Eur. Phys. J. D 56, 123-140 (2010)
DOI: 10.1140/epjd/e2009-00299-9

THE EUROPEAN
PHYSICAL JOURNAL D

Regular Article

Quantum theory of synchronously pumped type |
optical parametric oscillators: characterization

of the squeezed supermodes

G. Patera®?®, N. Treps!, C. Fabre!, and G.J. de Valcéarcel?

! Laboratoire Kastler Brossel, Université Pierre et Marie Curie — Paris 6, ENS, CNRS, 4 place Jussieu CC74,

75252 Paris Cedex 05, France

2 Departament d’Optica, Universitat de Valencia, Dr. Moliner 50, 46100 Burjassot, Spain

Received 30 September 2009

Published online 1st December 2009 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2009

Abstract. Quantum models for synchronously pumped type I optical parametric oscillators (SPOPO)
are presented. The study of the dynamics of SPOPOs, which typically involves millions of coupled signal
longitudinal modes, is significantly simplified when one considers the “supermodes”, which are independent
linear superpositions of all the signal modes diagonalizing the parametric interaction. In terms of these
supermodes the SPOPO dynamics becomes that of about a hundred of independent, single mode degenerate
OPOs, each of them being a squeezer. One derives a general expression for the squeezing spectrum measured
in a balanced homodyne detection experiment, valid for any temporal shape of the local oscillator. Realistic
cases are then studied using both analytical and numerical methods: the oscillation threshold is derived,
and the spectral and temporal shapes of the squeezed supermodes are characterized.

PACS. 42.50.Dv Quantum state engineering and measurements — 42.65.Re Ultrafast processes; optical
pulse generation and pulse compression — 42.65.Yj Optical parametric oscillators and amplifiers

1 Introduction

Mode-locked trains of pulses, or frequency combs, have
at the same time the coherence properties of continuous
wave (CW) lasers and the high peak powers of pulsed
lasers. They are potentially perfect tools for generating
non-classical states of light, as they are are at the same
time high quality light sources, free of excess noise, and
intense sources able to induce strong nonlinear effects, and
therefore to generate strongly non-classical states of light,
such as squeezed or quadrature-entangled states.

Frequency combs have been used in many quantum op-
tics experiments, and have efficiently produced non clas-
sical light, either in x(®) [1-3] or x(®) [4-11] media, but so
far in a single-pass configuration in the nonlinear medium.
In this configuration, one needs very high peak powers,
and the system loses somehow its potential high quality
in terms of pulse to pulse coherence and transverse pro-
file. Mode locked lasers have also been used to efficiently
generate squeezed states in optical fibers [12,13]. The sys-
tem has the drawback of generating non-minimal states
states of light, because of the excess noise due to Brillouin
scattering in the fiber.

We have recently proposed [14] to use synchronous
optical cavities to recirculate the light in the nonlinear
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medium, thus enhancing further the nonlinear effects and
imposing the cavity mode structure to the generated
non-classical field. This can be done by building “syn-
chronously pumped OPOs” or SPOPOs. In a SPOPO the
cavity round-trip time is equal to the delay between suc-
cessive pulses of the pumping mode-locked laser, so that
the effect of the successive intense pump pulses add coher-
ently, thus reducing considerably its oscillation threshold.
In [14], a large squeezing effect was predicted in some “su-
permodes”, which are well defined linear combinations of
signal modes of different frequency, but not studied in de-
tail. In the time domain these supermodes correspond to
trains of pulses of different waveforms, orthogonal each
other. The purpose of this paper is to precise the quan-
tum model used to predict the effects and to investigate in
a detailed way, through analytical or numerical methods,
the potentialities of the system in realistic situations.

SPOPOs have already been implemented as efficient
sources of tunable ultra-short pulses [15-20] their tempo-
ral properties have been theoretically investigated [21-23],
and actively mode-locking of OPOs has been recently
achieved [24].

The decomposition of a pulsed field in terms of a ba-
sis of normal modes, similar to the supermodes we con-
sider in this paper, has been introduced in different con-
texts for a complete quantum characterization of either



124

the pulsed squeezed light generated by parametric down
conversion [25,26] or solitons in optical fibers [27]. Such
approaches are strongly connected with the Schmidt de-
composition of two-photon states for the characterization
of pairwise entanglement [28,29] and the Bloch-Messiah
reduction of any optical circuit characterized by a lin-
ear input-output relation [30]. In this context Menicucci
et al. [31] proposed optical frequency combs as scalable
resources for quantum computation.

The article is organized as follows: we present first the
model that we will use. The system turns out to be charac-
terized by a real and symmetric matrix £, which contains
all the information about the effective nonlinear interac-
tion. The eigensystem of £ is thus of special relevance
and is studied in Section 3, where the SPOPO threshold
and several general properties of the spectrum of L are
addressed. An analytical approximation to the diagonal-
ization is also given that allows a better insight into the
general trends as parameters are varied. In Section 4 it is
shown that the introduced eigenmodes or supermodes are
squeezed, the corresponding eigenvalues determining the
amount of squeezing, which can be measured in a balanced
homodyne detection experiment that uses as the local os-
cillator (LO) a field with the same spectrum as the desired
supermode. In Section 5 one then studies the squeezing
properties of SPOPOs in two realistic cases, corresponding
to BIBO and KNbOj crystals, using an appropriate scal-
ing property of the diagonalization problem. Finally, an
appendix details the case of the singly resonant SPOPO.

2 The SPOPO model

This section, in referring to the previous paper [14], is
aimed to detail more the model used and to specify better
the expressions introduced in there.

2.1 Evolution equations for the operators

We consider quasi-degenerate collinear type I interaction,
by means of which the pumping frequency comb, at fre-
quencies around 2wy, is converted by a nonlinear x(?) crys-
tal into multimode signal radiation at frequencies around
wop, and vice versa, where 2wy and wq are the two frequen-
cies at which perfect phase matching occurs. This implies
that one has n (2wg) = n (wy) = ng, where n is the crystal
refractive index. The nonlinear crystal is placed inside a
high finesse optical cavity of length L, which is assumed
to be dispersion compensated by intracavity dispersive el-
ements, so that all cavity modes around the frequency
wp are equally spaced by a common free spectral range
2, which is made equal to that of the pumping laser,
thus warranting the synchronization of the pump to the
OPO cavity. This ensures that the pulse-to-pulse delay of
the pump beam coincides with the cavity round-trip time
and successive pump and signal pulses superpose in time,
thus maximizing the strength of the interaction. Hence
the external pump mean field, which is a phase-locked
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multimode coherent field, can be written as

P .
Eexi (t) =4/ Yeoc Z e Bwotmt L e (1)

P is the average laser irradiance (power per unit area),

Qi is the normalized (3, lam|> = 1) complex spectral
component of longitudinal mode labeled by the integer
index m, and m = 0 corresponds to the phase-matched
mode. As we will be concerned with femtosecond lasers
with pulse durations around 100 fs, the number of pump
modes will be typically on the order of 104—10°.

Two possibilities for pumping can be used: either
(i) the pump also resonates inside the cavity (doubly res-
onant case), which requires in addition dispersion com-
pensation at the pump spectral region, or (ii) the cavity
is transparent for the pump (singly resonant case), a case
which is free from the previous restriction and thus more
amenable for experimentation, at the expense of a higher
threshold, as we will see. We detail more the latter case in
the appendix at the end of this paper. We will limit here
our analysis to non-chirped pumps as chirping requires a
more general treatment which will be presented elsewhere.

As the finesse of the cavity is assumed to be high,
the intracavity signal field operator E, can be written as
a superposition of cavity modes. Inside the x(® crystal,
which extends from z = —1/2 to z = +1/2, one can write

Ey(z,t) = Z 1Embm (L)t (2) e~ “=mt 4 H.c. (2)

m

where ws = wo + M2, 5y, (t) is the annihilation oper-
ator for the m-th signal mode in the interaction picture,
verifying standard boson commutation relations

(8 (1), 8], (8)] = 6., (3)

um (2) is the spatial profile of mode m, equal to e?*sm* in
the case of ring cavities, while for linear cavities it is equal
to sin [ks,m (2 + L/2)], where

Fsm = k (Wem) = M’ (4)
is the corresponding wavenumber. Finally & ,, is the sin-
gle photon field amplitude, whose value depends on the
type of cavity. For a ring cavity

hws,m

glring) _
2e0n (ws,m) AsL’

s,m

()

where Ay is the transverse area of the signal field, while
for a linear cavity

Ene) = VaEl e, (6)

Note that we are writing the field as a superposition of
plane waves, but the treatment is approximately valid for
Gaussian beams provided that the crystal is placed at the
beam waist and the Rayleigh length is much longer than
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the crystal length [. In this case A; = mw? with ws the
beam radius. Similarly we have A, = wwg for the pump
transverse mode. .

