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Nonlinear interferometer as a resource for maximally entangled photonic states:
Application to interferometry
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Nonlinear interferometers are Mach-Zehnder interferometers with Kerr media in either one or both arms. We
refer to these devices, respectively, as the asymmetric and symmetric nonlinear interferometers. In the asym-
metric case, with one input mode in the vacuum, it is possible to generate maximally entangled photonic states
or superpositions of such states. We consider the device as a resource of entangled states for applications to
Heisenberg-limited interferometry. Interferometry with the maximally entangled states cannot be performed by
simply subtracting the output photocounts as in standard interferometry. Instead, one must perform parity
measurements on only one of the output beams. We show that the symmetric nonlinear interferometer, with one
input mode in the vacuum, may be used to perform such parity measurements. The same device is shown to
produce, with an input coherent state and upon projective measurements, even or odd coherent states, examples
of the Schrdinger-cat states.
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[. INTRODUCTION mentally by Hong, Ou, and Mandg3]. But for N>2, beam
splitters, which are linear devices, cannot alone produce the
Recently, there has been increasing interest in the proMES [6]. This suggests that perhaps nonlinear devices may
pects for generating a certain class of two-mode field statege used. One such possibility is a nonlinear four-wave mix-
consisting of a superposition of the photonic states in whiching device operating in a nonlinear regime, discussed some
all the photons are in one mode or all are in the other. If theyears ago by Yurke and StolEf] and more recently by two
two modes are labelealandb and if a total ofN photons are  of the present author€C.C.G. and A.B). [8] in connection
involved, the states of interest have the generic form with Heisenberg-limited interferometry. The required inter-
action consists of competing two-mode four-wave mixing
o, 1 , and cross-Kerr processes. This nonlinear four-wave mixer
|N::0>aEE‘7(|N>a|0>b+e|(pN|0>a|N>b)’ (1.)  (NFWM) device, for a particular interaction time, creates
2 MES of the form of Eq.(1.1) as long asN is even. By

ormulating the NFWM in terms of the Schwinger realiza-

where we have used the notation recently introduced by KOI{'ion of the angular momentum operators using a pair of field
Lee, and Dowling 1]. A more general state witN photons g P g apairort
mode operator$9], one recognizes that the interaction in-

entangled withM photons is . : .
volved has the same mathematical form as a nonlinear spin
1 interaction recently proposed by Mglmer and Sgrerfdéh
IN:: M>:EME - (INY, M)+ e ®nm|M),IN)p). (1.2 for the creation of MES associated with a systeniNavo-
’ V2 level trapped iongN evern), superpositions of states with all
ions excited and of all ions deexcite(lheir proposal has
States of the form of Eq1.1) are often referred to as maxi- since been implemented experimentally to entangle the inter-
mally entangled state@MES) of a two-mode field or, in nal states of a set four two-level trapped iph&].) To create
cases where the two modes are spatially separated, as inttee required even photon number states another NFWM may
Mach-Zehnder interferometer, as path-entangled sfdies be used, since, as shown in Rgf], the NFWM may be used
Aside from their intrinsic interest, such states have potenas a filter with respect to parity with an appropriate interac-
tially important applications to interferometr§2], where tion time (different than the time required to generate the
they may realize the ultimate level of sensitivity, the so-MES). However, state reduction is required at one of the
called Heisenberg limi{f3] of phase measurement uncer- output modes of this NFWM. Furthermore, large nonlinear
tainty, Ay =1/N. They may also have applications in susceptibilities in both NFWM devices will be required. An-
quantum photolithography where the Rayleigh diffractionother approach to creating photonic MES, recently discussed
limit may be breache{4]. by two of us(C.C.G. and R.A.Q.[12], is based on the quan-
But a practical problem remains: How can we generateum optical Fredkin gatgl3]. The device described in Ref.
states of the form of Eq1.1)? ForN=1 and 2, 50:50 beam [12] is essentially a pair of Mach-Zehnder interferometers
splitters may be used. THé=1 entangled state is common- (MZIs) coupled through a cross-Kerr interaction. The entire
place and results from the input of a vacuum state in one podevice acts as a conditional beam splitigk. sequence of
and single photon, usually obtained from a downconversiorninteractions, whose collective mathematical form is similar
process, in the other. Fd\t= 2, the MES can be generated by to that described in Ref12], has been described in the con-
simultaneously injecting single photons at each of the inputext of a system ol two-level trapped ion$14]. The se-
ports of a beam splitter. This has been demonstrated experuence generates an MES of the internal states of the) ions.
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The Kerr medium in the coupled interferometer device also a
requires a large nonlinear susceptibility and, furthermore,
state reduction at the outputs of one of the interferometers is
required. But on the other hand, Kok, Lee, and Dowlitg

