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%@Eﬁ%% The essence of precision
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LL In experimental physics,
a precision measurement is almost
always a frequency measurement 7 7

Carl Edwin Wieman, Nobel Laureate

% The Sl second is the most precisely realised unit (to about 1 in 1079)
*» ...Always measure frequency where possible

Ultra Precision Engineering Conference, 9 May 2016, Cambridge
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15 mingtes per day

1 minute per day

1 second per day

Time and Frequency Precision

Early mechanical clocks
*Roughly measured local time of day
*Did not permit remote synchronization

Advanced mechanical clocks
Reliable navigation by stars

By the carly 20" century, remote
synchronization at the 1 second level for 2

Uncertainty Randful of clocks in the world
1 second pet
thowunand years
ﬁ Atomic Clocks
1 second pet . sTelecommunications
maen vears . 91000 Rb atomic clock «Computers
) *GPS satellite navigation
30 minute *Utility networks
error since -:muwmu
. (F 140™ 14
dinosaurs Global synchronization at the
1weondper . Walked nanosecond level widely
10 bllion yeans the Earth avalable Optical Lattice
Clocks
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single-frequency laser ....in the time domain ....and the frequency domain
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a three-frequency laser...
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Approximately 10® modes,

separated by equal frequency E(t)= Y E, expi[(@, NA@)t +NAg]
and phase intervals: n
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HERIOT The frequency comb explained
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audio_frequency_comb.m

MATLAB

The Language of Technical Computing



HERIOT Degree of Freedom #1: Comb spacing
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High power
green laser

> Frequency



HERIOT Degree of Freedom #2:
EWATT Comb offset (feo)
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Degree of Freedom #2:
Comb offset (fogo)

> Frequency



HERIOT Combs connect

@WATT electrical and optical
e frequencies

The UK's time standard:
9.2-GHz Cs-fountain atomic clock

#Frequency comb “teeth” x|
can mesh with both optical \§
and microwave frequencies '\,

stabilize comb
spacing &
offset

precision
optical
frequency
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+ The world's most precise lasers:

10-2tintrinsic instability

«— 0.15nm
« Applications in:

Precision optical metrology

Precision spectroscopy (e.g for astronomy)

Precision distance metrology

Much more, e.g. clocks, atomic physics, soft-X-ray generation...



HERIOT Factors affecting frequency-
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UNIVERSITY Ferreiro et al., Opt. Express 19, 24159 (2011)

How accurately can the positions of the v
modes in a frequency comb be controlled? '

fn — nfREP + fCEO

ii
n = "mode order"

The frequency of the n" mode f,, determined by 2 parameters:

sub-mHz stability (~10-"3), but uncertainty in f, multiplied by n ~ 10°

* fREP :
* f.zo : sub-Hz level stability (~10-19), contributing only additively to f
uncertainty

A PN\ n



Precision optical

HERIOT metrology with a
@WAII frequency comb

* Answering the most basic questions of, "What is this frequency?"
"How stable is it?"
A "What is its

Jindwidth?" (etc)
feeo f f
I : BEAT € REP S
| |
1 1 | : :
| | |
| | |
1 1 |
| | |
| L,
L/ Frequency
0
» By recording f .1, foeo &nd we can determine the unknown
frequency

% Measurement precision is limited only by the instability of the comb
reference freaiiencies



ultra-precision freguency
ERIOT measurement using HWU
WAII frequency comb

Balskus et al t. Express 2 8370-8381 (2016)

i optical filtering
1560 nm
DFB
I 1 f
780 mnl 4

RbFRU +PD
|I||‘H

Fully stabilized OPO

Frequency counter

Jeeo

% H-maser provides RF comb reference with 10-14 instability
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ultra-precision tfreqguency
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8370-8381 (2016)

measurement using HWU
fre

Balskus et al.,

** Measurement of the optical frequency of a 1560 nm laser, frequency-
doubled and locked to a Rb transition by saturation spectroscopy

