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Abstract: Control over the time dependence of the refrac-
tive index of a material allows one to modify and mani-
pulate the properties of light propagating through it. While
metamaterials provide a promising avenue in this context,
another route has been extensively explored by the ultrafast
community — the so-called molecular modulators. Indeed,
impulsively-aligned diatomic molecules provide a unique
medium, where periodic rotational revivals induced by a
pump pulse persist for tens of picoseconds, offering an
excellent opportunity for the controlled modification of the
refractive index and, therefore, of femtosecond laser pulses
propagating through these media. Here we present an ana-
Iytical theory which describes this process and stumble
across a novel mechanism revealing exponential transfor-
mations of the probe pulse — its compression, amplification
and frequency up-conversion. In particular, our analytical
results predict the generation of amplified ultrashort (about
20 fs) ultraviolet pulses centered around 550 nm, starting
with near infrared input pulses centered on 1 pm of about
30 fs duration, under very realistic experimental conditions.
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1 Introduction

Electro-optic and acousto-optic modulators are some of
the standard examples of using temporal control over the
refractive index of a material to modify and manipulate the
properties of light propagating in such materials, see e.g. [1]
for a pertinent example and [2, 3] for a more general
description of electromagnetic waves interacting with time-
varying media. Similarly, spatial control over the refractive
index allows one to tailor the medium dispersion, including
generation of energy bandgaps. In this context, metama-
terials have emerged as a natural medium for designing
the spatially-dependent refractive index. If combined with
sharp temporal modulations of the refractive index, meta-
materials provide a wide array of novel physical phenom-
ena such as spatio-temporal photonic time crystals, where
time- and space-periodic reflections at spatio-temporal
interfaces result in energy and momentum bandgaps [4, 5].
One of the most spectacular manifestations of photonic
time crystals is exponential amplification of desired spatio-
temporal modes of these crystals [6].

A practical challenge in realizing temporal photonic
crystals displaying a significant momentum bandgap is the
requirement of substantial and rapid temporal modulation
of the refractive index needed to generate the reflected
wave at a well-defined instant in time. Indeed, generating
such temporal reflection requires changes in the refractive
index both within a cycle of a propagating wave and on the
value scale of the refractive index itself. This challenge is
particularly acute in the optical regime.

In this article we focus on a separate class of spatio-
temporal modulations which, while not leading to momen-
tum bandgaps, can nevertheless result in efficient expo-
nential transformation of the intensity, carrier frequency
and duration of optical pulses. These modulations can be
readily realized in abundant media such as molecular gases
at ambient conditions pumped by widely available laser
pulses.
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We suggest a pump-probe scenario in which a strong
pump induces a spatio-temporal refractive index modu-
lation by inducing coherent rotations in the molecular
medium. Subsequently, a weak probe propagates in the
modulated refractive index landscape created by the pump.
We find that the modulation of the refractive index enforces
the amplitude, frequency and duration of the probe to
change during its propagation through the medium in an
exponential fashion. For the probe placed on a negative
(positive) slope of the refractive index, the front and the
rear of the probe pulse move with different speeds, lead-
ing to pulse compression (stretching) with blue (red) shift
and its amplification (suppression). During this process the
number of photons in the probe is conserved [7], as has
been also understood in the context of electro-optical
modulation [1].

Our theoretical analysis is based on the solution of
the wave equation for the probe pulse which includes the
description of dispersion in media where the refractive
index depends on both frequency and time simultaneously.
Our results not only support the recent findings of Pendry
and co-workers [8, 9] of a new gain mechanism in time-
dependent media, but also extend this analysis by treat-
ing medium dispersion, neglected in [8], and provide con-
crete results of the probe pulse modification due to the
propagation in the medium under standard experimental
conditions.

The gain mechanism we introduce comes into play
already for gentle modifications of the refractive index n,
with the modulation amplitude An « 1, and the modu-
lation window much longer than the optical cycle of the
amplified probe wave. Such modulation can be achieved in
a hollow-core fiber filled with molecular gas, e.g., nitrogen.

