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ABSTRACT 
The evolving electron plasma waves (EPWs) excited by stimulated Raman scattering (SRS) can 
generate anomalous energetic electrons in an inhomogeneous plasma with a positive density 
gradient. We investigate the evolution and propagation features of the EPW in the inhomogeneous 
plasma theoretically and confirmed with particle-in-cell simulations. It is found that the evolution 
of the EPW wavenumber is mainly related to the plasma density profile rather than the electron 
plasma temperature. When the density gradient is positive in the direction of the EPW propagation, 
the wavenumber of the EPW decreases with time and its phase velocity increases continuously, 
causing the trapped electrons to be further accelerated to anomalous high energy. Furthermore, it is 
found that the Langmuir decay instability tends to reduce the levels of SRS saturation and electron 
acceleration and produce hot electrons in the opposite direction. This work provides a new 
understanding of electron heating due to SRS excitation. 

I. INTRODUCTION
Laser plasma instabilities (LPIs) are well-known to be one of the key issues in different

schemes of laser-driven inertial confinement fusion (ICF) [1-3].  Tremendous progresses have been 
made in our understanding of the nonlinear development of LPIs and their mitigation [4-7].  One of 
the main LPIs is the stimulated Raman scattering (SRS), the decay of an incident laser into an 
electron plasma wave (EPW) and a scattered light [8, 9], which plays a prominent role in laser-
plasma coupling.  In particular, it produces hot electrons by the excited electron plasma waves 
(EPWs) [10, 11], which are generally detrimental to target compression. Considerable research 
efforts have been devoted to the suppress SRS [12-14]. Once the EPWs are excited via SRS, the 
Langmuir decay instability (LDI) is prone to occur [15, 16], where the EPW decays into a 
counterpropagating EPW and an ion acoustic wave.  The LDI is considered as one of the saturation 
mechanisms of SRS [17, 18].  

The generation of hot electrons by SRS may involve multiple stages. Usually, the phase 
velocity of the EPW excited by the backward-SRS (BSRS) is low and close to the electron thermal 
velocity. Therefore, many electrons can be trapped and heated by BSRS-induced EPWs, typically 
to the kinetic energy lower than 100keV [19, 20]. Meanwhile, the phase velocity of the forward-
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SRS (FSRS)-induced EPW is typically much higher than the electron thermal velocity, so the 
electrons are hard to be trapped and accelerated by this EPW [21, 22]. In early studies, the idea of 
two-stage electron acceleration was put forward [23], suggesting that the electrons pre-accelerated 
in the BSRS process are further accelerated in the FSRS process. This mechanism requires an 
overlap in the velocity space for electron trapping by two plasma waves. It was found that the SRS 
rescattering can fill this phase velocity gap [24] and hot electrons can be produced through the 
interaction of a discrete spectrum of plasma waves generated from BSRS, FSRS, and rescattering. 
In addition, it was found that the LDI  [25, 26] and anti-Stokes Langmuir decay instability (ALDI) 
[27, 28] following BSRS can heat electrons to higher energies because the EPW from the LDI has 
a slightly higher phase velocity. In order to have overlapped trapping regions for different EPWs in 
their phase velocities, this cascade acceleration often imposes high demands on the electron density.  

On the other hand, when the EPW excited by SRS propagates in inhomogeneous plasma, the 
EPW wavenumber and its corresponding phase velocity changes with space and time [29-31], which 
may have important effects on electron trapping and acceleration. For example, for absolute SRS 
developed in inhomogeneous plasma near the quarter critical density, it is shown that when the 
excited EPWs propagate towards the turning point, some trapped electrons are accelerated by the 
primary EPWs as its phase velocity increases [32]. It is also found that the rescattering of SRS in 
inhomogeneous plasma with density less than one-fifth critical density can result in enhanced hot 
electron energy [33, 34]. 

In this work, we investigate theoretically and numerically how the evolution of EPWs excited 
by BSRS in plasma can affect the hot electron production generally. When the laser propagates in 
inhomogeneous plasma with a positive density gradient, the excited EPWs propagate with a group 
velocity along the direction of the plasma density rising. In the meanwhile, the wavenumber of the 
EPWs decreases and the phase velocity increases with time and space. The electrons trapped at early 
time are further accelerated to higher energies as they move from the low-density region to the high-
density region following the EPWs. In our simulations, it shows that the electrons accelerated by 
the above heating mechanism can reach MeV energies. In contrast, when the laser propagates in 
plasma with a negative density gradient, the phase velocity tends to decrease with time and space, 
which results lower electron energy but more electrons trapped. When taking into account the ion 
motion, stimulated Brillouin scattering (SBS) and LDI significantly affect the development of SRS. 
The electron energy boosting mechanism mentioned above in plasma is effective for 𝑘𝑘𝑝𝑝𝜆𝜆𝐷𝐷 > 0.1, 
where 𝑘𝑘𝑝𝑝 and 𝜆𝜆𝐷𝐷 are the EPW wavenumber and electron Debye length, respectively. 

