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to simulate and estimate the size of an artificial star of known size to verify the analysis and data
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1. Introduction

The pioneer experiment led by Hanbury Brown and Twiss in the 50s opened a new field of
astronomy, offering sub-milliarcsecond resolution without having to face atmospheric perturbations
[1]. However, it had two major limitations: time resolution (20ns) and the collecting area (~ 2m?).
The recent progress in single photon detection with 6ps resolution [2] motivates a revisit of their
experiment. With such enhancement, the same SNR could be obtained with 3000 times less
exposure, opening new fields of research in astronomy. The QUASAR project [3, 4] aims at 20ps
resolution spectrometer to be placed on the biggest telescopes to reach Event Horizon Telescope-like
resolution in visible light.

In this work, we present a compact SPAD-based intensity interferometer. By observing narrow
emission lines, we show that the device has a suitable time resolution for our needs and low
systematics. Hence, we are able to resolve the 640nm emission line of a Mercury-Cadmium
calibration lamp. Additionally, using a pinhole as a fake star that we successfully resolve, we
demonstrate that these detectors are ready to be brought to telescopes for stellar measurements.

2. Light coherence

In his paper of 1963 [5], R. Glauber provided a complete and detailed explanation of the result
obtained in 1956 by HBT. He later received the Nobel Prize for his work on optical coherence. The
whole idea of Glauber is to express the probability of detecting photons at a given time and space
interval, using the quantum description of the electromagnetic field. He expresses the coincident
photon detection probability (the second-order correlation function) using this formalism. Applied
to thermal states, the normalized second-order correlation function can be simplified to the Siegert
relation [6]:

g3 (r) =1+1gW (0 ()

where g!(7) is the first-order correlation function, which verifies g!)(0) = 0. The shape of the
second-order coherence function is given by the Fourier transform of the lineshape [7]. Additionally,
the above coherence is modulated by the square visibility |V}»|?, given by the source brightness
distribution. For zero baseline condition (Vi; = 1), we have gz(‘r =0)=2.

The use of detectors having non-zero jitter implies that the time resolution will convolve the
observed coherence. Similarly, the observed visibility is convolved by the aperture of the pupil [8].
An important quantity for all the coherence measurements is the coherence time at zero baseline,
which can be computed as follows [7]:
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Given the lineshape, this information allows us to derive the linewidth of the observed source.

3. Experimental setup

The experimental setup is shown in Figure 1. The light is captured using a lens coupled to
a single-mode (SM) optical fibre. After passing the entrance polarizer, the light is split into two,
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Figure 1: Scheme of the interferometer in the zero baseline configuration. The light is injected using a
single-mode optical fibre. The light is divided into two branches and the CCD (for visual purposes) using a
series of beam splitters. The SPADs are placed after a set of lenses, allowing to focus most of the light on
their 25um sensitive diameter. The analog output is directly connected to the input of the ID1000, which
provides the photon coincidence with a resolution of 1ps.

between the CCD (for visual purposes) and the two arms of the detector, placed after the filter. The
light is equally split between the two branches of the setup using a second beam splitter. The 25um
detectors are placed on micrometric XYZ, after a set of lenses, to accurately focus most of the light
on the detector to maximize the observed rate. The detectors are SPADs from EPFL [2], which
have a single photon detection jitter of 12.1ps FWHM. The analog output is directly connected to
the input of the ID1000 *, which provides a digital resolution of 1ps and a measured Gaussian jitter
with o = 3.6ps. It computes the photon inter-arrival times internally.

We use different kinds of light sources: The LED (OSRAM LE CG P1AQ), for calibration
and time resolution measurement, and a Mercury-Cadmium lamp (OSRAM - HgCd/10), having an
emission line at 643.85nm. Finally, we also use a Sodium lamp (Philips SOX35W), emitting the
well-known Na doublet (589.00/589.59 nm). By tilting a Inm transmission filter at the entrance of
the device, we can select the desired emission line. By adding a linear X translation stage to either
one of the two branches, we create an artificial baseline.

4. Experiments

4.1 Timing resolution

A correlated noise is observed, but it can be removed by taking long calibration runs. Once
removed, we obtain clean corrected data, such as the blue data points on figure 2, showing the result
of ~ 160h of LED light, filtered by a 1nm filter. The average number of random coincidences is
4.16 - 10° counts per 4ps bin. We build the normalized coincidence counts by dividing the number
of counts per bin by the average number of counts per bin outside the peak region.

