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Abstract. We study the effect of photon scattering from recent experimental works, atoms have proven to be attrac-
a path of a four-beam atomic interference setup, which isive candidates for experimental investigations of the wave-

based on a cesium atomic beam and two subsequent optigadrticle duality and quantum decoherence [3—6]. As decoher-
Ramsey pulses projecting the atoms onto a multilevel darknce effects are believed to be responsible for the transition
state. While in two-beam interference, any attempt to keepetween (microscopic) quantum systems and classical sys-
track of an interfering path reduces the fringe contrast, weems, their study in quantum systems of increasing size is of
demonstrate that photon scattering in a multiple-path arrangénterest [7—9].

ment cannot only lead to a decrease,-buinder certain con- In this paper, we report on an interference experiment

ditions— also to an increase of the interference contrast. Théased on four internal states of the cesium atom in a four-path
results are confirmed by a density-matrix calculation. We ar®@amsey setup. While in a two-beam interference experiment
aware that in all cases the “which-path” information carriedthe observation of a path always reduces the fringe con-
away by the scattered photons leads to a loss of informatiotnast [10], this is not necessarily the case in a multiple-beam
that is contained in the atomic quantum state. An approach tarrangement. We demonstrate that the scattering of a pho-
quantify this “which-path” information using observed fringe ton off one of the four paths can also lead to an increase in
signals is presented,; it allows for an appropriate measure @he Michelson fringe contrast. This non-intuitive situation can

quantum decoherence in multiple-path interference. occur when one attempts to observe a path in an interferome-
ter where the phase difference between adjacent paths is not
PACS: 03.65.-w; 03.75.Dg; 32.80.t constant for all paths. In all cases, the scattering of photons

leads to a loss of information contained in the atomic quan-
tum state, as “which-path” information is carried away by the
photon field. This missing information over the atomic quan-
One of the most striking features of quantum mechanics isum state — corresponding to a nonzero entropy — shows up as
that a microscopic particle can exist in a superposition of twalecoherence for the atomic degrees of freedom. Our results
(or more) different eigenstates, as, for example, two differensuggest that in multiple-beam interference a single Michel-
spatial locations. Any attempt to measure the particle eigerson fringe contrast is not sufficient to quantify decoherence.
state causes a back-action onto the particle, as expressedAa a measure of the “which-path” information carried away
several gedanken experiments on wave-particle duality daby the photon field, we show that the possible path guess-
ing back to the early days of quantum mechanics [1]. Foing likelihood [10,11] always increases with a scattering of
example, in a variant suggested by Feynman [2], an eleghotons for the multiple-beam arrangement.

tron wavepacket passes simultaneously through two slits and Our experiment employs a multiple-path generalization
forms an interference pattern which manifests the wave naf a Ramsey experiment in a cesium atomic beam appara-
ture. However, if one is trying to obtain “which-path” infor- tus using optical beams as atomic beamsplitters. Four paths
mation, as, e.g., by scattering a photon off the electron, than state space are realized using different magnetic sublevels
interference pattern is destroyed. This behaviour is suggestéthrs = —3, —1, 1, 3) of theF = 3 hyperfine component of

by complementarity. The photon scattering causes a couphe cesium electronic ground state, as shown in Fig. 1. Dur-
ling to the environment with its large number of degrees ofing a first optical pulse, cesium atoms are pumped into a dark
freedom. The incomplete knowledge about the environmentoherent superposition of the sublevels. This coherent super-
(and, indeed, all macroscopic systems) requires an averagesition can be probed with a second optical pulse, which
ing over the degrees of freedom, causing quantum superpagain projects the atoms onto a dark state. We observe a sharp
sitions to decohere into classical probability distributions. InAiry-function-like interference signal in the number of atoms
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tion from the ground statfgm. ) to the excited statéen, ).

o3>  |g> |9+ lg3> The factors2, and $2_ denote the Rabi frequencies of the
o ando~ polarized waves respectively for a transition with
a Clebsch—Gordan coefficient of unitid . andEp _ stand
for the amplitude of the light field). For these weightsthe
. . , absorption amplitudes into the upper electronic states cancel.
remaining dark in the second pulse as a function of the p.haspne weightc; can be chosen to normalipgp). In the follow-
of the second Ramsey pulse [12]. Between the Ramsey mtqhg, we assume thae, = $2_ at all imes, which will result
actions, theng = 3 path can be observed by applying a suit-jy 3 symmetric dark state.
able combination of microwave transfer pulses an_d_ anoptical | gt ys initially assume that no attempt is made to detect
pulse to scatter photons on a closed cycling transition. a path within the interferometer. In this case, a wavefunction

