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OUTLINE

➢ Plasma wave excitation using laser beams

➢ Plasma Beat Wave Accelerator (PBWA)

➢ Kinetic study of Auto-resonant PBWA

➢ Summary  

 1D standard PBWA

 1D Auto-Resonant PBWA
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Plasma wave excitation using laser beams
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➢ Laser WakeField Accelerator

Z. Nie, et al., Nat. Photonics 12, 489 (2018)

𝒄𝑻𝒅𝒖𝒓𝒂~𝝀𝒑𝒍𝒂𝒔𝒎𝒂~𝒄 ∙ 𝒇𝒔



Plasma wave excitation using laser beams
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➢ Laser WakeField Accelerator

➢ Scheme of Multiple Laser Pulses

O. Jakobsson, et al., Phys. Rev. Lett. 127, 184801 (2021)

𝑵 × 𝒄𝑻𝒅𝒖𝒓𝒂~𝑵 × 𝝀𝒑𝒍𝒂𝒔𝒎𝒂~𝑵× 𝒄 ∙ 𝒇𝒔



Plasma wave excitation using laser beams
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➢ Laser WakeField Accelerator

➢ Scheme of Multiple Laser Pulses

➢ Plasma Beat Wave Accelerator

 Exciting a plasma wave with low transverse spread;         (E. Ponomareva, et al., Phys. Rev. Accel. Beams 26, 

061301 (2023))

 Favoring electron acceleration under near-critical density;        (E Barraza-Valdez, et al.,Photonics, 9(7), 476 

(2022))

 Modification of the plasma wave phase velocity;                     (A. Pukhov, et al., Plasma, 6(1), 29-35 (2023))

 Autoresonant excitation of plasma wave. 

A1(ω1)

A2(ω1 - ωpe)

𝒄𝑻𝒅𝒖𝒓𝒂 ≥/≫ 𝒏𝝀𝒑𝒍𝒂𝒔𝒎𝒂~𝒄 ∙ 𝒑𝒔



Plasma Beat Wave Accelerator
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ഥ𝒂 = 𝒂𝟏𝒄𝒐𝒔 𝝓𝟏 + 𝒂𝟐𝒄𝒐𝒔(𝝓𝟐)/(𝒂𝟏 + 𝒂𝟐)

Laser beam1 : 𝒂𝟏𝒄𝒐𝒔(𝝓𝟏), 𝝓𝟏 = 𝝎𝟏𝒅𝒕

Laser beam2 : 𝒂𝟐𝒄𝒐𝒔(𝝓𝟐), 𝝓𝟐 = 𝝎𝟐𝒅𝒕 ∆𝝎 = 𝝎𝟏 −𝝎𝟐 ≈ 𝝎𝒑𝒆

➢ 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 < 𝟏𝟎𝟎𝝅 to avoid the ion motion [1], valid for the singly ionized He plasma.

[1] P. Mora et al., Phys. Rev. Lett. 61, 1611 (1988).

𝒂 = 𝐞𝐀/𝒎𝒆𝒄

𝝎𝒑𝒆 = (𝒏𝒆𝒆
𝟐/𝝐𝟎𝒎𝒆)

𝟏/𝟐



Plasma Beat Wave Accelerator
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Laser beam1 : 𝒂𝟏𝒄𝒐𝒔(𝝓𝟏), 𝝓𝟏 = 𝝎𝟏𝒅𝒕

Laser beam2 : 𝒂𝟐𝒄𝒐𝒔(𝝓𝟐), 𝝓𝟐 = 𝝎𝟐𝒅𝒕 ∆𝝎 = 𝝎𝟏 −𝝎𝟐 ≈ 𝝎𝒑𝒆

➢ 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 < 𝟏𝟎𝟎𝝅 to avoid the ion motion [1], valid for the singly ionized He plasma.

[1] P. Mora et al., Phys. Rev. Lett. 61, 1611 (1988).

