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The title figure on the front page illustrates the phase profile and modulus of the input and output
with m = 4 (radial index) and n = 3 (OAM index) for the full three-dimensional
SU(1,1) interferometer consisting of two crystals with length L; = 3mm and pumped at high gain with a

modes W, and U,,,
Gaussian pump with a 1/e?-radius of the intensity distribution of 70um. Unlike in Chapter 5, the shown
modes were obtained by integrating the integro-differential equations for the full three-dimensional model as
described in Sec. A.4.2.2, including the simplifications for [, = 0 and the case where the function r is even
in the signal-idler angle difference. No fit to determine the fitting constant A was performed and instead
the qualitative behaviors of the intensity profile (it has a Gaussian shape instead of a sinc®-shape) and of
the Schmidt modes (see below) were used as an indicator that the selected value of ' = 1.3 corresponds
to the high-gain regime. The modes are obtained by first applying the algorithm for the joint Schmidt
decomposition developed for Refs. [3, 4] to the functions \/WB3(q, q’) and \/Wﬁ3(q, q’) as inferred
from Eqs. (A.85). This is equivalent to how the Schmidt modes are obtained in the context of the Schmidt
mode theory based description of the full three-dimensional model, see Sec. 5.2.2 and Ref. [2]. Finally, the
modes W, 5 and U, 5 result from the decomposition as written in Eqs. (A.75).

In the plots, the color indicates the phase of the mode at a certain wave-vector g, while the visibility of
the color encodes the modulus. More precisely, in the HLS color space, the color coordinates for the mode
function T = U, 5, ¥, 5 are given by

arg[T(a)] .
H= T, (|.la)
_yo (@l ) i
b=t 2(maxq|T(q)|> | (i-10)
S=57%, (i.1c)

where arg : C - [0, 27| and the hue H is taken to be over the interval [0, 1[. Note that the choice for L
also assumes that min|T(q)| ~ 0, so that |T(q)| = O corresponds to plain white, while max,|T(q)|
corresponds to the range of colors that are maximally distinct from the white background. The colorbar for
the values max,|T(q)| (meaning L = 1/2) is shown above. Similar coloring techniques are for example
used in the context of domain coloring [D. S. Alexander et al., Early days in complex dynamics: A history
of complex dynamics in one variable during 1906-1942 (American Mathematical Society, 2012); E. Wegert,
Visual Complex Functions: An Introduction with Phase Portraits (Birkhauser, 2012)].

The upper row presents the modes for a non-compensated interferometer with a distance of d = 1cm
between the two crystals, while the lower row shows the corresponding modes for a fully compensated
SU(1,1) interferometer with ¢ = 0. For the compensated case, both crystals were integrated separately
and no symmetry relation of the transfer functions analogous to Egs. (3.43) was used. The behavior of the
modes follows the behavior presented in Sec. 4.2 for the system where one transverse dimension is neglected:
For the non-compensated interferometer, while the moduli of the input and output mode are to a good
approximation the same, the phase profile of the input mode when following a radial direction away from the
center is much flatter than that of the output mode, leading to a more pronounced swirl-like pattern than for
the input mode. This result is essentially the same as shown in Sec. 4.2.1 for a single crystal in the system
with only a single transverse dimension. Furthermore, for transverse wave-vectors further away from the
collinear direction, a ripple-pattern can be observed. This is due to the fact that for the non-compensated
setup, the destructive interference is imperfect because of the wave-vector dependent phase acquired by the
light in the air gap. See also Sec. 5.3.2 and Sharapova et al. [5]. For the compensated setup, the input
and output mode are identical, essentially illustrating the result for the analytical Schmidt decomposition
for the system with a single transverse dimension presented in Sec. 4.2.2.1 and in particular in Egs. (4.47).
In both cases, the azimuthal dependence of the modes on the angle ¢ is given by a term e3¢, compare
Eqgs. (A.75). This leads to the threefold discrete rotational symmetry of the modes. The visible angular
diameter of the shown modes in terms of the external angles is around 110 mrad (corresponding to 6.3°).
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Abstract

In this thesis, several aspects of high-gain multimode SU(1,1) interferometers are theo-
retically investigated, with the focus being on metrological applications. The parametric
down-conversion (PDC) process utilized in these interferometers is theoretically described
via integro-differential equations describing spatial evolution of the plane-wave operators.

It is shown that for the phase sensitivity of these interferometers, supersensitivity can
be reached provided that proper diffraction compensation is applied. The phase sensitivity
improves if the gain is increased or if the number of effective modes is decreased. This
comes at the cost of the phase-region width over which supersensitivity can be reached.

Based on the Schmidt mode structure of SU(1,1) interferometers, a processing method
is constructed which allows for the experimental retrieval of the levels of squeezing and
anti-squeezing of the multimode state generated by the first PDC section of an SU(1,1)
interferometer. It is then applied experimentally by collaborators and is found to be in
good agreement with the theoretical predictions.

Finally, SU(1,1) interferometers pumped with Laguerre-Gaussian beams are analyzed in
the context of angular displacement measurements. As either the gain, the OAM index
or the radial index of the pump are increased, the measurement uncertainty is decreased,
ultimately allowing for supersensitive measurements. Generally, the behavior is the same

as for the phase sensitivity.
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Zusammenfassung

In dieser Dissertation werden Aspekte von high-gain multimode SU(1,1) Interferometer
theoretisch untersucht. Dabei wird der Prozess der parametrischen Fluoreszenz (PDC)
mithilfe von Integro-Differentialgleichungen modelliert, welche die rdumliche Entwicklung
der Ebene-Wellen-Operatoren beschreiben.

Es wurde gezeigt, dass Supersensitivitit fiir die Phasenempfindlichkeit dieser Interfe-
rometer erreicht werden kann, sofern die Beugung der PDC Strahlung kompensiert wird.
Weiterhin fiihrt eine Erhohung der parametrische Verstarkung und eine Reduktion der
Schmidt-Zahl zu einer Verbesserung der Phasenempfindlichkeit und einer Verkleinerung
des Phasenbereiches, iiber den die Supersensitivitéit erreicht werden kann.

Basierend auf der Struktur der Schmidt-Moden von SU(1,1) Interferometern wurde
ein numerisches Aufbereitungsverfahren konstruiert, welches die Messung der Stérke des
Squeezing und Anti-Squeezing des Zustandes ermoglicht, der durch den ersten Kristall des
Interferometers erzeugt wird. Das Verfahren wurde experimentell von Kooperationspartnern
angewandt, wobei eine gute Ubereinstimmung mit der Theorie festgestellt wurde.

Zuletzt wurden SU(1,1) Interferometer mit Laguerre-Gau-Moden als Pump-Strahlung
fir die Messung von Winkelverschiebungen untersucht. Es zeigte sich, dass sich die quan-
tenmechanisch bedingte Messunsicherheit verbessert, wenn die parametrische Verstarkung
oder die Indizes der Pump-Mode erh6ht werden. Das generelle Verhalten gleicht dem der

Phasensensitivitat.
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Introduction

Over the last nearly 40 years, SU(1,1) interferometers have become an important tool
in quantum optics and quantum optical metrology [1-15], ever since they were proposed
by Yurke et al. [16] in 1986 for supersensitive phase-shift measurements. These types of
interferometers utilize quantum states of light, more precisely squeezed states generated
via parametric down-conversion (PDC), in order to beat the shot-noise level for the phase
sensitivity, which is the reference level that can be achieved using classical laser light [1, 9,
17]. Additionally, they are generally easier to construct than classical interferometers using
quantum light since they require fewer optical elements [16].

In general, the PDC process generates a strongly multimode squeezed state, unless
special filtering is applied [3, 4, 18-20]. While this multimode squeezed light finds many
applications in quantum information processing [21-23] and quantum communication [24],
previous theoretical descriptions of SU(1,1) interferometers in the context of phase sensitive
measurements mainly focused on single or two-mode radiation [9, 25-27]. As such, in
this work, the full multimode structure of the PDC light is accounted for at arbitrary
parametric gain by describing the PDC process using the systems of coupled integro-
differential equations derived in Sharapova et al. [5].

The state generated in the PDC process is generally a (multimode) squeezed state [4,
28, 29]. This means that there exists a certain set of modes [20, 30, 31] in which the
quantum uncertainty of the electric field is reduced in one quadrature and increased in
the quadrature orthogonal to the squeezed one [32-34]. Squeezing and squeezed states
have many applications, such as in quantum imaging [35, 36] and quantum interferometry,
most notably in gravitational wave detection [37, 38]. Measuring the strength (level) of the
squeezing experimentally is normally done via homodyne detection [38-40]. However, for
multimode squeezed states, this method becomes increasingly cumbersome due to the fact
that it requires a local oscillator matching each mode to be measured and is additionally
vulnerable to detection losses [3, 4, 18, 41]. As such, it is advisable to extend the method
for Wigner function tomography suggested in Kalash and Chekhova [29] to multimode
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squeezing measurements.

The eigenmodes of the PDC process in rotationally symmetric systems carry phase
terms ¥, where [ € Z and ¢ denotes the azimuthal angle of the system [2, 11, 42-44].
This phase distribution implies that these modes carry orbital angular momentum (OAM)
about the longitudinal axis [2, 45-47]. One interesting property of beams carrying OAM is
that they can transfer the angular momentum onto objects, causing them to rotate. This
property was originally described for Laguerre-Gaussian modes by Allen et al. [46], with
the suggestion that this property may be used for the detection of OAM. Other methods
for generating beams with OAM are spatial light modulators, optical gratings [48-50] and
g-plates [51-53]. One of the most prominent applications of light beams carrying OAM is
in angular displacement measurements, where they allow for supersensitive measurements
below the standard quantum limit [48, 51, 54, 55]. As such, it stands to reason that SU(1,1)
interferometers may also be used for supersensitive angular displacement measurements.
Furthermore, if the pump beam carries OAM, it is naturally expected that modal structure
of the PDC process can be influenced by varying the OAM of the pump.

The rest of this thesis is organized as follows: In Chapter 2, the fundamentals of nonlinear
optics and quantum optics as they pertain to this thesis will be introduced, with the main
focus being on the PDC process. Based on the fundamentals, in Chapter 3, SU(1,1) will be
formally introduced and their phase sensitivity in dependence on the gain and the modal
structure of the PDC process is analyzed. For the analysis, the integro-differential equation
approach of Sharapova et al. [5] is used and along the way, several additional concepts, such
as the joint Schmidt decomposition (Bloch-Messiah reduction), which is used to characterize
the multimode nature of the PDC light, are introduced. In Chapter 4, the description of
SU(1,1) interferometers is extended towards multimode squeezing measurements. Here, the
first crystal is understood as a squeezer, which generates a multimode squeezed state, while
the second crystal serves as the analyzer. From these investigations, a processing method
is developed. This method has been applied experimentally in Barakat et al. [3] and the
results will be sketched out. In Chapter 5, the focus will be on PDC systems pumped with
Laguerre-Gaussian beams carrying OAM. For this, OAM will be first formally introduced.
Then, the modal structure of PDC systems pumped with Laguerre-Gaussian pump beams
will be analyzed, and it will be investigated how the occupations of the modes can be
manipulated by varying the radial and OAM mode indices of the pump. Additionally, it
will be assessed how SU(1,1) interferometers pumped with Laguerre-Gaussian beams can be
used for angular displacement measurements. Finally, in Chapter 6, the results of this thesis
are again summarized, along with suggestions for future research. Several auxiliary results,
calculations and proofs used throughout this work are provided in Appendix A. Additionally,
in Appendix B, the concept of diffraction compensation inside SU(1,1) interferometers,

which is central to several parts of this work, is explained in detail.



Fundamentals

This chapter will introduce several fundamental concepts which form the basis of this work
and are essential for the understanding of parametric down-conversion (PDC). Since PDC is
a nonlinear quantum optical effect, Sec. 2.1 starts with a brief review of classical nonlinear
optics and introduces uniaxial crystals, which are commonly used for PDC. Following that,
Sec. 2.2 introduces the field operators for the quantized electromagnetic field which enable
the mathematical description of the PDC process in quantum optics. By combining the
concepts of Secs. 2.1 and 2.2, Sec. 2.3 will then provide an overview over the parametric
down-conversion process and mathematical formalisms used for its theoretical description,

which will be the main focus of the rest of this work.

2.1. Classical Nonlinear Optics

In nonlinear optics, the polarization response of a material is characterized by nonlinear
behavior, as implied by the name of this field of study. Formally, the jth component of the
polarization field P is connected to the electric field components E,, by [32, 56, 57]

ZX ¥ By(r,t) +ZXW t) Ey(r,t) + |, (2.1)

where €, is the vacuum permittivity, X;}g is the first-order (linear) susceptibility tensor

of the dielectric as known from linear optics and Xﬁ:)l is the second-order (nonlinear)
susceptibility tensor. Higher-order contributions beyond the second order are not explicitly
written out here, since they are not relevant in the context of this work.

For simplicity, it is common to make several additional assumptions regarding the

susceptibilities:

e It is usually assumed that the susceptibilities do not depend on the frequencies of

the electric fields appearing in Eq. (2.1), meaning that the dielectric is dispersionless.
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Generally, dispersion can be neglected when the appearing fields are narrowband and

far away from absorption lines of the material [58].

o Furthermore, the susceptibilities are commonly assumed to not depend on the spatial
coordinate r = [z y z] meaning that the material is homogeneous'. This assumption
is usually fulfilled if the spatial regions in which the dielectric is present are sufficiently
large compared to the characteristic length scales over which the electric field is of

relevant strength and when boundary effects are negligible.

e In the model used in the context of this work, the susceptibilities are additionally
assumed to be real-valued. As a consequence, the described material is lossless [56,
59, 60]. This is justified if the material described by the model is transparent to the

relevant frequencies [61, 62].

Ultimately, these assumptions mean that the polarization P depends only on the local

(same-place) and current? (same-time) electric field E.

The polarization P, the electric field FE and the displacement field D are connected
via [32, 56, 57):

D(r,t) = e, E(r,t) + P(r,1). (2.2)

Using Eq. (2.1), this expression may be rewritten as:

Z Ejkl %, B By (2.3)

n>1kq,....k
where the permittivity tensors are ¢! = €0 (.73 + X(l)), with I3 being the 3 x 3 identity
matrix, and ™) = €0X("> for n > 2.

In general, for nonlinear, nonmagnetic media, the electromagnetic energy H contained

in the spatial region occupied by the dielectric can be written in the form [57, 58, 63—65]:

_ B " oo dDr
H_/d3r(2uo—|—/0 E(D) dD), (2.4)

where B is the magnetic field, the spatial integral is over the region occupied by the
dielectric and where the electric field has been written as a function of the displacement
field. Generally, the value of the line integral over D’ depends on the exact path taken from
D’ =0 to D’ = D, which can lead to hysteresis effects [65] However, if the susceptibility

tensors X<" and therefore also the permittivity tensors ™ have full permutation symmetry,

IThis must not be confused with isotropic materials in which the nonlinear response is independent of the
direction of the polarization of the electric field.

IMore generally, P,(r,t) may depend on E at all previous times ¢’ < t (temporal or frequency dispersion)
and on all other spatial coordinates r’ (spatial dispersion) [56, 60]. This is however beyond the scope of
this work.
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the line integral is path-independent and evaluating it using Eq. (2.3) results in® [57, 63]:

_ [ [ IB? n (n)
H_/d r <2uo+zn+1 > sjklmknEjEkl---Ekn). (2.5)

n>1 G Rk

The first-order term (n = 1), as it also appears in linear optics, reads

1 B|?
H /d3r (H LE. W E) (2.6)
2 Ho

If the dielectric additionally is isotropic, meaning that the polarization response does
not depend on the spatial direction of the electric field, the permittivity can be treated
as a scalar e). Then, Eq. (2.6) further simplifies to the well-known expression for the

electromagnetic energy in vacuum or in linear isotropic media [32, 33, 56-58, 64, 65]:

B ‘2 ’E ’2
iso r 2#0 +e 9 ( )

The second-order energy contribution [n = 2 in Eq. (2.5)] will form the interaction Hamil-
tonian for parametric down-conversion, as will be explained in Sec. 2.3. The contribution

is given by

2
H® = e, / & > X EELE,. (2.8)
3okl
As noted earlier, higher-order nonlinear contributions above the second order will be

neglected in this work, since the interactions that they describe will be neglected.

An important requirement for a material to have a nonzero X@) susceptibility is that
it is non-centrosymmetric, or in other words, it must not be inversion-symmetric [56].
For a material with inversion symmetry, both the second-order polarization components
Pj@) = &g Zk,l Xﬁ)lEk(r,t) E(r,t) from Eq. (2.1) and the electric field components E;

change their sign when the coordinate system is inverted (r — —r). However, since the

(2) 2)

electric field enters P.” twice, this can clearly only hold when P*' = 0. Since this must

hold for any P; and E;, it follows that X(z) = 0 for centrosymmetric materials [66].
Accordingly, the second order susceptibility also vanishes for isotropic dielectrics [62]
since they are necessarily inversion-symmetric and therefore, bulk dielectrics used for PDC
are necessarily anisotropic. Generally, in anisotropic dielectrics, the polarization response
depends on the direction of the electric field and as a consequence, their refractive indices
also have a directional dependence. One particular example for anisotropic materials are

uniazial crystals which are crystals that have a special symmetry axis called the optic axis

3This can be seen by first integrating by parts, so that fOD E.dD'=E -D-— fOE D - dE’, see Drummond
and Hillery [57]. Then, the function G(E') = ¥ A7 >, el 4 EjE; ~Ej s a potential
function for the line integral fo D .dE’. This can be seen by forming the total differential dG(E’) =
>, [0G(E") /OE]]dE] and using the full permutation symmetry, which implies that all resulting terms

from the product rule are equal. Thus, fOE D .- dE’ = G(E) since G(0) = 0.
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along which the refractive index differs from the directions perpendicular to it. For each
wave vector k corresponding to the direction of travel of a plane wave, these crystals allow
for the propagation of two fundamentally different orthogonally polarized plane waves®:
Waves polarized in the ordinary polarization direction experience the ordinary refractive
index n,, while those waves polarized in any other extraordinary direction experience a
refractive index n, which depends on the angle § between the wave vector k and the optic

axis [56, 60, 67]:

ng(0) = (Sin?(e) - COSQ(Q)) : (2.9)

2 2
ne ng

[SIE

where n, is the extraordinary refractive indexz® [67]. For plane waves propagating along the
optic axis, both polarization directions experience the ordinary refractive index. Uniaxial
crystals are further divided into positive uniaxial crystals, where n, > n, and negative

uniaxial crystals, where n, < n, [56, 67].

2.2. The Quantized Electric Field

When transitioning from classical optics to quantum optics, the mathematical description
of the electric field changes from it being described by continuous scalar-valued variables
to field operators which act on field states. For a cuboidal cavity with side lengths L, L,
and L, and periodic boundary conditions, the electric field operator takes the form [32, 58,
61, 64, 68]:

E(r.t) =iy VAkE, (k) [ay, ey, el —af er emiler—w k] (2.10)
k,v
where [32, 64]
1 hw, (k
&,(k) = < (k) (2.11)
(27T)3 2¢

is a constant which depends on the wave vector

for m,,m,,m, € Z, (2.12)

oyl
I
[\
3
S EIE

)

L

z

of the plane-wave mode and v labels the two polarization directions for each k. With the

volume V' =L, L, L, of the cavity, the volume of the cells of the k-grid spanned by k as

4Generally, the directions of the electric field vector for the two orthogonal polarization directions depends
on the wave vector k.

*Depending on the literature, n, may also be more formally called the principal value of the extraordinary
refractive index [56]. For brevity, it is just referred to as the extraordinary refractive indez in this work,
but must not be confused with n () as given in Eq. (2.9).
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defined in Eq. (2.12) is given by®
omr)°

(
Ak =
%

(2.13)

Furthermore, in Eq. (2.10), e, denotes the (in general complex-valued) polarization unit
vector for the plane wave with wave vector k and polarization direction v and e}, denotes its
element-wise complex conjugate. Generally, complex-valued polarization unit-vectors can
for example be used to describe circularly polarized waves, while real-valued polarization
unit vectors describe linearly polarized waves [64]. The plane-wave annihilation (creation)

operators dgﬁ fulfill the commutation relations

[&kw &k/ul] = 07 (214&)
[k, k] =0, (2.14b)
[dkw d;rc/l,/] = 5w/5kkf . (2.14C)

The dispersion relation connecting the frequency and the modulus of the wave vector is

given by [60]:

w, (k) = (k) LR (2.15)

where ¢, is the speed of light (phase velocity of light) in vacuum and n, (k) is the refractive

index associated with the polarization direction v and wave vector k. The wave-vector
modulus is connected to the vacuum wavelength via \¥*¢ = 27/|k|. Furthermore, in the
case of the vacuum, w"?® = ¢y| k.

The expression for the electric field operators in Eq. (2.10) is obtained by starting at
Maxwell’s equations and performing a plane-wave expansion of either the vector poten-
tial [32, 61, 64] or directly of the electric field [33]. Afterwards, the expression for the energy
of the electromagnetic field given in Eq. (2.7) is used to identify each field mode with a
harmonic oscillator. The canonical momentum and position variables of each oscillator are
then replaced by operators in the canonical quantization procedure, leading to the electric

field operator as given in Eq. (2.10) above and a Hamiltonian of the form [32]:

A A 1
H =S hw, (k) (N, + = 2.16
o= 3tk (Ve 3) (216)
where
Ny, = al iy, (2.17)

is the photon number operator for the mode (k,v). For each field mode (k,v), the
Hamiltonian corresponds to a quantum harmonic oscillator and, overall, all modes are
uncoupled (the Hamiltonian is diagonal in terms of the plane wave modes). This is why in

the following, this Hamiltonian and the corresponding field operators in Eq. (2.10) will

6This cell volume Ak should not be confused with the vectorial and scalar phase mismatches Ak and Ak
introduced in Sec. 2.3.1 below. For better distinction, the Delta is italicized for the cell volume.
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be referred to as the free-field Hamiltonian and the free-field operators, respectively, even
though the presence of the refractive index in the dispersion relation in Eq. (2.15) implies
coupling of the electric field to matter. This is justified by the fact that the field operators
and the Hamiltonian have the same structure as in the case of the quantization in vacuum.

In many cases, it is useful to take the continuous limit” V' — oo, which implies that the
quantization box is extended over all space. This is usually useful if the regions over which
the field is quantized are large. Then, the sum over the wave vectors in the expression for

the electric field operator [Eq. (2.10)] is replaced with an integral according to the rule [33]
1%
AR ST 5 [ @k, (2.18a)
k

while also replacing the plane-wave operators for the discrete wave-vector spacing with

their continuous forms according to

O, a,(k), (2.18Db)

la, (k) a,, (k)] =0, (2.19a)
lab(k),al, (k)] =0, (2.19b)
[, (K),al, (k)] = 0,,0(k— k'), (2.19¢)

which are the continuous-case versions of Eqs. (2.14a)—(2.14c), respectively. Then, in the

continuous limit, the electric field operator from Eq. (2.10) becomes [5, 32, 69]:
E(rt)=i)_ / BPkE, (k) [, (k) ey B0t — ol (k) e emiRr—w®t]  (2.20)

This expression can be split into the positive and negative frequency parts [32]:
E(r,t) = ED(r.t) + EO(r 1), (2.21a)

where the negative part is given by

B t) =i Y [ a8, (k) ey brethal gy (221D)
v
and the positive part, evolving in time as® e k)t is its hermitian conjugate®:
EG) () = [E<_>(r,t)]T. (2.21c)

"This limit is to be understood in the sense that L; — oo, for j=z,y, 2.

8The convention that the positive frequency part oscillates with a negative sign in the exponent originates
from the sign convention of the Fourier transform, where the integral transforming a function from the
frequency domain to the temporal domain has a negative sign in the exponent, see Glauber [70].

9The hermitian conjugation T is here understood to act on the unit polarization vector only as element-wise
complex conjugation: e,Tw =el,.
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Splitting the field operator this way is convenient because E™)(r,t) and E)(r,t) only
contain plane-wave annihilation and creation operators, respectively. This will become

useful in Sec. 2.3.2 to analyze the structure of the PDC interaction Hamiltonian.

2.3. Parametric Down-Conversion

2.3.1. General Introduction and Phase-Matching Considerations

Parametric down-conversion (PDC) is a nonlinear optical process induced by the X@)"
nonlinearity of a material in which a photon of a strong light beam (the pump) splits into
two photons of lower energy called the signal and idler photons [61, 64, 71-73]. Regarding
the convention of which of the generated photons is called signal and which one idler,
Boyd [56] suggests that the photon at the “wanted” frequency which is the main focus of
the experiment is called the signal, while Loudon [61] suggests that the higher frequency
photon is called the signal by convention. The effect can be loosely divided into two regimes,
depending on the parametric gain, which is a measure for the strength of the nonlinear
interaction and the amount of signal-idler radiation that is generated: In the low-gain
regime, only a few signal and idler photons are generated, and their field amplitudes grow
proportionally to the pump amplitude. In contrast, in the high-gain regime, this growth
becomes exponential [71]. For very low gain, the decay of pump photons into signal-idler
pairs occurs spontaneously, which is why in this regime, the process is also referred to as

spontaneous parametric down-conversion (SPDC) [74].

One way of understanding PDC is as stimulated emission induced by the random
fluctuations of the quantum vacuum [75]. This observation directly leads to bright squeezed
vacuum states of light: The light state generated by PDC is essentially quantum vacuum
amplified in a parametric process [75] and for high parametric gain, this state becomes
macroscopic (that is, it contains many photons), while still showing quantum properties
such as entanglement [5, 76]. Similarly, Kulkarni et al. [71] have successfully modelled
SPDC as a classical difference-frequency generation process, where the vacuum fluctuations

are included via a (classical) stochastic seed field.

The PDC process requires that the total linear momentum is conserved, meaning that

the wave vectors of the three photons are connected via [77]
k,=k,+k,, (2.22)

where p, s and i label the pump, signal and idler wave-vector, respectively. This labeling
of the three subsystems will continue throughout this work. The ideal condition described
by Eq. (2.22) is called perfect phase matching and is generally difficult to achieve, if not
impossible. However, signal and idler photons will still be generated even if this relation
does not hold exactly due to a momentum-uncertainty introduced by the finite size of the

interaction region along the k,, direction (the longitudinal or collinear direction), leading
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to the definition of the wave-vector mismatch [32, 56, 74, 77, 78]:
A=k, —k, —k,. (2.23)

For Ak #+ 0, the efficiency of the nonlinear process is generally strongly reduced, as
will be seen below for a special case. A common assumption is that the system has
infinite transverse size perpendicular to k,,, based on the fact that the pump beam area
is small compared to the system size [5, 11, 72]. In this case, the transverse wave-vector
components'’ g perpendicular to k, are conserved exactly [74], so that g, =9, +q;-

Analogously to the conservation of momentum, the PDC process must also conserve the
photon energy, meaning that for perfect frequency matching, the frequencies of the three
photons partaking in the process are connected via

W, = wy + w;. (2.24)

In the special case of w, = w;, the PDC process is said to be frequency-degenerate [14, 42].
Similar to the wave-vector mismatch as defined in Eq. (2.23), a finite interaction time leads
to the definition of the frequency mismatch [5, 79]

Aw=w, —w; —w;. (2.25)

It should be noted that for the electric field operators as written in Eq. (2.20), the frequency
mismatch would be a function of the pump, signal and idler wave-vectors.

In general, as mentioned above, it is virtually impossible to achieve perfect phase
matching Ak = 0 for all spatial directions. Therefore, the focus is generally on achieving
optimal phase matching for particular emission directions. One such example is perfectly
collinear phase matching, where, as the name implies, the three wave vectors of the pump,
signal and idler waves lie parallel”(kp 1T k, 1" k;) and the signal and idler photons travel
along the pump direction [72]. Since all three wave vectors lie in parallel, Eq. (2.23) may be
reduced to a scalar expression, since only the moduli of the three wave vectors are relevant
for the phase mismatch:

il-

(2.26)

The importance of minimizing Ak can be seen from the fact that the intensity I of the

signal and idler radiation usually scales as [72]

LA
I  sinc? (;) : (2.27)
where the sinc-function is defined as
sinc(z) = sin(z) , (2.28)
x

OMore precisely, the momenta, associated with the transverse wave-vector components are conserved exactly.
HThe symbol 1" denotes parallel vectors, while 1| denotes antiparallel vectors.

10
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meaning that for Ak > 0, the PDC process becomes less efficient. This behavior can also be
recovered analytically for the quantum optical description of low-gain PDC as for example
shown by Sharapova et al. [11] and Christ et al. [80]. Analogously, as argued by Christ [79],
a nonzero frequency mismatch Aw # 0 will also lead to a reduction in the efficiency of the
process. It is worth noting that generally, in the context of collinear phase matching, the
relevant wave vectors not only include those triplets fulfilling k,, I k, " k; precisely, but
also those that slightly deviate from the k,-direction, due to the fact that, as mentioned
above, PDC radiation will still be generated with a nonzero phase-mismatch. This leads to
more involved mathematical descriptions, where the angles between the emitted photons
must be considered or the wave-vector components ¢ must be considered to be nonzero.
This will be the case throughout the rest of this work. Ultimately, perfect phase matching
with dk = 0 will then generally only hold for the collinear direction.

The expression for the collinear phase mismatch given in Eq. (2.26) can be further
rewritten using the dispersion relation for linear media as written in Eq. (2.15) [81]. Then,
assuming perfect frequency matching as in Eq. (2.24), the expression for the collinear phase

mismatch takes the form

Ak = clo [(n, —ng)ws + (n, —n;) w;]. (2.29)
Here and in the following, the dependence of the refractive index on the frequency is
implied by the subscript and will not be written out explicitly as a frequency argument for
readability. Following the argument of Boyd [56], it is easy to see that Ak = 0 is difficult
to achieve in isotropic media due to dispersion: If the refractive index n(w) is an increasing
function of the frequency, and w, > w, and w,, > w;, then n, —ny, > 0 and n, —n; >0,
meaning Ak > 0. However, for anisotropic uniaxial crystals as described in Sec. 2.1, there
are several possible configurations available to achieve Ak = 0, since the refractive index
of the extraordinary waves can be tuned by cutting and rotating the crystal appropriately
[see Eq. (2.9)] to achieve the refractive index required for the phase-matching condition [56,
72]. This phase-matching method is called angle tuning [56] and will be adopted for the
rest of this work.

Correspondingly, the nonlinear material assumed for the theoretical descriptions in
the rest of this work is -Barium borate (BBO, 3-BaB,0O,), which is a negative uniaxial
crystal [32, 82]. To achieve phase matching, the polarization direction of the pump beam
is aligned with the extraordinary polarization direction, while the polarization directions
of the signal and idler radiation can be so that they are either both ordinary (type-I phase
matching) or ordinary and extraordinary (type-II phase matching) [56, 72].

Following Eq. (2.9), the refractive index experienced by the pump can then be tuned by
changing 0, so that!? Npe < n,(0) <y, Combining Egs. (2.9) and (2.29) yields a formula

2In general, this alone does not guarantee that there exists a value of 6 so that Ak = 0. More precisely,
Eqgs. (2.30)—(2.32), may give a purely imaginary value for 6. Whether a real-valued solution for the
phase-matching angle exists depends on the concrete values of the ordinary and extraordinary refractive
index at the pump, signal and idler frequencies. [56]

11
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for the phase-matching angle 0:

( w,tw; )2_ 1
nWwe+n;w; n2,
el . (2.30)

2 2
nee nz,

6 = arcsin

For the frequency-degenerate case (wy, = w;), this simplifies to

4 1
o . (ns—‘,—ni)2 n3,
n2, n2,

which, for type-I phase matching with n, = n, = ng,,, can again be further simplified to

0 = arcsin (

Unsurprisingly, Eq. (2.32) has a similar structure to the expressions for the phase-matching

st0?

(2.32)

angle for second-harmonic generation (SHG) found in Boyd [56]. In principle, SHG is the
opposite nonlinear process of degenerate PDC: Two signal (idler) photons at frequency w,
combine to form a pump photon at frequency w, = 2w, (the second harmonic). The reason
for this similarity is that the phase-matching conditions for both processes are the same.
Furthermore, as will be seen in Sec. 2.3.2, the Hamiltonian describing the PDC process is
the hermitian conjugate of the Hamiltonian describing SHG.

The wavelength of the pump laser used in the theoretical investigations and experiments
connected to this work is 354.6 nm (third harmonic of an Nd:YAG laser) [1-3]. Plugging
this into the Sellmeier equations found for BBO in Eimerl et al. [82] yields n,,, = 1.7056 and
ny,e = 1.5776 and, for frequency degenerate PDC, ng;, = 1.6645 and n;, = 1.5482. Hence,
for wy, = w;, the phase-matching angle is = 32.955° for type-I phase matching, which
coincides with the value found by Kulkarni et al. [71], and 6 = 60.257° for type-II phase
matching. Equation (2.29) also implies that for perfect frequency-degenerate type-I phase
matching, where Ak = 0 (near the collinear direction) and the photons are completely

indistinguishable, the three refractive indices coincide: n,(6) = ng, = n,,.

2.3.2. The PDC Hamiltonian

Parametric down-conversion is commonly described by introducing an interaction Hamil-
tonian derived from the second-order energy contribution of the electric field as given
in Eq. (2.8), as already mentioned in Sec. 2.1 [68, 83]. To this end, the electric field
vectors entering the Hamiltonian in Eq. (2.8) in the tensor product with the second-order
susceptibility are replaced with the electric field operators discussed in Sec. 2.2. Hence, the

initial expression for the resulting PDC interaction Hamiltonian H; is then given by [58]

N 2 A A oA
Hy = Zeo / d3r Z X BB B (2.33)
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2.3. Parametric Down-Conversion

It should be noted that in the model described in the following, the electric field operators
in Eq. (2.33) above are the free-field electric field operators. Thus, this description of
PDC assumes that the nonlinearity and the PDC interaction are sufficiently small to
not influence the quantization procedure leading to the free-field electric field operator
expressions written in Eq. (2.10) [61, 64].

Following Harder [58], the electric field in PDC is the superposition of the pump, signal
and idler field:

A A A

E(r,t) = E,(r,t) + E,(r,t) + E;(r,t). (2.34)

For readability, the spatial and temporal dependence is not explicitly written out in the
following. Furthermore, it is assumed that the field operators Ep, E, and E; commute.
Plugging the expression for the electric field operator given in Eq. (2.34) into the
Hamiltonian in Eq. (2.33) and expanding out the parentheses leads to 3% = 27 summands,
some of which are equal due to the full permutation symmetry of Xﬁ)l, as described in

Sec. 2.1:
1. There are three terms of the form E’j,mEk’mELm, where m = p, s, 1.

2. There are six terms of the form EﬁmEk’mEl,m/, m # m’, each of which has three
equivalent permutations for j, k and [, which means there are 3 x 6 = 18 terms overall

where one field enters twice.
3. Finally, there are six terms F ,, Fy . F, ,,.», where m, m” and m” are distinct.

For degenerate PDC', where the signal and idler photons are fully indistinguishable [61]
(meaning E, = E;), some contributions mentioned above will coincide. One particular
example are the terms of the form Ej,pEk,mEl’m/, for m,m’ = s,1, listed in both Items 2
and 3 above, which will then be identical since the labels s and i are equivalent. This leads

to the definition of the constant

D (2.35)

S

def. 1, for non-degenerate PDC
2, for degenerate PDC

to account for the different prefactors in both cases, which will be used below two write
both cases in a single expression.

By splitting the electric field operators of these terms into their positive and negative
frequency parts, as seen in Eq. (2.21a), it is possible to exclude numerous contributions
from the Hamiltonian. The resulting expressions are of the form E‘;ﬁll@gg@z Egﬁg’, which
describe certain interactions, depending on whether they contain the positive or negative
frequency parts or, more precisely, annihilation or creation operators. They contain

iAwk)t where the form of the frequency mismatch Aw(k)

exponential terms of the form e
depends on the specific interaction. Since the evaluation of the system dynamics involves

the integration of this exponential over the interaction time, the interaction is inefficient

13
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for Aw(k) # 0 due to the oscillations of the exponential term, as argued by Christ [79].
This can be easily seen for an infinitely long interaction time ranging from the asymptotic
past t \, —oo to the asymptotic future t ' co: The time integral over the exponential
is then ff;dt el2ek)t — 275(Aw(k)), meaning that the interaction only takes place for
Aw(k) = 0, which is the condition for the conservation of the photon energy. Similarly,
this has been found in Sharapova et al. [5] when evaluating the Heisenberg equations for
the PDC process and in Karan et al. [72] and Christ [79] for the perturbation expansion
of the PDC state. This observation justifies that terms of the form E( )Ek; E;:T)l,, and
EJ(J:%E,C 721 (2,, can be neglected, since they describe!® the energy-nonconserving creation
and annihilation of photon-triplets without the annihilation or creation (respectively) of
other particles (photons) [68]: Clearly, the frequency mismatch Aw can never vanish in
these cases since the frequencies must be positive and the temporal exponential functions
of the three fields all have the same sign. Neglecting these terms corresponds to the
rotating-wave approzimation (RWA) [79].

All other terms contain both photon creation and annihilation operators and therefore
describe different mixing processes of the three fields. Without further restrictions, all of
these processes may occur. In experimental setups it is then possible to filter out certain
frequencies of interest from the generated radiation. If done correctly, this allows for the
selection of radiation that can only have been efficiently generated by certain interactions.
For example, by filtering out frequencies close to w, /2, the obtained radiation originates
from frequency-degenerate PDC. It should be noted that this line of reasoning also requires
the pump field and the band-pass filters are sufficiently narrowband. Furthermore, the
phase-matching condition restricts which interactions can occur efficiently and therefore
acts as another filtering mechanism.

Ultimately, after removing all terms as discussed above and accounting for the full
permutation symmetry with the help of the constant defined in Eq. (2.35), only one term

and its hermitian conjugate remain for the PDC Hamiltonian:

Hppe = 4D,¢, /d3 SAmENEET . (2.36)
3okl

This Hamiltonian describes two processes: The term written out explicitly in the equation
above describes the actual PDC process, where one pump photon is annihilated and a
signal-idler photon pair is created. The hermitian conjugate term describes sum-frequency
generation (SFG) or second-harmonic generation in the frequency-degenerate case, where
a signal-idler photon pair is annihilated, and a pump photon is created. However, as also
noted in Christ [79], both terms are required for the Hamiltonian to be hermitian and

therefore, Hppq as written in Eq. (2.36) is usually used for the description of PDC.

13These processes can be seen as virtual interactions. On short time scales, these contributions appear due to
the energy-time uncertainty and can serve as short-lived intermediate steps for more complex interactions,
as for example described in Butcher and Cotter [84] for nonlinear optical processes and Peng and Li [85]
for the rotating wave approximation in the context of atom-field coupling. However, as discussed in the
text, the contributions from these terms disappear for long interaction times.
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2.3. Parametric Down-Conversion

In experiments, the geometry of the setup can usually be assumed to be fixed. For
example, only wave vectors of the three fields with certain directions may be of interest,
while additionally, as described in Sec. 2.3.1, the polarization directions are determined
by the phase-matching condition. This allows for further simplifications of the PDC
Hamiltonian in Eq. (2.36), which still accounts for the full vectorial character of the electric
field operators. More precisely, for certain geometries, the susceptibility tensor KQ) can
effectively be approximated by a scalar susceptibility ng) . As a consequence, the electric
field operators can be treated as scalar-valued operators, see for example Sharapova et al. [5],
Boyd [56], and Karan et al. [72]. With this simplification applied, the Hamiltonian now

reads
Hppo = 4D,0x ' / BrESVETET +hee., (2.37)
where the negative frequency parts of the field operators are of the form
ES (rt) = —i / BEE, (k) e er—wmlal (k) for v=np,s,i, (2.38)

and the positive frequency parts are their hermitian conjugates, see Eq. (2.21c).

A rigorous expression for the scalar-valued effective susceptibility can be written as
2 _ 2
Xett = D Xjui (ekpp)j (ek)k (ekii)lv (2.39)
j7k7l

where (ekul,) ~denotes the jth component of the (here real-valued) unit polarization vector
for the field v. This expression can only be pulled out of the integrals over the wave
vectors appearing in the electric field operators in Eq. (2.36), if only those plane-wave
modes (k,,v) have significant contributions to the Hamiltonian that have polarization
vectors ey, , compatible with the chosen ng) , so that the wave-vector dependence of the unit
polarization vectors may be safely ignored. This is what the geometry of the experiment
and the cut of the crystal have to ensure.

It is also important to note that the precise prefactor of the Hamiltonian, which for
Eq. (2.37) would be 4D5i€0X£?2 multiplied with potential additional prefactors resulting
from the expressions for the pump, signal and idler fields, may differ, depending on the
literature. This can be seen by comparing the prefactors of the initial expression for the
second-order electromagnetic energy contribution [Eq. (2.8)] and the Hamiltonian derived
from it [Eq. (2.33)] with the corresponding expressions used for example in Sharapova
et al. [5], Boyd [56], Drummond and Hillery [57] and Quesada and Sipe [63]. The convention
used in this work coincides with the one suggested in the latter two works. However, as
described in Ref. [2], the choice of the value of this prefactor does not affect the results
presented here and in the associated works (Refs. [1-4]) since they are based on the
definition of the experimental gain, which will be elaborated on in Sec. 3.4.

Since the propagation axis of the pump beam usually defines a special axis in the system,

it is useful to split the wave vectors into their longitudinal and transverse components, as
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already described in Sec. 2.3.1. If the pump vector k,, is oriented along the z-axis, then the

T def. T
transverse wave-vector components of some wave vector k are q = [k:c ky] = [qa7 qy] .
The z-component k, of the wave vector may then be expressed in terms of the transverse

part g and the frequency w, [2, 72]:

k.(q,w,) =8\/<w”n”(w”))2—!q\2, (2.40)

Co

where the dispersion relation as written in Eq. (2.15) has been used to express |k|? in
terms of the frequency w, and where s = +1 has been introduced to account for the sign
of k, which is otherwise lost. With this, the negative parts of the field operators can be
expressed as [2, 72]:

ES () ==y // qdw, &, (q,w,) e laritskaw) =0t (g o ), (2.41)

s=+1

where d2?¢q = dg,dq,, v, = [z y]T and the integrals are over the entire two-dimensional
transverse wave-vector plane and all w,, > 0. If only plane waves traveling in certain
directions are of relevance, for example along the positive z-axis direction (k, > 0), it may
also be sufficient to only account for one of the signs (here s = 4+1). Additionally, it should
be noted that the form of £, appearing in Eq. (2.41) is not the same as in Eq. (2.21b)
since d*k = |0w, /0k,|dq, dg, dw,,. For simplicity, the prefactor £, is also usually assumed
to be constant [2, 5, 72].

The PDC interaction Hamiltonian as given in Eq. (2.37) is commonly used in the literature
in combination with the undepleted pump approzimation (or parametric approximation [32])
where the pump field is assumed to be a strong and classical coherent field [1, 2, 5, 11,
69, 72, 79, 80, 86]. This is justified since the pump beam is usually very strong, meaning
that it remains approximately unchanged if pump photons are down-converted to pairs of
signal and idler photons. The field operator for the pump field can then be replaced by a

scalar-valued function of the form [2, 5, 87]
By (r,1) = i€,a, (r, t) el Fom—eut) (2.42)

where dp(r, t) is the (possibly complex-valued) spatio-temporal envelope function of the
pump field and £, is the pump amplitude. The imaginary unit i has been added as a
prefactor to keep consistency with the expression for the operator E(), see Eqs. (2.21Db)
and (2.21c).

Starting from the PDC Hamiltonian in Eq. (2.37) and the electric field operators as
written in Eqgs. (2.38) and (2.41), there are two main options for the theoretical description
of PDC, which will be used in this work and discussed in more detail in the respective

chapters:

1. By carefully manipulating the Heisenberg equations for the signal and idler plane-wave

operators ay, ,;, Sharapova et al. [5] have arrived at sets of coupled integro-differential
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equations that describe their evolution through the PDC section. This approach is
rigorous and includes time-ordering effects, but the equations can generally be only
integrated numerically for a finite-width pump. For a plane-wave pump, an analytical
solution is possible [1, 88]. The approach leads to accurate results at both low and
high gain. The details of this method will be explored further in Chapters 3 and 4.

2. A simpler approach, which allows for a more analytical treatment, is Schmidt-mode
theory. In the context of this work, the focus will be on the description of this
approach provided in Sharapova et al. [11]. Here, the dependence of the frequency
mismatch as defined for PDC in Eq. (2.25) on the wave-vectors of the three fields is
neglected, and as a result, the interaction Hamiltonian becomes time-independent [5].
For low parametric gain, the integro-differential equation approach and Schmidt-
mode theory coincide, but at high gain they show discrepancies and Schmidt-mode
theory agrees less well with experimental results. While in Sharapova et al. [11] only
Gaussian pump beams are considered, the approach was later extended in Ref. [2] to

Laguerre-Gaussian envelopes. This will be the main focus of Chapter 5.

For completeness, it should be mentioned that in the above-mentioned references, both
approaches were described in the spatial domain, meaning that all relevant quantities are
written in dependence on the wave vectors. However, it is also possible to apply these
approaches in the frequency domain, see for example Christ et al. [80], Quesada et al. [86],
and Sharapova et al. [87].

Furthermore, it should be noted that several recent studies have focused on relaxing cer-
tain simplifications contained in the model as presented in this section: When constructing
the PDC interaction Hamiltonian in Eq. (2.33), the free-field expressions for the electric
field operators in Eq. (2.20) are substituted for the electric field. As mentioned above,
this makes sense if the interaction is sufficiently small. However, more rigorously, it is
possible to perform the quantization directly for a nonlinear dielectric, see Drummond
and Hillery [57]. Then, in order to obtain the correct equations of motion for the fields
(Maxwell’s equations) while preserving their transversality, it is necessary to choose the
displacement field D (instead of the electric field E) and the magnetic field (magnetic fluzx
density) B as the canonical variables [57, 63]. This formalism has then for example been
applied in Schneeloch et al. [89], for the description of the absolute brightness and number
statistics of SPDC and, as already hinted at above, in Quesada et al. [86] for the derivation
of integro-differential equations describing PDC in the frequency domain, which similar to

those of Sharapova et al. [5] for the spatial domain (described above in Item 1).
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Phase Sensitivity of High-Gain
SU(1,1) Interferometers

This chapter will present the main results of Ref. [1], which is an investigation of the
phase sensitivity of spatially multimode high-gain SU(1,1) interferometers. To this end,
Sec. 3.1 will introduce SU(1,1) interferometers, which are central to the remainder of this
work. Furthermore, in Sec. 3.2, the description of parametric down-conversion via integro-
differential equations in the spatial domain developed in Sharapova et al. [5] will be extended
to allow for an analytical description of certain aspects of the interferometers which are
relevant for analyzing their phase sensitivity. Several additional important concepts will be
introduced throughout Secs. 3.2-3.4, such as the joint Schmidt decomposition, which will
be an important tool in the analysis of multimode squeezing in Chapter 4, and the concept
of diffraction compensation, which is essential for the construction of high performance

multimode SU(1,1) interferometers operating at high parametric gain.

3.1. SU(1,1) Interferometers and the Phase Sensitivity

SU(1,1) interferometers, as first described by Yurke et al. [16], are nonlinear interferom-
eters utilizing parametric down-conversion to achieve better performance than classical
interferometers, which are interferometers constructed from beam splitters and using clas-
sical states of light, most prominently coherent states [1, 9, 13]. In principle, there are
several configurations possible for an SU(1,1) interferometer, as discussed in Chekhova
and Ou [13]: In the simplest case, the mirrors of a classical Mach-Zehnder interferometer
which split the laser beam into the two interferometer arms can be replaced by nonlinear
crystals. A simplified sketch of such a setup for collinear PDC is shown in Fig. 3.1. The
propagation of the light fields between the two crystals is described mathematically by an
abstract phase object which applies phases ¢,, to the pump (v = p), signal (v = s) and idler

(v = 1) fields [1]. Generally, this phase may have some spatial dependence or, equivalently,
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Signal

Pump
— e Detection
Idler
Phase
object

Figure 3.1: Simplified sketch of a Mach-Zehnder type [13] SU(1,1) interferometer for collinear
PDC. The PDC radiation (signal and idler, marked with red arrows) generated in the first
crystal acquires some phase (which possibly has some spatial or angular dependence) and is
amplified and deamplified in the second crystal depending on the relative phase difference
¢ = ¢, — ¢, — ¢, of the pump, signal and idler radiation. After the second crystal, the radiation,
usually only the signal and idler fields, are sent to the detector and the pump beam is filtered
out. More generally, it is also possible to have only some combination of the pump, signal and
idler fields interact with the phase object, so that the phase is applied only to a subset of the
three fields. Adapted from Ref. [1].

depend on the transverse wave-vector components gq,,, as introduced in Sec. 2.3.1. In the
simplest case, this phase object is just given by the air gap between the two crystals. More
concrete examples will be given in Sec. 3.3 when the concept of diffraction compensation
is introduced. After the phase object, all three fields recombine in the second crystal
and depending on the relative phase difference ¢ = ¢, — ¢, — ¢;, the signal and idler
radiation will be amplified or deamplified (nonlinear interference [8]) in dependence on the
transverse wave-vector components. After the second crystal, the PDC radiation is sent to
the detector.

