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Pulse duration is considered as one of the most important characteristics of high-power femtosecond lasers. However,
pulses output from the laser system are susceptible to ambient changes and manifest the instability of pulse durations in
an open environment. In this paper, incorporating the algorithmic framework of the improved stochastic hill-climbing
search and incremental proportional-integral controller, temperature-induced fluctuations of pulse duration can be effec-
tively compensated by an automatic feedback control in an all-fiber chirped-pulse amplification system. In the experiment,
sub-hundred femtosecond fluctuation of pulse duration is introduced to verify the performance robustness of the proposed
pulse-duration feedback control (PDFC). The stability of pulse duration is obviously higher than the case without the feed-
back control, and the peak-to-peak fluctuation of pulse duration is reduced to 6.5%. Furthermore, the robust switching
between different pulse durations proves the versatility of the PDFC. We expect that the proposed feedback control method
could provide a novel insight into high-power femtosecond lasers widely applied in fundamental researches and industrial
fields.
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1. Introduction

Femtosecond laser systems are widely used in biomedical sci-
ence, high-precisionmaterial processing, and ultrafast nonlinear
optics, by virtue of their advantages of high peak power, low
thermal impact, and high precision[1-4]. Compared to solid-state
lasers, fiber lasers not only deliver femtosecond pulses with rep-
etition rates ranging from kilohertz to megahertz, but also hold
the advantages of high beam quality, high conversion efficiency,
convenient thermal management, and compact structure.
However, the pulse quality degrades with the power scaling
due to higher-order nonlinearities during the power amplifica-
tion[5]. Chirped-pulse amplification (CPA) is considered as one
of the most effective solutions to improve the pulse quality of
high-power amplification systems[6]. Generally, the chirped
pulse output from the seed laser is temporally stretched to a
nanosecond duration and amplified in a large mode area (LMA)
fiber or rod-type photonic crystal fiber[7,8]. Highly chirped

pulses accumulate less nonlinearity in the amplification process,
making it possible to compress the duration of the amplified
pulse close to the transform limit (TL). Another solution is non-
linear amplification based on pre-chirp management, spectral
amplitude shaping, or gain management[9-11]. Although the
pulse duration can be reduced to sub-100-fs because of the spec-
tral broadening, the corresponding pulse energy is limited to
several microjoules to tens of microjoules.
Regardless of which amplification structure is used, the pulse-

duration stability of high-energy laser systems is crucial for both
industrial applications and fundamental researches[12-14].
However, due to ambient thermal and mechanical vibrations,
the pulses output from the laser system manifest the instability
of pulse durations, which is unfavorable for applications
demanding high pulse-duration stability. Small adjustments to
pulse stretchers or compressors by trained researchers to reba-
lance system dispersion are a straightforward correction[15,16];
however, it is clearly not a paradigm that can be transferred
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to industrial manufacturing scenarios. Passive controls such as
sealing treatment and thermal management of the laser system
as well as active stabilization of the amplifier pump current are
not immune to the effects of the external environment on pulse
duration.
It is possible to achieve automatic pulse optimization by using

a pulse shaper[17]. With the support of the evolutionary algo-
rithm, hundreds of different phases introduced by a spatial light
modulator (SLM) make the pulse duration converge toward
TL[18]. With the development of ultrashort pulse characteriza-
tion, the reconstruction of spectral phases can be achieved
through techniques such as multiphoton intra-pulse interfer-
ence phase scan (MIIPS)[19], spectral phase interferometry for
direct electric-field reconstruction (SPIDER)[20], and fre-
quency-resolved optical gating (FROG)[21]. Among these tech-
niques, MIIPS compensates spectral phases through an SLM to
obtain TL pulses, which is also used as a high-performance pulse
compressor. Recently, given the predictable changes in the sec-
ond harmonic (SH) spectrum that depend on spectral phase, a
real-time MIIPS has been used to achieve automatic pulse opti-
mization[22]. However, limited by the response speed of the SLM
and phase iterations, a single-shot pulse optimization still took
about 100 ms. For many cases, it is straightforward and efficient
to optimize the pulse-duration drift by feeding back the SH
intensity to the grating compressor[23]. For example, despite
periodic fluctuations in ambient temperature ranging from
23.2°C to 29.0°C, combining the fast pulse-duration detection
based on two-photon absorption (TPA) and embedded soft-
ware to adjust the system dispersion, the sub-picosecond pulse
remains relatively stable for a long time[24]. The above experi-
ment only described a method and the resultant performance
data for the pulse-duration stabilization, while avoiding men-
tioning the algorithm of the feedback control. Until now, the
design of the field pulse-duration stabilization algorithm for
multiple scenarios is still an open issue.
In this paper, we propose a field programmable gate array

