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Image and coherence transfer in the stimulated down-conversion process
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The intensity transverse profile of the light produced in the process of stimulated down-conversion is
derived. A quantum-mechanical treatment is used. We show that the angular spectrum of the pump laser can
be transferred to the stimulated down-converted beam, so that images can also be transferred from the pump to
the down-converted beam. We also show that the transfer can occur from the stimulating beam to the down-
converted one. Finally, we study the process of diffraction through an arbitrarily shaped screen. For the special
case of a double-slit, the interference pattern is explicitly obtained. The visibility for the spontaneous emitted
light is in accordance with the van Cittert—Zernike theorem for incoherent light, while the visibility for the
stimulated emitted light is unity. The overall visibility is in accordance with previous experimental results.
[S1050-294{P9)09412-3

PACS numbeps): 42.50.Ar, 42.25.Kb

[. INTRODUCTION can be obtained from those of the pump, auxiliary laser, and
the parametric interaction. The theory we present here is
The parametric down-conversion process has become kased on that developed in R¢6]. There, a theory was
very important tool for the study of the fundamentals ofdeveloped to take into account the transverse properties of
quantum mechanics. Until now, the production of pairs ofthe correlated twin photons. We do the same, but transverse
correlated photons has been the most important feature ¢fopagation effectémage formation and coherence transfer
this process. In a cavity-free configuration, down-conversiorfire obtained in the intensity profile instead of in coincidence.
can be accomp"shed in two ways: spontaneous and stim\ve obtain the intensity distribution of the stimulated down-
lated down-conversion. In the first case, pairs of photons argonverted beam as a function of the pump and auxiliary laser
spontaneously emitted, while in the stimulated process, #tensity distributions. Previous experiments are discussed

second auxiliary laser is coupled to one of the down-2nd new ones are envisaged. . .
conversion modes. Finally, we would like to emphasize that the stimulated

We will focus our attention on the stimulated down- down-conversion process is a candidate for exhibiting inter-
conversion process. Even though the great interest in thésting quantum features in the recent effort for generating
spontaneous process is due to the quantum character of tReultiple entangled particles.
correlations between the twin photons, as yet no quantum
property[1] of the light produced in the stimulated process
has been demonstrated. The coherence properties of this light
field have been investigated by Mandel and co-work&ts A typical configuration for stimulated down-conversion is
and also in Ref[3]. It is possible to conclude from these shown in Fig. 1. A nonlinear crystal is pumped by a laser and
works that essentially the light obtained in the stimulatedproduces pairs of photons in the directions labeled by signal
down-conversion is a superposition of light due to theand idler. A second laser is aligned along the signal direction
spontaneous-emission process, always present, and light dee that its modes are coupled to signal down-conversion
to the stimulating process. From the point of view of themodes. Now, the emission on the signal modes that are
first-order transverse coherence propertfesstd or phase co-
herencg the spontaneous emitted light is incoherent in the
sense discussed in Réfl], and the stimulated emitted light
is as coherent as the laser which induces the emission. For
the case of the longitudinal coherence properties, it was
shown that the degree of coherence of the stimulated light
depends also on the pump beam temporal coherence proper-
ties [5]. For the transverse coherence properties, however,
only a simple theory has been propo$8¢ which does not

take into account the pump field properties. .
The aim of this paper is to show how transverse propaga- auxliary
pump

II. STIMULATED INTENSITY PROFILE

signal
idler

tion properties(not only coherence propertiesf the light
beam produced in the stimulated down-conversion process

FIG. 1. Basic arrangement for the production of the stimulated
*Corresponding author. Electronic address: phsr@if.ufrj.br down-conversion.
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coupled to the laser will be enhanced by stimulation. AnEg. (5) can be written as

immediate consequence of this stimulation process is the en-

hancement of the idler emission. This is a consequence of the A2 / /

fact that emissions are only allowed in pairs. We are going to (r)=IcC| J qu quJ dg j quJ dpWe(p)
proceed with the calculation of the idler beam intensity as a

function of the transverse coordinates. This will provide us xexq—i(qi+q5).p]f dp' W2(p)
with the image formed on this beam. P

