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Monolithic Fiber Lasers Combining Active PCF

With Bragg Gratings in Conventional
Single-Mode Fibers

Clémence Jollivet, Julie Guer, Peter Hofmann, and Axel Schiilzgen

Abstract—Novel monolithic fiber laser architectures utilizing
large mode area (LMA) photonic crystal fiber (PCF) and fiber
Bragg gratings (FBG) in conventional single-mode fibers (SMF)
are presented. The main challenge is to address high cavity losses
arising from the intrinsic 18-fold mode-field mismatch between
the SMF and the active LMA PCF. Employing an all-fiber, ro-
bust and reproducible mode-field matching approach based on
graded-index multimode fibers, we numerically and experimen-
tally demonstrate that the SMF-to-LMA PCF coupling can be
more than three-fold improved. This MFA approach is further
implemented in monolithic fiber laser cavities combining FBGs in
SMF and active LMA PCF. We demonstrate that cavity losses can
be significantly mitigated when using appropriate MFAs resulting
in a substantial increase of the laser output performances.

Index Terms—Optical fiber devices, optical fiber lasers.

1. INTRODUCTION

URING the past decade, many applications have benefit-
D ted from the development of novel designs of specialty
fibers. In particular, increased performances of fiber lasers in
terms of power and energy scaling have been reported [1],
[2], first employing large-mode area (LMA) step-index fibers
(SIF) [3] and later using LMA photonic crystal fibers (PCF) [4].
In the meantime, the number and diversity of fiber-based op-
tical devices commercially available keep increasing, offering
many design possibilities for all-fiber laser cavities. Monolithic
fiber lasers present several advantages over systems based on
free space elements: they are more compact, alignment-free,
and most importantly stable laser emission is therefore easier
to achieve. To date, several LMA SIF-based high power laser
systems presenting monolithic architectures have been demon-
strated [5], [6]. However, LMA PCF-based laser and amplifier
systems typically employ several free space sections, occupying
large footprints and requiring complex and sensitive alignment
procedures which strongly influence the laser output stability,
performances and handling [7]-[9].
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The monolithic integration of LMA PCFs is attractive and
yet challenging due to the poor compatibility with single-mode
fiber (SMF) -based components. First of all, the complex nature
of the inner structure of PCFs requires highly controlled splicing
procedures to achieve low-loss SMF-PCF splices. Thus, detri-
mental effects such as air-holes collapsing, stress formation at
the splice and misalignment need to be mitigated. In the case
where the SMF and the PCF present similar mode-field diam-
eters (MFD), successful splices have been realized using con-
trolled fusion splicing techniques [10]-[13] and COj lasers [14].
Efficient light transmission with splice losses between ~0.5 up
to ~2 dB/splice has been measured. On the other hand, PCF
core dimensions, in particular LMA designs, differ from typical
SMF. As a result of the mode-field mismatch, the PCF-to-SMF
coupling exhibits substantial losses. At a specific wavelength
where both LMA PCF and SMF operate single-mode, the trans-
mission can be calculated [15]:

2,12
dwiws

T: 72
(W} +wi)

ey

with w; and ws the two modal-field radii of the optical fibers.
Coupling between small PCF and SMF has been demonstrated
using mode-field matching techniques involving tapering [16],
[17] and pressure-assisted splicing [18]. In addition, a few mode-
field matching techniques have been reported between large
PCF-to-SMF. One of them involved a GRIN fiber lens sur-
rounded by two coreless fiber segments to reproduce the typical
scheme of free-space imaging [19]. However, this approach is
limited to passive PCFs with a maximum PCF-to-SMF mode-
field- mismatch on the order of four. Furthermore, thermal ex-
pansion of cores is a method commonly employed in industry
to efficiently couple pump light from multi-mode SIF into dou-
ble cladding LMA PCF-based high power fiber amplifiers [20].
This method follows several highly controlled steps and re-
quires a rather heavy and expensive piece of equipment. Thus,
mode-matching methods involve highly controlled multi-steps
procedures where the inner structure and size of the PCF are
permanently modified. In addition, the guiding properties of
light in the fiber core are changed according to the overall fiber
deformation which can substantially influence the output per-
formances of the system.

In order to assemble a monolithic LMA PCF-based laser
cavity, one could directly inscribe fiber Bragg gratings (FBG)
in the active PCF [21]. However, this technique has not been
employed with LMA PCF to date and efficiently coupling the
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Fig. 1. Schematic representation of a typical all-fiber mode-field adapter
(MFA) device using a graded-index multimode fiber (GIMF). The case of mode-
field matching between SMF-to-LMA PCF is illustrated. The self-reproduction
length (SRL) is indicated by the arrow.

generated laser emission with conventional fiber-based compo-
nents remains and entire challenge.

