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The fundamental unit in quantum 
information is the qubit—a coher-

ent superposition of two orthogonal 
quantum states. In optics, this abstract 
object is often realized by discrete degrees 
of freedom of a single photon such as 
horizontal/vertical polarization or two 
separate time bins. A complementary, but 
less prominent, paradigm of quantum in-
formation is that of continuous variables 
(CV) where information is encoded in 
continuous degrees of freedom, typi-
cally the phase quadratures of an optical 
beam. CV experiments often make use 
of squeezed light where the quantum 
fl uctuations of one of the quadratures has 
been reduced below the vacuum level.1 

A few years ago, a fascinating new 
kind of nonclassical state was demon-
strated—the squeezed single photon (also 
nicknamed the “Schrödinger kitten”).2 Its 
name already hints at it living in an over-
lap between the two diff erent paradigms.
Th is year, we went a step further and de-
veloped a method for generating arbitrary 
superpositions of such a squeezed single 
photon and an ordinary squeezed vacuum 
state. Th e method is based on a special 
ambiguous photon subtraction technique. 
We showed that by carefully adjusting the 
control parameters, any desired superposi-
tion of the two states can be prepared.3 

Since the squeezed vacuum and 
squeezed photon states are orthogonal, 
these superpositions are essentially qubit 
states and, in that sense, this experiment 
bridges the two regimes of discrete and 
continuous variables. When looked at 
individually, the generated states are 
best understood in terms of continuous 
variables; they consist of contributions 
from a range of diff erent photon number 
states and therefore occupy a larger space 
than the two-dimensional qubit space. 
However, they can all be reduced to the 
same squeezed vacuum/squeezed photon 
superposition space, so when considered 

together as a class of quantum states, 
this qubit description gives a better over-
view of their relationship to each other.

Th e qubit state can be conveniently 
visualized on a Poincaré (or Bloch) sphere 
with the two basis states represented on 
the north and south poles. Conversely, 
squeezed states, for example, are usually 
represented by their continuous dis-
tributions in a phase space of the two 
conjugate variables. Th is distribution, 
known as the Wigner function, can be 
inferred from a homodyne tomographic 

A range of squeezed vacuum/squeezed photon superposition states.

measurement. In the fi gure, we have 
plotted the measured Wigner functions 
of all the generated states, inserted at 
their appropriate locations in the Poincaré 
sphere. Th is mixed picture illustrates the 
complementarity of the two diff erent 
representations and may become a general 
tool for analysis of such complex states. 

Apart from the fundamental interest 
of this demonstration of a new class of 
photonic quantum states in an interme-
diate regime, it is also an important en-
couragement for the further development 
of a special hybrid scheme of quantum 
computation that uses coherent state 
superpositions as its basic unit of opera-
tion.4 Furthermore, it may provide a path 
toward more effi  cient quantum commu-
nication by taking advantage of the high 
capacity obtainable with coherent states. t
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Quantum mechanics demands that 
each physical observable must be 

hermitian. In the case of the Hamil-
tonian operator, this axiom not only 
implies real eigen-energies but also 
guarantees probability conservation. 
Hermiticity is believed to be an abso-
lute must in order to have real eigenval-
ues. Interestingly, however, a wide class 
of non-hermitian Hamiltonians can 
still exhibit entirely real spectra. Among 
these, are Hamiltonians respecting 
parity-time (PT) symmetry.1 

In general, such PT reflection requires 
that the associated complex potentials 
obey the condition V (x)=V *(-x). Even 
though the hermiticity of quantum 
observables was never in doubt, such con-
cepts have motivated discussion in theo-
retical physics. They have led to a critical 
re-examination of hermiticity in many 
disciplines, including quantum field theo-
ries, non-hermitian Anderson models, 
and open quantum systems. While the 
impact of PT symmetry is still debated, 
optics provides a fertile ground for PT-
related notions to be investigated.2-4 

Early this year, we reported observa-
tion of PT symmetry in an optical cou-
pled system.5 Such PT “optical poten-
tials” can be realized through a judicious 
inclusion of index guiding and gain/loss 
regions. Given that the complex refrac-
tive index distribution n(x)=nR(x)+inI(x) 
plays the role of an optical potential, one 
can then design a PT-symmetric system 
where the refractive index profile must 
be an even function of position x while 
the gain/loss distribution should be odd.

