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Using the density matrix formalism, we prove the existence of the periodic steady state for an arbitrary
periodically driven system described by linear dynamic equations. This state has the same period as the modulated
external influence, and it is realized as an asymptotic solution (# — +o00) due to relaxation processes. The
presented derivation simultaneously contains a simple and effective computational algorithm (without using either
the Floquet or Fourier formalisms), which automatically guarantees a full account of all frequency components.
As a particular example, for three-level A system we calculate the line shape and field-induced shift of the
dark resonance formed by the field with a periodically modulated phase. Also we have analytically solved a
basic theoretical problem of the direct frequency comb spectroscopy, when the two-level system is driven by the
periodic sequence of rectangular pulses. In this case, the radical dependence of the spectroscopy line shape on
pulse area is found. Moreover, the existence of quasiforbidden spectroscopic zones, in which the Ramsey fringes
are significantly reduced, is predicted. Our results have a wide area of applications in laser physics, spectroscopy,
atomic clocks, and magnetometry. Also they can be useful for any area of quantum physics where periodically

driven systems are considered.
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I. INTRODUCTION

For the last several decades rapid scientific and techno-
logical progress has been substantially connected with an
expansion of the lasers and laser technologies at different areas
of the science, engineering, and industry. In this process laser
physics, nonlinear optics, and laser spectroscopy take a special
place. Many impressive successes in these directions are due
to the theoretical support, motivation, and interpretation of
experimental researches. In this context, of paramount impor-
tance is the formulation of mathematical models (equations)
and finding of their solutions, which adequately describe the
physical picture of investigated problems. As an example, for
atomic mediums the density matrix formalism is the most
widespread approach describing the atom-field interaction
and different relaxation processes (spontaneous, collisional,
etc.). Especial significance has the so-called steady state,
which arises under the interaction of a quantum system with
stationary external fields.

Recall that the steady-state concept has the following
theoretical justification. For an arbitrary quantum system let
us consider the density matrix O(¢) and its normalization
condition (integral of motion describing the conservation of
probability), which in a basis of states {| j)} can be presented as

pDY = ladp bl Trp@) = p =1, (1)
ab J

where p,,(¢) are the matrix elements. The density matrix
dynamic equation can be written as

3p(t) = —(i/WIH, PO+ T} Tr{pm) =1. (2)

Here we have separately selected the Hamiltonian term
[H,p(t)] having the form of a commutator with Hamiltonian
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H, which describes the energy states of the quantum system
and the interaction with external fields. The other operator
functional I"'{5(¢)} describes all possible relaxation processes
(e.g., for atomic gases it can be spontaneous, collisional,
time of flight, and other processes), and I'{f(¢)} cannot be
presented in the commutator form.

If H = const. and the initial state is 6(0) (at t = 0, for
definiteness), then during the dynamic process the asymptotic
(i.e., under t — +00) steady state fy. = O(+00) is formed.
This state does not depend on the time (9; Os.¢ = 0) and does
not depend on the initial condition 5(0), and it satisfies the
equation

—(i/WH, past] + T{pa} =0; Tr{pas) =1. (3)

Note that the existence of the single asymptotic state o(+00)
is completely determined by the relaxation processes. Indeed,
in the absence of relaxation (i.e., I'{...} = 0) the evolution
equation (2) corresponds in essence to the Schrodinger
equation, and its solution has the well-known form

p(t) = exp{—i Ht /h} p(0) expli Ht /h), (4)

which describes the undamped dynamics of the quantum
system, starting from the initial state p(0). In this case, the
mathematical expression (4) even for ¢t — 400 does not allow
the existence of the asymptotically unique steady state Jg.g,
which is independent of the initial state 5(0). Thus, the steady-
state concept is directly connected with the non-Hamiltonian
relaxation term I'{/(¢)} in the dynamic equation (2).

