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Microscopic dynamical Casimir Effect

Atomic origin of the DCE? ey @ /
L

consider an atom 1n a potential well, frequency w,,,

- Microscopic dynamical Casimir effect

Internal degrees of freedom are Angular spectra: comparison with material surface
quantum and define energy levels

Melo e Souza, Impens & MN 2018

9)
collection of atoms, spatio-temporal modulations:
Dalvit & Kort-Kamp 2021

TE go-

planar
infinite
surface

PAMN &
L. Machado
1996

270°

atom+surface: Belen-Farias et al 2019; Fosco,
Lombardo & Mazzitell1 2021



Microscopic dynamical Casimir effect: model

Two-level atom:

—— |€)
- w
v g>

set in prescribed harmonic motion:

r(t) = acos(wWemt)

Classical treatment
of the center-of-mass atomic position

Atom initially in ground state



Microscopic dynamical Casimir effect: model
Oscillating two-level atom

Related problem: molecule
moving on top of a grating
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One-photon process

Two regimes 200000

Cm<w0

Microscopic Dynamical Casimir Effect
Two-photon process




Microscopic dynamical Casimir effect: model

Dipole interaction for an atom at rest:
V(r(n)) = —d - E(r())

;/ | \
Dipole operator

v Average atomic position
Electric field operator R
r(t) = (r)(t)

For a moving atom: electric field in the comoving frame
External velocity
dr(t)

B/ (r(t) = E(r(t) + Y2 x B(r(t))
Dipolar interaction for a moving atom: V() = dt

Ve () = V(x(t)) — d - v(t) X B(r(1)

Rontgen term Baxter, Babiker & Loudon 1993; Wilkens 1994
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Microscopic dynamical Casimir effect: model

Initial quantum state: |V (0)) = |g) ® |0) wcmTW v

Use 2nd-order perturbation with

. s (s "
How to describe the MDCE / VR(r(t)) d (E(r(t) + V(1) X (I‘(I))

. . Dalvit & Kort-Kamp 2021
photon pair production? \
N : : : :
Use 1st order perturbation with an effective field

Hamiltonian [Passante, Power, Thirunamachandran, 1998]

He(r (1) = — (2 ) (r(1))’

B/ (r(t)) = B(r(t)) + Y2 x B(r(t))
k) ~ a(0)

ground state polarizability Oé(



Microscopic dynamical Casimir effect: model
a(0) .

H (r(t)) = — > E'(r(1)?

B (r(t) = B(r(t)) + Y2 x B(r(t))

Quadratic in the field operators — creation of photon pairs

Field state (first-order perturbation):

|¢(t)> — |O> T Zkl)\lkz)\z CkiA1ka Ao (t)|1k1>\1 1k2>\2>

Time-dependent perturbation theory/Fermi golden rule

Wem = W1 + W9 Wo




Microscopic dynamical Casimir effect: model
Probability of emission obtained from [(1x, x, 1k, x, |Heg (r(t), £)|0) |2

Probability to detect a photon along a given direction/polarization:
sum over all possible idle photons!

Transverse Electric (TE) Transverse Magnetic (TM)

'k
&R 4_@» o

4
Oscillation Oscillation

along n along n

Reference plane defined by the vectors (K, n)
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Microscopic dynamical Casimir effect

Microscopic vs Macroscopic Dynamical Casimir Effect

|5
:

EOS O RO

Sum contribution from a macroscopic collection of atoms:

Constructive interference condition for a quasi continuous
array of atoms with identical oscillations:

1l (k; —k,)Xn =0
—_—

Only 2-photon modes that fulfill this condition of transverse
momentum conservation contribute significantly.

We “Impose” this condition to compare the prediction of
our microscopic model with macroscopic results.
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Microscopic dynamical Casimir effect
Angular spectra of atom/mirror:

(a) TE gp°

Microscopic DCE

R. M. Souza, F Impens, PAMN, Phys Rev. A (2018).
D Dalvit, W Kort-Kamp, Universe (2021).

Macroscopic DCE
PAMN, L. Machado, Phys Rev. A (1996).

