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Abstract: High-power laser pulse transmitted by phase modulation with certain spectrum distribu-
tion can suppress the buildup of transverse stimulated Brillouin scattering (TSBS) in large aperture
laser optics and smooth the speckle pattern illuminating the target by spectral smoothing dispersion
(SSD). In this paper, based on the requirements of the double-cone ignition scheme including simul-
taneously realizing that the focal spot is variable at different times in size and the spatial intensity
distribution is uniform, we propose a novel phase modulation technology with a rapid variable
modulation index in the nanosecond scale instead of utilizing conventional constant amplitude
sinusoidal curve. The relevant simulation results indicate that the proposed technology can realize
the dynamic nanosecond spectral distribution and the trend correlates with the variety of modulation
index. Particularly, we indirectly measure this rapid changeable spectral distribution based on the
mapping relationship between frequency and time domain. We believe that the new technology is
expected to meet the requirements of SSD and the dynamic focus simultaneously.

Keywords: high-power lasers; phase modulation; dynamic nanosecond spectral distribution; spectral
smoothing dispersion; signal processing

1. Introduction

A high-power laser driver is an important component of an inertial confinement fusion
(ICF) laser system, composed of a front-end, preamplifier, main amplifier, target, and other
control and diagnostic systems [1,2]. In order to suppress the stimulated Brillouin scattering
(SBS) effect in fused silica large aperture optical elements under the working system of
high-power narrow-band laser pulse, it is necessary to use phase modulation technology
in the front-end of the system to redistribute the single longitudinal mode laser energy to
multiple modes whose mode spacing exceeds the SBS bandwidth, making the peak power
of each mode below the SBS threshold, thus avoiding strongly damaging these optics [3–6].
Generally, the spectral width needs to be broadened to 0.1~0.15 nm. Besides this, the process
of ICF implosion imposes a series of requirements on the uniformity of irradiation to the
target surface, leading to a variety of beam uniformity techniques, including SSD [7,8]. The
core of SSD is the high-frequency phase modulation of the laser pulse in the front-end of
the system, which can spectrally broaden the incident laser, and then shoots the broadened
laser into the dispersive grating. Different times of sinusoidal modulation correspond to
diverse spectral frequencies, so the light will be emitted at different angles under the action
of the dispersive grating. During the modulation, the emitted light will dither periodically
to form the focal spot, which will be uniformly smooth [9]. Hence, during the optical
pulse duration, the focal spot will move slightly but rapidly and would be considered as
smoothed by the plasma [10–12]. Given that the temporal shape of the laser pulse must
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be perfectly controlled to ensure an optimal laser-target interaction, the required spectral
broadening on the Shenguang-II (SG-II) is generated by phase modulation, so that the beam
intensity is not affected.

As we know, phase modulation with a constant amplitude sinusoidal curve is a
common strategy in high-power laser drivers currently. While, according to the diversity
of physical processes, it is necessary to use diverse physical parameters in different time
periods to further improve the dynamic regulating ability of spectral width and focal
spot [13]. The front-end of the OMEGA device has diverse modulation requirements
at different points in time, that is, variable spectral widths [14,15], but this is achieved
through the temporal and spatial stitching of the light beams and the optical path system is
relatively complex. Therefore, in order to further realize the function of dynamic spectral
width changing with time; it may need necessary to modify the modulation signal instead
of using the conventional constant amplitude sinusoidal signal to improve the dynamic
regulating ability.

In this paper, we present a novel phase modulation technology with a rapid time-
varying modulation index function to obtain dynamic spectral distribution. The relevant
simulation results indicate that the specific phase modulation function can realize the
dynamic change of spectral width in the nanosecond order and a result of far-field focal
spot continuous variation with radius change of 40 µm after SSD and CPP corresponding to
the contributions of spectral widths from 0.5 nm to 0.1 nm, respectively. In the experiments,
to eliminate the limitation that the optical spectrum analyzer (OSA) cannot respond to
dynamic changes in the nanosecond scale, we establish the mapping relationship between
frequency and time domain to indirectly measure and quantify the dynamic variable
spectral distribution. The proposed method can meet the requirements of variable spectral
widths at different times without beam splitting modulation. Meanwhile, specific phase
modulation can also increase the real-time regulation ability of the spectrum and increase
the regulation dimension of the beam. In addition, our intuition is that the proposed
technology of rapid variable spectral distribution may be referable for the related research
on dynamic focusing, like the double-cone ignition scheme [16].

