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ABSTRACT

Increasing the dimensions of a waveguide provides the simplest means of reducing detrimental nonlinear effects, but
such systems are inherently multi-mode, reducing the brightness of the system. Furthermore, using rectangular
dimensions allows for improved heat extraction, as well as uniform temperature profile within the core. We propose
a method of using the angular acceptance of a transmitting Bragg grating (TBG) to filter the fundamental mode of a
fiber laser resonator, and as a means to increase the brightness of multi-mode fiber laser. Numerical modeling is
used to calculate the diffraction losses needed to suppress the higher order modes in a laser system with saturable
gain. The model is tested by constructing an external cavity resonator using an ytterbium doped ribbon fiber with
core dimensions of 107.8um by 8.3um as the active medium. We show that the TBG increases the beam quality of
the system from M* = 11.3 to M? = 1.45, while reducing the slope efficiency from 76% to 53%, overall increasing
the brightness by 5.1 times.
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1. INTRODUCTION

Power scaling in narrow linewidth fiber lasers is frequently limited due to several detrimental nonlinear effects, such
as stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS) and thermal lensing [1-3]. Increasing
the mode area of a fiber allows for the intensity driven nonlinear effects to be minimized, allowing for increased
output power. However, ultimately the fiber will be limited by thermal effects [2, 3]. To allow for improved heat
extraction and uniform temperature profiles, ‘ribbon’ fibers with rectangular cores have been proposed [4]. The
increased area of the core allows for decreased nonlinear effects, while the high aspect ratio of the fiber allows for a
larger surface area to volume ratio for improved thermal performance. However, current designs of the fiber allow
for multiple guided modes within the core, hurting the beam quality and brightness of the output. As a method of
improving the brightness of multi-mode fibers lasers with high aspect ratios, we propose using the angular
selectivity of transmitting Bragg grating to provide sufficient losses for the higher order modes to allow only the
fundamental mode to be guided.

Many methods of filtering the fundamental mode in a fiber laser exist, but many of these have limited applicability
to ribbon fibers or are ineffective in filtering the modes in short fiber resonators (high gain/length) due to their
relatively small losses per length of fiber. Coiling the fiber has gain industry wide adoption, but has reduced
effectiveness for core diameters beyond 40um [5]. Coiling also can’t be used for a ribbon fiber, where the intent is to
coil the fiber along the single-mode axis for cooling purposes. Specialty fibers, such as leaky channel or other semi-
guiding fibers can filter higher order modes in ribbon fibers, but depend on the higher order modes being filtered
along the length of the fiber, and are less effective for very short fibers [6, 7]. Alternatively, excitation and
amplification of a pure higher order mode has proven to be effective, and methods exist to convert this higher order
mode into a Gaussian beam with high beam quality [4, 8].

We present a method of selecting the fundamental mode based on the angular selectivity of volume Bragg gratings
(VBGs) recorded in photo-thermo-refractive (PTR) glass [9] which was successfully demonstrated in
semiconductor, solid state lasers and fiber lasers [10-12]. Such a system can filter the higher order modes in the near
field, allowing for high beam quality independent of cavity length. We present theoretical results modeling a ribbon
fiber with saturable gain to estimate the angular selectivity needed for single-mode output, and the impact on
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efficiency this will. We further present experimental results measuring the beam quality and efficiency as a function
of angular selectivity in an external cavity resonator using an Yb-doped ribbon fiber as the gain medium.

2. THEORY
2.1 Volume Bragg gratings

Volume Bragg gratings are holographically recorded in a photosensitive glass known as photo-thermo-refractive
glass (PTR) [9]. Exposure to near UV radiation followed by thermal development results in refractive index changes
up to 1000 ppm (8n is about 10~). A two beam interference pattern is then used to create a sinusoidal modulation
within the PTR glass to form the volume Bragg grating.

