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Using a hydrogen-filled hollow-core photonic crystal fiber as a nonlinear optical gas cell, we study

amplification of ns-laser pulses by backward rotational Raman scattering. We find that the amplification

process has two characteristic stages. Initially, the pulse energy grows and its duration shortens due to gain

saturation at the trailing edge of the pulse. This phase is followed by formation of a symmetric pulse with a

duration significantly shorter than the phase relaxation time of the Raman transition. Stabilization of the

Stokes pulse profile to a solitonlike hyperbolic secant shape occurs as a result of nonlinear amplification at

its front edge and nonlinear absorption at its trailing edge (caused by energy conversion back to the pump

field), leading to a reshaped pulse envelope that travels at superluminal velocity.
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Stimulated Raman scattering of light (SRS) exhibits
remarkably diverse behavior in different regimes and in-
teraction conditions, and is the continuing subject of re-
search. When SRS occurs in a counterpropagating
geometry (backward stimulated Raman scattering or
BSRS), the Raman process exhibits particularly interesting
spatiotemporal dynamics [1,2]. In contrast to forward SRS
where pump and Raman signal copropagate, in BSRS the
signal can extract energy stored throughout the whole
amplifying region. As a result, the Stokes pulse can reach
a peak power far in excess of the pump power. Moreover,
due to depletion of the pump wave from the leading to the
trailing edge of the Stokes pulse, the Raman gain saturates,
leading to a strong steepening and sharpening of the Stokes
pulse, a mechanism that has found important applications
in high energy, short pulse laser physics [3].

In early BSRS experiments it was observed that the
generated Stokes pulses could have durations on the order
of T2, the phase relaxation time of the molecular vibrations
(or rotations) [2]. This raises the interesting question of
whether nonlinear pulse shortening is possible in the highly
transient regime [4,5], where the pulse duration is much
shorter than T2. Assuming Stokes pulse amplification by an
infinitely long counterpropagating pump wave one can
find, from the exact equations of BSRS [2], that in the
presence of linear loss the asymptotic solution is a steady-
state pulse:

Isðz; tÞ / sech2
�
t� z=vs

�s

�
(1)

moving with the velocity of light vs and having a duration
�s ¼ T2�s=Gs, where �s is the linear loss coefficient and
Gs is the steady-state Raman gain. According to Eq. (1),
for a sufficiently high Raman gain (or low loss), so that the
condition �s=Gs � 1 is fulfilled, the Stokes pulse duration
can be much shorter than T2. This might suggest that,
intrinsically, the mechanism of pulse shortening by BSRS

is not limited by the buildup time of the molecular response
of the Raman medium. So far, a detailed experimental
study of transient effects in SRS has been difficult. In a
focused beam geometry, the interaction length is limited by
beam diffraction, and to observe SRS at a sub-T2 time scale
one needs to pump at multi-gigawatt powers, which leads
to beam self-focusing, self-phase modulation and the gen-
eration of additional SRS components [5–7].
Here we make use of the unique characteristics of gas-

filled hollow-core photonic crystal fiber (HC-PCF) [8] in a
detailed study of BSRS. By eliminating beam diffraction,
these novel optical guiding systems offer interaction
lengths many times longer than the Rayleigh length of a
focused laser beam, while keeping the laser beam tightly
confined in a single mode. As a result, the threshold power
for SRS can be dramatically reduced [9] below the thresh-
old for deleterious competing nonlinear effects. Moreover,
using HC-PCF with a specially engineered guidance band,
the Raman process can be isolated from competing SRS
processes [10]. By means of this approach, we are able to
gain deeper insight into the different stages of Stokes
amplification by BSRS. We demonstrate pulse amplifica-
tion and shortening below T2. Well before the pulse
reaches its asymptotic shape (1), the amplification satu-
rates due to formation of a reshaped pulse envelope propa-
gating at a superluminal velocity. This reshaping occurs as
a result of the combined action of nonlinear amplification
at the pulse leading edge and nonlinear absorption at its
trailing edge—an effect similar to 2�-pulse dynamics in
laser amplifiers [11]. The results represent a significant
advance in the study of coherent effects [4,5,12], and point
to a new generation of highly engineerable optical gas cells
for studying complex nonlinear phenomena.
The Fig. 1 shows the setup used, comprising a narrow

