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Abstract

Superconducting nanowire single-photon detectors (SNSPDs) are characterized by their quan-
tum limited ability to accurately detect single photons, with low jitter, high detection effi-
ciency and low dark count rate. To achieve this, the detector is cooled to 2-3K, bringing
the device in a superconductive state, and is then biased with a direct current (DC) close
to its critical current. When a photon impinges the detector, the depairing of Cooper-pairs
by the photon leads to local destruction of the superconductivity. The growth of this non-
superconducting area, first across and then along the nanowire, leads to the development of
a measurable resistance and hence the production of detection pulses. Increasing system de-
tection efficiency (SDE) of detectors has been a long-term goal in the community. Recently
ultrahigh efficiency detectors (SDE>98%) have been demonstrated. It has also been shown
that the wavelengths dependence of SDE, typically defined by a quarter wavelength cavity,
is modulated by fiber-detector airgap (Fabry-Pérot). Measuring such modulations and find-
ing the optimal operation wavelength manually is a time consuming and tedious process. In
this thesis a setup for automatic measurement of SDE versus wavelength was developed and
benchmarked. For the tested detector, efficiencies were found ranging between 22% and 95%
in the wavelengths range between 1260nm and 1650nm. For the optical circuit using Single
Mode (SM) fibers only, the automated SDE measurements were unreliable due to shifts in po-
larisation during measurements. Using PM fibers led to efficiencies very similar to the values
measured manually.



1. Introduction

The superconducting nanowire single-photon detector (SNSPD) is on its way of becoming an
essential instrument in many applications, including quantum communication [1][2], biomed-
ical imaging [3] and long distance communication [4]. Its capacity to detect single photons
with high efficiency [5] [6] [7] [8] [9] short dead time and jitter [10] over a large frequency
range are more promising compared to similar technologies, such as avalanche photon diodes
(APDs). The latter have reached a plateau of efficiency of around 40% [11]. For the SNSPDs,
on the other hand, its community is working towards achieving unity system detection effi-
ciency (SDE) in the infra-red, already achieving 99% SDE recently [12].

Achieving near unit efficiencies consistently will have large impact on various applica-
tions, such as quantum communication, biomedical optics and long distance communication.

In quantum cryptography, SNSPDs are mainly applied in quantum key distribution. The
detectors are used to encode data into the phase or polarisation of the photons, solidifying
communication based on quantum entanglement. Theoretically, it is impossible to break such
encryption. [13][14].

In biomedical optics, the study of the lifetimes of biological fluorophores can be of special
interest. These are widely used to study cellular and molecular structures, amongst others
DNA, proteins and mitochondria. The fluorescent substance has electrons which are able to
absorb photons, increasing their energy. Hence, they shortly enter into an excited state before
either dispersing their energy or emitting it as a photon, with a lower energy. A lifetime is
defined as the time an excited electron takes to emit a photon [15]. The more photons such
a substrate will emit, the brighter it will be. Fluorescence analysis yields information about
important parameters of the substance, such as the diffusion of a protein, its movements, and
its interaction with other molecules. An SNSPD could be used, for instance, to detect small
differences in lifetimes and detect a weak number of photons [3].

Using very accurate measurements of photon arrival times, the SNSPD finds an application
in long distance communication [4]. Generally, photon counting systems are used to detect
weak sources of radiation, i.e. low flux of photons in the visible and near infra-red spectrum.
This presented tons of challenges in terms of optimizing the detection rates in high frequency
solutions. A high efficiency is required to extract more information encoded in the waves,
hence, SNSPD systems can be used.

Many parameters and their interactions influence the efficiency of the SNSPD. They can,
however, be roughly divided into two categories: internal efficiency and external efficiency.
External efficiency can be split into coupling efficiency and absorption efficiency. Coupling
efficiency relates to a possible air gap in the connection between optical fibers and sensors,
negatively impacting the efficiency of a detector [12]. Absorption efficiency depends on the
absorption coefficient of the material of the detector, and accounts for the fact that not all
photons in the cryostat will be absorbed by the nanowire. Internal efficiency relates to how
well photons, once inside the system, trigger the detection mechanism correctly. Besides the
aforementioned efficiencies, the efficiency of a detector is wavelength dependent, having a
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clear peak at a certain wavelength and a clear valley at another wavelength. When design-
ing new SNSPD systems, characterizing its efficiency could be a labour intensive trajectory.
Hence, automatisation of this process is critical to accelerate research on SNSPDs.

The goal of this thesis is to automise efficiency measurements on detectors. For this goal, a
setup commonly used in characterizing the efficiency of SNSPDs has been employed. The laser
source (JGR5 tunable laser), attenuator (JGR Optical Attenuator OA1), power meters (Thorlabs
PM100 and Newport 843-R) and drivers were controlled using Python/Matlab for automated
measurements to first calibrate the setup and then retrieve efficiency for the connected SNSPD.
Python has also been used to automate the analysis, i.e. making graphs, of the retrieved data
to characterize the specific detector.



2. Theory

2.1. Detection mechanism

A superconducting nanowire single photon detector (SNSPD) contains a nanowire on a thin
film (mostly made of silicon). The detector characterized in this paper is a distributed Bragg
detector (DBR). The nanowire (made of NbT'iN) is placed on two types of alternating mate-
rials (5705 and Nb2Os, in this case, 6.5 layers deep), on top of a thin film of silicon. At each
intersection of material, the light reflects back up to the detector. These types of detectors
have a narrow bandwidth of optimal SDE, surrounded by smaller peaks. Another type of fre-
quently used detector is the detector on 1/4 wavelength SiOs/ Au. This detector is placed
on a thin film (commonly made out of the aforementioned materials) placed on top of a layer
with silicon, reflecting the incoming light back up into the detector. These types of detectors
have a more broadband range for optimal SDE. A sketch of a DBR detector, a 1/4 wavelength
Si0y/ Au detector and their performances are given in figure 1.
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Figure 1: Left: Sketch and simulation of the SDE performance of an 1/4 wavelength SiOs/
Al detector. The shape is broadband, TE is the maximum absorpion and TM is the minimum
absorption of photons by the system. Middle: Sketch and simulation of the SDE performance
of a DBR detector. The SDE curve has a narrow bandwidth, and evidently the detector is
optimimzed for 1550nm. Right: more detailed sketch of a DBR detector. It shows how photons
enter the system, the placement of the nanowire (NbN in this case), the structure of the DBR
layer (the two colors represent two different materials, in this experiment these were Si0;
and Nb,Os), on top of a film of silicon. Left and middle are adapted from [16]. Right is adapted
from [17].

For the detector to function, it should be cooled, often done with liquid helium, to temper-
atures below its critical temperature, 7;. According to BSC theory, Cooper pairs are formed in
this extremely cold state via electron-phonon interactions [18]. These pairs prevent electron-
lattice interactions, hence yielding the material superconductive properties. One can only
break out of this superconducting state if an external magnetic field is applied (greater than
the critical magnetic field) or by heating up the system above the critical temperature 7. The
functionality of the SNSPD is based on the latter property of superconductivity.

A bias current is applied through the nanowire. This current should be slightly lower than
the critical current, /., which is, the current at which the superconductivity of the system will
break. However, since the detector is at a very low temperature and thus has no resistance,
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there is no voltage output yet, and the system is still in a superconductive state.
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Figure 2: Left: Scanning Electron Microscope image of an SNSPD. Right: the detection effi-
ciency for different bias currents at A = 1550 nm in [19], shown to illustrate the influence of
bias current on efficiency. Too low and too high of a bias current (not shown) leads to zero

detection efficiency. Adapted from [19].

