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Two-frequency information recording in a three-level system

using stimulated photon echo

G.I. Garnaeva, L.A. Nefediev, E.N. Akhmedshina, R.N. Garnaev

Abstract. The process of recording and reproducing information in
a three-level system using stimulated photon echo is studied as a
function of the amount of information embedded in the first and
second two-frequency object laser pulses. It is shown that two-fre-
quency information recording leads to an increase in the power of
the stimulated photon echo response on one frequency transition
and to its reduction on the other.
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1. Introduction

Photon echo can serve as a way of storing, converting and
reproducing a spatiotemporal structure of excitation pulses,
called echo-holography. The formation of echo holograms is
significantly affected by random and relaxation processes,
degeneration of resonance levels, as well as external spatially
nonuniform electric fields. This enables the possibility of con-
verting the spatiotemporal structure of echo hologram
responses, which can be used in real-time data processing sys-
tems [1-3].

If a resonant medium consists of multi-level optical cen-
tres, which interact with a sequence of laser pulses having dif-
ferent frequencies, these centres can behave as multilevel
quantum gates performing logical operations. Along with
logical operations, it is possible to change the real-time scale
and the sequence of events, information about which is
embedded in the spatiotemporal structure of the object pulse
[4, 5]. Thus, in recording an echo hologram, one more dimen-
sion, i.e., the frequency one (colour echo holography [6]), is
added.

A colour echo hologram can be recorded at Pr3* levels in
a LaF; matrix, where long-lived photon echo was detected on
3H, - 3Py (A = 4777 A) and 3H, - 'D, (A = 5925 A) transitions
[7, 8]. Thus, a multi-frequency excitation character, i.e., multi-
channelling (due to different frequencies) of information
recording and storing, can be implemented.

It should be noted that in the case of two-frequency exci-
tation of a three-level system, two modes of formation of
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stimulated-photon-echo (SFE) responses are possible. The
first mode is implemented in the presence of inhomogeneous
broadening correlation on different transitions in a three-
level system, whereas the second mode is realised in the
absence of such a correlation. In the first case, the recording
information channels are coupled, and, in the second case,
they are independent [9].

If information is embedded into an object dual-frequency
pulse by means of its encoding in the temporal shape of the
pulse, the amount of information to be recorded depends on
the spectrum of the object pulse and the width of inhomoge-
neously broadened lines of resonance transitions. Therefore,
there must be a dependence of the SPE response power on the
amount of recorded information.

In this paper we study the formation of SPE as a function
of the amount of information encoded in the temporal shape
of the two-frequency object laser pulse.

2. Basic equations

Consider the scheme of SPE excitation in a three-level system
shown in Figure 1, where the object pulse is the first one.
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Figure 1. Scheme of SPE excitation in the case of two-frequency infor-
mation recording in a three-level system [¢(7) is the envelope of the elec-
tric field intensity of laser pulses].

In the first excitation mode, information contained in
two-frequency object pulses A and B is reproduced on each
frequency transition. In the second case, only information
embedded in pulse A will be reproduced on the 1-2 transi-
tion, whereas information contained in pulse B will be repro-
duced on the 1-3 transition.

We consider the first excitation mode in the presence of
inhomogeneous broadening correlation on transitions 1-2
and 1-3. Let us find the evolution operator of a three-level
system upon its resonant excitation by laser pulses of dura-
tion At,, simultaneously acting and having different carrier
frequencies.
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Neglecting relaxation processes during the laser pulse
action, we write for the wave function the Schrodinger
equation

ih%’f = (Hy+ V(r, 1))y

where H, is the initial Hamiltonian of the system, and
V' 0)(r, 1) is the interaction operator of the nth laser pulse with
a quantum system. Using the rotating coordinate system with
the transformation

P = exp(id0)y,

where A is the transition operator, we obtain

o i B
3 = " rBOY,

where B, (1) = Hy— hA + V(1); Hy(1) = exp(id1) Hyexp(—id1);
and V'™ = exp(id7) V,exp(—idr).

