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Photonic energy lifters and event horizons
with time-dependent dielectric structures

Z. Gaburro

Dipartimento di Fisica, Universita degli Studi di Trento,
via Sommarive, 14 - 38100 Trento, Italy.
gaburro@science.unitn.it

Abstract. Novel photonic devices, based on time-dependent dielectrics, to shift the optical
frequency, may be conceived from two complementary principles, Doppler shift and time re-
fraction, and possibly realized as as single cavities or as Coupled Resonator Optical Waveguides
(CROWs). Simulations with the finite-difference time-domain method bore out these possibil-
ities and also provided design rules. Preliminary experiments, limited to a pulsed excitation
(without any frequency shift) of whispering gallery modes in a LiNbO3 whispering gallery
disk resonator in a full fiber-optics setup, the first experiments of an optical whispering-gallery
resonator functioning in the steady-pulsed regime, led to a consistent ()-factor measurement
between CW and pulsed ringdown characterization. The repetition rate was tuned to an integer
submultiple 1/N of the free spectral range of the resonator. The output rate of the resonator
was equal to the input rate multiplied by N, thereby showing functionality as a frequency mul-
tiplier. The impact of nonlinearity and of dispersion was minimized by the low power level and
the limited bandwidth of pulses.

Keywords: Doppler effect, coupled resonators, whispering gallery resonator, lithium niobate.

1 INTRODUCTION

Because of its implications on the formulation of a consistent quantum theory of gravity, there
is a great deal of interest in looking for experimental tests of Hawking’s arguments about black
hole radiation [1]. Experimental tests on astronomic black holes are very difficult to be imag-
ined because the expected Hawking radiation is extremely weak compared to cosmic radiation
background, thus a significant amount of research has devoted to create lab-based black-hole
analogous, following an original proposal by Unruh [2], by generating the equivalent of a grav-
itational event horizon for light or for sonic waves [3—18].

Yablonovitch has proposed a way to achieve moving interfaces in optically nonlinear me-
dia [19,20]. The intriguing feature of this proposal is that it deals with moving optical interfaces
in still media: since there is no real mechanical motion, it becomes feasible in such scheme to
conceive “motions” of these interfaces which approach or even exceed the phase speed of light
in the medium in which the interface is generated. Hence, it is a very promising approach to-
wards the demonstration of event horizons. Figure 1 illustrates, in principle, a way to realize an
event horizon for light with a moving interface between two media, each exhibiting a different
velocity of propagation for light. A device behaving as in Fig. 1 has been recently demonstrated
in a fiber optics setup [21,22]. Even though I am not going into this topic here, possible im-
plementations of devices generating the effect described in Fig. 1 are certainly of great interest.
Beside their use for the study of Unruh effect, one might wonder whether such devices can be
interesting also for other applications. The effect described in Fig. 1 is a particular case (in the
sense that the motion of the interface is restricted t0 Vsjow < Vinterf < Ufast) Of a generalized
refraction of the wave. The generalization I am referring to derives from the motion of the inter-
face: in fact, the well known textbook treatment of refraction is time-independent, the interface
being still (Vin¢ery = 0). The interaction of electromagnetic waves with moving interfaces



Fig. 1. A moving interface with velocity ;¢ f between media characterized by low and high
phase velocity (vsiow and vy,s¢) of @ wave behaves as an event horizon for this wave, emulating
the event horizon of a gravitational black hole, if Vg0 < Vintery < Vgase. In fact, the wave
ahead of the interface can escape but the one behind cannot. If the direction of all the velocities
is flipped (i.e. time is reversed), the interface emulates a white-hole horizon.

has been extensively studied, both in the case of mechanical [23-29] and non-mechanical mo-
tions, the latter being originated by modulation of the optical response of an immobile medium
[30-35]. The quantitative analysis of the time-independent case reveals that one must allow the
existence of a reflected wave, because of the impedance mismatch. Time independence leads
not only to specific ratios between reflected, refracted, and incident waves, but also to conser-
vation of frequency, which is proportional to the photon energy (£ = hw). This suggests that
in its general implementation (vintery 7 0), the energy will not be constant. A device based
on the effect described in Fig. 1 could be used to exchange energy in a controlled way with
an optical wave. Techniques for continuous and efficient conversion of the photon energy —
or, equivalently, of wavelength — are very interesting for optical communications. Most of
the nowadays available techniques rely on inelastic optical processes. For example, stimulated
Raman scattering has been successfully employed for frequency conversion and lasing [36—38].
Unfortunately inelastic processes usually require high intensities, and the frequency can hardly
be tuned continuously on wide ranges. Finding new approaches to such a task is a challenging
problem. Recently, Reed et al. [39] have proposed a way to change the color of light by captur-
ing it on a propagating shock wave front and successive reemission. Dynamic reflection with
plasma mirrors has also been suggested towards the development of laser-driven attosecond
sources for use in fields from materials science to molecular biology [40].

Actually, in its most general form, the requirement for the electromagnetic energy of a wave
traveling in a medium to be not constant in time is that the medium response has an explicit
time dependance in its dielectric permittivity or in its magnetic permeability. The conceptually
simplest energy-shifting device would be, therefore, a single, homogeneous dielectric medium,
with a time dependent e. The physical mechanism of such device could be referred to as a “time
refraction” [41-57]. The light wave, indeed, gets refracted, by a continuous variation of the
refractive index, similarly to what happens in a mirage. In a mirage, however, the refraction
is due to a change of the refractive index in space, with the effect of elestically steering the
wavevector k. Here, on the other hand, the refractive index changes in time domain. Thus, the
shifted quantity is the frequency w rather than the wave vector k. Since there is only a single
time dimension, the possible shift can be only in the magnitude of w, with no equivalent of the
beam steering, which requires a multidimensional space.

I suggest therefore to consider two kind of “energy lifters”, the one based on refraction and
reflection (where shifts are due to Doppler effect), and the one based on the spatially homoge-
neous time-refraction. An important detail is that it is harder to achieve an “abrupt interface”
over time than over space domain. The abrupt interface in space is an ubiquitous building block



in optical systems. The practical difficulty for sharp interfaces in time derives from the required
fast switching of € on the scale of a period of the electromagnetic oscillation (femtoseconds,
at optical wavelengths) [47]. In space interfaces, the requirement is abruptness over the wave-
length scale (micron), a more accessible task for present-day technologies.

All the effects suggested in this paper will benefit from nanophotonics in a twofold way. On
one hand, spatial structuring at the wavelength scale is a powerful tool to control the properties
of light propagation. I discuss an example of such structuring in Sec. 2.2. On the other hand,
novel techniques (plasmonics, metamaterials) are emerging, which can be used to introduce
strong and fast optical nonlinearities, and as such could be enabling ideas for the phenomena
described in the present paper [58—60].

