152

CHINESE OPTICS LETTERS / Vol. 8, Supplement / April 30, 2010
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We report on the development of highly dispersive mirrors for chirped-pulse oscillators (CPOs) and am-
plifiers (CPAs). Low-loss and alignment-insensitive all-dispersive-mirror compressors can take over the
role of prisms and gratings in conventional CPA systems, with the added benefit of shorter pulse duration
due to high-order dispersion control and absence of self-phase modulation. The evolution of dispersive
dielectric multilayer mirror technology within the last 15 years now allows us to report a new generation
of low-loss and alignment-insensitive high-dispersion mirrors (HDMs). In this proof-of-concept study, we
demonstrate the usability of highly dispersive multilayer mirrors for high-energy femtosecond oscillators,
namely for a chirped-pulse Ti:Sa oscillator and an Yb:YAG disk oscillator. In both cases, a group delay
dispersion (GDD) in the order of 2 X 10* fs? was introduced, accompanied with an overall transmission
loss as low as about 2%. This unprecedented combination of high dispersion and low loss over a sizeable
bandwidth with multilayer structures opens the prospects for femtosecond CPA systems equipped with
compact, alignment-insensitive all-mirror compressors, which provide compensation of GDD and higher-

order dispersion.
OCIS codes: 310.0310.
doi: 10.3788/COL20100851.0152.

Currently, mJ-level lasers based on chirped pulse amplifi-
cation (CPA)! and operated at kHz repetition rates are
considered workhorses in dozens of research groups over
the world. Since these are usually combined with hollow
fibers that provide spectral broadening and act as fur-
ther compression stages for achieving pulses shorter than
10 fs, existing lasers suffer from long pulses (>25 fs) and
insufficient beam-pointing stability. The former is related
to the fact that prisms in existing laser compressors are
intrinsically incapable of compensating for higher-order
dispersions, which leads to relatively long pulses and,
therefore, to insufficient spectral broadening in a fiber.
The latter is a result of long compressors that have to
provide high compression ratios. Both these intrinsic
obstacles can be overcome by a compact all-dispersive-
mirror compressor, provided that the nominal dispersion
of the dispersive mirror (DM) is sufficiently high. Specif-
ically, based on recent progress in DM development!?—8!,
one can expect DMs with dispersion values of about 500
fs? and reflectivity of more than 0.995 for a typical spec-
tral range of 130 nm around a central wavelength of 800
nm. The absolute value of the achievable dispersion of
a DM can become higher as the spectrum becomes nar-
rower. The potential discovery of high-dispersion mirrors
(HDMs) could replace prisms and gratings in the com-
pressors, giving researchers a cheap, compact device with
stable output beam of pulses free of residual third-order
dispersion (TOD) and high overall throughput of more
than 90%.

HDMSs are necessary for high-energy femtosecond laser
oscillators such as Ti:Sa chirped-pulse oscillator (CPO)
or Yb-based solitary pulse and CPO oscillators that op-
erate at puJ-levels. Typically, oscillators generate longer
pulses with correspondingly narrower spectra (20-50 nm)
compared to CPA lasers, whereas the overall dispersion
value for such oscillators to be compensated is at the
same order as the dispersion of CPA compressors.

In order to initiate the fabrication of an all-dispersive-
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mirror compressor for CPA systems, we report two types
of HDM sets for a high-energy Yb:YAG disk oscillator
with a spectrum of up to 3 nm centered at 1030 nm
and a high-energy Ti:Sa CPO[®19 with a spectrum of
40 nm centered at 800 nm. The values of the dispersion
observed in both cases represent the highest values re-
ported thus far.

By definition, HDMs are characterized by the high
group delay of different spectral components. As the de-
lay is proportional to the optical thickness of the layers
involved, an HDM has thick layers and a large total mul-
tilayer structure thickness. As such, the manufacture of
HDMs requires a very stable deposition process that al-
lows deposition of a thick multilayer structure with high
accuracy. Because of the complexity of the problem, a
10% deviation from the design nominal value of the total
group delay dispersion (GDD) in a manufactured HDM
could be considered as acceptable.

In a first approximation, a narrowband HDM can be
described as a sequence of wavelength-shifted quarter-
wave-deposited stacks (Bragg reflectors). Each stack in
the structure deals with its own spectral part. Therefore,
it has to have steep spectral shoulders to avoid undesir-
able overlap with neighboring spectral parts. This is the
only means to achieve high-quality dispersion control.