Our paper is arranged as follows. In Sec. II, a model of the EPW propagation in inhomogeneous 
plasma is presented, which is applied to explain the evolution of EPW found in particle-in-cell (PIC) 
simulation. In Sec. III, numerical simulation results are presented on anomalous hot electron 
generation in inhomogeneous plasma via SRS due to the evolution of plasma waves. The effects of 
ion motion are discussed. We summarize the work in Sec. Ⅳ. 
 
II. PROPAGATION OF AN EPW IN INHOMOGENEOUS PLASMA AND THE CHANGE 

OF ITS PHASE VELOCITY 
 
To understand the hot electron generation via SRS in inhomogeneous plasma, it is necessary 

to understand how EPWs propagate and evolve. It has been shown before, when an EPW is excited 
in inhomogeneous plasma, its local wave number will change with time [31]. It is assumed that 
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BSRS instability generates a large amplitude Langmuir wave everywhere in space, which then 
evolves in time. 

The waves involved in SRS satisfy the frequency and wave number matching conditions, 
𝜔𝜔0 = 𝜔𝜔𝑠𝑠 + 𝜔𝜔𝑝𝑝,         (1) 
𝐤𝐤0 = 𝐤𝐤𝑠𝑠 + 𝐤𝐤𝑝𝑝,         (2) 

where 𝜔𝜔 and 𝐤𝐤 represent the frequency and wavenumber of the wave, and subscript 0, s, and p 
represent the incident light wave, the scattered light wave and the EPW, respectively. Each of the 
wave modes obeys their respective linear dispersion relation. According to the above phase 
matching conditions and the dispersion relations of the EPW and the electromagnetic wave, the 
initial wave number of the EPW excited by SRS is 

𝑘𝑘𝑝𝑝(𝑥𝑥, 0) = 𝑐𝑐−1[�𝜔𝜔02 − 𝜔𝜔𝑝𝑝𝑝𝑝2 +��𝜔𝜔0 − 𝜔𝜔𝑝𝑝𝑝𝑝�
2 − 𝜔𝜔𝑝𝑝𝑝𝑝2 ],    (3) 

where 𝜔𝜔𝑝𝑝𝑝𝑝 is the electron plasma frequency. Since the correction of the temperature to dispersion 
relationship is small here, we ignore the thermal effects in the derivation, i.e., 𝜔𝜔𝑝𝑝 ≈ 𝜔𝜔𝑝𝑝𝑝𝑝. At later 
times, the phase of the EPW can be expressed as 𝜙𝜙 = 𝜔𝜔𝑝𝑝𝑡𝑡 − ∫ 𝑘𝑘𝑝𝑝(𝑥𝑥, 0)𝑥𝑥 𝑑𝑑𝑑𝑑, and the wave number 
is obtained as  

𝑘𝑘𝑝𝑝(𝑥𝑥, 𝑡𝑡) = −𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −𝜕𝜕𝜔𝜔𝑝𝑝

𝜕𝜕𝜕𝜕
𝑡𝑡 + 𝑘𝑘𝑝𝑝(𝑥𝑥, 0)      (4) 

which changes with time and space. To study a specific evolution of the wavenumber, we take as 
an example a plasma with a linear density profile 𝑛𝑛𝑒𝑒 = 𝑛𝑛0(1 + 𝑥𝑥/𝐿𝐿), and the corresponding electron 
plasma frequency 𝜔𝜔𝑝𝑝𝑝𝑝 = 𝜔𝜔𝑝𝑝𝑝𝑝,+ = 𝜔𝜔𝑝𝑝0(1 + 𝑥𝑥/𝐿𝐿)1/2, where L is the plasma density scale length. For 
this case, the change of the wave number is given by 𝑘𝑘𝑝𝑝(𝑥𝑥, 𝑡𝑡) = 𝑘𝑘𝑝𝑝,+(𝑥𝑥, 𝑡𝑡) with 

𝑘𝑘𝑝𝑝,+(𝑥𝑥, 𝑡𝑡) = − 𝜔𝜔𝑝𝑝𝑝𝑝,+𝑡𝑡
2(𝑥𝑥+𝐿𝐿) + 1

𝑐𝑐
(�𝜔𝜔02 − 𝜔𝜔𝑝𝑝𝑝𝑝,+

2 + �𝜔𝜔02 − 2𝜔𝜔0𝜔𝜔𝑝𝑝𝑝𝑝,+).    (5) 

As an illustration,  Eq. (5) is shown in the blue part of Fig. 1(a), where the scale length is set 
to 𝐿𝐿 = 300𝜆𝜆0 with 𝜆𝜆0 = 2𝜋𝜋𝜋𝜋/𝜔𝜔0 being the incident light wavelength in vacuum, and the minimum 
density at 𝑥𝑥 = 0 is 𝑛𝑛0 = 0.19𝑛𝑛𝑐𝑐 where 𝑛𝑛𝑐𝑐 = 𝜖𝜖0𝑚𝑚𝑒𝑒𝜔𝜔0

2/𝑒𝑒2 is the critical density. Consider a plasma 
wave located initially at the plasma density range 𝑛𝑛𝑒𝑒 = [0.244, 0.247]𝑛𝑛𝑐𝑐. As the EPW evolves in 
the inhomogeneous plasma, the wavenumber decreases with time, changing from positive, to zero, 
and then to negative. Although the thermal effects are ignored here, the evolution of the EPW 
wavenumber is actually independent of temperature and is only related to the plasma density, as will 
be described below. 

