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Resolution and apodization in images generated by twin photons
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We show that an image of an object is obtained when at least one of the photons of a parametric down-
converted pair illuminates the object and the two photons are detected in coincidence after they have been
transmitted by two lenses. The image is mathematically described by a quantum fourth-order correlation
function that differs from the classical image description in two aspects. The quantum image is produced by a
nonlocal effective lens whose aperture is described by a compressed convolution of the magnitude of lens
transmission functions. The image is generated by the entangled state two-photon light source in which the
effective wavelength is equal to the de Broglie wavelengt®, where\ is the wavelength associated to the
individual photons. Images can be obtained with a resolution better than the obtained with coherent classical
light sources. Better resolution and strong apodization effects are observed.
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[. INTRODUCTION ton, were detected. The corresponding wavelength was, of
course, half the de Broglie wavelength of a single photon. If

The use of optical parametric processes as light sourcds photons in an entangled state can behave as a single entity
for the generation of images has been the subject of somef de Broglie wavelengti\/N, many applications can be
recent and promising works. For sources with a large numbegnvisioned. The two-photon lithography has been proposed
of photons, optical parametric amplifiers and oscillatorsrecently[12], for beating the diffraction limit. Another appli-
guantum aspects of image formation have been studied: genation is to generate images of an object by illuminating it
eration of pairs of entangled optical imaggs|, reduced with light generated by SPDC. Since the photon pairs gener-
noise amplification of input images in parametric amplifiersated by this process can be in a momentum entangled state,
[2,3], and quantum limits imposed by quantum fluctuationsthe de Broglie wavelength of the pair id2. This suggests
in optical imaged4]. At the level of single photon pairs, a that an image obtained with this light source may beat the
few works have studied image formation. An entangled two-iffraction limit of the image resolutiofl3]. If this is true,
photon field is generated by spontaneous parametric dowalthough the twin photons have wavelengthin general in
conversion(SPDQ. In the process of SPDC, a pumip) the infrared, the lens aperture diffraction would have maxi-
laser beam incident upon a nonlinear crystal creates a pair eium separations as produced by a light source with wave-
photons, usually called signéd) and idler(i) [5]. Imaging of  length\/2 (commonly in the ultraviolét By Rayleigh crite-
objects illuminated by photon pairs and detected in coincition, this would mean that the image resolution would be
dence was proposed in Rg6] and demonstrated experimen- better than that obtained with coherent classical light
tally by Pittmanet al. [7]. More recently, Abouraddet al.  sources.
have studied the role of entanglement in a two-photon image Initially, we suppose that an image of an object is formed
[8] and have developed a general Fourier-optics theoreticalt the image plane when the object is illuminated by light in
treatment of image formation for the SPDC procg3ls the two-photon state generated by the collinear SPBG.

In this work, we studied theoretically the image formation 1(a)]. Photons transmitted by the object are collected by a
of an object when illuminated by at least one of the photondens and split by a 50-50 beam splitter. The image is obtained
generated by SPDC. Our main motivation is to investigateby detecting the photon pairs at the image plane position in
the possibility of using entangled photon pairs for generatingoincidence with two spatially separated detectors. By using
images with resolution better than the diffraction limit. In a quantum multimode formalism, we have calculated the
1995, Jacobsoet al. [10] proposed that a de Broglie wave- quantum fourth-order correlation function at the image plane
length can be associated to a multiphoton wave packet, in thigr this optical scheme. A general expression is obtained and
same way it is done for bound massive particles. For a sysve show that, in general, the fourth-order correlation as a
tem of N photons, the resultant wavelengthNgg=\; /N, function of the detector positions does not generate an image
where\; is the wavelength associated to the individual con-of the object. We propose then three slightly different optical
stituent photons(the photon wave packet central wave- configurations in which the fourth-order correlation function
length. In 1999, Fonseca, Monken, andd®a[11] demon-  produces the image of the object. A general mathematical
strated experimentally the predictions of Jacobsdral, expression is obtained for the quantum spatial fourth-order
with a double slit setup that can be considered as an analagprrelation function for the three proposed optical configura-
setup to that proposed in RéfL0]. Young interference pat- tions. This expression differs from the classical intensity dis-
terns of the two-photon wave packets, which behaved likaribution at the image plane in two aspects. In the quantum
single entities with twice the energy of each constituent phofourth-order correlation function the wavelength that appears

