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Abstract

We here report on recent progress on astronomical optical frequency comb generation at innoFSPEC-Potsdam and
present preliminary test results using the fiber-fed Multi Unit Spectroscopic Explorer (MUSE) spectrograph. The
frequency comb is generated by propagating two free-running lasers at 1554.3 and 1558.9 nm through two dispersion-
optimized nonlinear fibers. The generated comb is centered at 1590 nm and comprises more than one hundred lines with
an optical-signal-to-noise ratio larger than 30 dB. A nonlinear crystal is used to frequency double the whole comb
spectrum, which is efficiently converted into the 800 nm spectral band. We evaluate first the wavelength stability using
an optical spectrum analyzer with 0.02 nm resolution and wavelength grid of 0.01 nm. After confirming the stability
within 0.01 nm, we compare the spectra of the astro-comb and the Ne and Hg calibration lamps: the astro-comb exhibits
a much larger number of lines than lamp calibration sources. A series of preliminary tests using a fiber-fed MUSE
spectrograph are subsequently carried out with the main goal of assessing the equidistancy of the comb lines. Using a
P3d data reduction software we determine the centroid and the width of each comb line (for each of the 400 fibers
feeding the spectrograph): equidistancy is confirmed with an absolute accuracy of 0.4 pm.

Keywords: Astronomical wavelength calibration, spectrograph, optical frequency comb, dispersion engineering.

1. INTRODUCTION

The quest for improved wavelength calibration procedures for optical or near infrared (NIR) spectrographs at ground-
based or space telescopes has received great attention over the last years [1-3]. A large amount of research has been
focused on the calibration of high resolution spectrographs [4] because of their potentials for ground-breaking
discoveries, e.g. a possible change of the fine structure constant over cosmic times [5], the direct measurement of the
Hubble constant [6], or the detection of earth-like extra-solar planets [7]. To meet the high accuracy demands for such
applications, the Astronomy and Photonic communities are joining efforts to develop astronomical laser frequency
combs as an alternative calibration source to conventional lamps. This is currently done by using a fully stabilized mode-
locked laser followed by a set of two or three stabilized Fabry-Perot cavities to filter out unwanted comb modes and then
a set of nonlinear stages for subsequent spectral broadening. While mode locked lasers offer equally spaced spectral
lines with a few picometer spacing, astronomical spectrographs require a spacing of tens of pm (high resolution) or even
a few nm (low resolution) [7-12]. The approach involving optical filtering to generate astronomical frequency combs
(astro-combs) for high resolution applications has been pursued by a number of institutions worldwide and a number of
on-sky tests have been carried out with success. For example, an astro-comb as a wavelength calibration source was
tested at the High Accuracy Radial velocity Planet Searcher (HARPS) spectrograph with better radial velocity accuracies
than with the conventional Ar lamp [10]. Using the same filtering approach an astro-comb centered at 1.5 pm was
recently demonstrated at NIST and calibration tests at the Pathfinder Spectrograph were performed [12]. While the on-
sky tests were performed only with high-resolution spectrographs, medium and low resolution spectrographs can also
benefit from an improved calibration source. In particular for stellar population and the chemical evolution of stars
applications. However, adapting the filtering approach to low and medium resolution applications is unrealistic because
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it will require filtering thousands of lines while maintaining a good optical-signal-to-noise ratio between unfiltered and
filtered modes. Furthermorer, in order to massively deploy OFCs in telescopes around the world, the degree of
complexity, size, and cost of actual astro-combs needs to be dramatically reduced.

Recently it has been proposed the use of the transmission function of a Fabry-Perot etalon to generate an array of lines
[13]. This is done in conjunction with a white light source with bandwidth matching the spectrograph bandwidth. Even
though this technique has been demonstrated by several groups and the resulting calibration source is expected to be
deployed in a number of spectrographs, the exact location of each line depends on the Fabry Perot dispersion. Another
approach for comb generation with large mode spacing consist in using high-Q micro-resonator [14]. In this paper we
report on the ongoing research at innoFSPEC-Potsdam addressing calibration technologies for medium and low
resolution astronomical spectrographs. In section II we describe the approach we follow for comb generation. Section 3
describes the preliminary results using a fiber-fed MUSE spetrograph. Finally, in section 4 we describe the conclusions.

2. ASTRO-COMB GENERATION IN FIBERS

Figure 1 shows the schematic of the nonlinear system to generate the astronomical optical frequency comb [15,16]. It
consists of two equally intense lasers (with wavelengths A; = 1554.3 nm and A, = 1558.9 nm) that are propagated
through two nonlinear stages. The two-tone initial field corresponds temporally to a sinusoidal square pulse that is
propagated first through an amplifying fibre that amplifies the average power and also provides strong (adiabatic) pulse
compression. The aim is to generate clean sub-100 fs pulses with peak power larger than 1 kW for subsequent generation
of astronomical optical frequency combs in a low-dispersion nonlinear fibre. A cascade of four-wave-mixing (FWM)
products is generated after propagating through a 1.5 m long fiber having low dispersion (B2 = 0.05 ps*km, B3 = 0.0081
ps*/km) and high nonlinearity (y = 10 (W-km)™).
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Figure 1. Schematic of the proposed astronomical frequency generator.