Here, we employ a recently demonstrated non-destructive,
all-fiber, mode-field matching approach [22], [23]. We demon-
strate that the initial eighteen-fold core mode-field mismatch
between a LMA PCF and a conventional SMF can be greatly
reduced leading to a significant improvement of light trans-
mission. As a result, we demonstrate monolithic fiber lasers
employing all-fiber MFAs to combine an active LMA PCF and
conventional FBGs in SMF.

II. ALL-FIBER MODE-FIELD ADAPTERS

The mode-field matching approach is based on multimode
interference (MMI) in graded-index multi-mode fibers (GIMF)
[22], [23]. All-fiber MFA devices use a selected piece of graded
index multi-mode fiber (GIMF) spliced to two mode mis-
matched fibers. As an example, a SMF-to-PCF MFA device
is schematically represented in Fig. 1. The periodic intensity
pattern illustrated in the GIMF section (see Fig. 1) represents
the MMI during light propagation in the core of the GIMF.
Compared to other multi-mode fibers, GIMFs offer the particu-
larity of guiding multiple transverse modes with evenly spaced
effective indices.

The resulting MM is periodic. At the self-reproduction length
(SRL), labeled Lgry, and highlighted in Fig. 1, all guided modes
constructively interfere and the input field is reproduced. At half
the SRL, guided modes destructively interfere and the GIMF
acts like a beam expander [22].

Thus, by adjusting the GIMF length and the light wavelength,
a wide range of modal-field can be matched. The performances
of these all-fiber MFA devices have been experimentally inves-
tigated as function of wavelength and temperature [23]. It has
been demonstrated that mode-field matching can be achieved
across large bandwidth (hundreds of nm) when using short-
length devices. Such MFAs are also temperature-independent
below 100 °C which make them particularly attractive to mode-
match LMA PCF and SMFE.

III. NUMERICAL APPROACH

Our fiber laser experiments utilize a double-clad Yb-doped
LMA PCF presenting a 30 pm MFD at 1064 nm, 40 pm core
in diameter (~0.07 NA) and a 200 pzm pump cladding diameter
(NA > 0.5). This fiber, commercial product by NKTphotonics,
has already been implemented in free-space based laser and
amplifier systems.
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Fig. 2. Numerical simulation of the transmission as function of GIMF length.
Three chains employing three different GIMFs are investigated. The red, blue,
and black markers refer to laser chains characterized in Fig. 9.

The conventional SMF (SM980 from Fibercore with 5.8 ym
core diameter and ~0.12 NA) containing the FBGs has a single-
mode cutoff at approximately 980 nm wavelength and an MFD
of 6.3 yum at 1064 nm wavelength. As a result, the LMA PCF and
SMF present an intrinsic eighteen-fold mode-field mismatch.
According to (1), when light is directly coupled from the SMF
into the LMA PCEF, the corresponding transmission is predicted
around ~23% due to the mode-field mismatch.

In this section, we present results from numerical simulations
that have been performed using Fimmwave, a commercial soft-
ware package (by PhotonDesign). Several GIMF-based MFAs
configurations are investigated to mitigate the coupling losses
between the SMF and the LMA PCF. Light transmission at
1064 nm wavelength through the fiber chain SMF-GIMF-PCF
presented in Fig. 1 has been calculated as a function of the
length of the GIMF segment. Results are plotted in Fig. 2. The
performances of three commercially available GIMFs with core
diameters of 50 ym, 62.5 pum and 100 pm, labeled GIMF50,
GIMF62.5 and GIMF100 respectively, have been investigated.
According to Fig. 2, a significant improvement in the trans-
mission can be achieved employing a segment of GIMF50 of
length Lypa = 250 pm between the SMF and the LMA PCF.
In this case, the transmission increases from 23% up to 95.8%
due to the improved mode overlap. It is important to mention
that the GIMF design could be tailored to achieve perfect mode-
matching with 100% transmission between the SMF and the
PCF. However, several additional steps including fiber fabri-
cation would be required which is beyond the scope of the
presented investigation.

Furthermore, a complete monolithic fiber laser cavity consists
of a second feedback element located at the output end of the
PCF. In Fig. 3, generic monolithic fiber chains are numerically
represented. Light transmission through two complete fiber laser
chains SMF-PCF-SMF, without (top) and with (bottom) MFA
devices has been modeled and intensity results are shown in
Fig. 3. The initial poor transmission of 1064 nm light wavelength
arising from the mode-field mismatch (only 5.5% corresponding
to 12.5 dB loss) is significantly improved to 92% (corresponding



JOLLIVET et al.: MONOLITHIC FIBER LASERS COMBINING ACTIVE PCF WITH BRAGG GRATINGS

T=55%

GIMF50

ISMF

T=91%

Fig. 3. Numerical simulation of 1064 nm light wavelength propagating
through two fiber laser chains SMF-PCF-SMF without (top) and with (bottom)
MFAs.

to 0.4 dB loss) after mode-field matching utilizing two identical
MFA segments of GIMF50 with LMFA = 250 pum (see bottom
Fig. 3).