is the two-photon de Broglie wavelengiii2. Secondly, the
magnitude of transmission function that describes the lens
*Email address: spadua@fisica.ufmg.br aperture is an effective one, which is equal to the “reduced”
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- Figure Xb) shows the coordinates at the object plang
lens planexy, and image plang’y’. The propagation of the
Laser } electric field from the object to the image plane is obtained
Object from the Fresnel-Kirchhoff diffraction integral. The electric

field at the image plane is written as a function of the electric
b field immediately before the obje&i(x,y), the transmission
( ) function of the objecy(x,y), and the transmission function

of the lensA, (x,y):

y ¥ E’(x’,y’)=const J J f f E(X,Y)Ao(X.Y)AL(X.Y)

r R’ Y elk(R'+R)

X ————dxdydxy, 2
Y / R ydxdy )

- whereR is the distance from a poink(y) in the object to a
X point (x,y) at the lens and similarlR’ is the distance from
a point (x,y) in the lens to a point’,y’) at the image plane

7 [Fig. 1(b)]. The transmission function of the lers (X,y)

7 has the following form:
. . ~~ ~~ ik(x*+y?)
FIG. 1. (8 Outline of the proposed experimental setup for ob- ALY =|ALX,Y)expg — ———|, 3
serving the image of an object illuminated by collinear parametric 2f

down-converted photon pairs, after a laser beam is incident on a ~~ . ) )
type Il crystal. The image is detected in coincidence at the imagaVhere[A_(x,y)| describes the size of the lens, being equal to

plane by signaD, and idler D; detectorsL is a lens, BS is a 1 where the lens aperture is transparent and 0 outside it. By
polarized beam splitterz, is the crystal-object distanc, is the ~ considering the object and its image relatively small when
object-lens distance, ard is the lens-image distancé) Coordi-  compared withz andz’, the factor IR'R in Eq. (2) can be
nates involved in the process of image formatiBris the distance approximated by a constant. The phasgR’ + R), after be-
from a point §&,y) in the object to a pointX,y) at the lens and ing written as a function of transverse and longitudinal coor-
similarly R’ is the distance from a poink(y) in the lens to a point ~ dinates[see Fig. )], is simplified by a Taylor first-order
(x',y') at the image plane. expansion13] and by the use of Eq1). A condensed ex-
pression can then be derived for the electric field at the im-

convolution of the magnitudes of the lens apertures “seen9€ plane

by the idler and signal photons. A quantum nonlocal image . . I ror’

of the object is generated. In Sec. II, we review the classical E’(r")=consi f der(r)TL(k<~£+ ;) ) 4
calculation of the electric field distribution at the image plane

for a coherent object. The probability amplitude for detectin ) T
photons idler and signal at the image plane is calculated %{Vh?re:wi ha~vne ?eﬁne? theA transverse coordinates|
Sec. lll. A comparison between the classical and quantuntyJ, r=xi+yi, r'=x"i+y’j. For simplification it was
predictions is discussed in Sec. IV and we conclude irsupposed that the object is illuminated by a plane wave

Sec. V. [E(x,y) =constant. T, (k(r/z+r'/z")) is the Fourier trans-

form of the magnitude of the lens transmission function
The classical theory of image formation is based on the ror’ ~ .

phase altering characteristics of a I¢h8]. We consider here L|K ;JF; :f [AL(r)[exp) ik

image formation for objects smaller than the transverse co- (5)

herence length of the light at the object position, called co-

herent objects. The object is illuminated and the transmitted

light is collected by a lens with a focal lengthseparated lll. QUANTUM CALCULATION OF THE IMAGE SPATIAL

. . ~ . L CORRELATION FUNCTION
from the object by a distanee The image detection is done
at the image plane that is far from the lens by a distarice Figure Xa) shows a general scheme for obtaining an im-
Those distances are related by the thin-lens formula age with a two-photon light source. Two-photon wave pack-