Through an optical fiber, photons can be inputted to the system. If a photon hits the
nanowire, it breaks the superconductivity in a small region by depairing a Cooper-pair, re-
leasing heat. The heat builds up, which locally breaks superconductivity in the wire. Then,
the heat can be described according to 7 * I2, known as Joule heating. This means a resistance
is developed and the bias current will output a voltage. Afterwards, the current will be di-
vided between the device and the readout circuit, thus reducing the excess heating and letting
the system return to its superconductive state. See figure 3. If a bias current is chosen much
less than the critical current, an arriving photon can only break the superconductivity in the
nanowire locally. However, the area does not grow and therefore the resistive region in the
wire will not be there or will not be large enough to give a measurable pulse.
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Figure 3: Schematic overview of the detection of photons in SNSPDs. In i), the nanowire is
biased with a bias current /., slightly below the critical current. At ii), a photon enters the sys-
tem, yielding a local hotspot region where the superconductivity is broken and releases heat.
This heat builds up at iii) and at iv), causing the current to flow around this hotspot. This in
its turn creates belts of currents at the edges. Finally, at iv), the heat causes the superconduc-
tivity in the nanowire to locally break accross the width of the wire and thus developing a
resistance. The current is divided between the device and the readout circuit. This reduces
the joule heating and lets heat dissipate to the substrate. The nanowire returns back to its
superconductive state as the temperature drops below the critical temperature. From [20].

In figure 4, a simplified version of the readout circuit is shown. The SNSPD is represented
in the dashed box with the inductor (superconductors have kinetic inductance) and a parallel
connection with a resistor and a switch. If the switch is open, as in the figure below, the
schema represents the SNSPD in its resistive state. If the switch is closed, all current flows
through the path without the resistor. This represents a superconductive state. Besides the
SNSPD, the bias current is shown, as well as the input impedance Z, and a condensator. The 7,
models the impedance of the transmission line and the condensator is needed for the amplifier
(not shown). R, could be used to influence the dead time of the detector. It was not included
in the setup for this experiment.
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Figure 4: Schematic drawing of the electrical circuit of the SNSPD. The SNSPD is represented
as an inductance and a parallel connection with a resistor and a switch. If the switch is open,
the detector is in the resistive state. Adapted from [21].

2.2. Performance indicators

Below, a selection of the parameters to indicate performance of an SNSPD are discussed.

2.2.1. Efficiency

In this experiment, efficiency is the parameter of focus. Efficiency is defined as the number
of detected photons divided by the total number of photons going into the system. More
specifically:

NspE = ncoupling"?absorption Ninternal (1)

Neoupling 18 defined as the efficiency of light transmission through coupling different parts
of the optical circuit. Every optical part is connected by an optical fiber. At every such inter-
section, coupling losses will occur. However, the coupling losses at the laser, attenuator and
the beam splitter do not affect the efficiency. Only the coupling losses involving the connec-
tion between the fiber and the SNSPD matter, since all other losses are corrected for in the
calibration measurements. 7gpsorption accounts for the fact that not all photons entering the
cryostat are absorbed by the nanowire. This term depends on the absorption coefficient of
the material, its thickness, polarisation, and the detector optical cavity (thus also the wave-
length). These terms can be different when using different materials and thickness and/or
different cavity. 7;nzernar i the ratio between the number of registered detection pulses to the
number of photons absorbed by the detector. This term is influenced by choosing the right
bias current (DC) and the temperature of the detector and nanofabrication imperfections or
constrictions.



2.2.2. Recovery time

After detecting a photon (and thus, after outputting a pulse), an SNSPD cannot detect another
photon immediately. The time it takes for the amplitude of the voltage to return to 1/e of its
peak value is defined as the electrical recovery time. It depends, besides on material properties,
on the ratio of the length versus width of the nanowire (a small ratio leads to small recovery
times). The exact number differs per detector and can be measured using an oscilloscope,
however, typical values are in the tens of nanoseconds. A detection pulse measured with the
detector used in this experiment is shown in figure 5.
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Figure 5: A detection pulse measured with the detector used in this experiment. On the x-axis,
the time is displayed in nanoseconds. On the y-axis, the output voltage of the detector has
been normalized (thus now in arbitrary units).

2.2.3. Dark counts

Dark counts are the number of registered pulses per second when no light source is directly
connected to the detector. This is caused by light not coming from the experimental setup,
such as room light or day light, or black body radiation, as well as the intrinsic dark count of
the detectors. For this detector, the dark count rate has been measured to be around 250 Hz
when the room is dark.

2.2.4. Timing jitter

Timing jitter is the uncertainty in photon arrival times, limiting an accurate determination of
the arrival times. It has been shown that under correct conditions, it can reach as low as 3ps
[22].



3. Experimental method

To properly measure detection efficiency of an SNSPD detector, multiple setups are required.
First, a setup is used to measure power fluctuations of the laser during a period of time. This is
done to check for possible drift in laser power, or other types of (structural) fluctuations (see
section 3.1). Then, calibration measurements using two power meters are executed, using a
setup described in section 3.2. This is done to check what the ratios of the power outputs
between the two optical arms are; they should be around 50dB. Under the assumption that
these ratios hold true during the SDE measurements, the total number of photons inputted
into the system can be calculated if the power is monitored at one of the optical arms. Finally,
one of the power meters is replaced by an SNSPD (section 3.3) and the efficiency of the SNSPD
system is determined. The measurements in section 3.2 and 3.3 have been executed manu-
ally for a set of wavelengths and automised, using only single mode (SM) fibers and using
polarisation maintaining (PM) fibers. The benchmark measurements have been executed to
get a good indication of the actual performance of the detector, to which the measurements
using SM fibers and PM fibers can be compared to (both their manual measurements and their
automated ones).

The main goal of this project is to automate detection efficiency measurements on SNSPDs.
Hence, a lot of time has been spent on coding and debugging several components of the
circuit. In this section, all the aforementioned setups are discussed in a separate part. Besides
a description of the actual hardware setup, a global description of the Python scripts used
there respectively is also given. All the code referenced to in these sections is given in the
appendix, and a directory of all the files and the code is also given on GitHub (see appendix
for the full URL). The code was written to be as user friendly as possible.

3.1. Laser Power Fluctuations

To measure the efficiency of an SNSPD detector, the photon input into the system should
be known. Moreover, the input should be relatively low (typically around 750.000 photons
per second), due to constraints the recovery time (see section 2.2.2) places on the amount of
photons the SNSPD can measure. To characterize the SDE of an SNSPD, it is customary to
measure its performance for a broad range of wavelengths. For this purpose, the JGR TLS5
Tunable Laser was used. It has a working range between 1260 nanometers and 1650 nanome-
ters, and can be adjusted in increments of 0.1 nanometer for highly accurate measurements,
see figure 7.

First, the power of the laser that is incident on the detector is measured for the entire
working range of the laser during 20 seconds each, incrementing 10 nm every measurement.
This is done to check if there is any drift or other significant deviation in laser power. The
laser is directly connected using an optical fiber to the power meter, Thorlabs PM100D, which
is in turn connected via an Ethernet cable to the computer. Also, a polarizer is connected in
between the laser and the power meter, to compensate for the curling of the SNF28 fiber (SM
fiber). These measurements were automated using Python, the code is in the appendix. In
figure 6, a schematic drawing of the setup is shown. Figure 7 shows photos of the sketched
hardware.
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Figure 6: Schematic drawing to measure the laser power using a power meter. The power me-
ter and laser are connected to a computer, to control them remotely (not shown). A polarizer
is inserted to compensate for the polarisation shift as a result of the curling of the wire.

it
m

S

|
|

Figure 7: These are the devices used mentioned in figure 6. Left: picture of the laser used
(TLS5 tunable laser). Currently, it is set to 1500nm, it has a working range of 1260nm to
1650nm, with a resolution of 0.1nm. Right: Thorlabs PM100 power meter, with an detection
error margin of 5% and an accuracy of 1nW.

