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Quasi-phase-matching is an important technique in nonlinear optics and is in widespread use. It not only makes efficient
frequency conversion possible, but also enables diverse applications such as beam and pulse shaping, multi-harmonic
generation, high harmonic generation, all-optical processing and the generation of entangled photons. However, since its
introduction in the early 1960s at the dawn of nonlinear optics, quasi-phase-matching has always been considered a
technique in which a purely spatial modulation mitigates the momentum mismatch that dispersion imposes on the
interacting photons. Here, we present an important and fundamental generalization of quasi-phase-matching in which
spatiotemporal nonlinear optical diffraction allows for correction of both momentum and energy mismatch. This concept
provides a powerful tool for manipulating light through nonlinear interactions, and suggests unique applications. Recent
experiments provide evidence for the feasibility and importance of spatiotemporal quasi-phase-matching.

T
he efficiency of a nonlinear optical frequency conversion
process is generally limited by material dispersion.
Dispersion results in a mismatch of the momenta in many

energy-conserving multiphoton processes including sum-frequency
generation, difference-frequency generation, parametric down-
conversion1 and the extreme nonlinear optical process of high-
order harmonic generation2.

Fundamentally, the requirement for momentum conservation is
a result of continuous spatial translational symmetry3. Quasi-phase-
matching (QPM)4 breaks this symmetry by introducing an ordered
spatial modulation in one of the nonlinear interaction parameters.
Thus, momentum conservation is replaced with a less restrictive
quasi-momentum conservation, in which a reciprocal lattice wave
vector associated with the modulation can participate in the
momentum balance. With an appropriate design, quasi-momentum
can be conserved and the nonlinear process can be efficient over an
extended propagation length. QPM has been generalized to modu-
lation in two dimensions5, as well as to quasi-periodic or random
modulations6–9. Angular momentum can also be accounted for by
QPM10. However, to date, all QPM schemes have considered only
momentum matching through spatial modulation.

Here we suggest a complementary and more general treatment of
QPM that considers the case in which momentum is assumed to be
conserved at the expense of an energy mismatch, or where a mis-
match in both momentum and energy is allowed. Specifically,
QPM need not require energy conservation and compensate for
momentum mismatch. Instead, QPM can compensate for energy
mismatch while momentum is conserved, or can accommodate a
mismatch in both momentum and energy. Because energy conser-
vation is a consequence of continuous temporal translation sym-
metry3, QPM, by means of a temporal modulation, can break this
symmetry. Phase-matching of both energy and momentum requires
a spatiotemporal modulation. Nonlinear frequency conversion
within an ordered media can also be treated as a nonlinear diffrac-
tion process11. In this regard, we are considering nonlinear optical
diffraction in time or in both space and time.

This extension of QPM into the spatiotemporal domain is illus-
trated in Fig. 1. The traditional view of spatial phase mismatch is
illustrated on the left, where the dipole radiation of the harmonic

field emitted at two locations separated by a distance known as
the coherence length (which is inversely proportional to the
momentum mismatch) is completely out of phase. However, con-
sidering that dipoles actually radiate in space–time, the extended,
more complete, description of spatiotemporal mismatch is illus-
trated on the right of Fig. 1. Here, phase mismatch can arise from
both spatial and temporal separations, related to momentum and
energy mismatch, respectively.

Spatiotemporal optical diffraction was considered as early as
1922 by Brillouin12 in the form of the well-known acousto-optic
effect. Moreover, a temporally varying index of refraction was first
discussed in 1958 (ref. 13), and was found to have important conse-
quences for plasma physics14. Recently, optical dynamics in a spatio-
temporal dielectric structure, as well as the creation of gap solitons
in a spatiotemporal photonic lattice, have been described15,16.
However, realizing QPM using temporal or spatiotemporal non-
linear diffraction, while taking into account the existence of an
energy mismatch, has not, to our knowledge, been considered to
date. Interestingly, however, previous experiments have unknow-
ingly made use of spatiotemporal QPM (see section ‘Dynamic
QPM and experimental realizations’). The current work also
shows that unique possibilities for frequency conversion and
beam manipulation are enabled through spatiotemporal QPM.

