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Abstract—We propose a novel experiment based on atoms have been carried out so far [5], [6], [7], [8], [9], [10], [L1
trapped close to a macroscopic surface, to study the interéions  [12] all confirm the theoretical predictions from QED (Varrde
between the atoms and the surface at very small separation.6 Waals and Casimir-Polder effect) at distances ranging faom
to 10 um). In this range the dominant potential is the QED .
interaction (Casimir-Polder and Van der Waals) between the few tens of nanometers to several r_m(_:rons' however, none of
surface and the atom. Additionally, several theoretical mdels them have yet reached the uncertainties achieved by the best
suggest the possibility of Yukawa type potentials with submm mechanical measurements.
range, arising from new physics related to gravity. We propse a A promising technique to improve on those results is the use
set-up very similar to neutral atom optical lattice clocks,but with of cold atoms trapped in a standing wave close to a macro-

the atoms trapped in lattice sites close to the reflecting mior. A . .
sequence of pulses of the probe laser at different frequeres is scopic surface as proposed in [1], [13], [14]. In these se®m

then used to create an interferometer with a coherent supemsi- BECs or cold atoms are trapped coherently in several palenti
tion between atomic states at different distances from the imor ~ wells of the standing wave close to the surface and released

(in different lattice sites). Assuming atom interferometly state of  after an interaction tim@. The differing potential in the wells
the art measurement of the phase difference and a duration adhe as a function of distance from the surface leads to a phase

superposition of about 0.1s we expect to be able to measureeth . . . . .
potential difference between separated states with an undainty difference cumulated during'. This phase difference is then

of about 10~*Hz. A preliminary analysis of systematic effects Observed via imaging of the interference pattern once te tr
for different atoms (Sr, Yb, Rb, Cs) indicates no fundamentdly is switched off and the BECs expand [1], or more realistycall

limiting effect at the same level of uncertainty, but does ifluence py observing the period of Bloch oscillations induced by the
the choice of atom and isotope. Based on those estimates, Wepresence of gravity [13], [14]. A similar scheme has already

expect that such an experiment would improve the best existy been used for one of the most accurate determinations of the
measurements of the atom-wall QED interaction by>2 orders

of magnitude, whilst gaining up to 4 orders of magnitude on te  fine structure constant via the measurementipfnr,, that
best present limits on new interactions in the range betweet00 governs the period of Bloch oscillations [15], [16].
nm and 100 pm. In this paper we pursue a similar idea (atoms trapped in
a standing wave close to the surface) but propose a new
scheme that has the advantage of providing accurate con-
One of the frontiers of modern physics is the study of forcesol of the position of the atoms and accurate detection of
at very small length scales<(1 mm). From the theoretical the cumulated phase difference, which in turn allows for a
point of view, such length scales are the domain where QE@nsitive determination of the atom-surface separati@hadn
interactions (Casimir type forces) become important andreh the potential difference between the wells. This is actdeve
several recent theoretical ideas point to the possibilitpew by a sequence of laser pulses at different frequencies that
interactions related to gravity ([1], [2] and referencesr#in). allow the creation of an interferometer with separatediapat
On the experimental side, measurements at distances gangiaths (passing through different wells) and using two dkfife
from 1078m to 10~®m have been the domain of micro-internal states of the atom. The readout of the phase diftere
electromechanical systems (MEMS) and of torsion balantethen simply the detection of the internal state popufetio
experiments ([2], [3], [4], [1] and references therein).ofw (similar to atomic clocks). The involved technology is very
major difficulties of such mechanical experiments is thecexasimilar to that of existing setups for optical lattice clack
knowledge of the geometry of the setup (distance, surfafdy], [18], [19], [20], [21] that have been built over the tas
roughness, etc...) and the precise measurement of the wasrs and are now operating in several laboratories ardwend t
small forces involved. A promising alternative that mightvorld, which makes this a promising idea for the near future
provide a way around those difficulties is the use of colds experiments can draw from that experience. Most of those
atoms. clocks are operating usingSr at a lattice laser wavelength
Over the last decade or so this idea has lead to a numbéi®13nm and all numerical values throughout the paper are
of proposals and experiments that explore interactionggt v given for that case, except when explicitly stated othezwis
short range using the metrological advantages of cold atom3Ne first recall (sectioﬂll) the relevant results of a pregiou
and Bose Einstein condensates (BEC). The experiments thaper [22] in which we have studied the use of Wannier-Stark

I. INTRODUCTION



(WS) states in an accelerated periodic potential to redoee &n effect known as Landau-Zener tunneling. However, in the
required trap depth in optical lattice clocks, followed it case of Sr in an optical lattice, and fof as low as5 E,. the
application to the control of atoms in an optical lattice itimescale for this effect is abow©'° s for atoms in the lowest
the presence of gravity (sectiIII). We then describe thging state, so it can be safely neglected for our purposes.
proposed experiment and its potential statistical unodgta  As shown in [22] under these conditions the Eigenstates of
in section |I\|’ With that in mind we investigate potentiald,,, are the so called Wannier-Stark (WS) stgdiés, ) known
perturbing effects (sectioE|V) and finally study the resigiti from solid state physics [23]. In the position representati
interest of the measurement in fundamental physics in@esti [17,,,) exhibits a main peak in thent well of the lattice
@and @l and small revivals in adjacent wells (see figlﬂe 1). These
revivals decrease exponentially at increasing latticethdefst
IIl. GENERAL THEORY Uy = 10E, the first revival is already a hundred times