1.1 Doppler effect

In the following, I consider the case where both the light propagation and the interface motion
are in the direction normal to the interface. In Fig. 2, the frame O’ — the frame of the interface
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— is at rest with respect to the interface. I set the 2’ and 3’ axis of O’ to lay in the plane of
the interface, and the 2" axis to be perpendicular to the interface. The media are moving with
velocity v = vu,, with v > 0, with respect to the reference frame O, the frame of laboratory.
I first consider the case of two media with different permittivities (€}, p}, and €, p5) separated
by a flat interface, which I refer to as the material interface case. The apex emphasizes that
they are defined in the frame O’. The medium impedance is defined as [62]
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Throughout this work, I assume that €}, 4], and €}, p5 are not frequency dependent. This
means that phase and group velocity of light coincide. I consider also the case where the inter-
face travels with respect to the media, and refer to it as the traveling interface case. Although
this latter case might appear somewhat abstract, it is interesting for modeling reflection and re-
fraction in devices like the traveling wave refractor suggested in Fig. 3, where the permittivities
are modified by a time-dependent electro-optical effect.

1.1.1 Material Interface Case

For the observer O, the case under study is just the classical case of reflection and refraction
by the interface between two media at rest. The phase matching condition at any point of the
still interface requires that a single plane wave generates a single reflected and a single refracted



Fig. 3. Schematic representation of a traveling wave refractor. Light travels in a waveguide,
whose core exhibits some electro-optic effect. The electro-optic effect is controlled by two side
electrodes, which are terminated at the end side by a suitable impedance Z. For example, if
Z matches the characteristic impedance of the electrode line, the traveling signal exhibits no
reflection at Z. The driving signal is provided by a microwave generator V connected between
the other sides of the electrodes, which inject a driving signal for the electro-optic effect. The
wavefront of the microwave (dashed line) represents a moving interface between two portions
of the medium, each with different refractive index. Hence, it can be viewed as an interface in
relative motion with respect to two effective media. In order to focus on the effect of motion
only, I make the simplifying assumption that the refractive index is everywhere constant in the
core, except at the microwave interface, where it exhibits a discontinuity. This assumption is not
realistic (it would require an infinite bandwidth in the frequency response of the nonlinearity of
the refractive index): the device should be looked at only as a thought framework to discuss the
effect of Doppler shift on refraction and reflection.

plane wave, and that frequency is conserved [61,63,64]. I label the frequency of any wave as w’
(W = w} = w! = w}). The following relationships hold for the k-vectors and phase velocities:
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where the subscripts i, 7, t refer, respectively, to incident, reflected and refracted plane wave,
and I have introduced the refractive indices
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The time-averaged Poynting vectors S’ = E’ x H' in O’ are
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where I have introduced the symbols ¢ and 7/

B m—my). By 2m )
B (o +nh) B (p+m)
which are, respectively, the reflection and refraction coefficients of the electric fields in the
frame O’. They are obtained by applying the boundary condition (equal tangential components
in media 1 and 2) to the electric field E’ and to the magnetic field H'.
The electromagnetic energy density w’ = 1/2(E’ - D’ + B’ - H') in O’ is [61], for each
wave,
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The conservation of energy can be expressed as
Si+S8. -8, =0, (7

as obtained by substituting Eqs. (5) into Egs. (4). In Eq. (7), S} and S!. are added with positive
sign because the 2’ axis points from medium 1 towards the interface, whereas S, is added with
negative sign because the 2’ axis points from interface towards medium 2. Since the Poynting
vector and the electromagnetic energy are related as S’ = w’v’, , the Eq. (7) can also be put in

ph>
the form
WiV i + Wy — Wity = 0. (®)
For the photon fluxes, I follow the definition
St S’ A
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hw, hw!. P hw

which has a clear meaning in the context of the quantization of the field.
As there is no change in frequency upon reflection and refraction, from Eq. (7) one also
trivially derives the conservation of the number of photons (Fig. 4)

N!+ N/, — N} =0. (10)

The phase matching condition must be satisfied at the interface also in O because the phases
are Lorentz invariant. Hence, there is only a single reflected and a single refracted wave also for
the moving interface. To calculate the frequencies w;, w, and w; and the k-vectors k;, k, and
k:, as they are measured by the O observer, I have to transform the 4-vectors which contain the
information about w’ and &’ of the three waves from the O’ to the O reference frame, according
to the Lorentz transformation. I obtain the expressions for the O observer as

w; = W' (14 0n); wr = (1= Bny);  wp = (1+n);
11
w/ w/ , ! ( )

w
ki = W?(”& +8); k= —’Y?(m —B); k= 7?(”/2 + B),

where I have followed the usual definitions 5 = v/c and v = 1/4/1 — 32. The Doppler shift
of the frequency of the reflected and refracted wave is then expressed as
1—pn} 1+ fng
— Wy = Wi————.
1+ fBn] 1+ gn}
It is useful to find also the phase velocities of the incident, reflected and refracted waves for
the O observer. From the general definition v,;, = w/k it is
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Fig. 4. Schematic representation of photon balance in the frame of reference at rest with media.
Individual photons are pictorially represented as spheres. If I indicate with N/, N/ and N/ the
instantaneous fluxes of incoming, reflected and refracted photons at the interface, I get, for the
case in this figure, the ratio o> = N/./N/ = 2/3 and 7?7} /n, = N/ /N| = 1/3, where ¢'* and
721, /nly are the classical power reflection and transmission coefficients. Indeed, the photon

balance is equivalent to the classical power balance because of the uniformity of w’.

The phase velocity is modified by a factor which can be regarded as an effective index
due to the motion of the medium. The effective indices found here are in agreement with the
calculations for normal incidence of existing literature [24, 65].

I now consider the transformation of the fields. At normal incidence, polarizations of wave
are degenerate. If assume that in O’ E’ is directed as u/,, then Maxwell equations imply that
B’ is directed as uj, and that D’ and H' are also respectively directed as u;, and uj. The
Lorentz transformations in the particular case of translational velocity along z maintain the
same directions, respectively, also for E, B, D and H. The transformed field components in O

are
E; =~E(1+46n}); E.=~0FE;(1-pn}); Ey=~7'E{(14 (ny);

E/ QIE/ TIEI
Bi=12(3+nl); By =12 Bonl) By= 154 mp):
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ey NN ey T T ey R
E /B T'E!
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1 1 2

where E is the electric field in the reference frame O’. The results found here are consistent
with existing literature [26].

From Egs. (14), two general results should be pointed out. First, the ratio E'/H' = 7' =
E/H = n for any plane wave does not depend on the state of motion of the dielectric. This
is not trivially expected from Lorenz transformation: for example, the ratio £/ B does depend
on the state of motion. I emphasize, however, that £/ H is non invariant for a general Lorentz
transformation. A sufficient condition for the invariance of 7 is that the transformation is parallel
to the wave vector and the wave is purely transversal. Second, since —1 < (3 < 1, the two fields
B and D never change sign, but the fields £ and H do: this happens for waves traveling in the
opposite direction to the translation of the medium, in the critical condition (|3| > nfl).



The time-averaged Poynting vectors S = E x H in O are

'72El2 ,YQ Q/2 E{2
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(15)
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S =+ 120 (14 ).

2
The sign of the Poynting vector is invariant for any value of 3 because the change of sign in
the critical condition |G| > nfl occurs simultaneously for E and H.
The electromagnetic energy density w = 1/2(E- D+ B -H) in O is

212 2 12 12

TE; Vo E]
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where I note that in critical condition |3| > n;l the energy density becomes negative, but the
relationship S = wv,,, still holds, as for media at rest.

