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Laser induced dispersion with stimulated Raman
scattering in gas-filled optical fiber
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Abstract—Laser induced dispersion provides an all-optical
means for dynamically controlling light propagation. Previous
works on dispersion control with a laser beam make use of Kerr
non-linearity, electromagnetic induced transparency and
stimulated Brillouin scattering in optical fibers. Here we report,
for the first time to our knowledge, optically controllable
dispersion with stimulated Raman scattering in a gas-filled
hollow-core optical fiber and show that flexible dispersion tuning
can be achieved by varying optical pump power and wavelength
as well as gas concentration and pressure in the hollow-core. As
an example of application, we demonstrated the use of such laser
induced dispersion for high sensitivity hydrogen detection and
achieved a normalized detection limit of 17.4 ppm/(m W) with
dynamic range over 4 orders of magnitude.
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. INTRODUCTION

IGHT dispersion in optical fibers has numerous
Lapplications in optical sensing, communication and signal
processing. Traditionally, dispersion control is achieved

via fiber geometry and material composition. However,
dispersion can also be actively manipulated with a separate
laser beam through nonlinear light-matter interaction such as
cross-phase modulation (XMP) [1], [2], electromagnetically
induced transparency (EIT) [3]-[5] and stimulated Brillouin
scattering (SBS) [6]-[9]. Such laser induced dispersions have
been exploited for photonic sensors [10], switches and tunable
optical delay lines [11]. XMP modifies the refractive index (RI)
of the waveguide material, and the interplay of Rl modulation
and waveguide structure allows dispersion control of a guided
mode. However, the degree of control is limited due to the weak
dependence of RI modulation on wawelength. EIT and SBS
induce much sharper dispersion changes near narrow optical
resonances. However, EIT works around a fixed wawvelength
dictated by gas molecular absorptions and typically operating
under low gas pressure [4]. SBS resonances can be located at a
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desired wavelength by tuning the pump wawvelength, but SBS in
conventional solid optical fibers are primarily determined by
the core material (i.e., dopedsilica) and the resonance linewidth
could not be tuned easily [12].

Stimulated Raman scattering (SRS) results from nonlinear
interaction between two laser beams (pump and Stokes) and a
Raman-active medium. SRS in solid optical fibers has been
used for optical signal amplification [13] and distributed optical
fiber temperature sensing [14], and SRS in gas- or liquid-filled
hollow-core photonic crystal fibers (HC-PCFs) has been
studied for trace chemical detection [15], [16]. However, these
reported works exploit the gain feature of SRS. In fact, SRS
simultaneously induces RI changes near the Stokes wavelength,
resulting in dispersion change around the Raman resonances
[17]. The Raman resonances in gases are typically very narrow,
from sub to a few GHz, resulting sharp dispersion change
around the Raman resonances. The position, magnitude and
linewidth of the Raman resonance and hence the dispersion
change can, in principle, be dynamically tuned by varying the
wavelength and power level of the pump source as well as the
pressure, composition and concentration of gases, providing a
highly flexible means of controlling light dispersion. However,
there seems no report on this to our knowledge.

Inthis article, we report laser induced dispersion with SRS in
a gas-filled HC-PCF. The theory of SRS induced dispersion is
outlined and the benefits of using HC-PCF are rewvealed. The
tuning of SRS-induced dispersion by varying the
hydrogen-nitrogen mixing ratio and pump power level is then
demonstrated. As a potential application, hydrogen detection
down to ppm lewel is realized.

Il. THEORY

Apump laser beam (a,,,, ) and a weaker probe laser beam
oroe ) &€ co-propagating in a gas-filled HC-PCF, as

illustrated in Fig. 1(a). When the frequency difference between
the two laser beams is in the vicinity of a molecular Raman

transition ( w,) of gases in the hollow-core (Fig. 1(b)),

(o

1.8. @y — Dproe = Dpmy — Osioes = @y, SRS induces a complex
RI modulation of the gas material [18]:

- CgOIpump
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where G, /2pis the linewidth of the Raman resonance, ¢ is

light speed, g,is the peak gain coefficient that is proportional
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to gas concentration (C) and L is the pump light intensity.

The interaction between the pump, probe and gas molecules
results in energy transfer from pump to probe as well as sharp
RI (dispersion) change around the Stokes frequency, as
illustrated in Fig. 1(c). The gain experienced by the probe beam

is related to the imaginary part of D”(mebe)' while the

dispersion is proportional to the real part of D”(mebe)' The

dramatic change in dispersion effectively modifies the group RI
of the probe beam, which is also illustrated in Fig. 1(c). Raman
scattering in gases is extremely weak. Howewver, the use of a
HC-PCF enables tighter light field confinement, nearly perfect
overlap of gas sample with light fields and long length for
light-gas interaction [15], [19]-[21], which greatly enhances
the SRS. The induced RI change may be detected by
measurement of the accumulated phase of the probe beam over
a length of L. The accumulated phase change can be expressed

as [22]:
A(S) = f”

0 jA%, @

Re[ AN(@yq,) | L = (1+ =2

probe

Where d= 2|:W0 —(W -w

pump probe

|16, is the tinewidth-

normalized frequency detuning parameter and Ag,=G/2is the
peak phase change which is related to the accumulated gain
G=gl,,,La the Raman resonance.