During long time, steady states play a key role in the
theoretical description of the basic problems in laser physics
and spectroscopy (for example, see [1-3]). However, in the
last few years the devices in which different parameters of
electromagnetic fields are periodically modulated have gained
a greater importance. First of all, the so-called frequency
comb generators use the periodic pulse modulation of a laser
field. Such sources of pulse radiation are actively used now in
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modern atomic clocks for frequency measurements [4,5], and
they have promising perspectives for direct frequency comb
spectroscopy (e.g., see [6-9]). Also, the phase (frequency)
and/or amplitude periodic modulation of the laser field is now
widely used for different tasks and applications (including
atomic clocks and magnetometers) [10-16]. Other promising
and interesting directions in atomic clocks and magnetometers
are connected with periodically modulated polarization of the
laser field [17-22]. Furthermore, a periodically driven quan-
tum system displays many curious features, e.g., dynamic sup-
pression of tunneling in a double well [23], Bloch-Siegert shift
[24], and effects of counter-rotating terms. Of late, the under-
standing of periodically driven systems is also one of the most
active areas of research in many-body physics (e.g., see
[25-38]). In particular, there is the problem of a stationary state
existence. In all these examples the standard concept of steady
state based on the time-independent equation (3) is inapplica-
ble, generally speaking, because of time dependence H (¢).

In this paper, we generalize the steady-state concept for an
arbitrary quantum system under arbitrary periodic external in-
fluence. In this way we prove the following existence theorem:
if the coefficients of density matrix dynamic equation (2) have
the period T, then the periodic solution with the same period T
exists always. A completely unexpected result is that so univer-
sal and fundamental a statement is based only on the normal-
ization condition for the density matrix. Due to the relaxation
processes this solution is realized as an asymptotics (t — +00)
and, therefore, can be characterized as a periodic steady
state. The developed simple algorithm allows us to directly
construct this solution independently of initial conditions and
without the use of either Floquet or Fourier formalisms. Our
approach considerably simplifies the analysis regardless of the
periodic modulation character: from smoothly harmonic type
to ultrashort pulses. As a striking example, for two-level atoms
we have analytically calculated the signal and have found
unknown features of the direct frequency comb spectroscopy
formed by the periodic sequence of rectangular pulses.

II. GENERAL THEORY

The general mathematical formulation of the steady-state
problem for periodically driven systems is the following. First
of all, let us rewrite the differential equation for the density
matrix (2) in the vector form:

351 =L 1) Te(p()} = G.p0) =1, (5

where the column vector p(t) is formed by the matrix elemgnts
P.»(t) using some definite rule, the linear operator L(t)
corresponds to the right-hand member of Eq. (2). As an
example, for a two-level system with basis states |1) and |2)
there are four matrix elements p,,(¢) (a,b = 1, 2), which can
be ordered as the following vector:

P (1)
@) | ©
o)
Besides we define the supplementary column vector 7 per-

mitting us to express the value Tr{o(¢)} as the dot product in
Eq. (5), where we use the standard definition of the dot product

pt) =

PHYSICAL REVIEW A 93, 013820 (2016)

for arbitrary complex-valued vectors: (X,y) = > x*y, . The
vector 71 is formed in the following way: for the positions
corresponding to the diagonal elements p;(r) [as components
of the vector 5(¢)] the vector 7 has the value 1, and it equals
0 for all other positions. In particular, for two-level systems,
according to the definition (6), we obtain
1
n= 8 . @)
1

The normalization condition in Eq. (5) implies the degeneracy
of equations [right-hand members, L(#)p(¢)] which corre-
sponds to the following expression:

(i, L(1)5) = 0 (8)

for an arbitrary vector argument p. Note that the existence
of the time-independent vector 7 is a base point for the next
reasonings.

Let us suppose an existence of the time period 7' in the
operator L(?):

L(t+T)= L. ©)

In this case, as it will be shown below, Eq. (5) always has a
periodic solution with the same period 7':

pt+T)=pr) (10)
for each 1.

