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Fringe Visibility and Which-Way Information in an Atom Interferometer
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We experimentally investigate the reduction of the fringe visibility in an atom interferometer due to
the storage of which-way information. We focus on the case of incomplete which-way information
and use the distinguishabilitp to quantify how much information is stored. For a given value
of D, the fringe visibility V is limited by the duality relationD? + V2 < 1. We have measured
D and V independently. Combining the results, we find good agreement with the duality relation.
[S0031-9007(98)08074-0]

PACS numbers: 03.65.Bz, 03.75.Dg, 32.80.—t, 42.50.Vk

Complementarity expresses the fact that every quantu? + V2 = 1 (see Ref. [1]). HereV = (Imax — Imin)/
system has at least two properties, which cannot be ol ,.x + Ini) is determined from the maximum and mini-
served simultaneously. This is often illustrated by meansnum intensities of the interference fringég., and /i,
of interferometers, where “the observation of an interferrespectively. Equivalent expressions for this limit were de-
ence pattern and the acquisition of which-way informatiorrived in Refs. [2—4]. Experimental results obtained with
are mutually exclusive” [1]. These two properties are asheutron interferometers [5] are in good agreement with this
sociated with a wave and a particle picture, respectivelylimit. We therefore restrict the following considerations to
Two extreme cases of this wave-particle duality are welsymmetric interferometers, where, = w_ = 1/2.
known from textbook examples: In the absence of which- The second method to obtain WW information is to add
way (WW) information, a fringe pattern with perfect visi- a second quantum system, the WW detector, to the setup.
bility can be observed, while in the presence of full WW When the particle passes through the interferometer, an
information, there are no fringes. In this paper we consideappropriate interaction changes the state of the WW de-
intermediate situations in which one obtains incompletdector depending on the particle’s way. Hence WW in-
WW information and retains interference fringes with a re-formation is stored and can be read out by measuring a
duced visibility. One of the most interesting questions insuitable observabl& of the WW detector. Lep(W;, +)
this intermediate regime is the following: How much WW and p(W;, —) denote the joint probabilities that the eigen-
information can be obtained for a given value of the visi-value W; of W is found and that the interfering object
bility? To answer this question, a quantitative measure fotook way “+” or way “—." If W; is found, the best
WW information is required. We follow the definitions of guess about the way one can make is to opt for way
Englert [1], who distinguishes between two different meth-if p(W;, +) > p(W;, —), and for way— otherwise. This
ods to obtain WW information in two-way interferometers. yields the “likelihood for guessing the right way” [1]

The first method is to set up the interferometer such
that the particle flux along the two ways differs. This Lw = > maX p(W;, +), p(W;, —)}. 1)
leads to ara priori WW knowledge due to the difference i
between the probabilitiesy+ and w_, that the particle Lw depends on the choice of the observale as this
takes one way or the other. The magnitude of this differ-determines the fraction of the stored WW information
ence,P = |wy — w_]|, is the predictability. For a given which is read out. Consider, e.g., the case where full
P, the visibility V of the interference fringes is limited by WW information is stored: choosing carefully, one can
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reachLw = 1, while an unfortunate choice d¥ could

result inLw = 1/2, so that one could just as well toss A

a coin. To measure quantitatively how much WW infor-

mation isstored,the arbitrariness of theeadoutprocess

must be eliminated. This motivates the definition of the

“distinguishability of the ways” [1,6] B C

D=-1+ 2mV$1><{LW}, 2

which uses the maximum dfy that is reached for the best

choice of W. The ways cannot be distinguished at all if D G
D = 0, and they can be held apart completelDif= 1.

