PHYSICAL REVIEW A 70, 023812(2004)

Generation of highly nonclassicaln-photon polarization states by superbunching
at a photon bottleneck

Holger F. Hofmanh
PRESTO, Japan Science and Technology Corporation (JST), Research Institute for Electronic Science, Hokkaido University,
Kita-12 Nishi-6, Kita-ku, Sapporo 060-0812, Japan
(Received 27 November 2003; revised manuscript received 26 May 2004; published 24 Augyst 2004

It is shown that coherent superpositions of two oppositely polariegthoton states can be created by
postselecting the transmissionmfndependently generated photons into a single-mode transmission line. It is
thus possible to generate highly nonclassiegdhoton polarization states using only the bunching effects
associated with the bosonic nature of photons. The effects of mode-matching errors are discussed and the
possibility of creatingn-photon entanglement by redistributing the photons inteseparate modes is

considered.
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I. INTRODUCTION orthogonal to the polarization along which the superposition

The creation of highly nonclassical states is one of the® %reparec[li)].t t it f polarizati tates |
fundamental challenges in quantum optics. In particular i gcg aca -sla € SL:jperpo_m |o|n of po ggllza lon states 1s Le'
multiphoton entanglement and superpositions of macroscop?llze n a:j_smg € I?O ?.' I't IS ?solpé)sstl tebto g%niraget.t N
cally distinguishable stateecommonly referred to as cat ;:r(])rreip(t)n mlgtmu par |::e in angle ?faff 3{": IS rf| uting
states, after Schrodinger’'s famous cat parafigx may be € photons Into Separate channels, etiectively transiorming
the local state oh photons in one spatial mode into an en-

very useful as resources for optical quantum-informationtan led state of bhotons inn spatial modes. In the present
processes such as teleportation, cloning, or quantum compu- 9 P P : b

tation [2—7]. Recently, it has been shown that multiphoton prgggzig]tgjt %??;%résesa{ﬁrgger? ;r;rrllsﬁtrrﬁg dfembrg?t{)eur:eck
entanglement can indeed be created and manipulated usi b 9 9 :

only single-photon sources, beam splitters, and postselectio#a& ?eui?tuk:g tlgrin;i;e dnscfoegesiseﬁi%(gﬁitﬁd évflft]cfthiﬁ ttnkc‘)sorg_c
based on precise photon detect[{8+15. In previous inves- P P 9 P

tigations, these methods have been applied to photonic qLIjgrlzatlon, resulting in maximai-photon entanglement in the

bits, where the goal was to obtain exactly one photon pe utput. Itis g_lus .'?ofs'ble to r%al'zi ahstrong tl)nteracuon ble
spatial mode. In order to achieve this kind of output, it ist\)/veeﬂlan T\r ltrarily large ?um Zr 0 hp oto|n§rhy tempobran);]
necessary to discard the cases where several photons bungh cing them into a single-mode channel. The superbunch-
up in a single spatial mode as unwanted errors. However, it €'Y gffect at a_phqton bottle_neck may therefqre be a useful
also possible to specifically select cases where several ph§?0| in the _reahzatlon of a wide range of multiphoton quan-
tons bunch up in the same mode. In particular, this metho m operations.

has been used to propose the generation of spatial mode en-
tanglemen{16,17. Il. THE SUPERBUNCHING EFFECT

In the following, a related proposal is presented for the g ) nching effect used to obtain the nonclassical polar-

generation of highly nonclassical polarization states. It iS40 state can be understood by considering the analogy
shown that a coherent superposition of two oppositely IOOIar\'/vith two-photon bunching. If a horizontally polarized photon

izgq n—phqton polarization states can be obtain_ed by ranszng a vertically polarized photon are transmitted into the
mitting n independently generated photons with homoge-,

v distributed polarizati - inal ial mod same spatial mode, their circular polarizations will always be
neously distributed polarizations into a single spatial modey,q same—either both right polarized or both left polarized.
For large photon numbers, thisphoton polarization state

: > ) . Quantum interference removes the component with different
has the nonclassical statistical properties of a cat state, sin

N . cular polarization. This effect can be generalized fgho-
the superposition is between two well separated regions q

he Poi . spherd8l and th larizati ns by choosing a homogeneous distribution of linear polar-
the oincare sp erds] an t € two polarization states can i, 4, angles. The quantum interference between the differ-
be distinguished by measuring only a few photons. On th

