for the quantum Kepler problem. For more
complex quantum objects, such a construction is unknown. At the same time, the
standard (non-constructive) model of Holevo-Helstrom quantum measurements is
suitable for any quantum object. In this work, the constructive model of quantum
measurements is generalized to a wider class of quantum objects, i.e., the optical
spectrum of atoms and ions with one valence electron. The analysis is based on ex-
perimental data on the energy ordering of electrons in an atom according to the
Klechkovsky—Madelung rule and on the substantiation of a single-particle potential
model for describing the energy spectrum of optical electrons in alkali metal atoms.
A representation of the perturbation of a single-particle potential in the form of
a convolution of the potential of an electron in a hydrogen atom with the Wigner
function of a certain effective state of the core in an alkali metal atom representa-
tion allows reducing all calculation algorithms for alkali metals to the corresponding
algorithms for the hydrogen atom.

Key words and phrases: models of quantum measurements, energy spectrum of
alkali metal atoms, method of single-particle potential, perturbation of discrete
spectrum of an observable

1. Introduction

The energy spectrum E,, = —R/(2n?) of a valence electron in a hydrogen
atom is described by the discrete spectrum of Hamiltonian H = —A/2 —1/r
of the quantum Kepler problem with Hamilton function H(q,p) = p*/(2m) —

e?/|7|. In addition to operator H, the measured spectrum of the valence
electron also depends on the state p of the quantum probe of a measur-
ing instrument, i.e., is described by the discrete spectrum of the measured

observable O ,(H) = Oy, (H « W) [1].
The constructive form of the Kuryshkin—-Wodkiewicz quantum measure-
ment model is thoroughly developed for the quantum Kepler problem |[2]
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and quantum oscillator [3|, [4]. For more complex quantum objects, such
a construction is unknown. At the same time, the standard (nonconstructive)
Holevo—Helstrom quantum measurement model is applicable to any quantum
object, any quantum system [5], [6].

The goal of this paper is to generalize the constructive quantum measure-
ment Kuryshkin-Wodkiewicz model to a wider class of quantum objects and
to develop a quantum measurement model for optical spectrum of atoms
and ions with one valence electron. We will consider the alkali metal atoms
that consist of a core (atomic nucleus and electrons of all filled shells) and
a valence (outer) electron, as well as ions with one valence electron.

2. Hydrogen atom

Quantum mechanics understands the description of the hydrogen atom as
the description of the electron in this atom. Its energy spectrum has a very
simple form

R
En=—5 3 (1)
when the atom is theoretically considered as an isolated quantum object.
In the process of measurement, the quantum object is no more isolated, it
becomes an open system incorporated in a more complex ‘object + probe’
quantum system [7]-[10].
The measured energy spectrum of an electron in a hydrogen atom is

~

perturbed with respect to the spectrum (1): E,, = E, +0E,,.

Thus, a problem of description (constructing a mathematical model) of
the measured values of the hydrogen atom optical spectrum. This model
incorporates the Weyl-Kuryshkin quantization rule and the rigging of the
above mentioned model: {y,} is the mixed state of the quantum probe, the
smoothed (perturbed) classical observable is A« Wy, 1(q,p), and the Weyl
rule applied to it is Oy, 1(A) = Oy (A). Theoretical study of the spectrum
of this operator and the numerical calculation of the discrete spectrum parts
affiliated with {¢,} are published in Ref. [11]. For the hydrogen atom the
model is verified with the relative accuracy of ~ 10716,

Before discussing the dependence of the perturbation dF, in the hydrogen
atom induced by the action of the measuring instrument with a quantum
probe in the state {(,}, we recall what is known about the discrete energy
spectrum Efl of the valence electron in an isolated alkali metal atom with
the atomic number Z.

