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CENTRE FOR ADVANCED LASER TECHNIQUES

Fazna stabilizacija lasera i
redukcija suma u optickim
IELGQIYE!
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Resolving the gravitational redshift across a millimetre-scale
atomic sample. Nature 602, 420-424 (2022)
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the foundation of a resilient global financial
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Atomski satovi

* 1950ih — cezijev atomski sat
~ 9.2 GHz

* 1967. — redefinicija sekunde

* 1999. — izum frekventnog cCeslja

» optiCki satovi: H, Ca, Hg, Al+, Yb, Sr

e Sr: 4s? 1S, & 3P,

© CALT

~ 430 THz

Fractional frequency uncertainty
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Atomski satovi

* 1950ih — cezijev atomski sat

~ 9.2 GHz

* 1967. — redefinicija sekunde

* 1999. — izum frekventnog cCeslja

» optiCki satovi: H, Ca, Hg, Al+, Yb, Sr
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Stroncijev sat u Grupi za kvantne tehnologije
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prvi u Hrvatskoj!
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* diodni laseri
* 698 nm (< 430 THz) -clocklaser

3p.
* 461 nm, 689 nm - laseri za hladenje '\‘
* 679 nm, 707 nm - repumping laseri 467 nm v 3P
32 MHz
T=25mK AN 698 nm
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Stroncijev sat u Grupi za kvantne tehnologije

\ 3S1
h

\

\

prvi u Hrvatskoj!

P, 6794 \

* diodni laseri
* 698 nm (< 430 THz) -clocklaser

3p
* 461 nm, 689 nm - laseri za hladenje "\‘_ 1
* 679 nm, 707 nm - repumping laseri 467 nm v 3P
32 MHz
T=25mK AN 698 nm
Preciznost " 0

1SO



Preciznost — uska laserska linija

diodni laser
698 nm




Preciznost — uska laserska linija

Fazna stabilizacija lasera

diodni laser
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Preciznost
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Preciznost

— uska laserska linija

cwW
laser

1542

nm

Fazna stabilizacija lasera

frekventni § " diodni laser
cesal 698 nm
niskog = fﬁl'b
Suma -
opticko vlakno
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Preciznost — uska laserska linija

Fazna stabilizacija lasera

diodni laser

ultra ' [ cw | frekventni =

== laser Sesalj
= il J

opticki | @ { T 1542 | niskog

stabilni

rezonator nm Suma
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Preciznost — uska laserska linija

Fazna stabilizacija lasera

ultra ' [I= cw | frekventni ' . diodni laser
stabilni T e laser _ edal o 698 nm
opticki | @ { T 1542 | niskog e
nm Suma .

rezonator 4 g

i redukcija Sumau
optickim vlaknima
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Komponente
- princip rada



Frekventni Cesalj

* koherentni modovi — ekvidistantni

opticki spektar
. . C
frep Y
Ap
* fceo = T

* nmod: f, = fego + 1 'frep

© CALT
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4 E(t)

Fourier
transformation

Slika: M. Systems, FC1500-250-ULN user manual
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AOM

* akusticko opticki modulator

*fair =ft+m-F

* mijenja frekvenciju!

© CALT

absorber diffracted
input beam
beam

sound T
wave transmitted

Slika: R. Paschotta, Acousto-optic modulators, RP Photonics Encyclopedia
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Fazni EOM

2w An- L cr
e Ap = > - mijenja fazu!

R — F e—la)t—Lmsm(a)t)
mo d — O ar; Slika: I. Araci, Low-loss, high performance hybrid
d,,. ’2‘91‘/' photonics devices enabled by ion-exchanged glass
GQ‘,'O " On waveguides, (2010).