. S @nt linear single-photon polarizations then removes all
other hand, highly nonclassical interference effects bemeGEOmponents of the circular polarization, except for the two

the two components of the superposition will be observablg,honents where all photons have the same circular polar-
in the polarization statistics of the Stokes vector components, -.on However quantum coherence between the two maxi-

mally polarized cases is preserved since the bunching effect
does not distinguish between right or left circular polariza-
*Present address: Graduate School of Advanced Sciences of Mdion.
ter, Hiroshima University, Kagamiyama 1-3-1, Higashi Hiroshima  The validity of this argument can be verified by defining
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” 077 » 07’ 0l 0”
é é é FIG. 1. Schematic setup for the generation of

a four-photon-polarization cat state. Each input
l port receives one-photon with the linear polariza-

75 (14R)— | 4L)) tion indicated above. The detectors ensure that no
photons are emitted into the empty output ports,
R=1/2 | R=1/3 | R=1/4 and the beam splitter reflectivities are chosen so

that each input component has equal weight in
/ \ the output.

n-1 2 sis of the right and left circular polarization modes in the
|y = 272 ] {é;(l) + ex;{— i—I) é{(l)}|vac>, (1)  output. Note that the elimination of all other components of

1=0 n circular polarization can also be justified by a symmetry ar-
gument. Since the distribution of input polarizations has an
n-fold symmetry with respect to rotations of the Stokes vec-
tor around the circular polarization axisr a (2n)-fold rota-

whereé',;(l) and é[(l) are the creation operators of right and
left circular polarization in the spatial modleThe rotation of

the linear polarization in the input poritss thus represented . o X
by the phases of 2/n in the superposition of the circular tON Symmetry of the linear polarizatignand since the op-

polarization components. Linear optics can then be used tgrations applied are not sensiti\(e to the polarization at all, the
transfer alln input modes into a single-mode output port output state must also .h'ave thisiold symmetry. quever,
described by any coherent superposition of the maximally polarized states

In;0) and |0;n) with other polarization states would reduce

. 1 n-1 . this symmetry{19]. Therefore, the cat-state superposition of
br=—=2 &r(l), In;0) and |0;n) is the only possible output state that pre-
VNi=o serves then-fold symmetry of the input.

In postselection methods, the difficulty of generating
- 1t R highly nonclassical states is directly reflected in the probabil-
b = —rE a(l). 2 ity of obtaining the postselection condition that indicates a
successful generation of the target state. In the present case,
Each input modéiz, (1) thus contributes equally to the cor- this condition is given by the probability that no photons are
respondingly polarized output mod}m. Photon losses to getected in any spatial modes other than the output modes

output modes other th, can be avoided by postselection by - The_probability of success for this postselection proce-
using high-quantume-efficiency photon detectors in all unuse&Iure is given by

output ports. If any photon losses are detected, the output is 2 n!

discarded. This postselection procedure can then be repre- p(n) :<¢out|¢//our>zw : 5)
sented by a projection operatBr The non-normalized post- - o _

selected output state then reads Since the probability of finding all photons in the same spa-

tial output mode rapidly decreases with increasing photon
N N 27\ - number, the efficiency of generating highly nonclassical su-
|Youd = Pl = (20 2] ] {bgﬁ' exp (‘ '7') bl] vag. perpositions is very low. However, the probability of success
1=0 is still significantly higher than the probability of finding all
(3 of n independent particles in the output channel. For ex-
) ) . - ample, the probability of finding three photons in the output
Since the postselection condition represente®liyas made 5 (3)=1/18. For three independent particles, the chance of
the photons from different input ports indistinguishable Nfinding all three in the output channel would be only
the output, the terms with the same overall number of right(1/3)3=1/27_ This enhancement of the postselection prob-
and left circular polarized photons now _interfere with eaChabiIity increases with increasing photon number and may
other._ Because all sums over varying phase _faCtorﬁwus be helpful in the suppression of errors caused by imper-
exd —-i2#l1/n] are zero, the only two remaining terms in the fect mode matching between the input phot¢sese below:

output are the component With only right ci_rcular polari_zed Figure 1 shows an example of an optical setup to generate
photons and the component with only left circular polarized, 4t state superposition of four-photon polarization. The

n-1

photons, cascade setup shown can easily be generalized to arbitrary
_ —2r ot . _ ~hn photon numbers. Each input photon is generated by a single