To prove the conservation of energy, one must take into account the mechanical energy
which is transferred to the material system by the electromagnetic pressure applied by the waves
to the interface. The momentum density (momentum per unit volume) g carried by the plane
wave is [61]

where the last equality is a consequence of the relationships D = E/nv,;, and B = Hn/vp,,
which hold for any state of inertial motion, as directly derived from Eqs. (14). The energy per
unit time per unit area AE exchanged between the wave and the interface is the momentum
flux (gv,,) diminished by the momentum per unit time per unit area stored in the space created
by the interface motion (gv). Since g and S are related by Eq. (17), one can show that the
mechanical energy flux is equal to the excess energy per unit time per unit area AFE injected
to the interface by the electromagnetic waves, which is the balance of Poynting vectors of the
waves, diminished by the energy per unit time per unit area stored in the space created by the
interface motion:

AE = w;i(vph,; — Be) + wr(Vph,r — Bc) — wi(Vph,e — Be)

18)
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The last line of Eq. (18), when compared to Egs. (15) and (11), suggests to repeat the
calculation for the photon flux instead of the energy flux. I divide the terms of Eq. (18) by Aw,
where w is the respective frequency of each term, as calculated by Eqs. (11). Thus, I calculate
the photon balance as the difference AN between the incoming and outgoing photon fluxes of
the waves, diminished by the stored photons in the space created by the interface motion.

W; Wy Wy
AN = h—w(vph,i — Bc) + m(vph,r — fe) — %(Uph-,t — Be)
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Fig. 5. Schematic representation of photon balance in a frame of reference O in motion with
respect to the frame O’ of media (axis conventions are given in Fig. 2). The interface moves
with velocity vu, in O as indicated by the arrow. Individual photons are pictorially represented
as spheres. The ratios of instantaneous fluxes of photons — reflected versus incoming and
refracted versus incoming — at the interface (i.e., inside the dashed circle) are invariant with
respect to the status of motion (assumed inertial), and are equal to the power reflection and
transmission coefficients o> and 727} /n} as calculated in the frame at rest with the interface.
In this example, o> = 2/3 and 7?7} /0, = 1/3. The interpretation of this interesting result is
that the interface between the two dielectrics acts as a number-conserving and invariant photon
converter, regardless of its state of (inertial) motion. This joint invariance and conservation law
is fully contained inside classical electrodynamics.

where AN vanishes because of Eq. (7). The interpretation of this last interesting result is
that the interface between the two dielectrics acts as an number-conserving and invariant pho-
ton converter, regardless of its state of (inertial) motion, in quantitative consistency with both
Doppler shifts and the conservation of energy. This joint invariance and conservation law is
fully contained inside classical electrodynamics. The interpretation is schematically shown in
Fig. 5.

The effects of motion of the medium are summarized in Table 1, which reports the effective
index (labeled as n with no apex) due to motion, calculated from Egs. (13), and the invariance of
the impedance 7/, as observed in Egs. (14). Such invariance, however, is true only for transversal
waves propagating parallel to the motion of the medium [66].

1.1.2 Traveling Interface Case

In order to provide a model for the traveling wave reflector, I assume that the media are at rest
in the frame O. Thus, only the interface is at rest in the frame O’. Since the media are now in
motion with z-velocity —v with respect to O’, the calculation of frequency and k-vectors can
be carried on as in the previous paragraphs, provided that I use the effective refractive index
(n = ¢/vpy) calculated from Egs. (13) and reported in Table 1, instead of the index of the
medium at rest.

The frequency is still conserved in frame O’ because the phase matching condition still
applies (it depends on the motion condition of the interface only, which is at rest). Thus, it is
again w; = w,. = w; = ' as in Sec. (1.1.1). All the equations of Sec. (1.1.1) that depend on
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Table 1. Effect of motion of medium on the relationships between fields E and B, D and H
of electromagnetic waves, assumed transversal, and propagating inside a dielectric medium,
assumed isotropic when at rest. The waves are assumed to propagate along the direction of
motion of the dielectric. (3 is the ratio of the speed of the dielectric and the speed of light in
vacuum. The + (-) sign applies to waves co-propagating (counter-propagating) with respect to
the motion of the dielectric. The permittivity and permeability of the immobile dielectric are,
respectively, €' and p/. The refractive indices of immobile and moving dielectric are, respec-
tively n’ and n, where the latter can be defined as the ratio of the velocity of light in vacuum
and the phase velocity of light in the moving dielectric (hence, it depends on the wave being co-
or counter-propagating with respect to the dielectric).

the index of refraction must be now modified. Equations (2) must be replaced by

oW m=B8 o, Wwm+f . W na-f
oel=08ny T c1+p8n’ ' ¢c1-fnsy

(20)
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The expressions of the reflection and refraction coefficients in Egs. (5) are questionable in
the rest frame of a traveling interface. In fact, Egs. (5) are derived from the two following
boundary conditions: a) the ratio of the magnitude of the total electric field over the magnitude
of the total magnetic field is the impedance 7} in medium 1 and 74 in medium 2, and b) energy
is conserved at the interface, leading to

1+Ql 1 Q/Q 7_/2
a) 7 —qh: b)) - =T @1
)nll—g/ = )ni o

With this approach, continuity of the tangential components of the electric field E’ and to
the magnetic field H' derives from the conservation of energy, and is not inferred from Maxwell
equations. In my opinion, the derivation from conservation of energy is a sounder procedure. In
principle, time-dependent Maxwell equations do not require these tangential components to be
continuous. For example, V x E = —9B/dt, does not guarantee that E is continuous (rather,
that the vector E 4+ 0A /Ot is, where A is the vector potential) [64]. Thus, one can question the
continuity of E at the interface if the electromagnetic energy is not conserved. The relaxation
of continuity requirement allows for alternate conditions instead of the one shown in Eq. (21b).
I will briefly outline a possible alternate approach in next section.



If conservation of energy of Eq. (21b) is assumed, then Egs. (5) are valid also for this case,
on the ground that the impedance 7’ is invariant (Table 1). I also assume that the bandwidth
of the response of D and H to E and B is infinite. While this is certainly not valid, I aim at
providing here a simplified picture to highlight a few basic differences between this case and the
material interface of Sec. 1.1.1. The assumption of infinite bandwidth definitely deserves strong
criticism. In any case, the following calculations should be considered only as indications for
future discussions [47].

The expressions of the time-averaged Poynting vectors in Egs. (4) are left unchanged be-
cause 7 is invariant. This only means that it is possible to express the amplitude of Poynting
vector of a plane wave as E? /7 independently on the state of motion: the magnitude itself is
not invariant and depends on the state of motion as calculated in Egs. (14).