2 Model

We consider an intense linearly-polarized infrared (IR)
pump pulse interacting with a nitrogen molecule. It polar-
izes the electronic cloud predominantly along the molecular
axis, inducing a dipole moment which follows the oscil-
lations of the laser field. This results in a non-zero cycle-
average torque exerted onto a molecule, which tends to
align its axis along the laser polarization [10], see Figure 1.
For a pump pulse intensity 3.3 x 108 W/cm? the effec-
tive aligning potential is 31 meV deep, exceeding the ther-
mal energy at room temperature. At the same time, this
intensity is insufficient for ionization of the molecule. For
a pump pulse much shorter than the rotational period of
the molecule, the molecular ensemble continues to rotate
for tens of picoseconds after the end of the pump pulse.
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Figure 1: Ensemble-averaged time-dependent alignment (cos?(6))(t) of
nitrogen molecules after the pump pulse. Insert shows a schematic of a
linear molecule in a linearly-polarized pump field Ey,,(¢). The difference
in the parallel &) and perpendicular a; polarizabilities results in an
aligning torque towards the laser polarization axis.

Importantly, the alignment of molecules triggered by the
pump does not completely disappear after the end of
the pump pulse. On the contrary, the coherently rotating
molecular ensemble experiences periodic revivals of the
overall alignment [11-13] as shown in Figure 1.

As aresult of this time-dependent molecular alignment,
a probe pulse, sent in the wake of the pump, experiences
periodic modulations of the refractive index [14-17]:

n(t) = ny + An(cos*(@))(t), (6)]

where the modulation depth An of the gaseous medium is
of the order of the difference n, —1, where n, ~ 1 is the
refractive index of the unperturbed molecular gas.

A similar effect is observed in a single pulse if the pulse
is long enough for its rear to experience the molecular rota-
tions induced by the front [18, 19] which leads to significant
spectral broadening of the pulse.

Note that molecular rotations are not the only way
to modulate the refractive index, with coherently driven
molecular vibrations providing another spectacular oppor-
tunity for spectral broadening and pulse modification
[20-22]. The formalism we introduce can be easily adapted
to cover pulse propagation through coherently vibrating
molecules by incorporation the time dependence of the
refractive index introduced by the collective oscillating
motion of the molecules.

A closer look at Eq. (1) reveals that the dispersion of
the medium is not included. A temptation to simply insert
the explicit frequency dependence by adding it to n, and
An appears to run afoul of the fact that time and frequency
are Fourier conjugate variables. Fortunately, we find below
that this problem is resolved by properly treating dispersion
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in the time domain and separating the timescales of the
attosecond electronic response and the picosecond align-
ment process.

3 Theory

Based on our model, we consider a short probe pulse follow-
ing in the wake of the pump, with the probe duration shorter
or on the scale of about 100 fs and a pump-probe delay
around 4.2 ps, see Figure 2, where the refractive index expe-
riences a clear modulation An(t). Taking into account that
An <« 1and that the probe is short and weak, we can safely
assume that it experiences weak reflection and its induced
alignment is negligible compared to the strong pump. This
allows one to treat the propagation of the probe account-
ing only for the linear response of the rotating molecular
medium to it.

Given the separation of the time scales of the elec-
tronic and rotational response, the linear polarization P(x, t)
induced by the probe E(x, ) is

P(x, t) = (cos® 0)(x, t)/ X (DEX, t — 1)dr

+ (sin? 6)(x, ) / 2L DEX t—Ddr, ()

where y, and y are the electrical susceptibilities of the
molecule perpendicular and parallel to the molecular axis
which define the fast electronic response to the probe field,

0.40 A
0.38 A

0.36

(cos?(0))(t)

e o ©

W w W

S N A
| . |

probe
m— revival
= sin approx.