Total photon emission rate

3 —
a(0) = 4re, Zn Vmax = Wem/max

6 3
dN 23 a() Vmax
—_— = )
dt  S670r \ r . C -
20 Look for 'dynamical Casimir - like' effects

w = 0.3wem, V0w, 0.7Twey,  With atom interferometers probing the
Casimir-Polder interaction witl)za surface...
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introduction: atom interferometers

week ending
PRL 95, 133201 (2005) PHYSICAL REVIEW LETTERS 23 SEPTEMBER 2005

Observation of Atom Wave Phase Shifts Induced by Van Der Waals Atom-Surface Interactions

John D. Perreault and Alexander D. Cronin In both paths, atom rema]ns ]n

University of Arizona, Tucson, Arizona 85721, USA .
the internal ground state
Atom-Surface interaction

. . 38 - fvan
in the nano grating . 1 2
Shift of the |
atomic fringes  _*
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] FIG. 3. Interference pattern observed when the grating G, is
O inserted into path a or B of the atom interferometer. Each
O interference pattern represents 5 s of data. The intensity error
- bars are arrived at by assuming Poisson statistics for the number
GS of detected atoms. The dashed line in the plots is a visual aid to
) help illustrate the measured phase shift of 0.3 rad. Notice how

the phase shift induced by placing G, in path «a or 8 has opposite
sign. The sign of the phase shift is also consistent with the atom
experiencing an attractive potential as it passes through G,4.



introduction: atom interferometers

B ragg atom interferometer DO 101140 epit 201110557 THE EUROPEAN

PHYSICAL JOURNAL D

Regular Article
X rnm e emmmm— .
! \\\ . , hanograting Atom interferometry measurement of the atom-surface
-
y

A van der Waals interaction
S. Lepoutre!, V.P.A. Lonij?, H. Jelassi':3, G. Trénec!, M. Biichner!, A.D. Cronin?, and J. Vigué!-#
D ! Laboratoire Collisions Agrégats Réactivité IRSAMC, Université de Toulouse-UPS and CNRS UMR. 5589,
* Department of Physics, Univrsity of Arizona, Tucson, Asizona 85721, USA
/ , 3 Centre National des Sciences et Technologies Nucléaires, CNSTN, Péle Technologique, 2020 Sidi Thabet, Tunisia
gap ~4mm Li = beams
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and J. Vigue, EPL 88, 20002 (2009) : ' ' !
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S. Lepoutre et al. , EPJD 62, 309 (2011) Mirror M3 displacement (nm)

Fig. 2: (Colour on-line) Atom interference fringes recorded with
(A) both arms (visibility V.4 = 32%), (B) one arm (Vi = 34%),
or (C) neither arm (Ve =72%) passing through the nano-
structure, with a lithium beam velocity v = 1062 £ 20 m/s. The
counting period is 0.1s per data point.



introduction: atom interferometers

PHYSICAL REVIEW LETTERS 127, 170402 (2021)

Editors' Suggestion Featured in Physics

Intermediate-Range Casimir-Polder Interaction Probed
by High-Order Slow Atom Diffraction

*

C. Garcion ,1 N. Fablre,1 H. Bricha,1 F. Perales,1 S. Scheel,2 M. Ducloy ,1 and G. Dutier®"
YWniversité Sorbonne Paris Nord, Laboratoire de Physique des Lasers, CNRS, (UMR 7538), F-93430 Villetaneuse, France
*Institut fiir Physik, Universitit Rostock, Albert-Einstein-Strafse 23-24, D-18059 Rostock, Germany

® (Received 31 March 2021; accepted 7 September 2021; published 19 October 2021)

At nanometer separation, the dominant interaction between an atom and a material surface is the
fluctuation-induced Casimir—Polder potential. We demonstrate that slow atoms crossing a silicon nitride
transmission nanograting are a remarkably sensitive probe for that potential. A 15% difference between
nonretarded (van der Waals) and retarded Casimir—Polder potentials is discernible at distances smaller than
51 nm. We discuss the relative influence of various theoretical and experimental parameters on the potential
in detail. Our work paves the way to high-precision measurement of the Casimir—Polder potential as a
prerequisite for understanding fundamental physics and its relevance to applications in quantum-enhanced
sensing.