~ Jo(m)Eoe ™t + J; (m)Ege~ @+ Om)t

+ /1 (m)Eoe_i(w_wm)t + visi redovi

A A

Wy~ W,  Wytw,,

m

Slika: J. Karlsson, Cerium as a quantum state probe for rare-earth qubits in a crystal,
Ph.D. thesis, Lund University, Faculty of Engineering, LTH Department of Physics

© CALT c l\ |_ 1 Division of Atomic Physics (2015). 17



Udar

VMUY

* fudara = |(1)1 — w2|

* zbroj izvan dometa

elektronike — cos(—

cos(w1 ; e t)
* mikser - slicno mijeSanje | | {
frekvencija ' L ‘ ‘ 4 ' ' > ‘




Eksperimentalni
postav

Stablilizacija



1) Ultra stabilni opticki rezonator

ultra " ]

=
—. - 4= laser

stabilni

opticki © oRs.

rezonator + g

diodni laser
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1) Ultra stabilni opticki rezonator

erbij fiber jedno-modni kontinuirani laser 1542 nm

optiCki rezonator

© CALT

output

J

ULE staklo

visoki vakuum

cw

diode laser

aktivna temperaturna
stabilizacija

zvucna izolacija

aktivna platforma za izolaciju

od vibracija

|

collimator | EOM

T

A/2

| lockbox _ puy

pound-
drever-hall

/4

i

PD

()
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Slika: M. Systems, UMAN ORS 1550 user manual
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1) Ultra stabilni opticki rezonator

* erbij fiber jedno-modni kontinuirani laser 1542 nm i

* opticki rezonator » /
outpu
A2 A4
 ULE staklo ./
. ‘W collimator | EOM D D
 visoki vakuum diode laser

» aktivna temperaturna T T

pound- ;
..‘_
BT | everhan (€ L°

stabilizacija

* zvucna izolacija
 aktivna platforma za izolaciju

od vibracija

()
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1) Ultra stabilni opticki rezonator

* erbij fiber jedno-modni kontinuirani laser 1542 nm f 00

* opticCki rezonator » /
outpu
ULE staklo ./ M2 A4
cCw )
« visoki vakuum diode laser colimator == D [:I 0 [=]

* aktivna temperaturna I T
stabilizacija " lockbox oo pound- | .o
. . drever-hall
* zvuclna izolacija \
 aktivna platforma za izolaciju
od vibracija Udar
nosioc + sidebands
© CALT C l\ I— T 23



1) Ultra stabilni opticki rezonator

* erbij fiber jedno-modni kontinuirani laser 1542 nm

* opticki rezonator

© CALT

 ULE staklo
* visoki vakuum

 aktivna temperaturna

stabilizacija

e zvuclna izolacija

od vibracija

output

J

CW
diode laser

|

 aktivna platforma za izolaciju

collimator +—— EOM

T

i

[ lockbox  NERE SRRl
drever-hall

44— PD
/ EOM modulacija
error signal = +
signal iz PD
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1) Ultra stabilni opticki rezonator

* erbij fiber jedno-modni kontinuirani laser 1542 nm

* opticki rezonator

output

CW
diode laser

J

I}

Wo-wy,

/m

struja, T

temperatura

| lockbox _ puy

collimator

EOM

-

T

pound-
drever-hall

PD

\

error signal




1) Ultra stabilni opticki rezonator

\ provjera

0,10}
> 0,08-
* ringdownvrijeme T 5
£ 0084 — ringdown
e T =(323 + 0.2) ps 2 —— exp fit
S 0,04-
e F=""5"T_ 252000 + 2000 3
3 0,02 1
 FWHM =< 2= (4960 £40)Hz " | | | |
0 50 100 150 200
time (us)



2) Stabilizacija frekventnog ceslja

ultra
stabilni

opticki

rezonator + g

diodni laser
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2) Stabilizacija frekventnog ceslja

C
* frep —Z

* L. = duljina rezonatora

(piezo kristal, unutarnji EOM)



2) Stabilizacija frekventnog ceslja

CW
1 mod
C laser
frep ey 1542 frekventnog Ceslja
m (=1542 nm)

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)



2) Stabilizacija frekventnog ceslja

C
* frep —Z

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)

CW
laser
1542

nm

1 mod

frekventnog ceslja

(=1542 nm)
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2) Stabilizacija frekventnog ceslja

