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Virtual gain refers to the simulation of real light amplification using radiation with exponentially decaying
amplitude so that its complex frequency corresponds to the scattering pole. We study theoretically virtual gain
in a two-level resonant medium for different regimes of light-matter interaction depending on the radiation
intensity. We show that virtual gain at the pole can be most clearly observed for low intensities, when the medium
is absorbing, in contrast to the saturated medium at high intensities. The efficiency of virtual gain can be tuned
with the light intensity and controlled dynamically through the population inversion of the medium. Our results
show that resonantly absorbing media paradoxically mimic a gainlike response, which admits a number of related
phenomena and methods to mold both optical signals and material properties without relying on instability-prone

gain media.
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I. INTRODUCTION

Recent years have evidenced the rise of nanophotonics
studying the methods for controlling light with small-scale
(nanostructured) objects [1]. This approach has breathed new
life into classic subjects of optics such as scattering. In partic-
ular, subtle tuning of system parameters has made it possible
to observe different anomalies in light scattering [2]. These
anomalies can be often associated with scattering poles and
zeros, which can be conveniently represented on the complex-
frequency plane. Generally, the poles and zeros appear at
complex frequencies, but their position can be regulated by in-
troducing gain or loss, thus making the system non-Hermitian.
When a pole or zero goes to the real-frequency axis, one ob-
serves lasing or antilasing [coherent perfect absorption (CPA)
[3]], respectively. Specific non-Hermitian systems obeying
parity-time (£2.7) symmetry demonstrate both lasing and
antilasing simultaneously [4,5]. This is the so-called CPA-
lasing effect obtained under the coalescence of a pole and
a zero at the real-frequency axis. Analogous coalescence
in a Hermitian system corresponds to a bound state in the
continuum (BIC), i.e., nonradiating mode having infinite qual-
ity factor despite the system openness [6]. Sometimes, one
can transform the BIC into a CPA-lasing point by using
geometric or non-Hermitian perturbations [7]. Among other
scattering anomalies, we mention exceptional points (non-
Hermitian degeneracies) [8], anapoles [9], and superscattering
[10,11].

Recently, dynamic effects have come under scrutiny,
greatly widening the range of optical systems and applica-
tions under study. In particular, materials with time-varying
parameters (such as refractive index) have attracted much
attention [12] as a counterpart to the familiar space-varying
systems such as interfaces [13,14], layers [15], photonic
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crystals [16], metamaterials [17], and metasurfaces [18]. A
number of temporal analogs of usual optical phenomena have
been reported, including Brewster angle [19], Anderson local-
ization [20], topological protection [21], parity-time (£ .7)
symmetry [22], and negative refraction [23]. What is most
important for our discussion is the variation of media in time
serves as a source of energy flowing into the system and
allowing us to circumvent the law of energy conservation. As
a result, frequency and momentum switch their roles, mak-
ing possible such effects as the frequency conversion under
time modulation of materials [24]. In the temporal analogs of
photonic crystals, one can observe the momentum band gaps
inside which one can observe amplification of waves [25-28].
However, practical possibilities of time-varying photonics
are greatly limited by the difficulties with fast and spatially
uniform modulations of materials and by interference with
common nonlinear effects [29].

