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General concepts abouts noise
characterization



Toolbox of high precision measurement

A signal with some noise :

s(t) = so + x(t)

Three basic concepts to characterize this signal:

Power Spectral
Density of Noise:Sﬂc (f)

= typ. Fluctuations of s(t) at a given
Fourier frequency f
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Accuracy

= How miuch do we know <s(t)>
converges toward what we want
l.e.s

0

] — systematic error from different

parameters evaluation (all you

-4 can think about... and more)

- NB: a good stability makes

1 such evaluation easier !



Power Spectral Density (PSS)

Ifz(t) is a stochastic physical quantity, of unit [unité]

One TT (t) a { :E(t) poul |t =T (finite suport, hence its FT
defines 0 pour [>T exists...)

E [|Xr(f)]

The PSDofz is: S, ( f)é TI!EEO oT in [unit2.Hz]
+00 .
NOTE: alternatively, on can also define PSD as: S:(f) = R, (T)e_sz Tdr
A — 0
with Rz (7) = E|2(?) - 2(t + 7)] The autocorrelatipon function of &

(from Wiener-Khintchine theorem, these 2 definitions are equivalent)

For x(t) real, S.(f)is even, therefore, with no loss on information, one uses the
one-sided PSD | SP°(f) = S,(f) + Su(—f) = 25:(f) pour f>0] ¢ S95(0) = S,(0)

This is normally the quantity that is used (eg.: FFT analyzer) !

Properties:

Sax = 0525513 Sda:/dt(f) — f2SSU(f) Szy+zy = Ozy T Sy For <1, Z2indep.



A PSD estimator: avgeraged periodogram

(~Welsch)
If x(t)is a stochastic physical quantity sampled in z,, every At

using ergodicity and stationnarity of the noise process:
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AVERAGING BLOCK
PER BLOCK

When N large (variance in 1 /v N )

+(fi) avec Af; = 1/(2"At)

Notes :
- generaly necessary to use a windowing function (ex.: Hanning) before the FFT to limit spectral overlap
- if a window function is used, one can overlap blocks (Welsh method)

Tres bien pour représentation log-lin ou lin-lin,
MALIS pas tres pratique si représentation log-log sur plusieurs décades :

5 aorande racaliition (Mombre dAe nte) c1ir 1a derniare Aécrade +rac faihle ciir 19 nramiara



Magnitude (dE)

Importance of averaging

Periodogram and Expected Roll Off: One frama of length 512 Estimated PSD and Expectad Rol-Off: Avaraged 128 frames of langth 5°2 each
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Note: when plotting in log-log over several decades of Fourier

frequencies, the resolution is mediocre on the left, and too high on the Credits: www.dsprelated.com



An exemple of PSD algorithm

We have N(>1024*1000~1M here) samples of a signal DataA[n], sampled at
2MSPS. We want the PSD over >1 decade of Fourier frequencies (log-log)

SAMPLING_FREQUENCY = 2000000.0 # 2MSPS used here

nfft=1024 #1024 points of fft in each decade
decades = 4 # for Fourier frequencies from 100Hz to 1MHz (with still some info <100Hz from the lowest decade)

window = scipy.signal.windows.get window('blackmanharris', nfft) # blackmanharris windowing is used here

def PSDcore(dataA, nfft, decades, window):

# single sided power spectral density
scaling = 2.8 / (SAMPLING_FREQUENCY * (window * window).sum())

psdA = []
for decade in range(decades): # ie 0,1,2,3 here

if decade = 0:
dataA = scipy.signal.decimate(dataA, 10)

ffta = rfft(window * np.reshape(dataA, (-1, nfft)))
A = np.mean(fftA * fftA.conj(), axis=0).real * scaling * 10**decade

relative f = rfftfreq(nfft, 0.5)
mask = np.ones(f.shape, dtype=bool)

if decade != decades - 1:
mask = mask & (relative_f > 0.88)
if decade > 0: NB.: if data arrives continuously by blocks of

mask = mask & (relative_f <= 0.8)

N samples, averaging the results from
PSDcore(), the estimator of PSD is improving
over time

psdA.append(A[mask])
psdA = np.concatenate(psdA[::-1])

return psdA



An exemple of PSD algorithm

A typical result of such algorithm
Er-doped fiber laser RIN
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Allan deviation/variance

Statistical tool introduced by David Allan to characterize the fluctuations of the frequzecny
of oscillators. Nevertheless, can be applied to any kind of measurement...

s(t) = so+ x(t) [unig

Definition :
1
02(T) = ) < (Tpg1 —x0)" > (Variance, [unit?]) 1 DT
with: ©,, = a:(t)dt
1 2 T
0x(T) = 2 < (Tny1 —Tn)? > (Deviation, [unit]) nT
Utility :

- (much) faster to estimate than the PSD for “long “ characteristic times 7
(ie low Fourier frequencies)

- defined when the PSD may be isn't (eg. drift)
- defined when the true average < s(¢) > maybe isn't (eg. drift or LF colored noise)
- gives the “useful” time of measurement:

If the AVAR is cte or increases after a time >
averaging for longer than 7 is useless, or even bad (more noise when you average more...) !



PSD/ AVAR relation: math

06 T T T T T
(sin(t))**4

One can actually calculate the AVAR from the PSD: Large WEIght of the first 10be near
e /\,4/ =1/27
>0 sin (77 f ot |
o 920 (7’ ) =2 / Sz (f ) ( 5 ) I;I ‘II‘» — The variance measured at 7
0 (Wf) By h‘ gives an idea of the PSD at f = 1/27
o2 | Iff \\
| x
The other way around is not true.. except if you ot \
make hypothesis on the noise, typlcally (f ) fe j | \'\ ‘- - e
Noise type Sz (f) o2 (1) With:
Linear drift - K12 K = A?/2 for A the linear drift
5.2
Random walk hoof ™ h_o AT A=27"/3
™y B =21In(2)
Flicker h —1 h BTO o
(pink) 1 - C=1/2
white ho f° hoC1 1 D = [1.038 + 3In(27 f57)] /47?
2
blue ha f° hyDr~? E = 3/n/4m
: ho £2 ho o2 With f,a high-frequency cut-off, that allows
VIOIet 2f 25T convergence...