linewidth pump laser emitting 50 �J pulses of 12 ns du-
ration at 1:064 �m. The seed Stokes pulses were generated
by forward SRS in a 1.5 m long band gap guiding HC-PCF
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filled with hydrogen (stage I). The BSRS process was
studied in a second stage, consisting of an additional length
of hydrogen-filled fiber. The Raman-active transition be-
tween the levels J ¼ 1 and J ¼ 3 of molecular hydrogen
(Raman shift ¼ 587 cm�1 [13]) was chosen to study tran-
sient BSRS. The transmission window of the HC-PCF was
designed to feature low loss transmission only for the pump
and the first Stokes frequencies. This means that the BSRS
process was completely decoupled from the competing
vibrational and higher order rotational SRS processes
which are typically present in a focused beam geometry.
The BSRS gain profile of hydrogen exhibits both Doppler
and collisional broadening [14]. The line broadening due to
molecular collisions (MC) is pressure dependent (for H2

the broadening is ��MC ¼ 50 MHz=bar), so that to ob-
serve coherent effects with a few ns pulse one should
operate at relatively low pressures (<3 bar). In this re-
gime, the phase relaxation is mainly due to collisions
with the sidewalls (corresponding linewidth ��wall coll: ¼
200 MHz), resulting in an effective phase relaxation time
at 3 bar of T2 ¼ 3:5 ns. In this pressure regime, the energy
relaxation time is significantly longer (T1 > 15 ns) [15].
The pump intensity and gas pressure in the first fiber were
optimized so that the steepness of the leading edge of the
generated Stokes pulse was maximized (the importance of
this adjustment is discussed below). The energy of the
output pulse was � 4 �J with a duration of 7 ns (approxi-
mately twice the value of T2 in the subsequent amplifica-
tion stage). The length and the pressure in the second fiber
were chosen to maximize the gain factor for the seed pulse
while ensuring that the pump pulse energy remained below
the threshold for forward SRS.

Figure 2 shows the evolution of the temporal structure of
the BSRS Stokes pulse for increasing pump pulse energies
at a pressure of 3 bar. Amplification of the Stokes field
occurs predominantly at the leading edge of the pulse,
giving rise to formation of an intense spike, the field
growth at the trailing edge of the pulse being strongly
saturated. The most interesting feature is that the spike
can reach a duration well below the dephasing time T2 ¼
3:5. As the pump power increases, the spike duration falls
while its energy increases. It assumes a remarkably sym-

metric form, close to the sech2ðxÞ shape in Eq. (1). This is
not, as might be thought, the result of averaging over many
shots, but is characteristic of every single shot—see the
inset in Fig. 2. Above a certain level of pump energy,
however, the temporal compression saturates to a mini-
mum pulse duration of 1.3 ns—significantly shorter than
T2. This cannot be attributed to the transient character of
the Raman gain, because even shorter BSRS pulses were
observed when Stokes seed pulses with steeper pulse fronts
were used.
The origin of this behavior can be understood by refer-

ence to Figs. 2 and 3(a). It is seen that, for pump energies in
the range from 5 to 15 �J, amplification of the spike is
nearly uniform across its width, the peak of the spike
remaining in approximately the same position. For pump
energies>15 �J, however, there is a noticeable shift of the
peak to earlier times. In fact, the amplification is not
uniform anymore, which translates into an apparent accel-
eration of the pulse, with a time advance that grows mono-
tonically with the pump energy [Fig. 3(b)]. Interestingly,
for large enough pump energy the shape of the output
Stokes pulse becomes quite symmetric, remaining more
or less unchanged as the pulse energy is further increased.
We find that the duration of the output pulse is insensitive
to linear loss, while strongly depending on the steepness of
the leading edge of the seed pulse. In this connection, it is
worth noting that the amplification factor for the Stokes
pulse is at least an order of magnitude higher than the linear
attenuation factor. This indicates that the observed stabili-
zation of the Stokes pulse cannot be attributed to formation
of a dissipative soliton [Eq. (1)], in which amplification is
balanced by linear loss.
To describe the dynamics of pulse amplification in this

regime, we consider pump and Stokes waves propagating,
respectively, in the þz and �z directions, and represented
by the fields

FIG. 2 (color online). Temporal structure of amplified Stokes
pulses measured after propagation along 1.5 m of HC-PCF filled
with H2 at 3 bar for pump energies of 4, 8, 12, 16, and 20 �J.
The seed Stokes pulse is shown with a dashed line, magnified by
a factor of 50. The inset shows a single shot measurement of the
amplified Stokes pulse envelope at a pressure of 1.5 bar.

