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Abstract

Parametric down conversion (PDC) is a nonlinear optical process that is extensively
used to produce photon pairs; when it does this, it is conventionally called the low
gain of PDC. The same state is also used to produce squeezed sources, light which
can have uncertainties below the standard quantum limit, but at the cost of increased
uncertainties in other properties. Two photon interactions are the term I will use to
refer to a class of processes in which two photons must be present at a given position in
a short time frame. Principle and particularly, I investigate sum frequency generation
(SFG), a nonlinear process in which two pump photons are destroyed, and a final
photon is produced at the sum of the pump photons’ energies. In this work, I look
to observe sum frequency generation pumped with the down converted state as we
transition from the low gain into the high gain of parametric down conversion. In doing
so, I develop both theoretical models and experimental procedures to understand and
quantify entangled two photon interactions. Specifically, I study the effects of gain on
the down converted state and present an intuitive explanation with a new interpretation
of previous theoretical work to help quantify the effects. I examine the effect of losses in
the down converted state on entangled sum frequency generation (eSFG) and originate
a model explaining these results. I finish by conducting a comparative study between
eSFG and classical SFG as we transition from the low gain to the high gain of PDC.
We show that there can be an enhancement to sum frequency generation by pumping

with the down converted light above the low gain of parametric down conversion.
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Chapter 1

Introduction

The work presented herein aims to gain an understanding of the e ects the entangled
state (in this case, parametric down conversion) has on entangled two photon interac-
tions. One of the principal and most distinctive class of states in quantum mechanics
are the entangled states. It is this which made Einstein despise his creation [1] and
rail against “Spooky action at a distance'. Particles are said to be entangled when we
cannot independently express their states; observables from the individual particles do
not commute. These states can be created directly when the particles are produced
or through their interactions after the fact. In this work, | attempt to exploit this
phenomenon and realise "spooky action at no distance'. Speci cally, | aim to exploit
the energy-time, space-momentum entanglement present in the state produced in para-
metric down conversion (a process where a pair of photons are emitted in a very small
time frame and close together) to improve the e ciency of nonlinear processes which
require multiple photons to interact.

The idea of using entangled photons to improve the e ciency of two photon pro-
cesses was rst suggested by Javanainen and Gould (1990) [2] pertaining to two photon
absorption. Two photon absorption (TPA) is an interaction in which a molecular or
atomic transition may be stimulated by a pair of photons whose combined energy equals
the transition energy. When pumped with a classical state, this is a random, proba-
bilistic process. Therefore, the rate of transition will have a second order dependence

on incoming photon ux as the rate of transition is proportional to the probability that
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two photons will arrive at the same position in space-time. When we have a random
state, this probability will simply be the product of the individual probabilities which,
assuming an even distributions of photons, will be proportional to the photon ux.

When pumped with a state produced by parametric down conversion (PDC), how-
ever, the rate of transition will reduce to a linear dependence as, at low uxes, photons
are produced in pairs of two. Therefore, with careful control of the down converted state
and perfect transmission of the eld, the probability of two photons arriving at the up
conversion medium is the same as the probability of one. Because of this, exciting two
photon processes will be more e cient at low photon uxes with a PDC source than
a classical one with the same average photon number. Independently from Javanainen
and Gould, Gea-Banacloche (1989) reached the same conclusion when considering TPA
pumped by an optical-parametric oscillator operating below threshold [3].

Two photon absorption was rst described by Maria Goppert-Mayer in the late
1920s/ early 1930s and published in 1931 [4] and later realised with the development of
maser and laser technologies by Kaiser and Garrett [5]. It has been found to be useful
in both spectroscopy [6] and imaging of biological samples. The purpose of its use in
spectroscopy is to probe electronic excited states that are forbidden in single photon
absorption. It was rst thought to have an application to imaging with C.J.R Shep-
pard and R. Kompfner in their 1978 paper [7] where they proposed a raster scanning
microscope. The idea is essentially to pump a sample prepared with a uorophore with
a coherent eld and focus the beam down to the di raction limit onto a sample which
can undergo a two photon process such as two photon absorption. The sample would
absorb and emit light very close to the focus in proportion to the relative amount of
absorption material present. Then, by moving the focus point, one can build up an
image of the sample; each position of the focus is a pixel of the overall image. Because
of the high intensities required to stimulate a two photon absorption event, light is only
absorbed and emitted very close to the focal spot of the pump eld and, therefore, in
a very small volume, far smaller than with single photon absorption.

There are several advantages that TPA has over single photon absorption when

imaging. First, it reduces the total amount of radiation that the sample absorbs because
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light only interacts with the sample at or very close to its focus. Moreover, the tight
locality set from the low two photon cross section allows for probing below the surface
of the sample [8] as photons will only be absorbed close to the focal spot of the pump
eld. A TPA microscope was rst experimentally demonstrated by Denk, Strickler and
Webb in 1990 [9], and since then, it has become a workhorse for the medical eld. As
of late, deep tissue imaging [10] has caught much interest; however, in order to delve
further into the sample, higher order absorption may need to be exploited [11] as the
longer wavelengths of the pump increase the scattering length inside of the materials.

Despite their ubiquity, two photon uorescent microscopes have issues. The de-
terioration of urophores and reduction of their responsivity is a well documented
phenomenon [12{15]. This is known as photo bleaching and has been explicitly studied
by Patterson and Piston [16], who show that the rate of unresponsiveness of the uo-
rophores is dependent on the intensity of light used. In no case did they nd a purely
second order dependence between the rate of photo bleaching and the pump intensity.
This result suggests that the mechanism causing the photon bleaching is not two pho-
ton absorption. However, photo bleaching is still not well understood. It is believed to
in part to be caused by higher than second order absorption events in the uorophores,
resulting in the molecule getting 'trapped' in a long lived excited state [16].

A further issue with the two photon uorescent microscope is the so called photo-
toxicity. This is when biological material starts to deteriorate and denature because of
the radiation. Phototoxicity has been studied, and a rate equation was also attempted
to be derived [17,18]. In both cases, a second order dependence with intensity was
found; however, the mechanism for this is also not understood. Both of these are ongo-
ing problems with the technique, and mechanisms are still being developed to mitigate
them [19]; however, there is ho way to avoid them altogether. We could suppress their
e ect by pumping with a reduced ux whilst stimulating the same response which
provides and invitation for our work.

The use of entangled photons in a microscope was rst put forward by Teich and
Saleh in 1997 [20]. They propose a reduction of pump ux due to the linear scaling

from using an entangled source. Since then, there have been several theoretical and
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experimental investigations into the process. Entangled two photon interaction has also
drawn much interest for spectroscopy [21{23] however, the principal interest motivating
my investigation is for imaging applications. The idea of applying it to imaging has
not yet been realised, partially because of the di culty in stimulating Entangled Two
Photon Absorption (eTPA) and the inconsistency of the published results. One of the
main conclusions of this thesis will be to explain why we see inconsistent experimental
results. This author concludes that there is a variable which is poorly controlled for,
upon which the rate of eTPA is entirely dependent.

We will review the current state of that literature later in this chapter. However,
rst, we will discuss two critical theoretical results. The rst is from Fei et al. [24],
in which they derive the eTPA cross section. Starting from a simple probabilistic rate
equation for eTPA of the form:

R= + 2 (1.1)

where is the ux of the pump photons and R is the rate of two photon absorption.
They argue that the expected relation between the classical coe cient, , and the
entangled cross section, , will be:

= 1.2
2AcTe’ (1.2)

where A and Te are the entanglement area and time, respectively, de ned as the width
of the second order correlation function in space and time. Another way of saying
this is that these are the length scales and time scales in which the entangled state
is created/exists. When this is expanded into a more complete model of the process,
the entangled coe cient, , has a dependence on the entanglement tim€l,e, and could
disappear for speci c values. This introduces new parameters we need to have control
over for eTPA experiments. However, to my knowledge, this has not been investigated
experimentally.

The second is an analysis undertaken by Jagatap and Meath [25] into classical two
photon absorption, where they discuss the possibility of an alternative mechanism for

TPA. Conventionally, it is understood that during TPA, the molecule/atom is stimu-
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lated to a virtual level; Jagatap and Meath provide a mechanism in which a molecule
with a permanent dipole moment gets ipped by a single photon and the system sta-
bilised by the second. This results in a change of the selection rules for TPA as well as
energy dynamics, which, when combined with the insight of Fei et al., could result in

an issue interpreting the results of any eTPA experiment as in [26].

1.1 Literature Review

Initial results displaying non-classical behaviour in TPA by pumping with a squeezed
state were obtained in the 1990s. Georgiades et al. [27] pumped theSg, ! 6Ds5-,
transition of atomic Cesium with an OPO operating below threshold. They observe, at
low photon uxes, the beginning of a linear relationship between the incoming photon
ux and excitation rate precisely as described by Gea-Banacloche [3]. Close to thirty
years later, this result remains elusive. Several future reports struggle to replicate this
key feature, and we will examine some of these reports in this section.

In the early 2000's two groups began to investigate and publish results regarding
the eTPA phenomenon. The rst group was led by Silberberg, based at the Weizmann
Institute of Science, and Goodson led the second team at the University of Michigan.
The group lead by Silberberg published rst the paper Dayan et al. [28] in which they
probe eTPA with PDC stimulated entirely in the high gain. It is not believed that
the linear scaling between incoming photon ux and excitation rate will be present in
the high gain of PDC as at su ciently high uxes, the second order term in Equation
1.1 will be orders of magnitude larger than the linear term. This study does, however,
display non-classical behaviour. In Dayan et al. [28] the investigators pump the down
conversion process with a pulse duration of 3 ns but show that by introducing a delay
of approximately 23 fs between the signal and idler elds (daughter elds of the down
conversion process), they reduce the rate of TPA by half. By doing this and measuring
a substantially narrower absorption spectrum than one would expect from a pump eld
of the bandwidth of their PDC, they show that pump TPA with a high gain PDC
source behaves di erently to a similar thermal source for which the PDC has the same

statistical properties. This is due to entanglement in the down converted state.

6
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While Dayan et al. provided the rst evidence that eTPA is truly an entangled
process as they show that the resultant uorescent eld depends on both the relative
delay of the entangled photons and the spectrum of the pump eld and therefore de-
pends on the time-energy entanglement present in the down converted eld; we do not
intend to investigate directly the e ect that they show. We will however, revisit the
theme of non-classical behaviour in entangled two photon interactions in the high gain
of parametric down conversion which they clearly display in their report. We instead
want to directly investigate the linear relationship between incoming photon ux and
response. Lee and Goodson attempt this investigation in their 2006 paper [29]. In this
paper, they study eTPA in a porphyrin dendrimer (H ,TPP) pumped by PDC from a
type 11 BBO crystal. They nd an entangled cross section of 10 ’cm? which is only
an order of magnitude lower than the molecule's classical single photon absorption cross
section, a pleasing result. However, this report has several issues. The main problem,
| believe, is how they detect the TPA response.

Once a uorophore has undergone absorption, there is no special direction in which
it will emit. Fluorescence will, therefore, be emitted symmetrically about molecules,
which makes collecting it di cult. The expected response will be dim enough that, in
most cases, it will not be su cient to simply detect the response in a section of the
expected emitted space. This may be alleviated with the use of an integration sphere.
However, it could be easier to measure the number of entangled photons lost when
transmitted through the sample, as this eld has a known direction and can be easily
collected, and this will be directly proportional to the rate of absorption. The loss of
any pump photons could be attributed to the TPA e ect. This is the method they
chose to employ, and as far as | can tell, all of the losses measured are attributed to
TPA events. It is not reasonable to assume that this is the case. However, with a novel
interpretation of their results, we cannot wholly dismiss this study.

As they use type Il down conversion, their signal and idler elds are polarised or-
thogonal to one another. They attempt to compensate for dispersion in their system
with a birefringent quartz plate. Due to the orthogonal polarisation of the pairs of

down converted photons, the refractive indices and group velocities of the down con-
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verted photons will be di erent, and as such, the relative delay between the pairs of
photons can be controlled. They vary the width of this plate and, in doing so, intro-
duce a delay between the signal and idler photons. They call the relative delay between
these two elds the entanglement time. | would dispute this terminology. The entan-
glement time is the width of the second order correlation function. When they delay
the entangled photons, they do not increase the width but increase the delay between
photons. Therefore, they have shifted the correlation function in time. Instead of the
photons arriving approximately simultaneously, they will arrive with a relative delay,
and as such, what they have really done is destroy the state's ability to undergo e cient
eTPA. However, this is e ectively the same e ect shown in [28]: introducing a delay
between the entangled photons. Furthermore, when they introduce the delay, they see
a reduction in the e ciency of the measured absorption rate. This strong dependence
on relative delay is expected for an entangled state. In [28], they also show a strong
dependence on the relative delay with complete loss of TPA events with relative delays
of less than 100 fs. However, | do not believe we would expect the same response from
random linear losses, which should have no dependence on the delay between photons.
Therefore, it is likely that the losses they see in their down converted state are in part
from two photon interactions.

The Michigan group have since gone on to investigate eTPA in many molecules
[26,30{32]. Many of the molecules that they have investigated are rare, and therefore,
these studies have proven di cult to replicate. In eTPA studies, there are two aspects
to consider: the absorption process itself and the state used to drive it. In most reports,
the focus is placed on the absorption process. By that, | mean they are focused on the
molecule in use, the magnitude of the linear term and alternative mechanisms, which
may result in the same observation. | believe that there has been a lack of focus on
the down converted state and how to optimise this for entangled two photon processes.
For that reason, most of the attention in this thesis will be on how properties of the
down converted state a ect entangled two photon processes.

In 2018, Villabona-Monsalve et al. [33] presented the rst investigation into eTPA

with common uorophores ZnTPP and Rhodamine B. They do not mention the down
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converted state beyond the type and crystal in use. Most studies appear to treat the
PDC as, simply, any other pump eld, which it very assuredly is not. This experimen-
tal design is also susceptible to another issue, as outlined by Hickam et al. [34]: single
photon losses. The method they are using to measure the TPA rate is the change of
coincident counts between the sample in place and not in place. They attribute the
reduction of coincident counts to eTPA. However, any linear loss mechanism, such as
single photon scattering, could lead to this reduction. This problem is unavoidable.
However, if the method of measuring the number of entangled photons has no depen-
dence on entanglement then we may still be able too measure the number of photons
lost in the up converted state as a tool for determining the rate of eTPA.

| believe that we could quantify and eliminate the e ect of linear losses on eTPA
measurements by destroying entanglement in the down converted state and measuring
the reduction of down converted photons after the sample when there is no entanglement
present. This should entirely remove the linear term due to entanglement but a linear
term due to losses would still be present. There are two methods that could be used
for this. First, introduce a delay between the entangled photons as Dayan et al. [28]
do and my interpretation of Lee and Goodson [29]. Alternatively, because the down
converted photons are emitted symmetrically about the pump beam, by introducing a
mask in the far eld of the PDC, which is asymmetric with regards to the the pump
beams propagation direction, we would deterministically remove single photons from
an entangled pair. There may be other methods of destroying entanglement,it does not
matter which methods is used, all we require is a detection scheme that is robust to
this destruction. This means we cannot use coincident counts as done in Villabona-
Monsalve et al. [33] and Hickam et al. [34]. Instead we should just measure the total
number of photons before and after the sample.

To put this idea in the language of Villabona-Monsalve et al. [33] whereRps is
the rate of photon pairs absorbed by a molecular systemRgovent iS the rate of photon
pairs observed with just a solvent andRsample is the rate of photon pairs observed when
the sample is pumped with the down converted eld. If we assume that the number

of entangled pairs is exactly half the total number of photons (clearly not physically
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realisable; however, that is not an issue here) and introducedR¢jassical » Which is the
rate of photon pairs observed when the system is pumped with the PDC state with its

entanglement destroyed then:

Rabs = Rclassical Rsample :

If any eTPA is present then Rgjassicar > R sample (N0te, Raps is the rate of two photon
absorption but both Rgjassicai @nd Rsample are measured rates of photon pairs). We no
longer need to measure the rate of absorption with just the solvent presentRsgivent) as
this will be present with both the rate of absorption when the sample is pumped by the
down converted eld (Rsample) and the rate of absorption when the sample is pumped
by the down converted eld with the entanglement removed (Rgjassical ) and therefore
will already cancel in the above equation. This has not been done in any studies | am
aware of. However, | believe it could alleviate the linear loss issue as we do not measure
coincidences; instead, we simply measure the total number of photons.

Placing this aside, the idea of requiring better information and control of the down
converted state is not a novel one; in fact, Hickam et al. [34] end their paper by stat-
ing, \Only by characterising the entangled state, instead of relying solely on intensity
measurements, can a de nitive conclusion be reached". More recently, there have been
several studies where the down converted state is better discussed and considered, to
varying success. Three recent studies investigate the same common uorophore, Rho-
damine 6G; Landes et al. [35], Tabakaev et al. [36], and Parzuchowski et al. [37] with all
attempting to measure the uorescent light directly. We will discuss these studies in a
later chapter in more detail when we can use the results contained herein to help analyse
them, but only one, Tabakaev et al. [36], see the expected linear scaling. They further
showed that this linear scaling is due to the entangled property of the down converted
state by measuring the resultant TPA rate when attenuating the down converted state
directly. This displayed a quadratic scaling as opposed to a linear that was found when
attenuating the PDC pump to reduce the PDC power. This is a robust method to show

that entanglement is the fundamental cause of the linear scaling observed in eTPA, as

10
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for a classical eld and mechanism, both methods would produce the same response.

Di culties in realising these results and reproducing these studies has led to a large
amount of literature questioning and countering the claims of these eTPA experiments.
Parzuchowski et al. [37] and Landes et al. [35] both say the cross section, if any quantum
interaction occurs, is orders of magnitude smaller than previously published, which is
generally where the discussion resides. In neither of these studies do they observe
anything they could call eTPA. The strongest experimental work which directly rebuts
previous claims has come from Corona-Aquino et al. [38]. In this study, they attempt to
observe eTPA from Rhodamine B (RhB) and zinc tetraphenyl-porphirin (ZnTPP) via
transmission of the PDC as in [33]. They manage to reproduce their result and show
the linear scaling. However, upon further experimentation, they conclude categorically
that this cannot be due to entanglement as when they delay one of the entangled
photons with respect to its entangled partner, they observe no strong dependence on
the relative delay of the two photons, unlike in [28]. They present this null result in a
very clean and clear way with good reasoning and even show that the linear scaling they
do see could be interpreted as having a cross section of the same order of magnitude of
previous reported entangled two photon cross section.

The more important studies are those that suggest alternative interpretations and
mechanisms for the observed results and place limits on the possible practical advantage
we could see. One of these, we discussed earlier, Hickam et al. [34], which attributes an
observed linear scaling due to single photon scattering. This is probably the cause of the
result observed in Corona-Aquino et al. [38]. A second, Mikhaylov et al. [39], describes
a mechanism where a single photon can stimulate an excitation, which we expect can
only be stimulated by two photons if the electron inhabits a highly energetic ground
state. They show that this hot band absorption process could have a cross section which
is compatible in magnitude with the reported limits on the entangled two photon cross
sections (10 2°cm?). These criticisms cannot be ignored, and they present a worrying

set of unknown mechanisms that may in uence any eTPA experiments.
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Chapter 1. Introduction

1.1.1 A New Approach

TPA o ers a multitude of variables which are hard to control, such as various excitation
pathways and loss mechanisms. These could result in an altered reason for the observed
result as in [38] or various excuses for observing or missing the scaling as expected;
investigating TPA introduced uncertainties in the interpretation of results. However,
two photon absorption is not the only two photon process we can use. Instead, we
could try to investigate the e ect of pumping sum frequency generation (SFG) with
PDC. SFG can be thought of as the reverse of PDC. PDC involves one eld decaying
into two daughter elds, SFG is the process of two elds combining to form one nal
eld. For the same reason as TPA, this is expected to have a linear term when pumped
with PDC; the space-momentum, time-energy entanglement present in PDC, this time
without the complications of TPA.

As a physicist, my focus is on how the properties of the down converted state a ect
the e cacy of entangled two photon processes rather than on the chemistry of any
particular uorophore. Therefore, despite being primarily motivated by imaging ap-
plications, which are most commonly conducted with uorophores, the work contained
herein shall be investigating solely entangled sum frequency generation (eSFG). | be-
lieve that this is directly applicable to eTPA as the linear term is caused by the same

phenomena in the down converted state and not anything in the up conversion process.

1.2 Classical Nonlinear optics

Nonlinear optics refers to a eld of study in which the properties of a system change
due to the strength of a light eld illuminating it. We consider here only the simplest
materials and provide a basic summary of how to describe nonlinear light-matter inter-
actions su cient to describe the processes we are interested in. | will also attempt to
keep the notation as simple as possible and adopt the Einstein summation convention
where the same indices are summed over.

