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HIGH-SPEED BINARY LASER BEAM
SHAPING AND SCANNING

TECHNICAL FIELD

[0001] The present disclosure relates to laser beam shap-
ing and scanning, in particular, to high-speed laser beam
shaping and scanning.

BACKGROUND

[0002] Laser beam shaping, i.e., modulation of the phase,
mode and amplitude of a laser beam, is an important
technology that enables many practical laser applications.
Specific laser beam modes, such as Airy beam, Bessel beam
and Laguerre-Gaussian (LG) beam, enable critical applica-
tions in optical manipulation, biomedical imaging, laser
fusion and material processing etc. Accordingly, various
beam shaping techniques have been proposed and devel-
oped. The most effective and common laser beam shaper is
designed with a spatial light modulator (SLM). For example,
a liquid crystal (LC)-based SLM achieves arbitrary beam
shaping with good efficiency and resolution for both con-
tinuous-wave (CW) and pulsed lasers. Alternatively, beam
shapers can be designed with a deformable mirror (DM)
device, which can generate arbitrary phase or amplitude
profiles. Although the aforementioned methods are effective
and commercially available, they are limited by the shaping
rate and resolution, i.e., the LC-SLLM can only operate at 100
s Hz and a typical DM device has less than 10,000 pixels.
[0003] A digital micromirror device (DMD) can be con-
sidered as a programmable binary mask, consisting of sev-
eral million micromirrors. Each micromirror is an indepen-
dent pixel with two stable angular positions, ie., £12°.
Recently, the DMD has been reported to shape continuous
wave (CW) lasers. The DMD is a promising device for
next-generation laser beam shapers for the following rea-
sons: (1) broad wavelength range, i.e., from ultraviolet
(~320 nm) to far infrared (2500 nm) with appropriate
coatings; (2) high pattern rate, up to 32.5 kHz; (3) high
damage threshold; and (4) insensitivity to polarization.
Despite these advantages, applications of DMD in beam
shaping methods have been limited to CW lasers to date due
to the complexity involved in compensating the dispersion
in pulsed lasers.

[0004] As ultrafast lasers such as femtosecond lasers are
essential to a myriad of scientific and industrial applications,
e.g., two-photon excited (TPE) microscopy, second-har-
monic generation, laser filamentation, micro machining and
light bullet generation, new high-speed and high resolution
femtosecond beam shaping technologies may facilitate a
multitude of new scientific studies and applications. The
extension of DMD technologies to ultrafast lasers can thus
advance the performance limit of conventional beam shap-
ing methods.

SUMMARY OF THE INVENTION

[0005] The present disclosure provides a device for shap-
ing and scanning an ultrafast laser beam with higher shaping
and scanning rate and resolution.

[0006] According to an aspect of the present application,
a device for shaping an ultrafast laser beam comprises: a
laser source, configured to output a pulsed laser beam
containing different frequency spectrum; a digital micromir-
ror device (DMD) consisting of a plurality of micromirrors,
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configured to receive the laser beam and shape the received
laser beam with a first angular dispersion; and a dispersion
compensation unit, arranged before or after the DMD,
configured to transfer the laser beam from the laser source
to the DMD with a second angular dispersion for neutral-
izing the first angular dispersion.

[0007] According to an embodiment, the dispersion com-
pensation unit may comprise at least one diffraction com-
ponent, configured to receive the laser beam from the laser
source and transfer the received laser beam into a beam with
the second angular dispersion; and a lens pair, configured to
collimate and expand the pulsed laser beam and image the
beam onto the DMD.

[0008] According to an embodiment, the dispersion com-
pensation unit may further comprise a mirror, configured to
change the sign of angular dispersion of the beam imaged to
the DMD.

[0009] According to an embodiment, the diffraction com-
ponent is a component that disperses light, such as a grating,
a prism, a hologram and another DMD.

[0010] According to an embodiment, the device may
further comprise an imaging unit, configured to record beam
modes obtained from the output beam of the DMD.

[0011] According to an embodiment, the imaging unit may
comprise a filter, configured to filter the output beam from
the DMD; and a CCD camera, configured to record the
image or beam modes obtained from the filtered beam.
[0012] According to an embodiment, the plurality of
micromirrors of the DMD are programmable to generate
variable patterns to shape beams into arbitrary profiles.
[0013] According to an embodiment, the dispersion com-
pensation unit is arranged so that the second angular dis-
persion is positive if the first angular dispersion is negative
and the second angular dispersion is negative if the first
angular dispersion is positive.