and Leeet al.[15] have shown that linear optics along with
projective measurements are sufficient to produce MES for
large photon numbers. The procedure in Réb], though
requiring only linear optical elementbeam splitterkis lim- FIG. 1. The asymmetric nonlinear interferomet&NLI). The

ited to photon numberli<4 while that in Ref[1] appears phase shift in the lower arm is taken to bg= — /2 as explained
to be more general. Nevertheless, both methods do rely OR the text.

numerous projective state reduction measurements whose

outcomes are probabilistic. Schralinger-cat states. With two input coherent states it uni-
In the methods for photonic MES generation described intarily generates a four-component entanglement of coherent

the previous paragraph, two obstacles stand out: either th&ates.

requirement of nonlinear media with large nonlinear suscep- The paper is organized as follows. In Sec. I, we discuss

tibilities, or a number of projective state reduction measurethe ANLI and review how it generates MES. In Sec. Ill, we

ments, or both. Here we have not even taken into account théiscuss the use of the device as a source of MES for high-

fact that many of the state reduction measurements requii@solution interferometry. In Sec. IV, we reexamine the SNLI

resolving photon numbers at the level of a single photonand establish its usefulness as a parity-measuring device. We

Clearly, there is motivation to seek alternatives to these apeonclude the paper with some brief remarks in Sec. V.

proaches. If we restrict ourselves to linear optics, it appears

that state reduction is mandated. But for nonlinear optics;, tHe ASYMMETRIC NONLINEAR INTERFEROMETER

there is now the real possibility that the requisite large non-

linearities may soon become available through the use of the In Fig. 1 we present a sketch of the ANLI where a Kerr

techniques of electromagnetically induced transpar¢h6y  medium is placed in the lower arm of an MZI. The beam in

as exemplified in the recent experiment of Hetal. and  the counterclockwise direction we denote a&nd for the

Turukhinet al.[17]. As for the elimination of state reductive clockwiseb. The action of the beam splittefsken as 50:50

measurements, it so happens, as has been shown by Sanders described by the transformatior zs=exdin(a’b

[18] and Sanders and Ridd9], that a type of nonlinear +ap')/4] [6,20]. Such beam splitters are constructed such

in;erferomitelrl(NL:l), r«':m MZI with a Kerr I_mediU_m orf\e arm, that the reflected beam picks up a phase shift/@f A phase

what we shall call the asymmetric nonlinear interferometergp g, fi h ratdl —explid.ata

(ANLI), can producedeterministically exactly the required \?vhotge, pduerz((:)sze\(/jvillb Zetd?sczgie?éméﬁgrﬁ;,) iseplg(c(gzlaiﬁz';’the

MES by unitary transformations alone. In this paper we réyoam The Kerr interaction is described by the interaction
examine the nonlinear interferometer as a source of maX'HamiItonian[Zl]

mally entangled states of light with a particular view to ap-
plications in interferometry. The idea is to replace the first N g oat2a2_ Atav2_ ata

beam splitter of an MZI by an ANLI. This will produce the He=fxa"a'=axl (@@ -aa], 29
MES over the two modes of the MZI containing a phase shift,orea anda’

we wish to measure. However, the usual interferometri roportional to the third-order nonlinear susceptibijy?) of
measurements for the phase shift cannot be performed by thge e dium. Many authors employ a truncated version where

subtractiop Of. the photocounts of t.he two output ports of thethe term linear in the photon number operator is dropped
MZI as this difference always vanishes. Instead, we adopt E‘lS,ZZ- We will use the above more realistic form but in

method originally proposed by Bollinget al.[2] in the con- o ger 1o more easily obtain our desired result we shall need
text of speciroscopic measurements on an MES of trappeg compensate for the effect of the linear term. This accounts
ons. ln. the optical context, the method amounts to performfor the presence of the phase shifter in the counterclockwise
ing parity measurements on one of the output beams, that i Shortly we shall specify the required value of the
measurements of the operator {)", wheref is the photon  phase shiftg,. The unitary transformation associated with
number operator for that beam. We show that the parity mayhe kerr interaction is

be measured by the use of another NLI, this time with Kerr

media in both arms, the symmetric nonlinear interferometer _ _in - —iT(atAa)2_aTa