As the non-zero jitter of the detectors impacts the spread of the observed coherence function,
we start by measuring the timing response of the system using the coherence of the LED’s green

*https://www.idquantique.com/quantum-detection-systems/products/id1000-time-controller/
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Figure 2: (black): Measurement of the measured coincidence normalized count, obtained using the LED
light filtered by a 1nm interference filter. (red): IJitter model by a sum of two decaying exponentials of the
form e~1XI/7_ (green): Filter coherence, scaled for visual purposes.

light, filtered by a 1nm filter. The expected coherence time is 0.57ps’(see the black curve of figure
2), smaller than the TDC’s digital resolution. Hence, the observed coherence can be fitted with any
suitable model and will be assumed to be the jitter.

We fit the result using a sum of two exponential functions of the form e~ !*//7. The best
fit amplitudes are 4.97 - 107 and 6.74 - 10~3 and the best fit T parameters are 47.6 and 7.7ps,
respectively. As can be seen in figure 2, this fit provides a good description of the data. It
is essential to have a good knowledge of the jitter function (which characterizes the detectors +
TDC system), as line deconvolution is an inverse problem and therefore highly sensitive to timing
resolution. By integrating the black curve of figure 2, we derive a coherence time of 0.58 + 0.02ps,
in good agreement with the expected value of 0.57ps obtained by integrating the Fourier transform
of the filter transmission.

The FWHM was estimated to ~ 25ps, suggesting that we can reach the same SNR as Hanbury
Brown and Twiss with roughly 3000 times less exposure.

4.2 640nm Cd line analysis

Using the zero baseline configuration, we analyse the 640.85nm emission line that we assume
to have a Lorentzian lineshape. We use the time resolution model as a convolution kernel to infer
the amplitude of the intrinsic g! () and the emission line width parameter. If the intrinsic amplitude
reaches 1, it will demonstrate that all the parameters are under control. Therefore, we built a model
assuming a Lorentzian emission line, convolved by the time resolution. The free parameters are the
amplitude, the linewidth, and the time offset.

TComputed from the available filter transmission data
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Figure 3: Analysis result of the 643nm Cadmium emission line. The inferred intrinsic g‘!) (0) amplitude
is estimated to 1.02 + 0.01, in good agreement with the single mode expectations. The derived linewidth is
0.087nm, and is shown on the top right panel.

We show in Figure 3 the analysis result for the 643.85nm Cadmium emission line, observed
at ~ 2.5MHz for 4.2 hours. The main result is the deconvolved amplitude 1.02 + 0.01, which
is in excellent agreement with the expectations. The Lorentzian parameter y is estimated to
31.5 + 0.2GHz, corresponding to a linewidth of 0.087nm FWHM. We also measure the coherence
time using equation 2 and derive a value of 38.3 + 0.1ps.

4.3 Fake star

Finally, we use a 50 + 3um pinhole at a distance of 120cm, illuminated with the Sodium lamp
(mimicking a fake star) and a modified version of the setup shown in figure 1 to create a baseline
between the two arms of the setup. We assume the pinhole source brightness distribution to be a
uniform disk, implying a visibility of the form:

Ji(mdbup/A)

V(d) =2
() ﬂd@UD//l ’

3)

with J; the Bessel funtion of the first kind, fyp the angular diameter of the source, d = Vu? + 2
the baseline and A the observed wavelength. The model predicts, given an angular diameter, the
observed squared visibility for each baseline by convolving the obtained |V (u, v)|*> map with the
circular aperture of each branch, which has a diameter of 6mm.

We varied the baselines by 18mm. For each baseline, we record the coincidences from the
illuminated pinhole and compute the coherence time. The results for each baseline and the fit are
shown in Figure 4. The inferred pinhole diameter is 48.1 + 2.8um, in good agreement with the
manufacturer’s value. The best fit parameters indicate an offset of 0.05cm between the two branches
of the setup.
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Figure 4: Normalized (g(¥-1) integral as a function of the baseline. Taking into account the 6mm circular
pupils and the distance of 120cm, we derive a pinhole diameter of 48.1 + 2.8um. Points having a large
uncertainty were integrated for less than 30 minutes.

The resolved fake star has an angular diameter of roughly 8.6 arcsecond. This value is larger

than the angular diameter of stars, but we used small baselines compared to these between two
telescopes.

5. Conclusion

First, we have successfully measured the system time resolution of the SPADs+TDC of ~ 25ps
FWHM. Then, using the 643nm Cadmium narrow emission line, we measured a maximum g% (0)
amplitude of 1.36 and an intrinsic amplitude of 2.02 + 0.01, in excellent agreement with the
expectations. The pull value of o is close to one, and demonstrates that we have no significant
systematics, allowing us to resolve this line with good accuracy. Finally, we varied the baseline
between the two arms of the setup to measure the change in the g(?) integral. We derived a pinhole
diameter of 48.1 + 2.8 um, in agreement with the manufacturer’s data (50 + 3um).

The perfect match between observations and expectations and the negligible systematics are
very promising for the use of these detectors for intensity interferometry on telescopes.
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