Momentum and energy mismatch
We start with a formal description of momentum phase mismatch in
traditional spatial QPM. As a representative process, consider the up-
conversion of a fundamental frequency v0 into the qth harmonic vq.
Energy conservation dictates thatDE = h− (qv0 − vq) = 0. However,
when this condition is imposed, there is a momentum mismatch
given by Dp = h− Dk = h− (qk − kq) = h− qv0[n(v0) − n(vq)]/c,
where k and kq are the wave vectors of the fundamental and
qth harmonics respectively, c is the speed of light, and n is
the index of refraction. The wave interpretation of the momentum
mismatch is geometrical: unidirectional frequency conversion is
restricted to the coherence length lc¼p/Dk, over which the two
light waves accumulate a phase difference of p radians. In a particle
picture of this process, lc is the length scale over which an h− Dk
spread in momentum is allowed, consistent with the uncertainty
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principle. An interaction length longer than lc does not increase the
number of converted photons. The simplest spatial QPM scheme
uses a one-dimensional periodic modulation with period L, allowing
(quasi) momentum to be conserved up to values of 2h− p/L.
Therefore, when L¼ 2lc, QPM is achieved.

A complementary up-conversion process can be envisioned that
conserves momentum exactly. In this case, q photons of fundamen-
tal frequency v0 are up-converted to a frequency ṽ chosen to satisfy
momentum conservation, Dp = h− Dk = h− qv0n(v0) − ṽn(ṽ)

[ ]
/

c = 0. The related energy mismatch (resulting from dispersion) is
Dv = qv0 − ṽ. We define a coherence time tc¼ p/Dv, which is
the timescale allowing an h− Dv spread in energy. A QPM scheme
for this process needs to be temporal in nature—the simplest uses
a periodic temporal modulation with period T¼ 2tc.

More generally, any phase mismatch can be distributed between
the momentum and energy mismatch. This can be formulated for

our prototype up-conversion process by using the above definitions
of the momentum and energy mismatch:

Dk = Dv · n(vq)/c + qv0[n(v0) − n(vq)]/c (1)

where we set vq W ṽ = qv0 − Dv. Because the phase mismatch
can be distributed between the momentum and energy mismatch,
we now have a new flexibility in designing an appropriate QPM
scheme. This situation is quite different from traditional spatial
QPM, or a purely temporal QPM, in that a continuum of solutions
is possible. Expressions similar to equation (1) can be easily derived
for other types of nonlinear optical processes (sum-frequency gen-
eration, parametric down-conversion and so on). Another impor-
tant feature resulting from equation (1) is the ability to achieve
frequency tuning of the generated harmonic light. By changing
the spatial periodicity and/or the index of refraction (for example,

lc = π/Δk

t

z

lc

tc

Figure 1 | Extending the concept of spatial mismatch to spatiotemporal mismatch. Left: Traditional concept of spatial phase mismatch, where the field of a

given harmonic would be completely out of phase compared to the same radiation emitted a coherence length lc away. Right: Natural extension to

spatiotemporal phase mismatch by considering that dipoles radiate in space–time, which leads to the possibility that the radiation would be completely out of

phase after some distance (the coherence length lc) and some temporal delay (the coherence time tc).
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Figure 2 | Spectrum of HHG for different QPM schemes around the 183rd harmonic. Data are shown for no QPM (black line), spatial QPM (blue line),

temporal QPM (dashed green line) and spatiotemporal QPM (dotted red line). Far from phase-matching conditions (left inset) the HHG signal is unchanged.

Near phase-matching (right inset), harmonics experiencing temporal or spatiotemporal QPM are shifted in frequency. The dashed ellipses group together

harmonics belonging to different phase-matching schemes generated from the same number of fundamental photons.
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by temperature or pressure-tuning in a gas medium), the output fre-
quency vq¼ qv0 2 Dv can be continuously tuned.

A typical coherence length for an interaction using spatial QPM
is one or two orders of magnitude longer than the laser wavelength.
Similarly, coherence times for a temporal QPM scheme would be up
to one or two orders of magnitude longer than the laser optical
period. One example of a medium that could support a rapid vari-
ation in electric susceptibility is a molecular gas that is coherently
rotationally (or vibrationally) excited. Here, a relatively low-
frequency excitation can modify the amplitude and phase of the
dipole response of the medium on the required timescales. Recent
experiments17 suggest the feasibility of temporal QPM in such a
system. Another more challenging scheme would be to use a relative
rotation of the laser polarization or beam profile with respect to the
medium nonlinear material-polarization by either using a superpo-
sition of frequency-shifted vortex beams18 or an extremely strong
Faraday effect19. Although implementation of temporal QPM
might be challenging, as we discuss below, there are already
simple schemes for implementing spatiotemporal QPM.

