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Abstract: Saturated absorption is studied in overtone transitions of C2 H2
and H13 CN molecules confined in the hollow core of a photonic bandgap
fiber. The dynamics of filling and venting the fiber is markedly different for
the two molecules owing to the presence of a permanent dipole moment in
one of them. Saturation is observed for input power down to 10 mW, and
well resolved Lamb dips limited by transit time broadening across the 10
µ m core diameter are observed with a counter-propagating probe beam.
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1.

Introduction

Conventional optical fibers consist of a core surrounded by a cladding of slightly lower refractive index, and light is confined in the core by total internal reflection at the interface. While
this configuration allows for propagation over long distances with low loss, it is not well suited
for studying the interaction with gases. The cladding must be removed, and interaction is only
possible with the evanescent field, which falls off exponentially outside the solid core. In a
hollow-core photonic band-gap fiber (HC-PBG) [1] light is confined by a periodic pattern of
holes surrounding a central void. By interference the periodic structure creates a band-gap for
electromagnetic waves, akin to the band-gaps experienced by electron waves in a solid. This
prevents the light from escaping from the core, and transmission losses down to 1.2 dB/km at
1565 nm has been reported [2].
Admitting a gas to the core of a HC-PBG fiber enables the study of interaction between
light and molecules. Ritari et al. [3, 4] observed the ν1 + ν3 combination band of acetylene,
and Benabid et al. [5] reported on fiber cells with acetylene for wavelength standards and on
hydrogen filled cells for Raman scattering. The fiber configuration is particularly advantageous
for the study of phenomena where a combination of high intensity and long interaction length
is required. Ghosh et al. [6] induced changes in the refractive index of an acetylene gas by applying a strong field at an R-branch transition and observed its effect on the propagation of a
probe beam tuned to a coupled P-branch transition, and similar studies of electromagnetically
induced transparency were conducted by [7]. Recently Faheem et al. [8] reported observation
of saturation of acetylene in a pump-probe configuration. In this paper we report on the observation of saturated absorption in acetylene and in C-13 substituted hydrogen cyanide, both
of which are useful as wavelength standards on account of their good overlap with the optical
communication C-band.
2.

Experiment
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Fig. 1. Experimental configuration for pump-probe configuration with two polarizing
beamsplitters PBS1 and PBS2, a chopper CH inserted in the pump beam, a vacuum box
with sapphire windows W1 and W2, a thin film beamsplitter BS, and two Ge detectors D1
and D2.

The HC-PBG fiber used in this work, type designation CF-0133 produced by Crystal Fibre
#9305 - $15.00 USD

(C) 2005 OSA

Received 28 October 2005; revised 9 December 2005; accepted 14 December 2005

26 December 2005 / Vol. 13, No. 26 / OPTICS EXPRESS 10476

22

Acetylene

20

L = 1.39 m

140

18

120

16

80
60

L = 6.35 m

12
10
8
6

40

4

20
0

Acetylene

14

100

Pressure [Pa]

Pressure [Pa]

160

2
0

10 20 30 40 50 60 70
Time [minutes]

0

0

50 100 150 200 250 300 350
Time [minutes]

Fig. 2. Average pressure in the fiber during filling and venting with acetylene. Left: Initial
filling of 1.39 m fiber to 8.5 Pa, further filling to 149 Pa, and venting. Right: Filling of 6.35
m fiber to 20 Pa and venting.

