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Atomic-position localization via dual measurement
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We study localization of atomic position when a three-level atom interacts with a quantized standing-wave
field in the Ramsey interferometer setup. Both the field quadrature amplitude and the atomic internal state are
measured to obtain the atomic-position information. It is found that this dual-measurement scheme produces an
interference pattern superimposed on a diffractionlike pattern in the atomic-position distribution, where the
former pattern originates from the state-selective measurement and the latter from the field measurement. The
present scheme results in a better resolution in the position localization than the field-alone measurement
schemes. We also discuss the measurement-correlated mechanical action of the standing-wave field on the
atom in the light of Popper’s test.
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[. INTRODUCTION the standing-wave field, were proposed such as atom-
imaging methodg9], where an inhomogeneous magnetic
Atomic-position localization has been an intriguing sub-field [10] or light intensity[11] causes a spatially varying
ject from the early days of quantum mechanics, as seen iatomic-level shift, which correlates the atomic resonance fre-
Heisenberg’s microscope, a well-known thought experimentuency with the atomic position.
devised for illustrating the uncertainty princidlg]. Heisen- Until now, only a single observable among the various
berg’s microscope exploits the interaction of an atom withphysical quantities involved in the atom-field dynamics has
light: The information on atomic position is obtained by de- been chosen to be measured in order to localize the atomic
tecting the scattered light. The resolution is limited roughlyposition. In this paper, we consider localizationdwal mea-
to half wavelength of the light due to the wave nature ofsurementsi.e., we measure two observables for the localiza-
light. The uncertainty in atomic momentum automatically tion of the atomic position. Our motivation for this scheme is
arises since the light imparts a mechanical momentum to thtwofold. First, it is based on the naive expectation that the
atom[2]. more observables we measure, the better localization we
In a modern version of Heisenberg’s microscope, on theould get. Of course, these variables should be correlated
other hand, one considers a quantum or classical light fielgvith the atomic position. Otherwise, increasing the number
with “standing-wave” mode structure in order to localize the of the measured observables would be of no use.
atom without scattering photofi8—6]. Because the strength Our second motivation is more academic in which we
of the interaction in a standing-wave field depends on thénope to investigate the dynamics of the system conditi@ned
position, the observable quantities such as the phase shift pbsteriorion the measurements. Let us denote the Hermitian
the atomic dipole, or that of the light field vary according to gperators of the measured observablesAby ([A,B]=0)
the atomic position. Thus, the measurements of these quagnq their eigenvalues bg;,b; (i=1,2, .. .), respectively.
tities yield information on the atomic position. All these e represent the system state before measurement by the
schemes can determine the atomic position only within ong,ave function |W)=3ci|a;)®|¥;) and assume that the

period (i.e., a half wavglengl)hof the standmg-lwave s_truc- valuea,, is obtained by thé measurementThe state$¥;)
ture due to the translational symmetry of the interaction.

Recently, Storeyet al. have proposed to measure the P€long to the Hilbert spaces independent of the operafor
quadrature amplitudes of light interacting with a two-level Then, the state after the measureméit,), is obtained by
atom at far-off resonanc3]. They also suggested that Performing the projection operatd®y,=|an)(anm| to |¥).
changing the width of a “virtual slit,” produced in the mea- The state¥ ) can be further decomposed in terms of the
surement of the field, by varying the phase of the field beind?@ses|bi), i.e., [¥m)=2;dj|bj)®[¢;). If one measures in
measured, can implement Popper’s tE&t On the other addition the observablB, then each wave functidrb;) (in-

hand, the localization by the measurement of the phase shiffependent ofA and |§) can be retrieved. However, if the
of the atomic dipole moment in a Ramsey interferometelycarapleB is not measured, the data collected only
setup was proposed using the classical standing-wave fiel ~ :
[4] or the quantum field5] and was demonstrated experi- throughA measurement W9u|d yield the stf-ﬂe of thg system
mentally by Kunzeet al. [8]. Atomic position can also be traced over the observabR, only to lose information of
localized by the frequency measurement of the photons sca@ach wave functiofig;). The dynamics conditioned pos-
tered spontaneously from the at¢fi, using the fact that the teriori on the measuremenB(measurement in this case
Mollow sideband spectrum in the resonance fluorescence deould demonstrate a substantially distinguished phenomenon
pends on the atomic position in the standing-wave fieldcompared with the usual averaged ¢a&].

