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Abstract The challenge in visualizing fast microscale

fluid motion phenomena is to record high-quality images

free of motion-blur. Here, we present an illumination

technique based on laser-induced fluorescence which

delivers high-intensity light pulses of 7 ns. The light source

consists of a Q-switched Nd:YAG laser and a laser dye

solution incorporated into a total internal reflection lens,

resulting in a uni-directional light beam with a millimeter-

sized circular aperture and 3� divergence. The laser

coherence, considered undesirable for imaging purposes, is

reduced while maintaining a nanoseconds pulse duration.

The properties of the illumination by laser-induced fluo-

rescence (iLIF) are quantified, and a comparison is made

with other high-intensity pulsed and continuous light

sources.

1 Introduction

It has been a challenge throughout the last century to freeze

fast fluid motion phenomena onto a single image and, in

such a way, distinguish the finest details at the smallest

length scales. One of the first to address this challenge was

A.M. Worthington (1895) when he used a spark to visu-

alize a splash of milk. Worthington already predicted that

flash recording would become of great importance in sci-

entific research, but it was not until the work of Edgerton

and Killian (1979) that the scientific utilization of flash

photography became widely accepted. In the last decade,

digital camera technology has evolved rapidly, and high-

speed visualization has become a valuable experimental

method, see e.g. Thoroddsen et al. (2008). At the same

time, illumination techniques continued to develop, from

high-intensity Xenon light sources to low-cost, high-

intensity LEDs, both of which can be used for pulsed as

well as continuous illumination.

In microfluidics, a wide range of phenomena are studied,

including the dynamics of droplets, bubbles and particles.

Despite the small sizes of these objects, the associated

velocities are usually in the order of meters per second.

Hence, to achieve accurate visualization not only a high

spatial resolution but also a high temporal resolution is

required. For this purpose, one can either employ a camera

with a short exposure time or a light source capable of

emitting flashes of short duration. The first option generally

requires a fast (and expensive) high-speed camera, which is

often limited in its pixel resolution (Thoroddsen et al.

2008). Therefore, flash photography is the preferred

method for experiments where high-resolution single

images are required, since the method does not require a

fast shutter and can in principle be performed with any type

of camera. Furthermore, the pulse duration of flash illu-

mination sources can easily be shorter than the shortest

exposure time of a high-speed camera. On the other hand,

the repetition rate of high-intensity flash light sources is

often limited to several kilohertz, making these sources

unsuitable for recording multiple consecutive frames at

microseconds or shorter timescales.

Nowadays, several types of nanosecond light sources are

available, which can deliver a considerable amount of light

within a few nanoseconds. There are, for example,

affordable solutions with high-intensity LEDs (Vasiliev

et al. 2000; Scholfield and Murdock 1987; Lubsandorzhiev
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et al. 2009), which can deliver up to 1012 photons per flash

of 2 ns, thus close to 1 lJ per flash. A comparable, but

more expensive solution, is using high-intensity spark

plugs (Miyashiro and Grönig 1985; High Speed Photo

Systeme). However, when it comes to emitting ultrashort

high-intensity light flashes, a pulsed laser is clearly the

most effective. The duration of laser pulses are typically in

the order of nanoseconds, but can be as short as attoseconds

(Takahashi et al. 2010), while the energy per pulse is in the

millijoule range or higher. Lasers can be used directly for

flash illumination, as was done for example in Dong et al.

(2006) and Juhasz et al. (1996), but there are some major

drawbacks associated with a fully coherent light source.