Note: table largely used in time/frequency when taking about the frequency fluctuations of an oscillator,
but in works for any noisy measurement in general



PSD/AVAR: graph

The Allan variance allows identification of the type of noise (power law)

It doesn't distinguish between noises in f "and f.
Other 2 sample variances exist for that (eg. MVAR)



AVAR algorithm

Exemple of software packages

Alavar www.alamath.com
Stable32 www.wriley.com

AllanTools (python module)
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Exemple of python code

def adev(x, tau, sampl=1.0):

"""aAllan deviation"""

X = np.asarray(x)
tau = np.asarray(tau)

# allocate output vectors
adev = np.zeros(tau.size)
dadev = np.zeros(tau.size)

# samples

n = x.size

# partitioning

p = np.floor{tau * sampl).astype(int)

for 1, m in enumerate(p):
d = x[0:n - n % m].reshape(-1, m)
y = np.mean(d, axis=1)
adev[i] = np.sqrt(e.5 * np.mean(np.diff{y)**2))
dadev[i] = adev[i] / np.sgrt(y.size)

return adev, dadev

Note : error bars in o(7)/VN
for large N (for smmall N, a bit different,
depending on the kind of noise...)


http://www.alamath.com/
http://www.wriley.com/

Case of a sinusoidal oscillator



S, in dBc/Hz at 10 GHz

Toolbox for an oscillator...
Oscillator: s(t) = Ag - |1 4+ a(t)] - cos[2mvot + ¢g + ¢(t)]

v, GHz range: microwave oscillator

100’s THz rang: optical oscillator
ol(t): amplitude noise
gene neglected it phase noise, bounded)

d(t): phase noise v(t) = vo + do/dt(t)
not bounded, always diverggnt) instantaneous frequency

PSD signal :

PSD phhase noise: PSD ampl. noise(RIN):

S,(f) S, (f) (spectrum analyz. S(f) )
—-100 _100 Er-doped fiber laser RIN -20 -
—120 -110 _30_-
—140} g-m -40 —
.23'-130 E 1
-160 % 5, -501
=180 E - _60 —_
: 701
~2005 10! 10 10 10° 10° 6% 10° 10° 10° 10° 10° ~ aMHz
Fourier frequency in Hz Frequency [Hz] —80 . , , ‘ . , , , ‘
+ stabilité de fréquence (en Hz) : o, (1) T O ovency Gy
+ stabilité de fréquence relative : o, (7) ol y = v/1y
+ stabilité d'amplitude (relative) a4, (T) + frequency accuracy



The units we use...
s(t) = Ag - [1 + a(t)] - cos[2mvot + do + ¢(t)]

Phase noise: ¢(t) [rad] — S¢(f) [rad’/Hz] (one-sided PSD)
ou, plus usuellement [dB rad?/Hz] ou [dB rad/vVHz]
(deux noms pour la méme chose, ie 10.1og10(S¢(f)) )

By convention, one uses also Lc(f) = 10.log, (S¢(f)) — 3dB [dBc/Hz]

IEEE Standard Definitions of Physical Quantities for Fundamental Frequency and Time
Metrology— Random Instabilities ; Standard 1139, revision 1999

Amplitude noise: a(t) [relave, unitless] — So(f) [Hz"] (one-sided PSD)

Usually, one also uses for phase noise Lc(f) = 10.log, (Sa(f)) - 3dB [dBc/Hz]

Both noises can be expressed in Lc(f) [dBc/Hz] because of a historic relation with
S (v'-v) (sideband/carrier ratio on a spectrum analyzer BUT only true under very

restrictive conditions of low noise)



Two more concepts...
s(t) = Ao - [1 + a(t)] - cos[2rvot + do + d(t)]

Oscillator linewidth:

Many different definitions are possibel and used.
La plus raisonnable, pour bruit d'amplitude négligeable vs. bruit de phase:

o . . > 2
Linewidth Avdefined as: / IS qb( f) df ==
Av /2 n

(corresponds to FWHM spectrum linewidth
for white phase noise S, (f) = S,/ f* = cte/f?)

Timing jitter

fmax

Sac(f) = (57?582 integrated jitter; = / Sat(f)dt

fmin

Particularly useful when comparing oscillators which oscillates at different carrier frequencies...



A word of advice

Talking about a “very low phase noise oscillator” — without context — is meaningless.

The phase noise level is meaningless only wrt the carrier frequency !!!

Exemple.:
-170dBc/Hz at 10kHz from a de 10GHz carrier is a worl record

-170dBc/Hz at 10kHz from a 100MHz is just normal for a good commercial quarz
oscillator costing a few k€/piece (ex. Rakon LINO100)



Frequency division: effect on phase noise

fc [Hz] - fc/N [Hz] then A¢ — A¢/N [rad]
S,(f) [dBc/Hz] - S, (f1<20.log10(NP[dBc/HZ]

\Darge

reduction of
phase noise
for large N...

Exemple : division by 2

VA




Frequency division: effect on phase noise

fc [Hz] - fc/N [Hz] alors A¢p — A¢/N [rad]
S,(f) [dBc/Hz] - S, (f<20.log10(NP[dBc/HZ]

Exemple : division by 2

VA
T \/271 ‘\\\

Dephasing A¢
- shift in time At=A¢/(2xnfc)




Frequency division: effect on phase noise

fc [Hz] - fc/N [Hz] alors A¢p — A¢/N [rad]
S,(f) [dBc/Hz] - S, (f<20.log10(NP[dBc/HZ]

Exemple : division by 2

VA
T \/271 ‘\\\

Dephasing A¢
- shift in time At=A¢/(2xnfc)




Division de fréquence : effet sur le bruit de phase

fc [Hz] - fc/N [Hz] then Af — Af/N [rad]
S,(f) [dBc/Hz] ~ S, (f<20.log10(NP[dBc/HZ]

Exemple : division by 2

VA
T 2% ‘\\\

Dephasing A
- time shift At=A¢/(2xfc)

Time shift At=A¢/(2rfc) on fc/2 signal
— dephasing A¢’ =A¢/2 on fc/2



Case of a femto-second laser



Output of a mode-locked Laser
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\ . \ P
A ’ \l lr
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Tr =1/ frep Jrep is the pulses repetition rate

spectrum

//

0 11

Optical frequencies

A priori: >10° modes, each one a sine-wave-like oscillator !
A lot of possible degrees of freedom, each potentially noisy !!!

BUT: mode-lock laser = controlled dispersion in the laser cavity (GVD=0)
otherwise the pulses don't “hang together” and break apart



Output of a mode-locked Laser

)
S
/ \
\
\
N

>< >
Tr =1/ frep Jrep is the pulses repetition rate

Pulses inside the cavity with

— the pulses “hang together”, so there must be no group velocity dispersion
(GVD), but there can be phase velocity dispersion !

Ok(w) 1 s
— — = counst.
Zero GVD means: Ow Vg A W (k)
m T
0"k(w)
=0,Vm > 1
ow™
This is satisfied for: k(w) = n(w)w/c = ko + w/v,
1 ko Slope gives Vg
Which corresponds to: |7 (w) = ¢ (v + 5 )
g

>
(on average over 1 round trip of the cavity) k



Output of a mode-locked Laser

1 k 2T
It we plugn =c| — + _, ) into the freq. of the FP cavity modes wy = N —

Ug nL
2T,

L

This is the celebrated formula [V N =N X frep + fO] Note :
usually, we choose N

such that 0 < f <f_/2

and solve for the frequencies, we get: wa = N

spectrum

n
»

I I
| |
/] |
11

0 ’ frequencies

The comb is a « ruler » in optical frequency domain, with one mode every frep

There is a fixed phase relationship between the different modes !
— phase noise of frep and of f, (plus ~pulse amplitude noise) is sufficient to

characterize the noise properties of the femtosecond laser

(note consequence on Schalow-Townes limit for mode v << cw with same power...)



