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FEATURES ... RELATIVE TO WHAT?
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MEASURING THE STELLAR DOPPLER SHIFTS AND THE
INSTRUMENT DRIFT....TO BETTER THAN 3 PARTS IN
TEN BILLION FOR A 9 CM/S SPECTRAL SHIFT

Measured calibration shift Stellar RV signal
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AND THIS IS WHAT A 9 CM/S SHIFT IN RADIAL

VELOCITY LOOKS LIKE® ON A SILICON DETECTOR

Velocity “plate scale” of
typical R~100,000
spectrometer:

~6cms’! nm’!

1/1000t of a pixel
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OVERVIEW

* WHY ARE EPRV CALIBRATION SOURCES NECESSARY?
« CHARACTERISTICS OF A GOOD PRV CALIBRATION SOURCE

e PRIOR METHODS AND PERFORMANCE OF SPECTROGRAPH
CALIBRATION

 STATE-OF-THE-ART PRV CALIBRATION SOURCES
« HOW THEY WORK
« CAPABILITIES AND LIMITATIONS

e FUTURE POTENTIAL SOLUTIONS FOR FUTURE EPRV CALIBRATION
SOURCES.
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WHAT MAKES A GOOD CALIBRATION SOURCE?

*  SPECTRAL COVERAGE OVER FULL INSTRUMENT BANDPASS

VISIBLE BAND FOR EPRV REQUIRED
NIR MAY BE USEFUL FOR STELLAR ACTIVITY MITIGATION
HAS A UNIFORM, DENSE GRID OF LINES

HOW FAR APART DO THEY NEED TO BE9 — DEPENDS
UPON SPECTROGRAPH RESOLUTION

Intensity
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Relative echelle order number
60 80 100 120 140 160

5000 6000 7000
Wavelength [A]

Results from comb simulations with R=150,000, (S/N)max = 500 and Bgmax = 0.01. The spectrograph's
resolution (FWHM) is sampled with 3 pixels and each echelle order is assumed to be 2048 pixels long.
The main panel shows the expected velocity precision available from each echelle order (o, (k), for
three different line spacings while the inset shows the total velocity precision o, infegrated over the full
wavelength range of the simulated spectrum, 380 nm — 820 nm (Murphy, 2007) .
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WHAT MAKES A GOOD CALIBRATION SOURCE?

SPECTRAL COVERAGE OVER FULL INSTRUMENT
BANDPASS

VISIBLE BAND FOR EPRV REQUIRED

NIR MAY BE USEFUL FOR STELLAR ACTIVITY
MITIGATION

HAS A UNIFORM, DENSE GRID OF LINES

® HOW FAR APART DO THEY NEED TO BE?9 —
DEPENDS UPON SPECTROGRAPH RESOLUTION

INTENSITY OF EACH LINE ~M ATCHES STARLIGHT
* DON'TWANTTO SATURATE DETECTOR
* WANTGOOD SNR

HOW NARROW DO THE LINES HAVE TO BE?¢

e |LOTS OF LEEWAY HERE —CAN BE ~GHz
LINEWIDTH

° JUST SO LONG AS THE CENTROQOID...
DOESN'T MOVE

* AT LEAST BY AN AMOUNT ~ORDER OF MAGNITUDE LESS
THAN THE SIGNAL

e THATMEANS, FOR EPRV, FREQUENCY STABILITY

BETTER THAT | PARTIN 3X10'", OR 1 CM /S

Intensity
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"> MEASURING FREQUENCY STABILITY vetocrry

Timekeeping: The long view

Astronomical & Mechanical Era < »> Atomic Era

- Huygens’ Pendulum

Oscillator Freq. | Harmison Chronometer Crossing of Atlantic
f=1 Hz =

Shortt Clock

e HOW HARD ISITTO ATTAIN
FREQUENCY STABILITY OF 3E112

<«—— Variation of Earth’s rotation rate

Quartz
f= 10 kHz [} <— Ephemeris Time

First s ook m/s RV Precision
<— Millisecond pulsars

Commercial Cs:beam clock B

* NOWADAYS —THATNOTHARD!

