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In the inertial confinement fusion, either directly or in-
directly driven, sufficient laser energy coupled onto the 
target to create the appropriate conditions for the fu-
sion is required. However, in the coupling process, the 
stimulated Raman scattering (SRS)[1] and stimulated 
Brillouin scattering effects in the laser–plasma inter-
action (LPI) will reduce the laser coupling efficiency. 
To improve the coupling efficiency of the beam, several 
beam smoothing methods have been proposed such as 
smoothing by spectral dispersion (SSD)[2–4], polarization 
smoothing (PS)[5], and continuous phase plates (CPP)[6].  
These methods make the spatial energy distribution of 
the focal spot[7] on the target surface become more uni-
form; however, based on experimental results from Na-
tional Ignition Facility[8], SRS effect still produces large 
amount of backward scattered light[9–11].

The growth rate of SRS is closely related to laser 
energy density. SSD, PS, and CPP methods shape the 
spatial energy distribution  to smoothen the laser field 
intensity on the target surface so that the amount of 
backward scattered light can be reduced. Here, we 
propose a new method to suppress SRS backward 
 scattering with the fence pulses (FPs). As the strength 
of the SRS effect is always changing with the variation 
of the electron plasma waves (EPWs), this method uses 
the collision and Landau damping generated by plasma 
itself to weaken the intensity of EPW during LPI, thus 
the SRS backward scattered light is reduced. Compared 
with spatial smoothing methods, the FP method is a 
time suppression method.

Here we give a brief introduction of the SRS theoreti-
cal model, the design of FP, the impact on SRS effect 
after we add extra frequency modulation to FP and 
then conclude this study.

To study the temporal evolution of LPI, we choose to 
use one-dimensional (x − t) fluid simulation model. To 
have a better understanding of the impact of the pulse 
of the SRS effects, we only consider the main pulse, 
SRS, and the EPW three-wave coupling effect in LPI. 
Electric field between them can be described by[12,13]
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where c is the speed of light; w0, wS, and wP are the wave 
frequencies of the main pulse, SRS scattered light, and 
the EPW, respectively; k0, kS, and kP represent the wave 
vectors of the three waves; g0, gS, and gP represent the 
damping terms of three waves in the plasma;  e and me  
represent the charge and mass of electron, and uth

 rep-
resents the thermal velocity of electron. When the FPs 
are coupled to the plasma, there is a zero laser energy 
between two sub-pulses of the FP and the EPW equa-
tion takes a simplified form in this time instant given by
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From Eq. (4) we can see that the EPW decays with 
time, the attenuation strength is related to the damp-
ing of the EPW which is determined by the temper-
ature and density of the plasma (Fig. 1(a)), and its 
value is given as
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Fig. 1. (a) Change in temperature and density of the plasma and (b) SRS backward scattered light of SMP and the FP.
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where uei and glan represent the electron–ion collision 
damping and Landau damping, respectively, whose 
 expressions are
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where lD is the Debye length. In the simulation nc 
means critical density and t0 means the period of the 
laser wave.

When using the FP, first we consider the sub-pulse’s 
shape. If the pulse shape has an uneven profile, the cor-
responding power density is not constant. If the power 
density is high, then the gain of the EPW will increase 
very fast which is not conducive to weaken the SRS ef-
fect. Second, because the FP we used consists of short 
pulses, if the sub-pulse’s rise time or fall time is too 
large, when the pulses may overlap, the bottom power 
density can rise very easily, such as Gaussian FP. Based 
on these points, we finally choose super-Gaussian pulses 
as FP short sub-pulses whose rise time and fall time 
is short so the bottom power density will not increase, 
and power of the peak has a flat top and a very uni-
form distribution.

We compare and simulate the SRS backward scat-
tered light of sinusoidal frequency modulation pulse 
(SMP)[14] and the FP at a constant temperature and 
uniform plasma. The plasma temperature is 1.5 keV, 
the plasma density is 0.1nc, wavelength l of the puls-
es center is 351 nm, interaction time is 30,000 optical 
cycles, plasma length is 1000l, kPlD is 0.256, average 
incident intensity of two kinds of pulses is 3 PW/cm2, 
SMP modulation frequency is 17 GHz, the modulation 
width is 150 GHz (before frequency conversion), width 
of the sub-pulse of the FP is 5 ps, and interval time 
between each sub-pulses is 3 ps (Fig. 1(b)). From the 

SRS  scattering situation shown in Fig. 1(b), when SMP 
pulse is used, SRS backward scattered light share is 
27%, if FP is used, the SRS backward scattered light 
share is only 20%. According to the SMP (dotted line), 
backward scattered light share will not change in a cer-
tain time because after pulse interacts with plasma for 
enough time, EPW saturates and the entire process is 
in a steady state. Using the FP, when the input energy 
is 0, collisions and Landau damping efficiently attenu-
ate the EPW and this breaks the saturation state of 
EPW which means FP shortens the time for the EPW 
to reach its saturation state. Although SRS peak pow-
er of each sub-pulse of FP is larger than that of long 
pulse, the growth rate will be faster than that in the 
case of SMP, but SRS from each short pulse grows up 
from zero, this extends SRS growth time and weakens 
SRS backward scattered light share in another way.

FP has a very important parameter, that is,  the 
duty cycle. When pulse width of the selected pulse is 
fixed, the duty cycle determines time interval between 
each sub-pulses and also the peak power level when 
the average incident power is fixed. Figure 2 shows the 
change of SRS backward scattered share when 5 ps  
sub-pulses have different duty cycle. From Fig. 2 one 
can find that when the duty cycle increases, time in-
terval between each sub-pulse becomes short, and the 
EPW cannot be attenuated effectively. Although the 
peak power density of the sub-pulse is lowered at the 

Fig. 2. SRS backward scattered light share with different duty 
cycles.
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that between two adjacent pulses the frequency differ-
ence is 250 GHz (before frequency conversion).

By comparing Figs. 3(a) and 1(b) we can say that 
with the frequency difference, backward scattered light 
share of FP is reduced significantly and each short 
pulse’s backward scattered light share is reduced as 
well. Among the short pulses, backward scattered light 
share of the ones with frequency difference are reduced 
the most. Because of the frequency difference, effect on 
the pulse caused by the EPW from the previous pulse 
is greatly weakened. Figure 3(b) shows the full-space 
distributions of EPW on the falling edge of a short 
pulse from FP with and without the frequency differ-
ence. We can see that the growth of EPW intensity is 
significantly inhibited.

Figure 4 shows the SRS backward scattered light 
share from FP or SMP interacts with uniform plasma 
at different temperatures. The plasma density is 0.1nc, 
temperature varies from 1.5 to 1.6 keV. Width of the 
short pulses from FP is 5 ps, pulse interval is 3 ps, and 
corresponding center frequency difference is 250 GHz. 
From Fig. 4 we can see that, compared with result 
from SMP, FP with different frequency can reduce the 
SRS share to a great extent. When temperature is be-
tween 1.5 and 1.6 keV, most corresponding SRS share 
dropped to less than 5%.

In conclusion, we present a new method to reduce 
the SRS effect in LPI using FP consisting of a series of 
super-Gaussian short pulses. When FP interacts with 
plasma, the EPW is attenuated between the sub-puls-
es, so the SRS backscattered light share is weakened. 
This share can reduce most of the value under the op-
timal duty cycle. If two adjacent sub-pulses are made 
to have a different frequency, the SRS scattered share 
can weaken further. When the frequency difference is 
250 GHz, the SRS back scattered light share is greatly 
reduced which is satisfactory.
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