To retrieve data from the power meter, as in the setup of figure 6, Python libraries could
be downloaded online. With the help of these libraries, it is possible to read the power, and set
the corresponding wavelength. However, there were some implementation problems, such as
not connecting to the power meter or suddenly losing connection. The last issue has not been
completely resolved yet. Connecting to and setting the wavelengths of the laser was not an
issue. To execute the measurements described in this section, the function laser_stability()
has been written. The user inputs a list of wavelengths he wishes to measure, as well as the
number of power measurements per wavelength and a time interval between each measure-
ment. These power measurements are outputted in an Excel file.

The Python function laser_stability_plot() has been written to plot the power stability of
the laser. It inputs the Excel file described above, and outputs a plot with the power of the laser
for all wavelengths. This is done by averaging the powers per wavelength and plotting these
values versus its corresponding wavelength. The plot contains error bars, which correspond
with the standard deviation in power.
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3.2. Calibration measurements

As mentioned above, the power input into the SNSPD system should be around 750.000 pho-
tons. If the photon level exceeds this number too much, the recovery time of the system will
prevent the SNSPD from measuring a reasonable proportion of the photons, which translates
into low (and unreliable) efficiencies. The laser output is, however, many orders of magnitude
above this boundary. Therefore, an attenuator is used to achieve this significant reduction.
Generally speaking, the power input into the SNSPD system should be 10nW + 50dB atten-
uation. This extremely low power (in the order of magnitude of femtoWats, 10~ W) cannot
be monitored using the Thorlabs PM100 (InW accuracy) or the Newport 843-R (tens of pi-
coWatts, 10712). Hence, a beam splitter splits the light into two optical arms with a 50dB
attenuation between themselves. During the experiment, the high power arm will then out-
put around 10nW (which can be measured). This experiment used a beam splitter with a ratio
of 90%-10%, meaning 90% of the power will enter one arm (arm A) and 10% of the power
enters the other arm (arm B) In the low power arm, extra attenuation filters are to be used
accounting for the aforementioned extra 50dB attenuation.

To check if the attenuation between these two arms equals 50dB, a set of calibration mea-
surements are executed. This entails connecting the laser to a beam splitter, which has two
arms with an attenuation of around 50dB. This value is wavelength dependent, so the real
attenuation differs from this value. It has been set to be 50dB at 1550nm for the manual
benchmark measurements. After passing the beam splitter, a bench with a polarisation con-
troller is used, which can be set to compensate for the polarization caused by the curling of
the optical fibers before entering the beam splitter, as shown in figure 8. This is necessary
because not all measurements used polarisation maintaining fibers.

Also, the attenuator has been connected in this setup. This is done to account for the loss
in power due to coupling inefficiencies. This is also why the 7).oypiing term, discussed in for-
mula 1, only includes the coupling losses involved in connecting the low power arm to the
detector. In this experiment, the JGR Optics attenuator is chosen, connected directly to the
laser using a SM fiber. It is assumed that the ratio between the power measurements in this
calibration measurement is the same ratio once one power meter is replaced by the SNSPD
system.

A schematic drawing of the setup for the calibration measurements is shown in figure 8.
In figure 9 and in figure 10, pictures are shown of the sketched optical components. First, the
optical fibers were all single mode (SM). For another series of SDE measurements, the optical
fibers between the Ubenches shown in figure 8 and the fiber to P2, were replaced by polari-
sation maintaining (PM) fiber.
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Figure 8: Schematic drawing of the calibration measurements. The laser is connected to the
attenuator, then via a Ubench (a fiber to fiber coupler bench) with a polarisation controller, a
90-10 beam splitter with one arm going to a power meter. The other arm first enters a Ubench
with attenuation filters to attenuate the ratio between the power outputs of the optical arms to
be 50dB at 1550nm. Then, a polarisation controller is connected to compensate for the curling
of the wire (no polarisation maintaining fibers were used in one series of measurements)
and at last connected to another power meter. For the series of measurements which used
polarisation maintaining fiber, the polarisation controller was not needed; instead, a polarizer
was rotated along the fast/slow axis to align the polarisation of the light with the polarisation
of the detector.

Figure 9: Left: Picture of the attenuator used (JGR optical attenuator OA1). Currently, it is
setto attenuate at 1500nm with 0dB, but it can attenuate as much as90dB, with increments
0f0.01dB. Middle: set of polarisation controllers used to manage the polarisation. For each
controller, it is turned in such a way to maximize the number of detected photons. Right:
Newport 843-R power meter. It has a 2% accuracy, as compared to a 5% accuracy for the
Thorlabs PM100.



Figure 10: Left: Picture of the fiber-fiber coupler (ubench) #1, only containing polarizers.
Middle: Picture of the fiber-fiber coupler #2, containing both polarizer and ND filters (used
to attenuate a 50dB ratio between the two optical arms). Right: Beam splitter used. It is a
90-10 beam splitter, officially only for the range of wavelengths 1550 4+ / — 100nm.

Evidently, these measurements were automised as well. To communicate with the atten-
uator, a Python library (Attenuator.py) could be installed to set and read the attenuation, as
well as the wavelength it is measuring the attenuation at. Just as for the laser, this device also
communicates via a GPIB device, and hence the PrologizGPI B Ethernet.py package was
used.

Then, a function (calibration()) was written to perform the calibration measurements.
The calibration measurement requires a sweep of the laser through its entire working range.
For each wavelength, the attenuator and the power meters are set to operate at this value
(although no measurement was performed with the attenuator in this step). 10 measurements
are retrieved per wavelength per power meter. The function inputs a list of wavelengths for
the setup to be measuring on (waves), a number of power measurements per wavelength
(number_of_calimeasurements), and a time interval to wait between measurements. The
function outputs Pandas DataFrames containing the power measurements per wavelength for
P1 and P2, as well as two Excel files containing the same information for storage.

Once this data is retrieved, it is processed with the Python function get_ratios(). This
function calculates the ratios between the measured powers of the calibration measurement
per wavelength. It inputs the two Excel files with the calibration data described above, which
is sorted per wavelength. First, it calculates the average powers per wavelength, and then it
divides these two averages for the ratio. It also converts this ratio to a dB ratio, this number
should be around 50dB (as it represents the ratio the beam splitter has been set to). Possibly,
this number deviates per wavelength, because the ratio the beam splitter outputs could be
wavelength dependent. An Excel file is outputted, containing the average power per wave-
length (for both power meters), the ratios and the dB ratios. With these Excel files, the same
function laser_stability_plot() as used in section 3.1 is used. Now, it is used to plot the
fluctuations of the laser power outputted by P1 and P2, respectively.

3.3. SNSPD efficiency measurements

In this section, an overview will be given of the setup to measure the efficiency of the SNSPD.
First, a series of manual measurements has been executed to create a benchmark for the auto-
mated measurements. Then, the automated measurements are carried out, and more manual
measurements are done. The setup, however is the same, also here the optical fibers were
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changed from SM to PM fibers after a series of SDE measurements.

A sketch of the measurement setup to detect the efficiency of an SNSDP detector is shown
in figure 11. The JGR TLS5 Tunable Laser is connected through an optical fiber to an attenu-
ator (JGR OA1) to reduce the amount of photons released into the system. First, another JGR
optical attenuator has been used, as well as the Thorlabs PM100 power meter. However, it was
discovered that the measurements done with the other attenuator were unreliable, since this
attenuator reduced the power to such low intensities (probably due to internal power losses)
that they could not be measured accurately (the Thorlabs PM100 power meter cannot mea-
sure powers below 1nW correctly). Hence, at the last moment, the switch was made to other
power meters and were controlled using other Software (Matlab). Due to time constraints, no
Python code has been written to control these devices.