Let us represent ¥ in the form (¢) = U(1)y(0), where
the evolution operator U(¢) satisfies the equation

du _ 1 _ ip ”

o hB,,(t)U— h(B”+B,,)U (1)
Here By = H,—hd; B; = V,(1); Hy = exp(iAt) Hyexp(—id1);
V = exp(lAt) nexp(— 1At) U(0) = I is the initial condition;

and I is the 1dent1ty matrix. The solution to equation (1) has
the form

U = Ui(B)) Us(B}). 6)

Substituting (2) into (1) we obtain

dU i ’

O =B 3)

4% — LB v = ous, )
where

Q0=—2zUr'BjUs;
B = Pouy, + Papy + Pty + Pagy:
By = PnAp + p3Ais;
=—dp 28(12)([) exp(—ikl(g)r) — ('7)51(727);
S(n)(t) = 8(’7)(t)exp( lk(n)y);
(W)(t) _ s(")(t)exp( lk(ml)
—dys 25}2)(1) exp(—ik Pr) = 4D S;
A3 = Q53— w3 and

AN = d1,2 (i =2,3).

The solution to equation (3) at an instant of time ¢#, after the
action of a laser pulse of duration Az, will have the form

U = exp(—%B,’, Atn),

and the solution to (4) can be formally written as

ty+Aty/2

Us = TeXp(—% Ur'B] Uldt>, (5)

ty— Atyl2

where T is the Dyson chronological operator. Using a chron-
ological ordering procedure, we obtain [10]

y+ At,,lz ty+Aty/2 ty+Aty/2
U = Z o [ s [,
ty 1 t

—Atyl2 n— Atyl2 n— Atyl2
XTOW) 0.0 = I+ [ ™ 0
+4 L’f: O(tdn f ' ’/”2/2Q(zz)dzz+ 6)

In some cases it is possible to sum up this series and get an
approximate solution to the problem. Knowing the evolution
operator, we can determine the density matrix after the action
of the nth laser pulse:

p(t,+ At) = U(At)p(1,) UT(Aty). 7

In the case under study, the Hamiltonian of the system
can be represented as:
000
010],
00r

Hy = A

where I' = Q,3/€2, is the equidistant parameter of the spec-
trum of the system; €2 is the frequency of the i—j transition;
Ay = Q)5 —wy; and w, is the frequency of the laser radiation
resonant to the 1-2 transition.

The matrix operator of interaction with the nth laser pulse
can be written as

o= Py V(”)exp(—lwlzt) + Py V2 CXp(iCUlzl)
+P13 V,(")exp( 16()]3[) + P31 V exp(1w13t) (8)

where

1 ) )
V;”) d,] s(")(t) exp(iw;t — 1k,(j'” r);

ris the radius vector of the optical centre; d; is dipole moment

of the i—j transition; k ]’7 is the wave Vector and e(”)(t) is the

envelope of the electric field intensity of the th laser pulse.
The electric field intensity of the response is

E(rt) = 5 2R f<d Y X ng(Ap)dAn, 9)

where n is the unit vector in the direction of observation;
g(Ayy) is the frequency distribution function of an inhomoge-
neously broadened line of the resonance transition;
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' =1t— Ronlc + rinlc; Ry is the radius vector of the observa-
tion point; r; is the radius vector of the jth optical centre;

(d(1')) = Sp(pd; (1) = dap}) + dspi3 + c.c.;

and the matrix elements of the density matrix after exposure
to three exciting laser pulses are obtained from (7) with (5)
and (6) taken into account.

The spatiotemporal structure of the SPE response on the
1-2 transition is expressed as

Er ff+oog(A12)dA12sin@lsinezsint%
A
x{3" (raw S ran s an |

Xexp{i(Ap)[(1 — 112 — 723) — Tr]} + S5 (A) (10)

XS2(Ap) S (A exp i(Ap)[(1 — 72 — 1) — (A} }d V.

where 6 is the area of the nth pulse; S (1) = &,(1)exp(-ik,r);
k, is the wave vector of the nth laser pulse; and

~ Atyl2
s = | TS0 (1)exp(— iAr)

ty— Atyl2

is the spectrum of the envelope of the #th pulse.
A similar expression for the spatiotemporal structure of
the SPE response on the 1-3 transition reads as:

E~ fJ‘+mg(A12)dA125in01sin@zsin63
V — 00
><Sf?(rAn){S{?*(Alz)S.‘?(Alz)
Xexp{i(Alz)[(t — T —T) [ — %]} + Sg)*(AHF)

X SO(An ) expilTAD[(1 = 113 — 1) - (le]}}d v, an

The intensity of the SPE response is given by the expres-
sion

I ~ EE*, (12)
and the response power is defined as W = |E?|/At, where At is
the response duration.