Nonlinear optics is often understood by considering the polarisation vector,P.

Generically, this is some function of the electric eld, E. In the cases where the po-
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Chapter 1. Introduction

larisation vector responds instantaneously by the electric eld (that is, has no explicit,
independent dependence on the time)P can be expressed as a power series of the E-
eld. In conventional optics, it is usually su cient to limit the perturbative expansion

of the polarisation in therms of the E- eld to only one term:

Pi= o (UEj; (1.3)

for the i component of the polarisation. @ is the linear susceptibility and ¢ is
the permittivity of free space. In nonlinear optics, the perturbative expansion of the

polarisation continues:
=) 1 E 2 EE 3 E E.E 1.4
i 0 i(j) j 0 i(jk) jEk 0 I(jk)| jEkE T (1.4)

@ and © are the second and third-order nonlinear optical susceptibilities. Note,
centrosymmetric materials materials are prohibited from having a second order @
due to their rotational symmetry 1. Therefore, the lowest order nonlinear e ects can
only occur in a special class of materials.

We will nd it convenient to split the polarisation vector into two components:
P=Py+ PnL; (15)

where Py contains all the nonlinear components. In order to describe the evolution
of the elds classically, we develop a wave equation description of the interaction as
in [40]. The electric displacement eld, D, is related to the electric eld and polarisation
through:

D= oE+P: (1.6)

Remembering the de nition n? = 1+ ) wheren is the refractive index, we can express
1.6 as:
D= on’E + Py (1.7)

1 Consider what would happen in a centrosymmetric materials when the material is roated by 180
degrees.P should become P asE becomes E which is not possible with a second order term.
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Chapter 1. Introduction

To write the wave equation, we start from Maxwell's equations, which, in a charge free,

current free, non-magnetic material, are given by:

r D=0 (1.8)

r B=0 (1.9)
_ @

r E= @t (1.10)

rB= O%Dt (1.11)

Taking the curl of 1.10 and substituting in 1.11 and 1.7 we arrive at:

rr E + oonz@E = @pN":

@ Y @t

(1.12)

In order to simplify this further, we need two de nitions. The rst from electro-

magnetism for which o g = 1= de nes the speed of lightc, the second from calculus:
rr E=r(r E)r 2E:

We have already assumed there are no charges, so the rst term on the right hand side

is zero, and Equation 1.12 becomes:

nj@E_ 1 @PnL
c? @% - ()C2 @%

r °e (1.13)

1.2.1 Sum Frequency Generation Wave Equation

Limiting ourselves to just the second order process of sum frequency generation, we

can write the nonlinear polarisation:

PN- = o (PEE: (1.14)

Sum frequency generation is a process in which two elds with di erent frequencies

stimulate an up conversion event. Considering a pump consisting of two monochromatic
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Chapter 1. Introduction

waves, the electric eld will take the form:
E=Eie "'+ Epe "2'+ E,; &' '+ E e 2 (1.15)

where we have assumed the elds are propagating in the same direction and we have
ignored polarisation for simplicity. All of the processes described in second order nonlin-
ear optics have strong dependence on polarisation however, this can be easily considered

at a later point of the derivation if required. Equation 1.14 becomes:

Put = o @ E2e 2'1t4 E2e 22t 4 2E Epe (1t Dt 4 2 E e (01 2
(1.16)
+ Complex Conjugate +2 o @ [E1E; + E2E,]:

The di erent terms in this equation give rise to the di erent phenomena. The rst
two terms can be identi ed as second harmonic generation (SHG), which is when a
eld of one frequency up converts to a eld at twice the frequency. The third term
can be identi ed as sum frequency generation (SFG) and the term we will consider.
The fourth can be identi ed as di erence frequency generation (DFG), where the nal
eld produced in the interaction is at the frequency di erence of the two pump elds.
The complex conjugate terms not explicitly written in 1.16 but can be identi ed as the
reverse DFG process and varieties of parametric down conversion (PDC), which we will
discuss later. The nal two terms can be identi ed as optical re ection.

Concentrating on the SFG term:

Pae =2 o @E Eze a2t (1.17)

It is implicitly assumed in the above equation is that the second order susceptibility is
independent of frequency and time. This will be the case provided the frequencies of
the elds are much smaller than the resonant frequencies of the material system [40].

For SFG, the nonlinear susceptibility is a tensor of the form:
Pila+12)= (0 a+ 120150 B (1 )EK( 2): (1.18)
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It would not make any di erence if we swap the indices 1 and 2. Therefore, there must

be an intrinsic symmetry in this tensor where:
2 2
D+ tatst)= Do+ ala0); (1.19)

note that the Cartesian indices are also swapped. Suppose we can treat the medium
with the nonlinear susceptibility tensor as lossless. In that case, we can extend this
into the full permutation symmetry, where we can permutate any of the frequencies
provided, and we can also permutate the indices in the same manner. However, we
have also assumed previously that the second order susceptibility is independent of
frequency; when this is taken, we can freely permutate the Cartesian indices. The
purpose of this is to reduce the rank of the tensor, and when these assumptions are
taken, a lossless medium and optical frequencies much smaller than the resonance
frequency of the system; it is called the Kleinman symmetry condition, named after
D.A. Kleinman, who rst used it [41].

The reason for going through that brief overview is that the Kleinman symmetry
condition is very often met for the nonlinear processes we will be investigating, and
we will be assuming it throughout. It is also an attempt to motivate a bit of notation
shenanigans. When these conditions are met, for historical reasons, the nonlinear

susceptibility tensor is rewritten in the form:
(1.20)

Moreover, when, as in our case, we consider xed polarisations and direction of the

pumping eld, this results in a scalar factor, and Equation 1.17 becomes:
Pne =4 odert E1Epe (117120 (1.21)

dets is known as the e ective d coe cient and is one of the main properties discussed
when comparing nonlinear crystals.

Returning to Equation 1.13, the E eld in this equation is the nal, up converted
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eld and, if propagating in the positive z direction, has the form:

Es = Aze'(%Z '3 4+ Complex Conjugate (1.22)

where Az is the amplitude, ks is the wave number of the up converted eld, and! 3 is

its angular frequency, which is related to the pump eld via the relationship:
lg=11+ 15 (123)
Note that the wave number and frequency are related by:

ki= ——: (1.24)

where we have used the notationn; = n(! ;). We can similarly remove the spatial

dependence on the pump elds and write Equation 1.21 as:
PNL =4 Odeff AlAzei[(kl+ k2)z !3t]: (1.25)

Substituting this into 1.13 and performing some of the operations:

%"‘Zikg@ k2A3+ M ei(k32 ! at)
3 CZ

@2 z (1.26)

2
_ %A]-Azei[(kﬁkg)z ! at]

The third and fourth terms on the left hand side of the above cancel each other,

and we are left with the following:

2
@A3+2ik3@é - _Adeit 15, ppdllarie ko). (1.27)

@2 @z c?

Provided that the amplitude As varies at distances much larger than the wavelength,

we can take the slowly varying amplitude approximation:
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and so Equation 1.27 becomes:

2id st ! -

we can simply integrate for propagating into a crystal of length L using the identity
k=ki+ ky ks
2idets ! 3A1A2

As(L) = n—3cl_ei KL sinc( kL=2): (1.29)

The intensity is given by [42]:
li =2n; oGAij%: (1.30)

Thus, the up converted intensity will be:

2d2. 1 21115 KL
lg= "3 °7) 2gjin@ ——— 1.31
3 ninoNns oC3 2 ( )
| want to highlight two properties of Equation 1.31, which will be relevant later: the
dependence on the two input eld intensities and the quadratic dependence on crystal
length. Later in this dissertation, we will show and discuss the changing properties of
the down-converted eld, which will make a comparison to the appropriate classical

eld complicated. We will also brie y investigate the e ects of crystal length on eSFG.

1.2.2 Parametric Down Conversion

We will not go through a formal description of parametric down conversion here. This

is a quantum process and needs a quantum formulation to go through, which we will
undertake in a later chapter. Hopefully, we can match this up in a coherent manner
with a quantum theory of entangled sum frequency generation. However, there are some
aspects we should discuss here. PDC is a second order nonlinear process and, in many
ways, can be thought of as the reverse of SFG. SFG involves the destruction of two elds
and the production of one at the sum of the destroyed elds' energy. PDC involves
the destruction of one eld and the production of two daughter elds, conventionally

called signal and idler, whose energies sum to the energy of the original eld. Because
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of this similarity, the function restraining momentum mismatch in Equation 1.31 is also

applicable to PDC. Explicitly in the plane wave, monochromatic pump approximation:

sinc '2(" (1.32)

also constrains parametric down conversion; maximising this quantity is called phase
matching. Phase matching will also be discussed in future chapters. In order to stimu-

late PDC, we have to ensure two fundamentals of physics are conserved, that is, energy:
Ip=1li+1g (1.33)

and momentum:

Kp = Ki + R (1.34)

In the plane wave, monochromatic pump approximation used throughout this descrip-
tion, the conservation of energy remains satis ed however, a certain momentum mis-
match between the pump eld and the down converted elds is permitted, described
by the function 1.32.

There is one key di erence between the rate of SFG and PDC, which we can under-
stand without the need for a full quantum treatment. For sum frequency generation it
is su cient to describe the process as in Equation 1.31 and outlines in Section 1.2.1.
For parametric down conversion, however, the down converted elds can stimulate their
sister eld. This process is often called parametric ampli cation and can be described
semi-classically when pumping a nonlinear crystal with a pump eld and a weak signal
eld [43]. Because of this ampli cation process, PDC grows exponentially with pump
intensity. We will show that this is the case in a later chapter. There is no stimulation
of the up converted eld for SFG. Therefore, the behaviour will remain constant until
su ciently high intensities where pump depletion will occur. However, for PDC, we
have two distinct behaviours. One where the down converted eld is produced spon-
taneously and a second in which the down converted eld is stimulated. Spontaneous

parametric down conversion (SPDC) can only be described quantum mechanically and
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will lead to the linear scaling in eTPA and eSFG. Often, throughout this dissertation, |

will be describing SPDC as low gain parametric down conversion or PDC with less than
one photon per mode. All of these ways of referring to SPDC are equivalent for our
purposes. Similarly, the stimulated parametric down conversion will also be referred to
as high gain parametric down conversion or PDC with more than one photon per mode.
We will investigate how both of these regimes a ect the scaling of eSFG throughout

this work.

1.3 Quantum Optics Basics

We will not quantise the eld; this is beyond the scope of this work, but there are some
key ideas from quantum optics we should introduce at the beginning. The rst is the
canonical quantisation for the electric eld of a single polarisation and spatial mode in

a dielectric medium [44{46]:

E=E® +g() (1.35)

Z,4 ! h i
~I 2 y
(22t = i - I il =d] = : :
E"(z;t)=i . d! 20 (1)70cS al;z)exp[ It (t z=0] E (t) ; (1.36)
where S is the beam area,n(! ) the refractive index at the frequency! , "o the perme-
ability of free space, and we have restricted the electric eld to only propagate along
the z-axis. The operator &(!;z ) is the bosonic harmonic annihilation operator in the

continuous mode limit de ned so that:
@&t pl= i ) (1.37)

where [ ] denotes the commutation relation between these two operators. We will be
expressing the derivations throughout the remainder of this thesis in the Heisenberg

picture, where the observables evolve according to the Heisenberg equation of motion:
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dO(t)

—[H 9] (1.38)

where @ is a Heisenberg observable an# is the Hamiltonian of the system.

1.4 Summary

This chapter has presented a comprehensive review of the existing research, which
serves as the basis for our upcoming investigations. In the following chapters we will
delve deeper into parametric down conversion and the down converted state utilised
in our work. We will then present a plethora of ndings related to eSFG, with a
focus on high gain, and provide explanations for these results to gain a more intuitive
understanding of the e ect. Additionally, we will isolate the impact of losses in the
down converted state on eSFG e ciency, which is one of the principal outcomes of this
thesis. Our analysis will reveal some unexpected behaviour, and we will present a model
to explain these results. Finally, we will compare our ndings to an appropriate classical
state and demonstrate a brighter response when pumping with entangled photons in
the stimulated regime of parametric down conversion above the gain level previously

believed to be achievable.

1.5 Publications

Conference Proceedings
Invited

T. Dickinson, I. Afxenti, G. Astrauskaite, L. Hirsch, S. Nerenberg, O. Jedrkiewicz, A.
Gatti, D. Faccio, C. Mdllenbroich, M. Clerici, and L. Caspani , \Towards quantum-
enhanced nonlinear imaging”,Meta 2024, 14th International Conference on Metama-
terials, Photonic Crystals and Plasmonics, Toyama, Japan, 16-19 July, 2024, invited

talk.

T. Dickinson, I. Afxenti, G. Astrauskaite, L. Hirsch, S. Nerenberg, O. Jedrkiewicz, A.
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Gatti, D. Faccio, C. Mallenbroich, M. Clerici, and L. Caspani , \Towards quantum-
enhanced nonlinear imaging"”, 13th Advanced Lasers and Photon Sourcesrokohama,

Japan, 22-26 April, 2024, invited talk.

I. Afxenti , T. Dickinson, G. Astrauskaite, S. K. Rajendran, L. Hirsch, S. Nerenberg,
C. Mullenbroich, A. Gatti, D. Faccio, M. Clerici, L. Caspani, \Multimode, High-photon
number, Quantum enhanced sum frequency generation"|lCTON 2023, Bucharest, Ro-

mania, 2-6 July, 2023, invited talk.

L. Caspani , T. Dickinson, |. Afxenti, G. Astrauskaite, S. K. Rajendran, D. Faccio, C.
Mallenbroich, M. Clerici, \Quantum-enhanced multiphoton uorescence microscopy",
BQIT:22, Ninth Annual Bristol Quantum Information Technologies Workshop, April
25-28, 2022, invited talk.

Regular Contributions

T. Dickinson , I. Afxenti, G. Astrauskaite, L. Hirsch, S. Nerenberg, O. Jedrkiewicz,
A. Gatti, D. Faccio, C. Mallenbroich, M. Clerici, and L. Caspani, \Quantum-enhanced
two-photon interactions beyond the photon pairs regime", Frontiers in Optics + Laser

Science Denver, Colorado, USA, September 23-26, 2024.

I. Afxenti , T. Dickinson, G. Astrauskaite, L. Hirsch, S. Nerenberg, C. Mallenbroich, D.
Faccio, A. Gatti, M. Clerici, L. Caspani, \Multimode, high-photon number, quantum-
enhanced sum frequency generation"SPIE Photonex Glasgow, UK, 24-26 October,

2023.

T. Dickinson , I. Afxenti, G. Astrauskaite, L. Hirsch, S. Nerenberg, C. Mallenbroich,
O. Jedriekiewicz, D Faccio, A. Gatti, M. Clerici, L. Caspani, \Entangled sum-frequency
generation from bright twin beams", Quantum, Atomic and Molecular Physics - QUAMP

(Institute of Physics), Glasgow, UK, September 12-13, 2023, (poster).

T. Dickinson , I. Afxenti, G. Astrauskaite, S. K. Rajendran, D. Faccio, C. Msllenbroich,
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M. Clerici, L. Caspani, \Towards enhanced nonlinear imaging with entangled photons”,

Photon2022 Nottingham, UK, August 30-September 2, 2022 (poster).

Article

T Dickinson, I. Afxenti, G. Astrauskaite, L. Hirsch, S. Nerenberg, C. Mallenbroich, O.
Jedriekiewicz, D Faccio, A. Gatti, M. Clerici, L. Caspani, "Quantum-enhanced second
harmonic generation beyond the photon pairs regime",Science Advancessubmitted,

2025
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Chapter 2

Theory of Entangled Sum

Frequency Generation

There have been many theoretical investigations into entangled two photon absorption.
It was rst investigated in two articles, one from Javanainen and Gould [2], and separa-
bly but simultaneously from Gea-Banacloche [3]. Recently, more complete theoretical
investigations have been undertaken e.g. [21,47{49]. However, few theoretical investi-
gations have considered entangled sum frequency generation explicitly. This is largely
because eSFG is less directly applicable to further research into uorescent microscopes
and entangled two-photon absorption spectroscopy which have been the primary mo-
tivations for these studies. As in this work we explicitly investigate eSFG, we will
present a full quantum derivation of eSFG. This will closely follow the derivation from
Dayan [50]. We will start by deriving the operators describing the down converted eld
after a pump eld has passed through a crystal of lengthL and then apply this state
to the up conversion process. In doing this, we will gain a greater understanding of the
gquantum nature of this process.

The analysis that will follow will assume the down converted state has a single
spatial mode with multiple temporal modes. The down converted states used experi-
mentally in this work contains multiple spatial modes and a more complex analysis is
required to properly consider this fact [48,51]. However, in order to capture the most

prevalent features, the single mode treatment is su cient.
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Chapter 2. Theory of Entangled Sum Frequency Generation

2.1 Parametric Down Conversion

Parametric down conversion can only occur in media which permit a second order
term in the polarisation vector. This is only possible in noncentrosymmetric materials,
that is, materials which will not be invariant under spatial translations and rotations.
Speci cally, these materials will be not be invariant with the transformation + ! *.
In the Heisenberg representation, the spatial evolution of the electric eld, I?, will
be governed by the momentum operatorG. In the same way that the Hamiltonian
generates time translation (Equation 1.38), the momentum operator generates spatial
translations. As such the spatial evolution of the electric eld is governed by the

equation [52{54]:

@(hz) _ i
@z -~

Classically, the momentum density is given by [54]:

h i
E(;z):6(2) : (2.1)

d(z;t) = D(z;t) B(z:1),; (2.2)

where the eld propagates along the z-axis.D(z;t) is the electric displacement eld:
D(z;t) = "oE(z;t)+ P(z;t); E(z;1) is the electric eld, B(z;t) is the magnetic eld and
P(z;t) is the polarisation vector. We can separate the electric eld into a forward and
backward propagating componentE(z;t) = E*(z;t)+ E (z;t). Noting the canonical
qguantised electric eld (Equation 1.36):

Z, 1

- 7 h [
Ef(z;t)=i . d! 4n(")ocS a(l;z)exp[ i' (t z=0]= E (f;t)y; (2.3)

and magnetic eld:

Z,

B (zy=i a _—nC) ?

. 4" 35 all;z)exp[ it (t z=9]= E*(z;t) c=n(!): (2.4)

where S is the beam area and the operatora(!; z ) is the the bosonic harmonic anni-

hilation operator in the continuous mode limit. The momentum ux operator, /g, is
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simply rate of the momentum ow, @ per unit area:
0(z;) =[D (z;t)B* (z;t) +h.c]v; (2.5)

wherev is the speed of light in the medium,v = c=n. By substituting Equation 2.4 we

can write the momentum ux as:
0(z;)=[D (z;)E* (z;t) +h.c]: (2.6)

The momentum operator is then the integral over time, t, of this quantity:

Zy
G(z)= Oz t)dt; (2.7)
0

where T is the periodicity of the electromagnetic eld. For a pulsed laser eld this will
be the pulse duration; for a continuous wave laser this will be in nity. In order to study
PDC, we only need to consider the second order polarisation, which may be written
as P, = E sEj. Substituting this into Equation 2.6 and expanding the electric eld

terms, the nonlinear momentum ux operator will be:
h i
O (z;)=  Eg(zDE (ZDE; (zit)+ he (2.8)

Substituting in the de nition 2.3 and taking the integral for the momentum operator:

Z, Z, h _ i
Gn(2) = diy di~ (pil) as(hz)a(lp Lz)al(lpz)e Kot )Z4he
0 0
(2.9)
where (! p;!)is:
S
Y= . ~p!t (M 1) .
Cpit)= (eil) 15 ocZSnp(p! Io)nlos(!)ni(!p ) (2.10)
and Kk is given by:
K('pi!')=kp('p) ks(') ki(lp ') (2.11)
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The evolution of the signal operator as the eld propagates through the medium will

be given by:

. - h [

M = ! as(!;z ),G(Z)

@z "z, | (2.12)
dip (1pit)e ! Ketza ¥, Lz):

We can simplify this expression by taking two approximations. First, assume an
undepleted pump. The pump operator, &,, can now be replaced by the classical am-
plitude, Ap. Second, we assume a broadband PDC so that the bandwidth of the down
converted state is much larger than that of the pump. In that case, we can neglect the
dependence on the pump frequency bandwidth in both of the coe cients related to the
crystal properties (  k and ) and only need to consider the central pump wavelength,
! b, as crystal properties change on larger scales than a typical pump bandwidth. The

evolution of the signal operator is thus:

. Z
0

and similarly the evolution of the idler operator /aiy is given by:

z

@(z) _ . i k(! ! LN
W =i (1) Ktz i dl pAL (! p)as(l 2 ): (2.14)
The classical amplitude is de ned in such a way that:
Z 1
d' pAp(! p)AR(tp+ 1)=2Pp (1) (2.15)

Pp is proportional to the power of the pump eld (photon ux). The solution to
equations 2.13 and 2.14 is [50]:

i k()
2(1)

i((l! )) sinh(( ! )z)e ' k()z=2 ' dl At )& (1 1 0);
: 0

8s(l;z) = cosh((!)z)+ sinh((1)z) as(!; O)e ' K()z=2

(2.16)
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with:

q
()= 2P, (1)2  k(1)2=4 (2.17)

Finally the average number of down converted photons per second after propagating

through a distance L is then:

YA 1
ng(l;L )= d! °roj &Y(!; L )as(! &L)joi
0
(2.18)
2P, (1)?% .
= (p!)(z)smhz(( L)
In the well phase matched limit, k(! )2=4<< 2P, (!)?, this simpli ed to:
q —
ns(;L )=sinh? 2P, (1)2L2 : (2.19)

2.1.1 Gain

One concept which can be very useful to understand pertaining to the down converted
state is the gain. This quantity dictates many properties of PDC but can have varying
de nitions in literature. When the low or high gain is discussed throughout this work,
the quantity being referred to will be:

s

g= ('p:!)

