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Abstract—We present a novel technique for wide dynamic range
optical investigations. It is based on a fast-gated silicon single-
photon avalanche diode (SPAD) in time-correlated single-photon
counting (TCSPC) setup. The SPAD is gated-ON and OFF in 500 ps
so as to detect photons only within a given time interval. This tech-
nique is particularly useful in applications where a large amount of
unnecessary photons precede or follow the optical signal to be de-
tected, such as in time-resolved near infrared (NIR) spectroscopy,
optical mammography, and optical molecular imaging. In partic-
ular, in time-resolved reflectance spectroscopy, it is desirable to
minimize the source–detector separation to improve system per-
formance. This leads to the saturation of the detection electronics
because of the huge amount of “early” photons back scattered by
superficial layers. Our setup is able to reject these photons and de-
tect only “late” photons from the sample, thus allowing an increase
in the dynamic range and the injected power. We acquired diffusive
curves of two phantoms with 95 ps time resolution and 107 dynamic
range with a measurement time three orders of magnitude shorter
than what is currently possible with a standard TCPSC setup.
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I. INTRODUCTION

I T IS WELL known and widely discussed in literature that red
and near infrared light can be used to noninvasively probe

highly scattering media such as biological tissues [1]. In par-
ticular, in biomedical optics, photon migration phenomena can
be exploited for different and innovative applications, such as
functional brain imaging [2], mammography [3], or molecular
imaging [4]. In reflectance optical spectroscopy measurements,
the diffusive medium is illuminated from a point source and dif-
fused photons are collected at a given distance from the source.
Different techniques can be employed to probe media, such as
continuous wave, frequency domain, and time domain. Among
these, time domain techniques can provide higher sensitivity
and penetration depth by exploiting the timing information of
scattered photons [5]–[7].

These techniques allow the noninvasive detection in vivo of
brain cortex activation by monitoring cerebral hemodynamics
(e.g., concentration changes of both oxygenated and deoxy-
genated hemoglobin), which produce localized changes of opti-
cal absorption coefficients [8]. The key point of these measure-
ments is the possibility of increasing the penetration depth of
investigation, in particular for functional brain imaging, where
skin, skull, and cerebrospinal fluid (CSF) heavily mask the brain
signal [8]. In time-resolved techniques, it has been demonstrated
that the mean penetration depth of photons detected at the same
delay after the injection of the light pulse into the medium is in-
dependent of the source–detector separation ρ, but it increases
with the arrival delay of detected photons [6]. Therefore, the
separation between the illumination source and the collection
point can be reduced, thus increasing the number of collected
photons at any time delay and, at the same time, increasing
contrast and spatial resolution [9].

Notwithstanding such drastic improvements, the strong pres-
ence of the “early photons” (i.e., photons scattered by surface
regions) usually severely limits performance at small source–
detector distance, since their number overcomes by many orders
of magnitude that of “late photons” (i.e., photons back diffused
by inner regions). The presence of early photons imposes the
need to reduce the optical power injected so as to avoid satura-
tion of the detection system. When using time-correlated single-
photon counting (TCSPC) techniques [10], the maximum count
rate is limited both by the saturation threshold of the electron-
ics and by the so-called “pile-up” distortion effect. The latter

1077-260X/$26.00 © 2009 IEEE



1024 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 16, NO. 4, JULY/AUGUST 2010

problem arises when more than one photon reaches the detector
during the same measurement period and only the first one is
detected, because of the dead time of both photodetector and
electronics.

In order to attain the best performance at small source–
detector separation, and to reduce measurement time, the op-
tical power injected into the tissue must be kept as high as
possible, but below safety limits for in vivo spectroscopy. This
will enhance the small number of “late” photons, which carry
information about the deeper regions of the tissues under in-
vestigation. Because of the need to detect the very faint signal
of longer lived photons, a single-photon detector is required.
Moreover, the detector must be time-gated in order to reject
early photons, by enabling it after a well-defined delay with
respect to laser excitation. The transition from OFF state to ON

state must be very fast (few hundreds of picoseconds at most)
because of the small time separation between unwanted photons
and the useful ones [9].

Some available detectors can be operated in fast-gated mode;
for example, microchannel plate photomultiplier tubes (PMTs)
by modulating the gain, or intensified charge coupled devices
(CCD) by modulating the intensifier, or a streak camera by
controlling the ramp voltage. However, in all these detectors,
the performances are heavily limited by the fact that the pho-
tocathode is always impinged by initial photons, thus heavily
enhancing background noise and perhaps causing permanent
damage.

