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Moiré fringe patterns in spatial quantum correlations of twin photons
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We observed Moiré fringes in spatial quantum correlations between twin photons generated by parametric
down-conversion. Spatially periodic structures were nonlocally superposed giving rise to beat frequencies
typical of Moiré patterns. This result brings interesting perspectives regarding metrological applications of
such a quantum optical setup.
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Spatial quantum correlations in light beams have attracted When solid structures are studied through x-ray diffrac-
a great deal of interest lately. A number of recent workstion or transmission electron microscopy, the superposition
devoted to this subject constitute a whole new area ofte®f slightly different structures gives rise to Moiré fringes.
called Quantum ImaginfiL]. Among the optical systems ca- Since the spatial beat frequencies are much smaller than

pable of experimentally producing space-time correlationstho_se belonging to the spectra of the original structures, the

parametric amplifiers and oscillators are the most frequentiy/i0I'€ €ffect provides a considerable sensitivity enhancement
- . 1o small structural imperfectiori8,9]. The Moiré effect also
employed. The striking quantum nature of the correlation

) . . R as a number of applications to optical metrology.
created by such devices combined with their simplicity make = £rom surface analysis of thin filni40] to strain structure

them especially attractive. In cavity-free parametric down-measurements in human tegii], the Moiré effect has been

conversion, the conditional images are observed in the phamployed as a powerful tool for high-sensitivity measure-
tocount regime, where the spatial correlations can be interment of the spatial structure of surfaces. An interesting tech-
preted as a consequence of transverse momentumique calledprojection Moiré interferometrgonsists of pro-

entanglement in the quantum state of the twin photons. Thigecting the image of a primary periodic structure on a
entanglement has been used in a variety of experinjér@s ~ Ssecondary one to obtain the Moiré pattern. If the spatial fre-
and more recently combined with polarization entanglemenfluéncy of the primary structure is previously known, then

to produce polarization-controlled quantum imagék :h_e frde?#enc% (t)rf1 the secondarytstﬁﬁtu'r\i gqnbbetrfadily ob-
Studies of quantum images in the high-photon-flux re-. aned through the measurement ot the vioire beat frequency.

ime are complementary to those of the sinale-photon CasThis method provides an excellent accuracy and has already
9 . P ntary . : gie-p $een used for noncontact temperature measurements on Si
In such high-flux regimes, correlations in spatially dependenfisy 5 resolution of +0.05 °@12]. In summary, the Moiré

photocurrents are measured rather than photocounts. We M@ythnique provides high sensitivity to small deformations in
also quote very interesting results in this case, including the periodic or quasiperiodic structure. This property has been
recent experimental demonstration of sub-shot-noise megecently applied to an image encryption scher®], where
surement of small displacements with a spatially squeezeghe intensity function corresponding to the image to be en-
light beam[5]. The potential applications of such correla- crypted is used to deform a periodic structure. The encrypted
tions has also motivated spatial noise measurements in seniimage is then recovered through the Moiré pattern between
conductor laserfg]. the deformed structure and a reference pattern.

While some experimental progress has been achieved in In our experiments, we used the spatial correlations be-
the quantum domain, a wide knowledge base of classicdween twin photons produced by spontaneous parametric
imaging is already available. An attractive challenge is todown-conversion to observe Moiré patterns in quantum im-
match the progress in both domains to obtain new technolcages. We exploited two important features: the image transfer
gies and new applications of the quantum optical setups. Iffom the pump beam to the spatial profile of the quantum
this work we present a contribution involving the observa-correlations, and the combined transmission through masks
tion of Moiré patterns in quantum images. When structure$®Motely placed in the signal and idler beams. Therefore, two
with periodic or quasiperiodic layouts are superposed, nevf*Perimental setups were employed. In the first setup, one
structures appear as a consequence of the beat between fignsmission grating was placed in the pump b_eam while the
spatial frequencies in the spectra of the original IayoutsOt er one was placed in the d_ovyn—convgrted idler beam. ".]
These are the well-knowMoiré fringes [7]. This effect the second setup, the transmission gratings were placed in

