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Abstract. We analyze a frequency degenerate two-arm seeded downconversion
process in which the seed fields are spatially multimode chaotic fields. We prove
that the output state exhibits a transition from entanglement to separability as far
as the intensities of the seeds increase, whereas it is suitable for a ghost imaging
experiment irrespective of its entanglement properties. Furthermore we present
two experiments of ghost imaging with good visibilty based on parametric down-
conversion seeded on a single arm.

1 Introduction

The techniques of ghost imaging [1] and ghost diffraction [2,3] consist in the retrieval of the
transmitted intensity pattern of an object or of its Fourier transform. These techniques take
advantage of the existence of correlations in propagation directions and in intensities between
a pair of spatially separated fields. The image/diffraction pattern of the object is recovered by
evaluating a fourth-order correlation function at the detection planes between the field that
never interact with the object and the correlated one which is transmitted by the object. A
general ghost-imaging/diffraction scheme contains a source of correlated bipartite fields and
two propagation arms. In the Test-arm we put an object (a transparency) and measure the
light transmitted by it with a bucket (or a point-like) detector. In the Reference-arm we put an
optical setup suitable for reconstructing the image of the object or its Fourier transform and a
position-sensitive detector [4-7].

In recent years it has been demonstrated that ghost imaging/diffraction applications may
be implemented either by using quantum correlated fields, both from spontaneous paramet-
ric downconversion (PDC) [1] and from chaotically seeded parametric downconversion [8], or
by using classically correlated fields obtained by splitting a chaotic field at a beam splitter
[9-11]. The choice of the kind of correlated source to be used implies the choice of the proper
optical scheme needed for image reconstruction. Such a choice is linked to the properties of
the physical phenomenon generating the correlations (nonlinear crystal or beam splitter) but
not to the quantum or classical nature of the correlations themselves, as previously suggested
[12-14]. As a matter of fact, we demonstrated [15] that we can realize a ghost imaging/diffraction
experiment by using a source of bipartite correlated fields that undergoes a transition from
quantum to classical behavior without changing the geometrical setup.

? e-mail: degio@inrim.it



106 The European Physical Journal Special Topics

\/ e v
\

Fig. 1. Schematic diagram of the nonlinear interaction. 7" and R are the Test and Reference arms of
the setup.

In this paper, we analyze the properties of the multipartite (pairwise correlated) state
obtained by seeded PDC, either in a single arm or in both of them, focusing on separabil-
ity thresholds as a function of the seed intensities. We also show that the output state is
suitable for a ghost imaging experiment irrespective of its entanglement properties. Further-
more we present two experiments of ghost imaging with good visibilty based on parametric
downconversion seeded on a single arm.

2 Theory

We consider the process of parametric downconversion at frequency degeneracy depicted in
Fig. 1. The evolution of the system is governed by the PDC multimode hamiltonian [16], thus
the corresponding unitary operator is

U= 67% ffooc Hpdt _ ei(zq nan,qaR,,q+h.c.) — ®ei(nan7qaR1,q+h.c‘), (1)

where the subscripts R and T refer to Reference- and Test-arm respectively (see Fig. 1), q is the
transverse component of the wavevector and xq is the coupling constant, which is proportional
to the pump field. Having in mind applications to ghost imaging, we consider the case in which
both the Reference- and Test-arms are seeded with multimode chaotic fields

n = ®pT,q ® PR,—q Pja = Z Pjq(n) [n)jaj,a{nl, (2)
q

where j = R, T and |n> ja denotes the Fock number basis for the mode q of the j-arm. The
chaotic photon number distribution of the input is given by

Pjq(n) = pfq(1+ pjq) " 1. (3)
The density matrix at the output, pour = UpinUT, is

mm{m n}

pout:@ZPTq PR q Z Z C mnkl,ll)C (m,n,kg,lg)*

q nm k1,k2=0 11,l2=0
X |TL — kl + l1>T,qT,q<Tl - k2 + 12| ® |m - kl + l1>R,—qR,—q<m - k2 + l2|a (4)

with

—nq(n-i-m 2k+1) \/n'm' Tl —k+ l) (m k+ l)
K — R (m — )