(SNLI). We further show that the SNLI produces, with an Uk a(r)=exp{—iHkt/i}=exp{—ix((a'a)"~a’al}

input coherent state in one mode and the vacuum in the =exd —ix(a'a)?]exdixata], (2.2
other, an output state consisting of the vacuum of one mode

correlated with an even coherent state in the other supewherety=1/vy is the time for the light to cross the Kerr
posed with the odd coherent state in the latter mode corremedium,| is the length of the medium, ang the velocity of
lated with vacuum state in the former. Upon projective meadight in the medium. The parameter= ytx = xI/ vk . In what
surement of the vacuum state in one or the other outpubllows we assume that the third-order nonlinear susceptibil-
modes one obtains either the even coherent state or the odg is large enough to maintain the condition= /2. It is
coherent state(but in different modes examples of perhaps worthwhile to recall here that many proposals for

are the field operators for the beam gnis
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guantum nondemolition measurements of photon number resus way to represent the entanglement of a coherent state and
quire Kerr interactions, either self-interactions of the type inthe vacuum as defined by E®.9). In terms of the number

Eq. (2.1) [23] or cross-Kerr interactions between two modesbasis we have

[24], with large nonlinear susceptibilities of the magnitude

required in the present work. N 1 ~laf2i2 ZaN N
We take as our input a coherent state in madeith the laz:0)ap=15€ NEZO \/ﬁ(_l)
vacuum in mode: |in) =|a),|0)y . At the first beam splitter, '
BS1, we have the transformation X[IN),|0)p+€PN[0Y,INY,],  (2.10
BS1 where ®y=—(N+1)7/2 and where an irrelevant overall
|a)a]0)y —— |alV2)]ialv2), (2.3) €' factor has been dropped. We may deduce from Eq.

. . . (210 that for the input number statef)=|N),|0), the
just as we expect for a classical field. The phase shifter in thgutput state will be the MES,
a beam causes the transformation

1 )
PS ) |OUt>:_(_1)N[|N>a|0>b+elq>N|O>a|N>b]
|alV2) i alV2)y —— |a€'%alv2) | alV2)y. (2.4) V2
:(_1)N|N::O>:g, (2.11)

We now apply the operatcﬁdK,a of Eq. (2.2):

Eg. (1.1 apart from an irrelevant overall phase factor.
UK,a(z)|aei¢a/‘/7>a|ia/‘/7>b Clearly, the result in Eq(2.10 is a superposition of these
2 MES weighted with the probability amplitudes of a coherent
state. By extension, for any input state of the form

a .
= ex;{ —i E(a*a)2 |ae' (P2t 212 i alv2)y, .

H _ 2__
25 |m>—§chN>a|0>b, %lch—l. (2.12

At this point we choose to set the phase skift= — /2,  the output will be
thus compensating for the effect of the second factor in

UK,a(w/Z). As shown some time ago by Yurke and Stoler _ i 4N idy
[25], for an arbitrary coherent sta}g), |oud % On(=1)TLIN)a| 0o+ €N 0o N)].

(2.13

|B)= i[e*””“|ﬂ>+e' 4 — )], For the sake of completeness we state the result of input-
\Z ing arbitrary coherent statda) and|8) in modesa and b,
(2.6 respectively, i.e.|iny=|a),|B),. Retaining the choice of
phase¢,= — w/2, it is straightforward to obtain the output
state

exp[—i g(afa)Z

a form of Schrdinger-cat state usually known as the Yurke-
Stoler state. Applying this result to ER.5 we obtain

