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ABSTRACT

Triple Photon Generation (TPG) is a third-order nonlinear optical interaction in which a photon of energy hw, splits into three photons at
hw1, hws, and hws, with hw, = hw; + hw, + hws. The triplets possess different quantum signatures from those of photon pairs, with strong
interest in quantum information. In the present study, we report the first experimental demonstration of TPG stimulated over one mode
of the triplet, at hw;, whereas previous work on TPG concerned stimulation over two modes, at hw, and hxws. The nonlinear medium is
a KTiOPOy crystal pumped in the picosecond regime (15 ps, 10 Hz) at A, = 532 nm. The stimulation beam is emitted by a tunable optical
parametric generator: the phase-matching was found at a stimulation wavelength A, = 1491 nm, the other two modes of the triplet being at A,
= A3 = 1654 nm in orthogonal polarizations. Using superconducting nanowire single photon detectors, the measurements of the polarizations
and wavelength signatures of the two generated modes are in full agreement with calculations. It has been possible to generate a total number
of photons per pulse on modes 2 and 3 up to 2 x 10*, which corresponds to the generation of 10* triplets per pulse, or 10° triplets per second
since the repetition rate is equal to 10 Hz. We interpreted these results in the framework of a model we developed on the basis of the nonlinear
momentum operator in the Heisenberg representation under the undepleted pump and stimulation approximation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0254046

. INTRODUCTION heralded two photon states, which can be used in a qubit ampli-
fier or in a device independent quantum key distribution protocol.”
The first experimental demonstration of a TPG was performed in

the bi-stimulated regime,® where additional coherent and intense

Third-order parametric downconversion, also called triple
photon generation (TPG), is a nonlinear interaction consisting in the
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scission of a high energy pump photon hw, into three lower energy
photons (hw;, hws, and hws). These three down-converted photons
provide a new exotic quantum state of light that exhibits statistics
going beyond the usual Gaussian statistics associated with coherent
sources and optical parametric twin-photon generators. Actually,
the direct simultaneous birth of three photons from a single one
is, indeed, at the origin of intrinsic three-body quantum proper-
ties, such as three-particle Greenberger-Horne-Zeilinger (GHZ)
quantum entanglement' and Wigner functions presenting quan-
tum interferences and negativities.” ° It may also open new hori-
zons in quantum information, as, for example, the generation of

stimulation beams at hw; and hws were injected in a phase-matched
bulk KTiOPO4 (KTP) crystal while being pumped at hwp. This
bi-stimulated configuration strongly increases the conversion effi-
ciency of the downconversion process and exhibits non-intuitive
continuous variable entanglement properties: actually, the tripar-
tite entanglement is predicted to increase with seeding field for the
two- and three-mode seeding.” Nonetheless, the quantum proper-
ties of such a “mixed” state are difficult to implement in realistic
quantum information protocols. The spontaneous TPG would offer
the most interesting quantum state, but the conversion efficiency of
such processes is very low, as shown by the quantum modeling in
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the weak interaction approximation in the Heisenberg representa-
tion.” However, an experimental demonstration of such a process
was performed in the GHz range,'” but the optical range, in partic-
ular in the telecom range around 1500 nm, is still a challenge. With
regard to this last objective, several unsuccessful attempts have been
based on strategies using optical fibers'""'” or crystal waveguides® in
order to boost the generation efficiency. An important step in this
quest is the mono-stimulated TPG, in which a single stimulation
beam, i.e., over a single of the triplet, is injected in the nonlinear
medium in addition to the pump beam. It is the framework of the
present paper where we report the first experimental demonstra-
tion of a mono-stimulated TPG in the picosecond regime at telecom
wavelengths using a phase-matched KTP crystal. Using supercon-
ducting nanowire single photon detectors (SNSPDs), the energy of
the non-seeded modes hw, and hws is measured and compared
to a quantum model we developed on the basis of the nonlinear
momentum operator in the Heisenberg representation.

