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Presenter
Presentation Notes
Canada was the only country having developed a full frequency chain.

Why? Because it may take up to two years to take a measurement.

We are the most tenacious metrologists of the world.


Spectroscopy wit frequency combs

“for their contributions to the
development of laser-based
precision spectroscopy including the
optical frequency comb technique”

T.W. Hansch

Mode locking a laser:

Build a laser cavity that is low-loss for intense pulses, but high-loss for low-

Intensity continuous beam.

Solution: Intracavity saturable absorber, or Kerr lensing (passive mode-locking)

 Intensity-dependent refractive index: n = ny + n,l
« Gaussian transverse intensity profile leads to a refractive indexgradient,

resembling a lens

Intensity

Kerr medium

L]

pulsed

m

- mode-locking based on nonlinear polarization rotation

state T polarization ellipse

<_H_E|_H_ WDM + Iso.
N2 N4
SMF n4 PBS a2 SMF
980 nm pump(x2)

erbium-doped fiber

Launched Ultrashort Nonlinearly-
polarization pulse train rotated




Laser running on multiple modes — a pulsed laser

For lasers with 30 cm long caity:
HeNe, 1,5 GHz bandwidth — 3 modes
Ti:Sapphire, 128 THz bandwidth — 250 000 modes

Tnrensit

Cavivy longimdinagl mode siruciirg

f—

— v = o2l
Freguency
Laxer AT SPCCTR

Tniensiny

Freguency




Fourier principle for short pulses:

W Time domain: short pulse

/\ Spectral domain: wide spectrum

Frequency

Frequency comb principle

Time domain: pulse train

L i

Spectral domain: comb-like
| n ’\ " ﬂ ’\ ,\ n | 4 spectrum, many narrow-band,
%\ well-defined frequencies

Frequency




Some math: Propagation of a single pulse (described as a wave packet)
E(t,z)= I-E(a))efA—(Co):e_j(Gfda)

Insert an inverse Fourier transform E(t) for E(®)

E(t,z)= I L J‘ E(z_)ei(ordrefk(ﬁ)):e—imfdm ;
027 E(t,z)= [E(r)G(-r1,z)dT
Propagator G(r—7)= zi [ @k @2) E
T

—a0

Propagation of the field

This can be used with  k(w)=k, + jk (0—ay)+0(k?)

@ ay

. 1 1 z
E(t,z)=explioy(———)z|E(t——)
‘v’g J V¢ ‘v’g
Difference between group and phase velocity When traveling through dispersive medium

EE— . .
causes an extra phase The carrier/envelop phase continuously changes



Some math: Propagation of a multiple pulses in a train

N-1
E(r): Z Esingle(r_nr)
n=0

T is time delay between pulses

N-1 | T 1— e*f,-'\"(of
—ino
Etrain (@)= Esingle (0‘)) Z e = Esiugle ((0) _ —ieoT
n=0 ) l-e
.2
sin“(NwT/2) o o
I‘[rain ((0) = Ismg]e ((’)) ; 2( T/2) In the l]m]t Itl‘ain.:c ((0) = ]single (0)) é(&)T — 2?277)
sin~ (o =0
N=1 1 N=10
I(w) [(0) 1(0) i
_l; Jl j‘\
w w w

With dispersion L. (@) = Lipge (@) S 8o = 2m - e )

"= |—> Phase shift



Frequency comb principle

Two rf frequencies determine
the entire spectrum

fceo=(A(pceoI2n) frep frep= 1T
m f=nf, +feo, tested to 10" level
A\ - RF Preq@tandard
requency
TE . RF
Stabilization of frep generator
Both f., and fcgo are in the radio — frequency o ® _____________ S

domain, can be detected using RF

Nd:YVO, - Ti:Sapphire —
I

modelocked laser

electronics

Measuring f, is starightforward - counting




Detection of f¢q ©

Measuring f-gg requires production of a beat

nll”””““““h

I

signal between a high-frequency comb mode
and the SHG of a low-frequency comb mode.

