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Coherent control of quantum states by quadratically chirped short laser pulses
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We present a scheme for coherent manipulation of populations and robust creation of arbitrary coherent
superposition of metastable states of a quantum system with lambda configuration of operating energy levels
using laser pulses with a quadratically chirped carrier frequency. The case of a single “broadband” laser pulse is
considered, when the width of the laser pulse frequency spectrum (without chirp) exceeds the frequency distance
between the metastable energy levels of the system. The results of the dressed state analysis and numerical
simulation are presented, demonstrating reliable, robust, and rapid creation of an arbitrary coherent superposition

of metastable states by changing the parameters of the laser pulses.
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I. INTRODUCTION

Coherent control of quantum states finds important appli-
cations in numerous fields of science and technology. Among
them are atomic interferometry and atomic beam split-
ters [1-5], quantum chemistry [6-8], quantum information
and data processing [9-14], quantum optics and manipulation
of quantum states of multilevel quantum systems [15-28],
generation of high harmonics and improving efficiency of
nonlinear processes in resonant gases [29-35], laser cool-
ing [36], Bose-Einstein condensation [37], writing and storage
of optical phase information [38,39], and other fields; see also
the review papers [40—45].

Different schemes of coherent population transfer and co-
herent creation of superposition states have been investigated
extensively in recent years [15-29]. Among these, schemes
based on stimulated Raman adiabatic passage (STIRAP) play
an important role (see, for example, [42]). Although the
STIRAP-based methods have proven effective, alternative
methods should also be considered that may extend or com-
plement, and in some cases prove more advantageous than,
STIRAP-based schemes, contributing to the development of
more effective methods in the field of coherent control.

In [23] a single laser pulse with linear frequency chirp
(LFC) in the adiabatic following regime was used for pop-
ulation transfer between two metastable (ground) states of an
atomic system with A configuration of operating energy levels
without considerable excitation of the atom.

Note that LFC laser pulses were used for coherent control
of quantum states of the graphene [46], quantum dots [47],
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and of the lowest states of a shallow impurity in graphene
monolayer [48]. The effect of dissipation processes on coher-
ent population transfer and coherence creation between states
of quantum systems also was considered; see [49-52]. In
Ref. [53] a quadratically frequency-chirped (QFC) laser pulse
was applied to demonstrate a robust and rapid population
transfer between the states of a two-level quantum system
with the time of the population transfer significantly shorter
than in the case of a laser pulse with linear chirp.

In this work, we apply a short QFC laser pulse to a quantum
system of A configuration of working energy levels to create
a coherent superposition of metastable states of the system
with a negligible and short-term excitation of the system.
Based on dressed states analysis and numerical simulations,
we show that the absolute value of the generated coherence
can be controlled by changing the central carrier frequency
and amplitude of the QFC laser pulse.

The proposed method for controlled and reliable creation
of arbitrary coherence between metastable states of a quantum
system under short-term and negligible excitation by a single
laser pulse can find important applications in quantum infor-
mation and data processing, as well as other areas of science
and technology that use coherent control of quantum states.

The underlying physics of the process is as follows: due to
the quadratic chirp, the laser pulse enters into resonance with
the quantum system twice instead of one resonance in the case
of linearly frequency-chirped pulses. In the case of a two-level
atom initially in the ground state, the atom returns to its
original state after adiabatic excitation following interaction
with the first branch of the parabolic frequency chirp, and
deexcitation after interaction with the second branch of the
parabolic frequency chirp.

In the case of a A-structured atom with a “broadband”
laser pulse interacting with both allowed transitions simul-
taneously, only the “bright” superposition component of the
metastable states is excited and deexcited as a result of inter-
action with the QFC pulse, while the “dark™ component of the
superposition remains unaffected.
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While the amplitude of the bright component at the end of
the interaction is the same as before the interaction (similar to
the case of the above-considered two-level atom), the phase
of the bright component after the interaction depends on the
parameters of the laser pulse.

Since the values of the probability amplitudes of
metastable states are equal to a linear combination of the
bright and dark components, the final probability amplitudes,
and therefore the coherence between them, depend on the
parameters of the laser pulse, including its central carrier
frequency, the amplitude of the Rabi frequency, and the chirp
speed. By changing these parameters, it is possible to obtain
a given value of coherence between metastable states with a
negligible and short-term excitation of the system, avoiding
the effects of spontaneous relaxation.