1 .. .
i[e_i”/“la/x/i)a—i—ei“/ﬂ—a/x/i)a]|ia/\/§>b. (2.7 |OUt>:|a’:::8>a,bEE[||ﬂ>a||a’>b+||_a>a|:8>b]v (2.14
V2
an entanglement of coherent states. Entangled coherent states
have been much discussed in the literature, especially in con-
nection with applications in quantum information theory
[18,27). Expressed in terms of numbers states,

The second beam splitter performs the transformations

BS2
|alV2)qlialV2)p ——— |0)ali )y,

* * aNBM
BS2 a:: =exp[—(|a|?+|B8|%/2
i a0, g PR A, 2
and thus the output state of the nonlinear interferometer is X(=DVN:: M);EM, (219

1 where ®y=—7(N—M+1)/2 and where again an irrel-
loud =|a::0)5 p=—[[0)a]i @)p+i| = @)a|0)p], evant overalle' ™2 factor has been dropped. Thus we have a
7 pp

2.9 superposition of the entangled statlest::M)iﬁM of Eq.
(1.2. From this result we deduce that the input state
where an overall irrelevarg ™ ™* factor has been dropped |N)a|M), results in the output stafé :: M)jg“" apart from
[26]. We have introduced the symbjat::0),, in an obvi-  an irrelevant phase factor.
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In terms of the operators of E@3.1), the beam splitter

transformation has the forlﬁBsz exdimdy/2]. If ¢; ande,,
respectively, represent the phase shifts inagtadb arms of

the interferometer as shown in Fig. 2, then we may write
expl¢ia'a)expie,b'b)=exdi(e;+¢2)dolexdi(e1—¢2)Jsl-

The first factor contains only the total phase shift and hence
contributes another overall irrelevant phase fadsw we
drop this factor while the second factor contains the phase
difference. Thus the operator representing the relative phase

IIl. APPLICATION TO INTERFEROMETRY difference between the two armsUsp=exp(—i¢Js), where
L . =2~ P1-
~ We now suppose that our ANLI in its entirety replaces the  |n standard interferometry, phase measurements are ob-
first beam splitter in an otherwise ordinary MZI being usedtained by photocounting on the output beams and subtract-

for measuring the phase difference between its two aMSng e, measuringjg,). (Of course, by adding one can also

This modified MZI is depicted in Fig. 2. The boxes contain- btain(J,).) H h q il ot Kin th
ing ¢, and ¢, represent phase shifts in each of the arms of ain{Jo).) However, such a procedure will not work in the

the MZI. The goal is to measure the phase shift differenc&ase of the MES: one finds thels)=0. To circumvent this
0= @r— 1. problem, we adop_t the suggestion of Bollingaral. [2] of

To aid in the analysis of the second interferometer, it will Measuring the parity of one of the output bed@8J. Choos-
prove convenient to introduce the Schwing@} realization  ing the outputb mode, this amounts to measuring the opera-
of the angular momentum operators in terms of the set ofor
Bose operators representing the beams of the interferometer.
The usefulness of the description of interferomgters in terms C)E(— 1)515:exp[i Tr(jo—js)]- (3.5
of the angular momentum operators, or equivalently, the
su2) Lie algebra, is well establishd®,20]. So, in terms of
the a- andb-mode operators, the angular momentum operalhe technique amounts to a direct detection of the photon
tors are count at the outpub mode and raising-1 to that power.

This is equivalent to measuring all the moments of the num-

O . TP ber operatob’h. Clearly, photon detectors with resolutions
Jl—i(a b+ab’), 32_5(3 b—ab’), at the level of a single photon will be required but we hasten
to point out that the same requirement must also hold for
1 o standard measurements fal,;). Of course, all that really
J3=§(é*é— b'b) (3.2 needs to be determined is the parity, not necessarily the value
of b'b. This allows us to relax the requirement for single-

. Aao oA photon-resolving photodetectors provided we find devices
and they satisfy the ¢2) algebralJ;,J;]=iejJk- The Ca-  gpe to resolve parity without the need for high-resolution

simir operator, the square of the angular momentum, may b oon detection. We shall address this issue in Sec. IV

FIG. 2. A Mach-Zehnder interferometer to measure the pkase
where the first beam splitter has been replaced by an ALNI.

