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ABSTRACT We demonstrate numerically and experimentally
a chirped mirror with controlled reflectivity and dispersion of
up to 1.5 octaves. A complementary pair of such mirrors has
a reflectivity of 95% in the wavelength range 400–1200 nm with
residual group delay dispersion ripples < 100 fs2 in all of this
range. The mirror pair allows one to compensate a chirp of
the corresponding spectrum (with a smooth phase), resulting in
sub-3-fs pulses.

PACS 42.65.Re; 42.79.Fm; 42.79.Wc

1 Introduction

Generation of one-cycle pulses has been a chal-
lenge in optics for decades. Such pulses are indispensable for
studying extremely short processes in gas, liquid and solid-
state media; one example is the study of dephasing processes
in water. There are two main approaches to generating one-
cycle pulses: (i) synthesis of different laser sources [1–3] or
a Raman generator on the basis of synthesis of vibrational or
rotational transitions in molecules [4–6] with further pulse
compression by means of a spatial light modulator (SLM) [4],
and (ii) compression of a supercontinuum behind hollow gas-
filled fibers [7–9]. The shortest visible 3.4-fs pulses so far
have been obtained in experiments with supercontinuum gen-
eration in hollow gas-filled fibers [7, 9] combined with a SLM.
Further progress in these two approaches is limited by both the
low transmission of a SLM and the highest pulse energy that
can be applied to the SLM.

An alternative to a SLM can be a broadband chirped mirror
(CM) compressor. There has been progress in chirped mirror
development since its invention in 1994 [10]. All previous ef-
forts have been concentrated on design and realization of CMs
approaching one octave [11–16], but generation of one-cycle,
∼ 2.5-fs pulses at the central wavelength of 800 nm already
entails manipulation with a 1.5-octave spectrum, for which
the phase must be corrected. In this paper we demonstrate the
feasibility of designing such broadband CMs in terms of the-
ory and simulations and show their first realizations.

� Fax: +49-089-289-14141, E-mail: volodymyr.pervak@mpq.mpg.de

2 Theory and design

A CM is a dispersive optical interference coating
usually designed by optimizing the initial multilayer design.
A CM is characterized by a certain value of the group de-
lay dispersion (GDD), the second derivative of the phase shift
on reflection with respect to the angular frequency. A CM
can provide the broadband spectrum with support, compa-
rable with prism and grating pairs, but additionally it offers
control of third- and higher-order dispersions and higher ef-
ficiency (reflectivity) together with better beam stability. Re-
flection from the top layer of a multilayer structure brings
so-called ripples to the spectral GDD curve due to interfer-
ence between waves reflected from the top layer and waves
which have penetrated and been reflected from deeper. Rip-
ples become pronounced in the case where air is an inci-
dent medium. In general, the mirror GDD should compensate
the material (through which the initially short pulse passes)
or the (nonlinear) pulse chirp so that the residual disper-
sion fluctuations are acceptably small in all of the relevant
spectral range. Usually, during design optimization, residual
fluctuations drop to a low level. The GDD fluctuations can
broaden the pulse and lead to energy transfer from the ini-
tial single pulse to satellites. The period of the ripples in
the spectral domain determines the position of the satellite
in the temporal domain, and the amplitude of these oscilla-
tions determines the amount of energy which transfers into the
satellite(s).

A bandwidth of a CM and its GDD spectral shape are
defined by, among other parameters, impedance mismatch be-
tween the ambient medium and mirror stack. The impedance
mismatch can be overcome by using glass as the medium of
incidence. Unfortunately, this solution limits the highest value
of GDD, because the mirror stack should compensate an ad-
ditional thin non-parallel substrate [17] or glass wedge [18].
Additionally, in this case the aperture cannot be high and the
beam stability problem may arise. There are several other
approaches to reducing GDD ripples: double-chirped mir-
rors [19], Brewster-angled CMs [20] and complementary CM
pairs [11]. Alternatively, time-domain optimization [13, 21]
deals directly with pulse compression and can therefore lead
to the shortest pulses even in spite of large GDD oscillations.
The complementary mirror approach has high potential and
the relevant results are shown below.
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For providing pulse compression down to sub-3 fs, it is
necessary to design a complementary CM pair with smooth
dispersion and high reflectivity in all of a 1.5-octave spanning
spectrum. Note that the requirement of dispersion smooth-
ness is greater for a broader spectrum. An appropriate design
of such an ultra-broad CM (UBCM) is a complex thin-film
problem requiring fast optimization algorithms and a power-
ful computer to calculate a large number of target points.