Output of a mode-locked Laser

® In time domain (Fourier transform), this corresponds to:

Carrier envelop phase shift —» 24—

—>‘2 y «—

,\/\/\/\\,\ Y ,/\/\/\N
WY

;;“'\//\\//\\/A?@ . o

= After getting out of the cavity, the pulse can experience further dispersion
(GVD#0 : blue and red part propagate at different speed)

— chirped pulse in time domain // spectral (Ehase in frequency domain

guadratic phase dependance =

||

frequency chirp .-~

R — * V\ )
Linear phase

dependance = time shift

[
»

V= mb o+




Optical frequency comb



Beat note between two lasers

A g s
Es5 7 cos(wat — kgz) |wi — wo| < wy, ws

Laser 2 L oad

Photodiode

\ | Beam splitter

Laser 1 {\

ww

N\

-

v Electric field:  E(t) = E, cos(wit — 1) + E5 cos(wyt — b9)

E cos(wit — ky2)

Poynting vector:
I1(t) |E(t)\2 = E12 c-arsz(wlt—(__.ﬁl}JrEg c-cjsg(wgt—c}g)JrQElEg cos(wit—aoq) cos(wat—a9)

I , 5 E3 . . |
= — [l 4+ cos( 2wt — 204 )] 4+ .—“ + cos(2wst — ?@g)]
2 2
cst. fast cst. fast

+E1Es[cos((wy — wa)t — (@1 — ¢a)) + cos((wy + wa)t — (01 + ¢2))]

— g — I
—~—" —~—

slow fast
Average optical power over detector time constant: wi — wa| K 1/7ger K Wi, wo

Popi(t) oc B} + E2 + 25 Ey cos((wy — wa)t — (é1 — ¢a))

—_——

Beat note between the 2 lasers at frequency: \Lu'1 - L'JQ\
Current through the load: [(t) = nFopt(t)

. . . . 28
Beat note RF power:  Prp =< Rigaq X I*(t) > Rigaa X 17| E1]*| Eal?* & Rigaa X 77 Propt Paopt



Beat note between two lasers

Fast photodiodes and electronics are typically limited to <100 GHz.
100 GHz = 0.1 THz is a tiny fraction UV/VIS/IR range (~1000 THz).

— In practice beat note measurements are narrow band at the scale of the
UV/VIS/IR spectrum.

Detecting a beat note is similar to using a mixer in the RF or microwave
domain. However, a mixer usually gives access to both (w,-w,) and (w,+ ,).

_ Electrical Schematic
'(”M pi IF(t) =LO(t)xRF(t)

> = cos(mlt).cos((nzt) =
1/2.[cos(w,-m,)t+cos(w,+m,)t]

Local
Oscillator

Other methods to “move” in the optical frequency domain:
[ Second Harmonic Generation, Sum and Difference Frequency Generation.

U Generally narrow band (crystals, coatings, geometry,... specific to a narrow
wavelength range).

No straightforward way to link optical frequency to microwave frequency.

29




Optical Frequency Measurements (old technique)
[ PLL @s0 MHz_|" %_92’“_ ‘| r_“;srj.ymmqum |

Dwde Laser i
 227993.090247 GHz

PLL 100 MHz

. 2x
Color Center Laser
® Harmonic frequency chain: Ensemble of - .@%—‘-4*‘?‘” Gtz
1 2x 2e13G, [ acer P
subsyst.ernsf each allowing a frequency o} 5?2 0, Losr FG0) |
multiplication by a factor 2 or 3. GO PR 3x [ 5R6
28464 684 GHz | 23.171 GHz

L1 Complexity.
P . 4 . . PLL @ 10 MHz ﬂé WL‘IT@EWM;;—I—

[ Inconvenient frequencies (THz, mid-IR). - )
1 3 or 4 chains in the world at PTB, SYRTE, ,——l e
NRC, JILA. 4%- { Gom 1265 57z |

LI" Continuous operation <3h. O Laner RGD)

29477.165 GHz

[ PLL @ 100 MHz_ 2 Kiystron 1335 GHz_ |

® The setup has to be redesigned if one S _
1316 , -Laser . CH, - stabilized
changes the frequency to be measured. o st ey | HeNe Laser B

" Methanol Laser
4251.676 GHz

frequency control |

Backward Wave Dsml]t'ncr|
386.5 GHz |

il F dard
Gunn Oscillator | Cs fegu;rglfmn |

22.7GHz

PLL @ 10 MHz !

Qu&ﬁﬂ Oa_lil:mr |_. ‘ Hydragm Maser

H. Schnatz et al. PRL 76, 18 (1996)




Optical Freguency Measurements with Optical Combs

® Harmonic chain replaced with:

1 Laser

[

Vy = Nf,ep + fo ] N large !

"  Extremely simple and cost effective in
comparison.

No inconvenient frequency.

Measurement of several frequencies at
the same time.

Continuous operation for weeks.
Covers the visible-near IR range.

Commercially available systems.

Nobel Lecture: Defining and measuring optical frequencies

J. L. Hall, Rev. Mod. Phys. 78, 1279 (2006)

Nobel Lecture: Passion For Precision
T. W. Hansch, Rev. Mod. Phys. 78, 1297 (2006)

— Ca Frequency Standard
L @ 60 MHz h { 455986.240494 GHz

) Dwde Laser i
_227993.090247 GHz

2%
Colar Center Laser
_ 113996495123 GHz ‘

s 2% ¢, -Laser P'(20)
28534.284 GHz

ix DRO
- 23.171 GHz
@ . PLL @ 70MHz |—
] 050, - stabilized
— CO4 Laser

O aser R(32)
29807 165 GHz

A u

Klystron 73.35 GHz |

[ PLL @100 MHz.

CH, - stabilized
_ Hl_:Nr. _Ltmr_ -

160, -Ikser P'(28)
29770.645 GHz

-\ Gunn 8.99 GHz
" Methanol L ro
4251676 G
Counter #’4 frequency control
Backward Wave Els amr|

386.5 GHz
| PLL @@ &

Cuunti

it F dard
Gunn Oscillator  \ | Cs fegu;rglfmn |
22.7 GHz . |
) 10 MHz }—-—Q%‘J r
Quartz Oscillator ] Fik Mase
100 MHz |" ‘_ | HydrogenMaser |




Requirements for mode-locked operation

® Gain medium with broad gain curve to support a large number of modes
(the largest known is Ti:Sapphire by far, but many other exists and researchers are
working on making and characterizing some more...)

