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A possibility of the two-photon excitation of an isomeric state in
a nucleus of thorium-229 has been discussed. The fluorescence in-
tensity of the excitation is demonstrated to be identical for the
irradiation of nuclei with either monochromatic light or polychro-
matic radiation consisting of a sequence of short light pulses of
the same intensity. The two-photon excitation of Th3t ion in an
electromagnetic trap with a focused laser beam with a wavelength
of about 320 nm and power of 100 mW can lead to the absorption
saturation, at which the fluorescence emission with the frequency
of the transition in a nucleus is maximal. In crystals doped with
Th**t to a concentration of about 10'® cm—3 and irradiated with
a laser radiation 10 W in power, the emission of several photons
per second with a wavelength of about 160 nm becomes possible.

1. Introduction

A permanent interest to works dealing with the creation
of quantum-mechanical frequency standards (atomic
clocks) is stimulated by both the development of funda-
mental science and engineering demands. Modern meth-
ods used for the determination of time unit, a second, are
associated with the cesium atomic frequency standard.
In particular, one second is defined as the duration of
9192631 770 periods of the radiation corresponding to
the transition between the two hyperfine levels of the
ground state of a 3Cs atom [1]. The accuracy of the
primary cesium frequency standard based on the cesium
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fountain clock was 4 x 10716 [2]. A possibility for atoms
and ions to be cooled down to ultralow temperatures al-
lowed a stability of the order of 10717 to be obtained
using cold Al™ ions [3]. Atomic standards are of interest
for navigating systems, such as GPS, GLONASS, and
GALILEOQ, as well as for telecommunication networks.
A promising candidate for the role of reference
quantum-mechanical frequency standard is the isomeric
transition in a 22°Th nucleus. This isotope has an ex-
tremely low energy of the isomeric state. According to
the most recent data, it equals 7.8 £ 0.6 eV [4], which
corresponds to a radiation wavelength of about 160 nm.
Progress in the development of the generation of high
laser-radiation harmonics allows the nuclear standard to
be regarded as a real possibility. For instance, in work
[5], radiation with a wavelength of 205 nm was obtained
with the use of the generation of the fourth harmonic of
radiation emitted by a titanium-sapphire laser, which is
close to that required for the implementation of a nuclear
standard. The development of a nuclear standard is also
stimulated by the capability of its application for study-
ing the evolution of the ratio between fundamental con-
stants [6,7]. It is so because the ?2Th-based frequency
standard is supposed to be by several orders of mag-
nitude more sensitive to a possible variation of the hy-
perfine structure constant than the frequency standards
based on the transitions in the electron shell of atoms or
ions. Analogously to their atomic counterparts, nuclear
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clocks, if being realized, could be applied to metrology,
spectroscopy, global navigating systems, and so forth.

It should be noted that, till now, the energy of the
isomeric transition is known only from the analysis of
v-spectra with energies that considerably exceed the nu-
clear isomeric transition energy. Therefore, it cannot be
considered as ultimately known, until direct measure-
ments of the level have not been carried out. For this
purpose, rather a large number of thorium nuclei must
be excited simultaneously. At the present time, either
thorium ions in traps [8-11] or thorium-doped crystals
transparent in the ultra-violet range [12,13] are proposed
to be used. The advantage of traps consists in the pos-
sibility of a better control over the fields that act on
thorium ions. At the same time, crystals allow a much
larger number of nuclei to be engaged simultaneously
than those in traps.

Instead of using the radiation with a frequency close
to that of the transition in a nucleus, the latter can be
excited with the use of two- or multiphoton processes.
The choice of that or another excitation way depends on
the parameters of available laser radiation sources, such
as the intensity, spectral width, and generation mode
(pulsed or continuous). Owing to the short wavelength
of radiation needed for the excitation of a nucleus, this
radiation can be obtained by generating the radiation
harmonics of pulsed lasers operating in the visible spec-
tral range. At the repetition frequency of an order of
100 MHz and under single-photon excitation conditions,
only one of the spectral components, which is close to
the frequency of the transition in a nucleus, can expect-
edly stimulate a transition between nuclear states. This
means that, if the radiation emitted by picosecond and
femtosecond lasers and characterized by a considerable
number of spectral components is used as the pumping
one, only a small fraction of the emitted intensity can be
used for the nuclear excitation. At the same time, in the
case of two-photon excitation, almost all spectral com-
ponents (grouped in pairs consisting of the frequencies
locating above and below the transition frequency and at
the same distance from it) stimulate the nuclear excita-
tion. On the other hand, the probability of a two-photon
transition is much lower than that of a single-photon one,
and a possibility to develop a frequency standard on the
basis of a two-photon transition is not so evident.

It should be noted that the two-photon excitation, in
contrast to the single-photon one, is insensitive, to an
accuracy of the squared Doppler effect, to the atomic
velocity, if counter-propagating waves are used, i.e. the
excitation by a standing wave is executed [14]. Really,
if an atom that moves with the velocity v along the z-
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axis is excited by a standing wave with the frequency
w, it is subjected to the action of two monochromatic
waves with the frequencies w + kv, where k = 27w/e,
in the accompanying reference frame. Absorption of two
photons from the counter-propagating waves results in
an increase of the atomic energy by the quantity A(w +
kv) + h(w — kv) = 2hw, which is independent of the
atomic velocity.

An interesting method of isomeric transition excita-
tion with the use of two photons was proposed in work
[9]. The cited authors suggested to populate an interme-
diate level in the electron shell of Th' ion, the energy of
which is well-known, with the help of a laser with nar-
row spectral width. The frequency of the second laser
is scanned near the difference between the predicted fre-
quency of the isomeric transition and the frequency of
the first laser. If this procedure gives rise to the excita-
tion of a level in the ionic electron shell with the energy
close to that of the isomeric transition, this energy can
be transferred to the nucleus. In this case, owing to the
variation in the nucleus state, the position of the ionic
intermediate level also changes, so that the first laser
field ceases to interact with it, and the fluorescence at
the first-laser frequency diminishes. At the same time,
the issue concerning the lifetime of the isomeric state in
the single-charged ion is not clear in detail [15]. Note
that the resonance width for such an excitation is deter-
mined by the lifetime of the intermediate level. There-
fore, the method of two-photon nuclear excitation pro-
posed in work [9] does not give any advantages while
developing a frequency standard, in which a long-term
isomeric state of the nucleus is excited through the ex-
citation of the electron shell, in comparison with that,
where the electron transition in an atom or ion is ex-
cited. However, the method of excitation of a nucleus
into the isomeric state, which was proposed in work [9],
can undoubtedly facilitate the registration of the optical
nuclear transition.

