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Abstract. Understanding stray light (SL) is a crucial aspect in the development of high-end optical instruments, 5 
for instance space telescopes. As it drives image quality, SL must be controlled by design and characterized 6 
experimentally. However, conventional SL characterization methods are limited as they do not provide 7 
information on its origins. The problem is complex due to the diversity of light interaction processes with surfaces, 8 
creating various SL contributors. Therefore, when SL level is higher than expected, it can be difficult to determine 9 
how to improve the system. We demonstrate a new approach, ultrafast time-of-flight SL characterization, where a 10 
pulsed laser source and a streak camera are used to record individually SL contributors which travel with a specific 11 
optical path length. Furthermore, the optical path length offers a means of identification to determine its origin. 12 
We demonstrate this method in an imaging system, measuring and identifying individual ghosts and scattering 13 
components. We then show how it can be used to reverse-engineer the instrument SL origins. 14 
*Corresponding author: lionel.clermont@uliege.be 15 

 16 

1. Introduction 17 

The image formed by an optical system is degraded when stray light (SL) reaches the detector1. 18 

SL can appear through partial reflection between the lens interfaces (ghosts) (Fig 1), or from 19 

scattering on the housing or due to the roughness of optical elements. Unwanted features in the 20 

image and resolution loss are direct consequences. This becomes critical in high-end 21 

applications, e.g. affecting the radiometric accuracy of Earth observation instruments or 22 

jeopardizing the detection of faint exoplanets by coronagraphs. 23 

SL mitigation is inherent of every steps in instruments development. Ray-tracing allows 24 

prediction of SL paths, which are then suppressed or attenuated with baffles or coatings1,2,3. 25 

Afterwards, SL is characterized experimentally to verify the performance. This is done by 26 

illuminating the system with a point-like source, returning an image of the different SL 27 

components superposed with the nominal image. Such process does not allow to decompose 28 

and retrieve the origin of the individual SL components. Therefore, if the measured SL is higher 29 

than expected, improvement actions are limited2. 30 

In this work, we demonstrate how ultrafast time-of-flight imaging (ToF) offers a new paradigm 31 

in SL characterization. As SL components have different optical path lengths (OPL), 32 

illumination with a pulsed laser beam and detection with an ultrafast camera allows to 33 

characterize them separately. Furthermore, the OPL offers a mean of identification to determine 34 

their origin. In the demanding case of refractive assemblies, SL components with typical 35 

millimeter path lengths differences should be made observable with temporal resolution of a 36 

few picoseconds. High spatial resolution is also desired for unequivocal characterization of SL. 37 

Despite recent improvements of 2D fast sensors based on SPAD technology with a large 38 

number of pixels4, the reported temporal resolution remains too small for our application. 39 

Therefore, the only alternative is the use of streak cameras which allow visualizing time arrival 40 

of photons from the scene along the unidimensional direction of the streak tube entrance slit5. 41 

Various studies showed their use as a framing camera to allow single shot direct imaging of 2D 42 

scenes with a few ps of temporal resolution but the spatial resolution remains limited6-10. In our 43 

application, the scene is static and repeated pulsed illumination with a scanning of the slit allows 44 
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to reconstruct images with high spatial and temporal resolutions. In this frame, considerable 45 

breakthroughs in 3D scene reconstructions by ToF imaging were made by MIT11-16. Before 46 

reaching the streak tube, a pulsed laser beam travelling through a scene interacts with objects 47 

through a variety of processes: specular and diffuse reflection (sometimes multiple times), 48 

subsurface interactions, or diffraction. Suitable processing allows applications such as 49 

observing occluded objects11,12, observing light travelling through complex scenes13,14, 50 

retrieving three-dimensional reflectance function of surfaces on very-wide angles15, or more 51 

recently multi-zoom and multi-spectral imaging16. 52 

In this paper, ultrafast ToF imaging at ps-scale is developed for retrieving unequivocally and 53 

characterizing SL components in an optical system, whether they are generated by ghost 54 

reflections or scattering. The different contributors are isolated and reverse engineering of the 55 

instrument properties is achieved. 56 

 57 
Fig 1: Sketch of the optical system under test, composed of two lenses and an optical window. An object at 58 

infinity is imaged as a point at the focal plane. Paths such as ghost reflections between surfaces e and b create SL 59 
at the focal plane. The elements are mechanically supported by spacers inside a tube. 60 

