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Mode control and laser beam shaping in multimode and multicore fibres

by

Kunhao Ji

Multimode (MM) and multicore fibres (MCFs) have been exploited in numerous important
research areas, ranging from fibre lasers and telecommunications to transmission and sensing.
However, designing and understanding multimodal nonlinear optical systems present significant
technical and conceptual challenges. The ability to control light fields with multiple degrees of
freedom is expected to become a key focus for future developments in multimode nonlinear
systems. This project aims to investigate the dynamics of multimodal interactions in multimode
and multicore fibres. In this thesis, mode control and laser beam shaping in homemade MCFs
and commercial MMFs are explored. Firstly, the modal dynamics in multimode counter-
propagating systems are investigated, including mode rejection and control when the forward
signal and backward control beam (BCB) are both operating in the nonlinear regime (high peak
power). Mode rejection of a specific spatial mode was successfully observed in the output
forward signal when the input BCB was coupled to the same mode with comparable power, using
dual-core fibres (DCFs), tri-core fibres (TCFs), and commercial MMFs with lengths of 0.4-1m, at a
total peak power of 4-16 kW for counter-propagating beams with 0.5 ns pulses at a wavelength of
1040 nm. Secondly, the concept of counter-propagating nonlinear gratings is introduced when
only the BCB is in the nonlinear regime. The BCB generates a multimode nonlinear grating that
can be utilized for all-optical mode switching and power switching for the forward probe beam.
Mode switching in 0.4 m MMFs and MCFs was observed with a BCB power of 6-12 kW in 0.5 ns
pulses at a wavelength of 1040 nm. Core-to-core power switching in 0.4 m DCF and TCF was
measured with a BCB power of 7-10 kW. Thirdly, wavelength and mode conversion in MCFs were
investigated by exploring four-wave mixing (FWM) between supermodes in MCFs. Efficient FWM
and supermode/wavelength conversion were demonstrated with a pump wavelength of 1040 nm
in several homemade MCFs, including DCF, TCF, 4-core, and 7-core fibres. Finally, laser beam
shaping in uncoupled MCFs was investigated. The controlled generation of ps-pulsed structured
beams was achieved using a coherently combined 6-core Yb-doped MCF amplifier. This method
produced linearly polarized Gaussian beams, cylindrical vector mode beams, and orbital angular
momentum mode beams with peak powers of 10-14 kW and pulse durations of 92 ps at a
wavelength of 1035nm. Overall, these results demonstrate mode control and beam shaping in
MMFs and MCFs, highlighting the potential for all-optical light manipulations in various future
photonics applications.
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the comparison between the measured and reconstructed FF beam profiles
when the input BCB is the SM; mode. (c), (d) MD results and beam profile

comparisons when the input BCB is the SMo mode. ....ccocvveveeviniinnennenn. 100

Mode rejection results for a specific input FS in the DCF but with different input
BCBs. (a) The SM, mode content versus the BCB power with different input BCB
modes, and the output FS beam profiles at points A-C are given in (b). (c), (d) The
mode rejection results with different BCB polarization directions relative to the
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Mode rejection results for the DCF with different input FSs and a fixed input BCB
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Robustness of the mode rejection effect (red lines) in the DCF with comparisons
to the output FS when the BCB is switched off (black lines). 5 and 10 different
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Mode rejection of the (a) SM4, (b) SM,, (c) SM; mode in the TCF. Mode

decomposition of the output FS in the TCF versus the BCB power under different
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launching conditions (experiments: markers, simulations: lines). The bottom
images are the FF beam profiles of the output FS for three distinct BCB powers.
The input power and mode composition of the input FS and BCB are listed on the
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Mode rejection effect in the TCF with varying polarization states between the
BCB and the FS. (a)-(c) Mode conversion of the three supermodes when the input
BCB is coupled to the SM; mode with different polarization directions relative to
the FS. (d)-(f) Mode conversion of the three supermodes when the input BCB is

coupled to the SM, mode with varying polarization directions relative to the FS.

Comparison between the dynamics of the output FS and output BCB in the DCF.
The MD of the output FS(BCB) versus the launched BCB(FS) powers during the
rejection of the SM, mode in the output FS. The input and output FS(BCB) far-
field beam profiles are shown in (b). The input power and mode composition of

the input FS and BCB are listed on the top of each panel..................... 106

Comparison between the dynamics of the counter-propagating beams in the
DCF. The mode decomposition of the output FS(BCB) in the DCF versus the
launched BCB(FS) powers when the BCB is not coupled to a single mode. (a)-(c)
Both the output FS and output BCB are in the SM, mode. (d)-(f) Both output

counter-propagating beams are mainly in the SM; mode........c..c......... 107

Preliminary experiments of all-optical mode control in the TCF, where the input
BCB is coupled to a combination of supermodes (see the mode composition on
the top of each panel), while the input FS remains almost identical. The bottom

images display the FF beam profiles of the output FS at different BCB powers.

Theoretical mode switching of the PB in PM1550-xp calculated from Eq. (4.2.7),
with the evolution of the counter-propagating BCB calculated from Eq. (4.2.3).
The boundary conditions: PB (z=0, 100% LPos mode, total power=0.1 kW), BCB
(z=3*Lne (10 cm), 50% LPos mode and 50% LP+; mode, total power=10 kW).

Theoretical mode switching of the PB in PMHN1, with the boundary conditions:
PB (z=0, 100% LPos mode, total power=0.1 kW), BCB (z=13.2*Lx. (10 cm), 50%
LPos mode and 50% LP+; mode, total power=10 kW). .....cccevvivrivniennnnnen. 115
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Theoretical mode switching in PMHN1 with different boundary conditions. (a) PB
(z=0, 100% LPo1 mode, total power=0.1 kW), BCB (z=13.2*Ln. (10 cm), 50% LPo;
mode and 50% LP1; mode, total power=10 kW, orthogonally polarized with the
PB). (b) PB (z=0, 50% LPo; mode and 50% LP,; mode, total power=0.1 kW), BCB
(z=13.2*Ln, 90% LPoi mode and 10% LP:; mode, total power=10 kW, co-
polarized with the PB). (c) PB (z=0, 30% LPos mode and 70% LP,1 mode, total
power=0.1 kW), BCB (z=13.2*Lni, 80% LPo1 mode and 20% LP;; mode, total
power=10 kW, co-polarized with the PB). ......cccooiiiiiiiiiiiiiiiiiiieenn, 115

Analytical solutions (lines) from Eq. (4.2.7) and numerical simulations (dots) of
Egs. (3.2.1) and (3.2.2) in a 2-mode counter-propagating scenario, with the
PMHN1 fibre parameters applied. (a) Mode switching of the PB (normalized
power Pps=1) versus the propagation distance when the BCB is evenly coupled
to the LPos mode and the LP1; mode under different total launched powers (Pce=1,
50, 100). (b) Mode switching of the PB versus the launched BCB power under
different BCB mode compositions, with ¢c(LPo1) of the total launched BCB power
coupled to the LPo; mode. (c) Mode switching of the PB versus the launched BCB
power under different BCB polarization states, with 0 deg denoting the co-

polarization and 90 deg denoting the orthogonal polarization.............. 116

Theoretical mode switching of the PB in DCF, with the boundary conditions: PB
(z=0, 100% SM; mode, total power=0.1 kW), BCB (z=3*Ln. (10 cm), 50% SM;
mode and 50% SM, mode, total power=10kW).......cooeviuiiiiiiiinniinnnnnen. 117

Theoretical mode switching in bimodal platforms: (a) PM1550-xp, (b) PMHN1, (c)
DCF. For each fibre, the relative power of the LPy(or SM1) mode in PB is plotted
as a function of the LPy: mode power in BCB (x-axis), the propagation distance
(y-axis), and the initial LPos mode power in PB (z-axis). The slices are the LPoq
mode power evolutions in PB with the same initial LPo1 mode power but under

different BCB mode compositions and at different propagation distances.117

Theoretical mode switching of the PB in TCF, with the boundary conditions: PB
(z=0, 100% SM; mode, total power=0.1 kW), BCB (z=9.2*Ln. (40 cm), 73% SM;
mode, 10% SM, mode, and 17% SM; mode, total power=10 kW). ........ 118

Theoretical power switching between the DCF cores in PB. (a) The PB power
distributions in the right DCF core as a function of the SMy; mode power in BCB
(x-axis), the propagation distance (y-axis), and the initial SM; mode power in PB

(z-axis). The slices are the results under the same initial SMy mode power in PB.
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(b) A slice of (a) when the initial SM1 mode power in PB is set as 0.5. (c) The PB
power distribution within the two DCF cores versus the propagation distance,
with the initial SM1 mode power of 0.5 in PB and the BCB coupled into 88% SM;
mode and 12% SMaMOdE. c....ievuriiiiniiiiiiiiiiiiii e 120

Theoretical power switching between the TCF cores, with the boundary
conditions: (a)-(c) PB{50% SM,, 30% SM,, and 20% SM; modes}, CB{70% SM.,
10% SM,, and 20% SMs; modes}; (d)-(f) PB{50% SM,, 0% SM,, and 50% SMs
modes}, CB{80% SM;,, 0% SM,, and 20% SM; modes}. The power distribution
among the cores is depicted in (a) and (d) for the PB, and (b) and (e) for the BCB,

with the integrated powers within individual cores plotted in (c) and (f).121

Comparison between high power probe (mode rejection) and low power probe in
a bimodal fibre. (a)-(b) Mode distribution of the output probe (a) and output BCB
(b) versus the BCB peak power when the probe is in a strong nonlinear regime
(peak power fixed to 10 kW). The output probe is asymptotically organized to the
mode state orthogonal to the input BCB, and vice versa. (c)-(d) Mode distribution
of the output probe (c) and output BCB (d) versus the BCB peak power when the
probe is in linear regime (peak power fixed to 0.01 kW). The output probe mode
distribution oscillates sinusoidally as a function of the BCB power, whereas the

BCB mode distributionis unchanged. ........ccccccoviiiiiiiiiiiiiic e, 122

Experimental setup to investigate the mode switching dynamics in nonlinear

(o] o) o= 18 {1 ] Y- TN 124

Observation of LP mode switching in the PM1550-xp fibre under various
boundary conditions, as detailed at the top of each panel. The experimental
results (dots with £2% error bars) are compared with the theoretical calculations
(lines). (a)-(c) Mode decomposition of the PB output PB..: over the LPy1, LP11e, and
LP+1, modes, as a function of BCB power. (d)-(f) Mode decomposition of PBout
over the LPo; and LP;; modes as a function of BCB power, with LP;; mode content

as the content summation of the LP11c and LPq1, modes. .......cccuveneennen. 125

Observation of LP mode switching in the PMHN1 fibre under various boundary
conditions, as detailed at the top of each panel. The experimental results (dots)
are compared with the theoretical calculations (lines). (a)-(c) Mode
decomposition of PB..: over the LPq1, LP11e, and LP11, modes, as a function of BCB

power. (d)-(f) Mode decomposition of PB..: over the LPos and LPy; modes as a
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function of BCB power, with LP,; mode content as the content summation of the
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Comparisons of mode switching results using the PM1550-xp and the PMHN1
fibres. The evolution of the LPo; mode power in the PB,. is compared under
varying PBi, and BCB coupling conditions. The experimental results (dots) are
compared with the theoretical calculations (lines). (a) Five different mode
switching results of PM1550-xp, with the PB,, beam profiles and BCB conditions
illustrated in (b). (c) Three mode switching results of PMHN1, with the
corresponding PB..: beam profiles at various BCB powers displayed in (d),

alongside the BCB conditions. Pgcg: BCB POWET . ...iviiviiiiiiiiiiienenns 129

Observation of supermode switching in the DCF under various boundary
conditions, as detailed at the top of each panel. The experimental results (dots)
are compared with the theoretical calculations (lines). Mode decomposition of
PB..: over the SM; and SM, modes, as a function of BCB power. PB and BCB are
co-polarized in (a)-(c), and (f), whereas they are orthogonally polarized in (d) and
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Observation of supermode switching in the TCF under various boundary
conditions. Mode decomposition of PB,.: over the SM4, SM,, and SM; modes, as
afunction of BCB power, with the boundary conditions detailed at the top of each
panel. The experimental results (dots) are compared with the theoretical
calculations (lines). The insets are PB,.: beam profiles when the BCB is switched
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Experimental observation of power switching between the DCF cores with
different initial states at a BCB power of ~10 kW. The relative power in the left
core (labelled as core1) is plotted as a function of the BCB power, with the total

power within the two cores normalized as 1. ....ccceviiiiiiiiiiiiininienennnnn, 133

Observation of power switching between cores in the TCF under various
boundary conditions. The relative power in each individual core is plotted as a
function of BCB power, with the total power within all cores normalized to 1. Five

experimental results are shown in (a)-(e), with the core labels indicated in (f).

All-optically tuneable mode conversion in the DCF by adjusting BCB power and
mode composition. (a)-(c) Theoretical mode conversion of PB,.: as a function of

the BCB power (x-axis) and the BCB mode composition (y-axis), with the input

17



Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Table of Figures

PBi, conditions indicated at the top of each panel. The colour scale represents
the relative SMy mode power in PB,y. The red dashed lines denote the relative
SM; mode content in PB..: when (a) 65%, (b) 65%, and (c) 99% of the BCB power
is coupled to the SMy; mode. The corresponding experimental results are
illustrated in (d) a full conversion up to 100% SM; mode, (e) a partial conversion
to the 88% SM, mode, and (f) a negligible conversion. Error bars of +3% are added
to the experimental results to represent the estimated uncertainty of the MD
algorithm for MCFs. PB,y beam profiles at 3 distinct BCB powers are displayed
ONThe right. ... 136

All-optically tuneable mode conversion in the DCF by adjusting the BCB
polarization state. The SM; mode content in PB.. is plotted as a function of the
BCB power when the BCB is (a) co-polarized or (b) orthogonally polarized with
respect to the PB. The boundary conditions are detailed at the top of each panel,
and the PB,, beam profiles at 3 distinct BCB powers are listed on the right. (c)
Mode conversion in PB.: versus the relative polarization state of the BCB with

respect to PB, starting from the SM,; mode state when the BCB is turned off.

All-optically tuneable devices integrated with a 0.4m-long DCF. (a) Tuneable
X/(1-X) power splitters by varying BCB power, with the measured relative powers
illustrating power splitting from one core to two cores. The insets are side views
of the spatial beam shape in the two cores. (b) Tuneable power combiner, with
the measured relative powers and insets demonstrating power combining from
two cores into one core. (c) Tuneable power switch, providing the power

rerouting from one core to another Core. ...ocivvviriviiiiiniieiieeieeeeennens 138

All-optically tuneable devices integrated with a 0.4m-long TCF. Side views of the
spatial beam shape in the three cores illustrating power distribution among the
cores. (a) Tuneable power splitters by varying BCB power, with measurement
demonstrating even power splitting among three cores. (b) Tuneable power
combiner, with measurement demonstrating power combining into one of the
three cores. (c) Tuneable power switch, providing the power rerouting from one
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Experimental setup for investigating the temporal dynamics of power switching
inthe DCF, with aninsetillustrating the counter-propagating PB and BCB, as well
as the BCB reflection at the fibre end. M: mirror, L1(2): lens. ............... 139
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Figure 4.24 Measured temporal shapes for PBou: (0.5ns pulse width) in the two DCF cores,
with the BCB either (a), (d) turned off or (c), (f) turned on. The relative powers in
two cores are normalized such that their sum equals 1. (a)-(c) represent an
example of power switch, with power distributions versus BCB power displayed
in (b), whereas (d)-(f) illustrate an example of power splitter with power

distributions SNOWN iN (€)...eeuieniiiiiiiiii et 140

Figure 4.25 All-optical detection of input PB phase in the DCF by measuring the PBou
evolution (at terminal ends). (a) Theoretical SM; mode power as a function of
BCB power (y-axis) and the phase difference between the SM; and SM, modes in
PBi, (x-axis). Mode decomposition of the input PB and BCB is indicated at the top.
The red dashed lines correspond to the experimental results in (b)-(d), where the
BCB is coupled with 65% SM; mode and 35% SM, mode. The PB, is coupled with
~90% SM; mode and ~10% SM, mode, but with various SM, mode phases and
various polarization states: (b) ¢=0.3rad, BCB and PB are co-polarized (parallel);
(c) p=2.4rad, BCB and PB are orthogonally polarized; (d) ¢=5.6 rad, BCB and PB

are orthogonally polarized. .......cveuviiiiiiiiiiiiii et eeeaes 141

Figure 4.26 All-optical detection of input PB phase in the DCF by measuring the PBou
evolution at terminal ends. (a) Theoretical SMy mode power as a function of BCB
power (y-axis) and the phase difference between the SM, and SM, modes in PB,
(x-axis). Mode decomposition of the input PB and BCB is indicated at the top. The
red dashed lines correspond to the experimentalresults in (b)-(c), where the BCB
is coupled with 75% SM+ mode and 25% SM, mode. The PBi, is coupled with ~67%
SM; mode and ~33% SM, mode, but with different SM, mode phases: (b) ¢$=2.1
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Figure 5.1 Wave vector matching conditions for FWM between different pairs of modes. (a)
The m-th mode at frequencies ws and w,, and the k-th mode at frequencies w,
and w;. (b) The m-th mode at frequencies ws, wp, and w;. (c) The m-th mode at

frequencies ws and wp, and the k-th mode at frequencies ws and wp. .. 147

Figure 5.2 Variations in the gain spectrum (centred around the pump frequency) when
additional modes and frequencies are taken into account. (a) Gain spectrum
when considering only the m1 mode in signal and the m2 mode in idler
(Asm1tAimz). (b) Gain spectrum when considering both the m1 and m2 modes in
signal and idler (Asmi+AsmatAimi+Aim). Note that gain around zero frequency
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Variations in the gain spectrum with the adjustments in dispersion parameters.
(a) Gain spectra under varying second order dispersion values for the m2 mode.
(b) A specific instance of the gain spectrum with the second order dispersion of

the M2 Mode Sett0 30 PSZ/KM..ccuuueieeiiiieeeeeirieeeeeeiieeeeeerteeeeeerreeeeeananns 151

Comparison between the gain spectrum obtained by numerical (red lines) and
analytical (blue dots) methods for a bimodal fibre with different second order
dispersion parameters: (a) B2,m1=1 ps¥km and Ba,m2=3 ps¥km; (b) Bo,m=1 ps?/km
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(a) Gain spectrum under varying second order dispersion values for the m2 mode
when including Raman effect. (b) The gain at the Raman gain peak (frequency=-
13.2 THz) for the m1 and m2 modes. (c), (d) Similar results to (a) and (b) when

Raman effect is NOt CONSIAEIE......cviuininiiiiiiiiieeeeeeeeeeeeeeaenen 153

(a) Cross section of the DCF. (b) Phase matching condition for the supermodes
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Phase matching conditions for different pairs of supermodes in the TCFs with
varying geometries: (a), (b) core diameter is 5 ym and core-to-core distance is 10

pm; (c), (d) core diameteris 4 um and core-to-core distance is 8 um...155

Phase matching conditions for different pairs of supermodes in the 4CFs with
varying geometries: (a), (b) core diameter is 5 um and core-to-core distance is 10
pm; (d), (e) core diameter is 4 um and core-to-core distance is 8 um. (c) Near-
field distributions for the four supermodes in 4CF, with white arrows denoting

the polarization directions in each core. (e) Corresponding far-field distributions.

Phase matching conditions for different pairs of supermodes in the 7CFs with
varying geometries: (a), (b) core diameter is 5 um and core-to-core distance is 10
pm; (d), (e) core diameter is 4 um and core-to-core distance is 8 um. (c) Near-
field distributions for the seven supermodes in 7CF, with white arrows denoting

the polarization directions in each core. (e) Corresponding far-field distributions.

Comparison between the numerical and analytical gain spectra by solving the
MM-NLSEs for a 1m-long DCF fibre, with Raman scattering neglected (a) and
[ aTed U8 Lo [=To I { o) HS TSRS PP PP 158

20



Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Table of Figures

Comparison between the numerical and analytical gain spectra by solving the
MM-NLSEs for 1m-long TCF fibres: (a),(b) core diameteris 5 um and core spacing
is 10 um, and (c),(d) core diameter is 4 ym and core spacing is 8 um, with Raman

scattering neglected ((a),(c)) and included ((b),(d))..ceevrerrernienieniiniennenns 159

Comparison between the numerical and analytical gain spectra by solving the
MM-NLSEs for Tm-long 4CF fibres: (a),(b) core diameteris 5 um and core spacing
is 10 ym, and (c),(d) core diameter is 4 pm and core spacing is 8 pm, with Raman

scattering neglected ((a),(c)) and included ((b),(d))..ceeeerrerneenienreniennanns 161

Comparison between the numerical and analytical gain spectra by solving the
MM-NLSEs for 1m-long 7CF fibres: (a),(b) core diameteris 5 ym and core spacing
is 10 ym, and (c),(d) core diameter is 4 pm and core spacing is 8 pm, with Raman

scattering neglected ((a),(c)) and included ((b),(d))-.-veeeereeeerenrenrenrennenns 162

(a) Schematic of experimental setup to measure the four-wave mixing and
wavelength conversion in MCFs. HWP: half-wave plate; I1SO: isolator; PBS:
polarization beam splitter; SLM: spatial light modulator; PM: power meter; BPF:
bandpass filter; BS: beam splitter; OSA: optical spectrum analyser. (b) Cross-

sections of homemade MCFS. ... 163

Raman and FWM processes measured in the DCF. (a) Raman scattering when
pumping with a single supermode: the input and output spectra of a 1Tm-long
DCF with the associated beam profiles. (b) FWM between two supermodes: the
input and output spectra of a Tm-long DCF coupled with a combination of
modes, in the comparison with the simulation. The below intensity profiles are

the output of the overall spectrum and at two FWM peaks (P, and P;).. 165

FWM and wavelength conversion in the TCF under different pump coupling
conditions, along with the output beam profiles after a tuneable bandpass filter.
(a) Output spectrum from a 3m-long TCF at a peak power of 2.25 kW, with two
FWM peaks (filtered out using the BPF) centred at wavelengths of 1004 nm and
1077 nm. (b) Output spectrum from the same TCF at a peak power of 2 kW, with
two FWM peaks centred at wavelengths of 997 nm and 1087 nm. (c) Output
spectrum from the same TCF with four FWM peaks at wavelengths of 999 nm,

1003 nm, 1077 NM, @and 1087 NIM. «eeeriniiieiiiiiieie e eeenaes 166

FWM and wavelength conversion in the 4CF with core spacing of ~8 ym. (a)
Output spectra from a 4m-long and a 10m-long 4CF under different pump

coupling conditions. (b) Output spectrum from the 4CF at a peak power of 1.75
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kW, with two FWM peaks centred at wavelengths of 1016 nm and 1064 nm and
the associated beam profiles after a tuneable bandpass filter. (c) Output
spectrum from the 4CF and the filtered output beam profiles at the peak around

TTAD MM 167

FWM and wavelength conversion in a 5m-long 4CF with a core spacing of ~10 um

under different pump coupling conditions at a peak power of 1.25 kW. 168

FWM and wavelength conversion in a 7m-long 7CF with a core spacing of ~10 um

under different pump coupling conditions at a peak power of 2.5 kW. . 168

Wavelength and supermode conversion in the 7CF with a core spacing of ~8 um
under different pump coupling conditions at a peak power of 4.5 kW. Raman
scattering and its FWM with the pump are dominant in each case, with below
beam profiles showing the overall output and the filtered output around the
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CBC from a 6-core fibre. The near-field phase and polarization distributions
(a/b/c/d-1) with the corresponding combined intensity distributions (a/b/c/d-2)

and phase/polarization distributions (a/b/c/d-3) in the far-field........... 175

(a) Microscopic image of fibre cross-section. (b) Refractive index profile of the

fabricated preform. (c) ASE spectrum of the MCF. .......ccccoviiiiiiiinnnnn.n. 175

Schematic of the experimental setup. AMP: amplifier; PM: polarization-
maintaining; SMF: single-mode fibre; PBS: polarization beam splitter; A/2: half-
wave plate; ISO: isolator; DM: dichroic mirror; MLA: microlens array; BS: beam

splitter; CCD: charge-coupled device; QWP: quarter-wave plate; QP: g-plate.

Yb-MCF amplifier characterization. (a) Measured near-field intensity distribution
of the MCF output. (b) Average output power versus the launched pump power.
(c) Measured spectra of the seed and the amplified output at an average output
power of ~12.3 W, with a resolution of 0.5 nm (upper) and 0.02 nm (lower). (d)

Temporal pulse shapes of the seed and the amplified output at ~12.3 W.179

Generation of linearly polarized Gaussian beams. (a) Far-field beam profiles
without beam shaping. (b) Simulated far-field intensity distribution when all
cores are in-phase. (c), (d) Experimentally measured far-field Gaussian beam

profiles at the peak power of ~8.14 kW with orthogonal polarization states.
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Generation of LP mode-like beams. (a) Relative phase distribution among the
beamlets for the generation of LP,; mode, and the corresponding simulated far-
field intensity distribution in (b). (d) Phase distribution among the beamlets for
the generation of LP»; mode (the dashed circle indicating unused cores), and the
corresponding simulated far-field intensity distribution in (e). (c), (f)

Experimentally measured output beam profiles in the far-field............ 181

Generation of CV beams. (a) Simulated far-field intensity distribution when the
polarization orientation of the six beamlets are set as per the arrow directions in
(b). (c) Experimentally measured radially polarized output beam profile with a
peak power of ~11.4 kW, and the two-lobe patterns when the beam is passed
through a linear polarizer at different orientations (see white arrows in c-1 to c-
4). (d) Experimentally measured azimuthally polarized beam profile (at ~10 kW)

and the two-lobe patterns after passing through the linear polarizer (d-1 to d-4).

Generated OAM beams (first order). (a), (d) Experimentally measured output
beam profiles with a peak power of ~10.7 kW and the topological charge of +1,
respectively, as well as the corresponding intensity distributions after the beam
was passed through a rotatable linear polarizer (a-1,2 and d-1,2). (b), (e)
Measured spiral interference fringes for the generated OAM beams shown in (a)
and (d). (c), (f) 1D intensity profiles across the beam centre fitted with an

incoherent superposition of the LPo; mode and the OAM mode. .......... 184

Generation of OAM beams (second order). (a) Simulated far-field distribution
when the relative phase of the six beamlets is set to the value given in (b). (c), (d)
Experimentally measured beam profiles with a peak power of ~14.4 kW and the
topological charge of *2, respectively, as well as the corresponding intensity
distributions after passing through a rotatable linear polarizer. (e), (f) Measured

spiral interference fringes for the generated OAM beams shown in (c) and (d).

Numerical analysis on the factors affecting the combining efficiency and far-field
beam shape. (a) Calculated combining efficiency of the first-order OAM as a
function of MLA defocus with different mode composition (weight w of LPo,
mode) of the MCF output. (b) Combining efficiency of the combined Gaussian
and OAM beams with different MLA shifts in the CBC setup. (c) Combining

efficiency of the combined beams with different power distributions of the MCF

23



Table of Figures

beamlets. (d) Near-field and far-field intensity profiles under different power

distributions (A-D shown in (C)). «veuviuiiiiiiiiiiiiii i 186
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Wavelength
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c Velocity of light in vacuum
B Propagation constant
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B2 Second order dispersion
An Core-cladding refractive index difference
t Time
€o Vacuum permittivity
E Electric field
P, Linear part of the induced polarization related to electric field
P Nonlinear part of the induced polarization related to electric field
E Fourier transform of the electric field
en Polarization state of the m-th mode
M Transverse shape of the m-th mode
Bm Propagation constant of the m-th mode
Cm? Relative mode content (relative power) of the m-th mode
Om Relative phase of the m-th mode
Nn Effective mode refractive index of the m-th mode
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)(,((3) The 3 order nonlinear susceptibility related to the Kerr nonlinearity
)(}(?3) The 3 order nonlinear susceptibility related to the Raman nonlinearity
hr Raman response function
Y Kerr coefficient
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fr Fractional contribution of the delayed Raman response
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frnpq Intermodal overlap factor
Wp Frequency of pump
Wi Frequency of idler
Ws Frequency of signal
Or Raman-induced index changes
gr Raman gain coefficients
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Chapter 1 lIntroduction

1.1] Multimode and multicore fibres

An optical fibre is a cylindrical dielectric structure designed to guide light between its two ends.
It comprises a core, cladding, and coating. When lightis launched into the core, it undergoes total
internal reflection at the core-cladding interface, enabling it to propagate through the fibre.
Optical fibres were firstinvented for optical communication purposes. The first low-loss practical
optical fibre was produced in the 1970s by Corning Incorporated[1, 2]. This breakthrough was
soon followed by the instalment of a first optical telephone communication system using several
kilometers of optical fibre by General Telephone and Electronics in 1977[3]. Over the past 40
years, optical fibre technologies have seen tremendous development, driven by the growing
demand for high-speed, high-bandwidth, and low-attenuation optical fibre networks for data
transmission, modern telecommunications, and internet connectivity[4]. Since the 1980s,
significant efforts have been devoted to increasing the data-carrying capacity of a single optical
fibre. These efforts include improving fibre materials, fibre structures, manufacturing techniques,
and transmission systems[5]. Transmission capacity has been significantly enhanced by
multiplexing optical signals in time, wavelength, polarization and phase, exploiting the different
wavelengths, polarization states and phases of light[4]. Dense Wavelength Division Multiplexing
(DWDM) technology, which involves densely packing multiple wavelengths of light, along with
modern telecommunication systems, is capable of transmitting Tb/s through a single fibre[6].To
further increase transmission capacity, the concept of Space-Division Multiplexing (SDM) was
introduced [4, 6, 7]. SDM leverages multiple spatial channels, such as different spatial modes in
few-mode fibres (FMFs) and multimode fibres (MMFs) or different cores in multicore fibres

(MCFs).

MMFs have large core diameters and support the propagation of multiple spatial modes within
the fibre core. The history of MMFs dates back to the early development of optical fibre
technology. Figure 1.1(a) shows the annual number of publications on the topic of multimode
fibre from 1980 to 2023. Researchers have shown increasing interest in exploring multimode
fibres since 2005, driven by advancements in fibre materials, design, and fabrication techniques.
Additionally, the simultaneous propagation of multiple modes enables a variety of novel
functions and techniques that extend beyond sighal processing and communications. The
introduction of MCFs also dates back to the same era of MMFs[8]. MCFs have multiple cores
within the same fibre, offering variable core numbers, core diameters, and core distributions. This

adds several degrees of freedom in optical fibre technology and its applications. The fabrication
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of the first multicore fibre — a seven core fibre with an average single core loss of 3dB/km — was
reported in 1979 by S. Inao[9]. As shown in Figure 1.1(b), researchers continued to explore and
investigate multicore fibres from theoretical, fabrication, and application perspectives over the
following decades. With the advancements in SDM techniques in the 2010s[4], MCFs have once
again attracted researchers’ attention due to their capability and potential to meet the increasing
demands for transmission capacity and bandwidth. However, compared with MMFs, as
illustrated in Figure 1.1(a), MCFs are still in the early stages of development. They need to
overcome a series of technical, standardization, and application challenges to realize their large-

scale deployment.
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Figure 1.1 Number of publications on the topics of multimode fibres and multicore
fibres. (a) Annual publications on multimode fibres, step-index multimode fibres, and
graded-index multimode fibres. (b) Annual publications on multicore fibres and

coupled-core multicore fibres. Source of data: google scholar.

1.2[] Recent progresses on applications of MMFs and MCFs

Optical fibres have become ubiquitous and been utilized in a multitude of applications, including
short- and long-distance telecommunications, optical transmissions and sensing, quantum
communications, imaging, fibre lasers and amplifiers, light delivery and beam shaping, as well as
novel applications based on various nonlinear effects and modal interactions. Over the past few
decades, there has been a resurgence of interest in multimode fibres and multicore fibres. This
resurgence is primarily driven by the potential and possibilities for rapidly advancing optical fibre
techniques and applications. This section will provide a brief introduction to recent progress in

the applications of MMFs and MCFs.
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1.2.10 Short- and long-distance communications with MMFs and MCFs

Optical fibre communication systems are the backbone of global communication infrastructures.
Modern high-capacity communication systems predominantly rely on single-mode fibres (SMFs),
which support a transmission capacity limit of around 100 Th/s within the traditional low-loss
spectral window (1530nm to 1610nm) [4, 6]. To further enhance transmission capacity and
bandwidth, MMFs and MCFs provide additional spatial channels, but they introduce unique
challenges in SDM systems. These challenges include mode coupling, modal dispersion, mode
dependent loss, crosstalk between MCF cores, and fibre nonlinearity[10]. To optimize SDM
systems, researchers are improving SDM fibres (MMFs and MCFs) with advanced designs to
mitigate mode coupling and differential mode delay, developing efficient spatial multiplexers and
demultiplexers to ensure minimal loss and crosstalk, and leveraging advanced digital-signal
processing techniques to mitigate impairments from mode coupling, modal dispersion, and
nonlinear effects[6, 8, 10-12]. Additionally, optimizing multimode and multicore fibre amplifiers
to support multiple modes or cores effectively, and conducting extensive modelling and
simulation of multimodal, multi-channel information propagation in various types of SDM fibres,
are critical steps. SDM fibres include multimode fibres, weakly-coupled multicore fibres,

multimode multicore fibres (MMMCFs), and coupled-core multicore fibres (CCMCFs)[10].

Multimode and few-mode fibres have been used in commercial short-reach networks to transport
independent signals on multiple modes at the same wavelength. The simultaneous propagation
of multiple modes enables high-capacity transmission, with reported capacities ranging from
hundreds of Th/s to 1Pb/s using 3 to 45 fibre modes, as shown in Figure 1.2. To integrate MMFs
with modern single-mode fibre communication systems, specialized mode multiplexers are
necessary to match the multiple SMFs with the multiple mode patterns of MMFs. Another crucial
parameter determining transmission performance is the modal propagation delay, which affects
the memory length of the transmission system[8, 10-12]. This is a significant factor limiting
current MMFs in long distance transmission. Researchers are working to minimize differential
mode delay by optimizing fibre design, using approaches such as graded-index fibres, ring-core
fibres, and hollow-core fibres[13]. Additionally, due to the differences in mode-dependent gain
and multimode propagation, developing efficient MMF amplifiers remains a challenge for long

haul transmission[10].

Weakly coupled MCFs consist of multiple single-mode cores embedded in a common cladding
with negligible mode coupling between the cores. The low crosstalk and minimal interference
enable a larger transmission capacity and longer transmission distance compared to MMFs. The
longest optical fibre transmission to date was achieved using a 12-core fibre, covering a distance

of 14350 km at a capacity of 105.1 Tbh/s[8].
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MMMCFs combine the features of MMFs and weekly coupled MCFs. By incorporating multiple
multimode cores, MMMCFs enable denser spatial multiplexing by increasing both the core
counts and the mode counts. However, because higher-order modes are not well confined within
the fibre core as the fundamental mode, larger core separation is needed to reduce inter-core
crosstalk. Reported MMMCFs have cladding diameters larger than SMFs, with the largest
exceeding 300 pm[10], potentially limiting their compatibility with modern optical fibre networks.
Moreover, utilizing MMMCFs is more complex than using MMFs and MCFs, as both core
multiplexing and mode multiplexing must be performed separately. The largest number of spatial

channels (core count*mode count) yet reported is 120 with a 12-core 10-mode fibre[14].

CCMCFs feature multiple single-mode cores spaced closely together, resulting in strong
crosstalk and coupling between the cores. This strong coupling can beneficially reduce spatial-
mode dispersion, consequently shortening the memory length of transmission system[10]. The
different coupling conditions between CCMCF cores form mode groups, known as supermodes.
Therefore, the light propagation mechanism in CCMCFs is similar to multimode propagation in

MMFs, and their transmission performance is also comparable to that of MMFs.
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Figure 1.2 Transmission capacity versus transmission distance in MMFs and MCFs[10].
(a) Results for short-distance communications. (b) Results for long-distance

communications. Abbreviations: C: core; M: mode; CC: coupled core.

As shown in Figure 1.2, MCFs have the potential to outperform MMFs in high-capacity and long-
distance optical transmissions. However, the engineering and commercialization of MCFs for
optical communications have not yet been fully realized due to various challenges, including
technical complexities, the need for further technological maturity, and high costs[8].
Researchers are focusing on several improvement directions to address these challenges:
reducing transmission loss, optimizing MCF structures, developing novel coupling/decoupling

devices, and ensuring compatibility and standardization.
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1.2.2] Optical sensing with MMFs and MCFs

Fibre optical sensing has undergone tremendous growth in the last few decades due to its unique
advantages, including high sensitivity, miniature size, corrosion-resistance, remote sensing
capabilities, large scalability, and low maintenance costs. FMFs and MMFs serve as the media
for independently and simultaneously measuring multiple sensing parameters in the physical,
chemical, and biological fields[15-17]. These parameters include temperature, curvature,
refractive index, displacement, and strain. MMF/FMF sensing leverages the differential response
of various spatial modes to external environments. For example, the Bragg wavelength of a fibre
Bragg grating or Brillouin frequency shift is highly mode-dependent, making it useful for
temperature and bending sensing[16]. Additionally, by monitoring the optical attenuation of
different modes during propagation in an optical fibre or fibre taper, spatial gas distributions can
be measured in environments with extreme temperature and pressure conditions[17].
Multimodal interference in fibre interferometers has also been demonstrated for sensing various

physical parameters such as temperature, curvature, and distance[18, 19].

Lead-in SMF MMF

SMF  MMF MCF MMF  SMF

Figure 1.3 Examples of optical fibre sensor structures using MMFs and MCFs[20, 21].

MCFs are ideal platforms for optical sensing due to their unique features, including multi-channel
transmission, high integration, spatial flexibility and multifunctionality[8]. They can be used for
both point sensing and distributed sensing applications. In MCF point sensing, various
interferometers implemented with weakly-coupled MCFs or coupled-core MCFs have been
demonstrated for sensing temperature, bending, vibration, and distance[20, 21]. Additionally,
MCF distributed sensing utilizes Optical Time Domain Reflectometry (OTDR) or Optical
Frequency Domain Reflectometry (OFDR) techniques to achieve efficient sensing at multiple
points or along the entire fibre length[8]. By incorporating SMFs, MMFs, MCFs, and fibre gratings,
several sensors have been demonstrated for a wide range of applications. Figure 1.3 illustrates
two examples of integrated optical fibre sensor structures. In Figure 1.3(a)[20], the structure is

designed for bending sensing, featuring an MCF with six identical outer cores and a central core
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with a lower refractive index. The reflection peak of the Bragg grating inscribed in the central core
is separated from the reflection peaks of the other cores, which can be measured by a segment
of MMF between the MCF and the lead-in SMF. In Figure 1.3(b)[21], a SMF-MMF-MCF-MMF-SMF
structure is designed to form a Mach-Zehnder interferometer for temperature sensing. The MMF
serves as a coupler between the SMF and the MCF. The MCF has seven cores with slight refractive
index differences between the central core and the surrounding cores, inducing interference
between the cores. The change in the interference spectrum is measured to monitor external

temperature changes.

1.2.30] Image transmission and imaging through MMFs and MCFs

When an image pattern is projected onto the proximal (input) side of a multimode or multicore
fibre, the resulting image at the distal (output) side appears as a speckle pattern. This occurs
because the input light couples into multiple fibre modes in MMFs or into multiple fibre cores in
MCFs, each travelling with different propagation constants and phases along the fibre length.
Highly multimode fibres and densely multicore fibres are typical media for image transmission
and imaging[6], necessitating an understanding of the relationship between the optical fields at

the proximal and distal sides of the fibre[22, 23].

The principle of image transmission and imaging through MMFs and MCFs involves achieving
high-fidelity image transmission or reconstruction at the fibre output by analysing the
transmission matrix of the fibres[22-26] or by utilizing speckle correlations[27, 28]. This is
illustrated in Figure 1.4. Once a transmission matrix or conversion matrix is determined for a
specific transmission fibre, the fibre is calibrated and must remain static. This transmission
matrix can then be employed to reconstruct the input image, facilitating image transmission.
Additionally, the transmission matrix can be used to control the input wavefront to achieve
diffraction-limited imaging, such as in MMF/MCF endoscopy. Various methods have been
demonstrated to obtain the transmission matrix of a transmission fibre, including phase
conjugation[24], iterative methods, measuring the complex amplitudes corresponding to several

input patterns, deep learning approaches[23, 25, 26], and numerical modelling[22].

Conversely, it is also possible to reconstruct the input image from the output speckle pattern
using the angular memory effect in MMFs and MCFs[27, 28]. This effect preserves the phase
gradients at the fibre input to some extent. For instance, the inherent preservation of phase
information during propagation through a multicore fibre[28] allows for widefield imaging of
planar objects across a large range of working distances. This can be achieved by

computationally analysing a single image of the output speckled intensity pattern.
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Figure 1.4 Schematics of the experimental setup for (a) image transmission with a

MMF[25] and (b) speckle-correlation imaging with an MCF[28].

Despite these successes, the fragility of the measured transmission matrix or the matrix trained
by neural networks remains a significant challenge, preventing full optical control of light
transmission through MMFs and MCFs[6]. Developing new methods to control light and
continuously image through flexible fibres will not only benefit image transmission but also

enhance other areas, including optical communications and information processing.

1.2.40] Multimode/Multicore fibre lasers and amplifiers

Fibre lasers have been experiencing significant growth and present a substantial share of the
global laser market, thanks to their unique advantages such as power scalability, compact size,
high efficiency, and versatility in applications. The large effective modal areas of MMFs and MCFs
enable power scaling of fibre lasers[6, 29, 30], enhancing their performance and capacity.
Additionally, multimodal and multi-channel properties of these fibres offer diversities in spatial
and temporal shapes[31-34], directions, and wavelengths[35, 36] for fibre lasers and amplifiers,

broadening their range of applications and functionality.
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The optical signal can be amplified in rare earth-doped fibres (also called active fibres), with
different emission wavelengths achievable using various dopants[36]. For instance, Yb**-doped
fibre lasers have an emission window of 1050-1120nm, Er**-doped fibre lasers emit from 1530nm
to 1600nm, and Tm**-doped and Tm**- Ho* co-doped fibre lasers have an emission range of 1900-
2100nm. The past decade has seen tremendous enhancements in the power scaling of
continuous-wave (CW) and pulsed lasers. These advancements are attributed to the rapid
development of active fibres, pump diodes, and the power handling capabilities of fibre
components such as isolators, combiners, gratings, and coatings[29, 30, 36, 37]. Figure 1.5[36]
illustrates the power evolution over the past several years of CW all-fibre lasers and amplifiers
operating at wavelengths of ~1pm, ~1.5um, and ~2um. The spectrum windows not covered by
rare earth-doped fibres can be generated using various nonlinear effects, including Raman
Scattering, Four-Wave Mixing (FWM), Self-Phase Modulation (SPM), and supercontinuum
generation[33, 35-37].
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Figure 1.5 Power evolution of CW all-fibre lasers with different rare earth dopants

operating at wavelengths of (a) ~1um, (b) ~1.5um, and (c) ~2um[36].

In addition to power scaling through master oscillator power amplifiers (MOPA) and high-power
fiber amplifiers, pulsed fibre lasers have seen advancements in pulse energy, operation duration,
and pulse generation mechanisms[33, 37]. Recently, MMFs have been introduced into mode-
locked fibre lasers, where the multiple spatial (transverse) modes play a crucial role in mode-
locking. For instance, using a short segment of MMF as a novel saturable absorber, various
ultrafast fibre lasers operating at 1ym, ~1.5um, and ~2um have been demonstrated[37]. Another
promising method is to achieve spatiotemporal mode-locking (STML) in a fully multimode cavity,
where the mode locking of multiple longitudinal and transverse modes is possible[33, 37]. The
realization of STML relies on delicate balances between intracavity linear and nonlinear effects,
including chromatic and modal dispersion, inter- and intra-modal nonlinearities, spectral and

spatial filtering, and cavity gain and loss.

With the advancements in MMF lasers and amplifiers, MCF laser cavities and MCF amplifiers

have also been investigated and demonstrated in recent years, utilizing either uncoupled MCFs
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or coupled-core MCFs[38-40]. Significant progress has been made in power scaling, spectrum
extension, and spatiotemporal control of fibre lasers. However, challenges remain in mitigating
quantum defects[36], managing heat power generation, and studying the limits of gain media[37].
Once single-aperture power limits are reached, the primary option for further power scaling is
beam combination. Parallel fibre laser arrays and uncoupled multicore fibres have been
employed to achieve diffraction-limited combination with high power or high energy in both CW
and pulsed regimes[41-43]. Researchers have also demonstrated the reconfigurable and
controlled generation of structured light beams by exploiting tilted-aperture coherent beam
combination[44-46]. By incorporating various technical approaches, including coherent or
incoherent combination, linear or nonlinear methods, active or passive techniques, as well as
adaptive or deep learning strategies, significant improvements can be expected towards

intelligent fibre lasers in both CW and pulsed regimes.

1.2.50] Beam shaping of multimode and multicore fibre lasers

Precisely controlling the distribution of light is crucial for various applications in optics, ranging
from microscopy and optical manipulation to spectroscopy and telecommunications[47, 48]. In
recent years, beam shaping of multimode and multicore lasers has been demonstrated across
various degrees of freedom, including spatial beam shaping and temporal/frequency shaping at
different propagation planes. Structured lights with controllable amplitude, phase, and
polarization distributions have been successfully generated from multimode and multicore fibre
lasers using internal or external methods with laser cavities[45-47, 49-53]. Numerous techniques
have been explored to optimize the generated spatial shapes or modes with minimal loss and
high distinction. These include traditional diffractive optical elements, modern liquid crystal and
metasurface elements, adaptive wavefront shaping methods[54], reconfigurable solutions
employing beam-steering devices like digital micro-mirror devices and spatial light
modulators[49, 51], coherent combinations of parallel laser arrays or multicore fibre

amplifiers[46, 50], and more recently, deep learning-assisted beam shaping solutions[53].

