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LIGHT PRESSURE

ON NANOPARTICLES IN THE FIELD

OF COUNTER-PROPAGATING BICHROMATIC
WAVES WITH AN ADDITIONAL RELAXATION
CHANNEL FOR THE EXCITED-STATE POPULATION

1. Introduction

The control over the motion of atoms and small par-
ticles with the help of laser radiation forms a basis
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Light pressure on nanoparticles containing impurity atoms or color centers interacting reso-
nantly with the field has been considered. In the general case, the available crystalline envi-
ronment of atoms prohibits the formation of a two-level interaction scheme of the atom or
the color center with the field by eliminating the prohibition on some transitions with sponta-
neous radiation emission. As a result, some atoms remain temporarily in the states that do
not interact with the laser radiation field, but relax in time to the ground state. A theory which
enables the calculation of the light-pressure force on atoms or color centers (and, accordingly,
on the nanoparticle, where they are located) and its dependence on the atom—field interaction
parameters, as well as the relazation parameters of the excited and intermediate states, has
been developed. To analyze the influence of various factors on the light-pressure force, calcu-
lations are made for a model set of parameters and for the parameters corresponding to the
interaction between triply charged erbium ions in erbium-doped Y2SiOs crystals and color cen-
ters that emerge owing to the occupation of defects in diamond crystals by silicon atoms. It
turned out that the color centers make it possible to reinforce the light pressure on small, much
smaller than the light wavelength, nanoparticles by several orders of magnitude.
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for the novel technologies aimed at manipulating bi-
ological objects [1, 2], as well as for new frequency
standards [3, 4] and atomic gravimeters [5]. The ma-
nipulation of nanoobjects by means of laser radiation
is performed via the light-pressure force.
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In the simplest case of interaction between an atom
and a monochromatic traveling wave, the radiation
force can reach the value [6, 7]

1
Frad = §hk77 (1)

where ~ is the rate of spontaneous emission by
the atom in the excited state, k = 27/A, and A
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Fig. 1. Schematic diagram of the interaction between light
and atoms that are resonant to laser radiation

is the laser radiation wavelength. This fundamental
limit for the maximum light pressure on atoms lo-
cated in the traveling-wave field can be exceeded,
if the atom is subjected to the action of counter-
propagating waves. In particular, this can be a se-
quence of counter-propagating light m-pulses [8], or
counter-propagating bichromatic [9-14], frequency-
modulated [15], or stochastic [16] waves, or coun-
ter-propagating waves of other types [14]. Besides
the formation of the light-pressure force, counter-
propagating waves can be used to hold atoms in a
certain spatially confined region (in the atomic trap)
[17—-20].

The basis of the light-pressure action on atoms con-
sists in the possibility of a cyclic interaction between
the atoms and the field, when the spontaneous ra-
diation emission by an atom in an excited state is
accompanied by the transition of this atom into the
ground state. This event becomes possible, because
the selection rules prohibit transitions to other, non-
working states. In the case where an atom is located
in a crystalline environment, a lot of transitions that
are forbidden for a free atom become allowed owing
to the influence of the crystal-lattice field. As a re-
sult, the two-level scheme of the atom—field interac-
tion becomes impossible. The transitions of the atom
to states different from the ground and excited ones
are followed in time by its return to the ground state.

Color centers in crystals interact with laser radia-
tion in a similar way. They arise as a result of the elec-
tron capture by defects in the crystal lattice. In what
follows, when considering the interaction of impurity
atoms in crystals with the laser radiation field, we
also mean the interaction of color centers with laser
radiation. Below, both impurity atoms and color cen-
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ters will be called “active atoms” due to the resonant
character of their interaction with laser radiation.

The interaction of an active atom with the field
in the presence of an additional relaxation channel
can be approximately described by the three-level
schematic diagram shown in Fig. 1. In the figure, |e) is
an excited state of the active atom, |g) is its ground
state, |r) is a set of states into which the atom can
transit from the excited state after the spontaneous
radiation emission, « is the probability of a transi-
tion into the |g) state after spontaneously emitting
one photon, 7op¢ is the rate of spontaneous emission
from the excited state, 7, and 7, are constants de-
scribing the population relaxation in the states |g)
and |r), and € is the Rabi frequency, which is pro-
portional to the intensity of the electric field created
by laser radiation (it is responsible for the interac-
tion of radiation with the atom). The atom is also
characterized by one more parameter, which is not
indicated in the figure: the coherence relaxation rate
Yeoh (the non-diagonal element in the density matrix,
which couples the states |e) and |g)).

The transition frequencies of active atoms have
to differ slightly from one another in order that all
those atoms, if possible, interact resonantly with
the field. Lanthanides, because of their possibility to
transit between the states related to inner electronic
shells whose energies are less dependent on the crystal
environment, are obvious probable candidates for the
study of the induced light pressure on solids with in-
clusions of active atoms. Another candidate for impu-
rities in solids, which allow the light-pressure force to
be significantly increased, is color centers. The influ-
ence of the crystalline environment in solids on their
transition frequency is small because of the symme-
try of their interaction with the crystalline environ-
ment. Examples of both variants — lanthanides and
color centers — will be considered below.

The structure of the paper is as follows. The next
Section contains basic equations. In Section 3, it is
shown how the solution to the equations for the den-
sity matrix is constructed and how the light-pressure
force on an atom (or a solid body containing this
atom) in a monochromatic wave field is calculated
in the framework of the three-level atom model. A
theory of light pressure on a three-level atom in the
field of counter-propagating bichromatic waves is de-
veloped in Section 4. In Section 5, the results of nu-
merical calculations of the dependence of the light-
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pressure force on some parameters describing the
atom and its interaction with the field are presented,
as well as the results of calculations of the force exert-
ing by the light field of counter-propagating bichro-
matic waves on a Y2SiOj5 crystal doped with erbium
ions; here, erbium ions are “active atoms”. In addi-
tion, the light-pressure force on diamond nanopar-
ticles with silicon impurities is also considered. The
latter favor the formation of color centers with spec-
troscopic characteristics that provide a rather strong
light-pressure force on the nanoparticles. The main
conclusions of the work are given in Section 6.