®  Controlled dispersion to allow short pulses to remain short through round trip
propagation in the cavity (glass is GVD> 0 in visible spectrum)

L Prism pairs to compensate normal dispersion

R.L. Fork et al. Opt. Lett. 9 150 (1984)

Also double pair for ring cavity (but
harder to align...)

L] Grating pairs (mostly for compressors/stretchers, with CPA for exemple)
L] Combining gratings and prism for shortest pulses (historical)
" (douply) chirped mirrors

\ E—
(Large oscillations of GDD otherwise, — ]
due to Gire-Tournois multiple interf.) y

(Note GDD is expressed in ps?, which is really ps/PHz...)
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Requirements for mode-locked operation

®  Mechanism for (passive) mode-locking: Coupling between longitudinal modes so
that they oscillate with a well defined phase with respect to each others
Any intra-cavity effect which will make high instantaneous intensity (pulsed)
operation favorable will do. Examples:
—> Saturable absorber (often quite slow, carbon nanotubes ?),

—> Non-linear polarisation rotation,

® - Non-linear fiber loop mittor

= Kerr-lens effect (very fast) ~i STATIS S l,i”i,l—

pulsed

m

" Startup by noise, more or less easily (self start, kick start, also synchronous
pumping)

33



Example of a femtosecond Ti:Sa laser

Gain medium is a Titanium doped sapphire crystal.
Kerr-lens effect is making pulsed operation favorable
Pumped with ~6 W of laser light at 532 nm.

Cavity made of 6 chirped mirrors.

Intra cavity wedge for coarse tuning f,,.

Fast and slow piezo actuators.
Fast pump power control through an AOM.
30 fs pulses at 850 nm. Repetition rate: ~760 MHz.

PZT
~500 m output power.

Acts on fy

wedge

!

PZT

AOM

]

Acts on f,
Acts on f; (slightly)

34



Example of a Er-doped fiber laser with non lin. pol. rotation

- Gain medium is a Er-doped fiber. .
- Pumped with diode lasers at 980 nm. ( | |
v

Double wedge for {, coarse tuning mirror
without too much f coupling: EL/
when translated total glass thickness is
identical and n-index very close

—> group delay is conserved

BUT, dn/dA\l different
—> group delay dispersion
is changed, hence {, too

Pump 1 A —_— /4

N4 N2

M ‘ ‘ IZI output

— 2

n2
on,,
{?’11 - ?’10 + a_?;(/‘!.-/‘!.(]) z

on, —_—
?’12 = ?’10 + E(A‘AO) %ji

- Actuation is possible via
= PZT (mainly frep)
—> Pump power

Change of polarization along the
fiber depends on the intensity of
the light

' Non-linear polarization rotation in the fiber is making pulsed operation favorable
when A plates are adjusted accordingly

Pump 2




- Example of a Er-doped fiber laser with “figure 8” topology

- Gain medium is a Er-doped fiber.
- Pumped with diode lasers at 980 nm.

50%

- Very robust, no tuning at all for T isolator L :ﬁfgf:ﬁﬁ:g
mode locking (but usually low power), \ loop mirror
full PM possible dichroic

L | coupler _
dichroic erbium-doped
. coupler fiber

< Possible to add an EOM 1535-nm 980-nm
for feed back on f output pump light

rep

Figure from Encyclopedia of Laser physics
(www.rp-photonics.com)



Measuring the comb parameters f; and f,

= Measurement of f;: detect the pulse train with a fast photodiode
1 Note: gives directly access to harmonics of f. @

O

= Measurement of f, with an octave spanning comb: The self-referencing
method

O Note: many modes contribute to the signal at f, (requires phase maching

condition between each couple freq beats 00 red-doubled and blue part of the
pulse arrive at the same time on the detectar

f(k)=f,+kxf.

I(f)

/] f
/] f(zk)—ﬁ)+2k:<f<rlJ
f
i 0
F(K)=F,+ kT, {x 2] TR g 37




Generation of an octave spanning optical frequency comb

Photonic crystal fiber

Core: 2um

Dispersion
management allows
propagation of short
pulses

Short input pulses with
high peak power

Small core: high peak
intensity

Pulses remain short
through propagation
=>» Large non-linear

effects >

LI Time domain: Self
phase modulation,

cross-phase = Coherent spectral
modulation, stimulated broadening

Raman emission, ...
LI Note: pulses are

O] in:
Frequency domain: broadened =>Spectral
Four wave mixing coherence but no

Fourier limited pulses
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Octave spanning optical frequency combs

" Ti:Sa, Er-doped fiber broadened with photonic crystal fiber

S. Diddams et al., Phys. Rev. Lett. 84, 5102 (2000)

@7% % g >
®  Ultra broadband Ti:Sa

T. M. Fortier et al., Opt. Lett. 31, 1011 (2006)

® Toroidal micro resonators
P. Del'Haye et al., arxiv 0912.4890v1 (2009)

Relative Intensity
(20 dB/div)

o
=
£
=)
=
G
@
o
(72}

L ic;?n T fn
Generated Initial
continuum pulse
1 1 ! ' ’ I
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1 5|50
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Wavelength (nm)
1 3|50

Power (dBm)
)
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Phase locking and stuff...



Phase-locking (a comb or anything else...)

PSD A
w (Mixer as a
g Noise power /\ phase detector)
spectral density n\/2n W > (1)
Slope near 0 V
Vo W =Kd in [V/rad]
—>
N OiS e W Fourier frequency
[ SOUrces J >@ ; ; = — Synthesizer
A RF/p-wave trequency to lock: F Phase detection
PhySical Loop (transfer function
system filter  to be designed...)
. SN
Vin>AF ¢
Physical actuator ALWAYS gets mad l\geasur.e q)l’ acton k (Vla, Vin)
at high enough Fourier frequencies équivalent to a pure Integrator
GALdB(AF/V)] G A
[dB]
Bode diagram Equivalent Bode
diagram

> >
Fourier\{requency wlrier frequency




Phase-locking : P corrector

Golden rule of locking: in open loop Bode diag., cross unitary
gain with no more than 20dB/decade (unstable otherwise)

Noise W _ Phase detection
[ sources | ><A'B freqlii/c}; o Tod T Synthesizer
Physical Prop.
system gain
Vin2>AF <
Open loop Bode diagran PSDA 20 dB/decade reduction of noise

starting from fc, down to DC

(remember ¢ = F = pure integrator)

G AAMAdjustable
[ dB] i Keep weird stuff below unitary
gain or you will be unstable

fc /
1 S >
/’ ourier frequency

Unitary gain

Noise power
spectral density

f] Fourier frequency




Phase-locking : PI corrector

Rule of thumb : fint < fc/3 to fc/10, otherwise unstable (too
much residual dephasing at fc (unitary gain) due to integrator

Phase detection

Noise W ><"B RF/p-wave
sources | /" frequency to lock: F

Physical
system

Vin—=> AF <

Synthesizer

P+I

Open loop Bode diagran PSD A

(remember ¢ = F = pure integrator)