The laser induced dispersion with SRS in a gas-filled optical
fiber has great flexibility. Firstly, the spectral location of the

induced dispersion, being determined by w, = W = W

can be tuned by varying the pump wawelength. The possibility
of exciting multiple Raman transitions simultaneously in a
HC-PCF filled with single or multiple gases with different
concentration and by use of single or multiple pump sources
would enable dispersion control at multiple spectral locations
over a wide wawvelength range. Secondly, the Raman linewidth

as well as the peak gain coefficient g, are gas-pressure

dependent, which provides another degree of freedom to
control the magnitude and spectral range of the induced
dispersion. The pump light intensity as well as the length of
gas-filled fiber can also be adjusted to control the magnitude of
dispersion and the accumulated phase change.
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Fig. 1. Theoretical description. a, A pump beam (W
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(W,,,) co-propagate in a HC-PCF. b, Energy level diagram describing the

SRS process. g is the ground state; n is the rotational state; the dotted line is the
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I1l. EXPERIMENTS AND RESULTS

A. Dispersion Measurement

We experimentally measured the SRS-induced dispersion
around the So(0) rotational Raman transition of hydrogen with a
Raman shift 1,=354.36 cm* [23]. The experimental setup is

depicted in Fig. 2. The HC-PCF and single mode fiber (SMF)
are inter-connected through ceramic ferrules. Hydrogen and
nitrogen mixtures of different ratio is pressurized into a
7-m-long HC-1550-06 fiber (NKP Photonics) through the gap
between SMF and HC-PCF. The pump beam is from a
distributed feedback (DFB) semiconductor laser with nominal
wawvelength ~1532.1 nm. The pump power is boosted with an
Er-doped fiber amplifier (EDFA) and delivered to the gas-filled
HC-PCF.
The induced dispersion is related to the accumulated phase
change of the probe light via equation (2), which can be
measured by using a Sagnac [24] or Mach-Zehnder
interferometer (MZI) [25] powered by a probe laser tuned to the
Stokes wavelength. Here we used an all-fiber MZI powered by
an external cavity diode laser (ECDL) with its wavelength fixed
to 1620.055 nm. To ensure dispersion measurement with high
signal-to-noise ratio (SNR), we employed a technique similar
to that used in wavelength modulation spectroscopy [25]: the
pump wavelength is sinusoidally modulated at f = 51 kHz and
at the same time slowly scanned so that the wavelength
difference between the pump and probe beams is tuned across
the So(0) transition of hydrogen. This modulates the phase of
the probe beam, which includes harmonic components of the
modulation frequency. The phase modulation is then converted
to intensity modulation by the MZI stabilized at quadrature
with a servo-loop [25]. The second harmonic (2f) of the MZI
output, which s linearly proportional to the 2f component of the
probe light phase modulation, is lock-in detected and used as
the system output. The depth of pump wawvelength modulation
is set to 2.84 to maximize the 2f output signal [26] (see
appendix.). Balanced detection using the two outputs from the
MZI ensures that the small induced Raman gain would not
affect the dispersion measurement [27].
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Fig. 2. Experimental setup for laser induced dispersion measurement. LPF:

low-pass-filter; DAQ: data acquisition; PC: polarization controller; EDFA:
erbium doped fiber amplifier; PZT, piezoelectric transducer for phase
compensation. Inset: scanning electron microscopy of the HC-PCF
(HC-1550-06 fiber with core diameter of ~11 pm). Filter 1 is used to filter out
the amplified spontaneous emission noise of EDFA. WDM 1&2:
1620nnV1530nm wavelength-division multiplexer. WDM 1 is used to combine
the pump and probe beams and WDM 2 is used to filter outthe pump.
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Fig. 3. a, Measured and b, calculated 2f signal due to laser induced dispersion
near the Sy(0) transition of hydrogen. Pure hydrogen is filled into the HC-PCF
with a pressure of 3.5 bar. The modulation depth is 2.84.

Fig. 3(a) shows the measured 2f signal for pure hydrogen
with the gas pressure of 3.5 bar inside the hollow-core with a
pump power of ~100 mW delivered to the HC-PCF,
corresponding to a peak pump intensity of 0.314 MW/cm? at
the center of the hollow-core. For comparison, the 2f signal is
numerically calculated based on the formulations in [26] and
shown in Fig. 3 (b), agreeing well with the measured result.

