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Tensorial phases in multiple beam atomic interference
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The atomic tensor polarizability in a pulsed optical field can generate a phase-shift scaling quadratically with
the interfering path number in a multiple beam Ramsey experiment. The phase can be interpreted as an internal
atomic-state version of the electrior scalay Aharonov-Bohm effect. In the absence of classical forces, this
nonlinear phase shift causes collapse and revival of the Airy-function-like interference pattern. The technique
also holds promise for experiments testing for a permanent electric dipole moment of an atom.

PACS numbegps): 03.65.Bz, 03.75.Dg, 39.284q, 42.50—p

While in classical mechanics potentials are only conve-differences of integer fractions of/2 While linear phases
nient mathematical tools, Aharonov and Bohm showed thasimply shift the multiple beam interference pattern, quadratic
in quantum mechanics potentials have important physicaphase shifts result in collapse and revival effects, thus yield-
significancd 1]. The essence of the Aharonov-Bohm effect ising a clear signature of the scaling of the phases. The qua-
that phase shifts can be induced in regions with no classicalratic phase causes fringe patterns related to the Talbot im-
force but a nonzero potential. In their famous proposal, Ahaages of near field light optics, where nonlinear phase terms
ronov and Bohm predicted both a magnetic and an electrigppear in the Fresnel approximation of the wave equation
effect. The magnetic or vector Aharonov-Bohm effect was[13]-
experimentally observed with electrof]. Neutral particle Let us briefly discuss a scheme of the originally proposed
analogs of the electric or scalar Aharonov-Bohm effect wereelectric variant of the Aharonov-Bohm effect as shown in
realized with neutron$3,4] and atoms[5,6]. In all these Fig. 1(a. In that gedanken experiment, an electron wave
experiments the Aharonov-Bohm phase caused a shift of theacket is coherently split into two paths, each of which
fringe pattern of two-beam interference experiments. WithinPasses through a conducting Faraday cylinder with a field-
the last years the field of interferometry with atoms has unfree region inside. During a time when the wave packets are
dergone rapid progre$g]. Recently, not only two-beam, but completely contained in the cylinders, the electrostatic po-
also multiple beam atom interferometers have been realizei@ntials of the cylinders are pulsed onto the valdgsand
experimentally[8,9], leading to sharply peaked fringe pat- ®», respectively, for a period. In spite of the absence of all
terns and the observance of collapse and revival induced byfarces, the electron wave packets will acquire phase shifts
nonlinear phase associated with the photon recoil energs ;= —V;7/%, with the scalar potentialg;= —ed;. While
[10,11. Since then, related effects have been predicted iithis experiment still remains to be performed with charged
theoretical studies of the Aharonov-Bohm effect in multiple particles, the potentials can also be generated by the interac-
beam electron interferometdrs2)]. tion of a dipole moment with a field3—-6], yielding V

In this Rapid Communication we report on a study of =—d-E for an electric dipole momert in an electric field
tensorial phase shifts associated with the internal atomic dé=. The electric dipole moment of an atom @&=dyerm
grees of freedom in a multiple beam Ramsey interference- o E, wherea denotes the polarizability tensor. The perma-
experiment. Via the tensor contribution to the atomic polar-nent electric dipole momett,,, of atoms—being so small
izability, a pulsed off-resonant light field can generate a pothat it has so far resisted experimental detection—can for
tential and an accumulated phase shift scaling quadraticalljiow certainly be neglected. A significant atomic electric di-
with the interfering path number. This nonlinear phase shiffopole moment can, however, be induced by the interaction
is achieved with no classical force acting on the atoms, andith both static and ac electric fields. The interaction energy
represents an example of a generalized electric Aharonovhen is determined by the static or ac Stark shift. In the case
Bohm phase shif{6,4]. In the absence of the nonlinear of either a static or also a linearly polarized ac electric field
phase, the phase difference between adjacent paths is con-
stant for all interfering paths, and the measured interference

signal exhibits the sharply peaked Airy-function-like pattern (a) (b) . _4 t H f
known from common optical multiple beam interference ex- o, y i
periments, as, e.g., a Fabry-Perot resonator. When the light - atom
intensity is increased to a finite value, the phase difference ~>—<§>~» >

between adjacent paths is not constant anymore, and the
measured fringe pattern collapses as soon as the accumulated 02 o
guadratic phase between a central and an outermost path be- pA4y Elaser

comes significant. However, when the accumulated quadratic

phase between neighboring paths reaches an integer multiple FIG. 1. Schematics of electric Aharonov-Bohm experiméals
of 27, the original fringe pattern is revived. Further interest-with electrons and two interfering paths atiil with neutral atoms
ing effects, such as period doubling, are observed for phasgnd five interfering paths.
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mge: 4 3 2 -1 0 1 2 3 4 sition from a ground state with total angular momentgm
6Pip(F=4) I o2 oF v = x F = =N-—1 to an excited state with total angular momentum