Other techniques, which do not involve the interaction with  In this paper, we localize the atomic position by measur-
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state-selective far-off resonance. The cavity frequeney is tuned in the
i D measurement midway between the atomic transition frequencigs, and
e} —
uw

atomic beam
_—
—_—

wep SO thatd,= we— w,<0 and dp= wc— wp>0. If both
the detunings satisfies the conditiop$|>T,, |8,|>T,
, wherel’, andl', are the spontaneous emission rates from the
standing . . .
(z /2 -pulse) S excited statd_c), then the excited state is rarely populated
through the interaction, and thus can be ignored. For ex-
D |b)—— o, ample, the R¥ atom has two hyperfine ground levelis
measuring 8 =2 and 3 with the splitting X3 GHz and the decay rates
SRS SRS ) ¢ roughly 2rX6 MHz, so the condition$d,|>T, and|é&,)|
FIG. 1. Schematic diagram of the measurement setup with the” L'b are readily satisfied. S _
energy levels of the atomic internal states. Here represents the By the method of the adiabatic eliminatiph3], the inter-
microwave fields to induce transitions between the stigsand ~ action Hamiltonian inside the cavity is then written in the
|b). Both the quadrature amplitude of the field and the internal statéorm as
of the atom are measured to obtain the position information.

uw
(/2 -pulse)

H=1i sin’(koX)(g3/ Sa|a)(al + gi/ Sulb)(b)a’a, (1)
ing both the quadrature amplitude of the light and the inter-
nal state of the atom. We consider a three-level atom intewhereg, andg, are the vacuum Rabi frequencies associated
acting with a single, quantized standing-wave field in awith the transitions|a)«<|c) and |b)«|c), respectively,
Ramsey interferometer setup. The atom has two hyperfinaT(a) is the photon creatiofannihilation operator for the
ground levelsa),|b) and one excited levdc). The quan- cavity mode andky=2w/\ is the wave vector of the
tized field couples both the statieg and|b) to|c) at far-off ~ standing-wave mode. We setg?/ 8,= g2/ ,=G>0, which
resonance with different coupling constants. The interactiorwan be adjusted by controlling the cavity frequency appropri-
Hamiltonian shows that both the field state and the atomiately. We neglect the kinetic energy term in the Raman-Nath
internal state are entangled with the atomic position. approximation, where the interaction time is short enough for
In addition to the position localization, we investigate thethe motional effect to be neglected.
mechanical action of the standing-wave field on the atom, Let us denote the initial position distribution thyx) and
introduced inevitably by the localization. We show that theassume that the cavity mode is in a coherent gtafelf the
momentum uncertainty caused by the mechanical action doesomic internal state i€,|a)+Cy|b) before entering the
not hinder the Popper’s test in the localization schemes suckavity (C,= Cbzll\/i in our casg the initial state of the
as the one proposed by Storeyal.[3] and that in a certain  total system is denoted by
situation, the uncertainty can be minimized.
This paper is organized as follows. In Sec. Il, we intro-

duce the interaction Hamiltonian and calculate the final state |q’0>:f dxf(x)[x)@(Cala)+ Cplb))@|a). (2
obtained after the interaction in the Raman-Nath regime. We
show in Sec. Il that the localization by the measurements irAfter interacting with the standing-wave cavity field for time
the near region, i.e., right after the interaction, yields a posi, the state becomes
tion distribution that resembles an interference pattern super-
imposed on a diffraction pattern. The interference pattern is |lIf(T))=e*iHT’ﬁ'|\Po>=exp{iG(i)raTa(|a)<a|—|b>
attributed to the measurement of the atomic internal state
while the diffraction to that of the quadrature amplitude of _ iG () >
the light. It is found that the Iocalizqation is sharpgr than in X<b|)]|qf°>_f dxf(x)|x)®[Cqla) & | ae'®®7)
the single-measurement schemes, so the uncertairtyf
the position localization is smaller. In Sec. IV, the position
distribution in the far region is presented and it is explainedwh(_}re
in terms of the dipole force by the standing-wave field cor-
related with the measurements. Especially, we are interested G(x) =G sin(Kgx). ()
whether Popper’s test can be implemented in the measure-
ment schemes exploiting the interaction with the standingiy gq. (3), we see that the phase of the cavity field is altered
wave field in Sec. V. We summarize the results in Sec. VI. through the interaction. If the atomic internal state|as,

then the field state is rotated in the Wigner diagr@ee Fig.

