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We report comprehensive analysis of output characteristics of homogeneously broad-
ened index-antiguided slab lasers with transverse mode competition. Robust single
fundamental mode operation is achieved when the distributive modal loss due to
index antiguiding dominates the output coupling loss. Maximal laser efficiency
under single fundamental mode operation is investigated numerically for various
combinations of single-pass gains and losses. We show analytically that an asymp-
totic limit of such efficiency exists that is solely determined by the loss ratio
between the fundamental and 1% higher-order modes, which equals 66.7% for planar
index antiguided lasers. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4971307]

It is well known that the output of a laser depends on many parameters in the resonator, such as
pumping level and distribution, internal loss, mirror curvatures, output coupling, and cavity length,
etc.> A comprehensive study of laser resonators is therefore essential for understanding these lim-
itations and optimizing their performance. This is especially important for high-power lasers where
large mode area (LMA) with robust single fundamental mode is highly desired for high-brightness
operation.>* These LMA lasers are mostly multimoded (MM) and require some level of mode discrim-
ination to achieve single fundamental mode operation. Among various means to achieve this goal,*”
index antiguiding (IAG) is a relatively simple approach, where the negative index step between the
core and the cladding imposes higher loss for higher order modes.!®!! Robust single fundamental
mode oscillation has been reported both in IAG fibers with diameter up to 400 um'%!? and IAG planar
waveguides with 200-um core width.!* Previously we have conducted the first theoretical analysis
of output characteristics of fundamentally single-moded (i.e., HOMs can never oscillate) planar IAG
lasers with arbitrary laser gain, internal loss, output coupling, and cavity length.'> However, recent
observation of HOM oscillation in a 400-um-core planar IAG laser '© indicates the necessity to include
transverse mode competition (TMC) due to transverse spatial hole burning!” in such MM waveguide
lasers. Although TMC in MM waveguide lasers has been investigated,'®!3-2! these studies were
conducted for specific values or narrow range of gain, loss, and output coupling. A comprehensive
study of output characteristics in MM waveguide lasers, not only for IAG but also for LMA waveg-
uide lasers in general, is still lacking. In this work, we conduct comprehensive analysis of output
characteristics of single fundamental mode in planar multimoded IAG lasers with arbitrary gain and
loss. We report a simple and efficient quasi-analytical method to calculate the threshold gain of the
HOM, which is very beneficial to this comprehensive study. We study numerically the extraction effi-
ciency and optimal extraction conditions of the single fundamental mode for various combinations
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of single-pass gains and losses. We present an analytic theory that predicts the absolute maximal
extraction efficiency to be 66.7% which is in excellent agreement with numerical modeling.

We consider a generic planar IAG waveguide with a core width d and a length L, sandwiched
between two flat mirrors with reflectances R; and R, at the left-hand (z = 0) and the right-hand
(z=L) ends of the resonator, respectively. The modal loss coefficient a,, of the n'" mode is determined
by the core width and the refractive indexes of the core and the cladding, and scales as square of the
mode order n.'° For simplicity, we assume the FM and HOM oscillate at the same frequency with a
uniform small-signal gain coefficient gg in the core region. Previously we have developed a model
to calculate the propagating intensities in a homogeneously broadened planar IAG waveguide laser
based on a zero-field approximation.'>?> The forward-propagating average normalized intensities
(I,;*) of the fundamental (n=1) and the first higher-order mode (n=2) are governed by the following
set of two coupled first-order nonlinear ordinary differential equations'®

o dj2
dln ’ fn(X)

= sl - dx — aul,’, ey
—dap2 [1+d Zlfi(x)(l,f+ +ci/I;M)]
i=

where ¢, = [I,’:r (0)1*/R; = R,[I;fr (L)]? are mode-specific constants, and f(x) = 2cos?(nx/d)ld and
fa2(x)=2sin?(2mx/d)/d are the normalized intensity profiles across the waveguide core width satisfying
ffld//Zz Jfa(x)dx = 1. For arbitrary level of saturation, Eq. (1) needs to be solved self consistently to yield
I,;*(z), from which a multitude of laser output parameters, such as threshold gain, slope efficiency,
extraction efficiency, output power, etc., can be derived for individual modes, as was demonstrated
in Figs. 1 and 3 of Ref. 16 This process, however, is computationally intensive and is not the easiest
way to achieve our goal.