As the analysis below shows, the resulting populations of
metastable states and the generated coherence between these
states depend on the laser pulse parameters, even if the QFC
pulse frequency does not pass through resonance but has a
turning point near resonance.

In this paper, two different cases are studied: when the
time-dependent frequency of the QFC laser pulse resonates
(twice) with the transition between the metastable and excited
states (the case of negative central detuning), and when the
time-dependent QFC laser pulse frequency has a turning point
near the resonance but does not resonate with the transition
(the case of positive central detuning).

Section II presents the mathematical formalism of the in-
teraction of a QFC laser pulse with a A-structured quantum
system. Then a dressed states analysis is performed for the
probability states amplitude dynamics of the quantum system
in the field of the laser pulse. The analysis is carried out on
the basis of bright and dark superposition of metastable states
of the system.

Section III discusses the creation of a coherent superpo-
sition of metastable states with given (arbitrary) coherence
values based on numerical simulation of the Schrodinger
equation. The obtained solutions are compared with the re-
sults of the dressed state analysis.

The details of the obtained results are discussed in Sec. IV,
and the main conclusions of the study are summarized in Sec.
V.

In the Appendix, the coherence generation time is esti-
mated and compared with the QFC laser pulse duration for
different values of the central detuning and frequency chirp
speed parameter.

II. MATHEMATICAL FORMALISM

We consider interaction of a phase modulated (frequency
chirped) laser pulse with a quantum system having a A con-
figuration of the working levels (see Fig. 1). We assume that
the laser pulse is broadband, with the width of its frequency
spectrum (without chirp) exceeding the frequency spacing
between two metastable states of the system. It allows the
pulse to interact simultaneously with both allowed transitions
of the A system being in Raman resonance with the system.
An important feature of our consideration is the assumption
of quadratic chirping of the laser pulse.
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FIG. 1. The scheme of the A-atom energy levels.

Assuming the pulse duration to be shorter than all re-
laxation times of the system, we use the Schrodinger
equation to describe the interaction of the laser pulse with
the system. The Schrodinger equation for the column state
vector a = (ay, az,a3)T =a;(1 0 0O +a(0 1 07 +

az(0 0 1T has the following form,

d o
E‘-’Zin’ (D

where the column vectors (100)7, (010)7, and (00 1)” stand
for the (bare) states |1), |2), and |3) respectively (see Fig. 1).
The interaction Hamiltonian in the rotating-wave approxima-
tion is [23]

0 Qs 0
H=|Q e&1+tde Qnl. (2)
0 Q3 WR

where €;; = QF; = (1/2h)d;;A(t) (i, j = 1, 2, 3) is the Rabi
frequency and dj; is the dipole moment matrix element for
laser-induced transition from state | j) to state |i).

Note that the transition between the metastable states |1)
and |3) is forbidden, and only transitions between the states
[1), |3), and the excited |2) state are allowed in the dipole
approximation. A(z) is the (real) envelope of the laser pulse,
A(t) = Agexp(— TZ/ZT[%) assumed of Gaussian shape, with
7, being the half duration of the pulse intensity and A
the amplitude of the pulse. &1 = @ (f) — wy1, and &3 =
wp (t) — wy3 are the detuning from the one-photon resonances,
where wy(t) is the time-dependent carrier frequency of the
laser pulse; w;; and wy3 are the resonant transition frequen-
cies between the corresponding states. Note that in the case
of a single laser pulse interacting with the quantum sys-
tem under consideration, the Raman detuning wg = €;(¢) —
£23(t) = wy3 is a time-independent parameter equal tow;; =
(Ey — E3)/h being the angular frequency distance between
the two ground states of the quantum system with energies E;
and Ej3 (see Fig. 1). By assuming that the width Aw,(~ 1/1,)
of the frequency spectrum of the broadband laser pulse ex-
ceeds the frequency distance w3 between the two metastable
states,Aw, > w3, we can assume the Raman resonance for
interaction of the broadband laser pulse with the quantum sys-
tem, and put the Raman detuning wg = 0 in the Hamiltonian
in Eq. (2). Note that the situation in this case is analogous
to the interaction of the quantum system with a bichromatic
frequency-chirped laser pulse, consisting of two laser pulses
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with identical envelopes and identical frequency chirps and
the carrier frequencies shifted by the frequency distance be-
tween the two ground states (see also Refs. [22,38,39]).