[ou) = (20)"H{(bR)" + exd ~ ir(n = 1) ](b)) "} vao photon source with a well defined linear polarization, as in-

n! . dicated in the figure. The postselection condition is that no
= Wﬂn;@—(— Do;m], (4)  photons are detected in the three detectors set up at the

empty output ports. Note that it would also be sufficient to
where the final result is expressed in the photon number bgsostselect the arrival of all four photons at detectors in the
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output. This may be useful to avoid errors due to the limited (An=-2/4L) = - 1/2 exp+ide],
quantum efficiencies of the detectors, although it might re-
strict the possibilities of further quantum operations on the (An=—4|4R) = 1/4 exgi- 4],
output.
(An=—44L) = 1/4 exp+i4¢)]. (7)

Ill. POLARIZATION STATISTICS OF THE OUTPUT

STATE As the linear polarization is rotated, the interference terms in

the photon number distribution thus oscillate with a period-

The polarization statistics of the output can be charactericity of 8¢,
ized by the Stokes parameters, defined as the photon number
difference between a pair of orthogonal polarizations. The py(+4) = i(l - co$84¢)),
properties of the quantized Stokes parameters then corre- 16
spond to the properties of the spin components of a sBpih-
system[19]. The quantum statistics of four-photon polariza- 4
tion thus corresponds to a spin-2 system, and the five pos- Py(+2) = E(l +c03$84]),
sible photon distributions between any two orthogonal polar-
izations correspond to the five eigenvalues of the respective 6
spin component. ps(0) = —(1 - cog8¢)),

The most impressive feature of the superbunching effect 16
is the accumulation of all photons in the two states with
maximal circular polarization, given by the circular polariza-
tion statisticspg (Ng,N.),

Pru(4;0) =1/2,

4
Py(—2) = 1—6(1 +c0$84)),

pul-4) = (1 - co§8). ®)

PrL(3;1 =0, 16

Figure 2 shows the characteristic polarization statistics of the
pPr(2;2) =0, superbunched superposition state. Figui® 2hows the su-

perbunching effect in the circular polarization statistics; Figs.
Pr(1;3) =0, 2(b) to 2(d) show the linear polarization statistics for polar-

ization angles ofp=0, ¢=7/8, and p=7/16, respectively.
Pr(0:4) = 1/2. (6) Note that the polarization angles are defined relative to the

four input polarizations, that is, the sensitivity of the output
However, the observation of this bunching effect arompd statistics to the linear polarization direction originates from
—n_=+4 does not indicate coherence between the two comthe anisotropy caused by the selection of a particular set of
ponents. To distinguish the quantum superposition from anput polarizations. Specifically, the polarization statistics of
statistical mixture, it is necessary to consider the linear potinear polarizations that coincide with one of the input polar-
larization statistics. These can be obtained from the cohereitations (=0 and ¢==/4) always have exactly three pho-
overlap of the two component4R) and|4L) with the basis  tons in one polarization and one in the oth&n(¢)=+2], as
states of a linear polarization measurement rotated by agan be seen in Fig.(B). This distribution of photons can be
angle of¢ relative to the horizontal and vertical polarization understood as a combination of the preservation of the input
axes, where the individual basis states are defined by thgolarization(one input photon in each of the two observed
photon number differencAn(¢) between the two orthogo- output polarizationsand the conventional bunching effect
nal polarizations, between the remaining two photons, which adds exactly two
. hotons to either one of the two output polarizations. On the
(An= +4J4R) = 1/4 exp- i44], gther hand, the polarization statistifs o?linear polarizations
that are exactly halfway between two of the input polariza-

(An= +4/4L) = 1/4 exg+ide), tions (¢=7/8 and ¢=37/8) are clearly dominated by the
75% probability of finding equal numbers of photons in both

(An= +2/4R)=1/2 exp—ido], polarizationg An(¢)=0], as can be seen in Fig(d. In this
case, the complete absence of photon distributions with

(An= +24L) = - 1/2 exp+i44¢], An(¢)==%2 indicates a strong quantum interference effect

between the circular polarization components. The linear po-
larization statistics that would also be expected for the maxi-
mally right or left polarized statg/gR) or |4L) are obtained

at angles ofp=m/16, $=37/16, etc., as shown in Fig(®.