In quantum metrology, one central challenge is improving the sensitivity of measurements
and determining fundamental bounds for parameter estimation [90, 91]. More precisely, the
goal here is to determine with which accuracy the relative phase shift ¢ which the pump,
signal and idler fields experience can be determined. This leads to the definition of the
phase sensitivity A¢, which here is defined in terms of the total' output intensity (N,
via the error propagation relation as [6, 9, 10, 12, 32]:

AN,

ot
‘ d<Nt0t> ’ (3'1)

de¢

A¢ =

Here, N,,, is the total (or integral) photon-number operator for the output radiation and

ANy = V(NZ,) — (Nyoy)? (3.2)

is the corresponding standard deviation. It should be emphasized that the quantity A¢
defined in Eq. (3.1) is the standard deviation (square root of the variance) or error associated

with the phase measurement, as described around Eq. (3.1) [32]. This means that the

n principle, it is not necessary to use the total output intensity for the phase sensitivity and instead filter
certain (plane-wave) modes associated with certain spatial directions. However, for simplicity, the total
output intensity is used in this work and Ref. [1].
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3.1. SU(1,1) Interferometers and the Phase Sensitivity

central goal is to minimize A¢. However, in the literature, this quantity is called phase
sensitivity, see for example Xin et al. [10] or Yurke et al. [16], which may lead to confusion
since the term “sensitivity” implies that the numerical value of A¢ should instead be
maximized. [6]

For a classical interferometer operating with coherent light, the phase sensitivity is
fundamentally bound by the shot-noise limit (SNL) A¢gyy, which is sometimes also
referred to as the shot-noise level, standard quantum limit (SQL) or coherent state limit [1,

6, 8-10, 12, 13, 16, 92-95]:
R
V)
1

where Nt(ot is the integral photon-number operator for the radiation that interacts with the

Adgnr, = (3.3)

phase object. The superscript () has been added in an analogy to the SU(1,1) interferometer,
where the radiation interacting with the phase object is the radiation generated by the
first crystal. More generally, in the rest of this work, the notation introduced in Ref. [1]

(1

will be used where the superscripts (V) and (?) refer to quantities related to the first and

second crystal, respectively.
The shot-noise level serves as a reference point for the sensitivity of the interferometer,
which leads to the definition of the normalized phase sensitivity [1, 94]:
__A¢
Aggnr,

The importance of this quantity lies in the fact that for f < 1, the sensitivity beats the

! (3.4)

shot-noise level and the interferometer is said to be supersensitive [9]. Evidently, the
interferometer then shows better performance than a classical interferometer operating
with a coherent light beam that has the same integral intensity as the signal and idler
radiation interacting with the phase object. Achieving supersensitivity one of the central

goals of quantum interferometry [96].

A more fundamental bound for the phase sensitivity is the Heisenberg limit (HL) [6, 8,
12, 16, 27, 93-96]

1
BT >
which is derived from the phase-intensity uncertainty relation and is the asymptotic limit
for large photon numbers [9, 95]. It should be noted that the Heisenberg limit can also be
reached using classical interferometer setups by feeding squeezed states of light into the
normally unused input port, as first proposed by Caves [92]. However, as suggested by
Yurke et al. [16], one advantage of SU(1,1) interferometers is that they can reach the HL

with fewer optical elements than classical interferometer setups.

Clearly, both the HL. and SNL decrease as the number of photons increases, see Egs. (3.3)
and (3.5), suggesting that at higher intensities the phase sensitivity is usually improved
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compared to low intensities. Furthermore, as mentioned above, the HL is only the limit
at large photon numbers and for low photon numbers the SNL is the lower bound for
the phase sensitivity: A¢gyy, > Ay, for sufficiently small IV; the exact value for IV here
depends on the proportionality factor of Eq. (3.5). Generally, large photon numbers in
the PDC process correspond to high parametric gain and as described in Sec. 2.3.2, an
accurate description of high-gain PDC is possible using sets of coupled integro-differential

equations. Accordingly, this approach will be discussed in more detail in the following.

3.2. Describing PDC in Cascaded Systems with Integro-Differential
Equations

The approach for the description of PDC using coupled sets of integro-differential equations
used in this work (and Ref. [1]) was developed in Sharapova et al. [5], as already mentioned
in Sec. 2.3.2. It focuses on the description in the spatial domain and, for simplicity,
only considers one transverse dimension which is labelled by the scalar-valued wave-vector
component g and the corresponding real-space coordinate x. This approximation is justified
by the radial symmetry of the system [2, 5]. Furthermore, it is assumed that the pump is
monochromatic at w,,, that it fulfills the undepleted pump approximation (see Sec. 2.3.2)

and that it has a Gaussian transverse spatial envelope of the form [compare Eq. (2.42)]:

22

a,(z) =e 22, (3.6)
Here, o is the pump width parameter so that the full width at half maximum (FWHM) of
the pump intensity distribution is given by 2,/In(2) o [5].
The approach utilizes the Heisenberg picture and describes the evolution of the plane-
wave operators through the PDC section using sets of coupled integro-differential equations
of the form [5]

d/\ L as+a; 202
aSEfLS’) = F/qu e_( 2> h(quqi,L> @I(qi,L% (37&)
dA]‘L i L asta;)’o?
azéqi’) = F/dqs o et h*(qs,q;, L) a4(qs, L), (3.7b)

where h(q,, q;, L) is a complex-valued function describing the phase-matching and depending
on the geometry of the system. For readability, the frequency dependence of a, on w,

and d;r on w; = w, —w, has not been written out explicitly. The coordinate L over which

the system must Z;)e integrated will coincide with the propagation axis of the pump and
the z-coordinate axis in the following. The variable I' introduced in the integro-differential
equations (3.7) is the theoretical gain parameter which, among other parameters, collects the
prefactors from the PDC Hamiltonian as described in Sec. 2.3.2, including the amplitude &,
of the (undepleted) pump field and the (identical) group velocities of the signal and idler
photons. The precise expression for this prefactor is not important, since it will ultimately

be expressed via the experimental gain G see Sec. 3.4 below.

exp’
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3.2. Describing PDC in Cascaded Systems with Integro-Differential Equations

The commutation relations for the plane-wave operators at fixed values of L are given
by [1]

la,(q,, L), al(ql, L)) = 6(q, — L), (3.8a)
la;(¢;, L), a (g}, L)] = 6(q; — q), (3.8b)
la.(q,. L), a} (¢}, L)] = 0 (3.8¢)

Here, the last commutation relation in Eq. (3.8¢c) implies that the signal and idler plane-wave
operators describe photons which are distinguishable in some degree of freedom, for example
the polarization directions or the frequencies w, and w;. In the case of indistinguishable

photons, the commutation relation instead reads

la,(q,, L), al (¢}, L)] = 6(q, — q) (3.9)

and the plane-wave operators can be set equal: d (q,, L) = a,(q,, L). It should be noted
that regardless of whether the commutation relation between the signal and idler operators
is of the form as written in Eq. (3.8¢c) or Eq. (3.9), the integro-differential take the form as
written in Egs. (3.7), assuming that the group velocities of the signal and idler photons are
(approximately) identical, see the derivation in Sharapova et al. [5]. This is because changing

the commutation relation only leads to a rescaling of the theoretical gain parameter I'.

In the undepleted pump approximation, the PDC Hamiltonian in Eq. (2.37) is at most
quadratic in the plane-wave operators. As shown by Ekert and Knight [97], for such
systems, the plane-wave operators before and after the interaction are connected via linear

transformations, which here are of the form [1, 5]:

6.(00 L) = a,(q,) + / aq. n(a.. ¢l L) a.(d) + / dq. Blaq, L)al(q),  (3.10a)

il L) = al () + / dq 7*(as, ¢}, L) &} (¢)) + / ad, B (¢ 4, D) 65(d)),  (3.10D)

where a,(q,, L) and &j(qi, L) are the operators at the end of the interaction at the coordi-
nate L (output plane-wave operators) and &Z (g;) and a,(q.) are the plane-wave operators at
the beginning of the interaction (input plane-wave operators). The complex-valued transfer
functions [1, 86, 98] n(q,q’, L) and B(q,q’, L) connect the input and output plane-wave
operators and may, in general, couple any input plane-wave mode (the mode before the

interaction) to all output plane-wave modes (the modes after the interaction).
As described in more detail in Sec. A.1, by plugging the form of the solutions for the

plane-wave operators given in Egs. (3.10) into the integro-differential equations (3.7), it is

possible to obtain a coupled set of integro-differential equations for the transfer functions [1]:

d / L ‘Zs+(17;‘20'2

B(quq“) - F/dqZ e_( 2) h(qS’qi7L> ﬁ*(qwqng)a (311&)
~ . / L votas 20_2

(W - F/dqs e 0 (g,0, L) Blay, 4f, D), (3.11b)
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where

. , oy def , ,
(g a/, L) = 1*(g;, 4}, L) + 6(q; — q}). (3.12)

These coupled integro-differential equations are no longer operator-valued [1] and can be

easily solved using numerical approaches such as the Runge-Kutta methods.

It should be emphasized that the form of the solution of the integro-differential equations
as given in Egs. (3.10) requires that the pump term e (4:+4)°0°/2 and the phase-matching
function h(q,, q;, L) are symmetric under the exchange g, <+ ¢, for any L, as also shown in
Sec. A.1. This symmetry requires that the refractive indices of the signal and idler photons
are identical. This is most easily achieved in the degenerate regime, where the signal and
idler photons are indistinguishable. Alternatively, as has been described in Ref. [1], this
condition can also be approximately achieved by spectrally filtering the PDC radiation at
a small offset from the degenerate frequency. In doing so, the generated signal-idler pairs
are still well described by assuming equal refractive indices for both photons, while only
one photon of each pair is actually detected. The commutation relation for this case is
given by Eq. (3.8¢) since the photon frequencies are slightly different. This is the case that

was considered in Ref. [1] and will be explored in the rest of this section.

For a system that consists of a single PDC section, the initial value conditions for the

plane-wave operators are given by

™ (q,) = a,(q,), (3.13a)

[ (g)]" =l (qy), (3.13b)

where instead of a concrete value for the coordinate L at the beginning of the PDC section,
the superscript ™ has been used to identify the input operators. This initial value condition
follows from the fact that before the PDC interaction, the plane-wave operators are given

by the vacuum plane-wave operators d,(q,) and d;(qi).

In cascaded systems consisting of multiple consecutive PDC sections, the connection
between these sections can be achieved by requiring that the output plane-wave operators
of one section labeled with the index m are the input operators of the following section
with index m + 1:

&(Sm+1,in)( S) _ dgm,out) (qs)’ (314a>
A~(m+1,in T A (m,ou f
] = i)' o110

(out) has been introduced as to label the output

where analogous to above, the superscript
plane-wave operators, replacing the concrete value of the coordinate L at the output of the
PDC section. Note that the indexing with m € N; in the superscript to label the PDC
sections was previously also used in Eq. (3.3) above. This notation has been introduced
in Ref. [1] to describe the connection of the two crystals of the SU(1,1) interferometer.

When transitioning between different PDC sections with different optical properties, for
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3.2. Describing PDC in Cascaded Systems with Integro-Differential Equations

example width different refractive indices, it is not immediately obvious that the connection
between the sections can be made using Eqgs. (3.15) since they assume that the transverse
wave-vectors components g, and ¢; remain the same after transitioning between the PDC
sections. However, as discussed in Sec. A.2, when transitioning between media with different
refractive indices, the transverse wave-vector components are conserved.

For a system consisting of several cascaded PDC sections, such as an SU(1,1) interferom-
eter, there are two main options for obtaining the transfer functions connecting the input
plane-wave operators at the beginning of the system to the output plane-wave operators at

the end of the system:

Integrating the System Section-by-Section. By expressing both sides of Eqgs. (3.14) in
terms of the linear input-output transformations as written in Egs. (3.10) and comparing
both sides, it is clear that the initial value conditions for the (m + 1)th PDC section when
integrating the system of integro-differential equations for the transfer functions as given

in Egs. (3.11) are simply

Bm+Lin) (g ¢/} = Bmout) (g ), (3.15a)
ﬁ(m+1,in) (q, q/> = f](m,out) (q7 q’)j (315b)

where the same notation using the superscripts instead of concrete values for L as introduced
above has been used. Assuming that the first crystal (m = 1) has no prior PDC sections,
its input plane-wave operators are the vacuum operators and by comparing Egs. (3.13)
with Egs. (3.10) it is then clear that

0, (3.15¢)
7t (g, q') = 6(g—q) (3.15d)

are the initial value conditions for the transfer functions of the first PDC section. Equa-
tions (3.15a)—(3.15d) combined fully describe the initial value condition for each PDC
section. If there are N PDC sections in total, so that m = 1,..., N, and given the phase
matching functions ™), for m = 1, ..., N, which describe these sections, it is possible to
obtain the output transfer functions SN™ and 7M™ for the last PDC section by starting
at the first PDC section with (") and its initial value conditions as written in Eqs. (3.15¢)
and (3.15d) and then consecutively integrating the PDC sections using the initial value
conditions as written in Egs. (3.15a) and (3.15b). This approach is easy to implement
and is generally the simpler approach if only the transfer functions for the entire system
are needed. However, after the integration of the entire system is completed, only the
transfer functions connecting the input plane-wave operators of the first section to the
output operators of the last section (or any intermediate section) are obtained and not the
transfer functions connecting the plane-wave operators of any input section (other than the
first) to its output operators. For this reason, this method does not allow for an in-depth
analysis of the evolution of the plane-wave operators in-between the PDC sections. This is

addressed with the alternative method presented in the following.
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Integrating PDC Sections Separately. More generally, the linear transformation equa-
tions (3.10) for the mth PDC section can be written in the following form, after taking the
definition of 7 in Eq. (3.12) into account:

a"™" (q,) = / dg; 7™ (¢, %) at™™ (q))
+ [dg 8 a1 )]
™) (g,)] " = / dg] [7™ (g, )] [ (q))]
+ [dg [ )] a @),

(3.16a)

(3.16b)

Here, 1~7 (m) and ™) are the transfer functions connecting the input operators a(m in)
and a, (m:i) of the mth PDC section to its output operators agm 1) and a a, (m,out) . Clearly,

plugging these expressions for the transfer functions into the integro-differential equa-
tions (3.7) and following Sec. A.1 yields again integro-differential equations of the form
as in Eqgs. (3.11), just with additional superscripts (m) for the transfer functions. For
each PDC section m, integrating the resulting set of integro-differential equations leads
to solutions in terms of the transfer functions which describe the evolution of some input
operators a.™™ and a a, (i) through the PDC section m via Eqs. (3.16). The initial value
conditions read, regardless of the index m,

g (g, q’) =0, (3.17a)

7 (q,q) = 6(q—q'). (3.17b)

Importantly, note that here the Dirac delta on the right-hand side of Eq. (3.17b) does not
imply that the system for the PDC section m initially starts at the vacuum state, as was
the case with Eq. (3.15d). Instead, the precise meaning is as follows: For both Egs. (3.15d)
and (3.17b), this Dirac delta originates from the plane-wave operators written outside the
integrals in Eqgs. (3.10). For the step-by-step integration approach, the system starts in the
vacuum state at the first PDC section (m = 1) meaning these operators refer to the vacuum
operators. Contrary to that, when each subsystem is integrated separately, these operators
are the output operators of the preceding PDC section. In other words, Egs. (3.16) and the
integro-differential equations that would be obtained by plugging them into Eqs. (3.7) as
described above, are independent of the prior history of the system before PDC section m,
which is only described by some input operators agm’i“) and &Em’in). As a consequence, once
the solutions 7™ and 5™ for each m have been obtained, they need to be connected to
each other in order to obtain the transfer functions describing the entire system. To this
end, Egs. (3.16) as written above can be recursively applied to themselves and each other as
prescribed by Egs. (3.14) by shifting the index m — m + 1 once. After bringing the result
back to the same form as the solutions of the integro-differential equations [Egs. (3.16)],

it is possible to identify new transfer functions 7™+ and B+1™) which connect the
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input operators of section m to the output operators of section m + 1:

ay" M (g,) = / dg 71+ (g, ;) ™™ (g))
’ m m / ~(m,in / f
+/dqz~6( (g, qf) [a™™ ()]
A(m+1,0u T ~(m+1.m * [ A(m,in T
i) = [aal T a) ™ )

+ [aa (B g )] @),

(3.18a)

(3.18b)

The connection relations that give the expressions for the new transfer functions 7("+)

and L™ read

7 (q,q') = /dc?fz“”“)(q, a) 7" (g,q') + /d‘?ﬁ(m“)(% ) [B"™ @), (3.19)
6W“mmnﬁ:/@ﬂmﬂ@aﬂwwﬂv+/@ﬂwmmﬁwwm@dﬂf(&ww

By repeatedly recursively applying these connection relations, it is possible to obtain the
generalized transfer functions 7" and B™! | for | < m, connecting the input plane-wave
operators of the [th PDC section with the output plane-wave operators of the mth PDC
section. In the special case of [ = 1 and m = N, where N is the index of the last PDC
section (and the number of PDC sections), these transfer functions connect the input
operators of the entire system to its output operators. Equations (3.15a)-(3.19b) are
generalizations of the results presented in Ref. [1] for the two PDC sections forming the
SU(1,1) interferometer (N = 2). The approach described by these equations has the
advantage that each PDC section is first treated separately and therefore allows for a
more detailed analysis based on the transfer functions that describe each section, while
integrating the PDC sections sequentially as described above only results in the transfer
functions connecting the input plane-wave operators of the entire system to the output
operators of any section. The rest of this chapter and Chapters 4 and 5 will extensively
utilize the approach described by Egs. (3.15a)—(3.19b).

An important connection between the two transfer functions 77 and 3, regardless of
whether they describe a subsystem or the full system, is that they admit a joint Schmidt-
decomposition. The existence of this decomposition has for example been shown by Christ
et al. [80] and Quesada et al. [86] for the frequency domain and the basic steps for the

proof can be applied here. In the context of this work, the decomposition reads [1]
Bla,q') =Y VA, (@) a(q), (3.20a)
ia:q') =) VA, u, (@) ¢ (d), (3.20b)

where /A, and 4/ /N\n are the singular values of § and 7), respectively and their squares A,,
and An, respectively, are the (Schmidt) eigenvalues. The name “singular values” for the

square roots of the Schmidt eigenvalues originates from the fact that in numerical applica-
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tions, both Egs. (3.20a) and (3.20b) have the structure of a singular value decomposition
(SVD), see also Secs. A.6 and 5.2.2. The Schmidt eigenvalues are connected via

A, =A, +1. (3.21)

The mode functions w,, and ,, fulfill the orthonormality conditions

Jdau,@uista) = 5,0 (3.22a)
Jaav@ i@ =6, (3.22b)

and in general, they will be different even for the same index n: w,,(q) # v, (q) for any
pair (n,n’"), compare Sec. 4.2. See also Eqgs. (4.20) and the text surrounding below, which
describe this decomposition in the context of discrete variables. The physical meaning of
these mode functions can be seen by plugging Eqs. (3.20) into the form of the solutions of
the integro-differential equations, Egs. (3.10), and bringing the result to the form?

A = R, A 1 /A, [B], (3.230)
3" — /A, B + /A, [A;n)]T, (3.23b)

where

/ dg 7 (@) 8™ (q), (3.240)
Al — / dgut,(g) a8 (), (3.24b)
/ dq i (q) 6™ (q), (3.24¢)

plout) _ / dqu? (q)al™™ (q) (3.24d)

are the input and output Schmidt operators for the signal (A—operators) and idler photons
(B-operators). Equations (3.23) are the well-known Bogoliubov transformations for the
Schmidt operators [11, 80]. From Eqgs. (3.24) it is clear that the v,, functions are associated
with the input Schmidt operators, while the u,, are associated with the output Schmidt
operators. Thus, in the following, v,, and w,, will be called input Schmidt modes and
output Schmidt modes, respectively. The newly introduced Schmidt modes are spatially
broadband (multimode) [1, 2] and generally reach over all transverse plane-wave modes gq.
However, their advantage is that in terms of the Schmidt mode operators, the input output
relation is diagonalized, compare Egs. (3.10) and (3.23). For the rest of this chapter, only
the existence of the Schmidt decomposition and the orthonormality of the Schmidt modes
as written in Eqgs. (3.22) is of relevance. A more detailed discussion regarding the Schmidt

modes is presented in Sec. 4.2, including concrete plots of the modes.

2To see this, Egs. (3.20) can be plugged into Eqgs. (3.10) after applying Eq. (3.12). Then, both sides should
be multiplied with u*,(q,) for Eq. (3.10a) and wu,,/(g;) for Eq. (3.10b). Integrating both sides over g, for
Eq. (3.10a) and g, for Eq. (3.10b) then results in Egs. (3.23) and (3.24).
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3.2. Describing PDC in Cascaded Systems with Integro-Differential Equations

Ultimately, from either approach for obtaining the solutions of the integro-differential
equations of the interferometer as described above, it is necessary to compute quantities such
as the output intensity in order to obtain the phase sensitivity, see Eq. (3.1). Depending
on the detection scheme and whether the PDC process is degenerate, there may be several

possibilities for the choice of the relevant output photon-number operator N (q):

o et | No(a), N N,(q) + N, for non-d te PDC
R(g) def. ) (q) A(Q) or N,(q) + N,(q ) or non-degenerate (3.25)
N.(q) + N,(q) = 2N,(q) = 2N;(q), for degenerate PDC

This definition can be summarized as follows: In the case of non-degenerate PDC, it
is possible to consider the signal and idler beams separately or consider the photons as
indistinguishable and take the sum of their intensities. For degenerate PDC however, it is
not possible to separate the signal and idler photons and therefore the relevant operator is
the sum of the signal and idler intensity operators, which due to the indistinguishability is

the same as twice the signal or idler operator. For the rest of this chapter,
N(q) = N,(q), (3.26)

unless stated otherwise, since the focus is on the case where the signal and idler photons

are distinguishable and only the signal photons are assumed to be detected.

Generally, in order to evaluate expectation values of the output plane-wave operators, it
is advisable to express them in terms of the vacuum plane-wave operators and bring the
resulting operator chains into normal order, since the action of the vacuum annihilation op-
erators quantum vacuum state |0) is known: a(q)|0) = 0. As a simple example, the intensity
distribution (N, (g,)) for the signal photon-number operator N, (q,) = [ag"‘“) (qs)] ! alom (q4)

is given by [5]:

(¥, (q,)) = / ag] 18(qsr s L) (3.27)

where 3 is the transfer function describing the system. This result follows by express-

ing alom (gy) via the vacuum plane-wave operators &;[ (¢;) and a,(q,) using Egs. (3.10).

The second important statistical moment is the photon-number covariance cov(g, q’),

which is defined in terms of the intensity operator as written in Eq. (3.25) as

cov(g,¢') = (N(@)N(¢)) — (N())(N(q")). (3.28)

For the signal photon-number operator as written in Eq. (3.26) above, this expectation
value can be evaluated as described in more detail in Ref. [1] and the resulting expression

in terms of the § transfer function reads [1]:

2
cov(qs, qs) = ‘/dq@- B(as G- L) B* (¢4 3> L) | + 0(qs — ¢2) (N, (q,))- (3.29)

Comparing Egs. (3.28) and (3.29) with Eq. (6) of Averchenko et al. [99], the argument
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of the modulus squared can be identified as the field amplitude (first-order) correlation
function G<1)(qs, q.), while the second summand can be identified as the shot-noise term,
which results from the Dirac-delta commutation relations of the plane-wave operators.
It should be emphasized that here, it is assumed that the signal and idler plane-wave
operators commute, as written in Eq. (3.8c). If instead their commutation relation is given
by a Dirac delta distribution, as written in Eq. (3.9), an additional term appears in the
covariance functions which describes the signal-idler cross-correlations, as discussed in

Ref. [1].

3.3. Diffraction-Compensated SU(1,1) Interferometers

The sketch of the SU(1,1) interferometer shown in Fig. 3.1 above is simplified in the sense
that it does not account for the diffraction of the generated signal and idler radiation. For
a more realistic characterization, it must be taken into account that the signal and idler
beams broaden as the radiation travels inside the crystals and between them [1], as for
example depicted in Fig. 3.2(a).

As suggested in Frascella et al. [7], the divergence of the PDC light can be compensated
using a focusing element, such as a lens placed between the two crystals, with the idea
being that the radiation gets imaged onto the second crystal. Experimentally, this focusing
can also be realized by using a spherical mirror which reflects the PDC light back through
the crystal it was generated from [7, 100], as shown in Fig. 3.2(b). This kind of setup
has been called wide-field SU(1,1) interferometer in Frascella et al. [7] but will be simply
called compensated (interferometer) setup based on Ref. [1] in the following. The center of
the crystal should be placed at the 2/ position, where £ is the focal length of the mirror,
since 2/ is then the radius of the mirror [101], meaning that all light rays starting from
the 2/ position are perpendicular to the mirror surface and are reflected back on the same
path, as indicated by four red arrows at the top right in Fig. 3.2(b).

Alternatively, it is possible to use two lenses with focal length £ forming a 4f-lens
system to compensate for the diffraction, as for example suggested by Marino et al. [6]
and Roux [102]. Figure 3.2(c) shows how the lenses should be aligned with respect to the
crystals. The first one should be placed so that its focal point lies at the effective point
where the PDC radiation is generated inside the first crystal. The second lens should be
placed at a distance of 2/ from the first one and the second crystal should be placed after
it so that the distance between the output face of the first crystal to the first lens and the
distance from the second lens to the input face of the second crystal are the same. This
way, the PDC light generated from the first crystal gets first collimated by the first lens
and then focused into the second crystal by the second lens.

In general, the function h describing the phase matching and appearing in the integro-
differential equations (3.11) will depend on the geometry of the setup and the properties of
the phase object. This is why in the following, several important cases relevant for the

SU(1,1) interferometers discussed in this work will be presented.
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(a) (b)
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Figure 3.2: (a) Non-compensated (Mach-Zehnder type) and compensated SU(1,1) inter-
ferometers in (b) reflection (Michelson-type [13]) and (c) transmission (4f-setup [6, 102])
geometry. Due to diffraction, the radiation diverges inside and between the crystals in the
non-compensated case which leads to bad spatial overlap with the radiation generated in the
second crystal as indicated by the black arrows. It should be noted that for collinear PDC,
the broadening is shown exaggerated compared to the crystal dimensions. As seen later in
this chapter, for example in Fig. 3.4, the light cone emitted of the second crystal only has an
opening angle of about 40 to 50 mrad (2.3 to 2.87°). Both compensated setups use focusing
elements to focus the PDC radiation before it is amplified/deamplified in the second pass
through the PDC section. For the reflected geometry, only a single crystal is used and the
focusing is achieved using a spherical mirror placed at a distance of about 2/ from the crystal,
where £ is the focal length of the mirror and 2 £ corresponds to its radius. For the transmission
geometry two lenses with focal length £ are used to focus the radiation onto a second crystal
as indicated. It should be noted that these figures, for simplicity, neglect the refraction of
the signal and idler radiation at the crystal-air boundaries. This is discussed in more detail in
Sec. A.2. Note that an all three cases, the phase object (apart from the air gap) is not explicitly
shown. Figures (a) and (b) were adapted from Ref. [1] and Fig. (c) is based on Ref. [2].

First/Single Crystal. For a single crystal of length L,, or equivalently, the first crystal of the
SU(1,1) interferometer of the same length, the integro-differential equations (3.11) can be
integrated over the interval [0, L,]. The function k') appearing in the integro-differential

equations for the first crystal is of the form [1]

RV (q,,q;, L) = eAMasa) L (3.30)

where
Ak(st Qi) - kpz<qsa Qi> - ksz(Qs) - kiz(Qi) (331&)

= \/’~<7%—((1—+Q)2 — V=@ -k —¢ (3.31b)
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is the longitudinal wave-vector mismatch inside the PDC section and k, = |k, |, for

ol

v =p,s,1t, labels the modulus of the pump, signal and idler wave-vector in the material

section, respectively. As discussed in Sec. 2.3.2, the z-components k , k,, and k;, have been

pz?
rewritten in terms of the respective wave-vector modulus and the transverse wave-vector

components ¢, and g;, see Eq. (2.40). Note that 4, = 45 + ¢;, compare Sec. 2.3.1.

Non-Compensated Configuration. In the non-compensated configuration, the expression
for the phase-matching function h(® for the second crystal is the same as for the first
crystal but with an additional phase ¢(q, ¢;) which describes the relative phase added to
the pump, signal and idler radiation by the phase object [1]:

W (g, q;, L) = e8ka:,0) Leid(a0i) (3.32)

Here, the integration of the integro-differential equations (3.11) is performed over the
interval [Ly, Ly + Ly], where L, is the length of the second crystal which for the rest of
this work will coincide with the length of the first crystal, meaning L; = L,. Equivalently,
if the pump function does not depend on L, as is the case in Egs. (3.11) for the Gaussian
pump, the integration can instead be performed over the interval [0, L,], so that instead of

Eq. (3.32), the phase-matching function is given by
hfc)om(qs, ;s L) = eiAk(qsa%)[L‘f‘Lﬂei(ﬁ(qs»qz‘)’ (333)

which is the form of h(® as written in Ref. [1]. If the pump function depends on L,
a more careful substitution L’ = L — L, with the new integration variable L’ has to
performed directly in the integro-differential equations to enable the integration over the
interval [0, L,].

If the phase object is just given by the air gap between the two crystals, the phase
®(q,,q;) can be written as [5]

d(qs,4;) = DK™ (g5, ;) d, (3.34)

where d is the length of the air gap and Ak**(q,,q;) is the longitudinal wave-vector

mismatch in air, analogous to Eq. (3.31b):

Ak (g, q,) = ) (k)2 — (g, +,)° — (k) — g2 — \/(k??“)2 —q;, (3.35)

where k3 = |kiir|, for v = p,s,i, labels the modulus of the pump, signal and idler
wave-vector in air, so that k2" = w, n**(w,)/c,y, see Eq. (2.15). To reduce the numerical
complexity, it can be assumed that the air gap is sufficiently small so that ¢ can be treated
as effectively constant with respect to the transverse wave-vectors [1]. In this case, the
function A is of the form

W (g, L) = ciAMa,.a) Leid (3.36)

ncom,flat

(2)

where now the ¢-dependence of o flat

is only induced by the phase mismatch Ak(qy,g;).
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Such a phase profile, which has no spatial dependence, is referred to in the following as a
flat phase (profile).
Diffraction-Compensated Configuration. For the diffraction-compensated configuration,

the phase-matching function is given by [1]:
W (Qs, @, L) = e 18Ka:0:) [L=2L1]gie (3.37)

The change in the sign in the exponent comes from the fact that the focusing element
(for example the 4f-system or the spherical mirror) causes a change in the sign of the
curvature of the wavefront of the signal-idler radiation. This is illustrated in more detail
in Appendix B. For the phase-matching function as written in Eq. (3.37), the integration
of the integro-differential equations for the second crystal is over the interval [L,,2L,],
meaning that the second crystal has the same length as the first crystal. In principle, it is
also possible to integrate over other intervals [L, L; + Ly] with L; # L,, however, then it

is not possible to reach perfect compensation.

3.4. Definition of the Experimental Gain

In order to connect the theoretical gain parameter I', which first appears in the integro-
differential equations Eq. (3.7a), with the physically relevant experimental gain® G exps the
collinear output intensity (N (g = 0)) dgq of a single crystal in dependence on I is usually
fitted with a function of the form y(T') = Bsinh?(AI"), with parameters A and B, analogous
to the experimental procedure. The experimental gain is then defined as G, = Al
The range for the experimental gain is usually loosely divided into the low-gain regime,
[1, 3, 5, 104]

As was noted in Ref. [1], since the PDC light is generally strongly multimode, the fitting

where G, < 1 and the high-gain regime, for large G,
procedure described above usually leads to a fit that does not properly describe both the

low- and high-gain regime. To remedy this, it is possible to perform several fits of the form
y(I') = Bsinh®(ApT), (3.38)

where I' now ranges over a small interval around a central value I, so that the fit locally
approximates the intensity curve. Then, the AFC form a curve over I, and the fit constants
effectively become gain-dependent themselves. The experimental gain is then defined

via Goy, = Ap I, Given a targeted value for G, the corresponding parameter value I,

exp’
can be computed numerically using root-finding algorithms to determine the solution* for T,
Of AFC FC - G

exp = 0. Essentially, this root-finding performs an inversion of the functional

3The name originates from the fact that in experimental setups, the gain is defined similarly, which is, via a
fit of the collinear or integral intensity output of a single crystal in dependence on the square root of the
pump power, see for example Sharapova et al. [5] or Chekhova et al. [103].

“For this, it can be helpful to use interpolation to predict the target value of Ay, if the grid used to compute
the curve of the Ap_has insufficient density. Afterwards, a more precise value of A can be computed by
repeating the fit.
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Figure 3.3: Fit constant Arc in dependence

on the experimental gain G,,, obtained for ; ; : .

the collinear intensity of a 2mm BBO crystal 160 " 0
with a Gaussian pump with a FWHM of the . L *

intensity profile of 50 um. Concrete values are < 155} 7 .

given in Table 3.1. The error bars indicate E J

the error resulting from the fitting procedure € 150} J

of the collinear intensity, as described in the o I +1(X20)
text and the error bars have been scaled up " oast 1‘1‘ o 1
as shown in the figure. The point density of (x200)

the I values for the fits of the collinear in- 140 = . . . L
tensities decreases around G, = 1.9, which 0.0 2.5 5.0 7.5 100
leads to a jump in the error. Adapted from Experimental gain G,

Ref. [1].

Table 3.1: Fit constant A for the selected
experimental gain values G,,,,. The error val-
ues originate from the fit error of the collinear

Gain G, Fit constant Ar

exp

0.01 +5x 10711 140.285 + 6 x 10~

intensities over Ar, see the text. See also 1.25+1.2x107™* 144.029 + 0.013

Fig. 3.3. Adapted from Ref. [1]. 25+90x10~* 150.44 + 0.06
3.75+9x107* 155.19 + 0.04
50+ 7x107% 158.080 + 0.021
100+4x10~* 162.475 + 0.005

dependence from G, = G,

L) toT, =T, (Geyp)
It should be noted that any constant prefactor that might re-scale

exp , so that I, can be determined, given the

targeted value of G,
the collinear intensity (N(q = 0))dgq is absorbed in the fit constant B [see Eq. (3.38)] and
therefore does not influence the definition of the experimental gain [1].

Applying the latter relation to the definition of the parametric gain via Ay, and I, leads

to a curve Ap (G , which is shown in Fig. 3.3 for a 2mm BBO crystal pumped with

exp)
a beam with transierse Gaussian envelope whose intensity distribution has an FWHM
of 50 pm, which are the parameters used in Ref. [1]. Furthermore, Table 3.1 shows selected
values from this curve. Clearly, the fit constant differs by about 16 % when comparing
= 10.0, respectively). It should be

~ 15 have been achieved, see for example

the low- and high-gain regime (G,,, = 0.01 and G

ex
noted that experimentally, values up to G, \
Pérez et al. [105] and Iskhakov et al. [106]. However, the more common range for the
experimental gain is G, < 7, compare Refs. [3, 5, 7, 11, 99].

For experimental applications, the procedure described above is usually impractical
since it requires a large amount of data points for the collinear intensity. Hence, for
experimental applications, a single fit encompassing both the low- and high-gain regime
is usually performed, leading to a single fit constant A defining the gain, as was done for
example in Ref. [3]. This approximation can also be applied in theoretical calculations if the
experimental measurement error in the definition of the gain exceeds the error introduced

by assuming that the difference in the fitting constants can be neglected [2].
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3.5. Results

3.5.1. Analytical Groundwork for a Finite-Width Pump

The formalism for the description of the evolution of the plane-wave operators through the
PDC section given in Sec. 3.2 yields output intensities in terms of the transverse wave-vector
component g. A suitable expression for the integral output intensity operator to compute
the phase sensitivity via Eq. (3.1) can be obtained by integrating the photon-number

operator over all a transverse wave vectors:

Ntot = /dq N(Q) (3.39)

Additionally, the standard deviation AN, for the integral photon number operator is
required to compute the phase sensitivity. Plugging the expression for the integral photon-
number operator in Eq. (3.39) into the definition of AN, in Eq. (3.2), it becomes evident
that AN, can be written as [1]

A‘Z\]‘cot = \//]dq dq/ COV(Q7q/>7 (340)

with the photon-number covariance function cov as written in Eq. (3.28).

In order to compute the normalized phase sensitivity f as given in Eq. (3.4), it is
necessary to obtain both the intensity of the entire SU(1,1) interferometer and the intensity
of the first crystal alone, since the latter determines the shot-noise level, as can be seen
from Eq. (3.3). Therefore, it is advisable to obtain the transfer functions of the entire
interferometer by first integrating the integro-differential equations (3.11) for each of the
two sections separately and then combine them using the connection relations as described
in Sec. 3.2.

For the non-compensated setup, a flat-phase profile is assumed for simplicity, as mentioned
in Sec. 3.3. This means that for both the compensated and non-compensated interferometer,
described via Egs. (3.37) and (3.36), respectively, the phase ¢ does not depend on the
transverse wave-vector components ¢, and g;. This allows for a significant reduction of the
numerical complexity since the dependence of the transfer functions 52 and 7 describing
the second crystal on the phase ¢ can be written analytically in terms of the transfer
functions obtained when integrating the integro-differential equations (3.11) with h?
without the phase term el? or, equivalently, with Eqs. (3.36) and (3.37) and for ¢ = 0. The
transfer functions including the phase information, 8) and 7#(?, are then connected to
those that are obtained from the integration of the integro-differential equations without
the phase factor, 52 and 7:7<2), via [1]

B (q,q') = BP(q.q") €?, (3.41a)

~ ’ Z(2> /
1?(q,q)=1"(a.q). (3.41b)
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Here and in the following, the notation [4]
T (3.42)

will be used for a quantity = (such as a transfer function or a Schmidt mode) that has been
obtained by integrating the integro-differential equations without the phase term e'¢. By
using Eqs. (3.41), it is no longer necessary to repeat the integration of the integro-differential
equations for the second crystal for each value of the phase ¢: If the transfer functions are
obtained without accounting for the phase ¢, it can be added by simply multiplying 5(2)
with e!?, as indicated by Eq. (3.41a). Furthermore, this connection between the transfer
functions allows for an analytical computation of the derivative of the integral intensity as
required by Eq. (3.1).

For the compensated interferometer, it is possible to obtain further analytical insights.
These are based on the fact that the diffraction compensation (more precisely, the focusing
element) introduces a special symmetry in the system, due to which the transfer functions

of both crystals are connected via [1]

B3 (q.q') = B¢, q), (3.43a)
7g.q) = 1V, 9], (3.43Db)

with #® and 7:7(2) as defined above via Egs. (3.41a) and (3.41b), respectively. The proof
is provided in Ref. [1]. Using these relationships, it is possible to express all quantities
related to the entire interferometer just in terms of the transfer functions of the first
crystal. However, it should be emphasized that this requires that all properties such as the
refractive indices, the parametric gain and the crystal lengths of both crystals are identical,
see Sec. B.2.

Using Eqgs. (3.41) and (3.43), the expressions for the expectation values of the signal
intensity operator (N,(q,)) and the corresponding covariance function cov(q,,q.) of the
entire interferometer as written in Eqs. (3.27) and (3.29), respectively, can be expressed in
the form [1]

(.0 = 1e0?(5) [aa’ lelana )l (3.442)

cov(a,.q;) = 16c05* (5 ) [ [ €00 € (@0 0P| + 000, — a0 (Rula)), (320)

respectively, and with the newly defined function

£(q0rd) = / 4789 (,q,) [1 @) (3.44c)

Importantly, this function £ no longer depends on ¢ and the full phase dependence is
written out in Egs. (3.44a) and (3.44b). Equations (3.44) reveal an additional advantage of
the analytical treatment enabled by Eqs. (3.41): For ¢ — 7, both the integral covariance

and the derivative of the integral intensity with respect to ¢ will vanish. Both of these
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quantities are required for the computation of the phase sensitivity, with the former being
divided by the latter, see Eqs. (3.1) and (3.40). As ¢ approaches 7, the expression for the
phase sensitivity assumes the indeterminate form “0/0”, leading to numerical instabilities
which are difficult to resolve. With Egs. (3.44), this division can be performed analytically
since the limit as ¢ — 7 can be evaluated without numerical methods.

Further simplifications for the integral intensity and covariance are possible by making
use of the internal structure of the transfer functions that is described by their joint Schmidt
decomposition, see Eqgs. (3.20). Applying the decomposition to Egs. (3.44) and evaluating
the integrals over the transverse wave-vector components yields the following expressions
for the integral intensity according to Eq. (3.39) and the integral covariance, as it appears

under the square-root in Eq. (3.40) [1]:

<Ns,tot> = 4Acos? <§> ) (3.45a)
//qu dq. cov(q,, q.) = 4 cos? (i) [A + 4B cos? (g)} , (3.45b)

where ]\787tot = [dgq N,(q), see Egs. (3.25) and (3.39), and with the two positive constants
A= ZA (1+A0), (3.45¢)

B=S"[AY (1+aM)]" (3.45d)

Hence, for the compensated SU(1,1) interferometer setup, the integral intensity and
covariance of the SU(1,1) interferometer are fully defined by the phase ¢ and the Schmidt
eigenvalues of the first crystal A, Note that A = 0 and Jor B =0 can only hold in the

trivial case of Ag)

= 0 for all n, meaning that for this case, no PDC radiation is generated.
This is generally not true for any nonzero value for the experimental gain and thus, it can
normally be assumed that A, B > 0.

With Eqs. (3.45), the phase sensitivity can be analytically expressed in terms of these

constants using Eqs. (3.1) and (3.40) [1]:

\/.A + 4Bcos2(%)
2A s ()]

Ag = : (3.46)

meaning that only A and B need to be computed numerically in order to determine the
phase sensitivity. For the normalization with respect to the shot-noise level as in Eq. (3.4),

the integral intensity of the first crystal can simply be calculated as
1)
Ns( tot Z ATL ’ (347)

see Eqs. (3.20a), (3.27) and (3.39), meaning that the normalized phase sensitivity f can
also be written purely in terms of ¢ and the AS)

In order to develop a better understanding of the behavior of the phase sensitivity, the
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constant A defined in Eq. (3.45¢), said equation may be rewritten using Eq. (3.47) as [1]

(N | o
A= <1+ o | (Vo). (3.48)
where

KO = {Z (M})ﬂ B (3.49)

n

is the Schmidt number (effective mode number) of the first crystal, and where

o AV
An” = 5
Zk Ak

are the normalized Schmidt eigenvalues of the first crystal.

(3.50)

S

Clearly, since the output intensity (N, <}t)()t> of the first crystal does not depend on the
interferometer phase ¢, the normalized phase sensitivity f is minimized for ¢ = m, see
Eq. (3.46). Hence, the minimal (optimal) phase sensitivity f,,;, can be written in terms of

the integral intensity and the Schmidt number of the first crystal as [1]
1

N(-lgot .
2 \ L+ <I§(1>>

Therefore, in order to obtain an optimal phase sensitivity, the intensity output of the first

fmin - (351>

crystal should be maximized, while the effective mode number should be reduced [1]. Fur-

thermore, f,;, <1 can be rearranged to (Ns(lt)ot> /KM > —3/4, and thus, for compensated

min
SU(1,1) interferometers, the optimal phase sensitivity always beats the shot-noise level
since <J\Afs(1t)ot> and K are always positive.

For experimental purposes, it is important that the supersensitivity region, which is
the phase range over which the phase sensitivity beats the shot-noise level (f < 1), is
sufficiently broad to allow for stable measurements [2]. An analytical expression for the
supersensitivity region width A was derived in Ref. [2] for a similar system and these results
can be adapted to the interferometer as it is discussed in this chapter. The expression

for A reads

s

A = 27 — 4 arctan (
KD

1+48
7@{1‘) : ) (3.52)
3 +4 ,tot

Details on how this expression was obtained are given in Sec. A.3.

3.5.2. Analytical Expressions for a Plane-Wave Pump

While the main focus of the results presented in this section will be on the phase sensitivity

for a finite-width Gaussian pump, it should be noted that analogous results were also
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presented in Ref. [1] for the case of a plane-wave pump. Since the intensity profiles for a
plane-wave pump are very similar to the finite-width pump case and the covariance profiles
basically follow the diagonal of the 2D covariance functions in the finite-width pump case,
these will not be presented here. Instead, this detailed discussion can be found in Ref. [1]

and, in this section, it will only be briefly demonstrated how these results were obtained.

Starting from the integro-differential equations (3.7), it is easy to see that the Gaussian

transverse envelope approaches a Dirac delta for o — oo [1]:

g (qS+tu)2<72 T—00
FO e 2 F06<qs + Q’L)7
\/F27r

(3.53)

where a factor o/v/27 has to be split off from I' and T} is the remaining theoretical gain
parameter for the plane-wave case. The Dirac delta on the right-hand side in Eq. (3.53)
removes the integrals in the integro-differential equations (3.7) in the limit ¢ — oo and the
resulting coupled differential equations can be solved analytically for a single crystal and
both the compensated and non-compensated SU(1,1) interferometer setup. The appearing
Dirac delta also implies strong correlations between the generated PDC photons: The wave

vectors of the signal and idler photons are connected via ¢, = —g;.

A more rigorous derivation leading to the same expressions is possible by following
Sharapova et al. [5] and initially assuming a plane-wave pump. The resulting set of first-
order coupled ordinary (operator-valued) differential equations describing the evolution of

the plane-wave operators is of the form [1]:

dag(q,, L R
(<?1L ) = Fthw(qva) a;'r(_qva)a (354&)

dal(—q,, L . R
W00 L) _ e (q,1) 00, D), (3.54b)

dL

where
def.
hpw(Qs7L> = h<q57_qs7L) (355)

and h on the right-hand side refers to the phase-matching function for the finite-width
pump case as introduced in Sec. 3.3. Similar differential equations for the description of
PDC have also been found by Klyshko [88]. Due to the strong correlations between the
signal and idler photon wave-vectors, the system can be written purely in terms of the
signal wave-vectors g, since each signal photon with transverse wave-vector component g,
is connected to exactly one transverse idler wave-vector component —g;. Analogous to
Egs. (3.10), the solutions are now of the form [1, 107-110]:

ay(qyy L) = Ty (a5, L) 4 (q5) + By (a5, L) @ (—q,), (3.56a)
Al (—q5, L) = T (—a,, L) @l (—a,) + By (—a,, L) a4 (q,)- (3.56b)

Similarly to the finite-width case, it is possible to arrive at a system of first-order coupled

ordinary differential equations which is no longer operator-value by plugging Eqgs. (3.56)
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into Egs. (3.54) [1]:

dByy (g5, L) y
pT = Fohpw(qS)L) an<_QS7L)) (357&)
dﬁ*w(_qsa L) "
—ap = Dol L) Bw(gs, L)- (3.57b)

Similar to the finite-width case, writing the solutions as in Eqs. (3.56) requires that
h(qs) = h(—q,), see Sec. A.1.

Naively evaluating the expectation value of the photon-number operator N,(g,) =
&l(qs) a,(q,), where a, is the solution of Egs. (3.54) for the system under consideration,

yields a divergent expression of the form [1]

(Ny(g,)) = |Bow (s, L)|* 6(0 (3.58)

due to the Dirac-delta commutation relations of the plane-wave operators in the continuous
limit, see Eq. (3.8a) and Egs. (2.18). This issue has for example also been described by
Gatti et al. [109], where it was also suggested to replace the divergent factor 6(0) with
the reciprocal of the temporal and spatial bandwidth product of the pump. In Ref. [1]
this issue was circumvented by considering photon number densities with respect to the
transverse size of the system. As a consequence, in order to compute quantities such as the
phase sensitivity via Eq. (3.1), it is necessary to provide a length L, that when multiplied
with the photon number densities yields a dimensionless quantity, the photon number. This
length L, can be understood in the sense that it filters out a certain length of the system’s
overall infinite number of emitted photons without modifying the photon statistics. The
idea behind introducing this length L, is similar to the introduction of a finite-size pupil
over the output face of the crystal or interferometer, as suggested by Brambilla et al. [110].

Ultimately, the finite photon number density is given by [1]

Ni(gs) = | Bpw (s, L) (3.59)

Note that similar considerations are necessary in order to properly define the covariance

function. Details regarding this can be found in Ref. [1].

Starting with a single crystal of length L;, Egs. (3.57) can be easily solved using h,,,
defined via Egs. (3.30) and (3.55). The solutions for the functions 3, and 7, are given

by [1, 88]

(1) 2l (L19(qs)> i Skpwlas) by
w(gs, L) = ——=sinh| ———= | e 2 , 3.60a
v (45, L) 9(as) 2 (3.60e)
_(1) Lig(q,)\ 1Bkyw(as) . (Ligla,)\] ;2ketesry
wl(gg, L) = [cosh( ) — sinh| ———==| | e 2 , 3.60b
where
= \/ATZ — AK2,(q,) (3.61)
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and
def.

Akpw(Qs) - Ak(qsv_qs)7 (362)
with Ak(g,, —q,) being the phase mismatch for the finite-width pump case as given in
Egs. (3.31). From Egs. (3.59) and (3.60a), it is then possible to obtain the well-known
result for the photon number density of a single PDC section pumped with a plane-wave
pump® [1, 88, 107, 108, 110]:

NV (q,) = [92(5; sinh<L192(qS)>]2. (3.63)

In an analogous manner, the functions 3, and 7, as well as the photon number densities,

the corresponding covariance functions and, ultimately, the phase sensitivities for the
compensated and non-compensated SU(1,1) interferometer configurations were derived in
Ref. [1]. Since, as mentioned above, the main focus in this work is on the finite-width case,
only the phase sensitivities for a plane-wave pump will be presented and compared to the
finite-width case in Sec. 3.5.4 below. The remaining details and results can be found in
Ref. [1].

3.5.3. Intensity Profiles and Covariance Functions for a Finite-Width Pump

To get an understanding of the effect the diffraction compensation has on the interferometer,
the first step is to compare the output intensity profiles for the non-compensated and

the compensated setup for different experimental gain values G The experimental

exp-*
gain is defined in Sec. 3.4 and the concrete values in for the fit corfstant connecting the
experimental gain and the theoretical gain parameter I' can be found in Table 3.1 therein.
Naturally, for the results that will be presented below, the pump envelope is given by a
Gaussian whose intensity distribution has a FWHM of 50 pm, as was the case for the fit
parameters presented in Table 3.1. Likewise, the interferometer consists of two crystals,
each of length L; = 2mm.

Figures 3.4(a)-3.4(c) show the intensity output profiles of a non-compensated SU(1,1)
interferometer for several parametric gain values and at different interferometric phases ¢.
Instead of the transverse wave-vector components q,, the profiles are plotted over the
external angle 0, which is the emission angle of the photons as seen from outside the BBO
crystal. For small 6, the transverse wave-vector component is connected to the angle
via 6, ~ q,/k{*°, where kY* is the modulus of the signal wave-vector in vacuum. These
profiles are obtained numerically by integrating the integro-differential equations (3.11)
for the first and the second crystal separately and then combining the solutions for the
transfer functions as described in Sec. 3.2. The phase-matching functions are given by
Eqgs. (3.30) and (3.36) for the first and second crystal, respectively.

