<]
TUDelft

Delft University of Technology

High-accuracy long distance measurements with a mode-filtered frequency comb

LeSundak, Adam; Voigt, Dirk; Cip, Ondrej; Berg, Steven Van Den

DOI
10.1364/0E.25.032570

Publication date
2017

Document Version
Final published version

Published in
Optics Express

Citation (APA)
LeSundék, A., Voigt, D., Cip, O., & Berg, S. V. D. (2017). High-accuracy long distance measurements with a
mode-filtered frequency comb. Optics Express, 25(26), 32570-32580. https://doi.org/10.1364/0OE.25.032570

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1364/OE.25.032570
https://doi.org/10.1364/OE.25.032570

™ |

Check for
updates

Research Article Vol. 25, No. 26 | 25 Dec 2017 | OPTICS EXPRESS 32570

Optics EXPRESS
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Abstract: Homodyne interferometry with a frequency comb as multi-wavelength source is a
powerful method to measure long distances with high accuracy. The measurement principle
requires that individual comb modes are spectrally resolved, making hundreds or thousands of
accurately known wavelengths available for interferometry. For this reason the method cannot
be applied directly to frequency combs with a low repetition rate (e.g. 100 MHz), since the
modes are too close to be resolved. In this paper we use cavity mode filtering to increasing
the pulse repetition rate of a comb and we apply the filtered comb for mode-resolved absolute
distance measurement. Mode-filtering takes place with a single Fabry-Pérot cavity in a Vernier
configuration, allowing to set mode spacings ranging from 10s of GHz to more than 100 GHz.
Large mode-spacings significantly reduce the requirements on the resolution of the spectrometer.
We demonstrate absolute long distance measurement with a mode-filtered frequency comb using
a simple array spectrometer for mode-resolved detection. Here a 1 GHz comb is used, that is
converted into a 56 GHz comb by mode-filtering. A trade-off between non-ambiguity range and
spectral resolution needs to be made when choosing a filter ratio. The pulse-to-pulse distance
after filtering is 5.3 mm in this case, so to overcome ambiguity a rough measurement with an
accuracy of about 2.5 mm is required. We show that in comparison to a conventional counting
interferometer an agreement within 0.5 um for distances up to 50 m is found. The presented
method may enable the field application of low-repetition rate frequency comb lasers, like fiber
lasers, for multi-wavelength homodyne interferometry. It relaxes the requirements on the spectral
resolution, allowing for simple grating spectrometers as detector.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (120.2230) Fabry-Perot; (120.3180) Interferometry; (120.3940) Metrology; (140.4050) Mode-locked lasers;
(140.4780) Optical resonators; (280.3400) Laser range finder; (320.7090) Ultrafast lasers.

References and links

1. S.-W Kim, “Metrology: combs rule,” Nat. Photonics 3(6), 313-314 (2009).

2. R. Holzwarth, T. Udem, T. W. Hénsch, J. C. Knight, W. J. Wadsworth, and P. S. J. Russell, “Optical frequency
synthesizer for precision spectroscopy,” Phys. Rev. Lett. 85(11), 2264-2267 (2000).

3. “Resolution 1 of the 17th CGPM,” BIPM, (1983).

4. Y. Salvadé, N. Schuhler, S. Léveque, and S. Le Floch, “High-accuracy absolute distance measurement using frequency
comb referenced multiwavelength source,” Appl. Opt. 47(14), 2715-2720 (2008).

5. S. Hyun, Y.-J. Kim, Y. Kim, J. Jin, and S.-W. Kim, “Absolute length measurement with the frequency comb of a
femtosecond laser,” Meas. Sci. Technol. 20(9), 095302 (2009).

6. K. Minoshima and H. Matsumoto, “High-accuracy measurement of 240-m distance in an optical tunnel by use of a
compact femtosecond laser,” Appl. Opt. 39(30), 5512-5517 (2000).

7. J.Ye, “Absolute measurement of a long, arbitrary distance to less than an optical fringe,” Opt. Lett. 29(10), 1153-1155
(2004).

8. M. Cui, M. G. Zeitouny, N. Bhattacharya, S. A. van den Berg, H. P. Urbach, and J. J. Braat, “High-accuracy
long-distance measurements in air with a frequency comb laser,” Opt. Lett. 34(13), 1982-1984 (2009).

