A compact Airy beam light sheet
microscope with a tilted cylindrical lens
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Abstract: Light-sheet imaging is rapidly gaining importance for imaging
intact biological specimens. Many of the latest innovations rely on the
propagation-invariant Bessel or Airy beams to form an extended light sheet
to provide high resolution across a large field of view. Shaping light to
realize propagation-invariant beams often relies on complex programming
of spatial light modulators or specialized, custom made, optical elements.
Here we present a straightforward and low-cost modification to the tradi-
tional light-sheet setup, based on the open-access light-sheet microscope
OpenSPIM, to achieve Airy light-sheet illumination. This brings wide
field single-photon light-sheet imaging to a broader range of endusers.
Fluorescent microspheres embedded in agarose and a zebrafish larva were
imaged to demonstrate how such a microscope can have a minimal footprint
and cost without compromising on imaging quality.

© 2014 Optical Society of America

OCIS codes: (170.0170) Medical optics and biotechnology; (180.6900) Three-dimensional
microscopy; (140.3300) Laser beam shaping; (220.1000) Aberration compensation; (070.0070)
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1. Introduction

Since the concept of light-sheet imaging was re-visited ten years ago [1], light sheet fluores-
cence microscopy (LSFM) is becoming increasingly important in biological research, in partic-
ular for monitoring the development of large three-dimensional samples. In LSFM, only a thin
layer of the sample is illuminated at a time and the images are captured perpendicular to the
illuminated plane. Such optical sectioning ability enables high-contrast, high axial resolution
whilst minimizing sample exposure and thus phototoxicity.

The axial resolution of light sheet microscopy is determined by the combination of the nu-
merical aperture (NA) of the detection objective and the thickness of the light sheet [2]. For
Gaussian-beam illumination, a large field of view (FOV) requires a relatively thick light sheet,
thus compromising axial resolution or exposing the sample unnecessarily to excess irradia-
tion. Dual-side illumination [3, 4] or moving the sample along the illumination plane [5] can
extend the FOV; however, both methods increase the sample irradiation and may thus induce
more photo-bleaching and photo-damage. High axial resolution over an extended FOV has been
achieved by digitally scanning a propagation-invariant Bessel or Airy beam [6-9]. Compared
to Gaussian beams, propagation-invariant beams such as Bessel or Airy beams maintain their
beam profile over a larger distance, hence a uniformly thin light sheet can be created over a
larger FOV. In particular we have recently shown the advantages of using the Airy light field
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over either the Gaussian or Bessel field in single-photon light-sheet imaging [9].

A conventional, Gaussian, light sheet can be created by either digitally scanning a focused
Gaussian laser beam into a homogeneous sheet or by using a cylindrical lens for the same
purpose. The former approach offers greater control over the size, homogeneity, and shape of
the light sheet, while the latter allows for a compact and low-cost implementation. We show
that, in contrast to the Bessel beam, the Airy beam does not need to be scanned to create
the light sheet, a cylindrical lens produces the same time-averaged intensity distribution. This
enables a significant reduction in size and complexity of the optics.

An Airy beam can be generated through the Fourier transformation of a cubic phase imposed
upon an incident Gaussian beam [10, 11]. This typically involves the use of a (liquid crystal)
spatial light modulator (SLM) or custom designed cubic phase mask [12, 13]. Neither is readily
available nor inexpensive. We therefore aim to use only the components present in a standard
light-sheet microscope setup. Typically the misalignment of optical elements is avoided as it
induces optical aberrations that degrade image quality and reduce efficiency; however, as we
demonstrate here, controlled tilting of the cylindrical lens can induce aberrations that closely
approximate the cubic modulation required for Airy light sheet microscopy [14].

The practical applications of advanced light-sheet microscopy are often limited by the high
cost and complexity of its implementation. A recent protocol has provided useful information
to develop a Bessel-mode light-sheet microscope [15], however such systems still pose a sig-
nificant level of complexity for non-experts. We based our experimental implementation of an
Airy light-sheet system on OpenSPIM, an open-access platform that provides a step-by-step
guide to building a compact light-sheet microscope with a Gaussian focus [16]. Only minor
modifications were required to add Airy functionality to this compact and low-cost light-sheet
microscope. Before experimentally demonstrating this concept, we explored its potential and
evaluated its performance using simulations with optical design software Zemax.

