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In parametric down-conversion, a nonlinear crystal is pumped by a laser and spontaneous emission takes
place in signal and idler modes according to the phase-matching conditions. A seed laser can stimulate
the emission in the signal beam if there is mode overlap between them. This also enhances the emission
in the idler beam, affecting its coherence properties. While the degree of coherence of the idler field as
a function of the seed power has already been studied, the transverse coherence length has not yet been
properly investigated. The transverse coherence length is a key parameter of optical beams that determines
the beam divergence, for example. Here, we present a theoretical and experimental investigation of the
transverse coherence length in stimulated down-conversion. In addition, we make a connection between
stimulated down-conversion and partially coherent sources like the Gaussian-Schell model beams, and
show that in general the idler field cannot be described with this model.
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I. INTRODUCTION

The coherence of a light field is a fundamental prop-
erty that affects all degrees of freedom. In several cir-
cumstances it is possible to treat temporal coherence and
transverse spatial coherence as independent properties, and
here we focus on the spatial coherence. Most natural light
sources are spatially incoherent in the source, but becomes
partially coherent with propagation [1]. Therefore, partial
coherence is a relevant issue in most applications of natu-
ral light. A particularly relevant case of partially coherent
light is the so-called Gaussian-Schell model beam (GSM)
[2,3], which finds applications in imaging, optical com-
munication, light scattering, nonlinear optics, and others
[4–11].

On the other hand, laser fields are nearly perfectly coher-
ent. In this case the light can be described by deterministic
electric field functions, while the partially coherent ones
require other mathematical tools that include stochastic
fluctuations, as in the GSM model. We analyze here a dif-
ferent kind of partially coherent light source: stimulated
parametric down-conversion (StimPDC). In this nonlinear
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process, spontaneously emitted light is mixed with stimu-
lated emission in the so-called idler mode. The degree of
coherence of the light emitted depends on the stimulating
power [12] and so it is expected that the coherence proper-
ties will also depend on this parameter. We present here a
theoretical and experimental investigation of the coherence
length of the light produced in StimPDC. This coherence
property has not yet been investigated previously.

The main motivation for this study is concerned with
applications of partially coherent light. While GSM and
TGSM beams are suited to most of the applications men-
tioned above, they are not easily prepared in the laboratory,
having control of the key parameters like the transverse
coherence length. The present investigation contributes to
the search for alternative methods for preparing partially
coherent beams with controlled parameters. In addition,
we compare the StimPDC partially coherent beam with
GSM beams, showing that in some cases they are equiv-
alent. Therefore, StimPDC light is presented as a reliable
source of partially coherent light.

II. THEORY

The mutual coherence of the idler field in StimPDC with
a coherent seed beam was studied in Ref. [12], where it was
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shown that

μi = μspIsp + μcIc

Isp + Ic
, (1)

where μi is the normalized mutual coherence between
fields at points 1 and 2 in a plane transverse to the propa-
gation direction of the idler beam (the position dependence
is not included explicitly in μ for brevity). For StimPDC
the mutual coherence is composed of two terms. The first,
which we denote as μsp, is the mutual coherence between
fields at the same points due to the contribution of the
spontaneously emitted light, and μc is the contribution
due to the coherent stimulation by the seed beam and is
ideally unit. The parameters Isp and Ic describe the intensi-
ties of the spontaneous emission and stimulated emission,
respectively.

The normalized mutual coherence μ can be calculated
using the cross-spectral density (CSD) W(r1, r2):

μ ≡ μ(r1, r2) = W(r1, r2)√
W(r1, r1)W(r2, r2)

. (2)

As mentioned above, the output idler beam has compo-
nents originating from the spontaneous and stimulated
emission at the source. It has been shown recently that,
in typical experimental situations, both of these contribu-
tions can be described using the well-known GSM beams,
which have a CSD given by

WGSM(r, r′) = Ie− r2+r′2
4w2 e− (r−r′)2

2δ2 e−ik (r2−r′2)
2R , (3)

where I is the maximum beam intensity, w is the beam
waist, δ the transverse coherence length, and R the phase
curvature.

In the case of the spontaneous emission term and nearly
degenerate signal and idler fields, Hutter et al. [8,9]
showed that the idler beam produced in SPDC with a
GSM pump beam is described by a GSM beam. Thus, we
can define the spontaneous (“sp”) component with CSD
Wsp = WGSM for some specific parameters I , w, δ, R. The
stimulated (“stim”) component, on the other hand, has
been studied in Ref. [10]. Considering both the seed and
pump as GSM beams, the CSD of the stimulated compo-
nent can be written as Wstim = WGSM for some intensity
depending also on nonlinear coefficients of the crystal, and
the following idler beam parameters given as functions of
the pump and seed beam parameters:

1
w2

stim
= 1

w2
seed

+ 1
w2

pump
, (4)

transverse coherence length

1
δ2

stim
= 1

δ2
seed

+ 1
δ2

pump
, (5)

phase curvature

ki

Rstim
= kpump

Rpump
− kseed

Rseed
, (6)

where stim, seed, pump stand for stimulated idler, seed,
and pump, respectively.

