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Abstract We report on high power amplification of

femtosecond pulses in 40-µm core diameter Yb-doped

photonic bandgap Bragg fibers. The robustness to bend-

ing and transverse spatial behavior of these fibers is

analyzed through simulations. The fibers are used in

both stages of a moderately stretched (150 ps) femtosec-

ond chirped pulsed amplification (CPA) system. A com-

pressed average power of 6.3 W is obtained using a low-

index polymer-coated Bragg fiber with excellent beam

quality and high efficiency, in agreement with numeri-

cal simulations. The use of an air-clad Bragg fiber al-

lows us to scale the output power to 47 W at a repeti-

tion rate of 35 MHz. This experiment demonstrates the

great potential of Bragg fibers to increase the mode area

and the power of practical bending-tolerant femtosecond

fiber systems.

1 Introduction

The use of ytterbium-doped fibers to amplify femtosec-

ond pulses is now widely recognized as an alternative so-

lution to bulk systems, especially for high-average power

systems [1]. Indeed, for fibers a few meters in length, the

high surface-to-volume ratio induces an excellent ther-

mal handling capability, allowing the generation of high

average power radiation at high repetition rates. More-

over, the spectral gain of ytterbium ions in silica glass

is wide enough (40 nm) to produce pulses a few hun-

dred femtoseconds in duration [2]. Finally, if the fiber is
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2 Louis Daniault et al.

operated in conditions such that only one single trans-

verse mode is efficiently amplified, the spatial profile of

the amplified beam can be diffraction-limited. However,

the high electric field associated with the long laser-

matter interaction length leads to strong third-order op-

tical nonlinearities. Therefore, in a fiber amplifier, the

temporal and spectral shapes can be strongly deterio-

rated in an irreversible manner. The most common tech-

niques to reduce the level of nonlinear effects consist in

spreading the optical intensity both in time, using the

Chirped-Pulse Amplification (CPA) technique [3], and

in space, using Large Mode Area (LMA) fibers.

For structures guiding by means of the total inter-

nal reflection mechanism, increasing the core size, other

things being equal, makes the fiber multimode. This ef-

fect can be overcome by finely tuning the index con-

trast between the core and the cladding, for example us-

ing the microstructured fiber technology [4]. Using this

technique, fibers with core of several tens of microns in

diameter were produced. These fibers are however very

weakly guiding structures, and are therefore very sensi-

tive to bending-induced loss and beam distortion, hence

the concept of rod-type fiber, that has led to core diam-

eters as large as 100 µm [5]. The presence of air holes

in these fibers induces practical handling difficulties for

splicing, cleaving, preparing fiber facets, etc.

All-silica two-dimensional photonic bandgap fibers

[6], that can be doped with rare-earth ions, have been

used recently for intra-cavity distributed spectral filter-

ing. The inherent spectral filtering capabilities have al-

lowed efficient amplification from an Yb-doped PBGF

at either 980-nm [7] or 1180-nm [8].

As an alternative we have recently proposed the all-

solid photonic bandgap Bragg fiber (BF) design [9]. Due

to its different waveguiding mechanism, this type of fiber

offers a very flexible geometry for designing waveguide

structures with properties such as LMA [9,10], polariza-

tion maintaining [11], and low bending sensitivity [12].

Although preliminary results using modest (20 µm) core

diameter Yb-doped fibers have shown that the photonic

bandgap architecture can be advantageously used in single-

pass amplifiers [13], singlemode amplification in few me-

ter long pieces of very large core fibers is still to be

demonstrated. Very recently, the selective doping of the

core has proved very efficient in designing large-core sin-

glemode fiber oscillators [14,15]. In [14], a 40-µm core

diameter Yb-doped BF has been designed, fabricated

and operated singlemode in the continuous wave (cw)

oscillation regime. In the context of femtosecond pulse

amplifiers, Bragg fibers can also be engineered to obtain

dispersion profiles that are not dominated by the ma-

terial, and adjustable wavelenth guiding range, which

might prove useful to optimize amplifier architecture or

suppress stimulated Raman scattering.

