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Award number for this report: FA2386-20-1-4055

Proposal Title: Investigation into an optimum device structure for cladding light
removal in high power fiber lasers

Principle Investigator: Ju Han Lee (Professor)

Key Researcher(s) involved in the Proposed Project: Tae Yoon Kim, Geun Won Lim
Affiliation of each Researcher(s): University of Seoul, School of Electrical and
Computer Engineering, 163 Seoulsiripdae-ro, Dongdaemun-gu, Seoul, 02504, South
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Research Objectives:

o The main goal of this project is to find the optimum structure of a CLS, which can
be used for future high power fiber lasers. In this two-year research project, we
propose to explore various CLS structures and to find an optimum structure with the
features of a high power handling capacity, a large cladding loss, and uniform light
extraction with no hot spot issue. We plan to theoretically investigate CLS structures
by solving beam propagation modes within the device with a numerical simulation
technique. In particular, both backward scattering and forward scattering are to be
taken into account. One of the main focuses in our investigation is to design a
repeatable and reliable device structure in terms of easy and repeatable fabrication
rather than to simply use roughened surface structures.

o In the first year of the project, we will focus on the theoretical understanding and
design aspects of CLS’s. In this stage, the main focus of our research will be placed
on a full-understanding of backward scattering and forward scattering under various
CLS structures. In the second year, an optimum CLS structure will be designed and
its efficacy will then be verified with numerical simulation results.

o Our yearly research objectives are summarized below.

Research Objectives Percentage of completion
e Theoretical understanding of design aspects of CLS’s 100%
e Full-understanding of backward scattering and 100%
forward scattering under various CLS structures
e Design of an optimum CLS structure 100%
e Theoretical performance evaluation 100%
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e Details of accomplishments during this reporting period.

In this work, we systematically investigated backward scattering within a cladding light
stripper based on a periodically grooved structure of an optical fiber, to figure out the method
for its efficient suppression through numerical simulation. On the basis of the investigation
results a novel, periodically grooved CLS structure that allows for efficient suppression of
backward scattering of cladding light, was thus proposed. More specifically, the relationship
between backward scattering of cladding light and the cladding surface roughness of a
periodically-grooved CLS was investigated using the ray tracing method. It was shown that the
amount of backward scattering of cladding light is dependent on the groove surface roughness
and the undesired backward scattering significantly affects the cladding light stripping
capability of a CLS. As a result of this theoretical investigation, a periodically-grooved CLS
structure with multiple no-groove sections of proper length was proposed and its efficacy was
then verified through a numerical simulation and an experiment.

1. Theoretical analysis

Fig. 1 presents the definition of the parameters r, fr, 0, and ¢ for the geometry of the incident
and reflected light used in this theoretical investigation. In order to investigate the scattering of
the cladding light on the rough surface of the periodic grooves, we use commercially available
ray-tracing software (Matlab, Lumerical). In this ray-tracing algorithm, the surface is divided
into many regular interval points. The characteristics of the lightwaves propagated at each point
on the surface are governed by both Snell’s law and Fresnel’s equation. After the scattering of
the lightwaves on the rough surface, the scattered beams are assumed to propagate with various
amplitudes in a direction that differs from that of the incident beam. Note that the ray-tracing
method is believed to be applied only to CLSs based on the wet etching method, since the
roughness level of the etched surface is much larger than the wavelength of propagating light
in these types of CLSs. However, the ray-tracing method would not be appropriate for
performance analysis of CLSs based on CO: laser processing, which exhibits a surface
roughness level of micrometers or below.

1.1 Bidirectional reflection
When light is incident to a point on the rough surface, the energy of the lightwaves can be
absorbed, transmitted, or reflected. The bidirectional reflection distribution function (BRDF)
can be used to calculate the angular distribution of the lightwave radiance [23, 24] Using the
BRDF, the lightwave reflection characteristics of the rough surface of a grooved section can
be expressed as

f(6,6:0,.4) =L, (60,60, .4, E ) GE(6,,4) (1)
where f; is the bidirectional reflectance distribution function, and #and ¢ denote the polar angle
and azimuthal angle, respectively. The subscripts i and r denote the incidence and reflection of

the flux radiance. E; is the incident irradiance. During the simulation process, we assume that
fr is constant over all solid angles wr.
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1.2 Surface roughness

Fig. 1. Definition of parameters wr, fr, 0, and ¢ in the geometry of incident and reflected
light.

