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We demonstrate single-shot non-diffracting light-sheet generation by controlling the spatial coherence of light.
A one-dimensional coherent beam, created by either increasing the spatial coherence of an LED or decreasing
the spatial coherence of a laser, makes it unnecessary to scan non-diffracting beams to generate light-sheets.
We theoretically and experimentally demonstrate the equivalence between our method and a scanned light-
sheet, and investigate the characteristics of the light-sheet in detail. Our method is easily implementable and

universally applicable for high-resolution multicolor light-sheet fluorescence imaging.

1. Introduction

Light-sheet illumination was used to investigate the physical prop-
erties of colloidal particles a century ago [1]. Since then, concepts from
the technique such as orthogonal excitation and detection have found
many applications [2]. Over the last two decades light-sheet illumina-
tion has been repurposed in light-sheet fluorescence microscopy (LSFM)
for biomedical research, and has enabled fast and long-term volumetric
imaging of biological specimens with a minimal light level [3-7].

A light-sheet is typically created by a cylindrical lens [3] or by
scanning a focused Gaussian beam [8]. Since the imaging field-of-view
is set by the Rayleigh range of the propagating Gaussian beam it is
strongly coupled with the beam thickness. Thus, LSFM with a larger
imaging area unavoidably accompanies a thicker illumination beam,
yielding a poor signal-to-background ratio. To solve this problem, a
light-sheet, generated by scanning a non-diffracting beam such as a
Bessel beam [9,10] or Airy beam [11], has been suggested. This has
proven especially useful for high-resolution subcellular imaging due to
its capability of providing a thin light-sheet for optical sectioning while
maintaining a large field-of-view [10,12]. However, the high peak
excitation intensity of a scanning-based light-sheet is likely to increase
irreversible photodamage and thus compromises LSFM’s superiority for
noninvasive imaging of living samples [13,14].

Recently, two intriguing methods have been reported to produce
non-diffracting light-sheets. The first is field synthesis [15] where a
focused and monochromatic laser line is scanned across an annular
mask placed at the objective’s pupil plane. Light-sheets with different
intensity profiles are generated at each scanning position, and the
resulting time-averaged light-sheet is identical to a scanned Bessel
beam. The second is a space-time light-sheet [16] where a diffraction
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grating and phase modulation system such as spatial light modulator
(SLM) creates a tight correlation between the spatial and temporal
frequencies in broadband incoherent light [17], and this generates uni-
versal propagation-invariant light-sheets. Compared to a scanned light
sheet [10], field synthesis and space-time light-sheets both provide
lower peak excitation intensities, which significantly reduces photo-
damage in biological specimens [15]. While their working principles
are different, both approaches require high spatial coherence of light.
Here, we show that controlling the spatial coherence of a light emitting
diode (LED) or laser facilitates the generation of static non-diffracting
light-sheets without a beam scanning module and/or SLM. We investi-
gate the characteristics of our approach and discuss its implications on
LSFM.

2. Single-shot non-diffracting light-sheet generation

Inspired by field synthesis [15], we reason that if numerous focused
lines that are spatially incoherent from each other are simultaneously
illuminated at the back focal plane (BFP) of objective, one can obtain
the same light-sheet profile as the field synthesis [Fig. 1]. Their inten-
sities are simply added up together at the image plane (IP) and this
makes it unnecessary to scan and time-average the beam for the light-
sheet generation. We note that to realize this idea, a one-dimensional
(1D) coherent beam is required, i.e. incoherent along the x-axis but
coherent along the y-axis at the conjugated image plane [Fig. 1].

Mathematically, it is straightforward to prove the equivalence be-
tween the resulting light-sheets generated by field-synthesis and our
approach as follows. We assume that the coherence function of the 1D
coherent beam for any two positions (x],y]) and (x},}) at the BFP is:

G() (x’l,yll;x'z, y’2) = I(x'l)é(x'l —X;), [¢))
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Fig. 1. Working principles of non-diffracting light-sheet generation by single-shot 1D
coherent beam (top) compared with field synthesis that sequentially scans a focused
line at different time points such as t1 or t4 and averages them (bottom). BFP and FT
denote the back focal plane and Fourier transform, respectively.