Including the contribution coming from both the spon-
taneous and stimulated components in StimPDC, the CSD
for the idler field becomes

Wi(r1, r2) = Wstim(r1, r2) + Wsp(r1, r2). (7)

Both Wstim and Wsp can be GSM type, depending on the
pump and seed CSD and relative intensities. Therefore, Wi
will be GSM type in several practical conditions. However,
in general it may not be a GSM beam.

Dividing Eq. (7) by the total intensity Ii = Istim + Isp
leads to a relation for the normalized mutual coherence of
the total idler field:

μi = (1 − β)μsp + βμstim, (8)

where β = Istim/(Isp + Istim).
We emphasize that the coherence μstim depends on the

pump and seed beams’ coherence properties and it may be
smaller than one, meaning that the stimulated contribution
is partially coherent in Eq. (8). However, let us consider
the special case where pump and seed beams are pure
Gaussian beams (not partially coherent beams), so that
δpump = δseed → ∞, giving a stimulated component, which
is completely coherent δstim → δc = ∞. In this case, the
normalized mutual coherence from Eq. (8) leads directly
to Eq. (1) with μstim = μc, as observed years ago [12]. For
the GSM fields, the normalized coherence is a function of
the relative distance d = |r1 − r2| between points 1 and
2. However, if we assume that the stimulated component
is coherent, μstim = μc is constant, ideally unity and inde-
pendent of d. Thus, we can rewrite the mutual coherence
of StimPDC as

μi(d) = (1 − β)μsp(d) + βμc, (9)

where now β = Ic/(Isp + Ic). We are interested in this
special case, which we will investigate experimentally.
Typically, the transverse coherence length lt is defined as
the value of d for which the absolute value of the nor-
malized mutual coherence is |μi(d = lt)| = ε, where ε is
a small arbitrary constant.

The coherence length can be obtained by solving the
following relation for lt and some specific function μsp(x):

|μi(lt)| = |(1 − β)μsp(lt) + βμc| = ε. (10)

Before we further discuss the characterization of the coher-
ence length, let us present an experiment and results
investigating the mutual coherence of StimPDC.
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III. EXPERIMENT

The experimental setup is sketched in Fig. 1. A 405-
nm diode laser with beam waist equal to 900 µm is used
to pump a 2-mm-long β-barium-borate (BBO) nonlinear
crystal (NLC), where parametric down-conversion takes
place. The pump beam is linearly polarized along the
horizontal direction and the phase matching is type I. A
second diode laser with beam waist of 500 µm, at 780-
nm wavelength, called seed beam, is aligned with one of
the down-converted modes, say the signal beam, and its
emission is stimulated. A scheme using a variable neu-
tral density filter (VNDF), a beam splitter (BS1), and a
power meter is used to control the intensity of the seed
beam. The lenses L1 and L2 are used to control the size of
the beam on the nonlinear crystal. The corresponding idler
beam at 840 nm is indirectly stimulated, due to the photon-
pair emission in the process. In the idler beam, we select
an observation plane located 8-cm away from the crys-
tal. Lens L3 images the observation plane onto the output
of the Michelson interferometer, which is analyzed with
the CMOS camera. The strategy to measure the transverse
coherence length consists in misaligning the interfering
beams from the interferometer shifting one path by a tilt
in the mirror M3 so that different points in the wave front
are superposed with different separations as illustrated in
Fig. 1.

IV. RESULTS AND DISCUSSION OF COHERENCE
LENGTH

Figure 2 shows plots of the mutual coherence, identi-
fied as the visibility of interference patterns for different
displacements d. They were obtained by varying the sep-
aration between the interfering beams at the output of
the Michelson interferometer. The separations are on the
order of tens of microns, and are controlled by tilting one

FIG. 1. Experimental setup for measuring the coherence
length StimPDC light. @405 is a blue laser at 405 nm, @780 is
a red laser at 780 nm, λ

2 is a half-wave plate, VNDF is a variable
neutral density filter, NLC is a nonlinear crystal, M1, M2, and M3
are mirrors, BS1 and BS2 are beam splitters, L1, L2, and L3 are
lenses. A CMOS camera measure the interference pattern of the
idler beam in a controlled misaligned Michelson interferometer.
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FIG. 2. Mutual coherence as characterized by the visibility of
the interference pattern as a function of beam displacement d in
a misaligned Michelson interferometer.

of the beams and measuring the displacement between
the peaks of the two interfering distributions taken sepa-
rately. The interference patterns are photographed with a
CMOS camera. Measurements are performed for several
different separations and several different ratios between
the spontaneously emitted and the stimulated emitted light
contributions. Qualitatively, we observe that the visibilities
of the interference patterns decrease with increasing sepa-
ration between interfering beams, as expected. Moreover,
the degree of coherence for displacement d > 0 always
increases when the seed power increases.