9. D. Wei, S. Takahashi, K. Takamasu, and H. Matsumoto, “Time-of-flight method using multiple pulse train interference
as a time recorder,” Opt. Express 19(6), 4881-4889 (2011).

#309973 https://doi.org/10.1364/0OE.25.032570
Journal © 2017 Received 26 Oct 2017; revised 5 Dec 2017; accepted 6 Dec 2017; published 14 Dec 2017


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.25.032570&domain=pdf&date_stamp=2017-12-14

Research Article Vol. 25, No. 26 | 25 Dec 2017 | OPTICS EXPRESS 32571

Optics EXPRESS

10. P. Balling, P. K¥en, P. Masika, and S. A. van den Berg, “Femtosecond frequency comb based distance measurement
in air,” Opt. Express 17(11), 9300-9313 (2009).

11. J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, “Time-of-flight measurement with femtosecond light pulses,” Nat.
Photonics 4(10), 716-720 (2010).

12. J. Lee, K. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, “High precision laser ranging by time-of-flight measurement of
femtosecond pulses,” Meas. Sci. Technol. 23(6), 065203 (2012).

13. K. N. Joo and S. W. Kim, “Absolute distance measurement by dispersive interferometry using a femtosecond pulse
laser,” Opt. Express 14, 5954—-60 (2006).

14. S. A. van den Berg, S. T. Persijn, G. J. Kok, M. G. Zeitouny, and N. Bhattacharya, “Many-wavelength interferometry
with thousands of lasers for absolute distance measurement,” Phys. Rev. Lett. 108(18), 183901 (2012).

15. 1. Coddington, W. Swann, L. Nenadovic, and N. Newbury, “Rapid and precise absolute distance measurements at
long range,” Nat. Photonics 3(6), 351-356 (2009).

16. J. Lee, S. Han, K. Lee, E. Bae, S. Kim, S. Lee, S.-W. Kim, and Y.-J. Kim, “Absolute distance measurement by
dual-comb interferometry with adjustable synthetic wavelength,” Meas. Sci. Technol. 24(4), 045201 (2013).

17. S. A. van den Berg, S. van Eldik, N. Bhattacharya, “Mode-resolved frequency comb interferometry for high-accuracy
long distance measurement,” Sci. Rep. 5, 14661 (2015).

18. M. J. Thorpe and J. Ye, “Cavity-enhanced direct frequency comb spectroscopy,” Appl. Phys. B 91, 397-414 (2008).

19. T. M. Murphy, T. Udem, R. Holzwarth, A. Sizmann, P. L., C. Araujo-Hauck, H. Dekker, S. D’Odorico, M. Fischer and
T. W. Hénsch, “High-precision wavelength calibration of astronomical spectrographs with laser frequency combs,”
Mon.Not.Roy.Astron.Soc, 380, 839-847 (2007).

20. P. O. Schmidt, S. Kimeswenger and H. U. Kaeufl, “A new Generation of Spectrometer Calibration Techniques based
on Optical Frequency Combs,” arXiv:0705.0763, (2007).

21. T. Steinmetz, T. Wilken, C. Araujo-Hauck, R. Holzwarth, T. W. Hénsch, L. Pasquini, A. Manescau, S. D’Odorico,
M. T. Murphy, T. Kentischer, W. Schmidt and T. Udem, “Laser Frequency Combs for Astronomical Observations,”
Science321, 1335 (2008).

22. C.-H. Li, A. J. Benedick, P. Fendel, A. G. Glenday, F. X. Kértner, D. F. Phillips, D. Sasselov, A. Szentgyorgyi and R.
L. Walsworth, “A laser frequency comb that enables radial velocity measurements with a precision of 1 cm s-1,”
Nature 452, 610-612 (2008).

23. D. A. Braje, M. S. Kirchner, S. Osterman, T. Fortier and S. A. Diddams, “Astronomical spectrograph calibration with
broad-spectrum frequency combs,” The European Physical Journal D, 48(1), 57-66 (2008).

24. T. Steinmetz, T. Wilken, C. Araujo-Hauck, R. Holzwarth, T. Hinsch and T. Udem, “Fabry—Pérot filter cavities for
wide-spaced frequency combs with large spectral bandwidth,” Appl. Phys. B, 96, 251-256 (2009).

25. S. Diddams, M. Kirchner, T. Fortier, D. Braje, A. Weiner and L. Holberg, “Improved signal-to-noise ratio of 10
GHz microwave signals generated with a mode-filtered femtosecond laser frequency comb,” Opt. Express 17(5),
3331-3340 (2009).