Supercontinuum generation

This f-to-2f detection scheme requires an octave-wide spectrum
- spectral broadening in nonlinear medium

Photonic crystal fiber: . R S —

Broadened spectrum |

eesReenee 220 -
Pescsnsesnen
Sesssssssse - |
e ssssss [ m
.......... B, -30 -
Pecscsnernee [ o

LE R RN ] o = oing aot

500000000081 5_40_ Original spectrum
eeeese £

L
'.................' B

I I "
800 1000 1200
Wavelength [nm]

]
600

nf+ fm

2nf+21,

A
x2
o(X)e

2nf o+ fo

¥

feeo
f:2f interferometer



Detection of f-¢q
Beat note measurement

PCF D E U U : 40 .

SHG
960 20 "
PBS & 301 Fr=fo
% -0
I_ ] A2 & 501
Tsl | | APD IF480 60
oo > —[— PBS 7 fatsdhbodblonatucharanh bl
-80
0 2 40 60 80 100
Frequency [MHz]

» The f-to-2f interferometer output is used in a feedback loop
« The AOM controls the pump power to stabilize f-¢q

: RF Frequency standard 1
' RF phase
: generator detector
; ; ;
; RF f-to-2f
. generator interferometer
" :
] 1
1 1
1 1
1 1
1 1
PID 1Y i '®' """""" -
: .
1 |_ -
Nd:YVO, Haom Ti:Sapphire —

modelocked laser




Scanning of .,

Linear cavity required for long-range

scanning

scanning
N

Ti:S

N

Multiple reflections on a single mirror

’
oc to increase scan range
Spectroscopy laser Q "2
Scan range determined by: = o I

« Cavity stability range
« Alignment sensitivity

The frequency of a laser can be directly
determined by beating it with the nearest
frequency comb mode.

Frequency of the laser:
flaser = r]frep + 1:CEO =~ fbeat




Spectroscopy laser frequency determination
Let's assume we want f_..,= 375,000,070 MHz

Frequency of the laser measured by the wavemeter (to within f.,/2) :

f

n =[ flaser/wavemeter — fCEO T fbeat]

f

rep

laser/wavemeter mcrep + fCEO + fbeat

feceo=40MHz ; f, =125MHz; f, .,

=375,000,130 MHz

=375,000,010 MHz
=375,000,140 MHz
=375,000,000 MHz

eg . flaser/wavemeter,1

f
f
f

laser/wavemeter,2
laser/wavemeter,3

laser/wavemeter,4

= +30 MHz

(+60 MHz)
-60 MHz)

f
( rep
(+70 MHZ)L_A \ /
(-70 MHz MH\ )\ ‘\ A M A mw
A .

fbeat ‘

n,= [372000130= 40-305 = [3000000.48] = n, = [2999999.52] = 3000000

125

faser 112= (3000000*125+40 + 30) MHz = 375,000,070 MHz =~ 799.4432 nm
but: n, = [3000000.56] = 3000001 ; n, = [2999999.44] =2999999
fosers= 375,000,195 MHz ; fi ., ,= 375,999,945 MHz



Spectroscopy laser frequency determination
without wavemeter

fbeat ‘

Frp
fi=Nfa+fo+ fo N =fz)2—fz)1 IA_A \ /
fr=Nfatfotfon  ° Tn-ln \\MUUUUUUU i

SN = ./28f,/Af;,  Fordf, ~1kHz 6N ~ 30

1. Change repetition rate by small amount (the same tooth)

2. Change repetition rate by large amount ( scan over m teeth)
Ji=Nfa+fot for
Ji=(N+m) [+ fo+ [o3:
_ NAf 3+ (fp1—f3)

fr

Finally, the mode number N is calculated to be

_mfoa+ (o= 1)
B Afis

m om = ONAf;5/f,5  substitute N with N_,




N spectroscopy lasers
initial lock point new lock point new lock point
/fn fL fn+1 f'n \fn+1fL fn /fL fn-l—l
2{Aom fhcalt DB | 2B 0,
(a) rep (b) (c)