In addition to spatial beam shaping, efforts have been directed towards achieving time or
frequency shaping of light, and more recently, the simultaneous manipulation of spatial and
temporal properties of light has emerged. By dispersing optical pulses into different frequency
components and modulating the amplitude and phase in the frequency domain, temporally
shaped output can be obtained through the combination of multiple shaped frequency
components[48]. Concepts such as supercontinuum and optical frequency combs generation
have emerged in fibre lasers for the extensive spectrum broadening. However, several challenges
need to be addressed, including mode instability, nonlinear coupling and dispersion

management, multimodal nonlinear effects, as well as specialty fibre design and fabrications[48,
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55, 56]. Overall, advancements in fibre lasers and fibre optic technologies are steering laser beam

shaping towards real-time, self-organized, spatiotemporal shaping techniques.

1.2.6] Multimodal nonlinear effects in MMFs and MCFs

As previously mentioned, with the power scaling of fibre lasers and advancements in fibre design
and fabrication technologies, numerous applications relying on nonlinear optical effects have
emerged. Compared to single-mode fibres, multimode and multicore fibres offer diverse phase
matching possibilities and mode choices due to their multi-mode and multi-supermode nature.
Excitingly, multimodal nonlinear interactions can lead to several new nonlinear effects and
phenomena in multimode systems. These include forward Brillouin scattering[57], Kerr beam
self-cleaning[58-63], modal selection for Raman scattering[64, 65], broadband parametric
amplification[6], optical gratings generated from periodic intermodal beating[66], and the

combination of Raman and Kerr effects[6].

Multimode nonlinear systems are evolving along two primary pathways[6]. One approach aims to
maximize nonlinear multimode interactions by exploiting the distinct dispersions and mode areas
of different spatial modes. The other involves combining linear and nonlinear mode mixing.
Despite progress in understanding the complexities of multimode nonlinear dynamics and
advancements in specialty fibres and fibre lasers, significant challenges remain. These include
achieving low-loss, high-purity, and on-demand excitation of desired spatial modes for various
multimode and multicore fibres, as well as developing real-time, broadband mode

decomposition approaches[67].

1.3/ Motivation and key achievements

As we have reviewed, multimode and multicore fibres present attractive platforms for exploiting
complex multimodal interaction dynamics, beneficial across a variety of applications such as
telecommunications, transmission, fibre lasers, and sensing. However, understanding and
designing multimodal nonlinear optical systems pose significant technical and conceptual
challenges. The ability to control light fields with many degrees of freedom is anticipated to be a
prominent direction for future advancements in multimode nonlinear systems. With the
development of fibre fabrication techniques and power scaling of pulsed fibre lasers, numerous
approaches have been demonstrated to achieve mode control and mode conversion in
multimode and multicore fibre systems. Incorporated with tremendous advancements in
wavefront shaping elements and devices, several methods for arbitrary spatial beam shaping

with MMFs and MCFs have been investigated.
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The work presented in this thesis contributes to mode control and beam shaping in multimode

and multicore fibres by exploring multimode nonlinear dynamics in homemade coupled-core

multicore fibres and commercial multimode fibres. The key achievements are listed below:

of |

o

of |

of |

1.4

Demonstrated mode rejection and control in nonlinear multimode systems. Developed
concepts for mode rejection and control by injecting an intense backward control beam
into a multimode/multicore fibre. This method effectively rejects specific spatial mode
contents (resulting in null content for the rejected mode) and allows precise mode control,
driven by multimodal interactions between counter-propagating beams. Efficient
rejection and control of linearly-polarized (LP) modes and supermodes in MMFs and
MCFs were successfully achieved.

Provided the demonstration of counter-propagating nonlinear gratings in multimode
systems. By adjusting the counter-propagating beams with a substantial power
difference, an intense backward multimode beam can generate counter-propagating
nonlinear gratings that lead to the mode conversion of a forward low-power signal.
Controllable conversion between the LP modes or supermodes in MMFs and MCFs was
achieved. Additionally, ultrafast power switching among cores in MCFs was also
demonstrated owing to supermode conversion and mixing.

Investigated parametric amplification dynamics and wavelength conversion in coupled-
core multicore fibres. The four-wave mixing between multiple supermodes was
numerically estimated and experimentally measured. The Raman scattering in multi-
supermode systems was also explored.

Demonstrated reconfigurable spatial beam shaping with a pulsed multicore fibre
amplifier. In parallel with exploring mode control and conversion in a nonlinear manner,
arbitrary spatial beam shaping was achieved by coherently combining beamlets from a
Yb-doped 6-core MCF amplifier. This includes the reconfigurable generation of the LP

modes, cylindrical vector modes, and orbital angular momentum modes.

Thesis outline

The thesis is organized as follows. Chapter 2 provides a comprehensive review of essential

concepts in optical fibres and fibre modes, alongside an exploration of nonlinear processes in

multimode light propagation. It begins with an overview of optical fibre parameters and

characteristics, followed by introductions of fibre modes and techniques for fibre mode

decomposition. Subsequently, the chapter delves into the formulation of coupled multimode

nonlinear Schrodinger equations, discussing both intramodal and intermodal nonlinear effects.

Finally, it reviews various processes involved in nonlinear spatial control within multimode
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systems, covering the topics that are highly relevant to this thesis, such as dissipative spatial
beam clean-up, Kerr beam self-cleaning, self-organization in multimode gain media, polarization

and mode attractors, and the generation of optically induced long period gratings.

Chapter 3 investigates the first proposed concept - mode rejection and control within counter-
propagating nonlinear multimode systems. Firstly, the theory and simulations are presented to
estimate and validate the mode rejection phenomenon. Secondly, experimental demonstrations
elucidate the rejection of the LP modes in various commercially available few-mode fibres,
including both polarization-maintaining (PM) fibres such as PM1550-xp, PMHN1, and PM2000,
and non-PM isotropic fibres like SMF28. Thirdly, the rejection of supermodes is demonstrated by
experiments conducted with homemade coupled-core multicore fibres, specifically a dual-core
fibre (DCF) and a tri-core fibre (TCF). To accurately gauge the extent of mode content rejection,
quantitative assessments employing intensity-based mode decomposition methods are

introduced and implemented.

Chapter 4 delves into the intricacies of counter-propagating nonlinear gratings in multimode and
multicore fibres. Initially, the chapter elucidates the dynamics of counter-propagating nonlinear
gratings, underpinned by the interaction between a forward probe beam and a backward control
beam in multimode systems. However, a substantial power difference exists between the
forward probe beam and the backward control beam, thus necessitating a thorough examination
of their dynamics through theoretical frameworks and simulations. Subsequently, the chapter
explores mode conversion phenomena driven by the counter-propagating nonlinear gratings,
specifically focusing on the conversion between the LP modes within PM-FMFs and between
supermodes within MCFs, supported by experimental validations. Leveraging the coupled-core
architecture of the MCFs, the chapter also elucidates how supermode conversion and mixing
facilitate power switching between cores, ultimately demonstrating ultrafast core-to-core power

switching in MCFs.

Chapter 5 studies four-wave mixing and wavelength conversion in coupled-core MCFs. The
chapter starts with an introduction of the mechanisms of four-wave mixing and Raman scattering
in MCFs. Then the estimations of four-wave mixing in several homemade MCFs are presented,
accompanied by discussions on fibre design considerations, customized phase-matching
conditions, and the impact of Raman scattering. In the end, experimentally measured wavelength

and supermode conversions are demonstrated by using DCF, TCF, and fibres with 4 and 7 cores.

Chapter 6 demonstrates reconfigurable spatial beam shaping through coherent beam
combination utilizing a 6-core Yb-doped MCF amplifier. The chapter commences by outlining the
principle behind coherent beam combination and introduces the active 6-core fibre. By

adaptively adjusting the amplitudes and phases injected into the individual MCF cores, the

42



Chapter 1

controlled generation of various spatial mode beams is presented in a picosecond pulsed regime,

including the LP modes and higher-order Poincaré sphere modes.

Chapter 7 concludes the mode control and beam shaping work presented in this thesis and

discusses potential pathways for future work.
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Chapter 2[ 'Theory and review of nonlinear spatial

control processes in multimode systems

2.1] Introduction

In this chapter, the background knowledge of multimode light propagation in optical fibres is
reviewed. Initially, the structure of optical fibres, their characteristics, fibre modes, and laser
beam propagation are introduced. Then, the propagation of multimode laser beams in optical
fibres is explored using the multimode nonlinear Schrodinger equation (MM-NLSESs). Intramodal
and intermodal nonlinear processes are discussed, including single-/multi-mode modulation
instability, self- and cross-phase modulation, four-wave mixing, Raman scattering, and the
interaction between different nonlinear effects. The corresponding derivations of analytical
solutions to the MM-NLSEs are demonstrated. Finally, a review of nonlinear spatial control
processes in multimode systems, highly relevant to the topic of this thesis, is presented. These
nonlinear processes include dissipative spatial beam clean-up, Kerr beam self-cleaning, beam
self-organization in multimode gain media, polarization and mode attractors in counter-

propagating beams, and optically induced long period gratings.
2.2[] Opticalfibres and fibre modes

2.2.10] Optical fibres

Opticalfibres have high refractive index cores and lower refractive index claddings, which confine
light propagation within the cores through total internal refraction at the core-cladding interface.
An additional coating layer with a refractive index lower than the cladding provides mechanical
protection. Figure 2.1(a) shows a cross-section image of a step-index single-mode fibre. The core
and cladding are typically made of silica glass, and their refractive indices can be increased or
decreased by using different dopants, such as germania and fluorine. The coating material is
usually a polymer, such as acrylate or silicone. Several parameters that can be adjusted when
designing optical fibres, including core diameter, core shape, refractive index profile, multiple
layers, and multiple cores. Figure 2.1(b) illustrates the structures of single-mode, multimode, and
multicore fibres. SMFs have core diameters of a few micrometres. Even SMFs are not truly single
mode, as they can support two degenerate polarization modes with orthogonal polarizations.
When polarized light is launched into a conventional SMF, the polarization state is quickly lost

after a few metres due to inevitable variations of fibre geometry or external stress. By changing
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the core shape from circular to asymmetrical, such as elliptical, or by adding additional stress

rods, birefringence can be introduced to help maintain the polarization state during propagation.

MMFs (including FMFs) have larger cores that support the simultaneous propagation of multiple
spatial modes. These modes propagate at different velocities and travel along different paths due
to variations in their effective refractive indices. MCFs have multiple single-mode or multimode
cores embedded within a single cladding. When the cores are sufficiently separated, coupling
between them is minimized, resulting in weakly-coupled or uncoupled MCFs, which can be
treated as a bundle of SMFs. However, as the cores are brought closer together, crosstalk
between them increases, leading to coupled-core MCFs. In this configuration, light transfers
between cores during propagation, and supermodes are formed with specific amplitude and

phase distributions among the cores.

(a) (b) /
e )

cladding
G core

= -coating

_—

Refractive index

Figure 2.1 (a) Cross section of a single-mode fibre and the refractive index distribution.

(b) Structures of single-mode, multimode, and multicore fibres.

One important parameter of optical fibre is the transmission loss of optical signals within the
fibre. Fibre loss depends on the wavelength (A) of light and is influenced by several factors, such
as material absorption and Rayleigh scattering[68]. Silica glass has minimal light absorption in
the wavelength region of 0.5 to 2 pm, with a minimum loss of ~ 0.2 dB/km at the A=1.55 pm
wavelength. The impurity-induced absorption can also affect fibre loss, such as the OH-
absorption peak around A=1.4 pym. Losses are considerably higher at shorter wavelengths,
reaching ~1 dB/km at A=1 um and a few dB/km in the visible region, which is due to the intrinsic
Rayleigh scattering of fused silica[69]. Rayleigh scattering loss is inversely proportional to

wavelength and is dominant at short wavelengths.

Another important parameter of optical fibre is dispersion, which includes chromatic dispersion
and mode dispersion. Chromatic dispersion can be further classified into material dispersion and
waveguide dispersion[68]. Material dispersion is related to the wavelength or frequency (w)

dependence of the refractive index and can be well approximated by the Sellmeier equation[68]:
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n2(w) = 1+z L (2.2.1)
j=1 (l)] -

where w=2mc/A is the angular frequency (with ¢ being the velocity of light in vacuum), w; is the
resonance frequency and B; is the strength of the j-th resonance. In optical fibres, the parameters
w; and B, are obtained experimentally with m=3 by fitting the measured dispersion curves to
Eq.(2.2.1). Material dispersion plays a critical role in the propagation of short optical pulses. Its
effects can be understood by expanding the mode propagation constant (8) in a Taylor series

around the frequency wo, where the pulse spectrum is centred:

1) K 1 X
B(w) =n(w)—= Z E[)’k(a) — wp) (2.2.2)
c k=0K:
k
where 8, = a8 and k=0,1,2,3,..., which is often referred to as the k-th order dispersion
k dwk w=wo

parameter. The first order dispersion () is the inverse of the group velocity (vg), which is the

speed at which the envelope of an optical pulse travels:

8 1 ( N dn> ng 1 -
=—(nt+w—)=—=— 2.
7 dw c vy ( )

where ng is the group index. The second order dispersion (f;) is the group velocity dispersion,
which represents the frequency derivative of 8, and is related to pulse distortion and reshaping

during propagation.
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Figure 2.2 (a) Variation of refractive index n with wavelength for silica glass. And the (b)
propagation constant of fundamental mode, (c) s, (d) B2, as a function of wavelength for

a silica fibre (a=4.1 pm, An=0.0052).

Differently from plane waves, light experiences core confinement in an optical fibre, resulting in
waveguide dispersion that must be added to the material dispersion to determine the total
chromatic dispersion. Waveguide dispersion is influenced by fibre geometry, such as core radius
(a) and core-cladding index difference (An). Figure 2.2 illustrates the variation of dispersion
parameters with wavelength for a step-index silica fibre. Figure 2.2(a) depicts the refractive index

variation of fused silica as described by Eq. (2.2.1). Figure 2.2(b)-(d) show the parameters S, 3,

46



Chapter 2

and 3 for the fundamental mode (LPo1 mode) that can propagate in this fibre, which can be
computed using afinite-element-method software, such as Comsol Multiphysics. As Figure 2.2(d)
demonstrates, a notable feature for B.is its vanishing at A=~1.3 ym, known as the zero-dispersion
wavelength. In the region shorter than this wavelength, 8,>0, indicating normal dispersion in the
fibre, whereas in the longer wavelength region, the fibre exhibits anomalous dispersion. This
implies that longer-wavelength pulses travel slower in anomalous dispersion region, contrasting

with the behaviour in the normal dispersion.

In addition to chromatic dispersion, mode dispersion also needs to be considered in multimode
fibres. This encompasses polarization-mode dispersion and intermodal dispersion. Because the
propagation constants of various polarization modes or spatial modes differ, different modes
travel at different velocities, resulting in pulse broadening. By combining chromatic dispersion,
mode dispersion, and fibre nonlinearity, a range of nonlinear effects can be observed, which will

be discussed in the subsequent sections.

2.2.2[] Fibre modes and mode decomposition

Light propagates in optical fibres as a combination of fibre modes. To understand light
propagation and fibre modes, it is necessary to consider the theory of the electromagnetic wave
equation in dispersive nonlinear media. Starting from Maxwell’s equations, the wave equation

can be derived[68]:

10%E(r,t) 1 62PL(r,t)+ 1 2Py, (r,t)

V2E(r,t) — — = 2.2.4
r,0) c? ot gc? Ot £oC? ot? ( )

where r and t denote the spatial coordinates and time, respectively, & is the vacuum permittivity,
E is the electric field, and P, and Py, are the linear and nonlinear parts of the induced polarization
related to E. After taking the Fourier transform of Eq. (2.2.4), it takes the form[70]:
- w? _ w?
V2E(r,w) + n?(r,w) C—ZE(r, w)=— 507PNL(1~, w) (2.2.5)
where n is the linear part of the refractive index and E represents the Fourier transform of the
electric field. E can be expressed as the summation of all the electric field components,

assuming that the polarization state is maintained inside the fibre:

E(r,w) = Z &M, (x,y,w)B,,(z, w)exp[ify, (w)z] (2.2.6)

where &, is the polarization state of a specific mode m, M,, governs its transverse shape, Em
represents the amplitude of this mode, and B, is the corresponding propagation constant. The

summation typically includes only the guided modes in multimode fibres. This expression
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describes how each mode m contributes to the overall electric field in the fibre, considering its

amplitude, polarization, transverse shape, and propagation constant.

By neglecting the nonlinear contribution (Pn.=0), the remaining part of Eq. (2.2.5) reduces to the
Helmbholtz equation, whose solution E represents the guided modes (eigenmodes) of the fibre.
The Helmholtz equation can be solved using various numerical methods or analytical techniques,
such as the finite element method, finite difference method, and approximate analytical methods.
For standard single-core step-index fibres, the spatial distributions M (x,y,w) can be obtained by
rewriting the Helmholtz equation in cylindrical coordinates[68]. The solutions can be classified
into four types of fibre vector modes: HE.m, EHnm, TEom, and TMonm modes. An alternative
classification known as the LP modes can be constructed by combining different vector modes.
Forinstance, the LPo; mode corresponds to the HE; mode, and the LP,; mode is the combination
of TEo1, TMos1, and HE21 modes. Calculating guided modes is more convenient using finite-element-
method software, such as the aforementioned Comsol Multiphysics, especially for fibres with

higher mode counts, complex index distributions, or complex geometries like multicore fibres.

In a MMF or a coupled-core MCF, multiple spatial modes propagate with random amplitudes and
phases due to mode coupling, mode competition, and differential modal gain. Assuming that all
the spatial modes are in the same polarization state and have a single frequency, Eq. (2.2.6)
suggests that the transverse distribution of the electric field in a fibre can be represented by a

linear combination of eigenmodes due to modal orthogonality[67]:

M) = ) cnexp(iOm)Mn(x,y) (2.2.7)

where the ¢,> and 6,, represent the relative mode content (relative power in the mode) and relative
phase for the m-th eigenmode, respectively. M and M,, denote the transverse mode distribution
of the total electric field and the m-th mode, respectively. In a multimode system, M tends to
change randomly when perturbation exists or the system is under instable state (for example, the
transverse mode instability in high power multimode fibre systems[71]). Analysing the power and
phase of different modes is useful and necessary for a complete description of multimode beam
shapes, a process known as mode decomposition (MD). MD aims to obtain the parameters cn,
and 6, given the knowledge of M,, for a specific fibre at the output. Numerous methods for mode
decomposition have been demonstrated, including interference methods that measure the
complex amplitude M[72, 73], numerical methods based on intensity measurements(|M|?)[67, 74,
75], and machine learning methods[76]. In the later chapters, demonstrations of mode

decomposition based on intensity measurements are introduced for MMFs and MCFs.

48



Chapter 2

2.3[1 Nonlinear processes in multimode laser beam propagation

2.3.1 Multimode nonlinear Schrodinger equations

To study the nonlinear processes in multimode fibres, the nonlinear contribution Py, needs to be
considered in the wave equation Eq. (2.2.5). By substituting the electric field from Eq. (2.2.6) into
the wave equation, and under the assumption of slowly varying amplitude with respect to z while
neglecting the second derivative with respect to z, the following equations can be obtained:

2
w
Ve My (6, Y, @) + 7200, Y, @) o Mo (5, ) = BHME (3,7, 0) (2.3.1)

where VZT denotes the transverse part of the Laplace operator. Eq. (2.3.1) determines the
transverse mode shape and the propagation constant 3,, of each mode.
2

dB,, . w?
E 218, — M, (x,y, Bmz = - _—_P f
- iBmem 9z m(xy, w)e €oC? v (T, W)

(2.3.2)

Eq. (2.3.2) describes the evolution of the amplitude Em of the m-th mode as it propagates along
the z direction. By multiplying Eq. (2.3.2) with M,,* and integrating over the transverse plane, the
amplitude of the m-th mode satisfies the following equation:

0By, iwe hm?

0z 2€pCcnyy,

| entinta.y, 03Py ) dxay (2.3.3)

where the orthogonality relation between modes ([ My, M, dxdy = 8mpn, 6mn = 0 when m#n,
Omn = 1 when m=n) is applied and 8, = n,,w/c with the effective mode refractive index ;. By
defining a slowly varying function[68],

Ap(z,t) = f B, (z, w)ellBm=Bom)z—(w-wtlg (o — ) (2.3.4)
where BB, is the propagation constant of the m-th mode, Bon is its value at the carrier frequency
wo(see Eq. (2.2.2)). By calculating the partial derivative of An(z,t) and expanding B, in a Taylor
series around the frequency wy, after some algebra, one can obtain the following time-domain

amplitude evolution equation[77]:

[oe]

0A, Z i*Brm 0% A, 3 iwge " {Bomz=wol)
9z k! otk 2€¢CTy,

-U enMy, (x,y)Py,(r,t)dxdy  (2.3.5)

where Bim=(0"Bm/OwX) w-wo, is the k-th order dispersion parameter for the m-th mode of the fibre at

frequency wy. The right-hand side of this equation includes all the nonlinear effects.
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To specify the nonlinear polarization Py, on the right-hand side of Eq. (2.3.5), the Kerr and Raman

contributions are considered. The nonlinear polarization can be written in the form[68]:

3€g ) 3€g
Pui(r0) = =22 1 EG OE(r, OE @, 0) + =21
(2.3.6)

E(r,t) ft hg(t — ) E(r,7)E(r,T)dT

where )(I(f) and )(123) represent the 3™ order nonlinear susceptibility related to the Kerr and Raman

nonlinearities, respectively. The nonlinear polarization Pn. is a tensor product of the electric fields,
and hris the Raman response function. In a simple case without the Raman contribution, the last
term involving hr can be neglected. Since the mode profile F,, does not change significantly over
the spectral bandwidth of the electric field, My (x,y,w) can be approximated by its value at the

carrier frequency wo, denoted as My (x,y,wo). By substituting the ansatz:

E(r,t) = Z &, M, (x,7, wo)Ay, (z, t)elBomz=woD) (2.3.7)
m

through the Eq. (2.3.6) into the Eq. (2.3.5), and retaining only the terms that oscillate at the carrier
frequency woy, the multimode nonlinear Schrodinger equations (MM-NLSEs) for the m-th mode

can be derived[68]:

aAm i ikﬂkm akAm
0z "Lkl

k=1

=iy(1-fzr) Z Z Z[fmnpq AnA;‘,AqeiAﬁm"qu]
n o p q

(2.3.8)
t
+ inRAmJ hg(t — 1) lfmmmmlAm(Z: T)lz + Z frnmkk | Ak (2, T)lzl dr
-® k+m
t
3 il [ Tt = DA G004 (1)
k*m -
. 3wex® . . . .
where the nonlinear parameter Y =g I8 defined using the effective area Agpr =
méeff

([ 1M (e, [2dxdy)®
1M1 (e, y)|*dxdy

ofthe fundamental mode m=1, The term frrepresents the fractional contribution

of the delayed Raman response to the nonlinear polarization and typically has a value of ~0.18.
The triple sum extends over the number of modes supported by the fibre. The phase mismatch AB

is defined as:

A.anpq = Bon — Bom + .BOq - .BOp (2.3.9)

The time-dependent terms on the left-hand side of Eq. (2.3.8) represent the dispersion effects.

Theright-hand side of Eq. (2.3.8) includes all the intramodal and intermodal nonlinear effects that

50



Chapter 2
are related to the Kerr nonlinearity and Raman scattering. The intermodal overlap factor,
determining the relative strength of various intermodal processes, is defined as[68]:
/I My, M, M;M,, dxdy

J(ff M;,M,,, dxdy) (] M;;M,, dxdy)(ff MyM, dxdy)([f MM, dxdy)

frnpq = Acrs (2.3.10)

For instance, in the simple case of a co-polarized bimodal beam, where only two modes (m=1

and m=2) are considered, the MM-NLSE can be written as:

94, .ii"ﬁkla’%l
0z "Lkl ot

k=1
=iy(1— fR)[fllAlA;Al + 2f1,4,45A, + f12A2A§Azemﬁlzz]

, (2.3.11)
+ i)/fRAlf hg(t — 1) [f11l4:(2, 7)|* + fi214,(z, T)|2]dT
¢
+ vy [ froha(e = DA GO 1) dr
04, i "By, 0% 4,
0z 'Lkl otk
k=1
=iy(1-— fR)[f22A2A§A2 + 2f514,414; + f21A1A§A13_MBlzz]
(2.3.12)

T iy fads j ha(t = 0 ool A2z O + forl Ay (2,0 2]

t
T i fudy j forha(t — )ALz DA (2,7) do

where f11=f1111, f2o=Fa20, F12= F21=F1120=F2011=F1212=F2121, and AB12=2(Bo2-Po1) is the difference between
the propagation constants of modes 1 and 2. The right-hand side of these two equations includes
various intramodal and intermodal nonlinear effects. The first term accounts for the self-phase
modulation (SPM), cross-phase modulation (XPM), and four-wave mixing (FWM). These effects
arise from the Kerr nonlinearity, leading to changes in the phase and amplitude of the modes due
to the intensity-dependent refractive index. The second term describes contributions to the SPM
and XPM induced by Raman scattering, where molecular vibrations in the fibre medium generate
additional phase modulation and coupling between the modes. The last term represents Raman
amplification, where energy exchange occurs within the modes. These nonlinear interaction
processes are fundamental in understanding the complex dynamics of multimode optical fibres

and will be further elucidated in subsequent sections.

2.3.2[] Intramodal and intermodal nonlinear effects

The response of optical fibres to light becomes nonlinear under intense electromagnetic fields.
This nonlinear response arises from the anharmonic motion of bound electrons when exposed to

an optical field. In silica (SiO,) fibres, which are symmetric molecules, the 2"-order nonlinear
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effects are absent. Thus, the lowest order nonlinear effects present in optical fibres are the 3"-
order nonlinearities, which includes two types of nonlinear processes. One is the non-dissipative
processes, where no energy is exchanged between the electric field and the optical fibre,
including SPM, XPM, third-harmonic generation (THG), and FWM. On the contrary, the other type
of nonlinear responses is dissipative, where some of the energy from the electric field is
transferred to the optical fibre, including the stimulated Raman scattering (SRS) and stimulated

Brillouin scattering (SBS).

SPMis an intramodal process where an electric field experiences a self-induced phase shift as it
propagates along optical fibres. This nonlinear phase shift is proportional to the intensity of the
electric field. In a multimode fibre, SPM occurs due to interactions between electric fields of the
same mode and frequency. A direct consequence of SPM is the spectral broadening of optical
pulses. In contrast, XPM is an intermodal nonlinear phase shift process. Here, an electric field
undergoes a nonlinear phase shift induced by another electric field with a different frequency,
direction, polarization state, or spatial mode. The phase shift due to XPM is proportional to the
intensity of the participating electric fields. XPM can result in an asymmetric spectral broadening

of optical pulses[68].

THG and FWM involve the generation of new frequencies and require specific phase-matching
conditions, determined by the propagation constant differences between the electric fields. THG
refers to the process where three photons at frequency w transfer their energy to a single photon
at frequency 3w. For efficient THG, the phase-matching condition must be satisfied, which
typically is challenging in optical fibres. Consequently, THG is often neglected in practical
applications such as those described in Eq. (2.3.8). FWM is a parametric process where two
photons at frequencies wp; and wy; interact to generate two new photons at frequencies ws and

w;. The relationship between these frequencies is given by:

Wp1 + Wpr = W5 + w; (2.3.13)

The donating frequencies wp; and wy, in FWM are typically called pumps. The new frequency
fields generated by this process are referred to as the low-frequency Stokes wave (ws) and the
high-frequency anti-Stokes wave (w;), often referred to as the signal and idler waves, respectively.
Another phenomenon related to FWM is modulation instability (Ml), which manifests as the
exponential growth of weak perturbations imposed on a CW state during propagation[68, 78]. This
growth can be understood through FWM processes involving the perturbation waves and the
pump CW wave. As the perturbation waves interact with the pump wave, energy exchange
occurs, leading to the amplification of these perturbations. This interaction results in the

exponential growth characteristic of Ml.
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SBS and SRS are related to vibrational excitation modes of silica. Acoustic phonons participate
in SBS, whereas optical phonons are involved in SRS. Fundamentally, these processes involve
the annihilation of a photon, which creates a photon at a lower frequency (Stokes wave) and a
phonon with the appropriate energy and momentum([68]. In optical fibres, SBS typically occurs in
the backward direction relative to the incident wave, with a frequency shift of ~10 GHz and a
bandwidth of ~100 MHz, whereas SRS occurs along the propagation of the incident wave and
spans a wide bandwidth of ~ 40THz, with peak conversion occurring at ~ 13.1 THz from the
incident wave[68]. It is important to note that SBS and SRS are temporally delayed processes,
unlike instantaneous processes such as SPM, XPM, THG, and FWM. The delayed nature of SBS
and SRS stems from the time required for the phonon population to build up and participate in

the scattering process.

This thesis focuses on the nonlinear interactions in multimode systems, thus both intramodal
and intermodal nonlinear processes need to be considered simultaneously. Since SBS can be
neglected when using optical pulses with durations of hundreds of picoseconds, this section
introduces FWM and Raman scattering (which has a response time of ~0.1 ps) by solving the MM-
NLSEs (see Eq. (2.3.8)). There are no direct general analytical solutions to the MM-NLSEs;
however, they can be solved via several numerical methods, with the split-step Fourier method
[68] being extensively used. This method is based on the assumption that dispersion and
nonlinear effects act independently over a short propagation distance dz in fibres. To describe
light propagation along fibres, the fibre length is divided into multiple dz segments, within which
the dispersive and nonlinear steps are implemented separately. Additionally, analytical solutions
of the MM-NLSEs can also be derived under certain conditions, as demonstrated by Egs. (2.3.21)
to (2.3.31). Considering a multimode beam oscillating at frequencies w,, ws, and w;, where the
two pumps are at the same frequency (wp= wWp>= Wp), known as degenerate FWM, the electric

field is in a fixed polarization state and can be defined as:

E(r,t) = z M (x, y, @, )Apm (z, Dexp[j (B9 z — w,t)]

+ My (x,y, w5)Asp (2, texp[j(B™@9)z — wgt)]
+ My (x,y, @) Al (2, texplj(B™@Dz — w;t)]

(2.3.14)

where ,B(m"‘)n) denotes the propagation constant of the m-th mode at the frequency w,,(n=p, s, i),
M., is the modal distribution of the m-th mode, and Ann(n=p, s, i) represents the amplitude of the
pump, signal and idler in the m-th mode. By substituting Eq. (2.3.14) into the wave equation Eq.
(2.2.4) and then following the same approach introduced in section 2.3.1, the following coupled-
amplitude equations are obtained, which include both the Kerr (SPM, XPM, and FWM) and Raman

nonlinearities:
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where rapidly oscillating terms are neglected (they average out to 0), and the signal and idler
amplitudes are much weaker than the pump amplitude (JAp| >> |As]|, |Ai]). Consequently, the
terms that contain more than one weak-field amplitude, such as Ap:AsAs*, are reduced. The
letter K and R refer to the Kerr and Raman nonlinearities, respectively. Eq. (2.3.16) describes the
amplitude evolution of the signal in the m-th mode with the contributions of intramodal and
intermodal interactions between the pump, sighal, and idler waves. An equation for the idler of
the m-th mode can be obtained by exchanging the label s withjin Egs. (2.3.16) - (2.3.18). The wave

vector mismatch is defined as:

A,B,(,f'p) — B(m'wS) _ ‘B(m.wp) (2.3.19)
A,B,(,i'p) — 'B(m,wi) _ B(m,wp) (2.3.20)

When the pulse width exceeds 1 ps, the amplitude variations over the time scale of the Raman
response function hg can be considered negligible. This simplification allows to introduce the

Raman-induced index changes (dr) and gain coefficients (gg) as follows[68]:
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8r = frRe[hp(Q)] (2.3.21)
gr = 2y frlm[hg(Q)] (2.3.22)
where FLR denotes the Fourier transform of hg, and Q=w,~w.:=w~w, is the Stokes shift, then Egs.

(2.3.15) and (2.3.16) can be rewritten as follows:
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Under the un-depleted pump assumption, Eq. (2.3.23) describes the propagation of the pump

and yields the solutions:
Apy = [ PpelY ImmPmALizm 2fmePOz P = | Ap,, |2, Py = |Api|? (2.3.26)

The pump experiences different intensity-dependent phase shifts for different modes. After
substituting this solution into Egs. (2.3.24) and (2.3.25), one can obtain the following equations

determining the evolution of the signal and idler amplitudes:
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(2.3.27)
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where s, = Asyexp [ignz — jABYT'Z) , Alyy = Aigy exp [~jdmz + ABYz] With @y =¥ (frumPr +
Yokem 2fmePr) - At this step, Egs. (2.3.27) and (2.3.28) can be analytically solved in a matrix
formalism by rewriting them in the form of:

- M M,
My M, (2.3.29)
OZV = MV;V - [AS Ai ] ’ M [_Mi,s —Mu:l

where v is a 2N x 1 vector with N as the number of modes, As and Ai* are N x 1 vectors (4s =

[Asy,Asy, ..., Asy], Ai* = [Aif, Ai3, ..., Aiy]), and M is a 2N x 2N matrix:

My ofm,m] = {j [ABSP + ¥ (1 = fa + 8&)foumPrs + Bicwm ¥ (~fe + 60 fruePic| +
92 (Foum P + Bicom fanicP)
M, [m, k] = [y 2 = fa + 82) + 2| frue BuPrc
M, [m,m] = [jy (1 = fo + 82) + %] frumPa
M;;[m, k] = [j2y(1 — fr + 8g) + gR]fmk\/Pm—Rk:
My [m,m] = {j[ABS7 + Y1 = fa + 8&)foumPon + Seom ¥V (—f + 60 fnicPe] + = P +
Seem frucPi)
Miifm, k] = 172 = fa + 82) + %] frier PP
M [m,m] = [jy (1 = fo + 82) + %] frumPa
M;[m, k] = [j2y(1 — fr + 8r) + gR]fmkm'
(2.3.30)

The solution of Eq. (2.3.29) can be written as:

2N
v[jl(2) = Zk_lckwk[i]exp(lkz) (2.3.31)

where A and wi are the eigenvalues and eigenvectors of M, the labelj denotes the j-th element of

v(z=0)-diag(onesy,—onesy)-wg

v, and the coefficients ¢, = with onesydenoting an Nx 1 vector of ones.

wy-diag(onesy,—onesy) Wy

In order to verify the accuracy of the analytical solution Eq. (2.3.31) and to demonstrate Kerr and
Raman effects in multimodal systems, the split-step Fourier method was implemented to
numerically solve the MM-NLSEs Eq. (2.3.8). Initially, the Raman contribution is neglected (fz= 0=

gr=0), and three different modes with the same polarization states are considered, which are
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maintained during propagation. The fibre dispersion parameters and nonlinear coefficients are

listed in Table 2.1.

Table 2.1 Fibre dispersion parameters and nonlinear coefficients for the 3-mode fibre

@ A=1040 nm Mode 1 Mode 2 Mode 3
B (ps/mm) 4.902 4.904 4.906

B2 (ps*/km) 30.362 27.101 22.639

B (x0.01 ps®/km) 2.227 2.405 3.006

Overlap factor (f11, | (1,1.44,1.18,0.70,

W-'km™ 3
v ) f22, f33, F12, f13, f23) 1.08,0.74)

Figure 2.3 illustrates the comparison between the numerical and analytical solutions for the
evolution of the three modes over a fibre propagation length of 1m. Figure 2.3(a) shows the
spectral envelopes for the input and output three modes. The input modes are continuous waves
oscillating at the same frequency 288.5 THz (wavelength=1040 nm), each with an average power
of 2 kW. Background noise added to the input serves as a probe that can be amplified by the gain
provided by the modulation instability, resulting from phase-matched four-wave mixing.
Consequently, new frequencies emerge in distinct spectral regions centred at +8.5 THz, +12 THz,
and =22 THz, arising from Ml between different pairs of modes. Mode-dependent gain, depicted
as red lines in Figure 2.3(b), can be readily calculated. The analytical gains calculated from
Eq.(2.3.31) via 20logio(v(z=1m)/v(z=0)), perfectly align with the numerical results. The slight
discrepancy in gain around the pump frequency is attributable to the Lorentzian shape of the

input spectra in the simulations, while the analytical model assumes a single-frequency input.

(a) Mode 1 (b) Mode 1
0 — ; , . ‘ 100 ; R
50 Input Output‘ | Numerical s Analytical |
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Figure 2.3 Comparison between the numerical and analytical solutions to the MM-
NLSEs for a 3-mode fibre when only considering Kerr nonlinearity. (a) Input and output
spectra for each mode (centred around the pump frequency) obtained by numerical
simulation. (b) Gain spectra obtained from numerical (red) and analytical (blue)

methods.
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Another simulation instance is conducted, incorporating Raman contributions. Analytical
solutions (Eq.(2.3.31)) are computed, considering both Kerr and Raman nonlinearity (fz=0.18),
within the same 3-mode fibre and utilizing identical parameters, including modes, powers, and
fibre length. Figure 2.4(a) illustrates the input and output spectra envelopes when considering the
complex intramodal and intermodal processes. Notably, the gain spectra in Figure 2.4(b) diverge
from those depicted in Figure 2.3(b) within the frequency range from -25 THz to 0 THz, attributed
to Raman scattering. Figure 2.3 and Figure 2.4 validate the accuracy of the analytical methods
presented in this section. Moreover, while numerical methods entail time-consuming processes
due to various inherent challenges such as step size and resolution, analytical method offers
rapidity through matrix calculations. Hence, it serves as efficient precursor to the implementation
of time-consuming numerical methods. Leveraging these methods facilitates the study and

prediction of the complex interaction dynamics within multimode nonlinear systems.
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Figure 2.4 Comparison between the numerical and analytical solutions to the MM-
NLSEs for the same 3-mode fibre as Figure 2.3, when taking into account both Kerr and
Raman nonlinearity. (a) Input and output spectra obtained by numerical simulation. (b)

Gain spectra obtained from numerical (red) and analytical (blue) methods.

2.4[] Review of nonlinear spatial control processes in multimode

systems

The multimode interaction in nonlinear multimode systems brings a plethora of novel effects and
phenomena. Controlling the output beam pattern in these systems is pivotal and has been
achieved by complex mode control devices and signal-processing algorithms. This section
reviews various all-optical nonlinear spatial control processes in multimode systems, which are
highly relevant to the objective of this thesis — mode control and beam shaping in multimode
systems. The following nonlinear spatial control processes are introduced: dissipative spatial
beam clean-up, Kerr beam self-cleaning, beam self-organization in multimode gain media,

polarization and mode attractors, and optical long period gratings.
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2.4.10] Spatial beam clean-up through dissipative nonlinear process

Spatial beam clean-up refers to the process by which a spatial beam profile is cleaned to a single
mode condition, typically evolving towards the fundamental mode with a Gaussian-shaped
profile. In multimode graded-index (MM-GRIN) fibres, dissipative nonlinear processes such as
SBS and SRS cause the generated Stokes waves to evolve into one of the lower-order modes [79-
83]. In this process, the pump is coupled to multiple modes, and the beam clean-up in Stokes
waves is predominantly observed in MM-GRIN fibres. The output Stokes mode can be selectively
controlled to propagate lower-order modes by adjusting the launching conditions of pump
wave[82]. This is due to the significant overlap between the lower-order Stokes modes and the
multimode pump modes [81, 82], resulting in mode-dependent gain that favours the lower-order
modes. The output Stokes mode can be selectively controlled to propagate lower-order modes
by adjusting the launching conditions of the pump wave[82]. However, step-index MMFs are not
suitable for exploring Brillouin- or Raman-induced beam clean-up. In these fibres, the overlap
between the multimode pump modes and different orders of Stokes modes is similar, and no

mode-selective gain is achieved[83].

In recent years, the Brillouin and Raman beam clean-up effects have been developed to achieve
high-power, high brightness Stokes light with high fundamental mode purity. Raman fibre lasers
based on MM-GRIN fibres, pumped with high-power multimode laser diodes, have been studied,
resulting in an output power of 50 W with high brightness[84]. Another significant application of
dissipative nonlinear beam clean-up is in amplifier configurations[82, 84, 85], where the Brillouin-
or Raman-induced Stokes beam maintain the same mode as the externally excited seed beams.
In such amplifiers, the amplification of low-order modes is possible by selectively exciting seed
modes. The dependence of the Raman clean-up effect on the seed beam quality has been

demonstrated at the 2-kW level with MM-GRIN fibres[86].

2.4.2(] Kerr beam self-cleaning in highly multimode fibres

Kerr beam self-cleaning involves the transformation of the transverse intensity profiles at the
MMF output from a speckled pattern to a bell-shaped beam sitting on a low intensity background.
Unlike dissipative beam clean-up, Kerr beam self-cleaning is observed at the pump wavelength
rather than the Stokes wavelength. This effect has been experimentally observed in MM-GRIN
fibres with pulse durations ranging from nanosecond down to femtoseconds, and at wavelengths
ranging from visible to near-infrared region. Table 2.2 provides a review of experiments reported
on Kerr beam self-cleaning. Kerr beam self-cleaning primarily occurs with ps pulses having tens
of kW peak power over a few meters of MM-GRIN fibres. Most experiments have used 1 um lasers,

with one notable exception at 532 nm using a frequency-doubling technique[87]. Typically, the
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self-cleaned output beam resembles the fundamental fibre mode (LPos mode), as indicated in the
last column of Table 2.2. However, by adjusting the input launching conditions - such as using
tilted injection[88], a deformable mirror[89], or dual beams[63] - self-cleaning to higher order fibre
modes has also been observed. More recently, the concept of cascaded Kerr beam self-cleaning
has been numerically investigated to further improve laser beam quality by using multiple MM-

GRIN fibres[90].

Table 2.2 Review of experiments on Kerr beam self-cleaning

Year Name of Pulse Peak power | Wavelength | Fibre Output
researcher duration | (kW) (nm) resembling
2016 Krupa[91] 900 ps 50 1064 6m GRIN LPo+
2016 Liu[92] 80fs 600 1030 20cm GRIN | LPoq
2016 | Wright[87] 1ns 0.5-3 532 100m GRIN | LPo,
2017 Guenard[59] 500 ps 200 1064 3mYb-MMF | LPy,
2017 Krupa[60] 900 ps 44 1064 12m GRIN LPoq
2018 Deliancourt[93]| 750 ps 50 1064 8.3m GRIN LPo+
2019 Deliancourt[89]| 7 ps 30-45 1064 5m GRIN LPo1, LP44,
LPO2, LP21:
LP12, LP22
2019 Niang[94] 500 ps 130 1064 9.5m Yb- LPoq
GRIN taper
2020 Fabret[95] 60 ps 55 1064 12m GRIN LPoq
2022 Mangini[96] 174 fs- 30 1030, 1064 |3m GRIN LPoq
0.5ns
2023 Ferraro[63] 65 ps 100 1064 2m GRIN LPoq
2023 Ferraro[63] 174fs-7.8 |23.4 1030 2m GRIN LPoq
ps

There are some appealing features of the Kerr beam self-cleaning process. Firstly, it requires a
peak power level lower than the threshold required for self-focusing, which needs megawatt peak
power. Moreover, Kerr beam self-cleaning is observed well before Raman amplification,
indicating that beam self-cleaning occurs without significant spectral broadening, frequency
conversion, or dissipative processes. Secondly, the efficiency of self-cleaning is highly
dependent on the refractive index profile of the fibre core and the number of modes involved. This
dependency explains why beam self-cleaning is typically observed in MM-GRIN fibres. Thirdly, a
cut-back study[60] shows that the Kerr self-cleaning is an accumulated nonlinear phase shift
process, proportional to the product of fibre length and power. This is distinct from self-focusing
or scattering processes, which require a fixed power threshold. Fourthly, the self-cleaned output

beam typically resembles the fundamental fibre mode whereas the higher-order modes remain
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significantin the output. Lastly, the self-cleaned output beam can preserve the spatial coherence
of the input laser source. This has been demonstrated by the coherent combination of two self-

cleaned beams from two independent GRIN fibres pumped by the same laser[95].

The several features of Kerr beam self-cleaning suggest that this effect is associated with a
beam’s evolution towards a well-defined mode power distribution in a MM-GRIN fibre, rather than
merely converting power from higher-order modes to the fundamental mode. Since the first
observation of this effect, researchers have been working to elucidate the physical mechanisms
behind it. Several hypotheses and models have been presented to explain the complex
multimode dynamics[83], including nonreciprocal intermodal coupling driven by a dynamic
optical grating, quasi-phase-matching conditions favouring gain in the fundamental mode,
hydrodynamic 2D turbulence, wave condensation, mode-dependent losses, the transfer of
entropy from the spatial shape to the temporal pulse shape[92], and so forth. Among these
studies, two prevailing theories have emerged to explain the Kerr beam self-cleaning effect, both
supported by experimental results. One is the purely Kerr-induced transfer of disorder from the
spatial to temporal/spectral domain[97]. Driven by a complex multimode intermodal four-wave
mixing process, the output spectrum of each fibre mode will be deformed in a different manner.
As a result, the fundamental mode emerges with dominant weight in the pump wavelength after
the propagation through the MM-GRIN fibre. This increased spectral disorder also results in
temporal reshaping, causing pulse break-up and compression[83, 92]. The other theory is based
on a statistical mechanics model of wave thermalization[61, 62, 96, 98]. In this framework, a
multimode beam is described as a gas of photons obeying an equation of state at thermal
equilibrium. The occupation probability of the fibre modes can be reproduced by the Rayleigh-
Jeans law[62]. At thermal equilibrium, the fundamental mode achieves macroscopic occupation

in MM-GRIN fibres, leading to beam self-cleaning to the fundamental mode.

2.4.3(] Beam self-organization in multimode gain media

Kerr beam self-cleaning occurs in passive MMFs in an energy-conservative manner. However, it
is also crucial to investigate this phenomenon in multimode gain media. A similar effect, known
as beam self-organization, has been observed in active fibres. In an initial experiment, Kerr self-
cleaning effect was demonstrated in an amplifying MMF using a 3-metre double-clad ytterbium-
doped MMF with non-parabolic refractive index profile [59]. This experiment compared the self-
cleaning effect in both passive and active configurations using the same fibre. It was found that
spatial self-cleaning could be achieved with a significantly lower power threshold in the active
configuration. In the passive setup, self-cleaning required input peak powers above 40 kW with
500 ps pulses. Conversely, when the fibre was pumped (active configuration) and with a gain of

20dB, only a peak power of 500 W was needed to initiate the beam self-cleaning process. Another
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experiment used a 9.5m-long Yb-doped MM-GRIN fibre taper, with the fibre’s cross-section
diameter gradually decreasing from 122 um to 37 um[94]. This setup further explores the beam
self-cleaning phenomenon in multimode gain media, highlighting the potential for lower power

thresholds and enhanced control over beam profiles in active fibre systems.