A/S [9], has a hexagonal cladding with a 7-cell core of 10 µ m diameter. A section of fiber
is coiled with a diameter of 6 cm and placed in a vacuum housing, each fiber end accessible
through a 1mm thick AR-coated sapphire window. Radiation from a New Focus extended cavity
laser is amplified to 60 mW in an erbium-doped amplifier (EDFA), and focused on the fiber
core with a combination of aspheric lenses as shown in Fig. 1. Vacuum is provided by a turbomolecular pump, and the pressure is monitored with a MKS capacitance gauge with 0.1 Pa
resolution. The gas was technical acetylene with a nominal purity of 99% or C-13 substituted
hydrogen cyanide prepared by the Chemistry Department of the University of Copenhagen.
The radiation emitted from the exit fiber of the EDFA is collimated and reflected towards the
fiber by a polarizing beamsplitter PBS1. A λ /4 plate ensures linear polarization, and a subsequent λ /2 plate provides a convenient means of adjusting the input power to the fiber without
affecting the coupling efficiency. The coupling losses of the fiber depend on the polarization,
and a second λ /2 plate is used for maximising the transmission.
Three different detection schemes are used. In configuration (a), the directly transmitted signal is measured by a 5x5 mm2 Ge detector positioned close to the window W2 at the exit of the
hollow fiber, and the transmitted line profile is measured as a function of the input power. In the
second configuration (b), an aspheric lens with 13 mm focal length focuses the exit beam, and
a plane mirror positioned at the focal plane retroreflects the beam through the fiber. A mechanical chopper is positioned in front of the retroreflector, and the Ge detector monitors the 670 Hz
chopped signal passing from the fiber straight through PBS1 with subsequent demodulation in
a lock-in amplifier. In the third configuration (c) shown in Fig. 1, the power transmitted through
PBS1 is focused at the fiber exit near W2 with a 6 mm focal length aspheric lens to serve as
a counter-propagating probe beam. After leaving the vacuum box through W1 the component
polarized perpendicular to the pump beam is reflected by PBS2 and picked up by the Ge de#9305 - $15.00 USD
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Fig. 3. Filling with hydrogen cyanide. Filled squares indicate the pressure external to the
fiber with gas admitted in four steps. Open circles show the absorbance which represents
the average pressure in the core of the fiber.

tector D1. The pump is chopped by CH, and the modulation imprinted on the probe beam is
detected with the lock-in amplifier. A thin-film beamsplitter BS positioned on the exit side for
the pump allows the monitoring of the transmitted signal with the Ge detector D2.
3.

Filling and venting

Experiments on C2 H2 were performed on the P9 line of the ν1 + ν3 band centered at 1530.37095
nm [10]. After evacuating the cell, gas was admitted in the pressure range 5 to 150 Pa, and filling
of the fiber was monitored at the transmitted signal by repeatedly scanning the wavelength
across the line. According to the Beer-Lambert law, the signal transmitted through a fiber of
length L is given by
(1)
I(L) = I(0) exp(−α L)
where the absorption coefficient α is given by

α = NSg(ν − ν0 ) =

p
Sg(ν − ν0 )
kT

(2)