Il. TPG CONFIGURATION

The mono-stimulated TPG is performed in the same nonlin-
ear medium than that previously used for the bi-stimulated TPG:*
it is a 1 cm-long KTP crystal cut along the x-axis of the dielectric
frame (x, y, z), which allows birefringence phase-matching with the
configuration of polarization described in Fig. 1.

Then, the energy conservation and momentum conservation
are defined as follows:

AE = hwy — hwy — hwy — hws = 0, (1)

- wp — w
Ak(wp, 1, w3, w3) = Tpn (wp, ttp )iy — Tln+(w1,u_)1)u_>1

w2 _ —>\—> W3 4 —\—
- —n (wz,uz)uz - —n (w3,u3)u3 =0.
c c

2

FIG. 1. Schematic view of a TPG stimulated over one triplet mode, at A4,
with the two other triplet modes being at A, = A3. The pump beam is at Ap.
The nonlinear medium is a phase-matched x-cut KTP crystal, where (x, y, z)
is the dielectric frame. ,, &1, &, and e; are the unit electric field vectors
of the interacting photons. Ky, k1, ko, k3 are the corresponding wave vectors.
xy(zszz,(wp = w1 + wy + w3 ) is the relevant coefficient of the third-order electric sus-
ceptibility tensor of KTP. The pump and stimulation beams are filtered by a set of
filters (F).
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n_(wm, ﬂ) and n+(wm, ﬂ) are the eigenrefractive indices at the

circular frequency w,, for a propagation in the direction # of the
crystal, with m = (p, 1, 2, 3)."” Note that Egs. (1) and (2) are valid
for both the bi-stimulated and mono-stimulated TPG as well as for
the spontaneous TPG. The full collinearity, i.e., 17P =u =W = s,
is possible for both configurations of TPG, but the generation also
occurs under a given level of non- colllneanty in the form of a cone
in the mono-stimulated case, i.e., up =y s * Us.

lll. EXPERIMENTAL SETUP

The experimental setup for the mono-stimulated TPG is shown
in Fig. 2. A 1064-nm laser beam with a FWHM pulse duration
of 15 ps at the repetition rate of 10 Hz is split into two parallel
beamlines using a beam splitter (BS). The first beamline produces
the pump photons at A, = 532 nm thanks to a second-harmonic
generator based on a KTP crystal (SHG-KTP) cut at ¢ =23°
in the xy-plane. The second beamline is devoted to the pump-
ing of a tunable-wavelength optical parametric generator (OPG,
TOPAS Light Conversion) used for the stimulation of the TPG at
A1 = 1491 nm.

We consider a semi-degeneracy for modes 2 and 3, i.e., A2 = A3,
as justified in Sec. IV. In order to avoid parasitic photons, the
incoming beams are spectrally cleaned by two sets of filters: F1 for
the stimulation and F2 for the pump. The space and time overlap
between the pump and stimulation beams is achieved using a delay
line and a dichroic mirror highly reflective at 532 nm (DM). A tele-
scope on the OPG output line is dimensioned so that the size of the
stimulation beam waist radius in the crystal is wy = 150 ym, which
is bigger than that of the pump beam measured at w/ = 82 ym. The
TPG is performed in a 1-cm-long KTP crystal (TPG-KTP). Another
set of filters (F3), including notch and long-pass filters, is used to dis-
criminate modes 2 and 3 from the other sources of light. A bandpass
filter FBH1650-12 (F4) at 1650 + 6 nm (OD > 5) has a broad block-
ing region (200-1800 nm) and is directly posted close to the injection
aspheric lens to filter any residual parasitic photons from the crystal
as well as pulsed ambient light. The detection is performed on modes
2 and 3 using a MoSi SNSPD from IDQuantique, cooled down to
0.8 K in a liquid helium cryostat. Because of the weakness of the sig-
nal, it is not possible to directly optimize its injection into the single
mode fiber (SMF). Therefore, another parametric signal arising from
the difference frequency generation between the pump and stimula-
tion beams (1/532 — 1/1491 — 1/827 nm) is used prior to inserting
F4 and F3. A polarization selector composed of a Glan-Taylor (GT)
prism and a Half-Wave Plate (HWP) allows mode 2 or 3 of the triplet
to be selected. The SNSPD is connected to a time-controller that is
triggered by the signal from a silicon photodiode Thorlabs DET110
(PD) installed on a pump laser loss. The triggering creates a tempo-
ral filtering that removes the continuous ambient light contribution.
The quantitative measurement of the triple photon flux is performed
at a weak level, typically s ~ 0.01 photons per pulse, and for
this, calibrated neutral densities are used. This guarantees the sta-
tistical impossibility that photons coming from two or more triplets
are present in the same detected pulse. This is mandatory to avoid
any problems related to the very small time-width of the optical
pulse (15 ps) compared to the recovery time of the detector (30 ns).
The overall detection efficiency is estimated to be about 4 x 107>:
it takes into account the transmittance of the filters and lenses, the
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TPG-KTP Gr

