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Abstract: We investigate theoretically and numerically the use of nonlinear optics to measure
the spatial distribution of the gas density in the core of antiresonant hollow-core optical fibres.
Short pump and signal laser pulses at different wavelengths and with controlled delay are launched
into the fibre. Due to their different group velocity, they overlap within a certain region of the fibre
where their nonlinear interaction create an idler pulse (via four-wave mixing) and/or the signal
pulse experiences a nonlinear phase shift induced by the pump pulse via cross phase modulation.
As the optical nonlinearity in these fibres is dominated by the gas content, a measurement of
the idler power or signal phase shift at the fibre output thus provides information about the gas
density (its pressure) at the pulse overlap position. We discuss the feasibility of the scheme and its
dependence on fibre and pulse parameters. We conclude that such distributed gas measurements
are possible within current experimental parameters and can potentially measure pressures far
below current experimental techniques with high spatial resolution.
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1. Introduction

Rapid progress in the development of antiresonant hollow-core optical fibres (AR-HCFs) in
recent years has made them outperforming conventional solid-core silica fibres in many aspects.
Today’s low-loss AR-HCFs create antiresonant guiding with capillaries that surround the core
[1]. Improvements via non-touching, separated capillaries [2] and nested capillary elements in
antiresonant nodeless fibres (NANFs) [3] and double-nested antiresonant fibres (DNANF) [4]
have led to record AR-HCFs [5] with losses below those of the best solid single-mode fibres [6].
Controlling the gas composition and density in the fibre core could unlock even lower attenuation
levels [7] and reduce light absorption by the gas for long-distance communication [8].

Control of the gas density inside the hollow core of AR-HCFs is also crucial for many high-
power and nonlinear optics applications. For instance, in high-power laser delivery systems [9]
understanding the gas density is essential to managing ionisation thresholds and heat dissipation
[10]. In data transmission, signal integrity and capacity depend on fibre core gas density
and composition not only via the gas absorption but also via the refractive index and optical
nonlinearity including Raman and Brillouin scattering [11]. On the other hand, large gas pressures
can be used to optimise nonlinear supercontinuum generation [12,13] and the formation of optical
solitons [14].

Reducing the gas pressure in the fibre core could also address other fundamental limitations
in AR-HCFs, e.g., in reducing thermoconductive noise, which impacts the stability of guided
modes [15], and backscattering, which can limit signal fidelity and coherence [16] impacting,
for example, the use of orbital angular momentum states [17] for high-dimensional optical
communication [18].
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Given that fibre core gas pressure and composition is of such significant importance for the
use of AR-HCFs, there is thus a need for methods to accurately measure the internal gas pressure.
However, to date this remains a challenging task. While water ingress from the fibre end has
been used [19] for average pressure measurements, the current state-of-the-art technique for
distributed pressure measurements is optical time-domain reflectometry (OTDR) [20,21]. This
offers insights into the overall loss and scattering properties but is limited to pressures above
0.15 atm. Another possible approach is stimulated Brillouin scattering [22,23] which shows gain
down to 0.5 bar of nitrogen but faces challenges in achieving large linewidths at low pressure.
Given these constraints, there is a clear need for alternative, more sensitive diagnostic methods.

Here we propose what we believe to be a novel approach to gas density measurements within
AR-HCFs based on cross-phase modulation (XPM) and four-wave mixing (FWM). Optical
nonlinearity in gas-filled fibres has been the subject of recent studies, e.g., the feasibility of FWM
in short sections of capillary and photonic crystal HCFs at different pressures for nonlinear optical
applications has been demonstrated [24-26]. Exploiting FWM for a distributed measurement of
the variations of chromatic dispersion along optical fibres has also been suggested [27,28]. Our
proposed method combines nonlinear optics in hollow-core fibres, which is dominated by the gas
content of the core as less than 0.01% of power is propagating in the glass for modern AR-HCFs,
with distributed sensing and offers what we believe to be a new route for in situ monitoring of
gas pressure and can be integrated into real-time feedback systems for active gas control.

Our paper is structured as follows. In Section 2 we outline the XPM and FWM-based methods
and introduce our numerical approach. In Section 3 we present the fibre design used throughout
this study. Our main simulation results are shown in Section 4. Finally, we summarise our
findings in Section 5.