The electromagnetic energy density w’ = 1/2(E’- D’ + B’ - H') in O’ is, for each wave,

,  EP1-—png - 0%E? 1+ fny

/_T/2Ei21*ﬂn2
eny np— B " eny mi+ B’

w,; = .
Yoo mp—f

(22)

The conservation of energy can be expressed as in Egs. (7) and (8) and the conservation of
photon flux also holds, as in Eq. (10).
The expressions of frequency and k-vectors for the O observer are
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If I now calculate the phase velocity (vp, = w/k), I find
w; c Wy c W c
PR A —r__ . —t_ 24
Uph,,i kz 77/17 Uph,r kr nl’ Uph,t kt TL27 ( )

consistently with the fact that the media are still for the observer O.
The Doppler shift of the frequency of the reflected and refracted wave is then expressed as

l—ﬂn1. ll—ﬁnl

Wy = Wj
T 11+6n17

(25)

where it is interesting to notice that the Doppler shift of reflected wave is unchanged with respect
to Eq. (12), but the shift of the transmitted wave is different.



The transformed field components in O are
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where the symbols ¢’ and 7’ are, as already said above, unchanged from Egs. (5).
The time-averaged of Poynting vectors S = E x H in O are
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The electromagnetic energy density w = 1/2(E- D+ B -H) in O is
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Even though I have limited the analysis to 3 < n; ! and 8 < no~!, I mention that the
energy density as resulting from Eqgs. (28) does not become negative under any condition, con-
sistently with the fact that media are at rest in the observer frame.

If I now follow the same reasoning as in Sec. 1.1.1, I obtain, in place of Eq. (19),
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where I have found again that AN = 0, because of Eq. (7). Therefore, the joint invariance and

conservation law illustrated in Fig. 5 is valid also for this case, where the Doppler shift is now
expressed by Egs. (25).

1.1.3 Traveling Interface Case: an alternate approach

As anticipated while discussing Eqgs. (21), conservation of electromagnetic energy can be ques-
tioned in the frame at rest with the interface, if the medium is moving in that frame. The
question arises because refraction is a consequence of a partial sharing of energy between radi-
ation and medium, this sharing is different at the two sides of the interface, and motion of the
medium can thus take in or away different amount of energy at these two sides. I remark that



any modification of the boundary conditions for the fields does not change the Doppler shifts
expressed by Egs. (25), which do not depend on the electromagnetic field amplitudes.

I will now modify the approach to investigate an alternate condition instead of the conser-
vation of energy expressed in Eq. (21b). I hypothesize, as a possible assumption directly in the
frame of the medium (O), that there is no mechanical energy exchange at the moving interface,
despite its motion. This assumption is taken on the ground that the radiation pressure is applied
to a physically static object in frame O. If atoms do not move, it might be sensible to assume
that they are not absorbing/releasing mechanical power. The reader should look at my sug-
gestions with critical eye, since they contrast with existing literature [34]. Generally speaking,
when the dielectric response is time-dependent, one should assume that the displacement vector
D cannot change instantaneously. This latter assumption derives, on one side, from the finite
bandwidth of the material response. D describes how the material responds to an external stim-
ulus (E field), hence its dependence on E results from a convolution integral, which smoothes
out the high frequency variations of E. Second, time continuity of D is also consistent with
Maxwell equations. In fact, a finite discontinuity of D or B fields in time would make V x E
and V x H divergent. Additional discussion on time-continuity of D and B is available in the
literature [30,32]. Thus, I am led to study the pure effect of time continuity of D and B [56,57].
I consider a single transversal electromagnetic wave (with field magnitudes ¢, H y), travel-
ing across a homogeneous dielectric medium (no interface in space), in which I suppose it is
possible to suddenly switch the dielectric response from €1, 1 to €2, po. As a consequence
of the sudden switch, the wave splits into a forward- (with field magnitudes sy, Hor) and a
backward-propagating wave (Esp, Hop,). Time continuity of D and B leads to

€11y = ea(Eaf + Ea); %Elf = %(Ew — Ey). (30)

Solving for Eoy and Fy, one gets
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If the energy of the waves is now calculated, one finds that the electromagnetic energy is
changed after the switch. It is interesting also to underline that even the net forward power flow
(the difference between the power of forward and backward propagating waves) is different
from the original power:

2 2 2
ASoy = BagHay — EaHay = —2 10 2 Bygiyy = 2L, (32)
m na m

but the momentum density is conserved, as derived from Egs. (17) and (32):

2
E3; Tﬁ

g = (33)

Agoy = gof — gab = ASz/% =

Hence, there is no net variation of momentum in the electromagnetic field associated to a
pure time variation of the refractive index. The waves are not applying any force to medium,
and any variation of energy of the waves would not be due to a mechanical action, but rather
to a direct transfer from and to the material as in Eq. (32). Equations (32) can be interpreted
as the consequence of an infinitely fast interface [32]. Thus, one might assume the total energy
variation in frame O to be negligible, at least for 5 << 1, compared to the material interface
case discussed in Eq. (18) of Sec. 1.1.1, for which the mechanical exchange can be significant.
The assumption of exact conservation of elecromagnetic energy is difficult to justify because
of Eq. (32). I suggest that in any case this argument requires deeper discussion. Here I just



Fig. 6. Schematic representation of photon balance in the frame of reference O, in which
the medium is at rest, and the interface moves with velocity vu,, as indicated by the arrow.
Individual photons are pictorially represented as spheres. As opposed to what shown in Fig. 5,
here the overall photonic fluxes (not the fluxes at the interface), are conserved and invariant.
This conservation and invariance law is easier to access experimentally than the one in Fig. 5,
because these are the fluxes which are actually measurable.

outline a possible alternate approach for the traveling interface case, remarking once again that
the approach of Sec. 1.1.2, based on the conservation of electromagnetic energy in frame O’,
can be also criticized.

So, I proceed assuming conservation of energy in the O frame instead of in the O’ frame.
This does not imply that the algebraic sum of time averaged Poynting vectors is zero, but, rather,
that the incoming power flux EZ[(1 — ¢%)n; * — 721, '] equals the net energy density multiplied
by the interface speed, E?[(1 + 02)e; — T2€2)Bc, which accounts for the substitution of the
waves (incident and reflected with refracted, or viceversa, according to the sign of the speed),
in the region where the dielectric properties are changed.

Thus, the two new boundary conditions, directly in the frame O, would be

=m; b)— - L - T = [(1+ 0)er — 6. (34)
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Since ec = n/n, the condition in Eq. (34b) can be expressed also as
(1—=pm)  o*(1+Pn1) 7°(1—png)
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which is equivalent to assume the Eq. (18) to be false for the traveling interface case. Insertion
of Eqgs. (23) in Eq. (35) leads to the conclusion that the condition of Eq. (34b) is equivalent to

=0, (35)
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i.e., to the conservation of photon fluxes shown in Fig. 6. Under the assumptions taken here, in-
variance of photon fluxes also holds (calculations are not shown). As repeatedly underlined, the
conservation of energy in frame O can be questioned. Fortunately, however, the thereof deduced
conservation law of photon flux is, in principle, directly accessible by experiment, indicating
an interesting avenue for future experimental investigations. Would the assumption proposed
here describe the phenomenon correctly, photon energy could be modified (by Doppler shift),
without (or with no significant) variation of the total electromagnetic energy. In other words,
the traveling interface would act, in this case, as an electromagnetic energy “rearranger’” among
photons.
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Fig. 7. The effect of an homogeneous lifting of the refractive index from the n, to the no value
can be looked at as the limiting case for v;,erp — 00 of the speed of a counterpropagating
(green arrows) interface. The case of a copropagating (blue arrows) interface is an intriguing
one: at high speed — i.e., in the regime approaching the onset of the event horizons — critical
phenomena are expected. This is a rich terrain for future investigations. The exact expressions
for the transitions of w and k can be obtained from Eqs. (23). The limiting case for vipserf — 00
is derived from Eq. (37).