In [11], we demonstrated for the first time the feasibility
and advantages of minimizing the source–detector separation
in time-resolved reflectance NIR spectroscopy, by means of a
fast-gated silicon single-photon avalanche diode (SPAD) [12],
[13]. In this paper, we discuss the proposed technique, and we
describe the electronics and the experimental characterization
of the overall time-gated SPAD equipment.

The SPAD is a p-n junction-biased above the breakdown volt-
age VBD , in the Geiger-mode operating regime. At this bias, the
electric field is so high that a single charge carrier, originating
in the depletion region, can trigger a self-sustaining avalanche
process by impact ionization. If the primary carrier is photo-
generated, the leading edge of the avalanche pulse marks the
arrival time of the detected photon with picosecond resolution.
After the avalanche is triggered, current keeps flowing until the
bias voltage is lowered near to (or below) the breakdown voltage,
where the impact-ionization process is no longer self-sustaining,
thus quenching the avalanche. Finally, the bias voltage must be
restored in order to be able to detect another photon. All these
operations require suitable electronics that must: 1) sense the
fast leading-edge of the avalanche current; 2) generate a low
time-jitter output pulse well synchronized to the avalanche pulse
for timing the photon; 3) quench the avalanche by lowering the
bias voltage; and 4) restore the detector voltage to the operating
level. This circuit is called a “quenching circuit” [13], and its
performance heavily impacts on detector performance in terms
of noise, timing resolution, and maximum counting rate.

In this paper, we describe the novel measurement setup, im-
proved with respect to that proposed in [11], and report perfor-
mance in terms of instrument response function (IRF), dynamic

Fig. 1. Complete fast-gated SPAD setup for photon migration measurements.

range and time range. Moreover, we report time-resolved re-
flectance curves acquired at 2 mm source–detector separation
of two liquid phantoms, each with different absorption coeffi-
cients. We prove the effectiveness of the measurement setup for
the non-invasive assessment of phantom optical parameters. We
obtain a wide dynamic range and strongly reduced the measure-
ment time with respect to traditional free-running operation.

II. SYSTEM SETUP

Our setup for fast-gated photon migration measurements is
shown in Fig. 1. The optical source is the super-continuum fiber
laser SC450 by Fianium Ltd., which provides white-light pi-
cosecond pulses at 20 MHz repetition rate. An F2 glass prism
(PS854 by Thorlabs Inc.) separates different optical wave-
lengths, thus allowing the selection of a wide spectral range
(between 465 and 1750 nm). Then, the light is collected into
an optical fiber. A beam splitter (5/95 split ratio) derives the
optical pulse to a photodiode, which provides a trigger signal
to the following electronics. Then, the light (whose power is
regulated by a variable attenuator) is injected by means of 1 mm
core diameter optical fiber into a homogeneous liquid phantom.
The scattered pulse is collected by a similar optical fiber, and
then it is focused onto the SPAD active area. The silicon SPAD,
developed at Politecnico di Milano [14] and employed in com-
mercial modules by micro photon devices [15], has a 100 µm
active area diameter, a breakdown voltage of about 23 V and
a capacitance between anode and cathode of about 3 pF when
biased slightly below the breakdown voltage.

The trigger signal derived from the laser pulse acts as a
stop pulse for the time correlated single-photon counting board
(SPC130 from Becker and Hickl GmbH), while the start event
is provided by the differential high-speed comparator which
senses the avalanche pulse of the SPAD. We developed our own
fast pulse generator to gate on and off the detector in about
500 ps with low oscillations and disturbance.

A programmable delayer (with minimum time steps of 25 ps)
introduces a well-defined time delay between the trigger signal
and the ignition of the fast pulse generator, thus avoiding the
detection of early photons.
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Fig. 2. Photon detection efficiency of the SPAD detector employed in the
measurements, operated at an excess bias of 5 V [16].

