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Abstract

The goal of this thesis is to investigate the viability of reflection-based biphoton Hong-Ou-Mandel In-
terferometry (HOMI) for measuring a sub-nanometer step size. We attempt to push this technology
forward by designing for larger separation than has been done before in the literature, resulting in
higher possible precision.

This is a Fisher-information-based estimation method. We show that the Quantum Cramér-Rao (QCR)
bound can be saturated with our proposed measurement. We propose a mostly common-path inter-
ferometer design, where the two optical paths are distinct in polarization instead of spatial mode. This
reduces the risk of creating accidental which-path information.

For the production of the photon superposition, we propose a novel biphoton source design specialized
for large detuning between the two downconverted wavelengths, similar to the more common beam-
displacer entangled photon sources. The proposed photon source can be designed for type-0 and
type-1l SPDC.

We suggest a detection system based on a combination of visible and NIR single-photon detectors to
handle larger detunings than is possible with a single type of detector. The best combination of detectors
and type of SPDC was Si-SPAD (visible) and SNSPD (NIR) with weak downconversion focusing (¢ < 1).
This experiment has an expected measurement time of 7.4 seconds for 0.1 nm precision. We conclude
that biphoton HOMI is indeed feasible for high-precision metrology.
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Symbols

Symbol Definition Unit

c Speed of light in vacuum. [m/s]

Dy; Total group velocity dispersion. [s%/m]

F Fidelity. Similarity between a quantum state and a —
target state.

F. F, Fisher Information of the delay and step size. [s72], [m~?]

L Length of the nonlinear crystal. [m]

N Number of measurement events. -

Py, P, P, Probability of 0, 1 or 2 detectors clicking in case ofa —
downconversion event

Pg, Pp HOMI event outcome probabities -

Q Quantum Fisher Information. -

Ry Dark count rate of the detector. [s1

Rg; Downconverted photon pair rate (brightness). [s1

tew Coincidence timing window. [s]

tm Total measurement time. [s]

Ug; Group velocity mismatch (GVM). [s/m]

iy Beam waist of the photon ;. [m]

Z, Zstep Step depth of reflective surface. [m]

2, Zstep Estimated depth of reflective surface. [m]

o Experimental visibility. -

5 Photon loss probability (subscripts s,i for signal/i- —
dler).

A Separation in angular frequency between signaland  [rad/s]
idler.

oT Uncertainty/precision of the time delay. [s]

n Heralding ratio. -

K, Kstep Speed of measurement. [m—2s71]

Ap.si Wavelength (pump, signal, idler). [m]

v Variation in angular frequency around the central fre- [rad/s]
quency.

& Crystal focusing parameter for photon j. -

o Spectral standard deviation in angular frequency. [rad/s]

T Relative temporal delay between paths. [s]

T Maximum likelihood estimator of the delay. [s]

1) Phase between two creation processes / quantum [rad]
states.

Wp,s,i Angular frequency (pump, signal, idler). [rad/s]




Introduction

The HOM effect is a quantum effect where two indistinguishable photons entering opposite inputs of
a beam splitter will always leave the beam splitter at the same output. This is also called photon
bunching. The situation where the two photons exit the beam splitter at opposite outputs is generally
called a coincidence event, which the HOM effect cancels out.

This effect was first experimentally verified in 1987 [1] by counting the number of coincidences while
delaying one incoming photon. The result from this experiment is a dip in coincidences. The HOM
effect has been used for new kinds of measurement only in the past 10 years [2, 3, 4].

Leveraging this effect is an interesting direction for high precision optical measurements, as it is known
that reaching sub-wavelength precision is quite challenging. In general, the path to achieve high pre-
cision is to shorten the wavelength or use high intensities. However, both of these options can be
invasive to fragile samples. The experiment we discuss in this thesis is HOM interferometry (HOMI). In
HOMI, the illumination is in the visible or near-infrared (NIR) regime and the intensity is measured in
photon counts per second, meaning that damaging the sample is not an issue.

This measurement technique has been improved further by the implementation of a Maximum Like-
lihood Estimator (MLE) based on the gathered Fisher Information [5]. The precision of conventional
HOMII using this approach is determined by the linewidth of the light used.

A similar measurement with a twist has been demonstrated by Chen [6]. The twist being that the
interacting photons are then prepared in a superposition of wavelengths, Both photons have distinct
wavelengths however it is unknown which photon has which wavelength. Such an experiment is called
biphoton HOMI. The precision of biphoton HOMI is largely determined by the separation of the two
superposed wavelengths instead of the photon bandwidth, allowing for the use of narrow band photons.

Chen build a transmission based interferometer, where they demonstrate they could detect delays
introduced by temperature drifts in optical fibers.

The goal of this thesis is to propose a similar optical setup, except our goal is to measure the depth
of a reflective surface instead of a transmission-based delay. Additionally, we investigate whether it is
realistic to obtain very large wavelength separation between the 2 interacting photons, making for more
precise measurements.

This reflection-based measurement is interesting because it is more widely applicable compared to
transmission-based setups. The goal will be to reach a precision of 0.1 nm.

Reflection measurements are, in general, more of a challenge due to the higher number of components
used. This results in more difficulties in the implementation and alignment of the experiment. Another
problem is that non-unity reflection of the sample introduces extra loss compared to transmission-based
equivalent setups.



In this thesis, we will suggest a novel method for high-precision measurements, by addressing three
main points.

First, we will discuss the theory behind HOMI and adaptations made for large non-degeneracy HOMI.
After that, a thorough analysis of the experimental visibility due to superposition overlap is presented.
We will finish this part by discussing the theory of producing this non-degenerate superposition.

Secondly, after analyzing several known designs found in the literature, we propose a possible design of
the HOM interferometer, including a custom large non-degeneracy biphoton source. We also propose
a detection system which allows for both visible and infrared wavelengths, allowing for a larger non-
degeneracy.

Finally, we simulate a measurement based on our design and determine optimal operational parame-
ters, which are dependent on the assumed components.



Theory

In this chapter, we discuss the theoretical framework behind nondegenerate biphoton HOMI. After that,
we will discuss Spontaneous Parametric Down-Conversion (SPDC), which is the physical principle
behind our biphoton creation.

2.1. HOM interferomtery

The HOM effect is a quantum effect in which two indistinguishable photons entering opposite inputs of
a beam splitter will always leave the beam splitter through the same output. This is also called photon
bunching. The situation in which the two photons exit the beam splitter through opposite outputs is
generally referred to as a coincidence measurement, which the standard HOM effect suppresses.

2.1.1. Biphoton HOM interferometry

In this thesis, we will discuss the HOM interference pattern for input photons in a frequency super-
position. Here, we refer to photons with different frequencies as the signal and idler photons, with
wavelengths \; and \;, respectively. From now on, we also assume A\, < \; by convention. This con-
vention originates from the field of quantum optics; for readability, we maintain it throughout the thesis.
The superposition can be described by equation 2.1, where ¢ is the phase between the two states and
the subscripts denote the path in which the photon exists. Note that this state is entangled, as it cannot
be written as a product of the two independent photon states.

@) = |As)1 A2 + €2 Ai)1]As)2 2.1)

Later in the thesis, we will describe how we create this state. For now, we state that there are two
creation processes, A and B. In creation process A (B), a signal (idler) photon is created in path 1 and
an idler (signal) photon is created in path 2. We can experimentally introduce a phase between the two
creation processes, meaning we can define the state |®) = |A) + ¢?| B).

It has been shown that the probability of a coincidence event is given by equation 2.2 [7, 8].

1 1
Po = 5 — 5 cos (AT + ¢)e 2T’ (2.2)
Where A is defined in angular frequency as A = =%, ¢ is the RMS standard deviation of the
spectrum, which in this instance is assumed to be normally distributed. It is common to use an odd
state where we experimentally choose ¢ = «. This results in the slightly shorter form

1 1
Po = B + 5 cos (AT)@‘Q(‘”)Z (2.3)
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As the only 2 possible outcomes are a bunched measurement or a coincidence measurement, we can
also define the probability for a bunched event

Pgp=1-Pc = cos (Ar)e_Q(‘”)z (2.4)

| =
[NCRI

From these equations we can gain the following insights:

» The width of the envelope is defined by the spectral width of the photons
» The photons anti bunch at identical arrival time (r = 0)
» The oscillation is determined by the separation in angular frequency A between the 2 photons

These probabilities are idealized, which unfortunately does not perfectly describe how real measure-
ments function. Next, we will introduce three other parameters to take into account more realistic
conditions, namely photon loss and experimental visibility.

2.1.2. Accounting for photon loss

Even when both states are perfectly identical, we can still get different outcomes of the experiment.
This is due to photon loss in different components. For example, detectors are known to have a low
efficiency (SPAD 40%, SNSPD 95%). For example, if we have a coincidence event and we lose one of
the photons, we only see one detector clicking. Because of this, we need to introduce ~, the probability
a photon does not get measured. Now that we have calculated what the probability for a bunched
measurement is, and for a coincidence measurement, we can calculate the chances of 0, 1 and 2 of
our detectors clicking in the event of down-conversion. [9, 6]

o) " 7’ Pe(7)
P(r) | = 2y(1 - ) 1—~2 |- (7). (2.5)
( Py(r) ) ( 1- 2](1 _J) g o ) (Pb(T)>

Solving these equations we get:

Py(1) = %(1 —7)? |1+ acos(AT)e*z“zT2
Pi(r) = 3(1—7)* [§2 - aCOS(AT)e*%ZTq (2.6)
Po(7) =2,

These equations are already well known in the industry. However, in our case, we are interested in a
larger detuning A between our signal and idler photons. This can result in our detectors or components
having different photon losses for the signal and idler photons. That is why we now introduce ~, and
~;, which are the photon losses for the signal and idler photons. We can now do a similar calculation
as above by redefining the loss matrix. This results in

Bo(7) VsYi VsYi P.(7)
Pi(r) | = Vs (1= 7i) +7i(1 = 7s) 1 — 77y <P (T)) (2.7)
Py(7) 1= [yl = [ (1 = 72) + (1 = )] 0 k
which simplifies to
Po(T) VsYi VsYi P(r
Pi(r) | =1 vs+%—2v% 1—7%% (PCET;). (2.8)
Py(7) (=71 =) 0 ’
and once again, solving this matrix multiplication results in
Py(r) = 5(1 = 9)(1 = %) [1 + acos(Ar)e 27|
Pi(r) = $(1 = 7)(1 =) | S350 — acos(Ar)e 27| (2.9)

Po(T) = s
These equations form the basis of this thesis.
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2.1.3. Determining the HOM visibility

During the measurement, our photon states can degrade, resulting in both inputs of the HOM beam
splitter having different states. This results in a loss of experimental visibility, represented by the pa-
rameter . The assumption made is that when the states are not equal, a coincidence and a bunched
event have equal probability again.

Most sources state that the strength of the HOM effect is determined by the indistinguishability between
the two incoming photons:
a= (P | D) | (2.10)

where |, /,) is the state of the photon in input arm 1/2 of the HOM beam splitter. However, this leaves
some room for interpretation in how we can estimate the visibility given two states. In general, we have
two photon creation processes, A and B. Process A sends the signal to path 1 and the idler to path 2.
Process B does it the other way around. We can then rewrite |®;,,) using equation 2.1:

|4) +¢*|B)
V2

We will look at this process from the perspective of the photon creation events A and B, instead of the
perspective of arriving photons at the beam splitter.

|Pin) = (2.11)

As you can see, we cannot easily compare both photon sources when comparing the input states at
path 1 and 2. A thorough derivation of the biphoton HOM effect from two different creation processes
has not been found in the literature. Our goal is not to derive the overall interaction, but to define the
effects of small differences in both processes A and B.

Next, we need to introduce the parameters by which the photons from the two processes can be distin-
guished. One example of distinguishable photons is two photons of the same central frequency, where
one has a Gaussian spectrum and the other has a skewed spectrum. In that case, there exists a slight
distinguishability between the photons, albeit only partial. We will account for the following properties
of the entangled state:

* Polarization
» Spectrotemporal
* Spatial

Now, we can investigate the total Hilbert space containing all these properties for the photons by taking
the tensor product of each:

H= Hpolarization & Hspectrotemporal & Hspatial (212)

We can only find the distinguishability when we introduce the possibility for our creation processes to
be different. We define the parameter z as the collection of parameters which can introduce distin-
guishability.

From here on out, we start defining our dependent variables represented by z. The resulting amplitude,
completely written out, reads:

"i‘:{V87VZ'7TSJT’L'7JS7J1;77:87{FZ'} (213)
Here v,/ = wy/i — wg/i is the variation in angular frequency around the nominal signal/idler angular
frequency Wg/i- 7s,i is the signal/idler arrival time, J; is the polarization state, and finally 7, ; is the
spatial amplitude.

Based on this, we introduce the state amplitudes A(z) and B(z) for creation processes A and B re-
spectively. We then define:

4) = / / di [A@am,f>a£<wi,:e>|o> (2.14)
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Similarly:

B)= [[ as [B(z)am, #)a(ws, )10) (2.15)
Do note that these states take into account that Process A creates a signal photon in path 1 and an
idler photon in path 2. Process B has the photons the other way around.

Next up, we state that these amplitudes are normalized:

/ A*(2)A(z)dz = 1 (2.16)

We derived the coincidence probability, given two distinct creation processes, in Appendix A.2. This
derivation uses the simpler degenerate HOM derivation as a reference, which can be found in Appendix
A.1. Here we found the following coincidence probability:

1 1

cos (AT + qb)‘ // dzA*(Z)B(T)

Calculating each overlap
The distributions A(Z) and B(Z) over many parameters are not all that convenient. To solve equation
2.17 we introduce partial amplitudes that are handy, namely:

+ A, (vs,v;): joint spectral amplitude (JSA)
» A, (7s,7:): joint temporal amplitude (JTA)
» A,(Js, J;): polarization state

» Ax(7s,7;): spatial mode

We can find the partial distributions by integrating over all other variables. For example, the signal spec-
trum A, (v,) can be found by integrating over parameter space § = z \ (vs) = {vi, 7s, Ti, Js, Ji, Ts, i }:

A (vs) = // dyA(vs,y) (2.18)

Each of these partial amplitudes can be described easily for both creation events. One can calculate
the overlap in that specific property. This gives you a helpful upper bound to the experimental visibility.

One assumption we will be making is that the parameters are independent. This will result in our
partial integrals being separable. We assume the independence of the spectral and spatial distribution.
Working with a small linewidth, meaning small v, will not result in different spatial characteristics due
to refractive effects. It is also assumed that the polarization and spatial mode are independent. One
dependency we need to address is that of the photon arrival times 7, ; on the spectral characteristics
v, which are determined by the spectral amplitude. This will be discussed later in this section. The
creation process is not the only thing influencing the temporal amplitude; other optical components can
also introduce wanted and unwanted delays due to refractive elements. Accounting for these kinds of
dependencies, we can rewrite:

-A(-i‘) = -AV,T(Vsa Vi, Ts, Ti)-Ap(Js; Ji)Ar(fw fi) (219)
Starting here, we will discuss how we calculate each of these separable amplitudes.

Polarization overlap

While this framework does allow for complex polarization distributions, we simply assume perfectly
linearly polarized light in this thesis. This assumption reduces our integral to the inner product between
the signal and idler polarization .J, /; 5 /; of both sources:

/ / AT [ Ay (T T)By (T 1)] = (s ) - (i i) (2.20)
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Spatial overlap

Spatial overlap refers to the degree of overlap between the signal and idler photons created by both
processes. We will describe this spatial information only qualitatively, as it is primarily dependent on
beam shape and alignment.

