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Abstract: We demonstrate for the first time the calibration of the wavelength scale of high-
performance spectrometers using a fully stabilized optical frequency comb from an ultrafast
optically pumped semiconductor disk laser (SDL) as a traceable reference. The SDL is a
modelocked integrated external-cavity surface-emitting laser (MIXSEL) with the gain and
saturable absorber layers fully integrated into one wafer chip, which forms one end mirror of the
simple straight cavity with a pulse repetition rate of 11 GHz. This MIXSEL comb is actively
stabilized and opens new possibilities for easier and more accurate frequency calibrations of
standard laboratory instruments.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The calibration of high performance instruments such as spectrometers [1,2] or wavemeters
requires complex and bulky primary standards, which are not easily available for most of the
users, especially at the factory level. We therefore have developed simpler and more compact
solutions to perform the absolute calibration of these instruments.
We demonstrate here the application of a stabilized compact and simple ultrafast optically

pumped Semiconductor Disk Laser (SDL) [3,4] as a traceable standard for the calibration of
the wavelength scale of spectrometers. The SDL is an optically pumped Modelocked Integrated
External-Cavity Surface-Emitting Laser (MIXSEL) [5] combining InGaAs quantum well gain
region and saturable absorber in a single semiconductor layer stack operated at anti-resonance
[6] to support stable generation of an ultrafast train of pulses in a simple straight cavity with
extremely low noise performance [7]. The modelocked optical spectrum of this MIXSEL consists
of a comb of equidistant spectral line of a frequency fREF,n = fCEO + nfrep where fCEO is the
carrier envelope offset frequency (i.e. the optical frequency comb offset) [8], n is the index of the
comb and frep is the repetition rate of the laser (i.e. optical frequency comb spacing). The cavity
length can be adjusted to support comb spacing between 5 and 100GHz [9]. Here we have a
cavity length of 13.2 mm which results in a MIXSEL comb spacing of 11.3GHz (Fig. 1(c)) The
stabilization of frep is performed by comparison to a microwave standard [10], while the fCEO is
stabilized to an Extended Cavity Diode Laser (ECDL), which is locked to an absorption line of
an acetylene gas cell. The calibration of a spectrometer is then performed by a direct comparison
to this stabilized MIXSEL comb.
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Fig. 1. 11-GHz MIXSEL comb: (a): Optical spectrum, (b): autocorrelation and pulse
duration, (c): pulse repetition rate of the ultrafast SDL. With 2 nm spectral width centered
around 1032 nm and a fundamental repetition rate of 11.316 GHz, more than 500 µW per
comb line could be achieved directly from the oscillator. (d): The prototype housing of the
MIXSEL comb is small < (10× 20× 20) cm3.

2. Setup and stabilization

The MIXSEL comb generates more than 200mW of average output power at a center wavelength
of 1032.3 nm, and is spanning over 2 nm (FWHM= 1.12 nm). With a nominal repetition rate
of 11.316GHz and a pulse duration of 9 ps, the power per comb line exceeds 500 µW across
the FHMW. Figure 1 shows the optical spectrum, autocorrelation, microwave spectrum and the
prototype housing of the 11–GHz MIXSEL comb.
Due to the non-octave-spanning spectrum of the MIXSEL comb, which only counts around

50 spectral lines, the offset frequency fCEO cannot be stabilized using a classical f-to-2f self-
referencing method [6]. Instead, the MIXSEL comb is locked to a stabilized ECDL, which
consists of a commercial ECDL (Thorlabs, TLKL1050M) generating a narrow line of cw radiation
tunable from 990 nm to 1110 nm. The frequency of the laser is locked to a Doppler broadened
absorption line of acetylene at ν = 290 267 138 MHz (λ = 1032.79 nm) using a Pound Driver
Hall method [11]. The wavelength of the stabilized laser is continuously monitored by a traceable
referenced wavemeter. The PID feedback loop generates an error signal which is sent to the
piezoelectric actuator controller of the ECDL . With this simple method a frequency accuracy
better than 30MHz can be achieved over several days.

The MIXSEL comb is then offset frequency locked to the stabilized laser by generating a beat
note frequency fbeat between the stabilized ECDL and the closest comb line and by using a phase
comparator-based feedback loop to control the SDL pump current. This technique enables an
indirect stabilization of the OFC. This way, a beat frequency fbeat = 120 MHz was set, with a
maximum deviation of 40 MHz observed over one day (Fig. 2).

The repetition rate frep is locked by comparison to a traceable reference microwave signal and
by acting on the piezo element to control the MIXSEL cavity length, as described in [12]. With
this method frep is stabilized to 11. 361 910GHz, with an accuracy better than 1 Hz observed
over several days (Fig. 3).
The frequency of each individual comb line fREFn can be calculated using the formula:

fREFn = fECDL ± fbeat ± n × frep (1)
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Fig. 2. Behavior of fbeat the beat-note frequency between the MIXSEL comb and the
stabilized ECDL. When free-running, the frequency is drifting over more than 200 MHz
over 15 min. When locked, the maximum frequency drift is maintained in a range of about
40 MHz.

