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A method for 3D mapping of scattering particle concentration in a gaseous medium based on the back-
scattered light in a single direction has been demonstrated. The technique is originally developed for
microscopy but now implemented on larger-scale samples. The technique used is known as structured
illumination, where a sinusoidal grid pattern is projected onto the medium, thus marking the in-focus
plane. This makes it possible to discriminate against light originating from the out-of-focus parts of the
sample, which usually makes it difficult to detect inner structures of the medium. In this study a flow of
nitrogenwas introduced into a flow of water droplets, with the aim to optically select only the plane where
nitrogen was present. The results indicate that the technique could be used to study, e.g., combustion
devices with limited optical access. © 2008 Optical Society of America

OCIS codes: 110.3010, 280.1350.

1. Introduction

Laser radiation holds many excellent qualities for di-
agnostic purposes, in particular for studies of gases.
This is primarily due to the narrow absorption bands
associated with most gases, compared to solids and
liquids. Therefore, laser-based studies of gases may
be species specific, andbyusing apulsed laser system,
one canobtain sufficientlyhigh temporal resolution to
resolve a turbulent flow. Laser-based approachesmay
allow temperature, flow fields, and species concentra-
tion mapping [1–3], to name a few, to be measured.
Since a laser beammay be focused very sharply into

aminuscule volume,micrometer-scale spatial resolu-
tion can be obtained. However, many laser-based ap-
proaches are not restricted to one dimension, and by
instead performing a 2Dmeasurement, additional in-
formation is gained. In general, 2D imaging of a semi-

transparent medium is relatively easy to perform by
the use of laser sheet optics, which simultaneously
canalso provide good spatial and temporal resolution.
Particulary for combustion research, this approach is
commonly used, e.g., for cycled-resolved fuel visuali-
zation in engines [4] or in gas turbines [5].However, in
order to achieve this, two-way optical access is
needed. For engine measurements, a so-called optical
engine is most commonly used, having a piston of
quartz glass and where the walls of the combustion
chamber are replaced by a quartz liner. Unfortu-
nately, due to the thermal boundaries of the glass
[6], these engines differ from nonoptical ones. Also,
due to the damage threshold of glass, higher loads
and revolutions per minute (rpm) must be avoided.
One solution to minimize the use of glass and still
get a 2D visualization, is to use a single-ended (one
optical access) approach. This is also true for large in-
dustrial combustion applications, such as furnaces
and also for characterization of fires, where two-
way optical access may not be possible.
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Themain reason why 2D imaging with only one op-
tical access is challenging is because of the so-called
out-of-focus photons. These photons originate from
the parts of the sample that are not within the depth
of field of the imaging system, and this creates a blur-
ring effect on the resulting image. One approach to re-
duce the intensity of this light is to use a so-called
obscuration disk. Here, the center of the imaging lens
is covered in order to discriminate against photons
not having a certain incoming angle. Now, only
photons originating from within the depth of field
of the imaging systemwill be imaged properly [7]. Un-
fortunately, this technique is only applicable for point
measurements. The reason for this is that in two di-
mensions, out-of-focus photons that originate from
parts of the sample lying off the optical axis may
now have the same incoming angle as those originat-
ing from the in-focus part of the sample.
A potential single-ended technique, currently un-

der development, is based on an ultrashort pulsed la-
ser system in the picosecond region [8]. Here, the
depth resolution is obtained by temporally resolving
the backscattered light. The main drawback with
this method is the complexity and high cost of the
system, since both a picosecond pulsed laser and a
camera with adequate time resolution are needed.
In microscopy, where single optical access is a nor-

mal approach, another technique, known as struc-
tured illumination, to discriminate against the
out-of-focus light has been developed [9]. With this
technique it is possible to separate the light coming
from the in-focus plane of the sample from all other
detected light, so-called optical sectioning. This is
made possible by using spatially modulated illumi-
nation and is based on the fact that only the zero spa-
tial frequency order is not attenuated by defocusing.
Any spatial modulation of the excitation light will
therefore only be visible in the in-focus plane of
the sample. In this study we investigate the possibi-
lity of using structured illumination on a gaseous
sample with an inner structure that would be very
difficult to observe when allowing all backscattered
light to reach the detector.

