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Abstract: A THz optical modulator for a continuous-wave laser using a hollow-core photonic crystal
fiber (HC-PCF) was proposed and theoretically analyzed. Lightwaves traveling through the HC-PCF
is modulated by interactions with coherently driven Raman-active molecules in the core. The coherent
molecular motion is excited by a pulse train having an interval between successive pulses shorter
than the molecular dephasing time. In principle, a rotational transition of molecular hydrogen (So(1))
at a pressure of 1 atm has a long enough dephasing time to maintain molecular coherence during a
1 GHz commercially available mode-locked pulse train. Optimization of the waveguide dispersion
would enable phase-matching between the probe beam and generated sidebands during optical
modulation. The proposed scheme would be achievable with a reasonable pump beam power and
HC-PCF length, and with a feasible pressure of molecules in the core.
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1. Introduction

Advances in technologies to manipulate light have been reported for innovative uses in science
and technology. Periodic or quasi-periodic light modulation plays important roles in spectroscopy,
microscopy, optical information and communication technology, and ultrafast laser engineering [1,2].
Optical modulation is commonly achieved with acoustic- or electro-optical effects in solid-state
crystals [3]. Frequencies have been limited to those of acoustic or high-voltage drivers, which are
typically ~107 Hz or ~10'° Hz at most, respectively. Methods to expand the frequency range include
ultrafast Kerr effects in a silicon-polymer hybrid medium [4], recollisions of excitons in a quantum
well structure [5], and a plasma wakefield of intense lasers [6]. These approaches, however, cannot
operate at optical frequencies (>10'3 Hz), and new methods are required for future applications such
as high-speed broadband optical communication systems.

Molecular optical modulation (MOM) is a promising way to realize operation at frequencies
greater than 10 THz [7]. Molecules in a state of coherent motion can produce an ultrafast temporal
variation of a refractive index in a macroscopic view [8]. The reflective index of the coherently
excited molecular assembly oscillates at the same frequencies as the molecular motion and thus
could modulate a light wave at the 10'2-10'* Hz range. MOM has been demonstrated in the pulsed
regime. Intense optical pulses have been used to coherently excite molecules, which modulated
relatively weak optical pulses before the coherence totally decayed. MOM of continuous-wave (cw)
light would have many applications, particularly for optical communication. However, there are
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intrinsic difficulties in preparing the molecular coherence because of the relatively low intensities of
cw lasers. A cw-MOM has been reported that used an optical cavity to enhance the intensities of
the excitation beams [9], achieving MOM for a near-infrared cw laser with a efficiency greater than
10~ [10]. In these approaches, however, bulky optical cavities were used that might limit future
applications that require robust, compact devices.

A hollow-core photonics crystal fiber (HC-PCF) is a flexible component that is highly compatible
with fiber-based optical systems that could improve information transduction capacity in current
optical communication systems [11]. Gaseous media inside a fiber-core waveguide having a diameter
of several to tens of um can interact with relatively low intensity light propagating through the core,
and produce nonlinear optical phenomena such as Raman scattering [12], four-wave mixing [13],
and two-photon absorption [14]. The use of HC-PCFs for MOM has been reported in theoretical
studies [15,16] and in experimental work [17,18], including few-cycle pulse generation [15] and
supercontinuum up-conversion [17]. These reports used optical pulses for probing the molecular
coherence, rather than low-intensity cw beams.

Here, a proposal is presented that takes advantage of HC-PCF as a waveguide for MOM of a
cw laser based on Raman-active molecules in the core. A key idea is the use of a GHz pump beam
train of ultrashort pulses to induce coherent motion of the molecules. The short interval time between
successive pulses relative to the dephasing time of the molecular coherence would enable continuous
excitation of the coherent motion. A theoretical analysis of the dependence of the molecular coherence
amplitude on the pressure, the HC-PCF length, and the pump beam fluence indicates feasibility for
10-terahertz sideband generation for a cw probe beam under phase-matched conditions. This proposal
can potentially lead to a fiber-based ultrafast optical modulator compatible with existing optical
communication systems, and with the capacity to improve information transmission.