SHG-KTP

1654 nm SMF

FIG. 2. Experimental scheme for the mono-stimulated TPG in a bulk KTP crystal using different optical components: a beam splitter (BS), an optical parametric generator
(OPQ), filters (F1, F2, F3, F4), a second-harmonic generator (SHG-KTP), half-wave plates (HWPs), a dichroic mirror (DM), a Glan-Taylor (GT) prism, a single-mode fiber
(SMF), an aspheric lens (AL), a photodiode (PD) connected to a time controller, and a superconducting nanowire single photon detector (SNSPD) at 0.8 K in a cryostat.

coupling in the single mode fiber, as well as the detector efficiency. Xy(;z)y( 1654 nm) = 7.8 - 102 m* V™ deduced by using Miller’s rule
The extremely low value of that detection efficiency is mainly due to from X(s) (539 nm) = 14.6- 102 m? V2 measured in a previous
losses in the signal injection into the single mode fiber (SMF). Actu- 454 y

X study.”” Note that the filters described in Sec. III allowed us to
ally, the low quality of the beam profile df)es, ,nOt fit well the SMF completely cut all the possible parasitic second-order effects that
guided mode. Furthermore, the beam spatial jitter also reduces the

L fhici di . dard deviati can occur, ie., spontaneous parametric downconversion (SPDC)
average injection coefficient and increases its standard deviation. as well as sum- or difference-frequency generations involving the

pump and stimulation fields.

IV. MEASUREMENTS A clear signatpre of phase-matching for the mono—stimulate.:d
L. . TPG is shown in Fig. 4, where the number of generated photons in
A. Wavelengths, polarizations, and divergence modes 2 and 3 is plotted as a function of the detuning of the polar-

We have chosen to perform the mono-stimulated TPG, for ization angle of the pump as well as of the signal. Figure 4 well shows
which the two non-seeded modes are at the same wavelength, i.e.,
A2 = A3, in order to be in the same configuration than for the bi-
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stimulated TPG studied previously and in the same direction of 74 76 78 80 8 8 8 8 9
propagation, i.e., along the x-axis, the idea being to start from a RS A T A I
well-mastered situation.® Furthermore, this phase-matching direc- 2000 |- . 21_)\ ] 2000
tion allows (i) the triplet wavelengths to be in the telecom range, — L — Ti;_;ry (Kato 2002)
which is important for quantum information applications, and (ii) E 1800 | 1 1800
the walk-off angle to be null, leading to a maximal spatial over- = L |
lap between the interacting beams. Thus, a careful phase-matching =) i
investigation has been carried out in the bi-stimulated case, which 21600 - J 1600
also allowed us to select the relevant dispersion equations of the g r 1
refractive indices required for the quantum model developed in ; i ]
Sec. V. For that purpose, the OPG has been tuned from A, = A3 o S = S S - 1400
=1600 nm to A = A3 =2000 nm and the signal at A; has been (7} L
collected on a spectrometer. The measurement was investigated r 1
for different angles of propagation 6 contained in the xz-plane by 1200 £ 11%°
rotating the crystal. The result is shown in Fig. 3. s B a—
The experimental phase-matching wavelengths are in good Internal angle 8 [°]