[0014] According to another aspect of the present appli-
cation, a laser scanning microscope comprising the above
device is provided. According to embodiments, the device
may be used for controlling the beam modes, x- and y-scan-
ning and z-scanning, the microscope may be a wide field or
line-scanning microscope based on pulsed lasers or a super-
resolution microscope based on pulsed lasers. A laser fab-
rication/machining system comprising the device is also
provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The patent application file contains at least one
drawing executed in color. Copies of this patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.
[0016] FIG. 1 is an illustrative optical configuration of a
device according to an embodiment of the disclosure;
[0017] FIG. 2 is an illustrative TPE microscope equipped
with a device according to an embodiment of the disclosure;
[0018] FIG. 3 is an illustrative example of a curved
imaging plane achieved by properly synchronizing the
motion of y-scanner and the variation of the wavefront focal
length of a device according to an embodiment of the
disclosure;

[0019] FIG. 4 is an illustrative example of imaging neural
network in 3-D by omnidirectional imaging of a device
according to an embodiment of the disclosure;
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[0020] FIG. 5qa illustrates theoretical and experimental
autocorrelation curves of the input beam before the grating
according to an embodiment of the disclosure;

[0021] FIG. 55 illustrates spectrum of the input beam and
intensity distribution of the input beam according to an
embodiment of the disclosure;

[0022] FIG. 5¢ illustrates theoretical and experimental
autocorrelation curves of the output beam departing from the
DMD at —1st diffraction order of the hologram according to
an embodiment of the disclosure;

[0023] FIG. 5d illustrates spectrum of the output beam and
intensity distribution of the output beam according to an
embodiment of the disclosure;

[0024] FIG. 6q illustrates the experimental results of the
intensity profile of shaped Airy beam;

[0025] FIG. 65 illustrates the experimental results of the
intensity profile of shaped Bessel beam;

[0026] FIG. 6c¢ illustrates the experimental results of the
intensity profile of shaped LG beam;

[0027] FIG. 6d illustrates the experimental results of the
intensity profile of shaped “peace dove” beam;

[0028] FIG. 6¢ illustrates the center portion of correspond-
ing binary patterns for the Airy beam mode on the DMD;
[0029] FIG. 6fillustrates the center portion of correspond-
ing binary patterns for the Bessel beam mode on the DMD;
[0030] FIG. 6g illustrates the center portion of correspond-
ing binary patterns for the LG beam mode on the DMD;
[0031] FIG. 6/ illustrates the center portion of correspond-
ing binary patterns for the “peace dove” beam mode on the
DMD;

[0032] FIG. 7a illustrates intensity variations recorded by
the PD when switching between Airy beam and LG beam;
[0033] FIG. 75 illustrates Intensity variation of pulses in
Airy mode when zooming in on the red dashed region
located in FIG. 7a; and

[0034] FIG. 7c illustrates intensity variation of pulses in
LG mode when zooming in on the blue dashed region
located in FIG. 7a.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0035] This invention presents a new method that gener-
ates dynamic binary masks via a digital micromirror device
(DMD) to manipulate and correct the wavefront of a pulsed
laser, i.e. a DMD-based Ultrafast Beam Shaper (DUBS).
Pulsed lasers are widely used in biomedical imaging, fiber
optics, spectroscopy, manufacturing, lithography and high-
field physics etc. Beam shaping is a process that shapes the
distribution of the amplitude and phase of electromagnetic
waves, namely, the wavefront of a beam. Beam shaping has
extensive applications comprising laser scanning micros-
copy, endomicroscopy, material processing, optical commu-
nication, 3D printing and frontier physics-chemical
research. In addition, applications in optical tweezer and
super-resolution also require the beam profile to be shaped
like a “doughnut”. Comparing with existing beam shaping
technologies, our new DMD-based beam shaper has the
following advantages: (1) broad band ranging from ultra-
violet (UV) to far infrared when coated appropriately, (2)
high pattern rate up to 32 kHz, (3) high damage threshold,
(4) insensitivity to polarization, and (5) low cost. This new
technology provides precision control for ultrahigh speed
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wavefront manipulation of pulsed laser beams and thus
enables diverse high-speed applications that cannot be done
before.