where (x’l) is the intensity. Here we have two assumptions: (1) the
light source in the y’ dimension is completely coherent and the coher-
ence function is equal to 1 for any two positions (y’1 and y/2)5 (2) the
illumination intensity at BFP is uniform and I (x’l) could be regarded
as a constant I,. After transmitting through the optical mask M (x', y')
placed at the BFP, the coherence function could be written as [18]:

Grrp (x]:01:x505) = M™ (x1. 1) M (x5 0) 108 (] = x5) @

The amplitude point spread functions from two points (x’1 y’l) , (x5, %)
at the BFP to any two points (x;,y;), (x,,y,) at the IP are represented
as h(x;,x);y,¥,) and h (x5, x};,,¥,), respectively, and they are ex-

’ J
pressed as 1 (x,x';,)’) = hy-exp (—ik@) where hj is a constant,

k is the wave vector and f is the focal length of the objective lens.
Then the coherence function propagating from the BFP to the IP can
be described as [18]:
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Since [ dy\M(x], y))h (xl,x’1 : yl,y’l) is equal to a Fourier transform of
the mask’s transmittance at )’ dimension at a fixed position x’l, we
represented it as 7,,(M(x],¥))). The intensity distribution at the IP is
then calculated as:

2
(Ixp,y)) = Grp (x1.713%1,01) = Io/dx'| |7"y/(M(X;,y/1)) 4

where the right side in Eq. (4) represents a (coherent) focused line
scanned across the BFP. It is worth noting that M (x’,)’) can be any
mask with optical amplitude and/or phase modulation.

3. Experimental results

We demonstrated our concept experimentally as shown in Fig. 2.
First, incoherent light from an LED (4 = 625 nm, M625L4) was
collected and collimated by a condenser F1 (f; = 20 mm, ACL2520U-
A), and focused by a cylindrical lens CL (f, = 25 mm, LJ4426).
The beam passed through a narrow slit S (D = 10 pm, GS-10-N-CG;
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Fig. 2. Experimental scheme of single-shot static light-sheet generation using an LED.

Ray colors denote individual light originated from different regions of the LED. CL,
cylindrical lens; F1-2, lenses; IP, imaging plane; Obj, objective lens.
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Fig. 3. Experimental results for a Bessel beam (a) and a scanned Bessel beam (b)
generated with an annular ring and laser. Scale bars, 5y = 40 pm and 6z = 1 mm. (c,
d) Static Bessel light-sheet (c) and Gaussian light-sheet (d) generated with 1D coherent
beam from an LED.

Applied Image) placed at the BFP of the cylindrical lens to control the
spatial coherence. Then the slit was conjugated to an image plane using
a relay system composed of a lens F2 (f, = 50 mm, AC254-050-A)
and an objective F3 (f; = 40 mm, AC254-040-A). An annular ring
(R1CA2000) with outer (d,) and inner (d,) diameters of 2 mm and
1.75 mm, respectively, was inserted at the BFP of the objective. Lenses
and optomechanics were purchased from Thorlabs unless specified
otherwise. The beam emanating from the slit is a 1D coherent beam
and instantaneously produces numerous focused lines at the different
positions of the BFP while illuminating the entirety of the annular
mask.

To measure the intensity profiles of the generated light-sheets, we
placed a camera (DMK 33UX290; The Imaging Source) behind the
objective and recorded images by moving the camera along the z-axis
using a motorized stage driven by a servo motor (Thorlabs, PT1-Z8). For
comparison, we first used a diode laser (4 = 638 nm, Cobolt) spatially
filtered by a single mode fiber. In this case, a Bessel beam was gener-
ated as expected [Fig. 3(a)]. Its propagation length at the full width at
half maximum (FWHM) was 6.90 mm, which was about 6 times longer
than that of a Gaussian beam with a similar thickness [Fig. 3(d)]. In
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Fig. 4. Transverse (a) and propagation (b) profiles of Gaussian beam, Bessel beam,
scanned Bessel beam and static Bessel light-sheet.

