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An optical pulse can be reflected at a temporal boundary across which the refractive index changes with time.1 The reflected pulse 
is frequency shifted by an amount set by the law of momentum conservation. While a temporal boundary where the refractive 
index changes everywhere at the same time is hard to create in practice, reflection can also happen at a moving boundary. Such a 
boundary can be created through the optical Kerr effect by injecting an intense pump pulse into a dispersive nonlinear medium. 
This configuration has been studied in optical fibers when a weak pulse collides with an optical soliton.2–4

When a femtosecond soliton is formed inside an optical fiber, intrapulse Raman scattering between its different spectral 
components leads to a continuous red shift that decelerates the soliton as it propagates. This work considers the situation where 
a weak pulse reflects from such a decelerating soliton. It is shown that the reflected pulse can be much shorter than the input 
pulse, involving a new type of temporal focusing. The effect is explained using space–time duality and derive an approximate 
transformation law for Gaussian-shape input pulses.

Using the generalized nonlinear Schrödinger equation, the temporal reflection of a probe pulse from a soliton (called the pump 
pulse) is numerically simulated. Results are shown in Fig. 1 for a realistic set of parameters for silica fibers. In the time domain, 
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Figure 1
Simulation of temporal reflec-
tion of a probe pulse on a pump 
soliton. The pump soliton con-
tinuously red shifts because of 
Raman scattering.
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the trajectory of the soliton has a parabolic shape because of its Raman-induced deceleration. When the probe pulse hits the pump 
pulse, it splits into a reflected pulse and a transmitted pulse.

The reflected pulse undergoes a frequency shift and its spectrum becomes broader than the incident spectrum. The reflected 
pulse also becomes narrower before it broadens again. This is an example of temporal focusing induced by the decelerating soliton. 
This effect can be explained using the concept of space–time duality.5 The decelerating soliton forms a temporal boundary with 
a parabolic trajectory. A probe pulse reflected from this boundary is analogous to an optical beam being reflected by a parabolic-
shaped mirror. It has been found that temporal focusing is more significant for longer incident pulses.

An approximate analytic theory has been developed that describes how the spectrum of an incident Gaussian pulse is modi-
fied when the pulse is reflected by a decelerating soliton. Figure 2 compares the analytical prediction with the numerical results. 
Both the reflected pulse spectrum and the rms pulse width of the reflected pulse agree well with the numerical simulations. The 
analytical approximation can be used to understand the temporal focusing effect.

This work is supported by National Science Foundation (ECCS-1933328). This material is based upon work supported by 
the Department of Energy National Nuclear Security Administration under Award Number DE-NA0003856, the University of 
Rochester, and the New York State Energy Research and Development Authority.

 1. B. W. Plansinis, W. R. Donaldson, and G. P. Agrawal, Phys. Rev. Lett. 115, 183901 (2015).
 2. T. G. Philbin et al., Science 319, 1367 (2008).
 3. K. E. Webb et al., Nat. Commun. 5, 4969 (2014).
 4. L. Tartara, IEEE J. Quantum Electron. 48, 1439 (2012).
 5. B. H. Kolner, IEEE J. Quantum Electron. 30, 1951 (1994).

E30439JR

–4 –2 0 2 4 6
f (THz)

0.0

0.2

0.4

0.6

0.8

Sp
ec

tra
l i

nt
en

si
ty

 (a
rb

itr
ar

y 
un

its
)

30 40 50 60 70 80
Distance (m)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Te
m

po
ra

l r
m

s p
ul

se
 w

id
th

 (p
s)

Reflected
spectrum
Gaussian
approximation
Incident spectrum

Numerical
Gaussian approximation

(a) (b)

Figure 2
Comparison of analytical formula with numerical result. (a) Reflected pulse spectrum; (b) rms pulse width of a reflected pulse as it propagates.




