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Gas-phase materials are used in a variety of laser-based appli-
cations—for example, in high-precision frequency measure-
ment1,2, quantum optics and nonlinear optics3,4. Their full
potential has however not been realized because of the lack of a
suitable technology for creating gas cells that can guide light over
long lengths in a single transversemode while still offering a high
level of integration in a practical and compact set-up or device. As
a result, solid-phase materials are still often favoured, even when
their performance compares unfavourably with gas-phase sys-
tems. Here we report the development of all-fibre gas cells that
meet these challenges. Our structures are based on gas-filled
hollow-core photonic crystal fibres, in which we have
recently demonstrated substantially enhanced stimulated

Raman scattering5,6, and which exhibit high performance, excel-
lent long-term pressure stability and ease of use. To illustrate the
practical potential of these structures, we report two different
devices: a hydrogen-filled cell for efficient generation of
rotational Raman scattering using only quasi-continuous-wave
laser pulses; and acetylene-filled cells, which we use for absolute
frequency-locking of diode lasers with very high signal-to-noise
ratios. The stable performance of these compact gas-phase
devices could permit, for example, gas-phase laser devices incor-
porated in a ‘credit card’ or even in a laser pointer.

Our all-fibre gas cells consist of hollow-core photonic crystal fibre
(HC-PCF) filled with gas and spliced hermetically at both ends to
standard single-mode optical fibre (SMF) (Fig. 1a, d). These novel
devices have no bulk-optics components, and may be used with a
wide range of commercially available optical fibre components
(such as couplers, filters, mirrors and lasers). Moreover, the use of
HC-PCF in which light is guided in a single transverse mode
by means of a photonic bandgap created in the ‘photonic
crystal’ cladding7 greatly increases the efficiency of these laser–gas
devices5,6.

The high air-filling fraction of the HC-PCFs (which are formed
by a network of glass webs typically just a few hundred nanometres
thick) makes it very challenging to fusion-splice these fibres without
collapsing and deforming the microstructure, which would give a
high insertion loss. It is also important to avoid contaminating
the PCF with solid deposits and water. Nevertheless, after some
practice, routine splicing of HC-PCF to SMF was achieved with a
typical loss of 1–2 dB. We estimate that a perfect splicing procedure
using our fibres would yield a loss of 0.6–0.8 dB. Of this, 0.15 dB
arises from the refractive index mismatch between the fibre cores,
and is therefore fundamental. The rest is due to modal field
mismatch, which we estimate by the butt-joint approximation8 to
be 0.4–0.6 dB. The discrepancy between estimated and achieved
splice losses is linked to the formation of a recess in the end face of
the HC-PCF when heated in the splicer (Fig. 1b). We believe this
results from the action of surface tension along the many glass–air
interfaces within the holey structure, the viscosity of which offers
much less resistance to deformation than the solid glass in the outer
cladding of the fibre. The mechanical strength of the splices is

Figure 1 HC-PCF-based gas-cell assembly. a–c, Images obtained using a scanning

electron microscope. a, Side view of a 1,550 nm HC-PCF (the narrower fibre) spliced to an

SMF. b, End view of an HC-PCF cleaved at the junction of the splice. The recess, which

creates an air gap of a few tens of micrometres between the fibre cores, is due to the

action of surface tension during fusion. c, View of the same piece of HC-PCF as in a and b

but cleaved a few millimetres from the splice, showing clearly the preservation of the

microstructural integrity. d, Photograph of a 5-m-long hydrogen-filled HC-PCF gas cell,

showing its size compared to that of a match.
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equivalent to a gas pressure of 80 bar—of crucial importance for
containment of gases at high pressure.

