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Abstract. We report a high Þdelity tomographic reconstruction of the quantum
state of photon pairs generated by parametric down-conversion with orbital
angular momentum (OAM) entanglement. Our tomography method allows us
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The OAM states of light constitute an inÞnitely dimensional Hilbert space with
orthonormal basis states|! ! characterized by an azimuthal phase factor exp(i!"), carrying an
OAM of ! øh per photon,

|# ! =
"!

! =#"

a! |! ! . (1)

Constraining the states to a Þnite cut-off provides a practical testing ground for the
implementation of qudits, which carry quantum information in a Þnited-dimensional basis.
In this paper, however, we restrict ourselves to 2D subsystems within the OAM basis states by
selecting only a single pair of OAM-states|! ! and| # ! ! for each photon, and superpositions
thereof with|! | reaching from 1 up to 30. This allows us to draw on tomographic methods
developed for other 2D bi-partite systems as the polarization of light [6] or a metastable
transition in trapped ion conÞgurations [21]. While the process of parametric down-conversion
becomes less efÞcient for higher order OAM modes [22], our measured density matrices show
that entanglement still persists for OAM up to more than|! | = 20.

1. State tomography

Parametric down conversion generates photon pairs that, due to various conservation laws, are
well correlated in space, time, frequency and polarization. The simultaneous entanglement of
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meaning that photons are anti-correlated in their OAM, and correlated in their angular proÞle.
Ideally a down-conversion source produces such entanglement, and we will compare our
experiment with this ideal case.

Experimentally, the angle states|%! (3) can be generated by passing light through
an angular mask with a sinusoidal amplitude variation,M =

$
2 cos!(& + %), indicated in

Þgure2(b). The disadvantage of using such amplitude masks is their inherent loss. Alternatively,
pure phase masks can be employed to approximate the angle states|%! by reproducing the phase
proÞle but with a uniform intensity distribution. We are using segment masks [26] that feature
2|! | sectors with alternating phases of zero and'
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6

Figure 3. Experimental set-up. SLMs imaged onto avalanche photo detectors
(APDs) allow us to perform projection measurements onto the six states|0!,
|'/ 2!, |'/ 4!, |3'/ 4!, | + 2! and| # 2!. We record single (S1 andS2) as well as
coincidence counts (C).

2. Measurements

In our experiment we generate entangled photon pairs via a type I BBO crystal, cut for non-
collinear phase matching with an external semi-cone angle of 4' (see Þgure3). The crystal
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Figure 4. Characterization of the two-photon state by 36 correlation
measurements of simultaneously detecting each photon in one of the six
measurement states (red), and ideal values expected for a maximally entangled
state and perfect measurements (grey). Shown are the results for the subspace
|! | = 3.

typically close to one and all the others close to zero, such errors are particularly likely. This
can be caused simply by noise, but it may also sometimes indicate contributions from additional
states in a larger Hilbert space, which are not perfectly Þltered out in the measurements. Various
suggestions to cure this have been discussed in the literature [6, 29].

In this paper, we determine the density matrix that provides the best agreement with all our
data, taking advantage of the over-complete set ofN = 36 measurements for 16 unknowns. The
most straightforward approach is to search numerically for the 10 independent amplitudes

http://www.njp.org/
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Figure 6. Various measures of state purity and entanglement for OAM subspaces
between|! | = 1 and 30, and the maximum (red) and minimum (cyan) level
consistent with the measurements. Horizontal lines indicate the border between
entangled and mixed states. Strong entanglement persists up to an OAM of
about 20.

also the Þltering during the detection process might be less efÞcient for states with a higher
OAM. The very low count-rates for higher OAM states (compare Þgure1) means that any
sources of noise may dominate the signal.

The Þdelity with the target state, the maximally entangled Bell-state* #

http://www.njp.org/
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and vanishes for a completely mixed state. For our system, we Þnd the largest negativity of
0.241 for the|! | = 3 subspace, which decreases to 0.174 at|! | = 20 and almost vanishes for
extremely high OAM subspaces as shown in Þgure6(c).

Alternatively, the Þdelity with the maximally entangled Bell-state may be taken as a
measure of entanglement. A two-photon state cannot be described as the product state of its
subsystems if the Þdelity with the Bell-state sinks below 2/ 3. In this sense, entanglement persists
in our system up to the OAM subspace|! | = 22.

The entanglement of formation [7] characterizes the entanglement of a given state by the
resources needed to create it. The entanglement of formationE is expressed as a function
of the concurrenceC which also is a measure of entanglement. The concurrence isC(() =
max(0, +1 # +2 # +3 # +4), where+i are the eigenvalues, in decreasing order, of the Hermitian
matrix

+ $
( ø(

$
( , where ø( is obtained from( by an effective spin ßip (or in our case a
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