8 OCZSnp(! pns(ni(lp 1)’ (2.20)

which is simply the term inside of the sinh function in Equation 2.19 with k set to
zero and substituted from Equation 2.10:

S

L . ~1 ! (! 1) ,
Cpit)= (pit) 16 OCZSnp(p! p)nps(!)ni(!p Ny’ (2.21)

Throughout this work, the gain will often be discussed when the gures are plotted as
a function of down converted power. This is because the gain is the parameter that
sets the properties of the down converted state; there is no independent way to increase
the PDC power without changing the gain. The gain however, does not directly re ect

the measured, experimental, properties of the down converted state as it is solely a
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function of the phase matching conditions and pump beam properties. For this reason,
we have chosen not to present any of the data in this work in terms of the gain.

The gain however still provides a useful shorthand as the properties and much of the
behaviour of the down converted state directly depends on it. We can easily understand
this however by considering the unique relationship between gain and the number of
down converted photons per second. To a good approximation for a multi mode state
these are related through:

Npde = M sinh?(g); (2.22)

where m is a measurement of the number of modes [55]. This is the form that will be
taken throughout the remainder of this chapter. Equation 2.22 provides a convenient
way of understanding low vs high gain. Wheng << 1,n m ¢?/ Pp, i.e. there
will be a linear relation between pump power and PDC power, this is the low gain.
Whereas wheng >> 1 Equation 2.22 scales exponentially with pump power and this is
the high gain. Therefore, the low vs high gain relationship can be understood entirely
as the regimes where the down converted energy has a linear or non linear relation with

the pump power.

2.2 Sum Frequency Generation

We can start from the same Hamiltonian and momentum operator as we found for
parametric down conversion. This time, we consider the generation of one photon from
the destruction of two, which equates to changing the operato) used previously by an
operator &srg, which describes the up converted eld. The evolution of this operator

as the pump beams travel through the crystal is:

_ v
@“SF(G@(;Z)= L (11 9 K AZa (101 102 (2.23)
where (I;! 9 is:
S
(1 9= (19 E Y - (2.24)

16 oc®Snsrc(! )ns(! Oni(! 19’
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and Kk is given by:

k(5! 9= ksea(t) k(') ki 1 (2.25)

The operators & and & represent the pump elds. If we take the undepleted pump ap-
proximation, we can neglect the positional dependence on these operators and integrate
Equation 2.23:

Z 1
Bsrc(:z)="asra(l; 0) L d' % KO O=2gine k(i1 QL=2
0 (2.26)

(0 9Yas(r YA 1 :

where L is the length of the crystal, and all other coe cients have been de ned previ-
ously. The generated photon ux after propagating through a crystal of length L from
a pump statej i is then described by the equation:

Z4 Z,

Nsee(tL) = diy  dighjal (' ;L)e tasra(t 2L)e 2P (2.27)
0 0

2.2.1 Entangled Sum Frequency Generation

Equation 2.27 holds for any pump statej i, we will now explicitly consider the e ect of
pumping this process with the PDC state. The term inside of the integral in Equation

2.27 will be:
Z, Z,

a}éFG(! 1] L)ei! ltaSFG(! 2 L)e it ot — L2 d! 0 d! O%i(! 1 !z)teif k(! 2;1 99 k(! 13! 9gL=2
0 0

sinc[ k(! 13! 9L=2]sinc[ k(! 2;! %L=2] (1 1;1' Y (1 ;1 %9

a9 19 At 1O
(2.28)
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When the pump eld is PDC generated by a crystal of length L? the pump operators
a5 and & will be:

as(;L 9= cosh (!)LO + ' k() inn (1)LO ag(l; O)e | KL

2(1)
() 0 i k(!)L°:221 y S (2.29)
5y Sh (L0 CdipA( Al 1 0)
a('p 5L9= cosh (1)LO + izrf!)) sinh (1)LO &(, 1 0)e ' KL™=2
. ' y
'((!! )) sinh (1)L0e | KO)L®=2 01 dl pAp(! p)BL(L; O):

(2.30)
Throughout this work, we have chosen to examine interactions with the same phase
matching conditions for the PDC and SFG processes. This simpli cation has been
made when constructing Equation 2.28 as the phase matching information is contained
within the  term (Equation 2.24) which is shared with the terms in equations 2.29
and 2.30 (the full expression for is shown in Equation 2.17). We could relax this by
taking a new value for 0 for the SFG interaction. However, we chose to examine
the same crystal and therefore the same phase matching conditions in both down and

up conversion crystals. Continuing, we will de ne two complex variables:

C(;L 9= cosh (!)LO + izrf!)) sinh (1)L® e | kt)L™=2 (2.31)
D(;L 9= L) Ginn (1)L0e | K(L™=2; (2.32)

(')

The full expression contains 16 terms (attained by substituting Equations 2.29 and
2.30 into Equation 2.28). However we can reduce the number of terms if we recall that
our intentions are to take the expectation value of this quantity and apply the vacuum
state (i.e. j i!j O0i). Therefore, any terms which contain an unbalanced number of
creation or annulation operators (more or fewer creation operators than annihilation
operators) and any term that applies an annihilation operator directly on the vacuum

will de nitely be zero. This also forces us to make the substitutions! ; = !> = !, and
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10=100= 1 jn Equation 2.28 as these de nitions contain the only non zero terms.

Equations 2.28 becomes:

Z, Z,

&Lrc(! ;L)€ tagra(! o L)e "2t = L2 i d! . dl psin[ k(! p;!)L=2] 2(! p;!)

n
iDL 9ZC(HL Y%A pitaily 1 0)al(p 1 0)as(!; 0)al(!; 0)

(0}
+D(5L VAR pitas(t; 0)ai(tp L 0)&(1p 1 0)8Y(; 0)

(2.33)
For simplicity these are the explicit expressions o C(!;L 9j2 and jD(!;L 9j?:
jiC(l;L 9j2 = cosh?(( ! )LY + 4k22((|!)) sinh?( ( 1)LY; (2.34)
- PRI (D
iD(I;L 9j2 = 20 sinh?(( 1)LY: (2.35)

Note (!) is generically complex as if k?=4 > 2P, 2(!) then is imaginary
however, it can only be purely real or purely imaginary. Therefore, in the limit where

is purely imaginary we may write:

cosh ij(!1)jL® =cosh ij( 1)jL?;
sinh(_ij (1)iL9 _ sinh(ij ( !)iL9.
()i JIGD/ .

Therefore, jC(!;L 9j2 and jD(!;L 9j° may take the form as in 2.34 and 2.35 without

loss of generality.

2.2.2 Coherent vs Incoherent eSFG

There are two terms in Equation 2.33 which correspond to the down converted state

interacting in di erent manors. The rst is the term
a('p 1 0A(1p 1 0)as(l; 0)al; 0): (2.36)

If we consider the operators acting on the vacuum state on the right, we produce a single

photon which instantly gets destroyed and then produce a second photon which likewise
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instantly gets destroyed. This corresponds to the vacuum state simply being multiplied
by two scalars. In order for this to occur, the entire twin beam state must be present
at the recombination event and so, we will refer to this as coherent recombination. The
second term is

as(l; 0)&(lp 1 0)&(1p 1 0)aLY; O): (2.37)

This component does not require the entire down converted state to be present as
two creation operators appear rst on the right hand side of the expression therefore
in principle, any down converted photons produced at the down converted crystal
can stimulate this component and not just the twin beam state (the individual pairs
of photons). As we are investigating entangled sum frequency generation, when two
entangled photons interact, they will reconstruct the fundamental pump which, as we
pump with a coherent laser, will be coherent as well. This is an alternative meaning to
the coherent component, the component of eSFG which is a coherent eld.

By taking the well phase matched limit, k(! )?>=4<< 2P, (!)?, P 2P, (V)2
we can more easily see the relationship between PDC power and up converted power.
In this limit, the term in Equation 2.33 which is proportional to 2.36 will be multiplied
by the coe cient:

1

mcosr?(( 1LY sinh?(( !)LY: (2.38)

Remembering the number of down converted photons for PDC is proportional to
Npdc / sinh? (LY, we can explicitly write this in terms of the number of PDC photon,

Coherent 2 .
NUp converted photons / diC + dic- (2-39)

This is the term in Equation 2.33 which corresponds to pairs of photons produced in
the down conversion crystal coherently recombining at the up conversion crystal. This
is the component of the up converted state which can be considered "quantum' as it
is only present because the down converted eld is comprised of entangled pairs of
photons. It is important to note that in the low photon limit ( Npgc << 1), this term is

linearly proportional to the number of down converted photons, as expected, but also
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contains a second order component. Generally, it has been said that a linear relationship
between the number of down converted photons and number of up converted photons
or rate of absorption displays quantum interactions. However, we can also see that the
same interactions, between individual pairs of photons, also give rise to a second order
relationship between the number of down converted photons and up converted photons
which is typically thought of as the classical relationship. If we go on to consider the

term in Equation 2.33 proportional to the term in Equation 2.37, in the well phase

matched limit, this will be multiplied by a di erent coe cient:

YRRRY 1(! X sinh*(( 1)LY (2.40)

or explicitly in terms of PDC photon number, Npqc:

N Incoherent / N[?dc: (2_41)

Up converted photons

This component displays a pure second order relationship between number of PDC
photons and up converted photons and therefore corresponds to purely classical be-
haviour. We shouldn't be surprised by this fact as the term which we have called the
incoherent component is proportional to the second order correlation function which

can be non zero for classical elds unlike the coherent component.

2.2.3 Experimental Design

In order to stimulate e cient eSFG, we have to preserve our down converted state
and reconstruct it in time, space, and phase. This corresponds to imaging the down
converted state inside the up conversion sample. The simplest way of doing this is with
a 4f system, which we will exploit. However, we also have a broadband state, and we
are therefore aware that chromatic dispersion has a detrimental e ect on the e ciency

of up conversion. For this reason, we forgo the use of lenses and instead utilise a pair
of 204 mm e ective focal length, one inch in diameter 45 degree parabolic mirrors to
project the down converted state into the far eld with respect to the down conversion

crystal plane. For the same reasons, transmissive optics were avoided throughout the
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Figure 2.1: Experimental layout with parabolic mirrors used for imaging. L1 and L2
are a pair of lenses used to form a telescope to control the PDC pump beam size. The
half wave plate (HWP) and polariser pair were the control mechanisms of the PDC
gain, and the grey dashed box shows the approximate position of the PDC far eld
where additional Itering was placed.

design.

The experimental design is shown in Figure 2.1 slightly simpli ed. We employed a 40
W pulsed laser at 1030 nm with a pulse duration of 245 fs and a variable repetition rate,
operating at both 200 kHz and 500 kHz throughout the experiments (Light Conversion
Carbide CB3-40 W), for our fundamental beam. We frequency doubled the beam in
a 1 mm long type | BBO crystal to produce our PDC pump at 515 nm. In order to
maximise the e ciency of this up conversion process, we have a telescope before the up
conversion crystal (not shown in Figure 2.1) formed by a focal length 300 mm UVSF
thin lens and a negative 100 mm focal length UVSF lens (Eksma optics) both anti
re ected coated for 1030 nm wavelength. This telescope ensures that the maximum
e ciency of the up conversion process is 60 %.

The PDC pump beam size is controlled with a non focusing telescope increasing
the beam size after the beam is frequency doubled formed by a negative lens, L1 (-100
mm focal length UVSF thin lens from Eksma Optics) and a positive lens, L2 (+200
mm focal length UVSF thin lens from Eksma Optics). The PDC pump power is varied

with a half wave plate and polariser prior to the down conversion crystal. Because we
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utilise a very high intensity pump, we struggled to reduce the pump leakage through the
system below any potential signal which will be emitted around the same wavelength
and, therefore, can unintentionally become mistaken for one another. We also want
to avoid absorptive optics as they will burn if placed directly in the pump path and
introduce unwanted dispersion in the down converted state. We require the pump to
be well below the power of the down converted eld. The highest the pump power can
reach is of the order of magnitude of 10 W, and the highest PDC power this can
generate is in the order of magnitude of 100 nW. Therefore, we require more than
eight orders of magnitude of ltering to be con dent in the signal we see. The majority
of this ltering is done with the use of dielectric mirrors (Layertec custom made) with
1% re ection at 515 nm (optical density of 2). There are four of these mirrors in
the far eld (not depicted in Figure 2.1) as well as a total of three routing the eld
before and after the parabolic mirrors. These are supplemented with the use of long
pass Iters (usually Thorlabs FELHO700 with an optical density 5 at 515 nm) in the
PDC far eld necessary to remove scattered pump not directly along the beam path
and further Itered with a bandpass lIter (Brightline FF01-1055/70-25, optical density
of 6 at 515 nm) which removes unwanted components of the down converted state.
After the eld has been up converted in a 2 mm long type | BBO crystal, the eSFG
is sent through a telescope with an iris in the far eld. In this plane, the two compo-
nents of the down converted eld, coherent and incoherent, are seen as a bright spot
containing the coherent contribution and a large di use area containing the incoherent
component. This is because the geometry of the two components di er. The coherent
component reconstructs the pump eld, and therefore, as we pump the PDC crystal
with a collimated beam, it will also be collimated. The incoherent component, however,
does not have any such constraints and will therefore be emitted in the geometry of
the down converted eld, which in this case is a cone around the coherent component.
By closing the iris in the far eld of the eSFG, we can select for coherent eSFG only,
allowing us to focus our attention on the quantum component we want to investigate.
Often, after this ltering, the eld is focused to increase the signal-to-noise ratio or

ensure the whole eld ts on the detector, not shown in Figure 2.1.
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PDC Characterisation

Parametric down conversion (PDC) is a second order nonlinear process in which a single
pump photon is annihilated and two daughter photons, conventionally called signal and
idler, are produced. This process can be seeded from the vacuum and it is then referred
to as spontaneous parametric down conversion. In this case, the nal state is referred
to as a squeezed vacuum and composed of entangled pairs of photons. The squeezed
vacuum is a useful resource in quantum experiments. The focus of this thesis is to
explore the potential of this state. Before delving into this, we will explore some of the
nuances of PDCs behaviour. In particular, we will attempt to experimentally determine
the phase matching constraints of the down converted interaction in a BBO crystal,
the crystal that we will be using throughout this thesis. This is important as these
constraints determine the spatial and temporal properties of the down converted state.
We will consider the simple case of type | parametric down conversion in BBO and
comment on the spatial properties of the down converted state by analysing an image
of the far- eld emission pattern acquired after ltering the PDC with a narrow band

Iter (Thorlabs FLH1030-10). Furthermore, we will describe the spectral properties of
the down converted state in the near eld. We will outline a physical understanding of
the down converted modes and give an overview of two distinct methods of determining
the number of down converted modes experimentally, weighing the pros and cons of
both methods. Finally, the chapter resolves with a novel discussion of the e ects of gain

on the PDC near eld and its clear consequences on entangled two photon interaction.
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The remaining chapter will be primarily experimental. During this process | worked
closely with several contributors. For the data presented in this chapter, | worked
closely with a lab partner to mount the experiments and collect the data. The analysis
was done by me with scrutiny from my collaborators. The model presented in Section

3.4.1 for the PDC near eld size in the high gain limit was developed solely by me.

3.1 PDC Phase Matching

Parametric down conversion must ful | both conservations of energy and momentum.
We can see from Equation 2.17 that some momentum mismatch is permissible. The
e ects of phase mismatch can be characterised by the following function when pumped
with a continuous wave laser:

k(! p;!si i)l

(L;! pits!i)=sinc? 5 : (3.1)

which is the sini?( L) term in the weak phase matched limit, k(! )?=4>> 2P, (!)?
as this will permit the largest possible bandwidth. By solving Equation 3.1 and con-
serving energy:

!p:!s"'!i; (32)

we can build up the expected relationship between transverse momentum and fre-
quency of the down converted eld. Even though we stimulated the down conversion
with a short pulsed laser, we can still use these phase matching conditions as a good
approximation for ours as phase matching is mostly a property of the crystal used
to preform parametric down conversion rather then the pump eld. Note, Equation
3.1 only considers the longitudinal momentum (momentum mismatch along the pump's
propagation direction). We can trivially include the transverse momentum in the phase
matching as in [56] by considering the nite transverse size of the pump. However, in
this work we are only considering short crystals, operating in the low gain and, pump
beams with large transverse sizes. All of these properties mean that large momentum

bandwidths are possible and this reduces the dependence on the transverse momentum
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to the point that it does not have a noticeable e ect when tuning the phase matching
curve. Calculating phase matching characteristics can be a handy tool when designing
bulk experiments with short crystals where the weak phase-matched limit largely holds.
Solving these equations simultaneously is a challenging task, however. Parametric
down conversion is stimulated in crystal structures, which allow for a none zero second
order component of the polarisation operator; however, by the very nature of these
crystals, the refractive index must have a dependence not only on the wavelength of
light but also on the light polarisation, propagation direction and, the temperature
of the crystal however, BBO does not have a strong dependence on temperature and
therefore | will ignore this dependence in the following. Therefore k has a dependence

in all three spatial dimensions, wavelength and polarisation:

n( p;sp)sp n( s;gs)sS n( i;$8)
p s i

K=K, Ks K= & c (3.3)

whereg}, are unit vectors in the m" eld propagation direction and, m andn( m;%m)
are the wavelength in vacuum and refractive index of them™ eld respectively. The
polarisation and propagation properties of the eld allow for the phase matching con-
ditions to be met inside of the crystals. When phase matching is achieved with only
the use of propagation direction of the pump eld in the crystal and the polarisation
of the elds, this is called critical phase matching. This is the method we will be using
to phase match crystals throughout this work. Phase matching is split into three dif-
ferent types encapsulating the polarisation relationship between the pump and down
converted eld. In type O, all of the down converted elds are polarised parallel to one
another. For type |, the down converted elds are parallel but orthogonal to the pump
and type I, the two down converted elds are orthogonal to one another. We will focus
on type | which is the type used throughout this work. Even with this decision made,
we still have three spatial dimensions to consider and three reference frames: the lab
frame where the experiment is conducted, the crystal frame where the refractive indices
are known and the pump frame where K is most simply understood (note, we can
however trivially combine the lab frame and pump beam frame by deciding the beam

propagates along the Z axis in the lab). A good explanation of how to deal with many
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of the issues with solving these equations is given in [57]. We can create a program

with the following procedure in order to solve for the phase matching conditions:

1. Select the pump wavelength (), polarisation, pump propagation direction with
respect to the crystal axis (p, p) and temperature if the crystal has a strong
dependence. Calculate the refractive index of the pump eld (p). With this, we
have all of the information to determine the pump eld's angular wave vector, Kp,
inside of the crystal. It is convenient to rotate K, so the pump propagates along

the z-axis; this is the pump propagation direction (PPD).

2. De ne a range of down converted wavelengths (s) and, using conservation of
energy between the pump and two down converted elds, calculate the corre-
sponding partner wavelength ( ;). The polarisations of the down converted elds

should also be set here.

3. De ne a search range of down converted angles {) in the PPD (from zero to
some, usually small, value). This is done in the PPD as we can trivially set this
to be the lab frame. In this reference frame, we only need to de ne one angle as

the down converted elds are, to a good approximation, emitted symmetrically.

4. Start a parameter search by calculating the refractive index for each wavelength
( s) and angle ( s), we can either repeat this process for all the partner wave-
lengths ( ;) or take [57]:

0 1
i = arcsin %r Nssin s) § (3.4)

nZ+n 2nsnp—; cos(s)

vsm‘wm

2
p

as an approximation. This equation assumes perfect phase matching, i.ek = 0.
It is not correct to do so as there is no perfect phase matching for all wave-
lengths, and this could reduce the number of solutions found for whichk 6 0
however, practically, little di erence has been found between the results obtained

by manually cycling through both down conversion angles and using Equation
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3.4. The computation time is signi cantly reduced with the use of Equation 3.4,

and therefore, | would suggest using this.