written as where we show that the SNLI is capable of performing such
a task.
J3+35+35=00(Jp+1), Jo=3(a'a+b'b), (3.2 Thus, excluding the nonlinear interferometer replacing the

first beam splitter in Fig. 2, the rest of the Mach-Zehnder
where the operatod,, half the total photon number, com- Interferometer is represented by the operator
mutes with the operator of E3.1), i.e.,[Jo,d;]=0,i=1, 2,
3. The number statefN),/M), correspond to the angular o PN T . -
momentum statef,m) providedj=2(N+M) andm=3}(N Umzi=UgUpp= exp<| E‘Jl) exp—igds). (3.6
—M) where Jg/j,my=m|j,m) and Jo|j,m)=j|j,m). In
terms of the angular momentum states Hdsl) and (1.2,

: If lout) represents the output of the NLI, then the expectation
respectively, read

value ofO is given by

.. by _ 1 . iy s H - ~ A A A
IN--0>a,E—E[|1,J>+e alj,—N1, i=N2 (3.3 (0y=(ou 0};,00|out)

o = (oute' mogi #Izg—i (712 - ﬂ33ei(wl2):]le—i<p33| out
:<OUt| ei WJOei <pJ3ei WJZe—i<pJ3|Out>, (37)

1 )
.. [ - . @ ) .
N:: M) M= —T|j my+e'®i+mi-m/j,—m)], (3.4
| >a’b V2 [13.m) d ) where in the last line we have used the results
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efi(qr/2)3ljsei(77/2)31: -3,

o
—~
Ol
~
|
|

’ ———=Ne N17¢¢) cog o+ N'sing).  (3.14
o= i(m21g=im3ai (72)I; — gimdy (3.9
The phase uncertainty may again be calculated according to
We now suppose that the output of the NLI is the stateEd- (3.9). This time Ap will clearly depend one. Suppose
IN:: 0>$E of Eq. (1.). In this case, using the resti] we take<p=0Aas for a balanc:ed interferometer. In this case
we find that{(O)=e N andd(O)/de=N and thus
expli mJ5)|N)a[M)p=(—1)N[M)o[N)p, (3.9 _
Ap=\1—e 2NN, (3.15
we obtain B B
R . . which clearly goes over to I for large N. (In fact, this
(O)n:o=3i"[NeF PN+ (—1)NeT!(Ne )] result is valid foro=2mk, k=0,1,2 ... .) But supposep
deviates from zero by only the small amoui 1 as antici-

_1\NR2

_ (=)™ codNe+dy), N even (3.10 pated for a weak signal in the interferometer. Lettipg 6
(—1)NTD25in(Nep+dy), N odd. ' <1 we then have

The phase uncertainty for the stdfe:: 0>2';, for N either <©>~e—ﬁ+ e—ﬁﬁz/Z sin(N ). (3.16)

even or odd, is found to be
If N is large butN52/2 still small we have O)~sin(Ns) and
A<p=A(5/ thusAqo~1N. In_Fig. 3 we plot the exact phase uncertainty
A¢ (solid line) vs N for three values ob a bit removed from
~ zero: (@) ¢=m/45, (b) ¢==/18, and(c) ¢=/7. For the
exactly the Heisenberg limit of serlsitivity, whefeO=(1 sake of comparison we also include the curve for the Heisen-
—(0)?)Y2 owing to the fact thaD?=1. Note that the result berg limit, A, = 1/N (the dashed linesand of the standard

is independent of the phase differenge o quantum limit given byA g = 1/(JN) (the dot-dashed
Of course, to obtain this ultimate limit of sensitivity one lines). We note from Fig. &) for o= /45 that apart from
must be able to generate number stal@sto inject into the h e at N~21 th btain foll
NLI; and the higherN the better. Some progress has been € Spike at arounfi=21, the curve we oblain foflows very
made in that directiofi29] but there is as yet no available closely that of the Heisenberg-limit curve. :I'he spike occurs
source of optical number states for arbitratyThis begs the ~Simply because of the periodic functions (@) and its de-
question: Are there other states, perhaps more conventiongative. In Fig. 3b) for the larger phase difference
ones, such as the coherent states, that may be used to obtairf/18 we find more spikes but nevertheless the same gen-

sensitivity at the level N or 1N, N being an average pho- €ral trend that for a wide range bfour curve is close to the

ton number? We have addressed this issue in the earlier wohteisenberg limit and considerably below that of the standard
[8,12] in regard to different proposals for generating MESquantum limit. For the phase difference as highgas/7,

and have found the answer to be in the affirmative. Indeed)owever, the correspondence to the Heisenberg limit breaks
we have already noted that with an input coherent state to th@own and generally even exceeds that of the standard quan-

