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We address the challenge of increasing the bandwidth
of high-finesse femtosecond enhancement cavities and dem-
onstrate a broad spectrum spanning 1800 cm−1 (195 nm) at
−10 dB around a central wavelength of 1050 nm in an EC
with an average finesse exceeding 300. This will benefit a
host of spectroscopic applications, including transient ab-
sorption spectroscopy, direct frequency comb spectroscopy,
and Raman spectroscopy. The pulse circulating in the EC is
composed of only 5.4 optical cycles, at a kilowatt-level
average power. Together with a suitable gating technique,
this paves the way to the efficient generation of multi-
megahertz-repetition-rate isolated extreme ultraviolet atto-
second pulses via intracavity high-order harmonic
generation. © 2017 Optical Society of America
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Owing to their unique properties, passive optical resonators,
or enhancement cavities (ECs), have leveraged a number of
breakthrough achievements in spectroscopy. First, the path
length enhancement for the interaction with a weakly absorb-
ing sample provided by ECs has enabled sensing techniques
with unparalleled sensitivity [1,2]. Second, in state-of-the-art
ECs, broadband optical frequency combs or, equivalently,
the ultrashort pulses produced by frequency-stabilized mode-
locked lasers, can be enhanced in power by a few orders of
magnitude. In addition to boosting the sensitivity of broadband
(transient) absorption spectroscopy [3–7], this affords inten-
sities high enough to drive nonlinear processes such as high-
harmonic generation (HHG) at multi-megahertz repetition
rates [8–14]. Recently, this has enabled the extension of direct
frequency comb spectroscopy to the vacuum ultraviolet [10,11]
and the demonstration of the feasibility of extreme ultraviolet
frequency combs with photon energies exceeding 100 eV
[12,14]. Finally, by detuning the input frequency comb with

respect to the longitudinal modes of a high-finesse EC, indi-
vidual comb lines can be resolved via spectral filtering, leading
to the highest frequency resolution achievable in broadband
spectroscopy so far [15–17].

The sensitivity enhancement underlying the success of ECs
in spectroscopy applies not only to absorption, but also to the
spectral phase [18]. In combination with the spectral phase the
curvature inherent to standard dielectric multilayer mirrors, this
sensitivity limits the optical bandwidth of ECs. The broadest
bandwidths of ECs reported hitherto in literature amount to
60 nm at a central wavelength of 800 nm [8], and to 100 nm
at a central wavelength of 1050 nm [19], both demonstrated in
ECs with a finesse of about 300. Significantly extending the spec-
tral coverage and shortening the pulse duration in femtosecond
ECs would tremendously benefit existing applications and enable
novel ones. For instance, cavity-enhanced Raman spectroscopy,
which so far has only been demonstrated in narrowband ECs
[20,21] could provide high-sensitivity trace gas detection, cover-
ing a significant part of the molecular fingerprint region in a single
measurement. Another example is cavity-enhanced HHG. Here,
the attainable photon energy and flux have been shown to scale
with the decreasing duration of the driving pulse [12,14,19,22].
Together with a suitable gating technique, intracavity pulses
approaching the few-cycle regime could enable the efficient
generation of bright isolated attosecond pulses at megahertz rep-
etition rates [23,24]. This would dramatically reduce the acquis-
ition time in pump-probe experiments involving the detection of
charged particles [25].

In this Letter, we report on an EC with an average finesse
exceeding 300, which supports a 10 dB bandwidth of 195 nm
(1800 cm−1) centered at 1050 nm. We measure intracavity
pulse duration of 19 fs (5.4 cycles) and an average power of
1.04 kW, limited by the seeding laser system. To accomplish
this bandwidth increase by a factor of 2 over state-of-the-art
femtosecond ECs, we address challenges related to the mirror
design, production, and characterization, as well as to the cavity
setup and intracavity pulse characterization.

The design and the production of multilayer cavity
mirrors that significantly surpass the bandwidth of standard
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quarter-wave stacks are challenging. Designs of such coatings
typically exhibit a very low tolerance with respect to thickness
variations in production. This results in deviations of the phase
characteristics of the produced coatings from the design and
variations among individual coating deposition runs of the
same design. Efficient enhancement is only possible if the
spectral phase accumulated during one round-trip in the cavity
deviates by less than approximately π∕F from a linear phase
(F � Finesse). Thus, for a four-mirror cavity with F � 300,
the maximum acceptable phase deviation per mirror is about
2.5 mrad, which is far less than typical errors for broadband
coatings. However, an EC with a suitable round-trip phase
can be built by combining mirrors from several coating runs.
This approach renders a reliable pre-characterization of the mir-
ror phase with a precision of a few milliradians indispensable.
To this end, we measure the accumulated spectral phase from
multiple reflections on two 1”-diameter sample mirrors using
spatial-spectral interferometry (SSI) [26].