The properties of a randomly rough surface can be described with both an autocovariance
function and a height distribution function [24]. The former describes the lateral distribution
of the surface peaks and valleys, while the latter reflects the deviation from the mean surface
height. The height distribution Pn(&§) and autocovariance functions C(x,y) are given by Gaussian
functions [24]:

__ 1 _& 2
ph(f)—\/ﬁexp( ZGZJ (2)
2 2
C(x, y) =exp {—X—z—y—zJ 3)
x Ty

where ¢ indicates the root-mean-square (7ms) height of the randomly rough surface. yx and y,
denote the correlation lengths of the x- and y-axis, respectively. The correlation length indicates
the maximum distance, which yields a reasonable estimate of the heights of neighboring points
[23, 24]. For our calculation we used a fixed correlation length of 1 um, which was obtained
from Ref. [23]. Because the surface is assumed to be isotropic, there is no preferential
roughness direction (yx= yy = y). The mean local slope of the surface is given by v/2c/y, and
V2 can be eliminated to simplify the slope factor. The ratio of o/y thus represents the mean
local slope of the surface.

1.3 Geometric Approximation
Geometric approximation, which is also referred to as ray tracing, is a technique that traces
the energy flow of a lightwave until it leaves the surface [25]. It provides information on the
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effect of the surface roughness on lightwave scattering behavior. In this calculation, a scattering
point is selected by comparing the tangent angle of the point relative to the angle of the
incidence ray. Snell’s law and the Fresnel equation are applied to the non-shadowed points of
the surface [23, 24].

2. Simulation results

In this investigation, the incidence angle (8i) and reflection angle (6r) on the rough surface
are defined as shown in Fig. 2. Fig. 3 illustrates the light intensity distribution as a function of
the reflection angle for various mean local slopes (o/y) in the extreme case where the incidence
angle on the rough surface of the silica fiber is 0°. Different values for o/y reflect differences
in the roughness of the surface. These results are obtained by averaging the values obtained
after 10,000 iterations.

For o/y = 0.01, which reflects a very low fiber surface roughness, light reflection mainly
occurs at a reflection angle (6r) of 0°. When the mean local slope is increased to 6/y = 0.1, light
reflection starts to occur at a slightly wider range of reflection angles. With a further increase
in 6/y (o/y = 2), the reflection angle distribution becomes broader and lightwave reflection is
observed to occur at almost all reflection angles.

| Stripped Ray

Rough Surface

Incidence Ray

Incidence Angle (8, Reflection Ray

Reflection Angle (6,)

T———— T —

Fig. 2. Definition of the incidence angle and reflection angle for a rough surface.
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Fig. 3. Lightwave intensity distribution as a function of the reflection angle for various values of the
mean local slope (o/y), when the incidence angle is 0°.
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As an example optical fiber, we consider the numerical aperture of a typical double-clad
optical fiber with a diameter of 400 pum. It can be inferred from the numerical aperture that the
incidence angle (6;) of the cladding lightwave propagating in the inner cladding region should
be between 78.5°and 90°. When the lightwave arrives at a point on the rough surface, the
lightwave is reflected in either the forward or backward direction depending on the local slope
of the surface point. Using ray-tracing simulations, it is possible to estimate the proportion of
lightwave stripped at a local point on the rough surface. The local lightwave stripping
efficiency (7) at a single point on the rough surface can be defined as follows:

Total energy of stripped lightwave
Total energy of incidence lightwave

Lightwave stripping efficiency(n) = 4)

N
o

(a)lﬂnce Angle: 85°

| |Slope: 6/y
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Fig. 4. Lightwave intensity distribution as a function of the reflection angle for various values of the
mean local slope (o/y), when the incidence angle is (a) 85°, and (b) 88°.

