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Abstract: Long-distance fiber-based quantum communication relies on efficient non-classical
light sources operating at telecommunication wavelengths. Semiconductor quantum dots are
promising candidates for on-demand generation of single photons and entangled photon pairs for
such applications. However, their brightness is strongly limited due to total internal reflection
at the semiconductor/vacuum interface. Here we overcome this limitation using a dielectric
antenna structure. The non-classical light source consists of a gallium phosphide solid immersion
lens in combination with a quantum dot nanomembrane emitting single photons in the telecom
O-band. With this device, the photon extraction is strongly increased in a broad spectral range.
A brightness of 17% (numerical aperture of 0.6) is obtained experimentally, with a single photon
purity of g(2)(0) = 0.049 ± 0.02 at saturation power. This brings the practical implementation of
quantum communication networks one step closer.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Non-classical light sources are an essential element for secure photonic quantum information
processing [1], quantum cryptography [2] or distributed quantum networks [3,4]. Photons exhibit
high stability against dephasing caused by the environment and can be transmitted over long
distances with standard optical fibers. Semiconductor quantum dots (QDs) can deterministically
emit photons in the telecom wavelength bands around 1.31 µm [5–10] and 1.55 µm [11–17], at
which chromatic dispersion and transmission losses in optical fibers are at a respective minimum
[18]. However, the high refractive index of the surrounding semiconductor results in total internal
reflection (TIR) at the semiconductor/vacuum interface, thereby confining most of the photons in
the host material [19,20].
Various approaches have been investigated in the last few years to enhance the extraction

efficiency of QD emission in the wavelength range from 700 nm to 900 nm [21]. Making use
of cavity quantum electrodynamics (cQED), the photons are efficiently emitted in the limited
spectral width of the cavity mode. Multifarious nanoscale structures are developed in that regard,
such as micropillars [22–25] or circular Bragg gratings [26,27]. Brightness values of up to
85% have been observed in combination with high single-photon purity [28]. Moreover, the
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cavity-induced Purcell effect shortens the radiative lifetimes of the emitters, resulting in improved
photon indistinguishabilities on short time scales [28,29].
Another approach is to modify the photonic environment of the QDs, e.g. by embedding

them in nanowires [30,31] or making use of microlenses [7,32–35]. This allows for a broadband
and efficient extraction of photons from the semiconductor material. Alternatively, metal
nanostructures can be placed close to the emitter [36,37] which results in photoluminescence
enhancement and directional emission by utilizing the localized surface plasmon resonance.

These approaches generally require deterministic fabrication methods to ensure high yield and
ideal performances, thereby increasing the overall fabrication complexity [34,38,39]. Recently,
a new approach called dielectric antenna has been realized with GaAs/AlGaAs QDs grown by
molecular beam epitaxy [40]. Based on a solid immersion lens (SIL) and the well-established
fabrication of QD-containing nanomembranes, an emission brightness of up to 65% was obtained
for single photons emitted around 780 nm.

Increasing the photon extraction for QDs emitting in the telecom O-band has been investigated
using nanowires and micropillars, with a brightness of up to 3.3% [9,41]. Using nanophotonic
cavities, 36% brightness in a narrow-band wavelength range was reported [5]. While this
approach is also expected to be beneficial for the indistinguishability on short time scales, the
resulting linewidth broadening could cause photon wave-packet dispersion during long-haul
propagation, in particular in the near-infrared and also in the telecom C-band [42,43]. With a
mesa structure on top of the emitter, a brightness of 10% has been experimentally realized in a
broad wavelength range, but the position misalignment between the structure and the emitter
significantly reduces the extraction efficiency [44]. Besides, deterministic Gaussian-shaped
microlenses fabricated via chemical etching were estimated to reach up to 17% brightness.
This method requires the use of sophisticated techniques with high accuracy and fabrication
quality [7]. In this letter, we present a dielectric antenna structure extracting single photons
in the telecom O-band from InGaAs/GaAs QDs grown via metal-organic vapor-phase epitaxy
(MOVPE). Based on simulations to optimize the anntenna structure design, we experimentally
fabricate and characterize this device. Compared to the as-grown sample, a 40 times brighter
single-photon source is realized over a broadband spectral range, while maintaining a high
single-photon purity.

