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We consider the nondistortion quantum interrogation of an atom prepared in a quantum superposition. By
manipulating the polarization of the probe photon and making connections to interaction-free measurements of
opaque objects, we show that nondistortion interrogation of an atom in a quantum superposition can be done
with efficiency approaching unity. However, if any component of the atom’s superposition is completely
transparent to the probe wave function, a nondistortion interrogation of the atom is impossible.
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linteraction-free measurement&M'’s) were first consid-  superpositiorf8,10], the previous schemes based on a simple
ered by Elitzur and Vaidman to illustrate the peculiar nonlo-Mach-Zehnder interferometer setup yield very low success
cality of quantum mechanicgl]. It was shown that it is probabilities.
possible to infer the presence of an absorbing olfjedheir In this work we show that nondistortion interrogation of
original argument an ultrasensitive “optical bombin a  an atom in quantum superposition can be done with effi-
Mach-Zehnder interferometer without the probe photon beCiency approaching unity, by using the model[d0] and
ing absorbed by the object. This works because the absorbifg@king connections to IFM's of opaque objects. However, a
object blocks any photon passing it and changes the interfefl€cessary condition for such an NQI is that the possibility of
ence of the photon wave function. Since the original pro_mteractlon exists between the probe and every component of

posal of an IFM, there have been many theoretical and ext_he superposition. It is then easily proved that an NQI of the
tom in a quantum superposition is impossible if any com-

perimental studies on this issue. It was shown thaf’ionent of the superposition is completely transparent to the
interaction-free measurements can in principle be done Witﬁrobe Perp P y P

unit efficiency in an asymptotic sense, for both opafié] As in Fig. 1, the model we consider is a multilevel atom

and semnransparent Obj.e(E&G]' , . prepared in a superposition of the two degenerate metastable
As emphasized by Vaidmdi@], IFM’s are not necessarily states|m, ) and |m_). Starting from|m,) and|m_), the

initial-state preserving measurements. Due to the nonvanisré—tom can absorb & or — (circularly) polarized photon and
ing interaction Hamiltonian, in general IFM's can change, naye a transition to the excited sti with unit efficiency.

very significantly, the quantum state of the object being obq; then decays irreversibly to the ground sthge very rap-
served. However, in most cases we wish to do the IFM withiqly The whole process is

out changing the internal state of the observed object, which

we may call a “nondistortion quantum interrogatiofRQlI)

[8]. In most previous treatments, it was claimed that [+)m.)—[S.)| ), (1

interaction-free measurements can be done for a quantum

mechanical object as well as for the optical bomb discussed

in the original proposall]. For a two-level atom in its where|*) are the+ or — polarized incident photons and

ground state interacting with a resonant photon, this is cerS.) are the corresponding scattered photons that we assume

tainly true since the absorption of the photon destroys the

initial state of the atom completely. However, the claim that le>

the IFM can be done equally well for a quantum mechanical

object as for an optical bomb is not fully justified unless the

guantum superposition of the quantum object is taken into

account. After all, the possibility of being in distinct states

simultaneously is what distinguishes quantum from classical

[9]. As discussed in a recent paper byttihg et al. [10], the

IFM and NQI of an atom in quantum superposition are more

subtle than those of a classical object, since the atom is sub-

ject to measurement dependent decoherence. Though in gen-

eral NQI schemes can be designed for an atom in a quantum FiG. 1. Level structure of the atom. The atom can make a tran-
sition to the excited statge) from |m.) or |[m_) by absorbing a
circularly polarized photon. It then decays rapidly and irreversibly

*Email address: xizhou@ece.rochester.edu to the stable ground statg).
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will not be reabsorbed by the atom and can be filtered away Re — R3_
from the detectors. The state of the atom is in the superpo- 77 <~  °~ " °°
sition Bv1 Faomi 8 s T
¥ h S + N stages
| fatom = @lmy )+ Blm_), @ A AT L
RzZ Tm YT
wherea and B8 are unknown nonvanishing amplitudes satis- o . . .
fying |a|2+ |ﬂ|2: 1. FIG. 2. Nondistortion interrogation of the atom with a series of

