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Second and third order dispersion
of broadband thin-film antireflection coatings
for ultrafast lasers
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Ultrashort pulse generation relies on a high quality of the laser cavity dispersion control. Common
dielectric thin-film coatings, the broadband antireflection (AR) coatings being included, may
introduce great fluctuations on the group delay dispersion (GDD) and the third order dispersion
(TOD) of the reflected pulse. By accumulation in time, these fluctuations may contribute to the
alteration or the cease of the ultrafast regime, especially in ring laser resonators. With an
insignificant computational effort, optimized broadband AR coatings may be designed to provide
near-zero values of the GDD and the TOD at the expense of poor AR quality.
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1. Introduction

Remarkable progress has recently been achieved in the development of ultrafast lasers.
The evolution of femtosecond technology relies, among other things, on the quality of
the laser cavity dispersion control [1]. In solid-state lasers femtosecond pulse
generation needs a net negative group delay dispersion (GDD) that is obviously
controlled by crossed prism pairs [2]-[7]. More recently, chirped dispersive mirrors
were engineered to produce a broadband negative GDD [8]-[11]. Since for the higher
-order dispersion control more than one dispersive system is required, both the crossed
prisms and the chirped mirrors could be used at once.

Generally, a major limitation of common multilayer dielectric thin-film coatings
is the existence of large fluctuations [12] in their GDD and third order dispersion
(TOD). The fewer the common coatings inside the laser cavity, the better the dispersion
control. Besides the designed chirped dispersive mirrors, standard laser cavities may
contain other common dielectric thin-film coatings on the components, e.g., on the
output couplers, the wedged glass plates compensating for the angular wavelength
spread, or the beam splitters.
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In this note, we show that common broadband antireflection (AR) coatings may
also present great dispersion fluctuations. These fluctuations accumulated in time as
increased losses (e.g., after one hour of laser function), may contribute to the alteration
or the cease of the ultrafast regime, especially in the ring laser cavities. We also show
that by using a common least-squares refinement algorithm one may get near-zero
GDD and TOD at the expense of poor AR quality, that is at the expense of an increased
reflectance value. A review of the computer refinement algorithms for multilayer
thin-film coatings may be found, e.g., in [13].

2. Dispersion of broadband antireflection coatings

Generally, the phase ¢ accumulated by a pulse on reflection from a thin-film coating
can be represented by Taylor’s series expansion [1],
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Here, @ is the angular frequency and @, — the center frequency of the expansion. The
first term is a constant, the second represents an overall time shift of the pulse, and the
remaining terms represent distortions to the pulse shape. The coefficient of the third
term (0%¢/ 0w | @, ) is the GDD, whereas the coefficient of the fourth term
(OPp/ 00’ | w.) 18 the TOD. A basic assumption is that Taylor’s expansion is well
behaved, thatOIS the effect of each term in expansion produces an alteration of the pulse
shape that is significantly smaller than the effect of the previous term.

Now, let us consider a broadband AR coating, as shown in Fig. 1, consisting of
nine alternating layers of constant refractive indices 1.45 and 2.3 on a glass substrate
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Fig. 1. Relation of optical thickness and refractive index (a), and the reflectance spectrum of a broadband
antireflection coating (b).
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Fig. 2. Group delay dispersion determined by the second derivative of the phase ¢, expressed in squared
femtoseconds (a, b); the third order dispersion expressed in cubic femtoseconds (¢, d). Two ordinate
scales are chosen.

(ny,=1.5) in air (ny = 1). The coating produces a reflectance smaller than 9.7x 107 on
the wavelength interval 0.7-0.9 pum. Starting from the substrate, the layers have the
following optical thicknesses expressed in micrometers: 0.1975, 0.2342, 0.0564,
0.0698, 0.2936, 0.0554, 0.1346, 0.0523, and 0.4463. The second and the third order
derivatives of the phase ¢ produced by reflection on that coating are plotted in Fig. 2.
Both the GDD and the TOD have great fluctuations especially towards the borders of
the wavelength interval. Thus, the GDD has a maximum absolute value of 1.44x103 fs?
on the borders (Fig. 2a) and 79 fs® near the center (Fig. 2b). The TOD has a maximum
absolute value of 2x10° fs* on the borders (Fig. 2¢) and 2.7 x10? s near the center
(Fig. 2d).

3. Optimized design

A common least-squares refinement algorithm [14] was used to minimize the
fluctuations of the GDD and the TOD. The GDD was required to exhibit a slight linear
variation with a slope suitable for compensating the TOD. Only several iterations were
needed. Results are shown in Fig. 3. Starting from the substrate, the layers have the
following optical thicknesses: 0.1019, 0.0153, 0.0850, 0.2366, 0.0676, 0.0583,0.3128,
0.0424, 0.1469, 0.0391, and 0.4537. Small values of the GDD and the TOD are
obtained. Thus, in Fig. 3¢, the GDD varies from 0 to —9 fs? on the overall interval, but
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Fig. 3. Relation of optical thickness and refractive index (a), and the reflectance spectrum of the
dispersion-optimized broadband antireflection coating (b); the second order dispersion (¢) and the third
order dispersion (d) of the optimized design.

it is —21 fs? at 0.9 um. The TOD fluctuations in Fig. 3d are +50 fs* on the overall
interval, but with a maximum of 100 fs® at 0.88 pm. The minimization of the GDD
and the TOD fluctuations is accomplished at the expense of poor AR quality, as shown
in Fig. 3b — a maximum reflectance value of 2.5x1073 is at 0.7 pum.

Numerical examples given in this note show that the great fluctuations of the GDD
and the TOD produced by the common broadband thin-film coatings could be
minimized with an insignificant computational effort.
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