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Abstract Cinematographic (up to 50 kHz) imaging of the scalar field in a transitional jet is demonstrated
using planar laser-induced fluorescence imaging of toluene seeded into the jet using a continuous wave
excitation source. Owing to the large fluorescence quantum yield of toluene, short integration times down to
the microsecond are possible, enabling to effectively freeze the flow motion while providing acceptable
signal-to-noise ratio levels. Owing to the intrinsic limitations typical of high-speed imaging systems, in
particular of CMOS-based imaging devices, the second part of the investigation is dedicated to investigate
the response and noise characteristics of our CMOS high-speed camera.

1. Introduction
Owing to the improvements in laser and imaging systems, high-speed imaging in fluid flows,
reacting and non-reacting, is now feasible for a variety of fluid dynamics and combustion studies.
For example, after early efforts with laser clusters (Kaminski et al., 1999), it is now possible to
perform sustained kHz-rate imaging of OH planar laser-induced fluorescence (PLIF) in reacting
systems using commercially available, high-speed pulsed laser sources in the UV and suitable highspeed intensified CMOS cameras (Kittler and Dreizler, 2007). More recently, it has been also
demonstrated that high-speed quantitative imaging of scalar fields can be achieved in non-reactive
flows (Gordon and Dreizler, 2009; Cundy et al., 2011).
Currently, the main limitation for high-speed imaging is associated with limitations on the
maximum repetition rate and energy obtained with commercial laser sources. To solve this
limitation, custom-designed ultra-high repetition rate, pulse-burst laser systems have been designed
(Lempert et al, 1999) and used for imaging applications (Wu et al, 2000). Owing to this success and
capability, these systems have been further improved (Jiang et al, 2009; Thurow et al, 2009) and are
now capable of MHz-rate operation in a variety of applications (Jiang et al, 2010; Jiang et al, 2011).
For quantitative imaging, a second limitation is the limited understanding of the noise and response
characteristics of CMOS imaging instruments (Hain et al, 2007; Weber et al, 2011). In order to
circumvent some of the limitations and complexities associated with commercial pulsed laser or
pulse-burst systems, recently it has been demonstrated (Cheung Hanson, 2010) that it is
theoretically possible to perform cinematographic PLIF imaging of scalar fields in gaseous flows
using continuous-wave (CW) excitation of a high fluorescence quantum yield tracers, such as
toluene.
Cinematographic CW PLIF imaging is not necessarily a novel approach, as it has traditionally been
used in many early work on liquid flows (at low rates), but typically it has not been used in gaseous
flows owing to the small fluorescence yields of most tracers, which would require long integration
times, resulting in flow smearing. However, the large fluorescence quantum yield and temperature
sensitivity of toluene (Koch, 2005) allows, at least in principle (Cheung Hanson, 2010), short
integration times down to the microsecond, providing some capability of freezing flow motion
while providing acceptable signal-to-noise ratio (SNR) levels. In this work, we demonstrate
+
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Figure 1 – Schematic diagram of the CW laser illumination system, high-speed imaging system and co-flowing jet.
BS, beam-splitter; PD, laser power monitoring photodiode.

cinematographic toluene PLIF imaging with CW excitation using a commercial CW laser system at
50 kHz framing rate and down to 1 µs integration time on a transitional jet. Effectively, owing to
the short integration time, this work demonstrates that it could be possible to perform CW toluene
PLIF imaging near MHz-rate with sufficient SNR ratios. Furthermore, to better understand the
imaging results and motivated by previous analysis on comparable high-speed CMOS cameras
(Weber et al, 2011), an analysis of the performance of the imaging system, and in particular of the
CMOS camera, was carried out to investigate its response and noise characteristics.