The following section introduces the theoretical concepts. Prior to the experimental imple-
mentation, the expected performance was analyzed. This is discussed in section 3, supported by
detailed simulations of the optical model. Section 4 describes the experimental implementation
and discusses the results.

2. Theoretical concepts and performance

The two-dimensional Airy beam has a theoretical intensity distribution proportional to Ai(sx)? -
Ai(sy)?, where Ai(x) and Ai(y) are the Airy function along the x and y axes respectively, and s
is a scale factor. Upon propagation, this asymmetric intensity distribution translates transversely
but does not change otherwise. When a light sheet is formed by scanning such a beam along the
y-dimension, its intensity cross section will be proportional to a one dimension squared Airy
function: Ai(sx)2.

In practice, specialized beams are often generated in the focal region of a microscope ob-
jective by modulating the field at its back aperture with a complex function, P(u,v), of the
pupil coordinates u# and v. The two-dimensional Airy beam can be created by introducing a
polynomial cubic phase modulation [10, 17]:

P(u,v) = exp(2mi o(u +17)) (1)
= exp(2mi au®) - exp(2mi o),

where the dimensionless parameter ¢ controls the propagation invariance of the Airy beam and
the axial contrast of the images [9]. Typical values of o are between 2 and 10 for light sheet
imaging, corresponding to the maximum phase modulation in units of wavelength at the edge
of the aperture [9].

#214434 - $15.00 USD  Received 24 Jun 2014; revised 18 Aug 2014; accepted 22 Aug 2014; published 5 Sep 2014
(C) 2014 OSA 1 October 2014 | Vol. 5, No. 10 | DOI:10.1364/BOE.5.003434 | BIOMEDICAL OPTICS EXPRESS 3436



When only a horizontal line v = 0 of the back aperture is illuminated by a cylindrical lens,
a light sheet is formed in sample space orthogonal to this axis. The intensity cross section of
this light sheet can be determined from the squared Fourier transform of the one-dimensional
function exp(27i au’) and is proportional to Ai(sx)2. An Airy light sheet can thus be created
using a cylindrical lens as well as by using digital scanning.

A one-dimensional Airy beam may be generated using a combination of two carefully mis-
aligned cylindrical lenses that induce coma aberration with a cubic phase profile across the
beam [14]. The Seidel aberration in a single spherical lens takes the form

0™ (p,0,hy) = Bhjp cos — %(ZCcosz 6 +D)h3p? + Ehop> cos 6 — %Fp“ 2)

where B, C, D, E, and F are the distortion, astigmatism, field curvature, coma aberration and
spherical aberration coefficients, respectively; Ay is the object height; p is the pupil radius; and
0 is the polar angle at the exit pupil of the lens. It is clear that for 6 = O the cubic functions of
p will lead to a spatial cubic phase modulation on the output wavefront, which can be achieved
by changing the object height with respect to the cylindrical lens, or thus tilting the lens. Un-
fortunately, quadratic-and higher-order terms are produced along with the cubic term. In the
two-cylindrical-lens optical system in [14], one lens creates a high-order one-dimensional (1D)
polynomial phase profile and the other lens creates a phase profile that minimizes all but the
third-order terms, making the cubic phase profile dominant. The output of this two-lens ar-
rangement is a collimated beam with 1D cubic phase modulation. To further make a light sheet
from this optical system requires an additional cylindrical lens, adding size and complexity to
the optical system.

AS L1 FB

(s)
~

Intensity

X 02 TL CAM

Fig. 1. Schematic of the open-access Airy light-sheet microscope. (a) Experimental setup
with tilted cylindrical lens (CL). (b) shows the projection of measured Airy light sheet. (c)
The red line shows the beam profile of a cross section on (b). The blue line indicates the
corresponding Airy beam profile from fitted model.