To begin the proof of this theorem, we assume that at some
instant of time ¢, we have an arbitrary vector p(¢,). Then, in
accordance with Eq. (5), for other instant of time z, we can
write

p(ty) = Z(tz’tl)ﬁ(tl), (11)

where the two-time evolution operator X(tz,tl) is determined
by the matrix L(¢). Note that in the case of periodicity condition
(9) the following relationship takes place:

Aty + T.t, + T) = A(t,.1,) (12)

for arbitrary ¢,,,.

However, before the consideration of the periodic case,
let us prove several general statements. For this purpose, we
multiply Eq. (11) by the vector 7 as the dot product:

(i, 5(1,)) = (i, Alty1y) p(1))) = (AT (ty,1) 7, 5(2))),  (13)

where A T(tz,tl ) is the Hermitian conjugate operator to Al (ty,1)).
Because (71,5(1,)) = (11, p(t,)), from Eq. (13) we obtain

(i, 5)) = (AN, 1, 5(1,) (14)
for arbitrary p(z,). This formula directly implies
Aty 1) i =17, (15)

i.e., the operator Xf(tz,tl) always has the eigenvector with
the real eigenvalue 1. Therefore, the same eigenvalue 1 also
exists for the direct operator A(z,,?,), i.e., there is always the
eigenvector 7(1‘2,11), which satisfies the equation

Alty 1)) F(tyt)) = Fltyat)). (16)

In contrast to Eq. (15), the eigenvector 7(t,,t,) depends on 1,,¢,
in the general case.
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Let us return to the case of periodicity [Eq. (9)]. Consider
p(t) at arbitrary instant of time z. In conformity with Eq. (11),
the vector p(t + T') is determined as

Bt +T)= At +T.0)p1). A7)

Supposing the existence of the periodic solution p(t + T) =
o(¢), it follows from Eq. (17) that this solution satisfies the
equation

p(t) = At + T,0) p(t); (i, p(0) = 1, (18)

which always has a nonzero solution due to the above
proven statement of existence of eigenvector with eigenvalue
1 for the operator A(t,,t,) for arbitrary t#,,z, [see Eq. (16)].
Using Eqgs. (12), (17), and (18), it can be easily shown that
p(t +1T) = p(t) (I = £1, £ 2,...). Taking into account an
arbitrariness of the time 7 in Eqs. (17) and (18), we can assert
that the existence theorem of the periodic solution (10) is
proven.

Due to the relaxation processes there is a unique (in
the majority of cases) periodic solution which is realized
during the time evolution as an asymptotic state (f — +00)
independently of initial conditions [similar to the well-known
stationary case in Eq. (20) below]. The solution (10) can be
called a dynamic steady state because of its dependence on 7.

However, taking into account a mathematical generality,
for some theoretical models we can hypothetically assume the
possibility of several solutions {p,(t), p,(t), ... ,ﬁQ(t)} for
Eq. (18), when the eigenvalue 1 for the matrix ;}\(t + T,t) is
degenerated in spite of relaxation processes. In this case, the
general periodic solution has a form of superposition:

Q
dag=1, (19
g=1

where the number set {«, ... ,« Q} for the asymptotic solution
(t - 4+o00) will depend on initial conditions (under the
dynamic consideration).

Let us show that the found solution (18) is a generalization
of the well-known steady state [see the matrix pg.g in Eq. (3)]
for the constant operator L in Eq. (5):

[
PIY =D agfg(t);  (iopg(1) = 1;

g=1

Z/_).stfst = 0; (ﬁvﬁst—st) =1 (20)

It is obvious that the stationary case can be considered as a
periodic case with an arbitrary value of the period T'. Therefore,
according to the above analysis, the state pg.g also must satisfy
Eq. (18) for arbitrary #,T. Indeed, in the case of L = const.,
we have for arbitrary ¢, T

0 /_)»Stfst =0

N +00 1
At+T,t)=e _1+k21k!TL. 21

Taking into account Egs. (20) and (21), we obtain perfect
compliance with Eq. (18): A(t + T.,t)fs.st = Ost-st-