2. Principle and System Structure
2.1. Principle of Constant Amplitude Phase Modulation

The electro-optic effect can affect the optical properties of crystals by changing the
applied electric field. In this paper, a lithium niobate waveguide modulator is used for
phase modulation. The common cutting methods for lithium niobate optical waveguides
are X-cut-Y-transmission and Z-cut-Y-transmission, for example, Z-cut-Y-transmission
means that the lithium niobate waveguide modulator cuts in the Z direction and the light
travels in the Y direction. The electrode is located below the optical waveguide and is
connected to the microwave source. Phase-modulated pulses are generated based on the
electro-optical crystals by changing the refractive index of the crystal through an applied
electric field, which in turn changes the phase of the transmitted laser [17]. Traditionally,
the spectrum is broadened by means of constant amplitude sinusoidal phase modulation.
It is characterized by two parameters: the frequency fm and the modulation index m, which
is the amplitude of the sinusoidal function expressed in radians. The optical field can be
expressed as:

Eout = A0 · exp[im sin(2π fmt) + iϕ0] (1)

where A0 is the slowly varying intensity; ϕ0 is initial phase; f(t) = m sin(2πfmt) is the phase
modulation signal. Assuming that the phase modulation signal is a periodic signal, the
corresponding optical spectrum consists of fm spaced Dirac peaks, the spectrum of the
pulse can be obtained in the form of a Bessel function:

Ẽm = ∑+∞
n=−∞ Jn(m)δ( f − n fm) (2)



Photonics 2022, 9, 586 3 of 13

where Jn (m) is the nth Bessel function. Power in the spectral domain can be expressed as:

Pf =
∣∣∣Ẽm

∣∣∣2 = ∑+∞
n=−∞|Jn(m)|2δ( f − n fm) (3)

Phase modulation delivers pulse energy at different wavelengths, and according to
Carlson’s theory, the spectrum has infinite width, but most of the signal energy is contained
within 2(m + 1)fm [18–20].

2.2. Principle of Specific Phase Modulation

The modulation index m for phase modulation generally is a constant, but the mod-
ulation index under specific modulation is a time-varying function, that is, m(t). Where
m(t) = −kt, k is the linear modulation coefficient. In this case, the modulation function of
the idiosyncratic phase modulation can be expressed as:

f2(t) = m(t) sin(2π fmt) (4)

The purpose of specific phase modulation is to design the modulation index function
according to the modulation requirements of the optical pulse at different times. The
amplitude of the modulation index can be increased or decreased by active control. Under
this condition, the spectrum of the pulse can be expressed as:

Ẽm2 = ∑+∞
n=−∞ Jn(m(t))δ( f − n fm) (5)

As can be seen from Equation (5), the spectrum of the pulse with specific phase
modulation is a function varying with time, and the corresponding spectral width will also
change dynamically. However, the form of this term is relatively complex and needs to be
analyzed in conjunction with the specific m(t) function.

However, this rapid spectral change cannot be measured directly, so we use the
frequency modulation (FM) to amplitude modulation (AM) conversion effect to justify
the rapid spectral change [21]. To increase the FM-to-AM effect, we add additional group
velocity dispersion (GVD) effect to map the spectral change to the FM-to-AM effect depth
change in the time domain, so that it can be characterized indirectly and conveniently. The
FM-to-AM depth of the output pulse can be estimated as:

α = 2 · β2 · L ·m(t) · (2π f )2 (6)

where β2 is GVD, L is fiber length. According to Equation (6), the gradient change of
the FM-to-AM effect can rely on enhancing the GVD effect. Since β2 · L is constant in
the ICF front-end system due to the fixed wavelength 1053 nm and fiber length, the FM-
to-AM effect is only affected by the modulation index and also changes dynamically in
the time-domain after specific phase modulation. Hence, due to the changes in the time
domain and frequency domain both being caused by m(t), we can indirectly infer the
rapidly changing spectral width by measuring the change of FM-to-AM depth over the
length of the laser pulse.