2. Experimental Setup and Configuration
Co-flowing jet arrangement
A schematic diagram of the experimental setup is shown in Fig. 1. The representative flow under
consideration was a transitional co-flowing jet of toluene-seeded (3.7% by volume) nitrogen into a
pure nitrogen co-axial coflow. The central jet was formed by a D = 4.4 mm inner diameter tube
(outer diameter 6.35 mm, 400 mm long) concentric to a Do =16.4 mm in inner diameter outer tube
(300 mm long). Both the inner and outer tube had a tapered lip and flow conditioning elements. For
the central jet, a set of fine-wire mesh flow conditioning elements was located at the entrance of the
tube and the flow was then allowed to develop into fully developed pipe flow. Conversely, for the
outer co-flow, sets of perforated plates were distributed along the length of the tube to ensure a
more uniform co-flow distribution (and to guide the central tube).
For the imaging experiments presented here, the flow rates of the central jet and co-flow were
maintained constant such that the Reynolds number ReD = UD/ν of the toluene-seeded jet was 1,750
and the Reynolds number ReDo = UoDo/νo of the nitrogen co-flow was 360. The resulting jet-tocoflow velocity and density ratios were about 19 and 1.26, respectively. At the selected ReD, a
transitional co-flowing jet was observed where a predominantly laminar state was intermittently
undergoing instability and break down to a quasi-turbulent state. Some of the imaging examples
presented here document this transition process.
Nitrogen was provided to both the central jet and co-flow from pressure-regulated compressed gas
cylinders. The flow rates of the central jet and co-flow were independently monitored and
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controlled by flowmeters. Toluene was seeded into the central jet alone by bubbling nitrogen
through two Chemglass bubblers in series. Following this approach, assuming saturation of nitrogen
with toluene vapor, the expected toluene content into the central jet is about 3.7% by volume.
PLIF arrangement
For the PLIF imaging experiments, continuous 266 nm illumination of the flow was generated by
doubling the CW output of an 18 W Coherent Verdi V-18 DPSS 532 nm laser (operated at 5 W)
using a Spectra-Physics WaveTrain CW frequency doubler cavity. The 532 nm output of the DPSS
laser was mode matched to the WaveTrain cavity with suitable optics (a half wave plate and a 1.2 m
focal length bi-convex spherical lens). With this laser setup, for 5 W operation of the 532 nm laser,
about 400 mW of UV laser light was generated with an RMS temporal variation of about 1%. The
frequency-doubled output was then redirected to illuminate the flow.
A beam splitter (BS), comprised of a thin UV fused silica plate placed at 45° with respect to the
incoming beam, was used to split part of the 266 nm beam and to direct it to a photodiode (PD) to
monitor the laser power temporal variation during the imaging experiments. The remaining of the
266 nm beam was then shaped into a 20 mm high, collimated laser sheet using a combination of
cylindrical and spherical lenses (-50 mm focal length plano-concave cylindrical UV lens and a 1.5
m focal length plano-convex spherical UV lens). The resulting laser sheet was characterized by a
waist thickness of 0.25 mm and a depth-of-field of about 380 mm. The collimated beam was then
directed to the flow and it was used to illuminate a region on the centerplane of the flow extending
from about 0.3D from the jet exit plane to about 4.6D downstream. Double-pass illumination was
achieved by placing a high-reflectivity 266 nm retro-reflector past the location of the co-flowing jet
and in-line with the incident laser sheet. The retro-reflector was position near the focal point of
incident laser sheet to minimize laser sheet thickness variation across the imaging region during the
incident and reflected passes. The alignment of the retro-reflector was adjusted to ensure overlap
between the incident and reflected passes. The reflected beam was terminated at the iris (2 mm in
diameter aperture) placed between the beam splitter BS and the cylindrical lens, and located about 2
m away from the retro-reflector.
Imaging of toluene fluorescence was carried out with a high-speed CMOS camera (Vision Research
Phantom v710) fitted with a lens-coupled high-speed intensifier (LaVision High-Speed IRO).
Fluorescence was collected with a 100 mm focal length, f/2.8 UV lens. A set of 2 mm thick UG11
and WG280 Schott glass filters was used to reject unwanted light. During part of these experiments,
because scattering of illumination laser light was minimized during optical setup and background
light interference was found to be inconsequential, these Schott glass filters were removed to
increase the amount of collected fluorescence (by a factor of about 3).
The high-speed camera and intensifier were operated at framing rates of 10 and 50 kHz with an
overall resolution of 256 × 400 pixels. The resulting magnification M was about 0.34; therefore,
each pixel collected fluorescence from a volume of the flowfield of about 0.06 mm × 0.06 mm on
the imaging plane and 0.25 mm in thickness. Intensifier relative gains of 50% and 60% of the fullscale (corresponding to approximate gains of 135 and 625 photons/photo-electrons, respectively)
were used during imaging. Gating of the intensifier was used to limit the temporal collection of
fluorescence, hence minimizing motion blur, while providing sufficient fluorescence signals and
acceptable signal-to-noise ratios. Gating times from 1 to 14 µs were considered. For the jet flow
considered in the imaging experiments, the flow displacement at the jet exit is equivalent to 0.12
pixel/µs. Therefore, the range of gating times results in flow pixel displacement up to 1.6 pixels.
However, most of the imaging was carried out with gating times of 1 or 5 µs.
CMOS camera characterization arrangement
The current study identified the characteristics of the CMOS camera as the limiting factor in the
imaging system used for the study. There, characterization of the cameras was deemed necessary to
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better interpret the results. Characterization of the CMOS camera was conducted by investigating
the sensitivity, linearity and noise characteristics under different uniform illumination conditions.
The uniform white field illumination was generated by a custom-made lamp constructed using a
100 W LED array equipped with a parabolic reflector and housed in cooled enclosure. The LED
array was controlled by a DC voltage regulated power supply (Tektronix PS281) with current levels
up to 1.6 A. The irradiance provided by the lamp was controlled simply by changing the current. To
ensure a uniform illumination distribution, a series of three ground-glass elements were placed in
front of the aperture of the lamp, which was limited to a circular aperture of 60 mm in diameter.
The CMOS camera was then placed in front of the illumination source at a distance of 450 mm or
270 mm; however, the results presented here were generated with the camera at a distance of 270
mm and the irradiance was changed solely by changing the current to the lamp.
Calibration of the illumination source (and monitor of its temporal stability) was conducted by
placing a photodetector at the same location of the image sensor. For calibration, two different
photodetectors were used (Thorlabs PDA55 and New Focus 2032 photodetectors, respectively) to
ensure reliability and accuracy in the preparation and calibration steps by providing a crosscheck of
the results. The results obtained with both photodectors agreed to within 2.5%. At the maximum
current level of 1.6 A, the irradiance provided by the lamp was 5.1 W/m2 ± 3.5%. During the
investigation of its properties, the camera was placed directly in front at the lamp (without any lens),
with a photodetector placed adjacent to it, at a small angle with respect to the illumination source,
that was used to monitor and measure the irradiance during the camera characterization experiments.
Because of this off-center positioning of the monitoring photodetector, it was necessary to correct
for the non-uniform collection, which was found to introduce about 5% attenuation with respect to
perpendicular, on-centerline viewing (as carried out during the calibration steps). The second
photodetector was placed close to the illumination source as a redundant way to monitor the
performance of the illumination lamp.
The use of this illumination source is different from the approach followed by previous similar
investigations (Hain et al., 2007; Weber et al., 2011) to characterize similar types of imaging
instrumentation. In particular, they used an integrating Ulbricht sphere, which provides a more
controlled and uniform spatial distribution of illumination. Our configuration does not necessary
ensures a spatially uniform illumination of the imaging sensor. In order to assess whether the
illumination was sufficiently uniform (for example, the EMVA 1288 standard specifies a maximum
deviation of no more than 3% of the mean value)
the spatial profile of the gray scale value
distribution across selected rows and columns of
the camera being investigated was monitored.
Using the instrumentation being characterized to
determine the performance of the “calibration” (in
this case illumination source) tool is certainly not
the optimal (nor the recommended) approach, but
for the purpose of the current study, and lacking
the required instrumentation that would enable a
more systematic and consistent assessment, we
nevertheless follow this approach. On the other
hand, the results of this assessment, along with
the results of the camera characterization work
presented further below, suggest that indeed the
Figure 2 – Profile of the gray scale values across a
illumination is sufficiently uniform over the
row in the center of the frame for the 256 × 400 pixel
imaging region (that was only limited to the
central portion of the sensor. Imaging at 50 kHz, 15
central portion of the sensor) and the approach is
µs exposure at 5 different irradiances (up to 5.1
2
sufficiently accurate for the purposes of this
W/m ).
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particular study.
To demonstrate that the light source provided a sufficiently uniform illumination of the imaging
sensor, Fig. 2 is reported to show the profile (average of 2000 frames) across the central row of
pixels of the gray scale values obtained for 5 different values of illumination irradiances (up to 5.1
W/m2) for imaging at constant framing rate (50 kHz which results in an overall resolution of 256 ×
400 pixel) and exposure time (15 µs). The measured profile is shown in symbols (at each pixel
location p) along with the average value across the whole row (solid line, which lies below the
symbols). For the cases shown in Fig. 2 (but are typical values for all other cases investigated in the
study), each profile has a root-mean-square value ranging from about 1% of the mean value at low
irradiances to 0.3% at the maximum irradiance value with corresponding maximum deviations
ranging from 3% to 0.8%. Furthermore, close inspection of the profiles can identify that some of the
spatial variation that are across the profile are maintained similar at different irradiance values and
are therefore believed to result from the fixed pattern noise that CMOS cameras typically exhibit
and not to non-uniformity of the illumination source. Therefore, in reality, the reported values taken
as a measure of illumination uniformity also include fixed pattern noise, and hence are an
overestimation of illumination non-uniformity.
For camera characterization purposes, the camera was operated under a range of conditions similar
to the conditions of the PLIF experiments. In particular, framing rates of 1, 10 and 50 kHz with
exposures times ranging from 1 µs to the maximum exposure possible at each framing rate were
considered. Then, for each framing rate/exposure time combination, the irradiance of the
illumination source was varied in incremental steps (from 15 to 30 steps) to cover the full range of
operation of the lamp (i.e., up to 5.1 W/m2). In all cases, only the central portion of the CMOS
sensor over a region of 256 × 400 pixels was considered to match the overall resolution of the PLIF
experiments reported here. To check for repeatability and consistency, characterization experiments
have been repeated several times over different days; all experiments reported consistent results of
what presented here.