% Simultaneous recording of fgep, fogo and fgear With dead-time-free counters
(FXMS50 from Menlo)

% Determination of the signs of the beats (f.gg and fgeag

DFB

Vv
% Optical frequency: ;b =N-f  +f +f .
optical filtering H-maser |
1560 nm
Joeht ~30 MHz
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ultra-precision tfreqguency

HERIOT measurement using HWU
§ WAL'T

</ UNIVERSITY Ba|skus1;tra|e(%tl'|lzgrgs(2:4y 8%7%) f!pm (2016)
Jfrep [HZ] 333'261’'086.66666 + 0.00046 333’260°610.66667 + 0.00046 250°000°413.00000 + 0.00039
feeo [HZ] 10’000’000.000 + 0.084 10’000°'000.001 +0.172 20'000'000.000 + 2.271
foeat [HZ] 28'785’300.558 + 37°478.230 -30'036’067.888 + 7680 29'731'235 + 28’500
N (calculated) 576’446 (576’'446.999906) 576’446 (576'467.999784) 768’455 (768'454.999844)
Measured frequency 192°114°057°632°772 - 192'114°057°673'724 £ 7'680 192’114°057'640'680 + 28’500
[Hz] 37’500
Theoretical value [Hz] 192’114’057°601°610.0
Frequency offset [Hz] +31'200 +72'100 +39°070

s Agreement between independent measurements to 10 significant figures

s Similar agreement with expected (theoretical) value

*» Short-term noise on the measured optical frequency at the kHz level, mainly
limited by the MHz linewidth of the cw laser

* Measurement also yields the mode number of the exact comb mode
heterodyned with the unknown frequency
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nature
: ARTICLES
phOtOI]_lCS PUBLISHED ONLINE: 24 MAY 2009 | DOI: 10.1038/NPHOTON.2009.94

Rapid and precise absolute distance measurements

at long range
l. Coddington*, W. C. Swann, L. Nenadovic and N. R. Newbury*

¢ Introduced a new way of exploiting the precision of frequency combs
In distance measurements

¢ Using this technique, frequency combs present intriguing
opportunities for use in manufacturing metrology...
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*» Is that machine tool always going to the right place?
* How far has it moved?
s Will it "nome" to the same position every time?

CDT Ultra Precision Cambridge, 14 Januar y 2016
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*» Can use laser interferometry to calibrate position
“* A movement of A/4 changes a fringe on a detector from dark to bright

% Good at measuring changes in position
<5 nm precision
&Y No absolute ranging (must count fringes to measure large distances)

&Y Measurement compromised if beam blocked... re-home and start again

CDT Ultra Precision Cambridge, 14 January 2016
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* Did we make it right?

¢ Is the size and shape of what we made the same as the CAD model?
** Fuselages, telescope mirrors, turbine blades, buildings...

s Photogrammetry or laser ranging methods used to answer this question
*» Resolution limited to ~ 1Tmm level

CDT Ultra Precision Cambridge, 14 January 2016
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% Solutions: photogrammetry or laser ranging

<> Gives absolute position

&Y Limited resolution (mm)

CDT Ultra Precision Cambridge, 14 January 2016



HERIOT The metrology problem
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"am | measuring “ "what is the
the correct uncertainty in
value?" trade-off my value?"

Time-of-flight ranging Interferometry

-y

"Dual-comb" distance metrology

¢ The envelope of the pulse gives an absolute arrival time ...like time-of-
flight

*» The phase of the pulse gives nanometre precision ...like laser
interferometry

CDT Ultra Precision Cambridge, 14 January 2016



HERIOT Dual-comb distance metrology
WATT conce pt target

g/ UNIVERSITY

R B3|
.?p}IJ
s/

reference

H

distance measurement: < VAf ——»

** Pulses (comb 1) are launched into interferometer reference and target arms

*» Pulses from a second comb (comb 2) coherently gate the first pulses in time,
yielding data revealing the absolute target position with interferometric
accuracy.