Figure 2.16: Illustration of the ratchet scanning method. In (a) the laser frequency fi,
(vertical thick green line) is shifted down in frequency by 2 f,o, before comparison with the
comb eclement at f,, (vertical thin black line). In (b) the AOM tuning bandwidth spans
Jrep and near the high end of the range the scan is stopped and fun 18 returned to it
initial value and the laser re-establishes the lock to the line f,+1. In (¢) the AOM tuning
bandwidth is only f.ep/2 and both the AOM frequency and the polarity of the error signal
must be changed in order for the lock to be re-established. In this case, the lock alternates
between being referenced to a comb tooth that is high in frequency, and one that is lower in
frequency than the Ti:Sapphire. In our case, we employ the method in (¢) as the scanning
range of our double pass AOM is only fie,/2. See text for details. Figure and caption
(modified) from [78§].
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Spectroscopy for time standards

single ion sgral fom |,
end-cap trap

optical cavity ™\
[ feedbagk ‘

ultra-stable
reference cavity

cooling laser

" AN detector ﬁ
N / robe laser
probe laser frequency shifter P

i ’ f ‘ H \ ion trap

optical lattice trap §
highly stable probe laser (oscillator) single trapped laser-cooled ion (reference)

=l

Servo- detector Y
oo e deteetor |
counter/clock | | | ’ ‘ ] |
femtosecond s | 1
frequency comb ‘ optical output frequency
ol IEI = uW output
| 1D ¥Sr clock 3D ¥sr clock

21cm
Si cavity

fp 1542
R = ; fb.698

Frequency comb

- >
o 2
40 cm - Comparison '—\,\ .°
ULE cavity - °s
-
=phoe
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rep

Astrocombs

spectrograph

Ir,

g

/

Laboratory spectrum
Lines at rest wavelengths

Object 1
Lines redshifted: Object is moving
away from us

-

Il

Fabry-Pérot
filter-cavity

Object 2
Greater redshift: Object is moving
away faster than Object 1

Object 3
Lines blueshifted: Object is
moving toward us.

off.

N

g

optical fiber
to spectrograph

7

Object 4

solar telescope
w
laser frequency ‘ ‘ ‘ ‘
comb v
(f,,=250MHz) |
@ CW-laser
Rb-clock @ 1583nm

H wavemeter

40 kHz

1584.5
i

servo H

Greater blueshift: Object is moving

lock-in toward us faster than Object 3

amplifier

1583.60713(3) nm

189.30 [ 189.35 ~ = (THz)
189.312509989(10) THz. ~ =~

1584 _ 1582 ~ 1580 1578 1576 (nm)
=
[ii ‘ T 'I i "
: !
¢ pe | 4
155 i i s
g
fiim
189.25 189.50 189.75 190.00 190.25 (THz)




Laser cooling with frequency combs

(a) of radial a .
confinement F = 3

dc axial

('()[lﬁ“(‘lll(‘nt
o 5P3),

modelocked Ti:sapphire
840 nm 373 MHz

|

single
fpand f, e F'=2-
servo system camera

3Dy
sy g :
& 3p,,

32.745 THz

D,: 279.6 nm
D,: 280.3 nm

3s,,,

(b) Wavelength (nm)
283 282 281 280 279 278 277 276 275 @ 274 F=2
Lo 9S1p
~ 0.8} . F=1 T - - : ,
g 0.6 comb spectrum ¥ j‘-(]F 6 4 2 0 2
=0 — 5 ()
£ 04} 1
A . I h t ”
02 1 w»SINgle - photon
0.0 = L1 . . ]
1060 1065 1070 1075 1080 1085 1090

Frequency (THz)

“two-photon comb”

|e) Excited state (+) Excited state (+)

\pf + 1, giililei?)

=

Energy, two-photon sum frequency f;1

Energy, first photon optical frequency
Aouanbayy [eondo uojoyd puoosg

,Iwo0 - photon”

Ground state (+) &) Ground state (+)



Direct spectroscopy

a) Sz

b)