Here N is the number of molecules per unit volume, S is the line strength of the chosen line,
and g(ν − ν0 ) is the area normalised line shape function. The second relation expresses N in
terms of the pressure p, the temperature T , and Boltzmanns constant k, and we find that in the
Doppler limit where the line profile is a Gaussian and independent of pressure, the absorbance
α L as derived from Eq. 1 becomes proportional to the average pressure in the fiber. Note that
here and in the following we consistently use the Napierian absorbance.
Figure 2 shows the temporal development of the average fiber pressure during filling and
venting of two fibers with C2 H2 . The pressure development during three steps consisting of
initial filling to 8.5 Pa, subsequent refilling to 149 Pa, and eventual venting, are well fitted to
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exponentials with time constants of 3.7, 2.6, and 2.3 min, and we thus find that the time constant
is essentially independent of pressure and similar for filling and venting. For the 6.35 m fiber
we find time constants of 31 min and 41 min for filling and venting respectively, indicating that
the time constant increases faster than the fiber length.
The average pressure is determined by measuring the absorbance and converting to pressure
with Equation 2. During filling and venting, the pressure is a function of distance along the
fiber, with a minimum value at the mid-point, and the average value should thus be interpreted
as the constant pressure that leads to the same absorbance as the actual pressure distribution.
After the absorbance has reached a constant value, the pressure in the fiber core must be
uniform and equal to the pressure in the vacuum box external to the fiber. This follows since the
fiber is symmetrically filled from both ends, and any pressure gradient would imply a transport
of molecules into the core and hence be inconsistent with a constant absorbance. Following this
line of reasoning it is not necessary to assume the line strength S to be known. However, in
Section 4 we show that the known line strength together with the measured external pressure
reproduces the measured absorbance in the unsaturated limit. This constitutes an independent
verification that the steady state intra-fiber pressure is indeed equal to the external pressure.
The matrix of holes surrounding the core will necessarily fill at a much slower rate than the
core itself. However, this process will not affect the propagation characteristics of the fiber, and
since the total volume of the matrix is only a minute fraction of the 900 cm3 volume of the
vacuum box, the effect on the external pressure is not measurable.
In Fig. 3 we show results for H13 CN in the 6.35 m fiber, using the R7 line of the 2ν2 overtone
band at 1537.300409 nm. Filled squares denote the pressure external to the fiber, reflecting
repeated admittance of additional gas. Open circles denote the measured absorbance, which is
proportional to the average pressure inside the fiber core. In this case we cannot evaluate the
pressure since the line strength has not been measured. We note that the dynamics is strikingly
different from what was found for C2 H2 , and we attribute this to the fact that H13 CN has a
permanent dipole moment which makes it tend to stick to surfaces. After admittance of gas,
the initial spike is followed by a reduction as molecules leave the gas phase and adhere to
the surfaces. However, from the measured absorbance we can see that the pressure inside the
fiber is not able to respond to these fast variations. From 3.5 hours the absorbance decreases
smoothly, following the decreasing pressure in the vacuum box. Between 6 hours and 6.5 hours
we reduced the input power by a factor of 5.5 in four steps, and observed an associated increase
in absorbance. At 6.5 hours the power was returned to the maximum value, and the absorbance
immediately dropped to a value representing an extrapolation of the initial decay. This power
dependence of the absorbance constitutes a clear evidence for saturation.
4.

Transmission measurements

Using configuration (a), the peak absorbance at a pressure of 10 Pa for the P9 line of C2 H2 was
determined as a function of the off-line exit power with results as shown in the upper part of Fig.
4. The line strength S=1.024 x 10−20 cm/mol as determined independently in a conventional
absorption cell leads to an unsaturated peak absorbance of α0 L = 0.963 in good agreement with
the low-power limit in Fig. 4.
For an inhomogeneously broadened line the intensity I along the fiber is given by
dI
α0 I
= −α I = q
dz
1 + IIs

(3)

where Is is the saturation intensity [11], and solving this equation we find that the input intensity
I0 and the output intensity IL are related by the expression
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Fig. 4. Peak absorbance for the 6.35 m fiber at 10 Pa (upper) and corresponding saturation
power (lower) as a function of the exit power away from the absorption line.

p
p
p
p
( 1 + IL /Is + 1)( 1 + I0 /Is − 1)
p
α0 L = 2( 1 + I0 /Is − 1 + IL /Is ) + ln p
( 1 + IL /Is − 1)( 1 + I0 /Is + 1)

(4)

Assuming that power and intensity in the fiber are proportional, each combination of input and
exit power can then be used for determining a saturation power Ps with results as given in the
lower part of Fig. 4.
The intrinsic loss coefficient of the fiber is 0.2 dB/m, and the average power in the fiber is
therefore about 16% higher than the power at the exit, corresponding to a saturation power of
23 mW. In fact it might be slightly lower since the presence of surface modes means that not
all of the power transmitted by the fiber contributes effectively to saturation of the molecules.
5.