Such a change in the wavenumber means that the phase velocity of the EPW will also change 
simultaneously. The EPW phase velocity is given by 𝑣𝑣𝜙𝜙 = 𝜔𝜔𝑝𝑝/𝑘𝑘𝑝𝑝. By substituting for 𝑘𝑘𝑝𝑝,+ from 
Eq. (5), we obtain the EPW phase velocity in the plasma with positive density gradient, 

𝑣𝑣𝜙𝜙,+(𝑥𝑥, 𝑡𝑡) = 𝜔𝜔𝑝𝑝,+

𝑘𝑘𝑝𝑝,+
≈ 1/[− 𝑡𝑡

2(𝑥𝑥+𝐿𝐿) + 1
𝑐𝑐
�� 𝜔𝜔0

2

𝜔𝜔𝑝𝑝𝑝𝑝,+
2 − 1 + � 𝜔𝜔0

2

𝜔𝜔𝑝𝑝𝑝𝑝,+
2 − 2𝜔𝜔0

𝜔𝜔𝑝𝑝𝑝𝑝,+
�],    (6) 

The change of the phase velocity with time is illustrated by the blue line of Fig. 1(b). Note that the 
finite thickness of the line corresponds to the initial density range [0.244, 0.247]𝑛𝑛𝑐𝑐 where electron 
plasma waves are assumed to be excited. As the EPW wavenumber drops in a plasma with rising 
density, its phase velocity rises continuously.  

If the excited EPW propagates along a down-ramp density profile, such as a density profile 
𝑛𝑛𝑒𝑒 = 𝑛𝑛0(3/2− 𝑥𝑥/𝐿𝐿) giving 𝜔𝜔𝑝𝑝𝑝𝑝 = 𝜔𝜔𝑝𝑝𝑝𝑝,− = 𝜔𝜔𝑝𝑝0(3/2− 𝑥𝑥/𝐿𝐿)1/2, the evolution of wavenumber 
becomes 𝑘𝑘𝑝𝑝(𝑥𝑥, 𝑡𝑡) = 𝑘𝑘𝑝𝑝,−(𝑥𝑥, 𝑡𝑡) with 
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𝑘𝑘𝑝𝑝,−(𝑥𝑥, 𝑡𝑡) ≈ 𝜔𝜔𝑝𝑝𝑝𝑝,−𝑡𝑡
3𝐿𝐿−2𝑥𝑥

+ 1
𝑐𝑐
��𝜔𝜔02 − 𝜔𝜔𝑝𝑝𝑝𝑝,−

2 + �𝜔𝜔02 − 2𝜔𝜔0𝜔𝜔𝑝𝑝𝑝𝑝,−�.    (7) 

The plot of Eq. (7) is shown by the red line in Fig. 1(a), where the plasma wave is still assumed to 
be excited at density range [0.244, 0.247]𝑛𝑛𝑐𝑐, and other parameters are the same as above. It can be 
seen that when the EPW propagates toward the lower density, its wavenumber evolves to a larger 
value. Similarly, the EPW phase velocity in the plasma with a down-ramp density profile can be 
expressed by 

𝑣𝑣𝜙𝜙,−(𝑥𝑥, 𝑡𝑡) = 𝜔𝜔𝑝𝑝,−

𝑘𝑘𝑝𝑝,−
≈ 1/[ 𝑡𝑡

3𝐿𝐿−2𝑥𝑥
+ 1

𝑐𝑐
�� 𝜔𝜔0

2

𝜔𝜔𝑝𝑝𝑝𝑝,−
2 − 1 + � 𝜔𝜔0

2

𝜔𝜔𝑝𝑝𝑝𝑝,−
2 − 2𝜔𝜔0

𝜔𝜔𝑝𝑝𝑝𝑝,−
�].     (8) 

As shown in the red part of Fig. 1(b), the EPW phase velocity gradually decreases in this case. 
 

 
FIG.1 Evolution of the EPW wavenumber (a) and phase velocity (b) in the plasma with 
increasing density (blue part) and decreasing density (red part) obtained from theory.  