2. Basic Equations
2.1. Electric field

Let the electric field strength created by two counter-
propagating waves with the same carrier frequency w
at the point, where an atom is located in the nanopar-
ticle, be described by the formula

E = E;(t) cos[wt — kz + ¢1] +
+ E5(t) cos[wt + kz + ¢2). (2)

Here, E; and E; are the time-dependent (in the gen-
eral case) amplitudes of the field strengths of the
counter-propagating waves, and ¢; and ¢o are the
phases of those waves. The relation between the elec-
tric field at the atomic location point and the field
beyond the nanoparticle depends on the nanoparticle
shape. For example, the field strength E in a spher-
ical nanoparticle whose size is small in comparison
with the wavelength is coupled with the field Fj,. in
the medium via the formula [21]
3’/12

E = ———FEjnc, 3
n1—|—2n2 ¢ ( )

where n, is the refractive index of the nanoparti-
cle material, and ny is the refractive index of the
medium.

If there is only one monochromatic traveling wave,
then Ey(t) = 0, E1(t) = Ey, and ¢; = 0 in Eq. (2)
so that

E = E cos(wt — kz). (4)

In the case of counter-propagating bichromatic
waves, we have ¢1 = ¢ = 0,

1
E; = Ejycos (5t + 2cp>,

1
E5 = Ejcos (5t — 290).
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The frequencies of the monochromatic components of
bichromatic waves are equal to w 4+ § and w — §. The
phase difference between the counter-propagating
amplitude-modulated waves equals . The field act-
ing on the atom looks like

1
E = Eycos(wt — kz) cos (575 + 29@) +

+ Eg cos(wt + kz) cos <5t - ;go) (6)

2.2. Equation for the density matriz

The equation for the density matrix, which describes
doped atoms or color centers in nanoparticles, reads

0

where H is the Hamiltonian of the atom in the laser
radiation field, and the term R describes the relax-
ation. In turn, the Hamiltonian has the form

H = Tw,le)(e| + hw,|r)(r| — d E, (8)

where w, is the frequency of atomic transition (the
energy difference between the |e) and |g) states in
Fig. 1), hiw, is the energy of the state |r), and d is
the dipole moment operator. In Eq. (8), the energy of
the state |g) is assumed to equal zero, and the kinetic
energy of the nanoparticle is not taken into account
because of the large mass of the nanoparticle which
the atom is connected with.
Let us introduce the detuning

A=w,—w 9)

of the carrier frequencies of the counter-propagating
waves from the frequency of the resonance transition
in the atom and change from the basis of “bare” states
lg9), |e), |r) to the rotating basis

) =1g) [e) = eien=tle),
[16,) = eitor= ).

The density matrix in the basis of “bare” atomic
states, o, is expressed through the density matrix in
the rotating basis, p, as follows:

(10)

Qg9 = Pgg>
Qee = Pee
Oge = pgeei(wa—A)ta (11)
Qeg = pege_i(wa_A)tv
Orr = Prr-
221
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The transformations of the off-diagonal elements that
include the state |r) are not given here, because they
are not essential to our problem. Then, substituting
Egs. (8) and (11) into Eq. (7), we obtain

Opgg 1

. O* O* 1. O O
o 515 L 0112

+ Voptapee + ’)/rprr - ’nggga

Opge 1./~ =~

00
+ (ZA - ’Ycoh) Pge>s (12)
Oprr

ot = —YrPrr + YgPgg + ’Yopt(l - a)pee,

Peg = p;ev pee =1 = pgg — prr.

Here, the complex Rabi frequencies were introduced:

QZ _ Qlei¢2+ikvt+ikz7 (13)

ﬁl — Qleid)lfikvtfikz,
where z is the atom’s coordinate at the time ¢ = 0 in
the laboratory reference frame, and v is the projection
of the atom’s velocity onto the z-axis. The atomic mo-
tion leads to the Doppler shift of the frequencies of the
counter-propagating waves “seen” by the atom. The
Rabi frequencies 21 and 25 are defined as follows:

1

T h

In the absence of a laser field, Egs. (12) give the equi-

librium values for the populations of the states |e),

lg), and |r):

= =0
Yr + Vg Yr + Vg

1
92 dee B, Q= % dy Es. (14)

Pag y Pee = 0. (15)
Note that the sum of the constants +, and v, gives the
relaxation rate of the populations in the states |e) and
lg) to equilibrium values (15), and their ratio is equal
to the ratio between the equilibrium populations.

The constant 7yeon in Egs. (12) is the relaxation
rate of coherence pg.. It is related to the constants
Yopt and 7, via the relation

1

1
Ycoh = 5'70pt + 5 Yg + 7V,

where the term g is associated with the influence
of the environment on the growth of the coherence
relaxation rate. The minimum coherence relaxation
rate is obviously equal to %%pt + %'yg.

When obtaining Eqgs. (12), the rotating-wave ap-
proximation was used.
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(16)

2.3. Light-pressure force
acting on nanoparticles

The force of light pressure acting on a nanoparticle
is obviously equal to the sum of the light-pressure
forces acting on all active atoms in that nanopar-
ticle. The force acting on an atom that is located in
the nanoparticle and resonates with laser radiation is
determined by the expression

F=—(VV), (17)

where V' is the Hamiltonian component responsible
for the interaction of the atom with the field; in the
dipole approximation, V' = —dE. The angular brack-
ets (...) denote the averaging over the atomic ensem-
ble. It can also be said that expression (17) describes
the force of light pressure acting on a mass that is
equal to the mass per one atom in the nanoparticle
that interacts in a resonance manner with the laser
radiation field (the active atom).

Since only the off-diagonal elements of V differ
from zero, the z-projection of the light-pressure force
equals

F, = —2Re g4 Ve .

0z

(18)

Expression (18) depends on both the coordinate and
the time.

We consider the interaction of an active atom with
the field in the reference frame coupled with the
nanoparticle. For field (2), the expression for V.
takes the form

Vge = hQ (t) cos[wt — kz — kvt + ¢1(t)] +

+ hQs(t) cosjwt + kz + kvt + ¢a(t)], (19)

where ©; and Q are determined by formulas (14).
After the atoms began to interact with the field,
and some time 74 elapsed, a quasi-stationary solu-
tion to Egs. (12) for the the density matrix is es-
tablished. Then, the time-averaged value of the light-
pressure force acting on one atom is equal to

T+7gs

7 / F.(z,t)dt,

Tqs

(20)

where the time interval T' is large as compared to
27/6. In so doing, we neglect the variation of the
nanoparticle velocity during the time interval T
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After substituting Eq. (19) into Eq. (18) and taking
Eq. (11) into account, in the rotating wave approxi-
mation, we have

F.(z,t) = —hkIm (pegﬁl - pegﬁg). (21)
Here, the complex Rabi frequencies are determined
by equalities (13). Then, expression (21 for the inter-
action of the atom with the field of a monochromatic
wave (4 takes the form
F.(z,t) = —hkIm (pegQoe ™ Hv1=H), (22)
where Qp = —%dgeEo.