2.3. Structure of Specific Phase Modulation

As shown in Figure 1, Radio-frequency (RF) signals with gradually changing am-
plitude and pulse optical signals are loaded into a Phase modulator (PM) respectively,
where blue represents electrical signals and red represents optical signals. The spectrum
is controlled by specific phase modulation, and the bandwidth changes dynamically, but
the time domain signal has not changed. Then, affected by the GVD effect, the change
of FM-to-AM effect is amplified and highlighted; finally, the pulse signal with gradually
changing FM-to-AM depth is obtained. Subsequently, we indirectly measure this rapid
changeable spectral distribution based on the mapping relationship between frequency and
time domain. Generally, based on the physical requirements, we adopt nanosecond optical
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pulses in the front-end system of a high-power laser driver. Therefore, the time width of
the specific modulation signal in this paper is also limited to the nanosecond level and the
modulated signals with smaller time width and shape-controllable can also be obtained in
our proposed scheme, but it is not considered in this current experimental system.
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Figure 1. Diagram of the proposed specific phase modulation. PM: Phase modulator.

3. Simulations and Experimental Results
3.1. Simulations Results

According to Equation (4), a specific modulation signal with a time-width of 5 ns,
frequency of 19.75 GHz, and diminishing amplitude is simulated, which is shown in
Figure 2a. Based on this simulated signal, we utilize the simulated width of 100 ps signal
pulse as the sampling window in the range of 5 ns. Thus, 50 corresponding spectral width
data are calculated and recorded to fit into a spectral width curve varying with time. As
shown in Figure 2b, the spectral width curve shows a decreasing trend with time and is
consistent with the amplitude change of the modulation signal. The thumbnail shows the
broadened spectral intensities of 0.6 nm, 0.3 nm, 0.2 nm, and 0.1 nm respectively in the
dynamic process of calculating the spectral width. After phase modulation, the single-
frequency signal light spectrum will be widened. The widened spectrum is symmetrically
distributed on both sides of the central wavelength of the original single-frequency light
and is composed of multiple discrete spectral lines.

Moreover, we simulate the effect of specific phase modulation on SSD beam and con-
tinuous phase plates (CPP), for more intuitive comparison. Simulations are performed with
the following parameters: the modulation frequency is 20 GHz, the dispersion coefficient is
0.81 ps/mm, the CPP aperture is 330 mm, the lens focal length is 2234 mm, and the far-field
objective focal spot diameter is 300 µm. The modulation signals corresponding from 0.5 nm
to 0.1 nm spectral widths are used and the focal spots are observed after passing through
the SSD grating, CPP, and focusing. As shown in Figure 3a,c, under the effect of diverse
indexes of modulation signals, the far-field focal spot radius is from 0.16 to 0.20 mm respec-
tively, resulting in a consecutive variation of 40 µm. In addition, the abscissa of Figure 3b,d
also apparently indicates that the focal spot sizes on the transverse plane obtained by
different modulation indexes have significantly different degrees of spreading relative
to the objective focal spot, which predicts satisfying performances for the exploration of
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dynamic focal spot control technology. Figure 3b,d shows section comparison diagrams of
Figure 3a,c, respectively. The filtering result indicates that the curve envelope is obtained
by filtering the red cross-section curve so that the focal spot radius can be compared more
clearly. For Figure 3b,d, we think the abscissa span difference between the two figures
is obvious. They are mainly used to help explain that the focal spot size changes more
obviously under the action of a specific modulation curve.
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corresponding to spectral width = 0.1 nm. (c,d) Focal spot and its light intensity at transverse plane
with modulation index corresponding to spectral width = 0.5 nm.