Theoretical modeling of volume Bragg gratings has been analytically described by Kogelnik by way of coupled-
wave theory [13]. For a transmitting Bragg grating oriented 90° to the normal of the surface (symmetric TBG), the
ratio of the scattered amplitude to the incident amplitude (S) is given as function of the dephasing (&) from the Bragg
condition and the grating strength (v) (Eq. 1). The diffraction efficiency for a plane wave is therefore the amplitude
squared of S. The dephasing term (Eq. 2) shows the change in the diffraction efficiency as the incident plane wave
makes small deviations from the Bragg condition, and is a function of the Bragg period (Ag), the angular deviation
(80) from the Bragg angle (0B) in the medium, and the thickness of the grating (d). The grating strength (Eq. 3)
controls the maximum diffraction efficiency, and is a function of the peak to peak refractive index modulation (6n),
the grating thickness, the wavelength (1) in the medium, and the Bragg angle in the medium. For a grating strength
of v = m/2, the diffraction efficiency is 100%. In general for a symmetric TBG, the angular acceptance is
proportional to the ratio of the Bragg period to the grating thickness (Ag/d), while the peak diffraction efficiency is
related to sin(v)?2.
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For determining the interaction of a finite beam with a grating, plane wave decomposition is used [14, 15]. These
theories allow for the description of the diffraction efficiency of a VBG interacting with the Hermite-Gaussian
modes of a stable resonator, the LP modes of a circular core fiber, or any arbitrary wavefront. Formulation of this
theory is shown in equations (4) — (7): (1) the Fourier transform is taken of the spatial distribution of the electric
field to determine the far field angular distribution, (2) the angular distribution is multiplied with plane-wave
response of the VBG, and (3) the inverse Fourier transform is taken to give the spatial distribution of the electric
field after interaction with the grating.
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2.2 Laser gain and mode competition

Many models of mode competition and laser gain exist for fibers with circular symmetry. In particular, Gong, et al
[16] have studied this process in multi-mode fibers while Huo and Cheo [17, 18] have studied multi-core fibers.
These formulations have been adapted to the ribbon fiber which does not have circular symmetry, and are based on
the steady state, space dependent rate equations formulated by Kelson and Hardy [18].

The three level rate steady state rate equations for the pump and signal are shown in equations (8) and (9). The
forward (+) and backwards (-) traveling pump power (P,) depends on the fill-factor (I',) of the pump over the doped
core, the emission (cep) and the absorption (c,,) cross-sections in Yb*" at the pump wavelength, the population
inversion (N;, Nyj) in each core j, and the loss per unit length of the cladding guided pump (o,). The signal power
(Pg) of each mode i, depends on the fill-factor (I';) of mode i in core j, the emission (o.) and absorption (c,s) cross-
sections in Yb*" at the signal wavelength, and the population inversion (N3j, Nyj) in each core j, and the scattering
losses (0,;) of each mode i.

The population inversions in each core must satisfy the steady state condition shown in equation (10), where A is the
total area of the core, h is Plank’s constant, and v, and v, are the pump and signal wavelengths respectively.
Secondly, the doping population density in each core must be conserved, meaning N; = Nj; + Ny;.
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Given this setup, z = 0 is defined to be the location where the pump is coupled into the fiber, while z = L is the tip of
the fiber where the output coupler resides. This means the initial pump in the fiber is equal to the pump coupled into
the fiber (B,"(0) = n,P, 0 and P, (0) = 0), while the signal is perfectly reflected and recoupled into the fiber minus
Fresnel losses (P;£(0) = 0.962P;(0)). For the multi-mode resonator, no modal dependent losses exist, and the
modes are equally recoupled into the fiber given the reflectivity of the output coupler (Pg; (L) = 0.04P%(L)). In the
single mode case, the spatial filtering of the TBG causes modal dependent losses (7. 1,;) for the first pass, separate
modal dependent losses for the second pass through the TBG (n.ff2,;) as well as distortions which effects the
recoupling of the modes (1; ;) (P; (L) = 0.041; Nesr1.iMers 2,iPsi (L)). Output power of the system only has a single
pass through the TBG, and is therefore given by the relation: Py, = ¥; 0.961,¢f 1, Ps; (L).