Using Eq. (2) and the GSM for the spontaneous contri-

bution, we can calculate μsp(d) = e
− −d2

2δ2
sp . The normalized

mutual coherence of the idler field is then

μi(d) = (1 − β) e
− (r−r′)2

2δ2
sp + β. (11)

The absolute values in Eq. (10) were dropped, because
all quantities are positive. The data points were fitted to
Eq. (11), with β as a free parameter, and maintaining δ2

sp
fixed. With β = 0 we found δsp = 20.72 ± 0.59 µm, and
used this value for all fittings, so that only β was a free
parameter. The results are shown in Table I. As seen in
Fig. 2 and also in Eq. (11), one signature of the light emit-
ted in the process is that the degree of coherence does not
always decrease tending to zero. The minimum value of the
degree of coherence is given by β, the normalized intensity
of the stimulated component, since the stimulated light is
nearly as coherent as the pump and seed. Therefore, if one
characterizes coherence length using a minimum value of
the mutual coherence as in Eq. (10), there may be partially
coherent beams (those with β > ε) with infinite coherence
length, in principle.

At the same time, the choice of parameter ε is arbitrary.
To have some operational meaning, it should correspond
to the coherence requirements for a particular application.
For example, in quantum information, certain conclusions
about the quantum nature of the source can only be reached
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TABLE I. Normalized intensity of the stimulated component
and ε-coherence lengths obtained for different seed beam inten-
sities.

Iseed (µW) β (%)
ε = 1/e

(µm)
ε = 1/2

(µm)
ε = 7/8

(µm)

0 0 29.30 24.40 10.71
90 4.9 ± 3.5 30.64 25.32 11.00
270 13.9 ± 2.7 33.74 27.32 11.61
540 20.5 ± 2.5 36.88 29.17 12.12
3000 44.9 ± 1.8 ∞ 45.30 14.87
10 700 76.0 ± 1.7 ∞ ∞ 25.12

for a minimum value of the visibility [13–15]. Thus, in
order to characterize the coherence length of a StimPDC
light source, we introduce the term “ε-coherence length,”
where ε is the minimum required interference visibility
(mutual coherence) and can in principle take on values
between zero and one. In Fig. 2 thus plot the cutoff
for the 1/e-coherence length, 1/2-coherence length, and
7/8 coherence length. The coherence lengths obtained are
summarized in Table I.

We might look to other parameters in Eq. (11) to char-
acterize the coherence length of a StimPDC light source.
The width of the Gaussian contribution δsp is due to the
spontaneous component alone, being the same for all val-
ues of β, and thus not a good parameter (except perhaps
when β is small, where the usual definition works fine).
The parameter β gives the minimum coherence, and does
not reveal information about the distance d at which it can
be reached.

V. CONCLUSION

We have studied the transverse coherence length of the
idler beam in StimPDC, taking into account spontaneous
and stimulated emission of light. Our results demonstrate
that StimPDC is a reliable source of partially coherent
light with controllable coherence length. We showed the-
oretically that the idler beam is a weighted combination
of two GSM beams, and thus is not a GSM beam in the
general case. This leads to a normalized mutual coherence
function, that is not a simple Gaussian distribution, which
can render the usual definition of the coherence length
meaningless in some cases. We note that other exper-
iments have shown nontrivial and even nonmonotonic
coherence functions [16,17]. Experimentally, we consid-
ered the case where the pump and seed laser beams have
infinite coherence length. This configuration allows mea-
suring and characterizing the effective coherence length of
the idler as a function of the contributions coming from
the spontaneously emitted component and the normalized
intensity of the stimulated emitted one. We have evalu-
ated the visibility pattern as a function of the seed beam

intensity, obtained in a Michelson interferometer, in which
one path is displaced horizontally by a controlled length.
We introduce the notion of “ε-coherence length,” defined
as the largest distance between two interfering points of
the field for which the visibility is above ε, and use it
to characterize the idler field. Our work contributes to
the development of alternative approaches for synthesiz-
ing partially coherent optical beams and introduces the
notion of coherence length in nontrivial field distributions,
according to its practical application.
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