The interaction Hamiltonian Hy describing the para-
metric interaction in the nonlinear crystal is given as usual
by:

+1/2 R R A
=-A [ dz [ (2,t) By (2,t) + Es (2,t) Ps (2,1)]
—1/2
) ) (7)
where Ps (z,t) and P, (z,t) are the nonlinear electric po-

larization at signal and pump frequencies, and Aj ac-
counts for the effective area of interaction correspond-
ing to the three-mode overlapping integral across the
transverse plane and, for Gaussian beams, it is given by
At = Ajt 4 2A71. The calculation of the Hamiltonian
depends on the type of configuration (singly or doubly
resonant). Here we consider the simpler case of a doubly
resonant SPOPO and leave the details of the singly reso-
nant case for the Appendix.

2.1.1 Doubly resonant SPOPO

In this case an expression for the intracavity pump field
operator Ej, analogous to (2), now centered around 2wy,

can be used and the following expression for Hi in the
rotating wave approximation is obtained:

Hy = 2iegxI ALY | ExmEsqEpmtalm.g

m,q
x &5, (t) 81 (t) Prmq (t) + Hec.,

(8)
where x is the relevant nonlinear susceptibility, p,, (¢) and
Pl (t) are pump boson operators (m = 0 denotes the
phase matched mode) verifying [fm, (), pl, (t)] = Om.n
and &, is as &, with the substitutions ws p, — wp.m =
2wp + mf2 and As — A,. The phase-mismatching factor
of the crystal, fp, 4, is given by:

Sin @, g

Pm.q

®m.q being the phase-mismatch angle:

fm,q = ) (9)

(kp,m-i-q - ks,m - ks,q) l. (10)

N =

Pm,q =

Making use of the standard input-output formalism of op-
tical cavities the following set of Heisenberg equations for
the signal annihilation operators §,, is derived straight-
forwardly:

dsm,

at —Ys8m + V/27s8in,m + qu fm’qégﬁm""q’ (11)

where the cavity damping rate 74, or cavity linewidth, is
equal to QTS , Ts < 1 is the transmission factor of the
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single cavity mirror at which losses are assumed to be
concentrated, the coupling constant « is given by

wo

3/2 A
o (2)"VE
A\/_p TLQL €0

and G is a factor depending on the geometry of the cavity
that amounts to 2 for the ring cavity and to v/2 for the
linear cavity.

Analogously, the evolution equations for the pump an-
nihilation operators p, are:

= 'Yppq + 2'Ypp1n q— Zm fm,qgmgq—mv (13)

where 7, is the cavity damping coefficient evaluated at
pump frequencies.

To get these simple equations, we have assumed that
Es.m = &0 Ym, and neglected the dispersion of the nonlin-
ear susceptibility, which is a very good approximation as
far as the pulses bandwidth is not too large [32]. The “in”
operators correspond to quantum fields entering the cavity
through the coupling mirror. We consider the case where
the input signal field is the vacuum, and the input pump
field a coherent state. We have therefore (8in.m, (t)) = 0,
(Pin,q (t)) = Pext,q, and the following correlations

(Brom (0) Bl () = (B (8) 8Ly s (1))
= 8mmd(t—1), (14)

with the notation <€L,l;> = <(€L —{(a)) (5 — <5>)>, the
rest of correlations being null. The mean input field pext,q

is related to the a, and P coefficients introduced in (1)
by:

(12)

dpq
dt

noApP
Oyq.
2hwo

(15)

Pext,q =

2.1.2 Singly resonant SPOPO

As detailed in the Appendix, in the case where only the
signal field is resonating into the cavity the evolution of the
signal field annihilation operators is given by an expression
identical to (11), but now the pump annihilation operators

are given by
g\/ CNNOES SA0)

We see that these operators contain two contributions.
The first one corresponds to the free-field part that is
described by means of two independent boson operators

]ﬁl(f 271 (t) associated to the fields impinging the cavity from

both the directions labeled with the superscripts (4). We
consider the unidirectional pumping case where the input
pump field propagating from left to right (labeled with
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(4)) is a coherent state with a mean value of (ﬁl(:?](t» =
Dext,q, While the input pump field propagating form right

to left (and labeled with (—)) is the vacuum (ﬁl(n_;(t» =0.
The mean input field, pexy,q, is still given by equation (15),
and the only non-null correlations are:

(#0010, 0] ) =dmnse-e). )

2.2 The SPOPO below threshold

Below threshold signal modes have a zero mean value,
whereas the pump field is characterized by a huge am-
plitude. One can therefore use a linearization procedure
for the quantum fluctuations, which amounts to setting
Pmtq — (Dm+q) in (11). In the doubly resonant case

<ﬁm+q> =V 2/ <]§in,m+q> =V 2/Yp Pext,m+q, @S given

by (13), while in the singly resonant case (Pm4q) =

GVLIe (B hva) = GV Pextmras a5 given by (16).

In both cases the final equations for the signal field anni-
hilation operators are identical:

ds
m_ . o ot
W = —VsSm + 2’753111,771 + VsO Zq Em,qsqu (18)
where
g =/ P/PQ, (19)

is a pump amplitude parameter, and Py is an important
scaling parameter for the pump, which can be shown to be
the threshold value for the pump in the CW regime (single
mode pump configuration). In the optimized configuration
for the pump focussing (A, = As/2), it is equal to:

goc®ndT?

Py = ITy—=5
T (o)

(20)

where Il is given in Table 1 for the singly or doubly reso-
nant configurations and ring or linear geometries. The dif-
ferences arise from the fact that the doubly resonant case
presents an intracavity pump power enhancement factor of
4 /T, with respect to the singly resonant case and the crys-
tal is used twice in a linear cavity as compared to the ring
one. Hence the ratio P{*"™) /PSm&Y) ¢quals the (very
small) pump transmission factor of the doubly resonant
cavity. By way of example, if we consider a singly reso-
nant SPOPO (the geometry does not matter) based on a
BIBO crystal' with a thickness of I = 100 ym and pumped
at 0.4 um, we obtain reference irradiances Py of approx-
imate values 14, 344, and 1400 MW c¢cm~2 for T, = 0.01,
0.05, and 0.1, respectively. For a typical pump beam ra-
dius of 70 um these irradiances lead to pump powers equal
to 2, 53, and 212 kW, respectively.

The key point for the following analysis is the fact
that, in equations (18), the parametric coupling between

L y=25pm V7! ng=2.
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Table 1. Coefficient for retrieving the CW threshold P, in the
different experimental situations considered.

11y
Linear cavity
Ring cavity

Doubly resonant | Singly resonant
T,/16 1
Tp/4 1

the different signal modes is linear. It is characterized by
a matrix £, with matrix elements:

Sin Gy g
ACm,q = fm,qam-l-q = (b Amtq-
m,q

(21)

When necessary, the phase mismatch angle ¢, 4, equa-
tion (10), can be computed using a Taylor expansion
around 2wq for the pump wave vectors kp ,, and around
wq for the signal wave vectors ks,

Gmg = Br (M 4 q) + Bap (M + q)° — Bas (M + ¢2), (22)

where

1

Br= 52 (ky —K) L (23)
1

Bap = ZQle’D’Z, (24)
1

/628 = ZQQk;/l, (25)

are dispersion coefficients, and k' and k" are the first and
second derivatives of the wave vector with respect to fre-
quency. Note that the matrix £ depends on the cavity
characteristics only through the free spectral range (2.