DOI: 10.1103/PhysRevLett.127.170402

-20 -10 0

40  -20 0 20  40mrad

FIG. 2. Experimental diffraction spectra for beam velocities of
26 ms~! (top) and 19.1 ms~! (bottom) in black. The red curves
are theoretical spectra with a single adjustable parameter (d)).
The insets show individual diffraction orders. Black dots result
from experimental spectra averaged over positive and negative
diffraction orders. Red (blue) curves are calculated with CP
(vdW) potentials.



introduction: atom interferometers

Casimir atom interferometry
In the quasi-static limit

Casimir atomic phase in the quasi-static Iimit

¢qs — h 0 dt UvdW( ( >)

Dispersive potential
(e.g. van der Waals potential)

John D. Perreault and Alexander D. Cronin, PRL 95, 133201 (2005);
S. Lepoutre et al., EPL 88, 20002 (2009); S. Lepoutre et al., EPJD 62, 309
(2011)




local Casimir atomic phase

. . . T
Quasi-static Casimir phase: ¢qs — ilifo dt Uvdw(r(t))

Full Casimir phase (including atomic motion): ¢ — }]% fOT dt UvdW (I‘(t))

Coarse-Grained Potential: 7 . (r(t)) = T(lt) ftt+7(t) dt'Uyqw (r(t"))

T(t) Virtual photon exchange duration

All atomic positions during the photon
exchange taken into account!

(1)

Local Dynamical Casimir-like phase:

o™t = —L [V dt (Tsaw (x(t) — Uyaw (r(t)))




non-local Casimir atomic phase

atom-surface van der Waals
Interaction:
fluctuating dipole interacts with 1ts
own field, after reflection by
surface

Interferometer: self-interaction also with a
different wave-packet component

/‘.u

<l

y—

F Impens, R Behunin, C Ccapa-Ttira and PAMN, EPL 201 3



non-local Casimir atomic phase

e Atomic phases are normally local

e Phase non-locality emerges as a dynamical-like Casimir effect

(r2(t'), )

’W

Path 1

20



non-local Casimir atomic phase

Casimir atomic phases beyond the quasi-static limit

Interaction Hamiltonian: V(r(t)) = — dA . E(f'(l‘))

{ = (external) atomic position operator
Dipole operator™ Electric field operator

A

Neutral atoms with no permanent dipole: (d) = (V(r(t), t)) =0

(1o + 1¥a)0) @ lwado ® 1y

1
V2 et e
| internal field
State at time t externa
Time-ordering operator

Initial (produc) state: W), =

1 R ' R
‘\P>t — % ( ‘l//1>t ® —% dr'V(r (1), 1) W/A>o ® W/F> + ‘l//2>t ’:‘ _%J dr'V(r,(t'), 1) |l/fA>0 ® ‘WF>O
0 )
(1) (2)
Yar(t)) Yar(t))



non-local Casimir atomic phase

Reduced density operator for the external degree of freedom p = Tr, (| V)(VY|)

Coherence multiplied by

%12 = (Y (OlWar ()

piAP12 <¢AF(O)|%€% I dt'V(rz(t'),t/)Te Lfrdt'V(ri(t'),t )|¢AF(O)>

_— ™~

Anti time-ordering operator Time-ordering operator

Complex phase A¢,, has a positive imagine part (entaglement with environment/decoherence)

Real part of Ag, is the interferometric phase



non-local Casimir atomic phase

Reduced density operator for the external degree of freedom p = Tr, (| V)(VY|)

Coherence multiplied by

%12 = (Y (OlWar ()

piAP12 <¢’AF(O)|%€% I dt'V(rg(t'),t/)Te Lfrdt'V(ry(t'),t )|¢’AF(O)>

_— ™~

Anti time-ordering operator Time-ordering operator

Casimir phase obtained by picking up two interactions (2nd-order diagram) OO

Two possibilities: Pick-up 2 interactions on the same path (->Local Casimir phases)
Pick up 2 interactions on two distinct paths (-> Nonlocal Casimir phases)



non-local Casimir atomic phase

Local Casimir atomic phases

. ~ 1 t /X, / A N
piAP12 (Y ar(0)|Ter Jo dt'V(ra(t'),t Ar(0))

Local Casimir phases obtained by
picking up two interactions on
the same path

Contains the standard quasi-

static phase reported in several
experiments




non-local Casimir atomic phase

Nonlocal Casimir phases obtained by picking up two interactions on distinct paths