The light emitted by a laser has a very narrow bandwidth

and has a long coherence length, resulting in diffraction

fringes and laser speckle patterns in the recorded images

(Juhasz et al. 1996). Additionally, spurious reflection of the

laser beam has the potential risk of causing permanent

damage to the camera sensor. Methods to suppress these

effects are predominantly based on reducing the spatial

coherence the light, for example by applying rotating or

vibrating optical elements like fibers, wobblers and dif-

fusers (Iwai and Asakura 1996). A good example to obtain

this was proposed by Dingel and Kawata (1993), where the

laser light is coupled into multiple fibers with different

lengths, after which the light from the separate fibers is

recombined and passes through a spatial diffuser (Nano-

photon). For a laser pulse, however, a more effective

method is to decrease its temporal coherence. One inter-

esting approach to achieve this is through excitation of a

fluorescent laser dye. Here, the pulse duration is practically

unaltered, but the energy of the pulse is redistributed into a

broader optical bandwidth at higher wavelengths. This

technique has proven to be very effective and was already

applied in shadowgraph experiments (Zijlstra and Ohl

2008) and is closely related to fluorescent flow visualiza-

tion described in Rau et al. (2006) and Shan et al. (2004).

A disadvantage is that the cuvette containing the dye can

act as a secondary laser cavity (Schäfer et al. 1966),

thereby partially restoring the coherent nature of the pulse

(see Fig. 1). Additionally, relatively high laser energies

were required to obtain acceptable illumination intensities,

as a result of high losses due to the omni-directionality of

the fluorescence emission.

Here, we address these issues using a modified single

flash illumination technique based on laser-induced fluo-

rescence. The obtained illumination is ideally suited for

flash photography in experiments involving timescales of

order microseconds in conjunction with length scales of

order micrometer. To validate the technique, its perfor-

mance is compared in a standard imaging setup with a

range of high-end commercially available light sources,

both pulsed and continuous.

2 Criteria for high-speed flash photography

The application of flash photography in experiments is

primarily aimed at obtaining precise information about the

position and dimensions of the studied object at a certain

instant in time. It is therefore of prime importance to

capture the smallest details in both temporal- and spatial

resolution at high contrast. To define this more quantita-

tively, three criteria are stated. These are the spatial Ny-

quist criterion, maximizing the signal-to-noise ratio of the

CCD and minimizing motion-blur.

First, assuming that a microscope objective with the

highest possible numerical aperture is chosen for the

experiment, the effective optical magnification Meff must

be sufficient to avoid undersampling of the image with

respect to the spatial resolution r as defined by the Ray-

leigh-criterion (Davidson and Abramowitz 2002). The

spatial Nyquist criterion requires that at least 2 pixels lay

within r Meff hence it follows that the magnification must

be such that

Meff [
2d

r
ð1Þ

where d is the pixel size. Larger magnifications allow

denser spatial sampling (known as oversampling) but also

result in a smaller field-of-view and lower image bright-

ness. The magnification is therefore limited by the opti-

mum size of the object-image and the available

illumination intensity.

Fig. 1 The head of an inkjet droplet moving from left to right with a

velocity close to 6 m/s. This image was made using the illumination

where the laser dye is contained in a cuvette as described in Zijlstra

and Ohl (2008). The image shows a speckle pattern in the background

and interference patterns of the light passing through and around the

droplet
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Secondly, to ensure maximum image contrast, the

intensity of the illumination should be adjusted to cover the

full dynamic range of the camera sensor. The extent to

which the intensity can be varied is, however, limited due

to the reciprocal relationship between illumination inten-

sity and exposure time. To clarify, an image with a certain

fixed brightness can be obtained with, either low light

conditions and longer exposure times, or vice versa. In the

situation where an object is motionless both settings result

in identical images. However if the object of interest is

moving, the image becomes susceptible to motion-blur.

This undesired effect causes a smeared appearance of the

image of the object due to its displacement during the time

the image is recorded.