 
As regard to the plasma electron temperature, it enables the EPWs to propagate out of the 

excitation region with a finite group velocity in an inhomogeneous plasma. In a fluid model, this 
can be described by the following equation for the electron density perturbation associated with the 
EPWs [8], 

𝜕𝜕2𝑛𝑛�𝑒𝑒
𝜕𝜕𝑡𝑡2

− 3𝑣𝑣𝑒𝑒2
𝜕𝜕2𝑛𝑛�𝑒𝑒
𝜕𝜕𝑥𝑥2

+ 𝜔𝜔𝑝𝑝𝑝𝑝2 𝑛𝑛�𝑒𝑒 = 0 ,       (9) 

where 𝑛𝑛�𝑒𝑒 is the electron density perturbation, and 𝑣𝑣𝑒𝑒 is the electron thermal speed. In homogeneous 
plasma, Eq. (9) corresponds to the Bohm-Gross dispersion relation 𝜔𝜔𝑝𝑝2 = 𝜔𝜔𝑝𝑝𝑝𝑝2 + 3𝑘𝑘𝑝𝑝2𝑣𝑣𝑒𝑒2  [35]. 
Usually in inhomogeneous plasma, EPWs are excited locally and then propagates outside of the 
excitation region due to the finite electron temperature. Here, we consider a simple time-dependent 
model, 𝑛𝑛�𝑒𝑒 = 𝑛𝑛�0(𝑥𝑥, 𝑡𝑡)exp (−𝑖𝑖𝑖𝑖𝑖𝑖), and then Eq. (9) becomes 

2𝑖𝑖𝑖𝑖 𝜕𝜕𝑛𝑛�0
𝜕𝜕𝜕𝜕

+ 3𝑣𝑣𝑒𝑒2
𝜕𝜕2𝑛𝑛�0
𝜕𝜕𝑥𝑥2

+ �𝜔𝜔2 − 𝜔𝜔𝑝𝑝𝑝𝑝2 �𝑛𝑛�0 = 0,      (10) 

which is the inhomogeneous Schrödinger equation in plasma with a given electron density profile 
[36, 37]. Here, as we only focus on the linear propagation of EPWs, nonlinear terms and collisional 
effects are ignored. It can be seen from Eq. (10) that in the plasma with up-ramp density, the 
wavenumber of EPW evolves to 𝑘𝑘𝑝𝑝 = 0  and the EPW turns at the position where the plasma 
frequency reaches the EPW frequency, i.e., 𝜔𝜔𝑝𝑝 = 𝜔𝜔𝑝𝑝𝑝𝑝. In the case of the density profile as 𝑛𝑛𝑒𝑒 =
𝑛𝑛0(1 + 𝑥𝑥/𝐿𝐿), 𝜔𝜔𝑝𝑝𝑝𝑝 = 𝜔𝜔𝑝𝑝0(1 + 𝑥𝑥/𝐿𝐿)1/2, the corresponding turning position for the EPW is given by 
𝑥𝑥𝑡𝑡�𝜔𝜔𝑝𝑝� = (𝜔𝜔𝑝𝑝2 𝜔𝜔𝑝𝑝0

2� − 1)𝐿𝐿. 
Examples of the numerical solution to Eq. (10) is illustrated in Fig. 2 for different plasma 

electron temperatures, where the plasma density profiles are the same as Fig. 1. The initial electron 
density perturbation associated with an EPW is assumed to be a sinusoidal wave as 𝑛𝑛�0(x, 0) =
0.05sin (𝑘𝑘𝑝𝑝0𝑥𝑥), which is located at the initial position 𝑥𝑥 = [85, 90]𝜆𝜆0 with the wavenumber 𝑘𝑘𝑝𝑝0 ≈
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0.9𝑘𝑘0 and the frequency 𝜔𝜔𝑝𝑝 ≈ √0.26𝜔𝜔0  for the initial electron temperature  𝑇𝑇𝑒𝑒 = 3keV in Fig. 2(a). 
It is found that the EPWs propagate in two directions, one propagates toward the low density region 
and the other propagates toward the high density region. For the latter case, the EPW will turn at 
the position when 𝑘𝑘𝑝𝑝 = 0 for the wavenumber of the EPW. In this case, the calculated position of 
the turning point is approximately at 𝑥𝑥𝑡𝑡�𝜔𝜔𝑝𝑝� ≈ 110𝜆𝜆0, which is roughly in line with the results in 
Fig. 2(a). 

 Now it is clear that the evolution of the plasma wavenumber 𝑘𝑘𝑝𝑝 can be attributed to two factors, 
one is due to the density inhomogeneity as described by Eqs. (5) and (7). The other is due to the 
finite electron temperature as described by Eq. (9) or Eq. (10). A finite electron temperature 
introduces a finite group velocity of the EPW. To examine which factor plays a dominant role for 
the plasma wavenumber evolution, we have carried out simulations with different electron 
temperatures while keeping the plasma density profile and initial density perturbations fixed, as 
shown in Figs. 2(b) and 2(c). It can be found that when the initial temperature changes, the turning 
position of the EPW changes accordingly, but the corresponding time is almost the same, all around 
𝑡𝑡 = 1500𝜏𝜏 represented by the white dashed line. This is what estimated by Eq. (5). The change of 
turning position is caused by different magnitudes of the group velocity, which make the EPWs 
propagate different distances in the same time. This suggests that the evolution of the wavenumber 
in time is mainly determined by the plasma density distribution in space, and to lesser extent by the 
electron temperature. 