2. Theoretical Background

As shown in Figure 1, theoretical analysis of the proposed fiber-based MOM assumes an apparatus
based on commercially available lasers to pump and probe gaseous Raman-active molecules in the
HC-PCF. The HC-PCF is a photonic-bandgap type with a <10 um diameter core, low-loss transmission
at 800 nm and a ~100-nm bandwidth. The pump beam is a 1-GHz mode-locked laser with an average
power of a few watts (average energy of a few nJ) to excite coherent molecular motion in the HC-PCF.
A 852-nm cw beam from a standard external-cavity laser diode is used to probe the molecular Raman
coherence, leading to sideband generation in the MOM process.

Pump Laser

Spectrum Gasin 4 (Mode-locked
nalysis } _ Laser)
g g ,
[En MnLUW{H<O—(—T// Probe Laser
lens HC-PCF lens (CW Laser)

Figure 1. Experimental apparatus assumed in the theoretical analysis.

The amplitude of coherent molecular motion excited by the ultrashort pulses with a duration less
than one period of the molecular motion can be expressed as:

Qt) = Quexp (—;2) sin(02t), M

where T, is the dephasing time of the molecular coherence and (2 is the frequency of molecular motion.
The initial amplitude, Qp when molecules are excited by the pump pulse at t = 0 was determined by
the fluence of the pump pulse energy F:



Appl. Sci. 2018, 8, 1895 30f8

2

= {56 | @
where M is the effective molecular mass and da/9Q is the change in polarizability with respect to the
molecular coordinates. In Equation (2), larger coherent molecular motion is obtained when the pump

pulse fluence is larger, i.e., larger energy per a unit area [19].
When a probe beam given by ¢;(z,t) = (1/2)E;expi(w;t — k;jz) + c.c. propagates through the
coherently excited molecules, the molecular motion affects its electromagnetic field via the nonlinear
polarizability P = N(da/9Q)Q(t)E;, where N is the molecular density. From the solution of the wave

equation including the nonlinear polarizability, the amplitude of the electromagnetic field of the probe
beam E; propagating through the coherently oscillating molecules at distance ! is:

E;(zit) = E;(0,t) exp { —iplsin(Qt)} . ©)]

It is assumed that the phase-mismatch caused by the difference between the pump and probe
phase velocities is negligibly small. Equation (3) is valid when dephasing of the molecular coherence
during the period between successive pump pulses is negligible (see Discussion). 8 is a parameter
corresponding to the Raman gain in stimulated Raman scattering given by:

p- el @

Equation (4) is consistent with increased Raman gain with the amplitude of molecular coherence.
The spectrum of the probe beam after interaction with the molecules is obtained by the Fourier
transform of Equation (4):

e}

F(6w)[* =Y |fi(bw —nQ)|*- J3(Z), ®)

n—=—oo

where { = Bl, and J,(&) is an n-th order Bessel function. Here, f;(dw) = fi(w — w;) is an initial
spectrum that is an extremely narrow line at dw = 0 for a cw laser beam. Equation (5) reveals a
comb-like spectrum with equally-spaced lines separated by (2 that is symmetrical about the initial
probe frequency. The intensities of the O-th order component and the n-th order sidebands are
determined by the n-th order Bessel function, J,({),n = £0,1,2, - - -. The parameter ¢ is derived from
Equations (2) and (4):

_ 4w, [ oa
$= Man (E)Q

Equation (6) indicates that the sideband intensities arising from the MOM depended on three
controllable factors: (1) the density of molecules N, (2) the fluence of the pump beam F;,, and (3) the
length of the interaction I. This also suggests that the optical modulation based on coherent motion
of molecules in the HC-PCF benefits from a long fiber length (>10 m) for light-molecule interactions.
In addition, tight focusing of the pump beam into the core (several um) enables an increased energy

2
) N-F,-1. (6)

density for coherent molecular excitation.

3. Results

The evolution of the sidebands was estimated by the increase of ¢ within a reasonably available
range. Figure 2a plots the depletion of the fundamental component and the growth of the sidebands
(n = £1,42,43) as a function of ¢ calculated by Equation (6). Thus, the power of the 0-th order
fundamental component was converted into higher order sidebands sequentially with increasing ¢.
Figure 2b plots the spectrum of a probe beam optically modulated by coherently excited molecules for
¢ = 1. The intensity of the 0-th order component was 0.586, whereas those of the +1-st and £2-nd-order
sidebands were 0.194 and 0.013, respectively. The intensities of the +2-nd-order sidebands for ¢ =1
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were sufficient to provide a high signal-to-noise ratio for some applications, e.g., phase-locking of a
multifrequency laser [20]. Figure 2b also plots the sideband intensities with the same absolute values
for each order, e.g., n = +1 and —1, were equal. Actually, the dispersions of the waveguide and the
gaseous medium produced a slight asymmetry between the Stokes and anti-Stokes sidebands because
the anti-Stokes sideband generation depended on the phase mismatch between the fundamental
and the sidebands. In this calculation, perfect phase-matching was assumed for the sideband
generation. Hence, this result was valid only when the fundamental frequency had zero-dispersion in
the HC-PCF [21].
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Figure 2. (a) Dependence of intensities of the pump beam (n = 0) and the n-th-order sidebands
(n = £1,£2,4£3) on {. (b) Spectrum for ¢ = 1 when the pump beam frequency was wy and the
modulation frequency was (2.