3 SPOPO dynamics for the mean fields.
Determination of the SPOPO threshold

Before calculating the quantum fluctuations of the
SPOPO we analyze first the dynamics of the mean val-
ues of the operators, which is obtained by removing in
equation (18) the input noise terms and replacing the op-
erators by complex numbers:

dsm,

Lo i 420 S Ly (26)
q
The solution to equation (26) is of the form
Sm (1) = Spme™ !, (27)

where k is an index labelling the different solutions, and
the parameters Sy ,, and A, obey the following eigenvalue
equation:

Aksk,m = _FYsSk,m + VsO Z Lm,qsz,q'

q

(28)

As matrix £ is both self-adjoint and real, its eigenvalues
Ay, and eigenvectors Ly, of components Ly, ,,, defined by

AkLk,m = Z Lm,qu,q

q

(29)
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are all real. As 5 and o are also real, it is evident that two
sets of solutions to equations (28) exist, namely S,(jn)l =

Ly, and S’,(g_w)I = 4Ly m, with corresponding eigenvalues:

AH = (—1£04y). (30)

Let us label by index & = 0 the solution of maximum
value of |Ax|. When o |Ag| < 1, all the rates \i are neg-
ative, which implies that the null solution for the steady
state signal field is stable. For simplicity of notation, we
will take Ay positive in the following, which is a common

situation as shown below?. Hence /\é+) is the largest eigen-

value and /\((3+) = 0 sets the SPOPO oscillation threshold,
which then occurs when the pump parameter o takes the
value 1/Ag, i.e. for a pump irradiance P = Py, equal to:

Py = Py/ A2 (31)

The exact value of Ag, and therefore of the SPOPO thresh-
old, depends on the exact shape of the phase matching
curve and on the exact spectrum of the pump laser. As
will be shown in Section 5, the theoretical SPOPO thresh-
old can be extremely low, of the order of the CW single
mode threshold divided by the number of pump modes.
Let us now define the normalized amplitude pumping

rate r by
r =/ P/ Py, (32)

or r = o/g, so that the threshold occurs at r = 1. The
eigenvalues A\ become

A
)\,(ci) =Y (—1 :I:r—k> .

We will call supermodes the set of Sy, values for a
given k, which corresponds physically to the different spec-
tral components of the signal field, and critical supermode
Sl(;)o,mv the one associated with )\(()+), which is the eigen-
value changing its sign at threshold. Above threshold, this
critical mode will be the “lasing” one, i.e. the one having
a non-zero mean amplitude when r > 1. Note that the
supermodes are independent of pump (Eq. (29)), but not
the eigenvalues equation (30).

We note that the supermode in quadrature with re-
spect to the critical one, S(g_) = z’SéJr), has an associated
eigenvalue )\((J_) = —2, at threshold, equation (33) with
r = 1, which is the lowest eigenvalue below or at threshold.

(=)

This property is obvious: should A, ' < —2, for some k,
A

then rA—z should be larger than 1, what is incompatible

with the fact that M—z} < 1 by definition and the con-
dition » < 1. The fact that there exists an eigenvector
whose damping rate (/\E)_) = —2v; at threshold) is twice
that of the passive cavity has important consequences on

the squeezing properties of the SPOPO, as it occurs in
other OPO configurations [33].

2 Should A < 0 then the null eigenvalue at threshold would

be )\(()_) instead of )\(()+) and the following analysis should be
accordingly modified.
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4 Quantum fluctuations of the SPOPO
below threshold

4.1 Fluctuation spectrum for the supermodes

We can now determine the quantum fluctuations of the
signal field in a SPOPO below threshold. Let us introduce
the following operators:

Si(t) = Z Lim3m(t), (34)

gin,k(t) = Z Lk,méin,m(t)~ (35)

AsLy-Liy =), LimLi m = Ok,k, one has trivially

{gk(t),g,il (t)} = Ok i
[Sine(8), 85,0 (8] = Bue0(t — ),
and the correlation

(Sinn(®), 81,4 () = Supd (t— 1), (36)

as well. Hence S’k and S‘inyk are the annihilation opera-
tors of a combination of signal modes of different frequen-
cies, which are the eigenmodes of the linearized evolution
equation (26). The corresponding creation operator ap-
plied to the vacuum state creates a photon in a single
supermode which globally describes the frequency comb,
or train of pulses. Analogously one can define supermode
output operators

S’out,k(t) - Z Lk,méout,m(t)a (37)

where the output boson operator Sout m (t) relates to the
intracavity and input boson operators through the usual
input-output relation of high finesse optical cavities,

§out,m (t) - _éin,m (t) + 275§m (t) . (38)
One can then write:
d - . . .
5% = =Sk + %005+ V2%Sinp (39

Let us now define quadrature hermitian operators g,gi)
by:

39 _ g 1 81,

8§70 = =i (S -9},

and analogously for S’imk and gout,k, which obey the fol-
lowing equations:

d s+ +) al+ e
S A+ S

o (42)
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with /\,(ci) given by equation (30). These relations enable
us to determine the intracavity quadrature operators in

“w)
=\ )

the Fourier domain 5’,2
iwS™H (W)

E=
+ \/2%55“7,1((.«))

Finally, the usual input-output relation on the coupling
mirror (38), which can be written as

(43)

29s8m (W), (44)

being Sout,m (w) the Fourier transform of the output boson
operator Soutm (t), extends by linearity to any supermode
operator as the mirror is assumed to have a transmis-
sion independent of the mode frequency. One then obtains
the following expression for the quadrature component in
Fourier space of any signal supermode,
o+ +)
SGn@) = 0P (@) S W),
o) () = ¥ (1 £ 1AL/ Ap) —iw (46)
k Vs (=1 £ 1A/ Ag) +iw’

One has also, for the operators in Fourier space:

gout,m(w) = _§in,m(w) +

(45)

(a,b)
(S0 @) 80 @2)) = Tt (w1 +w2)  (47)
a=4,b=+ (48)

Wlth 77(+7+) — 77(_7_) =1 a,nd 7’]("’7_) —_ —7’](_7"") = 1.

4.2 Homodyne detection

The variances of the quadrature operators can be mea-
sured using the usual balanced homodyne detection
scheme: the local oscillator (LO) is in the present case
a coherent mode-locked multimode field Ey, (t) having the
same repetition rate as the pump laser:

By (t) = By () + B (1), (49)
t) =ier Y eme ot (50)
Ef (t) = [Bf (1)), (51)

where Y |en|? = 1, and e, is the LO field total am-
plitude factor. The output signal exiting the SPOPO,
EA’S,Om (t), is combined with Ep, (¢) in a 50%-50% beam
splitter, the intensity of the two output ports is measured
using photodiodes of unity quantum efficiency, and their
difference constitutes the homodyne signal. Writing

ESOHt() E.s_out()+Esout()?
5 out Zgout Z Sout m ZWS’Mtu

Bt () = [Brouc )]

where &y, is a proportionality constant. If sufficiently fast
detectors were used the measurement would give an in-
stantaneous signal represented by the operator

) = —5— (B () B (0 B () Erou (8]

The European Physical Journal D

When detectors are not so fast (we are considering inter-
pulse separations on the order of few ns) they average over
many pulses along their response time 74 and 7 must be

substituted by iy ( f t+7a/2 dt'i (

t"), which can be
Td/2 7

very well approxunated by

i (1) = Y [emhuem () + €hdouem (0], (52)

where we considered that 74 > 27/ and used that
Sout,m (t) and § sout m (t) vary little during the time 74 [34],
what roughly requires that 74 < 77 !. Note that this
case, namely 27/ < 74 < 75!, is sensible as ;! =
2771 (27/£2), where Ty < 1 is the transmission factor of
the single cavity mirror at which signal losses are assumed
to be concentrated. Then operator iy (52) represents the
outcome of a balanced homodyne detection that uses as
a local oscillator a modelocked laser with the same repe-
tition rate as the SPOPO and with spectral components
given by e,,. The variance of 7y measures then the fluc-
tuations of the projection of the output field on the local
oscillator.