To form a gas cell, one end of the HC-PCF was fusion-spliced to
SMF (see Methods). The HC-PCF was then evacuated for several
hours (depending on the length) from the remaining open end to a
pressure of ,1 mbar, before being backfilled with the desired gas as
described in our previous work5. Finally, once the desired fill
pressure was achieved, the second end of the HC-PCF was spliced
to SMF in the same way as the first splice. Using this procedure,
several hydrogen cells and several acetylene cells (Fig. 1d) were
produced, with gas fill pressures (before splicing) ranging from
6mbar to 500mbar for the former, and from 5 bar to 10 bar for the
latter. The acetylene cells were made from HC-PCF with a guidance
band centred at 1,550 nm and a loss of 18 dB km21. The hydrogen
cells were made from the same material with a guidance band
centred at 1,064 nm and a transmission loss of 60–70 dB km21. In all

cases, the splice losses were 1–2 dB. Although both gases were highly
flammable, no damage to the fibre was apparent during the second
splice.
In stimulated Raman scattering (SRS), photons of the incident

‘pump’ laser beam are converted to photons of lower frequency
through interactions with molecules in an excited (vibrational or
rotational) state. This conversion process becomes highly efficient
in HC-PCF, where high intensities and long interaction lengths are
available. This has removed the need for powerful lasers, making
SRS an ideal technique for efficient laser-frequency conversion and
high-resolution spectroscopy. Here we use an experimental set-up
(similar to one described previously5,6) to generate rotational SRS in
a 5-m-long in-line hydrogen gas cell with quasi-continuous-wave
pulses. The pump source is a Q-switched Nd:YVO4 laser at
1,047 nm, with a pulse width tunable in the range 6–50 ns. In all
the hydrogen cells we made, we were able to generate SRS with
pump pulses as long as 35 ns at peak powers of only 100–180W.
Figure 2a and b shows the typical measured spectra at day 1 and day
37, respectively, when a pulse of 13 ns duration and peak power
,200W is launched into a hydrogen cell with a fill pressure of
,6 bar and a splice loss of 1.6 dB and 2 dB for the input and output
splices, respectively. The richness of the generated spectrum at such
low peak powers illustrates the extreme effectiveness of the gas cell as
a Raman converter.
The lifetime of such a cell has been assessed by carrying out

threshold measurements on a daily basis on our hydrogen cells (see
Methods). Figure 2c shows the evolution with time of the measured
threshold peak power (7-ns pulses). The average measured
threshold was ,98 ^ 14W over a period exceeding 1month. The
measured spectra are identical within the uncertainty of our
measurement, indicating good stability of the gas cell over the
measurement period. In principle, with a strong seal, the hydrogen
will escape only via diffusion through the silica, which in our case
(isothermal conditions at room temperature and for a fill pressure
of ,6 bar) would yield a leakage rate of less than 0.001mol yr21

Figure 2 The SRS spectrum generated by a hydrogen-filled HC-PCF gas cell, and its

behaviour as a function of time. a, b, Rotational SRS spectra generated using a 13-ns

pulse with a peak power in the range of 150–200W at day 1 (a) and day 37 (b). For both

traces, in addition to the pump line, the spectrum contains three lines from the rotational

transition S00(1) in ortho-hydrogen; the first Stokes (,1,115 nm), the second Stokes

(,1,194 nm), and finally the first anti-Stokes at,986 nm, which is the product of wave

mixing between the pump and the first Stokes. Also, the spectrum exhibits a peak at

,1,087 nm, which corresponds to the first Stokes line of the much weaker Raman

transition, S00(0), from the para-hydrogen present (,30%) in normal hydrogen gas.

c, The variation with time of the peak power of the pump threshold for the generation of

the first Stokes of S00(1). The error bars indicate the standard error on the threshold

measurement.

Figure 3 Transmission spectra of acetylene-filled HC-PCF gas cells. a, Transmission

spectrum through a 1-m-long HC-PCF-based 12C2H2 cell. The spectrum exhibits more

than 50 strong lines, thereby providing a wide grid of frequency references. b, Close-up

view of the transmission spectrum of cell 2 (fill pressure ,200mbar) and cell 3 (fill

pressure,6mbar) with a resolution of 0.01 nm around 1,530 nm. The linewidths in cell

