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Four-photon W state using two-crystal geometry parametric down-conversion
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An experimental scheme for producing a four-photon entanglesdate directly from the parametric down-
conversion of a two-crystal geometry is proposed. In our scheme, only linear optical elements and photon
detectors are required. Sophisticated and fragile interferometric setups are unnecessary.
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Entangled states of two or more particles not only play gproposed scheme is composed of linear optical elements and
central role in discussions of nonlocal quantum correlationgphoton detectors; fragile interferometric setups are not re-
[1], but also form the basis of quantum information, such agjuired. Comparing with the scheme presented in REf],
quantum cryptography?], dense coding3], teleportation our scheme does not require single-photon sources.

[4], and quantum computatidib]. Recently, there has been  The proposed setup is shown in Fig. 1. A pulsed laser is
much interest in the investigation of multiparticle entangledused to pump two identically cut type-I crystals with their
states. It was shown that there are two different kinds obptic axes aligned in mutually perpendicular planes. After
genuine tripartite entanglemef@]. One is the Greenberger- the crystals, a delay linébirefringent element[15] is used

Horne-Zeilinger(GHZ) state[7] to compensate the time difference between the down-
conversion photons created in the first crystal and the second
|GHZ®) = ir(|HHH> +[VVV). (1)  crystal. For a strong pulsed pump, there is a reasonable pos-
V2 sibility of simultaneously producing four photongwo

down-converted photon pajrén one single pulsd16,17).
The four-photon state from this parametric down-conversion
1 process consists of three parts: the first go&rt A) is two
W®) = ==(IHHV) + [HVH) + [VHH)). (20 down-conversion photon pairs both coming from the first
V3 crystal with horizontal polarization, the second ondpart
The GHZ state andW state are inequivalent, because theyB) two pairs both coming from the second crystal with ver-
cannot be converted to each other under stochastic local ofic@l polarization, and the third ori@art G is one pair com-
erations and classical communicati®LOCO. In the case ing from the first crystal with horizontal polarization and the
of four particles, it was shown that there are nine differentother one coming from the second crystal with vertical po-
classes of states not equivalent under SLO@BTand the larization. To observe the four-photon polarization-entangled
four-particleW state belongs to one of them. It is interesting State, the photons should be detected behind narrow band
that entanglement of the four-partidléstate is highly robust ~filters, resulting a coherence time longer than the pump pulse
against the loss of one or two qubits, while the GHZ state

The other is thaV state

will be reduced to a product of three or two qubits. Experi- &

mentally, the interference of photons generated by indepen A

dent down-conversion process enabled the first demonstre @

tions of a three-photon GHZ st and a four-photon GHZ BS,

state[10]. So far, several schemes for the preparation of the Am m
three-particléV state[11] and four-particléV state[12] have BS BSa 711

been proposed. Quite recently, the three-phdostate has A7 ¢
been observed in an experimgiB,14. Delay line c "2 -

In this Brief Report, we propose a feasible scheme by — @ b BS . I \a 1
current technologies to generate a four-photon polarization- I = | . > @
entangledW state which is represented as type | SN i\

1 nonlinear 2

|VV(4)>=§(|HHHV>+ |[HHVH) + [HVHH) + [VHHH)). crystal H

\ 4
3 ®

We show that this four-photokV state can be directly FIG. 1. Schematic representation of the setup for generating the
generated by post-selection from a collinear degenerat®ur-photon polarization-entangled state from a two-crystal ge-
type-l two-crystal geometry, which has been used to generatemetry. BS, 50-50 nonpolarization beam splitter; ;B&djusting
a high-intensity entangled state of two photdi$]. The beam splitter.
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duration[17,18. We assume that the probability of creating the four modegk, I, m, andn) to an adjusting beam splitter
one horizontal(vertical) photon pair in a single pulse is (BS,), respectively, where the transformation of the,BS
Pu(Py). For part C, the probability of simultaneously creat- defined by

ing one pair from each crystal B,P,, (because the creation

of the two pairs are independenWhereas for part Apart AH — tHAlH +11 —tE.AZH,

B), the probabzilityzof simultaneously creating two pairs from

one crystal |sPH_(PV)_QUe to th_e stimulation emission process Av . thlv + \r e AZV. 9)
[19]. Now the simplified version of the four-photon state can

be written ag18] Here,A=k,l,m,n, andty andt, are amplitude transmis-

sion coefficients for the horizontal polarization beam and
|qf<4>> = Py|4H,) + Py|4V,) + VPyPy|2H, 2V .  (4) vertical polarization beam of the BSrespectively. It is as-
) o . sumed that,<t,. Considering only those terms which can
Here 4, means four horizontal polarization photons in result in a fourfold coincidence event of modéls, 11, mi,

modea, etc. By setting the polarization of pump beaméto  4nqn1, the final state of the system can be written as
(relative to horizontal directionwith #=arctan/6, we have