3. Energy spectrum of a valence electron in alkali
metal atoms

Quantum mechanical description of the valence electron in a hydrogen
atom is provided by the Schrédinger equation

Hyy(7) = eyp(7) (2)
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with the operator Hy, = Oy (H), where Oy is the Weyl quantization rule,
transforming the Hamiltonian Kepler function H = $*/2 — 1/|#| into Hamil-
tonian operator Hy = —V2/2 — 1/|7|. Equation (2) for the eigenvalues (the
energy spectrum of the electron in the hydrogen atom) and eigenfunctions
(the discrete spectrum wave functions of the hydrogen atom) has exact solu-
tions [12]:
1
E€n = _W’ wnlm (?> = Rnl<r>lem (07 30),

where ¥ = (7,0, ¢) are spherical coordinates and n,l,m are the principal,
orbital, and azimuthal quantum number, respectively.
While in the hydrogen atom and hydrogen-like ions, the spectral lines are
ordered according to the law
1
- 3
2”2 ( )

i.e., the energy spectrum is degenerate with respect to the orbital and
azimuthal quantum numbers, in the energy spectrum of valence (optical) elec-
trons in the alkali metal atoms the orbital degeneracy is removed (see Eq. (4)).
The degeneracy with respect to azimuthal quantum number remains in any
potential having a spherical symmetry.

In the book by V.N. Kondratyev [13] in Table 9 on page 181 the following
data are presented for the optical spectra of alkali metals (in Hartree atomic
units):

-y ()
" a6
namely:

(3) Li:
€20 = —0.1982754792, €21 = —0.1302870145,
e30 = —0.07465200225, e31 = —0.05710578080, €32 = —0.05562970375,
ed0 = —0.03883874030, e41l = —0.03190061096, e42 = —0.03128127346,
e50 = —0.02375325800, €51 = —0.02033207896, €52 = —0.02001600960,
e60 = —0.01601242872, e61 = —0.01408066718, €62 = —0.03128127346;

(11) Na:

e30 = —0.1888838814, e31 = —0.1115650818, €32 = —0.05592778605,

e40 = —0.07245191330, e41 = —0.05146315410, e42 = —0.03140683790,
€50 = —0.03800798912, €51 = —0.02949906632, €52 = —0.02008024064,
e60 = —0.02335452320, e61 = —0.01909585773, €62 = —0.03140683790;

(19) K:

€40 = —0.1595965400, e41 = —0.1010881942, €42 = —0.03366251684,
€50 = —0.06516440980, e51 = —0.04810386124, €52 = —0.02122122550,
€60 = —0.03517930894, €61 = —0.02802348772, €62 = —0.03366251684;
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(37) Rb:

€50 = —0.1534672079, e51 = —0.09542857065, €52 = —0.03523536413,
€60 = —0.06354834915, e61 = —0.04622131078, €62 = —0.06530578980;

(55) Cs:

e60 = —0.1431368322, e61 = —0.09046170025, e62 = —0.2075805080,
e70 = —0.06074477220, €71 = —0.04452676553.

As a result of splitting in the spectrum (4), the ordering of the spectral
(energy) levels with increasing energy changes in comparison with the ordering
in the hydrogen atom (3). This new ordering obeys the so-called Klechkovsky—
Madelung rule [14]-[16]. The relation of this order with the pairs (n,[) of the
principal and orbital quantum number is phenomenologically described by
formula (4) and is determined by the increase of the pair (n +1(,1): 1s, 2s, 2p,
3s, 3p, 4s, 3d, 4p, 5s, 4d, bp, 6s, 4f, 5d, 6p, 7s, 5f, 6d, 7p, 8s, 5g. Here the
values [ = 0,1, 2,3, ... correspond to the indices s, p,d, f, ....

At the phenomenological level, the consideration of optical spectra of alkali
metal atoms leads to a necessity of using potential function in the form [13]:

Vo= (1o (2) (3 e (3)"+),

where ¢, ¢y, ... are constants determined by the distortion character of the
Coulomb field of the nucleus, r, being the Bohr radius (for hydrogen atom).

4. Pseudopotential method for description
of multielectron atoms

For atoms having more than one electron, even the simplest ones, the
Schrodinger equation can be solved directly neither analytically, nor by
numerical methods. For this reason, the study of spectra of multielectron
atoms is based on an approximate model. The approximation is based on the
idea of self-consistent field that implies independent motion of each electron
in a certain average field created by other electrons and atomic nucleus. A set
of orbitals used for constructing the wave function is referred to as atomic
configuration [11]. The most adequate scheme based on single-electron orbitals
and atomic configuration is the Hartree-Fock approximation.