 61 

2. Results 62 

2.1. Experimental setup. The experimental setup is shown in Fig 2(b). A fs-pulsed laser beam 63 

goes through a beam expander to form a large collimated beam, illuminating the optical 64 

instrument to characterize. Fig 1 shows the sketch of the optical instrument under test: a typical 65 

zoom configuration followed by an optical window, mechanically supported by spacers inside 66 

a tube. The different optical surfaces are labelled a to f. The instrument is illuminated at a small 67 

field angle along x (0.73 degrees), producing a non-rotationally symmetrical stray light profile 68 

at the detector. A streak camera (Fig 2(a)) is placed with its slit oriented along y at the focal 69 

plane of the instrument. At its output, the camera displays an image with a temporal and spatial 70 

dimension. At each position y, we obtain a temporally stretch signal I(t,y). With a typical 100 fs 71 

laser pulse duration, a temporal resolution of a few ps is reached. 72 

The principle of the temporal SL characterization is shown in Fig 3. The slit of the streak camera 73 

is scanned in the focal plane along x (a), acquiring streak images I(t,y) with steps dx of 100 µm 74 

(b). The different images are then recombined into a temporal sequence of 2D maps I(x,y) (c). 75 

A movie of the SL reaching the detector is obtained. The map I(x,y) at time tl shows the nominal 76 

image (focused spot for an object at infinity) while at time tm and tn we get images of different 77 

SL contributors. 78 
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 79 
Fig 2: (a) Principle of a streak camera. Light at the slit is imaged on a photocathode with a relay optics. It creates 80 
photoelectrons which are deflected differently as a function of their time of arrival so that the temporal behavior 81 
of photons is measured. (b) Simplified sketch of the experimental setup. A femto-second laser beam is expanded 82 
to illuminate the optical instrument under test. At its focal plane, a streak camera records the temporal evolution 83 

of light along a slit. 84 
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 85 
Fig 3: SL acquisition and reconstruction principle. Along a slit, the streak camera acquires the temporal behavior 86 
with a picosecond temporal resolution. The slit position is shifted along x and a temporally resolved streak image 87 

is acquired every 100 µm. From there, a movie of the SL reaching the detector is reconstructed. 88 

 89 

  90 
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2.2. Theoretical SL map. In order to understand our results, Fig 4(a) shows the theoretical 91 

irradiance map at the focal plane, as it would be measured with a regular 2D detector. It presents 92 

a bright spot at the position of the nominal image (x0,y0), surrounded by several SL ghosts 93 

decentered along x (because of the 0.73 degrees field angle) and by others widespread over the 94 

focal plane. 95 

2.3. Streak image. Fig 4(c) shows a streak image I(t,y) with the slit at 700 µm from x0. It 96 

presents several features at different times, with different irradiances and sizes. The features 97 

present a curvature if all the rays in their underlying SL path do not reach the focal plane 98 

simultaneously. While the nominal spot arrives at time t=0 ps, the streak image is acquired with 99 

the slit slightly beside. Indeed, the dynamic range of the camera is insufficient to display 100 

simultaneously the nominal spot and SL. Close to 0 ps, scattering due to surface roughness of 101 

the lenses creates SL over the entire slit, with an irradiance decreasing away from y0. The most 102 

significant ghost paths usually involve only two partial reflections (second level ghosts). In on-103 

axis systems, there are α=N(N-1)/2 paths of that sort1, where N is the number of refractive 104 

interfaces. Here, α=15 but only 14 of them are easily identified by the OPL on the streak image. 105 

The missing path is the ghost ef, occurring inside the optical window. The latter creates a 106 

slightly defocused ghost around the nominal image, which is not measured as the slit is too far 107 

x0. At around 150 ps, a ring is present (no light for y values close to y0) and corresponds to 108 

scattering on the housing. The streak image can also present much weaker features from paths 109 

involving more than two partial reflections (for instance at 170 ps, between da and ea). In our 110 

setup, such higher level ghosts can be generated either by the instrument under test or by the 111 

streak camera relay optics itself. Usually, these are negligible compared to second level ghosts. 112 