In this work the OptiLayer software was used for design-
ing the mirror. The distinguishing feature of OptiLayer is its
completely analytical approach to computing all quantities
necessary for coating optimization [22]. This feature provides
a computational efficiency that cannot be achieved when non-
analytical approaches are applied to coating optimization. It
is recalled that the characteristic GDD to be optimized is the
second derivative of the phase shift with respect to the angular
frequency, and modern highly efficient optimization methods
also require second derivatives of this characteristic with re-
spect to layer thicknesses. Utilizing the completely analytical
approach to computing all derivatives required provides fast
computation and high accuracy of the synthesis algorithms at
all stages of designing.

In order to design a complementary CM pair a special
plug-in module was developed. We define the target re-
flectance of a CM pair reduced to a single mirror as

Rp = (R1 R2)
1/2 , (1)

and the target GDD as

GDDp = (GDD1 +GDD2) /2 , (2)

where the subscript p designates values relating to a CM pair
and the subscripts 1, 2 designate a mirror in the pair. It is con-
venient to operate with values reduced to a single mirror in
order to simplify comparison of the obtained characteristics

FIGURE 1 Calculated reflectivity
and GDD of UBCM1 and UBCM2.
Red: UBCM1; blue: UBCM2. The
green curve is an averaged GDD of
UBCM1 and UBCM2 per bounce

with the single-mirror case. By means of (1) and (2) we define
the merit function

F = 1

L

L∑

j=1

(
Rp(λj)− R( j)

∆R( j)

)2

+
(

GDDp(λj)−GDD( j)

∆GDD( j)

)2

,

(3)

where Rp(λj) and GDDp(λj) are theoretical characteristics at
wavelength λj , R( j) and GDD( j) are target values, ∆R( j) and
∆GDD( j) are corresponding tolerances and L is the number
of selected wavelength points. In order to perform synthesis of
CM pairs, needle optimization [23] and gradual evolution [24]
techniques were generalized to the case of the merit function
(3). In particular, the adapted needle optimization algorithm
seeks all possible positions for new layer insertions in both
mirrors.

Two different designs in which the GDD curves have the
same oscillations and are shifted only by half of their period
can be used as initial designs for further optimizing the aver-
age dispersion. For a pair of CMs covering less than one
octave, such a design can be easily realized.

We designed two pairs of UBCMs. The one pair (UBCM1
and UBCM2) was optimized by using the GDD target, while
the other pair (UBCM3 and UBCM4) was designed by using
the group delay (GD) target. The GDD target for the opti-
mization program corresponds to an ideal design with 100%
reflection in a desirable bandwidth together with the GDD
curve necessary to exactly compensate a certain amount of
material. The GD target is defined in a similar way and can
be optimized by means of the merit function (3) with obvious
substitution of GD for GDD. Below we describe the advan-
tage and disadvantage of each target approach.

The design of the UBCM1,2 pair demonstrates high re-
sidual ripples (Fig. 1) because the initial design periods of
the GDD oscillations have been chosen different. The aver-
age curve has high ripples in the middle of the spectral range
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around 800 nm and smaller ripples in the wings. The ampli-
tude of the ripples of each design is tolerable, ±200 fs2, but the
average dispersion curve oscillates around the target value.

The layer thickness structures of the designs are shown
in Fig. 2a and b. The physical layer thicknesses are between
5 nm and 193 nm. The layers with thicknesses 5–25 nm are
very sensitive to errors during the deposition procedure, and
the relative thickness error is greater for a thin layer. In order
to decrease the sensitivity of a CM design to thickness errors,
we applied a de-sensitization procedure (which is a part of the
OptiLayer software [25]) based on the following idea [26].