C
* frep —Z

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)

CW
laser
1542

nm

1 mod

frekventnog ceslja

(=1542 nm)

® mikser



2) Stabilizacija frekventnog ceslja

cW
1 mod
c laser
frep =35 1549 frekventnog ceslja
(=1542 nm)
- nm
* L. = duljina rezonatora
(piezo Kkristal, unutarnji EOM)
® mikser
DDS signal

- 35 MHz



2) Stabilizacija frekventnog ceslja

CW
1 mod
C laser
frep ey 1542 frekventnog Ceslja
m (=1542 nm)

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)

error signal @ mikser

DDS signal
- 35 MHz



2) Stabilizacija frekventnog ceslja

CW
1 mod
C laser
frep ey 1542 frekventnog Ceslja
m (=1542 nm)

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)

PID error signal ® mikser

DDS signal
- 35 MHz
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2) Stabilizacija frekventnog ceslja

CW
1 mod
C laser
frep ey 1542 frekventnog Ceslja
m (=1542 nm)

* L. = duljina rezonatora

(piezo Kkristal, unutarnji EOM)

PID error signal ® mikser
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2) Stabilizacija frekventnog ceslja

* fceo
(piezo Kristal, struja lasera)



2) Stabilizacija frekventnog ceslja
A1)

* fcEo
(piezo Kristal, struja lasera)

! Iw']""'.d() 2nw rtwo

X2)— ¥
2(nwrtwp) % ¥

beat note wo

CALT Ref: M. Systems, FC1500-250-ULN user manua 1 38



2) Stabilizacija frekventnog ceslja

* fcEo

(piezo Kristal, struja lasera)

PID

AL
\
__S( - I | | I = >
< Nw’)"".&'(') 2”“-.7"*'-"’()
X2 >3
.2(”»4,1"*'4.()) % beat note o
Y
error .
] mikser
signal
DDS
signal
35 MHz
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2) Stabilizacija frekventnog ceslja

* fcEo

(piezo Kristal, struja lasera)

spori aktuator

PID

AL
\
__S( - I | | I = >
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X2 >3
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DDS
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35 MHz



2) Stabilizacija frekventnog ceslja

* fcEo

(piezo Kristal, struja lasera)

brzi aktuator

spori aktuator

PID

AL
__S( AR U I - | I ek >
< Nw’)"".&'(') 2”“—.1'*'-"’()
X2 >
.2(”wr+ub()) % beat note o
Y
error @ .
] mikser
signal
DDS
signal
35 MHz



2) Stabilizacija frekventnog ceslja

\ provjera

* lijepi phase lock:

* f;"ep

* fceo

©CALT C l\ I— 1
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2) Stabilizacija frekventnog ceslja
\ provjera
* lijepi phase lock:

.frep -1 mod -

* fceo —

© CALT C l\ I_ 1 43



2) Stabilizacija frekventnog ceslja

\ provjera

* lijepi phase lock:

.frep -1 mod -

koherencija

* fceo —

© CALT C AL 44



2) Stabilizacija frekventnog ceslja

\ provjera

* lijepi phase lock:

.frep -1 mod -

koherencija ‘ Svi

modovi

* fceo —

©CALT C l\ I— 1
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3) Stabilizacija 698 nm lasera

T—

ultra * [1= cw  frekventni diodni laser
stabilni  [P== laser sesal;
||+ IR cesal;
opticki 1542 niskog
rezonator s s nm Suma

©CALT C l\ I— 1



3) Stabilizacija 698 nm lasera

diodni laser PHASE LOCK
698 nm

Lowpass filter Amp"ﬁer Lowpass filter

Highpass filter Highpass filter

1 mod ECDL [FSC—<—X) Mixer

frekventnog Ceslja

Local oscillator
35 MHz
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3) Stabilizacija 698 nm lasera