3. Cinematographic CW PLIF imaging
A representative time-history of the mixture fraction field in the near field of the transitional jet is
shown in Fig. 3. Mixture fraction is defined to be unity in the jet fluid and zero in the co-flow. It
was computed by normalizing the collected toluene PLIF field with the time-average LIF signal
extracted from the potential core of the jet after background and laser sheet non-uniformity
correction was applied. No low-pass filtering or binning was applied to the shown time sequence.
Imaging presented in Fig. 3 was carried out at 50 kHz with a gating (integration) time of 5 µs. The
time separation between frames in the sequence of Fig. 3 is 0.2 µs (i.e., every tenth frame is
displayed for brevity). The sequence of Fig. 3 shows an example of the evolution of the transitional
jet a few instants after an instability in the laminar column formed and induced break down of the
laminar column. The time sequence captures the later stages where vortical structures begin forming
along the potential core and their evolution until break down. For a 5 µs integration time, the flow
displacement in the potential core corresponds to about 0.6 pixels. Despite the flow motion during
the integration time, the general structure of the jet is well preserved. Flow-motion-induced blurring
during integration is a limitation of this approach and may hinders its general use in some
applications. Therefore, it has to be carefully considered in the design of experiments of practical
interest.
A second example of the temporal variation of the transitional jet is shown in Fig. 4 where imaging
was carried out with similar configuration as the case of Fig. 3, but where the gating time was
reduced to 1 µs. At this gating time, flow displacement was reduced to less than 0.12 pixels,
effectively freezing the motion of the flow. Comparing the time sequence of Figs. 3 and 4, the
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Figure 3 – Time-series showing the temporal evolution of the co-flowing jet. Imaging was carried out at 50 kHz
with a gating time of 5 µs (gain 60%). Time separation between frames 0.2 ms (i.e., every tenth frame is shown).