2. Device fabrication

The InGaAs/GaAs QDs are grown by MOVPE, which is commonly employed for commercial
semiconductor fabrication purposes. With careful optimization of the strain in the low-density
QDs, photon emission in the telecom O-band has been realized [45]. The initial GaAs (001)
substrate is overgrown with a 50 nm buffer layer, followed by 100 nm AlGaAs, acting as a
sacrificial layer for the intended membrane processing. The subsequent membrane structure
consists of 190 nm GaAs, followed by InGaAs QDs which are embedded in a strain-reducing
layer. The QDs are then capped with a 266 nm GaAs layer [46].
Figure 1 shows the fabrication procedure of the dielectric antenna device consisting of a

commercial gallium phosphide (GaP) semi-spherical solid immersion lens, a nanomembrane
containing InGaAs/GaAs QDs and a silicon carrier substrate. As shown in Fig. 1(a), a droplet of
polymethyl methacrylate (PMMA) is deposited on the flat surface of a SIL with a diameter of
2 mm. Spin coating is then performed with a rotation speed of 7000 rpm, yielding a PMMA
layer thickness of ∼ 100 nm. To obtain a single nanomembrane containing QDs, a sequence of
well-established fabrication methods is employed to the as-grown sample [40]. A square array of
160 µm×120 µm-sized rectangular metal pads is defined, by means of photolithography, followed
by the deposition of 4 nm chromium and 100 nm gold and a subsequent lift-off process. Next,
a solution of sulfuric acid, hydrogen peroxide and deionized water (ratio 1:8:200) is applied
to vertically etch the substrate in order to expose the AlGaAs sacrificial layer. The latter is
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then removed using 25% hydrofluoric acid solution to create free-standing membranes [40,47].
One single nanomembrane is transferred onto the bottom center of the SIL, with the PMMA
layer acting as glue. Placing the whole structure on a silicon substrate (Fig. 1(c)) for convenient
handling completes the device fabrication. The TIR at the semiconductor nano-membrane
surface is greatly alleviated in this dielectric antenna structure due to the close contact of the
nano-membrane (nGaAs ≈ 3.40) and the high refractive index GaP SIL (nGaP ≈ 3.14).

Fig. 1. Fabrication steps of the telecom O-band dielectric antenna. (a) PMMA deposited on
the flat surface of the GaP SIL. (b) Free-standing nanomembranes remain on the substrate
after photolithography and wet chemical etching. The structure of a single nanomembrane is
shown (right) (c) Combining the SIL, QD-nanomembrane and the silicon substrate (left), a
dielectric antenna device is constructed (top right). The image taken by optical microscopy
displayed in the bottom right corner shows the single nanomembrane glued centrally to the
bottom of the SIL.

3. Results and discussion

3.1. Evaluation of the brightness

To demonstrate the effectiveness of the device, we characterized the spectra and wavelength
statistics of the as-grown sample and dielectric antenna, respectively. In Fig. 2(a), the spectra of
two typical QDs are shown. A remarkable brightness enhancement is observed for the dielectric
antenna. To demonstrate that the device fabrication only has a small effect on the emission
wavelength, the QD emission in the dielectric antenna and as-grown sample is characterized.
According to the wavelength statistics of the samples shown in the panel (b) of Fig. 2, the
histograms show a similar central wavelength. Apart from possible fabrication-related effects
like a difference in the strain situation in the surrounding of the QDs due to the change from a
bulk sample to a nano-membrane, the 10 nm red-shift is ascribed to an inhomogeneity of QD
sizes over the sample and the different subsets of randomly chosen QDs for the characterization.

Furthermore, we study the power-dependent photoluminescence under above-band excitation,
using a pulsed laser at 633 nm with a repetition rate of 80 MHz (Fig. 2(c)). The recorded
photon counts are obtained by integrating the brightest transition peak shown on the CCD of the
spectrometer. Considering the system loss, we can calculate the number of photons arriving at
the objective in the photoluminescence measurement setup. Now we determine the brightness
enhancement caused by the dielectric antenna: The photon count rate from 10 QDs in the
as-grown sample, excited under saturation power P0, is averaged. Then the enhancement factor is
given by the ratio between the photon counts of each characterized QD (in total 57) in the device
and the value from the as-grown sample. The rate of collected photons is increased by up to two
orders of magnitude compared to the as-grown sample. On average, the brightness is enhanced
by more than a factor of 40 as displayed in the panel (d) of Fig. 2.
So far, we considered only the dominant peak of the photoluminescence spectrum. In order

