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We demonstrate the potentialities of a deformable mirror for closed-loop control of a two-photon pathentangled state subject to phase fluctuations. A custom-made membrane mirror is used to set a relative phase
shift between the arms of an interferometric apparatus. The control algorithm estimates the phase of the quantum state by measurements of the coincidence events at the output ports of the interferometer and uses the
measurement results to provide a feedback signal to the deformable mirror. Stabilization of the coincidence
rate to within 1.5 standard deviation of the Poissonian noise is demonstrated over 2000 s. © 2010 Optical
Society of America
OCIS codes: 270.0270, 270.2500.

1. INTRODUCTION
Adaptive optimization of experimental parameters is an
extremely powerful tool for researchers. In optics, higherorder material dispersion, broadband phase matching
conditions in inhomogeneous media, as well as the nonlinear and thermal deformation to the pulse wavefront,
pose difficulties in the achievement of the optimal conditions for the processes under study. The adaptive approach, i.e., the use of suitable devices that may circumvent the limits of conventional components by adapting
their shape, has paved the way to several breakthroughs
in the generation of quantum states via nonlinear optical
phenomena, as well as in the transformation in time and
frequency of laser pulses up to the single optical cycle regime.
Adaptive optics was developed with the idea to act on
portions of an optical beam to correct aberrations. The action is driven by the direct measure of the alterations, as
explored over a century ago in the case of astronomical instrumentation by Hartmann [1]. Indeed, the initial applications of adaptive optical devices were in astronomy because of the possibility of correcting the wavefront of a
beam gathered by a telescope, thus compensating the degradation due to atmospheric turbulence [2]. From these
initial applications, adaptive optics has spread into different fields, like laser physics [3,4], biomedical imaging,
and vision [5]. Deformable mirrors and, in particular,
membrane mirrors appear to be particularly interesting
because of their low loss, insensitivity to chromatism, and
large dynamics. Furthermore, these mirrors are cheap
and are characterized by a low power consumption.
0740-3224/10/06A175-6/$15.00

More recently, deformable mirrors have been used in a
few seminal experiments in quantum optics. In a first experiment [6], a segmented michroelectromechanical micromirror was used to demonstrate that a coherent image
of a pure phase object can be obtained using the interbeam coherence of a pair of spatially incoherent entangled photon beams. In a second experiment [7], a
membrane deformable mirror was used to demonstrate
the even-order aberration cancellation effect in quantum
interferometry. The adaptive mirror allowed a precise and
clean implementation of selected optical aberrations, so
that it was possible to show experimentally that the
second-order correlation function for a pair of entangled
photons is sensitive only to odd-order aberrations. In both
experiments, however, the deformable mirror was used as
a static device, where a specific shape was dialed and
then kept fixed for the duration of the experiment.
In the present work we give a paradigmatic example of
the potentialities of a membrane mirror for classical
closed-loop control of a two-qubit entangled optical state.
In particular, we have used it to stabilize the phase of a
two-photon state entangled in two optical paths per photon [8] subject to random fluctuations. The experiment
has been realized by adopting a simplified version of the
apparatus recently introduced to demonstrate the entanglement of two photons in many spatial optical modes
(multipath entanglement [9]). A stream of path-entangled
photon pairs propagates through an interferometric optical system in which random optical path length instabilities result in fluctuations of the relative phase of the
quantum superposition state. We show that the simple
© 2010 Optical Society of America
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use of a deformable mirror in a closed-loop configuration
allows us to reduce the state noise deriving from phase instabilities.
The compensation of phase fluctuations in the case of
quantum interferometry shows some differences from the
corresponding classical cases. The typical emission rates
of the entangled photon sources are of the order of 105
pairs per second, and currently used single-photon detectors saturate at ⬃3 · 106 counts per second. Therefore integration times of the order of a second are typically
needed to reach a sufficient signal-to-noise ratio. This sets
some limits on the time scale of the phase fluctuations
that affect the system.
Entangling two photons in different optical paths is an
efficient way to create quantum states of light spanning
high-dimension Hilbert spaces, namely, qu-dit 共d ⬎ 2兲 and
hyper-entangled states. It has already been demonstrated
that multidimensional entangled states enable the realization of important quantum information tasks, such as
Bell state analysis [10–12], superdense coding [13], secure
quantum key distribution [14,15], and high fidelity oneway quantum computation [16–19]. Besides other techniques adopted to generate path entanglement, the optical setup used in the present experiment uses photon
pairs emitted over the light cone of a nonlinear parametric crystal pumped by a laser source. This technique represents a useful resource for an efficient generation and
distribution of entangled photon states, since it allows
one to maximize the emission of photon pairs for a given
value of the pump power.