[0036] The optical configuration of DUBS is presented in
FIG. 1. The system consists of four parts: a laser source, a
dispersion compensation unit, a beam shaping device, and a
detection/imaging unit. The laser source may be is a Ti:Sap-
phire femtosecond second laser 101 (e.g. Chameleon Ultra
II, Coherent, USA; repetition rate: 80 MHz; average power:
3.5 W). As understood, the laser source may be any other
suitable source outputting a pulsed laser beam containing
different frequency spectrum. For example, the laser is
operated at a central wavelength of 797 nm with a pulse
width of 200 fs and a beam diameter of ~1 mm. The beam
shaping device is a digital micromirror device (DMD) 103
consisting of a plurality of micromirrors, configured to
receive the laser beam and shape the received laser beam
with a first angular dispersion (e.g. 1140x912 pixels,
DLP4500-NIR, Texas Instrument, USA). The dispersion
compensation unit is arranged before or after the DMD and
configured to transfer the laser beam from the laser source
to the DMD with a second angular dispersion for neutral-
izing the first angular dispersion. The dispersion compen-
sation unit consists of two achromatic lenses [.1, .2 (e.g.
A=50 mm and £,=100 mm) and a dispersion compensation
unit such as a blazed grating 102 (1200 lines/mm, Light-
smyth, USA). The diffraction component unit may also be a
component that disperses light, such as a prism, a hologram
or another DMD.L1 and .2 together form a beam expander.
In addition, L2 itself images the beam onto the DMD. The
values of fl and f2 can change but L1 and .2 should form
a 4-f system. An optional mirror M2 may also be included
in the diffraction component unit when required for revers-
ing the sign of the angular dispersion directed to the DMD.
The detection/imaging unit may be comprised of a pair of
achromatic lens 1.3, L4 (e.g. {.=5 mm and £,=75 mm), a filter
104 and a CCD camera (e.g. Chameleon CMLN-13S2M,
Coherent, USA). .3 and [.4 can adjust the output beam size
(if 13 is not equal to f4) and image the output to the camera.
When the grating 102 is illuminated by the laser beam, it
disperses the spectrum at the —1st order and simultaneously
broadens the pulse width. Consequently, a positive angular
dispersion is added to the input beam. As the DMD 103
simultaneously functions as a programmable binary mask
and a blazed reflection grating, it will introduce negative
angular dispersion to the output beam. Based on the fact, [.2
is properly positioned between the grating 102 and the DMD
103 so that the two dispersions are neutralized. As a result,
the output beam is dispersion-free. The filter 104 is placed
at the back focal plane of L3 to spatially filter out all
diffracted beams except the —1st order beam of the hologram
pattern as the output beam. Accordingly, arbitrary beam
shaping can be achieved by altering the patterns on the DMD
103 without dispersion. The patterns on the DMD 103 are
calculated based on the principle binary holography. An
optional mirror M1 is also used in the embodiment of FIG.
1 for making the configuration more compact.

[0037] Hereinafter, features related to the DUBS will be
described in details.

[0038] Dispersion Compensation

[0039] As mentioned above, as the DMD simultaneously
functions as a programmable binary mask and a blazed
reflection grating, it may introduce negative angular disper-
sion to the output beam. To address this issue, a blazed



US 2017/0082845 Al

transmission grating (1200 lines/mm, Lightsmyth, USA) is
placed before 1.2, combined with a high-reflectivity mirror
M2, to generate positive dispersion for eliminating the
dispersion in the DUBS. After the DMD, two achromatic
lenses, [.3 and .4 (f;5=75 mm and f; ,=75 mm), project the
output beam to a CCD camera (Chameleon CMLN-13S2M,
Coherent, USA) for monitoring the beam modes. An iris
diaphragm is placed at the back focal plane of [.3 to spatially
filter out all diffracted beams except the —1st order beam of
the hologram pattern as the output beam. Accordingly,
arbitrary beam shaping can be achieved by altering the
patterns on the DMD without dispersion. The patterns on the
DMD are calculated based on the principle binary hologra-
phy.

[0040] It is understood that, although we take the first
angular dispersion introduced by the DMD being negative
and the second angular dispersion introduced by the grating
being positive as an example. It is also possible that the first
angular dispersion introduced by the DMD is positive and
the second angular dispersion introduced by the grating is
negative as required.