The aim of this paper is to give a more detailed account 0fpproach is sufficient. The first pumping pulse ends at time
our previous work on controlled decoherence [13]. In Sect. 1; _ g and leaves the atom in the coherent superposition given
we outline a theoretical description of the expected fringg,y (1). The coherent superposition is probed after a fime
pattern using a density matrix approach. In Sect. 2, the expenygith a second Ramsey pulse again projecting the atoms onto
mental setup is described. Experimental fringe patterns fohe dark state. This pulse is applied with a phase of one of its

the multiple-beam Ramsey experiment are shown in Sect. $eams (e.g. the*-polarized component) shifted kg, and
In Sect. 4, we present spectra recorded where photons wWefi§e dark state at this time is

scattered off an interfering path. The fringe patterns are ana-
lyzed and the results are compared to the well-known case of N T YD)
two interfering paths. [Wo(T)) =) e |92n—N+1)) » (4)

n=1

ol o

Fig.1. Schematic of relevant energy levels of the cesium atom

where ¢(T) = (wy —w_ —wa)T+¢ and wa denotes the
1 Theory Zeeman splitting between two adjacent even (or adgd)ev-

els. The second pulse will remove most of the population
In the following, we consider an atom with a transition from that is not in the dark state. After a few fluorescent cycles
a ground state of total angular momentdirio an excited the.se atoms will be pumped to another hyperfine grpun'd state,
state with total angular momentuf#, which is irradiated Which is not detected any more. The part that remains in a su-
with two copropagating laser beams®f ando~ circular perposition dark for the light field is the projection
polarization and frequencies, andw_ respectively. We as- N
sume thatF’ = F, since then a single non-absorbing dark . i(n—1)o(T
state exists. This dark state hiss= Fg+ 1 components ?Nith (o (T)Watom = Z ce ", )
only even (or only odd) magnetic quantum numbers, and
a multiple-beam Ramsey experiment withpaths can be re- where we have neglected a small fraction that is repumped
alized using such a transition. We use an interaction picturgito the dark state. The interference signal is given by
where the atomic eigenenergies are factored out of the Hamiltyry (T ) [ya0m) |2. With no additional phases(= 0) and if the
tonian, such that there is no time evolution of the atomicdriving laser fields are exactly tuned to the two-photon res-
quantum state between the optical pulses. In the first Ramsejance, the atom is still in the dark state at this time. When,
pulse, performed dt= 0, the atoms are optically pumpedinto for example, the phase of the second pulse is varied, the atom
the non-absorbing dark coherent superposition, will, in general, be in a coherent superposition of the dark

state and the coupled states. The atom is only completely

n=1

N dark after the second pulse if the relative phase between the
[¥p(0)) = [Yatom) = ch|92n7(N+l)>a (1) light field and the atoms has precessed by an integer mul-
n=1 tiple of 2r. One expects an Airy-function-like interference

signal with sharp principal maxima in the number of atoms
with [gzn—(n+1)) describing a ground state of magnetic quan-remaining in the dark state [12].
tum numbemg =2n— (N +1). Note that forw, ~w_and ~  When light is scattered on théth path, a detection of the
copropagating laser beams there is no noticeable spatial splcattered photons would allow one to obtain knowledge about
ting between the paths. The weiglisshould be such that this path. The path can therefore only contribute incoherently

|Y¥p) does not couple to the light field, which yields to the interference pattern and we expect that the fringe signal
reduces to that of @\ — 1)-way interference pattern. Further,
—2\" CNEC N - TN the incoherent background from tiéth path leads to a re-
Ch=01 < o ) CNTZoNHA L oD (2)  duction of the fringe contrast. A calculation of such a signal

—N+3 ~—N+5 2n—(N+1) with partial coherence requires the use of the density matrix.
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Let us rewrite the particle wave function before the pulse (Landmg = 1), Inoq1.2.... .n—13(¢) to the signal arising from the

as interference of pattiN (for N = 4 this would bemg = 3)
with paths 12, ..., N—1 and|cy|* to a background aris-
[Yatom) = [¥par) + CNION) (6) ing from pathN alone. Figure 2a shows a calculated fringe

No1 ] signal for N = 4 paths and different couplings to the envi-
where [Ypa) = 3 i CnlG2n-(n+1) (nOte that in general ronment. For perfect isolation from the environment (i.e. no
I¥part)|* < 1). The photon scattering can be described as thghotons are scattered on the 4th path) 1, and one obtains
coupling of the atom to a detector state [14], after which they four-way interference signal with high contrast and small

total wavefunction is fringe width. As the coupling to the environmentis increased,
_ the contrast decreases and the width of the principal maxima
[¥) = [¥part) | D2) + CnIGN) D) (7) " broadens. For full couplinga(= 0) to the environment, one

where the statéD,) = |0) corresponds to no scattered pho- obtains a three-way interference signal with an additional in-

tons and|D;) = a |Dy) ++/1—a?|D,0). Here,|D,0) is a coherent background from the 4th path.