If we can use a photon that will be completely absorbed\/lach-Zehnder interferometers. Between mirrors R1 and R2, R3

by the atom, then the problem is identical to that of anand R4, the polarization of the photon is rotated to the orthogonal

opaque object. However, no matter what the photon’s polar\—lalue' In the absence of the atom, for properly chosen reflectivity of

zaon s (+ or — or  Superposiion of themi wil nly 1S PSe SPlrs e pron i o oo e upper ot of e
be partially absorbed by the atom, due to the polarizatio Y P ; any

L . . - . . rF:)hoton going into the upper half of the interferometer is absorbed
selective interactiorl). For instance, the direct interaction after it passes the atom twice. In this case there is a finite probabil-

between anx polarized photon /2(|—)—|+)) and the ity that the photon exits through the lower port of the last interfer-

atom results in the state ometer.
1 1 first interferometer. The reflectivity of each beam splitter is
E(a|—)|m+)—,8|+>|m_))— E(a|s+>_ﬁ|8‘>)|g>' R=cog(#/2N) and the phase difference between the upper

3y  and lower paths is zero. In addition, the polarization of the
photon is rotated to the orthogonal offeom + to — or
If the probe photon is not actually scattered, the photon anfrom — to +) when the photon travels between mirrors R1
atom end up in the entangled statg-)/m,)—g8|+)/m_). and R2, R3 and R4(There are many ways to do this, for
As shown in[10], if we do not change the polarization of the instance by using a half wave platét BM2 the upper and
photon through the interrogation process, this partial absorgower branches of the photon wave function are in the same
tion and entangling will change the state of the atom even ipolarization (even though the polarization is orthogonal to
no absorption happens, and result in a very low efficiency fothat of the incident photon so the interference between
the NQI of the atom. them is maintained. In absence of the atom, aftstages the
At this point it might seem that an NQI of the atom in photon will exit with certainty from the upper port of the last
quantum superposition is similar to that of semitranspareninterferometer, with its polarization unchanged\ifis even,
objects[6], since no complete absorption could happen if weor rotated to the orthogonal valuenfis odd.
do not do anything on the polarization of the photon. Thisis Now we see that the interference of the photon wave
not true though. Once the wave functions of the photon andunction is changed completely if the atom is in the interfer-
atom are entangled, the atom becomes transparent to tienetersiassume it is in the upper half of the sysjer@tart-
photon and it will not interact with the photon again whening from the incident point, let us trace the wave function of
the photon passes it a second time. On the other hand, wibe system(photon plus atomuntil the photon arrives at
can make a connection to NQI's of both opaque and semibeam splitter BM2:
transparent objects if we let the photon pass the atom twice,

with its polarization changed from the original value the sec- |+ )i(alm,)+Blm_))

ond time. For instance, if we use - polarized photon to BM1

interact(directly) with the atom prepared in E¢2), we end — (t[+)ytir[+))(alm,)+Bm_))
up in the state8|+)|m_)+«|S,)|g) the first time. If no o

absorption actually happens, the photon and atom are left in — at|S)|g)+ B+ ) m_)+ir|+),
|+)/m_). We then change the polarization of the photon to

— and let it pass the atom a second time. This time the X(almy)+BIm_))

photon will be absorbed by the atom with certainty. In this e

way the atom in superposition is effectively an opaque object :

to t);1e photon. In tr?e frz)llowing, we show {NO wgyg of unJit- —at|S:)]g) =t =)lm-)—ir| =)
efficiency (in an asymptotic sengeNQI of the atom in a X (almy)+Blm_))

superposition, following this idea of polarization rotation.

In Fig. 2 we consider the folded Mach-Zehnder interfer- a“’mt S.y—gls o
ometer discussed {i2]. For the purpose of clarity it is drawn — ta]S,)=BIS-)lg)—ir[—)
in the form of N Mach-Zehnder interferometers connected in X (almi)+Blm_)), (4)
series, therefore the atom is in every single interferometer
(the do}. Each interferometer consists of two beam splitterswhere| and u denote the lower and upper path artdr
(BM1 and BM2 and four reflecting mirroréR1, R2, and R3, = (sin(#/2N),cos@@/2N)) are the amplitude transmission and
R4). R3 and R4 are used to redirect the photon to the atomeflection coefficients of the beam splitters. We have ne-
after it passes the atom the first time. Suppose the probe isglected the phase advance of the photon wave function in the
+ polarized photon incident from the lower left port to the above, since it is the same for the upper and lower branches
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sponds to the situation that the photon is absorbad.the
VA . . . u amplitude reflection coefficient when the photon goes into

the interferometert andt’ are the amplitude transmission

i i i i atom coefficients when the photon goes into and out of the inter-
"""""""""""""""""""""""""" ferometer. When the photon is reflected, the superposition of
the atom is unperturbed and a successful NQI is realized.