We consider two level atoms trapped in a vertical standirgnaller than the main peak, which indicates strong loctidina
wave with wave vectork; in the presence of gravity. Thejn the mth well. The discrete quantum numbes is the
trapping laser is red-detuned from resonance which leads §a| index” characterizing the well containing the mainae
trapping of the atoms at the maxima of intensity. Transverge the wave function(z|W,,,). As intuitively expected, the
confinement is provided by the Gaussian profile of the vdrticgnergy separation between adjacent states is simply tmgeha
laser or by a 3D lattice, adding two horizontal standing vgavep, gravitational potential between adjacent wellsA, —

The internal atomic structure is approximated by a twoJIev;e,Lag)\l/Q (see [22] for details, for our cas, /27 ~ 866 Hz),
system|g) and|e) with energy differencéiw.,. The internal \hich leads to a Wannier Stark ladder of Eigenstates as shown
Hamiltonian is: . on figure[p.

H; = hwegle) (el

. . . I1l. CONTROL OFATOMS IN WS STATES
For 87Sr the transition used is theS, —2 P, line at 698 nm.

We introduce the coupling betwede) and |g) by a laser When the probe laser is switched on it couplés,, g) to
(probe laser) of frequenay, initial phaseg and wave vector |Wm,€) in either the same wellng = m’) or in neighboring

k, propagating along the direction: wells by the translation in momentum spa€é:?, with the
A ) coupling strengthg,,, |e™*-%|W,,./) (see figurd]2).
Hy = IS cos(wt — ks + ¢s)le){g| + h.c., (2)  Physically this process corresponds to tunneling through

the periodic potential barriers induced by the probe |zaed,
epends strongly on the lattice defth. Figurel]B shows the
elative coupling strengths for these processes as a &umofi

with Q the Rabi frequency.
In the following we consider external potentials induced b
trap lasers and gravity. The external potentfal,; is then
identical for both|g) and |e) with eigenstategm) obeying Uo. L i
Hemt|m> — hwpm|m). If we restrict ourselves to experiments We_ note that at real|st|c__latt|_ce depths of a faw. the
much shorter than the lifetime of stdte (for 87Sr, the lifetime €OUPIiNg strengthsl, (transition in the same well) andy;
of the lowest® P, state is about 100 s) spontaneous emissiéwnnel'ng to neighboring wells) are of the same order. This

can be neglected and the evolution of the general atomie stigPlies that for a given probe laser intensity the two prsess
are equally likely, governed only by the frequency of the

[War) = D af, e ! Im, g) + af, e st m ) (3) probe laser. For a probe laser linewidth that is signifigantl
m narrower thanA, (866 Hz) atoms remain in the same well

is driven by when the probe laser is on resonance={ w.,4), climb one
P step up the WS-ladder when= w., + A4 or one step down
ihglwaﬁ = (Heys + Hi + Hy) o). (4) whenw = w., — A,. These processes can be very efficient:

_ _ o ~in a numerical simulation wittUy = 5E, andQ = 10Hz
For a vertical optical lattice in the presence of gravity th@e obtain transition probabilities into neighboring wetiat
external Hamiltonian is

. R2R2 U,
Hew = .
s
with hx and m, the atomic momentum and mads, the
depth of the trapping potential andthe acceleration of the

Earth’s gravity. The natural energy unit for the trap degh i =

the recoil energy associated with the absorption or emigsio
_ R

(1 — cos(2k;)) + mqga, (5)

5 10

a photon of the lattice laseF;, = B and in the following ’ x (:mitsoof Al1/2) i R m/okl
we consider values dfy ranging from 5,. to 100F,..

The Hamiltonian |Z|5) supports no true bound states, as gn ;
atom initially confined in one well of the lattice will end up i representation fotio = 5 E,, Uy = 10 E, and Uy = 50 E,., calculated

the continuum due to tunneling under the influence of gravityumerically (see [22] for details).

Wannier-Stark states in position (left) and moment(right)



exceed 99.9 %. Consequently, a sequence of probe lases pulsembiguously. Quite generally, this type of scheme can be
on resonance, or detuned B\, provide a powerful method used in the presence of any potential whose spatial gradient
of spatially separating and re-combining the atoms on the ViSsufficient to discriminate between neighboring wellsngsi
ladder. the probe laser.
Once atoms in a particular well are selected, they are
IV. PRINCIPLE OF THEEXPERIMENT transferred to the well of interest (at the distance at wiigh
easurement is to take place) using a sequence pidlses

The experimental setup is sketched in flgﬂ'e 4 and is the probe laser detuned byA, to move up or down the

some extent very similar to the setups used in optical &tti . _ . ' .
clocks [21] or for the measurement of Bloch osciIIations][16thS'I""ddetr gs desc(rjllr{;dtm SITC“E ”tLh A? lllnte_rferometer IS
[14]. The atoms are trapped in a vertical optical latticehwit en created aroun at well using the loflowing sequence

horizontal confinement provided by the Gaussian shape of tq? 2e f|g|;ureﬂ4): We start W'tht atoms in Staﬁﬁ?’lﬁ?' A fws(tj
vertical trap laser or additional horizontal beams formang FW pu S(,e\lontresonalncedcrtea edsl;’alszp(irpos; i (’f’ 9) ?n
3D lattice. The probe laser is aligned and overlapped wi¢h th'” "™ ¢). Next, ar pulse detuned by-A, transfers atoms from

vertical trap laser. Typically, aboti? to 10 atoms per lattice (Wi, 9) — [Wins1,€) and [Win, €) — [Wi—1,9) (those are
site are trapped and cooled to a fel the only transitions resonant with the probe laser detuned b

