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An effective approach is presented to improve inter-
modal third harmonic generation in microfibers. It
is demonstrated that structure-independent incident
pump power could be utilized, via its effect on non-
linear phase modulations, to compensate for the phase
mismatch caused by diameter deviation. The output
harmonic of a fabricated microfiber can be optimized
adaptively; thus, efficient third harmonic generation
with efficiency reaching several percent could realisti-
cally be achieved. © 2018 Optical Society of America
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Fiber-based third-harmonic generation (THG) has drawn
much attention since its first observation in an elliptical-core
optical fiber in 1983 [1]. As an all-fiber system has the attractive
prospect of providing a robust and cost-effective solution for
frequency conversion, this phenomenon has been investigated
in different types of fibers [2–11]. However, due to the very low
reported conversion efficiencies to date, there is still a long way
to go before this solution could become a realistic alternative to
the conventional technologies exploiting nonlinear crystals.

In order to overcome the chromatic dispersion, intermodal
phase matching has been proposed as a promising technical
scheme for fiber-based THG [3]. In 2005, Grubsky et al. theo-
retically suggested that such scheme, with an appropriate fiber
diameter, could achieve an ideal conversion efficiency higher
than 80% with a silica microfiber a few centimeters long [4]. Yet,
the efficiency they achieved in the following experimental verifi-
cation was much lower than the prediction [12]. In fact, despite
efforts such as using longer microfiber and resonant enhance-
ment, efficiencies reported in different experiments based on
this idea are currently on the order of 10−6 − 10−3 [13–15].

Studies have shown that the THG process is critically sensi-
tive to the diameter deviation, and thus intrinsic surface rough-
ness from the microfiber fabrication seriously reduces the con-
version efficiency [16]. Microfibers cannot be consistently and
repeatably tapered with high precision either. Therefore, effi-
cient THG would actually be impossible to achieve if the phase
matching involves solely the microfiber diameter control. In this

Letter, a model of diameter variations more realistic than that
in Ref. [16] is presented; we demonstrate that other parameters
can be introduced via their effect on nonlinear phase modula-
tions, and they could be utilized to adaptively compensate for
the random phase mismatch caused by surface roughness, thus
enhancing the THG conversion efficiency.

The THG process in a microfiber can be modeled by the
following coupled-mode equations [4]

∂A1/∂z =in(2)k1

[
(J1|A1|2 + 2J2|A3|2)A1 + J3 A∗21 A3 exp (iδβz)

]
− (α1/2)A1,

(1a)

∂A3/∂z =in(2)k1

[
(6J2|A1|2 + 3J5|A3|2)A3 + J∗3 A3

1 exp (−iδβz)
]

− (α3/2)A3,
(1b)

where the subscript j = 1, 3 refers to the pump/third harmonic;
Aj is the amplitude of the mode field normalized to its power,
i.e., |Aj|2 = Pj; n(2) is the nonlinear refractive index coefficient;
k1 = 2π/λ1 is the pump propagation constant in vacuum; Jm
are nonlinear overlap integrals (given in detail in Ref. [4]), of
which J3 gives the overlap between the pump and the harmonic
modes, J1 and J5 govern self-phase modulation (SPM) of the
pump and the harmonic respectively, whilst J2 relates to cross-
phase modulation (XPM); αj is the power loss in the microfiber.
The propagation constant of the mode in the fiber is defined
as β j = (ωj/c)ne f f

j , where ωj is angular frequency, c speed of

light in vacuum, and ne f f
j the effective refractive index of the

mode; then δβ = β3 − 3β1 is the propagation constant mismatch
between the pump and the third harmonic in fiber. In this Letter,
a silica microfiber with n(2) = 2.7× 10−20m2/W is used, and
the pump is a quasi-continuous wave with λ1 = 1550nm, which
is justified for a ns pump pulse duration.

Fig. 1(a) shows the dependence of ne f f of several modes on
the microfiber diameter. We limit our discussion to THG be-
tween modes HE11(ω1) and HE12(3ω1). As they share the same
ne f f at d0 = 766.48nm, δβ(d0) = 0. If SPM/XPM were ignored
now, the third harmonic would grow monotonically with the
propagation distance, and most of the pump energy would ide-
ally be converted into the harmonic at η ∼ 1 [see Curve 1 in Fig.
1(b)]; however, the detuning caused by SPM/XPM actually plays
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Fig. 1. (a) Dependence of effective refractive index on mi-
crofiber diameter for a 1550nm pump wavelength. (b) Con-
version efficiency of THG between HE11(ω1) and HE12(3ω1)
and (c) corresponding total propagation constant mismatch
against the propagation distance (parameters for different
curves are presented in Tables 1 and 2).

an important role, and when these nonlinear phase shifts are in-
cluded, the total phase-matching condition is not satisfied with
δβ = 0, resulting in a rather poor THG performance (see Curve
2). Here, the conversion efficiency is defined as η = P3/P0, and
P0 = |A1(0)|2 is the peak incident pump power.