plays an important role in many different fields like solid the down-converted S|gna}l and |dIer.beams. . .
structure analysis or optical metrology, for example. For e_ach Setup, two dlffe_rent regimes were ln\/_estlgated.
' In the first regime, the spatial periods of the gratings were

quite different(1.2 and 1.6 mny so that both the high and
the low spatial frequencies were visible in the superposition
*Corresponding author. Email address: khoury@if.uff.br of the gratings. In the second regime, two gratings with simi-
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FIG. 1. Standard Moiré patterns obtained with two pairs of grat- ‘s 1004
ings: (a) 1.2/1.6 mm andb) 0.8/0.9 mm. -% o
© 0
lar spatial periods were us€@.8 and 0.9 mr In this case,
only the slow beat frequency could be clearly followed. The
standard Moiré patterns obtained with the two pairs of grat- b) 1200+
ings are presented in Fig. 1. They were registered with a . i
charge-coupled device camera. In Fig$a)land ib) we = 10007
show the Moiré patterns created by the first and second pair & g,
of gratings, respectively. While in the first case a compli- 5
cated structure appears, in the second one the low-frequency 8 6001
modulation can be easily identified. The dashed lines in both 3
figures outline the regions scanned in the quantum optical & 400+
setups. The first setup used is shown in Fig. 2. A5-mm-long B
. S 2001
LilO 5 crystal was pumped by 425-nm wavelength pulses ob- £ § R
tained from a frequency-doubled Ti-sapphire laser. Pairs of 8 0 P \Ye o« | P NJe PPN
guantum-correlated signal and idler beams were generated 2 4 6 8 10 12 14 16 18 20 22
through type-l parametric down-conversion at wavelengths Displacement(mm)
890 nm(signa) and 810 nm(idler), and detected with pho-
toavalanche detecto(®1 and D32. A pinhole with 0.5 mm FIG. 3. Experimental results for pump-idler Moiré interference.

diameter was placed in front of each detector. The coinci{® 12-1.6mm Moiré pattern. The solid line is a
dence count was performed electronically and registere@0S(m/1.2 mmcos(mx/1.6 mm fit. (b) 0.8-0.9 mm Moiré pat-
with a computer. The first gratingG1) was placed in the tern. The solid line is a c86mx/7.8 mm fit for the slow Moiré
pump beam before the nonlinear crystal. It is well knownmodulation. In both figures the dashed line is merely a guide to the
that the spatial correlations between the signal and idlefY®:

beams propagate like the pump profile after the crystal, ex- The coincidence region was quite narrow, which means
cept for a wavelength-dependent scaling fa¢®ir The im-  that, for a given position of the signétller) detector, coin-

age of G1, carried by the signal-idler correlations, was procidences could be observed when the id&gna) detector
jected on the detection plane by two identical lenggisand  was scanned over a narrow region about 4%imarea. So it

L2) with focal length f, inserted in the down-converted was impossible to measure the quantum image by scanning
beams. The second gratif@2) was then placed right before the detectors. Instead, we fixed the detectors and scanned
D2. Under such conditions, the spatial profile of the coinci-both gratings at the same time. In Figi@3we show the
dence count is expected to be proportional to the productoincidence profile as a function of the common displace-
G1Xx G2 [14]. Since down-conversion was nearly degener-ment of the gratings. This profile corresponds to the Moiré
ate, the scaling factor for image transfer was close to 2pattern shown in Fig. (8. A grating with 0.8 mm period
Therefore, gratings with half the desired spatial period werdG1) was introduced in the pump beam and displaced in
introduced in the pump beam in order to produce spatiafteps of 0.1 mm, thus producing an effective 1.6-mm-period
correlations with the desired effective modulations. modulation on the correlations, scanned in effective steps of
0.2 mm. The second gratin@52), with a 1.2 mm period,
was introduced right before the idler detector and scanned in
steps of 0.2 mm in the same sense as G1. For such param-
eters, the expected slow Moiré modulation period is 4.8 mm,
in very good agreement with the spacing between the large
peaks in Fig. 8). The solid line in this figure is the product

of two cosine squared functions with the periods of G1 and
G2, showing a very good agreement for both the fast and the