2. Theory

Structured illumination is a technique commonly
used for microscopy to enhance contrast by discrimi-
nating against out-of-focus light and is described in
detail in [9–11]. The technique is based on spatially
modulated illumination, where a grating is projected
onto the sample. The main idea is that all nonzero
spatial frequencies, i.e., light with an intensity mod-
ulation, of the excitation light are heavily attenuated
by defocusing, whereas the nonmodulated dc compo-
nent (the zero spatial frequency) on the other hand is
only weakly attenuated with defocus.
A sinusoidal grating yields a fringe pattern sðx; yÞ

of the form

sðx; yÞ ¼ 1þm · cosð2πνxþ ϕ0Þ; ð1Þ

where m denotes the modulation depth, ν is the spa-
tial frequency, and ϕ0 is an arbitrary spatial phase,
while x and y denote the coordinate axes. The re-
flected light can be described mathematically as

Iðx; yÞ ¼ IC þ IS · cosð2πνxþ ϕ0Þ: ð2Þ

Here IC denotes the conventional backscattered
image, i.e., the resulting image when all backscat-
tered light is allowed to reach the camera. The opti-
cally sectioned image (IS) contains only light from
the in-focus plane of the sample, since, as previously
mentioned, it is only in this plane that the grating is
efficiently imaged. The cosine term describes the
superimposed fringe pattern, which, in order to ob-
tain the true sectioned image IS, must be removed.
This is done by recording three images, I1, I2, and
I3, with the relative spatial phases (ϕ0) 0, 2π=3,
and 4π=3, which simply means that the intensity
modulation is shifted a third of a period between
the images. However, the effect of this shift will be
visible only in the in-focus plane, and apart from this,
the three images will be identical to each other. By
studying the differences among these three images,
out-of-focus light, together with the intensity modu-
lation, is removed. It can be shown that

IS ¼
ffiffiffi

2
p

3
½ðI1 − I2Þ2 þ ðI1 − I3Þ2 þ ðI2 − I3Þ2�1=2 ð3Þ

and that

IC ¼ I1 þ I2 þ I3
3

: ð4Þ

Thus, both the conventional and the optically sec-
tioned image can be extracted from the three spa-
tially modulated images. However, great accuracy
of the lateral movement of the grid pattern is needed,
since incorrect positioning of the pattern can lead to
residual spatial modulation being superimposed on
the sectioned image [10].

The sectioning strength (depth resolution) de-
pends mainly on two factors, the frequency of the
modulation and the depth of field of the imaging sys-
tem, and can be determined by measuring the mod-
ulation depth while moving a reflecting test object
through the focus [11].

To further explain the principle of structured illu-
mination a simplified example is shown in Fig. 1,
where two of the three spatially modulated images,
Figs. 1(a) and 1(b), together with the conventional
image, Fig. 1(c), and the optically sectioned image,
Fig. 1(d), are shown. To simplify matters, all images
are normalized to unity and the intensity modulation
is maximized, i.e.,m ¼ 1, in Eq. (1). The example con-
sists of two layers, one in focus and one positioned
either in front of or behind the focus plane. In accor-
dance with previous statements, the modulation of
the intensity is visible only in the in-focus plane.
The sectioned image is created by implementing

3928 APPLIED OPTICS / Vol. 47, No. 21 / 20 July 2008



Eq. (3) on the three spatially modulated images,
while the conventional image is created by using
Eq. (4). As can be seen, the intensity in both planes
is equally large, i.e., no depth resolution can be ob-
tained by allowing all backscattered light to reach
the camera [Fig. 1(c)]. When discriminating against
unmodulated light the intensity in the out-of-focus
plane is reduced to zero, showing the true optically
sectioned image [Fig. 1(d)].