3.2. Experimental Results

Based on the high-frequency nature of the specific phase modulation, experiments
need to be performed within the nanosecond laser pulse time scale to obtain the voltage
value corresponding to the phase modulation function and load it onto the PM to modulate
the pulse. The experimental structure of the optical part is a typical ICF front-end system,
which is shown in Figure 4. The optical pulse enters PM after Amplitude modulator (AM)
shaping and amplification, and is affected by the specific modulation curve at the same
time, resulting in dynamic spectral broadening. An additional 100 m transmission fiber
is added at the output end to increase the GVD effect and the change of FM-to-AM effect
can be amplified and highlighted so that the spectral change can be measured by using the
time-frequency mapping effect later. In the part of the generation of specific modulation,
the Radio-frequency switch (RFS) can make modulation signals with rapid decrease or
increase in amplitude according to the switching state, and output a specific modulation
signal with a certain width or different shapes by adjusting the drive signal; Arbitrary
function generator (AFG) is used to drive RFS to intercept the required gradient RF signal;
a Delay generator (DG) and a Clock generator (CG) are used to adjust the relative delay
between RF and pulse signals so that the specific part of the phase modulation curve is
aligned with the optical pulse in the time domain, and to ensure that the relevant electronic
components operate synchronously.
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Firstly, we measure a specific modulation signal with a maximum spectral width of
0.5 nm and frequency of 19.75 GHz, which is shown in Figure 5.
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Secondly, the calibrated specific modulation signal is loaded on the optical pulse with
a center wavelength of 1053 nm and pulse width of 5 ns. The synchronous display diagram
between the optical pulse and modulation function is shown in Figure 6a. Since the dynamic
change of spectrum in the nanosecond scale is difficult to be measured in the experiments;
we put forward to establishing the mapping relationship between frequency and time
domain to indirectly measure and quantify the dynamic variable spectral distribution.
Thus, in order to measure this change in the time domain, we add 100 m transmission
fiber after PM output to increase FM-to-AM effects caused by GVD. As shown in Figure 6b,
the output signal in the time domain is measured by a high-speed photo-detector with a
bandwidth of 45 GHz and an oscilloscope with a bandwidth of 30 GHz.

Then, following the proposed method, the change trend of FM-to-AM depth within
5 ns after specific phase modulation can be obtained and shown in Figure 7a. The same
corresponding trend of spectral width with time variation curves can be indirectly obtained
based on the mapping relationship between frequency and time domain because they both
vary with m(t). Combining with the calibrated maximum spectral width, the measured
experimental result of dynamic variable spectral width with a range from approximately
0.5 nm to 0.1 nm is plotted in Figure 7b, which is well consistent with the simulation.
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In addition, to further verify the effectiveness of the experimental method, a comple-
mentary experiment is designed to compare whether the FM-to-AM depth calculated by
different spectral widths meets the trend shown in Figure 7a. We directly measure the time
domain curve after phase modulation and 100 m fiber length to obtain the FM-to-AM depth
of four different spectral widths. Four kinds of spectral widths and corresponding mod-
ulation curves are calibrated respectively, which are marked as A (0.53 nm); B (0.44 nm);
C (0.30 nm); D (0.15 nm), mainly due to the diverse modulation index. As shown in
Figure 8e, the FM-to-AM depth measured by these four modulation curves is indeed con-
sistent well with the experimental results. Consequently, the further mutual assessments
between the time and frequency domains make the proposed method feasible.
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4. Discussion

Under the specific phase modulation, the overall trend of the spectrum of the pulse is
consistent with the corresponding RF curve, and the width rapidly decreases or increases
dynamically. In the simulation calculation of spectral width, since the time window is not
short enough, the calculation results will fluctuate in a zigzag shape, so a fitting curve
is a better choice to compare. Meanwhile, we preliminarily explore the change of focal
spot size after SSD and CPP. The results are as expected; the radius of the far-field focal
spot change is 40 µm. That is because, with the rapid reduction of spectral width, the
smoothing spatial area decreases with time in SSD. In future research, these simulations
are of guiding significance for realizing more flexible dynamic spatial smoothing scanning
in the parameter control of high-power laser drivers.

Based on the mapping relationship between the frequency and time domain, we indi-
rectly measure the dynamic variable spectral distribution and establish mutual assessments
and verification schemes. The complete verification strategy is shown in Figure 9, which
includes comparing spectral widths obtained by indirect measurement and simulation
calculation, and comparing it with the FM-to-AM depth obtained by experimental mea-
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surements, respectively. Among them, the measured four depths are recorded after phase
modulation and 100 m fiber length.