4.2.1 Perfect mode matching case

When the coefficients e, of the LO field spectral decom-
position are equal, apart from a global phase ¢r,, to the
coefficients Ly, of the k-th supermode, e,, = ei¢LLk7m,
one measures, according to (52), a photocurrent difference
proportional to

i () = €90 ST () + e Soue i (t)
=80 (B cospr + 85 (H)singr.  (53)

The two following variances, depending on the local oscil-
lator phase value ¢r,, are measured (see next section for
the demonstration),

v (1 - 7‘/116//10)2 +w?
72 (1+ rdg/A)? + w?’
(54)

V7w =v” @) (-w) =

1
C@n? () =

V/€(+) (w) = W) = V(_) ( )7
k w

(55)

where v,(ci) are given in (46). Equations (54),(55) show
that the device produces, as expected, a minimum un-
certainty state and that quantum noise reduction below
the standard quantum limit (equal here to 1) is achieved
for any supermode characterized by a non-zero Ay value.
Clearly which quadrature is squeezed depends on the sign
of Ay /Ao, so that when positive, it is 5‘,2_) the squeezed
quadrature (phase-quadrature squeezing) and vice versa
(amplitude-quadrature squeezing). The smallest fluctua-
tions are obtained close to threshold (r = 1) and at zero
Fourier frequency (w = 0):

Ao = |A’“|)2 (56)

Vi), = [ =——F
( k)mm <AO+ |Ak|
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In particular, if one uses as the local oscillator a copy of the
critical mode k& = 0 (identical to the one oscillating just
above the threshold r = 1) one then gets perfect squeezing
just below threshold and at zero noise frequency, just like
in the CW single mode case. But modes of k # 0 may be
also significantly squeezed, provided that |Ag/Ag| is not
much different from 1. In the next Section we analyze the
behavior of the squeezing levels just described.

Our multi-mode approach of the problem has therefore
allowed us to extract from all the possible linear combi-
nations of signal modes the ones in which the quantum
properties are concentrated.

4.2.2 General case

As always in quantum optics, the measurement of a high
degree of squeezing in SPOPOs requires the use of a
mode matched LO, namely of spectral components e, =
et L, m- It is not always an easy task and was recognized
in [1] as the main experimental limitation in pulsed squeez-
ing. With the present ultrashort pulses, one can use pulse
shaping techniques with the help of dispersive elements
and programmable phase modulators [35-37]. In view of
future experiments, it is important to determine the noise
levels measured using a LO of arbitrary shape, in order to
know the accuracy with which the perfectly modematched
LO must be approached using pulse shaping techniques.
We derive in this section the noise spectrum for a LO of
arbitrary shape, that we will use in Section 6.

Let us define the projections of the LO frequency comb
onto the supermodes Ly, as

dk =Y Limem. (57)

This expression can be inverted to yield

€m = Z Lk,mdku (58)
k

where the well known result Zk LimLin = 0, pn involv-
ing the elements of a basis has been used. Substitution of
equation (58) into equation (52) yields

i () = Y [Re (di) S500,(0) +1m () S50, )] (59)
k

where the quadrature operators, equation (40), have been
used.

The noise variance spectrum associated to iy (1),
V (w), can be computed as

+oo
V(W) = / dr (i ()i (E+ 7)) e~ (60)
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Fig. 1. (Color online) Sketch of the phase-matching matrix
fm,q in the space of the integer numbers {m, ¢} corresponding
to frequencies {wm, wq}. In white are represented the regions of
optimal phase-matching while in blue the unmatched regions.

Using equations (45)—(47) and (52), it is finally equal to:

Vi) =Y {®ed) o[ (@) of" (~w)

k
+ (Imdy)? () (w) v (—w)
+i Redy, Imdj, [U,(f) (w) ol (—w)

{7 (w) vl (_w)] } . (61)

Equation (61) gives the general expression of the squeez-
ing spectrum corresponding to a generic LO defined by its
supermodal amplitudes dj, given by equation (57). When
the LO is proportional to the supermode labeled by k, say
Cm = ei¢LLk7m, and ¢r, = 0,7/2, the two special quadra-
tures (40) are selected and the results (54) and (55) are
recovered.

5 Diagonalization of the matrix L:
analytical and numerical results

We have seen that all the properties of the SPOPO are
directly related to the series of eigenvalues Ay, depend-
ing both on the phase matching properties of the crystal
and pump spectral characteristics. We will consider now
in more detail the characteristics of these eigenvalues.
Figure 1 shows schematically the typical appearance of

g& (Eq. (22)), for

a typical configuration (see Sect. 6 for details and real ex-
amples). It has the shape of a hyperbola, whose branches,
of width N, display a minimum distance between them
called d. Another relevant quantity is the “width” Na
marked in the figure. These quantities will be useful for
determining the Gaussian limit, that we will consider in
the next section.

the phase-mismatch matrix f,, =
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The matrix £ is the product of f,, ; with the pump
spectrum Qup44. As the last quantity is constant for
m + ¢ = constant, the pump selects a portion of matrix
fm,q, roughly given by the intersection of f,, , with a
straight band oriented along the direction m-+q = 2myyax,
where mpax corresponds to the maximum of the pump
spectrum.

5.1 Analytical approach

When the pump spectrum is not very broad, the result-
ing nonzero matrix elements of £ are confined within an
“ellipse” whose principal axes are oriented along the di-
rections m + ¢ = 0 and m — ¢ = 0. In this case one can
forget the secondary maxima of the sinc function and use
a Gaussian approximation for the phase-matching matrix:

() ()
fm’q:e 2\ Ny e 2\ N2 .

The form for f,, 4 follows from the approximations
2

2
—z 3 2 —_z
e ™ and 27— ~e " [26], where the parameters 7; and

72 can be opportunely chosen so that the results from the
diagonalization of the coupling matrix obtained from (62)
match optimally to the results of the numerical diagonal-
ization of L,, 4. By choosing them as 1 = 5 and 12 = 12,
the following expressions for the widths N7 and N, can be
obtained:

(62)

sinz ~
- =

5/2
Ny = XL—, 63
Y (%5)
2v/3
Ny = \/_ ’ (64)
V |62$|
where the [ coefficients are the ones introduced

in (23)-(25). Let us assume in addition that the pump
has a Gaussian spectrum centered at 2wg:
~1 _1(m)?

am:w_in% 5(%) (65)

where S |oy|* = 1 and N, = (£27,)"" is a measure of

the number of pump modes. The matrix elements L,, ,
are then equal to:

(66)
The Gaussian approximation (66) is correct as far as the
interplay between the pump spectrum and the phase-
matching is opportune. More quantitatively speaking, we
have to demand that the two branches of the hyperbola
in Figure 1 are sufficiently separated each other, which
corresponds to require that d > N; (we will consider
d Z 10Np), and the pump width is sufficiently smaller
than the width of phase-matching function along the di-
rection m — ¢ = 0, which corresponds to the condition
Np < Ny. These conditions lead to the following bounds:

B

— 590, 2|6 N, < 1.
‘ﬁQp_%ﬂ%‘ ?
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In terms of the crystal parameters and of the pump pulse
duration these validity limits can be cast as

k! 1.
1> 20(;72@, (67)
p s
o > |k, — K] (68)

For a BIBO crystal under typical conditions the above
inequalities read [ > 0.2 um (hence it is not a serious con-
dition) and 7, > 400 fs x {/mm. Hence, for a crystal length
[ = 1mm, 7, should be larger than 400 fs in order that
the Gaussian approximation is valid, while for [ = 0.1
mm the condition is met just for 7, > 40 fs. We note
that condition (67) means that the pump duration should
be longer than the temporal walk-off between signal and
pump modes along their propagation inside the crystal.

The eigenvalues of such a matrix turn out to have a
simple analytical expression at the continuous limit, i.e.
when one can replace in (29) the sum by an integral, so
that:

MLi(m)= [diLma Ll (©)
(note that we changed the notation from indices to argu-
ments).

The eigenvalues are given by

Ay = Aoph, (70)
where
1/4 &
Ay = \/2N, 71
0= PV 472 (1)
2
-
=—1+42 2 72
P T2 (72)
and ) )
ki — kL1 Va4
7_1:‘13 | Ty = |5| (73)

VAT 43
Ag and p are given in the limit 72 < 7, which holds
unless the crystal length [ < 0.1 pm; hence p is very close
to —1. Equation (70) corresponds then to an alternating
geometric progression of ratio p, whose first element Ay is
positive.

