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Atom Interferometer

Quantum technologies and the elephants M. S Safronova and Dmitry Budker Quantum SCI Technol 6 040401 (2021).
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Atomic Magnetometers Atomic inertial sensors ... Atomic Clocks

Absolute sensors + Ideal test mass + Internal structure



Atom Interferometry: inertial sensors

Geophysics

Earth observations
Tracking land and water masses

T. Léveque et al. Journal of Geodesy 95:15 (2021)

Courtesy of N. Gaaloul

Civil engineering
Gravity cartography

Buildings

Soil compaction . (<100 E)

(<40 E)

Aquifers = _ e
(<20 E, not to scale) b o e p— Future gravity
SraslD. iblong cartography

Surface

Subsurface

B. Stray et al. nature 602, 590-594 (2022)

Navigation

Navigation w/o GNSS

O > 7% of EU GDP (1012 €)
depends on GNSS

O Strategic independence

Challenges = Reliability + Miniaturization



Atom Interferometry: fundamental tests

Fixler et al. science 315 5808 (2007)
Rosi et al. nature 510 7506 (2014)
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Asenbaum et al., PRL 125, 191101 (2020
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Atom Interferometry

Two wave interferometer
N, + N,

S

— SO<1 + Vcos(Agb))

S

State preparation Quantum superposition Projection

|p) ay | pp) + azeiA(p | p>) Ny =|a + azeiM |2



Atom interferometer

Two wave interferometer

N, + N,

S

— 50(1 + Vcos(Agb))

State preparation Quantum superposition Projection
|P1) a|p;) + aze’A¢ | ) N, = |a; + azemb \2
Atom source Atom optics: Detection:

cold atoms optical lattice Fluorescence



Atom Interferometer

A tool for precision measurements

N, + N,

— 50(1 + Vcos(Agb))

@

@
@ @ \ A
- P ‘ s ¢

ApxK-M + ¢

Two wave interferometer: single parameter A M: Measured quantity

SYSt.



Atom Interferometer

A tool for precision measurements

S = al =35 (1 + Vcos(Agb))
N +N, °
S
%R N Ad
A¢ x K-M + ¢syst.
Two wave interferometer: single parameter A M: Measured quantity

Sensitivity = The smallest variation of M that can
be measured within a given time frame. Accuracy: Knowledge of Ag

Gy = ( 95 _0AQ )—1 ~—> Low noise Accurate modeling of
=

0) .
5 atom interferometers

0AQ aM\-7 Large scale factor 8




Atom Interferometer

A tool for precision measurements

N, + N,

— S0<1 + Vcos(Agb))

R i, N A
A§b x K-M + ¢syst.
Two wave interferometer: single parameter A M: Measured quantii

Sensitivity = The smallest variation of M that can

be measured within a given time frame. Accuracy: KL PO Ag

odeling of
- N Interferometers

Og

0S 0Ap\_, >
oM = (6Aq§ aMl_?




Part | accuracy: Phase shift calculations

Part |l sensitivity: LMT atom interferometer
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Atom Interferometry

Lecture 1: phase shift calculations
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Outline: Phase shift calculations

1. Atom Optics
2. Wave Packet propagation

3. Phase shift formulae

4. Applications
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Outline: Phase shift calculations

1. Atom Optics
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The standard model of atom optics

2-level atom In free space

¢Internal variables: (electronic, angulare momentum, ...)

Two internal states: |a) and | b)

Bohr frequency: wy = (£, — E )/ h
—— | D)

haw,

— | a)

Hy = hw,|b){D]

14



The standard model of atom optics

2-level atom In free space

¢Internal variables: (electronic, angulare momentum, ...)

Two internal states: |a) and | b)

Bohr frequency: wy = (&, — E )/ h

| b)
hay, *External variables: Center of mass 7 and p
— | a) H?
Kinetic energy —
. oM
Hy = ——+haw, | b)(b|

2M

15



The standard model of atom optics

2-level atom In free space

¢Internal variables: (electronic, angulare momentum, ...)

Two internal states: |a) and | b)

Bohr frequency: wy = (&, — E )/ h

D)
hay, *External variables: Center of mass 7 and p
|a) pH”  eigenstates o) |
_ . Kinetic energy —— =———b> ane wave: |p)
. 2M
u p |
’ H, = +hw, | D){D| | - 2
0 M b | D)(D] :' eigenvalues p
|

“Uncoupled eigenstate |7, p) ‘

16
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The standard model of atom optics

2-level atom In free space

E 4 ¢Internal variables: (electronic, angulare momentum, ...)

E, Two internal states: |a) and | D)

Bohr frequency: wy = (&, — E )/ h

*External variables: Center of mass 7 and p

A7)

)2, eigenstates D] _
- . Kinetic energy — —> ane wave: |p)
. 2M
u p |
' H, = +hw, |b)(b| | - 2
0 M b | D)(D] :' eigenvalues p
1 " M

“Uncoupled eigenstate |7, p)

17
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The standard model of atom optics

2-level atom + classical light field

E 1 ¢ Coupling atom - classical e.m. field
1 .
£y K(z,1) = EeEOel(kZ_wt_¢L) +cC.cC.
E,  ¢Atom-Laser interaction in the Rotating Wave Approximation
ap, Vi ==D-E~ —=([b)(al e 4 |a)(p| ekt
, 5 2 N
Pa  Pp absorption emission
H = Ey. + hw, |b){b| +V,,  Rabifrequency: €2 = - and D = (a|d|b)
m .

(@

18



The standard model of atom optics

2-level atom + classical light field

A

E .
Initial state: |a, p)
Ly o
Translation operator: e=*<| p) = | p + hk)
E / / o —i(wt+ep;) , k2
a  (b.p'IVarla.p) = (b.p'l—= (e "W b)lal + h.c)]a,p)
ha,
|a,p) .
p iRk = ——e b, p'l e b p)

Var hQ hQ
|a,p) <> |b,p + hk) =€ e PI(b, p'| b, p + hk) = — € S, ik

2-level system: |¥) = a(l,7)|a,p) + BU, )| b, p + hk)e'

19



[ a)

The standard model of atom optics

Conservation laws

*Photon: line E = cp p,—p, =hk E,—E, =ho

*Momentum conservation : p — p + hk

¢Energy conservation:

2 2
+ hk
ho + L = hA + hay + LN
2M 2M
| p Ak’
A=w—wy—Kk— — =0 — Wp — Wp
M 2M / \

Photon

Doppler recoll

20



The standard model of atom optics

Interaction picture

H” hQ - -
H = it + haw, | b){D| + ( 21¢1 o!Ke—wi=¢p) 4 | a){b| e‘l(kz_a”_qu))
2m 2
Time-dependent hamiltonian: Time-independent hamiltonian:
2 hQ i H = UHU" +ihUU" hQ i
M 76 I N 0 76 L
= Q. (p + hk)> "= e —id,  AA
—-e " hwy+—— Unitary transform: 2 °

U= (ei%t 0 ) ,
0 ei(%+a))t

21



The standard model of atom optics

Diagonalisation of A

Eigenvalues of H:

Eigenstates of H:

cos 20 = N | + ) =sin 0| a)Ye " + cos 0| b)e'?'?