Laser Attenuator fiber-fiber coupler #1
W D

Polarizer

SM fiber

Power meter P1

GM cryostat
2-3 K

Fiber-fiber coupler #2

Polarization Controller

Polarizer ND filters

Figure 11: Schematic drawing of the experimental setup to measure efficiency of an SNSDP.
The laser is directly connected to the attenuator, and then to a polarisation controller. Then, a
beam splitter splits the light in P1 and P2. The lower power arm has a bench to attenuate to a
50dB difference between the arms and a polarisation controller to compensate for the curling
of the wire. All elements are connected by optical fibers. The electronic part of the circuit is
not included.

After the attenuator, the fiber goes through a beam splitter. The arm with most of the
power is connected with a power meter (Newport 843-R, with only 2% error margin) to mea-
sure the intensity of the light (and thus, the amount of photons) in the system. Finally, the
light goes through a polarization controller before entering the closed cryogenic system (a
Gifford-McMahon cryocooler), which has been cooled down to 2.5K using liquid helium and
a vacuum. Inside this system, the SNSDP is located, biased with a DC current of around 17 A.
Once a photon hits the SNSDP, the superconductivity is broken and an electronic signal is
transferred from the detector to the driver, which can then be connected to an oscilloscope or
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a computer (as done in this experiment).

The measurement setup is very similar to the setup for the calibration measurements, the
most obvious change being the replacement of one power meter by the SNSPD system (see
figure 12). When calculating the efficiency, the ratios of the calibration measurements are
assumed to be valid during the SNSPD measurements. The power measured in P1 is therefore
corrected with this ratio to get the (theoretical) power input (and thus, photon flux) into the
SNSPD system. The attenuation of the attenuator has been set in such a way to get a power
output on P1 of around 10nW. This corresponds, with the attenuation of the beam splitter of
50dB, with a photon input flux into the SNSPD system of around roughly 780.000 photons at
1550nm.

Figure 12: Picture of the cryostat used in this experiment. The SNSPD is mounted inside. The
slots (eight) are also visible. The rest of the setup is the same as in figure 8.

A Python function (measurements()) is used to set the laser, attenuator and power meter
to a specific wavelength of a list of wavelenghts, and measure the power (10 times per wave-
length) and the counts (using the detected_counts() function described above). This data is
stored in Excel files as well. Although this specific code has not been used for this setup, it
works with the ThorlabsPM100 power meter and another JGR optics attenuator and has the
same working principle as the Matlab used.

For the data processing, Python was still used. The function photon_ef f(), is written to
calculate the efficiencies. The power sheet measured during the SNSPD counts is inputted,
as well as the list with ratios, the list with corresponding wavelengths and the Excel sheet
containing the SNSPD counts. This function starts off by calculating the averages of the mea-
sured power and uses the corresponding ratio to calculate the power input into the SNSPD
system. Then, it calculates the energy of a photon, per wavelength and calculates, using the
corresponding power input, how many photons are inputted into the system. This number is
used in the denominator of the efficiency, the numerator is taken by the number of detected
photons. The efficiencies, system powers, total photon count into the system are outputted in
an Excel file for further analysis.
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Finally, the function plote f fwav() is made to plot the efficiencies per wavelength. It takes
in the efficiency values calculated in the photon_ef f() function and the wavelength.
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4. Results and discussion

This section discusses the results in three parts, corresponding with the three parts listed in
the experimental method. First, the results of the fluctuations of the laser power are given.
Then, the results of the calibration measurements are shown. Finally, the efficiency graphs of
the SNSPD measurements are displayed: the manual measurements as a benchmark, the SDE
measurements using SM fiber and the SDE measurements using PM fiber.

4.1. Laser Power Fluctuations

To be able to get reliable results of the optical setup, the stability of the laser source is to be
checked first. One should make sure there is no drift, or peculiar fluctuations in the laser light
itself. The results of these measurements are given in figure 13. Power (in mV) is plotted
against the wavelengths (nm), with errorbars. The error bars are the consequence of the
uncertainty of the PM100 Thorlabs power meter (5%).

Laser power fluctuations

Pawer (mW)

1250 1300 1350 1400 1450 1500 1550 1800 1650
wavelengths {nmj}

Figure 13: The fluctuations in laser power for the working range of the laser, the error bars
are plotted as well. The error comes from the uncertainty of the Thorlabs PM100 power meter

(5%).

4.2. Calibration measurements

Here, the results of the calibration measurements are given for all SDE measurements: the
benchmark, the measurements with SM fiber and the measurements with PM fiber.
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The calibration for the benchmark is done by hand, for a number of wavelengths between
1260nm and 1650nm. Since they were done by hand, the ratio was adjusted in such a way
to create an approximate 50dB difference, see figure 14. The laser is connected to the atten-
uator, and then a beam splitter splits the optical fiber into two arms. Before the light enters
the beam splitter and before it enters P2, polarisation controllers are inserted in the optical

circuit. P1 is the power meter (Newport) without the attenuation, P2 is the power meter with
the attenuation of around 50dB (for 1550nm).

Calibration benchmark SDE measurements

55 1

54 .

53 -

32 1

Power ratios (dB)

31 1

0
1 . A e S [ A

4'3 T T T T T T T T
1250 1300 1350 1400 1450 1500 1550 1800

Wavelength {nmi)

Figure 14: The results from the calibration measurements for the benchmark SDE measure-

ments. Since these measurements were done manually for each wavelength, they are all close
to 50dB (dashed line).

In figure 15, plots of the ratios (in dB) between the two power arms are given for the SDE
measurements using only SM fiber. These ratios have been measured before starting the SDE
measurements, and afterwards. Before measuring the SDE, the calibration has been done in
steps of 10nm between 1260nm and 1650nm. Afterwards, the calibration was done in steps
of 20nm for the same range of wavelengths as mentioned before. As can be seen, the ratios
differ per wavelength, but for 1550nm, it has been set to 50dB (before measuring SDE). How-
ever, the calibration ratios measured before determining the SDE differ significantly from the
calibration ratios measured after the experiment. This means the measurements done with
the SM fibers were unreliable. The deviations in these measurements could be explained by
a different polarisation during each of these measurements. This could be cause by touching
the fiber between the two ubenches described in figure 8. The input fiber probably has no
role in this, since it first goes through a polariser. Besides, there is error as a result of cou-
pling and decoupling of the fiber, although this cannot explain these huge differences. After
calibrating the first time, the fiber to P2 is disconnected and connected to the SNSPD. After
the experiment, the fiber is reconnected to power meter 2 (P2). Because the air gap between
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the (power) sensor and the fiber varies when reconnecting, the connection is never the same.
This results in deviations in power.

dB ratios SDE measurements using SM fiber

& After
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~ 53 1
@ ]
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43

1250 1300 1350 1400 1450 1500 1S50 1600 1650
wavelength {nm)

Figure 15: Plot with the ratios (in dB) between P1 and P2 for wavelengths between 1260nm
and 1650nm. The calibration has been done twice, before the SDE measurements (in steps
of 10nm) and after the SDE measurements (in steps of 20nm). The dashed line is the ideal
ratio between the two power meters, which is achieved at 1550nm - as can be seen in the
calibration taken before the SDE measurements. As can be seen, the ratios have shifted during
the experiment. This could be explained by a shift in polarisation, because a (SM) wire has
been touched.

Below, the measurements with the PM fiber are given. Due to time constraints, the ratio
has not been set to be exactly 50dB at 1550nm. These calibration measurements have been
done after the SDE measurements, in the range of 1300nm to 1650nm, with increments of
50nm (plus a calibration measurement at 1260nm, the starting point of previous measure-
ments). Since the fibers used were polarisation maintaining, a shift of polarisation during
SDE measurements will not be of greatest concern in this case. In this case, the error as a
result of coupling and decoupling could be a problem. As can be seen in the figure, the point
at 1550nm is a significant outlier to the trend. Unfortunately, no data is available of the ratio
before the measurement to check if this ratio has shifted, but as the fibers used were polari-
sation maintaining the chances are lower this has happened and it has been assumed that the
ratios stayed constant. The point being outlier has no influence on the efficiency in itself.
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dB ratios after SDE measurements PM fiber

ik
55 1

L1
53 1 i» L1

52 1 Py

ratic (dB)

51 1

] [[]
49 »

1250 1300 1350 1400 1450 1500 1550 1800
wavelength (nm)

Figure 16: Plot with the ratios (in dB) between P1 and P2 for wavelengths between 1260nm and
1650nm, in steps of 10nm. The dashed line is the ideal ratio between the two power meters,
which is achieved at 1550nm. These measurements were taken after the SDE measurements
were finished, with PM fiber in the optical circuit.