(An=0l4R) = \6/4 exfi-i4¢),

(An=0l4L) = \6/4 expg+i44], These statistics correspond to the binomial distribution ex-
pected if each photon had a random linear polarization. The
(An=-2/4R) =1/2 exp—-idep], deviations from this binomial distribution thus show that the
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FIG. 2. lllustration of the char-
acteristic polarization statistics of
a superposition state of the two
four-photon states with maximal
circular polarization |4R) and

4 ) 0 +2 +4 4 .2 0 +2 +4 |4L). (@) shows the circular polar-
(a) ng—ny (b) An(p = 0) ization statistics,(b) shows the

linear polarization statistics along
— the horizontal and vertical direc-
tions (¢=0), (c) shows the polar-
ization statistics at an angle of
/16 relative to the horizontal
and vertical directions, andd)

shows the polarization statistics at
an angle ofrr/8. Note that the lin-
ear polarization statistics have a
H I—l periodicity of /4, that is, the sta-
tistics shown in(a) also applies to
[ ] [ 1 l_| I——l an angle ofw/4, etc.
-4 0 +2

2 +4 4 -2 0 +2 +4
(©) An(¢ = 7/16) (d) An(p = m/8)

polarization statistics cannot be explained in terms of aorizontally polarized photon transmitted to the output port

simple combination of individual photon polarizations. with a probability of 1/4. In the circular polarization basis,
this product state of three-photon and one-photon polariza-
IV. EFFECTS OF MODE-MATCHING ERRORS tion in the output reads

Experimentally, the superbunching effect requires that all 1 - _
input photons can be matched into the same mode at theys,,,) = ——=(3|3;00—[2;1) +|1;2) - v3|0;3)) ® (|1;0)
beam splitters. Therefore, the most likely source of errors is 32y2
an imperfect mode matching at one of the input ports. Since +10:1)). (10)
the effect of such errors is quite different from the decoher-

ence effects normally expected in spin systems, it may be ofhe total amplitude of this state describes the postselection
interest to |nveSt|gate the pOIanzatlon statistics aSSOClategrobab”ity_ Itis interesting to compare this probab|||ty to the

with a mode-matching error in more detalil. perfectly mode-matched four-photon postselection probabil-
The characteristics of a mode-matching error can be obny p(4),

tained by assuming that one of the photons is in a different

mode from the other three. The output polarization state is 1 2

then a product state of a three-photon state with modified (Yae1lPasr) = 128" Sh(4). (11)
bunching effects and a single-photon state with the un-

changed input polarization. If the mismatched photon is horirpe mode mismatch thus reduces the postselection probabil-
zontally polarized[represented by the contribution wilh i tor the four photons from 3/256 to 2/256. Experimen-
=0 in Eq.(1)], the output state of the remaining three pho-¢5)1y - this dependence of successful postselection on mode

tons is given by matching could be observed by varying the delay time of one
1 of the input photons, thus varying the phase matching artifi-
—=(ak+ia))(ah-a)(@ah-ia))|vao cially [20]. It is then possible to evaluate the mode matching
16v2 from the rates of coincidence counts obtained in the experi-
V350 L 1, V3 e - .
=E|3:0>—E2:1)+E|1;2>—E|0:3>- 9 The statistics of circular polarization obtained from a

single-photon mismatch error corresponding to the output
Note that the circular polarization statistics of this state isstate|se) reads
independent of the linear polarization of the mismatched
photon. Therefore, all mode-matching errors modify the cir-
cular polarization in the same way. However, the loss of
symmetry will be apparent in the linear polarization statis-

3
4,00 =—,
P3z1(4;0) 16

tics.
The total output state is obtained as a product state of the Pasy(3:1) = 4
bunched three-photon state given by E®). and the single one 16’
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Ol o il

-4 -2 0 +2 +4 -4 -2 0 +2 +4
(@) nR—NL (b) An(¢ = 0)

FIG. 3. lllustration of the change in the polarization statistics caused by a one-photon mode-matchilig) sirows the circular ang)
shows the horizontal and vertical polarization statistics. The thick lines show the polarization statistics of the error component, corresponding
to three photons in the same mode and one photon in a different mode, as given @ a@sd (13). The thin lines show the output
probabilities for the ideal four-photon bunching. The difference in the total probability corresponds to the change of postselection probability.