GA
[ dB] S Keep weird stuff below unitary
gain or you will be unstable

20dB/dec \ € l/
1 = _ >
/ ourier frequency

Unitary gain

40dB/dec

reduction of noise is
20dB/dec from fc to fint
40 db/dec from fint to DC

Noise power
spectral density

fint

fc Fourier frequency




Phase-locking : P12 corrector

Rule of thumb : fint2 < fint/3 to fint/10, otherwise unstable

Noise W _ Phase detection
sources | D fre e Synthesizer
X quency to lock: F
PhYSical P+I+I2
system
Vin>AF ¢
Open loop Bode diagran PSD A reduction of noise is
\ ! 20dB/dec from fc to fint
G A \ o 40 db/dec from fint to fint2
nt 2
[ dB] ‘\\ Keep weird stuff below unitary 60 dB/dec from fint2 to DC

gain or you will be unstable

20dB/dec \fC l/
1 = _ >
/ ourier frequency

Unitary gain

Noise power
spectral density

fint2  fint fc Fourier frequency




- Phase-locking : why you may need a divider

When loop is on:
- If V([PSD)<<2x =» OK
(small excursions around 0)




Note : mathematically,
cycle-slips allways
happen, but maybe only
once in a few months
(negligible impact) if you
are good enough...

. why you may need a divider

When loop is on:
- If V([PSD)<<2x =» OK

-If not =» cycle slips
(BAD LOCK)

Change of slope -> get out of lock (temporarﬂy)




- Phase-locking : adding a divider

[ Noise |

o RF/p-wave
sources J Q frequency to lock: F

ase etECtIOIl

(Need to divide the
h ! setpoint by N as well to
Phvsical operate at the same
y P+I+12+... frequency...)
system
Vin>AF [

Exemple : divide by 4 (residual noise induces cycle slips if no division, not when dividin




Digital Phase detector (simple) VA

Phase-locking : digital systems

| I N R
XOR R .
1] . B Q C i Lock point
A / nll m 20 >
) O A

With appropriate offset, locks at quadrature ; same cycle slip issues than DBM.
Needs an analog to digital front-end (with good SNR) !

Average value >0
error signal useful if f>fref

Digital PhaSE'FreguenC! detector A '/ (frequency error detector)

Average value <0
1— Q error signal useful if f>fref
D (frequency offset detector)
UL g
- . C T
| T

/s

—ck R Q— \ " A¢
1— R Q
Phase error detector zone
g D
—lclk Q—

Same cycle slip issues than DBM, BUT natural auto-relock with large capture range.

Many different implementations exist, to address technical issues (blind zone at center, limited
operation frequency,...)

Needs an analog to digital front-end (with good SNR) !



Phase-locking : digital systems

FPGA-based phase tracker with unwra

YAVAY

Continuous phase tracking (limited only in BW by sampling rate of unwrapping) with potentially very large

ADC

// unwrap pseudo code
d = old_phase-phase ;

if (d>pi), acc += 2*pi ;
if (d<-pi), acc += -2*pi ;
phase += acc*accON ;

AO

A
1+iQ SV
Rect — pol | ¢ unwrap
AO l
T o3
Num. DDS - 0
B Ap B S
T g 8
£
=

dynamics (limited only by number of bits per sample at unwrap output)

Limited in lock BW by delay in FPGA (typ. >400kHz with Redpitaya, )

https://github.com/jddes/Frequency-comb-DPLL



Phase-locking : application to frequency comb

1) Frequency multiplier scheme :

Counter

Laser to
measure |

vn :nfrep+ fO

Pros : 4"

simple, robust

Cons:
noise of ref. is

Pump power (acts on {0,
and a bit on frep too) v

N
; ; Loop
fb:Vl_(nfrep+fO) filter
; filter

(acts mainly | Synthesizer [—

PZT
“i‘l\\\\"‘.‘li i

Optical frequency comb

x2

Loop

| »é

Rep rate detection
(or mth harmonics)

multiplied to
optics domain

Absolute reference

(Maser, GPS, Cs clock, founain,...

> Synthesizer




Phase-locking : application to frequency comb

1) Frequency divider scheme :

=N —>§<—- Synthesizer
Loop A
fb:vl_(nfrep+f0) filter
Loop
Laser to fi
) ilter
measure |
Pump power (acts on f0, Counter
and a bit on frep too) v A
vV = nfrep + fo PZT .
(acts mainly| | Synthesizer —>€§
I ‘ |i i

Optical frequency comb

X2

noise is divided
low linewidth regime

Cons : Absolute reference

- 9@

Rep. rate detection

PLL more difficult

(Maser, GPS, Cs clock, founain,...

>

Synthesizer




Phase-locking : application to frequency comb

1) Frequency divider scheme :

=N —>§<—- Synthesizer
Loop A
fb:vl_(nfrep+f0) 1

filter
Loop Counter
filter N

Laser to
measure

Counter
A

Laser 2

Vn :nfrep+ fO

PZT
(acts mainly| | Synthesizer —>€§

] 40

Rep. rate detection

noise is divided

low linewidth regime

Cons: . Absolute reference
PLL more difficult (Maser, GPS, Cs clock, founain,...

> Synthesizer




In the frequency divider scheme :

Phase-locking : the low linewidth regime

PSD A

N
N

T
W

\41
Wy

//// ""‘

In-loop phase noise power
spectral density

A

A

fint2

fint

/////////////// S

Fourier frequency

= Better counting of 2™ optical reference

= Narrow filter can save you if S/N is bad

(you need >~23dB S/N in the
measurement BW to count or track ;
10 dB in 100kHz is 30dB in 1kHz...)

—> Allow direct spectroscopy of narrow
atomic transition

T.M. Fortier et al. "Kiloherz-resolution spectroscopy of cold

atoms with an optical frequency comb", Phys. Rev.
Lett., 97, 163905 (2006)

If V(fPSD)<<2xt (before the divider)

—> low-linewidth regime/ultra-stable
regime

- linewidth of every tooth of the comb
identical to that of the optical reference
—> doesn’t work in freq. mult. (noise of
pw reference xN makes a large optical
linewidth)

-10

209 spanlkHz

0 BW SHz

-40 4

-50

-60

=70 4
-80 -

-90

S, f, RF Spectrum [dBm]

T T T T T T T
879999600 879999900 880000200 880000500

Frequency [Hz]



Removing PLLs : the transfer oscillator technique

A clever use of arithmetics allows comparisson of combs-related beatnotes where the
free-running noise of the comb vanishes (can replace or be combined with PLLs)

H. Telle et al.,

. . Applied Physics B
1)Remove f, to make a virtual comb with £,=0 : 72,pplp 1-6 }(/2002)

laser to
measure

v,=nf., +f, f [vl_nfrep}
0
Beatnote with a
I | I virtual comb at
f,=0
.1IDIIII lll

Optical frequency comb

1bis)  One can also use an AOM, driven by f{, to shift the comb to {,=0 (much

more expensive, but comb at f,=0 is real instead of being virtual, which can be

usefull. for exemple in DECS S. Koke et al., Nature Photonics 4, 462 (2010)
’ p ) (Steinmeyer) ; also at UWA (Luiten)



Removing PLLs : the transfer oscillator technique

A clever use of arithmetics allows comparisson of combs-related beatnotes where

the free-running noise of the comb vanishes H. Telle et al., Applied
Physics B 74, pp 1-6
2)Use arithmetics for removing f, (2002)
exemple 1 : two optical frequencies to compare (frequency ratio of two clocks)
fbl_fO =Vll_n1f‘rep(t) XTLZ
fo2=Fo = Vg = Nof e () X ny

R D s>

Comparisson between v, and v,, is
independant of the noise of the comb !