sin 26 = 2 | — ) = Cosg|g>e—i¢/2 _ Siﬂ@\l})eiqb/z

V Q2 + A2

22



The standard model of atom optics

Diagonalisation of A

Eigenvalues of H

Eigenstates of H

c0s 20 = N | + ) =sin@|a)Ye " + cos 0| b)e'?'?

in20 = — = | — ) =cos@|a)e™?? —sin Q| b)e'?? A
VQ2 + A2 | | +) ~ |a)

Application: Light shift

| +) = |b) S

~N—— x| Engineering ground-state energy landscape 23



The standard model of atom optics

Diagonalisation of A

Eigenvalues of H:

Eigenstates of H:

cos 20 = N | + ) =sin 0| a)Ye " + cos 0| b)e'?'?

sin 26 = 2 | — ) = Cosg|d>e—i¢/z _ Siﬂ@\l})eiqb/z

V Q2 + A2

Time evolution:

24



The standard model of atom optics

Rabi oscillations .

hQ | b
@ForAzO:ﬂizi—and\i)—‘ )

e

§ +)+ | -
#initial : | P(0)) = |a) = 1+ +l=)
\V/2
, . | o o
¢ Time evolution:  |¥(®)) =—(| + )e'2'+ | = Ye 72!
ﬁ< )
:%(\c’i)ei%t |bYe'> + |@ye 3" — | BYe '3 _cos(Qt)\a)+lsm(S;t)\b)

Rabi oscillations = Interference
between two eigenstates that
accumulate different phases.

25




Atom optics

Rabi oscillations between momentum states

‘\P> — U”‘i") = G(I,T)‘a,p> —|—ﬁ(l,’[)‘b,p—|—hk>ei§bL

100
a and [ depend on the laser intensity
and duration
50
Laser phase ¢; on the transferred state
0 Transition probability:
0 50 100 150 O
Pulse duration P — 2 2 25t
u (poptnk] = | P17 o sin -

Rabi oscillations




Atom optics

Rabi oscillations between momentum states

; | | p + hk)e®
W) = UT W) = a(l,7)|a,p) + fU,7) | b, p + hik)e:
o
a:‘ T >
S0
r/2 pulse = beam-splitter
0 igh
0 w |p+ hk)e'?

Pulse duration

- & & * » 8% & & 5 9 p & O
6&#&@@&“&6*%%

1
_ Ak hk
|p) ﬁum + |p + k) P+ 7k) m pulse = Mirror




Atom optics

Single and multi-photon process

Single photon Two photons : Raman Two photons : Bragg

E 4 4 E 4

|¥Y = a|E,,p) + B|E,, p + hk)ePon? |PY = a|p) + B|p + hk)e®®



Light pulse atom interferometer

Various configurations

Various geometries, w or w/o internal states ...

Space Space

:
0 T 2T 0 T T+T 2T+T
Symmetric interferometer Ramsey-Bordé interferometer

Time

Time

29



Light pulse atom interferometer

N-pulse atom interferometer

l; liv1

& Two paths
out1

& Two output ports

3w TAd
I out?2

& Integration of each ports

laser pulses .
propagation

The total phase shift equals the sum of the phase shifts for each interferometer slice.

30



Outline: Phase shift calculations

1.

2. Wave Packet propagation




Propagation of a wave packet

Review of classical lagrangian dynamics Classical 7.(7)

o‘::"l'; ]

o

= ol v
A

Particle of mass m in a potential V

. : , m .,
Lagrangian :L(r(t ),p(t)) = ?r -V

. oL
Canonical momentum: p = —

or

Principle of least action: particle follow
a path of extremal action (05 = 0).

v

[
Action: S =J L(r(t), r(t))dt
t ( ) Sci(r, 15 1y, 1)

0

Alternative expression for

L 1
the classical action: Sc1 = I \ (pdr — Hdt) @ think phase of plane wave: %(p - r — Et)
r(¢

32



Propagation of a wave packet

Quantum Propagator

0
Schrodinger equation: ihg |W()) = H@) | P(r))

| W) = U, 1) | P(1,))
Y(r, ) = (r|¥Y(@®) = (r| UG, 1) | (7))
= Jdr0<r| U(t, ty) | 1)1 | P (1))

WY(r, 1) = JdrOK(rO, to; 1, 1)WY (rp, 1y)

Propagator: K(ry, y; 1, t)

-

Y (ry, 1) = (r|P(5))

Y(r,1) = (r|¥P@®))

® K(r, 1) is solution of the Schrodinger equation
with initial wave packet localized in (7, f,)-

& Green’s function of Schrodinger equation.

® K(ry, ty; r, t) = amplitude from a space-time
(r09 t()) to (7’, t)

33



Propagation of a wave packet

Quantum propagator for quadratic H or L classical 7

)
Feynman path integral approach
x
| | i
K(I”, t, ro, to) — W Z elS},/h — J'@[I’(l‘)]elSV/h N\AAIV“ ' ,
Y Y(z,, ry)
At most quadratic hamiltonianinrandp | van Vleck Propagator
Simplified expression — ————
for the propagator |
N K(r, t; 1y, 1) = e exp
kinetic gravity gravity grad  Roetation J.H. van Vleck PNAS (1928) -
GW acc. harm. pot.

C.J. Bordé Les Houches Lectures (1991)

Still a good approximation in the semi-classical limit: S > 7

® Wave packet width smaller than typical variations of H: Al < 0,H & A) < 0 H

34



Propagation of a wave packet

Propagator for at most quadratic hamiltonian

quadratic hamiltonian - lagrangian

Sci(7, 1) is quadratic w\[\[\f M\VAVA"A:N
v ¥ (7, )

K(7, 1) is a gaussian

Y(z, r)

35



Propagation of a wave packet

Gaussian wave packet

¢ Quadratic hamiltonian - lagrangian -
.* . MI\A;,V P(t, r)
Sci(r, 1) is quadratic Lk

v Y(t,, r,)

K(7, 1) is a gaussian

" Im

¢ Initial gaussian wave packet Y(r,1) = Xp

VX L2n

(r — rC)YOXO_I(r —1,.)+ %(r —r,) "D,

Centers of the wave packet "'. Widths of the wave packet & Analogous to the complex radius (
7 of curvature of Gaussian beams. |
Center of the w.p. 7. | Y Width in velocity space

& Tricky to move from Xand Yto |
Velocity v. = p./m PX Complex width in physical space the usual widths in phase space. |

36



Propagation of a wave packet

Example: free propagation of a 1D wave packet

=/

im Y

minimal wave packet

| 2%
X(0) = —ic Y(0) = —

mo

W(z, 1) exp[
¥ (z,0) exp

2

-

Initial conditions: {, = 0 & 7.(0) = 0

02 |

37



Propagation of a wave packet

Example: free propagation of a 1D wave packet

=/

minimal wave packet

X(0) = —ic  Y(0) = 2h

W(z, 1)) o exp [ lzn;l )io (r — rc)z] X m_a .
: Y(z,0) exp _I;
Initial conditions: #, = 0 & 7.(0) = 0 o
Comparison with Laser Gaussian beam (2 + 1)D:
At the waist position z = 0 -2
ez E s explikcfexp |

A thorough and detailed comparison in C.J. Bordé Les Houches Lectures (1991)



Propagation of a wave packet

Gaussian wave packet

1 j . -
‘P(F, t) — E Jeﬁscl(r,t,ro,to) lP(l/'(), tO) drO M/\I\[\f ‘

| 1L
Cogvolutlon proSIuct befcween W(t,, r,)
gaussians = gaussian

e%SCI(r,t;rO,tO) - lm
Y(r,t) = exXp | —
Cy/ | det(X) | 27

(r — rC)YX_l(r — rc)- exXp -i%(r — rc)_

& Shape of the wave packet is not changed : gaussian stay gaussian

® Propagation : classical propagation of 'y Do X, ¥



Propagation of a wave packet

Example: free propagation of a 1D wave packet

“U\“M | 2n
\l\l\/"“’ — /\)( Conservation of phase-space volume: Im(YX*) =
e -

2

mr;

Free particle S, =

. Y
Y(z,1) x exp [%Sa] exp [ zzn;l X(r — rc)zl X 21
—(r—r)? 2ht/
X(H) = —ioH th Y(¢) = % Y(z, 1) exp[ ( 2 ]exp [i - (r — rc)2
mo mo 62 + ( 2h )2 o + (2ht/m)?

