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Abstract—Spontaneous parametric downconversion in combi-
nation with linear optics was successfully used to observe a variety
of multiphoton entangled states. Yet, experiments performed so
far lacked flexibility, as each of the various setups was useful for
only a particular multiphoton entangled state. In this paper, we
describe how, by using multiphoton interference, one can observe
entire families of multiphoton entangled states in the very same
linear optical setup. Our method thus goes beyond the commonly
used two-photon interference and turns out to be a very useful tool
for state observation. We will discuss the interference of four and
six photons at different types of beam splitters and show which
families of entangled states are observable. The benefits of this ap-
proach are demonstrated in a four-photon interference experiment
by observing a variety of highly entangled multiphoton states.

Index Terms—Frequency conversion, interference, nonlinear
optics, parametric devices, ultrafast optics.

I. INTRODUCTION

ULTIPARTITE entanglement is an important nonclas-
M sical resource for applications of quantum information.
In principle, many physical systems are well suited for exper-
imental realizations of multipartite entangled quantum states.
So far, photonic qubits allowed observations of the biggest
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variety of multipartite entangled states. In order to describe and
categorize all these quantum states, among others, the crite-
rion of equivalence under stochastic local operations and clas-
sical communication (SLOCC) was introduced [1]-[4]. It has
already been shown [2] that for four qubits infinitely many
SLOCC-inequivalent four-qubit entangled pure states exist. This
classification is quite useful for multiparty quantum communi-
cation applications, where each SLOCC-inequivalent state has
the potential to lead to a particular nonclassical application.
Hence, a flexible method to observe—and finally to apply—
many SLOCC-inequivalent states is surely desirable.

To observe multiphoton entangled states, usually, a combina-
tion of spontaneous parametric downconversion (SPDC) with
linear optical elements is used. To this end, indistinguisha-
bility of photons originating from different SPDC sources or
emissions is required in order to achieve multiphoton inter-
ference [5], [6] enabling the observation of entangled states.
However, most earlier experiments relied on enforced indisti-
gushability of just two photons [7]-[9]. In this paper, we will
demonstrate how four- and six-photon interference is of ad-
ditional benefit as it allows one to observe whole families of
entangled quantum states in a single setup. This breaks with
the common approach to design a particular linear optical ex-
periment for each quantum state. Besides possible applications
in quantum communication, multiphoton interference was also
proposed to be a useful tool to entangle distant atoms [10]-[16],
or to improve precision measurements [17]-[21]. Previously,
it was studied with respect to photon bunching and multipath
interference at a beam splitter (BS) [22]-[25] as a generalization
of the Hong—Ou—Mandel effect [26].

We will discuss, in Section II, the interference of four and
six photons on different types of BSs and analyze the poten-
tial of these cases with respect to the observation of SLOCC-
inequivalent entangled states. In Section III, we describe a par-
ticular experimental implementation using four-photon inter-
ference at a polarizing BS, which was recently performed by
us [27], with special emphasis placed on the analysis of the
entanglement of the various states. Finally, in Section IV, we
summarize our main findings.

II. MULTIPHOTON ENTANGLEMENT VIA MULTIPHOTON
INTERFERENCE

In the following, we will discuss how multiphoton interfer-
ence can be used to observe various multipartite entangled states.
We will study four- and six-photon interference at different kinds
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Fig. 1. Schematic experimental setup for using four-photon interference at
a central BS to observe families of entangled four-photon states. BSs having
different transmittances for horizontal (77, ) and vertical (7, ) polarization are
used as the central BS (shown on the right). The polarization analysis of the
photon states in modes e, f, g, h is performed with an HWP and a QWP in front
of a PBS.

of BSs. This approach will be shown to be superior to conven-
tional state observation schemes relying also on linear optics,
most of which served to observe a single state only. With our
method, it is possible to observe a multitude of different and
relevant multipartite entangled states in a single linear optical
setup.

The general experimental scheme to achieve this is as follows
(Fig. 1). We start with a photon source that delivers 2n photons
to two spatially distinct modes (labeled a and b), such that n
photons occupy each spatial mode. Such a source is given by a
type-1I noncollinear SPDC that generates in its nth order emis-
sion 2n photons. Next, we will change the polarization state
of the photons via a half-wave plate (HWP) in mode a (we
will, additionally, also consider an HWP in mode b). A similar
approach was pursued in a recent experiment, where an HWP
at the beginning of the optical setup was used to continuously
vary between three photon states out of the same entanglement
class [28]. Subsequently, the photons interfere at a BS with a
certain transmittance 7}, (7,) for horizontally (vertically) po-
larized photons. Its output modes (labeled ¢ and d) are split by
polarization independent BSs into 2n modes that have an equal
output probability. Under the condition of having a single pho-
ton in each of the 2n modes, we observe the desired states. In
the following, we will discuss the cases n = 2 and n = 3, and
thus, the interference of four and six photons, respectively.

A. Four-Photon Interference

Let us start with the interference of four photons at a BS. To
this end, we consider four photons of the second-order SPDC
emission, which are in the state [29] (to assure indistinguisha-
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bility of photons coming from different SPDC pairs, one must
use filters of spectral width narrower than that of the pulsed
pump [5], [6])

o< (athvT + aUTth)2 | vac)
= [(an 6,12 + (a, 10, 1)? + 2a1,a, 10, 10,1 | vac) (1)

where m;’ denotes the creation operator of a photon in mode
m having polarization ¢ and |vac) is the vacuum state. Here
and in the following, we neglect all higher order emissions,
and thus, implicitly assume low conversion efficiency, e.g., due
to a weak pump beam. The influence of high conversion ef-
ficiency on the state quality, in particular, for low detection
efficiency, is known [30], [31] and strongly depends on the
particular parameters, which will be subjected to further inves-
tigation. The HWP in mode a transforms the polarization state
of the photons according to a; — cos (2y)ay, + sin (27)a,
and a," — sin (2v)a, ' — cos (2v)a, ', where v is the orienta-
tion of the optical axis with respect to the polarization of the
impinging photons. Subsequently, the photons interfere on a BS
with the transmittances 7}, and 7}, where we assume a lossless
BS,ie., T, + R, =1 and T, + R, = 1 hold, with R; being
reflectance of the BS. The BS transforms the photon state from
input mode a to the superposition a;m — VTt +iv1 — T,;dl-T
and from input mode b to bﬁ — \/T“Z-dl-T +1ivI = T,¢;, where
c and d are the output modes of the BS and i = /—1.