In what follows we assume a quadratic chirp in time for
the laser carrier frequency: wp(t) = wro + ,3t2, where wyg is
the central frequency and g is the chirp speed parameter.
At this step it is convenient to introduce the bright g, and
dark (or “trapped”) gssuperposition of the (bare) probability
amplitudes of the ground states of the A system:

&v(t) = lay(t)da1 + a3(t)day]/d,
ga(t) = la1(t)di2 — a3(t)dpl/d, 3)

d=,f |di2|* + |das]*.

From the Schrodinger equation (1), we obtain the follow-
ing equations for the amplitudes of the excited a,, as well as
the bright g, and dark g, superposition states:

where

d
P ie(t)ay = iF (t)gy,

—gp = iF (1)
iF(t)ay,
Ytgb 2

d

ap— 4
R “4)

where the effective detuning &(¢) = &) + (%821 and F(t) =
A d.

As it follows from Eq. (4), the amplitude of the dark
superposition state remains equal to its initial value before
interaction with the laser pulse: g;(¢) = g4(—00). On the
other hand, the equations for the amplitudes of the bright
component and the excited state correspond to an equivalent
two-level quantum system with probability amplitudes of the
ground and excited states equal to g,(¢) and a»(¢), respec-
tively.

A. Dressed states picture

In this section, we proceed to the analysis of the problem of
coherent control of the states of the equivalent two-level quan-
tum system under consideration [see Eq. (4)] using the dressed
state approach. The solution of Eq. (4) can be represented on
the basis of the adiabatic dressed states 5% as follows:

2 t

g(r>=2rk(r)lzk<r)exp[—i f wk(t’)dt’}, 5)

k=1 -

with the initial condition at t — —o0 ,

2
et > —00) =Y r(—00)b(—00), 6)

k=1

where the column state vector c(t) = [ax () g,,(t)]T is the
solution of the Schrodinger equation (4); b, (¢) is the adiabatic
dressed state eigenvector, corresponding to the eigenvalue wy
of the Hamiltonian H:

Ayby (1) = wi()by (1), )

250+,
200f % 4 -
oW .
g 150 N v
S < Ad
g 100 *) . :
f =y N 4
(6] . 'o
> 50F Ay R :
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_50f Wi :
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FIG. 2. Time dependence of eigenvalues w; (green) and
wy(blue), normalized by the Planck’s constant 7, as well as the eigen-
values in the absence of the laser field (dashed lines). A quadratic
chirp of the laser carrier frequency is assumed. Parameters applied
are as follows: half pulse duration 7, = 5ns, central detuning e, =
—30GHz, g = 15GHZ?, and w,, = 35 GHz.

where

5 _ (@) F@)
from Eq. (4).

The function r¢(¢) in Eq. (5) is the statistical weight of the
adiabatic dressed state vector b, (¢) in the bare state vector
c(t). According to the adiabatic theorem [54,55], i (t) =
r(—oo) if the change in time-dependent parameters of the
system is adiabatically slow (see the relevant conditions be-
low).

We obtain the following expressions for the eigenvalues
wy (¢) and for the dressed state eigenvectors b, (t) as solutions

of Eq. (7):
2
wio= "D [ ey, ©)
() =570 D" + b1 0, (10)
pO () = wi(t) — £ gp(—00),
LT o — e+ Fa
WO = e g(—00), (1)

VIw(@) = e + F (1)
where for the quadratic frequency chirp under considera-
tion the effective detuning &(¢) = eopp, + 3pt* [see Eq. (4)],
g»(—00) is the amplitude of the bright superposition compo-
nent before interaction with the laser pulse and ey, = wro —
wy is the central detuning. In the following, for simplicity, we
assume equal transition dipole elements for the dipole allowed
transitions of the system d; = dx;.

F(t) = 5:A(t)d = wpv/2exp[—1?/72]  with  w, =
|d12]Ag/2h. The dependence of the eigenvalues w;(¢) and
wy(t) on time is shown in Fig. 2.