3. Experimental Setup

A schematic of the experimental setup is shown in
Fig. 2. The detection system used in this study con-
sisted of a 12 bit intensified CCD, with 960 × 1280
pixels. The laser was a frequency-doubled Nd:YAG
(λ ¼ 532nm) running at a repetition rate of 10Hz.
Since the optical sectioning technique gives the best
result when using a homogeneous flat laser profile,
only the central part of the beam was selected by
using three apertures. Also, to remove higher spatial
frequencies and thus further improve the beam pro-
file, the beam was sent through a spatial filter. Due
to the higher light efficiency of a square ruling
(compared to a sinusoidal [10,11]), a Ronchi ruling
(5 line pairs=mm) was used. However, the higher spa-
tial frequency orders associated with a square ruling
were filtered out with a second spatial filter, since it

is only the zero and first frequency order, i.e., a pure
sinusoidal fringe pattern, that are to be used in the
structured illumination. This was merely a precau-
tion to avoid effects caused by higher order frequen-
cies and is normally not necessary, since higher order
frequencies are often attenuated enough by the opti-
cal transfer function of the imaging system [11]. In-
stead of actually moving the grating, the grid pattern
was moved a third of a period laterally by tilting a
plane-parallel glass plate that was located behind
the grating.

In order to establish whether optical sectioning is
possible for nonsolid objects, a flow of water droplets
was studied, generated by a so-called nebulizer,
shown in Fig. 3. In this image the shaded gray area
indicates the imaged area, approximately 16×
14mm2. In this sample an internal structure, which
differs from thewater droplets in terms of reflectivity,
was introduced. The aim of this was, for demonstra-
tive purposes, to optically select the layer where this
internal structure, which in this case was a flow of ni-
trogen, was visible. The two flows were assumed to be
sufficiently stable and separated from each other
close to the outlet of the nebulizer, while, due to fluid
dynamics,mixingbetween the flowofwaterandnitro-
gen will occur higher up. To confirm this assumption,

Fig. 1. Example of structured illumination. In (a) and (b) two of
the three spatially modulated images, I1, I2, and I3, are shown.
The conventional image IC is shown in (c), and the optically sec-
tioned image IS is shown in (d). The sample contains two planes,
one in focus (upper plane), where the intensity modulation is visi-
ble, and one positioned either in front of or behind the focus plane
(lower plane). As can be seen in (c), conventional backscattered
imaging gives no depth resolution, since the intensity is equally
large in both planes. The out-of-focus light is removed by studying
the differences between the spatially modulated images, i.e., im-
plementing Eq. (3).

Fig. 2. Schematic of the experimental setup. L ¼ lens, A ¼
aperture, M ¼ mirror, R ¼ Ronchi ruling, SF ¼ spatial filter,
G ¼ glass plate, BS ¼ beam splitter.

Fig. 3. Close-up of the nebulizer, where the different flows (water
droplets and nitrogen) are indicated as dashed cylinders. The ap-
proximate area of investigation (16 × 14mm2) is indicated with the
gray shaded area.
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aplanarMie scattering imagewas recorded (using the
two-direction access geometry), where a frequency-
doubled Nd:YAG laser, also running at 10Hz,
was used.

4. Results and Discussion

In Figs. 4(a) and 4(d) one of the three spatially modu-
lated images is shown for 1 and 20 accumulations,
respectively. Although it should be noted that one ac-
cumulation simply means that only one set of three
spatially modulated images (I1, I2, and I3) was used,
while for 20 accumulations, 20 sets were used. As de-
scribed above, both the conventional image and the
sectioned image are recorded simultaneously, either
by summation [Eq. (4)], which gives the conventional
image, or by studying the differences between the
images I1, I2, and I3 [Eq. (3)], resulting in the opti-
cally sectioned image. The resulting conventional
images are shown in Figs. 4(b) and 4(e). Here, due
to out-of-focus light reaching the detector, the inter-
nal structure is extremely smeared out. The out-of-
focus light is efficiently removed by the use of struc-
tured illumination, shown in Figs. 4(c) and 4(f), with
the same number of accumulations as indicated for
Figs. 4(a) and 4(d). Here, the internal structure cre-
ated by the flow of nitrogen is clearly visible in both
sectioned images.
The signal strength for one accumulation is enough

to view the typical behavior of the two flows.However,
since the three images, I1, I2, and I3, were not re-

corded within the time scale for whichmovements oc-
cur within the flows, this sectioned image will suffer
from differences in the flows that have occurred dur-
ing the time of image recording. This image should
therefore rather be seenasademonstrationof thepro-
mising possibility to measure on a single-shot basis.
When recording 20 accumulations, fluctuations with-
in the two flows are evened out, andFig. 4(f) shows the
possibility to get depth resolution for single-ended
measurements on stable flows. In order to remove
high frequency spatial noise arising from shot-to-shot
variations in the laser, the images are convolutedwith
a Gaussian filter.

