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An ultrafast spectrum programmable femtosecond laser may enhance the performance of a wide
variety of scientific applications, e.g., multi-photon imaging. In this paper, we report a digital
micromirror device (DMD)-based ultrafast pulse shaper, i.e., DUPS, for femtosecond laser
arbitrary amplitude shaping — the first time a programmable binary device reported to shape the
amplitudes of ultrafast pulses spectrum at up to 32 kHz rate over a broad wavelength range. The
DUPS is highly efficient, compact, and low cost based on the use of a DMD in combination with a
transmission grating. Spatial and temporal dispersion introduced by the DUPS is compensated
by a quasi-4-f setup and a grating pair, respectively. Femtosecond pulses with arbitrary spectrum
shapes, including rectangular, sawtooth, triangular, double-pulse, and exponential profile, have
been demonstrated in our experiments. A feedback operation process is implemented in the
DUPS to ensure a robust and repeatable shaping process. The total efficiency of the DUPS for
amplitude shaping is measured to be 27%.
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1. Introduction

Programmable ultrafast optical pulse shapers have
wide applications ranging from basic dispersion
control to custom-shaped laser pulses for controlling

fCorresponding author.

the motion of quantum states,’" photochemical
reactions,” etc. Spectrum amplitude shaping is
particularly important in ultrafast pulse shaping
due to its broad scientific and industrial applica-
tions. For example, they are frequently used in
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communication systems,** coherent control and
biomedical imaging,” laser amplifiers for pre-
shaping the seed lasers,® and oscillators with pulses
of designed spectrum.” Programmable shaping of
ultrafast pulses based on waveform synthesis is
achieved by spatial modulation of the spatially
dispersed optical frequency spectrum — an effective
approach that is both robust and commercially
available. The key element is a spatial light mod-
ulator, which can be a liquid crystal spatial light
modulator (LC-SLM),*? acousto-optic modulators
(AOM),'® or micro-electro-mechanical systems
(MEMS)-based device.'""'?  Although LC-SLMs
are efficient (60-80%), their low switching rate
(~10sHz) and restricted wavelength range (typi-
cally 400-1700 nm) limit further applications. For
example, an LC-SLM does not work ideally with
aromatic rings, excited in 250 ~ 400 nm.'* For the
AOM, although it has an update rate of 100s kHz,
synchronization between the AOM and laser source
is always required due to its operating principle, i.e.,
modulation of pulses via acoustic waves. Accord-
ingly, AOM-based pulse shapers only work for lasers
of a repetition rate equal to or lower than its update
rate. MEMS-based pulse shapers'® have the
advantages of broadband reflectivity, high efficien-
cy, and fast update rate (up to kHz), but their
spectral resolution is relatively low (approximately
tens of pixels). This technology continues to evolve
in spite of the high cost. Recently, digital micro-
mirror devices (DMDs) have been used for pulse
shaping,'”'¢ ie., phase shaping, achieving high
update rate (2 MHz) with a limited efficiency
(1.7%).

In this paper, we present a DMD-based ultrafast
pulse shaper, i.e., DUPS, the first binary pulse
shaper achieving arbitrary spectrum amplitude
shaping with an efficiency of 27%. The DMD con-
sists of a large array of binary microscopic mirrors
that can be operated at high speeds (4-32kHz).
Since its introduction in 1996, DMDs have been
proved to be an excellent optical device in a variety
of applications, such as spectral imaging,'” spatial
beam mode shaping,'®'? adaptive optics,?’ ter-
ahertz application,”’ 3-D random-access multi-
photon imaging,’”> etc. DMDs present particular
strength in ultrafast pulse shaping for the following
reasons: (1) low cost (versus LC-SLM and AOM);
(2) high frame rate, thus high shaping rate; (3)
broad bandwidth: coatings from 400 nm to 2500 nm
are commercially available with the possibility to be
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Fig. 1. Experimental setup of the DUPS. M1-M2: high-
reflection mirrors; BS: beam splitter; CL: cylindrical lens;
DMD: digital micromirror device.