Il. CLASSICAL PROCESS OF IMAGE FORMATION AL,
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ets idler and signal are generated by collinear SPDC type | Qfvherej=s,i; z, is the object-crystal d|stanca(q”) is the

type Il when a nonlinear crystal is illuminated by a pump
estruction operator at the crystal position, am
laser beam. In type | phase matching condition, the idler an&I P y P g‘(ql

signal photons have parallel polarizations and in type II, they~ af), Tij(d;—dj) are the Fourier transforms of the object
have orthogonal ones. The generated photon pairs |IIum|na1;§J(r) and lensAj; (r) transmission functions, respectively.
an object, and the transmitted idler and signal photons arBy substituting the signal and idler electric field operat@s
directed to a lens that generates the image of the object at the Eg. (6), we notice that the fourth-order correlation func-
image plane. The image is obtained by detecting the phototion can be rewritten as
pairs in coincidence with the detectors signal and idler free to
displace transversely at the image plane. The photon pairs c:|g(FS,Fi)|2, (9)
are split by a nonpolarizin¢type | casg or polarizing(type
Il) beam splitter. The lens is separated from the object by ahereg(rs,r,) is the probability amplitude for detecting the
distancez and from the image by a distanzé. Those dis-  signal and idler photons at the image plane at transverse
tances are related by the thin-lens equation in accordanc,gositionsﬁs and Fi, respectively,
with expression1) where the lens focal length fs

Calculations were done by using a quantum multimode -
formalism developed by Mandel and collaboratgfs14]. 9 (Fs.r)= CO”Stf dq,f quf dg/ f dqu dg
The number of detected coincident photons is proportional to

theﬁ sipatial guantum fourth—order, correlation fgrlction J' dq +q” as(aé_ag)-rls(as_ ﬁé)
C(rg,r;), calculated at the detectors’ transverse positigns
andrs, X Tai(al —a)Ti(qi— )
CFs.r) = (Y [ECEO (FYEM(MEN (), coxif i B, G 6
() s Ts™ 2Kk %7 2Kk 2k, %
A A 2 "2
whereE(") andE(") are the positive and the negative parts XeXl{(&' = q_‘z_r_ q‘_”z_ g ) (10)
of the electric field operator. The light st4t) generated by Tk T 2R 2
SPDC in the paraxial, monochromatjd w; (frequency _ .
bandwidth <w; (frequency, j=s,i,p], and thin crystal ap- ~ For the collinear two-photon generatioz,s=z,;. By
proximation is given by[15] writing explicitly the Fourier transforms of the object and

lens transmission functions, and the angular spectrum of the
pump field (the Fourier transform of the pump transverse
|\If(t)>=|vac)+const><f dasf dgu(gs+q)|19./1q),  electric field distributioh in Eq. (10), we can rewrite the
(7)  probability amplitudeg(r’s.r;) as

where|vad), |14s), and|1,q;) are the vacuum, signal, and g(FS,Fi)=cons'[J d&J d,éf dff d7A(a)A;i(B)
idler Fock states in the transverse momentum representation,

anddgs,q; are the signal and the idler transverse momentum. ) ) n & )
v({ds+ G;) is the angular spectrum of pump field at the crystal XA(E) A W] —+ —,Z,
position (z=0) and is equal to the Fourier transform of the Ki Hs
transverse pump electric field distribution. [ik |§_ ;]|2 ik |F _&|2
In Eq. (6), all information about the object and the lenses X exg — ex;{ =0
are contained in the signal and idler electric field operators. | 2mshiZa 2z,
The electric field operators are built by making the electric Ce = 5
field operator propagate from the crystal to the object, from X exq] iki[ri— gl iksla—¢]
the object to the lens and then to the detector. By using 27/ 225
paraxial approximation, the resultant electric field operator at )
the detector position is iki| 3— 7|2
Xexp ——=—|, (12)
ZZi

(+)
E (r’ 2)= constf dq,f dq] f dq a(q wherea, B (&,7) are the transverse spatial coordinates at

the lens(objec) plane and\N(;;,za) is the transverse pump
electric field distribution at positiom,. We also define the
quantities:z, by the relationk,/z,=Ks/z,s+ ki /2, and u;
, as uj=(Ky/2,)(z45/k;) with j=i, s.
Expression(11) can be further simplified because so far it
(8) is valid for any object and lens transmission functions, for

XTaj(aj, - c]}’)T” (q;— &j’)
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any transverse pump profile, and for any detector scan pro-
cedure. It is also independent of the two-photon generation
type, being the same for collinear or noncollinear geometry.