CRIT- I I
SDgp —
SDy» g _
SD____ - 7D, r .04
----- : %727 s 0.280(a) & CsD, .
8y [ E ¢ 2 —
vo=nyf+ 1, Py g 0-2781 ' " 5 0.8+
P32 vo=n,f+f, P g f Q s
T e = vy (1-V/C) 3 0.275; & i =
3Pwe ] ' H ‘ e € 0.6
P12 g Pt 5 ] 0 =
""" Detection 2;2__ Detection o° 0.273 "2 o) n
Fluorescence 12 Fluorescence - §37 Y &y N 0.4-
- vo=n,f +1 Ll [ g,
Vi fr ! fo 1 = V110r(1+3/0) e T T - T T T T T
' 2.02 2.04 2.06 2.08 210 10 15 20 25 30 35
581, — 6813 fr - 998,658 (kHz) f, (MHz)
L]
CRDS with frequency combs
) Ringdown cavity
c f Mode-Locked Optical & vacuum chamber Grating
. o= : * Pl
s e Ti:Sapphire Laser S‘;'_!'I_tlch
) A_ 'A- ’A 'A_ .A-( avity modes
R T i : 1
R 1
s Y :! :1 Frequency comb
P 1 i =
'I’l - - v s RER

Laser frequency Feedback
sweep driver electronics

frep = FSR

Veomb = Veavity
scan frequency < K

Computer data
acquisition




Direct spectroscopy

Fig. 2. Principle and experimen-
tal setup for two-photon

A
Iw)
direct frequency comb | m&

00600

mode-locked Tisapphire
820 nm 1.3 ps 7T8.8 MHz

RESEARCH ARTICLE

Two-photon frequency comb spectroscopy of atomic
hydrogen

Alexey Grinin", & Arthur Matveev’, Dylan C. Yost'*, @ Lothar Maisenbacher”, (2 Vitaly Wirth!", © Randolf Pohl™f, ©._
+ Sz all authors nd affilistions
Science 27 Nov 0:

Wol. 370, Issue 6520, pp. 1061-1066
DOI: 10.1126/science.ebc 7776

Article Figures & Data Info & Metrics eletters PDF

Testing physics using the hydrogen atom

Discrepancy between the proton radius determined from hydregen and muenic hydrogen
spectroscopy data, the so-called "proton radius puzzle,” has been a focus of the physics
community for more than a decade now. Using two-photon ultraviolet frequency comb
spectroscopy below 1 kilohertz, Grinin et al. report a high-precision measurement of the 15-35
transition frequency in atomic hydrogen (see the Perspective by Ubachs). Combining this
measurement with the data for the 15-25 transition, the authors obtained the Rydberg
constant with improved accuracy and an independent value for the proton charge radius that
favors the data from muonic hydrogen. However, the present frequency value differs from the
one obtained previously using a different spectroscopic technique, leaving the puzzle still
unresolved.

Science, this issue p. 1061; see also p. 1033

Abstract

‘We have performed two-phaton ultraviolet direct frequency comb spectroscopy on the 15-38
transition in atomic hydrogen to illuminate the so-called proton radius puzzle and to
demonstrate the potential of this method. The proton radius puzzie is a significant
discrepancy between data obtained with muonic hydrogen and regular atomic hydrogen that
could not be explained within the framework of quantum electrodynamics. By combining our
result [f1g.ss = 2,922,743,278,665.79(72) kilohertz] with a previous measurement of the 15-25
transition frequency, we obtained new values for the Rydberg constant [R< =
10,973,731.568226(38) per meter] and the proton charge radius [, = 0.8482(38)
femtometers]. This result favors the muenic value over the world-average data as presented by
the most recent published CODATA 2014 adjustment.

2nd SHEG 2056 nm
G0 mW FSR=157.6 MHz

st SHG 410 nm
850 mW FSR=157.6 MHz

spectroscopy. (A) Spectral

envelope of the frequency comb i w
with repetition rate o, (not to
scale) tuned to excite a two-
photon transition between |g) and
le) at the frequency weg. On
resonance, pairwise addition of
properly phased modes provides
an efficient excitation of the
atoms. (B) A mode-locked
titanium sapphire laser (78.8 MHz,
1.3 ps, 2.8 W) is referenced to a

Energy

( "phase
\locked loop

rD FC

]
fa-frequency o I — U I ] =il
comb PM / I I\ 1 3'

ﬁﬂb

. bulidup resonator 205 nm
= 200 mW FSR=157.6 MHz

=
» o 1 adjust-
pulse nozele able
ultra stable collision delay
cavity volume from Hz l