5. Project all R vectors into the PPD and calculate K, we could consider all di-
mensions by modifying Equation 3.1 however, we can essentially get the same
result by selecting for the z-component in this frame and substitute this into the
current Equation 3.1. We can either take this to be the result itself, the perfect
phase matched solutions will give a value of 1. By saving the values found and

i's calculated, one can use this data to create colour plots such as in Figure 3.2

or be used as a launching point for a searching algorithm.

6. If we want to carry on, the angle and wavelengths which maximise Equation 3.1
can be used as a rst guess for a two-dimensional Newton-Raphson method to nd
the exact solution for minimising K. Care must be taken to ensure the correct
reference frames are maintained. It is possible to do this in order to speed up the
program; however, if the initial angle space is already nely sampled, the results
will not be appreciably better and this may considerably increase computation

time.

The program outlined above is very general and can be incredibly powerful, provided
we are able to nd the refractive indices of the eld propagating in a general direction
through a crystal. For my program, | collected the required crystal information from
"Nonlinear Optical Crystals: A Complete Survey' [58] and developed the capability
to nd the refractive index in a general direction of a large group of crystals using
the work of Dmitriev and Nikogosyan [59]. Modi cations can be made to calculate
critically phase matched angles, temperature dependence, and poling lengths for quasi-
phase matched crystals [60], and the results are made more accurate by taking into
account spatial and temporal walk-o [61] by modifying the phase mismatch equation,

R.

Examples of the graphics produced by this program are shown in Figures 3.1 and 3.2.

Both are calculated for a BBO crystal pumped with a 515 nm eld cut for type | phase

matching, the crystal that will be used throughout this work. In gure 3.1 we show
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Figure 3.1: Phase matching curved Figure 3.2: Phase matching
for Barium borate (BBO) crystals around degeneracy density plot.
for increasing angle between crys- Yellow shows the highest probabil-
tal axis and PDC pump propaga- ity of down conversion, blue shows
tion direction. no probability of down conversion.

the perfect phase matching angles found from a Newton-Raphson method to minimise
K at varying angles between the pump propagation direction and the crystal axis.
The blue curve displays the phase matching found with the smallest angle between the
pump and crystal axis (0.401 rad), and the angles increase through to the purple curve.
From this gure, we can gain some intuition on the phase matching characteristics
of BBO. As the angle is increased, a larger proportion of the down converted eld is
emitted at an angle to the pump beam and therefore, the eld is seen as a ring around
the pump far from the crystal. The orange curve is a special case where the degenerate
down converted elds (both elds with equal energies, of half the pump) are emitted
collinearly with the pump eld. This arrangement conventionally maximises overlap
between all three elds and, therefore, o ers the greatest chance for highly e cient
down conversion. The program found that collinear degenerate emission occurs in a
type | BBO crystal for a 515 nm pump at an angle of 0.407 radians between the crystal
axis and pump beam. Figure 3.2 shows the case close to the degenerate wavelength with
the solid red curve showing perfect phase matching and the red dashed line showing the
point at where half of the maximum intensity is reached. The background is a density

plot where Equation 3.1 is evaluated at each point.
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3.1.1 Experimentally Determining Phase Matching

As the bulk of the work to determine the phase matching conditions theoretically has
been done by developing the program outlined in the previous section, it makes sense
to think about how these a ect the eld seen in the lab. The angles of emission plotted
in Figures 3.1 and 3.2 are de ned from the pump beam. When we do not have, or
may neglect walk o, there is a rotational symmetry around this point, and therefore,
for type | down conversion, the PDC will be emitted in a cone with entangled pairs
on opposite sides of the pump beam. As such, in the far eld of the crystal, the PDC
will either be seen as a spot or a ring depending on the phase matching condition of
the crystal and lItering of the down converted eld. Figure 3.3 shows a typical view
of the PDC far eld in use throughout this work. This eld is produced by a 2 mm
BBO crystal pumped by a 515 nm pump with a 10 nm band-pass Iter (Thorlabs
FLH1030-10) centred at 1030 nm Itering the down converted eld.

We can use the program above to attempt to determine the angle between the
crystal axis and pump propagation direction with only a calibrated (in momentum, Kk,
space or angle of emission) image of the far eld as our experimental data point. From
the calibrated image, we can determine the centre of emission (as in Figure 3.3) and

calculate the intensity of light emitted in annuli of constant width radiating out from

Figure 3.3: PDC far eld with a Figure 3.4: Intensity of PDC emit-
10 nm bandpass lter on camera ted at angle from pump propaga-
centred on 1030 nm. tion direction.
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that centre. This provides us with a new calibration where we can see the intensity of
radiation emitted at each angle relative to the pump propagation direction. The result
of this can be seen in the blue line of Figure 3.4, which is normalised into transverse
momentum space (assuming that the light emitted is purely 1030 nm). The purpose of
this procedure is to make it possible to compare the data from the image to the output
of the program. The program provides us with the lab frame angle of emission between
the pump beam propagation and down converted radiation. Suppose we produce the
full density plots as in Figure 3.2, we can then also nd the relative intensity of the
generated radiation across the full spectrum of the down converted eld. This can be
compared to our intensity data from the image once we factor in the ltering present
when the image was taken, which can be done by applying the spectral response of
the Iter to the density plot. Then, as there is no way to distinguish between di erent
wavelengths on our camera, which has a very at response pro le around 1030 nm,
we need to reduce the density plot so we only consider the relative intensity emitted
at each angle. In Figure 3.2, the wavelength-angle space is split into pixels, and each
is ascribed a value. These values correspond to the maximum value of Equations 3.1,
which can be found for a down converted eld at that angle and wavelength. Once the
Iter is applied, we can remove any wavelength dependence by adding up the values
found at each angle, and nally, we have a data set that can be compared precisely with
the intensity data from the image. Finally, in order to determine the angle between
the crystal axis and pump propagation direction, we tune this angle in the program
to maximise the R squared value between the data sets from the image and program.
The result of this procedure is shown in Figure 3.4 with a theoretical phase matching

angle of approximately 23.4 degrees.

3.2 Spectrum of Down Converted eld

We expect that the spectrum of our down converted eld to be very broad. In order
to control this spectrum, we intend to Iter the down converted eld with a bandpass
Iter. In order to understand the e ect that the other components have on the down

converted eld, we should take a full spectrum of the PDC, which reaches the up
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conversion crystal. This will also allow us to identify any issues with our experimental
design. As a reminder, we have a BBO crystal pumped by a pulsed 245 fs laser at
a repetition rate of 200 kHz. The pump is separated from the down converted eld
with the use of 7 dielectric mirrors with less than 1 % re ection at 515 nm and greater
than 99.9 % re ection between 900 nm and 1200 nm placed after the down conversion
and before the sample position and in order to exclude scattering of the pump eld
close to the crystal, a 850 nm long pass lter is placed in the far eld of the PDC. The
PDC is projected into the far eld for the crystal by an o -axis parabolic mirror and
re-imaged with a second in a 4-f con guration. We do not need to resolve the spectrum
in space and, therefore, take the spectrum of the near eld where that information
is absent. The alteration to the experimental design is shown in Figure 3.5. The
PDC was rerouted after where the second crystal would be placed, though nothing
was present. It was re-projected into the near eld by two 100 mm lenses and routed
with a silver mirror to ensure minimal e ect on the nal spectrum. The spectrum was
taken with an Andor Shamrock 163, a Czerny-Turner spectrometer. With this kind
of spectrometer, the spectral information is encoded in the plane orthogonal to the
di raction grating, which, when in the orientation we have during this measurement,

translates to the horizontal spatial dimension. Due to the wavelengths of interest, we

Figure 3.5: Arrangement for taking near eld PDC spectrum. The Shamrock 163
from Andor instruments was used to produced the spectrum. It uses 163 mm focal
length spherical mirrors and a 600 lines per mm grating (SR1-GRT-0600-1200). The
CCD camera (LUCID vision labs Atlas SWIR) had to be placed on a translation stage
perpendicular to the spectrum's exit propagation direction in order to take the full
spectrum.
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chose to use a non-standard camera for this spectrometer, a LUCID vision labs Atlas
SWIR camera that includes a Sony IMX990 InGaAs sensor with a broadband response
in the NIR region of the spectrum. This is a physically small sensor that cannot t the
entire spectrum. Therefore, this camera was placed on a translation stage orientated
orthogonally to the output facet of the spectrometer. This allows us to take the full
spectrum but requires manual calibration and post-processing.

To this end, spectra at each camera position was taken with reference wavelengths
produced by a mixture of laser lines and known calibrated Iters. The camera was then
translated, and it was ensured that one of these reference lines was still present on the
sensor, and the process repeated. After all of these spectra were collected, we could
stitch the data together with the use of the common reference lines. These reference
lines are re-normalised to be on the longer, stitched-together sensor and are tted with
a second order polynomial to generate the pixel vs wavelength calibration. The nal

spectrum is shown in Figure 3.6.

Figure 3.6: PDC spectrum in wavelength space, corrected for the spectral response of
both the camera and grating.
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3.2.1 Features of the PDC Spectrum

The short wavelength components which appear to oscillate are a consequence of the
mirrors used to Iter out the pump. The long wavelength cut o is due to the spatial
Itering introduced by the size of the optics in use. The main feature present is the
asymmetry of the spectrum around the degenerate condition. This is expected due to
the asymmetry present in wavelength space from the conservation of energy condition.
The down converted photons are emitted on either side of the pump wavelength; how-
ever, the range of wavelengths they are emitted over di ers (see Figure 3.1, note the
same number of photons are emitted either side of the degenerate wavelength, 1030
nm). In frequency space however, we expect the spectrum to be symmetric. We there-
fore will recalibrate this spectrum into frequency space to ensure this is the case. When
doing this, we have to take care to normalise the spectrum appropriately. The spectrum
in wavelength space,S( ), is de ned such that:

z 1
S()d = E; (3.5)

where E is a measurement of the energy present in the spectrum. We need to de ne

an equation in frequency spaceSY! ), which preserves this relationship:

Zl Zl
S()d = sq1)dr: (3.6)

Starting from the left hand side of Equation 3.6 and remembering

= 28, (37)
we substitute d!=d! :
le( )S“d! :Z1 2!—25( (1)) d! :leo(!)d!: (3.8)
Simply reading o
s )= 2!—25( ): (3.9)
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Figure 3.7: PDC spectrum in frequency space centred on the central wavelength of the
pdc, 1030nm.

This calibration of the spectrum ensures that the interpretation of the spectrum as
the intensity of light remains consistent between wavelength and frequency. The result
of this re-calibration is seen in Figure 3.7 with the frequencies centred on the degen-
erate frequency. From this, we can see the expected symmetry of the down converted
spectrum. We can also see that this symmetry appears to fall away at frequencies
greater than 1 10 rad Hz di erent from the central frequencies, which correspond
to wavelengths of 1090 nm and 975 nm. This range also corresponds well to the
range over which it is expected that the group delay dispersion of the optics we use to
Iter is low enough to ensure the preservation of the temporal overlap between conju-
gate frequency modes as calculated by the manufacturer. For these reasons, it appears
necessary to lter the down converted eld as a large proportion of the measured PDC
eld will not be able to under go entangled two photon interactions, either due to one
of the entangled photons getting scattered or through dispersion preventing temporal

overlap between entangled photons.
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3.2.2 Spectrum Calibration

By the nature of the eld we are interested in, we require to calibrate the spectrum over

a large range of wavelengths and we do not have reference lines for the entire spectrum.
The conventional way of calibration is to acquire several values of pixel positions and
wavelengths with the use of known frequency reference lasers and t these values with
a rst, second or third order polynomial. Inside the range for which calibration values
are obtained, this is an e cient and accurate method, however, it quickly succumbs
to high error outside of this region. Liu and Hennelly [62] presented a method which
involved modelling the spectrometer and derive equations for the relationship between

pixel position and wavelength [62]:

1 XT  C

= d° sin tan .

+ + sin( ) (3.10)

where d° is a measure of the grating period,T is the pixel pitch (distance between
pixels), C is the camera centre position (should be zero), f is the focal lengths of the
Czerny-Turner spectrometer, is half the deviation angle of the spectrometer and

is the grating angle, these are all tting parameters, x is the pixel position and the
variable we are attempting to t.

When using the model the root mean squared error (RMSE) between the t and
the calibration data points we have is 437 10 18 meters per pixel whereas the RMSE
between the data and the second order t was found to be 467 10 '8 meters per pixel
between t and data, these ts along with the calibration data can been seen in Figure
3.8 where the green line is the second order t and the blue the model. The di erence
does not appear to be signi cant with just a 7% decrease in RMSE between using
a second order t and Equation 3.10. However, the di erence becomes more evident
when moving out of this region. Figure 3.9 displays the dierence in the observed
spectrum due to the dierent calibrations, and Figure 3.10 is a direct measurement
of the di erence between the wavelengths obtained with the polynomial t and those
obtained with the grating model. In the region where calibration data was available

(between the red lines) the two tting methods do not vary by more than 1.3 nm
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Figure 3.8: The two calibration Figure 3.9: Comparison of the

methods, second order t in green
. . spectrum found for second order t
and model in blue with the data
versus a model.

point to t shown in red.

Figure 3.10: In blue the di erence between the second order
t and the model t over the complete range of pixel positions
we required. The red dashed lines show the lower and upper
limit of the range over which we have calibration data.
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however, outside of this region we quickly get a di erence close to 10 nm.

Ultimately, in the range of wavelengths which are important to our experiment, the
di erence is negligible between the two methods and only becomes signi cant far from
degeneracy, which will be Itered away for most measurements and, therefore, can be
ignored. Nevertheless, this exercise does raise questions about how we should calibrate

spectrometer, particularly for large wavelength ranges.

3.3 Determining the Number of Modes

It should be understood that the behaviour of the down converted state changes between
the low and high gain regimes. In the low gain regime, the majority of the down
converted photons are produced via spontaneous parametric down conversion, which
is stimulated by vacuum uctuations. Therefore, each mode in the generated eld is
composed of two photons that can undergo single photon interactions. In the high
gain, the down converted eld is stimulated from an already present eld, whether
that be the spontaneous eld or an injected one. The down converted eld will still
have quantum properties, often exploited to get sub shot noise measurements, i.e. for
imaging applications [63]. However, the eld will contain not only two-photons states
but four-photons, six-photons and higher even-photon number states. Therefore, much
of the eld will not undergo entangled interactions. If we consider the spatial-temporal
modes, the di erence between the low and high gain can be thought of as having less
or more than one photon per mode in the far eld of the PDC. Below an average of one
photon per mode, most of the near eld states will be composed of the two photons
and above one, we have introducedr?, n 2 Z*, n > 1 states into the near eld.

For the purposes of this thesis, we will equate modes to the speckles in the PDC
near eld. Each speckle corresponds to the area in the PDC near eld where the
down converted pair of photons are generated. As such, in the near eld of the down
converted crystal, these speckles will be orthogonal as we cannot preform an interference
measurement between them and therefore, they can be characterised as a complete set
of modes. It will be convenient to have an idea of the number of modes we have present

in the down converted eld. Ideally, we would take a picture of the far eld and count
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Figure 3.11: PDC energy scaling with incoming pump energy. Data tted with equation
2.22.

the speckles to estimate the number of spatial modes. However, due to the broadband
nature of the down converted eld, the modes are small and, therefore, we are unable
to resolve them the far eld. Furthermore, owing to the gain levels we are interested in,

close or at one photon per mode, it takes multiple laser pulses to build up a eld we can
see with the camera, at which point the mode information is lost. We therefore need a
less direct method for determining the number of modes. There are two methods that
we use to determine the number of modes experimentally, and these will be outlined
below. It should be noted that this is a random process and any value placed on the

number of modes can only be considered an average.

3.3.1 Power Law

The rst method is by tting Equation 2.22 to a set of PDC pulse energy vs pump pulse
energy data as in Figure 3.11. We can gain some con dence in the validity of Equation
2.22 by considering the derivation in Section 2.1 and in particulate the Equation 2.19
reached at the end. During this derivation, we have assumed a single mode; let us
consider what physically happens when we relax this constraint. The spatial-temporal

modes that we have been discussing are speckles in the down converted eld. They exist
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in regions of space-time that cannot interact at the moment of the down-converted eld

production, i.e. when a twin beam state sits in a mode it cannot be in uenced by or

in uence a di erent mode. Therefore if we relax the single mode constraint, each mode
should scale independently according to Equation 2.19 and the total number of down
converted photons will be approximately the number of modes times this or precisely
Equation 2.22.

We have to be careful with the calibration of the PDC power, as this is a broadband
eld. The data was collected with a 70 nm lter (Brightline FF01-1055/70-25) in
the far eld of the PDC. By rotating this lter, the central wavelength shifts. We
orientated the Iter in such a way as to maximise the counts of SFG on our detector,
which equated to symmetrically cutting the frequency spectrum (Figure 3.7) around the
central frequency. This occurs at approximately 23 degrees to normal. The PDC was
recorded with a Ge photodiode (Thorlabs s132c), which has a relatively at response
over the range of wavelengths of interest. This photodiode is calibrated to display the
incident power in Watts. We need to change this normalisation from power to number
of photons. Due to the at response pro le of the detector we can simply divide the
reported power by the energy of the central photon (assumed to be 1030 nm) to give
an estimation of the number of photons. Once calibrated appropriately, the number of
modes can be identi ed as the coe cient m in the equation used for the t (eq. 2.22)
and is found to be 1:7 10* modes per pulse which contains both the spatial and

temporal modes.

3.3.2 Phase Matching

The second method involves a more robust understanding of the origins of the modes.
If we take the modes as the regions of space-time over which the down converted
state is produced, we have to consider the characteristic lengths that de ne this scale.
If we have an idea of how large each mode will be, then the number of them will
approximately be the number of times we can t this into the pump dimensions [64]. If
we approximate all the modes as only containing degenerate photons, we can separate

the number of modes spatially and temporally and consider these separately; the total
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number of modes will be the product of these values. The region of space in which the
down converted state will be emitted in will be approximately inversely proportional
to the uncertainty in the momentum of the down converted state. The reason for this

can be understood from Heisenberg's uncertainty principle:
X p> -
P> 3

When we have a known uncertainty in momentum p, the uncertainty in position, X,
willbe x 1= p, note for a photon p = ~k. We can directly measure the momentum
uncertainty in the down converted state for a given bandwidth by calibrating the far
eld images in momentum space instead of real space as done in Figure 3.3. The
approximate momentum uncertainty we found by doing this was 154 rad/mm L
with an appropriate pump beam size estimation of 1:4 mm. This equates to a total
number of far eld spatial modes of 1:2 10* per pulse. As in the near eld, two
photons must overlap in one mode, ideally, the number of near eld modes should be
half the number of far eld spatial modes, so we should have approximately 6:0 10°
near eld modes. The same argument can be made for the temporal-energy uncertainty.
The bandwidth of the down converted state has been set by the 70 nm lter, and the
frequency uncertainty is thus ! =19:8 10 rad Hz. The PDC pump has a duration
of 180 fs, and therefore, the number of temporal modes is approximately 3:5 per

pulse. The total number of modes with this method is thus 2:1  10* per pulse.

3.3.3 Mode Justi cation

These two methods give slightly di erent values for the number of modes, di ering by
almost 4000 modes per pulse. This equates to about a 20% discrepancy between the
values, which, considering the methods are entirely di erent, it is satisfactory. The
sanguine point we can derive is that we have around 10000 modes per pulse, which
includes a few thousand spatial modes. From this value, we can estimate the expected
PDC pulse energy at which we approach a single photon per mode per pulse. We

nd it to be 2 fJ per pulse. We should, however, decide between these two values
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for calibrating further data. Both methods have shortcomings. The problem with the
power t is the calibration and ensuring we have the correct value for PDC energy
per pulse, particularly in the low gain regime. There are, however, many problems
determining the number of modes through phase matching due to the more complicated
nature of this measurement. We have to factor in uncertainties in the wavelength, beam
size, pulse duration and focal length of the lens projecting the eld into the far eld.
If any of these are wrong, this has a direct impact on the value found. Because of this,
the power law approach, and the resultant value of 17 10* modes per pulse will be

taken as the number of modes throughout the remainder of this work.