2. EXPERIMENT
In the experiment, entangled photons are generated with
horizontal polarization by spontaneous parametric down
conversion (SPDC) by a ␤-borate (BBO) Type-I nonlinear
crystal pumped by a continuous wave (cw) ultraviolet
(UV) laser beam (wavelength p = 266 nm). Couples of
photons are emitted at degenerate wavelength  = 2p
= 532 nm and selected by two interference filters with
bandwidth ⌬p = 5 nm. By virtue of momentum conservation, the two photons are emitted with uniform probability distribution along the external surface of a cone, as
noted, with photon A 共B兲 emitted along the up (down)
side. A positive lens LP is then used to transform the conical emission into a cylindrical one. In the present experiment (see Fig. 1) two pairs of opposite correlated directions are collected by four integrated systems, each given
by a GRaded INdex (GRIN) lens glued to a single mode
fiber [9,20]. Then the four integrated systems, pre-aligned
to maximize photon coincidences, are glued to a four-hole
screen, building in this way a single compact device which
can be used to study the effects of photon entanglement.
The entangled state deriving from the selection of two
pairs of SPDC modes is expressed as
兩共兲典 =

1

冑2

共兩ᐉ典A兩r典B − ei兩r典A兩ᐉ典B兲,

共1兲

where 兩ᐉ典 共兩r典兲 refers to the left (right) mode of the corresponding photon [9]. The radiation coupled by each GRIN
lens and travelling through the corresponding optical fi-

Fig. 1. (Color online) Experimental setup. The SPDC source
consists of a BBO Type I crystal pumped by a UV laser beam.
The parametric radiation, given by four k optical modes, is collected by a corresponding number of integrated systems of GRIN
lenses and single mode fibers and injected into a two-arm interferometer. Polarization restoration of the photons is performed
by proper  / 4 and  / 2 wave plate sets after fiber transmission.
For each photon, the right 共兩r典兲 mode is spatially matched on the
BS with the left 共兩ᐉ典兲 mode. A translation stage allows fine adjustment of the left optical paths ⌬x1 to obtain temporal indistinguishability (and thus interference) between the modes. The deformable mirror is placed on the right mode side and allows
changing the state phase. Two single photon detectors are placed
after two horizontal (Glan–Taylor) polarizers at the output ports
of the BS, one on the A and the other on the B side.

ber is injected by a collimator into the interferometric apparatus shown in Fig. 1, where the left and right modes
(with waist ⬃1 mm) belonging to the A and B modes are
mixed on a common beam splitter (BS). This configuration allows us to overcome the mechanical instabilities of
the apparatus, since any mirror or BS fluctuation affects
both photons in the same way and does not influence the
relative phase of the quantum state. On the other hand
the phase  is strongly affected by the intrinsic thermal
instabilities of the optical fibers. Since the two events
兩ᐉ典A兩r典B and 兩r典A兩ᐉ典B assume the same phase of the laser
beam through the SPDC process, their relative phase is
due to the differences in fiber and bulk optical paths, Specifically  =  + 2 / 共rA + ᐉB − ᐉA − rB兲, where ᐉA 共ᐉB兲 and rA
共rB兲 are, respectively, the left and right paths of the photon A 共B兲.
The BS action on the input modes 兩ᐉ典 and 兩r典 for both
photons can be written as

冦

兩ᐉ典j →
兩r典j →

1

冑2
1

冑2

共兩ᐉ⬘典j + i兩r⬘典j兲
共兩r⬘典j + i兩ᐉ⬘典j兲

冧

共2兲

j = A,B,

where 兩ᐉ⬘典 and 兩r⬘典 are the output modes.
The state corresponding to the BS output is
兩⬘共兲典 =

1

冑2

冋

1 + e i
2

1 − e i
+i

2

共兩ᐉ⬘典A兩r⬘典B − 兩r⬘典A兩ᐉ⬘典B兲

册

共兩ᐉ⬘典A兩ᐉ⬘典B + 兩r⬘典A兩r⬘典B兲 ,

共3兲

where  depends on the path length difference between
兩r典A and 兩r典B. Each photon travels through a Glan–Taylor
polarizer that selects the horizontal polarization and is
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then focused on a large-area single photon detector
(100 m ⫻ 100 m wide sensitive area) by a lens (focal
length 5 cm). The use of a large-area detector allows us to
neglect any beam wandering effect caused by the deformation of the adaptive mirror. The rate of the coincidence
events at ports 兩ᐉ⬘典A and 兩r⬘典B is
C共兲 =