Figure 1 shows the overall experimental setup. The
Yb-based chirped-pulse fiber amplification system, previously
described in [27], delivers 180 fs pulses at 77 MHz. The spec-
trum is broadened in a photonic-crystal fiber (NKT, LMA-25)
and compressed to 17 fs in a double-angle chirped-mirror
setup, with an output average power of 16 W. For the mirror-
characterization setup [Fig. 1(a)], a small fraction of this power
is coupled to a single-mode fiber for spatial filtering. The trans-
mitted light is then collimated and split into a sample and a
reference arm in a setup composed of three partially reflective
mirrors produced in the same coating deposition run, placed
under a small angle of incidence (AOI). This beam splitting
setup ensures that the beams in both arms accumulate the same
phase from substrates and from the coatings of the transport
mirrors. The sample beam is subjected to a total of 24 reflec-
tions on two 1” sample mirrors [Fig. 1(c)]. The AOI on the
sample mirrors is 1.5°. Thus, the polarization dependence is
negligible. The reference and the sample beams intersect at the
entrance slit of an imaging spectrometer, producing interfero-
grams from which the accumulated spectral phase difference
can be retrieved [26]. Figure 2(a) shows the spectral phase
of a reference measurement of two unprotected gold mirrors.

The maximum deviation from the expected flat phase is less
than 1.5 mrad.

Novel cavity mirrors with a reflectivity R > 99.995% (highly
reflective, HR) and R � 99� 0.3% (partially reflective, PR) in
the wavelength range between 950 and 1150 nm were designed
and produced (Layertec GmbH). The design goal was group
delay dispersion (GDD) in reflection of 0 fs2 with deviations
within �1 fs2 over this bandwidth. Nb2O5 and SiO2 were
chosen as coating materials. The theoretical round-trip spectral

Fig. 1. (a) Setup for multipass SSI measurements. (b) Setup for enhancement cavity (EC) experiments. The cavity includes two partially reflective
mirrors (IC, OC). (c) Front view of the multipass setup illustrating the beam path. Two unprotected gold-coated folding mirrors are used to achieve
24 reflections (blue and red dots) on two sample mirrors (M1, M2). (d) Output spectrum of the laser and the finesse of the EC. (e) Intracavity power
for the different values of the laser f CEO.

Fig. 2. (a) Spectral phase retrieved from multipass SSI measure-
ments of three different multilayer mirror coatings (PR, partially re-
flective; HR, highly reflective) and a bare gold coating. (b) Sum of the
measured spectral phases (green; blue: with an additional positive
GDD of 1.2 fs2 ) and of the corresponding coating designs (black)
of a mirror combination suitable for a four-mirror impedance-matched
EC. (c) Sum of the measured spectral phases (red, purple) and of the
corresponding coating designs (black), of the mirror combinations
suitable for an input-coupler limited four-mirror EC.

272 Vol. 42, No. 2 / January 15 2017 / Optics Letters Letter



phase of a four-mirror cavity with these mirror designs is shown
in Figs. 2(b) and 2(c), for an impedance-matched configuration
and an input-coupler limited configuration, respectively. The
production process was optimized to achieve an absolute thick-
ness deviation of below 0.5 nm per layer and a maximum spatial
inhomogeneity of 0.1% over a diameter of 10 mm on each sub-
strate. Two coating runs (HR1, HR2) were performed with the
HR design. For the PR mirror coating, the positioning of the
substrates in the machine was chosen to achieve a graded distri-
bution of spectral shifts of the GDD curve.

Figure 2(a) shows phase measurements of the three produced
coatings. The measured spectral phases deviate significantly from
the designs. The spectral phases of the PR and the HR2 coatings
have similar curvatures with opposite signs. In Fig. 2(b), the sum
of the measured spectral phases for two of each of these coatings
is shown. The resulting curve represents the single-round-trip
phase in a four-mirror impedance-matched cavity. It lies mostly
within the π∕F -corridor calculated from the measured transmis-
sion of the PR coatings. The remaining negative curvature of the
phase corresponds to a GDD of about −1.2 fs2. Figure 2(c)
illustrates that an input-coupler limited EC with only one PR
is not viable with these mirror coatings: the combination of a
higher finesse and a worse shape of the spectral phase does
not allow for a broadband enhancement.

Figure 1(b) depicts the setup used for the cavity-based ex-
periments. The impedance-matched cavity is composed of two
HR2-coated mirrors with a radius of curvature of 600 mm and
two flat PR mirrors used as input- and output-coupling mirrors
(IC, OC, respectively). The finesse of the impedance-matched
cavity, as calculated from transmission measurements of the PR
coating, and the laser spectrum are shown in Fig. 1(d). The
reflections off two thin fused silica (FS) wedges are used for
the detection of the carrier-envelope offset frequency f CEO,
for pulse characterization and for the reference arm of cavity-
SSI measurements. In the SSI reference arm, two uncoated FS
substrates compensate for the dispersion of the IC and OC sub-
strates in the sample arm. The repetition frequency of the laser
is locked to the EC using the Pound–Drever–Hall scheme. For
the generation of the error signal, a narrow part of the laser
spectrum at a wavelength of about 1000 nm is chosen. A
D-shaped silver mirror is used to clip a small part of the intra-
cavity light (<0.1%) to circumvent the spectral filtering and
phase of the cavity mirrors in transmission for pulse characteri-
zation. The clipped beam is spatially filtered using a pinhole.
Since the cavity mode size is not wavelength independent,
the measured spectra have to be corrected for the clipping ef-
ficiency. The beam transmitted through the OC is used for the
SSI sample arm and to measure a portion P leak as a diagnostic
for the intracavity power. The intracavity power is calculated
accounting for the spectrally varying transmission of the PR
coating T PR�λ� and the intracavity spectrum I�λ�:

Pcirc � P leak

R
I�λ�dλ

R
I�λ�T PR�λ�dλ

: (1)

In a first experiment, the optimal offset frequency [19] of the
cavity in vacuum is determined. Figure 1(e) shows Pcirc for a
scan of the laser f CEO. It peaks at 38.5 MHz, corresponding to
f rep∕2. The intracavity spectrum for this f CEO is plotted in
Fig. 3(a). The 10 dB spectral bandwidth is 168 nm. The intra-
cavity average power was 950 W, and the average power

enhancement factor was 68. The spectral phase of the intra-
cavity pulses with respect to the incoming light [Fig. 3(c)] is
measured via SSI. The negative curvature of the cavity round-
trip phase can be compensated for by adding some dispersive
material to the cavity. In our setup, this can be conveniently
achieved by flooding the vacuum chamber with a small amount
of ambient air. At an air pressure of about 24 mbar in the cham-
ber, we obtain the broadest spectral bandwidth in the EC. To
exploit this increased bandwidth, we slightly broaden the input
spectrum. Figure 3(b) shows the resulting intracavity spectrum
exhibiting a 10 dB bandwidth of 195 nm. Here, the average
power was 1040 W with an average power enhancement of 75.

Figure 3 also shows the spectral enhancement and phase cal-
culated with the phase data from the multipass measurements
(Fig. 2), without additional dispersion [Figs. 3(a) and 3(c)], and
with an additional GDD of 1.2 fs2 [Figs. 3(b) and 3(d)]. From
these and the experimental input laser spectra, intracavity spec-
tra are calculated. The good agreement of both simulated cavity
spectra and phase curves with the experiment confirms the
accuracy and utility of the multipass SSI measurements.

The laser pulse compression is optimized to achieve minimal
pulse duration in the cavity. We characterize the intracavity pulse
using two independent methods. First, we retrieve the pulse from
second-harmonic-generation frequency-resolved optical gating
(FROG) measurements of the clipped intracavity beam. The re-
sulting spectral phase has to be corrected for the spectral phase of
the vacuum chamber window. Additionally, we retrieve the intra-
cavity pulses’ spectral phase from FROG measurements of the in-
put pulse, together with SSI measurements of the relative cavity
phase. Here, two fused silica substrates in front of the FROG de-
vice account for the dispersion of the vacuum chamber window
and the input coupler (Fig. 1). To calculate the pulse duration, the
intracavity spectrum is measured independently. The results of the
retrieval in the frequency and in the time domain are shown in
Figs. 4(b) and 4(c). The full-width at half-maximum intensity
pulse durations determined from the first and second methods
are 18.8 and 19 fs, respectively, for the EC in vacuum

Fig. 3. Measured and calculated intracavity spectra, and calculated
spectral enhancement in vacuum (a) and with 24 mbar of air pressure
(b). The spectral enhancement is shown for an “ideal” dispersion-free
cavity and for the mirror phase shown in Fig. 2. (c,) (d) Measured
and calculated cavity phase.

Letter Vol. 42, No. 2 / January 15 2017 / Optics Letters 273



(Fourier limit: 17.5 fs). The peak power of the intracavity pulse is
about 0.5 GW.

In conclusion, we have demonstrated methods enabling
high-finesse ECs that substantially surpass the state-of-the-
art in bandwidth and support pulses approaching the few-cycle
range. While a robust coating design and an accurate deposition
is of utmost importance, the current error margins in produc-
tion can only be overcome by combining mirrors from several
coating runs. To allow for a quick identification of suitable mir-
ror combinations, we have demonstrated a simple multipass
setup capable of measuring the spectral phase of mirrors with,
to the best of our knowledge, an unprecedented precision of
1.5 mrad. Further, we have presented methods for the reliable
characterization of pulses in such cavities and measured pulses
of sub-20 fs duration. We increased the bandwidth of this EC
to about 1800 cm−1 by fine-tuning the cavity dispersion with
the air pressure in the vacuum chamber. For applications that
do not allow the presence of a gas, the same effect can be
reached by a thin plate placed under Brewster’s angle in the
EC, e.g., a 56 μm fused silica or a 7 μmSi3N4 plate.

The intracavity bandwidth reported here will immediately
benefit a host of broadband spectroscopy schemes. For in-
stance, femtosecond stimulated Raman spectroscopy [28] with
this cavity would cover half the molecular fingerprint region
without the need for tuning. Furthermore, the demonstrated
pulse duration, together with a suitable gating technique
[24], promises to enable the efficient generation of isolated
attosecond pulses via HHG for time-resolved experiments in
attosecond physics at multi-megahertz repetition rates.
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