ANLL an entang|ed coherent Stalte:: 0>a b a SuperpOSi_ tum limit as indicated in F|g (3:) But as we have said this
®N i obtained at fhe output. So we breakdown may be of no practical consequence if one starts

tion of the state$N:: 0)_ ¥, i 2 bal | interf ’ d if th ted sional
now consider the phase uncertainty in the case of the eny'™ @ balanced interterometer, and 1 the expected signa’s

tangled coherent state. In order to calculate® Very weak causing only small disturbances. Finally, it is

#0)

de

1
N (3.11)

A ) ) ; worth mentioning here that there is really an advantage in
ap(@::0[O]a::0),p, we need the following easily derived ging coherent states rather than number states as inputs to

result: the ANLI. The former could be applied essentially continu-
A A A A ously thus yielding a higher rate of measurement on the out-
expli mdo)expli Jg)exp(i mdy)exp —i@ds)[a::0), put beams, whereas in the latter case the same number state
1 must be prepared repeatedly, if it can be produced at all,
Z\E[l_ a€i®) 4| 0),+i]0) i e~ )], (3.1  necessarily decreasing the rate of measurement.

) IV. THE SYMMETRIC NLI
where Eq.(3.7) has been used. We thus obtain
In Fig. 4 we sketch the SNLI, an MZI with Kerr media in

(0= p(@::0[0|a::0)yy both armgalong with the phase shifters as per the discussion
T B ’ in Sec. ). We follow through the case of the input states
—e N[1+eNos¢ sin(Nsing)], (3.13  |iny=|a),|0),. After the first beam splitter we again
have |a/v2),lia/v2),. The phase shift operators
and expip.a'a)expip,b’D) produce |ae'?a/v2),|iae #o/v2), .
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FIG. 3. The phase uncertaintyy vs the average photon number

N=|al|? for an input coherent state) in thea mode and a vacuum
state in theb mode of the ANLI for(a) ¢ = 7/45, (b) ¢ ==/18, and
(c) ¢=m/7. The solid line is ouA e obtained from Eqs(3.13 and

(3.14), the dashed line for the Heisenberg linitp,, = 1/N, and the
dash-dot line is for the standard quantum lidipgq = llx/ﬁ.
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FIG. 4. The symmetric nonlinear interferomet@NLI). The
required phase shifts aig,= — 7/2= ¢y, as explained in the text.

With the choicesp,= — w/2= ¢,,, the Kerr media, described
by the operator exp(ixa'?a?)exp(ixb'%0?), with k= =/2,
produce

e ™ alvV2)lialv2)y,+ e ™2 — alv2), —ialva),
+| = alv2)4lialV2)y+|alv2) | =i alv2)). 4.1
Lastly, the second beam splitter produces the output state
louh =3[ —ili@)a|0)p+i[0)a| —i @)y

+|—a)al0)p+|a)al0)p].

We may rewrite this more transparently as

(4.2

louty =3[ = i[0)a(lia)p— | —Ta)p) + (|a)at|— @)a)|0)p].
4.3

Coherent state superpositions of the fdgy= | — ) are just
single-mode examples of the ScHinger-cat states, the even
(+) and odd(—) coherent statds30]. Evidently, the symmet-
ric NLI generates an entanglement of the vacuum with the
even and odd coherent states. Suppose that a photodetector is
placed in the output of mods with no detector in the output
of modeb. If the vacuum is detected.e., a “no count”
detection in the outputa mode, theb mode is projected into
the odd coherent statéa) —|—ia). Conversely, if the de-
tector is placed in output mode and if a vacuum state is
detected thela mode is projected into an even coherent state
|a)+|— ) (apart from the normalizationsNotice that only
one detectolin either output beajnis used to make these
projections. So we have found yet another procedure for gen-
erating single-mode Schdinger-cat states.