overall qualitative features are well captured by both configurations. If it is accepted that flow
displacements on the order of 0.1 pixels are sufficiently small to capture the flow, qualitative
comparison of the two cases suggests that gating times that result in flow motion on the order of 0.5
pixels still provide sufficient temporal resolution to resolve the relevant feature of the flow. In
general, optimization of the gating time would have to be carried out based on how much flow
blurring could be tolerated.
High-speed intensifiers under continuous illumination are susceptible to depletion effects where the
multichannel plate discharging due to amplification of an excessive number of photo-electrons can
not be recharged sufficiently fast in between exposures. This effect is particularly important for
continuous, high-irradiance illumination. This effect leads to a non-linear relationship between
intensifier input/output (e.g., LIF signal/CMOS sensor counts), which, for example, is manifested
by non-constant time-history imaging of an otherwise constant field. For the particular intensifier
used in the study, the manufacturer gives guidelines on the expected conditions of operations where
depletion becomes an issue. In particular, for (relative) gains larger than 40%, the manufacturer
suggests a maximum acquisition frequency of 40 kHz at constant maximum (i.e., which saturates
the imaging sensor) illumination. Because the system was operated near the edge of the suggested
range, to ascertain depletion effects, Fig. 5a shows the LIF signal in different regions of the
potential core of the jet as a function of acquired frame (the time-history is shown every 20 frames
for clarity). The imaging configuration for the data shown in this figure corresponds to the same one
shown for Fig. 3 (50 kHz, 5 µs, gain 60%), which is close to imaging sensor saturation. Data
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Figure 4 – Time-series showing the temporal evolution of the co-flowing jet. Imaging was carried out at 50 kHz
with a gating time of 1 µs (gain 60%). Time separation between frames 0.2 ms (i.e., every tenth frame is shown).