Let us consider our results in relation to the general Floquet
theory (e.g., see [39]). According to this theory, the solutions of
the differential equation system (5) with periodic coefficients
can be presented in the following form:

5(t) = D(t)eX'a, (22)
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where the matrix 5(1‘) = 5(t + T)is period,i\c, K is a certain
constant matrix connected with the matrix L(¢), and (Z is an
arbitrary constant vector. Using the set of eigenvectors Ka; =
;a;, expression (22) can be rewritten as the superposition of
independent solutions:

p(t)=D(t)) Cje™'d;, C; = const. (23)
J

From this formula it follows that the existence of the periodic
solution o(t + T) = p(¢) seems to be an exception to the gen-
eral rule, because such solution can be realized only if at least
one eigenvalue Ay = i2xm/T exists [where m is an arbitrary
integer number (including 0)]. However, in the framework
of the general Floquet theory the universal approach to this
problem is absent, i.e., the special consideration is required for
each concrete task. In this context, our result is that the equation
class, describing the density matrix dynamics for different
quantum systems with arbitrary relaxation processes, always
has a periodic solution. Our theorem proof is based only on
the normalization condition and it is done without the Floquet
expansion (23) [instead of this, we use the two-time evolution
operator (11)]. Apart from the density matrix equations (2), the
developed approach can be applied to prove a similar existence
theorem of periodic solutions for other differential equation
systems, for which some linear integrals of motion exist.

In regard to the other states in the superposition (23) with
Aj #i2nm/T, for the majority of the adequate mathematic
models of quantum systems with relaxation these states
should be damped under t — 400, i.e., Re{A;} <0 (see
aAlso comments [40,41]). In contrast, without relaxation (i.e.,
I'{...} = 0) the periodically driven systems can be described
by the Schrodinger equation (e.g., see the classical paper
[42]) and all possible solutions in Eq. (23) will be undamped:
Re{A;} = 0. In this case, the unique asymptotic steady state
p(+00) does not exist. It is precisely this fact that explains
the base difference between damped and undamped quantum
systems with respect to the long-time dynamics.

Note that some authors supposed (without proof) the
existence of the periodic steady-state solution [Eq. (10)] for
some certain problems. In this case they usually used the
Fourier analysis for numerical calculations (e.g., see [12,43]).
However, an intuitive assumption about the periodic steady
state is now rigorously substantiated. At the same time, of
special interest is the direct and simple method, which allows
us to construct the periodic solution on the base of Eq. (18)
without Fourier expansion. Thus, our approach automatically
takes a full account of all frequency components and can
radically simplify the calculations (numerical and analytical).

Let us describe one possible numerical algorithm based
on Eq. (18). We consider an arbitrary periodic dependence
of the operator L(¢) (see Fig. 1). For instance, under an
atom-field interaction such a dependence can be produced
by the modulation of the field parameters (amplitude, phase,
polarization, etc.). The selected time interval [fy,fo 4+ T] is
divided into N small subintervals, where ty =ty + T. The
character of partition (uniform or nonuniform discrete mesh)
and number of subintervals are determined in conformity
with the studied problem. The dependence L(z) we will
approximate by step function (see Fig. 1), where the matrix
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FIG. 1. Partition of the time interval [#y,fo + T ] at N subintervals
and symbolic approximation of the dependence L(¢) by the step
function (red step line).

Z(t) has the constant value Z(tm_l) inside of subinterval
(tn_1,tn]. In this case the vector p(fp) in initial point fg
is determined by Eq. (18), where the evolution operator
A(to + T.,ty) has the form of a chronologically ordered product
of the matrix exponents (in the manner of [44]):

m=N
A\(t() + T.ty) ~ l—[ elm—tm-D)L(tn—1)
m=1
— g(TN*tN—])Z(fN—]) N e(tlfln)z(tn). (24)
The vectors p(t,,) in other points of the interval [ty,t) + T] are
determined by the recurrence relation

plty) = e~ VH DG ). (25)

Below we consider several important examples (related to the
atomic clock and spectroscopy of atomic transitions), which
demonstrate the simplicity and high efficiency of our method.