 
To validate the above features of EPW propagation in inhomogeneous plasma  obtained based 

upon theoretical analysis, we have carried out one-dimensional particle-in-cell (PIC) simulations 
with the code EPOCH [38]. In the following two simulations, a laser pulse with wavelength 𝜆𝜆0 =
0.351𝜇𝜇𝜇𝜇 and duration 𝑡𝑡 = 580𝑓𝑓𝑓𝑓 is incident into an inhomogeneous plasma slab from the left and 
right boundaries, respectively. The density profile is assumed to vary linearly with space as 𝑛𝑛𝑒𝑒 =
0.19𝑛𝑛𝑐𝑐(1 + 𝑥𝑥 300⁄ ), which is the same as in Fig. 1. Look first at the case in Fig 3 of laser incidence 
from the left side of the plasma, corresponding to the laser propagation along an up-ramp density 
profile. BSRS develops most efficiently near the quarter-critical density. The excited EPWs 
propagates forward due to the finite electron temperature, and then turn at a higher density, as shown 
in Fig. 3(a). Around the plasma density 𝑛𝑛0 = 0.24𝑛𝑛𝑐𝑐 and at the initial electron temperature 𝑇𝑇𝑒𝑒 =
3keV , the frequency of the EPW excited by BSRS can be estimated to be 𝜔𝜔𝑝𝑝 ≈ √0.26𝜔𝜔0 . The 
theoretical position of the turning point is at 𝑥𝑥𝑡𝑡 ≈ 110𝜆𝜆0, which is the same as in Fig. 2(a) for the 

 
FIG. 2 Spatiotemporal plots of the EPWs propagation in inhomogeneous plasma obtained from 
Eq. (10), for initial electron temperatures 𝑇𝑇𝑒𝑒 = 3keV (a), 𝑇𝑇𝑒𝑒 = 2keV (b), 𝑇𝑇𝑒𝑒 = 1keV (c). In each 
plot, two EPW wave packets are excited, one propagates to the low density region and the other 
one to the high density region until 𝑘𝑘𝑝𝑝 = 0 (or the group velocity reduces to zero) and then turns 
back to the low density region. Space and time are normalized to the laser wavelength and period, 
respectively. 
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wave packet propagating to the high-density region. Therefore, the simulation results in Fig. 3(a) 
for the trajectory of the EPW packet are well in agreement with that of the inhomogeneous 
Schrödinger equation (10).  

Another feature of the EPW evolution is found in the wave number due to the plasma density 
inhomogeneity as described by Eq. (5), which is also found in the PIC simulation. Figures 3(b) and 
3(c) show the spectra of the electrostatic fields found in the time windows of [500,1000]𝜏𝜏  and 
[2500,3000]𝜏𝜏, respectively. It is obvious that the wavenumber decreases from positive in Fig. 3(b) 
to negative in Fig. 3(c), while the EPW frequency remain almost constant. To see the evolution of 
the wavenumber clearly, we have plotted the temporal evolution of the EPW wavenumber in Fig. 
3(d). It is obvious that the wavenumber reduces with time until 𝑘𝑘𝑝𝑝 = 0 at the turning point at about 
𝑡𝑡 = 2000𝜏𝜏. Afterwards, 𝑘𝑘𝑝𝑝 < 0  with its absolute value increases with time. This is consistent with 
the trend in Fig. 1(a). Taking into account the time of laser propagation and SRS development in the 
simulation, it is found that the time of the EPW turning found in the simulation is in agreement with 
that predicted by the theory model shown above. From Fig. 3(d), as the plasma frequency changes 
little with time, the phase velocity changes from 0.55𝑐𝑐 to +∞ during [500,1500]𝜏𝜏. 

 
FIG. 3 PIC simulation results for the evolution of the EPW excited by SRS when a laser pulse is 
incident from the left boundary of the simulation box. (a) and (d) Time-space and time-
wavenumber distributions of the EPW. (b) and (c) Wavenumber-frequency distributions of the 
EPW in the time windows [500, 1000]𝜏𝜏 and [2500, 3000]𝜏𝜏, respectively. The two black dash 
lines corresponds to the frequency of the EPWs excited at 0.24𝑛𝑛𝑐𝑐 and 0.25𝑛𝑛𝑐𝑐. 

 
We next study the same density profile setting, but now the laser is incident from the right side 

of the plasma, which corresponds to the laser /EPW propagation along a down-ramp density profile. 
One can see in Fig. 4(a) that the EPW keeps propagating to the left boundary without turning, which 
is consistent with the EPW mode propagating to the left as shown in Fig. 2. Also, the magnitude of 
the wavenumber will continue to increase with time as shown in Figs. 4(b)-4(d). In this case, the 
phase velocity of the EPW will continue to decrease. This implies that more electrons could be 
trapped with time.  
 