Let us assume at this point that the system is in one of
the ground states initially (# — —oo ). This means that the
state vector c(f — —o0 ) = (0 g)7, and in the dressed states
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FIG. 3. Time dependence of populations of the bright superposi-
tion (green) and of the excited state (red) in the field of a QFC laser
pulse. For reference, the temporal shape of the laser pulse and the
frequency detuning with two resonance intersection points are shown
by dashed-dotted and dashed lines, respectively. Parameters applied
are the same as in Fig. 2. Note that, with equal dipole moments
for transitions between the metastable and excited states, the initial
population of the bright state is 0.5.

approach,

2
c(—00) = Y r(—00)b,(t)

k=1

2
=Y n(—00)[b)(=00) (0 1)7].
k=1

&

As it follows from Egs. (9)-(11), only forw = w; = 7’) —

\/ # + F(t)z, b(ll) — gp(—00), and b(zl) — 0 attr —»> —o0.

Therefore, the dressed state b, (r) = b"(1 0)" +5"0 1)T
is the dressed state vector, which must be identified with
the one that is adiabatically transformed into the initial state
vector of the system before interaction with the laser pulse
(at t - —o0) [see Eq. (6)]: c(t - —00) = bV (t - —00).
According to the adiabatic theorem, the system remains in this
state if the conditions of adiabaticity are met (see [54,55]).
The general condition for realization of the adiabaticity
condition in the case of the two-level system is (see also [44])

|d0/dt] < \/e(t)? + F(t)?,

where the mixing angle # = tan~'[e(t)/F (1)].

Assuming that F(t)* > &(t)* during the states populations
transition time in the system, we arrive at the following con-
dition from Eq. (12) (see also [44]):

Fy? > de(t)/dt,

where Fp is the maximum Rabi frequency (coupling
strength): Fy = |di2|Ao /ﬁh. For our case of a quadratically
chirped laser pulse, we will have the following adiabaticity
condition:

12)

Fy? > 6fty, (13)

where #,; is the population transition time in the system that is a
function of the chirp speed parameter 8 and other parameters
of the laser field (see the Appendix). In Fig. 3 the dynamics

of the population of states in the field of a QFC laser pulse is
presented as a result of numerical simulation of Eq. (4).

As can be seen in Fig. 3, resonance with the allowed transi-
tions of the system is reached twice in the case of a quadratic
frequency chirp (instead of a single resonance crossing in the
case of a linearly chirped pulse), which leads to a return to the
ground state of the population of the bright component after a
temporary population of the excited state.

This effect of the QFC laser pulse is used to create a
coherent superposition of metastable states of the consid-
ered A-structured quantum system. As mentioned above, the
superposition of two metastable states is created by the in-
terference of the complex bright component, the phase of
which depends on the QFC pulse parameters, with the dark
component [see Egs. (3) and (4)], which does not interact with
the laser pulse.

Using Egs. (5) and (9)—(11) with eigenvalue w = w;, we
obtain for the amplitudes of the bright g,(¢) and of the excited
state a,(t)

[w; — e(@)]

70 gp(—o0)exp[—ip(t)],

&) =

) = 2 ¢ (—oorexpl—ip()]
a —mgb( oo)exp[—ip(1)],

V()= lwn — e + F@Y,

(14)

where ¢(t) = fioo w (t)dt'.

For the probability amplitudes a; 3(¢) of the metastable
states of our quantum system, we obtain, using Eqs. (3)
and (14),

d —
ai(t) = f“”?gmgb(—oo)exp[—iw(m e
d —
as(t) = f“”?;mgb(—owexp[—iw(r)] — G, (15)
where

Ci = [a1(—00)|dx|* — a3(—00)di2dr3)/d?,
G = [a1(—00)da1dy; — az(—o0)di,1/d>.