The experimental visibility depends on the beam overlap. The signal and idler photon beams of both
processes need to be well aligned. We will not quantitatively analyze the effects of alignment on vis-
ibility; however, we will discuss the ease of alignment when we present the suggested experimental
setups in Chapter 3 of this thesis.

Identical beam shapes or, equivalently, spatial modes are also important. Conventionally, single-mode
fiber-coupled detectors are used in entanglement research [5, 10]. This removes any spatial informa-
tion that might introduce accidental distinguishability. One disadvantage of this technique is that it filters
out most other spatial modes, which might still hold information. For this reason, we will not assume the
use of single-mode fibers in this thesis. Another reason to avoid single-mode fibers is that the coupling
efficiency is highly dependent on precise alignment.

One more effect to consider, other than the spatial overlap between the two creation processes, is the
general shape of the beams. It has been shown that the interference behavior is dependent on the
Hermite-Gaussian modes [11]. This dependency is determined by the parity (oddness or evenness)
of the Hermite-Gaussian mode along the transverse axis of the beam splitter, which conventionally
corresponds to the horizontal axis. Odd spatial modes will have a peak whenever an even spatial
mode has a dip, and vice versa. An equal mix of both odd and even spatial modes will therefore cancel
each other out. Selecting only even (or only odd) modes is therefore highly important.

Spectrotemporal overlap

Here we quantify our earlier example of two photons having differently shaped spectra. We assume
that for both processes A and B, the signal/idler photons have amplitudes A, (vs,v;) and B, (vs, v;),
where v, /; = w,/; — ws/i 0 IS the spectrum with respect to the central frequency w,; o:

//A::(stVi)BV(VsaVi>stdVi (221)

One assumption we will be making is that we have an infinitesimally small pump linewidth. This means
that conservation of energy holds strictly, w, = w, +w;, resulting in both amplitudes containing the delta
function ¢(w, —w, —w;). When we substitute for v, /;, we get 6(v; +v5), meaning v; = —v,. This directly
relates the signal and idler spectral amplitudes, so we can describe the whole spectral amplitude with
a single variable, for which we choose v,. From now on, we will implicitly assume this, so we can write:

[ AwemBiwa s = [ 4, 0B ), (2.22)

This is not a calculation we directly use for calculating the experimental visibility; however, one can
evaluate an upper bound for it using this spectral overlap. As discussed before equation 2.19, the
temporal and spectral amplitudes are dependent, meaning we need to integrate over both parameters
to arrive at the visibility.

The temporal information is encoded in the phase of A, (v). This spectral amplitude is related by the
Fourier transform to the temporal one, A, (7_) [12]. Here 7_ is the arrival time difference between the
signal and idler photon. In this thesis, we used this temporal form to more intuitively explain the shape
of the envelope in P.(7), as defined in equation 2.2, for any spectral distribution. This explanation can
be found in Appendix B.

2.2. Fisher information based measurement

Now that we have discussed the basics of the HOM effect, we want to know how well we can actually
measure a path delay. In this section, we will use the concept of Fisher information to quantify the
precision of our measurement. We will start by looking at the Quantum Cramér-Rao bound to find the
fundamental limit of our biphoton state. After that, we will introduce a classical estimator to see how
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we can reach this limit using our experimental results. Finally, we will define the "speed of measure” to
see how fast we can perform these measurements in a real-world scenario.

2.2.1. Quantum Crameér-Rao Bound

The Quantum Cramér-Rao (QCR) bound gives the lowest possible uncertainty for a measurement of a
state [13]. A measurement 7 of a temporal delay 7 has its uncertainty 67 bounded by the QCR bound
dTqcr- For a given state, the QCR bound is given by:

0T > 6TQCcRr = (2.23)

1
VNQ
where N is the number of measurements and @ is the Quantum Fisher Information (QFI) of the state of
interest. This can be seen as the maximum possible information gatherable on a predefined parameter
from the quantum state [6, 14].

A measurement saturating this bound is called quantum-limited.

Our state of interest is the biphoton wavelength superposition defined in equation 2.1, and our param-
eter of interest is the path delay 7. The QCR bound for measuring a time delay has been calculated [6]

and is of the form: )

1
0T =
QR T N VAT + do?
The measurement precision is dependent on both the angular spectral width ¢ and the angular sepa-
ration between the signal and idler frequencies A.

(2.24)

This also shows why we are interested in biphoton HOM interferometry. Our precision is dependent on
the separation of the two frequencies, and not, as is conventional, on the width of the spectrum.

2.2.2. Fisher information and maximum likelihood estimator

Now that we have discussed the implications of the QCR bound, the next logical step is to examine
what can be determined from the classical Cramér-Rao bound. Similarly to the QCR, the classical
Cramér-Rao (CR) bound represents the fundamental limit in precision for any estimator 7 grounded in
classical counting.

Any estimator satisfies the Cramér-Rao bound:
dTcr = 0TQCR (2.25)

The CR bound defines the minimum uncertainty for a measurement based on classical statistics as

follows:
1 1

VN VE;
where N is the number of measurements and F’. is the Fisher Information of a single measurement.

F. for our model containing distinct photon losses ~, and ~; is shown in equation 2.27. The derivation
can be found in Appendix C.1.

07 > brep = (2.26)

B ‘ 2 . 2 2 40272
P (1 — vsv:)a® [Asin (AT) 4 2027 cos (AT)] e (2.27)

[317;*;: + —13% — acos(AT)e*Q"QTﬂ [1+ acos(AT)e20°7%]

Here 7 is the relative delay between the two paths, A is the detuning in angular frequency between the
signal and idler photon, o is the down-converted linewidth in angular frequency, and « is the experi-
mental visibility.

The estimator of choice is the Maximum Likelihood Estimator (MLE) [15]. This estimator is widely used
in the field of statistics and possesses several desirable qualities. It can be analytically determined and
is consistent, meaning it is theoretically perfectly accurate in the limit of large N. Most importantly, it
saturates the CR bound, meaning the inequality in equation 2.26 becomes an equality for this estimator.
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We will build our estimator based on the quantities we can actually detect: the measured number of
events where both detectors click (/V;) and the number of events where one detector clicks (V). The
number of events is determined by our assumed probabilities defined in equations 2.9. The following
MLE 7 has been derived:

3vs—1 2
( T, + ﬁ) N2 =Ny

A a(Ny + Ny)e 20°7

(2.28)

where 7, is our rough temporal delay set by a delay station. The derivation of our MLE 7 can be found
in Appendix C.2.

Both the Fisher Information and 7, along with the outcomes, can be seen in Figure 2.1 for a previously
realized near-degenerate experiment [6]. We can draw some interesting takeaways from this.

First, the Fisher Information is largest at its peaks closest to zero path delay. Second, we see that
our estimator 7 only maps to the range [0, 2Z]. This results in our dynamic range being limited by 27;
otherwise, we run into the problem of ambiguity.

© © © © o &~
o N » o ® o

Outcome probabilities

—1000 =500 0 500 1000

—1000 =500 0 500 1000

r T T T .
—1000 -500 0 500 1000
T [fs]

Figure 2.1: Analytical near-degenerate HOMI experiment simulation. Each horizontal axis shows the same path delay. The top
figure shows outcome probabilities, the second shows the Fisher Information, and the last shows the calculated 7 assuming no
noise on the measurement outcomes. The gray dashed lines show the delay for which the Fisher Information is maximized.
Other parameters are oo = 0.9, vs = v; = 0.4, A = 1.75 THz, and ¢ = 0.253 THz.

There is one small detail we skipped over. In equation 2.26, we define the number of measurements N.
One might assume that, since we measure N, and Ny, the total number of measurements is Ny + Nj.
However, in our probabilities, we also considered the case where no photons are detected in an event
(Po). This requires us to include Nj in the total count. Given that we can estimate our photon losses
~s and ;, we can estimate the total number of photon events for our CR bound to be:

N =Ny + Ny + Ny~ 2N (2.29)
L — s
The final step is to validate that this measurement is quantum-limited. We already know that 7 saturates
the CR bound. If we now assume perfect conditions (o« = 1 and v, ,; = 0) and choose our rough delay
75 optimally, we get:
F, = A® 4+ 402 (2.30)

If we combine this with equation 2.26, we see that we also saturate the QCR bound for the biphoton
state in equation 2.24. We can conclude that this measurement scheme is quantum-limited.
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2.2.3. Step size measurement from temporal delay
Up to this point, we have discussed the temporal delay 7. However, our goal is to measure a step size
z = §7in nanometers. The step size estimator z and Fisher information can be derived as:

- g? ) (2.31)
SON

To make the measurement easier, we will determine the size of the step based on two measurements.
Once we have estimated all the parameters, we can begin the measurement. First, we determine the
delay for which the Fisher Information is maximized. Then, we will measure for some time ¢,, at this
setting.

We measure the step in a relatively simple way. We assume our step is smaller than the precision of
our delay, and that the shift due to this step does not significantly change the delay at which the Fisher
Information is maximized. From here, we perform two measurements with a measurement time ¢,,,:
one without the step and one with the step. The size of the step is then:

~ ~ ~ C ~
Zstep — %1 — 20 = 5(7'1 - 7'0) (232)

Note that a single position measurement is bounded by the QCR bound zqcr. Assuming the two posi-
tion measurements are independent, we can estimate the standard deviation of our step size estimator
to be:

Std[Zstep) < V22qcr (tm) (2.33)

2.2.4. Speed of measurement

The precision of a measurement is based on the information per measurement event (Fisher Informa-
tion) and the number of events per second. In the literature, we see that most researchers maximize
the Fisher Information for HOM interferometry measurements [6, 5]. In this section, we introduce a
new parameter, the speed of measurement . This quantity is based on the CR bound of our estimator
precision and the number of events per second, resulting in:

Std[F] < ¢/ —— (2.34)

Ktm

where t,,, is the measurement time and Std[z] is the estimation precision. We can calculate « from the
Fisher Information and the photon rate Ry o, Which we define as:

k=F,Rpoum (2.35)
& is given in units of m—2s~!. Similarly, for the measurement speed of the step size, we get:
1
Rstep = inRHOM (2-36)

This quantity is more directly related to how well your measurement performs compared to using the
Fisher Information alone. Therefore, we will maximize this quantity.
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2.3. Spontaneous Parametric Down Conversion

Spontaneous parametric down-conversion is the process where light can be down-converted due to
a nonlinearity in a material. This nonlinearity is different for different kinds of crystals. In general,
this process is performed in birefringent materials, where the index of refraction is dependent on the
polarization of the light with respect to the crystal. There are multiple different kinds of materials you
can use, such as BBO LN and KTP. During this thesis, we will focus on KTP, as it is known for having
a relatively temperature-stable and high down-conversion brightness.

This down-conversion process can also be described on the single-photon level. We will do this in
this chapter, so we can discuss how different processes result in different kinds of visibility. At first,
we look at what kind of interactions can happen. We are only interested in collinear down-conversion,
where the down-converted photons propagate in the exact same direction as the pump photon. These
photons need to follow energy conservation, from which we get:

Wp = Ws + w;. (237)

As can be seen in the figure, momentum conservation determines the angles at which light will be
coming out of the crystal. We are interested in the collinear case, meaning all k-vectors are aligned.
This means we can treat the momentum as a scalar quantity:

Ak =k, — ks — k; (2.38)

where Ak is the so-called phase mismatch. We can find the central frequencies of the down-converted
photons by solving for Ak = 0.

If bulk crystals were our only option, this is where we would hit a roadblock, as we have no control over
which down-converted frequencies are in the collinear spatial mode. To solve this problem, a technique
called Quasi-Phase Matching (QPM) is commonly used. The crystals used for QPM are periodically
poled during their creation process with a spatial period A in the optical axis for down-conversion. This
introduces an extra term in the phase-matching equation:

2
Ak =k, — ks —k; + XT (2.39)
When we combine this with the dispersion relation k£ = % and energy conservation, we can solve for

the down-converted frequencies of the signal and idler photons for any A we choose. This technique
gives us a lot of freedom in choosing a large range of down-converted frequencies. For even more
fine-tuning, the temperature of the crystals can be changed, as the refractive indices are dependent on
temperature [16, 17].

2.3.1. Types of SPDC

As seen in the previous chapter, control over the different refractive indices of each of the photons is
important. Also, having some kind of nonlinearity is needed in down-conversion processes. That is why
birefringent nonlinear crystals are a natural solution for these kinds of problems. Here we will quickly
go over the two most important types for this project: type-0 and type-Il. These types are characterized
by the polarization of each photon. A simple schematic can be seen in figure 2.2. For both types in
ppKTP, we propagate our photons along the x-axis. For type-0, the photons are all polarized in the
z-direction of the crystal. For type-Il, the pump and signal are polarized in the y-axis and the idler is in
the z-axis.
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Figure 2.2: lllustration of the crystal orientation and pump, signal and idler polarization in the type-ll and type-0 SPDC in
ppKTP.

Different kinds of processes also have different strengths. Generally, the strength of the down-conversion
is given by the effective nonlinear coefficient d. s ¢, which is different for different down-conversion pro-
cesses. The strengths of the described processes are, for type-ll, d,,. = 3.9pm/V and, for type-0,
d,., = 15.4pm/V [18].

For ppKTP, the refractive model derived by Kato et al. [16] is commonly used. In our case, our chosen
pump wavelength of 405 nm is outside of the approximation range given by Kato, which is 430 nm up
to 1530 nm. As will be shown in the rest of this chapter, the down-conversion process is mostly de-
termined by the down-converted refractive properties, meaning the impact of the error in the refractive
properties of the pump is negligible for us. One exception is any exact calculation we will be doing for
the poling period needed, as can be seen in the phase-matching equation 2.39.

2.3.2. Collinear Spectrotemporal properties

There is one more kind of speed we need to account for whenever our photons are traveling through
a bulk medium. This is the group velocity, which can be interpreted as the speed at which a photon
traverses a material when considering its arrival time. We will be elaborating on this concept in the
chapter Temporal Characteristics. In this chapter, we will first discuss group velocity, and afterwards
we will derive how we can find the down-converted photon spectrum and arrival time information from
this quantity.

The difference in group velocity between the signal and idler, or in other words the Group Velocity
Mismatch (GVM) ug;, is our parameter of interest. We will elaborate more on this later, but know it has
an influence on the down-conversion efficiency and spectrotemporal properties, which influence the
experimental visibility «. In this thesis, we work with the definition given by Trojek [12]:

1 1
Ugi = - ‘
Vg,s Vg,

(2.40)

where v, ,/; is the group velocity of the s/i photon, calculated from the refractive index [16] using:

11 dn(Am) ] ngm(Am)
- = = Am, - )\m =5
Uy C n(Am) dA\,. c

(2.41)

In Figure 2.3 a), you can see the group velocity for both axes used in our down-conversion process
of a KTP crystal. Peculiarly, you can see that there are frequencies for which these are matched. To
find these, we take the wavelengths for which the group velocity is equal. We then can calculate the
appropriate pump wavelength and plot this, as can be seen in Figure 2.3 b). Here we can find pump
wavelengths for different separations. This is a powerful concept, as this results in zero timing jitter.
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Figure 2.3: The reciprocal of the group velocity in ppKTP along the axes of interest is shown in a). b) shows the wavelength
combinations where the group velocity mismatch u; is zero for both type-ll and type-0 SPDC.

Another important quantity is the total group velocity dispersion D,;, once again defined by Trojek [12]
as:
Ds; =Ds +D; (2.42)

where D; is the group velocity dispersion of the signal/idler/pump photon given by:

A da(Ny)
T e dA? '

(2.43)

In general, for small enough linewidths, which we mostly assume, this dispersion can be neglected.
However, in some situations we do need this quantity. We will discuss an example of this in the next
chapter.