to determine the brightness, i.e. the average number of photons emitted from the sample per
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Fig. 2. Characterizaiton of the dielectric antenna sample. (a) Exemplary QD emission
spectra from the delectric antenna and the as-grown sample. (b) The wavelength distribution
before and after the processing, for which 131 and 100 QDs are characterized, respectively.
(Red: dielectric antenna; Blue: as-grown sample). (c) Number of photons arriving at the
objective as a function of excitation power for two exemplary QDs. The photon rate is
determined by integrating the counts of the brightest transition peak shown on the CCD
and correcting for the system losses. (d) The statistics of the brightness enhancement
factor comparing the dielectric antenna (57 QDs) and the as-grown sample. (e) Simulated
extraction efficiency as a function of the emission wavelength. The inset shows the polar
view of the device radiation in the far-field. (f) The side view of the electric field intensity
distribution in the dielectric antenna.

excitation cycle, the emission from other excitonic states has to be taken into account. In
the experiment, all the dominant transition lines of the brightest QD emission (labeled QD2
in Fig. 3(b)) are identified. Under pulsed above-band excitation, all photons emitted from
independent excitonic decay channels are included. A brightness of 17% is obtained in a
conservative estimate for an objective numerical aperture (NA) of 0.6, considering corrections
for background emission and multiphoton contributions (see Appendix A.3).
To verify further that the device operates in a broad wavelength range, we perform finite-

difference time-domain (FDTD) simulations of the device. First, we study the extraction efficiency
as a function of the PMMA layer thickness under the assumption of a 1.31 µm emission from a
horizontally oscillating dipole source (see Appendix A.1). This is done because the low refractive
index PMMA spacer does not only serve as a glue, but it also changes the emission pattern of the
dielectric antenna in the far-field, influencing the extraction efficiency for a limited objective
NA [40]. The following simulations are performed with a PMMA layer thickness of 100 nm
and do not include an anti-reflection coating on the GaP lens, which is in accordance with the
fabricated device. This thickness was found to be more controllable and reproducible than larger
thicknesses in the fabrication procedure. The polar view of the device radiation in the far-field
(inset in Fig. 2(e)) manifests that the majority of photons can be collected within a polar angle of
40 degrees. Finally, the extraction efficiency of photons as a function of the emission wavelength
is determined in the far-field, considering a NA of 0.6. In a wavelength range of 60 nm in which
the QD ensemble is emitting, the dielectric antenna increases the photon extraction performance.
This is much broader than cQED approaches, which usually enhance the emission in a spectral
window of a few nm [5,22,24]. The far-field emission profile of the electric field is calculated.
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Fig. 3. Measurements on the X2− transition of QD1 and QD2 (spectra shown in the
insets with the grey rectangle indicating the width of the spectral transmission window
used for selecting individual transitions): (a) Second-order correlation measurements under
continuous wave excitation for different pump powers. Inset: Single-photon purity as a raw
value and after fitting (including the deconvolution with the system response function). (b)
Pulsed second-order correlation measurement at saturation power with a fit function. The
inset shows the time-resolved fluorescence measurement on a semi-logarithmic scale.

Panel (f) of Fig. 2 shows the electric field intensity distribution of the dielectric antenna in a side
view. A strong and directional emission pattern is observed in the GaP, indicating an increased
photon extraction from the substrate. Nevertheless, there is a difference between the extraction
efficiency obtained from theoretical calculations and the experimentally determined brightness.
Note that these values can only be compared assuming a unity state preparation fidelity and
negligible non-radiative decay channels [21]. Further possible reasons for the discrepancy include
the roughness of the lens surface and the uncertainty of the PMMA layer thickness. Moreover,
due to the overall low density of quantum emitters in the sample, only a few QDs are located in
the very center of the GaP SIL in which the device is expected to perform optimally. Therefore,
the observed dots provide a lower bound of the determined brightness.