1) Arbitrary BS: We first use a central BS with T}, and T,
arbitrary, before we focus on three particular parameter sets.
Splitting its two output modes into four final modes by two
polarization independent BSs (7}, = T,, = 1/2) yields the states
in modes e, f,g, h (up to normalization, for the notation of
states, see Table I)

aps |GHZY) + by [97) @ [¢7)
+ oy |HHHH) + dyy |VVVV)
—e(|VHHH)+ |HVHH)
— |HHVH) - |HHHV))
— fos(|VVVH)+ |VVHV)
— |VHVV) — |HVVYV)) 2)
where each amplitude depends on the three parameters v, 7},

and T, in the following way:

1
Aps = —F= ﬂ)
b 2(

+ (T, — Ry, — 21T, — 4

1
=2 V RhTthTv + (2 - Er + V RhﬂleTv

- Rh - 2T'h ﬂ)

R, T, R, T,) cos4y)

+Th(-1+ 2Tr)> cos 47)

cps = (6R, Ty, — 1)(sin 2v)?
dys = (6R, T, — 1)(sin 2v)?
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TABLE I
VARIOUS MULTIPARTITE ENTANGLED STATES THAT ARE CONTAINED IN DIFFERENT FAMILIES OF STATES, WHERE EACH FAMILY CAN BE OBSERVED WITH A
SINGLE SETUP

|Ws) = Z=(|HHV )+ |HVH)+ |[VHH))
[W3) %(|VVH)+ |[VHV) + |HVV))
|GHZs) = J5(|HHHH)+ |[VVVV))
|GHZ',) =%(|HHVV>+ |[VVHHY))
|Wy) =3(|HHHV)+ |HHVH)+ |HVHH) + |VHHH))
[Wa) =2i(IVVVH)+ |[VVHV)+ [VHVV)+ |[HVVV))
DY) = L(HHVV)+ |HVHV) +|VHHV) + |HVVH) + [VHVH) + |VVHH))
D"y = J(HHHH) + |HVHV) + |VHHV) + |HVVH) + [VHVH) + [VVVV))
[y *)y® |[¢v+) =3(|[HVHV)+ |VHVH)+ |HVVH)+ |VHHV))
[v=)® |¥~) =3Li(|HVHV)+ |[VHVH)— |HVVH)— |[VHHV))
oY@ |¢7) =3(|HHHH)+ |HHVV)+ |[VVHH)+ [VVVV))
lo=)Y® |¢~) =3i(|HHHH)— |HHVV)— |VVHH)+ |[VVVV))
1W3) = V2BIGHZ') —\/1/3]vF) ® |oF)
13') = \/2/3IGHZs) — /1739t ) © |ut)
197)  =/2/3|GHZa) +\/1/3|v") @ [v)
|GHZg) :%(|HHHHHH>+ [VVVVVV))
|GHZg ) = (|[HHHHHH)~ [VVVVVV))
A29) 5 |GHZ )+ 5(|W3)® |Ws) — [W3) ® |Ws))

We use the notation for polarization encoded qubits in different spatial modes, where H¢V) stands for horizontal (vertical)
polarization and encodes a logical 0(1). The notation of, e.g., | HHHH ) is an abbreviated form of | HHHH ) = |H), @ |H),

@ |H), ®|H),

\/]%}77]% 3T, /Ry Ry

+2\/ﬁ—3T§/2\/T7)sm47
1

fos = (VR R, (1 = 3T,) +

2

T, T,(2 — 3T,)) sin 4.

3

These states appear in several entanglement families of the
four-qubit SLOCC classification introduced recently [2], [4].
To obtain a clearer insight into these states, we will discuss the
following three particular BSs in more detail.

2) Polarizing Beam Splitter: By using a polarizing beam
splitter (PBS) with T}, = 1 and T, = 0, the family of states

(Wa(7) = as(0) [GHZy) + bs(7) [¢7) @ [¢7) (4

with
as(y) = V2(1 — cos 4v)
= /5 — 4cos (47) + 3cos 8y
2cos4
bi(y) = oo y) )

/5 — 4cos (47) + 3cos 8y

and a4 ()% + by(7)? = 1is obtained [27] [Fig. 2(a)]. The states
| ¥4 (7)) form a superposition of the well-known | GH Z,) state,
a highly entangled four-qubit state, and a product of two Bell
states, a biseparable state.By using the SLOCC classification
of [2], we can attribute the family | W, (v)) to the generic en-
tanglement class Gp.q of four-qubit entangled states. States
of this class form a continuous set of SLOCC-inequivalent

where the subscripts denote the spatial mode of each photon.
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Fig. 2. Amplitudes. (a) a4 (7) (solid) and by (7y) (dashed) for the family of

states | W4 (7)). (b) ag () (solid) and be (y) (dashed) for | ¥ (y)). Further, (a)
pa(7y) and (b) pg (7) denote the probability of each state to be observed in the
corresponding linear optical setup (dotted).

states, i.e., for each particular value of y € [0, 7/8], we obtain
an SLOCC-inequivalent state [27] with a probability ps(y) =
(5 —4cos (47) + 3 cos (87))/48 [Fig. 2(a)]. Recently, we ac-
complished the experimental realization of | U4 (7)) [27], which
will be discussed in Section III in more detail.
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At this point, let us highlight the well-known states of the
family

T=0—[97) @ [¥T)
= D
V= 12 — | D)
1acta W)
= —arctan — —
Y 2 \@ 4
T

™

=77 |0y
The states |") ® [¢T) and |U]), |¥,’) are local unitary
(LU) equivalentto |¢~) ® |1~ )and | U] ), respectively, which
are the two basis states for decoherence-free communication of
a qubit [32]. The state |D512)'> is LU equivalent to |D£2) )s
which belongs to the family of Dicke states [33]. A remarkable
property of | Dfl2>> is that it allows to obtain by a single projec-
tive measurement states out of the two inequivalent three-qubit
SLOCC entanglement classes [1], [34]. The state |GH Z,) is a
graph state [35] and can be used for numerous applications, e.g.,
for multiparty quantum secret sharing [36], dense coding [37],
and simulating anyonic statistics [38]. While all of these states
have been previously realized in dedicated linear optical se-
tups [7], [34], [39]-[41], now, it is possible to observe all of
them in a single setup only.