As such, we created an Airy light sheet with only two optical elements by: tilting the cylin-
drical lens used in OpenSPIM microscope design (CL, Fig. 1) to introduce coma aberration,
and placing a re-collimating lens (L2, Fig. 1) between the cylindrical lens and the proceeding
telescope which is also a beam expander (BE, Fig. 1). The spherical re-collimating lens (L2)
performs the role of the aberration compensating cylindrical lens (as used in [14]), as well as
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that of the additional cylindrical lens required for light sheet formation. The first order term in
the aberration is absent when tilting the cylindrical lens around the center of its convex front
surface; however, a lateral displacement of the optical axis cannot be avoided. We compensate
for this displacement by adjusting a mirror after the re-collimating lens (M and L2 in Fig. 1,
respectively). The second order polynomial component can be seen as a one-dimensional defo-
cus, which in the case of light sheet illumination can be readily compensated for by adjustment
of the short-focal-length lens (L2, Fig. 1). This lens changes the orientation of the light sheet,
hence the cylindrical lens was rotated 90° around the propagation axis to bring the light sheet
back to the correct orientation.

The presence of higher order terms such as spherical aberration and higher order coma will be
detrimental to the Airy light sheet quality. Note however that this does not necessarily prevent
high resolution imaging. In fact, the introduction of various higher-order aberrations has proven
useful for imaging in the presence of aberrations [18-21]. Residual higher order terms may thus
be of less importance to the final image quality, though the microscope may require additional
calibration before use. We thus investigate any deviation from the cubic modulation in what
follows.

3. Simulations

The impact of the tilt-angle of the cylindrical lens (LJI695RM-A, Thorlabs) with focal length
(FL) 50 mm, is assessed using the accompanying Zemax model for various system parameters.
Due to the symmetry in the optical system, a one-dimensional array of rays is sufficient to
characterize the optics. An array of 100 rays, uniformly spaced over a distance of 5mm is traced
through the center of the convex front surface of the tilted cylindrical lens. The optical path
lengths of each ray are determined at the focal point, defined as the point where the standard
deviation in optical path length is minimal. A cubic polynomial is fitted to determine the o-
value, and the residual is determined to assess the presence of higher order terms. This process
is repeated for 121 cylindrical lens tilt angles between 0 and 60° and for five typical excitation
laser wavelengths.

As can be seen from Fig. 2(a) and (b), the position of the focal point is clearly dependent
on the lens angle. Adjusting the modulation will thus require readjusting the position of the
cylindrical lens; however, minimal wavelength dependency is seen (Fig. 2(a) and (b)), even if
the cylindrical lens is a singlet lens.

The cubic modulation varies dramatically for lens angles between 0 and 60° (Fig. 2(c)).
Tilt angles between 40° and 45° result in cubic polynomial coefficients in the range typi-
cally required for Airy light sheet microscopy [9]. The residual modulation is calculated as
the root-mean-square optical path difference after subtracting the cubic term. It can be seen to
increase rapidly for angles close to 60°; however, between 40° and 45° it is negligible (< A /10,
Fig. 2(d)). In this range, the focal position varies only by a few millimeters (Fig. 2(a) and (b)).

As the cylindrical lens we employ is not an achromat it should be of no surprise that some
wavelength dependency is present in the phase modulation. The cylindrical lens position and
tilt angle may have to be adjusted when changing laser source. Here we choose a tilt angle of
40° for an excitation wavelength of 532nm in our experimental setup. This should provide a
theoretical cubic modulation of approximately o = 4.13.

4. Experimental validation

A light sheet microscope, based on the OpenSPIM design, was constructed as shown in Fig. 1.
Laser (Verdi V6, 6 W, 532nm, Coherent) is introduced with a single-mode fiber (FB) and
then collimated by lens L1 (LA1708-A-ML, FL 200mm, Thorlabs). An adjustable slit AS
(VA100/M, Thorlabs) varies the width of incoming beam, allowing us to control the NA of
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Fig. 2. Influence of the cylindrical lens tilt angle. (a) focal length, (b) optical axis dis-
placement, (c) cubic and, (d) higher order modulation residual, as a function of the lens
angle. The line colors correspond to the wavelengths 405 nm, 488 nm, 532 nm, 561 nm, and
633nm. At the wavelength of 532nm used in the experiments, the o value is 1.21 at 35°,
4.13 at 40°, and 11.24 at 45°, covering the values useful for Airy beam light sheet mi-
croscopy. Almost no higher order terms are present as can be seen from (d). The residual
phase modulation has a standard deviation of only 0.026 A, 0.006 A, and 0.061 A, respec-
tively. The corresponding focal lengths are 26 mm, 22 mm, and 18 mm. The axis position
shifts by 1.6mm, 1.9mm, and, 2.3 mm. The focus position at a wavelength of 488 nm dif-
fers by less than 1%. As a result, the optics do not need to be adjusted for minor changes in
wavelength.