Vanishes in the quasi-static limit
(but survives when accounting for 0  Dynamical Casimir-like effect!
the atomic motion)



non-local Casimir atomic phase

A€b12 = P11 — P22 + P12 — P21

Local phases Nonlocal phases

pu =4 J[ 2 dtdt’ | g8 (6,4)GE (ek(), ra(t),¢) + g5 (1,1)Gg (v (0), (1), )

Dipole fluctuations Flectric field fluctuations




non-local Casimir atomic phase

(ro(t7),t) rlz — 2l (ra(t),1)

: ‘\“ ‘ ‘
Path 2 ——T{ I

e Path 2
=" (rq1(t),t ri(t),t') =
(08, — 1)

=

S

T =1 — i, Duration of the virtual photon exchange

t, Retarded time

{ Current time

difference between diagrams arises from the motion normal to the surface



non-local Casimir atomic phase

=
N
A~~~

A
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Z

Two diagrams with the “image
method”

Ya Y
O
‘D‘\“

QAN
")!
-
o
~~~
A o
p

S e KT <~ (\X
2/ \J

Single 2-level atom in @8 ,
a coherent superposition I

perp » — 0 Surface
of two wave-packets

Atomic polarizability %\ o rIl(t’) Vljg(t) — V//(t) + Zlyg(t)uz

N

Transition frequency . ,
\4 hEN 1'12(t )

_ 3woa(0) pT/2 21 (t)—22(t)
¢12 o 47?‘6()6 f T/2 (Zl(t)+22(t))3

Phase invariant under time rescaling I — A1’
. . . |
Changes sign with reversed propagation:Vi2 — —Vi2 = @12 — — @12 Geometric phase!

FI, R. O. Behunin, Claudio Ccapa Ttira and Paulo A. Maia Neto, EPL, 101 60006 (2013); J. Phys B 46 245503 (2013);
For a review: FI, R. de Melo e Souza, G. C. Matos, EPL (2022).
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GHz rotation of optically trapped nanoparticles

nature | LETTERS a
nanOteCh NOIOLY https://doi.org/10.1038 /5415 65-019-0605-9 1 -020 b

— DM
Ultrasensitive torque detection with an optically - B Yae ‘

levitated nanorotor

Jonghoon Ahn', Zhujing Xu?, Jaehoon Bang', Peng Ju?, Xingyu Gao? and Tongcang Li©"234*

vacuum. Our system does not require complex nanofabrica- 1,580 nm c PBS
tion. Moreover, we drive a nanoparticle to rotate at a record ~~ S
high speed beyond 5 GHz (300 billion r.p.m.). Our calculations £ AR

(GHz Rotation of an Optically Trapped Nanoparticle in Vacuum

René Reimann, Michael Doderer, Erik Hebestreit, Rozenn Diehl, Martin Frimmer, Dominik Windey, Felix
Tebbenjohanns, and Lukas Novotny
Phys. Rev. Lett. 121, 033602 - Published 20 July 2018; Erratum Phys. Rev. Lett. 126, 159901 (2021)

T
PhySICS See Focus story: The Fastest Spini

Opportunity to probe dynamical Casimir effects....?



Sagnac Effect with Light/Atomic Waves

Sagnac effect (1913): Unified expression for Sagnac Phase
for atomic/light waves:

Output beam _ 4_77' )
A¢ Av Q-A

Beam
Splitter

Light

Beam Aplications: Inertial navigation systems in aircrafts
Phase difference between the two interferometers arms Georgés Sagnac
proportional to the angular rotation frequency Q and to the enclosed area (Fonte:Alchetron)

Sagnac Effect for atomic waves:
(Ch. Bordé 1989, Bouyer&Kasevich 1998) (87Rb)

A AU me- o |
’,at _ ~ 10 Stronger non-inertial effect for atomic waves!

A(Dl )\atvat hw

/

31



Sagnac Atom Interferometer

_ —
&0 ®

Rotating frame

Ex: embarked atom interferometer



Sagnac effect in an inertial frame?

Inertial frame and rotating conductor



An alternative point-of-view: an Aharonov-Bohm-like effect

Lorentz Force: ? — q7 X B

Coriolis Force: ? — Qm? X ﬁ 4 —> Beff — Zmﬁ
6 q

Beﬂ:
Rotation of a body Effective magnetic field
