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Experimental observation of a Raman-induced temporal waveguide
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The formation of a Raman-induced temporal waveguide is demonstrated by launching short pump and probe

pulses inside a photonic crystal fiber. The pump pulse creates a fundamental soliton whose speed changes

continuously owing to its deceleration through the Raman-induced red shift of its spectrum. The spectrum of the

probe pulse is blue-shifted to ensure that the two pulses move at the same speed and follow the same trajectory

over the entire length of the fiber. The output wavelengths of the pump and probe pulses depend on the peak

power of input pump pulses and their measured values agree with the predictions based on the dispersion data.

Numerical modeling also shows good agreement with the experimental results.
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I. INTRODUCTION

Although propagation of electromagnetic waves in a time-

varying medium was considered as early as 1958 [1], it is

only over the last 20 years that this topic has been studied

extensively [2–16]. Temporal variations in the electrical per-

mittivity of a medium lead to a new degree of freedom that

can be exploited for manipulating optical waves interacting

with such a medium. For example, the reflection of light at

a temporal boundary, with different refractive indices across

it, induces a relatively large frequency shift [2,10]. Such fre-

quency shifts occur because a temporal boundary breaks the

time-translation symmetry. In another remarkable discovery,

a photonic time crystal can be formed through periodic mod-

ulation of the refractive index in time [6,7]. Analogous to the

energy band gaps forming in crystals with spatial periodicity,

photonic time crystals exhibit a momentum gap, observed first

in a 2004 experiment [16]. It was found that novel effects such

as parametric amplification could occur in such momentum

gaps [14,15].

A purely temporal modulation of the refractive index was

considered in most previous studies. Under such conditions,

modulation has to be fast on a timescale of the order of

an optical cycle, and changes in the refractive index need

to be large, of the order of unity. Such requirements have

inhibited experimental observations of the predicted novel

effects. When a traveling-wave-type modulation is applied to

a dispersive medium, it was found that significant reflection of

optical pulses can occur at a temporal boundary across which

a much smaller index change occurs over a timescale shorter

than the pulse’s width, but much longer than a single optical

cycle [5,9,10,17]. One can even realize the temporal analog

of total internal reflection, with no field transmitted across the

boundary. A moving temporal boundary can be created in an

experiment by launching a short pump pulse into a nonlinear

dispersive medium such as an optical fiber [17]. The refractive

index increases, owing to the optical Kerr effect, only over

the width of the pump pulse, resulting in the formation of

a higher-index temporal window moving at the speed of the

pump pulse.

One question worth asking is whether a temporal waveg-

uide can be realized using such high-index regions. It was

theoretically shown that a temporal waveguide can be formed

using two boundaries that create a temporal window with

a different refractive index than the surroundings and trap

pulses between them [11,18]. In the context of supercon-

tinuum generation, several studies showed that the trapping

of a dispersive wave by a soliton can occur under certain

conditions [19–27]. Interaction of a dispersive wave with a

Raman soliton was also studied theoretically [28].

In this work we show that a single temporal boundary

can also trap pulses through a cascaded temporal reflection

process if its speed is not constant and changes in a continuous

fashion. In practice, speed changes can occur through the

Raman-induced frequency shift of short pump pulses propa-

gating in an optical fiber [29]. In this work, we demonstrate

the formation of such a temporal waveguide in a photonic

crystal fiber (PCF) used as a nonlinear dispersive medium.

By launching the pump and probe pulses at wavelengths on

opposite sides of the PCF’s zero-dispersion wavelength, we

show that the probe pulse is forced to move at the speed of

the pump pulse whose speed keeps decreasing because of a

continuous red shift of its spectrum produced by the process

of intrapulse Raman scattering [30]. A consequence of this

speed matching is that the probe pulse undergoes a spectral

blue shift all along the fiber, becoming as large as 70 nm at

the end of the PCF in our experiment. As the amount of blue

shift depends on the fiber’s length and on the pump pulse’s

energy, this technique can be useful for tunable wavelength

conversion of weak probe pulses, with potential applications

in optical signal processing and quantum optics [31,32].

The paper is organized as follows. We use in Sec. II

the underlying nonlinear Schrödinger’s equation for studying

numerically the temporal waveguiding process using param-

eters’ values that correspond to our experiment. In Sec. III,

we show our experimental setup and present the results ac-

quired using a pump-probe configuration with varying delays

between the two pulses. We discuss and summarize our main

results in Sec. IV.
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II. NUMERICAL MODELING

We begin with numerical simulations of our experiment.