Minimizing motion-blur constitutes the third criterion

that is required to accurately capture a single high-resolu-

tion image of a moving object and this can be achieved by

adjusting the temporal resolution of the imaging system. As

discussed, this temporal resolution is determined either by

the duration of the illumination pulse (indicated by sp) or

by the camera exposure time sc, which is the time duration

during which the mechanical or electronic shutter of the

camera is opened to expose the sensor to an illuminated

object. Evidently, the actual temporal resolution s will be

the shortest of both durations, hence

s ¼ minðsp; scÞ: ð2Þ

If we now define � as being the displacement in pixels of

the object moving with velocity U during time s:

� ¼ s
MeffU

d
ð3Þ

motion-blur will be minimal if �� 1: In most experiments,

the object velocity, magnification and pixel size are pre-

determined and motion-blur is minimized by choosing an

illumination or exposure time such that

s� d

MeffU
: ð4Þ

3 Illumination by laser-induced fluorescence

To obtain maximum fluorescence efficiency while mini-

mizing coherence, we constructed a laser dye lens. The

core of a total internal reflection lens (TIR-lens) where

normally a high-power LED can be placed was filled with a

laser dye (Fig. 2). This dye consisted of a fully saturated

solution of LDS 698 (Exciton Inc., Dayton, U.S.) in etha-

nol. The TIR-lens (L2-Optics) is an acrylic collimator with

a total beam divergence of 3�. The dye was excited by a

Nd:YAG laser (Solo PIV, New Wave) emitting a 6.5 ns

pulse (full width at half maximum, see Fig. 3) with a

maximum energy of 100 mJ at 532 nm. This configuration

allows the greater part of the laser pulse to be absorbed, re-

emitted and subsequently reflected in the forward direction

thus promoting the reduction in the temporal coherence of

the pulse.

To confirm the applicability of this setup for illumina-

tion by laser-induced fluorescence (iLIF), the pulse length

and spectrum were measured. To measure the pulse length,

a photodiode (Thorlabs-DET 210) was mounted directly

after the TIR-lens and connected to an oscilloscope (Tek-

tronix TDS5034B), resulting in a typical rise time of the

measuring system of 1.2 ns. The laser and oscilloscope

were triggered with a pulse/delay generator (Berkeley

Nucleonics model 565) with an accuracy of 250 ps. The

measurement was carried out with and without a notch

filter in between the lens and photodiode. As shown in

Fig. 3 the iLIF does not result in a noticeable difference in

pulse length with respect to the laser. The influence of the

notch filter on the iLIF-pulse shape was also found to be

negligible.

The spectral characteristics of the iLIF pulse were

determined using a high-resolution fiber optic spectrometer

(AVASPEC 3648, FWHM resolution: 0.32 nm). Fig. 4

shows the broad spectrum of the fluorescence light. The

spectrum was recorded with the notch filter in front of the

spectrometer. However, measurements without the notch

filter also did not show a peak at 532 nm, indicating that

most of the laser energy is absorbed by the laser dye.

4 Comparison with other light sources

To quantify the performance of the laser-induced fluores-

cence illumination, a comparison was made with several

high-intensity light sources, typically used for high-speed

imaging of microscopic events. An overview of the light

sources, both pulsed and continuous, is given in Table 1.

All continuous light sources have an optical fiber, glass or

liquid core with a diameter of 4–8 mm, to deliver the light

to the sample, except for the LED’s and the continuous

xenon light source. The LED’s are mounted in a TIR-lens

with a divergence of 3�, comparable with the TIR-lens used

New Wave Solo PIV
Nd:YAG laser
6 ns @ 532 nm

Laser dye solvent
Glass slide

PMMA TIR-lens

Olympus BX-FM microscope

Notch filter (532 nm)

Lumenera
LM165

N.A. matching optics

Sample

Fig. 2 Typical application of illumination with laser dye fluores-

cence. In the illumination setup, a laser excites the dye after which the

fluorescent light from the cavity is collected and focused through a

collimation lens onto a microscope. To filter out any residual laser

light, a notch filter (Semrock NF01-532U-25) is used
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for iLIF. The continuous xenon light source (Hella B.V.)

has an aperture with a radius of approximately 10 cm.