26. Ch. Gohle, B.Stein, A. Schliesser, T. Udem, and T. W. Hénsch, “Frequency comb vernier spectroscopy for broadband,
high-resolution, high-sensitivity absorption and dispersion spectra,” Phys. Rev. Lett. 99, 263902 (2007).

27. D. Voigt, S. A. van den Berg, A. LeSunddk, S. van Eldik, N. Bhattacharya, “High-accuracy absolute distance
measurement with a mode-resolved optical frequency comb,” Proc. SPIE 9899, Optical Sensing and Detection IV,
989906 (2016).

28. L. Hou, H. N. Han, J. W. Zhang, D. H. Li and Z. Y. Wei, “A Wide Spaced Femtosecond Ti:Sapphire Frequency Comb
at 15 GHz by a Fabry—Pérot Filter Cavity,” Chinese Phys. Lett., 30(10), 104203 (2013).

29. K.P. Birch and M. J. Downs, “An Updated Edlén Equation for the Refractive Index of Air,” Metrologia 30(3), 155-162
(1993).

1. Introduction

In the past decade a wide variety of distance measurement methods based on optical frequency
comb technology has been developed [1]. Frequency comb based methods have in common that
they provide direct traceability to a stable frequency reference such as a maser or an atomic
clock [2]. Since the SI meter is related to the SI second via the speed of light [3], comb-based
distance measurement directly profit from highly stable frequency standards. A frequency comb
can serve as a frequency reference to a continuous wave (CW) laser, which is then used as
a light source for a displacement measurement. Other indirect methods for absolute distance
measurement use the optical beat of two CW lasers, whose phase shift of the synthetic wavelength
determines the distance [4,5]. In addition, many schemes have been developed using the frequency
comb itself as a light source for length metrology. One pioneering method was based on the
heterodyne beat between longitudinal modes of a mode-locked laser [6]. An approach based on a
time of flight of femtosecond pulses was later proposed [7], followed by several experimental
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demonstrations of cross-correlation based measurements [§—12]. Homodyne and heterodyne
interferometric schemes utilizing one frequency comb [13, 14] and two frequency combs [15, 16],
respectively, have also been demonstrated.

Distance measurement based on homodyne mode-resolved many-wavelength interferometry
allows for accurate measurements with a single frequency comb and a wide range of non-
ambiguity [14, 17]. This method uses an optical frequency comb as a many-wavelength laser
source. The laser illuminates the Michelson interferometer, whose output is then spectrally
resolved to individual comb modes. The comb mode spacing is given by a laser cavity length.
Mode spacings are typically a few hundred MHz for fiber combs and roughly 80 MHz to 1 GHz
for Ti:Sapphire combs. To resolve the individual comb modes a high resolution spectrometer
based on a virtually imaged phased array (VIPA) etalon can be used. However, its resolution
is still insufficient to resolve mode-spacings of a 100 to a few 100 MHz. The method can
thus not be easily exploited by the commonly used fiber combs, which are better suited for
potential field applications because of their ease of operation, robustness and smaller sensitivity
to environmental disturbances. To enable the application of the mode-resolved method for low
repetition rate combs, cavity mode filtering can be applied to increase the repetition rate of the
source. This overcomes the limitation of the low repetition rate comb sources and also enables
the use of a simple grating-based spectrometer for detection, instead of the rather complex VIPA
spectrometer. The first implementation of external Fabry-Pérot cavity to a frequency comb was
used for cavity-enhanced spectroscopy [18]. However, cavity filtering frequency comb modes
found its application soon after in astro-combs for calibration of high-resolution astronomical
spectrographs [19-22]. Experimental work published on this topic nicely describes the cavity
filtering model with an effect of cavity-comb offset [23], selection of optimal cavity mirrors
radius of curvature [24] or cavity dispersion [25].

In this paper we demonstrate distance measurement based on a filtered frequency comb with a
grating-based spectrometer for detection. Mode-filtering takes place with a single Fabry-Pérot
cavity operating at a non-integer filter ratio. In this *Vernier configuration’ comb mode spacing
from 10s to 100s of GHz can be achieved with only minor adjustment of the cavity length.
Based on the filtered source, homodyne mode-resolved frequency comb interferometry is applied
for distance measurement up to 50 m and compared to a counting helium-neon (HeNe) laser
interferometer.