2. Proposed method and numerical modelling approach

The method for distributed measurement of the gas pressure in the core of AR-HCFs is outlined
in Fig. 1. Two laser pulses, a strong pump pulse and a weaker signal pulse, are launched into the
fibre with a controlled time delay. Pump and signal are at different wavelengths and thus travel at
different group velocities, such that they will overlap inside a certain region of the fiber where
they interact via the optical Kerr nonlinearity. This leads to the creation of a weak idler pulse via
FWM and also imposes a nonlinear phase shift on the signal via XPM. At the output of the fibre,
the idler power or the signal phase can be measured to determine the strength of the nonlinear
interaction in the region where the pulses overlapped. As discussed below, the nonlinearity in
AR-HCF is dominated by the gas density in the fibre core, which itself depends on the local gas
pressure. The output idler power or signal phase thus provide information on the local fibre core
gas pressure. By repeating the experiment with different time delays between pump and signal at
the launch, a spatially resolved gas pressure profile along the fibre length can be measured.

To investigate these two methods numerically, we solve the Nonlinear Schrodinger Equation
(NLSE) [29], assuming that AR-HCFs are effectively single-mode [3] due to the high propagation
loss of higher-order modes and that their hollow-core design renders them effectively polarisation-
degenerate and minimally birefringent,
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where A(z, ) is the amplitude of the propagating field at time ¢ and position z along the fibre and
Br is the k-th derivative of the propagation constant 8 with respect to angular frequency taken at
the frequency of the pump w,,. Note that we neglect the Raman nonlinearity here, as for the power
levels and 1 ps pulses used below, its effect is minor in air, where the dominant nitrogen line has a

>75 ps delay time at pressures up to 1 atm; for other gases and higher pressures Raman scattering
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Fig. 1. (a) A high-power pump (purple) and a low-power signal (pink) at different

wavelengths are launched into the fibre with a time delay 7. (b) As the pulses propagate
through the fibre with different group velocities, they begin to overlap. (c) The pulses fully
overlap; optical nonlinearity results in an XPM-induced phase shift of the signal and the
generation of an idler pulse via FWM. (d) Group-velocity dispersion causes the pulses
to separate again until (e) they are fully separated at the fibre output where the nonlinear
response is measured.

can be included in the NLSE [30]. Equation (1) holds under the simplifying assumption of a
single linear polarisation of the laser pulses throughout the propagation. Depending on the fibre
properties this may not be achievable in an experiment, in which case polarisation averaging or
numerical treatment via a Manakov equation [31] may be required. The fibre propagation loss is
given by @ and the nonlinear coefficient by
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where 4, is the pump wavelength, ngi’ (p) is the nonlinear refractive index of the air at pressure
p in the fibre (n§”(1 atm) = 5.57 X 107> m?/W [32-34]) and ng’“” =22 x 1072 m?/W is the
nonlinear refractive index of silica [35]. E is the electric field of the fundamental mode of the
fibre, and the integrals are over the air, glass, and full cross section of the fibre, respectively.
Equation (1) is solved using a split-step Fourier technique with automated step size control and a
Runge-Kutta 5th-order method for the nonlinear propagation steps in the Python programming
language.

At the end of the simulation, i.e., at the fibre output, the amplitude A is spectrally filtered to
separate the pump, signal, and idler amplitudes A,(¢), As(¢), and A;(¢). The relevant quantities for
our pressure measurement methods are the integrated idler output power,
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and the phase of the output signal pulse which we define as an intensity-weighted average over
the signal amplitude A4(¢)
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The signal phase ¢, contains contributions from linear propagation, self-phase modulation etc.

in addition to the desired XPM phase induced by the pump. We thus extract the pure XPM phase
shift as

“
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where ¢; ¢ is the reference signal phase obtained from a simulation without a pump pulse, thereby
removing any phase accumulated from unrelated mechanisms. Note that this equation holds for
parameters far from the phase-matching condition, where FWM-induced changes to the signal
are negligible. From Eq. (1) it is clear that ¢ xpys will depend linearly on y(p(z9)) and P; will be
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proportional to the square y(p(z9))> where p(zo) is the pressure in the fibre core at the position zg
where pump and signal pulses overlap, given by

T
20

=— (6)
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where v, and v ; are the group velocities of pump and signal and 7 is the difference in launch
time between them, assuming the slower wave is released first. Thus, if P; or ¢, xpys are measured,
the pressure at position zy can be obtained by comparison with numerical simulations. In
situations where a reference experiment (or an equivalent simulation) can be performed with
the fibre at a constant internal pressure p,.r, the pressure p(zo) can be directly obtained by the
XPM-based and FWM-based method, respectively, as

P;
Pi(pref) .