extended to ultraviolet range; (4) high damage
threshold: the damage threshold of the DMD is
equal to mirrors of the same optical coating; and
(5) high efficiency: the high fill factor (~92%) and
switching cycle make it an effective SLM, e.g., 86%
efficiency can be achieved in visible wavelength. The
DUPS utilizes the DMD for arbitrary spectrum
amplitude shaping. As shown in Fig. 1, the system is
designed based on a quasi-4-f setup, in which the
spectrum of the beam is shaped by the
DMD. A grating pair (T-1200-850-2216-94, Light-
smyth) is introduced after the beam expander to
compensate the dispersion introduced by the quasi-
4-f configuration. In the following sections, we will
demonstrate arbitrary spectrum shaping for the
selected spectrum shapes, including rectangular,
sawtooth, triangular, and exponential profiles. The
overall efficiency of the DUPS is measured to be
27%, and the shaping rate is equal to the update
rate of the DMD.

2. Experiment

Figure 1 presents the optical configuration and the
experimental procedure. The laser source is a Ti:
Sapphire ultrafast oscillator (Chameleon Ultra II,
Coherent, USA) with an average power of 4 W,
pulse width of ~200fs, and repetition rate of
80MHz at 800nm. The oscillator has an output
beam diameter of ~ 1mm. After being resized to
3 mm via the beam expander, the beam undergoes a
transmission grating that disperses the spectrum
spatially. The grating has a groove density of
1200 lines/mm and an efficiency of 90%. After
that, the spectrum is projected to the DMD
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(DLP4500NIR, Texas Instrument 0.45 Inch, 1140 x
912 pixels) by a cylindrical lens with a focal length
of 400 mm. The diffracted beam is aligned to be
collinear with the incident beam when micromirrors
on the DMD are 12° tilted. The grating then
recombines the spatially dispersed spectrum to form
an ultrafast pulse. The DMD is also slightly tilted
downward to separate the diffracted beam for
guiding it to the spectrometer (resolution = 0.3 nm)
by M2 and the beam splitter. Next, the computer
calculates new patterns on the DMD based on the
measured spectrum data to refine the shape of the
spectrum amplitude. This feedback strategy ensures
that the result is accurate and reliable. From the
experiments, we find that one loop is enough to
achieve the desired spectrum shape.

The quasi-4-f arrangement is different from typ-
ical 4-f systems for pulse shaping because the non-
zero (-5th) diffraction order of the DMD is used.
Under this condition, the DMD becomes equivalent
to a blazed grating of a groove density of 463 lines/
mm at the first-order diffraction. The DMD can be

seen as a cylindrical mirror with a focal length

y1d, cos 0 . .
fovp = f jill L——, where fpyp is the equivalent

focal length of the DMD for the spectrum; the sign
is determined by the blazing direction between
(transmission) grating and the DMD; f., is the
focal length of the cylindrical lens; 6 is the diffrac-
tion angle of the grating; [ is the diffraction angle of
the DMD; d,, is the groove density of the grating;
and d; is the equivalent groove density of the DMD
(463 lines/mm in our experiment). To image the
spectrum to the DMD precisely, the distance be-
tween the cylindrical lens and the DMD is f.,;. The
distance (1) between grating and the cylindrical lens
is adjusted to ensure that the diffracted mono-
chromatic beams and the incident beam are collin-
ear. [ is calculated to be

l= fcyl - . (1)
It has been established that group velocity disper-
sion (GVD) will be introduced when a spatially
dispersed pulse encounters a grating or prism.>*?*
Since the DMD functions like a grating in the
DUPS, it introduces additional GVD to ultrafast
pulses. The DUPS introduces both spatial and
temporal dispersion. Spatial dispersion is caused by
the angular dispersion of the spectrum, i.e., spatial
dispersion is introduced when the laser beam is

Arbitrary amplitude femtosecond pulse shaping

focussed or defocussed by the DMD. At first, a
blazed grating spatially disperses the spectrum of a
pulse. The first-order angular dispersion of the
grating is:

dx d
—_— =— 2
0 cos b, (2)

where m is the diffraction order and d is the grating
period. The spatial dispersion on hologram is
@ B @ ﬁ B dcosf
de  df dz mf.’

