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Stimulated emission tomography for efficient characterization of spatial entanglement
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Stimulated-emission tomography (SET) is an excellent tool for characterizing the process of spontaneous
parametric down conversion (SPDC), which is commonly used to create pairs of entangled photons for use
in quantum information protocols. The use of stimulated emission increases the average number of detected
photons by several orders of magnitude compared to the spontaneous process. In a SET measurement, the
parametric down conversion is seeded by an intense signal field prepared with specified mode properties
rather than by broadband multimodal vacuum fluctuations, as is the case for the spontaneous process. The
SET process generates an intense idler field in a mode that is the complex conjugate to the signal mode. In
this work we use SET to estimate the joint spatial mode distribution (JSMD) in the Laguerre-Gaussian (LG)
basis of the two photons of an entangled photon pair. The pair is produced by parametric down conversion
in a beta barium borate (BBO) crystal with type-II phase matching pumped at a wavelength of 405 nm along
with a 780 nm seed signal beam prepared in a variety of LG modes to generate an 842 nm idler beam of
which the spatial mode distribution is measured. We observe strong idler production and good agreement
with the theoretical prediction of its spatial mode distribution. Our experimental procedure should enable the
efficient determination of the photon-pair wavefunctions produced by low-brightness SPDC sources and the
characterization of high-dimensional entangled-photon pairs.

DOI: 10.1103/PhysRevResearch.6.L042047

Introduction. Entangled photon pairs have become an es-
sential part of many quantum imaging [1–3] and quantum
information experiments [4,5]. Recent studies have shown
that high-dimensional entanglement has unique advantages
in developing secure quantum communication protocols [6],
demonstrating the violation of Bell’s inequality [7,8], and sub-
stantiating the EPR paradox [9]. It was shown that the spatial
mode of photons, such as the Lagurre-Gaussian (LG) modes,
can be a convenient and natural choice of a high-dimensional
basis [10]. Consequently, the spatial entanglement of photon
pairs has become a strong candidate for the implementation
of high-dimensional quantum information protocols [11,12].
In recent years, there has been a plethora of research efforts,
both theoretical [13–15] and experimental [16,17], for the
accurate and efficient characterization of high-dimensional
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spatial mode entanglement in spontaneous parametric down
conversion (SPDC).

In general, photon pairs produced by SPDC are entangled.
The spatial structure of the down-converted photons produced
in SPDC can be written in terms of a mode decomposi-
tion of their two-photon wave function in a complete set of
spatial mode bases. Usually, the spatial modes of photons
are decomposed into Laguerre-Gaussian (LG) modes, LGl

p,
where l represents the orbital angular momentum (OAM),
l h̄, carried by the photon, and p stands for the radial mode
index. Measuring the probability amplitude for each basis
mode is the core task in characterizing high-dimensional spa-
tial mode entanglement. So far, there have been extensive
research efforts [16,18–21] on the measurement of the two-
photon entanglement in the OAM basis, which gives rise to
the spiral bandwidth. In these works, the use of image-rotating
interferometers [16,20] and the traditional coincidence count-
ing method [22] are the two common ways to estimate the
OAM mode distribution. Because of the low efficiency of
SPDC processes, these two methods usually require painstak-
ing alignment, a perturbation-free environment, and long data
acquisition times. Furthermore, the SPDC experiments so far
are capable of measuring the OAM (l) correlation of entangled
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photon pairs, wherein the contributions from individual radial
modes (p) are traced out [21].

However, the radial mode (p) is also an important quan-
tum number describing the radial-momentum-like property of
LG modes. The entanglement in radial modes offers a larger
number of qubits that can be used in quantum communica-
tion [23]. In addition, the use of radial modes is essential in
controlling the structures of topological knots of phase and
polarization singularities [24]. These knot structures can be
generated by a specific coherent superposition of LG modes
[25] and can be robust against turbulence [26]. This feature
may become useful in the propagation of entangled photons
through turbulent media. A full modal analysis, including the
radial modes, of the two-photon spatial mode entanglement
produced by SPDC has been worked out theoretically [13]. In
principle, these theoretical results can be verified by flattening
the phase of the down-converted photons and subsequently
performing coincidence measurements through single-mode
fiber-coupled single photon detectors (SPDs). However, the
low photon pair generation rate along with the inherent photon
losses associated with projective measurements makes the
experimental realization particularly challenging.