One can realize the arithmetic operation in hardware (with 1 or 2 DDS, which output
frequency is really fo =T X (ctrl word)/2#digits)

or directly in software from counters’ data, BUT one needs very well synchronised
counter channels (otherwise, f  (t) and f_ (t+At) don’t cancel each other out...). Also

be aware of #digits in calculation: double floats in C (~10-'°) are not enough unless you
apply some tricks...

clock-in

rep



Removing PLLs : the transfer oscillator technique

Exemple 2 : compare optical and microwave frequencies

My x frep

D

H. Telle et al., Applied
Physics B 74, pp 1-6 (2002)

LO

@{—

Harmonic PLL | xm2
VCEO
Va
Vs
~M3
Ax Ve
Recorder

— Veeo + A
Ve =VA — VR =M1 flo— (m (M3 frep + %
3
v A 1
mymy frep + ceo T Ax = Vy
_ ms ms3
U.T
ve =ma fro — —
3

The difference in order of magnitude between optics and RF domain
is much larger than in the optics-optics case, therefore more advanced
technique needs to be used for realizing the arithmetics...

)



transfer oscillator

PLLs vs. transfer oscillator technigue

PLL

Pros

No lock therefore no unlock

No lock therefore no lock-related
cycle-slips

Virtual comb is extremely good
even though real comb is noisy

Real comb and not virtual

If narrow linewidth real combs,
DFCS

Easy to add a new wavelength (1
simple beatnote)

Cons

Usually still requires a (loose)
lock to stay inside filters

Only a virtual comb = direct
spectroscopy is not feasible at
low linewidth

Adding a new wavelength is a bit
more complicated (RF circuit,
DDS,...)

- High bandwidth, low noise, high
dynamics PLLs are not trivial

- Sometimes, the comb may go

unlock ( automatic relock may
help)

- Perf. limited by how good you
are at making PLLs

Note : you can also do both, or a bit of both (ex.: remove {, only)...



Nasty “detalils”
about the first digits



Nasty “details” of absolute frequency measurements

The comb gives you an simple arythmetic realtion between various
frequencies (all measured frequencies are >0 by definition)

BUT

Some parameters (signs, multiplying integers) are not known a priori and
need to be determined (with a bit of intelligence)

Exemple :

A comb measuring an optical frequency v_, against absolute RF references

by counting (or locking to a fixed frequency) f _, {,, f, :

rep’?

£, = [vi-val = £ (v, - Nt £ £)

2|V, = NXf

Have to be determined



How to determin signs

Assume : vi=Nxf +f+f

With {, and f, phase-locked to f,* and {,™ by feed-back

to the comb, while measuring frep with a counter
(i.e. « frequency divider scheme »)

THEN

IF (f " 7
IF (f " 7
IF (£, 7

IF (£, 7

makes f . N) THEN the formula is with +f,

rep

makes t /) THEN the formula is with -f;

makes f | N) THEN the formula is with +f,

rep

makes f, /) THEN the formula is with +f



How to determine N

Assumes the signs are determined to be: —
| vi=Nxf +1f+1
* Method 1: X

If v, is known a priori with an accurracy better than f, f, and f; (ex.: you have just measured it

with a very good wavemeter, or it’s coming from a well known atomic/molecular reference
which someone has measured previously for you, like Sr or Ca+ or...)

=> N = round to nearest integer [(v/* ""-f,-f )/f ]

* Method 2:

Similar to sign determination: by shifting f,™: f, > f, ref+ A, ref
one induces : frep™ fop TAL,:

vi= Nxf HgeHge = Nx(ECFAR, )+ (f AL

=» N =round to nearest integer [-Af /Af ]

rep

:;”.é when noise of measurement is too high (and/or drift too fast inbetween measurements...)
this is (generally) not sufficient

ex.: f,~250 MHz measured at +100uHz (4x10-*%), v~250THz (hence, N~10°),

Af,*'=1MHz induces Af _ ~1Hz

rep

- AN/N ~ v2.100uHz /Af _ ~ 140x10°

rep

AN >> 1 =2 it DOESN’T WORK !!! (here, we would need ~10-*> for AN<1)



How to determine N

Assumes the signs are determined to be: vV, = N x frep + fO + fb

* Method 3:

Make 2 measurements for 2 consecutive N (easy by looking at the beat line moving)

V=N x £, + B = (N ) x £+ £ f

>N = frep,Z / (fFeP’l- frep,2)

Required measurement stability :

ex.: f,,~250 MHz measured at +100uHz (4x10**), v~250THz (hence, N~10°),

9 |frep,1_ frep,2| ~ 250HZ

- AN/N ~ 100uHz/250MHz + V2. 100uHz/250Hz ~ 6x1077
AN < 1 - it WORKS (without crazy requirements !!!)

(note for a few extra margin, one can increase the difference in N)

* Method 4: If you are really rich and have 2 combs, you can use method 2 or 3 with the 2
measurements done simultaneously with each comb...




A word about counting frequencies

* [II-counter vs. A-counters :
- In A-counters, an averaging process smoothes the data to reduce the noise >
the bandwidth of the measurement is extremely reduced !
- With IT-counters, you should give the measurement BW of your data
acquisition for meaningful comparissons.
- Juxtaposing 1s-gate time data from a A-counter (like an HP53131 in gate
time mode for exemple) DOESN’T give you an Allan variance !!!
- It doesn’t give you exactly a MVAR either !