The main experimental difference of the scheme proposé_élg) leaving a superposition .Of spat|a},lly separgteq st?tes n
ellsm+1 andm — 1. After a timeT; a "symmetrization”r

here with respect to existing setups is that atoms need 10 : )
) . . . ulse on resonance switches internal states. A fliin&ater a
be trapped in lattice sites close to one of the mirrors of the
; - ulse detuned by-A,, transfers atoms backW,,+1,9) —
vertical trap laser, and that provisions have to be made . !
ms€) and |[Wy,_1,e) — |W,,,g)) with a final 7/2 pulse

a
selecting atoms in a single vertical well. The latter can lJ . . S
on,resonance recombining the atoms in the initial well

achieved by several means, all based on selective pumping of : :
y . L pump gi/v?]ere the internal state populatiofs and P, are measured
atoms from|g) to |e) and cleaning all remainingy) states -

using a pusher beam. For example, a second vertical Iattlbcy fluorescence. The result is a "skewed butterfly” shaped
) ' ferferometer of spatially separated paths with the fiedtd-

superimposed onto the first one but of different period wou o . )
induce an additional lightshift dependent on the well index " probabilities depending on the phase difference cated!

Atoms in the maximally (or minimally) light-shifted wells@ along the two paths. The different energies of the stataxgalo

. the two paths and the initial phases of the probe laser pulses
then selectively shelved fe) by a properly tuned probe pulse ;
; . . lead to an overall phase difference
while atoms populating all the other wells and remainingyin
are cleared by the pusher beam. Depending on the period ratio

of both lattices and on the number of wells initially popezt A¢ = 1 [(Emt1 = Em—1) (T1 + T2)]

this leaves atoms in only one well or in a few wells separated h

by a known number of sites. In addition since both lattices ar + (wél,"*”Tl - wé?‘l)TQ) (6)
generated by reflection on the same surface the index of the 1) @) 1 (3) L A4 )

populated well(s) with respect to this surface can be known —¢s) + 20057 — o + ¢7) — 0

whereE,, is the energy of statgV,,,, g), wéf,”)‘ is the separa-
tion between internal states in weilt, and ¢>§“ is the initial
phase of thei *' pulse of the probe laser. Expressitg,

as the known potential of the WS states plus an additional
perturbatiorl/,,, (QED, new interaction, stray e-m fields, etc...)

the phase difference is

2
— o al
2
soole, 0l
2
12,/

‘I1VH+2>

“‘}u{ H

0,/0P

"7> [ W) 10731 — 10 100

;X(/i ‘II}H*\> lﬁ)[l;T]

‘IIVN 2>
Fig. 3. Relative coupling strength of the transition in taene well| Qg /2|2
and transitions into the first four neighboring weli311 /Q|? and|Q2/9|2
Fig. 2. Wannier-Stark ladder of states and coupling betwstates by the as a function of the lattice depttiy. The vertical dashed line corresponds to
probe laser. Uy = 5E,.



Q) and the phase noise of the probe laser contributes in the

Ad— 1 ¢;) terms. We discuss these and other perturbing effects in
¢=7 (MmagAi + Ums1 = Un—1) (Th + T2) the next section.
+ (ng)Tl - Wé?_l)T2) @) V. PERTURBATIONS
—) +2(¢P — ¢ 4 W) — ¢(®). For this section we will extend the discussion to a range

As can be seen from equatioﬂ (7) the phase differenoteatoms’ as the effect of some perturbations will signifigan

. . . . . épend on the atom and isotope used. More precisely, we will
depends on the interactions tim&% which leads to inter- pe . . P ) P y
- . . consider two configuration for our interferometer using two
ference fringes as a function &f; + T, at either output

i . . . IFveI atoms in an optical lattice: the hyperfine splittingtioé
of the interferometer i.e. when measuring the internalesta round state of Rb and Cs with counter propacating Raman
populationsP, or P, after the lastr/2 pulse. The signal of g propagating

! D . . . pulses as the probe laser [15], [16], ah$} < 2P, optical
interest is in the first term oi[|(7) allowing the determmatlotransitions in Sr and Yb [17], [18], [19], [20]. Throughott
of m,/h and g (analogue of the measurements reported In

[16], [24], [25], [14]) or the measurement of any additiona?ecnon we will investigate the potential perturbationshwa

% 10—4 -
potentialU that varies over the size of the interferometer. Thglc lAO é inra(%)gcc;e;lreosf (c))\r/fjrii” E[Joncirrtgl:lggti%r:]; h; 1%‘_65 Zl;r(ienment
scheme can be modified to adapt to the size of the Spa?raelquency P gtop =

variation ofU by adding additionatr pulses detuned byA,
(dashed lines on figurE 4) leading to larger separations and Phase coherence of the probe laser
limited only by the coherence time of the superposition and The third line in n,) characterizes the effect of a phase

thiemugncy c;f :he tfra{;ledﬂ/? = Wi t noi f at incoherence of the different probe laser pulses. Assuming a
_ Assuming stale of the art measurement noise ot a O&)cle time of the experiment of 1s and data integration over
interferometers we expect th@f¢ can be determined with