IV. EXPERIMENTAL DEMONSTRATION

The two fiber chains presented in Fig. 3 have been fabricated
and light transmission has been experimentally measured. Re-
sults can be later directly compared to numerical predictions.
An easy, robust and reproducible fiber chain assembly proce-
dure has been elaborated and individual steps are presented.
The procedure is initiated by fusion splicing a piece of SMF to
a piece of GIMF using a conventional arc-based splicer (FSU
995 by Ericsson). Then, a precise micrometric cleaving of a
GIMF segment of length Ly ra is achieved using a fiber cleaver
(FK 11 by PK Technology) fixed on a translation stage with mi-
crometer steps increments and imaged with a 20x microscope
objective. After imaging the splicing point between the SMF
and the GIMF, the diamond blade is translated by Lyirpa and
the GIMF is cleaved with a length accuracy of +£5 pm. The
final step is to fusion splice the SMF-GIMF chain with the ac-
tive LMA PCF. To simplify the splicing procedure, the PCF
outer diameter (OD) has been chemically etched down from
440 pm to 240 pm, reducing the initial difference with the SMF
(125 pm OD). A filament-based splicing system (GPX-3000,
Vytran) with active control of the splicing parameters has been
used to achieve mechanically strong splices while maintaining
the air-hole structure of the PCF cladding. A microscope image
of a chain SMF-GIMF-PCF fabricated following this procedure
is shown in Fig. 4(a).

To measure the transmission through the two fabricated
chains, a superluminescent diode, emitting 60 nm around
1050 nm, is used as the light source and is coupled into the
core of one of the SMF. The transmission is measured by in-
serting the second SMF in an optical spectrum analyzer (OSA).
The results are plotted in Fig. 4(b), comparing the transmis-
sion through a direct SMF-to-PCF coupling chain (black) with
the chain employing two GIMF50 (Lyipa = 250 pm) MFAs
(red). We measured an overall transmission improvement of
more than one order of magnitude when using an appropriate
MFA. In particular, losses are reduced from —20 dB to —8 dB
at 1064 nm which is close to the simulation results presented
in Fig. 3 (predicting a coupling loss reduction from 12.5 dB to
0.4 dB). Thus, we experimentally demonstrated the significant
increase in transmission when employing appropriate MFAs.

In both chains, the remaining ~10 dB losses are attributed to
splicing losses between the SIF and the PCF as it has been par-
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Fig. 4. (a) Microscope image of a monolithic fiber chain comprising two
MFAs (GIMF 50 with Lyjpa = 250 pm). The splicing points between the
SMF the GIMF are indicated with red arrows. (b) Light transmission measured
through two fiber chains without (black) and with MFAs (red).
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Fig. 5. Schematic of the monolithic fiber laser cavity including a 99% HR
fiber Bragg grating and ~4% reflective output coupler.

ticularly challenging to achieve reliable good quality cleaving of
the PCF facet. However, splice loss <2 dB between SIF and PCF
can be achieved using highly controllable equipment [10]-[13].
In the next section, monolithic fiber laser chains employing all-
fiber MFA are presented and characterized.

V. MONOLITHIC FIBER LASERS

Two configurations of monolithic fiber lasers have been as-
sembled. The first monolithic laser is illustrated in Fig. 5. A
974 nm wavelength multimode laser diode (MMLD) fiber cou-
pled to a step-index multi-mode fiber (SIMF) with 105 pm core
and 125 pum cladding diameter is used as the pump source. The
SIMF is fusion spliced to the SMF in which a high reflector
(HR) FBG has been inscribed to reflect 99% of the 1064 nm
light across 14 nm FWHM bandwidth (purchased from O/E
land). The FBG SMF segment is uncoated and the length is kept
under 2 cm to prevent high pump scattering. The PCF cladding
absorption has been measured around ~15 dB/m at 974 nm
pump wavelength.

Thus, the length of active PCF used in the cavity for effi-
cient pump absorption is ~1.1 m. The monolithic laser cavity
is terminated by the flat cleaved output facet of the active PCF
providing ~4% feedback. Two chains have been fabricated, one
including a MFA section (Lyipa = 250 £ 5 pm of GIMF50)
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Fig. 6. Measured emission spectrum above lasing threshold through two

monolithic fiber cavities with (black) and without (grey) MFA between the
HR FBR and the LMA PCE.

between the FGB SMF and the PCF and one directly coupling
the FBG SMF to the PCF. In both cases, the SMF-to-PCF spliced
sections have been packaged using microscope slides to ensure
mechanical strength and stability as well as low pump scattering
loss along the ~2 cm long SMF-GIMF section.