3.2. Evaluation of the single-photon purity

On the processed dielectric antenna sample, two bright QDs, labeled QD1 and QD2, are
characterized in-depth regarding their single-photon purity under different pumping conditions to
assess their suitability as single-photon sources. All measurements are performed under above-
band excitation, creating free charge carriers in the barrier material. First, the most prominent
spectral lines are assigned to the respective excitonic states, as shown in the insets of Figs. 3(a)
and (b). This allocation is based on power- and polarization-dependent micro-photoluminescence
series, time-resolved fluorescence and second-order cross-correlation measurements together
with previous experimental and theoretical investigations on corresponding planar samples
[45,48,49]. The most prominent spectral features result from charged excitonic states suggesting
a background doping of the sample.
Next, the single-photon purity of the QDs is evaluated using a Hanbury-Brown and Twiss

setup. The second-order correlation function g(2)(τ) is measured under continuous-wave (cw)
and pulsed excitation for different pump powers. The brightest transition at medium excitation
powers, namely the double negatively charged exciton (X2−), is investigated. As shown in
Fig. 3(a), the expected antibunching dip at zero time delay for cw auto-correlation measurements
is well preserved up to saturation. For 7% of the saturation power P0, the raw value excluding a
correction for residual background emission yields g(2)raw(0) = 0.063 ± 0.005, while for P/P0 = 1
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a value of g(2)raw(0) = 0.214 ± 0.006 is obtained as displayed in the inset of Fig. 3(a). The
uncertainty is obtained from the normalized standard deviation of the Poissonian level. This
increase is attributed to the larger spectral background contribution at higher excitation powers. A
bunching effect at small, non-zero time delays, observed for low excitation powers, becomes more
pronounced for decreasing pump powers while exhibiting an increase of the corresponding time
constant. This is attributed to the background doping and charge carrier trap states from which
the QD can be refilled [50–53] after an initial excitation and emission event. This assumption is
corroborated by a time-resolved fluorescence measurement of this transition (see Appendix A.2)
yielding two decay constants Tf = 1.1 ns and Ts = 15.8 ns. The same qualitative behaviour can
be seen for QD2, as displayed in the inset of Fig. 3(b). While the fast decay constant is connected
to the radiative lifetime of the transition, the secondary decay yields information on the time
scale of the refilling process. Possible spin flips are excluded for the X2− transition since it does
not have a dark state. At low excitation powers, the possibility of refilling a QD on short time
scales after an initial emission increases the probability of detecting two photons on these time
scales i.e. yields values larger than the Poissonian level for small-time delays. At higher pump
powers, this effect is no longer observed because a charge carrier reservoir created by the strong
above-band excitation is large enough to provide carriers on all time scales.
To precisely estimate the single-photon purity, the data are fitted including a deconvolution

with the system response function that is obtained from the auto-correlation of a 3 ps laser
pulse. For the measurements with apparent bunching, this effect is included in the fit function
[54,55]. The values for g(2)(0) are displayed in the inset of Fig. 3(a), where the uncertainties are
calculated via error propagation from the 1σ confidence bounds of the fit parameters determined
by the non-linear fit algorithm. Even at saturation power, a value of g(2)(0) = 0.049 ± 0.020 is
determined. For values below P/P0 = 0.75 any residual two-photon contribution falls below the
accuracy of the measurement and fit procedure, i.e. the excellent single-photon properties of the
QDs [48] are not affected by the fabrication of the dielectric antenna.

While the single-photon purity is characterized by the evaluation of the g(2)(τ) function under
cw pumping, the suitability of the QDs for applications based on triggered single photons is
evaluated by second-order correlation measurements under pulsed excitation. This is obtained by
exciting the QD with a pulsed laser centered at 670 nm with a repetition rate of 76.9 MHz. The
result of this measurement for the X2− transition of QD2 in saturation is displayed in Fig. 3(b)
alongside a fit function. Due to the overlap of neighboring peaks separated by the repetition
period of τrep = 13 ns the signal does not decay to zero. Additionally, the above-mentioned
refilling effect leads to a secondary radiative decay with a decay constant of 8.0 ns as observed
in the time-resolved fluorescence measurement displayed in the inset of Fig. 3(b). This effect
also explains the residual peak around zero time delay of the pulsed intensity auto-correlation
measurement [56]. An antibunching dip owing to the single-photon nature of the emitted light
is superimposed on this residual peak [50–53,55]. Hence, multi-photon emission events at
vanishing time delays are strongly suppressed. A secondary emission event within a time period
smaller than the repetition time τrep due to refilling, is found with a probability between 50% and
70% depending on the pump powers. Note that, for low excitation power a bunching of the first
peaks at multiples of τrep is found and included in the respective fit functions. In other words, the
QDs exhibit excellent single-photon emission properties but their suitability as a single-photon
turnstile device [57] is limited by charge carriers refilling the QD [56]. This effect is accounted
for when determining the extraction efficiency [58].
Individual QDs [51] in spatial proximity to a charge carrier trap state have been found to be