3. MODELING AND RESONATOR DESIGN
3.1 Guided modes and interaction with VBG

The quasi-TE guided modes of the ribbon fiber were calculated using a finite-difference solver of Maxwell’s
equations [19]. The refractive index was modeled after the ribbon fiber used in the experiments, 13 circular cores
with diameter of 8.3 um and a refractive index of 2.54*10~ above the cladding index of 1.45 were sampled on the
afore mentioned grid. The refractive index along the edge of the circular core was averaged to account for the
gridding.

The near field and far field intensity distribution of several modes are shown in Figure 1.In the near field
distributions, we see that small ripples are visible in the fundamental mode due to the shape of the core, although the
electric field has flat phase fronts. Higher order modes follow the expected patterns, and have i m phase
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discontinuities equal to the mode number i. The 13™ mode has the largest overlap with the core, as each phase
discontinuity matches the shape of the core, and is therefore expected to have the highest gain overlap.
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Figure 1: Calculated 2D intensity distributions for the 0", 1%, 2 and 12" modes shown in the near field (left) and far

field (right).
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Figure 2: Calculated far field intensity distributions for the 0™, 1%, 2" and 12™ modes shown as 1-D cross sections
(solid) overlayed with the angularly dependent diffraction efficiency of a TBG with FWHM of 17.4mrad (dashed). Due
to the two lobes seen in the far field for higher order modes, only the fundamental mode has good overlap with the
angular selectivity of the TBG.

The far field pattern of the fundamental mode shows that despite the ripples seen in the near field, the far field
retains a nearly Gaussian appearance. The fundamental mode has a divergence of approximately 17.4 mrad, while
the next highest order mode is approximately 2 times this. The n™ higher order mode has a two lobed appearance in
the far field, with the two lobes approximately spaced n times the fundamental mode divergence. This higher
angular divergence allows them to be spatially filtered by the TBG.
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Figure 3: Single-pass diffraction efficiency of the guided ribbon-fiber modes as a function of angular selectivity for the
TBG.

Calculations of the diffraction efficiency for a single pass through the TBG are found using equation 6, and are
plotted in Figure 3. For a normalized angular acceptance of 5, the fundamental mode has low losses with ~99%
diffraction efficiency, while significantly higher losses can be seen for all higher order modes. When the angular
acceptance of the TBG is reduced to twice the divergence of the fundamental mode, diffraction efficiency remains
>95%, while diffraction efficiency for the i=1 mode is reduced to <85%. In a resonator, this contrast in modal losses
is expected to only allow the fundamental mode to oscillate within the system.
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Figure 4: Coupling efficiency of the diffracted i = 0 mode into the j"™ guided mode. High self-coupling and low cross-
coupling is needed to retain high modal purity and beam quality.

The cross-coupling efficiency was calculated for each of the diffracted modes using equation (7). Plots of the
coupling efficiency for the fundamental mode (i = 0) into each of the guided modes are shown in Figure 4. For very
wide angular acceptance, the fundamental mode has very high coupling into the fundamental mode, indicating
minimal distortions to the phase and intensity profile. As the angular acceptance is decreased, the coupling
efficiency decreases. At the other extreme end, when the angular acceptance equals the divergence of the
fundamental mode, the diffracted mode begins to couple into even numbered higher order modes.

From these calculations, it is therefore expected that there is both an upper-limit and lower limit where the TBG
resonator is expected to be single-mode. For a TBG with too large an angular acceptance, losses are too low for the
higher order modes, while for an angular acceptance which is too low, cross-coupling of the fundamental mode into
the higher order modes is expected to reduce beam quality.

Proc. of SPIE Vol. 9344 93441W-5

Downloaded From: http://spiedigitallibrary.org/ on 05/08/2015 Terms of Use: http://spiedl.org/terms



3.2 Cavity design

Using the framework shown, a linear oscillator using Yb-doped ribbon fiber was modeled, and the output power of
each mode was measured. The parameters used are shown below in Table 1. For comparison, both the multi-mode
oscillator and single-mode TBG resonator were modeled. The single-mode resonator was studied both with low

power (8.4W absorbed pump and 1.0m of fiber) and high power (1000W of absorbed pump and 5.0m of fiber) to
understand how gain saturation affects the modal content of the oscillator.