Note that Eq. (7) applies in the limit where the gas nonlinearity dominates over the contribution
from the glass, see Sec. 3.

To aid our understanding of these processes, it is instructive to consider the quasi-continuous
wave (CW) case. In this limit, the XPM phase is

s xPM
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where L,, is the walk-off length, i.e., the length of fibre where pump and signal pulses of duration

Ty overlap,
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Degenerate FWM creates an idler at w; = 2w, — wy; where wy, ; are the angular frequencies of
pump, signal, and idler, respectively. In the small-idler, no pump depletion limit, the integrated

idler power is [36]
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which in addition to L,, crucially depends on the phase mismatch
AB =2B, = Bs — Bi +2vP) Y

where 3, are the various propagation constants and P, is the pump power. It is clear from
Eqgs. (8), (10) that by reducing the walk-off length, i.e., reducing the length over which the pump
and signal overlap, we can get better resolution on our pressure measurement, but at the cost of
weaker idler power and signal phase shift. In addition, for the FWM-based method we need to
operate at wavelengths leading to small phase mismatch in order to generate an observable idler
power, as will be discussed in more detail in the following section.

3. Hollow-core fibre parameters

In this study we assume a perfectly symmetric, idealised 7-tube antiresonant hollow-core fibre
(inset of Fig. 2(a)) with a core radius of 20.5 um, capillary radius of 5.64 ym, and capillary wall
thickness of 446 nm operating in the fundamental window, similar to the fibre used by Kelly
et al. [37]. Note that in the calculations in this paper we ignore propagation losses, although
it would be straightforward to include them in the analysis, in order to focus predominantly on
the nonlinear effects. For practical lengths of fibre, the AR-HCF of Fig. 2 would have too high
propagation losses and lower loss NANFs or DNANFs would be used.
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Fig. 2. (a) Minimum observable air pressure given by Eq. (12) for the sample fibre structure
(inset) used in this study. (b) Group index and group velocity dispersion of the fundamental
mode of the fibre.

We simulate the fibre properties using a mode analysis based on the finite-element method
(COMSOL Multiphysics) within the Electromagnetic Waves, Frequency Domain module,
incorporating the full anti-resonant fibre geometry and the material refractive indices. The
simulations calculate the fundamental mode, its propagation constant, and its effective mode
area over the wavelength range of interest. These results are then used in the NLSE, Eq. (1),
implemented in Python.

We determine the minimum gas pressure measurable by our method, i.e., the pressure at which
the gas contribution to the optical nonlinearity equals that of the glass in Eq. (2), as

la: 4
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shown in Fig. 2(a). We find that in the wavelength region of 1060-1600 nm the minimum
observable pressure is 1 — 5 x 107* atm, thus allowing for pressure measurements over 3.5 orders
of magnitude below atmospheric pressure. For lower gas pressures, the nonlinear effect of the
glass will dominate. Note, however, that this could still be taken into account in the analysis as
long as the signal-to-noise ratio of the measured values of P;, ¢, xpu is sufficiently high. Two
orders of magnitude lower gas pressures can still be observed in improved fibre designs such as
NANFs [3] and DNANFs [4] that have better confinement in the core of the fibre.

The group index and the group velocity dispersion of the fundamental mode are shown in
Fig. 2(b). The fibre exhibits a fundamental transmission window starting near 892 nm; significant
dispersion is observed in the vicinity of this resonance. The zero dispersion wavelength (ZDW)
is at 1134 nm. The group index has a minimum at the ZDW, leading to the fastest pulses at that
wavelength.

