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1. Hollow cathode lamp
and housing
2. Optical alignment tool
S 3. Fiber input
@ 4. Parallel port

(a) Picture of an iodine cell wavelength (b) Calibration system based on holow cathode lamp
calibration module
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Fig.1 Pictures of iodine cell”™ and hollow cathode lamp'*’!
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CW laser: continue wave laser, tapered PCF: tapered photonics crystal fiber, SMF: single mode fiber
B2 HEHRLBRXEREETER™
Fig.2 Diagram of mode lock laser astro—comb system
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Table 1 Operation and test reports of astro—comb of mode-locked laser

]

Test location and equipment Repetition frequency  Frequency band Accuracy
Vacuum tower telescope™* %! 15 GHz 480 nm~640 nm Highest at 3 cm/s
. . [17] . No measurement
Multiple mirror telescope 25 GHz 850 nm~950 nm .
(estimated 1 cm/s)
Tillinghast telescope( Tillinghast Reflector Echelle 400 nm 50 GHz 390 nm~410 nm .
o A few hours testing 1 m/s
Spectrograph, TERS) 800 nm 30 GHz 750 nm~850 nm
Hobby-Eberly telescope(Pathfinder) " 25 GHz 1450 nm~1 700 nm  Four nights testing 10 m/s

Telescopio Nazionale Galileo telescope(Northern
hemisphere High Accuracy Radial Velocity Planet 16 GHz 500 nm~620 nm  Single measurement 6 cm/s
Searcher, HARPS-N)'

Xinglong 2.16 m telescope(high resolution

[ 25 GHz 460 nm~730 nm Highest at 11 cm/s
spectrograph) "
\Y% t teles Laser-based Absolut
acuum tower telescope(Laser-base VMSO ute 8 GHz 480 nm~700 nm A few hours testing 1 m/s
Reference Spectrograph, LARS) ™
10 m Southern African L. teles Higl
m Southern African Large telescope (High 15 GHz 550 nm~890 nm 10 m/s
Resolution Spectrograph, HRS) ™"
4.3 m Lowell Dis teles The Ext .
m Lowell Discovery telescope(The reme 30 GHz 450 nm~700 nm Highest at 30 cm/s
Precision Spectrograph, EXPRES)""”
Fraunhofer telescope(Fiber Optics Cassegrain Echelle . .
) oo o) 25 GHz 455 nm~690 nm 3.5 h testing 12 cm/s
Spectrograph, FOCES)"* "
Very large telescope (Echelle Spectrograph for Rocky
Exoplanets and Stable Spectroscopic Observations, 18 GHz 510 nm~710 nm Higher than 1 m/s
ESPRESSO)™
ESO 3.6 m telescope( HARPS)!*# - 77 18 GHz 438 nm~690 nm 101 minutes testing 1 cm/s
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SE A A8, 2 [ 5 1Y) T L A5 A0 3 ] B 19, 33X 0 S R T LS o 3% 01 R0 2 A L B 8 A o EL A A R A A R
AR A3 A B8 AR . 2SR X R BITRBT IO % 7 AR B WOG IR AR A X, WO UR R AT LSS B B 2%
Bl ) D, AR T AR AT 5 v ) A M R G L TR S PR N 28 A LA 0 A v L 2o i OB TR
i 2 2 7 i W 2 A RO AR R ity s HL 3 o U AT AR RO A R A ) RS R B R AR I O AN AE [F] —
b YR B AR R 0 S8 (T SR S ) T BB R 1N AR A I 37 e B O R o R AR
B, A I ) B2 M A X SR 100 25 0T 2% o VA b, 3% S0 1k A B B B o L E A RRE X T O AR A e
SRR —Be L F, H R SR TR B 3 R LA R e A PR R AR R S R RE S L AR i
250 B RRCKT S5 05 B T 8 1 GE AR o TE R H T I D IR B A BRSO 8 K SOGHR A — 20 kR E S A
FL3 2 bR v LRI O 8% R OB T B AN OC &R L B 0 ] T R A R SR K AR E o AR
H T 28118 1 7 545 R S0 6 S 30 A It 114 34 2 D' vk A1 B 31 280 s o EL S s D 9 i 2 B 2 s

F2 EOEEAEBENFTHRERETRURRE
Table 2 Operation and test reports of white light Fabry Perot etalon

Test location and equipment Frequency band Etalon type  Stable method Accuracy

) . . } O ight testing 10 S
ESO 3.6 m telescope (HARPS)! ™ 380 nm~690 nm  Air gap etalon Passive stable . ne night testing 10 cm/s
Sixty days measurmentsl m/s

Calar Alto 3.5 m telescope 600 nm~1 050 nm A al Passive stabl At the visible band 1.6 m/s
s ap etalon Passive stable .
(CARMENES) " % 900 nm~1350 nm " &4 ' At the near infrared band 6.5 m/s

Hobby-Eberly telescope
('The Apache Point Observatory Galactic 1.5 pm~1.7 pm  Fiber etalon  Passive stable 12 hours testing 2 m/s
Evolution Experiment, APOGEE)™"”

