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Abstract: We describe a fast data-driven optical camera, Tpx3Cam, with nanosecond scale
timing resolution and 80 Mpixel/sec throughput. After the addition of intensifier, the camera is
single photon sensitive with quantum efficiency determined primarily by the intensifier photocath-
ode. The single photon performance of the camera was characterized with results on the gain,
timing resolution and afterpulsing reported here. The intensified camera was successfully used for
measurements in a variety of applications including quantum applications. As an example of such
application, which requires simultaneous detection of multiple photons, we describe registration
of photon pairs from the spontaneous parametric down-conversion source in a spectrometer. We
measured the photon wavelength and timing with respective precisions of 0.15 nm and 3 ns, and
also demonstrated that the two photons are anti-correlated in energy.
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1 Introduction

The main motivations for fast imaging are studies of fast processes, measuring time of flight
and looking for time coincidences of photons. The fast imaging approaches can be generally
divided into two types: synchronous and asynchronous. In the former case, a synchronous
signal, for example from a pulsed laser, is available, alerting that photons will be coming to the
detector so some preparatory operations can be performed. In the latter case, which is more
challenging, the measurement must be data driven meaning that a signal can be time stamped
independently in each pixel. It is these kinds of cameras that are very attractive for applications
where photons are arriving and need to be time stamped at any time in a continuous mode of
operation.

A variety of sensing technologies are available for registration of single optical photons,
which include approaches with external amplification: iCCD and iCMOS [1–5]; with internal
amplification: EMCCDs [6–8] and SPADs [9–13]; and superconductive technologies: SNSPD
[14–16] and TES [17, 18]; see comprehensive reviews of the subject in [19–21]. The camera
described here, Tpx3Cam, is an intensified hybrid CMOS imager, which is capable of time
stamping photon flashes by adding an optical sensor to the Timepix3 readout chip. Single photon
sensitivity is provided by an external optical intensifier.

Below we describe different aspects of the camera performance, which are especially important
for quantum applications. Firstly, in section 2 we provide details on the intensified camera.
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Section 3 discusses several studies important for the single photon detection and section 4 describes
a fast spectrometer used for characterization of a quantum single photon source.

2 Tpx3Cam fast camera

Imaging of single photons in the experiments mentioned here was performed with a time-stamping
camera, Tpx3Cam [22–25]. The camera has a silicon optical sensor with high quantum efficiency
(QE) [26], which is bump-bonded to Timepix3 [27], an application specific integrated circuit
(ASIC) with 256 × 256 pixels of 55 × 55 μm2. The electronics in each pixel processes the incoming
signals to measure their time of arrival (TOA) for hits that cross a predefined threshold, around
600 electrons, with 1.56 ns precision. The information about time-over-threshold (TOT), which
is related to the deposited energy in each pixel, is stored together with TOA as time codes.
The Timepix3 readout is data driven with pixel deadtime of only 475 ns + TOT, allowing for
multi-hit functionality for each pixel, independently from the other ones, and fast, 80 Mpix/sec,
bandwidth [28].

2.1 Intensified camera

For the single photon sensitive operation, the signal is amplified with addition of CricketTM [29]
with integrated image intensifier, power supply and relay optics to project the light flashes from
the intensifier output window directly on to the optical sensor in the camera. The image intensifier
is a vacuum device comprised of a photocathode followed with a micro-channel plate (MCP)
and fast scintillator P47 with risetime of about 7 ns and maximum emission at 430 nm [30]. The
quantum efficiency of the camera is determined primarily by the intensifier photocathode with a
variety of photocathodes available [24, 29]. As an example, the hi-QE-green photocathode has
QE of about 30% in the range of 400–480 nm [31]. The MCP in the intensifier had an improved
detection efficiency close to 100% [32]. Figure 1 shows schematically the layout of the intensifier
and camera, and their photograph.

Similar configurations of the intensified Tpx3Cam were used before for characterization of
quantum networks [33, 34], quantum target detection [35, 36], single photon counting and ray
tracing [37–40], studies of micromotion in ion traps [41–43], neutron detection [44–46], optical
readout of time-projection chamber (TPC) [47] and lifetime imaging [48–50] studies. The Timepix
based single photon sensitive cameras with direct registration of MCP electrons with the Timepix
ASIC metal pads have also been produced in the past [51].