superposition of continuum states corresponding to one qr. rl]‘eﬁ usr:\ow C?nﬁ"dfrhthe (r:]assf?f;l; elzxpre]_rlment pelrlf_ormed
more scattered photons witlD,|D,0) = 0. The overlap of with the phase of the 4th path shifted ayin this case, all in-

the two detector staté®,|D1) = a quantifies the coupling to ]tcg;f?r:gnc?l ;igmcsh\gg h ;hs p(;’ﬁg SSiCnhar;gr? esgg\./ZVerg?gca;:rcount
the environment. Foai = 1, no photons are scattered and full P ge by 9 9 P

. o . l441.2.3/ (@) in (10). When no photons are scatteeee —1,
coherence is maintained, while the casa ef 0 corresponds {1.2.3) . :
to a complete coupling of th&i-th path to the continuum of which corresponds to the signal shown in the very back of the

: AT . 3D plot in Fig. 2b with small amplitude and a minimum at
gm:ﬁg S;?ﬁes’ I.e. the full possible “which-path mformatlonzero phase, corresponding to an inverted contrast. If we scat-

We can evaluate the density matrix of the atomic quantunﬁer photons on path 4, this path will contribute more and more

- ._incoherently to the signal, and for full coupling to the envi-
>s/it2|tdesby tracing over the photon degrees of freedom, Wh'cwjnment, one obtains the same signal as in Fig. 2aawitlD.

This corresponds to the counterintuitive situation of a larger
Oatom= Tright(|¥) (¥]) fringe contrast with increased photon scattering, shown in
9 Fig. 2b for different couplings to the environment.

= [Vpart) (¥partl +a (CNION) (¥pari]

+ Cul¥pard (On D) + Ion1%|gn) (ON] - (8)
2 Experimental setup

Thus, by omitting the “which-path” information contained

in the scattered photons, the quantum state is converted int9yr experimental setup is shown schematically in Fig. 3.
a mixed state. The signal with =0 describes the case of |n a vacuum chamber, cesium atoms are emitted from an
a complete vanishing of all density matrix diagonal elementgyven and form a thermal atomic beam. The atoms enter

related to theNth path. The interference signal a magnetically shielded region, in which they can interact
with a series of optical and microwave pulses. A homoge-
1(9) = (Yo (Dleatoml¥p () . ©) neous (b4 G magnetic bias field is applied oriented along

the optical beams. To induce transitions between atomic sub-
levels, the atoms are irradiated by optical pulses consisting
(@) = lpar(@) +@ Inoqwz.. N—1(9) + Cn]*, (10)  of two copropagating beams inad — o~ polarization con-
figuration tuned to th&c =3 — F’ =3 component of the
where lpar(@) corresponds to the interference of the—1  cesium D1 line. Typically, these pulses arepdkblong. Dur-
paths (e.g. foN = 4 this correspondstmg = —3,mg =—1 ing a first Ramsey pulse, the atoms are optically pumped
into a nonabsorbing “dark” coherent superposition of the
four ground state Zeeman sublevels with magnetic quan-
tum numbersmg = -3, —1, 1 and 3 of the 86;»(F = 3)
ground state. This coherent superposition is probed with a
second projection pulse after a tinfe at which interfer-
ence is observed [12, 15]. The phase of the second Ramsey
pulse can be varied during the pulse sequence. The number
of atoms left in the dark state after the second optical pump-

=T 0 k- ; cesium
"I‘J ¥
phase (rad) phase (rad) & & oven MH @ PM
£ >

a b ==F :)

can be written as

atomic beam interaction
Fig.2a,b. Theoretical fringe pattern for a four-way interferometeith region
constant phase differences between adjacent pathb aiith an additional .
phase shift ofr in one outer path. For correspondence with our experiment, optical
the fringe patterns are derived assuming that the interfering probability am- pulses