C'q(m,mk,l) Cl (_C:;)ku

where (4 = —ie™"a tanh(|rq), 7q = In[cosh |kq|], and e™a = kq/|kq]-
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As expected, the first moments of the photon distribution for each mode are those of a
chaotic statistics
(n1.q) = p1,q + nPDC,G(1 + p1,q + 1R, —q)
(nR,—q) = HR,—q + npDC,q(1 + U1, + LR —q)
((Anr, q) ) = (n1,q)((n1,q) + 1)
((Ang,—q)?) = (nr,—q)((nR,—q) +1)

where (O) = Tr[Opout] = Tr[UTOUp;n], AO = O — (O) and nppc,q = sinh? |kq| is the average
number of photons due to spontaneous PDC. Notice that the case of vacuum inputs, p;, =
|0)(0]r ® |0)(0|g, corresponds to spontaneous downconversion, i.e. to the generation of twin-
beam.

We calculated the mode-operators after the interaction in the crystal by exploiting Heisen-
berg description [15] and find b q = U'a; U, i.e.

()

bjq = Uqajq + €9V aj, q (4,77 =R, T, j#j") (6)

where Uy = cosh |kq| and Vg = sinh |kq| (and obviously Uy = U_q, Vq = V_q, and ¢q = ¢_q).

Entanglement, the most peculiar characteristic of quantum systems, is a central resource
to all branches of the emerging field of quantum information [17,18] and is supposed to play a
central role in many other fields connected with imaging capability, such as ghost-imaging and
quantum lithography. Recently a debate has started on entanglement as a necessary resource to
implement such imaging tasks [4,19]. It is hence worthwhile to investigate whether the bipartite
state poy¢ displays entanglement, that is it is inseparable.

We apply the Peres-Horodecki-Simon [20-22] criterion for checking the separability of bipar-
tite states. This criterion gives a necessary and sufficient condition for separability in the case of
bipartite gaussian state, and hence applies to our state, being it Gaussian [23]. The separability
criterion can be rewritten as the requirement of the positivity of the covariance matrix under
any partial transposition operation (PPT criterion). For our system this inequality becomes [15]

KT ,qlR,—q — MPDC,q(l + p1q + iR, —q) > 0. (7)

We observe that spontaneous PDC corresponds to the situation with pur o = pr—q =0, a
case in which p,,; is entangled. Also the case of PDC seeded only on one arm with a multimode
chaotic field [8,24], (ur,q = 0 or ptr,—q = 0) the output is always entangled. On the contrary, in
the case of multimode seeded PDC on both arms, the inequality (7) introduces a threshold that
depends on the relative weight of the number of photons involved in the process. For instance,
at fixed values of the coupling coeflicient, i.e. at fixed values of nppc,q, a simple increase in the
intensity of one of the seeding fields induces a transition from inseparability to separability.

In spite of the existence of a threshold, the system does not show any different requirement as
to the implementation of ghost imaging protocols. We demonstrate this property by considering
the experimental setup described in Fig. 2. An object, described by its transmission function
t(xr), is inserted in the Test-arm on the plane xp and a bucket detector measures the total
light, I, transmitted by the object. The Reference-arm contains an optical setup suitable for
reconstructing the image of the object and a position-sensitive detector that measures the local
Ir(xR).

The procedure for reconstructing the ghost image of the object consists of calculating the
correlation function between the light detected in the two arms of the setup, that is:

0% (xn) = [ dxr G2 (xi,xa) = [ (TolTn(x) T (x0)pin] = TrlTnCci) i ol I ) i)
= Tr[Ir(xgr)ITpin] — Tr[IR(XR)pin] Tr[ITpin], (8)
or its normalized version

g2 (xR)
VT[(ALr(xR))2pin] Tr[(Alr)2pin]

9

@ 9)

XR) =
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Fig. 2. Experimental setups for ghost imaging: ¢(xT), object transmission function. (a) experimental
configuration with the multi-thermal seed on the T-arm. (b) experimental configuration with the multi-
thermal seed on the R-arm.

where the action of the bucket detector is expressed by the integration over xp. Note that
Ii(x;) = c;{(xj)cj(xj) (j = R,T) is the intensity operator of the jth beam at the detection
plane and the link between the field operators at the detection planes and those at the output
of the crystal is given by

cj(x;) = /dx hj(x;,x5)b; (X)), (10)

where b;(x) are the Reference and Test field operators at the output face of the crystal and
hr(xg,x%) and hy(xp,X7]) are the two response functions describing the propagation of the
field in the two arms of the setup [25].