1.2 Time-dependent refraction

It is a simple consequence of translational invariance that the wavevector k of an electromag-

netic wave propagating in a homogeneous and non-absorbing dielectric with a time-dependent

refractive index n(t) is a conserved quantity [56,57]. As the frequency is related to the wavevec-

tor and the refractive index by w = k, where c is the velocity of light in vacuum, a change of

refractive index by dn results in a change of the frequency of a plane wave by
ow on dn

w  ng+on  ng (37

The energy required for the frequency change is provided by the work done while changing
the refractive index of the medium. I emphasize that to achieve energy lifting, the index change
must be performed with the medium loaded with optical energy, otherwise one only modifies
the material response.

This effect can be used in a photonic device to shift the carrier frequency of a wave-packet
(light pulse), without dramatically affecting the pulse shape. In practice, one needs to trigger
the refractive index shift once the pulse has entered the medium, in such a way that the shift
completes before the pulse starts exiting. In other words, the traveling pulse must be fully
contained in the medium during the whole index shift process. The optical linearity of the
medium guarantees that the different k-components are decoupled, so that the pulse shape is
preserved in both the real and the k-space.

It is instructive to picture the time-dependent refraction as the limiting case of a Doppler
shift due to a counterpropagating interface for the speed of the interface tending to infinity. This
is illustrated in Fig. 7. In the following, I limit my design goals to the lifting effect of the “time-
dependent refraction” for simplicity. The exploitation of the Doppler shift in the high-speed
copropagating interface regime is indicated as a rich terrain for future investigations.



2 SAMPLE DESIGNS FOR A PHOTON ENERGY LIFTER

Unfortunately, the experimental implementation of “time-dependent refraction” described in
Sec. 1.2 is very demanding for available technology. As the travel time Ty,que; = L/vg of the
pulse across the structure must be longer than the pulse duration 7p,;se plus the switching time
Tsw, the device length L has to be longer than Ly, = vg(Tpuise + Tsw). For realistic values
of Tpuise and T, of the order of a few tens of picoseconds, and group velocities v, of the order
of a significant fraction of ¢, L,,;;, can be as long as some millimeters. Such a length it is
undesirable in the perspective of miniaturization and integration. It becomes apparent that one
should increase the travel time across the structure. I am therefore led to investigate periodic
photonic structures with particular dispersion relation, in which the magnitude of the group
velocity is significantly reduced *.

Dynamical photonic structures, in which the optical constants of the medium can be mod-
ulated while the light is propagating inside it, have been recently introduced and are now at-
tracting a great deal of interest from both the theoretical and experimental side (for a review,
see e.g. [67]). Structures of this kind, originally suggested for stopping the light, open up an
intriguing research area, in particular, for storing or manipulating optical information [68—70].
Here I face the photon energy conversion problem exploiting the simple idea of changing the
refractive index of the structure, and thus the photon dispersion, while the pulse is propagating
across the structure. This idea is illustrated on a realistic example inspired by presently available
technology.

2.1 Single-cavity lifter

It is instructive to consider as first step a single, time—dependent optical microcavity. The fre-
quency shift can be achieved with the following procedure: a) injection of electromagnetic
energy in the cavity; b) shift of the resonance frequency, e.g. by a change of refractive index;
c) release of the frequency-shifted electromagnetic energy. The microcavity is a fundamentally
different solution with respect to the homogeneous medium, in that light is injected in a local-
ized state. To quantitatively illustrate the lifter principle, I performed Finite Difference Time
Domain (FDTD) simulations of a single /2 time-dependent cavity (Fig. 8).

In the microcavity approach, a fundamental trade-off in the trapping capability can be em-
phasized. On one side, one wants a high quality factor @), to effectively achieve a long storage
time once the cavity has been charged. This gives longer time to apply the frequency shift before
the optical energy is released, thus adding practical flexibility to the device implementation. On
the other side, a high quality factor means a very narrow bandwidth. This is undesirable for
optical pulse processing, because the energy transfer between the incident charging wave and
the cavity itself is limited to this frequency window. This results both in strong distortion of
time-limited pulses, and in low efficiency in the cavity charging. The impact of the narrow
bandwidth is evident from the example shown in Fig. 8. Almost independently on the spectral
shape of the charging pulse (in this example, I use a Gaussian pulse lasting few tens ps), the
energy exits as a slow, exponentially decaying wave, according to the characteristic Lorentzian
filtering of the cavity. In Fig. 8, the output peak intensity is lower than input by almost 2 orders
of magnitude. One should notice two additional undesirable features. First, the light exits also
from the input side. This appears in Fig. 8 as a change of sign of Poynting vector at input side
(dashed line) at time ~30 ps. As implied by the symmetry of the structure, energy exits from
both sides with the same amplitude (in the figure, this is partially hidden by the 30 times mag-
nification). Second, a fraction of the stored energy unavoidably exits before the index shift (this
feature is recognizable in the spectrum, as the solid bump at 1550.25 nm).

*Single optical microcavity can localize strongly the light and, in principle, are suitable for changing
the photon energy. However, these structures strongly distort pulses.
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Fig. 8. Finite difference Time Domain (FDTD) simulation of the frequency shift in a sample
time-dependent single Fabry-Perot microcavity (8.5 period Distributed Bragg Reflectors, with
An = 2 index contrast). The dash (solid) line shows the amplitude of the Poynting vector at
the input (ouput) side versus time. The inset shows the spectra of respective electric fields (the
resolution of the spectrum of the output is limited by the time window of the simulation).

The comparison between the homogenous medium and the single cavity enlightens the path
towards a solution which combines the respective advantages. A larger bandwidth than the
one provided by the single microcavity is needed for the applications, but without sacrificing
the light trapping ability of optical microcavities. I achieve this goal by resorting to coupled
microcavities.

2.2 Coupled Resonator Optical Waveguide (CROW) lifter

Various photonic systems have been recently investigated to lower the group velocity of light.
Line-defect photonic crystals [73] and coupled resonator optical waveguides (CROW) [74-76]
are among the most promising ones.

Here I focus my attention on the case of a CROW structure, i.e. a spatially periodic many-
cavity system, in which the degeneracy of the single cavity modes is lifted by the coupling
between neighboring cavities through the inter-cavity mirrors. As a result, a miniband is created
(Fig. 9), whose dispersion law in the weak coupling limit (for the general expression, see,
e.g., [78]) has the form:

wo(k) = [@ — J cos(k?)]. (38)

The miniband is centered at the single cavity frequency w and its width is proportional to
the coupling strength .J [77]. Here, ¢ is the CROW period and the quasi-wavevector k is defined
modulo integer multiples of the reciprocal lattice vector 27 /£. As a consequence of the strong
light localization in the cavity modes (Fig. 9), the group velocity is orders of magnitude lower
than the one associated to the average refractive index of the structure.