40



Propagation of a wave packet

Example: free propagation of a 1D wave packet

1 . 27
M,\[\/\) \l\,\,\,v Conservation of phase-space volume: Im(YX*) = —
m

I}

2

e S lm Y( )2 Free particle SCl=m2—’;"
XP|— cX —
<5 °<eP Cl P 27 X
2h 2h —(r—r.)’ 2ht/m
xo=—io+ i yp=2t W o exp| L2 T
() = —io+— (0 =— (2, 1) p ESELRY p 04+(2ht/m)2( )

Comparison with Laser Gaussian beam: (2 + 1)D :

((««««««««oaaaoooo§ooouonooo»m»»)»»») s ol o] 5] - ol

A thorough and detailed comparison in C.J. Bordé Les Houches Lectures (1991)




Propagation of a wave packet

Gaussian wave packet

\Ij(r t) — 1J8%SC1(r’t;r0’t0) \P(ro t()) dl/‘o -
‘ =
] 1Lk
Convolution product between V(1 o)
2 : _ : 070
gaussians = gaussian
e%SCl(r,t;rO,tO) - lm - - pc i,
Y(r,t) = exp|—(r — rC)YX_l(r —r.)|exp i%(r —7.)

Cy/ | det(X) | 27

1
Propagation phase ¢, = E(Scn(f()a )+ P (r—=r.1) —peo(r—rgg )) + 3(X,, Yy, X, Y1)

center of the wp at #;and 7, | width of the wp at
tl and tl-l—l 42



Outline: Phase shift calculations

3. Phase shift formulae

43



Propagation phase

(A,B) L
¢P = %(SCI(tia ti+1) T Pei+l (r = Fei+1 ) — Pc,i (r = Fe.i )> T C”(Xia Y,

the last term of the i-th slice cancels out
with the first term of the (i+1)th slice.

X 1,Y

i+1° *i

+1)

44



Propagation phase

1
¢]§A,B) — %(SCl(ti’ ti+1) +pc,i+1 (7’ — Vit ) — Dci (I” — e )> T+ CD(XZ" Yia Xl‘_|_1, Yi+1)

the last term of the i-th slice cancels out
with the first term of the (i+1)th slice.

ti ti+1

00 l Ad PBd (r— 1) PAd
, -r —
¥ path 5 B.d 7 B,d ”
T@Pp — P4

1
Aq)p — (I)p,B — (I)paA — % Z (SB(tl-l-l’ tl) - SA(tH-l? t[))

(r — rA,d)

45



Propagation phase
by = %(SCI(%’ i)+ Pt P = Tear) = Poi (P = 10)) + 0K, Y Koy, Vi)

the last term of the i-th slice cancels out
with the first term of the (i+1)th slice.

l; liv1

1
@ path A = AP, =@,z — D, 4 = 7 Z <SB(ti+19 1) — Sa(tiyqs ti))

l

r
| XX Ad
Yol = - il S FB d
S 111 A S 4 path B ’ ~
Sptir1> 1) + M
: , detection = integr ation
\ propagation / separation

p % Z (SB(tiHa ti) — SA(ti+1, fi)>

l

46



Interaction with laser

o-like pulses p; = ki1, — ot; — ¢,

& Interaction preserve the wave packet shape + short pulses § ¥ e %

& Neglect the effect of additional forces during the pulses v, w F i e~
hk

& Laser phase printed on the diffracted part of the wave-function § " §

Ag, = Z l(kB,jr B~ Ka ) — (@pj— @p )5 = (Pp ;= ¢A’j)]

‘ e l“,!“, l
Pyl

laser pulse

47



Interaction with laser

Example of a symmetric interferometer

3

A, = Z

=1

_(kB,j’” B — Kajtaj) — (0p;— @4 )t; = (Pp ;= Pa )

path A

detection

2-photon transitions :

k=k1—k2;a)=a)1—a)2;¢=€/)1—€b2



Interferometer phase shift

|
AD = P Z (SB(IH_I, 1) — Syt ti)>

T Z (kBj” Bj — kAj” Aj) — (a)Bj - a)Aj)fj — (¢Bj — ¢Aj)

+pB,d+pA,d(r )
5 Bd — TAd

A¢ — ¢propagation T ¢1aser T ¢separation

wFor at most quadratic Hamiltonian : 4 end-points theorem

PBi+1 T PAi+1 pp;t hkg;+ py; + kg
Sp(lis15 1) — Salliy1, 1) = 5 (TBiv1 — TAuir1) 5 (rg;—7ra) — (Ep; — Eg )tiy1 — 1)

49



Mid-point theorem

Ch Antoine and Ch J Bordé J. Opt. B: Quantum Semiclass. Opt. 5 S199, (2003)

liv1

G path A____ ==yl

R ‘“,"]l-'A':l‘

~ - D :'l,f';r . A ,d

”'vlllll"‘ B o, > ' rB,d

2

Fp; T T4;
AD = Z (kBi o kAi) > < (a)Bj — a)Aj)tj — (¢Bj — ¢Aj) —

averaged trajectory frequency and laser phase

phase shift calculated by the laser
phase at the mid-point trajectory

(Eg; — Ex)(ti — 1)
h

rest mass energy
of the atom

50



Beyond quadratic hamiltonian

Chris Overstreet, Peter Asenbaum, Mark A. Kasevich. Am. J. Phys. ; 89 (3): 324, (2021).

Laser: kr(t,) + ot; + ¢,

|
Propagation: — JE (r(1), p(1), H)dt

h
B . AI"Ap
s Separation:
Z)
Mid-Point Phase Assymetric Forces Scalar A-B Phase
Ar [ 0U(r,,t oU(rp, t U(ry,t) — U(rp, t
Agbzk(?l—2172+173)+51t1—252t2+53t3+J— Upt) | O D) dt—[ Up D) = U0 D)
2N or or h

. - - ¥ "~ -~ ]

Exact for quadratic H(r,p) Separated arm interferometers 5°



Outline: Phase shift calculations

4. Applications

o -~
-

o~
o~

A

-0~ 1O
85Rb 87Rb

52



Ramsey interferometer

+ Ty,

Clock effect ,
Vi
AD = ) (kg — ky))
T T =1
2 2

2

(Eg; — Ep)(t 1 — 1)

(wp; — @p)1; — (Pp; — Paj)

h

53



Ramsey interferometer

Clock effect : ) e
I'n: I 4 j— : 41— 1
AD = Z (kgi = ka)— H . (wpj — 0t — (Ppj — Pa)) = A;z -
/A T i=1
2 2

& Detection in port | 1,py) E1




Ramsey interferometer

Open interferometer = contrast reduction

Ensemble averaging: (S) «

40 -

X VeXp(

X Vexp(

VCOS((5O + wp)T — kvOT) exp[

—kTo?