To demonstrate the different spectral responses of harmonic gen-
eration for different QPM schemes, we performed numerical simu-
lations of the high harmonic generation (HHG) process2 (see Fig. 2,
and discussion in Methods). In the absence of any phase-matching,
the efficiency of the frequency conversion process is very low (con-
tinuous black line in Fig. 2). However, by applying a smooth sinu-
soidal spatial modulation to the nonlinear dipole moment, spatial
QPM can be accomplished and significant enhancement (more
than two orders of magnitude) of the HHG signal around the
183rd harmonic can be observed (continuous blue line). Using a
temporal QPM modulation results in a similar enhancement, but
with the harmonic spectral peaks displaced by approximately one
harmonic order (dashed green line in Fig. 2). Finally, when spatio-
temporal QPM is implemented using a counter-propagating modu-
lation moving at almost the speed of light, a similar enhancement is
seen, but the shift in the HHG spectrum is about half a harmonic
order (dotted red line in Fig. 2).

The left-hand inset of Fig. 2 shows that for harmonics far from
the 183rd harmonic, the different modulations do not change the
nonlinear response. The right-hand inset shows that phase-
matched harmonics experience different frequency shifts depending
on the type of QPM scheme. This shift depends both on the prop-
erties of the medium (gas pressure) and on the spatial periodicity for
the case of the travelling wave spatiotemporal QPM. Varying these

quantities can continuously tune the frequency shift. To show this,
we repeated the simulation for a total of 11 pressure points equally
spaced between 250 and 500 torr, while keeping the velocity of the
spatiotemporal QPM modulation constant. Figure 3 shows the
results for the spectral intensity of a few phase-matched harmonics,
with relative intensity normalized by the pressure, as the pressure
and QPM modulation are varied (see Methods). The result is a con-
tinuous frequency tuning of the phase-matched generated harmo-
nics over half a harmonic order. Such frequency tuning can be
especially useful for implementing QPM of low-order harmonics,
which are spectrally isolated.

Dynamics of spatiotemporal QPM
For a formal description of the dynamics of spatiotemporal QPM,
we have developed a simple evolution equation under energy
and/or momentum mismatch conditions. We consider frequency
up-conversion involving q fundamental frequency photons as the
prototype process, with interacting fields of the form
Evj

= Avj
(Z, t)ei(vj t−k(vj)z), where Avj(z, t) is the pulse envelope for

the fundamental frequency v0 or for vq W ṽ = qv0 − Dv.
Assuming, in general, both momentum and energy mismatch,
and substituting the fields into the electromagnetic wave equation
using a spatiotemporal slowly varying envelope approximation
(k(vj) · ∂zAvj ≫ ∂2

z Avj,vj · ∂tAvj ≫ ∂2
t Avj) and neglecting group

velocity dispersion, the evolution of the vq harmonic corresponds to

(∂z + v−1
gq ∂t)Avq

(z, t) = kAp
v0
(z, t)g(z, t)ei(Dvt−Dkz) (2)

where k¼2 ivq
2/[c2k(vq)] . deff is a parameter containing the value

of the nonlinear coupling coefficient deff , vgq is the vq harmonic
group velocity, p is a power factor (for example, 2 for second-har-
monic generation), and g(z, t) is a normalized geometrical factor
describing the spatiotemporal modulation of the nonlinear electric
susceptibility. When not depleted and distorted, the laser field
evolution is governed by Av0(z, t)¼ Av0(z 2 vg0t), where vg0 is its
group velocity. Because we are only interested in analysing the
effects directly related to the energy and momentum mismatch,
we neglect group velocity mismatch:vg0¼ vgq¼ vg. Note, however,
that when the momentum mismatch is not zero, there will be a
phase velocity mismatch.
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Figure 3 | Frequency tuning of HHG using spatiotemporal QPM. HHG