2.2 Post-processing

Figure 2 shows an example of raw TOT and TOA information for a pair of single photons from a
spontaneous parametric down-conversion (SPDC) source registered in Tpx3Cam. As one can see,
the photons appear as small groups of hit pixels, so after ordering in time, the pixels are grouped
into the “clusters” using a recursive algorithm [23] within a predefined time window, 300 ns. Since
all hit pixels measure TOA and TOT independently and provide the position information, it can be
used for centroiding to determine the coordinates of single photons. The TOT information is used
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Figure 1. Left: schematic layout of the intensified Tpx3Cam camera, not to scale. Right: photograph of
the camera with CricketTM.

Figure 2. Raw TOT (left) and TOA (right) values in nanoseconds for pairs of single photon hits in Tpx3Cam.

for the weighted average, giving an estimate of the x, y coordinates for the incoming single photon
with improved spatial resolution [48]. The timing of the photon is estimated by using TOA of the
pixel with the largest TOT in the cluster.

3 Characterization of single photon performance

3.1 Intensifier gain and signal amplitude

The left part of figure 3 gives an example of the TOT distribution for the TOT sum over all pixels
in the cluster. The distribution is broad due to large fluctuations of the MCP gain, so cannot
be used for the photon counting. In this particular case the MCP gain is at maximum of about
106 and the TOT distribution peaks at approximately 60000 electrons. Accounting for the sensor
quantum efficiency for the emission spectrum of P47, that means the P47 light flash had about
70000 photons [26]. We can also see that the distribution for small TOT values has a sharp cutoff

– 3 –
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Figure 3. Left: time-over-threshold (TOT) distribution. Right: distribution of number of pixels in cluster.

near zero due to the Timepix3 threshold. These measurements were performed for the hi-QE-red
photocathode [29].

For the measurements described here and also in sections 3.3 and 3.4, we used the dark counts
of a hi-QE-red intensifier. The total dark count rate was about 80 kHz distributed uniformly across
the photocathode. This rate is entirely due to the thermal photoelectrons from the photocathode.
After going through the detection chain (MCP-P47-Tpx3Cam), these signals look exactly the same
and have same properties as signals from the single photons [26].

The right part of figure 3 shows the number of pixels in clusters. The maximum of the
distribution is at seven pixels. The sub-peak at four pixels is explained by the symmetry of 2 × 2
pixels square shape.

3.2 Timing resolution

Timing resolution is a critical parameter for many applications. The response of the linear
discriminator used in Timepix3 has a time lag, which is dependent on the signal amplitude and
can be as large as 100 ns for small signals near the threshold. To account for it and achieve the
best possible resolution, a TOT correction must be applied [52, 53]. The left part of figure 4
shows two instances of TOT correction for the same camera taken at different times as a function
of TOT value. These measurements were performed with the same hi-QE-red intensifier as in
section 3.1.

Figure 4. Left: two instances of TOT correction for the same camera taken at different times. Right: time
difference distribution for a pair of simultaneous photons from SPDC source after the TOT correction.
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The right part of figure 4 shows the time difference distribution for pairs of photons from
a SPDC source, which produce simultaneous pairs of photons, after the TOT correction. The
time resolution (rms) per photon, assuming equal contributions for two photons in the pair, is
3.3/

√
2 = 2.4 ns, a typical value achievable after the correction. It was shown that the Timepix3

timing resolution can be further improved by calibration of time offsets for individual pixels and
time centroiding algorithms [54].

3.3 Afterpulsing

Afterpulsing is an important feature of the intensifier. It can be caused by secondary electrons or
ions, which start another multiplication process in the vicinity of the primary pulse with a short
delay [55]. The left part of figure 5 illustrates these two afterpulsing mechanisms.

Figure 5. Left: two mechanisms of afterpulsing due to the ion feedback and secondary electrons. Right:
spatial distribution of the afterpulses. The empty square 3 × 3 pixels in the middle is due to the requirement
of the two hits to be separated by at least one pixel.

To find the afterpulses in the data, we look at the differences in time and position between
the successive hits. The right part of figure 5 shows a map of position differences in x and y for
all consecutive in time pulses. There is an obvious excess of pulses spatially close to each other
due to the afterpulsing. It also has an obvious asymmetry of the azimuthal distribution, which
indicates a preferred direction, likely related to the orientation of the capillaries in the MCP glass.
We verified this by rotating the intensifier by 90◦ with respect to the sensor, observing that the
asymmetry followed the rotation.