[(PCV) dissociator

transfer laser that is itself locked to an ultrastable cavity and referenced to a femtosecond-frequency comb. This frequency comb is then frequency guadrupled

in two successive intracavity doubling stages to generate a deep ultraviolet frequency comb at 205 nm. The optical cavities used for frequency doubling are built
with half the length of the fundamental laser cavity, which effectively doubles the repetition rate of the quadrupled frequency comb to 157.6 MHz. The pulse train
is then sent to a beam splitter and delay line used to generate counterpropagating pulses within a final enhancement cavity where the hydrogen spectroscopy
takes place. PM, power meter; FC, fiber coupler; FSR, free spectral range; PDH, Pound-Drever-Hall stabilization (33); ECDL. extended cavity diode laser; SHG, second-
harmonic generation; LBO/BBO, lithium triborate and p-barium borate crystals; PD, photodetector.
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Mirror

Frequency comb

Detector

b
Frequency comb
Pulse-picker
‘ ‘ H (selection of
a pulse pair)
ol ||| ||||||.
Detector
c
Frequency comb Disperser
Sample @
[l S
[ ]
T T,
Detector ,
array
d
Moving
Frequency comb mirror
ol ||| ’llllll
P Detectors
e

Frequency comb 1

Frequency comb 2

frep

[>>—{Digitizer]

Detectors

frep*frep

Figure 3. Spectrometric techniques for frequency comb spectroscopy.
a. Direct frequency comb spectroscopy with the example of two-photon Doppler-free excitation
in a standing wave and detection of fluorescence of the sample.
b. Ramsey-comb spectroscopy also with the example of two-photon Doppler-free excitation in a
standing wave and detection of fluorescence of the sample.
c. Frequency-comb spectrometry with a disperser for absorption measurements. Here a simple
grating and a detector array are represented.
d. Frequency-comb Fourier transform spectroscopy with a scanning Michelson interferometer
and an absorbing sample.
e. Dual-comb spectroscopy with one comb interrogating the sample and the other acting as a
local oscillator. The absorption and the dispersion of the sample are measured.

frequency
nfrep
E——
— \
p— \
— \
N\
b e e — - L}
i signal
frequency comb excitation
(Nfreptfp)(1-2w/C)  Nfeptiy
frep  frep (1-2v/C)
' B : ' ! H ' optical frequency (THz)
; : : ' ' : ' Downconversion
Svic frep 0 ' : : . factor:2vic
acoustic frequency (kHz)
1ffrep
——

Interfe-
rogram

frep

of;

A
1(frep*direp)

1/dfrep

frep+of;

cemmemeeg

rep

e

Time

”(frep"'ﬁfrep)"' fo+ofy nfrep"'fO

optical frequency (THz)

Downconversion
factor:8fep/frep

e

radio frequency (MHz)

Figure 4. Physical principle of
some of the described
spectrometric techniques

a. In direct frequency comb
spectroscopy with two-photon
excitation, many pairs of comb
lines may contribute to the
excitation of the transition.
However the spectrum is only
measured modulo the comb
repetition frequency.
Fluorescence during decays
towards lower energy levels may
be detected.

b. In the moving arm of a
scanning Michelson
interferometer, the frequency of
all the comb lines is Doppler-
shifted. The beat notes between
pairs of shifted and unshifted
comb lines at the detector
produce an acoustic comb.

c. Interferometric sampling in
the time-domain stretches free-
induction decay. With a dual-
comb system, the interferogram
recurs automatically at a period
1/8fep which is the inverse of the
difference in repetititon
frequencies of the two combs.

d. Frequency-domain picture of ¢
for dual-comb interferometry.
The beat notes between pairs of
comb lines, one from each comb,
generates a radio-frequency
comb. The physical principle is
the same as that of b, except that
the down-conversion factor no
longer depends on the speed of a
moving part. Furthermore, dual-
comb systems render the
implementation of a dispersive
interferometer easier.



Nonlinear absorption spectroscopy

Attenuation dl of a plane e-m wave d/ = —a/dx
where absorption coeff.
a(w) = [Ny —(gx/gi) Nilo(w) = AN - o(w)

AN — population difference, o0 — absorption cross section

d/ =—-AN-o(w)-I-dx

/

For small / population densities N, N; do not depend on /
Then a independent of | — Lambert-Beer law [ = [,e %" = [,e~4No*

For high/: dI = —AN(I)-]-0-dx (finite relaxation rate)
Intensity dependent population density (power series expansion)

d Ny 1 d> Ny
N =Ny +——+1+5——

T, WTE I“+...

for lower and upper level:

dNy/dIl <0and dN;/dI >0

Population difference
d(AN)

AN(I) = ANy + I+ | (AN
-0 dl 2 dI?