3 are Doppler limited.
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(ref. 9), suggesting that the lifetime of the cell could extend to several
decades.
Accurate stabilization of laser frequency is essential in many

fields1,2, such as high-resolution spectroscopy, measurements of
fundamental physical constants10,11, atomic physics and optical
telecommunications; in all these cases, there is a pressing need for
wavelength accuracy and stability to reduce the spacing between
the channels, and increase their number, in wavelength division
multiplexed systems. This can be achieved by locking the
laser frequency to an optical frequency reference—usually an
ensemble of atoms or molecules with a narrow absorption line.
The performance of the stabilization system is limited by the
fractional frequency fluctuations. One needs a high quality factor,
Q (Q=n/Dn, where n is the carrier frequency and Dn is the linewidth
of the reference line), and a high signal-to-noise ratio, which is in
turn determined by the stabilization detection scheme and the
interaction length between the light and the absorber. The long
interaction lengths offered by HC-PCF5,6 permit large enhance-
ments in signal-to-noise ratio.
Acetylene is suitable for the optical communications wavelength

range12, offering a comb of stable and regularly spaced overtone
absorptions in the vicinity of 1.55 mm. It exhibits Doppler-free
saturation linewidths of less than 1MHz (ref. 13) and is remarkably
insensitive to external perturbations14. Figure 3a shows the typical
transmitted spectrum of a broad LED (light-emitting-diode) light
source through a 1-m-long HC-PCF-based acetylene cell. Figure 3b
shows a more detailed spectrum around the 1,530.5-nm line
transmitted through two cells (labelled cell 3 and cell 2) of the
same length (1m) but containing acetylene at different pressures

(,6mbar for cell 2 and ,200mbar for cell 3). Most of the strong
lines exhibit more than 90% absorbance.

For illustrative purposes, an all-fibre frequency stabilization
system was built and tested (Fig. 4a). A simple side-locking
technique was used to lock to one of the shoulders of a selected
absorption line15. This approach, though it does not offer the best
performance, has the merit of being simple and modulation-free.
The set-up consisted of a tunable extended cavity diode laser
(ECDL) source, an isolator, two couplers and a length of acety-
lene-filled HC-PCF. The laser output, after passing the isolator, is
split into three parts using two fused taper couplers. The first (the
locking beam) passes through the gas cell (cell 3) and is detected.
The second (the reference beam) is monitored at an identical
detector. The reference and locking signals are sent to a difference
amplifier before being fed to a locking circuit based on ref. 15.
Before switching on the control loop, the wavelength of the laser is
tuned to the desired absorption line. To avoid possible artefacts in
the control system16, it is important to have an independent means
of testing (discriminating) the absolute frequency. This was
achieved by passing the third (out-of-loop) part of the laser beam
through a second HC-PCF acetylene cell (‘monitor cell’ in Fig. 4a).
This resulted in a frequency stabilization and testing system that was
completely fibre-based—to our knowledge, the first time this has
been shown. Using this system, we were able to lock the laser to
different acetylene absorption lines.

This is illustrated in Fig. 4b and c. Figure 4b shows the detected
transmission at 1,530.43 nm (P9 absorption14) from the locking
and monitor cells as the laser frequency is swept through 2GHz.
Figure 4c shows the frequency fluctuations of the laser when it is free

Figure 4 All-fibre frequency stabilization and discrimination system using acetylene

(C2H2)-filled cells. a, Schematic representation of the frequency-locking set-up. PD,

photodetector; S, splice; ECDL, extended cavity diode laser. PZT, piezo-electrical

transducer. b, The red solid curve shows the detected absorption peaks (P9 line) after

transmission through the control cell, and the blue dot-dash curve those detected after the

monitor cell. The asymmetric shape of the P9 absorption peak measured at the monitor

cell is caused by weak excited state absorption lines17 and the etalon effect of the gas cell,

and is consistent with the trace from the optical spectrum analyser. The locking point

represents the frequency at which the laser is locked. c, The frequency fluctuations of the

laser when free running (left-hand part of the trace) and when locked, as monitored by the

out-of-loop acetylene cell. The frequency fluctuations of the laser when the locking loop is

closed exhibit a maximum r.m.s. frequency deviation of ,310 kHz.
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running and when the locking loop is closed. The closed-loop
frequency fluctuations exhibit a root-mean-square (r.m.s.)
frequency deviation of ,310 kHz over a 1-min integration time.
The residual noise exhibits a white noise spectrum with an Allan
variance of 3 £ 10211/t1/2 for an averaging time of 1 s # t # 25.6 s,
and is limited by the electronic noise of our detection system (PD3
in Fig. 4a).