In the case where the atom interacts with counter-

propagating bichromatic waves (6), expression (21)
for F(z,t) looks like

F.(z,t) = —hkIm [pegQOe’kvtm cos <5t 4 QQD) _

. 1
— PegQoe*VITRz cog (5t - 2(,0)]. (23)

The light-pressure force averaged over the ensem-
ble of atoms that are resonant to laser radiation is
obtained by averaging Eq. (20) over the initial atomic
coordinate in the laboratory reference frame,

2m/k

_ ok -
F—% / F,(2)dz,

0

(24)

3. Light-Pressure Force Acting
on a Nanoparticle in the Field
of Monochromatic Traveling Wave

For a monochromatic traveling wave, an ana-
lytic expression for the light-pressure force can be
found. From Egs. (12) and taking the definition of
complex Rabi frequencies into account [see Egs. (13)],
we obtain the following equations for the quasi-
stationary elements of the density matrix:

1 . ) 1 ) .
0 _ Eipgegoelkvt+2kz o Eipeggoefzk'utfzkz +

+ Yopt¥Pee + VrPrr — VgPgg>

1. T
0= 52906 ikvt—ikz (ng_pee)""

+ (ZA + kv — ’Vcoh)pgm (25)
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0=—prr + YgPgg + 'Vopt(l - a)pee7
Peg = P;e, Pee =1 = pgg — prr-

The substitution of the solution to those equations
into expression (22) for the force of light pressure in
the field of a monochromatic traveling wave gives

F(th) = th(Q)’Ycoh’VT’Vopt X
x [Q(A + k) (e + Yg)Yopt +
+ 93700}1 (2'77" + 7 + (1—- O‘)'YOpt) +

-1
+29%n (7 + %)%pt} - (26)
As one can see, the force of light pressure in the field
of a monochromatic traveling wave does not depend
on the time and the coordinate.

The populations of the excited, n, = pee, and
ground, ng = pyg, states equal

Ne = Q(2)’Vcoh7r [Q(A + kv)Q('Yr + ng)fYOpt +

+ Q(%’Ycoh (2’77‘ + Y+ (1 - O‘)'yopt) +
-1

+ 2920 (% + V) Yopt ] (27)
g = o[22 Yopt + Yeon 2 +

+ 29opt (A2 + (k:v)2)] X

x [28 + ko) (3 + 7)o +

+ Q3veon (29 + 79 + (1 — @)Yopt) +

+ 292 (% + %) Yot B

By comparing Egs. (26) and (27), we see that
F(z,t) = hkyoptne, (28)

which is in total agreement with the elementary the-
ory of light pressure [6].

If we put @ = 1 and 74 = 0 (there are no |r) states)
in Eq. (26), we obtain an expression for the light-
pressure force in the two-level scheme of atom—field
interaction [6]:

1
F(Z, t) = ithg’YCOthopt {(A + kv)zfyopt +

(29)
223
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As the field intensity grows, the expressions ob-
tained for the light-pressure force in the field of a
monochromatic traveling wave reach the correspond-
ing maximum values:

hk’Yopt’Yr
[’Yopt(l —a)+ 2y + 'Yg]

Frax = (30)

for the three-level scheme of atom-field interaction

and -
F2 max — ';Opt (31)

for the two-level one. It is easy to see that F5pax >
> Fax for all time. The equality sign corresponds
to the case @ = 1 and v, = 0, when the three-level
system becomes a two-level one.

4. Light-Pressure Force
Acting on a Nanoparticle in the Field
of Counter-Propagating Bichromatic Waves

If the Doppler frequency shift is small, the solution
to the equations for the density matrix (12) can be
found in the form of a Fourier series. Bearing in mind
that the “active” atoms comprise only a small frac-
tion in the composition of the nanoparticle material,
one may expect that the acceleration of nanoparti-
cles — and, hence, the velocity that they be acquired,
when interacting with the field — is low. An obvi-
ous criterion that the velocity is low is a small value
of the Doppler shift in comparison with the sponta-
neous emission rate for the atom from the excited
state, kv < Yopt. For example, for A = 0.6 nm and
Yopt/ (2m) = 10 MHz, we have v < 6 m/s. Under opti-
mal conditions for the atom—field interaction [12], the
much weaker requirement kv < § can be the criterion,
since, in this case, the width of the maximum in the
dependence of the light-pressure force on the atomic
velocity for a two-level atom is somewhat smaller than
5/(2k).

The solution to Egs. (12) for the density matrix in
the case of low nanoparticle velocity can be presented
in the form of the Fourier series,

o0
_ wndt
Ppq = E , Tpgn€

n=—oo

(32)

where the subscripts p and ¢ enumerate the atomic
states. We should substitute Eq. (32) into the equa-
tions for the density matrix [Eq. (12)] and for the field
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[Eq. (5)], and equate the terms on the right- and left-
hand sides of the equations with the same multipliers
e As a result, we get

1 . . . .
indrggn = zirge,n—lQo (62kz+%w + e_lkz_%“’> +
+ iirge n+IQO (eikz—%icp + e—ikz—&-%iap) —

1. kst l ks 1i

1. ka1 kst li
— ereg,n-‘rlQO (e ihz=gie 4 elk’”?w) +

+ Yopt AT ee,n + YrTrrm — YgTgg,n»

) 1. . 1. 1

iNdTge,n = —zon (e thztyie 4 otk 2“") Wp—1—
1. —ikz—Lip ikz+Lip

- E’LQO e 2t e ') Wy +

+ (iA - 'Ycoh) Tge,ns (33)

in(srrr,n = —VrTrrmn + YgTggn + ’Yopt(l - a)ree,'m
*

Tegn = Tge,—n> Teen + Tg9g9,n + Trrn = §n7

Wn = Tee,n — Tgg,mns

Here, w, is the Fourier component of the population

inversion pee — pgg = wpe™t, and

€ = 1 n=0
"0 n#o.
The time-averaged value of the light-pressure

force (23) acting on an atom with the coordinate z
in the nanoparticle is given by the expression

F.(2) = hkQo Im [—reg,,le*ikm“’/ 2_

—ikz—ip/2 +

(34)

—reg,le

n Teg,ileikz—iz,a/Q + Teg7leikz+iga/2:| . (35)

To find the light-pressure force per one atom in the
nanoparticle, we must solve Eq. (33), substitute the
solution into Eq. (35), and further average the result
over z. For this purpose, using Eq. (33), we determine
Trrms Tee,n, and 7. as functions of wy,:

. _ —(Yopt (1 — ) + idn + v, )wy,
IO 206 + 29, + Yopt (1 — @) + 4
(9 + i6n)E,,
2i6n + 27, + Yopt (1 — @) + 74
(i1 + vg + Yr)Wn + &n(yr + id0)
2i6n + 27, + Yopt (1 — @) + 74
Trrn = fn —Tgg,n — Tee,n

ISSN 2071-0186. Ukr. J. Phys. 2023. Vol. 68, No. 4
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Then we substitute the expressions found for 744,
Teem, and T, into Eqgs. (33). As a result, these equa-
tions take the form

. 1.
0= §2arge’n,1ﬂo + ilbrge’nJrlQO _

1. 1.
— iszegm_lQO — izaTegmHQo +
+ Fl,nwn + gnFO,na

1 1
inérge,n = —§i90b’wn,1 — §i§20awn+1 +

. *
+ (ZA - F)/coh) Tgens  Tegim = Tge,—n-

Here, we introduced

1 1
a = cos (kz + 290), b = cos (kz — 290)

and . . .