prone to refilling [45,50–53,55,56]. Considering the overall low spatial density of QDs [45] and
the size of the area in which the SIL enhances the extraction efficiency optimally, the study at
hand is limited to the investigation of these QDs. Hence, the refilling effect is assumed to be
a property of the individual QDs under investigation rather than related to the transfer of the
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dielectric antenna approach to InGaAs QDs emitting in the telecom O-band. As an improvement
for the next sample generation, we propose to adapt the growth parameters to increase QD density
and counteract the doping to reduce the refilling effect. With this, the number of available QDs as
prospective bright sources of triggered, single photons in the telecom O-band will be enhanced.

4. Conclusion

We fabricated a dielectric antenna structure based on a GaP SIL, enhancing the extraction
efficiency of InGaAs/GaAs QDs emitting in the technologically important telecom O-band. The
brightness is experimentally determined to 17% for an objective NA of 0.6. FDTD simulations
suggest a maximum extraction efficiency of up to 38% for the same NA and a structure with
optimal PMMA layer thickness and low surface roughness of the SIL and QD membrane.
Depositing an appropriately designed anti-reflection coating layer on the curved SIL surface
can further enhance the brightness. The fabrication process of the dielectric antenna structure
does not significantly alter the emission wavelength of the QDs. In-depth investigations of the
transition lines of the two brightest QDs consistently point to a background doping and related
charge carrier refilling effects. In order to exploit the demonstrated excellent single-photon
purity values under cw excitation for single-photon turnstile operation, quasi-resonant or resonant
excitation schemes should be employed.

Appendices

A.1. FDTD simulation method for the dielectric antenna

The simulation of the dielectric antenna is performed by the commercial finite difference time
domain (FDTD) software offered by Lumerical Solutions Inc. In the simulation, a three-
dimensional simulation structure of the dielectric antenna is constructed according the sketch
depicted in Fig. 4(a). The wavelength-dependent refractive indices of Au, Cr, GaAs are provided
by the software. The refractive index of PMMA is taken from the manufacturer’s specification.
The refractive index of GaP around 1.31 µm is taken from [59]. To ensure the accurate simulation
result, a mesh accuracy of 6 with an auto non-uniform mesh type is used in the simulation
settings, corresponding to mesh grid size of a 26th of the minimal wavelength [60]. The perfectly
matched layer boundary condition for the x/y/z axes for the simulation area under consideration
is applied. A mesh grid of 5 × 5 × 5nm3 is used to ensure sufficient precision at the interfaces
between the multi-layers. An in-plane polarized dipole source is embedded in the GaAs layer
with the wavelength range from 1.25 to 1.31 µm.

Figure 4(b) shows the far-field extraction efficiency for different objective NAs as a function of
PMMA layer thickness for the dielectric antenna operating at 1.31 µm used in this work. The
efficiency is calculated using a monitor embedded in the GaP, considering only the radiation angle
range determined by the NA. The reflection at the GaP/vacuum interface is taken into account by
applying Fresnel equations. When the PMMA layer thickness is 0 nm, there is no antenna effect
but only the lensing, which means the photons will spread over the full solid angle in the far-field.
Therefore, the extraction efficiency is only determined by the NA of the objective. As shown in
the figure, the device performs best with the extraction efficiency enhancement for a PMMA layer
thickness of ∼ 290 nm but lower than the case of 0 nm due to the antenna effect. This is ascribed
by the partial total internal reflection at the GaAs-PMMA interface. The antenna effect starts
to vanish for a PMMA layer thickness larger than 290 nm. The PMMA layer thickness for the
simulations described in the main text is 100 nm in accordance with the fabricated device. We
tried to reduce the PMMA layer thickness to the minimum since obtaining a precise thickness by
spin-coating on a small GaP SIL (2 mm diameter) is easier for lower thicknesses.