2. Measurement principles

2.1.  Frequency comb mode selection

An optical frequency comb is the spectrum of a laser whose optical modes are phase locked in
such way, that they interfere together to form a train of pulses with the repetition rate frequency
frep and the carrier-envelope offset frequency fy. The repetition rate directly represents the
spacing between neighboring modes in frequency domain. In our experiment we use a Ti:Sapphire
frequency comb with 1 GHz repetition rate as the laser source. A single symmetrical Fabry-Pérot
cavity made of two mirrors is used to increase the comb mode spacing. Such cavity transmits
series of frequencies separated by free spectral range FSR = c¢/2L., where c is the speed of light
and L. the optical cavity length. The suppression of unwanted modes is given by the spectral
transmission function:

(1-R)

T(f,R L.) =
(f ) (1 = R)* + 4Rsin? 2nrfL:/c)

ey

where R is the mirror reflectivity and f the optical frequency. The desired mode spacing, resolvable
by a diffraction grating spectrometer, based on a 50 mm ruled grating was ~ 30 GHz. Such values
can be achieved by setting the cavity F'SR to an integer multiply m of f..p, FSR = m - frop
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as in case of the astro-comb. Here we apply an alternative method, with the cavity F.SR set
to a non-integer multiply of f..,. This is a scheme that is similar to frequency comb Vernier
spectroscopy, see e.g. [26]. As a result we obtain a spectrum consisting of modes spaced by the
lowest common multiple of the FSR and f.,

iFSR = mfrep, 2)

where i and m are integers. An example of the cavity transmission as a function of frequency is
shown in Fig. 1(a). The cavity transmission occurs at cavity length

i
m 2frep.

Since the cavity finesse is finite, non-exact solutions of Eq. (2) can be found. These solutions
will result into a set of lateral transmission peaks. The comb spectrum transmitted through a
lateral peak will have the same filter ratio m as the central peak, but will have decreased spectral
bandwidth, inversely proportional to the finesse and the cavity length detuning. The cavity length
can be unintentionally tuned into one of the lateral transmissions because their corresponding
cavity lengths differ from L. only in the nanometer range. This cavity length difference AL, is
given by:

L.=

3

o & Jrer A
T 2fiFSR ™~ 2m’
Note that the peak to peak distance AL, is given only by wavelength A and multiplication factor
m. Thus measurement of AL, can be used for checking the factor m respectively the cavity length
L.
Since Eq. (3) holds only if the offset frequency fy equals zero, any offset frequency has to be
compensated by slightly detuning the cavity by changing the cavity length with:

A fo

Ap =5 Fsr ®)

An example of the cavity transmission as a function of the cavity length and the effect of the
offset frequency is shown in Fig. 1(b).

The advantage of the Vernier method is that the filter ratio is not inversely proportional to
the cavity length and high filter ratios m can be obtained, via high values of the factor i, with
relatively large mirror to mirror distance. This allows to build such a cavity with common
optomechanical components and also to adjust the filter ratio ranging from 10 to infinity with
small change of cavity length. In practice, the largest filter ratio sufficiently filtering unwanted
modes is proportional to the cavity finesse. In our case we used for the measurements filter ratio
of m = 56 and factor i = 3 corresponding to FSR = 18% Jrep- A simulation of the comb mode
suppression for such parameters is in Fig. 2. The slight detuning of the cavity to account for
nonzero fy leads to a small mismatch between the cavity resonance and the comb wavelengths.
However, for an optical bandwidth of 14 nm, which is spectral width of the Ti:Sapphire laser
in this paper, this only leads to a 0.1 dB decrease of the transmitted signal in the wings of the
spectrum.

To keep the cavity in resonance with the comb modes, the cavity length has to be stabilized
onto the position of required transmission peak. The stabilization is performed by deriving a
control signal from a photodiode that monitors the intensity of the laser light after the light has
passed the cavity. The control signal is derived from the photodiode response after modulating the
transmission of the cavity by changing the position of one of the cavity mirrors with a harmonic
signal. By demodulating the response of the photodiode output a control signal is generated to
drive the mirror towards the position of maximum intensity.