Our goal is to obtain an expression fg(r,r;) that re-
sembles the coherent classical transverse electric (Agldt

the image plane so that we can compare the classical and
guantum results. We start by substituting in ELf) the lens
transmission function#\;(y) (j=i,s,y=a,B), defined in

Eq. (3). Then, we use the thin-lens equati@t) in Eq. (11),

and obtain

o7, 7y =consi [ da [ b [ a2 [ anlan(@ A

. . |7 & k-
XAqi(E)Aas( MW E"' E,Za)exf{_l _er
S - . k|_) k|_> -
~—§ calexg —i| —rit=n|-B|, (12
Z Z] Z;

where we have neglected the quadratic exponentials in the
variablesé andfy by assuming that the objects are small as
compared with the longitudinal distances involved. The ex-
ponentials

FIG. 2. (a) Outline of the optical setup for observing the image
- of an object illuminated by noncollinear parametric down-converted
ex —r< photon pairs, after a laser beam is incident in type Il crystal. The
image is detected in coincidence at the image plane by siggal
@nd idlerD; detectors, after the idler photon is transmitted through

were also omitted for not contributing to the coincidence rat

(9). The above probability amplitude can be rewritten as  the object O). L; is a lensz,, is the crystal-object distance; is
the object-lens dlstance amd is the lens-image distance, for idler

oo . . . . n & (i) and signaks) photons withj=i,s. Dotted line means that there
g(rg,r;)=consix J d§J dnALi(E AW —+ —,2, is no object at the signal patth) Optical setup similar to Fig. (&),
Mi s except that the objed) is placed close to the crystaj~0. (c)

- > - - Optical setup similar to Fig.(d), except that lensds,; are used for
YTl k E é T k ﬂ+ﬂ (13) forming a two-photon image of the crystal at the object position.
Is| Bs| _, lif ™if ), "= ' . . .
z.  zg [z L,; are used for forming a two-photon image of the object at the

"

detector positionz” is the crystal ,; distancez” is thel ;;-object
whereT); is the Fourier transform of the magnitude of the distanceZ, is the object,; distance, and’ is the L,;-image dis-

lens transmission functlonbA,(y)| (j=i,s,y=a,B8). By tance.

comparing the two-photon probability amplitud&3) with

the classical electric fielg4) at the image plane, we notice Only the idler photon will pass through the object, which
that the classical and quantum results are different. Thénplies thatAas(n) 1. The second modification is that the
pump transverse electric field distributionzgtprevents Eq. pump beam is focused at the object positinp so that

(13) from being rewritten as a product of the idler and signalyy( 5 77/,u,+§/,us,za) can be approximated by & function
independent expressions, as it would be in an analogous clag( ﬂ/Mi+§/,us)- The third implementation is that the signal

sical configuration. ! N . ]
g and idler photons are detected such that —r;=r, which

Expression(12) or (13) is still not analogous to the clas- . ; .
sical image expressiori4), and some modifications are means that the idler and signal detectors are scanned simul-
| ineously in opposite directionisee Ref[16] for a similar

needed. We propose three experimental schemes for obtai . . ;
prop P etection schemeln Fig. 2a), we considered that the lens-

ing an image from the object when photon pairs are use bi d the | d di h d
Figure 2a) shows the first proposed experimental setup0 Ject and the lens-detector distances are the same, an

which we call setup 1. In this configuration,.= z,;=z,, therefore,z,=z/=2', zs= z;=z. A further simplification is
wherez, is the crystal-object distance. Three modificationsto consider that the idler and the signal have the same wave-
were done to setup 1 for simplifying expressid®). First, length, such thaks=k; =k/2 andu; = us=2. The modified

the idler and signal photons are not generated collinearly anexpression fog(rs,r;) is
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g(r,—r)=const><f d§Aai(§)J daf dBlAis(a)[[Ai(B)| g0 (a)
_gO.S—
. r€) [a- 5) 20.6]
Xexpg —iky| +—+=]- . 14 =
: . P 0.2
This last expression fay(rg,r;) is still not analogous to the £
classical electric field at the image pla@®. We define the 30-0‘

new variablesi andov -300 -200 -100 0 100 200 300
position (um)

a+pB . a—fB - —
= = 1.0
5 u, 5 v, (15 £
208
and rewrite Eq(14) as 206 (b)
o £0.4
. - roé S
g(r,—r)=c0nst><J’ dEAL(E)Te| kp| — += (16) =021
z Z goo
£0.
O

300 200 -100 0 100 200 300

Te[k(r/z' + &/z)] is the Fourier transform of the convolution o ciom )

of the lens transmission functiorh‘s(J):

e > . r g - :0 8-
T,: kp - dUF(U)EX _|kp +—,+: ‘v, 'g * (C)
z z z % 0.6
(17) =
go.4
which is defined as S0.21
g
80.0-
F(v)=fdu|A|S(u+v)||A”(u—v)|=|A|S(2v)|*|A|i(20)|. -300 -200 -100 0 100 200 300
(18 position (um)