For phase matching, we are interested in the refractive behavior near each central frequency w?, where

vj = wj — wj. This is why we will make the following assumption:

Ak ~ ugvs + D2 ot,2 (2.44)

2.3.3. Down-converted spectrum

Here we discuss the basics of the spectrotemporal properties. We start off by discussing the Joint
Spectral Amplitude, JSA(ws,w;), which is determined by the spectrum of the pump in combination
with the spectrum resulting from the phase matching. This results in a pump function a(ws,w;) =
d(wp — ws —w;). We assume our CW pump to have a negligible spectral width, which is achievable as
MHz linewidth lasers are available [19].

As stated before, we consider the spectrum and linewidth of the down-converted photons as described
by Trojek [20]. For continuous wave pumping and collimated illumination, this results in the spectrum
given as:

S (1) o L? sinc? E <Usil/s + D;i Vf)} (2.45)

Where L is the length of the crystal and v, is the angular frequency distance from the central frequency
of the signal. The spectrum of the idler can be found similarly by substituting the subscripts ”s” and "i".
For type-Il down-conversion in (near-)degenerate ppKTP, uy; ~ 10~ %s/m and Dy; ~ 107252 /m?. ug; is
large due to the signal and idler having different polarizations in type-1l down-conversion, in combination
with the birefringence of the crystal. In Figure 2.4, we compare these degenerate situations. The key

takeaway for the spectrum is that type-0 has a much wider spectrum for (near-)degenerate conditions.



2.3. Spontaneous Parametric Down Conversion 14

For near-degenerate HOM interferometry, type-Il has generally been the configuration of choice [6, 21],
as the separation should be larger than the single-photon spectrum; otherwise, the beating will not
occur.

Comparison of Spectral and Temporal Data
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Figure 2.4: Comparison of spectrotemporal characteristics of type-Il and type-0 degenerate SPDC CW-pumped with a pump
wavelength of 405 nm in ppKTP of 1 cm. The first and second rows show the spectrum of the down-converted photons with
respect to the difference in frequency and the wavelength. The last row shows the probability of relative arrival time
T =Ts — Tj.

It has been verified that the ringing in the bottom left of Figure 2.4 is not Gibbs ringing, which is a
byproduct of improperly sampled Fourier transforms. It seems to be an effect of the non-negligible D,;.
Neglecting this term would result in a cleaner square amplitude, which is in line with what we would
expect.

Do note that this spectrum is given as a sinc function. The approximation for HOM interference is
mostly calculated for normally distributed spectra, as this simplifies the result. A Gaussian filter can be
used to suppress the nonvanishing tails of the sinc function. This method will be further discussed in
Section 3.5.1.

2.3.4. Temporal characteristics

We are also interested in the phase information of the spectrum when calculating the overlap between
two down-conversion processes. This can be more easily understood when working in the time domain.
The temporal amplitude can

7 = =57 is once again the relative arrival time between the signal and idler photon. From Trojek
[12] we find the following for the temporal amplitude A,_(7_) of the down-converted photons for CW-
pumped light

A (T2) 62‘”1”*/ dvge™ "= x To(vs) Ti(—vs) Ay (vs) (2.46)
Here w, is the angular frequency of the pump photon. 7, ,; represents spectral effects of other com-
ponents in our setup. We will discuss this in a moment. One last remark, is that this is a Fourier
transformation.

Here we can place an example of the timings of two different kinds of cases. We can look at this distri-
bution for type-Il and type-0 near-degenerate conditions, which can be seen in Figure 2.4. In type-ll, the
two photons have widely different group velocities due to the different polarizations and birefringence
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of the crystal, meaning this term dominates. For near-degenerate type-0 situations, there is no group
velocity mismatch, as both photons experience identical refractive index profiles. In this situation. Here
Dg; determines the spectral behavior. An example of this can be seen in Figure 2.4

One quantity in this equation not yet named is the transfer function of our measurement setup on the
signal/idler photon, 7;,;. Here we can add the effects of other components like bulk materials or filters
on the temporal characteristic of the down-converted photons [22]. The total transfer function for a bulk
crystal can be easily calculated from the single-photon transfer function:

Filter signal: 7,

Filter idler: 7;

Bulk crystal (signal): 7,
Bulk crystal (bi-photon): T

Vs) = FS(VS)
vi) = Ti(—vs) = V Fi(—vs)

eiLus [1/vg,s+Dsvs/2]

(2.47)

o~~~

vs) =
eiLuS [usi+Dsivs /2]

—~

V) =

Notice here, we assume filters only have influence on the amplitude, and propagating through bulk
crystal only results in a additional phase. This also has some implication for the arrival times of the
photons. in Figure 2.5 the temporal effects of u,; and D,; are qualitatively illustrated.
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Figure 2.5: Qualitative example of dispersive quantities on the biphoton arrival times.

2.3.5. Beam focusing and SPDC

Up to this point, we have only discussed how light interacts with the crystal as a plane wave. While
we can illuminate light in this way, conventionally some level of focusing is used, as it increases the
down-conversion rate, albeit at the cost of heralding efficiency [23]. The effects of beam focusing have
been rigorously researched by Bennink [23]. Here, he derived equations from which we can optimize
the focusing criteria for maximum brightness, heralding ratios, and single-photon spectral purity for
unfiltered down-converted photons.

Our goal is to translate the results found in this paper to their effect on our simulation parameters:
brightness Ry;, photon loss +,/;, and down-converted linewidth o.

We will not go over the full derivation. Instead, we will extract some important equations and briefly
explain how we interpret them. We make two changes. First, we make the approximation that our
laser is monochromatic, meaning a(w) = d(w — wy). Secondly, this paper discusses a number of

pump photons N, = f’%, where E, is the total energy and 7w, is the single-photon energy. As we
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use continuous-wave lasers, we will instead substitute this number with our laser power, meaning we
change the units of the calculated brightness from dimensionality [#photons] to [#photons/s]. For the
rest of this chapter, every subscript j can be substituted with s, i, p, which relates to properties for the
signal, idler, or pump photon.

Bennink assumes all beams to be Gaussian [23]. The illumination/collection crystal focusing parameter
&; is defined as:

L
kjwjz

& = (2.48)

where w; is the beam waist of the emitted or collected light and k; is the refractive index experienced
by the photons. Relating ¢; to the Rayleigh length zr = %k:jwf gives a clear interpretation:

L
o QZR}]‘

&

(2.49)

When ¢; = 1, the crystal length is equivalent to the Rayleigh length. Smaller values represent more
collinear conditions, while higher values indicate strong focusing.

Restrictions on the focusing parameters
We first investigate the assumptions made by Bennink; after that, we discuss some other restrictions
important for our specific use case.

General assumptions
The exact meaning of the assumptions made by Bennink is too convoluted to fully discuss in this thesis.
In a simplified sense, the assumptions are as follows:

o Ak~ -—-mK

s Okl

» ISl (ws, w;) = a(wp)P(ws, w;)
This holds whenever the bandwidth of all photons is small compared to their wavelength.

* Ok; ~ ﬁéwj
This holds whenever the behavior of Ak can be approximated using the group velocities; in other
words, we can neglect the effects of group velocity dispersion.

More details on unnamed quantities in these equations can be found in the paper of Bennink [23]. Do
note that we comply with all of these whenever we have sufficiently long crystals, and whenever we
are not operating too close to the zero GVM regime. Some of these conditions are not met for large ¢;.
In Figure 2.6, we go over the conditions and show the maximum allowed focusing for different signal
and idler wavelength combinations for type-0 and type-ll SPDC in a crystal of 1 cm long.
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Figure 2.6: Allowed focusing conditions for type-Il and type-0 SPDC for different combinations of signal and idler wavelength.
The maximum allowed focusing is given by the color bar on the right. The second column shows ’%‘ < 0.1, the third
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Choosing focusing focal length

The focal lengths of the lenses needed for illumination f, and collection f, are determined by two pa-
rameters: the divergence angle of the Gaussian beams outside of the crystal §,,. ;, and the collinear
beam diameter before illumination or after collection. The collection side does have some challenges.
Our goal is to have identical outgoing cones of light for both the signal and idler photons. In the quantum
communication sector, the signal and idler are often spatially separated, allowing for collection using
separate collection optics [24]. This allows for the efficient collection of both signal and idler photons,
as they generally have different emission cones, which we will discuss later in this chapter.

We have the restriction of only using a single lens, as we want both down-converted photons in a single
spatial mode. We assume our outgoing cones for the signal and idler are identical if 0y4c.s = Ovac,i-
Using Snell’'s law and the refractive indices experienced by the signal and idler, we find the dependency

between £, and &; to be:
ks
§s = E&' (2.50)

There is one problem with this approach, which is that we do not yet take into account that the difference

in refractive indices results in an effective difference in focal point distance dz,;. The value dz,; can be
calculated in the strong-focusing case (£; > 1) using ray optics.

dzyi = L (1 - 1) (2.51)

2 \ns n

This effect could possibly be solved with a custom achromat, designed for these specific wavelength-
dependent focal lengths. In this thesis, we limit ourselves to the situation where this is not needed. For
this to be the case, we assume that the focal spot difference between the signal and idler should be
smaller than the Rayleigh length for both. This results in the following restriction:

-1
£ < (1 - 1) (2.52)

Ng n;

where in this case j represents the signal or idler focusing parameter.

Crystal aperture

Another limiting factor on the maximum allowed focusing is the aperture of our down-converting crystal.
As stated earlier, beam clipping can have a strong effect on experimental visibility. In the strong-focusing
case, ¢; is then limited by the divergence angle inside the crystal 0; together with the crystal length.
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This also puts a limit on the minimum allowed ¢; in the weak-focusing regime, as the beam waist gets
larger as &; decreases.

In this thesis, we will take both these limits into account. Standard apertures for ppKTP samples are
around 1-2 mm. However, some are available at 4x4 mm in case stronger focusing is required.

Parameters for our simulation
From here on, we discuss how we determine our parameters exactly based on the paper by Bennink.

Brightness Ry;

Bennink defines a pair collection probability P,;. This is, however, not a true probability distribution;
rather, it also takes into account the number of pump photons N,. Making our discussed approx-
imations, we can convert this to a calculation of our estimated down-converted photon rate R,; by
interchanging N, — h%

R; is then given by equation 2.53. There are two things we can infer from this equation. Firstly, the
down-conversion rate is linearly dependent on the pump intensity instead of quadratically. Secondly,
the rate is inversely proportional to the group velocity mismatch w;.

Rsi ~

s [ @)\ ?
64m3engn; (xeﬁ ) arctan(§) 7 (2.53)

gowWpMp|tsi| \ Ashi A.B,

One last interesting result can be found when we look at the effect of the detuning A. Here we only
look at the quantities directly related to A, which are A\, and \;. Assuming that the refractive properties
are largely independent of A, we find:

R(A) ( . (jp)?)Q .50

This result is rather interesting, as it shows that the brightness is limited by large detuning.

On the experimental side of things, there is also a maximum intensity before the crystal starts breaking
down. This is called gray-tracking. For a ppKTP SHG source, a limit of 360 mW with a waist size of 42
pm has been found. This is not the same process as SPDC; however, it is stated that the damage is
mostly due to the 405 nm intensity [25].

Down-converted linewidth for focused SPDC

As shown by Bennink, the shape of the spectrum depends on the focusing criteria. Previously, when
calculating a spectrum, we used collinear illumination (£; < 1), resulting in the spectrum acquiring the
shape of a sinc function. We can now use this as a rough estimation for any focusing condition. We will
not focus on the shape of the spectra in this thesis, and instead use the approximated down-converted
linewidth given by:

L’ 10b
where b = L/¢, and £ can be seen as an overall focusing parameter defined as:

Aw, = Aw; ~ |2l| max ( L. ) (2.55)
Usq

AL g

The terms A, and B, are outside the scope of this explanation. More information on these parameters
can be found in the derivation by Bennink [23].

§

(2.56)

Photon loss v, ;

In this section, we will discuss how we can translate the quantities derived by Bennink to the photon
losses ~; and ~; in our HOMI model. In this thesis, the argument is made that we can find the photon
losses from the single-sided heralding ratios 7, and n; given by Bennink, resulting in:
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7521_771'
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The argument made in this thesis is based on Bayesian probability and can be found in Appendix D. In
general, weaker focusing tends to result in higher heralding ratios, meaning lower losses.

(2.57)

Trade-off between tight and loose focusing

Now that we have defined the quantities we are interested in, we can finally discuss the trade-offs for
our case. To start off, focusing is a trade-off between heralding ratios and brightness. Stronger focusing
(¢ > 1) results in a higher brightness R,; at the cost of higher photon losses v, ;. This balancing act,
together with the restrictions named, will determine the optimal operational conditions.



Experimental design

In this chapter, we present the proposed experimental setup. We begin by outlining the design pa-
rameters and design philosophy underlying our experimental choices, which serves as a reference
framework for evaluating the different design options. The focus of this chapter lies primarily on the
optical design of the experiment and the corresponding implementation choices.

The setup can be split into three distinct parts:

» Biphoton source
Generation of a photon-pair state from the pump beam

* Interferometer
Interaction of the photons with the sample

+ Detection system
Measurement of the output state after the HOM beam splitter

The interferometer is discussed first, as it determines the required properties of the biphoton source.
The biphoton source is then described in light of these requirements. Finally, the detection system is
introduced.

3.1. Design parameters

Beam diameter choice

A beam diameter of 1 mm is chosen for both the pump and down converted beams. Since the exper-
iment is not aimed at imaging the sample but rather at measuring a discrete effect, a tightly focused
beam at the sample is not required.

Sample reflectance

We explicitly use the same material for the reference as the sample beam in both situations, as a
different reflectance of a reference beam would introduce which path information. One thing we need
to consider is the sample reflectivity. We assume the sample is made from silicon. From its refractive
index[26] we can expect a reflectivity of around R=0.35 for our wavelengths of interest. Coincidentally,
carbon layers have a similar reflectivity [27], which implies that any measurement that works for a silicon
sample also works for carbon.

One assumption we will be making is that the sample does not exhibit birefringent effects. That is, the
polarization of the light does not change after reflection.

Necessary positioner precision
One parameter we need to decide on is the precision of our delay line. From the measurement out-
comes defined in equation 2.9 we learn that we need at least proper sampling of cos(A7). Assuming

20
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that A will typically be of the order 10**rad/s to 10'°rad/s, this results in an spatial delay oscillation
period of 1-10m. Proper sampling needs to be determined for specific operational wavelengths.

Sample interaction

Early on in the designing process it was found that there are 2 distinct options for measuring the step
size on a sample. In Figure 3.1 we illustrate these 2 options. In option 1 (Figure 3.1a) the 2 beams
are parallel to each other with a shift so that by moving the sample, we have either the 2 beams at the
same height or the two beams at a different heights. In option 2 (3.1b)The two beams can be spatially
separated and our beam is always at a fixed position on the reference.

—— — R
— —— [
a) b)

Figure 3.1: Two possible sample interactions: Single sample (a) and sample and a separate reference (b).