III. DARK RESONANCES IN THREE-LEVEL A SYSTEM
DRIVEN BY THE PHASE-MODULATED FIELD

The first example is the so-called dark resonance, which
is formed in a three-level A system by a bichromatic
field (see Fig. 2). This resonance occurs when a difference
between the optical frequencies (w; — w;) is varied near the
transition frequency between the lower energy levels |1)
and |2): w; —wy; & A. Currently, such resonances at the
hyperfine structure of the alkali-metal atoms (first of all,
for Rb and '33Cs) underlie the chip-scale atomic clocks,

J
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13)

1Y

FIG. 2. Three-level system where the dark resonance can be
formed.

which have a great practical importance. At the same time the
harmonic phase modulation (frequency deviation) of miniature
semiconductor lasers (so-called VCSEL) is ordinarily used in
practice. In this case the field can be written as

E(t) = Ege 'l Ol L cco o(t) = Asin(vt),  (26)

where Ej is the field amplitude, w is the central frequency
of laser, and A and v are the amplitude and frequency of
phase modulation, respectively. It is obvious that this field is
polychromatic, in which the frequency difference between the
adjacent components equals v. The phase modulation at full or
half of the hyperfine splitting is usually used: v ~ A or A/2.
However, the dark resonance can be observed in the more
general case of v &~ A/I (I =1,2,3,...).

For theoretical description of this problem the Fourier
expansion of the field (26) is traditionally used. In this case,
to solve the density matrix equation one can extract two
resonant components (e.g., see [12]), which are involved
in the absorption and directly form the dark resonance.
While the remaining frequency components are taken into
account only from the viewpoint of field-induced shifts of the
clock transition. It is evident that such an approach is quite
cumbersome and incomplete. In contrast, our method does
not use the Fourier expansion and we directly calculate the
time-dependent periodic /(¢). In the resonance approximation,
the equations for the density matrix components p,(¢) have
the following form:

[0, + T —id — i/ ()]ps1 = iQ(p11 — p33) + 2,001,
[0, + T —id — i/ ()] p3 = iQy(p22 — p33) + 12 p12,
[0, + Go — iAlpiz = i(Q] p32 — P132,),
[0; + Golpir = yp33/2 4+ GoTr{p}/2 + i(Q] p31 — p132)), 27
[3; + Golpr = y033/2 + GoTr{p}/2 + i(Q3 032 — p232,),
[3; + Go + y1ps3 = i(Q,p13 — p312]) + i (2,023 — p3285),
Pjx = P/ij (J,k=1,23); Tr{p}=pn+pn+pn=1

Here 6,5, = (0w — w(1(,))2) are one-photon detunings, Q; =

d31 Eo/h and 2, = d3p Eg/h are the Rabi frequencies (d3; and
ds, are the reduced matrix elements of the dipole moment for
the respective transitions), y is the decay rate of excited level

(

|3), I is the total decoherence rate (spontaneous, collision, time
of flight) of optical transitions [1) — |3) and |2) — |3), Gy
is the relaxation rate of lower energy levels to the equilibrium
isotropic state: (|1)(1]+ |2)(2|)/2. Note, if we delete the
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<P
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~0.02 ~0.01 0.01 0.02
0.0020 Ss}’m/y (b)
0.0015
0.0010}
0.0005/
5 8 7o A

FIG. 3. (a) The dark resonance line shape in the case when v
is varied near A/2 for different values of the phase modulation
amplitude A: A = 1.0 (green dashed line) and A = 2.4 (solid black
line). (b) The dependence of the dark resonance position (relative to
A /2) on parameter A. Calculations are done for Q,/y = Q,/y = 1;
Go/y =15x 1073 T/y =50; A/y =1000, 8, = —8, = A/2.

derivative by phase modulation ¢’(¢), then Egs. (27) formally
coincide with the description of interaction between the
monochromatic field (at the frequency w) and the three-level
A system.