By using a quantum down-conversion wave function, we 2
will be able to use previous results. For a thin nonlinear Xexr{i(qi'+qg).pf]ex+(qi.pi_q_'z)
crystal centered at the origin and pumped alongzldé@ec- 2Ki
tion, the state generated by SPD§pontaneous parametric 2
down-conversion in the monochromatic and paraxial ap- Xexr{—i(q{'pi—q'—z)
proximations can be represented [} 2Ki
X[ 8(a5—0s) +v5(ds)vs(ag) . )

|¢>=|va0>+CJ dqif dasv (0 +as)| 150 [ 1505), (1) _ , ,
Now, let us perform the integrals in momentum variables:

wherél;q) represents a one-photon state with transverse k.

wave-vector componer, v,(q) is the angular spectrum of f dqiexp{i }:exr{im_mz_'

the pump field az=0, andC is a constant. 2z

For the stimulated parametric down-conversion, an analo- (9a)

gous wave function is given h?]

2
g
Qi'(Pi—P)—z—kiZ

f dQSeXF(_iqs'P)Vg(qs):W;(P)- (9b)

=Ivs(@)lvac+C [ do; [ davy(a
Using Eqgs.(9a) and(9b) in Eq. (8), we obtain

+09)|1;6)a"(ag) [vs(9)), 2
where|v¢(qg)) is a multimode coherent state in the continu- |(ri):|C|2[ f dp|Wp(p)|?+ f dpWp(p)Ws(p)
ous mode representatioiY] with transverse wave-vector
componentg, and v¢(qg) is the angular spectrum of the ) 5 Ki 2
stimulating field atz=0. xexgilp—pl"% || |- (10)
The idler beam intensity is given by the second-order cor-
relation function The first term in Eq(10) is constant relative to the detec-
B tion position p;. This is the spontaneous-emission term.
I(r)=(E7(pi . 2E(p;,2)), (3 Even without performing the integral in the second term, we

. . can interpret it as being a consequence of the stimulation as
wherep; is the (’[Jrrz;\nsvers.e componentpfandzis the lon- it gepends on the stimulating laser properties through
gitudinal one.E;"’(p; ,z) is the electric field operator given W(p). This result stresses a known feature of the stimu-
by [6] lated process. The light beam is a superposition of the light

produced in the spontaneou$irst term plus the light pro-
. (4  duced in the stimulated-emission procésscond term
The stimulated-emission term shows that the intensity
profile is given by the product of the pump and the auxiliary

_ q?
5.2 | dqa(qﬂexr{l(qiﬂ—z—kiz)

The intensity distribution is then given by lasers’ transverse intensity distributions at the crystal (
=0), propagated by a Fresnel propagator to the idler detec-

I(ri):|C|2f dCIif quf dqiff dq;,Vp(QiJrqs)VE(qi' tion plane. It works as i_f the stimulating field were Qiffracted
by the transverse profile of the pump field and vice versa.

This is equivalent to a photon-photon scattering process.
This term can be much stronger than the first one, depending
on the auxiliary laser intensity, and then dominating the idler
(5) intensity profile.

For example, if the auxiliary laser has a constant trans-

12
"y —
G - pi 2k| Z)

2
, . q; .
+qs)exp{|(qi-pi—ﬂz) exr{ —i
I

x(vs(a)|a(as)a’(as)|vs(a).

By means of the commutation relation verse intensity distribution, an image formed by the pump
beam is transferred to the idler. Figure 2 illustrates this situ-
[a(ql),a'(gs) 1= 6(a.— ), (6)  ation when we use a mask. This is analogous to the image

transfer to the fourth-order correlation function demonstrated

and the Fourier integral representation of the pump bearin Ref. [6], but now the image is transferred to the second-
angular spectrum order correlation functiorfintensity).