The eigenvectors are similar to the well-known
Hermite-Gauss TEM,, transverse modes. They are given

by X
m 2
Lo = &), <ﬁ> (74)

VEI2F /7N,

where Hj is the Hermite polynomial of order k, and
Ny = (£275)7! is the number of signal modes. Hermite-
Gauss functions being simply proportional to their Fourier
transforms, their temporal shape is exactly the same as
their spectral shape. The pulse duration of the zeroth
mode, Ty, is given by

2 _ [ 2
o = 2T\ /T] + T2

(75)



G. Patera et al.: Quantum theory of SPOPO: characterization of the squeezed supermodes

Under typical conditions® the times 71 and 75 are on the
order of 7y ~ 100 fs and 7 ~ 5 fs for a crystal length
[ =1 mm, and in general 7o < 71 whenever [ 2 0.1 pm.
Note that the condition (67) implies that Tg > 77, 50 that
A3 ~ 24/TN,.

We are then led to the important conclusion that, ac-
cording to equation (31), the SPOPO threshold is roughly
equal to the CW single mode threshold P, divided by the
number of pump modes, and can be therefore very low.
For example, if N, = 2 x 10* (corresponding to 7, = 100
fs and a cavity length L = 2 m) and considering the
case already discussed (a 100 pm-thick BIBO based lin-
ear SPOPO pumped at 0.4 ym), we expect, for Ty = 0.01,

a pump irradiance at threshold Pt(singly) of 0.1kWcm™2,
and an average pump power of 16 mW for a typical pump

beam radius of 70 pym.

5.2 Numerical approach

In the general case one must diagonalize numerically the
105 x 10° matrix £. The situation can be dramatically sim-
plified from the computational viewpoint by noting that
a scale transformation affecting the SPOPO parameters
allows diagonalization of a much smaller matrix.

Let us now consider a set of parameters defined by

2 2
51 = K’Bla 5&13 =K ﬁQpa 5&5 =K 6257
N, =rk"'N,

(76)
(77)

with x a large and positive real number. Let us call
L' (m, q) the value of the matrix element with these new
parameters. The form of the matrix coefficients £ (m,q)
when the phase mismatch coefficient ¢,, , has been re-
placed by its approximate value (22) implies that:

L' (m,q) = VKL (km, kq) . (78)
Let us set the eigenvalue problem for £’
KLim) = [ Aol moa) L), (79)

where we added a prime to denote the new eigen-elements.
Using (78) and performing the change of variables x =
km, y = Kq, one finds that:

Ay = \/EA;w
Lim = L}, (m/K).

These two relations are very useful as they allow to com-
pute numerically eigenvalues and eigenvectors of £ in
terms of the corresponding ones of much smaller matrix
L' because, according to (78), the support of £’ is much
reduced as compared with that of £. In any case the value
for k must be chosen adequately in the sense that the diag-
onalization of the toy problem can be cast in the integral
form (79) so as to keep £’ a smooth function of (m, q).

® For typical crystals |kj, — k| ~ 107'°—=107° sm™", and
|ky| kY] ~107% —107%* s> m™".
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As a by-product of the demonstration an interest-
ing prediction on the influence of the cavity length can
be drawn: consider that, given a SPOPO, we modify its
length according to L’ = x~'L. This modifies the free
spectral range as 2’ = k{2 and the new SPOPO parame-
ters relate to the old ones as in (76) and (77). Hence (79)

leads to
Ay =/ L']LA.

This is the case in particular for Ay and the new pump
threshold becomes P/, = (L/L')Py,. Hence increasing
the cavity length (and correspondingly decreasing the rep-
etition rate) decreases the threshold accordingly.

(82)

6 Application of results in realistic cases

In this section we discuss the threshold and squeezing
properties of experimentally realizable SPOPOs. This
study requires the numerical diagonalization of the ma-
trix £. We have explored many different configurations
involving different pump pulse durations 7, different cav-
ity lengths L, different crystal thicknesses [ and even dif-
ferent phase-matching conditions (critical and noncritical)
that give rise to different dispersion properties. We have
considered both BIBO and KNbOj crystals and have ob-
tained similar results in the sense that the analytical ap-
proach given above describes very well what is numerically
found in the region (67), no matter the particular values
of the parameters. When that condition gets violated, de-
viations from the analytical result are obviously found but
they affect mostly the behavior of the eigenvectors, not so
much the one of the eigenvalues. As the analytical limit
is the best also from an experimental viewpoint (there
the eigenvectors are Hermite-Gauss modes, which can be
reasonably easily produced experimentally) we consider
here one case that clearly fulfills condition (67) with pa-
rameters compatible with the experimental setup that is
currently under preparation. For the sake of completeness
we also consider another one that “slightly” violates con-
dition (67). We wish to remark that these cases are rep-
resentative of what we have found in an exhaustive study.
Finally, when condition (67) is more severely violated large
deviations from the Hermite-Gauss case are observed that
give rise in fact to new phenomena that deserve a study
on their own and are not treated here.

The cases we discuss here correspond to collinear, de-
generate type I critical phase-matching at 0.4 um pumping
of a BIBO crystal, obtained when the pump polarization
is ordinary (parallel to the direction Ox) and that of the
signal is extraordinary (o — e + e). Using Sellmeier’s co-
efficients for BIBO we obtain that such phase-matching
occurs at an angle § = 151° between the direction Oy
and the direction of propagation of the pump (and the
signal) beam, in agreement with [38]. For this configura-
tion we obtain the values for the dispersion parameters
reported in Table 2. Also given in that table are the val-
ues of the free spectral range {2 and pump pulse duration
7p that will be used along this section. We shall assume a
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Table 2. Dispersion parameters for BIBO crystal and pumping
field.

(a) BIBO dispersion parameters

K (sm™) E” (s°m™T)
Pump | 6.6537 x 1077  4.7248 x 10~ *°
Signal | 6.2664 x 107°  1.6420 x 10=%°

(b) Pump parameters

2 (MHz) | m (fs)
21 X 75 100
m (x10°)

-20 -15 -10 -5 0 5 10 15 20

q (x10°)

Fig. 2. (Color online) Case A: £ matrix.

pump with Gaussian spectrum and centered at the phase-
matched frequency 2wg. Finally we consider three different
values of the crystal length:

case A: [ = 0.1 mm,
case B: [ = 0.5 mm,
case C: [ = 5mm.

With all these values one can compute the phase mismatch
angle ¢ in the second order dispersion approximation, see
equation (22), and finally the matrix L.

Case A verifies well the condition (67), which reads
here 7, > 40 fs. On the contrary cases B and C do not
verify it, which now reads 7, > 200 fs and 7, > 2000 fs,
respectively.

6.1 Case A

In Figure 2 we show the frequency representation of the
matrix £ (integer indexes) which is the actual matrix to be
diagonalized. Phase matching occurs in the lighter regions.
Darker regions are highly phase-mismatched. Results of
the numerical diagonalization, obtained as explained in
Section 5.2 by using a scale factor x = 1000, are shown in
Figures 3 and 4.
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Fig. 3. (Color online) Case A. Spectrum of eigenvalues. Com-

parison between the numerical and analytical solutions. Among

about 10° supermodes only a relatively small part (~ 40) is dy-

namically significative.
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Fig. 4. (Color online) Case A. Comparison between the nu-
merical (solid blue line) and the analytical (dotted red line)
solutions of the eigenvectors associated to the four highest |Ag|.

In the singly resonant case, a threshold of Wy, =~
29mW is readily obtained from equation (31) for the
corresponding eigenvalue Ay =~ 270, by considering a
transmission factor of Ty = 0.01 and a beam waist of
70 um. This results are in perfect agreement with the an-
alytical value predictable by the expression equation (71).
For a doubly resonant cavity this result has to be multi-
plied by means the correction factor that accounts for the
geometry and is reported in Table 1.

From equations (54) and (55) we can calculate also
the noise reduction corresponding to the first four eigen-
vectors shown in Figure 4 for a zero noise frequency. Ev-
idently we are assuming to be able to master the spec-
tral shape of the local oscillator in order to exactly match
it to the supermode whose noise variance spectrum is
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Table 3. Case A. Comparison between the noise variances
evaluated, at w = 0 and r = 0.9, in the case of perfect mode
matching of the LO with the supermodes corresponding to
k =0,1,2,3 and the case where the LO is the Gauss-Hermite
(G-H) function described by the spectral amplitudes e, and
Ni = 2.2 x 10°.