(FPGA)-based PDFC applied in an all-fiber femtosecond CPA
system. The SH signal generated from a beta-barium borate
(BBO) crystal is extracted by the FPGA, whose PD response
can represent the actual pulse duration. A stepper motor con-
trolled by the FPGA drives the grating to compensate artificially
introduced fluctuations of pulse duration. Given the hardware
feedback loop, a hybrid control algorithm consisting of the
improved stochastic hill-climbing search (HCS) and incremen-
tal proportional-integral (PI) controller is dedicatedly designed
to realize the field stabilization of pulse duration.

2. Experimental Setup

The schematic diagram of the all-fiber femtosecond CPA system
with a PDFC is shown in Fig. 1, which consists of a seed laser, a
pulse stretcher, a pulse picker, three stages of all-fiber amplifiers,
a transmission grating-pair pulse compressor, and an FPGA-
based feedback loop.

The seed laser is a Yb-doped mode-locked fiber laser (NPI
Lasers, Blade-seed fs), which generates the pulses with a repeti-
tion rate of ∼25MHz. The output pulses are coupled into a fiber
circulator and temporally stretched by a chirped fiber Bragg
grating (CFBG, Teraxion, TPSR-1030T-25F) tunable pulse
stretcher. The reflective CFBG stretcher can provide a group
velocity dispersion (GVD) and a third-order dispersion
(TOD) of 19.457 ps2 and −0.172 ps3, respectively. Afterwards,
a single-mode pre-amplifier is used to compensate for the fol-
lowing power attenuation from the insertion loss of the acoustic
optical modulator (AOM) and pulse picking ratio. The gain
medium is a 1.5-m highly doped Yb-fiber (Nufern, PM-YSF-
HI) with a 6-μm core diameter, which is pumped by a 976-nm
single-mode laser diode (LD) via a wavelength division multi-
plexer (WDM). In order to reduce the repetition rate from
25 MHz to 1 MHz, a fiber-coupled AOM is employed, which
is driven by a 200-MHz radio frequency (RF) driver. The input
signal and its time delay of the RF driver are generated by the
FPGA, which is triggered by the synchronous output from
the seed laser. Then, the average power is scaled up by a
boost-amplifier. A 1.5-m Yb-doped active fiber (Nufern,
PLMA-YSF-10/125-M) with a 10-μm core diameter is employed
to mitigate the nonlinear accumulation. An isolator (ISO) is
inserted behind the active fiber to prevent the irreversible optical
damage from the backward light.
The boosted pulses are coupled into the main-amplifier via a

�2� 1� × 1 fiber combiner. A commercial ultra-highly Yb-
doped LMA polarization-maintaining (PM) silicate glass fiber
module (AdValue Photonics, AP-AMP-MOD-1030-G2) is for-
ward-pumped by a 60-W multimode laser diode. The length of
the gain fiber is only 20 cm, while the gain exceeds 23 dB. The
mode field diameter is 40 μm. The output end of the gain fiber is
spliced by an angle polished endcap to avoid the back-reflected
light and its re-amplification[25]. The main-amplifier module
and fiber combiner are water cooled at 25°C. The output laser
pulses from the main-amplifier are spatially collimated by an
aspheric mirror and subsequently de-chirped by a double-
pass compressor, which consists of a pair of 1600 lines/mm