Py=6Py; then, Eq.(4) becomes ] ) S T
Voo a@ %{(kl@llEmlEnlL+k1LI1:r,m1Ln1L
(W) = Py(|4H,) + 6]4V.) + VB12H, 2V2) . (5) v o
+kaflafmalas + kaflafmal At

2 - < s < n
Pt ottt + t7"(6k1l.|1$m1\*,ﬁ13+ killafmaladl + koot aal,
ﬁ[(a”) +6(ay)" + 6(&,)°(&y)?10). (6) H
N

The four-photon state can also be written as

r1tTatatalt
Next modea is directed to a 50-50 nonpolarization beam k1l 1Vm1Vn1H)] 0). (10

splitter (BS). The transformation of the BS is assumed to be . _
4—(1/\2)(b+8), whereb and & denoting the transmitted Eduation(10) can be rewritten as

mode and reflected mode, respectively. Keeping only those 3Pt A3 \“,’m
terms which contain two photons in each of the beams, this AR —VH gouy (11)
transforms Eq(6) into 4\6
3p, - ) R ) where
gL BRIHEN? + 6(B)(E)7 + (B*(E)* + (BY)*(E* . p
\J V
douY = —{2 W) +—(6|HVVV)
| \ﬂm | kiliminl ta | kll1minl

+4bf,blel,el]j0). (7)
After this modeb and modec are directed to another 50
-50 nonpolarization beam splitter, respectively. Again we as-

sume that at the beam splittdr is transformed intob

_)(1/VA2)(|A(+D and(A: 's transformed |nt0:_—>(1/\@2)(m+n), Here statd®°") has been normalized. Now the fidelity of
wherek, m, |, andn denote the transmitted mode and re-the system can be given by

flected mode, respectively. After this transform, mokle

passes through a half wave plate which rotates its polariza- F = (W@ p2U W), (13

tion by 90°_namely}A<H—>kV and&v—> kH- After the BS and whereptUt=|d©uy(@©u| By combining Eqs(12) and(13),
the half wave plate and keeping only those terms which cong, o fidelity can be written as
tain one photon in each of the four beams, the state can be

+ VHVV)ii1mint + [VVHV)ui1min

+ |VVVI-DklIlm1nl):| . (12

iven b
g y F= % (14)
SPHL DAttt L PATE bt | REEatat PPN st ot 4
m[(leH bl KM bl + kgl myny, If we sett?/t3=<1/25, then we can make the staté?) with
. o o L a purity larger than 98.5%, once the four-coincidence event
+ 6k IEmlal + K abAl + kDT mb AL + kD mbAT10). is observed.
®) To obtain the efficiency of generating the four-photon

polarization-entangledV state in our scheme, we need cal-
The first term in Eq(8) represents a four-photon polar- culate the probability of producing a fourfold coincidence
ization entangledV state which is mixed with other four- event which is given as followgeferring to Eq.(11)]:
photon terms. To observe the four-photon polarization- —————\ 2
entangledW state, other terms in E¢8) must be eliminated _ 3Putyti V4 + 32/t
or attenuated greatly. This can be done by directing each of K 4@ '

(15
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Given the fidelity of 98.5%, to maximize the efficiency, dence probability, and at last the probability of producing a
the parameters in E@15) can be selected dag=1/5,t4=1.  fourfold coincidence by¢’ is calculated to bep’ ~8.22
Therefore the maximum efficiency ig~1.52x 102P7. As-  x 10°'P%. When considering the 50% single-photon detec-
suming that the probability of creating one photon pair in &;on efficiency, 7’ will be reduced to~6.71x 10°2P3. The
single pump pulse would be of the orderR{~4x 10" it oo caused by this three-photon pair term ard y
is easy to calculate that the probability of producing a four-_ 70.6P,, given Py ~4x 10 the errors will be 2.8%. Be-

fold coincidence event in the proposed scheme)is2.43 cause the errors are directly proportionaPg, the improve-

% 10°°. The generation rate for the four-photon polarization- .
entangledW state should be 2.4810° per second for a ment of the count rate of four-photon polarization-entangled

pump laser with a 100-MHz repetition rate. Considering the'V state will be limited if we only increase the pump power.
50% single-photon detection efficiency, the real count ratd Nis problem can be solved partly by using a mL_|It|g|gahertz
for the four-photon polarization-entangled! state will be ~ Mode-locked laser; then, the count rate can be improved by
reduced to the order of 1 per minute. In practice, to imple-a2n order or two of magnitudg0].

ment our scheme experimentally, we should estimate the In conclusion, we have proposed an experimental scheme
contribution from the next-order ternthree-photon pair for producing four-photon polarization-entangMdstate di-

term ¢). First, the final output state was calculated todde  rectly from the parametric down-conversion of a two-crystal
after ¢ passes through three beam splitters, a half wave platgeometry. In our scheme, only linear optical elements and
and four adjusted beam splitters; then, all the relevant termghoton detectors are required. Sophisticated and fragile inter-
in ¢’ which can result in a fourfold coincidence event wereferometric setups are unnecessary. Furthermore, this scheme

picked out and used to calculate the total fourfold coinci-is feasible by current technologies.
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