Optics and Spectroscopy, 2025, Vol. 133, No. 3

09

Dynamic microcavities and time-dependent media in collisions
of unipolar attosecond pulses of different shapes
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Optics of time-varying media has been actively developing in recent decades due to new possibilities for
controlling the properties of light in space and time using such media. The advent of extremely short light pulses,
up to unipolar half-cycle pulses, opens up new possibilities for ultrafast control of the properties of a medium in
space and time on times of the order of half the field period, which are inaccessible for conventional multi-cycle
pulses. In this paper, we numerically study the dynamics of Bragg microresonators in a three-level medium whose
properties vary in space and time. This occurs when unipolar light pulses of different time shapes, Gaussian and
rectangular, collide in it, having a small amplitude at which the medium is slightly excited and does not return back
to the ground state after the passage of the pulses. We discuss broader possibilities for controlling the properties
of a medium in space and time by using half-cycle pulses of different time shapes as a result of symmetric and

asymmetric collisions of pulses in the medium.
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Introduction

Optical microresonators with a high Q-factor have been
extensively studied in optics in recent decades [1-3]. Interest
in them stems from their numerous potential applications,
such as optical frequency comb generation [4-5], compact
laser source development [6], strong-coupling regime studies
of exciton-polariton dynamics [7], biological sensors [§], and
other applications. Such microresonators can be made,
for example, from quartz nanoparticles having whispering
gallery modes or photonic crystals [1-8]. But the parameters
of such structures are embedded in them during manufactur-
ing and cannot be quickly changed. This imposes a number
of limitations on the use of such structures in the tasks of
modern ultrafast optics.

To date, media whose optical properties (refractive index)
can be changed rapidly in time (fime varying medium) [9)]
or simultaneously in space and time (spatiotemporal pho-
tonic crystals) are actively studied [10]. These artificial
media are of interest in optics, in the problems of controlling
the propagation of light in both space and time. On the other
hand, a number of interesting phenomena, such as temporal
reflection and temporal refraction, parametric amplification,
and more, can occur in such media when the refractive
index changes rapidly, see review [9].

But changing the properties of the medium in space and
time is a complex practical problem. Currently, multi-cycle
femtosecond pulses of laser radiation have been used for
this purpose [11]. With the advent of attosecond pulses,
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it became possible to study and control the motion of
electrons in matter at times comparable to the period of
the electron’s turnover along the Bohr orbit in the atom
(hundreds of attoseconds) [12].

But the studying and controlling the properties of sub-
stances at shorter times requires extremely short half-cycle
pulses consisting of a half-wave field. Such pulses with non-
zero electrical area,

Se :/E(r, t)dt, (1)
(E(r,t) is field strength at a given point of space, t is
the time) [13] are promising for ultrafast control of the
properties of quantum systems and ultrafast switching of
the state of matter in much faster times than conventional
multicycle pulses. The results of recent studies in the
production and application of such pulses are summarized
in the reviews [13,14] and the monograph [15].

The physics of the interaction of such pulses with
matter is quite unusual; we have to abandon a number
of typical theories and concepts that are valid for multi-
cycle pulses [13-15]. Under these conditions, many new
and unusual phenomena occur that seem impossible with
multicycle pulses.

It turned out that the collision of half-cycle pulses in
matter can create high-voltage dynamic microresonators
(DM) at each resonance transition of the medium [16-18].
The population difference of atomic transitions remains
nearly constant within the pulse overlap region. It either
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changes by a jump to a different value outside this region.
Either a Bragg lattice of atomic populations is created in this
region. The shape of DMs can be controlled by multiple
collisions between pulses, indicating the dynamical nature
of such structures. An overview of recent research results
in this area can be found in Ref. [19].

In early studies [16-19] such structures were studied
in case of a collision of unipolar pulses of the same
shape — Gaussian or rectangular. The shape of the induced
structures obviously depends on the shape of the pulses.
For application of such structures it is important to study
their properties depending on the parameters of external
excitation and other factors. Analytical approaches [18]
to describe DM are developed on the basis of rough
approximations and have a limited area of applicability. The
full picture can only be revealed by numerical modeling.