A spatially homogeneous dependence of the refractive index of the form n(z) = no(z)(1+
€) results in a frequency shift of the miniband, i.e., we(k) = wo(k)/(1 + €). Provided the
electromagnetic field dynamics is limited to the miniband states only (adiabatic regime) [79],
a variation in time of the refractive index via €(t) implies a coherent frequency shift of the
whole wavepacket in the same way as discussed for the homogeneous case. The adiabatic
requirement implies that the tuning time 74, be much larger than the inverse of the minimum
frequency separation 1/A() between the miniband and the nearest allowed photonic states,
shown schematically in Fig. 9. In semiconductors, the refractive index n can be modulated,
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Fig. 10. Simplified schematic representation of the CROW structure. For simplicity, I have
represented the external dielectric mirrors with only 4 periods instead of 13, and the inter-cavity
— coupling — mirrors with only 9 periods instead of 27. Only 2 cavities instead of 45 have been
shown. Light travels in the positive x direction.

e.g., by changing the free carrier density [80]. In particular, in Si, relative index modulation of
the order of ~ 10~ has been recently demonstrated in the GHz range [81].

In a finite CROW system, for which the impedances are carefully matched at the input
and output interfaces, the central part of the miniband corresponds to a frequency window in
which the transmittivity is flat and almost unity (Fig. 9). Provided the incident pulse resides
in this spectral region, it can penetrate into the photonic structure and then travel across it.
Importantly, the pulse shape conservation is achieved by limiting the spectral content of the
input pulse (dotted line, right panel, Fig. 9) to the frequency interval where the dispersion is
linear (central panel). As the travel time T¢.q.,¢; depends on the group velocity [82], a strong
reduction of v, with respect to ¢ implies a much looser lower bound L, on the system length
L in order for the refractive index modulation to be performed while the pulse is contained in
the structure.

2.3 CROW design and FDTD simulations

The designed structure is composed by 45 1D Fabry-Perot microcavities, coupled to each other
through 27-period Distributed Bragg Reflectors (DBRs). The mirrors and the cavities are con-
stituted by quarter- and half-wavelength layers, respectively, and are centered at A\g = 1550 nm.
The input-output mirrors are suitably designed in order to have a good impedance matching
between the finite-1D photonic structure and input/output channels. Assigning letters A and B



Relative Delay (t/t); 1,=3.3 ps
0 10 20 30 40

Py
- T T T T T 3
2 . T 1 )
c o \ <
B i B @
g {0 ' s
£ - '.‘ o
T ! P o)
“ [ H H Y x
] ! i \ @)
5 ; \ \ / >
! | [
g i \ 1650.0 1550.5 5
L ; \ a
S D "f ___\{\I_E:yelength (nm) 0'®
c \ \N—" %q

= \
c \ N\ =
> [ . : =]
R in R Antiabitie ¥ —-3 X
out? -
£ ] ) ] S,
N

0 50
time (ps)

Fig. 11. FDTD simulation of the envelope of Poynting vectors at the input (dashed line, positive
entering) and output boundary (solid line, positive exiting) of the coupled-cavities structure.
Input and output boundaries are defined in Fig. 10. The refractive index of all the layers is
time-dependent, as shown by the right y-axis. Upper time scale is relative to the delay (7p) in
a homogeneous medium with the average refractive index of the 1D-structure. The inset shows
the spectra of the input and output pulse electric fields.

to the mirror layers and C' to each cavity layer, I choose their initial refractive indices equal to
na = 3, np = 2.426 and nc = 2.688, respectively. The choice of these specific values is
related to the realistic implementation of this structure as a corrugated Si slab waveguide (see
Fig. 10), whose realization is compatible with available Si technology. In quantitative detail, the
guide includes a Si core layer of about 260 nm thickness, sandwiched between SiO2 cladding
layers. The index contrast between the two materials assures light confinement in the silicon
core. The photonic structure (DBRs and cavities) is realized modulating the thickness of the Si
slab, which leads to the effective refractive index values n 4,np and ne for the fundamental
transverse mode.

FDTD simulations have been performed on the 1D structure. The time dependence of the
structure consists of a spatially homogeneous relative shift ¢(t) = on(z,t)/no(z) of the re-
fractive index of each layer, triggered after the injection of the pulse and completed before the
pulse exits. For simplicity, a linear time dependence of €(t) has been considered. The number
of cavities has been determined by the constrain that the pulse must be contained inside the
structure during the time required for the index switch, assumed to be 20 ps. The final device
length is about 370 ym. A slower switching time would simply imply a proportionally higher
number of cavities and a correspondigly longer structure. Note that the minimum tuning time
Tsw for being adiabatic is, for these parameters, of the order of 10 fs, i.e. orders of magnitude
shorter than the switching time of most existing materials. A shift 6n/ng = —3 x 10~ has
been assumed, on the basis of realistically attainable values in semiconductor technology [83].
I mention that significantly larger index shifts, hence, frequency tuning, would be possible, just
by resorting to electro-optic materials such as LiNbO3 [83].

The results of the FDTD simulation of the pulse propagation are reported in Fig. 11. The
pulse delay is 116 ps, i.e. a factor ~ 35 larger than what expected in a homogeneous structure
with the same length and same average refractive index. The resulting vacuum wavelength
shift 27r¢/dw = —O6A ~ —0.49 nm is shown in the inset, which corresponds to the expected
SA/ Ao = |0n/ng| = 3 x 10~*. The distortion of the input pulse is negligible and the efficiency
of conversion is larger than 95%.
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Even though the FDTD simulation is performed on 1D time-dependent structure, the results
are essentially applicable also to the quasi-1D slab waveguide structure of Fig. 10. This can
be demonstrated by a full (time-independent) 2D simulation for the slab waveguide, performed
using an eigenmode expansion method [84]. I assume a vertical symmetric (the y-direction)
architecture, as sketched in Fig. 10. The physical parameters of the integrated device (length
and thickness of the layers) have been chosen in order to maintain a good modal matching
between input/output waveguides, cavities and DBRs. In this way the insertion losses in the
resulting two dimensional CROW slab device appear to be negligible, of the order of 0.1 dB.
In Fig. 12 the miniband spectra of the slab structure (panel a) and the 1D model of the CROW
(panel b) are shown both at the initial time and after the spatially homogeneous relative shift
of refractive index. The close similarity of the two graphs confirms that the 1D model and
the corresponding 1D FDTD simulations provide an accurate description of light propagation
through the slab waveguide system and of the predicted photonic lift effect.

2.4 Travelling wave design

Up to now the basic idea of the photon energy lifter was based on the hypothesis that the refrac-
tive index can be simultaneously changed in the whole structure while the pulse is travelling
across it. Another possible scheme, which can simplify the experimental realization is what can
be called a travelling-wave design [85]. In this scheme, the electrical field for the electro-optic
effect is not applied simultaneously to the whole device, but is injected as a microwave from one
end of the electrode pair. Electrodes work as a transmission line. In this design, the modulator
speed is not limited by a lumped electrode capacitance but by the distributed impedance.

