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Abstract: Saturated absorption spectroscopy is performed inside hollow photonic bandgap fibers,
with both 10 um and 20 um core diameters. Line width and signal quality depend on the fiber
core diameter, as well as pressure and optical power. These parameters are optimized toward the
creation of an optical reference. The effect of splicing the fiber to a single-mode fiber is also
investigated.

The development of optical frequency standards in the near-infrared spectral region has been motivated in part by
the optical telecommunications industry. Acetylene gas offers a series of well-spaced spectral features in the 1.5 um
region, spanning the C band. By pressure-broadening these features to about 1 GHz in width, the National Institute
of Standards and Technology (NIST) has created portable standards of moderate uncertainties, between 13 MHz and
130 MHz, that can be built into commercial devices [1, 2]. Meanwhile, sub-Doppler spectroscopy of molecular
gases provides high-accuracy infrared optical frequency references. Typically the weak molecular overtone
transitions employed at these wavelengths require high powers for saturation, and therefore to date all high-accuracy
references have been based on power build-up cavities [3, 4] , which provide power amplification and long effective
interaction lengths but are not readily portable. A series of measurements of lines in the v, +v; band [4-6] led the
Comitté International des Poids et Mesures (CIPM) to adopt a value of the P(16) line in **C,H, with an uncertainty
of 100 kHz [7]. With the advent of frequency comb technology, groups at the National Institute of Advanced
Industrial Science and Technology (AIST) in Japan [8, 9], National Physical Laboratory (NPL) in the UK [10], and
the National Research Council (NRC) in Canada [11, 12] have measured these lines with greatly increased
precision. The CIPM recently reduced the uncertainty of the P(16) transition to 10 kHz, and most recently, 61 lines
in the band have been realized with a width of 600 kHz and measured to an uncertainty of 1.4 kHz [13]. However,
there are many advantages to performing saturation spectroscopy independent of a power build-up cavity, as
described in Ref. [14], where signals with widths ~1 MHz have been observed inside a 1 m long glass cell.

While the science of frequency metrology has been transformed, optical fiber technology has
simultaneously been revolutionized by the advent of hollow, low-loss photonic bandgap (PBG) fibers. These optical
waveguides allows light to be confined at high intensities in a hollow air or gas-filled region with very low loss [15].
These fibers are vastly superior to capillary fibers for small core diameters [16], and have therefore been used in
many recent demonstrations of nonlinear light-gas interactions. Examples include gas sensors [17], Raman
scattering in hydrogen-filled fiber as a tunable light source [18], and electromagnetically induced transparency (EIT)
in PBG fibers filled with acetylene and rubidium [19-21]. Lasers have been locked to the side of Doppler-broadened
transitions in sealed acetylene-filled fibers, toward the development of portable frequency references [22]. Finally,
saturated absorption has been observed inside photonic bandgap fibers. Initial observations indicated large
background noise arising from interference and mode beating [23, 24], even in an all-fiber configuration [25]. A
more complete discussion of these issues appears in Ref. [26].

For PBG fiber cells to be employed as frequency references, the saturated absorption spectrum must be
optimized in magnitude and minimized in width. Also, modulation of the transmitted light due to spurious
interference or mode beating must be suppressed. In the effort to develop optical frequency references using
acetylene filled PBG fiber cells, we have examined the dependence of signal size and width on gas pressure and
fiber diameter, among other factors. Furthermore, when the PBG fiber is sealed by splicing SMF solid-core fiber to
either side, etalon effects and changes in mode coupling may give rise to spurious signals that must be minimized.
Thus we characterize saturated absorption inside a PBG fiber, as a function of gas and fiber dimensions. We also
investigate the effects of splicing the fiber on the signal quality.

In Fig. 1a, the experimental setup is shown for measurements of acetylene saturated absorption spectra in
an isolated photonic bandgap fiber. Modifications to the experiment made to accommodate a single splice between
a step-index single-mode fiber and a photonic bandgap fiber are shown in Fig. 1b. The details of the splicing
technique for splicing hollow PBG fiber to step-index fiber are given in Ref. [27]. A 5 mW beam from an extended
cavity diode laser (ECDL) is split, and 10% is amplified by an IPG Photonics® Erbium-doped fiber amplifier
(EDFA) to up to 500 mW. The remaining power is sent to diagnostics, which include an acetylene-filled glass cell
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(as in Ref. [1]), in order to locate the relevant transitions, and a Michelson interferometer, used to monitor the laser
frequency as it is swept across the transition under study. The output from the EDFA is split into pump and probe
beams, and the probe passes through an acousto-optic modulator (AOM) in order to shift the frequency between the
pump and probe beams, minimizing the interference between the probe and any stray pump light. To compensate
for polarization rotation inside the fibers, half-wave and quarter-wave plates are used to cleanly separate the pump
and probe beams. Also shown are isolators (Iso.), polarization controllers (PC), polarizing beam splitters (PBS), the
vacuum chambers (VC), and a photodetector (PD). In Fig. 1b, the second vacuum chamber is obviated by a fusion
splice which seals one end of the PBG fiber. Two different PBG fiber types are investigated, as indicated in Fig. 1c

and d, with 10 um and 20 um nominal core diameters, respectively.