We study in this paper the behavior of DM (doublet
molecules) during multiple collisions of half-cycle pulses
with different profiles (rectangular and Gaussian) in a
medium, based on numerical solutions of the density matrix
equations for a three-level system coupled with the wave
equation. We consider the case of small weak excitation
of the medium, when the impact of pulses leads to an
insignificant emptying of the ground state of the medium
(the regime of self-induced transparency, when the medium
returns to the ground state after pulses, is not considered in
this paper).

Calculated model and calculation results

The numerical model is based on a system of equations
for off-diagonal elements of the density matrix (021, P32,
p31), diagonal elements (011, P2, p33), representing the
population densities of the 1st, 2nd and 3rd medium
states (corresponding to atomic level populations), medium
polarization P(z,t), wave equation for the electric field
strength [20]:

%pﬂ = % —iwipa1 — i d—;j E(o22 — p11)
—i % Epas + i d—; Eps1, (2)
%mz = —iwppy —i d—;; E(p33 — p22)
—i d—;i Eps + i d—;; Epa1, (3)
%pn = —iw3p3 — i d—;; E(o33 —pn1)
—i d_;Lz Eps +1i d—;; Epa1, (4)
]

.d . .d .
P11 =1 -2 E(o21 —p3y) — i = E(ois —p13),  (5)

ot h h
d . d12 * . d23 *
s === E(o21 —p31) — i - E(o2s —p3). (6)
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0 P33 . d13 : d23
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(7)
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+2Nod23Rep3(z, 1), (8)
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Here diy, di3, dy3 are the matrix elements of the dipole
moments of the transitions, Tjx are the relaxation times.
The parameter values are chosen for atomic hydrogen and
are given in the table [21]. Relaxation times in gases lie
in the nanosecond range, which is much longer than the
time intervals considered below (femtoseconds). The pulses
interact with the medium coherently, their lengths and
intervals between them are shorter than the relaxation times,
which are insignificant in this case. The one-dimensional
wave equation describes the propagation of sub-cycle pulses
in near-field or coaxial waveguides [13]. The observation
of DM in real media requires media with large values of
polarization relaxation time T, which is easily realized in
gases, nanoscale structures at low temperatures.

The initial conditions were chosen as follows. 2 pulses
were launched into the vacuum from the left, point z = 0,
and right ends of the integration regions, point z =1L
(L = 124 is the length of the integration region, 4¢ is the
wavelength of the main transition). The first is a rectangular
pulse, in the form of a hypergaussian function:

t—a)*

E(z=0,t) = Ege & . (10)

The second semi-cyclic pulse moved towards the first one
and had a Gaussian shape:

(t—a,)?2

E(z=Lt)=Epe = . (11)

The medium was placed between points with coordinates
from z; =249 to z; =104g. The collision of pulses
occurred at the point z = Z¢o = 64¢. Ideal mirrors were
placed on the boundaries of the integration region. When
reflected from them, the pulses entered the medium again
and collided in it.

Symmetrical collision between pulses

The first example considers the case of the so-called
symmetric collision of pulses in the medium, when the
pulses simultaneously entered the medium and collided
at its center. This is achieved by equalizing the delays
A1 = Ay = 2.57. The results of numerical simulations of the
spatial and temporal dynamics of the medium polarization
and population difference at the three resonant transitions
are shown in Fig. 1—4. The parameters are listed in the
table.

The collisions occur sequentially at times te; = 2.7fs,
to = 7.61s, t3 = 12.61s, etc.fs. As can be seen from
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Figure 1. Spatial and temporal dynamics of polarization of a
three-level medium P(z, t).

t, fs

Figure 2. Spatial and temporal dynamics of the population
difference p11 — p22 of a three-level environment.

Fig. 2—4, a rather broad region with an almost constant
value of the population difference appears in the pulse
overlap region near the point z = z.q = 64¢. Bragg lattices
of atomic populations arise to the left and right of it. After
each collision, the shape of these lattices and the value of
the inversion at the center change. This is due to the change
in the character of polarization fluctuations (coherence of
the medium) after each collision. It is the interaction of
incident pulses with medium coherence fluctuations that is
the physical mechanism for the formation of Bragg lattices
of atomic populations at each medium transition, see [22]
and [16-18] for more details.

