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Abstract—The correlation of inhomogeneous broadening at various frequency transitions in three-level sys-
tems is investigated, as is its effect on the intensity of a stimulated photon echo. It is shown that the correlation
coefficient of inhomogeneous broadening at two different transitions and the response intensity of the stim-
ulated photon echo depend on the parameter of the random interaction of an optical electron with a local
field, as well as on the distribution width of additional frequency shifts owing to a partial fixation of transition
energies. In this case, an insignificant variation of the correlation coefficient results in a considerable decrease

in the response intensity.
DOI: 10.1134/S0030400X12080115

INTRODUCTION

The resonance interaction of laser radiation with
matter is one of the fundamental problems of contem-
porary physics. Coherent fields can induce interfer-
ence of two or more quantum states. This interference
can manifest itself both in the coherent response of a
system of particles and at the level of a single particle,
which is a quantum object. The study of these pro-
cesses is of interest not only for basic science; it also
has relevance for application. For example, coherent
processes can be used for storage and processing of
information [1—4]. Investigation of the interaction of
several resonance fields with multilevel quantum sys-
tems (atoms, molecules, impurity ions, etc.) is of
interest. This interest is determined by possible appli-
cations of different effects that are observed as a result
of multifrequency excitation of quantum objects.
Among them, one can note color echo holography [5],
information compression in three-level media [6],
quantum information copying [4], and multilevel
quantum gates performing logical operations. Record-
ing and reconstruction of echo holograms in multi-
level systems result in the possibility of performing,
along with logical operations, variation of real time
scale and sequence of events, information from which
was included in the spatiotemporal structure of an
object pulse [7, 8]. In the listed processes, information
from the object pulse is transformed into structural
(potential) information, of which transient dynamic
lattices of populations and polarizations of the reso-
nant medium are the carrier, i.e., the spatial frequency
distribution of g-bits in the range of inhomogeneously
broadened lines of resonance transitions. Therefore,

the formation of optical transient processes in multi-
level systems depends significantly on the degree of
correlation of the inhomogeneous broadening at dif-
ferent frequency transitions in connection with possi-
ble destruction of the reversible phase memory of the
system.

Spectral inhomogeneity is more or less inherent in
all real media. In the gas, it is caused by the Doppler
effect; in this case, inhomogeneous broadening at dif-
ferent resonance transitions is completely intercorre-
lated. Deformation broadening (dislocations and
point defects in the lattice), broadening caused by ran-
dom electric fields and gradients of fields of charged
defects, and irregularities of the lattice structure are
typical mechanisms of inhomogeneous broadening in
solids. Thus, both energies of states and energies (fre-
quencies) of resonant transitions can be considered as
functions of many parameters x;, the number of which
is more than one. Changes in these parameters result
in a distribution of optical centers over frequencies,
which is described by a multiparametric function
g(A(x,...x,,)). In this case, even a monochromatic exci-
tation of the system to a level with the energy E(x;...x,)
may not result in separation of optical centers of the
same type, since the fixation of the value of a multi-
variable function does not fix the values of its argu-
ments (there can be several local extrema). Therefore,
only the following condition can be imposed [9]:

AE; (xy..x,) = E;(x..x,) — E; (x..x,) = ho

ij»

from which it follows that, upon comparison of two
different resonant transitions having one common
level, parameters that remained unfixed at one transi-
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tion affect the energy (frequency) of the other transi-
tion. The degree of preserving the coherence in a mul-
tilevel system upon its excitation at different resonant
transitions depends on the degree of this fixation.

In this paper, we study the formation of stimulated
photon echo in a three-level system in relation to the
correlation of inhomogeneous broadening at different
resonant transitions.

BASIC EQUATIONS

An equation for single-particle density matrix in a
particle-fixed coordinate system has the form

—+ =[H,p|, 1
Py [H,p] (1
where H=H,+ H-+U+V, H, and H. are the
Hamiltonians of the quantum system and the environ-
ment, U is the operator of their interaction, and V'is
the operator of interaction of the quantum system with
radiation. Considering the relaxation processes to be
Markovian, we can find from Eq. (1) [10]

op;; i
ﬁ_tj = _;l[VA)],-j - ZKI'jklpkla (2)

where K, are the relaxation coefficients.