>
S 1.0,
©

§ 1.0- ---625nm

>os 208!
c 0.6 é 0.6
=
; 0.4] s 0.4]
202! £02{ _
00 € 0.0
7550 25 0 25 50 75 75 -50-25 0 25 50 75

y (um) y (Hm)

Fig. 5. (a) Intensity profiles along the y-axis for static Bessel light-sheets measured with
different slit widths. (b) Dual color light-sheet generation at wavelengths of 430 nm
and 625 nm. Scale bar, 5y = 40 pm and 6z = 1 mm.

contrast, with 1D coherent light from LED, a static non-diffracting light-
sheet was generated without beam scanning [Fig. 3(c)]. Its propagation
length was 6.75 mm and the beam thickness was ~14.5 um [Fig. 4(a)
and (b)], which were the same as those of a laterally scanned Bessel
beam [Fig. 3(b)]. This was obtained by convolution of the measured
Bessel beam intensity and a line along the x-axis. The lateral field-
of-view along the x-axis of the static non-diffracting light-sheet was
~10 mm. Note that by increasing the ratio d,/d; one can readily
prepare a non-diffracting light-sheet with a longer propagation length;
however, this results in substantial side-lobes that are not desirable
for fluorescence imaging. If the annular ring mask is omitted, one can
create static Gaussian light-sheets as well [Fig. 3(d)].

To examine the effect of the degree of spatial coherence, we mea-
sured the propagation intensity profiles with various slit widths. As the
width increased from 10 pm to 40 pum, the beam thickness increased
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by 3.4-fold and the side-lobe fringes faded [19] while the propagation
length remained almost constant [20][Fig. 5(a)]. The spatial coherence
radius (p,) at the BFP can be approximated as p. = if,/D = 3.1
mm [18], which ensured high spatial coherence along the y-axis for
our annular ring when used with the 10 pm slit.

Next, we examined the possibility of multicolor imaging. Two LEDs
(4 = 430 nm and 625 nm) were combined by a dichroic beamsplitter
and sent to the slit. The resulting light-sheets were approximately the
same beam thickness [Fig. 5(b)], while the length of light-sheet at
430 nm was slightly shorter than that at 625 nm. The bandwidth of
LED used (<20 nm) does not affect the properties of our light-sheets.

Lastly, instead of an LED, we used a diode laser (4 = 638 nm,
Cobolt 06-MLD) but reduced its spatial coherence by coupling it into a
multimode fiber (@400 pm, M28L01). A transmissive speckle reducer
(Optotune, LSR-3005-12D-VIS) and a fiber shaker motor (ASLONG,
JRF370-18260) were used to randomize speckle patterns and decrease
the spatial coherence. For convenience, the beam was connected to a
round-to-linear multimode fiber bundle (75 x @50 pm, custom design;
Leoni) and the output beam was sent via a setup shown in Fig. 6(b). The
same annular ring was used as in the LED experiment. This laser-based
approach also generated a static non-diffracting light-sheet [Fig. 6(c)]
with a negligible speckle pattern. We obtained ~0.5 mW of output
power at the sample plane (0.36% efficiency), which was ~50 times
higher illumination efficiency than an LED. However, it is possible to
further improve the light efficiency by optimizing our setup. Approxi-
mately 60 fibers were mapped on the BFP and this was sufficient for a
complete field synthesis [15].

4. Conclusions

We propose a new method to generate light-sheets by controlling
the spatial coherence of light. A 1D coherent beam in conjunction
with a spatial filter enables us to create non-diffracting light-sheets
exhibiting uniform illumination and a long propagation length. Unlike
other approaches, our method does not require lateral scanning and is
also well suited to multicolor imaging. We can extend our approach to
create other non-diffracting light-sheets as well [21,22]. Either an LED
or a laser can be employed once their spatial coherence is properly con-
trolled, yielding a 1D coherent beam. It is promising to use a laser with
tunable spatial coherence [23] such as degenerate cavity lasers [24].
Our simple approach has potential for advancing LSFM systems [25],
including generation of multiple light-sheets in 3D [26,27].

F1 CL1 CL2 CL3 Mask Obj Camera -
S . I—-X

Fig. 6. (a, b) Schematic for preparing 1D coherent beam by a laser. (b) Experimental setup for single-shot nondiffracting light-sheet generation using a laser. F, =50 mm, F, = 10

mm, Fep, =50 mm, Fe3 =25 mm, Fy,; =

=40 mm. (c) The generated static Bessel light-sheet. The exposure time of camera was 20 ms. Scale bar, §y = 40 ym and 6z = 1 mm.
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