Fortunately, a recently developed technique of stimulated-
emission tomography (SET) [27], which involves the use
of stimulated parametric down conversion to characterize
the photon pairs produced during SPDC, is a promising al-
ternative. By exploiting the link between spontaneous and
stimulated processes, SET offers an efficient way to estimate
the quantum state of the photon pair with a signal-to-noise ra-
tio several orders of magnitude larger than the one achievable
in the traditional quantum state tomography method [28,29].
The large enhancement in signal-to-noise ratio allows the
use of traditional detectors in the measurement of the joint
spectral density of entangled photon pairs [30–32]. Further-
more, the conservation of OAM and the selection rules of
topological charges in spontaneous parametric down conver-
sion were confirmed through their stimulated counterparts
[33,34]. In this Letter, we demonstrate a way to efficiently
measure the entanglement of photon pairs in the Laguerre-
Gaussian (LG) basis employing the SET technique. We seed
the down-conversion process with an LGl

0 beam and measure
the intensity of the dominant LG modes in the generated idler
to obtain the idler’s spatial mode distribution for a particular
seed. We repeat this process for seed beams of several dom-
inant LGl

0 modes that can be produced spontaneously during
the down-conversion process to reconstruct the joint spatial
mode distribution (JSMD) of the photon pairs in the LG basis.

Theory. Consider a typical SPDC setup that consists of
a c.w. Gaussian pump beam with frequency ωp propagating
along the z direction incident on a thin nonlinear crystal of
length L. The output quantum state |ψ〉 of the photon pair
leaving the nonlinear crystal in the momentum domain is
given by [35]

|ψ〉 =
∫∫

dksdki�(ks, ki )â
†
s (ks)â†

i (ki )|0〉, (1)

where �(ks, ki ) is the photon pair wave function describing
the pump and the phase matching conditions, and â†

s (ks),
â†

i (ki ) are creation operators for the signal and idler modes
with wave vectors ks and ki. The subscripts p, s, i refer to the

pump, signal, and idler waves, respectively. To characterize
the spatial mode entanglement of an SPDC source, we need
to calculate the JSMD, |Cls,li

ps,pi
|2 ≡ |〈ls, ps, li, pi|ψ〉|2 where

|ls, ps, li, pi〉 is the output state in which the signal and idler
photon are found in LGls

ps
and LGli

pi
modes. The probability

amplitude Cls,li
ps,pi

is determined by the integral

Cls,li
ps,pi

=
∫∫

dksdki�(ks, ki )
[
LGls

ps
(ks)

]∗[
LGli

pi
(ki )

]∗
. (2)

The value |Cls,li
ps,pi

|2 represents the probability of finding the
down-converted photon pair in the state |ls, ps, li, pi〉. Assum-
ing a monochromatic Gaussian pump and a thin crystal, Cls,li

ps,pi

becomes [13,36]

Cl,−l
ps,pi

∝ A|l|
ps,pi

(
1 − γ 2

s + γ 2
i

)ps
(
1 + γ 2

s − γ 2
i

)pi (−2γsγi )|l|(
1 + γ 2

s + γ 2
i

)ps+ps+|l|

× 2F1

(
−pi,−ps; −pi − ps − |l|; 1 − (

γ 2
s + γ 2

i

)2

1 − (
γ 2

s − γ 2
i

)2

)
,

(3)

where A|l|
ps,pi

= (ps + pi + |l|)!/√ps!pi!(ps + |l|)!(pi + |l|)!,
2F1(·, ·; ·; ·) is the Gaussian hypergeometric function, and
γi = wp/wi and γs = wp/ws are the inverses of the signal and
idler beam waist diameters normalized to the waist diameter
of the pump beam, respectively. The conservation of angu-
lar momentum l ≡ ls = −li is guaranteed by the integrals in
Eq. (2) for thin crystals.

