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Experimental photonic state engineering and
guantum control of two optical qubits

Stefanie Barz Xiao-song M4, Borivoje Dakic, Anton Zeilingef and
Philip Walthef

*University of Vienna, Faculty of Physics, Boltzmanngasse 5, 1090 Vienna, Austria

Abstract. Optical implementations of qubits play an important role daantum information sci-
ence. Photons are ideal carriers of quantum informatiorialleev decoherence rates and are easily
controllable by standard off-the-shelf components. Olerlast decade the degree of control over
photonic single- and two-qubit operations has improvedtautiially, which recently enables the
complex state engineering of various multi-photon stald® control of current four- and six-
photon entangled states provides access for the invéstigat interesting properties of multi-
particle entangled states and for overcoming the randooreaf spontaneous emission sources.

The controlled generation of entangled states is at thet lnéayuantum informa-
tion processing [1], in particular for entanglement disition, entanglement swap-
ping, quantum teleportation, quantum cryptography andbbta approaches towards
photonics-based quantum computing schemes. In curreglesiomoton experiments,
the entangled photon pair has to be concluded from postigateof randomly oc-
curring coincidences due to the spontaneous generatiamegsoof parametric down-
conversion [2]. Now we realized the first heralded genenatibphoton states that are
maximally entangled in polarization with linear optics astdndard photon detection
using spontaneous parametric down-conversion. We udilize down-conversion state
corresponding to the generation of three pairs of photohgravthe coincident detec-
tion of four auxiliary photons unambiguously heralds thecassful preparation of the
entangled state. The production of heralded entanglegksstaa significant step towards
a scalable linear optics quantum network and quantum caatipat

Another experiment utilizes the particular advantageshaftpns, the single-particle
addressability and the tunable interactions among quioitachieve quantum control
in an entangled four-photon state. A continuous change efirtkeraction between
two entangled photon pairs enables us to simulate varionSgewations of so-called
valence-bond states [3]. In particular the studies of ddiped or resonating valence-
bond states that origin from anti-ferromagnetic Heisegitgpe interactions is of broad
interest due to the interesting spin frustration which ayejectured to be the reason
for the high-temperature superconductivity of anti-fememgnetic insulators [4]. The
fact that this quantum system provides direct access tceglleds of freedom for each
particle enables the observation of all pair-wise quantametations.
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Heralded generation of entangled photon pairs

It was shown that the production of one heralded polarinagintangled photon pair
using only conventional down-conversion sources, lingatical elements, and pro-
jective measurements is not possible with less than thrgalipairs [5]. Here we
describe an experimental realization for producing hecltivo-photon entanglement
along these lines, suggested $iywa and Banaszek that relies on triple-pair emission
from a single down-conversion source [6]. In our case thaadent detection of four
photons is used to predict the presence of two polarizatitengled photons in the out-
put modes. Figure 1 gives a schematic diagram of our setupriergte the heralded

state,|@") = % (tIHtZTH +tJ,t}, ) [vac), whereH andV denote horizontal and vertical

polarization, respectively, wheregsandt, correspond to the transmitted modes after
the beam splitters. For generating the heralded sfate, three photon pairs have to
be emitted simultaneously into spatial mo@ggsanda,. These photons are guided to
non-polarizing beam splitters (BS1 and BS2) with variougtsmy ratios. Our scheme
only succeeds when four photons are reflected and measuaddum-fold coincidence.
The two reflected photons of BS1 are projected onto |Hh@V/) basis for modey,
while the two reflected photons of BS2 are measured inthe= %(|H) +|V)) ba-

sis for moder,. We are interested in the case where one photon is preseatimcs
the modes 14 v andro, . Considering only these terms, the output state results in
|W3) =C(61,67) - \/ié (tIHtgH +th,th, -rIHrIVrLr;_ lvac),whereC(061,6,) is a con-
stant depending on transmission coefficients of beam eyditThe coincident detection
of one and only one photon in the modesg, riyv, ro.. andr,_ heralds the presence of
an entangled photon pair jp') state in the output modes to.