+— GPS time
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f= 500 THZ Gravitational red shift
Al+ optical clock «— of 10 cm
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N g S. Diddams, et al, Science (2004)
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A NOTE ON INTENSITY STABILITY
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EVOLUTION OF PRV CALIBRATION SOURCES

e EMISSION LAMPS
« GAS CELLS :
e ETALONS
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EMISSION LAMPS

RV precision has been limited
to~1 m/s

Simultaneous Calibration:
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IODINE GAS CELLS

« PROS:
* SAME LIGHT PATH AS STARLIGHT —SUPERIMPOSED SPECTRUM
* SIMPLE, LOW COST

« CONS:
* LIMITED SPECTRAL COVERAGE - 510TO 620 NM

e LIGHT LOSSES OF ABOUT 25%

* THE SUPERIMPOSED ABSORPTION SPECTRUM ALSO
MASKS LINE PROFILE VARIATIONS THAT MIGHT BE DIAGNOSTIC OF

STELLAR ACTIVITY*
e IN NIRMETHANE GAS CELLS

RV precision has been limited to ~1 m/s

*Fischer et al (2016)
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FABRY-PEROT ETALONS

o USED ON STATE-OF-THE-ART PRV SPECTROGRAPHS: NEID, HPF,
ESPRESSO, HARPS, AND MAROON-X FOR SIMULTANEOUS

ILLUMINATION

 PROS:
e SIMPLE PASSIVE DEVICES, QUASI-UNIFORM GRID OF LINES
« BROAD SPECTRAL COVERAGE
e CAN ENGINEER FOR DESIRED LINE SPACING

e CONS
e REQUIRES HIGH THERMAL STABILITY AND CONTROL

®* TRACKING ONE MODE IS INSUFFICIENT FOR TRACKING THE FREQUENCY DRIFT
OF OTHER MODES

* ZERODUR AGING

By Derivative work: User:Stigmatella aurantiacaOriginal: Kevin j morse - This file was derived from:
Etalon-1.svg, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?2curid=88880227
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WORKSHOP FP ETALON PERFORMANCE

FP Etalon Line Stability

passive etalon, raw data

same but zerodur spacer aging removed — HARPS FP C A LlB RATO R
SPECTRUM —M™
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RV Precision ~3 cm/s over days | i e — et e

*FRoM F. PEPE, ESPRESSO FABRY-PEROT CALIBRATOR
TEST REPORT, VLT-TRE-ESP-13520-9202, (2016).
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EVOLUTION OF PRV CALIBRATION SOURCES

EMISSION LAMPS
GAS CELLS

FTALONS T
FREQUENCY COMBS
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FREQUENCY COMBS

« Mode locked laser comlbs
« NIR Compact fiber laser combs

» Electro-optic modulation frequency combs

|
||||| (i
« Microcombs ’

RV precision <1 cm/s



2020

SAGAN

SUMMER
WORKSHOP

MODE LOCKED LASER COMBS

 PULSE REPETITION RATE ~ 100S OF MHzZ (MODE SPACING = C/2L, ALLOWED MODES=L
= QA/2, WHERE Q IS AN INTEGER)

« FEMTOSECOND PULSES — 100S OF NM SPECTRAL COVERAGE

Pulsed output
of femtosecond
laser

)
mode N + 1

mode N

o
S
[}

O
>
o
c
[}
>
o
b}
—

w
—
©
(2]}
©

4

e
c
[}
o
@
(2}
o

§2)
S
[}

L

Laser Cavity

Cavity modes are locked in phase to generate a short pulse once every roundtrip time 2L/v,
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MODE LOCKED LASER, F-2F TECHNIQUE,
CREATES A “CLOCKWORK" BETWEEN THE OPTICAL AND
RADIO (RF) DOMAINS TO TIE OPTICAL FREQUENCIES TO
THE DEFINITION OF THE SI SECOND FOR LONG TERM

STABILITY (<1 crry/s)

1. Aruler for light frequencies

2
J

>
=
2]
c
Q
-
<

Frequency
2. A perfectly-spaced train of optical pulses

Diddams, 2016

SELF-REFERENCED FREQUENCY COMBS

Keck Institute for Space Studies (2018)
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ASTROCOMBS
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EO COMBS

e BUILTFROM
COMMERCIAL TELECOM PARTS

* AFFORDABLE, ROBUST,
RELIABLE
* PUMPED AT 1.5AND 1
MICRON
* SPECTRALLY BROADENED
WITH HNLF OR NON-LINEAR
PHOTONICS WAVEGUIDES
 HAVE BEEN MADE
OCTAVE-SPANNING FOR F-2F
SELF REFERENCING
e ALSO LINELOCKED
e TO LINE REFERENCED
PUMP LASER
e TO FIBER LASER
COMB