3)

where f. is the focal length of the cylindrical lens
and A is the center wavelength of the pulse. For
example, when using a grating of 1200 lines/mm,
feyt = 400mm, A\ = 750 nm, and d\/dx = 1.68 nm/

mm. In the angular frequency (w) domain:
dr dzx d\ 2memf )
T A dw d cos Qw? )

As the DMD functions as a cylindrical lens to the
spectrum, the parabolic phase introduced by the
DMD is equivalent to that introduced by a cylin-
drical mirror in the spectral plane:

a2w? (5)
2fomp

The GVD g, is the second derivative of ¢ with
respect to w:

p = —ik
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Fig. 2. (Color online) Calibration of the DUPS with Cartesian

coordinate system defined on the DMD; red curve: spectrum

with modulation; black stripes: pattern with corresponding
“off” pixels on the DMD.
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_ & 2(2 f fyl (6)
d2 COS2 0(4)3 2fDl\’ID '
The temporal dispersion is caused by the nonline-

arity of the angular frequency distribution on the
DMD:

Bor =

16 sin O72c
Bag = o053 0% tan Bf.. (7)

The absolute value of (35 is equal to the GVD in-
troduced by a pair of gratings with a period d and
2sin ftan Bf., apart. The total GVD of the DUPS
is the sum of Egs. (6) and (7):

872c ffy 16 sin f72c
d2cos20w? 2fpyp  d2cos3w?

B = tan (3 fey1.

(8)
Since the angular dispersion of GVD is already
compensated by setting the grating and the cylin-

drical lens out of focus, there is only 355 left in the
DUPS.
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Fig. 3. (Color online) (a) Measured spectrum of an input
pulse (black curve) and target spectrum (red curve); (b)
shaping function calculated by the computer; (c) patterns for
spectrum shaping on the DMD; and (d) shaped spectrum.
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Fig. 4. (Color online) (a) and (b) Autocorrelation curves of output pulses with and without the dispersion compensation, re-
spectively (no modulation on DMD). Black curve: experimental curves; red curve: theoretical curves. Inset: initial spectrum. (c) and
(d) Autocorrelation curves of output pulses with and without the dispersion compensation, respectively (rectangle modulation on
DMD). Black curve: experimental curves; red curve: theoretical curves. Inset: spectrum of the shaped pulses.

1840002-4



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com

by 2001:250:4000:420b:4990:562:18c6:c02a on 02/28/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

Arbitrary amplitude femtosecond pulse shaping

-
o

Intensity (a.u.)
o
4]

) A
785 790

Wavelenhtfl ?nm) Patterns on the DMD
(a) (e)

- /\
785 790 795

805
Wavelength ( nm Patterns on the DMD
(b) (®)

i

deeﬁ:nz,th tam) Patterns on the DMD
(c) (g)

Wyl

Wavclcngtfl ?nm) a0 Patterns on the DMD
(d) (h)

Fig. 5. (a)—(d) Shaped spectra with sawtooth, triangular, double-pulse, and exponential profiles, respectively; (e)—(h) corre-
sponding patterns on the DMD.

—_
o

lntcnsig (a.u.)
(4]

e
o

Intensity (a.u.)
=
(4]

o
o
.

_y
o

Intensity (a.u.)
o
bl

0.0
785

1840002-5



J. Innov. Opt. Health Sci. 2019.12. Downloaded from www.worldscientific.com

by 2001:250:4000:420b:4990:562:18c6:c02a on 02/28/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

C. Gu et al.

3. Results and Discussion

In this section, we present experimental results of
arbitrary spectrum amplitude shaping. Before the
experiments, we first calibrate the system, i.e., the
distribution of a spectrum on the DMD, through a
spectrometer, in which we assume that the spec-
trum is dispersed along the z direction (horizontal
direction) of the DMD. Then, we program two
“black stripes” separated by 100 pixels on the DMD
to block two individual spectra as shown in Fig. 2.
(Note that the top and right edges of Fig. 2 are
labeled with the coordinate system on the DMD as
well as the number of total pixels in each direction).
Accordingly, from the spectrometer, we find two
corresponding notches at 795.8 nm and 797.7 nm in
the spectrum, as shown in Fig. 2. The spectrum
distribution A\(z) on the DMD is then calculated to
be 0.019 nm/pixel, equivalent to 1.76 nm/mm, and
the wavelength in the center of the DMD is
796.7 nm:

A(z) = 796.7 + 1.76z. (9)