CDT Ultra Precision Cambridge, 14 January 2016
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» time

¢ Dual-comb metrology uses two modelocked lasers operating at slightly
different pulse repetition frequencies

*+» Resembles a Vernier scale in time: the gap between the two pulse
envelopes gives absolute distance

* When phase-locked (true "frequency combs") their phase difference gives
accuracy to sub-wavelength

CDT Ultra Precision Cambridge, 14 January 2016



HERIOT Frequency-comb enabled metrology for
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s Er:fibre laser and Ti:sapphire laser developme
+» Some RF electronics and
locking loops to stabilise the

< (B l#&Surements to develop and calibrate
dual-comb metrology technique

% "ground truth" from HeNe interferometer

¢ envelope extraction algorithms

*» extending the ambiguity range:
*» Vernier techniques
*» phase-meters
¢ single-photon counting
*» Field measurements

% extended-range performance
¢ challenging objects, including large optics for astronomy

CDT Ultra Precision Cambridge, 14 Januar y 2016



HERIO1 Mid-infrared asynchronous OPO
¢ JWAL'l  frequency-comb spectroscopy
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% Coherent but asynchronous pulses from 2 frequency combs can be
used to "mimic" Fourier-transform spectroscopy'—

»» Compared with conventional FTIR spectrometer,

* No moving parts, so it is robust, and high spectral resolution (<0.01
cm-) data can be obtained rapidly (in only a few ms).

(" Master oscillator _
1 Yb:KYW + MgO:PPLN
Yb:fiber OPO - T
N amplifier Y,

(" Slave oscillator

5 Yb:KYW +
Yb:fiber S A
\_____amplifier f =8 HNfrep f =nA
= 8,+nfg 5 n
I I ” N | P 1 | l | -
Optical frequency RF frequency
1. Keilmann et al, Opt. Lett. 29, 1542 (2004) 2. Schliesser, et al., Opt. Express 13, 9029-9038 (2005)

3. Coddington, et al, Phys. Rev. Lett. 100, 013902 (2008) 4. Baumann, et al., Phys. Rev. A 84, 062513 (2011)



HERIO1 Mid-infrared asynchronous OPO
@WAT”J frequency-comb spectroscopy

UNI¥ERSLY' Z. Zhang et al, Optics Letters 38, 3148-3150 (2013)
Kara et al., CLEO (2016)
+* Dual-comb methane
absorption WM\
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HERIOT Precision astronomical
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exoplanet Precision astronomical
fewsevplanit spectroscopy with a frequency

a planet which orbits a star outside the solar system. C O m b
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HERIOT Starlight's colour change is tiny!
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HERIOT First exoplanet discovered
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Real data from___ e
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exoplanet ever 0.014
discovered - p

Orbiting planet
similar in size to
Jupiter
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HERIOTRadial velocity exoplanet search
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(Broadly speaking)
what we've found so far

Jupiter K> 50 m/s

What we're
looking for

©

Earth
K=3cm/s



SALT — THE SOUTHERN AFRICAN LARGE TELESCOPE




HERIOT SALT astrocomb architecture
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=3 WATT electronic locks

./ UNIVERSITY _ _
photonic crystal fibre

Ti:sapphire laser

1.2W and 25 fs
A=770-830 nm

continuous-wave laser

50 mW
A =780.2 nm

monitor "offset" beat

—

— \ lock comb "spacing"
384,227,981.9 MHZz* 15 X frep

Nt \_J Vs
*Ye et al, Opt. Lett. 21, 1280 (1996).

-

super-continuum

75—-200 mW
A =500 - 1000 nm

/

Fabry-Pérot
5—-13 mW

% = 500 — 1000 nm
foep = 15 GHz

-

delivery fibre

0.5-1.5mW
A =500 —-1000 nm

/




HERIOT Precision astrocombp Specitroscopy .—.