spectral intensity normalized by the gas pressure. As the gas pressure and

QPM spatial period are varied (shown in the inset, with the line being a

guide to the eye), continuous tuning of the harmonics of up to half a

harmonic order is achieved.
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For purely spatial (temporal) QPM, the growth of the harmonic
envelope contains a spatial (temporal) modulation with a charac-
teristic length (time) of lc(tc). To find an appropriate coherence
scale for spatiotemporal QPM characterized with Dv¼ vmodDk
(where vmod is the modulation velocity) we use a transformation
to a frame moving with the laser pulse: j¼ z, t¼ t–z/ng. The evol-
ution equation is now ∂jAvq(j, t)¼ kAv0

p(t)g[j(1 2 vmod/vg) 2

vmodt]exp(iDvt)exp[i(Dv/vg 2 Dk)j]. Here, the evolution
oscillates only due to the j coordinate, giving a coherence scale
of lj¼p/(Dk 2Dv/vg)¼p/[Dk(1 2 vmod/vg)]¼ lc/(1 2 vmod/vg).
Because j¼ z, this is also the scale of the spatial oscillations in the
lab frame. If, for example, the susceptibility is modulated using a
counter-propagating perturbation with vmod¼2 vg , we obtain
lj¼ lc/2. This case is depicted in Fig. 4 for second-harmonic gener-
ation, showing a numerical integration of equation (1) both for
spatial QPM and for spatiotemporal QPM conditions with the same
momentum mismatch h− Dk. Note that lj was derived using a math-
ematically convenient Galilean transformation into the moving
frame. Because we did not use a physical Lorentz transformation,
one should not confuse lj as being half the spatial period applied to
g(z, t) in the moving frame. The spatial period in the lab frame required
for the moving modulation pattern for a momentum mismatch h− Dk
will always be 2lc, regardless of the modulation velocity and the
pump group velocity (note that the actual values of the momentum
and energy mismatch do depend on the modulation velocity).

The spatiotemporal nonlinear photonic crystal
To describe ordered spatiotemporal QPM, we can use a temporal
extension of the nonlinear photonic crystal5—the spatiotemporal
nonlinear photonic crystal (STNPC). The spatiotemporal geometry
of the nonlinear medium g(X) =

∑
K[RL GK exp(−iK · X) is rep-

resented using four-vector coordinates X¼ (ct, x, y, z) and four-
momentum vectors K¼ (2V/c, Kx , Ky, Kz) belonging to some
spatiotemporal reciprocal lattice. The QPM condition, describing
both quasi-momentum and quasi-energy conservation, is satisfied
if there exists a K such that DK 2 K¼ 0 for the phase mismatch
four-momentum DK¼ (2Dv/c, Dkx , Dky, Dkz). The simple case
of having only one spatial coordinate applies to the evolution
equation derived above, for which X¼ (ct, z), K¼ (2V/c, K) and
DK¼ (2Dv/c, Dk). For that equation, phase-matching results in
a term in the g(z, t) expansion that cancels the oscillations associated
with the phase mismatch, leading to a coherent growth of the har-
monic term. Here, momentum-only phase mismatch is given by
DK¼ (0, Dk) and periodic spatial QPM (Fig. 5a) is accomplished
with g(z)¼ SmGmeimKz where an mth term satisfies the phase-
matching condition: mK¼Dk. For periodic temporal QPM
(Fig. 5b), DK¼ (2Dv/c, 0) and g(t)¼ Sme2imVt.

When both momentum and energy mismatch exist, DK¼
(2Dv/c, Dk), and we can differentiate between two cases. The
first case is a standing-wave modulation, where the temporal and

spatial components of the susceptibility are oscillating
independently. This could be implemented, for example, using
a square STNPC defined by the two reciprocal basis vectors
K1¼ (2V/c, 0) and K2¼ (0, K) to give (Fig. 5c): g(z, t)¼
Sme2imVt . SneinKz. The second case is a travelling-wave type of
modulation, involving basis wave vectors with temporal and
spatial components. This scheme could be implemented using an
STNPC defined with a single reciprocal basis vector K1¼ (2V/c, K)
to give (Fig. 5d): g(z, t)¼ g(Kz 2Vt)¼Smeim(Kz2Vt). Here, the two
oscillations combine together to define the velocity of the modulation
vmod¼V/K. We need to distinguish between this spatiotemporal
QPM scheme and simply a higher-order interaction. For example, if
we consider a three-wave-mixing process, then the added modulation
is not simply another propagating field leading to a four-wave-
mixing process, but some interference acting on the susceptibility
(and not through the susceptibility).