The parameter ¢ was estimated using Equation (6) for reasonable ranges of those parameters to
achieve MOM with molecular hydrogen. The modulation was based on the rotational transition of
ortho-hydrogen (So(1), ] =1 — ] = 3), that produced a modulation frequency, (2, of 17.6 THz. This
was used previously [9,10] for MOM of a cw laser in a high-finesse optical cavity filled with hydrogen.
The 852-nm probe beam was a commercially available laser diode. The pump beam was an ultrashort
30-fs optical pulse that was less than one 57-fs rotational period of the hydrogen molecule, and
had a ~25-nm full-width at half-maximum spectral bandwidth. Thus, it created coherent molecular
motion efficiently [22]. The 852-nm center wavelength of the pump beam was the same wavelength
as that of the probe beam. However, The transverse modes of both the pump and probe beams had
the lowest mode of a Gaussian shape, with beam diameters of 10 um at 1/¢? intensity, which was
similar to the core diameters of typical HC-PCFs. The specific parameter of a hydrogen molecule that
determines its Raman polarizability, da/9Q, was assumed to be 2.6 x 10717, which was estimated
from an experimental rotational Raman gain coefficient [23].

Figure 3a shows the dependence of ¢ on the power of the pump pulse P (W) in the core of a
10-m-long HC-PCF for hydrogen pressures p of 1, 5, and 10 atm. The figure shows that the input pump
power that equaled ¢ decreased inversely proportional to the pressure. However, lower pressures
were more desirable to suppress relaxation of the excited molecular coherence, as discussed below.
¢ reached 1 for a 4.5-W input pump power when the pressure was 1 atm. Increasing the length of
the HC-PCF contributed to the reduction of the pump power and the hydrogen pressure; Figure 3b
plots the dependence of the product P x p (W-atm) on the length of the HC-PCEFE I (m). For [ = 50,
¢ = 1 was attained by P x p = 0.91, which meant that input pump beam less than 1 W was sufficient
to produce sidebands with intensities shown in Figure 2b at a hydrogen pressure of 1 atm. A longer
HC-PCF would be a much more effective way to reduce the cost of the apparatus than increasing the
pump beam power. However, a longer HC-PCF would make it more difficult to satisfy the MOM
phase-matching conditions. This problem is addressed below in the Discussion section.
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Figure 3. (a) Evolution of ¢ as a function of pump beam power for hydrogen pressures of 1, 5, 10 atm
in a 10-m HC-PCEF. (b) Dependence on the HC-PCF length of the product of the pump power and the
hydrogen pressure needed to satisfy ¢ = 0.25,0.5, 1.

Figure 4 shows contour curves plotted at { = 0.25,0.5,1 as a function of hydrogen pressure
in the HC-PCF p (atm), the length of the HC-PCF I (m), and the input power of the pump beam
P (W). The parameters ranged from 0 to 10 atm for p, from 0 to 10 m for /, and from 0 to 1 W for
P. p was assumed to be proportional to the molecular density N (cm~3). ¢ = 1 was sufficiently
achievable for the parameter ranges in this calculation, e.g., a ~25-m HC-PCF length enabled ¢ = 1 for
p =1 (atm) and P = 2 (W). The parameters ranges were experimentally feasible with commercially
available equipment, indicating that the proposed idea was promising. In the MOM system based on a
dispersion-compensated optical cavity reported elsewhere [10],  was estimated to be 0.17 at a pump
power of 0.35 W. The results for the MOM based on a HC-PCF shown here implies that the HC-PCF
system has a potential to overcome the optical-cavity-based system in the efficiency of the generation
of the sidebands for a pump power less than 1 W.

