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Periodic shadowing, a concept used in spectroscopy for
stray light reduction, has been implemented to improve the
temporal contrast of streak camera imaging. The capabil-
ities of this technique are first proven by imaging elastically
scattered picosecond laser pulses and are further applied
to fluorescence lifetime imaging, where more accurate
descriptions of fluorescence decay curves were observed.
This all-optical approach can be adapted to various streak
camera imaging systems, resulting in a robust technique
to minimize space-charge induced temporal dispersion in
streak cameras while maintaining temporal coverage and
spatial information.
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Streak cameras [1–3] were invented by Courtney-Pratt in 1949
[4,5] in order to capture fast transient phenomena, which are
beyond the temporal resolution of traditional mechano-optical
cameras. Their ability to simultaneously provide spatial and
temporal information at sub-picosecond (even up to attosecond
[6,7]) resolution was first used to characterize ultrashort laser
pulses generated by mode-locked laser systems [8]. Over the
years, the streak camera has become a robust workhorse for cap-
turing rapid dynamics of luminous phenomena within the fields
of biology, chemistry, physics, and medicine, with applications
ranging from fluorescence lifetime imaging [9,10] to ultrafast
electron microscopy [1,2,11].

The working principle of a streak camera is illustrated in
Fig. 1(a) [12]. The signal of interest is first imaged onto a slit
where the one-dimensional (1D) spatial information is retained.
Signal photons are converted into photoelectrons via a pho-
tocathode. These will be accelerated through a mesh before
entering the sweeping tube, where a voltage ramp is applied,
giving the electrons a tangential velocity perpendicular to the
direction of propagation. The signal electrons, which reach the

sweeping tube at different times, experience different electric
fields. Consequently, they will arrive at the detector at different
positions, resulting in a time-dependent spatial distribution
of the signal. The resulting image, hence, retains the slit’s spa-
tial information in one dimension and the signal’s temporal
information in the second dimension.

A side effect of the voltage ramp inside the sweeping tube is
that any initial velocity distribution of electrons entering the
tube translates directly into a temporal dispersion in the final
image output. Hence, a wider velocity distribution, caused by,
e.g., the space-charge effect at the photocathode [14], directly
translates into a broader temporal profile (pulse broadening),
degrading the temporal resolution of the streak camera. Various
solutions have been proposed and implemented to minimize
this effect. Some examples include: inserting a reflectron to
compensate for the energy spread of the initial photoelectrons
by giving them a higher energy and longer flight path [15,16];
shortening the distance between the photocathode and mesh to
reduce space-charge related electron pulse broadening in said
region [2,3,17]; implementing specially designed photocath-
odes, lens systems, and streaking tubes with optimized working
voltage [18,19]; and adding a two-dimensional (2D) to 1D fiber
array with certain time delays between adjacent fibers to reduce
the cross talk between the input channels [20,21].

In this Letter, we propose an all-optical approach to further
reduce the temporal dispersion of streak camera imaging in the
form of periodic shadowing (PS) [12]. Due to the low experi-
mental complexity of this approach, it can be readily adapted to
any streak camera imaging system, regardless of the sweeping
method or implemented opto-electronic improvement while
maintaining both temporal coverage and spatial information.

PS of the signal is here implemented in two configurations:
either with a Ronchi grating [12] or an optical fiber bundle [13].
An example of a single-shot streak camera signal of two consecu-
tive scattered laser pulses coded with PS is shown in Fig. 1(c). Its
Fourier transform [Fig. 1(d)] displays separated Fourier compo-
nents of the tagged signal, where the signal of interest is marked
by an ellipse. The tagged signal can be extracted by first shifting
its Fourier components to the origin and subsequently applying
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Fig. 1. (a) Simplified sketch of a streak camera. (b) A sketch of the experimental setup: BS, beam splitter; M, mirror; streak camera, OptoScope S20
with FTSI1-ST, operated in single-shot mode; laser, Ekspla SL334; grating, Ronchi Grating (5, 7, 4.8 lp/mm); PS-fiber, equivalent to the one found
in [13]. The grating and PS fiber-based setups are interchangeable, without affecting the rest of the setup. (c) An example of a single-shot streak cam-
era signal of two successive scattered laser pulses, using periodic shadowing (PS). (d) The Fourier transform of (c) where the modulated signal is encir-
cled by the ellipse. (e) Inverse Fourier transform of the first order component filtered out by the Gaussian ellipse filter from (d). (f ) Comparison of the
normalized intensity of the laser pulses obtained before and after postprocessing in the Fourier domain.

a Gaussian filter. The inverse Fourier transform of the recentered
and filtered image results are shown in Fig. 1(e). More technique
details of PS can be found in Supplement 1. A drawback of PS
is the sacrifice of spatial resolution due to the application of a
low-pass filter. Hence, for streak camera applications, where
the temporal resolution is of importance, an elliptical low-pass
filter is chosen. Its large semi-major axis retains the temporal
resolution of the streak camera while the small semi-minor axis
effectively isolates the PS signal from the DC background. A
comparison of the normalized intensity of the signal processed
with/without PS shows clear signal reduction in the region
between the two pulses [Fig. 1(f )]. Furthermore, an inherent
advantage of PS is the automatic subtraction of the DC compo-
nent. This is advantageous especially when the background is
nonlinear to the signal, where conventional methods to record
the background, e.g., a black recording without any signal,
become impractical.