0.28 1"

0.26

4.40 4.45 4.50 4.55 4.60
Time (ps)

4.30 4.35

Figure 2: The probe pulse (orange solid line) co-propagating with the
odd rotational revival (blue solid line). The centers of the probe pulse and
the revival are shown with vertical gray lines indicating the relative delay
t,- The probe only experiences the modulation in its immediate
space-time vicinity making little to no distinction between the actual
revival and the sinusoidal approximation of the revival (blue dotted line).
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while (cos? ) and (sin? ) measure the ensemble-averaged
alignment of the rotating molecules along the polariza-
tion of the probe field. Note that including the slow time-
varying alignment in Eq. (2) multiplicatively is an adiabatic
approximation with respect to the ultrafast electronic
response.

For a randomly-oriented molecular ensemble the
molecular alignment is constant at (cos? #) = 1/3 and the
above Eq. (2) yields the linear response of the unperturbed

medium
[c]

P(x, 1) = / Zo(DEX, t — 7)dr, 3)

—o0

with the y, being the electric susceptibility of the unper-
turbed medium

7@ = [s0@+ 2@, @

The linear response experienced by the probe can be writ-
ten as P =P, + AP, where P, is the polarization of the
unperturbed medium (3), while

AP(x, t) = f(x, 1) / Ay(7) Ex, t — 7)d,

- )
fx, ) = (cos? 8)(x,t) —1/3,

Ay(@) = (@) = x (7).

Here A y(z) describes alignment-dependent anisotropy in
the attosecond electronic response of a molecule to the
probe field E(x, t) scaled with the density of the molecular
gas, and f(x, t) defines the spatio-temporal modulation func-
tion of the response due to slow molecular rotations reflect-
ing the deviations in the value of the molecular alignment
from the unperturbed random distribution of molecules. In
the frequency domain the polarization (2) becomes

P(x, w) = Py(x, w) + AP(x, )

= 7o@EX, w) + / Fox,0 — QAF(Q)

—o0

x E(x, Q)dQ. (6)

Here we find that the multiplicative temporal modulation
function f affects the polarization through a convolution in
the frequency domain.

Assuming that the pump pulse moves through the
medium at a constant speed, corresponding to its group

Velocity Upymp, Without absorption and without deformation
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due to dispersion or self-action, f(x, t) depends only on the
delay between the pump and the probe pulse:

FO60 = ft =X/ Upymp)s ™
so that its temporal Fourier transform is
Fox, ) = Flw)e v . ®)

We now substitute these expressions into the wave equation
for the probe pulse in the frequency domain:

0*E(x, w)
ox?

T w. O
c

2 _
+ 2 Eo ) =
c

For the sake of simplicity, we consider propagation of the
probe pulse in one dimension (1D). Writing the spectral
electric field of the probe as

Ex, ) = ACx, w)e" T, (10)
and inserting it together with Eq. (8) into the 1D Eqg. (9)
yields:

2"’ ~
0°Ax, w) " Zin(cu)a)()A(x, )
ox? c ox
(o]
|1 ne im0 1
— —47[a)zel[vpump . ]wx/ el[ A Upump]Qx
CZ
—Q0

X flw - Q)[AZ(QAX, Q)]dQ. (1
Here A(x, ) is the spectral envelope of the probe and n(w)
is the time-independent refractive index of the unperturbed
medium associated with polarization P, through n?(w) =
1+ 4nyy(w).

Equation (11) describes the 1D evolution of the spectral
envelope A(x,w) as it propagates along the wake of the
pump.

The convolution integral in Eq. (11) already contains
two important pieces of information. First, it describes the
Stokes and anti-Stokes frequency shifts imparted on the
probe by the pump-induced modulations of the medium, as
new frequencies are continuously generated via the convo-
lution of the probe with the modulation function f(w) (8),
which is spectrally narrow compared to the probe. Second,
it shows that the standard phase-matching condition is mod-
ified by the group velocity of the spatio-temporal modula-
tion. We shall see below that it is the group velocity of the
probe, and not its phase velocity, that needs to match the
group velocity of the pump for optimal modification of the
probe.
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Equation (11) can be further simplified by assuming
weak reflection of the probe from the pump-induced modu-
lation, which corresponds to neglecting the second-order
spatial derivative of the spectral amplitude, leading to

[s+]