Fig. 1. Schematic diagram of the all-fiber femtosecond CPA system with the
PDFC. CIR, circulator; CFBG, chirped fiber Bragg grating; LD, laser diode; WDM,
wavelength division multiplexer; ISO, isolator; AOM, acoustic optical modulator;
PM, polarization-maintaining; λ/2, half wave plate; DM, dichroic mirror; PBS,
polarizing beam splitter; FPGA, field programmable gate array.
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transmission gratings (LightSmyth, T-1600-1030s) and a roof
mirror. The laser pulses are incident to the surface of the trans-
mission grating at a Littrow angle of 55.5°. Finally, the laser pulse
is output from the reflection port of the polarizing beam splitter
(PBS) 1 and received by an optical power meter for monitoring
its average power.
The pulse-duration feedback relies on a photodetector (PD),

an FPGA with an analog-to-digital converter (ADC) and a dig-
ital-to-analog converter (DAC), and a stepper motor. The SH
pulse generated from a 0.2-mm long and 4mm × 4mm aperture
BBO crystal (θ = 23.4°, type 1) is detected by the PD. The pulse
signal is sampled by the ADC after passing through a low-pass
filter with a 10-kHz cutoff frequency. The ADC reading is an
equivalent integral value of the pulse signal, representing the
average power of the SH pulse. In the following, we refer to
the ADC reading of the SH pulse as “PD response”. On the other
hand, one transmission grating is installed on the stepper motor
for coarse/fine adjustment of the compression distance. The
absolute position of the stepper motor is controlled by applying
a voltage provided by the DAC to its driver. The movement of
the stepper motor depends on the instructions sent by an algo-
rithmic framework according to the PD response. The control
algorithm will be illustrated in Section 3.
The optical spectra aremonitored by an optical spectrum ana-

lyzer (OSA, Yokogawa AQ6370D) with a 0.02-nm resolution.
The compressed pulses are measured by an autocorrelator
(APE Pulse Check).

3. Principles of PDFC Algorithm

3.1. Performances of the CPA system

After power-on, the seed laser immediately operates in a stable
mode-locked state and delivers the pulses with an 86.9-mW
average output power. As shown in Fig. 2(a), the spectral 3-dB
bandwidth of the pulse is 14.7 nm with a center wavelength at
1032.2 nm. The corresponding output pulse duration is 2.5 ps
according to the autocorrelation trace depicted in Fig. 2(b).
Afterwards, to reduce the peak power, the pulses are temporally
stretched to ∼550 ps by the CFBG stretcher. After passing
through the sandwich structure of two pre-amplifier stages
and AOM-based pulse picker, the average power is scaled up
to 140 mW and the repetition rate is reduced to 1 MHz. Then,
the main-amplifier scales up the average power to 21.8 W.
Figures 2(c) and 2(d) depict output characteristics of the ampli-
fied pulses. The spectral 3-dB bandwidth is reduced to 7.4 nm
compared with that of the seed laser, owing to the gain narrow-
ing effect of three stages of all-fiber amplifiers[5]. By carefully
adjusting the vertical distance of the transmission grating pairs
and finely tunning the dispersion coefficient of CFBG, the pulses
can be de-chirped to 236 fs, close to TL pulse duration of 211 fs
shown by the red dashed curve in Fig. 2(d). However, obvious
pedestal of the compressed pulse indicates that nonlinear chirp
caused by self-phase modulation during high-power amplifica-
tion cannot be compensated. The average power and the single

pulse energy of the output from the compressor are 15.9 W and
15.9 μJ, respectively, corresponding to a compression efficiency
of 73%.
In order to implement the field stabilization of pulse duration,

measurement methods to quickly monitor and characterize
the pulse duration are indispensable. However, a single mea-
surement time of pulse duration takes approximatively 0.5 s
based on the mechanically scanned autocorrelation trace,
severely restricting the speed of the feedback control. For that,
a BBO crystal is employed to generate the SH pulse, of which
the PD response is dependent on the incident pulse duration.
Specifically, the shorter pulse duration corresponds to the higher
excitation efficiency of the SH signal because of the TPA
effect[26]. As shown in Fig. 3, when the absolute position of
the stepper motor is scanned from 7.5 mm to 10.5 mm with a
step length of 20 μm, the pulse duration is inversely proportional
to the PD response. During the scanning process, the reading of
PD response for each motor position is triggered by the single
autocorrelation trace measurement. Actually, the reading speed
of PD response in the feedback control is ∼5ms, which is 100
times faster than the time cost of a single autocorrelation trace
measurement. Without loss of generality, we record 10 sets of
scanning results and calculate the average value as the final
result, confirming the consistency of the pulse duration and
the corresponding PD response.
Figure 4 shows the performance of the free-running CPA sys-