N 0
4

共1 + cos 兲 =

N 0
2

cos2


2

,

共4兲

where N0 represents the generated pairs per second and 
the integration time.
As noted, in the measurement setup shown in Fig. 1
any temperature variation modifies the optical length of
the fibers, resulting in time dependent phase fluctuations
共t兲 between the two events 兩ᐉ典A兩r典B and 兩r典A兩ᐉ典B. In our experiment, as in most quantum interference experiments,
the signal is given by the average number of coincidence
events integrated over a time :
C共t兲 =

N0
2

冕

t+/2

dt⬘ cos2

t−/2

冋 册
共t⬘兲
2

.

共5兲

Averaging over random phase fluctuations, the visibility
of the interference fringes is reduced [21]. For example, in
the case of a Gaussian distribution of the phase noise
(with variance 2), the average coincidence rate is
2

C = C0关1 + cos e− /2兴.

共6兲

Integration over time has a further consequence, acting
as a low-pass filter:
C=

N 0
2

冕

d⍀C̃共⍀兲H,t共⍀兲,

共7兲

where C̃共⍀兲 is the Fourier-transform of the timedependent
coincidences
C关共t兲兴
and
H,t共⍀兲
= ei⍀tSinc共⍀ / 2兲. Therefore, higher-frequency fluctuations
are averaged and decrease the visibility of the interferometric fringes, while low-frequency fluctuations show up
in the temporal evolution of the output coincidence rate.
Experimental data for a 2 s integration time are shown
in Fig. 2(left). In the present experiment the interferometer was located within a thermally isolated polystyrene
box to reduce the fast temperature fluctuations. This operation then cuts off fast noises. The coincidence count

(a)
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rate shows fluctuations over time, with a characteristic
time scale of the order of tens of seconds. The typical visibility of the interference fringes is 75%.
Let us suppose we want to apply a general phase shift
⌬ to the interferometer in order to create a particular
quantum state. The state phase will be expressed as
0共t兲 + ⌬, where 0共t兲 is a stochastic function describing
the intrinsic fluctuations of the interferometer. In order to
perform a measurement, such 0共t兲 should be compensated to zero. In other words, first we need to take the system to a coincidence maximum 共0 = 0兲 and stabilize it,
then we can apply the required phase-shift ⌬. To take
the coincidence rate to a maximum and keep the quantum
state stable over time, we compensated phase fluctuations
with a deformable mirror placed in one arm of the interferometer and controlling the length difference ␦ between
the 兩r典A and 兩r典B optical paths. An optical path-length difference ␦ corresponds to a phase shift  →  + 2␦ / ,
where  is the wavelength of the two photons.

3. DEFORMABLE MIRROR
A custom deformable mirror was used for phase compensation (see Fig. 3). It consists of an aluminized nitrocellulose membrane that is deflected by the electrostatic pressure applied through a series of pads placed 100  m
below the membrane [22]. The electrodes were controlled
by a high voltage 共0 – 265 V兲 driver that can independently address the actuators. Such deformable mirrors
are usually used for aberration compensation [23] or, in
some cases, for the compression of ultrafast pulses [4].
The mirror design was such that two square areas (size
1.4 mm by 1.4 mm) of the membrane behave like flat, parallel mirrors with controllable relative displacement d
(see Fig. 3). This allowed us to control the relative phase
shift of the two photon beams, which were spatially a few
millimeters apart (beam diameter ⬇ 1 mm).
The best membrane shape for carrying on this task is
rectangular, because the membrane boundaries are parallel to the planes. Because of the strong crosstalk between
the deformation caused by the single electrodes we had to
compute the square area position that would allow a large
enough d displacement while keeping the flatness and
parallelism of the planes suitable for the experiment. A
preliminary study of the deformation M共x , y兲 was carried
out solving the Poisson equation for membranes under an
applied voltage [24]:

(b)

Fig. 2. (Color online) (left) Coincidence counts in interference conditions detected by the interferometric setup enclosed in a thermally
isolated box and when no phase control is activated. Each experimental point represents the number of detected coincidences in 2 s. The
coincidence rate shows temperature fluctuations within a time scale of the order of hundreds of seconds. (right) Coincidences measured
in condition of no interference. Since the counts follow a Poissonian statistic, the variation shown in the left picture cannot arise from
pump power instabilities.
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(Color online) Scheme of the deformable mirror.