\ \ \ \ \ The probability of a successful NQI is|?, which goes to
1

unity when|r|—1.
In the above we showed that indeed high efficiency NQI's
FIG. 3. Nondistortion interrogation of the atom with the Fabry- fOr atoms in quantum superpositions can be realized, through

Perot interferometer. Polarization of the photon is rotated fxam  the connection to opaque objects. If we go beyond the model
+,y, — and back tox when the photon is reflected once in the Shown in Fig. 1 and consider other situations, for instance a

interferometer. system similar to that of Fig. 1 but with nondegenetate )
and|m_), what is the restriction in the more general cases?
(we assumed the photon wave function picks up a phase shifin the case of high efficiency IFM’s for opaque objects,
of i each time it is reflected As expected, any photon that Kwiat et al. pointed out that in order to reduce the probabil-
enters the upper half of the system is absorbed. On the othéy that an interaction occurs, it is crucial that thessibility
hand the reflected photon wave function is in a direct producof such an interaction exis{8]. In the following we prove
with the initial state of the atom. So this is equivalent to thethat the necessary condition for a successful NQI of an atom
NQI of an opague object, and afthrstages the probability in a qguantum superposition is that the possibility of interac-
that the photon exits through the lower pétus a success- tion exists between the probe wave function and every com-

ful NQI of the aton is ponent of the superposition.
N We prove this by making use of a general formalism by
Pnoi=[cos(m/2N)], (5  Mitchson and Massaf6], with the additional requirement

hich in the limit of | N i itV A inted out i that the initial state of the atom must be kept unchanged.
\[’\10'](: trl1r'] € |m|fo irgff. goes ﬁupl Y. pro"f] € gu n Suppose that the Hilbert space of the atom isN{=2)
-Ul, this way of unit-efliciency Ql can be viewed as a dimensional space spanned by the orthonormal base vectors
discrete form of the quantum Zeno eff¢ds]. o . i i
The Fabry-Perot interferometer can also be used to dé'q,a’i>'1-_l’2’ .- N}p. The NQI starts with |Wp)|W5),
where| W) and|W}) are initial states of the probe and atom,

NQI's of the atom[4,6]. In Fig. 3, the incident photon is velv. Th . 4in th bi d
linearly (x) polarized.(The photon is assumed to be normally respectively. The atom Is prepared in the arbitrary and un-
known superposition state

incident but for clarity it is depicted as if the angle of inci-
dence was nonzernoln the Fabry-Perot interferometer, its . M
polarization changes in the following way: when it goes |\Ifg>=2 aj|¥a ), )
through the upper half of the Fabry-Perot interferometer, its =1

olarization is changed t& . The polarization is rotated _ -

b g P Y where aj’s are unknown nonvanishing coefficients and 2

when the photon goes though the lower half of the interfer- ) .
ometer. When it is reflected back, its polarization is changed=M =N In the process of the interrogation, there are sev-
to — and back tox. This can be done for instance by using g eral steps in which the probe and atom are arranged in such

properly oriented half wave plate in the interferometer. So al? W&y that an interaction can potentially oc¢re so-called
the reflected and transmitted beams are ndy polariza- | StePs” in [6]). In between these steps, unitary operations

tion respectively. Assume the phase difference between adj&'€ Performed on the probe wave function. The NQI fails and
cent reflected or transmitted beams is @0 all reflected and  SIOPS When an interaction between the probe and atom actu-

transmitted beams are in phasBuppose the possible loca- &lly happens. If this is not the case, the state of the probe is
tion of the atom is in the middle of the interferometeep- measured at the endh protocol in which the probe is mea-

resented by the dashed ljndt is easily seen that when no sured before the end can be converted to this fral].

