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An ultra-long light needle is highly desired in optical microscopy for its ability to improve the lat-

eral resolution over a large depth of field (DOF). However, its use in image acquisition usually

relies on mechanical raster scanning, which compromises between imaging speed and stability and

thereby restricts imaging performance. Here, we propose a synthetic Bessel light needle (SBLN)

that can be generated and scanned digitally by complex field modulation using a digital micromir-

ror device. In particular, the SBLN achieves a 45-fold improvement in DOF over its counterpart

Gaussian focus. Further, we apply the SBLN to perform motionless two-dimensional and three-

dimensional microscopic imaging, achieving both improved resolution and extended DOF. Our

work is expected to open up opportunities for potential biomedical applications. Published by AIP
Publishing. https://doi.org/10.1063/1.5058163

Conventional three-dimensional (3D) microscopy

suffers from a limited depth of field (DOF), which is

determined by the focal depth of the imaging objective lens.

High-resolution imaging can be achieved only near the focal

plane of the objective, and the lateral resolution decreases

rapidly with the distance from the focal plane. Thus,

scanning an object or an illuminating beam along the depth

direction is required to maintain the resolution at different

depths, which negatively impacts the imaging speed.

To extend the DOF of optical microscopy, various meth-

ods have been proposed, such as wavefront coding,1 decon-

volution,2 layer-by-layer frequency domain imaging,3 and

light needles.4–7 Among them, light needles were most

widely used in laser scanning microscopy, such as two-

photon microscopy,8,9 optical coherence tomography,10,11

light sheet microscopy,12,13 and photoacoustic microscopy

(PAM).14,15 In particular, the unique self-healing property of

a Bessel beam based light needle can enable imaging with an

improved penetration depth inside scattering media.16,17

Nevertheless, their use in image acquisition usually relies on

mechanical raster scanning, which limits imaging speed and

stability.

Here, we propose a non-diffracting synthetic Bessel

light needle (SBLN) to extend the microscope’s DOF. The

SBLN is synthesized by two scanned symmetrical plane

waves generated by a single digital micromirror device

(DMD). Such a virtual light needle can be flexibly synthe-

sized at any position by digital means, paving the way for

scanning-free imaging. In particular, under the same

numerical-aperture (NA) objective, the SBLN achieves a

45-fold improvement in DOF over a focused Gaussian beam.

Furthermore, we apply the SBLN to acquire two-

dimensional (2D) or 3D microscopy images without

mechanical scanning, achieving the extended DOF.

A light needle is essentially a point light on each trans-

verse plane, and a point light can be regarded as a

superposition of sinusoidal fringes according to Fourier

optics.18 Therefore, the light needle can be synthesized by

the superposition of a series of nondiffracting sinusoidal

fringes (NSFs), as illustrated in Fig. 1. By fully exploiting

the diffraction-free nature of plane waves, we further pro-

pose to create the NSF by the interference of two symmetri-

cally incident plane waves [Fig. 1(a)]. As a result, scanning

the two symmetrical plane waves in k-space can synthesize

the nondiffracting light needle [Figs. 1(b) and 1(c)], and its

intensity distribution in the Cartesian coordinates ðx; y; zÞ
can be expressed as

Ineedle x;y;zð Þ¼
ðð

k2
xþk2

y<k2
max

jE1 x;y;zð ÞþE2 x;y;zð Þj2dkxdky; (1)

where E1 ¼ A exp ½iðkxxþ kyyþ kzzÞ� and E2 ¼ A exp

½ið�kxx� kyyþ kzzÞ�. A is the amplitude of the two plane

waves, and kx, ky, and kz are the components of the wave

vector. In practice, the maximum wavenumber, kmax; of the

two plane waves is limited by the NA of the illumination

objective lens: kmax ¼ NA � 2p=k; where k is the wave-

length. The kernel jE1ðx; y; zÞ þ E2ðx; y; zÞj2 indicates the

component interference pattern used to synthesize the light

needle.

If the constant background and scaling factors are

neglected, the intensity distribution can be mathematically

simplified using cylindrical coordinates ðr; h; zÞ to

Ineedle r; h; zð Þ ¼ 2p2NA

kr
J1

4prNA

k

� �
; (2)

where J1ð�Þ is the first-order Bessel function of the first kind.