Finally, the usage of an additional HWP(§) in mode b in front
of the PBS adds another tuning parameter 6. However, it turns
out that the angle dependence changes simply into v — v + 4,
resulting in the same states as before.

3) 50:50 BS: Another commonly used BS is given by T}, =
T, = 1/2. There, we obtain the states (up to normalization)

(6)

4V2(cosv)* (sinv)? |GH Zy)
— (14 3cos4v)/V2|GHZ,)
+2(cos27)* [¥*) ® [¥*).

Let us mention particularly interesting states of this family

)

7=0- [¥)
1=5 = U@ 16+ [vh e [99)
1 1
v = 4arccos( 3) v

’y:

gﬂ\/7|GHZ4 \[|D4

v=7-16") @ [6%). ®)
The states given for v =0, v = (1/4)arccos (—1/3), and
~v = m/4 are LU equivalent to states of the family |¥,(7)).
However, for other values of ~, we find different states, e.g.,
the state 1/v/2(|67) @ |67+ |67} @ [6+)) (v = /8) is
superposition of two biseparable states and +/3/4 |GH Z,) +
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V1/4| D ) (y = 7/6) is a superposition of all distinct per-
mutations of an even number of vertically polarized photons.

When we additionally use an HWP(J) in mode b in front of
the 50:50 BS, the states

o V2(sin2(y + 6))2(|GHZ,) — |GHZ,))
+2(cos2(y +8))* [v*) @ o)

+ (sind(y +6))(|Wa) = [ W) ©)
are obtained. New states can be observed compared to using only
one HWP. For example, terms with an odd number of vertically
polarized photons (| W) — |Wy)) also appear now.

4) CPHASEBS: Another well-known BSis givenby 7}, =1
and T, = 1/3. It was used in combination with two attenuation
BSs of reversed splitting ratio (7), = 1/3 and T, = 1) to con-
struct an all-optical controlled phase gate (CPHASE) [42]-[44].
When the CPHASE is used as the central overlap BS, one ob-
tains the states

acp |GHZy) + bep |97) @ |97)
+Cop(—|HHHH) + 3|VVVV))
+de,(|VHVV) + |HVVV)
— |VVVH) - |VVHV))

dg’ (|VHHH)+ |HVHH)

— |HHVH)— |HHHV)) (10)
with a., = —v/2(cos 27)2, b., = —(cos4y), cep = (sin27)2,
and d., = 3/2sin 4~. These states have a similar complexity to
the states observed with an arbitrary BS.

An additional HWP(6) in mode b leads to the states

acpz |GHZY) + bepa [97F) @ [¢7F)
+ Copo(— |[HHHH) + 3|VVVV))

+ dep2 (| Wa) +3[Wa)) (11)
with a2 = —v/2(cos 2(y + 6))?, bepa = cosd(y +8), cepa =
(sin2(y +6))?, and d.po = sin4(y + 4).

We can also directly use the four output modes of the atten-
uation BSs instead of distributing two of the four output modes
via two 50:50 BSs. Then, we obtain

cosdy |VHVH) + 2(sin2v)* | HHHH)

+sindy(— |VHHH) + |HHVH)). (12)

Note that qubits in modes f and h can be factored from the
aforementioned state
|HH) ® (cosdy |VV) + 2(sin2y)* | HH)

+V2sin4y [¢7)) (13)

(we changed the qubit order into f, h, e, g). This comes from the
fact that the attenuation BSs reflect only H polarized photons.
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Fig. 3. Schematic experimental setup for using six-photon interference at a
PBS to observe a family of entangled six-photon states in modes e, f, g, h, k, .

B. Six-Photon Interference

Extending the level of interference further, let us consider
six-photon interference. In Section II-A, the most successful
approach to observe a family of states was to use interference
at a polarizing BS [27]. Therefore, we will examine in the fol-
lowing the interference of the third-order SPDC with the photon
state (ay, ip, 4+ aUTth)3 |vac) at a PBS too. Again, before the
photons interfere, their polarization state is changed with an
HWP(~) in mode « (additionally, we also consider an HWP()
in mode b). The output modes of the PBS are split into six spatial
modes by four polarization independent BSs (see Fig. 3).

Using the experimental layout described before, one obtains
the family of states

|We(v)) = as(v) |GH Zg )
+os(V([W3) @ [W3) — [Wa) @ [W3)) (14)
where
B 2(sin 2)?
7+ 4cosdy + 5cos 8y

bs(7) = — 1+ 3cosdy
o V27T F 4cosdy + 5cos 8y

ag(7)

as)

and a(y)? +2b(v)? =1 [see Fig. 2(b)]. We observe these
states with a probability of pg(v) = (2/81)(cosysinv)?(7 +
4 cos 4y + 5 cos 8y) [Fig. 2(b)]. Let us highlight two states that
are well known to be useful for quantum information

~ = arccos (3+67\/§)H |GHZ; )
T
=7 1Y) (16)
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The state |GH Zg ) is a graph state and could be already ob-
served experimentally in a dedicated linear optical setup [9].
With the described method, it is not only possible to observe
this state but also the entire family | Us(7)). For example, the
state | W) can be used for telecloning. It is LU equivalent (the
necessary local transformation is 0, ® 0, ® 0, @ 1 R 1 ® 1)
to the telecloning state described in [45] for M = 3 recipients,
where 2M = 6 qubits are necessary. An LU-equivalent state
of | W) was recently observed using a different configuration,
without the central BS [46].

Finally, we note that the usage of an additional HWP(J) in
mode b in front of the PBS leads to the family of states

| W6 (7)) = as(v) | GH Zg)
+o6()([W3) @ [W3) + [Wa) @ [W3)) (17
which is LU equivalent to the family |¥g(7)).