If the propagating-wave modulation g(Kz 2 Vt) is to phase-
match the nonlinear process, the relation Dv¼ vmodDk must
hold. Together with equation (1) this gives

vq/v0 = q[n(v0) − c/vmod]/[n(vq) − c/vmod] (3)

which for vmod � 0 converges to vq/v0¼ q.

Dynamic QPM and experimental realizations
Curiously, dynamic forms of QPM have already been suggested and
experimentally demonstrated. However, it is important to stress
that, in earlier work, the dynamic aspect of the modulation was
used solely as a means to produce a spatial modulation, and in all
cases was analysed as a purely spatial QPM. Omitting the spatiotem-
poral aspects of the process precludes optimally taking advantage of
the mismatch in both momentum and energy. In some cases, such
an incomplete picture can also lead to calculation errors for the
spatial modulation geometry, or for the frequencies participating
in such processes.

One important example is the experimental manifestation of all-
optical QPM of the high-harmonic-generation process using a
sequence of counter-propagating light pulses20. Theoretical propo-
sals that consider dynamic forms of QPM include all-optical
grating-assisted phase-matching of high-harmonic generation21,
all-optical QPM of low-order harmonic generation22 and QPM by
rotationally induced molecular wave packets23. (For a discussion
of how these works are affected by the proper treatment of spatio-
temporal QPM, see Supplementary Information.)

Advanced spatiotemporal modulations
Motivated by the availability of using light patterns to implement
STNPC (see Supplementary Information), more complex geome-
tries can also be considered, such as an oblique lattice (see inset
of Fig. 6) defined by two reciprocal basis vectors with both temporal
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Figure 5 | Generalized schemes for QPM. Space–time diagrams depict the evolution of a laser pulse (fully shaded stripe) at the fundamental harmonic

interacting within an STNPC (dotted stripes) describing an ordered modulation of the (usually nonlinear) susceptibility. For discrete QPM modulations,

wherever the laser pulse intersects with the QPM modulation the nonlinear dipole contribution to the harmonic generation is either inverted or nulled.
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and spatial components. Such lattices can be tailored for phase-
matching several processes. An important advantage of a two-
dimensional spatiotemporal lattice over the spatial two-dimensional
lattice is that all four-momentum vectors in the reciprocal lattice of
the STNPC represent co-linear beams, eliminating losses due to
walk-off. Figure 6 qualitatively depicts three different set-ups for
quasi-phase-matched second-harmonic generation in an oblique
STNPC. The four-momentum vectors of the participating fields
and the mismatch vectors are shown on the reciprocal lattice of
the STNPC (actually shown is the absolute of the Fourier transform
of the structure shown in the inset). The four-momentum vector of
the pump is shown by K1¼ (2v0/c, k(v0)) and that of the second
harmonic with K2 for three different processes: spatial QPM (where
energy is conserved exactly), temporal QPM (where momentum is
conserved exactly) and spatiotemporal QPM (with both energy
and momentum shifts).

It is interesting to note that combining the ability to distribute a
required phase-mismatch value between the temporal and spatial com-
ponents with a higher-dimensional STNPC can be useful for complex
phase-matching schemes (for example, for spatial or temporal beam-
shaping or for multiple processes) where a spatial pattern is too
complex to fabricate (for example, some three-dimensional pattern).
The spatial complexity can be reduced (for example, two-dimensional
pattern) at the expense of adding a temporal modulation.

Another unique method for control in the framework of spatio-
temporal QPM is achievable using non-uniform STNPC structures.
For example, a sequence of counter-propagating accelerating
pulses24 would lead to a curved STNPC. This way, pump pulses
sent into the STNPC at different times would experience different
phase-matching conditions. In principle, with enough curvature
of the STNPC, exquisite control could be achieved along different
specific space–time lines z 2 vt¼ c0, at the level of different
phases of a given pulse. This is somewhat similar to chirped
spatial nonlinear photonic crystals (NPCs) where different temporal
slices of a pulse are manipulated at different locations in the NPC25.
Here, however, different temporal slices can be manipulated con-
tinuously, allowing for enhanced efficiency and control.