A s | nlw) 1 : | n€) 1

0AX, ) _ | 27w e—l[%‘,;pmp]“’x el["T‘upump]Q"
ox n(w)c

—00

X flo — QA7 QAKX Q)]dQ. (12)

In principle, one may already use Eg. (12) for com-
putational purposes. We have benchmarked this equation
against experimental measurements in Ref. [17] with excel-
lent agreement, see Supplementary material. However, the
convolution integral over all frequencies in Eq. (12) needs
to be executed at every single propagation step, slowing
down the simulations unnecessarily. Giving some thought
to the underlying physical picture of the short probe co-
propagating with the pump-induced modulation, one can
quickly realize that an accurate depiction of the modulation
function is only necessary in the immediate proximity of the
probe pulse, where its field is non-zero.

Taking a closer look at the temporal shape of an
individual rotational revival in Figure 2, one can readily see
that a sine wave is an adequate approximation if the short
probe pulse is situated in the vicinity of the revival center.

Approximating the modulation function as
f = a; sin(wt), we write its frequency-domain counterpart
as

flw) = 7[5(a)+(of)—5(a)—a)f)], 13

where a; and w; are the amplitude and frequency of the
sinusoidal approximation, respectively. Inserting (13) into
the propagation Eq. (12), we obtain

A arrw —if @1t .
6Ag;a)) =in€w)c 1( ¢ ”Pump) X[A)?(a)+60f)

. n(w+o f] ot

~ —-i—2Lx
X AKX, 0+ f)e‘ @t X g oy

. nw—of)
i f

—Ay(w— a)f)Zl(x, w — a)f)e c
_1 (I)—(U[ X]
Xe pump [

thereby reducing the convolution integral to a sum of two
terms. Eq. (14) is clearly computationally preferable over
Eq. (12) and is used for our numerical simulations.

As for the analytical calculations, we make further
approximations. As long as the short probe pulse is confined
to the central part of the slope of the rotational revival, then
the width of the spectral envelope A(x, w) is considerably
larger than the frequency oy associated with the rotational

(w—w X

14)
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modulation. This allows us to replace a finite difference in
(14) with a derivative
1
m)a)x

A (@A, w)e (25 o ,

A, w) _ .27ma;0 ;0 —1(@_
ox n(w)c

x 9

oo 15)

where the product a;w; is the slope of the sinusoidal tem-
poral modulation. Thus, our approximation corresponds
to a linear approximation of the sinusoidal modulation, a
justifiable assumption in the vicinity of the strongly-sloped
revival center. Performing the differentiation in Eq. (15), we
obtain

A, @) _ 2ma0p0 AN @) 5
ox 1 nwc Ay (@) 0w Alx, w)
+ on(w) B
X < 14y () no+5, 0 1 X + 0A ¥ (w) }]
¢ Upump ow

(16)

We further approximate the refractive index in Eq. (16)
as n(w) = nlwy) + n'(@ — wy), with n’' = %Lo , while
neglecting the dispersion of the susceptibility ﬁj((a)) ~
A ¥(wy), where w, is the initial carrier frequency of the
probe pulse. This approximation means that we neglect the
dispersion associated with the modulated fraction of the
refractive index. The frequency dispersion experienced by
the probe pulse is therefore equivalent to that of an unper-
turbed medium, making this approximation adequate as
long as the modulation depth of the response is small com-
pared to the total response. Lastly, as we deal with gaseous
media which are optically-driven far off any resonances,
where the refractive index n(w) is close to 1 [23], we can
substitute n(w) = 1 in the prefactor on the right-hand side
of Eq. (16).

Applying all the aforementioned assumptions to
Eq. (16) yields

0AK, @) _ 2ma;w A% @) { 0

ox c
X AlX, ®). ()]

Equation (17) can be solved analytically via the method
of characteristics for any input field A(x = 0, ®) = 4,(®)
as

Alx, w) = Ay(ws(x)

;2 (wg) ® ®
x elz . 0 a){ o [s(x)z—l—ZyX]—Tp [s00—-1-7x] } .