III. EXPERIMENTAL REALIZATION OF A FAMILY OF
FOUR-PHOTON ENTANGLED STATES

Let us now move to the experimental realization of one of the
presented schemes. We implemented the interference of four
photons at a PBS using as a photon source the second-order
emission of a noncollinear type-II SPDC process. The general
layout of the experiment was described in Section II-A and
Fig. 1, which leads to the observation of the family of states [see
Section II-A2 and Fig. 2(a)]

|W4(7)) = as (V) [GHZy) +bs(7) [¢F) ® [¢F). (18)

A. Experimental Setup

A frequency-doubled Ti:sapphire laser emits femtosecond
UV pulses with a repetition rate of 81 MHz and a power
of 600 mW at 390 nm. The UV pulses pump a 2-mm-thick
[-barium borate (BBO) crystal, which is cut for type-II non-
collinear SPDC (see Fig. 1). Its second-order emission yields
the desired four photons necessary for the interference at the
PBS. Walk-off effects in the BBO crystal due to birefringence
are compensated by an HWP flipping the polarization state of
each photon and a 1-mm-thick BBO crystal [47]. The spatial
modes a and b are defined by coupling the SPDC emission into
single-mode fibers. In mode a, an HWP(7) is placed before the
photons in modes a and b interfere at the PBS. Interference
filters centered around the degenerate wavelength of 780 nm
with a full-width at half-maximum of 3 nm are placed in out-
put modes ¢ and d (not shown in Fig. 1) to define the spectral
modes of the SPDC photons. Further, in mode ¢, an additional
HWP is placed (not shown in Fig. 1), which flips the polar-
ization of the photons. Subsequently, each mode is split by a
polarization independent BS, whose birefringence is compen-
sated by a pair of birefringent, perpendicularly oriented yttrium
vanadate crystals in each output mode (not shown in Fig. 1).
Finally, the polarization state of each photon is analyzed with
an HWP and quarter-wave plate (QWP) in front of a PBS. The
outputs of the PBS are coupled into multimode fibers, which
guide the photons to silicon avalanche photodiodes (APDs).
The detection signals are fed into a coincidence unit capable
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butions of the |GH Z}) and [¢") ® | ) terms are observable. Open bars
without error show expected counts.

of registering all 2° = 256 possible detection events between
all eight detectors. The errors on following data are deduced
from Poissonian counting statistics and errors on independently
determined relative detection efficiencies.

Under the condition of detecting a single photon in each mode
e, f, g, h, the family of states

|Wa(7)") = as(V) [GHZY) + ba(7) [¢7) @ [97)

is observed. Note that the family |¥,(y)") differs (by an LU
operation) from |¥4(7)), i.e., by a polarization flip in modes
e, f, which is performed by the additional HWP in mode c.

To show the power of the experimental setup, we choose
five known states of the family |¥4(y)’), namely |¢1) ®
W), |DE), [0), [GHZ,), and |07) (with y = 0, 7 =
7/12, v = (1/2) arctan (1/v/2), v = /8, and v = 7/4, re-
spectively), and record for each state the counts in the compu-
tational basis. This demonstrates that we are able to observe
different states in a single experimental setup simply by chang-
ing the angle setting of HWP(~). Fig. 4 shows the 16 possible
measurement outcomes for these five states. Open bars show
the theoretically expected coincidences, with the scaling chosen
such to give the same sum of counts. Clearly, a good agreement
between experiment and theory is found. Deviations originate
from higher order emissions of the SPDC that give undesired
contributions. Additionally, an imperfect interference at the PBS

19)

1709

further adds noise. Nevertheless, a clear transition between the
states |7) ® |¢1) and | GHZ)}) can be observed.

B. Detecting the Entanglement

Let us now discuss the detection of different degrees of entan-
glement for the observed states. First, we want to exclude that
any of the states is separable. Further, we want to show that the
expected four-partite entanglement is also found in the observed
states.

A simple criterion to exclude separability was recently intro-
duced in [48]. It is based on the correlations of a state. In our
case, we have to consider the correlation tensor Tofa four-qubit
state p with

Z Tul,---aﬂ

whereo,, € {1,0,,0,,0.}isthe O'H , thPauli matrix of the nth
qubit (withog = 1) and Ty,, .y, € [-1, 1] are the components
of the correlation tensor 7'. The values T, ..., are given by the
expectation value T),, ., =Tr[p(o,, @0y, ® 04, @ 0pu,)]
For fully separable states, it holds that

max
T z Z J1~~~~,j4

(Ou, ® o, ®oy, ®oy,) (20)

21

where T}"** is the maximal value of the four-qubit correla-
tion function and is given by Tj"** = maxg, sg, s, 0a, (T, 01 ®
0y ® 03 @ 0y), with &, = (ngn),Ty(n),Tz(n)) being a 3-D unit
vector describing a pure state of the nth qubit [48].

The detection of entanglement can be very simple. As soon
as the sum of squared correlations

(22)
J1sesda

exceeds unity, our experimental states are entangled [48].
Fig. 5 shows the correlations 71 1,11 = Tyet, To 220 = Tyen,
and T3 333 = T,e«. When we sum the squares of, e.g., T} e
and T.=:, we find that for all states, (T,et)* + (Toet)? > 1,
and thus, all states are entangled. The same is found for
(T21)? + (T2 )*. Hence, we conclude that the experimental
states contain at least some entanglement.

Now, let us demonstrate that the experimental states ex-
hibit the expected genuine four-partite entanglement. Note
that the state |¥7)® |¥T) is a biseparable state, i.e., a
product of two entangled pairs, and thus, is the only state
that is not genuine four-partite entangled. To show genuine
n-partite entanglement, we use the method of entanglement
witnesses [49]. Generally, an entanglement witness that de-
tects a genuine four-partite entangled state |&) is given by
the operator W; , = al® — |£)(£|. Thereby, the constant
« is the maximal overlap of |£) with all biseparable states
(B-S), i.e., @ = max y)ep-s|(¢|¢)|*. This construction guaran-
tees that Tr[(We o )pB-s] is positive for all biseparable states
pB-s, but negative for |£). The power of entanglement wit-
nesses stems from the fact that their expectation value is also
negative for states close to |£). Hence, a negative expec-
tation value T7[(We,o)pexp] = Tr[(@l® — [£)(&])pexp] =
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Fig. 5. Experimental correlations 7«4, Ty>t<4, and 7T, =4 for the states

lp+y@ |gt), [DIP), |Uh), |GHZ,), and |¥]) (expected value s 1).
From these, the values of (T,e1)? + (Te1)? and (T,e1)? + (T,e1)? are
deduced, which allow to demonstrate entanglement, if either of these values
exceeds unity. All states fulfill this condition, and thus are entangled.