As the focus of the present work is on output characteristics of the fundamental mode, we do not
have to calculate I;’ if we know its threshold gain g;h. Below we present a simple method to obtain g;h
quasi-analytically. When the unsaturated gain coefficient gy equals threshold gain of the fundamental
mode gth the FM just starts to oscillate (/ ;* ~0) while I;' is zero. At steady state where the round-trip
gain equals the round-trip loss for the FM, Eq. (1) can be integrated to yield the well-known condition
for g:

¢"L=aL - 1hInRR,. )
At intermediate gain gl <go< g2 , the FM oscillates and Ii+ is governed by a single first-order

nonlinear ordinary differential equation:

. a2
dI _ 1'+ fl (x)
Tz 80 T+ dn@ + /I

dx —ay I}t (3)

This equation is identical to Eq. (9) in Ref. 15 which can be solved much more efficiently than
Eq. (1) using the first integral. At the same time, the 15 HOM is below the threshold and integrating
Eq. (1) yields

L{ d]2
1
go/ / 20O i <aal - L mRR,. (4)
[1+dfi)d" +17)] 2
0 \dn
Finally, at gg = g‘zh, the HOM starts to oscillate (I;+ ~0) and Eq. (4) becomes
L{dp
1
/ / £ dx|dz=a>L — =~ InRR,. (5)
[1+dfi)U" + I )] 2

Equation (5) defines g , which can be determined fairly quickly by gradually increasing go in

Eq. (3) to obtain [ 1+ until a transition from Eq. (4) to Eq. (5) is obtained. We have applied this
simplified method to Figs. 1 and 3 of Ref. 16 and obtained excellent agreement.
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Equations (2)—(5) are applied to study threshold characteristics of planar IAG waveguide lasers.
Consider a common laser configuration where R; =1 and R, = Rpc (the reflectance of the output
coupler). With this notation, output coupling loss is defined as T =1 — Rpc, which approximates
—In Rpc when R is close to unity. Figure 1(a) shows the contour plot of theoretical threshold gain g’lh
of the FM as a function of single-pass loss a1 L (logarithmic scale) and output coupler reflectance Roc
(linear scale). As is apparent from Eq. (2), g’lh decreases monotonically with decreasing distributive
loss a1L and output coupling loss T (or increasing Roc). Figure 1(b) shows a similar plot for the
threshold gain g’zh of the 1t HOM. In the lower-left region where the output coupling loss T dominates
the distributive loss a1L, there is little modal discrimination between the FM and HOM such that
HOM oscillates immediately after FM lases. The gain saturation term in Eq. (5) is negligible and
g‘zh follows the trend of gtlh. This situation is completely different in upper-right region of the figure
where a1 L >> T and gain saturation by the FM suppresses effectively HOM oscillation. We define
a robustness parameter & = g’zh / g’lh to reflect the robustness of single fundamental mode operation.
As shown in Fig. 1(c), to have large ¢ and therefore robust single FM operation, one needs to work
in the upper-right region where the discriminating IAG loss @ ;L dominates the non-discriminating
output coupling loss T = —In Rp¢ such that gain saturation by the FM effectively suppresses HOM
oscillation. It is worth to point out that not all the points along the £ contour work equally effective in
laser optimization. As for the case of plane-wave oscillators, large internal loss significantly reduces
lasers’ extraction efficiency.?® This topic is the subject of the following sections.

output coupling loss T
1.0 0.8 0.6 0.4 0.2 0.0
100_ I 1 1
g'L=1

single-pass loss of the fundamental mode ¢, L

00 02 04 06 08 10

output coupler reflectance R

FIG. 1. Contour plots of (a) single-pass threshold gain g’th of the fundamental mode, (b) single-pass threshold gain g’zhL of the