𝒂 = 𝐞𝐀/𝒎𝒆𝒄

𝝎𝒑𝒆 = (𝒏𝒆𝒆
𝟐/𝝐𝟎𝒎𝒆)

𝟏/𝟐

ഥ𝒂 = 𝒂𝟏𝒄𝒐𝒔 𝝓𝟏 + 𝒂𝟐𝒄𝒐𝒔(𝝓𝟐)/(𝒂𝟏 + 𝒂𝟐)



Standard PBWA
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𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 − 𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆

Basic parameters: 𝒂𝟏 = 𝒂𝟐 = 𝟎. 𝟏𝟐, 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 = 𝟖𝟎𝝅

𝒂 = 𝐞𝐀/𝒎𝒆𝒄

𝝎𝒑𝒆 = (𝒏𝒆𝒆
𝟐/𝝐𝟎𝒎𝒆)

𝟏/𝟐

Relativistic effect leads to wavelength shift Rosenbluth-Liu (RL) limit [2]:  

𝑬𝑹𝑳 = 𝑬𝟎(𝟏𝟔𝒂𝟏𝒂𝟐)
𝟏
𝟑

𝑬𝟎 = 𝒎𝒆𝝎𝒑𝒆𝒄/𝒆

[2] Rosenbluth, et al., Phys. Rev. Lett. 29, 701 (1972).

Fluid Model (FM) with No density dependence [1]

[1] R. R. Lindberg. et. al., Phys. Rev. Lett. 93.055001 (2003);



Phase information in Standard PBWA
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Phase-locking, cosΦ = cos(𝜙1 − 𝜙2 − Arg(𝐸𝐿)) ≈ 1, promotes the excitation 

Basic parameters: 𝒂𝟏 = 𝒂𝟐 = 𝟎. 𝟏𝟐, 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 = 𝟖𝟎𝝅

𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 − 𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆

𝒂 = 𝐞𝐀/𝒎𝒆𝒄

𝝎𝒑𝒆 = (𝒏𝒆𝒆
𝟐/𝝐𝟎𝒎𝒆)

𝟏/𝟐

Fluid Model (FM) with No density dependence [1]

[1] R. R. Lindberg. et. al., Phys. Rev. Lett. 93.055001 (2003).



AutoResonant (AR) PBWA

7

𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 −𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆 + 𝜶(𝒕 − 𝒕𝟎)

Fluid Model (FM) with No density dependence [1]

[1] R. R. Lindberg. et. al., Phys. Rev. Lett. 93.055001 (2003).

Basic parameters: 𝒂𝟏 = 𝒂𝟐 = 𝟎. 𝟏𝟐, 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 = 𝟖𝟎𝝅, linear chirp rate 𝜶 = −𝟎. 𝟎𝟎𝟎𝟒,

𝝎𝒑𝒆𝒕𝟎 = 𝟐𝟐. 𝟓𝝅.



Plasma wave excitation in AR PBWA
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Proper chirp choice leads to an enhancement [1,2], e.g., 𝑬𝑳 > 𝑬𝑹𝑳

[1] R. R. Lindberg. et. al., Phys. Rev. Lett. 93.055001 (2003);  [2] R. R. Lindberg. et. al., POP 13, 123103 (2006)

𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 −𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆 + 𝜶(𝒕 − 𝒕𝟎)

Fluid Model (FM) with No density dependence [1]

Basic parameters: 𝒂𝟏 = 𝒂𝟐 = 𝟎. 𝟏𝟐, 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 = 𝟖𝟎𝝅, linear chirp rate 𝜶 = −𝟎. 𝟎𝟎𝟎𝟒,

𝝎𝒑𝒆𝒕𝟎 = 𝟐𝟐. 𝟓𝝅.
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Proper chirp choice leads to the broaden phase-locking distance [2]. 

[1] R. R. Lindberg. et. al., Phys. Rev. Lett. 93.055001 (2003);  [2] R. R. Lindberg. et. al., POP 13, 123103 (2006)

Phase information in AR PBWA

𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 −𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆 + 𝜶(𝒕 − 𝒕𝟎)

Fluid Model (FM) with No density dependence [1]

Basic parameters: 𝒂𝟏 = 𝒂𝟐 = 𝟎. 𝟏𝟐, 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 = 𝟖𝟎𝝅, linear chirp rate 𝜶 = −𝟎. 𝟎𝟎𝟎𝟒,

𝝎𝒑𝒆𝒕𝟎 = 𝟐𝟐. 𝟓𝝅.



What effects are missing in fluid model?