in an inertial frame confined to the body

Trace of the rotation??



Quantum Sagnac phase near a spinning particle

Casimir phase:

path 2 (& | Ap12 = p11 — P22 + P12 — P21

@ patl;l
Spinnin L i R,S ]
ano-particle ot = 1 [[ 7 dtdt’ | g8 (8,¢)G5 " (er(t), tima(t'), 1) + (R ¢ H)

What are the electric-field Green’s function in presence of a spinning body?

35



Scattered electric field Green’s functions

Retarded field Green’s function
= Response to the dipole excitation

E;(r,t) = Gg (r,t;r' t")d;(t)

, ]

Scattering object

Object
Polarizability tensor

KE(r,t K
) ( ) m ngskrprlaw) — Go(r7 07("]) ' a(w) ' GO(()’rl’w)
W
Induced

dipole Dipole approximation /

d(?’)
r | o Free electric field
Instantaneous Object at origin Green functions

dipole excitation (I‘ — O) "

Scattered field Green’s function:




Polarizability tensor of a spinning nano-particle?

A. Manjavacas e F. J. Garcia de Abajo, Phys Rev. A 82,063827 (2010).

q

Rotating spherical
nanosphere in the
dipole approximation

Dipole response obtained in the sphere frame.
Switch from sphere frame / inertial frame
Leading non-relativistic order

Polarizability induced by the rotation:
)

E— . / o o
;i (W) = 10lg (W)€, 2
é\ Antisymmetric
Levi-Civitta tensor

XS (w) = Polarizability of the sphere at rest

Requires dispersion!

37



Quantum Sagnac phase

Local Saghac phase:

) o QO Q0 0
Wo qﬂ A5 @ P19 — P
. g) ¢ O
| ].

oa

path 1

/7

b2 __ 9 Wooq &g glwo) [, dr - Qxr
vdW .,k — 2 (47eqg)? P 3

G. C. Matos, Reinaldo de Melo e Souza,

PAMN, and F Impens,

Phys. Rev. Lett. 127, 270401 (2021). Real part of the spherical particle polarizability

as r(w) = Relag(w)
A

Yy = static atomic polarizability

38



Enhancement of the Quantum Sagnac phase with plasmon resonance

Goal: Choose atom/nano-particle to maximize second polarizability derivative a5 (w)
at the 2-level atom frequency (g

Published: 21 March 2012 Z(a) :

Quantum plasmonresonances ofindividual met:  2°°f

[= M i
nanoparticles =100
NL:-J 00

Jonathan A. Scholl &, Ai Leen Koh & Jennifer A. Dionne m\ '
S, 0f

Nature 483, 421-427 (2012) | Cite this article 3 _

: ;/-1oo:- éwith bulk
Enhancement with plasmon resonance % - plasma freg
-200F |

a(w) = (4meg)ad S L Na_

e(w)+2 0.99 0995 1 | 1.005 T 101
W [Wrcs] Wo

Plasmon resonance at the frequency
e(wres) — _2

Considered example for numerical applications:
Na atom (3s; 5 — 3p3/2)/ K nano-sphere

wo = 3.198 x 10'° rad /s



Estimation of the Quantum Sagnac phase in an atom-Interferometer

Atomic wave-packets of finite width

Total phase = quasi-static van der Waals
+ quantum Sagnac phase

b(z,2,0) = ¢V (z, 2,0) + 0%z, 2) %

Accessible quantum Sagnac phase

& (2,v) = $(Q,v) — $(0,v)

averaging over wave-packet width 5001

(@),

T 2 3 4 5
Velocity v [km/s]

ARe o —
(b) [ ‘\‘;\.\.\ a/ — 3 5 nm

(as in Alexander D. Cronin and John D. Perreault, ?;i
Phys. Rev. A 70, 043607 (2004)) |
: 0.001}
Considered parameters: B T
20 40 60 80 100

) = 271 x 5 (AHy (obtained in J. Ahn et al., Nat. Nanotechnol. 15, 89 (2020).) Width w [nm]
Nanosphere radius i — 30 — o0 nm Na atoms $Q<Q U) ~ 0.1 mrad
Atomic beam of width w = 10 — 100 nm K nanoparticle ) —

Atomic velocities p =1 — 5 km/S



Funding:

‘»

» (9

" FAPERJ

" INCT/FAPESP - Complex Fluids
CNPq CAPES: Cofecub (France)

Thank you!