Research Article Vol. 28, No. 13 / 22 June 2020 / Optics Express 19464

Fig. 4. Simulation of the dielectric antenna. (a) Schematic of the simulation structure.
(b) Simulation results for the device operating at 1.31 µm used in this work. The far-field
extraction efficiency is shown over the PMMA layer thickness for different NAs of the
collection optics.

A.2. Complementary correlation measurements of QD1 and QD2

To complement the measurement data shown in the main text, the second-order correlation
measurement under continuous-wave excitation is shown in Fig. 5 for the quantum dot labeled
QD2 in the manuscript. The measurements were conducted for excitation powers P between
60% and 100% of the saturation power P0, of which these two extreme cases are depicted.

Fig. 5. Second-order correlation functions under continuous-wave excitation for the quantum
dot labeled QD2 in the main text at (a) P/P0 = 1 and (b) P/P0 = 0.6 of the saturation power
P0.

Furthermore, correlation measurements under pulsed excitation of QD1 are shown in Fig. 6.
Panel (a) depicts the time-resolved photoluminescence measurement in a semi-logarithmic plot
with the two decay constants Tf = 1.1 ns and Ts = 15.8 ns gathered from a biexponenital fit.
The second-order correlation measurement under pulsed excitation is shown for P/P0 = 1 and
P/P0 = 0.02 in Figs. 6(b) and (c), respectively. The solid red line represents the respective fit
function.
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Fig. 6. Correlation measurements of the quantum dot labeled QD1 in the main text:
(a) Time-resolved photoluminescence measurement in a semi-logarithmic plot. (b) and
(c) Second-order correlation measurement under pulsed excitation for P/P0 = 1 and
P/P0 = 0.02, respectively.

A.3. Experimental evaluation of the brightness

We define the brightness B as the ratio of the photons per time emitted by the sample and the
number of excitation pulses per time. The charge carriers are excited optically in pulsed mode
with a repetition rate of rlaser = 76.9 MHz and a central wavelength of 670 nm above the band gap
of the barrier material (above-band). The brightness for a given NA is calculated by comparing
the measured count rate at the detector with the repetition rate of the laser accounting for a
non-ideal setup efficiency. The NA of the objective lens employed for this evaluation is 0.6.
Assuming each excitation laser pulse triggers the emission of one photon the brightness is equal
to the extraction efficiency. If the state preparation fidelity is unequal to unity or non-radiative
decay channels are present, the above-mentioned assumption does not hold and the determined
brightness will differ from the extraction efficiency [21].

Since under above-band excitation different excitonic states can form constituting corrsponding
decay channels for the charge carriers, the photons arising from parallel, i.e. non-consecutive
channels, need to be added up [53]. In the present case, these are the photons arising from the
recombination of the exciton (X), the trion (X−) and the double negatively charged exciton (X2−).
To exclude any background contributions, the spectrum at saturation is fitted with Gaussian
functions for the transitions and a constant offset for the background emission. To correct the
measured counts for background contributions, a factor fbgc is calculated from the area of the
respective Gaussian function AG and the constant offset Abg within the spectral transmission
window of the setup via

fbgc =
AG

AG + Abg
. (1)

As discussed in the main text, a single excitation pulse can trigger more than one single-photon
emission event due to refilling of the QD. To quantify this effect on the brightness [58], the pulsed
second-order correlation measurement is fitted to extract the area of the central peak and the
mean area of the outer peaks accounting for the temporal overlap and background contribution.
The ratio of these areas g̃(2)pulsed(0) (excluding overlapping pulses and background contributions)
represents the probability for a secondary emission event in response to a single excitation pulse.
This evaluation is performed for the X2− and X− transitions and yields g̃(2)pulsed(0) = 0.69 and
g̃(2)pulsed(0) = 0.73 in saturation, respectively. Since due to a lower count rate this evaluation was
not feasible for the X transition, the larger of the two previous values is assumed as a conservative
estimate.
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The setup efficiency ηsetup is calculated from the individually measured transmission or
reflection coefficients of the optical elements using a laser at the wavelength of the QD transition.
The detector efficiency is measured by themanufacturer Scontel SuperconductingNanotechnology.
The overall extraction efficiency is then calculated via

B =
1

rlaserηsetup
·
∑
i
rraw,i · fbgc,i ·

√
1 − g̃(2)pulsed,i(0), (2)

where the index i sums over all parallel decay channels and rraw refers to the measured count rate
at the detector.
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