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A theoretical and numerical investigation of transient dynamics of stimulated Raman scattering (SRS) inside gas-filled hollow-
core photonic crystal fibers (HCPCFs) is reported here. A clear link between the transient dynamics and the coherent memory of
the SRS interaction is demonstrated. In addition, the role of pulse width, pump power, fiber length, and gaseous medium in the
transient dynamics of SRS in HCPCFs is discussed. It is shown that the coherent memory can serve as a convenient parameter to
control the SRS propagation regime.

1. Introduction

Hollow-core photonic crystal fibers (HCPCFs) are a class of
photonic crystal fibers (PCFs) [1–3] which can guide the
light in a hollow core or a core filled with gases [4]. )is
hollow-core usually is surrounded by a microstructured
cladding which consists of air holes [4]. HCPCFs are
extraordinaryly efficient for realizing resonance and near-
resonance light-light and light-matter interactions due to
long interaction length, small effective area, and the ability to
suppress higher order modes [5, 6]. In optical physics,
resonance and near-resonance interactions are usually
modelled through either two-level amplification (TLA) or
stimulated Raman scattering (SRS) process [7]. SRS process
can be viewed as absorption of a photon from the pump
pulse at frequency ωp and the emission of a photon at Stokes
frequency ωs [8]. )e difference in energy is taken up by
molecular vibrations. )us, SRS provides energy gain at the
Stokes frequency at the expense of the pump. Generation of
SRS in gaseous media, especially in HCPCFs, is of great
theoretical and experimental interest [9, 10]. )e Raman
scattering effect can be separated into three regimes:
spontaneous, stimulated transient, and stimulated steady-
state [7]. )e combination of the specific characteristics of
HCPCFs, high intensity laser sources and gaseous media, has

lead to the observation of quasi-CW SRS where the Raman
transient regime extended to nanosecond-long pulses [11].
)ere are a number of publications that try to characterize
and control transient regime of SRS. For example, the self-
similar evolution in the highly transient regime of SRS in
hydrogen-filled HCPCF theoretically and experimentally
investigated by Nazarkin et al. [12]. Couny et al. [11] show
the possibility of controlling transient regime of SRS by
adjusting gas pressure and interaction length of HCPCF.

Usually, a transient regime of pulse propagation is when
the pulse duration is shorter than the phase relaxation time
T2 of an atomic or molecular transition [12]. However, we
should exercise caution employing this usual rule of thumb
criterion [13]. )is definition is based on quantum SRS
theory in the undepleted pump approximation, and it can be
extremely limiting in the nonlinear domain [13]. In fact,
transient dynamics have been clearly illustrated in the recent
SRS experiments with pulses as long as or even longer than
the Raman relaxation time [12]. )us, instead of using pulse
duration which is not a promising parameter for de-
termining transient regime of SRS, the concept of coherent
memory is employed to characterize different propagation
regimes.

In SRS, the coherent memory (Γc) is controlled by rel-
ative magnitudes of a characteristic SRS interaction time
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(TSRS) and the Raman medium relaxation time (T2). )us
one can define the coherent memory parameter as
Γc � T2/TSRS. We previously showed that coherent memory
determines the extent of system memory and the system
proximity to the integrability limit (Γc⟶∞) [13, 14]. )is
paper proposes a comprehensive study of the transient
dynamics in SRS in HCPCFs filled with different gases. )e
results suggest that the transient regime of SRS can indeed be
controlled via the coherent memory parameter. )is re-
search opens possibilities for the generation of SRS in the
transient regime with ultralong laser pulses and/or low-
power pump sources.

2. Theoretical Framework

In this paper, a case of co-propagating Stokes and pump
pulses in which all molecules of gaseous medium are in their
ground states before excitation is considered. It should be
noted that initial pump pulse was considered to be strong
(high intensity) and initial Stokes was considered to be weak
(nearly zero intensity). It is also assumed that the hollow-
core fiber is designed to only allow the excitation of pump
and fundamental Stokes modes. For simplicity, all param-
eters (including distance and time) scaled to characteristic
SRS interaction time (TSRS) and characteristic SRS in-
teraction length (LSRS). TSRS can be defined as follows
[13, 14]:

TSRS �
2Zε0cnp

αeffIp0
, (1)

whereas LSRS can be introduced as follows [13, 14]:

LSRS �
2ε0c

Nαeff
􏼠 􏼡

����
npns

ωpωs

􏽳

, (2)

where ωs,p is the angular frequencies of Stokes and pump,
ns,p is the linear refractive indices of Stokes and pump, Z is
the reduced Planck constant, c is the speed of light in
vacuum, Ip0 is the average peak pump intensity, N is the
density of gas molecules, ε0 is the vacuum permittivity, and
αeff � (1/Z)􏽐i(d3idi1/ωi3 + ωi1 −ωp −ωs) is a Raman tran-
sition dipole matrix element [15, 16]. )e governing di-
mensionless SRS equations can be therefore written as
follows [13, 14]:

zZεp � ikσεs,

zZεs � ik
−1σ∗εp,

zTσ � −Γ−1c σ + iεpε
∗
s ,

(3)

where εs,p is the dimensionless Stokes and pump ampli-
tudes and k �

���������
ωpns/ωsnp

􏽱
. We have also considered the

following normalization for propagation distance and
time: Z � z/LSRS and T � t/TSRS.