plitudes for the two outer paths are a factgB@bove those of the two inner
ones Fig. 3. Experimental setup. PM: photomultiplier tube, MH: mia@ve horn
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ing pulse is measured by irradiating the atoms with an opticaJ&’\ 1000
detection beam tuned to theS6(F =3) —6P32(F' =2) =
transition and collecting the fluorescence on a photomulti%
plier tube. As this transition is not a cycling transition, we > 800 |- .
maximize the number of scattered photons by varying the poS
larization of the detection beam with a Pockels cell driven bys
aradiofrequency of a few MHz. This beam copropagates with@S, 600
the thermal atomic beam to allow Doppler selection of slowly ¢
moving atoms. I
Between the Ramsey interactions, a coupling to the en?
vironment can be achieved for tmee = 3 path using the 73
following pulse sequence: a microwaweulse resonantwith = 200 L 4
the 65;/2(F = 3, Mg = 3) — 6S2(F = 4, mg = 4) transition .=
first transfers this component into the other hyperfine sub%’E’

al

400 | -

level. The microwave pulses are derived from a microwaveg 0 : C') : : : 2' : 3'
antenna connected to a radio-frequency (RF) synthesizer. Fa¥ - T T T
our magnetic bias field, the microwave transfer was observed phase (rad)

at_a frequency Qf 9198?_’0 MHz. We then irradiate the atoms Fig. 4. Multiple-beam interference spectrum recorded with a sequence of
with ao"-polarized optical pulse of variable length resonantyo Ramsey pulses projecting the atoms onto a multilevel dark state. The
with the closed cycling- = 4— F’ =5 component of the ce- plot gives the number of atoms in the dark state after the pulses as a func-
sium D2 line in order to scatter photons. Subsequently, théon of the phase of the second Ramsey pulse
atoms are irradiated with a second microwavpulse induc-
ing transfer between the hyperfine components and bringing
the path back into the ground state lelFek 3, mg = 3. Thus, tal signal is very close to unity (Fig. 4). The observed width
by the time of the second Ramsey interaction, the atoms ai& the principal maximum is @2 x 27, which is close to the
in the same internal level as they were before the microwavtheoretical value of @1 x 2, and clearly below the.B x 2
pulses. observed in conventional two-beam interferometers. Similar
The double microwave transfer induces a phase shift afpectra can be recorded for a five-beam interferometer when
7 for the mg = 3 path. For some of the experimental spec-using the &,,», (F = 4) — 6Py, (F' = 4) transition, where
tra, we have compensated for this effect by introducing arthe equivalent dark state consists of five magnetic sublevels.
additionalr phase shift for the second microwave pulse, re-One observes five-beam interference signals [12] correspond-
sulting in an overall phase shift of=2with no observable ing to the interference of five magnetic sublevels. Let us note
effect. In addition to this pulse sequence for photon scatterthat when orienting the optical beams in a counterpropagating
ing, we irradiated the atoms witha -polarized repumping geometry rather than a copropagating one, an atom interfer-
pulse tuned to the$ »(F = 4) — 6P3/2(F’ = 4) transition of  ometer with five spatially separated paths can be realized
the cesium D2 line during and a few microseconds after thesing three optical pulses. Multiple-beam atom interferom-
first Ramsey pulse. This light removes all the population okters have more recently been realized in other laboratories
the intermediate statE =4, mg = 4 before the microwave using other techniques [16—18].
pulse sequence. Besides the fringe sharpening effect, further interest-
ing effects occur in multiple-beam interference experiments
when the phase difference between adjacent paths is not
3 Multiple-beam Ramsey spectroscopy a constant for all paths. Such nonlinear phase terms lead,
for example, to the Talbot images long known in near field
Before moving to our studies of quantum decoherence, lebptics [19, 20], where quadratic phase terms occur in the
us discuss the technique of multiple-beam Ramsey interfeFresnel approximation of the wave equation. In a multiple-
ence [12]. For these measurements, an initial Ramsey puldeam interferometer, nonlinear phase terms cause collapse
generates a coherent superposition of four Zeeman sublevelmd revival effects of the fringe pattern. If adjacent paths
which is then probed by a subsequent Ramsey pulse, aire out of phase by(8+1) x7 (n=1,2,...), the fringe
other optical and microwave pulses being omitted. A typi-signal collapses. However, the signal is revived if the accumu-
cal recorded spectrum is given in Fig. 4, which shows thdated quadratic phase equals 2. These non-linear phase
number of atoms in the dark state after the second Ramségrms can be due to the photon recoil in an atom interferome-
pulse as a function of the phase of this pulse. One observésr [15, 17, 18] or an additionally applied potential [21].