Lamb dip measurements

Saturation was further studied by measuring the absorption of a counter-propagating probe
beam in configuration (b). Ideally, the retrorefleced beam would have the same polarization
as the incident beam, and hence be reflected back towards the EDFA by PBS1. However, the
fiber shows birefringence so that after two passes the retroreflected beam will be elliptically
polarized and therefore partly transmitted, and the left part of Fig. 5 shows the probe signal for
C2 H2 with a clear Lamb dip near the line center. The background oscillations are believed to be
caused by surface modes [12, 13], and although they do not prevent the observation of the Lamb
dip, they will corrupt a quantitative analysis of the line shape. The oscillations appear because
the field carried by the surface modes diverges strongly after exiting the fiber and therefore
cannot be retroreflected. Thus, the detected signal becomes sensitive to frequency dependent
variations in the relative amount of core mode and surface modes. This is not a problem for
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Fig. 5. Lamb dips in acetylene and hydrogen cyanide at an average power in the fiber of 30
mW. The insert shows from above the line center region at an average power of 6 mW, 20
mW, and 30 mW. The background structure is attributed to surface modes.

transmission measurements in configuration (a) where a large-area detector positioned close to
the fiber exit will pick up the total transmitted power.
The right part of Fig. 5 shows similar results for H13 CN where a somewhat higher pressure
is required to obtain a comparable absorbance. The line center positions as well as collisional
broadening parameters and pressure shifts have recently been measured by Swann and Gilbert
[14]. For the R7 line they report a HWHM collision broadening parameter of 0.32 MHz/Pa
corresponding to 7.5 MHz at our pressure of 23.3 Pa, and we are thus safely below the 232
MHz Doppler width.
The result of measurements on acetylene in the configuration (c) are shown in Fig. 6. The
upper part shows the transmitted Doppler broadened profile with a peak Napierian absorbance
of 0.7 corresponding to an attenuation of the beam by 50%. Although only a 2.5 GHz interval
is shown, the Gaussian fit extends over a frequency range of 14 GHz in order to achieve an
averaging of the background structure. The lower part shows the saturation signal with a superimposed fit to a Lorentzian of HWHM line width 22.4 MHz, together with the corresponding
residual. The width exceeds by far the collision broadening of 0.45 MHz determined from the
coefficient 0.045 MHz/Pa given in [15]. It agrees with the width found by Faheem et al. [8] for
a similar fiber, and it is very close to the value 21.7 MHz derived from the expression
∆ν = 0.444

u
L

(5)

p
given in [16] for the HWHM width for transit time broadening, using u = 8kT /π M = 489.5
m/s for the mean molecular velocity at 296K, and taking L as the 10 µ m core diameter.
The S/N ratio is limited by background oscillations whose origin have not yet been established. Note that the residual of the Lorentz fit diminishes as the line center is approached
because the transmitted power and hence also the background oscillations are reduced due to
the absorption. Defining a S/N for a 200 MHz interval centered at the line, we find a value of
26 if the noise is taken as the rms value of the background oscillations.
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Fig. 6. Pump absorption (upper graph), and Lamb dip (lower graph) in pump-probe configuration. The bottom trace shows the residual of a Lorentz fit.

6.

Conclusion

We have used hollow-core photonic bandgap fibers for observing saturated absorption on overtone transitions around 1530 nm in C2 H2 and in H13 CN. The saturation power is about 23 mW,
and Lamb dips can be observed down to a power of less than 10 mW in the fiber. The dynamics
of filling and venting the fiber is different for the two molecules as a consequence of different
adhesion properties. The half width of the Lamb dips is determined by transit time broadening
in the fiber core.
Both molecules are popular as wavelength standards in optical communication, and the observation of Lamb dips suggests that a significant improvement over Doppler limited standards
is possible. The presence of surface modes represents a problem for a quantitative analysis,
since they affect the spatial distribution of intensity over the core cross section, and hence the
saturation conditions. In addition, the background oscillations will have an impact on the accuracy with which the Lamb-dip minimum identifies the center of the absorption line, and to
realize the full potential of the fibers in connection with wavelength standards, they should be
eliminated.
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