ⵜM共x,y兲 = −

1
T

p共x,y兲,

共8兲

where p is the electrostatic pressure,
p共x,y兲 =

冉 冊

0 V共x,y兲
2

h

2

,

Fig. 4. (Color online) Measurements of the plot of the cross section X⬘-X⬙ of the membrane for four different values of relative
displacement. The flat portions of the membrane used for phase
shifting of the two beams are shown with thick lines.The measurement was carried out with an interferometric technique.

共9兲

T is the mechanical tension of the membrane, and h the
membrane-to-electrode distance. The simulations were
carried out through the finite element method, which allowed us to design the deformable mirror. In order to address such a membrane deformation we used two pairs of
electrodes with the size of 1.4 mm by 15 mm spaced
1.4 mm apart. The electrodes were empty in the central
part in order to completely remove the transverse radius
of curvature [25]. In order to compute the voltages necessary for controlling the membrane deformation we measured the shape obtained applying the maximum voltage
to each actuator (influence function) using an interferometric technique. Under the hypothesis of linearity, valid
for small membrane deformations, we combined the influence functions to determine the voltages that create the
two parallel planes with a controllable displacement d
minimizing the root-mean-square (rms) flatness error. To
compute the position of the planes we used the following
procedure: the position of plane 1 was kept fixed and the
position of plane 2 was increased until the rms deviation
from a plane parallel to a reference was smaller than a
threshold value of 30 nm rms. Then we repeated this algorithm, changing the position of plane 1. Following this
strategy in the first instance we determined the optimal
plane distance, which was 11.2 mm. Then we characterized the performance of the deformable mirror as phase
shifter. The maximum displacement achievable was ⬇
600 nm with 8 bit control resolution. We measured over
the whole displacement range the average rms deviation
from the reference plane, which was of 26.0± 1.5 nm for
the fist plane and 23.8± 1.5 nm for the second. Moreover,
the average parallelism of the two planes was measured
to be 18± 4 rad.
The deformation of the membrane for different applied
voltages is illustrated in Fig. 4. The thin portion of the
curves show the shape of the membrane, whereas the two
thick segments in each curve are used for the relative
shift of the two beams.

4. MEASUREMENTS
Before applying a control algorithm, the system was characterized scanning ␦ with the deformable mirror over a
time scale much shorter than the instability time. Starting from a coincidence maximum, ␦ was increased by
steps of  / 4 (30 steps in total, over a 60 s time). The coincidence count rates exhibit a sinusoidal behavior as a
function of the externally applied phase (see Fig. 5), with
a maximum of 800 and a minimum of 100 coincidences in
2 s (visibility 78± 2%). It is worth nothing that the phase
shift introduced by the mirror deformation does not degrade the quality of the beam as seen by the constant
value of the visibility for several optical cycles.
In order to select a proper phase  for the quantum
state we assume to take the coincidence rate to the maximum, which we set as 0 = 0, and then apply the needed
phase-shift . Therefore, our problem can be reduced to
that of taking the interferometer into the 0 = 0 state,
maximizing the number of coincidences. From the preliminary characterization of the system parameters, we
assume to know the expected value of coincidences per
second of the maximum Cmax.
In a typical closed-loop experiment, a measurement is
performed on the system at each step, and the measurement result is used as a parameter to drive the controller.

Fig. 5. (Color online) Mirror calibration. Measurement of coincidence counts as a function of mirror deformation. This allows
us to calibrate the deformation in terms of the state phase. In the
graph each step corresponds to a  / 4 phase shift.
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In our case, we estimate the phase of the quantum state
by measuring the coincidence rate and comparing it to its
maximum value. To remove the phase ambiguity (different phase values giving the same coincidence rate) we
compare this value with the coincidence rate obtained increasing the phase by a small amount. In other words, we
estimate the phase  of the quantum state by measuring
the coincidence rate C共兲 and its derivative with respect to
phase dC共兲 / d. Then we use this estimate of  to guess
the phase we need to apply in order to take the system to
the maximum. We take a threshold value T as the value
above which the coincidence rate can be assumed to be at
the maximum. For example, we can take the threshold to
be one standard deviation below the expected maximum
value: T = Cmax − 冑Cmax. In details, the maximization algorithm we propose works as follows:
1. (i) if the coincidence rate C is above T / 2 and below T,
then we can apply exactly the phase shift we need to get
to the closest maximum: ⌬ = 2 arc cos冑C / T. Knowing
only C we cannot determine the sign of ⌬, since we could
be either in the ascending or descending side of the maximum. Therefore we use a double-step procedure: to determine on which side of the maximum we are, we apply a
small phase shift. If the number of coincidences increases,
we are on the ascending side and we apply +⌬. If the
number of coincidences decreases, then we apply −⌬.
2. (ii) if the coincidence rate is below T / 2, then we take
the system into case (i), shifting the phase by .
3. (iii) above the threshold T the maximization procedure is successful and the mirror remains in a fixed
position.
The results shown in Fig. 6 demonstrate that the deformable mirror can compensate the slow temperature fluctuations, causing the coincidence variation given in Fig.
2. The maximization procedure rapidly converges to a coincidence value above the threshold. The standard deviation of the stabilized data is  = 36. This demonstrates
that the active control induces only a modest increase of
the error of the average coincidence with respect to a
Poissonian distribution.
In Fig. 7 the discrete Fourier transform of the data
with and without adaptive compensation is plotted. The
intensity of the frequency components below 1 mHz, due
to the slow phase fluctuations shown in Fig. 2, is clearly
reduced.
In our approach we stabilized the phase at  = 0 that
represents the position with the maximum signal/noise