The test setup is schematically depicted in Fig. 5 and

was designed to measure the relative intensity of all the

light sources. Since the light source properties such as the

beam profile, beam divergence and spectral intensity pro-

file vary from one light source to the other, the setup was

chosen to resemble a typical but simplified experimental

setup for high-speed flow visualization. An aspheric lens

pair collimated the light from the source onto a USAF 1951

resolution test chart (Edmund Optics). A telecentric lens

(Jenoptik) was used to form a 1:1 image of a 500�
500 lm2 square from the target onto a CCD-camera

(Lumenera, LM165M, 8 bit monochrome). Neutral density

filters with optical densities ranging from 2.5 to 5.0 were

used to avoid overexposure of the CCD. Except for the first

aspheric lens, all elements of the setup and the position of

the light source were fixed in place. To optimize the light

intensity and to ensure even illumination of the target, the

position of the movable lens was adjusted for each light

source.

For the continuous light sources, the exposure time of

the camera was adjusted to get an average pixel value of

the image of the square of approximately 200 out of 255

counts. This procedure was repeated for several ND-filters

per light source. The recorded images were analyzed, and

the results were scaled with the exposure times, the number

of pulses and the optical density of the ND-filters used.

Figure 6 shows the comparison of the single pulse

intensities of the pulsed light sources. Saturation behavior

of the fluorescent laser dye is visible in the graph as the

maximum light intensity peaks at a laser energy of 5.7 mJ.

Compared with the LED’s the iLIF shows a sixfold higher

light intensity at a pulse length which is 2 orders of mag-

nitude shorter. The Nanolite has a light intensity compa-

rable with the LED’s but with a pulse length similar to the

iLIF. However, the location of the spark from the Nanolite

varies per shot, causing large variations in illumination

intensity and inhomogeneities between images.

The results of the continuous light sources were scaled

to an illumination time of 7 ns to match the pulse length of

the iLIF and compared in Fig. 7. From the graph, the

potential of the iLIF becomes clear; the semi-continuous

xenon flash is outperformed by two orders of magnitude

and the continuous light sources are even a factor of one

thousand less intense than the iLIF. In future research, it

would be interesting to compare the iLIF technique with

illumination by a copper vapor laser (Oxford Lasers). Such
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Fig. 4 Spectra of the iLIF pulse with- and without the notch filter

Table 1 Characteristics of the light sources

Light source Type Pulse length

(fwhm)

Pulse rate

(max)

Laser Dye TIRlens Pulsed 7 ns 20 Hz

Laser Dye cuvette Pulsed 7 ns 20 Hz

HSPS Nanolite KL-L Pulsed 16 ns 20 kHz

Seoul Semicon P7a Pulsed/CW 1 ls 1 MHz

Lumiled Luxeon Starb Pulsed/CW 400 ns 1 MHz

Perkin Elmer MVS-7010 Pulsed/CW 200 ls 10 Hz

Olympus ILP-1 CW – –

Sumita LS-M352 CW – –

Schott KL1500LCD CW – –

Schott Ace CW – –

Hella Mega Beam Xenon CW – –

a RGB 10W
b G 1W
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lasers generate pulses with a relative low coherence at a

very high pulse repetition frequency. However, drawbacks

of these lasers are increased pulse length, lower pulse

energy and higher costs.

5 Examples

As drop formation in inkjet printing is an almost perfectly

reproducible process, single flash photography is fre-

quently applied for its visualization (Dong et al. 2006;