2 sum over all probabilities shown is 1.5 times higher for the
P3:1(2;2) = 16’ perfectly mode-matched case. Most importantly, mode-
matching errors have more impact on the circular polariza-
4 tion statistics than on the linear polarization statistics which
P31(1;3) = —, depends on coherence between the circular polarization
16 eigenstates. The errors expected in the generation of a super-
position state of4R) and |4L) by superbunching are there-
fore quite different from the decoherence effects normally
p3®1(0;4):1_6' (12 associated with cat-state superpositions. In the case of a
small mode-matching error probabiligy the expected circu-
This distribution sharply contrasts with the bunching effectiar polarization distribution can be derived by mixing the
of the perfectly mode-matched case given by B). The deal distribution of Eq(6) with the error distribution given

main effect of the mode-matching error is thus to destroy then Eq. (12). Taking the different postselection probabilities
bunching effect, while the coherence between the circularlynto account, this distribution is given by

polarized components, which corresponds to the linear polar-
ization statistics, is affected much less.
To evaluate the effects of the mode mismatch on the lin-

ear polarization components, it is useful to transform the PerrolN;4 =) =ﬁ3(1_6)pm—(n;4_”)
output state into the horizontal and vertical basis stédes 1
=0). In this basis, the state reads + € Paoy(N;4 —n). (14)
128
|¢300) = —(\'3|3V> 2H;1V)) ® [1H). (13

It is thus possible to estimate the mode-matching error from

The horizontal and vertical polarization statistics thus stillthe experimental data obtained in measurements of the cir-
includes only the two components witn=+2, correspond- cular polarization output.
ing to three photons in one polarization and one in the other.
The only change compared to the statisticsgerO given in
Eq. (8) is that the vertically polarized output is preferred. V. GENERATION OF MULTIPARTICLE ENTANGLEMENT

Figure 3 shows a comparison of the polarization statistics
for the one-photon mode mismatch with the perfectly mode- Once a highly nonclassical-photon polarization state is
matched four-photon output. Note that the changed postseenerated in a single mode, this state can be converted into
lection probability has been taken into account, so that th@n n-particle entangled state by distributing the photons into

R=128=18r-1 R=1/4B=18gp_1p

] D’\ FIG. 4. Schematic setup for the generation of
107 multiparticle entanglement using the photon

or 70,17 p _g 9 .p
bottleneck. In this case, postselection by

polarization-sensitive detection in the four output
channels is necessary to redistribute the photons

/ D \ ? ? q into different modes.

» vl

1,07
or 7,0 1” }700177 or ”0 1”
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n separate channels. It is then possible to apply the criteria KGHZ| 30> 3
for entanglement verification to quantify the nonclassical Wzg
features of the polarization statistics. Figure 4 illustrates a sell7sel
possible setup for the generation of four-photon entangleThe overall reduction for small mode-matching error prob-
ment using a photon bottleneck. In this setup, it is necessargbilities e can then be determined using the different postse-
to post select the output by detecting exactly one-photon ifection probabilites as

each output channel using polarization-sensitive detectors. .

The redistribution of the photons into separate channels thus (GHZ|pou{GHZ) - 12-% ~1- Ef (18)
makes the output condition symmetric to the input condition Tr{pout 12 - 4e 127

and the operation of the photon bottleneck can be interpretelgor example, even if each of the four input channels contrib-

as a collective four-photon interaction. In the absence of er- . .
P Jtes a mode-matching error of 5%, for a total error probabil-

rors, the output state of this interaction is the Greenber el N
Horne-ZeiI#\ggr(GHZ) statel ! on! 9 ity of about 20%(e~0.2), the GHZ contribution would be
' reduced by only about 8.3%. The generation of multiparticle
entanglement using a photon bottleneck thus appears to be

1
IGHZ) = $(|RRRR‘ ILLLL)). (15 very robust against typical mode-matching errors.

17

Such four-photon GHZ states have recently been generated VI CONCLUSIONS

by using entangled pairs generated in downconversion as In conclusion, it has been shown that a highly nonclassi-
input[21-23. The photon bottleneck provides an alternativecal superposition state of oppositely polarizeegphoton
method of generating the same type of multiparticle enstates can be generated by postselecting the transmission of
tanglement from previously unentangled input photons.  independently generated photons into a single spatial mode.
The analysis of mode-matching errors given above camo initial entanglement is needed, and the postselection con-
now be applied to determine the condition for successfublitions require only zero detection events. In principle, the
entanglement generation. Genuineparticle entanglement method can be applied to any number of photons. It can be
can be satisfied by the conditi¢4] used to generate catlike superpositions in the polarization
statistics of single-moda-photon states, or to obtain GHZ-
(GHZ|pou{GHZ) _ 1 type n-photon entanglement. The error analysis suggests that
T Pout T the nonclassical correlations that can be generated by this
method are sufficiently robust with regard to experimental
Using the results of Eq$10) and(11), it is possible to quan- imperfections. The photon bottleneck setup presented in this
tify the reduction in multiparticle entanglement caused by apaper may therefore provide a useful tool for the generation
mode-matching error as follows: and control of nonclassical states of light.

(16)
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