FIG. 1. Schematic of the experimental setup for the study of
pulse amplification by backward rotational SRS in a hydrogen-
filled HC-PCF.
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Ep;sðz; tÞ ¼ Ap;sðz; tÞ expði!p;st� ikp;szÞ þ c:c:

Here Ap;s are the complex amplitudes and !p;s the carrier

frequencies of the fields, which are two-photon resonant
with the Raman transition, i.e., !p �!s ¼ �. The propa-

gation constants of the guided modes in the fiber are kp;s ¼
kð!p;sÞ. Nonlinear propagation of the fields is described by
the coupled wave equations:
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where np;s, �p;s and �p;s are the phase indices, group ve-

locities and the linear attenuation coefficients of the two
fields, respectively, and N is the number density of gas
molecules in the hollow core. The two-photon matrix ele-
ment r12 ¼ @

�1
P

i�1i�i2½ð!i2 �!sÞ�1 þ ð!i1 �!pÞ�1�
(where �mn are the matrix elements of the dipole moment
operator) characterizes Raman coupling of the molecules
to the laser fields. The dynamics of the Raman transition,
driven by pump and Stokes fields, are described by the
density matrix elements �ij (i, j ¼ 1, 2):

@�12
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r12
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where the off-diagonal element �12 is the Raman coher-
ence, n ¼ �11 � �22 is the population difference between
the lower and upper levels, normalized to the total number
of the gas molecules and n0 is the equilibrium value of
population in the absence of laser fields. Doppler broad-
ening of the molecular frequency �� ¼ �� ð!p �!sÞ
from the Raman resonance causes the two fields to form an
inhomogeneous line shape described by the normalized
function gð��Þ, where R

gð��Þd�� ¼ 1. The macro-
scopic medium response [i.e., the nonlinear source terms
on the right-hand side of Eq. (2)] is calculated from h�12i—
the Raman coherence averaged over gð��Þ. The modeling
shows that the evolution of the Stokes pulse separates into
two phases (Fig. 4). In the initial stages of the interaction,
amplification is most effective at the leading edge of the
seed pulse, causing the pulse front to steepen and the
effective pulse duration to fall. This temporal narrowing
does not stop even when the pulse duration is shorter than
T2. This is explained by the fact that when the Stokes pulse
becomes sufficiently strong (Fig. 4, t ¼ 2 ns), the counter-

FIG. 4 (color online). The intensity envelopes of the pump
(shaded in gray) and Stokes (red line) pulses shown at different
times in a reference frame moving at the Stokes velocity vs.
Temporal compression of the Stokes pulse (t < 3 ns) is followed
by the formation of a quasisoliton pulse traveling faster than the
velocity of light vs (the vertical dashed line shows the position of
Stokes light moving at exactly vs). The inset shows the ampli-
tudes of the pump and the quasisoliton pulse. Also shown is the
long-lived Raman coherence at Doppler line center (slanted line
fill).