Finally, one should construct input Stokes and pump
pulses. To enhance the SRS efficiency we have to maximize
the pump and Stokes pulse intensity overlap. To this end, it
is assumed that copropagating weak Stokes and strong
pump pulses have the same durations, same Gaussian

shape, and the same peak time, Tp � Ts � T0. We pre-
viously studied the same SRS propagation equations using
stochastic initial conditions and partially coherent pulses
[14]. We showed that near-resonant SRS interaction is an
ideal model to study extreme events due to potential noise
transfer dynamics [13]. Here, we aim at studying a com-
pletely different phenomenon which includes the effect of
pulses, gaseous medium (type of the gas), and fiber length
on the propagation dynamics and transient regime of SRS.
)erefore, we use a different set of initial conditions (co-
herent input pulses instead of partially coherent pulses) for
our study. )e dimensionless initial conditions can be
written as follows:

Ep(T, 0) � e
−T2/2T2

0 ,

Es(T, 0) �

����
npIs0

nsIp0

􏽳

e
−T2/2T2

0 .

(4)

3. Numerical Results and Discussion

As a practical realization of the system, we consider a 10mm
long gas-filled HCPCF with typical parameters representa-
tive of the HCPCFs previously designed for SRS experiments
[12]. )e HCPCF has a narrow-band low-loss transmission
window. )erefore, only the pump and first Stokes modes
can copropagate in the HCPCF. Hydrogen is one of the best
gaseous media for SRS generation due to its strong vibra-
tional Raman modes, and it is widely used in Raman ex-
periments [6, 8, 11]. )erefore, we mainly used hydrogen-
filled HCPCF for our simulations.

We solved Maxwell-Bloch equations using numerical
Runge–Kutta and Euler methods to see the evolution of
Stokes and pump pulse profiles. We take the Raman tran-
sition dipole matrix element and relaxation time of hy-
drogen in the HCPCF to be αeff � 0.85 × 10−25 cm−3 and c−1

� 5 ns at 1 bar, respectively [8, 10]. Note that the medium
relaxation time (T2) is inversely proportional to the total gas
pressure. )us one can use pressure as a controlling pa-
rameter in the SRS experiments in gas-filled HCPCFs. First,
we examine Stokes pulse propagation in a 10mm long
HCPCF filled with hydrogen with different coherent
memories: Γc≪ 1, Γc ≈ 1, and Γc≫ 1. In order to achieve
different memories, we choose a narrow linewidth laser
delivering 100 ns, 15 ns, and 0.7 ns pulses of a 100 μJ energy
as the pump while the Stokes pulse power is equal to 10W.
)e corresponding coherent memory values are Γc � 0.4, Γc
� 2, and Γc � 60, respectively. )e reason we choose these
specific values is the fact that each value corresponds to a
different propagation regime of SRS, Γc � 0.4 corresponds to
Γc≪ 1 1 or steady-state regime, Γc � 2 corresponds to Γc ≈ 1
which is the fairly transient regime, and Γc � 60 corresponds
to Γc≫ 1 or highly transient regime. As we can see in
Figure 1, by increasing coherent memory of SRS interaction,
we move from a steady-state regime in Figure 1(a) to fairly
transient regime in Figure 1(b) and then highly transient
regime in Figure 1(c).
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)ese results clearly show the important role of co-
herent memory in transient dynamics of SRS in gas-filled
HCPCFs. Another interesting point about this figure is the
required interaction length for different case scenarios. In
steady-state regime, the Stokes pulse need more time to
reach the final stage of process (steady-state).)erefore, the
fiber needs to be longer (in our case, Z ≈ 5). However, in
fairly transient and highly transient regimes, the Stokes
pulses can reach the final stage pretty quickly (Z ≈ 1). In
late stage, we can see coherent fluctuations in the amplitude
of Stokes pulse which clearly shows transient dynamics in
the late stage of SRS with large coherent memory
(Figure 1(c)). It can be inferred from Figure 1 that the value
of Γc controls the propagation regime of Stokes and pump
pulses in SRS. For Γc≪ 1, the SRS is quasi-CW and for
Γc≫ 1, the SRS is highly transient with an extremely long
memory time. )erefore, Γc ≈ 1 is the boundary between
quasi-CW and transient regime of SRS.