Table 1. Parameters for Curves in Figs. 1(b) and 1(c)

Curve d(nm) P0(W) δβ(m−1) SPM/XPM Loss

1 766.48 1000 0 ignored no

2 766.48 1000 0 included no

3 766.30 1000 -635 included no

4 766.30 1213 -635 included no

5 766.30 1300 -635 included no

Table 2. Integrals J for Curves in Figs. 1(b) and 1(c)

Curve d(nm)
J(µm−2)

J1 J2 J3 = J∗3 J5

1 766.48 0 0 0.3850 0

2 766.48 0.9742 1.4589 0.3850 3.9682

3/4/5 766.30 0.9734 1.4578 0.3847 3.9660

The total propagation constant mismatch is δβ′ = δβ +
δβNL, where δβNL is the implicit nonlinear detuning caused
by SPM/XPM which can be expressed as

δβNL(z) = 3k1n(2) [(2J2 − J1)P1(z) + (J5 − 2J2)P3(z)] , (2)

and it is dominated by two parameters: 1) the fiber diameter d
via J1, J2 and J5; 2) the incident pump power P0 via P1 and P3
(particularly, P1 + P3 = P0 for a lossless fiber).

δβNL(z) is not easy to be dealt with rigorously because it
depends on the pump and harmonic powers which vary with
propagation distance. An approximation can be made under the
condition |A3| << |A1| and by ignoring the fiber loss:

δβNL0 = 3k1n(2)(2J2 − J1)P0, (3)

and thus a modification of diameter can be made at the begin-
ning to compensate for δβNL0 [4]. The procedure requires first
estimating the nonlinear detuning as δβNL0(d0, P0), and then
adjusting the diameter to d′0, so that δβ(d′0) = −δβNL0(d0, P0).
With the reduced total mismatch δβ′(d′0, P0) = −δβNL0(d0, P0) +
δβNL(d′0, P0), better THG performance can be achieved. In Fig.
1(b), we estimate the detuning with P0 = 1000W and adjust
the diameter to d′0 = 766.30nm, then the THG is enhanced as
expected (see Curve 3). As δβNL is diameter dependent, the real
detuning experienced in the THG process will have deviated
from the estimation after the adjustment; improvement could be
possible by conducting an iterative procedure to optimize the
diameter so that δβ′(dopt, P0) ≈ 0.

This approach for SPM/XPM correction has been employed
in almost all the microfiber-based THG work [4, 12–15], but the
realistic η are much lower than expected. Two reasons may ac-
count for this fact. First, the model given by Eq. 3 could not
describe the real nonlinear detuning well enough, as the con-
dition |A3| << |A1| would not be satisfied with the harmonic
increasing; ignoring the fiber loss would also introduce an error.
Second, even if the optimal diameter dopt could be designed
precisely, it would be practically unachievable due to microfiber
roughness.

Fortunately, Eq. 3 shows that the nonlinear detuning can also
be adjusted by modifying the incident pump power P0. This
is true even for the original model given by Eq. 2, because the
pump power P1(z) and harmonic power P3(z) relate to P0. An
easy and direct control can be conducted on P0 since it is inde-
pendent of the microfiber structure: in Fig. 1(b), the THG of
Curve 3 can be improved with P0 = 1213W (see Curve 4); how-
ever, the performance deteriorates when P0 is further raised to
1300W (see Curve 5). Fig. 1(c) presents the real total propagation
constant mismatch δβ′(z) experienced during the THG process
in the above five cases.

Figures 1(b) and 1(c) indicate two important facts. First, once
the harmonic power begins to oscillate due to phase mismatch, it
does not grow continuously along the propagation direction, so
one cannot always expect greater THG output by using a longer
microfiber. Second, when the incident pump power results in
large total phase mismatch via SPM/XPM, the harmonic power
oscillates, so one cannot always expect greater THG output by
raising the pump power either. Yet, the harmonic performance
could be improved by jointly controlling the microfiber diameter,
the microfiber length, and the incident pump power to change
the total phase detuning.