Fig. 4 presents the lightwave intensity distribution as a function of the reflection angle (6r)
for various o/y values and incidence angles (6i) of 85° and 88°. When the incidence angle is
85°, the distribution of reflected lightwave resembles a delta function for 6/y=0.01. When the
mean local slope increases to o/y=0.1 or 6/y=0.3, the distribution becomes broader and the
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stripping efficiency increases. The stripping efficiency increases from 0.01% to 96% as the
slope increases from o/y=0.01 to 2. Because an increase in the o/y of a point on the rough
surface forces lightwaves to violate the total internal reflection (TIR) condition, it can be
predicted that more lightwaves can be stripped as the roughness of the fiber surface increases.
It should be noted that substantial backscattered light occurs at o/y=2. In particular, a non-
negligible number of backscattered lightwaves are present in a direction of nearly —90°. It is
well-known that backscattered lightwaves in the direction of —90° are detrimental for high-
power fiber laser oscillators or amplifiers because they cannot be stripped away and can
damage fiber laser systems. The lightwave intensity distribution as a function of the reflection
angle (6r) for o/y values and an incidence angle of 88° is shown in Fig. 4(b). By comparing the
results with those for an incidence angle of 85° when o/y is increased from 0.01 to 2, it is clear
that incident lightwaves with a smaller incidence angle at a point on the rough surface generate
a higher number of backscattered lightwaves.
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Fig. 5. Local lightwave stripping efficiency at an incidence angle (&) of 85° and 88" for various values
of the mean local slope (c/y).

2.1 Second scattered light on rough surface
In order to obtain a clearer understanding of lightwave scattering on a rough surface, we
investigate secondary scattering (Fig. 6), which occurs at another point on the rough surface
after the initial scattering. When secondary scattering is considered, more backscattering in the
—90° direction is observed compared with the initial scattering only.

Initial Scattering Point

Rough Surface

Initial Incidence Angle (8,)\ Initial Reflection Angle (6,,)

Secondary Incidence Angle (8,,)

Backward Scattering (-90°)

Secondary Scattering Point

Fig. 6. Schematic diagram of initial and secondary scattering on a rough surface.
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Fig. 7 presents the distribution of the lightwave intensity calculated as a function of the initial
reflection angle (6r1) for the initial scattering on a rough surface with o/y=0.5 and an initial
incidence angle (8i1) of 85°. The intensity of the lightwaves scattered in the backward direction
is only 4.2% of that of the total scattered lightwaves. This, the initial scattering does not involve
significant scattering in the backward direction even though the o/y is high. However, when
secondary scattering is accounted for, lightwaves reflected in a forward direction from the
initial scattering point can be scattered backward when reflected from a second scattering point
on the rough surface. Our calculations show that incident lightwaves from the first scattering
point with an initial incidence angle of 0° to 10° can generate a significant number of lightwaves
scattered in the backward direction when secondary scattering is factored in. Fig. 8 presents
the distribution of the calculated lightwave intensity as a function of the secondary reflection
angle (6r2) under various initial incidence angles 6i1 (10, 8, 6, and 4°) for the lightwaves at
o/y=0.5. Detrimental backward scattered lightwaves in the —90° direction are produced with all
four initial incidence angles, with the levels of backward scattered light increasing as the
incidence angle becomes smaller. This phenomenon is not observed when initial scattering
only is considered.

oo

c/y=0.5
Incidence Angle: 85°

6+

Lightwave Intensity (a.u.)
i

1 1 A A A 1 J 1 1

80 60 40 20 O 20 40 60 80
Initial Reflection Angle(6,,) (°)

Fig. 7. Calculated lightwave intensity distribution as a function of the initial reflection angle (6r1) at the
first scattering point with an initial incidence angle of 85° and o/y=0.5.