Another possibility is to harness time variation not for
the medium, but for the light signal itself. As a result, not
the medium, but radiation should be described with the com-
plex frequency making it non-Hermitian. This possibility was
implemented in the idea of virtual loss and gain, which at-
tracted a great deal of attention recently. Virtual loss (or
virtual perfect absorption) can be considered as an imitation
of CPA by taking radiation with exponentially growing am-
plitude. If the rate of exponential growth, i.e., the imaginary
part of the complex frequency of radiation, is equal to the
imaginary part of scattering zero frequency, radiation seems
to be absorbed [30]. In fact, it is stored inside the medium
and released after the exponential signal is switched off. The
theoretical idea of virtual loss was initially demonstrated with
the examples of a dielectric slab and a cylinder [30]. Subse-
quently, it was expanded to the discrete array of resonators or
waveguides [31], a ring microcavity coupled to a waveguide
[32], and an open metasurface-based cavity [33]. The effect
was experimentally proved with elastic waves [34]. Virtual
gain is a counterpart of virtual loss engaging a scattering
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pole under exponentially decaying irradiation [35]. As further
generalizations, we mention the virtual 2.7 symmetry with
balanced loss and gain [35] and the certain radiation wave-
forms absorbed at the exceptional points [36]. The virtual
processes based on manipulations with the time-varying light
signals are finding applications such as critical coupling for
transformation of electromagnetic energy [37], virtual pulling
forces for particles transportation [38], enhancement of light
scattering [39,40], and topological light localization via the
non-Hermitian skin effect [41]. It should be emphasized that
the total energy of radiation does not grow under virtual
gain, so there is no risk of the instability that is usual for
systems with light amplification (such as £ .7 -symmetric
ones).

In this paper we apply the idea of virtual gain to the res-
onantly absorbing media. The two-level model of resonant
quantum media has attracted much attention since the be-
ginning of the laser era [42]. Pulsed-field dynamics in such
media was studied in much detail on the basis of Maxwell-
Bloch equations [43,44]. In particular, coherent pulses (much
shorter than relaxation times) evidently violate Beer’s law,
propagating almost without attenuation due to phenomena
such as self-induced transparency [45,46] and zero-area pulse
formation [47]. The further advances include studies of the
ever more shorter, i.e., few-cycle [48-50], subcycle [51], and
unipolar [52], pulses as well as interactions between pulses
in resonant media [53,54] resulting in phenomena such as
population gratings [55] and diodelike effect [56], among oth-
ers. On the other hand, the incoherent waveforms with longer
characteristic timescales such as incoherent solitons [57] and
optical kinks [58,59] can also withstand absorption in reso-
nant media. We also mention the studies of ultrashort pulses
[60] and wavefront propagation [61] in disordered resonantly
absorbing and amplifying media. The role of the driving-
field decay rate in superradiance and subradiance dynamics
was revealed recently [62]. However, studies of the virtual-
gain dynamics of quasicontinuous patterns without evident
propagation effects connected with pulses or wavefronts are
lacking.

Using numerical simulations of quasicontinuous
monochromatic and then exponentially decaying radiation
in a two-level medium, we analyze the different regimes
depending on light intensity. In the low-intensity regime,
we have the classic virtual gain, when the signal attenuating
inside the medium is replaced by the gradually growing
waveform. In the high-intensity regime, the medium gets
saturated with the steplike patterns seen in the system’s
response. Moreover, one can switch between these different
types of response by simply choosing the time instant to start
the signal decay. Our results clearly point to the connection
of the virtual gain effect with the position of the pole in
the complex-frequency plane and can be used to control
both the radiation patterns and quantum-medium state with
time-varying light signals.

II. RESONANT MEDIUM DESCRIPTION

We consider the two-level resonant medium of thickness L
illuminated by the normally incident radiation of wavelength

-/t

Z L
Y absorbing medium

FIG. 1. Schematic representation of the situation studied. Expo-
nentially decaying radiation is impinging on the layer of a resonantly
absorbing medium. The color gradient inside the medium shows the
growing intensity of light corresponding to virtual gain.