➢ No explicit density dependent Fluid Model (FM): 

 No explicit density dependence;

 Particle acceleration, wave-breaking limitation, are not included;

 The up/down shift of the laser frequencies due to the density perturbation is 

not included;

 The Stokes / Anti-Stokes scattering instability of the laser beams are not 

included.
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𝒅𝟐

𝒅𝝃𝟐
𝝓 =

𝟏

𝟐

𝟏+
𝒂𝟏
𝟐

𝟐
+
𝒂𝟐
𝟐

𝟐
+𝒂𝟏𝒂𝟐 𝒄𝒐𝒔 𝝓𝟏−𝝓𝟐

(𝟏+𝝓)𝟐

 𝝃 = 𝝎𝒑𝒆 𝒕 − 𝒙/𝒗𝒈

∆𝝎 =
𝝏 𝝋𝟏 − 𝝋𝟐

𝝏𝝃
= 𝝎𝟏 −𝝎𝟐 = 𝝎𝒑𝒆 + 𝜶(𝒕 − 𝒕𝟎)



Comparison between FM and PIC results

[1] J. Derouillat. et. al., Phys. Commun. 222, 351-373 (2018) 11

Kinetic simulations are performed with SMILEI PIC code[1] (Convenient and Friendly) 

with the same basic parameters as the fluid one

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝜶 𝒌𝒑𝒅𝒙

𝟎. 𝟎𝟎𝟎𝟒 0.12 𝟖𝟎𝝅 22.5𝝅 -0.0004 0.008



Comparison between FM and PIC results

[1] J. Derouillat. et. al., Phys. Commun. 222, 351-373 (2018) 11

Kinetic simulations are performed with SMILEI PIC code[1] (Convenient and Friendly) 

with the same basic parameters as the fluid one

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝜶 𝒌𝒑𝒅𝒙

𝟎. 𝟎𝟎𝟎𝟒 0.12 𝟖𝟎𝝅 22.5𝝅 -0.0004 0.008

FM

PIC

 Blue lines: EL/ERL ;

Red lines: cos[𝜑1- 𝜑2 − Arg(𝐸𝐿)]; 

 Cos[𝜑1 - 𝜑2 − Arg(𝐸𝐿)] ≈ 1 , gives

the optimal condition for the plasma

wave excitation;

𝜉 𝜉



Comparison between FM and PIC results

[1] J. Derouillat. et. al., Phys. Commun. 222, 351-373 (2018) 11

Kinetic simulations are performed with SMILEI PIC code[1] (Convenient and Friendly) 

with the same basic parameters as the fluid one

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝜶 𝒌𝒑𝒅𝒙

𝟎. 𝟎𝟎𝟎𝟒 0.12 𝟖𝟎𝝅 22.5𝝅 -0.0004 0.008

FM

PIC

 Blue lines: EL/ERL ;

Red lines: cos[𝜑1- 𝜑2 − Arg(𝐸𝐿)]; 

 Cos[𝜑1 - 𝜑2 − Arg(𝐸𝐿)] ≈ 1 , gives

the optimal condition for the plasma

wave excitation;

 AR PBWA is reproduced in PIC.



Density dependence is observed in PIC
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𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

𝜶 = −𝟎. 𝟎𝟎𝟎𝟒



Density dependence is observed in PIC

12

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

Wave-breaking:

𝑬𝟎 = 𝒎𝒆𝝎𝒑𝒆𝒄/𝒆



12

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

Density dependence is observed in PIC

Wave-breaking:

𝑬𝟎 = 𝒎𝒆𝝎𝒑𝒆𝒄/𝒆



12

𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

 For the lowest plasma density, e.g., 𝒏𝒆/𝒏𝒄𝒓 = 0.0004, good agreement is obtained；

 Higher density, higher maximum amplitude, but faster decline. 

Density dependence is observed in PIC

Wave-breaking:

𝑬𝟎 = 𝒎𝒆𝝎𝒑𝒆𝒄/𝒆



Laser beams evolution
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𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝜶 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 0 0.008

Stokes/ anti-Stokes scattering:

The growth rate is analytically obtained:

𝜸𝒔
𝝎𝒑𝒆

=
𝒏𝒆/𝒏𝒄𝒓
𝟒

𝒂𝟏,𝟐 (𝟏𝟔𝒂𝟏𝒂𝟐)
𝟏
𝟑

 Coupling between the neighboring mode may enhance the 

transient excitation;

 Frequency shift due to 𝛿𝑛𝑒/𝑛𝑒, ~ 𝒏𝒆/𝒏𝒄𝒓.



Coherence of the plasma wave
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𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

Maximum nonlinear wavenumber:

𝒌𝒏𝒑 = 𝒌𝒑/[𝟏 + 𝟑/𝟏𝟔(𝑬𝑳−𝒎𝒂𝒙/𝑬𝟎)
𝟐]

 Higher density, higher maximum amplitude, but reduced coherence. 