Upon description of the interaction of the quan-
tum system with the radiation, we restrict our consid-
eration to the case of short laser pulses the duration Az
of which is much shorter than the time of irreversible
relaxations. Thus, during the action of the nth pulse,
the equation for the density matrix in the rotating
coordinate system can be written in the form

P - —i[5,5] 3)
where
B, = Hy+V, — 1A,
H, = eiAtHOe_iAt,
Vn = eiA’Vne_[A’,

A is the transfer matrix to the rotating coordinate sys-
tem. The solution of Eq. (3) is written as

ﬁ(t - t‘q)
~ .z —1
- tn)}p(tn)exp{lh Bn(t - tn)}a
where 7, is the time moment of the beginning of the
action of the nth pulse. Enveloping exponentials in

Eq. (4) can be derived by the methods of matrix func-
tions. As an example, we find the matrix function

f (oann), where B, is the matrix of the mth order,

- 4)
= exp{—ih B,(t

= ih_lAtn. The roots of the matrix o, B, are found
from the secular equation
I —o,B,|=0

where [/ is the unit matrix of the mth order. Assuming
that the roots are km, where m, is the multiplicity of
the root A, Zs m, = m, then

N

f(aan) = ;[f(kkn)zlpl )

A L (M) Zi, )

where Z,' are the components of the matrix f (o, B,,),
which are found from the system of equations

+ (M) Zi +

N

gi(ouB,) = Z[gi (Min) Zat + a1 (Vi) Zi2

k=1

+} (6)

where

aM)=2"=1L &) =7 .., g, ()=1"",
gi(a,Bn)=1, g(a,B,)=0,B, ..,
m—1 pm—1
Em (aan) =0y By .

It is convenient to represent the density matrix in
Eq. (4) in the form

Zpaﬁ Pups ()

where P, are projective matrices. Substituting Eq. (7)
into Eq. (4), we obtain

Zpaﬁ
= Z py&xﬁ ®)

aByd

p(r, +At,) e PP e
a

Here,

—a, B, B,
ZPPBO_BPVB =e “n nPaBeaﬂ ﬂ' (9)
vo
Thus, it is necessary to calculate the coefficients

p%w in order to find the density matrix after the
action of the nth pulse.

Within time intervals between exciting pulses, the
evolution of the density matrix in the rotating coordi-

nate system is described by the kinetic equations of the
form
ap,, " -
L = Z(Kn'npn'n' - Knn'pnn)3 (10)
dt
B —{ ia,, -1 | (11)
dt Enn
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where K, are the relaxation coefficients of the diago-
nal part of the density matrix and &, are the coeffi-

cients of the off-diagonal part. The solution of
Eq. (10) has the form

p=epy, (12)

where p, is the initial value of the density matrix. In
the case of a three-level system,

0=-K\P, +K5,P, - K,Py,
where K, = K,, and K, = K, + K5,. The calculation
of F = exp(Qr) matrix by the methods of matrix func-
tions yields

Fi=e™, F12=—7K2K1( f_e ),

Fy=F =F,=0, By=e™, Fy=1,

v =—-K,K; + K,K}.

Correspondingly, for the off-diagonal part of the
density matrix, we have
1 j 0
7 |Pm
grm' "

Ay =1 AE 0 (X10.X,) = @y

Therefore, the destruction of the coherence in the
resonance system can occur not only due to irrevers-
ible relaxations but also as a result of a partial fixation
of the energy of one resonant transition relative to the
energy of the other transition.

Pt = exp[—iAM (13)

where

EFFECT OF UNCORRELATEDNESS
OF INHOMOGENEOUS BROADENING
ON THE FORMATION OF A STIMULATED
PHOTON ECHO IN A THREE-LEVEL SYSTEM

The Hamiltonian of a three-level optical center in
a crystal matrix in the rotating coordinate system is
written in the form

H, = AP, + PhT (A + A'm(T, x,..x,)), (14)
where A = 17 Ey, (x,...x,) — o, P; are projective matri-
ces (the ij element of which is umty, while the remain-
ing elements are zero), I is the parameter of nonequi-
distance of the system, m(T’,x,...x,) is the parameter
that determines the inequality of interaction of an
optical electron with a local crystal field in different

states (limm(I,x,...x,) = 0] and A' is an additional

I'—>1
frequenc? shift related to the partial fixation of the
energy of the transition 1—3 relative to the energy of
the transition 1—2.
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broadening at different frequencies is introduced sim-
ilarly to [11],

R = [ [

—00 —00

x g(A) g (A")dAdA',

Z:k)(f i

GO g

Zi'k‘)

fiQ :A, ‘fi3 :F(A“I‘A'm(r,x]xn)),

15
Sy = fis — A, (1>
wo= [ [fug(8)g(a)drdn’,
2 T 2 , ,
ok = [ [(fu—2) g(8) g () dnd"

—00 —00

and the distributions of optical centers over the fre-
quencies g(A) and g, (A') are considered to be Gauss-
ian with the dispersions 62 and "2, respectively. Thus,
for each isochromate of the inhomogeneously broad-
ened line at one transition, there is a set of isochro-
mates of the inhomogeneously broadened line at the
other transition, which can lead to loss of the phase
memory of the system under consideration. In its turn,
the phase memory loss can affect significantly the for-
mation of optical transient processes in multilevel sys-
tems.

Figure 1 presents the results of numerical calcula-
tion of the correlation coefficient of inhomogeneous
broadening at different frequency transitions (1—2 and
1-3).

It follows from Fig. 1 that the R, ;; correlation
coefficient of inhomogeneous broadening at different
frequency transitions decreases with an increase in the
m(I,x,...x,) and c' parameters, which results in the
loss of the phase memory of the system.