Fig. 1. a) Schematic of the experimental setup, for unspliced fibers. b) Same as a, but with one end of fiber spliced to
SMF. c¢) 10 um core PBG fiber, made by Crytal Fibre HC-1550-02. d) 20 um core PBG fiber, made by Crytal Fibre
HC19-1550-01. Images of fiber cross-sections provided by Crystal Fibre A/S, www.crystal-fibre.com.

The dependence of the observed signal size inside the 20 um diameter fiber is shown in Fig. 2a. The central dip in
transmitted power is due to the presence of the pump beam, which burns a Bennett hole in the ground-state
population of the acetylene molecules. When the probe and the pump are resonant with the same velocity class of
molecules, the probe light is less strongly absorbed. A laser may be locked to this feature and used as a frequency
reference. Both the strength of the absorption and the width of the saturated absorption feature increase with
pressure. Off resonance, the wings are very flat. In contrast, Fig. 2b is taken in a 10 um fiber, and reveals large
interference in the wings, indicative of mode beating. The difference between the two spectra is likely due to a
reduced number of surface modes [28] present in the larger-core fiber.
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Fig. 2. a) Fractional transmission versus optical frequency detuning at different gas pressures, for the ?C,H, P (11)
transition with a pump power of 29 mW incident on the 0.78 m long fiber. b) Same as a), but in the 10 um with length
0.90 m long and 30 mW of pump power.



The above spectra are interpreted in terms of Beer’s law [29], which describes the transmission of light through a
medium as P = P, e ™! where P, is the incident power, P is the transmitted power, and | is the length of the
medium. From Py and P is calculated | as(v), as shown in Fig. 3a. Then | os(v) is fit to an appropriate function,
taking into account the Gaussian nature of the Doppler broadened signal and the Lorentzian saturation dip [26]. The
full-width-half-maximum w of this Lorentzian feature is plotted as a function of gas pressure in Fig. 3b, for two
different pump powers, in the 20 um fiber with length 0.78 m. Figure 3c shows the frequency discrimination of the
saturated absorption feature, which is the signal height in fractional absorption divided by the signal width in MHz.
Larger values indicate increased suitability for an optical frequency reference. From Figs. 2 and 3, it is clear that the
20 um fiber provides cleaner signals and narrower signals than the 10 um fiber. Thus the 20 um fiber is more

suitable for a frequency reference.

Y
0.48%= 40 W
)
1.6+ f‘l 0.45 . X
; % 042 T30 % A P (11) 10 um, 30 MW
1.2 ¢ 5039 2 P (11) 20 um, 29 MW
- g & 0 30 60 90 i ¥ P (16) 20 um, 23 mW
3 0.8 ] 10 . .
' ) 3 'C)
0.4 :I’: o | WA -,
< .. XA N%
- EEEas S [a] 1|..>K L]
T T T S %
-500 0 500 1000 o X . .
0 T 2 3

Frequency (MHz)

Pressure (torr)

Fig. 3. a) ol calculated for the data shown in Fig. 2a, from top to bottom in order of decreasing pressure. Solid lines
represent fits to the above equation, using the function described above. b) Width vs. pressure resulting from fits. Circles
represent widths of Lorentzian features shown at left. Squares and asterisks represent different transitions interrogated
within the same fiber, at the pump powers shown. Triangles represent the widths found in a 10 um fiber with length
0.90m. c¢) Frequency discrimination of the saturation dip, indicating the suitability of the standard for a frequency

reference.

In order to employ these PBG fibers as frequency references, they must be sealed by splicing solid-core fiber to
each end. Typically this is done with more costly filament heater splicers, but we have demonstrated low-loss
splices using a conventional arc splicer [27]. In Fig. 4, spectra taken in spliced fibers are compared to those from
unspliced fibers. While the background oscillations in the 10 pum fibers are similar with and without splices, the
very flat background offered in the 20 um fiber is degraded in the presence of the splice. This is most likely due to
reflections in the fiber, but may also be due to different coupling into the surface modes of the fiber when using
spliced fiber instead of free-space coupling. Further investigation is warranted.
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Figure 4. Saturated absorption spectra in a) 10 um and b) 20 um diameter PBG fibers. Fiber 1 is 0.78 m long, spliced to
SMF using a conventional arc splicer, as described in Ref. [27], and the P(11) spectrum was taken at 29 mW and 0.86 torr.
Fiber 2 is 2.0 m long, spliced to SMF by Crystal Fibre A/S using a filament heating splicer, and the spectrum is taken of
the weaker P(12) transition at 17 mW and 0.81 torr. Fiber 3 is the unspliced 10 um fiber of Fig. 2b, of P(11) at 0.69 torr.
Fiber 4 is 43.5 cm long, spliced with an arc splicer to SMF, taken of P(11) at 43 mW and 0.8 torr. Fiber 5 is the 20 um

fiber of Fig. 2a, at ~ 0.7 torr.
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