TABLE II
DETECTION OF GENUINE FOUR-PARTITE ENTANGLEMENT VIA ENTANGLEMENT
WITNESSES
State Entanglement Witness  Expectation value
(2)
|D4 ) WDSLQ)!Q/?’ —0.142 £ 0.014
v W —0.030 £0.013
¥y ) v),3/4
[T ) Wy= 5/ —0.182 £ 0.008

All experimental states yield negative expectation values, and thus, are genuine four-
partite entangled.

a — (&] pexp | ) = @ — Fe(pexp) < 0 will signal genuine four-
partite entanglement of the experimental state pey,, where
Fe(pexp ) is the fidelity of state pey, with respect to |£). Hence,
by measuring the fidelity, one can directly compute the expec-
tation value of the corresponding entanglement witness.

Entanglement witnesses that detect the states |D52>>, | Uy,
|GHZ}), and | U] ) have already been constructed. The cor-
responding witnesses are given by WDQZ’,Q/?, in [34] and [50],
W‘I’I 3/4 in [51], WGHZN/Q in [52], and W‘I’Iv3/4 in [51], re-
spectively. To determine their expectation values, we measured
the fidelity of the corresponding state (see [27] for details). The
result is shown in Table II. We see that all experimental states
are four-partite entangled as the expectation values of the cor-
responding witnesses are below zero.

Hence, we could indeed show that selected states of the family
| @4 (y)’) are not only entangled, but also genuine four-partite
entangled. We again stress that all these states are SLOCC-
inequivalent and that, so far, different experimental setups were
necessary to observe each state.

IV. CONCLUSION

We have shown how multiphoton interference at different
types of BSs can be used to observe different families of multi-

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 15, NO. 6, NOVEMBER/DECEMBER 2009

photon entangled states. The photons were generated by higher
order emissions of an SPDC source. The combination of po-
larization rotations in the BS input modes with multiphoton
interference at polarization-dependent BSs provides the nec-
essary ingredients for the powerful scheme we presented. We
implemented one particular case experimentally that allowed us
to observe an entire family of four-photon entangled states. Our
method opens the way for flexible linear optical experiments in
the future and surely can also be applied in other areas of quan-
tum information, e.g., for linear optical quantum computing.

ACKNOWLEDGMENT

The authors would like to thank O. Giihne and M. Bouren-
nane for fruitful discussions. The work of W. Laskowski was
supported by the Foundation for Polish Science.

REFERENCES

[11 W. Diir, G. Vidal, and J. I. Cirac, “Three qubits can be entangled in two
inequivalent ways,” Phys. Rev. A, vol. 62, no. 6, pp. 062314-1-062314-12,
2000.

[2] F. Verstraete, J. Dehaene, B. DeMoor, and H. Verschelde. (2002).
Four qubits can be entangled in nine different ways. Phys. Rev. A
[Online]. 65(5), pp. 052112-1-052112-5. Available: http://link.aps.org/
abstract/PRA/v65/e052112

[3] L. Lamata, J. Leon, D. Salgado, and E. Solano. (2006). Inductive clas-
sification of multipartite entanglement under stochastic local operations
and classical communication. Phys. Rev. A [Online]. 74(5), pp. 052336-
1-052336-10. Available: http://link.aps.org/abstract/PRA/v74/e052336

[4] L. Lamata, J. Leon, D. Salgado, and E. Solano. (2007). Inductive en-
tanglement classification of four qubits under stochastic local operations
and classical communication. Phys. Rev. A [Online]. 75(2), pp. 022318-
1-022318-9. Available: http://link.aps.org/abstract/PRA/v75/e022318

[5] M. Zukowski, A. Zeilinger, and H. Weinfurter. (1995). Entangling pho-
tons radiated by independent pulsed sources. Ann. New York Acad. Sci.
[Online]. 755, pp. 91-102. Available: http://dx.doi.org/10.1111/j.1749-
6632.1995.tb38959.x

[6] J. G. Rarity. (1995). Interference of single photons from separate
sources. Ann. New York Acad. Sci. [Online]. 755, pp. 624-631. Avail-
able: http://dx.doi.org/10.1111/j.1749-6632.1995.tb39002.x

[7] J.-W. Pan, M. Daniell, S. Gasparoni, G. Weihs, and A. Zeilinger. (2001).
Experimental demonstration of four-photon entanglement and high-
fidelity teleportation. Phys. Rev. Lett. [Online]. 86(20), pp. 4435—4438.
Available: http://link.aps.org/abstract/PRL/v86/p4435

[8] N. Kiesel, C. Schmid, U. Weber, G. Toth, O. Giihne, R. Ursin, and H.
Weinfurter. (2005). Experimental analysis of a four-qubit photon cluster
state. Phys. Rev. Lett. [Online]. 95(21), pp. 210502-1-210502-4. Avail-
able: http://link.aps.org/abstract/PRL/v95/e210502

[9] C.-Y. Lu, X.-Q. Zhou, O. Giihne, W.-B. Gao, J. Zhang, Z.-S. Yuan, A.
Goebel, T. Yang, and J.-W. Pan. (2007, Feb.). Experimental entangle-
ment of six photons in graph states. Nature Phys. [Online]. 3, pp. 91-95.
Available: http://dx.doi.org/10.1038/nphys507

[10] C. Cabrillo, J. I. Cirac, P. Garcia-Fernandez, and P. Zoller, “Creation of

entangled states of distant atoms by interference,” Phys. Rev. A, vol. 59,

no. 2, pp. 1025-1033, Feb. 1999.

S. Bose, P. L. Knight, M. B. Plenio, and V. Vedral, “Proposal for teleporta-

tion of an atomic state via cavity decay,” Phys. Rev. Lett., vol. 83, no. 24,

pp. 5158-5161, Dec. 1999.