In addition to the beam shaping with doped MMFs, fibre laser arrays and multicore fibres offer
alternative platforms for achieving beam self-organization. Mutually injected fibre laser arrays
have been investigated both theoretically and experimentally to achieve different phase-locked
states of the laser arrays[99-101]. In one configuration involving two laser arrays, each array uses
anindividual Erbium doped single mode fibre as the gain medium, and the two arrays are mutually
injected through fibre splitters. Experiments demonstrated that these two fibre lasers could
output coherent light at the same wavelength with a stable phase relationship between the
arrays[99]. This stable phase condition, which can be either in-phase or out-of-phase, is induced
by virtual longitudinal mode competition within the entire laser array cavity. This setup

showcases the potential for controlled and coherent beam output from multiple laser sources.

The self-organization of fibre laser arrays holds significant importance for achieving coherent
beam combination, leading to the generation of high power, high-brightness, and diffraction-
limited light. As multicore fibres have been proposed for power scaling and beam combination,
researchers have explored their potential for obtaining self-organized supermode outputs, where

multiple beamlets from MCF cores exhibit fixed intensity and phase relations.

In one early experiment, a hexagonal 7 coupled-core Yb-doped fibre, with a length of 15 m, served
as the gain media within a laser cavity[102]. The output exhibited a high-brightness beam in the
far field, indicating that the dominant modes in the MCF were in-phase supermode (the
fundamental supermode) in the near-field. A subsequent theoretical explanation proposed the
nonlinear refraction mechanism[103] as the basis for this self-organization effect in active MCFs.
It suggested that either in-phase or out-of-phase supermode could be selected by controlling the
pump intensity. Further experiments demonstrated the fundamental supermode operation of a
5.8m-long 19-coupled-core Yb-doped MCF amplifier, achieving high pulse energies up to 0.65 m)J
with ~100 ns pulses[104].

More recently, coupled-core MCFs have attracted attention for exploring a broader range of
effects involving both spatial and temporal dynamics[105-108]. These include phenomena such
as spatiotemporal optical bullets, simultaneous beam combining and pulse compression[105,
106, 108], multicore beam self-focusing[107], and multicore supercontinuum generation. For
instance, an 11-mm 7-core MCF has been shown to function as a saturable absorber, inducing

pulse compression from ~ 370 fs to ~200 fs in the central core, while spatially trapping pulse
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energy in the central core[106]. Such studies highlight the versatility and potential applications of

coupled-core MCFs in advanced optical systems.

2.4.4] Polarization and mode attractors in counter-propagating beams

The Kerr beam self-cleaning and self-organization processes typically take place in a co-
propagating multimode system, where spatial redistribution arises from the one-directional
multimode interactions. However, researchers have also explored the interaction between two
counter-propagating beams in optical fibres over the last two decades. In this context, the

concept of polarization and mode attraction has been demonstrated.

Polarization attraction is a Kerr effect where the polarization state of an intense optical signal
beam can be transformed from arbitrary to a desired state[109]. This transformation in nonlinear
fibres is driven by the intermodal FWM process between the signal beam and a strong counter-
propagating control beam. This phenomenon is observable in single-mode ultralow-birefringence
fibres, where the counter-propagating beams can be treated as two polarization modes, such as
left- and right-circular polarization states. Through specific boundary conditions applied to the
counter-propagating system, the output forward beam adopts the polarization state of the
backward input beam, given that the two beams have sufficiently high power or the interaction

medium (fibre) has significant nonlinearity.

In the first experiment reported in 2001[110], 22 ns pulses with a peak power of ~200 W were
launched at the two ends of a 1.45m-long step-index ultralow birefringence fibre, operating at a
wavelength of 532 nm. Nonlinear polarization switching occurred in the forward beams when
selectively adjusting the bidirectional beams with the same or opposite linear or circular
polarization states. Subsequently, in 2005, a similar effect known as mode attraction was
proposed using bimodal high-birefringence fibres. In mode attraction, the forward beam is
attracted to the opposite mode of the backward control mode. An initial experimental
investigation demonstrated this effect in a 2 m-long bimodal fibre using 6.5 ns pulses with 175 W

peak power at a wavelength of 532 nm[109].

With a growing interestin controlling polarization states in telecommunication fibres, polarization
attraction was extensively explored from various perspectives[111, 112], including wavelength
extension to C-band[113-116], reduction in power requirement[114], variation in pulse
duration[114, 116], performance in kilometres long telecommunication fibres, and high data rate
and bandwidth[116]. Additionally, conceptual devices such as the omnipolarizer[117, 118], four-
wave mixing polarizer[119], and mode attractor[118, 120] have been demonstrated. However, the
mode attraction process remains incompletely explored, particularly concerning the complex

dynamics when extending from a bimodal system to a multimode counter-propagating system.
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The investigation of mode control dynamics in nonlinear multimode counter-propagating

systems is addressed in subsequent chapters.

The theory behind polarization and mode attraction has been explored using the nonlinear
Schrédinger equations in a bimodal context. To generalize this to counter-propagating multimode
systems, the co-propagating MM-NLSEs (see Eq.(2.3.8)) can be modified accordingly. In an
isotropic multimode fibre, where forward and backward beams are coupled across N spatial
modes at the same frequency, and can be decomposed into x/y linear polarization states, the

Fourier transform of the electric field can be expressed as:

B ) = ). {anMn(7,0) ez, 0)exp [17 (@)2]
m
+ 8y My (5, Y, 0 iy (2, 0)exp i)™ (w)z]
+ EamMin (6, Y, ) B (2, 0)exp [~ ()]
+ 8y M (%, Y, ) By (z, 0)exp |~ (w)z}

(2.4.1)

where the spatial distributions of the orthogonally polarized modes are assumed to be the same
(the transverse mode distribution of the m-th mode denoted as Mp,). ,[)’x(m) and ﬁ’y(m) are the
propagation constants of the x and y polarization components for the m-th mode, F, .y, By,

and E’my represent the amplitudes of the forward(F) and backward(B) modes.

By substituting Eq. (2.4.1) into the wave equation Eq. (2.2.4), and following the same procedures
introduced in section 2.3.1, one can derive the coupled-amplitude equations that govern the

interaction between the counter-propagating beams[109, 110]:

ame — Z ik.Bkmx akax
0z k! otk

k=1

. * 2 * * 2 *
= lyfmm [mememe + §mememe + 2meBmmex + §meBmmey]
+ lyz . fmn [Zmeanan + §meFnyFny + 2meanan + §meBnany
n+m

2
+ ZanBr*annx + §anBr*nany]

(2.4.2)

0By o Z i* Bemy 0% Biny
0z k! atk

k=1
= =Y fmm [BmyB,*nmey + %BmyB,*anmx + 2By By Finy + gBmyF,;‘Lmex
-y Znim fmn [ZBmyB,*lany + %BmxB,*lany + 2By FryFpy + %BmyF,’[anx
+ 2By By Fry + %BnyF;Lanx]
(2.4.3)
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where the Raman interaction is neglected, Fnxy(z,t) and By (z,t) denote the amplitude of the
forward m-th mode in the x/y polarization state and the amplitude of the backward n-th mode in
the x/y polarization state, respectively. The last two terms on the right-hand side of these
equations are automatically phase-matched, representing the energy exchange among the
forward beams with different polarization states and mode distributions driven by the counter-
propagating beams. These inherently phase-matched terms are unique to a counter-propagating
configuration because similar intermodal phase matching conditions would require specific fibre
designs in a co-propagating system. The coupling strength between the orthogonally polarized
modes is one third of the coupling strength between the parallelly polarized modes, as indicated
with the coefficients 2 and 2/3. The equations for the mode F,, and B, can be obtained by

replacing the label x(y) with y(x) in these two equations.

2.4.5]] Optically induced long period gratings in multimode fibres

Spatial control over the transverse mode distribution in optical fibres can also be achieved
through the introduction of periodic perturbations to the light propagation[121]. Beyond
permanent optical gratings and acousto-optic mode converters, the concept of optically induced
long period gratings has been proposed and experimentally investigated using nanosecond and
femtosecond pulses with kilowatt peak powers[66, 122-125]. When a high-power beam (writing
beam) is coupled with two modes into the fibre, the mode beating between these modes
generates an instantaneous and temporal grating via the Kerr effect. Another low-power beam
(probe beam) can be diffracted by this optical grating, leading to a periodic mode conversion for

the probe beam.

Initial experiments were conducted with step-indexfew-mode fibres, spanning lengths from a few
metres to centimetres[66, 123]. In these experiments, the writing beam and probe beam were
orthogonally polarized to separate them at the same wavelength. Efficient mode conversion of
probe beam requires phase matching between the writing and probe beams. By using graded-
index fibres, which feature flat dispersion and phase-matching curves, the wavelength of the
probe beam can be extended from a single frequency to a large bandwidth[122, 125]. For
instance, in an experiment using a 19.5 cm MM-GRIN fibre, 400-fs pulses with 250 kW peak power
at a wavelength of 1030 nm were used as the writing beam. An energy conversion of 18% between
the LPo; mode and the LP,; mode was observed in a probe beam at a wavelength of 1250 nm with

2 ps pulses at 500 W peak power[125].

Meanwhile, theoretical and simulation approaches have been developed to understand the
transverse mode conversion controlled by optical long period gratings. These approachesinclude

the development of coupled mode equations[122], the beam propagation method[66], solutions
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to the MM-NLSEs[124], material representations[121], four-wave mixing representations[121],
and the intermodal Bragg-scattering four-wave mixing effect[126, 127]. However, state-of-the-art
theories and models typically consider up to only two modes. It is crucial to generalize these
theories to account for any number of modes. Furthermore, the optical long period grating effect
in counter-propagating systems remains unexplored both theoretically and experimentally.
These aspects are investigated in Chapter 4, where counter-propagating optical nonlinear

gratings in multimode and multicore fibres are demonstrated theoretically and experimentally.

2.5[1 Conclusions

In this chapter, the propagation of multimode laser beams in optical fibres has been introduced
using the MM-NLSEs. The intramodal and intermodal nonlinear interaction processes have been
discussed based on the derivation of analytical solutions to the MM NLSEs, including self- and
cross-phase modulation, four-wave mixing, and Raman scattering. The multimode interaction in
multimode systems brings several novel effects and phenomena. As the main objective of this
thesis is spatial mode control and laser beam shaping, several nonlinear spatial control
processes in multimode systems have been reviewed, including dissipative spatial beam clean-
up, Kerr beam self-cleaning, beam self-organization in multimode gain media, polarization and
mode attractors in counter propagating beams, and optically induced long period gratings. The
work introduced in Chapters 3 and 4 is based on the nonlinear interaction between counter-
propagating beams, which shares a similar mechanism with polarization and mode attractors.
However, the number of involved modes has been extended from two to multiple modes, and the
mode control/shaping dynamics for the counter-propagating beams has been further
investigated. Chapter 5 introduces spectrally beam shaping (wavelength conversion) in multicore
fibres, and the corresponding background theory is reviewed in Section 2.3. Chapter 6 also
investigates spatial beam shaping in multicore fibres; however, it focuses on a linear coherent
beam combination approach. The corresponding state-of-the art and underlying mechanism are

introduced at the beginning of Chapter 6.
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Chapter 3 /Mode rejection and control in multimode

and multicore fibres

3.1[] Introduction

In this chapter, the concept of “mode rejection in nonlinear optical fibres” is introduced and
validated through experiments conducted with various few-mode fibres and homemade coupled
multicore fibres. The phenomenon observed involves a forward-propagating beam autonomously
rejecting a specific spatial mode when influenced by a backward-propagating beam of
comparable power. Initially, the theoretical framework of mode rejection within counter-
propagating beams is outlined, supported by simulation results. Subsequently, experimental
investigations are conducted to demonstrate the rejection of different LP modes or supermodes
using a range of fibres, including 2-mode fibres (PM1550-xp, PMHN1, SMF28, and dual-core
fibre), a 3-mode fibre (tri-core fibre), and a 6-mode fibre (PM2000), all operating at a wavelength
of 1.04 pm. The chapter explores the impact of various parameters on the mode rejection effect
through experimentation and simulations, including factors such as the input conditions of the
counter-propagating beams (launch power, polarization state, and mode composition), fibre
design, and fibre nonlinearity. Lastly, the concept of mode control within counter-propagating
multimode beams is demonstrated, expanding upon the initial observations of mode rejection to

further elucidate the dynamics of multimode nonlinear interactions.
3.2[] Mode rejection dynamics

3.2.10 Theory

The coupled nonlinear Schrodinger equations (see Egs. (2.4.2) and (2.4.3)) introduced in Chapter
2 describe the conservative nonlinear interactions among electric fields in a counter-propagating
system with varying properties, including different polarization states, propagation directions,
and spatial modes. These equations suggest a range of nonlinear effects commonly explored in
counter-propagating multimode systems, such as four-wave mixing. However, a novel nonlinear
effect — mode rejection — has not been thoroughly investigated. Mode rejection occurs when two
laser beams are injected into opposite ends of a Kerr nonlinear medium (optical fibres, in this
thesis), enabling a forward signal (FS) beam to self-organize its spatial mode distribution to
eliminate a specific mode from the output signal. This process is driven by a backward

propagating beam, termed the backward control beam (BCB). For simplicity, the following theory
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is introduced in a scalar regime, considering the FS and BCB as either co-polarized or

orthogonally polarized. This allows the simplification of Egs. (2.4.2) and (2.4.3) to:

0F 0F
S B S = | o F + P i (1Bl + 21
9z ot " (3.2.1)
FiBL ) DYmaBuFy
nEm
_9Bm , oom)9Bm
0z Lot
= Yl BB + 1B ) Youn (DIFal? + 218, ) (3.2.2)
n

FiB Y DYmaBFy
n#m

where the second and higher order derivatives with respect to t are neglected, meaning that the
dispersion length is much larger than the fibre length. These simplified equations hold true for
experiments involving picosecond pulses, kilowatt peak power, and fibre lengths on the order of
metres. ymn is the nonlinear Kerr coefficient related to the m-th and the n-th modes and it is
defined by ymn=Yfmn (see EQ.(2.3.10) for f,). The polarization-related coefficient p=2 when the FS
and the BCB are co-polarized, whereas p=2/3 when they are orthogonally polarized. On the right-
hand side of Egs. (3.2.1) and (3.2.2), the first two terms describe the self-phase modulation and
cross-phase modulation, which result in phase evolutions of the m-th mode. The last term gives

rise to the energy exchange between the m-th and n-th modes of the FS and BCB.

Stationary solutions can be found such that F,(z,t)=Fn(z) and Bn(z,t)=Bm(2). By focusing on a
stationary problem and considering the case where ymn=2yYm,=Yy, the equations without time-

dependent terms simplify as follows:

aFm . 2 2 i *
a_ =iyE, (1B |* + |Ep|®) + ipy By, B, E, (3.2.3)
VA n n
aBm ; 2 2 i *
_a_ =1iyBy (p|Fa1* + |Bu|?) + ipy By, B, E, (3.2.4)
VA n n

where p=p/2, the equations simplify and the boundary conditions fix the input FS at z=0 and the
input BCB at z=L (L is the fibre length), i.e., F»(0) and B.,(L). To further analyse the system, the

following change of variables is introduced:
E, = }}1/2 frneY PrtpPp)z (3.2.5)
By, = P}/? by e (PotoPp)z (3.2.6)

where Ps = Yu|Fm|? and P, = Ym|Bm|? are the total forward and backward powers and they are
conserved during propagation (with losses neglected). According to Egs. (3.2.5) and (3.2.6),
Zm|fm|2 = ZmllA)m|2 = 1. In the following derivations, the focus is on a defined correlation coefficient

Dr = (SmFmBml|)/(PiPs)""2. Note that Dg and Dg = Y., fmb:m are identical except for a phase term
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eVAP(P=1)Z \yith AP = P, - P, and consequently |Dg| = |Dg|. Inserting Egs. (3.2.5) and (3.2.6) into
Egs. (3.2.3) and (3.2.4) yields the following relations:

Ozfm = iypPyDgbry, (3.2.7)
0,b;y = iypP;Dj fm (3.2.8)

By calculating the derivative of ﬁR with respectto z, one can find a simple equation by substituting

Egs. (3.2.7) and (3.2.8) into ,Dp:
0,Dg = iyp Dy - AP (3.2.9)

Eq. (3.2.9) can be solved analytically and the solution reads D (z) = Dg(0) - e¥P4PZ  Note that at
this point ER(Z) is still undetermined. Indeed, due to the counter-propagating nature of the
system, ﬁR(O) is unknown since it depends on b,(0). However, by inserting the solution of Eq.
(3.2.9) into Egs. (3.2.7) and (3.2.8), the solution for f,,(L) can be obtained. After some algebra,

this leads to the following equality:

if, (0)he2 P4PL _ Bx (L)Di (L) sin(T h) (v + w) (3.2.10)

fm(L) = ih cos(T h) — v sin(T h)

where v=A4P/(2Q), w = Poi/(2Q), h*=v2 + |Dr (L)[?, T= pyQL, Q? = PPy, Piot = P; + Py. After multiplying
the left- and right-hand sides of Eq. (3.2.10) by b,,(L), one can take the summation over the
spatial modes to obtain the following implicit equation for Dg (L):

.7 (in) liy pAPL _H .
lDR he2 —DR(L) sm(T h) (17 +W) (3211)
ihcos(T h) — vsin(T h)

ﬁR L) =

where 5{;’”) = Y fn(0)b,, (L) represents the correlation among the input FS (f,,(0)) and the
input BCB (b, (L)), and it is fixed by the boundary conditions. Note that D™ and D{™ =
Cm fm(O)bm(L))/(Pbe)l/2 are identical up to a phase term and therefore they share the same
magnitude. Eq. (3.2.11) can be solved numerically for determining 5R (L) in the complex domain.
It is however useful to derive an equation for the magnitude |5R(L)| = |Dg(L)|. For the sake of
simplicity, an example case where the powers of the FS and the BCB are identical (AP=0) is

analysed, then Eq. (3.2.11) can be further simplified with v=0, w=1, and h=|l3R (L)

iDS™h — Dp(L) sin(T h)

Dr(L) = (3.2.12)
r(L) ih cos(T h)
By multiplying Eq. (3.2.12) with ih cos(T h), the following condition can be obtained:
Dr(L)[ih cos(T k) + sin(T h)] = iD{™h (3.2.13)
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Finally, by computing the magnitude of the left- and right-hand sides of Eq. (3.2.13), one can
obtain the relation determining the mode rejection:
h? — D"

(3.2.14)
h? -1

sin?(Th) =

In order to obtain an estimate for |5R(L)|, it proves useful to graphically represent Eq. (3.2.14).
Figure 3.1 shows an example of the solutions (h), which indicate the correlation coefficients at
the fibre output (|5R (L)]). Itis worth noting that, despite the existence of multiple solutions (green
points of intersection), the system always relaxes towards the one corresponding to the smallest
value of h, namely h. Figure 3.1 compares the solutions with different fibre lengths (L), suggesting
thatin a highly nonlinear regime (7>>1 with sufficiently high L or Q), the solution h; will approach
0. With a further approximation by eliminating h, Eq. (3.2.14) can be recast as |§R(L)| = |Dgr(L)| =
asin( |D,(?in)| )/T, which indicates that Dg (L) will decrease to 1/(QL). Under this estimation, if the
input BCB is coupled into a specific mode, for instance, the m-th mode, such that b,,,(L) = \/P_b
and bpam (L) = 0, then [Dg(L)] = (T fin (Lbm(1)/(PP,)""* reduces to f(L)//P; - The
condition |Dg(L)| = 0 implies that |f,,(L)| = 0, suggesting that the output FS carries no energy in

the m-th mode irrespective of the input conditions of the FS, meaning the m-th mode is rejected

at the fibre output.
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Figure 3.1 Graphical representation of Eq. (3.2.14) when AP=0. The parameters are set
as: (a) p=1, y=0.003 W'm™, L=0.2 m, Q=10 kW, |D{™|2=0.6; (b) p=1, y=0.003 W-'m",

L=1m, Q=10 kW, |D{™|2=0.6.

3.2.2] Simulations

A striking feature of Egs. (3.2.1) and (3.2.2) is that they exhibit the same mode rejection dynamics
even in the general case where the Kerr coefficients yn, are arbitrary. Indeed, one could still

observe a relaxation towards a stationary state and again the nonlinear interaction among the

70



Chapter 3

counter-propagating modes performs as an underpinning “driving force” that leads to mode
rejection. To illustrate and confirm the validity of the theoretical estimation shown in Figure 3.1,
a simulation tool is used to numerically solve the coupled nonlinear Schrédinger equations (Egs.
(3.2.1) and (3.2.2)) via a standard finite-difference method[110]. The evolution of the counter-
propagating beams F,(z) and B,(z) can be numerically solved with the defined boundary
conditions. The validity of the simulation tool was tested against a different numerical tool (the
shooting method[128]) and compared with the experimental results of mode rejection, which are

demonstrated in the following sections of this chapter.
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Figure 3.2 Distribution function of the input relative powers |F.(t,0)|*/Prand of the output
relative powers |F(t,0)|%/P; of the FS when simulating 1000 instances of Egs. (3.2.1) and
(3.2.2). The FS and the BCB are continuous waves in (a), whereas they are pulsed waves
in (b). The following set of Kerr coefficients is used in each simulation: y;1=1 Wkm™;
V22=1.5 Wkm™; y33=1.6 Wkm™; yas=1.2 W'km™; y12= y21=0.7 W'km™; y13= y3:=1.1 W'km"
1 ¥14= ¥21=0.8 Wkm™; y23= v32=0.7 Wkm™; y22= ya2=1 Wkm™; y34= y43=0.9 W'km".

Figure 3.2 shows the simulation of Egs. (3.2.1) and (3.2.2) when using a 0.4m-long 4-mode fibre
with arbitrary Kerr coefficients as listed in the caption. In Figure 3.2(a) the FS and the BCB are co-

polarized continuous waves, both with average powers of P = P, = 2.5 kW. By running 1000
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simulations where the 4 modes are randomly coupled into the input FS while the input BCB only
coupled to the M; mode, the power distribution among the modes in the output FS is
redistributed. The dispersed power distribution function of the input and output FS is shown in
Figure 3.2(a). The top row represents the power distribution for the modes in the input FS, and the
bottom row represents the power distribution for the modes in the output FS. The result clearly
illustrates an effective rejection of the M; mode from the output FS. In almost all 1000 instances,
the power of the output FS coupled to the M, mode is lower than 10% and is less than 5% in 914

instances.

In comparison to the CW regime, 1000 simulations were also implemented considering the co-
polarized FS and BCB with pulse widths of 1 ns and peak powers of 2.5kW (semi-transparent red
bars in Figure 3.2(b)) and 40 kW(blue bars in Figure 3.2(b)), respectively. Figure 3.2(b) displays the
power distribution functions over the 4 modes for the input FS and output FS. In this case, the
input BCB is also coupled to the M; mode while the input FSis randomly coupled with the 4 modes.
A comparison between Figure 3.2(a) and (b) reveals that the efficiency of rejecting the M; mode is
lower in Figure 3.2(b). In 988 out of 1000 simulations, the power of the output FS coupled to the
M; mode is less than 10% when using much higher peak powers. However, when the peak power
is not high enough (for instance, 2.5kW in Figure 3.2(b)), the rejection of a specific mode is
inefficient. This inefficiency arises because the pulse length of a 1 ns pulse in fibres is ~0.2 m,
meaning that the maximum interaction length of the FS and the BCB is also 0.2m, provided the
two pulses encounter inside the fibre. Despite using the same fibre length and same
peak/average power for the pulsed/CW simulation, the nonlinearity (effective fibre length times
coupled power) is lower in the pulsed case. However, the nonlinearity can be increased by using

pulses with longer pulse widths or with higher peak powers.

Indeed, the simulations align closely with the theoretical predictions in both CW and pulsed
regimes. They illustrate that a specific mode can be selectively rejected from the output FS
regardless of its input launching mode composition, as long as a backward-injected intense BCB

is coupled to the rejected mode with similar power as the input FS.

3.3 Rejection of LP modes in multimode fibres

3.3.10 Experimental setup and mode decomposition of multimode fibres

In this section, the mode rejection effect is experimentally investigated using several few-mode
fibres. The selective rejection of different LP modes is demonstrated to validate the theoretical
and simulation predictions. The experiments were conducted in commercial PM fibres (PM1550-

xp, PMHN1, and PM2000) and non-PM isotropic fibres (SMF28).
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3.3.1.1) Experimental setup

To experimentally illustrate the mode rejection process, few-mode fibres were first utilized to
explore the mode conversion of the FS controlled by the BCB. A schematic of the experimental
setup is depicted in Figure 3.3. The output from an in-house built linearly polarized laser source
(a YDF MOPA system operating at a wavelength of 1040 nm and emitting ~0.5 ns Gaussian-
shaped pulses with maximum peak power of ~40 kW) is passed through a free-space isolator
(ISO, Coherent PAVOS) to prevent damage from the backward beams. Then the input beam was
split into two beams to work as the FS and BCB using a combination of a half-wave plate (HWP)
and a polarization beam splitter (PBS). The FS and BCB were injected at opposite ends of test
fibres, including bimodal fibres (PM1550-xp, PMHN1, SMF28) supporting the LPy; and LP;; mode,
and a 6-mode fibre (PM2000) supporting the propagation of LPo1, LP11e, LP116, LP21e, LP216, and LPo,
modes. Both ends of the test fibres were perpendicularly cleaved for high-quality mode
excitation. A phase plate (PP) and a spatial light modulator (SLM, Holoeye PLUTO) were employed
to excite different combinations of the spatial modes propagating in the fibre. The combination of
HWP, PBS and another HWP was used to control the power and polarization states of the input
FS and BCB beams. The output FS and BCB were sampled with optical wedges and observed at
different polarization orientations on a camera by using a rotatable linear polarizer. The wedges
were placed with the incident beam angle of ~10 degrees ensuring that the sampled beam
maintains a similar polarization state to the output beam. The far-field (FF) and near-field (NF)
beam profiles were collected with cameras placed after a beam splitter (BS) and a lens. The
coupling efficiency of the FS and BCB into the test fibres was characterized by measuring both
the input power (with unused power from the FS(BCB) recorded by the power meters (PWM), as

shown in Figure 3.3) and output power from the test fibres.
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Figure 3.3 Schematic experimental setup for the investigation of mode rejection.
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The pulse length is ~0.1 m in the fibre, and the nonlinear interaction length for the counter-
propagating pulses is ~0.2m. Considering the limitations imposed by the size of optics and multi-
axis stages, as well as the need to mitigate Raman amplification, the test fibres was chosen to be
between 0.4m and 2m in length. With a coupled peak power of ~10 kW and a Kerr coefficient y=3
W-'km™, the nonlinear length is ~0.03 m, which is significantly smaller than the dispersion length.
The group velocity dispersion parameter B, is ~20 ps?/km for the test fibres at a wavelength of
1040 nm, allowing the dispersion to be neglected in the experiments with 0.5ns pulses. This was
confirmed by measuring the output pulse shape and spectrum, which showed no significant

changes compared to the input pulse shape and spectrum.

In addition to qualitatively monitoring the mode conversion on the camera, mode decomposition
is implemented by numerically analysing the near-field beam profiles. The camera, placed on an
optical rail, captures the beam profiles around the focal plane of the lens positioned before the
NF imaging camera (see Figure 3.3). The focal length of the lens used to collimate the output
signal is 20 mm. Another lens with a focal length of 500 mm is placed ~520 mm away from the
collimating lens, forming a 4-f system that images the fibre end facet with a magnification factor
of 25x. The camera (Beamage-3.0, Gentec) has a pixel size of 5.5 pm, providing sufficient
resolution for the near-field beam profiles (filling ~2000 pixels) of a fibre with a mode field
diameter of ~10 uym. The complex amplitude (intensity and phase) of the output beams in the
near-field is retrieved using an iterative phase retrieval method[43, 74]. The retrieved field is then
decomposed over the fibre eigenmodes to obtain the relative mode content and relative phase,
as introduced in section 2.2.2. An optimization method, the stochastic parallel gradient descent
algorithm (SPGD)[75], is used to compensate for mode decomposition errors induced by noise

and aberrations.

3.3.1.2[] Mode decomposition of LP modes

The mode decomposition method for few-mode fibres used in this thesis consists of two
procedures: data acquisition and post-processing. After aligning the experimental setup (see
Figure 3.3), beam profiles are measured at three different positions (before, on, and after the focal
plane) by translating the camera along an optical rail. The complex amplitude can then be
retrieved iteratively by virtually propagating the beam from one position to another in a sequential
order. As shown in Figure 3.4, the intensity profiles (I, Iz, Is) are measured at three different
positions (zi1, 2, z3). Intensity profiles are typically collected near a magnified near-field using a 4-
f system, with the resulting image size on the order of a few hundred micrometres. These profiles
are used to retrieve the phases (P4, P2, P3s) and complex amplitudes (E1, E,, Es). Starting from an
initial guessed phase (Piiia), the complex amplitude E,; is constructed. E; is then virtually

propagated to position z, by using the angular spectrum theory [43], yielding E,. At this stage, E;
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is updated by replacing its amplitude with the square root of the measured intensity I, while
retaining the phase information (P>). This procedure is repeated, iteratively updating the complex

amplitudes between the three positions until the phase and complex amplitude are accurately

Lkgown
| |unknown
\ SPGD eilgorithm

f '__Legigyedﬁ Mode contents and J
[[5 eieved) Eigenmodes  (relative phases

retrieved after sufficient rounds of iteration.

Figure 3.4 Schematic of the mode decomposition method used for FMFs.

Once the complex amplitude at the focal plane (z,) is retrieved, the complex modal coefficients
Cmn can be calculated by applying the correlation calculation between the retrieved complex

amplitude and the fibre eigenmodes[72]:

— ff Eretrievea (x, }’) ' EZPmn(x; }’) dxdy
\/(fflEretrieved (x,¥)1? dxdy) (ffIEmen(x, y)|? dxdy)

where E;pmn is the complex amplitude of the LP.,, mode, ¢m.? and 8,,, are the mode content and

= Cnexp(i6my)  (3.3.1)

mn

phase of this mode. To evaluate the mode decomposition results, the multimode electric fields

are typically reconstructed by superposing all the supported LP modes:

Ereconstructed (x» Y) = Z CmnELPmn (x' 3’) (3'3-2)

The reconstructed field Eeconstructea IS theoretically equal to the retrieved field and should have the
same intensity distribution as the measured beam profiles. However, in practice, they can differ
due to noise and aberrations in the measuring system. Additionally, the theoretically defined LP
modes might deviate from the actual LP modes supported by the fibre, as the magnified complex
amplitude of LP modes is used in mode composition methods to ensure sufficient spatial
resolution. This discrepancy in E;pmn, Ccan introduce errors in mode decomposition. To achieve
more accurate results, the modal coefficients are further optimized by using the SPGD algorithm,

which minimizes the difference between the reconstructed field and the measured beam profile.
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3.3.2(] Mode rejection in polarization-maintaining fibres

3.3.2.1J Mode rejectionin PM1550-xp

To simplify the analysis, the initial investigation of mode rejection focuses on the scalar regime,
where the counter-propagating beams are in the same polarization state. This configuration is
facilitated by employing polarization-maintaining fibres and polarized input beams. Initially, a
bimodal PM fibre (PM1550-xp, Thorlabs) is utilized in the experiment. The refractive index profile
and core geometry of the fibre are measured using an Interferometric Fibre Analyser
(Rayphotonics IFA-100). The measured refractive index profiles are depicted in Figure 3.5,
indicating a core-to-cladding index difference (An) of ~0.0054, corresponding to a core humerical
aperture (NA) of 0.125. Additionally, the stress rod exhibits a lower refractive index than the

cladding, with a difference of 0.012.
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Figure 3.5 Refractive index profile measurement for PM1550-xp. (a) 2D refractive index

profile. (b) Refractive index profile along the fast axis. (c) Refractive index profile of the

stress rod.

Table 3.1 The dispersion and nonlinear coefficients for PM1550-xp

Dispersion B(pm™ B1 (ps/mm) B2 (ps?/km)
LPoq 8.7857 4.8987 14.6301
LP44 8.7714 4.8986 26.4917

Kerr coefficient y=3W'km""

Over},:f:fcmr m1=LPo; m1=LP1 m1=LP11
m2=LPy, 1 0.5770 0.5567
mM2=LPq1¢ 0.5770 0.8617 0.2796
m2=LP11, 0.5567 0.2796 0.8144

Next, the propagation constants, dispersion, and nonlinear coefficients of this fibre at a

wavelength of 1um were computed based on the measured index profile using Comsol software.
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The PM1550-xp fibre supports the propagation of LPs: and LP1; modes, with their corresponding
coefficients listed in Table 3.1. For simplicity in the subsequent analysis, the degenerate LP;;
mode (LP+1e, LP11o) is considered as a single mode. Therefore, the mode rejection of the LPo1 mode

leads to mode conversion towards these two quasi-degenerate LP1; modes.

Prior to the mode rejection experiments, a 1m length of the PM1550-xp fibre was placed in the
experimental setup (see Figure 3.3), where the polarization extinction ratio (PER) of the output
signal beam was evaluated. When solely launching signal beams with either the LPo; mode or the
LP+1 mode at different power levels, the PER of the output signal beam ranged from 13 to 28 dB,
as illustrated in Figure 3.6. Notably, the input beam exhibited a good PER of ~28 dB. The observed
variation in the output beam’s PER can be attributed to slight polarization fluctuations in the laser
source and the sensitivity of the HWP angles (see Figure 3.3), which are utilized to align the input
linear polarization state with the fast/slow axis of the PM1550-xp. With the PER of the output
beams from the 1-m PM1550-xp consistently surpassing 12dB, the scalar regime approximation

is satisfactorily met.
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Figure 3.6 PER of the output beams from a Tm-long PM1550-xp fibre

The mode rejection experiments began with rejecting the LPy1 mode in the FS. In this scenario, the
BCB was only coupled into the LPys mode, while the FS was coupled into a combination of the
LPo: and LP+1 modes. To ensure the nonlinear interaction involved counter-propagating modes
with the same polarization states, the polarization state of the input FS and BCB was orientated
along the slow or fast axis by optimizing the rotation angles of the two HWPs before the fibre ends.
Figure 3.7 shows the evolution of the modal distribution in the output FS as the BCB power varied,
while the total input FS power was kept constant at ~15 kW. The coupling loss was ~1 dB for the
LPo1 mode and ~4 dB for the LP1; mode, resulting in the FS being coupled with a peak power of 6
to 12 kW when coupled with the combination of the two LP modes. The maximum peak power of
the BCB was ~8 kW. Figure 3.7(a) displays the result when the input FS was primarily coupled to
the LPos mode, holding ~83 % of the FS power (point A). As the BCB power increased, the FS

spontaneously converted towards the LP,; mode, effectively rejecting the LPos mode. Figure 3.7(b)
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provides the corresponding output beam profiles of the FS. The conversion efficiency was ~34 %,
limited by system insertion loss and the available laser power. Alternatively, the mode rejection
of the LPos mode was further investigated with an input FS coupled with a combination of modes,
with ~46% of the power coupled to the LPy1 mode (point D), as shown in Figure 3.7(d) and (e). The
output FS rejected the LPy mode and efficiently self-organized into the two-lobe LP;; mode (point
F in Figure 3.7(e)), which contained ~90 % LP;; mode. The MD method introduced in section
3.3.1.2was implemented at each BCB power, and the mode contents in Figure 3.7(a) and (d) were
obtained from MD. Additionally, the beam quality factor M? was calculated from the retrieved
complex amplitude by virtually propagating the electric field within several Rayleigh lengths[43].
Figure 3.7(c) and (f) show the calculated M2 of the FS output at different BCB powers, indicating
that the beam quality worsened (M? increased with more LP;; mode content) as the BCB power
increased, corresponding to a decrease in LPos mode content. It is worth noting that the curves in
Figure 3.7 are not smooth, which could be attributed to mode decomposition error (deviation
along y-axis direction in (a) and (d) and the corresponding M? value deviation in (c) and (f)) as well

as BCB power variation (along x-axis direction, resulting from variation in coupling efficiency).
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Figure 3.7 Mode rejection of the LP¢: mode in the PM1550-xp with the input FS coupled
into different combinations of modes and the BCB coupled into the LPy; mode. (a), (d)
Relative mode content of the output FS as a function of the BCB power. Error bars of
+2% are added in the experimental results to represent the estimated uncertainty of the
MD algorithm (see Section 3.3.1.2). (b), (e) Output FS beam profiles corresponding to
different BCB powers (labelled A - F). (c), (f) The calculated M? factor for the output FS

versus the BCB powers.



Chapter 3

To illustrate the MD accuracy in the measurements, two examples of MD results are provided in
Figure 3.8, corresponding to results at point A (BCB=0 kW) and point C (BCB=7.7 kW) as labelled
in Figure 3.7(a). Figure 3.8(a) shows the FS consists of ~4.8 % LPi. and ~12.3 % LP+1, modes when
the BCB is switched off, while Figure 3.8(c) shows the content of the LPyie and LP11, modes
increases to ~17.1 % and ~34.1 % respectively when the BCB is switched on, resulting in ~34 %
power reduction in the LP,; mode. Figure 3.8(b) and (d) display the intensity and phase
distribution reconstructed from the MD results. The two-dimensional correlation coefficients [74]
of the reconstructed intensity profiles with respect to the measured ones are higher than 99%,

which is the typical value for MD accuracy based on the intensity measurements[67].
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Figure 3.8 Mode decomposition results at points A and C shown in Figure 3.7(a). (a), (c)
MD results: normalized mode contents of LPo1, LP11e, and LP41, modes and the relative
phase between them. (b), (d) Reconstructed intensity and phase based on the MD
results in comparison with the measured intensity. I-meas: measured intensity, I-rec:
reconstructed intensity, Phase-rec: reconstructed phase, I-diff: discrepancy between I-

meas and I-rec, Corr: two-dimensional correlation coefficient.

In contrast, the mode rejection of the LP1; mode in the FS is investigated next, with the input FS
coupled with a combination of the LPo; and LP+; modes while the BCB is coupled into the LP;;
mode. Figure 3.9(a) shows the evolution of the output FS modal distribution as the BCB power

varies. The input FSis kept constant at a peak power of ~6.5 kW (~10 kW incident at the fibre end),
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and the BCB is coupled into the LPy; mode with a maximum power of ~3 kW (~11.5 kW launched
at the fibre end, noting that the low coupling efficiency due to exciting the LP1; mode with a phase
plate). The output FS gradually evolves towards the LPy,y mode, with the LP; mode content
decreasing by ~28%. Figure 3.9(b) demonstrates that the output FS is converted to a single lobe
with more LP,; mode output. The rejection of the LP;; mode is further confirmed by the

improvement in the M? factor, as shown in Figure 3.9(c).
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Figure 3.9 Mode rejection of the LP1; mode in the PM1550-xp with the BCB coupled into
the LP+s mode. (a) Relative mode content of the output FS as a function of the BCB
power. (b) Output FS beam profiles corresponding to different BCB powers (labelled

with A - C). (c) Calculated M2 factor for the output FS versus the BCB powers.
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between the FS and BCB. The input FS and BCB in (a) and (b) have the same mode

compositions as those in Figure 3.7 (a) and (d), respectively.

To gain a more comprehensive understanding of this nonlinear process, two factors affecting the
efficiency of mode rejection were experimentally investigated. One factor is the relative
polarization states of the counter-propagating beams. Using a PMF ensures the polarization state
is well maintained. By continuously adjusting the relative polarization between the FS and the
BCB while keeping their powers constant, the efficiency of mode rejection is compared in Figure
3.10. Figure 3.10(a) shows the case having the same mode composition and polarization state as

the input FSin Figure 3.7(a), but the input BCB is in the LPo1 mode with varying polarization states
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with respect to Figure 3.7(a). Figure 3.10(b) corresponds to Figure 3.7(d) but also features a
varying polarization state for the input BCB. The results illustrate that maximized rejection is
achieved when the FS and BCB are co-polarized (0-deg polarization direction difference, with
both beams being linearly polarized). The efficiency of mode rejection decreases as the
polarization difference increases. The reduction in the LPo; mode content is ~30 % at a 0-deg
polarization difference and ~10 % at a 90-deg difference. This variation in mode rejection
efficiency aligns with the predicted coupling coefficient p (see Egs. (3.2.1) and (3.2.2)), where the
p=2 corresponds to the co-polarized condition and p=2/3 to the orthogonally polarized condition.
A conversion efficiency comparable to the co-polarized case can be achieved under orthogonal
polarization if the power of the input FS and BCB is increased threefold. Figure 3.10 also
illustrates that when the FS and BCB are orthogonally polarized, the output FS beam profile

remains similar whether the BCB is switched on or off, as shown by the dashed lines and inset

pictures.
a ‘ b
@ —e—Pol(Max) (b) Pol(Max)
9 »— Pol(Mid)
g 7+F’01(Ml)7_
Q_E b
- [‘kﬁ,ﬂr‘/‘}\i
5 54
2
[+
k-
B
[}
lid
4 6 8
BCB power (kW)
c) 1 o S— d
(©) —&— Pol(Max) (d) Pol(Max)
Pol(Mid)
08F —&—Pol(Min) -

BCB on

Relative power of LF’01 mode

o

BCB power (kW)

Figure 3.11 Moderejection observed in different polarization orientations with the BCB
coupled into the LPy1 mode. (a), (c) Mode content of the LPos mode versus the BCB power
when observed in different polarization directions. (b), (d) Comparison of the FS output
beam profiles at different polarization directions when the BCB is switched on/off.
Pol(Max/Mid/Min): polarization direction containing the maximum/medium/minimum

power of output FS.

Another factor to consider is the relationship between the polarization states of the output FS and

the orientation of polarization where mode rejection is observed using camera (assuming the FS
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and the BCB are linearly polarized, and a rotatable linear polarizer is positioned before the
camera). In Figure 3.7 and Figure 3.9, mode conversion was observed in the polarization
orientation aligned with the axis containing the maximum power, as the sampled FS output (see
Figure 3.3) is linearly polarized with a PER of ~11 dB. However, it is worth measuring mode
conversion in other polarization orientations. For instance, Figure 3.11 illustrates the evolution of
the LPo; mode content with respect to the BCB power when measuring at three polarization
directions by rotating the polarizer before the camera. In these measurements, the input BCB is
coupled to the LPos mode, and the counter-propagating beams are co-polarized. The curves and
FS output beam profiles indicate that the rejection of the LPy: mode exhibits similar efficiency

across different polarization orientations.

In conclusion, this section demonstrates the mode rejection of the LPy and LP+ modes in
PM1550-xp by injecting counter-propagating beams into the fibre. The experimental findings align
well with the theoretical predictions: when two counter-propagating beams with comparable
powers propagate in a multimode fibre, the forward signal organizes itself to reject the mode
matching that of the backward control beam. Maximal mode rejection efficiency occurs when the
two beams are co-polarized, with mode conversion efficiency gradually dropping as the
polarization states of the counter-propagating beams diverge. Utilizing a 1m-long PM1550-xp and
a total peak power of ~16kW, rejection of the LPy1 or LP11 modes is achieved with a conversion

efficiency of ~30%.
3.3.2.2[] Mode rejectionin PMHN1

The PM1550-xp fibre exhibits standard nonlinearity due to its regular fibre core diameter. To
further explore the mode rejection effect and its applicability to other fibres, a highly nonlinear
PMHN1 (Thorlabs) was used. The PMHN1 features an elliptical core with a mode field area of
~12.4 ym? and a mode field diameter of ~4 pm, resulting in higher nonlinearity compared to the
PM1550-xp. The PMHN1 supports two-mode propagation at a wavelength of 1 um, specifically
the LPos mode and LP+; mode. Figure 3.12 shows the cross-section image of the PMHN1 and the
supported LP mode distributions at 1 pm. The dispersion and nonlinear coefficients of the LP

modes for this fibre are listed in Table 3.2.

Figure 3.12 Cross section of the PMHN1 and the supported LP modes at 1 pm
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Table 3.2 The dispersion and nonlinear coefficients for PMHN1

Dispersion B(pm™ B1 (ps/mm) B2 (ps?/km)
LPoq 8.8737 4.9782 15.5632
LP11e 8.8267 4.9901 22.4802
LP110 8.7947 4.9789 57.2380

Kerr coefficient y=13.2 W'km"

Overlap factor

Fot 2 m1=LPy1 mM1=LP11e m1=LP11,
m2=LPy, 1 0.6372 0.5544
mM2=LP1e 0.6372 0.9467 0.2911
m2=LP, 0.5544 0.2911 0.8112

Following similar procedures to those used in the PM1550-xp experiments, a ~0.4 m long PMHN1
fibre was placed in the counter-propagating setup (see Figure 3.3). Prior to the high-power
experiments, a series of preliminary optimizations were conducted at a low power level. These
optimizations included adjusting the rotation angles of the waveplates, the phase patterns
loaded onto the SLM, the position of the phase plate, and the choice of lenses. The BCB was
selectively coupled into either the LPy1 or LP1; mode by changing the phase pattern displayed on
the SLM (the phase pattern for the LPO1 mode is a flat phase profile, whereas the phase pattern
forthe LP11 mode is split into two regions with 1t phase difference), while the FS was coupled into
a combination of the LPo; and LP+; modes by adjusting the position of the phase-plate with respect
to the incident beam. The polarization state of the input FS and BCB was aligned along the slow
or fast axis to ensure that the nonlinear interaction involved the counter-propagating modes with

the same polarization states.