A (Fig. 1). The interaction of light with the medium is de-
scribed by the well-known Bloch equations [49]
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where E is the electric field, p;, is the off-diagonal density-
matrix element (atomic polarization), w = py; — pj; is the
population inversion (difference between populations of the
excited and ground levels), wy is the resonance frequency,
is the dipole moment corresponding to the transition between
levels, T} and T, are the relaxation times, c is the speed of
light, and 7 is the Planck constant. These equations should
be completed with the wave equation accounting for light
propagation
’E  n?3’E 4w d*P
9z2 2 a2 2 arr’
where P = 2uC Re(p;2) is the macroscopic polarization, 7 is
the background refractive index, and C is the concentration
of two-level atoms. Note that these equations do not employ
the popular rotating-wave approximation (RWA) and slowly
varying envelope approximation. The reason is that the fast
change of light field can break these approximations [48-51].
We address the applicability of the RWA in Appendix A with
the conclusion of qualitative agreement between the general
and RWA cases. The Maxwell-Bloch equations (1)—(3) are
numerically solved using the approach described earlier [63].
Further, we adopt the following parameters of the medium:
thickness L = A = 1 um, background refractive index n = 3,
relaxation rates 77 = 1 ns and 7, = 1 ps, and density param-
eter governing the strength of light-matter interaction g =
4mu*C/3h = 3.7 x 10" s7!; these values can be reached,
e.g., for quantum-dot media. Further, we also assume that
radiation is tuned exactly to the resonance with the quantum
transition, i.e., w = 2wc¢/A = wy with A = 1 um.
The transmission of light through the resonant medium
strongly depends on its intensity, which can be conveniently
characterized by the maximal Rabi frequency Q,,x = 1A/,
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FIG. 2. (a) Transmitted light intensity and (b) inversion dynam-
ics at the entrance of the medium for different values of Rabi
frequency. The parameters are 7y =1 ns, T, =1 ps, o, =3.7 x
10" s, L=A=1pm,andn = 3.

where A is the wave amplitude. Figure 2(a) shows the trans-
mission dynamics for the continuous wave instantaneously
switched on at t = 0. One can see that the low-intensity
radiation (QuaxT> < 1) is weakly transmitted through the
layer of thickness L =A =1 pum and is mostly absorbed
inside the medium. In contrast, the high-intensity radiation
(QmaxT> ~ 1) is almost perfectly transmitted as it would be
for the passive medium without absorbing particles at all.
These two situations correspond to the steady-state inversions
[Fig. 2(b)] equal to wg & —1 (most two-level emitters remain
in the ground state) and wg ~ 0 (an equal number of emitters
in the ground and excited states) and therefore will be referred
to as the absorbing medium and the saturated medium, respec-
tively. Moreover, for high enough intensity (2,472 > 1), one
can clearly observe the oscillations of transmission and the
corresponding Rabi oscillations of population inversion. The
inversion is given in Fig. 2(b) at the entrance of the medium,
but it has essentially the same behavior at other distances
due to the small thickness of the layer. As an estimate, the

condition Qu.xT> = 1 requires the electric-field strength to
be E = h/uT,, which for T, =1 ps and u = 30 D (semi-
conductor quantum dots) gives E = 10° V/m, corresponding
to an intensity of approximately 5 GW/m?. This value can
be further decreased for larger dipole moments and slower
relaxation.

III. VIRTUAL GAIN CONDITION

In order to study the possibility of virtual gain, we consider
the incident wave having constant intensity from ¢ = 0 to #x
and exponentially decaying after that,

E ~ A[0(tmax — 1) + e mT0(t — 1001, 4

where 6(¢) is the Heaviside step function and 7 is the decay
time. The parameters of the system are chosen close to the
pole, the position of which in the complex-frequency plane
can be evaluated analytically for a layer of thickness L as

&Lzl[nlv%lnn_]}, 5)
c n n+1
where [ is an integer. The frequency of the wave (4) is
tuned to coincide with the real part of the pole frequency,
w = ), = 2mc/k,. The decay time is in turn limited by the
imaginary part of pole frequency, T < 7, = 1/w/. One can
see that for real n, A, can be kept constant by simply changing
simultaneously the thickness L and the pole number /; further,
we take A, =1 um for L =1 um, [ = 6, and n = 3. In con-
trast, w;,’ can be varied by changing L, so that for the above
parameters we have 7, ~ 0.014 ps. This rather short time can
be problematic to realize in experiment. However, it can be
increased by taking a thicker layer, as shown below. As a proof
of principle, we consider the thin layer, because it is easier and
faster to calculate without a significant influence of radiation
inhomogeneity which can smear the effect in thick layers.