[12] C. Skornia, J. vonZanthier, G. S. Agarwal, E. Werner, and H. Walther,
“Nonclassical interference effects in the radiation from coherently driven
uncorrelated atoms,” Phys. Rev. A, vol. 64, no. 6, pp. 063801-1-063801-5,
Nov. 2001.

[13] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller. (2001, Nov.).
Long-distance quantum communication with atomic ensembles and
linear optics. Nature [Online]. 414(6862), pp. 413—418. Available:
http://dx.doi.org/10.1038/35106500

[14] C. Simon and W. T. M. Irvine, “Robust long-distance entanglement and a
loophole-free Bell test with ions and photons,” Phys. Rev. Lett., vol. 91,
no. 11, pp. 110405-1-110405-4, Sep. 2003.

[11]

© 2009 IEEE. Reprinted, with permission, from IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS,
Multiphoton Interference as a Tool to Observe Families of Multiphoton Entangled States, Witlef Wieczorek, Nikolai Kiesel, Christian Schmid, Wieslaw Laskowski, Marek Zukowski, and Harald Weinfurter



WIECZOREK et al.: MULTIPHOTON INTERFERENCE AS A TOOL TO OBSERVE FAMILIES OF MULTIPHOTON ENTANGLED STATES

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

C. Thiel, J. von Zanthier, T. Bastin, E. Solano, and G. S. Agarwal. (2007).
Generation of symmetric Dicke states of remote qubits with linear op-
tics. Phys. Rev. Lett. [Online]. 99(19), pp. 193602-1-193602-4. Available:
http://link.aps.org/abstract/PRL/v99/e193602

T. Bastin, C. Thiel, J. von Zanthier, L. Lamata, E. Solano, and
G. S. Agarwal. (2009). Operational determination of multiqubit
entanglement classes via tuning of local operations. Phys. Rev.
Lett. [Online]. 102(5), pp. 053601-1-053601-4. Available: http://link.
aps.org/abstract/PRL/v102/e053601 2009.

J. J. Bollinger, W. M. Itano, D. J. Wineland, and D. J. Heinzen.
(1996). Optimal frequency measurements with maximally correlated
states. Phys. Rev. A [Online]. 54(6), pp. R4649-R4652. Available:
http://link.aps.org/abstract/PRA/v54/pR4649

M. J. Holland and K. Burnett, “Interferometric detection of optical phase
shifts at the Heisenberg limit,” Phys. Rev. Lett., vol. 71, no. 9, pp. 1355—
1358, Aug. 1993.

P. Walther, J.-W. Pan, M. Aspelmeyer, R. Ursin, S. Gasparoni, and
A. Zeilinger. (2004, May). De Broglie wavelength of a non-local
four-photon state. Nature [Online]. 429(6988), pp. 158-161. Available:
http://dx.doi.org/10.1038/nature02552

M. W. Mitchell, J. S. Lundeen, and A. M. Steinberg. (2004,
May). Super-resolving phase measurements with a multiphoton en-
tangled state. Nature [Online]. 429(6988), pp. 161-164. Available:
http://dx.doi.org/10.1038/nature02493

T. Nagata, R. Okamoto, J. L. O’Brien, K. Sasaki, and S.
Takeuchi. (2007). Beating the standard quantum limit with four-
entangled photons. Science [Online]. 316(5825), pp. 726-729. Available:
http://www.sciencemag.org/cgi/content/abstract/316/5825/726

R. A. Campos, B. E. A. Saleh, and M. C. Teich, “Quantum-mechanical
lossless beam splitter: Su(2) symmetry and photon statistics,” Phys. Rev.
A, vol. 40, no. 3, pp. 1371-1384, Aug. 1989.

Z. Y. Ou, J.-K. Rhee, and L. J. Wang. (1999). Observation of four-
photon interference with a beam splitter by pulsed parametric down-
conversion. Phys. Rev. Lett. [Online]. 83(5), pp. 959-962. Available:
http://link.aps.org/abstract/PRL/v83/p959

Z. Y. Ou, J.-K. Rhee, and L. J. Wang. (1999). Photon bunching and
multiphoton interference in parametric down-conversion. Phys. Rev. A
[Online]. 60(1), pp. 593-604. Available: http://link.aps.org/abstract/PRA/
v60/p593

B. H. Liuy, E W. Sun, Y. X. Gong, Y. F. Huang, G. C. Guo,
and Z. Y. Ou. (2007). Four-photon interference with asymmetric
beam splitters. Opt. Lett. [Online]. 32(10), pp. 1320-1322. Available:
http://www.opticsinfobase.org/abstract.cfm?URI=0L-32-10-1320

C. K. Hong, Z. Y. Ou, and L. Mandel. (1987). Measurement
of subpicosecond time intervals between two photons by interfer-
ence. Phys. Rev. Lett. [Online]. 59(18), pp. 2044-2046. Available:
http://link.aps.org/abstract/PRL/v59/p2044

W. Wieczorek, C. Schmid, N. Kiesel, R. Pohlner, O. Giihne, and H.
Weinfurter. (2008). Experimental observation of an entire family of four-
photon entangled states. Phys. Rev. Lett. [Online]. 101(1), pp. 010503-1—
010503-4. Available: http://link.aps.org/abstract/PRL/v101/e010503

B. P. Lanyon, N. K. Langford. (2009). Experimentally generating and tun-
ing robust entanglement between photonic qubits. New J. Phys. [Online].
11(1), pp. 013008-1-013008-9. Available: http://stacks.iop.org/1367-
2630/11/013008

H. Weinfurter, M. Zukowski. (2001). Four-photon entanglement from
down-conversion. Phys. Rev. A [Online]. 64(1), pp. 010102-1-010102-
4. Available: http://link.aps.org/abstract/PRA/v64/e010102

W. Wieczorek, N. Kiesel, C. Schmid, and H. Weinfurter. (2009).
Multiqubit entanglement engineering via projective measurements.
Phys. Rev. A [Online]. 79(2), pp. 022311-1-022311-8. Available:
http://link.aps.org/abstract/PRA/v79/e022311