Pulse
forming

d

Optical
continuum

e
Telescope

Span: single line
1 df< 0.2 MHz

Freq

f.=12 GHz

PM

OPH
Span: 4 nm

AM

N~40 N&f <4 Hz
DCU
Freq

\
Span: >100 nm

N~1.000 N&f, < 100 Hz

Freq
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Avg. power: 200 mW

Time

Avg. power: 40 mW

Avg. power: 5 mW

Time

Avg. power: 0.5-5 W

Overall stability

—_— FAU Stellar
Stellar light O =0fy+Nof | = 6f, <0.2 MHz
Spectrum Graph Comb SRV <30cms™!
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THE HABITABLE PLANET FINDER EO COMB

Power (#W/mode)

n ..
Atomic M i\ 30GHzRF
Clock

Electro-optic Comb Generation

909 910
Wavelength (nm)

900

Amp Fiber SiN Static Programmable
Chip Filter Flattener

="
N5
To HPF

Flattening Spectrograph

1210

Wavelength (nm)

ﬂ' SIN Chip
SiN Chip + Filter
-S|N Chip + Filter + Flattener

1100 1200 1300 1400 1500 1600
Wavelength (nm)
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FLATTENING THE COMB SPECTRUM

to astro-
BS nomical
90:10 spectrograph

broadened comb in

N
Y

g

<E= <>
pol. 0° = M pol. 90°
variable
attenuator

|

computer-controlled |SPectrometer
feedback loop

INIS SOO7T

beam passes
above mirror

Probst et al, 2015
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EVOLUTION OF PRV CALIBRATION SOURCES

i , |E

e EMISSION LAMPS

e GAS CELLS
« ETALONS i

e FREQUENCY COMBS g —

LN

e MICROCOMBS
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MICROCOMBS

Non-degenerate
Degenerate T }_

' |
|
R I {

i I \.~ Spectra of starlight

e
o — — —
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A MICROCOMB AT KECK OBSERVATORY
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escope Starlight

Coupling optics

Mirror

Averaging time (s)
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WHAT LIES AHEAD

* MICROCOMBS

* RESEARCH IN CREATING BROADER MICROCOMB
SPECTRA

* RESEARCH IN WHISPERING GALLERY MODE

RE NATOR ETALON
SO O ONS /" TURN-KEY SOLITON MICROCOMB

* LINE REFERENCED TO A FREQUENCY COMB-
LOCKED | ARFR

N\

WGM RESONATOR ETALON ILLUMINATED WITH 633 NM LIGHT Shen, B., Chang, L., Liu, J. et al. Integrated turnkey soliton microcombs.

Nature 582, 365-369 (2020). https://doi.org/10.1038/541586-020-2358-x
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SUMMARY

EPRYV CALIBRATION SOURCES ARE A CRITICAL,
ENABLING COMPONENT OF RV INSTRUMENTS.

ACHIEVING 9 CM/S RV PRECISION OVER

YEARS REQUIRES CALIBRATION SOURCES AT THE

CUTTING EDGE OF TECHNOLOGY.

OPTICAL FREQUENCY COMBS REPRESENT THE
“GOLD STANDARD" OF CALIBRATION SOURCES,

BUT ARE STILL NOT RELIABLY AVAILABLE AT
WAVELENGTHS BLUE OF 500 NM.

OPTICAL ETALON TECHNOLOGY HAS NOT YET
BEEN PUSHED TO ITS LIMITS AND STILL HOLDS

PROMISE FOR EPRV APPLICATIONS
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PRV Calibration Sources

Methane gas cell (iSHELL)

l, Cell
Subaru EO Comb

PARVI EO Comb

HPF Etalon

Vacuum gap FP Etalon
NEID, ESPRESSO, EXPRES

Menlo Comb
NEID, EXPRES

Precision and spectral range
needed for EPRV

300 90 1100 1300 1500

Wavelength (nm)

PARVI HPF

Menlo Astr ocomb

Subaru

= NEID, EPRESSO, MAROON-X Etalon —HPF etalon

= Other gas cell (e.g. methane)
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THANK YOU!
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