a sharply peaked four-way interference signal with two side In addition to in the experiments described in the next sec-
maxima. The spectrum was recorded using a fime 68us  tion, the technique of multiple-beam Ramsey spectroscopy
between successive light pulses. In order to allow a measureeuld be used to measure small magnetic fields, or, when ap-
ment of the number of atoms in the dark state that is free fronplying a strong static electric field, in experimental tests for
background due to, for example, stray optical light, we havea permanent electric dipole moment (EDM) of an atom [21].
determined the background level experimentally by recordind@esides the increased resolution compared to experiments
the signal measured with an additional two-photon detuningletermining the splitting between two adjacent Zeeman sub-
of typically 300 kHz for the Raman beams in the first Ramseyevels, this technique can also have benefits in terms of sys-
pulse before and after each spectrum. After subtraction of thieematic effects. Since terms scaling linearly and nonlinearly
measured background, the fringe contrast of the experimerin mg can be measured simultaneously, one expects that the
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quadratic Stark effect — a significant source of systematic urefficiency for theF = 3, mg = 3 to F =4, mg =4 compon-
certainties in most atomic EDM experiments — could be betteent which corresponds to the peak on the right associated
characterized in this scheme. with the highest microwave frequency. The microwave power
for the other transitions is not necessarily optimized and
could to some extent account for the different peak heights.
. For the spectrum shown in Fig. 5b,-polarized repump-
4 Studies of quantum decoherence ing light tuned to theF =4 — F’ = 4 was additionally ap-
plied during and slightly after the first optical Ramsey pulse.
The repumping laser optically pumps most of the population
left in the F = 4 hyperfine state to thenr = —4 sublevel
Our studies of quantum decoherence were based on photgyielding a peak at the lowest side of the microwave spec-
scattering off a path of the multiple-beam Ramsey schemdrum), which is a dark state for the repumping laser. For the
An important experimental issue remained to ensure thatpectra shown in Fig. 5¢c and d, we additionally applied the
the required resonant optical pulse performed onEhe o™ -polarized resonant photon scattering laser to test if this
4, mg =4 — F' =5, mg =5 cycling transition did not affect pulse transfers atoms into other Zeeman states. For small
the interference signal in an unwanted way. Most importantlypower levels, we do not measure any observable optical
this pulse might a priori optically pump additional popula- pumping between the Zeeman states, as shown in Fig. 5c¢ for
tion into the staté= = 4, mg = 4, which would then give an a laser power of 28 mW and a 12s pulse length. The opti-
additional background to the interference signal. The doueal pumping between those levels is suppressed by the com-
ble microwave transfer, described in Sect. 2, allowed us tparatively small Clebsch—Gordan coefficients of transitions
largely suppress excitation of the other paths, which werstarting from negative Zeeman levels fot -polarized light,
left in the lower & = 3) hyperfine state. As described ear- as, for example, th& =4, mg=-4—- F =5 mg = -3
lier, a coherent superposition of different magnetic quantuntomponent is a factor of 45 weaker than the cycling transi-
numbers in this lower ground state is generated by the firdion F =4, mg =4 — F’' =5, mg = 5. Nevertheless, optical
optical Ramsey pulse, which is tuned to the=3 — F' =3  pumping certainly occurs for higher laser powers. Figure 5d
transition of the cesium D1 line. When not applying any re-gives a spectrum recorded at a laser power® inW, where
pumping laser, we expect to find a significant population als@ small, but clearly visible peak corresponding toitie= 4
in the upper F = 4) hyperfine state after this pulse, arising state is observed. In the experimental runs where we imple-
from its initial population and atoms being hyperfine pumpedmented a coupling to the environment by this pulse, we kept
into this state by the Ramsey pulse. We have recorded a stiie optical power well below .66 mW to avoid significant
ries of microwave spectra with applied magnetic bias fieldoptical pumping.
to measure the population of the different Zeeman levels in
this upper hyperfine ground state. Figure 5a shows a spectrugp Scattering photons off an interfering path
recorded after applying only the first Ramsey pulse; one ob-
serves all of the 15 possible microwave transitions betweemn the next experimental step, we moved on to scattering
the different Zeeman sublevels. Let us point out that the useghotons off an interfering path of the multiple-beam Ram-
microwave power was adjusted to obtain maximum transfesey experiment, and we applied the complete sequence of