In fact the meaning of configuration is to assign to the entire atom a set
of approximate integrals of motion, specified by set of labels {nj,lj, Zj},
where the subscript j enumerates the filled orbitals, and Z; is the occupation

number, i.e., the number of electrons at the j-th orbital. The number of
exact integrals of motion is typically insufficient for complete classification.
Therefore, approximate but well-preserved integrals of motion are of primary
importance [11]. To find out which orbitals in an atom are filled, the Aufbau
rule should be used, namely, for ground state the distribution of electrons
over the orbitals should correspond to the minimal energy compatible with
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the Pauli principle. The result of applying the Aufbau rule directly depends

on the ordering of energy levels in the single-electron effective potential U, (r).
Far from the nucleus, the electron is subjected to the attractive Coulomb

potential of the atomic nucleus, shielded by all other electrons, so that

1
U,(r) ~ 0 >, (5)

where r, is the characteristic radius of the atom. Near the nucleus, the
shielding effect vanishes and the electron is attracted by the Coulomb potential
of a bare atomic nucleus

Z
U,(r)~——, r<r,.
,

Considering the outer (valence) electrons, it is possible to construct a model
of effective potential U, (r) based on the approximate behavior (5).

If the deviation of the effective single-electron potential U,(r) from the
dependence —1/r can be considered a small perturbation, then the spectrum
remains ordered like in a hydrogen atom. However, when considering the
periodic law this is not true, which is an evidence of strong deviations of the
effective potential from the Coulomb potential, leading to essential changes in
the spectrum. An overlap of groups of energy levels with different principal
quantum numbers n appears together with a new type of ordering according
to (n+1,n).

The notion of n-shell, i.e., states with the same principal quantum number
n arises from the fact that for pure Coulomb potential in a hydrogen atom
these states are energy degenerate. If the potential slightly differs from the
Coulomb one, the degeneracy is removed, but the energy levels with the
same n remain densely grouped in the energy scale. In this case, the notion
of a shell remains physically significant. Otherwise, if the deviation from
Coulomb potential is large, a complete regrouping of energy levels occurs
and the hydrogen-like shells loose physical meaning, becoming merely formal
entities. On the contrary, the notion of ‘subshell’ labelled by a pair of quantum
numbers {n, [} always remains significant for atoms, since the energy levels are
degenerate with respect to azimuthal quantum number m in any spherically
symmetric potential.

A valence electron in an atom of alkali metal allows approximate quantum
mechanical description using a single-particle model:

g T V)| 6 = 2006 (©)

2m

For the first-order approximation the effective single-particle potential in
the Thomas—Fermi method can be expressed as

2/3
VA 8v/2
UTE(r) = ;x(kr), k= (—% ) ZY3.

through a table-defined function x/(r).
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Since the middle of the last century, researchers have been looking for
a theoretical justification for the fact that in a many-electron atom the
single-particle potential has a form that provides the “Aufbau rule” — the
Klechkovsky—Madelung rule. In a number of articles and then in the book [15],
Klechkovsky constructed this justification, starting from the Hartree—Fock
approximation. The pseudopotential is expressed through the tabular function
X, which is approximated by the expression:

v(@) = (1 +az) 2.

At the same time, a number of researchers concluded that the desired
pseudopotential has the form:

T S B
Uy (r) Ny R aﬁ(g\/i) .

Demkov and Ostrovsky [17], [18] substantiated the existence of such a single-
particle potential proceeding from the geometric-symmetry model of the
hydrogen atom by V.A. Fock [19].

ot = [+ (5)] o

In [17], [18] Demkov and Ostrovsky established that equation (7) provides
the most precise description of Klechkovsky—Madelung rule at = 1/2. In
subsequent papers [20], [21] Demkov and Ostrovsky’s proof was questioned,
but the result was confirmed.

Remark 1. Subsequently, when considering the multielectron atom in the
framework of the quantum field theory, Kholodenko et al. [22], [23] confirmed
the correctness of the Demkov—Ostrovsky proof, and also generalized this
result to such a degree that he began to describe not only the Klechkovsky—
Madelung rule, but also exceptions to it (see also [24], [25]).