 
FIG. 4 Simulation results when the laser is incident from the right boundary, i.e., the laser 
propagation along a down-ramp density profile. (a) and (d) Time-space and time-wavenumber 
distributions of EPW. (b) and (c) Wavenumber-frequency distributions of EPW in the time 
windows [500, 1000]𝜏𝜏 and [1500, 2000]𝜏𝜏, respectively. 
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III. HOT ELECTRONS ACCELERATED IN THE EVOLVING EPWS 
 
A. Electron trapping conditions and energy gain in EPWs in homogeneous plasma 

Our analysis above suggests that the EPW phase velocity changes continuously with time and 
space in inhomogeneous plasma. In plasma with an up-ramp density profile, the EPW phase velocity 
increases with time within a certain time window. Thus, some trapped electrons could be 
continuously accelerated to high energy. To examine this, let us first consider the electron trapping 
conditions in homogeneous thermal plasma. When the thermal velocity of the electron 𝑣𝑣𝑒𝑒 and the 
phase velocity of the EPW 𝑣𝑣𝜙𝜙 are comparable, a significant number of electrons will be trapped by 
the EPW, resulting in the energy transfer from the wave to some trapped electrons. In the 
nonrelativistic limit, the velocity of electrons accelerated by EPW is related to 𝑣𝑣ϕ and the trapping 
width 𝑣𝑣𝑡𝑡𝑡𝑡, that is, the trapped electrons oscillate between 𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑣𝑣𝜙𝜙 ± 𝑣𝑣𝑡𝑡𝑡𝑡. 

We analyze the evolution of the phase velocity of the EPW excited by the SRS in Fig. 1(b). 
When the EPW wavenumber drops in plasma with the up-ramp density profile, its phase velocity 
rises continuously. Then, the electrons trapped at the beginning can be continuously accelerated by 
the evolved EPWs to higher energies. In the opposite case, the EPW phase velocity gradually 
decreases in plasma with the down-ramp density profile. This means that the evolved plasma wave 
can trap a larger number of low-speed electrons. 

Regarding the trapping width, it is related to the EPW amplitude and wavenumber by 𝑣𝑣𝑡𝑡𝑡𝑡 =
2�𝑒𝑒𝐸𝐸𝑝𝑝𝑝𝑝/(𝑚𝑚𝑒𝑒𝑘𝑘), as a balance between kinetic energy 𝑚𝑚𝑒𝑒𝑣𝑣𝑡𝑡𝑡𝑡2 /2 and potential energy 𝑒𝑒𝐸𝐸𝑝𝑝𝑝𝑝/𝑘𝑘 in the 
frame of the EPW wave front. In the process of propagating and evolving, although the amplitude 
of the EPW is affected by damping and decreases, the wavenumber in the denominator of the above 
equation has a more pronounced change. If the EPW propagates in plasma with the up-ramp density 
profile, the trapping width increases rapidly as the wavenumber decreases, and there will be a 
relatively wide trapping range in the velocity distribution. 

The effect of the wavenumber variation is evident both for the phase velocity and the trapping 
width. In the following subsections, we present a set of simulations to show the effects of plasma 
wavenumber evolution on electron acceleration in inhomogeneous plasma.  
 
B. Electron acceleration in inhomogeneous plasma from PIC simulations 

In Fig. 5, we first consider Case 1 with an up-ramp density profile and with fixed ions, which 
excludes the interference of other LPIs such as SBS and LDI. The key parameters used in this case 
are listed below. The laser has the intensity 𝐼𝐼0 = 4.4 × 1015 W cm2⁄  , the wavelength 𝜆𝜆0 =
0.351μm , and a semi-infinite duration. The simulation box has a length of 200𝜆𝜆0  along the 
longitudinal x-axis and the plasma is distributed with a density profile 𝑛𝑛𝑒𝑒 = 0.23𝑛𝑛𝑐𝑐(1 + 𝑥𝑥/800), 
as shown in Fig. 5(a), where the quarter critical density is found at 𝑥𝑥 ≈ 70𝜆𝜆0. The initial electron 
temperature is 𝑇𝑇𝑒𝑒 = 3keV. 