Az

. )cos((é() + a)R)T)

2

2E2

)cos(((SO + a)R)T)

h

Interference : & = > Az

80 1

70 A

60 -

60 -

200

300 400 500 te (us)
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Symmetric 3 pulses Interferometer

3
rai + 'y
AD = ) (kg — ky)— ) = — (0= 04t~ (P57 = Pa)

=1

Need to calculate the classical trajectory

56



Symmetric 3 pulses Interferometer

Gravity
p2
Hamiltonian: H = mgz
2m
'B 1 gt2
FAl ‘ Trajectory: Z =27y + vyt
detection Al
e ——————————————— Mid point-trajectory with vy = v; + —
0 T 2m
hk gT? hk
A(I) — k (Zl — 2Z2+Z3) — k (ZO— 2ZO — 2(Vl+_)T— 2 +Z()+ (Vl+_)2T+
2m 2 2m

A¢ = kgT?

g(2T)*

2

)

57



Symmetric 3 pulses Interferometer

Gravity + gradient

: : 2 1B 2
Hamiltonian: H=2X— — mgz + ==
r 2m 2
B,1
F'ALl ) |
¢ raiectory: & Gl = ©)e0sh/) + vy b/
detection T

-_— nk

0 T Mid point-trajectory with v, = v, + -

A¢:—_(vl-l K )(smh(ZT\/_)—Zsmh(T\/_))+\/_( ——)(1+cosh(2T\/_)—2c:osh(2T\/_))

K )T — zo> + o(ThH

7
~ k T2+krT2(— T2 — (. 4
5 2% (v m

58



Symmetric 3 pulses Interferometer

Gravity + gradient

dr
> : T — . (R — : ~ —6 —2
¢ Consider: T'=30 ms; k;eb“m“”) = gy, ® 3 X 1077 s
%
¢ 2~ 1077
Pr

Constant gravity gradient needs to be considered in accuracy budget

g

A¢ depends en v, can decrease visibility: 6, — 04 = V x e 2
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Symmetric 3 pulses Interferometer

Gravity + gradient

A constant gravity gradient can be reasonably canceled !

™ Visibility improvement
M Relax knowledge on v, in fountain

M Measurement defined at the mirror position
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Symmetric 3 pulses Interferometer

Applications: absolute gravimeter

|

Absolute g = trajectory of a free-falling test mass

d, —2d,+d, @ Laser=absolute ruler
qa= —

17 & Atom = ideal mass test
Atom Interferometer = atom + laser
271' dl — 2d2 + d3 /1 A¢
AD =— - |7 —2F y — —
P (”1 Fy T+ r3> a T2 > T2

Displacement of free-falling atoms using an optical ruler.
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1m vertical motion

Gravimetry g(Tlse) = 9.804 315( 268 m. s>

_ . : f X
Gravimeter « Observatoire de Paris » Farth Flatenning  150kg at few m

Effect Bias u e — —
uGal Gl Best short term stability: ~6X 107° m-s™2@ 1s
Alignments 0.3 0.5
Frequency reference 0.0 <0.1 10 0
RF phase shift 0.0 <0.1 Best long term stability: ~ 6 X 107 "m - s~
vqg -13.4 <0.1
Self gravity effect -2.1 0.1
Coriolis -5.3 0.8
Wavefront aberrations  -5.6 1.3 100~
LS1 0.0 <0.1 ]
Zeeman 0.0 <0.1 < 504 oF *
LS2 36 0.8 - |
Detection offset 0.0 0.5 . - _ A
Optical power 0.0 0.5 E 0- A |
Cloud indice 0.4 <0.1 00 : E
Cold collisions <0.1 <0.1 |O 50 = L |
CPT 0.0 <0.1 — o= | |
Raman o LS 03 <0.1 ~ j
Finite Speed of Light 0.0 <0.1 (1%0 -100- ‘
TOTAL 285 2.0
55302 55303 55304 55305 100 100 1000 10000

T(S)

Accuracy budget 10™7g

Courtesy of F. Pereira dos Santos



Symmetric 3 pulses Interferometer

Gradiometer configuration

Gravity variations at high frequency
A¢up o A¢d0wn N LkT3r

Rejecting correlated noise:
& EP-tests with atoms
& Gravitational Wave

& Dark Matter

& G constant measurement
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Applications: fondamental tests

Symmetric 3 pulses Interferometer

Acceleration proportional to spacetime area enclosed: A¢ = kT” - a

O OA ¢
Sensitivity: — =
4 kT2
& Measurement of relativistic effects. s
S Tt
| . . . ;n”'ﬁi'"‘»
&Equivalence principle. .,,';,,,._.,,:;#

& Gravitational waves.

Characteristic Strain

long duration, large momentum transfer

10_1;
E
E
E

10 =24 . T T T T I
1076 10 10 103 102 01 110 102 10° 10*

f1Hz]
64



Symmetric 3 pulses
Required sensitivity for challenging State-of-The Art

Sensitivity in EOtvOs ratio () vs Interferometry time T (in s)

\\ Integration of month(s) EP test at n = 10" as an example

10 N\ 6g ~ 1077 - 107" g / \[Hz: “Rb / “Rb as test pair

R I/A/N

‘\ - i) 0g X — Quantum Projection Noise
107" \“\\ T—>fews keff £
N\ V//\ — N =~ 10° atoms
U /

12 i/ ke = 2 21/ 780 nm
10
o \ Long interferometry time

0.01 0.1 : N 100 Courtesy of N. Gaaloul
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Symmetric 3 pulses

New large Terrestrial Infrastructure and space missions

Large fountain: (Stanford, AION, Wuhan, VLBAI ...) Space missions

A * ot [l
3 Upper Lt
\atomic source | 1|l

| ' I
o

” Two-layer

E . . . Dt et hony
o \magnetlc shielding : L

) .

‘

|

Lower
5 atomic source
-~
— Seismic .
Y -;i ~e_attenuation system 1 (s

g
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Conclusion

M Free fall Atom interferometer = absolute
Sensor

=4
=
-+
=
—

M Exact phase shift calculation for quadratic

hamiltonian and o-like pulse:

The phase shift is the laser phase printed at the centre of the
wave packet.