To give a simple explanation of the virtual gain in resonant
media, it is convenient to use the simplified Bloch equa-
tions under the RWA by adopting s = 0 in Egs. (A2) and (A3).
We also assume the exact resonance so that w = wy. First, we
consider the stationary limit, when the radiation amplitude €2
is constant, whereas the polarization amplitude and popula-
tion inversion have reached the steady state, dp/dt = 0 and
dw/dt = 0. The steady-state values are

i
Pst = EQTzwsu (6)
! (7)
Wyt = ————————.
* 1+ QP T

One can readily see that for low incident intensities [|Q2]* <«
(TiT»)"'], the medium remains almost entirely unexcited,
wg &~ —1. In contrast, for high intensity QP2 > ()71,
it is saturated, wg ~ 0.

If the radiation is switched off after the medium has
reached steady state and decays exponentially (Q = Qge™"/7),
we can assume that the polarization follows the decay of ra-
diation as p = pgye™’ /T The population inversion, in contrast,
undergoes rapid decay due to the first term (~e¢~%/7) on the
right-hand side of Eq. (A3) and then changes slowly. So we
can assume that the inversion takes on a constant effective
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FIG. 3. Virtual gain in the absorbing medium under low-intensity radiation 2,,,x = 0.01/75. Light intensity profiles are shown for different
values of decay time t: (a) T = 0.0001 ps and (b) T = 0.1 ps. (c) and (d) Radiation distributions at the switching-off moment (¢,,,,x = 20 ps)
and a short time later (¢,,,x + At = 20.01 ps). (e) Ratio R as a function of At for different 7. (f) Ratio R at different time instants as a function

of the decay time .

value, which can be found after substituting the exponential
expressions for 2 and p in Eq. (A2). Thus, we have

T,
Werr = | 1 — — Jwg.
T

Obviously, weg will have the sign opposite to the steady-
state value wyg, if the decay time is short enough, v < T5.
This effect is especially pronounced in the absorbing medium
regime, when wy ~ —1 and weg > 0, i.e., the medium acts
effectively as if it has gain. In the saturated medium regime,
when wg & 0, this effect should be negligible. Although this
simplified explanation allows us to illustrate the possibility
of virtual gain in the resonantly absorbing media, it cannot
take into account the quantitative features due to the radiation
propagation in the medium of finite length.

Thus, we have several relations between the parameters
of the medium and radiation, which should be justified to
observe virtual gain. Equation (5) governs the position of
the pole and the corresponding limiting decay time 7, as a
function of thickness L and refractive index n. Equation (8)

®)

requires T < 75, so one can expect virtual gain for 7 < 7, <
T in the absorbing medium regime governed by the condition
Qumax > < 1. One can easily assess the possible material pa-
rameters from these relations. Further, we justify this general
reasoning with full numerical simulations of the Maxwell-
Bloch equations in both the absorbing medium and saturated
medium regimes.

IV. ABSORBING MEDIUM REGIME

We start with the regime of an absorbing medium, when
radiation is weak enough to saturate the medium. Figure 3
shows the results of calculations for Qq,x = 0.01/75 and the
incident wave given by Eq. (4) with the switching-off mo-
ment f,x = 20 ps, i.e., the signal decays after the steady-state
transmission and reflection are established. The behavior of
radiation strongly depends on the decay time t: For slow
decay with 7 = 0.1 ps, transmitted and reflected intensities
smoothly follow the profile of incident radiation [Fig. 3(b)],
whereas for abruptly switched-off radiation with T = 10~ ps,
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transmission and reflection demonstrate a sharp splash in
intensity [Fig. 3(a)]. The corresponding distributions of radia-
tion along the medium just after the switching-off moment (at
! = tmax + At = 20.01 ps) are fundamentally different com-
pared in Figs. 3(c) and 3(d). For = = 0.1 ps, the pattern of
attenuating intensity characteristic for absorbing medium is
kept after switching off the radiation. In contrast, for 7 =
10~* ps, the reversal of the pattern is seen with attenuation
replaced by gradual growth of intensity despite the absorption
in the material. This is exactly what we mean by the virtual
gain in accordance with Ref. [35].

