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Direct detection of cosmic acceleration of the universe

Radial velocity of
a distant celestial body

o T T I T I T I I I T T I I I T I I I I T I I I T

Which result do we obtain?

Novel prize HP
http://www.nobelprize.org/nobel_prizes/physics/laureates/2011/popular.html

For the detection of cosmic acceleration,
We need a measurement precision of the radial velocity at the cm/s level.

V

Wavelength standard for spectrograph is a key for the precise measurement!



Wavelength standard for astronomical spectrographs

Observed spectrum
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Optical frequency comb as a wavelength standard

Optical pulse train
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Wavelength standard for astronomical spectrographs
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Comb sources for astronomical wavelength references
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Mode-locked laser + Optical cavity
Steinmetz, et al. Appl. Phys. B 96, 251 (2009)




Setup of our developed laser comb (2nd gen.)
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Novelty #1:Newly developed optical cavity design
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Novelty #1:

Newly developed optical cavity design

» Possible to easily and precisely tune the cavity length

* High unnecessary modes suppression ratio
* Robust, fast controllable, fiber-in-line



Novelty #1:Newly developed optical cavity design
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Setup of our developed laser comb
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Novelty #2: A novel wavelength conversion scheme

v @)

Mode-locked laser EDFA #1

(f.ep: 230 MH2)

Erbium-fiber-based }

!

ommmmmmmm]

HNLF

= ==p

f-2f

interferometer $_

13C,H,-stabilized
laser (1542 mn)

}.--

PDF

®
—©

| ]

Optical cavity
#1

: Isolator

: Photo detector

: Optical bandpass filter (1542 nm)
: Circulator (1 > 2 - 3)

: Polarizing beam splitter

—————— : Electronics

,and wne : Non-PM fiber

and === : PM fiber

a4 AIST

Optical cavity
#2

Broad comb
in visible region

' .I.A PPLN *

---------------------------- JANSEELE SRR vy
N\ EDFA #2 PlQ[H}---°
) 41
EDFA #3 I ] <4—>»/— EDFA #4 I ] —>[/

Optical cavity
guunmm w3 5 .
. e
* L 4

L 4 L
WG-chirped ¢ HNLF EI )

SMF

2
¥ e®

'--}.---‘

Novelty #2:

A wavelength conversion scheme for realizing a
broad spectrum in the optical region
Highly nonlinear fiber + chirped PPLN waveguide
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Novelty #2: Novel wavelength conversion scheme
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Highly NonLinear Fiber (HNLF) for broaden

the comb spectrum in the infrared region

Broad spectrum in the optical
wavele

Laser comb in the infrared region
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(Pat. Pend.)
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Other novelties
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Strong points

1. Broad spectrum with 30 GHz frequency interval
(Wavelength coverage > 50 % in the optlcal reglon)
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Robust, reliable, use neither super-high-power amplifier nor short lifetime item
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Strong point #1: Broad spectrum with 30 GHz frequency interval
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Strong point #2: ngh contrast
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Strong point #3: Practicality

1. Durability

Do NOT use short-life device (Tapered fiber, super-high-power amplifier,
special mode-locker such as SESAM)

2. Robustness

Use an erbium-doped fiber-based mode-locked fiber laser as the comb
source, Almost-all-polarization-maintain fiber optics

3. User-friendliness

Easy to alignment (for specialist), auto-relock system, remote controllable,

a4 AIST
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Laser combs for astronomical observation in the world

Increasing the comb
mode interval

Spectral broadening /
wavelength conversion of

the comb

Blue : Optical
Red

. Infrared

Spectrometer Comb source Scheme Spacing Coverage
Menlo HARPS Yb fiber Mode 450-600 nm
Systems (R =115,000) | (~1030 nm) filtering S Gl 18 GHz (35 %)
HARPS-N Mode 500-620 nm
(R =115000) | .. .. PCF filtering 16 GHz (25 %)
Ti:Sapphire
Harvard
(~945 nm) Mode 400-420 nm
TRES BBO flter 50 GHz 780-880 nm
litering (13 %)
AIST # | HIDES-F | Er fiber Mode HNLF, 30 GHy | 450-638 nm (579%)
(R = 50,000) (~1560 nm) filtering WG-PPLN 670-830 nm
Pathfinder Er fiber Mode
(R = 50000) | (~1560 nm) filtering HNLF 25 GHz | 1450-1700 nm
NIST GIANO-B Microresonator-based comb 3.7 GHz 1480-1550 nm
(R = 50,000) with a wide mode-spacing ' 1570-1650 nm
HPF A conversion 680-1650 nm
- EOM-based c 30 GHz o
(R = 50,000) comb with | Broadening (17 %)
IRD a wide mode- A conversion,
TAT (R — 701000) spacing Broadening 12.5 GHz 1040-1750 nm

a4 AIST
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A laser comb spectrum observed with HIDES-F

