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Abstract: A scalable fiber laser approach is described based on phase-locking multiple gain cores
in an antiguided structure. The waveguide is comprised of periodic sequences of gain-and no-gain-
loaded segments having uniform index, within the cladding region. Initial experimental results are
presented.
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Iatroduction
We have defined a new power-scalable concept for fiber lasers known as the Ribbon Laser. The strategy
for scaling is to include numerous cores in a single fiber, each able to deliver a certain amount of power
(eventually about 100- 200 W). The key, of course, is to maintain a phase-locked wave front across these
numerous core regions.

A simplified drawing of our Ribbon Laser, having only one transverse dimension, appears in Fig.
1, where a transverse profile is shown. In this example, the refractive index is plotted, and it is seen to vary
periodically. The two main approaches for achieving phase-locking are based on: evanescent and radiative
coupling. Ifthe effective index of the propagating mode is intermediate between the low and high indices,
then the coupling is evanescent (i.e. the “tails” of the neighboring fields in each of the cores overlap). Ifthe
effective index is lower, then the field is not confined and migrates freely throughout the entire Ribbon
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Fig. 1 LHS: Simplified drawing of the transverse Ribbon Laser structure, showing the modulated
refractive index, and the n.yvalues that give rise to evanescent and radiatively coupled modes.
RHS: Three-dimensional drawing of E-field, propagation direction (+z), and refractive index.

We have found that a “photomc bandgap” emerges in this structure, dependmg on the sense of the
refractive index variation.' In Fig. 2 below, we see that the gain reglons are the same in the upper and
lower plots, although the modulation of the index has an opposite sign. On the LHS, the overlap for each
of the modes is plotted against the effective index, while the fields characterizing the two modes on each
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side of the bandgap are expressly shown on the RHS. It is readily apparent that the bandgap is analogous to
the valence and conduction bands of a crystal.
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The most interesting result that we obtained is pictured below in Fig. 3. Here we utilize a constant index
across the Ribbon Laser, and observe that the mode structure leads to the dominance of a single mode that
has considerably more overlap than all the other modes. Of course the greater overlap of this mode leads to
much higher gain, such that it becomes the preferred operating mode of the laser. The preferred mode
exhibits five intensity peaks, one within each of the gain regions. All of the other modes have more or less
than five intensity lobes, so they have less overlap with the gain regions. This type of structure, based on
having a uniform index across the ribbon structure, is analogous to a “photonic metal,” since the uniform
refractive index is like the constant potential seen by electrons in a metal.
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Fig. 3 Predicted modal structure for 5-core Ribbon Laser, based on a uniform transverse
refractive index profile. A single preferred mode emerges that has significantly more overlap (and
gain) than the other mades.

The one-dimensional modeling outlined above gives insight into the occurrence of desired anti-guided
leaky modes in structures of the type considered here. In order to understand the impact of two transverse
dimensions on the performance of realistic structures, we have considered a number of designs with either
rectangular or circular cores that either touch the boundary or are immersed in the inner cladding region.
For this analysis, we have employed a full scalar-wave propagation method to simulate device



performance. As an example, a cross section of a five-gain core ribbon laser structure is shown in Fig. 4
along with its preferred mode near field intensity.

Fig. 4 Cross sectional view of two-dimensional ribbon
| structure. The dark regions in the upper picture
indicate the gain-loaded portions of the waveguide.
The refractive index is constant throughout the
OO waveguide region. The near field output intensity of
the highest gain mode is shown in the lower panel.

For constant index waveguide regions the leaky modes have a pure sinusoidal character. This implies the
far field will principally consist of two lines with an angular spread of £ A/p in the horizontal direction.
Here A is the wavelength in vacuum and p is the transverse period. Similarly, the angular spread in the
vertical direction is determined by the structure height. Our numerical simulations confirm these
expectations. Figure 5a shows the simulated far field pattern for the ribbon structure of Fig. 4. Because the
modal field is coherent, collimation can be achieved by use of a phase plate. Additionally, since the modal
structure is so simple, the most convenient approach is to adjust the phases of periods of the structure by
either 0 or w, successively, to effectively yield the absolute value of the modal field. This elimination of
zero crossings greatly improves the far field pattern as shown in Fig. 5b where the simulation reveals that
2/3 of the modal power has been concentrated in a central peak. The horizontal width of this peak depends
on the number of cells in the structure and will improve as 1/N for the ideal structure.
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Fig. 5 Far field of the ribbon structure shown in Fig. 4 (a) before and (b) after
correction with simple phase plates. Approximately 2/3 of the modal power in (b) is
concentrated in the central peak.