FIG. 3 (color online). (a) Duration and temporal position of the
peak of the amplified Stokes pulses as a function of pump energy
(HC-PCF is filled with hydrogen at 3 bar). (b) Experimental
output Stokes pulse shapes (see Fig. 2) normalized to their peak
intensity for increasing values of pump energy from right to left:
8, 12, 16, 20, 24 �J.
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propagating pump wave is completely depleted before it
reaches the trailing edge of the Stokes pulse. As a result,
growth of the Stokes field [which is proportional to the
source term in the right-hand side of Eq. (3a)] saturates at
the trailing edge. One might expect, therefore, that a fur-
ther increase in Stokes intensity would lead to even shorter
pulse durations. The computer simulations show, however,
that the Stokes pulse stabilizes to a near symmetric solitary
structure whose envelope propagates faster than the veloc-
ity of light (Fig. 4, t > 2 ns). This reshaping effect does not
contravene relativity, but is instead the consequence of
pulse reshaping through (a) nonlinear amplification at the
leading edge and (b) nonlinear absorption at the trailing
edge by energy back conversion to the pump frequency. It
is the long-lived Raman coherence which is responsible for
this reshaping process. We also note some similarity be-
tween this process and the propagation of coherent 2�
pulses in laser amplifiers [11]. The formation of a pulse
moving faster than the speed of light is caused by the
presence of the long exponential leading edge of the seed
pulse. After propagation over a certain amplification
length, the pulse peak finally approaches the ‘‘earliest
point’’ on the leading edge of the seed pulse. From this
moment on, the pulse would be further amplified, its
duration falling as it approaches the asymptotic form de-
scribed by Eq. (1). Under our experimental conditions,
however, the pulse peak reaches the end of the amplifying
medium before approaching the ‘‘earliest point’’.

Some basic properties of the BSRS equations can be
extracted by considering solutions of Eqs. (2) and (3) in the
form of an invariant pulse profile that depends on the
variable � ¼ t� z=v where v > vs. We assume that this
Stokes pulse is amplified by an infinitely long pump wave
with constant amplitude A0. Neglecting inhomogeneous
line broadening and linear loss in the system, after some
manipulation of Eqs. (2) and (3), we find that the coherence
is purely imaginary, �12 ¼ i�, obeying the differential
equation:

@2�

@�2
þ 1

T2

@�

@�
¼ �2 sin� (4)

where we have introduced the function

�ð�Þ ¼ 	
Z �

�1
�ð�0Þd�0 (5)

and the parameter 	¼ðr12N0=�0Þ½!p!s=ðv�2
s �v�2Þ�1=2

with N0 ¼ n0N. The parameter � in Eq. (5) is related to 	
through ð	=�Þ2 ¼ 2ðN0=NpÞðvpnp=cÞ, where Np ¼
2�0n

2
pA

2
0=@!p is the initial photon density in the pump

field. We seek solutions of Eq. (4) with initial conditions
�ð�1Þ ¼ �0ð�1Þ ¼ 0. The behavior of such solutions
depends on the dimensionless parameter�T2 and describes
nonlinear oscillations asymptotically approaching the
equilibrium value �ðþ1Þ ¼ �. However, in the limit of
long dephasing times, �T2 � 1, the relaxation term in
Eq. (4) can be neglected, and Eq. (5) has the 2� pulse

solution �ð�Þ ¼ 4 arctan½expð�=�0Þ� associated with a
solitary pulse of the coupled Stokes and pump fields:

Asð�Þ ¼ A0½!sðvþ vsÞ=!pðv� vsÞ�1=2sechð�=�0Þ (6a)

Apð�Þ ¼ �A0 tanhð�=�0Þ: (6b)

The characteristic duration �0 is given by the expression:

1

�20
¼ !sN0r

2
12

8�0c@ðv�1
s � v�1ÞA

2
0: (7)

It follows from Eq. (6) that, at the point where the Stokes
field reaches its maximum, the pump field goes through a
zero, in direct agreement with the results of the numerical
simulations (see inset in Fig. 4). We also note that, unlike
dissipative solitons in amplifying media [2,12,16], the
pulse duration in Eqs. (5)–(7) is not fixed, i.e., it is a free
parameter. Therefore, a seed Stokes pulse having an ex-
ponential leading edge (with characteristic time �0) will
evolve towards a sech profile of the same duration travel-
ing at a velocity vð�0Þ determined by the dispersion rela-
tion (7). The velocity of such a solitary Stokes pulse
increases roughly linearly with the pump intensity. These
considerations qualitatively explain the experimental ob-
servations (Figs. 2 and 3) and support the numerically-
modeled pulse dynamics presented in Fig. 4. Finally, we
note that by minimizing loss in a specially engineered fiber
and optimizing the experimental configuration, pulse com-
pression factors much greater than 20 should be possible.
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