4.3. Detector efficiency measurements

In this section, the results of SDE measurements are given. First, the results of the manual
SDE measurements are given. In the two other sections, the SDE measurements using SM
fibers and using PM fibers are displayed, respectively.

The manual SDE measurements can be used as a benchmark for the other aforementioned
SDE measurements. As can be seen in figure 17, the efficiency of the detector has been mea-
sured for several wavelengths between 1260nm and 1650nm, ranging between 22% and 95%.
If compared to the typical behavior of a DBR detector, as shown in figure 1 (middle figure),
it looks as expected for the lower wavelengths. For the upper wavelengths (around 1600nm),
the SDE is expected to be lower and follow a more downward trend. Although the ratio be-
tween the two optical arms was reasonable during calibration measurements, see figure 14, it
could be that the ratio has shifted during measurements as a result of a shift in polarisation
(after all, SM fibers were used). Another error (for all datapoints) is the change in ratio due to
the decoupling of the fiber from P2 to the SNSPD, as every coupling is unique and results in
a slightly different power loss.
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Efficiency manual measurements
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Figure 17: Efficiency plot for the mounted detector in the cryostat. These measurements were

taken manually. It has data points between 1260nm and 1650nm, with efficiencies ranging
between 22% and 95%.

4.3.1. SDE measurements using SM fibers

In this section the results of the SDE measurements using SM fibers are given, see figure 18.
As mentioned above, the calibration using SM fibers was not reliable. A calibration was done
before the measurement ("ratios A") and another calibration was done after the measurement
("ratios B"). These huge deviations and unrealistic efficiency values can be explained by the
unreliable calibration measurements, as a result of a shift in the polarisation. From this figure,
one could say that ratios B are closer to reality than ratios A. This could also be determined
from figure 15: the ratios taken after the measurement are closer to the desired value of 50dB.
Still, even these values are not reliable, since they may not represent the ratios which were
true during the measurements.
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SDE measurements SM fiber
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Figure 18: Efficiency plot for the mounted detector in the cryostat. These measurements were
taken automatically using software. It has data points between 1260nm and 1650nm, with
efficiencies ranging between 8% and 150%. The values shown here are unreliable, as the
calibration measurements used for both sets do not represent the correct ratio of power in the
optical arms during the SDE measurements. The measurements were taken between 1260nm
and 1650nm, with a 10nm stepsize for ratios A and a 20nm stepsize for ratios B.

4.3.2. SDE measurements using PM fibers

In this section, the results of the SDE measurements using PM fibers are given, see figure ??.
A series of manual measurements and automated measurements were taken. As can be seen
in the figure, the measurements match the expected shape of a DBR detector, and agree with
the benchmark set in figure 17. However, there is a slight mismatch between the series of
manual SDE measurements and automated SDE measurements. The manual measurements
agree better with the set benchmark than the automated measurements. This could be ex-
plained by the coupling and decoupling of the optical fiber mentioned above.
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Figure 19: Efficiency plot for the mounted detector in the cryostat. These measurements were

taken manually. It has data points between 1260nm and 1650nm, with efficiencies ranging
between 22% and 95%.
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5. Conclusion and recommendations

The goal of this thesis was to design a precise measurement setup to automatically perform
efficiency measurements on SNSPDs. First, a measurement setup was designed to accurately
monitor the low photon input into the SNSPD. This has been done by connecting a laser first
to an attenuator and then to a beam splitter. From here two optical arms are leading to i) a
power meter (unattenuated by the beam splitter) and ii) to another power meter during cal-
ibrations or to the cryostat (attenuated by the beam splitter). Polarisation controllers were
inserted before the beam splitter and before the SNSPD to compensate for unwanted polar-
isation, and attenuation filters were used in the low power arm to achieve a 50dB ratio at
1550nm between the powers of both optical arms. Calibration measurements were executed
to determine the ratio between the arms accurately for the specified range of wavelengths
(1260nm - 1650nm). Then, the laser power was attenuated to output around 10nW on arm
i), to achieve a reasonable photon influx to the SNSPD. All measurements were automated
and processed using Python. Measurements have been done using SM fibers throughout the
optical circuit, and then polarisation maintaining fibers were used.

5.1. Conclusion

When determining the efficiency of the detector, it was found that it depends for a large
part on the wavelength in this setup. The measurements with the SM fiber turned out to be
unreliable, as the polarisation has shifted during the experiment. The SDE measurements with
polarisation maintaining fiber matched the benchmark set much better. The mismatches with
the manual benchmark data could partly be explained by the coupling and decoupling of the
fiber in switching from calibration measurements to SDE measurements. The Python code,
which was written for this project, worked properly during the experiment: communicating
with all the hardware in the optical circuit and then processing the data properly into Excel

files and graphs.

5.2. Recommendations

For further research, it is recommended to use polarisation maintaining fibers. Moreover, the
ratio between the optical arms can be set closer to an attenuation of 50dB, or even replaced
by a beam splitter specifically designed for the range of wavelengths of the measurements.
Also, the Thorlabs power meter can be replaced by a more sensitive power meter (such as the
Newport 843-R) in further research for more accurate restults.
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Appendix

In this part of the document, the Python code is displayed.

Python

Here, the Python code developed for this project is shown. It is divided into three sections,
the first two are libraries used to communicate with the hardware and for the data processing
respectively. The last section is the code used to call the aforementioned libraries. The code
can also be easily accessed on GitHub, using the following URL:
https://github.com/ianmrosales/SNSPD_efficiencies.

Functions.py

This library is written to communicate with the hardware: the laser, attenuator, power meters
and SNSPD driver. Lots of commentaries have already been written inside the functions to
clarify the input parameters and algorithms inside the functions.

from WebSQControl import WebSQControl
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

def current_setter(number_of_detectors, Irange):
This function sets the current for all detectors in the SNSPD
-~ system in one time
INPUT:
number_of _detectors: (INT)
Irange: INT or LIST, specify the value(s) to be used as

— current (microA)
mirern

if isinstance(Irange, list):

y = [[val]*number_of_detectors for val in Irange]
elif isinstance(Irange, np.ndarray):

y = [[val]*number_of_detectors for val in Irange]
else:

y = [Irange]number_of_detectors
return y

def start_snspd(N, tcp_ip_address, control_port, counts_port):

e

Starting the SNSPD driver and doing a system check.
Returns present parameters of the system

INPUT:
tcp_ip_address (STR)
control_port (INT)
counts_port (INT)
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def

OUTPUT :
ms_time = integration time of the system (INT)
bias_current (LIST,INT)
trigger (INT)
number_of _detectors (INT)

e

websq = WebSQControl (TCP_IP_ADR = tcp_ip_address, CONTROL_PORT =
< control_port, COUNTS_PORT = counts_port)
websq.connect ()

#Acquire number of detectors in the system
number_of_detectors = websq.get_number_of_detectors()
print("Your system has " + str(number_of_detectors) + '
— detectors\n')

print("Set integration time to 100 ms\n")
websq.set_measurement_periode(100) #time in ms

print("Enable detectors\n")
websq.enable_detectors(True)

# Print out the parameters of the experiment
ms_time = websq.get_measurement_periode()
bias_current = websq.get_bias_current()
trigger = websq.get_trigger_ level()