Fig. 9 displays the ratio of all backward scattered lightwaves relative to all scattered light as
a function of the initial incidence angle (6i1). When 6i1 is smaller than 10°, nearly 50% of the
initial incident lightwaves are scattered in the backward direction. The proportion of backward
scattered lightwaves abruptly decreases when 61 is higher than 20°, particularly in the —90°
direction.

2.2 Lightwave scattering in typical multi-section structures
As mentioned, backscattering is a critical limiting factor for CLSs, meaning that the effective
suppression of backscattering is essential to improving CLS performance. The CLS structures
that have been reported to date are based on the use of different levels of surface roughness or
on periodically grooved sections [13, 14, 15, 16, 17]. Fig. 10 presents a representative CLS
structure with periodically grooved sections with different levels of surface roughness [14, 17,
18, 20]. This structure consists of two sections: the first with a large diameter and a low surface
roughness (6/y=0.5), and the second with a low diameter and a high surface roughness (c/y=1).
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It is well-known that a higher surface roughness can generate more backscattering [25, 26],
though it can also lead to the more effective stripping of lightwaves. In order to analyze
lightwave scattering in the structure presented in Fig. 10, we assume that initial scattering
occurs in the first section and secondary scattering occurs in the second section.
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Fig. 8. Calculated lightwave intensity distribution as a function of the secondary reflection angle (6r2)
with incidence angles of (a) 4°, (b) 6°, (c) 8°, and (d) 10° at /y=0.5.
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Fig. 9 Proportion of back scattered lightwaves relative to all scattered light as a function of the initial
incidence angle (6i1) at 6/y=0.5.

The distribution of the calculated lightwave intensity as a function of the initial reflection
angle (6r1) for an incident angle of 85° is shown in Fig. 11. In this calculation, o/y=0.5 and 1
are considered. More backscattering occurs for o/y=1 than for 0.5, though the former has a
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lightwave stripping efficiency of 88.6%, which is much higher than the 51.9% for the latter.
However, backscattering is higher when secondary scattering in the second section is accounted
for. As shown in Fig. 11(a), a significant number of lightwaves are scattered at the initial
scattering point with a reflection angle range of 0°—80° and then the scattered lightwaves are
scattered again at the surface with o/y=1 in the second section. As previously mentioned, a
surface roughness level of 6/y=1 can lead to significant backscattering.

Initial Scattering Point
: Rough Surface

(oly=1)

Initial Incidence Angle (6,)) Secondary Incidence Angle (6,,)

<

Seczondary Scattering Point

Rough Surface
(oly=0.5)

Fig. 10. Scattering in a conventional grooved CLS structure with different levels of surface
roughness.

(a) Stripping Efficiency: 51.9%
cly=0.5
Incidence Angle: 85°
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(b) Stripping Efficiency: 88.6%
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Fig. 11. Calculated light wave intensity distribution as a function of the (a) initial reflection angle
(6r1) under an initial incident angle of 85° with o/y=0.5, and (b) secondary reflection angle (6r2)
under a secondary incident angle of 85° with o/y=1.
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In order to quantitatively analyze the backscattering that occurs in the structure presented in
Fig. 9, we calculate the lightwave intensity distribution as a function of the secondary reflection
angle (0r2) under secondary incident angles (8i2) (Fig. 12) ranging from 0° to 80° at intervals of
10°. Interestingly, the amount of forward scattered and backscattered lightwaves is similar in
all cases. It should be noted that the backward scattered lightwaves propagate in the direction
with a secondary reflection angle of nearly —90°, which is detrimental to high-power fiber laser
oscillators and amplifiers because they cannot be stripped away and can damage fiber laser
systems. According to our calculation results, it can be tentatively concluded that CLSs based
on the structure in Fig. 10 would suffer from the harmful effects of backscattering.
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Fig. 12. Calculated lightwave intensity distribution as a function of the secondary reflection angle (6r,)
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80°.