Since the photonic structure under study is designed for optical wavelengths, it behaves as
a homogeneous medium at microwaves. Therefore, it is expected that the group velocity at
microwaves is determined by the average refractive index, n,,, of the structure and thus it is
much higher than the group velocity of the optical pulse. Moreover, its wavelength being much
shorter than the microwave rise time, the optical pulse sees an almost translationally invariant
system with a time-dependent refractive index.
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Fig. 13. (color online) Successive snapshots of the electric field of the optical wave and of the
index-driving microwave at 37, 56 and 75 ps. The differently colored electric fields have an
illustrative scope and refer to a blueshift of the input pulse wavelength. The structure of the
pulse electric field reflects the coupled cavity structure (maxima are located in correspondence
of C' layers.

In order to verify that no spurious effet occur at the microwave front, I have performed 1D
FDTD simulations for the coupled microwave and optical pulses. In the FDTD simulations, I
assume a conservative value of n,,,,=3 for the effective refractive index of the mixed Si/SiO2
structure at microwaves: the optical group velocity v, in my structure is therefore lower than the
microwave group velocity ¢/n,,, by over an order of magnitude. The microwave driver signal
is taken as a smooth function o< [1 — exp(—t/7)] with 7=! = 100 GHz. The microwave is sent
into the structure with a 35 ps delay from the input light signal, i.e., when the injection of the
light signal is essentially completed (Fig. 11). Sample electric field snapshots resulting from the
combined optical and microwave simulations are reported in Fig. 13, where an instantaneous
response of the refractive index to the microwave amplitude has been assumed. The results of
the travelling-wave simulation are not distinguishable from the results of Fig. 11, which verifies
the effectiveness of this second travelling wave scheme to shift the pulse carrier frequency.

2.5 Back to the single cavity design?

Designs of Sec. 2.2, 2.3 and 2.4 are quite satisfactory in terms of the expected performance but
are too technologically demanding: it is quite unrealistic to rely on multicavity devices whose
performance critically depends on the fact that cavities must match in size and where fabrication
imprecisions of few nm risk to make the device useless. Ideally, one’s desire is to avoid the need
of multiple matching devices whenever possible. The question comes about whether I can go
back to a single cavity device. Can I let a pulse into a single high-Q cavity, and at the same time
limit the strong distortion seen in Fig. 8?

The answer is positive. The idea comes by considering that low distortion requires a large
device bandwidth. Multimodal cavities, such as the ones used in mode locking, can have large
bandwidth, and, simultaneously, high-Q factors. Spectrally wide pulses, injected in a single
multimode cavity, coherently excite many modes. The requirement for low distortion are that
the losses of the cavity are low and homogeneous across the cavity modes, the cavity is not
dispersive, and unwanted nonlinearities are kept low.



There is, however, an additional intriguing possibility with multimode cavities. A coher-
ently excited broadband pulse is localized in space inside the cavity, and travels within the
confined space of the cavity with a period equal to the reciprocal of the cavity Free Spectral
Range (FSR). If the total losses of the cavity are kept low, the pulse will make several round
trips before decaying. Thus, I can repeatedly apply the index shift, as proposed in Sec. 1.2, in
a selected region of the cavity while the pulses is passing there, and recover the initial starting
value of the index when the pulse is outside such selected region. This allows the pulse to
experience a refractive index shift which is monotonic in time, repeatedly recoiling when the
pulse is away from the shifting region. This is possible even if the modulation of the index is
driven by a stationary wave. The idea is illustrated in Fig. 14 in the case of a whispering gallery
multimode cavity.

3 PRELIMINARY EXPERIMENTS

Pulsed functioning of optical whispering gallery resonators (WGRs) [71,86,87] is very interest-
ing for many applications, such as Direct Frequency Comb Spectroscopy (DFCS) [88], optical
comb generation and stabilization [89], optical clock distribution in integrated circuits [90],
pulsed ringdown spectroscopy [91] and biosensing at single-molecule level [92-94]. Advan-
tages of WGRs include compactness, mechanical stability and ultra-high demonstrated quality
factors Q > 10! and finesse figures 7 > 107 [95]. For steady-state pulsed functioning of
the WGR, resonator’s eigenmodes must be uniformly spaced in frequency, and excited by pre-
serving phase-coherence, as in mode-locked lasers [96]. This constrain in WGRs appears to be
within close reach, after the recent demonstration that the frequency spectrum of suitably fabri-
cated WGRs can be periodic in frequency with a uniformity of mode spacing of 7.3x 1078 [97].
In fact, mode-locking is not a new idea for WGRs, and has been already explored theoretically
for Er:LiNbO3 WGRs some years ago [98]. Experimental evidence of time resolved pulsed
excitation of WGRs exists [99], as well as time resolved monitoring of WGRs [100], but steady
pulsed operation in a WGR has been not yet demonstrated. In this work, I coherently excite
the eigenmodes of a passive Z-cut LiNbOg3 disk WGR by using a long-cavity mode-locked
fiber laser (MDFL) as external excitation. To the best of my knowledge, this is the first report of
steady-state pulsed functioning of a WGR, and in a fully fiber optic setup (coupling to the WGR
here is in free space, but a fiber-coupled equivalent to my setup has been demonstrated [101]).

The disk was fabricated at the Optoelectronics Circuits and System Laboratory, at the Uni-
versity of California at Los Angeles (UCLA) and has similar characteristics of a disk described
elsewhere [102]. The diameter is d ~ 5.9 mm and it has lateral spherical profile, to create
an equator along the vertical direction of the disk, hence it behaves a spherical WGR [103].
TE polarized light is coupled by evanescent waves in and out of the WGR using two dia-
mond prisms, whose refractive index n, ~ 2.386 [104] is larger than the extraordinary index
ne =~ 2.138 of LiNbOj3 [105] in all the spectral region of interest for this work (vacuum wave-
length A ~ 1550 nm). Double prism setup is selected because it avoids interference between
the output and the uncoupled fraction of the input beam.

Data from CW characterization of the whispering modes of the disk are shown in Fig. 15.
The extracted Q-factor is 2.63 x 10°[+12%)]. The insertion loss between input and output at
resonance is 29 dB (the coupling setup with the double prism is not optimized for loss mini-
mization). For coherent pulsed operation, I must match the WGR’s FSR — or one of its integer
submultiple 1/N — with an integer multiple M of the MDFL’s fundamental repetition rate. As
well known, disk resonators exhibit sets of modes with different FSRs, depending on the radial
order of the modes [86,103]. Here, I select the best coupled mode (the highest peak in the trans-
mission spectrum in Fig. 15) for convenience. The extracted FSR of this set of modes, from CW
data extending beyond the range shown in Fig. 15, is 7.78 GHz. I then setup an active-locked
MLFL with long cavity, in the sense that its fundamental repetition rate fr ~ 2.3 MHz is much
lower than the FSR. A close match FSR/N ~ M x fr (assuming N small integer) is then