3.4 E ects of Gain on the PDC Near Field

The phenomenon we want to investigate (sum frequency generation) is classically de-
pendent on the intensity of the incoming eld. However, so far, we have only discussed
the pulse energy. In order to observe entangled sum frequency generation, we want to
bring the photons back together in both space and time and, therefore, need to consider
the near eld properties of the down converted state. With a bit of thought, it becomes
evident that the near eld size will not be constant but will have a dependence on the
gain as the function that governs the down conversion, Equation 2.19, is exponential
with respect to power. Therefore, when pumped with a Gaussian eld, the centre of the
pump will down convert more than the edges. This will lead to a narrowing of the down
converted eld that will shrink with increasing pulse energy. In the low gain where the
down converted energy is directly proportional to the pump energy, we expect the PDC
near eld to be the same shape as the pump eld. The changing properties of the PDC
near eld is a simple phenomenon to observe by placing a camera in the near eld and
changing the gain of the down conversion. We can then t this data to an expected

Gaussian. However, it will be helpful to have a deeper understanding of this e ect.

55



Chapter 3. PDC Characterisation

3.4.1 High Gain Limit

We should be able to characterise much of the behaviour by relaxing the plane wave
pump approximation in Equation 2.19 and consider this equation only in the high

gain of parametric down conversion. In the high gain, the 'sinh' function [Noting the

relationship sinh?(x) = ©0&) 1= e¥+e 1) yjj| simplify to:
o h p_i
nhighgan exp 2 " P ; (3.11)

P— , L ,
where = g= P. Relaxing the plane wave pump approximation means we can consider
a nite size pump with some spatial distribution i.e. P = P(x). Let us explicitly

consider a Gaussian pump:

2

X
P(x) = Poexp 52 ;

the spatial dependence on the number of photons will be:

x2

. p—
nhigh gain (xy  exn 2 © Pgexp 77 (3.12)

In the high gain regime, we only need to consider down conversion in the centre of

Figure 3.12: PDC near eld evolution due to the e ects of gain.
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the pump (x << ) as this will convert exponentially more than the edge. Therefore,

we are able to expand the Gaussian:

x2 X2
exp 12 1 ﬁ; (3.13)
substituting this into Equation 3.12 we get the relation
- - p— x2 p— P — x2
nhighgan(x) exp 2~ Py 1 12 "D 2 Poexp 2 Py
(3.14)
Therefore, in the high gain of PDC, the nal eld should be a Gaussian beam with a
new , ¢
0= pﬁ%: (3.15)
0

Note that the power in equation 3.15 is the pump power. We can convert between
this and the PDC power using Equation 2.22 to plot this in terms of PDC power which
we nd a more convenient measurment (see section 2.1.1). Equation 3.15 (rescaled for
PDC power) is used to t the data in Figure 3.12 and shows good agreement with
the experimental data over an extensive range of powers. We can see the data and
t deviate at the low pulse energies as expected, where the high gain approximation
cannot be taken. The equation will also fail when the undepleted pump approximation

can no longer be taken, which Equation 2.19 requires.

3.4.2 Quasi-Stationary Model

The previous section provides us with an intuitive derivation for the changing near eld.

However, it cannot describe the behaviour in the low gain, which is the region we want
to investigate. Therefore, a more complicated theory has to be derived. In [49], Gatti
et al. investigate this problem and derive an equation which should hold in both the
low and high gain. Using a model they call the "Quasi-Stationary' model, they found

that the distribution of the down converted momentum for a nite sized pump can be
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Figure 3.13: PDC near eld evolution due to the e ects of gain tted with tted both
Equations 3.15 and 3.17.

described by the equations:

9 1.
tanh(g) Xo’

=
X o
I

(3.16)

whereg is the gain and Xg is the standard deviation in the spatially transverse, x,
dimension. In order to estimate the standard deviation of the down converted spatial
dimension, x°we can take the inverse of the above equation:

s
0 tanh(g)

X°= 29 Xo: (3.17)

Rememberingg / pﬁ where P is the PDC pump power and therefore, we can use
Equation 2.22 to recalibrate for PDC power. This equation has been used to t the same
data in Figure 3.12 presented in log-log space to more easily see the di erence between
the two ts. We can see that the high gain both relax to the same behaviour. As we
approach the low gain, however, the Quasi-Stationary model captures the behaviour
well, whereas the high gain limit does not. We are unable to observe the size of the

near eld in the low gain due to the weakness of the signal. However, the data and
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model both indicate that the size is beginning to level o as expected. The value that
the Quasi-Stationary model reaches at what should be the low gain is approximately

1:65 mm, which coincides with the upper bounds of the pump beam size.

3.5 Conclusion

This has been an overview of the work we have completed in characterising and under-
standing the down converted state before undertaking any sum frequency generation
measurements. This is an important step as we attempt to exploit many spatial-
temporal modes and operate at a gain level where it is challenging to make any di-
rect measurements of the down converted structure. We produce PDC with a 2 mm
BBO crystal cut for type | phase matching with a 515 nm pump operating slightly
non-collinear-degenerate as described in Section 3.1.1. This eld is Itered to remove
unwanted components of the spectrum (outlined in Section 3.2) and reimaged in an at-
tempt to recombine the entangled photons in both space and time. The most pertinent
sections for future chapters are Sections 3.3 and 3.4 outlining the methods undertaken
to determine the number of modes and near eld size, respectively. In particular, the
scaling behaviour of the near eld will reemerge throughout this thesis as we investigate
the properties and behaviour of entangled sum frequency generation when transitioning

from the low to high gain of parametric down conversion.
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Properties of PDC and eSFG

The principal property we want to investigate is the rate of sum frequency generation
when pumped with parametric down conversion. There are, however, a variety of other
relationships we may nd interesting to probe. The investigations that follow in this
Chapter occur primarily in the mid and high gain of parametric down conversion, as
much of the information we want to gather is available at this gain level. Moreover, it is
far easier to take measurements outside of the low PDC powers of the low gain. We do,
however, attempt to observe the linear relationship with a sCMOS camera to examine
how far we can take this technology in probing that property. We also investigate the
dependence eSFG has on pump pulse duration, the e ects gain has on the up converted
spectrum and how the position of the up conversion crystal and dispersion in the far
eld of the down converted eld a ects the e ciency of up conversion. It is worth
noting that some of these are better thought of as investigations into properties of the
down converted state instead of the eSFG directly. The results will, therefore, help
further the discussion in Section 3.4. The data presented in this chapter was collected

by myself and a lab partner. | undertook the data analysis and subsequent re ections.

4.1 Limits of detecting eSFG with a sSCMOS Camera

Ideally, we would be able to see the e ects of an increased SFG signal from the use

of an entangled pump with cameras to facilitate the use of this technique for imaging
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applications. To this end, we started our investigation with the use of an sSCMOS camera
for our detector. Many of the investigations in this Chapter will utilise sSCMOS and

CCD cameras; therefore, a better understanding of their limitations will be bene cial.

411 Method

The design is precisely that in Figure 2.1 and detailed in Section 2.2.3 with a lens to
focus the eSFG onto the camera. There was no bandpass lIter in the PDC as, while
this makes interpretation of the data simpler, it reduced the overall eSFG counts sub-
stantially. For this initial measurement, we are not attempting to understand anything
further than if we can observe a linear relationship between PDC and eSFG ux with
a camera as a detector. For the camera, we used an Andor Zylar 5.5 with a quantum
eciency of  55% at 515 nm.

When evaluating a camera for scienti ¢ purposes, it is important to take into ac-
count the inherent noise. SCMOS cameras have several noise characteristics, but for
our purposes, we only need to focus on two: dark current and read out noise. Dark
current is caused by charge build-up in the sensor, leading to heating and thermal emis-
sion. Read out noise is introduced when amplifying the signal on each picture upon the
values being read. While neither of these can be eliminated entirely, there are measures
we can take to mitigate their e ect. For example, we can cool the camera to reduce
the dark counts. While we only had access to native air cooling, we made sure that
the camera had reached a steady state before capturing any data. Additionally, we can
take background images with no signal present to help characterise the dark currents
and remove them from the signal image.

The measurement was made by adjusting the PDC pump energy, thereby changing
the PDC energy at the second, up conversion crystal. The PDC energy was measured
by a power meter (Thor labs s132c), and the eSFG signal was collected and Itered with
a short pass 600 nm Iter and a 10 nm bandpass lter centred on 515 nm, approximately
the central wavelength of the PDC pump eld. For each gain level, we took background
images by rotating the SFG crystal, thereby destroying phase matching and recording

an exposure for the same duration as when the signal was present. Natively, the camera
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Figure 4.1: PDC vs SFG with the Zylar camera.

had a maximum exposure time of 30 seconds. However, this can be overcome by taking
several images and summing the resultant signals. This increases the amount of read

out noise per image but was necessary for several of the points collected.

4.1.2 Result: 200 kHz repetition rate

The result of this investigation is shown in Figure 4.1, the laser is operated at a 200
kHz repetition rate, and this appears to show a robust linear term. However, we need
to be careful when interpreting this linear term as evidence of eSFG. If we try tting
this data with the expected linear plus second ordery = a+ bx+ cx?, the t appears to
cross the x-axis,y = 0, at approximately x = 2:6 fJ per pulse>> 0 contrary to what we
expect. If, on the other hand, we follow the apparent linear trend, it appears to cross
at about 4.1 fJ per pulse. These could be due to poor background removal; however,
we are still well above the single photon per mode regime, and therefore, we would not
expect to see the relationship so linear. As this data was collected for un ltered PDC
radiation, we do not have a robust estimation of the total number of modes. However,

the smallest PDC energy corresponded to around 2 photons per mode.
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We cannot make a strong claim based on this outcome. As well as error in the
measurement, the result in Figure 4.1 may be a consequence of the detector behaving
unexpectedly at these power levels or merely a consequence of looking too closely at the
curved lines and thereby seeing the approximate at region; the at earther's paradox.
We do not have the sensitivity to carry on this measurement to lower PDC energies,
which would allow us to investigate the x-axis crossing, y=0, which would allow us to
eliminate any issues with background correction. All we can conclude con dentially
is that the Zylar camera cannot discriminate with su cient con dence in the trend of
the SFG process at the low energies required for our investigation. At a minimum, we
require the sensitivity to approach the zero PDC energy point. We will address this in

future measurements.

4.2 eSFG Dependence on Pump Pulse Duration

Classically, SFG is dependent on the intensity of the eld pumping the process described

by the equation (Equation 1.31):

Isre = | fump’ (4.1)

Equation 4.1 implies a relationship between the pulse duration of the up converted
eld, tsrg, and the pulse duration of the pump eld, tpymp When pumped by a

Gaussian beam:

t
tsre = ﬂgﬂi (4.2)

2
This can be seen by substituting a Gaussian pump into Equation 4.1. We do
not measure the intensity directly, instead we measure the energy of the pumping
eld. Therefore, ignoring the spatial dimension, if we restate Equation 4.1 in terms
of measured energy we can see that the energy of the generated up converted eld is

inversely proportional to the pump pulse duration:
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Esrc = pfiElgump: (4.3)
2 Pump

In the case of entangled sum frequency generation, it's not entirely clear what
this relationship will be. We can develop an intuitive understanding of how the pulse

duration will a ect the intensity of eSFG by considering Equation 1.1:
R= + 2 (4.4)

In the low gain of PDC, where the linear term dominates, the pulse duration of the
up converted eld will be precisely that of the eld used to pump it. In this regime,
all interactions are between individual photons and the probability of conversion will
be proportional to the photon ux density, hence the temporal pro led of the pump
intensity. In the high gain, however, where the second order term of Equation 1.1
dominates, the duration of the up converted eld will be shorter by a factor 1:p 2 as
in the classical case. Therefore, at a general gain level, the temporal pro le of the up
converted eld should be some combination of the two.

The entangled case has another deciding factor however. If we wish to preserve
entanglement in our down converted eld, the only way to alter the down converted
energy is by reducing the PDC pump energy. This will increase the down converted
pulse duration, which should be re ected in our up converted, eSFG, eld but also e ect
the e ciency of up conversion. While the e ect of the linear term in Equation 4.4 is
easy to describe and understand, the e ect of changing gain on the down converted
pulse duration and how that impacts eSFG is less obvious. The changing properties
of the PDC pulse duration are important to understand as we do not have a way of
measuring this directly and we expect that eSFG e ciency will strongly depend on this
property. Therefore, the change in eSFG e ciency due to the changing pulse duration
with gain is the property we wish to investigate, which will be done in the high gain of

PDC as this will facilitate easier detection.
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Figure 4.2: eSFG coe cient vs PDC pumps pulse duration.

4.2.1 Measurement

As in the previous section, a Zyla 5.5 is used as a detector. The pulse duration of
the fundamental laser is altered by chirping the pulse. This duration is not measured
directly, instead we relied on pulse compressor built into the laser and the calibration
provided by the manufacturer. In Figure 4.2, the pulse duration on the x-axis is the
pulse duration of the PDC pump, as the PDC pump is simply the frequency doubled
fundamental, this was calculated by dividing the set fundamental pulse duration by
p?. As we operate in the high gain of parametric down conversion, we expect the
SFG to scale classically according to Equation 4.3. Consequentially, by dividing the
measured SFG counts by the average PDC energy to the power of two, we should be
able to isolate the dependence on the pulse duration on the eSFG e ciency. The SFG
energy divided by the PDC energy squared is the value that is plotted on the y-axis of
Figure 4.2.

Similarly to the argument for the near eld size in Section 3.4.2, the PDC pulse
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Figure 4.3: eSFG coe cient vs PDC pumps pulse duration tted with Equation 4.8.

duration dependence on gain will be given by the Equation [49]:
s
t3tanh (g) .

e (4.5)

where tg is the pulse duration of the pump. The gain, g, is proportional to the square
root of the pump power, g = P P. We must consider the peak power of a pump pulse.

Therefore, P will depend on the pulse duration:

where E is the energy per pulse. One nal correction to make is that because of how
we conducted this measurement, the energ¥ is not constant. The fundamental beam

energy per pulse is constant. Fortunately, these are simply related as the PDC pump
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is the second harmonic of this:

E E0 ?
-_ = . 4.6
6-3 g (4.6)

where E%is the energy of the fundamental eld, is the SHG coe cient, and the pulse
duration of the fundamental eld is p? to. Therefore, the relationship between the

PDC pump pulse duration and the PDC pulse duration follows:

v
u P—
ﬁ t3tanh 7'500:2

t= p = : 4.7)

We expect the relationship SFG Counts/ PDC energy’, which isolates the pulse

duration dependence on this interaction, to be:

P

E =2
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Equation 4.8 was used to t the data from Figure 4.2 by taking the coe cient P E0=2
as a tting parameter. The result of this t is shown in Figure 4.3 and shows good
agreement with the data. We have shown how the e ciency of eSFG depends on the
pump beam pulse duration in the high gain of parametric down conversion and provided
a model explaining this result. Importantly, this result provides direct evidence that
the pulse duration of the down converted eld can be described by Equation 4.5, a

relationship that will be used later in this work.

4.3 Translating the Crystal Through the PDC Focus

In order to get e cient entangled two photon interaction, we must recombine the twin

photon state we produce in the down conversion crystal in the up conversion crystal (or
sample). The simplest way of maximising this property is to ensure we are imaging the
down converted eld, which is why our experimental design comprises of two parabolic

mirrors in a 4-f con guration. When aligning the experiment, we attempt to image
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Figure 4.4: Experimental design for measuring the changing e ciency as the up con-
version crystal is translated through the focal point of the PDC.

the second face of the down converted crystal (face closest to the parabolic mirror) at
the position the second crystal will be placed. We have observed a strong dependence
on crystal position for e cient eSFG. We believe this is due to the requirement to
recombine the entangled modes for eSFG. To thoroughly investigate this property, we
conducted a systematic study. We positioned the crystal, imaging objective, and camera
on a single translation stage and recorded the up-converted counts at various points
along the focusing beam (as depicted in Figure 4.4). By positioning the detector in this
manner, we ensured that the up conversion crystal remained in the imaging plane of
the camera, enabling easy identi cation of any up-converted photons that were focused
on the camera. This study was carried out in the high gain of PDC, capturing only
the coherent component, the component where we expect to observe any ‘entangled’
interactions. Because we are considering the coherent component only, the lens is
placed 1-f away from the back face of the up conversion crystal, and the camera is
placed 1-f away from this in order to focus the coherent component, which is emitted
in a collimated beam. This is done to increase the signal-to-noise ratio on the camera;
the SFG data will consist of the total number of counts we observe on the camera. Itis
worth noting that the coherent and incoherent components may demonstrate di erent

behaviour when the crystal is translated. The incoherent component of eSFG is purely
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Figure 4.5: The e ects of translating the crystal through the focal point of PDC with
upper plot showing measured average intensity of PDC over same range of positions.

classical. Therefore, its e ciency is proportional to the average intensity squared. We
expect to observe a di erent relationship for the coherent component.

The result of this study is shown in Figure 4.5. We can see that the dependence is
approximately Gaussian but slightly lopsided towards the positive position when the
crystal is closer to the parabolic mirror. We also recorded the changing PDC size by
replacing a lter which blocked the PDC, depicted in Figure 4.4, with one that blocked
the SFG and swapping the lens for one that is half the focal length. This way, the new
lens on the translation stage is placed 2-f away from the back face of the up conversion
crystal, and the camera is placed 2-f away from it. Therefore, this lens should produce
an image of the near eld PDC at that position. As the power of the PDC does not
change during this measurement, the inverse of this size will provide a measure of the
intensity of the PDC eld, and this is shown in the upper diagram of Figure 4.5. It
does not appear that the peak of the PDC intensity and the peak of SFG occur at the
same point. However, | believe this is a consequence of imaging the rear face of the up

conversion crystal. The up conversion crystal is 2 mm in thickness, and the PDC near
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eld intensity maximises approximately 1 mm after the eSFG, i.e. it appears at the
back face 1 mm after we maximise the SFG. Therefore, when the PDC is maximised,
it will be approximately at the centre of the up conversion crystal as expected.

In the high gain regime, we can approximate the near eld of the down converted
eld as a Gaussian (shown in Section 3.4.1). For a Gaussian beam, the spot size,
of a propagating beam increases with distance from the focal point according to the
equation [65]:

s

wz)= wo 1+ = (4.9)
ZR

where zi is the Rayleigh range de ned as:

‘OI\J

Zg = (4.10)

Wwo is the beam waist (smallest possible spot size), and is the wavelength of the
radiation in a vacuum. The PDC intensity data (top of Figure 4.5) should follow the
trend of 1=w(z)?. If we attempt to t this data to Equation 4.9 then we nd a Rayleigh
range of approximately 6.8 mm. The Rayleigh range is de ned as the point at which the
area of the beam has doubled in size. After one Rayleigh range, we would, therefore,
expect the intensity of the beam to halve and the resultant SFG to drop to a quarter it's
peak value. However, we can see in Figure 4.5 that the measured coherent component
of eSFG drops to approximately a quarter of its peak value just 1.2 mm from this peak.
From this, we can conclude that either the coherent component of eSFG behaves as if a
tighter focused Gaussian beam pumps it or that even in the high gain, this component
is still dependent on recombining the entangled modes of PDC, which can only occur

close to the focal plane of the parabolic mirror.

4.4 E ects of Dispersion on eSFG

Our nal study of this chapter is into the e ects of dispersion in the down converted

eld on the e ciency of eSFG. This is a complex property to quantify. The signi cance
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of the e ect will depend on several factors: the bandwidth of the down-converted eld
and the materials used. However, dispersion will a ect any experiment in the eld.
In our speci ¢ system, we utilise a broadband eld, which will magnify the e ects of
dispersion.

The experimental design is the same as in Figure 2.1 with a 70 nm band pass lter
centred on 1030 nm placed in the far eld of the PDC. Our goal was to shift the gain
level towards the low end, so we utilised a PMT as the SFG detector (Hamamatsu
H7422P-40 photon counting head). In the photon starved regime, where we do not see
a pile-up in the signal from the PMT, this operates as a single photon counting device
with an e ciency of approximately 40%. A 10 nm band pass Iter centred on 515 nm
is placed in front to exclude other visible signals. The data from this detector is passed
through a device which ascribes time stamps to the signal (HydraHarp 400). The
trigger for this device is taken directly from the laser. The data consists of a series of
time binned histograms, with a bin width of 1024 ps. The value of each bin corresponds

to the number of photons detected at the corresponding time from the detection of the

Figure 4.6: The e ects of additional thickness of CaF, glass on the e ciency of eSFG
at varying PDC energy per pulse.
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trigger. This enables us to eliminate a signi cant portion of the background noise as
we know the signal will only appear at or close to the PDC pump pulse and, therefore,
in a very small time frame (hundreds of femtoseconds for the pulse vs microseconds
between pulses).

We selected three values of PDC power to investigate, from high gain through to
very close to low gain, and measured the coherent eSFG response as we added varying
thicknesses, from 1 to 5 mm, of Cak glass in the far eld of the PDC. This glass
was chosen as it has relatively low chromatic dispersion and, therefore, is a common
material used for lenses and lters.