[0041] Angular dispersion compensation is critical to
shaping pulsed laser beams. The key dispersion parameters
can be determined by the following analysis. We begin with
the grating equation:

d(sin O;+sin 8,,)=mh, (€8]

where d is the grating period; m is an integer indicating the
diffraction order; 6, and 0,, are the incident and diffraction
angles of the m” order diffraction respectively. Differenti-
ating Eq. 1, we can obtain the angular dispersiond 0,/
dA=m/(dscos 0,,;) of the diffracted beam introduced by
the grating. Likewise, the angular dispersion introduced by
the DMD is de,,/dA=m,/(d,-cos 6,), where the subscripts
G and D denote the grating and DMD respectively. In the
DUBS, the 1* order diffraction of the grating (m_) and the
-5% order diffraction of the DMD, the lowest available
diffraction order, are used. Hence, the ratio of angular
dispersion introduced by the grating and the DMD can be
expressed as

dfc/dX 1 dpcostp o)
d0pp /dX s dGeosbag

Next we present the optical design procedure. The distance
between any optical component A and B is defined as s, .
Accordingly, the angular magnification of L2 can be
expressed as

sq—12 (3)
spp =D’

My =

To remove the angular dispersion, —-M, should be equal to
(d6,5/dn)/(d8,,,/dr). As Eq. 2 is negative, a mirror M2,
located between 1.2 and the DMD, is introduced to convert
the sign of M ;. From Eq. 2 and Eq. 3, which are independent
of wavelengths, we can conclude the beam shaping setup is
dispersion free. In the experiment, the pixel size of the DMD
is d5-10.2 um; the angles of the incident and diffracted
beams of the grating are 0,5,-30° and 0,,,=27 respectively;
the angles of the incident and diffracted beams of the DMD
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are 0,,=27 and 0,,,=-5° respectively. Accordingly, the
angular dispersion introduced by the DMD is equivalent to
that introduced by a 463 lines/mm grating, considering its
-1%* diffraction order. Substituting these values into Eq. 2
and Eq. 3 in combination with the Gaussian lens formula,
14, ,=1/s ;,+1/s;, 5, We can obtain s ;,=138.6 mm and
$;5 - According to the results, in the experiment we set
$;1.c—11 mm, s;;,=139 mm, s;, ,,=240 mm, and s,
=119 mm. The specific diffraction orders have fixed values
in the illustrative specific DMD and optical setup. Using a
different DMD may lead to different values of m and m,,.

Pattern Design and Generation

[0042] With angular dispersion being compensated, this
section shows how to form proper patterns on the DMD to
generate different beam modes. Four beam modes are dem-
onstrated including Airy beam, Laguerre-Gaussian (LG)
beam, Bessel beam and a custom-designed “Peace Dove”.
To begin, let A(x,y)-exp[ip(x,y)] be the target wavefront,
where A (x,y)€[0,1] and ¢(x,y) represent the amplitude and
phase of the electric field respectively; x and y are the
coordinates in Cartesian coordinate system. Next, let h(i,j)
€{0,1}, (I1=i=sm 1=j=n,ijEN) be the pixels on the DMD,
where 1 and O refer to the “on” and “off” states respectively;
and m and nrefer to the number of rows and columns
respectively, i.e., x=i-d; and y=j-d. In order to synthesize
the wavefront, according to Lee holography, the hologram
on the DMD can be generated according to Eq. 4:

_sin’lA(x, » _Rxy) N o(x, y) ks sint A, y) 4
hi, =47 on T on - 2r
0, otherwise

where R (x,y) is a tilted phase to spatially separate different
diffraction orders; T is the grating period and k is an integer.
Generally, the tilted phase is given by R(x,y)=cos 6-x+sin
0-y, where 0 is the angle of the fringes measured counter-
clockwise from the positive y-axis. For the four selected
beam modes, i.e., the Airy beam, Bessel beam, LG beam,
and “peace dove” beam, their wavefront formulae are pre-
sented in Eq. 5, Eq. 6, Eq. 7, and Eq. 8 respectively. Note
that Eq. 6 and Eq. 7. are converted from polar to Cartesian
coordinate system for programming the pixels on the DMD.

Airy Beam (Cubic Phase):
[0043]

P (&)

o

airy(x, y) =2m-

Bessel Beam (Conical Phase):

[0044]

Va2 132 (6

P1

P
PBesset(p) = 27 o = PBessel(X, y) =27
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LG Beam (Helical Phase):

[0045]

Y M

[4
e =21 — > g, y) =

¢o

Sy Sy

Peace Dove Beam (Irregular Phase and Amplitude):

[0046]

