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Coherent population trapping (CPT) clocks at FEMTO-ST
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Applications of vapor-cell atomic clocks:
telecom, navigation, instrumentation, ...

Miniature CPT atomic clock

Targets:
* Allan deviation o, (1) = ~ 1011 at 1 day

e 15cm3 /125 mW

v -
o.

‘ Compact CPT atomic clock

4 ';.~ N e & largets:

~ * Allan deviation o, (t) = few 1013 /2 up to 1000 s
e <101 at10%s, ~ 1014 at 1 day
.+ ~30L/30W
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Motivations

Light shift in a 2-level system
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In a CPT clock

F=4

1.16 GHz

Light shift depends on detuning and
intensity of each spectral component

Iy i1
= |. I I " of the light

= T oa%20H:
--------- i - Complex
9.192 GHz Generation of sidebands by . N
resonance || 3 phase/intensity modulation Strongly environment-sensitive




Whattodo ?

Reduce fluctuations of the field power and frequency

Sensitivity Setpoint  Max. to reach 101> (fract.)

Laser power fluctuations RNl E=yiniY 500 pw 7107

Laser frequency 4.2 1012/MHz 335 THz 8 1013
fluctuations

mm) \ery difficult to reach such stability levels

Reduce sensitivity by compensation
F=4

1.16 GHz

* Tune the modulation depth to change
the energy distribution onto the

o sidebands
+ = la * Find a setpoint that compensates
2 I I ¥ positive and negative light shifts
F=4 T 91%20m:
resonance [ — F=3 mm) |f exists, this setpoint may be far from optimal conditions




Sequence tailoring: Ramsey sequence

. Ramsey sequence
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Ramsey-CPT sequence

7  / Detection
Q(t) 3
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The Ramsey-CPT fringes
represent the phase difference

after the free evolution

Atoms are in the dark most of

the time
Light shift is reduced

BUT there is still residual light shift from light pulses




Beyond two-pulses interferometry

Advanced methods for light shift reduction

* Hyper-Ramsey vudinetal, phys. rev. 4 82, 011804 (2010)

mmm) Goal: compensate the phase shift
imprinted by light during the pulses with
another pulse, where the phase is

reversed

Modified Hyper-Ramsey
Generalized Hyper-Ramsey
Other hybrid schemes...

Zanon et al., Reports on Progress in Physics 81 (2018)

Autobalanced Ramsey (ABR) spectroscopy

Sanner et al., Phys. Rev. Lett. 120, 053602 (2018)

mm) Main difference: measurement and live
correction of the light shift

LO Phase

Ramsey sequence \

T T

R bl L b rogs

Hyper-Ramsey sequence

"~y

ABR sequence
(b)




ABR spectroscopy: principle

"pLOq)at
y

Vio = Vo

Ramsey-CPT sequence

/ Detection |
) Eé”” ] E

* Frequency = slope of the phase vs time

* Free-evolution atomic frequency during T
"pLOq)at "pLO"pat
1 Vio = Vis t Vo = Velock
< >« > > t
T, T T,




ABR spectroscopy: principle

Ramsey-CPT sequence
"pLOq)at

_ / Detection |
Vio = Vo | Q(t) Eé—" T

’\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\N\/W\/\/b

Sat /

b ] 1 1

* Frequency = slope of the phase vs time
* Free-evolution atomic frequency during T

¢L0¢at ¢LO "pat

) Vio = Vis | 4

V10 = Vclock

A
v
A

y

v
~+
v

< > <—><—><—> t

Residual light shift increases with decreasing T
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ABR spectroscopy: principle

Shift dependent on T is a characteristic of light shifts

mmm) Conditions for no light shift whatever T:
* Vo=Vp Same slope for LO and free atom
* P.= P Phase jump corresponding to
atomic phase shift

ABR spectroscopy:

» Alternate cycles with dark times T, and Ts
» Apply a phase jump @. during dark times
» Generate associated error signals g, and &
» Two servo loops:

* g=0 Vio

* &=0 P,

mmm) \\Vhen both servos are on,
Vio=Vo  Pc= @y

CPT transmission

E=AF_A|
=0whenv=yv,

S




ABR-CPT — symmetric sequence

I I A
max. -i-- - o b % 3
B l |
v By T r IEE / r L'ght
PI® @® 1O ® ® O Offset
w2 -~ .- : - - -
0 m— < : - - ----&=Phase
/2 y '
- . Freq
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ABR-CPT —setup