To further examine the transient dynamics in the case of
large coherent memory, evolution of Stokes and pump
pulses with a coherent memory of Γc � 60 is studied. )e
normalized intensities of the pump and Stokes pulses at
several propagation distances are depicted in Figure 2. At the
input of the fiber (Figure 2(a)), we have strong pump and
weak Stokes pulses. As pulses start to propagate in the fiber,
the Stokes pulse intensity grows at the expense of the pump
(Figure 2(b)), and this is the early-stage of SRS process. In

Figure 2(c), the pulses continue to propagate in the fiber,
coherent oscillations show up, and this is the late stage of
SRS process. )ese characteristic oscillations experienced by
both intensity profiles clearly show a transient SRS regime.
In Figure 2(d), we can see intensity profile of both Stokes and
pump pulses at the output of the fiber which indicates a
highly transient dynamics of SRS process at this stage.

Next, the role of pulse width on coherent memory is
studied in detail using three different gases inside the core of
the fiber and with a 100 μJ pump energy. As we mentioned
before, hydrogen is the widely used gas in the previous
Raman experiment. However, we consider two more type of
gases to be able to compare the effect of coherent memory in
each case. In our calculations, we consider hydrogen (H2),
nitrogen (N2), and methane (CH4) under the same pressure
(1 bar). For N2 and CH4, the values of T2 and αeff are es-
timated from [17–20]. From Figure 3, one can clearly see
why H2 is simply more efficient in SRS experiments in
gaseous media. )e amount of coherent memory for H2 is
nearly 4 times larger than N2 and 40 times larger than CH4
for 1 ns pulses. According to Figure 3, by increasing pulse
width, the coherent memory decreases significantly. For
pulses with 20 ns width, the coherent memory of H2 is nearly
16 times smaller than that of 1 ns pulses (Γc � 5 for 20 ns
pulses compared to Γc � 82 for 1 ns pulses). We infer that the
pulse width has a significant effect on the transient dynamics
of SRS filled with different gases. )is reduction in coherent

T Z

0
0

0.5

10

N
or

m
al

iz
ed

 in
te

ns
ity

820 6

1

4240 0

(a)

T Z

00
10

0.5

N
or

m
al

iz
ed

 in
te

ns
ity

820 6

1

4240 0

(b)

Z

T

0
0

0.5

N
or

m
al

iz
ed

 in
te

ns
ity

1

20
1086440 20

(c)

Figure 1: Normalized intensity fluctuations of Stokes pulse with (a) Γc � 0.4, (b) Γc � 2, and (c) Γc � 60, as functions of time and propagation
distance.
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memory of SRS interaction is more significant for H2 and N2
than for CH4.

Furthermore, it is possible to achieve long coherent
memory even with pulses longer than 10 ns. Figure 4 shows
the relation between coherent memory and pulse width for
different pump energies in a H2-filled HCPCF at 1 bar
pressure. It can be clearly inferred from Figure 4 that as we
increase the pump energy, the coherent memory increases as
well. For instance, one can achieve highly transient SRS
(Γc ≈ 13) with 50 ns pulses and a pump energy of only
1.5mJ. )is pulse width is extremely longer than that of the
Raman relaxation time of hydrogen molecule in HCPCF
(50 ns pulse width compared to 5 ns Raman relaxation time).
In fact, it is even possible to achieve transient regime with
pulses longer than 100 ns by simply increasing the pump
energy to higher levels. For example, one can achieve highly
transient regime of SRS with 100 ns and 150 ns pulses by
simply increasing the pump energy to 2mJ and 3mJ,
respectively.

4. Conclusion

In this paper, different propagation regimes of SRS in gas-
filled HCPCFs are theoretically and numerically in-
vestigated. Coherent oscillations in the amplitude of both
Stokes and pump pulses in the late stage of SRS process is
studied as a signature of transient regime of pulse propa-
gation. )e latter can be conveniently controlled by
adjusting the coherent memory of SRS interaction via pump
energy, pulse width, and even gas pressure. For Γc≪ 1, the
SRS is steady-state, and for Γc≫ 1, the SRS is highly transient
with an extremely long memory time. )erefore, Γc ≈ 1 is
the boundary between steady-state and transient regime of
SRS. )erefore our findings establish a clear link between
coherent memory and transient dynamics in SRS inside a
gas-filled HCPCF.

Data Availability

)e data used to support the findings of this study are in-
cluded within the article.
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Figure 2: Normalized intensity profiles of the pump (dashed magenta) and Stokes (solid green) pulses at several propagation distances. )e
coherent memory parameter is taken to be Γc � 60.
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