. . . 10*s, the10~*rad goal implies a phase stability of the probe
a precision of~ 10~*rad after 10®> to 10*s integration. g P P y b

For int tion timess + T» ~ 0.15 thi ds t laser of~ 10~2rad over timescales of order 0.1 s, with no
or interaction imes!, + 1> &~ 0.1s this corresponds 1o aperturbations}z 10~*rad) that are synchronous with the cycle
measurement noise omn,gA; + Umt1 — Um—1)/(27h) of

about] 104 Hz time of the experiment.
The terms 'n. the second and third lines ﬂf (7) point t When using Raman pulses with hyperfine transitions in Rb
. ! . ird POINt 18, g only the difference (GHz frequency) of the counter
potential sources of uncertainty. In an ideal experimenst t

: . . : ropagating Raman beams needs to be controlled at that level
internal state separation., is spatially homogeneous andT

. is can be achieved when carefully controlling the micrasva
all pulses of the probe laser are phase coherent, Ie"]wlmgs@)nal used to generate that difference. Also a second atomi
cancelation of those terms (when choosifig = 75). In . .

) . : . cloud (see below) can be used if required.
reality, perturbations ofv,, are inhomogeneous (magnetic For the optical transitions in Sr and Yb the required phase

effects, light shifts, collisional shifts, etc...), whidbads to - . o
imperfect cancelation of the two terms in the second line § herence is difficult to achieve. The most promising apq:fn_oa
IS to use a second cloud of atoms in the same lattice (suldjecte
to the same probe laser pulses) but far from the surface as a
phase reference that allows to correct for the phase vamgti
of the probe laser. Even in that case a phase coherence df abou
0.1rad is still required in order to unambiguously identtfg
2snm central interference fringe in the measurement. Nonetsele
using this method a compensation of the phase fluctuations of
the probe laser at the required level seems possible butmema
a challenging task.

=

B. Light shifts

Light shifts from the lattice laser will affect the measured
phase difference in two ways. Firstly the induced modifarati
w, of the transition frequency., leads to imperfect cancelation
/ Wi ﬁ of the two terms in the second line di (7) if the lattice laser

|e>
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intensity (and hence the induced light shift) varies in time
betweenT; and T, andfor in spaceu(7 " # w{m=1).
Secondly a spatial variation of the intensity over the site o
the interferometer will lead to a modification of the energy
Fig. 4. Experimental principle: Vertical standing wavelwittoms in the first difference between th@> states in the different wells, which

and third well (right), and interferometer created by thguemce of pulses Modifies the(U,, 1 — Uy, —1) difference in [P) The involved
described in the text (left). energy shifts are rather large when compared tolthe! Hz

=



TABLE |
DOMINANT SCATTERING LENGTHS AND COLLISIONAL SHIFTS FOR
BOSONIC ISOTOPESAU AND Sweg ARE GIVEN FOR AN ATOMIC DENSITY
OF 1012 ATOMS CM~3.

goal, e.g. for Sr in a &, deep lattice the light shift of thig)
state is about 20 kHz, which implies that the spatial varrati
of the lattice laser intensity needs to be controlled atlihe®

level.

For Rb and Cs the modification of the hyperfine transition
frequencyw., is given by thedifferenceof the light shifts  Atom a AU ong dweg Refs.
of the two hyperfine states and is therefore about a factor [nm] [Hz] [Hz cm?] [Hz]
whf/wept &~ 10~° smaller than the shift of each stateThus ffRC; 2roo e 2 4XX1(1];113 2 [30[]28[]3' 1[]29[]32]
arelatively modest spatial (0.1 to 10fh) and temporal (0.1S) ssg;  -07 <1  13x10-° 1300 33], [34]
stability of the lattice laser at tn)—* level is sufficient. How- ~ 86sr  32-120 =~100 - - [33]
ever, the induced shift of thgy) states is affected by the full _‘™Yb 1-3 ~15 - - [35]

light shift, and therefore the spatial variation of inténgiver
the lattice sites of interest needs to be controlled to ab@ut.

For a quantitative estimate we will examine this effect foe t h ith exisi f the domi d
experiment reported in [16]. In the picture of Bloch ostidas C9StNer with existing measurements of the dominant groun

used in [16] a spatial variation of the trap laser intensitgds state scattering lengths and the resulting frequency shifie