* Laser * Laser frequency stabilization * CPT signal detection
* Sidebands generation * Laser intensity stabilization * Control electronics
e LO signal generation * Physics package (vapor cell)

11



ABR-CPT - results

Reduction of sensitivity to light

CW regime ~ 81012/uw P oM o . 7 @) ‘/4/
= @ - s. i On
Ramsey-CPT ~3103/uW ' 38 ' . :.
g . 1
Autobalanced Ramsey ~ 31015 /puw ! § o } :
" -
P (“' e . 3
=)  Gain of two orders of magnitude SR w4 : ) :
Laner power | AW L aser Dampaave y Owibrwwy (DU

Impact on clock frequency instability

Allan deviation

Ramsey-CPT

SABR-CPT

IR AR T i daasasl e
1 10 100

aasasal M AAALAL A
1000 10000

Averaging time (s)

Short term: ~ 2103 v2 @ 1s

~ 30x improvement @ 10000s
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Motivations — part 2

Advanced methods for light shift reduction

Ramsey spectroscopy

Hyper-Ramsey

Autobalanced Ramsey

Sensitivity to incident light power (in a compact cpT clock)

CW regime ~ 81012/uwW
Ramsey-CPT ~31013/uwW
Autobalanced Ramsey ~ 31015 /puw !

But in miniaturized CPT clocks:

Low laser powers available
Pulsing light is not easy

Laser frequency stabilized on CPT cell

Solutions in the CW regime?

Q(1),
Q.
- t >l T >l T >
O\
Q,
T / 27T T

0
Q)

Max.bu- - gg- -

w2y

2«2

|
~~ Y
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Principle of ACS

Unsversal et hoeds Ton suppressing 1he lighe shift in atomie clocks based on

ONLINoMmsmIYe spociroscopyy

Vgt light-shift-free c: light-shift coef.
vy, ¢:free parameters

Sp,(Vo+éP) =0 @Py
SPZ(V0+€P2) =0 @PZ

Auto-

Compensated

* Two servo loops

*  Only constraint: linear

Shift light shift




Principle of ACS

THOARS-TIVE S Lros oy

1} saing the Nghe shift in atomie clocks hased on

|

Vgt light-shift-free c: light-shift coef.
vy, ¢:free parameters

Sp,(Vo+éP) =0 @Py
SPZ(V0+€P2) =0 @PZ

Vo = Vgt ,§ =C

Auto-

Compensated
Shift

* Two servo loops

*  Only constraint: linear
light shift




Principle of ACS

yT - ’
Modified error signals Sp, (Vo +EP5)  Sp,(vo + EPY)
Linear combinations of the original error signals Sis = tan e - tan e
» Sisis proportionalto é —c < 2 1
> Both Sp; and Sp, are exploited in both servos Sp,(vo + &P,) Sp, (vo + &Py)
> No "dead time” So =12 tan + 1M tan e
Prevents degradation of short-term stability 2 1

» Independent scaling factors for computation of S,

Vgt light-shift-free c: light-shift coef.
vy, ¢:free parameters

Sp,(Vo+éP) =0 @Py
SPZ(V0+€P2) =0 @PZ

Auto-

COmpensated
Shift

* Two servo loops

*  Only constraint: linear
light shift
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Incomplete ACS sequence

4 : a
Optical P P |
: | 2 A
POWET o : : a C'I:T transmission
LO ! Ay TTEEE STerororeres Treey eere: o j
B - - . x - . - x v \ : 4 C 'XJ
'rc‘l' | l‘b F1 | ef 2
E— U bR | E— Foees l ...... ' O
RPESEETE TR B sy VS| Sers
\ig}:x.;l L l—
detection . -
Error |
. - A + A | -] A ! + A2
signals Ll Le i -7zl 4
[y ‘W‘_—J \_V__—/ T
. S, Sk
g (a) P; = 59.7 uW %
& 440 =
a =y
E Py = 27.4 uW [
c 430, 5
I ‘ =
= w

46 48 50 52 54 56 58 60 62 46 48 50 52 j “.‘54 56 58

60 62
LO detuning, Shift from v (kHz) LO detuning, Shift from v (kHz)

- 85,.=(Ss MWD, -(S; VD,=0 = Lightshift correction (<)
So=m(Sy VD +m (S, VD.=0=p Frequency correction (v,)
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Memory effect

The CPT signal is affected by the atoms history =» Memory shift
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Symmetrized-ACS sequence