Let us introduce a penalty function characterizing the sen-
sitivity of a mirror to small errors in layer thickness. Keeping
the main linear terms in variation of the merit function (3) with
respect to layer thickness variations, one obtains

P =
∑

ij

(
1

∆R( j)

∂R1,2(λj)

∂di

)2

+
∑

ij

(
1

∆GDD( j)

∂GDD1,2(λj )

∂di

)2

. (4)

Small values of the penalty function P correspond to low sen-
sitivity of mirror 1 or 2 to thickness errors, while large values
correspond to high sensitivity. Thus, we can consider a new
optimization problem with the objective function

Φ = F +αP (5)

and control parameter α. Varying parameter α, one can con-
trol the influence of the penalty function P in the course of
optimization of the objective function Φ (5). Low values of
the control parameter α provide low penalty values and the

FIGURE 2 Design of the UBCM1
(a) and UBCM2 (b) thickness pro-
files. The red and yellow colors de-
note materials with high refractive
index and low refractive index, re-
spectively. Number of layers: 92 and
95, respectively. The relative sensi-
tivity of the layers to errors after
de-sensitization: UBCM1 (c) and
UBCM2 (d)

solution of the optimization problem with the objective func-
tion (5) will be close to the solution of the initial problem
with the merit function (3). High values of α usually cause
large variations of layer thickness and a significant increase
of the first term F in (5), which means a significant degra-
dation of the spectral performance of the mirror. There exists
a so-called ‘golden middle’ value of the control parameter α

providing a decrease of sensitivity without noticeable degra-
dation of the spectral performance. We selected the golden
middle value interactively in the course of solving the opti-
mization problem (5).

The results of this procedure are shown in Fig. 2c and d.
Before the procedure nearly all sensitive layers were situated
among the last (top) layers, whereas after it they were redis-
tributed more homogeneously.

The UBCM1,2 pair provides negative GDD of around
−35 fs2 at 800 nm and high reflectivity in the wavelength
range 400–1200 nm. According to the design, one mirror
bounce roughly compensates 1 mm of fused silica. This spec-
tral range corresponds to sub-3-fs pulses for the smooth phase.
However, a time-domain analysis shows (see below) that this
mirror pair cannot compress pulses down to sub-3-fs dura-
tion, the reason being unacceptably high residual dispersion
ripples.

The second pair UBCM3,4 consists of 78 and 80 layers.
There are also many thin layers, shown in Fig. 3a and b. This
pair provides a negative GDD of −20 fs2 at 800 nm. The mir-
ror design was chosen to compensate the dispersion of 3 m of
air and 3 mm of fused silica for 10 bounces. The reflectivity
and the GD curves of this pair are shown in Fig. 4. For the
UBCM3,4 pair we avoided the inconsistency in the periods,
which was present for UBCM1,2. Sharp thin spikes in both the
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FIGURE 3 Design of the UBCM3
(a) and UBCM4 (b) thickness pro-
files. The red and yellow colors de-
note materials with high refractive in-
dex and low refractive index, respec-
tively. The relative sensitivity of the
layers to errors after de-sensitization:
UBCM3 (c) and UBCM4 (d)

FIGURE 4 Calculated reflectivity
and group delay (GD) of UBCM3
and UBCM4. The red curves show
UBCM3, the blue curves UBCM4.
The violet curve is the target group
delay for UBCM3 and UBCM4 per
bounce

reflection and the GDD curves are clearly seen in the range
400–450 nm in Figs. 4 and 5. The appearance of sharp spikes
is typical of ultra-broadband reflectors, but theoretical dis-
cussion thereof would exceed the scope of this publication.
Suffice it to mention here that this phenomenon is associ-
ated with resonance effects inside a high-reflection multilayer
structure at certain wavelengths [27]. The typical width of the
GDD spikes for the UBCM3,4 pair is smaller than 0.3 nm. We
found numerically that these spikes do not lead to satellites in
the time domain, contrary to the ripples.

The design of the UBCM3,4 pair is similar to the design
of the UBCM1,2 pair: all the layers sensitive to error are con-
centrated among the top layers of the designs. The relative
sensitivity became more uniform after the de-sensitization
procedure, as shown in Fig. 3c and d.

Figure 6 shows how the UBCM chirped mirror works. The
electric field components at 1200 nm penetrate much deeper
into the multilayer structure than the components at 400 nm.
This means that the infrared components become delayed
relatively to the blue ones. Figure 6 gives an additional hint
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FIGURE 5 Calculated GDD of UBCM3
and UBCM4. The red curve corresponds
to UBCM3, the blue curve to UBCM4.
The green curve is the average GDD of
UBCM3 and UBCM4 per bounce

FIGURE 6 Penetration of electric field
through the multilayer structure of
UBCM3

for optimizing the design: the long-wavelength components
must penetrate almost down to the first layer. If this is not the
case in the design, several layers must be removed. In the op-
posite case, viz. when long-wavelength components penetrate
through the entire multilayer structure including the substrate,
several layers must be added. This only applies to mirrors with
negative dispersion.