the illumination. A tilted and shifted cylindrical lens (CL, LI1695RM-A, FL 50 mm, Thorlabs)
introduces coma aberration and creates the 1D Airy light sheet. Minimization of other aberra-
tions is achieved with the short-focal-length lens (L2, AC127-025-A-ML, FL 25 mm, Thorlabs)
and the steering mirror (M). The focal length of L2 was chosen to closely match the back focal
length of CL at the tilt angle used (see Fig. 2(a)) to avoid changing the diameter of the beam.
The light sheet is imaged into the sample chamber (SC) by the lens L2, a beam expander (BE,
2x) and the illumination objective (O1, UMPLFLN 10xW, 10x water dipping, NA 0.3, Olym-
pus). Images are acquired perpendicular to the illumination plane with another objective (02,
CFI Apo 40xW NIR, 40 x water dipping, NA 0.8, Nikon), a tube lens (TL, LA1708-A-ML, FL
200mm, Thorlabs) and a camera (CAM, CCD, piA640-210gm, Basler). The whole setup fits
well within the space of 35cm x 35cm x 10cm on a breadboard, including the XYZ translation
stage for mounting the sample (beside the sample chamber and not shown in Fig. 1). By chang-
ing the existing translation stage to a more compact automatic stage, the physical dimensions
of the system can be further reduced, emphasizing its potential as a portable system.

In an initial phase we determine the three-dimensional intensity distribution of the light sheet.
This is achieved by translating a small mirror in the sample chamber and recording the reflection
plane-by-plane. The reconstructed beam profile along the axis is shown in Fig. 1(b). Next, a
model of the light sheet is fitted to the measurement. We considered phase modulations up
to fifth order and, to account for non-uniform illumination of the back aperture, amplitude
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modulation up to third order polynomials. The experimentally measured light sheet deviated
significantly from its theoretical prediction. The cubic modulation was found to be higher & =
7.8, while four and fifth order components were present, 1.65 and —2.9, respectively. Also
the illumination was not uniform, with normalized linear, quadratic, and cubic components
of 0.6, —0.5, and 0.4, respectively. Figure 1(c) shows the comparison between the recorded
beam profile (red line) and the fitted model (blue line). We attribute this discrepancy with the
theoretical model to minor misalignments in the optics. However, we found that the fitted model
allowed accurate decon volution of the recorded data.

Although a cylindrical lens is straightforward to use and cost effective, it does reduce the
uniformity of the Gaussian light sheet and may also affect the Airy light sheet to some extent,
even if the propagation of the Airy beam has been reported to be more robust to optical in-
homogeneities in its path [22]. Although we found the light sheet uniformity to be sufficient
for deconvolution, more demanding samples may require the addition of a scanning mirror to
improve the uniformity [23]. However, the cylindrical lens can still be used to create the Airy
profile.

We tested the system by recording three-dimensional data-stacks of red fluorescent micro-
spheres (R600, Thermo Scientific, & = 600nm) embedded in 1.5% agarose and suspended in
the water-immersed sample chamber from above. The suspended sample was scanned using a
motorized actuator (CMA-25CCCL, Newport) on a XYZ linear stage (M-562-XYZ, Newport)
and images were acquired every 185nm. The vertical projection in Fig. 3(a) clearly shows how
the asymmetric transversal structure of the Airy light sheet interacts with each microsphere to
create an axially elongated tail. For this experiment, the NA of the detection objective was re-
duced with an iris to increase the depth of field of the detection objective and accurately capture
this pattern. Care was taken to align the stage movement with the optical axis of the detection
objective; however, a small deviation was still detected in the elongated tails. The residual error
was found to be consistent and thus corrected by digitally warping the recorded data by a small
amount before applying the deconvolution [9, 24].

60 40 20
x (um) X (um)

Fig. 3. Vertical projection of a sample with fluorescent microspheres (g = 600nm), before
deconvolution (a), and after deconvolution (b). Although before deconvolution the fluores-
cent microspheres appear blurred in the axial dimension, z, the pattern is relatively inde-
pendent of the horizontal coordinate, x. Deconvolution using the light sheet model yields
comparable resolution throughout the FOV.