This work is devoted to the analysis of the “direct”
two-photon nuclear transition in a thorium nucleus mak-
ing no allowance for any intermediate levels. Such an
excitation can be carried out, generally speaking, in
any thorium ion. We have considered the excitation of
nuclei with either the monochromatic or polychromatic
field created by a light wave or counter-propagating light
waves. In Section 2, the major spectroscopic character-
istics of thorium are described, which are relevant to the
transition from the ground nuclear state into the excited
one. Section 3 contains basic equations. In Section 4,
we will derive the effective Hamiltonian, which forms a
basis for the description of the time evolution of slowly
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changing, in comparison with the laser radiation period,
components of the probability amplitudes for a state of
the nucleus. The two-photon absorption in a monochro-
matic field is discussed in Section 5, and that in the field
created by a sequence of propagating light pulses in Sec-
tion 6. In Section 7, the two-photon excitation in the
field of sequences of counter-propagating light pulses is
considered. In Section 8, the efficiency of the two-photon
excitation is evaluated and discussed. In Conclusions,
the results obtained in this work are summarized.

2. 229Th Isomer

229Th isotope is a-active with a half-life period of
7340 year [16]. In Figure, the available spectroscopic
information concerning the magnetic dipole (M1) tran-
sition between the first excited level I, = 3/2 and the
ground state level I, = 5/2 in a ??Th nucleus is sum-
marized.

Each of two levels with the total momentum I; (I, =
5/2 and I, = 3/2) splits into 2I; + 1 sublevels described
by the magnetic quantum number m = —-I;,—I; +
1,...1;—1,I;. If the nucleus is subjected to the action of
a constant magnetic field, those levels have different en-
ergies. In a solid, the nucleus undergoes the influence of
the electric field created by atoms of the environment.
As a result, there arises a quadrupole shift of the nu-
cleus energy, which depends on m. Let the nucleus be
subjected to the action of linearly polarized laser radi-
ation, which can depend on the time; in particular, it
can be a sequence of pulses with period T. Provided
this assumption, it is sufficient to analyze the two-level
model of interaction between the nucleus and the field
to evaluate the efficiency of two-photon excitation.

Among the whole set of transitions between the atomic
or ion states and the nucleus in the ground or excited
state, we consider the transition between the states with
the same orbital moment and spin of electrons in the
ground and excited states. The frequency of this tran-
sition, to an accuracy of corrections associated with the
hyperfine level structure, coincides with that of the tran-
sition between the ground and excited state of a nucleus,
i.e. the reference frequency of optical nuclear frequency
standard. Although the state of electrons remains in-
variable, their presence induces the variation of the to-
tal moment for the system “electron shell + nucleus”,
as well as the g-factor responsible for the Stark shift of
energy levels in the magnetic field. A fourfold-charged
Th*t ion has a closed electron shell of radon. Figure
illustrates the interaction of this ion with the field. For
Th3T ion, the ground state is 5F5)5 [11]. As a result,
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Ground and first excited states of 229Th nucleus. The levels are
classified according to the Nilsson model [17]. The radiation life-
time of a free nucleus 77,5 = 55 min (the rate of spontaneous
radiation emission v = 0.00021 s~!) and the reduced matrix ele-
ment of the transition |pieq| = \/%’B(Ml)(ﬂe 1) = 0.65un,
where B(M1) is the reduced probability of decay, were calculated
on the basis of data taken from work [18]. The magnetic moments
of levels in terms of nuclear magneton units and the quadrupole
moment in the ground state, Q4 = 3.15 X 10728 ¢.m?2, were taken
from works [19,20]. The estimate Qe = 1.8 x 10728 ¢ - m? for the
quadrupole momentum in the excited state was taken from work
[21]. The arrows indicate probable transitions between magnetic
sublevels in the field of linearly polarized laser radiation. The
Clebsch—Gordan coefficients, which are proportional to the matrix
elements of the magnetic dipole moments of corresponding transi-
tions, are also indicated

there emerges a hyperfine structure of the ground state
with the total moment F' =0, 1,2, 3,4,5 and the excited
state with F' = 1,2,3,4. In a magnetic field, each level
of hyperfine structure splits into 2F + 1 sublevels. Ow-
ing to the Zeeman effect, those sublevels are shifted with
respect to their position in the zero field by

AE = pupgrmpB, (1)

where B is the magnetic field induction, and ppg the Bohr
magneton. The multiplier gr in the case of zero orbital
moment (which is of interest for us) equals

F(F+1)—I(I+1)+J(J+1)
SF(F + 1) +

gr = 3gJ

F(F+1)+I(I+1)—J(J+1)
tor 9F(F + 1) ’ )
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where I is the nuclear moment, J the angular momentum
of a valence electron, gy = —p;/(ul) is the nuclear g-
factor, (i = e, g),

J(J+1) = L(L+1) + S(S +1)
2J(J + 1)

gr=1+ (ge —1)  (3)
is the electron g-factor, L the orbital moment of elec-
trons, S the spin, and g, = 2.0023 is the g-factor of a free
electron (in the further calculations, we adopt g. = 2).

For Th** ion, J = 0 and gr = g;. For Th?* ion in
the ground state, gp = % + %gl for every hyperfine sub-
level. For Th®" ion with the excited nucleus (I = 2),
similar calculations give, e.g., gp = % + %g; for the hy-
perfine sublevel with F' = 4. Since g; ~ pn/up < 1,
the last term can be neglected. Hence, the g-factor for
Th3t is by three orders of magnitude larger than that
for Th*t. As one can see from what follows, this cir-
cumstance brings about a substantial increase in the ef-
ficiency of two-photon excitation of the thorium nucleus
in Th3* ion in comparison with Th** one.