We should emphasize that the virtual gain does not change
the fact that the total amount of energy decreases with time
as one would expect for a passive (absorbing) system [41].
Moreover, the virtual gain is a transient phenomenon, i.e.,
the reversed pattern of intensity growing along the medium
length exists only for a finite interval of time after radiation is
switched off. Therefore, we need an integral value to illustrate
the efficiency of virtual gain depending on decay time t and
how it changes with time. To this end, we calculate the ratio
of average intensities in the second and first halves of the

layer,
L L2
R(t)=/ I(t,z)dz// I(t, 2)dz. )
L/2 0

Obviously, virtual gain corresponds to R > 1, although this
condition is not sufficient to make an unequivocal conclusion
about the regime of light propagation, as will be clear later.
Figure 3(e) shows how the ratio R changes as a function of
the instant after the switching-off moment At for different
values of . It is seen that for large t (slow decay), R stays
lower than unity. Only for short enough t, the range of At
appears where R(¢) > 1 and virtual gain is possible. The tran-
sition to virtual gain agrees well with the condition of the
pole position, T < 7,,. Note that the effect is observed very
soon after f,,x and R rapidly (up to 0.1 ps) reaches to unity.
The reasons are the fast redistribution of radiation leveling
intensity along the medium and rapid exit of radiation from
the medium. This uniformly distributed intensity grows in
time as long as transmitted and reflected intensities increase
according to Fig. 3(a). The ratio loses its meaning at very
large At, because almost no radiation remains stored in the
medium.

In Fig. 3(f) we show the dependence of R on the decay
time t at the specific instant of time #,x + Ar = 20.01 ps.
One can see that the ratio becomes larger than unity when t is
much less than 7,. Fort = 10~ ps, it almost reaches the value
obtained for instantaneous switching off (r = 0). Compare
with the value of R at t,,x = 20 ps, which is the same for
every 7. Note that the value of 7, is somewhat overestimated,
because it is obtained for the real refractive index n, i.e.,
not taking into account medium absorption. Nevertheless, this
simplified approach is good enough to give us the qualitative
estimate of the virtual gain possibility at short decay times.

As mentioned above, the value of 1, grows with the
medium thickness L, so the virtual gain can be reached at
much higher decay times for a thick layer and may be more
easily observed in experiment. To give an example, we in-
crease the thickness by 10 times, up to L = 10A = 10 wm.

|
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FIG. 4. Virtual gain in the thick layer (L = 10A = 10 um) of the
absorbing medium under low-intensity radiation Q2,,x = 0.01/75.
(a) and (b) Radiation distributions at the switching-off moment
(tmax = 20 ps) and a short time later (f,,,x + A7 = 20.1 ps). (c) Ratio
R as a function of Ar for different decay times t. (d) Ratio R at
different time instants as a function of 7.

As shown in Fig. 4(a), for fast enough decay (r = 1073 ps),
the intensity distribution soon after the switching-off moment

013516-5



DENIS V. NOVITSKY

PHYSICAL REVIEW A 107, 013516 (2023)

1.0

transmitted (a)
"ol [z=0.0001 ps|
=0. 1

0.5- 1=0.0001 ps
>
5 reflected
300 ; ; . . .
= 19.6 19.8 20.0 20.2 20.4
kel
0}
N 1.0
X (b)
g incident
o
205

reflected
0.0 : . : ,
19.5 20.0 20.5
t (ps)

Py
‘»
c
[0}
kS
3 t=20.006 ps
g 1.0 t=20 p p
®©
€
2 0.5-

OO T T T T T T T T T 1

0.0 0.2 0.4 0.6 0.8 1.0

z/L

FIG. 5. Case of a saturated medium under high-intensity radia-
tion Q. = 3/75. (a) and (b) Light intensity profiles for different
values of decay time. (c) and (d) Radiation distributions at the
switching-off moment (¢,,x = 20 ps) and a short time later (f.x +
At = 20.006 ps).