The advantage of single sample is that it is more compact, introduces less components meaning less
risk for alignment issues and it is common path. One problem is however that this compactness also
restricts the geometric design even further. Adopting a reference sample reliefs the geometric design
as we no longer need the extra constraint of moving the beams close to each other at the sample. This
also allows for future scanning HOMI for full 3D reconstruction of a surface.
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3.2. Design philosophy

During the design process, several principles were adopted to minimize the introduction of distinguisha-
bility between the photon pairs. As discussed previously, there are many possible sources of distin-
guishability. In practice, distinguishability can be introduced by unbalanced losses, unequal filtering,
or different arrival times at the detectors, among other effects. To reduce such effects, the following
principles were applied:

* Maintain path symmetry

* Minimize the number of optical components
* Avoid beam crossings

» Avoid dispersive components

» Ease of alignment and workability

Maintain path symmetry

Path symmetry ensures that both photons experience identical optical conditions. If both photons pass
through components with identical losses and filtering characteristics, no which-path information can
be inferred. For example, if one interference path contains additional loss, the creation process may
become distinguishable.

In this work, components are considered identical only if both the incidence angle and polarization
conditions are the same. For example, identical mirrors reflecting light at different angles of incidence
are not considered identical, as this may slightly affect their reflectivity. Although this strict requirement
may not always be necessary, consistently applying it reduces the number of uncontrolled experimental
variables.

Minimizing optical components

Each additional optical component introduces a potential modification of the photon state. Loss, dis-
persion, or polarization changes may increase distinguishability. Reducing the number of components
lowers the risk of unintended losses or state modifications.

Avoiding beam crossings

In theory, beam crossings should not introduce problems, as there is no direct photon—photon interac-
tion. Unfortunately, in a realistic laboratory environment, dust or scattering in the air can reflect light
from one path into the other. This may introduce crosstalk and introduce distinguishability.

Avoiding dispersive components

In our experiments, the signal and idler photons have different wavelengths and therefore experience
different refractive indices due to material dispersion. This makes some optical designs used for the
more common (near)degenerate HOMI, where signal and idler experience the same refractive effects,
unpractical for us. Although achromatic optics can partially mitigate chromatic effects, group velocity
mismatch and group velocity dispersion within dispersive elements may still introduce temporal distin-
guishability and spatial walk-off. Dispersive components like bulk crystals are therefore avoided where
possible.

Ease of alignment and workability
The experiment should be as simple in alignment as possible. Unneeded long optical paths should be
avoided, for example, as aligning the mirrors becomes harder.

Workability is also important. If possible, the experiment should be compact. For example, if a setup
needs a long optical path for both the sample and the reference, then both optical paths should be
parallel to save space.

Symmetry and beam crossings
The design rules we imposed on the interferometer limit the geometric freedom of the optical layout.
We found that it is not possible to maintain complete geometric symmetry in both interferometer arms
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without introducing beam crossings or violating one of our design rules. Using different optical heights
partially alleviates this issue but does not fully resolve it.

We could consider breaking one of our rules, however there is one symmetry that can be relaxed without
introducing distinguishability. This symmetry is the order of identical components within each arm. If
both arms contain the same reflective optical elements, the sequence in which identical mirrors appear
does not provide which-path information. This means we are no longer limited by geometric symmetric
paths.

Common path

Two optical paths are in common path whenever they are spatially in the same path, and are distinct
in another property. Our separating property will be the photon polarization to distinguish entangled
photons. Common path optics is a technique which will be helpful to us, as both beam optical paths
experience in general the same influences whenever they are in the spatial path. This would introduce
no distinguishability. The only caveat is that polarization based effects like birefringence introduce
possible distinguishability.

3.3. Interferometer Design

Designing the interferometer proved to be challenging, as satisfying all previously defined design con-
straints simultaneously became a hard puzzle to solve. The primary challenge stems from the con-
ventional HOM architecture, which requires two interferometer arms. Designing these 2 arms while
respecting our design philosophy significantly constrained the layout.

A similar HOM interference configuration can be realized by illuminating only one input port and replac-
ing the beam splitter with a PBS. In this case, the two input modes are no longer spatially separated
at the 2 inputs of the beam splitter, but instead distinguished by polarization. The relevant polarization
states are the (anti)diagonal states, A and D. We show in Appendix E that the A/D polarization-based
PBS configuration is mathematically equivalent to the conventional beam-splitter configuration with two
spatial input modes. A comparison of the 2 photon interferences can be seen in figure 3.2

SPAD SPAD
SPAD SPAD
> |2 ) ID> |A> )
BS PBS
| . >
a) b)

Figure 3.2: Comparison of a) the conventional HOMI where both input states have identical polarization and b) mathematically
equivalent HOMI on a PBS where both states enter using the same input, but they are (anti)diagonally polarized

Such polarization-based biphoton interferometry has been demonstrated by Kaneda [21].

This equivalence allows us to work within a single spatial mode while retaining the same interference
behavior. As a result, the interferometer can be designed in a way that better preserves path sym-
metry and avoids unnecessary geometric complexity, in line with the principles outlined in our design
philosophy.

In the final interferometer design, we choose a design similar to that demonstrated by Kaneda [21]. We
use a single spatial input PBS-based HOMI as the interference part of the setup in combination with
a PBS for separating the polarization modes to 2 distinct spatial modes. A scheme of the design is
shown in figure 3.3a).
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Figure 3.3: a) optical scheme of interferometer. b) explanation of the polarization states of the superposition. H, V, L, R are the
horizontal, vertical, right hand circular and left hand circular rotations respectively

Since the spatial modes are shared, keeping track of the superposition is less intuitive than in inter-
ferometers with separate spatial paths. The polarization states are therefore shown explicitly in figure
3.3b).

From the biphoton source we assume that the superposition is based on the H and V' polarization
modes. The two polarization modes are first separated using a polarizing beam splitter, defining the
sample and reference arms with V' and H polarization, respectively. In both arms, the light passes
through a quarter-wave plate (QWP), converting the polarization to circular R and L polarization. Upon
reflection from the sample and a second pass through the QWP, the total transformation is equivalent
to a half-wave plate (HWP), provided that the sample does not modify the polarization. As a result, all
photons switch from V' to H while traversing through the sample and reference branch and vice versa.
The outgoing light of both paths than travel to the yet used output of the PBS, recombining in a single
spatial mode.

Finally, a HWP set at 22.5° rotates the polarization basis from H/V to D/A, enabling single-input HOM
interference at the PBS. we discussed at the beginning of this section.

One advantage of this configuration is that both parts of the superposition propagate in the same spatial
mode. In other words, most of the setup can be kept in a common path. As discussed in the previous
chapter, this helps ensure that both components experience the same aberrations, thereby minimizing
distinguishability.

There is one important distinction from the experiment of Kaneda. Instead of using mirrors in both arms,
we use the sample and a reference made of the same material. Both are mounted on piezo stages
for precise position control. As discussed earlier, the reference is made of the same material as the
sample with the goal to minimize which path information.

A temporal delay can be introduced by translating the reference along the optical axis. This removes the
need for a separate delay station, simplifying the design. The sample can be moved laterally to include
or exclude the step structure. In principle, this also enables scanning across the sample, allowing for
other types of samples in future works.
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Alternative interferometer designs

During the design process of the interferometer, other designs have been considered. These designs
can be found in appendix F and might be useful for future work or inspiration. Some additional design
parameters needed for the previous designs can also be found at the beginning of the appendix.

We started of with the more conventional HOM interference utilizing the 2 spatial inputs of balanced
beam splitter. These designs can be found in Appendix F.1 until F.4. We made different attempts
to solve the geometric difficulties; however, compared to the suggested interferometer in this thesis,
those designs proved to be too complex. More disadvantages of these setups were the nonzero angle
of incidence needed at the sample and the need for multiple beam heights.

In Appendix F.5 one final design can be found based on a completely different approach. This design
is inspired by the beam displacer based photon sources [28, 24]. This design is geometrically simple
and would be a contender for the current design, however, there is one flaw we need to discuss. The
displacement of beam displacers is generally wavelength dependent. For (near)degenerate HOMI this
would introduce no problems, however, we design for nondegenerate HOMI. This design is still feasible
by engineering effective achromatic beam displacers made of multiple birefringent materials [29].
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3.4. Biphoton Sources

In this chapter, we discuss the biphoton source needed for our previously discussed interferometer.
Our starting point was the cross crystal biphoton source, as this configuration was also used in our
starting reference paper [6]. We will shortly describe how it works and present some (dis)advantages
of the setup. Next, we will discuss some other commonly used photon source options. At the end of
the chapter, we introduce our own scheme, which is more in line with our design philosophy.

Cross crystal scheme

The cross crystal scheme gets its name from the fact that two SPDC crystals in are aligned series ro-
tated by 90 degrees with respect to each other. Now we will illuminate these crystals using a diagonally
polarized D pump beam. As discussed in the theory, these crystals can only perform SPDC when the
pump photon is aligned with the right axis of the crystal. The H and V basis for the 2 crystals respec-
tively. Assuming identical SPDC processes for the 2 crystals, we now get completely identical photons
from both processes, except for the polarization of the outgoing signal and idler photon. These are
flipped between H and V, as the 2 creation processes are also rotated by 90 degrees.

A scheme of the cross crystal configuration can be seen in figure 3.4a). A more elaborate bookkeep-
ing of the different photons can be seen in figure 3.4b). The downconverted photons are labeled as
|H/V,Xsi) a/B- The inside of the ket describes the photon, and the subscript A/B describe the crystal
of origin.
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Figure 3.4: A scheme of a cross crystal configuration in a) standard scheme, b) a more complete explanation of all the photon
states of a)

The source starts with our CW pumped laser. then HWP1 and Pol1 can be used for tuning the pump
power. This method is preferred to changing the pump power of the laser, as the laser power may
influence the spectral properties of the beam.

Waveplate HWP2 changes the polarization of the pump to the diagonal D basis. Additionally, HWP2
can be slightly tilted for fine tuning the relative power between the 2 down conversion processes if
needed. QWP1 is used to set the phase between the 2 down conversion processes. This can be seen
as delaying the vertical component of a photon with respect to its horizontal component of the pump
photon.

After this, the 2 crystals ppKTP A and ppKTP B are placed in series, with their axis rotated 90 degrees
with respect to each other. These crystals are placed in temperature controlled ovens (TCO) for exper-
imental finetuning. A long pass filter (LP) is placed after the crystal for filtering out the pump beam. A
final PBS can then used to spatially separate the photons if desired.
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The advantage of this setup, is that alignment is almost trivial compared to other entangled photon
sources. However, that comes at some major costs.

The first problem is the downconverted photons of the first crystal travel through more birefringent
material compared to the photons downconverted in the second crystal. This introduces additional
distinguishability, due to different group velocity dispersion and walk-off effects of the downconverted
photons.

An additional problem is that illumination and collection beams are focused on the interface between
the crystals. This breaks the discussed theoretical basis of Bennik, as there, it is assumed that the
focal point is in the middle of the crystal. A proper derivation similar to Bennink can be done for this
setup; however, this is outside the scope of this thesis.

These disadvantages become worse at larger detunings. There are a few other conventional designs;
most of these are discussed in the review article on Entangled photon-pair sources of Anwar from 2021
[30]. Some of these designs are listed below:

Sagnac loop

The Sagnac loop is a promising candidate, reaching high luminosity and heralding ratios [31, 32, 10].
However, this setup is in general hard to build due to the need to align the clockwise and counterclock-
wise traveling light. The difficulty of alignment is considered a big enough downside to not go for this
option.

Sandwich method
The sandwich method is based on the Sagnac loop [33]. At first, this looks promising. However, it has
a complex custom achromatic waveplate and does not seem to be used in further research.

Beam displacer-based source

At last, we look at the beam displacer design [28, 34, 24]. This is a relatively new concept compared
to the others and seems to be promising due to the simplicity of the design. Most of these sources
are made for (near)degenerate wavelengths [28, 34] or use different collection optics for the signal and
idler photon to account for different emission cones [24]. Unfortunately, this design does not easily
work well for our case as we want to collect both wavelengths with the same collection optics.

One can engineer achromatic beam displacers by combining beam displacers of different materials at
different orientations[29]. This technique can be used to make an achromatic beam displacer or one
that is optimized for our 2 wavelengths of interest. Designing such a beam splitter would be outside of
the scope of this thesis. That is why we decided not to follow this route as our design philosophy shifted
towards using the least amount of dispersive elements. In the end, we decided to make a design of
our own, using some lessons learned from the other designs.
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3.4.1. Our biphoton source design

The working principle of our design closely resembles that of the beam displacer based photon source.
The design we came up with closely follows our design philosophy. The discussed biphoton source
design is for type-0 SPDC. A small alteration for type-Il will also be discussed.

The design can be seen in figure 3.5. Similarly to the beam displacer based photon sources, we choose
our optical paths of both downconvertion processes to be parallel and close to each other. This makes
the setup compact and easy to use in the lab.

HWP1 HWP2 PBS TCO, ppKTPA LP
e — N
|
405nmCW =0 W 2/3WP
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Figure 3.5: A scheme of the PBS based type-0 biphoton source.

The use of HWP1, Pol1 HWP2 and QWP1 are identical to those of the cross crystal photon source
seen in figure 3.4. HWP1 and Pol1 are used to control the intensity of the pump beam. HWP2 is used
to make the pump beam diagonally polarized. HWP2 can be altered to rebalance the pump intensity
between the 2 downconversion processes. QWP2 is used to control the phase ¢ between the 2 creation
processes.

A PBS is used to separate the horizontally and vertically polarized parts of the beams. Both beams will
go to their respective downconversion crystal ppKTP A/B. The crystals are placed in a temperature con-
trolled oven (TCO) for experimental finetuning. a LP filters out the pump photons. The downconverted
photons are recombined with another PBS. At this point the states are not yet frequency entangled. To
achieve this, we introduce a 2/3th waveplate. This component acts as a FWP for the signal and HWP
for the idler. Placing this 2/3WP at an angle of 45 degrees changes the polarization of the idler between
H/V while leaving the signal photons unchanged. This results in the frequency entangled photons that
we want. Normally this state mixing is done using beam splitters. mixing the states using waveplate
as proposed here is a novel approach as far as we know.

For this thesis we assume perfect 2/3WP. Such custom multi-order waveplates are in fact commercially
available.

This design can be altered to allow for type-lIl SPDC as mentioned. One can use more 2/3WP’s after
the downconversion crystal, but before the mixing PBS. This is at the risk of introducing more which
crystal information due to manufacturing imperfections in the 2 waveplates.

There are still 1 type of component in our scheme that can introduce distinguishability: the mirrors. The
reader might have noticed we introduce an asymmetry with the setup. One reflection occurs before
downconversion while the other after. This difference might introduce which crystal information, How-
ever we assume this effect to be minimal. Another difference is that downconversion A has a larger
optical path as a downconverted photon while B has a larger path as a pump. The total path length
however is identical. This fact in combination with the air having no chromatic aberrations, meaning no
(group)velocity difference, results in no which crystal information being generated.

Geometric variations

This source is spatially highly adaptable. One can choose for the other output of PBS2 by switching the
polarization of processes A and B. This makes this biphoton source easy to use in spatially restricted
experiments. Other changes can be made to remove the asymmetry in what kind of photon reflects of
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the mirror in both paths, for example. In figure 3.6, a few alternatives are shown. Each of these has
their own pro’s and con'’s.

In a) a simplified scheme of the setup as discussed earlier can be seen. In b) and d) the first PBS is
replaced by a Wollaston prism, which separates both polarizations at an angle. Afterwards, both beams
are collected by a large lens resulting again in parallel optical paths. This Wollaston design allows for
even more compact setups, however b) has the disadvantage of having a substantial difference in path
length. Choosing a sufficiently small pump linewidth can solve this, as entanglement still occurs when
the difference between the downconversion path lengths is smaller than the pump coherence length
[20]. d) has the same kind of photons interacting at the mirrors, however the shallow angle of incidence
makes the mirrors work less optimal.