In the present scheme such a case can only be achieved byahmeere)-pair emission
from SPDC. The contribution from two-pair emission is siggsed by destructive quan-
tum interference in the half-wave plate (HWP) rotation u®d,, »_. In our case of
using standard detectors (photo-avalanche diodes byrEdnker) the transmission of
the non-polarizing beam splitters should ideally be as higpossible to obtain a high
probability for heralding an entangled state (see Figurtnlthat case, a measured four-
photon coincidence corresponds to precisely four photadstaus heralds our desired
state in the output modes andt, . Obviously the trade-off for increasing this prob-
ability of heralding|@*) is a reduction in the four-fold coincidence rate for trigggr
this state (see Figure 1). Therefore for demonstratingdépmendency we choose beam
splitters with different transmission rat&s of 17 %, 50% and 70% and reconstructed
the density matrixp of the heralded entangled pair [7]. The state fidelitiesywshmm
Figure 1, to the real statg@™) are influenced by result of the eight-photon emissions. At
our given laser power of.2W the probability of obtaining a higher-order emission for
a given six-fold coincidence is about 10%. To show the depeayl of the state fidelity
on the laser power, we did an additional experiment with aiced laser power (LP)
of 620mW and a beam splitter transmission of 30%. Uncer&snh quantities were
calculated assuming Poissonian errors.
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four-fold rate Probability of

/minute state preparation Fidelity

t [poc E. 17/83 83 25+0.2% 637+4.9%
3 30/70-° 22 65+0.4% 842+85%

50/50 14 294+1.0% 575+3.4%

70/30 0.4 772+6.6% 619+7.7%

FIGURE 1. Left: Schematic drawing of the six-photon setup where thepkioton emission is split at
the beam splitters BS1 and BS2. The successful detectian ef/four photons in the output modes;,
riv, r24 andr,_ of the polarizing beam splitters (PBS) heralds the emissfaan entangled photon pair
in the output modet andt,. A half-wave plate (HWP) is responsible for the quantumriietence at
PBS2. Right: Overview over the experimental results shgwiigh- and low-power (LP) measurements.

Experimental photonic analog quantum simulation

The recent developments allow for bright four-photon quamexperiments, where
the individual addressability and the implementation oftioile interactions among arbi-
trary qubits enable photonic quantum simulations of compleeractions (Figure 2A).
Recently we realized the first analog quantum simulatiorrbitrary Heisenberg-type
interactions among four spin-1/2 particles. This spintétamer is the two-dimensional
archetype system and its ground state belongs to the class-cdlled valence-bond
states. These states are of interest because it was coapktitat a transition from an lo-
calized valence-bond configuration to the superpositiafiftérent valence-bond states
might explain high-temperature superconductivity in ates [3]. Here we model our
spin tetramer with nearest-neighbor interactions of thengithJ; andJ, by the Hamil-
tonianH = hS$ S+ hSS + 1SS + 1SS, where§ is the Pauli spin operator for
spini. All the properties of the system depend only on the couptat® kK = Jp/J1
(Figure 2B). In our quantum simulation, we use the polalrastates of four pho-
tons to simulate the spin of this tetramer, where the singjlatie is analogous to the
anti-ferromagnetic coupling of two spin-1/2 particleseTihitial ground statel®_), is
prepared by generating the photon-pairs 1 & 2 and 3 & 4 in twglst states (see Fig-
ure 2A). Then the analog quantum simulation is performedzuig the measurement-
induced interaction, consisting of quantum interferenod the detection of a four-
photon coincidence after superimposing photons 1 & 3 on allendirectional coupler
(TDC). We map the parametegrto the splitting ratio of the tunable directional coupler:
reflection rateR) / transmission rat€el() = K + v'k2 — K + 1. The particular advantages
of the precise single-particle addressability and a tunatdasurement-induced inter-
action allow us to obtain not only various valence-bondestabut also fundamental
insights into entanglement dynamics among individualipiad. Figure 2C shows vari-
ous valence-blond states created in our experiment.
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FIGURE 2. A schematic drawing of the experimental setup (A). Two patim down-conversion
crystals (PDC) are pumped to emit two pairs of photons thatsaperimposed at a tunable directional
coupler (TDC). Dependent of the TDC's splitting ratio varsspin-configurations can be simulated (B,C).
For the case af =0 (R=0.5,T = 0.5) the ground state of this spin-1/2 tetrame{ﬂbﬁ) =P )13/ )oa
and the amount of entanglement of the pair 1 & 3 and 2 & 4 reaith@saximum. Similarly, for the case
of K =+ (R=1,T = 0) the ground state is reduced [0_) = |J ™), W~ )34 Where pair 1&2 and

3 &4 are now maximally entangled. Fer=1 (R=0.66,T = 0.33) we obtain the interesting resonating
valence-bond state, in which we have a superposition of dwalized valence-bond states.

Conclusion

The latest development of bright pulsed laser sourcegfentenetric setups and tun-
able beam splitters opens up the path to a new level of quaotumtnol and state engi-
neering for photonic systems. The main challenge in reaimore complex quantum
states by either increasing the number of qubits or extgnttie number of degrees
of freedom that can be entangled is to overcome the ineffieiemssion characteristic
of parametric down-conversion. However, the recent aements in photon-number
resolving detectors using superconductivity technologghtprovide the solution for
scalable photonic quantum information processing.
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