The high density and large density gradient used in our simulations make rescattering of SRS 
and FSRS less likely, so only BSRS is considered here. At the density 𝑛𝑛𝑒𝑒 = 0.23𝑛𝑛𝑐𝑐 , the 
wavenumber of the EPW excited by BSRS is approximately 𝑘𝑘𝑝𝑝 ≈ 1.02𝑘𝑘0. From Fig. 5(b), we can 
see that the initial wavenumber of the EPW excited via BSRS is slightly larger than 𝑘𝑘0, which is 
consistent with the theoretical value. The EPW propagates forward with the decreasing wavenumber 
and gradually decay over a distance. 
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Near the density 0.23𝑛𝑛𝑐𝑐, the EPW frequency is calculated to be 𝜔𝜔𝑝𝑝 = 0.50𝜔𝜔0, then the phase 
velocity obtained is approximately at 𝑣𝑣𝜙𝜙 ≈ 0.49𝑐𝑐. The amplitude of the EPW in the simulation is 
roughly about 𝑒𝑒𝐸𝐸𝑝𝑝𝑝𝑝/𝑚𝑚𝑒𝑒𝜔𝜔0𝑐𝑐 = 0.06 , and the trapping width is estimated to be 𝑣𝑣𝑡𝑡𝑡𝑡 ≈ 0.49𝑐𝑐.  The 
theoretical estimate agrees with the PIC simulation results at the early stage as illustrated in Fig. 
5(c). Afterwards, the excited EPW propagates to the right and its wavenumber has evolved to a 
smaller value with time.  As a result, a higher phase velocity is found and, in the meanwhile, the 
trapping width increases due to the reduction of the wavenumber. Subsequently the trapped 
electrons are accelerated to higher momenta, as shown in Fig. 5(d). Figure 5(e) illustrated the 
electron energy spectra at different time. The electrons are accelerated to much higher energy at a 
later stage (𝑡𝑡 = 3000𝜏𝜏) than that at an earlier stage (𝑡𝑡 = 1000𝜏𝜏).  The slope of the hot electron tail 
at 𝑡𝑡 = 3000𝜏𝜏 is fit using a temperature of 𝑇𝑇𝑒𝑒 ≈ 935keV. This agrees with the fact that the EPW 
phase velocities evolve to high values even up to superluminal. Our simulation results suggest that 
the wavenumber evolution of the EPW in plasma with an up-ramp density profile leads to the 
production of a large number of hot electrons with high energy. 
 

 
FIG. 5 Evolution of the EPW wavenumber and electron phase space in Case 1. (a) The up-ramp 
density profile used in this simulation. (b) The temporal evolution of the EPW wavenumber. The 
phase space distributions of electrons in [10, 20]𝜆𝜆0 (c) and in [80,90]𝜆𝜆0 at 𝑡𝑡 = 2000𝜏𝜏 (d). (e) 
Energy distributions of electrons at different time. 

 
As a comparison, we consider in Fig. 6 the excited EPW propagates along a down-ramp density 

in Case 2, where the density profile is shown in Fig. 6(a). In this case, its wavenumber gradually 
increases and the phase velocity decreases according to Sec. II, which is agreement with PIC 
simulation as shown in Fig. 6(b). The phase velocity at the beginning is the maximum phase velocity, 
which tends to decrease with time. This implies that more low energy electrons can be trapped by 
EPWs as illustrated in Figs. 6(c) and 6(d). From Fig. 6(e), the slope of the hot electron tail at 𝑡𝑡 =
2000𝜏𝜏 is fit using a temperature 𝑇𝑇𝑒𝑒 ≈ 217keV, which is close to the theoretical value calculated by 
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the three-wave coupling conditions. Comparing the electron energy spectra at 𝑡𝑡 = 1000𝜏𝜏  and 
2000𝜏𝜏, more low-speed electrons are found to be trapped at 𝑡𝑡 = 2000𝜏𝜏. The comparison of Case 1 
and 2 demonstrates that the evolution of the plasma wave leads to dramatically different features of 
electron acceleration due to their different evolution of the plasma wavenumbers in up-ramp and 
down-ramp density profiles.  
 

 
FIG. 6 Evolution of the EPW wavenumber and electron phase space in Case 2. (a) The down-
ramp density profile used in this simulation. (b) The temporal evolution of the EPW wavenumber. 
The phase space of electrons in [130,140]𝜆𝜆0  (c) and in [150, 160]𝜆𝜆0  at 𝑡𝑡 = 2000𝜏𝜏  (d). (e) 
Energy distributions of electrons at different time. 

 
C. Effects of ion motion on electron acceleration 

When we consider the ion motion, new types of LPIs associated with ion motion will take place 
and electron acceleration processes gets more involved. An important parameter in the discussion 
of nonlinear EPW regimes is a dimensionless parameter 𝑘𝑘𝑝𝑝𝜆𝜆𝐷𝐷  [26], where 𝑘𝑘𝑝𝑝  is the EPW 
wavenumber and 𝜆𝜆𝐷𝐷 is the electron Debye length. In the kinetic regime with 𝑘𝑘𝜆𝜆𝐷𝐷 ≥ 0.29, it is prone 
to get the frequency-broadened spectrum associated with electron trapping. However, in this regime, 
phenomena such as wavebreaking are more likely to occur [39]. In the fluid regime with 𝑘𝑘𝜆𝜆𝐷𝐷 <
0.29, LDI will take place, which could be one of the saturation mechanisms of SRS. Meanwhile, 
the decaying EPW from LDI has a smaller wavenumber, so there will be a higher phase velocity to 
heat trapped electrons to a higher temperature. Moreover, if the plasma wavenumber is smaller, 
𝑘𝑘𝜆𝜆𝐷𝐷 < 0.1, EPW collapse and strong turbulence is the dominant nonlinearity [40], where the EPW 
is getting trapped in ion density cavities and does not reach any stable state. Given the above 
consideration, we focus on the parameter regime with 0.1 < 𝑘𝑘𝜆𝜆𝐷𝐷 < 0.29. 