In the present communication, we report on nearly-

diffraction limited operation of 40 µm-core Bragg fibers

in a femtosecond chirped pulse amplification laser sys-

tem, allowing the generation of 47 W average power 500
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High power femtosecond chirped pulse amplification in large mode area photonic bandgap Bragg fibers 3

fs pulses at a repetition rate of 35 MHz. The optical-

to-optical efficiency, beam spatial quality, and nonlin-

earity level in our experiments are in good agreement

with expected performances given the core size and al-

ready comparable with current state-of-the-art total in-

ternal reflection-based fibers. This is to our knowledge

the first report of a high power fs system based on pho-

tonic bandgap active fiber, and demonstrates the great

potential of this technology for further energy scaling.

2 Numerical modelling of amplification in the

actual fiber

Single-mode emission is an issue for very high power

fiber lasers. Modeling the transverse spatial behavior of

the Bragg fiber amplifier used in the CPA experiment is

therefore important. For Bragg fiber amplifiers, such a

modeling is not straightforward. On the one hand, Bragg

fibers are known to be asymptotically single-mode, i.e.

several modes can be excited and propagated over the

fiber length but theses modes exhibit highly different

confinement losses. Considering passive, single cladding

Bragg fibers, if the fiber is long enough, the emitted

beam can reach the criterion for being singlemode. Fol-

lowing the standard definition for singlemodedness, a

fiber is said singlemode when one mode (usually the fun-

damental) carries more than 97.75% of the total propa-

gated power [16]. On the other hand, in all double-clad

fibers, this criterion cannot be easily applied for model-

ing as the mode electric field which is not well confined

into the core is guided into the pump core and confine-

ment loss are usually calculated to be almost zero. For

this reason, modeling and qualifying the emitted beam

implies to perform a full modeling of the whole ampli-

fier taking into account the actual fiber refractive index

profile, the actual pump scheme, the amplifier architec-

ture and 3D-spatial distribution of gain. Indeed, for ac-

tive LMA fibers, longitudinal and transverse gain distri-

bution plays a role in the modal competition. For this

reason, we first calculate the electric field distribution

(and intensity) for all signal modes using the finite el-

ement method and the actual refractive index profile.

Then, the modal competition behavior in amplifier can

be accurately predicted taking into account all the pa-

rameters [17]. As Bragg fibers are known to be robust to

bending, we paid in this section a particular attention to

the impact of bending radius on the beam quality. The

measured refractive index of the photonic bandgap fiber

is shown in fig.1.

It is composed of a low-n core, approximately 40-

µm in diameter (D), surrounded by an alternation of

high-n and low-n layers acting like a cylindrical Bragg

mirror. The core is heavily doped with Yb3+ ions in its

very center (the doped diameter is Dd = 16.6 µm). The

Bragg fiber is coated in either a low-n polymer or an

air-clad (referred to as the polymer-clad (PCBF) or air-

clad (ACBF) Bragg fibers in the following), yielding a

pump waveguide numerical aperture of 0.4. The PCBF

(ACBF) has 40/125 (40/160) µm core/clad diameters.
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4 Louis Daniault et al.

For the PCBF, the small signal absorption of the core at

the pump wavelength (977 nm) is approximately equal

to 350 dB/m, corresponding to a cladding absorption

of 5 dB/m. The mode field diameter (MFD) at 1/e2 in

intensity is 26 µm. Not only the selective doping asso-

ciated with the photonic bandgap guidance allows for

singlemode operation in the straight fiber CW oscillator

but also the bent fiber has proved singlemode down to a

tight curvature radius Rb = 5 cm [11]. For Yb3+ ions in a

silica matrix, the fluorescence lifetime is approximately

equal to τ = 1 ms. Consequently, the time dependency

of the population inversion can be neglected for a repe-

tition rate f ≥ 10
τ , i.e. f ≥10 kHz. In our experiments,

the CPA will be operated at f ≥ 100 kHz so that the

calculations can be carried out in the continuous wave

regime. Then, we assumed a Gaussian excitation, paral-

lel to the axis of the fiber, with a certain MFD smaller

than the core diameter (40 µm) and carrying an incident

signal power P0. The launching efficiency in each mode,

defined as the ratio of the power in each fiber mode Pj

to P0, has been computed [18] and shown in Fig. 2 for

several configurations (from left to right: straight fiber,

Rb = 13 cm and Rb = 6.6 cm).