to a modification of the vertical wave vectby (ks in [16]) as ground state using the relatiahl/ = 47Th2ap_/ma wherea is
a function of vertical position, which modifies the momentunthe scattering length and the atomic density.
transferred by the Bloch oscillations. The results of [16] a Using techniques based on adiabatic transfer [36] the atomi
consistent withdk;/k; < 10-%. In our case, the separationdensity can be controlled to aboatx 10~%, so table[|
of adjacent WS states\, = mgg7/(lik;) (= 900Hz), S0 indicates that neither Cs nor Rb satisfy e * Hz uncertainty
the 10~8 uncertainty onk; leads to a contribution of aboutconsidered here in spite of the comparatively low scatterin
10~ Hz, which is sufficient for our purposes. However, somiéngth of Rb. One also notes that bosoHisr using an optical
caution is necessary when directly applying the result4 6 [ transition is disadvantaged by the large collisional sttt
to our case: Firstly in [16] intensity variations are avemag (measured on theS, « *P; transition in [34]), but this may
over several wells as the atoms are delocalised. Secon@t be the case when using another transition or for other
and more importantly, controlling the intensity close to ROSOnic isotopes in Sr or Yb.
reflecting surface is certainly more difficult than far froet ~ For fermionic isotopes collisional effects are expectetido
surface (stray reflections, spurious modes, etc...). Netegs orders of magnitude smaller (when spin polarized) due to the
the results of [16] provide a good indication that light shif Pauli exclusion principle. In Sr and Yb fermionic isotopes a
due to spatial intensity fluctuations should be contro#lai abundant{’Sr, 17'Yb, '73Yb) which provides the possibility
the required level. of carrying out the experiment using fermions.

For Sr and Yb the same conclusions apply concerning the
shifts of the |g) states in the different wells. ConcerningD
the spatial and temporal modification of,, the problem is D- Knowledge ofnaghi/h
completely solved when the optical lattice is operatedasth
called "magic wavelength”, which leads to insensitivity.qf,
to the trap laser intensity to first order, and totally neiplig
higher order effects [19]. . )

Finally, light shifts from wave front curvature and the Gouy For 7/maq th|s_ IS alreao!y ach|_eved for s_everal atoms. For
phase have been studied in [16] and found to be consistgﬁf“mplen/mm is determined with a relative uncertainty of

—8 . -8 . N
with 6k;/k; < 10~8, which again means that they should bé'4x 107" [16], andh/mc:s W't.h 1.6 x 10°[37]. Even if this .
compatible with thel0— Hz uncertainty considered here were not the case, the experiment itself could be used to first

measurei/m, at the required uncertainty(10~7) using an
C. Collisional shift atomic cloud far from the surface.

The trap laser wavelengtly can be known to much better

The interaction between atoms will affect the atomic energy-n 107 even with modest stabilization and measurement
levels as a function of the atomic density. As for the “gmechniques

shifts of the previous section, the effect will be two-fol, . .
e o . The absolute value of local gravigyneeds to be determined
modification of the transition frequenay., (second line of . . ; o
at the location of the atoms, including any vibrations and

E%)]) and aUmOdl)ﬁf[:;trlr?r;nOh};e ground state energy d|fferen%?her perturbations (tides, gravity gradient, etc...).sélote
m+1 — Um—1 .

. . ravimeters routinely reack: 108 g uncertainty, vibration
For some bosonic isotopes considered here the dependence .. . : . a
. . X isplations that achieve residual fluctuations<0l0—° g/+/Hz
of w.y On density has been measured. It is reported in @ble . . .
: at frequencies around 10 Hz are commonly used in gravimetry,

LFor example, in Cs the shift of., is measured to be.6 x 105 of the and tidal models are largely sufficient to correct tidal effe
shift of |g) as obtained from the measured static polarizability [2BF][ at that level.

A 10~*rad measurement ak¢ requires the knowledge of
the first term in [[7) at or below the0~7" level in relative
uncertainty.



E. Stray electric and magnetic fields distance between the atom and the surface. For example, a %
One of the most significant error sources in the me#l€asurement of the Casimir-Polder potentiat) requires
surement reported in [12] are stray electric and magneﬁclf)_3 uncertainty on- (due to the'°_4 dependence dficp),
fields originating from contaminations of the surface. Thwhich at the short distances involved is no trivial task. In
resulting normalized perturbation of the measured center H€ MOst recent experiment [12] at relatively large diséanc
mass oscillation of the BEC is of the orded—? (see table | (6 —10um) the uncertainties om are around 0.2m (see
in [12]), corresponding to an uncertainty of arout@ 2 Hz figure 2 in [12]) which implies a limit of about 10% on the
on the measurement of a potential with? dependence (e.g. Méasurement of/cp.
Casimir-Polder potential/c p) at a distance ok 7.5 yum from This is where we see the main advantage of the method
the surface. The surface charges responsible for the effect proposed here. The precise knowledge of the external state o
either spurious charges (especially when using an insglatithe atoms localized in WS states, and of the position of the
surface) or dipoles on the surface created by adsorbed atamtical lattice with respect to the surface allows a reédyiv
(especially for conducting and semiconducting surfaces) accurate determination of the position of the WS states (and
extensively studied in [38]. hence of the atoms) with respect to the reflecting surface.

It is difficult to realistically estimate the corresponding The uncertainty of the trap laser wavelength contributes
effect for our case because of the different experimentagligibly to 5 (below a picometre), but the characterization
conditions that significantly affect the stray fields (numbe its wave-fronts may have a larger effect. Over the small
of "stray” atoms, necessity for high vacuum, used surfacestension of the trapped atoms- (100xm) it should be
and atoms, etc...). However, we believe that most of theggssible to control wave front curvatures to abdot 3\,
differences lead to less sensitivity to stray fields (se@wgl |eading todr ~ 0.8nm. However, interference between the

with good hope of controlling them to the required levekrap laser and stray reflections due to surface roughness may
especially at relatively large distances from the surfdceo( play a non-negligible role [39], [40].