To further characterize the afterpulsing, we plot the distributions of distance between the
successive hits and their separation in time, see figure 6. Note that the flat background in the time
difference distribution is explained by random coincidences of dark count hits, with total rate of
about 80 kHz. There is an obvious excess for the small values in both distributions, which we
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Figure 6. Left: distribution of distances for two successive hits. Right: distribution of time differences for
two successive hits.

estimate as deviations from the expected smooth behaviour and interpret as afterpulses. We found
that the fraction of afterpulsing events closer than 10 pixels is 1.6% and fraction of afterpulsing
events within 100 ns is 1.4%, which are satisfactorily close to each other values.

3.4 Bias voltage dependence

Fully depleting silicon sensor is important for the camera operation with high detection efficiency.
Figure 7 shows the normalized dark count images of an intensifier for the silicon bias voltage
between 0 V and 60 V in Tpx3Cam. One can see that for low values of the bias voltage the
silicon is not depleted showing characteristic stripes, so-called tree rings, due to variations of its
resistivity [56, 57]. For the bias voltage above 30 V, the structures are not visible, which agrees
with expectations that the sensors are fully depleted at this voltage. A typical bias voltage used in
the measurements is 50 V.

Figure 7. Normalized 2D occupancy for the intensifier dark counts for the silicon bias voltage between 0 V
and 60 V.

4 Characterization of fast spectrometer based on the camera

Multiple quantum applications of the camera have been already mentioned in section 2. Key
to its successful employment was the efficient detection of multiple photons in the same device,
which allowed a straightforward identification of their coincidences. Below we provide a detailed
description of one of those experiments involving a single photon spectrometer.

– 6 –
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Figure 8. Left: two argon spectra for two beams derived from the same argon lamp. Right: spectrometer
linearity, scale and residuals.

Spectral binning of single photons for two-photon interferometry is a promising venue for
various quantum applications [35, 58–61]. We implemented a simple dual spectrometer by
sending two beams of collimated light on to a diffraction grating and then focusing them on to the
intensified Tpx3Cam. The spectrometer was characterized using the argon spectrum, which has a
large number of narrow lines. The resulting pattern is detected by the camera to produce an image
like shown in the left part of figure 8, with two horizontal stripes corresponding to two diffraction
patterns produced by the same thermal argon source after splitting the beam in to two parts. In
each of these stripes, distinct peaks can be seen, which can be interpreted as spectral lines of argon.
The shown spectrum range is about 60 nm starting from 860 nm determined by the lens after
the grating.

4.1 Linearity and spectral resolution

Since positions of the lines are well known we can use them for calibrations to determine the
conversion scale and linearity. The right part of figure 8 provides the scale and linearity graph
with corresponding residuals.

Figure 9 shows three spectral lines: 794.8, 800.6 and 801.5 nm, for the same spectrometer with
increased magnification. The lines are fitted with a Gaussian function with sigma 0.15 nm.

4.2 Spectral analysis of SPDC source

To demonstrate the performance of the spectrometer for single photons we used a Thorlabs SPDC
source of photon pairs [62], where the signal and idler photons from the source were character-
ized in the two spectrometer channels. The full spectra of the photons are shown in the right
part of figure 9. The signal and idler photons in the pair anti-correlate in the wavelength to
conserve the energy of pump photon. The left part of figure 10 shows dependence of the sig-
nal wavelength on the idler wavelength for photon pairs within a 20 ns time window, where this
anti-correlation is apparent. The right part of figure 10 shows the reconstructed wavelength of
the pump photon using the wavelengths of the signal and idler photons, and the argon spectrum
calibration.

– 7 –
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Figure 9. Left: three argon lines in spectrometer with increased magnification. Right: signal (top stripe)
and idler (bottom stripe) photons in the spectrometer.

Figure 10. Left: anti-correlation of photon wavelengths for the SPDC source. Right: reconstructed
wavelength of the pump photon using the wavelengths of the signal and idler photons, and argon spectrum
calibration.

5 Conclusions

We described a fast optical camera with nanosecond scale timing resolution. The intensified
version of the camera was successfully used in a variety of quantum applications, which required
simultaneous detection and time stamping of multiple single photons.

Possible improvement to the described approach would be to switch to the next generation
readout chip, Timepix4 [63], with timing resolution of 200 ps. The testing preparations are in
progress though it remains to be seen if the optical path through the scintillator flashes registered
by the silicon photodiode and Timepix4 front-end electronics would be fast enough to fully support
the improved time resolution of Timepix4.
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