Hutchings et al. 2007). Here, we use this reproducible

quality to demonstrate the effectiveness of the iLIF com-

pared with 2 other flash illumination sources. These are the

high-intensity Luxeon LED and the HSPS Nanolite KL-L

with pulse durations of sp = 400 ns and sp = 16 ns,

respectively. The experimental setup used was equivalent

to the setup shown in Fig. 2, where the inkjet print head is

placed at the sample location. The incident light is focused

through a collimation lens onto the region of interest. The

collimation lens was chosen such that the numerical

aperture (NA) matches with that of the microscope objec-

tive ensuring maximal optical resolution (r � 2 lm) and

intensity (Davidson and Abramowitz 2002). The micro-

scope (Olympus BX-30MF) is equipped with three long

working distance (WD) objectives, the LMPLFLN 109,

(Olympus, WD 21 mm/NA = 0.25), the SMPLFLN

209 (Olympus, WD 25 mm/NA = 0.25), and the

SMPLFLN 509 (Olympus, WD 18 mm/NA = 0.35). A

notch filter (Semrock, NF01-532U-25) is placed before the

camera to filter out any residual laser light. The camera is a

Lumenera LM165 with a sensitive Sony EXview HAD CCD

sensor with pixel size of 6:45� 6:45 lm2; and a resolution

of 1392 9 1040. The scale factors for the camera and the

109, 209 or the 509 microscope objective combination

are 640 nm/pixel, 320 nm/pixel or 129 nm/pixel,

respectively.

The printhead is an experimental prototype developed

by Océ Technologies B.V., similar to the printheads used

in references de Jong et al. (2006) and Wijshoff (2010).

The printhead ejects droplets with a diameter of 30 lm at

a typical velocity of 20 m/s during drop formation. Some

35 ls later the tip of the droplet reaches a terminal

Nd:YAG laser
6 ns @ 532 nm

Laser dye solvent

Glass slide

PMMA TIR-lens Neutral density filter

Aspheric lens pair Resolution target

Lens
CCD-camera

Fig. 5 Setup used for the comparison of the various light sources. The location of the first aspheric lens is adjusted to collect and collimate the

light from the light source
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Fig. 6 Relative intensity of the pulsed light sources. The energy

values indicate the laser pulse energy used to excite the laser dye
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Fig. 7 Relative illumination intensities for the continuous light

sources normalized to the maximum obtainable intensity of the iLIF
and scaled to 7 ns illumination time. Note the logarithmic scale
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velocity close to 6 m/s. Both stages were imaged with

each of the 3 illumination sources (see Fig. 8). The left

column shows the first stage of drop formation imaged

with the 109 objective. The second stage where the

droplet has just exited the nozzle and has slowed down to

its terminal velocity is shown in the middle column,

imaged with the 209 objective. The column on the right

shows an enlarged view of the region where the droplet

pinches off from the meniscus, imaged with the

509 objective.

The practical advantages of the combination of high-

intensity and short pulses of light for imaging of fast

phenomena become apparent from a detailed comparison

of the images in Fig. 8. First, unlike the images taken

with the iLIF pulse, the images in Fig. 8b, c required a

maximal CCD gain factor of 24 for the 509 objective. As

a consequence, these images have much lower contrast

and a grainy appearance due to the higher noise level.

This is further illustrated in the graphs of Fig. 9. Even

though the images of the droplet made with the Nanolite

and the iLIF appear of similar quality, Fig. 9 clearly

shows that the signal-to-noise level is higher for the iLIF

method.

Secondly, using Eq. (4) for the indicated magnifications

we find that the droplet can only be imaged without

motion-blur if the illumination times are smaller than

s10 = 32 ns, s20 = 16 ns and s50 = 6 ns. The droplet

displacement during exposure � is acceptable for both the

iLIF and the Nanolite (see Table 2); however, the pulse

length of the LED is too long, resulting in motion-blur as

can readily be seen in Fig. 8c.

Evidently, the characteristics of the iLIF allow both

high contrast and small time resolution imaging. This is

also demonstrated in Fig. 10 showing the evolution of

the inkjet droplet recorded with the iLIF. The images

reveal the size of a thin secondary tail between the drop

and meniscus (also seen in Fig. 8c). The improved

quality of the recordings, both in spatial and temporal

resolution, give way to novel analysis of the drop for-

mation, as is elaborately discussed in van der Bos

(2011).

6 Discussion and conclusion

The iLIF fluorescence illumination method presented here

proves to be a very promising technique for flash photog-

raphy of fast and small-scale phenomena. The illumination

technique was evolved from an earlier applied technique

were a fluorescent dye in a cuvette was used to reduce the

coherence of the laser illumination. Unlike the cuvette, the

geometry of the TIR-lens avoids secondary laser emission

and it directs the light uniformly in the forward direction.