The optical frequency comb generated through the cascade of FWM products is centered at 1600 nm and extends over a
bandwidth of 60 THz. The optical signal to noise ratio (OSNR) is larger than 30 dB for nearly the entire comb
bandwidth. Figure 2 (left) shows a zoom of the spectrum of the generated astronomical comb where a good intensity
equalization can be noted. The comb was subsequently propagated through a BiBO nonlinear crystal for frequency
doubling. The replicated comb is now centered at 800 nm and a zoom of its spectrum is shown in Figure 2 (right). Even
though the power carried by each comb line is not equalized along the whole comb bandwidth (power variation is 20
dB), the noise characteristics and bandwidth are adequate to carry out tests with the fiber-fed MUSE spectrograph.
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Figure 2. Left: Zoom of output spectrum around 1600 nm. Right: Zoom of output spectrum around 800 nm.

The first test was checking the wavelength stability of each line of the frequency comb centered at 1600 and at 800 nm.
We use an optical spectrum analyzer (OSA) having 0.02 nm resolution and wavelength grid of 0.01 nm. Figure 3 shows
the measured central wavelength for a time frame of 270 seconds (tests involving a few hours time-frame were also
performed). It was observed that the maximum change of the central wavelength was 0.01 nm. This measured change of
the central wavelength, since it is within the resolution of the OSA, is the upper limit of the actual wavelength

fluctuation.
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Figure 3. Central wavelength as a function of time for a comb wavelength at 791.5 nm (Left) and 809.68 nm (Right).

3.

PRELIMINARY TEST USING A MUSE SPECTROGRAPH

300

Preliminary tests with the generated frequency comb are carried out using a fiber-fed MUSE spectrograph. The
spectrograph, shown in Fig. 4, seeks to combine a broadband optical spectrograph with a new generation of multi-object
deployable fiber bundles. The modification of the spectrograph of the Multi-Unit Spectroscopic Explorer, which is a
VLT integral-field instrument using slicers, is performed by using a 20x20 fiber-fed input. The MUSE spectrograph
operates at a wavelength range from 465nm to 930nm using a 4096x4096 15um pixel CCD detector. The wavelength
calibration is routinely done with Ne and Hg lamps.
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Figure 4. (a) Fiber-fed MUSE spectrograph. (b) 20x20 fiber input.
Astro-comb spectra were taken at regular time intervals and with different intensities in order to not saturate the CCD

detector. A comparison between the spectrum of the Ne lamp and the astro-comb is shown in Figure 5 for two different
spectral regions: the advantage of the astro-comb is that it provides a much larger number of calibration lines
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Figure 5. Comparison of the spectra of Ne and astro-comb light for two different regions. Vertical axis is wavelength while the
horizontal one is fiber.

In the present version of generated astro-comb spectrum it comprised around 100 lines. Each one was independently
fitted using a Gaussian function. Figure 6 shows the zoom of one spectrum illustrating the fitting of two adjacent comb
lines. Note that each comb line is sampled/detected by 5 pixels. The fitting allows us to determine the centroid and the
width of each line. This was performed for all the comb lines and for a representative number of the 400 fibers.
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Figure 6. Blue dots: Pixel intensity of two comb lines (centered at ~ 800 nm). Red line: Gaussian fit.

The characteristic that defines an optical frequency comb is that the frequency distance between comb lines is a constant
value. If the frequency of one comb line is known and the distance between comb lines is known too, then the
frequencies of all the comb lines can be determined. We check the level of accuracy that this equidistancy can be
measured using the fiber-fed MUSE spectrograph. The centroid (or central wavelength) is measured for 25 lines and the
result is fitted in order to determine the average distance between comb lines and the standard deviation of this distance.
Measurements were performed several times in order to check the repeatability of the results. The calculations were done
for several fibers chosen randomly from the 400 fibers. The black dots in Figure 7 shows examples of the obtained
results for fiber number 50 (left) and 150 (right). The red line illustrates the linear fit performed on the black dots. The
average distance between comb lines is 708.5 GHz and the standard deviation is 0.1 GHz (0.4 pm). This value of the
standard deviation was found for the other fibers too.
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Figure 7. Black dots: center frequency for 25 adjacent comb lines for fiber 50 (left) and 150 (right). Red line: linear fit.
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Table 1 shows a summary of comb spacing and standard deviation measurements of different fibers. The comb spacing
is always between 708.5 to 708.8 GHz and the standard deviation 0.1 GHz (0.4 pm). This corresponds to a relative
accuracy of 0.14 %.

Fiber Comb spacing Standard dev.

25 708.6 GHz 0.1 GHz
45 708.7 GHz 0.1 GHz
50 708.5 GHz 0.1 GHz
51 708.5 GHz 0.1 GHz
55 708.5 GHz 0.1 GHz
100 708.7 GHz 0.1 GHz
150 708.8 GHz 0.1 GHz

This procedure was repeated several times in order to check the stability of the comb and the repeatability of the
measurement procedure. The average comb distance and the standard deviation were identical (within 0.3 GHz
variation) for different set of measurements.

Figure 8 shows the measured width at full-wave-at-half-maximum for a center wavelength at 802 nm for the 400 fibers.
Note that the fibers at the edge (fibers around 1 or around 400) of 20%20 arrangement exhibit a larger width when
compared the fibers at the center (fiber 200).
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Figure 8. Measured width for a comb line at 802 nm for the 400 fibers.
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4. CONCLUSIONS

In this paper we have described the ongoing research work at innoFSPEC-Potsdam on calibration technologies using
astronomical frequency comb generation. The astro-comb is generated by propagating two narrow-linewidth lasers
through two dispersion-optimized nonlinear stages. The comb is centered at 1.58 um and comprises 100 calibration lines
with good power equalization. The generated comb is transmitted through a BiBO nonlinear crystal where a frequency
double process takes place. The frequency doubled comb is centered at 800 nm and is used to test the MUSE
spectrograph. Equidistancy of the comb lines was confirmed within 0.4 pm absolute accuracy.
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