(18)
where the scaling parameter s(x) is defined as

s(x) = e!¥ 19)
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with

y =2rA)(@yasw;/c, (20)

which is an inverse characteristic length defined by the
gradient of the refractive index modulation. Reinserting
our analytical solution (18) into Eq. (10) and still treating
dispersion to the first order, we obtain the electric field
E(x, w) of the probe puxlse, which in the co-moving frame

E,(x, ) = E(x,w)e” wum is given by

12000 o f @ [s(07-1]- 22 [s00-1] }

E.,(x,0) = Eg(ws(x)e’ « @1

where E, = A, is the electric field at the input.

Equation (21) shows that the modification of the probe
pulse depends directly on the scaling parameter s(x),
Eq. (19), which, in turn, depends on the temporal slope
of the refractive index. Therefore, for positive or nega-
tive sign of the slope, the scaling parameter either falls or
grows (respectively) in an exponential manner as the pulse
propagates.

4 Solution for a Gaussian pulse

To illustrate these effects, we consider as an input at x = 0
an initially Gaussian probe pulse of width o, centered at
time t,, with a carrier frequency w,. In the co-moving frame,
the propagating pulse at the input can be written as

_ ((u—wo)z
% 2
Ew)=e *o

e—itow_

(22)
For this initial pulse, Eq. (21) predicts the pulse to
change during its propagation as

» _@-wp /s 0
— 2oq /s002 p—1teS(Xw
E (x,@w) =e oo/s g7t

- 2n’ (wp) 19 @pum
e of £[#00-1]- " [s(x)—l]}.

(23)

Equation (23) describes the spectral shape of a probe
pulse E(x, t) co-propagating in the linear regime of a tempo-
ral modulation in 1D and predicts several effects controlled
by the exponential scaling parameter s(x), which describes
the space-time warp experienced by the probe [24].

In the case of a negative temporal modulation slope, as
depicted in Figure 2, it predicts the probe to be spectrally
broadened, blue-shifted and amplified. If the probe is placed
on the oppositely-signed slope the effects are reversed, lead-
ing to a spectrally narrowed, red-shifted and weakened
pulse. All of the aforementioned effects are encoded in the
first exponent in Eq. (23).

The central frequency of the probe pulse changes with
propagation length as w, /s(x). When the probe is placed on
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the negative slope of the refractive index modulation, s(x)
reduces with x, leading to the blue shift of the central pulse
frequency, as expected from the simple phase modulation.
The nonlinear x-dependence of s(x) describes deviations
from this simple behavior as the space-time warp develops
exponentially.

The spectral broadening and the pulse amplifica-
tion are encoded in the change of the Gaussian width
0,/500, which scales the same way as the induced fre-
quency shift. The complex phase factors in the second and
third exponents represent the two sources of frequency
chirp.

The second exponent in Eq. (23) shows that the initial
delay t, between the probe and the revival center scales
with s(x), independently of dispersion. The change in delay
means that the probe moves towards or away from the
center of the revival, depending on the sign of the spatio-
temporal slope, defining the character of the space-time
warp [24].

The phase factor in the third exponent in Eq. (23) pri-
marily describes the dispersion-induced spatio-temporal
drift of the probe relative to the revival, as well as the accu-
mulated frequency chirp. Analysis of Eq. (23) shows that for
sufficiently short distances, where s(x)-dependent terms can
be approximated as linear functions of x, the dispersion-
induced drift can be related to difference of group velocities
of the pump and the probe pulses.

The overall behavior of the modified pulse in the
time domain predicted by the frequency-domain expression
Eq. (23) has physically transparent and intuitive origin. We
consider the pump and probe to share the same initial wave-
length, and therefore velocity, and let us place the probe
at the center of the negative revival slope, setting t, = 0 in
Figure 2. This corresponds to a pump-probe delay of 4.425 ps
in the laboratory frame.

In this case, as the probe “rides” on the time-dependent
refractive index, the front and the back of the pulse expe-
rience different refractive indices: the front sees a higher
refractive index and the back sees a lower one. The front
propagates slower and the back propagates faster, resulting
in a uniformly compressed and blue-shifted pulse.