III. SPADS IN FAST GATED-MODE OPERATION

The exploitation of SPAD detectors in biomedical optical
measurements opens new perspectives. Planar silicon SPADs
are particularly suited for these kind of applications thanks to:
1) high quantum efficiency (see Fig. 2) allowing the detection
of very faint optical signals in a wide spectral range [16]; 2) low
time jitter, few tens of picoseconds in free-running operation;
3) low dark count rate, about 1 kcounts/s for a device with
100 µm active area diameter. Furthermore, with respect to other
approaches, planar SPAD detectors can be gated-ON and OFF

very quickly, by raising and lowering the bias voltage with
respect to the breakdown voltage, which is normally of few
tens of volts. When the SPAD is disabled, the primary electron-
hole pair generated by the incoming photon cannot trigger the
avalanche process and recombines in a few tens of picoseconds.
In this way, early photons are rejected and thus no detector
saturation occurs.

Quenching circuits can generally be either passive or active
[13]. In the passive quenching circuit (PQC) approach,
the avalanche current flows through a resistor in series with
the SPAD, thus developing a voltage drop that swiftly re-
duces the bias voltage across the detector and, eventually,
quenches the avalanche. In order to completely quench the cur-
rent, the resistor must have a high value (hundreds of kΩ). Con-
versely, in an active quenching circuit (AQC) [17], fast electron-
ics detects the avalanche ignition and subsequently forces the
bias voltage below the breakdown level; afterwards it restores
the reverse voltage to the operational level through an active
transition. The drawback of this approach is that the gate transi-
tion duration is limited to few nanoseconds because of parasitic
capacitances of both detector and AQC (mainly in the discrete-
component approach) and limited current driving capabilities
(e.g., of CMOS transistors in the integrated-circuit approach).
Because of these limitations, the AQC approach is not effective
when ultrafast gating is required.

Fig. 3 shows a typical SPAD front-end circuit, useful for
gated-mode operation. The negative reverse voltage VREV is
slightly lower than VBD (e.g., 0.5 V lower), and it is applied to

Fig. 3. Passive quenching circuit (top) and SPAD voltage waveform (bottom)
for gated-mode operation (when no avalanche occurs): the SPAD is operative
only during the TON window, when the reverse SPAD voltage exceeds the break-
down voltage VBD by an amount VEX .

the anode by means of the ballast resistor RB (few hundreds
of kΩ). For instance, with our SPAD with VBD = 23 V, we
employed VREV = −22.5 V. During the gate-off time interval
(TOFF), VGATE is 0 V, hence the SPAD voltage is lower than
VBD and no avalanche can be triggered. When VGATE is set
to the high level (e.g., VGATE = 5.5 V) during the gate-ON

time interval (TON), the SPAD voltage (i.e., |VREV | + VGATE )
goes beyond VBD by an amount called excess bias voltage VEX .
When an avalanche is triggered, the current pulse is sensed by
the ac coupled comparator (whose threshold is Vth ), through
the pick-up network composed of CP (tens of pF) and RT (tens
of Ω).

When the avalanche is triggered, the reverse current starts to
flow through the photodetector. RB being much higher than RT ,
most of the building-up avalanche current flows through CP and
RT : the fast discharging of CP allows the reverse SPAD voltage
to lower quickly, thus promptly quenching the avalanche. After
quenching, the resistor RB brings back the anode voltage to
VREV , thus restoring the initial operating conditions. Unfortu-
nately, such transition involving CP and SPAD capacitance is
quite long due to the high RB value, thus heavily limiting the
maximum count rate.

A second issue of the circuit in Fig. 3 is the presence of
a strong disturbance at the comparator input. In fact, when a
fast gate pulse is applied to the cathode, the anode experiences
a sudden variation because of the voltage divider between the
SPAD capacitance and the pick-up network. This ac coupling
gives rise to an intense and fast spurious voltage spike at the
comparator input [18]: inevitably, the faster the rise and fall
times, the higher the spurious peaks. Fig. 4 shows the signal at
the comparator input of Fig. 2, when rise and fall gate transitions
of 200 ps (measured from 20% to 80% of the voltage swing) and
5-ns pulse duration (TON) are employed. The avalanche pulse is
three times weaker than the rising-edge spike, so photons cannot
be detected by means of standard gated-mode front-end circuits.
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Fig. 4. Signal at the input of the comparator of Fig. 3, with 200 ps rise/fall
gate transitions and a gate voltage amplitude of 5.5 V. The spurious rising-
edge peak is three times higher than the avalanche pulse and always triggers
the comparator, thus hiding any photon detection with standard single-ended
pick-up circuits.