The result is shown in Figure 4.6. We chose to normalise the SFG counts as the
absolute value of SFG is not the question we wanted to investigate. Dispersion is clearly
detrimental to the overall e ciency of eSFG. The addition of just 5 mm of excess glass
reduces the e ciency by half. There does not appear to be any dependence on the
gain. As will become clear in later chapters, the lowest gain data are taken in a
regime where the linear dependence of eSFG is visible. Even in this case, we do not
see a signi cant deviation with respect to the high gain cases. In conclusion, it is
clear that additional dispersion negatively impacts the eSFG e ciency, reinforcing the
idea that for entangled sum frequency generation and entangled two-photon absorption

experiments, dispersive optics should be avoided entirely.

4.5 Conclusion

This section has comprised of short studies on various e ects and phenomena related
to entangled sum frequency generation. Our ndings indicate that the low gain regime
is not detectable with an sCMOS. This suggests the necessity of more sensitive camera
technology, such as an EMCCD or scanning with a PMT, for any imaging application.
We have investigated how the PDC gain a ects the down converted states' pulse du-
ration and shown how this is re ected in the eSFG e ciency. We went on to show
the strong dependence the position of the focal plane has on coherent eSFG, which
implies that this component does not just depend on the intensity of the pumping eld

but also on our ability to recombine the down converted elds spatial-temporal modes.
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Finally, we have presented evidence supporting our belief that the dispersed nature of
the experimental components will signi cantly a ect eSFG e ciency and, therefore,

should be avoided in experiments intended to investigate this phenomena.
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Chapter 5

The E ects of Losses In the

Down Converted Field on eSFG

Entangled sum frequency generation (eSFG) has been investigated before [66,67] and it
is starting to be used as a diagnosis stage for entangled two photon absorption (eTPA)
experiments [35]. We believe that we can use the eSFG process to understand better
the two photon interaction process and the struggle with experimental realisation of
eTPA [34, 35, 39, 68] as the linear term in both cases originates from the same source,
the energy-time and position-momentum correlations in the down converted state. By
studying these properties through sum frequency generation (SFG) instead of two pho-
ton absorption (TPA), we can better understand the e ect the quantum nature of the
state has on e cient up conversion and avoid potential complications such as hot band
absorption which can be present in eTPA [39]. Hot band absorption occurs when pho-
tons have su cient energy to stimulate electrons in high energy “ground states' to an
excited state through single photon absorption and this can be mistaken for two photon
absorption. In this Chapter, we will outline our investigation into the e ect of losses

in the down converted eld as we transition from the low to the high gain of paramet-
ric down conversion. While doing this, we will derive a simple toy model to explain
the scaling of eSFG with losses and examine the consequence of this relationship. We
will nish by scrutinising the relationship as we progress into the high gain of PDC

and provide an intuitive understanding of the experimental result. The results in this
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section have potentially far reaching implications in the study of entangled two photon

interactions and quantum imaging more generally. The data presented in this chapter
was collected by myself and a lab partner. We worked together on the explanation
of the results presented in Section 5.2. | undertook the initial data analysis and the

conclusions are my own.

5.1 The E ects of Losses in the Down Converted Field on

eSFG

It has become conventional to “prove' the quantum nature of eSFG and eTPA by
showing the linear relationship between incoming photon power and up converted power
when the power is reduced by reducing the PDC pump and then showing a second order
relation when the PDC power is reduced by increasing random losses in the PDC state
(e.g. [66] for eSFG and [36] for eTPA). If the down converted state were not entangled,
there would be no di erence in these two methods of reducing the pump power. Whilst
this is a convenient way to show the di erence in scaling, it does not inform us about
what would happen if we pumped the process with a lossy eld. This is a pertinent
guestion because, as a practical matter, all systems will be somewhat lossy. Therefore,
in order to be able to compare studies, we must understand how losses will a ect eSFG
and quantify the losses we have in our system appropriately. We plan on discovering
the e ects of losses on the down converted eld on eSFG by placing xed, known losses
in the form of neutral density (ND) lters in the down converted eld. We will adjust

the gain (by altering the PDC pump energy) in order to match the measured range of
powers at the up conversion crystal with and without losses, and perform power scans
where we measure the PDC energy at the second, SFG, crystal versus the number of
SFG counts. This way, we keep a physically meaningful quantity constant, the number

of photons incident on the sample, while isolating the e ects of the losses.
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Figure 5.1: Experimental layout with parabolic mirrors used for imaging.

5.1.1 Method

The experimental design has been detailed in previous Chapters and is reproduced
in Figure 5.1 only for the reader's convenience. The down converted state is ltered
and losses are introduced by placing neutral density lters in the far eld of the down
converted beam (grey box on Figure 5.1). For the detector, we required a low noise, high
sensitivity device. We decided to use a PMT, which will operate in the photon counting
regime at the expected up converted power. We used a Hamamatsu H7422P-40 photon
counting head, which has a quantum e ciency of 40 % at 515 nm, ltered with a 10
nm band pass Iter around 515 nm and a shortpass 600 nm to ensure exclusion of the
PDC. The ampli ed output of this is connected to a HydraHarp 400, a time-correlated
single photon counting (TCSPC) module, which we used to time gate the response of
the PMT. Due to this, we can consider only the signal stimulated from the laser pulse
passing through the up conversion crystal, removing much of the background noise.
The rise time of the PMT (length of time it takes the output pulse to raise from 10 %

of its peak value to 90 %) is reported to be 1 ns. This suggests a time scale over which
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we should time bin the PMT response as we require one pulse from the PMT to equate
to one count from the Hydraharp; the discrepancy voltage (voltage below which the

HydraHarp will ignore the response) was also selected to ensure that only the peak of
any output was registered. The data consisted of time-binned histograms with a bin

width of approximately 1 ns where the laser reference provided a start signal for the

TCSPC.

Due to the highly delicate nature of the measurement, we wanted to limit our
presence in the lab. When we initially took these measurements, our presence in the
lab appeared to introduce a source of noise and, particularly, appeared to diminish our
ability to reproduce the result. Therefore, most of the measurement was automated.
First we placed an ND lter in the far eld of the PDC, and created a calibration curve
between the half wave plate (HWP) angle (the angle of the HWP placed before the down
conversion crystal in Figure 5.1) and the PDC energy at the SFG crystal with either

a photodiode (Thor labs S132C) or a photoreceiver for very low energies (Femtowatt

Figure 5.2: PDC energy per pulse and eSFG counts in the less than one photon per
mode regime. Data collected at 500 kHz, each data point was exposed for 5 minutes
and we took 5 samples with background samples obtained by rotating the second SFG
crystal by =2 to destroy phase matching.
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Photoreceiver FWPR-20-IN). This is the extent of the necessary human interaction.
We then created a script that can rotate the HWP to set a PDC energy, records the
PMT response from the SFG crystal and acquires a background by rotating the SFG
crystal to 90 degrees, thereby destroying the phase matching in this crystal without
any further human interaction. We repeated this procedure for a variety of induced

losses (ND lters) and at a variety of gain levels (maximum PDC pump energy).

5.1.2 Results

Starting from the low gain of parametric down conversion, we can see the linear scaling
expected in Figure 5.2. This linear scaling is present for all loss levels, and we have
already revealed something important to understand. The critical feature of entan-
gled two photon interactions, the linear relationship between pump and up conversion,
will be present with any entangled eld, no matter the purity. Previous studies have

shown a quadratic relationship between the PDC energy and SFG energy when the

Figure 5.3: PDC energy per pulse versus eSFG counts greater than one photon per
mode. Data collected at 500 kHz, each data point was exposed for 2 minutes and we
took 5 samples with background samples obtained by rotating the second SFG crystal
by =2 to destroy phase matching.
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PDC energy is reduced by increasing losses in the far eld. From Figure 5.2, we can
see this is clearly due to the increase of losses reducing the e ciency of eSFG whilst
simultaneously reducing the number of photons at the SFG crystal (a quantity we are
matching), hence the second order relation. We can gain a physical intuition of the
result by understanding that at these photon uxes, the only photons that can recom-
bine are entangled and scale linearly; if any photons are lost from the entangled pair,
the remaining photon cannot contribute.

Moving beyond the low gain regime and into a regime we will call the ‘mid' gain,
we arrive at Figure 5.3. There are two takeaways from this. First, a non-lossy down
converted eld remains more e cient for pumping eSFG than a lossy one into the
stimulated regime of PDC where the eSFG counts are no longer linear with the PDC
energy. The linear term also appears to remain for all energy levels as shown by the
simple ts reported in Table 5.1. This o ers the possibility of the entangled case

remaining superior even into the high gain of PDC because of the quantum nature

Figure 5.4: PDC energy per pulse versus eSFG counts much greater than one photon
per mode. Data was collected at 200 kHz, each data point was exposed for 2 minutes
and we took 5 samples with background samples obtained by rotating the second SFG
crystal by =2 to destroy phase matching.
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of the down converted state, as the origin of this linear term is solely the pair-wise
entanglement of the PDC.

Progressing into the high gain of parametric down conversion, we arrive at Figure
5.4. This has a surprising feature: it appears that at high gain and losses, the lossy
eld becomes not only as e cient as but more e cient than the no losses PDC eld
when pumping SFG. A summary of the ts used for the data in Figures 5.2, 5.3 and 5.4
can be found in Table 5.1. The data set ends here for these experiments, as we ran out
of pulse energy to probe this phenomenon further. However, we have two further data
sets showing the same e ect taken in slightly di erent manners, which we will discuss
later in this Chapter. From the data we have collected, it appears that crossing point
between more and less 'pure' quantum states are characteristic of eSFG. Note, when
| refer to less or more pure state here, | am not necessarily referring to the quantum
understanding of purity but rather simply the idea that as we add losses into our down
converted eld, a portion of the photons we measure at the crystal will not have an
entangled partner and therefore, the whole state can no longer drive eSFG. We will
address this in the next section by developing a model for the relationship between a

lossy down converted eld and up converted photons.

5.2 Developing a Model for Losses in the Down Converted
Field

We start with the expected rate of sum frequency generation pumped with an entangled

source of photons:

Re= e+ 2 (5.1)

where ¢ is the ux of entangled photons, is the entangled SFG coe cient and the
classical SFG coe cient. When we add losses into our down converted eld, the result
is a mix of states. One component has its entangled pairs intact and undergoes SFG
according to Equation 5.1, the other does not and therefore can only undergo SFG as

a classical state. The rate from this component will be given by:
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’Figure\Fit Measured Lossesi Coe cients ‘
0% 377 108
5.2 R= 30% 2:45 108
50% 146 10°
0% 4:19 108
513 10?2
346 10°
5.3 R= + 2| 48%
3:68 10?2
1:63 10°
72%
° 275 1072
0% 4:40 108
4:58 1072
1:60 10°
5.4 R= + 2| 60%
3:53 10?2
0:.00 1C°
90%
° 6:16 1072

Table 5.1: Summary of the coe cients found for Figures 5.2, 5.3 and 5.4.

Re = §|; (5.2)

where ¢ is the classical ux and the meaning of is maintained. When we have both

of these components present, the total rate of sum frequency generation will be:

®N

Riot = Re+ Rq = et + §| ; (5.3)
and the measured ux of PDC at the SFG crystal will be:

= et o (5.4)

If we start with a pure entangled state and the mixed nature is caused by a system
of transmission T, then the measured photon ux , entangled photon ux ¢ and

“classical' photon ux ¢ are related:

81



Chapter 5. The E ects of Losses in the Down Converted Field on eSFG

Figure 5.5: Rot plotted for varying transmission coe cients ( T). and are both set
to one.

e=T ;
(5.5)
a=(1 T)

Substituting these de nitions into Equation 5.3, the rate of eSFG in a system of trans-

mission T will be given by:

Rot(T; )= T + 2(2T%2 2T +1): (5.6)

Equation 5.6 is plotted for a variety of di erent transmissions T at a constant
and in Figure 5.5. This is presented in log-log space to see the changing properties
more e ciently. We can see that the most lossy case in red on the plot becomes more
e cient than almost all of the alternatives at nite powers; it will only asymptotically
reach the no losses case. The most lossy eld is tted with zero transmission. As
we are adding losses with absorptive lters, this is not possible. However, we do not
have to add losses in this manner. All we have assumed is that a proportion of the

eld has remained entangled; how that entanglement was preserved or destroyed is
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’ Figure H Shared Coe cients \ Measured Losses* Fitted T

423 10P 0% 0.9899

5.3 48% 0.8185
5:24 107 72% 0.3855
519 10° 0% 0.8485

5.4 60% 0.3083
6:16 102 90% 0

Table 5.2: Summary of the coe cients found for data in Figures 5.3 and 5.4 tted with
equation 5.6.

not important. Therefore, the zero transmission case can stand as a system that has
destroyed the entanglement in the down converted eld, and the up conversion therefore
scales entirely classically. From this, we can see that if we have any losses in our down
converted eld, there will always exist a classical eld that will be up converted more

e ciently than this eld at nite energies. Below these crossing points, the purer
eld remains more e cient, and an entirely pure down converted eld should still be
more e cient than any ‘classical' eld for all energies. This is the rst evidence to
my knowledge that there is any perceptible quantum e ect of pumping entangled two

photon interactions in the high gain of parametric down conversion.

5.2.1 Fitting Data with Model

We can t the data in Figures 5.3 and 5.4 with Equation 5.6. We can only t the data

in Figures 5.3 and 5.4 as we need an observable second order term in order to t to
Equation 5.6. In the real world, we will always have losses in the down converted eld.
Therefore, the best ts are found if we assume that even the no losses case still has a
transmission T < 1. We then can vary the transmission between the three ts in order
to match the data best and maximise the foundR? values of all three ts simultaneously.
Alternatively, we can assume that the relationship between the three transmissions is
known and precisely equal to the measured losses induced by the neutral density Iters
as in an ideal world. This can work reasonably well, but it is not the method that

gave the best t in this case. We believe the reason for this is that these data sets
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were taken over several weeks. The variation in alignment between these sessions was
enough to noticeably alter the tted transmission. We will address this in later data
sets with an altered experimental procedure. The results of these simultaneous ttings
are shown in Table 5.2. The expected relationship can be seen, the more lossy elds
have a lower transmission, and for the lower gain data, the measured losses and tted
transmissions are in reasonable agreement. However, the high gain data in Figure 5.4
very clearly diverges. We believe that this is primarily due to the e ects of gain on the

down converted near eld, which we will consider in the next section.

5.2.2 An Extremely Lossy Field

We started the examination that led to Equation 5.6 from a desire to describe the result
we observed. Now, we will attempt to use this result to quantify the key coe cients
better. Equation 5.6 suggests that no measured value of the linear or second order
eSFG coe cient is valid without appropriate characterisation of the transmittance of
the system. Consider at what uxes the e cacy of up conversion from two lossy down
converted elds become equal and cross. Consider two di erent ratesR1 and R2, with
transmission coe cients Ty and T,. The crossing point will occur whenR1 = R, and

so the ux at the crossing point, ¢ross, Will be:

(Ty To) .
2 (T2 TZ T2+ Ty)

cross —

(5.7)

If jTe Toj >> jTZ T2 (i.e. T1; T2 << 1, very lossy) this will reduce to an approximate

constant and the crossing point will occur at:

(5.8)

Cross

™|

The relationship in Equation 5.8 o ers the possibility of determining the entangled
coe cient, , without the need to quantify the losses present in the experimental set

up. This could be useful to reduce ambiguity in the reported values of .
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5.3 Probing the Higher Gain Regime

We have developed a model for the e ects of losses in the down converted eld on eSFG,
and the overall structure appears to be adhered to. However, we only have two data
points that show one key feature of this theory, that a more lossy eld becomes more
e cient than a less lossy one at su ciently high energies. Furthermore, there are clear
indications that the model is incomplete with our inability to reconcile the measured
losses to the tted transmissions, particularly at high energies and losses. We will
address this in several ways. First, we will modify the experimental design to simplify
and enhance consistency between datasets. This involved changing the neutral density
Iters from absorptive (Thorlabs NDK01) to UVSF re ective (Thorlabs NUKO01) as we
knew the material and could place a blank window of the same thickness for the no
losses scans to ensure the dispersion was the same between each measurement. We
placed all lters and the window into a Iter wheel (Thorlabs FW102C) to remove
the need for human interaction further and allow for greater automation. Finally, we
removed the 70 nm Iter. These changes mean the data presented in this Section will
not be compatible with that in Section 5.1 as while the gain levels are similar, the
measured PDC energy will be di erent. We will also include in the model the e ects
of gain on the PDC near eld size (Section 3.4). Until now, we have treated the ux
as proportional to energy. It is actually proportional to intensity; factoring this in will

improve the model in the high gain regime.

5.3.1 Crossing Points

We will call the powers at which low loss eld stimulate the same up conversion as
a more lossy eld, described in Section 5.2.2 by Equation 5.7, crossing points. As a
practical matter, all down converted states will contain some amount of losses. There-
fore, whilst the feature is not particularly bene cial, it should be present in all eSFG
experimental designs and may provide a way to determine the linear coe cient inde-
pendent of losses as attempted in Equation 5.8. In order to show that crossing points

are a feature of entangled two photon interaction with losses, we will slightly alter the
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Figure 5.6: Power at the crystal reduced by the addition of more losses (red) vs by the
reduction of gain (blue). As we progress A though to D, the initial gain is increased.
For A and B, the gain is in the same range as Figure 5.4. For C and D, the gain is 2
and 2.5 times larger than Figure 5.4 respectively.

experimental procedure. For this data set, we will compare the SFG counts found from
reducing the PDC energy by reducing the gain versus keeping the gain constant and
reducing the PDC energy at the SFG crystal by adding losses into the far eld of the
PDC. This is the way that it has been done in literature previously; we will do this
procedure in the non linear regime of eSFG. In particular, we will aim to match the
energy at the SFG crystal with and without losses.

The result is shown in Figure 5.6. The blue data points and curves show the eSFG
collected by reducing the PDC pump (PDC gain) and the red data is collected by
increasing losses. One advantage of this method of investigating losses is that for the
losses scan, the gain of the PDC is constant; therefore, we do not need to consider the
changing properties of the PDC near eld during analysis. Plots A to D are taken by

increasing the initial gain level. These plots display the expected behaviour for the
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model described by Equation 5.6. 1 think this procedure leads to confusion, so | will
try to spell out some features explicitly. When doing this, the two curves meeting is
not surprising or interesting; it is inevitable because the rst data point for both the
loss curve and the no loss curve is the same data point. This is made more confusing
because the previous data | have presented, when | refer to a scan with losses in the
down converted eld, they had static losses, and the PDC energy was reduced by
changing the gain. This time, losses are increased to reduce the PDC energy for the
losses scans. Therefore, the rst point is meaningless; it is simply the down converted
eld with no losses. Instead of looking for the point where they intersect, we need to
examine the di erence between each loss (red) and no loss (blue) data point. If at any
energy, the loss data is higher than the no loss data, that means a more lossy eld
has stimulated more SFG with the same energy at the down converted crystal, the key
feature of the crossing points introduced in Section 5.2.2.

My conclusions for this set of data are as follows: in the low gain, it is always more
desirable to have a purer quantum state, but as we increase the gain, adding losses into
the down converted eld becomes advantageous. This can be seen as the data collected
by reducing the PDC pump (blue data points) starts as more e cient (above in Figure
5.6 A and B) but as gain is increased, the data collected by increasing the losses (red
data points) becomes more e cient in Figure 5.6 C and D. As previously stated, this
may only occur because we already have losses in our down converted eld. In the case
considered here, quite a large number of losses, as all of the intentionally more lossy

data points gave a brighter response at nite powers.

5.3.2 The E ects of Gain on eSFG

With the slightly altered experimental setting detailed at the start of this section, we
can repeat the same experimental procedure as in Section 5.1, measuring the PDC
energy at the SFG crystal and recording the resultant SFG counts from the PMT
detector. We did this procedure for all the energy available to us for three di erent
ND lIters and the blank window of the same material and thickness, and the results

are shown in Figure 5.7. This data is over a large range of energies, and therefore, it
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Figure 5.7: Repeating scan of power with the addition of static losses in the far eld
as in Figures 5.2, 5.3 and 5.4 with the lters and setting used for Figure 5.6.

is convenient to present it in log-log space. The general shape of the data is precisely
as expected for very lossy elds. The elds with the most losses, black and green data
points, begin by stimulating the least SFG. However, as the gain is increased, these
stimulate the most, just as the black line in Figure 5.5 is predicted to stimulate a
brighter response than the less lossy, green eld. Whilst the structure is captured, we
are unable to t this data simultaneously with Equation 5.6 as was done in Figures 5.3
and 5.4 in Section 5.2.1. At the gain levels we have pumped the down conversion in
this data set, we can no longer ignore the e ects gain has on the physical properties of
the down converted eld. We therefore need to modify our model to account for the

e ects of gain.

