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de Broglie wavelength reduction for a multiphoton wave packet
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An experiment is proposed that permits the observation of the reduced de Broglie wavelengths of two- and
four-photon wave packets using present technology. It is suggested to use a Mach-Zehnder setup and feed both
input ports with light generated by a single nondegenerate down-conversion source. The strong quantum
correlations of the light in conjunction with boson enhancement at the input beam splitter allow us to detect a
two- and fourfold decrease in the observed de Broglie wavelength with perfect visibility. This allows a
reduction of the observed de Broglie wavelength below the wavelength of the source.
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I. INTRODUCTION The down-conversion source allowed them to abandon the
nonlinear beam splitter in the input of their Young’s double-
Recently Jacobsoet al.[1] gave a theoretical description slit setup, and a two-particle coincidence detection scheme
of how to measure the effective de Broglie wavelength of aallowed them to get rid of the second nonlinear beam mixer.
guantum system in a coherent many-particle state using kere, | want to present a modification to their approémir-
scheme employing nonlinear beam splitters. Their work conrowing ideas from[5,6] and[7]) that should allow for the
cluded that many-particle systems with a sufficiently sharplyobservation of a fourfold reduction of the de Broglie wave-
defined number of constituents, in the best case prepared inlength with currently available technolo$,8].
pure number statgN), should show a reduction from the  The key idea is to use linear beam splitters in a Mach-
single particle wavelengthh to the effective multiparticle Zehnder setup and utilize boson enhancement to generate
wavelengtih/N. This is the case even if the constituents aregood approximations to the ideal state Hd) inside the
not bound together. For bound systems such as polyatomioterferometer. Combined with suitable postselection of de-
molecules[2,3] this fact is well known, but for unbound tection events this approach, in principle, even allows for the
systems such abl-photon Fock stategN) this finding is  observation of more than fourfold reductions in the measured
perhaps surprising. de Broglie wavelength of unbound multiparticle systems. In
The scheme suggested by Jacobsbal. uses nonlinear all such schemes a deviation from classical behaigimgle-
beam splitters in order to emulate an effective binding of thephoton or coherent statesan only be achieved by suitably
particles. In a two-mode interferometer this input beam splittailored entangled stat¢4,5,9].
ter channels the unbound constituents of the system such that In parametric down-conversion, so far only variations
they simultaneously follow the “upper” interferometric with the wavelength of the pump beam, i.e., halving of the
channelu in superposition with all of them passing through effective de Broglie wavelengifusing one photon paihave
the “lower” channell; this state is maximally number en- been observed4,10-13; consequently the idea presented
tangled, where inside the interferometer it reads here will allow for the observation of a reduction of the
multiparticle de Broglie wavelength below that of the gener-
ating sourcg7,13]. Note, however, that the observation of a
|N>u|0>l+|o>u|N>I ; ini ; _
|4 inside= ) (1) quartering of the joint phase of the internal degrees of free
V2 dom of four entangled ions in a trap has already been ob-
served[14].
Compared to the case of a bound system this state obviously
correspond_s to aN-atomic molecule trgvgrsing the interfer- Il PREPARING THE STATE
ometer undivided, thus maximally shrinking the system’s de
Broglie wavelength. From now on we will only discuss photons passing a
The output beam mixer of the interferometeee Fig. 1 = Mach-Zehnder interferometesee Fig. 1 Implicitly this
is supposed to be of the same nonlinear kind as the input
beam splitter. Unfortunately, the use of nonlinear beam split- P

ters amounts to a considerable practical problem with re-
gards to the experimental implementation of the ideas pre hIA
sented in Ref[1]: at present, neither the required large \Mi“*_/ @:’
magnitudes of the nonlinearities nor their different orders for ’ [ )
different particle numbeN are practically achievable.

Inspired by Jacobson’s work, but following a rather dif-  FIG. 1. Sketch of the interferometer: dotted lines outline bal-
ferent approach, Fonseca, Monken, and Padua managed dfced beam splitter® stands for detectors; arab, u, I, A, andB

measure the predicted halving of the wavelength for a twotabel the modes before, inside, and beyond the interferomgtisr.
photon state generated in parametric down-convergddn the phase shifter in the upper channel.
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discussion covers many bosonic systems and all types dfave been assum¢d6]. The behavior of such photon pairs
two-mode interferometers. has been studied intensdk,11,12,15.

Rather than using nonlinear beam splitters it is easier, For four and more photons, our scheme only allows us to
even for two-photon states, to prepare the desired interferg@repare states similar to the ideal stéte Let us assume that
metric state Eq(1) from photon pairs generated in type Il a fourfold coincidence has been detecteele[6,8]), this oc-
(nondegeneraje parametric down-conversion. Fonseca,curs with probability|a|%/(1—|«|?). It allows us to infer
Monken, and Padua used a pump beam with a momentumhat the incident state was of the for);,,=a’?b20)/2.
characteristic such that both photons would always pass th@side the interferometer this becon{& (e=1)
same slit [4]. Hence, the state |1,1),/0,0)
+10,004/1,1),)/v2 was created, where the two sldts-) _
refer to the two orthogonal polarization modes of the photonéw‘“Side_
and the indices and| refer to either slit in their double slit
setup. This state is very similar to the desired fdithand \F

4

uT4 uT2|‘r2 |T4

R

|0) ®)

My

works just as well, as long as interferometric phase changes =
apply to both polarization modes simultaneously. The experi-
ment[4] confirmed some ideas presented i} and earlier
results about joint measurements on down-converted photo
[10,11.

Another recent proposal] suggests the use of a Mach-
Zehnder layout and a projective measurement involving
third auxiliary photon(from a second down-conversion pho-
ton paip in order to prepare statd) for a one-photon pair
inside the interferometer.