Under the thin-crystal limit approximation used in most
experimental setups of SPDC, we have wi = ws leading to
γi = γs = γ . For experimental and theoretical simplicity, we
study the case where ps = pi = 0 in our experiment. Thus, the
expected coincidence probability simplifies to [36]

∣∣Cl,−l
0,0

∣∣2 ∝
(

2γ 2

1 + 2γ 2

)2|l|
. (4)

Experiment. Figure 1 shows the SET setup used to measure
the LG mode spectrum with SET. We pump a 2 mm long
type-II beta barium borate (BBO) crystal with a horizontally
polarized and collimated Gaussian (LG0

0) beam at a wave-
length of 405 nm. The pump beam has a waist diameter of
2 mm and a power of 20 mW. To generate the seed beam in the
LGls

0 mode, we isolate the first diffraction order of a collimated
c.w. Gaussian beam at 780 nm modulated by the appropri-
ate diffractive hologram realized on a spatial light modulator
(Meadowlark E-series 1920 × 1200 SLM) (SLM 1) [37]. The
prepared seed beam in the Laguerre-Gaussian mode LGls

0 is
then injected into the BBO nonlinear crystal together with the
Gaussian pump beam at 405 nm. We spectrally filter both
the pump and seed beams with narrowband filters (10 nm
full-width at half-maximum) centered at 405 nm and 780 nm,
respectively, and subsequently adjust their polarizations using
separate half-wave plates to satisfy the phase-matching con-
dition for the crystal. By aligning the seed beam at 842 nm
with the SPDC signal beam of the same polarization, the idler
beam of the opposite OAM number li = −ls is generated.
A narrowband filter centered at a wavelength of 840 nm
isolates the idler. We then use the SLM2 (Santec SLM-200)
to flatten the phase of the filtered idler beam by applying
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FIG. 1. Schematic of the experimental setup. A type-II BBO
crystal is pumped by a 405 nm c.w. laser beam with a Gaussian
spatial profile (drawn in blue). The seed is generated in the first
diffraction order of a holograph encoded on a spatial light modulator
(SLM1). The seed is injected into the type-II BBO crystal together
with the Gaussian pump beam. The output idler beam is directed to
the spatial mode projection measurement setup where the intensity of
the phase-flattened beam is measured to construct the JSMD. L: lens;
HWP: half-wave plate; BPF: band-pass filter; SMF: single-mode
fiber; DM: dichroic mirror.

the appropriate phase holograms [38,39]. The phase-flattened
beam couples to a single-mode fiber (SMF). We use a single
photon avalanche diode (SPAD) to measure the total number
of photons coupled into the SMF.

Results. We first verify the validity of the thin-crystal ap-
proximation in our experiment. The 405 nm Gaussian pump
beam we use in our experiment has a waist diameter of
2 mm. The thin-crystal approximation for this pump beam
is valid when L � zR, where L is the length of the crys-
tal and zR is the Rayleigh range of the pump beam. This
condition is equivalent to wp/

√
λpL 	 1 [40]. In our experi-

ment, the length of our type-II BBO crystal is L = 2.0 mm,
so the quantity wp/

√
λpL ≈ 94.8 is much greater than

one. Thus, the thin-crystal approximation is valid for our
experiment.

We measure the number of photons collected by the SPAD
over ten five-second time windows for different seed modes
(LGls

0 ) ranging from ls = −6 to ls = 6. For all measurements,
we subtract the average dark counts of the SPAD, which was
determined by blocking all the beams and measuring the pho-
ton number integrated within a five-second window averaged
over twenty trials.