If the pump beam profile is constant, one image formed

B . by the auxiliary laser beam is transferred to the idler. How-

Vp(qi+qs)_CJ dpWo(pexd —i(G+d)-pl. () yer in this case it is the image corresponding to the com-
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signal A idler beam after the screen. We will suppose that the distance
¥ crystal-screen and screen-detection plane are large enough to
—_— use the paraxial approximation. The intensity is given in the
intensity same way as before, by
1) =(EX(p 2EM (1 ,2)), (1)

as well as the state of the down-converted light:

auxiliary

lens ——

mask (e |¢>=|Vs(q)>lva0>+CJ dqif dogv (0
pump
+qs)|1;Qi>aT(QS)|Vs(q)>- (12)
FIG. 2. Image transfer from the pump to the down-conversion
beam. The electric field operator, however, is changed in order
to take into account the propagation through the aperture.
plex conjugate of the auxiliary laser field. We have phaseThis is done in the same way as in RES]:
conjugation, which can be used in many ways for treating
images and laser beams.
Ef(p ,z)=exp(ikiZ)J dqu’ dq'a(q)T(g—q')
IIl. DOUBLE-SLIT EXPERIMENT WITH STIMULATED
DOWN-CONVERSION

The degree of transverse coherence of the light produced
in the stimulated down-conversion process has been studied
experimentally in Ref{3]. By performing double-slit experi-
ments, it was shown that this light source behaves as a su- ) ) )
perposition of two kinds of light sources. One is incoherentV1€reT(a) is the Fourier transform af\(p), z, is the lon-
in the sense that the spatial correlation in the source is of th@itudinal coordinate of the screen, ands the longitudinal
kind &(r), if r is the coordinate of one point in the source coordinate of the detection plane. The crystal is located at
[4]. Another is coherent, so that the spatial correlation ovef=
the source surface is always unity. However, only a simple
explanation was given.

Now, we are able to use the theory introduced in R&f.
to give a more general explanation for that experiment. The I(r)= Cf dqif dq’f dosv (G +09) T(a' — )
advantage of the present treatment is that the calculation can
be carried out for an arbitrary shape of the screen and not ” 5

xex;{ i( i )

q? q'?

. I

xexp| i| G- p =5 (2= 20— 5 2al |
I I

(13

The intensity after the screen is then given by

only limited to the case of the double slits. Besides, it takes
into account the spatial properties of the pump and stimulat-
ing beams in a more general way.

Let us think about the situation described in Fig. 3. The
stimulating laser is aligned with the signal beam and the idler xa'(gs)|vs(9))]0;q)
is passed through an aperture on the scre&i Wwhose
shape is given by the functiad(p) defined in the plane of
the screen. One special case of the aperture is the double-slit In order to perform the calculation, it is necessary to fol-

shape. We want to calculate the intensity distribution of thdow the same procedure as in the preceding section, using the
commutation relation

q ‘Pi—z—ki(Z—ZA)— 2k 2A
2

(14

signal

idler [a(ag),a’(gs)]=a(a;—dy), (15
and performing integrals in momentum degrees of freedom,
double . " *
i | daex-ia evia-wie.  asa
i q>
ety | daextia-(r-glexq -i 52
pump 2k;
FIG. 3. Scattering of the stimulated down-conversion by a =exp{i<|n—§|2£) , (16b
double slit. 2z,
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2

fdqexqiq-m—n)]exr{—if—kia—z,o

herent part. Let us now carry out the calculation of the idler
intensity distribution for a particular shape of the aperture.