For a given value oD the visibility V is limited by the

duality relation E F

D>+ Vi=1. ()

The equal sign in Eq. (3) holds if the WW detector is ini-
tially prepared in a pure state. The duality relation makes
a quantitative test of wave-particle duality possible. It has

been derived only recently by Jaegaral. [6] and inde- FIG. 1. Scheme of the atom interferometer. Bragg reflection
: : .from a standing light wave splits the incoming atomic bedm,
pendently by Englert [1], but it has not been tested EXPeMinto two beamsp andC. A second standing light wave splits

mentally. So far, only the reduction of the visibility due the beams again. In the far field, a spatial interference pattern
to storage of incomplete WW information has been ob-is observed.

served in experiments using an optical interferometer [7]
or a Ramsey interferometer [8]. However, the distinguish-
ability has not been measured. (blue) detuned light field creating a negative (positive) ac-
In this Letter, we report on measurements Vofand  Stark shift potential, corresponding to an optically thicker
D in an atom interferometer, where WW information is (thinner) medium. In analogy to light optics one therefore
stored in internal atomic states. By varying the parameexpects [10] that the wave experiencesraphase shift
ters of the experiment) can be adjusted continuously. if reflected from an optically thicker medium, i.e., if an
We determined by an independent measurement of theatom is Bragg reflected in stat2). However, a detailed
atom’s way and observed the reduction of the visibility.calculation [11] shows that here this phase shift occurs
Combining the results fob andV, we find good agree- if an atom is transmitted in stafe).
ment with the duality relation. This phase shift is converted into a population difference
We start with a brief description of the atom inter- between stateR) and|3) by applying a microwave field,
ferometer, which has been presented in more detail it frequencyw,,,,, resonant with thg2) < |3) transition.
Refs. [9,10]. Figure 1 shows a scheme of the setup, whichwo /2 pulses of the microwave are required. They
uses Bragg reflection of atoms from standing light wavesform a Ramsey scheme: one is applied before and one after
A first standing light wave splits the incoming atomic one of the two standing light waves. We first consider
beam,A, into two beamsB and C, of equal atomic flux. the case, where the first standing light wave is sandwiched
After free propagation, a second standing light wave splitd€tween the microwave pulses. The internal atomic state
each atomic beam into two components. Now two beamd$ initially prepared in stat¢2) and then converted to the
D andE, are traveling to the left, while beanfsandG ~ superposition staté2) + |3))/+/2 by the first microwave
are traveling to the right. In the far field, each pair of pulse. Next, the standing light wave splits the beam, so
overlapping beams produces a spatial interference pattern.
The envelope of the interference pattern is given by the
collimation properties of the incoming atomic beam. For le>
detection, the atoms are illuminated with laser light and the
fluorescence photons are observed. I
The experiment employs a beam®Rb atoms, whose Olight
ground state is split into two hyperfine components with
total angular momentunt = 2 and F = 3, labeled|2) 13>
and |3), respectively. In these long-lived internal states, Omw  —~—
WW information can be stored. For that purpose, the 2> +—

frequency of the standing light waveyiign, is tuned £ 5 | evel scheme. The ground state is split into two

halfway between thd2) < |e) and [3) < |e) transition  componentd2) and|3). The light frequency is chosen midway
(see Fig. 2). Hence atoms in sta® (|3)) see a red between the corresponding resonances to the excited|sfate
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that the state vector is changed to atom’s external and internal states simultaneously in the
following way: first, the far-field position of an atom now
) > |ys) @ (13) + 12)) + lbc) @ (13) = 12)). - (4) reveals%vhe%/her the atom is in Eeeﬁ'mr C. Second, it
where the minus sign is due to thephase shift, anfiyz)  is possible to detect atoms in either stfitp or state|3)
and |¢c) denote the state vectors of the center-of-masky an appropriate choice of the frequency of the detection
motion for the reflected and transmitted bea®aQdC in  laser. This frequency is tuned into resonance with either
Fig. 1), respectively. The second microwave pulse, acting transition|2) < |e) or a transition|3) — |e), where|e)
on both beamsH andC), converts the state vector to denotes an excited level. This measurement yields the
joint probabilities p(2, B), p(3,B), p(2,C), and p(3,C)
[ o [gpp) ® |3) — [9he) ® [2). ®)  Which determineLw. Note that a position measurement
Obviously, the atom’s internal and external degrees of freewithout internal state detection is also possible. For that
dom are entangled. This entanglement is the key poinpurpose the atoms are illuminated with light at both fre-
for the storage of WW information. If later a measure-quencies simultaneously, so that all atoms are detected.
ment of the internal state is performed, the result of this The internal state measurement discussed so far is a
measurement reveals in which of the beams the atom is: iheasurement of an observati#¢ with eigenvectorg2)
the internal state is found to &), the atom was Bragg re- and|3). In order to measure an arbitrary observailef
flected, otherwise transmitted. Equation (5) indicates thathe internal state, a third microwave pulse with suitable
full WW information is stored. parameters is applied before measurivig [12]. For
Generalizing this scheme to arbitrary microwave pulseexample, to measur#,,; according to Egs. (8) and (9),
areas allows us to store incomplete WW information. ltthe area of the third microwave pulse must®¢2 — ¢
is sufficient to consider the case where the areasf (or 37w /2 — ¢, etc.). This allows us to measure the
both microwave pulses are identical. In this case, the stafgrobabilities required to determirgy, from whichD can
vector after the second microwave pulse is be inferred.