Vi dB) | k=0 k=1 k=2 k=3
Perfect | —25.6 —24.9 —24.1 —23.3
G-H —25.5 —24.8 —23.8 —22.6

to be measured. Nevertheless, the optimization of mode-
matching between the local oscillator and a specific su-
permode can result a difficult task even when pulse shap-
ing techniques are used. Let’s consider, then, the case
where the best we can do is to deal with a local os-
cillator shaped as a Gauss-Hermite polynomial ey ,, =
am VAN V22 (m/NW? git y (m/Ny), where N, is the
number of longitudinal modes of the local oscillator comb.
In such situation the variances have to be evaluated using
the general expression equation (61), where the noise vari-
ance spectrum is given by the sum of all the supermodes
noise variance spectra weighted by the mode matching
parameters d, which describe how well each supermode
projects on the local oscillator field. In Table 3 we com-
pare the degree of squeezing measured in the situation of
perfect mode-matching and the situation where the best
local oscillator is Gauss-Hermite function of adjustable
spectral width, for a pumping power 20% below thresh-
old (i.e. = 0.9). In the latter case, the minimum noise
is obtained around Ny, ~ 2.2 x 10°. Such comparison evi-
dences the fact that the differences between the two situ-
ations are small. Hence, the exact knowledge of the super-
modes shape is not necessary and a good degree of mode
matching can be obtained simply controlling the spec-
tral width of a Gauss-Hermite local oscillator. Evidently
this circumstance is verified as far as the condition for
the Gaussian approximation of the coupling matrix is re-
spected. However, the number of supermodes that present
marked quantum characteristics results to be greater than
four. By considering, in a qualitative way, that —5 dB is
a still significative degree of squeezing, we found that all
the supermodes corresponding to the first 45 higher values
of |Ag| have variances smaller than the considered bound.
This is an important result since it proves that SPOPOs
are multi-mode sources of non-classical light.

6.2 Case B

In the next figure we show the matrix £ corresponding to
this case. Figure 5 corresponds to the frequency (integer
indexes) representation, which is the actual matrix to be
diagonalized. Phase matching occurs in the lighter regions,
while darker regions are highly phase-mismatched.

Results of the numerical diagonalization, obtained as
explained in Section 5.2 by using a scale factor k = 1000,
are shown in Figures 6 and 7.

In the singly resonant case, a threshold of Wy, =~
1.5mW is readily obtained from equation (31) for the
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Fig. 5. (Color online) Case B: £ matrix.

Table 4. Case B. Comparison between the noise variances
evaluated, at w = 0 and r = 0.9, in the case of perfect mode
matching of the LO with the supermodes corresponding to
k=0,1,2,3 and the case where the LLO is the Gauss-Hermite
(G-H) function described by the spectral amplitudes e, and
Ni, = 1.2 x 10°.

Vi dB) | k=0 k=1 k=2 k=3
Perfect | —25.6 —24.1 —22.6 —21.0
G-H | —-239 -208 —17.9 —15.0

corresponding eigenvalue Ay =~ 235, by considering a
transmission of Ty = 0.01 and a beam waist of 70 um.
The threshold obtained from the analytical solution is
about 1.6 mW, which is not too much different from the
exact solution. Hence, even if the experimental situation
considered here does not strictly verify the conditions
for Gaussian approximation, we find still a good agree-
ment between the numerical and the analytical predic-
tions. A qualitative statement about the good agreement
between the numerical and analytical solutions can be
grounded also from the comparison between the eigen-
values shown in Figure 7.

Assuming perfect mode matching, from equations (54)
and (55) we can calculate also the noise reduction corre-
sponding to the first four eigenvectors shown in Figure 7
at the carrying frequency and 20% below threshold (i.e.
r = 0.9) and compare it to the general case where the lo-
cal oscillator is described by the Gauss-Hermite spectral
amplitudes ey, ,,. In this case, the detection is optimized
for a spectral width of about Ny, ~ 1.2 x 10°. The results
are reported in Table 4.

In this case, the amount of squeezing detected using a
Gauss-Hermite local oscillator, despite of the optimization
of its spectral width, is not as much as the perfect case,
even if still significative. This result is a consequence of
the fact that the situation now considered is slightly vi-
olating the bounds for the Gaussian approximation and,
hence, the supermodes have spectral amplitudes that are
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Fig. 6. (Color online) Case B. Spectrum of eigenvalues. Com-
parison between the numerical and analytical solutions. Among
about 10° supermodes only a relatively small part (~ 23) is dy-
namically significative.
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Fig. 7. (Color online) Case B. Comparison between the nu-
merical (solid blue line) and the analytical (dotted red line)
solutions of the eigenvectors associated to the four highest |A|.

no more characterized by Gauss-Hermite functions. Nev-
ertheless, even if Gaussian approximation is not perfect,
its prediction capability is still relevant.

Since we are interested to SOPOs as multi-mode
sources for non-classical light, let’s consider the same qual-
itative argument we considered in the previous section. In
this case about 23 supermodes present a degree of squeez-
ing greater —5 dB. Despite the fact that, with respect to
the 0.1 mm-thick crystal, the number of supermodes that
characterize the SPOPOs output is smaller, it can still be
considered highly multi-mode.
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Fig. 8. (Color online) Case C: £ matrix. The inset is the mag-
nification of the matrix around the phase-matched frequency
corresponding to m =0, ¢ = 0.

6.3 Case C

The last case we consider corresponds to a configuration
that is strongly non-Gaussian. This can be directly ob-
served by comparing the matrix £ obtained in this case
and reported in Figure 8 with the matrices for cases A
and B.

In fact, since the pump pulse duration 7, is much
smaller than the temporal walk-off |k, — kl|/, in the
space {m,q}, the pump bandwidth N, is larger than
the phase-matching bandwidth N; (see Fig. 1). Conse-
quently, the pump selects not only the principal peak of
the “sinc” function corresponding to the phase-matching
matrix fi, 4, but also several secondary maxima. This has
an important consequence for what concerns the eigenvec-
tors and eigenvalues of £, obtained as explained in Sec-
tion 5.2 by using a scale factor x = 200, that we report in
Figures 9 and 10.

In Figure 9, the spectrum of the eigenvalues obtained
from the analytical solution (70) (red circles) shows a
great discrepancy with the eigenvalues obtained from nu-
merical diagonalization of £, as expected. In particular,
the part of spectrum, corresponding about to the first
50 eigenvalues, flatten around the critical value Ay ~ 36,
while the Gaussian approximation predicts always a geo-
metric progression-like behavior with a critical eigenvalue
Agau“ ~ 44. In the same experimental configuration as
previous cases (singly resonant cavity, transmission at sig-
nal frequencies of Ty = 0.01 and beam waist of 70 um), a
threshold of Wiy, ~ 0.67mW can be obtained from equa-
tion (31).

The result of a threshold higher than the one ex-
pected in the Gaussian approximation has a physical
explanation. Since, for the time durations involved, the
process of parametric down conversion can be considered
almost instantaneous, for a mode-locked pumping field the
peak power necessary to reach the oscillation threshold is
the result of the coherent contribution of all its modes.
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Fig. 9. (Color online) Case B. Spectrum of eigenvalues. Com-
parison between the numerical and analytical solutions. Among
about 10° supermodes only a relatively small part (~ 125) is
dynamically significative.
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Fig. 10. (Color online) Case C. Comparison between the nu-
merical (solid blue line) and the analytical (dotted red line)
solutions of the eigenvectors associated to the four highest |Ag|.

This circumstance is formally expressed by the fact that
the analytical expression for A¢ (see Eq. (70)) depends on
the number of modes in the pump pulse N,. But, beyond
the Gaussian limit, the fact that N, > N; implies that
not all the N, pump modes are equally phase-matched
and, then, not all can optimally transfer energy towards
the signal modes. The same phenomenon can be under-
stood even in the temporal domain. In fact the quantity
|k}, — k{|l corresponds to the temporal walk-off accumu-
lated by the pump and signal pulses through a passage
in the nonlinear crystal. When, in a non-Gaussian regime,
the condition (67) is violated, the walk-off between pump
and signal is bigger than the pump width 7, and the two
fields cannot optimally exchange energy all along the crys-
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Table 5. Case C. Comparison between the noise variances
evaluated, at w = 0 and r = 0.9, in the case of perfect mode
matching of the LO with the supermodes corresponding to
k =0,1,2,3 and the case where the LLO is the Gauss-Hermite
(G-H) function described by the spectral amplitudes eg,» and
NL = 0.08 x 10°.