2.4. SL movie. The full SL movie reconstituted by the streak images is available as 113 

supplementary material. In Fig 5, we show screenshots I(x,y) of the SL movie at different 114 

specific times. A black vertical stripe is present at the center because the streak image I(y,t) is 115 

not measured at x0, as explained above. The first (upper left) figure of the series is at t=0 ps. It 116 

shows an intense light around the image center at (x0,y0) as well as a quite uniform irradiance 117 

pattern all around. This is the result of a first SL component attributed to scattering due to lens 118 

roughness. This SL does not experience any delay due to secondary reflections. The other 119 

figures, obtained between t=24 ps and 132 ps, show the decomposition of various ghosts. In 120 

some cases, different ghosts have similar optical path lengths and reach the detector 121 

simultaneously. It is the case at t=35 ps where dc and fd are superposed while easily 122 

distinguishable (the latter is smaller and brighter than the former). On the contrary, at t=59 ps, 123 

ghosts cb and ec are superposed and indistinguishable. Another remarkable pattern is the one 124 

shown at t=151 ps: a large external ring is visible and is likely to arise from the scattering by 125 

the optical instrument housing. Summing the images I(x,y) for all times t, we obtain the total 126 

irradiance at focal plane as shown in Fig 4(b) which is comparable to the theoretical SL map in 127 

Fig 4(a). 128 

2.5. Characterization. The last step of our work was to consider the use of this measurement 129 

method to understand the origin of SL (ghost or scattering). Furthermore, we meant to 130 

determine whether these observations match with ray tracing simulations and scattering 131 

modeling, as a prelude to reverse engineering the SL origin. Fig 6(a) shows the profile of SL 132 

along x due to scattering on the lens roughness at t=0 ps. The fact that the scattered light reaches 133 

the focal plane at a time which is function of x, as shown by the curvature of the scatter feature 134 

in Fig 4(c), was taken into account. The profile contains the SL from lens roughness, as well as 135 
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the nominal image as they both arrive at t=0 ps in (x0,y0). Reverse engineering was performed 136 

to estimate the bidirectional scattering distribution function (BSDF) of the lenses, initially 137 

unknown. A Harvey model BSDF1,17 with 2.04nm effective roughness for each lens interface 138 

yields ray tracing results similar to the experiment. 139 

Fig 6(b) shows the profile along x for ghost eb (t=122ps). The continuous black line shows the 140 

theoretical profile, obtained by ray tracing the specular reflections at lens interfaces. With 141 

uncoated lenses, the reflectivity is modeled by Fresnel equations, for which the results are in 142 

excellent agreement. In addition, the experimental profile presents a signal around the ghost. 143 

Usually neglected in simulations, this comes from the fact that ghost rays are partly scattered. 144 

Performing the ray-tracing with the BSDF model derived above, this behavior is reproduced, 145 

as shown by the black dotted lines. 146 

 147 
Fig 4: Theoretical (a) and experimental (b) irradiance maps (I), when the instrument under test is illuminated 148 

with a collimated beam with field 0.73 degrees along x. The theoretical result is obtained by ray tracing, 149 
considering second level ghosts and scattering by the lens roughness. The experimental result is obtained by 150 

integrating the SL movie over the time domain. (c) Experimental streak image acquired with the slit at a distance 151 

700 µm from x0. 152 

 153 
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 154 
Fig 5: Screenshots of the SL movie at different times: scattering by lens roughness (t=0 ps), ghosts (t=24 to 132 155 

ps) and scattering on the housing (t=151 ps). 156 

 157 
Fig 6: (a) Profile along x of the nominal image and scattering by lens roughness. The experimental results are 158 

compared to ray tracing results, obtained by considering a Harvey model BSDF with a 2.04 nm effective 159 
roughness. (b) Profile along x of the ghost eb. The experimental result is compared to the ray tracing result 160 

obtained by considering two specular reflections (continuous line) or considering also the scattering of ghost rays 161 
(dotted line) 162 