Arbitrary amplitude shaping is achieved by
controlling the diffraction property of the grating
with rectangular groove profile. Gratings-like pat-
terns with varying duty cycles along x direction are
programmed on the DMD. The duty cycle
D(z) = a(z)/~(z) can be written as a function of z,
where a is the width of the stripe and ~ is the period
of the grating. The zero-order diffraction efficiency
is the square of the duty cycle:

n(z) = D*(z). (10)
From Egs. (9) and (10), we can obtain the shaping
function:

M(X) = D?*(0.57\ — 452.7). (11)

An amplitude shaping experiment is first con-
ducted to validate the DUPS without the grating
pair for dispersion compensation. As shown in
Fig. 3(a), a femtosecond pulse is first sent to the
DUPS, in which the spectrum is measured for cal-
culating the required modulation function, as
shown in Fig. 3(b). After obtaining the modulation
function via Eq. (11), the corresponding patterns
on the DMD are calculated based on Eq. (10), and
the target spectrum amplitude is achieved. The
grating pattern on the DMD has a period of 140 pm
(23 pixels). The feedback loop can be repeated to
achieve better precision. The final rectangle spec-
trum is shown in Fig. 3(d).

Next, we demonstrate arbitrary amplitude
modulation with a grating pair for compensating
the GVD introduced by the DUPS, where the
grating pair is placed 6.6 cm apart calculated from
Eq. (7). The experimental results are shown in
Fig. 4. Figure 4(a) shows the autocorrelation curves
of the output pulses without modulation (“white”
screen on the DMD with a compensating grating
pair), and Fig. 4(b) shows the autocorrelation
curves without the grating pair; the system setup is
shown in Fig. 1. Assuming the input pulses have
a Gaussian profile, the duration of the output
pulses with and without the compensating grating
pair is 185fs and 2.3 ps, respectively. The GVD
compensated by the grating pair is about
—184,200 fs> The theoretical GVD introduced by
the system is 200 300 fs* according to Eq. (6). The
autocorrelation curves of the modulated pulses with
rectangular spectrum are shown in Figs. 4(c) and
4(d), respectively, in which the experimental results
show good consistency with theoretical calculations.
To validate the effectiveness of the DUPS in arbi-
trary amplitude shaping, some typical spectra are
shaped in the following experiments. Figures 5(a)—
5(d) show the shaped spectra with sawtooth, trian-
gular, double-pulse, and exponential profiles. The
corresponding patterns on the DMD are shown in
Figs. 5(e)-5(h).

The efficiency of the DUPS for amplitude shap-
ing is defined by the energy ratio of the output pulse
to the input pulse with a “white” screen on the
DMD. The efficiency of the transmission grating at
800 nm is ~90%, which is lower than the efficiency
(94%) at its designed wavelength of 850nm. The
diffraction efficiency of the DMD is about 50%. The
overall efficiency of the DUPS is ~ 40% without
a pre-compressed grating pair. Given that the effi-
ciency of the grating pair is 67%, the overall effi-
ciency of the DUPS with pre-compression is 27%.

4. Conclusion

We have presented a DMD-based ultrafast pulse
shaper, i.e., DUPS, with both theoretical analysis
and experimental results, achieving arbitrary spec-
trum amplitude shaping with 27% efficiency for the
first time. The setup of the DUPS is compact,
consisting of three key components: a transmission
gating, a cylindrical lens, and a DMD. The DUPS
can shape an ultrafast pulsed laser at a rate that is
equal to the update rate of a DMD (up to 32kHz)
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over a broad wavelength range. Spatial and tem-
poral dispersion introduced by the DUPS is ana-
lyzed and compensated by a quasi-4-f setup and a
grating pair, respectively. In addition, the feedback
operation strategy enables a fast, robust, and re-
peatable shaping process. Femtosecond pulses with
arbitrary spectrum shapes including rectangular,
sawtooth, triangular, double-pulse, and exponential
profiles have been demonstrated in our experiments.
In the future, given the superior pixel count and
constantly improving performance of the DMDs,
the new shaping technique has the potential to be
integrated with other scanning/shaping methods to
achieve simultaneous phase and amplitude modu-
lation of ultrafast laser pulses at higher rates.
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