“
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Fig. 1. a) Example of transmission of low finesse F' = 7 Fabry-Pérot resonator (gray) in
frequency domain, frequency components of optical comb (red). The FSR of the resonator
is 1.1 times the comb mode spacing and thus every 11th comb mode is resonant with the
resonator. b) Total transmission versus cavity length change of Fabry-Pérot resonator for
two values of fy = 0 GHz (solid) and f; = 0.18 GHz (dotted). Other parameters are: central
frequency f = 365 THz, FSR = 1.1 GHz, fy.p = 1 GHz and finesse F' = 313.

or ¢ 1 1

-50 . . . . . . .
8135 813.6 813.7 813.8 814 816 818 820 822 824 826 828
Wavelength [nm] Wavelength [nm]

o)

i)

2 | |
§_10 ‘ ‘J |
§—20 ‘ ] . \‘ v e
%) ‘ I |
Tal bpbiibl
g vhAsdla

-40 23 $9

2 VUV
3

Fig.2. Simulation of frequency comb mode suppression by filter cavity with FSR = 18% GHz.
The comb repetition rate is frep = 1 GHz, the offset frequency f; = 180 MHz and the
bandwidth of 14 nm is centered at 820 nm. With a cavity finesse ' = 313 (mirror reflection
99%), the suppression of unwanted modes remains below 20 dB. The transmission of wanted
modes is suppressed at the edges of the spectrum due to the offset frequency only by 0.1 dB.
On the left side a small zoomed part of the spectrum is shown, to visualize individual modes.
On the right side the mode suppression is shown for the full spectrum.

2.2. Distance measurement based on spectral interferometry

The distance measurement is based on a Michelson interferometer with reference arm and
measurement arm. The laser beam of the frequency comb is split into both arms and the
recombined output interference signal is spectrally analyzed by a spectrometer based on diffraction
grating and linear CCD (charge-coupled device) array. The observed intensities of each individual
comb mode are then used for distance calculation. A comb mode (wavelength) experiences a
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total phase change ® according to its optical frequency f and traveled optical distance 2L - n,

D= AnLnf
c

; (6)

where n is the phase refractive index of air. The interference signal carries the information about
the phase difference between the arms for each comb mode, therefore the signal taken for a
certain distance is modulated as a function of the optical frequency

dnlnf
c ) '

I(f) = Iy cos ( (7)

The information about the phase change with frequency d®/df = 4xLny/c is obtained from
the measured spectrum by a cosine fit with ® = C - p + C; and n, the group refractive index. The
group refractive index appears here as a direct result of taking the derivative from total phase
to frequency [17]. In this equation C and C; are fitting parameters and p is a comb mode label
associated to comb mode frequency f, = mfr.p(Q + p) + fo, where Q is a large integer number.
The distance L can be then expressed as

I = C c @)

Mfrep 4nng

Since the frequency comb is a periodic pulse train repeating itself with pulse to pulse distance,
the interference patterns will also repeat themselves with half the distance

Lﬂ - ° 9)

2 Mfrephg

The distance L is defined in a range of non-ambiguity —3L,, < L < $Lp,. Since the sign of
L cannot by determined from the cosine fit, it is necessary to obtain it otherwise. One method is
based on observing interference fringe density with change of measurement arm length. When
the length is increasing, increasing fringe density is equivalent to positive L, decreasing fringe
density corresponds to negative L. When pulses from both interferometer arms are overlapping,
all comb modes interfere constructively - there is no fringe and L equals zero. This holds for
distances:

1
Le = SkLpp. (10)

where k is an integer and L, is total single path length difference of both arms. Integer & has to be
obtained by approximate distance measurement. This can be done by any method with accuracy
better then L, /2. Then a random distance is given by:

1
LIZEkLPP+L’ (11)
Note that the description above is based on a source with a repetition rate of m f.cp.

3. Experimental setup

The measurement setup consists of 3 main parts: a frequency comb source combined with a filter
cavity, a Michelson interferometer and a grating spectrometer. An overview of the setup is shown
in Fig. 3. The frequency comb is generated with a Ti:Sapphire laser emitting an optical spectrum
in the 813.5 nm to 827.5 nm wavelength range. The comb mode spacing or the laser repetition
rate is 1.012 GHz. From Eq. (1) we estimate the mirror criteria for sufficient spectral filtering
of unwanted comb modes. We have chosen the suppression ratio of the closest neighboring
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comb mode to be at least 20 dB. To obtain this suppression consistently in the whole region
a walk-off between the comb and the cavity modes caused by mirrors dispersion has to be
minimized. This is achieved with mirrors having a reflectivity of R = 99.0% and group delay
dispersion (GDD) below 20 fs” in the relevant spectral region. A symmetric cavity was built
with two concave mirrors both having a radius of curvature of 50 mm. The finesse of the cavity
is F = 7VR/(1 — R) ~ 300. The length of the filter cavity is set at 8.0 mm, corresponding to
a FSR = 18%pr, which due to Vernier selection, results in a filter ratio m = 56. This filter
ratio was chosen for this experiment, but filter ratios over 300 have also been achieved [27]. The
cavity resonance linewidth is approximately 100 MHz (FWHM). The filter cavity is shielded by
a foam cover to keep it thermally stable and to suppress coupling of acoustic noise into the cavity.
In order to obtain a clean Gaussian beam profile, a single mode optical fiber is used to couple
the comb light to the cavity. As the fiber output coupler we use an achromatic collimator. For
successful mode-matching of the laser beam and the TEMgy mode of the cavity, two achromatic
lenses were used. After the cavity the laser beam is collimated with another achromatic lens and
10% of light is directed with a beam-sampler into a photodetector for cavity stabilization. For this
purpose, one mirror has been mounted on a piezo-actuator which is driven by electronic feedback
loop using a dither locking technique [28]. The rest of light is coupled into a fiber and propagates
through an optical fiber circulator into the measurement section in a neighboring laboratory.
Typically about 400 uW of comb power is available after the filter cavity, depending on the set
filter ratio, providing about 100 uW to the setup for distance measurement after propagation
through the fiber circulator.

Filtered frequency comb

SRR

Laser frequency comb

=

PM fiber Lenses  Piezo Cavity Lens
mirrors

Sampler CCD Array

Dichroic PBS Mirror

b Meas. arm mirror ///
L A

Ref. arm W=

50 m bench BS Lenses

Lens

Retro H | ]
reflector

O
Mirror
HeNe count.
-

Diffraction
grating

Fig. 3. Experimental setup split into 3 sections. a) Filtering part showing the frequency
comb laser, cavity mode-matching optics, cavity with piezo actuator, collimation lens and
beam sampler. The green parts are the detector and electronics for locking the cavity length.
The filtered frequency comb is led through an optical circulator towards the 50 m bench part.
b) This part shows two Michelson interferometers with a common measurement arm for the
filtered frequency comb and the HeNe laser. ¢) Spectral analysis of the interferometer output
with a diffraction grating and linear CCD camera.

The measurement section consists of a Michelson interferometer and a commercial Helium-
Neon counting interferometer. The Michelson interferometer has been built with 2 inch sized optics,
using a non-polarizing beamsplitter and gold coated hollow retroreflectors. The measurement
arm has a maximum length of 50 m and consists of a long rail with electric carriage carrying the
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retroreflector. The comb beam is collimated into the interferometer with an off-axis parabolic
mirror (101.6 mm focal length). A dichroic mirror reflects the comb beam, while it transmits
the continuous-wave beam of the HeNe laser. As a result both beams largely propagate through
the same volume of air, having a shared measurement arm. The reference arms for the comb
and the HeNe laser are different, since the HeNe laser interferometer is based on heterodyne
measurements, requiring a polarizing beam splitter.

After propagation through the Michelson interferometer, the light from the HeNe laser
propagates back through the same path to the HeNe laser head which contains the detector for
fringe counting. The comb interferometric output propagates back into the circulator via the
same optical path and optical fiber. The fiber circulator directs the light towards the spectrometer,
consisting of a 50 mm wide ruled diffraction grating (1800 lines/mm), focusing lens and 3000 pixel
CCD line camera sensor. The fiber connector acts as the input slit having a 5 um mode field
diameter. When moving the carriage, the number of interference fringes measured with the line
camera changes as described by Eq. (7).

We measured the filter ratio m by measuring the change of piezo voltage, corresponding to a
cavity length change, when the cavity was locked on successive transmission peaks, as calculated
from Eq. (4). In practice it is more accurate to measure the piezo voltages for locking to n-th
peak and the n+10th peak, which provides enough accuracy to estimate the filter ratio. For
the measurement we used a filter ratio m = 56 with cavity FSR = 18% Jrep- This corresponds
to a pulse-to-pulse distance L,, = 5.3 mm. We verified the filter ratio m by measuring the
distance with the HeNe interferometer between two successive positions of the carriage with
zero fringes on the camera. Since the distance between the pulses is reduced by mode filtering,
the requirements on the a priori knowledge of the distance get tighter, but still a measurement
accuracy of a few mm is sufficient to overcome the ambiguity.