3. Model of Nucleus Interaction with the Field

In order to estimate the possibility of the direct two-
photon excitation of a thorium nucleus, let us consider
transitions between thorium states characterized by a
definite quantum number m related to the ground and
excited nucleus states. If ions are in a solid matrix, their
energies corresponding to different m-values are differ-
ent owing to the interaction between the ions and the
environment. However, if ions or atoms are in the trap,
we consider that a magnetic field eliminating the degen-
eration with respect to m is applied to them. Therefore,
to analyze the excitation of a nucleus, we may use the
two-level model.

Let the ground state be designated as |g), and the ex-
cited one as |e). The magnetic dipole transition between
the states of an atom in the ground and excited states
has the constant dipole moments g, = —pugym and
fee = —pBYem, Where g, and g. are the g-factors for
the ground and excited, respectively, states. The mag-
netic dipole moment of the transition between the states
lg) and |e) equals pge. Let the atom be subjected to
the action of a field—monochromatic or created by a se-
quence of light pulses—with a carrier frequency w such
that the value of 2w is close to the frequency wq of the
transition between the states |g) and |e). Moreover, let
the transition in the nucleus leave the state of atomic
electrons intact. In addition, we suppose that only the
terms responsible for the change in the nucleus state are
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essential in the Hamiltonian describing the interaction
between the atom and the field.

The induction of the magnetic field of laser radiation
with the carrier frequency w, which affects the atom, is
described by the expression

B(t) = B(t)e™ ™" + B(t)*e™". (4)

The probability amplitudes Cy and C, to find the nu-
cleus in the state |g) or |e), respectively, vary according
to the Schrodinger equation

)
ihs.C = HC, (5)

where C is the column vector with the components C,
and C,, and the Hamiltonian H looks like

_ ([ —HagB(t) —pgeB(t)
"= ( —hegB(t) hwo — pree B(1) ) , (6)

where hwg is the energy difference between the states |g)
and |e).

In the general case of a polychromatic field with a nar-
row, in comparison with w, spectral width, expression
(4) can be interpreted as rapid oscillations with the op-
tical frequency w and a slowly varying amplitude. For a
monochromatic field, B(t) does not depend on the time.
For instance, for a propagating monochromatic wave,

B(t) = 1 Bye™*?, (7)

and, for a monochromatic field of two counter-
propagating waves (standing wave),

B(t) = Bycoskz, (8)

where k = w/c, z is the z-coordinate of the atom, and
By is the wave amplitude.

If the atom is subjected to the action of the field
created by a sequence of light pulses with the pulse-
repetition period T', the magnetic field induction at the
atom location point can be written down in the form

B(t) = BOZan cos [(w+nA)t — knz + ©n], (9)

n=—oo

where k, = (w+nA)/c and A = 27/T. The relative
amplitudes of spectral components, a,,, are normalized
so that the component with n = 0 has the maximum
amplitude ag = 1.

Comparing Egs. (4) and (9), one can see that, for the
field of a sequence of propagating light pulses,

o0
B=3By Y anexp(—inAt+iknz —ipy).

n—=—oo

(10)
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For the field of the counter-propagating sequences of
pulses

B(t) = By Z ap cos [(w+nA)t — kyz + o] +

n=—oo

+By Zan cos [(w+nA)t+ knz + ©n],

n=—oo

we have

B= BOZan cos k,zexp (—inAt — ipy,,) .

n=—oo

(12)

Here, the reference point for the z-coordinate is chosen so
that, at the point z = 0, the field of a wave propagating
in the negative direction of the z-axis reproduces the
field of the wave propagating in the positive direction of
the z-axis.

4. Effective Hamiltonian

Let us make the substitutions

t
Cy(t) = cy(t) exp w%/B(t’)dt’ ,
0

in the Schrodinger equation (5). The variation of the
column vector ¢ with the components ¢, and c. in time
is described by the Schrédinger equation with the Hamil-
tonian

— 0 _NgeB(t)eiq)(t)
"= < —pegB()e™ D hwg = 2hw )7 14)
where
t
D(t) = —2wt + ";h“gg /B(t')dt’. (15)

The lower limit of integration is not indicated, because
the proper choice of the time reference point makes the
value of the primitive at this limit equal to zero.

We consider that the characteristic time 7 of field am-
plitude variations (e.g., the pulse duration) considerably
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exceeds the reciprocal carrier frequency of the field, so
that the inequality

wr>1 (16)

is valid. Then

D(t) = — 2wt + Hee —Hoal pryysgiwt B(t)e—m]. (17)
thw
In particular, for the field of a monochromatic propagat-
ing wave (7 = 00), we obtain
_ Hee — Hgg .

D(t) = —2wt + BOT sin(wt — kz), (18)
whereas, for the monochromatic field of counter-
propagating waves,

— Hgg

D(t) = —2wt + 2By Meehw cos kzsin wt.

(19)
Let us introduce the following functions slowly varying

in time:

5(p) = ZO%ee,

_ B(t) (ﬂee - /ng)

at) = Y . (20)

Since |a| < 1, the further calculations will be carried
out to an accuracy of the terms linear in «. Substituting
Egs. (17) and (20) into Hamiltonian (14), we obtain

_h 0 Qt) + Q(¢)
=3 (Q(t)* LO0) 2 ) : (21)
Here, in the non-diagonal elements, we separated the
terms Q(t) rapidly varying in time with the frequency
w and the slowly varying terms €2(¢) and introduced the
two-photon detuning § = wy — 2w. The fast and slow
components of the Rabi frequency equal