temwithin a 60-min stability test. We calculate the peak-to-peak
fluctuation, standard deviation (STD), and root-mean-square
error (RMSE) to evaluate the system stability. The RMSE of
the output average power within 60 min is 0.094%, as shown
in Fig. 4(a). On this premise, the PD response monitored after
the BBO crystal can uniquely represent the variation of pulse

Fig. 2. Output characteristics of (a), (b) the seed laser and (c), (d) the CPA
system: (a), (c) optical spectrum; (b), (d) autocorrelation trace. The red dashed
curve in (d) refers to the autocorrelation trace of the Fourier transform
limited (FTL) pulse.
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duration. The RMSEs of the PD response and pulse duration are
both around 1%, proving the excellent stability of the CPA sys-
tem, as shown in Figs. 4(b) and 4(c). The actual fluctuation of
pulse duration might be lower than 8.7%, because part of
pulse-duration fluctuationmay originate from themeasurement
error of the autocorrelator caused by the beam pointing. In our
experiments, all the tests are performed under the same condi-
tions without any active compensation for beam pointing.
In the following experiments, a random amplitude perturb-

ance is applied to the GVD provided by the CFBG to introduce
temperature-induced pulse-duration fluctuations. Therefore, we
can verify the feasibility of the algorithm by eliminating the arti-
ficially introduced fluctuations of pulse duration. The control
algorithm of pulse-duration field stabilization, refers to a hybrid

algorithm consisting of improved stochastic HCS and incremen-
tal PI controller. The function of improved stochastic HCS is to
calibrate the PD response corresponding to the minimum pulse
duration and to set the target pulse duration. Subsequently, the
incremental PI controller stabilizes the pulse duration around
the pre-set target value.

3.2. Improved stochastic hill-climbing search

The HCS is a local search algorithm that aims at finding a local
maximum of the objective function by making incremental
changes and selecting the update or original solution that leads
to the most improvement[27]. Therefore, the HCS is suitable for
the objective function with a single extremum shown in Fig. 3. In
the experiment, we used an improved stochastic HCS to opti-
mize the searching process, by which the optimal motor position
corresponding to the minimum pulse duration can be searched
in every single running.
Figure 5(a) shows the framework of improved stochastic HCS

with a single input and a single output. In order to prevent the
error that the stepper motor receives a negative-stroke instruc-
tion at the zero-position, we set the initial motor position x at
2 mm and query the ADC reading at the current position.
The incremental change Δx is randomly selected from
U�−Δmax,Δmax�, and Δmax determines the boundary of the uni-
form distribution. We query the ADC reading at the new posi-
tion x̂ = x� Δx and compare the size of Ix̂ at the new position
and Ix at the original position. If Ix̂ > Ix , update x by x̂ to
approach the maximum value. Conversely, if Ix̂ < Ix , select a
new Δx from U�−Δmax,Δmax� and repeat the process above.
So far, the algorithm completely runs as a standard stochastic
HCS. However, the initial confidence interval of Δx is too large,
making it difficult to search for a precise maximum value. Thus,
if the x is not updated within consecutive 10 stochastic HCSs
(N > 10), the confidence interval for Δx will be reduced by a
factor of m, here set to 1.6. While the motor position is not
updated for a long time (M > 60), the algorithm is finally quit-
ted and output Ix.
The searching process of the minimum pulse duration is

recorded in Figs. 5(b)–5(d). After the algorithm starts, the objec-
tive function (PD response) rapidly approaches the maximum
value, as depicted in Fig. 5(c). If x is not updated, the stepper

Fig. 4. 60-min stability test of the free-running CPA system: (a) output aver-
age power; (b) PD response; (c) pulse duration.