10pm). Other effects could come from the surface itself. Surface

As noted in [12] conducting or semiconducting surfacgs,ghness contributes ts 0.5nm [12] and is the dominant
would be preferable to insulators largely because they affi.ct The effective optical reflecting surface may beedidht
less susceptible to electric fields caused by spurious emrfqrom the physical surface, but that effect should be sinfisar
charges. However, they were n_ot used _bec_ause of Rb atqms trap laser and the QED modes that constitiite>, and
stlcklng.to_th_e surface and creating electric dipoles [88pur therefore cancel to some extent in the measuremebtof.
case this is I|I§ely to be less of a prol_)lem for.several reason the search of new interactions (secfich 10) that caticela
The vacuum in the proposed experiment will be about 1QQ,eq ot take place but the requirementsiorare much less

times lower than for typical BEC experiments, which meangingent (in fact determined by the necessity to correct fo
that it is possible to keep the surface clean by heating it Bacp)_

temperatures that are incompatible with the ultra high vatu

required for BECs. The total number of atoms required tt% Thus,t wle I?et::evetthat oufr expenmer;ftalmrtn(fthod IW'I.It aglow
produce a BEC is about0® times larger than for the case € contro’ of Ine atom-surtace separatio nm, timite

of 4K atoms in an optical lattice (for the same number y the surface roughness and the wave-front imperfectibns o

trapped atoms), which implies that less atoms will adsoito onhe lattice.

the surface in our case. Also, other means for protecting then sSummary, the effect of the perturbations discussed above
surface against adsorption could be used, e.g. a blueetktutill depend significantly on the choices made for the atoms
evanescent wave like in [6], and finally for non-alkalinerago and the surface. Our estimate for the collisional shift seem
(Sr, Yb) the strength of the dipoles created by adsorptighmni {0 €xclude many bosonic isotopes but is unlikely to affect
be significantly less than for Rb studied in [38]. fermionic isotopes of Sr or Yb, and the likely effect of stray

Concerning magnetic fields, in [12] it was not possible tB'agnetic and electric fields seems to favor a conducting or
apply an external magnetic field in order to detect theiraffeSemiconducting surface. Under those conditions a confrol o
(analogously to the method used for thefield) because of all perturbations ofA¢ in (@) at the10~* rad level seems
the magnetic trap used for the BEC. This is not the caB@ssible but remains challenging, especially concernig t
for the purely optical trap proposed here, so charactésizat Phase coherence of the probe laser and the control of stray
of magnetic effects is ||ke|y to be more precise than iﬁ|eCtr0magnetinie|dS. We therefore take this value asdlkesb

[12], especially for isotopes with non-zero nuclear angulfor the discussion of the scientific interest of the experitne
momentum {33Cs, 85:87Rb, 87Sr, 171:173YD) as the different IN the next two sections, but note that even with performance

mr states can then be used to measure the magnetic fieldst@t are up to two or three orders of magnitude less (using Rb

situ”. for example), the experiment would still be of interest when
_ compared to previous measurements (see secfigng VI, Vi)
F. Knowledge of the atom-surface separation whilst using an experimental approach that is fundamentall

The uncertainty of any measurement of atom-surface intelifferent from previous mechanical measurements, whiaf is
actions depends crucially on the precise determinatiom®f tessence in experimental investigations of fundamentadiphy



TABLE Il

VI. QED INTERACTION
) o ) o QEDPOTENTIAL FORSR IN DIFFERENT WELLS OF THE OPTICAL LATTICE
After its prediction in 1948 [41], the Casimir force hasr g13nm. U 1s EVALUATED APPROXIMATELY USING (E) FOR WELLS1TO

been observed in a number of "historic” experiments which 5 AND (E)FORWELL%.
confirmed its existence and main properties [42], [43], [44]
[45]. More recent measurements [46] with largely improved Well no. 1 2 3 4 5 26

r/nm 203 610 1016 1423 1829 10366

accuracy have allowed for comparison between measured
/Hz (105) 1200 160 41 15 0.04

values of the force and theoretical predictions at the few % o7
level. This comparison is interesting because the Casonief

is the most accessible effect of vacuum fluctuations in the
macroscopic world. As the existence of vacuum energy raises o . ,
difficulties at the interface between the theories of qUIamtuare close to the surface that potential difference is dotaiha

and gravitational phenomena, it is worth testing this effe@y UqrD. I .
with the greatest care and highest accuracy [47], [48]. Table[l] shows the contribution frorficp evaluated using

Shortly after the prediction of the Casimir force betweeﬁpproximations E8) and[|(9) for Sr atoms in a lattice with

two parallel plates, Casimir and Polder [49] predicted thel — 5_313nm. We first note that the proposed depth of the
analogous attractive force between an atom and a macrascditential wells Up = 5E;) corresponds to about 20kHz,
plane surface. The corresponding potential is known as the: €SS tharcp in the first well, which means that atoms
Casimir-Polder potentidlcp and is described to first approx-cannot be trapped in that well. Even in the next two wells

imation (zero temperature, perfect conducting surfacdy orf’ SO Ucp is far from being a "small” perturbation of the
static part of the atomic polarizability, etc...) by trapping pqtentlal and .VYI.” significantly m0d|fy the WS stat
and transitions probabilities calculated in [22] (seeu;estm,