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited



Fig. 13 presents the calculated lightwave stripping efficiency as a function of the secondary
incidence angle (6i2). The highest stripping efficiency is observed at ~45°. Although the
stripping efficiency for a rough surface of o/y=1 is higher than 90%, the total backward
scattered light remains considerable.
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Fig. 13. Calculated light wave stripping efficiency as a function of the secondary incidence angle (6i)
after striking rough surface at o/y=1.

3. Our Proposed CLS structure to suppress Backward scattering

Based on the calculation results, it can be inferred that a structure that combines a section with
an unetched smooth surface with a section with a grooved rough surface would suppress
backscattering (Fig. 14). Backscattering cannot occur on the smooth surface of the unetched
section, with only those lightwaves that violate the TIR condition escaping from the smooth
surface. In other words, lightwaves with incidence angles smaller than 80° are stripped from
the unetched section. This indicates that backscattering in the cascaded grooved section is
substantially lower. It should be noted that the unetched region is essential for the gradual
stripping of cladding lightwaves as well as the suppression of backscattering.

Initial Scattering Point

Secondary Reflection Points
Unetched Surface Unetched Surface

Grooved Surface
(Etched Surface)

Fig. 14. Structure of the proposed CLS combining grooved and unetched regions.

With the calculation results, the total power of back-scattered light after secondary scattering

DISTRIBUTION A: Distribution approved for public release. Distribution unlimited



in the conventional (Fig. 10) and our proposed (Fig. 14) CLS structures can be estimated. The
power of the back-scattered light in the range of - 90 ° to 0 ° was estimated at ~4.77 % relative
to the input beam power in the conventional structure, while it was ~2.43 % in our proposed
structure. Note that the back-scattered light in the range from -90° to -78.5°, which is
detrimental for high-power laser systems, was ~2.34 % in the conventional structure, whereas
almost zero back-scattered light was observed in our proposed structure.

In order to determine the appropriate length of the unetched section, the diameter of the
grooved fiber section (D) and the critical angle for TIR (6c) need to be considered. For high-
power Yb**-doped fiber amplifiers, the typical diameter for a double-clad fiber is 400 um, and
the critical angle is about 80°. The lightwaves that are scattered at the secondary scattering
point with an angle between 0° and 80° (the dotted line in Fig. 14) can be eliminated because
they cannot meet the TIR condition. Thus, the length (Lunetcned) Of the unetched region required
to remove all of the lightwave components with a scattering angle of 0°—80° can be calculated
as follows:

Lunetched = tan(ﬁc )XD = tan(80°)><400 (,um) =~ 226 mm (5)

Fig. 15 presents the lightwave intensity distribution as a function of the secondary reflection
angle (6r2). Interestingly, more than 90% of the lightwaves are scattered in the forward direction,
compared to a minor proportion in the backward direction. Fig. 16 displays the proportion of
backscattered lightwaves as a function of r.. The proportion of backward-scattered lightwaves
decreases as 62 increases from 80° to 90°, with the maximum backscattering observed at a 6r2
of 80°. From these results, it can be tentatively concluded that our proposed combined structure
that alternates sections with an unetched smooth surface with sections with a grooved rough
surface is more advantageous than the conventional structure presented in Fig. 10.
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Fig. 15. Calculated lightwave intensity distribution as a function of the secondary reflection angle (6r2)
under second incident angles (6i2) of (a) 80°, (b) 83°, (c) 86°, and (d) 89°.
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Fig. 16. Calculated proportion of backscattered light waves as a function of the secondary
reflection angle (6r2) for a CLS combining grooved and unetched regions.