Q= —-2a"3%,

Q= —23" e Wt _ 93wt (22)
Hereafter, in order to simplify the notation and if it can-
not lead to misunderstanding, we do not indicate the
time dependence of quantities. In expression (22), we
neglected terms with higher orders of smallness with re-
spect to a < 1. At the same time, it should be noticed
that only the nonzero value of o makes the component
of the Rabi frequency that slowly varies in time different
from zero for the two-photon process considered here.
The solution of the Schrédinger equation is sought as
a sum of two terms, slowly and rapidly varying in time
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with a characteristic time of the order of 27 /w, for each
of the probability amplitudes,

en(t) = on(t) + a,(t), n=g,e, (23)
where the rapidly varying terms are marked by the tilde
sign. We adopt that the average value of rapidly vary-
ing term over the period 27/w vanishes. From the
Schrédinger equation, it follows that

i6g +i0, = $Q0. + 106, + 100, + 195.,

iGe +iGe = Q%0 + 3076, + 100y + LG+

+60c + 60e. (24)
The underlined terms rapidly oscillate and vanish after
having been averaged over the oscillation period 27 /w.
The twice underlined terms consist of products of oscil-
lating multipliers. They can be presented as a sum of a
component that slowly varies in time and an oscillating
component with the averaged value equal to zero. To ex-
clude the rapid motion, let us collect together, into two
groups, rapidly and slowly oscillating terms in Egs. (24).
The oscillating terms in Eqs. (24) give

ichg = %Qae,
iGe = 300y, (25)
Here, we took into account that lén(t)| ~ wlan(t)],

w > (9, ‘Q(t)‘,|5|), and [5,(t)] < 1. The solution of
Egs. (24) reads
—3iwt> e,

~ ﬁ* —iwt ﬁ
0g = ( o e + 3we
5o = (ieiwt + gwe?”’wf) oy (26)

The terms in Egs. (24) that slowly vary in time bring
about

)

ity = 300, + (305,

~_—

o = 300, + (300G, ) + 0o, (27)
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where the notation (- - -) means the time-averaging over
the interval 27 /w. After carrying out this averaging, we
obtain

4 2
i0g = %Qae — Lfl Ogs
4 2
10 = %Q*ag + ij fo Yo (28)

As a result, we find that the variation of the slow compo-
nents of the probability amplitudes is described by the
Schrodinger equation with the effective Hamiltonian

h (-8 Q
Heff—2<Q* 2(5+S>’ (29)
where
g 8IBP _ 81Bpugel®
3w 3h2w
%2
Q=-2a"3* = —2%;196(;165 — Ugg)- (30)

As one can see from Eq. (30), the light shift is pro-
portional to the laser radiation intensity. In effect,
this relation was obtained because we have gone be-
yond the rotating wave approximation [23]. The ra-
tio |S/Q| ~ |uge/(tee — tgg)| is of the order of 1073
in the case where the g-factors of the ground and ex-
cited atomic states are determined by the atomic elec-
tron structure, e.g., for a triple-charged thorium ion in
the trap.

5. Two-Photon Interaction of a Nucleus with a
Monochromatic Field

To estimate the rate of nucleus fluorescence under the
influence of monochromatic laser radiation, it is conve-
nient to write down expressions for the Rabi frequency
and the light shift in the case where the nucleus is ex-
cited by the propagating monochromatic wave. From the
expression for the radiation intensity in the SI system,

C
= B2 31
2/10 0 ( )

I
and Egs. (7) and (30), we obtain

4‘1“’ e|
S — 29 )4y
3)74 wce
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Qo _ ol

o —2ikz
thcuge(uee ’

— Hgg)e€ (32)

In the case of monochromatic standing wave, from ex-
pressions (8), (30), and (31), we obtain

16|/‘ge‘2

— 2
S = S2wc ol cos® kz,
4#0[
Q= —%uge(uee — Hgg) cos® kz, (33)

where I is the intensity of either of the counter-
propagating waves.

For an atom or ion moving in the trap, in the case of
a propagating monochromatic wave, the proportionality
of the Rabi frequency to the quantity e~2"*#  in which
z linearly depends on the time, brings about a Doppler
shift of the resonance by the magnitude of 2kv, where v
is the atom velocity. This means that, for narrow reso-
nances to be obtained, it is necessary to cool atoms down
to ultralow temperatures. For two counter-propagating
waves (standing light wave), the multiplier

C052 ky = 1 4 1 2ikz + le—Qikz

2 4 4 (34)

in expression (33) for the Rabi frequency testifies that
there emerge three resonances, when the atom interacts
with the field; namely, two of them are shifted with re-
spect to the transition frequency by +2kv, and one res-
onance is located at the transition frequency. Since all
groups of atoms make contribution to the latter reso-
nance, the dependence of the fluorescence intensity on
the detuning ¢ looks like a wide peak associated with
the Doppler line broadening and a narrow high peak at
its center. This phenomenon serves as a basis for two-
photon spectroscopy [14,24]. Therefore, there is no need
to use ultracold atoms or their localization in a small vol-
ume (the Dicke effect) at the two-photon excitation in
order to reduce a negative influence of the Doppler effect
on the frequency standard functioning.

6. Interaction of a Nucleus with the Field of a
Sequence of Propagating Light Pulses

Let the atom undergo the action of the field of a sequence
of light pulses with the pulse period T'. The magnetic
field induction at the point, where the atom is located, is
described by expression (9). The spectrum of this field is
equidistant, with the difference between the frequencies
of spectral components A = 27 /T. On the basis of ex-
pressions (10) and (30), it is evident that the light shift
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and the Rabi frequency can be expanded in the Fourier
series

oo
S einAt
E n

(35)
n=-—oo

and

e .