clearly demonstrates the transition from absorption to vir-
tual gain. No such change is observed for slow decay [t =
1 ps, Fig. 4(b)]. The corresponding behavior of the ratio R
[Figs. 4(c) and 4(d)] also corroborates the validity of observa-
tions made for the thin layer. All the time values such as At
corresponding to the R peak in Fig. 4(c) increase by an order
of magnitude. The same can be said about the decay time, so
7 =0.01 ps « 7, = 0.14 ps is enough for virtual gain. One
can expect that a further increase of the layer thickness can
relax the requirements on the decay rapidity even more.

V. SATURATED MEDIUM REGIME

Let us now consider the case of radiation powerful enough
to saturate the medium. In particular, we take the amplitude
Qmax = 3/T>. Radiation is switched off at #,,,x = 20 ps, when
the steady state is already reached, i.e., the population inver-
sion is close to zero and transmission is close to unity (see
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Normalized intensity
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FIG. 6. Case of a passive medium under low-intensity radiation
Qmax = 0.01/75. (2) and (b) Radiation distributions at the switching-
off moment (f,,x =20 ps) and a short time later (fy.x + At =
20.006 ps). (c) Ratio R as a function of At for different 7.

Fig. 2). The key difference in this case is the absence of ab-
sorption in the medium. As a result, light at the switching-off
moment is evenly distributed along the layer, without any at-
tenuation (Fig. 5). If radiation is decaying slowly, this uniform
distribution is saved [Fig. 5(d)] as well as unity transmission,
i.e., radiation gradually leaves the medium only in the forward
direction. If radiation is decaying rapidly, the distribution
takes the form of a sharp step in intensity moving along the
medium in the forward direction [Fig. 5(c)]. The sharp steps
are observed also in the transmitted and reflected intensity
profiles as shown in Fig. 5(a). The profiles for transmitted
radiation generally follow the incident intensity. The differ-
ence between slow and fast decays is that in the latter case,
the profile forms a step due to the very sharp disappearance
of impinging radiation [Fig. 5(a)]. The corresponding step is
observed also in reflection, unlike the almost total absence
of reflected signal in the case of slow decay [Fig. 5(b)]. The
stepped distribution makes a fundamental difference between
the saturated medium regime and the case of the absorbing
medium with its monotonically growing intensity [compare
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function of inversion at 7, calculated at the instant t = 1.02¢,,,,. The decay time is T = 104 ps-

Figs. 5(c) and 3(c)] and allows us to conclude that the satu- distribution [see Fig. 6(a) and compare with Fig. 5(c)]. In

rated medium does not support virtual gain.

Fig. 6(c) we plot the ratio R at different time instants showing

In fact, the saturated medium regime is equivalent to the the sharp peak soon after the switching-off moment. This
case of a purely passive, lossless medium, which contains no peak is clearly associated with the step in the intensity profile
absorbing particles, as illustrated by the characteristic step [Fig. 5(a)] and is due to radiation rapidly leaving the medium.
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The strong fluctuations at Ar > 0.2 ps illustrate the meaning-
lessness of R at later times because there is almost no radiation
inside the layer. Note also that R remains around unity for slow
decay (r = 0.1 ps) that corresponds to the even distribution
of radiation along the medium [Fig. 6(b)]. In the case of the
saturated medium, the ratio demonstrates the same behavior
as in Fig. 6(c).

In addition, in Appendix B we discuss the system, which
does not satisfy the condition for pole (5), and show that it can
be considered as an intermediary case having features of both
absorbing and saturated medium regimes.