The ultimate goal of this modeling is to develop an understanding of robust fiber ribbon designs that will
guarantee single transverse mode operation in the presence of strong gain saturation. As such, it is useful to
determine the tolerances on cell refractive indices for the various cells that comprise a given structure. To
answer this question we investigate systematic errors in cell refractive indices that represent aspects of the
ribbon structure fabrication that are beyond the limit of control and which could be an issue with the
technology we will use to fabricate prototype structures. The results of this study, which are plotted in Fig.
6, show the overlap of the largest and second largest modes for structures with varying numbers of gain
cores. These data were generated using our one-transverse-dimension model. It is evident in Fig. 6 that as
the number of cells increases, the requirements on the systematic variation of the refractive index become
more stringent. For the 5-core case, the index control must be within 0.001-0.002, a value that is achievable
with soft glasses.
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Prototype Ribbon Fiber Structures

Our proposed approach offers a pathway for scaling fiber lasers to the high average power regime based on
phase locking multiple gain cores in a fiber structure using anti-guiding or radiative coupling. The initial
focus is on a ribbon-like geometry surrounded by a circular pump cladding as shown in Fig. 7, in which the
waveguide region contains 5 gain cores alternating with non-gain regions in a periodic array. An outer,
lower index cladding surrounds the entire ribbon structure. The distinguishing feature of the Ribbon Laser
design is a constant refractive index profile across the waveguide region as opposed to alternating higher
and lower index regions. As indicated above, our modeling predicts that the constant index design will
provide a mode spectrum that meets two critical design requirements: (1) strongly favored oscillation in a
single transverse mode, and (2) good intensity uniformity across the waveguide structure. We require single
mode operation so that a static phase corrector placed in the near field of the ribbon laser’s output can
optimize the phase across the aperture to achieve a high Strehl output beam. The second requirement is
necessary to ensure that the gain saturates in a4 uniform manner across the structure so as not to increase the
propensity of the device to operate in multiple transverse modes. Conceptually, the device can be scaled to
higher powers simply by increasing the number of anti-guided cores within the ribbon. Modeling predicts
this design will scale to 100 embedded gain cores with reasonable tolerances requirements if fosed silica is
used as the base material. The strong phase locking inherent in this approach should allow all the gain cores
in the ribbon to communicate with each other and therefore scale to higher powers with higher phase
fidelity across the aperture than is possible with similar evanescently coupled structures. This approach, in
which the gain elements are radiatively coupled in a “leaky” waveguide array, is analogous to the most
successful scheme for phasing laser diode elements.”
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Fig. 7 Cross-sectional view of 5-core ribbon fiber being fabricated with Schott glasses.
The central rectangular region is the waveguide region and the larger circular region is
the pump cladding.



The structure shown in Fig. 7 uses 5 gain cores and a waveguide region that is ~6 um high by ~60 pm
wide. The pump radiation is confined to the larger ~300 um diameter circular outer clad. As a material for
this prototype device we have selected LG-660, an alkali-zinc-silicate laser glass, as the base glass. LG-660
offers viscosity characteristics compatible with redraw technology without risk of devitrification. A
production melt of LG-660 doped with 4wt% Nd,O; serves as the active core glass. Passive lanthanum
containing variants of LG-660 were prepared to serve as undoped core and cladding glasses. The undoped
core glass matched the active glass in refractive index and thermal expansion to <0.001 and <1x107/K
respectively. On the other hand, the composition of the undoped cladding glass was adjusted to provide an
index 0.006 - 0.007 less than the core glasses, and with a thermal expansion roughly 2x10”/K lower than
the core glasses, insuring that during fabrication of redrawn ribbon the cladding glass would be placed
under compression.

Experimental Results

In collaboration with Schott Glass Technologies and Collimated Holes, we have produced a first prototype
of the Ribbon Laser structure (shown below in Fig. 8). While the index control is barely acceptable at this
juncture (the doped regions in the waveguide have an index value that is larger than the undoped regions by
.0012), the device has exhibited a reasonable level of coherence to suggest that our theory of the Ribbon
Laser is viable.

Fig. 8 Photograph of the first prototype Ribbon Laser, showing the outer pump clad, and the
alternating Nd-doped and undoped regions.

The prototype Ribbon Laser exhibited optical to optical efficiencies of up to 20%, as noted in Fig. 9. The
laser operated near 1.05 pm as expected, and was pumped near 0.808 um. Also featured in Fig. 9 (RHS)
are measurements of the coherence exhibited by the device. In these experiments, two of the various cores
{numbered 1 through 5) are arranged to interfere — the depth of the modulation or the visibility of the
fringes is seen to vary from 39 % to 13 %. With improved index control, we expect to attain the full level
of modulation indicating a single phase coherent mode is lasing across the entire aperture.
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Fig. 9 Experimental data obtained from the first prototype Ribbon Laser, including slope
efficiency data and measurements of the fringe visibility (coherence) between pair of cores.

At this juncture, we have completed our theory of the Ribbon Laser and have demonstrated that the first
working prototype has properties consistent with predictions. With these initial results we are encouraged
that the Ribbon Laser concept is scalable, and could one day reach power levels consistent with laser
weapons. An improved prototype device is currently in testing.

Summa

In summr:ry, we have developed and are in the process of demonstrating a new, robustly scalable technique
for phase locking multiple gain cores in a fiber structure based on anti-guiding or radiative coupling. We
have selected and extensively modeled a ribbon-like geometry in which the waveguide region contains
multiple gain cores alternating with non-gain regions imbedded in a constant index profile, yielding good
mode selectivity and intensity uniformity across the waveguide structure. Initial experimental
demonstrations and characterizations are focused on a five-gain core ribbon structure. This work was
performed under the auspices of the U.S. Department of Energy by the University of California Lawrence
Livermore National Laboratory under contract No. W-7405-Eng-48, and by the Air Force Research
Laboratory.
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