Thus, we call this nondiffracting focused beam as the syn-

thetic Bessel light needle. It can be seen from Eq. (2) that the

SBLN theoretically has an unlimited length in the z direc-

tion, an invariant diameter, and constant irradiance along the

needle. In fact, the length of the SBLN is determined by the

overlap of the two collimated beams after the objective ina)Author to whom correspondence should be addressed: LVW@caltech.edu.
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the experiment. Nevertheless, the achievable length of the

SBLN is much greater than the DOF of the objective.

In particular, the SBLN can be synthesized at any spatial

position ðx0; y0Þ by adding a phase u ¼ �2kxx0 � 2kyy0 to

E1 for each k value, whose intensity profile reads

I0needle x; y; zð Þ ¼
ð ð

k2
xþk2

y<k2
max

��� exp i �2kxx0 � 2kyy0ð Þ½ �E1 x; y; zð Þ

þE2 x; y; zð Þ
���2dkxdky

¼ Ineedle x� x0; y� y0; zð Þ: (3)

Thus, such a light needle can be flexibly scanned by digital

means, which enables the SBLN-based imaging to be real-

ized without mechanical scanning.

To form and scan two symmetrical plane waves, a single

DMD based complex field encoding method19,20 was uti-

lized, as illustrated in Fig. 2(a). According to the desired

amplitude and phase of the interference field of two

symmetrical plane waves, the corresponding binary holo-

gram is generated using the super-pixel method, as shown in

Fig. 2(b). By switching the binary holograms, these two

plane waves were rapidly scanned in k-space, and a series of

NSFs were formed at the focal plane of the objective to syn-

thesize the light needle. Figure 2(c) presents the intensity

profiles of a generated NSF with kx ¼ ky ¼ 10p=L at differ-

ent depths. The NA of the objective is 0.1, and the size ðL�
LÞ of the NSF is 180� 180 lm2. Our complex field modula-

tion enables us to maintain its profile over a depth of 3 mm.

Conventionally, amplitude-only modulation is adopted for

the binary DMD. In this manner, the generated fringe blurs

quickly away from the focal plane.

By the superposition of a series of NSFs with different k
values, the SBLN can be created. Here, 90� 90 k values

were scanned to synthesize the light needle. Figure 3(a)

shows the SBLN obtained at the center of the NSF. Four en
face cross-sections were taken from the SBLN to show the

profiles of the foci at different depths. For further analysis,

the full width at half maximum (FWHM) of the foci along

both x and y directions throughout the volume was calcu-

lated, which are illustrated in Figs. 3(b) and 3(c), respec-

tively. The volume indicated by white color is the resolution

invariant area, where the FWHM reaches 1.9 lm. The SBLN

achieves a much larger DOF over a focused Gaussian beam.

For a quantitative comparison, we define the DOF of the

SBLN as the axial range within which the lateral size

increases by up to a factor of
ffiffiffi
2
p

from the focal value. As a

result, the DOF of the SBLN at the center of the NSF is

2500 lm, which is 45-fold longer than that of a Gaussian

focus.

For the purpose of imaging, we built an SBLN-based

microscope using a photodiode (PDA36A, Thorlabs, Inc.) as

a detector, which is sketched in Fig. 4(a). A continuous-

wave laser with a wavelength of 532 nm was used as the light

source. During the image acquisition, the two symmetric

beams were rapidly scanned by switching the binary holo-

grams displayed on the DMD. At the focal plane of the

objective (NA ¼ 0.1), these two scanned beams interfered

FIG. 2. Generation of NSFs by a DMD. (a) Schematic illustration of the

experimental setup. L: lenses. (b) The amplitude and phase distributions of

the interference field of two symmetrical plane waves and its corresponding

binary hologram designed by the super-pixel method. (c) The intensity pro-

files of a fringe at different depths generated by our complex field (both the

amplitude and the phase) modulation and conventional (amplitude-only)

modulation, respectively.