#Close connection
websq.close()

print("Read back set values")

prj_nt(":::::::::::::::::::: \n")
print("Measurement Periode (ms): \t" + str(ms_time))
print("Bias Currents in uA: \t\t" + str(bias_current))

print("Trigger Levels in mv: \t\t" + str(trigger))

# N measurements

print("Aquire " + str(N) + " counts measurements'")
prj_nt(":::::::::::::::::::::::::::: \n")

return ms_time, bias_current, trigger, number_of_detectors

detected_counts(tcp_ip_address, control_port, counts_port, N,
number_of_detectors, Ib,wav):

mirrn

Parameters

tcp_ip_address (STR)

control_port (INT)

counts_port (INT)

N = number of measurements to be taken (INT)
number of detectors

Ib = bias current (LIST), for every detector a value
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def

wav = INT, used for naming the xlsx file

A DataFrame containing all counts, An DataFrame containing the
averages per detector.

e

websq = WebSQControl (TCP_IP_ADR = tcp_ip_address, CONTROL_PORT
< control_port, COUNTS_PORT = counts_port)
websq.connect ()

# start by setting bias current
websq.set_bias_current (current_in_uA = Ib)

ms_time = websq.get_measurement_periode()

#Aquire N counts measurements

#Returns an array filled with N numpy arrays each

#containing as first element a time stamp and then the detector

— counts in ascending order.

counts = websq.aquire_cnts(N)

for i in range(1l,len(counts)):
counts[i]=counts[i]*1/(ms_time*10**(-3))

# create dataframe out of the measurements
df = pd.DataFrame()
for i in range(len(counts)):

df = df.append(pd.DataFrame(counts[i]).T)

# some styling to the indices to make it easier to extract data
headers = ["Channel "+4+str(1+i) for i in
— range(number_of_detectors)]

meas = [i for i in range(1,N+1)]
headers.insert (0, "Timestamp")

df .set_axis(headers, axis=1, inplace=True)
df .set_axis(meas, axis = 0, inplace=True)

# remove noise in the used detector
# add more of such lines if more ports are used
df = df[df["Channel 7"] > 20000]

# used if this function is used in a loop for different
— wavelengths
df.to_excel("counts"+str(wav)+".xlsx")

# calculate average counts for each column (detector) in the
— dataframe

avgs_detect = df.mean(axis=0)

websq.close()

return avgs_detect, df

count_rate(tcp_ip_address, control_port, counts_port, list_Ib, N,

number_of_detectors):
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def

e

This function measures the photon count rate for a range of
current values values
per detector in the system at a set wavelength (set manually)

Parameters

list_Ib: a nested list containing different bias currents

List inside the list contains currents specified for each detector
xIb: the range of values for Ib used for the plot

Returns

avgscounts: a 1list of avg photon counts.

mirrn

# create an empty list to store the photon counts
avgscounts=[]
for i in list_Ib:

avgs = detected_counts(tcp_ip_address, control_port,

— counts_port, N, number_of_detectors, i,0)[0].tolist()

# since the output of the detected counts() is a list (containing
-~ timestamp),
# the timestamp is removed and all other values are appended to a
— list
for j in avgs[1:]:
avgscounts.append(j)
return avgscounts

get_power():

import time

e

This function retrieves the power from the THOR PM100 power meter.
Works only if one power meter is connected to the system

OUTPUT :
p = power (INT)

e

from ctypes import

— c_uint32,byref,create_string buffer,c_bool,c_char_p,c_int,c_double

from TLPM import TLPM

# establish connection

t1PM = TLPM()

deviceCount = c_uint32()

t1PM. findRsrc(byref (deviceCount))

print("devices found: " + str(deviceCount.value))

resourceName = create_string buffer(1024)

for i in range(0, deviceCount.value):
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def

t1PM.getRsrcName(c_int (i), resourceName)
print(c_char_p(resourceName.raw) .value)
break

t1PM.close()

# open the power meter and get power value
t1PM = TLPM()

#set wavelength power meter
t1PM.open(resourceName, c_bool(True), c_bool(True))

time.sleep(1)
power_fluct = np.zeros(10)

j=0
while j<10:

power = c_double()
t1PM.measPower (byref (power))

print(power.value)
p = power.value

power_fluct[j]=p
time.sleep(0.3)

print(p)
j = j+1
t1PM.close()
pwr = np.average(power_fluct[2:])
print("Power =", pwr )
return pwr

calibration(waves, number_of_calimeasurements, time_interval):

i

Perform measurements on two powermeters for a range of
wavelengths. Store the output in xlsx files

INPUT:
waves = range of wavelengths (LIST)
number_of_calimeasurements = the number of power measurements
to be taken at each wavelength
time_interval = specify the amount of time to wait between

each measurement

OUTPUT :

dflaserP1 = DataFrame containing all powers of powermeter 1,
sorted per wavelength

dflaserP2 = DataFrame containing all powers of powermeter 2,
sorted per wavelength

laserlistPl1 = List containing all powers of powermeter 1,
sorted per wavelength

laserlistP2 = List containing all powers of powermeter 2,
sorted per wavelength
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e

global resourceNameP1l, resourceNameP2
import laser

import time

import Attenuator

from TLPM import TLPM

from ctypes import cdll,c_long, c_ulong,

— c_uint32,byref,create_string buffer,c_bool,c_char_p,c_int,c_int16,c_double

- sizeof, c_voidp

connect with the equipment

= laser.Laser()
.open_port('192.168.1.149"','5") # connects
= Attenuator.Attenuator()
.open_port('192.168.1.148"','18")

.setAtt (0)

t1PM = TLPM()

deviceCount = c_uint32()

t1PM. findRsrc(byref (deviceCount))

Q-

print("devices found: " + str(deviceCount.value))

resourceNameP1l = create_string buffer(1024)
resourceNameP2 = create_string buffer(1024)

t1PM.getRsrcName(c_int(0), resourceNameP1)
t1PM.getRsrcName(c_int (1), resourceNameP2)

t1PM.close()

# f£ill up the df
laserlistPl = []
laserlistP2 = []

for wave in waves:
print(wave)
1.setwVL(wave)

d.setWVL(wave)
prj_nt(”::::::::::::::::::::::::::::::::")
print("The wavelength is now set to:",l.getWVL())

power_fluctPl = []
power_fluctP2

|
—
—

j=0

t1PM = TLPM()

t1PM.open(resourceNameP1l, c_bool(True), c_bool(True))
waveset = c¢_double(wave)

t1PM.setwWavelength(waveset)
print("P1 values:")
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333

334

335

336

337

338

339

while j < number_of_ calimeasurements:

power

print(power.value)

p

power_fluctP1l.append(p)

J

time.sleep(time_interval)

t1PM.close()
laserlistP1.append(power_fluctP1)

i=20
t1PM

t1PM.open(resourceNameP2,

waveset

while i1 < number_of_calimeasurements:

power

print(power.value)

p

power_fluctP2.append(p)

i

time.sleep(time_interval)

t1PM.close()

laserlistP2.append(power_fluctP2)

dflaserP1
headers =
meas = [1i

dflaserP1.

dflaserP1
dflaserP1

dflaserP2

c_double()
t1PM.measPower (byref (power))

power.value

c_bool(True), c_bool(True))

c_double(wave)
t1PM. setWavelength(waveset)
print("P2 values:")

c_double()
t1PM.measPower (byref (power))

power.value

= pd.DataFrame(laserlistP1).T
[i for i in waves]
for i in range(1l,number_of_calimeasurements+1) ]

set_axis(headers,
.set_axis(meas,
.to_excel('powerfluctPl.xlsx")

inplace=True)

axis = 0, inplace=True)

pd.DataFrame(laserlistP2).T
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def

dflaserP2.set_axis(headers, axis=1, inplace=True)
dflaserP2.set_axis(meas, axis = 0, inplace=True)
dflaserP2.to_excel('powerfluctP2.xlsx")

return dflaserP1, dflaserP2, laserlistP1l, laserlistP2

laser_stability(waves, number_of_calimeasurements, time_interval):
e

This function measures the stability of the laser across a range
of wavelengths

taking power measurements every specified time interval

Parameters
waves : LIST

LIST CONTAINING LIST OF WAVELENGTH VALUES.
times : LIST

DESCRIPTION.