Z Q"elnAt, (36)
where

2|B0/1, e|
Sn = 3h29 Z @j—nj X

j=—00
X exp (i) — ipj—n + ikj_nz — ik;z) (37)
and
By?
Q, = _%Mge(uee - Ngg) Z QAp—jaj5 X
Jj=—00

x exp (i, + ion_; — tkn_jz —ik;z) . (38)

The light shift S and the Rabi frequency €2 include time-
independent terms and terms oscillating with the period
T =27/A,

S=5+S8 Q=9 +Q. (39)

We consider the low intensities of laser radiation, for
which |S| < A and |Q] < A. Then, by applying the
procedure of averaging over the rapid motion (in this
case, with the frequency A), which was described in Sec-
tion 4, it is possible to determine the effective Hamilto-
nian describing the variation of the slow components of
the probability amplitudes o, and o, in time. Similarly
to Eq. (23), we write down the quantities o, and o, as
sums of slowly varying in time and oscillating (marked
by the tilde sign) terms,

o;(t) = b;(t) + b; (1),

From the Schrodinger equation with Hamiltonian (29),
it follows that

Jj=ge. (40)

iby + iby = $00be + 30, + 10b, + 100b.—
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+1S0be + $Sbe + 2Sbe + LSobe + Sbe + Obe. (41)

Here, analogously to the notation in Eq. (24), the un-
derlined terms oscillate and vanish after being averaged
over the oscillation period, whereas the twice underlined
terms consist of products of oscillating multipliers and
can be presented as sums of slow and rapid components.
Equating the rapid terms independently, we obtain

iby = 1Qb, — 18b,,
ibe = 10"b, + 1Sb,. (42)
Here, we took into account that I;n(t)‘ ~Alb, ()|, A>

(Qo, |§|, |0]), and ‘Bn(t)’ < 1. The solution of Egs. (42)
looks like

N 1 o etAnt
by = A 2 _OiSnbg Qnbe) ,
n#0
N 1 e eiAnt
be = TN (Q* by + Snbe) (43)
n = —oo
n #0

The terms in Eq. (41) that slowly change in time give

iby = $Q0be — $Soby + (30 ) — (18b, ).

ibe = 2Q5by + 5 Sobe + <%§*Eg> + <%Sl~>e> + Obe, (44)

where the notation (---) means the averaging over the
time interval 27/A. From expressions (37), (38), (43),
and (44), one can see that, in the case of two-photon
interaction, the averaged terms are quadratic in the in-
tensity, and they can be neglected. Then the equations
for the slowly varying components of the probability am-
plitudes are as follows:

iby = Qb — 15b,,

ibe = 1Q5b, + 1Sb, + db., (45)
where
S = So. (46)
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Hence, the variation in time of the slow components
of the probability amplitudes in the case where the nu-
cleus is excited by a sequence of propagating pulses is
described by the Schrédinger equation with the effective
Hamiltonian

R -5
Hcf‘2<93 26+S>’

where S and Qg are defined by expressions (46) and (38)
at n = 0, respectively.

For the further calculations, we must select a model for
the field. We assume that the phases ¢, of all spectral
components of the field equal zero, and the amplitudes
are described by the Gaussian distribution

(47)

(48)

Let ng > 1, so that the summation in the expressions
given above can be replaced by the integration if the
time t satisfies the condition nAt¢ <« 1. This inequality
means that we do not deal with time intervals far from
light pulses, where the field strength is very low. The
calculation of B gives

~ 2A2 2
B = Boﬂof exp {ikoz — n04 (t — g) ] .

(49)

This expression describes the time dependence of the
field created by one of the pulses that follow one another
with period T. As one can see from Eq. (49), the field
created by pulses is described by the Gaussian function
exp (—tQ/Tg), where

2 T

== (50)

T, e
P ™™o

The time-averaged intensity of laser radiation is equal to

2¢(|BJ? V23

[ = 2B _ nocV2m? gy (51)

Ho 4p0

The light shift is determined by the expression

= Augeno

S =21 52
3hlwe (52)

The calculation of the Rabi frequency €2y gives

0 = _ Hge(pree — ﬂgg)'uo]efzikoz (53)

h2we
Expression (52) for the light shift and expression (53)
for the Rabi frequency coincide with the correspond-

ing formulas (32) obtained for the field of a propagating
monochromatic wave.
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The coordinate dependence of the Rabi frequency (53)
for a moving atom testifies, as was indicated in Section 5
in the case of propagating monochromatic waves, to the
Doppler shift of the resonance frequency of the interac-
tion of the nucleus with the field by 2kv. Therefore, in
the case of free atoms or ions, it is necessary to analyze
the interaction of the atom with the field of counter-
propagating pulse sequences, for which the formation of
a narrow resonance is possible, at least under the inter-
action with a monochromatic field.

7. Two-Photon Interaction of a Nucleus with
the Field of Counter-Propagating Sequences
of Light Pulses

From expressions (30) for the light shift and the Rabi
frequency at the two-photon interaction between the nu-
cleus and the field of counter-propagating sequences of
light pulses (see Egs. (11) and (12)), we obtain

S = i SneinAt

(54)
n=—oo

and

0 .
Q= > Q. (55)
where

8| Bojtge|?
Sp = % aj_na;coskj_nzx

j=—o00
X cos kjzexp (ip; — ipj_n) (56)
and
By? >
Q, = _Z%Mw(ﬂee - ugg)Zan,jan
j=—o00

X cos ky,—jz cosk;jzexp (i, + tpn_j). (57)

As was done in Section 6, we normalize the relative am-
plitudes of spectral components a,, in such a way that
the component with n = 0 has the maximum amplitude
agp = 1. Carrying out the calculations similar to those
made in Section 6, we determine the effective Hamilto-
nian (47) describing the two-photon interaction between
the atom and the field, where S = S;.
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Let us choose the same model of field as that in the
previous section,

n2
ap=exp| ——5 |-
g

For pico- and femtosecond-pulses, which we are inter-
ested in, ng > 1, and the summation in the expres-
sions given above can be replaced by the integration at
nAt < 1. The calculation of B gives

2A2 2
ﬁexp |:’ik(]2 — n04 (t — E) ] +
c

(58)

B =B,

202
-|-BoM exp [—ikoz _mA (t + 2)2} (59)
2 4 c

for two counter-propagating pulses. The whole sequence
of pulses is obtained from Eq. (59) by repeating it with
period T'. As is evident from Eq. (59), the field of pulses
is described by the Gaussian function exp (7t2 / 7'5),
where 7, is determined by expression (50).

The light shift is calculated from Eq. (56) taken at
n = 0 with regard for Eq. (51) as

Spigeol
So =~ 2= (1
3hlwe

where [, = c7,, and I is the intensity of either of the
counter-propagating waves. Expression (60) is valid if
the value of Az/(27c) is close to an integer. Hence, the
light shift consists of two components; one of them is
constant in space, and the other is modulated with the
spatial period A = 27/ky and has the envelope in the
form of a set of Gaussian curves located in a vicinity
of z = ¢I'n, where n is an integer; here, the counter-
propagating pulses “collide”.