) 2 K; IV. 1D UNIFORM SOURCE AND THIN DOUBLE SLITS
=expi|pi— 7| 2=z (160) _
A To illustrate the power of the above result, let us calculate
The intensity i explicitly the intensity profile for a one-dimensional case
€ Intensity 1S now with the uniform pump and auxiliary lasers’ intensity distri-
butions. Also, let us consider thin double slits separated by a
I(ri):|C|2( f d§|Wp(§)|2 f dyA(n) distance 2, so that we have the following configuration:
= if —a>x>
expi|n—¢&| ==—lexpilpi— 7| 5=——==
T 2z, T 2220 Wy(x)=w, if —a<x<a,
+ J dé f dpWp(§W4(8)A(m) Ws(x)=0 if —a>x>a, (22)
2 Wi(X)=wg Iif —a>x>a,
xex;{u X exp[u S, ]
T 2, TP 2(z= 2| | A(X)=8(x-+d) + 5(x—d).
17 Then the intensity after the slits is given by
We cannot proceed with the calculation without specify- sin(28,da)
ing the spectral and aperture functions. However, if we take |(Xi)=|C|2Wf,4a 1+—lco§(2,32dxi)
the Fraunhofer limit, the phase functions become 2p,da
sin(B,da)|?
K; k; 299/ 2277 :
exp(_”n_ﬁz_l Hexp<—in-§—'), Fwiza =g [1+cos2p,dx)] |
2z Za
(18) (22
ki K . -
—ilp—p2——| —ip- ! By using the definitions
exp{ i|p— 7l STEEEN exp( ip nz—zA>’ y g
_ o lo=Ilspt st
and the intensity is changed to
= IsWsp+|sWst
l(ri>=|CIZUdmp@)lle(/sl&ﬁzpi)IZ lo
2 | o= 4a|C|?w},
+f dEWL(EW(ET(B1E+ Bopi) } (19 i puda) (23)
in(B.da
I =8a2[ ClPw2w?Z,
where . B1d Il wows
ok _sin(2p,da)
ﬁl—Z—ZA. Ko~ "28,da
(20)
ki Mst= 1!
BZ:Z _ : . . L. . .
(z=2zp) the intensity distribution can be set in the form
This result shows that the intensity pattern after a screen 1(x;)=lo[ 1+ u cog2B,dx%)]. (24
with arbitrary shape, in the Fraunhofer diffraction limit
(which is quite acceptable for experimental situatioris First of all, note that the overall visibility for the interfer-

given by the superposition of two terms. The first one is aence fringes is in complete agreement with that of RES],
convolution between the pump beam intensity distributionwhich has been experimentally tested. Note also that the vis-
and the square modulus of the Fourier transform of the apibility of the spontaneous-emission paut, is exactly the
erture function. This corresponds to an incoherent scatteringisibility given by the van Cittert—Zernike theorem for spa-
through the aperture. The second term is the square modultiglly incoherent light, which was also checked for the down-
of a convolution between two field amplitudes and the Fou-conversion in Ref[4].
rier transform of the aperture function. One of the fields is The stimulated intensity, is a diffraction pattern of a
the pump and another is the conjugate of the auxiliary lasercoherent field through a slit with the source dimensioas 2
Thus, no matter what the shape of the aperture is, th@his stresses the photon-photon character of the interaction
scattered light will be composed of an incoherent plus a cobetween pump and auxiliary lasers.
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V. CONCLUSION oretical description explains previous experimental results

. 3], where interference fringes were a consequence of two
As a conclusion, we have shown how the transverse prop=

erties(angular spectruinof the light produced in the stimu- contributions, one due to the spontaneous-emission and an-

lated down-conversion process can be obtained from those 8]1her due to the stimulated-emission process.
P We believe that this problem is already interesting from a

the pump, auxiliary laser beam, parametric interaction, angundamental point of view. However, some applications can

the shape of the apertures that can be gventual_ly placed e envisaged. For example, it is possible to produce a light

zgféonfoggézzsg b:i]rr;ss.klt fljrsehxzvr\;? Tgatcgn;i)geetsr;r;;?:”%%m&gnal containing one image superposed to a background. As
P y f b€, e image information is contained in the coherent part of the

the down-converted field. Images in the stimulating field carkoiq and the background is produced by the incoherent field,

also be.transferr'ed to the down-converted field, but througli} is possible to filter image information from the background
the conjugated field.

) I . . noise with spatial filters. Another interesting point is that the
Some curious possibilities can be studied expenmentally(mage transfer can occur with beams of different wave-

:2 Iﬁ(ratr:j%rwvx?élgivl?tg;l:‘fglés t?aggdusﬁs'?rt]etgireﬂﬁa f'gggﬁlengths. Many experimental situations can be thought of, by
The second is to produce i’ngerfergnce fringes Fi)n thF()a down‘gontro'll'ing pump and auxiliary Iaser_angular.pro'perties.and
converted field placing slits in the stimulating laser Another'ntenSItleS' Flnall_y, guantum properties Of. this kind of field
. ; . . . | can also be studied with the same formalism.

one is to produce interference fringes in the idler beam, by
placing one part of a double slit in the pump and another part
in the auxiliary laser, as in Reff8] ACKNOWLEDGMENTS
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