The depth resolution is shown in Fig. 5, where the
first order spatial frequency, i.e., the intensity of the
modulation, is divided by the zeroth order. The sec-
tioning strength is determined by the full width at
half-maximum of the curve, which in this case was
found to be, by the use of polynomial curve fitting, ap-
proximately 4:0mm. Increasing the modulation fre-
quency will provide a lower value but decrease the
signal-to-noise ratio, since a thinner section will be
probed [10] and eventually the signal will be lost in
the noise. The sectioning strength could also be in-
creased by decreasing the depth of field of the imaging
system. However, to decrease the depth of field a
higher magnification is usually needed and by in-
creasing this, the part of the sample that is imaged
will decrease. Therefore, the choice of both modula-
tion frequency and depth of field will be dependent
on the sample of interest. In this study, the sample di-
mensions were, for the flow of water droplets∼20mm
and for the inner flow of nitrogen ∼5mm. Since the
aim was to study this inner flow, an area of investiga-
tionwas set to approximately 16 × 14mm2 (in order to
image a reasonable part of this flow).

As previously mentioned, to investigate whether
the flow motions seen in Figs. 4(c) and 4(f) are cor-
rect, a planar Mie scattering image was recorded.
This image, also consisting of 20 accumulations, is
presented in Fig. 6. In this it can be seen that when

Fig. 4. In (a) and (d) I1 is shown for 1 and 20 accumulations, re-
spectively, where the superimposed grating pattern can be seen.
(b) and (e) Conventional backscattered images for the same num-
ber of accumulations. The internal structure created by the flow of
nitrogen is extremely smeared out in both of these cases. When the
out-of-focus light is removed by means of structured illumination,
the internal structure is clearly visible, as shown in (c) and (f).

Fig. 5. Determination of the depth resolution of the imaging sys-
tem. A reflecting test object is moved through the focus, and the
modulation depth is measured. This was done by dividing the first
order frequency, i.e., the modulation strength, by the zero order
frequency, and here it is presented as a function of the position
of the test object.
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the flow of nitrogen is turned on, a region that is ba-
sically free from water droplets is created, consistent
with the optically sectioned images. Also presented
in this figure are two cross sections where the nitro-
gen flow is either on or off. The summation limits for
these cross sections are indicated in the figure as
dashed lines. The reason why the intensity does
not reach zero in Fig. 6(a) is most probably due to
multiple scattering events occurring within the flow
of water particles.

5. Conclusions

In summation, we have demonstrated the possibility
to obtain depth resolution for single-ended measure-
ments on a gaseous medium by using structured
illumination. The technique was, in this proof-of-
principle, tested on a flow of water droplets and ni-
trogen based on a Mie scattering measurement.
However, structured illumination can further be
implemented on other techniques, such as laser-
induced fluorescence, thus allowing single species
detection. Conventional backscattering Mie imaging
and structured illumination have been compared,
showing promising results in depth resolution. The
technique has further been compared with a 2D laser
sheet measurement, with detection at 90°, with qua-
litative visual agreement.
As described above, the sectioned image is created

by studying the differences between the three inten-
sity modulated images. Therefore, one (although
more expensive) approach to create a more correct
single-shot measurement may be to use three differ-
ent laser sources. However, since the sectioned image
only contains information from the in-focus plane its
intensity is much weaker compared to the total de-
tected intensity. This is due to the large contribution
of the zero spatial frequency order, which, in order to
obtain the sectioned image, is removed. Should these

images contain any differences apart from the inten-
sity modulation, such as differences in the laser pro-
files, this will lead to an incorrect sectioned image,
making the use of three different laser sources a
more challenging approach.

Another, also more complex solution, in which dif-
ferent laser profiles could be avoided, may be to use a
laserwith a high repetition rate combinedwith a high
speed imaging system. Such an approach may allow
backscattering imaging of, e.g., turbulent flows.

Finally, the authorswish to show their appreciation
to the Linné Center within the Lund Laser Center as
well as the Centre for Combustion Science and Tech-
nology through SSF and STEM for financial support.
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