+ &P, |

Opucal ( P, P. P, P. |
power < - ; . | 1 2 .
LO
freq.
Signal
detection
Error . | : : . :
signals || Ayl oAy o Ay , oo
< e p— ——p— N— p— —— p—
. S-‘ SB S(‘ SD %
{ S, =(SstSpVD, - (S+S)VD, = Light shift correction (&)

- Su=ma (SgtSpVD,, + ny (S,+Sc)VD,, = Frequency correction (v,)

Memory shift of sub-sequence 1 is balanced by that of sub-sequence 2

4 -[)1
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Experimental setup

Laser frequency stabilization lockin
P, amp.

dc current

™ PD2

Used as pw -

multiplexer fio ® efswitch PD1

v+ &P, Laser power at cell input

Laser power pattern Error signals
processing
e il LO2 frequency correction
synthesizers
LO1 frequency correction Y
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Light shift reduction

o FPym=- 0 17 g8m, stand.;rd . | v . | \
® P,»=217d8Bm, standard | _ ' o ‘
54.75] ® F,=31708m st.\nd:m . .
® P, =417 08m, standard -9
N 54.50! ® p, «01708m cw.sacs ' 1'6.10 [uW — > standard
0 8 A, =217 dBm, CW-SACS . ° B
4 | P, = 317 dBm, CW-SACS .
—34.25 : P, = 4.17 8Bm, CW-SACS . - ¥ o
J o o o ® Y,
. 54-00 | ] i © L ° i °
E ’ - = ° ” .
o 5375 ! e e . o ° ¢ ! 9
.,}:, 8 gl '@ -
£ 53.50' e
E 2% o .
3.21010 /uw
Bs3z5 485 ° | e
s § |9 @
53.00 =389 % % %
20 40 60 80 100 120
Laser power before the cell (uUW)
=) 5 times reduction in CW-ACS mode Limited benefit because of
non-linearity of the light shift
_
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Non-linear effects

Light shift, FMdev = 2.5 iz
10001 & Puw =417 dbm

« hnewr e
Cube
~ 00
z
§ 200 &
~ B
™ >
& 0} - ~ =
n =
L4 e
5 o= |
& o ot
=
200} ’
-
..
o1 02 o5 04 0s
Power before cell (V)
Fit residual. FMdey = 2.5 Mz, Puw = 4 dBm
©
10+
.
L J
=
z
=
é 0 * . * . * . . *
g - ™Y .
L
L
-$ 1
L J
o
® bt B
o cube Bt * B
=101 3 3 : $ 3 3
o1 02 03 04 0s o6

Power before cell (V)
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Non-linear effects

Can we account for the non-linearity with the CW-ACS method ?

We define:
vi=vo+&Pi + B P2+ y P8

17 dBm, CW-SACS

m P, =4
53.25¢ 3 . -
* P, =4.17 dBm, CW-SACS-cubic °

N
V2 =Vo+§ Po+ B P2 +y Py ¥ 5320 “
i =4
. - 3'53.15 -
B, Y fixed by the local cubic fit parameters . 1.7 Hz/uW -
Vo, € still actively computed by the servos 25310 o
_ & N
c— *‘
€ 53.05 |
o _Sn0) Se) a7 3 59 mz/uw
LS tang, tan g, 53.00¢ !
20 40 60 80 100 120
So =1, 5, (v2) + Sy (v1) =0 Laser power before the cell (uW)

tan g, ! tang,

28 times further reduction vs. linear-ACS (170 times vs. standard mode)

Yes, we can! But...

* Asimple polynomial law is not universal
e Accuracy is lost if the fit is local

=» Robustness goes with knowledge of an analytical function
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Frequency stability measurements

P, =28.4 uW, P, = 62.0 pW

C
RS
P
o
>
L
©
e
L
<
10-11/ N Short term, normal mode
109 10? 102 10° 104

Averaging time (s)

* N =n,=0.5(no optimization of short-term)
* Short term 5 times worse than in standard operation
s Affected by servo gain

* 5 times reduction of the instability @60000 s vs. @P; (10 times vs. P,)
¢ Improvement limited by another unknown long-term effect

24



Conclusion

v" Two methods were implemented on a CPT clock in order to reduce light shifts,
only playing with the sequence:
v In pulsed regime, ABR-CPT sensitivity / 100
v" In CW regime, ACS-CPT sensitivity / 170 with the cubic approximation

v In both cases, a significant impact was observed on the long-term instability

v" No degradation of the short-term is also possible

v' Symmetrization as a solution for atomic memory

25