"=F. A single dark state witiN components exists, and
the atom in the first optical pulse is projected on this coher-
ent superposition of ground states with only even only
Ig4> lg2>  lgo>  lg2>  lga> odd magnetic quantum numbers. At a tirnefter the pulse,
the dark  state has  evolved into |eqg(t))
=3F cne ™I gon_g), where|g,, ) denotes a ground state

of magnetic quantum numbeng . The weightsc,, are such
that | pq4(t)) is dark att=0. Let us assume equal field am-
plitudes for theo, ando_ polarized laser fields at all times,
1/ a w 3m2—F(F—1) which will result in a s_ymmetric dark state. The Raman-like
Agp =~ scalar | Ttensor = 'F E27r, (1) two-photon detuning iS=w,—w_—ws, where . de-
Foh 2 2 F(2F-1) notes the frequencies of the. polarized wave ¢ , =w_)
and w, the Zeeman splitting between two adjacent et@n
is accumulated in an interaction time whereF denotes the  odd) mg levels[15]. The phase shift due to the tensor polar-
atomic total angular momentufi4]. The phase shift is in- izing (TP) pulsed optical field gives rise to the additional
duced with no classical force, provided that the atoms do nofagnetic sublevel-dependent phase shift of 89. When
experience an electric-field gradient. While the original con-ysing -polarized light, the matrix elements for &—F’
cept of the electric Aharanov and Bohm eff¢tt relied on =F transition increase linearlj16]; the induced ac Stark
interfering paths with thesamecharge passing through re- thys shifts quadratically with the magnetic quantum number.
gions withdifferent potentials in each of the paths, our ex- As the problem then separates into many two-level systems,
periment is based onpath-dependeratomic polarizability,  the phase shifts for our configuration are most simply calcu-
such that thesameelectric field can be used for all paths |ated from the individual ac Stark shift of a suble\mdumF

(with d|_fferent magnetic quantum num_b}srand no spatial =2 J4A in the far-detuned limit withA as the laser detun-
separations between the paths is required. This represents a "

generalized form of an electric Aharonov-Bohm phase shifftd andQ_ as the corresponding Rabi frequency. We de-
[3—6]. We are aware of the ongoing discussion in the literative a nonlinear phase shiﬁmezmﬁﬂanzlrMA, which
ture about to what extent the resulting phase shift in relate@ne can relate to the intensity of the tensor polarizing beam
spin rotation experiments is a complete analog to the origingl_, after some algebra, using
Aharonov-Bohm concepf4]. As an important extension
over previous work, in our experiment the atomic tensor po- Qﬁqullep{STrCZF/ﬁ 0 [1(1+29)%]}
larizability yields a phase term scaling quadratically with the
magnetic quantum number. Compared to the static field caswith the natural linewidtH™ and the nuclear spi&.
the tensor polarizability of ground-state alkali-metal atoms At timet=T the second Ramsey pulse is applied with the
can be enhanced by many orders of magnitude by using gphase of one of its beams shifted ByWith #=0 and for no
optical field with a detuning from resonance smaller or com-additional phase shifts, the atom by the time of the second
parable to the upper state hyperfine splitting. This allows theulse is still dark for the light field. In general, the atom by
generation of large nonlinear phase shifts already with modthis time, however, is in a superposition of the dark and the
erate field strengths. One can read out the tensorial phaseupled states. The second Ramsey pulse will remove most
very elegantly using an interferometer with the interferingof the population that is not dark and optically pump these
paths in different magnetic sublevels, as shown in Fig).1 atoms into another hyperfine levét.g., theF=3 ground
Phase shifts due to the scalar polarizability cancel when altate for the scheme of Fig),2which is not detected any-
interfering paths are in the same electronic state and expennore. The part of the wave function that remains in the dark
ence the same electric field. state is given by the projection

For a detection of this nonlinear phase, we use the tech-
nigue of multiple beam Ramsey spectroscopy developed ihed(T)leq(0))

6S4,2 (F=4)

FIG. 2. Scheme of relevant levels of the cesium atom.