Regardless of the configuration, the launching effi-

ciency in the LP01 mode is favored above higher-order

modes. The LP01 launching efficiency peaks for an MFD

of approximately 20 µm. This value differs from the LP01

MFD (26 µm) due to the fact that the Bragg fibre mode

is Bessel-like instead of Gaussian-like. Moreover, for the

straight fiber the launching efficiency in even high-order

modes is significant only for very small input MFDs of

approximately 8 µm. On the contrary for a tighter bend

radius Rb ≤ 10 cm, the non-axisymmetric LP11 mode

can be excited. This is due to the fact that the field distri-

bution of the LP11 mode is dramatically distorted due to

the curvature, thereby leading to a non-zero overlap be-

tween this mode and the input Gaussian-like one. In our

first low-power experiment, the input signal beam MFD

was characterized by MFD = 20 µm and P0 = 190 mW

while the pump power was fixed to 22 W. Taking into ac-

count these experimental conditions, the rate equations

have been solved in order to determine the output modal

population [19,17]. Numerical results have been plotted

in the bottom row of Fig. 2. For bend radii greater than

10 cm, the output modal content can be considered as

singlemode according to the definition in [16]. For a bend

radius of 6.6 cm, although the fiber is not strictly single-

mode, 94% of the power is contained in the fundamen-

tal mode. The optical-to-optical efficiency for the LP01

mode is about 60% for a 3-m long amplifier. As a con-

clusion, although not strictly speaking singlemode, the

Bragg fiber can be operated in a large range of excita-

tion conditions and bend radii with an essentially single

transverse mode behavior.

3 Experimental results

Our setup, depicted in Fig. 3, consists in a femtosecond

oscillator followed by a pulse picker, a stretcher, two am-
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High power femtosecond chirped pulse amplification in large mode area photonic bandgap Bragg fibers 5

plification stages and a compressor. The oscillator pro-

vides 190-fs, 35-nJ pulses at 1030 nm with a 6.5 nm

spectrum FWHM. The repetition rate is 35 MHz, and

can be reduced to 1 MHz by an acousto-optic modulator

(AOM). The selected pulses are stretched to 150 ps us-

ing a 1600 lines/mm grating, and pass through an optical

isolator before being seeded to the first amplifier. Tak-

ing into account all the transmission coefficients (60% for

both the AOM and the stretcher, 85% for the isolator)

the seeded pulse energy is 10 nJ.

3.1 Polymer-coated Bragg fiber

The first amplifier stage is composed of a 1.9 m-long

PCBF. The second stage is a PCBF for low power experi-

ments and an ACBF for the high power experiment since

the ACBF can be pumped with a higher-power diode

owing to the larger pump core and numerical aperture.

No special care was taken to bend the fibers with a spe-

cific bending radius, and the average bending radius on

the experiment for both fiber is around 10 cm. The first

amplification stage is pumped in a counter-propagative

geometry by a fiber-coupled laser diode at 975 nm pro-

viding up to 30 W in a 200 µm diameter fiber with nu-

merical aperture (NA) equal to 0.22. The output pulses

go through a second isolator, on their way to the second

amplifier. The PCBF piece used in the second amplifier

is 2.8 m-long, and is pumped by a fiber-coupled laser

diode working at 975 nm and providing up to 35 W in a

100 µm diameter fiber with NA 0.22. The ACBF piece

is pumped by a fiber-coupled laser diode at 975 nm pro-

viding up to 400 W in a 400 µm diameter fiber with NA

0.22. At the output of the second stage, the pulses are

compressed with two 1600 lines/mm transmission grat-

ings with an overall transmission of 57%.