These potentials are in good agreement with the experimentally observed

spectra:
1 1

T Tt o) T 2n
in Hartree atomic units.

The solution obtained is not universal, since there are exceptions to the
Madelung rule in transition metals, as well as among lanthanides and actinides.
Quantum-mechanically, these exceptions, as well as the rule itself, are still
considered using relativistic Hartree-Fock calculations. The results obtained
do not yet detail the exceptions. Kholodenko and Kaufman [23], using
quantum field theory, showed that the Demkov—Ostrovsky potential does
indeed give the correct answer. In addition, thanks to work [26], it became

possible to identify the Demkov—Ostrovsky potential U 1[/)5)(7‘) with the Hartree—
Fock potential.
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Remark 2. It was shown in [22] that, confining oneself to quantum me-
chanical methods, it is impossible to derive Madelung’s rule with exceptions.
Madelung’s rule and its exceptions contain much more information than is
required for its use in chemistry. Recall that the invention of quantum me-
chanics in 1925-1926 was initially driven by the needs of atomic physics.
Subsequently, quantum mechanics was extended to quantum field theory,
which led to the development of the Standard Model of particle physics. Not
surprisingly, particle physics methods have recently been applied to the pe-
riodic table of elements [25], [27]. In [22]|, it was demonstrated that the
Madelung rule and its exceptions can be described within the framework of
this model.

5. Modeling the measured energy spectrum of alkali
metal atoms

So far, we have mainly dealt with the study of the quantum-measured
energy state of the valence electron in the hydrogen atom. The energy
spectrum of a non-measured (isolated) hydrogen atom has the form ¢,,; =
—1/(2n?), degenerate with respect to the orbital quantum number /. The
measurement procedure slightly perturbs potential energy V,(7¥) = —1/r of
the isolated hydrogen atom to V,(7) = —1/r + 0V, (7), so that the perturbed
spectrum of the hydrogen atom subjected to measurement has the form
ef = —1/(2n?) + 6E}. Under such weak perturbation, the ordering of
spectral lines remains unchanged.

However, even in first spectral lines of alkali metals the Klechkovsky—
Madelung ordering is observed.

In “hydrogen-like” alkali metal atoms the spectral terms have the form

R

F? =—— .
" 2nt o)

In the process of measurement, the “measured” energy spectrum takes the
form
7 R

EZ =—— " L §EZ
nl,k 2(n+0_lZ)2 K

where the contributions §E! and §EZ are obtained from convolution V (r) *
Wi,,1(q,p), where

Vi) = s
VT S S A
Ualr) r(1+2)% f aﬁ<8\/§>' ®)

Therefore, the Weyl-Kuryshkin quantization rule is adequate for alkali
metals to the same degree as adequate is potential V, (r,4) that takes into
account small corrections to the centrally symmetric potential.
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Ref. [23] shows the coincidence of the Demkov—Ostrovsky potential (7)
with the Hartree-Fock potential (6). Similar to the potential V (7) from the
Kuryshkin-Wodkiewicz quantization rule [28], potential VZ(7) from equa-
tion (8) is an ﬁo—compact perturbation of the potential V!(7) that equals
zero at infinity (see the papers by B. Simon [29], [30] about Kato theorems).
Thus, potential U O(r) satisfies the conditions of the theorem from Ref. [31].

6. Kuryshkin—-Wodkiewicz quantum measurement
model for alkali metal atoms and ions with one valence
electron

For valence electron in a hydrogen atom the potential has the form
Vi(r) = —1/r and the energy spectrum is €, = —1/(2n?). In the pro-
cess of measurement with an instrument whose quantum part is in the state
p=72.¢; ]%)(%‘ both the potential and the spectrum are perturbed:

p:Vi(r) = V(1) = Vi(r) + 8V, (r),

1 ~ ~
=5V +C I+ (V, = V=W, =V +0V,) I

For a valence electron in an atom of alkali metal, the potential has asymp-

totic expressions

A 1
L V) s
r r—=0 r—00 r

approximately equals V_ g(7) from the Hartree—Fock method and conventionally

has the form .
r R
\/ = +4/ - . (9)