Figure 3(b) shows that the axial resolution across the FOV. The axial resolution was measured
to be consistently 1.9 pm across the entire FOV of the camera sensor chip (CCD, piA640-
210gm, Basler). A Gaussian light sheet with equivalent NA would provide axial resolution
of 1.4 um and only remain confined in the Rayleigh interval —4 um < x < 4 um, accurate
deconvolution may be possible over a larger FOV (—25 pm < x < 25 um) [9]. In contrast, the

#214434 - $15.00 USD  Received 24 Jun 2014; revised 18 Aug 2014; accepted 22 Aug 2014; published 5 Sep 2014
(C) 2014 OSA 1 October 2014 | Vol. 5, No. 10 | DOI:10.1364/BOE.5.003434 | BIOMEDICAL OPTICS EXPRESS 3440



Airy light sheet illumination gives access to areas that are at least four times more distant from
the light sheet waist, essentially enabling high axial resolution across the sensor area. With
further optimization we believe we can attain up to a ten-fold improvement over the Gaussian
beam as shown in our previous work using a sophisticated SLM setup [9].

z (um)

-40 -30 -20 -10 0 10 20 30 40 100 90 80 70 60 50 40 30 20 10 O
y (um) X (um)

100 90 80 70 60 50 40 30 20 10 O

-40 -30 -20 -10 0 10 20 30 40 X (um)

y (um)

Fig. 4. Light-sheet microscopy scan of the musculature of a zebrafish larva. Two distant
sections along the light sheet propagation axis (x) are shown at x = +45 um (a) and x =
—10 um (c). Two-dimensional sections are shown at y = —40 pum (b) and at z = —10 um
(d). The thickness of each section is 7.4 wum. The transverse view of the musculature (b)
shows the diameter of individual muscle fibers, which vary in size. In the longitudinal views
of the musculature (c, d), a fragment of the V-shaped myosepta separating two muscle
blocks can be appreciated: in (c) the myosepta (dark diagonal line) extends from (y =
—20 pm, z = 20 um) to (y = 10 pm, z = 50 pm), and in (d) extends from (x = 70 pm,
z=15 um) to (x =40 um, z =45 um).

As an example of a large, highly scattering sample, we imaged musculature in a zebrafish
larva, see Fig. 4. At 14 days post fertilization (14-dpf), the zebrafish larva (Danio rerio, gender
not determinable at age) was humanely killed by an overdose of tricaine methane sulfonate
(MS-222, Sigma). Schedule 1 techniques were used in compliance with the Animals (Scientific
Procedures) Act regulations and are authorized by the Animal Welfare and Ethics Committee
of the University of St Andrews. The zebrafish larva was then fixed in 4% (w/v) paraformalde-
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hyde (PFA) in PBS (1 x phosphate buffered saline solution) overnight at 4°C without agitation.
The tissue was subsequently permeabilized by washing it three times in PBT (1x PBS, 0.1%
Triton X-100). Muscle fibers were visualized by staining actin filaments with Alexa Fluor 555
phalloidin (Life Technologies), the zebrafish larva was stained overnight at 4°C in continuous
agitation, with Alexa Fluor 555 phalloidin diluted 1:100 (v/v) in PBT. The zebrafish was then
rinsed three times in PBT and embedded in 1.5% low melting point agarose.

5. Conclusion

We have demonstrated a low-cost compact Airy-beam light-sheet microscope, constructed by
converting a conventional light sheet microscope using readily-available, off-the-shelf optical
components. The entire optical setup fits well within the small footprint of 35cm x 35cm X
10cm. This size can be further reduced by exchanging the existing stage for a more compact
one and fitting it in the center of the setup as in [16]. The compactness and portability of
the system is essential to make this technology more accessible to biologists and brings more
opportunities for advanced biomedical applications. Simulations showed that tilting the cylin-
drical lens allowed a controllable amount of cubic phase modulation in order to generate the
Airy light sheet, while the additional tilt and defocus are readily compensated for by appro-
priate use of relay optics. Our experimental images of embedded fluorescent microspheres and
zebrafish larva muscle tissue show that the axial resolution is comparable to that expected from
a Gaussian light sheet, yet across the full FOV of the detector area. This proof-of-principle
implementation demonstrates that the advantages of beam-shaping can be readily exploited for
advanced light sheet microscopy with a wide range of biomedical endusers.
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