3. Discussion 163 

Ultrafast ToF SL characterization is demonstrated in the case of an imaging instrument. We 164 

were able to isolate and identify ghosts, scattering from lens roughness and scattering from the 165 

housing. Hence, individual SL contributors can be compared with the theoretical model. 166 

Reverse engineering can be performed to retrieve information on optical properties, as it was 167 

carried out in this study with the scattering from lens roughness. With raw lenses, partial 168 

reflections are modeled with Fresnel equations and ghosts are therefore predicted accurately. 169 

With coated lenses, the comparison between measurement and theory can serve as a means to 170 

verify coating performances. 171 

For optical instrument characterization, this method significantly improves the understanding 172 

of the SL. It is not only the total SL that can be measured and compared to performance 173 
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requirement. In fact, because the different contributors are accessed separately, they are 174 

identified and can be compared to their respective expected level. In the case where the total 175 

SL is larger than expected, this allows to identify the problematic contributor. When an 176 

unexpected feature is present, the optical path length is used to reverse engineer its origin. 177 

Finally, it can happen that some of the detected SL comes from the measurement facility (e.g. 178 

ghost in a lens at the source). If a feature is identified as such, it can be eliminated from the 179 

measurement by removing the signal at the corresponding time. 180 

Our method is applicable to a broad range of situations. In off-axis instruments, straight shots 181 

can occur when direct light reaches the detector without following the sequence of elements 182 

intended by the design. For instance, in a multi-mirrors system, this occurs if light is reflected 183 

on the first mirror directly toward the detector. In that case the SL path has an OPL shorter than 184 

the nominal image, therefore arriving sooner at the detector. In the case of instruments with 185 

diffractive elements, this method could also identify SL coming from unwanted diffraction 186 

orders. 187 

Ultrafast ToF SL characterization is necessarily performed with monochromatic light, as a 188 

pulsed laser must be used. Nevertheless, streak cameras are available from the X-ray to the 189 

near-infrared domains and tunable pulsed lasers are available. Therefore, SL characterization is 190 

not limited to a single wavelength. Finally, instrument size can vary widely, with SL 191 

components whose OPL is comprised between a few millimeters and several tens of 192 

centimeters. In the case of instruments with very large OPL (e.g. for example large reflective 193 

telescopes), smaller temporal resolution can be sufficient, opening the possibility to use other 194 

sensors such as SPAD4 with high spatial resolution. 195 

A second application of this method concerns the validation and improvement of traditional SL 196 

measurement facilities. When an instrument is to be tested, it requires a facility with very low 197 

SL. Otherwise, the SL measurement may contain contributions from the facility itself which 198 

cannot be distinguished with traditional methods. This happens frequently, in particular because 199 

SL facilities are usually validated by simulations only. Hence, this method would be particularly 200 

useful as it would allow for characterization of the SL in a facility and derivation of its origin, 201 

therefore contributing to improving it. 202 

ToF imaging with high temporal resolution offers new possibilities for SL characterization, in-203 

line with the trend of high-end instruments requiring better SL control. By enabling 204 

decomposition and identification of SL components with the OPL, it breaks the status-quo of 205 

conventional methods whose purpose is only verification. It solves a decades-old problem and 206 

offers the ultimate characterization and understanding of SL properties in optical instruments. 207 

4. Methods 208 

4.1. Laser source. The source is a Titanium Sapphire 780 nm pulsed laser with a 400 mW 209 

optical power (Tsunami from Spectra-Physics). It has a repetition rate of 81.2 MHz and a pulse 210 

duration of 100 fs. 211 

4.2. Streak camera. The streak camera is the Optoscope SC-10 from the company Optronis 212 

GmbH, set in synchroscan mode. The slit is adjusted with a width of 60 µm along x, and a 213 

length of 13 mm along y. The sampling along the slit is of 14.47 µm and the temporal behavior 214 

is measured with a sampling of 210 fs per pixel. 215 
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4.3. Test instrument. The optical instrument under test (Fig 1) consists of a biconvex lens 216 