agreement with the calculation using Eq. (2) and the Sellmeier
equations of Ref. 14. For the following, the mono-stimulated TPG FIG. 3. Measured and calculated phase-matching wavelengths of the bi-stimulated
will be performed along the x-axis (8 = 90°) with the following set of TPG in the xz-plane of KTP pumped at A, = 532 nm as a function of the internal
wavelengths and polarizations: (A, = 532 nm, y — polarization); angle (inside thtz crystal) of spherical coordinate 6 of theoTPG phase-matching
(A = 1491 nm, z - polarization); (A, =As = 1654 nm, y— and gl;i(izg;)n (6= 0° corresponds to the z-axis and 6 = 90° corresponds to the
z — polarizations). Then, the corresponding effective coefficient is ’
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FIG. 4. Number of photons n, and n3 in modes 2 and 3 as
a function of the polarizations of the pump and stimulation
angles («) and (B), respectively. 0° (resp. 90°) corresponds
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that the signal at 1, = A3 drops to 0 when the phase-matching polar-
ization conditions are switched off, i.e., A, polarized along the z-axis
or A; polarized along the y-axis, while it reaches a maximum when
the phase matching conditions are switched on, i.e., A, polarized
along the y-axis and A, polarized along the y-axis.

By using several bandpass filters, we determined that the peak
wavelengths of modes 2 and 3, which correspond to the collinear
contribution, i.e., tip = 11 = Uiz = 13 in Eq. (2), are 2 = A3 = 1654 nm
as expected.

We also measured the divergency of the pump, stimulation, and
generated beam from the knife method, and we found clear evidence
of the generation over a cone. Actually, the divergence of modes 2
and 3 is 12.0 mrad, which is one order of magnitude higher than for
the pump (2.1 mrad) and the stimulation (4.7 mrad).

B. Number of photons per pulse

Figure 5 shows the number of photons per pulse on modes 2
and 3 as a function of the stimulation energy ranging from 62 nJ

Stimulation intensity I; [GW.cm™]
4 6 8

o

2
oo oo b by b

3e+04 3e+04

Ep=26p]
L] Experiment
2,5e+04 Interpolation 2,5e+04

2e+04 2e+04

1,5e+04

1,5e+04
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n.+n;3 [Photons per pulse]
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FIG. 5. Measurements of the number of photons on modes 2 and 3 generated
by the mono-stimulated TPG in a 1-cm-long KTP crystal as a function of the
stimulation energy/intensity at a given pump energy of E, = 26 uJ.

to the y-axis (resp. z-axis) of the dielectric frame of the KTP
crystal. The pump and stimulation energies are E, = 26 uJ
and Es = 21 pJ, respectively.

to 21 yJ and for a fixed pump energy E, = 26 uJ. The energies are
controlled by calibrated neutral densities. Figure 5 shows a linear
behavior, which will be interpreted in Sec. V. It has been possible to
generate a total number of photons per pulse on modes 2 and 3, i.e.,
ny + n3, up to 2 x 10*. That corresponds to the generation of #1yyje
= 10* per pulse, which gives 10° triplets per second since the repeti-
tion rate is equal to 10 Hz. The corresponding quantum efficiencies
are 1 = n"};% =08x107" and #/n; = nﬂ‘;‘%ﬁ‘ =31x107* Hz ™,
where 1, and n; are the numbers of pump and stimulation photons
per pulse.

V. MODELING

We used a model in the Heisenberg representation based on the
nonlinear momentum operator.”'®'” The propagation of the elec-
tromagnetic field in a nonlinear medium is then described by the
following equation:

. R Z 7
% = 7%[aj(w,Z),Gr(d3)], (3)
where G’S?) is the third-order nonlinear momentum operator and Z
is the space coordinate along the direction of propagation. The quan-
tum fields are described in terms of space dependent spectral mode
operators aj(w, Z), with j = (p, 1,2, 3),'*"* and the nonlinear process
is considered as collinear, which means that Eq. (2) is reduced to a
scalar equation, i.e.,

w Lo oW _
Ak(wp, w1, w2, w3) = Tpny(wp,u) - Tlnz(wl,u) - %ny(wz,u)
w _

-~ nz(ws, @) =0, (4)
where i is collinear to the x-axis of KTP in the present study so that
n~ =nyand nt =mn,.