Dispersion comes into play as a secondary effect
limiting the process as it slows the probe down due to the
increasing blue shift and gradually moves the probe out of
the temporal window with dominating linear modulation of
the refractive index.

The blue shift of the probe leads to light amplification
proportional to the increasing photon energy. The micro-
scopic origin of the blue shift is the stimulated anti-Stokes
Raman scattering [25], which increases the newly-generated
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frequency by combining the energy of the incident photon
with the rotational (or vibrational) molecular energy, in
a process repeated in a cascade fashion [26-28]. Clearly,
the number of photons in the pulse is conserved through-
out the process, see e.g. recent work [7], as has been
also understood in the context of electro-optical modula-
tion [1]. Hence, the increase in the total energy of the
pulse is directly proportional to the accrued frequency
shift.

Last but not least, Eq. (23) shows that the peak field
strength of the pulse in the time domain also increases for
decreasing s(x), roughly as 1/s(x), with the peak intensity
growing as 1/s%(x).

5 Results

To validate the intuition gained from our theoretical analy-
sis, we compare the analytical solution (23) with a numerical
simulation of Eq. (14). For the medium we choose nitrogen
gas at atmospheric conditions. The pump pulse has peak
intensity of 3.3 X 10" W/cm? and a full width of 100 fs. The
dispersion relation n(A) is approximated by the Sellmeier
equation [29]:

2.7450825 x 1072
133.85688 — A% °

1.9662731
=1
A =1+ 08666 — 2 T

249

where the wavelength A is measured in angstroms.

Results of the simulations are presented in Figure 3.
Panel (a) shows the relevant part of the refractive index
induced by the pump. Panel (c) shows the modification
of the probe pulse as a function of propagation distance.
Panel (b) presents the envelope of the probe pulse in the
beginning of the propagation as well as after 50 cm and
75 cm of propagation, where the analytical solution (23)
is represented by dashed lines while the numerical solu-
tion obtained by solving Eq. (14) through an iterative finite-
difference method is represented by the solid line. We can
see that the probe pulse is compressed in time and amplified
as it propagates, while gradually slowing down relative to
the modulation function and steepening towards the back.
Meanwhile the spectrum of the probe gets heavily blue-
shifted and broadened, see panel (d). After 75 cm of prop-
agation the central wavelength has been shifted from the
near IR deep into the visible while the peak field strength is
increased by a factor of 1.8, corresponding to over a factor 3
increase in the intensity.

Our analytical solution (23) shown with dotted lines
in Figure 3(b, d) exhibits only minor deviations from the
computational result (14). The larger deviation between
analytical and numerical results appears in the temporal
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Figure 3: Propagation of the probe pulse initially positioned in the center

of (a) a co-moving odd rotational revival. (b, c) Intensity of the probe pulse

during propagation. (d) Spectral amplitude of the initial probe field (orange) and after 50 cm (green) and 75 cm (purple) propagation distance.
Analytical result corresponds to Eq. (23) (dotted line) and computational (solid line) result is obtained through numerical calculation of Eq. (14).

domain affecting the delay of the pulse while its shape
changes slightly. These differences are mostly attributed
to the neglect of quadratic and higher order terms in
the expansion of the frequency dispersion. In the spectral
behavior, the results of the two approaches agree well for
the central frequency of the propagating pulse, and diverge
for its bandwidth (also the analytical approach does not
describe fringes). This difference is also associated with
the neglect of quadratic and higher terms, but in this case
mostly due to the approximation of the temporal modula-
tion function.

6 Conclusions

Our results outline a novel mechanism of pulse com-
pression, amplification and frequency conversion,
which has strong parallels with the mechanism recently
described in [8], but deals with completely different media
and takes realistic account of medium dispersion in a
consistent manner. In the process, we have addressed the
conceptual problem of combining time and frequency

domains, which is necessary when dealing with dispersive
media that experience time-dependent modulations of
their properties.