{ Pove (%, ¥) = Pim X, Y) (3)
Adove (X, y) = Apn(x, ¥)

where p and ¢ are the coordinates used in polar coordinate
system; po, P, and ¢, are constants. In the experiment, the
grating period of the DMD is set to be 10 pixels, i.e., T=103
pum. Note that for the Airy beam, Bessel beam, and LG beam,
only the phases are modulated, according to Eq. 5, 6 and 7.
For the “peace dove” beam, both the phase and amplitude
are modulated, according to Eq. 8. To spatially separate the
—1st order beam from others, the tilted phase is defined as
R Ai,y(x,y):(x+y)/\/§ for the Airy beam; tilted phase is iden-
tical for the LG, Bessel and dove beam, defined as R, ,
%Y)=R; 6(%,¥)R 1,,.(%,y)=y. The constant, 1/v/2, indicates
that the fringes of the Airy pattern are tilted for 45°. FIG.
6(a)-6(d) present the experimental results of the intensity
profiles of shaped Airy beam, Bessel beam, LG beam and
“peace dove” beam respectively; FIG. 6(e)-6(%) present the
center portion of corresponding binary patterns for each
beam mode on the DMD. The inset in FIG. 6(a) presents the
autocorrelation curves of the output Airy beam; the small
FWHM (374 fs) of the Airy beam curve suggests that
varying the patterns on the DMD will not introduce addi-
tional angular dispersion. The result confirms that the phase
modulation in the DUBS is independent of wavelength
variation according to Eq. 4. Accordingly, the DUBS is a
dispersion-free arbitrary beam shaper.

High-Speed Z-Scanning for Laser Scanning Microscopy
One critical application of this invention is to scan the focal
point of the laser at ultrahigh speed, i.e. the update rate of a
DMD (4-32 kHz). As shown in FIG. 2, a laser scanning
two-photon excited (TPE) microscope according to the
present application can include a DMD-based z-scanning
unit by introducing a DMD right after the femtosecond laser
to adjust its wavefront. The plane wavefront is then modu-
lated into a spherical wavefront. If the wavefront projected
to the scanners is converging, the focal point at the sample
will be raised in axial direction. Likewise, the focal point
will be lowered when the wavefront is diverging. Note that
the DMD can be synchronized with the x and y scanning unit
(e.g. polygon mirror, or galvanometric scanner, to realize
ultrafast z-scanning. In FIG. 2, the DMD-based z-scanning
unit and the laser source 202 commonly constitute a DUBS
according to the present application.
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[0047] The phase of a spherical wavefront is given by

7r(x2 + yz)

Px, y) - bY;

where A is the wavelength and f is the focal length of the
spherical wavefront. If we change and apply it to Eq. 4, then
the DMD-based beam shaper will generate a spherical
wavefront with varying focal length accordingly. In this
case, the beam shaper functions as a lens with tunable focal
length. As a result, the focal point within the sample will
move along the axial direction corresponding to the conver-
gence or divergence of the spherical wavefront, at a speed
equal to the pattern update rate of the DMD, thereby
achieving high-speed z-scanning for TPE microscopy.

High-Speed Random-Access Scanning for Laser Scanning
Microscopy

[0048] Applying the specific patterns on the DMD, ultra-
fast speed in-plane (lateral) scanning, i.e., x-axis and y-axis,
of'the focal point of the pulsed laser can also be achieved via
the DUBS. In addition, lateral (x and y) and axial (z)
scanning can be combined based on the principle of super-
position, realizing ultrafast “random-access scanning”—
popular technique in laser scanning microscopy, which
conventionally are performed using a piezoelectric actuator
or a pair of acousto-optic deflector (AOD) to scan.

Multi-Depth and Omnidirectional Imaging

[0049] Since the update rate of the DMD is compatible
with that of the fast x-scanner, i.e. the polygon mirror, real
time multi-depth and omnidirectional imaging in 3-dimen-
sional (3-D) space can be realized. Specifically, for omni-
directional imaging, during a raster X-y scan, each pixel can
be assigned a specific z position which forms an arbitrary
surface. FIG. 3 shows an example of a curved imaging plane
achieved by assigning a proper focal length f to the spherical
wavefront.

[0050] These ultrafast z-scanning enabled techniques, i.e.
multi-layer imaging and omnidirectional imaging, are pow-
erful tools for biomedical imaging. For example, omnidi-
rectional imaging can be used to study the neural network
activities in real time by conforming imaging plane to follow
certain 3-D neural network in space as shown in FIG. 4.
Comparison with Existing Product

[0051] Shaping CW laser beam, or monochromatic beam,
has been well studied to generate various wavefront such as
Bessel beam, Airy beam, and LG beam etc. However, a
mature and effective method to shape the beams of a pulsed
laser has yet to be developed despite the fact that pulsed
lasers have many applications for both industry and aca-
demia. In addition, our new technology can also be used to
shape CW lasers. Overall, the DUBS is low cost and has
significant advantages over conventional beam shaping
technologies. The following sessions will compare DUBS
with existing beam shaping technologies.