For both laser cavities, the emission spectrum has been mea-
sured above threshold with an OSA and results are presented in
Fig. 6. While increasing the pumping level, the chain SMF(HR
FBG)-PCEF, presented in grey in Fig. 6, emits a free-running laser
line centered at 1030 nm, corresponding to the wavelength of
maximum gain for the Yb-ions. In this configuration, the laser
emission arises from parasitic reflections at the SMF-to-PCF
interface which has been previously characterized with consid-
erable losses (see Fig. 4). This laser cavity has a threshold of
~5 W and a slope efficiency of 47%.

In comparison, when pumping the chain including a MFA
above threshold, a laser line centered at 1058 nm with ~30 dB
signal-to-background ratio is recorded (black line in Fig. 6). This
laser emission is generated from the cavity formed between the
HR FBG (indicated in Fig. 6) and the 4% reflection at the PCF
output. In this case, the output power has been measured as
function of launched pump power. Results are plotted in Fig. 7
showing 60% of laser slope efficiency. The maximum output
power of ~8 W was limited by the available pump power and
by the high SIF-to-PCF splicing losses. The laser emission is
stable over time. However, the laser line-width can be controlled
employing spectrally narrow FBG.

A second monolithic fiber laser configuration is studied. Fig. 8
displays a schematic representation of the cavity, presenting a
similar system to Fig. 5 with the addition of a low reflector
(LR) FBG (30% reflective at 1063.7 nm with 0.2 nm FWHM
bandwidth) written in SMF. The narrow line-width LR FBG
is spliced to the output facet of the PCF to improve the laser
stability over time and ensure a narrow-line laser emission. The
output power has been measured for three fiber laser cavities
characterized by different SMF-to-PCF coupling configurations.
Results are plotted in Fig. 9. The first monolithic fiber laser chain
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1058 nm lasing wavelength emitted by the mode-field matched laser cavity.
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Fig. 8. Schematic of the second monolithic fiber laser cavity including two
FBGs in SMF spectrally overlapping. The laser emission line-width is controlled
using a narrow bandwidth LR FBG at the fiber laser output.
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Fig. 9. Measured laser output power as launched pump power varies for three

fiber laser chains: direct coupling (black), using 205 pm long MFAs pair (blue)
and 250 pm long MFAs pair (red). The corresponding laser emission spectrum
is depicted in insert.

(see black circles in Fig. 9) is assembled according to Fig. 8.
However, no MFA device has been inserted at the SMF-to-PCF
coupling sections.

In such a case, high cavity losses prevent any laser emission
even at high pumping levels. A second fiber chain compris-
ing two identical but non-optimized MFAs (Lypa = 200 pm
of GIMF50) operates with low slope efficiency while pumping
with the MMLD [blue in Fig. 5(b)]. According to our simulation
(see Fig. 2), cavity losses remain high with a maximum chain
transmission predicted around 56%. In comparison, a third a last
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fiber chain has been assembled including two optimized MFAs
segments of Lypa = 250 pm of GIMF50. As the pump level in-
creases, laser emission has been characterized performing with
higher slope efficiency and output power compared to mode-
mismatched laser cavities. The corresponding output spectrum
is plotted in the insert of Fig. 9. We demonstrate that cavity losses
arising from initial mode mismatch can be mitigated when em-
ploying two optimized MFAs. As a result, stable and narrow
line-width laser emission has been measured at 1063.7 nm ini-
tiated by the LR FBG (200 pm FWHM bandwidth). In this
configuration, the laser operates away from the gain maximum
at 1030 nm, which limits the obtainable slope efficiency and
output power. In addition, laser output performances could be
further improved by reducing the remaining cavity losses, in
particular through better engineering of the cleaving process.

VI. CONCLUSION

Here, we demonstrate monolithic fiber lasers employing all-
fiber MFAs to combine an active LMA PCF and conventional
FBGs in SMF. The proposed all-fiber MFA approach enables
to mitigate coupling losses between two fibers (SMF and LMA
PCF) presenting an initial 18-fold mode-field mismatch. We
experimentally prove that the transmission through a mono-
lithic mode-matched SMF-PCF-SMF chain can be improved by
more than 10 dB. As a result, assembled monolithic fiber lasers
using MFAs outperformed lasers with direct SMF-to-PCF cou-
pling, opening the route towards the monolithic integration of
LMA PCFs. It is worth emphasizing that the proposed mode-
field matching method has been implemented employing only
commercially available fibers and standard fiber fusion splicing
equipment. It should be noted that cavity losses can be fur-
ther mitigated by reducing the intra-cavity splicing losses. We
believe that this MFA approach can significantly contribute to
the future development of monolithic fiber laser and amplifier
systems using specialty fiber designs.
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