(otherwise, in addition a term linear img appearsa mag-
netic sublevel-dependent phase shift of the form

our laboratory[8]. Atoms from a cesium atomic beam are E 02
irradiated by a sequence of two copropagating optical Ram-  _ E czex;{ —i(n(T6+ 0)+(2n—F)2 me=1 T”
sey beams in @t — o~ polarization configuration tuned to n=0 4A ’

theF=4—F'=4 component of the cesiud1 line (Fig. 2). o)
In the first laser pulse, atoms are projected onto a honabsorb-
ing “dark” coherent superposition of the five ground-state where we have neglected both the fraction of atoms that are
Zeeman sublevels with magnetic quantum numbegs= repumped into the dark state by the second pulse and phase
—4,—2,0,2 and 4 of the 8,,,(F=4) ground state. This co- shifts due to other hyperfine sublevels. The calculated fringe
herent superposition is probed with a second projection pulspattern for our experiment with five paths is shown in Fig. 3
after a timeT, at which interference is observed. as a function of the intensity of the TP light. A rich structure
Let us derive the interference pattern for a more generabf collapse and revival effects is expected with applied TP
experiment withN paths, which can be realized using a tran-light.
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FIG. 3. Calculated interference signal for &+4 to F'=4 § M10
transition as function of both the phase of the second Ramsey pulse £ 43
6 and the tensor polarizing beam intensify. The vertical scale g r 8 1
gives the ratid({ 4(T)| ¢4(0))[? of atoms in the dark state after the ko]
pulses to those initially in that state. © 3
The experimental setup is similar to that used in our pre- L |
vious work[8,10]. A thermal cesium atomic beam enters a 32
magnetically shielded optical interaction region with a ho- | 0.
mogeneous 10-mG magnetic bias field oriented along the
optical Ramsey beams. These beams are generated from a AR o
Ti:sapphire laser and pass several acousto-optical modulators 10 7 21 3n 10 & 2r 3
(AOMs) before being spatially overlapped and expanded. phase 8 [rad] phase 0 [rad]

The phase of the drive frequency of one AOM can be varied ) -
during the pulse sequence to allow a change of the phase of FIQ. 4. Interference signals for &= 4 toF’ =4 transition asa
the corresponding optical beam in the second Ramsey pulsinction of the phase of the second Ramsey pulse for different
The linearly polarized light for the optical TP beam is de- intensitieslp. The three spectra with highest intensities are also
rived from the same laser and directed oppositely to th&"oWn on the right-hand side on an expanded scale.
atomic beam. Its beam diameter of 15 mm is a factor of 5
above the largest widtlvertica) of the atomic beam. The level9. A signal shifted in phase byr is measured aktp
number of atoms left in the dark state after the second opticak 19 mWi/cnt. One expects this shifted pattern to occur at
pumping pulse is measured by irradiating the atoms with amalf the intensity for the total revival, yielding an induced
optical beam tuned to theS§(F=4)—6P3,(F'=5) cy-  phase difference of betweerm-=0 andmg=+2, and 4r
cling transition and collecting the resulting fluorescencebetweenmg=0 andmg= *+4. Constructive interference of
This beam is generated from a diode laser and is copropal sublevels is only obtained when applying the final pulse
gating with the thermal atomic beam to allow Doppler selec-with a 7 phase shift. Figure 3 shows that besides full reviv-
tion of slowly moving atoms. For the typically detected als partial revivals with roughly 70% amplitude of the full
atomic velocity clasgaround 200 m/s the TP light appears  signal size are also expected. A partial revival is observed
about 400 MHz blue detuned from theSf(F=4) nearl=11 mWi/cnf. The experimental fringe patterns for
—6Py(F'=4) transition. larger intensities of the TP beam generally have a reduced
Typical interference signals with the two Ramsey pulsesontrast. We attribute this mainly to spatial variations in the
separated byr=63 us and pulse lengths of 1.as are intensity of the Gaussian TP beam over the vertical profile of
shown in Fig. 4 for different intensities of the TP beam. Thethe atomic beam, leading to a residual dependence of the
interaction with the TP light takes place in between the Ramtensorial phase shift on the atomic trajectory. On the other
sey pulses for a period=60 us. Forl1p=0, one observes hand, intensity gradients along the atomic velocity are com-
an Airy-function-like interference signal with good contrast paratively small, as the optical TP beam is directed longitu-
and a fringe width of 0.28 27, which is reasonably close to dinally to the atomic beam, such that phase shifts due to
the theoretical width of 0.1627. With applied TP beam a classical forces are expected to be suppressed by at least two
phase shift quadratic in the path number is introduced andrders of magnitude. To a smaller extent, the fringe contrast
the phase difference between neighboring paths is no longés also reduced by the finite width of the selected velocity
constant, causing collapse, period doubling, partial revivaklice for signal detectiorfabout 18 MHz Doppler width
effects, and total revival for different values of the laser in-since the ac Stark shift experienced by the atoms depends on
tensity. The(first) complete revival occurs when the phasethe Doppler shift of the TP light.
difference betweemgz=0 andmg= *2 equals 2r, and 87 In a brief view of the experiment, one could argue that
betweenm-=0 andmg= *4, causing all magnetic sublev- during the process of switching on and off the laser, electric-
els to interfere constructively with zero phase of the secondield transient intensity gradients occur, which do result in
Ramsey pulse. This revival is observed near an intensitglassical forces. One can, however, show that the resulting
l1p=43 mWi/cn?, which, accounting for a 20% absolute phase shift is smaller than that given in Ef) by a factor
calibration uncertainty, compares with the theoretically estiv/c, wherev denotes the atomic velocity6]. For experi-
mated valuel ¢,iya=33 mWi/cnt (including all hyperfine  ments with thermal atoms, the phase shift from the switching
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e [mW/cmz2] involved here, which implies that at the total revival the
[~ T phase difference between the central and outermost Zeeman
T . AN A 6'3_ sublevels equals only72. Any intensity imperfections of the
o I Mw'& TP beam are thus expected to be roughly a factor of 4 less
B I W 1 severe. However, the smaller number of contributmglev-
z i 6'0_ els also results in a less rich topology.
S [ A/ B4 From a different perspective, the described experiments
g [ ) can also be interpreted as a quantum-nondemolition mea-
‘@ M 26] surement of the number of photons in the TP-light fidld].
g 1 From the measured interference pattern the quadratic phase
® M 01 shift can be derived, giving a measure for the intensity in the
ST Ty m-polarized mode without altering the number of photons in
-t 0 © 2r 3n the light field.
phase 6 [rad] To conclude, we have measured collapse and revival ef-