Fig. 14. Left side: the carrier frequency of an optical pulse (envelope shown in blue color),
traveling along the equatorial circle of a WGR carved out of a material exhibiting large Pockels
effect, can be monotonically shifted. In this example, Pockels effect is driven by a stationary
microwave (red-orange: index change due to Pockels effect; green arrows: direction of the
index change in time). Monotonic frequency shift is guaranteed if and only if the frequency of
the microwave matches the free spectral range of the optical modes. The amount of the shift
depends on the ability of keeping the pulse within the WGR (i.e. on the Q-factor). In the NIR,
the shift in wavelength can realistically be several tens of nm. Right side: if the index change is
driven by a traveling rather than a stationary wave and if the revolution times of the microwave
and the optical pulse are the same, then a traveling event horizon is created, at point where the
variation of the optical refractive index due to Pockels effect is 0. An optical pulse placed across
this point splits, similarly to what expected in presence of a gravitational event horizon. The
analogy is further strengthened by the fact that the redshift in time at the event horizon diverges
to infinity.
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Fig. 15. Transmission spectrum of the LiNbO3 Whispering Gallery Resonator. The measure-
ment was taken with a CW laser with piezo-tunable cavity (solid lines). Dashed line is acquired
with a lower resolution Optical Spectrum Analyzer for absolute wavelength calibration. Inset:
larger wavelength span (the portion of main panel is boxed). Input power is ~ 20uW. Extracted
Q-factor is 2.63 x 109[+£12%).

possible by a suitable selection of the integer number M, with a resolution equal to the ratio
N x fr/FSR. From the laser specifications, the injected traveling pulse has a duration of the or-
der of few ps, i.e. significantly shorter than WGR’s round trip time 7,; = (FSR)™! ~ 128 ps.
The setup is schematically represented in Fig. 16. I have set the RF source to FSR/N — with

Fig. 16. Schematic representation of the experimental setup. The model locked laser was based
on a cavity built as a close optical fiber loop passing through a gain medium (Erbium Doped
Fiber Amplifier, EDFA) and a wavelength Band Pass (BP) selecting filter. The pulsed operation
was achieved with active mode locking by modulating the cavity loss with an Electro-Optical
Modulator (EOM) driven by a RF generator.

N = 2 — rather than to FSR. This has the following advantages: (i) since the whispering mode
rate is FSR, the observation of the output can be unequivocally attributed to the WGR output,
and not to a stray coupling from the input fiber or prism, which would conserve the rate of
the input; (ii) this way, I show that the WGR can work as a repetition rate N-multiplier, a fact
which can be interesting for example for optical clock distribution; (iii) in the output, I have
a sequence of sets of [V pulses: each set is composed by a leading pulse, which exit before a
complete round trip from the excitation, and N — 1 pulses, each completing respectively 1,2,...
N — 1 additional round trips before the following excitation. The relative difference in intensity
between adjacent pulses gives directly the fractional loss F' per round trip.



Potentially critical effects for maintaining phase coherence in LiNbOj3 are dispersion, self
phase modulation, and temperature dependence of the refractive index. To minimize dispersion,
I first consider that pulses with a few ps duration have a spectrum width of the order of 1 nm at
wavelength A ~ 1550 nm. The relative refractive index variation An./n. over 1 nm is of the
order of 107? [105]. The effect on the group velocity

= —)\@ - (39)
vg=c(n oy ,

where c is the speed of light in vacuum is of the order of 1% across the spectral components
of the pulse. This is in principle enough to introduce a measurable pulse chirp, but I observe
no detectable effect in my setup (here, the main limitation with respect to this is the 12 GHz
photodetector bandwidth). This point deserves further investigation.

Self phase modulation and temperature dependence of the refractive index (dn./dT =
37 x 1075 /°C) [106,107] depend on light intensity. It is difficult to estimate these effects from
principles without knowledge of the spatial distribution of the electric field in the whispering
gallery mode. I experimentally look at the dependence of the transmission spectrum on the input
power. Resonant wavelengths in a WGR satisfy the approximate condition A = wdn. /I where
d is the WGR diameter and I is an integer number [103]. Thus the relative spectrum shifts
are approximately equal to the relative changes of the refractive index. I find that the relative
variation of the refractive index induced by input power below few hundreds W is lower than
10~6. Hence, I expect that in such case the effect of intensity is low compared to dispersion. In
my experiment, [ have limited the input average power to 3.7 W, with peak power 105 pW. It
should be noticed that the difference between average and peak power is not as large as usually
found in optical pulses, because the pulse duration is less than 2 orders of magnitudes shorter
than the inverse of the MDFL'’s repetition rate.

The time resolved input and output are shown in Fig. 17 for my case (N = 2). The measured

input f\zf/e\kiz/\\\ﬁ

output

0 500 1000
time (ps)

Power (a.u.)

0 200 400 600 800 1000
time (ps)
Fig. 17. Steady state input and output optical signals collected by a 12-GHz bandwidth pho-
todetector. The actual duration of optical pulses is of the order of 2 ps, from laser specifications.

Output is rescaled for clarity (average power of input and output are, respectively, 3.7 xW and
1.5 nW). Inset: example of a mismatched repetition rate, demonstrating no coherent build up.

insertion loss between input and output is 34 dB. Thus, there is an addition 5 dB loss with respect
to the CW operation. The discussion of this loss requires the spectral analysis of the signals and
is the subject of an upcoming paper.



I estimate from averaging multiple output pulses (the procedure not shown in Fig. 17) a
fractional loss F' ~ 9% per round trip. From

2m ¢

= FSRmi— )

(40)

where c is the speed of light in vacuum and A is the carrier wavelength, I estimate a () ~
1.6 x 108, which a consistent estimation within a order of magnitude with respect the CW value
extracted from Fig. 15. No apparent broadening is evident in the output pulses of Fig. 17. While
it is not possible to fully exclude that broadening is taking place (due to the limited bandwidth
of the detector), the output pulses are the result of steady-state, coherent piling-up of the input
periodic excitation, and therefore the absence of detectable broadening is associated to a travel
time of several tens of WGR’s roundtrips.

For the pulsed ringdown measurement (Fig. 18), the input train is modulated by electr-
optical modulator driven by a low-frequency square wave, with 2 ns risetime. The extracted

—&— Input power
—O— Output power
----- Exponential fit

1=2.24+0.21 ns

Power (a.u.)

Q=2n1v,=2.72x10° [+10%]

20 25 30

time (ns)

Fig. 18. Pulsed ringdown of the LiNbO3 whispering gallery resonator. The input and output
power are, respectively, the average power of the pulse trains shown in Fig. 17. The output
curve has been upshifted for clarity.

Q-factor 2.72 x 10%[412%] is in excellent agreement with the CW value. This consistency
suggests that nonlinear effects and dispersion are not playing a limiting effect in this experiment.

4 CONCLUSIONS

I have proposed several ideas for novel photonic devices to shift the carrier frequency of an
optical pulse without affecting its shape nor its coherence, by introducing two complementary
principles (Doppler shift and time refraction) and by discussing possible realizations. Finite
Difference Time Domain simulations of the proposed dynamic structures have been performed
by using a package which has been developed in house to allow time-dependent dielectrics. I
have also indicated that the most feasible design appears to be the one relying on a single mul-
timode cavity. In view of such indication, I am now approaching the experimental verification
of the lifting idea and of the generation of an event horizon. My preliminary experiments have
been so far limited to a pulsed excitation (without any frequency shift) of whispering gallery
modes in a LiNbO3 whispering gallery disk resonator by coupling it to an external actively
mode-locked fiber laser, in a full fiber optics setup. Consistent ()-factor measurement has been
found between CW and pulsed ringdown characterization.
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