(a)

i
(=)}

Figure 5: Block diagram of fiber laser with external resonator for two different configurations. Common components
consist of: 1) pump combining optics, 2) reimaging of fiber onto high reflective mirror, 3) Gain medium, ytterbium
doped fiber, 4) output coupling. A) Single-mode operation using 5) magnification optics, 6) TBG mode selector aligned
to the fundamental mode, 7) Output coupler aligned to normal of diffracted beam. B) Multi-mode operation using 5)
magnification optics, 6) output coupler aligned for maximum emission.

Table 1: Table of parameters used to model ribbon fiber oscillator.

Modeling parameters
Gas 53107 m’ Gup 2630 107" m’
Ges 303 10% m’ Gep 2630 107" m’
A 1064 nm Ay 976 nm
O 0.02 dB/km 0 7 dB/km
A 700 pm’ Actad 22000 pm’
T 1.1 ms N 1.8%10” m”
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Figure 6: Modeling of the single mode resonator using 1.0m of fiber and 8.4W of absorbed pump power. The output
powers for the first three modes are pictured as well as the total output power from the system. Single mode output can
be obtained for a TBG angular selectivity 2 times larger than the divergence of the fundamental mode.

The ribbon fiber was first studied with low gain. A 1 m length of fiber was modeled with 8.4W of absorbed pump
power. A TBG with angular acceptance ranging from 0.5 to 5.0 times the 17.4 mrad divergence of the fundamental
mode was used as the mode selector. The modes and losses due to the TBG were previously calculated as shown in
the previous section. The results of this modeling are plotted in Figure 7 showing the output power of each mode as
well as the total output power from the system. The results of this modeling indicate the system will be effectively
single mode for a normalized angular selectivity of between 0.5 and 2.0, while the fundamental mode will have a
peak output for a normalized angular selectivity of 2.2. For large angular acceptance, fewer losses are seen for each
mode, increasing the system efficiency but allowing higher order modes to oscillate in the system. For low angular
acceptances, the TBG begins to cut into the fundamental mode, hurting efficiency but enhancing the brightness.
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Figure 7 Output power of each mode using 1kW of pump power. Single mode output can be obtained when using a
TBG with an angular acceptance equal to the divergence of the fundamental mode.

The single mode resonator was modeled for an optimal fiber length of 5.0m. A significantly larger incident pump of
1000W was modeled to show the effects of gain saturation. The results of this model are shown in Figure 7 detailing
the output power of each mode as well at the total output power. With the increased pump power and higher gain
saturation, higher modal losses are needed to suppress the high order modes, and the system will be single mode
only for a normalized angular acceptance of between 0.5 and 0.95 times the divergence of the fundamental mode.

Proc. of SPIE Vol. 9344 93441W-7

Downloaded From: http://spiedigitallibrary.org/ on 05/08/2015 Terms of Use: http://spiedl.org/terms



The fundamental mode has a peak output for an angular acceptance of approximately 0.95 (corresponding to 16.5
mrad), at which point 99% of the output power is in the fundamental mode and the total output power is 642 W. At
this level of angular acceptance, a sharp increase in losses for the fundamental mode is seen, creating a narrow
window at which the efficiency and brightness will be maximized (Figure 7).

4. EXPERIMENTAL RESULTS

A linear oscillator was constructed using a 1.0m section of an active ribbon fiber as the gain medium. A cross
section of the fiber is shown in Figure 8. The core consists of 13 Yb*" doped silica rods with dimensions of
approximately 8.3 pm in diameter, and each have a refractive index of 2.54*10-3 above the silica cladding. The core
dimensions are approximately 8.3 pm by 107.8 um, while the inner diameter of the cladding is 167um. The cladding
absorption is approximately 2.2 dB/m at 915.

To study transverse mode selection in a ribbon fiber laser, the external resonator shown in Figure 5a was constructed
and compared to the output from the multi-mode resonator shown in Figure 5b. The resonator is a linear cavity, with
two sets of magnification optics to reimage the fiber facets onto the feedback mirrors. At the back end of the fiber, a
high reflecting mirror is used for feedback and combined with the pump to be coupled into the fiber. At the front end
of the fiber, the fiber modes are magnified by a factor of 6.7 and, for the single mode configuration, diffracted by a
TBG. According to modeling, the fundamental mode is expected to have a divergence of approximately 2.6 mrad.
The TBG is aligned to provide maximum diffraction efficiency for the fundamental mode. After diffraction, the
Fresnel reflection from a wedge is used as an output coupler and aligned to provide maximum feedback for the
fundamental mode. In this system, the magnification optics are only necessary to match the angular content of the
fundamental mode with the angular selectivity of the TBG. Practical iterations of this system could implement an
optimized TBG, and allow for many of the free space components to be removed.