Further analysis of the dispersion properties of this fibre is shown in Fig. 3. In (a) we show the
phase mismatch AS, Eq. (11), versus pump and signal wavelength, where the idler wavelength is
chosen according to the energy conservation condition (w; = 2w, — wy). Phase matching, leading
to strong idler generation, is expected when pump, signal, and idler are close together (diagonal
line in the figure) or when operating near the ZDW (near-vertical feature near 1134 nm). Away
from these two regions, the coherence length 1/Af quickly reduces to the sub-metre regime.

The walk-off length L,,, Eq. (9), is shown in Fig. 3(b). We see two regions of large walk-off
lengths, one where the pump is close to the signal and the second around the minimum of the
group index of Fig. 2(b) where signal and pump wavelengths can be chosen with the same group
index. As mentioned before, these parameter regimes will lead to stronger nonlinear effects,
but simultaneously to poor spatial resolution of the pressure measurements and a compromise
must be found for the purposes of our study. For the FWM-based approach, the phase mismatch
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Fig. 3. (a) Phase mismatch (AB) vs signal and pump wavelength for the fibre of Fig. 2. (b)
Corresponding walk-off length L,, vs pump and signal wavelength for 1 ps pulses.

curve implies the use of a pump in the anomalous dispersion regime. The signal wavelength
could then be chosen in the normal-dispersion regime to achieve better resolution due to a shorter
walk-off length. However, in this regime the signal will experience stronger dispersive pulse
broadening. To minimise the effect of broadening, we will in the following use a signal in the
anomalous dispersion regime. For the FWM-based approach this then puts the idler into the
normal dispersion regime; however our method is less sensitive to idler pulse distortion than to
signal distortions.

4. Simulations of nonlinear optics pressure measurements

4.1. XPM-based approach

We first investigate the XPM method of distributed AR-HCF pressure measurement, which is
based on the nonlinear XPM phase shift of the signal pulse. As discussed in Sec. 2, this has the
advantage over the FWM-based method of not requiring phase matching, thus giving us more
flexibility in selecting our pump and signal wavelengths. In particular, we can use the group
index shown in Fig. 2 to choose wavelengths according to laser availability and difference in
group velocity, where a larger difference in the group velocity yields a better spatial resolution.
We pick two wavelength ranges of interest, one around 1550 nm in the telecommunications C
band and one near the ZDW of the fibre. Unless stated otherwise, the delay in pump and signal
pulses at the fibre input is chosen to be 2 ps, yielding overlapping pulses at positions 1.2 - 11.6 m
within a 100 m long fibre.

Figure 4 shows the XPM phase shift ¢ xpur, Eq. (8), of the signal for a range of pulse parameters
for our sample fibre. In Fig. 4(a) we see that for a spatial resolution of around 3-8 m with the
most powerful pump (100 kW peak power of a 1 ps pulse) we obtain a phase shift of order 1 rad,
which e.g. Mach—Zehnder interferometers can easily measure. We also observe that the phase
scales linearly with the pump power and linearly with the pulse walk-off length, as expected.
Figure 4(b) shows the same trends in the wavelength region near the ZDW. Comparing the two
figures, we note that the phase shifts are approximately the same for the same spatial resolution
and pump powers, as expected from the analytic approximation of Eq. (8). For example, at a
resolution of 5 m and for 100 kW peak powers, the nonlinear phase shifts are 0.69 rad for the
1550 nm pump and 0.67 rad for the 1150 nm pump, with the small differences attributed to the
slight difference in mode area calculated by Comsol Multiphysics to be 1.95 x 10719 m? at 1150
nm and 1.84 x 107! m? at 1550 nm.

In Fig. 5, the phase shift is observed to scale linearly with pressure, as expected from theory.
The differences in gradient arise from variations in mode area and walk-off length at different
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Fig. 4. Nonlinear XPM phase shift ¢ xpps of the signal vs signal wavelength and for pump
peak powers 0.1-100 kW with pump wavelengths of (a) 1550 nm and (b) 1150 nm. Pulse
length is 1 ps, signal peak power 1W and pressure 1 atm. The resulting spatial resolution,
given by 2L,,, is also shown.

wavelengths, demonstrating that longer pulse interactions lead to stronger XPM phase shifts.
This confirms that the expected model can be reliably used to track pressure in AR-HCFs
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Fig. 5. XPM phase shift vs pressure for pump A, = 1550 nm and signals A; = 1600 nm and
1630 nm (dashed lines) with resolution of 4.95 m and 3.04 m, respectively, and for pump
Ap = 1150 nm, and signals A; = 1030 nm and 1060 nm (solid lines) with resolution of 2.04
m and 5.82 m, respectively.