This problem is well known in the literature, especially for
InGaAs SPADs, which require gated-mode operation because of
the high-dark count rate and afterpulsing, and some approaches
have been proposed. One exploits reflections at the ends of a net-
work of coaxial cables for obtaining the cancellation of the spuri-
ous spikes [19]. Another approach [20] cancels spikes by means
of a 180◦ hybrid junction, whose inputs are the balanced outputs
of two identical SPADs. Our solution is to generate an auxiliary
“dummy” path that reproduces only the spurious peaks. Then,
by means of differential sensing between the SPAD signal and
the dummy signal, it is possible to detect the avalanche pulse,
hence avoiding any common-mode disturbance [18]. The better
the matching between the two paths, the closer the resemblance
of the spurious peaks in both signals, the lower the comparator
voltage threshold can be, thus enhancing timing resolution [14].
As shown in Fig. 5, the “dummy path” employs a capacitor that
mimics the SPAD capacitance in order to generate the dummy
signal. Two pick-up capacitors are used to feed the two signals
to the high-speed comparator inputs. The ballast resistor has
been replaced by a wide-band bipolar transistor that is usually
kept off, in order to provide high impedance for the SPAD an-
ode and to guarantee a properly fast quenching transition of the
detector. Then, it is turned on at the beginning of the gate-OFF

time, in order to “actively” fast restore the initial SPAD reverse
voltage by bringing the anode voltage back to VREV . Also the
reset network is doubled, for the detector and the dummy path,
to provide a better matching of spurious spikes during both gate
transitions, thus guaranteeing spike rejection.

A first important feature of the time-resolved measurement
setup is the flat response of the detector over the enabling time.
Unfortunately, because of both electronics parasitism (e.g., spu-
rious capacitances and inductances) and pulse generator non-
idealities (e.g., voltage overshoots and ringing), it is usually
hard to end-up with a flat response while gating the SPAD with
ultrafast transitions. We measured the time distribution of dark

Fig. 5. Fast-gating electronics: the pulse generator provides ultrafast gate
pulses to enable the detector, the differential pick-up network allows precise
avalanche detection, and the high-speed comparator drives the reset transistors
to rearm the SPAD after each ignition.

Fig. 6. Flatness of the new SPAD optical response when a fast rising transition
(500 ps) is applied to gate-ON the detector kept in the dark (dark counts).
Comparison with the previous optical gate of the setup presented in [11].

counts during the gate-ON time to check the timing response
flatness of our setup. In this way, since the dark count rate
increases almost exponentially with the excess bias [13], any
voltage oscillation would be exponentially amplified and would
clearly appear as a nonuniform timing response. In Fig. 6, the
response obtained with the prototypal solution reported in [11]
is reported. As shown, the response has strong voltage oscilla-
tions that heavily impacts on photon detection efficiency and
detection linearity. Instead, with our custom pulse generator
and optimized SPAD front-end electronics, we obtained the flat
response shown in Fig. 6 (new optical gate). The measured re-
sponse is very flat even just after the gate-ON transition. With
a 500 ps electrical rising transition applied to the SPAD, the
measured optical rise-time (see Fig. 6) is even shorter, lasting
about 200 ps (from 20% to 80%), because of the exponential
dependence of dark counts on the applied voltage.

A second important detector feature in time-resolved tech-
niques is the time resolution. This property is relevant for sep-
arating absorption from scattering effects, in addition the depth
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Fig. 7. Timing response of the ultrafast time-gated SPAD. Thanks to the
differential pick-up network we measured a time resolution of 95 ps (FWHM)
at 5 V excess bias voltage.

information in reflectance measurements is encoded in photon
arrival time. Therefore, a precise temporal resolution of the setup
is crucial to pursue optimal depth resolution and sensitivity. In
order to measure the time jitter of the fast time-gated SPAD
setup, the SPAD was biased just 0.5 V below the breakdown
voltage (see Fig. 3, bottom) and it was gated with ultrafast volt-
age pulses of 5.5 V amplitude (the excess bias was 5 V), and with
a 5 ns time duration. We selected an 800 nm optical wavelength
at the laser output. The overall instrumental response function
time resolution is 95 ps full-width at half-maximum (FWHM),
with a remarkable 550 ps full-width at 1/100 maximum (see
Fig. 7). Compared with the intrinsic 35 ps FWHM SPAD re-
sponse time jitter, the broadening to 95 ps is due to the quite
high-threshold voltage (about 100 mV) required to detect only
the avalanche pulse and to avoid spurious voltage spikes [14].