Fig. 6. (Color online) Coincidence counts with activated deformable mirror. The first point represents the initial random phase.
The optimization algorithm rapidly controls the phase state to
maximize the coincidences and to keep the phase constant to 
= 0.
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Fig. 7. (Color online) Discrete Fourier transform of the data
shown in Figs. 2 and 6. The Fourier components are normalized
such that the sum of their squares is equal to 1. Except for the
constant component at 0 Hz frequency, the frequency components below 2 mHz (see inset) are filtered out by the action of the
deformable mirror.

ratio. The mirror can now be used to fix an arbitrary
phase state. According to the calibration we can obtain
the precise phase state variation in terms of the mirror
deformation. Thus, after a preliminary stabilization with
 = 0 the mirror can be used to deterministically generate
a state with arbitrary phase 1. The typical time scale of
the stability of the new phase 1 is given by nearly 200 s
[as shown in Fig. 2(left)].
It is worth noting that the control scheme we propose is
different from quantum feedback control. In quantum
feedback control, a single quantum system is subject to
control to force its dynamics according to some requirement. Measurements used to provide input information
for the control are quantum: the result is probabilistic
and the measurement process itself has a back-action on
the state, in the sense that it projects the state to one of
the eigenvectors of the measurement operator. In our case
the measurements we are performing on the system are
in a sense “classical,” since we repeat the experiment on
different copies of the same input quantum state traveling through the optical interferometric system, having access to the mean value of the result. We do not have a
single quantum state that evolves under the influence of
the external environment. We have a source that emits a
stream of quantum states and that evolves in an unpredictable way over time, and we want to keep it stable.
Moreover, in photon-counting experiments, the currently
available photodetectors absorb photons, so that each
single quantum state produced is destroyed in the measurement process and cannot be used for further operations.
Another important aspect of our experiment regards
the involved time scales. In photon counting experiments
the number of counts is a Poissonian process, and a sufficient number of counts N needs to be collected in order to
have a good signal-to-noise ratio (which scales like 1 / 冑N).
Entangled photon sources based on SPDC typically provide a few thousand pairs per second, which means that
to reach a signal-to-noise ratio around 1% one needs to
collect counts for a certain amount of time  (which is
typically of the order of 1 s). As we described in Section 2,
this temporal integration sets the time scale for the experiment: fluctuations with time scale faster than  are
averaged and result in a reduced visibility of the fringes,

A180

J. Opt. Soc. Am. B / Vol. 27, No. 6 / June 2010

while slower oscillations manifest themselves in the fluctuation of the coincidence rate over time. The compensation technique we report here can get rid of these slower
fluctuations, resulting in a more precise and reliable setting of the interferometer phase. As noted, the fast fluctuations are erased by the thermal box.
It is worth noting that in order to stabilize the phase it
is not possible to replace the deformable mirror with a
rigid mirror moved by a piezoelectrical stage. In fact, in
the configuration used in the present experiment allowing
a very high mechanical stability, two modes (兩r典A and 兩r典B)
impinge on the same mirror. By moving the piezo, no
phase would be changed since the length of both modes is
varied. Then, only a device able to independently vary the
lengths of the paths 兩r典A and 兩r典B can be used in this case:
the deformable mirror is precisely this device.
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5. CONCLUSIONS
In conclusion, we experimentally demonstrated a feedback control of the states generated by a source of entangled photon pairs by means of a custom-design deformable mirror. We believe this technique can be
extremely beneficial in quantum interference experiments, since it decouples the quantum state produced by
the source from the random phase fluctuation induced by
the environment.
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