. B In Fig. 3, the measured values bf(dots) are displayed
i) == libp) ® (Cose|2) + sinel3) = l¥cr @ 12). (6) .55 function of the area of the first two microwave

For ¢ = 0 no WW information is stored, while fop = pulses. Simultaneously, the area of the third microwave
/2 full WW information is obtained. For intermediate pulse was varied, in order to keep it equal to the opti-
values ofg, incomplete WW information is stored. mum valuer /2 — ¢ (or 37/2 — ¢, etc.). HenceW,y

Alternatively, thesecond(instead of thdfirst) standing is measured and the measured data maxiniige We
light wave can be sandwiched between the two microwavehecked experimentally that no larger valuelgf could
pulses. Then the internal state contains the informatiobe obtained by varying the parameters of the third mi-
whether the atom was reflected or transmitted indeée-  crowave pulse.
ond standing light wave. There is no essential difference According to Eq. (10)D should be unity atp = /2.
between these two schemes: both produce two pairs of the experiment, we fin@,,.x = 0.81 = 0.02. Thisre-
beams which overlap in the far field thereby creating aduction is mainly due to two effects: first, the presence of
spatial interference pattern with visibility background counts in the fluorescence detection reduces

V(e) = | cosel . ) D by a factor 0f0.90. Second, the standing light wave

is not a perfect plane wave but has a transverse profile
In order to measure the distinguishabiliy, a suitable

observableW,,, has to be found which maximizesy .
It can be shown that this observable must have the 1909 -

eigenvectors ]
- P - P 80%
cog — — — |[2) — sinl — — — | [3), 8 ]
S<4 2>|> <4 2>|> ®) 60% -
T 1} T @ )
sin— — —]|2) + co§ — — —]|I3 9 %
(4 2)” S<4 2)”’ ®)  a0%-
and that a measurement of this observable yidlgs= 20%
(1 + |singl)/2, so that 1
. 0% ] i 1 Ll
D(p) = |sing|. (10) 0 /4 /2 3n/4 x
To measure the likelihoodly, we perform the experi- microwave pulse area ¢

ment with only one standing light wave sandwiched bevg 3 visibility v (triangles) and distinguishabilit (dots)
tween the two microwave pulses, while the other standings a function of the microwave pulse arga The solid lines

light wave is removed. This allows us to measure theare the theoretical expectations Egs. (11) and (12).
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which exhibits intensity wiggles caused by imperfections This argument does not apply in the left part of the in-
in the optical elements. We measured the relative intenterference pattern, because bedmandE are transmitted
sity variations and obtainea; = 12% (rms). Hence the and reflected once, so that any deviations from the exact
light intensity I seen by an individual atom depends on50:50 beam-splitter ratio compensate each other. Hence
its transverse position. A detailed calculation shows thathe atomic fluxes in beanid andE are equal and the visi-
the amount of WW information stored is independent ofbility is unaffected. For this reason, the results Y¥odis-