(surface radii of curvature R1=24.02 mm and R2=-134.6 mm; thickness e=6.5 mm), followed 217 

by a plano convex lens (R1=-38.6 mm; R2=; e=3.5 mm) and an optical window (e=1 mm). 218 

The different elements are made of N-BK7, uncoated and with a clear aperture of 25.4 mm. 219 

They are mechanically supported by spacers inside a lens tube of respectively 8 mm and 4 mm. 220 

The optical combination has an effective focal length of 63.3 mm and a back focal length of 221 

33.2 mm. 222 

4.4. Streak slit scan. The collimator has a diameter of 100 mm and is placed at 1000 mm from 223 

the optical instrument under test. The scan along the x-direction is performed by translating the 224 

tested instrument while the camera and the slit remain in place. The reason is that the instrument 225 

is much lighter than the camera. To avoid vignetting of the SL features, the input beam must 226 

have a sufficiently large diameter so that the instrument can be uniformly illuminated by the 227 

beam. Optical densities are placed in the way of the beam to adjust the input power for the 228 

signal to be below saturation of the streak camera. 229 

4.5. Scattering modeling. Lens roughness BSDF is fitted with a Harvey model1,17  whose 230 

profile is given by equation (1). It depends on the scatter angle 𝜃𝑠, the incident angle 𝜃0 and the 231 

three parameters b, s and L. Equation (2) gives the associated total integrated scattering (TIS) 232 

and effective roughness 𝜎𝑒𝑓𝑓. Here, the fit gives b=55.395, s=-1.55 and L=0.00078, 233 

corresponding to an effective roughness of 2.04nm. 234 

 𝐵𝑆𝐷𝐹(𝜃𝑠, 𝜃0) = 𝑏 ⋅ [1 + (|sin 𝜃𝑠 − sin 𝜃0|𝐿 )2]𝑠 2⁄
 

(1) 

 𝑇𝐼𝑆 = 2𝜋𝑏𝐿𝑠(𝑠 + 2) ∙ [(1 + 𝐿2)𝑠+22 − (𝐿2)𝑠+22 ] =  (4𝜋𝜎𝑒𝑓𝑓𝜆 )2
 

(2) 
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Figures

Figure 1

Sketch of the optical system under test, composed of two lenses and an optical window. An object at
in�nity is imaged as a point at the focal plane. Paths such as ghost re�ections between surfaces e and b
create SL at the focal plane. The elements are mechanically supported by spacers inside a tube.



Figure 2

(a) Principle of a streak camera. Light at the slit is imaged on a photocathode with a relay optics. It
creates photoelectrons which are de�ected differently as a function of their time of arrival so that the
temporal behavior of photons is measured. (b) Simpli�ed sketch of the experimental setup. A femto-
second laser beam is expanded to illuminate the optical instrument under test. At its focal plane, a streak
camera records the temporal evolution of light along a slit.



Figure 3

SL acquisition and reconstruction principle. Along a slit, the streak camera acquires the temporal
behavior with a picosecond temporal resolution. The slit position is shifted along x and a temporally
resolved streak image is acquired every 100 μm. From there, a movie of the SL reaching the detector is
reconstructed.



Figure 4

Theoretical (a) and experimental (b) irradiance maps (I), when the instrument under test is illuminated
with a collimated beam with �eld 0.73 degrees along x. The theoretical result is obtained by ray tracing,
considering second level ghosts and scattering by the lens roughness. The experimental result is
obtained by integrating the SL movie over the time domain. (c) Experimental streak image acquired with
the slit at a distance 700 μm from x0.



Figure 5

Screenshots of the SL movie at different times: scattering by lens roughness (t=0 ps), ghosts (t=24 to 132
ps) and scattering on the housing (t=151 ps).

Figure 6

(a) Pro�le along x of the nominal image and scattering by lens roughness. The experimental results are
compared to ray tracing results, obtained by considering a Harvey model BSDF with a 2.04 nm effective
roughness. (b) Pro�le along x of the ghost eb. The experimental result is compared to the ray tracing
result obtained by considering two specular re�ections (continuous line) or considering also the
scattering of ghost rays (dotted line)
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