Il. SYSTEM SETUP AND THE HAMILTONIAN 2) by the angle

+Cplb)®|ae'CMN)], (3)

In Fig. 1, the system configuration is depicted with the 04(X)=G(X)T. (5)
appropriate atomic-level diagram. The atom is initially pre-
pared in the statga). The atom first enters the microwave- On the other hand, if the atom is in stdte), the rotation
field region @/2 pulseg, where the internal state is trans- angle is given by
formed to the superposed onea)+|b))/\2. Next, it
interacts with the standing-wave field inside the cavity at Op(x)=—-G(X)7. (6)
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X .t . 2
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+iai(ar—X9)H, (€)

wherea, =R ae' ("~ 9] and a;=Im[ae' ("~ 9].

Now, if the field state is measured to be found in the
eigenstatd yo) after the entire interaction, it is found from
Egs.(7) and(9) that the system collapses to the state

20
0, UXO |\1fc>°<Jdxf(x>|x>®[D<x)la<x)|a>+D(x)lb<x>|b>],

(10

where

D(x) =exp(—{a cod G(x) 7] - xo/2}?) (11)

and

FIG. 2. The Wigner diagram for the coherent state rotated by the l.(X)=—iSiNA(X), 1p(X)=COSA(X), (12)
angle according to the internal state through the interaction given by
Eq. (1). The x axis denotes the amplitude of quadratdg=a  \yjth
+a' and they axis that ofX _,= —i(a—a') out of phase withX,.
The rotation angle® ,(x) and®,(x) depend on the positiorn A(X)=a sif G(x) 7]{a cod G(X) 7] — xo}- (13

Note that the field state after the interaction is entangled withf We measure the atomic internal state in addition, the final
the internal state as well as the atomic position, as seen in tfRosition distribution of the atom is given by

above Egs.(5) and (6). If the quadrature amplitudeX, 2 2

=ae '’+a'e'? of the field is measured, the atomic position Pa(x)=[f)IFD(x)1a(x)| (14)

is then localized. We s& 7= and select)=0 so that the  \yhen the atom is found to be {@) and

measured quantit¥y corresponds to thg-axis value in the

Wigner diagram. When the atom is localized at the node Pp(X) | f(x)[?|D(x)15(X)|? (15)
(kox=0), between the node and the antinodgxE= w/4), 5

and at the antinodekgx= 7/2), the field state is accordingly N [b). Thus, Fa()=[D)1a()]*  and  Fp(x)
rotated by the angles 8,7/2, and+ =, respectively, where =|D(x)1,(x)|* may be interpreted as the filter functions for
+ sign refers to the case of the internal stk and |b), the initial position distribution associated with our measure-
respectively. Then, the measured amplitudlg will be ~ Ment scheme.

roughly 2¢,0,—2«a. Conversely, if the field amplitude is

measured to be 20,—2a, then the atom is localized at the 1. LOCALIZATION IN THE NEAR REGION

ngde, betW(atgn lthe _not?]e and the antm?d_?r,].an_d ﬁt th(tahanltln— To understand where the filter functiobgx),l ,(x), and
ode, respeclively, via the measurement. This 1S how the 0I'b(x) originate from, we now consider the case that the Ram-
calization by the field measurement comes ab8Uit