\ -10 -
rezultat -
90

¢ Lljep| phase IOCk g -30 - — 698 nm laser u phase lock-u
0 -
. el
» uski vrh S
= 50+
* niski Sum £
-60 -
* Sirok bandwidth .
(oko pola MHz) 5

32 | 3I3 | 3I4 | 315 | 3I6 | 3I7 | 3I8

frekvencija (MHz)
CALT "



Eksperimentalni
postav

Redukcija suma



Laser 698nm

PNC petlja

M _ PBS % To BOU

M Filter Iris Y %ES PD 1

WV
=
A~
AS
=

I EOM
signal generator

y, N i'Wl'l‘ (beat detection unit)

Lowpass filter

Highpass filter

—% (AQM drver——{FSC}

{ SA

BS PBS PBS
© CALT c '\ l— T

Amplifier Lowpass filter

Splitter
Highpass filter

Mixer

Local oscillator

= phase noise cancellation
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Princip
rada petlje

M Filter

Iris

Laser 698nm

g

% ‘

Iris

PB
BS PD
Z Y
- F
AOM

Lowpass filler

Highpass filter

signal generator

© CALT

S
. V. é

M

Amplifier Lowpass filter

Highpass filter

FSC

Splitter

Mixer

Local oscillator
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Princip
rada petlje

M Filter Iris

Laser 698nm

Iris

laser
% (f' (1)0)
PBS
| |
BS PD 1 Lowpass fiter  Amplifier Lowpass filter
< > . Splitter
AOM Highpass filter Highpass filter
_AOM driver FSC Mixer

Fa
“ ? M Local oscillator
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Princip
rada petlje

Laser 698nm

laser laser
} (f, wg) (f+ 160 MHz, wg + 2w,,)

PBS |
M Filter Iris ﬁEs F"D 1 anﬁ filter i!\.lmhfﬂf Lowpass filter
I] . I . Splitter

Hughpass filter Highpass filter
_AOM driver FSC X) Mixer
Iris
M
Fi o ..l"' I('\:‘_A‘J
4 I. f M Local oscillator

@— | eow

signal generator

© CALT

BS
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Princip
rada petlje

M Filter Iris

Laser 698nm

>

PBS

Fd

laser
(f' (1)0)

% BS F'D 1 anpasﬁ filter ,.!.,,mhfer Lowpass filter

I

Iris

=

Hig |“I|:|-EISS filter

L\

B

& con

signal generator
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N

laser

(f+ 160 MHz, wy + 2w,,,)

Highpass filter
FSC

-AQM driver

Splitter

I) Mixer

®

Local oscillator

signal
(160 MHz, 2w,,)
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Princip
rada petlje

M Filter Iris

Laser 698nm

>

F"ES )

ﬁz BS F‘D 1 anpaas filter Armhfef Lowpass filter

| | M

M Iris

Hig hpa55 filter

B

@—l IEGM

signal generator
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BS

L

Highpass filter

-AQM driver

()

ALT

FSC

Splitter

X) Mixer

®

Local oscillator

160 MHz

signal
(160 MHz, 2w,,)
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Princip
rada petlje

M Filter Iris

Laser 698nm

>

PBS

Fd

ﬁg BS 1 anpaas filter ,!umhfe.r Lowpass filter

| | M

M Iris

Hig hpass f‘Iter

B

@—l IEGM

signal generator

© CALT

BS

L

Highpass filter
AOM driver, FSC
error signal

_W
@

Splitter

X) Mixer

Local oscillator

160 MHz

signal
(160 MHz, 2w,,)
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Princip
rada petlje

Laser 698nm

J

PBS

Fd

=

®— | eom

Filter Iris
Fﬁ'. < I ' ﬁEs Pm anmﬁ "E Amphfer ey Splitter Signal
H:ghpaas filter Highpass filter (160 MHZ, Zwm)
_AOM driver FSC X) Mixer
Iris fﬁ error signal %
——M 7 M Local oscillator
160 MHz
promjena faze
%

signal generator

© CALT

error signal =0

()
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Provjera
Izvan petlje

signal generator

Laser 698nm

| SA |
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Provjera
Izvan petlje