In terms of the number states the output state of(Ecp)
may be written as

|0ut>—e|“2’2{ —i >
N,odd

(ia)N
N 10)alN)p

a

+ —[N),4|0
N,evean >a| >b

* N
' . (4.4)

The probability of detecting the vacuum in modés

|0[|2N

Proli|0)p) = (ouf0), w(Ojoutp=e"l** >

L
N,even N!

(4.9

while the probability of detecting the vacuum in moalés
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S o™ louh=3{iM N =1+ (= )M NI M),IN)p
Prok(|0),)=(out0), (0|ou =e|“|2<
0)2) = (out o(Olouy o N s =DV (=DMINGMYE (410
' If M andN are both even or both odd, then apart from irrel-
In this last expression the-1 appears in the parentheses SNLI

because the vacuum std@), appears not only correlated evant phase factors we hayhl),|M), —— [N),|M)y;
with all the odd number states of mobebut also with the the photons do not exchange modes. But if one of them is

vacuum staté0), . Of course, for largéqe| that contribution — even aggu the other odd we have
S Sl ot _
is nil and to a good approximation Probf,)~ 3 INYIM), —— [M)aIN)y; the photons collectively ex-

~Prob(0)y).
From Eq.(4.4) we deduce that if the input to the SNLI is
lin)=|N),|0), the output will be

change modes. In this case it will not be possible to deter-
mine the parity of the states of the individual modes, only
that they are different. In summary, if eith®t or N is zero

INY,/0) N even we can determine the parity; if they are nonzero we can
lout)= _;H b’ (4.77  determine if they have different or the same parity if they
—i""30)a[N)p, N odd. exchange modes or not. We cannot determine the parity of

) . . ] the individual number states except in the case where one of
Evidently, the SNLI acts as a filter with respect to parity. All the input modes is in the vacuum.

one needs to do is place photodetectordath the output

modes, and by noting which detector firéand/or which V. CONCLUSIONS

does not firg the parity can be determined. It will not be , . ) i

necessary to employ detectors with resolutions at the level of !N this paper we have studied nonlinear interferometers

a single photon. The action of the SNLI is very similar to With Kerr media in ondthe ANLI) or both(the SNL) arms.

that of the nonlinear four-wave mixing device described by!n the case of the ANLI, maximally entangled photonic states

Yurke and Stolef7], which produces essentially identical @€ generated if one of the input states is the vacuum. The

output states for the given inputs as the symmetric NLIPrincipal advantage of using this device is that the MES may

However, the former requires two competing nonlinear interP€ generated unitarily and therefore deterministically; no

actions, a cross-Kerr and four-wave mixing, while the latterProjective measurements need to be performed. The alterna-

requires only single-mode Kerr interactions. Evidently, thetives with elth_er r_10n|mear or linear optical devices require

symmetric NLI is capable of performing the parity measure-NUmerous projective measurements and are not deterministic.

ments required for the interferometric measurements dis2nother advantage of our proposal over those requiring mul-

cussed in Sec. Il tiple projective measuremenit, 15| is that the former does
For the sake of completeness, we state the output of thBOt require number state inputs as does the latter and thus

symmetric NLI with coherent state inputs in both modes. ifreadily available coherent states may be used. The principal

liny=|a)4lB)p then disadvantage is that large nonlinearities will be required. But
on the other hand, there is the likelihood that such nonlin-
louty=2[—iliB)alia)p+i|—iB)al —ia)y earities will eventually become available through the tech-

niques of electromagnetically induced transparency. We have

+la)al = Bhot = a@)al B)ol- (4.8 shown that the device could be used to replace the first beam

, splitter of a Mach-Zehnder interferometer to achieve high-
Thus we obtain a four-component entanglement of coherenggo|ytion phase-shift measurements with sensitivity at the

states of the two modes. In terms of the number states Wgjsenberg limit. With MES in the interferometer, it is nec-

have essary to perform parity measurements on one of the output
N oM beams. But the SNLI acts as a filter with respect to parity and

a’B therefore could be used as a detector in the interferometry
=0 N=0 \/NIM! experiments using MES or in any other experiment where

photon parity must be measured.

o oo

lout) = }e,(‘ammz),z
2 M

XAMINFI — 14 (= 1)MN] M), NY,,
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