For ¢ = 0, the profile is sinc?-shaped for low gain and becomes more Gaussian as the

5The expression for Ni'(q,) provided in Eq. (3.63) is always real-valued since sinh(iz) = isin(z)
for z € R [111]. See also Ref. [1].
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Figure 3.4: Intensity distributions for the [(a)—(c)] non-compensated interferometer for different
phases ¢ and for the (d) compensated interferometer for ¢ # m for several experimental gain
values G,,, and pumped with a pump with transverse Gaussian envelope with an intensity
distribution FWHM of 50 um. The profiles are normalized so that their peak value is 1. In
the non-compensated case, for ¢ = 0, the intensity profile is sinc?>-shaped for low gain and
becomes more Gaussian as the gain is increased. As the phase approaches ¢ = r/2, side
peaks become more pronounced and as the phase approaches ¢ = m, the intensity profile
has a double-peak shape for all gains with a local minimum for the central angles. For
the compensated interferometer, the intensity distribution is similarly shaped to the non-
compensated interferometer at ¢ = 0 and only scales as o cos?(¢/2) with the phase, see
Eqgs. (3.44a) and (3.45a). This also implies that the intensity is identically zero for ¢ = m.
Adapted from Ref. [1].

parametric gain increases. A similar behavior can be seen at the other two interferometric
phases ¢, where side peaks are suppressed with increasing gain. Furthermore, as the gain
increases, the intensity profiles generally broaden. These observations have already been
made in Sharapova et al. [5]. As the interferometric phase approaches ¢ = 7, the intensity
profiles take on a shape with a double-peak structure, see Fig. 3.4(c). This is due to
destructive interference, which appears for the central angles, but not for angles which are
further away from the central direction. In short, the interference is imperfect, since there

are still angles 6., for which the interference is not fully destructive.
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For the compensated interferometer, the situation is more simple. Here, it is sufficient to
compute the transfer functions 1) and 7! of a single crystal, which is the first crystal of
the SU(1,1) interferometer. As described in Sec. 3.5.1, all relevant quantities of the entire
interferometer can be expressed in terms of the transfer functions of the first crystal. The
phase-matching function for this crystal is given in Eq. (3.30).

As was seen analytically from Egs. (3.44a) and (3.44c), for fixed gain, the intensity
profiles have a fixed shape which only scales as < cos(¢/2) as the interferometric phase ¢ is
varied. Hence, Fig. 3.4(d) shows the intensity profile for any interferometric phase except
for ¢ = m, for which the output intensity vanishes identically for all angles. Thus, compared
to the non-compensated interferometer as described above, the interference is perfectly
destructive. As the parametric gain is increased, the intensity profiles show almost no
broadening and only change shape from a sinc?-shape at low gain to a more Gaussian
shape at high gain. This is due to the fact that the effective number of modes decreases as
the gain is increased, see Ref. [1] and Fig. 3.8 in Sec. 3.5.4 below.

The covariance functions cov(y, @) for the non-compensated and compensated inter-
ferometer setups are shown in Figs. 3.5(a) and 3.5(b), respectively, for several gain and
phase values. For low gain, the plots show a clear diagonal line which represents the shot-
noise term d(q, — ¢.) (N, (q,)) as written in Eq. (3.29), while the other term contributes
the ellipse-shaped region for ¢ = 0 and ¢ = 7/2 and the circular shaped region for the
non-compensated setup with ¢ = 7. This contribution dominates at higher gain, see the
case Gy, = 3.75, and the shot-noise term is no longer visible. Furthermore, at higher gain,
the length of the minor axis of the ellipse-shaped contribution increases.

For the non-compensated setup, the ellipse-shaped contribution narrows slightly along
its major axis and for ¢ = = it is split into two non-connected circular contributions,
see Fig. 3.5(a). This behavior is analogous to the behavior of the intensity distribution,
compare Fig. 3.4(c). Similarly, for the compensated setup, the covariance distribution is
identically zero at ¢ = m, see Eqgs. (3.44), which is why the shown phase is ¢ = 0.9957
instead. Furthermore, still analogous to the behavior of the intensity profiles shown in
Fig. 3.4(d), the ellipse-shaped contribution does not change its shape as the phase is varied.
As the phase approaches ¢ = 7, the shot-noise term contributes stronger to the function
than the ellipse-shaped contribution. This can be confirmed from Egs. (3.44a) and (3.44b):
The ellipse-shaped contribution scales as oc cos*(¢/2), while the shot-noise term scales

as o< cos?(¢/2) with the interferometric phase ¢ [1].

3.5.4. Phase Sensitivity

From the output intensity profiles and covariance functions for the output photons shown
in Sec. 3.5.3, it is possible to compute the phase sensitivity A¢ and the corresponding
normalized phase sensitivities f via Egs. (3.1), (3.4) and (3.40). For the non-compensated
setup, it is required to numerically obtain the transfer functions describing the entire
interferometer, as was also the case for the intensity and covariance profiles, see Sec. 3.5.3.

For the compensated setup, it is sufficient to compute the eigenvalues Ag) of a single
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Figure 3.5: Plots of the covariance functions cov(8,, 87) of an SU(1,1) interferometer pumped
with a pump with transverse Gaussian envelope with an intensity distribution FWHM of 50 um,
for the (a) non-compensated and for the (b) compensated SU(1,1) interferometer setup, for
several experimental gain G,,, and interferometric phase values ¢. Each plot is normalized
so that the peak value maxy g cov(8;,6;) = 1. Note that for the compensated setup, the
third column does not correspond to ¢ = m, since for this phase the covariance function
would be identically zero, see Eqgs. (3.44b) and (3.44c). For low gain, a thin line along the
diagonal of the plots representing the shot-noise term &(g, — ¢7) (N.(q,)) as written in Eq. (3.29).
One important aspect of the covariance distributions is their connection to an experimental
procedure for obtaining approximations of the Schmidt modes as discussed in Eq. (4.86) and
the surrounding text. Adapted from Ref. [1].
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crystal (the first crystal of the interferometer), as was shown in Sec. 3.5.1. Equations (3.46)
and (3.47), together with Egs. (3.45¢) and (3.45d) can then be used to compute f.

For the non-compensated interferometer, the phase sensitivity is shown for several

experimental gain values G, over the working point phase ¢ in Fig. 3.6(b). Evidently, the

ex
phase sensitivity never surpzsses the shot-noise level f =1 for any phase ¢ and worsens
as G, 1s increased. The optimal working points, where f is minimized, are located
around ¢ = m, which is the dark fringe of the interferometer where the output intensity is
usually minimized. This is a common finding for SU(1,1) interferometers in the literature [6,
9, 27]. From Eq. (3.41a) and Egs. (3.19) it is clear that the output intensity profiles, the
covariance functions and therefore also f must be 27-periodic with respect to ¢. Thus, it

is sufficient to consider a single period, which here is the interval [0, 27].

Figure 3.6(b) shows the phase sensitivities for the same gain values for the compensated
interferometer setup around the optimal working point ¢ = w. It can be seen from
Eq. (3.46) that f is minimized for this point. Hence, the optimal working point is also
located at the dark fringe for the compensated interferometer. Importantly, almost the
entire approximately 60 mrad wide region shown in Fig. 3.6(b) lies below the shot-noise level
at f = 1. Thus, unlike the non-compensated SU(1,1) interferometer setup, the compensated
setup can beat the shot-noise level. In fact, as shown by Egs. (3.51) and (3.52) and discussed
in Sec. A.3, there always exists at least a single value for ¢, for which f < 1. Furthermore,
as the experimental gain is increased, the optimal phase sensitivity is strongly improved,
while the width of the supersensitivity region (phase region that lies below f = 1) decreases.
Similar to the compensated setup, the output intensity profiles, the covariance functions
and f must be 27m-periodic with respect to ¢. This can also be directly seen from Eq. (3.46).
At the boundaries of each period interval, the phase sensitivity diverges: lim, o = 00

for k € Z, as can be seen from the inset plot in Fig. 3.6(b).
Note that similarly to the results discussed above for the finite-width pump, Ref. [1] also

contains the corresponding results for a plane-wave pump. These results are not shown
here and also not discussed in more detail since they closely resemble the corresponding

finite-width pump results.

To get a better understanding of the relationship between the optimal phase sensitiv-
ity fnm and the supersensitivity region width A, both of these quantities are shown over a
large range of the experimental gain G, in Figs. 3.7(a) and 3.7(b), respectively. Addi-
tionally to the results for a finite-width pump as described above, both figures also show
the results for both quantities for a plane-wave pump, as they were presented in Ref. [1].
As mentioned in Sec. 3.5.2, it is necessary to define the transverse length parameter L,
in order to compute the phase sensitivity. This value L, is chosen so that the integral
output intensity of the first crystal for the plane-wave case coincides with the integral

intensity for the finite-width case for the same value of G The concrete values of L, in

exp*
dependence on G, are presented and discussed in Ref. [1]. This choice implies that the
Heisenberg limit for both cases is identical. Assuming that the Schmidt number K" — 1

as the experimental gain becomes large, it is clear from Eq. (3.51) that for high gain and
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Figure 3.6: Calculated normalized phase sensitivity f for the (a) non-compensated and
(b) compensated SU(1,1) interferometer over the working point phase ¢, for several experimental
gain values G,,,. For the non-compensated setup, the crosses mark the optimal working point,
where f is minimized. The horizontal thin gray lines in all plots mark f = 1. For the
compensated interferometer setup, the inset shows the full phase range from ¢ =0 to ¢ = 2m.
For both setups, f is 2m-periodic and only a single period is shown. Furthermore, on the
full interval [0, 2r], f — oo for two phase values. For the compensated setup, this happens
as ¢ — 0 and ¢ — 2m, which can be seen from the denominator in Eq. (3.46). Adapted from
Ref. [1].

(1) )

therefore large integral intensities of the first crystal (Vg ;o

1

A

9 <N(1) )

s,tot

The Heisenberg limit normalized with respect to the shot-noise level [compare also Eq. (3.4)]

may be more precisely be defined as [1]:

1
JoL = 72 < = , ; (3.65)

s,tot

which defines the precise proportionality factor that was not written out in Eq. (3.5).
As can be confirmed from Fig. 3.7(a), with this definition of fy; , the optimal (minimal)

phase sensitivity f,;, as given in Eq. (3.51) asymptotically approaches fy; for large

min
experimental gain values G,,. Additionally, Fig. 3.7(a) also shows the optimal phase
sensitivity for the plane-wave pump case, which nearly coincides with the finite-width
pump case for any gain and is only minimally larger. Clearly, as the experimental gain is
increased, the phase sensitivity improves strongly for both the finite-width and plane-wave
pump case. Physically, it is obvious that as the gain approaches zero, the integral output

N

intensity of the first crystal vanishes: limGeXp\()(N ) = 0. Hence, the Heisenberg limit

s,tot
for the phase sensitivity and the shot-noise level phase sensitivity diverge in the same

limit: limg_ o fa = 00 and limg_ \ o fonr, = 00, see Egs. (3.65) and (3.3), respectively.
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pump as described in the text and for a plane-wave pump, both in comparison with the
Heisenberg scaling as written in Eq. (3.65) and in dependence on the experimental gain Gexp-
(b) Supersensitivity region width A in dependence on the experimental gain G, for the
finite-width and plane-wave pump. For the finite-width pump, A is obtained from Eq. (3.52).
More details on the plane-wave case can be found in the surrounding text, Sec. 3.5.2 and

Ref. [1]. Adapted from Ref. [1].
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Nevertheless, the calculated phase sensitivity remains finite as the gain approaches zero,
compare Fig. 3.7(b) and Eq. (3.51), from which it becomes clear that limg, 0 fmin =1 /2,

6

provided that K» remains finite as G, approaches zero® (compare Fig. 3.8).

exp

As the experimental gain is increased, the supersensitivity region width A narrows
quickly and decreases approximately by a factor of ten if G, is increased by two [1],
see Fig. 3.7(b). Generally, a higher optimal phase supersensitivity comes at the cost of a
narrower supersensitivity region width. If this region becomes too narrow, it is no longer
possible to achieve stable measurements in experimental applications [2].

Even though the integral intensity output of the first crystal is equal for both the finite-

6This is not immediately obvious from the definition, see Eqs. (3.49) and (3.50), where the Al approach
zero for vanishing experimental gain.
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width and plane wave pump, both the optimal phase sensitivity f,;, and the supersensitivity

min
region width A differ slightly when comparing both cases, as discussed above. For f, .., this
can be understood by comparing the Schmidt numbers of the first crystal KV as shown in
Fig. 3.8. For low gain, the Schmidt number for the finite-width pump is larger than for the
plane-wave pump. At around G, = 0.61, both numbers coincide and for higher gains,
the plane-wave pump leads to a larger Schmidt number than the finite-width pump. Thus,

Eq. (3.51) predicts a slightly better optimal phase sensitivity for the finite-width case.

3.6. Conclusion

This chapter has introduced several fundamental concepts regarding SU(1,1) interferometers
which will be used and investigated in more detail in the following chapters. Most
importantly, in Sec. 3.2, the coupled integro-differential equations for the description of
PDC at low and high parametric gain were introduced, along with the joint Schmidt
decomposition of the transfer functions. The integro-differential equations were solved
numerically in order to compare the phase sensitivity of two different potential setups for
SU(1,1) interferometers. The simplest setup (non-compensated setup), consisting only
of two consecutive crystals, shows no supersensitivity. That is, it does not surpass the
shot-noise level. This is due to the diffraction of the signal and idler beams generated
in the first crystal and their imperfect overlap with the pump and the radiation in the
second crystal. This can be counteracted by introducing focusing elements between the
two crystals or by using a single crystal and a spherical mirror, leading to compensated
SU(1,1) interferometers. It has been shown that for these interferometers, it is possible to
asymptotically achieve the Heisenberg scaling in the limit of high parametric gain. However,
this comes at the cost of a strong reduction of the phase region where supersensitivity can
be achieved, making it necessary to strike a balance between the phase sensitivity and the
supersensitivity region width.

In order to improve these properties, Manceau et al. [9] suggests unbalancing the gain of
the interferometer by increasing the gain of the second PDC section, which would lead to a
broader supersensitivity region with and improved phase sensitivity. However, the authors
also mention that this may lead to mode mismatches, since generally, as for example
discussed in Sharapova et al. [5], the Schmidt modes are gain dependent’. This mode
mismatch has been analyzed in more detail in Ref. [4] and this analysis will be presented in
Chapter 4. Furthermore, the investigations presented in this chapter do not yet take losses
into account, which are well known to degrade the sensitivity of SU(1,1) interferometers [6,
112]. Future studies could include these losses, for example using the formalism presented
in Sec. 4.3.2 below.

"This is true for theoretical formalism including time-ordering effects. For Schmidt mode theory (utilized in
Sharapova et al. [11] and Chapter 5), which neglects these effects, the Schmidt modes are gain-independent
[see for example the derivations leading up to Egs. (5.27)].
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Simultaneous Measurement of

Multimode Squeezing

While Chapter 3 was focused on the analysis of the phase sensitivity of SU(1,1) interferom-
eters, this is not the only metrological application for which these interferometers can be
used. Two further examples are Wigner function tomography as investigated in Kalash and
Chekhova [29] and the measurement of multimode squeezed states as explored in Refs. [3,
4]. The latter example will be presented in this chapter. To this end, Sec. 4.1 will first
introduce the concept of squeezing for both the single and multimode case. Additionally,
this section will demonstrate how the joint Schmidt decomposition as previously intro-
duced in Sec. 3.2, or, more precisely, its discrete analog, the Bloch-Messiah reduction, is
linked to multimode squeezing. Immediately following that, it is first necessary to gain
a good understanding of the modal structure of PDC systems and in particular SU(1,1)
interferometers, in order to understand how the modes inside the interferometer interact.
For this purpose, Sec. 4.2 will continue the fundamentals regarding the joint Schmidt
decomposition mentioned in Sec. 3.2 and provide a thorough investigation into the modal
layout of the aforementioned systems, as well as concrete examples of the Schmidt modes.
Based on this, Sec. 4.3 constructs a measurement technique for multimode squeezed states
generated in PDC and also connects the theoretical results with the experiment performed

in Barakat et al. [3], while elaborating on its theoretical background.

4.1. Squeezing
Single-Mode Squeezing. Squeezing describes the reduction of the quantum uncertainty of

one of the quadratures of a field mode at the expense of an increase in the uncertainty in

the other quadrature. This can be illustrated as follows. For a single mode, described by
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the annihilation operator @ with [33]

[a,a'] =1, (4.1a)
[6,d] =0, (4.1b)
[af,af] =0, (4.1c)
the generic quadrature operator can be defined as [32]
- Lo 9, atoio
Py =5 (ae™ 4 atel”), (4.2)
where ¥ is the quadrature angle and with the two special cases [32, 33]
. N SN
pO:xzi(a—i—a), (4.3a)
1
be — 0= — (6—af
Py == 5 (a—al). (4.3b)

Note that the above definitions, in particular the commutation relations of @ in Egs. (4.1),
are not the same as those used in the rest of this work since they do not include the
continuous limit!, compare Sec. 2.2. The Heisenberg uncertainty principle in its general
form states that the uncertainty product of two operators P and Q is bounded from below
as [32, 33, 113]

N PAQ > ([P, Q)P (4.4)

where the uncertainties (variances) of the operators are given via?

A?P = (P?) — (]5>2. (4.5)
For the vacuum state, the uncertainty product of the generalized quadrature operators p
and Py 4o s bounded as

Apy A%py, = > (4.6)

1
16
since [Py, Dy +%] = i/2. While the product of both uncertainties for the quadratures at the
two angles is bound as written above, the actual squared uncertainty ( A2ﬁ,9)2 for any o
can fall below 1/16. If this is the case, the state is said to be a squeezed state [33]. An
ideal squeezed state is a state where equality holds for the uncertainty product bound in
Eq. (4.6) [33]. In this case, the uncertainty in the quadrature which is not squeezed is

necessarily increased (anti-squeezing).

'In the continuous limit, the commutator of the plane-wave operator with its hermitian conjugate evaluated
for the same mode is ill-defined and equals “5(0)” due to the unbounded volume of the system. Compare
also the discussion around Eq. (3.58).

2This notation (using AZ2) differs slightly from the one introduced in Eq. (3.2) for the standard deviation. It
is kept here for consistency with Ref. [4] and to avoid expressions containing many parentheses due to the
need to square the standard deviation.
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Mathematically, squeezing is described by the unitary single-mode squeeze operator [32,
64, 92, 114]

5’5 _ e%[g*fﬁ_g(&f)ﬂ 7 (@7)

where ¢ = rel? is the squeeze parameter, with r > 0 determining the strength of the
squeezing and 6 determining the squeezing angle [32]. Under the action of this operator,

the plane-wave operators transform as [32, 92]

gdgg = acosh(r) — a'e' sinh(r), (4.8a)
ng S’E = a' cosh(r) — ae™¢ sinh(r). (4.8b)

A squeezed vacuum state |€) is a state generated by applying the squeeze operator to the
vacuum state: |[£) = S’§|O>. According to Eq. (21.3-13) of Mandel and Wolf [64], for this

squeezed state,
1
A?py = 1 [cosh(2r) — sinh(2r) cos(8 — 29)], (4.9)

which readily follows from Eqs. (4.8). The uncertainty for the generalized quadrature in
the squeezed state is (apart from the periodicity) minimized for ¢ = ¢;, = /2 with the

variance

1

A?py = Ze*% (4.10)

NG

see Eq. (21.3-14) of the aforementioned reference. In contrast, for ¥ =9, = 0, +7/2 =
0/2 + /2, the variance is maximized,
A?p

1
005 = 7¢% (4.11)

[NE)

corresponding to anti-squeezing. Historically, squeezed states were proposed for use in
gravitational wave detection due to the fact that the uncertainty (or quantum noise) is
reduced in one of their quadratures [92, 115]. This reduction enables a more sensitive
measurement of the phase difference of the two arms inside interferometers, the same idea
SU(1,1) interferometers are based on [16].

In addition to the squeeze operator, the displacement operator Da with the complex-
valued displacement parameter o plays an important role in the discussion of states in
quantum optics, for example for the generation of squeezed coherent states. However, the
properties of these states are beyond the scope of this work and the displacement operator

will not be needed?.

Gaussian Unitaries and Squeezing in Multiple Modes. Squeezing as introduced above was

restricted to a single mode described by a single annihilation operator a. Importantly

3For further details, the standard literature, such as Gerry and Knight [32], Scully and Zubairy [33], and
Mandel and Wolf [64] may be consulted.
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

however, the concept of squeezing can be extended to multiple modes. This is done as
follows: Let a;,as, ..., a5 be the annihilation operators describing the set of N discrete

modes and let

a, al |
iy ab
a= : (4.12a) at = , (4.12Db)
[an] o} ]
so that the operator components of these vectors commute as [20, 64]
[y, @] = Oy (4.13a)
[4;,4d,, =0, (4.13b)
[a],al] =0 (4.13¢)
Then, a general N-mode squeezing operator may be defined as [116]:
S, = ezlla’) zal-a'zta] (4.14)

where Z € CV*N and symmetric is the squeezing parameter matrix. Applying S .~ to the
vacuum state yields a multimode squeezed state: |Z) = S,]0). The properties of this
operator have been thoroughly investigated in the literature, see for example Ma and
Rhodes [116] and Lo and Sollie [117]. However, in the context of this work, working with
the multimode squeezing operator directly is not convenient due to its complex form and
because a simple extension of the states under consideration enables the utilization of a
much more powerful mathematical theoretical framework: Multimode squeezed states are
a subset of a more general set of states, the Gaussian states.

A Gaussian state is any state whose Wigner function is a Gaussian function [114, 118].
Furthermore, any pure N-mode Gaussian state | V) can be generated by applying an N-mode
Gaussian unitary transformation U to the vacuum state: |W) = 2/|0) [118, 119]. Generally,
Gaussian unitaries and Hamiltonians which are at most quadratic in the operators are
intrinsically connected. For such Hamiltonians, for example that of the PDC process, it can
be shown that the time evolution of the system is described by a Gaussian unitary [116, 118].
A fundamental theorem in the theory of Gaussian unitaries is that of the Bloch-Messiah
reduction [30, 31], which states that any &/ can be decomposed (factorized) into a rotation

mediated by the N-mode rotation operator

Ry = eil@’) wa, (4.15)
with the hermitian matrix W € CN*¥ | followed by an independent single-mode squeezing
operation in each mode, another rotation and a single mode displacement operation
independently in each mode. In the context of this work, this theorem provides an

advantage compared to working with the multimode squeezing operator as written in
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Eq. (4.7) since the structure of the states is better understood.
In terms of the creation and annihilation operators, any Gaussian unitary transformation

can be written as [30]

d(out) ﬁ B d(in) a
= ) |+ , (4.16)
[&(out)] B* H* [d(m)] o
where* H,B € CV*N 50 that
H
~ | €Sp(2N, ), (4.17)
B* H*

with Sp(2N,C) denoting the (complex) symplectic group of 2N x 2N matrices. The
matrices H and B connect the input mode operators dgin) [here stacked as a vector as
written in Eqs. (4.12)] to the output operators in a'°"  The condition in Eq. (4.17) ensures
that the commutation relations of the annihilation operators as written in Eqs. (4.13) are
preserved by the transformation and its inverse. For H,B € CV*V it can equivalently be

written as either of the following set of conditions® [4, 30, 31]

H'H — B"B* = I, (4.18a)
H'B — B"H* =0, (4.18b)
or
HH* — BBY = I, (4.19a)
OBT — BHT =0, (4.19Db)

where Iy, denotes the N x N identity matrix. Equations (4.18) ensure that the commutation
relations are preserved for the transformation as written in Eq. (4.16), while Egs. (4.19)
ensure that the same holds for the inverse transform [30]. The vector o € C¥ in Eq. (4.16)
is related to the displacement [30] and will be neglected in the following, since the states
under consideration do not required it. It is well known that the matrices H and B admit
the Bloch-Messiah decomposition (also called Euler decomposition) [4, 20, 30, 120]

B=UxVT, (4.20a)
H=US0", (4.20b)

with U and ¥ being two unitary matrices related to the two rotations of the factor-
ization of the transformation and where ¥ = diag(\/A1 , \/A2,...,\/AN) and ¥ =

diag(y/[\l A Ay \/]XN>, with A; > 0 and [\j = A; + 1. Note that both Eqgs. (4.20a)

“The two letters H and B are the capital versions of the Greek letters n and 3, respectively, and not the
Latin letters H and B. The Latin letters are italicized, while the Greek letters are not.

SEquations (4.18a), (4.18b), (4.19a) and (4.19b) are the discretized versions of Egs. (D3a), (D3b), (A3a)
and (A3b) of Ref. [1], respectively. See also Sec. A.4, which shows these relations for the three-dimensional
continuous and discrete cases.
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

and (4.20b) have the form of an SVD of the matrices H and B, respectively. However,
both decompositions are not independent and connected by the fact that the left-hand
side unitary U is equal in both cases, while the right-hand side unitary is element-wise
complex conjugated when switching between B and H. Analogously to the SVD, ¥ and ¥
are usually also defined in such a way that the singular values \/Aij and [\j appear
on the diagonals ¥ and ¥, respectively, in descending order. A numerical algorithm for
obtaining U and ¥® from H and B from two independent SVDs of the two matrices is
outlined in Ref. [4]. This is the algorithm used in the rest of this chapter when the Schmidt
modes are discussed in more detail. See also Houde et al. [120] for additional information
regarding this decomposition.

The choice of the variable names in Eqgs. (4.16) and (4.20) highlights the connection of this
decomposition to the joint Schmidt decomposition as written in Eqs. (3.20): The matrices H
and B are the discrete counterparts of the transfer functions 7 and (3, respectively, while 3
and X contain the singular values. Similarly, the transformation written in Eq. (4.16) is
the discrete version of the input-output relations for the plane-wave operators as written
in Egs. (3.10) and (3.16) for the degenerate case, where a, = a,.

In the decomposition, the two unitary matrices correspond to the rotations, while the
following multiplications with the singular value matrices corresponds to the squeezing
operation in each mode, as investigated in more detail in the following. After plugging the
decomposition in Egs. (4.20) back into Eq. (4.16) and setting ac = 0 as described above,

the upper and lower halves of the resulting vectors are given by

alew) — USwEa 4 Unut [ai)]’) (4.21a)

[&(out)]T — U*E\I/Hd(m) + U*E\I/T [d(im]T’ (421b)

respectively. Multiplying Eqs. (4.21a) and (4.21b) with U and U" from the left, respectively,
and defining

A(in) [ ~(out)T]
A A
A(in) A(out)
A = |72 | S gHgln - (4920) Al = |72 | 9 gRgln) (4.20D)
~(in 1 (out)
AW ] LA™
yields®
Alw) — 546 4 x| A(im]T (4.23)

and its hermitian conjugate. Equation (4.23) is the discrete version of the Bogoliubov
transformation for the Schmidt operators in the degenerate case, which are here stacked
in the vectors A and A" compare Egs. (3.23) and (3.24) and Eq. (4.31) below.

This connection to the continuous case can be more directly seen by writing the unitary

6Note that in the notation used above, UT [d(‘)“t)]T = [Uﬂd<°u*)]T and U7 [d(“‘)]T = [¥Halv)] f
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Figure 4.1: Left: For a discrete set of N plane-wave modes labeled by their transverse wave-
vector components q; (j=1,...,N), the matrices H and B describe their coupling during the
PDC process inside the PDC system, as indicated by the red dashed lines. Right: After applying
the Bloch-Messiah reduction of the matrices H and B (Joint Schmidt decomposition of the
transfer functions in the continuous case) the input modes ¢; and the output modes u; are
connected via the Bogoliubov transformations as written in Egs. (3.23) and (4.31) which only
couple input and output modes with the same index, as indicated by the horizontal red dashed
lines over the PDC section.

matrices U and VU in terms of their columns [4]:

U:{ul uy - UN}, (4.24a)
@:[¢1 by o ¢N], (4.24D)
meaning
uila) ] [ 45(a) |
u;(q) > u; = uj(fh) . (4.25a) biq) & = %(.(12) . (4.25b)
Lu;(an) ] [¥;(an)

This means that in the continuous case, transitioning from the plane-wave operators to the
Schmidt operators corresponds to incorporating the rotations mediated by U and ¥ into new
operators. As a result, the input-output relations with the newly defined Schmidt operators
is diagonal in the mode index, as already seen from the Bogoliubov transformations in the
continuous case, compare Egs. (3.23).

The major difference between both cases is that in the discrete case, the number of
Schmidt mode is finite, while in the continuous case, the number of modes is countably
infinite. Between the two rotations, according to the theorem describing the Bloch-Messiah
reduction, single-mode squeezing is applied to each mode independently. Thus, each
Schmidt mode is squeezed independently of the other Schmidt modes. This diagonalization
procedure is illustrated in Fig. 4.1.

Transitioning back to the continuous case, the above results suggest that the generalized

quadratures for the Schmidt operators should be defined analogously to the single mode
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

case, that is, for each mode independently, compare Eq. (4.2) [4]:

.9 -
2

3’19 == Aleila + A;el (426)

Note that here, the factor 1/2 has been dropped compared to the single mode definition in
Eq. (4.2) and a factor 1/2 has been added to the exponent for consistency with Ref. [4].

These quadrature operators at ¥ and ¥ + m commute as
(B Prgir) = 2 @.27)
meaning that the uncertainty relation for these quadratures is given by
AR NGy > 1 (4.28)

compare Eq. (4.4). Thus, if A2Pl,z9 < 1 for any 9, the state inside the mode is a squeezed

state. The variance of the quadrature of the [th mode for an arbitrary state is given by [4]
A2F 5 =1+2(AJA) +2Re[((4,A) — (4))?) 7] . (4.29)

It can be easily seen that the minimum and the maximum of Azpw, reflecting squeezing
and anti-squeezing, respectively, necessarily lie apart by = (apart from the periodicity):

Equation (4.29) can be rewritten as

ARy =1+ 2(A1A) +2[(A ) — (4)?| cos(E, — 0), (4.30)
where =, = arg((filfm — <Al>2) Since (A;AQ > 0, the above expression is minimized
for Z; i = 27 (n +1/2), for n € Z and maximized for Z, . = 27n, for n € Z, which lie
apart by 7 + 2wm, for some m € Z.

In the degenerate regime, where the signal and idler plane-wave modes are indistinguish-

able, the Bogoliubov transformations in Egs. (3.23) reduce to

A — R, A 1 /&, [A0], (4.31)

since then B, = Al, as described above. Equation (4.31) is the continuous-case analog of
Eq. (4.23). For a single PDC section or the first PDC section of an SU(1,1) interferometer
operating in this regime, the input Schmidt mode operators are connected to the vacuum
plane-wave operators, while the output Schmidt mode operators result from the input

operators via the Bogoliubov transformation in Eq. (4.31). Thus, for this particular case, [4]
A%B 5 = 1420+ 2y A, cos(9). (4.32)
The eigenvalues of the joint Schmidt decomposition can be parametrized as [80]

A, = sinh?(r,), (4.33a)
A, = cosh?(r). (4.33b)
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Clearly, with this parametrization, Eq. (4.32) takes a similar form to the variance of a

single squeezed vacuum state, compare Eq. (4.9). The variance is given by
A2]5l779 = cosh(2r;) + sinh(2r;) cos(?9), (4.34)

meaning that the parameter r; is the modulus of the squeezing parameter of the mode .
The minimal and maximal values for the quadrature variance occur at ¥ = 7 and ¥ = 0,

respectively, and are given by

min AB = e, (4.35a)

max A2f’w = e’ (4.35b)

respectively, further confirming the role of r; as the modulus of the squeezing parameter.

4.2. Schmidt Mode Structure of PDC Systems

Before investigating the multimode squeezing in PDC systems described by the integro-
differential equations as discussed in Sec. 3.2, it is helpful to analyze the Schmidt mode
structure of a single crystal and an SU(1,1) interferometer with diffraction compensation in
more detail. While the Schmidt decomposition for these types of systems was introduced in
Sec. 3.2, the actual intensity and phase profiles of the modes have not yet been investigated.
This will be addressed in the following. For simplicity, the theoretical analysis assumes a
Gaussian pump so that the half width of the waist (1/e?-radius) of its intensity distribution
is 70 pm, meaning o = (70 /2 >um [compare Eqs. (3.11)]. The crystal length of the single
crystal and each crystal of the interferometer will be L; = 3mm.

For these parameters, the fitting constant connecting the theoretical and experimental
gain (compare Sec. 3.4) is given by A = 142.12. For simplicity, this value will be used
for both the low and high gain regime, even though, as was seen in Sec. 3.4, the fitting
constant varies if the fit is performed in either regime alone. Similar to Ref. [2], where
for a portion of the results the fitting constants for the low and high gain regime were
averaged, considering only one fitting constant for both the low and high gain regime is
justified by the fact that in experimental setups, the measurement error in determining A
is usually large and would be smaller than the error introduced by neglecting that A may

be different for both regimes.

4.2.1. Single Crystal

Before considering the full interferometer consisting of two crystals, it is instructive to
consider a single crystal, which is the simplest nontrivial PDC system described by the
integro-differential equations. As was the case in Chapter 3, the signal and idler photons are
assumed to be distinguishable in some degree of freedom, while the refractive indices for the
signal and idler plane-wave modes are assumed to be identical [compare also Sec. 3.2]. This

means that in the theoretical description, there exists only one set of transfer functions 3
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

and 7 instead of two sets of two transfer functions. The transfer functions are obtained
by integrating the integro-differential equations using the phase-matching function of a
single crystal [Eq. (3.30)] over [0, L;]. The joint Schmidt decomposition [Egs. (3.20)] is
then applied to the transfer functions, yielding the input Schmidt modes %,, and the
output Schmidt modes w,, of the crystal, as well as the eigenvalues A, and /~\n of 8 and 7,
respectively. Details on how the decomposition is implemented numerically in the context
of this work can be found in Ref. [4].

Figure 4.2 shows the modulus and the phase profile (first and second column, respectively)
of the first input mode (,) and the first output mode (u,) at increasing experimental
gain. The modes are plotted over the external angle 0, ~ q,/k**, as was also the case in
Sec. 3.5.3 for the intensity profiles. Evidently, the modulus of both the input and output
modes visually coincides for fixed gain, which was previously also observed in the frequency
domain in Christ et al. [80]. Additionally, as already described in Sharapova et al. [5],
the modulus of the modes broadens as the experimental gain is increased, which is one of
the key properties of the theory of the integro-differential equations for the description of
PDC. Similarly, the phase profile of the input mode 1, flattens as the gain is increased,
while that of the output modes steepens. As a result, the input modes have flatter phase
profiles than the output modes at high gain. At low gain, G.,, = 0.01, the input and
output modes coincide fully.

In order to get a better understanding of the behavior of the higher order modes in
dependence on the experimental gain, the overlap integral of the input and output modes

can be considered. This leads to the definition of the same-crystal overlap coefficient [4]:

def.

¢ / dquy(q) % (q). (4.36)

The modulus squared of the overlap coefficient, |¢;,,,|? can be understood as a measure for
the similarity of the output mode [ and the input mode m. Plots of the modulus square of
the first 15 x 15 elements of the overlap coefficient matrix are shown in the third column
in Fig. 4.2.

For low gain, the input and output modes coincide, as evident from the fact that the
modulus squared of ¢, is diagonal. This can also be shown analytically by performing
a first-order perturbation expansion of the integro-differential equations, as presented in
Sec. A.5. At low gain, the transfer function £ coincides with the two-photon amplitude of
the system. As such, § is symmetric in the wave-vector arguments as long as the product of
the pump function and the phase-matching function as appearing in the integro-differential
equations (3.7) is symmetric in the wave-vector arguments. Since 8(q,q") = B(¢’, q), the

transfer function allows for a decomposition of the form
B(a,q) =Y VA (@) un(q), (4.37a)

that is, with identical input and output modes. Furthermore, as shown in Eq. (A.91c¢), for
low gain, 7)(q,q") ~ 6(q¢ — q"). Therefore, Eq. (4.37a) forms a joint Schmidt decomposition
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Figure 4.2: Plots of the modulus of the first input (¢) and output (uy) mode (left column),
its phase distribution (middle column) and the modulus squared of the first 15 x 15 entries of
the overlap coefficient matrix ¢, of a single PDC section pumped at increasing experimental
gain from top to bottom. Following the left column, it is clear that at increasing gain, the
Schmidt modes broaden. This is a well-known result for example already described in Sharapova
et al. [5] and Christ et al. [80] for the frequency domain. The phases of the first input and
first output mode coincide at low gain and become more dissimilar as the gain is increased.
The gray margins indicate the regions up to which the modulus of the modes has decreased
by a factor of 103 compared to the peak value, meaning that the phase becomes undefined
inside the margins and is characterized by random phase jumps by 2w due to the periodicity
and m due to sign changes. The modulus squared of the overlap matrix elements confirms
that the higher-order modes become more dissimilar as the gain is increased. The maximal
values of |¢,|* on the colorbars for G, = 2.0, G, = 4.0 and G,,, = 8.0 are 0.997, 0.952
and 0.737, respectively. Interestingly, the increasing dissimilarity in the modes stops as the
mode index approaches 15 and continues for higher indices, which is investigated in more detail
in the text and Fig. 4.3 for the modes n = 14, n = 15 and n = 16. Adapted from Ref. [4].
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in the low gain limit, together with

@) =Y VA, u, (@) up(d), (4.37b)
n

which follows from the fact that the Dirac delta can be decomposed as d(q—¢q’') =
>, Wp(q)wy(q"), where the w,, are from any set of orthonormalized functions over ¢, and
the fact that, A,, ~ 1. Therefore, at low gain, ¢;,, = ¢;,, since the input and output
modes coincide. It should be noted that numerically, the decomposition of § as written in
Eq. (4.37a) corresponds to the Takagi factorization” of the matrix representing the discrete

analog of 5 [120].
As the experimental gain is increased, the modes become more dissimilar. Interestingly,
= 4, while the

=8, |¢;,,|? almost becomes diagonal

this dissimilarity seems to mostly increase for modes n < 15 up to G,

higher order modes remain more similar. For G,
again as [ and m approach 15 and a cutoff can be observed, meaning that for I, m > 16,
the modes are less similar again. The modes n = 14, n = 15 and n = 16 are shown in
Fig. 4.3. Evidently, the modes n = 15 and n = 16 are structurally significantly different.
While for n = 15 (and n = 14), the mode approximately has a Hermite-Gaussian shape,
for n = 16, the mode vanishes near the collinear region and consist of two series of peaks
centered around 6 = +30 mrad.

The similarity of the modulus of the input and output modes at varying gain for n = 0,
see Fig. 4.2, and at high gain for n = 14, 15 and 16, can be understood as follows. As
shown in Appendix B of Ref. [4], the phase of the transfer function ((q,q’) is, to a good

approximation, separable, meaning that 3(q,q") can be written as

B(a,q') ~ |B(gq, q)|e!Pr@+2:a)] (4.38)

with the modulus |5(q,¢")| of 8 additionally being almost symmetric: |8(q,q")| ~ |5(¢’, q)|-

The modulus of 8 can be decomposed as
18(g,4)| = Y VA, 0,(9) v, (), (4.39)

which holds more precisely for the lower order modes with larger singular values /A, ,

since, as also mentioned in Appendix B of Ref. [4], the modulus of 3 has a small asymmetry®.

"Here, it is numerically not sufficient to compute a simple SVD of the corresponding matrix and instead a
proper algorithm for the computation of the Takagi factorization must be used. Otherwise, due to the
non-uniqueness of the modes [see Secs. A.6 and 4.2.3] the phases of the modes may be incorrect.

8This asymmetry must be investigated more carefully to rule out that it originates from the solver used in
the numerical solution of the integro-differential equations. During the numerical evolution, the discretized
versions transfer functions, represented for example by the matrices H and B (see also the discussions
in Secs. A.4.1 and A.6) must preserve the restriction imposed by Eq. (4.17) or, equivalently, Eqgs. (4.18)
and (4.19). To address this, as mentioned in Ref. [4], it was tested whether the asymmetry persists if the
integro-differential equations are solved using a Lie group integrator, more precisely the Lie-FEuler method,
which are solvers explicitly constructed to ensure that the solution of a differential equation remains inside
a certain Lie group, here the symplectic group Sp(2N, C) [see again Eq. (4.17)] [121, 122]. It was found
that the asymmetry also appears using this method and therefore is not a result of numerical error. More
details can be found in Appendix B of Ref. [4].
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Figure 4.3: Plots of the modulus (left column) and the phase profile (right column) of the
input and output modes n = 14, n = 15 and n = 16 of a single crystal with G, = 8. For
all cases the modulus of the modes coincides mostly near 8 = +35 mrad, except for a clearly
visible deviation for n = 15. Furthermore, for n < 15, the modes seem to be mostly localized
near the collinear direction 8 = 0, while for n = 16, the mode is mostly localized starting
from 6 = +10 mrad and going towards broader angles. The phase profiles indicate that the
input and output modes are relatively similar, but not identical. For the output modes, the
light-blue and yellow lines show two possible ways of unwrapping the phase distribution from
the interval [0, 2rt[: The light-blue line minimizes the distance to the phase of the input mode,
while the alternative unwrapping (yellow line) tries to minimize phase jumps around the collinear
direction. Adapted from Ref. [4].
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The modes v,,(q) are orthonormalized as

/ Aq v, (q) V1 (q) = B (4.40)

Since the phase of § is separable, see Eq. (4.38), the total decomposition of 5 can be

written as
Bla.q') ~ > VA, u, (@) ¥, (), (4.41a)
where !
U, (@) = v, (q) €419, (4.41b)
U(@') = v,(q') 249, (4.41c)

The modes u,,(q) and v,,(q¢") are orthonormalized:

Jdau,@uis0) = 5,0 (4.42a)
Jaav@ w0 = 6,0 (4.42D)

which follows from the orthonormality of the v, (q), see Eq. (4.40). Importantly, Eqs. (4.41Db)
and (4.41c) imply

lu, (@)] ~ |, (0], (4.43)

explaining the approximate equality of the moduli of the modes as described above. For the
mode n = 15, it becomes clear that this argument only holds approximately, since a clear
deviation of the moduli of the input and output modes can be observed near § = +35 mrad.
Note that in the above discussions, only the properties of the decomposition of the transfer
function B were investigated. For these arguments, it is not necessary to explicitly consider
the decomposition of ) assuming that the eigenvalues associated with considered modes
are non-degenerate. As discussed in more detail in Secs. A.6 and 4.2.3 below, if the
eigenvalues have multiplicity 1, the modes are defined up to their sign. Hence, the
modes u,,(q) and v,,(q") constructed in Eqgs. (4.41b) and (4.41c) above must also be (to

good approximation) valid modes for the decomposition of 7.

The phase profiles of the modes are characterized by phase jumps of m occurring near
the local minima of the mode functions. Due to the fact that the phase is only defined
up to adding or subtracting integer multiples of 2, it is possible to find an unwrapping
of the phase of the output modes that minimizes the distance of the phase-angle values
to those of the input modes (light-blue line in Fig. 4.3). Here, it becomes clear that the
phase profiles of the input and output modes are almost identical. This is not evident
from the alternative unwrapping shown by the yellow line in Fig. 4.3, which minimizes
phase jumps. However, this similarity of the phases does not explain the dissimilarity of
the input and output modes for n = 16, since, at first glance, the phase distributions look

relatively similar, while Fig. 4.2 indicates that |¢;,, | vanishes near the diagonal.
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4.2. Schmidt Mode Structure of PDC Systems
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Figure 4.4: Plot of the integrand u,(q) ¢}(q) of the overlap coefficient integral for the
coefficients (a) ¢;515 and (b) ¢;6 14, as well as the modulus squared |I,,(q)|? of the corresponding
cumulative integral I,(q) = f_qoodq’ u,(q") ¢5(q’), so that ¢, = lim . I,(q), for a single
crystal with G, = 8. See Eq. (4.36) for the definition of the overlap coefficient. For n = 15,
the modulus squared of the overlap coefficient reaches a relatively large value of 0.73, which is
due to the fact that in the region from —20 mrad to 20 mrad, the phase is mostly constant when
the modulus has a significantly positive value. This leads to a step-like increase of |I;5[q(6)]|?
for increasing 6. The value of |¢;4 6|2 is comparatively small at only 0.0307. This is because
the phase varies in the range over which the modulus is non-vanishing, leading to a cancellation

of positive and negative contributions.

In order to understand this, it is necessary to consider the interplay of the modulus and the
phase of the integrand of the overlap coefficient ¢;,,, as written in Eq. (4.36) in dependence
on the integration variable q. For the two cases n = 15 and n = 16, Fig. 4.4 shows both
the modulus and the phase of the integrand, as well as the modulus squared |I,(q)|? of the
cumulative integral I,,(¢) = f_qoodq’ u,(q") ¥} (¢'), meaning that lim_, |1, (q)]* = [¢,,,|*.
Evidently, for n = 15, the phase is approximately constant in the regions between the local
minima on the interval from —20 mrad to 20 mrad, where the highest peaks of the modulus
are located. As such, |I,(q)|? increases in a step-like manner with increasing q and rises
to |¢1515/° = 0.73 as ¢ — oo. For n = 16, see Fig. 4.4(b), it can be seen that |1, (¢)|?
increases and decreases due to the fact that the phase varies between the peaks. Ultimately,

this leads to a smaller value of \c16716|2 = 0.0307.

4.2.2. High-Gain SU(1,1) Interferometers

While the previous section explored the Schmidt mode structure of a single PDC section,
this section will extend this to the modal structure of SU(1,1) interferometers consisting
of two PDC sections. Unlike with single PDC sections, for SU(1,1) interferometers, the
interplay between the output modes of the first section and the input modes of the second

section plays a crucial role.
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

4.2.2.1. Balanced Fully Compensated SU(1,1) Interferometer

For a perfectly compensated SU(1,1) interferometer, where the phase-matching functions
for the first crystal are given by Eqgs. (3.30) and (3.37), respectively, the transfer functions

of the first and second crystal are connected via

82(q,q') =?8V(¢',q), (4.44a)
1, q¢) = [, 9], (4.44b)
which follows from Egs. (3.41) and (3.43). This relationship can be used to obtain a joint
Schmidt decomposition for the second crystal in terms of the Schmidt decomposition quanti-

ties of the first crystal by substituting the transfer functions of the first crystal [Egs. (3.20)]

with their joint decomposition [4]. The decomposition takes the form
B2(g.q) = > VAT e (9 ud (¢), (4.452)
12(q.q) =Y VAP v (g) [u? ()], (4.45b)

where
AP =AY (4.45¢)
AP =AY (4.45d)
u? (q) = 2ol (q), (4.45¢)
2g) = extul) (). (4.45¢)

Evidently, the input modes of the first PDC section and the output modes of the second
PDC section [see Eq. (4.45¢)], as well as the output modes of the first PDC section and
the input modes of the second PDC section [see Eq. (4.45f)] are orthonormal up to a

_i¢
phase e '2:

Jaau @ [0 @) = 8,002, (4.460)
Jaaud @) [92 @] = 5,075 (4.46b)

By utilizing the connection between the decompositions of both crystals [Eqgs. (4.45)] and
the connection relations between the transfer functions of the two PDC sections and the
transfer functions of the entire interferometer, see Egs. (3.19), the following expressions

can be obtained for the joint Schmidt decomposition of the entire interferometer:
/ S S S /
B8V (q,q') = 3" VASY WSV (g) 6V (), (4.472)
~ 7 (s S S *
150 (q,q") = S VASY ulV(q) [V (q)], (4.47b)

where

ASY _ 4 cos? ( @5) ALAD (4.47c)
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4.2. Schmidt Mode Structure of PDC Systems

ASY =1 4+ ABY (4.47d)
i
U%SU) (q) = exp [5 (o + Cn)] £L1>(Q)7 (4.47¢)
/ i ’
2V () = exp [2 (1 — Cn)] W), (4.47F)
and
p=arg(l+el?), (4.47g)
¢, =arg[l+ AL (1+¢9)]. (4.47h)

Equations (4.47a)—(4.47h) provide an analytical form for the joint Schmidt decomposition
of the entire interferometer in terms of the modes u%l)(q) and wﬁll)(q), as well as the
eigenvalues A£} ) of the first crystal. Notably, this decomposition shows that the input and
output modes of the interferometer are identical up to some ¢-independent phase. Hence,
the system bears similarity to the idea of a (perfectly) inline squeezer as described in Houde
and Quesada [123], which is described as a system in which the input and output modes
are identical (up to some constant phase), enabling the squeezing of a temporal mode while

preserving its temporal structure.

4.2.2.2. Unbalanced SU(1,1) Interferometer

More generally, the gain or other properties, such as the crystal length and the refractive
indices, of the two PDC sections used to construct the SU(1,1) interferometer do not
have to be identical. For example, as previously mentioned in Sec. 3.6, Manceau et al. [9]
suggests that unbalancing the SU(1,1) interferometer improves its properties. Due to the
gain dependence of the Schmidt modes, this will lead to mode mismatches between the
input and output modes of the two PDC sections, as will be seen below.

A potential setup for such an unbalanced interferometer is shown in Fig. 4.5. The
PDC radiation is generated in the first pass of Pump 1 (at gain Gé}ﬁp) through the crystal.
The phase-matching function for this first pass is given by that of a single crystal, see
Eq. (3.30). After the crystal, Pump 1 is removed, using a dichroic mirror, while the PDC
radiation is reflected using a spherical mirror for diffraction compensation, as discussed in
Secs. B.2 and 3.3. In this general setup, the offset of the spherical mirror from the optimal
position, which would lead to perfect compensation in the balanced case, is included as dz.
The mirror focuses the radiation back into the crystal, where it recombines with Pump 2,
whose phase ¢ relative to Pump 1 determines the interferometric phase. In general, the
experimental gain of Pump 2, Gg},, may differ from Gg()p. The phase-matching function

for the second pass is given by [4]:
h(2> (qs’ qi’ L) — eiiAk(q‘:;7Q1',)[L72L1]efiAkair<qsvqi)ézei(b’ (448)

as shown in Sec. B.2. Clearly, for 6z = 0, the phase-matching function for perfect
compensation in the balanced case is recovered, compare Eq. (3.37). In the following,

unless specified otherwise, Géi{) =4 and G&L = 1, while all other properties of the two
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Chapter 4: Simultaneous Measurement of Multimode Squeezing
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Figure 4.5: Advanced sketch of the SU(1,1) interferometer with diffraction compensation
implemented using a spherical mirror (Michelson-type configuration). Compared to the simplified
sketch in Fig. 3.2(b), the dichroic mirrors used to direct the pump beams into the crystals
for both passes (with Pump 1 and Pump 2) are shown. Generally, the gain for both passes
may be different (unbalanced case). Additionally, in the unbalanced case, the spherical mirror
may be moved by 6z in order to maximize the interferometric visibility, as also shown in more
detail in Fig. 4.6. Compare also Fig. 2(a) of Barakat et al. [3] which shows another sketch
of an alternative setup and Fig. S2 of the corresponding supplementary material (Ref. [103])
which shows a more elaborate sketch of the entire setup used in the experiment discussed in
Sec. 4.3.2 below. Adapted from Ref. [4].