At this step, we assume that initially the population of
the quantum system under consideration is in one of the
metastable states, for example, in the state |1):a;(—o0) = 1,
a3(—oo) = 0. Also, for simplicity, we assume that the tran-
sition dipole moments are equal: dj» = dp3. These assump-
tions simplify the expressions (15) significantly:g,(—o0) =
g4(—00) = 1/+/2, and

(t) = l|:w1_—8(t) [—ip(t)] + 1]
a(t) = 5 YO exp[—ig ,
1 _
az(t) = E[M?ti(t)exp[—iﬂf)] - 1:|~ (16)

Next, we study the dependence of the coherence p3(t) =
a1 (t)a3(t) between the two metastable states of the quantum
system established after action of a QFC laser pulse on the
laser pulse parameters, using the results of the dressed states
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analysis [Eq. (16)], and direct numerical simulation of the
Schrodinger equation [Eq. (1)].

Assuming a positive chirp speed parameter 8 > 0 for a
quadratic frequency chirp (see Fig. 3), two different cases
are considered below: (a) the case of negative central detun-
ing, when the central frequency of the laser is less than the
resonant frequency of the transition between the metastable
and excited states (the detuning is negative at the central
frequency of the laser), and (b), the case of positive central
detuning, when the central frequency of the pulse is greater
than the resonant frequency (the detuning is positive at the
central frequency of the laser and has a turning point at the
resonance).

These two cases demonstrate two different physical mech-
anisms of interaction. While in case (a) the laser carrier
frequency passes through resonance with the transition twice,
in case (b) the laser frequency has a minimal (positive) detun-
ing at the center of the pulse, without reaching resonance with
the transition.

The population value of the bright component, temporarily
transferred to the excited state, depends differently on the
central detuning of the laser pulse in these two cases. In case
(a), the greater the central (negative) detuning, the greater the
part of the bright population that temporarily is transferred
into the excited state, with the maximum value equal to the
entire initial population of the bright component. In case (b),
the greater the central (positive) detuning, the smaller the part
that temporarily goes into the excited state. Note that changing
the sign of the chirp speed parameter from 8 > 0to 8 <0
leads to replacement of the situations corresponding to the
cases (a) and (b) considered above.

III. CREATION OF A COHERENT SUPERPOSITION
OF THE METASTABLE STATES BY A QFC LASER PULSE

A. Case of negative central detuning

We proceed with numerical simulation of the Schrédinger
equation (1) for the case of a negative central detuning, as
discussed above. The dynamics of the populations of quantum
states, as well as the absolute value of the coherence between
the metastable states is presented in Fig. 4.

The color (density) graph of the absolute value of coher-
ence between two metastable states of the system depending
on the detuning of the central frequency and the amplitude of
the Rabi frequency is shown in Fig. 5.

As follows from Fig. 5, there is a region of QFC pulse
parameters where the maximum (near 0.5) coherence can be
achieved with extremely high robustness. In addition, from
Fig. 5, one can observe a quasiperiodic dependence of the
coherence on the central detuning and the Rabi frequency
amplitude.

This quasiperiodic dependence can also be seen in Fig. 6,
where the dependence of the absolute value of the created
coherence between metastable states is presented as a function
of the (negative) central detuning for a given value of the Rabi
frequency amplitude, and also in Fig. 7—depending on the
amplitude of the Rabi frequency for a given (negative) value
of the central frequency detuning.
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FIG. 4. Time dependence of the populations of the metastable
states |1), n; (green), |3), n3 (blue), and the excited state |2), n,
(red) (a), and (b) the absolute value of the coherence between the
metastable states |1) and |3) in the field of a QFC laser pulse.
The system is supposed to be in the state |1) initially. For refer-
ence, the frequency detuning ¢(¢) is represented by the dashed line,
and the laser pulse shape is represented by the dashed-dotted line.
The parameters applied are as follows: the half pulse duration 7, =
5ns, amplitude of the Rabi frequency w, = 15 GHz, and the chirp
speed parameter 8 = 25 GHZ®.

-200 |

225

Central detuning (GHz)

w

250
10 12 14 16 18 20 22 24
Rabi frequency amplitude (GHz)

FIG. 5. Color (density) plot of the absolute value of coherence
established after action of a QFC laser pulse as a function of negative
central detuning and the amplitude of the Rabi frequency. In the
simulations along the X and Y axes, 1 and 10 GHz computational
steps were used, respectively. The QFC pulse duration and the chirp
speed parameter are the same as in Fig. 4.
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FIG. 6. Dependence of the absolute value of coherence between
metastable states after action of a QFC laser pulse on the central
(negative) detuning e, for different values of the amplitude /w,
of the Rabi frequency of the laser pulse as a result of numerical
simulation of the Schrodinger equation [Eq. (1)] (solid lines) and
based on the dressed states analysis [Eq. (16)] (dashed lines): (a)
w, = 1 GHz; (b) w, = 5 GHz. The QFC pulse duration and the chirp
speed parameter are the same as in Fig. 5.