Figure 3.13 illustrates the rejection of the LPy; and LPy; modes in the FS in the PMHN1. In Figure
3.13(a), the input BCB is coupled into the LPos mode, and the FS shows a gradual rejection of the
LPo1 mode as the BCB power increases. Initially, 79% of the power is in the LPy1 mode, this
decreases to 50% when the BCB power reaches ~2 kW. Compared to the results with PM1550-xp
(see Figure 3.7), achieving a reduction of the LP,; mode content from 80% to 50% in PM1550-xp
requires counter-propagating beams with a total power of ~16kW (2*8 kW). However, in PMHN1,
a similar conversion efficiency is achieved with a total power of ~4 kW (2*2 kW). This discrepancy
arises from the difference in nonlinear coupling coefficients between the two fibres, with
PMHN1’s intra- and inter-modal nonlinear coefficients being ~4 times larger than those of

PM1550-xp (see Table 3.1 and Table 3.2).
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Figure 3.13(b) demonstrates the mode rejection when the input BCB is coupled into the LP;;
mode. As the BCB power increases, the output FS shows a gradual rejection of the LP1 mode,
with its relative power decreasing from 76% to 40% as the BCB power rises from 0 kW to ~2 kW.
Figure 3.13(c) illustrates efficiency of LP1; mode rejection when varying the relative polarization
states between the FS and the BCB, while maintaining the input mode distributions. A significant
rejection (26% conversion of LP;; mode content) is observed when the BCB is co-polarized (0 deg)
with the FS. Conversely, when the BCB is orthogonally polarized relative to the FS, the LP;; mode
rejection is negligible. These experimental results align well with the simulations (discussed in
section 3.2.2) that use the experimental parameters, including pulse duration, peak power, fibre

length, mode composition, and the relative polarization state of the counter-propagating beams.
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Figure 3.14 Mode rejection of the LP+; mode in PMHN1 when further increasing the
counter-propagating beam powers. (a) Relative power of the output FS modes versus
the launched BCB power, along with the beam profiles at different BCB powers. (b)
Measured spectra of the output BCB at different powers when the FS is switched off. (c)

A zoomed-in view of the spectra shown in (b).
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Given that similar mode rejection efficiency can be achieved in the PMHN1 with ~4 times lower
power than in the PM1550-xp, further investigations involved increasing the input power. Figure
3.14 presents results when the counter-propagating beam powers were increased from 2kW to
5kW. The input BCB was coupled into the LP+; mode, and the input FS was coupled with a
combination of 21% LPo; mode and 79% LP;; mode. However, instead of observing continued
rejection of a specific mode when the BCB power exceeded ~1.8 kW, the relative power of the
LP,; mode stabilized at 40% - 50%. In Figure 3.14(a), the experimental results diverge from the
simulation predictions beyond ~1.8 kW BCB power. This discrepancy can be explained by
analysing the output spectra of the BCB at different coupled powers. Figure 3.14(b) and (c) show
significant generation of new frequencies when the BCB power exceeds ~1.8 kW, with a
supercontinuum observed at ~3.38 kW peak power. Consequently, the effective BCB power at
1040 nm (the central wavelength) constitutes only a portion of the launched power, meaning that
the BCB power at 1040 nm does not increase beyond ~1.8 kW. These new frequency components
degrade the observation of mode rejection, as the process relies on transverse mode control at

the same wavelength within a narrow bandwidth.

To conclude, the mode rejection of the LPy; and LP+; modes in a 0.4m long highly nonlinear
PMHN1 fibre has been experimentally demonstrated. A mode rejection efficiency of ~30% was
achieved using a total power of ~4 kW (2*2kW) for the counter-propagating beams, which is ~4
times lower than the power requirement for achieving a 30% mode rejection in the PM1550-xp.
The rejection of different LP modes was measured, and the experimental results align well with

theoretical predictions and simulations.

3.3.2.3[] Mode rejectionin PM2000

The PM1550-xp and PMHN1 fibres serve as 2-mode platforms for the experimental
implementation of mode rejection. To increase the number of modes and investigate the mode
rejection process in a multimode medium, another PMF (PM2000, Thorlabs) is used. The PM2000
fibre supports the propagation of six LP modes at a 1 ym wavelength, including the LPo1, LP11e,
LP110, LP21e, LP21o, and LPo; modes. The PM2000 has a core diameter of ~7 ym and a numerical
aperture of ~0.2. The dispersion and nonlinear coefficients of the LP modes for this fibre are listed

in Table 3.3 and Table 3.4.

Following procedures similar to those used for the experiments with PM1550-xp and PMHN1, a
~0.4m long PM2000 was placed in the counter-propagating setup. Preliminary optimizations at
low power levels, such as adjusting the waveplate angles and SLM phase patterns, were
conducted. The BCB was selectively coupled into either the LPo; or the LP+1 mode by adjusting the
position of the phase plate, while the FSwas coupled with a combination of LP modes with varying

relative powers and phases by modifying the phase pattern loaded on the SLM. The polarization
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state of the input FS and BCB was orientated along the slow or fast axis of the fibre to ensure that

the nonlinear interaction involved counter-propagating modes with the same polarization states.

Table 3.3 The dispersion coefficients for PM2000

Dispersion B (um™ B1 (ps/mm) B (ps?/km)
LPoq 8.8290 4.9298 15.2879
LP11e 8.8039 4.9363 16.0593
LP11o 8.8035 4.9363 16.1967
LP21e 8.7730 4.9381 43.0024
LP21o 8.7728 4.9382 43.4914
LPo2 8.7667 4.9228 131.0580

Table 3.4 Nonlinear coefficients for PM2000

Over;:i:fcwr M1=LPo; | M1=LP11s| M1=LP110| M1=LPa1o| M1=LPs10| m1=LPe
m2=LPo; 1 0.6432 | 0.6430 | 0.4046 | 0.4008 | 0.5207
M2=LP1re 0.6432 | 0.9419 | 0.3978 | 0.5436 | 0.5412 | 0.2531
m2=LP:1, 0.6430 | 0.3978 | 0.9411 | 0.5296 | 0.5285 | 0.2664
M2=LPy1e 0.4046 | 0.5436 | 0.5296 | 0.5125 | 0.5110 | 0.2312
M2=LPa1, 0.4008 | 0.5412 | 0.5285 | 0.5110 | 0.5111 | 0.2306
m2=LPq 0.5207 | 0.2531 | 0.2664 | 0.2312 | 0.2306 | 0.5148

Kerr coefficient V=15'3_\1N-

km

Figure 3.15 and Figure 3.16 provide examples of the rejection of LPo; and LPy1, modes in the output
FS from the PM2000. Figure 3.15 illustrates a scenario where the input BCB is coupled into the
LPo1 mode, resulting in a gradual rejection of the LPo; mode in the output FS as the launched BCB
power increases. Initially, nearly 95% of the power is in the LPo1 mode, decreasing to ~13 % with
a BCB power of ~4.6 kW. It is worth noting that, despite the transition to a 6-mode platform from
a 2-mode one, the experimental results align well with simulations. Figure 3.15(b) demonstrates
the close match between the theoretical predictions and experimental results, considering the
experimental parameters such as pulse duration, peak power, fibre length, and input mode

compositions.

Figure 3.16 presents two additional instances of mode rejection in PM2000, where the input BCB
is coupled to the LPoy mode (Figure 3.16(a)) and the LP11 mode (Figure 3.16(b)). In Figure 3.16(a),

areduction in the LPo; mode content from ~35 % down to ~16 % is observed with a BCB power of
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~4.5 kW. However, the mode conversion efficiency is not as pronounced as seen in Figure 3.15
due to different conditions of the input FS. The relative power and phase of each LP mode in the
FS can affect mode rejection performance, meaning that while rejection of a specific mode
matching the input BCB mode may occur, the increase in other mode contents will vary
depending on the input FS condition. In this instance, rejection of the LPo; mode in FS results in
increased content of the LP110, LP21e, and LP211, modes by ~15 %, ~25 %, and ~23 %, respectively.
In Figure 3.16(b), the input FS comprises ~46 % LP11,, ~25 % LP11e, ~21 % LPo, and ~8 % LP21,
modes. With a launched BCB power of ~2.6 kW, the output FS demonstrates rejection of the LP11,

mode, with its mode content reduced by ~35 %.
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Figure 3.15 Mode rejection of the LPos mode in PM2000. (a) Relative power of the
output FS modes versus the launched BCB power, along with the output FS beam
profiles at different BCB powers. (b) Relative power of individual LP modes versus the

BCB power, in comparison with simulations (lines).
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Figure 3.16 Relative power of the output FS modes versus the launched BCB power,
along with beam profiles at different BCB powers, illustrating the rejection of (a) the LPo,

mode and (b) the LP41, mode in PM2000.
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3.3.30] Mode rejection in isotropic fibres

To explore the mode rejection process in a more generalmedium, such as an isotropic fibre where
polarization maintenance is not feasible like in PMFs, a bimodal fibre, SMF28, is employed. The
refractive index profile of SMF28 is shown in Figure 3.17, revealing an average core to cladding
refractive index difference of ~0.0053 (corresponding to NA~0.124 @1.04 pm) and a core
diameter of ~8.3 pym. Through simulation in Comsol using the measured index profile, the
dispersion and nonlinear coefficients are obtained and listed in Table 3.5. Despite similarities in
core size, NA, modal dispersion parameters between SMF28 and PM1550-xp, the intermodal
nonlinear coefficients (fm1 m2) in SMF28 are ~50% smaller (compared to PM1550-xp coefficients in
Table 3.1). This reduction stems from a lower intermodal overlap between the LPy, and the LP,

modes in SMF28, potentially affecting mode rejection efficiency.

x10°°
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Figure 3.17 Measured refractive index profile for SMF28

Table 3.5 The dispersion and nonlinear coefficients for SMF28

Dispersion B(pm™ B1 (ps/mm) B (ps?/km)
LPos 8.7820 4.8965 16.0203
LP44 8.7684 4.8925 26.6194

Kerr coefficient y=3.1 W'km"

Over;:f:fctor m1=LPy; m1=LP11 m1=LP1s
m2=LPo 1 0.2967 0.2563
mM2=LPq1¢ 0.2967 0.4290 0.1968
m2=LP44, 0.2563 0.1968 0.4341

Prior to implementing the mode rejection experiments with SMF28 fibre, preliminary
measurements were conducted to understand polarization and modal coupling in a co-

propagating configuration. A 1m-long piece of SMF28 was placed in the experimental setup (see
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Figure 3.3), with the BCB blocked. The FS was coupled into either the LPo; or LP11 mode at various
power levels. Intermodal coupling between the LPy and LP11 modes was quantified using the MD
method introduced in section3.3.1.2, revealing coupling variations between ~5 to 10% at different
powers. The input FS exhibited a high PER of ~25 dB, and the output PER was measured using a
combination of a quarter wave plate (QWP), a HWP and a PBS. The results, shown in Figure 3.18,
indicate that the output PER as a function of the coupled powers, with wave plate angles
optimized for each measurement to achieve maximum PER. The LPy; mode maintained a good
PER (>10 dB) at low powers, but experienced decreased PER at high peak powers due to strong
polarization coupling. Conversely, the LP1; mode exhibited significant scrambling even at low
power levels, and PER measurements showed randomness and variability over time, indicating
substantial random polarization coupling. These observations suggest that while the LPo; mode
can maintain its polarization state to some extent at low powers, the LP;; mode faces
considerable polarization scrambling, leading to unpredictable polarization states within the
fibre. Despite these challenges, investigating the mode rejection process in SMF28 remains

valuable for understanding mode control in more complex environments.

(a) (b)

25 ‘ ‘ \ 14

o 2 4 6 8 10 12 0o 2 a4 & 8 10
Coupled peak power (kW) Coupled peak power (kW)
Figure 3.18 PER of the output beams from a 1Tm-long SMF28 versus the coupled peak
power, measured at different times (represented by different colours) and in different

mode coupling conditions: (a) LPo1 mode and (b) LP4; mode.
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Figure 3.19 Mode conversion in SMF28 when observing in different polarization

BCB-off

directions with the BCB (LPos mode) switched on and off.
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The initial investigation focused on the rejection of the LPo mode, with the input BCB coupled into
the LPos mode and the input FS coupled with a combination of the LP¢ and LP+; modes. Initially,
both the input BCB and FS were polarized along the same axis. Figure 3.19 illustrates the mode
conversion for the output FS, observed at various polarization orientations by rotating the linear
polarizer before the camera, with fixed camera exposure time to demonstrate relative powers.
With the FS and BCB coupled at ~6.5 kW and ~7.5 kW, respectively, optimal rejection of the LPy.
mode occurred at a specific angle (OPT angle), close to the polarization orthogonal to the input
polarization. For instance, if the input FS is x-polarized, the OPT angle aligns with the y-
polarization direction. This OPT angle is influenced by factors such as the relative polarization
between the FS and BCB, FS mode composition, and random polarization coupling, as well as
mode coupling related to the launched power. In Figure 3.19, the OPT angle deviates ~15 deg from
the minimum power orientation (OPT-15 deg), with efficient mode rejection observed within
orientations ranging from OPT-10 deg to OPT+10 deg. When observed in the direction orthogonal
to the OPT angle, mode rejection is negligible, and the output FS beam shape is similar when the
BCB is switched on and off. This behaviour contrasts with observations using the PM1550-xp,

where mode rejection occurs across all polarization directions (see Figure 3.11).
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Figure 3.20 Mode rejection of the LPos mode in SMF28 with mode conversion towards
the LP+; degenerate modes when observing at the OPT angle. (a), (d) Mode content in the
output FS versus the BCB power. (b), (e) Output FS beam profiles at different BCB

powers. (c), (f) Calculated M2 factor for the output FS versus the BCB power.

The mode conversion at the OPT angle was measured to analyse mode rejection in the SMF28, as

depicted in Figure 3.20 and Figure 3.21. In Figure 3.20, two measurements showcase the input FS
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predominantly coupled to the LPy1 mode at the OPT angle (point A: ~81% LP¢1 mode power, point
D: ~95% LPo,s mode power), while the input BCB is coupled with the LPo; mode. As the BCB power
increases, a conspicuous conversion towards the LP1; mode is observed in the output FS. Figure
3.20(a)-(c) demonstrate that the rejection of the LPo; mode leads to a conversion to the LPy; mode
with two lobes oriented vertically, with the mode composition at point C being ~7.6% LPo; mode,
~5.4% LP41. mode, and ~87% LP1., mode. Figure 3.20(c) shows that the increase in the M2 factor
is more pronounced in the vertical(y) direction with increasing BCB power (M? increment is
~0.34/~1.53 in the x/y direction), emphasizing the dominance of conversion from the LPo,; mode
to the LP41, mode in this measurement. In contrast, Figure 3.20(d)-(f) illustrate that the FS mode
is primarily converted to the LPye mode, with the output FS at point F containing ~11% LPo; mode,
~87% LP;1. mode, and ~2% LP1, mode. As a consequence, the M? factor increases ~1.77 and
~0.09 in the x and y directions, respectively. It is worth noting that the curves in Figure 3.20 are
not smooth, which could be attributed to mode decomposition error (deviation along y-axis
direction in (a) and (d), and the corresponding M? value deviation in (c) and (f)) as well as BCB

power variation (along x-axis direction, resulting from variation in coupling efficiency).

Likewise, the rejection of the LP,; mode in SMF28 was measured at the OPT angle. Figure 3.21
shows the mode content evolution in the output FS as a function of the BCB power, with the input
FS at ~8.75 kW and the input BCB coupled into the LP+; mode with a maximum power of ~5 kW.
Notably, the output FS exhibits a rejection of the LP11 mode, with a reduction of ~22 % in mode

content, accompanied by a transformation of the output FS shape towards a single lobe.
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Figure 3.21 Mode rejection of the LP,; mode in SMF28 when observing at the OPT
angle. (a) Mode content in the output FS versus the BCB power. (b) Output FS beam
profiles at different BCB powers. (c) Calculated M? factor for the output FS versus the

BCB power.

To understand the influence of the relative polarization states between the counter-propagating
beams in the SMF28, the random polarization coupling shown in Figure 3.18 should be
considered as well. By adjusting the FS and BCB with different polarization differences (Pol-diff),

the mode rejection efficiency at the OPT angle is compared in Figure 3.22, where the LPy1 mode is
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rejected. The maximized rejection is achieved when the input FS and BCB are co-polarized (Pol-
diff=0 deg), and the mode rejection efficiency gradually degrades as the polarization difference
increases. It is noteworthy that when the polarization state of the BCB differs from that of the FS,
the mode conversion can follow an uncertain direction. For example, with Pol-diff=20 deg in
Figure 3.22(a), the content of the LPy1 mode decreases from ~100% to ~40% at ~4 kW BCB power,
then unexpectedly increases to 80% at ~6 kW, before decreasing again. Another notable
difference in the mode rejection behaviour in SMF28 compared to PM1550-xp (see Figure 3.10) is
the conversion efficiency. The increment in the LP;; mode content is ~70% when the Pol-diff is 0
deg and ~10% when Pol-diff is 90 deg, with a difference larger than the theoretical prediction (the

mode conversion efficiency is ~3x lower when the Pol-diff changes from 0 deg to 90 deg).
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Figure 3.22 Mode rejection efficiency at the OPT angle with different relative
polarizations between the FS and the BCB. (a) Content of the LPy1 mode in the output FS
versus the BCB power when the polarization difference between the FS and the BCB is
0 degto 90 deg. (b) Mode conversion results for the output FS at different Pol-diff values

in comparison with the case when the BCB is switched off.

To conclude, the measurement of the mode rejection in SMF28 provides an example of beam self-
organization in a random multimode medium where strong polarization coupling influences the
complex nonlinear processes. Despite these complexities, mode rejection still occurs at an
optimal polarization direction (OPT angle), and the rejection is observed in the mode that is the
same as the input BCB mode. The mode rejection efficiency is maximized at the OPT angle when
the input FS and BCB are co-polarized. However, when the input beams are not co-polarized, the

mode conversion may follow an uncertain direction into different mode states.

3.3.40] Conclusion on the rejection of LP modes in multimode fibres

In section 3.3, the mode rejection of different LP modes is demonstrated using various FMFs in a
setup with few-kW, 0.5ns-pulsed counter-propagating laser beams. Using a 1m long PM1550-xp

fibre with a total peak power of 16 kW, selective rejection of the LPy: and LP11 mode in the FS is
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achieved with ~30% mode conversion efficiency. In comparison, a 0.4m long, highly nonlinear
PMHNT1 fibre requires only ~4 kW total power to achieve similar selective rejection of the LPo and
LP++ modes with ~30% mode conversion efficiency. Extending beyond the 2-mode case, a 0.4m
long, 6-mode PM2000 fibre with 9 kW total power achieves rejection of the LPy1 and LP41, mode
with 20% - 80% conversion efficiency. Finally, the mode rejection effectis explored in an isotropic
fibre, SMF28, where rejection of the LPo and LP1; modes is observed around the OPT angle with
22% - 80% mode conversion efficiency. It is worth noting that these fibres are placed in a relaxed
state (0.4 m long fibres are kept straight, while 1 m long fibres are bent with a curvature radius

greater than 20 cm), ensuring that higher-order modes are well-maintained during propagation.

Several parameters affecting mode rejection efficiency have been investigated theoretically and
experimentally. These include input mode composition (see |B,|?in Egs.(3.2.1) and (3.2.2)), input
polarization (see p in Egs.(3.2.1) and (3.2.2)), polarization coupling (changes in p), and spectrum
broadening during propagation (changes in |B,|*> within a specific linewidth). Maximized mode
rejection occurs when the input FS and BCB are co-polarized with equivalent powers. However,

polarization coupling and spectrum broadening can degrade mode rejection efficiency.

3.4[] Rejection of supermodes in multicore fibres

3.4.1(] Homemade multicore fibres and experimental setup

In this section, the investigation focuses on the mode rejection effect within two homemade
multicore fibres with strongly coupled cores, utilizing the concept of supermode (SM) to represent
specific field distributions (relative power and phase between cores) in MCFs. A dual-core fibre
(DCF) and a tri-core fibre (TCF) are meticulously designed and fabricated via the stack-and-draw
technique[13]. The rejection of supermodes in MCFs is explained through the same theoretical

framework as mode rejection in MMFs.

Figure 3.23 Cross-section images of the homemade DCF and TCF, along with the

corresponding supermode (SMy (. 3) distributions in the near-field and far-field.

Table 3.6 Information of the fabricated DCF and TCF
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Core Core Cladding Outer
diameter spacing Core NA diameter | diameter | Length (m)
(Hm) (Hm) (Hm) (Hm)
DCF |A1664| 5.0+0.1 9.4 0.15 140.2 175 2004
A1665| 5.2+0.1 9.8 0.15 145.8 185 2005
TCF | SO1 5+0.15 9.4 0.15 137.9 - 105
S02 | 4.8+0.14 9.8 0.15 146.5 - 65
S1 4.6+0.14 7.4 0.15 110.5 - 420

Table 3.7 The dispersion and nonlinear coefficients for the DCF and TCF

B (um™) B+ (ps/mm) B2 (ps?/km)
DCF SM, 8.7820 4.9061 23.5772
SM, 8.7817 4.9070 20.6093
TCF SM; 8.7855 4.9057 24.4249
SM, 8.7853 4.9066 22.1396
SM; 8.7850 4.9074 19.5544
DCF Kerr coefficient y=3 Wkm""
fsm1_smi=1
Overlap factor fsm1sm2=1.04
fsmz_sm2=1.02
TCF Kerr coefficient y=2.3 W'km""
fsm1_smi=1 fsmz2_sm2=1.38
Overlap factor fsm1 sm2=0.68 fsm2 sm3=0.70
fsm1_smz=1.03 fsma_smz=1.07

Prior to fabricating the MCFs, fibre design was conducted using Comsol software, starting with a
step-index dual-core geometry. Through comparisons of designs with varying core diameters,
spacings, positions, and core-to-cladding refractive index differences, considering both
feasibility and fabrication accuracy, the designs for the DCF and TCF with Germanium-doped
cores were finalized. The geometries as shown in Figure 3.23, and the information of the
fabricated fibres is summarized in Table 3.6. The DCF features two identical cores symmetrically
positioned within a silica cladding, while the TCF comprises one central core and two side cores
equidistant from the central core. The nonsymmetric core positions induce large birefringence,
making these two fibres function as polarization-maintaining fibres. The DCF and TCF have single-
mode cores and support the propagation of 2 and 3 supermodes, respectively. The SM, mode

represents the fundamental mode, where the electric fields from all cores are in phase, resulting
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in a mainly single lobe distribution in the far-field. Higher-order supermodes (SMy, X>1) exhibit
specific relative powers and phases among the cores, leading to various NF and FF beam profiles,
as depicted in Figure 3.23. These MCFs were simulated in Comsol using the measured core

geometry, and the resulting dispersion and nonlinear coefficients are summarized in Table 3.7.

The supermodes represent the electric field distribution across the cores, and their distribution
may vary with changes in core geometry, such as alterations in core diameter, core spacing, or
core refractive index. Additionally, bending can also influence the supermode distributions.
These variations in supermode distribution can, in turn, result in changes to modal dispersion and
nonlinear coefficients. Here, an example analysis of core size discrepancies and macro-bending
effects on the DCF is presented. Figure 3.24 compares the 3 DCFs with changes in core size or
bending condition. DCF1 supports the supermodes with similar amplitudes in the two cores. It
can represent straight fibre with identical cores, also represents bent fibres with non-identical
cores, as illustrated in the first row of Figure 3.24. DCF2 and DCF3 represent straight fibres with
non-identical cores or bent fibres with identical cores, and there is a significant difference
between the amplitudes of the corresponding supermodes in the two cores, as shown in the
second and third rows of Figure 3.24. For example, if a DCF with two identical cores is bent (along
the line connecting the two core centres) with a decreasing curvature radius, the supermode
distribution changes from DCF1 to DCF2 and then to DCF3. Conversely, when a DCF with non-
identical cores is bent at a certain radius of curvature, the supermode distribution evolves from
DCF3/DCF2to DCF1. In addition, the changes in supermode distributions are negligible when the

bending direction is orthogonal to the line connecting the two cores.

Straight Bent SM;(y)

oert |O O
ocrz| O O

ocrsl o O

Figure 3.24 Simulated electric field distributions for the DCFs with core spacings twice

the core diameter (diameter~5 pm). DCF1: straight fibres with identical cores or bent
fibres with non-identical cores. DCF2: bent fibres (16 — 30 cm bending radius) with either
identical cores or straight fibres with non-identical cores. DCF3: bent fibres (bending

radius.

Changes in supermode distributions can significantly affect nonlinear coupling efficiency. Figure

3.25 illustrates the calculated nonlinear coefficients for two DCFs under different bending
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conditions based on Comsol simulations. While the propagation constants and dispersion
parameters for different supermodes remain similar across different scenarios, the nonlinear
coefficients, particularly the intermodal overlap factor (fsmismaxy), €xhibit substantial variations.
In Figure 3.25(a), for a DCF with identical cores, the intermodal coupling strength is comparable
to the intramodal coupling strength when the fibre is nearly straight (bending radius>100 cm).
However, the intermodal coupling strength decreases drastically with an decreasing bending
radius. The Kerr coefficient (y) doubles from 3.1 W'km™ to 5.7 W-'km™ as the fibre bending radius
decreases from 100 cm down to 4 cm, attributed to the reduced effective mode area as amplitude
redistributing from two cores to one core. Conversely, Figure 3.25(b) shows that for fibre cores
with non-identical cores, the intermodal coupling strength increases as the bending radius
decreases. Overall, the intermodal overlap factor could decrease by ~85% from a symmetrical to
an asymmetrical supermode distribution. This suggests that in experiments involving coupled
MCFs, it is crucial to consider core geometry and fibre bending conditions to ensure optimal

nonlinear coupling efficiency.

One of the advantages of using MCFs for mode rejection experiments is the higher intermodal
overlap between supermodes compared to LP modes, leading to stronger intermodal coupling in
MCFs. For example, the coupling coefficient between the SM; and SM, modes in a DCF is similar
to the intermodal Kerr coefficients (y11= y22= Y12). In contrast, in the PM1550-xp fibre, the

intermodal Kerr coefficients are lower, with y;1=1.2y,,=1.8y1, (see Table 3.1).
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Figure 3.25 Calculated nonlinear coupling coefficients of two DCFs with (a) identical
cores and (b) non-identical cores at different bending radii. The inset numbers are the

Kerr coefficients (y) and the lines are overlap factors.

To experimentally explore mode rejection in DCF and TCF, the same setup shown in Figure 3.3 is
used. The input BCB is shaped with an SLM to effectively excite different supermodes in the DCF
and TCF. The phase pattern for coupling into the DCF is a superposition of 2 two-dimensional
blazed gratings with a grating period determined by the core spacing and the focal length of the

lens used for coupling. For TCF coupling, the phase pattern is a superposition of 3 two-
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dimensional blazed gratings with specific grating periods. When a Gaussian shaped beam is
incident on the SLM, multiple beamlets are reflected from the SLM screen. The angle, phase, and
amplitude of each beamlet can be controlled by adjusting each blazed grating in the phase
pattern. The corresponding beam spots in the Fourier plane of the focusing lens are then coupled
into the MCF cores. The insertion loss of the SLM is ~1 dB, and the coupling loss into the MCF
ranges from 3 to 3.5 dB depending on the supermode excitations. On the input FS side, the
coupling over supermodes is adjusted by changing the position of the phase plate and the
incident beam angle. A more straightforward method to excite a combination of supermodes with

lower loss is by selectively coupling the light into one of the MCF cores.

3.4.2[] Characterization and mode decomposition of MCFs

Prior to conducting the mode rejection experiments with MCFs, the fabricated MCFs are
characterized, and a mode decomposition method for coupled MCFs is proposed and
demonstrated. A0.4m-long DCF/TCF (see Table 3.6) is placed straight in the counter-propagating
setup (see Figure 3.3), and the supermode excitation results are shown in Figure 3.26. The
supermode (SMy) excitation is controlled by the SLM, and the output beam profiles resemble the
theoretical NF and FF shapes (see Figure 3.23). Notably, the excited supermodes remain stable
atvarious power levels in this short piece of fibre. Figure 3.26 demonstrates that when the relative
content and phase for the SM; and SM, modes are different in the DCF, the NF profile may retain
the same distribution, whereas the FF shape differs. This observation is evident when comparing
Mix1(Mix3) and Mix2(Mix4). This finding indicates that mode decomposition for the supermodes

is more effectively implemented with the FF beam profiles.

M, Mix1 Mix2 Mix3 Mix4 SM

eoleel o oo o [ ][
OInone

Figure 3.26 Output beam profiles from the DCF and TCF measured in both the near-

field and far-field under different supermode coupling conditions.

As shown in the simulation in Figure 3.27, the NF and FF distributions are compared when the
DCF is coupled with different mode contents and phases between the supermodes. Figure
3.27(a) illustrates the NF distribution characterized by the intensity ratio between the two cores.
Different combinations of supermodes can result in the same power ratio between the cores,
leading to identical NF distributions. Examples in Figure 3.27(b) and (c) show combinations of SM;

and SM, modes with varying relative powers. Despite the different mode compositions, the NF
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distributions appear the same, as indicated in the first columns of these figures. However, the FF
distributions vary significantly with different supermode combinations, providing a basis for

mode decomposition to determine the relative supermode content.
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Figure 3.27 Comparison of the near-field and far-field distributions for the DCF with
different mode contents and relative phases. (a) The ratio of the intensities in two cores
as a function of the SM; mode content (c,?) with a relative phase (¢.) between the two
modes. (b) The NF and FF beam profiles when ¢42=1/3, ¢»,=0.1*t. (c) The NF and FF beam
profiles when ¢42=2/3, ¢,=0.1*m.
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Figure 3.28 Comparison of FF beam profiles for the DCF with different mode
compositions when (a) the content of the SM; mode is larger than the SM, mode, with
the legend indicating the relative powers between the two modes. (b) the content of the
SM, mode is larger than the SM, mode. (c) Theoretical accuracy for mode decomposition

based on FF beam profiles.

To illustrate the distinguishable differences in the FF beam profiles, the FF beam profiles for the
DCF with different mode compositions are compared in Figure 3.28(a) and (b). Figure 3.28(a)
shows that the FF features a main lobe in the centre when the SM; mode is dominant, whereas
the FF exhibits two identical lobes when the SM; mode is dominant, as shown in Figure 3.28(b).
Note that these results represent the case when the relative phase between the two modes is 0.
However, the change in the FF profiles remains distinguishable if the relative phase changes.
These results illustrate that implementing mode decomposition in the far-field is feasible and

reliable by comparing the measured FF beam profiles with the reconstructed intensity profiles
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that can be obtained with the SPGD algorithm. The theoretical mode decomposition accuracy
exceeds 98%, as shown in Figure 3.28(c), where the FF mode decomposition for the DCF is
implemented in 100 instances with different supermode compositions (random mode content
and phase). It is worth mentioning that mode decomposition methods based on off-axis
holography method [129] and matrix formalism method [67] have also been implemented for the
DCF and TCF, details of which are provided in Appendix A. The proposed MD method, based on
FF beam profiles and the SPGD algorithm, is primarily used in the following experiments due to

its easy implementation, high accuracy, and robustness to noise and fibre perturbations.

3.4.3(] Mode rejection in dual-core fibres

In this section, mode rejection is experimentally demonstrated using the DCF. A1 m long DCF
was used, and the preliminary optimization of the experimental setup (see Figure 3.3) followed
similar procedures introduced for the few-mode fibres. The input BCB was selectively coupled
into the SM, or SM, mode by optimizing the phase pattern displayed on the SLM, while the input
FS was randomly coupled into a combination of the two supermodes. Since the DCF is a high
birefringent fibre, the input FS and BCB were co-polarized along the fast or slow axis (parallel to
the line connecting the two core centres) to ensure that the nonlinear interaction involves the
counter-propagating modes with the same polarization states. The output FS/BCB maintained

the input polarization with a PER > 20 dB at different powers.

(a) InputFS=[58% SM,, 42% SM,], 3.8kW  (b) Input F3 = [89% SM,, 41% SM,], 6.5kW  (c) Input FS =[28% SM,, 72% SM,], 6.2kW
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Figure 3.29 Mode rejection results in the DCF. Mode decomposition of the output FS
versus the BCB power under different launching conditions (experiments: markers;
simulations: lines). The bottom images are the FF beam profiles of the output FS for 3
distinctvalues of BCB power. The input power and mode composition of the FS and BCB
are listed on the top of each panel. Error bars of +3% are added to the experimental

results, which represents the estimated uncertainty of the MD algorithm.

Figure 3.29 illustrates three examples of supermode rejection in the output FS. In Figure 3.29(a),

the input BCB is coupled into the SM, mode, resulting in a gradual rejection of the SM, mode in
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the output FS as the BCB power increases. Initially, with ~40% of the power in the SM, mode, the
output FS contains less than 10% of the power in the SM, mode at a BCB power of ~5.1 kW. As a
result, ~90 % of the output FS power is coupled to the SM; mode. Consequently, the output FS
exhibits a single lobe in the far-field and resembles the SMy mode, corresponding to the in-phase
combination of the two cores. On the contrary, when the input BCB is coupled to the SM, mode,
as shown in Figure 3.29(b) and (c), the output FS undergoes rejection of the SM; mode and is
therefore mainly coupled to the SM, mode. When the input BCB power is ~5.6 kW, ~81% and
~98% of the output FS power is coupled to the SM, mode in Figure 3.29(b) and (c), respectively.
Consequently, the output FS exhibits two distinct symmetric lobes and resembles the SM, mode
in the far-field, corresponding to the out-of-phase combination of the two cores. It is worth
mentioning that these experimental results align well with simulations using the experimental
parameters, such as pulse duration, peak power, fibre length, mode composition, and

polarization state of the counter-propagating beams.
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Figure 3.30 Mode decomposition results for the DCF in the far-field. (a), (b) MD results
and the comparison between the measured and reconstructed FF beam profiles when
the input BCB is the SMy mode. (c), (d) MD results and beam profile comparisons when

the input BCB is the SM, mode.

In Figure 3.29, the MD of the output FS is implemented at each measurement at different BCB
powers. Two examples of MD results for the FF beam profiles are illustrated in Figure 3.30,
demonstrating the rejection of the SM; mode and the SM, mode. Figure 3.30(a) shows that the

output FS consists of ~44.4% SM; mode when the BCB (coupled into the SM; mode) is switched
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off, whereas the content of the SM; mode drastically decreases to just 2.6% when the BCB is
switched on with the maximum power. The measured and reconstructed FF beam profiles with
the BCB off/on are shown in Figure 3.30(b), exhibiting an intensity correlation coefficients [74] of
~ 98% and confirming that the SM; mode is effectively rejected at maximum BCB power.
Conversely, Figure 3.30(c) shows that the SM, mode content in the output FS decreases from
~57.4% to ~13.7% when the BCB (coupled into the SM, mode) is switched from off to on. The
correlation coefficient for the measured and reconstructed FF beam profiles in this case is also
~98%, confirming effective rejection of the SM, mode. The correlation coefficients for the FF MD
results in DCF are slightly lower than those for the FMFs in the near field, which is primarily due
to aberrations and noise in the imaging system. NF profiles fill ~2k pixels on camera, whereas FF
profiles could occupy ~750k pixels, making the FF profiles more susceptible to deformation from
system aberrations. Therefore, aberration-free lenses should be used, and careful attention
should be paid to FF beam profile measurements. Several parameters that could influence mode
rejection efficiency are experimentally analysed in the following sections, including the impact of

the input BCB, variations in the FS, and the influence of perturbations applied to the fibre.

3.4.3.1] Impactof control beams
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Figure 3.31 Mode rejection results for a specific input FS in the DCF but with different
input BCBs. (a) The SM, mode content versus the BCB power with different input BCB
modes, and the output FS beam profiles at points A-C are given in (b). (c), (d) The mode

rejection results with different BCB polarization directions relative to the FS.
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Previous experiments with the FMFs have demonstrated that the mode composition and the
polarization state of the BCB could significantly influence mode rejection in the output FS. Figure
3.31(a) shows the mode rejection results for the output FS when the input FS is coupled with ~50%
SM; mode and ~50% SM, mode (point A). By switching the input BCB from the SM; mode to the
SM, mode, selective rejection of the SM; mode and SM, mode is observed, respectively. With a
BCB power of ~3.5 kW, the output FS (~2.5 kW) is selectively coupled to the SM, mode (point B)
and the SM; mode (point C), as depicted in the FF beam profiles in Figure 3.31(b).

Additionally, the mode rejection efficiency is analysed by varying the polarization direction of the
input BCB while maintaining the same input FS conditions. Figure 3.31(c) and (d) illustrate that
the efficiency of rejecting the SM+(SM;) mode gradually decreases as the polarization direction
difference between the FS and the BCB increases from 0 degrees to 90 degrees. This trend aligns
with theoretical predictions and previous experimental observations in FMFs. These results
highlight the importance of controlling both mode composition and polarization states to

optimize mode rejection efficiency in DCFs.

3.4.3.2[] Variation of forward signals

Following the discussion of the mode rejection effect under different BCB launching conditions,
the mode rejection efficiency is further investigated when the FS is randomly coupled with a
combination of two supermodes, while the input BCB is fixed at either the single SM, or SM, mode.
Figure 3.32 illustrates the efficient mode rejection of the SM; or SM, mode, regardless of the FS
initial state, with the FS and BCB being co-polarized in all instances. Specifically, the content of
the SM; mode is reduced from an initial range of 20% to 60% down to 3% to 20%, as shown in
Figure 3.32(a). Similarly, the content of the SM, mode decreases from an initial range of 40% to
100% down to 0% to 30%, as depicted in Figure 3.32(b). These results demonstrate the consistent
efficiency of mode rejection even when the FS is randomly coupled, provided that the input BCB

maintains the coupling to a fixed single supermode.
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Figure 3.32 Moderejection results for the DCF with different input FSs and a fixed input
BCB in the (a) SM1 mode and (b) SM, mode.
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3.4.3.3] Robustness of mode rejection

The robustness of the mode rejection effect in the counter-propagating setup is investigated
using the DCF. Figure 3.33 shows the variation of the SM; and SM, mode content in the output FS
under different fibre perturbations when the BCB is coupled to a single mode. Each perturbation
involves moving or bending the fibre with varying intensities and at different positions, leading to
random coupling among the fibre modes and potentially altering the FS launching conditions. For
each perturbation, the MD of the output FSis computed, and the output FS beam profile is imaged

with the BCB either switched off or on.

When the BCB is switched off, the output FS varies randomly, as indicated by the black lines and
FF beam profiles in Figure 3.33. However, when the BCB is switched on and coupled to a single
mode, mode rejection occurs irrespective of the FS launching conditions. As a result, effective
rejection of the SM, mode is observed in the output FS, with the relative power of the SM,; mode
dropping below 10%, as shown in Figure 3.33(a). Consequently, the output FS is locked into the
SM, mode with a total counter-propagating beam power of ~12kW (2*6 kW). Similarly, Figure
3.33(b) demonstrates robust rejection of the SM, mode when the input BCB is in the SM, mode,
and the FSis perturbed to different mode states with varied SM, mode content. The output FS far-
field consistently exhibits a distribution similar to the SM; mode when the BCB is switched on,
with the relative power of the SM, mode falling below 40%. Although the mode rejection efficiency
is lower due to the high relative power of the SM, mode in the output FS (up to 85%) when the BCB
is switched off, the SM, mode is still robustly rejected using ~12 kW counter-propagating beam
power. The robustness analysis suggests that mode rejection is a useful method for achieving

stable spatial mode locking in a bimodal system.
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Figure 3.33 Robustness of the mode rejection effect (red lines) in the DCF with
comparisons to the output FS when the BCB is switched off (black lines). 5 and 10

different perturbations are included in (a) and (b).

To conclude, mode rejection of each supermode in a 1m long DCF is observed using 5-6 kW peak

powers for the FS and the BCB. By adjusting the mode composition and polarization state of the
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input BCB, the mode rejection effect can provide stable and robust spatial mode locking to a

specific mode in the output FS from the DCF, irrespective of the initial launching conditions.

3.4.4(] Mode rejection in tri-core fibres

In this section, mode rejection is further explored using the TCF. As shown in Figure 3.23, the three
supermodes in the TCF are: the SM; mode, where all three cores are in-phase with the intensity
in the centre core being twice that of the side cores; the SM, mode, where the centre core has
zero intensity, and the two side cores are out of phase with identical intensities; and the SM;
mode, where the intensity distribution among the cores is the same as the SM; mode, but the
centre core has a 1 rad phase difference with the two side cores. Following a similar procedure
to the experiments with the DCF, a ~0.4m long TCF was placed in the experimental setup (see
Figure 3.3) to explore the selective rejection of the supermodes. The input BCB is selectively
coupled into the SM4, SM,, or SM; mode by adjusting the phase pattern loaded on the SLM, while
the input FS is coupled into a combination of supermodes with different relative powers and
phases. The TCF is a birefringent fibre due to the nonsymmetric design. The polarization state of
the input FS and BCB is orientated along the fast or slow axis (parallel to the line connecting the
centres of the two side cores), ensuring that the nonlinear interaction involves the counter-

propagating modes with the same polarization states.
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Figure 3.34 Mode rejection of the (a) SM4, (b) SM,, (c) SM; mode in the TCF. Mode
decomposition of the output FS in the TCF versus the BCB power under different
launching conditions (experiments: markers, simulations: lines). The bottom images are
the FF beam profiles of the output FS for three distinct BCB powers. The input power and

mode composition of the input FS and BCB are listed on the top of each panel.

Figure 3.34 illustrates the experimental observations of mode rejection in the TCF, in comparison
with simulation results. Figure 3.34(a) shows an example when the input BCB is coupled to the
SM; mode, so that the output FS gradually rejects the SM; mode as BCB power increases. Initially,

with ~40% of the power in the SMy mode, the output FS ultimately contains nearly 0% SM, mode
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content at a BCB power of ~6.2 kW. Consequently, the output FS power is redistributed, with
~70% coupling to the SM; mode and ~30% coupling to the SM, mode. Starting with a similar initial
FS condition, but with the input BCB coupled to the SM, mode, the output FS undergoes a
different conversion process, as shown in Figure 3.34(b). The SM, mode content is almost
completely rejected with a BCB power of ~4.5 kW. Finally, when the input BCB is coupled to the
SM; mode, as shown in Figure 3.34(c), the output FS experiences a rejection of the SM; mode,
with ~16% reduction of the SM; mode content at a BCB power of ~5.3 kW. These observations
demonstrate the effective mode rejection in the TCF for different supermodes. The experimental

results align closely with the simulations, confirming the reliability of numerical simulations.
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Figure 3.35 Mode rejection effect in the TCF with varying polarization states between
the BCB and the FS. (a)-(c) Mode conversion of the three supermodes when the input
BCB is coupled to the SM; mode with different polarization directions relative to the FS.
(d)-(f) Mode conversion of the three supermodes when the input BCB is coupled to the

SM, mode with varying polarization directions relative to the FS.

Furthermore, Figure 3.35 illustrates the impact of relative BCB polarization on mode rejection
efficiency in the TCF. In Figure 3.35(a)-(c), the input BCB is coupled into the SM, mode, while it is
coupled to the SM, mode in Figure 3.35(d)-(f). At ~6 kW BCB power, the SM, mode is absent in the
output FS when the FS and BCB are co-polarized (0deg, dark blue line in Figure 3.35(a)). However,
with orthogonal polarization (Odeg, light blue line in Figure 3.35(a)), ~20% of FS power remains in
the SM; mode at the output. At ~4.5 kW BCB power, complete rejection of the SM, mode from the

output FS is achieved with co-polarization (0deg, dark blue line in Figure 3.35(e)). Nonetheless,
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there is still ~7% power coupled to the SM, mode with orthogonal polarization (90deg, green line
in Figure 3.35(e)). Additionally, Figure 3.35 shows that mode rejection occurs with intermediate

efficiency as relative polarization between the counter-propagating beams varies from 0 deg and
90 deg.

3.4.5] Mode conversion dynamics of the BCB

Egs. (3.2.1) and (3.2.2) are invariant with respect to the exchange between FS and BCB modes.
However, different boundary conditions apply to the input FS and to the input BCB, which reflect
their different roles. Because the input BCB plays the role of control beam, its mode content is
fixed and coupled to one single mode. For this reason, the output FS systematically undergoes
rejection irrespectively of the input FS mode content. On the other hand, the input FS plays the
role of a probe beam with arbitrary mode content. Exploring the mode conversion in the output

BCB offers valuable insights into the interaction dynamics of counter-propagating multimode

systems.
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Figure 3.36 Comparison between the dynamics of the output FS and output BCB in the
DCF. The MD of the output FS(BCB) versus the launched BCB(FS) powers during the
rejection of the SM, mode in the output FS. The input and output FS(BCB) far-field beam
profiles are shown in (b). The input power and mode composition of the input FS and

BCB are listed on the top of each panel.

Figure 3.36 illustrates the mode decomposition of the output BCB(FS) from the DCF as a function
of the launched FS(BCB) power when the BCB is primarily coupled to a single mode. Similar to
earlier findings, increasing the BCB power results in the output FS rejecting the same mode as the
input BCB mode, as depicted in Figure 3.36(a). In contrast, the output BCB does not exhibit any
rejection dynamics, since different input FSs with arbitrary mode content can lead to different

output BCB mode compositions.

It is worth noting that in the special case of a two-mode fibre with identical Kerr coefficients (y11=
Y22= Y12), the mode content of the output BCB is organized towards the orthogonal modal state of

the input FS when they have equal power[130]. This phenomenon is observed in the DCF
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experiments, where the condition for the Kerr coefficients is approximately met (see Table 3.7).
In Figure 3.36(c), the input BCB is mainly coupled to the SM, mode, whereas the input FS is a
combination of 61% SM1 mode and 39% SM, mode. As expected, the output BCB achieves amode
content of ~40% SM; mode and ~60% SM, mode when the two beams have equal power
(indicated by the yellow dashed vertical lines). This observation is remarkable, particularly when
the input FS exhibits a random mode content over time. In such a scenario, the amount of
disorder of the input FSis transferred to the output BCB, whose mode content becomes therefore
randomly distributed. This dynamic is similar to that of polarization attraction phenomena in
single-mode fibres[109, 112, 113], where a mutual exchange in the degree of polarization is
achieved between FS and BCB, that is to say, the polarization attraction undergone by the output

FS takes place at the expense of a depolarization of the output BCB.