We do not suggest recombining the two beams using a similar Wollaston prism used for the separation
in b) and d). Conventional Wollaston prisms have wavelength dependent angles. This would introduce
to be the signal and idler are considered to have a large spectral separation.

At last we have option ¢), which does have identical optical interactions, however takes more space
due to its perpendicular optical paths. Choosing between these 4 options is up to the needs of the
experimentalist working with this setup.
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Figure 3.6: Alternative photon source orientations.

During this thesis more designs were considered. We initially focused on biphoton sources where the
two outgoing photons are spatially separated, motivated by the more common two-spatial-input HOMI
discussed in the interferometer section. In this configuration, a biphoton source with its entangled
photons in two distinct spatial modes is the natural design goal. In the early designs we considered type-
I SPDC, as the different polarizations of the signal and idler photons make them easier to manipulate.
Many of these designs can also be adapted by replacing the mixing PBS with dichroic mirrors, allowing
switching between type-Il and type-0 implementations. The resulting designs for both type-Il and type-0
can be found in Appendix G. These designs do not require the 2/3 waveplate.
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3.5. Detection system

In this section we discuss what kind of detection systems we propose. First, we introduce the concept
of post selection. After this, we mention some difficulties large detuning HOMI imposes as compared
to (near)degenerate HOMI. After this, we discuss an optical design to solve these problems and the
type of detectors we consider.

Post selection

Before we can discuss our detectors properly, we need to discuss post selection, which is a commonly
used technique in quantum optics. It refers to detecting only a subset of events while discarding the
rest. This typically lowers the detected photon rate but can increase the experimental visibility [35].
However, this improvement comes at the cost of reduced photon counts.

Post-selection is commonly implemented spectrally. In practice, the two downconversion processes
can have slightly different spectral amplitudes, introducing a small degree of distinguishability. Placing
a line filter after the HOM beam splitter forces the detected spectra to become more similar. This
effectively erases spectral which-crystal information of the detected photons. Additionally, the single
photon temporal coherence of the detected photons increases, as the spectral linewidth decreases.
This method does introduce some additional photon loss, caused by the line filters.

Issues of large detuning HOMI detection
We found two problems that large-detuning HOMI runs into, which are absent in (near-)degenerate
HOMIL.

The first problem is with spectral post-selection. For degenerate HOMI this is a useful technique.
However, for non-degenerate HOMI we cannot use such narrow linewidth filters, as we detect highly
non-degenerate photons. There are no narrowband filters available that simultaneously support two
wavelengths. Luckily, Bennink [23] states that for the focusing criterion £ = 2.5, the spectral purity, and
equivalently the experimental visibility, is maximized. Using these focusing conditions is recommended
whenever filtering is not possible.

Unfortunately, the second problem does not have such a convenient solution. The problem is that we
are encouraged to maximize the difference between the signal and idler wavelength. More precisely,
the Fisher information is proportional to the angular separation A. Conventional photon detectors have
a limited detection range, after which detection efficiency drops. In general detectors can detect either
visible or near infrared (NIR) photons, but not both. This results in a balancing act between maximizing
A and maintaining sufficiently efficient detection.

In the next section, we propose an altered detection system that both allows for spectral post-selection
and utilizes the maximum detection efficiency even for large A.
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3.5.1. Combined visible and NIR detection

We introduce a solution for signal and idler photons in different detection regimes, while also enabling
post selection using line filters. In each detection arm after the HOM beam splitter, we split our signal
and idler photons using a dichroic mirror, of which a schematic can be seen in figure 3.7. This allows us
to use different detectors for the signal and idler photons. Higher A can then be achieved by choosing
the signal in the visible and the idler in the NIR regime.

The interference filters for both the signal and idler can now be applied to both arms. In practice, most
of the times only filtering one side of the interferometer is sufficient [33, 35] . The equivalent for us, is
only filtering the signal or the idler. We will filter the signal in case we only want to filter one photon. In
general filtering on the photon whichever has the lowest loss due to other components results in the
highest Fisher information.

Photon coincidence counting utilizing 2 different detector types has been done before [24], although not
in the context of biphoton interferometry. Coincidence counting with this 4 detector setup is surprisingly
simple. We need to build 2 independent counting modules. As a coincidence event always sends the
signal to one output of the BS and the idler to the other output. The total number of coincidences can
be acquired by adding both coincidence counts together.

This adaptation in detection allows for more detectable correlations. Bunched events can now also
be correlated by comparing detection events between the two detectors in a single arm. A bunched
event would propagate the signal and idler to their respective detectors inside a single HOM output
arm. This kind of correlated measurement for determining the bunched count has the same advantage
with respect to dark counts as the coincidence measurements we already perform. Working on this is
outside the scope of this thesis and is left for future work.

Detector

a)

Figure 3.7: Scheme of the detection setup. in figure a) general coincidence detection using a correlator (C). in figure b) an
example scheme for a combined visible and NIR detection can be seen. Here 2 correlators are used, for correlating both
possible detection events. In setup b) it is possible to use interference filters for increased coherence time and better
indistinguishability.

3.5.2. Types of detectors

In this section, we identify and compare the suitability of different kinds of single photon detectors for
our experiment. We go over the 2 optical regimes and qualitatively explain the differences between
the detectors. For each detector, the assumed parameters can be found in table 3.1 and the efficiency
spectrum can be seen in figure 3.8.

Our measurement speed is mainly dependent on 2 quantities: the efficiency and the maximum allowed
photon rate. The efficiency of a detector is usually known, while the allowed photon rate is more
complex. It is also important to relate the photon rate of your experiment with the dark counts of the
detector, which is the false positive detection rate.
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The maximum allowed detection rate of a detector is often determined by its dead time, which is the
recovery time of a detection event after which a new photon can be detected again. The reciprocal of
the dead time sets a hard bound on the measurable photon rate. In general it is advised to operate at
photon rates around 10% of the reciprocal of the dead time to prevent missed photon counts [36]. In
this thesis, we assume this to be the maximum allowed photon rate at the detector, unless other photon
rates are stated in the datasheet.

One design choice in the detection system is to only use free-space detection. The main reason for this
is that coupling into single-mode fibers introduces additional loss and requires more careful alignment.
In this thesis, we assume a fiber coupling efficiency of 80% whenever we do need it. We only consider
fiber coupled detectors when they have considered advantages.

Optical regime

For the visible regime we consider silicon-based single-photon avalanche detectors (Si-SPADs). Si-
SPADs provide high detection efficiency in the visible range, low dark counts, and stable timing per-
formance. At elevated count rates, nonlinearities in the readout electronics may occur, and operation
is therefore typically maintained below the maximum specified rate. The timing jitter, as stated in the
datasheet, determines the minimum practical coincidence window.

Our reference model is the Excelitas SPCM-AQRH-TR [37], and all specifications are taken from the
corresponding datasheet.

Infrared regime
For the infrared regime, we considered 2 options: InGaAs SPAD and SNSPD detectors.

InGaAs SPAD

The first one is a InGaAs SPAD detector. Compared to silicon detectors, InGaAs SPADs exhibit lower
detection efficiency and higher dark count rates. Controlling these dark counts requires extensive hold
of times or Gated measurement. gated measurements are commonly used in pulsed illumination, as
the pulse arrival time can be used as a trigger. The only trigger we can use is a signal photon detection
event at the Si-SPAD. This is possible, by introducing an extensive delay line for the idler photon to
make sure the InGaAs detector can be turned on in time.

In this thesis the InGaAs detector is based on the Micro Photon Devices MDP-PDM-IR free-space ver-
sion [38], with specifications taken from the manufacturer’s datasheet. We will minimize the darkcount
by running the detector with a bias voltage of 2V, which will be around 5kc/s. The detector efficiency is
not directly stated, however when extrapolating from the datasheet we can assume a peak efficiency
between 20% and 25%.

SNSPD

Superconducting nanowire single-photon detectors (SNSPDs) offer significantly higher detection effi-
ciency and improved timing resolution compared to SPAD-based systems [39]. These devices are not
yet commercially available and are fiber coupled as these operate cryogenically. SNSPDs do have far
better timing precisions than the more affordable Si-SPAD. However, the dead time is still comparable
to that of a Si-SPAD. The SNSPD will be modeled after the one used by Chang [40].

SNSPD exist for a wide range of wavelengths. Still, we do not examine SNSPD detectors for the visible
regime in this thesis. This is due to the Si-SPAD detectors already working at comparable speeds and
efficiencies when accounting for the 80% fiber coupling efficiency.

We investigate a total of 3 different combinations of detectors. The first being a purely visible light setup
utilizing only the Si-SPAD detectors as shown in figure 3.7a). For the combined visible and NIR we will
investigate both options for infrared regime detectors in combination with the Si-SPAD. Although our
focus will be towards the SNSPD detector, because the InGaAs detector needs convoluted gating and
optical delays while performing worse across the board.
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Detector Optical Peak effi- Dark Timing jit- Ideal de- Hold-off
range ciency counts ter tected time
counts
Si-SPAD Visible 75% 1 kcls 225 ps 1 Mc/s 35ns
InGaAs SPAD! Infrared 20-25% 5 kcl/s 130 ps 100 kc/s 1us
SNSPD Infrared 99%? 0.1 kc/s 26 ps 1 Mc/s 97 ns

1 Operating in gated mode. 2 Achievable under optimal cryogenic conditions.

Table 3.1: Comparison of detector characteristics for the considered single-photon detectors. Values are based on datasheet
specifications and model assumptions.
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Figure 3.8: Estimated detector efficiencies given for a Si-SPAD detector (SPCM-AQRH-TR) and a InGaAs SPAD
(MDP-PDM-IR) and fiber coupling corrected (NIR) SNSPD based on numbers stated in their respective datasheets and paper.

Categorization of coincidence and bunched events

Earlier in the Theory we mentioned we are interested in the number of coincidence and bunched events,
as these are the only values we can directly measure. In this section, we discuss how we categorize a
detection event as a coincidence or as a bunched event.

This classification is done by time tagging electronics. This device compares the electronic output of
2 (or more) detectors. A coincidence count will be registered whenever it perceives a detection event
from both detectors within a specified time window called the coincidence window t¢.,,. Alternatively a
bunched event is counted whenever no detection event is perceived from the corresponding detector
in the other arm within the coincidence window.

Commercially available devices, for which we take the PicoHarp 330 as an example, are one order
of magnitude faster than the detectors we will be analyzing. That is why we will ignore any timing
precisions and saturation rates due to time taggers.

the value of ¢, is decided by the total uncertainty in detected arrival time of both photons. If the window
is to small, we might mislabel some coincidence events. The total uncertainty is a combination of the
detector jitter together with the inherent photon jitter. For 1cm ppKTP the photon timing jitter can be
calculated to be around the of order 1-10ps. This is negligible compared to the detection jitters found
in table 3.1. In table 3.2 we define some rough estimated window sizes.

There is one thing we still need to take into account with these timing windows. We do not want multiple
downconverted photons arriving within the same window. As a rule of thumb, having on average 1% of
the windows exhibiting a photon pair is considered good for this cause. [41] In table 3.2, the maximum
detection rate is based on this rule.
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Detector coincidence window max detection rate
Si-SPAD 2ns 5Mc/s

Si+InGaAs SPAD 2ns 5Mc/s

Si+SNSPD 1ns 10Mc/s

Table 3.2: Detection system coincidence window estimation with rates, assuming on average 0.01 pairs inside the window to
prevent multi pair events.

A comparison of the maximum photon rates based on detector dead time and coincidence window
reveals that the detection rate is limited by the recovery time. As a result, minimizing the coincidence
window is not one of the priorities for improving the allowed photon rate. Instead, detectors with faster
recovery are of importance for further optimization. Switching the Si-SPAD for a visible light SNSPD
will not improve the photon rate. That is why no such SNSPD is taken into account in this thesis.



Simulations

4.1. HOM simulation

For the HOM simulation we used the probabilities of different HOM outcomes P, and P, from equation
2.9, the Fisher information from equation 2.27 and finally the MLE estimator 7 from equation 2.28.

Here we use the calculated experimental visibility o and photon loss for both wavelengths -, ; from the
optical setup simulation.

The next step is to calculate the number of events that 1 or 2 detectors click N, /, in a given measure-
ment time t¢,,. For this, we use the estimated downconversion rate R,; and dark count rate for the
detectors R;. We assume both N, and N; to be randomly distributed, as both processes occur ran-
domly. Although we create 2 photons, the creation process is based on 1 photon meaning we can use
single photon counting statistics. These kinds of processes are Poisson distributed. Now also using
the Raikov’s theorem which states that the sum of 2 Poisson distributed processes (dark counts and
downconverted counts in a given time window) is also Poisson distributed with the parameter being the
sum of both parameters.

Up to this point we discussed the effects of different parts of the setup. Now we need to combine the
effects of the crystal, spectral filtering and detection into singular values for o, A, ~,,; and o.

A is determined by the signal and idler wavelengths of interest, o is taken from the spectro temporal
properties of these downconverted photons arriving at the detector. The total photon loss is given by
the probability of the photon not being lost in each part of the process

Vs)i = 1- H(l - Vs/i,e) (41)

€

Where e is each optical element contribution to the photon loss. In this thesis, we look at the loss
acquired by: the crystal focusing, the spectral filtering and the detectors.
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4.2. Parameter estimation from a delay scan

During measurements, we assume we do not fully know each parameter, however, we can estimate
them. In this part of the simulation, we will look at our ability to estimate these parameters.

We assume rough apriori knowledge of our parameters. For example, we can preemptively do a mea-
surement for the total dark counts. The parameters are estimated by scanning the reference arm delay
z. As a reminder, z is the spatial delay equivalent to a temporal delay ~ mentioned earlier in the theory.

From here on, we call our collection of simulation parameters ¢, and the estimation of the parameters
6. We consider the following experiment:

We assume fixed operational wavelengths A\, = 750 nm and \; = 880 nm. The photons are created
using type-ll SPDC in 1cm ppKTP, considering weak focusing (£ < 1) for simplicity. These decisions
determine the parameters A and o .

For the photon losses ~,,; we consider a sample made of silica and detection based on Si-SPAD
detectors. R, is the assumed dark count rate of the Si-SPAD as well.

Finally, we assume o = 0.8 and R,;; = 100 kcps. We scan a 5 um range with a step size of 5 nm.
Together with the singular scanning time t,.,,, = 0.1 s, this results in an approximate total elapsed time
of around 100 s.

R; is considered on the low side so that we can investigate the influence of R, on our fit quality. The
exact values of all mentioned parameters can be found in the second column of table 4.1.

For our parameter estimation, we compare 2 methods of estimation. Both methods are based on least
square fitting a reference scan z. We test the most intuitive fitting method based on the coincidence
counts (N, based fitting) against a fitting method considering both the coincidence counts and single
counts (N, and N, based fitting). We assume Poisson statistics (variance equal to the mean) when
determining the weights.

Each parameter has allowed ranges based on apriori knowledge mentioned earlier. For each parameter
an allowed range equal to a ratio of the true parameter is given to the fitting function. These ratios can
be found in the third column of table 4.1.

Parameter Value Relative uncertainty
A 3.72 x 10 rad/s 0.1
o 2.38 x 10'2 rad/s 0.2
« 0.8 0.2
Vs 0.78 04
i 0.88 04
Ry; 100 kcps 0.3
Ry 500 cps 0.3
tscan 0.1s 1ns
tew 2ns 0.8
step size 5nm -

Scanrange 5 pum -

Table 4.1: Model parameters and their assumed relative uncertainties. the parameter ¢s.q, has is the exception, as the
absolute uncertainty is given.
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Figure 4.1: Estimated quantities based on the true parameters (blue) and the fitted parameters (half transparent multicolor).
The quantities shown are the coincidence counts N2, single detection counts N, Fisher information F, and position estimation
2

We simulated 300 scans and determined the fitted parameters based on our 2 fitting methods. In
figure 4.1, 4 different estimated quantities are shown based on the true parameters and the estimated
parameters.