fects due to a nonlinear phase shift induced by the tensor
contribution of the atomic polarizability using multiple beam
Ramsey interference. This can be interpreted as an internal
state version of an Aharonov-Bohm experiment. Multiple
beam Ramsey spectroscopy holds promise for future experi-
process is thus completely negligible. We have experimenments testing for a permanent electric dipole of an atom
tally verified that the position of the revivals indeed dependgelectric dipole momen{EDM)] while applying a strong
on the product of the TP-laser intensity and pulse timer, static electric field. Besides the higher resolution compared
and not onl+p alone, which one expects if the quadratic to experiments measuring the difference between two adja-
phase shift is due to field gradients during the switchingcent Zeeman sublevels, this technique also has advantages in
process. terms of systematic effects. The quadratic Stark effect as a
We have performed similar experiments on th®;§F major source of potential systematic uncertainties in most
=3)—-6P,,(F'=3) transition, where the dark state is com- atomic EDM experiments is expected to cause less system-
posed of only four Zeeman sublevels witl=—3,—1, 1,  atic errors in our scheme, since terms linear and nonlinear in
and 3. The results are shown in Fig. 5. The interferencens can be measured separately. This point will become in-
signal at the complete revivét | rp=13.8 mW/cni) has a creasingly important for future EDM experiments performed
much higher contrast than that observed for the transitioin optical dipole traps, where the trapping beam induces an
F=4 toF’'=4. We attribute this to the fewer Zeeman levels additional tensorial ac Stark shift8].

FIG. 5. Interference signal for different intensitigs as a func-
tion of the phase of the second projection pulse forFen3 to
F’=3 transition.

[1] Y. Aharonov and D. Bohm, Phys. Re¥15, 485(1959. [12] S. Weigert and |. Herger, Europhys. Let, 599 (1998.
[2] R.G. Chambers, Phys. Rev. Léft. 3 (1960. [13] K. Patorski, Progress in Optics XXVlledited by E. Wolf
[3] B.E. Allmanet al, Phys. Rev. Lett68, 2409(1992. (North-Holland, Amsterdam, 1989
[4] G. Badureket al, Phys. Rev. Lett71, 307 (1993, and refer-  [14] J.R.P. Angel and P.G.H. Sandars, Proc. R. Soc. London, Ser. A
ences therein. 305 125(1968; A.M. Bonch-Bruevich and V.A. Khodovoi,
[5] S. Nic Chormaicet al, Phys. Rev. Lett72, 1 (1994. Usp. Fiz. Nauk.93, 71 (1967, [Sov. Phys. Uspl0, 637
[6] J.H. Muler et al., Appl. Phys. B: Lasers Op60, 199 (1995. (1968)].
[7] See, for exampleAtom Interferometryedited by P. Berman [15] A finite splitting w, is of importance when using elliptically
(Academic Press, San Diego, 1997 polarized tensor polarizing light to inhibit Raman transitions
[8] M. Weitz, T. Heupel, and T.W. Hesch, Phys. Rev. Letf7, between theng levels.
2356(1996. [16] E. U. Condon and G. H. Shortleyhe Theory of Atomic Spec-
[9] H. Hinderthu et al, Phys. Rev. A56, 2085(1997). tra (Cambridge University Press, Cambridge, 1967
[10] M. Weitz, T. Heupel, and T.W. Hesch, Europhys. Lett37, [17] M. Bruneet al, Phys. Rev. Lett65, 967 (1990.
517 (1997). [18] M.V. Romalis and E.N. Fortson, Phys. Rev. 29, 4547
[11] S.B. Cahret al, Phys. Rev. Lett79, 784 (1997). (1999.

020101-4