5P
AV

10}

Hydrogen
Pressure [atm] 5 | 0.0
&
Q°
(e”gr o &
/'/o, 7 10 10 &

Figure 4. Contour curves for { = 0.25,0.5,1 as a function of hydrogen pressure, the hollow-core
photonic crystal fiber (HC-PCF) length, and the pump power.

4. Discussion

Two important issues are: (1) relaxation of the molecular coherence, and (2) phase-mismatching
between the probe beam and the MOM-generated sidebands, as well as that between the probe and
pump beams. The coherent motion of molecules is excited by a train of ultrashort pulses, and is probed
with a cw laser. The coherence decays with a certain time constant until the next incoming pulse
restored it. Hence, the time interval between pulses is a critical factor that determined the amplitude
of the coherent molecular motion. By using a 1 GHz mode-locked pump source, the dephasing time of
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the molecular coherence is assumed to be longer than 1 ns. The dephasing time T, of the molecular
coherence is given by:

@)

where I is the Lorentzian linewidth of the Raman gain curve. This relationship is satisfied for
rotational Raman scattering of hydrogen in a pressure range of 0.5 atm to several atm, and I" has a
linear dependence on pressure (or concentration). Previously [24], I’ was expressed as: I'(p) = 97.3p
(MHz), where p was the hydrogen pressure (atm). This immediately results in T, = 3.2/p (ns), which
indicates that the hydrogen pressure should be ideally ~1 atm to maintain molecular coherence until
the next pump pulse. There is a trade-off between repetition rate and pump energy, although increased
energy contributes to increased excitation of coherent molecular motion.

The phase-matching condition Ak = 0 leads to maximum optical modulation. Larger Ak
dramatically reduces the MOM efficiency and directly suppresses the sidebands intensities. The MOM
Ak is approximately Ak = D f, where D is a group delay dispersion of the modulation medium and f
is the modulation frequency [25]. Although Ak can be negligible for f in the GHz range, an extremely
high modulation frequency (larger than 10 THz) causes significant effects [10]. To satisfy Ak = 0, the
elimination of the medium dispersion, i.e., D = 0, is required. This is difficult because gaseous media
at a few atm usually produce dispersions at optical frequencies that are non-negligible for optical
modulation greater than 10 THz. In addition, the medium dispersion is proportional to HC-PCF length.
Thus, a longer HC-PCF leads to a larger dispersion, i.e., a larger Ak in the MOM process. This problem
could be solved by the control of the total dispersion of the medium-filled HC-PCF that is determined
by the sum of the contributions from the medium and the waveguide. Typical HC-PCFs have a
transmission band with a negative waveguide dispersion [26]. Thus, the sign of HC-FCF dispersion is
opposite to that of the medium filling the HC-PCEF. The positive dispersion of the medium can be offset
by the negative dispersion of the HC-PCEF. This would allow the total dispersion to be virtually zero
at a frequency of the probe beam for MOM, by using an optimized medium pressure. Kagome-type
HC-PCFs may benefit from less frequency-dependent dispersion compared with photonic-bandgap
HC-PCFs [27]. Under those conditions, phase matching of the optical modulation would be satisfied,
leading to efficient modulation of the probe beam at a frequency greater then 10 THz.

5. Conclusions

An optical modulator for a cw beam has been theoretically proposed that operated at more
than 10 THz. It used a HC-PCF waveguide to contain gaseous Raman-active molecules. A GHz
mode-locked laser was assumed to excite coherent motion of hydrogen molecules in the HC-PCF core,
and a single-frequency semiconductor laser probed the coherently driven molecular oscillation. In
this scheme, the probe beam could be modulated at a terahertz frequency corresponding to rotation
hydrogen motion. The amplitude was calculated for the coherence of the Sy(1) transition of molecular
hydrogen excited by an ultrashort optical pulse having a duration less than one period of molecular
motion. Feasible conditions were presented that could produce sufficient coherence to enable the MOM,
i.e., the generation of sidebands, for a cw probe beam. The dephasing time of the molecular coherence
was almost negligible at a certain pressure and a 1-GHz-repetition-rate pump rate. Phase-matching in
the MOM process could be achieved by adequate control of the HC-PCF waveguide dispersion that
compensated for dispersion by the gaseous molecules. The proposed scheme would be a milestone in
the development of ultrafast optical modulators for high-capacity communication systems.
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