The first experiment was made with the PCBF at

35 MHz, to investigate the efficiency of the fiber. In this

configuration, the first amplifier was not really used as it

was simply pumped to provide 190 mW of average power

at the entrance of the second stage. We show in Fig. 4a

the output power extracted before compression, with re-

spect to the pump power (measured just before injection

in the fiber). The optical-to-optical efficiency was 50%

in good quantitative agreement with the numerical re-

sults. The maximum average output power was 11.1 W,

obtained with 22 W of pump power, which corresponds

to 6.3 W after compression. In Fig. 4b is represented the

output beam profile. We measured the M2 parameter

in the x and y directions to be 1.11 and 1.13 respec-

tively, indicating a nearly diffraction-limited amplified

beam with an essentially Gaussian profile.

The temporal and spectral properties of the com-

pressed pulses at maximum pump power are shown in

Fig. 5a and 5b respectively. The autocorrelation trace

exhibits a pulse duration of 345 fs, assuming a Gaussian

temporal shape. This duration is in good agreement with

the spectral width of 4.7 nm FWHM. The correspond-

ing time-bandwidth product is 0.46, which is very close

to the Fourier-transform limit. A long range autocorre-
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6 Louis Daniault et al.

lation on a time window of 50 ps showed no replica of

the pulses, indicating that higher-order spatial modes, if

present, are of negligible magnitude, as hinted to by the

good measured spatial quality and the numerical sim-

ulations of previous paragraph. The Bragg fibers used

in this experiment are not polarization-maintaining, but

the polarization state of the output signal does not fluc-

tuate under normal operation. The fiber output polariza-

tion state can therefore be adjusted with a quarter-wave

plate and half-wave plate before the compressor, which

is efficient for one linear polarization only. However we

clearly observed power fluctuations that we related to

polarization state evolutions when the fiber was inten-

tionally mechanically disturbed. As mentionned in the

introduction, polarization-maintaining Bragg fibers can

be designed[11].

To investigate the level of nonlinearity and confirm

the expected mode-field diameter of the fiber, we re-

duced the repetition rate of the pulse train down to 1

MHz. In these conditions, the first amplifier was used

to boost the average power from 12 mW to 200 mW

at the input of the second stage and saturate it. The

maximum output average power allowed with control-

lable impact from self-phase modulation was 4.2 W with

9.7 W of pump power. This corresponds to 2.4 W after

the compressor, and 2.4 µJ output pulse energy. Fig. 6a

and 6b show respectively the autocorrelation trace and

the spectrum without and with spectral clipping at the

stretcher, at constant pulse energy, showing that spec-

tral clipping allows us to generate relatively clean 456

fs pulses at this energy level. Indeed, spectral clipping

can suppress spectral content exhibiting a spectral phase

that is not well compensated by the compressor, thereby

leading to cleaner pulses. Assuming a mode-field diam-

eter of 26 µm, as obtained using finite-element calcu-

lations and experimentally measured, simulations based

on the split-step Fourier method were used to estimate

the B-integral to be 10.1 rad in this case. The perfor-

mance limitations in terms of nonlinearity are therefore

in agreement with the expected mode field diameter of

the Bragg guiding structure. The current state of the art

in terms of obtainable pulse energy in fiber CPA systems

is much higher[20], and the results obtained here consti-

tute a proof-of-concept result. However, energy scaling is

possible by using a larger stretching ratio, exploring fur-

ther scaling of the core diameter, and optimizing pulse

shape and CPA architecture to reduce the impact of non-

linear effects, as was done in previous research work.