VI. NONSTATIONARY REGIME

In the above consideration, we have assumed that radiation
is switched off only after the steady state of both transmission
and population inversion is established. Here we turn to the
nonstationary case, when decay starts before the steady state
is reached. This allows for controlling the virtual response
by choosing the proper value of the switching-off moment
fmax- To demonstrate this possibility, it is instructive to take
the high-intensity incident wave able to drastically change
the medium state in a short period of time. We concentrate
on the rising slope of the first Rabi oscillation seen Fig. 2.
In Fig. 7(a) we show the population-inversion dynamics for
Qmax = 3/T; and different #,,,x, but for the same decay time
T = 10* ps. Changing ;. in the range of just 1 ps is enough
to get different values of inversion w(fmy,x ) at the switching-off
moment and, as a result, different behavior of radiation inside
the medium.

The dynamics of the ratio R as a function of time after
switching-off radiation demonstrates the sharp peaks with the
height depending on #,,, [Fig. 7(b)]. It is maximal for #y,x
corresponding to the population inversion close to zero and
decreases for large absolute values of w(fm.x). However, the
behavior hiding behind these peaks seems to be quite differ-
ent, as evidenced by the comparison of radiation distributions

for tmax = 0.4 ps [Fig. 7(c)] and tyn.x = 0.8 ps [Fig. 7(d)],
respectively. In the first case, the nonperiodic (because of
nonstationarity) distribution at ¢ = f,,,x = 0.4 ps is replaced
by growing intensity characteristic for virtual gain at t =
0.408 ps. In the second case, the initial distribution at ¢t =
tmax = 0.8 ps is more periodic (the system seems to be closer
to the steady state), whereas the distribution at + = 0.806 ps
(maximal R) is steplike as in the saturated-medium regime.
At later times [Ar = 0.034 ps in Figs. 7(c) and 7(d)], the
distributions are more uniform and lower in intensity. The cor-
responding intensity profiles are shown in Figs. 7(e) and 7(f)
for different switching-off moments #,,x at the same decay
time T = 10* ps. For #,,,, = 0.4 ps, the population inversion
is negative [see Fig. 7(a)], so the transmission is decreasing,
as expected for an absorbing medium. For #;,,,x = 0.8 ps, the
population inversion becomes positive and leads to increasing
transmission. As a result, in the latter case, the switching-off
moment is followed by the clear steplike feature and subse-
quent very slow intensity decay. These peculiarities of the
intensity profiles are linked to the differences between the
distributions shown in Figs. 7(c) and 7(d).

The dependence of R calculated at the instant r = 1.02¢,,x
on the population inversion at the switching-off moment #,,«
[Fig. 7(g)] clearly demonstrates that virtual gain is most effec-
tive for w(tma) < 0. For positive w(fy,y ), the ratio R rapidly
decreases and the response changes its character from virtual
gain to a saturated-medium-like regime, as discussed above.

Thus, for w(tmax) < 0, the medium can be considered
as absorbing and we obtain virtual gain. In contrast, for
w(tmax) > 0, the situation is analogous to the case of a sat-
urated medium and the peak in R is not connected to the
virtual gain, but is due to the steplike distribution. Regulating
the value of f,x allows one to control the regime of the
light-matter interaction and switch the virtual gain on and
off. This idea can be used as the tunability scheme allowing
one to obtain the response corresponding to different effective
gains controlled simply by the switching-off moment 7,5 of
decaying radiation.

VII. CONCLUSION

Our results corroborate the possibility to harness scattering
anomalies (such as poles) to obtain the unusual response under
optical irradiation greatly varying in time. We demonstrate
that resonantly absorbing media illuminated with an expo-
nentially decaying light can be used to realize virtual gain
with the efficiency tuned dynamically using intensity-driven
population inversion. Simultaneously, one can use this scheme
to control the medium state changing its variables (population
inversion and polarization) in a desired way. There is a certain
paradox that virtual gain is most pronounced in the presence
of absorption and not in the passive or saturated medium.
It would be intriguing to further generalize our approach to
the initially excited media or combination of several layers of
different resonant media.
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APPENDIX A: DETAILS ON THE MAXWELL-BLOCH
EQUATIONS AND APPLICABILITY OF THE RWA