]_"0 — (Za'yopt — g — Ur + 5”)571 + YrYopt
i 2i0m + 279, + Yopt (1 — @) + 74

(g + yr + i61) (Yopt + i0n)

2061 + 279, + Yopt (1 — @) + 74

i

(39)

I‘LnO ==

The case with v = 1 and v, = 0 corresponds to the
two-level scheme of atom—field interaction.

To calculate the light-pressure force from Egs. (37),
we have to find rey,—1 and reg 41, and substitute the
obtained values into Eq. (35) with the subsequent av-
eraging over z. We have

1 QO (bwnfl + awn+1)

en — ; 5 40
"ge, 2 —iYeon —A+nd (40)
which gives

10 n—1 + bw,
Feon = 3 o(awn—1 + bwy41) (41)

—iYeoh + A + nd

Here, we account for that w*, = w,, because the
population inversion is a real-valued quantity. Sub-
stituting expressions (40) and (41) into the first of
Egs. (37), we obtain

An+2wn+2 + Bhw, + Anwn—2 = Dﬁna (42)
where )
1abS)
An:_io _1(5—‘coa
L

i0% [ a? b? a? b?
4 \Un—1  Upt1  Upg1l  Un—i
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(n(S — iy — i'yg)(_n(S + Z"Yopt)

- , 43
2001 4 29, + Yopt (1 — @) + 74 (43)
_ YrYopt
Vg + 27 + (1 = @)Yopt
Here,
Up = —A —iYeoh + N0, UV = A —iveon + 1o, (44)

By its form, the recurrence relation (42) for the
Fourier components w,, of the population inversion
coincides with a similar relation for the case of in-
teraction between a two-level atom and counter-pro-
pagating bichromatic waves [9]. Let us solve it by
reducing the three-term relation to a two-term one.
Note that if n > 0, the right-hand side of Eq. (42)
equals zero. All w,, with odd n also vanish. Let us in-
troduce a set of ratios II,, = wyy2/w,. As a result,
Eq. (42), yields

Ap
Wy, (An+2ﬂn + B, + il ) =0. (45)

n—2

This equation is valid for n > 2. From whence, we
have the following binomial recurrence relation for
IL,,:

An

I, o=——F——F7—+.
2 An+2Hn + Bn

(46)
Putting II,, = 0 for a sufficiently large n and using
formula (46), we iteratively determine all IT,, down to
ITy. Then, knowing at least one of the Fourier com-
ponents of the population inversion and using the al-
ready known sequence of II,,, we can find values for
all required w,,.

Equation (42) for n = 0 looks like
Aswsy + Bowg + Agw_o = D (47)
and makes it possible to determine wg. Let us express
w_o and ws in terms of wy and Ilj:

wy = Mowy, w_g =wj = I{w; = Hijwo. (48)
Substituting Eq. (48) into Eq. (47), we obtain
D
woy = . 49
O AjTHo + By + Aoll; (49)
Here, we took into account that A, = A.
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The time-averaged populations of the ground, 4 o,
and excited, 7.0, states depend on the coordinate
and are equal to

Yr — Wo [(]- - a)'yopt + ’77"}
(1 - Of)’)/opt + 277 + Vg
(’W + ’Yg)wO +
(1 - O‘)ryopt + 277" + Yg '

ng:

b

(50)

Ne =

To find the light-pressure force acting on an atom
from Eq. (35), it is necessary to express the off-
diagonal elements of the density matrix that are con-
tained in this equation in terms of wqg and Il accord-
ing to formula (41):

1 Qo (b + all}y)
T = 5 i F A
1 Qo (bIly + a)
Teot = e+ AT

(51)

To obtain the averaged force of light pressure act-
ing on slow nanoparticles, we should average expres-
sion (35) for the light-pressure force:

A
O/F(z) dz.

Similarly, by averaging Eq. (50) over the coordinate,
it is possible to find the populations in the ground
and excited states, and, using the normalization con-
dition, the population of the |r) state.

F= (52)

> =

5. Results and Discussion

The light-pressure force has been studied in the
framework of the two-level model of interaction be-
tween the atom and bichromatic waves for more than
three decades [9-14|, and the interest in it still re-
mains high [22-24]. The aim of our research is to find
how the model parameters associated with the pres-
ence of an additional level affect the light-pressure
force. Another parameter that will be considered here
and whose variation has not been analyzed earlier
is the coherence relaxation rate ~ycon. As was shown
above (see Section 2.2), its minimum value equals
% ('Vopt + '79)'

In what follows, from the whole set of parameters
of the problem, the attention will be focused on those
that provide optimal conditions for the interaction of
atoms with the field. It is known that a strong light-
pressure force and, simultaneously, a large width of
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the maximum in the light-pressure force dependence
on the atomic velocity can be achieved at some com-
bination of mutually related ¢-, §-, and @-values. In
work [12], the force of bichromatic light pressure was
analyzed in the basis of “dressed” states in the frame-
work of the Floquet approach. It was shown that this
force emerges as a result of the Landau—Zener transi-
tions between “dressed” states (the eigenstates of the
Floquet Hamiltonian). Under the condition ¢ = /4
and, at the optimal Rabi frequency

QO = 6\/67

the force acting on an atom dwelling in one of the
“dressed” states reaches a maximum value and equals

2hk6
Fbichro = .
™

(53)

(54)

In order to determine the average force acting on an
atom, it is necessary to know the populations in the
“dressed” Floquet states. It is important that those
states are divided into two classes in which the atoms
are subjected to the action of forces which have iden-
tical magnitudes, but opposite directions. As a result,
the resulting force is less than the maximum force (54)
and can be found only using numerical methods. In
calculations [11-13], the obtained maximum values
were half the value given by Eq. (54). This fact
testifies that the populations of “dressed” states in
the cited calculations were % and i. These popula-
tions depend on the relaxation constants. Since it was
taken that Yeon = Yopt/2 in the cited works, the rele-
vant calculations almost always gave a pressure force
value close to %Fbichro.