4.1 Initial measurements: state preparation

3697 290

3551 270 1
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Fig.5a—d. Microwave spectra in a magnetic bias

field for different powers of the photon scattering
2901 laser. The plot gives the measured fluorescence

i signal from atoms transferred to the lower hy-

perfine ground state as a function of the applied
2701 microwave frequency, and allows the population
in the different Zeeman sublevels of the upper
(F =4) hyperfine ground state to be extracted.
2501 For the actual micnwave frequency, one has to
add an offset frequency of. 292632 GHz. The
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atom interferometers. However, the contrast for this four-
beam interference signal does not approach zero for large
photon scattering, as the three remaining beams can still in-
terfere phase-coherently. One experimentally observes that
the widths of the principal maxima increase and the signal
becomes more and more similar to that of a three-path inter-
ference pattern. The spectra shown in Fig. 6b were recorded
without compensating for the phase shift from the double mi-
crowave transfer, such that tihe- = 3 path is phase shifted

by 7 respectively to the other paths, as in the theoretical
plot of Fig. 2b. With no photon scattering (solid line), the
observed fringe contrast is significantly smaller than that ob-
served for the spectrum of Fig. 6a. When scattering photons
off the mg = 3 path, the counterintuitive situation occurs
that the interference contrast increases. Again, the dashed
line corresponds to a4s long optical pulse, the dotted to

a 6us long pulse and the dash-dotted line to as9long
pulse. Qualitatively speaking, the destructive interference of
the mg = 3 path with the other paths is replaced by a more
and more incoherent contribution of the path to the fringe pat-
tern. When the photon scattering laser is fully applied, one
expects the same interference patterns with and without an
additional phase shift of theag = 3 path. The experimental
signals show this correspondence qualitatively for the longest
pulses.

An analysis of the experimental signals shows that the
measured fringe patterns are slightly broader than the theoret-
ical ones (shown in Fig. 2), which we believe to be mainly due
b phase (rad) to magnetic fields inhomogeneities. Furthermore, the finite
Fig.6a,b. Multiple-beam interference fringes as a function of the phase ofransfer efficiency of the microwave pulses of roughly 70%
the secon_d Ramsey pulse_. The signals are shown for the_different _Iengt@auses deviations maimy for the signal with negami,vahere
of the optical pulse scattering photons from the=3 path: without opti- - pa o microwave pulses are applied with the same phase.
ca_ll coupling pulsesplid), with an appl_|ed 4is long opt|ce_1l pulsedashed), her-pul ffici is peli d be limited
with a 6us long pulse dotted) and with a Qus long optical pulsedash- At present, t,eT pulse e 'C'e“CY IS be 'eYe to be 'm'te
dotted). a Signal measured with constant phase difference between adjacddy a spatially inhomogeneous microwave field. Imperfections
paths. The fringe pattern loses contrast for longer pulse times.add-  in the microwave pulse area partly cancel when the second
ot o o s st s o e e o el 52 1 applied with o phase shif as done fo the spec-
with larger interaction time. The principal maxima méndb are slightly & with positive va_\lues od), since the SQCOI’Id FranSfer pulse
shifted from phases 0 andr2because the difference of the two frequenciesth€n has an effective pulse area-et. Using a simple theor-
of the Ramsey pulses did not precisely match the energy splitting betweetical model, one finds that the finite transfer efficiency can
the Zeeman substates — to the first order — be accounted for by assuming effective

values for the parametayr with |a| < 1. In the present experi-

mental stage, the range of the effective paramethat can
microwave and optical pulses described in Sect. 2. Figure Be investigated is roughly betweei®.4 and 1.
shows typical recorded multiple-beam interference patterns. In order to quantify our results, we have recorded fringe
For the spectra shown in Fig. 6a, the phase shift of theatterns for various optical pulse lengths and examined the
mg = 3 path due to the double microwave transfer has beefringe contrast of the spectra. Let us point out that the defin-
compensated, and the phase difference between adjacetidn of the contrast is not unique for multiple-beam interfer-
paths is constant for all paths. The solid line gives a fringeence signals. Contrast definitions based on the autocorrela-
pattern measured without any attempt to keep track of ation function have been introduced [22], and these also allow
interfering path (i.e. no applied optical pulse resonant witha quantitative description of signals with inverted contrast.
the F =4 — F’ =5 transition). One observes a sharply Such an inverted contrast shows up in the theoretical signal
peaked four-way interference signal with two side peaks bewith one path phase shifted byin the absence of a “which-
tween the principal maxima. The background arises fronway” detection § = —1 in Fig. 2b). However, all our experi-
the additionalo~-polarized repumping light tuned to the mental spectra recorded so far have a principal maximum at
F =4 — F' =4 component of the cesium D2 line applied zero phase and do not show a contrast inversion (mainly due
during and slightly after the first Ramsey pulse. When apto the finite efficiency of our microwave transfer pulses). We
plying an optical pulse to scatter photons from the =3  have analyzed our spectra using the most common definition
path, we measure fringe signals as shown by the dashed liré the contrast (or visibility) introduced by Michelson, which
(4ps long pulse), by the dotted line (& long pulse) and is
by the dash-dotted line (& long pulse). With increasing | |
length of the optical pulse, the measured signal loses contragf, — M ___mn (11)
This is similar to what is observed in conventional two-beam Imax+ Imin

atoms in dark state
(arbitrary units)

4]

atoms in dark state
(arbitrary units)
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from the emitted photons. This in turn allows us to estimate
the “which-path” information carried away by the photon
field from the atomic signal. Mathematically, the escape of
the photons can be described by performing a trace operation
over the photon degrees of freedom, which has yielded the
density matrix of (8).