3.5 From mode rejection to mode control
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Figure 3.37 Comparison between the dynamics of the counter-propagating beams in
the DCF. The mode decomposition of the output FS(BCB) in the DCF versus the
launched BCB(FS) powers when the BCB is not coupled to a single mode. (a)-(c) Both
the output FS and output BCB are in the SM, mode. (d)-(f) Both output counter-

propagating beams are mainly in the SM; mode.

Mode rejection occurs when the input BCB is coupled to a single mode. In more complex
scenarios, the input BCB can be coupled to a set of modes. Within this framework, it becomes
pertinent to explore whether a specific output FS mode distribution can be achieved by

appropriately setting the input BCB for a given input FS. Figure 3.37 presents two experimental
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results (dots) alongside their corresponding simulations (lines) where both the input BCB and
input FS are coupled to a mixture of modes, as depicted at the top of each panel. In Figure 3.37,
the input FS is coupled with ~60% SM; mode and ~40% SM, mode, with a relative phase of -0.8
rad. Similarly, the input BCB is coupled with ~60% SM; mode and ~40% SM, mode. However, in
Figure 3.37(a)-(c), the input BCB has a relative mode phase of 2.4 rad, whereas in Figure 3.37(d)-
(f), the relative mode phase for the input BCB is -1.3 rad. With ~7kW peak power for each counter-
propagating beam, the mode content for both output FS and output BCB evolves similarly in both
experiments and simulations. Consequently, the output FS and output BCB exhibit similar far-
field profiles, as shown in Figure 3.37(b) and (e). This demonstrates that the output FS can be
converted to a specific mode distribution from a given input FS by properly adjusting the input
BCB, even when the input BCB is not single mode (not mode rejection). Additionally, it is possible
to achieve identical output beam profiles from both ends of the fibre (similar output FS and output

BCB) despite differing launching conditions at the input ends.

Similarly, the interaction dynamics of the counter-propagating beams in the TCF is also
investigated. The theoretical framework developed for the special case where Vum=2Ymn=y
provides insight into possible scenarios (see section 3.2.1). For instance, it is possible to focus

all the output FS power into a single mode, say the k-th mode, provided that the input BCB has

the following configuration: |by(L)| % 0, by (L) = —i|f,(0)|e™n/ /1 — |fk(0)|2, where @y, is

the relative phase between the input FS k-th mode and n-th mode. Figure 3.38 shows two
preliminary experiments in TCF where the input BCB is coupled to a combination of modes. For
the same input FS, different input BCBs result in substantially different output FS mode

distributions.
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Figure 3.38 Preliminary experiments of all-optical mode control in the TCF, where the

input BCB is coupled to a combination of supermodes (see the mode composition on
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the top of each panel), while the input FS remains almost identical. The bottom images

display the FF beam profiles of the output FS at different BCB powers.

These preliminary results pave the way towards a more general idea of mode controlin multimode
systems, that is to say, the ability to control the mode content of the output FS on demand and
all-optically via the BCB, or to efficiently manage the mode content of two counter-propagating
beams. The BCB can also be generated through back-reflection or amplification of the FS,
eliminating the need for an independent and additional optical source. This leads to the idea of
light self-organization, where the output counter-propagating beams can be shaped in time and
space. This approach opens new opportunities such as all-optical spatiotemporal beam shaping

or highly scalable coherent combination in multimode and multicore fibres and waveguides.

3.6[] Conclusions

In this chapter, the concepts of mode rejection and mode control are proposed and investigated
in multimode counter-propagating systems using several few-mode fibres and two homemade
multicore fibres. Mode rejection refers to the reduction of a specific mode content in the output
FS when the input BCB is coupled to the same mode with intense power. By appropriately
adjusting the input BCB, the selectivity and robustness of the mode rejection effect are
demonstrated, leading to an all-optical method for achieving spatial mode locking. By tuning the
temporal behaviour, all-optical spatiotemporal beam shaping can be obtained. In addition to the
mode rejection effect observed in the output FS, the evolution dynamics of the output BCB are
also investigated using the DCF and the TCF. The general idea of mode control is explored,
showing that the output counter-propagating beams can potentially be spatiotemporally

controlled in an all-optical manner.

Notes: The results reported in this chapter have been selectively published (see LoP1, LoP4,
LoP5, LoP11, LoP12 in the List of Publications). LoP1 includes the mode decomposition method
for multicore fibres, where also includes some results reported in the Appendix A.2. This is a
single-authored paper published in Optics Letters. LoP5 includes the main results of mode
rejection and control that were demonstrated in this chapter. This is a co-authored paper
published together with lan Davidson, Jayanta Sahu, David J. Richardson, Stefan Wabnitz, and
Massimiliano Guasoni in Nature Communications. The experiments, simulations, co-
development of derivations and code were my work; the 3-core fibre was fabricated by lan
Davidson from the Optoelectronics Research Centre; the dual-core fibres used in the
experiments were fabricated by Jayanta Sahu from the Optoelectronics Research Centre; the
idea of mode rejection and light self-organization was originally conceived by Massimiliano

Guasoni from the Optoelectronics Research Centre; this project was supervised by Massimiliano
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Guasoni and David J. Richardson from the Optoelectronics Research Centre. | also sincerely
acknowledge Saurabh Jain for his assistance with the preliminary experiments. LoP4, LoP11, and
LoP12 are conference papers where we reported on the observation of mode rejection and light

self-organization in optical fibres.

Table 3.8 summarizes the mode rejection results for the LP modes and supermodes in the MMFs
and MCFs introduced in this chapter. By using 0.4m-1m long fibres and a total peak power of ~4-
16 kW (0.5 ns pulses), selective rejection of individual LP modes and supermodes is achieved
with a conversion efficiency ~20-80%. The maximum mode rejection efficiency is obtained when
using co-polarized FS and BCB in polarization maintaining fibres. Other factors that can affect the
efficiency of mode rejection, such as launched power, fibre nonlinearity, polarization coupling,

and spectrum broadening, have also been investigated.

By appropriately adjusting the input BCB, the selectivity and robustness of the mode rejection
effect are demonstrated, leading to an all-optical method for achieving spatial mode locking. By
tuning the temporal behaviour, all-optical spatiotemporal beam shaping can be obtained. In
addition to the mode rejection effect observed in the output FS, the evolution dynamics of the
output BCB are also investigated using the DCF and the TCF. The general idea of mode controlis
explored, showing that the output counter-propagating beams can potentially be

spatiotemporally controlled in an all-optical manner.

Notes: The results reported in this chapter have been selectively published (see LoP1, LoP4,
LoP5, LoP11, LoP12 in the List of Publications). LoP1 includes the mode decomposition method
for multicore fibres, where also includes some results reported in the Appendix A.2. This is a
single-authored paper published in Optics Letters. LoP5 includes the main results of mode
rejection and control that were demonstrated in this chapter. This is a co-authored paper
published together with lan Davidson, Jayanta Sahu, David J. Richardson, Stefan Wabnitz, and
Massimiliano Guasoni in Nature Communications. The experiments, simulations, co-
development of derivations and code were my work; the 3-core fibre was fabricated by lan
Davidson from the Optoelectronics Research Centre; the dual-core fibres used in the
experiments were fabricated by Jayanta Sahu from the Optoelectronics Research Centre; the
idea of mode rejection and light self-organization was originally conceived by Massimiliano
Guasoni from the Optoelectronics Research Centre; this project was supervised by Massimiliano
Guasoni and David J. Richardson from the Optoelectronics Research Centre. | also sincerely
acknowledge Saurabh Jain for his assistance with the preliminary experiments. LoP4, LoP11, and
LoP12 are conference papers where we reported on the observation of mode rejection and light

self-organization in optical fibres.

Table 3.8 Summary of the mode rejection results for MMFs and MCFs
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Total peak power of
Fibre Length (m) Rejected modes Efficiency
FS and BCB (kW)
PM1550-Xp 1 16 LP01, LP11 30%
PMHN1 0.4 4 LPo1, LP44 30%
LPO‘I, LP11e, LP110’
PM2000 0.4 9 20% - 80%
LP21e, LP210, LPOZ
SMF28 1 16 LPo+, LP4; 22% - 80%
DCF 0.4-1 12 SM,, SM, 20%-50%
TCF 0.4 12 SMy, SMy, SM; 20%-40%
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Chapter 4/ ICounter-propagating nonlinear gratings in

multimode and multicore fibres

4.11] Introduction

In this chapter, the concept of “all-optical counter-propagating nonlinear gratings” in multimode
systems is proposed. These gratings are generated by a backward-propagating multimodal beam
with intense power, the mode beating between these modes generates an instantaneous grating
via the Kerr effect. This optical nonlinear grating could lead to all-optical ultrafast switching of a
low-power forward-propagating beam, while in Chapter 3 both forward and backward beams are
in a high nonlinear regime. All-optical mode switching between fibre modes (in MMFs and MCFs)
and power switching between fibre cores (in MCFs) are validated through experiments conducted
with various FMFs and homemade MCFs. Initially, the theoretical framework of counter-
propagating nonlinear gratings is introduced, supported by theoretical estimations of mode
switching and power switching in MMFs and MCFs. Subsequently, experimental investigations
demonstrate the all-optical switching of LP modes or supermodes using a range of fibres,
including PM1550-xp, PMHN1, DCF, and TCF. Lastly, ultrafast all-optical power switching
between MCF cores is demonstrated using counter-propagating beams with 500 ps pulsesin DCF
and TCF. The dynamics of counter-propagating nonlinear gratings are discussed by comparing
the experimental results from different fibres and by direct comparison with the theory and
simulations. Several conceptual devices are introduced based on the dynamics of counter-
propagating nonlinear gratings, including all-optically tuneable mode converters, all-optically
tuneable power splitters, combiners, and power switches, as well as all-optical phase detection

atterminal ends.
4.2[1 Dynamics of counter-propagating nonlinear gratings

4.2.1] Theory

The counter-propagating nonlinear grating is generated by a high-power backward control beam
(BCB) in a multimode system, and it can influence the propagation of a low-power forward probe
beam (PB) in an all-optical manner. However, unlike the governing equations of mode rejection
introduced in Chapter 3, here the coupled nonlinear Schrodinger equations are modified due to
the substantial power difference between the counter-propagating beams. Assuming that the PB

fields F,, are much weaker than the BCB fields B, Egs. (3.2.1) and (3.2.2) are simplified as follows:
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where F,, (Bm) denotes the amplitude of the m-th mode in the PB (BCB). As a result, the right-hand
side of Eq. (4.2.1) is left with the cross-phase modulation terms induced by the BCB modes, and
the energy exchange term describing the interaction between the m-th and n-th modes. In
contrast, the right-hand side of Eq. (4.2.2) is left with only the self-phase and cross-phase

modulation terms induced by the BCB modes.

The evolution of the BCB amplitude B, can be readily found from Eq. (4.2.2) in the CW limit,
By, = |Bpylexp [_i (Ymmlelz + Z Zymnanlz)Z] (4.2.3)
nm

By substituting this solution into Eq. (4.2.1) and applying the transformation F, =
FinexpliWimm|Bm|? + Xnzm 2¥mn|Bnl?)z], the following equations describing the evolution of the

m-th mode in the PB along the propagation direction z can be obtained (again, in the CW limit),

;;”—l[(p 1)me|Bm|2+zn¢m(p 2)Vmn|Bnl ]fm

(4.2.4)
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The amplitude f,, can be analytically solved from these equations by rewriting them as,

lM (4.2.5)
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(4.2.6)

where M is a N*N matrix representing the interactions between the PB modes influenced by the
BCB, with N as the total mode count. By calculating the eigenvalues and eigenvectors of M, the

analytical evolution of the PB amplitude can be obtained,

f1(2) etz 0 fi(z=0)
[ : ] = w[ 0 -« 0 ]w—ll : ] (4.2.7)
fn(2) 0 0 etz fn(z=0)
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where w is the matrix of eigenvectors, A« are eigenvalues obtained through eigenvalue
decomposition of M, and f,(z=0) represents the initial PB launching condition. In the simplest
instance of a 2-mode and co-polarization (p=2) scenario, the solutions describing the PB
evolutions can be derived as follows,

g g AP
f1(2) = [A1eliz + Aze_liz] e 2 (4.2.8)

Ag 9, A9 e—iﬁz] e—iw%z + [% iz

A, _9,1A AQ
fa(2) = Te °C 2 e'2 +_Ze—1%z] D12 —i—52z

C 5 € (4.2.9)

—-AQq,+ c ADqo+ c
where 4, :2;;!]]01@ =0) +Ef2(Z =0) , 4 :%gﬁ(z =0) —Efz(z =0 , C=

2¥12|B1IBy], g = /A(z)lzz +4C2, Ay, = —y11|B1|? + ¥22|B,|%. Therefore, the BCB acts as a

tuneable optical grating that can be used for all-optical switching among the modes of the output
PB. The switching of the PB modes depends on the launched power |Bn|?, mode composition

|Bm|?/%|Bn|?, and the polarization state p of the BCB, as well as the initial PB conditions f,,(z=0).

4.2.2(] Simulations
4.2.2.1] Mode switching driven by counter-propagating nonlinear gratings

In this section, the theoretical mode switching of the PB (Eq. (4.2.7)) is demonstrated for several
fibres used in Chapter 3, including PM1550-xp, PMHN1, DCF, and TCF. The mode switching
results are discussed by varying the power, mode composition, and polarization state of the BCB,

along with different initial PB mode compositions.

The first type of fibre under consideration is the traditional single-core multimode fibre,
demonstrated using PM1550-xp and PMHN1. The dispersion parameters and Kerr coefficients of
different modes in these fibres are provided in Table 3.1 and Table 3.2. For these fibres, a 2-mode
scenario (LPo1 and LP11 modes) is considered, with the counter-propagating beams in either co-
polarization or orthogonal polarization states. The counter-propagating beams are continuous

waves and have the same frequency in the calculations.

Considering a 10cm-long PM1550-xp fibre, a BCB with 10 kW power and a forward PB with a
substantially weaker power of 0.1 kW are launched from its opposite ends, both in the same
polarization state. The initial PB condition (input into the left end of the fibre, z=0 in Figure 4.1) is
set as 100% LPo; mode, whereas the input BCB is set as 50% LPo; mode and 50% LP1 mode with
0 rad phase difference between them. After applying the PM1550-xp parameters (nonlinear
coefficients and fibre length) and boundary conditions (mode composition, power, and

polarization) to Eqgs. (4.2.3)-(4.2.7), the amplitudes (F,, and Bn,) of different modes for PB and BCB
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can be obtained at specific positions. These amplitudes are the modal coefficients of different
modes (see Eq.(3.3.2)). By superposing the transverse mode profiles with the corresponding
amplitudes, one can obtain the evolution of spatial shapes for PB (propagating from left to right)
and BCB (propagating from right to left). Figure 4.1 illustrates the side views (along y-axis) of the
spatial shape of PB(BCB) as a function of the longitudinal position (along z-axis) inside the fibre.
The propagation distance is converted to the numbers of nonlinear length Ly.. In this case, Ly, is
3.3 cm (10kW peak power and y=3kW'm™), consequently, this 10cm-long fibre supports a
propagation of 3*Ly..A complete mode switching of the PB from the LPo; mode to the LP,; mode
is achieved in this fibre, as shown in the inset mode profiles. On the contrary, the BCB mode
distribution remains unchanged during propagation. Itis worth noting that increasing the number
of propagated nonlinear lengths can be achieved by either using a longer fibre or increasing the
launched BCB power while maintaining the fibre length. The theoretical mode switching remains
the same using either approach, as Egs. (4.2.6) and (4.2.7) include the tuneable parameters z
(fibre length) and |B.|?> (BCB powers). Notably, the latter approach indicates an all-optical method

to achieve mode switching in fixed optical fibres.

(3)20 PM1550-xp: BCB evolution (b) (c) 20 PM1550-xp: PB evolution
L

10 10
E BCB \PBE
Z o0 7 o -
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z axis: Propagation distance(*LNL) z axis: Propagation distance("LNL)

Figure 4.1 Theoretical mode switching of the PB in PM1550-xp calculated from Eq.
(4.2.7), with the evolution of the counter-propagating BCB calculated from Eq. (4.2.3).
The boundary conditions: PB (z=0, 100% LPy1 mode, total power=0.1 kW), BCB (z=3*Ln.
(10 cm), 50% LPos mode and 50% LP+1; mode, total power=10 kW).

Similarly, by applying the PMHN1 parameters to Eqgs. (4.2.3) and (4.2.7), theoretical mode
switching results can be obtained for a 10cm-long PMHN1 fibre, as depicted in Figure 4.2. The
boundary conditions are the same as those for the PM1550-xp as shown in Figure 4.1. However,
due to an approximately fourfold increase in the nonlinearity for elliptical-core PMHN1 (see Table
3.1 and Table 3.2), the 10cm-long PMHN1 fibre supports a propagation of 13.2*Ly.. In comparison
with Figure 4.1, Figure 4.2 clearly highlights that the PB mode distribution at the fibre output can
be all-optically and periodically tuned by increasing BCB power or using fibres with higher
nonlinearity. In the specific case of switching between the LPo, and LP11 modes, where y12 ~ 0.6

Y11 (see Table 3.1 and Table 3.2), complete mode switching from one mode to another requires
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propagation of approximately 3*Ln. (3*Lne needed for PM1550-xp, ~2.7*Ln. needed for PMHN1,
obtained from Figure 4.1(c) and Figure 4.2(c)). This suggests that an all-optical mode switching
for a fixed fibre can be achieved by adjusting the BCB powers to satisfy the requirements of the

nonlinear length.

()10 _ PMHN
BCB-out

y axis(um)
o

12 10 8 6 4 2 ) 2 4 6 8 10 12

z axis: Propagation distance(*LNL) z axis: Propagation distance(*LNL)

Figure 4.2 Theoretical mode switching of the PB in PMHN1, with the boundary
conditions: PB (z=0, 100% LPo; mode, total power=0.1 kW), BCB (z=13.2*Ln. (10 cm),
50% LPo1 mode and 50% LP+, mode, total power=10 kW).

(a) PMHN1: PB evolution, (b) PMHN1: PB evolution (c) PMHN1: PB evolution,
BCB is orthogonally polarized

BCB is co-polarized BCB is co-polarized

y axis(um)
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Figure 4.3 Theoretical mode switching in PMHN1 with different boundary conditions. (a)
PB (z=0, 100% LPy1 mode, total power=0.1 kW), BCB (z=13.2*Ln. (10 cm), 50% LPos mode
and 50% LP,; mode, total power=10 kW, orthogonally polarized with the PB). (b) PB (z=0,
50% LPo1 mode and 50% LP1; mode, total power=0.1 kW), BCB (z=13.2*Ln, 90% LPo,
mode and 10% LP,; mode, total power=10 kW, co-polarized with the PB). (c) PB (z=0,
30% LPo mode and 70% LP+1; mode, total power=0.1 kW), BCB (z=13.2*Ln, 80% LPo,

mode and 20% LP,; mode, total power=10 kW, co-polarized with the PB).

Additionally, mode switching can also be controlled by adjusting the polarization state and mode
composition of the BCB. Figure 4.3 presents three examples using the PMHN1 fibre, with
boundary conditions different from those in Figure 4.2. In Figure 4.3(a), the mode switching period
(the numbers of nonlinear lengths needed for complete conversion from one mode to another) is
stretched by three times when the BCB polarization is converted from the co-polarized state to
the orthogonally polarized state with respect to the PB polarization. This variation is determined
by the polarization-dependent coefficient p (p=2 and 2/3 respectively for the co-polarized and

orthogonally polarized cases). Figure 4.3(b) and (c) depict cases where the initial PB condition is
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not in single-mode and the BCB is not evenly coupled into the two LP modes (see caption for
details). These results indicate that the mode switching behaviour varies when either the PB or
the BCB changes. However, all-optical mode switching for a PB with a random mode composition

is still achievable by properly adjusting the BCB launching conditions.

To validate the theoretical outcomes, analytical solutions from Eq. (4.2.7) are computed against
the numerical simulations of the coupled nonlinear Schrédinger equations, Egs. (3.2.1) and
(3.2.2), using the standard finite-difference method introduced in Section 3.2.2. Figure 4.4
presents the comparisons of PB mode switching from the same initial state containing 100% LPo,
mode, under different BCB conditions: (a) launched total powers, (b) mode compositions, (c)
polarization states. Importantly, the analytical solutions (lines) agree well with the numerical
simulations (dots) in all the different cases under test. In Figure 4.4(a), three BCB powers are
compared to illustrate the tuneable mode switching period within a fixed fibre length. In Figure
4.4(b), three BCB mode compositions are compared to illustrate the tuneable maximum mode
conversion. Finally, in Figure 4.4(c), the comparison between the co-polarized and orthogonally

polarized BCB demonstrates the polarization dependence of mode switching.
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Figure 4.4 Analytical solutions (lines) from Eq. (4.2.7) and numerical simulations (dots)
of Egs. (3.2.1) and (3.2.2) in a 2-mode counter-propagating scenario, with the PMHN1
fibre parameters applied. (a) Mode switching of the PB (normalized power Ppg=1) versus
the propagation distance when the BCB is evenly coupled to the LPs; mode and the LP+,
mode under different total launched powers (Pcs=1, 50, 100). (b) Mode switching of the
PB versus the launched BCB power under different BCB mode compositions, with
c(LPo1) of the total launched BCB power coupled to the LPos mode. (¢c) Mode switching of
the PB versus the launched BCB power under different BCB polarization states, with 0

deg denoting the co-polarization and 90 deg denoting the orthogonal polarization.

Followingly, DCF and TCF are also analysed by applying their parameters (see Table 3.7) into Egs.
(4.2.3) and (4.2.7). Figure 4.5 demonstrates the theoretical mode switching between the
supermodes in a 10cm-long DCF. A forward PB with 0.1 kW power and a co-polarized BCB with
10 kW power are launched at opposite fibre ends. Initially, the PB is coupled into 100% SM; mode,

while the BCB is evenly coupled to the SM; and SM, modes with a 0 rad phase difference between
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them. In DCF, periodic mode switching of the PB from the SM; mode to the SM, mode is achieved,
as depicted in Figure 4.5(c) with inset mode and phase distributions. In contrast, Figure 4.5(a)
shows that the BCB mode composition remains constant during propagation. Unlike the case for
the PM1550-xp illustrated in Figure 4.1, here, a complete switching from one mode to another
requires a shorter propagation distance of just 1.5*Ly.. This increased efficiency is due to the
larger intermodal Kerr coefficient y12 in DCF, which is approximately twice as large as those in
PM1550-xp (see Table 3.1 and Table 3.7), leading to a more efficient energy exchange between

the modes (indicated by the lastterm in Eq. (4.2.1)).

y axis(um)
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z axis: Propagation distance(*LNL) z axis: Propagation distance(*L

)
NL
Figure 4.5 Theoretical mode switching of the PB in DCF, with the boundary conditions:

PB (z=0, 100% SM; mode, total power=0.1 kW), BCB (z=3*Ln. (10 cm), 50% SM; mode
and 50% SM, mode, total power=10 kW).
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Figure 4.6 Theoretical mode switching in bimodal platforms: (a) PM1550-xp, (b) PMHN1,
(c) DCF. For each fibre, the relative power of the LPos(or SM,) mode in PB is plotted as a
function of the LPos mode power in BCB (x-axis), the propagation distance (y-axis), and
the initial LPos mode power in PB (z-axis). The slices are the LPos mode power evolutions
in PB with the same initial LPo: mode power but under different BCB mode compositions

and at different propagation distances.

Until now, specific instances of mode switching under defined boundary conditions have been
demonstrated using bimodal fibres (PM1550-xp, PMHN1, and DCF). To delve deeper into the
mode switching process and the dynamics of counter-propagating nonlinear gratings, the PB
evolution over propagation distance is computed while varying the boundary conditions.

Specifically, the input mode compositions of the BCB and PB are independently varied, resulting
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in the 3D plots depicted in Figure 4.6. In each figure, assuming the BCB and PB co-polarized, the
relative power of the fundamental mode (LPo1 mode or SMy mode) in PB is depicted as a function
of three parameters: (1) BCB mode composition (x-axis), (2) propagation distance (either real fibre
length or substituted with variable BCB powers, y-axis), and (3) initial PB condition (z-axis). By
comparing the slices along the z-axis, it is observed that the power distribution shifts along the x-
axis as the initial power of the fundamental mode increases from 0 to 1 in the PB, as indicated
with the dashed arrows. Figure 4.6 provides comprehensive predictions for the all-optically
tuneable mode switching of the PB in these bimodal fibres, even with random initial PB
conditions. The mode switching capability can be adjusted in several ways, including varying
launched power, mode composition, and polarization state of the BCB, as well as altering fibre

length and nonlinearity.

(3)30’ TCF: BCB evolution

2 4 6 8
z axis: Propagation distance("LNL)

z axis: Propagation distance(*LNL)
Figure 4.7 Theoretical mode switching of the PB in TCF, with the boundary conditions:
PB (z=0, 100% SM; mode, total power=0.1 kW), BCB (z=9.2*Ln. (40 cm), 73% SM;, mode,

10% SM, mode, and 17% SM; mode, total power=10 kW).

In contrast to previous analyses focusing on bimodal scenarios, the exploration now extends to
the general case using a fibre supporting more than two spatial modes, with TCF serving as an
example. Nonetheless, the generalisation to an arbitrary number of modes (and cores) follows a
similar approach. Leveraging Eqgs. (4.2.3) and (4.2.7), the evolution of the PB and BCB can be
derived as a function of propagation distance. Figure 4.7 illustrates an instance of mode switching
where the PB is initially coupled solely into the SM; mode, while the BCB is coupled with 73% SM;
mode, 10% SM, mode, and 17% SM; mode. The fibre length is set at 40 cm, corresponding to a
propagation of 9.2*Ly.. Other parameters, such as counter-propagating beam power and
polarization state, remain consistent with the DCF analysis. A switching from the SM; mode to the
SM; mode in the PB occurs during propagation from 0 to ~6*Ln, as indicated by the inset near-
field intensity profiles and phase distributions in Figure 4.7(c). In contrast, the relative power of
each BCB mode remains constant throughout propagation. However, the varying relative phases
betweenthe BCB modesresultin afluctuating transverse mode distribution, as depicted in Figure

4.7(a). It is essential to note that in a fibre supporting more than two modes, mode switching
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between the modes may not occur in a periodic manner as the propagation length or BCB power
increases. This variation arises from a much higher degree of freedom in the system, including

the relative power and phase between multiple modes in the PB and BCB.

4.2.2.2[] All-optical power switching in multicore fibres

Due to the multi-channel architecture in multicore fibres, switching between the supermodes
gives rise to another intriguing phenomenon: all-optical core-to-core power switching. As
demonstrated in the TCF mode switching results depicted in Figure 4.7, the capabilities of power
combining and splitting have already been showcased. Here, a detailed elucidation is provided.
Through the coherent combination of supermodes with varying relative power and phase, the
power distribution among the MCF cores can be modified. This relationship between core fields

and mode fields (as obtained in Eq. (4.2.7)) can be expressed as:
E.1(2) f1(2)
: =T : (4.2.10)
Ec.n(2) fn(2)

where Eqy is the electric field in the N-th core, and T is a transformation matrix. T is contingent

upon the supermode distributions specific to a given MCF. For instance, in the case ofa DCF, T =

111 1 1 V2o 02
|y | whieforateRT=211 vz -1
1 2 -1

Based on Eq. (4.2.10), the distribution of PB power across each core of the fibre can be
determined. Figure 4.8 illustrates the theoretical power switching in a 20cm-long DCF, where a
total BCB power of 10 kW and a total PB power of 0.1 kW are applied. Similar to Figure 4.6, Figure
4.8(a) presents a 3D plot showcasing the PB power distributions within the right DCF core, as a
function of (1) BCB mode composition (x-axis), (2) propagation distance (either real fibre length
or substituted with variable BCB powers, y-axis), and (3) initial PB condition (z-axis). Compared
with Figure 4.6(c), it is obvious that power switching requires different PB and BCB conditions

compared to mode switching.

A clear power switching between the DCF cores can be obtained when the PB is initially evenly
coupled into the SM; and SM, modes with a 0 rad phase difference between them. Under this
condition, the corresponding power distribution slice is depicted in Figure 4.8(b), where all the PB
power is focused on the right core before propagation (resulting from the in-phase combination
of the SM, and SM, modes leading to destructive interference within one core). Figure 4.8(b)
demonstrates that a complete power switching from the right core to the left core can be
achieved when the relative SM, mode power in the BCB is approximately 88% or 12%. As an

illustration, Figure 4.8(c) depicts the power distribution within the two DCF cores when the BCB
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is coupled with 88% SM; mode and 12% SM, mode, showcasing complete power switching from
the right core to the left core achieved at a propagation distance of 3.5*Lyn. — 4.7*Ln.. Notably,
Figure 4.8(c) also illustrates an effective power splitting with a tuneable ratio between the cores.
By adjusting the nonlinear length through varying the launched BCB power, all-optically power

switching and all-optically tuneable power splitting can be achieved in a fixed-length fibre.
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slices are the results under the same initial SM, mode power in PB. (b) A slice of (a) when
the initial SM; mode power in PB is set as 0.5. (c) The PB power distribution within the
two DCF cores versus the propagation distance, with the initial SM; mode power of 0.5

in PB and the BCB coupled into 88% SM; mode and 12% SM, mode.

Subsequently, Figure 4.9 presents two examples showcasing complete power switching from one
core to another core in the TCF. The fibre length is 1 m, with total powers of 10 kW and 0.1 kW for
the BCB and PB, respectively. In Figure 4.9(a)-(c), the input PB consists of an in-phase
combination of 50% SM; mode, 30% SM, mode, and 20% SM; mode, while the input BCB
comprises an in-phase combination of 70% SM; mode, 10% SM, mode, and 20% SM; mode.
Figure 4.9(a) illustrates the redistribution of PB power across the three cores as the propagation
distance increases. The integrated power in the three cores is compared in the upper figure of
Figure 4.9(c), indicating that most of the power focuses on core2 (as labelled in Figure 4.9(a)) at a
propagation distance of 5.2*Ly., then shifts to core1 at 11.4*Ly., and finally to core3 at 17.4*Ly..
Additionally, as the BCB is coupled with a mixture of modes, although the relative mode content
of each supermode remains constant, the varying phase differences between the modes could

also lead to the BCB power variations among the cores, as depicted in Figure 4.9(b) and (c).

Similarly, Figure 4.9(d)-(f) shows the dynamics when the PB and the BCB are coupled into 2 of the
3 modes. The input PB is a combination of 50% SM; mode and 50% SM; mode, whereas the BCB
is coupled with 80% SM1 mode and 20% SM; mode. Under this condition, the TCF works as a 2-
mode platform because the counter-propagating nonlinear grating is only composed of the SM;

and SM; modes, resulting in mode switching between these two modes in the PB. Nevertheless,
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periodic power switching among the cores can still be observed. Starting from a condition with all
the power located in the core1, Figure 4.9(d) and (f) demonstrate that most of the PB power
returns to corel1 after propagating a distance of 9.3*Ly., while the power becomes evenly
distributed in core2 and core3 at a distance ranging from 2.9*Ln. to 5.8*Ln.. The power

redistribution among the cores for the BCB, as a result of varying phase differences between the
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Figure 4.9 Theoretical power switching between the TCF cores, with the boundary
conditions: (a)-(c) PB{50% SM,, 30% SM,, and 20% SM; modes}, CB{70% SM;, 10% SM,,
and 20% SM; modes}; (d)-(f) PB{50% SM4, 0% SM,, and 50% SM; modes}, CB{80% SM;,
0% SM,, and 20% SM; modes}. The power distribution among the cores is depicted in (a)
and (d) for the PB, and (b) and (e) for the BCB, with the integrated powers within

individual cores plotted in (c) and (f).

Figure 4.8 and Figure 4.9 suggest that power switching among the MCF cores can be all-optically
tuned via the total power and mode composition of the BCB, the fibre geometry and fibre length,
as well as the polarization state of the BCB (though not shown in the figures, the power switching
period will be stretched by 3 times if the BCB is converted from co-polarization to orthogonal

polarization).

4.2.2.3[] Comparison between linear and nonlinear probe beam regime

The dynamics of the counter-propagating system, as described in Egs. (3.2.1) and (3.2.2) of
Chapter 3, are significantly influenced by the degree of nonlinearity of both the forward probe

beam and backward control beam.
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Figure 4.10 Comparison between high power probe (mode rejection) and low power

probein abimodalfibre. (a)-(b) Mode distribution of the output probe (a) and output BCB

(b) versus the BCB peak power when the probe is in a strong nonlinear regime (peak

power fixed to 10 kW). The output probe is asymptotically organized to the mode state

orthogonalto the input BCB, and vice versa. (c)-(d) Mode distribution of the output probe

(c) and output BCB (d) versus the BCB peak power when the probe is in linear regime

(peak power fixed to 0.01 kW). The output probe mode distribution oscillates

sinusoidally as a function of the BCB power, whereas the BCB mode distribution is

unchanged.

When both beams operate in a strongly nonlinear regime, the system exhibits asymptotic
rejection of specific mode states, as introduced in Chapter 3. For instance, in the case of a
bimodalfibre, the output probe beam is organized towards the mode state orthogonal to the input
BCB, and vice versa. In the example shown in Figure 4.10 (a) and (b), a bimodal fibre with
parameters L=1m, y11= y12= ¥2o= 1 Wkm™ is used for simulation. The input probe beam is entirely
coupled to mode M,, while the input BCB is distributed with 60% of its power in mode M; and 40%
in mode M,. The probe beam, with a total fixed peak power Ppg =10 kW, operates in a highly
nonlinear regime (number of nonlinear lengths LyPps =10, y= 1 W-'km™ being the average Kerr
coefficient). As the BCB power increases from 0 to 10 kW, entering itself a strongly nonlinear
regime, the mode rejection process outlined above occurs. Indeed, the output probe (Figure
4.10(a)) tends to approach the mode state orthogonal to the input BCB, namely, ~40% in mode

M; and ~60% in mode M,. In turn, the output BCB (Figure 4.10(b)) tends to approach the mode
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state orthogonal to the input probe, namely, all power coupled to the mode M, (mode rejection of

the mode M,).

However, when the probe operates at a low peak power level, therefore remaining in a linear
regime (which is the condition underlying the results in this chapter) the dynamics change
drastically. The mode rejection process is not triggered. This is shown in Figure 4.10 (c) and (d)
where the probe peak power is now arbitrarily low (here Ppg =0.01 kW, therefore the number of
nonlinear lengths LyPes =0.01). In this case, the output BCB’s mode distribution remains
unchanged, mirroring the input (Figure 4.10(d)). Meanwhile, the output probe mode distribution
exhibits a sinusoidal evolution as the BCB power increases (Figure 4.10(c)), in line with the
predictions of the theoretical model (Egs. (4.2.8) and (4.2.9)) and the simulations reported in this

section.

To conclude, this section introduces and derives the nonlinear intermodal dynamics of a counter-
propagating setup where the power difference between the mutually injected beams is
substantially large. This gives rise to an effect, counter-propagating nonlinear grating, different
from the mode rejection phenomenon discussed in Chapter 3. This nonlinear grating is generated
by the backward control beam and can be all-optically tuned via various parameters including the
total power, mode composition, and polarization state of the BCB, as well as the fibre geometry
and nonlinearity. The counter-propagating nonlinear grating enables two intriguing effects in
MMFs and MCFs: mode switching and power switching of a low-power forward-propagating PB.
The developed theory is applicable to N-mode and N-core platforms. Theoretical prediction of
mode switching between the LP modes (or the supermodes) are illustrated in several bimodal
fibres (PM1550-xp, PMHN1, and DCF) and a 3-mode fibre (TCF). Furthermore, power switching,
tuneable power splitting, and combining between the cores in DCF and TCF have been
investigated. Based on the theory and simulations presented here, a series of experiments on

mode and power switching will be demonstrated in the following sections.

4.3 All-optical switching of LP modes in multimode fibres

4.3.11 Experimental setup

To experimentally investigate the mode switching effect, FMFs are initially utilized to explore all-
optical switching between the LP modes. The experimental setup is similar to Figure 3.3, with a
simplified schematic depicted in Figure 4.11. The PB and BCB are split from the 1 um MOPA
system operating with ~0.5 ns pulse durations. The power ratio between the BCB and PB is
adjusted to be larger than 20:1 by rotating HWP, to a proper angle. The PB and BCB are injected

from opposite ends of the test fibres, such that the high-power BCB can generate counter-
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propagating nonlinear gratings to influence PB propagation. The BCB input end is cleaved at an
angle of 8° to eliminate back reflection into the camera, thus the low-power output PB can be
better observed. The PB input end is perpendicularly cleaved to ensure high quality mode
excitation. The launched power of the BCB and PB can be controlled by appropriately rotating
HWP, and HWP, in combination with PBSs. The polarization state of the BCB and PB can be
adjusted by rotating HWPs and HWP;. An SLM is used for BCB coupling, allowing for selectable
coupling conditions by flexibly adjusting the phase pattern displayed on the SLM screen. The
output PB is sampled using a wedge with an incident beam angle of ~10 deg, ensuring that the
sampled laser beam maintains a similar polarization to the output PB. The near-field and far-field
intensity profiles are measured with cameras, with PB output beam profiles corrected by
subtracting BCB reflection at the flat-cleaved fibre end. Mode decomposition is then
implemented based on the corrected profiles. Alinear polarizer or acombination of PBS and HWP
can be inserted before the BS to measure the output for different input polarization states. An
identical setup is placed after the BCB output to measure the BCB output beam profile, which is

used to analyse the BCB mode composition.

HWP,
PBS SLM -ty
' HWP,
HWP2 PB ey @;)Uz: 4-
HWP,

PBS fibre PBS
T— III | — - I
PB sample
BS HWP;
ple FF
*

1um laser BCB

source
NF
Camera

Figure 4.11 Experimental setup to investigate the mode switching dynamics in

nonlinear optical fibres.

The experimental procedure for measuring mode switching comprises several steps: precisely
coupling the BCB and PB to specific mode states, tuning the input beam properties, measuring
the output PB and BCB intensity profiles, and post-processing the measured beam profiles. As
the theory and simulation illustrate, an optimal mode switching requires specific mode
compositions for the counter-propagating beams. Achieving all-optical switching of the PB
involves tuning the input BCB from three perspectives - total power, polarization state, and mode
composition — using waveplates, PBS, and SLM. The data post-processing involves mode
decomposition based on numerical analysis of the measured beam profiles, a method that is
discussed in Chapter 3. All-optical mode switching in the PB is measured as a function of BCB

power by analysing a series of PB output beam profiles at different BCB powers.
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4.3.2(] Mode switching in PM1550-xp and PMHN1

Unlike the theoretical analysis developed in section 4.2, the laser beams used in the experiments
are pulsed rather than CW, enabling the high peak power required for the experiments. The pulse
width is ~0.5 ns, corresponding to a pulse length of 10 cm in the fibre. Consequently, the total
interaction length of 10 cm is achieved in the fibre for the counter-propagating PB and BCB. The
test fibre is ~0.4 m in length and placed in an optimized position to ensure synchronisation of the

forward PB and backward BCB pulses.
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Figure 4.12 Observation of LP mode switching in the PM1550-xp fibre under various
boundary conditions, as detailed at the top of each panel. The experimental results
(dots with +2% error bars) are compared with the theoretical calculations (lines). (a)-(c)
Mode decomposition of the PB output PB,.: over the LPq1, LP11¢, and LP44, modes, as a
function of BCB power. (d)-(f) Mode decomposition of PB,, over the LPy; and LP1; modes
as a function of BCB power, with LP;1 mode content as the content summation of the

LP44e and LP44o modes.

The PM1550-xp fibre is placed in the experimental setup to explore LP mode switching in the PB.
A series of preliminary optimizations has been conducted at a low BCB power prior to the mode
switching experiments, including adjusting the rotation angles of waveplates and optimizing the
phase patterns displayed onthe SLM. The PB and BCB are setto the same linear polarization state
aligned with either the fast or the slow axis of the fibre. The BCB is coupled with high peak powers
with a tuneable range from 0 to ~12 kW, whereas the PB is coupled with a constant power of ~0.6

kW. There is no noticeable change in the PB output beam profiles when the BCB power is low and
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comparable to the PB power. However, as the BCB power increases, the mode distribution of the
PB output gradually switches to another mode state. Figure 4.12 illustrates the power evolution
of each LP mode in the PM1550-xp fibre under various boundary conditions, i.e., the input mode

composition of PB and BCB.

Figure 4.12(a)-(c) present the PB output decomposed into the LPo, LP11e, and LP11, modes, while
Figure 4.12(d)-(f) display the summed relative powers of the LP¢,, and LPs1, modes to illustrate
mode switching between the LPy and LP+; modes. Theoretical predictions (lines) are calculated
based on Eq. (4.2.7) and are provided for comparison with the experimental results (dots). For
instance, in Figure 4.12(a), the input PB is composed of 15% LPys mode, 9% LP+,. mode, and 76%
LP+1, mode with a relative modal phase of Orad, 0.6 rad, and 0.5 rad, respectively. Meanwhile, the
BCB is coupled into a combination of 90% LP,1 mode, 1% LP:. mode, and 9% LP1,, mode. The
relative modal phase for the BCB modes is not listed in Figure 4.12 because it does not affect
mode switching between the PB modes, as illustrated by the |B,| and |B,| terms in Eq. (4.2.4).
Under this boundary condition, as the BCB power increases, the relative LPo; mode power in the
PB exhibits a variation from 0.2 down to 0.05, then increases from 0.05 to 0.9 before decreasing
again. Correspondingly, Figure 4.12(d) illustrates the switching from the LP:; mode to the LPy,
mode as the BCB power increases, achieved by summing the LP4s and LP¢1, mode powers in
Figure 4.12(a). In this instance, the LP;,, mode content is higher than the LP;.. mode, both in the
PB and BCB. Consequently, the LP1; mode content is approximated to be 85% in the PBi, and 10%
in the BCB, with a relative LP1; mode phase of 0.5 rad in the PB;, retained from the phase of the
LPs1, mode in Figure 4.12(a). Moreover, since the LP11, mode predominates over the LP1 mode in
the BCB, mode switching primarily occurs between the LP+11, mode and the LPy1 mode in the PB,
resulting from a counter-propagating nonlinear grating primarily formed by these two modes. Itis
worth noting that the slight mismatch between experiment and theory in Figure 4.12 can be
attributed to the mode decomposition error (discrepancy along y-axis) and variation in BCB power

(discrepancy along x-axis, resulting from variation in coupling efficiency).

Figure 4.12(a) demonstrates an almost complete switching from the LP11 mode to the LPy1 mode
in the PB output (~85% power conversion between the modes) by using a co-polarized BCB power
of ~11 kW. Note that further increasing the BCB power to ~22 kW would lead to a switching back
to the LP11 mode. Additionally, partial switching between the LPy; and LP4; modes is illustrated in
Figure 4.12(b) and (e), as well as (c) and (f). A tuneable mode switching ratio can be observed by
adjusting the mode composition of the input PB and BCB, which can be estimated from the 3D
plots provided in Figure 4.6(a). Notably, achieving a mode switching period for the PM1550-xp
fibre requires a BCB power of ~10 kW and a propagation of 3*Ly. in the experiments, which aligns
with the theoretical calculation in Figure 4.1(c). Given the pulse length of 10cm and a BCB power

of 10 kW, the fibre supports propagation of ~3*Ly. (Lne=3.3 cm).
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Subsequently, LP mode switching in the PMHNT1 is investigated by using a 0.4m-long fibre and a
BCB power of ~5 -6 kW. The 10cm-long pulse length in the PMHN1 fibre supports propagation of
~6 — 8*Ly. at 5 - 6 kW BCB power. As shown with the theoretical calculation in Figure 4.2(c), the
switching period is ~2.7*Ly. in the PMHNT1 fibre. Therefore, periodic mode switching can be
observed in the PB, with the modal distributions converting to another mode state as the BCB
power increases, and then returning to the initial mode state when further increasing the BCB
power. After preliminary optimizations of waveplate angles, SLM phase patterns, and coupling
lenses at a low power level, the PB peak power is set constant at ~0.2 kW, while the BCB peak
power is tuneable from 0 to 6 kW, ensuring that the BCB power is significantly higher than the PB
power. The PB and BCB are set to the same linear polarization state aligned with either the fast or

the slow axis of the fibre.
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Figure 4.13 Observation of LP mode switching in the PMHN1 fibre under various
boundary conditions, as detailed at the top of each panel. The experimental results
(dots) are compared with the theoretical calculations (lines). (a)-(c) Mode
decomposition of PB..: over the LPo1, LP411e, and LP11, modes, as a function of BCB power.
(d)-(f) Mode decomposition of PB..: over the LPo1 and LP+; modes as a function of BCB

power, with LP; mode content as the content summation of the LP+:. and LP41, modes.

Similar to the observations in the PM1550-xp fibre, the PB output remains unchanged when the
BCB power is low and comparable to the PB power. However, the mode distribution of the PB
output gradually switches to another mode state as the BCB power increases. Figure 4.13
displays several mode switching results in the PMHN1 fibre under various boundary conditions

and varying BCB powers. Figure 4.13(a)-(c) show the mode decomposition of the PB output into

128



Chapter 4

the LPg1, LP11e, and LP41, modes, while the relative powers of the LP1:. and LP11, modes are
summed in Figure 4.13(d)-(f) to illustrate the mode switching between the LPy; and LP¢s modes.
Figure 4.13(d)-(f) are derived from Figure 4.13(a)-(c) by assuming the LP1:.. mode and LP4,, mode
as degenerate modes and taking the phase of the dominant mode between them. Theoretical
predictions (lines) are calculated based on Eq. (4.2.7) and are provided for comparison with the

experimental results (dots).