Suggestions for further studies:

[J Considering inertial forces during the pulses
[JImpact of atom interactions

] Relativistic framework unification of atom and light optics

T/2
beam splitter
zone




Conclusion

Force sensitivity scales with space-time area

Free Fall interferometers Optimal sensitivity: Continuous
acceleration in a lattice

Q[“T'Azmkeff'Tz QiocAzXTocaLMTT3

Long interaction time + Large Momentum Transfer + high acceleration
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Large Momentum Transfer Atom
Interferometer: LMT Interferometer

Lecture 2
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Part Il sensitivity: LMT atom interferometer



Large Scale atom interferometers

Needs for Large Momentum Transfert Nk

Increased acceleration sensitivity Separated arms interferometers

Aharonov-Bohm related phase shift

U(ry,t) — U(rp, t
(I’A)h (rp )dt

-V, Increased
“ NkT? space-time area Ap = — J




Applications

Forces at short
distances

Newton G

- e o
107>

Fine structure
constant

ashingt p———i a,
Stanford 2002 - him(*®Cs)
LKB 201 h/im{Rb) MM himt R
vard 2008 A, p——
RIKEN ;
SR
Barkeley m{ G
"Rb)
This work NP ROI®  ae  en | o 9?2 }
2

57138

i - -
E f‘.;'.'»i-i
C -
o E
S L s
~ o l
Qe \ l
2§ ° n 1
- =
«®
& 3 s

C
'h -

equivalence g
principle test &2V

102

Gravimeter

...................
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Applications In fundamental physics

hig -~
-
o~
~ ~
)

A O
85Rb 87Rb

Forces at short equivalence g
distances principle test %
Newton G
1073 1072
Fine structure
constant Gravimeter
himRo) =% | il "‘ | M[V‘ !\

= T 1

ﬂew class of atom interferometers \

\ § B i ot
9/‘?//
+
Relativity Dark matter |

O =’m m m?7um -?- >

10~ 1 Az [m]

Gravitational

Atom neutrality Waves




Next-generation atom interferometer

Nhk
Az =——T
m

P Large Momentum Transfer : N

P Long time of flight : T

Kovachy et al. Nature (2015)
State of the art: Az = 54 ¢




Outline: LMT interferometer

1. The basic building block for LMT interferometry
Raman transitions
Bragg and Quasi-Bragg transitions

2. LMT on sequences of pulses: Bragg - Bloch - Floquet et al.

/6



Atom optics

Single and multi-photon process

Single photon Two photons : Raman Two photons : Bragg

E 4 4 E 4

|¥Y = a|E,,p) + B|E,, p + hk)ePon? 1PY = a|p) + B|p + hk)e®®



Atom optics

Single and multi-photon process

Two photons : Raman

C.J Bordé, Matter-Wave Interferometers: a synthetic approach, (1997)



Raman transitions

Principle: A-coupling

o ¢ Two counter propagating laser beam:

F — l(Eleikl-r e—i(a)lt+q/)1) 4+ Ezeikz-r e—i(w2t+q§2)) +c.c.
2

K, is absorbed K. = 2ke,

K, stimulated emission

Coupled states: |a,p), |b,p + h(k, — k)), | i)

/9



Raman transitions

Actually: more coupled states

Detuning with excited state : A, ... sate
Single photon Rabi frequency: 7€, ; = (j|d,E} | e)

2-photon detuning: 0 = (w; — w,) — (W, — ®,)

Coupling between 2 (ground) + 3 (excited) momentum states

WD) = y,e7" " |a,p) + yye~ ool | b, p + 20K) + ye” Vvl | e)) + pre T i | ey) 4 pae T Cereie | gg)

80



Raman transitions

€2 £,

V =—h( ) _zkrla) ikor i(w
AL |e)(a\+\a)(e\> ( 5 € ! (1t+¢1)+76k2 (2t+¢2)>+h.c.

@ From Schrodinger equation we obtain 5 coupled ODEs:

Yo = — 5 (U1 + Qi 1Bt eid2,,)

ip = — L (U eiBetei®y g + O, el(A0teid2y,))

Vel = —% (Q1ae€_m1aet€_wl% T sze€_i(A_5)t€_i¢2%)
Yeg = —2gqee D20cleTI02,

_ —tA '
763 — _Ql 66 [/ 1b€ Z¢1/yb
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Raman transitions

Two very different timescales: Adiabatic elimination

. . B
Large detuning: _> |e):Fastvariables ~ A

A > Q) ~—» |g): Slow variables ~ Q_

Integrate y, considering y,, ;, constant and insert y,(¢) in ODEs for y,, ,

O o .
_ Plac o —i(Atten) | © o il(A=0)t462)
0, |
— ae _Z(AQaet ¢2)
ez 2A2ae Taf
763 _ lee fybe—i(Albet—l—qbl)

ZAlae
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Raman transitions

Adiabatic elimination:

{}./a,b} ODEs : Va,b only !

Consider y,, ;, constant

A. Gauguet PhD thesis (2008)

—i((A=0)t+¢2)
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Multi-photon transitions

Raman coupling

EA

Effective 2-level system

}./a — _ IQLS}/a ] el5t elgbeﬂ:geffyb

}./b — ZQII;S}/IQ . le—lét —lgbeffg*ff}/a

effective laser effective atom
— 2
Weff = W — Wy QE%Z?X"‘
Keir = K1 — Ky
Q, €
Dot = P1 — Do Q. = a2

84



Multi-photon transitions

Raman coupling

1- relative phase in MW

P, Advantages: dormain
bandwidth: o |PY =ala,p)+ f|b,p+ Zh}@}
05 X = \ /

\»/\ 2- Internal state labelling
—5

+ 6 3- Do not need sub-recoll
atomic ensembles

Disadvantages:

. Internal states can lead to biais (B, LS, ...),

R . 2kv . Large Momentum Transfer
velocity distribution 85



Atom optics

Single and multi-photon process

Two photons : Bragg




Bragg transitions

1st order transition

$Bragg coupling = Raman transitions between
momentum states of the same internal state.

|¥) = al|p) + B|p + 2hk)e'?®

¢ 6 = (w; — w,) — 2kv — 4wy,

$Higher momentum states are closed to the 2
photon resonance.

Bragg regime weak coupling: {2 < 0, = 16wy

Needs sub-recoil ensemble: 0, K hk

87



Rabi oscillations in Bragg regime

Population 2hk (%)
B S

-

& &

P ENR B A F O T W

200

250

300

¢ 5 85 9 o Q@ ‘p+hk>

<

111111

=



Bragg transitions

High order p — p + 2nhk
¢ High order coupling = 2n-photons transition.

W) = alp) + B|p + 2nhk)e PV

¢ 0 = (w; — w,) — 2kv — 4nwy

¥ Bragg regime: Q < 16wy

¥ Tint

>p ¢ Effective coupling order n is weak

n=3-—17>200 us

Difficult in the Bragg regime

89



Quasi-Bragg transitions

Smooth evolution of the pulse amplitude

Short pulse duration. Long pulse duration. |
| | | Gaussian pulse.
Complex dynamics. « Rabi » type evolution.
A A
’« | | | | | | 1
0.8 - \
[0)
\ |6nk)
() - .
0 30 o

The two-level model is not readily applicable



Quasi-Bragg transitions

Optical lattice = periodic potential created by light

Counter-propagating laser beams = Spatially periodic intensity pattern

A

A

A

A

Nana

A

A

!

ky, @,

AT
Periodicity: — = —

2k

Lattice motion : v =

Wy — W

2k



Quasi-Bragg transitions
Optical lattice = periodic potential created by light

Counter-propagating laser beams = Spatially periodic intensity pattern

A A N A A N Periodicity: 4 _Z
1 oy 2k
‘ ’ . . W) — W
/  \V / \V \/ Lattice motion : v = "

e |p) = |p + 2hk)

. > 1a 3 2iks (7, ~2ik?
H = — —2hQcos’(kZ — (1)) = — — hQ(e* £ 77 couple atomic states

differing by 2Ak



Quasi-Bragg transitions

Optical lattice eigenstates

O—m v 0 ... oo Ll 0
Eigenstates = Bloch states | ¥ (1, ¢)) = 2 cj<n> D + 2jhk) .o
J 0 . 0
Tridagonal matrix: (g +2jhk|H|q + 2l'hk) = g JZ\T@Z 5; i+ ?%ﬂ dhwr
Diagonalization of H leads to Band Energy diagram 5 )
¢ Y 5“,1”1