Figure 8: Microscopic image of an air clad, 13 core Yb-doped ribbon fiber. The core is approximately 107.8 um along
the slow axis and 8.3 um in the fast axis.

The TBG used in the experiment had an angular selectivity varying from 1.8 mrad, 2.4 mrad, 4.7 mrad, and 7.1
mrad, and the diffraction efficiency of each was above 98% adding low losses to the system. The beam quality and
slope efficiency was measured as a function of the angular selectivity in order to maximize the brightness of the
system. With the wide angular selectivity, the beam quality was quite poor with an M? of 1.7, while the slope
efficiency was quite high at 62%. Reducing the angular selectivity produced notable improvements in the beam
quality as the side lobes disappear and the shape becomes more Gaussian. At 1.8mrad the beam is nearly diffraction
limited with an M” of 1.1, although slope efficiency is nearly reduced to 20%, hurting the brightness of the system.
Brightness is maximized between an angular selectivity of 2.4 mrad and 4.7 mrad, with 4.7 mrad producing slightly
better output power with not much worse beam quality.
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Figure 9: Slope efficiency and beam quality measurements made as a function of TBG angular selectivity. Brightness is
maximized for the 4.7 mrad TBG.
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Figure 10: (Left) Comparison of beam quality for the multi-mode (M* = 11.3) and single mode using a TBG with 4.7

mrad angular selectivity (M* = 1.45) case (Right) comparison of the far field intensity showing the multi-mode and
single-mode case.

Slope efficiency was measured and compared for the multi-mode and single-mode resonators, and is shown in Fig.
13. In the multi-mode system, the absorber power slope efficiency was of 76% with a threshold of 1.5 W, producing
a maximum output power of 17.3 W for an absorbed power of 23.9 W and a brightness of 0.878 W/(mm’mrad?). In
the single mode system, slope efficiency is reduced to 53% and threshold is increased to 1.9 W, giving a maximum
output power of 11.3 W for an absorbed pump power of 23.7 W and a brightness of 4.45 W/(mm’mrad”). The
single-mode beam was observed to be stable through the tested range. Some reduction in slope efficiency can be
attributed to the features of the TBG used in the experiments. The TBG has a maximum diffraction efficiency of
98%, while the overlap with the fundamental is predicted to reduce the effective diffraction efficiency to 95%.
Additional losses are being investigated. However, despite the additional losses, brightness was improved by a
factor of 5.1 due to the dramatic improvement of beam quality. Notable in the measurement in the slope efficiency is
that beam quality had no variations throughout the power range despite reaching more than 10x threshold.
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Figure 11: Comparison of absorbed power slope efficiencies for the multi-mode and single-mode systems. The dashed
line represents the multimode cavity with a slope efficiency of 76%. The solid line represents the single-mode cavity
with a slope efficiency of 53%.

5. CONCLUSION

In conclusion, we have proposed the use of a TBG has a near field spatial filter for use in a ribbon fiber laser with a
high aspect ratio. We have built a theoretical laser model with saturable gain which allows us to understand the
angular losses needed for single-mode operation and could allow us to optimize the system in the future. We have
experimental verified this model, and found the TBG improved the beam quality by 7.8x and enhanced the
brightness by 5.1x. Our model indicates the system should scale to higher pump powers of more than 1 kW without
gain saturation or mode competition hurting the beam quality, although further models are needed to understand the
nonlinear effects of the system. Ultimately, we believe this system will be important for the power scaling fiber
oscillators, allowing for increased core sizes while maintaining high beam quality, with important implications for
the design of resonators where the cavity length is important, such as single-frequency resonators or short pulse g-
switched lasers.
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