In this way, the iLIF system emits 7 ns light pulses with

(a)

(b)

(c)

60 µm 400 µm 40 µm

10x 20x 50x

Fig. 8 Inkjet drop formation imaged using 3 different flash illumi-

nation sources and 3 different magnifications. The images illuminated

with the iLIF are shown in the top row (a). The second row (b) shows

the recordings for which the HSPS Nanolite KL-L was used and (c)

shows the recording obtained with the Luxeon LED. The area where

the pinch-off of the droplet from the meniscus takes place is shown in

the right column. The radius of the tail of the droplet is approximately

1 lm in diameter. The vertical dashed lines in (a) and (b) indicate the

locations for which the pixel values are plotted in Fig. 9
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Fig. 9 Pixel values along the dashed lines in the images in Fig. 8a, b.

The higher signal-to-noise ratio in the image made with iLIF
compared with that of the HSPS Nanolite KL-L enables a more

precise determination of the droplet dimensions

Table 2 Comparison of the amount of motion-blur indicated by � and

the relative light intensity for the imaging of a 20 m/s inkjet droplet

using 3 pulsed light sources

Light source Meff � Rel. intensity

Laser dye TIR lens (sp = 7 ns) 10 0.22 1.0

20 0.43 1.0

50 1.1 1.0

HSPS nanolite KL-L (sp = 16 ns) 10 0.47 0.16

20 0.93 0.03

50 2.3 0.02

Lumiled luxeon star (sp = 400 ns) 10 12 0.36

20 25 0.10

50 62 0.02
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low temporal coherence, thereby avoiding unfavorable

effects such as speckle and diffraction. Compared with

other high-intensity pulsed and continuous light sources, it

shows significantly higher-intensity levels with a short

pulse duration, uniform illumination and low-intensity

jitter.

The characteristics of this method of illumination are

determined by the properties of the laser and dye combi-

nation and the TIR-lens, which were not optimized until

now. Hence, it is clear that there is plenty of space for

improvements or adjustments to obtain shorter pulse

lengths, higher efficiency, different wavelengths or larger

apertures. The latter could be very useful for the visuali-

zation of macro-scale experiments like impact phenomena

and shock-waves in fluids.
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Takahashi EJ, Lan P, Mücke OD, Yasuo N, Katsumi M (2010)

Infrared two-color multicycle laser field synthesis for generating

an intense attosecond pulse. Phys Rev Lett 104(23):233901

Thoroddsen ST, Etoh TG, Takehara K (2008) High-speed imaging of

drops and bubbles. Ann Rev Fluid Mech 40(1):257–285

van der Bos JA (2011) Air entrapment and drop formation in piezo

inkjet printing. Ph.D. Thesis., University of Twente

Vasiliev RV, Lubsandorzhiev BK, Pokhil PG (2000) A nanosecond

light source for scintillation-and cerenkov-detector calibration.

Instrum Exp Tech (USSR) 43(4):570–572

Wijshoff H (2010) The dynamics of the piezo inkjet printhead

operation. Phys Rep 491(4-5):77–177

Worthington AM (1895) The splash of a drop. E. & J.B. Young &

CO, New York

Zijlstra AG, Ohl CD (2008) On fiber optic probe hydrophone

measurements in a cavitating liquid. J Acoust Soc Am

123(1):29–32

Fig. 10 Inkjet drop formation as a function of time. Here, 21

individual droplets are shown which illustrate the reproducibility of

the experiment and the quality of the iLIF light source. The inset

shows an enlarged view of the area where the droplet pinches off from

the meniscus. The background has been subtracted to create a higher

contrast

Exp Fluids (2011) 51:1283–1289 1289

123

http://www.hsps.com/
http://www.nanophoton.jp/
http://www.oxfordlasers.com

	iLIF: illumination by Laser-Induced Fluorescence for single flash imaging on a nanoseconds timescale
	Abstract
	Introduction
	Criteria for high-speed flash photography
	Illumination by laser-induced fluorescence
	Comparison with other light sources
	Examples
	Discussion and conclusion
	Acknowledgments
	References