In particular, we have calculated by our method the
resonance line shapes as dependencies on the frequency of
phase modulation v ~ A /2 for different values of amplitude
A [see Fig. 3(a)]. The taken parameters are typical for atomic
cells with vapor of 3Rb in the buffer gas. Figure 3(b) displays
the dependence of the field shift of the dark resonance Ssife
(with respect to A/2) on the modulation amplitude A. There
is the value set of A, for which the field shift vanishes (see
also [45]). In Fig. 4 similar graphics are shown for the case
of phase modulation frequency v =~ A /4. From Fig. 4(a) it is
seen that the amplitude of dark resonance can be comparable
with the case of v & A /2 [compare with Fig. 3(a)].

IV. TWO-LEVEL SYSTEM DRIVEN BY
THE PULSE-MODULATED FIELD

For another example, let us consider a two-level system
(with unperturbed frequency w,) interacting with the field at
the frequency w:

E(t) = Re{E(t) e}, (28)

where the amplitude modulation £(¢#) has the form of
rectangular-pulse periodic sequence [see Fig. 5(a)], which is

PHYSICAL REVIEW A 93, 013820 (2016)

<p33>T
0.008}
006 (a)
0.004}
0.0027
\ \ ~ (v-AIA) Ny
-0.02 -0.01 0.01 0.02
8shift/ Y
0.0010} (6)
0.0008
0.0006}
0.0004|
0.0002}
. . /\ | — A
2 N s TF 10

FIG. 4. (a) The dark resonance line shape in the case when
v is varied near A/4 for the phase modulation amplitude A =
3.59. (b) The dependence of the dark resonance position (relative
to A/4) on parameter A. Calculations are done for Q/y =
Q/y =1; Go/y =15x1073 T'/y =50; A/y =1000, 8, =
-5 =A/2.

a basic model of direct frequency comb spectroscopy and can
be considered as a limiting case of Ramsey spectroscopy.
In this case the field has an equidistant spectrum w, =
w+mf, m=0,£1,£2,...) (so-called frequency comb),
where f, = 2m/T is the repetition frequency, and a spectral
width (with respect to the central frequency w) is determined by
the pulse duration as 1/7. The dynamic equations for density

®, Q) (b)
Q, —
-
0 72 | T2 .
O,

FIG. 5. Two-level system interacting with (a) periodic sequence
of rectangular pulses and (b) periodic sequence of (&£)-phase
jumps.
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—-4000
0.6¢
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0.5/ (d)
U

4000 /7

FIG. 6. The line shapes for direct frequency comb spectroscopy
[see Fig. 5(a)] over large interval of detuning 8, where the narrow res-
onances are visually inseparable (dark areas). Calculations are done
forI' =y/2=0.02f,, t/T = 0.001 and for different pulse areas:
(a) Qot =7/15; (b) QT =7/2; (c) Qot =5 and (d) Qo7 =27.

—-2000 2000

—-4000

matrix components are given by
[0, + T —idlp21r = iQU0)(p11 — p22)/2,
[0 + T +i8lp1a = —iQ"()(o11 — p22)/2,
[0: + v]1p2 = i[Q1)p12 — p21X*(1)]/2, (29)
dpn = ypn +ilQ ) — p12R2(1)1/2,
Tr{p} = p11 + p2 =1,
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0.60<P22>7

0.1p
e A e
<p2>r
0.15 (b)
o.10}
0.05
JOUUUUUUUL

4470 4472 4474 4476 4478 4480 !

FIG. 7. The line shapes for direct frequency comb spectroscopy
[see Fig. 5(a)] over two small intervals of detuning §, where the
narrow resonances are visually separated. Calculations are done for
'=y/2=0.02f,1t/T =0.001, Qt = /2.

where Q(¢) = d&(t)/h is the time-dependent Rabi frequency
(d is the dipole matrix element), and § = (@ — w,) is the detun-
ing of the central frequency w. The constants y and I" describe
the relaxation rates of the exited state population (p,;) and
optical coherence (p12,012), respectively. Note that for pure
spontaneous relaxation the condition I' = y /2 takes place.