2

/

+...

Attenuation d N
dl = —[ANyol + E(AN)I'U +...]dx

! [ T

. . d(AN)/dIl <0
linear nonlinear

N ; AN
y
Fluorescence
Absorp-
tion
Relaxation

Nk \ > IL
a) b)

Fluorescence cell
| ——
Laser [ —>

Fluorescence

Detector

Figs. ref. [1]
Nonlinear absorption can be observed on fluorescence
(LIF) signal

- decrease of absorption



Nonlinear absorption spectroscopy
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Steady state solution parameter S as a function of
incident laser intensity /i,
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§_ Bipy  Bily/e  Biol «  RiR
R* R* c-RiR R +R

Closed system
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Saturation (Doppler free) spectroscopy

- Doppler broadened absorption line centered at w,, ho

- laser beam at w
Doppler shift: Aw = kv,
only molecules with given velocity may absorb radiation

w = wy(l +kv,)

. . . 4 Ny (vp)
Nonlinear absorption — decrease of N, (v,), increase of N,(v,) t

s 12 :
AVD = 1_0 I'-k_T
c \' m *7k




Saturation (Doppler free) spectroscopy

reflected laser beam

Ko +K
- Doppler broadened absorption line centered at w, e TR A ANG(v,) = —k:F

- laser beam at w -

A
Doppler shift: Aw = kv, \
only molecules with given velocity may absorb radiation 2

w = wy(l +kv,)

0, o [
®' =Wy + (0 —0,) Ky / ko

Nonlinear absorption — decrease of N, (v,), increase of N,(v,)

Double pass configuration
decreased absorption at w = w,(1 + kv,) o

at line center doubly decreased absorption —Lamb dip c)
both beams interact with
the same group of molecules

av

Width of Lamb dip depends on homogeneous line width
- natural width
- collisional broadening o)

Overlapped Doppler-broadened lines can be resolved

Figs. ref. [1]

A



Saturation (Doppler free) spectroscopy

Pump and Probe beam configuration:

a (W)

Doppler-broadened shape can be eliminated \

Signal (a.u.)

0.22

isolator

from BS 1
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M2
sample cell
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Saturation (Doppler free) spectroscopy

Cross-Over Signals

) cross-over 0.71 c.0.3/4
direct a2 +b1 4 !
a resonances without pump laser ,__‘056_ .. 4
with pump laser 30,5 ] .0. 2/4:: ;
5047 co.23 3K too
£ 0,3 Pt o I
1/ /2 = 5 i
029 2 & osE 1
U L S HE
0.1 whwi\d Nd N AN
0,0+
W w2 w 0 100 200 300 400 500

Czgstotliwo$¢-351,730549714259 THz
v [MHz]

The same ground state

w= (0] +wy)/2
Av=w—w;=(wy—w))/2

(v; £dv;) = (w2 — w)/2k £ vk
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201 MHz

6°Py
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6%y ——
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(335THz) (350 THz )
F=4

] 5o " -
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Polarization Spectroscopy
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Polarization Spectroscopy
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Doppler-free two-photon spectroscopy

Two photons simultaneously absorbed — induce optical transition with
AL = 0 or AL = +2 depending on two-photon spins

- much weaker than one-photon transitions
- probability enhanced if intermediate level E, is present

From energy conservation E;— E; = h(w + w»)

For moving molecule - Doppler shift o/ =w—k-v
E;—Ey = o) +wy) —hv(k; + k)
For two beams from the same laser with opposite direction

w; =w, and ky = —k>

Molecules with all speeds contribute to the Doppler-free two-photon
absorption

B —5— E—5—

h(l)2 E h(l)1
n
ol--4--
S

h(l)1 h(l)1

E —— E——
I k> [ k>

Ek -

Figs. ref. [1]
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Doppler-free two-photon spectroscopy K
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