In Fig. 2, we show the experimentally measured (left
panels) and the theoretically calculated (right panels) JSMD
matrices for a pump width of 2 mm, and signal and idler
widths of (a) 0.72 mm, (b) 1.08 mm, and (c) 1.35 mm. The
theoretical results show the JSMD |Cl,−l

0,0 |2 defined in Eq. (3)
calculated for the corresponding pump, signal, and idler. The
two-dimensional (2D) JSMD is measured experimentally in
the aforementioned way. We notice that only the blocks where

FIG. 2. Two-photon JSMD measured by SET compared to the-
oretical predictions. Projective measurements are performed on the
idler beam for different LG modes while keeping the signal spatial
mode fixed. The process is repeated for all of the LG signal modes.
The measured idler photon counts are normalized to the overall
maximum of the idler modes to produce the JSMD. The width of
the pump is kept constant at 2 mm. Experimental measurements
agree well with the theoretical results. Note that the width of the
distribution decreases as the signal and idler waist diameters are
increased. (a) JSMD for wi = ws = 0.72 mm, (b) JSMD for wi =
ws = 1.08 mm, and (c) JSMD for wi = ws = 1.35 mm.

li + ls = 0 is satisfied are significant given a Gaussian pump
beam (LG0

0) at 405 nm. The measured two-photon JSMD
agrees with theoretical calculations and thus confirms the
conservation of OAM in collinear SPDC processes.

From Eq. (4), the spatial mode distribution depends on both
the azimuthal index (l ) and the normalized beam waist (γ ).
Figure 3(a) shows the theoretical and experimentally mea-
sured spatial mode distribution for the dominant LG modes
and multiple beam waist diameters. The colored surface rep-
resents the theoretical predictions given by Eq. (4). We first
examine the LG mode spectrum of the down-converted photon
when the beam waist diameter is specified. Figures 3(b) and
3(c) show the LG mode probability distribution |Cl,−l

0,0 |2 for
two different signal seed beam waist diameters in comparison
with theoretical calculations. In Fig. 3(b) where the seed width
is larger (γs = γi = 2.03), there is a noticeable discrepancy
between theoretical predictions and the measured data for
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FIG. 3. (a) Spatial mode distribution as a function of the azimuthal index (l ) and the normalized seed beam waist (γ ). The colored surface
shows the theoretical values. The LG mode spectra for two different signal beam waist diameters (dashed blue line cuts) are shown in detail in
(b) and (c). The inset of (a) shows the dependence of the LG mode distribution on the normalized seed beam waist for ls = −li = 1, 2, 3 where
γ = γs = γi = wp/ws,i. The inset plot shows that the weight of the LG mode decreases for higher LG modes and for larger signal-to-idler
beam waist ratios. (b) LG mode distribution at γi = γs = 2.03; (c) LG mode distribution at γi = γs = 3.05. Note γm = wp/wm where m = s, i.
(b) and (c) shows the LG mode distribution of the idler measured by SET compared to theoretical predictions. The beam width of the output
idler is the same as the seed width due to the nature of a stimulated process. The distribution widens for smaller widths of the seed beam due
to a larger spatial overlap of the pump beam with seed beams in LG modes with higher OAMs.

higher LG modes. This effect is a consequence of reduced
coupling efficiency of the projected idler mode to the SMF
for higher values of l at larger idler beam waist diameters.
SLM2 flattens the phase into a wider beam. Thus, for each
spatial mode projection phase mask on SLM2, the coupling
efficiency to the fiber varies slightly. This deviation from the
optimal fiber coupling becomes obvious for smaller γs (larger
ws) since the width of the converted beam starts to exceed
the field of view of the objective we use in our fiber coupling
system. Fortunately, this problem could be remedied using an
objective with a larger field of view.