Of most interest is a regime in which the repetition
frequency significantly exceeds the relaxation rate of atomic
system: I', ¥y < f,. Figure 6 demonstrates the dependences
of period-averaged value (p2,), as a function of detuning §
for different pulse areas. The structure of these line shapes
consist of large number of resonances at the frequencies
w=wy+mf, m=0,x1,£2, ...). Their amplitudes lie
between two envelope curves. The dark areas in Fig. 6
correspond to the resonances, which are visually inseparable
for the given scale. A more detailed picture (using small
frequency intervals) is presented in Fig. 7, where the individual
resonances are visible.

As seen in Figs. 6(b)-6(d), under condition 2yt > 1 the
dependences become quite unusual. We have found that the
lower envelope has a typical width of the order of 2€2, [see
in Figs. 6(b)-6(d)] and it looks similar to the line shape on
6 in the case of single-pulse Rabi spectroscopy. The upper
envelope is much more broadened (with width of the order
of Qo f,/y > Qo in the case of Qyt > 1). Moreover, this
envelope curve has a series of relatively narrow resonance-
like dips (practically to zero), which can be characterized as
quasiforbidden spectroscopic zones. The positions of these

zones are determined from the condition ./ Q% + 82 = 2kn

(k = 1,2, ...), and their widths are proportional to y, i.e., they
tend to zero if y — 0.
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Note the high efficiency and simplicity of our method in
the case of periodic pulse modulation. Indeed, for the above
considered task with rectangular pulses [see Fig. 5(a)] the
operator A(tp + T,ty) includes the product of only two matrix
exponents:

Aty + T 1) = @~ (THO=0) (30)

where 7 = (T — t) is a free evolution time between pulses.
As a result, the calculation of the dynamic steady state in
concordance with Eq. (18) becomes quite simple. Moreover,
for a two-level atom we have obtained the analytical expres-
sions (exact and approximative) for the operator A(ty + T,%y)
and vector p(fy). In particular, for the short pulses (T <«
min{l/y;1/';T}) we can neglect the relaxation processes
during the pulse duration t. In this case, the atomic evolution
is described by the Schrodinger equation, which leads to the
following approximation:

erZ(Q:QU)
2 Qow*Re{w} QowRe{w} Q%Rez{w}
|w 7
5 s 5
Qow*Re{w} 12 Q2Re* {w) Qow*Re{w}
~ 3 —(w*) 52 - 5
QowRe{w} Q(Z)Rez{w} 2 QowRe{w}
3 —w -
s s s
QR w)  Qow*Refw} _ QowRe{w) |w|2
52 5 5

where the value w is determined as

8
w= v sin(Vt/2)+icos(Vt/2); V = ,/Q% +682. (32)

The atomic evolution between pulses is determined only by
the relaxation processes:

e vT 0 0 0

TLQ=0) _ 0 e~ T=i0T 0 0
¢ | o 0 e
| —eT 0 0 1

(33)

Note that Egs. (31) and (33) are written according to definition
(6) for the vector p(1).

Using Egs. (31)-(33) for the operator (30), we find the
solution p(fy) of Eq. (18) in analytical form (see also comments
[46]). For example, the exited state population has the
following approximation:

pa(t) ~ Qe T (€T — 1) sin*(Vr/2){ (e 7T — 1)v?
+ 2" (e"T — 1)V sin(8T) sin(V 1)
— " T(EeT-1) cos(ST)[Q% + (262 + Q(z)) cos(Vt)]
— (& — [ @ cos(VT) +6°]} . (34)

For the pure spontaneous relaxation (I" = y /2) expression (34)
can be transformed to the form

px(to) = Qg exp(y T /2) sin*(V/2)
X {2V2 cosh(y7 /2) + 2V sin(87 ) sin(V 1)
—cosBT[Q2 + (282 + ) cos(VD)]} . (39)