The THG performance can be evaluated from two charac-
teristic features: the coherence length Lc = π/δβ′ over which
the harmonic can grow and the maximum conversion efficiency
ηmax. Smaller phase mismatches will generate longer Lc and
hence higher ηmax. Figure 2(a) shows the ηmax within a 10-cm-
long microfiber with d′0 = 766.30nm at different P0. A higher
ηmax can be achieved by raising P0 in a wide range; but when the
real nonlinear detuning is significant, the appreciable phase mis-
match results in a shorter Lc, and thus ηmax declines. The best
THG performance appears at P0 = 1213W, with the harmonic
increasing along an 8cm distance and generating an efficiency
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of about 83%. Figure 2(b) shows the dependence of η on P0 and
the interaction length along the microfiber.

Fig. 2. THG behavior for uniform diameter microfiber. (a)
Maximum conversion efficiency within a 10cm-long microfiber
against the incident pump power P0. (b) Conversion efficiency
against P0 (horizontal) and the propagation distance (vertical).
The microfiber diameter is 766.30nm, and loss is ignored.

In Figs. 1(b), 1(c) and 2, the microfiber is ideally uniform
along its length. Since intrinsic roughness at the silica microfiber
surface is unavoidable, diameter deviations should be consid-
ered when exploring the realistic effect of the incident pump
power. Figure 3(a) shows a typical random deviation from the
median microfiber diameter, where the amplitude ε is assumed
to obey the Gaussian distribution on long distances, i.e.,

p1(ε) =
1

σ
√

2π
exp(− ε2

2σ2 ), (4)

in which p1 is the distribution density, and σ is the width of the
distribution [see Fig. 3(b)]. The existing work has suggested a
roughness of about 0.3nm [16], and in this Letter, the THG per-
formance will be studied with microfibers of different roughness:
(I) σ = 0.15nm, (II) σ = 0.3nm, and (III) σ = 0.6nm. Figure 3(c)
shows the linear relation between δβ and the diameter deviation
from d′0 = 766.30nm.

ε is assumed to remain constant in a short segment Λ along
the fiber. This is termed the roughness length and also varies
according to a Gaussian probability distribution given by

p2(Λ) =
1

w
√

2π
exp

[
− (Λ−Λ0)

2

2w2

]
, (5)

where Λ0 is the central roughness length, and w is the width
of the distribution (w = Λ0/10 in the simulation). As studies
indicate that losses in silica microfibers at 1550nm are on the
order of 10−3 − 10−2 dB/mm [17, 18], here we set α1 = 0.46/m
(i.e. 2× 10−3dB/mm) for the pump; losses would be higher for
the shorter wavelength due to greater material absorption [19]
and the higher order mode experiencing greater scattering loss
from surface roughness, so a rough value of α3 = 4.6/m (i.e.
2× 10−2dB/mm) is used for the third harmonic.

Figure 4(a) shows the ηmax within a 5-cm-long rough mi-
crofiber when adjusting P0 in the range [0, 3000W]. Compared
with the ideal case in Fig. 2(a), the ηmax is reduced by more than
one order of magnitude, and the optimum incident pump moves
towards the high power end because the diameter deviation
gives a δβ which needs larger nonlinear phase to compensate;
moreover, a greater roughness tends to result in a lower ηmax.
The irregular curve profiles are due to the random roughness,
and the peaks indicate that better THG performance could be
achieved at some incident pump powers.

To give more details of the THG process in microfibers, Figs.
4(b)-4(d), for instance, show the harmonic evolution against z
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Fig. 3. (a) Diameter deviation of a microfiber with random
roughness amplitude ε. (b) Gaussian distribution of ε. (c) Prop-
agation constant mismatch against ε (from 766.30nm).

at specific P0 in the case σ = 0.3nm. With P0 = 1000W, the
harmonic winds up first and reaches ηmax ∼ 6× 10−3 at z ≈
1.7cm, which accounts for Point A on the corresponding curve
in Fig. 4(a), but oscillation on a large scale arises after that
and stops the harmonic from increasing further. With P0 =
1450W, i.e. Point B in Fig. 4(a), ηmax ∼ 5× 10−3 appears at z ≈
0.6cm, then the harmonic declines along the distance, and the
efficiency is as low as η ∼ 10−5 at z ≈ 4.3cm. With P0 = 2352W,
the harmonic basically increases along the whole fiber except
for some variation due to the random diameter deviation, and
ηmax ∼ 0.045 accounts for Point C in Fig. 4(a).
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Fig. 4. (a) Maximum conversion efficiency within a 5-cm-long
lossy microfiber with different roughness against the incident
pump power. The expected diameter is d′0 = 766.30nm, and
Λ0 = 10µm. (b), (c) and (d) present details of the conversion
against the propagation distance at three incident pump pow-
ers for σ = 0.3nm.