. ; . e sey fields are turned off and the atom remains in the same
After interacting with the cavity field, the atom enters th.einternal state throughout the entire interaction. We then mea-

secondmw/2-pulse microwave region. Thus, the final state ISqure the quadrature amplitude of the field only, as in the

given by scheme proposed by Storey al. [3]. If the atomic state is
|a) and the field state is measured to|kg), then the final
|‘1’fina|>=f dxf(x)lx>®[1/2|a>®(|aeie(x)f> atomic state is given by
—|ae™ €M) + 1/2b)® (| ae!®™7) |~1fc>aocf dxf(x)|x)®D(x)e "M a). (16)
+]ae” M), (7)

Similarly, if the atom is in|b), the state is

In the following, we use the formula _
o= [ axicolyeDee@lb). a7

1 1. 1 B
|xo)= TGXF{ - E(aTe'e—X(})er ng |0), (8  Note that the exponentia™'*™ in the integrand has differ-
m ent argument according to the internal state. In this case, the

) _ _ final position distribution is the same regardless of the inter-
where |x,) is the eigenstate of the operatd, [3] with  pg state, given by

XolXa)= X0l xe), and thus the inner produdty, a€e'?) is
given by I o(x) =TIIp(x) | f(X)[2D?(x). (18)
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FIG. 4. Momentum distributions after the dual measurement,
which corresponds to the position distribution in the far region,
when the field quadrature is measured to bg@t 0 with «=2.5.

The distributionsP,(p) andP,(p) denote the distributions that are
-0.5 0.0 0.5 -0.5 0.0 0.5 obtained when the internal state is measured to Ha)rand |b),
X/ X respectively. For comparison, the momentum distribufibfp) in

FIG. 3. Filter functions F.(x)=|D(x)1.(x)|2 and Fy(x) the single megsurer_nent of the field qugo_lr_ature a_n_wplitu_de _without
=|D(x)1,(x)|? for the position distribution caused by the dual the R_amsey fields is presented. The initial position distribution
measurement for caseg= *2«,0 with «=2.5. The envelopes [f(x) in Eq. (9)] was assumed to be flat over the rage|<1.
(dotted line$ correspond to the single measurement of the field
without the Ramsey fields. The measuremenyof 2a,—2«,0 of IV. LOCALIZATION IN THE FAR REGION
the field quadrature amplitud€, roughly localizes the atom at the
node, at the antinode, and midway between the node and the anti- 1he localization in the near region by the dual measure-
node, respectively. ment may be somewhat difficult to compare with that by the

field measurement alone, due to the limited resolving power

We see that the field measurement alone produces the ampt]f ulsuall_at?_m dgtegoﬁ.g.a_got w;re ﬂetect()zr No(tf that ibl
tude filterD(x) with the phase filter= A(x). e localizations in the two different schemes are discernible

In our case, on the other hand, with the Ramsey field§)nIy in the_sub\{vavelength scale. quever, .the re;uIFs can be
turned on, the quantum interference occurs. If the final stat learly d|.st|ngy|shable n the far-.reglon posmc.m. Q|str|but|on.
is found to be in|a), the possible quantum paths de ' e cona_derl f|r§t thg case in which the atom initially has the
—|a).—|a) and|a)—|b).—|a), where|a,b). denotes the at-top distribution, i.e.,
atomic state inside the cavitjRecall that we assumed the
initial state to béa) in deriving Eq.(10).] Because these two
paths are indistinguishable, they interfere to giae'2® F(x)= const,  [x/\[=<1,
—e2™asinA(x). Similarly, if the atom is finally found in
|b), two pathsa)—|a).— |b) and|a)— |b).—|b) interfere
to give e A+ 2N cosA(x). The different signs+ of
the interference in the two cases can be traced back to Egm Fig. 4, we plot the momentum distribution right after the
(3) and (7). Thus, the additional filters,(x), andIy(x) in localization by the dual measurement in the near region,
Eq. (12) are produced by the quantum interference of thewhich corresponds to the position distribution in the far re-
indistinguishable paths. gion. We see that the distributioR,(p) with the atom in