The SRS-induced dispersion can be actively controlled by
varying the concentration of gases in the hollow-core. Fig. 4(a)
shows the measured 2f signal around the Raman resonance with
pump power of ~100 mW for different hydrogen concentration
of 4,20 and 100% at 3.5 bar. The peak-to-peak value of the 2f
signal, which is proportional to dispersion change, has a linear
relationship with gas concentration as shown in Fig. 4(b). The
magnitude of dispersion change can also be adjusted by varying
pump laser power in the hollow-core. Fig. 4(c) shows 2f signal
for aHC-PCF filled with 20% hydrogen balanced with nitrogen
for four different pump power levels. Fig. 4(d) shows that the 2f
signal has a good linear relationship with pump power,

agreeing with the prediction from equation (2). Such a
SRS-induced dispersion can be useful for a range of
applications such as optical pulse walk-off cancellation [28]

and precision gas spectroscopy.
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B. Gas Detection detection limit is possible by simply increasing the pump power
Hydrogen detection is important for energy and safety level.

applications, but the popular techniques based on laser a

absorption spectroscopy cannot be used since hydrogen has no 61

absorption in the visible and infrared wawelength regions. — 4% H;*S

Previous detection of hydrogen is based on hydrogen sensitive 4l 20% H, %2

. . . . .. . —_— %
coatings and electrochemical materials, which have limitations 100% H

in selectivity, sensitivity, dynamic range and repeatability [29],
[30]. Raman spectroscopy can detect Raman-active gases that
do not necessarily have absorption lines, providing effective
means for hydrogen detection with high selectivity [31]. Under
high pressure (i.e., 20 bars) condition, gas detection down to
several ppm has been achieved using a meter-long HC-PCF
(HC-580-02 from NKT Photonics) with collimating optics, 2W -4+
pump laser at 532 nm and Roper Scientific spectrometer
(Model Acton 2556) equipped with liquid-nitrogen-cooled
CCD [32]. Howeer, the system is bulky and inconvenient for
practical applications. Recently demonstrated all-fiber
hydrogen gas sensors based on stimulated Raman gain
spectroscopy (SRGS) have the capability for remote detection
and are flexible for practical applications. Howewver, the
limit-of-detection (LOD) is ~140 ppm for 1 second integration
time with 15-m-long HC-PCF, limited by the intensity
fluctuation received at the photodetector [15].

As discussed in Section IlI-A, the SRS-induced dispersion is
proportional to gas concentration and can therefore be
exploited for spectroscopic gas detection. It has been shown by
others that the molecular dispersion-based laser absorption
spectroscopy sensors have better immunity to photo-detected ol *
intensity fluctuation as well as a larger dynamic range over the 0.0 02 0.4 0.6 08 10
intensity-based measurement [33]. The interferometric Gas Concentration
detection of SRS-induced dispersion, which has not been
reported previously, is expected to provide the same advantages
and with additional benefit: the SRS-induced dispersion can be c
modulated by modulating the pump beam, which allows the use
of a fixed probe with a stabilized fiber interferometer to
minimize noise and fluctuations resulting from the modulation
of the probe beam. We name this technology as stimulated
Raman dispersion spectroscopy (SRDS).

To evaluate the potential of the technique for high sersitivity
hydrogen detection, we measured the system noise level by
tuning the pump wavelength away from the Raman resonance
to 1531.956 nm. The standard deviation of noise for the four
different pump power levels are shown in Fig. 4 (d) as the red -1.04, : : : , , ,
diamonds. For a pump power of ~ 98.4 mW, the peak-to-peak T T ormatived Fropuency botuning
2f output signal for 20% hydrogen is ~2.2 mV and the standard
deviation of noise is 0.273 pV for 1s lock-in time constant, 40
corresponding to the detection bandwidth of 0.094 Hz. This
gives a SNR of 8059. The detection limit in terms of noise 2ol ,+ 35
equivalent concentration (NEC) for a SNR of unity is then L3.0
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Fig. 4. Experimental results of actively controlling laser induced dispersion
with SRS. a and b are results of controlling SRS-induced dispersion by
changing hydrogen concentration. a, Measured 2f output signal when pump
beam is scanned across the Sy(0) Raman transition of hydrogen of different
concentration. The 2f output signals for 4% and 20% hydrogen are scaled up 5
and 2 times respectively for better presentation; b, The peak-to-peak value of 2f
output signal as function of gas concentration. Error bars show the standard
deviation from 10 measurements and their magnitudes are scaled up 10 times
for better clarity. c and d are results of controlling SRS-induced dispersion by
changing pump power with 20% hydrogen; c, The 2f output signal when pump
wavelength is tuned across Raman transition line with different power levels
and 20% hydrogen; d, Peak-to-peak value of 2f output signal for 20% hydrogen
and the standard deviation of noise as functions of pump power levels. Error
bars showthe standard deviation from 10 measurements.