Photonics 2022, 9, x FOR PEER REVIEW 12 of 13 
 

 

mental measurements, respectively. Among them, the measured four depths are rec-
orded after phase modulation and 100 m fiber length. 

 
Figure 9. Chart of verification strategy. 

Due to the use of specific phase modulation, the modulation systems are different in 
the time domain, and the spectrum of signal light through phase modulation is variable, 
which can realize the rapidly changing regulation of spectral width at different times. 
This modulation method can complete the continuous and real-time regulation of spec-
tral width and promises important applications in realizing the dynamic spectral disper-
sion smoothing effect in the laser parameter control of high-power laser drivers. How-
ever, the equal amplitude phase modulation has only a fixed spectral width and cannot 
realize dynamic change, which has certain limitations in practical application. 

5. Conclusions 
To summarize, in this work, a proposed method of dynamic variable spectral width 

aims to meet the requirements of SSD and the dynamic focus simultaneously. The simu-
lation and experimental results show that under the specific phase modulation function 
proposed in this study, the spectral width can change dynamically on the nanosecond 
scale. Meanwhile, numerical simulations give a result of far-field focal spot consecutive 
variation with radius change of 40 μm (focal length is 2234 mm) after SSD and CPP under 
the contributions of spectral widths of from 0.5 nm to 0.1 nm, respectively. Due to the 
transient regulation of the spectrum width and the smoothing space region changes with 
time, this provides an idea of how to realize more flexible dynamic spatial smoothing 
scanning in the future. In particular, we indirectly measure this dynamic nanosecond 
spectral distribution based on the mapping relationship between frequency and time 
domain. Therefore, the study of specific phase modulation can provide a valuable refer-
ence for the exploration of dynamic focal spot control technology. 

Author Contributions: Conceptualization, X.Q. and X.W.; methodology, S.Z.; software, Z.X.; vali-
dation, X.Q. and X.W.; formal analysis, X.Q. and Y.W.; investigation, S.X.; resources, W.F.; data 
curation, W.F.; writing—original draft preparation, X.Q.; writing—review and editing, X.Q.; visu-
alization, W.F.; supervision, W.F.; project administration, W.F. and X.W.; funding acquisition, W.F. 
and X.W. All authors have read and agreed to the published version of the manuscript. 

Figure 9. Chart of verification strategy.

Due to the use of specific phase modulation, the modulation systems are different in
the time domain, and the spectrum of signal light through phase modulation is variable,
which can realize the rapidly changing regulation of spectral width at different times.
This modulation method can complete the continuous and real-time regulation of spectral
width and promises important applications in realizing the dynamic spectral dispersion
smoothing effect in the laser parameter control of high-power laser drivers. However,
the equal amplitude phase modulation has only a fixed spectral width and cannot realize
dynamic change, which has certain limitations in practical application.

5. Conclusions

To summarize, in this work, a proposed method of dynamic variable spectral width
aims to meet the requirements of SSD and the dynamic focus simultaneously. The simu-
lation and experimental results show that under the specific phase modulation function
proposed in this study, the spectral width can change dynamically on the nanosecond scale.
Meanwhile, numerical simulations give a result of far-field focal spot consecutive variation
with radius change of 40 µm (focal length is 2234 mm) after SSD and CPP under the con-
tributions of spectral widths of from 0.5 nm to 0.1 nm, respectively. Due to the transient
regulation of the spectrum width and the smoothing space region changes with time, this
provides an idea of how to realize more flexible dynamic spatial smoothing scanning in the
future. In particular, we indirectly measure this dynamic nanosecond spectral distribution
based on the mapping relationship between frequency and time domain. Therefore, the
study of specific phase modulation can provide a valuable reference for the exploration of
dynamic focal spot control technology.
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W.F.; writing—original draft preparation, X.Q.; writing—review and editing, X.Q.; visualization,
W.F.; supervision, W.F.; project administration, W.F. and X.W.; funding acquisition, W.F. and X.W. All
authors have read and agreed to the published version of the manuscript.
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