Then the spectrum is traditionally presented in the form

1 1

Z
I e R —— T (10)
T2, 200+,

B 2v
Ull?2 Or) = T 2R

l

According to the theorem of Ref. [31], there exists such an abstract state

Pz = ij ’wj><d]j’7 that
pz: Vi(r) = Vy(r) = (Vi x W,z) (1) = Vi(r) + 6V(r), (11)
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1 1
PziEn = "5 5 Em=— 2 = 7 (12)
2 (n) 2(n+o0f)

nl
Now let us apply the procedure of measuring the energy spectrum of the
valence electron in an alkali metal atom with an instrument whose quantum

part is in the state p,, = > _¢; ]%)(@Dj‘. As a result of the measurement the
perturbation of the pseudopotential and the spectrum will occur:

nl

Pap [Z(r> ; [pZap<T) = ([Z * pap) (’I“) - Z<T) +9 Pip(r>’ (1?’)
1
Z Z Z
Pap * €ni = — €n + (de :
= g o ),

nl

Let us rewrite relation (13) in more detail

VZ (r)= (Vs W, )(r)=((VixW,.) =W, )(r)=
= (Vi +6V) « W, ) (r) = Vi(r) + 6V, (r) + (8V, « W, ) (7).

In this case

pap

2 1
H? «W, = (H +W, )W, :((p———>*w >*W

and

0,(H) = O (11 < Wp) = Ony ( (1 = 1)+ W, ) =

1 ~ -~
:_§V2_|_Cp[_|_(vp:Vl*szvl—l—évp)I.

7. Discussion

Ref. [28] describes a program calculating elements of the Ritz matrix and
storing them in external files. According to the Ritz method, the eigenvalues
of the Ritz matrix are spectral values of the quantity under study, i.e., the
energy. This algorithm consists in solving generalized eigenvalue problem
Mz = BZ, where M is the Ritz matrix and B is the matrix of pair scalar
products of auxiliary functions in the Kuryshkin quantum mechanics. The
program allows calculating Ritz matrices of arbitrary dimension. However,
there are hardware limitations. To date the calculations are possible for
matrix dimension of 55 and 91. Parameter F, is the only one to be fitted to
experimental data. For example, Figures 1 and 2 show the dependences of
discrepancies on E, for first few energy levels of lithium atom and Figure 3 for
sodium atom. The discrepancy functions are seen to have expressed minima
that determine the effective fitted values of the parameters.
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Let us describe an algorithm for restoring the effective potential parameters
for a valence electron in an alkali metal atom and the parameters of the energy
spectrum perturbation of this valence electron in the process of measurement.

1. Known “theoretical” spectrum (10) and (12) of the valence electron in an
alkali metal atom, we can restore p, = > f;|1h;)(¢,] from (12):
— for individual “segments” of the spectrum (10) and (12);
— for the “initial part” of the spectrum (10) and (12) from the spectrum
ordered according to the Klechkovsky—Madelung rule.
2. Restore V(r) = (Vy * W,z)(r) from (11).
3. Compare the restored pseudopotential with the effective pseudopoten-
tial (9) (current verification).

4. Restore p,, = > ¢; [¢;)(1h;| from individual segments of table-defined
spectrum using the calculated { ij } from item 1:

0, (H?) = Oy (HZxW, ) =0y ((H'xW, ) =W, ).
5. Check by means of the calculated probabilities of “optical transitions”
and compare with the data from [32] (final verification).

8. Conclusion

In Refs. |2], [28] the Kuryshkin—-Wodkiewicz model of quantum measurement
was implemented in application to the quantum Kepler problem. Earlier the
quantum measurement model in certain modifications has been implemented
in application to the quantum oscillator problem [3], [4]. In the present paper
the Kuryshkin-Wodkiewicz model, realizing the Weyl-Kuryshkin quantization
rule [2], [28], is generalized to quantum systems with one valence electron,
e.g., atoms of alkali metals. The analysis is based on experimental data on
the energy ordering of electrons in an atom according to the Klechkovsky—
Madelung rule and on the substantiation of a single-particle potential model
for describing the energy spectrum of optical electrons in alkali metal atoms.