The changes in the shape of the resonators after each
collision indicate the dynamical nature of the induced
structures, distinguishing them from conventional microres-
onators. This behavior of DM is analogous to the case
when pulses of the same (Gaussian shape) and small
amplitude collided in a two-level medium [18]. Differences

are obviously to be expected at stronger fields, such as when
the pulses act like self-induced transparency (SIT) pulses,
which is beyond the scope of this paper.

Nonsymmetric momentum collision

In the example of the so-called symmetric collision
of pulses, they entered the medium simultaneously and
collided in its center. By varying the delays between
them, it is possible to consider the situation when the
pulses enter the medium non-simultaneously and collide
in it off-center (the case of ,unsymmetric“ collision).
The delay is A, = 7.57 in the following example. The
other parameters are as in Fig. 1—4. The results of
numerical calculations showing the dynamics of the pop-
ulation difference at all transitions of the medium are
shown in Fig. 5—7. The first collision of pulses at the
given parameters occurs at the point z = 7.3y at time

P22—P33

t, fs

Figure 3. Spatial and temporal dynamics of the population
difference p2 — p33 of a three-level environment.
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Figure 4. Spatial and temporal dynamics of the population
difference p11 — p33 of a three-level environment.
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Parameters used in numerical calculations

w1 = 1.55- 10" rad/s
(M2 = 20 = 121.6 nm)

di; =3.27D

w13 = 1.84 - 10" rad/s
(13 = 102.6 nm)

diz =1.31D

w3 = 2.87 - 10P rad/s
(23 = 656.6 nm)

ths = 12.6D
No=2-10®cm™?

Eor = 840000 ESU
Ep, = 1008000 ESU

7 =200as
A=A =257

Frequency (wavelength 1)
1—-2

Dipole moment of transition 1 — 2

Frequency (wavelength)
of transition 1 — 3

Dipole moment of the transition 1 — 3

Frequency (wavelength)
of transition 2 — 3

Dipole moment of the transition 2 — 3

Concentration of atoms

Field amplitude

Parameter 7

Delays A} = A,

10

Figure 5. Spatial and temporal dynamics of the population
difference p11 — p22 of a three-level medium.

tc = 3.44fs. The second collision of pulses occurred at
z. = 8.31 and at time t. = 4.8fs, etc. Each subsequent
collision occurred at different time moments due to the
delay.

The DMs appeared at different moments of time in
different regions of the medium as a result of such
asymmetric,,collision“The parameters of the induced Bragg
gratings (shape, number of periods, etc.) could differ to
the left and right of the pulse overlap region due to the
asymmetry of the problem. The use of asymmetric collisions
opens up additional possibilities in controlling the shape
of induced structures, as previously noted in Ref. [23], in
which an asymmetric collision of rectangular SIT pulses was
considered.

Optics and Spectroscopy, 2025, Vol. 133, No. 3

P22—P33
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Figure 6. Spatial and temporal dynamics of the population
difference p2; — p33 of a three-level environment.
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Figure 7. Spatial and temporal dynamics of the population
difference p11 — p33 of a three-level environment.

Conclusion

The dynamics of DM in case of collisions of unipolar light
pulses with different profiles — rectangular and Gaussian —
was studied in this paper in a three-level medium under
weak excitation conditions, based on numerical simulations.
The case of symmetric collision of pulses, when the pulses
simultaneously entered the medium and collided in its
center, was considered. In this case, due to the rectangular
profile of one of the pulses, the population difference
maintained a constant value at the center of the medium,
while periodic population Bragg gratings formed at the
edges. This case is qualitatively similar to the previously
studied case of collision of semi-cyclic pulses of the same
shape (Gaussian shape) with small amplitude and in a two-
level medium. In the case of asymmetric collision of pulses
due to the delay between them, DMs appeared in different
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regions of the medium and the shape of Bragg gratings also
looked different to the left and right of the region of pulse
overlap. This makes it possible to create DMs of asymmetric
shape with different parameters of Bragg mirrors lying to
the left and right of the overlap region.

The obtained results demonstrate the possibility of realiz-
ing media parameters of which change in space and time in
ordinary atomic media under the action of extremely short
pulses. Any media with a large value of phase memory time
T, can be used to realize such media under these conditions,
and it is not necessary to use the various artificial media and
metamaterials that are currently specially developed for the
practical realization of time-dependent media [9-11,24,25).
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