5.3.3 Modi ed Model

Begin by considering classical sum frequency generation. We will assume that all scaling
will relax to the classical case asE ! 1 . The classical limit on the up converted

intensity, 1¢, is related to the pump intensities, | s and |;, via [40]:
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It = intlsli; (5.9)

where we have placed all of the dependence on phase matching and crystal properties
into the coe cient ;. We do not measure intensity, we instead measure pulse energy.
This would not be a problem if the pulse shape and duration did not change. However,
in the down converted eld, they do (Section 3.4). We can explicitly write Equation
5.9 in terms of energy:

Et EsE;i

tr x2 ™ ts x2 t xP (5.10)

En, tn, and Xx, are the energy, pulse duration and beam waist, respectively, of
the n™ eld (assuming a Gaussian pump). For classical SFG pumped with a Gaussian
pump, the beam size and pulse duration are related by a constant factorF,) 2, which can
be seen by substituting the Gaussian pulse shape into Equation 5.9. For the case we are

considering, the two pump elds have the same pulse duration and beam size therefore

we can make the substitutions tg= ti= t, Xs= Xi= X, tf= tzpi and,
p_
Xf = X= 2.
E; = L —S=1. 5.11
e IR (5.11)

The same argument for the linear term in the low gain results in no dependence on the
pulse duration or beam size. Substituting this into Equation 5.6 results in an alteration

to the second order term:

2

t x2

Rit(T;E)=TE + (2T2 2T +1): (5.12)

When pumped with PDC, the beam size, pulse duration, and energy depend on

gain. As we measure the energy at the up conversion crystal, we will treat the beam
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size and pulse duration as if they were directly dependent on the measured pulse energy:

t=t(E);

x= Xx(E):

As we have previously done, we will take the ansatz derived from [49]:

s __
tanh(g)

g o (5.13)

i=xort, igisthe pump'si® property and g is the gain. The energy of the down

converted state can be written as:
Eppc = nsinh?(g): (5.14)

The energy in the equation above is the down converted energy produced at the
down conversion crystal. This relates to the energy measured at the up conversion

crystal, E, via the relationship:

E
Eppc = T
where T is the transmission of the system as in Equation 5.12. Substituting these

de nitions into Equation 5.12:

8 asinh®? P E=nT _
Rit(T;E)= TE + h P —E2(2T2 2T +1): (5.15)
to x3tanh®?2 asinh =~ E=nT

5.3.4 Fitting with the New Model

Equation 5.15 assumes that the second order term scales with the average intensity of
the down converted state and expresses the rate of up conversion in a quantity we can

easily measure, the energy. These assumptions will allow us to t the data in Figure
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Figure 5.8: Data with UVSF lter attempted to t with equation 5.15.

5.7. First, de ne a new second order coe cient:

o 8 .
to X3’

We can carry out a similar procedure as in Section 5.2.1. We try tting the "no losses'
case to Equation 5.15 and t for , and n while trying di erent values of the initial
transmission T using Matlab. We then take these, multiply the tted transmission by
the measured transmission for each data set to create the di erent curves and attempt
to maximise the R? of all ts simultaneously. The result of this procedure is shown in
Figure 5.8; all ts have R? values greater than 0.99. The tted values of =1:10 10°
and °=1:10 10% with a transmission of the 'no losses' case of:0397. The tted
values of and are within one order of magnitude of the ones found when lItering
(Section 5.2.1). As we have entirely changed the ltering of the down converted state,
this is acceptable. However, this implies we have massive transmission losses even

without any lters.
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Figure 5.9: PDC measured spectrum showing the width of the 70 nm band pass lIter
(red) allowing transmission symmetrically around 1030 nm to maximise eSFG and the
width of the spectrum transmitted with minimal additional dispersion from mirrors
(green).

Removing the spectral Iter supplies us with far more PDC photons and, therefore,
a greater number of up converted photons. However, a large proportion of these PDC
photons cannot undergo eSFG and, therefore, will count as part of the loss terms in
Equation 5.15 as the modelled transmission re ects not simply the losses but really
the percentage of the eld we receive at the up converted crystal which can undergo
entangled interactions. Figure 5.9 shows the full PDC spectrum with the bandwidth of
the 70 nm lter, a bandwidth that we feel con dent we can preserve entanglement well
over, and the approximate bandwidth for which the Group Delay Dispersion (GDD)
coe cient of the mirrors we use to Iter the PDC pump remains below 50 fs which
we will take as the bandwidth over which the dispersion of the optics is not so large as
to destroy entanglement. With this assumption, a maximum of 40 % of the measured
down converted energy without the lter in place can coherently recombine. Therefore,
we would expect the tted value of T to be below this value; however, it is still an order
of magnitude larger than the t found. If the tted transmission is accurate and the
interpretation of the coe cients is correct, we will incur signi cant losses in our down

converted eld. Nevertheless, we still see an e ect that is explained by the quantum
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nature of the down converted state as its origins lay in the linear term of eSFG.

5.4 Discussion

As far as | am aware, this is the rst systematic study of the e ect that losses in the
down converted eld have on entangled sum frequency generation. For our convenience,
we have introduced losses by randomly removing photons from the far eld of the PDC.
Doing this allowed us to quantify and control the losses easily. However, this is not
the only form of loss. Any process which destroys the entanglement is a source of
losses for the transmission coe cient T in Equations 5.6 and 5.15. T is not just a
measurement of the transmission of the system but a measurement of the spatial-
temporal losses of the system or, to put it another way, our inability to recombine
the down converted state in both space and time. This is a stronger constraint than
temporal losses that we can quantify by taking coincidence measurements. Without
this quantity, we cannot appropriately calibrate the number of PDC photons we have
available to undergo entangled SFG. Of particular importance, | believe, is re-imaging
the down converted state inside of the sample we wish to undergo up conversion. By
imaging the down converted state, we ensure that the eld is reconstructed in intensity
and give us the best chance of recombining the twin beam state in time and space.
The ability, or quality, of imaging is a hard gure to quantify. However, | believe that
failure to control for it adequately has been a signi cant problem in previous studies
and can account for much of the reported inconsistencies.

Now that we have some conclusions of our own, | will return to some previous
studies and attempt to comment on the results they have presented. What follows will
be speculation and interpretation; we do not have any additional knowledge of these
experiments than reported in the articles and supplementary materials. Furthermore,
as we are proposing a novel interpretation, no data is directly applicable to our mech-
anism. It will, however, be an illuminating exercise, conveying the importance of the

conclusions we have reached.

93



Chapter 5. The E ects of Losses in the Down Converted Field on eSFG

5.4.1 Re ective Review of the Literature

First, we should address the results of the two reports which have questioned previous
investigations into this type of phenomena. Single-photon scattering [34] and hot-
band absorption [39] have been shown to mimic the expected linear response at low
photon uxes and therefore can be confused for entangled two photon absorption.
There is nothing that we have presented which disagrees with the point made in these
reports. However, neither of these speci c mechanisms can pertain to the results we
have presented. Both of these criticisms rely on features that we do not have. In
the case of single-photon scattering [34], this is only relevant when the up conversion
process is inferred by measuring the down converted state; we, however, measure the up
converted state directly. Hot-band absorption [39] is a molecular e ect that can occur
when high energy ground state electrons can be stimulated into their excited state by
a single photon, which we have avoided by testing with sum frequency generation. Our
conclusions, on the other hand, can be applied to all experiments in entangled two
photon absorption as they rely on the nature of the eld used to drive this interaction.
We have to be careful and not speculate too much. However, several choices have
been made in previous studies that, given what we have shown here, we may wish to
question.

For instance, in both [34] and [39], they attempt to view entangled two photon
absorption (eTPA) and present reasonable schemes. However, in both cases, we can
question their ability to reconstruct the down converted state in space. In [39] (Sup-
porting Information), they tell us the FWHM of the pump eld inside of the down
conversion crystal is 30m whereas the SPDC beam width is 5% m in the sample
cuvette. This means that they probably are not imaging the down conversion state one
to one, which is the easiest way to ensure we can recombine the down converted state
and interact deterministically. We cannot be sure that they are not trying to image the
down converted state produced in the crystal at the sample partially because, unlike in
our experimental design, they are focusing the PDC pump eld into the down conver-
sion crystal. This is not required to produce the state necessary to observe eTPA. It is

usually done to increase the maximum intensity and thereby increase conversion e -
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ciency. However, in order to study the linear relationship between the number of pump
photons and the number of up converted photons, we require spontaneous emission
and higher intensities are not required. For the purpose of reconstructing the entan-
gled pairs at the sample, focusing in the down conversion crystal should not matter.
However, as in [39] they do not mention explicitly what lenses they are using to deliver
the down converted state to the sample, nor do they state whether they attempt to
keep the down converted state in its imaging plane, these do not seem to be properties
that they believe are important. A similar problem arises in [34] where they focus the
down converted state with a cylindrical lens. This will destroy many of the spatial
correlations between individual photons. It should be noted that they do measure co-
incident counts between entangled photons after this lens however, temporal coincident
counts are insu cient to determine whether a pair of photons can undergo eTPA. These
possible issues do not detract from the reported result. The mechanisms they suggest
for the linear scaling they see are still valid in the cases outlined and remain a concern
for observing eTPA. However, we might question their ability to observe eTPA and
therefore any strong conclusions about the relative magnitude of the observed e ect
versus eTPA.

Of particular interest to this discussion are the reports that study the same u-
orophore. The articles [35], [36], and [37] all study Rhodamine 6G with con icting
results. In [36], they observe eTPA with approximately 87 10 photons s 1.

They observe the linear scaling between incoming photon ux and orescent signal
by reducing the gain and measuring the uorescence directly. They go on to show
this linear relationship is due to entangled two photon absorption by also observing a
second order relationship when they reduce the incoming photon ux by attenuating
the down converted state directly. This is a robust method for showing that the linear
scaling observed is due to entanglement and not a di erent single photon scattering
process, such as hot band absorption. Studies [35] and [37] however, do not observe
eTPA in Rhodamine 6G. All of these studies use varying crystals and lasers. [37] uses a
pulsed, 110 fs laser with a central wavelength of 810 nm, frequency doubled to 405 nm,

pumping a PPKTP crystal. [35] and [36] both use continuous wavelength lasers centred
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on 532 nm pumping PPLN. The di erent crystal and beam properties will change the
state somewhat; therefore, a direct comparison between studies is di cult. However,
in [37], they fail to see any eTPA despite having approximately 12 10 photons per
second. Moreover, [35] shows a linear relationship between PDC pump power and SFG
in a second PPLN crystal but then cannot see a linear scaling with the same set-up
with eTPA in Rhodamine 6G with a maximum of approximately 5:4 10! photons s 1
available to the sample. Both are lower than the energy used in the report, where they
saw the linear scaling, and therefore, if their detectors are sensitive enough, they should
have been able to see the linear scaling. What can be going on with these studies?
We will begin an attempt at explaining these discrepancies by outlining some as-
sumptions. First, for this experiment, there is no fundamental di erence between using
a pulsed versus a continuous wave laser. The linear scaling that we try to observe
will occur in the spontaneous regime of parametric down conversion where each twin
beam state is independent of each other. Therefore, pumping with a pulse beam is
equivalent to chopping the state produced by a CW pump, which both the cases that
pump with a CW beam do in order to time gate the response (as in [35] and [36]).
Second, the choice of crystal is not essential to the process. All we really care about
is the energy-time, position-momentum entanglement present in the down converted
state, which will be there no matter the crystal. The choice of one crystal versus the
other may alter the e ciency of eTPA due to the dispersive e ect of the crystal or
the exact spectral response; however, the choice of PPKTP over PPLN should not be
the di erence between observing eTPA and not. Next, we will assume that all align-
ment is perfect. Much of the variation in reported results could be attributed to poor
alignment; we have observed considerable swings in eSFG e ciency due to slight mis-
alignment in our delivery system, which is hard to control, particularly when you do
not realise you need to. However, we would do a disservice to our colleagues to assume
this is the case. Finally, the most crucial aspect of the down converted state delivery
system (how the down converted state is transmitted from the down converted crystal
to the sample) is whether they are successful at recombining the down converted state

in time and space. This can be reduced down to a maximum of three optics, the optic
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projecting the beam into the far eld of the down converted crystal, the optic pro-
jecting the beam into the near eld of the down converted crystal or 're-imaging' the
down converted eld and, possibly, an optic focusing the pump driving into the down
conversion crystal. All other optics between the down converted crystal and sample
should not a ect re-imaging process in these studies.

So far as we can determine, none of the studies mentioned ( [35], [36], and [37])
recombine the down converted state in a one to one fashion as we do. This may not
be essential to constructive recombination; however, there are reasons to suspect that

it will be necessary. Returning to the equation derived for the rate of eSFG:

z 1 z 1
aLc(! ;L)€ tagra(l sL)e Tt =1L2 dl d! psin®[ k(! p;!)L=2] (! p;!)
0 0
n
iD(5L 95C(hL Y3Ap pitaitp L o)A (1, 15 0)as(l; 0)a(!; 0)

(0}
+ iDL %A pitas(; D&l L 0)&(1p L 0)&L(Y% 0) :
(5.16)

There are two terms which we have previously identi ed with the coherent and inco-

herent component. The second term proportional to:

a(h 0&a(tp 5 0&/(1p 1 0)&L: 0); (5.17)

we have previously said describes interactions between non entangled pairs and is pre-

cisely a measurement of the second order correlation functiorG®:
G@ (f1;t1;f2it2) = FE (F13t)E (2, t2) E (F1ita) E (#2; 1) (5.18)
The more important term is the rst:
a(lp L 0&(p 1 0)as(l; 08 0); (5.19)

this is the term that leads to linear scaling. This term refers to a process in which

the single photon produced in down conversion is essentially instantly destroyed in
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the up conversion process. In order to maximise this in the second up-conversion
crystal, we need to reconstruct the real state, i.e. images one to one. The purpose
of altering the eld is generally to increase the intensity of the PDC as classical SFG
scales with intensity. However, as stated in Section 5.3.3, we should not expect this
intensity dependence to be mirrored in the linear regime. Therefore, focusing the down
converted eld into the sample for the sake of increasing intensity is needless if we want
to study the linear relation between PDC and eSFG/eTPA. The analysis undertaken
in Chapter 2 is for eSFG explicitly however, the same terms appear when eTPA is
considered explicitly [21,47{49, 69] with the same interpretations.

In [36], they observe the quantum e ect but do not make any e ort to match the
state produced at the down converted crystal in the sample. They project the PDC
into the far eld with a 100 mm spherical lens and then focus with a 3 mm aspheric
lens. This may be bene cial even without the one to one imaging as aspheric lenses
are designed to correct for spherical aberrations and allow for smaller focal point.
Therefore, they may bring all the photons they produce close enough in proximity to
allow for linear scaling. They can do this because they only have, or are very close to
only having, a single spatial mode and well below one photon per mode. Therefore, this
study does not run the risk of overlapping modes and permitting the classical process
to overwhelm the quantum. There are two other key choices made that may a ect
this observation. First, they have a smaller bandwidth when compared with the other
two studies. A smaller bandwidth means the down converted state is emitted more
symmetrically about the pump. Therefore, it is harder to meaningfully change the
path length between the entangled photons when using such a simple design as in [36].
They also do not focus their pump into the down converted crystal but rather pump
with a collimated beam. | cannot understand why this would alter the e ect, however,
the other two studies discussed here focus.

Provided we do not utterly destroy the spatial-temporal entanglement in our down
converted state, we should always be able to see some remnant of the linear term. This
is, | believe, the explanation for the result presented in [35] where they do not see the

linear term from two photons absorption but do see it in sum frequency generation.
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Entangled sum frequency generation is somewhat biased towards interactions between
the entangled pairs due to the phase matching constraints placed on this process, par-
ticularly when the same crystal is used for up and down conversion. We cannot be sure
that they are not imaging one to one as they do not state they are not or mention the
lenses used. They do, however, mention that "If focusing into the molecular sample is
insu ciently tight ... there is a chance that the two photons within a pair will have
poor spatial overlap', which implies they believe that the PDC beam waist is a property
they can change after the down converted process. Therefore, they probably are not
imaging one to one. | do not believe that the prism compressor they use for dispersion
compensation contributes to spatial misalignment. A prism compressor can destroy
the spatial properties of the beam used in it. However, they appear to deal with this
appropriately by keeping all beams parallel. Therefore, we would expect aberrations to
be at a minimum. It is reported in the thesis of Landes that this set up did eventually
produce the expected linear response and curved towards a second-order term as they
transitioned from below the single photon per mode to greater than one. Hence, this
design cannot be too far from a working solution. | believe the primary problem will be
the focusing and delivery of the down converted state into the sample. As they could
observe a linear relationship in SFG, they cannot have eradicated the entanglement.
Interestingly, they do mention and quantify the losses in a coincidence set up. When
doing so, they even mention the necessity for a good spatial overlap. However, this
method for determining losses can only quantify the temporal losses, so whilst | agree
with their reasoning for attempting to quantify the losses, | do not believe this to be
su cient for quantifying the relevant losses inherent in this experiment.

The nal study into eTPA of Rhodamine 6G we want to discuss [37] does not have
any results showing a linear scaling between PDC and eSFG. This is a study of several
common uorophores, and in none is the linear term seen. Again, they do not image
one to one; instead, they focus the pump and then collimate and refocus the PDC with
a 200 mm and 50 mm lens, respectively. They quantify the losses by measuring the
reduction of power from the up conversion crystal to the sample at 24 %. As mentioned

in [35], this is not su cient to quantify the relevant losses for entangled two photon
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interactions. The losses they have are likely more extensive than this as they are not
recombining the entangled state. One possible issue they face is that the PDC pump
they use is centred on 405 nm. Therefore, the down converted state is centered at 810
nm. Classically, the two photon cross-section is relatively low around this wavelength.
Hence, we would expect any eTPA to also be reduced relative to eTPA from a source
centred on 1064 nm, as the other studies use.

All three studies have some potential issues, but the overarching issue is that none
of them appropriately quanti es the losses in their converted state. However, this is
mainly due to not having a mechanism that could describe this quantity appropriately.

It is clear that without this, comparisons between these studies are nearly impossible

despite the same, well established uorophore used.

5.5 Conclusion

In this Chapter, we have shown the typical, expected linear relationship between the
PDC energy and up conversion ux in eSFG. We have gone on to develop a model
for the e ects of losses in the down converted eld as we transition into the high gain
of parametric down conversion and shown that this has a good agreement with the
experimental result. The characteristic outcome of this analysis suggested that a less
entangled state/ more lossy state would stimulate more response at high photon uxes.
We went on to show this two times over and further developed the idea, factoring in the
changing beam property. This result begins to place a limit on the achievable e ciency
available to us from using entangled sources over a classical two photon process based
on experimental design; we can start to understand what would make a good design
versus a bad one. It also may help explain the varying reports in literature as we have
previously failed to consider this aspect of the down converted state. We also implied a
method to potentially quantify the losses. We may be able to determine independently
the linear coe cient for a known crystal through a relationship such as 5.8 or by tting
the full Equation slightly above a single photon per mode. We can then use this to
measure the e ective losses in our down converted eld by observing the linear regime

and comparing the measured coe cient to the expected one. In attempting to observe
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this phenomenon, there are a multitude of variables to consider. We have identi ed
one of them, what we have termed the spatial-temporal losses. However, the phase
matching of the down converted state will also a ect the e ciency of up conversion

in a way that these losses will not factor in. There are still challenges to be overcome
with respect to comparative studies of this phenomenon. However, the introduction of
spatial-temporal losses to this problem is a helpful starting point.

One nal comment on the results presented in this chapter. While 1 am con dent
that the linear coe cient should depend linearly on the spatial-temporal losses and
there should be a relationship between the linear and second order coe cient which
depends on the spatial-temporal losses; | am not convinced that the crossing points
observed (Sections 5.1.2, 5.3.1 and 5.3.2) are fundamental. Instead, | believe these
are a consequence of the changing near eld size and duration with gain and therefore
a decoupling of the down converted near eld intensity from down converted energy.
When these studies were undertaken, we did not appreciate the magnitude of this e ect.

This will be addressed in the following chapter.
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Chapter 6

eSFC Classical Comparison

It is appropriate to consider the correct comparison between classical and entangled
sum frequency generation. We cannot show that driving sum frequency generation with
a down converted eld stimulates more up conversion than when driven by a classical
eld by adding losses in the entangled eld, as previous studies have done, to show the
guantum nature of the interactions. This is because the entangled state, even when
spoiled by random losses, contains quantum correlations. However, the appropriate
classical state to compare to is not apparent. In this chapter, we will consider this

problem and present an investigation to place limits on the magnitude of any advan-

tage. We will see that we can expect a slight improvement from the use of entangled
photons in the stimulated regime of parametric down-conversion. However, this is lost
at energies that are reasonable to drive sum frequency generation or two photon ab-
sorption experiments. | worked with a lab partner to mount these experiments, and |

undertook the analysis of the results presented here myself.