The author of Ref. [31] obtained a representation of the perturbation of
a single-particle potential in the form of a convolution of the potential of an
electron in a hydrogen atom with the Wigner function of a certain effective
state of the core in an alkali metal atom. This representation allows reducing
all calculation algorithms for alkali metals to the corresponding algorithms
for the hydrogen atom. The proof of the model consistency is based on two
Kato theorems [29], [30]. In the course of the proof, explicit formulas were
obtained for the discrete spectrum of a valence electron for various spectral
series, depending on the serial parameters of the disturbance of the spectrum
of an isolated object in the process of quantum measurements.
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Mogesab KBaAaHTOBBIX M3MEPEHUIA
Kypbinnknana—ByakeBuya J1jisi aTOMOB HI€JIOYHBIX
METAJIJIOB

A. B. 3opun

Poccutickuti ynusepcumem dpyorcho, 1apodos
ya. Muxayro-Maxaas, 0.6, Mocksa, 117198, Poccus

KoncrpyktuBnas dopma Momem KBAaHTOBLIX n3Mepennit Kyporinknna—Boakesuaa
panee ObLIa OAPOOHO paspaboraHa IJid KBaHTOBOM 3adadn Kerutepa. st 6osee
CJIO2KHBIX KBAHTOBBIX O6’]:>€KTOB TaKasd KOHCprKI_[I/IH HEN3BECTHA. B TO 2Ke€ BpeMd CTaH-
naprHasi (HEKOHCTPYKTHBHAs) MOJIEIh KBAHTOBBIX M3MepeHHil X0JIeBO—XeIcTpoMa
MMOJIXOIUT JJIsl JIFOOOrO KBAHTOBOTO OObeKTa. B mamHON paboTe KOHCTPYKTHUBHAS
MOJIeJIb KBAHTOBBIX M3MepeHMii 0600IeHa Ha 0oJjiee IMUPOKUNA KJIACC KBAHTOBBIX
O6']:)€KTOB7 TO €CTh Ha OINTHYECKHUI CIIEKTp aTOMOB W MOHOB C OJHMM BaJICHTHBIM
3JIEKTPOHOM. AHAJIN3 OCHOBAH HA SKCIEPUMEHTAJIBHBIX JTAaHHBIX 00 SHEPreTHYECKOM
VIIOPAJOYEHNH 9JIEKTPOHOB B aToMe 10 npaBuity KiiedkoBckoro—MaeayHra u Ha
O6OCHOBH.HI/II/I O,Z[HOqaCTI/IqHOfI HOTeHI_[I/IaJIbHOﬁ MozZe I IJIgd OIIMCaHUA SHEPreTUICeCKO-
IO CIEKTPa ONTUUYECKUX JIEKTPOHOB B aTOMaX IMEJOIHBIX MeTasoB. IIpeacraBienue
BO3MYIIIEHUsT OJHOYACTUIHOIO MOTEHINAJIA B BUIE CBEPTKHU MOTEHIIUAJIA DJIEKTPO-
Ha B aToMe Bojiopona ¢ dpyukimeir Burnepa HeKoToporo 3h@eKTUBHOIO COCTOSHUS
OCTOBa B IIPEJICTABJIEHUE aTOMAa IEJIOTHOI0 MeTaJIIa TO3BOJISeT PeIyIMpPOBaTh BCE
aJITOPUTMBI pacyeTa sl MEeJ0IHBIX METAJLJIOB K COOTBETCTBYIOIIAM AJTOPUTMAM
JJIsl aTOMa BOJIOPO/IA.

KuroueBbie ciioBa: MOJIe I KBAHTOBBIX U3MEPEHUN, SHEPTETUIECKHUI CIIEKTP aTO-

MOB IIEJIOYHBIX METAJIJIOB, METOJ OJTHOYACTUIHOIO TTOTEHINAJIA, MOJIE/b KBAHTOBBIX
U3MEpEeHUii, BO3MYIIEHUE JUCKPETHOTO CIIEKTPa HAOIIOAAeMOit