Below, the light-pressure force is calculated as-
suming condition (53). We compare the light-pressure
force acting on nanoparticles in the field of counter-
propagating bichromatic waves [Eq. (24)] with the
maximum force of light pressure acting on nanopar-
ticles in the field of a monochromatic traveling wave
[Eq. (30)], as well as with Fhichro-

5.1. Examples of calculations
for a parameter set

First of all, let us consider how the light-pressure force
depends on the parameter «, which describes the ra-
tio between the numbers of spontaneous transitions
onto the lower working level |¢g) and the remaining
levels |r), where the atoms do not directly interact
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with the laser radiation field. The results of calcula-
tions obtained for various coherence relaxation rates
are plotted in Fig. 2. As one can see, for the selected
parameters of the atom—field interaction, the light-
pressure force acting on a nanoparticle in the field
of counter-propagating bichromatic waves can exceed
the light-pressure force acting on a nanoparticle in
the field of a monochromatic traveling wave by more
than an order of magnitude. As « increases, the ratio
F/Fpax decreases. It should be noted that the light-
pressure force magnitude (rather than the F/Fp.x
ratio) increases a little with the growth of . Figure 2
demonstrates the expected decrease of F / Finax with
the increase of vcop, in total agreement with the fact
that the induced light-pressure force observed in the
field of counter-propagating light waves is a coherent
phenomenon.

In Fig. 3, the a-dependences of the light-pressure
forces acting on a nanoparticle at various values of
the sum 74, + 7, of the relaxation rates in the |g)
and |r) states are compared. The general behavior of
the dependencies shown in Fig. 3 is similar to that of
the curves plotted in Fig. 2. Curve 10 in Fig. 3 and
curve 9 in Fig. 2 are identical, because they corre-
spond to the same parameter values. As one can see,
the light-pressure force decreases with the growth of
¢+ because the coherence relaxation rate o1 also
increases in this case.

Figures 2 and 3 demonstrate the values of the light-
pressure force acting on a nanoparticle in the field of
counter-propagating bichromatic waves normalized to
Flhax, the light-pressure force maximum in the field
of a monochromatic traveling wave [Eq. (30)]. Since
Flax depends on three relaxation constants and a,
it is difficult to assess, from those figures, a change
in the “bichromatic” force magnitude itself, when the
parameters of the atom—field interaction vary. To il-
lustrate this dependence, it is desirable to compare
the light-pressure force acting on a nanoparticle in the
field of counter-propagating bichromatic waves with
either the light-pressure force maximum in the two-
level model of an atom in the field of a monochromatic
traveling wave, Fbmpax, or the maximum possible
light-pressure force in the field of counter-propagating
bichromatic waves, Fpichro-

In Fig. 4, the a-dependences of the light-pressure
force F' acting on a nanoparticle are plotted for vari-
ous values of the relaxation rate v, + 7, between the
states |g) and |r), and the same values of other pa-

ISSN 2071-0186. Ukr. J. Phys. 2023. Vol. 68, No. 4

24t
ioT 9
= 20t
|
16 14
_\19
12+
- 29
.29
8 L
r 59
4 L
0 1 Il 1 1 Il 1 1 1
0 0.2 0.4 0.6 0.8 1.0

a
Fig. 2. Dependences of the light-pressure force (in Fimax units)
acting on a nanoparticle on the parameter « for various coher-
ence relaxation rates yeon = % (7g + Yopt) + Ypn (indicated in
MHz near the curves) and Yopt /27 = 10 MHz, ~, /27 = 2 MHz,
vg/2m = 8 MHz, A = 0, § /27 = 500 MHz, Qo /27 = 1225 MHz,
and p = 7/4

Fig. 3. Dependences of the light-pressure force (in Fiax units)
acting on a nanoparticle on the parameter « for various re-
laxation rates 74 + 7 of the states |g) and |r) (the values
indicated in MHz near the curves correspond to v, = 4v;)
and Yopt/2m = 10 MHz, v, = 0, A = 0, §/27 = 500 MHg,
Qo/2m = 1225 MHz, and ¢ = 7/4

rameters of the interaction between the active atom
and the field as in Fig. 3. However, this time F' is reck-
oned in the Fi;cnro units. The attention is attracted
by a completely different mutual arrangement of the
curves with different v, 4+ v, values in comparison

227



V.I. Romanenko, N.V. Kornilovska, L.P. Yatsenko

0.08

0.06

0.04

0.02 -

0 — 10000
0 02 04 06 08 10

Fig. 4. Dependences of the light-pressure force (in Fpichro
units) acting on a nanoparticle on the parameter « for various
relaxation rates g + 7 of the states |g) and |r) (the values
indicated in MHz near the curves correspond to vy = 4v;)
and Yopt/2m = 10 MHz, v, = 0, A = 0, §/27 = 500 MHz,
Qo/2m = 1225 MHz, and ¢ = 7 /4
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Fig. 5. Dependences of the light-pressure force (in Fhichro
units) acting on a nanoparticle on the parameter (v +~:)/(27)
for various values of the parameter o (indicated near the
curves) and Yopy/27m = 10 MHz, A = 0, §/2r = 500 MHz,
Qo /27 = 1225 MHz, ¢ = w/4, and v4 = 47, (solid curves) or
~vg = 0 (dashed curves)

with that in Fig. 3. According for the latter, the ratio
between the pressure force acting on a nanoparticle
in the field of counter-propagating bichromatic waves
and the maximum pressure force in the traveling-wave
field decreases with the growth of v4 4 ,, and the
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pressure force magnitude itself (Fig. 4 demonstrates
that its ratio to Fhichro) is small at both very low and
very high 4 + 7, values.

The small values of the light-pressure force at low
population relaxation rates in the |g) and |r) states
may be associated with the accumulation of atoms
in the state |r), where they do not interact with the
field. A small value of the light-pressure force in the
opposite case and at the ratio between the relaxation
constants 7, and 7, that is indicated in Fig. 4 is
explained by the growth of the coherent relaxation
rate Yeon = %(’yg + Yopt) + Yph. Hence, there must
be an optimal value for v, 4+ 7, that maximizes the
light-pressure force. This is possible, if vy, differs from
zero. If v4 = 0, the light-pressure force should mono-
tonically increase with the increase of v, + v, = 7,
and go toward the maximum value obtained in the
two-level atomic model.