Fig. 3. MIXSEL comb histogram of the measured frep. One measurement being performed
every second. We estimate the worst case uncertainty to be equal to 1 Hz after 2 days of
measurement.

where fbeat is the beat note frequency between fECDL and the selected comb line used to stabilize
the optical frequency comb, n is the position of the line (n = 0 being the position of fECDL).
Changes in the pump intensity of the MIXSEL cause a shift in fCEO and thus a shift of the

comb lines. The value of the sign is experimentally determined by varying the current of the
pump laser while observing the variation of fbeat [13]. Figure 4 shows the experimental setup
which can be divided into three main parts, each of which stabilizes one of the three fundamental
frequencies mentioned above.
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Fig. 4. Simplified schematic of the experimental setup showing the three main stabilization
parts, namely the stabilization of frep, the stabilization of fECDL on the acetylene reference
and the stabilization of fbeat, corresponding to an indirect stabilization of the carrier-envelope
offset frequency of the laser. All the frequency synthesizers use a 10 MHz external reference
which is generated by an atomic clock traceable to the International Time Scale (TAI).
Proportional-Integral-Derivative controllers (PID) are used to lock the 3 different frequencies.

3. Frequency uncertainty

With the optical frequency comb being fully stabilized and traceable, it is now possible to
calculate the frequency of each line of the MIXSEL comb by using the formula (1) with an
uncertainty given by the following equation:

u(fREFn ) =

√
u2(fECDL) + u2(fbeat) + n2 × u2(frep) (2)

Due to the low value of n (<100) and the size of u(frep) compared to u(fECDL) and u(fbeat), the
term n2 × u2(frep) can be neglected, which leads to:

u(fREFn ) ≈ u(fREF) =
√

u2(fECDL) + u2(fbeat) = 50 MHz (3)

This uncertainty, which corresponds to a wavelength uncertainty of 0.17 pm at 1032 nm, is low
enough to enable the calibration of a grating-based Optical Spectrum Analyzer (OSA) and a
Fourier Transform Infrared (FTIR) spectrometer.

4. Results

4.1. Calibration of an optical spectrum analyzer

The spectrum of the stabilized MIXSEL comb measured with an OSA (ANDO AQ6319) is
shown Fig. 5(a), while its wavelength scale deviation ∆λ = λOSA- λREF is shown in Fig. 5(b).
We are able to determine the wavelength deviation for each line of the MIXSEL comb between
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Fig. 5. (a) Spectrum of the stabilized MIXSEL comb measured with the OSA and (b) its
wavelength scale deviation. The dashed black lines correspond to the position of the ECDL
reference wavelength. The spectrum corresponds to a single shot measurement and was not
averaging.

1031.13 nm and 1033.14 nm, where 51 combs lines can be resolved. The width of each measured
comb line is limited by the resolution bandwidth of the OSA, which is of 10 pm and the sampling
period is of 1 pm. The error bars are given by the quadratic sum of the uncertainty arising from
the reference optical frequency comb u(fREF) and from the Device Under Test u(fDUT), whose

Fig. 6. (a) Spectrum of the stabilized MIXSEL comb measured with the FTIR spectrometer
and (b) its wavelength scale deviation. The dashed black lines correspond to the position of
the ECDL reference wavelength. The spectrum corresponds to a single shot measurement
and was not averaging.
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limited resolution bandwidth gives the major contribution to the uncertainty budget. This leads
to a combined expanded uncertainty (coverage factor k= 2 [14]) of U∆f = 1623 MHz, which
corresponds to a U∆λ =5.78 pm.

4.2. Calibration of a FTIR spectrometer

This instrument consists of a classical wavemeter (BurleighWA-1500), for which the interferogram
is synchronously sampled and processed. The spectrum of the stabilizedMIXSEL combmeasured
with the FTIR spectrometer is show Fig. 6(a), while the evaluation of its wavelength scale deviation
is shown in Fig. 6(b). We are able to determine the wavelength deviation for each comb line
between 1031.41 nm and 1032.86 nm, where 37 combs lines can be resolved. It has a resolution
bandwidth of 5 pm which is also the value of the uncertainty attributable to each point. The
uncertainty of the measured deviation is also limited by the resolution bandwidth of the FTIR,
which leads to a combined expanded uncertainty (k= 2) of U∆f = 811.5 MHz, corresponding to a
U∆λ =2.89 pm.

5. Conclusion

We have demonstrated that optically pumped passively modelocked semiconductor disk lasers,
more specifically a MIXSEL comb, can be stabilized to a level of accuracy which makes them
suitable for the calibration of the frequency scale of high performance spectrometers. Thanks to
the bandgap engineering capabilities of semiconductors, MIXSEL combs with gigahertz pulse
repetition rates can be designed for almost any wavelength region of interest [10], opening the
way to a new range of precise wavelength calibration tools for optical metrology.
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