The improvement of temporal contrast when using PS on
streak camera measurements is demonstrated by (1) imaging
a single and two consecutive laser pulses incident on a scatter-
ing medium and (2) measuring the temperature-dependent
fluorescence lifetime of a Rhodamine 610 solution.

The results of applying PS (7 lp/mm) to the imaging of a
scattered laser pulse at a streak rate of 7 ps/px, correcting for
streak camera jitter, and averaging over 100 shots are shown
in Fig. 2(a). Here, the effect of PS is to eliminate artefacts that
arise in the beginning and end of the peak (the total integrated
area is 85.4% that of the non-PS peak), effectively reducing the
FWHM from 320 to 280 ps. The inset in Fig. 2(a) illustrates
the automatic baseline correction obtained from PS due to the
elimination of DC background after applying the low-pass
filter. The trend of lower FWHM for the PS signal continues
for all streak rates until it converges with the non-PS signal at
1.4 ps/px [Fig. 2(b)]. At this streak rate, the camera has sufficient
temporal resolution for single pulse measurements such that the
pulse broadening caused by space-charge effects is negligible
compared to the pulse length. However, in combination with

Fig. 2. Results of applying PS to the imaging of a single scattered
laser pulse at (a) a streak rate of 7 ps/px and (b) higher streak rates.
(c) Comparision of the modulation depth of the signal between the use
of grating and fiber bundle. (d) Integration of the signal with divided
by without PS at different streak rates. All data were averaged over 100
shots with jitter correction.

PS, the same temporal resolution could be achieved at lower
streak rates, where higher temporal coverage and higher SNR are
attained.

The measurements were also repeated with an optical fiber
bundle, where the lower acceptance angle of the fiber, in con-
junction with more efficient light shielding as compared to an
imaging system based on a Ronchi grating, further eliminates
background scattered light from entering the streak camera.
This has the effect of increasing the modulation depth of the
PS pattern [Fig. 2(c)], allowing for a larger share of dynamic
range allocated to the modulated signal. Figure 2(d) compares
the integration fraction (PS/without PS) for the grating (in this

https://doi.org/10.6084/m9.figshare.16695190
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Fig. 3. (a) Two scattered Gaussian laser pulses are brought from a
temporally unresolved to resolved regime using PS (with the streak of
7 ps/px). (b) Performing the same investigation with a fiber bundle
further increases the temporal resolution due to the larger modula-
tion depth. (c) Michelson contrast of the raw data (blue), grating of
5 lp/mm (red) and 7 lp/mm (purple), and fiber bundle or 4.8 lp/mm
(green).

case 5 lp/mm, indicated in purple) and fiber bundle (4.8 lp/mm
indicated in green) as a function of streak rate. An integration
fraction below unity, even for measurements that have reduced
amounts of background light, (i.e., measurements with the fiber
bundle), substantiates that PS not only eliminates background
stray light that enters the camera but is also efficient at reducing
the temporal dispersion caused by space-charge effects within
the streak camera.

To further validate PS, the PS with streak camera combi-
nation was implemented in order to characterize a two-pulse
picosecond pulse train. Inspired by the Rayleigh criteria for
spatially resolved point sources, two Gaussian pulses are said
to be temporally resolved herein if their summed intensity falls
below a Michelson contrast of 0.735 (see Supplement 1). As a
result of the increased temporal contrast attainable with PS, two
consecutive scattered Gaussian laser pulses were brought from a
temporally unresolved to resolved regime [Fig. 3(a)]. Although
not as critical, this trend continues for increased inter-pulse
delay times, for which a higher Michelson contrast is main-
tained [Fig. 3(c)]. Moreover, performing PS with a fiber bundle
has the effect of even further increasing the contrast between two
pulses [Figs. 3(b) and 3(c)].