The applicability of the rotating-wave approximation
is convenient to study with the approach described in
Ref. [51]. According to this approach, the Maxwell-
Bloch equations can be represented in the dimensionless
form

GRS EIo N 9 SR [0
— — — = 2i— —2i— 4 (* - )

02 002 & a0
92 0
=6e<8—9’2’ +21£—p), (A1)
d i i
d_g — isp+ E(Q/ + 52Oy — yip, (A2)
dw s ok . oy 2i(0—E) ek —2i(0—&)
=5 = i@ p— Q") +is(Qpe — Qpe )

—nw+1), (A3)

where we represented the electric field and atomic po-
larization as E = {Aexpli(wt —kz)] +c.c.}/2 and ppp =
pexpli(wt — kz)]. Here w is the carrier frequency of radia-
tion, k = w/c is the wave number, 6 = wt and & = kz are
dimensionless arguments, Q' = (u/hw)A is the normalized
Rabi frequency, § = Aw/w = (wy) — w)/w is the frequency
detuning, 7/1/,2 = 1/Th »w are the normalized relaxation rates,
€ = g/w = 4m u>’C/3hw is the strength of the light-matter
interaction (normalized Lorentz frequency), and c.c. stands
for complex conjugate. The numerical method to solve these
equations is essentially the same as in Ref. [63].

The key factor governing the account of the RWA is the
auxiliary parameter s: When it is dropped out (s = 0), we have
the usual RWA; otherwise, the rapidly rotating terms are taken
into account. The problem of the RWA applicability is very
well studied for short pulses. It is justified for coherent pulses
with duration much shorter than the relaxation times, but for
very short few-cycle pulses it is violated [51]. For continuous
or quasicontinuous radiation as in our case, the RWA violation
can be regulated by the values of the relaxation times 7; , and
light-matter-interaction strength g = 47 u>C/3h. It is known
that the RWA can be violated in the strong-coupling regime,
when Rabi oscillations become possible [64]. An example
of intensity profile calculations for different g is shown in
Fig. 8. One can see that decreasing g makes the general and
RWA cases closer to each other. Simultaneously, transmission
increases and absorption decreases due to the weaker light-
matter interaction. Since we deal with a rather thin layer (L =
1), the large value of g is justified to observe the pronounced
effects. Nevertheless, the qualitative features of virtual gain
are observed both in the general case and under the
RWA.

APPENDIX B: VIRTUAL GAIN IN THE SYSTEM
NOT SATISFYING THE POLE CONDITION

Here we use a layer of slightly larger thickness compared
to previous consideration, so one cannot find the integer /
to match the pole condition (5). In particular, we take L =
1.1A = 1.1 ym. The results of calculations are shown in Fig. 9.
One can see that there is still a strong dependence on the
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FIG. 9. Virtual gain in the layer not satisfying the pole condition
(L = 1.1x = 1.1 um) under low-intensity radiation Q,,x = 0.01/7.
(a) and (b) Light intensity profiles for different values of decay
time 7. (c) Ratio R as a function of At for different 7. (d) and (e)
Radiation distributions for different t at the switching-off moment
(tmax = 20 ps) and a short time later (t = fpax + Af).

decay time 7, although virtual gain can be observed in a not so
sharp and clear form as at the pole. For large 7, transmission
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and reflection follow the incident intensity [Fig. 9(b)] and
absorption is prevailing even after switching the signal off
[Fig. 9(e)], so the ratio R remains lower than unity [Fig. 9(c),
black line]. In contrast, R for short T demonstrates several
peaks at different time instants [see, e.g., the blue line in
Fig. 9(c)]. These peaks have different origin: The first one
corresponds to the steplike distribution of radiation, whereas

the second one more resembles virtual gain [compare the blue
and red curves in Fig. 9(d)]. The profile shown in Fig. 9(a)
corroborates this interpretation containing both the sharp step-
like splash of intensity and the subsequent smooth decay of
the transmitted signal. Thus, we can still have the virtual
gain outside the pole, but not as effective as exactly at the
pole.
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