IV. SYSTEM CHARACTERIZATION

In order to assess the wide dynamic range of our setup, we
measured the instrument response function (IRF) to a laser ex-
citation pulse and we acquired reflectance curves of two homo-
geneous phantoms at a minimum source–detector distance of
2 mm for a wavelength of 800 nm. For the IRF, we directly
coupled the excitation optical fiber with the collecting fiber
through a diffusing layer of poly(tetrafluoroethylene) (PTFE) in
order to guarantee isotropic illumination of the latter. In order
to accurately reconstruct the IRF with large dynamic range, we
acquired different slices of the optical pulse by fast-gating the
detector at different delays with respect to the laser pulse peak.
In detail, we started with the optical pulse peak in the middle of
the gate-ON time interval, then the gate window was delayed in
steps of 25 ps for a total of 201 time intervals with respect to the
peak. For each delay, we acquired photons for 10 s, therefore,
the total measurement time is 33.5 min. When the laser pulse
peak was inside the gate window, the laser power was strongly
attenuated (through the variable attenuator shown in Fig. 1) so as
to detect at most 0.5 Mcps (counts per second) in order to avoid

Fig. 8. Some of the 201 acquisitions obtained by delaying the gate-ON time
window with respect to the laser pulse excitation.

pile-up distortions during TCSPC measurements [10]. However,
when the gating signal was sufficiently delayed, the laser pulse
peak was out of the gate-ON window and only the pulse tail was
measured. Since the longer the gate delay, the fainter the IRF,
we progressively increased the laser power in order to increase
the SNR. Fig. 8 shows some of the IRF slices acquired at differ-
ent delays. In the right-most curves of the plot, it is possible to
notice the rise of the tail intensity, due to the increased optical
power, which allows an improved SNR in characterization of
the last part of the IRF.

By combining slices acquired at the different delays, and
taking into account the different attenuation for each delay, it is
possible to reconstruct the whole instrument response function
shown in Fig. 9. Because of the distortions introduced during the
rising and falling edges of the gating pulse, for the reconstruction
we discarded the firsts 600 ps of each of the 201 acquisitions,
making use of the following 2 ns, where the detector response
is very stable. The obtained dynamic range is seven orders of
magnitude and allows the detection of photons up to 6 ns after
the laser peak.

Two reflections are present in the optical system (see Fig. 9).
The first one (at about 1.5 ns, before the main peak located
at 2 ns) is due to the previous excitation pulse (about 50 ns
before), and does not impact on the measurement. Instead, the
second reflection is within the useful observation time range
(at about 8.5 ns) and has a detrimental effect. Indeed, when
the gate-ON window is delayed to acquire very late photons (at
around 6 ns from the main peak), such reflection shows up and
increases when the laser power is further increased (see also
the rightmost plots of Fig. 8). Therefore, the laser power cannot
be increased as wished, because of saturation of the detection
system. Therefore, such reflection limits further extension of
both dynamic and time ranges. It is worth noting that, since the
amplitude of the second reflection is five orders of magnitude
weaker than the main peak, it is very difficult to fully eliminate
it.
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Fig. 9. Reconstructed IRF of the ultrafast-gated SPAD setup. Thanks to the
delayed gate measurements it is possible to obtain a wide dynamic range of
seven orders of magnitude in a 33.5min measurement time.

The reconstructed waveform of Fig. 9 is composed of about
8.69 × 1011 counts. It is worth pointing out that this number
is not the actual number of collected photons. Each of the 201
acquired slices is multiplied by the reciprocal of the optical
attenuation introduced to keep the maximum count rate below
0.5 Mcps. In order to achieve the same dynamic range (and
the same number of photons) by means of a traditional TCSPC
measurement at the same count rate, about 483 h would be
required. This drastic improvement of roughly three orders of
magnitude in measurement time is possible because the SNR
is not constant along the reconstructed curve, but it is lower at
shorter delays, where the large multiplication factor applied to
the acquired counts increases noise as well as signal. However,
the overall IRF is still characterized by a fairly low noise, as is
clear from Fig. 9.

We also performed measurements of reflectance curves of
two homogeneous liquid phantoms [21], with different ab-
sorption coefficients (P1 with µa = 0.005 mm−1 and P2 with
µa = 0.01 mm−1) and the same reduced scattering coefficient
(µ′

s = 0.5 mm−1), at a 2 mm source–detector distance. Phan-
toms are composed of a mixture of distilled water, 20%-
intralipid as diffuser, and Indian ink as absorber.