When short optical pulses are injected in a single-mode

fiber, their evolution is governed by a generalized nonlinear

Schrödinger’s equation of the form [30]
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where A(z, t ) is the pulse’s envelope at a distance z, ω0 is

the central frequency of the pulse, and βk is the kth-order

dispersion parameter of the fiber. Here, t is a reduced time

measured in a moving frame and is related to the actual time

ta as t = ta − z/vg(ω0), where vg(ω0) is the group velocity at

the frequency ω0. The nonlinear effects are included through

the parameter γ and the response function of the medium,

R(t ) = (1 − fR)δ(t ) + fRhR(t ), where hR(t ) is the Raman re-

sponse and fR is its fractional contribution [30].

The optical Kerr effect is the most important nonlinear

effect for short pulses launched into optical fibers. To under-

stand its impact, we keep only the k = 2 term and choose

fR = 0 in Eq. (1). In this case, this equation takes the form of a

Schrödinger equation with the potential γ |A|2. It follows that

pump pulses create an energy well or barrier depending on the

nature of dispersion. When the wavelength of the probe pulses

lies in the normal-dispersion region with β2 > 0, the pump

pulses create an energy barrier for probe pulses and reflect

them partially. The frequency of the reflected part changes

during reflection to ensure conservation of each photon’s mo-

mentum [10].

For a probe pulse traveling faster than the pump pulse in

the normal-dispersion region of the fiber, the reflected pulse

travels slower than the pump pulse because its frequency

shifts toward the blue side during the temporal reflection. In

practice, it is useful to launch pump pulses at a wavelength

for which β2 < 0. In this situation, each pump pulse forms a

soliton that creates a stable energy barrier whose shape does

not change along the fiber. As the pump and probe pulses are

in different dispersion regions, it is possible to choose their

wavelengths such that they travel initially at nearly the same

speeds.

Figure 1 shows the dispersion profile of the PCF used in our

experiment (IXblue, IXF-SUP-2-135) by plotting measured

values of its group index as a function of frequency. For these

measurements, we use the technique based on white-light

interferometry [33,34] with a supercontinuum laser (NKT

Photonics). The two dots at the bottom show the initial cen-

tral frequencies of the pump and probe pulses used in our

experiments and in numerical simulations. Intrapulse Raman

scattering is the second most important nonlinear effect for

intense short pump pulses. The spectrum of a short pulse

can be so wide that its high-frequency components amplify

the low-frequency components of the same pulse through the

Raman effect. The net result is that the central frequency

of each pump pulse undergoes a continuous red shift as it

propagates down the PCF. As a consequence of this red shift,

the pump pulse decelerates when its spectrum lies in the

FIG. 1. Measured group index of our PCF plotted as a function of

frequency. Dashed vertical line marks its zero-dispersion frequency

(wavelength 738 nm). Two dots at the bottom mark the initial central

frequencies of the pump and probe pulses. Two arrows show changes

in these frequencies during their propagation inside the PCF.

anomalous region where β2 < 0. As the pump pulse creates

a moving high-index barrier for the probe pulse, this barrier

also decelerates. When the pump-induced index change is

large enough, the probe pulse is not able to tunnel through

the barrier, and it must slow down to remain near the pump

pulse. Slowing the probe pulse is possible only if its spectrum

shifts toward the blue side.

Figure 2 shows the results of numerical simulations based

on Eq. (1) with the parameters appropriate for our experiment.

The pump pulse at 800 nm is launched into the 3.75-m-long

PCF with its full width at half maximum (FWHM) about 110

FIG. 2. Numerical simulations for a Raman-induced temporal

waveguide. Probe pulse follows pump’s trajectory because of its

Raman-induced deceleration. Spectral evolution at bottom shows the

red and blue shifts of the pump and probe pulses.
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fs. It forms a a higher-order soliton (estimated soliton order

4.6). The probe pulse at 683 nm has a Gaussian shape with a

FWHM of 137 fs (bandwidth 5 nm) and its group velocity is

nearly matched to that of the pump pulse. The energy of the

probe pulse was about 10% of the pump pulse. The low probe-

pulse energy ensures that the probe has negligible impact on

the pump. Dispersion parameters were obtained by fitting a

polynomial to the measured dispersion data in Fig. 1.