95%

Figure 4.6: Interferometric visibility v as v~ 93.63%
defined in Eq. (4.49) of the unbalanced
SU(1,1) interferometer pumped at Ggiz, =1
and Geil)a = 4 in dependence on the relative
offset 6z/L, of the focusing element from the
optimal position in the gain-balanced case.
For 6z = 515.3um, the visibility reaches its 80% |
local maximum with v = 93.63%. Adapted L; =3.0mm
from Ref. [4]. —02 0.0 0.2 0.4
Relative offset §z/L,

90%

515.3um

85%r

Visibility v

5z~ 017181,

PDC sections are identical and the same as mentioned above.
The reason for allowing the spherical mirror to be moved by dz can be seen from Fig. 4.6,
which shows the interferometric visibility

A

N, — (N,
v = < Atot>bf < Atot>df . 100%’ (449)
(Niot )bt T (Neot ) at

A A

where (N, ) and (N, )qr are the integral intensities at the bright and dark fringe
over ¢, respectively, in dependence on dz. Evidently, the dependence of v on dz is
approximately quadratic, leading to a maximum at dz = 515.3 pm. Thus, the visibility is

no longer maximized at dz = 0, as it would be for the balanced interferometer. As was
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4.2. Schmidt Mode Structure of PDC Systems

shown analytically in Ref. [4], for the perfectly compensated and balanced interferometer,
v = 100 %, regardless of the other system parameters. Thus, compared to the balanced
case, the maximal visibility is reduced by around 6.4 %pt for the unbalanced interferometer

discussed here.

Due to the gain dependence of the Schmidt modes, it is generally expected that the
output modes of the first crystal and the input modes of the second crystal will no longer be
identical up to a constant phase, as they were in Sec. 4.2.2.1 above. Hence, it is advisable

to define the overlap coefficient between these modes [3, 4],

T—_— / dg [u’(@)] ¥ (@), (4.50)

to obtain a quantitative measure for their similarity. In general, this overlap coefficient
will not have a diagonal form (g, & dj,,e”*, for some phases p,). Due to the fact
that the properties of the first and second crystal of the interferometer are different,
the connections between the transfer functions of both crystal described by Eqs. (3.43)
and (4.44) no longer apply. Equations (3.41) however are still valid and describe the
connection between the transfer functions for the two cases where the second crystal is
integrated with a phase-matching function containing the flat-phase term ' and without
it (or, equivalently, for ¢ = 0). Using this and the joint Schmidt decomposition for the
second PDC section integrated without the flat phase term, it is possible to write the joint

Schmidt decomposition for the transfer functions 3 and 7(? including the phase [4]:
5(q.q zw e3d20)] [ebei? )], (4513
(a,q Z VAY [e200? (9)] [e2a? (¢)] (4.51b)

7

where ;Zﬁ? and 12512) are the Schmidt mode functions obtained from the decomposition of the
transfer functions where the phase was not accounted for, see the notation introduced in
Eq. (3.42) and the surrounding text. Note that Ag ) and ]\53 ) remain unchanged regardless
of whether the phase term is accounted for in the phase-matching function. Thus, an

alternative way of expressing the g overlap coefficient is as [4]

Qo = €12 / dg [u”(@)] 4 (@)- (4.52)

Note that the integral in the expression above is still complex-valued, meaning that the
full phase dependence of g is given by the product of ei¥ and some additional constant

phase factor which does not depend on ¢.

In experimental setups, the measured modes are usually the output modes of the
entire interferometer u<SU)

modes uiﬂ of the second crystal alone. By definition, the former set of modes is part of the

It should be emphasized that these modes are not the output

diagonalization of the plane-wave mode input-output relations of the entire interferometer,

while the latter set of modes is part of the diagonalization of the second crystal, which is a
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Figure 4.7: (a) Modal layout of a two-crystal PDC system in the discrete case. The first
crystal has an associated set of N input modes (/)5-1) and output modes uS-l) (G=1...N)
resulting from the joint Schmidt decomposition (compare Fig. 4.1). These sets of modes are
connected via the Bogoliubov transformations as written in Egs. (3.23), (3.24) and (4.31) and
therefore, the input mode with index [ only couples to the output mode with the same index [,
as indicated by the red dashed lines overlapping the crystals. In other words, the input-output

relation is diagonal. The same applies also to the second crystal with input modes (/)5-2) and

output modes uSl). In general, the output modes of the first crystal and the input modes of

the second crystal are not identical, see Fig. 4.8. This mismatch is quantified by the overlap
coefficient ¢ as defined in Eq. (4.50). Hence, despite the fact that the input-output relations

for both crystals are diagonal, the relationship connecting the input modes {¢§-1)}j of the first
crystal to the output modes {ug.z)}j of the second crystal is generally not diagonal due to the

fact that g is not diagonal. This leads to the conclusion that {¢5-1)}j and {u5-2)}j cannot be
the input and output modes, respectively, of the composite system since the modes for the
composite system need to fully diagonalize the input-output relation from the input of the first
crystal to the output of the second crystal. (b) Modal layout of the diagonalized input-output
relation of the composite PDC system [SU(1,1) interferometer] in relation to the modes of the

first and second crystal seen in the background [compare (a)]. The input modes ¢§SU) and

the output modes uS?U) associated with the composite system are coupled via the diagonal

Bogoliubov transformations as indicated by the dark-red dashed lines, meaning that they are
only coupled by the system if their indices match (j = j’). The input modes of the first
crystal are generally different from the input modes of the composite system since the former
diagonalize the first crystal while the latter diagonalize the composite system (as mentioned
above, the input modes of the first crystal do not diagonalize the composite system since ¢ is

generally not diagonal). For the same reason, the output modes of the second crystal ugz) are

not the same as the output modes of the interferometer uS-SU). Their similarity is quantified by

the overlap coefficient b as defined in Eq. (4.53). Note that in both (a) and (b), additional
optical elements such as the phase object, the 4f-system or the spherical mirror are not explicitly
shown and would be included in the description of the second crystal, see Secs. 3.3 and 4.2.2.
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4.2. Schmidt Mode Structure of PDC Systems

subsystem of the entire interferometer. Generally, u%SU) and ug) therefore do not coincide.
This leads to the definition of a second overlap coefficient between the output modes of the

second crystal and the output modes of the entire interferometer [4]:

b, / dg [6? ()] V' (q). (4.53)

The necessity to define this overlap coefficient leads to the question regarding the interpre-
tation of the Schmidt modes. This will be explained in more detail in Sec. 4.2.3 below.
Figure 4.7 summarizes the modal layouts of the two crystals and the entire interferometer
system and further highlights the necessity to define the overlap coefficients ¢ and b.

Figure 4.8 shows the behavior of the overlap coefficient matrices ¢ and b at the bright
and dark fringe. Evidently, ¢ contains large off-diagonal contributions in the lower left
triangle, meaning that the output modes of the first crystal and the input modes of the
second crystal are mismatched. Furthermore, at the bright fringe, with ¢ &~ 0, the phases
of the low-order modes (those with the largest eigenvalues) are aligned so that g, ~ +1,
while at the dark fringe, with ¢ ~ 7, g;,, ~ +i. Overall, the overlap coefficient matrix b is
much closer to being diagonal than g. Additionally, here, b,,; ~ +1 for the bright and the
dark fringe. A more detailed analysis of the behavior of the phases in dependence on dz is
presented in Appendix E of Ref. [4]. In short, for several low-order modes, the phases of
both ¢ and b align at the aforementioned values as dz approaches the valued required to
reach the maximal value of the visibility.

It should be noted that for the perfectly compensated interferometer, the overlap

coefficients are diagonal,

G, = €120, (4.54a)
compare also Eq. (4.46a), and
b, = ez(Hten=%)s, | (4.54b)

both of which follow directly from the definitions of the overlap coefficients [Eqgs. (4.50)
and (4.53)] and the analytical expressions for the Schmidt decompositions of the second

PDC section and the entire interferometer, see Eqs. (4.45) and (4.47), respectively.

4.2.3. Physical Interpretation and Uniqueness of the Schmidt Modes

In a broader context, the fact that the output modes of the second crystal are not
automatically the output modes of the SU(1,1) interferometer, which lead to the definition
of the overlap coefficient § in Eq. (4.53), also leads to the question regarding the physical
meaning of the input and output modes. Mathematically, the modes are obtained by
performing the joint Schmidt decomposition of the transfer functions. The Schmidt modes
then provide a diagonalization of the input-output relations, meaning that input and
output Schmidt modes are connected via the Bogoliubov transformations [see Eqs. (3.23)]

only if they have the same mode index n. More generally, different transfer functions lead
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Figure 4.8: Visualization of the first 15x15 entries of the overlap matrices g (left column) and b
(right column) at the bright (upper row; ¢ = 0.0337mr) and the dark (lower row; ¢ = 1.03m)
fringe of the unbalanced SU(1,1) interferometer with parametric gains ng, =1 and Gg% =4
for of the first and second crystal, respectively. The colors correspond the modulus of the
overlap coefficients as indicated by the color bars, while the handles in the cells indicate the
location of the complex number in the complex plane: If the handle points to the right, the
entry is purely real and positive. If the handle points upwards, the entry is purely imaginary
with a positive sign. For the other directions the phase follows analogously. Handles are only
shown for entries whose modulus exceeds 0.02. The maximal values of the colorbars are 0.977
for |g,,| and 0.998 and 0.985 for |b,,| at the bright and dark fringe, respectively. Adapted
from Ref. [4].
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4.2. Schmidt Mode Structure of PDC Systems

to different sets of modes. Naturally, this implies that the decomposition of the second
crystal described by 7(?) and $?) will be different from that of the entire interferometer
described by 7Y) and B5Y)| since the transfer functions of the entire interferometer are
constructed from those of the first and the second crystal in a nontrivial manner, see the
connection relations in Egs. (3.19).

Additionally, the name of “input modes” might lead to confusion since it could be
interpreted in the sense that these modes are defined by the input field at the input
face of the PDC section. Instead, as mentioned above, these modes are defined by the
decomposition of the transfer functions, which connect the input plane-wave operators to
the output plane-wave operators of the PDC section.

A related misconception that may arise is that the input modes, since they are associated
with the “input” of the system, cannot depend on the parameters of the PDC process,
such as the refractive indices and most notably the crystal length and the parametric gain,
since the fields “at the input” have not yet undergone the PDC interaction. However, since
the modes are obtained from the transfer functions, they cannot be determined before
integrating the entire PDC section. One way to understand the dependence of the input
modes on the parameters of the interaction is as follows: Since the Schmidt modes are
defined by the fact that they diagonalize the input-output relations, the input modes
are inevitably determined by the output modes and vice versa. Given a set of output
modes A(Out and E<Out , the input modes are determined by the fact that states in these
modes do not couple to other output modes A O,Ut) and B<Out> with n # n’ during the PDC
process. Mathematically, given either the set of input or output modes®, {1, },, or {u,},,,

respectively, the other set of modes is immediately determined via
1 / / * /7
un(q) = —= [ dq' Bla, ¢ ) ¥y (d), (4.552)

¥, (q) dq’ B(q,q) uy,(q), (4.55b)

f/

or

un(q) = ﬁT /dq’ﬁ<q,q’>wn<q/>, (4.56a)
) = Ji» / dq’ (¢’ 9) un(c'). (4.56D)

A more pictorial way of understanding this is by posing the question: “In which spatial

mode 9, (¢q) does the initial field have to be prepared in, in order to couple only to a single
output mode u,,(q) with the same fixed index n?” This question highlights that the input

modes may, in principle, depend on all properties of the PDC interaction and not only

9In the set notation used above, {w,, },, is shorthand for {w,, },,c.7, where . denotes the index set for the
index n of the indexed object w,, (here, the modes). The set {w,, },, then consists of all possible w,,,
which for the modes means for example: {w,},, = {wgy,w;,...} (assuming the index n starts at 0).
Usually, the index set # follows from the context if this shorthand notation is used. The notation
is contrary to that where a restriction on the index may be used to construct the set. For example,

{w, tnss = {w,|n > 5} = {wy, wg, ...}
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

those that are directly causally connected to the beginning of the PDC interaction. Thus,
in short, the entire PDC interaction determines the shape and phase of the input and
output modes.

Naturally, the question arises as to how unique the Schmidt modes are for a given set
of transfer functions § and 7. In Appendix A 2 of Ref. [4], it was shown that due to the
restrictions that the joint decomposition imposes on the modes, they are defined up to
a sign change in the sense that a pair of input-output modes w,,(¢) and v, (¢) may be
replaced by —u,,(q) and —1,,(¢) (simultaneously), if the corresponding singular value has
a multiplicity of 1, that is, if it is unique for the decomposition. However, if there are
degenerate singular values with multiplicity p > 1, the situation is more complex. This
situation was not investigated in Ref. [4] and instead this case is addressed and described
in more detail in Sec. A.6. In summary: For an eigenvalue A, and the associated Ap with
multiplicity p, > 1, let {¢,}, and {u,}, (r = 1,2,..., ) denote the sets of input and
output modes belonging to these eigenvalues, respectively. Then, as shown in Sec. A.6, any
other two potential sets {¢, },, and {u, }, (n =1,2,..., ,) for the modes are connected

to the original set via a real orthogonal rotation, so that
(@) = D (@) Vi (4.57a)

V(@) = D () Vi (4.57b)

with V € O(,up, ]R) and O(up, R) denotes the real orthogonal group of y,, X 11, matrices. In
this general case, for non-degenerate singular values with y,, = 1, the result found in Ref. [4]
as mentioned above is recovered. The only exception to this is the null-block, in which
A, =0 and ]\p = 1. For this block, the matrix V' may instead be chosen as V € U(up),
with U(,up) denoting the unitary group of u, X u, matrices. Additionally, it should be
noted that these considerations only take into account the case where the overall number of
modes is finite. Analytically, the Schmidt decomposition always yields a countably infinite
number of modes. The abovementioned results are obtained by considering the discrete
cases or, equivalently, by truncating the Schmidt decomposition at a certain index. In the
low-gain limit, due to the vanishing eigenvalues \/ATD of 3, the restriction to real orthogonal

rotations is again lifted, and the modes may be connected via unitary rotations V.

4.3. Multimode Squeezing Measurements

For the experiment performed in Barakat et al. [3], it is helpful to first think of the SU(1,1)
as a sequence of two PDC sections instead of one system. The first crystal can then be
understood as a squeezer, which prepares a multimode squeezed vacuum state, while the
second crystal serves as an analyzer. Ultimately, the goal is to obtain information regarding
the squeezing in each output mode of the squeezer from the output of the interferometer.

While the squeezer operates at low gain, it is generally useful to operate the second crystal
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at high gain in order to obtain large output intensities. Due to the differing gains in both
crystals, the output modes of the first crystal are mismatched with respect to the input
modes of the second crystal, as seen in Sec. 4.2.2.2. As a consequence, the information
regarding the nth output mode of the squeezer is spread over many output modes of the
entire interferometer, which defines the measured modes (that is, the detected modes
are ultimately those of the entire interferometer). As such, it is necessary to develop a
processing method to extract the squeezing of the modes of the first crystal from the modes

of the entire interferometer.

4.3.1. Development of the Processing Method
4.3.1.1. Exact Reconstruction of the Squeezing

Between the two crystals, the plane-wave operators are connected via Eqs. (3.14): In general,
the output plane-wave operators of a PDC section are the input plane-wave operators of
the following section. A similarly simple relation does not exist for the Schmidt operators.
Since they diagonalize the input-output relations of different systems, the Schmidt operators
of two different sections have, in general, no physical connection (as also indicated in
Fig. 4.7). However, since the Schmidt modes form complete orthonormalized systems, they
can always be expanded in terms of each other. Using the ¢ overlap coefficient, the output
modes 1/153) of the first crystal can be expanded in terms of the input modes ugy of the

second crystal:

[US) (61’)]* => Gm [w%?(q’)]*. (4.58)

Since the output plane-wave operators of the first PDC section are the input plane-wave
operators of the second PDC section, it follows that the output Schmidt operators of the

first section are connected to the input operators of the second section via [3, 4]

(1 out) Z glm 2 111 , (4‘59)

compare the definitions of the Schmidt operators in Egs. (3.24). The input operator Aﬁ%in)
can be rewritten in terms of the output operators of the second PDC section by using the

inverse transform of the Bogoliubov transformation as written in Eq. (4.31):
AR = /A, AR — /A, [AR] B (4.60)

Plugging the inverse transform into Eq. (4.59) yields
1 ut) 2,out 2(2,0ut T
= VA, A = VR, (45)] (4.61)

Similarly to the connection between ug) and wﬁ in Eq. (4.58), the output modes of

the second crystal and those of the entire interferometer can be expanded in terms of one
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another using the overlap coefficient b as defined in Eq. (4.53):
2 ,out) Z bmkA (SU out) (462)

Plugging this into Eq. (4.61) yields an equation connecting the output modes of the first

crystal to the output modes of the entire interferometer [4]:
,Ouw ou ou T
Aot Zglm [\/ 19, AT — VAT Bz (AP ] (4.63)

Thus, given the output Schmidt modes of the interferometer, as well as the eigenvalues
of the second crystal and the overlap coefficients ¢ and b, the output Schmidt operators
of the first crystal can be reconstructed using the above equation. The output Schmidt
operator can then be used to determine the level of squeezing in the Schmidt modes using
Eq. (4.29), which expresses the variance of the generalized quadrature of the Schmidt
mode in terms of the expectation values <fi;r/il>, (A,A}) and (A,), where the Schmidt mode
operators Al refers to the output operators of the first crystal. Clearly, (A(l Out)> =0
since <A§SU’°M>> = 0, which can be evaluated by using Eq. (4.31). Using Eq. (4.63), the
remaining two expectation values can be expressed in terms of the output operators of the

entire interferometer as [4]

<A§1,out)A§l,ou‘c)> _ Z 61,8100 [bnkbn/k (A(nQ) + 1) (AS) + 1) \/(A(SU + 1) A(SU)

+I)*,€I>*/k\/A(2 A<2 \/A<SU )+1)
= 0,055/ (A + 1) AL (AL Y+1)

— b /AR (A7) 1) AP

(4.64a)
and
<[A§1,out>] Alrouy Z 8t G [ e k\/ A@ 1) A2 4 1)ASU)
+bnkb;,k\/m (APY +1)
= Db \/(An +1)A \/AksU> (A7 +1)
/A (A4 1) AST (AT )
(4.64b)

where it has been used that

<A(su out)A(SU 0ut> <[AESU ,out) ]T [AESU,out)]T> _ \/(1 JrAl<SU)) AESU), (4.652)

<[AI(SU,out ] AISU,out ) — <AISU,out [/i (SU,out) ]T> - AESU>7 (4.65b)
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and the expectation values are over the vacuum state. Given the eigenvalues of the second
crystal and the entire interferometer, as well as the overlap coefficients ¢ and b, Eqs. (4.64)
allow for the retrieval of the variance of the quadrature of each output mode of the first

crystal of the interferometer via Eq. (4.29).

4.3.1.2. High-Gain Approximation

The expressions for the reconstruction of the quadrature variance for each mode obtained
with Egs. (4.31) and (4.64) are impractical due to their cambersome structure. Furthermore,
applying these equations requires the eigenvalues of the second PDC section and the
interferometer, which correspond to the absolute photon numbers in the Schmidt modes
(since ([Agom)] ! A"y = A,) and are challenging to obtain in experiments [4]. Instead, it
is much more convenient find an expression for A2]3l,19 in terms of the eigenvalue ratios,
which correspond to intensity ratios and are easier to obtain. This can be done at high

gain, where A;z), 1~\§-2),A§-SU),1~X§SU) > 1 for at least some low order modes. Then,

- 1
VA? = VAP 41 = Aﬁf)( 2A(2>>, (4.66a)

- 1
\/ ASY = \/A;SU) +1 \/ APY (1 + 2A<SU>) (4.66b)
k

which follows from the binomial approximation as vz +1 = /= \/m

Vz [1+1/(2z)] for large x. It should be noted that for the entire interferometer,
A;SU), A;SU) >> 1 is not necessarily true at high gain, due to the fact that, the eigenvalues
are generally much smaller at the dark fringe than at the bright fringe.

Figure 4.9 shows the eigenvalues for the second crystal and the interferometer at the dark
and bright fringe for several values of the experimental gain Gg()p of the second crystal. The
experimental gain Gg(%) = 1 of the first crystal is fixed. Clearly, the eigenvalues increase
strongly with the experimental gain and with increasing gain, more and more modes fulfill
A< > 1 and A A ) > 1 both for the dark and the bright fringe.

Plugging the inverse transformation of the Bogoliubov transformation [Eq. (4.61)] again
into Eq. (4.63) and applying the approximations in Egs. (4.66) yields the following expression
for the output operators of the first PDC section:

1 out) _ 21291n /A(2 A(SU Re(h,,) {A (SUsin) (A/(ksU,in))T]

1 An
+ 5 g; Sin A(SU)

A(SU) ~(SU,i ~(SU,in)\
+ = Zgln |:A in) (Ai: ,ln)) :|

4= Z gln - SU ,in) )

Fﬁ

2(SU,in % 2~(SU,in T
bnkAgc - nk (AE{? 1 )> i|

(4.67)

75



Chapter 4: Simultaneous Measurement of Multimode Squeezing

(a) T T e T (b) T T e e e e e

. G2 =25 A® . 62 =40 A®
su) J (SV)

/\E:f,n 10° L * N ]

[} SuU L SuU
Az, Noew!

=

[=}
)
T

L

°

fuy
[=)
=
T
g
1

10% F . ]

[y
(=]
©
T
4
L

Schmidt eigenvalue A,
. 2

Schmidt eigenvalue A,
4

5z =0.1141L, b 6z =0.1718L; by
v=94.20% > o 10°E  v=9363% bs E
10-1 b ¢af = 1.010m S $af = 1.034n ]

¢ = 0.019471 S = 0.0337m T8
e e e e et A Y S Y SR N NN SR D 107 e
012345678 91011121314 01234567 891011121314

Mode index n Mode index n

(c) e — (d) 10—
s[° (2) @) * ) )
105 F . Gexp =5.5 AR 106 . Gexp=T7.0 A
(SU) 3 E
, b * N * ® AS?
= 10 f . . . 2
< (SU) 5| 4
; , " < ! A
3 =
g 103 ° 4 [ 10* L. 1
c < )
[ ° o)
.20 .80 103 > 1
o 102 . 1 M .
° T
E ° | € 102} . ]
G 10! b 6z=0.1928L, 4 S 5z =0.2018L; $
2 . 0 .
v=92.99% J 101 v=09222% o\ 1
100 | $ar=1037m i ] $qf = 1.0387 4
$ur = 0.03741 1] 10° | ¢y = 0.0378w =
0123456 7 8 91011121314 0123456 7 8 91011121314
Mode index n Mode index n

Figure 4.9: Eigenvalues for the first 15 modes of the second crystal and the unbalanced
interferometer at the bright and dark fringe for increasing parametric gain of the second
crystal. The ordering criterion /\g?li) < /\s,z) < /\S{i) required for the validity of the high-gain
approximation method derived in the text around Eq. (4.74) below holds true up to n =9
for Gg(?) =25, upton=11 for G&il, = 4.0, up to n = 15 for Gg(i, = 5.5 (not visible) and up
to n = 17 for GQQ, = 7.0 (not visible). Furthermore, the requirement A, > 1 holds only up
to at most n = 5 for G(eiz, = 2.5, n = 8 for Gg(%, = 4.0, n = 11 for Gg?, =55and n =13
for Gg(%, =7.0. Since A, = 1+A,, see Eq. (3.21), separate plots of A, are not shown. The lines
connecting the data points were added for orientation purposes only. Adapted from Ref. [4].
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Here, the second and third term already only contain the ratios of the eigenvalues. Addi-

tionally, if Ag),A;CSU) > 1, for low order modes n and k, the fourth term can be neglected,

since 1/ A%Q)A;SU) < 1. As shown in Appendix D of Ref. [4], if the offset of the spherical
mirror in the setup is adjusted carefully, it is possible to achieve Re(b,,;,) — 0 for low
order modes. This behavior is further confirmed by Fig. 4.8, which shows arg(b,,;.) ~ 0
or arg(h,,.) ~ 7 for low order modes. In this case, the first term may also be neglected.
With these additional modifications applied, Eq. (4.67) becomes

j(Lout) _ 1 A AU e (48U t
! _529171 AU DAy, - nk( k )
n7 k
(4.68)

AECSU) +(SU,in) ~(SULin\ T
+ ank [Ak; + (Ak ) ] :

This expression for the output Schmidt mode operators of the first crystal only depends
on the ratios Ag ) / A;CSU) and AECSU) / Ag ) of the eigenvalues of the second crystal and of the

interferometer and no longer on the absolute values.

If the output modes of the interferometer and the output modes of the second crystal
are sufficiently similar, the overlap coefficient h becomes diagonal and it is possible to

approximate:

where the 4+ indicates that the sign of the output modes of the second crystal and of
the interferometer are not well-defined, see Sec. 4.2.3, leading to an undefined sign of b.
Comparing with the plots of the overlap coeflicients in Fig. 4.8 shows that b, ;. is indeed
approximately diagonal for the low order modes. Applying Eq. (4.69) to Eq. (4.68) yields

(Lout) _ 1 A A(8Uin) _ ( A(SUin) t
! =3 pE=H ABD [P T (4")

AU
AY

(4.70)
+

iz s gy |

Ultimately, as will be shown below, the variance of the quadratures of the Schmidt modes
does not depend on which of the two signs in Eq. (4.70) is chosen. This is a necessary
requirement to assign physical meaning to the Schmidt modes: If the quadrature variance
were to depend on the sign of b, it would also depend on the sign of the Schmidt modes,
from which it originates. However, as seen in Sec. 4.2.3, the sign of the Schmidt modes
is undefined, meaning that the quadrature variance would be ill-defined. Ultimately, the
approximated form of the output operators written in Eq. (4.70) can be used to obtain
an approximation of the level of squeezing in the corresponding quadratures using the
eigenvalues of the second crystal and the entire interferometer, as well as the overlap

coefficient matrix g.
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Using the approximated form of the output Schmidt mode operator constructed above

and written in Eq. (4.70), the generalized quadratures of the Schmidt modes take the form

]’j . _i9 AELSU) X(SU,in) —i2 A'(n2) }"/(SU,in)
19 = Zn: Re(gme 2) AT — Re(gme 2) AT . (4.71a)
where
¢, = o= A+ A, (4.71b)
¢ def. 7 V- A
Y, =B, =—i(4,—A), (4.71c)

are two special quadrature operators defined analogously to Egs. (4.3).

Since the quadrature operator ]51779 is linear in the Schmidt mode operators, see Egs. (4.71),

(]5“9) = 0. Thus, according to Eq. (4.29), the variance of the quadrature is given by

(SU) (2)
o R - - 9 2 - ¢ - 19 An - 2 e ¢ _ 19 An
A%F, = En 180, [cos (arg(gln)—l—?) A§3> + sin (arg(gm) +T A%SU) ;
(4.72)

where it has been used that

~ )

gln = glne1§ ) (473)

which follows from comparing Eqs. (4.50) and (4.52).

Further simplifications of the expression for the variance of the quadrature operator in
Eq. (4.72) are possible by closely inspecting the behavior of g. As shown in Appendix D of
Ref. [4], similar to the behavior of Re(h) mentioned above, §,,, — +1 for several low order
modes as §z reaches the position that maximizes the visibility. This is again confirmed
by the plots of the overlap coefficients in Fig. 4.8, which show that the phase dependence
of ¢ is mainly determined by the term ei? for the low order modes, as expected from the
analytic expression for the connection between § and g in Eq. (4.73). These observations
imply that arg(g;,,) ~ mm, for m € Z. Due to the m-periodicity of cos? and sin?, these two
trigonometric functions as they appear in Eq. (4.72) are essentially independent of [ and n
for the low-order modes and the arg(g;,,) summand in their arguments can be neglected.

Depending on whether A%SU) or Ag) is larger for a given mode, either the cos?-term or
the sin®-term is larger for a fixed ¢ — ¢ (unless ASY = A<n2)). Generally, the eigenvalues
are ordered as

Afff}fj <A? < AS}Q, (4.74)

where the subscripts 4; and 1; label the eigenvalues of the interferometer at the dark and
bright fringe, respectively. As shown in Fig. 4.9, this ordering relation usually holds up
to some index n, which increases as the experimental gain is increased. Thus, the phase

differences ¢ — 9 for which the summands in Eq. (4.72) are maximized and minimized (at
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least for the low-order modes, to which all the abovementioned conditions apply) can be

determined as follows!?

e At the dark fringe, AP > AP U>, see Eq. (4.74). This means that the prefactor

2 2_contribution. The term

of the cos®-contribution is smaller than that of the sin
inside the brackets is then maximized if the cos?-term vanishes and the sin?-term is
maximized, which occurs for ¥ = ¢y + 27w (m + 1), for m € Z, and where ¢4 is the
interferometric phase at the dark fringe. Conversely, the term inside the brackets
is minimized if the sin?>-term vanishes and only the sin?-term remains. This occurs

for ¥ = ¢4¢ + 2mm, m € Z.

o At the bright fringe, ASY > Ag), see Eq. (4.74). Hence, the roles of the cos?-

2_contribution are reversed. The term inside the

contribution and that of the sin
brackets is maximized for ¥ = ¢,; + 27m, for m € Z, when the sin®*-term vanishes
and the cos?-term is maximized. Analogously to above, ¢, is the interferometric
phase at the bright fringe. Similarly, the term in the brackets is minimized for

V=¢+2r(m+1), meZ.

These observations show that the variance for the squeezed and the anti-squeezing quadra-
ture can be obtained at either the dark fringe or the bright fringe. In concrete terms, at

the dark fringe, the extremal levels of the quadrature variance follow from Eqs. (4.77) as

ABD)
. A df n
IH’L;H AZ‘PZ, Z|gln|2 ( ) (4758')
A2
max A%F > D _lail* 4 S (4.75b)
df n
while at the bright fringe, they are given by
A(Q)
min A = Z|gln|2 bf" (4.76a)
(SU)
A bf,n
m:;LX AQPl,ﬁ = ;|gln|2 A(n2> : (4'76b)

It should be noted that the value for ¢ that minimizes the quadrature variance in Egs. (4.75a)
and (4.76a) is different for both equations and normally both values are apart by around 7.
Similarly, the values for ¥ corresponding to the values that maximize the variances in
Eqgs. (4.75b) and (4.76b) are generally different and apart by 7. The main difference
between the expressions for the dark fringe and bright fringe is that the reciprocal of the
eigenvalues appears in the sum. It should be noted that these results are heuristic in the

sense that they to not take into account the precise behavior of the higher order modes and

10These observations can be analyzed more formally by defining a function f(x) = asin®(x) + bcos?(x)
for a,b > 0. Then, df/dz = (a — b)sin(2x) and d% f/d?z = 2 (a — b) cos(2z) and the problem of finding
the minima and maxima of f in the two cases where a > b and a < b.
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rely on the fact that the approximations made throughout this derivation apply sufficiently
well to the lower-order modes.
4.3.1.3. Theoretical Application

Generally, the level of squeezing S; and the level of anti-squeezing AS; for the mode [ can

be defined via the logarithm of the ratio of the quadratures over the quadratures of the

vacuui:
o miny A2P
S, < 10log,, W B, (4.77a)
o max, A2P
AS, = 10log, W dB, (4.77Db)

where!? A2P(vac) — 1 denotes the variance of the vacuum quadrature operator (which does
not depend on the mode index), and S; and AS,; denote the levels of squeezing and anti-
squeezing for the Ith mode, respectively. As described in Sec. 4.1, the ¥ corresponding to
the minimum and maximum of AZPM and thus the maximally squeezed and anti-squeezed
quadratures lie apart by .

Figures 4.10(a) and 4.10(b) show the computed values for the levels of squeezing and anti-
squeezing in the first 15 modes for the SU(1,1) as described above using several methods.
The experimental gain of the second crystal is Gg(i) = 4. The light-blue and red-brown lines
show the levels of squeezing and anti-squeezing obtained via directly evaluating the analytic
expression for the quadrature variance in Eq. (4.32) and via using the exact procedure
outlined in Sec. 4.3.1.1. Unsurprisingly, both of these lines coincide. This is due to the
fact that the exact approach does not apply any approximations and only uses the exact
analytic expressions when ultimately expressing the output Schmidt operators of the first
crystal via the eigenvalues and overlap coefficients. Furthermore, for these two methods,
S, + AS, = 0, which can also be easily seen analytically from Eqs. (4.35), which express
the minimal and maximal variance of the quadrature via the squeezing parameter r; of

each mode. Clearly,

20r,
= _ B 4.
Sl 1n(10)d y ( 783.)
20r
AS, = L 4B 4.
8= oy B (4.78b)

which follows directly from plugging Eqgs. (4.35) into the definitions of the levels of
squeezing and anti-squeezing written in Eqs. (4.77). Equations (4.78) immediately show
that S; + AS; = 0. This is always the case for ideal squeezed states, as can be seen from
taking log, , of both sides of (minﬁ AQPW) (maxﬂ A2pw) = 1 and applying the definitions
of the levels of squeezing and anti-squeezing [Eqs. (4.77)].

UThe concrete value provided for A2 P9 follows directly from Eq. (4.29), which reduces to 1 if the Schmidt
operators are connected to the vacuum plane-wave operators.
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Figure 4.10: Computed values for the levels of (a) squeezing and (b) anti-squeezing using
the eigenvalues of the first crystal directly (light-blue line), using the exact method outlined in
Sec. 4.3.1.1 (red-brown line), and the high-gain approximation as outline in Sec. 4.3.1.2 at the
dark fringe (yellow line) and the bright fringe (dark-blue line). The lines connecting the data
points were added for orientation purposes only. Adapted from Ref. [4].

For the methods, where the levels of squeezing and anti-squeezing are obtained using the
high-gain approximation at either the dark or the bright fringe, it is less obvious whether S,
and AS,; have the same value but with the opposite sign. Evidently, for the lower-order
modes, the approximated methods underestimate the strength of the squeezing, leading
to larger values for S;, while also underestimating the anti-squeezing, leading to smaller
values for AS;.

Starting at [ = 9, the behavior of S; and AS; becomes non-monotonic. This is due to
the fact that AESU),AEQ) > 1 and the ordering requirement in Eq. (4.74) are no longer
sufficiently well satisfied, compare Fig. 4.9(b). Overall, the theoretical application shows
that the approximated methods are well-suited for extracting the levels of squeezing and
anti-squeezing for the lower-order modes from the eigenvalues of the interferometer and

the second crystal, as well as the modulus squared of the overlap coefficient g;,, .

4.3.2. Experimental Application

This section describes several aspects and results of the experiment conducted as described
in Barakat et al. [3] by collaborators. Supplementary material can be found in Chekhova

et al. [103].

Modelling of Losses. Unlike for the purely theoretical application in Sec. 4.3.1.3, the
comparison between the theory and the experiment must take into account the imperfections
of the experimental setup. Most importantly, losses need to be taken into account since
they lead to a degradation of squeezed states, reducing the strength of the squeezing and
thereby increasing the quadrature variance. For SU(1,1) interferometers, at least two kinds
of losses are relevant: Internal losses, the fields incur between the two PDC sections of the

interferometer and detection losses occurring between the second crystal and the detector
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and in the detector itself. It is well known that internal losses are more detrimental to the
performance of SU(1,1) interferometers than detection losses [6, 93, 112, 124].

In a theoretical model, both types of losses can be implemented using a “virtual” (or
“fictitious”) beamsplitter placed between the two crystals (internal losses) and after the
second crystal (detection losses) [4, 9, 17, 20, 124, 125]. This beamsplitter is only included
in the model and not the actual experimental setup. For the internal losses, the input-
output relations for the plane-wave operators shown in Eqs. (3.10) and (3.18) are modified
by including the ancillary vacuum modes, described by their plane-wave operators ¢, which
are introduced from the open port of the virtual beamsplitter between the two crystals.
The output of the second output port of the beamsplitter, which does not lead to the
second crystal, is ignored. Thus, for the second crystal, the input-output relations take the
form [4]:

ﬁme:ﬁ_LU@s 2 (q,,q;) 4™ (q)) + /%5<%M{?W@ﬂ

+0 [/dqs (g5, .) (Zm)((Jé)Jr/dqéﬁé (., 4) [¢ (QIH)(QQ)H,
(4.79a)

a2 )] =vi=s [ [ag @] [ @) + [da; (8900 a0)]” 6 @)

* Al in / T * Al ,in /
v [ fag [ @] [ @]+ [ags 67 a] 0],
(4.79b)
where ¢ denotes the loss factor and where 3, and 7, are the new transfer functions connecting

the newly introduced vacuum modes to the output modes, meaning that 622/;1]@ |0) = 0. The

new plane-wave operators ¢ commute as

e,(a), ()] = 6(g—q'), (4.80a)
[6:(q), &} (a")] = 6(a — @), (4.80b)
[, (), ¢l (g =0, (4.80¢)

following the commutation relations of the plane-wave operator a for this model, where the
plane-wave modes are assumed to be distinguishable in some degree of freedom, compare
Eqs. (3.8), and, since they describe states that are orthogonal to those of the original

modes G, they unconditionally commute with the d-operators, so that

[é(q),aT(q")] =0, (4.81a)
[¢(q),a(q")] =0, (4.81b)
[¢%(q),a%(¢")] = 0, (4.81c)

regardless of whether the operators belong to the signal or idler fields. Additionally, due
to the fact that the states for the é-operators are orthogonal to those of the d-operators,

the integro-differential equations describing the evolution of each set of operators through
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the crystals can be different. In fact, the é-operators start at the vacuum state and then
see the second crystal of the interferometer as their first PDC section, meaning that for
the integration of the integro-differential equations of the é-operators, the phase-matching
function of a single crystal [Eq. (3.30)] has to be used and not that of the second crystal of
a diffraction-compensated SU(1,1) interferometer [Eq. (3.37)]. Hence, overall, additionally
to the transfer functions of the two crystals, it is always necessary to obtain the transfer
functions for a PDC section that uses the phase-matching function of a single crystal and
has otherwise identical properties as the second crystal.

By applying the input-output relations for the plane-wave operators for the first crystal,
meaning d<1/ out) a(z/ i) ond a<2/ out) _ (S/? out) , the input-output relations for the second

crystal including the internal losses [Egs. (4.79)] can be written as

ST () = Vi—1 [ / dg, 759 (q,, ;) as"™ (q]) + / dg; 85V (q,, q) [a;" ‘“><q;>]T]
+Ve [/dq;ﬁé (¢ 45) (2m>(q;)+/dq£ﬂé (a5, [¢ 5“1)(%)]*],

[0 (q)] = V=2 { / dg; 159 (. 4] [l (g))]'
+ g, (990, q0])" a0 |

+\f[/dqz 7 @ a)] " [ @] + /dqs[ )(qmqs)]*éf’m)(q;)],
(4.82D)

where the transfer functions S8Y) and #8Y) result from those of the first and second crystal

via the connection relations as written in Eqgs. (3.19). In general, 3?)(q,q’) # 50 (¢,q")

and 7% (q,') # 71 (¢, ¢'), as well as B8V (q,q') # B, (¢,¢') and 759 (q,¢') # 75" (¢.).-
After plugging in the joint Schmidt decompositions for 3 and 7(?), as well as 5(()2) and 7782)
into Egs. (4.79) or BSY) and #5Y), as well as B(()Z) and 77(()2) into Eqs. (4.82), it becomes
clear that the resulting expressions can, in general, no longer be brought to the same form
as the Bogoliubov transformations for the Schmidt operators, see Egs. (3.23) and (3.24)
and the surrounding text. This is due to the fact that both the input and output Schmidt
modes of the two joint decomposition are, in general, different and, for non-degenerate
eigenvalues, unique up to their signs, so that it is not possible to choose a set of modes that
satisfies both the decomposition of 5 and 7) (for the second crystal or the interferometer)
and that of 5, and 7),. Similar observations were made in Christ et al. [126]. As argued in
Kopylov et al. [20], the joint Schmidt decomposition is no longer applicable to this system

including losses, since it is essentially an open system.

As already indicated with the commutator between the signal and idler operators in
Eq. (4.80c), the signal and idler photons are assumed to be distinguishable. In the

experiment, this is realized by recording the full two-dimensional intensity spectra at the
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

output of the second crystal and only selecting radiation from a line at a certain angular
offset from the center of the radially symmetric intensity distribution [3, 99, 103]. Due to
the conservation of the transverse momentum, each photon detected on this line is either
the signal or the idler photon of a signal-idler photon pair, but both photons of the pair

cannot be detected on this same line!'?

In order to remedy the fact that the joint Schmidt decomposition is not applicable
to systems including losses, a hybrid approach can be used instead, where the overlap
coefficients g;,, are obtained from the system without losses (¢ = 0 %), while the eigenvalues
are obtained including the losses, as described in more detail below. Using these quantities,
Eqgs. (4.75)—(4.77) can be used to obtain the levels of squeezing and anti-squeezing. The
eigenvalues are obtained analogously to the experimental procedure, which is, by performing
a Schmidt decomposition (singular value decomposition in the discrete experimental case)

13

of the covariance function'” cov(q,q’) as defined in Eq. (3.28). Using the input output

relations for the interferometer as in Egs. (4.82) to compute the intensity profile as in
Eq. (3.27) yields

(N,(q)) = (1—0) / aq’ 18(q, ) +1 / aq’ 16o(a, ) - (4.83)

In words, the intensity profile is just the sum of the two intensity profiles, weighted with

the loss factor. This is due to the fact that the @ and é-operators commute, see Eqs. (4.81).

Similarly, the covariance function as defined in Eq. (3.28) takes the form!*:

cov(q,q') = (1 — L)2cov5<sm(q,q )+ covﬁz»(q q)

+e(1—1) {5(q —q) [N3<su>(q) + Nﬁgzmq)] +2Re [Cﬁésm(q, 7)Cha(a q’)] }
(4.84)

where COVﬁ/ refers to the covariance function as written in Eq. (3.29) and evaluated for /;
Ny (q) = [dq' |8 (q,q")|? refers to the intensity profile, see Eq. (3.27), and where

Cs(q,q') = /dfjﬁ*(q, 7)B(d ;). (4.85)

At high gain, the covariance function (for any system considered in the context of this
work) can be decomposed as [3-5, 100, 103, 127]

Veov(q,q') Z)\ v, (), (4.86)

12The idea behind this can also be seen more directly in a more idealized scenario, for example using a
plane-wave pump. As seen in Sec. 3.5.2, the photons are perfectly anti-correlated, meaning that their
transverse wave-vector components are equal in modulus and have opposite signs. For a finite-width pump,
this condition is slightly relaxed, as can be seen from the plots of the covariance function shown in Fig. 3.5.

13The covariance function can be evaluated, even though the joint Schmidt decomposition can no longer be
applied. For this, Eq. (3.28) is evaluated directly using Eqgs. (4.82).

4To see this, use the commutation relations between the plane-wave operators as written in Eqs. (4.80)
and (4.81), as well as Eq. (A3a) of Ref. [1].
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4.3. Multimode Squeezing Measurements

which can be shown from Eq. (3.29) by plugging in the Schmidt decomposition for § and
using A, > 1. This is the procedure applied in the experiment. From the recorded one-
dimensional slices of the intensity profile mentioned above, the covariance is determined and
decomposed according to Eq. (4.86) to obtain the modal weights A,,,. These are connected

to the eigenvalues of the transfer function § via

A A

n ~

G . (4.87)

If applied in the context of the experiment, (Ntot> refers to the integral intensity on the
line at which the intensity is recorded. It should be noted that the approximate connection
between the eigenvalues in Eq. (4.87) only holds well for the lower order modes, since
the A\, and A, are monotonically decreasing, meaning that after some index, they are no
longer large enough for the approximation A,, > 1 to hold. This method for obtaining the
eigenvalues is applied both for the second crystal and the entire interferometer. Similarly,
the v,, in Eq. (4.86) can be seen as approximations to the modulus'® of the output modes u,,,
of the system for which the covariance function was obtained [5], which allows for a method
of extracting the modes from the covariance function [103]. It should be noted that this
approximation also requires that the cross-correlation term of the covariance is not present,
see Chekhova et al. [103]. This is achieved by measuring only the photon distributions
on the line at a certain offset, as mentioned above. However, this is ultimately only an
approximation and does not necessarily guarantee a full removal of the corresponding
contributions in the experimentally obtained covariance matrices, see for example Fig. S4
of Chekhova et al. [103].

Detection Losses for Direct Detection. The goal of the setup is determining the squeezing
in the quadratures of the output Schmidt modes of the first crystal. As mentioned above, in
the SU(1,1) interferometer setup, internal losses will affect the detected levels of squeezing
and anti-squeezing. More generally, if an alternative detection method for the squeezing is
used, which directly obtains the levels of squeezing and anti-squeezing from the output of the
first crystal, these internal losses can be understood as detection losses for this alternative
method instead. In the theoretical description, these losses are again implemented by
placing a virtual beamsplitter between the output of the first crystal and the detector.

Then, the signal output operators ngS’Out) (q,) after the beamsplitter take the form

~(BS, / ~ /\ A(1l,in) / N\ [A(1,in /Jr
> (g) = V1—1 {/dqsn(”(qs,qs)aé1 )(qs)+/dqzﬂ<”(qs,q¢) [0 (g))] }

+ V0 eBS (g ),
(4.88)

where ¢B51%)(¢.) is the annihilation operator of the vacuum mode introduced from the

second input of the beamsplitter. The commutations relations here are the same as the

5Evidently, Eq. (4.86) describes the continuous analog of a singular value decomposition. Since y/cov(q, q’)
is real-valued, the modes v,,, can therefore always be chosen to be real-valued.
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Chapter 4: Simultaneous Measurement of Multimode Squeezing

ones given above, see Eqs. (4.80) and (4.81). Applying the joint Schmidt decomposition
to the transfer functions of the first crystal (7*) and ")) to Eq. (4.88) and following the
steps which lead to the Bogoliubov transformations [Egs. (3.23)] yields

A =i {VE A VA [AR] ) 4 vie, (489

where it has been used that An = En for the degeneracy conditions used in this chapter

and where
¢, = / dq ut,(q) €5 (g). (4.90)

Evaluating the variance of the generalized quadrature operator for AS’ ") as written above
by plugging Eq. (4.89) into Eq. (4.29) yields

Azpw =1+ (1—) [2sinh®(r,) + sinh(2r,) cos(I)], (4.91)

where the parametrization of the eigenvalue in terms of 7, has been used, see Egs. (4.33).

Minimizing and maximizing this expression yields

ngn AZFAiﬂg =1+e 2 (1—u), (4.92a)

max AQPW =1+e¥ (1 —). (4.92Db)

Clearly, in the limit ¢ — 100 %, both the minimal and maximal quadrature are identical,
which can also be seen from Eq. (4.91), and the measured state is no longer squeezed.
Moreover, for the levels of squeezing and anti-squeezing associated with Eqgs. (4.92), the

inequality
—5; < AS, (4.93)

holds for ¢« > 0 (as long as r; > 0). Thus, for non-vanishing losses, AS; + S; > 0, which
reflects the well-known result that the level of squeezing is usually more strongly affected

by losses than the level of anti-squeezing, see for example Refs. [128-130)].

Imperfections of the Pump Beam. Apart from losses, a second important factor is a potential
non-Gaussianity of the pump beam. This can for example lead to an effectively larger area
of the crystal being illuminated than would be the case for a Gaussian function that bests
approximates the actual shape of the pump. It was found'® for the experiment in Barakat
et al. [3] that the spatial cross-section intensity distribution had, apart from a central peak,
several smaller side-peaks, as can be seen in Fig. 4.11. This also leads to a small asymmetry
of the pump, which was found to only minimally affect the intensity profiles. Additionally,
since the integro-differential equations which are used for the description of the experiment

only take into account a single transverse dimension, it should be taken into account that

6This was noticed after the experiment was completed and was not intended.
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4.3. Multimode Squeezing Measurements

Figure 4.11: Cross-section of the intensity

distribution of the pump beam used in the ig 1.0y "~ Model

theoretical calculations in wave-vector space -H S [ ) S Gaussian

(light-blue line). The pump beam is not a £ E 08¢

simple Gaussian with o = (70/\/5) um (red- 'éN: 06}

brown line, compare Sec. 4.2) and instead has a“ﬁ

three visible side-peaks and a very small asym- S 04

metry of the central peak (not visible). Along @ QIT

the line 6, = —0;, both pump functions are S 02

constant. Additionally, both lines shown here —:ﬂj‘ai ool — N/ Na_____
Sz

already takes into account that the intensity
is sampled at a line 6;,., = 6.5mrad away
from the collinear direction, see the text.

-8 -6 -4-20 2 4 6 38
External angle 8 [mrad]

the intensity distribution is sampled on a line with a certain angular offset from the center
(or, equivalently, from the z-axis), as described above. If the full two-dimensional pump
profile in wave-vector space is described by a function'” a, (qsvm, U545 Gia> qi,y), this can be,
as a first approximation, achieved by using'® a, (qsvx, U5y = Qine,ys Vi iy = —qlineyy> as
the pump envelope inside the integro-differential equations, where gy, , is the transverse
wave-vector component corresponding to the external angle 6y, , at which the line along
which the intensity is recorded lies with respect to the pump axis. It should be noted
that this line of reasoning requires that the signal and idler fields do not propagate too
far away from the pump axis. The difference in the sign of ¢, , and g; ,, is due to the fact
that the transverse wave-vector components of the signal and idler photons that reach
the line at which the intensity is measured are, to a good approximation, anti-correlated
(meaning they have the opposite sign). In the following, in accordance with Barakat
et al. [3]
Fig. 4.11. Due to this modification of the pump beam, the fitting constant A connecting

s Oline,y = 6.5mrad (external angle). Note that this offset is already included in
the theoretical gain parameter I' and the experimental gain G, is modified, so that, in
the following, A = 157.07, independently of the gain. In the experiment, the connection
between the gain and the pump power is made by a similar fitting procedure as for the
theory, see Sec. 3.4 and Chekhova et al. [103] for details.