Since the harmonic power may oscillate along the distance,
for a given fiber length it may assume any value between the
peak and the minimum, depending on the oscillation period.
Hence, P0 will influence the output harmonic by altering the
phase mismatch to change the oscillation period. Figures 5(a)
and 5(b) show its effect on the output harmonic of different
microfibers. For lengths L = 1mm, 2mm, and 5mm, as the fiber
is shorter than Lc in the range [0, 3000W], the output efficiency
increases monotonically with P0. For L = 2cm, 5cm, and 10cm,
with longer interaction length, the overall output could be higher,
but the effect of P0 becomes complicated: there are some efficient
conditions, e.g., with L = 5cm, the output efficiency reaches η ∼
0.043 at P0 = 2352W; but at 1462W, a low value η ∼ 2× 10−4

appears because the output end of the fiber locates near the



Letter Optics Letters 4

oscillation minimum in the harmonic evolution.
Microfibers with d(z) = d′0 + ε(z) generated randomly using

identical roughness amplitude and length probability profiles
may differ from one another; thus, more simulations have been
made to see how much the THG behavior might vary among
microfibers. Figures 5(c) and 5(d), respectively, show the output
THG for three 5-mm-long and three 5-cm-long microfibers of
different random roughness with σ = 0.3nm and Λ0 = 10µm.
Although the efficiency may peak at different P0 for each specific
microfiber, the trend is similar. Therefore, for a fabricated mi-
crofiber with fixed median diameter, roughness and length, by
adjusting P0 to compensate for the phase detuning adaptively,
the THG output can be controlled and optimized.
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Fig. 5. Output THG conversion efficiency against the incident
pump power. (a) Three short and (b) three long microfibers; (c)
three 5-mm-long and (d) three 5-cm-long microfibers of differ-
ent random roughness. The lossy microfibers are 766.30nm in
diameter, σ = 0.3nm, Λ0 = 10µm.

So far, the central roughness length has been set to Λ0 =
10µm. Lengths Λ0 = 50µm and 5µm have also been studied,
and the output efficiencies against P0 are compared in Fig. 6.
With the same Λ0, a greater roughness amplitude tends to result
in a lower minimum/maximum efficiency, while with certain σ
but longer Λ0, a higher efficiency seems likely to be achieved at
a lower P0, which is reasonable since a roughness with longer
length, within which the amplitude ε is assumed to be constant,
is less random and thus could be compensated more easily.

Simulations also show that, while efficiency curves for fibers
of random ε distributions (even with identical σ) may have quite
different structures, as in Figs. 5(c) and 5(d), results from just
random Λ distributions (with the same Λ0) are consistent but
trivial difference in detail, so the roughness length has less influ-
ence compared to the amplitude. The results in Figs. 4(a), 5(a),
5(b) and 6 are averaged over 10 realizations of random Λ while
with fixed ε distribution. Smaller harmonic losses α3=0.46/m
and 0.046/m were also tried, with which, although the peak
values are slightly different, the ηoutput curves do not change in
structure.

To conclude, efficient microfiber-based THG would be un-
achievable realistically if the intermodal phase matching in-
volves solely diameter control, and surface roughness may result
in random THG output varying by several orders of magnitude.
Fortunately, some parameters independent of fiber structure (e.g.
incident pump power) can be utilized to compensate for the ran-
dom mismatch adaptively via nonlinear phase shifts caused by
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Fig. 6. Output THG conversion efficiency of a 5-cm-long mi-
crofiber with different σ and Λ0 against the incident pump
power. The lossy microfibers are 766.30nm in diameter.

SPM/XPM; thus, the THG output of a fabricated microfiber can
be controlled and optimized. A reliable conversion efficiency of
a couple of percent (higher than the best experimental value to
date by more than ten times) is expected at peak incident pump
powers lower than 2000W with a silica microfiber several cen-
timeters long. This novel idea provides a simple, effective way
to implement THG, and could be applied to other waveguide-
based frequency conversion processes.
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