As can be seen from Figs. 6 and 7, the results based on the
numerical solution of the Schrddinger equation are close to the
results obtained based on the dressed states approximation,
for sufficiently large values of the maximum Rabi frequency
amplitudes.

B. Case of positive central detuning

In this section, we study the effect of a QFC laser pulse on
a quantum system with A structure of operating energy levels
under the condition of a positive value of the central frequency
detuning (see Fig. 8). We perform an analysis similar to the
one above for a negative central frequency detuning. While in
the previous case with a negative central frequency detuning
the QFC pulse frequency passes through resonance with the
system twice, in the case of a positive central detuning, the
resonance with the system is not reached at all. This has a
number of interesting and useful consequences. One of them
is the negligible short-term excitation of the system, as can be
seen in Fig. 8(a) [compare with the case of negative central
detuning, Fig. 4(a)].

Coherence

050
0.4

0.3}

Coherence

0.2

0.1

0.0

| ]
b W
| 1
6 8 10

12
(b) Rabi frequency amplitude (GHz)

FIG. 7. Dependence of the absolute value of coherence between
the metastable states after action of a QFC laser pulse as a function
of the pulse Rabi frequency amplitude for different values of the
central (negative) detuning ey, as a result of numerical simulation
of the Schrodinger equation [Eq. (1)] (solid lines), and based on the
dressed states analysis [Eq. 16)] (dashed lines): (a) ey, = —100 GHz;
(b) epp, = —20GHz. The QFC pulse duration and the chirp speed
parameter are the same as in Fig. 6.

Below, color (density) graphs are presented for dependence
of the coherence established at the end of the QFC pulse on
the (positive) central detuning and the amplitude of the Raman
frequency.

As it follows from Fig. 9, there are parameter regions in
which the creation of a given coherence may be realized with
high robustness. It should be noted that the dependence of
coherence on the central frequency detuning and the Rabi
frequency amplitude has quasiperiodic character, similar to
the case of negative detuning considered above.

In Fig. 10 the dependence of the absolute value of the
created coherence between metastable states is presented as
a function of the (positive) central detuning for a given value
of the Rabi frequency amplitude, and in Fig. 11 as a func-
tion of the Rabi frequency amplitude for a given (positive)
value of the central frequency detuning.

As can be seen from Figs. 10 and 11, the solutions based
on numerical simulation of the Schrédinger equation [Eq. (1)]
and those obtained on the basis of the dressed states approx-
imation [Eq. (16)] coincide with each other in the considered
parameters range.
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FIG. 8. Time dependence of the populations of metastable states
[1), n; (green), and |3), n3 (blue) and the excited state |2), n, (red) (a),
and (b) of the absolute value of the coherence between the metastable
states |1) and |3) in the field of a QFC laser pulse with positive
central frequency detuning. The system is supposed to be in the
state |1) initially. The frequency detuning is represented by a dashed
line and the laser pulse shape by a dot-dashed line for reference.
The parameters applied are as follows: half duration of the pulse
7, = Sns, the amplitude of the Rabi frequency w, = 15 GHz, and
the chirp speed parameter 8 = 25 GHz>.
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FIG. 9. Color (density) plot of the absolute value of the coher-
ence as a function of positive central detuning and Rabi frequency
amplitude. A computational step corresponding to 1 GHz was used in
the simulations along both the X and Y axes. The QFC pulse duration
and the chirp speed parameter are the same as in Fig. 8.
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FIG. 10. Dependence of the absolute value of the coherence be-
tween the metastable states after action of a QFC laser pulse on
the central (positive) detuning e, for different values of the Rabi
frequency amplitude w, as a result of numerical simulation of the
Schrodinger equation [Eq. (1)] (solid lines) and based on the dressed
states analysis [Eq. (16)] (dashed lines): (a) w, = 5 GHz; (b) w, =
15 GHz. The QFC pulse duration and the chirp speed parameter are
the same as in Fig. 9.