Large Binocular Telescope
(Potsdam Echelle Polarimetric and 400 nm~900 nm  Air gap etalon Passive stable 10 m/s
Spectroscopic Instrument, PEPSI)!™ ™
Anglo—Australian telescope Lock at
(High Efficiency and Resolution Multi- 450 nm~800 nm  Fiber etalon o Few minutes testing at m/s level
Element Spectrograph, HERMES)"™ rubidium peak

Himalayan Chandra telescope - . . No measurement
900 nm~750 A talon Passive stabl .
(Hanle Echelle Spectrograph, HESP)!"™! OPY T OV Argap Claion - TAsSIve stable (estimated 1~10 m/s)

No measurement (Support
Hobby-Eberly telescope (HPF)"™" 820 nm~1 280 nm Air gap etalon Passive stable 10 cm/s of a night, 30 cm/s of
ten days)
Canada—-France-Hawaii telescope
No measurement

(SpectroPolarimetre Infra-Rouge, 950 nm~1 700 nm Air gap etalon Passive stable (estimated <1 m/s)

SPIRou)'™!

Gemini North telescope
(Magellan Advanced Radial Velocity 500 920 Aj al Lock at Two weeks measurements
. . nm~ nm ir gap etalon .
Observer of Neighboring Exoplanets, ? gap rubidium peak 30 cm/s

MAROON-X)"™

M 2 T AR, H R C 48 4R T8 A4k A B30 2 AR v E A IR Y A BE O nT L' I B M Z1 A B
A A ) B R A LA S b v B R bR v Y R BV RITE HARPS b 4758 A i b v B 52
BN P 3 78 o 3 Al s o L 194 Sz S 5 — i v LA w8 B S AR BORIER A2 Tk 3% 0 A B B, An 9 1 B < s T
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Abstract: The radial velocity or Doppler spectroscopy is one of the most important methods to detect
exoplanets and investigate astrophysical processes. This technique has made immense success in
discovering hundreds of planets with various masses since 1990 s, leading to the era of intensive discovery
of exoplanets. Typically, as the mass of exoplanets decreases, a higher precision of the radial velocity is
required. It was estimated that detecting an earth-size planet around a sun-like star requires at least 10 cm/s
precision over timescales of a year, which demands high precision and high stability wavelength calibration
technology. However, the widely used wavelength calibration technology based on atomic absorption cells
and hollow cathode lamps could not support 10 cm/s measurement precision due to the influence of a series
of factors such as uneven distribution of spectral lines and spectral line broadening. The development of
laser technology, especially the laser frequency comb, opens new horizons to the high precision wavelength
calibration.

In 2008, researchers brought an astro-comb system based on mode-locked laser generating high
repetition frequency (=>10 GHz) comb teeth which could be resolved clearly by spectrometer as a brand-
new calibration source. The test results suggested that wavelength calibration with astro—comb had the
potential to realize cm/s level precision, and in the next few years, the astro—comb system has been rapidly
developed and further improved, gradually becoming the most successful high—precision wavelength
calibration system available. Meanwhile, other high precision wavelength calibration technologies were also
reported, including white light Fabry Perot etalon, electro-optic modulated astro-comb, micro resonator
based astro—comb. These techniques also are the potential candidates to support 10 cm/s precision
measurement, and are superior to the astro—comb system based on mode-locked laser in some aspects,
such as system complexity and cost. Unlike the last generation techniques using atomic absorption cell and
hollow cathode lamp, the calibration spectra of new generation techniques provide massive and dense peaks
in frequency domain, which overcomes the defect of uneven distribution of atomic spectral lines.

Nevertheless, there are still some issues that need to be addressed in order to achieve long—term
wavelength calibration with 10 ¢cm/s precision. The mode-locked laser astro—comb system inheriting high
precision and high system complexity, more user—friendly turnkey system and wider frequency coverage are
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the focus of future development. On the contrary, although the white light Fabry Perot etalon has low
system complexity, its absolute frequency acquisition of the transmission peaks and long—term stability
need to be further improved. For the electro-optical modulated astro-comb and micro resonator based
astro—comb, they could directly generate high repetition frequency combs without complicate filter system
required in mode—locked laser astro—comb, but at present, their main working bands are in the near—
infrared, and the visible wavelength coverage will be the main direction in the future. With the development
of high—precision wavelength calibration techniques, it is foreseeable that the precision, long—term stability
and coverage frequency will be improved, which would guarantee long—term wavelength calibration
precision of 10 cm/s and meet the requirement of finding earth—-analogs within the habitable zone of stars.

In this paper, we summarized and illustrated the development and current status of wavelength
calibration techniques using iodine absorption cells and Th—Ar lamps, as well as the new generation of high
precision wavelength calibration techniques based on astro—combs and etalons. The basic principles and
typical systems of new generation techniques are presented, their advantages and disadvantages are
analyzed, and the future development prospects.

Key words: Doppler radial velocity; Wavelength calibration; Astro—comb; Fabry—Perot etalon;
Exoplanets detection
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