The parameters in the following case are similar to those in Fig.5 for the laser and plasma 
density profile, except for the ions motion and initial electron temperature. Assuming the ions to be 
protons, we take the ion to electron mass ratio to be  𝑚𝑚𝑖𝑖 𝑚𝑚𝑒𝑒⁄ = 1836 in the simulation. To reduce 
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the impact of EPW collapse, the electron temperature is raised to 5keV, so that the SRS remains in 
the fluid regime for 𝑘𝑘𝜆𝜆𝐷𝐷 = 0.2 without strong turbulence. As illustrated in Fig. 7, the reflectivity 
due to SRS is more volatile in the ion-mobile case than the ion-fixed case at the early stage. Later, 
the generation of LDI and the development of SBS act to quench SRS, which suppress the excitation 
of EPW. As a whole, the level of SBS is relatively low in the early stage, so we still focus mainly 
on the SRS and its subsequent decay instability. 
 

 
FIG. 7 Instantaneous reflectivity due to SRS in the ion-fixed case (yellow line), as well as due to 
SRS and SBS in the ion-mobile case (blue and red line) diagnosed at the left boundary. 

 
 Figure 8 demonstrates the spectrum of the EPW and hot electron energy spectra for ion-mobile 
case. It is obvious that LDI has been already excited in this case as shown in Fig. 8(a), where the 
signal of the positive wavenumber is mainly generated by SRS and the negative part is generated 
by LDI of SRS. The LDI-excited secondary EPW have smaller wavenumber and frequency than the 
primary EPW, which is precisely determined by the three-wave coupling conditions of LDI. Figure 
8(b) illustrate the evolution of the forward and backward propagating EPW. The SRS started to 
develop around 𝑡𝑡 = 290𝜏𝜏, and LDI appeared at time after 𝑡𝑡 = 500𝜏𝜏. Although the EPWs are not so 
stable under the impact of various nonlinear effects, there is still a clear trend of wavenumber 
evolution.  

Because of the backward propagating EPW produced by LDI, some electrons are accelerated 
in the backward direction. Figure 8(c) shows that electrons are accelerated both in the forward and 
backward directions to a comparable level. Since the SRS develops relatively early, there is already 
a pronounced heating of electrons at 𝑡𝑡 = 500𝜏𝜏 in the positive direction, and no obvious heating in 
the negative direction at that time. At a later time 𝑡𝑡 = 1000𝜏𝜏, the EPWs evolve to higher phase 
velocities, accelerating the electrons up to about 500keV, where the hot electron tail has a 
temperature around 𝑇𝑇𝑒𝑒 ≈ 564keV in the positive direction. Further later in time, as the EPW begin 
to decay, the heating temperature decreases. However, due to its slower development, the backward 
EPW traps a larger number of electrons at 𝑡𝑡 = 2000𝜏𝜏. Overall, when ions are mobile, the energy of 
electrons heated by EPW is not as high as when ions are fixed due to various nonlinearities, but the 
EPW evolution as well as electron acceleration is still present. 

Although the results shown above are all near the quarter-critical density, electron acceleration 
due to the EPW evolution also plays a role in low density and low temperature plasma. Simulations 
not presented here also show that the EPW evolution is still evident in inhomogeneous plasma with 
density below 0.2𝑛𝑛𝑐𝑐, and high-energy electrons are generated beyond the initial theoretical value. 
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FIG. 8 The simulation results of Case 3. (a) Wavenumber-frequency distributions of the EPW 
during [0, 2000]𝜏𝜏. (b) The temporal evolution of the forward propagating EPWs. (c) The electron 
energy spectrum at different time. 

 
IV. CONCLUSIONS 

The evolution of the EPW initially excited by the SRS and subsequent electron acceleration in 
an inhomogeneous plasma are investigated theoretically and numerically. It is found that the EPW 
excited by SRS can propagate out of the resonant region due to the finite electron temperature. 
Besides, the EPW wavenumber changes with time and space due to the density inhomogeneity. The 
evolution of EPWs in plasma with an up-ramp density profile is dramatically different from that 
with a down-ramp density profile. In the former case, the EPW wavenumber becomes smaller and 
the phase velocity gradually increases up to superluminal, driving anomalous electron acceleration 
even up to the order of MeV. 

In the case when ion motion is considered, the situation is more complicated due to the coupling 
with the development of SBS, LDI as well as EPW collapse. These change the saturation level of 
SRS and limits the time the EPW remains stable. In spite of all these factors, a clear wavenumber 
evolution is observed in the simulations and the electron temperature is also increased to a high 
level. 

The anomalous acceleration mechanism studied here may also be found in other LPI process 
involving EPWs as product waves, such as the sideward-SRS and two-plasmon decay. The excited 
EPW evolves and continues to transfer energy to the electrons, releasing a large number of 
suprathermal electrons. The mechanism presented in this work provides a possible explanation for 
high-energy electron generation observed in experiments.  
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