4. Results and discussion

Reference
T

o o
noow

Intensity

o
o

o

Intensity
© o o
o N OA~AO

N

Intensity
o

N
o
N L
=]
L
S

60 80 100 120 140
Frequency comb mode label p

Fig. 4. Top: typical reference measurement-blue, used for finding /(f) positions at CCD and

Iy intensities - red circles. Middle: interference measurement - blue, with values of I(f) - Iy
intensities - red circles. Bottom: normalized intensities /(f) - blue circles and cosine fit - red.

The distance measurements were performed quasi-simultaneously with both laser methods for
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comparison. Initially, the carriage of the measurement arm was positioned at the beginning of
the bench and the counting HeNe interferometer was set to zero and a line camera picture was
taken. Then the carriage was moved to a position roughly at 10 m, and again back to a position at
zero m. This was done also for 20 m, 30 m, 40 m and 50 m. The measurement positions have
been selected arbitrarily, but positions very close to L = 0 and L = L, /4 were avoided, as will
be discussed below. Due to environmental perturbations, the contrast of the comb interference
pattern tends to diminish for too long integration time of the CCD array. Optical path length
variations of only 4/4 =~ 200 nm are sufficient to wash out the fringes. For this reason it is
required that the carriage is fixed during the measurement. The method can thus not be used for
measuring while the target is being moved. In practice, a 0.4 ms acquisition time of the camera
was found as an optimal value.

To be able to normalize the data, not only the interference signal is measured for each position,
but also the signals from the reference and measurement arm individually (as obtained with
the other arm blocked). For each position, five comb measurements and five readings of the
counting interferometer have been recorded. The refractive index of air is determined from
data of environmental conditions (temperature, air pressure and humidity) using the Edlén
formula [29]. The temperature has been measured at several positions along the measurement
bench, simultaneously with the distance measurements.

The sum of the reference data from the measurement and reference arms were used for intensity
normalization of interference spectrum as shown in Fig. 4. From its cosine fit the distance L
was calculated using Eq. (8) and the method mentioned in Section 2.2 was used for determining
its sign. The distance measurements by the HeNe counting interferometer have been used for
determining the integer & in Eq. (11) for the comb measurement. However, since the requirements
on these measurements are mild, a simple electronic distance meter can also be used to overcome
the non-ambiguity.
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Fig. 5. Measured differences between distance measurement with a filtered frequency comb
and a HeNe laser interferometer for distances up to 50 m. The error bars show the standard
deviation of the measurements.

The results in Fig. 5 show the differences between the individual measurements done by
frequency comb and the average distance as measured with the HeNe counting interferometer.
The zero position is based on the average of the five zero measurements. For each individual
measurement the agreement between the frequency comb and the HeNe laser is within 0.8 um.
When averaged over five measurements, the largest difference is 250 nm. The standard deviation
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doesn’t show a clear distance dependence and is on average 0.33 um. The comparison measurement
shows that the mode-filtered frequency comb is a suitable tool for distance measurement, with
a relative difference < 108 with the HeNe laser reading for a distance of 50 m. The observed
differences between both methods for a single measurement are caused by environmental effects,
like turbulence and vibrations. These effects are not perfectly canceled because of small timing
differences between the measurements. When averaging all measurements and all distances,
the agreement between both methods even reduces to below 100 nm. The results show that
multi-wavelength interferometry with high accuracy can also be achieved with a mode-filtered
astro-comb. The possibility to increase the mode spacing enables the application of low-repetition
rate combs, like fiber combs for wavelength-resolved distance measurement. Furthermore,
spectrometers with a lower resolution can be used, as demonstrated here by using an array
spectrometer instead of a VIPA spectrometer.