We estimated the total amount of GDD needed for a real
compression experiment to be −200 fs2 at 800 nm. Bearing in
mind the GDD value −20 fs2 for one bounce from UBCM3,4,
we have to prove that 10 bounces of these mirrors do not de-
stroy the incident pulse in terms of its duration and energy.

Figure 7 shows the combined results of temporal pulse
analysis of the pulse reflected after several bounces of the

UBCM1,2 and UBCM3,4 pairs. In the analysis the main part
of the dispersion was taken away and only residual GDD rip-
ples were included.

We used a Gaussian free-chirp incident pulse centered at
800 nm (spectrum 400–1200 nm) with the spectrum corres-
ponding to a bandwidth-limited pulse (FWHM) 2.48 fs. The
reflected pulse does not become longer when the ripples are
small or absent. For the UBCM1,2 pair, the reflected pulse du-
ration grows to 4.13 fs after one bounce. After three bounces,
the energy in the main pulse is only 10% of the initial value.
This means that this pair of mirrors cannot be used for the pro-
posed compression experiment. Nevertheless, this pair shows
that production of a 1.5-octave CM with small dispersion rip-
ples is possible for (i) the standard simple single-chirped stack
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FIGURE 7 Temporal analysis of the reflection of an incident Gaussian-shaped free-chirp 2.48-fs pulse (a) from the UBCM1,2 pair (left) and UBCM3,4 pair
(right). The curve (e) corresponds to the envelope of the pulse reflected from the UBCM1,2 pair after one bounce, (b) after one bounce from the UBCM3,4
pair, (c) after five bounces from the UBCM3,4 pair and (d) after 10 bounces from the UBCM3,4 pair. The temporal shift of the curves is artificial

and (ii) the complementary pair approach. Calculations for the
UBCM3,4 pair demonstrate that after 10 bounces (i) the inci-
dent pulse extends only up to 2.64 fs and (ii) the energy losses
of the pulse are 50%. This value can be considered as accept-
able at this initial stage of research and bearing in mind ∼ 15%
of the SLM throughput [6].

The reason for such different performance of the two pairs
of UBCMs is that the average GDD spectral curve fluctuates
around the target curve and has comparably high ripples in the
case of UBCM1,2. Our estimations supported by numerical
simulations (Fig. 7) show that the residual GDD ripples must
be smaller than ±50 fs2 to provide satisfactory operation. As
was mentioned above, the residual GDD ripples can be of
higher amplitude without affecting the pulse if time-domain
optimization is applied [13, 21].

3 Experiment

The UBCM mirrors were produced with the
magnetron-sputtering Helios machine (Leybold Optics). He-
lios is equipped with two proprietary TwinMags magnetrons
and a plasma source for plasma/ion-assisted reactive middle-
frequency dual-magnetron sputtering. The magnetrons were
optimized for high sputtering rates and high optical layer
performance. The system was pumped by turbo-molecular
pumps to 1 ×10−6 mbar before deposition. Argon and oxygen
were used for both magnetrons. In the magnetron cathodes,
Nb and Si targets were used. The electric power of the Si cath-
ode is 4500 W and the power of the Nb cathode is 3500 W.
The power applied to the Nb cathode was not constant because
it operated in the oxygen control (or lambda control) mode,
which guaranteed stable film properties. The gas pressure
was 1 ×10−3 mbar during the sputtering process. Oxygen was
fed near the targets to oxidize the sputtering films. The dis-
tance from the targets to the substrates was 100 mm. The
purity of the Si target was 99.999% and that of the Nb target
99.9%. By changing the electric power applied to the cath-
ode, it was possible to increase or decrease the sputtering
rate. We found that the film quality degrades at high rates and
good film quality was realized at a rate of around 0.5 nm/s

for both materials. In the experiments we used BK7 and FS
substrates.

The transmission spectra were measured with a Perkin-
Elmer spectrophotometer (Lambda 950). The GDD was de-
termined by using a white-light interferometer (WLI) with
a spectral accuracy of 5 nm and the dispersion accuracy
∼ 10 fs2. The current version of the WLI operates only in the
range 400–1100 nm.

The sensitivity of the designs was very high, so that even
the layer thickness error of 0.5% led to unsatisfactory results.
Two control techniques were tested to provide a high produc-
tion accuracy of the layers: time control and optical control.
We chose the time control technique because optical control
failed for such complex designs: there are many thin layers
of thicknesses 5–20 nm that cannot be controlled with optical
control.