While pulse compression by molecular modulators has
been known for about two decades [20, 21, 26, 27] in the
ultrafast optics community, to the best of our knowledge,
the pulse compression mechanism described here has been
overlooked by this community. The physics underlying
this compression mechanism is very simple: when placed
on a linear slope of the refractive index, the front and
the rear of the probe pulse move with different speeds,
leading to pulse compression with blue shift or pulse
stretching with red shift, depending on the sign of the
slope. Simultaneously, the pulse is either amplified or weak-
ened. While the number of photons in the pulse is con-
served, the energy grows or decreases proportionally to the
shift of the carrier frequency. The peak field strength also
grows (decreases) proportionally to the pulse compression
(stretching).

Crucially, our analytical solution demonstrates that all
three effects, pulse compression, pulse amplification and
frequency conversion, are exponential. The exponential
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growth of these effects together is only limited by dis-
persion. Our numerical simulations show that substantial
amplification, compression and frequency conversion can
be observed under experimental conditions that we, as the-
orists, dare classify as routine.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: Leibniz-Gemeinschaft SAW K380/2021.
Conflict of interest statement: The authors declare no con-
flicts of interest regarding this article.

References

[1] Y.Xiao, G. P. Agrawal, and D. N. Maywar, “Spectral and temporal
changes of optical pulses propagating through time-varying linear
media,” Opt. Lett., vol. 36, no. 4, pp. 505—507, 2011.

[2] D. M. Solis and N. Engheta, “Functional analysis of the polarization
response in linear time-varying media: a generalization of the
kramers-kronig relations,” Phys. Rev. B, vol. 103, no. 14, p. 144303,
2021.

[3] G. Ptitcyn, A. Lamprianidis, T. Karamanos, et al., “Floquet—mie
theory for time-varying dispersive spheres,” Laser Photonics Rev.,
p. 2100683, 2022, https://doi.org/10.1002/Ipor.202100683.

[4] Y. Sharabi, A. Dikopoltsev, E. Lustig, Y. Lumer, and M. Segev,
“Spatiotemporal photonic crystals,” Optica, vol. 9, no. 6,
pp. 585—592, 2022

[5] Y. Sharabi, A. Dikopoltsev, E. Lustig, Y. Lumer, and M. Segev,
“Light propagation in spatio-temporal crystals,” in
CLEO: Science and Innovations, San Jose, CA, USA, Optica Publishing
Group, 2022, p. JW5A-1.

[6] M. Lyubarov, Y. Lumer, A. Dikopoltsev, E. Lustig, Y. Sharabi, and
M. Segev, “Amplified emission and lasing in photonic time
crystals,” Science, vol. 337, no. 6604, p. eabo3324, 2022.

[71 J. B. Pendry, “Photon number conservation in time dependent
systems,” Opt. Express, vol. 31, no. 1, pp. 452—458, 2023.

[8] J. B. Pendry, E. Galiffi, and P. A. Huidobro, “Gain in time-dependent
media—a new mechanism,” JOSA B, vol. 38, no. 11,
pp. 3360—3366, 2021.

[9] E. Galiffi, P. A. Huidobro, and J. B. Pendry, “Broadband
nonreciprocal amplification in luminal metamaterials,” Phys. Rev.
Lett., vol. 123, no. 20, p. 206101, 2019.

[10] R.W. Boyd, Nonlinear Optics, 3rd ed. Orlando, USA, Academic Press,
2008.
[11] M. Leibscher, I. S. Averbukh, and H. Rabitz, “Enhanced molecular
alignment by short laser pulses,” Phys. Rev. A, vol. 69, no. 1,
p. 013402, 2004.
[12] M. Richter, M. Lytova, F. Morales, et al., “Rotational quantum beat
lasing without inversion,” Optica, vol. 7, no. 6, pp. 586 —592, 2020.
[13] A.Loehr, M. Khokhlova, and M. Ivanov, A Simple Analytical
Alignment Model for Laser-Kicked Molecular Rotors, in preparation.
[14] N.Zhavoronkov and G. Korn, “Generation of single intense short
optical pulses by ultrafast molecular phase modulation,” Phys. Rev.
Lett., vol. 88, no. 20, p. 203901, 2002.