W. Laskowski, M. Wiesniak, M. Zukowski, M. Bourennane, and H.
Weinfurter. (2009). Interference contrast in multisource few-photon op-
tics. J. Phys. B [Online]. 42(11), pp. 114004-1-114004-12. Available:
http://stacks.iop.org/0953-4075/42/114004

J. Kempe, D. Bacon, D. A. Lidar, and K. B. Whaley. (2001). The-
ory of decoherence-free fault-tolerant universal quantum computation.
Phys. Rev. A [Online]. 63(4), pp. 042307-1-042307-29. Available:
http://link.aps.org/abstract/PRA/v63/e042307

R. H. Dicke. (1954). Coherence in spontaneous radiation pro-
cesses. Phys. Rev. [Online]. 93(1), pp. 99-110. Available:
http://link.aip.org/link/?PR/93/99/1

N. Kiesel, C. Schmid, G. Toth, E. Solano, and H. Weinfurter. (2007).
Experimental observation of four-photon entangled Dicke state with high

(35]

(36]

[37]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

1711

fidelity. Phys. Rev. Lett. [Online]. 98(6), pp. 063604-1-063604-4. Avail-
able: http://link.aps.org/abstract/PRL/v98/e063604

M. Hein, J. Eisert, and H. J. Briegel. (2004). Multiparty entanglement
in graph states. Phys. Rev. A [Online]. 69(6), pp. 062311-1-062311-20.
Available: http://link.aps.org/abstract/PRA/v69/e062311

M. Hillery, V. BuZek, and A. Berthiaume. (1999). Quantum secret
sharing. Phys. Rev. A [Online]. 59(3), pp. 1829-1834. Available:
http://link.aps.org/abstract/PRA/v59/p1829

J.-C. Hao, C.-F. Li, and G.-C. Guo. (2001). Controlled dense coding
using the Greenberger—Horne—Zeilinger state. Phys. Rev. A [Online].
63(5), pp. 054301-1-054301-3. Available: http://link.aps.org/abstract/
PRA/v63/e054301

J. K. Pachos, W. Wieczorek, C. Schmid, N. Kiesel, R. Pohlner, and H.
Weinfurter. (2009). Revealing anyonic features in a toric code quantum
simulation. New. J. Phys. [Online]. /1, pp. 083010-1-083010-10. Avail-
able: http://www.iop.org/EJ/abstract/1367-2630/11/8/083010/

M. Bourennane, M. Eibl, S. Gaertner, C. Kurtsiefer, A. Cabello, and
H. Weinfurter. (2004). Decoherence-free quantum information pro-
cessing with four-photon entangled states. Phys. Rev. Lett. [Online].
92(10), pp. 107901-1-107901-4. Available: http://link.aps.org/abstract/
PRL/v92/e107901

M. Eibl, S. Gaertner, M. Bourennane, C. Kurtsiefer, M. Zukowski,
and H. Weinfurter. (2003). Experimental observation of four-
photon entanglement from parametric down-conversion. Phys. Rev.
Lett. [Online]. 90(20), pp. 200403-1-200403-4. Available: http:/link.
aps.org/abstract/PRL/v90/e200403

J.-S. Xu, C.-F. Li, and G.-C. Guo. (2006). Generation of a high-
visibility four-photon entangled state and realization of a four-party quan-
tum communication complexity scenario. Phys. Rev. A [Online]. 74(5),
pp. 052311-1-052311-6. Available: http://link.aps.org/abstract/PRA/v74/
e052311

N. Kiesel, C. Schmid, U. Weber, R. Ursin, and H.
Weinfurter. (2005). Linear optics controlled-phase gate made sim-
ple. Phys. Rev. Lett. [Online]. 95(21), pp. 210505-1-210505-4. Available:
http://link.aps.org/abstract/PRL/v95/e210505

N. K. Langford, T. J. Weinhold, R. Prevedel, K. J. Resch, A. Gilchrist,
J. L. O’Brien, G. J. Pryde, and A. G. White. (2005). Demonstration
of a simple entangling optical gate and its use in Bell-state analysis.
Phys. Rev. Lett. [Online]. 95(21), pp. 210504-1-210504-4. Available:
http://link.aps.org/abstract/PRL/v95/e210504

R. Okamoto, H. F. Hofmann, S. Takeuchi, and K. Sasaki. (2005). Demon-
stration of an optical quantum controlled-not gate without path interfer-
ence. Phys. Rev. Lett. [Online]. 95(21), pp. 210506-1-210506-4. Avail-
able: http://link.aps.org/abstract/PRL/v95/e210506

M. Murao, D. Jonathan, M. B. Plenio, and V. Vedral. (1999).
Quantum telecloning and multiparticle entanglement. Phys. Rev. A
[Online]. 59(1), pp. 156—-161. Available: http://link.aps.org/abstract/PRA/
v59/p156

M. Radmark, M. Zukowski, and M. Bourennane. (2009). Experi-
mental test of rotational invariance and entanglement of photonic
six-qubit singlet state. arXiv:0903.3188 [quant-ph][Online]. Available:
http://arxiv.org/abs/0903.3188

P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko,
and Y. Shih. (1995). New high-intensity source of polarization-entangled
photon pairs. Phys. Rev. Lett. [Online]. 75(24), pp. 4337-4341. Available:
http://link.aps.org/abstract/PRL/v75/p4337

P. Badziag, C. Brukner, W. Laskowski, T. Paterek, and M. Zukowski.
(2008). Experimentally friendly geometrical criteria for entanglement.
Phys. Rev. Lett. [Online]. 100(14), pp. 140403-1-140403-4. Available:
http://link.aps.org/abstract/PRL/v100/e140403

O. Giihne and G. Té6th. (2009). Entanglement detection. Phys. Rep. [On-
line]. 474, pp. 1-75. Available: http://www.sciencedirect.com/science/
article/B6TVP-4VV2NGM-1/2/c9dbd012ebe762fd1e59139a3e064e60
G. Téth, “Detection of multipartite entanglement in the vicinity of sym-
metric Dicke states,” J. Opt. Soc. Amer. B, vol. 24, no. 2, pp. 275-282,
2007.