Comparison of the Theoretical and Experimental Results. Figures 4.12(a) and 4.12(b)
compare the values for the levels of squeezing and anti-squeezing, respectively, which are
obtained using theoretical calculations and experimental data for the lowest 8 modes. The
theoretical results (light-blue line) are obtained by solving the integro-differential equations
for first crystal with Gg(i) = 1.05, applying the joint Schmidt decomposition to obtain the
gain parameters r; via Egs. (4.33) and then using Eqgs. (4.77) and (4.92) to obtain the levels
of squeezing and anti-squeezing for each mode. The gain value is in agreement with the

value of Gg(i) = 1.140.3 chosen in the experiment [3]. The loss factor is chosen as ¢ = 15 %.

"In the integro-differential equations as written in Eqs. (3.7), this function is given by the Gaussian term.
For the full three-dimensional system, it would appear as a factor in the function f in Egs. (A.17).

18When using this approximation, it must be ensured that the pump beam is sufficiently symmetric so that
setting g, , and g, , does not distort the pump beam too much.
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Figure 4.12: Values for the levels of (a) squeezing and (b) anti-squeezing obtained directly
by solving the integro-differential equations for the first crystal and computing the squeezing
assuming 15 % loss (theory) and by applying the processing method developed in Sec. 4.3.1.1
in the high-gain approximation [using Eqgs. (4.75a) and (4.76b)], where the overlap matrix
elements g,, are computed also by solving the integro-differential equations (experiment).
Evidently, the processing method provides a good prediction of the levels of squeezing and
anti-squeezing. The lines connecting the data points for the theoretical results is for orientation
purposes only. The experimental data were generated and provided by collaborators. Adapted
from Ref. [3].

For the experimental results (red-brown data points with error bars), the experimentally
obtained eigenvalues are combined with the overlap matrix elements g;,, obtained from
the theory using the processing method in the high-gain approximation as described
in Sec. 4.3.1.2. The gain of the second crystal is set as Gg()p = 4.0 in the theoretical
calculations, which agrees with the experimentally set value of Gg()p =4.0+0.4 [3]. The
optimal visibility is reached for §z = 0.1550L; with v = 94.35%. As discussed above, the
losses are not included in the computation of the overlap coefficient g;,,. Clearly, the levels
of squeezing and anti-squeezing predicted by the processing method are in good agreement
with the purely theoretical values including 15 % losses. As mentioned above, since the
squeezing is affected more strongly by losses, the absolute values for S; are lower than
those of AS;.

4.4. Conclusion

In this chapter, several aspects of the Schmidt modes that were introduced in Sec. 3.2
were investigated in more detail for both single PDC sections and SU(1,1) interferometers.
It was found that while the modulus of the input and output modes is identical for the
low-order modes, their phase profiles differ strongly as the parametric gain is increased.
Based on this observation, overlap coefficients g and § were introduced, which quantify
the mode mismatch inside unbalanced SU(1,1) interferometers. While b is approximately

diagonal for the unbalanced SU(1,1) interferometer as investigated in this chapter, where
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the second crystal operates at much higher gain than the first crystal, the overlap coefficient
matrix ¢, describing the mismatch of the output modes of the first crystal and the input
modes of the second crystal, contains strong off-diagonal components.

Furthermore, this chapter discusses a method for the measurement of multimode squeez-
ing as generated in the output modes of a single PDC section (squeezer). For this, a second
PDC section (amplifier) pumped at high gain is placed after the squeezer, so that both
sections form an SU(1,1) interferometer. Based on the observation that the overlap of the
output modes of the first crystal and the input modes of the second crystal is nontrivial,
an approximate processing method was developed which allows for the extraction of the
squeezing information from the eigenvalues of the second crystal, the eigenvalues of the
interferometer in dependence on the interferometric phase and the theoretically calculated
overlap matrix g. This method was then applied theoretically and was found to align
well with the precise results. Furthermore, the method was applied with experimental
data input and was found to be in good agreement with the theoretically predicted values
including losses [3]. The method is by itself quite general and the idea behind it can be
extended to other multimode PDC systems.

As noted in Chekhova et al. [103], one possible approach to reduce the mismatch between
the output modes of the squeezer and the input modes of the amplifier is by pump-shape
engineering. In the simplest case, this could for example mean increasing the pump width
for the second crystal. Generally, more complex pump shaping can be applied for more
complicated systems. Additionally, as of writing this, there seems to be no in-depth
experimental studies regarding the input and output Schmidt modes of PDC sections and
how they interact. The multimode squeezing measurement technique therefore provides an

incentive to perform further experimental studies in this direction.
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PDC with Laguerre-Gaussian

Pump Beams

As an alternative to the integro-differential equation approach utilized in Chapters 3 and 4,
Schmidt mode theory as for example investigated in Sharapova et al. [11] provides a more
analytical framework for the description of PDC and therefore allowing for a more in-depth
understanding of the PDC process. In Sharapova et al. [11], it was additionally shown
that the modes of the PDC process in this formalism are given by modes carrying orbital
angular momentum (OAM), which will be introduced more formally in Sec. 5.1 below. As
will be seen, a proper description of the PDC systems such as single PDC sections and
SU(1,1) interferometers requires a fully three-dimensional description of the system, which
is contrary to Chapters 3 and 4, where only one transverse dimension was included in the
model.

Section A.4 provides a supplementary overview over the integro-differential equations for
the fully three-dimensional system. This and the results of Sec. A.5 show that the Schmidt
mode theory formalism can be understood as a low-gain approximation for the integro-
differential equation approach. Without further approximations, the integro-differential
equation approach for the full three-dimensional system is numerically very challenging
in terms of memory and computation time'. Hence, the Schmidt mode theory approach
has an additional advantage: Since it does not require numerical integration, it leads to a
strong reduction in the numerical complexity.

Due to the fact that the modes of the PDC process carry OAM, it stands to reason that
a pump beam carrying OAM can be used to modify the modal structure of the process,
since OAM is usually conserved. This is investigated in Sec. 5.2 below, which provides a

thorough derivation and analysis of PDC with Laguerre-Gaussian beams used as the pump

!This was noted during work on Barakat et al. [3] using the integro-differential equations for the fully
three-dimensional system, which however was not used for the final publication. The title figure of this
work originates from the data generated from these computations.
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beam, which are a prominent example of light beams carrying OAM. Such beams can also
be used for the detection of rotations (angular displacement measurements). Naturally, the
formalism presented in Chapter 3 for the phase sensitivity of phase-shift measurements can
be adapted to these angular displacement measurements, as will be shown and investigated
in Sec. 5.4.

5.1. Orbital Angular Momentum and Laguerre-Gaussian Beams

It is well known that electromagnetic fields can carry angular momentum in two different
ways [50, 131]: Via its polarization, the field can carry spin angular momentum (SAM) and
via its spatial distribution it can carry orbital angular momentum (OAM). Mathematically,
the total angular momentum operator J for the total angular momentum about the

coordinate origin? r = 0 can be expressed in the form [46, 64, 133, 134]

A

J=L+S, (5.1)

where L is the OAM operator and S is the SAM operator. It should be noted that
generally, the identification of the OAM and SAM components from the total orbital
angular momentum is not straightforward, see Allen et al. [46] and Bliokh et al. [133]
and references therein. Furthermore, OAM and SAM are also generally coupled, which
is called the spin-orbit interaction (SOI) of light [133, 135, 136]. However, for parazial
optics, where the light fields propagate close to a specified axis (in the context of this
work, the axis defined by the pump or the z-axis), the identification of OAM and SAM is
possible [133] and leads to eigenstates for the L operator which have well-defined orbital
angular momenta, as will be seen below in more detail. Nevertheless, even in paraxial
optics, OAM and SAM may still be coupled and converted into each other inside anisotropic
media, see for example Ciattoni et al. [137]. In the following, as was the case in Ref. [2],
all interactions between OAM and SAM are neglected for simplicity, which allows for an
independent treatment of both components.

More explicit expressions for § and L can be obtained by starting with the classical
expression for the total angular momentum of the electromagnetic field and plugging in
the quantized versions of the electric and magnetic field. Following Mandel and Wolf [64],

the SAM operator can be, in the continuous limit, written in the following form:

S = /d3k hm ks — M), (5.2)

where 7, , and 7y, _ refer to the photon number operators for right-hand and left-hand
polarized photons, respectively. Thus, a right-hand polarized photon in the plane-wave
basis carries a spin angular momentum of +# about its wave-vector k, while a left-hand

polarized photon carries an SAM of —# [64]. However, as for example noted by Enk and

2Generally, as in the classical case with angular momentum, the OAM contribution L depends on the choice
of the origin, see for example Mandel and Wolf [64] and Allen et al. [132].
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Nienhuis [138] and Calvo et al. [139], the components of § commute:
S, gj] =0, (5.3)

meaning that S does not form an angular momentum algebra with the common quantum
mechanical angular momentum commutation relations. Moreover, as discussed in Sec. 2.3.1,
for type-I and type-II PDC, the linear polarization directions are fixed by the phase-
matching conditions of the PDC process and therefore, SAM will not play a role in the
rest of this chapter.

Similar to Eq. (5.2), it is possible to obtain an expression for L in terms of the plane-wave
operators, see Mandel and Wolf [64]. This operator and its components also do not fulfill
the typical angular momentum operator commutation relations [133, 138]. While the SAM
depends on the polarization direction of the light field, the OAM depends on the actual
spatial distribution of the field. As such, it is advisable to consider explicit expressions for
the field modes in the paraxial approximation, where both the SAM and OAM are well-
defined [140]. This leads to an expression for the orbital angular momentum operator acting
on these modes. In cylindrical coordinates® (1, ¢, z), where v, = ||, and r, = [z y]"
denotes the transverse components of the coordinate vector, the z-component of this orbital
angular momentum operator then takes the form [132, 140-142]:

L,= —ihacl. (5.4)
In the following, it will be assumed that only the z-component of the OAM is non-vanishing.
The eigenfunctions then have an azimuthal phase dependence of the form e ¥ and

L e % = —he v, (5.5)

z

meaning their associated eigenvalues are —lh. The sign in the exponent is chosen by
convention, as will be explained in more detail below. Plots of the phase profiles of these
functions are shown in Fig. 5.1.

Within the paraxial equation, where the fields only propagates close to and only with
small angles towards the propagation axis, the relevant wave equation is the parazial wave
equation [64, 143]

9
(vi + 211@) W(ry,0,2) =0, (5.6)

where ¢ denotes the scalar electric field, k = |k| is the modulus of the wave vector and
where V3 = V2 — (9?/02?) denotes the transverse part of the Laplace operator V2. As
pointed out in Marcuse [144], Eq. (5.6) has a similar structure as the time-independent
Schrodinger equation, which allows an analogy between paraxial optics and quantum

mechanics [132], where the operator L, in Eq. (5.4) originates from.

3In this chapter, the symbol ¢ will be used for the direct-space azimuthal angle, while ¢ will be used for the
azimuthal angle in wave-vector space.
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Figure 5.1: Plots of the phase profiles of the eigenfunctions e '!® of er [compare Eq. (5.5)]
where ® may represent the direct space or k-space azimuthal angle. See also the discussion
around Eq. (5.31), where the ZZ operator in wave-vector space is discussed. Evidently, the
phase profiles have [-fold discrete rotational symmetry. For [ = 0, the phase profile is flat,
meaning it is constant over the entire transverse plane. Changing the sign of ([, changes the
helicity of the phase profile.

One example for light beams carrying OAM are Laguerre-Gaussian beams [46, 145,
146], which are the solutions of the paraxial wave equation (5.6) in free space [143]. The
Laguerre-Gaussian field modes can be written as®® [46, 140, 143, 146, 147]:

‘” 2 2
2m! Lo (rv2) (2t o I ¥ emile (5.7)
m(m+ 1) w(z) \ w(z) w?(2)

wlm (TJJ 1) Z) -

where | € Z is the orbital angular momentum index, as will be seen below, m € N is
the radial indez, L)' are the associated Laguerre polynomials, w(z) = wy [1 + (z/zR)2] 12
is the 1/e?-radius of the Gaussian term of the beam, with w, being the 1/e?-radius
at the beam waist (z = 0), and V(r,,z) = Yg(r,,z) + VYs(r,,z) is the sum of the

phase terms Wq(r ,z) = —kr?z/[2 (2% + 2%)], which represents a spherical phase front,

4In Eq. (5.7), the expression for the Laguerre-Gaussian mode function is normalized so that the normalization
condition [fdr, der |, (r,,¢,2)[? = 1 is satisfied for all z. Several other conventions exist in the
literature for the normalization choice and the choice of the signs in the exponent (replacing for example
Yy, With 43, ), compare Refs. [46, 143, 145, 146].

5The function 1;,, (7, , @, z) written in Eq. (5.7) is the slowly varying envelope of the electric field. The full
time-independent part of the electric field is given by 1,,,, (7, , ¢, 2) €77 [46]. See also Sec. B.1 for more
details regarding the slowly varying envelope and the paraxial approximation.
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and Ue(r,,z) = (2m + |l| + 1) arctan(z/zp), which is the Gouy phase. The variable zp
refers to the Rayleigh length of the Laguerre-Gaussian beam, which is the distance from
the waste along the z-axis at which the cross-section area of the beam is doubled [143].
Clearly, the field distribution described by 1, (7, ¢, z) carries an OAM index of (A about

the z-axis, since these functions are eigenstates of f)z with eigenvalues —lh:

f’zd}lm (TLa ©s Z) = *lh’(blm (TL’ ©s Z)' (58)

In the following, a mode function associated with the ﬁz—eigenvalue —lh is said to carry an
OAM of% [. With this definition, if the beam is said to have a positive OAM, the phase
angle decreases in the counterclockwise direction in the transverse plane, apart from the
2m-periodicity.

In its general form, the Laguerre-Gaussian beam has a complicated dependence on the
z-coordinate via the width function w(z). Usually, if the system of interest is sufficiently
small along the propagation direction of the Laguerre-Gaussian beam (here the z-axis) it

is possible to approximate the above expression as

[
2m! 1 2 2r2\ _r1 .
Tzz)lm<’rla(paz) = L (TL\/»> Llrill (TL) e “’t eilhp, (59)

m(m+ ) wy \ w, wy

which can be understood as the result of taking the limit” 25 — oo in Eq. (5.7).

5.2. Schmidt-Mode Theory with Laguerre-Gaussian Pump Beams

5.2.1. The Two-Photon Amplitude for Laguerre-Gaussian Pump Beams

The theoretical formalism (Schmidt-mode theory) presented in Ref. [2] is based mainly
on Sharapova et al. [11] and extends this work by allowing the pump to have nonzero
orbital angular momentum. More precisely, the pump is given by a Laguerre-Gaussian
beam which is assumed to not broaden significantly over the relevant interaction regions of
interest [a single crystal or the two crystals of an SU(1,1) interferometer]. This is usually
satisfied if the crystals are not too long. Within the undepleted pump approximation as

described in Sec. 2.3.2, the pump envelope is therefore of the form [2]:

‘lp| 2 2
. r L] (27 (s ) i
(1) = s ) (2 ) () e, (5.10)
wy” Wo
which follows directly from Egs. (2.42) and (5.9).
Compared to the integro-differential equation approach for the description of PDC, which
introduced in Sec. 3.2, used throughout Chapters 3 and 4, and ultimately requires that the

6This definition also keeps consistency with Ref. [2]. Overall, changing the sign of I only changes the helicity
of the phase, compare Fig. 5.1.

"Equivalently, this result can be obtained by directly replacing the width function w(z) and the phase ¥(r , 2)
with their values at z = 0.
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transfer functions are computed numerically, the Schmidt mode theory approach developed
by Sharapova et al. [11] attempts to find an analytic expression describing the connection
between the input and output operators of the system. To this end, certain approximations
are required, the most important of which is the assumption of monochromatic signal and
idler fields (the pump field is always assumed to be monochromatic throughout this work).
This is achieved by fixing a single frequency for the integral over w,, in the expressions for
the electric field operators as written in Eq. (2.41) (see also Karan et al. [72]). The pump
field is assumed to be undepleted and described by Egs. (2.42) and (5.10), as mentioned
above. Since all three fields are monochromatic, an energy conserving process is only
achieved for perfect frequency matching, meaning

w, —ws —w; = 0. (5.11)

Overall, this assumption neglects the energy mismatch between the three field in the PDC

Hamiltonian [5] and, as a result, removes its explicit time dependence.

After plugging the abovementioned expressions for the three fields into the PDC Hamil-
tonian [Eq. (2.37)], the spatial integral can be split into a transverse part over the zy-plane
and a longitudinal part over the z-axis, so that the Hamiltonian can be brought to the
form [2]

Hppe = ihT //dzqs d%q; F(q,, q;) al(q,) a(g;) + h.c., (5.12a)

where

F(qs,q;) = Cg,,(as,q;) 9.(a5, ;) (5.12b)

is the two-photon amplitude (TPA) which describes the PDC process and 9y and g, are
the two functions containing the transverse and longitudinal spatial integrals, respectively.

It should be noted that unlike in Chapters 3 and 4, here, the full two-dimensional
transverse plane is taken into account instead of only a single transverse dimension,
meaning that the transverse wave-vector components g, and g; are two-dimensional vectors.

Thus, the commutation relations for the signal and idler plane-wave operators read

(a5 —as), (5.13a)
(g})] = 0(q; — q;). (5.13b)

Generally, the commutation relation between the signal and idler plane-wave operators is,
in the context of this theoretical formalism, given by [a,(q,), &I (q;)] = (D,;, —1)d(q, — q;),
with D,; as defined in Eq. (2.35). In this chapter and Ref. [2], the PDC process is assumed
to be degenerate, meaning the signal and idler photons are indistinguishable. Thus,
D,,—1=1and

la.(q.), al (a,)] = 6(a, — ;). (5.13c)
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5.2. Schmidt-Mode Theory with Laguerre-Gaussian Pump Beams

The variable

4 1

introduced in Egs. (5.12) is the theoretical gain parameter. Depending on the literature, its
precise form may differ, which is the consequence of the different choices for the prefactor of
the PDC Hamiltonian, as mentioned in Sec. 2.3.2. Its precise form is however not relevant
for the rest of this work, since the value for I' [or more precisely, for the re-scaled theoretical
gain parameter G as defined in Eq. (5.34) below] will be connected to the experimental
gain G, via the fitting procedure already described in Sec. 3.4 for the integro-differential
equation approach. Furthermore, the introduced normalization constant C' ensures the

normalization of the TPA to unity, meaning [2]

// g, d2; |F(q,, ¢))2 = 1. (5.15)

Generally,

Nl

C= (//qus d?g; !gwy(qs,qi)gz(qs,qi)P)_ (5.16)

will depend on the parameters of the system, such as the crystal length (appearing in g.)
and the pump parameters, such as the radial index, the OAM value and the pump width
(appearing in g,, ).

The spatial integral appearing in g,, is essentially the Fourier transform of the spatial
pump envelope, which is easily solved in polar coordinates g; = (qj, d)j), for j = s,1, and
analogous for the real-space coordinate vector r, . Details on how this Fourier integral is
evaluated can be found in Ref. [2]. Ultimately, with the evaluated integral, the TPA can

be written as [2]

F(qu qi> ¢sa ¢z) = R(Qsa qi» ¢s - ¢z> eiilp(ﬁi? (517)
where
m, . w |ZF‘+1 l w 2 _(woé 2
R(g,, a5 ¢, — ¢;) = 27C (—1)'»* " il (70> L”fpl<( 025) )e - (5.18)

L1

X [qse_ngn(lP>(¢s_¢i) + qz] P gz<qs7 ;s ¢s _ ¢1)

and & = |q,| = /a2 + ¢ +2q,; cos(¢, — ¢;) [148].

Evidently, compared to Sharapova et al. [11], which this description of the Schmidt mode
theory is based on, the TPA F' can now no longer be written in terms of the signal-idler
angle difference due to the nonzero OAM of the pump beam, which can be seen from the
additional e7'»? in Eq. (5.17). This means that in the numerical implementation of this
formalism, the TPA F would be represented by four-dimensional arrays, where the four
axes represent the z- and y-coordinates of the signal and idler wave-vectors, leading to high

memory and computational demands. As such, in this modified approach with nonzero
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

OAM for the pump beam, the phase factor e »?: has been separated out so that the
remaining function R as defined in Eq. (5.18) can be written in terms of the angle difference
and the formalism developed in Sharapova et al. [11] will be applied to R instead of the
full TPA. For [, = 0, the separation of the TPA into the function R and an additional
phase factor e '»? as written in Eq. (5.17) is not necessary and the description coincides
again with the one given in Sharapova et al. [11].

Since R as defined in Eq. (5.18) is written in terms of the signal-idler angle differ-
ence, the normalization condition of the TPA F in Eq. (5.15) takes the following form:
Jffda, dg; d(s — ¢5) 4,4;1 R(as: 4 b5 — 6;)|* = 1/(27) [2]. Clearly, R has a similar form
to the Laguerre-Gaussian pump envelope as shown in Eq. (5.10), consisting of a Laguerre
polynomial and a Gaussian term. This is due to the fact that Laguerre-Gaussian functions
are fixed points/eigenfunctions of the Fourier transform, meaning that the Fourier trans-
form of a Laguerre-Gaussian function is again of the form of a Laguerre-Gaussian function,
possibly with additional scaling factors [2, 149].

The spatial integral over the z-axis, which in Eq. (5.18) is hidden inside g,, depends on
the concrete setup under consideration, such as a single crystal or an SU(1,1) interferometer
consisting of two crystals with an air gap in-between. The concrete expressions will be
provided in Secs. 5.3.1 and 5.3.2 below.

5.2.2. Separation of the Signal and ldler Variables

Following Sharapova et al. [11] and Miatto et al. [42], in order to separate the signal and
idler variables, that is, perform the Schmidt decomposition of the TPA, the first step is in
separating the radial variables ¢, and g; from the angle difference ¢, — ¢; using a Fourier

decomposition of the function R defined in Eq. (5.18) over the angle difference [2, 11, 42]:

o0

D Xl q;) e P00, (5.19)

n—=—oo

1
R(q,,q;, 0, — ¢;) = M

The Fourier coefficient integral determining the Fourier coefficients x,,(q,,q;) takes the
form [2]:

21
o (00r 45) = / (6, — &) R(qy 05, 6, — &) cm18:00). (5.20)
0

Plugging Eq. (5.19) back into Eq. (5.17) yields a modified form of the Fourier decomposition
for the TPA, which accounts for the non-vanishing OAM of the pump [2]:

1 . .
F<q57 a;, (bsv (bz) = % Z Xn(qS7 Qi> e_m%eil(lpin)(m . (5.21)

In order to fulfill the normalization condition for the TPA [see Eq. (5.15)], the Fourier
coefficients must fulfill 3°  [[dg, dg; ¢,4;1x,, (45, 4;)|* = 1, which is analogous to Parseval’s
theorem, which connects the integral over the modulus squared of a function [the norm of

the function and the right-hand side in Eq. (5.15)] to the sum over the modulus squared
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5.2. Schmidt-Mode Theory with Laguerre-Gaussian Pump Beams

over its Fourier coefficients [111].
Next, the Schmidt decomposition is applied to the Fourier coefficients, leading to the
separation of the radial signal and idler variables ¢, and ¢;. This decomposition takes the

same form as in Sharapova et al. [5] because the radial variables are unrelated to the OAM:

o

(4o, 2:) Z:O no ”z/@s)””%(qi), (5.22)

where \,,,, are the Schmidt eigenvalues and u,,,,(q,) and v,,,,(g;) are the (radial) Schmidt

mode functions. Numerically, this decomposition corresponds to a simple singular-valued
decomposition (SVD), unlike the joint Schmidt decomposition of the transfer functions as
written in Eqgs. (3.20). To obtain the singular values y/),,,, and the modes u,,, and v,,,,
the SVD of the matrix containing the numerical representation of |/q,q; x,, (¢, g;) can be
taken. More details regarding the computation can be found in Appendix B of Ref. [2].
Due to this connection, the square roots of the Schmidt eigenvalues \/)\7 will be referred

mn

to as the singular values in the following, analogous to the naming of the /A, of the joint
Schmidt decomposition, see Secs. 3.2 and 4.1. Usually, by convention, the singular values
are sorted in descending order over m. The mode functions of the Schmidt decomposition

are orthonormalized [2, 11]:

/dqs umn (QS> Uzn (qs) = 5mk7 (523&)

/ Ag, 0y () Vi (0) = O (5.23b)

By applying the Schmidt decomposition for the radial variables as written in Eq. (5.22)
to the full TPA as written in Eq. (5.21), the TPA can be written as [2]

U (qs) Umn(Qz‘) —ing _'(l — )¢.
qS7qZ7¢s7¢ )\mn e € i s€ ' P " 1’ 524
F( )= 5 Z NN (5.24)
which implies that the normalization condition for the TPA [Eq. (5.15)] takes the
form 3> A, = 1. Clearly, for fixed m and n, each summand of the sum in Eq. (5.24)
can be written as a product of one term containing only the signal variables and one
containing only the idler variables. Thus, this form of the TPA allows for the introduction

of the Schmidt operators

A 1 (- ) o

Al = —— [ d2q, ~mndsle=ind. 4l (g, 5.25a
N 1 . .

Bion = —— [ a2g, o) i1, -ma1 41 (), (5.25b)

mn ,—27{_ 7 \/E

where d2qj = q;dgq;d¢; for j = s,i, so that the PDC Hamiltonian from Egs. (5.12) is

diagonalized and takes the form

Hppo =160 \/ A, (Ahn Bl — A,,,B,.,). (5.26)

m,n
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Equations (5.25) suggest that the Schmidt mode operators Al and B}, create broadband

photons in the modes described by the functions

U (@) = \/;—W%:}@e‘i”d’, (5.27a)
Vv (q) 1 v, <Q)ei(lpfn)¢>7 (5.27h)

NN

respectively. These mode functions fulfill the orthonormality relations:

/ q Uy, (@) Uiy (@) = 6,10, (5.284)
/ A*q V(@) Vit (@) = 6,100 5 (5.28b)
/d2qumn(q> VZ[(Q) = 5mk5n,lpfl . (528C>

The Schmidt operators follow the commutation relations [2]

(5.29a)
(5.29b)

nl»

(A AL ] = 8,0

nl»

which follow directly from the commutation relations of the plane-wave operators and
the orthonormality of the mode functions, see Egs. (5.13) and Egs. (5.28a) and (5.28b),
respectively. These commutation relations coincide with the ones from Sharapova et
al. [11], as evident from the fact they do not depend on l,. Furthermore, generally, the
commutation relation between the signal and idler Schmidt mode operators is given by
(A Bl = 6,6, 1,1 (Dgi — 1), with D; as defined in Eq. (2.35). As already stated in
Sec. 5.2.1, the signal and idler photons are assumed to be indistinguishable in this chapter
and Ref. [2] (degenerate PDC), so that, by Eq. (5.28¢), [2]

mn?

[A Blil] = 5mk5n,lp—la (5.29c¢)

mn?

which for [, = 0, reduces to the equivalent commutation relation in Sharapova et al. [11].

The degeneracy of the PDC process also leads to special symmetries for the Schmidt

mode functions and singular values, which read

umn(Q) = Um,lp—n (Q), (530&)
U (@) = Uy (9), (5.30D)
)‘mn = >‘m,l —n (5300)

These symmetries are investigated and explicitly shown in more detail in Ref. [2].
In the wave-vector domain, the operator associated with the z-component of the OAM

[compare Eq. (5.4)] takes the same form as in direct space [133]:

L. =i, (5.31)
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as for example shown in Simmons and Guttmann [150]. Clearly, the mode functions U,,,,,

and V,,,, are eigenstates of this operator:

>

U,...(q) =—nhl,,, (q), (5.32a)
LYVn(@)=—(l,—n) WV, (q), (5.32b)

which implies that a photon in the mode U, . carries an OAM of n about the z-axis,

mn
while a photon in the mode V,,,, carries the complementary value [, —n. Therefore, the
signal Schmidt operator Al creates a spatially broadband photon containing an OAM
of n, while the corresponding signal Schmidt operator Bl creates a photon with the
complementary OAM [, —n. Combined, the products of these two operators as they appear
in the Hamiltonian in Eq. (5.26) create or annihilate photon pairs whose combined OAM

corresponds to that of one pump photon: [, =n + (lp — n)

5.2.3. Input-Output Relations for Schmidt Mode Theory

Using the commutation relations between the Schmidt mode operators, see Egs. (5.29),
the Heisenberg equation can be used to obtain the equations of motion for the Schmidt
operators using the Hamiltonian from Eq. (5.26). Integrating these equations of motion
(see Ref. [2] for details) from the beginning of the interaction to the end of the interaction
yields input-output relations for the Schmidt mode operators, which take the form of

Bogoliubov transformations, analogous to Egs. (3.23) [2, 11]:

A0 = A0 cosh (G/An ) + (BE) sinh (G, ), (5.33a)
B = B cosh(Gy/Ay ) + (A) sinh (GV/An )- (5.33b)

Similar to the notation introduced in Sec. 3.2, the superscript ©) denotes the Schmidt
operators at the end of the interaction and therefore the output of the PDC section,
while ™ denotes the Schmidt operators at the beginning of the interaction and thus the
input of the PDC section. Furthermore, [2, 11]

G = 2/th (5.34)

is the new re-scaled theoretical gain parameter, with the integral being over the interaction
time and the additional factor 2 resulting from the fact that the signal and idler photons
are indistinguishable (see Ref. [2]).

Similarly, it is possible to arrive at equations of motion for the plane-wave operators by
using the commutation relations between the plane-wave operators and the Schmidt mode

operators [2]

la(q), Aln] = Uy, (q), (5.35a)
[a(q), Bhn] = Vi (@), (5.35)
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with U

mn

and V

mn

as defined in Egs. (5.27a) and (5.27b), respectively, and where the
subscripts , and ; have been dropped because the plane-wave operators coincide [a,(q) =
a;(q)] due to the fact that the considered PDC process is degenerate. However, the Schmidt
mode operators do not coincide, as seen from their definitions in Egs. (5.25). It should be
noted that the labels of “signal” and “idler” are now only meaningful in the sense that
the corresponding photons carry complementary OAM values which add up to the pump
OAM value [, [2]. Thus, also in the following, the subscripts ; and ; will be dropped from
the operators and the wave-vector variables.

Setting up the equations of motion for the plane-wave operator using the commutation

relations as written in Egs. (5.35) and integrating them yields [2]
A (ou _ A(in 1 umn(Q) —in A(in)
aem(q) = al™(q) + Nor Z e~iné {Amn [cosh(G\/)\mn) — 1]
+ ( nlfjl) smh(Gw mn)}

(5.36)

where the same notation using ™ and ©") superscripts as introduced in Sec. 3.2 has
been used (see above). These input-output relation for the plane-wave operators can be
brought to the same form as the solution of the integro-differential equations as written in

Egs. (3.10), which here, in the two-dimensional case for degenerate PDC reads

d(out)(q) _ /dzq/ i(a,q) d(in)(q )+ /d2q/ B(q,q) [ (ln)(q/>]T_ (5.37)

Comparing this with Eq. (5.36) reveals that the transfer functions 7 and  take have the

form [2]
Z VA U (@) Uy (@), (5.384)
Z VA Uy mn (@), (5.38b)
where

Ay, = sinh® (GV/N,,,,, ), (5.39a)
A, = cosh®(Gy/X,,, ) (5.39D)

are the high-gain eigenvalues of § and the corresponding eigenvalues of 7, respectively.
Compare also Eqs. (4.33), which shows a similar parametrization of the high-gain eigenvalues

in the context of the integro-differential equation approach. Obviously,

A, +1=A (5.40)

mn?

compare Eq. (3.21). Equations (5.38) are similar to the form of the joint Schmidt decom-
position of the transfer functions obtained from the integro-differential equation approach
for the full three-dimensional system as written in Eqgs. (A.77). However, note that in

the integro-differential equation approach, the two sets of modes do not correspond to

102



5.3. Schmidt-Mode Structure

the signal and idler modes and are instead associated with the input and output Schmidt
operators. Moreover, the input and output modes are, in general, not identical and only
coincide approximately in the low-gain regime. This can be seen from the fact that the
Schmidt mode theory formalism can be regarded as a low gain approximation for the
integro-differential equation approach, see Secs. A.4.2 and A.5.

Using Eq. (5.36) to obtain the intensity distribution by evaluating the expectation value
of the photon number operator N(q) = [a®"Y(q)] f aem)(q) yields® [2]

(@) = 5 > el (5.41)

which expresses the intensity distribution in terms of the sum of the intensity distribu-
tions® A,,,,,|U,,,.(q)]* of each mode (m,n). Note that the right-hand side of Eq. (5.41)
has no dependence on ¢, meaning that the intensity profiles are radially symmetric. The
relative contribution of each mode is given, analogous to the one-dimensional case as
written in Eq. (3.50), by [2, 11]

\
=

= —mn_ (5.42)

<Ntot> = Z Amn? (543)

compare also Eq. (3.47). The normalization implies }° A,,, = 1. Contrary to the

m

normalized low-gain eigenvalues A the ]\mn take the parametric gain into account. In

mn?

addition to the actual modal weight distribution A the Schmidt number K provides a

mn?

measure for the effective number of modes, compare Eq. (3.49). For the two-dimensional

case discussed in this chapter, the Schmidt number is given by

K= [Z (/_\mn)zl 71. (5.44)

m,n

In the following, the modal weight distributions and the Schmidt number will be analyzed

for several systems.

5.3. Schmidt-Mode Structure

In this section, the modal structure of a single PDC section and an SU(1,1) interferometer

consisting of two PDC sections with an air-gap in-between will be analyzed for various

8Equation (5.41) also follows from applying Eq. (3.27) to Eq. (5.38a), since the former is derived from
the form of the solution of the integro-differential equations [Egs. (3.10)], which have the same form as
Eq. (5.36), see Eq. (5.37).

9The integral intensity (photon number) in the mode (m, n) is given by <(A(,?L“£)>T ARy = A

mn*
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values of the radial (m,) and OAM (I,) index of the pump. The pump width is, in
accordance with Ref. [2], chosen as w, = 50 pm at a wavelength of 354.7 nm. Each crystal
in the setup has a length of L; = 2mm. As will be seen in Sec. 5.4 below in more detail,
it is sufficient to restrict this analysis to the cases [, € N, see the text surrounding
Egs. (5.65). Under the exchange l, — —l,, the eigenvalue distributions and the Schmidt

modes only change by certain symmetry operations and do not change quantitatively.

5.3.1. Single Crystal

For a single crystal of length L;, the function g, containing the longitudinal part of the
spatial integral of the PDC Hamiltonian [see also the text leading up to Eq. (5.12b)] takes

the form
L,
g2<qs, ql) = / dz elAk(q57Qi)z, (545)
0

with the longitudinal (collinear) phase mismatch Ak(g,, q;) as defined in Eq. (3.31a) and

taking the following form for the two-dimensional case:

Ak(q. q;) = /K2 — la, + q;1> — VE2 — |q.]> — k2 — |q,|*. (5.46)

It should be noted that Eq. (5.45) corresponds to the integral over the phase-matching

function h as defined for the integro-differential equation approach, compare Eq. (3.30).

Equation (5.46) provides an expression for the phase mismatch which is rather cumber-
some for an analytical treatment and cannot be written in terms of the difference of the
signal and idler wave-vector angle ¢, — ¢,. However, within the paraxial approximation!?

the square root terms in Eq. (5.46) may be approximated as [2, 72]

2 2o (12197, 5.47
j_‘qj| ~ - ij J? ( )

since |qj| & kj, for j = p, 5,1, if the fields are restricted to paraxial propagation. Note

that g, = g, + g; [2]. With the Fresnel approximation, and the fact that for degenerate
PDC'" k, = k; = k,/2, the phase mismatch as written in Eq. (5.47) becomes

lq, —q;?
2%k

p

Ak(q,, q;) ~ (5.48)

where the modulus squared of the signal-idler wave-vector difference may be expressed
in terms of the signal-idler angle difference as |q, — q;|*> = ¢ + ¢? — 2q,q; cos(p, — ¢;) [2].
Thus, after evaluating the integral in Eq. (5.45), the function g, may ultimately be written

ONote that the validity of the Laguerre-Gaussian pump beams is also restricted to this approximation, since
they are the solutions to the paraxial wave equation.

"See also the discussion regarding the angle phase-matching procedure in Sec. 2.3.1, which also implies n, =
ng=mn,.
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Table 5.1: Fitting parameter A for selected experimental gain values G, for several combi-
nations of the pump radial (m,) and OAM ((,) indices. Unlike in Table | of Ref. [2], for the

values presented here, the prefactor 21t(w0/2)|["|+1 of the function R as written in Eq. (5.18)
was taken into account.

Fitting parameter A’

l m
’ ’ Gexp = 0.01 Gop = 4
0 2230 2710
0 691 1470
0 18 404 912
7 6360 6930
7 7 1.90 x 10° 2.47 x 10°
7 18 1.49 x 106 2.01 x 10°
18 0 1.24 x 108 1.34 x 108
18 7 4.63 x 1010 5.37 x 1010
18 18 4.43 x 1012 5.39 x 1012
in the form
—a. 2 : \qs—qﬁ
9.(4qs,9;, 95 — ¢;) = Lysinc| L 19 —ail” et 5.49
z\4s7 44 s 7 1 1
4k,

with the sinc-function as defined in Eq. (2.28).
Equations (5.17), (5.18) and (5.49) fully define the TPA for the single crystal. As

mentioned in Sec. 5.2.1, the numerical computations focus on the function R defined in
Eq. (5.18), since, unlike the TPA, it can be written in terms of three variables instead of
four. The numerical computation follows the steps outlined in Secs. 5.2.2 and 5.2.3. This
way, the Schmidt eigenvalue distributions, Schmidt modes and intensity spectra for PDC

using Laguerre-Gaussian pump beams can be obtained.

Similar to the integro-differential equation approach for the description of PDC, the first
step when obtaining these numerical results is connecting the theoretical gain parameter G

[see Eq. (5.34)] to the experimental gain G, defined via a fitting procedure of the intensity

ex
curve of a single crystal over GG. Here, procgdure is the same as for the integro-differential
equation approach described in Sec. 3.4. Furthermore, the connection between the fitting
constant and the experimental gain is slightly adapted to improve the numerical stability,
accounting for the fact that the behavior of the collinear output intensity strongly depends
on the pump radial (m,,) and OAM (I,) number, meaning it varies over several orders of
magnitude for different pump parameters. In Ref. [2], the prefactor 27 (w,/ 2)”7"Hl of R as
written in Eq. (5.18) was additionally neglected, since for large ,,, this prefactor becomes
very large. This must be taken into account when computing the value for G using the
fitting constant. Here however, this prefactor is taken into account and the exact form
of R must not be modified since the fitting constant depends on its prefactors. The same

applies to g, The values for the re-scaled fitting constant A’, in the following just called
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the fitting constant, are listed in Table 5.1. The connection between this constant and the
experimental gain is [2]:

G, = gA/G. (5.50)

exp

Note that C' in Eq. (5.50) refers to the normalization constant of the system under
consideration and not necessarily the normalization of a single crystal for which the fit
was performed. To reduce the numerical complexity, the following analysis will focus on

two experimental gain values, G, = 0.01 for the low-gain regime and G, = 4 for the

ex
high-gain regime. Again, as descrilfed in Sec. 3.4, the fit constant differs when comparing
the low and high-gain regime, which is why Table 5.1 lists two different values for A’
for each combination (lp, mp). Furthermore, for the following results, it should be noted
that a precise agreement with Ref. [2] is not expected due to rounding errors, which may
appear due to the fact that more decimals of the fit constants are used to relate the gain
parameter G and the experimental gain.

Figure 5.2 shows the modal eigenvalue distributions for a single crystal and the above-
mentioned parameters for various radial (m,) and OAM (l,) indices of the pump for low

parametric gain G. = 0.01. Evidently, with increasing radial and OAM number for

exp
the pump, the distribution of the eigenvalues broadens in the direction of the radial and
OAM mode number, respectively. As a consequence, the Schmidt number K as defined in

Eq. (5.44) also increases when either m,, or L, or both are increased. As such, varying [,

and m,, allows for some control over thepwidth of the eigenvalue distribution.

The eigenvalue distributions show a mirror symmetry around the line m, = [, /2.
This follows due to the fact that the eigenvalues fulfill the symmetry relation written in
Eq. (5.30c), which also implies that for odd l,, the eigenvalue distribution must be flat
nerig) =4
As the parametric gain is increased, only the modes with larger eigenvalues remain

around n = [,/2, since A — [2].

compared to those with lower eigenvalues, which was one of the main results of Sharapova
et al. [11]. This can be seen from Fig. 5.3, which shows the same eigenvalue distributions as
in Fig. 5.2 but for G

increased gain [11] seems to almost completely eliminate the contributions of eigenvalues

exp = 4. Most notably, this redistribution of the eigenvalues due to the
with nonzero radial index m > 0. The reason for this redistribution is the sinh?-dependence
of the modal weights on G and G
for larger singular values /A

mn

see Eq. (5.39a), which leads to a stronger amplification

exp’

while smaller /), are suppressed in comparison [11].
As a consequence, the Schmidt number K is also considerably reduced compared to the
low-gain case, regardless of the combination of m, and [,, compare Fig. 5.2. Interestingly,

the Schmidt number decreases with increasing m , which is the opposite of what was

p?
observed for the low-gain regime shown in Fig. 5.2.

The only exception to this is the transition from m, =7 to m,, = 18 for [, = 0, compare

P
Figs. 5.3(b) and 5.3(c), which still shows a small increase. This effect must be related to the
shape of the eigenvalue distributions: At low gain (Fig. 5.3), the eigenvalue distributions

are generally more flat at m, = 0 and as m,, is increased, the distributions take the form

p p
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Figure 5.2: Plots of the normalized Schmidt mode weights A, as defined in Eq. (5.42) for
a single BBO crystal of length L; = 2mm pumped by a Laguerre-Gaussian beam for various
radial (m,) and OAM ((,) indices (as written in the plots) at low gain G, = 0.01. The red

exp
ticks on the n-axis mark n = (,/2, which is the symmetry line for the eigenvalue distribution.

Evidently, an increase in the radial number m, of the pump leads to a broadening of modal
weight distribution along the radial index m. Similarly, increasing [, leads to a broadening of the
eigenvalue distribution along n. This is also confirmed by comparing with a Schmidt number K
[defined in Eq. (5.44)], which indicates that increasing either m, or [, increases the number

of effectively occupied modes. See also Fig. 5.3 which shows the eigenvalues for G, = 4.

Adapted from Ref. [2], where the underlying data and the plot were produced by L. Gehse.

of a narrow region with large occupations, and a larger region with a broad tail, where
many modes have smaller eigenvalues. It is this tail which gets most strongly suppressed
at high gain, in contrast to the narrow regions with larger eigenvalues. Thus, in general,
distributions with a large tail of eigenvalues with smaller occupations are affected more by
an increase in the gain, leading to a stronger reduction in the Schmidt number compared
to more narrow eigenvalue distributions. See also Fig. 5.14(b) further down in this chapter,
which shows the behavior of the Schmidt number K over a wide range of values for the
experimental gain. Note however that Fig. 5.14(b) uses different fit constants A than the

figures shown here.
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Figure 5.3: Plots of the normalized Schmidt mode weights A, as defined in Eq. (5.42) for
a single BBO crystal of length L; = 2mm pumped by a Laguerre-Gaussian beam for various
radial (m,) and OAM () indices (as written in the plots) at high gain G, = 4. The red
ticks on the n-axis mark n = lp/2, which is the symmetry line for the eigenvalue distribution.
As was the case for low gain, see Fig. 5.3, the width of the distribution along m and n is
increased if m, and [, are increased, respectively. Similarly, the Schmidt number increases if
either m, or [, or both are increased. As described in Sharapova et al. [11], for the Schmidt
mode formalism, increasing the parametric gain leads to a redistribution of the modal weights
due to their sinh®>-dependence on G, [via Eq. (5.50)]. See also Fig. 5.2 which shows the

eigenvalues for low gain G, = 0.01.

exp

Figure 5.4 shows the radial intensity profiles for a single crystal at low and high parametric

gain. The intensity profiles are plotted over the external angle'? 0, ~ q,/k®

I where k2T is
the signal wave-vector modulus in air (compare Sec. 3.5.3). As mentioned above, Eq. (5.41)
shows that the intensity profiles are radially symmetric and thus the shown profiles
contain the full information regarding the intensity distributions. For low parametric gain
and [, = m, = 0, see Fig. 5.4(a), the intensity profile has a sinc?-shape, which was already

described in Sharapova et al. [11] and was also observed in Sec. 3.5.3, see Fig. 3.4. Notably,

2Note that in Ref. [2], ©, was used as the designation for the external angle.

s
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Figure 5.4: Normalized radial intensity profiles [so that (I\A/(O)) = 1] of a single crystal pumped
with a Laguerre-Gaussian pump beam for several combinations of the radial (m,) and OAM ((,)
index for (a) low parametric gain G, = 0.01 and (b) high parametric gain G, = 4. For

exp exp

the low-gain regime, see also Fig. 5.5 which shows the intensity profile curves in the low-gain
approximation separated into different plots. Adapted from Ref. [2], where the underlying data
and the plot were produced by L. Gehse.

if the radial or OAM index of the pump is increased, the intensity profile approaches a
more Gaussian shape.

In order to understand these intensity profiles in terms of the change in [, and m,,, it

is useful to consider the low-gain limit of Eq. (5.41). In this limit, G <« 1 so that the
high-gain eigenvalues as written in Eq. (5.39a) may be approximated using sinh(z) ~ x
for z <« 1 (since also \,,,, < 1):

A, ~ G2\ . (5.51)

mn

Using the normalization of the eigenvalues, this approximation leads to
¢ G? [ (@)
(Nlg) ~ o n; e (5.52)
which can also be written in terms of the TPA, compare Eqs. (5.21) and (5.22):

(N(q)) ~ G // dg; dgs; 45| F(dy, 05: 65, 8017 (5.53)

where the right-hand side no longer depends on ¢,, as can be seen from comparing with

Eq. (5.24). Alternatively, this approximation can be written in terms of R:

(N(q) ~ 27G // dg; d(6, — 6,) I R(qsr 0 6 — 65)[2. (5.54)

Note that in Eqgs. (5.52)—(5.54), the gain parameter G still depends on the geometry of the
system, due to the dependence on C, see Egs. (5.14) and (5.34). In words, the intensity
profile can be approximated by averaging the modulus squared of the TPA F or the
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

function R over the idler variables. Note that the factor 27 in Eq. (5.54) results from the
normalization of the function R and the fact that it is integrated over the angle difference
instead of both angles separately. If only the relative shape of the intensity profile is
relevant, the constant G in Eqgs. (5.52)-(5.54) may additionally be set to unity: G = 1.

It is well-understood and follows from Eq. (5.53) that the sinc?-shape of the intensity
profile at low gain and for [, = m,, = 0 results from the sinc-term in the function g,, see
Eq. (5.49). If either m
term [2]

. 1
» Or L, are nonzero, the Laguerre polynomial term L‘mpp‘ and the

) !
W (g, a5 65 — &) = [ge7 8 () 0700 1 g, ol (5.55)
of R as written in Eq. (5.18), respectively, are the only relevant additional term compared

to the case [, = m,, = 0 and must therefore be responsible for the change of the intensity

P
profile to a more Gaussian shape.

As the gain is increased to G, = 4, the redistribution of the eigenvalues A, due

ex
to the sinh?-dependence means thapt only modes with higher occupation, as indicated by
larger eigenvalues, contribute considerably to the intensity profiles. As such, the shapes of
the intensity profiles change significantly and become more Gaussian since the low-order
modes, which are normally Gaussian shaped for simple PDC sections, generally have larger
eigenvalues [2]. This can be seen in Fig. 5.4(b), where even for the case [, = m, = 0 the
intensity profile has become Gaussian.

Figure 5.5 provides further insight into the suppression of the side-peaks for nonzero
radial and OAM indices of the pump in the low-gain approximation. The figure shows the
quantity Z(q,, ¢, — ¢;) = [dg; ¢;|R(qy. ¢;, ¢, — ¢;)|? for each combination of m,, and [, also
shown in Fig. 5.4(a). From this quantity, the intensity profile can be obtained by integrating
over the azimuthal angle difference ¢, —¢;: (N(q,)) ~ [d(¢, — ¢;) T(qy, b5 — ¢;), compare
Eq. (5.54). As such, Z provides information regarding the values ¢, — ¢, from which

contributions in the intensity profile originate. As an example, for [, = m, = 0, see

Fig. 5.5(a), the side peaks leading to the sinc? profile of the photon number d]iostribution
can be seen to originate mostly from the line ¢, — ¢, = 7. Analytically, this observation
can be validated as follows: Equation (5.49) shows that the dependence of the sinc-term
on g, and the angle difference is of the form |q, — q;|* = ¢ + ¢? — 2q,q; cos(¢, — ¢;), which
is maximized as ¢, — ¢; approaches 7, so that |q, — q;|? = (¢, + ¢;)°-

For m, =7, 1, =0, see Fig. 5.5(b), it becomes clear that the Laguerre polynomial term
in R, see Eq. (5.18), leads to a strong broadening of the distribution of Z along ¢, (shown
as the external angle ) and a smaller broadening along ¢, — ¢,. Oscillations appear below
the line ¢, — ¢, = 7™ and, due to the symmetry, also above it. The contribution along
said line which lead to the sinc?-shaped intensity profile in the case l,=m,=0 [compare
Fig. 5.5(a)] is still visible, but due to the broadening about the line ¢, — ¢, = 7 and the
contributions at 0, = 20 mrad, they are not seen as distinct side peaks of the distribution.

For m, = 0, [, = 7 as shown in Fig. 5.5(c), the sinc?-contribution is eliminated

along the line ¢, — ¢, = m, which follows analytically from the fact that W(q,,q;,7) =
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Figure 5.5: Plots of the quantity Z(q,, ¢, — ¢;) = [dq; q;|R(qs, q;, ¢ — ¢;)|* for several
combinations of the pump radial (m,) and OAM ((,) index. Note that the g, variable has been
expressed in terms of the external angle 6, in the plot. The white line, corresponding to the right-
hand side vertical axis, shows the intensity profile in the low-gain approximation obtained as the
integral of Z over the azimuthal angled difference ¢,—¢;: (N(q)) =~ [d(¢, — ¢,) Z(q,, ¢ — ¢;),
compare Eq. (5.54), which essentially corresponds to the integral over the (left-hand side)
vertical axis (azimuthal angle difference ¢, — ¢;) of the shown plot. See also Fig. 5.4(a), which
shows all four radial intensity profiles in a single plot at G,,, = 0.01.