(®) mb in the absence of any additional potential. Nonethe|éise
8mrd principle of the experiment remains valid but it requiresith f
where ¢ is the speed of light in vacuumy, is the static duantum calculation (including/ozp) to obtain the correct
polarizability of the atom, and- is the distance betweenWS states and corresponding energy differences, transitio
the atom and the surface. More generally, the Casimir-Polddobabilities, etc.... As a result, given the non-negligishift
potential is the retarded part of the total QED interactioff transition frequencies to neighboring wells KHz for the
Uoep between the atom and the surface. The non-retard@d well), some experimental complications may be necgssar
part, which is dominant at short distances, is known as tM&1en exploring wells very close to the surface, for example,
"Van der Waals” potentially-qy and has a— dependence. using simultaneously two slightly detuned probe lasers.
Also, at non-zero temperatures (and larger distances), thelhe measurement &foxp using the proposed experiment
overall QED potential becomes dominated by a temperatigenow straightforward. For a measurement at short distance
dependent term again with—3 dependence of the form (toWe prepare the atoms in the 4th well for example, and then

3h
UCP _ CQ

first approximation) use the sequence of pulses described in seftipn IV to create a
superposition between wells 3 and 5. Our projected unceytai
Up = kpTag 9) of 1074 Hz then leads to a measurementl@fp at a relative
473 uncertainty of about0~5, with potential for another order of

wherekp is the Boltzmann constant arid the temperature. magnitude improvement when starting in well no. 3 (super-
This leads to an interesting phenomenological behavidr wiposition between 2 and 4). However, at such short distances

two distance dependent crossover points from dependence the main limitation will come from the uncertainty on the

tor—* and back. At 300 K the two crossover points are situatetgtermination of the atom-surface separatién € 1nm see

at a few tenths of a micron and a few microns respectively (deection[¥) which for atoms in well 3 leads to a contribution

pending on the atom and surface characteristics). Expatsneof aboutéU/U = 46r/r ~ 0.04 and worse when closer to the

that measure the overall QED interaction use cold atoms [8)jrface. At large distances (e.g. for a superposition betwe

[7], [11] or BECs [9], [10], [12]. The experiment by Sukenikthe 26th and 40th well) the effect dfr is about 0.03 Hz,

[5] was the first to clearly observe the crossover betweahich implies a measurement 8U/U < 0.01 now limited

Uyaw andUcp, whereas the experiment by Harber et al. [13)y the 10~% Hz uncertainty in the measurement ©f rather

has concentrated on the second crossover at larger distariban the uncertainty in. The optimum issU/U < 1073

(from Ucp to Ur), without clear evidence so far. Typically,situated at intermediate distances of about 5 microns fiem t

experiments measuring the atom-wall QED interaction have surface, close to the crossover betwefn (8) ghd (9) at about

overall relative uncertainty at or above 10% (e.g. the dier®.6 microns.

uncertainty of [6] is estimated to about 30 %). Thus, a measurement at optimum distance corresponds to
Our proposed experiment (secti@ IV) measures the potewo orders of magnitude improvement on the experimental

tial difference between two wells separated by a distance wrification of Uggp between an atom and a macroscopic

nX; (2n wells) withn = 1,2, 3, ... depending on the number ofsurface, down to the0—3 level in relative uncertainty. This is

7 pulses applied for the separation of the atoms. For wells ttd interest, given that theoretical predictions for reaiditions



have typical uncertainties of some percent [50] (depending measurement in a superposition between the 3rd and 7th wells
how well the material properties of the mirrors are know(Sr in a lattice with\; = 813 nm, Au surface7; +75 = 0.15)
[51]), and that recent theoretical work [52] suggests neand a measurement uncertainty I6f“ rad in ﬂ) we obtain
phenomenological behavior éfgrp out of thermal equilib- a limit of « < 10*® at A = 2pum, around 5 to 6 orders
rium at intermediate and large distances (few microns aonél magnitude better than previous limits (figlﬁle 6, [55]). At
above). Finally, we point out that our method also allowiarger distances (26th and 50th well) the limitais< 1036 at
a complementary measurement using direct spectroscopyicf 10 um, about a two orders of magnitude improvement.
weg as a function of the distance from the surface (clock Contrary to the measurement éfgxp (sectionM) the
operation with atoms prepared in a given well), which allowsncertainty in the knowledge of the atom-surface separatio
the exploration o/ zp as a function of distance and internabnly plays a minor role as, unless we discover a non-zero
state of the atom. potential, we only set an upper limit dity-,,; i.e. we require
thatéUy ur /Uy i < 1, which implies thatr(r—14+171) < 1,
largely within our uncertainty (see sectiEh V).

The search for deviations from Newtons law of gravitation In fact, the most serious issue when trying to measgirgy,
has been a recurrent issue for the last three decadesllynitizs the perturbation froni/ogp, especially at short distances.
motivated by the possibility of deviations from standarel\gr Tablem shows that for measurements in the 3rd well one needs
ity due to new forces with couplings of the order of that ofo correct and/or cancel the effect 6f,zp at the107° level
gravity [2], the search has been more recently encouragedfby the 10~% Hz uncertainty that we aim at, and even when
unification models which predict the existence of forcesaup telatively far from the surface (26th well) a correction laé t
10° times stronger than gravity in theyin and 10Q:m range % level is still required. We believe that the most reasomabl
[53], [54]. Even if its results have not met initial hopes tbe approach to that limitation is a two stage experiment, isigurt
observation of a "fifth force”, the search has greatly imgayv with an experiment at relatively large distance 10 um) with
understanding of gravitation, generated an impressive lbdd the setup described above, and exploring shorter sepasatio
new knowledge, and narrowed the remaining open windowsa second stage where experimental precautions are taken t
for new fundamental forces. cancel and contral/ggp at the required level.