Returns
df : DATAFRAME

DF CONTAINING THE POWER FLUCTUATIONS OF THE LASER, EACH COLUMN
BEING ANOTHER WAVELENGTH

mirrn

global resourceName

import laser

import time

from TLPM import TLPM

from ctypes import cdll,c_long, c_ulong,

— c_uint32,byref,create_string buffer,c_bool,c_char_p,c_int,c_int16,c_double
— sizeof, c_voidp

# connect with the equipment

1 = laser.Laser()
1.open_port('192.168.1.149','5"') # connects
t1PM = TLPM()

resourceName = create_string_ buffer(1024)
deviceCount = c_uint32()

t1PM. findRsrc(byref (deviceCount))

for i in range(0, deviceCount.value):
t1PM.getRsrcName(c_int (i), resourceName)

t1PM.close()

# f£ill up the df

laserlist = []# pd.DataFrame(columns = waves)
for wave in waves:
print(wave)
1.setwVL(wave)
print("================================")

print("The wavelength is now set to:",1l.getWVL())
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def

power_fluct = []

j=20
t1PM = TLPM()
t1PM.open(resourceName, c_bool(True), c_bool(True))

waveset = c_double(wave)
t1PM. setWavelength(waveset)

while j < number_of_calimeasurements:

power = c_double()
t1PM.measPower (byref (power))

print(power.value)
p = power.value
power_fluct.append(p)

j = j+1
time.sleep(time_interval)

t1PM.close()
laserlist.append(power_fluct)

dflaser = pd.DataFrame(laserlist).T

headers = [1 for i in waves]

meas = [i for i in range(l,number_of_calimeasurements+1) ]
dflaser.set_axis(headers, axis=1, inplace=True)
dflaser.set_axis(meas, axis = 0, inplace=True)
dflaser.to_excel('powerfluct.xlsx')

return dflaser, laserlist

measurements (tcp_ip_address, control_port, counts_port, N,
number_of_detectors, Ib, waves, db, laserip,laserchannel):

e

Measure the counts for a range of wavelengths, output an xlsx file
for each wavelength

Measure the power in the reference arm during the measurements,
output a final xlsx file with the fluctuations

INPUT:
tcp_ip_address (STR)
control_port (INT)
counts_port (INT)
N = number of counts per measurement
number_of detectors (INT)
Ib = list of bias currents
waves = 1list of wavelengths to measure on (LIST)
db = a set attenuation level (INT)
laserip (STR)
laserchannel (INT)
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e

from ctypes import

— c_uint32,byref,create_string buffer,c_bool,c_char_p,c_int,c_double,c_int16

from TLPM import TLPM
import laser

import Attenuator
import time

1 = laser.Laser()
1.open_port(laserip,laserchannel) # connects

d = Attenuator.Attenuator()
d.open_port('192.168.1.148"','18")

t1PM = TLPM()
resourceNamel = create_string buffer(10240)

deviceCount = c_uint32()

t1PM. findRsrc(byref (deviceCount))

for i in range(0, deviceCount.value):
t1PM.getRsrcName(c_int (i), resourceNamel)

# create a df each column containing the efficiency of all
— detectors per wavelength
df2 = pd.DataFrame(columns = waves)

pf = pd.DataFrame(columns = waves)
for wave in waves:

1.setwVL(wave)
d.setAtt (db)
d.setwVL(wave)

print("================================")
print("The wavelength is now set to:",l.getWVL())

j=0

time.sleep(10) # let it calibrate

#set wavelength power meter

t1PM.open(resourceNamel, c_bool(True), c_bool(True))
# set wavelength

waveset = c_double(wave)
t1PM.setWavelength(waveset)

print(t1PM.setwWavelength(waveset))
print(waveset.value)

time.sleep(1)
power_fluct = np.zeros(10)

while j<10:

power = c_double()
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t1PM.measPower (byref (power))
print(power.value)
p = power.value

power_fluct[j]=p
time.sleep(0.5)
print(p)

j = Jj+1
t1PM.close()

power_fluct2=power_fluct[3:]
p = np.average(power_fluct2)

print(p)

# get detected counts of the SNSPD system, only average counts

— of N measurements for all detectors

SNSPD_counts = detected_counts(tcp_ip_address, control_port,
— counts_port,N, number_of_detectors, Ib, wave)[0].tolist()

print (SNSPD_counts)

df2[wave]=SNSPD_counts
pf[wave] = power_fluct

# drop first row containing timestamps
df2 = df2.iloc[1:, :]
df2.to_excel("measurements.xlsx")

pf = pf.iloc[1:, :]
pf.to_excel("powerfluctuationsf.xlsx")
print(df2)

print(pf)

return df2, pf

Graphs.py

This library is written to process the data acquired by calling the functions in the functions.py
file. Lots of commentaries have already been written inside the functions to clarify the input

parameters and algorithms inside the functions.

import matplotlib.pyplot as plt

import numpy as np
import pandas as pd

def count_rate_plotter(avgscounts, xIb, number_of_detectors):

miren

Plot the count rate for different currents

INPUT:
avgscounts = nested LIST of counts
xIb = LIST of currents for x-scale
number _of detectors (INT)
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def

def

e

for k in range(0, number_of_detectors):
newlist = []
for i in range(k, len(avgscounts), 8):
newlist.append(avgscounts[i])

plt.title("Count rate vs I_bias")
plt.plot(xIb, newlist,label = "Detector "+str(k+1))
plt.legend()

plt.show()

plt.savefig("countrate.png")

plt.close()

plot_efficiency(xIb, efficiency, number_of_detectors):

mirrn

Plot the efficiency for each detector as a function of a range of
currents

INPUT:
xIb = range of currents for x-scale, LIST
efficiency = LIST
number of detectors = INT

e

for k in range(0, number_of_detectors):
newlist = []
for i in range(k, len(efficiency), 8):
newlist.append(efficiency[i])

plt.title("Efficiency vs I_bias")
plt.plot(xIb, newlist,label = "Detector "+str(k+1))
plt.legend()

plt.show()

plt.savefig("eff.png")

plt.close()

wavelength_plot(waves_list, waves,number_of_detectors):
e

This function plots the measured efficiency for different
wavelengths

INPUT:
waves_list = LIST containing a range of wavelengths
waves = LIST containing a range of wavelengths
number of detectors = INT

mirrn

for k in range(0, number_of_detectors):
newlist = []
for i in range(k, len(waves_list), 8):
newlist.append(waves_list[i])

print(newlist)
print(len(newlist))
plt.title("Efficiency vs wavelength")
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66 plt.plot(waves, newlist,label = "Detector "+str(k+1))
67 plt.legend()

68

69 plt.show()

70 plt.savefig("wavelength_eff.png")

7 plt.close()

3 # functions to plot the power of the laser
n  def power_plotter(df, times):
75

"o
76

7 Plot the measured power per wavelength, in separate graph
78
79 INPUT :
80 df = DataFrame containing all power measurements, sorted per
— wavelength
81 times = LIST of times for x-scale of the plot
82 miren
83 # calculate std deviation of each column and determine its
— fluctuations
84 for header in df:
85 array = df[header].to_numpy()
86 array = [110"*3 for i in array]
87 # make nice plot power fluctuations
88 plt.plot(times, array, linestyle = "solid", marker = "*" label
— = str(header)+" nm"
89 plt.xlabel("Time (s)")
90 plt.ylabel("Power (mvV)")
91 plt.title("Stability test Power fluctuation")
92 plt.legend()
9 plt.savefig("powerfluct"+str(header)+".png")
o4 plt.show()
95 plt.close()