(g5 — qi)llp| (—1)“p|, compare Eq. (5.55), which vanishes when the sinc-term of g, is max-
imized for ¢, = q;, see above. This also means that the contributions are shifted away
from the line ¢, — ¢,

;, = 7 to smaller and larger angle differences, leading to the ring

shaped structures along the line ¢, — ¢,

;, = m, at 0, = 30mrad and 6, = 38 mrad seen

in Fig. 5.5(c). A similar redistribution can be seen from the strongest contributions
from 6, = 10 mrad to 20 mrad.

Figure 5.5(d) shows the case m, = 7, [, = 7, which shows both broadening mechanisms
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

discussed above for the cases m, =7, [, = 0 an m, = 0, [, = 7 combined. Overall, this

leads again to a suppression of the side peaks originating from the sinc2-term.

5.3.2. Non-Compensated SU(1,1) Interferometers

For an SU(1,1) interferometer consisting of two crystals with an air-gap in-between, the
integral over the z-axis from Eq. (5.45) is extended over the second crystal and an additional

iAk(q,,q;)d

phase e resulting from the air gap is added. Thus, the function g, is given by

L, ) 2L,
0 L,
where d is the length of the air gap and Ak*"(q,,q,) is the two-dimensional form of the

difference of the z-components of the wave-vectors, as written in Eq. (3.35):

Ak (g, q;) = \/ (k5%) — la, +q, — /() g, — /() — g2, (5.57)

Considerations regarding refraction at the crystal-air and air-crystal boundaries can be
found in Sec. A.2. Therein, it is also shown that when transitioning between different
materials (refractive indices), the transverse wave-vector components are preserved, meaning
that the wave-vector components as written in Eq. (5.57) are the same as inside the PDC
sections. Again, as for Egs. (5.45) and (5.46), the function g, is the integrated phase-
matching function h, compare Eq. (3.30) for the contribution of the first PDC section and
Egs. (3.32) and (3.34) for the contribution of the second crystal.

For the phase mismatch in air, the Fresnel approximation contains an additional term

related to the refractive index difference [1, 11]:

_qa.l?
Ak,air<qs7qi> ~ k;acdn_‘_ ‘qs qz’

St (5.58)
2k

where dn = n;ir — (ndr 4 n2ir) /2 = n’gir —nT (since n?" = n2'r) and n?ir for j = p, s, 1, are
the refractive indices of the pump, signal and idler radiation in the air gap. The additional
term k)*“on appears due to the fact that the refractive indices are chosen for collinear
phase-matching, see Sec. 2.3.1. This implies k, — k;, — k; = 0 due to the degeneracy of
the PDC process and as consequence, in general, k:gir — k2 — |2 £ 0, since the refractive
indices in air differ from those in the PDC sections.

Evaluating the integrals in Eq. (5.56), applying the Fresnel approximations as written
in Egs. (5.48) and (5.58) and using k;* = 2k,/n yields the following expression for the
function g, for an SU(1,1) interferometer [2, 11]:

. la, — q;|? lq, —q;]* | onkd |q,—q]?
gz(Qs7qw¢s_¢i>_2LlslnC(L14]{: cos Ll 4k + n +d 4]€Za7ir

p p S

Xexp[i<L1|qs q;| +5nksd+d|qs q;| )}

2k, ng 4k

(5.59)
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Figure 5.6: Normalized integral intensity obtained using the intensity profile in the low-gain
approximation [see Eq. (5.61)] for an SU(1,1) interferometer in dependence on the length of the
air gap d between the two crystals. The first local minimum (first dark fringe) at d = 0.42cm and
the first local maximum (first bright fringe, apart from d = 0) at d = 2.52.cm are marked with
vertical gray lines. The relative evolution of the integral intensity in the low-gain approximation
seems to be independent of [, and m,: Varying these parameters only seems to shift the curve
by a constant amount, which was manually confirmed for all 64 combinations 0 < (,, m, <7
in Ref. [2]. The noise in the integral intensity appearing after d = 3.5cm is discussed in more
detail in the main text. Adapted from Ref. [2], where the underlying data for all combinations
and the plot were produced by L. Gehse. The (non-normalized) data for this plot were obtained
from the dataset associated with Ref. [2], see Ref. [151].

The interferometer described by this function is non-compensated, as per the definitions
in Sec. 3.3. A sketch of this setup is given in Fig. 3.2(a). The goal with using this setup
is to manipulate the PDC state generated by the SU(1,1) interferometer by varying the
distance d between the crystals. As such, it is not necessary to consider a compensated
configuration for the interferometer, as was the case for the metrological applications

discussed in Chapters 3 and 5.

It was shown with Eqs. (3.45a) and (3.45¢) that the integral intensity (N,.) [see also
Eq. (3.39)] of a fully compensated SU(1,1) interferometer has a cos?-dependence on the
interferometric phase ¢. For a non-compensated interferometer, the dependence of the
integral intensity on the distance d between the two crystals is more complex due to the
diffraction of the radiation and must be, in general, computed numerically. Figure 5.6
shows this dependence for the interferometer as described in this section, using the TPA
constructed from Eqs. (5.17), (5.18) and (5.59) and using the low-gain approximation
for the radial intensity profile as described by Egs. (5.52)—(5.54). By splitting the gain

constant G as
G =t (5.60)

where I'; ; is the component of the gain parameter which no longer depends on the geometry

of the setup [compare Eq. (5.14)], the integral intensity in the low-gain approximation
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Figure 5.7: Plots of the normalized modal weights A, for an SU(1,1) interferometer consisting
of two BBO crystals of length L; = 2 mm with an air gap of length d = 0.42 cm in-between (dark
fringe) and pumped at low parametric gain G, = 0.01 for varying radial (m,) and OAM (L)
index of the Laguerre-Gaussian pump beam. The red ticks on the n-axis mark n = lp/2,
which is the symmetry line for the eigenvalue distribution. The eigenvalue distributions exhibit
non-monotonic behavior along the OAM n mode index, which was not observed for the single
crystal, see Figs. 5.2 and 5.3. See also Fig. 5.8, which shows the eigenvalue distribution for
high parametric gain G,,, = 4. Adapted from Ref. [2], where the underlying data and the plot
were produced by L. Gehse.

obtained from Egs. (5.53) and (5.54) may be rewritten as

. r2,
< tot,lg> (;; . (561)

The factor 1/C in Eq. (5.60) may be regarded as the geometric component of the gain
parameter, which originates from properties of the system such as whether the system
consists of a single crystal or two crystals with an air gap in-between. For the latter
example, the factor 1/C also depends on the distance d between the two crystals. Thus,

this factor determines the evolution of <Ntot71g> over d.

Evidently, the integral intensity is not m-periodic as was the case for the compensated
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SU(1,1) interferometer. Starting at around d = 3.5 cm, noise can be observed in Fig. 5.6.
This results from interference fringes appearing in the intensity profile (N(q)), which
become unresolved as d grows [2]. This does not pose an issue here, since, in the following,
the focus will be on the first dark fringe, which is reached at d = 0.42 cm, while further
investigations in Ref. [2] also focus on the first bright fringe (after the initial drop of the
total intensity) at d = 2.52cm and both values for d are sufficiently far away from the

noise.

At the dark fringe, the PDC radiation generated in the first crystal interferes destructively
in the first crystal, leading to a local minimum in the output integral intensity of the
SU(1,1) interferometer. This leads to significant modification of the intensity profile and
the Schmidt mode weight distribution, as can be seen from Fig. 5.7. As was the case for
the single crystal, see Fig. 5.2, increasing m,, and [, significantly increases the width of
the eigenvalue distribution along m and n, respectively. However, unlike the eigenvalue
distributions for a single crystal, the distributions for the SU(1,1) interferometer exhibit a
non-monotonic behavior with local minima and maxima along the OAM index n, which is
most clearly visible for m = 0. Note that contrary to that, by definition, the eigenvalues
along m are sorted in descending order, meaning that for fixed n, no non-monotonic

behavior can appear along m.

The non-monotonic behavior is even more strongly visible as the parametric gain is
increased, see Fig. 5.8, where only the modes with the larges eigenvalues remain, while
the others are suppressed. As was the case for a single crystal, see Fig. 5.3, only modes
with m = 0 have significantly large eigenvalues. As suggested in Ref. [2], increasing the
gain can thus be utilized as a filtration mechanism which allows for the selection of only

the most strongly occupied modes.

Additionally, this behavior suggests an interesting application: As seen throughout
Secs. 4.2.2.2 and 4.3.1, when dealing with unbalanced SU(1,1) interferometers in the model
where only a single transverse dimension is considered, one of the major issues is that
the output modes of the first crystal and the input modes of the second crystal share
nontrivial overlap, requiring elaborate techniques to for example extract information of
the first crystal from the full interferometer. The results mentioned above in this section
suggest that when instead focusing on the OAM modes of PDC, this overlap is simplified.
At first, it is immediately obvious that between the PDC sections of the interferometer,
only modes with the same OAM index may share some overlap. Additionally, due to the
fact that almost no modes with m > 0 are occupied at high gain, as mentioned above,
all overlap coefficients should be, to a good approximation, diagonal. Further research is
required to confirm these conjectures and apply them in the context of multimode squeezing
measurements as investigated in Chapter 4.

Figures 5.7(g) and 5.8(g) demonstrate that for the case [, = 18, m,, = 0 the maximally
occupied modes occur at m = 0 and n = —4 and n = 22. This indicates that the non-
monotonic behavior of the eigenvalue distribution can be used to prepare PDC states where

one photon of the signal-idler pair carries larger OAM than the pump photons. Here, the
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Figure 5.8: Plots of the normalized modal weights A, for an SU(1,1) interferometer consisting
of two BBO crystals of length L; = 2mm with an air gap of length d = 0.42cm in-between
(dark fringe) and pumped at high parametric gain G,,,, = 4 for varying radial (m,) and OAM (U,,)
index of the Laguerre-Gaussian pump beam. The red ticks on the n-axis mark n = (,/2, which
is the symmetry line for the eigenvalue distribution. As was the case for low gain, see Fig. 5.7,
the eigenvalue distributions exhibit non-monotonic behavior along the OAM n mode index,
which was not observed for the single crystal, see Figs. 5.2 and 5.3. Due to the redistribution
of the eigenvalues (see the main text), the number of populated modes is strongly reduced
and only highly populated modes remain. Similar to the single crystal case (Fig. 5.3), this
eliminates almost all modes m > 0 so that only the modes m = 0 have significant eigenvalues.

@) T, (b) 71 or
c c
3 3
< 08¢t €038
B LR
2 <
5 067} % 0.6
o o
204 204r¢
g 2
Q [}
£ 02 E 02
E E
S 00}, , , , - 500}, , , , - 1
0 10 20 30 40 0 10 20 30 40
Radial external angle 6, [mrad] Radial external angle 6, [mrad]

Figure 5.9: Normalized radial intensity profiles [so that maxes(l\Al(Gs)) = 1] of an SU(1,1)
interferometer consisting of two BBO crystals of length L; = 2mm with an air gap of
length d = 0.42 cm in-between (dark fringe) and pumped at (a) low parametric gain G,,, = 0.01
and (b) high parametric gain G, = 4 for varying radial (m,) and OAM ((,) index of the

Laguerre-Gaussian pump beam. Adapted from Ref. [2].
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photon pair consists of one photon with OAM n = —4 and one photon with OAM n = 22,
so that the total OAM is conserved: 22 + (—4) = 18 = [,,. See also Figs. 5(a) and 5(b) of
Ref. [2], which provides plots of the cuts A

m=0,n"
Figures 5.9(a) and 5.9(b) show the output intensity profiles for the SU(1,1) interferometer
at the dark fringe for low (G, = 0.01) and high gain (G

combinations of [, and m,,. Compared to the intensity profiles of a single crystal shown in

= 4), respectively, for several

ex exp

Figs. 5.4(a) and 5.4(b), the intensity profile shows a strongly non-monotonic behavior with
many side peaks and local minima. Of the intensity profiles shown, the most interesting
case is the case [, = 7, m, = 0. For high gain, Fig. 5.9(b) shows that the intensity is
strongly reduced near the collinear direction 6, = 0. This could imply that the Schmidt
modes with the largest eigenvalues J,,,, are no longer Gaussian and must instead be closer
to a donut shape. At increasing gain, these Schmidt modes are amplified, while the other

Schmidt modes are suppressed, as already described above.

Figure 5.10 shows the shape of the first 34 modes with the largest eigenvalues and the
corresponding values of the normalized eigenvalues /_an. It confirms that the modes with
the largest contributions are no longer Gaussian shaped. Instead, the modes with the largest
contributions consist of one or more rings located several mrad away from the collinear
direction 6, = 0. The first mode with significant collinear contribution is m =n = 0 and
its normalized eigenvalue is 1.9 % of the maximal value for the mode m = 0, n = —4. This
mode at m = n = 0 has an approximately Gaussian shape near the collinear direction but

also shows two additional local maxima between 6, = 5 mrad and 15 mrad.

Strictly speaking, when trying to determine the contribution of each mode to the intensity
profile, it is necessary to consider the weighted moduli squared A,,,,,|u,,,(q,)|? instead of
only the normalized modes. These weighted modes are shown in Fig. 5.11, which indicates
that the peak contribution to the intensity profile of the mode m = 0, n = —5 is larger
than that of the modes m = 0, n = 11,12, which have larger eigenvalues. Hence, the
normalized eigenvalue A, . can be understood as a measure for the relative contribution
of each mode to the integral intensity <Ntot) which can be calculated as the sum over the
see Eq. (5.43). Contrary to that, the eigenvalue A,,

eigenvalues A is not directly a

mn? n

measure for the contribution of each mode at a fixed transverse wave-vector ¢, (or external
angle 6,) due to the fact that the shape of the modes differ and narrow modes generally
have larger maxima than broad modes. The mode with the first significant contribution
for the collinear direction is m = n = 0, as seen from Fig. 5.11. Ultimately however, this
contribution is still small compared to that of the modes with the larger weights ]\mn,
leading to the intensity profile shape as seen in Fig. 5.9(b). See also Fig. 16 of Ref. [2],

which shows two-dimensional mode profiles for the case [, = 7, m, = 0 discussed here.

At the bright fringe, the behavior of the eigenvalue distributions is similar to the
dark fringe. The main difference compared to the dark fringe is that the non-monotonic
behavior of the eigenvalues along n is less pronounced. More details, including plots of the
eigenvalues, can be found in Ref. [2]. Furthermore, the aforementioned work also provides a

more detailed analysis (performed by L. Gehse) regarding the origin of the non-monotonic
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

Figure 5.10: Left: Ridgeline plot of the mod-
ulus squared |u,,,(g,)|* of the first 34 radial
mode functions of an SU(1,1) interferometer
pumped at high gain G, = 4 with [, =7,
m, = 0 sorted according to their eigenval-
ues in ascending order from bottom to top.
The radial mode functions are normalized so
that max, |u,,(¢;)[> = 1. Right: Normalized
eigenvalues corresponding to the modes on the
left. Evidently, the modes with the largest
contributions are donut-shaped with a local
minimum in the collinear direction 6, = 0. The
first mode with a significant contribution in the
collinear direction is n = m = 0. Note that
the symmetry property A, = \l/s.rW: follow-
ing from Eq. (5.30c) can be observed from the
fact that the normalized eigenvalues always ap-
pear pairwise, so that the sum of their OAM
indices adds up to L, (for example, for m =0,
the first three are the pairs n = —4, n = 11;
n=12, n=-5and n=3, n=4). The blue
line connecting the eigenvalue data points is
added for orientation purposes only.
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Figure 5.11: Ridgeline plot of the modulus squared of the first 26 radial mode functions weighted
with the corresponding normalized eigenvalues [A,,,|u,,,(q)[?] of an SU(1,1) interferometer
pumped at high gain G, = 4 with [, =7, m, = 0 sorted according to the eigenvalues in
ascending order from bottom to top. Compared to Fig. 5.10, which shows the modulus squared
of the normalized mode functions and the corresponding eigenvalues, this figure portrays the
relative contribution of each mode to the intensity distribution more correctly.

behavior under the double-Gaussian approzimation for the TPA (see also Miatto et al. [42]
for details). In short, the behavior can be, at low gain, understood as resulting from the

interference of Bessel function terms.

5.4. Angular Displacement Measurements

5.4.1. SU(1,1) Interferometers for Angular Displacement Measurements

In Sec. 5.3.2, a non-compensated SU(1,1) interferometer was used to modify the PDC
state generated when the PDC sections of the interferometer are pumped with a Laguerre-
Gaussian beam carrying OAM. Another application for beams carrying OAM is in the
detection of angular displacements, that is, the detection of rotations of objects about one
of their axes. This idea is based on previous works, in which quantum states of light and
classical interferometers were used for angular displacement measurements, resulting in a
reduction of the measurement uncertainty by a factor of 1/n, where n is the OAM of the
light states probing the rotation [48, 54, 55, 152]. This is analogous to the development from
classical interferometers using coherent states to classical interferometer setups utilizing

quantum light and further to SU(1,1) interferometers in the case of the phase sensitivity
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Figure 5.12: (a) Sketch of the experimental setup for performing angular displacement
measurements using a Dove prism placed between the two lenses of a diffraction-compensated
SU(1,1) interferometer in transmission geometry [compare Fig. 3.2(c)]. The prism flips the
image upside down as indicated by the symbol placed over it, and, if rotated by an angle 9/2,
rotates the image by 9. Additionally, the 4f-system causes a central inversion (point reflection)
if the input image about the origin (the point in which each transverse plane intersects with
the z-axis). In this setup, the second crystal is pumped with a Laguerre-Gaussian pump of
opposite helicity as the first crystal since the Dove prism also flips the helicity of the OAM
modes of the signal-idler radiation [153]. (b) Sketch of the theoretical model equivalent to the
experimental setup shown in (a), in which the Dove prism is replaced by a flat phase e~'%?
added to the signal-idler radiation, accounting for the rotation of the beam due to the prism
and the helicity of the pump beam for the second crystal is the same as for the first crystal. In
both (a) and (b), the green, magenta and red arrows at the input of the 4f-system (in front
of Lens 1) represent the x-, y- and z-axis, respectively. For the setup as shown in (a), after
Lens 2 and the Dove prism, the x- and y-axis are shown rotated about the z-axis from their
original positions (indicated by the dashed lines) and both mirrored about the y-axis and the
origin. The rotation and former mirroring represent the actions of the Dove prism, while the
latter mirroring is due to the 4f-system. For the theoretical setup as shown in (b), where the
Dove prism has been replaced by a flat phase, only the inversion due to the 4f-system is shown
since the rotation induced by the Dove prism is replaced by a phase shift by e "»°. Adapted
from Ref. [2].

as touched on in Sec. 3.1.

Figure 5.12(a) shows the proposed experimental setup for performing these angular
displacement measurements. A Dove prism is placed inside the signal-idler radiation
between the two lenses of a diffraction-compensated SU(1,1) interferometer in transmission

geometry [4f-setup, see Fig. 3.2(c)] and rotated about its longitudinal axis by an angle!? /2.

13To avoid confusion with the external angle 05y over which the intensity profiles are shown (for example in
Sec. 5.3.1, see Fig. 5.4), ¥ is used here for the rotation angle instead of 6, which was used in Ref. [2].
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5.4. Angular Displacement Measurements

This transforms the signal-idler radiation in two significant ways, as described in Gonzéalez
et al. [153]: First, the Dove prism flips the image of the input radiation about the plane
which contains its longitudinal axis and lies parallel to its base and top area, meaning
that input OAM modes with an azimuthal dependence e "% get transformed into OAM
modes with the dependence e"?. Second, the prism applies a rotation to the field given
by twice its rotation angle. For the OAM mode e™"?, this phase term is of the form e"?.
Overall, the transformation relation for the aforementioned OAM mode is therefore of the
form e™1"¢ — ¢™(@+?) [55]. In addition to the Dove prism, the 4f-system also transforms
the incoming OAM modes: As seen in Sec. B.2, which illustrates the properties of the
4f-system and in particular in Eq. (B.27), the 4f-system performs a central inversion of its
input image, which for the transverse wave-vector components means'* ¢ — —q. In the

polar coordinates of the transverse plane, this transformation reads

o -

For an OAM mode, this means that the azimuthal dependence changes as e"? — (—1)" el"?,
Thus, the 4f-system affects even and odd OAM modes differently, unlike the Dove prism.

Before constructing the TPA for the SU(1,1) interferometer with the Dove prism for the
angular displacement measurements, it is helpful to consider several symmetries of the
TPA described by Egs. (5.17) and (5.18) under the exchange of the sign of the pump OAM
index [,,. For this, superscripts ] and [*] will be added to the relevant quantities to
indicate the sign change of [,,. With this notation defined, it is directly clear from Eq. (5.18)

that for the function R, the angle difference axis is inverted if the sign of [, is changed!®:

Rl (q,,q;, 0, — ¢;) = REW (g, 4, 05 — 6,). (5.63)

It is well known that for a Fourier decomposition, an inversion of the angle axis is equivalent
to a sign change in the index of the Fourier coefficients. Here, this leads to the following

symmetry relation for the x,,(q,,q;) when applying Eq. (5.63) to Eq. (5.20):

N (45,q;) = x5! (45, 9;)- (5.64)

Since the Schmidt decomposition for the separation of ¢, and g; does not affect the OAM

index n of the modes, the same property also applies to the Schmidt modes and eigenvalues:

Al ALl (5.652)
ullel = L] (5.65b)
e (5.65¢)

4This effect has been neglected in Ref. [2], since, as will be seen further below, it only adds a constant phase
shift to the fields which can be neglected.

15Note that Eq. (5.63) can optionally also be written with g, and g; swapped on the right-hand side. This is
due to fact that the signal and idler photons are indistinguishable. Overall, this implies the change q, <+ gq;
when the OAM index of the pump is swapped.
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

These symmetry relations are the reason for why the restriction to the case [, > 0 is
sufficient for the analysis of the Schmidt mode structure of the single crystal and the
SU(1,1) interferometer with an air gap between the two crystals, as done in Sec. 5.3. Under
the exchange [, — —[,,, the eigenvalue distributions and the Schmidt mode only change in
the sense that n — —n.

In order to describe the interferometer mathematically, an approach similar to the
splitting of the interferometer into the first and the second crystal as described in Secs. 3.2
and 4.2.2 can be used. To this end, two TPA functions describing the first and second
crystal separately must be found, which can then, after a Schmidt decomposition, be
combined using the transfer functions as written in Egs. (5.38) in terms of the Schmidt
modes and high-gain eigenvalues and the equivalent of the connection relations written in
Eqgs. (3.19) for the full three-dimensional system. Similar to the description provided for
the integro-differential equation approach throughout Secs. 3.2, 3.3 and 3.5.1, the TPA of
the second crystal will include the modifications brought to the signal-idler radiation by
the 4f-system and the Dove prism between the two lenses. Following the above discussions,
this TPA can be written in the following form, under the assumption that the OAM index
of the pump is'® —I,, [compare Eq. (5.21)]:

lp
F(2,D),[-1,,] (Qys @iy gs &;) = (—21) fo),[flp] (¢4, 4;) oind oind gi(—1,—n)¢; oi(=1,—n)9
s

(5.66)

Here, the superscript (P) has been added to the TPA to indicate that it describes the
second crystal including the Dove prism (and the 4f-system). The signs of the exponents
have been modified and an additional phase en?ei(=1,=m)Y hag been added to account
for the modifications of the field resulting from the Dove prism, as described above. To
account for the 4f-system, an additional factor (—1)”+(lp_") = (—=1)'» has been added.
Since neither the 4f-system nor the Dove prism affect the radial Schmidt modes or the
Schmidt eigenvalues, the superscript () was added to the Fourier coefficients X, to indicate
that they are the same for the second crystal regardless of whether the Dove prism is
placed inside the interferometer or not.

After simplifying the exponential terms containing 1, flipping the sign of the summation
index (n — —n), and using Eq. (5.64), the TPA reduces to

e—ilpﬁ 2).[1 ) )
F(2,D),[—lp} (qs’ 4, ¢37 QSZ) — (_1)lp T Z X’EL> [ p} (qs’ qz) e*ln(bse—l(lp—’n)d’i , (567)
n n

where the right-hand side can be identified as the TPA of the second crystal without the

Dove prism multiplied by a phase factor, so that

FEDIL] (g q,) = (—1)» e ! PG (g, q,). (5.68)

16Strictly speaking, I, in Eq. (5.66) also requires indices ) and (:P). However, these indices are dropped

here for readability. Clearly, l},z) = Zg’D) . This notation is used in Fig. 5.12 for clarity.

122



5.4. Angular Displacement Measurements

This connection is analogous to Eq. (3.41a), except for the fact that it involves the TPAs
of the second crystal with and without the additional optical elements included, instead
of the transfer function 8. This is not surprising, since in the low-gain regime, the TPA
provides an approximation for the transfer function 3, as for example seen in Sec. A.5 and
throughout the rest of this section.

Furthermore, the connection expresses the equivalence of the systems depicted in
Fig. 5.12(a) [left-hand side of Eq. (5.69)] and Fig. 5.12(b) [right-hand side of Eq. (5.69)]:
The effect of the Dove prism on the signal-idler radiation can be understood as adding
a flat phase e »¥ while also flipping the helicity of the pump beam. Additionally, the
4f-system contributes a phase (—1)ZP. Equivalently, it is therefore possible to instead only
add a flat phase to the signal-idler radiation (or, equivalently, twice the phase to the pump
beam) while pumping the second crystal with a pump beam of the opposite helicity and
accounting for the phase shift (—1)lp. Since this phase shift is constant with respect to the
wave-vectors, it may be added to 1J: (—1)l*’ e Y = ¢~ (V+7) T the following, this con-
stant phase shift by 7 will be neglected, since it only shifts the variable'” . Furthermore,
this phase shift would lead to a qualitative difference in the behavior of even and odd [,,,
which would make the following investigations more cumbersome. As such, Eq. (5.68) is

reduced to
F(27D)7[7lp] (qs7 qi> = efilpﬂF(Q)V[lp] (qs, qi)‘ (569)

In experimental setups, this additional offset by 7 can for example also be achieved by
applying a phase shift to the pump beam. Conversely, in a setup where both crystals are
pumped with two separate pump beams (compare Fig. 5.12), their relative phases must be
stabilized and this can additionally introduce phase shifts. Overall, any relative flat-phase
shift by ¢ is equivalent to a shift in the rotation angle ¥ via e ¥ = iy (4/ lp), meaning
that the rotation angle is shifted by §/l,,. Thus, these constant phase offset have no direct
physical meaning that affects the metrological applications discussed in the rest of this
section.

Next, the diffraction compensation of the 4f-system must be included in the description
of the system. The function g, describing the second crystal can be obtained from the
phase-matching function for the second crystal of a diffraction-compensated interferometer

as written in Eq. (3.37):

2L,
02 (q,,4) = / ds 1K, )20, (5.70a)
Ll
L, .
:/ dz el2ka.a,)2 (5.70b)
0
= 9" (a, ), (5.70c)

compare Eq. (5.45). Thus, the TPA for the second crystal without the Dove prism and the

"Equivalently, ¥ can simply be redefined to absorb the constant m: 9 + 7w — 9.

123



Chapter 5: PDC with Laguerre-Gaussian Pump Beams

central inversion brought about by the 4f-system can be expressed in terms of the TPA of

the first crystal as
F@H (g, q,) = FOb)(g,, q;). (5.71)

Combining Egs. (5.69) and (5.71) yields a connection to the TPA of the second crystal

including the Dove prism:
FEP (g, q,) = FU 1 (g, ) e (5.72)

This relationship is similar to the connection of the transfer function § for the integro-
differential equation approach as given by Eq. (3.41a) and Eq. (3.43a).
This implies a connection between the eigenvalues and Schmidt modes of the first crystal

and the second crystal including the Dove prism:

ulbh(g) e %0 = ul%P)(q), (5.73a)
() e E0 = o3P (g), (5.73b)
AD, = A2D) (5.73¢)

Thus, as was the case in Sec. 3.5.1, the quantities related to the second crystal can be
expressed fully in terms of the quantities of the first crystal due to the symmetry introduced

by the focusing elements.

The angular displacement measurement uncertainty for the angle 1 is defined analogously

to the phase sensitivity in Eq. (3.1) via the error propagation relation [2, 54, 55]:

A]Vtot
‘ ANy |7 (5.74)

dd

Ay =

with AN, as defined in Eq. (3.2). As was the case in Sec. 3.1, the uncertainty will therefore
be determined for the integral intensity. As was touched on in Sec. 3.1, the quantity defined
via Egs. (3.1) and (5.74) is a standard deviation representing an uncertainty of a measurable
quantity. However, in the context of phase measurements, this quantity is often referred to
as the phase sensitivity, which would imply that its numerical value is to be maximized,
while in actuality, the goal of improving the phase sensitivity implies a reduction of its
numerical value, compare Sec. 3.5.4. As noted in Ref. [2], in the context of angular
displacement measurements, this quantity is instead more correctly referred to as the
angular displacement uncertainty. As such, this term will be used in the following to keep
consistency with the literature. Similar to the phase sensitivity, the angular displacement
measurement uncertainty is usually normalized with respect to the standard quantum
limit. Thus, Egs. (3.3) and (3.4) apply here directly as they are written in Sec. 3.1 and the
normalized angular phase uncertainty f defined via Eq. (3.4) will be mostly used in the

following. It should be noted that the integral intensity operator here is given by

Ntot = 2/d2qNs(q>7 (575)
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5.4. Angular Displacement Measurements

where the factor 2 arises due to the fact that the signal and idler photons are indistinguish-
able, compare Eq. (3.25).

Using the relations derived above, there are two possible ways of setting up a theoretical
description for the SU(1,1) interferometer, which, as will be seen below, are not equivalent
and lead to differing results for the normalized angular phase uncertainty at increasing

experimental gain.

Transfer-Function (TF) Approach. As already mentioned above, by using the two-
dimensional form of the connection relations connecting the transfer functions of each
crystal of the interferometer to the transfer functions of the entire interferometer, it is
possible to describe the angular displacement measurement uncertainty using the formalism
developed in Secs. 3.2, 3.3 and 3.5.1. These connection relations read, in accordance with

Egs. (3.19), [2]
B85V (q,q') =/d2q77(2’m(q, q) BV (q, q’)+/d2qﬁ<2’D)(q, q) [1"V(q.q)]".  (5.76a)
7% (q,q') = / d*q7*P (q,9) 7" (q.q') + / 5> (q,q) [8V(a,q)]",  (5.76b)

where the subscripts as introduced above have been used to label the transfer functions of
the first crystal, the second crystal and the entire interferometer. The transfer functions are
constructed from the Schmidt decomposition as detailed in Eqgs. (5.27), (5.38) and (5.39)
and, due to Egs. (5.73), they are connected via [2]

B*P)(q,q") = 5V (q,q') 7. (5.77a)
7*Pq,q) = 7" (g, q), (5.77D)

which is a variation of the relations discovered for the diffraction compensated SU(1,1)
interferometer described by the integro-differential equation formalism, see Eqs. (3.43).
The main difference to the case here is that the modes v,,,, and u,,, (orV,,, and U,,,)
do not originally have the meaning of the input and output modes of the PDC section, as
is the case in the integro-differential equation formalism. Instead, they are associated with
the signal and idler Schmidt mode operators.

The transfer functions for the full interferometer in Eqgs. (5.76) can be evaluated by first
expressing the transfer functions of the second crystal in terms of those of the first crystal
using Egs. (5.77), followed by plugging Eqgs. (5.38) (as applying to the first crystal) into

the resulting expression and using

umn(q> = Vm,lp—n(q)7 (578&)
Vin (@) = Upy 1 (a), (5.78b)
Amn = Am,l —n (578C)

(for the quantities of the first crystal), which follow from Egs. (5.27), (5.28), (5.30) and (5.40).

Ultimately, it can be shown that the transfer functions for the full interferometer take the
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

following form:

#%(g.q) Z n’ Unar () Vi (a), (5.79a)
759 (q Z ASDUS (g )[Vﬁfffj_n(q’)r, (5.79b)

where ASE}P and AE,?;H) are connected via Eq. (5.40) and where

Abn) = 4AGn (A +1) cos? (2’19) : (5.79¢)
Ui (q) = Ui (q) €3 0+mn) (5.79d)
won (@) = Viun (q) 34—, (5.79%)
and
1= arg(1l+e ), (5.791)
Coum = arg[1 + Abpn (1+¢77)] (5.79g)

Note that (,,,, =

be expressed just in terms of uﬁ?}f ) due to the presence of the generally non-vanishing

mal,—n- Unlike in Egs. (5.38), the transfer functions can now no longer
phase (,,,,. Furthermore, in general, the symmetry relations in Egs. (5.78a) and (5.78b)
no longer apply to the modes ué?}f ) and Vr(,?g ). This is not unexpected since the modes
in the transfer function approach, which is based on the integro-differential equation
formalism (see Sec. 3.2), have different physical meanings than the modes obtained from
the Schmidt decomposition which are then used to construct the transfer functions. In
the integro-differential equation formalism, the two sets of modes are the input and
output Schmidt modes associated with the input and output Schmidt operators of the
PDC system, respectively. Here however, as follows from the description in Secs. 5.2.2
and 5.2.3, the input and output Schmidt modes can be described by a single set of
see Egs. (5.38). The difference in U,,, and V,,,, is that they describe
the signal and idler modes, not the input and output modes. Ultimately, applying the

modes {U,,,,, }runs

connection relations does therefore not guarantee that the resulting transfer functions
Nevertheless, Egs. (5.79) still have the
form of the joint Schmidt decomposition for the full three-dimensional system, compare
Egs. (A.77) [with ulsy = U,,, and VSIIJ =V¥,,,, compare Egs. (A.75)].

mn?

can again be written solely in terms of {U,,,,, }rn-

Equations (5.79) are analogous to Egs. (4.47), which provide the analytical expressions
for the joint Schmidt decomposition of a perfectly compensated SU(1,1) interferometer
in the integro-differential equation approach. Using the transfer functions for the entire
interferometer, it is immediately possible to follow Sec. 3.5.1 in order to obtain an expression

for the normalized angular displacement uncertainty [2]:

NG \/A+4Bcos <l219>

2 All, ]‘sm(;p )‘

Ay = (5.80)
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5.4. Angular Displacement Measurements

with A, B > 0 as defined in Eqgs. (3.45¢) and (3.45d), respectively. In Eq. (5.80), the
subscript 1 has been added to distinguishing the angular displacement measurement
uncertainty from the one obtained using the Schmidt mode theory approach described
below. This expression is very similar in structure to Eq. (3.46), with the major differences
being the prefactor v/2/2 due to the indistinguishability of the photons [in Eq. (3.46) the

photons were assumed to be distinguishable] and the appearance of Ly

Schmidt Mode Theory (SMT) Approach. Alternatively to connecting the two crystals
of the SU(1,1) interferometer via the connection relations for the transfer functions, it is

possible to construct the TPA of the entire interferometer via

F8Y(q,,q;) = FY(q,,q;) + F*P)(q,,q,), (5.81)

which follows directly by extending the integral over the z-axis in the function g, over both
crystals and then splitting it into one integral for the first and one for the second crystal,
both of which use different parameters, for example different pump OAM indices. This is
analogous to how the TPA was constructed for the SU(1,1) interferometer with an air gap
between the crystals, compare Eq. (5.56). Using the connection between the TPA of the
first crystal and the second crystal including the Dove prism [Eq. (5.72)], this means

F(q,, q;) = 2F"(q,. q;) COS(lgﬁ) e 1Y, (5.82)

By comparing this with the decompositions described by Eq. (5.24), it follows that
A — 4D cos? (lgﬁ) , (5.83)
which implies that the high-gain eigenvalues for the entire interferometer are given by [2]

ABY _sth[sz ( )] (5.84)

Clearly, this expression is generally different from the one obtained using the transfer
function approach, compare Eq. (5.79c). However, for low gain (G <« 1), it follows from
both expressions [Egs. (5.79¢) and (5.84)] that

l
ASY ~ 462N cos? (50) : (5.85)

Note that this uses AﬁS}{) <« 1 in Eq. (5.79¢), which implies low gain. Evidently, both
approaches will generally only coincide for low gain. Evaluating the expressions leading to

the normalized angular displacement uncertainty by following Sec. 3.5.1 results in

RN o OV 0]
2 Gll, |’sm( >’Z \/ﬁsmh[éle ‘cos(;” )H

Adgypp = (5.86)
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This expression clearly differs from Eq. (5.80) and is more complex. At low gain, us-

ing sinh(z) ~ x for small x <« 1, the third fraction in Eq. (5.86) can be approximated

as
\/Zmn sinh? {4Gm cos(%ﬁ)}
5 o Vo sinb 4G/ X [eos ()| ~ b (5.87)
so that
AﬁG<<1 = ﬂ 1 (5,88)

7G]lp| ‘sin(%’ﬂ) ’ '

The same expression can be obtained for the transfer function approach by approximating
the sinh-terms appearing in the eigenvalues in A and B in Eq. (5.80) (where then A ~ G?
and B = 0). Thus, AY and, following directly from that, also the normalized angular
displacement uncertainty f, coincide for both approaches at low gain.

As a sidenote, it should be mentioned that a similar expression to the low gain approx-
imation for A in Eq. (5.88) can be obtained for the phase sensitivity A¢ as discussed
throughout Chapter 3. At low gain, Eq. (3.46) then becomes

1

1
Adger = §G ‘sin(%)‘ : (5.89)

Remarkably, this expression is independent of any properties of the pump, except for
properties that may affect the normalization constant C' [since 1/C appears as a factor
of G, compare Egs. (5.14) and (5.34)]. As such, it is clear that the phase sensitivity f
cannot be improved by using Laguerre-Gaussian pump pulses. Ultimately, in general, the

structure of the pump beam has no direct influence on the phase sensitivity f at low gain.

5.4.2. Results

In the previous section (Sec. 5.4.1), two approaches were derived to obtain the angular
displacement uncertainty for an SU(1,1) interferometer pumped with Laguerre-Gaussian
beams. Both approaches result in formulas which only coincide in the low-gain regime.
This is also illustrated in Fig. 5.13(a) and Figs. 5.13(b)-5.13(e), which show the normalized
exp = 0.01) and

medium gain (G, = 2), respectively, for various combinations of the pump radial and

angular displacement uncertainty for both approaches at low gain (G

OAM index. For the results presented in this section, only a single fitting constant A
connecting the theoretical and experimental gain will be used, which is the average of
the value for the low-gain and high-gain regime (compare Sec. 5.3.1). This will greatly
simplify the computation of later results, which are in dependence on wide ranges of
the experimental gain and is justified by the fact that the experimental measurement
error determining A would be larger than the error introduced by averaging the fitting
constants [2, 104].

Evidently, both approaches show a periodic behavior for the normalized angular dis-
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Figure 5.13: Plots of the normalized angular displacement uncertainty f in dependence on the

rotation angle of the fields 9 for (a) low gain G

exp

= 0.01 and [(b)-(e)] medium gain G, = 2

for the transfer function and Schmidt mode theory approaches as indicated in the plots. Note
that for low gain [(a)] both approaches coincide as discussed in Sec. 5.4.1. The thin horizontal
gray lines in (a)—(d) indicate the standard quantum limit, meaning that all angular regions
where f lies below the line display supersensitivity. Figure (e) shows zoomed cut-outs of (b)—(d)
highlighting the behavior in the very narrow supersensitivity regions. Adapted from Ref. [2]
using the dataset associated with the publication, see Ref. [151].
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

placement uncertainty. Since the standard quantum limit does not depend on 1, most
of the behavior of f can be understood by analyzing the (not normalized) angular dis-
placement uncertainty Av¥. For both approaches it is immediately obvious from their
respective expressions for Ad [Egs. (5.80) and (5.86)] that f has periodic behavior with
period length 27/]1,|.

Physically, this can be explained as follows [2]: Excluding the pump beam and the Dove
prism, the two crystals of the interferometer are continuously rotationally symmetric due
to their large (infinite) transverse size. Introducing the Dove prism does not break this
symmetry, as long as the signal and idler fields themselves are rotationally symmetric,
since it only rotates and mirrors the two fields. For [, = 0 the pump is also rotationally
symmetric (Gaussian) and therefore, the entire system has continuous rotational symmetry
about the z-axis. However, for [, # 0, the pump only has an l,-fold discrete rotational
symmetry due to its e '»% phase profile (compare also Fig. 5.1 for plots of the phase
profiles of the functions of the form e~#). This symmetry of the pump beam is transferred
to the signal and idler radiation generated by the first crystal. This can be seen from
the fact that in Eq. (5.24), for [, = 0, the TPA does only depend on the azimuthal angle
difference ¢, — ¢; but not on the absolute values of these angles [2, 11], while for [, # 0,
the additional term e %»?: introduces the l,-fold discrete rotational symmetry. The Dove
prism mirrors the radiation field, inverting the helicity of each OAM component, which
is accounted for by pumping the second crystal with the Laguerre-Gaussian mode of the
opposite helicity. The second crystal itself also has an [,-fold rotational symmetry due to
the pump. Thus, a rotation of the radiation field by 27 /|l,| maps the radiation field onto

itself from the viewpoint of the second crystal, resulting in the period length of 27/|l,,|.

As ¥ — 2mm/|l,|, for m € Z, the factor 1/|sin(1,9/2)| in both expression leads to a
divergence of Av. This is for the same reason as described above: A rotation of the
signal-idler radiation field by 27/|l,| about the azimuthal axis is indistinguishable from
no rotation being applied to the field. Thus, it is not possible to detect rotation angles of
the Dove prism which lead to rotations of the fields which are integer multiples of 27/1,,|.
By the same argument, for a Gaussian pump (lp = 0), no rotations of the Dove prism can
be detected at all, since the system always has continuous rotational symmetry meaning
that rotations of the Dove prism do not modify the signal and idler fields in a discernible
(detectable) way. This leads to an undefined or infinitely large angular displacement

measurement uncertainty.

Regarding the angular displacement uncertainty, Fig. 5.13(a) indicates that at low gain,
where both approaches coincide, supersensitivity (uncertainties lower than those of the
standard quantum limit, f < 1) can be reached as long as L, # 1. The precise condition
for the existence of an angular region over which f < 1 will be discussed below. At
increasing gain, see Figs. 5.13(b)-5.13(e), the transfer function approach shows a strongly
pronounced minimum over a narrow angular range. Thus, the angular displacement
uncertainty is reduced at high gain and for increasing [, and m,. The Schmidt mode

P
theory approach does not predict such a pronounced minimum and generally shows a
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much smaller reduction in the uncertainty. Clearly, for both cases, f and Av reach their

global minimum at 9 =7 (2m + 1)/, for m € Z. For the transfer function approach,

min,m
this is immediately obvious from the fact that in Eq. (5.80), the numerator is maximized
(globally) at ¥

applied in Sec. 3.5.1, leading to Eq. (3.51)]. For the Schmidt mode theory approach, it is

while the denominator is maximized [globally; the same argument was

min,m?

more difficult to show that the minimum is reached at the same phase values 1 due to

min,m
min,m the third fraction in Eq. (5.86)

assumes the indeterminate form “0/0” due to the cos-terms. This limit can be evaluated

-1
by expanding the third fraction in Eq. (5.86) with ‘COS(%’&) ‘ and using

. sinh {46’% ‘cos (%’19) H

l
q9*>1911r1in,'m ‘COS(%Q?) ’

the more complex structure of Eq. (5.86). As ¥ — ¢

— 4G/, (5.90)
which follows from I"'Hospital’s rule [111], leading to

\/Zm . sinh? [4GMCOS <%’19)}
lim 7 .
G rmin,m > \/Ann sinh [4G\ /A ‘COS(fpﬁ) H
Furthermore, by the Cauchy-Schwarz inequality [2],
l l
(5] o (5] oo

since 3 Ap, = 1. Combined, Eqgs. (5.91) and (5.92) show that the global minimum of

the third fraction in Eq. (5.86) over ¢ is 1. Since the fraction assumes this value at 9

=1. (5.91)

> VA sinh [4G\/>\mn

min,m

and the denominator of the second fraction in Eq. (5.86) reaches its global maximum

at it is clear that Adgyr is also minimized at o

min,m> min,m*

At the global minimum, fpp takes the value [2]

A

o 1 < s,tot>
fTF,min - |lp‘ A .

(5.93)

While the factor 1/|l,| in this equation seemingly suggests that frp ,;, scales as 1/,
with the OAM of the light interacting with the rotated object, as is also described in the
literature [48, 54, 55, 152], it should be noted that for fixed gain, both <]\Afs’t0t> and A still
depend on [,,, meaning that the actual scaling of frp ,;,, With [l,] is less obvious. Note that
here, the signal and idler beams carry OAM which adds to [,,, as described in Sec. 5.4.1
above, although each individual photon may carry arbitrary OAM n or [, —n, for n € Z.

However, for fixed experimental gain G both the eigenvalue distributions and the fitting

exp’

constant A vary as [, and m,, are changed. The scaling behavior as oc 1/]1,| is however

recovered exactly in the low-gain limit:
1

lim fTF,mln == m . (5.94)
exp\,0 )
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Chapter 5: PDC with Laguerre-Gaussian Pump Beams

This follows similarly to the low-gain approximations performed above. Similarly, the
minimal angular displacement measurement uncertainty for the Schmidt mode theory

approach is given by

1 <Ns t0t>
= 5.95
fSMT,mm ‘lp‘ G ) ( )

which follows from Egs. (5.86) and (5.91).
Figure 5.13 suggests that frp i < fomT mins Which can be shown directly follows: As
an analytic function, the sinh? function is defined everywhere by its power series, which

can be used to estimate [2]

00 §—1+21 2l
( As,tot> = Z ((G21\)/'m) =G+ 0(G*) > G?, (5.96)

m,n [=1

since the higher order terms O(G*) are all positive, so that [2]

G < \(N,10r) < VA, (5.97)

as long as G > 0, compare the definition of A in Eq. (3.48). This immediately proves that
the angular displacement uncertainty for the transfer function approach is always lower or

equal to that of the Schmidt mode theory approach: frg min < fomr min-

Ultimately, the reason for why both methods yield different results for the angular
displacement uncertainty must be related to the (spatial) ordering in which the phase is
included in the system. In the transfer function approach, the equations of motion are
solved for both crystals separately. This means that the solution of the first crystal and
the corresponding transfer functions are known. This is not the case for the Schmidt
mode theory approach, where only the transfer functions for the entire interferometer are
known. Mathematically, this leads to the different expressions for the eigenvalues of the
entire interferometer, as seen in Egs. (5.79¢) and (5.84). This is because in the Schmidt
mode theory approach, the TPA is the sum of the TPAs of both crystals [see Eq. (5.81)]
and ultimately acquires the cos(,1/2) term as seen in Eq. (5.82). Thus, the entire TPA
and its low-gain eigenvalues \/m scale as o cos (lp"&/ 2). Contrary to that, when first
constructing both TPAs and combining them using the transfer function approach, only

the high-gain eigenvalues of the full interferometer scale as o cos(1,,9/2), see Eq. (5.79¢).

It is well known that Schmidt mode theory leads to incorrect results at high parametric
gain [5]. Hence, the aforementioned observations regarding the differences of the two
approaches are unsurprising. The transfer function approach is based on the connection
of the two PDC sections as it follows from the integro-differential equation formalism,
while in the Schmidt mode theory approach the TPAs are simply added. As such, the
transfer function approach can be expected to yield more accurate results at high gain.
In this context, it is therefore also unsurprising that the Schmidt mode theory approach

does not predict a strong supersensitivity, which would be expected due to the identical
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5.4. Angular Displacement Measurements

mathematical structure of the formalisms for angular displacement measurements and
phase measurements as described in Chapter 3. As such, in the following, only the angular

displacement uncertainty for the transfer function approach will be analyzed further.

Figure 5.14(a) shows the minimal angular displacement uncertainty for several combi-
nations of [, and m,, as also seen in Fig. 5.13. The behavior is generally similar to the
behavior of the optimal phase sensitivity (compare Fig. 3.7) and shows a strong reduction
of the uncertainty with increasing gain. Interestingly, both an increase in [, and an increase
in m,, lead to an improvement of the optimal angular displacement uncertainty. To get a
better understanding of this behavior, frg ,;, may be rewritten in terms of the Schmidt
number of the first crystal KV as:

1 1

fTF,min = I - . (598)
| p‘ < A.(sllt)ot>
1+ K(D

This follows analogously to Eq. (3.51) as outlined in Sec. 3.5.1. Equation (5.98) implies
that lowering the number of effective modes leads to an improvement of the optimal angular

displacement measurement uncertainty.

Figure 5.14(b) shows the behavior of the Schmidt number at increasing experimental
gain. Due to the redistribution of the eigenvalues, the Schmidt number strongly decreases
with increasing gain, as described in Sec. 5.3.1 and Sharapova et al. [11]. As was already
observed in the plots of the eigenvalue distributions shown in Figs. 5.2 and 5.3, at low gain,
increasing m,, leads to an increase in the Schmidt number, while at high gain, the Schmidt
number is decreased. This behavior can also be seen in Fig. 5.14(b). As a consequence, the
minimal normalized angular displacement uncertainty decreases more strongly for [, =7,

m,, = 7 than for [, =7, m, = 0, as the experimental gain is increased, see Fig. 5.14(a).