Fig. 5. (a) Framework of improved stochastic hill-climbing search; (b)–
(d) characteristics of the minimum pulse-duration searching process:
(b) motor position; (c) PD response; (d) pulse duration.

Fig. 3. Variations of the pulse duration (red) and PD response (blue) with the
scanned absolute positions of the stepper motor.
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motor will return to x-position, otherwise move to the updated
x̂-position. The range of the variation of PD response gradually
becomes smaller for the continuous shrinking of the confidence
interval of Δx. Finally, the PD response converges to the maxi-
mum value after multiple attempts. During this process, the
position of the stepper motor fluctuates around the optimal
position corresponding to the maximum PD response, as
depicted in Fig. 5(b). The variation of pulse duration exhibits
a smooth decline and converges to the minimum pulse duration
due to the low sampling rate, as depicted in Fig. 5(d). It is worth
noting that the random amplitude perturbance of the pulse
duration has been applied to the CFBG before the start of
improved stochastic HCS, indicating that the perturbation of
grating position provided by the algorithm is not affected by
the modulated pulse duration.

3.3. Incremental proportional-integral controller

After calibrating the maximum PD response corresponding to
the minimum pulse duration, we set the target PD response
according to

Î = Ix − I0, (1)

where different I0 determine different target pulse durations.
Then, the incremental PI controller stabilizes the pulse duration
to approach the pre-set Î, which is attributed to the fact that the
PI control is more suitable for use in a monotonic interval.
The PI controller, as a popular industrial feedback loop in

automatic control systems, consists of a proportional controller
and an integral controller[28]. In general, the output of the pro-
portional controller is proportional to the error, and the integral
controller integrates the error to eliminate the static error of the
system. Here, we used the incremental PI controller to reduce
the error caused by the sampling of the ADC[29,30]. In the experi-
ment, we calculate the error according to

e�k� = Î − Ik, (2)

where Ik represents the k-th measurement value of PD response.
The output of incremental PI controller is a relative movement
ΔX of the steppermotor (differs fromΔx in improved stochastic
HCS algorithm), which is calculated by

ΔX = �Kp · Δe�k� � Ki · e�k��=α, (3)

where Δe�k� = e�k� − e�k − 1�, which characterizes the differ-
ence between k-th and �k − 1�-th errors to reduce the sampling
error, Kp and Ki are the gains of the corresponding terms, set to
0.35 and 0.15, respectively, and α is used to modify the step
length of the stepper motor, set as 1/5000 here.
Figures 6(a)–6(c) show a typical initial stage of the incremen-

tal PI controller. The stepper motor moves smoothly to the posi-
tion corresponding to the target value of the PD response,
according to the output ΔX of incremental PI controller. In
order to verify the performance of the PDFC algorithm, the
pulse-duration fluctuation introduced by the CFBG is much

larger than that in the actual CPA system. Figures 6(d) and
6(e) show the random amplitude perturbance of GVD and
the corresponding variation of pulse duration without the con-
trol algorithm, respectively. When entering the stable stage, the
fluctuations of pulse duration are obviously well suppressed
compared with the case without the algorithm, as shown in
Fig. 6(f). The peak-to-peak fluctuation of pulse duration is
reduced from 37% to 6.5%, namely the stability of pulse duration
is improved ∼5.7 times. Simultaneously, the trajectory of the
stepper motor movement is highly consistent with the change
of the pulse duration without the incremental PI control, indi-
cating the field compensation ability of the feedback control.