We chose Nb2O5 (refractive index is 2.35 at 500 nm) as
high-refraction-index material. Other materials are unsuit-
able: TiO2 has high losses in the range below 500 nm, whereas
Ta2O5 and HfO2 have lower refractive indices leading to rela-
tively narrowband performance. SiO2 was chosen as a ma-
terial with low refractive index. Its refractive index is 1.48
at 500 nm. The measured values of the refractive indices are
higher than those determined by evaporation techniques. The
Nb2O5/SiO2 pair already recommended itself in our experi-
ments with the one-octave CM [11] due to (i) low losses for
the broadband wavelength range 400–1200 nm and (ii) the
highest difference in the refractive indices.

Due to high deposition rates, it took only six hours to pro-
duce one CM, even for complex chirped multilayer structures.
We found that the actual refractive index of the layers must be
determined just before the manufacturing process starts and
then the initial design has to be finally re-optimized with the
new refractive-index values. The values of the refractive index
and physical thickness of a film are necessary for the time con-
trol technique. To determine the refractive index and the phys-
ical thickness of a single layer, we measured its transmission
spectral curve and then used the OptiChar module from the
OptiLayer software package [25]. During the characterization
we determined the spectral dependence of the refractive index



PERVAK et al. 1.5-octave chirped mirror for pulse compression down to sub-3 fs 11

using the three-parameter Cauchy model and assumed that
the films have no absorption in the working spectral range.
There are certain experimental difficulties in determining the
refractive index n and the physical film thickness d separately
from the measurements. The method of determining the opti-
cal properties of a thin film by transmission measurement is
not very precise, but fast enough. The accuracy of this method
is about 0.5% and sufficient for our application.

Spectral measurements of UBCM1,2 and UBCM 3,4
show very good agreement with the design in respect of both
reflectivity and dispersion; see Figs. 8–10. If the calculated
and measured GDD curves are close to each other, the er-
rors made during deposition are small or it is the result of

FIGURE 8 Measured reflectivity (ob-
tained from the transmission data) and
group delay dispersion of UBCM1
and UBCM2. The red curves corres-
pond to UBCM1, the blue curves to
UBCM2. The green curve is the aver-
age group delay dispersion of UBCM1
and UBCM2 per bounce

FIGURE 9 Measured reflectivity (ob-
tained from the transmission data) and
group delay of UBCM3 and UBCM4.
The red curves correspond to UBCM3,
the blue curves to UBCM4. The vio-
let curve is the average group delay of
UBCM3 and UBCM4 per bounce

effective error compensation. Compensation means here that
a smaller refractive index can be compensated by a greater
physical thickness of the layer, thus keeping the optical thick-
ness constant. In the case of the CM, compensation works
when the errors in determining the refractive index or the layer
thickness are smaller than 1%.

It should be mentioned that the data presented in Figs. 8–
10 contain two different spectral measurements of GD and
GDD: the one between 400 and 610 nm and the other between
600 and 1100 nm. Accordingly, there can be small disagree-
ments in these ranges, e.g. in the relative amplitudes of the GD
and GDD oscillations. The very good agreement between the
design and measurements in the range 400–1100 nm leads us
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FIGURE 10 Measured GDD of
UBCM3 and UBCM4. The red curve
corresponds to UBCM3, the blue
curve to UBCM4. The green curve is
the average group delay dispersion of
UBCM3 and UBCM4 per bounce

to assume that the GDD curve behaves in a predictable way in
the range 1100–1200 nm as well.

4 Conclusions

We have proposed two different approaches to de-
sign an ultra-broad CM. In the case of the GDD target ap-
proach, the main disadvantage is that the average value of the
dispersion fluctuates around the target value. In the time do-
main this means that a reasonable amount of energy transfers
from the pulse into the satellites after one bounce. By using
the GD as a target for optimization, one can avoid fluctuations
of the average value of GDD. As a result, the reflected pulse is
only 6% broader than the incident one even after 10 bounces
and contains ∼ 50% of the initial energy.

For the first time, we have demonstrated both the de-
sign and realization of an ultra-broad CM capable of com-
pressing optical pulses down to sub-3 fs in the spectral range
400–1200 nm. We believe that this approach is still not at its
limit. Another material combination with higher refractive-
index contrast and better accuracy of deposition together with
further development of the mathematical approaches to the
design procedure could push the now existing 1.5-octave fron-
tier toward two octaves.
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