Similar calculations for the Rabi frequency 2y in
Eq. (57) give rise to

2[&0]

h2we
The exponential function in Eq. (61) corresponds to the
spatial overlapping of pulses. The component of 2y pro-
portional to cos2kz is responsible for the formation of
resonances shifted by +2kv owing to the Doppler effect
in the case of moving atoms or ions. The resonance,
which is independent of the atom velocity, arises owing
to the term with the Gaussian coordinate dependence.
It is connected with a simultaneous absorption of pho-
tons from two counter-propagating pulses. The Syp- and
Qg-quantities averaged over the wavelength equal

o222 ka) : (60)

Q0 = Mge(“ee - Mgg) (COS 2kz + 6_222”12’) . (61)

St tto]
() = 3h2wce
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and

2[&0[

_ &Kot —2z2/lf) )
h2we

<QO> = Mge(uee - Mgg)e (63)
It is this value of Rabi frequency averaged over the wave-
length that is responsible for the formation of a narrow
resonance at the frequency equal to half a frequency of
the transition in the nucleus.

One can see that the magnitude of Rabi frequency av-
eraged over the wavelength is described by a Gaussian
with the maximum located at the point where the pulses
“collide”. Whence, it follows that, for the atoms to effec-
tively interact with the field, they must be localized in a
volume with the linear dimension along the direction of
pulse propagation of an order of /,. For instance, it can
be a cell filled with a thorium-containing gas, or atoms
can be localized in an optical trap. Two-photon excita-
tion of nuclei with a sequence of laser pulses is effective
as much as that using a monochromatic field, because all
spectral field components are engaged at that. For ex-
ample, in the resonance case 2w = wy, the pairs (n, —n)
of spectral components participate in the formation of
the two-photon transition.

8. Discussion of Results

Let us estimate the expected fluorescence of a specimen
in the framework of the two-level model of interaction
between the nucleus and the laser radiation field. Pro-
vided that the rate of relaxation of level populations is
equal to v (we assume that the relaxation occurs owing
to the spontaneous radiation emission from the excited
state), and their coherence equals ', the stationary pop-
ulation of the excited state amounts to

Q0>
20>y +7 (72 + (6 +5)?)

1
P22 = 5 (64>

where ¢ is the detuning from the two-photon resonance.
For a free atom or ion in the field of laser radiation,
v = %(7 + L), where vy, is the diffusion coefficient
for the laser radiation phase [26], i.e. the width of the
laser spectrum in the case of monochromatic radiation.
From Eq. (64), taking into account that v < v, one
can see that, for the absorption to saturate at the reso-
nance, § + S = 0, the condition Q2| > /47, ~ 0.03 s71
must be satisfied. For instance, if v, /2m ~ 1 Hz, it is
obeyed at |Qg| ~ 0.03 s7!, and, if v./27 ~ 100 Hz,
at |Q| > 0.3 s'. The number of photons emitted at
the absorption saturation reaches the maximum value of
v/2 ~ 0.0001 s~! per each nucleus on the average.
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Since the nucleus spin changes from 5/2 to 3/2 at the
excitation of the nucleus, the hyperfine structure of en-
ergy levels of an atom or ion with the nucleus in the
isomeric state also changes. As a result, there emerges
a possibility of detecting the excited nucleus with the
help of optical laser radiation with the frequency tuned
to one of the transition frequencies between hyperfine
levels. Since the linewidths I'’s for the corresponding
electron transitions are of the order of 107 s~!, the exci-
tation of each nucleus stimulates the emission of about
107 photons during a second. The implementation of this
registration setup requires that atoms or ions should be
excited simultaneously from all sublevels of the hyper-
fine structure of the ground electron state of an atom or
ion with the isomeric nucleus in order to prohibit atoms
or ions to be accumulated on one of them when the tran-
sition from the excited state into the ground one takes
place in the course of spontaneous radiation emission.

Let us evaluate the Rabi frequency at the two-photon
excitation of Th®" ion. Its ground state has six hyper-
fine components with the total moment F' ranging from
0 to 5, and the ground state of the electron shell of an ion
with the excited nucleus has four hyperfine components
with the F-values ranging from 1 to 4. From expres-
sions (32), (53), and (63), one can see that the Rabi
frequency is maximal, if the product (fee — pgg)tteg is
maximal. This condition is satisfied for the transition
between the levels |g) = |F = 1,m = 0,1 = 5/2) and
le) =|F =1,m =1,I =3/2). In this case,

3
Mee — Hgg = 5//&13; (65)
preg = (=1) T g ||\ /2F + 1
Feme Iy J Fy | _ 7 lpegll
XCFgmglq{ Fe 1 Ie - %T (66)

For a laser radiation power of 100 mW and provided
that radiation is focused into a spot 1 pm in diameter,
we obtain I = 107 W/em?, with the Rabi frequency
of the transition, according to Eq. (63), being equal to
Qo ~ 0.07 s~ ! and the light shift, according to Eq. (62),
being equal to about 5.3 x 1076 s~1. So a small value of
light shift testifies that the very procedure of recording
the signal from a thorium nucleus inserts, in essence, no
additional error into the results of transition frequency
measurements. The actual accuracy of optical clocks
is governed by other factors, which are not associated
with the thorium excitation; in particular, these are the
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frequency stability of a radiation source and the field in
the trap. The indicated evaluation of the Rabi frequency
testifies to a capability of achieving the absorption satu-
ration at the two-photon transition in a thorium nucleus
by applying moderate-power laser radiation.