OptiLayer softwarel'!] was used for designing two HD-
Ms. To perform synthesis of an HDM, needle optimiza-
tion('?l and gradual evolution!'3 algorithms were ap-
plied. An HDM for the 780-820 nm spectral range
will be explained in detail in the following text. How-
ever, the problems, and the approach to these ob-
stacles, are similar to the case of an HDM for the
1020-1040 nm range. The complementary mirror (CM)
approach, usually used for providing a smooth average
spectral GDDU®!, is not efficient for optimizing an HDM
due to high sensitivity of the GDD of such a mirror to
manufacturing errors, as mentioned previously. There-
fore, we limited this study to the use of the single-mirror
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Fig. 1. Refractive index profile of HDMs:HDCM (a) for Ti:Sa
CPO and (b) for Yb:YAG oscillator.
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Fig. 2. Calculated GDD and reflectivity of HDMs:HDCM (a)
for Ti:sapphire CPO and (b) for Yb:YAG oscillator.

approach (i. e., by relying on one type of a HDM in a
set). This approach can potentially bring the additional
problem of the appearance of spectral ripples (oscilla-
tions); however, this problem can be largely eliminated
by a pair of CMs, which can cause mutual cancellation
of the GDD ripples. In our one-mirror approach, the
amplitude of the ripples can be sufficiently suppressed
by the proper design procedure to make the upper layers
operate as an antireflection coating. There are certain
difficulties in producing efficient antireflection coatings
for a broad spectral range. In such a case, the CM ap-
proach works well for smoothing the ripples. In the case
of relatively narrowband HDMs, the antireflection coat-
ing effect can be sufficient to suppress ripples. Due to a
high number of reflections needed in the compressor to
compensate for the necessary amount of material disper-
sion, the tolerable relative ripple amplitude must be in

153

the order of 10% or less of the nominal (mean) value of
GDD.

The layer thickness structure of the HDM design for
the 800-nm range is shown in Fig. 1. The resulting
physical layer thicknesses are between 15 and 500 nm,
whereas the total optical thickness of the structure is
equal to approximately 10 um, which is extremely high.
The designed HDM provides negative GDD of around
~1300 fs? at 800 nm together with a 99.95% reflectivity in
the wavelength range of 780-820 nm (Fig. 2(a)). For the
spectral range of 1030 nm, the designed high-dispersion
compressor mirror (HDCM) has a dispersion of around
-2500 fs? and a reflectivity of 99.98% (Fig. 2(b)).

It is worth mentioning that the highest dispersion
values of the DMs obtained so far for the sub-20 nm
spectral range were less than 1000 fs2**~17 Here, we
demonstrate HDM with a higher dispersion in a broader
spectral range.

The total amount of GDD of an HDM compressor
needed for obtaining chirp-free high-energy pulses out of
a Ti:Sa CPO is in the order of 2.5 x 10* fs? at 800 nm.
This value is achievable with only 20 bounces of the HDM
(Figs. 1(a) and 2(a)). It is necessary to prove that such
an amount of bounces will not deteriorate the incident
test chirp-free pulse in terms of its duration and energy.
The combined results of the temporal pulse analysis of
the pulse reflected after several bounces of the HDM are
shown in Fig. 3. In the analysis, the main part of the
dispersion was eliminated and only residual GDD ripples
were included. For the virtual compression experiment,
we used an incident 60-fs pulse observed in the Ti:Sa
CPOMY,  The reflected pulse does not become longer
when the ripples are absent or small. Calculations show
that after 20 bounces, two things are notable: a) the
exiting pulse preserves its incident duration, and b) the
main pulse contains >95% of the energy from the initial
value. Based on the analysis above, we hope for the
efficient compression of highly-chirped pulses exiting the
CPO. In a Yb:YAG oscillator, HDM will provide suffi-
cient negative dispersion for keeping high-energy soliton
pulse inside the oscillator cavity.

The deposition sensitivity of an HDM is critical in
explaining why it is extremely difficult, or even impossi-
ble, to manufacture an HDM with “standard” technolo-
gies such as electron-beam, ion-assisted electron beam
evaporation, and ion-sputtering. Thus far, the small-
est deposition errors were achieved only in the reac-
tive dual magnetron-sputtering process with plasma/ion
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Fig. 3. Time domain analysis of a 780-820 nm HDCM. (a)
shows the initial 60-fs pulse, (b) shows the pulse after 20
bounces (not normalized).
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Fig. 4. GDD deposition error analysis. (a) shows the worst
result of +/-1 nm errors in the physical thicknesses of the
layers, (b) is the average of 100 curves with random + /-1 nm
errors in physical thickness. (c) is the calculated GDD curve.
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Fig. 5. GDD curves of two types of HDMs measured with
white light interferometer: (a) a mirror for Ti:sapphire CPO
and (b) a mirror for Yb:YAG oscillator.

assistance(®1%19] The predictable GDD curve of the
design is shown with the red curve in Fig. 4. The curve
was obtained with a standard procedure in Optilayer
software['!] by averaging 100 designs with a random
thickness error of 1 nm in each layer. The green-colored
error bars on the graphs show the worst-scenario expec-
tations. The lower the fluctuations of the red curve and
the lower the green-colored error bars, the more robust
the design is. As one can see, the worst-case-scenario
deviations are in the order of the mean GDD value.

The HDMs were produced by means of magnetron-
sputtering (Helios, Leybold Optics)®l. We chose TayOs
with its refractive index of 2.15 at 500 nm as high-
refraction-index material. SiOs was chosen as a mate-
rial with low refractive index equal to 1.48 at 500 nm.
These materials offer low losses and high differences
in the refractive indices for wavelength range around
800 nm/>%19, For higher accuracy, the actual refractive
indices of the coating materials were determined imme-
diately prior to the coating process.