* Dead-time vs. no-dead-time counters : beware of minimizing dead-times
(compared to gate times) or, better, find a counter without dead-times (ex.
K+K messtechnik)

* Be carefull when comparing numbers measured with one counter to another

* The only truth is in the power spectral density of (frequency or phase) noise;
counting and AVAR-like calculation only gives easily access to an estimation
(more or less fair) of the PSD at a given Fourier frequency

=» See S. Dawkins et al. "Considerations on the Measurement of the
Stability of Oscillators with Frequency Counters”, IEEE UFFC 54, 918
(2007) for more details



Other Applications of Optical Frequency Combs

= Ultra low noise microwave generation with fiber femtosecond laser

The Stability of an Optical Clock Laser Transferred to the Interrogation Oscillator for a Cs Fountain
B. Lipphardt et al., IEEE Trans. Instrum. Meas. 57, 1119R (2008)

Ultralow noise microwave generation with fiber-based optical frequency comb and application to atomic
fountain clock, J. Millo et al., Appl. Phys. Lett. 94, 141105 (2009)

T.M. Fortier et al., Nat. Phot. 5, 425 (2011) . .
X.Xie, R. Bouchand et al., Nat. Phot. 11, 44 (2017) — L.Owest noise microwave source

" Transfer of spectral puirity from near-IR to other wavelengths
D. Nicolodi et al., Nat. Phot. 8, 219 (2014) (NIR) B. Argence et al., Nat. Phot. 9, 456 (2015) (MIR)

= Astrocombs: Use of OFC as reference for high resolution spectrometers
used in astronomical telescopes

Nature 452, 610 (2008) Eur. Phys. J. D 48, 57-66 (2008) Science 321, 1335 (2008.)

= Direct Frequency Comb Spectroscopy, CEAS, dual combs spectroscopy

Direct frequency comb spectroscopy ,
. L Matthew C. Stowe et al., Adv. Atom. Mol. Opt. Phys. 55, 1-60 (2008)
" Molecular fingerprinting

Molecular fingerprinting with the resolved modes of a femtosecond laser frequency comb,
S.A. Diddams et al., Nature 445, 627 (2007)

= Extension to the DUV/XUV range

A deep-UV optical frequency comb at 205 nm Efficient output coupling of intracavity high-harmonic generation
Peters, E. et al., Optics Express 17, 9183 (2009) Yost et al., Opt. Lett. 33, 1099 (2008)



A few extra goodies



Transfer of optical spectral
purity to the microwave domain
(Low phase noise microwave
signal generation)



Low-noise pwave : motivation

Existing very low f-noise py-wave sources (~10GHz):

- Room temp Sapphire osc. (Raytheon, formerly Poseidon Australia):
-40dBc/Hz @ 1Hz, -170dBc/Hz @ 100kHz from carrier

- Cryogenic Sapphire oscillator (UWA, FEMTO-ST, ULISS):
-100dBc/Hz @1Hz, -140dBc/Hz @ 100kHz from carrier

- Opto Electronic Oscillator (JPL/OEwaves):
-40dBc/Hz@1Hz, -160dBc/Hz @ 10kHz (large resonances after that)

DL
Applications: ({D j) )J | ")
- atomic frequency standards L\ \\Y/ 7
- radar \ y
- VLBI

- synchronization of particle
accelerators

- time reference distribution
- telecommunication




Frequency division, effect on phase noise

fc [Hz] - fc/N [Hz] then A¢ — A¢/N [rad]
S,(f) [dBc/Hz] - s¢(f@)_g;_1@[d5c/Hz]

\Large noise

reduction
if N is large...

Exemple : divide by 2
VK




USL transferred to p-wave (projection)

A robust 4.5x10-¢ (@1s) level USL
cavity (designed following space
—-120 industry standards and methods)
- 10cm long cavity with rings

—-100

T
o
% —140} { Prototype designed for transport +/-10g
° and operation at zero-2g
S Currently existing lab prototype
2 —-160
<
w

—180}

—200 ' '

10° 10* 10? 10° 10* 10°

Fourier frequency in Hz

d-noise of a 10 GHz carrier obtained by
frequency division of the space-prototype USL at 200 THz (A=1.5um)
200THz (SODERN/CNES/SYRTE), by a

frequency comb, assuming perfect division

d-noise
””' H| - -20.l0og(20000)
A 1. = _86dB (I!!)

&  Opt. Freq. comb
Opt. Express 20, 25409 (2012) CNeS 10 GHz



Low noise p-wave generation with comb
(optical frequency divider scheme)

v,- N
I f rep —{ Synthesizer
—y, - ( Nf o+ fo) cst~800MHz

rep

Phase-
lock | vy — Nfyep = st I
loop

_ \V; N

Fast
actuator
R Al
|:| _/ Detection of rep rate
- harmonic @ m.f

rep

mf __ v cst
cEl N/m N/m

~10 GHz

X2
f, not locked - virtual comb with f,=0

Applied Physics Letters 94, 141105 (2009) fo
Opt. Letters 34, 3707 (2009)
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Increase SNR for lower white phase noise floor

Thermal noise (Johnson-Nyquist) :
A 0 dBm p-wave signal cannot have a white phase noise limit better than -177dBc/Hz
Solution : increase p-wave power
* higher optical power+more linear PD
(in coll. with Discovery semiconductor)
* high rep rate fs laser / external rep rate multiplication
— less power in undesired harmonics,
more in the harmonic of interest

T2 T/4 w8 10| (@)
_-20
In Out1 g 5,
>_< »:4 40 H I II I Ll ”
—_— —_ _ Out 2 3 -50
-110 e 2G 4G 6G 8G 100G  12G
Differential phase %1‘; ®)
N noise (qgommon 2 ool
g JSL) E 30 Il
! 40 ~
- INI 0 , | ,
o FL 2G 4G 6G 8G 10G 12G
S [ 1 h' | Frequency [Hz]
= 150 i, TR
2 ¢l R b.| __——2combs2MzZM2PD
= 160 4 i A (excess phase noise to investigate)
ol M tvdd 1. e <
B e P a— ?\ 1 combs 2 MZM 2 PD
100 100 100 100 100 100 10° 10

Frequency [Hz] Optics Letters 36, 3654 (2011)



AMPM conv. in f and harmonics photodetection

amplitude fluctuations of the fs laser induce fluctuations of phase of f
(and its harmonics)

— possible to lock amplitude (but only at low Fourier frequencies)
1.2x10*@1s generated pwave / 100as synchro

. App. Phys. Lett. 96, 211105 (2010
— or analyze carefully the physics... pp. Fhys. L ( )

5

By space-charge
screening effect,
4 close to saturation, the
-;- Time responge of a PD for a PD response is
— ~fs light pulse 3.2 to |64 pJ asymmetric
= 3 -~ AM noise
£ \\\\ produces
2 %\ PM noise
A O\ %
E 1 [\ k % For harmonic order >1
- ~L there are special
\\ \ \\ \x situations...
0 | &L
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Suppression of AMPM conversion

Note : EPC coeff. is really
alternatively >0 and <0,

0 | 30 60 % 0 only |EPC] is plotted
here...

<
o

EPC coefficient [rad]
=

=
',

I In this area
i - low EPC

0.0

Energy per pulse [p]]

Reasonable to passively keep the laser power at ~0.1%
- From slope of EPC vs. Energy per pulse, EPC < 0.003 rad
- AMPM-induced excess phase noise = RIN — 50dB !!!