We will consider the formation of a stimulated pho-
ton echo (SPE) in a system of three-level optical cen-
ters with nonequidistant levels |1), |2), and |3) with

energies 1Q,, iQ,, 71QY,, respectively (Fig. 2).

The durations of exciting laser pulses Az, are con-
sidered to be sufficiently small for their frequency
spectrum to completely overlap the inhomogeneously
broadened lines of the resonant medium.

After the action of the nth laser pulse, the density
matrix can be found from Eq. (3), where the transition
matrix into the rotating coordinate system will have

the form of 4 = P,w,, + P;m,5; the matrix of the
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Fig. 1. Dependence of the correlation coefficient R;, ;3 of inhomogeneous broadening at two different transitions on the param-

eter m (I, x;...x,, ) of random interaction of an optical electron with a local field and on the width o of the distribution g(A) of addi-
tional frequency shifts A' owing to the partial fixation of the energy of the transition 1—3 relative to the energy of the transition 1—

2.

interaction operator with the nth laser pulse is written
in the form

I}(‘l) _ Hzm(zﬂ)e—iﬂ)lzf +P21V2(171)efﬁ’lzf
+ P 1 Pyyie
Vi(n) __1 ,ksgz)eim”t_ik(")r.

Here, r is the radius-vector of the position of the opti-
cal center, d; is the dipole moment of the ik transition,

and s,(;l) is the electric field strength of the Fourier-
component of the nth laser pulse.

13) hQ,
12) hQ,
(3)
)
(1 @ 13
1055) (O5))
1) hQ,
Ti2 123 L

Fig. 2. Excitation spectrum of a SPE in a three-level sys-

(n)

i
transition ij, 7, is the time of the appearance of the SPE
response.

tem. ;" is the carrier frequency of the 1 laser pulse at the
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The electric field strength of the response in the
wave zone at the observation point with radius-vector
R is written in the form

1 ‘1 '
E=) ———[(d;(¢')) xn|xn, (17)
JZCZ |R—I'j|[< J( )> ]

where r; is the radius-vector of the position of the jth
optical center,

-2 =B ) = solap)

and the solution for the density matrix p(7) is derived
from Egs. (4), (7), (9), (12), and (13). In the case of
K, <1, and K, < 1,, the effect of the longitudinal
relaxation on the intensity of the stimulated photon
echo response can be neglected and the dependence of
the electric field strength of the response on the uncor-
relatedness of inhomogeneous broadening at different
frequency transitions and longitudinal irreversible
relaxation follows from Eq. (17),

E(0)~| [ [o(104)g(8)g (A)dAdA’
o (18)
T T Ty
Xexp{ Er o }’

where

D(1,A,A")
=exp {iAF [(t — T — Tzs)(l - %m(r, Xieo Xy) = %)}}
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Fig. 3. Dependence of the intensity of the response of a stimulated photon echo on the parameter m (T, x;...x,,) of the random

interaction of an optical electron with a local field and on width o of the distribution g; (A") of additional frequency shifts A’
owing to the partial fixation of the energy of the transition 1—3 relative to the energy of the transition 1—2.

Fig. 4. Dependence of the intensity of the response of a stimulated photon echo on the time between the first and second laser
pulses 1, at different times of the longitudinal relaxation and different parameters of random interaction of an optical electron

with a local field m. Open circles represent the dependence of the intensity of the SPE response on 1y, at ; > 115, m = 0.04;
squares correspond to the dependence of the intensity of the SPE response on 1y, at &; ~ 11, m = 0; and diamonds show the

dependence of the intensity of the SPE response on 1y, at &; ~ 115, m = 0.04.

Figure 3 presents the results of numerical calcula-
tions of the relative intensity of the SPE response 7., =

2 2

[E O /B (1)
Comparison of Figs. 3 and 1 shows that small vari-
ations of the R,,_; correlation coefficient of inhomo-

geneous broadening at different frequency transitions
result in a significant decrease in the SPE intensity
with an increase in the parameters m (I, x,...x, ) and ¢,
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which is due to the loss of the phase memory of the
system.

Variation of the time interval t,, results in variation
of the intensity of the SPE response, which was the
result of two factors: first, by the relaxation decay
(&12,&13) and, second, by the decay at the expense of
the uncorrelatedness of inhomogeneous broadening
(Fig. 4).
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CONCLUSIONS

It has been shown that, in the considered excitation
scheme, the correlation coefficient of inhomogeneous
broadening at two different transitions R;,_,; and the
intensity of the stimulated photon echo response
depend on the parameter of random interaction of an
optical electron with local field m and on frequency
shifts ¢'. Furthermore, small variations of the correla-
tion coefficient result in a significant decrease in the
response intensity. A change in time 1, between laser
pulses gives rise to an additional decay, which is similar
to the relaxation at the expense of the uncorrelated-
ness effect.
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