FIG. 3. Calculated coincidence rate at the image plane of a
Now, g(rs:r ) is written in an analogous form to the coher- 15.,m width slit as an object, positioned &t=0. The gray con-
ent classical electric field at the image plddg By compar-  tinuous line plots show the coincidence rate calculated with the 1/
ing the two expressions, we notice two differences. The im{ull width of the Gaussian laser profile at the object position equal
age described byg(rs,r;) is affected by the Fourier to 1 um in (a), 3 um in (b), and 10um in (c). Slit length is
transform of a nonlocal lens whose transmission function igonsidered infinite. Square lenses’ lengtlsare 3.6 cm. The dis-
equal toF(J). We call this effective lens nonlocal becausetance between the crystal and the objeds 40 cm, between the

) N ) . i ) lens and the image plane B=92.5 cm, and between the object
its transmission functiofr (v) is obtained by calculating the plane and the lens &=7.5 cm. In(a), (b), and(c) is also plotted

convolution of the magn'tUde of the idler and signal Iensthe fourth-order correlation function at the image plane for the same
transmission functiong=(v) cannot be written as a product siit when the pump laser beam transverse width is describeddby a
of independent idler and signal lens transmission functionSunction (continuous black line with do}s

Nonlocality appears at the fourth-order correlation function
because the photon pairs are in a transverse momentum e
tangled stat€7). This feature cannot be obtained by doing

the same experiment with some kind of synchronized emitte . . . .
P y smaller than the smallest dimension of the object to be im-

of coherent classical lighftwo synchronized pulsed laser
ght y b aged. We have checked this by doing numeric simulation of

beams, for exampjeln this last case, the fourth-order cor- h incid he i I for diff
relation function at the image plane would be the product of "€ coincidence rate at the image plane for different pump
aser beam Gaussian profile widths compared with the di-

idler and signal independent transmitted light intensities. Th ; ¢ idi ional obi : h h |
second difference is that the wave vector that appears in EGIENSIOn of a unidimensional object. Figure 3 shows the cal-
(16) is the wave vector of the pump laskg and not the ulation of the fourth-order correlation function at the image

wave vector of the down-converted photons. plane[_expression_ség) and(13)]_ for a on(_a-dimensional ?‘”t as
For arriving at expressiofil6) we assumed that the fo- an object at the idler path with 1&n width. For this simu-

cused laser beam at the object position has a transverse pltion, we assumé,( n=1; ks=ki=ky/2 andu;=ps=2

file width sufficiently narrow to be described bysdunction.  (Ag=A;=826 nm); rS —r; _r, a square lens with dimen-

§uff|C|entIy narrow means that the Gaussian profile width
?for example, full width at 8 maximum valug is much
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sions 4, with L=1.8 cm; z,=2z/=92.5 cm andz,=7 a B L L

=7.5 cm. The X full width of the Gaussian transverse laser Wa ;J“/_L_S =f déAqi(§)Aas(E)W(E,0)

profile at the object position was chosen to harlin Fig.

3(a), 3um in Fig. 3b), and 1Qum in Fig. 3c). In Figs. 3a)— la B . 2

3(c), the fourth-order correlation function at the image plane iKl—+—=¢

for the same slit is also plotted when the pump laser beam X ex % ) (22
|

transverse profile is described bydafunction (continuous
line with dotsg. It is clear that when the laser profile width is ) . ) L
much smaller than the slits width, the calculated fourth- Ve notice that it is the product of the object transmission
order correlation function is identical to the one calculatedfunctions A,;(£)A,s(€) that is present in Eq22) and not

with a 6 pump beam transverse prof{Eig. 3@]. This ap-  simply A,(£). Therefore, in general, the detected image in
proximation may not be always a good approximation. Wesetup 2 does not reproduce the object. Nevertheless, for the
analyze a second experimental setup where the laser beamparticular case where the object is made up of a number of
not focused at the object position and this approximationcells described by a binary functigtransmission function

therefore, is not necessary. We call it setup 2 and is shown ifas values 0 oN1AL(§)A(€) =A,i(§), and we can obtain
Fig. 2b). In this setup, the object is placed at the crystalihe image of the object. Besides the restriction for the object

position, just after the crystal such thgt~0. being binary, we impose that the detection is done such that