In order to enhance the fluorescence signal, it is neces-
sary to increase the number of irradiated thorium nuclei.
A high concentration of thorium nuclei can be achieved
in crystals. In this case, on the one hand, the Rabi
frequency becomes lower by three orders of magnitude,
because thorium is tetravalent in known chemical com-
pounds. On the other hand, however, the number of
thorium ions can be increased by many orders of mag-
nitude. Let us evaluate the number of emitted photons
in this case. In the case of the transition in Th4+, the
expression for the transition dipole moment looks like

||,U/eg|| Teme

1u’eg = 72]@ + 1 Igmglq’

For |g) = |I =5/2,m = 3/2) and |e) = |[I = 3/2,m =
3/2), we obtain i = \/% lttegll. For a laser radiation

q=me—my. (67)

power of 100 mW and if radiation is focused into a spot
1 pm in diameter, we obtain I = 10” W/cm?. Such
a radiation intensity cannot guarantee the absorption
saturation. The Rabi frequency )¢ of the transition, ac-
cording to Eq. (63), is of the order of 1 x 107° s~!, and
the term containing €2y in the denominator of expres-
sion (64) for pao can be neglected.

Let the crystal be illuminated with a laser beam char-
acterized by the spatial intensity distribution

2P 272
I = m exp <_u)2> s (68)
where P is the laser radiation power,
22
w = wo4/1+ 7 (69)

r is the distance from the point to the beam axis, wy
the minimum beam radius (the minimum distance from
the beam axis, at which the field decreases by a factor
of €), z the coordinate along the beam, b = mw? /) is the
confocal parameter, and A the wavelength of laser radi-
ation. Let us determine the number of photons emitted
per unit time from the irradiated crystal volume at the
two-photon excitation. Let the concentration of thorium
nuclei in the specimen be n. Then ynps2 photons are
emitted per unit volume per unit time. Taking the in-
equality Qg < 77 into account and integrating over the
whole specimen volume, we obtain the total number of

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 11

emitted photons per unit time,

r r nmP? Mge(,uee - Ngg) 2
F:/dr27rr / dznN = 3% < o
0 —o0
(70)

In work [21], while estimating the possibility of the cre-
ation of an optical v-laser on a LiCaAlFg crystal with
a thorium impurity, the concentration of the latter was
taken to equal 10'® cm™3, so that Th** ions did not
change the crystal structure substantially. For our esti-
mation, we adopt, as was done in the case of free ion,
that v/ = 7. Then, according to Eq. (70), the specimen
emits 3.6 photons per second if the radiation intensity is
10 W and v /27 = 1 Hz.

Now, let us evaluate the volume of the active region
in the crystal. For wg = 10 pm and A = 320 nm, we
obtain b = 1 mm. Therefore, the crystal volume can
be smaller than 0.1 mm3. Provided that the concen-
tration equals n = 10'® ¢cm™3, such a volume contains
n = 10 thorium atoms, 400 of which decay every sec-
ond. As a result, additional radiation may be gener-
ated, by depending on the crystal used. For example,
in a CaFy crystal 25 mm? in dimension, every a-decay
of 24 Am invoked scintillations (about 40 photons) dur-
ing 107° s in the spectral range of 220-400 nm far from
the length of the excited ?2Th fluorescence signal |27].
This radiation can be reduced considerably by applying
a thin specimen in order to allow a-particles to leave it
quickly after the decay. In particular, a crystal 1 pm in
thickness on a metal substrate can be used, in which the
fluorescence can be excited with the help of a surface
electromagnetic wave.

9. Conclusions

Our analysis of two-photon optical transitions in a 22°Th
nucleus showed that the averaged intensities of a propa-
gating monochromatic wave and the field of a sequence
of short light pulses, which are required for the identi-
cal excitation of nuclei, are equal to each other. The
light shifts in the polychromatic and monochromatic
fields are also identical. Since radiation for the exci-
tation of nuclei (with a wavelength of about 320 nm)
is generated in multiphoton processes, it is easier to
obtain the required intensity of laser radiation from a
pulse sequence rather than from monochromatic radia-
tion. Moreover, the application of two-photon transi-
tions allows the background scattering signal to be re-
duced substantially, because nuclei are excited at a fre-
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quency that is half as high as that for the fluorescence
signal. Another advantage of the pulse excitation con-
sists in a possibility of measuring the frequency of the
nuclear transition, provided that the excitation is car-
ried out with the help of a broadband frequency comb.
While irradiating Th®*+ thorium ions in an electromag-
netic trap and at a pumping power of 100 mW, the ab-
sorption saturation at the two-photon transition can be
attained. With regard for the long lifetime of excited
nuclei at their detection, an auxiliary radiation can be
used, which is in resonance with one of the transitions
between the components of the hyperfine structure of
a thorium ion with the isomeric nucleus. This circum-
stance allows the fluorescence signal to be enhanced by
several orders of magnitude. If a 10-W laser radiation is
used to excite Th** ions in a solid, several photons per
second can expectedly be emitted with a frequency equal
to that of the optical transition in a thorium-229 nucleus.
Thus, the method proposed here for the creation of ex-
cited isomeric state of thorium-229 on the basis of the
two-photon absorption can be used in both solid-state
optical nuclear clocks and clocks on the basis of ions in
an electromagnetic trap.

This work was supported by the State Fund for Funda-
mental Researches of Ukraine (project F40.2/039), the
Austrian Science Fund (FWF, project M1272-N16), the
Federal Goal-oriented Program “Scientific and pedagog-
ical staff for innovative Russia in 2009-2013” (grants
GK 14.740.11.0463 and GK 16.740.11.0586), and the
Russian Foundation for Basic Research (grant RFFI-11-
02-90426_Ukr F _a).

1. W. Markowitz, R. Glenn Hall, .. Essen, and J.V.L. Parry,
Phys. Rev. Lett. 1, 105 (1958).

2. T.E. Parker, Metrologia 47, 1 (2010).

3. C.W. Chou, D.B. Hume, J.C.J. Koelemeij,
D.J. Wineland, and T. Rosenband, Phys. Rev. Lett.
104, 070802 (2010).

4. B.R. Beck, C.Y. Wu, P. Beiersdorfer, G.V. Brown,
J.A. Becker, K.J. Moody, J.B. Wilhelmy, F.S. Porter,
C.A Kilbourne, and R.L. Kelley, in Proceedings of
the 12th International Conference on Nuclear Reaction
Mechanisms, Varenna, Italy, 2009 (2009), paper LLNL-
PROC-415170.