A straightforward improvement would be to use a saturable
absorption line (which can have a linewidth as narrow as 1MHz;
ref. 13) as a reference. The improved signal-to-noise ratio inHC-PCF
also makes overtone absorptions in the visible and near-infrared
(for example, P11 of 12C2H2 at 790.703 nm) accessible to laser
frequency metrology. To test for gas leakage, the pressure-
dependent linewidth of the P9 acetylene absorption was monitored
daily over two months. The results gave an average value of
,468MHz with a standard deviation of 30MHz, that is, the
linewidth is consistent with the Doppler limited value and was
constant within experimental error, indicating no measurable
leakage of gas.

In conclusion, all-fibre, ultra-compact, high performance, easy-
to-use and unconditionally stable gas-laser devices have been
reported. The commercial availability of a wide range of all-fibre
components (for example, lasers, phasemodulators, power attenua-
tors, isolators, Bragg gratings and beam-splitters) makes complex
systems easy to design and construct. It is now possible to imagine
miniature laser–gas devices, occupying a tiny volume and contain-
ingminute amounts of gas, with everyday applications in fields such
as the colour conversion of laser light (perhaps using a built-in
diode pump laser), and the measurement and stabilization of laser
frequency. The unique features of HC-PCFs make these gas–laser
devices extremely efficient, and their impact in many laser-related
fields is likely to be deep and lasting. A

Methods
Splicing procedure
Fusion-splicing was carried out using a commercial filament-based splicer (Vytran
FFS-2000-PM). In this splicer, the splicing region is continuously purged by argon gas to
stop the filament burning. This prevents contamination of the splice by solid deposits and
water condensation, and also prevents combustion of flammable gases such as hydrogen
and acetylene. For high fill pressures, the splice could be consolidated using heat-curable
glue.

Threshold measurements
The energy threshold measurement for the generation of the first Stokes line S00(1) was
carried out in the following manner. The input power was varied by manual rotation of a
half-wave plate, and the output light was collected and fed to an optical spectrum analyser
and power detectors. The detected signal at the Stokes wavelength was monitored as the
input power was increased up to a point where the Stokes signal emerged abruptly from
the noise on the optical spectrum analyser. With this technique, we found a relative
uncertainty varying between 40% and 70%.
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The 100,000-year timescale in the glacial/interglacial cycles of the
late Pleistocene epoch (the past ,700,000 years) is commonly
attributed to control by variations in the Earth’s orbit1. This
hypothesis has inspired models that depend on the Earth’s
obliquity (,40,000 yr; ,40 kyr), orbital eccentricity (,100 kyr)
and precessional (,20 kyr) fluctuations2–5, with the emphasis
usually on eccentricity and precessional forcing. According to a
contrasting hypothesis, the glacial cycles arise primarily
because of random internal climate variability6–8. Taking these
two perspectives together, there are currently more than thirty
different models of the seven late-Pleistocene glacial cycles9.
Here we present a statistical test of the orbital forcing hypoth-
esis, focusing on the rapid deglaciation events known as termi-
nations10,11. According to our analysis, the null hypothesis that
glacial terminations are independent of obliquity can be
rejected at the 5% significance level, whereas the corresponding
null hypotheses for eccentricity and precession cannot be
rejected. The simplest inference consistent with the test results
is that the ice sheets terminated every second or third obliquity
cycle at times of high obliquity, similar to the original proposal
by Milankovitch12. We also present simple stochastic and
deterministic models that describe the timing of the late-
Pleistocene glacial terminations purely in terms of obliquity
forcing.
To test whether the glacial variability is related to changes

in Earth’s astronomical configuration, we adopt a formal null-
hypothesis (H0) that glacial terminations are independent of obli-
quity variations, and the alternative hypothesis (H1) that glacial
terminations are paced by it. Our focus on obliquity is motivated by
previous indications of nonlinear interactions between obliquity
period and quasi-100-kyr glacial variability13, but we also perform
identical tests for pacing by precession and eccentricity. The test is
focused on glacial terminations because their magnitude and
abruptness facilitate accurate identification.
Several obstacles must be overcome to distinguish between H0

and H1. A major problem is the need to establish time controls
on the glacial variability. Many studies estimate age by assuming
a relationship between climate proxy variability and orbital
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