The probability amplitude for detecting the signal and; =ﬂEF, which means that both the detectors are scanned

. : . . T

idler photons at the Image plane for .th's new conﬂguraﬂoqn the same direction with the same step when detecting the

cannot be calculated by simply makizg=0 in Eq. (10). ) . o -

First, we have to write the electric field operator for the Mage. The quadratic exponentials in the varialfiese ne-

modified configuration shown in setup[Big. 2(b)]: glected by assuming that the'objects are small as compared
to the longitudinal distances involved. We also assume that
the transverse pump beam profile is constant at the crystal

Ly - R . . . position, i.e.,W(E,O)zconst. At the image plane wheref1/
E{(r ,Z):COHSNJ dqu dqj"f dgja(dj)Tai(af —aj) =1/z'+1/z, and for the particular case where the idler and
signal photons have the same wavelendgth=Kk;=Ky/2, u;
(G dn [{( .. 9, qZ ” = s=2), we obtain the following probability amplitude:
XTi(gi—qg))expilqi-ri—=—z —=—z | |.
it 4, T 2K 2K -z
(19 g(F,F)=consv<f déALI(E)TE| kK, ~*=l) (23)

Except for the absence of an exponential term containing o , . e
Eq. (19 is identical to Eq.(8). By following the samezgro- which is equal to expressiofl6). Te[k(r/z'+¢&/2)] is de-
cedure used above for calculating the coincidence rate, wined as beforgsee Eq(17)]. Again, for arriving in Eq(23),
arrive at a similar expression for the two-photon amplitudewe have defined the new variableg) as in Eq.(15).
probability at the image plane In setup 2, the object is as close as possible to the crystal
and in the ideal case, their separation is zero. This may not
be practical because it could be difficult to avoid the UV
. . . . R laser beam incidence on the object during the image mea-
g(fs,fi)ZCOHSfXJ' daj dﬁj Ais(a)Ai(B) surement. Avoiding the UV light interaction with the object
may be useful if the object is sensitive to the UV exposition.
a pB ik|a— B|? We propose an alternative configuration setulg=ig). 2(c)],
XW,| —+ —,z|ex Dz where the object is far away from the crystal and the laser
b Hs Kshtic beam does not reach the object. In setup 3, a lens system is

e (F o >\2 Hi(r — B2 used before the object to form the crystal image at the object
iKg(rs—a) iki(ri—p) : . . .

X ex p ex p , (20 plane. Now, the object is placed at the crystal image position
2z 2z, (“virtual crystal”) [17]. In this configuration, the idler and

signal photons are generated not collinearly such that the

object is placed only at the idler beam path, and the image

can be obtained for any object, not only for binary ofe=e

discussion abovyeThe first lens pair is at a distanzfé from

K the crystal and;" from the object. The second lens pair is at
P

ke ki ~
7 =42 (21 a distancez; from the object andj’ from the detector, with
| Zs Zi

wherez is defined by the relation

"

j=i,s. In setup 3, we assume thaf, z, z;, andz, are
) ) equal to the distance® , Z”, z;, andz/ , respectively, and
Wa(al ui+ Blurs,z) is the transverse profile of the laser ks=k;=ky/2. The probability amplitude for detecting the

beam at positio; after being transmitted through the object two photons at the image plane of the object is then
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U

o7 7= cons [ déa(® [ dnaua) [ da1- [ aBa(B [ 67Az3) [ dranIw

g ) ikolé— 72| |ika—&?| [iki|B—n?| [ikda—y?
+ _’Zi ex ex " ex " ex -,
s 2z 2z 2z

2uspizf
iki|B— 72| |ikg(rs—y?|  |iki(ri—7)2
X ex ex ex
2z/

2z, 27!

S

whereW( 7;//~Li+§/MSaZi”) is the pump laser transversal pro- ent classical light source with the twin photons wavelength.

file propagated from the crystal to the first lens pair position, (2) The quantum image is formed by an effective lens
whose transmission function has magnituele) given by

- -

2

» 2+ i_ ~ Eq.(18). F(v) is obtained by doing the convolution between
;7 g , . : Wi M P the magnitude of the two lens transmission functions and
W ;+ & :f dpW(p,0)ex oy compressing the resultant function by a factor of 2. The ex-
I S i

istence of the effective lens demonstrates the nonlocal aspect
(25 ; . . : ;
of the quantum image formation, since the effective lens is