96
7 def totpower_plotter(df, times):
98

"o
99

100 Plot the measured power per wavelength, in one figure
101
102 INPUT:
103 df = DataFrame containing all power measurements, sorted per
— wavelength
104 times = LIST of times for x-scale of the plot
105 e
106
107 # calculate std deviation of each column and determine its
— fluctuations
108 for header in df:
109 array = df[header].to_numpy()
110 array = [1*10"*3 for i in array]
111 # make nice plot power fluctuations
112 plt.plot(times, array, linestyle = "solid", marker = "*", label
— = str(header)+" nm"
113 plt.xlabel("Time (s)")

114 plt.ylabel("Power (mvV)")
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def

plt.title("Stability test Power fluctuation")

plt.legend()
plt.savefig("powerflucttot.png")
plt.show()

plt.close()

laser_stability_plot(df, waves):
mirrn
THIS FUNCTION OUTPUTS A GRAPH SHOWING THE LASFER STABILITY FOR ALL
WAVELENGTHS
Parameters
df : dataframe, excel file

DATAFRAME CONTAINING ALL THE LASER STABILITY DATA.
waves : array

ARRAY CONTAINING ALL CORREPONDING WAVELENGTGHS.
Returns
None

e

data = pd.DataFrame()

averages = []

deviations = []

for header in df:
array df[int (header)].to_numpy()
array = [1*10"*3 for i in array]

averages.append(np.average(array))
deviations.append(np.std(array))

# make nice plot power fluctuations
#plt.plot(waves, averages, linestyle =

plt.errorbar(waves, averages, yerr = deviations)

plt.xlabel("wavelengths (nm)")
plt.ylabel("Power (mw)")
plt.title("Laser power")

plt.savefig("powerfluct"+str(header)+".png")

plt.grid()
plt.show()
plt.close()

perc = [deviations[i]/averages[i] for i in range(len(averages)) ]

data["averages"]= averages

data["std deviations"] = deviations
data["%"] = perc
data.index = ([i for i in df])

data.to_excel("plot_data.xlsx")

return averages, deviations, perc, data

marker =
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19 def stability_plotter(df, waves):

e
170

171 Plot stability of the power for every wavelength

172

173 INPUT:

174 df = DataFrame containing all power measurements, sorted per
— wavelength

175 waves = LIST of wavelengths for x-scale of the plot

176 e

177 stability = []

178 for header in df:

179 array = df[header].to_numpy()

180

181 std_dev = np.std(array)

182 average = np.average(array)

183 stability.append(std_dev/average)

184

185 # nice plot for stability, how it changes per wavelength

186 plt.plot(waves, stability)

187 plt.title("Stability per wavelength")

188 plt.xlabel("Wavelength (nm)")

189 plt.ylabel("Stability")

1% plt.savefig("stability.png")

191 plt.show()

192 plt.close()

193

194 return stability

195
1vs def measurements_plotter(counts_meas, laspower, times,
< number_of_detectors):

197 mirrn

198 Plot the laser power???

199 mirern

200

201 # plot laser power during time of measurement

202 plt.plot(times, laspower)

203 plt.xlabel("time (s)")

204 plt.ylabel("power")

205 plt.title("Power course during measurements")

206 plt.savefig("powerduringmeasurement.png")

207 plt.show()

208 plt.close()

209

210 #probably have to remove column/row for timestamps counts_meas

211 for i in range(number_of_detectors):

212 array = counts_meas.iloc[ : , i+1 ].to_numpy()#correct for
-~ timestamp

213 plt.plot(times,array, label= "Detector "+str(i+1))

214 plt.xlabel("time (s)")

215 plt.ylabel("counts")

216 plt.legend()

217 plt.title("counts per detector over time")

218 plt.savefig("countstime.png")

219 plt.show()

220 plt.close()
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221

22 def getratios2(dfl, df2):

223 mirern

224 Calculate the ratios between the measured powers from the two
— powermeters for each wavelength

225

226 INPUT:

227 df1 = DataFrame 1 for power meter 1, reference arm

228 df2 = DataFrame 2 for power meter 2, measurement arm

229

230 OUTPUT :

231 ratios = LIST containing the ratios between the measured power
— meters

232 dbratios = LIST containing the dbratios between the measured

— power meters

mirn

234

235 ratios = []

236 dbratios = []

237

238 ratiosdf = pd.DataFrame()

239 avl = []

240 av2 = []

241 for header1l in df1l:

242

243 avgl = np.average(dfl[headerl].to_numpy()[2:]) #first few
— measurements are bad

244 avg2 = np.average(df2[headerl].to_numpy()[2:])

245

246 ratio = np.abs(avgl/avg2)

247

248 dbratio = 10"np.logl0(ratio)

249 avl.append(avgl)

250 av2.append(avg2)

251 dbratios.append(dbratio) # error check code

252 ratios.append(ratio)

253 ratiosdf["Average P1"]=avl

254 ratiosdf["Average P2"]=av2

255 ratiosdf["Ratios" ]=ratios

256 ratiosdf["dB ratios"] = dbratios

257 ratiosdf.index = ([i for i in df1])

258 ratiosdf.to_excel("ratios.xlsx")

259 return ratios, dbratios

260
21 def ploteffwav(waves, efficiency, 1i):

262 plt.plot(waves, efficiency*100, marker = ".", linestyle="solid",
— label = "Measurement "+str(i+1))

263 plt.title("Efficiency vs wavelength")

264 plt.xlabel("Wavelengths (nm)")

265 plt.ylabel("Efficiency (%)")

266 plt.legend()

267 plt.grid()

268 plt.savefig("Efficiency.png")
269

270
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def photon_eff(wav, ratios, pwrs, number_of_detectors,

—

detected_counts, j):

mirern

This function calculates the efficiency of the system for a range
of wavelenghts

- The total number of photons is calculated using the given input
power pwrs (LIST) of the reference
arm, attenuated to get the power input for the SNSPD.

- Ratios is a list containing the ratios for the measurement arm
and the reference arm, respectively, for all wavelengths

- The detected_counts is the list of (avg) counts corresponding
with the list of powers, respectively

INPUT:

wav = wavelength in nanometer (LIST)

ratios = ratio between arm and measurement arm for the range
of wavelengths ~ 50dB (LIST)

pwrs = measured power in reference arm (LIST)

number_of detectors = INT

detected counts = LIST

J = number for naming

mirrn

analysis = pd.DataFrame()

p=[]

for i in pwrs[1:]:
array = pwrs[i].to_numpy()
pi = np.average(array)
p.append(pi)

p = pl1:]

totalp = []
index = int((wav[0]-1260)/10) # correct for the right domain in
— the ratios array
for i in range(len(p)):
totalp.append(p[i]/ratios[i+index])

# calculate energy per photon

h = 6.62607015*10** (-34)

c 299792458

Ewav = [h*c/(i*10**-9) for i in wav]

# Calculate the total amount of photons

# assumes power meter is before attenuator, hence it reduces

— signal

total_photons = [totalp[i]/Ewav[i] for i in range(len(totalp))]

# get the efficiency for every measurement for every detector
efficiency = np.zeros(len(detected_counts))

for i in range(len(detected_counts)):
efficiency[i] = detected_counts[i]/total_photons[i]
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analysis["System Power"] = totalp

analysis["Total Photon count"]

analysis["Measured Photon count"] =

analysis["Efficiency"]

= efficiency

analysis.index = ([i for i in wav])

analysis.to_excel("analysis"+str(wav[0])+"V"+str(j+1)+".xlsx")

return total_photons,

efficiency

= total_photons

detected_counts