As was described during the analysis of the phase sensitivity of high-gain SU(1,1)
interferometers, apart from the actual sensitivity/uncertainty, the width of the region
in which supersensitivity is reached is also important (see Secs. 3.5.1 and 3.5.4). This
is because this region must be sufficiently broad to allow for stable measurements [2].
Section A.3 provides the derivation of the analytical expression for this supersensitivity
region width for the phase sensitivity. Following this derivation using the expressions of
this chapter [Eq. (5.80)] yields the following expression for the supersensitivity region width

for the angular displacement uncertainty [2]:

2 4 1448
Arp = =T~ arctan A 5 . (5.99)

In order for the supersensitivity region to exist, the square root in the above expression

must remain real-valued. This is the case as long as

(N o)
1< (1 + I;fff ) 12 = 2412 (A¥gy ), (5.100)
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Figure 5.14: (a) Minimal normalized angular displacement uncertainty for the compensated
SU(1,1) interferometer with a Dove prism placed between the two lenses for several combinations
of the radial (m,) and OAM ((,) index of the Laguerre-Gaussian pump beam in dependence
on the experimental gain G As mentioned in the text, the fitting constant A connecting

exp-”
the experimental gain to the theoretical gain parameter G has been chosen as the averaged
values for G, = 0.01 and G, = 4. Note that here, only the values for the transfer function

approach are shown since the Schmidt mode theory approach predicts larger uncertainties, as
discussed in the text. As G, 0, frg min approaches 1/|( |, see Eq. (5.94). (b) Schmidt
number K1) of the first crystal of the SU(1,1) used to carry out the angular displacement
sensitivity measurements for several combinations of [, and m,. As the gain is increased, the
Schmidt number strongly decreases due to the redistribution of the eigenvalues caused by
their sinh®>-dependence on G, as discussed in Sec. 5.3.1. See also Figs. 5.2(d), 5.2(e), 5.3(d)
and 5.3(e) which show the eigenvalue distributions and the corresponding Schmidt numbers for

the two cases where ([, =7 for G, = 0.01 and G,,, = 4. Note however that here, as described

in the text, the fitting constant A is averaged for the low and high-gain regime. Therefore, a
precise match between these numbers is not expected. Adapted from Ref. [1].

which holds for G > 0 and [l,| # 0. Thus, a supersensitivity region always exists as
long as the pump beam has nonzero OAM. As mentioned above, for [, = 0, the angular
displacement uncertainty is undefined.

Figure 5.15(a) shows the behavior of A over a range of the experimental gain G,
Evidently, the width of the supersensitivity region decreases strongly as the experimental
gain is increased. Furthermore, the region shrinks more strongly for larger [, and m,,.
Generally, comparing Figs. 5.14(a) and 5.15(a) shows that an improvement in the angular
displacement measurement uncertainty leads to a narrowing of the supersensitivity region.

In the low gain limit, for [, = 1, m, = 0, the supersensitivity region degenerates into

P
a single point. This can be seen by applying the low gain approximations discussed

throughout this section to the expression for Ay as written in Eq. (5.99) [2]:

undefined [,=0
- ﬁil — ﬁ arctan< L ) 11, > 1.

134



5.5. Conclusion

(a) N : : : - (b) _
= 10° ¢ 3 T 20¢f
] Pl
= L 2 e
w —1 L -
g 10 5 15}
o 9
3 5 s
1072 ¢ 8 L
) £~
= -3 L o =
y; 10 L=lm = ©E 05
5 Z c
= 4 —lL=7m= e
o 107 =T . . ¢ oof, , .
0 1 2 3 4 0 10 20
Experimental gain G,,, Pump OAM index |[p|

Figure 5.15: (a) Plot of the supersensitivity region width A;g in dependence on the ex-
perimental gain G,,, for various combinations of the radial (m,) and OAM ((,) index of the
pump beam. For [, =1, m, = 0, the width approaches 0 as G, ~\, 0. (b) Width of the
supersensitivity region width in dependence on the modulus of the pump OAM index in the
limit of low gain as described by Eq. (5.101). For L, =0, there exists no supersensitivity and
rotations of the Dove prism cannot be detected, as discussed in the text, while for [, =1, the
supersensitivity region consists of a single point. Adapted from Ref. [1].

Figure 5.15(b) shows a plot of this expression in dependence on [,. For [, = 2, the width
of the supersensitivity region in the low gain limit is maximized and gradually decreases

as lp is increased further.

5.5. Conclusion

This chapter, based on Ref. [2], provides an extension of the Schmidt mode theory developed
in Sharapova et al. [11] to Laguerre-Gaussian pump envelopes carrying orbital angular
momentum. It was found that the distribution of the Schmidt eigenvalues is centered
around [, /2, where [, is the OAM index of the pump beam. By varying [, and the
radial index m,,, it is possible to significantly modify the eigenvalue distributions. For a
single crystal, increasing these indices leads to a broadening of the eigenvalue distributions
along the modal OAM index and the modal radial index, respectively. Using SU(1,1)
interferometers consisting of two crystals with an air gap in-between, further modifications of
the eigenvalue distributions are possible by varying the length of the gap. Most prominently,
near the dark and the bright fringe of the interferometer, non-monotonic behavior along
the modal OAM index n can be observed, ultimately leading to large occupations of modes
with OAM larger than that of the pump. Additionally, due to the non-monotonic behavior,
for certain combinations of [, and m,,, the intensity profile approaches a donut shape due
to the fact the modes with the largest occupations are no longer Gaussian shaped. For
any configuration, increasing the experimental gain allows for a filtration of the highest
occupied modes due to the redistribution of the eigenvalues, allowing for the extraction of
the modes with OAM larger than the pump OAM and the non-Gaussian modes [11].
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These observations may provide a solution to one of the major problems of the multimode
squeezing measurements discussed in Chapter 4: Due to the fact that the OAM modes are
orthogonal, the overlap between OAM modes with different OAM vanishes, removing the
necessity to account for overlap between different OAM modes. If the system is additionally
designed so that only radial modes with m = 0 have a significant contribution, as was for
example seen for a single crystal and the interferometer at G, = 4, the off-diagonal overlap
matrix elements are no longer relevant. Future studies may investigate this and, more
generally, the role of the OAM modes in the modal overlaps inside SU(1,1) interferometers

in more detail.

As an additional application of PDC pumped with Laguerre-Gaussian pump beams, it
was investigated how diffraction compensated SU(1,1) interferometers as introduced in
Sec. 3.3 can be used to reach supersensitivity in angular displacement measurements. This
was based on the idea that using beams carrying OAM to probe the induced rotations leads
to an improvement in the sensitivity. It was shown that the effective OAM interacting with
the Dove prism inducing the rotation is the pump OAM [,. The results indicated that the
measurement uncertainty strongly decreases as the gain, [, or m,, are increased. However,
this increase comes at the cost of a strong reduction in the width of the angular region
over which the supersensitivity can be achieved, requiring trade-off considerations between
the actual supersensitivity and the width of the supersensitivity region required for stable
measurements. Overall, the theoretical treatment and the results bear strong similarity to
those of Chapter 3 due to the identical mathematical structure of the underlying problem.
It should be noted that the abovementioned results only apply to the transfer-function
approach, where the system is described in two parts, which are the first crystal and the
second crystal including the Dove prism inducing the rotation of the signal and idler field.
The alternative approach (Schmidt mode theory approach), where the system is described
by a single TPA consisting of the sums of the TPA describing the first crystal and the
second crystal predicts much larger measurement uncertainties. The reason for this is that
in the transfer function approach, the phase originating from the rotation angle is included
only in the description of the second crystal, so that only the low-gain eigenvalues of the
second crystal are modified as the angle is varied. This is structurally different from the
Schmidt mode theory approach, where the low-gain eigenvalues are directly proportional

to the cosine of the angle.

Generally, it should be noted that the description of PDC with Laguerre-Gaussian pump
beams presented in this chapter does not include time-ordering effects, as is typical for
Schmidt mode theory. For this, a more elaborate approach such as the integro-differential
equations approach described in Sec. 3.2 has to be employed. In this approach, the Schmidt
modes also become gain dependent, while in the Schmidt mode theory approach only
the eigenvalues are gain-dependent. However, the integro-differential equation approach
can generally only be solved numerically, except when approximation such as that of the
plane-wave pump are made (compare Sec. 3.5.2). The major advantage of Schmidt mode

theory is providing analytical expressions for the TPA, which can be understood as an
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analog to the transfer function S, and, as seen in more detail in Sec. A.5, coincides with it
at low gain.

It was noted during the review phase of Ref. [2] that apart from the phase sensitivity
and the angular displacement measurements, it is also possible to consider transverse
displacements of the signal and idler fields between the two crystals, which were for
example investigated in Grenapin et al. [154] and Barboza et al. [155]. As mentioned in
Ref. [2], applying the formalism developed here to transverse displacements may have high
computational demand, due to the fact that in the most general case, four-dimensional
Cartesian grids have to be used for the TPA due to its dependence on the signal and idler
wave vectors g, and g;. In the formalism illustrated here, it was possible to construct a
description of the system that requires only three-dimensional grids for the function R by
utilizing the symmetry of the system, meaning that it can be described in terms of the
signal-idler azimuthal angle-difference ¢, — ¢,. As such, it is advisable to utilize possible
symmetries of the system when describing transverse displacements in order to reduce the
dimensionality of the grids describing the TPA. In the simplest case, it might be possible
to reduce the transverse plane, in which the displacement occurs, to a single line along the
displacement, leading to a similar description as in Chapter 3, where only one transverse

direction was included in the description.
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Concluding Remarks

In this thesis, several aspects of high-gain multimode SU(1,1) interferometers were the-
oretically investigated. In this regard, the main focus was on metrological applications
using SU(1,1) for the measurement of phases (Chapter 3), the multimode squeezing (Chap-
ter 4) and their sensitivity for rotational displacement measurements (Chapter 5). Several

conclusions can be drawn from the results presented in this thesis.

Phase Sensitivity of High-Gain SU(1,1) Interferometers. It was shown that high-gain
multimode SU(1,1) interferometers can be used to beat the shot-noise level for the phase
sensitivity, provided that proper diffraction compensation is applied. This means that
focusing elements must be used to properly image the output field of the first crystal onto
the second crystal. It then follows that at high gain, the scaling of the phase sensitivity
approaches the Heisenberg scaling. These results were obtained by numerically integrating
integro-differential equations describing the evolution of the plane-wave operators through
the PDC sections [5]. Additionally, several useful analytical relationships between the
transfer functions, which describe the solutions of the integro-differential equations, were
found and used to simplify the computations. These results were enabled by applying the
well-known joint Schmidt decompositions for the transfer functions, yielding the Schmidt
modes and the corresponding eigenvalues. Importantly, these results illustrate that the
phase sensitivity of SU(1,1) interferometers in the form analyzed here is improved by
reducing the number of effective modes, increasing the parametric gain or both. Ultimately,
the increase in the phase sensitivity is always accompanied by a strong decrease in the
width of the phase region over which the supersensitivity can be achieved. Therefore, in
experimental realizations of this setup it is always necessary to make trade-off considera-
tions. Future investigations may focus on the inclusion of internal losses for the SU(1,1)

interferometer, since these are well known to degrade the interferometer performance.

Modal Structure of SU(1,1) Interferometers. A second important consequence of the joint

Schmidt decomposition is the fact that each PDC sections has an associated set of input
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and output modes. These modes were analyzed in dependence on the parametric gain.
In this regard, the well-known result was reproduced that the modulus of the Schmidt
modes broadens as the parametric gain is increased, while the moduli of the input and
output modes coincides to a good approximation. Additionally, it was discovered that
the phase profiles of the modes coincide at low gain, leading to a full coincidence of the
input and output modes at low gain. As the gain is increased, the phase profile of the
input modes flattens, while that of the output modes steepens slightly. Overall, the input
and output modes become generally more dissimilar as the parametric gain is increased.
Another important result is the discovery that for non-degenerate eigenvalues, the Schmidt

modes are unique up to their sign, meaning their phases are not fully arbitrary.

Multimode Squeezing Measurements. In order to measure the squeezing in each output
mode of a single PDC section (squeezer), a second PDC section (amplifier) can be used
to form an SU(1,1) interferometer. In principle, depending on the phase difference the
light acquires between the two PDC sections, either the squeezing or anti-squeezing can
be measured. However, in general, if the second crystal operates at high parametric gain,
meaning that the SU(1,1) interferometer is unbalanced, the output modes of the first
crystal and the input modes of the second crystal, as well as the output modes of the
second crystal and those of the SU(1,1) interferometer are not identical. Based on this,
a processing method was developed which facilitates obtaining the multimode squeezing
data from the eigenvalues of the squeezer and the entire interferometer, provided that the
overlap coefficients between the output modes of the squeezer and the input modes of
the amplifier, as well as those between the output modes of the amplifier and the entire
interferometer are known. Since the overlap coefficients and the eigenvalues, reflecting
absolute photon numbers, are generally hard to obtain experimentally, an approximation
was made to the processing method allowing for a simplified reconstruction of the levels of
squeezing and anti-squeezing, given that the amplifier operates at much higher parametric
gain than the squeezer. Both the approximated and exact methods were first applied
theoretically and found to be in good agreement. Furthermore, this processing method was
applied to experimental data obtained by collaborators in Barakat et al. [3] and was found
to be in good agreement with the theoretically predicted values for the levels of squeezing

and anti-squeezing.

Modal Structure of PDC Systems Pumped with Laguerre-Gaussian Beams. In the preceding
results, the pump pulse always had a Gaussian envelope. The description of PDC was
extended to Laguerre-Gaussian beams within the context of Schmidt mode theory as
developed in Sharapova et al. [11]. This theory does not include time-ordering effects and
does therefore best agree with the experiment at low gain. It was found that the occupation
numbers (eigenvalues) of the Schmidt modes can be strongly modified by varying the
orbital and radial indices of the Laguerre-Gaussian pump. The orbital index is associated
with the orbital angular momentum (OAM) that the pump beam carries and was found
to be preserved in this PDC process. By increasing the radial and orbital indices, the

occupation numbers of the modes broaden along the radial and orbital index, respectively.
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Then, as the gain is increased, only the modes with the highest occupation numbers remain,
as described in Sharapova et al. [11], allowing for the filtering of the modes with the largest
eigenvalues. This becomes especially useful in the case of SU(1,1) interferometers pumped
with Laguerre-Gaussian beams, where at the dark and bright fringe certain configurations
were shown to lead to non-monotonic behavior of the eigenvalues. As the gain is increased,
the modes corresponding to these local maxima are filtered out, while the others are
suppressed. In one case, it was also found that the OAM of one of the selected modes was
larger than the OAM of the pump beam. Thus, overall, SU(1,1) interferometers can also
be used to prepare certain states of multimode PDC light. Future studies may focus on
extending this formalism to the integro-differential equation approach for the description
of PDC in order to obtain more accurate results at high parametric gain. Furthermore,
these findings may provide a way for the reduction of the modal overlap, for example in
the context of multimode squeezing measurements, which may be investigated in more

detail in future research.

Angular Displacement Sensitivity of SU(1,1) Interferometers Pumped with Laguerre-
Gaussian Beams. Using light carrying OAM, it is possible to detect angular displacements
(rotations) of objects. As such, following the results obtained for the phase sensitivity,
it was shown that within the Schmidt mode theory approach, SU(1,1) interferometers
pumped with Laguerre-Gaussian beams can be used to achieve supersensitivity of angular
displacement measurements. The displacement measurement uncertainty can be reduced
by increasing the pump OAM index, its radial index or the parametric gain. As was the
case for the phase sensitivity, this again comes at the cost of a diminishing angular region
over which the supersensitivity can be achieved. Further studies may extend this SU(1,1)
interferometer setup to transverse displacement measurements, where objects are moved
perpendicular to the pump direction, leading to a displacement of the signal and idler
fields. Here, in general, Cartesian coordinates must be used, leading to a dramatic increase

in the numerical complexity, unless symmetries can be utilized.
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Appendix: Auxiliary Results,

Calculations and Proofs

A.1. Integro-Differential Equations for the Transfer Functions

Finite-Width Pump. More generally, the integro-differential equations (3.7) may be written

as
dag(q,, L R
Wel) —v a0 (a0 Dl D), (A1a)
dal(q,, L R
B p [0, 0 D0 D), (A1b)

where the pump term and the phase-matching function have been absorbed into 7(q,, q;, L).
Plugging Egs. (3.10) into Egs. (A.1) and comparing both sides yields two sets of integro-

differential equations:

dB(g,. 4is L L
(dL) - F/dqi“qsaqi»L)n (4 4i. L), (A.2a)
dN* qzquvL % ,
n(dL) - F/dqsr (q87qi7L>5(qquwL>v (A2b)
and
dp*(q;,q., L i . )
<qzﬂ/q)—I‘/dqu (95,9, L) 71(qs, 95, L), (A.3a)
dn(q,, q5, L . )
T]((TIL) - F/dqZ T(qs’qi’L)ﬂ (qi?qs’L>a (A3b)

where Eqgs. (A.2) coincide with Egs. (3.11) in the main text. Clearly, these two sets are

only equivalent when r is symmetric under the exchange of the two wave-vector arguments
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for any L:

r(qmqi’L) = T(qi7q$>L)' (A4)

In the case where Eq. (A.4) does hold, Egs. (A.2) and (A.3) are complex conjugates of each
other. Contrary to that, if this symmetry is not fulfilled, 5 and 5*, as well as 77 and 77", are
generally not complex conjugates of each other. As mentioned in Ref. [1], this more general
case without the symmetry condition written in Eq. (A.4) requires four complex-valued
transfer functions. As a consequence, the number of integro-differential equations that has
to be solved numerically is doubled, since the two sets written in Egs. (A.2) and (A.3)
have to be solved independently.

Plane-Wave Pump. For a plane-wave pump, plugging Eqgs. (3.56) into Eqs. (3.54) directly

yields two sets of coupled differential equations:

Vol D) (. L) 1. . (A52)
‘W = Dol (45, L) Bowe (455 L), (A.5b)
and .
Dol D) o g4y L) (0. ), (A6a)
‘W = Tohp (a5 L) B (a5, L), (A.6b)

where Eqgs. (A.5) coincide with Egs. (3.57) in the text. These two sets are equivalent
provided that

hpw(stL) = hpw<_qsaL>a (A?)

which due to the definition of h, in Eq. (3.55) is equivalent to the condition in Eq. (A.4).
Again, as for a finite-width pump, if A, does not fulfill this property, 3, and Sy, as well
as 7) and 75, are not necessarily complex conjugates of each other and the solution consists

of four complex-valued functions.

A.2. Refraction Considerations

One additional aspect that needs to be considered when treating the propagation of light
from the PDC sources is refraction at the boundaries of materials with different refractive
indices. In Chapters 3 and 5 this was also taken into account by considering the output
intensity profiles in terms of the external angles. Similarly, as already hinted at in Sec. 3.2,
refraction must also be considered when transitioning between PDC sections with different
optical properties, for example different refractive indices, or when transitioning between
the output of the first crystal of an SU(1,1) interferometer into the phase object. A general

sketch of the geometry of the refraction of a plane wave at the boundary between two media
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with different refractive indices is shown in Fig. A.1(a). In the medium 1, with refractive
index n;, the wave travels with wave-vector k; = [ql kz’l]T in the zz-plane towards the
boundary to medium 2, where the refractive index is ny,. The angles a; and a, of the
wave-vectors with respect to the normal of the boundary between the media are related
via Snell’s law [60, 101, 156, 157]:

nq sin(ay) = ny sin(ay). (A.8)

During the derivation of Snell’s law, it is either initially assumed or appears as an interme-
diate result that the wave-vector components ¢; and ¢, of the wave vectors in medium 1

and 2, respectively, are conserved:

q1 = 42, (AQ)

see also Fig. A.1(a). For more details, see for example the derivations in Landau et al. [60]
or Bartelmann et al. [157]. Obviously, this connection between the transverse wave-vector
components can also a posteriori be obtained from Snell’s law since it is one of the
underlying assumptions: First, note that

q; = |k;|sin(a;), for j=1,2. (A.10)

Additionally, since the waves are monochromatic, the moduli k; = [k;| of their wave-vectors

are related via

LY (A11)
Ny Ny
which directly follows from the dispersion relation, see Eq. (2.15). Then, combining
Eqs. (A.8), (A.10) and (A.11) directly leads to Eq. (A.9).

Refraction must also be considered when implementing the diffraction-compensated
SU(1,1) configurations as discussed in Sec. 3.3. The sketches shown in Figs. 3.2(b) and 3.2(c)
neglect the diffraction of the signal and idler radiation at the crystal-air boundaries. In a
more precise treatment, it must be taken into account that the actual focal point F’ of the
radiation focused into the crystals is shifted by some distance 6l from point &, where it
would lie if n; = ny. This geometry is shown in Fig. A.1(b), which can be seen as a more
precise sketch of the transitions between the first crystal and the air gap, as well as the air

gap and the second crystal in Figs. 3.2(b) and 3.2(c).
Using Snell’s law as written in Eq. (A.8) and the fact that

d = ltan(ay) = (0l 4 1) tan(a, ), (A.12)

see Fig. A.1(b), it can be shown that

Ra 251n2 o
ﬁ\/l_(ni) (@) | (A.13)

No cos(ay)

ol=(/—a)
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Figure A.1: (a) Sketch of the geometry of the refraction of a plane wave at the boundary of two
materials. The plane wave impinges onto the boundary between two media from the medium
with refractive index n; (indicated by the blue area) with the wave vector k; = [q; kzyl]T.
After transitioning into the other medium with refractive index n, (indicated by the gray area),
the wave vector becomes k, = [g, kzyz]T. The angles of incident and refraction are o; and «,,
respectively. (b) Sketch of the focusing of a collimated beam entering from the right and
inside a medium with refractive index n, (gray region) into a medium with refractive index n,
(green region). Equivalently, this sketch also illustrates the diffraction of a beam originating
at a single point in the medium with refractive index n;, followed by the refraction at the
material boundary and subsequent collimation at the lens plane. The dashed lines indicate the
continuation of the rays focused by the lens. It should be noted that in both cases the point &’
where the beam is fully focused lies not at the focal length £ of the lens behind the lens plane
(at the point marked with &) but is shifted by some distance §( due to the diffraction.
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Note that [ = £ — a. For small angles' vy, so that (ny/n,)”sin?(ay) < 1 and cos(ay) ~ 1,
Eq. (A.13) can be approximated as

S~ (f —a) (— ) (A.14)

With the refractive index of the crystal chosen as n; = 1.6645 as discussed in Sec. 2.3.1
and ny ~ 1 as the refractive index in air, this means 6l ~ 0.6645[. If the goal is to focus
the PDC radiation into the center of a crystal with length L = 2mm, requiring [ = 1 mm,
the actual focus inside the crystal will be shifted by 0.6645 mm, which is relatively large
compared to the crystal size. However, it should be noted that in experimental setups the
optimal position is determined by varying the position of the focusing element in order to
maximize the visibility [4]. It is therefore not necessary to know the optimal position of

the focusing element in advance.

A.3. Phase-Supersensitivity Region Width A for Compensated
SU(1,1) Interferometers

The normalized phase sensitivity f as defined via Eqgs. (3.4) and (3.46) is 2m-periodic
and diverges towards 400 as ¢ — 2mc, for ¢ € Z. Furthermore, on the intervals I, =
[2me, 27 (¢ +1)], f is a continuous function of ¢. This means that in order to derive the
analytic expression for the supersensitivity range width A, it is possible to start by solving
the equation f =1 for ¢. With Eqgs. (3.4) and (3.46), this equation becomes

1 + acos? (g) — bsin? <§> =0, (A.15a)

with the two positive constants

B
a=4-, (A.15b)

b=4A(Adgy)>. (A.15¢)

Equation (A.15a) can be solved for ¢ with the help of the identity sin?(x)+cos?(z) = 1 [111].
This way, the solutions for ¢ can be expressed either in terms of sin or cos. Furthermore,

by comparing both possibilities, the set of solutions may be written in terms of tan:

vVi+a
vb—1

Clearly, this expression requires b > 1 for ¢. . to be real-valued. However, b > 1 is

bo . =2mc £ 2arctan< ), forc e Z. (A.16)

equivalent to <Ns(1t)ot>/ KW > —3/4 and is therefore always true. Unsurprisingly, the same
< 1, with f

condition also follows when setting f, min s given in Eq. (3.51), which was

min

1For broad angles, the dependence on the angle o, in Eq. (A.13) implies that even for fixed distance a
between the crystal and the lens plane (and therefore fixed 1), the rays may not necessarily be focused into
a single point, leading to abberations. However, this case is beyond the scope of this work.
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discussed in Sec. 3.5.1. If the minimum normalized phase sensitivity f were strictly greater
than 1 for all ¢, no real-valued solutions to Eqgs. (A.15) would be possible. Furthermore,
lim, ; ¢, = (2¢ + 1) m meaning that in this case, each of the intervals /. contains a single

point of vanishing width A = 0 where f = 1.

In all other cases with b > 1, there are two real-valued solutions ¢, , and ¢, _ on the
intervals I, described by Eq. (A.16) and due to the continuity and the behavior at the
boundaries of these intervals discussed above, the supersensitivity region must lie between
those two solutions. Its width is therefore given by A = ¢, _ —¢, ;, which, after applying
Eq. (3.48), leads directly to Eq. (3.52).

A.4. Integro-Differential Equations for the Full Three-Dimensional
System

A.4.1. Cartesian Frame

For the full three-dimensional system, where, unlike in Chapters 3 and 4, both transverse
dimensions are included in the description, the integro-differential equations describing the

evolution of the plane-wave operators through the PDC sections take the general form

da,(q, L R
EjL) = F/d2qz f(qs7q1>L) aj(qu% (Al?a)
ddT ivL .

Zgi> = F/d2qs f*(qsaqi,L) CLS(qS,L)7 (A.17b>

where f is the function describing the PDC process and normally the product of the Fourier
transform of the spatial envelope of the pump beam and the phase-matching function.
Compared to Eqgs. (3.7), the only difference is that the wave-vector variables are now
vector-valued instead of scalar-valued. The commutation relations of these plane-wave

operators are given by

la,(a,, L), ak(q}, L)] = 6(a, — @), (A.182)
la,(q;, L), ! (g}, L)) = 6(q; — q)), (A.18b)
la(q,, L), ! (g}, L)) = 0, (A.18¢)
and
lay(q,, L), d (q;, L)] = (Dy; — 1) 6(q, — q;).- (A.19)

The solution of the integro-differential equations (A.17) are of the form:

6.(q0, L) = / 8¢ 7i(q, ., L) a,(a) + / ¢! Bla,, 4, L) ' (), (A.20a)

i (g, L) = / &} i (a5, 4l ) a1 () + / 8¢, 8*(g, 4., L) 6,(q). (A.20b)
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Plugging this form back into Eqgs. (A.17) yields two sets of integro-differential equations

for the transfer functions:

dB(q,. q;, L o
<dL> - F/dQQif(qqui’L>77 (4;,4;, L), (A.21a)
dN* qmq;)L % ,
n<dL> - F/d2qs /(a5 4;, L) B4y, 4, L), (A.21b)
and
d6*(q;, q,, L ) o
@ a.) _p / a2, f*(q, a2 L) 0(d, .0 L), (A.220)
d7j(q,, g% L o
77(o‘lL> - F/dzqiﬂqs,qi,L)ﬁ (9,45, L) (A.22b)

As described in Sec. A.1 for the two-dimensional description, f(q,,q;,L) = f(q;,q,, L) is
required for these two sets in Egs. (A.21) and Eqgs. (A.22) to be equivalent. Otherwise,
four transfer functions are required, meaning that the above equations remain valid under
the assumption that * does not denote the complex conjugate, but rather only denotes two

additional transfer functions §* and f*.

Following Sec. 3.2, the initial value conditions when integrating the system section-by-

section are given by

IB(m+1,in) (Q7 q/> = ﬁ(m,out) <q7 q/)7 (A23&)
7~7(m+1,in) (q, q/> — ﬁ(m,out)<q7 q/>’ (A23b)
where the concrete values of L have been replaced by (™41 and (m-°ut) Jabeling the input

to the (m + 1)th PDC section and the output of the mth section. For the first section, the

initial value conditions are

B (g, q') =0, (A.23c)

7 (q,q') =6(q—q'). (A.23d)
When integrating each section separately, the initial value conditions are

glm in)(q7 q)=0, (A.24a)

pmm(q,q') =d(q—q'). (A.24b)

for each section m and the sections are connected via the generalization of Eqgs. (3.19):

*

pmrhml (g, q') =/d2qnm“>(q,q) ™ (q,q") + /quﬁm“ (g.9) [8™(q,4)]
(A.25a)
ﬁ“”“’m)(q,q’)—/d2qnm“>( ,q) 8™ (q,q") + /quﬁm“)(q q) [7™(q,q)] .
(A.25D)

*

Naturally, by generalizing from the expressions for the joint Schmidt decomposition as

written in Egs. (3.20), the joint Schmidt decomposition for the three-dimensional case can
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be expected to take the following form:

=Y VA, u,(9) ¥, (), (A.260)
=S VA, uu (@) (@), (A.26b)

where the Schmidt modes are now (complex-valued) functions over two real-valued argu-
ments (the two components of the transverse wave-vectors). The form of the decomposition
in Egs. (A.26) can be justified as follows: Clearly, the transfer functions for the three-

dimensional system must fulfill the relations

[Fas@anFaa 0+ ia-a) = [Cair@a i@ D, (A2m
/d2é "(q.q,L)B(q,q", L) = /dzéﬁ(d, q,L)7*(q,q', L), (A.27b)
[Fasa@an e +ia-a) = [Cai@a i@ al, (A2
[®aiaanpa.a = [Casaanig.an, (A2

which follow by plugging the form of the solution of the integro-differential equations
[Egs. (A.20)] into the commutation relations [Egs. (A.18)] and requiring that the operators
at L also fulfill said commutation relations [1]. In the discrete case, the transverse wave-
vectors g are sampled on equidistant grids of size N for each dimension, meaning q ety =
[QL% qy’{}y]T with ¢, , = ¢, + ¢dq, where | = z,y, dq is the lattice spacing and ¢ =
0,..., N — 1. It is then possible to define a (finite) set {a;(q)}; of (discrete) functions

1, ¢, +Ng, =
O‘j(q%,%) = v 7y =) for j=0,...,N?—1 (A.28)
0, otherwise
representing orthonormalized functions, meaning that Zq a;(q) ay(q) = ;5. In words,

this function represents a flattening of the two indices ¢, and ¢, into a single index j. The
discretized counterparts of the transfer functions 7 and 5 can be expanded in terms of these

basis functions, yielding the complex-valued coefficient matrices # and %, respectively:

=Yy ;@) an(d)ilg,q, L), (A.29a)
Bix =Y a;(q) ay(q’) Bla,q', L). (A.29D)

The expansions in terms of the basis functions then read

ii(g,q',L) Z ), (A.30a)

5g.q', L) Z (q'). (A.30b)
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For the coefficient matrices, Egs. (A.27) take the form

HH — BRE = Iy, (A.31a)
HRB — BH" =0, (A.31D)
and
HH — B RB* = Iy, (A.32a)
H'RB— B H* =0, (A.32b)

where I denotes the N x N identity matrix. Equations (A.31) may be written as [86]

@SN2 @H — SNz 5 (A33)
where )
I 0
Sy=|" : (A.34)
10 —Iy
‘7
Q= . (A.35)
B

Following Quesada et al. [86], this means that the coefficient matrices are elements of
the SU(1,1) Lie group?®* and allow for a decomposition analogous to the joint Schmidt

decomposition which, in matrix form, reads

B=USW", (A.36a)
H=USWY, (A.36b)

where % and % are N2 x N? unitary matrices, § is the N2 x N? diagonal matrix containing
the singular values and §? + Iy2 = §2. Plugging Eqs. (A.36) into Eqs. (A.30) yields the
discretized version of the decomposition of the transfer functions as written in Eqgs. (A.26),

with the modes

u,(q) = Z Ui,ai(q), (A.37a)
V(@) =D Wiwon(a), (A.37b)
k

2For this reason, it is called “SU(1,1) interferometer”.

3Note that Eqs. (A.33)—(A.35) is equivalent to @ € Sp(2/N2, C), compare also Eq. (4.17). This immediately
implies that det(@) = 1 [158-160].

4Strictly speaking, the SU(1,1) Lie group is usually defined via the matrices @ = [ % %] € C?*2 fulfilling
QSQ" = S, where S = [} 9] [161] with |u|?> — |v]? = 1. Hence, it would be more correct to say
that @ € SU(n,n) (and here n = N?), where SU(n, n) denotes the group of n x n special pseudo-unitary
matrices which are defined by the fact that they fulfill @S, @" = S,, [see Eq. (A.33)], with S,, as defined
in Eq. (A.34), and det(@) = 1, compare Footnote 3 immediately above [162]. In the single-mode case with

4 (out) G (in)
the plane-wave operator @, the input-output relations take the form {(d(""t))T} =Q { (a(in))*} [30, 31, 86].

By parametrizing u = cosh(r) and v = €' sinh(r), this input-output relation takes a form analogous to
the Bogoliubov transformations for the Schmidt mode operators, compare Egs. (3.23) and (4.23). Hence,
for each mode, the transformation is analogous to the transformation of the SU(1,1) group.
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and the singular value matrices

§ = diag(\/Ay, vV/Ay s V/ANz ), (A.37¢)
S = diag<\//~\>0, \/fl,...,\/]\Ng,l). (A.37d)

Equations (A.28)—(A.37) also reveal a way for numerically performing the joint Schmidt
decomposition of the transfer functions in the three-dimensional case. First, the arrays
representing 3 and 7 are reshaped into N? x N? matrices. Then, the algorithm performing
the joint Schmidt decomposition as for example described in Ref. [4] is applied to these
matrices, yielding the N2 x N2 unitary matrices representing the modes as flattened vectors
and the vector containing the singular values. Finally, the N? x N? unitary matrices are
reshaped into N?> N x N matrices, which then represent the mode functions. This can be
seen by following the actions of the a;(q) in Eqgs. (A.29) and Eqgs. (A.30).

The aforementioned approach for the computation of the joint Schmidt decomposition
can also be applied for the computation of the TPA in Schmidt mode theory. In general,

in the three-dimensional system in Cartesian coordinates, this decomposition reads
F(q,q;) Z VAt (g) v, ( (A.38)

This approach was utilized in Gehse [163] for the computation of the Schmidt decomposition
of the TPA of SU(1,1) interferometers which can only be properly described in Cartesian
coordinates. This was not necessary in Sharapova et al. [11] and Chapter 5 since it was

possible to utilize the cylindrical symmetry of the system, see Sec. 5.2 in particular.

A.4.2. Cylindrical Frame: Pump with a Single OAM Component
A.4.2.1. General Case

Alternatively to Cartesian coordinates, the integro-differential equations (A.17) can be

re-formulated in cylindrical coordinates:

d/\ ) S
“s@;iL‘b _F//qu A6, q; f(4s: 63> b5, 63 L) @} (a1, 65, L), (A.392)
da(a.. o,
CLz(qu@v = F//qu dog g [ (qs, 4y Osy 045 L) a4(qs, b, L). (A.39D)

Analogously, the solutions of the integro-differential equations take the form:

as(qq, b5, L) = /dqsdqb 474, G5, 45, 0%, L) a,(ql, ¢)
(A.40a)

+/dq;okz»;qm<qs,¢s,q;,¢;,f:>&I<qg,¢;>,
&I<q1‘7¢17 ) /dqzd¢/ / *(Qza¢zqu7¢z7 ) (qza¢>

(A.40D)
+ / Aq 46, . B* (s, b s Sy L) 1 (s 8-
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By plugging the expression for the solutions into the integro-differential equations into
Eqs. (A.39), the following sets of integro-differential equations for the transfer functions

can be obtained:

dB(q,, &g, 4;, ¢;, L

) F/]d%’ d; 4; (45, 41> 65> i L) 17 (45, ¢4, 45, 95, L), (Adla)

dL
W00 0 B) 1 [ 4,00, 0, (000062000 1) B0 D00 001, (AATH)
as well as
dﬁ*(qi7¢éfé7¢é,L) _ F//dqs Ao, 4o F (s @is Gas b3y L) (s by s @ L), (A.422)
Ater 0 O ) _ // Ag; A6, 6; f* (4. 6i- 40 b1 L) B (05 65,40 85, L) (A.A2Db)

Here, the same points regarding the symmetry f(qs,q;, 5, ¢, L) = f(q;,45, ;, ¢4, L) as in
Secs. A.1 and A.4.1 apply. Structurally, the only difference in Eqgs. (A.39)—(A.42) compared
to Egs. (A.17) and (A.20)—(A.22) is that the former ones are written in terms of cylindrical
coordinates. The initial value conditions are identical to Egs. (A.23)—(A.25) with ¢ = (g, ¢)
and d?q = gdqdoe.

It should be noted that both for the Cartesian and cylindrical coordinate system, the
numerical complexity is drastically increased compared to the two-dimensional system.
Numerically, for the two-dimensional system, the transfer functions can be represented
by N x N arrays (matrices) each, if N sampling points are used for the underlying signal
and idler ¢-grids. For the three-dimensional system, the transfer functions are then instead
represented by N2 x N? arrays, leading to dramatically increased memory and computation
power demands. In cylindrical coordinates, this can be additionally more complicated due
the fact that the point density along the azimuthal angle is lower for larger radial wave
vectors.

Based on Sec. 5.2, it is possible to perform several simplifications if the function f

describing the evolution of the transfer functions can be factorized in the following form:

f(qs7 qZ‘7 (bs? ¢i7 L) - T<qs7Qi7 ¢s - ¢17L) eiilp(m) (A43)

where now the function r can be written purely in terms of the azimuthal angle differ-
ence ¢, — ¢;. Furthermore, [, refers to the OAM of the pump. This form for f is for
example valid for PDC sections pumped with Laguerre-Gaussian beams, compare the steps
leading up to Eqs. (5.17) and (5.18) and the derivation in Ref. [2]. It should be noted that,
strictly speaking, [, requires a superscript (m) " which identifies the PDC section for which f
as written above is the function that describes the evolution of the transfer functions, since,
in general, [, may differ from section to section. This index will be written out below
where required.

In order to utilize the form of the function f as written in Eq. (A.43), the plane-wave

operators d,(q,, ¢,, L) and d}(qi7 ¢,;, L) are first expanded into Fourier series in terms of
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the azimuthal angles ¢, and ¢;, so that

j R— )
O - A —ing,
as(‘]sv ¢57 L) = o nzg_oo asm(qs, L) e , (A44a)
. 1 & . .
i@ o0 D) = 5= > b (a, D), (A.44b)
n=—o0o0

which effectively rewrites the plane-wave operators in terms of OAM components. The

integrals that can be used to obtain the (operator-valued) Fourier coefficients are given by:
27 .
&s,n(qs’ L) = / d¢s &s<qsa d)sv L) em(z)S y (A45a)
0
t 27 ; .
iy (45, L) = / dg; a;(q;, ¢;, L) e (A.45b)
0

Using the Fourier expansions, the integro-differential equations for the plane wave operators

take following form for f as given in Eq. (A.43):

da,, (gs, L) A
—ar " / dg; 4,7 (45,45, L) 6], (0;, L), (A.46a)
d&;[,l 7n<qi7 L)
—a P/dqs 45720 (s, 935 L) G5 (45, L) (A.46D)

This follows from Eqs. (A.39) either by plugging in the Fourier expansions Eqgs. (A.44)
and sorting for terms with the same azimuthal dependence (the terms of the form eT"%s/i,
since they are orthogonal) or, more directly, by multiplying Eqs. (A.39a) and (A.39b)
with e7"?s and €%, respectively, and integrating over the azimuthal angle. For the latter
case, the convolutions of the function r with the plane-wave operators lead to products® of
the Fourier coefficients.
The Fourier expansion of r leading to the Fourier coefficients r,, as written in Eqs. (A.46)
is given by
(g 43y b5 — 93 L) = % > gy, g5, L) e @00, (A.47)

n=—oo

while the Fourier coefficient integral is given by

21
gy qis L) = / d(¢y — ¢:) 1(qg, 45, 5 — @3, L) €979 (A.48)
0

Compare also Egs. (5.19) and (5.20). Most notably, in Eqgs. (A.46), the integro-differential

equations only couple signal and idler operators which conserve the OAM of the pump

This can be understood as a result of the convolution theorem. Let the Fourier coefficient integral for complex-
valued 27-periodic functions & and p be defined as x,, = f02"d¢ k() e™? [compare Eq. (A.45a)]. Then, the

two relevant forms of the convolution theorem read {(¢) = fOQﬂd(j)’ K(p— ') e p*(¢') = ¢, = Kl
and C*(¢) = elt¢ fOZWdcb’ k(¢ — ") p(¢’) & (i, = K", p,,, for | € Z. For operators, replacing * with
does not affect these statements.
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[that is, n + (1, —n) = 1], unlike in Eqs. (A.39) where all azimuthal angles ¢, and ¢, are
coupled via the two equations. In other words, in Egs. (A.46), there are no sums over the

OAM components on the right-hand side.

Transforming the form of the solutions [Egs. (A.40)] to cylindrical coordinates and

performing a Fourier decomposition yields

qs? - Z/dqs qsnnn qs7qva> sn (qs)

(A.49a)
" Z/dql @B (@0t D)l (D),
ity (g L) = Z [, i D)
(A.49b)
" fz [, 0 D) 00,
where the expansions of the transfer functions are defined as
i 0:0) = [[ 4046 (g, 0.07, 07 e (A.500)
B (0.0) = [[ 40007 B0, 60,6 el (A.50)
so that the Fourier coefficient integrals are given by
(g, 6,4, ¢") = Z T (0, 0') €770 (A.51a)
Blg, 6,4, ¢") P Z B (@.q') e l=n)0" (A.51D)

Comparing with Eqs. (5.38), the transfer functions appearing in Eqgs. (A.49)—(A.51) depend
on two indices resulting from the Fourier expansion over the two azimuthal angle arguments,
so that one index is connected to the input operators and the other index is connected to

the output operators.

Plugging Eqs. (A.49) into Eqgs. (A.46) yields the integro-differential equations for the

transfer functions:

CW =T / dg; 4:7(4, 45 L)} g (435435 L), (A.52a)
4 i, - G4, - F/dqs 057" (@2 5> L) B (4545 L), (A.52b)
and
AB; i, ,dnL (¢35 45, L _F/d 0 (s @i L) i (ol L), (A.53a)
A (45, 45, L) (qsﬁqs, 7 / 403 6;7 (0405 2) 55,y (41250 1), (A.53b)
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Here, the discussions regarding the symmetry of » mentioned for Egs. (A.41) and (A.42)
above also apply. Note that if r is symmetric under the exchange of ¢, and ¢;, thenr,, = r_
which follows from Eq. (A.48).

After dropping the

n’

. and ; subscripts of the transverse wave-vector components for

readability, the initial value conditions when integrating the system section-by-section take

the form
Bil”;;ff)_n, (7.9") = Bi”;gf?t_)n, (a.4"), (A.54a)
A (g, ) = 7™ (a,), (A.54b)
B (q,q') =0, (A.54c)
in / o(q — !
7777(117;/ )(Q7 q ) = 27T5nn/ <qqq)7 (A54d)

which can be seen by writing out Eqs. (A.49) for both sections, shifting the indices of the
input plane-wave operators appropriately and comparing the expression for both sections.
As mentioned above, the pump OAM [, may generally vary from PDC section to PDC
section. As such, in Eqs. (A.54) above, the superscripts (™ and (™*1) have also been added
to [,

For the case where each section is integrated separately, the initial value conditions take

the (I,-independent) form

B (q,q') =0, (A.55a)
i g, q') = 26, Ha=d) ; i ), (A.55D)

for each section m. These results follow by performing the Fourier decompositions of both
sides of Eqgs. (A.23) and (A.24). The connection relations are constructed as described
in Sec. 3.2. Here, it must again be taken into account that [, may vary from section to
section.

After combining the input-output relations for both sections, the resulting expression is
again brought to the form as in Eqs. (A.49). Ultimately, the connection relations for the

transfer functions of two consecutive sections with indices m and m + 1 read:

At (g Z/dq g e ) 0 (@)
" fz Jaaas @ B, o, @)
Bgﬁfl m Z/dq qunn q7 )/B<m m) lnL+1 (q q )

+ . /dq qﬂnn (Q7 ) [nl((mz-l) = l m+1) (67 q’)]

(A.56a)

(A.56b)

*

For the input-output relations for the plane-wave operators as written in Eqs. (A.49),

the relationships required for the commutation relations to be preserved [Egs. (A.27)] can
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be written in the following form after applying the Fourier decomposition to the transfer

functions:

- 5a—d
Z/dqqﬁnln 0.0, L) By (q,q,L)+27r5nn/(qqq>
(A.57a)

— 52 3 [ 4207000, o (0.0, )
n

Z/dqqnnn 40,9, L) By, —n (@4, L) Z/dqqﬁnz (@0, D)7, (4,4, L),
(A.57b)

which are equivalent to Eqs. (4.18a) and (4.18b), respectively, and

-3 [aag D) By g~ o)
% Z /dq qgn,lp—ﬁ(% q, L) 5n/7lp_ﬁ(q . q, L) —+ 27r5nn, T
’ (A.58a)

1 g ~ ~x -
=5 Z/dqqnnn(q, a. L)%, (d g, L),
n

1 I . 1 ,, o
> Z/dq T (0,8 L) By, —a (4,0, L) = o Z/dqqﬁn,lp_n(q, ¢, L) (s, L),
(A.58b)

which are equivalent to Eqs. (4.19a) and (4.19b), respectively.
By the same argument as with Egs. (A.27) above, these relations imply that the discretized

versions of the functions v/qq" £, ; s (q,q¢")/(2m) and /qq’ 0,,,,(¢,q")/(27) admit a joint
Schmidt decomposition of the form

B, (a:q4") =27 Z VA D) <q,), (A.59a)

Vi

T (4,4) = 2 Z VA (@) %\%Q’), (A.59b)

V4

%

so that the radial mode functions w,,,,(¢) and v,,,,(q) fulfill the orthonormality conditions

Note that the integrals do not contain additional factors ¢, similar to the orthonormality
relations in Eqgs. (5.23) for the Schmidt decomposition in the context of the Schmidt
mode theory approach. These observations follow from the same argument regarding the
flattening of the indices of the numerical grids presented in Sec. A.4.1. Here, the flattening
is performed over the two discrete indices of 5 and 7, as well as their two discretized radial
wave-vector component arguments g and ¢’.

Shifting [, —n’ — n’ in Eq. (A.59a) and applying the Fourier decompositions backwards
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to Egs. (A.59) [see Egs. (A.51)] yields:

B(q,d,q",¢) Z /A mn m lf/_qg/@ )e,in¢e—i(lp—n’)¢” (A.61a)

7~7(Q7 (,ZS, ) ¢ mzn:n \/ nn’ \/» \/></q/) e—in¢ein¢' . (Aﬁlb)

A.4.2.2. Simplification for ldentical Pump OAM in Each Section

General Derivation. In Eqgs. (A.49)-(A.57) and (A.59)-(A.61) above, the transfer functions
carry two indices related to the Fourier decompositions and later the input and output
modes each carry distinct indices n and n” in Egs. (A.59) and (A.61). Comparing Egs. (A.61)
with Eqs. (5.79) suggests that it should be possible to rewrite the equations above using a
single Fourier decomposition index. In fact, this is possible as long as all PDC sections

have the same value of lp. This can be seen as follows:

e For the approach where first each PDC section is integrated separately, this can
be seen as follows: The initial condition for 7, as written in Eq. (A.55b), is only
nonzero for n = n’. Additionally, in the integro-differential equations for the transfer
functions, Eqgs. (A.52) and (A.53), the second index of #*) only® also appears as
the second index of . Thus, if n # n’, then” 7™ = 0 and "™ = 0 for any m, Ly,
L, q ) and q . In other words, the transfer functions for each individual section
are diagonal in the two indices. This is however not generally the case for the
composite transfer functions connecting the input and output operators of different
PDC sections, as evident from Egs. (A.56). Here, the diagonal structure is only

preserved if {i™ = (i)

e A similar observation can be made for the initial value conditions as written in
Egs. (A.54) for the approach where the sections are integrated consecutively. Initially,
at the first PDC section, see Egs. (A.54c) and (A.54d), only the diagonal elements
of the transfer functions are non-vanishing. Then, when transitioning between the
PDC sections, see Eqs. (A.54a) and (A.54b), the transfer function $ may acquire

non-vanishing off-diagonal elements if l;,m) + l;mﬂ).

With these observations, it is possible to greatly simplify the integro-differential equations
and their solutions for the case when all PDC sections have the same [,. Evidently,

Eqgs. (A.43)—(A.48) remain unchanged regardless of whether these simplifications are

This is not the case for example for the integro-differential equations as written in Egs. (A.21) and (A.22)
when using the initial value conditions written in Eq. (A.24b): Here, due to the integral over g, in
Eq. (A.21a) and over g, in Eq. (A.22a), the right-hand sides of the integro-differential equations are always
nonzero for any q; and g/, respectively.

"More precisely, the initial value condition first implies 7(™ = 0, meaning 8™ = const. as per Egs. (A.52a)
and (A.53a). The initial value condition for 8 then implies 8™ = 0.
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applied. Mathematically, the simplification can be implemented by setting

Bnn’ <Q7 q/) = 27rﬁn<q7 q’) 67177,’ ) (A62a)
Tn (250") = 2700,(¢,0") Gy (A.62Db)

so that the input-output relations for the plane wave operators become

Qg (g5, L) = /dqsqsnn(qus’L) sn(q§>+/dqéqéﬂn(qqué,L)dl,zp_n(qz‘),
(A.63a)

il - L) = [0 a0l dis Dl () + [ 40050l ) (00
(A.63b)

Clearly, these relations only couple OAM components n and [, — n corresponding to

complementary OAM values with respect to the OAM of the pump.
The Fourier expansions in Egs. (A.51) become:

—1l (15/
B(% b, q 7¢

Zﬁ 4,9 ), (A.64a)

i(g.q' 6 —¢) Znn q,¢') e n@=), (A.64b)

Evidently, the transfer function # can be written in terms of the azimuthal angle differ-

ence ¢ — ¢’, while 8 can not. The Fourier coefficient integrals take the form:
ala.4') = / (6 6)ii(a. 46— o) (-4, (A.650)
— 5 [[[ 4046 Bla.6.0, 00 et (A.65D)

These two equations follow for example as the inverse transformations of Eqgs. (A.64) or
by applying Egs. (A.62) to Egs. (A.50) and simplifying the azimuthal angle difference
integrals for 7). Equations (A.64a) and (A.65b) can be further rewritten as

sl g, q .6 —¢) 2/3 (g, ¢ ) e in(6=9"), (A.66a)

B(g:q >—/<¢ ) B (4, g — @) (o), (A.66b)

respectively, where
’ d f. ’ N i ’
Bl (g, q' ¢ —¢') = Bla, ¢,q',¢) e, (A.66¢)
which follows from the fact that 5 can be written in terms of the angle differences.