Laser 698nm

i
@—l | EOM
signal generator
M

up

BS

e

'
5 eo2
N9
PBS PBS

| SA |

laser
(f, wo)
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Laser 698nm

Provjera E

lzvan petlje  eesT 2
) laser
o8 (f, wop)
Sy |
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M x?”' laser
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Provjera
Izvan petlje

=

Iris

Laser 698nm

>

M PBS

Fd

BS

I
]

::%

up

&1 con

5

[l

{/M

2 PD 2

signal generator
-
W BS

U

laser
(f, wo)

laser
(f + 80 MHz, wg + wyy,)

signal

PBS PBS

SA |
(80 MHz, w,,)
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Spectrum Analyzer Data
FileName_37 (11/4/2024 5:15:41 PM)

Mjerenja
* srednja vrijednost lijevog i desnog i

-95.0

sideband-a

dBm 159.9750 160.0000
A: Center Freq: 160.000 000 MHz

Spectrum Analyzer Data
FileName_38 (11/4/2024 5:16:15 PM)

* prije i poslije ukljucivanja PNC-a
* unutar i izvan petlje oo

-85.0

160.0250
Span: 50.000 kHz

-105.0

dBm 159.9750 160.0000
A: Center Freq: 160.000 000 MHz

©CALT C )\ I— T

Span: 50.000 kHz
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Spectrum Analyzer Data
FileName_37 (11/4/2024 5:15:41 PM)

Mjerenja
* srednja vrijednost lijevog i desnog i
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Spectrum Analyzer Data
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Span: 50.000 kHz
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Spectrum Analyzer Data
FileName_37 (11/4/2024 5:15:41 PM)

Mjerenja
* srednja vrijednost lijevog i desnog i

-95.0

sideband-a

dBm 159.9750 160.0000
A: Center Freq: 160.000 000 MHz

Spectrum Analyzer Data
FileName_38 (11/4/2024 5:16:15 PM)

* prije i poslije ukljucivanja PNC-a
* unutar i izvan petlje oo

-85.0

160.0250
Span: 50.000 kHz

-105.0

dBm 159.9750 160.0000
A: Center Freq: 160.000 000 MHz
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Span: 50.000 kHz
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Rezultati



Redukcija Suma
unutar petlje

e do 10 kHz:

» velika efikasnost

* 35 dB redukcije, umanjenje = 3000 puta

e iznad 10 kHz:

* eksponencijalni pad efikasnosti

* negativna redukcija za 70-80 kHz !

© CALT
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Redukcija Ssuma

. . 40 -
Izvan petlje
|
* do 10 kHz: _ %09 " L
m |
O
« velika efikasnost fomt -
) - S 20- .
* 30 dB redukcije, umanjenje 1000 puta o "
©
H— |
: I, 2
* iznad 10 kHz: 3 10- .
% "
* eksponencijalni pad efikasnosti .
* negativna redukcija za 70-80 kHz ! 0 .
|
| d SRR R L R ] R e |
1 S 10 25 o0 75

frekvencija Suma (kHz)
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Zakljucak



Fazna stabilizacija

* uspjesno provedena
e finesa rezonatora > 200 000
* lijepi phase lock za f,ep, fcro

* lijepi phase lock za 698 nm laser

69



Fazna stabilizacija Redukcija Ssuma

* uspjesno provedena  optimiziran i okarakteriziran rad petlje za

e finesa rezonatora > 200 000 redukciju Suma

+ lijepi phase lock 7a frep, frzo * potvrden efikasan rad za potrebe laboratorija

* oko 30 dB redukcije (smanjenje 1000 puta) za

* lijepi phase lock za 698 nm laser frekvencije Suma ispod 10 kHz

©CALT c l\ I_ | 70
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CENTRE FOR ADVANCED LASER TECHNIQUES
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Projekt je sufinanciran u okviru OP Konkurentnost i
kohezija, iz Europskog fonda za regionalni razvo.
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