But both these approaches do not scale favorably for
higher photon numbers; in the latter c43¢the use of aux- lll. DETECTION OF THE SIGNAL
iliary photons leads to extra channels and losses in the inter-
ferometer. _In the_ former case of experimedl the; MOMEN-  5ssume that the photons following chanonelre delayed by
tum selection trick cannot be extended to higher photo

bers b itiol h Id be involved tunable phase) and are subsequently mixed with the

numbers because multiple pump photons would be INVoIVeC,yne| 1o form the detector modad andB':

this leads to a multiple product of the single-pair state men-

tioned above, i.e., in general to a state very different from the uT=e¢AT+iBN/2, 1T=(AT—iBT)/\2 7

desired form(1). Therefore, another ingredient is needed to '

channel the photons through the interferometer; for this, bo¢see Fig. 1 For the case of a single photon entering the

son enhancement can be used. . interferometer through moda’ we thus receive the final
As is known from the Mandel-dip experimefi5,16,7  gtate

the preparation of statél) using boson enhancement is

|4>u|o>|+|0>u|4>')+i4|z>u|z>.. ®

V2 V4

bviously the bosonic enhancement leads to the generation
of the desired state of the forfd) in 75% of all case$6],
whereas the unwanted contributit#) ,|2), only occurs in a
Suarter of all casess(=1). Although only an approximation
to our goal, this state is readily available and the desired
fourfold reduction of the de Broglie wavelength can be de-
tected using current technolog§,8].

In order to determine the detectors’ response we will now

straightforward for two photons: spontaneous parametric (i+€'%)|1)al0)g+(1+ie'?)|0)al1)g
down-conversion generates single and multiple photon pairs out™ 2 (8)
in a two-mode squeezed vacul¥] from the vacuum state
|0), and the well known classical photodetector response prob-
abilities
1 5 (a@’™™"
|¢>m=m 2 o, 2) PA(b)=(ATA)=1(1+sing) 9)

wherea' andb' are the bosonic creation operators for theand

field modes of the interferometer input poftsee Fig. L PB(d)):(BTB):%(l—sinqb). (10)
With probability |a|%/(1—|«|?) a suitable array of lossless

detectorg18], operating in coincidence, will detect two pho- For the two-photon staté3) the corresponding expressions
tons. This allows us to retrodict that sta® became pro- reflect the halving of the de Broglie wavelength

jected into statel1,1) which entered the interferometer and

became converted into the state Paa(#)=Pgg($)=3(1+cos 2p) (11)
2),10),+0),/2 and
|¢>inside:| > | >|\/—| ) | >|a (3) 1
2 Pap(#)=3(1—cos2p). (12

where the transformations for a balanced beam splitter,  HerePp,, Pgg, andPg= Py stand for the probabilities of
detecting two photons in the channels and with the multiplic-
at=(ut+il"H/y2, bf=wt-il"yy2, (4) ity indicated by the subscripts. Since it is difficult to detect
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single photons and discriminate one from two photons arriv-
ing at the same time, the experimentally most convenient

signal isPag.
The four-photon statés) shows the expected reduction to
a quarter of the de Broglie wavelength, namely,

9+12cos 2+ 3 cos
Paaaa(®)=Pgees(®) = Z'Z 4¢, (13
3—3cos4p
Paans(®)=Paggs(¢) = 16 (14
P o rasl )= 11-12cos 2p+9 cos4¢>. 15

32

Surprisingly, despite the imperfect forns € 1) of the four-
photon state(6), Papag @and Paggg Show a pure fourfold

reduction of the observed de Broglie wavelength with perfec
visibility. Here P stands for the four-photon coincidence
probabilities with the channels and their respective detection

multiplicity indicated by the subscripts.

Since it is presently difficult to detect with single photon
resolution and discriminate one from two or more photon

- O

FIG. 2. The four-photon coincidence signals as a function of
phase delayp: Paaag (thick line) and P g (thin line) in com-
parison with the classical signBl,P,P4Pg from Eq.(10) (dotted
line).

wherea andb stand for any two modes, say polarization, this
state would, using the beam-splitter operat{d)) transform
{nto a “Schradinger-kitten state’(1)

_ |2n>u|0>l + |0>u|2n>l
|¢>inside_ \/E )

(17

@and would therefore also yield detector signals with perfect

arriving at the same time, a special detector setup might hav@-fold wavelength reduction for any photon numben.2
to be used. One can employ multiport detectors as they afdowever, it is not known how to generate such a state with

described irf19]; a four port in channeh suffices to see the
signalsPaaaaandPaaag Since it can split up four photons to
follow four different channelgfor sketches of possible real-
izations of four-port detectors, see, el@]).

For photon numbersr2 higher than four no purergfold
wavelength reduction as iRPaaag iS attainable using our

scheme. Because the problems with the generation and coin- 4 ~onclude

available technology. Yet, this observation stresses once
more the alternatives to employing nonlinear beam splitters
[1] in order to channel the particles through the

interferometer.

V. CONCLUSION

interference patterns of unbound particles

cidence detection of more than four photons will also maquith halved de Broglie wavelengths have been seen in para-

the experiment much harder to perform, we will not write
down the corresponding photodetection probabilities for six

eight, or more photons.

IV. SPECULATION

metric down-conversion. Here a scheme, using current tech-
nology is proposed, which allows us to see further de Broglie
wavelength reductions for such unbound particles below the
wavelength of the generating source.

At the level of four photons generated in parametric down

If one could, however, synthesize an input state of theconversion a fourfold reduction in the interference signal

form

(aT_bT)2n+(aT+ bT)Zn

/22n+l. 2n!

| ¢>in: |0>v (16)

with perfect visibility is achievable.
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