13 HOM, and (c) threshold gain contrast g’zh / g’lh , as a function of single-pass loss L of the fundamental mode (logarithmic
scale) and output coupler reflectance Rpc (linear scale).
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One of the most important performance metrics of lasers is their extraction efficiency. For
homogeneously broadened multimoded lasers, the extraction efficiency for the n# mode is defined
by 215

L)1 =Ry

n= 6
2oL (6)

For given gain and loss coefficients, 7,, is typically a strong function of the output coupling, and
maximal extraction efficiency 7,;'®* exists at some optimal output coupler R,,;. For high brightness
operation, one is particularly interested in the maximal extraction efficiency ngy* of the single-
fundamental mode, which is defined by 7g)*= maximal 1, while 12 =0. In principle 77" can be
calculated by solving Eq. (1) to take into account of TMC explicitly, as was done in Ref. 16 With
the knowledge of g’zh, however, we propose a simpler method and illustrate its principle below by
considering an IAG waveguide with a1 L = 0.1. Firstly we assume a fundamentally single-mode laser
by setting I;* =0 and solve Eq. (3) to obtain 7, as a function of Ry¢ for selective ggL, as shown in
Fig. 2(a). For each goL, n}"** occurs at the critical point where the derivative n}(R,) equals zero and
this defines the optimal output coupler R,,;. The red dash-dot-dot in Fig. 2(a) denotes the locus of
n™ and its corresponding R, for different gains. Next, we allow HOM to oscillate (i.e., I;’ can be
non-zero) and identify single FM region in Fig. 2(a). To do so, we calculate g’lh and g’2h as a function
of Roc for oL = 0.1, which is displayed in Fig. 2(b). The regions below the g’lh curve, between g’lh
and g’zh curves, and above the g’zh curve, represent no oscillation, FM only, and multimode oscillation,
respectively. While the g’lh curve is monotonic, the g’zh curve has a local minimum at goL = 2.654,
below which the oscillation is single FM for all Roc. For each goL > 2.654, the g’zh curve defines
two Roc values separating the single FM from MM operation. The g’zh curve in Fig. 2(b) can then
be mapped into Fig. 2(a) as the blue dash-dot curve, which also represents 7 at the threshold of the
1° HOM. Finally, we can define 77§);* as follows, which is represented by black circles in Fig. 2(a):

Below the g’zh curve the laser is single fundamental mode so ng* = 77"*; above it the laser is MM and
ngy follows the g’zh curve, as HOM Kicks in before the laser reaches to 77™*. These two segments
intersect at goL = 4.235 which defines a sharp kink. Figure 2(a) clearly shows that, as a result of

TMC, ng2* is suppressed in regions of high gain and the corresponding optimal output coupler R,

) M
increases.
Figure 2(a) can be repeated to obtain n's“/&x and R, for different values of «L. The result is

summarized in Fig. 3(a). For comparison, the same calculation for a fundamentally single-mode IAG
laser is displayed in Fig. 3(b).!> As shown, without the HOM competing with the FM, all curves of
constant goL (solid line) or L (dash line) are smooth and n‘lm" approaches unity in the limit of
low loss. With the HOM competing with the FM, the trend remains the same in high-loss regions

while it is squeezed downwards in low-loss regions. The squeezing results in kinks in all curves of

aL=0.1
0.7 : !
(b)
0.6 10" ' L
- MM S &L
% 0.5 ~ ‘,
5 09
3 ] E
& 04 g . M
£ 034 | £ 104 3
2 &
£ 024 El
m
gL
0.14 no oscillation '
0.0~ T . . T 107" 1= T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
output coupler reflectance R output coupler reflectance R