atom is in the interferometer, the interference of the reflected 'St consider the case in which the atom is in the nonsuper-

and transmitted beams is such that the photon goes thoudiPSed Staté¥ ) (all other components vanishf the atom
the interferometer with certainty, for any values of the am-'S not in the interferometer, no interaction between the pho-

plitude reflection and transmission coefficients. In the preston and atom could occur, and the effect of the NQI before
ence of the atom, in exactly the same way as described b&?€ fina! meaSUfeme”tf is an overall unitary opefratlon on the
fore, the photon wave function that goes into thepmbe3|‘I'f'p>|‘1’a,|>—i>|‘I'P,a,|>:UP|‘I"P>|‘I’a,|>:|‘I’p>|‘1’a,l>-
interferometer gets completely absorbed by the atom after Where|Vp)=Up|Wp) andl=1,2, ... N. In the presence of

passes the atom twice. The final state of the photon-atorfhe atom, the interaction could happen, but the state of the
system is atom will not be affected if the interaction does not actually

happen(note this is only true foif W, )'s but not for a
ir|x),(almy)+Blm_)) +tt' Bly)|m_)+|abg, (6) superposition of thejn So the final state is|‘If{,"a’|>
_ f! : . ! .
where|x), and|y), are the reflected and transmitted photons= ¥ p )| ¥a 1)+ [interacted instead (Vp,) and|interacted
(in x and y polarization and |abg (unnormalizeyl corre-  unnormalizeg, where |\Iffpvl)¢|\lf{;,> in general and
020101-3
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linteractedl corresponds to the situation that an interaction o M o
happens. When the atom is in the superpositinthe final P|\I,P,a>:,_; N ajP|‘I’P,a,j>
state in the absence of the atom is =Kk
M
M D f/
- = > ai@pl¥h)|0p)W, ). (1D
(VE=IVRID=[YH S, alv.). @ j TP PR )

Obviously, an NQI in this case is impossible, since the right-
On the other hand, when the atom is present the final state and side of Eq.(11) does not contain any¥,,),

=1,2,... K component. This is easy to understand, because
M the noninteraction between the probe an@, ) (I
|\p};'a>: > aj|qf};’a D (99 =12,...K) makes itimpossible to change the evolution of
al = -,

that branch of the wave functio¥p)|¥,,)). When the
final state of the probe is measured using a projector or-
We can see that the necessary condition that a successfilogonal to|¥F)(WL|, all components that are completely
NQI can be done is that there exists a project®r transparent to the probe drop out of the atomic wave func-
=|®p)(Pp|®1,, which satisfie| ¥l )=0 andP|¥l )  tion. _ _
—A|®p)| W), where|®p)#0 is some state of the probe This result explains why an NQI of the atom in superpo-

f : : sition is impossible if a- or — photon is used as the probe
orthogonal td¥+), 1 is the unity operator for the atom, and and nothing is done on its polarizatig0]. On the other

hand, an NQI with linearly polarized probe photon is pos-

¢ ) ) ; Shle. (Actually our high efficiency schemes work with a
orthogonal tdWp) (which reveals the atom's presene@th  |inearly polarized photon too if its polarization is manipu-

the atom’s initial state unchanged. Now assume that some @éted the same way we prescribediso, an NQI for a sys-
the M components in Eq(7), say |¥,;),i=12,... K(K  tem similar to that in Fig. 1, but with nondegeneréte, )
<M) are completely transparent to the probe, either due to and|m_), is impossible if one uses a single probe photon in
vanishing interaction Hamiltonian between them or the deresonance with ongbut not both of the two metastable
sign of the protocol. Then through the interrogation processtatesim, ), |m_).
the wave function of the system evolves as follows: In summary, we showed that a nondistortion interrogation
of an atom in a quantum superposition can be done with
M efficiency approaching unity, by making the photon wave
K259 aj|\Ifa'j>—>|\If{;,'ya> function interact with all components of the superposition
=1 and turning the problem to that of an opaque object. On the
K M other hand, if any component of the superposition is trans-
=|wh) > alVa)+ > aj|‘I’{D,a,j>- parent to the probe wave function, such an NQI is impos-
i=1 j=K+1 sible.
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