— 3E,
- 0E;

The parabola intersects at a depth of O£

Energy

Gaps open at the avoided crossing

Quasi-momentum ¢ is conserved

- . qg -1
guasi-momentum —
hk



Quasi-Bragg transitions

Optical lattice Band energy diagram

Free-particle dispersion and Bloch bands

Energy

The parabola intersects at a depth of O£

Gaps open at the avoided crossing

-1 q -
quasi-momentum Py Quasi-momentum ¢ is conserved



Quasi-Bragg transitions
Optical lattice Band gap vs lattice depth

Energy
Eigenyalues

|
OF
o

I
N
o

-1 q -1
gquasi-momentum —

hk

[
o
]

o
1

——————___
—~-
_—
o=
L)
s=a
~~~~
ey
—
ey
—~
=)
—
ey
S
~—
-
e
—~
e
—
—
=

0.0

0.2 0.4 0.6 0.8 1.0

Lattice depth
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10 -

40 -
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_20 -

—40 -

Quasi-Bragg transitions

Long pulse

—————
\\ "’

-08 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8

Time

mgon 1
1- Initial statet=0 |- = —< [ Wog+ “I’n—l,q>>

V2

2 - Adiabatic following L( W) + “Pn—hq>ei®R>

V2
E —E_
h

Rabi phase @ = J dt

3 - Measurement |mhk){mhk]

10 -

—10 1

—20 1

_30 -

—40 1

0.0 0.2 0.4 0.6 0.8 1.0
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40 A

30 A
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10 -

40 -

20 A

—20 1

—40 -

Quasi-Bragg transitions

Long pulse

— ——
’f

-08 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8

Time

1
1- Initial statet=0 |- =—F7=

V2

< ‘ \Pn,q + ‘ ‘Pn—l,q>>

2 - Adiabatic following L( W) + “Pn—l’qW@R)

3 - Measurement |mhk){mhk]

~ 100

Population 2hk (%

50+

Rabi phase ®j = J

V2

E, — E
T dt

h

0 T T
§ SO mosane L0 150

200 250 300

218 &6 © 66 & & € § &

@

&« 00 o o ollEN
58 %
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Quasi-Bragg transitions
Short pulse

60

—— Stuckelberg fringes

20 —— E_1+
—— - E_3-

20 -

-a0{ Beam- S litters within the lattice :
P OJB 52 o0 o2 o4 o6 os 2.5 5.0 1.5

Tmax
Quasi-Bragg pulse itself can be seen

as a (Stiickelberg) interferometer. Lattice diffraction is multi-71k by nature !!
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High order Quasi-Bragg

Achieving diffraction orders greater than a few tens is difficulit.

12 Rk n=6. .

0 hk

99



Large Momentum Transfer Atom Optics

LMT based on a beam splitter followed by coherent acceleration

= 4 A ;

| nk kA T |

N 5 ; T '
A acceleration (LMT) :

Proposal for 371k using 3 successive z-pulses
C.J. Bordé et al. AIP Proceeding (1993)

T T

A

Position

|
0
b
g
.
&
%
,
A
\
e &
| R
A
X
2 d
&
',
3
2
\
g
i\

« We believe that there are no serious barriers to realization of momentum
transfers greater than 107k. »

J.M. McGuirk et al. Large Area Light-Pulse Atom interferometry PRL (2000)



Large Momentum Transfer Atom Optics

LMT based on a beam splitter followed by coherent acceleration

- .?l . :

y — |
T

5 acceleration (LMT) :

Proposal for 371k using 3 successive z-pulses
C.J. Bordé et al. AIP Proceeding (1993)

T P

i N SRR
P
¥
3 2
5 [©
E 5 4
v
« Nl
' 3 ©
" 4 2
Y )
. %
4 |
K o
b '\
7. g » &)
| \' 4
J 3
" 3
R P
: 4 1
A % 3
b, N
g 3
: 4
4 o
b \
7. g ."
p !
J \
7 9
\ 3 i
© . OO TP
% ; < it Pt

LBAI (GW detector) - roadmap:

Sensor Technology State-of-the-art Target Enhancement

T

A

Position

LMT atom optics 102 hk \ 104 ik ] 100 i ] ] ] ]
Matter-wave lensing 50 pK :5*'-15;1‘3 ’ _ .- « We believe that there are no serious barriers to realization of momentum

Laser Power 10W 100 W —
Spin squeezing 20dB (Rb), 0dB (Sr)
Atom flux 10° atoms/s (Rb)
§ Baseline length 10m

transfers greater than 107k. »

20 dB (Sr) 10
» 107 atoms/s #Sr) 10

s 100  ; J.M. McGuirk et al. Large Area Light-Pulse Atom interferometry PRL (2000)



Large Momentum Transfer Atom Optics
Principle & State of the Art

1.000

I

| o - T > § *
' “ | LMT > 10007k
, ® 0.999
(- $ ’ - > :
S '- : = |
2 1< |4 § 0998
%, O *
0 1 1- L 0.997!
: ' | 500 1000 5000 10*

LMT-interferometer (71k)

Reaching > 10007k ? High efficiency & High rate



Elastic

Inelastic

Light-pulse Atom Interferometry

Large Momentum Transfer

— = —_ —= - —— EE—

- Single photon transition

Right

s - 2-level system optical transition
- 3p T |

.
el

ALATA AlATAATA AlAlA

RITTITTTTTTT

Iannnm TAATAMTAATTRATT nnnnn %

Metastable excited state

N~ e
’
d

Resonant transition -> Spont. Emission
Rabi frequency 2 ~ MHz
Demonstrated 4007k

Position
A
N\
=
=i

Left

Very high rate transfer: ~ 0.1 us/hk

Rudolph et al., Phys. Rev. Lett. 124, 083604 (2020) Wilkason et al., Phys. Rev. Lett., 129, 183202 (2022)

= pE— = - = ——

'f‘

- —

Optical lattice Bloch-Type acceleration

‘ Distance (mm)

Lattice Relative
l{ -3 —2 -1 0 1 2
|

3 power mom.

multi-photon transitions - lattice states

Ground state

Rabi frequency 2 ~ 10kHz
Demonstrated > 4007k
Rate transfer: ~ 6 us/hk

Time (ms)

Cladé et al., Phys. Rev. Lett. 102, 240402 (2009)
McDonald et al., Phys. Rev. A 88, 053620 (2013)
Pagel et al., Phys. Rev. A 102 053312 (2020)

Noop Nopk Ni2pk

Gebbe et al., Nat Commun, 12, 2544 (2021)

____

— — E—

Two-photon Raman transition

Effective 2-level system, 2 photons transition

Ground states
Rabi frequency €2 ~ 100kHz
Demonstrated 3074k

High rate transfer: ~ 2.5 us/hk
McGuirk et al., Phys. Rev. Lett., 85,4 4981(2015)

Kotru et al., Phys. Rev. Lett., 115, 103001(2015)

= —— = - = ———

— s

S——— =

|

Optical lattice Sequence of Bragg pulses

multi-photon transitions - lattice states

\
\
\
\
\
\
\
B
©
[ ]

Ground state
Rabi frequency 2 ~ 100kHz
Demonstrated 6007k

e-of-flight
°

.................
..............

Tim
e

High rate transfer: ~ 2.5 us/hk

nnnnnnn

i f0fndnaniinid

Chiow et al., Phys. Rev. Lett., 107, 130403 (2011)
T t Plotkin-Swing et al., Phys. Rev. Lett., 121, 133201 (2018)
Rodzinka et al. Nat Comm 15, 10281 (2024)