Forinstance, in Figure 4.13(a) and (d), the input PB is composed of 89% LP,; mode, 3% LP.. mode,
and 8% LP+1, mode with a relative modal phase of O rad, 1.5 rad, and -1.5 rad, respectively, while
the BCB is coupled with 2% LPo,s mode, 2% LP41e mode, and 96% LP.,, mode. By taking the
approximation of a single LP1; mode propagation, the input PB consists of 89% LP,s mode and 11%
LP,; mode with a phase difference of -1.5 rad between them, and the input BCB is a combination
of 2% LPy1 mode and 98% LP+; mode. Figure 4.13(a) shows a dominant mode switching between
the LPy1 mode and LP+1, mode, which results from the counter-propagating nonlinear grating
generated primarily formed by these two modes. In this case, periodic switching between the LPo;,
and LP41, mode can be obtained with intermodal power conversion of ~20%. Simultaneously, the
LP+1e mode content exhibits minor fluctuations at different BCB powers. This is due to the low
content of this mode in the BCB and the lower intermodal Kerr coefficient between the LP,, and
LP+1, modes. Consequently, Figure 4.13(d) illustrates periodic partial switching between the LPy,
and LP,; modes in this fibre. Figure 4.13(b), (c), (e), and (f) illustrates other partial mode switching
results in the PMHN1 fibre with intermodal power conversion of ~50 — 60%. Complete switching
(100% conversion) from one mode to another mode is achievable if the BCB power and mode
composition are further optimized, as indicated by the shift in the colour scale in Figure 4.6(b). It
is worth mentioning that experimental results generally match the theoretical calculations when
the BCB power is below 2 kW. However, as the BCB power increases further, the experimental
results begin to diverge from the theoretical curves. This inconsistency is also observed during
the mode rejection experiments using the PMHN1 fibre and is associated with significant spectral

broadening of the BCB spectrum when the power exceeds 2 kW, as illustrated in Figure 3.14.

So far, LP mode switching has been demonstrated in both the PM1550-xp and PMHNT1 fibres. To
systematically illustrate this phenomenon, some of the results shown in Figure 4.12 and Figure
4.13 are directly compared in Figure 4.14. In the results of the PM1550-xp shown in Figure 4.14(a),
the relative LPos mode power in the PB varies differently as the BCB power increases,
demonstrating tuneable maximum intermodal power conversion (the difference between the
maxima and minima). The PB output beam profiles are illustrated in Figure 4.14(b) when the BCB
is turned off (Psce=0) and on (Psce=~11 kW), with the LPy: mode content in the BCB indicated. In
comparison, Figure 4.14(c) and (d) summarise three mode switching results in the PMHN1 fibre

with tuneable maximum intermodal power conversion. Given a higher nonlinearity in the PMHN1
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fibre, lower BCB power is required for mode switching. A conversion from the peak(valley) to the
valley(peak) in the LPos mode content of the PB requires a BCB power of ~2.05 kW in the PMHN1
fibre, corresponding to a propagation of ~2.7*Ly. (pulse length=0.1Tm and nonlinear coefficient
y=13.2 W'km™). This periodic mode switching is also illustrated with the PB output beam profiles
at four distinct BCB powers in Figure 4.14(d). In contrast, the PM1550-xp requires a BCB power of
~10 kW for a LPo; mode content conversion from the peak(valley) to the valley(peak) (see Figure
4.14(a)), which corresponds to a propagation of 3*Ly. (pulse length=0.1Tm and nonlinear

coefficient y=3 W-km™).

(a) i Mode Switching in PM1550-xp (b) Pacs=0 Poga=~11kW
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Figure 4.14 Comparisons of mode switching results using the PM1550-xp and the
PMHN?1 fibres. The evolution of the LPys mode power in the PB,. is compared under
varying PB;, and BCB coupling conditions. The experimental results (dots) are compared
with the theoretical calculations (lines). (a) Five different mode switching results of
PM1550-xp, with the PBo.: beam profiles and BCB conditions illustrated in (b). (c) Three
mode switching results of PMHN1, with the corresponding PB,,: beam profiles at various

BCB powers displayed in (d), alongside the BCB conditions. Pgcs: BCB power.

In conclusion, mode switching in low-power PBs is experimentally observed in both the PM1550-
xp and PMHN/1 fibres by using ~0.4m-long fibres and a 0.5ns pulsed BCB with peak powers of 5 -
11 kW. Mode switching is driven by the counter-propagating nonlinear gratings generated by the
high-power BCB, with the specific pairs of modes involved in the switching determined by the
mode composition of the BCB. By using ~10 kW BCB power, a switching from the LPq+1(LP+1) mode
to the LP+1(LPo1) mode can be achieved in the PM1550-xp fibre. However, for the PMHN1 fibre, a

BCB power of ~2.05 kW is sufficient to achieve a similar mode conversion result. The
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experimental results are consistent with the theoretical predictions, demonstrating successful

tuneable mode switching.

4.4] Supermode switching and power switching in multicore fibres

4.4.10) Supermode switching in DCF and TCF

The DCF and TCF fibres are utilized to investigate the supermode switching effect, according to
the theoretical predictions shown in Figure 4.6(c) and Figure 4.7. DCF and TCF fibres with a length
of ~0.4m are used, and the experimental setup is the same as Figure 4.11. However, the BCB and
PB are swapped with the SLM used for the PB coupling into the MCFs, while the BCB is coupled
using an additional phase plate or by selectively coupling a single beam into one of the fibre cores.
This allows for the PBs to be coupled with random mode compositions by varying the SLM phase
patterns (see Section 3.4.1 for details of phase patterns used for MCF coupling), facilitating
comprehensive mode switching experiments. Consequently, the fibre end at the BCB input is
angle-cleaved to eliminate BCB reflections, whereas the PB input end is perpendicularly cleaved
to ensure high-quality couplings. After preliminary optimizations of the waveplate angles, SLM
phase patterns, and coupling lenses at low power levels, the PB is set as a random combination
of supermodes with a constant peak power of ~0.25 kW, while the BCB is set as a specific
combination of supermodes with a peak power tuneable from 0 to ~11 kW. Due to the
polarization-maintaining capabilities of the DCF and TCF (introduced in Chapter 3), the
polarization states of the PB and BCB can be set to either co-polarized or orthogonally polarized
with a high polarization extinction ratio of ~10dB. The output beam profiles in the far field are then

measured and analysed to illustrate the supermode switching in the MCFs.

The switching period for the DCF requires a propagation length ranging from 1.5*Ly. to 3*Lni, as
illustrated in Figure 4.6(c). The exact number of Ly, required depends on the mode compositions
of the BCB and PB. Since the 0.1m-long pulse length in the fibre (0.5ns pulse width) supports a
propagation of 3.3*Ly.at a BCB power of 11 kW, a complete switching between the SM; mode and
SM, mode can be obtained at this power level. Figure 4.15(a) demonstrates a switching from a
nearly SM, mode state to a pure SM; mode state as the BCB power (coupled with 65% SM; mode
and 35% SM, mode) increases from 0 to ~8kW, corresponding to 2.4*Ly.. Due to the periodic
nature of switching, the SMy; mode content decreases when further increasing the BCB power.
Conversely, Figure 4.15(b) illustrates a switching from a nearly SM; mode state to a nearly SM,
mode with a BCB power of ~8 kW, using the same BCB configuration as in Figure 4.15(a). Similarly,
Figure 4.15(c) and (f) illustrate the mode switching dynamics when the BCB remains unchanged,

whereas the input PB is coupled with different relative modal phases. Both experimental results
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and theoretical calculations illustrate an opposite dynamic in the output PB, with complete
conversion to the SMy (SM,) mode obtained in Figure 4.15(c) (Figure 4.15(f)) at a BCB power of ~5
kW. Starting from varying input conditions, the PB output mode can be all-optically switched to a
single supermode state by using a BCB power of ~5 — 8 kW, corresponding to a propagation of

~1.5-2.4*Ly. (pulse length=0.1m and nonlinear coefficient y=3 W-'km™").
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Figure 4.15 Observation of supermode switching in the DCF under various boundary
conditions, as detailed at the top of each panel. The experimental results (dots) are
compared with the theoretical calculations (lines). Mode decomposition of PB,.: over
the SM, and SM; modes, as a function of BCB power. PB and BCB are co-polarized in (a)-

(c), and (f), whereas they are orthogonally polarized in (d) and (e).

Apart from tuning the mode switching dynamics through mode compositions, the relative
polarization state of the PB and BCB is also investigated, as illustrated in Figure 4.15(d) and (e).
Theoretical calculations suggest that the mode switching efficiency is ~3 times lower when the
PB and BCB are orthogonally polarized compared to co-polarized cases (see Figure 4.4(c)). This
implies that achieving the same mode switching results in orthogonally polarized cases requires
either 3 times higher power or 3 times longer interaction length. This can be explained by
comparing Figure 4.15(a) with (d) or Figure 4.15(b) with (e), where the input PB and BCB have
identical mode compositions but different relative polarization states. For instance, in Figure
4.15(a) and (d), the input PB is coupled with ~10% SM; mode and ~90% SM, mode, and the BCB

is coupled into a combination of 65% SM; mode and 35% SM, mode. In the co-polarized case

132



Chapter 4

(Figure 4.15(a)), a BCB power of ~4 kW is required to achieve the SM; mode power conversion
from 10% to 65%. On the contrary, it requires a BCB power of ~12 kW to obtain a similar amount

of mode conversion in the orthogonally polarized case (Figure 4.15(d)).

Subsequently, supermode switching in a 0.4m-long TCF is measured by using a PB with a peak
power of ~0.2 kW and a BCB with a peak power of 5 - 7 kW. Figure 4.16 illustrates the power
evolution of the SM1, SM,, and SM; modes in the PB output as the BCB power increases, under
various boundary conditions as denoted in the title of each panel. Experimental results (dots) are
compared with theoretical calculations (lines), and the output PB beam profiles are shown in the
inset pictures. In Figure 4.16(a) and (c), the three supermodes are switching their power mutually,
whereas mode switching occurs only in the SMy mode and SM, mode in Figure 4.16(b) resulting
from negligible power (just 1%) coupled to the SM; mode in the BCB. It is worth noting that the
coupled BCB power is limited by the laser source and coupling efficiency in the experiments, but

a complete switching to a specific mode state would be obtained if further increasing the BCB

power.

(8) PB,, : 35% SM,(¢=1.1rad),12% SM,(¢=-1.5rad) (D)PB, : 38% SM,(¢=-2.4rad),4% SM_(¢=-2.6rad) (C)PB, : 6% SM,(#=0.2rad),31% SM,($=0.3rad)
BCB: 73% SM,, 10% SM,, 17% SM, BCB: 49% SM,, 50% SM., 1% SM, BCB: 10% SM,, 35% SM,,, 55% SM,

21 31 13
o fie) m
o a o

g Re n ﬁ | 8 n 1B b
= = I
Q @ o

‘g £ 0.6% i 08
8 8 18
(9] @ @

2 3 0.4 8 0.4
E £ 13

2 £ o2 2 02
i % &
[+ @ & 3.3 - 1)

id = . ! : r 9 e = L . r o
0 2 4 8 8 10 0 2 4 6 8 10

BCB power (kW) BCB power (kW) BCB power (kW)
= SM1(exp) . SMZ(exp) SMS(exp) SMw(lheory) _SMZ(theory) SM3(theory)‘

Figure 4.16 Observation of supermode switching in the TCF under various boundary
conditions. Mode decomposition of PB,: over the SM,, SM,, and SM; modes, as a
function of BCB power, with the boundary conditions detailed at the top of each panel.
The experimental results (dots) are compared with the theoretical calculations (lines).

The insets are PB,,: beam profiles when the BCB is switched on or off.

In conclusion, mode switching in low-power PBs is experimentally observed in both the DCF and
TCF fibres by using ~0.4m-long fibres and a 0.5ns pulsed BCB with peak powers of 5 - 11 kW. The
mode switching dynamics are comprehensively explored in terms of the launched power, mode
composition, and relative polarization state of the BCB, as well as various initial conditions of the
PB. By using a 0.5ns pulsed BCB with ~8 kW peak power, one can achieve all-optical switching
from the SM+(SM,) mode to the SM,(SM+) mode in the DCF when the BCB and PB are co-polarized.
About 3 times higher BCB power is needed to achieve a similar conversion when the BCB is

orthogonally polarized with respect to the PB. As for the TCF, mode switching can occur in two
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modes or among all the three supermodes, controlled by the counter-propagating gratings

formed by the BCB.

4.4.2(] Power switching between MCF cores

Due to the coherent combination of supermodes with varying relative powers and phases,
supermode switching in the PB enables another intriguing effect: power switching between the
MCF cores. As indicated by the theoretical calculations depicted in Figure 4.8 and Figure 4.9,
exploring power switching among the MCF cores can be accomplished using the same
experimental setup for the supermode switching experiments, with adjustments made to the

input conditions of the PB and BCB.

Power switching between the two DCF cores in the PBis initially explored and observed in a 0.4m-
long fibre. Experimental parameters are similar to the DCF mode switching experiments. The PB
peak power is set constant at ~0.25 kW, while the BCB peak power is tuneable from 0 to 10 kW.
Near-field beam profiles of the PB output are measured as the BCB power increases. The
intensities in the pixels corresponding to the mode fields in the two cores are summed to

represent the relative power in each core, with the total power normalized to 1.
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Figure 4.17 Experimental observation of power switching between the DCF cores with
different initial states at a BCB power of ~10 kW. The relative power in the left core
(labelled as core1) is plotted as a function of the BCB power, with the total power within

the two cores normalized as 1.

Figure 4.17 illustrates four instances of power switching from different initial power distributions
among the cores, where the BCB is coupled to a combination of 70% SM; mode and 30% SM,
mode and is co-polarized with respect to the PB. Starting from 100% power distributed in core1,
the PB power gradually switches from core1 to core2, with approximately 50% power conversion
observed at a BCB power of ~10 kW, as illustrated by the purple dots. Subsequently, the green
dots illustrate power decreasing in core1 from 60% to 15% as the BCB power increases from 0 to

~10 kW. Conversely, the yellow and red results demonstrate power switching from core2 to core1
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with a BCB power of ~10 kW. The near-field beam profiles on the right depict three distinct states
of power switching: predominantly in core1, evenly distributed between the two cores, and mainly

in core2.
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Figure 4.18 Observation of power switching between cores in the TCF under various
boundary conditions. The relative power in each individual core is plotted as a function
of BCB power, with the total power within all cores normalized to 1. Five experimental

results are shown in (a)-(e), with the core labels indicated in (f).

Power switching between the three cores in the TCF is then explored by using a 0.4m-long fibre
and ~7 kW BCB power. Figure 4.18 illustrates five instances of power switching in the PB with a
constant power of ~0.2 kW and co-polarized with respect to the BCB. In these measurements,
the BCB is selectively coupled into one of the three cores, which gives rise to the coupling to a
combination of 9% SM; mode, 85% SM, mode, and 6% SM; mode for the results shown in Figure
4.18(a), (b), and (d), whereas a combination of 73% SM; mode, 10% SM, mode, and 17% SM;
mode for the results shown in Figure 4.18(c) and (e). The forward PB is coupled to different
combinations of cores using the SLM, as shown in the inset NF beam profiles when BCB power is
0. The core distribution of the output PB is displayed in Figure 4.18(f), and the PB output beam
profiles are measured as the BCB power increases. The intensities in the pixels corresponding to
the mode fields in the three cores are summed to represent the relative power in each core, with
the total power normalized to 1. Figure 4.18 illustrates the complex power switching dynamics:
the power switching may occur within two of the three cores or among all three cores.
Specifically, Figure 4.18(a) shows the power switching from core1 to core3 as the BCB power
increases from 0 to ~7 kW; Figure 4.18(b) displays the power focusing into core1 at a BCB power

of ~7 kW; Figure 4.18(c) illustrates the power switching between core2 and core1; Figure 4.18(d)
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and (e) are the results where the PB evolves to a mode state with a uniform power distribution

among the cores even if the input PB is randomly distributed.

To summarise, power switching in low-power PBs is experimentally observed in the DCF and TCF
by using ~0.4m-long fibres and a 0.5ns pulsed BCB with peak powers of 7-10 kW. The exploration
of power switching dynamics involves adjustments in BCB power and the mode compositions of
the BCB and input PB. The experiments reveal that within DCF and TCF fibres, power can be

mutually switched between cores by adjusting the BCB power.

Itis worth noting that the power switching experiments presented here are limited by the available
BCB peak power. A higher degree of power switching between cores can be achieved by further
increasing the BCB power. The selection of a core for power transmission within an MCF, also
termed core-switching, has been investigated using various techniques, including long period
gratings[131], beam-steering mirror[132], multi-path interference, and phase modulation[133].
In uncoupled or weakly-coupled MCFs, an inter-core power extinction ratio of approximately 16-
39 dB has been reported[133]. However, core switching in coupled MCFs remains an area of
limited exploration. Femtosecond witching in nonlinear coupled waveguides has been
demonstrated at a high peak power (>50 kW), achieving a power conversion efficiency of ~50%
[134]. Additionally, an experiment using a triple-core photonics crystal fibre demonstrated SPM-
induced inter-core combining at a power level of ~800 W[135]. The power switching results
reported in this section, obtained at a BCB peak power of ~10 kW, are comparable to those
reported in coupled MCFs. A higher power extinction ratio among the cores could be achieved by

further increasing the BCB power or employing the materials with enhanced nonlinearity.

4.5(] Applications: conceptual devices for all-optical light-by-light

manipulation

The observations of mode switching and power switching in MMFs and MCFs suggest promising
applications in several conceptual devices for light-by-light manipulation. These applications
include the development of all-optically tuneable mode converters, ultrafast tuneable power

splitters, combiners and switches, as well as all-optical phase detection at terminal ends.

4.5.10] 0-100% All-optically tuneable mode converters

Based on the mode switching effect, an all-optically tuneable mode converter can be developed,
offering a tuneable modal conversion ratio ranging from 0% to 100%. This converter operates by
launching an intense counter-propagating BCB into the fibre. Given the mutual injection

configuration, the BCB can be readily distinguished from the output PB signals. The desired
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modal conversion ratio can be achieved by precisely adjusting the power, mode composition,

and polarization state of the BCB.

Taking the DCF as an example, Figure 4.19 presents three experimental outcomes: complete
conversion (d), partial conversion (e), and negligible conversion (f) between the SM; mode and the
SM, mode within the same piece of DCF. For a specific input PB (see the title in each panel), Figure
4.19(a)-(c) illustrate how mode conversion can be dynamically tuned by adjusting the BCB mode
composition (y axis) and BCB power (x axis). The colour gradient reflects the relative SM; mode
power in the output PB, demonstrating the mode conversion dynamics with a 0 — 100% tuning
range. The dashed lines represent the evolution of SMy; mode power in PB,. as BCB power
increases, with the BCB coupled with a relative SM; mode power of 65% in Figure 4.19(a) and (b),
and 99% in Figure 4.19(c). These dashed lines are replotted in Figure 4.19(d)-(f) for comparison
with the experimental results, showing good agreement. PB output beam profiles at three distinct

BCB powers are illustrated on the right for visualisation.
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Figure 4.19 All-optically tuneable mode conversion in the DCF by adjusting BCB power
and mode composition. (a)-(c) Theoretical mode conversion of PB..: as a function of the
BCB power (x-axis) and the BCB mode composition (y-axis), with the input PBi,
conditions indicated at the top of each panel. The colour scale represents the relative
SM; mode power in PB,.. The red dashed lines denote the relative SM; mode content in
PB..: when (a) 65%, (b) 65%, and (c) 99% of the BCB power is coupled to the SM; mode.
The corresponding experimentalresults are illustrated in (d) a full conversion up to 100%
SM; mode, (e) a partial conversion to the 88% SM, mode, and (f) a negligible conversion.
Error bars of +3% are added to the experimental results to represent the estimated
uncertainty of the MD algorithm for MCFs. PB,, beam profiles at 3 distinct BCB powers

are displayed on the right.
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Furthermore, tuneable mode conversion can also be achieved by controlling the relative
polarization state of the BCB with respect to the PB. Figure 4.20(a) and (b) present two
comparative results when the relative BCB polarization state is adjusted from co-polarization to
orthogonal polarization, while maintaining the mode compositions for the PB and BCB (as
indicated in the panel titles). By using a BCB with a maximum power of ~11 kW, the relative SM;
mode power in the output PB can be all-optically tuned in the range of 10 — 100% under the co-
polarized condition, whereas the tuning range is constrained to 10 — 65% under the orthogonally
polarized condition. PB output beam profiles at three distinct BCB powers are illustrated on the
right for visualisation. Moreover, Figure 4.20(c) shows the PB output evolutions when the relative
polarization state of the BCB is continually adjusted, with linear polarization direction differences
ranging from 0 deg to 90 deg. In the absence of the BCB, the SM; mode content in the output PB
remains around 100% (see the beam profiles on the right). However, with the BCB turned on, the
SM; mode content can be converted to the range of ~36% - 70% under varying relative

polarizations, demonstrating the tuneability of mode conversion.
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Figure 4.20 All-optically tuneable mode conversion in the DCF by adjusting the BCB
polarization state. The SM; mode content in PB,. is plotted as a function of the BCB
power when the BCB is (a) co-polarized or (b) orthogonally polarized with respect to the
PB. The boundary conditions are detailed at the top of each panel, and the PB,, beam
profiles at 3 distinct BCB powers are listed on the right. (c) Mode conversion in PBou:
versus the relative polarization state of the BCB with respectto PB, starting from the SM,

mode state when the BCB is turned off.

In a word, by launching a counter-propagating BCB with specific total power, mode composition,
and polarization state into the fibre, the output of a PB with random mode compositions can be

all-optically tuned to achieve a 0 — 100% conversion between the modes.

4.5.2(] All-optically ultrafast tuneable power splitters, combiners, and switches

Based on the power switching effect, MCFs can be engineered as all-optically tuneable power
splitters, power combiners, and power switches by launching a counter-propagating BCB into the
fibre, as presented with the experimental tests in Figure 4.21 and Figure 4.22. Figure 4.21(a)

showcases a tuneable power splitter implemented with a 0.4m-long DCF, where the power is all-
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optically split from a single core into the two cores with an arbitrary ratio of X/(1-X) at the PB
output, achieved by adjusting the BCB power accordingly. The insets are side views of the spatial
beam shape in the two cores, illustrating the power distributions between the two cores with an
increasing BCB power from 0 to ~9 kW. Conversely, Figure 4.21(b) demonstrates a tuneable
power combiner, where the power is all-optically combined from the two DCF cores into one of
them. By using a BCB power of ~11 kW, the PB power can be effectively combined in either core1
or core2. The insets are side views of the spatial beam shape in the two cores with an increasing
BCB power from 0 to ~11 kW. Moreover, Figure 4.21(c) introduces a tuneable power switch with
the PB output power all-optically switched from core2 to core1 at a BCB power of ~10 kW. The
insets are the side views of the spatial beam shape in the two cores with an increasing BCB power
from 0 to ~10 kW. It is worth noting that proper adjustment of the BCB mode composition is
essential for each case, and co-polarization of the BCB and PB is maintained throughout these
experiments. In Figure 4.21(a) and (b), the BCB is coupled to a combination of 70% SM; mode and

30% SM, mode, whereas in Figure 4.21(c), itis coupled with 40% SM; mode and 60% SM, mode.
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Figure 4.21 All-optically tuneable devices integrated with a 0.4m-long DCF. (a)
Tuneable X/(1-X) power splitters by varying BCB power, with the measured relative
powers illustrating power splitting from one core to two cores. The insets are side views
of the spatial beam shape in the two cores. (b) Tuneable power combiner, with the
measured relative powers and insets demonstrating power combining from two cores
into one core. (c) Tuneable power switch, providing the power rerouting from one core

to another core.

Similarly, TCF is also tested as a tuneable power splitter, combiner, and switch, as demonstrated
in Figure 4.22(a)-(c). In these measurements, the BCB is selectively coupled into one of the fibre
cores, with a composition of 9% SM; mode, 85% SM, mode, and 6% SM; mode for the results
shown in Figure 4.22(a) and (b), whereas in Figure 4.22(c), the BCB is a combination of 73% SM;
mode, 10% SM, mode, and 17% SM; mode. Using a BCB power of approximately 7 kW, the output
PB from this 0.4m-long TCF can be all-optically split to an arbitrary ratio between the cores,

combined to one single core, or switched from one core to another.
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Tuneable power combiner (c) Tuneable power switch

08

06

cores
cores

04

02

0 2 4 6 0 2 4 8
BCB power (kW) BCB power (kW) BCB power (kW)

Figure 4.22 All-optically tuneable devices integrated with a 0.4m-long TCF. Side views
of the spatial beam shape in the three cores illustrating power distribution among the
cores. (a) Tuneable power splitters by varying BCB power, with measurement
demonstrating even power splitting among three cores. (b) Tuneable power combiner,
with measurement demonstrating power combining into one of the three cores. (c)

Tuneable power switch, providing the power rerouting from one core to another core.
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Figure 4.23 Experimental setup for investigating the temporal dynamics of power
switching in the DCF, with an inset illustrating the counter-propagating PB and BCB, as

well as the BCB reflection at the fibre end. M: mirror, L1(2): lens.

Given the promising performance of these all-optically tuneable devices, it is intriguing to
investigate their switching speed. Figure 4.23 illustrates an experimental setup for measuring the
temporal dynamics of power switching in the DCF. Although similar to the experimental setup in
Figure 4.11, several adjustments are implemented: the SLM is used for the PB coupling to achieve
arandom power distribution between the cores; the PB output pulse from one of the two cores is
selectively measured using a pinhole. The PB output is imaged at the pinhole position via a pair of
lenses (L1 with a focal length of 13.86 mm and L2 with a focal length of 500 mm), providing a
magnification of ~36x. With a diameter of ~200 pm, the pinhole can effectively filter out the beam

from a single core, given that the magnified output beam diameter for each core is ~180 um, and
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the centre-to-centre distance between the beams from two fibre cores is ~360 pm. The filtered
PB output is then coupled through a telescope into a MMF connected to an oscilloscope to
measure the temporal shape. A replica of the filtered output imaged onto the camera using
another telescope to visualise the beam profile for the filtered PB output. Due to the flat cleave at
the PB input end, some of the input BCB power could reflect backward from this flat-cleaved end.
As depicted in the inset figure, the PB continues propagating forward after encountering the BCB
in the middle of the fibre (as illustrated by the “Meeting point” in Figure 4.23). The back reflection
of BCB at the flat-cleaved fibre end propagates in the same direction as PB. However, there is a
delay length between the PB output and BCB back reflection. In this experiment where the
“Meeting point” is in the middle of the fibre, the delay length equals to the fibre length (~40 cm),

corresponding to a delay of ~2 ns in time for the BCB reflection.
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Figure 4.24 Measured temporal shapes for PB..: (0.5ns pulse width) in the two DCF
cores, with the BCB either (a), (d) turned off or (c), (f) turned on. The relative powers in
two cores are normalized such that their sum equals 1. (a)-(c) represent an example of
power switch, with power distributions versus BCB power displayed in (b), whereas (d)-

(f) illustrate an example of power splitter with power distributions shown in (e).

Figure 4.24 illustrates two measurements using the DCF as a power switch and a power splitter
with a BCB power of 6 kW. In Figure 4.24(a)-(c), the PB output pulse in core2 has a relative power
of 0.65 when the BCB is turned off, whereas it contains a relative power of 0.35 when the BCB is
turned on. The power transfer from core2 to corel occurs at a rapid speed of 2 GHz,
corresponding to the 0.5 ns pulse width of the BCB in this measurement. Notably, this switching
speed can be further enhanced by using shorter BCB pulses. Furthermore, Figure 4.24(d)-(f)
illustrate the ultrafast switching speed in a tuneable power splitter, where the relative power of

the PB output pulses splits to a ratio of 0.6:0.4. In these measurements, the PB pulses and the
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BCB pulses have the same pulse duration, and they are synchronized to meetin the middle of the
fibre, leading to the temporal shape of the output PB maintaining a similar shape as the input PB.
However, the temporal dynamics may differ if the pulse duration of the PB is different or if the PB

pulse is not synchronized with the BCB pulse.

4.5.30] All-optical phase detection at terminal ends
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Figure 4.25 All-optical detection of input PB phase in the DCF by measuring the PBoy:
evolution (atterminal ends). (a) Theoretical SM; mode power as a function of BCB power
(y-axis) and the phase difference between the SM; and SM, modes in PBi, (x-axis). Mode
decomposition of the input PB and BCB is indicated at the top. The red dashed lines
correspond to the experimental results in (b)-(d), where the BCB is coupled with 65%
SM; mode and 35% SM, mode. The PB;, is coupled with ~90% SM; mode and ~10% SM,
mode, but with various SM, mode phases and various polarization states: (b) $=0.3 rad,
BCB and PB are co-polarized (parallel); (c) ¢=2.4 rad, BCB and PB are orthogonally
polarized; (d) ¢=5.6 rad, BCB and PB are orthogonally polarized.

The PB mode conversion can vary depending on the initial mode composition of the PB, as
demonstrated in Figure 4.6, Figure 4.14, and Figure 4.15. In a multimode system, maintaining a
constant input BCB mode composition while randomly varying the input PB (in terms of mode
contents or relative phases) enables the detection and estimation of the initial conditions of the

PB by observing how the output PB mode composition evolves with changes in the launched BCB

142



Chapter 4

power. Figure 4.25 and Figure 4.26 present examples of phase detection for the input PB modes

by measuring the output PB evolutions at the terminal end of a 0.4m-long DCF.

In Figure 4.25, the BCB maintains a consistent mode composition of 65% SM; mode and 35% SM,
mode, while the input PB varies its mode composition by adjusting the coupling conditions,
approximately comprising 90% SM; mode and 10% SM, mode with varying relative phases
between them. Figure 4.25(a) illustrates the theoretical variation of SM; mode power in the output
PB (colour-coded) versus the BCB power (y axis) and the relative phase of the SM, mode in the
input PB (x axis), calculated using Eq. (4.2.7). Notably, the y-axis on the leftindicates the required
BCB power for co-polarized BCB and PB configurations, the required power would be 3x larger

when the BCB and PB are orthogonally polarized.

For each specific relative phase of the SM,; mode in the input PB, the evolution of SM; mode power
in the output PB follows the direction of the y-axis, as shown by the dashed lines in Figure 4.25(a).
By measuring the SM; mode power in the output PB at various BCB powers, as presented by the
blue bars in Figure 4.25(b)-(d), the relative phase of the SM, mode in the input PB can be
determined by aligning the experimental results with the theoretical plotin Figure 4.25(a). The red
dashed lines are replotted in Figure 4.25(b)-(d), and they closely match the experimental results.
Consequently, the relative phase of the SM, mode in the input PB can be detected: 0.3 rad (b), 2.4
rad (c), and 5.6 rad (d). In these measurements, Figure 4.25(b) corresponds to the co-polarized

case, while Figure 4.25(c) and (d) are the orthogonally polarized cases.
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Figure 4.26 All-optical detection of input PB phase in the DCF by measuring the PBout
evolution at terminal ends. (a) Theoretical SM; mode power as a function of BCB power
(y-axis) and the phase difference between the SM, and SM, modes in PB;, (x-axis). Mode
decomposition of the input PB and BCB is indicated at the top. The red dashed lines
correspond to the experimental results in (b)-(c), where the BCB is coupled with 75%
SM; mode and 25% SM, mode. The PBi, is coupled with ~67% SM; mode and ~33% SM,
mode, but with different SM, mode phases: (b) ¢=2.1 rad; (c) $=5.6 rad.

Similarly, Figure 4.26 presents another example where the BCB maintains a consistent mode
composition of 75% SM; mode and 25% SM, mode, while the input PB varies its mode

composition, approximately comprising 67% SM, mode and 33% SM, mode, with varying relative
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phases between them. Figure 4.26(a) illustrates the theoretical variation of SM; mode power in
the output PB, which is completely different from the theoretical plot in Figure 4.25(a). However,
the relative phase of the SM, mode in the input PB can still be determined by aligning the
experimental results with the theoretical plot, as demonstrated in Figure 4.26(b) and (c). Arelative
phase of 2.1 rad (b) and 5.6 rad (c) for the SM, mode in the input PB can be precisely detected
using this approach. These results highlight the feasibility of optically detecting phase variations
in the input PB by monitoring the evolution of the output PB concerning the BCB power. This novel
phase detection mechanism offers valuable insights, particularly for lengthy fibre setups, and

presents an effective means of implementing phase detection at terminal ends.

4.6/] Conclusions

In this chapter, the concept of counter-propagating nonlinear gratings is introduced in multimode
systems. Unlike the mode rejection effect discussed in Chapter 3, this phenomenon occurs when
there is a significant power difference between mutually injected beams. The theoretical
framework underlying the multimodal interaction dynamics driven by this nonlinear grating is
explored, along with experimentally investigations using various few mode fibres and multicore
fibres. Through this exploration, two intriguing beam self-organization effects emerge: mode

switching and power switching.

Mode switching involves the conversion between transverse modes within the low-power forward
PB, a process that can be all-optically tuned by adjusting the total power, mode composition, and
polarization state of the counter-propagating high-power BCB. Adjustments to fibre length,
geometry, and nonlinearity can alter the required BCB power for specific mode switching
outcomes. Table 4.1 provides a summary of mode switching results observed in PM1550-xp,
PMHN1, DCF, and TCF fibres. By using 0.4m-long fibres and a total peak power of ~6 — 12 kW for
the BCB (0.5 ns pulses), tuneable switching between LP modes or supermodes is achieved with
a mode conversion efficiency ranging from 20% to 90%. Experimental results agree well with
theoretical calculations, both illustrating that complete switching from one mode to another
mode can be obtained by using a BCB power of 10 kW, 2.05 kW, and 5 -10 kW for the PM1550-xp
fibre, PMHN1 fibre, and DCF, respectively. The maximum mode switching is obtained with a co-
polarized PB and BCB configuration, and approximately 3 times higher BCB power is required for
achieving similar mode switching result in orthogonally polarized configurations. In the fibres
supporting more than two modes, such as the TCF, mode switching can occur among all

supported modes or only between two modes, depending on the BCB mode composition.

Table 4.1 Summary of the mode switching results for MMFs and MCFs
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Fibre Theory Experiments
L BCB power Maximum
SW|tc.h|ng required for a Fibre Length BCB Participating Modg
period . . conversion
(*La) switching period (m) power modes efficiency
N (KW) (kW)
PM:(sSO' 3 10 0.4 12 LPo1, LP11 | 30% - 90 %
PMHN1 2.7 2.05 0.4 6 LPo1, LP11 | 20% - 60%
DCF 1.5-3 5-10 0.4 11 SMq, SM, | 40% - 90%
TCF - - 0.4 7 SMi. SMe. - 2096 - 50%
SM;

Core-to-core power switching in MCFs arises from the supermode switching effect, where
combinations of supermodes with varying relative powers and phases lead to variations in power
distribution among individual cores. This phenomenon is theoretically described in this chapter.
Experimental observations of power switching in DCF and TCF fibres are demonstrated by using
0.4m-long fibres and a 0.5 ns pulsed BCB with peak powers of 7 — 10 kW. The dynamics of power
switching are thoroughly investigated by adjusting the BCB power and the mode compositions of
the BCB and input PB. The power within two cores of DCF and TCF can mutually switch when the
BCB power is turned on. In an MCF containing more than two cores, power among the cores can

be switched to focus to a single core or uniformly distributed among them.

These findings lead to the demonstration of several conceptual devices capable of all-optical
light-by-light manipulations, leveraging the mode switching and power switching effects in MMFs
and MCFs. These devices encompass a range of applications, including all-optically tuneable
mode converters, ultrafast tuneable power splitters, combiners and switches, as well as all-

optical phase detection at terminal ends.

Notes: The results reported in this chapter have been selectively published (see LoP2, LoP4, and
LoP6 in the List of Publications). LoP2 includes the main results of mode switching and power
switching in multimode and multicore fibres that were demonstrated in this chapter. This paper
is currently under the first-round revision at Nature Communications Journal. The experiments,
simulations, co-development of derivations and code were my work; the 3-core fibre was
fabricated by lan Davidson from the Optoelectronics Research Centre; the dual-core fibres used
in the experiments were fabricated by Jayanta Sahu from the Optoelectronics Research Centre;
this project was supervised by Massimiliano Guasoni and David J. Richardson from the
Optoelectronics Research Centre. LoP4 and LoP6 are conference papers where we introduce the

concept of counter-propagating nonlinear grating and reconfigurable all-optical mode switching.
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Chapter 5/ [Four-wave mixing and wavelength

conversion in multicore fibres

5.1] Introduction

Optical parametric amplification in optical fibres generates radiation with new wavelengths and
different spatial modes based on the four-wave mixing effect. Researchers have investigated
parametric amplification in multimode fibres from various perspectives, including the
wavelength, mode composition, and polarization of the pump, as well as fibre nonlinearity,
length, design, and material. For instance, pump wavelengths at 532nm[136, 137], 1um[138,
139], and 1.55 um[140-142] have been used to generate sidebands with different LP modes in
few-mode fibres with lengths ranging from less than 1m to several kilometres. In parallel,
intermodal four-wave mixing and parametric amplification have been investigated in a variety of
fibre and waveguide types, including photonics crystal fibres[143], silicon core fibres[144], silicon

waveguides[145], liquid-/gas-filled hollow core fibres[146], and multicore fibres[147, 148].

In the past decade, theoretical analyses of modulation instability and four-wave mixing in
coupled MCFs have been presented by solving the couped NLSEs[149-152]. More recently,
experimental demonstrations of four-wave mixing have been performed in a 2-core fibre[147,
148]. However, most studies have considered the FWM in the individual MCF cores. Due to the
similarity between the MMFs and coupled MCFs, FWM in MCFs can be studied as FWM between

multiple supermodes.

In this chapter, wavelength and supermode conversion based on intermodal four-wave mixing in
coupled multicore fibres are demonstrated. Initially, the wave vector matching conditions
involving different pairs of modes are described, which dictate the optimal circumstances under
which FWM processes can effectively occur. Then, based on the analytical solutions to MMNLSEs
(introduced in Chapter 2), theoretical estimations of FWM gain peaks and gain bandwidth is
provided, considering various dispersion parameter conditions. The influence of various modes
and frequencies, as well as of SRS, is investigated. Finally, FWM between the supermodes of
several MCFs is explored both theoretically and experimentally. These MCFs include DCF, TCF,

4-core fibre (4CF), and 7-core fibre (7CF), with varying core diameters and core separations.
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5.2[] Mechanisms of four-wave mixing in optical fibres

5.2.10] Phase matching conditions

As introduced in Chapter 2, nonlinear interactions in multimode systems involve various mode
pairs and frequencies. Specifically, by considering three waves (pump, signal, and idler), Egs.
(2.3.24) and (2.3.25) describe the interaction between the m-th and k-th modes at three
frequencies (w,, Ws, and w;). FWM requires specific phase matching conditions, including both
frequency and wave vector matching. Effective FWM occurs when the phase mismatch is close
to 0. Figure 5.1 illustrates the wave vector matching conditions for FWM between different mode
pairs, corresponding to the different terms on the right-hand side of Eq. (2.3.24). The wave vector
(propagation constant ) for different modes is plotted as a function of frequency, where the
frequency matching condition is fulfilled (see Eq. (2.3.13)).
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Figure 5.1 Wave vector matching conditions for FWM between different pairs of modes.
(a) The m-th mode at frequencies ws and w,, and the k-th mode at frequencies w, and
wi. (b) The m-th mode at frequencies ws, w,, and w;. (c) The m-th mode at frequencies

ws and wp, and the k-th mode at frequencies ws and wp.

In Figure 5.1(a), with the annihilation of two pump photons in the m-th mode and the k-th mode,
the m-th and k-th modes are generated at signal and idler frequencies, respectively. The wave

vector mismatch can be expressed as (see the terms containing Ap,AiAp« in Eq. (2.3.24)),
AB = ABSEP + AT (5.2.1)

Figure 5.1(b) represents the degenerate FWM process in single-mode fibres, where the signal and

idler are generated in the same mode as the pump. The corresponding wave vector mismatch is,
ABy = ABSP + RSP (5.2.2)

Lastly, in Figure 5.1(c), FWM involves only the pump and signal frequencies, with the m-th mode

and k-th mode generated at the signal and pump frequencies, respectively. A similar process
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exists involving only the pump and idler frequencies, as described by the terms containing Apm

ApiAicin Eq. (2.3.25). The wave vector mismatch for Figure 5.1(c) is,
Ay = ABSPY — ABEP) (5.2.3)

The phase matching conditions require that the wave vector mismatch is close to 0. By expanding
the propagation constant in a Taylor series around the pump frequency (see Eq. (2.2.2)), Egs.

(5.2.1)-(5.2.3) can be rewritten as follows,

8, = B2 - 5] (~a) + 5 B8 + B5P] (aw?

17 () ° ) (5.2.4)
+ g[ m Bka ] (—Aw)* +
B = B (Bw)? + = B (B + - (5.2.5)
AP = [ o) .Blkp)]( Aw) + = [ (@p) _ w”)]( Aw)? 626

1
+ 6[ ©p)_ 33%)] (—Aw)? +

where Aw = wp - Ws = W; - Wp, and Bx»*? is the X-th order dispersion parameter for the m-th mode

at the pump frequency wp.

Once the dispersion parameters at the pump frequency are determined, the phase-matching
frequency separation of the signal or idler from the pump, Aw, can be estimated from Egs. (5.2.4)-

(5.2.6) (here by retaining only the first two terms of the expansions):

[ (@p) _ Blwp)]

Aw; = [5(“”’) (w,,)] (5.2.7)
—12p27
Awy = —(w,,) (5.2.8)
4m
(wp) _ (wp)
2o i)
AwIII (529)

(wp) (wp)
BZmp - ka]

These frequencies can be shifted due to the contributions of self-phase and cross-phase
modulations[68], which depend on the pump power distribution across multiple modes and the
Kerr coefficients (see the first term in Eq. (2.3.24)). Considering higher order dispersion
parameters can also contribute to changes in the value of Aw. Among the three types of FWM
processes, the intermodal FWM process illustrated in Figure 5.1(a) is most attractive since the
zero-dispersion requirement for intramodal FWM is relaxed by selecting different pairs of modes,
allowing several distinct Aw, values to be obtained using various modes in the same multimode

fibre.
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5.2.2] Theoretical estimation of FWM gain peak and bandwidth
Table 5.1 Theoretical gain peak and bandwidth of FWM
Intramodal . . . . 1
Gain peak (Q,) | Gain bandwidth (Qg) Gain (m™)
FWM
2YmmP Ymm P
(w ) 2fmm” fmm” 1 (wp) 2
m <0 | (wp>| | (wp>| J Vi Pn)? = Z(Zymum + By (= Aw)z)
2m 2m
Intermodal . . . . 4
Gain peak (Q,) | Gain bandwidth (Qg) Gain (m™)
FWM
D2<0, "\t Yo P + Vi P arfuPube =5 (T T )
m 4 D, (—Aw)?
D3=0 D, D,
D1=0
~4Y mien] P Pi +) 2
- 1 (ViumPm + Vi P +
D2>0, 0 <ymum T YiacP arfuPube =5 (T T )
4 D,(—Aw)
D3=0 D,
Dy
_ Db ~2Dp,
2D, 2
D1#0, !T —12 - 2
— - 4D 1 Poy + Vi Pe +
D2 #0, ‘ 2 2 2 __( Ymmbm + Vi Fr )
| Vo P J WinicfnPie = 3\, (~8w)2 + D, (~40)
D3=0 + ‘(Ymmp ) + +¥ir Px
\+¥ir P
d ng £ i4’)/171}(\/ Pmpk
3 A= TPmky m”k/
\ D,
ka,L =
-Dy+ /D§—4D1D3
D1#0 s 2
’ ka,NL = ka mepm + ykkpk +
D2 # 07 _(mepm"'ykkpk) 4Ymk PmPk'ka,NL 4yrznkpmpk — Z D3 (_AOJ)?’ + DZ (_AOJ)Z
D3#0 |3Ds%pkrt2D2%kitDi| ~ (y, P4y Pp) +D; (—Aw)
Dpie
= Qi + Do

To comprehensively explore the intermodal FWM process and achieve a theoretical estimation of

FWM gain peaks and gain bandwidths, the matrix formalisation of coupled-amplitude equations

(Eg. (2.3.29)) can be employed. Here, the Raman contribution is omitted by setting fz=0, and only

the elements related to the m-th mode in the signal and the k-th mode in the idler are retained,

leading to:

j[A.Br(rf'p) + mepm] ]Zymk P Pk.
ip) (5.2.10)
—J2Ykm~/ PiPm —J [Aﬁk + kapk]

where ym=Yfmi is applied to simplify the expression. As indicated in Eq. (2.3.31), the FWM gain

9,v=Mv,v = [As,, Ai;;]T,M =

depends on the eigenvalues of M. Specifically, it is proportional to the real part of the

eigenvalues[78], which can be expressed as:
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) 1 N2
Gain o [4y2 [ PnP — Z(yfmum + Y firPe + ABSP + AB,?”’)) 1 (5.2.11)
This relationship indicates the condition for achieving gain peaks:
(mePm + VP + ABSP) + Aﬁ,&"”)) =0 (5.2.12)

By substituting Eq.(5.2.4) into it, a solvable equation for Aw can be obtained by considering up to

the third order dispersion:

D3(—Aw)3 + Dy(—Aw)? + Dy (—Aw) + Vimm P + VikPr = 0 (5.2.13)
where D1= ﬁl(:lp) - 1(?”) , D2=%[ﬁézp) + ,82((:”)] , and D3= %[ 3(21’) — 33(;:”)] . The frequency
separation (Q,) of the FWM gain peaks from the pump frequency can be obtain from Eq. (5.2.13),
and the gain bandwidth (Qg) can be determined by finding Aw that makes Eq.(5.2.11) equal to 0.
This equation also illustrates the shift of the gain peak from Aw, (where Aw, makes the first three
terms equal to 0) due to the contributions of ymmPm and yP« The estimations of gain peak and
gain bandwidth[78] under different conditions for the signs of D1, D2, and D3 are provided in Table
5.1. To explain the shift of gain peaks due to the contribution of self- and cross-phase
modulations, for example, the gain peakis modified from Eq. (5.2.7) due to the (YmmPm*YuPx) term

when D1#£0, D2#0, and D3=0.