To test the distributed pressure measurement using the XPM-based scheme we define two
sample pressure distributions p; 2(z) (in units of 1 atm) as

0.6 atm, 0 <z<
02am, 5<z<L

ot~

pi(2) = \/ 1- %(1 ~0.0012), py(z) = { (13)

and use these in the NLSE to simulate the pump and signal propagation through a 100 m long fibre.
In Fig. 6(a) we compare the analytical input p;(z) and our reconstructed pressure profile using
Eq. (7) for a pump wavelength in the telecommunication C band and find excellent agreement.
This pressure profile is only slowly varying and does not require high spatial resolution for
precise distributed measurements. We thus investigate the reconstruction of the step-profile
p2(z) in Fig. 6(b). Here we can clearly see the limitations of the spatial resolution given by the
walk-off length between pump and signal pulses. Increasing the wavelength difference between
pump and signal by moving the signal wavelength from 1600 nm to 1630 nm shows the expected
improvement in spatial resolution from 4.55 m to 2.8 m, see Fig. 4, given by the larger group
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velocity difference and thus shorter walk-off length. In these simulations we used 100 time delays
between the launched pump and signal pulses, i.e., we ran 100 simulations of the NLSE. Note,
however, that the spatial resolution is determined by the walk-off length and not by the number of
pulses. Similar results are obtained if pump and signal wavelengths are chosen close to the ZDW
of the fibre, Figs. 6(c,d), demonstrating that this method works well at any choice of wavelengths.
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Fig. 6. Distributed pressure measurements using the XPM-based method. Two sample
pressure profiles pi(z) (a,c) and py(z) (b,d) are used in the NLSE simulations and then
reconstructed from the signal output phase for 100 kW pump, 1 W signal peak powers at
different wavelengths: (a) 4, = 1550 nm, A; = 1600 nm, (b) 4, = 1550 nm, 43 = 1600 nm
and 1630 nm, (c) 4p = 1150 nm, A; = 1060 nm, (d) 2, = 1150 nm, A = 1030 nm and 1060
nm.

4.2. FWM-based approach

We now investigate the FWM-based pressure measurement approach. In Fig. 7(a), we explore
the effect of the pump peak power on the idler output power as we sweep across the pump
wavelength in the anomalous dispersion region close to the ZDW. For each pump wavelength the
signal and idler wavelengths are chosen to satisfy the phase matching condition (Fig. 3(a)). The
delay between pump and signal pulses is again chosen to be 2 ps, yielding overlapping pulses at
positions 0.66 - 8.77 m in a 100 m long fibre. As the wavelength moves further from the ZDW,
the resolution improves caused by shorter walk-off lengths but idler output power reduces. When
both the pump and signal powers are reduced by an order of magnitude, we lose three orders of
magnitude from the idler power output, in line with Eq. (10). Thus, maximising the available
pump power is imperative for this scheme to work.

In Fig. 7(b), we show the idler power as a function of pump wavelength and for the fibre filled
uniformly with different gas pressures. As discussed in Section 2, the idler drops quadratically
with the pressure reduction.

Next, we test the distributed pressure measurement using the FWM-based scheme to demon-
strate the system’s resolution. The pressure profiles defined in Eq. (13) are used in the NLSE to
simulate pump, signal, and idler propagation through a 100 m long fibre, using 100 simulations
with different launch delays between pump and signal pulses to cover the fibre length. From the
output idler power we then reconstruct the pressure profile, as discussed previously.