Appropriate wavelength interval: 30 GHz
High contrast: 40 dB
High wavelength coverage: 57 % of the optical region
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Remote operation is available
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The laser comb is almost continuously operating for about 2-month so far.
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Current operation status

AIST@Tsukuba
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The laser comb is available as a wavelength reference of HIDES-F!
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Outcomes from Minoshima-group@UEC



Setup of AIST laser comb
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Outcomes from Minoshima-group are for...
Higher rep-rate laser for wider mode spacing

Broad comb
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B. Xu, et al,, Opt. Express 25 (2017): Y. Ma, et al.,, Opt. Lett. 43 (2018)

Low noise 750-MHz Yb:fiber frequency comb

» Why 750-MHz Yb: fiber frequency comb ?

« Large mode spacing
» Higher output power scalability

SC GENERATION BEAT WITH CW LASER
——— 750MHz oscillator 0

—_ REW=100kHz

e Broad SC generation

Launched power into the
tapered-PCF : ~2 W

Tapered-

High power for every comb mode
Visible region SC generation

Oscillator, mode-locked Yb:fiber laser

® Repetition rate: 750 MHz
v Highest in fiber based Iow1p0|se combs
® Mode Locking: NPR i —a—foeo
® Output power: >600 mW 8 107
® Pulse duration: ~70 fs & 10%]
® Direct detection of f., £ 0°| _1018@19
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Y. Nakajima, A. Nishiyama, K. Minoshima, Opt. Express 26 (2018)

All-fiber-based mode-filtering technique

* No physical limitation for shortening the cavity length 21—-10 c 11 ¢
« All-fiber configuration can improve robustness nl = 21 fien 21f
FSR FSR rep rep
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O Mode-locked Er:fiber laser O Fiber ring cavity
Central wavelength 1560 nm Multiplication factor (M) 21
Repetition rate (frep) 48.7 MHz Integer (m) -10
Tuning range of fiep (Afrep) 0.5 MHz Cavity length (optical) 3.2m
Pulse separation (c/frep) 6.2 m FSR 92.9 MHz




Conclusion

1. We have developed the world’s best comb.
2. The comb is now available in Okayama.
3. The comb is still evolving.
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Astro-Comb First Performance Tests

* Comb was observed right from the start with HIDES with high intensity.
- wavelength

* Due to the setup of the HIDES
spectrograph at the time of commissioning
and the use of additional band-pass filters,

we could not observe the entire comb spectrum
at the blue and red end

i )

* Wavelength coverage for the green
region is essentially as expected. We

observe the comb spectrum as low as
437nm
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* Only few seconds exposure time needed

compared to several minutes for the 1% Gen
Comb
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First Performance Tests

* The comb was running with a stable mode lock over
several hours taking alternate spectra from Th-Ar lamp and the comb itself

* We observed some breathing but with little effect on the absolute calibration over short time
scales (several min)




First Performance Tests

100000 ~

80000 ~

60000 -

40000 ~

20000 +

0

Comb spectrum

T T
200 400

T
600

800

1000

100000 A

80000 A

60000 A

40000 ~

20000 A

0_

Comb spectrum, Gaussian
model and residual

T T T
200 400 600

800

1000



First Performance Tests
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First Performance Tests

* We fit the comb spectrum with single Gaussian models and compute the wavelength solution using the known
position of each comb mode. We achieve an rms as low as 0.00020A for several well exposed orders which
corresponds to an systematic uncertainty for the absolute calibration of 12 m/s
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Summary

First tests show very bright Astro-comb spectrum
Expected wavelength coverage achieved
Absolute wavelength calibration ~12 m/s systematic uncertainty in green region

Relative accuracy <10m/s over hour time scale for small wavelength regions

Improvements: * HIDES Echelle grating not in optimal setup for the comb during
test, HIDES is also not an Ultra-stable spectrograph

* absolute Wavelength calibration varies factor 2-4 from blue to red
depending on available comb modes and their intensity
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