To quantify the “which-path” information contained in
the scattered photons, we follow earlier works [6, 10, 11]
and introduce the path guessing likelihobdThis quantity
gives the probability of determining the path of the atom in
an interferometer when detecting the scattered photons with
30 [ i unity quantum efficiency. In a symmetric two-path interfer-

1 ometer, it is easy to see that the likelihood eqL%lIand 1
0 4 8 12 for no “which-way” information and all possible “which-
interaction time (HS) way” information respecti\{ely. However, the exeectgd fringtf
contrast here equals unity for no possible “which-path
Fig.7. Fringe contrastoy of interference patterns recorded for different jhformation and zero in the latter case. To account for
ulse lengths of an optical beam scattering photons offnghe= 3 path. ; ; ol sl ” ; ;
'FI)'he datagpoints werepmeasured withoanu(a?ets and with n(fr]oss%)pan the mtermed'.ate case of partial V\_/hICh-path det_ect|on In
phase shift of then: = 3 path a two-beam interferometer, a relation between fringe con-
trast and path distinguishability has been developed [10].
For our four-beam interference arrangement, the optimum
wherelmax (Imin) denotes the maximum (minimum) value of path guessing likelihood with no “which-path” detection
the interference signal. The squares in Fig. 7 show the corequals the highest probability of finding an atom in a distinct
trast of interference patterns recorded with constant phaséeeman sublevel, corresponding to the maximum path weight
differences between paths for different coupling to the en{c?)max. Usingc? = 1% for stateamg = —3 and 3 and? = 1%
vironment of themg = 3 path. This data was fitted with a for statesmg = —1 and 1, we obtaimcﬁ)maxz 1i Certainly,
theoretical model for the fringe contrast that is based on (8)ene can improve the guessing likelihood wﬁen irradiating,
and in addition accounts for a finite pulse efficiency, an for example, themg = 3 path with light and detecting the
additional background caused by the repumping light, anécattered photons. A reasonable path guessing strategy then
a technical broadening of the interference fringes modelegiould be: when detecting a photon, choase = 3, and if

by a Gaussian. As was already qualitatively seen in Fig. Gaot, chooseng = —3. This strategy yields a path guessing
the contrast decreases with a larger number of scattered phigkelihood

tons off themg = 3 path (solid curve) when there is a con-
stant phase difference between all paths. A feature that is npt _ S (1+ Pphoton3) - (12)
present in conventional two-beam interferometers is shown 16

by the crosses in Fig. 7, corresponding to data recorded wi
the mg = 3 path phase shifted by. Here, the fringe con-

50

N
o

contrast (%)

tQ/herePphotong denotes the probability for an atom in the path
! X . with mg = 3 to scatter a photon. From (7) it follows that
trast increases with photon scattering off the = 3 path. Ponotons = 1 — a2, which then links the expected fringe pat-

For a'larger coupling to the environment, the contrast for th‘?ern (10) to the maximum possible value of the path guessing
two different preparations converges to the same value, as WaRelihood.

already shown qualitatively in Fig. 6. In order to derive the possible path guessing likelihood

from our measured fringe patterns, we first estimate the mod-

ulus of the value ofn from the spectra. As discussed earlier

(Fig. 6), the fringe signals with and without an applied
hase shift for the path img = 3 differ considerably for no

4.3 Decoherence and “ path” information

The preceding sect!on showeq that the scatterin_g of photo attering of photonsd| = 1), whereas for large photon scat-
on a path of a multiple-beam interference experiment can e '

) X . X ring (i.e.]al « 1) the fringe signal hardly changes when
if the phase difference between adjacent paths is not CO”SF"’ﬁmrogu(cingl tr|1is ph)ase shift.gln th?a latter cagemne:g3 path
for all paths — not only lead to a decrease but also to an in:

; . . ! only contributes incoherently to the fringe pattern, while it
crease of the fringe contrast. Obviously, in all cases (i.e. fOf,nyjntes coherently wheal is close to unity. Let us define
th(—? data recorded both with anq without an additional phas e presumed modulus afat a given pulse time of the photon
shift of themg = 3 path), there is a loss of coherence Whenscattering laser as
scattering photons off a path. This suggests that in a multiple-
beam interferometer the Michelson fringe contrast alone is l4(ep=0—1_(p=0)
not sufficient to quantify decoherence. = =0 —T-@=0)mm’ (13