DE GRUYTER

[15] V.Kalosha, M. Spanner, J. Herrmann, and M. Ivanov, “Generation
of single dispersion precompensated 1-fs pulses by shaped-pulse
optimized high-order stimulated Raman scattering,” Phys. Rev.
Lett., vol. 88, no. 10, p. 103901, 2002.

[16] V.P.Kalosha and . Herrmann, “Ultrawide spectral broadening and
compression of single extremely short pulses in the visible, uv-vuv,
and middle infrared by high-order stimulated Raman scattering,”
Phys. Rev. A, vol. 68, no. 2, p. 023812, 2003.

[17] F. Noack, O. Steinkellner, P. Tzankov, H. H. Ritze, . Herrmann, and
Y. Kida, “Generation of sub-30 fs ultraviolet pulses by Raman
induced phase modulation in nitrogen,” Opt. Express, vol. 13, no. 7,
pp. 2467 —2474, 2005.

[18] Y. G. Jeong, R. Piccoli, D. Ferachou, et al., “Direct compression of
170-fs 50-cycle pulses down to 1.5 cycles with 70% transmission,”
Sci. Rep., vol. 8, no. 1, pp. 1—6, 2018.

[19] J. E. Beetar, M. Nrisimhamurty, T. C. Truong, et al., “Multioctave
supercontinuum generation and frequency conversion based on
rotational nonlinearity,” Sci. Adv., vol. 6, no. 34, p. eabb5375,

2020.

[20] S.E.Harris and A. V. Sokolov, “Subfemtosecond pulse generation
by molecular modulation,” Phys. Rev. Lett., vol. 81, no. 14, p. 2894,
1998.

[21] A.V.Sokolov and S. E. Harris, “Ultrashort pulse generation by
molecular modulation,” J. Opt. B: Quantum Semiclassical Opt., vol. 5,
no. 1, p. R1,2002.

[22] M. Wittmann, A. Nazarkin, and G. Korn, “fs-pulse synthesis using
phase modulation by impulsively excited molecular vibrations,”
Phys. Rev. Lett., vol. 84, no. 24, p. 5508, 2000.

[23] B.L.Henke, E. M. Gullikson, and J. C. Davis, “X-ray interactions:
photoabsorption, scattering, transmission, and reflection at
E=50—-30,000 eV, Z=1-92,” At. Data Nucl. Data Tables, vol. 54,
no. 2, pp. 181—342, 1993,

[24] M. Spanner, M. Pshenichnikov, V. Olvo, and M. Ivanov,

“Controlled supercontinuum generation for optimal pulse
compression: a time-warp analysis of nonlinear propagation of
ultra-broad-band pulses,” Appl. Phys. B, vol. 77, no. 2, pp. 329—336,
2003.

[25] A. Nazarkin, G. Korn, M. Wittmann, and T. Elsaesser, “Generation
of multiple phase-locked Stokes and anti-Stokes components in an
impulsively excited Raman medium,” Phys. Rev. Lett., vol. 83, no. 13,
p. 2560, 1999.

[26] S.E.Harris and A. V. Sokolov, “Broadband spectral generation with
refractive index control,” Phys. Rev. A, vol. 55, no. 6, p. R4019,

1997.

[27] A.V.Sokolov, D. D. Yavuz, and S. E. Harris, “Subfemtosecond pulse
generation by rotational molecular modulation,” Opt. Lett., vol. 24,
no. 8, pp. 557—559, 1999.

[28] F.LeKien,]. Q. Liang, M. Katsuragawa, K. Ohtsuki, K. Hakuta, and
A. V. Sokolov, “Subfemtosecond pulse generation with molecular
coherence control in stimulated Raman scattering,” Phys. Rev. A,
vol. 60, no. 2, p. 1562, 1999.

[29] E.R.Peck and B. N. Khanna, “Dispersion of nitrogen,” JOSA, vol. 56,
no. 8, pp. 1059—1063, 1966.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2022-0818).


https://doi.org/10.1002/lpor.202100683
https://doi.org/10.1515/nanoph-2022-0818

	1 Introduction
	2 Model
	3 Theory
	4 Solution for a Gaussian pulse
	5 Results
	6 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