PHYSICAL REVIEW A 93, 013820 (2016)

<pP2>r
ol (a)
0.15
0.1) i
0.08 1
L
ST e O
(b)

ullllllll”l

~60 —4

o O/

—-60 —-40 =20 0 20 40

w0 O/

FIG. 8. The spectroscopic line shapes for the field modulation
which is formed by the (3-)-phase jumps [see Fig. 5(b)]. Calculations
are done for I' = y /2 = 0.1 f, and for different Rabi frequencies: (a)
Qo = 0.2f; (b) Qo = 55 () Qo = 10£,; and (d) Qo = 15 ;.
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Note that Eq. (34) (i.e., if " # y/2) allows us to model
the nonzero spectral width of the laser field at the carrier
frequency w. In this case, we can use I' = (y /2 + o), where
the parameter ¢ is proportional to the given spectral width. If
the value o is comparable with y (or exceeds it), then Eq. (34)
will be more adequate than Eq. (35).

In addition, under condition of T << T we have a close
approximation:

(p2)r = po(to)[l — e "T]/yT, (36)
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with an absolute inaccuracy less than small value (7/7T) < 1.
Thus, to reproduce with good accuracy the line shape (02),
we can calculate only the dependence p2,(f) on §. Note that
Eq. (36) can be used for an arbitrary pulse form (not only
rectangular).

In contrast, using the Fourier analysis for the frequency
comb spectroscopy to numerically solve Eq. (5) we should use
the following decomposition:

POY= Bne™" (m=0,£1,%£2,..), (37

where the components p,, satisfy certain recurrent relations.
For example, the direct Fourier calculation of the dependences
in Fig. 6 requires a huge computational burden.

The last numerical example is shown in Fig. 8. There are
the spectroscopy line shapes for the field modulation, which is
formed by ()-phase jumps [see Fig. 5(b)]. In the case of 2¢ >
y, these interesting dependences have the lower resonance-
like envelope, which has a width of the order of 22 [see
Figs. 8(b)-8(d)].

V. CONCLUSION

Note that for a free atom gas it is necessary to take into
account the motion of atoms, which results in dependence
of the density matrix on velocity v. In this case the periodic
steady state p(t + T,v) = p(¢,v) should be found for each
velocity group, and then the spectroscopic signal is computed
with the use of velocity averaging. Also our consideration of
temporal periodic modulation can be adapted for the case of
spatially periodic modulation of field parameters (amplitude,
phase, polarization, etc.). It implies the proof of existence and
the calculation of the spatially periodic steady state of the
atoms (including the problems of laser cooling and trapping of
atoms in optical lattices). In addition, apart from the density

PHYSICAL REVIEW A 93, 013820 (2016)

matrix equations (2), the developed approach can be applied
to prove the existence theorem of periodic solution for other
differential equation systems for which some linear integrals
of motion exist.

In summary, in the framework of density matrix formalism
we have rigorously proven the existence theorem of the
periodic steady state for an arbitrary periodically driven
system. Due to the relaxation processes this state is realized as
an asymptotics (t — +400) independently of initial conditions,
i.e., periodicity is the main attribute of steady state. The
presented proof simultaneously contains a computational
algorithm, which uses neither Floquet nor Fourier theories.
Our method radically simplifies the calculations for arbitrary
types of periodic modulation (including the ultrashort pulses)
and opens up great possibilities for analysis and development
of new methods in laser physics, nonlinear optics, and
spectroscopy. As an important example, we have analytically
solved a basic theoretical model of the direct frequency comb
spectroscopy, when two-level atoms are driven by the periodic
sequence of rectangular field pulses. Also our results are
applicable to any area of quantum physics where periodically
driven systems are considered. The significance of the obtained
results becomes especially obvious due to the infinite variety
of possible periodic actions for different quantum systems.
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