By inserting Eq. (10) into Eq. (8) we get

G(2)(XR,XT) = /de dx, dx dx7 hr(xg,xR) (xR, xX5) hr(x1,x7) W (X1, X7)

¢ (Trlbf ()b ()b (<7 )b (3] = Trbf (b (i) pin Trlbd (367 (<) pin])
(11)

which, upon using the factorization rule for Tr[b}t%(x}%)bR(x’R)b; (x/)br (x/7) pin] obtained in Ref.
[15] and the expressions for b;(x) in Eq. (6) yields

G(Q) XR,XT ZhR XRy, — hT(XT,q)C (12)

where Cq = v/nppc(nppc + 1) (Ur,q + HR,—q + 1) [15] and h (xj,9) = fdx’ iax; hj(xj,%}).

We now write the propagation functions describing the optlcal setup in Flg 2, 1n which the
detection plane in the Test-arm coincides with the plane of the transparency: we have a simple
free propagation over a distance d; that can be written as

hr(xr,q) e_i%lqze_iqut(xT). (13)
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In the Reference-arm we have the action of a lens:

. ’ O Y2 s 2 ST _ 2
hR(XR,—q)O(/dleeilq'xR/dxl’Rez’\@(xl’R XR)?  mixFr ¥R o v (X1, R—XR)

14
x e_i%qz /Xm Refi(%xlq%»q)xl’]gei;<%7i)xfﬁ7 ( )
which, if fr # ds, can be written as
hon(xn, —q) oc e~ 5 (B H Ta2TmE )¢ o~ vt axn (15)
Substituting Egs. (13) and (15) into Eq. (12) returns the expression
. 1 1 DN dq+dg 1 1 1 2 2
G(2)(XRa XT) X |t(XT)|2 Z qu_lq' (XT+E 1/d3=1/fRr xR) e_lﬁ 1/d3—1/fRr (d1+d2 +@_E)q
q
2 2 XR
~ |t(xr)|? (Cal* 6 (xr + 22 (16)
which, once integrated over the bucket detector,
(2) (2) XB\ 1?10 2
G (xp) = [ dxrG® (xp,x7) ~ ‘t (_M)‘ Cql?, (17)

gives the image of the object.

In passing from Eq. (12) to Eq. (17) we have made the following assumptions: Cq is almost
independent of q and the distances d;, dy and d3 satisfy 1/(dy +d2)+1/d3 = 1/ fr, which is the
so-called “back-propagating thin lens equation” [26], giving an imaging system with magnifica-
tion factor M = d3/(dy + dz). Note that the result in Eq. (17) holds for several downconversion
regimes, upon simple modification of the expression of Cq: Cq = \/ nppc(nppc + 1) for down-

conversion starting from vacuum, Cq = \/ nppc(nppe + 1) (1r,q+1), for multimode chaotic seed

on Test-arm and vacuum on Reference-arm and Cq = \/TLPDc(nPDC + 1)(pr,q+ pr,—q+1) for
multimode chaotic seed on both Test- and Reference-arms. Note also that the first two cases
produce inseparable bipartite states, while the third one produces a state displaying a transition
from quantum to classical correlations (see Eq. (7)).

3 Experiment

In this section we present the results of the ghost imaging experiments we performed with a
multimode pseudo-thermal seed on a single arm. Even if these experiments are of interest by
themselves [8,24], from the point of view of the connection between entanglement and ghost
imaging they appear to be necessary preliminary steps in order to perform the experiment with
multimode pseudo-thermal seeds on both arms. As discussed in the previous section the state
produced by a multimode pseudo-thermal seed on a single arm is always entangled, while, if the
seeds are on both arm it is possible to observe transition between entanglement and separability.
As our theory predicts that the system satisfies the “back-propagating” thin-lens equation, as
much as for spontaneous PDC, even when the state produced becomes separable, the realization
of our experiment would definitely substantiate our claim that the “back-propagating” thin-lens
equation is not a signature of entanglement.