M. Bourennane, M. Eibl, C. Kurtsiefer, S. Gaertner, H. Weinfurter, O.
Giihne, P. Hyllus, D. BruB, M. Lewenstein, and A. Sanpera. (2004).
Experimental detection of multipartite entanglement using witness op-
erators. Phys. Rev. Lett. [Online]. 92(8), pp. 087902-087904. Available:
http://link.aps.org/abstract/PRL/v92/e087902

G. Téth, O. Giihne. (2005). Detecting genuine multipartite entangle-
ment with two local measurements. Phys. Rev. Lett. [Online]. 94(6),
pp. 060501-1-060501-4. Available: http://link.aps.org/abstract/PRL/v94/
e060501

© 2009 IEEE. Reprinted, with permission, from IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS,
Multiphoton Interference as a Tool to Observe Families of Multiphoton Entangled States, Witlef Wieczorek, Nikolai Kiesel, Christian Schmid, Wieslaw Laskowski, Marek Zukowski, and Harald Weinfurter



1712

Witlef Wieczorek was born in Berlin, Germany, on
January 20, 1979. He received the Diploma in physics
from the Technische Universitdt Berlin, Berlin, in
2005. He is currently working toward the Ph.D. de-
gree under the International Ph.D. Programme of Ex-
cellence “Quantum Computing, Control and Commu-
nication” of the Elite Network of Bavaria, Germany.

He was engaged in experimental studies on optical
phenomena of self-assembled quantum dots during
his Diploma studies. From 2006 to 2008, he was a
Doctoral Fellow at the German National Academic
Foundation (Studienstiftung des deutschen Volkes). Since 2006, he has been
with the Max-Planck-Institute of Quantum Optics, Garching, Germany. He is
also with the the Department for Physics, LMU Miinchen. His current research
interests include the experimental realization of quantum information and the
study of entanglement.

Mr. Wieczorek is a member of the German Physical Society.

Nikolai Kiesel was born in Niirnberg, Germany, on
February 8, 1977. He received the Diploma in physics
and the Ph.D. degree from Ludwig-Maximilians-
Universitdt (LMU) Miinchen, Munich, Germany, in
2002 and 2007, respectively.

During his Diploma studies he was engaged in
the experimental analysis of photonic three-qubit en-
tanglement. From 2003 to 2008, he was with the
Max-Planck-Institute of Quantum Optics, Garching,
Germany, where he was engaged in research on quan-
tum information with multiphoton entanglement and
tools for their efficient characterization. Since 2009, he has been a Postdoc-
toral Researcher at the Institute for Quantum Optics and Quantum Information,
Austrian Academy of Sciences, Vienna, Austria. His current research interests
include foundations of quantum mechanics and quantum information with op-
tomechanical resonators.

Dr. Kiesel was nominated for the Dissertation Award of the German Physical
Society. Since August 2009 he receives a Feodor-Lynen research fellowship by
the Alexander von Humboldt foundation.

Christian Schmid was born in Landshut, Germany,
on February 9, 1979. He received the Diploma and the
Ph.D. degree in physics from Ludwig-Maximilians-
Universitdt (LMU) Miinchen, Munich, Germany, in
2004 and 2008, respectively.

From 1998 to 2003, he studied physics at the LMU
Miinchen. During 2001, he was a Summer Student
at the European Organization for Nuclear Research
(CERN). During his Diploma thesis he was engaged
in the study of a source of polarization entangled
photons and applications in quantum communication
at the Max-Planck-Institute of Quantum Optics (MPQ), Garching, Germany.
There he also carried out his research in the field of optical quantum information
from 2004 until 2008, for which he received his Ph.D. Since 2008, he has been
involved in the field of astronomical interferometry at the European Organisation
for Astronomical Research in the Southern Hemisphere (ESO), Garching.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 15, NO. 6, NOVEMBER/DECEMBER 2009

Wieslaw Laskowski was born in Wejherowo,
Poland, on February 24, 1978. He received the Ph.D.
degree from the University of Gdannsk (UG), Gdansk,
Poland, in 2007.

He was engaged in research on nonclassical prop-
erties of multiqubit quantum states during his Ph.D.
studies. From 1997 to 2002, he studied physics at the
UG, where he has been engaged in research since
2002 and has been a Postdoctoral Researcher since
2007. He is engaged in research on foundations of
quantum mechanics, quantum information, and quan-
tum communication.

Dr. Laskowski received a Young Researchers Fellowship of the Foundation
for Polish Science from 2006 to 2007.

Marek Zukowski was born in Gdynia, Poland. He
received the Master’s and Doctoral degrees from the
University of Gdansk (UG), Gdansk, Poland, in 1976
and 1983, respectively, and the Doctor Habilitatus
degree from Nicolaus Copernicus University, Torun,
Poland, in 1995.

He is currently the Director of the Institute for
Theoretical Physics and Astrophysics, UG, where he
is also a Full Professor. During 1987, he started work
on quantum foundations and quantum information.
Since 1991, he intensively collaborates with Anton
Zeilinger and Harald Weinfurter and their colleagues. His current research in-
terests include entanglement, its production, detection, and applications.

Harald Weinfurter received the Diploma and the
Ph.D. degree in neutron optics experiments from the
Technical University of Vienna, Vienna, Austria, the
latter in 1987.

He was a Postdoctoral Fellow at the Hahn-Meitner
Institut, Berlin, Germany, and the RIS@-Laboratory,
Roskilde, Denmark. In 1991, he started work on foun-
dations of quantum physics and quantum information
at the University of Innsbruck, Austria, in the group
of Anton Zeilinger. In 1999, he became a member of
the Faculty of Physics, University of Munich. He is
currently with the Max-Planck-Institute of Quantum Optics (MPQ), Garching,
Germany, and with the Department for Physics, Ludwig-Maximilians-
Universitit (LMU) Miinchen, Munich, Germany. His current research inter-
ests include experiments on studying and applying entanglement, e.g., in
various demonstrations of quantum communication protocols, in free-space
quantum cryptography over record distances of 144 km, or in atom—photon
entanglement.

© 2009 IEEE. Reprinted, with permission, from IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS,
Multiphoton Interference as a Tool to Observe Families of Multiphoton Entangled States, Witlef Wieczorek, Nikolai Kiesel, Christian Schmid, Wieslaw Laskowski, Marek Zukowski, and Harald Weinfurter