Applied Physics B 106, 301 (2012)

73
Optics Letters 39, 1204 (2014)



Latest results for low phase-noise uwave

-100
- 107
110 Raw phase noise used g
in cross-correlation
-120 -
e 107
-130 . -
o
T
> —140 ’
[ia]
S - - 1078
@ M N
2 150 - H [
= L
@ 8.
m
£ -160
[aia]
ﬁ 3 10—1‘3
=X70 . N i
Absolute LT
. vV WU ) 4 zs Hz V2
phase noise 180 - AW h,
12GHz - 5
@ Effectof ~ |  Tveeeee- e -107°
=190 - AM noise _—v
Measurement floor
-200 T T T T T
100 10! 102 103 104 10° 108

Fourier frequency (Hz)

— This is the lowest phase noise microwave source
of all existing technologies and for ~all Fourier frequencies !

(z/1-ZH S) @slou Buiwi]

X. Xie, R. Bouchand et al.
Nature Photonics 11, 44 (2017)



Transfer of spectral purity in the
optics domain



Motivation

Toward a new paradigm in the optical clock community...

Other clocks + USLO

Opt. Freg. Comy (optical, pwave,...)
.|IIII|||||||||||||||||""IIII|

A
|

> Optical clock (probing
atomic/molecular transition)

Ultra-stable laser

766



Motivation

Toward a new paradigm in the optical clock community...

Other clocks + USLO

Now
Opt. Freg. Comy (optical, pwave, ...)
.n||||I|||||”|”””“||I||n.
i
Optical clock (probing
Ultra-stable laser > atomic/molecular transition)
Xfer of spectral purity.

Future: ‘ ‘ " "I

: ..|IIII|||| "llllh.»
Next generation USL b Clock 1 (atom 1)
(very difficultto make, Clock 2 (atom 2
expensive and probably - > etc(:)C (atom 2)

wavelength specific)
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Transfer of spectral purity at the 108 (@15s) level

fiber-based optical frequency comb

femtosecond HNLF
oscillator M
M )

master laser

|

fiber laser
1062 nm

EDFA
synth \
VW
For test/characterizatic
purpose
slave laser diode laser reference laser
1542 nm
synth | | diode laser
® VW . 1542 nm

fiber laser
1542 nm

’___

(or similar system)

beat detection unit
vacuum P~100 mbar

T siffal o = =~
quasi-identical ----- @c N

= optical signals
- noise canceled optical fibers
—— RF signals
= DC signals

system

phase
analyser

analyser

!
I
phase I
!
!

* Don't rely entirely on the lock of the comb to 1.5um to guess the phase of the combs’
teeth wrt to 1.5um laser (especially those seen after EDFA+HNLF)

» All spectral phase fluctuations of EDFA+HNLF+comb scaling with v

optic

up to linear order

are common-mode if both 1um and 1.5um are measured in the beat detection unit (BUT,

low SNR...)
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phase noise psd [dBc/Hz]

Test of spectral purity transfer

\j\ — pre-stabilized

20 \ —  locked T
\ — differential measuremnent
ol \\ \\\L il
_2[} \/‘/\“%\‘JL\L
_40}F ‘_h\\\ .- M L'" | |
\ M| AL nll
—60 ﬂuﬁ\ “‘ ‘ H”
u- ‘%
78 dBe/Hz w R
_gfF -~~~ - T - ----=- ““‘*‘“"‘*"‘*"“‘”‘*‘”"_“—“—“—'—“‘r_;r -t - -
107° 10" 10° 10’ 10° 10° 10*
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fractional frequency stability
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Transfer of spectral purity at the 1018 (@1s) level

Transfer from 1um to 1.5um,
1 little care taken

, Transfer from 1um to 1.5um,
] (single branch, vacuum interf.,...)

1 With dual 1.5um slaves and
1 extra comparisson between
1 them (~2m of vacuum but

i uncompensated fiber added)

{ (— MVAR

---- AVAR, 0.5Hz BW )

averaging time (s)

Limitation at a few 10 at ~1s
(>1 order of magnitude lower than current best demonstrated USL)
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Transfer of spectral purity in the
MIR domain



Amplitude (a.u.)
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Exemple : test of parity \.flolatlon.gﬂﬂﬁl,et(iumles =
- due to weak interraction

0 1

2 3 4 5
Frequency (MHz) - v

0sO4/R(14)

THz motivation

Spectroscopy of molecules at high resolution:
- more complex, richer structure than atoms

- can be more sensitive to certain effects

Left handed
- fundamental tests\:/of physics  molecule
damental constants,...)

e-spage Yariation, o

H
jm 1
— ,
O 1
wn |
- seen in atoms and nuclear physics ;% :
- never seen in molecule because too weak : >
- ultra-high resolution spectroscopy in chiral Frequency

)

|

mnlamiilac (Amr/mr/10'13)

L)

|

Mid-IR QCL ideal tool for ro-vibrational lines (tunable,
relatively easy to operate,...)
BUT large free-running linewidths (~1MHz)

N — necessary to servo its frequency
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QCL stabilization onto a NIR frequency reference

SYRTE 43 km LPL

High resolution
molecular

spectroscopy

. Spatial Spectral
{accuracy] [stablllty] { trzfnsfer ] [ tgnsfer J

Near-IR frequency Optical fiber link
reference
* 1s-stability ~10-%° * Free running stability ~< 1014
* Accuracy ~10-% + Stabilized: 10>t from 1 to 10%s

(with primary

clocks: 3x101°)
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QCL frequency stabilization

q frep T fo SFG P frep + fo
10.3 pm AsGaS
QCL > A_l = VQCL - (p'q) frep
TN Y o (]
q frep t f0+ vQCL

1
k

‘ —

: VQCL =n frep+ A1 \
: v
N

""""""""""""“@" PLL|™""""7""77"777

Sum-frequency generation with 9-11 um tunability 84
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QCL performance evaluation

LPL @

0 OFC 1.82 pm 1.55
fo f

MIR reference

\ 4

Saturate

absorption line
b ~ MR . L P02 % MIR reference/QCL
\—@—' reference beatnote
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Locked QCL performance

d
~ 10° " : (\
I I (o free running QCL | —
¥ 10 :
a) . | =2
® 10" QCLIOFC vs MIR ref. y g 0.2 Hz
2 10| MIR ref. vs OFC st =
S v E
S 10" fy =
o <t
S 10*
- 18,% | L L AT T -0.5 0.0 0.5
1 10------100-"""1k 10k 100k 1M Frequency (Hz)
frequency (Hz)

= QCL frequency noise ~102 Hz?/Hz between 1 and 100 Hz

= QCL linewidth ~ 0,2 Hz (7x10°)

= QCL stability ~ 1.5x10*> (1s-100s)

B. Argence et al. Nature Photonics 9, 456 (2015)
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