Conclusion
We have introduced the concept of spatiotemporal nonlinear
diffraction for QPM of momentum and energy mismatch. This
treatment completes the momentum–space approach that has

been used for QPM since its discovery. A simple space–time
Fourier crystallography framework for designing and analysing
spatiotemporal nonlinear crystals was introduced. Unique possibili-
ties for frequency conversion and beam manipulation are offered by
spatiotemporal QPM, including greater flexibility for designing
phase-matching schemes by distributing the phase mismatch
between the energy and momentum components; output frequency
tunability by manipulating the medium parameters (temperature,
pressure) and the spatiotemporal geometry; spatiotemporal NPCs
for supporting multiple nonlinear conversion processes (similar to
spatial NPCs) with enhanced efficiency because walk-off is elimi-
nated; and finally non-uniform spatiotemporal NPCs for addressing
dynamic phase-matching conditions. Several experiments and
theoretical analyses support the feasibility of spatiotemporal QPM.
Note that the many advanced geometries and methods26,27 already
explored for spatial QPM could also be applied to spatiotemporal
QPM. Because QPM has many different applications, ranging from
beam manipulation25,28, multi-harmonic generation29,30, quantum
entanglement31,32 and all-optical processing33,34, we expect that spatio-
temporal QPM may have broad implications for photonics research.

Methods
Numerical simulations of HHG. HHG is an attractive candidate for demonstrating
spatiotemporal QPM, because the effects of phase-matching on a wide range of
harmonics can be observed from simulations, and because of the availability of first-
principles equations for calculating the nonlinear dipole moment response and the
propagation of both the laser and emitted harmonic radiation. For our calculations
we simulated HHG in a pre-formed plasma waveguide35 with a diameter of 150 mm.
We considered a 20-fs driving laser pulse of sech2 shape at l¼ 0.8 mm, with a peak
intensity of 20 × 1014 W cm22, propagating through an 8.6-mm-long medium of
singly ionized argon at a pressure of 250 torr. The generated harmonic field was
calculated using a generalized Lewenstein model36, taking into account only short-
trajectory contributions. Under these conditions, the generated harmonics extend
up to the 261st harmonic. Using the dispersion induced by the medium and the
waveguide geometry, we calculated the momentum phase mismatch for energy-
conserved up-conversion to the 183rd harmonic (Dk¼ 7.43 × 106 m21, Dv¼ 0).
The interaction length is short enough to allow phase-matching of dozens of nearby
harmonics when a QPM modulation is used. For a purely temporal QPM
modulation, we calculated an energy mismatch of 0.92�hv0, corresponding to
generating a harmonic with wave vector exactly 183× the laser wave vector
in the medium (so that momentum is conserved macroscopically, that is, Dk¼ 0,
Dv¼ 0.92v0 rad s21).

For a spatiotemporal QPM using a counter-propagating modulation moving at
almost the speed of light (we assume that Dv/Dk ≈ 2c), we calculated the angular
frequency closest to the 183rd harmonic that could be phase-matched with such a
modulation using equation (1). The calculated energy mismatch is 0.46�hv0. In this
case Dk¼23.72 × 106 m21, Dv¼ 0.46v0 rad s21. Note that in Fig. 2, the efficiency
of the different QPM schemes is about the same. This should not be surprising,
because the nonlinear coupling coefficient and interaction length (and time) are the
same for all the schemes.

For the simulations depicted in Fig. 3, the interaction length was 6 mm for all the
pressure points. The spatial and temporal periodicities of the modulation were
varied with pressure (which changes the dispersion of the medium) in accordance
with equation (1), to guarantee phase-matching in the same spectral range as in the
previous simulation. Specifically, if in equation (1) we set Dv/Dk¼2c for the
counter-propagating modulation and approximate n(vq)¼ 1 for the high-harmonic
emission we obtain Dv¼ qv0[1 2 n(v0)]/2. In addition, as the pressure increases,
the difference in the index of refraction 1 2 n(v0) becomes linearly proportional to
it, so the overall frequency shift becomes linear in the pressure, and the spatial period
of the modulation 2p/Dk (shown in the inset of Fig. 3) becomes inversely
proportional to the pressure. Note that the parameters of the required QPM
modulation (Dk, Dv) are a function of the pressure, while the features of the
spectrum of the high harmonics (enhancement, location of harmonic peaks)
depend on the QPM modulation.
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