Under the abovementioned simplifications, the integro-differential equations reduce to

d

/3<quiql’> =T /dql % rn<q5’ 4;, L) ﬁ?p—n(qw q':’ L)v (A67a)
dﬁ* —-n (qw q7€7 L)

P =T [dg a0 D) 80006 D), (A.67h)
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and
dﬂl*pfn(qzw% L) . ~ )
1 =T /qu 4570 (450 €55 L) 1 (450 G5, L), (A.67¢)
dn,, (g, g5, L ) /
17((1[/) - F/qu qirn(q57qi’L) 'Blp—n(inqsaL>- (A67d)

These can again be integrated using the sequential approach of integrating each section

consecutively, with the initial value conditions given by

;m-‘-l,ln)(q’ q/) _ ﬁ;m,out)( ’q/>’ (A.68a)
~£1m+1’m) <q’ q/) _ ﬁnmvou'?)( 7q/>7 (A68b)
ng,m) (q’ q/) — 07 (AGSC)
~(1,in ’ 1 4
B (g.q') = ~8(g — ') (A.68d)
Alternatively, each section can be integrated separately using the initial value conditions
B (g ') = 0, (A.69a)
~ in / 1 ’
g )(q,q ) = 65@ —q) (A.69D)

in combination with the connection relations, which here take the following form:

A (g, ') = / dgan™ (¢, 0 " (@, q) + / azas" o) 57, @ 0]
(A.
B (g, ') = / dgain"" (a9 8" (@, 4') + / dgas™ () [, @ a)]
(A.

where it has been used that [, = l;mﬂ) = l;,m), compare Eqs. (A.56).

Equations (A.57), which describe restrictions to the transfer functions required for the

preservation of the commutation relations for the output plane-wave operators, reduce to
_ 1 . o ews g -

/dqqﬁ (9,4, L) B7(¢',q, L) + 55(q—q’) = /dqqnn(q7q,L) m(a' . L),  (A.Tla)

Jaaanaa. )6, (00D = [daa8,(0.aL)m, (04D, (A.T1b)

P ~ * ~ 1 ’ P pt = (=
/dq 11,00, L) B (0,0’ L)+ 0la = d') = /dq a1,(@, 4, L) 1,(a,¢', L), (A.71c)

Jaaan@ a6, D = [daa8, (@0 D)7 @ D, (A.T1d)
meaning that the transfer functions admit a joint Schmidt decomposition of the form
, (@) Yot —n ()
Bnla,q") = A, f = , A.72a
=2 K (A7

Z\/ - \[ W,)’ (A.72D)
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which follows by the same arguments as above. Note that in Eqs. (A.72), the index [, —n
of 1 may be moved to ¢* by redefining v,,,, — %ij,lpfn' The form of the decomposition
for f3,,(q,q") follows for example by comparing with Eq. (A.59a) and by closely inspecting
Egs. (A.71b) and (A.71d). Note that generally, the decomposition has not the same form
as the decomposition for the two-dimensional system as introduced in Egs. (3.20) due to
the fact that different indices appear on the input modes ) in Eqgs. (A.72a) and (A.72b).

The radial mode functions u,, and ,, are orthonormalized so that

[0, @) 05,0 = 8 (A.73a)
[ 4000 05 (@) = 8,0 (A.73D)

Plugging the decomposition in Eqgs. (A.72) into Eqgs. (A.64) yields

1 Y nld) ,
6<Q7 ¢7 q/v ¢,) = 77_[_ Z Amn u”:;‘a(q) l\P/q»/ e—1n¢e*1(lp7n)¢ ,

/> —in(¢p—a¢’
ia:q's¢—¢') %Z\/ i \[ e, (A.74b)

(A.74a)

These equations suggest that the Schmidt modes should be defined as

Unin(a,®) = \/% “’i"@(q) e o, (A.75a)
U (@, 0) = \/% w’%@ e e, (A.75b)
which fulfill the orthonormality relations
[ 00,00.6) Uy 0.0) = b (A.T60)
/dzq U (q,0) U (q, D) = O O - (A.76D)

Overall, the transfer functions written in terms of the Schmidt modes are given by

B(Qa ¢7 q/a ¢ Z V £imn mn m Iy 7n(q> (A77a‘)
ig.q',¢ —¢') = Z Ao Ui () 5,0 (@)- (A.7Tb)

This form of the joint Schmidt decomposition is slightly different from Egs. (3.20) and (A.26)
in that the input modes appearing in 7 and S are not simply the complex conjugate of
each other. The same observation also applies to the decompositions in Eqgs. (A.59) after
shifting [, —n" — n and Eqgs. (A.61). This form of the decomposition coincides with the
decomposition for the transfer functions for the Schmidt mode theory results as written
in Egs. (5.38) and (5.79), provided that w,,, (¢) = ¥,,,(¢). Note however that generally
Upyn (@) F Vpan (@) for the integro-differential equation formalism, see Sec. 4.2.
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The input-output relations for the plane-wave operators as written in Eqgs. (A.63) can be
rewritten in terms of the azimuthal angles using Eqgs. (A.45), (A.65), (A.66b) and (A.66¢).
The resulting expression has the same form as Eqs. (A.40). By plugging Egs. (A.74) into
said expression, it is possible to obtain the expressions for the input and output Schmidt
operators, as described in the text surrounding Egs. (3.24). In terms of the two-dimensional

mode functions, these expressions read

Amn = / d?q 0, (q) al" (q), (A.78a)
Aw) = [a2quy,, (q)al™™ A.78b
mn qUnn(@)as™ (), (A.78D)
B _ / g, (q)a" (q). (A.78¢)
B = [@qUs, (@™ (), (A.780)

with ¢ = (¢, ¢) and d?q = ¢dqdg, so that the Bogoliubov transformations for the Schmidt

operators read
A — /R, A /A (B (A.79a)

B = Ry B [ (A (A.79)

Note that in the degenerate case where a, = a,, for example for frequency-degenerate type-I
PDC, where the signal and idler plane-wave modes coincide, the Bogoliubov transformations
written above can be reduced to a single equation, since the Schmidt operators then
fulfill qulf,z = E&nl) and Aﬁ;i‘;f) — Blw Replacing n — [, — n in Eq. (A.79a) then

p— T m,l,—n
results in Eq. (A.79b) and vice versa.

Special Case: Even Function r and [, = 0. If the function r describing the evolution of the

integro-differential equations is even in the angle difference, meaning

r(qs)Qw ¢s - ¢7,7L> = T(qs> 4;, d)z - ¢s> L)a (Ago)

then it follows from the Fourier coefficient integral in Eq. (A.48) that

(s 455 L) = 7,45, 45, L) (A.81)

The property of r written in Eq. (A.80) holds for example for the special case [, = 0 and
in the following, the discussion will be restricted to this case. Then, the above results
represent the extension of Ref. [5] to the fully three-dimensional system and the extension
of Ref. [1] to the integro-differential equation formalism. Applying Eq. (A.81) to the
integro-differential equations (A.67) shows that

/8n<qs7 qz) = Bfn (CIs? qi)’ (A82a>
Qs> @) = M- (455 G;)- (A.82b)
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Comparing with Egs. (A.72) implies, due to the uniqueness of the singular values, that

(A.83a)
A=A, .. (A.83b)

Furthermore, the aforementioned equations also imply that it is possible to construct a

decomposition of the transfer functions in which the modes may be chosen so that

U (@) = Uy (), (A.84a)
Vi (@) = Yy (@) (A.84D)

Note that for any given decomposition of the transfer functions, the Schmidt modes do not
necessarily have to fulfill the relationship written in Eqgs. (A.84). This is due to the fact
that for a given n, the decomposition written in Egs. (A.72) may not be unique, meaning
that different modes may be chosen for n and —n. In the simplest case, these may differ in
their sign. Ultimately, for this particular case, the transfer functions admit a decomposition

of the form

Bu(0) = 3 VA f(qw”@”(,q/), (A.85)

Z VA, \[ \ﬁq/), (A.85b)

which has the same form as the joint Schmidt decomposition for the two-dimensional
case as written in Eqgs. (3.20), apart from the fact that the ¢ variables refer to the radial
transverse wave-vector components and the factors 1/,/g and 1/\/¢" appearing on the
right-hand side due to this.

A.5. Low-Gain Expansions of the Integro-Differential Equations

In general, the integro-differential equations as written in Eqs. (3.7) or Egs. (A.17) can
only be solved numerically. Several approximations are applicable in order to obtain an
analytic approximation, for example the plane-wave pump limit as shown in Sec. 3.5.2.
Another possible case where an approximation of the solutions can be obtained is in the
low-gain limit for I' < 1. In this case, a common approach is to perform power series
expansions in terms of powers of I' for the plane-wave operators that are the solutions of

the differential equations:

s(gg, L Z "l (q,, L (A.86a)

i(q;, L ZF” Mg L), (A.86b)
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where d[sn](qs,L) and dgn](qi,L) denote the nth order components of the operator pro-

portional to I'". Note that here, the transverse wave-vector components are treated as
vector-valued, as in Sec. A.4.

Plugging the expansion in Eqgs. (A.86) into the integro-differential equations (A.17) and
sorting by orders of I' yields recursive integro-differential equations for the components of

the plane-wave operators:

dal’(q,, L .
w = F/dl’qi flas,a;, L) [&[‘ 1](qz'7L)]T7 (A.87a)
dL i
T
L((;JL)] =T / g, f(q.. 95, L) ax " (q,, L), (A.87b)

for n > 0 and where v = 1 or v = 2, depending on how many transverse dimensions are

included in the model, and

dal(q,, L)

= A.
7 0, (A.88a)
T
d[af (q;, L)]
e AR A.
= 0, (A.88b)

for the lowest-order operator components. The differential equations for these lowest-order

operators can be solved immediately:

i (q,, L) = a™(q,), (A.89a)

a. 1), (A.89D)

where the operators on the right-hand side are the input operators of the PDC section for

which the integro-differential equations are to be solved.

Plugging Eqgs. (A.89) into Egs. (A.87) yields the solutions for the first order components.
The full solution® up until (including) the first order is given by the partial sums of the

expansions as written in Eqgs. (A.86):

L

A~ (ou A(in v ’ ’ A(in T

a™™ (q,, L) = al )(qs)+1“/d g (/ dL’ f(qs q;, L )) [ (q)] . (A.90a)
Lo

. L _
[@gt"‘“(qi,L)]T = [dﬁ‘m(qi)]ur / dvg, ( / dr’ f(qs,qi,L/)> ai™(q,),  (A.90b)
Lo

where L, marks the appropriate lower boundary for the PDC section under consideration.
The expression in the parentheses containing the L’-integral over the function f(q,,q;, L")
is, apart from the normalization factor, equal to the TPA from Schmidt mode theory,
compare the construction of f in Sharapova et al. [5] with the computation of the TPA, for

example in Ref. [2]. Furthermore, comparing the input-output relations for the plane-wave

8Note that a proper convergence analysis of the solution is required, which is beyond the scope of this work.
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operators in Egs. (A.90) with the form of the solutions of the integro-differential equations
as written in Egs. (3.10) and (A.20), yields

L

Blas,q;, L) = F/ dL’ f(q,. q;, L"), (A.91a)
Ly
L

B*(qi d L) =T / AL (gl g L), (A.91b)
LO

i(@ssir @i L) = 0(asss — dl1)- (A.91c)

Note that Egs. (A.91a) and (A.91b) contradict each other unless either f is symmetrical
in the wave-vector arguments or * does not actually refer to the complex conjugate for 3
and instead just labels 8* as different from (. This is due to the fact that the form of the
solutions as written in Egs. (3.10) and (A.20) assumes that the signal and idler photons
are indistinguishable, see also Secs. A.1 and A.4. Furthermore, it should be noted that the
transfer functions obtained this way do not necessarily preserve the symplectic structure of
the solution as described by Egs. (A.27) due to the truncation of the power series. For
example, Egs. (A.91) do not generally fulfill Eqgs. (A.27a) and (A.27c¢).

Due to the connection to the TPA, it follows that, at low gain, where it is sufficient to

truncate the power series for the operators after the first order,

Slaa) = Fla.a), (4.9
where
F(q7 q/) = C/dL/ f(q;7 qu/) (A93)

was identified as the normalized TPA and C is the normalization constant to
ensure [[d“qd"q’|F(q,q’)|* = 1. If the photons in the plane-wave modes are indistin-
guishable, the function f is symmetric in the wave-vector arguments, as mentioned above.

As a consequence, for low gain, 8(q,q") = B(q’, q).

A.6. Uniqueness of the Schmidt Modes in the General Case

Following the same idea as in Ref. [4], the uniqueness of the modes can be understood
by considering the discretized versions of the transfer functions and their singular value
decompositions. In this discretized form, the transfer functions are sampled over discrete
grids representing the transverse wave-vector components q. If these ¢-grids consist
of N points, the transfer functions are represented by complex-valued N x N matrices.
Let A € CNV*N be such a matrix. Then, its singular value decomposition is given by [111,
164, 165]

A=YIWH (A.94)
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with Y, W € U(N), where U(NN) denotes the unitary group of N x N matrices, and ¥ =
diag(oq,04,...,05) is a diagonal matrix with positive entries containing the singular
values o,,. Here and in the following, the symbol ¥ will denote the hermitian conjugate of
a matrix or vector. Usually, the singular values are taken to be sorted in descending order

along the diagonal of 3. In index notation, Eq. (A.94) takes the form

N
A=) oy, @ul, (A.95)
n=1

where y,,,w, € CV are the columns of Y and W, respectively, o, is the nth entry on the

n
diagonal of 3, see above, and ® denotes the dyadic product. It is well known that this
singular value matrix ¥ is unique for a given choice of A [164, 165]. However, the unitary
matrices Y and W are not unique, even if all singular values are unique. In general, the
singular values may be repeated with multiplicities pq, ptg, ..., tp € Ny, so that Ep py, = N,
meaning that there are P unique singular values. By splitting the sum over n in Eq. (A.95)
into a sum over the unique singular values and one sum over the multiplicity of each unique

singular value, the equation may be rewritten as

P Hp

A= Zz%yn QW (A.96)

p=1 r=

where o, is the pth singular value with multiplicity p,, and y,,.,. and w;,,. are the columns
of Y and W associated with the singular value o,,. The index r =1, ..., u, refers to the
index of each singular vector within the left and right subspaces belonging to o,. Note
that here and in the following, for vectors and matrices, the symbol * will denote the
element-wise complex conjugate. For the pth unique singular value, the vectors indexed

with r are the columns with index

n=r+ Z My (A97)

of the full matrices Y and W. The notation introduced above is summarized in Fig. A.2.
Theorem 3.1.1" of Horn and Johnson [165] states that if A = VEWH is any SVD of A,

then all possible SVDs can be obtained by multiplying the column vectors y,, and w, (of 1%

and W, respectively) associated with the unique singular value o, by an arbitrary unitary

matrix V, € U(up) (which may also be independently chosen for each singular value):

Ypir = Z Ypim Vosmr s (A.98a)
m=1
Hp

w,, =Y W, Vo (A.98D)
m=1

where y,,.,. and w,,.,. are the resulting possible choices for the column vectors of the unitary
matrices in the SVD. Note that for simple singular values with multiplicity p,, = 1, these

unitary transformations are mediated by the circle group U(1) = {el®|® € [0, 27[}, that is,
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Figure A.2: lllustration of the index notation
used to address the multiplicities of the singu-

lar values. The complex-valued 6x6 matrix T N = 6 (meaning T € C®9)

is a placeholder for either the left-hand side P = 3 (three distinct o)
unitary Y or the right-hand side unitary W p=1 p=2 p=3
of the SVD as written in Eq. (A.94). Its My =3 Ho=2 ps=1

—_——

columns v represent then either the singular -
vectors y or w, respectively. As an example,
the three unique singular values (P = 3) Up1 VUzp Usz Usy Uz Uag
are chosen to have multiplicities u; = 3,

Mo = 2 and u3 = 1 and the columns are 7T = [umn] =
color-coded accordingly. Below each column

of the matrix, the indexed vectors U, as first Usi Uso Uss Uss Uss Usg
introduced in Eq. (A.96) are listed. Under-
neath each of these vectors, it is shown how L
Eq. (A.97) connects the indexr =1, ..., u,, of

the modes within the subspaces to the global

Uii VYip Uiz VUig Uis Ve

index n = 1, ..., N inside the full matrix T. I I ' TT I ﬁ’
The parts in parentheses correspond to the =M e = M=

o : + o+ o+ 4+ o+ o+
sum over the multiplicities. For the first block S 8 3 8 @

(p = 1), the sum is empty and n and r co-
incide. For the second block, the sum only
contains the multiplicity u; = 3 of the first S <p1ul>
block. For the third block, the sum is addi-

tionally over the multiplicity of the second

block, u, = 2.

the rotations are mediated by simple phase factors V.. = e!Primr | for @, € [0,27[ and

only m = r = 1. In words, given any potential SVD of A = YXWH  all possible SVDs can
be obtained by performing unitary rotations in the (degenerate) subspaces spanned the

any potential set of columns of Y and W.

The discrete form of the Schmidt decomposition for N discrete modes was already
described in Sec. 4.1. When the integro-differential equations are solved numerically, the
transfer functions 77 and 3 are represented by two matrices, which here will be labeled with
the corresponding uppercase letters H and B, respectively, as was introduced above. If the
underlying computational grids for the transverse wave-vector components consist of NV
points ¢4, gy, ... , 45, the joint Schmidt decomposition is, apart from lattice spacing factors dg
resulting from the fact that integrals are replaced by sums, given by the decomposition
as written in Egs. (4.20). Since the u,, and 1, are the left-hand and right-hand singular
vectors of H, respectively, see Eq. (4.24b), they are not unique and all potential candidates
for these vectors are described by Eqgs. (A.98). Since the singular values are connected
via A, = 14+ A,,
and H. Numerically, this may not be precisely the case due to rounding errors, where

then ]\n # 1+ A,,. This issue is more prevalent for large A, due to the loss of floating

compare Eq. (3.21), the multiplicities jz, must the same for both B

point precision, leading to erroneous equalities such as “A, +1 =A,” for A,, >> 0.
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Let S = ({@pem }pms {1/_)p;m }pm) denote the column vectors of U and ¥ of any potential

joint decomposition of B and H and let S = ({tpem S pms {%pm } denote any other

pm)
potential set that may provide an alternative result for the decomposition. The modes in
these two sets must be related via Eqgs. (A.98). Written out analogously to Eq. (A.96), for

the set S, the decomposition takes the form

Z::\f Za YT, (A.99a)

P “p B
A=Y /A, u,, ®yf,. (A.99D)
p=1 r=1
Clearly,
ﬁg/;r’Bq’b*”'T” - Ap 5p/p//5 Iy (A].OO&)
ﬁg/;r H’lz)p// ,r,// —_— Ap/ 5p/p// 57,/7,//’ (A-loob)
which follows from the fact that
il’p up/ o = 5pp/57,r/, (Al()la)
’d_)p;’l’ . Q'b;/;r/ - ,pp/5m,/ 5 (AlO].b)

which itself follows from the unitarity of the matrices U and W.

Rewriting the joint decomposition in terms of the modes in the set S and applying
Egs. (A.98) yields

P Hp Hyp
B=> A, Y (Z V;va;m,r> Uy YT, (A.102a)
p1=31 m,;np:l 1’:1
H=> /A, ) ( Ve Vi ) Uy @Y (A.102D)
p=1 m,m’/=1 \r=1

Clearly, Eqs. (A.100) must hold regardless of which set of modes (S or S) is used to express
the decomposition. Forming these matrix elements for the decompositions as written in
Egs. (A.102) yields

af, B = /Ay 6y (Z fent e Vo ) (A.103a)
@ A =Ry 6, ( xg) (A.103b)

Comparing Egs. (A.103) with Eqs. (A.100) shows that the V, must be restricted by?

VVI=1, , (A.104a)
VVE=1, , (A.104b)

9Equations (A.104) follow from the fact that regardless of which form of the decomposition is used for B
and H, the matrix elements 'D,};/‘T/sz*p//_r// and ﬂ;,:T/H’l,bp//;,,,// must have a single, well-defined value.
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respectively, where Iup denotes the identity matrix of size u,. The first restriction
[Eq. (A.104a)] implies that V, € O(up, (C), where O(,up, C) denotes the complex orthogonal
group of size j,,. The second restriction [Eq. (A.104b)] is fulfilled by assumption, since it
only implies that V, € U(,up). Combined, they imply that V, € U(,up) N O(up, (C). The

intersection of these two groups is the real orthogonal group'® O(up, R):
U(up) N O(,up,(C) = O(u,, R), (A.105)
meaning that the V, are restricted to real orthogonal matrices:

V, € O(u,, R). (A.106)

Transferring this result back to the continuous case, it becomes clear that the joint
decomposition of the transfer functions imposes a restriction on the modes, so that for each
subspace associated with the unique eigenvalues, the potential choices for the modes are not
connected by unitary rotations, but only by real orthogonal rotations. For simple singular
values with multiplicity u,, = 1, this observation reduces back to the case presented in
Ref. [4]: The group O(1,R) consists only of the two 1 x 1 matrices +1. Hence, the mode
pair (up,z/Jp> may be replaced by (—up, —zpp) [4].

It should be noted that the above discussion neglects the null space of the decomposition.
In general, for a singular value decomposition as for example written in Eq. (A.95) or
Eq. (A.96), only a certain number of the N singular values is nonzero. Thus, the singular
values o,,, ordered in descending order, can be split into two parts: First, M monotonically
decreasing singular values, followed by K singular values which are zero (simply called
the null space in the following), so that M + K = N. The discussions in the above part
of this section apply directly to the M monotonically decreasing nonzero singular values.
Due to the fact that the singular values for this part of the decomposition are all zero
(0, = 0), the summation over r in Eq. (A.96) for this block (1, = K) does not actually
contribute to A. Instead, the purpose of the corresponding columns y,,, and w,,,. of the
left- and right-hand side unitarity matrices Y and W, which are then said to span the left-
and right-hand side null space, respectively, is only to fill the matrices to N columns so
that they become square matrices. As such, following again Theorem 3.1.1" of Horn and
Johnson [165], the connection between the possible singular vectors for the pth singular

value as written in Eqgs. (A.98) takes a different form for the null space:

Hp

Ypr = D Yo Votamr (A.107a)
m=1
Hp

wy =S Vi (A-107b)
m=1

19This may be seen as follows: Complex conjugating Eq. (A.104a) yields Vp*\/;,ﬂ =1 Ly Multiplying this
with V, from the left and applying V'V, = I, 1y which follows from the unitarity of V,, [and Eq. (A.104b)],
shows that V* = V, meaning V' € R#»*#». Combining this with Eq. (A.104a) implies V;, € O(,u,p,R).
Since O(N, R) is also a subgroup of both U(N) and O(IN, C), it must be the intersection of both. See also
Problem 14 of Sec. 2.1 of Ref. [166].

169



Appendix A: Auxiliary Results, Calculations and Proofs

with V', V" € U(up), but where, compared to Egs. (A.98), in general, V| # V.

For the joint Schmidt decomposition as written in Eqgs. (A.100), only the decomposition
for B has a null space. This is due to the fact that the singular values are connected
via r \/m meaning that the decomposition of H never has singular values
which are zero. Thus, both decompositions for B and H have different restrictions on the
potential columns of the left- and right-hand side unitary matrices: For B, the restriction
is described by Egs. (A.107), while for H, it is given by Eqgs. (A.98).

Following the above discussions, Eqgs. (A.103) for the null space become:
1_1,2/ ’ // // Q/ 5 % <Z i’ p 7 T'> = O, (A108a)
U P’ /H'l,b "ot = \/ (5 /p” ( ‘/p > = 5 Ip (Z i’ pT T), (A108b)

since /A, = 0 and /~\p, = 1. Note that in Eq. (A.108a), the two matrices V, and V,,
are identical, despite the fact that above, it was found that for B, the matrices for the left-

and right-hand side matrices are different. This is due to the fact that the general form of
the column vectors for the null space must still be compatible with the decomposition of H,
which imposes the restriction that the columns of the left- and right-hand side unitary
matrices are multiplied by the same unitary matrix, as written in Eqgs. (A.98) for the SVD.
Thus, overall, the restriction on V,, for the null space is, instead of Egs. (A.104), only
VI')VH =1, . (A.109)

p Hp

Therefore, for the null space, V, is actually allowed to be unitary instead of just real
orthogonal, as was the case for all nonzero singular values, see the discussion leading up
to Eq. (A.106). Overall, due to the fact that /A, = 0 for the null space, the modes
associated with these singular values are solely defined by the decomposition of H.

Usually, especially at high gain, the null space is only of low practical relevance for
theoretical applications due to the fact that the eigenvalues for this space are very small
compared to those of the lower order modes. Additionally, the fact that these modes
are only used to fill the left- and right-hand unitary matrices up to N columns, implies
that these modes do not actually carry any physical meaning and are not experimentally
detectable. In fact, following for example the method for the experimental detection of
these modes described in Sec. 4.3.2, the modes of the null space do not actually contribute
to the covariance distribution and therefore, their approximate modulus cannot be obtained
from the decomposition of the covariance function.

In the low gain limit, the eigenvalues of the transfer function 8 approach 0, while those
of 7 approach 1, compare Sec. 4.2.1. This means the overall, the entire range of eigenvalues
approaches the null space and in numerical applications, they may get sufficiently small
that they are effectively 0 due to the finite precision. Thus, in the low-gain limit, the

modes are also only unique up to unitary rotations.
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Appendix: Phase-Matching Functions
for the Diffraction-Compensated

Configuration

B.1. The Paraxial Propagation of Light

Wave Equations. In order to understand how the diffraction compensation is facilitated, it
is first necessary to examine the propagation of light and its behavior under the influence
of certain optical elements. The propagation of waves of the electric field E(r, t) in linear
homogeneous isotropic media with refractive index n for the relevant frequency components

is described by the wave equation [157]

n? 9%2E B

v CCE_
c2 ot? ’

(B.1)

which is derived from Maxwell’s equations and where ¢, denotes the speed of light in
vacuum [143, 156]. Assuming a monochromatic and harmonic time dependence e i*
for the electric field, as well as a fixed polarization direction, so that the field can be
—iwt

written as E(r,t) = i(r) e “'e, with e denoting the unit polarization vector, the wave

equation (B.1) reduces to the time-independent Helmholtz equation
V2i = —k*a, (B.2)

where k = |k| = nw/c, is the modulus of the wave-vector.

Paraxial Wave Equation. Usually, the system has a distinguished direction, which is the
general propagation direction of the light. For the PDC systems as described throughout
this work, this direction would for example be along the z-axis, parallel to which both

the pump and the signal-idler radiation primarily propagate. As such, the field is usually
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split into its longitudinal and transverse components with respect to the main propagation
direction of the fields in the system. Based on this, the longitudinal direction will also be
chosen as the z-direction in the following. This splitting also led from the form of the electric
field operator as written in Eq. (2.38), to its form in Eq. (2.41), where the integration over
the spatial modes is only over the transverse plane and additionally over the frequency.
The state of the electric field over different transverse planes z = const. is described by
the complex-valued function @(z,y; z). The spatial propagation of the electric field is then
modeled by successively applying transformations to 4(x,y; z) which correspond to the
free propagation of the field or optical elements. This way, the input field a(x, y; 2yt )
at the initial coordinate zy, is transformed into the output field @(z’,y’; z.,q) at the
final z-coordinate z,,4 of the system. Furthermore, it is often useful to further split the
field @(x, y; z) into the slowly varying envelope ¥ (z, ; z) (also called the wavefront in the
ikz

following) and a rapidly oscillating part €'** along the propagation axis via [143]:

iz, y;2) = Yz, y;2) e (B.3)

When dealing with a layered system, that is, a system where the refractive index varies

along the z-axis, &« may instead be written as

i(w,y; 2) = Pz, y; 2) 57 (B.4)
where
S(z) = /Zdz/ k(z") (B.5)
Zref
is the total phase of the carrier wave at z, related to the Eikonal phase [60, 157] and z, is
the z-coordinate defining the reference phase (often chosen as z,; = 0). This assumes that
boundary effects where the refractive index varies between the regions can be neglected.

Due to the fact that ¢(z,y; 2) is slowly varying, [143]

929
022

o
2k | —1 . B.
< ‘ R (B.6)

Plugging Eq. (B.3) into the Helmholtz equation (B.2) and applying Eq. (B.6) yields the
paraxial wave equation as written in Eq. (5.6) (with 1) — ). Intuitively, the paraxial
approximation applies to fields which are propagating close to and only with small angles

towards the propagation axis (here the z-axis) [143].

Diffraction Integrals. As an example for the transformations mentioned above, the free
propagation of the electric field @ in a homogeneous isotropic medium from coordinates 2’
to z > 2’ can be described by the Rayleigh-Sommerfeld diffraction integral [65, 167, 168]

2mi r r

k ikr o __ :
W, 2) = — //dx’dy'aw,y';z’)e (1), (B.7)

where k is the modulus of the wave-vector and r = \/(a: — )+ (y—y) 4+ (2 —2)°.
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Since the integral appearing in Eq. (B.7) is usually difficult if not impossible to solve
analytically, the diffraction integral is usually considered within the paraxial approximation.
Formally, in this approximation, r in the exponent e*" of Eq. (B.7) may be rewritten
as [65, 143]

_ 2 N 2
r=|z—2 \/ v + (y y/> (B.8a)
z—2z

x—w) Ly—y)
2 |lz—2| 2 |z—2|

~|z—2 \+ + ..., (B.8b)
where from the first to the second line the Taylor series of the function f(£) = /1 + & has
been applied and truncated after the second order. For the denominators containing r in
the aforementioned equation a simpler approximation is used: r & |z — 2’|, since |x — 2’| <€
|z— 2| and |y — y'| < |z — 2’| [143]. Applying this same approximation to the exponential
term would neglect the approximately spherical wavefront of the complex exponential: If &
is large, small variations in the transverse direction would lead to a change in the phase of
the term e*". Furthermore, 1 +1i/(kr) ~ 1. Applying these approximations to Eq. (B.7)
and using Eq. (B.3) to write the result in terms of the slowly varying envelope yields the
Huygens-Fresnel diffraction integral [143]

k (om2/) 4y
//dx dy (z g2 ) els = . (B.9)

This integral is usually easier to solve than Eq. (B.7) since it only contains (complex)

P,y 2) ~

2771,2—,2

Gaussian functions and ¢)(z’,%’; 2’). While the Rayleigh-Sommerfeld diffraction integral
as written in Eq. (B.7) is a solution to the Helmholtz equation (B.2), the Huygens-Fresnel
diffraction integral is a solution to the paraxial wave equation (5.6) (provided that the
initial fields are solutions to the respective wave equation) [169-171].

For simplicity, as was the case in Chapters 3 and 4, the y-direction will be neglected in
the following (see also Sec. 3.2). Equation (B.9) suggests that by factorizing the integrand

and the prefactors the resulting integral can be written in the following form [143]:

~ [112;( ’ ;Z/) *‘%z—z/](x>7 (BlO)

where * denotes the convolution integral, defined for two (possibly complex-valued) func-
tions f(x) and g(z) as [111]

(Frg)e) E [da’ f@) gl =), (B.11)
and where [143]

k z—z
_— B.12
21 2z — 2/ ( )

is the Huygens-Fresnel kernel which characterizes the propagation of the light field described
by 1 from 2’ to z [143].
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Wave-Vector Domain. The majority of this work describes the electric field in the wave-
vector domain and not in real space. The connection between the two domains is mediated
by the Fourier transform. For the rest of this chapter, the one-dimensional Fourier transform
connecting a function f(z) in the spatial domain to its Fourier transformed f(q) in the

wave-vector domain will be defined as [111]

fa@) = (F ) / do f(z) eioe. (B.13)

With this convention for the Fourier transform from wave-vector space to real space, the

inverse transform is given by [111]

z _ def. 1 ‘0z
flo) = i) 2 o [aas@er, (B.14)
so that [F~HF N](q) = [F(F11)](q) = f(q). Applying the Fourier transform as in
Eq. (B.13) to both sides of the definition of the convolution as written in Eq. (B.11) leads
to the convolution theorem [111, 156]:

[F (F+3)](a) = (F F)@) (Fa)a)- (B.15)

In words, this means that the Fourier transform of the convolution of two functions equals
the product of the Fourier transforms of said functions.
Transforming Eq. (B.10) into the wave-vector domain by applying the convolution

theorem yields
V(g5 2) = P(q;2") H_.r(q). (B.16)
The Fourier transform of the Huygens-Fresnel propagation kernel is given by!
FHn.(q) = e 15T (B.17)

where Az = 2z — 2’. An alternative way of arriving at this result is by considering the
phase the light acquires by traveling along the z-axis inside a homogeneous medium. This

k242 for the positive frequency components of the electric field,

phase factor is given by e
which has for example been used in the phase-matching function for the non-compensated
SU(1,1) interferometer configuration to model the propagation of the light field in air,
see Egs. (3.34) and (3.35) and Refs. [1, 5, 11]. The z-component of the wave-vector
can be expressed in terms of the transverse component as in Eq. (2.40) and the Fresnel
approximation can then be applied to the resulting expression: \/m ~k—q?/(2k),
since ¢ < k. Thus, e*:4% ~ eikAZe*i%f‘f, which is identical to the Huygens-Fresnel
propagation kernel as written for the full electric field including the rapidly oscillating

carrier term, compare Egs. (B.3) and (B.17). This result is not surprising. It can be shown

!The Fourier integral can be solved by completing the square in the exponent and using the (complex) Fresnel
integral [dx ¢i#® = \/ir [143], which is used in the computation of the Fresnel integrals Jdz cos(z?) =
Jdz sin(x?) = /27 /2, see for example Bronshtein et al. [111].
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that the full two-dimensional term elf=2% — VA~ ~45A% i¢ the Fourier transform of the

full two-dimensional Rayleigh-Sommerfeld diffraction integral kernel [compare Eq. (B.7)]

B k‘ ikrA :
R (2 y)= & 2% (1 4+ ) (B.18)

271 or r kr

where r = \/(fc—x/)Q +(y—y)>+ (Az)?. Sece for example Eq. (9.21) and the text
preceding it in Khare et al. [168].

Lenses. For the 4f-system, in addition to free-space propagation, it is also necessary to
model how lenses modify the electric field. In the paraxial approximation, a thin lens with
focal length £ adds a phase [1, 156]

Zy(x) = e iz’ (B.19)
to the slowly varying envelope in real space. The full transformation of the function

therefore reads

P (25 2) = P (@5 2) 72 (B.20)
where (™ and (©") describe the state of the light field before and after the lens, respec-
tively. Writing the functions on both sides of the product as the inverse Fourier transform of
their wave-vector domain counterparts leads to another version of the convolution theorem,

which in its general form reads

F (o)) = 5- [(F ) = (Fa)(@. (B.21)

Thus, in the Fourier domain, Eq. (B.20) essentially becomes the convolution of the Fourier
transforms of ™ and 37/. The Fourier integral of the lens transmission function 37/; is of
the same type as the Fourier transform integral leading to Eq. (B.17). The integral can be
evaluted, yielding

27‘(—1% s £ 2

Z,(q) = ’ elzr ", (B.22)

Thus, the transformation for a lens in wave-vector space is ultimately given by

PO (g52) = o [0 (-52) % 2] (a). (5.23)

B.2. Diffraction Compensation

The methods presented in Sec. B.1 can be used to illustrate the behavior of the radiation
inside the 4f-system used to compensate the diffraction inside an SU(1,1) interferometer as
described in Sec. 3.3. Figure B.1 shows the basic setup of an SU(1,1) using a 4f-system for
compensating the diffraction of the signal and idler radiation and adds additional details

that were not shown in Fig. 3.2(c). Additionally, the figure illustrates the refraction at the
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Figure B.1: Sketch of the diffraction-compensated SU(1,1) realized as a 4f-system. This figure
is a more detailed version of Fig. 3.2(c) and also illustrates the refraction at the boundaries
between the crystals and the air as also shown in Fig. A.1(b), from which several labels for
dimensions have been adopted. As was the case in Fig. 3.2(c), the angles for the emitted
and focused PDC radiation are shown exaggerated. The pump beam and the signal and idler
radiation leaving the second crystal are not shown.

crystal-air boundaries as discussed in Sec. A.2.

The radiation emitted from the first crystal at its output face travels a distance of a,
and is then collimated by Lens 1. After traveling a distance 2/, the collimated beam is
focused into the second crystal by Lens 2. Applying the corresponding transformation

1,0ut) at

equations derived in Sec. B.1 for the propagation of the light field described by !
the output face of the first crystal yields the function ¥(*>™ which describes the field at

the input face of the second crystal:

Y (g) = (2;2 ([ 5,) « &) F} « Z))0) Foy0), - (B24)

where, analogously to the notation introduced in Sec. 3.2, the concrete values for the
z-coordinates have been dropped from the argument lists in favor of the superscripts (104
and (> The expression for (™ written in Eq. (B.24) can be brought to the form of a

single integral transform with (1.0

¢(2,in) (q) = /dq/ %1"12 (g, q/>w(1,out) (q/)7 (B.25)

where 7, , is the transformation kernel describing the transformation from the output of

a2

the first crystal to the input of the second crystal. By explicitly calculating the integrals

appearing in Eq. (B.24), 7, can be found to be of the following form:

1,@2
2
a0 (0:4) = i€/ 0705 (g 4 ). (B.26)
The full transformation as in Eq. (B.25) therefore reads
1/}(2,in) (Q) — iei%@/—al—az})w(l,om)(_q). (B27)

For £ = a, = a,, this transformation reflects the well-known result that the transform of

a 4f-system from the input plane of the first lens to the output plane of the second lens
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corresponds, apart from scaling factors and phases which are constant with respect to the
coordinates, to a twofold Fourier transform, which in turn corresponds to a mirroring about
the origin [172-174]. The sign change in the transverse wave-vector component becomes
relevant if the system under consideration does not have inversion symmetry about ¢ = 0,
as was for example the case throughout Chapter 5. Therein, the symmetry was reduced
to an [ -fold discrete rotational symmetry, where [, is the OAM quantum number of the
pump beam. Thus, in Sec. 5.4.1, this inversion was explicitly accounted for when setting
up the TPA for angular displacement measurements using SU(1,1) interferometers, despite
not being accounted for in Chapters 3 and 4.

The exponent in Eq. (B.27) can be rewritten in terms of kBB® by noticing that for one
thing, from Eqgs. (A.11) and (2.15), it follows that

kalI‘ nall‘

LBBO ~ ,,BBO’ (B.28)

while for another, from Eq. (A.14), it follows that, within the paraxial approximation,

ol + 1, = llnjjro. (B.29)
Thus, Eq. (B.27) may be written as
P(2in) (q) = ol 5o (8ly-++0l+s) (1 0ut) (g (B.30)
where it has been used that
lj=f—a;, for j=1,2. (B.31)

Assuming that the system is approximately symmetric about a plane in the middle between

the two lens planes, the distances 6/, + [; and dl, + I, may be related via
5l1 + ll - 6[2 + l2 + 52/, (B32)

where 0z’ is some offset from the fully symmetric position. Applying the connection written
in Eq. (B.32) to the transformation of the 4f-system as written in Eq. (B.30) yields

P2 () = ieiz)kqp%o[2(5ll+ll)+6zq¢(17out)(_q)_ (B.33)

As a simple initial example, a very low-gain PDC process can be considered, where a
signal-idler pair is generated at some distance z after the input face of the first crystal. As
discussed throughout Chapter 3, it is generally not possible to obtain an analytic expression
for the transfer functions of the PDC process at arbitrary parametric gain. However, a
reasonable assumption is usually that the generated field has a quadratic phase front and
originates approximately from a small region, which may be idealized as a single point.
Such a field distribution can be approximated in real space by a very narrow Gaussian or

a Dirac delta distribution, so that 1)(z) = §(z). In the wave-vector domain, this function
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is therefore a constant: 1 (q) = 1. Propagating the field forwards to the output face of the
crystal using Egs. (B.16) and (B.17) yields

¢(1’Out) (q> — 6_12’;]1372]30(L1_Z>, (B34)

where L, is the length of the first crystal. Thus, as mentioned above, the light emitted
has a quadratic phase front with negative curvature — (L, — z)/ (2kBBO). Applying the
transformation of the 4f-system as written in Eq. (B.33) yields

$2m) (g) = ol 37bE0 (2000 +1)+82'] —i 50 (L —2) (B.35)

For the fully symmetric case, dz = 0, Eq. (B.35) reveals a special case for the shape of the

wavefront curvature: Setting §l; +1; = L;/2, %™ takes the form
2
P(2i0) (g) = jel2bw0? (B.36)

This field is again fully focused, meaning that it is constant in the wave-vector domain, after
propagating further by a distance of z inside the second crystal. Thus, for 6, +1; = L,/2,
the PDC radiation is focused into the second crystal so that the distance from the focal
point to the input face of the second crystal is the same as between the input face of the
first crystal and the position from which the radiation originates.

More generally, the radiation field generated in the first crystal may have some approxi-
mately quadratic wavefront which depends on the parameters of the PDC process, most

importantly the gain. Overall, the wavefront can be approximated as
(1,0ut) it (Ly—x)
PO (g) = e anBBo T (B.37)

where % then denotes the effective position from which the radiation originates. The value
of » may depend on the gain due to stimulated emission occurring in the crystal more
frequently at high gain, leading to a shift in the average position from which the PDC
radiation originates (spatial ordering). At the input face of the second crystal, the field
becomes

q2

w(%in) <q) - ieigkql%[2<6l1+ll)+52/]e_im(l’l_z) ) (B38)
Here, another special choice for §l; 4 [ is given by
oy +1l, =L, — %, (B.39)
with which the wavefront at the input face of the second crystal becomes
.2 2
¢(2,in) (Q) — je'2xBBO (Ll—%)elm5z . (B.40)

Apart from the phase i and the phase due to the offset dz’, the wavefront has the same
magnitude of the curvature as at the output of the first crystal, compare Eq. (B.37), but
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with the opposite sign. After traveling further by a distance of L, —x, the radiation is again
fully focused into a single point. This configuration with dl; 4+ I; as chosen in Eq. (B.39)
can be considered as the diffraction-compensated configuration due to the fact that the
wavefront curvature accumulated during the propagation in the second crystal and the air
gap is flipped when the radiation reaches the second crystal. Equation (B.39) implies that
in the experimental setup, for each value of %, dl; +[; must be adjusted individually. Thus,
in general, for a given set of parameters of the PDC process (such as the parametric gain),
0l; + 1, must generally be different to achieve diffraction compensation. This is similar
to the situation for the unbalanced interferometer as discussed in Sec. 4.2.2.2. Therein,
Eq. (4.52) showed that varying the position of the focal points affects the visibility.

The fact that the optimal position to achieve the compensation depends on the gain can
be rather impractical for further theoretical investigations because it requires performing a
fit for each value of the gain in order to maximize the visibility and determine the optimal
value for dl; + [. Instead, as an idealization, it can be assumed that the setup is optimal
regardless of the gain. In this case, as suggested by Eqs. (B.37)—(B.40), the action of the
idealized 4f-system is simply described by a flipping of the curvature of the wavefront of
the generated radiation. This leads to a modification of the phase-matching function in
the second crystal. In the paraxial approximation, for frequency-degenerate parametric
down-conversion, the phase mismatch can be approximated as

2 2 2
Ak(q,, ;) ~ 6k — zq]; + % + 2% (B.41)
where

ok =k, —k, —k;, (B.42)

compare Egs. (3.31), (5.46) and (5.47). Note that the superscript BB for the wave-vectors
has been dropped here. The term dk describes the phase mismatch which may result for
example from a frequency mismatch or a misalignment of the setup, or, more precisely, a
mismatch of the phase-matching angle [5]. For ideal phase matching without frequency
mismatch, 6k = 0. The other terms on the right-hand side of Eq. (B.41) describe the
wavefront of the pump, signal and idler field.

In general, if a PDC system consists of several layers with different phase-mismatch

functions Ak(q,, q;), the phase-matching function is given by [12, 175]

h(qs,q;,2) = exp [1/ dz" Ak(q, q;, z’)} , (B.43)
0

which, using Eq. (B.41), becomes

h(q,,q;,2) = €¥53) exp [i /Zdz’ n(z’)] , (B.44)
0
where
08(z) = S,(2) — Ss(2) — S;(2), (B.45)

with S;(2) = fozdz’ k;(z") for j = p, s,i analogous to Eq. (B.5) being the difference of the
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fast carrier phases and where

% 4 @
N O 4 B.A
"= g Tk, o, (B.46)

)

S

Clearly, for ideal phase matching with dk = 0,
Ak~ K. (B.47)

As described in Sec. 3.3, the 4f-system is included in the description of the PDC systems
by modifying the theoretical description of the second crystal. Full diffraction compensation
implies that the radiation arriving at the second crystal has the opposite wavefront curvature
than at the output of the first crystal, see the above discussion leading from Eq. (B.37) to
Eq. (B.40) and the surrounding text. Integrating this into the description of the second
crystal suggests that the term x appearing above should appear with the opposite sign
in the phase matching function of the second crystal. Thus, the connection between this

function for the first and second crystal is given by
k) = —£3), (B.48)

For perfect phase matching with dk = 0 and within the paraxial approximation, the above
connection describes full diffraction compensation under the assumption of quadratic
wavefronts for the fields. Heuristically, this result may be generalized beyond the paraxial

approximation by writing instead
AV = —AK?) (B.49)

Then, when applying the paraxial approximation again, Eq. (B.48) is recovered. Equa-
tion (B.49) implies that the system comprised of the optimally positioned 4f-system and
the second crystal effectively acts as a simple crystal for which the exponent of the phase-
mismatch function has the opposite sign. Naturally, both Eqs. (B.48) and (B.49) require
that the refractive indices (and the phase-matching angle) are the same for both crystals.

Let now z label a coordinate inside the second crystal ranging from L; (the length and
end coordinate of the first crystal) to 2L, so that the length of the second crystal is also
given by L,. The phase-matching function h(q,, g;, 2) is then given by

h<qs’ q;, Z) = eiAk(l)(qs»qq:>L1 eiAk@(qs’%)[Z*Lﬂ, (B50)

which follows from evaluating Eq. (B.43). With Eq. (B.49), which provides the connection
between the phase-mismatch functions of the two crystals, Eq. (B.50) simplifies further to

h(g, 0, 2) = e 4K a0 e8], (B.51)

For positions between the two lenses of the 4f-system, the transformation describing the

evolution of the output of the first crystal to the position with distance b after the first
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lens is given by

1
o

Y (g) (w07, )« 2] (q) Z(q). (B.52)

This can be understood as an intermediate result leading from Eq. (B.24) to Eq. (B.26).
For a field originating from the effective coordinate x inside the first crystal, the distance a
between the output face and the first lens to reach optimal focusing can be obtained from
the above discussions and Egs. (B.29), (B.31) and (B.39) as

air
n

a, = f — ~BBO (Ly — %). (B.53)

Evaluating the transformation in Eq. (B.37) for the output field of the first crystal as
written in Eq. (B.37) with optimal focusing by using the value of a; written in Eq. (B.53)

yields for @bl()mid) (q):
mi 2mi
W) =/ 2L 5(2a). (B.54)

Hence, between the two lenses, for optimal focusing, the wavefront is independent of b. In

real space, the Dirac delta on the right-hand side in Eq. (B.54) corresponds to a constant,
meaning that the wavefront in real space is flat. This result mirrors the well-known fact
that light rays originating from the focal point of a lens become collimated after passing
through the lens, leading to flat wavefronts. This is here reflected by the fact that only the
plane waves for ¢ = 0 appear in wémid) (q). These are the plane waves traveling parallel to
the z-axis.

The fact that the right-hand side of Eq. (B.54) does not depend on b furthermore
suggests that the phase-matching function can be extended by accounting for potential
phase changes ¢ which do not modify the wavefront curvature between the two crystals,

leading to an extended expression compared to Eq. (B.51):
h(qg’ q;, Z) = efiAk(l)(qquq‘,)[Z*2L1]ei¢" (B55)

which is the phase-matching function for the second crystal of a diffraction compensated
SU(1,1) interferometer as written in Eq. (3.37). Note that the additional phase factor i
appearing in Eq. (B.40) as been neglected in the above discussions and can be included
in ¢ in Eq. (B.55).

% in Eq. (B.40) resulting from an offset

In the above discussion, the phase term ei%%%
of the focal points of one or both of the two lenses was first neglected. This additional
phase acts similar to the phase the pump, signal and idler radiation experience in a non-
compensated interferometer due to the air gap. In principle, depending on the setup, all

three fields can experience such an offset. The relevant quantity is therefore:

2 2 2
A (%_%_%) 52 (B.56)
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Note that this assumes that all three fields have the same spatial offset §z’. Depending
on the setup, this might not be exactly fulfilled if the pump beam is not sent through the
4f-system. This may be rewritten as

2
<QS B Qz> 52

2k ’

p

p= (B.57)
since k, = 2ky = 2k, for ideal collinear degenerate PDC. Transferring this back outside the
paraxial approximation, Eq. (B.57) implies that the offset adds a phase shift

p = Ak(q,,q;) 0% (B.58)

to the phase matching function. Alternatively, Eq. (B.57) may be rewritten in terms of the

wave-vectors inside air:

(4, — ¢)°

T (B.59)

p _=
where now §z = (n®"/nBBO)§2’. Thus, outside the paraxial approximation, Eq. (B.59)

may be restated as simply

p = AK(q,,q;) 0z — k}*ondz, (B.60)

where on = ny" —ni",

Eq. (B.60) does not depend on the transverse wave-vector components and therefore only
shifts the phase ¢ added in Eq. (B.55) above. Overall, the phase matching function can be

written in the form

see Eq. (5.58) and the surrounding text. The term k;*“0ndz in

h(qs’ 4 Z) — efiAk;(l)(qs7qi)[z72L1]efiAkair(qs7qi)6zei¢>’ (Bﬁl)

which is the phase matching function used through Chapter 4, for the description of
unbalanced SU(1,1) interferometers [see Eq. (4.48)]. Note that in Eq. (B.61), the sign in
the exponent containing dz is arbitrary, since changing it only changes the direction in
which the offset §z occurs.

Geometrically, the setup which uses a spherical mirror to compensate for the diffraction
(reflection geometry) is equivalent to the 4f-system. This can be seen by first considering
the fact that in the middle between the two lenses of the 4f-system, the wavefront phase
must be flat, see Eq. (B.54) above and the surrounding text. As such, the half of the setup
following this point can be replaced by a flat mirror placed parallel to the plane of the first
lens, which sends back the signal-idler radiation (and the pump) through the first crystal.
It can be easily seen that the lens and the flat mirror combined are functionally identical
to a spherical mirror if the abovementioned effective point at which the PDC radiation is
generated coincides with the center of the sphere from which the mirror originates. For a
spherical mirror, this point is 2/ away from the surface, where £ is the focal length of a

parabolic mirror that approximates the curvature of the spherical mirror [59].
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