In Eq. (24), index 1 refers to the first lens pair that generatedioniocal. _
the crystal image and index 2 refers to the second lens pajr B€fore we compare the quantui) and the classicak)

that generates the image of the object. In this work, we ardage predictions, we test the image properties contained in
interested in the image formation process of the object anéhe two-photon probability amplitudg(rs,r;). In all simu-

not of the crystal. Therefore, we assume that the lehdes lations shown below, comparisons were done between the
are infinitely large. An exact copy of the illuminated crystal coincidence rate and the classical light intensity at the image
zone at the object position is formed, with no diffraction andplane. For simplicity, the calculation and the plots are done
no magnification(we assumezj’=z}”,j=i,s). For a small for unidimensional objects. For lenses infinitely large, we
object compared with the longitudinal distances, quadrati@XPect no diffraction at the formed image. Figurea) 4nd

exponentials ina and[% can be neglected. For a constant

profile at the crystal position, the probability amplitude at the 2 (a) z (b)
image plane is e e
518 516
. R R F 5 212 £12
g(r,r)=const><f déAL(ETe Kol =+ = | (26 8 E 8
£z g g4
where we have imposed that the detection is done in such o TR T e © 0 30 5 2 1
way thatrg=r;=r. Equations(16), (23), and(26) are iden- position (um) position (um)
tical, with Tr defined forL2j transmission function magni- (¢) (d)

tudes as in Eq(17).

n
w©

IV. DISCUSSION

counts (arb, units)
o O =
o W O

© o o
P R.€

Equation(16) is the main result of this work. It gives the
probability amplitude for detecting photons idler and signal £ o.2]
at the image plane for the setups 1-3. Therefore, satisfying?) 0.0 81
the assumptions of each configuration, we arrive at the prob-  -200 -160 -120 -80 -40 0 -200 -160 -120 -80 -40 0
ability amplitude for detecting the two photons that is analo- position (um) position (um)
gous to the classical electric field at the image plane. Quan- FiG. 4. Calculated coincidence rate at the image plane of a slit
tum and classical results can then be compared. The mai@),(c) and a wire(b),(d) as objects. Objects are positionedxat
differences between the two results are the following. =0 in (a),(b) and x=10 um in (c),(d). The slit width and wire

(1) The probability amplitude for detecting the two pho- diameter are fum in (a),(b) and infinitesimal in(c),(d). Wire and
tons is a function ok /2 (kp), and not ofA (whenkj=k) as  slit lengths are considered infinite. The square lenses’ lengths 2
in the classical image formation process. The image isre 300 cmin(a),(b) and 3.6 cm in(c),(d). The distance between the
formed as if the object were illuminated by the pump lasercrystal and the object i, =40 cm, between the lens and the image
beam. This suggests that the image resolution could be bettglane isz’=92.5 cm, and between the object plane and the lens is
than that obtained when the object is illuminated by a coherz=7.5 cm.

I
vy

Coincid. counts (arb. units)
[N
[=+]

N
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FIG. 5. Light intensity(a),(c) and coincidence rat@) calculated FIG. 6. Light intensity(a),(c) and coincidence rat) calculated

at the image plane of an infinitesimal slit illuminated by a classicalat the image plane of an infinitesimal double slit illuminated by a
infrared light sourc€826 nm in (a); by the idler bean{826 nn) in classical infrared light sourcé826 nm in (a); by the idler beam
(b), with idler and signal being detected in coincidence at the imagé826 nm) in (b), with idler and signal being detected in coincidence
plane; and by a classical light source in the vigkt3 nnm in (c). at the image plane; and by a classical light source in the idlE3
For these calculationsg’ =92.5 cm, z=7.5cm, andL=1.8cm  nm) in (c). For these calculationg/ =92.5 cm,z=7.5 cm, ancL
(insed. The same graph is shown {h) with amplified scales. =1.8 cm. The slits’ separation is 2m.