IV. DISCUSSIONS

Our experiments were conducted at room temperature in a
lab environment, and no notable influence of temperature on
the measured SRS induced dispersion (i.e., dispersion
line-shape and magnitude) was observed. However, Raman
resonances (i.e. amplitude, resonance frequency and linewidth)
are temperature dependent and would affect the characteristics
of Raman dispersion when temperature variation becomes large
[34], [35]. A full investigation of the effect of temperature on
Raman dispersion in gas-filled HC-PCFs should be conducted,
particularly for high temperature applications.

In our experiments, gas was pressurized into the HC-PCF
through gaps between the HC-PCF and SMF. It took 1-2 hours
to achieve uniform distribution of concentration and pressure
along the 7-m-long HC-PCF. For practical applications, faster
response may be achieved by introducing multiple side
-channels along the sensing HC-PCF by use of femtosecond
laser micromachining. By drilling multiple micro-channels
along a 2.3-m-long HC-PCF, gas filling time as short as ~40s at
atmospheric condition has been demonstrated [36].

Currently, the performance of gas detection in terms of
NNEC is found mainly limited by the stability of the MZI due
to environmental acoustic noise and mode interference noise in
the sensing HC-PCF, since the HC-PCF is not a perfect single
mode fiber. Acoustic isolation and better high-order mode
suppression in the HC-PCF would reduce the system noise
level. Once these noises are minimized, other noise sources
such as laser fluctuation and modulation instability may need to
be assessed in future.

By exploiting Raman induced dispersion, multi-gas
detection may be performed. A straightforward configuration
for multi-component gas detection may be to use a fixed probe
laser and a wawelength-tunable pump laser. The pump
wawelength is continuously tuned so that the frequency
difference between the probe and the pump is scanned over
multiple Raman transitions. With a fixed probe laser, the
optical interferometer for phase detection can be fully
stabilized, minimizing the effect of environmental noise. Fig. 5
shows the calculated pump wawelengths for the rotational
Raman transitions of oxygen, nitrogen and carbon dioxide,
assuming that the probe wawelength is fixed to 1550 nm
[37]-[39]. A commercial pump laser tunable from 1530 to 1550
nm would allow the detection of the multiple Raman lines of
these gases.

V. CONCLUSIONS

Laser induced dispersion via SRS in gas-filled optical fibers
offers a new way to control the propagation of light with great
flexibility. The technique has been demonstrated for hydrogen
detection with a normalized noise-equivalent concentration of
17.4 ppm/(m W) at 3.5 bar and a dynamic range over 4 orders
of magnitude. The dewvelopment of hollow-core fibers with
lower loss, broader transmission window and better mode
quality [40] as well as the possibility of filling the hollow-core
with multiple gases and pumping it with multiple pump sources
with flexible wavelengths would enable a range of applications
for dynamically controlling light dispersion.
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Fig. 5. Calculated rotational Raman transitions of oxygen, nitrogen and carbon
dioxide.

APPENDIX

1. Optimization of modulation depth for 2f detection

Wawelength modulation spectroscopy is a popular technique
for high sensitivity spectroscopic absorption (gain)
measurement [41]. Modulation depth, defined as the ratio of
modulation amplitude over the width of absorption (or gain)
line, can be optimized to maximize a certain harmonic (e.g. 2f)
component that is selected to perform the measurement. Similar
optimization can be performed for the laser induced dispersion
measurement.

Assume that the pump is modulated sinusoidally, the
angular frequency of the modulated pump may be expressed as:
O=Oy, + Ay, SIN(O,1) (A1)

where Aw, is the amplitude and @, the frequency of
wawvelength modulation. Substituting equation (Al) into
equation (2), the induced phase modulation of the probe beam

may be expressed as:
6+ 6, cos(w,t)

= , A2
A [1+ (6+6, cos(comt))2 JA% ("2)

where J,, =2Awm, /T, is the modulation depth. A¢(t) can be
expanded into a series of harmonic signals, and the amplitude
of the 2f component is [26]:

A¢2 =g, (0, 5m)A¢O ) (AS)
where a,(5,9,) is an amplitude coefficient. a,(5,0,,) as a
function of the modulation depth &, is plotted as the red solid
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line in Fig. Al. The 2f signal is maximized at the optimal
modulation depth 5 =2.84, giving a, = 0.33 [26]. The
experimentally measured 2f signal using the setup in Fig. 2 is

also shown in Fig. Al as the blue solid dots, which agrees well
with the theoretical results.
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