A single collinearly propagating spatial mode of the electro-

magnetic field is then considered, keeping the same logic as in
Ref. 16, which gives

N i [ hw —iw(t-2)
E(t,Z) = Z </ +H-C.
(t,2) 1/0- dw 4ﬂcsosa(w )e +H-C. (5
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This description of a 1D electromagnetic field propagating along a
single spatial direction is obtained by introducing the S area para-
meter. This area is defined by the cavity size in the two other
spatial directions.'® The nonlinear momentum model was developed
from this 1D electromagnetic field formalism for both second-order
and third-order spontaneous parametric downconversions.”'*'”
The mono-stimulated TPG was partially described,” the pump
field being assumed to be intense and non-depleted, so that the
associated annihilation operator a,(w,Z) is well modeled by a
classical spectral amplitude Ap(w,Z = 0) such that |A,(w,Z = 0)|’
=np(w,Z =0). The number of pump photons is then given by
L, 1Ap(w,Z = 0)[*dw = n,(0), where 1,(0) is expressed in photon
flux unit. Moreover, regarding the weakness of the magnitude of
¥, an approximation of weak coupling was made, expressed as
ITAp| < 1, where T is proportional to x®.° The expressions of the
field operators a;(w,Z), a2(w,Z), and a3(w,Z) are calculated by
solving the space propagation equation (3).

J

pubs.aip.org/aip/apq

Here, we derived the third-order nonlinear momentum opera-
tor in the case of the mono-stimulated TPG in the general case, i.e.,
without the weak-coupling approximation. The stimulated mode,
i.e, mode 1 in our case without loss of generality, is assumed
to be intense and non-depleted so that a;(w,Z) = ai1(w,Z =0)
=A1(w,Z=0), where Aj(w,Z =0) is the spectral amplitude of
mode 1 at the entrance of the crystal. Under these conditions,
the third-order nonlinear momentum operator is expressed as
follows:

(3) +o0o +o0o +oo
Q@)= [ Tda, [ dan [ dashr
x (wp, w1, w2) (As(w1,Z = 0)az (w2, Z)az(wp — w1
— w0, Z) AL (wp, Z = 0)e K re)? L cL) (6

From Egs. (3)-(5), we obtain the photon-flux spectral densities, i.e.,
the number of photons per pulse per Hz, on modes 2 and 3,

n(w,Z) = m3(wp — w1 —w,Z) =

L(0)], (o)f(”(w)(x(” ’ o NG
; P|c<3>(w)\ )Sm( |C()(w)‘z)

if c®(w)<o,

%

Here, I,(0) and I;(0) are the pump and stimulation intensities at
the entrance of the crystal, respectively, and the quantities c® (w)
and f® (w) are defined by

B Ak(w)®

(@) = 471 O)5(0) (@) (1) - =

o (®)

w(wpy — w1 — w)

(87‘[5250)2 nz(w)ny(@)nz(wp — w1 — w)ny(wp)

() = )

It was assumed for the above-mentioned calculations that
the spectral bandwidths of modes 2 and 3 are wider than
both the pump and stimulation spectral bandwidths so that
Eq. (4) writes Ak(wp,w1,w2) = Lny(wp) — Lnz(wi) — Lny(ws)
- Uy (wp — w1 — W) ~ Ak(wz) = Ak(w) since w; is taken
equal to w. Furthermore, the third-order electric susceptibility X(3)
has to be taken equal to XSZ)},, as defined in Sec. I'V.

Equation (7) shows that the mono-stimulated TPG
under the undepleted pump and stimulation exhibits two

regimes: the weak coupling when C®)(w)<0, ie., for
2 ®) ®) « M)’ :

4m°1;(0)I,(0) f (w)()( ) « ==, and the strong coupling
2 2

when C®) () > 0, i.e., for 47°I, (O)IP(O)f(3)(w)(X(3)) > @.

(3) ™)’
oo OPOTIOW) s e )

c® (w)
if C®(w)>o0.