I, but that the parameters of the third microwave pulseplayed in Fig. 3 were determined in the left part of the
must depend o in order to maximizeLw. As [ is not interference pattern, namely, from the atomic flux at the
known for each atom, the best one can do is to chooseentral maximum and at one of the neighboring minima.
the parameters of the third microwave pulse such that the We conclude that the reduction of the measured dis-
ensemble average dfy, is maximized. This reduce®  tinguishability D and visibility V is well understood. In

by a constant factot — (7o7)?/2 = 0.93. Multiplica-  order to test the duality relation, it is therefore justified to
tion of both factors give®D = 0.84 at ¢ = /2, which  divide the measured data from Fig. 3 By..x and Viax,

is in reasonable agreement with the experimental resutespectively. The result is shown in Fig. 4, where

Dpnax = 0.81 £ 0.02. D 2 v 2
Because the background as well as the intensity varia- ( (90)) + ( (90)) (13)
tions reduce the measured valuelbby a constant factor, Dinax Vinax

independent o, the measured quantity is is plotted as a function ofp. The data atp = 0 and

D(p) = Dpaxlsine| (11) ¢ = 7/2 (open circles) are close to unity by definition.
instead of Eq. (10). Equation (11) with,,,, = 0.81 is  All other data (full circles) are below unity which means
plotted as a solid line in Fig. 3. that we find no violation of the duality relation.

In order to observe an interference pattern, both standing The initial state of the WW detector is a pure state, so
light waves are turned on. The second standing lighthat all data in Fig. 4 should reach unity. The data for
wave is sandwiched between the two microwave pulsesp < 7/2 agree well with this prediction. The deviations
The triangles in Fig. 3 show the measured values of théor ¢ > /2 are due to the fact that the measured visibil-
fringe visibility V, when all atoms are detected/ was ity is smaller here than fop < 7 /2 (see Fig. 3). This
determined by measuring the atomic flux at a maximunteduction ofV can be explained by noting that the con-
and a minimum of the interference pattern. We observedfast of the interference pattern is reversedgor /2;

a maximum visibility of Vi,.x = 0.72 = 0.02 at ¢ = 0. i.e., the positions of interference maxima and minima are
The reduction from unity can be explained by two effects:exchanged. As a consequence, the height of the interfer-
first, background counts reduce the visibility by a constanence maximum fop > 7/2 is smaller than fopp < 77 /2
factor 0.92. Second, the detection laser beam and thdecause of the finite width of the beam envelope. Hence
atom source have a finite size, so that the fringes washackground counts and the finite position resolution have
out. This reduces the visibility by a constant factc2.  a slightly larger effect orv for ¢ > 7/2.

Both factors together givé = 0.75 ate = 0, which isin To summarize, we performed the first quantitative test
reasonable agreement with the experimental régylt =  of the recently published duality relation with an atom
0.72 + 0.02. Again, the two factors are independentof  interferometer. The duality relation sustained the test.
Hence Eq. (7) should be modified to

V(@) = Vmaxl cose]|. (12)

The result is shown as a solid line in Fig. 3 with ;00 5 3443,
Vinae = 0.72. 54 ¢ ; ¢

We now discuss whether the variations of the light in-  80% § i § ¢ ¢ ® ¢
tensity influence the visibility. As was mentioned above, 1
there is no influence onto the amount of WW information ~ 60% (VIV )2 + (DD )
stored. Hence one might assume that the intensity varia- 40%_'
tions do not influence the visibility either. However, it is l
easy to see that the intensity variations actually reduce the 5gg;
visibility in the right part of the interference pattern which 1

is formed by beam#& andG (see Fig. 1). This reduction 0% —— . | | |
is due to the fact that the probability for Bragg reflection 0 4 2 34 m
of an atom from the standing light wave depends on the microwave pulse area ¢

!Ight |nten_S|ty. 3eamF IS reflected t\/\_/lce, while be_zar@ FIG. 4. Experimental test of the duality relation based on the
is transmitted twice. This leads to different atomic ﬂuxesdata from Fig. 3. [D(@)/Dua P + [V(0)/Viar I is plotted as

in beamsF and G and reduces the visibility in the right a function of . According to the duality relation the data
part of the interference pattern. points may not exceed unity.
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