3.2 Air-clad Bragg fiber

Since the output power value was pump power-limited in

the first experiment, we also tried to use an ACBF in the

second stage: the use of a different pump power guiding

mechanism (air clad) allowed us to pump with more pow-

erful diodes. We used a 1.9 m-long piece of ACBF, and

operated the system at 35 MHz to investigate the max-

imum average power. The first amplification stage was

used to provide 2.5 W of average power at the input of
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High power femtosecond chirped pulse amplification in large mode area photonic bandgap Bragg fibers 7

the second stage. The output power is plotted as a func-

tion of pump power in Fig. 4b. The maximum output

power in this case was 82 W, obtained for 300 W pump

power, which led to 47 W average power after compres-

sion (1.3 µJ compressed pulse energy). This relatively

low efficiency is due to non-optimal pump coupling into

the fiber, and to pump absorption saturation. Figure 7a

shows the pulse autocorrelation, showing a pulsewidth of

497 fs under the Gaussian shape assumption, and Fig.

7b displays the corresponding spectrum.

The spectrum was broadened to 7.5 nm FWHM due

to the onset of self-phase modulation. The B-integral for

this system was evaluated to be 4.8 rad. This value is

lower than in the case of the 1 MHz repetition rate above,

although the spectral broadening is slightly higher (7.5

nm instead of 6 nm). A slight difference in the effective

areas for the ACBF and PCBF might explain this result.

Indeed, due to imperfections in the fiber fabrication pro-

cess, the output beam exhibits a slight depression in the

center as shown in Fig. 4b, yielding a measured M2 value

of 1.36 and 1.5 for the x and y directions respectively.

The non-ideal output mode shape is solely due to the im-

perfect index profile, and does not change as the pump

power is increased.

4 Conclusion

In conclusion, we have demonstrated the first use of

Ytterbium-doped 40 µm core double-clad photonic bandgap

Bragg fiber in a femtosecond CPA system. The achieved

optical-to-optical efficiency can be as high as 50%, and

is comparable to values obtained using well-established

fiber technologies. The performance in terms of pulse

energy for this moderately-stretched CPA system is in

good agreement with an expected mode field diameter

of 26 µm, confirming the great potential for further core

size scaling. An air-clad Bragg fiber was used to demon-

strate amplification up to 47 W of average power after

compression. The benefits of the Bragg fiber technol-

ogy in terms of ease of manipulation, bending sensitiv-

ity, potential dispersion control, and scaling of the core

size, make this technology a serious candidate for future

high power fiber femtosecond systems. The authors ac-

knowledge the financial support of the Agence Nationale

de la Recherche through grant ANR 06 BLAN-0091-01

HiPoLYFF.
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High power femtosecond chirped pulse amplification in large mode area photonic bandgap Bragg fibers 9

Fig. 1 Refractive index profile of the fiber used.

Fig. 2 First row: computed modal launching efficiency versus the input mode field radius for several bend radii. From left

to right: straight fiber, Rb = 13 cm and Rb = 6.6 cm. Second row: longitudinal evolution of the modal power in logarithmic

scale for the same curvature radii and input MFD = 20 µm. The dashed line represents the definition of singlemodedness. The

pump power is 22 W. The signal power P0 = 190 mW.
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10 Louis Daniault et al.

Fig. 3 Experimental setup for the high power laser source using ACBF. AOM: Acousto-Optic Modulator; HWP: Half-Wave

Plate.

Fig. 4 (a) Output power from the PCBF as a function of pump power. Insert: spatial beam profile at maximum power. (b)

Output power from the ACBF as a function of pump power. Insert: spatial beam profile at maximum power.
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High power femtosecond chirped pulse amplification in large mode area photonic bandgap Bragg fibers 11

Fig. 5 (a) Autocorrelation trace for the PCBF at 35-MHz repetition rate and compressed average power of 6.3 W. (b)

Corresponding spectrum.

Fig. 6 (a) Autocorrelation traces for the PCBF at 1-MHz repetition rate for a compressed pulse energy of 2.4 µJ, without

(solid curves) and with (dashed curves) spectral clipping at the stretcher. (b) Corresponding spectra.

Fig. 7 (a) Autocorrelation trace for the ACBF at 43 W of compressed average power (b) Corresponding spectrum.
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