The reconstruction of profile p;(z) is shown in Fig. 8(a) for a pump wavelength of 1140 nm
near the ZDW for two different pump powers of 2.5 kW and 10 k€W with corresponding signal
powers of 1.25 kW and 5 kW, respectively. For 2.5 kW pump peak power, this FWM-based
method produces a highly accurate distributed measurement of the pressure profile. Using too
high powers, such as 10 kW, on the other hand, deteriorates the accuracy of the reconstructed
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Fig. 7. Idler power vs pump wavelengths near the fibre ZDW. (a) Idler power for pump peak
powers of 100 W to 10 kW. Pulse length is 1 ps, pressure 1 atm, and signal power is one
half of the pump power. Also shown is the spatial resolution of the FWM-based pressure
measurement, given by 2L,,, Eq. (9). (b) Idler power for pressures of 0.1-1 atm with pump
peak power of 10 kW and signal peak power of 5 kW.

pressure profile; this is due to self-phase modulation induced broadening of the pump pulses
at 1 atm leading to greater than expected idler output power. The limiting pump power can be
estimated from the SPM phase shift, given by yPL, which should by <  but for 10 kW here is
1.5 rad. Figure 8(b) shows the (numerical) distributed measurement of the step pressure profile
pa(z) at the lower peak pump power of 2.5 kW. For a pump wavelength of 1140 nm the spatial
resolution is limited to 9.55 m (see Fig. 7) which improves to a resolution of 1.2 m for a pump
wavelength of 1160 nm with corresponding wider signal and idler separation.
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Fig. 8. Distributed pressure measurements using the FWM-based method. (a) The sample
pressure profile p1(z), Eq. (13), is used in the NLSE simulations and then reconstructed from
the idler output powers for 2.5 kW pump/1.25 kW signal and 10 kW pump/5 kW signal for
wavelengths 4, = 1140 nm, A; = 1065 nm, A; = 1226 nm. (b) Reconstruction of pressure
profile py(z) at 2.5 kW pump/1.25 kW signal power and wavelengths as in (a) and with
wavelengths A, = 1160 nm, A; = 1014 nm, A; = 1355 nm.

In Fig. 8 we chose pump wavelengths relatively close to the ZDW. As already discussed in
Fig. 3, phase matching can also be approximately achieved far away from the ZDW if pump,
signal, and idler are close together in wavelength. This region includes the telecommunication C
band around 1550 nm where most AR-HCFs are designed to have minimum loss.

We analyse the coherence length, L., = 277/AB, and walk-off length near 1550 nm in Fig. 9.
To achieve effective FWM, Eq. (10) implies that the coherence length exceeds the walk-off length,
otherwise power is periodically transferred back from the idler into the pump. As shown in the



Research Article Vol. 33, No. 25/15 Dec 2025/ Optics Express 52596 |

Optics EXPRESS i N

figure, this limits the available bandwith of signal wavelengths to around 2 nm for 1 ps pulses and
33 nm for 0.1 ps pulses. On the other hand, the transform limited bandwidth of 1 ps pulses is 3.5
nm and for 0.1 ps pulses it is 35 nm. We therefore find that efficient FWM can only be achieved
with pulses that spectrally overlap. It is thus not possible to separate the idler pulse from the
pump at the fibre output and our FWM-based distributed pressure measurement technique cannot
be applied in this pump wavelength regime.

—— 2Ly, 0.1 ps
102 — 2Ly, 1.0 ps
. Lcoh
g
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Fig. 9. Coherence length L.y, and the overlap distance 2L,, of signal and pump pulses for a
pump at 1550 nm vs signal wavelength for pulse widths of 0.1 ps and 1 ps for the chosen
AR-HCF.

4.3. Impact of fibre non-uniformity

Real fabricated AR-HCFs are not completely uniform, but the geometry can vary significantly
along the fibre length [38], which can have a large impact on the fibre dispersion properties. We
thus examine in this section how changes in fibre geometry affect the FWM idler generation
and the XPM signal phase shift as the essential quantities of interest for our distributed pressure
measurements. Specifically, we investigate the effect when changing the thickness of the
capillaries in the AR-HCF from 446 nm to 446 + 10 nm (approximately 4% change). Note that a
fluctuation in capillary wall thickness is accompanied by a change in capillary diameter such that
the total cross section area of glass (i.e., its mass) is conserved.