Indeed, one can see in Fig. 5 that if some non-zero
value of « is fixed, and if the sum 4 + ~, grows, the
light-pressure force first increases to a certain maxi-
mum value and then tends to zero (the light-pressure
force is not shown at very large values of v4+,). But,
if v = 0, the light-pressure force first grows to
the maximum value (for @ = 0.2, this is 0.5539 at
~r/2m = 220 MHz) and afterward approaches the val-
ues corresponding to the two-level atom (i.e., to the
case a = 1).

It would appear that the interaction between a
three-level atom and the field could be interpreted
as a reduction of the role of the third level to a
simple population depot and the formation of light-
pressure force following the same laws as for the
two-level system. In this case, the light-pressure force
would be equal to that in the two-level system mul-
tiplied by (ng + n.), and the dependences shown in
Figs. 4 and 5 would be similar to the corresponding
(ng + ne)-dependences. However, the dependences in
Fig. 6 plotted for the same parameters as in Fig. 5
testify that this is not so. It is obvious that the plots
in Fig. 5 cannot be obtained from the corresponding
plots in Fig. 6 by simply multiplying the ordinates of
all curves in Fig. 6 by the same factor.

5.2. Y5S5105 crystal doped with erbium ions

Obvious candidates for “active” atoms in nanoparti-
cles are atoms of rare-earth elements [25]|, whose ions
are used in some crystals to observe electromagneti-
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cally induced transparency. If the radiation-induced
transitions occur between the states inside the 4f
shell, those states are weakly perturbed by the field,
and all ions interact resonantly with it.

We will consider the light-pressure force acting
on nanoparticles using the interaction between coun-
ter-propagating light waves and Y»SiOs crystalline
nanoparticles with the 7Er3* impurity as an exam-
ple. Let us briefly consider the spectroscopic charac-
teristics of this crystal, which are given in work [26].

The authors of paper [26] used a Y2SiOj crys-
tal with the added 'S"Er isotope to observe the
electromagnetically induced transparency. At least
two A-configurations of energy levels suitable for
its observation were found. The corresponding tran-
sitions approximately correspond to a wavelength
of 1.5 pm. The erbium content in Y3SiOs was
0.005 at.%. The electronic structure of Er*T ions is
described by the formula [Xe]4f!!. The total mo-
ment J = L+ S equals J = 15/2 in the ground
state (the state *I15/2), and J = 13/2 in the first
excited state (the state 4113/2). Due to the electric
field of neighbor atoms, the degeneracy of the 415 /2
state is partially removed, and it becomes split into
eight Kramers doublets. The first excited state is
split into seven Kramers doublets. The Kramers dou-
blet can be described by the effective electronic spin
Sef = 1/2. Two positions of erbium ions in the crys-
tal are possible: an erbium ion has six neighbors in
position 1, and seven neighbors in position 2.

The wavelengths of the transitions from the lower
Kramers doublet of the ground state *I;5 /2 into the
lower Kramers doublet of the excited state *Iy3 /2
equal A = 1536 nm for erbium ions in position 1, and
A = 1538 nm for erbium ions in position 2. Since the
electrons in the 4 f shell are screened by the filled 552
and 5p° shells, the frequencies of transitions inside the
4f shell are weakly perturbed by the crystalline field.

The spin of the '67Er isotope nucleus is I =
= 7/2. Owing to hyperfine and quadrupole interac-
tions, the Kramers doublets are split into at most
(2Ser + 1)(21 + 1) = 16 hyperfine components due
to the low symmetry of the crystal even in the ab-
sence of the magnetic field. A large number of hyper-
fine sublevels in the ground and excited states allow
the realization of many A-schemes of the interaction
between an erbium ion and the field. All transitions
are allowed, because hyperfine sublevels correspond
not to pure quantum states, but to the mixtures of
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Fig. 6. Dependences of the total population of states |g) and
le) on the parameter (vg + vr)/(27) at v = 4, for vari-
ous values of the parameter a (indicated near the curves) and
A =0, 6/2r = 500 MHz, Qo/27 = 1225 MHz, ¢ = 7/4, and
Yopt/2m = 10 MHz

the states |I = 7/2, My), where M; = +7/2, £5/2,
+3/2, £1/2 is the projection of the nuclear spin onto
the selected axis. An inhomogeneous broadening due
to the crystal field non-uniformity has an order of
several megahertz. The distance between the ultra-
fine components of spectral lines amounts to hundreds
of MHz. The authors of work [26] managed to deter-
mine two relaxation constants: T{® = 10 ms and
T}™P = 97 ms. The former determines the lifetime of
the ion in the excited state, and the latter the time
of the population relaxation between the sublevels of
the ground state.

The presented scenario of the atomic interaction
with the electromagnetic field makes it possible to
formulate a simple model for the interaction between
nanoparticles with erbium impurities and the laser
radiation field. If the Rabi frequency of laser radi-
ation and the frequency of its amplitude modula-
tion are substantially lower than the frequency dif-
ference between the ultrafine structure components,
the ion in the crystal environment can be approx-
imately described using the three-level scheme: we
have (i) a light-induced transition between two ionic
levels (the ground and excited ones); (ii) a transition
from the excited state with the relaxation time 77"
into the ground state and intermediate states that
correspond to various components of the hyperfine
structure; and (iii) a transition from the intermediate
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Fig. 7. Dependence of the acceleration of an Y2SiO5 nanopar-
ticle doped with 167Er3t ions on the coherence relaxation rate

Yeoh = 3 (Yopt +Yg) + Yph for Yopt/2m = 16 Hz, ypn = 0,
(vg + vr)/v = 100, A = 0, §/2r = 204 MHz, Qo/27 =
= 500 MHz, and ¢ = /4

state into the ground state owing to the relaxation
(the characteristic time T}"P).

5.3. Selection of laser radiation parameters
and calculation of light-pressure force acting
on a nanoparticle in 67 Er3T -doped Y,Si05

The characteristic energy difference between the hy-
perfine state levels of an erbium-167 ion in the Y5SiOg
crystal corresponds to hundreds of megahertz. In par-
ticular, for the lowest two levels, it is equal to
740 MHz [26]. The Rabi frequency of the light waves
acting on the nanoparticle must be considerably lower
than this value, e.g., 500 MHz. Let us estimate the
intensity of laser radiation corresponding to this fre-
quency.