The measurement uncertainty on the comparison measurement contains several contributions,
originating from the HeNe uncertainty, the uncertainty on the comb measurement and the
uncertainty due to environmental conditions. The relative uncertainty of the HeNe laser, resulting
from wavelength uncertainty and the fringe-counting system is estimated to be 3 x 10~°. The
uncertainty of the comb measurement contains a contribution of the frequency stability (10~°
for a measurement time in the ms range), plus an uncertainty of 50 nm, which comes from the
uncertainty of the fitting parameter C. This contributions occurs twice, for both the start and
the stop position of the carriage. The uncertainty on the refractive index difference for the comb
and HeNe wavelengths is estimated to be 1.7 x 107°. This value is based on the uncertainty
in the environmental measurements, being 0.3 °C for air temperature, 7 Pa for pressure and
1.3 % for relative humidity. Finally, there is a contribution to the measurement uncertainty which
results from vibrations coupling to the carriage on the measurement bench. Since the comb and
HeNe measurements have different integration times and are not perfectly synchronized, timing
differences between the measurements of typically 0.1 s occur. As a result path length changes
due to vibrations that occur on this time scale do not cancel. This contribution was quantified by
performing a time-resolved measurement with the HeNe laser. The HeNe measurement shows
a standard deviation of 0.22 um for a sampling time of 0.1 s, which can be considered as the
uncertainty due to vibrations on the comparison measurement. These uncertainties occur at both
the start point and the end point of the measurement, leading to a total uncertainty estimate due
to vibrations of 0.31 ym. When combining the relative and absolute uncertainty contributions
mentioned above as a quadratic sum, a total uncertainty of 0.36 um for a distance of 50 m is
found. For a coverage factor k = 2, corresponding to a 95 % coverage interval, the uncertainty
equals 0.72 pum.

The uncertainty on the measurement of an absolute distance with either comb or HeNe laser
will be dominated by the uncertainty in the refractive index of air. For the uncertainties of
the environmental parameters (temperature, pressure, humidity) mentioned above, the relative
uncertainty on the refractive index becomes 3.1 x 1077, The agreement between both methods is
thus much better than the achievable uncertainty on the absolute distance. Since the wavelengths
of the Ti:Sapphire laser and the HeNe laser are relatively close and the measurements arms
are common path, the uncertainty due to environmental conditions largely drops out in the
comparison.

As mentioned above, arbitrary distances were chosen, but path length differences very close
toL=0mor L = L,,/4 were avoided. At L = 0 m all wavelengths have the same phase
(neglecting nonlinear air dispersion), so a typical cosine dependence like in Fig. 4 is not observed.
Close to L = Lp,, /4 the Nyquist frequency is approached and each period of the cosine is only
determined by 2 datapoints (see discussion in [14]). There are several ways to overcome this issue.
A simple solution is to slightly changing f..,, which will change L, and thus L. Alternatively,
a multiplex scheme could be envisaged with two reference retro-reflectors, positioned with a
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mutual path length difference of about half of the non-ambiguity range. By using a beamsplitter
and two shutters the reference path can be always selected such that the path length differences
closeto L =0mor L = L,,/4 do not occur.

The measurement results presented in this paper are only based on spectral interferometry,
i.e. the distance is determined from the phase change as a function of optical frequency. The
actual knowledge of the optical frequencies has not been used. However, the knowledge on the
optical frequencies, which are accurately known with an uncertainty limited by the quality of the
reference clock, is also available. Using the optical phase fraction of an individual wavelength,
which is derived from the curve fit, the accuracy on the distance measurement can be further
improved. This could be of interest when the measurement uncertainty is not dominated by
environmental effects, e.g. in vacuum or in space.

5. Conclusion

In this paper we have demonstrated that long distances can be measured with high accuracy
using a mode-filtered frequency comb and a simple linear array spectrometer. In comparison
to a HeNe laser a relative agreement below 108 has been shown. The method of cavity mode
filtering opens up the possibility to use a low repetition rate frequency comb, like a fiber comb,
for many-wavelength homodyne interferometry. Since fiber combs are smaller, easier to operate
and less sensitive to the environment than Ti:Sapphire-based combs, this could be of interest
for potential field applications of this method using fiber combs. When using a filter cavity to
generate repetition rates of several 10s of GHz, it is possible to replace the complicated VIPA
spectrometer with a linear array spectrometer. This not only simplifies the experimental setup,
it also simplifies data processing and analysis. In general, the availability of frequency combs
having a mode spacing that is sufficiently large to be resolved by an array spectrometer, will be a
step forward towards practical applications of many-wavelength homodyne interferometry for
absolute distance measurement. This will be further enhanced by the ongoing development of
on-chip semiconductor-based frequency combs, having the potential of significant cost reduction.
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