6.1 Introduction

When considering which classical state we should compare with, there are several prob-
lems relating to the physical properties of the down converted state to consider. Specif-
ically, we have a very broad spectrum and the pulse duration and near eld size both

change with the gain of the PDC. The simplest way of producing a 'classical’ state (a
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state without the quantum properties) while preserving all other properties of the PDC
would be to destroy the entanglement in our down converted state. The PDC photons
are emitted symmetrically about the pump beam propagation direction. Therefore, by
removing photons symmetrically or asymmetrically in the PDC far eld, we can preserve
or destroy the entanglement whilst conserving the near eld distribution. However, this
in no way represents the eld that is usually used to drive sum frequency generation. If
we want to make a comparison with the classical eld that is used in, for example, u-
orescent microscopes, that would be the coherent laser eld. The rate of classical sum
frequency generation scales proportional to the intensity of the pump eld. Therefore,
the quantities we need to match are the energy per pulse, pulse duration and beam
size. In parametric down-conversion, these properties are set by the gain of the PDC,
and we will need to manually alter the beam size, pulse duration and energy of our
coherent eld simultaneously.

When we consider a comparison with a classical eld, particularly in the high gain of
PDC, we do not need to limit ourselves to the coherent contribution which recombines
to form the pump. It remains the case that the only truly quantum interactions occur
in this component. However, if this state is used to drive an imaging system, the
whole up converted eld would be selected as there is no advantage to only observing
the coherent contribution. Whilst the additional contribution can only be classical in
nature, it will not be a coherent state. Spontaneous Parametric Down Conversion is
seeded from the background uctuations, and therefore, its statistics are thermal. The

rate of eSFG is proportional to two terms

a(lp 1 0A(p, 1 0)as(l 0)al; 0); (6.1)
which describes entangled pairs interacting and

as(l; 04ty 1 0)&/(1, 1 0)ayl; 0); (6.2)

which describes interactions between non entangled pairs. The second term is a mea-
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surement of the classical second order correlation functiog® :

hEY(#1; t1) EY(+2; t2) E(+1; t1) E(+2; t2)i |
hiE (f1; t1)j2Ihj E (f2; t2)j2i

0@ (£1;t1; F2;t0) = (6.3)

This is essentially a measurement of how likely it is that two photons arrive at a speci ¢
position and time. For an ideal coherent state, this will always be 1. For a single mode
thermal state, however, this will peak att; = t, and +1 = + at a value of 2. Therefore,
there is the possibility that pumping sum frequency generation with a thermal state
may lead to a doubling of its e ciency [70{72]. Moreover, for entangled sum frequency
generation, the rst term described by Equation 6.1 remains. This contains a term
that is also proportional to the square of the intensity. Therefore, one may conclude
that pumping SFG in the high gain of parametric down conversion would, at worst,
reach an equilibrium of three times the e ciency of a similarly intense classical coherent
eld [72]. When we compare eSFG to classical SFG directly, the result we see is not
this clean cut. The remainder of this chapter will detail how the measurement was
taken.

One last point of confusion we should address is that of terminology. We have
been referring to the component of eSFG that contains the linear term as the coherent
contribution, so named as it reconstructs the original PDC pump which is a coherent
eld. However, now we pump the SFG with a coherent eld directly. To avoid this
conict, we will refer to the coherent pump as a classical eld. This chapter will
be formulated as such. The following section will use the entangled data shown in the
previous chapter (with the 70 nm band pass Iter in place) and compare this to classical
SFG. It will, therefore, be a comparison between the coherent eSFG and the classical
SFG. We will use this to place a limit on any entangled advantage we might expect to
see from the down converted state. We will then consider the entire up converted eld
and show how the scaling in the high gain compares to a classical state. Finally, we will
consider the e ects that changing the length of the SFG crystal has on up conversion
e ciency. This is a preliminary result, but the ideas it stimulates may be helpful when

considering applications of this phenomenon.
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6.2 Coherent eSFG Vs Classical SFG

The entangled data for this section was taken from Section 5.1 where the PDC is ltered
with a 70 nm bandpass lter in the far eld. This is done in an attempt to ensure the
measured PDC can undergo entangled interactions in the up conversion process. We
require the ability to change the duration of classical pulses and their beam size in
accordance with their energy. This can be done with a pulse compressor used to chirp
the eld and a zoom beam expander. We will go into this in more detail in Section
6.2.2. First, we will detail an alternative method to determine the near eld size and

pulse duration at varying PDC powers.

6.2.1 Near eld size and power

Throughout the previous Chapters of this thesis, we have used a model to t the
near eld size versus PDC power data. When the measurement presented here was
taken, we did not have this model. Therefore, a di erent technique was used, providing
an alternative way to look at the problem similar to the formulation in Section 3.4.1

without taking the high gain limit. We relax the plane wave approximation in:
By = necinm? P B
Npoc ( ;P)= nosinh®( " Ppump); (6.4)

and substitute in a Gaussian pump eld for one spatial dimension,Ppymp = Ppump (X):

2

5 (6.5)

Ppump (x) = Poexp

By doing this, we get an Equation which can describe the down converted state distri-
bution with only one true unknown, :

X2

p__
Nppc (X) = Ngsinh? Poexp .= (6.6)

As we have seen previously in Section 3.4.1, in the high gain, this relaxes to a Gaus-
. . . P—p— . .
sian with a variance of = Po. However, across the entire range of gain, we can

approximate the result as a Gaussian. We can use the following procedure to nd the
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Figure 6.1: PDC near eld size versus PDC energy modelled with
the procedure described in main text. Presented in both linear and
logarithmic scales.

value of and thereby infer how the beam size and duration change with increased

pump power:

1. Select a choice for . We can also make selections for the beam size, and PDC
coe cient, ng. However, both of these parameters can be separately determined

and, therefore, need not necessarily be tting parameters.

2. In our case, we measured the PDC power and therefore require a conversion

between the PDC power and pump power given by:

0 p 1
asinh Nppc =Ng
Po= @ A

Where nppc is proportional to the measured PDC power. If we measured the

pump power directly, we could ignore this step.

3. We then substitute these values into Equation 6.6, de ne a spatial dimension
larger than the size of the pump eld, x >> . Calculated the value of nppc (X)
along this dimension and t the resultant to a Gaussian, reading o the expected

variance.
4. These expected variances can be compared to the measured beam sizes and
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consequentially varied in order to better model the data and the procedure re-

peated.

This can be computationally expensive and slow; however, it is an e ective method
as shown in Figure 6.1. Once the parameter is determined, we can determine the
PDC pulse duration at varying power levels as well by simply replacing the spatial

variance with the temporal one.

6.2.2 Changing the beam properties

We have an idea of how to model the beam properties with changing gain. Now, we
need to be able to control a classical pump beam in order to mimic these properties.
The main problem we face is that the down converted eld is centred around 1030
nm and has a shorter duration than the eld used to drive it, which is the second
harmonic of the fundamental laser and has a duration of approximately 173 fs. The
only classical eld we have emitting at 1030 nm is this laser fundamental, which is
naturally a longer pulse than its second harmonic. This eld is also transform limited
and, therefore, cannot be further compressed below its duration of 245 fs. The solution
to this problem is to place the fundamental eld into an optical parametric ampli er
(OPA) and convert this eld to 2060 nm. We can then up convert the eld in a BBO
crystal to once again be centered on 1030 nm. Both the down conversion in the OPA
and up conversion result in shortening the pulse. In our case, the transform limited
pulse should have a duration of about 50 fs determined by measuring the spectral
bandwidth of the nal eld which had a full width half maximum of approximately
30 nm. However, we could not achieve this with our external pulse compressor and
measuring the pulse duration with an autocorrelator. We instead achieved a minimum
pulse duration of 60 fs, which is shorter than the required shortest pulse duration of
around 80 fs and, as such, will su ce.

Figure 6.2 shows the experimental design. Note the ip mirrors at the exit port of
the laser and just before the nal SFG crystal. The lower path is the typical entangled
design used previously. The upper path shows the components used to control the

classical beam. The pulse is shortened as described above and then passes through
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Figure 6.2: Experimental design. The lower path is the usual PDC production and
eSFG set up, the upper path shows the beam manipulation to match the PDC prop-
erties. First is a pulse compressor for pulse duration control composed of two prisms
and a at metallic mirror. After this, the energy is controlled with a simple half wave
plate and polariser and the beam size is controlled with a zoom beam expander. With
these three elements, we can completely control the intensity of the classical pump.

a pulse compressor comprising of two UVSF prisms (Eksma 320-1218) and a folding
mirror close to at to re ect the beam through the two prisms. The dispersion in the
prism leads to varying angles of refraction for the spectral components of the beam.
They, therefore, propagate at varying angles between the two prisms and are brought
back parallel by the second prism. By adjusting the prism's distances and positions,
we can cause the shorter or longer wavelengths of the pulse to arrive at di erent times,
thereby controlling the pulse duration [73]. The resultant beam is said to be chirped; we
use this to achieve the required pulse duration as measured by an Autocorrelator (A.P.E
Mini TPA/PE). The pulse durations were measured just before the beam entered the
crystal to account for the dispersion added by the other optics.

After the pulse duration control, we have some spatial ltering comprised of a

50 mm aspheric lens (Thorlabs AL5040M-B), 100 micrometre pinhole and a 50 mm
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plano-convex lens (Thorlabs LA1213-B) to ensure the beam pro le remained Gaussian.
Finally, the size of the collimated pump is controlled with a zoom beam expander
(Thorlabs ZEB11). These comprise a minimum of three lenses with which we can
control the beam size by varying the distance between the lenses. We then measured
the beam size at the crystal position using a beam pro ling camera (Gentec beamage

3.0).

6.2.3 Measurement

We want to make as close a comparison as possible to the entangled state and, therefore,
need to vary the beam size and pulse duration for each power. We have, however, limited
precision in the beam size and pulse duration we can achieve. Therefore, we selected
a pulse duration and attempted to match it to the corresponding beam size. Then,
we alter the energy of the pump in order to closely match the expected PDC energy
for which the near eld would have these properties. Instead of taking a single point,
however, we took a scan around this value to ensure the expected second order relation
and to determine the second order coe cient at this beam size and pulse duration. We
repeated this for several values of power, beam size and pulse duration.

Because this is the rst comparison where we consider the changing properties of
the PDC near eld properties, we wanted to make as direct of a comparison as possible
and therefore have undertaken this procedure above. However, as we are investigating
classical SHG we already know how the rate of up conversion changes with the pulse
duration and beam size as:

int

IsHe = int |§umpo) Esne = PmEsump3 (6.7)

We therefore only need to take one measurement of the beam size and pulse duration,
and we can use this to describe the up-converted power completely for all beam sizes
and pulse durations.

The entangled sum frequency generation data used in this section is a combination

of the data presented in Section 5.1 with no losses and a 70 nm bandpass in the PDC
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Figure 6.3: Classical SFG vs coherent eSFG. The eSFG is plotted in blue with a t of
the form x + x 2. The green data points are the classical matching power, beam size
and, duration. The red line is a projection using the expected values of beam size and
pulse duration at a given power as in Equation 6.7.

far eld. This consists of the data we have the most con dence in containing a strong
guantum component however, as detailed in Chapter 5, we are fairly certain this is not

optimised rather the best state that we could produce.

6.2.4 Result

The data is presented in Figure 6.3. Each green data point consists of a minimum
of three scans taken around those pulse energies and with the properties of the near
eld PDC at that energy. The red curve is not tted rather an average of the second
order intensity coe cient for the classical eld. This was determined by averaging the
intensity coe cient (from Equation 6.7 this will be the intensity of the up converted

eld divided by the intensity of the pump eld squared) found at each data point. | then

estimated the expected up converted energy along the entire range of pump energies
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using the changing beam size data presented in Figure 6.1 to calibrate the intensity at
each energy. The blue entangled data is plotted with the t found for the nal no loss
case to help understand the behaviour.

We can see that the coherent contribution for the entangled SFG becomes less
e cient than the same intensity classical eld, which occurs at approximately four
photons per mode. Below this, the entangled case remains superior. This is the rst
evidence, to our knowledge, that displays a direct advantage in the stimulated regime
of parametric down conversion in driving multi photon processes with down converted
light when compared directly to a coherent eld. It does however, place a limit on that
advantage. Recently, there has been some suggestion that due to the persistent linear
term, the entangled case should remain superior to the classical for all energies. We
have already shown that if the down converted state has any losses, this may not be
the case. The evidence here suggests that pumping SFG with a coherent state will also
become more e cient than with a down converted state. However, we must remember
that we are post selecting for the coherent contribution only in this data as to limit our
consideration to just the quantum interaction. In the following section, we shall relax

this and consider the entire up converted eld.

6.3 Full eSFG Vs Classical SFG

We can consider the entire up converted eSFG by opening the iris in its far eld (shown
in Figure 6.2). Once done, we need to be careful to preserve both components. The
coherent and incoherent components are emitted with di erent geometries. The inco-
herent component is emitted as a cone, and the coherent is a collimated beam. We,
therefore, need to place a series of telescopes as if we just collimated the incoherent
component, we lose the coherent, and if we just take the collimated coherent, we lose
the incoherent. We placed a series of telescopes to ensure we maintain the near eld
of the eSFG and can image the SFG crystal at the position of the PMT detector with
both of these components intact. When doing this, it is hard to keep the incoherent
contribution as this component is very di use in the far eld and cannot be seen di-

rectly. We believe that we may have losses in this component, possibly as much as
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Figure 6.4: The near eld size of the down converted state changing with PDC energy
tted with Equation 3.17. This data is the same as presented in Section 3.4.2.

50%, for this reason; however, we have not devised a way to measure these. If there are
losses, these can, at worst, be systematic losses and, therefore, would be represented
by a constant o set in the nal data.

This comparison took place several months after our previous data was collected.
When returning to this problem, the gain of our down converted state appeared to have
changed. At the same pump energy, we got a lower PDC energy, but it appeared the
number of modes had not changed. Believing this change was most probably due to a
variance in our crystal due to damage or moisture infusion in the crystal, we retook the
beam size versus PDC energy data (Figure 6.4) and used this to set the pulse duration
and beam size of the classical eld. Because of this change, | need to emphasise that
the data presented in this section is not directly comparable to that in the previous
sections, but the new comparison of eSFG (coherent plus incoherent) versus classical
SFG is by itself valid.

The method for recording the eSFG is the same as before. We changed the PDC
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Figure 6.5. Classical vs all eSFG. The eSFG is plotted in blue. The red line is a
projection using the expected values of beam size and pulse duration at a given power
as in Equation 6.7.

pump power to reduce the PDC pump energy and measured the PDC power at the
up conversion crystal, recording the eSFG response with a PMT. There is a 70 nm
bandpass lter in the far eld of the PDC, as with the previous data, and an 850 long

pass Iter to remove the scattering pump. For the classical data, we used the new
calibration curves and projected the previous classical data using Equation 6.7 as there
appeared to be no change in the up conversion crystal. The results are shown in Figure
6.5. We investigated higher pulse energies with this data. Therefore, we can more
easily see the bending of the eSFG due to the linear contribution and the curve of the

classical SFG due to the changing beam properties.

6.3.1 Full Vs Coherent Comparison

Figures 6.3 and 6.5 tell a very similar story. Below a certain point, the entangled case

generates more SFG. By allowing the incoherent contribution to be measured, we have
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increased the PDC energy, where we can claim more e cient up conversion from about
four photons per mode to around six, which means a 50% increase in energy over which
we see an improvement.

We should be careful about drawing too strong of a conclusion from this data.
As previously stated, | am unsure about the amount of losses we have in the eSFG
state. We have also not characterised the losses in our down converted state, and
therefore, it may be possible to produce a state which could stimulate more eSFG.
However, it appears that even with the incoherent component present, the entangled
case becomes less e cient than the classical one. We can say that at the very worst,
below approximately 6 photons per mode, using the state produced by parametric down
conversion will stimulate more sum frequency generation than a classical coherent eld.
Thisis a 6 times increase in the range of energies where we see an advantage from
what is conventionally understood in literature, where the limit is placed at one photon
per mode.

| have tried to emphasise that this is the rst direct comparison between eSFG
pumped with the state produced by parametric down conversion and a coherent eld.
Whilst, as far as | am aware, this is true, there are two studies | need to draw attention
to that attempt something similar. The rst is the article by Spasibko et al. [72]
in which they make a comparison between a coherent source and the down converted
state in the form of the bright squeezed vacuum (BSV), in the nomenclature that | have
been using throughout, this is the high gain down converted state. However, instead of
directly pumping with a coherent laser eld, they create a 'pseudocoherent' source by
post selecting the pulses of the BSV. To quote from the article, "We register only pulses
in which the number of photons in the BSV lies within certain boundaries. This way,
we restrict the BSV uctuations and mimic the generation of optical harmonics from
coherent light' [72]. The light that they post select for has a second order correlation
value of g@ =1:010 0:002 ( [72] supplementary materials), which is approximately
that of a coherent eld, and they have shown that the full BSV is more e cient at
stimulating SHG then their pseudocoherent source by a factor of two. We have instead

made a direct comparison to a true coherent eld, the type that are currently used for
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two photon processes.

The second report is from Tian et al. [74], where they compare classical two photon
absorption driven by a coherent laser to two photon absorption driven by the state
produced by four wave mixing. Four wave mixing also produces an entangled state
with spatial-momentum, energy-time entanglement between pairs of photons. They
say the reason they chose to use this process instead of PDC is because they can reach
higher uxes of entangled pairs of photons. In this report, they see a far higher ux
when the entangled source drives TPA when compared to the classical source for two
di erent uorophores, Fluorescein and a DCM laser dye. | do not understand all of the
details of this report. However, | have a reason to doubt this result. From what we
have shown and my understanding of the process, the linear response between entangled
energy and rate of absorption is fundamentally a property of the entangled state. If
the state is below one photon per mode, there should be a dominant linear term; when
above one photon per mode, there should always be a second-order term present. They
observe a strong linear term when they pump Fluorescein with their entangled source
at power levels of> 1mw. However, when they attempt to pump their DCM dye,
they observe a linear and second-order relation at a lower pump power of 100 W. |
believe this implies that at 100 W, they are operating above one photon per mode;
however, they see no second order term when they pump uorescin at a higher power
and, therefore, with even more photons per mode. They explain this di erence by
saying the classical two photon cross section of the DCM dye is larger than uorescin,
which is correct [75]. However, it is not the case that the entangled cross section is
independent of this variable [24]. Therefore, we should be suspicious of the change from
a dominant linear relation to a far weaker linear and a new second order relation with a
reduction of power, even with a change of uorophore without additional explanations.

Ultimately, the studies presented in this section remain the rst investigation com-
paring the e ciency of entangled sum frequency generation to classical sum frequency
generation induced by a true coherent eld in the high gain of parametric down con-

version.
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6.4 Changing the SFG crystal length

The nal investigation | will present regarding the di erences between classical and
entangled sum frequency generation is into how the crystal length of the up conversion
crystal changes the e ciency of SFG. For the classical sum frequency generation, the

rate of SFG depends on the crystal lengthL, according to the equation:

RSES ) L2 (6.8)

We can infer how we expect entangled sum frequency generation to scale with the
crystal length. In an ideal world, we recombine all of the entangled photons. Each
entangled pair has a nite but de nite chance of up converting. Therefore, by reducing
the crystal length, all we do is prevent the photons produced in the corresponding
section of the down conversion crystal from up converting. Because of this, in the low
gain, if the up conversion crystal is shorter than the down conversion crystal, we should
expect a linear relationship between eSFG e ciency and crystal length. This already
suggests a further enhancement when compared with the classical case, which is easy,
in principle, to test. We just do the same experiment with a shorter crystal in the nal
SFG position.

The result of using a shorter up conversion crystal is shown in Figure 6.6. The left
hand (Figure 6.6a) displays two scans, both with the 2 mm long BBO down conversion
crystal we have used throughout. The upper diagram data was collected with a 2 mm
up conversion crystal as we have used throughout this work; the lower was collected
with a shorter 1.5 mm up conversion crystal. Both of these sets of data were taken over
the same range of PDC energy to facilitate comparison. The classical comparison has
been adjusted according to Equation 6.8 and is shown as a red line in the plots.

The most apparent takeaway is that it appears having a shorter up conversion crys-
tal allows for the entangled sum frequency generation to stimulate more up conversion
than the classical SFG over a larger range of energies. We expected this because the lin-
ear term should scale linearly with crystal length. However, that isn't quite happening,

which is tricky to see without a more complete model.
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