extracted at three points are shown in Fig. 5a: the red/green/blue symbols are extracted on centerline
at y/D = 0.5, 1.5 and 2.5, respectively. Round symbols refer to a single point (pixel) at the indicated
location, whereas the square symbols refer to the average value over a window of size 16 × 16
centered at the corresponding location of the single point. Note that the values shown by the square
symbols have been displaced by –1500 counts for clarity. As the particular example of Fig. 5a
shows, under the range of conditions considered in the study, it does not appear that intensifier
depletion becomes an important limiting factor. Figure 5b shows the signal-to-noise ratio, SNR,
computed over the window defining Fig. 5a (square symbols). The SNR was defined as the ratio of
the mean value and the standard deviation over the 16 × 16 window; thus it is a spatial SNR. For all
three locations, the SNR varies between 25 and 30. Note that defining the SNR from spatial
information also includes a component due to fixed-pattern noise, hence the evaluated SNR could
be lower the true SNR.
Temporal SNR was also computed from the results of the imaging study. The temporal SNR was
defined based on the difference of the detected LIF signal between consecutive frames (from the
corresponding root-mean-square value) at a single point (pixel) within the potential core. Adjacent
pixels within the potential core of the jet showed similar values of the SNR. The resulting temporal
SNR for the particular imaging configuration of Figs. 3 (5 µs gating) and 4 (1 µs) are about 43 and
18, respectively. Note that comparing the values for these two cases, 43/18 ≈ √5, which implies that
we are approaching the shot-noise limit. As indicated previously, the temporal SNR is somewhat
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(a)

(b)

Figure 5 – (a) LIF signal extracted at three locations in the potential core of the jet (red symbols, y/D = 0.5; green,
y/D = 1.5; blue, y/D = 2.5) and (b) corresponding SNR values as a function of frame number for cinematographic
imaging at 50 kHz, 5 µs gating. In part (a), round symbols refer to the value at a single point (pixel) whereas square
symbols refer to the mean value extracted on 16×16 pixels windows centered on the corresponding point (displaced
by -1500 counts for clarity). The SNR in part (b) was computed over the same averaging window (i.e., it is a
measure of the spatial SNR). Points are shown every 20 frames for clarity.

larger than the corresponding SNR computed spatially (e.g., 43 compared to 30). Therefore, as
indicated previously, camera noise (read-out and fixed-pattern) remains an important contribution to
the overall noise (low SNR) characteristics of the imaging.
The temporal SNR for different imaging configurations is shown in Fig. 6. The results of different
framing rates, gains, and gating times are shown. The SNR is plotted as a function of the quantity Sf
defined as Sf ≈ GILEη, where G is the intensifier gain, IL the excitation laser fluence (with dual pass),
E the gating time, and η the filter transmittance (to account for the different configurations used in
the experiments). The quantity Sf is taken as a relative measure of the fluorescence intensity. For the
range of imaging conditions considered in the work, as shown in Fig. 6, SNRs from 10 to 50 have
been obtained.
Figure 6a shows the SNR plotted as a function of Sf (on a log-log scale) measured at a single point
at y/D = 0.5 for all cases. On the log-log scale, two linear trends are identified at two different
relative gains G. The SNR at larger gain is found to be 25% to 50% lower than at lower gain. As it
could be expected, the effective of the gating time is solely of increasing the collected LIF signal,
i.e., it does not have a contribution to noise. Furthermore, the acquisition rate does not seem to play

(a)

(b)

(c)

Figure 6 – (Temporal) SNR values as a function of LIF signal for the different imaging configuration used in the
study. Parts (a,b) refer to a point in the potential core at y/D = 0.5 and the corresponding window; part (c) refers to a
point at y/D = 2.5.
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(a)