The hypothetical additional gravitational potenti@h ., For the first stagel/orp needs to be calculated and cor-
is often expressed in the form of a Yukawa potential angécted at the % level to reach the requiié@d* Hz uncertainty
parametrised by a dimensionless coupling strengtielative (c.f. table[l]) which is within the reach of present theorg[5

VII. SEARCH FORNEW INTERACTIONS

to the Newtonian gravitational potential, and a range [51], especially at such relatively large distances whéwe t
material properties of the mirrors are not crucial any more.
Uyur = Un(ae™™?) (10) So the experiment will be limited directly by the overall

uncertainty onA¢ (=~ 10~*rad) in d]) leading to the curve

whereUy is the standard Newtonian potential. Experimentg |arge distances in figuf¢ 6, and an overall improvement by
set limits in the (A, a) plane, each experiment providingahout 3 to 4 orders of magnitude on present limits.
best limits in the region of\ corresponding to the typical The gecond stage requires one or several experimental

i 5
distances between the masses used. For l&rg80° 10 »yicks” to reduce the effect ofigpp. For example, one
10" m) limits are provided by artificial satellite, lunar, and

solar system observations, whereas ranges of 1m and below

are the domain of laboratory experiments. The knowledge of

Uy i deteriorates rapidly (limits ony increase) for very large R

(> 105 m) and very small £ 10~2 m) ranges, leaving "open o

windows”, of which the smalk one is the focus of this work.

Figures[b and]6 show the present limits at very shit{

to 10~%m) and short rangel(—% to 10-2m). At a range of 02

about 2 microns best limits can only exclude an additional

potential larger than aboun'® times gravity (figurg]6, [55]) o®

with much worse results at shorter distances. Figlire 6 also 107

shows some theoretical predictions, which seem to indicate

that some interesting ranges to explore are between a micron o

and a millimeter. ‘
The interest of the experiment proposed here in measuring 0

such short range potentials is two-fold: the large region of A [m

distances that can be explored by preparing the atoms in

different wells of the optical lattice, and the compardive Fig. 5. Limits [55] onUy- at very short ranges (adapted from [54]). The

low uncertainty of the measurement itself (measuring tliyec solid red line indicates estimated limits from the presenppsal when using
the potential rather than the force). For example, with adifferential measurement between isotopes.

lal

Mahideen




could use a mirror with a narrow band reflectivity (aroundhagnitude on the limits of new short range interactiongeela
A7), or on the contrary a transparent (especially at the maim gravity (sectiol).

atomic transition frequencies) source mass placed bettheen The fundamental advantages of the described experiment are
mirror and the atom whose distance to the mirror (and hentte possibility to determine the atom-surface separatigh w

to the atom) is measured using an additional interferometeglatively good accuracyx{ 1 nm), and the large range over
Both methods could at most reduce the effectlajrp Wwhich experimental parameters can be varied. For example,
by about two orders of magnitude (the order of residudly placing the atoms in different wells distances from 600
reflectivity or transparency of available materials). Theren nm to several tens of microns can be explored, and using
promising approach (that could also be combined with one different isotopes and internal states allows the studyhef t
the previous two) is to carry out a differential measuremedependence olUgrp and Uy, on those parameters. The
between two isotopes of the same atom (€Y"Rb or distance ranges of best sensitivity (between 1 and 10 nsyron
171,173yp), The difference inUgrp between two isotopes are also of interest as they correspond to the transitiomesst

is determined by the difference in polarizability, which igshe Casimir-Polder and thermal regimeliiy p (see section
expected to be of the same order as the isotope shift and to the region where several theoretical predictiohs
the main atomic transitions (typically arount—® in relative new interactions can be found (see fig[lre 6). We also note that
value [57]), so a differential measurement should allow titee possibility of varying many experimental "knobs” (trap
cancelation ofUggp at about that level, consistent with thdaser intensity and wavelength, atomic density, tempegatu
required uncertainty for a measurement in the third well @tc...) provides good handles to study and characterisgy man
further. The disadvantage of such a measurement is that oafythe systematic effects discussed in sec@)n V.

the differential effect ofUy,, is observed which is a factor Of the studied atoms the most promising candidates are
Amgt/ma: = 0.01 (with Am,, the isotopic mass difference)fermionic isotopes of Sr and Yb because of the expected
smaller than the full effect. Taking that into account, wéaid low energy shifts due to collisions. But note that even with
the projected limits at very short and intermediate distancperformances that are up to two or three orders of magnitude
shown in figureq]5 anfl 6, with an improvement of about 8ss (e.g. using Rb with a 10 to 100 fold loss in sensitivitg du

orders of magnitude on best previous results. to collisions), the experiment would still be of interestewh
compared to previous measurements (see segtipn V], ViI)
VIIl. CONCLUSION whilst using an experimental approach that is fundamentall

igerent from previous mechanical measurements, whidf is

We have proposed a novel experiment to measure tﬂ ) : . L .
sence in experimental investigations of fundamentadiphy
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