We see that both fitting methods work well for approximating the true N, data. N, based fitting does
a surprisingly well estimation of the delay position, however the uncertainty in N; and the dependent
parameters result in a larger error in the Fisher information. Fitting based on both the coincidence and
bunched seems to be better. In the next simulation, we will focus on the second part of the measure-
ment, determining the step size.

During this thesis, we define 2 methods for quickly checking the quality of the fit. These can be used
for controlling the quality of the scan. The first one is a measure based on a normalized L2 distance
of the measured data and the fitted curve. More details on this measure can be found in appendix H.
The other one is more visual and might be helpful in diagnostics of an experimental setup. Plotting the
estimated position 2 over our z scan should show a clear sawtooth. Disfiguration of this pattern indicate
improper fitting. In last column on the right in figure 4.1, this quantity is plotted.

4.3. MLE estimation of the step size

Once the parameters are estimated, we can finally measure the depth of a step. The goal of this
simulation is to investigate the influence of errors in 6 in our measurement of the step.

In this, and the following simulations where we measure the step size, we follow the following scheme.
First, we estimate the parameters 0 as explained in section 4.2. Then, we move our delay to the
position which has the highest estimated Fisher information as defined in equation 2.27. Then we

do 2 measurements of 60 seconds. One for each side of the step being 2, () and 2y,(9). The step
measurement is as defined in section 2.2.3.

We run 300 simulated measurements. Here we consider both parameter estimation methods as a
comparison of good and bad fitting. In figure 4.2, the resulting single measurement error is shown,
together with the error due to parameter fitting (:(6) — 2(9)) and the error of the estimator itself (2(6) — z).
The last subplot shows the total measurement error of the step.
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Figure 4.2: Plot showing the noise effects of different parts of the measurement. The first figure shows é(é) — z, the second
2() — 2(9), the third 2(0) — z. At last, the measurement of a 0.1 nm step Zs¢ep

Here we see something interesting happening. For both methods, we get similar error margins for
the step size measurement, while the single point measurements show far larger uncertainties for Ny
based fitting in comparison to N> and N; based fitting. We can interpret these results as the fitting error
of both sides of the step being in "common mode”. This means that they have identical errors, so the
difference in depth should not contain this error. This does imply that this step size measurement is
robust for mistakes in parameter estimation.

Effect of dark counts on measurement precision

In this simulation, we look at the breaking point of our parameter estimation. In principle, the Fisher
information (and therefore measurement precision) are completely independent of R;. However, we
do want to find the effect of dark counts on our measurement precision. for this simulation we assume
the true parameters o = 0.8, A = 10'%rad/s, vs = 0.4, v; = 0.8, Ry; = 100, tscan = 608, t,, = 3600s.

We use a similar simulation as before. The difference being that we vary R;. With proper sampling,
we expect a constant precision while varying . In figure 4.3 these results can be seen.

Similar to the results found in the previous simulation, the single point measurement error is dominated
by fitting errors. Both fitting methods seem to not have their estimation affected by R, up to a maximum
threshold. N, based fitting seems to break for R;/R.; > 0.2 while N, and N; based fitting degrades
for Ry/Rs; > 100.

The error due to MLE estimation 2(6) — = seems to increase for R;/R; > 1. This could be explained
in future works with thorough analysis the statistical effects of Poisson-distributed noise.

Finally, step size error seems to be constant for R;/R.; < 1, implying proper sampling. From here on
out, we assume proper sampling for our simulations.
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4.4. QCR saturation

The goal of the next simulation is to show that our overall proposed methodology saturates the QCR
method. As a reminder, our proposed method is making a scan for parameter estimation, followed by
a Fisher information maximized measurement.

We want to test our methodology for a wide range of variables. That is why we will run a large Monte-
Carlo simulations with combinations of randomly generated parameters.

Here we check the average behavior of the average standard deviation over the QCR bound. The ratio
SEerer O] ghould be equal to 1 whenever the measurement is quantum limited. The results of this

Zstep,QCR

simulation can be seen in figure 4.4.

Residual/QCR [-]

0.0 0.0
1014 1015 1016 1012
A[rad/s] o [rad/s]

Residual/QCR [-]

0.0
0.25 0.50 0.75 1.00
Rsi[-] Ral-] tscan 5] tew[s] 1e-8 tmeasure [5]

Figure 4.4: Results of Monte Carlo simulation,in blue residual of a measurement over the QCR limit of that simulation. In
orange, the local standard deviation in residuals over QCR bound. The vertical label refers to Std[Zstep(6)]/2step,QCR-

Here we see that we are operating around the QCR bound, implying that this measurement method is
in practice quantum limited as well.

This also verifies what we stated in section 2.2.2. Which is, that the events where both downconverted
photons are lost Ny needs to be considered for the overall number of measurements when calculating
zstep,Cc r- Otherwise, the predicted z,..,, 0cr Would have been to large resulting in a smaller ratio.
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4.5. Optimized wavelength and SPDC focusing

In this part, we move to a more experimental approach. Here, we determine the optimal operational pa-
rameters for our proposed HOM interferometer. As discussed, we will focus on the Si-SPAD + SNSPD
detection system. We investigate both type-Il and type-0 SPDC. Also, the possibility to do a measure-
ment with or without post selection is investigated.

This simulation will no longer do a full measurement simulation as we did previously. To save compu-
tational complexity, we instead focus on optimization of the measurement speed «.., as defined in
section 2.2.4.

We optimize over the downconverted wavelengths \,,; and the illumination/collection focusing. The
ilumination and collection focusing will be represented by the parameters &, and &, respectively as
discussed in section 2.3.5. In this section we also discuss how these quantities are experimentally
chosen by selecting the right focal lengths f, and f..

The pump intensity we can use is limited by a number of constraints. The first set of constraints is set
by the detection system. Here, we keep the detector and coincidence window saturation as discussed
in section 3.5 in mind. The second set of constraints are crystal based and are discussed in section
2.3.5. More explicitly, these are based on model assumptions [23], intensity damage treshold [25] and
signal/idler walkoff effects (equation 2.52.

Implementation filter/filterless interference

For filterless interference we know that the visibility is maximized for £ =~ 2.5 [23]. Our approach will be
to choose &, = 2.5 and find the best fitting collection focusing. For filtered experiments, we are free to
choose any focusing condition.

The exact calculations on a and the effect of filtering is outside the scope of this thesis. We will assume
a tradeoff in visibility. We assume an experimental visibility « = 0.8 for filterless interference. For
filtered interference we assume a = 0.9 and signal photon loss of 10% due to filtering.

The simulation results for ., with optimized focusing can be found in figure 4.5.
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Figure 4.5: Optimized measurement speed « for type-Il and type-0 SPDC and with or without post selection in the form of
spectral filtering.

One interesting result we find, is that both filtered and unfiltered situation result in the same optimal op-
erational wavelengths. For type-Il these are \; = 561 nm and \; = 1348 nm. The optimal measurement
speed is in the filtered case with a speed of measure r;., = 3.04 x 103 m~2s~!. This is equivalent to
a measurement time of around 7.4 seconds for a standard deviation of 0.1 nm.

For type-0 we have A\, = 755 nm and )\; = 1542 nm. We again have the highest speed of measure
in the filtered case, being ks, = 1.36 x 103> m~2s~1. This is equivalent to a measurement time of
around 716.6 seconds for a standard deviation of 0.1 nm.

More details on the optimal settings and values can be found in appendix I.

The optimal focusing criteria in the filtered simulation are far in the weak focusing regime, As far as the
bounds of our simulation. This is the case for both kinds of SPDC processes. We further investigate
the space of focusing criteria £, and &, at the optimal operational wavelengths. The results can be seen
in figure 4.6
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Figure 4.6: Evaluation of the focusing conditions at optimal operational wavelengths. measurement speed rs¢ep, related
Fisher information and photon rate R;; for both type-Il and type-0 SPDC are shown.The blue circle and orange square are the
optimal focusing condition for the filtered and filterless focusing conditions, respectively.

As we can see here, the measurement speed is optimized for low focusing criteria. It seems the lower
photon losses of weak focusing are more of an advantage than the increased downconversion effi-
ciency of strong focusing. Interestingly, there are 2 local maxima around both focusing conditions
mentioned: the optimal weak focusing (¢ <« 1) we found, and one close to the conditions as mentioned
by Bennik[23].

We do now see a smaller difference between the measurement speed at the 2 earlier found optimal
focusing conditions compared to the previous simulation. That is because we now assume for the whole
simulation the increased visibility due to filtering. When comparing the filterless focusing condition, to
the freely chosen filtered condition, we see for type-2, a 5% increase and, for type-0, a 15% increase.

R4; has a more complicated shape. The reason for this, is that this number is proportional to the pump
power, which we maximize up to our conditions mentioned at the beginning of this section. In figure
4.7, we show the saturation of these bounds for this simulation. The saturation of the bounds can be
used as a way to characterize the limiting factor of the setup. For both focusing criteria, this is due to
the Si-SPAD maximum allowed detection rate. However, the pump power for the optimal focusing is
closer to the maximum.
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Figure 4.7: Saturation of the different restrictions at different focusing conditions at the optimal wavelength for both type-Il and
type-0 SPDC.
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4.6. Sensitivity analysis

The last simulation we show is a sensitivity analysis of our best setup found in the previous section,
which is the filtered type-Il setup utilizing detection based on Si-SPAD and SNSPD. We once again
base this analysis on a Monte-Carlo simulation, similar to our QCR saturation simulation. This time,
the goal is to make the parameter range small instead. We choose a maximum deviation of +10%.

The sensitivity is defined as the normalized slope of a linear fit.

A linear fit is applied to find the average standard deviation. Also, the QCR limit is plotted. This analysis
technique could easily be adopted for other parameters such as detector efficiency or SPDC misalign-
ment. The results can be seen in figure 4.8. Here, we see for example that the biggest impact can be

made by minimizing the photon losses.
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Figure 4.8: Sensitivity analysis performed on the optimal parameters estimated before. The blue background are individual
simulations. The blue line is the fitted average measurement error. The orange dashed line is the average QCR bound.
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Discussion

Theoretical basis

During simulation we saw that, even for perfectly estimated parameters, dark counts had an influence
on the single spatial measurement for R;/R,; > 1. This effect can be seen in figure 4.3. Although a
logical outcome, this is not accounted for in our mathematical background. A more thorough statistical
derivation of randomly distributed dark counts could explain this dependency.

Setup design

In this thesis, we assume CW pumping, with a linewidth negligible to the downconversion linewidth.
However, when the processes are spectrally distinguishable (for example, when the 2 downconversion
crystals are not identical), we can use a broader pump to dominate the spectral behavior, erasing the
spectral distinguishability [42].

We did not go into further detail into all setups discussed in the appendix. Some of the concepts are
still promising, albeit not for our purposes. The beam displacer based interferometer in appendix F.5 is
the most promising, however, for large detuning HOMI engineering achromatic beam displacers should
be considered.

As mentioned in the detector part, the detectors themselves could be further optimized. This can result
in higher measurement precision than reported here.

The introduced combined detector setup allows for heralded bunched events as discussed. This might
improve the measurement, however, one does need to reconsider the Fisher information based deriva-
tion for proper evaluation of what is possible.

The use of SNSPD detectors is interesting for future research. These detectors are also available
around even larger wavelengths, resulting in considerably higher possible detunings. Additionally, this
is a quickly changing research field, meaning, that a lot is possible in the near future.

Simulation

The simulated photon counts could be more realistic. Random photon counts are considered Poisson
distributed. However, if there exists a large enough uncertainty in the average rate, the distribution
becomes effectively negative binomial [43].

The process of parameter estimation by fitting can be improved upon. We did discuss 2 different meth-
ods, however both of these are still rather basic. Optimizing these scans is up to a future experimentalist.
A suggested improvement would be to do an additional rough scan to better determine the envelope
of the interference. This would determine the downconverted linewidth o directly as well.

Some quantities have been estimated in the simulation process. One of these is effect of filtering.
Due to time constraints, the exact spectrum from the SPDC focusing theory of Bennink [23] was not
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implemented. This made it impossible to properly calculate the exact effects of spectral filtering.

The best optimized operational resulting from our simulations in section 4.5 parameters do have one
flaw. The optimal solutions found are in the weak focusing regime, resulting in the need for higher pump
powers. For Si-SPAD and SNSPD type-2 filtered setup, which is our best performing setup, we get a
needed pump power of 842 mW. This is most likely enough power to introduce thermal effects [25],
which we did not account for in this thesis. A possible workaround is using longer crystals. Switching
to 3cm long ppKTP could reduce the needed pump power by a factor 9, as the downconversion rate in
the weak focusing regime scales with the square of the crystal length.

The sensitivity analysis we did can be expanded for any kind of parameter. Currently, itis only applied on
the model parameters. However, the framework can be easily altered to more experimental parameters
as mirror reflectivity or even the effect of alignment errors.



Conclusion

In this thesis, we looked at the feasibility of a Biphoton HOM interferometer for measuring a step size
with a sub nm precision.

We derived a model for biphoton HOMI with unbalanced photon losses between the signal and idler
photon. Furthermore, we derived an expression for the experimental visibility and identified possible
causes for loss in the experimental setup. This expression is highly flexible for adaptation of other
sources of distinguishability.

A useful quantity directly relating to the effectiveness of a detection system has been introduced. The
quantity in question is the speed of measure «., and is based on the Fisher information and the
downconverted photon pair rate. It was found and verified in simulation that undetected pairs also
need to be accounted for in this quantity.

Guidelines have been made for making effective HOM interferometry setups. Using these guidelines,
a robust experimental design has been proposed.

A biphoton source, which works similar to beam displacer based entangled photon sources, has been
proposed. Our design is highly adaptable and does not use dispersive components, minimizing the
need for chromatic corrections. We found experimentally viable type-Il and type-0 SPDC based photon
sources utilizing the signal photon in the visible and idler in the NIR regime.

The suggested HOM interferometer is based on a shown mathematical equivalent beam splitter inter-
action. This interaction utilizes a singular spatial input of a PBS instead of the two spatial inputs used
in conventional HOMI. This allows for a lot of common path, minimizing which path information.

We propose a detection scheme which could help realize larger detuning than previously done before,
with the signal and idler photons in different optical regimes. This method also allows for spectral post
selection, which did not seem achievable for non degenerate HOMI.

We investigated 2 methods of parameter investigation based on least square fitting a scan over the
delay with a theoretical model. The best estimation was achieved where we fit the parameters to both
the coincidence and single counts simultaneously.

We found that our proposed measurement of a step is robust to errors in parameter estimation, mak-
ing it a reliable technique. Additionally, we found that QCR limited measurements are experimentally
achievable with our suggested measurement of a sub-nanometer step.

Experimental parameters have been optimized for each suggested setup, and optimized signal and
idler wavelengths for experimentally viable type-Il and type-0 SPDC based photon sources utilizing the
signal photon in the visible and idler in the NIR regime.

We found the best results for a biphoton state generated using type-ll SPDC based on Si-SPAD and
NIR SNSPD detectors, resulting in an estimated measure time of 7.4 seconds for a 0.1 nm standard
deviation of the measured step size. Type-0 SPDC might be slightly easier to achieve due to this variant

47



48

of the setup not needing extra waveplates. The time needed for an equivalent precision would be 16.6
seconds.