In Fig. 3, we plot F,(x)=|D(X)I4(x)|? and Fy(x) state|a) is complementary tdP,(p) with the atom in|b)
=|D(x)I,(x)|? for the casego= *+2a,0. The envelopes in the state, that is, they are out of phase with respect to each other.
figures are given byD(x)|2, which would be produced by The spacings in the distributior®,(p) and Py(p) are the
the field measurement alone without the Ramsey fields. Weame, 4k, because both the filter functions,(x) and
see that the overall shapes resemble an interference pattefg(x) have then/4 periodic structuréSee Fig. 3. Note that
[[1.(X)|2[15(x)|?] superimposed on a diffraction pattern the sum ofP,(p) andP,(p) gives exacthyiI(p), the distri-
[|D(x)|2]. Such shapes are analogous to the distribution ifbution that results from the field measurement alone without
the far-field region of a two-slit interferometer with each slit the Ramsey fields. Also note thHt(p) does not depend on
having finite width. The varianceAx of F,(x) and F,(x) the internal state of the atom in this case. At first sight, these
are smaller than that diD(x)|%. Thus, the localization is results may seem quite natural, but they are not always the
improved by the dual measurement. case, as seen below.

. 19
0, otherwise. (19

033827-4



ATOMIC-POSITION LOCALIZATION VIA DUAL MEASUREMENT PHYSICAL REVIEW A 65 033827

(b) To begin with, we first consider the case of the field mea-
0.04 surement alone without the Ramsey fie[d&g. 5c)]. The
B ! localized position distribution in this case has largely three
0.15 a parts(not shown, similar to Fig. %a). If the atom enters the
(a) i 0=2.5 A cavity region in statéa), it experiences the potential given
00 | %=0 0.00{ , by U,(x). The two small outer parts in the distribution ex-
5 005 U (x) Ax=0-12 20 0 20 perience the force in the negatixedirection, and thus are
2 pitk brought together to generate the interference pattern in the
0.00 Ua(xﬂ = far region due to the coherence of the initial Gaussian wave
050 025 000 025 os0 % & packe@. Th_e Iarge central part experiences the fqrce in the
X/ = opposite direction to make the diffraction pattern in the far
- region. The peak position of the momentum distribution
= | marked in the figure can be calculated using &2) in the
0.00 following section as p,=%koGra?~19.61k, with Gr
20 0 20 =,a=2.5, andkox= /4. Similar argument can be given
plhk to the atom inb). This explains the distributiond ,(p) and

. ) o II see Fig. )
FIG. 5. (a) Probability densityP(x) of the localization by the b(()pr? t[he otht?r f?;)n]d, when the Ramsey fields are turned on,

dual measurement with the potentla}, ,(x) drawn together. The . o . ”»
solid (dotted line corresponds to the case where the atom is meaJEhe internal state inside the cavity is the SuperpOSItloi’a})f

sured to be i) (|b)), with the field measured to be gg=0. The and |_b>. Thus, all Fhe three parts in the position di;t_ribution
initial position distributionf (x) was assumed to be a Gaussian as inOf F'g_' S(a) eXPer'e”9e the force bOth, in the p(_)Sltlve _and
Eq. (21), with x/\ = 1/4 ando=0.1x. On the right side, the mo- N€gative directions simultaneously. This results in the inter-
mentum distributiong®(p) with the Ramsey fields are plotted in €rénce patterns in the left and the right side of the far-region
(b), andIT(p) without the Ramsey fields plotted {o), respectively, ~ distributions [see Fig. ®0)]. The distributionsP,(p) and
corresponding to the localizations shown(@. In (b) and(c), the ~ Po(p) are different from each other since they result from

solid/dotted lines are for the internal stags/|b). different superpositions of indistinguishable quantum paths,
as explained in Sec. lll. Of course, the sumRf(p) and
Dipole force induced by the field measurement Pu(p) is the same as that ¢1,(p) andII,(p).

In this manner, the far-region distributions in all cases can
explained in terms of the dipole force correlated with the
alization by the measurement.