We assume that the lifetime of the ion in the excited
state is TPP* = 10 ms, which gives 7op; = 10% 571
(= 16 Hz). For a monochromatic traveling wave with
the intensity Fy and the dipole electric transition in
an atom with the projection of the matrix element
of the dipole moment dg4. between the states |g) and
le) of the ion onto the polarization vector €, the Rabi
frequency € equals [27]

|d2; €
ean

|Qrad /nsec]| = 0.22068 I [W/cmﬂ . (55)

Here, I is the intensity of laser radiation.
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The dipole moment is related to the Einstein coeffi-
cient A (in our case, this is yop¢) via the relation [27]
(in SGSE units)
|daa?

wlAlg, (56)

3
C4k3
where w; is the statistical weight of the state |g),
which, in our case, is of an order of 10? (this is the to-
tal number of the levels of fine and ultrafine structure
a~ !, onto which transitions from the excited state are
possible). From Eq. (56, we get the estimate

o] _ V3 \ hkwoy Asa,

eag  2eapk?

which gives |di2|/(eap) = 0.129 for A = 100 s~!
and A = 1.5 pum. At an intensity of an or-
der of 100 W/em?, Eq. (55) yields Q/27 =
= 45.3 MHz. The Rabi frequency of 500 MHz cor-
responds to the laser radiation intensity of about
12 kW /cm?.

(57)

5.4. Acceleration of an 6" Er3t -doped
Y>Si05 nanoparticle under the action
of light-pressure force

In order to calculate the light-pressure force, besides
the selected parameters, it is also necessary to know
the coherence relaxation rate. According to the re-
sults of work [28], the characteristic coherence life-
time T,on ranges from 1 ps to 20 ms depending on
the temperature, the applied magnetic field, and the
concentration of erbium ions in the crystal. This co-
herence time interval corresponds to the interval of
coherence relaxation rates eon/(27) from 8 Hz (it
corresponds t0 37opt) to 160 kHz.

Let us calculate the acceleration of a nanoparticle,
if the mass concentration of erbium equals 1%. From
the dependence of the nanoparticle acceleration on
the coherence relaxation rate shown in Fig. 7, one
can see that, for the selected calculation parame-
ters, the maximum expected acceleration is 42 m/s?
at Yeon/2m = 24 Hz. The value of ~, required for
the calculation was chosen from the total number
of about 100 populated levels of hyperfine structure
(seven Kramers doublets, with each of them being
split into 16 components). Assuming all of them to
be characterized by approximately the same parame-
ters of the interaction with the field, one of them to be
working, and the others to be described by the state
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|r), we come to the conclusion that @ = 0.01 and
vg = 1007,.. The last estimate follows from the ex-
pressions for the equilibrium populations of the states
lg) and |r) [Eq. (15)]. Those requirements are satis-
fied by v4/27 = 16 Hz and ~, /27 = 0.16 Hz. We also
assume that there is no additional increase of the re-
laxation rate due to fluctuations (vypn = 0). The fact
that there is no acceleration of the nanoparticle at
Yeoh/2m™ = 8 Hz is not surprising, because this value
corresponds to vy, = 7, = 0, which brings about the
zero populations of the states |g) and |e) due to the
optical pumping into the |r) state.

From the plotted dependence of the nanoparticle
acceleration on the coherence relaxation rate, we can
see that the expected acceleration of nanoparticles is
rather low as compared to the acceleration of atoms
in the field of bichromatic waves. It is quite possible
that nanoparticles with an admixture of other “active”
atoms for which the value of « is higher may move
with a much higher acceleration.

5.5. Negatively charged silicon
color centers at vacancies in diamond

Another candidate for “active” atoms can be the SiV
and GeV color centers that arise owing to the localiza-
tion of silicon or germanium atoms at the vacancies
of the diamond crystal [29, 30]. The spectral charac-
teristics of color centers are determined by the energy
levels of an electron captured at defects in the crys-
talline lattice. The required optical properties (a nar-
row inhomogeneous width and a rather narrow spec-
tral line) arise due to the inversion symmetry [31],
which results in the disappearance of permanent elec-
tric dipole moments in the orbital Si states and dras-
tically reduces their response to charge fluctuations
in the local medium.

Let us estimate the light-pressure force acting on
diamond nanoparticles containing SiV color centers.
Owing to the spin-orbit interaction, each of the
ground and excited states of SiV is split into two ones.
As a result, the transition of an excited atom into
two states becomes possible, which forms a three-level
scheme of the silicon interaction with laser radiation.
The radiation wavelength is A = 737 nm, and the
spontaneous radiation rate is vyopt/2m = 94 MHz
[29]. The non-uniform linewidth is approximately
three times as large as Yopt/27m. To estimate the co-
herence relaxation rate, we use the expression Yo =
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= 1 (Yopt +7¢) +7 ph, but neglect the fluctuation term
Yph in it. The Rabi frequency has to be much higher
than vopt = 94 MHz. Let Qo/27 = 1225 MHz and
0/2m = 500 MHz. Using Eqgs. (55) and (57), we find
that such a value for the Rabi frequency is reached
at a radiation intensity of 5.2 W /cm? due to a rather
wide radiation line and, accordingly, a large value of
the transition dipole moment (di2 = 15.3eay).

Let us assume that, after the spontaneous emission,
silicon atoms can turn out with the same probability
(o = 0.5) on either of the lower levels. Concerning
the relaxation constants vy, and -,, let us consider
two cases: (i) when, in the field absence, due to the
relaxation between the states |g) and |r), their pop-
ulations get equalized, i.e., 74 = v, and (ii) when
g = 0 so that, in the field absence, all silicon atoms
are in the state |g). Owing to the lack of data on
the relaxation rate, let us calculate the dependence
of the light-pressure force acting on a nanoparticle on
the quantity v4+4,. The results of calculations of the
dependence of the nanoparticle acceleration obtained
for the indicated parameters are shown in Fig. 8. If
relaxation is slow as is expected, the nanoparticle ac-
celeration is low, because a substantial fraction of the
atoms are in the |r) state in this case and do not in-
teract with the laser radiation.

If the silicon content in diamond equals 0.01 wt.%,
the diamond mass per silicon atom amounts to

231



V.I. Romanenko, N.V. Kornilovska, L.P. Yatsenko

4.65 x 10723 g, which corresponds to a volume of
133 nm3. For the expected acceleration of 5000 m /s,
the light-pressure force arising due to the interaction
of a silicon atom with the laser radiation field equals
2.3 fN. The diameter of a spherical nanoparticle con-
taining 1000 silicon atoms with the indicated mass
concentration equals 63 nm.