As seen in Fig. 2, the higher-order soliton undergoes the

process of soliton fission with in the first 20 cm of the

PCF [30]. A short fundamental soliton is formed after the

fission, which experiences intrapulse Raman scattering and its

spectrum shifts toward the red side in a continuous manner all

along the fiber. A red shift translates into a lower speed of the

soliton, implying is continuous deceleration along the fiber. In

the time domain, the soliton’s trajectory follows a parabolic

path because of this deceleration. The probe pulse follows

this trajectory through temporal reflections that change its

frequency in a zigzag fashion. The net result is that a Raman-

induced temporal waveguide is formed that guides the probe

pulse along the pump’s trajectory. As the pump’s spectrum

red shifts, the spectrum of the probe pulse shifts toward the

blue side because the two pulses experience opposite kinds of

dispersion. The final frequencies of the pump and probe and

the end of the PCF are shown by the two arrows in Fig. 1.

One can view the Raman-induced waveguiding process as

a cascade of temporal reflections along the fiber’s length. As

the pump pulse slows down near the front end of the fiber, the

probe reflects off the pump for the first time and blue shifts its

frequency and becomes slower than the pump. However, after

this first reflection, the pump pulse keeps slowing down and

a second reflection occurs that shifts the probe’s frequency

further to the blue side. This process keeps repeating along

the fiber’s length. The net result is that a cascade of temporal

reflections keeps the pump and probe pulses moving together

along the entire length of the fiber. This interpretation is justi-

fied by the zigzag pattern of the blue shifts of the probe seen

in Fig. 2, which is very different from the smooth spectral

red shift of the pump. The total blue shift at the output end is

such that the group velocities of the probe and pump pulses

are nearly the same. In addition to the blue-shifted probe

pulse, we still see some remaining unconverted probes. This is

expected because a small portion of the probe can still tunnel

through the pump pulse since it has a finite width.

III. EXPERIMENT

In this section, we present and discuss our experimental

results. Figure 3 shows the experimental setup schematically.

A Ti:sapphire laser-pumped regenerative amplifier (Coherent,

Astrella) emits a 1-kHz train of 100-fs pulses at 800 nm. Half

of each pulse’s energy pumps an optical parametric amplifier

(OPA). The OPA generates white light from a small portion

of the pump as seed and amplifies this seed through nonlin-

ear wave mixing. Its output wavelengths are tunable over a

wide range. A bandpass filter is used to reduce the spectral

bandwidth to about 5 nm. We selected 683-nm probe pulses

from the OPA and combined them using a beam splitter with

the 800-nm pump pulses that were delayed suitably using

a translation stage. The resulting beam is focused onto the

FIG. 3. Experimental setup. OPA: Optical parametric amplifier.

BPF: bandpass filter. HWP: half-wave plate. LP: linear polarizer.

PCF: photonic crystal fiber. SFG: sum frequency generation.

3.75-m-long PCF, and the spectrum of its output is measured

with a spectrometer (Ocean Optics, USB2000+). A flip mirror

sends the two beams to a BBO crystal for sum-frequency

generation (SFG). The output is passed through a short-pass

filter and sent into a spectrometer for UV detection. The SFG

signal is used to synchronize the pump and probe pulses. The

linear polarizer before the PCF ensures that the two pulses

have the polarization direction that is aligned with one of the

principal axes of the PCF. A half-wave plate is used in the

pump beam’s path to change the peak power of pump pulses.

Figure 4 shows the measured spectra from the PCF’s output

in three situations. When only the pump pulse with energy

9.7 pJ is launched, the spectrum in Fig. 4(a) contains two dom-

inant peaks centered at 800 nm and 866 nm. The second peak

corresponds to a fundamental soliton, formed after the fission

of the pump pulse at a short distance into the PCF. Intrapulse

Raman scattering has the most impact on this soliton, and its

FIG. 4. Measured output spectra under different conditions.

(a) Only the pump or probe pulse is sent through the PCF. (b) Both

pump and probe pulses are sent through the PCF. Data are averaged

over 25 000 pulses.
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FIG. 5. Measured output spectra for three values of average

pump pulse energy. Data are averaged over 2500 pulses.

spectrum red shifts all along the PCF. The remaining energy

of the pump pulse appears as a peak around 800 nm. When

only probe pulses are launched at 683 nm, a single peak at

this wavelength is observed.