[0052] Shaping pulsed laser beam with SLM, especially
liquid crystal-based SLM (LCSLM), is one of the most
adopted shaping methods and commercially available. This
method is effective, robust and dispersion-free. However, it
has the following drawbacks compared with to DUBS:
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[0053] a) The refresh rate of a LCSLM is much lower.
An SLM typically runs at a refresh rate of 60 frame-
per-second (fps) and the best one runs at 200 fps. On
the contrary, a DMD can operate at a refresh rate of
4-32 kHz, which is higher than the SLM by at least an
order of amplitude.

[0054] b) LCSLM has a limited bandwidth. The band-
width of an SLM is determined by the transmission
characteristics of its liquid crystal (LC) layer, so the
bandwidth is usually narrow and extremely difficult to
extend to ultraviolet (UV) range. On the other hand, the
bandwidth of a DMD is solely dependent on the coating
of the micromirrors and can be tuned and extended to
UV or infrared at low cost.

[0055] c¢) LCSLM has a lower damage threshold. Gen-
erally, an SLM may be damaged in three ways: (1)
thermal damage of L.C caused by high average power,
(2) abrasion damage of the dielectric or aluminum layer
caused by high peak power, and (3) photochemical
damage caused by illuminating .C molecules with UV
light at a wavelength less than 300 nm. For a DMD, it
can take much higher average/peak laser power before
any damage occurs.

[0056] d) LCSLM is expensive. In most cases, an
LCSLM costs no less than 10,000 US dollars while a
DMD is available at a price of around 500 US dollars
or less.

[0057] e) LCSLM cannot modulate/shape phase and
amplitude simultaneously. A single SLM can only
modulate either phase or amplitude at a time unless two
are employed simultaneously. However, this setup sub-
stantially decreases diffraction efficiency as well as
increases the cost. In comparison, a single DMD itself
is capable of shaping phase and amplitude simultane-
ously at low cost.

[0058] A DM is a mirror with a deformable surface that is
controlled by the force of actuators beneath the surface,
mechanically or electrostatically. Experiments have been
performed to shape smoothly varying phase with a DM.
Nevertheless, several intrinsic limits of the DM confine its
usage to a handful of applications while the DMD is more
versatile.

[0059] a) A DM has limited pixels/actuators (100
s~1000 s pixels). The number of actuators determines
the sampling rate and resolution in constructing an
arbitrary wavefront. Unfortunately, this number is typi-
cally less than a few hundreds, so it is not practically to
precisely shape a fast changing wavefront with the DM.
In contrast, the number of pixels of a DMD usually is
at the level of a million or higher, e.g. 1280*800, so the
DMD can shape extremely distorted wavefront with a
high resolution.

[0060] b)A DM is more expensive (10 kto 100 k USD).
The DMD is much cheaper than a DM as DMD is a
matured device.

[0061] c¢) A DM-based pulse shaper cannot effectively
compensate dispersion when the pulse duration/width
is long. The DM works well when shaping a laser beam
with short pulse width. However, when the pulse width
is stretched longer, e.g. 200 femtoseconds (fs), signifi-
cant dispersion will occur. For the DUBS, a dispersion
compensation unit is included in the system which is
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not sensitive to pulse width, and thus no additional
dispersion will be introduced to the beam shaping
process.

[0062] According to the above, the DUBS is a low-cost,
high-speed, highly efficient, and robust pulse shaping
device, which can be widely used in industrial applications
and scientific research. The DUPS provides precision con-
trol over the wavefront of a pulsed laser beam at ultrafast
speed (32 kHz) that no over existing pulse shaping tech-
nologies can achieve.

[0063] Application examples of the DUPS include but not
limited to the following cases:

[0064] a) Axial scanning (z-scanning) as well as lateral
scanning (X- or y-scanning) by generating spherical
wavefronts (with different radii) and tilted phases
respectively. Take z-scanning as an example, the
dynamic binary mask can be viewed as a lens with
tunable focal length. Changing the radius of a spherical
wavefront causes the laser beam to converge or
diverge, which subsequently controls focal length.
Since high-speed axial scanning is a long-sought goal
in both biomedical imaging and manufacturing, e.g. 3D
printing, this technique may generate significant impact
in these two fields. Combining the x, y, and z scanning,
random-access scanning can be achieved.