In order to obtain a further measure, we have attempted to * B max
estimate the “which-path” information that is contained in thewherel, andl_ denote the measured fringe signals with and
emitted photons. This approach is inspired from discussionwithout an appliedr phase shift of theng = 3 path. Further,
on complementarity in two-beam interferometers [1, 23, 24](l+ — | -)max Specifies the maximum difference of the signals,
Itis clear from information theory that the information that is i.e. the differential signal measured without photon scatter-
lost in the atomic degrees of freedom when scattering photoriag. When we additionally account for a constant background
off a path equals the “which-path” information obtainableto the fringe pattert< = (N/2)[(1/cm.max) — 11, as estimated
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from the Michelson fringe contrasty max measured with no Finally, we wish to point out that our experiment can be
scattering of photons and a constant phase between paths, seen as a model system for the study of controlled decoher-
find ence in quantum systems, as, for example, quantum logic
gates. In quantum computation science, the study of deco-
_ 1 c§+ K [1+ (1_ 2)] (14) herence is of high interest, as such experiments aim towards
714K N % the realization of complex entangled quantum systems (see,

for example, [25]). For such “larger size” quantum systems,

as an estimate for the maximum possible guessing probabilityn understanding of the role of decoherence becomes in-
using the above described strategy. This enables us to quagreasingly important. In our experiment, the four paths of the
tify the “which-path” information that is carried away by the Ramsey interference setup can represent two-quantum bits,
photon field solely from a measurement of the atomic degreesnd, from a quantum information science viewpoint, the
of freedom. Note that this approach relies on our model fophase shift of theng = 3 path performed for some of the
the fringe pattern, as we at present do not apply full quanturmeasurements equals the operation of a phase gate, which is
tomography of the atomic quantum state. an elementary quantum gate. It is appropriate to argue that

It should be stressed that the maximum valueLofle-  the photon scattering corresponds to the coupling to an en-
pends on the basis that has been chosen for the betting strgineered reservoir (see also [9]). For large couplings, this
egy, as has been pointed out in [10,14]. In our case, theesults in an output state that is independent of the input pa-
strategy described so far corresponds to a “which-path” meagameters of the quantum gate.
urement in the detection basis of the photon vacuum state
|D2) and an orthogonal stat®,0) with one or more photons.
However, the basis in which reaches its maximum value is 5 Conclusion
in general given by a coherent superposition of the eigenstates
of the detection basis. One can show that in this optimunwe performed a study of quantum decoherence in a multiple-
basis the guessing probability,, is given by (14) with the beam generalization of a Ramsey interference experiment.

term 1—aJ replaced by,/1—a3. From that value, the path The experiment was performed by scattering photons off

distinguishability can be derived. However, it is not immedi-ogg noggzg r\]:glér f'grtetgveor_'gg aFljr?tihnSté rlfg rgm;gf; t?héhi cztttl:a-r—
ately clear how a measurement in this rotated basis could b '
performed experimentally when one of the basis states corre ig of photons on a path can here not only lead to a de-

ponds to a continuum state. This optimum case can certain jease but also sometimes to an increase of the M'Che.l'
be realized when the “which-path” information is decoded on fringe contrast, depending on the circumstances. This

for example, in an additional internal atomic state [6]. suggests that in the multiple-beam case the Michelson

PR contrast is not sufficient to quantify decoherence. The re-

s S el o e Dol LS eI ¢S a1 1 agreemen it a deniy man clcution

. ! e . n all cases, the atomic quantum state looses information

phqton scattering pulse umes. The solid circles give Yalue\%ith light scattering, as the emitted photons carry away
derived for the detection basis. As expected, the “ke“hOOd“which—path" information. A measure of this information

being a measure for the possible “which-path” information. . : ' : .

. . ; is a key issue in such considerations. We used the pre-

contained in the photons, increases for larger pulse length, S )

Extracting the vaIFL)Je o& from our data givesgtheppresume?d sumed path guessing likelihood to quantify the amount of

value. If we instead base our analysis on a use of the optimuriri/r?s'd\]/\'lﬁiactﬂ ir:\r/](];(lj\;g]sa?r?en nﬁggtszﬂ?:rﬂ elnnt é?emgg'tttﬁgn F;hg;n_

basis and replace the term-Ij in (14) by /1 a2, we ob-  gle output state of the interferometer. For the future, an
tain the open circles in Fig. 8. Both data sets in Fig. 8 havémportant issue would be to detect the photons scattered
been fitted with a theoretical model that is based on (14). by the atoms with high quantum efficiency, as this would
permit a direct verification of the derived path guessing
likelihood. A further perspective would be to extend the
measurements towards an interferometer with an increased
number of interfering paths, or also other quantum systems
of larger size.
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