When both the pump and probe pulses are launched to-

gether into the PCF, as seen in Fig. 4(b), the output spectrum

has a new blue-shifted peak at 631 nm. As expected, two peaks

on the right side, formed through fission of the pump pulse, are

not affected much by the probe pulse. In contrast, considerable

energy of the probe pulse is blue shifted to near 631 nm. It can

be seen from Fig. 1 that the group velocity at this wavelength

matches with that of the red-shifted soliton at 866 nm. This

matching indicates that a Raman-induced temporal waveguide

is indeed formed inside our PCF.

The final wavelength of the probe pulse at the PCF’s output

depends on the peak power of the soliton formed after the

fission of pump pulses. We verified this feature by varying the

average pump power launched into the PCF. Figure 5 shows

the measured spectra at three power levels. As we increase the

pump power, the soliton’s red shift becomes larger. As a result,

the blue shift of probe pulses also becomes larger because of

their Raman-induced temporal waveguiding.

The magnitude of the blue shift is set by the condition

that the pump and probe pulses travel at the same speed

inside the PCF. To verify this feature, we plot in Fig. 6 the

measured blue-shifted wavelength as a function of the output

wavelength of the soliton (circles). The soliton’s wavelength

is determined by fitting the spectrum to that of a “sech” pulse,

while the probe’s wavelength is based on the center-of-mass

estimate. The solid line is obtained from the dispersion data

shown in Fig. 1. It is evident that the probe’s blue-shifted

wavelength agrees quite well with the prediction based on

group-velocity matching. The excellent agreement seen in

FIG. 6. Probe’s output wavelength plotted as a function of soli-

ton’s wavelength (circles). Solid line is the prediction based on the

dispersion data in Fig. 1.

Fig. 6 is an indirect proof that a Raman-induced temporal

waveguide did indeed form in our experiments.

A blue shift of the probe pulses induced by a decelerating

pump pulse was also seen in Ref. [20]. In this work, a much

longer dispersion-shifted fiber was employed, and the wave-

lengths of the pump and probe pulses was found in the infrared

region on the opposite sides of the zero-dispersion wavelength

near 1550 nm. The results were interpreted as trapping of the

probe pulse by a soliton. Our work shows that this type of

trapping is due to multiple reflections of a probe pulse from a

curved temporal boundary created by the decelerating pump

pulse. The probe pulse follows the path taken by the pump

pulse by shifting its frequency to the blue side such that the

two pulses move at nearly the same speed.

IV. CONCLUSION

In this work, the formation of a Raman-induced tempo-

ral waveguide is demonstrated by launching short pump and

probe pulses inside a photonic crystal fiber at wavelengths that

lie on the opposite sides of the zero-dispersion wavelength

of the fiber. Under such conditions, the pump pulse creates a

fundamental soliton whose speed changes continuously owing

to its deceleration through the Raman-induced red shift of its

spectrum. We show that the spectrum of the probe pulse is

blue shifted in a zigzag fashion along the fiber to ensure that

the two pulses keep moving at nearly the same speeds over the

entire length of the fiber. The output wavelengths of the pump

and probe pulses depend on the peak power of input pump

pulses and their measured values agree with the predictions

based on the measured dispersion data. Numerical modeling

also shows good agreement with the experimental results.

We explain the Raman-induced waveguiding process as a

cascade of temporal reflections along the fiber’s length that

keeps the pump and probe probe pulses moving together along

the entire length of the fiber. This interpretation is justified

by the zigzag pattern of the blue shifts of the probe seen in

Fig. 2. The blue shift of the probe pulses may be useful for

tuning the wavelength of low-energy optical pulses toward

the blue side using a suitable pump laser. Although four-wave

mixing can also be used for this purpose, its use requires phase

063518-4



EXPERIMENTAL OBSERVATION OF A RAMAN-INDUCED … PHYSICAL REVIEW A 107, 063518 (2023)

matching. In contrast, our scheme makes use of intrapulse

Raman scattering of pump pulses that does not require phase

matching. It is the formation of a temporal waveguide that

transfers the pump’s Raman-induced red shift to the probe

pulses as a blue shift. Our experiment shows that this shift

can approach 100 nm in the visible region.
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