Beam splitter

Béguin et al., Phys. Rev. Lett., 131, 143401 (2023)




Light-pulse Atom Interferometry

Large Momentum Transfer

Inelastic

J Optical lattice Bloch-Type acceleration

|

" Distance (mm) , ,
Lattice Relative

| -3 -2 -1 0 1 2 3  power mom.

multi-photon transitions - lattice states

Ground state

Rabi frequenc ' °

Demonstrated

Elastic

: 19+ 1

Rate transfer: ~ 6 us/hk

Cladé et al., Phys. Rev. Lett. 102, 240402 (2009)
e Non Mz McDonald et al., Phys. Rev. A 88, 053620 (2013)
Gebbe et al., Nat Commun, 12, 2544 (2021 Pagel et al., Phys. Rev. A 102 053312 (2020)

~—"

| — — —— — o ———— — —

— — — e — -

Optical lattice Sequence of Bragg pulses

multi-photon transitions - lattice states

é/ —_ T L [T « Ground state
- - Rabi frequency Q ~ 100kHz
alla - g [ ; o
i . - Demonstrated 6007k
: - High rate transfer: ~ 2.5 us/hk
L B S B e . T
iHINHEEEN Chiow et al., Phys. Rev. Lett., 107, 130403 (2011)
Y —— t Plotkin-Swing et al., Phys. Rev. Lett., 121, 133201 (2018)

Béguin et al., Phys. Rev. Lett., 131, 143401 (2023)

Rodzinka et al. Nat Comm 15, 10281 (2024)
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Experimental setup

Message for our theorist friends: Easy on Paper, Hard in the Lab

Critical Technical Challenges

Desighed and Built in the Lab

UHV chamber 107! mbar
> 15 laser beams on the atoms

Lasers (x6) frequency locks

Vibration mitigation



Experimental Setup

Vertical optical lattice

N4} m—

Vertical optical lattice:

Amplitude and phase of the lattice with AOM

L

Anti-g chirp Aw = 2kgt — free fall frame

Vibration at low frequency (0.01 - 1 Hz) : 6, < 10 pm

Retroreflected configuration

-100

B ————— —_ —- = = -

Earthquake Taiwan (2024)

s Bk _E_FE _F ] R -
- ————— e —
—_— - - — — - ————
-

B ———— .

ib----




Experimental Sequence

—— BEC Source —— [— Optical Lattice pulses — —Fluorescence detection—

RN

Optical Lattice
-

3 x 10* atoms, 30 nK

N4 em—

Time of Flight

Mirror Mirror

Momentum space
. W) = ) c,|p+ 2nhk)

H A ]

Mirror
Position space image




Large Momentum Transfer: 1st idea

Sequence of independant z—pulses

Beam splitter made with multiple 7-pulses.

Constant detuning for each pulse

9

amplitude

time

Aw 4 |attice frequency

Long pulses to keep 12 < AE



Large Momentum Transfer: 1st idea

1st idea: Sequence of independant 7z—pulses

Beam splitter made with multiple 7-pulses.

Constant detuning for each pulse

9

amplitude

Aw Iat:tice frequency

Long pulses to keep 12 < AE



Large Momentum Transfer: 1st idea

1st idea: Sequence of independant 7z—pulses

Beam splitter made with multiple 7-pulses.

Constant detuning for each pulse

9

amplitude

Aw Iat:tice freq:uency

Long pulses to keep 712 < AE



Large Momentum Transfer: 1st idea

1st idea: Sequence of independant 7z—pulses

Beam splitter made with multiple 7-pulses.

Constant detuning for each pulse

v Dl

R

2 \/elocity selection: requires ultra-cold source (pK)

LIE———

? Low acceleration (typ. 1ms/#k)



Large Momentum Transfer: 2nd idea

Short pulses: How can we manage coupling to unwanted states ?

T T
Ey
z, , Short pulses
< >§ Non-adiabatic losses = coherent losses
S [




Large Momentum Transfer: 2nd idea

Short pulses: How can we manage coupling to unwanted states ?

Short pulses
Non-adiabatic losses = coherent losses

" +

Fast train pulses

h

3 Small spatial separation A = 2vpt, K & =

mo,

Toy model Béguin et al. Phys. Rev. Lett., 131, 143401, (2023)

Losses interfere destructively:

| , - (Coherent Enhancement of Bragg Sequences '
| Py_py ~ 2e [1 + cos(z + 4a)RtC)]



Large Momentum Transfer: 2nd idea

Coherent Enhancement of Bragg Sequence: results

Béguin et al. Phys. Rev. Lett., 131, 143401, (2023)

2() g 0.6 7 <\
g .§ YNNG ~ o —© Fﬂs.e—to—pulse efficiency per fk: 99.6%
o s
; = 0.4- —
| L
0 § pulse-to-pulse efficiency per 1k:99% © - - ®
= QO
-~ Lo
3 S (.2 -
Q
-8Nj < N Independent pulse model
S -—t
0.0 - —— —
0 S 10 15 20 25 30 35

N

Higher efficiency & Faster transfer ?




Optical lattice accelerations

Bloch acceleration = linear change of the lattice frequency

E
Shallow lattice: Adiabatic Rapid Passage between |p + 2nhk)

b) E. Peik et al. (1996)

ek
%

~
+
[S—
1
_|_
mean atomic velocity [vg]
o = N W A~ O

1.5 2.0

N\
<
S,

\9)
_|_
®

O

Deep Lattice: more than 2 levels ...

Wannier states

= = — —




Optical lattice accelerations

Can we have unify the Bloch and Bragg type approaches ?

Time Time
- N B Lattice shape Is periodic in the
0! . ~ accelerated frame

Awim,

Al
IS IS
acc frame
A, 2 Awle
S P
‘acc frame! Flab frame

q) N
EQiin
(4v]

S

e

0

Il B

!

Periodic hamiltonian H(t,) = H(t, + 7)

-81\‘}' )

) 1 2 .
« Bragg » « Bloch » H() = 2—(;5 2’: -2p) + hQ cos(2kz) + 2p/h
m

Is there a state that follows this periodicity and is therefore
stationary in an accelerated frame?



Large Momentum Transfer: a la Floquet

Stabilization in the accelerated frame

_d|WP) n .
| in - = H(t)|¥Y) -¥% Propagator U(z, 1)

| T I Spectral decomposition:  U(z, y) | w,) = e %0l )

Flogquet state



Large Momentum Transfer: a la Floquet

Stabilization in the accelerated frame

d|¥)
dt

in = ﬁ(t)\‘l’) —3 Propagator ﬁ(T, [)

Flogquet state

Stroboscopic stabilization at time 77 in the accelerated frame

A o A o A() A@ ]

— = 1 — = = — —_—"
02~ 0.4

0.0 A-LLILILICT 0.0 A—LLUILIC 00 =GN 0.0 A=LLILILIC
4 0 4 4 0 4 4 0 4 4 0 4

|Wn ) |Wn ) |Whn ) |Wn)

Defines the optimal accelerated state!
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Bragg sequence

Periodic hamiltonian H(t,) = H(t, + 1)

! ACO/O).- g-y(l,r

Ao/,

Time

e

Bloch-type acceleration
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e
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Floquet states |w )

Large Momentum Transfer: a la Floquet