4. Experimental Results and Discussions

In order to exhibit the performance robustness of the PDFC, a
60-min pulse-duration stability test and robust switching
between different pulse durations are depicted in Fig. 7. The ran-
dom amplitude perturbance of GVD in Fig. 7(a) is controlled by
the tunable CFBG pulse stretcher. Specifically, fine temperature
control changes the dispersion coefficient provided by the
CFBG, manifested as a perturbation of the compression distance
for a specific pulse duration. Algorithm-dependent field modi-
fication of the compression distance is achieved by high-speed
control of the stepper motor to cope with temperature-induced
pulse-duration fluctuations. As shown in Fig. 7(b), the pulse
duration converges and is stabilized around 258 fs. Because of
the need for incremental PI controller to operate within a mon-
otonic interval, the stabilized pulse duration is set at a position
slightly deviated from the optimum value. The peak-to-peak
fluctuation of pulse duration is reduced to 7.0% and the RMSE
is only 0.97%, comparable to the free-running case in Fig. 4(c),
indicating the complete suppression of artificially introduced
fluctuations and proving the excellent performance of PDFC
algorithm.
In addition, the robust switching between different pulse

durations can also be achieved by modifying the target value.

Fig. 6. Performances of the incremental PI controller. (a)–(c) Initial stage of
the incremental PI controller: (a) motor position; (b) PD response; (c) pulse
duration. (d) Random amplitude perturbance of GVD; (e) variations of the pulse
duration without the control algorithm; (f) variations of the pulse duration and
motor position with the incremental PI control.
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Figure 7(c) demonstrates the switching between different pulse
durations by changing pre-set position of the stepper motor,
which is commonly used in industrial femtosecond lasers. In
the experiment, the support of the control algorithm not only
realizes the switching function, but also stabilizes the pulse dura-
tion around the pre-set value, as shown in Fig. 7(d). The fluctu-
ations without algorithmic control are represented in the form of
“error bars”, illustrating the obvious suppression of tempera-
ture-induced pulse-duration fluctuations by the BBO-based
feedback control. The robust switching between different pulse
durations may offer new perspective on tunable high-power
femtosecond lasers for future applications in high-precision
machining and laser medical treatment[31].
It is worth mentioning that the BBO-based feedback control

must be on the premise of the stable output average power, so
that the intensity of SH signal uniquely reflects the variances of
pulse duration. The average power stability could be improved
by controlling the pump current of fiber amplifiers and/or
embedding a feedback loop of the RF power injected into an out-
put AOM[32]. As for field stabilization of the shorter pulse dura-
tion, especially sub-100 fs pulses, a shorter BBO crystal is
indispensable, otherwise the walk-off of the group velocity
between the fundamental-frequency pulse and SH pulse in
the BBO crystal will cause a mismatch between the PD response
and the pulse duration. On the other hand, considering that sub-
100 fs pulses are more sensitive to the compression distance, a
stepper motor with a shorter step length or a piezo actuator is
also needed for more precise adjustments[31]. Furthermore,
high-power femtosecond lasers have versatile configurations
according to different requirements such as ultrashort pulse
durations, high pulse energies, and low repetition rates. Without
loss of generality, the field stabilization of pulse duration is not
only suitable for CPA systems, but also can be widely used in
other femtosecond pulse amplifiers.

5. Conclusion

An automatic PDFC employed in a femtosecond CPA system is
realized through the hardware foundation of a BBO crystal, an
FPGA, and a stepper motor combined with the algorithmic

framework of improved stochastic HCS and incremental PI con-
troller. Specifically, according to the PD response of SH signal
generated from the BBO crystal, the changes in the vertical dis-
tance of the grating-pair compressor controlled by the stepper
motor can effectively compensate for the fluctuations of pulse
duration. A random amplitude perturbance of pulse duration
is introduced to evaluate the performance of the control algo-
rithm. On this premise, structured in the order of the improved
stochastic HCS and incremental PI controller, the control algo-
rithm firstly finds the PD response corresponding to the mini-
mum pulse duration, sets the target value, and then stabilizes the
pulse duration around the pre-set value. The peak-to-peak fluc-
tuation of pulse duration is reduced from 37% to 6.5% with the
PDFC, indicating the excellent compensation ability of the algo-
rithm for temperature-induced pulse-duration fluctuations. The
60-min stability test of a specific pulse duration and robust
switching between different pulse durations demonstrate that
PDFC has the ability to be applied in multiple scenarios. We
believe this feedback control method could offer a novel insight
into active control of output characteristics of high-power fem-
tosecond lasers and have extensive prospects in diverse
applications.
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