FIG. 2. For a;L =0.1, (a) extraction efficiency of the fundamentally single mode vs. output coupling for selected fixed gains,
and (b) threshold gain vs. output coupling for the FM and 1t HOM in a MM IAG laser. In (a), red dash-dot-dot is the locus
of maximal extraction efficiency of the FM, blue dash-dot is 77; at the threshold of 1* HOM, and black circle is the maximal
single-fundamental-mode extraction efficiency in a MM IAG laser.
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FIG. 3. (a) Maximal extraction efficiency of the single fundamental mode in a multimoded laser (ng‘ﬂf‘,") and optimal output
coupler reflectance Ry, for various single-pass gains (solid lines) and distributive losses (dash lines). (b) Same as (a) except
maximal extraction efficiency of a fundamentally single-moded laser (17"*%).

constant gain or loss (notice that kinks in curves of very low gain or very high loss are not shown).
Specifically, the dash curve with @;L = 0.1 in Fig. 3(a) is identical to the ng* curve in Fig. 2(a).
Figure 3 clearly indicates that ng™ is suppressed and approaches an asymptotic value of 67%, which
defines an absolute maximal extraction efficiency Hg)7* of the laser under single fundamental mode
operation (H stands for capital Greek letter n). The squeezing also makes 77" insensitive to (internal)
distributed loss and (external) output coupling loss at high gain — a property that is also shared by
plane-wave resonators.’

The value of Hgj* can be derived analytically as follows. Referring to Fig. 3(a), Hg;* equals
T2% in the limit of low distributive loss, weak output coupling, and high gain. This point corresponds

Nsm

to the largest ng);* in Fig. 2(a), which occurs at the intersection of the g’zh curve and the 77 curve of

the highest goL. It therefore satisfies both Eq. (5) and
L{dp

th JS1(x) B _1
8> / § +df1(X)(]i+ +[i_)]dx dz=a|L 21nROC~ 7
d/2

Equation (7) states simply that round-trip gain equal to round-trip loss for the FM at g’zh. Letas =ka;
where k = 4 for planar IAG waveguides. Multiplying Eq. (7) by k and subtracting Eq. (5) yields

L d/2

h kfi(x) — f2(x) _ k=1
& 0/ Z 1+ df (x)(Iff n Ii_)] dxdz = 3 InRoc. (8)

[
2
At the limit of low loss @ L — 0 and weak coupling Rpoc — 1 where I;* e I;‘ and —InRpc ~ 1 —Rpc,
Eq. (8) is reduced to
d/2

¢IL kf1(x) —fz(J?r dres k-1
J T+ dioor] 2

(I-R)). €))

Since the right-hand side of Eq. (9) is close to 0, we have df; (x)ZI;Jr >> 1 and Eq. (9) becomes

el . k=D
k=== (=R (10)

The maximum extraction efficiency Hg;* is therefore

L'(1-R) k-2
g;hL _k—l'

(1)

max _
HSM -

With k = 4 for planar IAG lasers, Hg‘ﬁfl‘x =2/3 ~ 0.67, which agrees well with the numerical result
shown in Fig. 3(a). Experiments are currently underway to confirm this prediction.
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In conclusion, we have conducted comprehensive analysis of output characteristics of homoge-
neously broadened IAG planar waveguide lasers with arbitrary single-pass gain and loss. Specifically,
our modeling takes into account transverse mode competition due to transverse spatial hole burning.
We propose an efficient semi-analytical method to calculate threshold gains of higher-order modes.
We show that robust single fundamental mode operation can be obtained in IAG lasers when dis-
tributive modal loss dominates output coupling loss. We study laser extraction efficiency and optimal
output coupling for various combinations of single-pass gains and losses. Drastically different from
a fundamentally single-mode laser where the maximal extraction efficiency can approach unity, the
extraction efficiency of the single fundamental mode in a MM laser approaches an asymptotic value.
We present an analytic theory to show that this limiting value is solely determined by the modal loss
ratio between the FM and the HOM. Our theory predicts a value of 2/3 for planar IAG waveguides,
which agrees very well with numerical modeling. Our results have important implications to the
design and optimization of IAG waveguide lasers. Our methods can be readily extended to other
LMA lasers with different modal loss discrimination mechanisms, as well as to the study of general
aspects of mode competition in multimoded systems.
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