4(b) show the calculated image of a slit and a wire with gre infinitesimal. All the other parameters,, z’', andz,

5 um width and diameter, respectively. The wire and slitare the same. We notice that the images are positioned at
lengths are considered infinite. Calculations were done fog —123 um. Therefore, the magnification is 12.3 and the
two identical square lenses with dimensionis, 2vhereL  jmage is inverted as usual. The next step is to compare the
was made 150 cm. The calculation simulates any of the thre@nage generated by the twin photons in any configuration
setups proposed above since they give the same two-phot@fown abovesetup 1, for examplewith an image generated
probability amplitude. For setup 3, the dimensionis 2fer  py 5 coherent classical light source in a similar setup with
Fo _the lenses’ md_ex 2. We supposed that the two phom”ﬁ/avelength equal to the idldsigna) wavelength k< =\;
incident at the object have wavelength=\ ;=826 nm and _gog nm) or equal to the pump wavelength\ ,(

are generated by a 413-nm pump laser beam incident in & 413 nm). Therefore, we compare three different image
B-BaB,O, type Il parametric down-converter crystal. In all formation process(1) an object illuminated by a classical
smulapons shown below, we have cons@ez—gd: 40 CM.  Jight source in the infrared rang@26 nnj, (2) an object
The distance between the lens and the image plarg is jjjuminated by the idler bean826 nm and the idler and
=92.5 cm and between the object plane and the lers is signal photons detected in coincidence at the image plane
=7.5 cm. As expected, no diffraction is observed in the cal{see Fig. 2a)], (3) an object illuminated by a classical light
culated images shown in Figs(al and 4b). Notice in the  source in the violet413nn). These three processes were
same figures that the wire diameter and the slit aperturesimulated with the same parameters used abozé (
width seen at the image graphs are closex0l2.3umdue =925 cm,z=7.5 cm, andL=1.8 cm). The image of an

to the image magnification on=z'/z=12.3. If the lens infinitesimal slit (5 function) illuminated by these three dif-
dimensions are decreased, diffraction effects should appederent light sources is shown in Figs(as 5(b), and Fc),

This is seen in Figs. (4) and 4d). For this case, the object respectively. By comparing Fig.() with 5(a) and c), we

(slit and wire, respectively are placed at positionx  notice a strong apodization in the quantum imgt@&. In the
=10 um and the image is generated by a lens with dimeninset of Fig. %b), the scale was amplified and this effect is
sions 4., with L=1.8 cm. The slit width and wire diameter clear. The effective lens has a different transmission function
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when compared with the original lens transmission func-converted signal and idler photons at the image plane, after
tions, generating a strong reduction of the secondarpne of them is transmitted through an object. The mathemati-
maxima. On the other hand, at the inset of Figh)owe cal expression for the quantum probability amplitude is
notice that the minima are at the same position as those olanalogous to the classical electric field at the image plane,
served in Fig. B8), generated by a classical infrared light which permits the comparison between them. It is shown that
source. Although the effective wavelength that appears at théhe coincidence rate at the image plane gives the image of
quantum image expression\s/2= N\, the effective dimen-  the object. By comparing with an coherent infrared classical
sion of the nonlocal lens is half of the original lenses. Thesdight source with wavelength equal to the parametric down-
two effects compete with each other and the diffractionconverted photona, we notice two differences. The effec-
minima positions in the quantum imagEig. 5b)] are not tive wavelength present at the two-photon probability ampli-
different from their positions in the infrared classical imagetude is\/2. The image is affected by a nonlocal effective
[Fig. 5a]. In Fig. 6, the image of a double slit is calculated lens with a transmission function that is equal to the “com-
again for the three light sources discussed above and for th@ressed” convolution of the idler and signal lens transmis-
same parameters used in Fig. 5. We assume that the width sfon functions. As a result, a strong apodization is observed
each slit is infinitesimal and their separation isuln. In  in the quantum image. It is also shown that the image gen-
these simulations it is shown that the image obtained witlerated by the parametric down-converted photons is better
the parametric down-converted light source is better resolvetesolved than a similar one generated by an infrared classical
than that obtained with the coherent infrared classical lightight source, being therefore better than the diffraction limit.
source. In spite of this, the quantum image resolution is notn spite of this, the quantum image resolution is not as good
equal to the resolution of the image produced by the violets the resolution of the image produced by the pump classi-
classical light source. The reason is that the “aperture sizetal light source because the “aperture size” of the effective
of the effective lens is not equal to the aperture size of thdens is not equal to the aperture size of the original lenses.
original lenses. This is an important result because it affect§hose results may be useful for real applications with para-
the use of down-converted photons in images and lithogrametric down-converted photons for image generation and
phy applications. We also noticed the presence of a stronguantum lithography.

apodization in the quantum image, due to the existence of the

effective nonlocal lens. This last result points in the direction

of the use of correlated photons for obtaining images better ACKNOWLEDGMENTS

resolved than the diffraction limit.
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