5. E. Peters, S.A. Diddams, P. Fendel, S. Reinhardt,
T.W. Hénsch, and Th. Udem, Opt. Express 17, 9183
(2009).

6. V.V. Flambaum, Phys. Rev. Lett. 97, 092502 (2006).

7. E. Litvinova, H. Feldmeier, J. Dobaczewski, and V. Flam-
baum, Phys. Rev. C 79, 064303 (2009).

1130

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.
27.

. E. Peik, K. Zimmermann, M. Okhapkin, and Chr. Tamm,

in Proceedings of the 7th Symposium on Frequency Stan-
dards, and Metrology, edited by L. Maleki (World Scien-
tific, Singapore, 2009), p. 532; arXiv:0812.3458.

. S.G. Porsev, V.V. Flambaum, E. Peik, and Chr. Tamm,

Phys. Rev. Lett. 105, 182501 (2010).

C.J. Campbell, A.V. Steele, L.R. Churchill, M.V. DePa-
latis, D.E. Naylor, D.N. Matsukevich, A. Kuzmich, and
M.S. Chapman, Phys. Rev. Lett. 102, 233004 (2009).

C.J. Campbell, A.G. Radnaev, and A. Kuzmich, Phys.
Rev. Lett. 106, 223001 (2011).

W.G. Rellergert, D. DeMille, R.R. Greco, M.P. Hehlen,
J.R. Torgerson, and E.R. Hudson, Phys. Rev. Lett. 104,
200802 (2010).

G.A. Kazakov, M. Schreitl, G. Winkler, J.H. Sterba,
G. Steinhauser, and T. Schumm, arXiv:
ph/1110.0741v1 (2011).

L.S. Vasilenko, V.P. Chebotaev, and A.V. Shishaev,
Pis’'ma Zh. Eksp. Teor. Fiz. 12, 161 (1970).

S.G. Porsev and V.V. Flambaum, Phys. Rev. A 81,
042516 (2010).

G. Audi, O. Bersillon, J. Blachot, and A.H. Wapstra,
Nucl. Phys. A 729, 3 (2003).

S.G. Nilsson, Kgl. Danske Videnskab. Selskab. Mat.-Fys.
Medd. 29, N. 16, 1 (1955).

E. Ruchowska, W. A. Pléciennik, J. Zylicz, H. Mach,
J. Kvasil, A. Algora, N. Amzal, T. Back, M.G. Borge,
R. Boutami, P.A. Butler, J. Cederkill, B. Cederwall,
B. Fogelberg, L.M. Fraile, H.O.U. Fynbo, E. Hagebg,
P. Hoff, H. Gausemel, A. Jungclaus, R. Kaczarowski,
A. Kerek, W. Kurcewicz, K. Lagergren, E. Nacher,
B. Rubio, A. Syntfeld, O. Tengblad, A.A. Wasilewski,
and L. Weissman, Phys. Rev. C 73, 044326 (2006).

A.M. Dykhne and E.V. Tkalya, Pis'ma Zh. Eksp. Teor.
Fiz. 67, 233 (1998).
C.E. Bemis, F.K. McGowan, J.L.C. Ford, W.T. Mil-
ner, R.L. Robinson, P.H. Stelson, G.A. Leander, and
C.W. Reich, Phys. Scr. 38, 657 (1988).
E.V. Tkalya, Phys. Rev. Lett. 106, 162501 (2011).
L.D. Landau and E.M. Lifshitz, Mechanics (Butter-
worth-Heinemann, Oxford, 2001).
B.W. Shore, The Theory of Coherent Atomic Ezcitation
(Wiley, New York, 1990).
V.S. Letokhov and V.P. Chebotayev, Nonlinear Laser
Spectroscopy (Springer, Berlin, 1977).
R.H. Dicke, Phys. Rev. 89, 472 (1953).
R.J. Cook, Phys. Rev. A 21, 268 (1980).
V.B. Mikhailik, H. Kraus, J. Imber, and D. Wahl, Nucl.
Instrum. Methods A 566, 522 (2006).
Received 10.04.12.
Translated from Russian by O.I. Voitenko

atom-

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 11



DIRECT TWO-PHOTON EXCITATION OF ISOMERIC TRANSITION

MMPAME IBO®OTOHHE 3BVIXKEHH ISOMEPHOI'O
IMEPEXOIY B fJ1PI TOPIFO-229

B.I. Pomanenko, O.I. Yodosuuvka, JI.II. Huewxo,
0.B. Pomanenxo, A.H. Jlimeinos, I"A. Kasaxos

Peszmowme

Posrusimaerbest MoXKIuBICTD 1BOMOTOHHOTO 30Y/I2KEHHS 130MEPHO-
ro crany B siapi Topiro-229. ITokazamo, mo inTencusHicTb duryope-
CUEHIIT OIHAKOBA IPU 30YI2KEHH] s1/Iep MOHOXPOMATUYIHUM BUIIPO-
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MiHIOBaHHSAM 200 MOIIXPOMATUIHUM BHIIPOMiHIOBAHHAM IIOCIIiIOB-
HOCTi KOPOTKHX CBIiTJIOBHX iMIIyJsbCiB Ti€l 2k iHTeHCcmBHOCTI. Ilpnm
nBocdoronnomy 36ymkenni iona Th3t B emexrpomarmiTwiii mac-
TIi cPOKyCOBaHUM BUIIPOMIHIOBAHHSIM JIa3epa 3 JOBXKWHOIO XBHJII
~ 320 uM i moTyxkwHicTio 6/13pkK0 100 MBT MoxkHA mocsarTu macu-
YeHHs IIOIVIMHAHHSA, 338 fKOTO BUIIPOMIiHIOBaHHS (bJIyOpeCLeHIl 3
FaCTOTOIO IIEPEXOAy B siApi MakcuMaJjbHe. B Kpucranax, gomosa-
mux Th*t 3 kounenrpaniero 6usnko 1018 em~3, y mosti nazepuoro
BUIIPOMiHIOBaHHSA NOTY>kKHicTIO 10 BT MOK/IMBEe BUIIDOMiHIOBaHHS
KIJIbKOX (POTOHIB 3a CEKYHIy 3 JOB2KUHOIO XBuii ~ 160 HM.
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