Fig. 10 shows the time-resolved reflectance curves of the
phantoms, normalized with respect to the peak value. As a ref-
erence, the instrument response function is also reported. We
reconstructed curves by employing the same delays and mea-
surement time used for the IRF acquisition and we obtained the
same 107 wide dynamic range. Phantoms P1 and P2 have clearly
distinguishable photon time distributions due to the different ab-
sorption coefficient. As shown in Fig. 10, such difference can
be appreciated from 3 to 7 orders of magnitude below the pulse
peak from 0.5 to 4.5 ns time of flight from the pulse stimulus.

V. DISCUSSION

These results demonstrate the possibility of collecting infor-
mation at long arrival times in time-resolved reflectance NIR

Fig. 10. Normalized instrument response function (solid line) and time-
resolved reflectance curves corresponding to two homogeneous phantoms with
different absorption coefficients.

spectroscopy with fast-gated SPAD equipment, thus improving
the penetration depth capability even at small source–detector
separation. However, for practical measurements it is not neces-
sary to acquire the full reflectance curve, therefore the detector
can be gated-on at the time delay corresponding to the mean
penetration depth of interest, thus further strongly reducing the
measurement time because only part of the reflectance curve is
measured.

The reported dynamic range is limited to seven orders of
magnitude because of very small reflections in optical fibers
and connectors (see the small peak at the end of the curve in
Fig. 9). By improving the optical path, it is possible to eliminate
or at least reduce such reflections in order to employ higher
excitation power, thanks to more powerful lasers, thus extending
the dynamic range even further. In our setup, we always used a
power lower than 2 mW even at the longer (6 ns) gate-ON delays.
If a larger illumination area is chosen, the injected power could
be further increased, yielding a corresponding improvement in
dynamic range.

The maximum laser power injected into the phantom or the
biological tissue is not limited by the maximum count rate that
must be respected in TCSPC measurements before introducing
significant distortions [10]. At longer gate-ON delays the power
could be significantly increased in order to effectively detect the
faint signal thus increasing the dynamic range. Also the TCSPC
technique can offer a potentially unlimited dynamic range, but
the measurement time would be too long and unpractical. Instead
our setup allows a drastic reduction of the measurement time
necessary to collect optical waveforms with the desired wide
dynamic range.

The effectiveness of the proposed technique to increase pen-
etration depth, spatial resolution, and contrast for noninvasive
assessment of cerebral oxygenation has already been already
demonstrated [11]. However, it can also be employed to in-
crease performance in other applications such as time-resolved
optical mammography [22], optical molecular imaging [23], and
characterization of very low-density fluorophores.
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A possible limitation of our setup is the small active-area of
the detector (100 µm diameter), but collection efficiency can
be further increased by employing larger area SPADs (such as
200 µm devices) or by using arrays of SPADs [24], [25].

VI. CONCLUSION

In conclusion, we present a novel measurement technique able
to drastically boost the dynamic range of time-resolved optical
measurements of faint signals induced by much stronger laser
pulse injection, at the same wavelength. In particular, we focused
our technique to time-resolved near-infrared spectroscopy for
photon-migration measurements.

The instrumental setup is based on an ultrafast time-gated
SPAD. The main feature of the equipment is the rejection of
early photons by quickly enabling the SPAD (in less than 500 ps)
within a gate-ON time window, right after an adjustable time-
delay from the laser injection. In this way, the laser power can
be strongly increased to enhance the number of late photons
to be detected in such a gate-on window, while avoiding sta-
tistical distortion of the single-photon counting techniques. We
measured the IRF and the reflectance curves of two different
homogeneous liquid phantoms at the minimum source–detector
separation of 2 mm. We obtained an extremely wide dynamic
range of 107 in a 33.5-min measurement time, which allowed
the detection of photons delayed up to 6 ns from the laser peak
with 95 ps time resolution. This result represents a reduction of
three orders of magnitude in the measurement time needed to
reach the same dynamic range with the standard free-running
technique.

Moreover, we believe that the presented ultrafast time-gated
detector technique could have great impact also on other
biomedical applications, such as prompt detection of breast can-
cers or time-resolved optical molecular imaging.
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