Ve @B) | k=0 k=1 k=2 k=3
Perfect | —25.58 —2558 —25.57 —25.57
G-H | —25.27 —24.28 —2251 —20.22

tal length thus increasing the instantaneous peak power
necessary to reach the oscillation.

On the other hand, in Figure 10, the eigenvectors re-
trieved in the Gaussian approximation (74) do no more fit
the numerical solutions, as expected. In fact, even if they
still preserve a shape similar to Gauss-Hermite functions,
they result to be shorter in the domain of frequencies and
are affected by a small modulation of the spectral am-
plitude. As the previous cases, we consider the quantum
properties of the supermodes and compare the situation
of perfect mode matching of the LO with that of a Gauss-
Hermite LO. In this latter case the detection is optimized
for a spectral width of about Ny, ~ 0.08 x 10°. The re-
sults are reported in Table 5 for the eigenvectors corre-
sponding to the first four biggest |Ag|. The fact that they
are close to degeneracy (see Fig. 9) is reflected in an al-
most equal reduction of noise variances below the standard
quantum limit. Despite the differences reported between
the variances evaluated both by means of a perfectly mode
matched and a Gauss-Hermite LO, a still significative de-
gree of squeezing can be detected in realistic situations
thus suggesting that the shaping of the LO is not a crit-
ical issue for the experimental configuration considered
in this section. Actually, there is a larger set of super-
modes the variances of which are all close to the value of
the critical one. In particular, there are about 30 super-
modes that have variances encompassed in 1 dB, between
—24.6 dB and —25.6 dB. Furthermore, by considering the
number of supermodes that present a noise reduction big-
ger than —5 dB, one discovers that, this time, their num-
ber amounts to about 125.

6.4 Discussion on the influence of the crystal length

We have seen that even if the cases A and B do not verify
at the same time the condition (67), the analytical solu-
tion obtained in the Gaussian approximation works quite
well in both cases. Nevertheless, in spite of the fact that
this condition gives an approximately good idea of the
reliability of Gaussian approximation, it is interesting to
study the passage from a perfectly Gaussian case to a non-
Gaussian one trough a “gray” region where the differences
between the two cases are not big.

Let us consider equation (70) in the limit of very large
l. In such case, since from equation (73) 71 > 7, then A
asymptotically converges to:

Ao ~ w1/4\/20Np|k,T+k/|
P s

o~ —

(83)
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This expression indicates that the product Ay x [ is con-
stant for values of [ compatible with a non-Gaussian
regime. In Figure 11, then, we report the values of this
product as a function of the crystal thickness. For I < Imm
the analytical solution, as expected, is in good agreement
with the numerical one, while for greater thicknesses the
discrepancy is significative. Also this result is expected,
since the analytical solution for the critical eigenvalue has
not validity when the condition (67) is violated. On the
other side, the fact that also the analytical solution reaches
asymptotically, for increasing [, a plateau suggests a 1/I-
like behavior of Ay. The existence of such a plateau can
be explained from the point of view of the evolution of
the pump and signal pulses in the time domain. As dis-
cussed in the previous section, when the condition (67)
is violated, the walk-off between pump and signal is big-
ger than the pump temporal width. As a consequence,
the exchange of energy between the two fields is disad-
vantaged till a point where the threshold cannot change
anymore even increasing the crystal length. Since, from
equations (20) and (31), Py, o (Ag x 1)~2, for large val-
ues of [, then, also the product Ay x [ reach a constant
value, thus explaining the plateau in Figure 11.

In the same way, one can explain the discrepancy ob-
served between the two plateaux in Figure 11. As already
discussed in case C, in non-Gaussian configurations the
pump bandwidth is larger than the phase-matching one,
thus not all the pump modes are phase matched and not
all of them contribute to the final value of the threshold.
Therefore the number of pump modes actually involved
is smaller than the nominal value N, that should, then,
be corrected. From a quantum point of view, we have de-
tailed in the previous sections the noise properties of the
supermodes connected to the first four highest Ay (see
Tabs. 3, 4 and 5) and we calculated the number of super-
modes showing a squeezing better than —5 dB for getting
a qualitative indication about the “multimodicity” of the
system prepared in a specific experimental configuration.
These results can be appreciated in Figure 12 where the
noise variances of the supermodes that satisfy this cri-
terium have been traced for the three cases previously
discussed. The curve in the middle corresponds to case
A (I = 0.1 mm), a Gaussian configuration. As the thick-
ness of the crystal is increased to I = 0.5 mm (case B) the
condition (67) is violated but the Gaussian approximation
is still good. This means that, even if the value of Aq is
decreasing (because we are reducing the number of pump
modes that are phase-matched) the spectrum is still a ge-
ometric progression but with a smaller, in absolute value,
common ratio (see p in Eq. (70)) thus causing an over-
all decrease of the spectrum with respect to the case A.
The consequence is a reduction of the number of super-
modes with a squeezing greater than —5 dB as it results
from the upper curve in Figure 12 (red circles). Finally,
when the crystal length is further increased to [ = 5 mm
(case C), we pass to a completely non-Gaussian configura-
tion where the decrease of the critical eigenvalue A (from
~271 for I = 0.1 mm to ~ 35 for [ = 5 mm) causes a sig-
nificative deformation of the spectrum and a non null set
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Fig. 11. (Color online) Numerical and analytical curves for
the product Ag x [ versus the crystal length.
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Fig. 12. (Color online) Comparison between cases A (I =
0.1 mm, middle curve), B (I = 0.5 mm, upper curve) and C

(I = 5 mm, lower curve). Noise variances evaluated, at w = 0
and r = 0.9, in the case of perfect mode matching of the LO
with the supermodes corresponding to the significative part of
eigenspectrum 0 < k < 150. Among about 10° supermodes
only a relatively small part is significative from a quantum
point of view. In particular, there are 45, 23 and 125 super-
modes, respectively, that are squeezed more than —5 dB.

of eigenvalues flatten around Agy. In this case, since the
degree of squeezing for each supermode depends on the
ratio |A/Ap| (see Eq. (56)), the amount of squeezing is
globally increased as the lower curve (green diamonds) in
Figure 12 shows.

These results not only confirm that a SPOPO is a
highly multi-mode device but also show another important
quality: the malleability for controlling its “multimodic-
ity”. We have seen, in fact, that one can just increase the
thickness of the nonlinear crystal in order to improve the
number of supermodes that play an important role from
a quantum point of view.
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In this paper we have presented a study of the eigen-
values and eigenvectors of the matrix £ in function of the
crystal length [. However, since both the pump pulse width
and the crystal length are present in equation (67), notice
that effects similar to those discussed in this section can be
observed by playing with 7, and keeping constant /. In fact
the passage from a Gaussian to a non-Gaussian configura-
tion takes place when the pump bandwidth N, becomes
smaller than the phase-matching one N; and, clearly, this
can be obtained keeping fixed the latter and increasing 7,
(see Fig. 1). Eventually one could even fix [ and 7, and
play with the group velocity mismatch by choosing differ-
ent types of nonlinearities, but, experimentally, this could
result in a stiffer malleability of the device.

7 Conclusion

In this paper, we have shown that both the dynamical
and quantum noise properties of the SPOPO depend on
the spectrum of eigenvalues Ay, of the linear coupling ma-
trix £. We have studied in detail this spectrum in various
experimentally feasible configurations, using either an an-
alytical approach in some simple limit cases, or a numeri-
cal approach in the general case. It turns out that among
the roughly 100000 eigenvalues, 99900 or so are zero,
and about a hundred are significantly different from zero
and contribute to the quantum dynamics of the system.
SPOPOs are therefore devices which produce simultane-
ously many highly squeezed vacuum modes. This property
can be used to improve the performances of metrologi-
cal methods using frequency combs, for example to per-
form ultra-accurate time transfer between remote clocks
beyond the shot noise limit [39]. In addition, it is well
known that if one mixes by one way or another different
squeezed modes, one gets strongly entangled states [40].
This is also the case here: we will show in a forthcoming
publication that SPOPOs are indeed likely to generate
various pairs of strongly entangled supermodes, as well as
multipartite entangled states.