Recording the acceleration process

Distribution Function

vp ≈ c

A good accelerator has high accelerating field, and should be stable

15

𝑑𝑛/𝑑𝐸𝑘𝑖𝑛



Recording the acceleration process

A good accelerator has high accelerating field, and should be stable

vp ≈ c
eE0×ct

eERL×ct

t

E
k

in
-m

n
a

x

AR

Distribution Function

Kinetic energy Ekin-max = eEL×ct

15

𝑑𝑛/𝑑𝐸𝑘𝑖𝑛



Coherence influences the acceleration process
𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004,  0.0016,   0.0064 0.12 𝟖𝟎𝝅 22.5𝝅 0.008

16

 Higher density, higher maximum amplitude, but reduced coherence leads to lower 

acceleration efficiency.

NOTING: 𝒆𝑬𝟎𝒄𝒕 = 𝒆
𝒎𝒆𝒄𝝎𝒑

𝒆
𝒄𝒕 = 𝒎𝒆𝒄

𝟐𝝎𝒑𝒆𝒕 = 𝝎𝒑𝒆𝒕 × 𝟎. 𝟓𝐌𝐞𝐕, 𝑬𝑹𝑳 = 𝑬𝟎(𝟏𝟔𝒂𝟏𝒂𝟐)
𝟏

𝟑



Optimal laser intensity to reach wave-breaking
𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝒌𝒑𝒅𝒙

0.0004 0.12,   0.2,   0.3 𝟖𝟎𝝅 22.5𝝅 0.008
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 The optimal parameters: 

density 𝒏𝒆/𝒏𝒄𝒓 ≈ 0.0004,    intensity 𝒂𝟏 = 𝒂𝟐 ≈ 𝟎. 𝟐,    chirp rate 𝜶 ≈ −𝟎. 𝟎𝟎𝟏𝟒

𝜶𝒄 = 𝟎. 𝟏𝟓(𝒂𝟏𝒂𝟐)
𝟒/𝟑

NOTING: 𝒆𝑬𝟎𝒄𝒕 = 𝒆
𝒎𝒆𝒄𝝎𝒑

𝒆
𝒄𝒕 = 𝒎𝒆𝒄

𝟐𝝎𝒑𝒆𝒕 = 𝝎𝒑𝒆𝒕 × 𝟎. 𝟓𝐌𝐞𝐕, 𝑬𝑹𝑳 = 𝑬𝟎(𝟏𝟔𝒂𝟏𝒂𝟐)
𝟏

𝟑



Control of Auto-Resonant PBWA
𝒏𝒆/𝒏𝒄𝒓 𝒂𝟏 = 𝒂𝟐 𝝎𝒑𝒆𝑻𝒅𝒖𝒓𝒂 𝝎𝒑𝒆𝒕𝟎 𝜶

0.0004 0.2 16𝝅~𝟖𝟎𝝅 22.5𝝅 -0.0014
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NOTING: 𝒆𝑬𝟎𝒄𝒕 = 𝒆
𝒎𝒆𝒄𝝎𝒑

𝒆
𝒄𝒕 = 𝒎𝒆𝒄

𝟐𝝎𝒑𝒆𝒕 = 𝝎𝒑𝒆𝒕 × 𝟎. 𝟓𝐌𝐞𝐕, 𝑬𝑹𝑳 = 𝑬𝟎(𝟏𝟔𝒂𝟏𝒂𝟐)
𝟏

𝟑

Accelerating electric field Energy gain rate



SUMMARY of the1D work[1]
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➢ The Auto-Resonant beat-wave generation has been studied through fluid model

and kinetic simulations (SMILEI). An appropriate choice of the chirp rate can allow the

excitation of plasma waves beyond the RL-limit;

➢ Through kinetic simulations (SMILEI), the optimal set of parameters is established

for enhancing plasma waves up to the point of wave breaking. Control of Auto-Resonant

plasma wave excitation and energy gain can be realized;

➢ Considering the 800nm laser, 𝑰𝟏 = 𝑰𝟐 ≈ 𝟖. 𝟓 × 𝟏𝟎𝟏𝟔𝑾/𝒄𝒎𝟐, 𝒏𝒆 ≈ 𝟕 × 𝟏𝟎𝟏𝟕𝒄𝒎−𝟑, laser

duration 𝑻𝒅𝒖𝒓𝒂 ≈ 𝟒𝒑𝒔, frequency bandwidth ∆𝝎/𝝎𝟎 ≈ 0.5%, RL limit ~ 47GV/m, wave

breaking ~ 80 GV/m.

Outlook

Analysis of auto-resonant PBWA in 2D is ongoing and indicate that:

➢ Our main conclusions stand the test of higher dimensionality

➢ But additional rich physics shows up. Stay tuned!

[1] MF. Luo. et. al., XXX (under review); 

Thanks for your attention 
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