IV. DISCUSSION

Our results show that a given (arbitrary) value of coherence
between metastable states of a A-structured quantum system
can be created by exposure to a single QFC laser pulse with
variable amplitude and central detuning.

An important condition is that the width of the laser pulse
frequency spectrum (without chirp) exceeds the frequency
distance between the metastable states.

Coherence can be created by negligible and short-term
excitation of the system. The population of the excited state
depends strongly on the central detuning of the laser carrier
frequency.

The maximum value of the short-term population of the ex-
cited state, which is equal to the initial population of the bright
component, is reached in the case of negative central detuning
(for a positive chirp parameter 8) when the frequency of the
laser pulse crosses the resonance twice.

In contrast, the short-term population of the excited state is
negligible if there is no resonance crossing at positive values
of the central detuning.
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FIG. 11. Dependence of the absolute value of the coherence be-
tween the metastable states after action of a QFC laser pulse on the
Rabi frequency amplitude for different values of the central (positive)
detuning e, as a result of numerical simulation of the Schrédinger
equation [Eq. (1)] (solid lines), and based on the dressed states anal-
ysis [Eq. (16)] (dashed lines): (a) eg, = 20 GHz; (b) ey, = 100 GHz.
The QFC pulse duration and the chirp speed parameter are the same
as in Fig. 10.

In both cases, there are ranges of laser pulse parameters
where coherence generation is robust to small and medium
changes in the parameters.

And in both cases, the absolute value of the created coher-
ence is a quasiperiodic function of the central frequency and
the (Rabi frequency) amplitude of the laser pulse.

However, the case of positive central detuning seems more
preferable due to the insignificant temporary excitation of the
system, as well as being due to the larger values of the (quasi-)
periods of coherence change when variating the parameters
of the laser pulse, making its creation more reliable and pre-
dictable.

As follows from Figs. 6 and 7, and 10 and 11, the results
obtained during numerical simulation at sufficiently high am-
plitudes of laser pulses are close to the results obtained based
on the consideration of dressed states.

It should be noted that the coherent control scheme pre-
sented in this paper uses one laser pulse instead of two pulses
of a given shape and delay, as in the case of STIRAP-based
schemes [42].

Another advantage of the presented scheme is its high
speed, which allows the creation of coherence in the adiabatic

following regime in a much shorter period of time than the
duration of the laser pulse (see the Appendix).

It is also important to note that the fidelity of population
transfer is not inferior to STIRAP-based methods. The fidelity
of population transfer using QFC laser pulses in a two-level
system was investigated in detail in ref. [53] and shown to be
high. Since the physics of our method is based on the pop-
ulation transfer of the bright component of the superposition
to the excited state and back in an effective two-level system,
all the conclusions from [53] regarding the high fidelity of
population transfer using a QFC laser pulse are applicable to
our case.

V. CONCLUSIONS

In conclusion, interaction of a QFC laser pulse with a quan-
tum system having a A configuration of working energy levels
has been studied with the aim of creating arbitrary values of
coherence between metastable states of the system with negli-
gibly small and short-term excitation of the system. Two cases
of central frequency detuning have been considered: negative,
when the laser frequency passes through resonance with the
system twice, and positive, when the laser pulse frequency
approaches resonance without crossing it.

It is shown that in both cases it is possible to create an
arbitrary coherence value by changing the parameters of the
laser pulse in the variation ranges in which the creation of
coherence is robust to small and medium changes in these
parameters.

The case of positive central detuning seems more prefer-
able due to the insignificant short-term excitation of the
system, as well as being due to the larger values of the (quasi-)
periods of coherence change when variating the parameters
of the laser pulse, making its creation more reliable and pre-
dictable.

As a suitable quantum system for the experimental imple-
mentation of the scheme described above, one can consider
the magnetic sublevels of the transition J = 1 <> J' = 0, for
example, in the Sm atom, where the total momentum num-
bers J = 1 and J' = 0 correspond to the ground and excited
states, respectively. The role of the metastable states of the
lambda-linkage atom will be played by the magnetic sublevels
with quantum numbers m = —1 and m = 1. Transitions
from these states to the excited state with magnetic quantum
number m = 0 will be provided by the o™ and o~ circular
components of the linearly polarized laser pulse (see also [25]
and references therein). Another candidate for experimental
realization of the scheme may be metastable states of impuri-
ties in graphene systems (see, for example, [48]).