The Floquet states |w, ) depend on the specific sequence

Time

Any periodic driving




Large Momentum Transfer: a la Floquet

The Floquet states |w, ) depend on the specific sequence

. Amlm,
v

s
-
~

Ao,

Arbitrary but periodic In
accelerated frame

Numerical

diagonalization of U _
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Example: square m—pulse 7 = Sus

3

N
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LMT Atomic Optics a la Floquet

Zoology of specific Floquet states

Floquet period

Numerical

 diagonalizationof U -

amplitudes

0.2
0.0 ‘II‘lI

_ phases

Phases
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Momentum order [2hk]
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We can find Floguet states for any periodic driving in the accelerated frame




State engineering

For a given lattice pulse Many states |w,,)

(c) State of the third eigenvalue.

\WO) = highest projection onto the initial state

fﬁ ﬁ%

(d) State of the fourth eigenvalue.

Implementation of Floquet acceleration

? see ?
[Po) — IWo) \Wy) — |po + 2Nhk)

"t



Implementation of Floquet acceleration

State engineering

For a given lattice pulse many states |w,)  State-to-State preparation |p,) — | wy)

| ‘ 4
L ‘ f
’e g 4 | §
i Y g | g
g big | ;f ;f
y fig ¢ §
,&‘r l { ?‘ ‘ | f #*F !
{ ‘ f £
? § f f see f
Y Big § §
. § Y Y
Pig § fig fig
JJ g ‘¢+ ‘¢+
f ¢ § §
o { ¥ r
if y g {‘

?
| \Wy) —> |po + 2Nhk)

(c) State of the third eigenvalue. (d) State of the fourth eigenvalue.

| wy) = highest projection onto the initial state Optimal Control Theory (OCT)




Optimal Control

Floquet acceleration sequence

\Po) | Wo> | Wo) ‘Po)
OC-1 0OC-2

0 100 200 300 400
Time (ps)
- ' \
0 100 200 300 400
" (US
Free Fall Frame Time (i) Acc. Frame
= 1,0 = 1,0
S S
= =
= 0,5 I = 0,5- .
3 3
< 0,0 . - ' o 00— ———
0 —20 —40 —60 6 4 2 0 -2 -4 -6

Momentum (71k) Momentum (71k)



Remaining fraction

1.0

0.8 -

0.6

0.4 A

0.2 A

0.0

Floquet acceleration

Normalized atom number in the fully accelerated state

Rodzinka et al. Nat Comm 15, 10281

'

é_

; +

NFXT
< >

»>

oc

400 800

Momentum transferred [71k]

1200

Fast LMT peak momentum transfer : |

————— e —

Limitations:

spontaneous emission: A = 30 GHz

. Efficiency per ik : 0.99973(5)



Floquet acceleration

Fundamental losses

Ulw, ) = |w, es™ = |w Ye™

e
E, —1—
2

Alibabaei et al. arXiv:2602.00365v2
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Floquet acceleration

Using Excited Floquet states ?

100 - (a) 10 F | | |
7777777777777777 g 10 /// /
101 - = — a=0 \
3 .
10~ — =2
~ a=3
. —2 |
— 10 1 1 1
O
§ 4 ' (b) I I
5 1072 E W 10 / /
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8 10?2F— a=0 /
10—4 _E .g_ 2| a=1
10~4 F— a=2
// \—/ a=3
I I I
10 20 30 40 50 60 70 80
3.5 4.0 4.5 5.0 5.5 Vo/E-
Q /8w,

Phase-sensitivity to Lattice
depth fluctuations.

M Preparing excited Floquet states



Floquet-LMT-Interferometer

>

Momentum P

Large Momentum Transfer Atom Optics
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2y

Time

Interference fringe scanning

2 During K acceleration pulses, we add a

laser phase jump 0@

> Signal: o« Vsin(Kég + ¢,)

> We can adjust K = N to be sure that

the detected fringes correspond to the
LMT interferometer.



Normalized population

Floquet-LMT-Interferometer

Rodzinka et al. Nat Comm 15, 10281

0.7 -

064 1
sl Hh |

SN

0.7 - ¢ K = 200
0541 ¢ ’ ' + ¢ + 3 + ' + | B Q
0.3 <] ¢ *5 ¢
| ? K =100
0-5'+++ Hy X EY 1
0.3 {q] ¢ $ e t

0.01 0.03 0.05

Large Momentum Transfer Atom Optics

7 LMT - Interferometer 6007k

 Imit = detection volume

2 Visibility: 18% *+ 4 %
» spontaneous emission

» pre-acceleration efficiency

- dephasing due to quasi-energy €(£2)



LMT-interferometers

6007k - interferometer

0,7 - Impulsion :
0,6 - + * Transférée (hk) Equipe Date
0,5 - * + 102 (Bragg) Stanford (M. Kasevich) 2011
0,4 -
+ + 112 (Bragg) Seattle (S. Gupta) 2018
0.3 - Rodzinka et al. Nat Comm 15, 10281
- ool 002 005 004 0:05 240 (Bloch) Berkeley (H. Muller) 2020
M Floquet approach for sequential and continuous
acceleration 408 (Bloch) Hanovre (E. Rasel) 2021
MNew QOCT implementation for navigating large 400 (1 photon) | Stanford (J. Hogan) 2022
Hilbert spaces. . B E——
| 600 (Floquet) Toulouse (A. Gauguet) 2024 }

M Fast and very efficient LMT. R N E—

M Demonstrates 600 7k atom interferometer.
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A new machine

? 5m BEC Fountain — time of flight ~ 2 s

> Large spatial separation (cm - m)

2 Controlled Potential on the interferometer arms

Quantum phase shift

Vi) — Vy(1) 7

A¢AB=_J' 7

132



Long term focus

Metrology with Aharonov-Bohm phases

2 Atom neutrality

2 gravitational Aharonov-Bohm

o Improvement x1000

o Gravitational redshift with no-
force

© Particle physics

o Astrophysics © Newtonian constant G

A new approach to metrology that uses AB-phase shifts!



century of matter waves

oY1, 1) h?
ih = ——AY(,r)+ V(n)¥P(,r)
ot 2m

eeeeeeeee

1923 1926 e ‘
ﬁ h electron diffaction 1927 fmm;;”»ml% &
p Helium diffraction 1929 ®Precision in atom interferometers
de Broglie: « A stream of electron traversing a small 1 991 5
aperture will show the phenomenon of diffraction. It &BEC manipulation |
is in this direction that one has probably to look for Carnal and Mlynek PRL 66 2689 2006 i

experimental confirmation of our ideas. » |
Keith, Ekstrom, Turchette, Pritchard PRL 66 2693 .

Riehle, Witte, Helmcke, Bordé PRL 67 177

55302 55303 55304 55305

Kasevich and Chu PRL 67 181

B D40s

W Progress in guantum engineering &

wEXciting projects, on Earth and in Space,
will lead the research of new Physics GW, New physics, Quantum sensing,
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