The localization in the measurement scheme using thBe
standing-wave field is always accompanied by the mechanllbC
cal action on the atom. This is because the standing-wave
field at far-off resonance exerts the dipole force to the local-
ized atom. When the cavity mode is in the coherent gtate V. POPPER’S TEST

the potential that the atom experiences is roughly given by In this section, we explore whether the present dual-

U, p(X)= FhGa? sinz(k0§<), (20) mez'asurem.ent. scheme can implement Poppc_ar'i@sPop-
: per’s test is intended to answer the question whether the

Ly 5. i ) knowledge itself of the position can increase the momentum

with a'a— a“ inserted into Eq(1), where—(+) sign refers  ncertaintywithout mechanical momentum transf&@open-

to the case of the internal stat@) (|b)). hagen interpretation contrary to the Heisenberg’s micro-
To see the effect of the dipole force more clearly, let USscope.

assume that the initial distributiof(x) is a well-localized To this end, Storeyet al. proposed that changing the

Gaussian. In Fig. 5, for examplé(x) is assumed to be width of the *“virtual slit,” produced in the measurement of

the field by varying the phase of the field being measured,
1 (X—Xg)? implement Popper’s te$8]. In their scheme one compares
fX)=———=exg —————| (21)  the result of theX-quadrature measurement with that of the
(2mo®) 4o Y-quadrature measurement. Suppose that the two measure-
ments yield different uncertaintiea k) x> (Ax)y of the po-
with xo/N=1/4 (located in the midway between the node sition distribution. If the far-region position distribution,
and the antinodeandAx= o=0.1\. It becomes more local- which corresponds to the momentum distribution in the near
ized by the measurement wijly=0 as shown in the figure. region, shows thatXp)x<(Ap)y in the absence of any me-
The solid(dotted line corresponds to the case that the atomchanical action, the Copenhagen interpretation is then
is measured to be ifa) (|b)) with the Ramsey fields on. proved. Even in the presence of the mechanical action, the
Now, when the far-region distribution is observéddi(p) in  above inequality of momentum uncertainty still proves the
the single measurement scheme without the Ramsey fields Gopenhagen interpretation as long as the mechanical action
not the same as the sum &,(p) and P,(p) any more. does not favor the momentum inequality in the same way. As
Moreover, I1(p) does depend on the internal state of thewe have seen in the preceding section, the localization ex-
atom. We can explain such distributions in terms of the di-ploiting the interaction with the standing-wave field inevita-
pole force correlated with the position localization. bly introduces the mechanical action, i.e., the dipole force.
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Therefore, it is necessary to examine the mechanical actiodistribution, i.e.,Ap,;<Apy,. Moreover, the uncertainty by
in more detail. the mechanical action of the dipole force can be eliminated
when the measurement localizes the atom in the midway
A. The distribution of the momentum transferred to the atom between the node and the antinofép,~0 with xy/\
by the dipole force =1/8 in Eq.(25)]. This is also the case even when the posi-

If the atom is located at the positiariike a point particle, ~tion distributionP(x) is not a Gaussian as assumed in Eq.
the impulse given to the atom for time duratierdue to the (25 as long as the atom is well localized arourgl/\

dipole force is given by =1/8. Therefore, we conclude that the proposal by Storey
. et al.can implement Popper’s test even when the mechanical
pe(X) = (force) X 7= = VU(x) X 7= +fikyG Ta’*sin(2koX). action due to the dipole force of the standing-wave field is

(22 included in the localization.

Note that the transferred momentyndepends on the posi-
tion x. When the atomic position has a distribution other than
the & function, thenp; is not single valued but distributed
over some range. If the atom is localized by the measurement

B. When the atomic internal state is the superposed one
inside the cavity

to have the probability densit?(x), the uncertainty of the In the above, we considered the case that the atom is
momentum transferred by the dipole forogAp,)?)=(p?)  definitely in one internal state. When the Ramsey fields are
—(py)? is calculated as turned on, the internal state of the atom inside the cavity is
A2 the superposed one. Then, even when the atom is treated like
((Apy) >:(sz)z{f dXP(X)Sin?(2koX) a point partlcle[lje., o-=_0 in Eg. (2], a mechanl_cal mo-
(fiko)? mentum uncertainty arises because the mechanical momen-

tum delivered to the atom in stat@) is in the opposite
' 23) direction to the momentum delivered to the atom in sfhje
For this reason the mechanical momentum uncertainty in the
dual measurementA(py ;) becomes always larger than that
M the field measurement onlyAps ;). We have shown in
Sec. Il that the uncertaintyi x4 of the position localization
in the dual-measurement scheme is less thanin the field
measurement only. However, even if we get the reAudy

2

- ( dXxP(x)sin(2kgx)

wave packet as a Gaussian, like in Eg1), with P(x)
=|f(x)|2. Then, it is easily obtained that

((ApY?) _(Gra?)?