The experimental setups are shown in Fig. 2. The multimodal PDC is generated in a
B-BaB204 (BBO, cut angle 22.8 deg, 10 mm x 10 mm x 3 mm, Fujian Castech Crystals, China)
pumped at the tuning angle o ~ 25 deg with the second harmonic output (Ap = 532nm) of an
amplified Q-switched Nd:YAG laser (GCR-4,10Hz repetition rate, 7ns pulse duration of the
fundamental pulse, Spectra-Physics, USA).

The typical intensity of the pumping beam, collimated to a diameter of 6 mm, was Ip ~
60 MW /cm?, so that we had less than 0.5 photons/mode from spontaneous PDC.
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The multimode pseudo-thermal field seeding the process, was obtained by passing the fun-
damental output of the same laser through two independently rotating ground glass plates, Py
and P, so that the photon number statistics was chaotic [27]. According to Fig. 2 in setup (a)
the seed was on the T-arm while, while in setup (b) it was on the R-arm.

In the case of setup (a), the multimode pseudo-thermal seed was reduced in spread by means
of an iris 6 mm diameter located at a distance 10 cm before the nonlinear crystal, while in the
case of setup (b) no iris was necessary.

The seed field contained more than 10! photons/mode, in the case of setup (a), and about
10® photons/mode in the case of setup (b).

The object we imaged in case (a) was a hole of 1.6 mm diameter crossed by a straight wire
of 0.5mm caliber, in case (b) was a double slit of 250 um opening and 640 ym separation. The
coherence areas of the speckles illuminating the object were in both cases about 25 times smaller
than the object.

As the Dp and Dy detectors, we used the same CCD camera (CA-D1-256T, 16 um X 16 um
pixel area, 12 bit resolution, Dalsa, Canada), whose sensor in one half recorded the single-shot
intensity Maps in the Reference-arm, Zr(xg), and in the second half realized the bucket detector
of the Test-arm. The distances in the setups were: d; = 10cm, d2 = 50 cm, and d3 = 30 cm in
order to satisfy the thin lens equation with a magnification factor M = 0.5.

To reconstruct the ghost image, i.e. to compute the normalized second order correlation
function in Eq. (9), we acquired several CCD frames, each one containing both single shot map
in the R-arm Zr(xg) and the corresponding bucket value in the T-arm Zp.

For a sample of N frames containing data {Zg ;(xr),Zr;} with ¢ = 1,..., N we estimate the
normalized second order correlation function in Eq. (9) by means of the Pearson’s correlation
coefficient rn (xg)

NY X Tri(xp)Tri — Yy Zri(xr) Yoy Ir
’I"N(XR) = . (18)

\/{N le\il IR,i(XR)2 - (Zf\il IR,i(xR))Q} [N Zfilz%z - (Zivzl IT,i)Q]

In Fig. 3 we show the experimental results obtained in the case of setup (a) and (b) obtained
by calculating Eq. (18) over N = 10000 records, which shows recovered images with the correct
size, as compared to the object, being M = 0.5. The lower panels in Fig. 3 contain the transverse
horizontal sections of the images averaged along the height of the objects (vertical direction).
It is interesting to establish a criterion for the choice of the minimum N, if it exists, that is
needed to reconstruct the image in a satisfactory way. We define the local visibility [5,8]

_ 9 () T (ATa (%) P T AT ]

V(xr) Tr[Ig(xR)ITPin]

(19)