5.2.3(] Influence of various modes and frequencies

Table 5.1 provides an overview of the predicted gain spectrum distribution when considering the
m-th mode as the signal and the k-th mode as the idler. Variations in maximum gain and the
corresponding frequencies can occur with changes in dispersion parameters, pump power, and

Kerr coefficients. Moreover, the gain spectrum is influenced by the inclusion of additional modes

@) _4 906 ps/mm,

and frequencies. For example, a bimodal fibre scenario is examined where 8, 7'=

(wp)
1,ma2

(wp)
2,ml

(wp)
2,m2

=3 pS2/km, B?(:::l)= ;T:)fz) =0 pSS/km, Ym1,m1= Ym2,m2~=

=4.907 ps/mm, 8 =1 ps?km,
Ymim2= 3 W'km™, and P;,1= Pma= 1 kW, with m1 and m2 representing two modes. By considering
only the m1 mode in the signal (Asm1) and the m2 mode in the idler (Ainz), the normalized gain
spectrum derived from Table 5.1 is depicted in Figure 5.2(a), showing two gain peaks at
frequencies separated from the pump by +0.97 THz and £78.6 THz. However, when including both
modes in signal and idler (ASm1, ASm2, Aim1, and Ainn), the matrix M in Eq. (2.3.29) becomes a4 x 4
matrix. Consequently, the eigenvalues of M differ from those in Eq.(5.2.10) at specific
frequencies. For example, the gain peaks at the frequency of £+0.97 THz are absent, as illustrated

in Figure 5.2(b). This variation in the FWM gain spectrum by incorporating additional modes and
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frequencies suggests that sufficient considerations should be taken when estimating output

spectral distributions for multimode systems.
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0.5 i ‘ 0.5 :
- = signal = = signal
E —idler = = dler
c =
‘© m©
0 O
0 ! 0 i 4
-100 -50 0 50 100 -100 -50 0 50 100
Frequency [THz] Frequency [THz]
0.5 ‘ ‘ 0.5
o ™~
E =
c o
‘T ©
O ©)
0 g 0 |
-100 -50 0 50 100 -100 -50 0 50 100
Frequency [THz] Frequency [THz]

Figure 5.2 Variations in the gain spectrum (centred around the pump frequency) when
additional modes and frequencies are taken into account. (a) Gain spectrum when
considering only the m1 mode in signal and the m2 mode in idler (Asm1+Aim2). (b) Gain
spectrum when considering both the m1 and m2 modes in signal and idler

(AsmitAsmatAin+Ainz). Note that gain around zero frequency disappears.
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Figure 5.3 Variations in the gain spectrum with the adjustments in dispersion
parameters. (a) Gain spectra under varying second order dispersion values for the m2
mode. (b) A specific instance of the gain spectrum with the second order dispersion of

the m2 mode set to 30 ps?/km.

The subsequent analysis investigates how the gain spectrum is affected by varying the dispersion
parameters, specifically by adjusting the second-order dispersion for the m2 mode. Figure 5.3(a)
illustrates how the gain spectrum changes as B, m» varies from 0 ps?km to 70 ps?km, while
keeping other parameters consistent with those in Figure 5.2(b). In this scenario, the idler has
gain in the m1 mode and the signal has gain in the m2 mode. As 8,2 increases, the frequency
corresponding to the gain peaks decreases, and simultaneously, the maximum gain at the gain

peaks also decreases, as illustrated by the amplitude variations in Figure 5.3(a). Another
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noteworthy observation is that the signal in the m1 mode also obtains gain with increasing B2 m.
For instance, Figure 5.3(b) demonstrates the gain spectrum when B2,m1=1 ps*km and B2,1.=30
ps?/km, where the signal has gain in both modes, while the idler only has gain in the m1 mode.
However, achieving such a significant difference in the second order dispersion parameters
between spatial modes is challenging in conventional optical fibres. This limitation explains why

intermodal FWM processes usually involve a one mode in the signal and another mode in the idler.

To validate the findings regarding variations in the FWM gain spectrum, numerical simulations of
the MM-NLSEs are implemented using the parameters specified above and a fibre length of 1Tm.
The gain spectra of two modes are compared between the numerical simulations and the
analytical calculations, with different second order dispersion settings as described in the
caption of Figure 5.4. The numerical results align with the analytical results in both cases.
Methodology for obtaining these results is introduced in section 2.3.2, and discrepancy between
numerical and analytical results around the pump frequency arises from the Lorentzian shape of
the input spectra used in simulations. In Figure 5.4(a), with Bym=1 ps*km and Bsm2=3 ps?/km,
dominant gain occurs in the m1 mode for the idler and the m2 mode for the signal. In contrast,
with B2 mi=1 ps*km and B2m=30 ps?/km, the frequencies of idler and signal shift from £78.6 THz
to £9.8 THz. Here, the m1 and m2 modes exhibit comparable gains in the signal, while the idler
only obtains gain in the m1 mode, as shown in Figure 5.4(b). Additionally, the maximum gain is

lower than that shown in Figure 5.4(a).
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Figure 5.4 Comparison between the gain spectrum obtained by numerical (red lines)
and analytical (blue dots) methods for a bimodal fibre with different second order
dispersion parameters: (a) Bom=1 ps¥km and Bo,m=3 ps*’km; (b) B2m=1 ps?/km and
Bo.m>=30 ps?/km.
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5.2.4(] Influence of Raman effect

By adjusting parameters such as pump mode composition, pump power, Kerr coefficients, and
dispersion parameters, the FWM gain spectrum can be modified in terms of gain peak frequency,
maximum gain, and gain distributions among different modes. In the following analysis, the
Raman effect is incorporated using the complete form of matrix M introduced in Eq. (2.3.30).
Consequently, the eigenvalues of M are different due to the contribution of Raman effect, leading
to variations in the FWM gain spectrum. Figure 5.5(a) illustrates the normalized gain spectrum
when B, m2 varies from -50 ps?/km to 50 ps?km, with all other parameters identical to those in
Figure 5.3(a). Here, negative frequencies represent the signal, and positive frequencies represent
the idler. By focusing on the gain at the Raman gain peak (-13.2 THz), as highlighted with white
dashed lines, the gain variation as a function of 3, . is depicted in Figure 5.5(b). Specifically, for
the m1 mode, two local maxima at the Raman gain peak occur when B2m:=-26.8 ps?/km and

B2.m2=21.9 ps?/km, while for the m2 mode, local maxima are observed at B, m>=-1 ps?’km and

B2m2=21.2 ps®/km.
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Figure 5.5 (a) Gain spectrum under varying second order dispersion values for the m2
mode when including Raman effect. (b) The gain at the Raman gain peak (frequency=-
13.2 THz) for the m1 and m2 modes. (c), (d) Similar results to (a) and (b) when Raman

effect is not considered.
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Notably, these local maxima arise from the overlap of the Raman gain spectrum with the FWM
gain spectrum. Figure 5.5(c) and (d) illustrate the FWM gain spectrum when the Raman effect is
neglected. It is worth noting that the local maxima in FWM gain at the frequency of -13.2 THz occur
at B>,m2 values close to those depicted in Figure 5.5(b). However, there are slight differences in the
B2.m2 values corresponding to these gain maxima between Figure 5.5(b) and (d). This discrepancy
arises because of the overlap between the narrow-bandwidth FWM gain spectrum and the

broader-bandwidth Raman gain spectrum.
5.3[] Estimations of four-wave mixing in multicore fibres

5.3.10] Fibre desigh and phase-matching conditions

The modification of the FWM gain spectrum can be achieved by adjusting the dispersion
parameters and Kerr coefficients, and phase-matching conditions of modes within single-core
fibres. Techniques involving the control of core diameter and core-cladding refractive index are
pivotal in multimode fibres. However, MCFs offer enhanced degrees of freedom for manipulating
the FWM gain spectrum. This versatility is achieved by varying factors such as the number of
cores, core diameter, and spatial arrangement of cores. In this section, the phase-matching
conditions between different supermodes for several multicore fibres are calculated, including
DCF, TCF, 4CF, and 7CF. These fibre designs are characterized by distinct core diameters of 5 ym
and 4 pm, along with core spacings of 10 pm and 8 pm, respectively. The design parameters are
constrained by the etched preform, maintaining a fixed ratio of 2 between core spacing and core
diameter. Nevertheless, variations in core arrangement can significantly influence the

corresponding phase-matching conditions and FWM gain spectra.
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Figure 5.6 (a) Cross section of the DCF. (b) Phase matching condition for the

supermodes in the DCF.
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Figure 5.6 depicts the phase-matching condition for the SMy and SM; modes in the DCF that is
used in Chapter 3 and 4. The fibre features core diameters of 5 um and a core spacing of 10 um,
as illustrated in Figure 5.6(a). Using pumps centred at a frequency of 288.5 THz (corresponding to
awavelength of 1040 nm), the vector mismatch approaches 0 among the four waves: signalin the
SM, mode, idler in the SM; mode, and the pump coupled into 2 modes, represented by stars in
Figure 5.6(b). The frequency separation between the signal/idler and the pump is 6.7 THz,

corresponding to +24 nm centred around the wavelength of 1040 nm.
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Figure 5.7 Phase matching conditions for different pairs of supermodes in the TCFs with
varying geometries: (a), (b) core diameter is 5 pm and core-to-core distance is 10 pm;

(c), (d) core diameteris 4 um and core-to-core distance is 8 pm.

Similarly, phase-matching conditions for the supermodes in the TCF are calculated using a pump
wavelength of 1040 nm. Figure 5.7 (b) presents the results when the core diameter is 5 um and
the core spacing equals 10 um. Here the maximum frequency separation can be achieved using
the SM; mode and the SM; mode for the FWM process. The idler in the SM; mode and the signal
in the SM; mode can be obtained at a frequency separated from the pump by £12 THz, leading to

new wavelength generations at ~998 nm and ~1085 nm, respectively.

Subsequently, phase-matching conditions are recalculated using a modified TCF with reduced

core diameter (4 pm) and core spacing (8 pm), as demonstrated in Figure 5.7(c) and (d). This
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adjustment in core geometry alters the propagation constants of supermodes, resulting in
increased frequency separation for the signal/idler compared to the original TCF. For instance,
the idler in the SM; mode and the signal in the SM; mode can be obtained at the frequencies
separated from the pump by £+24 THz. This corresponds to new wavelength generations at ~960

nm and ~1134 nm, respectively.
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Figure 5.8 Phase matching conditions for different pairs of supermodes in the 4CFs with
varying geometries: (a), (b) core diameter is 5 ym and core-to-core distance is 10 pm;
(d), (e) core diameter is 4 uym and core-to-core distance is 8 pm. (c) Near-field
distributions for the four supermodes in 4CF, with white arrows denoting the

polarization directions in each core. (e) Corresponding far-field distributions.

Followingly, phase-matching conditions for 4CFs are investigated, as depicted in Figure 5.8.
These 4CFs feature core diameters of 5 ym and 4 pm with core spacings of 10 pym and 8 pm,
respectively, supporting the propagation of four distinct supermodes. The near-field and far-field
intensity distributions of these four supermodes are provided in Figure 5.8(c) and (f), respectively.
Figure 5.8(b) and (e) illustrate the phase-matching conditions between different pairs of
supermodes with a pump wavelength of 1040 nm. The maximum frequency separation of the
signal/idler from the pump is achieved by employing the SM, and SM, modes in the FWM process.
In the 4CF with a core diameter of 5 ym and a core spacing of 10 um, the signal in the SM, mode
and the idler in the SM; mode can be generated at frequencies separated from the pump by £20.5

THz, corresponding to new wavelength generations at ~971 nm and ~1119 nm, respectively.
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Conversely, the minimum frequency separation for the signal/idler is achieved when the FWM
process involves the SM; and SM, modes, with a separation of 4 THz from the pump frequency.
Furthermore, using a 4CF with a core diameter of 4 um and a core spacing of 8 um, the maximum
frequency separation for the signal/idler can be extended to +31.5 THz, resulting in new
wavelength generations at ~937 nm and ~1167 nm, respectively. Figure 5.8(e) illustrates 6 pairs
of gain peaks obtained in various supermodes, spanning frequencies from +7 to £31.5 THz relative

to the pump frequency.
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Figure 5.9 Phase matching conditions for different pairs of supermodes in the 7CFs with
varying geometries: (a), (b) core diameter is 5 pym and core-to-core distance is 10 pm;
(d), (e) core diameter is 4 um and core-to-core distance is 8 ym. (c) Near-field
distributions for the seven supermodes in 7CF, with white arrows denoting the

polarization directions in each core. (e) Corresponding far-field distributions.

Finally, the phase-matching conditions for 7CFs are investigated, where seven cores arranged in
a hexagonal pattern, with core diameters of 5 ym and 4 pm and core spacings of 10 um and 8 pm,
respectively, as shown in Figure 5.9(a) and (d). These fibres support the propagation of seven
supermodes, with the corresponding near-field and far-field intensity distributions presented in
Figure 5.9(c) and (f), respectively. Theoretically, there are 21 pairs of FWM peaks achievable by
selecting any two of the seven supermodes involved in the FWM process. Figure 5.9(b) and (e)
provide examples of phase-matching conditions between the SM; mode and other supermodes
at a pump wavelength of 1040 nm. The maximum frequency separation between the signal/idler
and the pump is achieved by using the SM; and SM; modes in the FWM process. In the 7CF with a

core diameter of 5 ym and a core spacing of 10 pm, the signalin the SM; mode and the idler in the
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SM; mode can be obtained at frequencies separated from the pump by +28.5 THz, corresponding

to new wavelength generations at ~946 nm and ~1154 nm, respectively.

In contrast, using a 7CF with core diameter of 4 pm and a core spacing of 8 um, the maximum
frequency separation for the signal/idler can be increased to +39 THz, resulting in new wavelength
generations at~916 nm and ~1202 nm, respectively. The larger frequency separation for the FWM
gain peaks in MCFs with smaller core spacing is due to the increased differences in the
intermodal first-order dispersion parameters (D1). With a similar value of D2, the increase in D1

can shift the FWM gain peaks away from the pump frequency, as indicated in Table 5.1.

5.3.2(] Simulations and the impact of Raman scattering

The analysis of phase-matching conditions discussed in section 5.3.1 indicates that four-wave
mixing and wavelength conversion can effectively achieved in the MCFs. In this section,
numerical simulations of the MM-NLSEs are conducted using the dispersion parameters and Kerr
coefficients of supermodes in Tm-long MCFs. Here, the pump (wavelength 1040 nm) is evenly
coupled into all supermodes with each mode containing a power of 2 kW. Background noise
added tothe input spectrum is amplified by FWM induced modulation instability. The gain spectra
from numerical simulations and analytical results derived from Eq. (2.3.31) are compared.
Detailed methodologies for obtaining the numerical and analytical gain are provided in section
2.3.2. Additionally, the impact of Raman scattering on FWM processes is investigated by

comparing simulations that exclude and include the Raman contribution.
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Figure 5.10 Comparison between the numerical and analytical gain spectra by solving
the MM-NLSEs for a 1m-long DCF fibre, with Raman scattering neglected (a) and
included (b).

Figure 5.10(a) compares the numerical and analytical gain spectra for the DCF. The gain peak is
centred around 6.5 THz for the SM, mode and -6.5 THz for the SM, mode, closely matching the
predicted 6.7 THz from the phase-matching condition calculations in Figure 5.6(b). The slight

shift in the FWM gain peaks results from the contributions of self-phase modulation and cross-
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phase modulation, as discussed in section 5.2.2. When the Raman contribution is included, as
shown in Figure 5.10(b), the gain spectrum appears as a superposition of the FWM gain spectrum
and a Raman gain spectrum. The maximum gain remains similar regardless of the inclusion of the
Raman contribution, owing to the effective separation of the FWM gain peaks and the Raman gain

peaks. It is worth noting that the numerical results aligh well with the analytical results.
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Figure 5.11 Comparison between the numerical and analytical gain spectra by solving
the MM-NLSEs for 1m-long TCF fibres: (a),(b) core diameter is 5 um and core spacing is
10 um, and (c),(d) core diameteris 4 um and core spacingis 8 um, with Raman scattering

neglected ((a),(c)) and included ((b),(d)).

Followingly, Figure 5.11 presents the comparison between the numerical and analytical gain
spectra for two TCFs with different core diameters and core spacings, demonstrating a good
alignment between the numerical and analytical results in each case. Figure 5.11(a) shows the
FWM gain spectrum of each supermode in the TCF with a core diameter of 5 pm and a core
spacing of 10 um. The SM; mode shows four gain peaks at relative frequencies of 12 THz and
*4.7 THz. The SM, mode has four gain peaks at relative frequencies of +11.8 THz, 5.6 THz, and -
4.5 THz. The SM; mode exhibits four gain peaks at relative frequencies of -12 THz, 5.5 THz, and
11.8 THz. These FWM gain peaks are close to the predictions shown in Figure 5.7(b), with slight
frequency shifts due to the contribution of phase modulations. Another notable difference

between the gain spectrum and the predictions in Figure 5.7(b) is the number of gain peaks. For
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instance, the SM1 mode has gain at higher relative frequencies of 5.6 THz (12 THz) when only
considering its FWM with the SM, (SM;) mode in Figure 5.7(b). However, the gain spectra in Figure
5.11(a) reveal that the SM; mode actually has four gain peaks at both lower (-12 THz and -4.7 THz)
and higher frequencies (12 THz and 4.7 THz) when considering the FWM processes involving all
the three modes. This discrepancy indicates that the interactions among all the frequencies and
modes can modify the FWM gain spectra, resulting in an output that differs from what would be

expected if only two modes were considered independently.

Similarly, using the TCF with a core diameter of 4 ym and a core spacing of 8 um, six gain peaks
are observed at frequencies of £22.5 THz, +12 THz, and 9 THz for each supermode, as shown in
Figure 5.11(c). These gain peaks closely align with the predictions in Figure 5.7(d) though with
slight frequency shifts. The frequency separation in the gain spectrum is larger when using the
fibre with a smaller core diameter and core spacing. When including Raman scattering, as shown
in Figure 5.11(b) and (d), the gain spectrum exhibits noticeable changes, particularly at lower
frequencies. The SM; mode shows dominant gain around -12 THz among the three supermodes,
indicating that the Raman scattering benefits this mode when its FWM gain spectrum overlaps
with the Raman gain spectrum. Specifically, the SM; mode exhibits FWM gain at the frequency of
-12 THz due to interaction with the SM; mode in Figure 5.11(b) and has FWM gain at this frequency

when interacting with the SM; mode in Figure 5.11(d).

The gain spectra for the supermodes in two 4CFs are displayed in Figure 5.12. Figure 5.12(a)
shows the FWM gain spectrum for the fibre with a core diameter of 5 uym and a core spacing of 10
pm. Several gain peaks are obtained at relative frequencies of #17 THz, +13 THz, and +7 THz
across different modes, with the maximum frequency separation occurring in the SM; mode at 17
THz and the SM, mode at -17 THz. By adding the Raman contribution, Figure 5.12(b) illustrates
that the SM; mode exhibits dominant gain among the four modes at the frequency around -13
THz. This dominance results from the overlap between the Raman gain spectrum and the FWM
gain of the SM; mode when interacting with the SM; mode. Figure 5.12(c) displays the gain
spectrum for the 4CF with a core diameter of 4 pm and a core spacing of 8 um. The FWM gain
peaks are more widely separated compared to Figure 5.12(a), with gain peaks located at relative
frequencies of +31 THz, +24.7 THz, +16 THz, and 6.1 THz. The maximum frequency separation
occurs in the SM1 mode at 31 THz and the SM, mode at -31 THz. In addition, Figure 5.12(d) shows
that the SM, mode has dominant gain among the four modes at the frequency around -16 THz,
resulting from the overlap of the Raman gain spectrum and the FWM gain spectrum related to the
interaction between the SM, and SM, modes. Consequently, the SM, mode exhibits dominant

gain among the four modes at a frequency of ~16 THz.
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Figure 5.12 Comparison between the numerical and analytical gain spectra by solving
the MM-NLSEs for 1Tm-long 4CF fibres: (a),(b) core diameter is 5 ym and core spacing is
10 um, and (c),(d) core diameteris 4 uym and core spacingis 8 pm, with Raman scattering

neglected ((a),(c)) and included ((b),(d)).

Lastly, the gain spectra for the supermodes in the 7CFs are compared in Figure 5.13. Figure
5.13(a) shows the FWM gain spectrum for the fibre with a core diameter of 5 ym and a core
spacing of 10 ym. Several gain peaks are obtained at relative frequencies of +22.8 THz, +20.5 THz,
+17 THz, £14 THz, +7.6 THz, and *4.7 THz across different modes. The maximum frequency
separation occurs in the SMy mode at 28 THz and in the SM; mode at -28 THz. When the input
pump power is equal across all supermodes, the output from the TCF shows maximum gain in
the SM, mode and SM; mode at the frequency of 7.6 THz, and in the SMs and SM, modes at the
frequency of -7.6 THz. By adding the Raman contribution, Figure 5.13(b) illustrates that the SM;
mode exhibits dominant gain among the seven modes at the frequency around -14 THz. This
dominance results from the overlap between the Raman gain spectrum and the FWM gain of the

SM; mode during its interaction with the SM, and the SM; modes.

Figure 5.13(c) presents the gain spectrum for the 7CF with a core diameter of 4 ym and a core
spacing of 8 um. The FWM gain peaks are more widely separated compared to Figure 5.13(a), with
gain peaks located at relative frequencies of +39.1 THz, +35.6 THz, £31 THz, +27 THz, +17.8 THz,

+13.5 THz, +9.5 THz, and £3.8 THz. The maximum frequency separation is observed in the SM;
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mode at 39.1 THz and in the SM; mode at -39.1 THz. The maximum gain occurs at frequencies of
+17.8 THz in the SM,, SM3;, SM4, and SMs modes, where FWM interactions involve the SM; and the
SMs modes as well as the SM; and SM, modes. Furthermore, Figure 5.13(d) indicates that the SM,

and SMs modes maintain dominant gain among the seven modes at the frequency around -18

THz, even with the inclusion of Raman scattering.
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Figure 5.13 Comparison between the numerical and analytical gain spectra by solving
the MM-NLSEs for 1Tm-long 7CF fibres: (a),(b) core diameter is 5 ym and core spacing is
10 um, and (c),(d) core diameteris 4 um and core spacingis 8 um, with Raman scattering

neglected ((a),(c)) and included ((b),(d)).

5.4[] FWM and wavelength conversion in homemade multicore fibres

5.4.10] Experimental setup and homemade MCFs

An experimental investigation of four-wave mixing and wavelength conversion in multicore fibres
was conducted using several homemade multicore fibres, designed as detailed in section 5.3.1.
Figure 5.14(a) illustrates the experimental setup used to measure wavelength and supermode
conversion in the MCFs, with the cross-sections of the homemade fibre presented in Figure

5.14(b). The pump source for the MCFs was the same MOPA system employed in Chapters 3 and
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4, operating at a wavelength of 1040 nm with 500 ps pulses at an 800 kHz repetition rate. The input
power, polarization state, and mode composition of the pump were controlled using HWPs and
an SLM. Amplified spontaneous emission (ASE) and background noise beside the pump
wavelength act as probes, which can be amplified by FWM or Raman gain during propagation
through the MCFs. The output beam was directed to a power meter, and a sample was monitored
with a camera and an optical spectrum analyser (OSA) to measure intensity profiles and spectra,
respectively. A tuneable bandpass filter was used to filter the output at specific wavelengths.
Mode decomposition over the supermodes was performed for the pump, signal, and idler based

on the far-field intensity profiles.

(a) ®)

HWP oy HWP PBS SLM

HWP s
PWM  Wedge MCF
< — —
Mirror

\'Camera

Figure 5.14 (a) Schematic of experimental setup to measure the four-wave mixing and
wavelength conversion in MCFs. HWP: half-wave plate; ISO: isolator; PBS: polarization
beam splitter; SLM: spatial light modulator; PM: power meter; BPF: bandpass filter; BS:

beam splitter; OSA: optical spectrum analyser. (b) Cross-sections of homemade MCFs.

The homemade MCFs were fabricated from the same preform used for the DCF and TCF.
Therefore, the MCFs have similar core-to-cladding refractive index difference. Table 5.2 provides
details about these fibres, including the TCF, 4CF, and 7CF, which were fabricated with different
core diameters and core spacings to explore variations in FWM as predicted by simulations. The
core diameters and core spacings were measured by launching light from a white-light source

(Bentham WLS100) into one end of the fibre and then imaging the other end with a microscope.

The coupled MCFs reported here have core arrangements and relative core separations (the ratio
between core spacing and core diameter) similar to those reported in optical transmission
experiments[153-155]. It is worth mentioning that the TCF, 4CF, and 7CF were fabricated from a
single fibre preform using the stack and draw technique[156], as they have cores arranged in a
similar pattern. The fibre preform consists of three segments, each containing 3, 4, and 7 core

rods, respectively. Consequently, each 1/3rd portion of the preform results in fibre configurations
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with 3, 4, and 7 cores, respectively. The additional benefit to this fabrication approach is that all
three fibre configurations are drawn from the same preform, the cores are naturally aligned and
the fibre outside diameter will be consistent across the configurations, and hence inter-

configuration splicing can be relatively easily achieved.

Table 5.2 Information of the homemade MCFs

Core diameter | Core spacing Cladding
(um) (um) diameter (um)

DCF | A1664 5.0£0.1 9.4 140.2
TCF S01 5.0£0.15 9.4 137.9

S1 4.6+0.14 7.4 110.5
4ACF S5 4.8+0.04 9.3 138.6

S3 4.0+0.13 7.4 111.5
7CF S7 4.7+0.05 9.4 137.9

S9 4.4+0.1 7.4 111

5.4.2(] Wavelength and supermode conversion in DCF

The wavelength and supermode conversion in the DCF were measured by using a 1m-long DCF
at a pump power of ~6 kW. Figure 5.15(a) displays the input and output spectra when the pump
is coupled only into the SM, mode. In this case, Raman scattering is the dominant nonlinear
process compared to FWM, with the Raman peak (P, at the wavelength of 1087 nm) exhibiting a
similar mode composition to the pump, mainly in the SM, mode, as shown by the beam profiles.
When the pump is coupled with a combination of modes, FWM becomes more prominent than
Raman scattering. Figure 5.15(b) presents the input and output spectra when the pump is
coupled with ~30% SM; mode and ~70% SM, mode, as determined by mode decomposition of
the pump. Two peaks appear at wavelengths of 1016 nm (Py) and 1064 nm (P;), resulting from
intermodal FWM between the SM; and SM, modes. By inserting a bandpass filter with a 3 dB
bandwidth of ~2 nm, the beam profiles at P, and P, were measured. In agreement with the
theoretical predictions, the SM1(SM,) mode turns out to be dominant at 1016 nm (1064 nm), as
confirmed by the measured beam profiles. This demonstrates that different supermodes are
amplified in the signal and idler, enabling wavelength-dependent supermode conversion. It is
worth noting that the experiments fit well with the simulations of the MM-NLSEs using the

experimental parameters, including pulse width, peak power, fibre length, and pump mode
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composition. Figure 5.15 (a) and (b) illustrate that the relative strength between intermodal FWM

and Raman scattering can be adjusted by controlling the mode composition of the pump.
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Figure 5.15 Raman and FWM processes measured in the DCF. (a) Raman scattering
when pumping with a single supermode: the input and output spectra of a 1Tm-long DCF
with the associated beam profiles. (b) FWM between two supermodes: the input and
output spectra of a 1Tm-long DCF coupled with a combination of modes, in the
comparison with the simulation. The below intensity profiles are the output of the overall

spectrum and at two FWM peaks (P, and P).

5.4.3(] Wavelength and supermode conversion in TCF

The wavelength and supermode conversion in the TCF were investigated using a 3m-long TCF at
a peak power of ~2 kW. The TCF used in the experiments is cut from S1 (see Table 5.2) and
features a core spacing of ~8 um. Figure 5.16 presents various output spectra and filtered beam
profiles under different pump coupling conditions. In these experiments, the input beam is
selectively coupled into one of the three cores of the TCF to excite a combination of supermodes
in the pump. By moving or bending the fibre at different positions, the pump coupling conditions
could be adjusted. In Figure 5.16(a), FWM peaks are observed at wavelengths of 1004 nm and
1077 nm, along with their cascaded peaks at 944 nm, 972 nm, 1119 nm, and 1158 nm. The beam
profiles measured at 1004 nm and 1077 nm correspond to the SM, mode and the SM, mode of the
TCF, respectively (see Figure 3.23). The frequency difference between the pump and the
signal/idler is +10 THz, which closely aligns with the estimated +9 THz frequency separation for
FWM between the SM, and SM, modes in Figure 5.11(c). The slight discrepancy between the
experimental and simulation can be attributed to changes in the phase-matching conditions due

to variations in fibre geometry or coiling of the fibre.
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Figure 5.16 FWM and wavelength conversion in the TCF under different pump coupling
conditions, along with the output beam profiles after a tuneable bandpass filter. (a)
Output spectrum from a 3m-long TCF at a peak power of 2.25 kW, with two FWM peaks
(filtered out using the BPF) centred at wavelengths of 1004 nm and 1077 nm. (b) Output
spectrum from the same TCF at a peak power of 2 kW, with two FWM peaks centred at
wavelengths of 997 nm and 1087 nm. (c) Output spectrum from the same TCF with four

FWM peaks at wavelengths of 999 nm, 1003 nm, 1077 nm, and 1087 nm.

Figure 5.16(b) displays the results of another measurement where the pump mode composition
was altered. FWM peaks are observed at wavelengths of 997 nm and 1087 nm, along with their
cascaded peaks at 957 nm and 1138 nm. The beam profiles measured at 997 nm and 1077 nm
correspond to the SM,; mode and the SM3; mode of the TCF, respectively. The frequency separation
from the pump frequency is #12.5 THz, closely aligning with the estimated *12 THz for FWM
between the SM, and SM; modes in Figure 5.11(c).

Subsequently, further adjustment of the pump coupling conditions demonstrates wavelength-
dependent conversion to different supermodes from the same pump in the TCF, as shown in
Figure 5.16(c). The SM; mode emerges at the wavelength of 1003 nm, the SM, mode is observed
at 1077 nm and 999 nm, and the SM; mode appears at 1087 nm, as indicated by the filtered beam
profiles. However, FWM between the SM; and SM; modes, which is estimated to have a relative
frequency of £22.5 THz, is not observed in the experiments. This could be attributed to ineffective

pump coupling over these two modes.

5.4.4(] Wavelength conversion in 4-core and 7-core fibres

With MCFs featuring more cores, the nonlinearity decreases due to increasing mode field
effective areas. Consequently, longer fibres are used to measure wavelength and supermode
conversion for the 4CF and 7CF. Figure 5.17 presents the measurements obtained using 4m- and
10m-long 4CFs with a core spacing of ~8 um (cut from S3 in Table 5.2). Figure 5.17(a) summarizes

the output spectra, displaying several FWM peaks under different pump coupling conditions.
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Similar to the TCF experiments, the pump coupling conditions are modified by selectively
coupling the input beam into one of the four cores of the 4CF or by manipulating the fibre’s
position or bending it. The observed FWM peaks are at wavelengths of 953 nm and 1145 nm (+26.3
THz frequency separation from the pump), 956 nm and 1139 nm (£25.2 THz), 996 nm and 1088
nm (£12.7 THz), 1016 nm and 1065 nm (6.7 THz), and 985 nm and 1102 nm (£16.1 THz).

Specifically, Figure 5.17(b) shows the FWM peaks observed at wavelengths of 1016 nm and 1065
nm, along with their cascaded peaks at 995 nm and 1089 nm. The beam profiles measured at
1016 nm and 1065 nm resemble the SM; mode and the SM, mode of the 4CF, respectively, as
inferred from the supermode distribution in Figure 5.8. The corresponding frequency separation
from the pump, 6.7 THz, closely matches the simulation result of +6.1 THz for FWM between the
SM; and SM4 modes, as shown in Figure 5.12(c). Followingly, by adjusting the pump coupling
condition, FWM peaks at 953 nm and 1145 nm are measured, with the beam profile at 1145 nm
shown in Figure 5.17(c). The filtered output at 1145 nm resembles the SM, mode, aligning with the
simulationin Figure 5.12(c), which indicates the largest frequency separation in the FWM process
involving the SM; mode at a shorter wavelength and the SM, mode at a longer wavelength. The

beam profile at 953 nm is not provided due to the limited tuning range of the BPF.
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Figure 5.17 FWM and wavelength conversion in the 4CF with core spacing of ~8 um. (a)
Output spectra from a 4m-long and a 10m-long 4CF under different pump coupling
conditions. (b) Output spectrum from the 4CF at a peak power of 1.75 kW, with two FWM
peaks centred at wavelengths of 1016 nm and 1064 nm and the associated beam
profiles after a tuneable bandpass filter. (c) Output spectrum from the 4CF and the

filtered output beam profiles at the peak around 1145 nm.

In comparison, Figure 5.18 illustrates measurements conducted using a 5m-long 4CF with a core
spacing of ~10 um, cut from S5 as listed in Table 5.2. By adjusting the pump coupling conditions,
several FWM peaks are observed at wavelengths of 995 nm, 1000 nm, 1012nm, and 1070 nm,
corresponding to frequency separations from the pump by -13THz, -11.5 THz, and +8 THz. These

values closely align with simulations depicted in Figure 5.12(a). The FWM peaks at relative
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frequencies of +17 THz were not observed during the experiments, which could be attributed to
challenges in effectively exciting specific combinations of supermode. Specifically, some
supermodes may not have been sufficiently excited when coupling the pump light into individual
fibre cores. Additionally, linear mode coupling, induced by fibre macro-bending, may have further
influenced the supermode excitation process. However, due to the challenges in effectively
exciting supermodes through pump coupling into individual fibre cores, FWM peaks with relative

frequencies of #17 THz are not observed during the experiments.
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Figure 5.18 FWM and wavelength conversion in a 5m-long 4CF with a core spacing of

~10 pm under different pump coupling conditions at a peak power of 1.25 kW.

7CF, core spacing=10 pm

——Tm+2.5kW
=-20 1
S
a
T -40
=
® -60 k = P L i L L
S 980 1000 1020 1040 1080 1080 1100
=
o 0 - -
8
® -20 1
£
2 -40

-60 :
980 1000 1020 1040 1060 1080 1100
Wavelength (nm)

Figure 5.19 FWM and wavelength conversion in a 7m-long 7CF with a core spacing of

~10 pm under different pump coupling conditions at a peak power of 2.5 kW.

Followingly, FWM and wavelength conversion in 7CFs are investigated using 7m-long 7CFs with
core spacings of ~10 uym (cut from S7 in Table 5.2) and ~8 pm (cut from S9 in Table 5.2). Figure
5.19 shows two results obtained under different pump coupling conditions at a peak power of 2.5
kW. FWM peaks are observed at wavelengths of 1009 nm, 1024 nm, 1057 nm, and 1073 nm,
corresponding to frequency separations from the pump by +4.6 THz and +8.9 THz. Additionally, a
Raman peak at 1088 nm and a peak at 996 nm generated by FWM between the pump and the
Raman peak are also observed. It is worth noting that these experimental results are consistent
with the simulations shown in Figure 5.13(a) and (b), where dominant FWM gains occur atrelative
frequencies of £4.7 THz and +7.6 THz for each supermode. In addition, the random excitation of

supermodes when light is coupled into one of the seven cores may result in insufficient excitation
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of some supermodes, thereby hindering clear observation of FWM results. Achieving precise

control over supermode excitation for the pump is crucial to reliably obtain desired FWM peaks.

Figure 5.20 demonstrates the output spectra from a 7CF with a core spacing of ~8 um under
various pump coupling conditions at a peak power of 4.5 kW. The pump is coupled with different
mode compositions, as illustrated by the FF beam profiles for the overall spectra. However,
throughout all instances, the dominant features are the Raman peak at 1089 nm and the peak at
995 nm resulting from FWM between the Raman peak and the pump. The filtered FF and NF beam
profiles around 1089 nm indicate changes in mode composition at the Raman peak, aligning
closely with one of the individual supermodes (as compared with the supermode distributions in
Figure 5.9), denoted by “SMx” next to the beam profiles in Figure 5.20. This observation suggests
that in these measurements, the Raman gain exceeds the FWM gain. Notably, FWM peaks at
other wavelengths or frequencies are not observed due to low FWM gains resulting from
insufficient excitation of the corresponding supermodes in the pump. Additionally, advanced
coupling techniques can be employed to improve efficient coupling into specific supermode
combinations. For instance, a space-division multiplexer provided by Cailabs can offer high

extinction-ratio (>20 dB) coupling into individual spatial modes[157].
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Figure 5.20 Wavelength and supermode conversion in the 7CF with a core spacing of
~8 um under different pump coupling conditions at a peak power of 4.5 kW. Raman
scattering and its FWM with the pump are dominant in each case, with below beam

profiles showing the overall output and the filtered output around the Raman peak.
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5.5[1 Conclusions

In this chapter, four-wave mixing and wavelength conversion in MCFs are investigated. Starting
with a review of the mechanisms governing FWM in optical fibres, the phase-matching conditions
and theoretical calculations are introduced to estimate key parameters such as FWM gain peaks
and bandwidth, considering the diverse dispersion characteristics inherent to different fibres. An
important focus of this study is the exploration of how the involvement of multiple modes and
frequencies influences the dynamics of FWM processes. Both theoretical analyses and
numerical simulations confirm that the FWM gain spectra can be significantly modified by the
inclusion of additional modes and frequencies. By adjusting the pump mode composition, pump
power, Kerr coefficients, and dispersion parameters, the FWM gain spectrum can be tailored in
terms of gain peak frequency, maximum gain, and gain distributions across various modes. In
addition, the impact of the Raman effect on FWM processes is explored, particularly when the

Raman gain spectrum overlaps with the FWM spectrum.

Followingly, the theoretical estimation of FWM gain peaks in several MCFs is demonstrated by
calculating the phase-matching conditions between supermodes in different fibre designs,
including DCF, TCF, 4CF, and 7CF. Simulations of the FWM gain spectra in these MCFs are
presented, along with comparisons when the Raman scattering effect is considered. Finally,
these MCFs are fabricated with diverse core diameters and core spacings, enabling experimental
investigation of FWM and wavelength conversion using a pump wavelength at 1040 nm. Table 5.3
summarizes the main results achieved, with comparisons between simulation predictions and
experimental results across different fibres. Generally, the experiments are consistent with
simulations in terms of the relative frequencies of FWM peaks and the corresponding involved
modes. These outcomes indicate the feasibility of achieving specific wavelength conversions or
wavelength-dependent mode conversions through tailored fibre designs. Indeed, control over
phase-matching conditions among supermodes can be achieved by adjusting parameters such

as the number of cores, core diameters, and core spacings in these fibres.

Table 5.3 Summary of the FWM results for MCFs

. Relative frequehcy (THz) and With a pump wavelength of
Fibre the corresponding modes for 1040 nm
FWM peaks
Simulation Experiment
DCF | Core spacing=10pm |[%6.5(SM;and SM,) 6.5 (SMyand SM,)
. +9 (SM;and SM,), +10 (SM;and SM),
TCF core spacing=8um
+12 (SM2and SMg), +12.5 (SM;and SM;),
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£22.5 (SM; and SM)

+20.5 (SM; and SM),
+22.8 (SM;and SM>)

+7 (SM,and SMy), +8,
ACF | Core spacing=10um |[*13 (SM;and SM,), -11.5,
+17 (SM;and SMy) -13
£6.1 (SMzand SM,), +6.7 (SMzand SM,),
Core spacing=8ym £16 (SM.and SMy), £12.7,
+£24.7 (SM;and SMs), +16.1,
+31 (SM;and SMy) +25.2, +26.3
4.7 (SMsand SM5, SMs and
SMy), +4.6,
+7.6 (SM;and SMs, SM; and +8.9,
7CF | Core spacing=10pm [SMa),
14, 17,

Core spacing=8um

+3.8 (SMsand SMg),

9.6, £13.5,

*+17.8 (SM,and SMs, SM; and
SMy),

27,

+30.9(SM;and SMy4, SM, and
SMs),

+35.5 (SMyand SMe),

+£39.1 (SMyand SMy)

Notes: The results reported in this chapter have been selectively published (see LoP3 and LoP10
in the List of Publications). These two paper are conference papers where we reported the
wavelength conversion in coupled multicore fibres. The main results of this chapter have not
been published yet, and we are working on the manuscript. For the content in this chapter, the
experiments, simulations, development of derivations and code were my work; the 3-core, 4-
core, and 7-core fibres were fabricated by lan Davidson from the Optoelectronics Research
Centre; the dual-core fibres used in the experiments were fabricated by Jayanta Sahu from the
Optoelectronics Research Centre; this project was supervised by Massimiliano Guasoni and

David J. Richardson from the Optoelectronics Research Centre.
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Chapter 6/ /Reconfigurable spatial beam shaping from a

multicore fibre amplifier

6.1 Introduction

Structured light[47], defined by spatially controlled distributions of amplitude, phase, and
polarization, has become an attractive tool in a wide range of applications, including optical
communications[158], optical trapping[159], environmental optics[160], and super-resolution
microscopy[161, 162]. This is due to the additional degrees of freedom it offers in shaping the
polarization state, phase, and amplitude. In particular, higher-order Poincaré sphere (HOPS)
beams [163] with spatially variable polarization and orbital angular momentum (OAM) states are
of great interest [47, 164]. The two poles of the HOPS represent the orthogonally circularly
polarized vortex beams carrying OAM with opposite topological charges, while the other points
onthe HOPS can be represented as coherent superpositions of these, including cylindrical vector
(CV) beams with spatially varying polarization states (e.g., radial and azimuthal polarization).
Various methods have been developed to generate HOPS beams by incorporating appropriate
spatial mode shapers either inside or outside of a laser cavity [165-168]. For instance, CV beams
can be generated by using inhomogeneous birefringent optics[165] or by the controllable
superposition of two orthogonally polarized beams[168]. OAM beams can usually be formed by
conversion from fundamental Gaussian beams using an external beam-shaping element, such

as a g-plate (QP)[166], geometric phase plate[167], meta surface device[169], or SLM[49].

Generating such beams directly from a laser cavity [170-173] allows achieving higher power
scaling and efficiency. A few approaches have been implemented to generate HOPS beams with
flexible mode selection and high mode purity in solid-state lasers; however, the power scalability
is limited by the power-handling performance of the optical mode-selective elements used within
the cavity[49]. Alternatively, adaptive spatial beam-shaping techniques have been demonstrated
in multimode and multicore fibres [51, 52] based on the MOPA configuration. The adaptive beam-
shaping elements are placed prior to the final power amplifier, allowing the amplified beam to be
shaped into the desired beam intensity profile without exposing the beam-shaping elements to
high power levels. In addition, the coherent combination of multiple parallel fibre lasers has been
proposed as a promising way to achieve reconfigurable structured beams with high output
powers and has been investigated both theoretically and experimentally[174-176]. Coherent
beam combination (CBC) from an MCF amplifier has been demonstrated as an effective way to
generate the structured beams[40, 46, 50, 177]. With all uncoupled cores embedded in a single

fibre, the MCF amplifier offers many advantages with respect to an array of separate fibre
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amplifiers, e.g., the use of a common pump beam for all cores and reduced phase drift between
cores due to the shared spatial/thermal environment, leading to more compact and stable
systems. Nevertheless, the behaviour in the pulsed regime has not yet been properly

investigated, where the coherence length of the light is much smaller.

In this chapter, spatial beam shaping is explored in a linear regime. A 6-core Yb-doped MCF is
fabricated and employed as the gain medium in the final power amplifier stage in a picosecond
pulsed MOPA system. A flexible beam shaper based on a reflective phase-only SLM is employed
to adaptively adjust the wavefront and polarization states of the multiple beamlets incident on
the individual MCF cores and to achieve the desired complex beam amplitude in the far-field of
the MCF output by coherently combining the amplified multiple beamlets. The generation of ps-
pulsed LP mode-like beams and HOPS beams (i.e., CV and OAM beams) are experimentally

demonstrated with a high mode purity and a high peak power of ~10-14 kW.
6.2/ Principle and system design

6.2.10] Coherent beam combination of multicore fibres

An uncoupled N-core MCF behaves as a bundle of single-core fibres where the cores are
sufficiently separated to ensure negligible individual mode overlap, and the total electric field at
the fibre output can be seen as the sum of the independent beams (under the single-mode
approximation):

2 2
C=x) + O -w)

2
Wo

(6.2.1)

N
E(x,y,z) = E a; exp
j=1

where a; = a,jexp(ip,;)X + ayjexp(ip,;)y is the complex amplitude of the fundamental
Gaussian beam of the j-th core, in which X and ¥ are unit vectors, dy(y); and @y ,; are the
amplitude and phase of the x(y) component in the j-th core, respectively. x; and y; are the centre
position of the j-th core, and w is the effective mode field radius of the individual cores. The
electric field in the far-field of this MCF is determined by the interference between the individual
beamlets. By properly tailoring the amplitude, phase and polarization of each beamlet from the
MCF output, beams with various spatial modes can be shaped in the far-field in a tiled-aperture
configuration. For instance, different scalar LP mode beams can be generated when the specific
phase relationship is applied to each beamlet, and the most general case is a Gaussian-shape
(LPs1 mode) beam that arises from the in-phase coherent combination of all beamlets, as is
shown in Figure 6.1(a). HOPS beams can be synthesized by controlling the relative polarization
state and the relative phase of each beamlet. For example, an OAM beam (Figure 6.1(c)) with the

topological charge of £ can be formed by the superposition of N beamlets when the relative phase
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of the j-th beamletis setto be 2w#(1 — j)/N under the same polarization state, and this beam has
a helical phase structure (phase term exp(if¢), where ¢ is the azimuthal angle). In addition, a CV
mode beam (Figure 6.1(d)) can be generated in the far-field when each beamlet has a linear

polarization state which rotates by an angle of 2z (1 — j)/N from a reference orientation.

(a-1)

Figure 6.1 CBC from a 6-core fibre. The near-field phase and polarization distributions
(a/b/c/d-1) with the corresponding combined intensity distributions (a/b/c/d-2) and

phase/polarization distributions (a/b/c/d-3) in the far-field.

6.2.2[] Yb-doped 6-core fibre
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Figure 6.2 (a) Microscopic image of fibre cross-section. (b) Refractive index profile of the

fabricated preform. (c) ASE spectrum of the MCF.