% WATT from SALT high-resolution SUF#
% UNIVERSITY Spectrograph

s Comb observed from 555-890 nm with factor-of-a-few intensity variation

*» Rb-referenced 780-nm laser gives a precise frequency marker to 10 sig. fig.

*» Massive increase in calibration lines over Th-Ar lamp

% Comb-calibrated on-sky data from LTT/7379 shows expected H, linewidth

*» Comb linewidth gives spectrograph R = 67,355 (64,600 previously using Th-

'
ALY e A A AL T AT YU L AT VTV VBV TV ‘]J llelIlJllllll\h.ll-luhl“.b“n_u_hlnl\l.lijl“\ud

M 1000 500 0 500 1000
Relative Frequency (GHz)

>

I

-400-300-200-100 O 100 200 300 400

Relative Frequency (GHz) -10 0 10
Ultra Precision Engineering Conference, 9 May 2016, Cambridge 34




The European Extremely Large &, eso
+]ES+ European

Te|eSCOpe (E'ELT) Q) Southern

Observatory

HIRES spectrograph

UK consortium: UK ATC (Edinburgh),
Cambridge, Durham, Oxford, Heriot-
Watt
Wavelength coverage: 0.4-2.4 ym




HERIOT Conclusions

UNIVERSITY

*+ Wide range of precision metrology applications for frequency combs:

Uv Comt? Exoplanea
& Harmonic Searches Low-noise
Generation / Microwaves
Coherent 7 .
6 ST Optical Tests of
T Control Astronomical
race-gas Waveform Fundamental
Sensing SPEcUOgraph Generation Physics
Calibration Optical
Clocks
Frequency Comb
SpectroscopyJ / Time/Frequency

Transfer in Optical
Fiber

Distance
Measurement

From Diddams, "The evolving optical frequency comb," J. Opt. Soc. Am, B 57, B51

Optical
Frequency
Measurements

Attosecond Low-Noise
Saence Frequency Synthesis

[ Carruer—Envelope

Self-referenced. Octave-spanning

Phase Control Frequency Comb




gEﬁ%% Conclusions
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** Frequency combs represent the worlds most accurate measuring
devices

¢ absolute accuracy, when referenced to a frequency "gold standard"
(e.g. GPS)

¢ ultra-high intrinsic precision
% traceability from one measurement to another
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Doubly-resonant degenerate

HERIOT 1-GHz OPO comb

:7 MI IFe]—cycIe near-infrared pulses from a degenerate 1 GHz optical parametric oscillator," Opt. Lett. 40, 4102-4105 (2015)

_UNIVERSITY _
s Five-cycle optical pulse generated at 1.6 um

¢ Duration 23 fs and bandwidth 169 nm (full coverage from 1.4 — 1.8 um)
*» Peak power requirements are compatible with direct 10-GHz laser pumping
s Self-referenced locking the 805-nm pump laser leaves plenty power for OPO

2 Y o f
: C
5 (a) i / i
.:::.*;'l} 5 6| f \
o 110 nm .|
..U- ] JII \
= = ]
= (b) 3!
S, 169 nm |
.gn,s- - 2
5 128 nm l
k= I

0 ' 0 - '
1400 1500 1600 1700 1800 =100 =50 0 50 100
Wavelength (nm) Delay (fs)
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Intensity (a.u.)

Intensity (a.u.)

__Intensity (a.u.)

Intensity (a.u.)

190 192 194 196 198

935

193.6 193.7 193.8

193.66

193.67 193.68 193.69 193.70
Frequency (THz)



Doubly-resonant degenerate
10-GHz OPO comb




HERIO’IGPS time makes the clock
omb system more
compact
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mtosecond lasers

f Repetition
iy Frequency

Doppler Shift due to A e
Stellar Wobble |

2 1583.60713(3) nm
e s T 1584.5 1584 I 1583.5 (nm)

......

“ Femtosecond laser provides extremely accurate frequency
scale to measure tiny changes in the wavelength of starlight