According to work [32], the light-pressure force ex-
erted by a monochromatic wave of intensity I on a
dielectric sphere of radius a < A equals

8 na 4 o [ M3 —n3
F= 37 (ka)*a (n% +2n%> 1, (58)
where n; and no are the refractive indices of the
nanoparticle and the medium, respectively. For dia-
mond, n; = 2.4. Let nanoparticles with the diameter
2a = 63 nm be in air (ny = 1) in the radiation field
with an intensity of 5.2 W/cm?. In this case, from
Eq. (58), we have F' = 4.6 x 1076 {N, which is six or-
ders of magnitude less than the given above estimate
of the light-pressure force arising due to the interac-
tion of SiV color centers with the laser field radia-
tion. Such a large difference between the forces of
light pressure on nanoparticles partially results from
the small nanoparticle radius. Really, it follows from
Eq. (58) that the acceleration of a small nanopar-
ticle associated with its dielectric properties is pro-
portional to the cube of nanoparticle radius, whereas
the acceleration acquired due to the resonant light
pressure on “active” atoms does not depend on the
nanoparticle size, at least as far as the nanoparticle
contains considerably more than one atom.

6. Conclusions

The method for calculating the light-pressure force
acting on atoms and nanoparticles containing an ad-
mixture of “active” atoms in the field of counter-
propagating bichromatic light waves has been de-
scribed and developed for the case where the inter-
action of atoms with the field can be described in the
framework of the three-level scheme. The calculations
are based on the solution to three-term recurrence re-
lations, which were used earlier by the authors while
analyzing the interaction of two-level atoms with the
laser radiation field.

The presence of a third level, which the atoms can
get to in the course of the relaxation followed by the
relaxation to the ground state, decreases the light-
pressure force. It is shown that this decrease is not
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directly related to a change in the populations of two
working levels, because the dependences of the light-
pressure force and the total population of the working
levels on the problem parameters are different.

The force of light pressure on Y2SiO5 nanoparti-
cles doped with 7Er®" ions is calculated. The ac-
celeration value of about 40 m/s?, which is found for
nanoparticles, is sufficient to register the light-pres-
sure force arising in the field of counter-propagating
bichromatic waves, although it is several orders of
magnitude less than the acceleration of a two-level
atom under the same conditions.

According to the results of our calculations, color
centers are more promising than lanthanides for their
application as “active” atoms in diamond. It is found
that the nanoparticle acceleration can reach a value
of about 5000 m/s? for a silicon mass concentration in
diamond at a level of 0.01%. This value is two orders
of magnitude higher than the expected acceleration of
nanoparticles from Y,SiO5 doped with *7Er®* ions
to an order of magnitude higher concentration of rare
earth ions.

The concept of using “active” atoms to enhance
the light pressure on nanoparticles allows the light-
pressure force acting on small, much smaller than the
radiation wavelength, nanoparticles to be increased
by several orders of magnitude.

Besides performing the calculations of light-pres-
sure forces acting on nanoparticles with “active”
atoms, a force calculation method is developed and
can also be used in the case where the interaction of
a free atom with the field cannot be reduced to the
two-level scheme.

The work was carried out in the framework of
the Target Program of Basic Research of the Na-
tional Academy of Sciences of Ukraine “Promising
fundamental research and innovative developments of
nanomaterials and nanotechnologies for the needs of
industry, health care, and agriculture”.
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Translated from Ukrainian by O.I. Voitenko

1. Pomanenxo, H.B. Kopninoscora, JI.I1. HAuenro

CBITJIOBU TUCK HA HAHOYACTUHKU

Y

I10JII 3YCTPIYHUX BIXPOMATUYHUX XBUJIb

3 TOJJATKOBUM KAHAJIOM PEJIAKCAILIIT
HACEJIEHOCTI 3BY/I?KEHOT'O CTAHY

PosrisinyTo cuity CBITJIOBOro THCKY Ha HAHOYACTUHKH, IO Mi-
CTSATH JOMIIIKY aTOMIB ab0 IeHTpU 3abapBJIEHHS, SIKI Pe30HAH-

CHO B3a€MO/JIiIOTh 3 rtosieM. HasiBHe KpucTaJjiuHe OTOYeHHs y 3a-
rajJbHOMY BHUIIRJKY YHEMOXKJINBJIIOE (DOPMyBaHHs ABOPiBHEBOI
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CXEeMH B3a€MO/Ii1 aToMa abo 1eHTpa 3abapBJIeHHS 3 MOJIEM 3aB-
ISKH 3HATTIO 3200POHM HA YaCTHUHY IEPEXO/iB 31 CIOHTAHHUM
BUIPOMIHIOBaHHSIM. Y Pe3y/IbTaTi YacTHHA ATOMIB IepebyBae
y cTaHax, Kl He B3a€MOJIIOTHb 3 IIOJIEM JIA3€PHOI'O BUIIPOMi-
HIOBAHH{, aJle fKi 3 9aCOM PEJIAKCYIOTb JO OCHOBHOTO CTaHy.
ITo6ynoBaHo Teopito, siKa J03BOJISIE PO3PAaXyBaTU CUJLY CBIiTIIO-
BOIO THCKY Ha aTOMH 4M IeHTp 3abapsienHs (i, BixmosizHo,
HA HAHOYACTHMHKY, B fKill BOHM NepefyBalOTh) y 3aJIeKHOCTI
BiJ| mapaMeTpiB IXHbOI B3a€MO/Ii1 3 IIOJIEM Ta [1apaMeTPIiB peja-
Kcanil 36ya2KkeHoro crany i mpomi>kuHux craHis. [lyis BUBUeHHS
BIINBY Pi3HUX (paKTOPIiB Ha CUJIYy CBITJIOBOI'O TUCKY PO3paxyH-
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KU IIPOBEEHI 11 MOAEJIBHOI CYKYITHOCTI IIapaMeTpiB, a TaKOXK
TSl TApaMETPIB, SIKi BUBHAYAIOTH B3a€MO/IIIO0 TPU3APAHUAX 10-
HiB epbito y momoBaHmx HUM KpucTaysax Y2S5iOs Ta 1meHTpin
3a0apBJIEHHS, 1110 BUHUKAIOTH 3aB/SKN DO3TAIIYBAaHHIO aTOMIB
KPEeMHIIo B fgedekrax Kpucrasia ajMmasdy. fK BUABHIOCS, 3aB/s-
KU [eHTpaM 3ab6apBJIEHHS MOXKHA Ha, KiJIbKa MOPSJIKIB I JHATH
CHJIy THCKY CBITJIa Ha MaJli, 3HAYHO MEHII 3a JOBXKUHY XBUJII,
HAHOYACTUHKU.

Katrwwoei caoe6a: aToMu, HAHOIACTUHKH, JIa3ePHE BUIIPOMi-
HIOBAHHS, CBITJIOBUN THCK.
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