and we estimated its value by exploiting Eq. (18) and averaging over different numbers of
records. Figure 4 displays V(xg) in the case of the setup (a) for N = 10000 on a linear grey scale
that covers the whole range from minimum (¥ = 0.62 x 1073) to maximum (V) = 7.03 x 1073).
The smaller panels show contour plots of the same V(xg) at selected levels and the point at
which V(Xg aaz) = 7.03 x 1073, The full dots of the upper curve in Fig. 5, in which the
visibility is plotted as a function of N, show that already for N = 7000 the visibility has
roughly achieved such a value. We further investigated the behavior of V(xg) on increasing
N at a number of positions located next to the contours in Fig. 4. The positions on the three
contours and their number for each contour were chosen by setting the tolerance values reported
on the right-hand side of Fig. 5. We obtained the three sets of data that are plotted in Fig. 5 by
increasing N in steps of 500. The figure shows that the values of V(xg) calculated at positions
virtually belonging to a level contour of the “best averaged” visibility map (N = 10000) in all
cases are similar to the final values for N ~ 5000. Thus, not only the local visibility evaluated
at the point, Xg prqe, Where it is maximum, but also that evaluated at any position is a measure
of the ghost-image quality that can be obtained from a statistical ensemble of data of given
size N.
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Fig. 3. (a) Image of the object recovered by evaluating g (xr) over 10000 laser shots for the experi-
ment with setup (a) (upper panel), section of the image averaged along yr (lower panel); (b) same as
(a) for setup (b).

A tradeoff between visibility and resolution of the reconstructed image has been reported
[5] that depends on the number of spatial modes (coherence areas, A¢) that illuminate an
object of area Ap. In both our case Ap/Ac ~ 25. This number being rather low, we observe a
quite poor image resolution and a quite high visibility. To confirm our results we calculated the
number of spatial and temporal modes, involved in the interaction [8]. We start by studying
the statistical distributions of the beam intensities detected either in a single pixel xg or by the
bucket detector in the T-arm. The experimental data are fitted by convolving the theoretical
multithermal distribution [16, 28]

e~ MI/TilIpin]  TM-1

Pa®) = (Tx[Ipin] / M)M (M =11 20

(@) V(X)px103 (b)
1200
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xg (4m) xg (m)

Fig. 4. Plot of the local visibility, V(xr), on a linear grey scale for N = 10000 and of contours at the
marked levels obtained in the setup (a).
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Fig. 5. Local visibility, V(xr), as a function of N calculated at points xr on the level contours of
Fig. 4, see the values V(xg) £ tolerances for N = 10000.

with the experimental response to the dark. Here M is the number of modes, Z indicates the
single-shot values of either Zr(xg) or Zr, whose mean values and variances obviously coincide
with those of the operators Ig(xg) and Ir. From the fit on the experimental data we obtained
Mg =1, independently of the position xr we tested, and My = 35. We interpret Mg as the
number of temporal modes in the field [16,28]. On the other hand, we can interpret M as the
product of the number of temporal modes times that of the spatial modes in the area covered
by the 110 x 110 pixels of Dy. As Mg ~ 1 we conclude that we have a number of spatial modes
in the bucket, 35, greater than the number, 25, of those illuminating the object (see above):
this is to be expected as the bucket integration covered an area wider than Ap. From Eq. (20)
we get that the variance of I is equal to Tr[Ip;,]?/M, which allows linking the visibility of
Eq. (19) to the number of thermal modes in the incoherent T- and R-beams. By using Eq. (9)
we can rewrite Eq. (19) as

_ 9 (xr)
VMeMr + g (xp)

and make an independent estimation of V M grMr as a function of the experimental values of

correlation coefficients and visibility. By this method we find /M rM7 ~ 6.8. As from the fits

of our multithermal distributions we found the value vV M r M =~ 5.9, the experimental results
are self-consistent.

V(XR) (21)

4 Conclusion

In conclusion, we have demonstrated that parametric downconversion seeded with multimode
chaotic fields on both the Test- and Reference-arms provides a bipartite field highly corre-
lated in direction and intensity that can be exploited for ghost imaging applications. We also
demonstrated that the geometrical scheme reconstructing the ghost image remains the same for
the three possible situations of no seeding field, of a single seeding field and a double seeding
field. The last situation, by contrary, presents a transition from entangled to separable state
depending on the seeding fields intensity.

Finally, we realized two ghost-imaging experiments using the state generated by seeding
the process on one arm only, and demonstrated that a good visibility can be achieved with
a limited number of chaotic maps. These experiments are the necessary preliminary steps to
realize the ghost imaging experiment with multimode thermal seeded PDC source in order to
show that the same optical configuration allows of image retrieval irrespective of the entangled
or separable nature of the light produced by the source. This will definitely substantiate our
claim that the “back-propagating” thin-lens equation is not a signature of entanglement.
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