The transmission spectra were measured with a

PerkinElmer spectrophotometer (Lambda 950). The
GDD was determined by using a white-light interferom-
eter with a spectral accuracy of 5 nm and a dispersion
accuracy of about 10 fs2.

Spectral measurements of the HDMs show good agree-
ment with the design in terms of their dispersion (Fig. 5).

One may expect higher losses for HDM in comparison
to “standard” DMs. We measured the mirror losses
at 808 and 1030 nm (LossPRO Novawave Technolo-
gies, Inc.) and compared them with those of DMs with
low dispersion valuel™). The resulting average reflectiv-
ity values are surprisingly high: 99.95% for HDM and
>99.98% for broadband DM. The former is sufficient for
all visible applications in oscillators and compressors.

The first laser was a high-energy femtosecond Ti:Sa
CPO operating in a positive dispersion regime. Oscilla-
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Fig. 6. (a) Autocorrelation trace of the pulses after the mir-
ror compressor in a Ti:Sa CPO and (b) an autocorrelation
function (ACF) trace of the pulses out of an Yb:YAG disk
oscillator.
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Fig. 7. The highest absolute value of GDD achieved with a
Helios coating machine as a function of the spectral width.
The very left points on the graph correspond to the mirrors
described in the letter (the line connecting the points is only
for better visibility).
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tors of such type produce heavily chirped 1-2 ps pulses
that, after external compression, become 30-60 fs long,
depending on the spectrum width generated!®1%. In the
experiment, the output energy of a Ti:sapphire CPO was
280 nJ at 5-MHz repetition rate in a spectral range of
780-820 nm (Fig. 6(a) inset). First, we checked the
system output pulse parameters after a 2-pass prism
compression (LaK 21 glass). The pulse duration was
65 fs with an energy throughput of about 50%. The
reason for the relatively low throughput is related to the
compressor length (8 m), which led to the beam clipping
of the prisms used. The autocorrelation trace obtained
with a second harmonic interferometric autocorrelator
contained significant residual sidelobes and had a con-
trast lower than 8:1119. A set of manufactured HDMs al-
lowed us to exchange the prism compressor by using only
20 reflections. With such a reflectance, the calculated
throughput of an all-chirped mirror compressor must be
higher than 98%. The experimentally realized through-
put was slightly more than 90% (250 nJ at the exit of the
COMPressor).

The second laser was an Yb:YAG disk oscillator. It
was built on the base of a laser module developed at
ISW (Stuttgart) with a 200-pm disk in the conventional
soliton regime scheme with negative net cavity disper-
sion. Its detailed description, which includes information
on the stability of the pulse train, will be the subject
of another publication. The pulse repetition rate was
11 MHz, the generated pulse was 800 fs, and the pulse
energy was 6 pJ. The cavity consisted of ten mirrors,
three of which were HDCMs with a nominal dispersion
of ~2500 fs2. The high amount of net negative cavity dis-
persion needed was defined by the well-known relation:

7~ |D|/E, (1)

where D is the net cavity dispersion and E the pulse
energy.

According to the relation and our experiment, the
higher the pulse energy the more negative dispersion
one needs for providing a stable mode-locking operation.
The total amount of the negative intracavity dispersion
is very similar to that of a 5-uJ oscillator reported in
Ref. [17].

The broader the spectrum for which the GDD must
be controlled, the lower the nominal value of achiev-
able GDD. In other words, relaxing the requirements
on bandwidths allows higher values of the GDD to be
achieved (Fig. 7). The curve in Fig. 7 was obtained
by interpolating 9 points corresponding to 9 different
DMs!®18:19] - Each point represents the highest absolute
value of the GDD obtained for a certain spectrum width
by using the same optimization technique.

The absolute values of the points on the GDD axis
depend on the central frequency, material, and desirable
reflectivity. The data provides a reference pattern for
the trade-off between the bandwidth and the dispersion.
There is yet another trade-off that needs to be observed
and plotted, namely, the one between the highest values
of achievable GDD and reflectivity.

In conclusion, an all-mirror compressor for CPA sys-
tems was described in this letter. A typical dispersion

of an mJ-level CPA prism compressor is in the order of
-5 x 10* fs? at 800 nm. For the mirror shown in Fig. 1,
it would mean about 120 bounces with the overall trans-
mission in the order of 84%. The temporal analysis of
the pulse shape evolution in such a mirror compressor is
still not possible because of the lack of information about
the pulse phase in front of the compressor.

As a first step toward such an all-DM compressor, we
have shown two sets of highly dispersive mirrors with
both the bandwidth and the main value of the dispersion
comparable to what one might expect in CPA lasers.
The mirrors were manufactured and successfully tested
in pJ-level laser oscillators.

This work was supported by the Deutsche Forschungs-
gemeinschaft through the Munich-Centre for Advanced
Photonics DFG Cluster of Excellence (www.munich-
photonics.de).
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