Finally, we introduce a sensitivity analysis based on a Monte-Carlo simulation, which is highly adaptable
to find the influence of any parameter on the sensitivity.
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HOM mathematics

A.l. Derivation and visibility calculation: HOM effect

Here we derive the general HOM effect together with a measure of the visibility. This part is also a
stepping stone for the reader to better follow the steps taken for the Bi-photon derivation in appendix
A.2. This one follows similar steps and is less cumbersome.

As an input state we have: .
|®in) = [1)1]1)2 = ab}|0) (A1)

Here we label the (creation) operators of the photon on the second path of the beam splitter with
operators b, which behaves the same as a. We do this to make it possible to distinguish the 2 photons
for distinguishability calculations. As a reminder, annihilation and creation operators are each others
complex conjugate with the following commutation relation:

la5,af] = o5 (A2)

The beam splitter has the following transformation for creation operators for transforming photons from
the inputs to the outputs:

NS, NS,
o+ aa — 104 N a, —tra
Clll — 3724, a; — % (A3)
Taking the Hermitian conjugate gives the same relation annihilation operators
. as+ias a4 +1ias
a1 = ————, g > ——— A4
1 ﬁ 2 \/5 ( )
Now we can calculate the effect of this beam split on our input state in equation A.1
[®in) = a{0}10) — 5 (al — iak) (b} — ib})[0) (A5)
Working out the algebra gives:
1r/.44 ot S it
|Pout) = 3 [(agbz — alb;) —1 (agbg + albl)} |0) (A.6)

The left part of this state is the coincidence state, as we have both a photon in path 3 and path 4.

1 /.44 i
@) = 5 (aldl — aldl) 10) (A7)
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Now calculating the probability of photons being coincidence by taking its inner product with itself

1 a N i i
Po = (@] @) = (0] (bats — boia) (ald] — afd} ) [0), (A.8)

The different paths commute, however the same paths do not. this leaves us at the following formula
after working through the algebra

Po= 10| (asbaaldl — asbialbl — asbsald] + asbsaldl) [0). (A.9)
Now, using the commutation relations we get:

T P
Pe =50 (a3a§b4b§ — agbaalbl — asbsalbl + a4a1b3b§) 10) (A.10)

(0]azabbab}|0) = (0[(1 — i, ) (1 — 1y, )[0) =1, (A.11)
And for the middle 2 terms:
(0lasbsalbl]0) = (0lasbibsak]0) = (0]asbi|0)(0bsal|0) = (a|b)y (b|a), = | (a|b)|?. (A.12)

In the last step, we assume perfect beam split, meaning both outputs are identical and we do not care
about the difference in paths 3 and 4. So, putting it all together:

Pe =35 (1-1{alb)?) (A13)

Now, this is interesting. This result shows that the strength of this HOM dip is decided by how indistin-
guishable the 2 input photons are. This means that this in-product between the 2 input photons can be
easily calculated, for all its properties.

A.2. Derivation and visibility calculation: biphoton HOM interfer-

ence

The reader is advised to first look at the previous derivation in appendix A.1, as this one is similar,
however with less grindy mathematics.

Lets take our superposition and assume we have creation processes A and B as we did in the thesis.
|A) +¢"|B)
V2

For this derivation we use our formalisms defined in section 2.1.3. As a reminder, z is the collection of
parameters which can introduce distinguishability and the states |A) and |B) are defined using equa-
tions 2.14 and 2.15. These equations state:

|Pin, > | = (A.14)

|A) = / / dz [A(m)a{(ws,x)a;(wi,x)|o>

(A.15)

Also, it is normalized for over the full parameter space =

/ A*(2)A(z)dz = 1. (A.16)
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We introduce a delay 7 in path 2, which is due to the controlled delay in our reference path resulting in
a phase delay dependent on the angular frequency of the photon existing there.

@) = f / Az |7 A@)a] (wy, 2)a (wi, 7) + e B(@)a (wi, 2)ab (we, )| 10) (A7)

To get the state at the output of the beam splitter, we apply beam splitter transform from beam spilitter
inputs 1 and 2 to outputs 3 and 4 described in equation A.4

(A.18)

Now, we take only the part of the state which results in a coincidence measurement |®). That is, the
part of the output state which produces a photon in both output 3 and output 4

1 |1 iwiT A=)\ [ AT = ~ =
20) = -5 /] d:c[Qe A(@) (@, D)l (i 2) - af (s, D)l (w1 2))
(A.19)
+el? e B(z) (al wr, 1a] (w5, ) — al(wr, Dl o, ))] 0)

We can calculate the coincidence probability P. = (®.|®.). We split each product term into its own
integral to make it easier to read. We also introduce A = w, — w;. In the self interacting cases, we see
that the phase due to 7 disappears:

/e

clerrsag [ [ aza @ o)(a

% (@} (wi, 2)a (s, ) = a} (w3, )} (w1,7) ) 10)

Working out the commutator relationships assuming different paths and different wavelengths commute,
we get:
1 - 1
-3 / / drA° () A(z) — /1791 / / dz A" ()B(z)

—e—i[wwli / / diﬁB*(ﬂE)A(is)—i-% / / 28" (7)B(z)

Now we can simplify, using the fact that the amplitudes are normalized. We also state, that ¢ is the
phase between the 2 states. This implies that we can choose the integral of [[ dz5*(z).A(z) to be

(A.21)



A.2. Derivation and visibility calculation: biphoton HOM interference 55

real valued. Also notice how the second and third term are each others complex conjugate. Using this
information we can rewrite:

1
P.= - —2Re
2

e'iKAVW% / / da:A*(m)B(x)} (A.22)

Finally, we can conclude that:

(A.23)

P, % _ %cos (AT + qs)' / 47 A" (2)B(z)

Here the absolute value over the integral is taken to make sure that all global phase information is
accounted for in ¢.



Derivation of the temporal envelope

In this appendix we will discuss the temporal representation of the biphoton amplitude as a first step
towards the temporal envelope.

We take the consideration of temporal overlap similar to Trojek [12]. We will lower the dimensionality
of the spectral amplitude similarly as we did with the spectral amplitude. To make this work we need
to transform 7, and 7; to 7, = % and 7_ = =57 The interpretation of these quantities is that 7,
is the average arrival time of the signal and idler photon of a single creation process, while 7_ being
the difference in arrival time between the signal and idler inside of the creation process. A visualization
can be seen in figure B.1.

@ (4%
—> >

. A

" 'B » Arrival time
T (4 TJ(r)

Figure B.1: Visualization of photon arrival times of 2 different processes A and B. The width of each photon envelope is a
visualization of the single photon coherence time.

In our CW approximation we assume that the pump photon has a negligible small linewidth. This
results in a long coherence time, with the corresponding coherence length being in the meter scale.
This coherence length can be seen as uncertainty in the pump photon arrival time, which introduces
an equivalent uncertainty in the average downconverted photon arrival time 7., implying a stretching
of the downconverted photon amplitude in the 7. direction [12].

From here one can see that we cannot have distinguishability due to 7, as long as the difference in
average arrival time of both processes TJ(FA) and TJ(FB) is small in comparison to the pump coherence
time. We result in the temporal overlap of

J[ AmBiremang = [ A5 yar (B.1)

Up to now we have discussed 2 creation processes, however we can find one more interesting thing
when we consider what happens to our biphoton amplitudes when we add a delay 7 in path 2 for our
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interferometry. This delays the idler of creation process A and the signal of process B. the states | A)
and |B) are defined using equations 2.14 and 2.15.

Assuming for convenience 7 > 0 results in the idler photon being delayed for process A and the signal
photon for process B. For CW pumped processes, the temporal amplitude is temporally only dependent
on the relative arrival time of the photons 7 = 7, — ;. From here we can effectively describe the effects
of the delay 7 on the partial amplitude functions:

This is also reflected in our state amplitudes, resulting in the transformations:

A (12) = A (m- — 1)

B (1-) = B (t— + 1) (B2)

This will result in an equal and opposite shift in the 7_ axis for both amplitude functions. From here we
can rewrite equation 2.17 to:

1

P.= 3 %a cos (AT + (;5)’ // dr_A*(r— + 7)B(7- — 1) (B.3)

where we define « as the amplitude overlap due to nontemporal parameters. The integral resembles
a convolution. The temporal shape is related to the Fourier transform of the downconverted spectrum.
When one assumes spectral normally distributed downconverted photons we reproduce equation 2.2.
Another common spectral amplitude shape is the sinc function. This results in a triangle based envelope.
Both these resulting envelopes agree with degenerate HOM interferometry with the same spectra [7].

One thing we can see from equation B.3 is that HOMI does occur even when both signal and idler are
temporally separated. That is, the 7_ for which the A, (7_) is nonzero being larger than both the signal
and idler coherence time. This does agree with degenerate temporally separated HOMI experimental
results [44, 45].

Here we have a problem with the arrival times of the photons. We found out it works differently
than we first expected. Interference occurs even when signal and idler do not temporally overlap
(- >coherence time). Only distinguishability between the 2 creation amplitudes is important.



Derivation Fisher based estimator

C.1. Fisher information
This HOMI measurement is based on making a maximum likelihood estimator (MLE) based on Fisher
information. All the definitions and theorems are taken from the statistics book from Bijma [15].

Fisher information gives an upper bound on the information you can gain from a measurement, based
on the probabilities attached to them. A biphoton event has 3 possible outcomes. Either 2, 1 or 0
photons end up getting detected, given a delay .

Given a measurement X:

P.(X) = Pro(X)P-1(X)Pr2(X) (C.1)
lo(X) is the score function. which is the derivative of the log of the likelihood.
H(X)= Y 0rlogPr(X =i) (C.2)
1=0,1,2

Solving this differential equation and moving around some terms we get:

o.Py o0.P 0P
_ 0 L 2

(X) P Py P

(C.3)

Now, the Fisher information is defined as the variance with respect to the distribution parameter 7.
. 2
E:E{@A&D} (c4)

This expected value we can easily take, by taking a weighted average over the 3 outcomes (subscripts
0, 1 and 2) we can work out the formula for the Fisher information:

(0. Po(1)) | O PP (@:Po(r)

=5 Pi(r) Folr)

(C.5)

When looking at equation 2.9 we see 0, Py (1) = 0. Using this information we can simplify equation C.5
to get:

_ Pi()(0-Pa(7))* + Pa(7)(0-Pa(7))?
FT B Pl(T)PQ(T) (C6)

Here we once again look at equation 2.9 and see 9, P, (1) = —8, Py(7) which implies (9, P;(7))? =
(0-P2(7))?. We can than further simplify to get:
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[Py(7) + Po(r)](0:-Pa(7))?

Fr = Py (7)Ps(7) (©7)
Also, from equation 2.9: [Py (7) 4+ Po(7) =1 — Po(7) = 1 — sy
(1 =7%:) (0 Pa(7))?
FT o Pl(T)PQ(T) (CS)
Now we need to calculate the derivative of P (7)
0, Py(7) = %(1 — (1= yi)a [Asin (A7) — 20% cos (A7)] e=20°T (C.9)
Squaring this and substituting it gives rise to
o (1 — veyi)a® (1 —75)%(1 — ) [A sin (A7) + 202 cos (AT)]2 e—40?T? (C.10)
T 4Py (T)Py(T) '
Also subbing in P;(7) and P (1) gives
_ N2 : 2 2 40272
P (1 —vsvi)a? [Asin (AT) 4 2027 cos (AT)] e (C.A1)

[% + 1%% - O‘COS(AT)eﬂgzﬂ} [1+ acos(AT)e—2077?]
C.2. Maximum Likelihood Estimator

Now, to try and saturate the QCR bound, we make an estimator of + based on the measurement of
coincidences and bunched events, for which the probabilities are given by equation 2.9. We show that
we can define this estimator, and show that the uncertainty (in perfect conditions) will give an uncertainty
equal to the QCR bound.

The maximum likelihood estimator is an estimator of a quantity. The precision of this is given by \/%

Now, we want our measurement to be as precise as possible, so, for this, we need to find a maximum
of the likelihood function

L:(No,Nl,NQ |T) O(Po(T)Nopl(T)NIPQ(T)NZ (C12)

Here, Ny,1/2 are the number of events resulting in 0/1/2 detectors clicking. To find a maximum of this
function, we take the derivative with respect to 7, and take the log of the likelihood for simplicity of
calculation. This results in

L ~ - N()P/(T) N1P1/(T) NQPQ/(T)
0:= 0108 Lne = R+ R T Pn)

(C.13)

When looking at equation 2.6 we see 9, Py(7) = 0and 9, P, (1) = —0, P»(7). So, given that 9, P, (1) # 0.
from this we can determine an estimator 7),1, p for which the equation above is satisfied, meaning this
is the MLE estimator.

NlPQ(T)"FJ\/ILE = N2P1(T)|7~'ZWLE (C14)
which allows us to determine the estimator 75,1 g For the case of both photons having the same photon
loss ~ this results in

N, — Ny
~ _ e
TMLE = arccos (a(N1 " Nz)e20275> /A (C.15)

Using equation 2.9 for the case of different photon losses for the signal and idler photon, this results in;

3ys—1 2
Bacly 2 VN, N
7 = arccos (( s 1_%) ’ 1) /A (C.16)

Oé(Nl + NQ)G_QUQTS



Reasoning for photonloss based on
single sided heralding

First we will look at the single sided heralding ratio as defined by Bennink [23].

Rsi
R

Ns = (D.1)
Which can be interpreted as the probability that the idler photon is in a measurable mode, given that
the signal photon is in one. In a similar fashion, »; is defined. R; is the brightness of only signal pho-
tons in a measurable mode. An important note is that R, > R,; always holds. The reason is that a
detection event where both signal and idler are in a measurable mode always implies that the signal
is in a measurable mode. This results in the heralding ratio always being between 0 and 1, making it
interpretable as a probability.

Now, we define the event of the signal photon being in a measurable mode as S. For the idler, we define
1 similarly. Using the reasoning from the previous paragraph, we can write the conditional probability:

ns = P(1]5) (D.2)

P(S) is the probability of the signal photon not being lost, which equates to 1 — ~,. P(I) can be found
similarly From here we can use some Baisian probability theory to find

b PUS) Pg(r;)s) _a —1%»(;— )y, 03)

Similarly, we find n; = 1 — 4
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Proof of equivalence between
conventional and single input HOMI

In this proof we show that 2 photons entering a beam splitter from each side is equivalent to 2 photons
with (anti)diagonally D(A) polarized photon entering a PBS in a single spatial mode. We show that
the beam splitter transformation on the incoming photon pair results in an identical output for both
situations.

We argue from the operator level; the A (anti)diagonally D(A) polarized photon annihilation operator

are. N A .

A a1,H T~arv . a1,H — a1,v

ai1,p NG a1,4 NG (E.1)
Now we assume the PBS to be defined similarly to the ideal beam splitter from appendix A.3. The only
difference being the transmission and reflection coefficients, which are dependent on the polarization
of the photons

a1 — tas +iras a9 — tayg +iras (E2)

We can model a perfect PBS where the horizontal polarization gets transmitted choosing ¢ and r:

1, ifpol=H 0, ifpol=H
t= and r=
0, ifpol=V 1, ifpol=V

We use this beam splitter transformation for the diagonal and anti-diagonal operators.

a3,g +iGsv a3,; — 104V
— a1 A =
V2 ’ V2

Now this is exact the same transformation, omitting a global phase for the anti-diagonal transformation
as we would have had if we had both photons at different inputs at a non polarizing beam splitter. More
explicitly, the mapping is identical to equation A.4.

a1,p — (E.3)

The only thing we did not account for yet, is that in a normal beam splitter, it is important that a; and
a, commute. Meaning a;,p and a; 4 should also commute. This is easily proven as the A and D state
are orthogonal.