(

The integration of Eq. (6) leads to the number of photons per
pulse on modes 2 and 3, i.e.,

m(Z) = n3(Z) = fw 123w, Z)de. (10)

The numerical integration of Eq. (10) leads to a linear evolution of
n23(Z) with the product I;(0)I,(0) in the weak coupling regime,
while it is an exponential behavior in the strong coupling regime.
From Fig. 5, it is obvious that the measured curve as a function of
I,(0) for a fixed value of I,(0) is linear, which indicates that the
experiments were performed in the weak coupling regime. We chose
Ak(w) as a fitting parameter because the modeling was performed in
the collinear approximation, while the divergence relative to modes
2 and 3 is measured to be of about four times the divergence of
the pump and stimulation beams, which may modify the “level”
of momentum conservation. We then defined an effective phase-
mismatch Ak (w) = dAk(w), where § is the fitting parameter. The
interpolation is satisfying for 8 =2 x 1077 as shown in Fig. 5. It
means that the effective mismatch is closer to 0 than the one given
by the collinear model. An analytical expression of #n,3(Z) can be
found thanks to the possible approximation of Ak(w) as Ak(w) ~
a+bw,witha=-33x10"radm ' and b=2.88x 107" m~! Hz !,
using the Sellmeier equations of Ref. 14. Then, from Egs. (7)-(10),
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we obtain

2 ©F
n2(2) = n3(2) ~ 4’ O (@) ] %z (1)

It is the first experimental validation of the third-order nonlinear
momentum operator to the best of our knowledge.

It is interesting to notice that TPG stimulated over one mode
is equivalent to second-order SPDC from the flux modeling point
of view."” This analogy can be intuited by simply considering in a
first approach that x®.E is equivalent to X(z) from the unity point of
view.

VI. CONCLUSION

In this paper, we report the first experimental demonstration of
amono-stimulated TPG in a 1-cm x-cut KTP crystal, the proof being
the linear dependence on the seeding pulse energy and the polariza-
tion dependence that is perfectly in accordance with the expected
behavior. The phase matching conditions were experimentally cal-
ibrated with a bi-stimulated TPG to perform a semi-degenerate
mono-stimulated TPG. Both polarization and spectral signatures
are in good agreement with momentum and energy conservations.
It has been possible to generate up to #yiprers = 10° s7! in the tele-

Ntriplets
p

=0.8x 10" and n/m = ":ri = 3.1x107%* Hz!, where np and
P

n

com range, the corresponding quantum efficiencies being # =

ny are the numbers of pump and stimulation photons. In order to
interpret these results, we developed a quantum model on the basis
of the nonlinear momentum operator in the Heisenberg represen-
tation under the undepleted pump and stimulation approximation.
We identified two running regimes, the so-called weak- and strong-
coupling, and showed that our experiments were performed under
the weak-coupling regime, with a linear behavior of the generated
triplets as a function of the stimulation intensity. It is important to
notice that while TPG stimulated over one mode is equivalent to a
second-order SPDC regarding the flux modeling,'” our experiments
lead to triplets of photons and not pairs, even if two photons of the
triplet are taken for identifying and characterizing this triplet. The
agreement between experiment and theory is very good by intro-
ducing an effective phase-mismatch, which suggests improving our
model by taking into account the non-collinearity of the mono-
stimulated TPG. Another next step will be devoted to the quantum
properties of the triplets generated by the mono-stimulated TPG.
A first study could be the analysis of the three-photon coherence
by observing the sum-frequency generation in a nonlinear crys-
tal as previously done in the case of twin-photons generated by a
second-order SPDC.” Previous calculations had shown that non-
classical correlations can be put into light in this scheme. Actually,
the summed-frequency fields show a fluorescence-like behavior in
a very low-stimulation regime, but a classical-like behavior as soon
as stimulation is high enough to be perceptible in the non-injected
generated field spectrum.” For that purpose, it will be necessary
to replace our conventional fiber by a longer one and using a
clever protocol recently used for the spectrum characterization of
second-order spontaneous parametric downconversion.”!
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