FIG. 3. Synthetic Bessel light needle and its characteristics. (a)

Experimentally generated SBLN and four corresponding synthesized foci at

different depths of �0.5, 0.0, 1.0, and 1.5 mm. The focal plane is located at

z¼ 0.0 mm. (b) and (c) Varying spot sizes of the synthesized foci at different

positions in x and y directions, respectively. Scale bars, 15 lm.

FIG. 1. Principle of the SBLN. (a) The SBLN is synthesized by a series of

nondiffracting sinusoidal fringes (NSFs), which are created by the interfer-

ence of two symmetrically incident plane waves E1 and E2. The two plane

waves E1 and E2 are produced and scanned by a DMD using complex field

modulation. (b) P1;1, P1;2,���, Pn;n�1, and Pn;n are the intensity distributions of

a series of NSFs with different spatial frequencies kx and ky. (c) The SBLN

can be synthesized at any position by adding an initial phase u to E1.
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and formed an SBLN to illuminate a USAF resolution target

that served as the object. The field of view (FOV) of the

microscope, determined by the size of the NSF, was

180� 180 lm2.

Figures 4(b) and 4(c) show the reconstructed images of

the resolution target placed at different depths acquired by

the SBLN and the focused Gaussian beam, respectively. The

results show that the features of element 6 in group 8 with a

resolution of 456.1 line pairs per mm can be resolved by

SBLN microscopy whenever the object is located in the

range of �0.8 mm to 0.8 mm. When the imaging depth

reaches 61.25 mm, a slightly decreased resolution is

observed, which coincides with the theoretically predicted

resolution degradation with a factor of
ffiffiffi
2
p

. In contrast, when

the focused Gaussian beam was adopted,21 the features of

element 3 in group 6 (resolution of 80.6 line pairs per mm)

are hardly resolved at an imaging depth of 60.8 mm. When

the imaging depth reaches 61.25 mm, all the patterns in

groups 6 and 7 (lowest resolution of 64.0 line pairs per mm)

become blurred beyond recognition [Fig. 4(c)]. Overall,

SBLN microscopy achieves an extended DOF.

Furthermore, the SBLN was applied to realize volumet-

ric imaging by introducing photoacoustic (PA) detection,22,23

which is sketched in Fig. 5(a). The depth information was

resolved by the time-of-flight information carried by the PA

signals. A pulsed laser with a wavelength of 532 nm was

used as the light source. A 3D object made of spatially dis-

tributed carbon fibers with a diameter around 7 lm was

imaged. The object was located in a tank filled with water,

and an ultrasonic transducer was fixed above the object to

detect the PA signals. The ultrasonic waves were coupled by

the water. Here, a montage strategy based on the movement

of the object in the horizontal direction was adopted to

obtain a larger image. Figure 5(b) shows the volume-

rendered image of the object with an area of

600� 600� 2000 lm3. As expected, we obtained high-

resolution imaging throughout the volume. Three en face
image slices were taken at different depths to show its essen-

tially unchanged lateral resolution along the depth. The

corresponding line profiles across the carbon fibers are

shown in Figs. 5(c)–5(e). All the fibers can be clearly

resolved even when they are located at the ends of the depth

range (z¼�0.9 mm or z¼ 0.9 mm). Compared to the

conventional PAM using a focused Gaussian beam, our

SBLN-based PAM greatly increases the DOF, achieving

motionless volumetric imaging. Combined with the contour-

scanning method,24 the SBLN-based PAM can realize high-

speed motionless volumetric imaging for features of interest.

In summary, we have proposed and implemented an

ultra-long SBLN with a DMD. The SBLN achieves a 45-fold

improvement in DOF over the counterpart Gaussian focus.

Since the SBLN can be synthesized at any position within

the FOV, it is capable of performing direct 2D or 3D image

acquisition without mechanical scanning. We applied the

SBLN to perform 2D and 3D motionless imaging, achiev-

ing an extended DOF in microscopy. This extended

DOF and the motionless imaging method are expected to

open up opportunities for potential biomedical applica-

tions. Additionally, the approach proposed here could be

readily adapted for other imaging modalities, for example,

light-sheet microscopy25 and structured-illumination

microscopy.26
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