3. Investigation of the SPE response power
in a three-level system as a function
of the amount of recorded information

Consider the reproducibility of information on transitions
1-2 and 1-3in a three-level system upon two-frequency exci-
tation (see Fig. 1). To describe the amount of recorded infor-
mation encoded in the temporal shape of an object laser pulse,
use is made of differential information entropy of the Fourier
spectrum of the object laser pulse, because in a resonant
medium information is transferred in ¢ bits, which are distrib-
uted in the region of an inhomogeneously broadened line of
the resonance transition [11].

We write the Fourier components of the electric field
intensity of the th object laser pulse with a duration of Az, in
the form

y+ Aty
Ew) = f £,(1)exp(—iw' 1)dt, (13)
Iy
where ' is the frequency of the Fourier spectrum, and &,(?) is
the temporal shape of the nth object laser pulse.
The amplitude of the Fourier components of the electric
field of the object pulse is

A(0) = |E(@)|= VRe(E(@)) + Im(E(0)’, (14)
and differential information entropy has the form
Jo=Jo— Jeo,
where
Jo==[" pw")log:p(e)do: (15)
plo) = -2 (16)
A(w')do’

and J is determined similarly to expression (15) for the
object pulse envelope ¢,(7) of rectangular shape.

Figures 2—4 show the results of a numerical calculation of
the SPE intensity at different encodings of information in the
temporal shape of the object laser pulse in a LaF5: Pr3* crys-
tal on 3Hy — °P, and *H, — 'D, transitions and at different
excitation scenarios. The duration of object pulses was set
equal to 1.5 ns.

Figure 2 shows the result of a numerical calculation of
expressions (13)—(15) in the case of information encoding in
the temporal shape of a two-frequency object laser pulse.
Figure 2a shows the temporal shape of the SPE response on
the 1-2 transition, and Fig. 2b — on the 1-3 transition in a
three-level system with two-frequency information recording.

It follows from Fig. 2a that on the 1-2 transition the real-
time scale tends to increase for pulse B, and on the 1-3 transi-
tion it decreases for pulse A (Fig. 2b).

Figure 3 shows the SPE response power in two-frequency
information recording in a three-level system as a function of
the amount of information in the first and second object laser
pulses on the 1-3 transition.

Similar dependences for the response on the 1-2 transi-
tion are shown in Fig. 4.

Figures 3 and 4 show that in the case of two-frequency
information recording in a three-level system the SPE
response power depends on the amount of recorded informa-
tion, the form of this dependence being different on different
transitions. This is due to a different nonuniform width of the
resonance transitions, different frequency of transitions and
different forms of the Fourier spectrum of the two-frequency
object laser pulse.

4. Conclusions

1. It is shown that in the case of two-frequency information
recording in a three-level system, one can observe a change in
the duration of stimulated photon echo responses.

2. In the case of two-frequency information recording in a
three-level system, the power of the SPE response depends on
the amount of information recorded.
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Figure 2. Temporary shape of the SPE response at I'= 1.26 on the transitions (a) 1 -2 and (b) 1 -3 in the case of two-frequency information record-
ing in a three-level system (the sample size, L = 0.01 m; the width of the inhomogeneously broadened line, o = 0.5 cm™'; 0, O << 7).
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Figure 3. SPE response power in the case of two-frequency information
recording in a three-level system on the 1 -3 transition as a function of
the amount of recorded information for object laser pulses (a) A and

(b) B.

3. On different resonance transitions in a three-level sys-
tem, the dependence of the SPE response power on the
amount of information recorded has a different shape.
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Figure 4. SPE response power in the case of two-frequency information
recording in a three-level system on the 1 -2 transition as a function of
the amount of recorded information for object laser pulses (a) A and

(b) B.
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