4. Experimental Performance Comparison between our proposed structure and an
exemplary conventional structure

|
Position (Omm) Position (3mm)

Fig. 17. Schematic of (a) our proposed CLS structure and (b) the representative conventional
structure from Refs. [14, 17, 18, 20].
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Fig. 18. Calculated residual light intensity distribution for (a) our proposed CLS design and (b) the
conventional design from Refs. [14, 17, 18, 20].
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In order to verify the effectiveness of our proposed CLS structure, we experimentally
compare the lightwave stripping performance of our proposed structure with that of a
representative conventional approach (Fig. 17). Our proposed CLS structure alternates
unetched and grooved sections, whereas the conventional structure has no unetched region.
The conventional structure is assumed to have a tapered section with a rough surface [14, 17,
18, 20]. The residual light intensity distribution along the length of the CLS for both cases is
shown in Fig. 18. Our proposed structure was observed to strip lightwaves more gradually than
the conventional structure. Our proposed structure (Fig.17(a)) exhibited a stripping efficiency
lower than the conventional structure (Fig. 17(b)). The stripping efficiency (7) of our proposed
structure was ~89 %, while it was ~97.4 % in the conventional structure.

To further confirm the effectiveness of our proposed CLS structure, we experimentally
fabricate the two CLS structures using FG125LA optical fibers and chemical wet etching.
Details of this chemical wet etching technique for optical fibers are available in Ref. [27]. The
measured scanning electron microscope (SEM) images of the etched surface of our proposed
CLS is shown in Fig. 19(a). Evidently, the surface roughness is non-negligible. In this
experiment, we use a multimode 60-W laser diode beam at 976 nm to assess the performance
of the two CLS structures. The intensity distribution of the stripped lightwaves is indirectly
estimated by measuring the temperature distribution along the length of the CLS. In order to
measure the thermal images together with temperature distributions, we used a thermal camera
(FLIR A310). The camera composed of 16-bit 320 x 240 pixels has a thermal resolution of <
0.05°C, and its length of a smallest pixel box is about 100 um. We think that the image sensor
resolution is sufficient enough to obtain a thermal image of optical fiber.

Fig. 19(b) and (c) presents thermal images for the two CLS structures under the coupled
multimode 60-W pump beam, and a comparison of the temperature distribution along the
length of the CLS length is displayed in Fig. 19(d). The detecting spectral range of the camera
is from 7.5 um to 13 pm, which is not suitable for detecting a 976-nm laser diode beam.
Therefore, we believe that the temperature peaks in Fig. 19(d) are real thermal images of CLSs.
The temperature distribution measurements based on thermal images were also conducted in
previously demonstrated works on CLSs [3, 6, 9, 12, 14]. It is apparent that our proposed
CLS structure achieves mostly uniform lightwave stripping without localized overheating.
However, the conventional structure exhibits a strong localized overheating with non-
negligible back-scattered light at a position of ~0.5 cm. The temperature peak is believed to be
due to back-scattered light, since the fiber end facet was cleaved with an angle of 7° to avoid
fiber end-facet reflection.  Since the back-reflection at the fiber end facet with an angle of 7°
would be stripped away in our proposed CLS structure, there would not be an issue of back-
reflection at the fiber end facet even in the case of using a fiber with an NA larger than 0.4.
Note that a smaller incident angle (for high NA fibers) results in a higher stripping efficiency,
as shown in Fig. 5. These experimental results reaffirm that our proposed CLS design with
unetched sections is effective in suppressing backscattered light and localized overheating.
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Fig. 19. (a) Measured SEM images of the etched surface of our proposed CLS. Thermal images of (b)
our proposed CLS structure and (c) a conventional structure with, a coupled 60-W multimode pump
beam. (d) Comparison of the temperature distribution along the length of the CLS for the two
structures.

5. Discussion and Future Work
Due to the pandemic situation of COVID19 in South Korea, my research group encountered
various difficulties in conducting research for the project. However, we have been making a
reasonable progress to achieve the goal. Through this investigation, it was found that the
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amount of backscattered cladding light varies significantly with the surface roughness of the
grooves. We proposed a periodically grooved CLS structure with multiple unetched sections
with an appropriate length and verified its efficacy using numerical simulations and an
experiment. The multiple unetched sections were demonstrated to efficiently strip cladding
light without localized overheating or backscattering.

We believe that our results provide a useful guideline for the optimal design of high-power
CLSs. Our work was focused only on CLSs based on wet etching techniques. For the future,
we plan to investigate optimized structures based on CO- laser processing in terms of backward
scattering.
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