Now that all conditions are met, we can conclude mathematical equivalence.
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Other interferometer designs

In this chapter of the appendix we start with some general remarks for the interferometer designs. These
remarks are not of importance for the main body of this thesis, but we add them for completeness.

Beam separation and angle of incidence
The designs in the main body of this thesis had no need to consider the following experimental restric-
tions. However, every of the designs mentioned in this chapter does need at least one of these:

+ parallel beams should be separated by at least 3 times their beam diameter.
+ angle of incidence at the sample is at most 6 degrees

The beam separation is needed to prevent crosstalk between both beams as Gaussian beams do not
abruptly stop existing outside of their diameter.

A small angle on the sample is needed to prevent noticeable differences in Fresnel reflections between
the 2 paths and the 2 frequencies. Below 6 degrees, the difference between S and P reflectivity, is
negligible.

The polarization state of both arms should also have the same polarization considering the angle of
incidence on the sample.

Dichroic mirrors

As a last point, we advise to use dichroic mirror cubes for the interferometer and source of the experi-
ment whenever a dichroic mirror is mentioned. Generally, dichroic mirrors reflect on a singular surface
of a glass of crystal substrate. This substrate does introduce some spatial walk-off between the sig-
nal and idler photons due to chromatic effects as can be seen in figure F.1. Even worse, the walk-off
is different for both inputs of the mirror. Only one input needs to travel through the substrate before
reaching the mirror. All these different kinds of spatial walk-off can be prevented with dichroic mirror
cubes, which function similar to the more conventional PBS cubes. The spatial walk-off in conventional
dichroic mirrors is even worse when we use both inputs of the mirror.

Figure F.1: Qualitative example of standard mirror vs cubed mirror walk-off due to chromatic dispersion in the substrate of a
light beam entering from the left.
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F.1 Tilted dual sample interferometer 63

F.1. Tilted dual sample interferometer

Please look at the beginning of this appendix chapter for some extended restrictions compared to the
main body of the thesis.

The scanning design shown in F.2 uses 2 periscopes (P). In contrast to the single sample setup we
are not limited to small elevations of the beams. This is due to the fact of the elevation that is only
applied to cross the beams, and not to scan the sample at 2 different locations. We can choose them
to a height difference of a few centimeter, which we can easily work with. Both reference and sample
are at the same side of the setup, meaning we only need to allocate one part of the table to this empty
long space. This design also is more modular, as we can easily make blocks of the different parts of
the setup.

HWP

M J ﬂ
Sample

{Reﬁerence

SPAD
SPAD

Figure F.2: Tilted dual sample interferometer design

One of the problems in this design is that the distances to the sample and reference need to be large,
making alignment more complicated.

F.2. Tilted single sample interferometer

Please look at the beginning of this appendix chapter for some extended restrictions compared to the
main body of the thesis.

Complexities needed for the design shown in F.3 are the periscopes (P) and the knife edge mirrors
(KEM).

Ideally we want to use dichroic mirrors as these have high efficiency. However, physically mounting
them is a bit of a concern, as the housing of the mirrors might block the path. That is why we will be
using clear edge mounts. Total internal reflection prisms also are a good alternative. One remark about
these is that these also introduce a group velocity mismatch between the signal and idler photons. This
can however be compensated for by making the compensation KTP crystal longer.
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Figure F.3: Tilted single sample interferometer design

F.3. Prism based single sample interferometer

Please look at the beginning of this appendix chapter for some extended restrictions compared to the
main body of the thesis.

We have a prism based single sample setup, which is further discussed in appendix F.3. This one was
a contender, however it still had some major flaws. 2 spots on the sample where located diagonally,
making the displacement in the vertical and horizontal direction even smaller and harder to work with.

p
5.
\\\\ ,/ N,
‘/' ,/ CSPAD

S AT N
N\ ./ \SPAD
” \\ 7’
S
,

Low beam High beam

Figure F.4: Prism based single sample interferometer design



F4. Lens-based single sample interferometer 65

F.4. Lens-based single sample interferometer

Please look at the beginning of this appendix chapter for some extended restrictions compared to the
main body of the thesis.

One idea we had was using the Fourier plane of a large aperture lens. Here we can control the sepa-
ration of the focal points by choosing the incident angle of a beam on the lens. Beam crossings can
be prevented by giving one beam an offset in the horizontal axis compared to the optical axis, while
the other one has a vertical offset. The problem with this, is that the setup gets far more complicated
as can be seen in figure F.4. 3 distinct heights need to be determined. Having identical component
angles and path length also made this design far too complicated.

U SPAD Low beam Mid beam High beam

Figure F.5: Lens based single sample interferometer design

F.5. Beam displacer based single sample interferometer

Please look at the beginning of this appendix chapter for some extended restrictions compared to the
main body of the thesis.

Here we discuss a design with some major advantages. A lot is common path, there is no angled
reflectance at the sample and the full optical path is at a single height. This design is inspired by the
beam displacer-based photon sources [28, 24]. We assume our entangled light to be in a single spatial
mode, with entangled polarization and in the H and V basis. In figure F.6 you can see the suggested
interferometer. Here we separate the 2 polarizations using the same orthogonally placed beam dis-
placer. This separation is used to probe both sides of the step on the sample.

To separate the illumination and the collection from/to the sample we use a similar trick with a QWP
as we did in the interferometer in the main script of this thesis. Reflecting directly to the sample would
normally result in the light returning to the single spatial mode. However, if we change all polarizations
with QWP at 45 degrees, which effectively is a HWP due to the double passing of the light, this behavior
changes. Instead of returning to the same spatial location of the pump mode, we get a outgoing sepa-
ration twice as large as it is on the sample. Choosing a 5mm beam separation at the sample results in
a separation of 1cm for the outgoing beams. This is enough to separate the beams towards a further
standard interferometer. We can even put the HOM beamsplitter and detectors after the sample, as
this setup is rather compact.
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Figure F.6: Beam displacer based single sample interferometer.

Similarly to the beam displacer based photon sources, this design is limited by chromatic dispersive
effects. For degenerate HOMI, this is not a problem, however, for a large detuning the signal and
idler will experience wildly different refractive indexis resulting in different displacements. This problem
could be solved with effective achromatic beam displacers made of multiple materials [29]. This does
make the displacers longer, meaning more dispersive effects and more absorption. This interferometer
becomes feasible with more engineered beam displacers however.



Other biphoton source design

G.1. PBS based biphoton source

Here we discuss the idea of a photon source without the need for temporal compensation. This method
is similar to beam displacer from literature [24] setups. The problem of these displacer based setups is
their need for dispersive components. Our design does not contain any of these components, and can
be seen in figure G.1. The source for type-Il can be seen in a) and type-0 in b). The W prism (Wollaston
prism) splits the horizontally and vertically polarized light by giving them different exit angles. A lens
can then be used to make the light parallel again. Then, the light passes through the 2 ppKTP crystals,
of which ppKTP2 is rotated by 90 degrees, making downconversion of vertical light possible. After the
crystals, a long-pass filter (LP) is applied to filter out the pump light. Both beams get recombined using
a Dichroic mirror (DM), resulting in 2 superposed states needed, with minimal which crystal information.

7Y
TCO, PPKTP1 LP 7\@”
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HWP1  HWP2 H> ; ' Ny
= o
u . 2
Iv> \/ e | M &L,
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a)
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» TR _
HWP1  HWP2 IH}/\ i !_[[[[[i: I BAZRA
|
H H ﬁ HWP3 - DM
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L
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Figure G.1: Schematics for Wollaston based biphoton sources with 2 distinct spatial outputs. a) shows the design for type-2
SPDC and b) the adjusted design for type-0 SPDC.

We assume long-pass dichroic mirrors, which for large enough detunings should be easily available.
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G.1. PBS based biphoton source 68

Conventionally A; < );, meaning the signal photon will get reflected and the idler transmitted. Do note
that the idler photons now get an extra phase due to its transmission through the dichroic mirror, which
at first seems to make things complicated. Assuming we use the dichroic mirror cubes discussed at
the beginning of appendix F, this will have no effect on the photon timing distinguishability, since this
additional phase will be identical for both output paths.

We could also replace the Wollaston prism and lens configuration with a second PBS and 2 mirrors as
can be seen in figure G.2. This is mostly about convenience, as the parts interacting with the pump
beam before the crystals only apply a phase between the creation processes we can correct for.

[HA>1H,A>,

VA VA,

Figure G.2: Entangled photon source, with PBS instead of Wollaston and lens setup.



Diagnostic measure for a delay scan

We define how far a fit is from the data. From a scan we get Ny ¢i:(2) and Na measure(2) Where z is the
scanner position.

In measure theory [46], a commonly used measure of a function is the L2 norm:

||.||2:/(.)2dz (H.1)

The distance between functions can be measured with respect to a norm. For functions f(z) and g(z)
the distance is given by

La 2
1 —gl, = / (f(2) — 9(a))’de H2)

Where L, is the integration window. We now define our relative distance LS as the distance between
the measured and fitted coincidences, normalizing with respect to the measured coincidences

HNQ,measured - N2>fit||2 _ fOLz (N2xm5aSUT€d(z) - szfit(znzdz
’ ’N2,measured| |2 fOLZ (N2,measured(z))2dz

LS(z) = (H.3)

Now, assuming our fit to be perfect, we can state that all deviations are due to the Poisson distributed
noise in the measurement (N2 measured — N2,fit)2 ~ Var[Na,measured) = Am(z). Where A, (z) is the
Poisson variable for a coincidence measurement.

LS~ /

This does go to zero as our average counts go higher. This metric is scale invariant. For example, if
we have a relative error e due to fitting (N2 fir = (1 + €) N2 measured, W€ get measurement outcome:

N Te
/d 6 2meaéu d) _ 62 (H5)
2 ,measured
Do note that this is independent of the scale of A, meaning that we do only compare this relative

deviation ¢ to the fitting errors. Now, we can set a threshold where we accept a scan as sufficient for
measurement. We will assume that LS should be smaller than 0.05 to consider a fit successful.

=2 - H.4
b (H.4)

Var N2 measured]‘| _ )\2 1

2 ,measured
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Optimized settings

The experiments are named based on the detection setup used, the type of SPDC (11/0), and whether the experiment is filtered or not (Fil./Unf.). All
simulations assume 1 cm ppKTP for downconversion. The experimental and HOM parameters can be found in Table I.1, and the resulting measurement
speed, pump power, and restrictions can be found in Table 1.2.

Experimental Parameters HOM Parameters

Experiment Ap[nm]  As[nm] A [nm] - SAs [nm] - 6A; [nm]  wo,p [pm] &p [ &si 1] fplmm]  felmm] o] sl %l A [rad/s] o [rad/s]

Si+SNSPD Il (Unf.) 396 561 1348 3 18 11.68 2.5 7.4 93 46 0.80 0.809 0.868 1.96 x 10'® 1.88 x 1013
Si+SNSPD 0 (Unf.) 507 755 1542 3 12 13.04 2.5 5.8 81 44 0.80 0.821 0.871 1.28 x 10> 9.30 x 10'2
Si+SNSPD I (Fil.) 396 561 1348 3 18 184.75 1.0 x 1072 1.8 x 10~1 1466 293 0.90 0.856 0.861 1.96 x 10> 1.88 x 1013
Si+SNSPD 0 (Fil.) 507 755 1542 3 12 206.15 1.0x 1072 1.1 x 10" 1278 316 0.90 0.845 0.854 1.28 x 10'® 9.30 x 10%2
Si+InGaAs Il (Fil.) 402 548 1506 2 17 11.79 2.5 4.6 92 59 0.80 0.783 0.977 2.19x10'® 1.39 x 1013
Si+InGaAs 0 (Fil.) 508 755 1555 3 12 13.06 2.5 2.8 81 63 0.80 0.804 0.980 1.29 x 10> 9.27 x 10%2
Si+InGaAs I (Fil.) 402 548 1506 2 17 12.96 2.1 3.4 101 69 0.90 0798 0.979 2.19 x 10> 1.39 x 103
Si+InGaAs 0 (Fil.) 508 755 1555 3 12 206.44 1.0 x 1072 2.6 x 10=2 1277 654 0.90 0.806 0.980 1.29 x 10> 9.27 x 10'2
Si type-Il (Unf.) 382 633 961 5 10 11.44 2.5 4.6 94 55 0.80 0.784 0.955 1.01 x 10'® 2.12 x 10'3
Si type-0 (Unf.) 464 827 1058 7 12 12.42 2.5 3.6 84 54 0.80 0.864 0.980 4.96 x 10  2.06 x 1013

Table 1.1: Experimental and HOM Parameters. The experimental parameters mentioned in this table are the operational wavelengths A,/ /;, Downconverted linewidth 5 /;, illumination spot
size wyp, illumination, focusing criteria &p,/s and collection focal length Ipse



Simulation Outcome

Pump power and relative saturation of the restriction

Experiment to.1nm [S] Rstep [m_QS_l] F, [m_2] HOM-rate [5_1] Popt [mW] Popt/P ,mazx ['] Popt/Ps,maac ['] Popt/Pi,max ['] Popt/Pw,max [']
Si+SNSPD Il (Unf.)  1.09 x 10* 2.06 x 10*° 3.95 x 10% 5.22 x 10° 15.06 0.54 1.00 0.69 0.52
Si+SNSPD 0 (Unf.)  2.63 x 10" 8.54 x 1034 1.53 x 10%® 5.58 x 10° 3.38 0.10 1.00 0.72 0.56
Si+SNSPD Il (Fil.)  7.41 3.04 x 103 4.38 x 10%® 6.93 x 10° 842.37 0.12 1.00 0.96 0.69
Si+SNSPD 0 (Fil.)  1.66 x 10* 1.36 x 10%° 2.10 x 10% 6.45 x 10° 179.87 0.02 1.00 0.94 0.65
Si+InGaAs Il (Fil.)  5.45 x 10" 4.13 x 103 9.37 x 10%7 4.40 x 108 16.59 0.58 0.96 1.00 0.88
Si+InGaAs 0 (Fil.)  1.75 x 10? 1.29 x 10%* 2.57 x 10%7 5.00 x 10° 2.62 0.08 0.98 1.00 1.00
Si+InGaAs Il (Fil.)  4.14 x 10* 5.43 x 103 1.16 x 10?8 4.68 x 108 18.24 0.53 0.95 1.00 0.94
Si+InGaAs 0 (Fil.) 1.25 x 102 1.80 x 1034 3.62 x 10%7 4.97 x 108 186.78 0.02 0.96 1.00 0.99
Si type-Il (Unf.) 1.43 x 102 1.58 x 103 3.96 x 10%7 3.97 x 10° 4.97 0.19 1.00 1.00 0.79
Si type-0 (Unf.) 1.76 x 103 1.28 x 10*3 2.56 x 10%¢ 5.00 x 10° 0.41 0.01 0.77 0.77 1.00

Table 1.2: Measurement outcomes and saturation of the restrictions in pump power. The parameters shown in this table are the measurement time ¢.1,,, needed for a 0.1 nm standard
deviation error of the step size estimation, speed of measure xs¢ep, the single measurement Fisher information F, and the estimated downconverted photon rate HOM-rate. The optimal pump
power P, is compared to the maximum allowed pump power due to experimental restrictions. These restrictions are the maximum allowed intensity inside the crystal (Pp maz), the
signal/idler detector saturation (P /; ,4.) @nd finally the coincidence window saturation (Puw,max)
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