Temperature-dependent fluorescence lifetime measurements
of a Rhodamine 610 and water solution (3× 10−9 M) were
carried out with a 5 lp/mm Ronchi grating and streak rates of
14 ps/px, 7 ps/px, and 3.5 ps/px. A streak rate of 1.4 ps/px could
not be applied to these measurements as the whole decay would
not fit on the sensor. Furthermore, the temporal jitter is too large
at this streak rate (in relation to the temporal coverage) to allow
for efficient jitter correction. This fact exemplifies the need for
PS, as it can increase the temporal resolution (in the same way
that increasing streak rate does) while maintaining temporal
coverage and the possibility to perform jitter correction. An
example is given in Figs. 4(a)–4(d), where a significant amount
of background has been eliminated with PS, especially in the

Fig. 4. Fluorescence lifetime measurements of Rhodamine
610. (a) The raw image. (b) The postprocessed image using PS.
(c), (d) Intensity curves derived from the raw image (blue) and the
processed image (magenta) in linear scale (c) and logarithmic scale (d).
(e) Temperature-dependent lifetime calculated from the measured
curve with different streak rates. The reference curve originates in the
Arrhenius equation, 1

τ
= A exp(−Ea

RT ) with Ea the apparent activation
energy, equal to 19.2 kJ/mol.

rising edge. Although not as obvious, the interfering back-
ground on the falling edge has also been filtered out, increasing
the accuracy of the decay curve for this Rhodamine sample.
Accuracy in this part of the signal is critical for lifetime measure-
ments, as a slight difference in its shape can cause a significant
change in the calculated lifetime. For example, the difference in
lifetime calculated from the curve processed with and without
PS is around 100 ps (at a streak rate of 14 ps/px). This corre-
sponds to more than 15% of the actual lifetime, about 600 ps,
of Rhodamine 610 at 65◦C. The calculated lifetimes from both
the PS-corrected and original curves are plotted in Fig. 4(e) with
reference data (from [22]). Good agreement between [22] and
the PS measurements is observed. Detailed data of the decay
curves of fluorescence lifetime measurements and parameter
study of the size of the ellipse filter applied using PS can be found
in Supplement 1.

In contrast to Fig. 2(b), where PS has a smaller effect for the
calculation of FWHM at higher streak rates, in the context of
lifetime measurements, the increased accuracy of lifetime evalu-
ation is significant even for streak rates of 3.5 ps/px. This should
be credited to the efficient removal of background interference
in the form of stray light and space-charge effect, which in itself
is a sensitive parameter for accurate lifetime determination.
Moreover, unlike the measurements with streak rates of 14
and 7 ps/px, the lifetime calculated from the processed curve
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is not only more accurate but also longer with a streak rate of
3.5 ps/px. This shows that PS not only deals with stray light,
whose removal via the subtraction of a black field image always
leads to a shorter lifetime, but also background interference
introduced by the aforementioned space-charge effect.

The underlying principle of a streak camera is its ability to
convert temporal into spatial information. This allows for its
temporal resolution to be independent of exposure time, frame-
rate, and pixel readout speed (as is the case with conventional
cameras) setting its minimum temporal dispersion to the streak
rate in seconds per pixel. However, the complex photon-electron
conversion steps involved result in an actual temporal dispersion
that is instead limited by, e.g., space-charge effects on the streak
unit, blooming in the multi-channel plate, and imperfections in
the imaging system.

The optical configuration of PS has several technical
advantages over traditional, electronic-based streak camera
improvements. First, applying a grating to the imaging con-
figuration of the setup is a versatile approach that can be readily
used and tailored to fit to a specific streak camera measurement
configuration. Second, even though the camera can attain streak
rates that are high enough to temporally resolve all laser pulse
measurements presented herein, it does so at the cost of tempo-
ral coverage and decreased signal per pixel (resulting in decreased
SNR). PS compensates for this by allowing for higher temporal
resolution at a given streak rate, hence maintaining the higher
signal per pixel available at lower streak rates. Third, the use of a
fiber bundle, in itself resulting in an increased modulation depth
and final temporal contrast as compared to a grating, grants this
technique (in its fiber-based configuration) access to difficult
in situ measurement configurations, such as a pressure/vacuum
chamber with limited optical access. Finally, the significant
decrease of pulse broadening, along with the elimination of
the DC component, allows for accurate streak camera-based
optical lifetime measurements, introducing an alternative to
conventional lifetime measurement configurations.

The increased necessity of high-speed optical measurement
techniques across the sciences has brought the streak camera
into a diverse set of labs. However, at these breakneck speeds,
its temporal resolution is usually limited by pulse broadening
effects within the electronics. Even though there exist solutions,
these are always targeted at the opto-electronic components,
which have already been pushed to their extremes. The work
presented herein offers a versatile, all-optical approach to simul-
taneously increasing the temporal resolution of a streak camera
while maintaining temporal coverage and spatial information,
adapting streak cameras to applications within a wider range of
fast transient events.
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