More generally, this paper is an example of the fact
that, by using appropriately chosen pump spectra and
phase matching curves, one can reach various eigenvalue
spectra, and therefore tailor at will the quantum proper-
ties of the light generated by the optical system, which
can be useful for example to generate interesting states
for multidimensional quantum information processing.
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Appendix: Quantum model
for a singly resonant SPOPO

We detail in this appendix the derivation of the Heisenberg
equations in the case of a singly resonant degenerate type I
SPOPO, i.e. when the signal field resonates inside the cav-
ity, but not the pump field. We consider here the case of
the linear Fabry-Perot cavity. The treatment of this case is
more complex than the doubly resonant case usually con-
sidered in theoretical approaches as the pump field cannot
be quantized inside the cavity.

The signal field inside the nonlinear crystal, which ex-
tends from z = —1/2 to z = +1/2, is written as

B (z,t) = zz Esqsin (ks g2') 5, (1) e ™= £ Hec., (84)

q
where 2/ = 2z 4+ L/2, and &, = ,/le:%. On the

contrary, the pump field is not affected by the cavity and
hence it is given by a continuum of modes. We shall use
the common approach of quantizing the pump field in a
line of length L, with periodic boundary conditions and,
in the end of the calculations, we will make L, — oco. We
thus write

By(zt) =i E(vm)e !

X [A("') (t) etrm* +p) (t) e—’iﬁmz:|

m

+H.c., (85)

where the superscripts (+) label the propagation direc-

tion. € (Vm) = 4/ W are single photon field am-

plitudes. In the limit L, — oo the frequencies v,, are
given by v, = m%, m € N, and the wavenumbers
p

Kom = %, with n (v,,) the crystal refractive index.

Note that we are writing the fields as a superposition of
plane waves, but the treatment is still approximately valid
for Gaussian beams as far as the thin crystal is placed at
the (common) beam waist of pump and signal, and the
Rayleigh lengths are much longer than the crystal length
[. In such case A; = ﬁw? with wy the corresponding beam
radius.

The interaction Hamiltonian ﬁl is calculated as usual
as in (7). Inserting the expressions of the second order
nonlinear electric polarizations, one obtains the following
form of the interaction Hamiltonian, in which yx is the
second order nonlinear susceptibility (whose dispersion is
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neglected):

() = S0 P
xst, (8)81(0) [ () + 5 ()]

Xei(ws,m-l-wsyq—Vj)te—i(ks,m-i-ks,q)L/Z

+H.c., (86)
where we defined the phase-mismatch factor
: A _ I3
Fgm,q — s [(I{J ks,m kqug 2] (87)
(fij — ks,m — ks7q) 5

In (86) we dropped highly phase mismatched terms, as
usual.

If we introduce new signal boson operators

Smmew (1) = & (1) eThemb/2 (88)

the interaction Hamiltonian becomes as (86) but without
the exponential e~ *(ks;m+ks.a)L/2 T the following we will
use the new operators but omit the superscript “new” for
simplicity.

From the previous expression of the Hamiltonian, one
can derive following Heisenberg equations governing the
time evolution of the pump and signal operators:

50
dp ( ) EOXZAI j
= ZZE Vi) EsmEs.aFl g
X3 (£) 8¢ (£) e~/ (nmFwnara)l 0 (89)
dép, (t onlAI ,
= Zzg Vj) EsmEs.aFl 4
xsh (1) [ <+><>+p§ x0)
x gl (@Wsmtws.a Vi)t (90)

The integration of the pump equations yields

EoXlAI Z Z E( VJ 5-,m‘€s7ng%q

t
X / At 3 (1) B4 (') e~ 1 smFwea=vi)t (97
0

by (1) = Piie

free,j

where plgii G = ﬁg ) (0) is the source-free part of the pump

(the field impinging the nonlinear crystal).

Using the usual Wigner-Weisskopf approach, valid be-
cause the nonlinear interaction is assumed to be instanta-
neous, and using the approximation

. Qt
M:%T(S(Q),

5 (92)
2
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we obtain a value of ﬁ;i) (t) that one can then insert in
equation (90):

~(+ +
P (1) = ) (8)

FEQXAIZ :
- ; Zq: E () EsmEsqFi 4
X8m (t) 84 (1) 0 (Ws,m + wWs,q — Vj) - (93)

We can now pass to the continuum limit. For that we
define continuum pump operators in the following way:

(+ [ Ly (+
plgrei (VJ) 2—7:Cplgrei,j’

(£ (£ f L
0. [ 00] | = 520

(94)
which verify

— 0 (v — ).

L,—o00
(95)
Transforming sums into integrals, we obtain the following
equation for the signal modes:

s (1)

dt \/_
250§:§j§j&meﬂ&nar

><§Z, (t) 85 (t) 5, (1) fff,)q, (96)
where
0 _ / sin [(k (V) = ksm — ks q) %}
m.q V k(y) ksm — Sq)%
[pﬁrtl (V) + Blyah ()] e Fna=t - (97)
(2) _ , o v
L, /du(S (Ws,n + ws r — V) o)
" sin [(k (V) = ksm — ks q) %]
(k(v) —ksm—ksq)%
sin [(k (V) = ks — ks ) %}
(k(v) — ks — ko) £
Xez(u.)s,m—i—u.)5 a—V)t (98)

In order to calculate the first integral, we write it as a
sum over frequency intervals of width {2 and centered at
frequencies wyp, , = 2wy + 742, r € Z. Thus I; becomes

ID o gilwnmtweq)t / wp,
e Z n (wp,r)

sin [(kp, — ksm — ks q) é
X
(k r_ksm_ksq)%
)

< faw [ 0+ 0] e

=k 2wy + r12).

(99)

where kp , =k (wp )
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We now define new pump operators

/due_zytpfree ) )

which can be shown to verify the following property:

\/%e—zwp rt (i)

lI]T

(100)

(34, @) 352, )] ) s -1, aon)

1
Ir(n,)q now becomes

1) ~/om / wpr sin (k
Z Wpr p,r

| f:l (1) + 5 (0)]

- kqu %:I

)
sm_ks,q %

(102)

Retaining only slowly varying terms in the evolution, and
including the losses of the optical cavity at rate 75, one
finally gets:

dé (1)
dt

= _Fysém (t) + 2FYs§in.,m (t)

+g Z Im, qS
_92 Z Z fmqfrmtq—n
noq

|:p1n 2n+q (t) + pl(n 2n+q (t)

X 81 (1) 80 () Smggn (1) , (103)
where the coupling constant g is given by
AI l wo ) 3/2 h
=x———=| — — 104
I =N L (no - (104)

and iy m (t) corresponds to the field at signal frequencies
entering the cavity through the coupling mirror. When
that input is coherent or vacuum, the case we consider,
those “in” operators verify the following correlation

<§in,m O (t’)> = Ommed (t—1'), (105)

and thus behave as pl(nl (t) (see Eq. (101)).

Let us now consider the regime below the oscillation
threshold: the signal modes are almost not excited and
the double sum in (103) can be neglected. Also, the pump
“in” fields can be approximated by their mean values as
their fluctuation part gives rise to smaller terms, which
are neglected for the same reasons as before. Hence, we

have for a unidirectional pumping;:

(@) =0 5 (3. (1) =

P being the average power per unit area of the modelocked
pump laser and ) lam|? = 1. Equation (106) is obtained

by demanding that the pump field corresponding to the

set {151(: 2n (t)} equals the external pump field given by

TLQApP
A,
2hwo

(106)

Quantum theory of SPOPO: characterization of the squeezed supermodes

139

equation (1) inside the crystal. The linearized equations
for the SPOPO below threshold finally become

dsp, (t . .

Sdt( ) = —7sS + 2’7/ssin,m (t)

+s0 Z fm,qam-‘rqg:g (), (107)
q
where
P 272 1A\

o= L . p _7(_) o)

Py 32 (xlwo)® \ Ar

In conclusion, we have shown that the linearized equa-
tions (107) formally coincide with those of a doubly res-

onant SPOPO (E

q. (18)), the only difference being the

exact value of Fj.
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