Figure 10 shows the change in chromatic dispersion properties of the AR-HCF with varying
capillary thickness. Figure 10(a) shows a significant shift of the zero dispersion wavelength by
about 25 nm, from 1133.7 nm at 446 nm capillary thickness to 1109.2 nm at 436 nm and 1158.1
nm at 456 nm, which will significantly affect the phase matching condition of FWM. In this figure
and the group index shown in Fig. 10(b) we see that changes in the capillary thickness mostly
affect the wavelength region near the high-loss resonance and the ZDW, while for wavelengths far
above the ZDW the group velocity dispersion differences are smaller and thus, for example, the
distance at which signal and pump pulses overlap and the walk-off length will be less affected.

In Fig. 11(a) we see that the shift in the ZDW for fibres with even small changes of the
capillary thickness causes a significant change in the achievable FWM idler power at given pump
wavelength. Note that for the curves in this figure we assume that the signal/idler wavelength
pair is chosen to fulfill phase matching. For the FWM-based pressure measurement in a fibre
whose geometry varies along its length, this means that to maintain significant idler output
power both the pump and the signal wavelength must be optimised depending on the position
20, Eq. (6), where pump and signal overlap, making a potential experiment and data analysis
much more complex, possibly requiring a separate measurement of the position dependent ZDW
[27]. For the XPM-based method, on the other hand, the XPM induced nonlinear phase shift
is only changing by less than 2%, as shown in Fig. 11(b) due to the relatively small changes
in group delay in the chosen wavelength region (Fig. 10) and a similar small change in the
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Fig. 10. Variation of AR-HCF properties with capillary thickness varied by 446 + 10 nm
for the fibre discussed in Sec. 3. (a) Dispersion parameter D vs wavelength. (b) Group index
vs wavelength.

nonlinearity y because of a varying mode area, which implies that even a relatively large fibre
inhomogeneity would only introduce a 2% error in the pressure measurement. This demonstrates
that the proposed XPM-based pressure measurement approach is much more robust against fibre
geometry fluctuations than the FWM-based approach since XPM does not depend on fulfilling a
stringent phase matching condition.
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Fig. 11. (a) Idler output power for the AR-HCF with modified capillary thickness (given in
the legend) vs pump wavelength near the ZDW. In each case, signal and idler are chosen to
fulfill the phase matching condition. Peak pump power is 10 kW, peak signal power 5 kW.
(b) Change of XPM signal phase shift relative to the results of Fig. 5(a) vs pump wavelength
for peak pump power 100 kW, signal peak power 1 W. All simulations at 1 atm pressure for
1 ps pulse lengths.

5. Conclusions

We have proposed and numerically investigated two approaches to exploit nonlinear optical
effects for distributed measurements of the gas pressure in the core of hollow-core optical fibres,
one approach based on four-wave mixing, the other on cross phase modulation.

We have demonstrated that for realistic experimental parameters these methods offer a spatial
resolution comparable to traditional OTDR measurements, reported as 5 m [20]. However,
OTDR back-reflection signals are directly proportional to gas density and can fall within 10 dB
of the detection noise floor [39,40], posing a significant constraint on the lowest measurable gas
pressure. In contrast, our nonlinear techniques rely on spectrally separating the powers of the
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pump, signal, and idler at the output and/or on measuring a signal phase, which could potentially
achieve a substantially lower pressure detection limit. We estimate a detection limit of order
1073 atm determined by the residual nonlinearity of the fraction of light propagating inside the
glass, but note that highly sensitive photodectectors and/or stable interferometric or heterodyne
detection may be required to achieve this limit.

The FWM-based method can work efficiently for laser wavelengths near the zero-dispersion
wavelength of the fibre, though this may require a signal or idler wavelength closer to the edge
of the fibre transmission window and thus at increased losses. It also relies on phase matching,
which makes this method susceptible to fluctuations of the geometry along the fibre length. The
XPM-based method, on the other hand, requires the measurement of the signal phase at the
output and thus more complicated experimental setups, but works effectively at any wavelength
and is much more robust against fibre fluctuations.

Finally, we note that the FWM idler power scales with the square of the pump laser power
and with the square of the gas pressure, making this method more beneficial if high laser powers
are available. In contrast, the XPM phase shift scales linearly with both laser power and gas
pressure and may therefore be more suitable at lower gas pressures. The choice of the optimum
distributed measurement method will thus depend on the operating parameters, such as available
laser wavelengths, laser power, and confinement of the fibre.
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