A high speed of the coherence generation has been demon-
strated, when the coherence creation time can be much shorter
than the QFC laser pulse duration in the adiabatic following
regime.

As our simulation results (which will be presented in our
upcoming paper) show, even shorter coherence creation times
can be achieved in the nonadiabatic interaction regime using
QFC laser pulses with higher-frequency chirp speed parame-
ters.

An important application of the presented scheme can
be the generation and processing of qubits, when only
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metastable states of the quantum system are involved,
which allows eliminating the negative effects of spontaneous
relaxation.

It is worth noting that the quadratic frequency chirp of the
laser pulse considered in this paper is merely a simplifica-
tion of a nonmonotonic temporal behavior of a bell-shaped
(or inverse bell-shaped) frequency chirp. Thus all the effects
of creating coherence between metastable states also apply
to laser pulses with a more general bell-shaped frequency
chirp.
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APPENDIX

In the Appendix, we analyze the dependence of the coher-
ence creation time between metastable states of the quantum
system on the value of the central detuning and the frequency
chirp speed parameter.

Since the results of numerical simulations and dressed
states analysis are close at sufficiently high Rabi frequency
amplitudes (see Figs. 6 and 7, and 10 and 11), we estimate
the coherence creation time using the dressed states analysis
results.

As the results of the analysis below show, the duration of
the coherence creation process can be significantly reduced
making it much shorter than the laser pulse duration, by in-
creasing the value of the frequency chirp speed parameter.

Below, we consider variation in time of the population of
the excited state of the quantum system [see Eq. (14)].

We claim that the coherence generation process is prac-
tically complete at the moment when the population of the
excited state approaches its zero value, assuming identical
values of the transition dipole moments (di, = d»3), for sim-
plicity.

We analyze the time dependence of the fulzction

fO =lal* =3 —laOF = 5 =S -
where |a,|? and |g,(¢)*> are populations of the excited
and bright components [see Eq. (14)], the detuning &(¢) =
eop + 3812, the Rabi frequency F(t) = Fy exp[—tz/ZIg], and
w; is the eigenvalue from Eq. (9).

When using dimensionless parameters, the function f(¢)
has the following form:

OES T :

2 exp(—12)+[3 (eo+kt2)+~/ %(eg-‘rkrz)z-&-exp(—rz)]

where T =1/1, F(t)= Fyexp(—1?/2), ey = eqp/F, and
k=3B72/F .
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FIG. 12. Dependence of the coherence creation time on (a) nor-
malized central detuning for different values of the dimensionless
frequency chirp speed parameter k: 1 — k = 1000 (red), 2 — k = 500
(blue), 3 — k = 300 (green), 4 — k = 200 (gray), and 5 — k = 100
(black), and on the frequency chirp speed parameter k at zero central
detuning (b). The small parameter ¢ = 1073,

Our goal is to determine the time instant 7 = t*, at which

fx= ) = o fmax (A1)
where « is a small parameter, and f,x is the maximum value
of the function f(7) that is achieved at T = 0.

Equation (A1) is solved numerically to find t* as a function
of the normalized frequency chirp speed parameter k, and the
central detuning e¢y. We take as a small parameter o« = 1073,
assuming that the coherence creation process is completed
when the population of the excited state is approximately
0.1% of its maximum value. It should be noted that the maxi-
mum value of the excited state population that can be achieved
is 0.5.

The adiabaticity condition (13) takes the following form in
dimensionless parameters:

Fyt, > 2k, (A2)
where the dimensionless time of coherence creation 7, = 27*.
The results of evaluation of the coherence creation

time by numerical solution of Eq. (Al) are presented
in Fig. 12.

043128-9



DJOTYAN, AVETISYAN, AND DJOTYAN

PHYSICAL REVIEW A 113, 043128 (2026)

As can be seen from Fig. 12, the duration of the coherence
creation can be significantly shorter than the duration of the
laser pulse at a sufficiently large frequency chirp speed pa-
rameter k.

It should also be noted that the adiabaticity condi-
tion (A2) still holds for the simulation results shown in
Fig. 12.
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