In our experiments, we used two Ti 
in-diffused parallel waveguide chan-
nels in Fe-doped LiNbO3. One of the 
channels was optically pumped from the 
top via photorefractive two-wave mixing 
to provide the necessary gain for the 
guided light, while the neighboring arm 
experienced loss. In this single-cell PT 

system, we observed both spontaneous 
PT symmetry breaking and power oscil-
lations violating left-right symmetry. The 
experimental response (intensities I1,2 of 
channels 1 and 2, as well as their phase 
relation) of our optical system, when 
exciting either the gain or loss channel, 
is in excellent agreement with solutions 
of the corresponding wave equations.5

At t = 0, the system evolves from zero 
gain and shows a reciprocal response. 
However, as the photorefractive gain 
builds up for recording times t > 0, opti-
cal wave propagation becomes strongly 
nonreciprocal. At threshold, the system’s 
supermodes become degenerate. From 
there on, power in the gain channel 
monotonically increases, while power in 
the loss channels decays.

Our results, when extended to trans-
versely periodic media (photonic lattices, 
waveguide arrays), pave the way toward a 

(a) Front (top) and top (bottom) view of the PT-symmetric coupled system fabricated in LiNbO3. 
(b) Measured (normalized) intensities I1,2 at the output facet during optical pumping as a func-
tion of time t (normalized by the time constant τ for build-up of gain). The upper/lower panel 
shows the situation when light is coupled into channel 1 and 2, respectively. Clearly, with 
increasing gain, the system behaves in a nonreciprocal manner. Blue dashed lines mark the 
symmetry-breaking threshold. Above that, light is predominantly guided in channel 1—thus 
experiencing gain—and the intensity in both channels depends solely on the magnitude of the 
gain. The power evolution is also depicted (last column) at various times.

new class of PT-synthetic optical materi-
als with intriguing properties that rely 
on nonreciprocal light propagation and 
tailored transverse energy flow. Nonlin-
earities can be used to fabricate novel 
functional systems like PT lattices. This 
may provide a platform to investigate, 
for example, the fascinating behavior of 
phase transition. t
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R ecent research has opened path-
ways for new protocols in quantum 

information science based on the orbital 
angular momentum states of photons. 
Light beams can carry angular momen-
tum via two mechanisms. Spin angular 
momentum is associated with the cir-
cular polarization of light. A light beam 
can also carry angular momentum by 
means of any helicity associated with the 
phase fronts.1 For example, a light field 
possessing an azimuthal phase structure 
of the sort exp(il ϕ), where l is an integer, 
carries an angular momentum of lh– per 
photon. The Laguerre-Gauss modes 
familiar from laser physics provide an 
example of a field distribution that car-
ries orbital angular momentum (OAM).  

These OAM states have important 
implications for quantum information 
science because they reside in infinite-
dimensional state space. Photons can 
be prepared in any one of these modes 
or in fact in any linear combination of 
them. It is thereby possible to impress 
large amounts of information onto a 
single photon. An application that has 
attracted much attention recently is new 
protocols for quantum key distribution, 
in which more than one bit of informa-
tion is carried by each photon.2 In this 
application, the data transfer rate is 
increased in proportion to the number 
of bits of information carried by each 
photon; moreover, the security of the 
protocol is increased. 

Because these applications rely on the 
quantum properties of the OAM states,3 

much effort has been invested in quanti-
fying these properties. We recently per-
formed a quantitative study of the degree 
of entanglement between two photons 
created by parametric downconversion.4 
Entanglement of the properties of two 
separated particles constitutes a funda-
mental signature of quantum mechan-
ics and is a key resource for quantum 

information science. We quantified 
entanglement by measuring the degree 
of correlation of both the OAM and the 
azimuthal position of the birthplaces 
of the two photons. These correlations 
demonstrate the Einstein-Podolsky-Rosen 
effect for angle and angular momentum 
and were found to be an order of magni-
tude stronger than those allowed by the 
uncertainty principle for independent 
(nonentangled) particles. 

In a separate experiment,5 we stu- 
died angular two-photon interference  
in a scheme in which entangled photons  
are made to pass through apertures in the 
form of double angular slits. Using this 
scheme, we demonstrated an entangled 
two-qubit state that is based on the an-
gular-position correlations of entangled 
photons. A high degree of entanglement, 

An intense laser beam excites a nonlinear crystal, and two new photons are created by the 
nonlinear process. They are strongly correlated in both birthplace and OAM. Specifically, 
even though the OAM of either is undetermined, the two OAMs always add up to zero. In 
addition, the angular position of the birthplace of one photon is highly correlated to that 
of the other. Since the photons are strongly correlated in both angular position and OAM, 
they are entangled.

as quantified by a property known  
as the concurrence, was measured for 
these states. This technique provides  
a means for preparing entangled two- 
qubit states for use in quantum infor-
mation protocols. t
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