A cross-sectional microscope image of the Yb-doped 6-core MCF used in this work is shown in
Figure 6.2(a). Starting from a flat-topped step-index Yb-doped fibre preform co-doped with
aluminium (Al) and phosphorus (P), the MCF has been fabricated in-house by the stack-and-draw

technique. By adding co-dopants such as Aland P, the absorption and emission properties of the
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Yb ions can be efficiently controlled [178, 179]. The refractive index profile was measured with a
preform analyser, and the refractive index difference between the core and the cladding was
measured to be ~0.002, as shown in Figure 6.2(b). The MCF consists of six step-index circular
cores in a hexagonal arrangement, and the core-to-core distance is ~50 ym. Each core has a
diameter of 12.5 pm with a numerical aperture (NA) of ~0.076; the outer diameter of the fibre is
~220 pm. Alow-index acrylate polymer coating was used to provide a double-clad fibre structure.
Thefibre absorption coefficient was measured to be ~19.7 dB/m at 975 nm, and the ASE spectrum
was measured. The ASE spectrum of a 1.3m-long Yb-MCF had an emission peak around 1027 nm

with a 3 dB bandwidth of ~29 nm, as shown in Figure 6.2(c).

6.2.3(] Experimental setup

A schematic of the experimental setup is depicted in Figure 6.3. A gain-switched laser diode
operating at a wavelength of 1035 nm and emitting ~90 ps pulses at a repetition rate of 2.95 MHz,
is used as the seed, which is pre-amplified to an average power of ~600 mW. The pre-amplified
Gaussian-shaped beam s then splitinto six beamlets, which are coupled into the individual cores
of the Yb-MCF via a beam-shaper consisting of a reflective SLM (Holoeye PLUTO-2-NIR-149) and
some polarization diversity optics, which enables independent control of the amplitude, phase,
and polarization state of the seed light launched into the individual cores of the MCF. The input
beam is collimated by a lens with a focal length of 40 mm and then is divided into two beams with
orthogonal polarization states using a PBS. A half-wave plate placed in front of the PBS is used to
control the relative power ratio between the two orthogonally linearly polarized beams, and a
second half-wave plate is used to align the polarization orientations of the two beams to the SLM.
The area of the SLM is divided into two halves to display the phase masks, which split each input
beam into six independent Gaussian-shaped beamlets with controlled phase and amplitude. The
phase mask represents a multiplex of six independent blazed gratings with the grating period
determined by the relative position of the MCF cores. Another half-wave plate and a PBS are used
to recombine these orthogonally polarized beams to form six individual Gaussian-shaped
beamlets with user-defined polarization, amplitude, and phase in the Fourier plane of a focusing

lens.

The shaped input beamlets are first demagnified by a factor of 2 with a pair of lenses (focal length
of 1 m and 500 mm), and then passed through an in-house-made free-space polarization-
independent isolator with a clear aperture of 8 mm, which prevents any backward-propagating
light from damaging the SLM. The isolator consists of two birefringent beam displacers, a Faraday
rotator, and a half-wave plate, which was carefully aligned to have a negligible displacement for
beams with two orthogonal polarization components at the isolator output, thus ensuring a very

low polarization-dependent coupling loss to the MCF. A lens with a focal length of 19 mm is used
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to couple the six individual beamlets into the individual cores of the Yb-MCF. This fibre is ~1.3 m
long and was coiled with a diameter of ~7 cm on an aluminium cylinder to induce high excess
losses for the higher-order modes so that each core could effectively act as a single-mode fibre
(V number=2.89), ensuring that the output beam of each core maintains a Gaussian shape. Both
ends of the Yb-MCF were spliced to silica coreless fibre endcaps with a length of ~1.4 mm and a
diameter of ~400 pm to suppress potential parasitic lasing. The input end facet was
perpendicularly cleaved for high-quality beam excitation, while the output end facet was polished
with an angle of ~8° to suppress unwanted back-reflection. The multimode pump beam
(wavelength=975 nm) was free space coupled into the MCF through a dichroic mirror. The
insertion loss of the beam-shaper and of the isolator was characterized by means of a passive
seven-core MCF having cores arranged in a hexagonal pattern with the same core-to-core
distance (50 um). The passive MCF features an extra core in the centre, and each core has amode
field diameter of ~10 ym with an NA of ~0.12, which is slightly different from the active fibre.
Nevertheless, it can be used to assess the insertion loss of the devices. The total insertion loss of
the beam-shaper and isolator (measured from the input PM-SMF to the output facet of the
passive MCF) was measured to be ~7.6-11.6 dB with some variation between the cores, which is
mainly due to imperfect coupling conditions. It is worth mentioning that the beam-shaper was
constructed based on a specially designed compact architecture with most of the optical
components glued to the mechanics in a Mach-Zehnder interferometer configuration. The
coupling efficiency of the individual beamlets into the MCF is quite stable over periods of several

hours.
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Figure 6.3 Schematic of the experimental setup. AMP: amplifier; PM: polarization-
maintaining; SMF: single-mode fibre; PBS: polarization beam splitter; A/2: half-wave
plate; ISO: isolator; DM: dichroic mirror; MLA: microlens array; BS: beam splitter; CCD:

charge-coupled device; QWP: quarter-wave plate; QP: g-plate.

The output beam from the Yb-MCF amplifier was first magnified by a factor of 10 to achieve a
separation of ~500 pm between the neighbouring beamlets to match the lens pitch of the

microlens array (MLA). The MLA has a hexagonal arrangement with a focal length of 50 mm, and
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it collimates the individual beamlets with a beam spot diameter of ~430 pum. Note that the use of
MLA can increase the near-field filling factor of the output beamlets; hence, this significantly
improves the beam combination efficiency in a tiled-aperture configuration [41, 50]. A spherical
lens with a focal length of 200 mm was placed behind the MLA to achieve the CBC, thereby
enabling the generation of different spatial beams in the far-field. Afterward, the coherently
combined beam is collimated and magnified using a pair of lenses, with a fraction (~2%) imaged
on a CCD camera, and a replica beam from the beam splitter passed through a mode correlation
filter in order to characterize the quality of the combined beam. A g-plate in combination with two
quarter-wave plates and a linear polarizer were used to form the correlation filter for the HOPS
beam generation [46, 172]. When the collimated combined beam passes through the correlation
filter, the on-axis intensity in the far-field is proportional to the power of the beam within the target
mode. The resulting correlation signal is detected by coupling the light into an SMF and measuring
the corresponding coupled power. This information is fed back to the computer, and an iterative
optimization process (conjugate gradient algorithm [180]) is used to adjust the complex
amplitude and polarization of the seed light injected into the individual cores of the MCF via the
beam shaper (see Ref. [46] for a more detailed description). The bandwidth of the feedback loop
is 4 Hz, determined by the time required to allow the SLM to update the phase mask, to measure

the correlation signal, and to perform the associated software-based data processing.

It is worth mentioning that the coherently combined beams were stable and repeatable in the
laboratory environment. The system typically took ~10 min to achieve the target beams in the
experiments once the correlation filter is properly set and well aligned. Once the optimization
process has completed, the generated beam could be well-preserved for at least 10 min with a
fixed phase mask on the SLM. However, a certain degree of optical and mechanical drift over time
was observed, requiring manual adjustments of specific mounts to optimal optical alignment

every few tens of minutes.

6.2.4(] Characterization of the MCF amplifier

In a preliminary experiment, the Yb-MCF amplifier was first characterized without implementing
any adaptive beam shaping. Figure 6.4(a) shows the measured near-field beam intensity profile
of the MCF output with a 10x magnification. The discrepancy in the amplification of each core
results from the nonuniform pump absorption and unavoidable seed power variations, as
mentioned in the previous section. The differential gain among individual cores is between 0.84
dB and 1.46 dB at different pump powers when sequentially launching light into each core. Figure
6.4(b) displays the average output power of the MCF amplifier (measured before the MLA) as a
function of the launched pump power. A maximum output power of ~21.6 W was obtained with a

launched pump power of ~35.1 W, corresponding to a slope efficiency of ~71.8% and a gain of
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~25.6 dB. The measured spectra of the seed and the output beam at an output power of ~12.3 W
(corresponding to a pump power of ~23.3 W) are provided in Figure 6.4(c), with a resolution of 0.5
nm and 0.02 nm, respectively. The output signal has an optical signal to noise ratio (OSNR) of ~26
dB. The 3 dB bandwidth was measured to be ~0.14 nm, and it contains ~70% of the total pulse
energy, which is nearly equivalent to that of the seed laser. The FWHM pulse duration of the seed
laser was measured to be ~92 ps, and the temporal shape was preserved in the output laser
beam, as shown in Figure 6.4(d). It is worth noting that the coherent beam combination
experiments were conducted at varying MCF output powers by gradually increasing the pump
power. However, the system exhibited relatively high instability when the MCF output power
exceeded ~12.3 W. Consequently, the controlled generation of different spatial modes was

conducted at the MCF output power of ~12.3 W.
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Figure 6.4 Yb-MCF amplifier characterization. (a) Measured near-field intensity
distribution of the MCF output. (b) Average output power versus the launched pump
power. (c) Measured spectra of the seed and the amplified output at an average output
power of ~12.3 W, with a resolution of 0.5 nm (upper) and 0.02 nm (lower). (d) Temporal

pulse shapes of the seed and the amplified output at~12.3 W.
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6.3[] Controlled generation of linear-polarized modes

6.3.1_ Polarization and phase control

When the phase control is not in place, the output beam of the MCF amplifier exhibits severe
distortion in the far-field, as shown in Figure 6.5(a). A linear polarizer in combination with an SMF
forms the spatial mode correlation filter that provides the correlation signal for the merit function.
This finally results in a linearly polarized Gaussian-shaped beam within the main lobe via in-phase

CBC, as illustrated in Figure 6.5(b).

Figure 6.5 Generation of linearly polarized Gaussian beams. (a) Far-field beam profiles
without beam shaping. (b) Simulated far-field intensity distribution when all cores are
in-phase. (c), (d) Experimentally measured far-field Gaussian beam profiles at the peak

power of ~8.14 kW with orthogonal polarization states.

Figure 6.5(c) and (d) demonstrate the corresponding measured beam intensity profiles with a
seed signal of ~60 mW and a pump power of ~23.3 W. Figure 6.5(c-1), (c-2) and (d-1), (d-2) show
the intensity distributions when the output beams pass through arotatable linear polarizer, which
clearly indicates the linear polarization state. The PER was measured to be ~10 dB. The 2D
correlation coefficients [74] of the measured intensity profiles with respect to the theoretical
intensity distributions (within the area marked with dashed white lines) are ~98.4% and ~98.1%
in Figure 6.5(c) and (d), respectively. The measured beam combining efficiency was ~37.4 %
(defined as the ratio of the power contained within the mode region marked with dashed white
lines with respect to the total beam power), whereas the corresponding theoretical estimation is
~49%. The discrepancy results from the optical aberrations induced by the slight misalighment
of the composite elements in the beam-combining system [46]. The average output power behind
the wedge (see Figure 6.3) was ~5.9 W, resulting in an average output power of ~2.2 W, with a peak

power of ~8.14 kW for the combined beams (marked region). The power loss from the MCF output
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to the wedge is mainly due to reflections from the uncoated MLA and wedge as well as the slight

mismatch between the MCF output and the MLA.

6.3.2[] Generation of the LP modes

The experimental Gaussian-shape beam profiles highly resemble the simulations, indicating that
the complex amplitude and polarization of the individual beamlets can be optimized as expected.
When a phase-plate is inserted in the correlation filter, different LP mode-like beams can be
generated in the far-field. When three adjacent beamlets are in-phase and have a 1 phase
difference with the other three beamlets, a LP;,; mode-like beam can be obtained, as illustrated
in Figure 6.6(a)-(c). In the case of LP,; mode generation, only four MCF cores are seeded with light
and with specific relative phases, as shown in Figure 6.6(d). Consequently, the output beam
profile in the far-field resembles the LP,; mode, as indicated by simulation and experimental
results presented in Figure 6.6(e) and (f), respectively. The linear polarization of the generated LP
modes was confirmed with a PER measurement of ~10 dB. The 2D correlation coefficients of the
measured beam profiles in comparison with the simulated profiles are ~97.3% and ~92.0% for
the LP+1 and LP2; modes, respectively. The lower correlation of the LP2; mode is most likely due to
unwanted ASE from the two unemployed cores of the MCF amplifier, which could distort the
combined beams. The beam combining efficiencies for the LP4; and LP,; modes, defined as the
ratio of the power contained within the squared region with respect to the total beam power, were
~42% and ~48%, respectively, compared to the theoretical values of ~59% and ~75%,

respectively.

Figure 6.6 Generation of LP mode-like beams. (a) Relative phase distribution among the
beamlets for the generation of LP;; mode, and the corresponding simulated far-field
intensity distribution in (b). (d) Phase distribution among the beamlets for the generation
of LP,; mode (the dashed circle indicating unused cores), and the corresponding
simulated far-field intensity distribution in (e). (c), (f) Experimentally measured output

beam profiles in the far-field.
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6.4[] Controlled generation of higher-order Poincaré sphere modes

The generation of HOPS beams was investigated with correlation filters formed by a pair of QWPs
and a QP (charge g=1/2, 1), with specific orientations in combination with an SMF. The correlation
filter is used to convert HOPS beams to a linearly polarized Gaussian beam, with an input-to-

output relation described by [163, 172]:
Eout = Uqwr(65)Uqp(6y.€)Enops(6y,65,€) = cos 265 |H) + sin 264|V) (6.4.1)

T
Exops = €OS (Z + 9/;) exp[—i(Hy — 9/;)] exp(—i|?|@]|L))

(6.4.2)
+ sin (g +65) expli(6, — 65)] exp(il£lp|R))

where the circular polarization basis is applied and a global phase factor is discarded; Eour is the
output state of the correlation filter; Enops denotes the polarization state of the HOPS beam; Uqwe
and Uqp represent the Jones matrix of QWP and QP[172], respectively; 6z and 6, are the rotation
angles of the QWP2 (see Figure 6.3) and of the g-plate with respect to the orientation of the linear
polarizer, respectively; and ¢ is the topological charge (|¢| = 2q) with [L), |R), |H), and |V)
representing the left and right circular, horizontal and vertical polarization states. 6; and 6,
determine the position of the generated target beam on the Poincaré sphere, and any HOPS beam

can be obtained by suitably adjusting the rotation of the QWP2 and the g-plate.

6.4.10] Generation of cylindrical vector modes

Cylindrical vector beams can be obtained when the fast axis of the QWP2 is aligned with the
horizontal axis (65=0°), including the radially polarized beam (6,=0°) and the azimuthally polarized
beam (6,=90°). Figure 6.7(a) shows the calculated intensity distribution of coherently combined
beams when the polarization state of each core is aligned with radial orientation (blue arrows)
and azimuthal orientation (yellow arrows), as illustrated in Figure 6.7(b), resulting in a radially
polarized beam and an azimuthally polarized beam, respectively. Figure 6.7(c) and (d) show the
measured beam intensity profiles for the coherently combined radially polarized beam and
azimuthally polarized beam, respectively, exhibiting a pronounced doughnut shape. The
measured average output power within the white circle was ~3.1 W and ~2.7 W (measured with
an iris diaphragm at a total output power of ~5.9 W for all lobes), corresponding to a beam
combining efficiency of ~51.9% and ~46% and a peak power of ~11.4 kW and ~10 kW for the radial
and azimuthal polarization, respectively. The theoretical combining efficiency of the CV beam is
~60%; note this is higher than that of the fundamental Gaussian beam, which can be attributed

to a greater intensity overlap between the combined CV beams and the input beamlet array.
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The polarization states of the combined beams were confirmed by passing the beams through a
rotatable linear polarizer. As expected (see Figure 6.7), in the case of the radially (azimuthally)
polarized beam, a two-lobe beam pattern parallel (orthogonal) to the transmission axis of the
rotatable linear polarizer was systematically observed. The 2D correlation coefficients of the
measured intensity profiles with respect to the theoretical intensity distribution (within the area
of the doughnut-shaped beam) were ~96.1% and ~96.8% for the radially and azimuthally
polarized beams, respectively. The slight beam distortion of the doughnut-shaped intensity
profiles is most likely due to the nonuniform power distribution of the individual beamlets. The
generated CV beams have high mode purity, and the mode extinction ratio was measured to be

~14.1 dB by the vector mode decomposition approach described in Refs. [181, 182].

Figure 6.7 Generation of CV beams. (a) Simulated far-field intensity distribution when
the polarization orientation of the six beamlets are set as per the arrow directions in (b).
(c) Experimentally measured radially polarized output beam profile with a peak power of
~11.4 kW, and the two-lobe patterns when the beam is passed through a linear polarizer
at different orientations (see white arrows in c-1 to c-4). (d) Experimentally measured
azimuthally polarized beam profile (at ~10 kW) and the two-lobe patterns after passing

through the linear polarizer (d-1 to d-4).

6.4.2[] Generation of OAM beams

Subsequently, the OAM beams (|£|=1,2) with opposite handedness of helical phase front were
successfully generated. Figure 6.8(a) and (d) show the generated first-order OAM beams (|£|=1).
According to Egs.(6.4.1) and (6.4.2), a left circularly polarized OAM beam with left handedness
can be obtained when the fast axis of the QWP2 (see Figure 6.3) is rotated at -45° with respect to
the horizontal axis. The QWP1 with the fast axis rotated at -45° was used to convert this beam to
a horizontally polarized OAM beam. A right-handedness OAM beam in the vertical polarization

state can be generated with the fast axes of the QWP1 and QWP2 both rotated at 45°. The
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polarization states of the OAM beams were confirmed by passing the beams through a rotatable
linear polarizer, as shown in Figure 6.8(a-1), (a-2) and (d-1), (d-2), and the PER was measured to
be ~7 dB and ~9 dB, respectively. The helicity was also analysed by interfering the beam with a
reference spherical wavefront beam, and the characteristic spiral fringes with the opposite
rotation directions, as shown in Figure 6.8(b) and (e), indicating beams with a topological charge
of =1, respectively. Figure 6.8(c) and (f) plot the 1D intensity profiles across the beam centre
(marked with the red dashed lines in Figure 6.8(a) and (d)). The experimental 1D intensity profiles
were fitted by an incoherent superposition of the LPos mode and the OAM mode. It turns out that
the LPo; mode accounts for only ~8% of the total power in these two beams, which proves the high
modal purity of the generated OAM modes. In addition, the 2D correlation coefficients of the
measured intensity profiles with respect to the theoretical intensity distribution (Figure 6.7(a))
were ~96%. The combining efficiency of the two OAM beams was ~46% (Figure 6.8(a)) and ~48%
(Figure 6.8(d)), respectively, resulting in an output power of ~2.9 W with a peak power of ~10.7 kW

for the combined OAM beams.
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Figure 6.8 Generated OAM beams (first order). (a), (d) Experimentally measured output
beam profiles with a peak power of ~10.7 kW and the topological charge of 1,
respectively, as well as the corresponding intensity distributions after the beam was
passed through a rotatable linear polarizer (a-1,2 and d-1,2). (b), (e) Measured spiral
interference fringes for the generated OAM beams shown in (a) and (d). (c), (f) 1D
intensity profiles across the beam centre fitted with an incoherent superposition of the

LPy1 mode and the OAM mode.

Finally, the second-order OAM beams (|£|=2) are generated by setting an appropriate correlation
filter using a QP with a charge of g=1. In this case, the relative phase of the j-th beamlet is set to
be 4 (j — 1)/6, as shown in Figure 6.9(b), which corresponds to a petal-like intensity distribution
shown in Figure 6.9(a). It is worth noting that the petal-like intensity profile is due to the large

relative phase (41/6) among adjacent cores. By smoothing the relative phase with a large number
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N of cores, adoughnut-shaped beam could be formed. Figure 6.9(c) and (d) presentthe measured
intensity profiles for the orthogonally linearly polarized OAM beams generated in the far-field,
which are close to the theoretical calculation, indicating that the phases and polarizations of the
individual beamlets were well controlled. The PER was measured to be ~8 dB. Figure 6.9(e) and (f)
demonstrate the interference patterns of the combined beams with a reference spherical
wavefront beam, confirming that the beams have a helical phase front with a topological charge
of £2, respectively. The correlation coefficients of the measured intensity profiles with respect to
the theoretical intensity distribution were ~95%. The discrepancy can be attributed to the slight
power difference and residual phase shift between the individual beamlets. The average power of
the combined beams within the white circle, as shown in Figure 6.9(c) and (d), was ~3.92 W with
a peak power of ~14.4 kW, which corresponds to a combining efficiency of ~70% with respect to

a theoretical value of 78%.

Figure 6.9 Generation of OAM beams (second order). (a) Simulated far-field distribution
when the relative phase of the six beamlets is set to the value given in (b). (c), (d)
Experimentally measured beam profiles with a peak power of ~14.4 kW and the
topological charge of %2, respectively, as well as the corresponding intensity
distributions after passing through a rotatable linear polarizer. (e), (f) Measured spiral

interference fringes for the generated OAM beams shown in (c) and (d).

6.4.3(] Factors affecting coherent beam combination efficiency and beam shape

In order to understand the difference between the experimental results and theoretical
calculations, various factors affecting the quality of the coherently combined beams are
numerically analysed. First, the alignment and collimation condition in the CBC setup determine
the beam-combining efficiency. Figure 6.10(a) shows the theoretical combining efficiency of the
first-order OAM beams when each beamlet is composed of in-phase LPy; and LP+1 modes with

variable power weight w. The combining efficiency is plotted as a function of the defocus of the
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MLA (z/f-1, where z is the distance between the MLA and the beam waist in the near-field of the
MCF output, and f is the focal length of the MLA). The divergent (z/f<1) or convergent (z/f>1)
beamlets in a tiled-aperture arrangement can result in increased electric field components
having higher spatial frequencies in the far-field, leading to a reduced combining efficiency in the
centraltarget beams. The combining efficiency will decrease by ~10% when the defocus is +0.25,
and each beamletis mainly in the LPy: mode (w>0.64). The optimal beam combination is achieved
with a defocus of -0.05 to 0, resulting from the interaction of defocus and non-negligible
diffraction loss when the beam diameter of each beamlet is close to the clear aperture of the
microlens. Figure 6.10(b) illustrates the combining efficiency of the combined beams with
different MLA shifts (dx/Dmia, Where 0x is the shift of the MLA with respect to the optical axis, and

Dwmwa is the clear aperture of the MLA), showing that the efficiency decreases by ~10% with an MLA
shift of 0.2.
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Figure 6.10 Numerical analysis on the factors affecting the combining efficiency and
far-field beam shape. (a) Calculated combining efficiency of the first-order OAM as a
function of MLA defocus with different mode composition (weight w of LPos mode) of the
MCF output. (b) Combining efficiency of the combined Gaussian and OAM beams with
different MLA shifts in the CBC setup. (c) Combining efficiency of the combined beams
with different power distributions of the MCF beamlets. (d) Near-field and far-field

intensity profiles under different power distributions (A-D shown in (c)).

Second, the power distribution uniformity of the beamlets determines the spatial shape of the
combined beams. When each beamlet has a different power distribution from the others, the

OAM beams in the far-field will deviate from an ideal doughnut/petal shape, where the Gaussian-
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shaped beam can be relatively well preserved, as shown in Figure 6.10(d), respectively. The
variation of the beam-combining efficiency (defined as the power ratio within the white dashed
circle) was calculated when the relative power in the selected beamlets is different (1c: 1 beamlet
has a different power from the other five beamlets; 2c: two nonadjacent beamlets have the same
power but different from the other four beamlets; 3c: three nonadjacent beamlets have the same
power but different from the residual beamlets), as shown in Figure 6.10(c). The beam-combining
efficiency is quite stable even when the mode shape is fully distorted, and the variation in
combining efficiency is less than 10%. 5%, and 1% for the Gaussian beam, the first- and second-
order OAM beam, respectively. These analyses support the experimental observations that the
slightly distorted OAM beam shape arises from the nonuniform power distribution in the MCF
beamlets, whereas the lower combining efficiency is mainly related to the misalignment and

collimating condition in the CBC setup.

6.5[] Conclusions

In this chapter, the controllable generation of ps-pulsed HOPS beams from a coherently
combined 6-core Yb-doped MCF amplifier is demonstrated. With the SLM offering adaptive
wavefront shaping and polarization control on the seed light to the MCF amplifier, the complex
amplitude of the amplified signal can be fully controlled, enabling various spatial modes to be
obtained in the far-field. The linearly polarized Gaussian beams, LP mode-like beams, CV beams,
and linearly polarized first- and second-order OAM beams were efficiently generated with a high
mode purity. The generated HOPS beams exhibit an average output power of ~2.7-3.9 W with a
peak power of ~10-14 kW and a pulse duration of ~92 ps. The MCF architecture offers a much
simpler, more scalable, and more stable beam-shaping procedure compared with other CBC
techniques based on multiple independent fibre amplifiers. Increasing the core count would
allow for the generation of OAM beams with much higher-order topological charge. The capability
to flexibly generate various spatial modes with high peak powers should provide advantages in
many applications in optical communications, laser material processing, and biomedical
imaging. It is worth noting that the approach for generating high-peak-power structured light can
be applied to the generation of the control beam (or pump) introduced in previous chapters. The
control beam (discussed in Chapters 3 and 4) and the pump (in Chapter 5) serve as key control
parameters for achieving mode rejection, nonlinear gratings, and multiple wavelength

conversion.

Notes: The results reported in this chapter have been selectively published (see LoP7 and LoP8
in the List of Publications). LoP7 includes the main results of controlled generated of high-peak-

power structured light beams that were demonstrated in this chapter. This is a co-authored paper
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published in Photonics Research: the experiments, simulations, co-development of derivations
and code were my work; the code used to control the feedback system connecting the power
meter and SLM was developed by Joel Carpenter from The University of Queensland; the fibre
preform was provided by Yoshimichi Amma from the Fujikura Ltd.; the 6-core active fibre was
fabricated by lan. Davidson and Siyi Wang from the Optoelectronics Research Centre; this project

was supervised by Di Lin and David J. Richardson from the Optoelectronics Research Centre.
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Chapter 7/ 1 Conclusions and future work

7.10] Conclusions

In summary, this thesis investigated mode control and beam shaping in multimode and multicore
fibres by exploring multimode nonlinear dynamics in homemade coupled-core MCFs and
commercial MMFs, as well as by coherently combining the output from an MCF amplifier with

uncoupled cores.

Mode rejection and control in multimode counter-propagating systems were proposed and
investigated using several FMFs and homemade DCF and TCF. Mode rejection of a specific LP
mode (in FMFs) or supermode (in MCFs) was successfully observed in the output forward signal
when the input BCB is coupled to the same mode with comparable intense power as the forward
signal, using 0.4-1m long fibres with a total peak power of 4-16 kW for the counter-propagating
beams with 0.5ns pulses at a wavelength of 1040 nm. The factors affecting the efficiency of mode
rejection, such as launched power, fibre nonlinearity, and polarization state, were investigated.
By adjusting the input BCB launch conditions, mode control was explored, showing that the

output counter-propagating beams can be spatiotemporally controlled in an all-optical manner.

By introducing a substantial power difference between the counter-propagating beams in
multimode systems, the concept of counter-propagating nonlinear gratings was introduced.
Differently from the mode rejection effect, here, the input BCB power is significantly higher than
the forward probe beam. The BCB generates a multimode nonlinear grating, which can be
exploited to implement all-optical mode switching and core-to-core power switching. Mode
switching in FMFs and MCFs was successfully observed using 0.4m-long fibres with a BCB power
of 6-12 kW in 0.5 ns pulses at a wavelength of 1040 nm. Core-to-core power switching in DCF and
TCF was measured using 0.4m-long fibres with a BCB power of 7-10 kW. Stemmed from these
observations, several conceptual devices capable of all-optical light-by-light manipulations were
demonstrated, including all-optically tuneable mode converters, ultrafast tuneable power

splitters, combiners, and switches, as well as all-optical phase detection at terminal ends.

Wavelength and mode conversions in MCFs were investigated followingly by exploring FWM
between supermodes in coupled MCFs. Efficient FWM and supermode conversion were
successfully observed with a pump wavelength of 1040 nm in several homemade MCFs,
including DCF, TCF, 4CF, and 7CF. By selectively exciting different intermodal FWM processes in
MCFs, specific wavelength conversions and wavelength-dependent mode conversions were

demonstrated, and the phase-matching conditions between supermodes were controlled by
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adjusting the fibre design in terms of core count, core diameters, and core spacings. These
results highlight the potential of using MCFs for efficient wavelength conversion in a bespoke

wavelength range.

Finally, spatialbeam shaping in MCFs was investigated in a linear regime. Controllable generation
of ps-pulsed structured beams was successfully demonstrated using a coherently combined 6-
core Yb-doped MCF amplifier. With the SLM adaptively shaping the seed light to the MCF
amplifier, the amplified output signal was fully controlled, enabling various spatial modes to be
obtained in the far-field. The linearly polarized Gaussian beams, LP mode-like beams, CV beams,
and linearly polarized OAM beams were efficiently generated with peak powers of ~10-14 kW and

pulse durations of ~92 ps at the wavelength of 1035 nm.

By investigating mode control and beam shaping in terms of spatial, temporal, and spectral
behaviours for MMFs and MCFs, this work could lead to all-optical light manipulations that is
useful in many applications such as optical communications, data transmission, and laser

material processing.

7.2 Future work

Although remarkable outcomes have been achieved in this thesis, there still exist many research

opportunities related to topics and novel nonlinear phenomena raised here, described below:

1.[01Mode rejection and control based on feedback cavity or systems. The mode rejection and
mode control experiments demonstrated in this thesis involve the coupling into the fibres
at the opposite ends. However, the backward control beam can be replaced with a
feedback cavity or system to provide spatiotemporal control over the forward signals. This
would require specific cavity and system design, fibre couplers, or free-space coupling
solutions. Exploring mode rejection and control with feedback systems would benefit
many applications including intelligent beam shaping, efficient beam combination
solutions, and beyond.

2.[1Core-to-core power switching in MCFs leveraging different wavelengths /temporal
shapes /fibre lengths. The core-to-core power switching experiments demonstrated in
Chapter 4 involve probe beam and backward control beam in the same wavelength and
same pulse duration. It is worthy to explore the probe beam evolution when the counter-
propagating beams are different, in terms of wavelength, pulse width, and repetition rate.
Different fibre lengths can be used to obtain different temporal evolutions for the probe
especially when the probe is in the CW state. These will contribute to the many

applications requiring ultrafast mode or power switching.
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3.JMultiline, multimode optical parametric oscillator based on MCFs. The results reported
in Chapter 5 shows that Four-wave mixing in MCFs provides solutions to generate
wavelengths on demand by appropriate fibre designs with different core numbers, core
size, and core arrangement. By using MCFs as the gain fibre, a multiline and multimode
optical parametric oscillator can be built for new frequency laser generations with high

efficiency.
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Appendix ALl Mode decomposition in MCFs based on

other methods

A.1] Mode decomposition in MCFs based on off-axis holography

method

Mode decomposition in multimode fibres is a technique used to determine the relative power and
phase of each eigenmode by analysing the output beam. Off-axis holography [183] is a wavefront
measurement technique where the multimode beam interferes with a tilted reference beam.

Figure A.1 illustrates the principle of off-axis holography method, using the example of analysing

the SM; mode of 7CF.
SM; mode Reference wave
Intensity Phase Intensity Phase Interference pafttern
0 rad rad l III
o Il
|
o A
e B I
\ Il
o Il
1T rad -260 rad
Recovered lv
Intensity Phase Filtered Fourier domain Fourier domain

0 rad

-1r rad

Figure A.1 Principle of off-axis holography method, with the SM; mode of 7CF

demonstrated as an example.

Thereference beamis a plane wave at the same wavelength with a highly tilted phase distribution,
resulting in interference between the SM; mode (denoted as the target wave) and the reference

beam. The interference pattern can be expressed as,

Iint(x' )’) = [Etarget(x' Y) + Eref(xi y)][E;arget(xi )’) + E;ef(x' y)]

) ) . (A.1.1)
= |Etarget(x' }’)| + |Eref(x' Y)| + Eref(x' y)E;arget(x: }’) + Etarget(x: y)Eref(x' y)

where li: is the intensity distribution of the interference pattern, and E:ge: and E, represent the
electric fields of the target and reference waves, respectively. The first two terms in the last line
of Eq. (A.1.1) are the zero-order terms, while the last two terms are the £1-orders components,

which carry the information of the target wave. The three orders can be separated in the Fourier
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domain when the reference beam is adjusted to suitable angles, as shown in Figure A.1. By using
a bandpassfilter in the Fourier domain (see the red circle in Figure A.1), one of the £1-order terms
can be isolated, such as the -1 order term shown in Figure A.1. Since the reference wave only
contributes to shifting the target wave to different positions in the Fourier domain, the filtered -1
order term can be shifted to the centre of the Fourier domain to retrieve the information of E;arget.
Consequently, the intensity and phase of the target beam can be recovered by performing an

inverse Fourier transform on the filtered Fourier spectrum.

Off-axis holography method can be used to obtain the phase distribution of an unknown electric
field, which can be utilised for the mode decomposition of a multimode beam by projecting the
recovered target electric fields onto the eigenmodes of MMFs[183]. Recently, the off-axis
holography method has been demonstrated in MCFs[129], which can be used for mode
decomposition of MCFs. In this appendix, an experimental demonstration of off-axis holography
method using the TCF is provided. The experimental setup is illustrated in Figure A.2, where the
signal and reference beam are split from the same laser source, ensuring coherence between
them. The signal beam is selectively coupled into different supermodes of the TCF using a SLM,
while the reference beam is collimated with a beam diameter of ~7 mm. The output signal is
imaged onto the camera with a magnification of 36x using a pair of lenses with focal lengths of
13.86 mm and 500 mm. The reference beam is directed at an angle onto the camera to produce
the interference pattern. The optical path difference between the signal and reference arms is

precisely controlled by an optical delay line, ensuring clear interference fringes can be measured.

PM Optical delay line

SLM HWPT HWP | |
| |
P Reference arm I :

| |

|

Signal

BS
HWP _ Test fibre Ba
ISO
HWP =

Source

P

Figure A.2 Experimental setup implementing off-axis holography method for MCFs.

Figure A.3 displays the experimental results of the recovered electric fields of the TCF output

based on the off-axis holography method. Following the procedures outlined in Figure A.1, the
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intensity and phase of three outputs, resembling the three theoretical supermodes in the near
field (see Figure 3.23(b)), are recovered from the interference patterns. The results are shown in
the last two columns of Figure A.3., denoted as “SMg(»,1) mode-like”. The recovered phases in the
three cores closely match the theoretical phases of supermodes in the near field. Specifically, for
the SM; mode-like output, the relative phases are 3.1 rad, 0.33rad, and Orad in core1, core2, and
core3, respectively, corresponding to the theoretical values of trad, O rad, and O rad, respectively.
For the SM, mode-like output, the relative phases in core2 and core3 are 0 rad and 3.89 rad,
respectively, closely matching the theoretical mrad phase difference between them. While for the
SM; mode-like output, the relative phases in the three cores are 0 rad, 0.37 rad, and 0.75 rad, in
line with the theoretical O rad phase differences among them.

Recovered field
Interference pattern Fourier domain Intensity Phase

(a-4) T rad

core1

SM
. . . mocaie—like

core? core3

0 rad
(b-4) 4.5 rad

core1

SM
. . . moé’e-h‘ke

core?2 core3

0 rad
(C-4) T rad

core1

SM
. . e mocf;fe—like

core2 core3

0 rad

Figure A.3 Experimental results for measuring TCF outputs based on off-axis holography
method. The near-field phase information within the individual cores is calculated from
the interference pattern that is generated by the interference between a reference beam

with the fibre output.

For a specific output, the recovered intensity and phase can be used for mode decomposition to
determine the content and relative phase of different supermodes. The mode content and relative
phase can be obtained using an equation similar to EQ.(3.3.1), where Eietrieves and Eipmn are
replaced with E,.c and Esmy, respectively. Here, E,.. represents the recovered electric field obtained
from off-axis holography, and Esw represents the complex amplitude of the SM, mode of MCFs in

the near-field. Figure A.4 demonstrates two mode decomposition results using this method.
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Figure A.4(a) shows the mode content and relative phase of the three supermodes in the TCF for
the SM; mode-like output given in Figure A.3. The calculated SM; mode content is 92.2%,
confirming the dominancy of this mode. By synthesizing the supermodes using the MD results,
the synthesized intensity and phase distributions are compared with the recovered distributions
obtained via off-axis holography. Both the high 2D correlation coefficients (97.6%) and the small
differences between the synthesized and recovered distributions illustrate the validity of

implementing mode decomposition for MCFs based on the off-axis holography method.
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Figure A.4 Mode decomposition results of the TCF based on off-axis holography method.
(a), (c) Mode content and relative phase of each supermode. (b), (d) The intensity and
phase distributions synthesized by MD results (denoted as “Intensity-MD” and “Phase-
MD”) are compared with the recovered distributions obtained by off-axis holography
(denoted as “Intensity-rec” and “Phase-rec”). (a) and (b) are the results of the SM;

mode-like output, and (c) and (d) are the results of the SM1 mode-like output.

A.2[ ] Mode decomposition of MCFs based on matrix formalism method

The matrix formalism mode decomposition method is a non-iterative algorithmic method based
on intensity measurements without using reference beams. This method was initially proposed
for few-mode fibres, offering high-performance mode decomposition with a processing time of

tens of microseconds[67]. The key to this method is the creation of a transformation matrix T,
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which is used to determine the MD coefficients (mode content and relative phase) from a single
intensity profile /. Considering an image consisting of M x M pixels, the 2D intensity profile can be
written as an M? x 1 vector:

1 = ZZ GG EME ™ m=12,..,M%k,j=12,..,N. (A.2.1)
T

where Cy; are the complex modal coefficients for the k(j)-th mode, and N is the number of modes.
The complex amplitude of the k(j)-th mode is also written in the form of an M?x 1 vector, and Ey;™
isthe complex amplitude at the m-th pixel. By defining an M?x N(N+1)/2 matrix Tthat only contains
the Ex;™ terms and a N(N+1)/2 x 1 vector V that only contains the Cy; terms, Eq. (A.2.1) can be

written in the matrix form as:

I[=TV (A.2.2)
EVED .. WD 2EVED . 2EWED o 2D gD
po| EOEREPER  aEamtE PR | oo
MM MM g™ (M) 25 (™) ZE,(VAfijE,(VMZ)
V=|c,c; CyChi GG ; GG Gl ; CwCi | il ; CuCii-a]' (A.2.4)

The vector V can be solved from V=T with T' as a pseudoinverse matrix of T, and the mode

content (c«) and relative phase (6«) of the k-th mode can be determined from Eq. (A.2.4):

Ck = V(k)Jk = 1I2I IN (A'2'5)
VIN+k—-1)
0, = acos| ———|,k=12,..,N (A.2.6)
C1Ck

This method can be applied for mode decomposition of MCFs by substituting the complex
amplitude of supermodes for specific MCFs into Eq. (A.2.3). It is worth noting that mode
decomposition for MCFs based on intensity measurements is preferably implemented in the far-
field, as illustrated in Figure 3.27. A simulation result for a multimode output from the 7CF is
demonstrated in Figure A.5(b-1)-(b-4) using this method, labelled as “Ref[66]”. However, the
calculated mode content and phase exhibit significant deviations from the set values, and the
reconstructed intensity and phase profiles differ from the target profiles, as shown in Figure A.5(a-
1) and (a-2). This discrepancy arises because the terms E,;™ in Eq. (A.2.1) are complex numbers
for the supermodes in the far-field. Consequently, E/™E;™ differs from E/™E,™, which is the
approximation used in Eq. (A.2.3) when rewriting Eqg. (A.2.1) into the form of Eq. (A.2.2). Therefore,
Egs. (A.2.3) and (A.2.4) need to be modified for mode decomposition of MCFs in the far-field. The

new transformation matrix Trew is an M? x N?> matrix and the new vector V.. is an N?x 1 vector:
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@) (2) () () (2) () (2) () () () (2) %(2)
., =| EE ---E1 E;, EPE; ---E2 E;, EPE; ---EN E; (A2.7)
lE(MZ)E*(MZ) E(MZ)E*(MZ) ZE(MZ)E*(MZ) ZE(MZ)E*(MZ) . ZE(l)E*(l) ZE(l)E*(l)J
Vaew = [C1CT - CiCy  CoCi - CoCy -+ CyCi - CyCR]" (A.2.8)

Similarly, the vector V., can be solved from V,e,=Then 'l With T,e' as a pseudoinverse matrix of
Trew, and the mode content (c«) and relative phase (6) of the k-th mode can be determined from

Eq. (A.2.8):

Cr = \/Vnew(N(k - 1) + k),k =12,..,N (A.2.9)

Vnew(k) + Vnew(N(k - 1) + 1)
2cq¢y,

8, = acos Jk=12,...,N (A.2.10)

For the same target intensity profile, Egs. (A.2.9) and (A.2.10) yield lossless mode decomposition

results, as illustrated in Figure A.5(c-1) and (c-2).
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Figure A.5 Mode decomposition of MCFs based on the matrix formalism method,
demonstrated with the simulation of 7CF. (a-1), (a-2) Target intensity and phase of the
multimode state formed by the combination of seven supermodes with the mode
content and phase illustrated with blue bars (see ‘set’) in (b-1) and (b-2). (b-3),(b-4)
Reconstructed intensity and phase based on the method proposed in Ref[67], with the
calculated mode content and phase plotted in red bars in (b-1) and (b-2). (c-1)-(c-4)
Mode decomposition results and the reconstructed intensity and phase based the

matrix formalism method introduced in this thesis.

This matrix formalism method can achieve high accuracy mode decomposition for MCFs. It is
necessary to assess the impact of intensity noise on this method. Figure A.6 presents simulation

results for mode decomposition of four different MCFs used in this thesis, including the DCF, TCF,
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4CF, and 7CF. In each simulation depicted in Figure A.6, the target intensity profile is generated
by combining all supermodes with random mode contents and relative phases specific to each
MCF. Uniformly distributed random intensity noise, characterized by a signal-to-noise ratio (SNR)
ranging from 10 dB to 30 dB, is added to the target intensity profile. Figure A.6 illustrates how

varying levels of intensity noise affect the accuracy of mode decomposition of these MCFs.

Mode decomposition error analyses, ref[66]
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Figure A.6 Analyses of the impact of intensity noise on the mode decomposition
accuracy for different MCFs, with comparisons between the method in Ref[67] and the
method in this thesis. (a), (d) Mode content error versus SNR. (b), (e) Mode phase error

versus SNR. (c), (f) Correlation coefficient versus SNR.

In Figure A.6(a) and (d), the mode content error at specific SNR values is determined by averaging
the differences between the calculated mode contents and the set values across 10 simulation
instances for different supermodes. Correspondingly, Figure A.6(b) and (e) shows the mode
phase error at various SNR values, and Figure A.6(c) and (f) displays the correlation coefficients
between the reconstructed intensity profile (using MD results) and the target intensity profile at
different SNR values. Figure A.6(a)-(c) present results obtained using Eqgs. (A.2.3)-(A.2.6) (Ref[67]),
while Figure A.6(d)-(f) correspond to results obtained from Egs. (A.2.7)-(A.2.10) (this thesis). The
simulation results illustrate the following: by using the modified matrix formalism method, the
mode content error is less than 0.05 for the DCF and TCF when the SNR of the measured intensity
profile is higher than 10 dB; the mode content error can be controlled below 0.05 for the 4CF and
7CF when SNR is higher than 21 dB and 27 dB, respectively; the mode phase error can be
controlled to less than 0.2 rad for the DCF, TCF, and 4CF when SNR is higher than 10 dB, 13 dB,
and 24 dB, respectively; the correlation coefficients are higher than 90% for the DCF, TCF, and

4CF when SNR is higher than 10 dB, 11 dB, and 21 dB, respectively. These findings demonstrate
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that the modified matrix formalism method could provide robust mode decomposition results for

various MCFs under different levels of intensity noise.

A.3[] Details of Comsol simulations for the fibres used in this thesis

The fibres used in this thesis were simulated using Comsol Multiphysics software. The
“Electromagnetic Waves, Frequency Domain (emw)” physics model and the “Mode Analysis”
study were employed to model various fibres, including PM1550-xp, PMHN1, PM2000, SMF28,
and MCFs with core numbersranging from 2to 7. The fibre geometry consists of core and cladding,
with additional stress rods included for the panda type PM-fibres (PM1550-xp and PM2000). The
refractive index of the cladding was defined from the Sellmeier equation (see Eq.(2.2.1)), while
the refractive index of the stress rods was based on measured refractive index profiles (see
Section 3.3.2 for details). For the fibre core, the refractive index of PM-fibres was determined
through interpolation of measured index profiles around the core region, whereas MCFs were

simulated using a step-index configuration.
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Figure A.7 Comsol modelling of PM1550-xp fibre and DCF. (a) Cross section of the
PM1550-xp fibre showing core, stress rod, and cladding. (b) Refractive index of the
PM1550 xp fibre along the fast (green dashed line) and slow (blue solid line) axes. (c)

Cross section of the DCF. (d) Refractive index of the DCF along the slow axis.

The modelling details for these fibres are similar; thus, examples of the PM1550-xp fibre and DCF
are provided for reference. Scattering Boundary Conditions were applied at the perimeter of the
cladding, and free triangular meshes with a predefined extra fine size were used to ensure the

accuracy and stability of the simulations. It is worth noting that, to account for fabrication errors,
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the shape of the fibre cores was defined as an ellipse with a diameter ratio of 1.01 along two

orthogonal axes.

When calculating the dispersion coefficients for these fibres (see Table 3.1 for PM1550-xp, Table
3.2 for PMHNT1, Table 3.3 for PM2000, Table 3.5 for SMF28, and Table 3.7 for DCF and TCF), the
“Parametric Sweep” function was used to perform a frequency sweep. The sweep step was set
t0 0.1 THz, corresponding to a wavelength step of ~0.4 nm around a 1 pm wavelength. Followingly
the frequency sweep, the propagation constants for all supported spatial modes at different
frequencies were evaluated. The finite difference approximation was then applied to estimate the

derivatives of the propagation constant for various spatial modes at consecutive frequency steps.
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