[0065] b) Simultaneous omnidirectional imaging and
optical stimulation can be achieved by including an
“optical switch”, e.g. acoustic-optic modulator (AOM),
on the basis of 4(a). An AOM is a device that can
deflect incident beam to different orientations thereby
controlling the “ON/OFF” state of the beam. As a
result, combining axial scanning and optical switching
together will enable three-dimensional simultaneous
imaging and stimulation. This technique will have a
profound impact on biological studies and clinical
applications, such as the study of neural networks,
optogenetics and neuronal degeneration diagnose etc.

[0066] c) Generating various typical or arbitrary beam
profiles. The DUBS can shape a pulse laser beam into
Bessel beam, Airy beam, LG beam and any other types
of profiles. Particularly, Bessel beam and Airy beam
will not diffract when they propagate, often referred as
“light bullet”, so they are very promising to increase the
penetration depth in microscopy. Besides, Bessel, Airy
and LG beam are proved useful in optical tweezer,
molecule manipulation, and extending field-of-view
(FOV) or achieving super-resolution in microscopy etc.
These beam profile can also be combined with axial
scanning shown in 4(a). For instance, when LG beam
is combined with axial scanning shown in 4(a), a
microscope that can rapidly scan in the axial direction
beyond the diffraction limit would be possible. Further-
more, even an arbitrary image can be reconstructed
with a pulsed laser in our invention, which can find use
in the fields of holography and laser art.

[0067] d) Wavefront correction. Wavefront correction is
often used in “Adaptive Optics” (AO). Conventional
AO utilized a DM as the key correction component.
This technique is indispensable to astronomical tele-
scopes, laser communication systems and microscopy
etc. Using the DUBS, an incoming distorted wavefront
can be detected and corrected. Our invention is superior
to DM-based AO with higher resolution and lower cost.
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[0068] Preliminary experimental data show that the DUBS
can completely compensate dispersion and shape a pulsed
laser beam to any desired wavefront with a high resolution.
Next, we will first present measured autocorrelation curves
(FIG. 5) (FIGS. 5a-5d) to prove the effectiveness of disper-
sion compensation, and lastly present the various beam
profiles (FIGS. 6a-6/) shaped by the DUBS.

[0069] To assess the effectiveness of dispersion compen-
sation, we measured the pulse width of the laser beam before
the grating and after the DMD using an autocorrelator (e.g.
PulseCheck USB 50, APE, Germany). As shown in FIG.
5(a)-(b), the autocorrelation curves of the beam before the
grating and those after the DMD have a full width at half
maximum (FWHM) close to the other. The comparison
confirms that dispersion compensation is effective. In addi-
tion, the FWHM of the curve after the DMD is slightly
smaller than the one before the grating by ~30 fs. This
indicates that the dispersion compensation is also capable of
removing dispersion caused by other sources, such as the
intrinsic chirp of the laser source or misalignment.

[0070] In particular, FIG. 5 (a) illustrates theoretical (red)
and experimental (black) autocorrelation curves of the input
beam before the grating. FIG. 5 (b) illustrates spectrum of
the input beam; Inset: Intensity distribution of the input
beam. FIG. 5 (¢) illustrates theoretical (red) and experimen-
tal (black) autocorrelation curves of the output beam depart-
ing from the DMD at -1st diffraction order of the hologram.
FIG. 5 (d) illustrates spectrum of the output beam; Inset:
Intensity distribution of the output beam.

[0071] FIGS. 6a-6/ present the results of the beam shap-
ing experiments (theories have been presented in Section 2).
In the experiment, the grating period of the DMD was set to
be T=10d,=100.8. To spatially separate the —1st order from
others, the tilted phase is R(x,y)=(x+y)/V2 for Airy beam
while those for LG, Bessel and “Peace Dove” beam are
R(x,y)=y. FIGS. 6 (a)-(d) show the intensity distribution of
the beam modes; FIG. 6 (e)-(7) show the center portion of
corresponding binary patterns on the DMD. The FWHM of
the autocorrelation curve (inset of FIG. 6(a)) is 374 fs, which
suggests that changing patterns on the DMD does not
interfere with dispersion compensation.

[0072] In particular, FIGS. 6(a)-(d) illustrate intensity
distribution of different beam modes and their corresponding
patterns on the DMD, i.e., intensity distribution of Airy
beam, Bessel beam, LG beam and ‘“Peace Dove” beam
respectively; FIGS. 6(e)-(%) illustrate patterns on the DMD
that generate Airy beam, Bessel beam, .G beam and “Peace
Dove” beam respectively. Inset in (a) illustrates experimen-
tal (black) and theoretical (red) autocorrelation curves of the
beam shaped in Airy mode.