(b)

(c)

Figure 7 – Gray scale value Sp as a function of irradiance at constant framing rate (50 kHz) and exposure time (5, 10,
and 15 µs) at nine points p selected over the sensor area (3 points across the top of the image, 3 points across the
middle, and 3 points across the bottom; 16 pixels from the edges). Part (a) shows Sp as a function of the provided
irradiance, (b) as a function of irradiance converted to equivalent photo-electrons (using the model described in the
text), and (c) after the data of part (a) have been offset by a constant value (25 counts) to simulate a shift that the
calibration step could introduce.

a significant role (at least for the limited range of values considered in the study). Figure 6b shows
the variation of SNR with Sf computed from average values within the averaging window used in
previous figures. A similar distribution is found. Finally, Fig. 6c shows the same temporal SNR at a
point at y/D = 2.5 where a similar distribution of values is found.

4. CMOS camera characterization
In the second part of the study, a performance study of the characteristics of the CMOS imaging
sensor was conducted to support the assessment of the PLIF imaging results of the study. In
particular, linearity of the CMOS sensor with incident irradiance and its noise characteristics were
investigated. Both quantities were investigated at different acquisition rates (1 kHz, 10 kHz and 50
kHz) and at fixed exposure time but changing irradiance, or at fixed irradiance but changing
exposure time. Prior to begin image acquisition, the system was allowed to warm up (including the
illumination lamp) for at least 3 hours. After the camera had warmed up, the sensor was calibrated
with the internal dark-image calibration (balance) function after each specific condition of operation
was set (such as framing rate and exposure). For cases where both framing rate and exposure time
were maintained constant while the irradiance was changed, calibration was performed only once at
the beginning of the sequence.
Figure 7 shows the gray scale values Sp as a function a function of irradiance at constant framing
rate (50 kHz) and exposure time (5, 10, and 15 µs) at nine points p selected over the sensor area (see
caption) while the irradiance was varied over the full range. Figure 7b shows the gray scale values
distribution of Fig. 7a after the irradiance has been converted to equivalent photo-electrons ψ
using the following approximate model:

ψ = QE ⋅

Apx β λ
⋅P⋅E
hc

where E is the exposure time, P the irradiance, h and c Plank’s and the speed of light constants,
respectively, Apx is the physical size of the pixel and β the fill factor. QE is the average quantum
efficiency over the wavelength range 450-750 nm (where it is nearly constant) assumed at the
central wavelength λ = 600 nm. The solid lines shown in these figures indicate the expected (or at
least sought) linear relation between irradiance (or ψ ) and grey scale value, and were computed as
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(a)

(b)

(c)

Figure 8 – Gray scale value Sp as a function of photo-electrons at different point for: (a) constant illumination (at
maximum and 10% irradiance) for 50 kHz imaging at different exposure times; (b) as part (a), but at framing rate of
10 kHz; (c) framing rate at 50 kHz and constant exposure time (10 µs) for different values of irradiance. In part (c)
the blue and red symbols refer to cases where internal dark-noise calibration was performed at cold startup or after
warm up, respectively.

cψ , where c is the photo-electron to grey scale conversion factor. All parameters describing the
characteristics of the camera at hand ( QE , Apx, β, c) were taken from nominal values as provided by
the manufacturer. Although the assumed camera parameters are only nominal values and the details
of the spectral distribution of the illumination have been neglected in converting irradiance to
photo-electrons (which is motivated by the observation that QE is approximately uniform and
rapidly rolls off outside the 450-750 nm range), the current approach sufficiently well represents the
relationship between irradiance and grey scale value.
Figure 7a-b would suggest that the irradiance/gray scale relationship becomes non-linear at low
values of irradiances. However, close inspection (and what shown below) indicates that the
observed non-linearity is an artifact of the log-log scale and possibly results from a negative offset
that is introduced at the internal dark-image calibration step that is necessary to perform after each
imaging configuration has been defined. To explore this possibility, the results of Fig. 7a are shown
in Fig. 7c where the grey scale values have been offset by a constant value (25 counts) to simulate a
shift that could be introduced by the internal dark-image calibration. This particular value was
selected such that the curve for a 15 µs exposure would agree with the expected linear relation. For
the other two cases, this offset is clearly not sufficient, but it indicates that different offsets could be
introduced at different conditions of operation. Furthermore, differences between grey scale values
extracted at different points in the image suggest that this offset might be spatially non-uniform.
Repetitions of the same study at different days resulted in a similar trend for the conditions of Fig. 7.
Although these results indicate that good linearity is provided by the system, a small negative offset
could affect low-intensity values for quantitative LIF measurements.
A second linearity assessment was performed by maintaining the illumination constant, and by
changing the exposure time (at fixed framing rate). For each exposure time, internal dark-image
calibration was necessary. Figure 8a-b shows the gray scale value distribution as a function of
photo-electrons for 50 kHz and 10 kHz imaging, respectively. With this approach, a linear
relationship similar to the cases of Fig. 7 was found, but the offset was not present at low framing
rate and less at 50 kHz.
Figure 8c shows the same relationship between grey scale value and irradiance for cases constructed
my maintaining constant framing rate (50 kHz) and exposure (10 µs), but changing irradiance. The
red symbols were obtained following the same procedure for Fig. 7. On the contrary, the results
shown by the blue symbols were constructed by performing the internal dark-noise calibration at
cold startup and then the system was let to warm up for several hours; it was found that at warm up,
the frame-average dark image gray scale count had drifter to about 80 counts, without significantly
affecting the fixed-pattern noise. Comparison between the two cases in Fig. 8c indicates that the
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(a)