In Figs. 3(b) and 3(c), we notice that the LG mode dis-
tribution widens as the waist of the seed beam ws (and wi) is
reduced, (or equivalently γs and γi is increased). From Eq. (2),
the weight of each LG mode should depend on the ratio
between the pump and the signal/idler widths, γs,i = wp/ws,i.
In stimulated parametric down conversion, the relation γs = γi

is automatically satisfied. Hence, the probability amplitude of
each LG mode only depends on the normalized beam waist
γ = γs = γi. To quantify the dependence of the width of the
LG mode distribution on the waist parameter γ , we show
the normalized coincidence probability of the photon pair
production, |Cl,−l

0,0 |2, as a function of γ , for three different
values of li and ls with li + ls = 0 in the inset of Fig. 3(a). We
note that the coincidence probability increases for all values
of l as the waists of the signal and idler decrease (γ = γi = γs

increases). This broadening in the width of the distribution
can be explained as follows: a smaller seed beam waist allows

higher LG modes to have spatial overlap with a fixed pump
beam. This results in a higher numerical value of the overlap
integral between the two electric field’s spatial profiles.

Discussion. In order to show the improvement in effi-
ciency improvement with our SET method, we examine the
SPDC process where the Gaussian pump is down converted
into a Gaussian signal and idler beams (pp, lp) = (ps, ls) =
(pi, li ) = (0, 0) as a benchmark case. We compare the photon
pair detection efficiency measured in one of our earlier exper-
iments [2] performed on the same pump laser with the idler
photon detection efficiency measured by SET.

In our earlier coincidence counting setup, the signal and
idler beams were coupled to single-mode fibers, and the coin-
cidence counts were measured by single photon detectors and
a coincidence-counting circuit with a time window of ∼13 ns.
We measured a detection efficiency of ∼5.0 × 106 Hz/W/m
for type-II BBO. In comparison, in our SET experiment with
the same pump laser, we measure a photon detection effi-
ciency of ∼1.6 × 109 Hz/W/m for type-II BBO with a seed
beam of ∼9 mW. Compared with the enhancement factor
predicted by theory [27], the enhancement measured in our
experiment is lower. This decreased enhancement results from
the limited collection efficiency, which is mainly determined
by the fiber coupling efficiency, the diffraction efficiency of
the phase hologram, and the SLM loss. Nevertheless, the
orders-of-magnitude improvement shown in our experiment
suggests that our technique based on SET offers a time-
saving method to fully characterize low-brightness broadband
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sources of entangled photons such as novel nonlinear
metasurfaces [41]. These sources have much lower photon
pair generation rates because of their tiny interaction lengths.
Another potential advantage of our experimental scheme is the
aforementioned ability to efficiently measure the full modal
structure of the entangled photon pairs produced by SPDC,
including both radial and angular parts of LG modes. Our
method can be applied to directly measure the full two-photon
spatial mode spectrum, including both the angular and the
radial modes, with a modest modification. To achieve this, we
can replace the projection measurement unit in our experiment
setup with the recently developed radial mode sorters [42] or
the latest multiplane light conversion method [43,44] that can
sort the spatial mode of the incident beam into an arbitrary set
of spatial modes.

Finally, the phase of the photon-pair wavefunction was not
measured in our experiment because it is extremely challeng-
ing to measure the phase of the photon-pair wavefunction
in high-dimensional Hilbert space with the standard SET
setup, which relies only on intensity measurements. Recently,
a theoretical work proposed a SET-based homodyne mea-
surement that is capable of measuring both the phase and

amplitude of the photon-pair wavefunction for any modes
[31]. In the future, the missing phase information can be
retrieved with an experimental realization of the scheme in
the spatial mode.

Conclusions. We report the first demonstration of an effi-
cient classical method to estimate the full JSMD of entangled
photon pairs in the high-dimensional space produced by an
SPDC source without generating any entangled photon pairs.
We estimate the JSMD for the lowest radial modes (pi = ps =
0) and study its dependence on beam waist diameters in a
complete set of Laguerre-Gaussian spatial modes (LGp

l ). We
demonstrate that our method can be easily adapted into any
spatial mode basis with the current spatial modulation tech-
niques. Our experimental demonstration of the SET technique
for spatial modes can be used for a full characterization of
any weak down-conversion sources such as low-brightness
sources based on nonlinear metasurfaces [41].
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