slow modulations. The small deviations of the experimental

[ ] data from the solid line are probably due to distortions of the

AN real gratings with respect to ideal cosine functions and to the
finite size of the detector aperture, which limits the spatial
FIG. 2. Experimental setup for pump-idler Moiré patterns. resolution.
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FIG. 4. Experimental setup for signal-idler Moiré patterns.
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The coincidence profile in Fig.(B) corresponds to the
Moiré pattern shown in Fig. (b). This time, a
0.4-mm-period gratingG1) was introduced in the pump b
beam, producing an effective modulation with 0.8 mm pe-
riod in the coincidence profile. The other grati(@2) had a
0.9 mm period; therefore very close to that of G1. This time
G1 was scanned in steps of 0.05 mm, so producing an effec-
tive scan in steps of 0.1 mm, and G2 was scanned in steps of
0.1 mm. The high-frequency modulation arising from the su-
perposition was too fast, so that a meaningful fit could be
provided only for the slow beat modulation. The solid line is
a single cosine squared envelope with a slow beat period of
7.8 mm, which is quite close to the expected value of
7.2 mm.
In a second setup, we used a different strategy to demon- =
strate the appearance of Moiré patterns in quantum images. 0 4 8 12 16
The spatial profile of the quantum correlations between the Displacement (mm)
twin photons carries the combined effect of the transmission
through two obstacles remotely placed in each photon path FIG. 5. Experimental results for signal-idler Moiré interference.
[3]. It is useful to interpret this effect in an advanced wave(® 1.2-1.6 mm Moiré pattern. The solid line is a
picture, where one of the twin photon detectors represents g9S(7x/1.2 mmcos(ax/1.6 mm fit. (b) 0.8-0.9 mm Moiré pat-
ideal pointlike source, whose emission is “reflected” at thel€™- The solid line is a c86mx/7.8 mm fit for the slow Moiré
crystal surface and detected on the other detd¢&jr Based modulation. In both figures the dashed line is merely a guide to the
on this picture we developed the experimental setup showf®:
in Fig. 4. The idler detectofD2) is regarded as a pointlike
source. A collimating lengL1) is introduced at a distance  |n conclusion, we demonstrated Moiré patterns in quan-
equal to the focal length from the “source.” The first grat-  tym images. Two strategies were employed, the first one be-
ing (G1) is placed at a distancef rom L1. The signal beam jng the transfer of images and angular spectrum from the
lens(L2), identical to L1, projects the image of G1 over the tin photons. The second strategy made use of an advanced
second gratingG2). All distances are chosen in order to wave picture to produce the Moiré patterns with two similar
preserve the original size of G1 in the projection. Finally, thegratings, remotely placed in the signal and idler beams. Our
image of the superposed gratings is projected by a third lengsuits may motivate interesting applications to noncontact
(L3, identical to L1 and L®at the signal detection plane, SO measurements of small mechanical deformations. The Moiré
that the product Gk G2 is produced in this case as well. As patterns appear in a variety of different fields, where these
in the first setup, we scanned the gratings rather than thgsults could be of great interest.
detectors, since the coincidence region was quite narrow in
this case as well. The authors thank P. A. M. dos Santos for fruitful discus-
The experimental results obtained with the second setupions. This work is supported by the Conselho Nacional de
are shown in Fig. 5. In Fig.(8), we used the same gratings Desenvolvimento Cientifico e Tecnol6gi¢GNPq through
as in Fig. 1a). The slow modulation at a 4.8 mm period is the Instituto do Milénio de Informag¢éo Quéntica and Pro-
again very clear. The solid line is the product of two cosinegrama de Nucleos de Excelén¢RRONEX. The PRONEX
squared functions and is in very good agreement with theroject is also supported by the Fundac&o de Amparo a Pes-
experimental data. In Fig.(b) we used the same gratings as quisa do Estado do Rio de Jane{lAPERJ. The authors
in Fig. 1(b). The slow modulation at 7.8 mm period is also acknowledge partial funding from Coordenacdo de Aper-
very clear. The solid line is a single cosine squared functiofeicoamento de Pessoal de Nivel Superi@€APES/
with this slow period. PROCAD and CAPES/COFECUB projekts
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