_ 2
PIRY: 5 L1-e 807 cog 4koxo) >Aps, this does not prove the Copenhagen interpretation
(ko) sinceApgy>Ap;,, i.e., there is additional momentum un-
—2e’4(k0”)zsin2(2koxo)]. (24) certamty caused by the indefiniteness of the atomic internal
state in our dual-measurement scheme.
When the atom is localized welkgo<1), Eq.(24) becomes For example, let us assume that the field measurement
alone gives the Gaussian localizationP(x,o)
V((Apy)? =1/(2ma2)Y%exf — (x—xg)%/20%], whereas the dual mea-
M%Z(sz)(koa)|cos(2k0xo)|. (25) (2moy) exil - ( XO): i, vhe e 22
#ikg surement givesP(X,0,) =1/(2mo3) " exf — (X—Xp)72075]

aroundxy /A= 1/8. (This localization may correspond to the

The momentum uncertainty is smaller for the narrower dis-dotted line in Fig. §a) neglecting the two small outer parts,
tribution, as seen in Eq25), where \((Ap,)?) is propor-  which can be realized when the initial position distribution is
tional to o. Due to this fact, although the mechanical actionmuch narrower thawr=0.I\ used in the figurg.Then, we
is inevitably accompanied in the localization, Popper’s teshave Axy<Ax; with kgo,<kgo;<<1. The mechanical mo-
can nevertheless be implemented in the measuremenentum uncertainty in the field measurement alone is calcu-
schemes using the standing-wave field, as explained belowated asAp; ~ V8(fkoGra?) (kooy)? in Eq. (24). In the

The momentum uncertaintip results from two sources dual measurement, on the other hand, [ state portion
if we follow the Copenhagen interpretation. One is thegets the mechanical momentupp= +7k,G7a? while the
knowledge itself of the positionXp,), and the other is the |b) state portion getp,= —#k,Gra?, as seen in Eq22).
mechanical action by the dipole force in the standing-waverhus, the average momentum delivered to the atom is zero
field [Ap; in Eq. (25)], so thatAp~Ap,+Ap,. Let us as- and the momentum uncertainty is roughly given bpyq,
sume that two different measurement scheftees., two dif-  ~(#k,Gra?), since the atom is populated equally&) and
ferent quadrature measurements in Storey’s schefiwd  |b) state. Then, we havAp; <Apy,. Although we have
the position localization adx;>AX,. Since the uncertainty better localization in the dual-measurement scheme, the mo-
caused by the dipole force is smaller in the narrower distriimentum uncertainty by themechanical action of the
bution, we have\ p,;>Ap;,. If the far-region distribution is  standing-wave field becomes larger due to the internal state
broader in the case of the narrower localization, ifp;  superposition. Therefore, the comparison of the result of the
<Ap,, we should conclude that the momentum uncertaintydual measurement with that of the field measurement alone
caused by the “knowledge” is much larger in the narrowerdoes not constitute Popper’s test.
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VI. SUMMARY about the momentum uncertainty by the mechanical action of

In this paper, we have investigated the atomic—positioqthe dipole force origin, Popper’s test can be nevertheless

localization by the dual measurement, i.e., both the field an%%nplemented in the schemes in which the atomic internal

the atomic internal state measurements, compared to the fie ate is definite |.n.5|de the standlng-wave fleld.'Moreov'er, we

measurement alone. We have also diséussed the mechanicgly . found that tis better to Io_callze _the atom in th_e_m_ldway
; . e . $%tween the node and the antinode in order to minimize the

action of the light field, correlated with the measurement, on  omentum uncertainty

the atom. We began by showing that the localization is im- '

proved by the dual-measurement scheme compared with the ACKNOWLEDGMENT
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