(b)

Figure 9 – SNR as a function of photo-electrons measured at different points and different conditions corresponding
to the cases of (a) Fig. 7 and (b) Fig. 8, respectively. Solid lines indicate model equation for SNR.

introduction of a small positive offset in the background of the frame removes the negative offset
that is introduced by the internal calibration.
Figure 9 shows the SNR as a function of photo-electrons measured at different points and different
conditions corresponding to the cases of (a) Fig. 7 and (b) Fig. 8. The SNR was computed pointwise using the same definition used for the PLIF experiments. The solid lines shown in the figure
indicate the expected SNR based on the following model assuming that the dominant sources of
noise are shot-noise and read-out noise:

SNR = α

φ
2

QE φ + σ ro2
where φ = ψ QE is the number of collected photons and σ ro the read-out noise (taken as the
nominal value provided by the manufacturer). The parameter α was introduced to match the
measured value distribution of SNR to the expected ones; for all cases, the parameter was found to
be in the range α = 0.6 – 0.65. Figure 9 shows that the model replicates the measurements well. At
low values of photo-electrons (10% of the full-well), read-out noise dominates, whereas for photoelectrons larger than 10% of the full-well the shot-noise limit is reached, with maximum SNR on
the order of 150-200.

5. Conclusions
In this work we demonstrated cinematographic (up to 50 kHz) imaging of the scalar field in a
transitional jet using planar laser-induced fluorescence imaging of toluene seeded into the jet where
the illumination source for the excitation was provided by a continuous wave 266 nm laser. Owing
to the large fluorescence quantum yield of toluene, short integration on the order of microseconds
was possible, enabling to effectively freeze the flow motion while providing acceptable SNR levels.
SNR up to 50 were obtained in the current study, with typical SNR of order 30 with gating times of
5 µs.
In the second part of the study, the imaging device used in the PLIF work was characterized. In
particular, similarly to previous work (Hain et al, 2007; Weber et al., 2011), the high-speed CMOS
imaging sensor (without the intensifier) was investigated for its response, linearity and noise
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characteristics under different imaging conditions (framing rates, exposure times, irradiance levels).
The results of the imaging sensor characterization indicates that the response of the sensor is
sufficiently linear, but the internal dark-noise calibration that is required can introduce a negative
offset (on the order of 25 counts, which correspond to about 5 photo-electrons) in the grey scale
value distribution that might alter the low-level photon-counts in low-intensity quantitative PLIF
studies. However, ensuring a positive offset removes this effect. Assessment of the SNR under
different conditions indicates that at values of photo-electrons less than 10% of the full-well readout noise dominates, whereas the shot-noise limit is quickly approached at larger values of photoelectrons, with maximum SNR on the order of 150-200.
In terms of linearity and noise characteristics, it seems that the available instrumentation performs
superiorly than similar systems that had been evaluated in past work (Hain et al, 2007; Weber et al.,
2011), therefore suggesting that the current state-of-the-art of high-speed imaging systems is
quickly improving, and give promise to high-quality high-speed imaging devices for accurate
quantitative measurements in a near future.
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