[0073] To validate the ultrafast shaping rate of DUBS, we
replaced the CCD camera in FIG. 1 with a photodiode
(DET10A—Si Detector, Thorlabs, USA). In this setup, the
beam was shaped alternatively between Airy mode and L.G
mode at the maximal pattern rate (4.2 kHz) of the DMD
(DLP4500-NIR, Texas Instrument, USA). The photodiode
(PD) was placed at the head position of the Airy beam
pattern, bottom left corner in FIG. 6(a), as well as the
“doughnut” center of the LG beam, as shown in FIG. 7(a).
Since, where the PD located, the Airy pattern contains more
energy than the “hollow” LG pattern, the output of the PD
fluctuated between a “high” and “low” value; the duration of
which (235 ps) implies the shaping rate of DUBS is at 4.2
kHz. When zooming in at the “high” and “low” regions,
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individual pulses of 80 MHz repetition rate can also be
observed at the Airy or LG mode; the results are shown in
FIG. 7(b)-(c). Moreover, the shaping rate of DUBS can be
further increased using a DMD of higher update rate, e.g.
DLP7000 (Texas Instruments, USA) with a pattern rate of
32.5 kHz.

[0074] FIG. 7 (a) illustrates intensity variations recorded
by the PD when switching between Airy beam (higher
intensity) and LG beam (lower intensity). FIG. 7 (b) illus-
trates Intensity variation of pulses in Airy mode when
zooming in on the red dashed region located in FIG. 7(a).
FIG. 7 (¢) illustrates intensity variation of pulses in LG
mode when zooming in on the blue dashed region located in
FIG. 7(a). Insets in (a) is illustrations of locations of the PD
(dashed square) relative to Airy beam (left) and LG beam
(right).

We claim:

1. A device, comprising:

a laser source configured to output a pulsed laser beam
containing a different frequency spectrum;

a digital micromirror device (DMD) consisting of a
plurality of micromirrors, configured to receive the
laser beam and shape the received laser beam with a
first angular dispersion; and

a dispersion compensation unit, arranged before or after
the DMD, configured to transfer the laser beam from
the laser source to the DMD with a second angular
dispersion for neutralizing the first angular dispersion.

2. The device of claim 1, wherein the dispersion com-
pensation unit comprises:

at least one diffraction component, configured to receive
the laser beam from the laser source and transfer the
received laser beam into a beam with the second
angular dispersion; and

a lens pair, configured to collimate and expand the pulsed
laser beam and image the beam onto the DMD.

3. The device of claim 2, wherein the dispersion com-
pensation unit further comprises a mirror configured to
change the sign of angular dispersion of the beam imaged to
the DMD.

4. The device of claim 1, wherein the diffraction compo-
nent is a component that disperses light.

5. The device of claim 1, further comprising an imaging
unit, configured to record beam modes obtained from the
output beam of the DMD.

6. The device of claim 5, wherein the imaging unit
comprises:

a filter, configured to filter the output beam from the

DMD; and

a CCD camera, configured to record the image or beam
modes obtained from the filtered beam.

7. The device of claim 1, wherein the plurality of micro-
mirrors of the DMD are programmable to generate variable
patterns to shape beams into arbitrary profiles.

8. The device of claim 1, wherein the dispersion com-
pensation unit is arranged so that the second angular dis-
persion is positive if the first angular dispersion is negative
and the second angular dispersion is negative if the first
angular dispersion is positive.

9. A laser scanning microscope comprising the device of
claim 1.

10. The microscope according to claim 9, wherein the
microscope is used for controlling the beam modes and
Z-scanning.
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11. The microscope according to claim 9, wherein said
microscope controls the beam modes and x-, y- and z-scan-
ning, realizing random-access scanning.

12. The microscope according to claim 9, wherein the
microscope is a wide field, or line-scanning microscope
based on pulsed lasers.

13. The microscope according to claim 9, wherein the
microscope is a super-resolution microscope based on
pulsed lasers.

14. A laser fabrication/machining system comprising the
device of claim 1.

15. A wavefront correction system/device comprising the
device of claim 1.

16. The device of claim 4, wherein the component that
disperses light is selected from the group consisting of a
grating, a prism, a hologram and another DMD.

#* #* #* #* #*
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