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High Harmonic Generation (HHG)

Goal
    In the lab of NCU, we can use 100 TW laser 
to ionize neutral gas to produce plasmas and 
generate high harmonic fields by balancing the 
wave dispersion induced by dipoles and 
plasmas, respectively. In addition, the PIC 
simulation is used to find the operating ranges 
of phase matching conditions, such as energy 
of laser , laser focus position , beam width 
of driving laser  and gas density . 
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    High harmonic generation is an important 
method to generate short-wavelength 
electromagnetic waves in laser-plasma 
interactions. However, the conversion 
efficiency of this approach is low. The phase 
matching method, which is achieved by 
balancing the wave dispersion, can be 
adopted to enhance the HHG efficiency. 
Based on the scheme, realization of a stable 
short-wavelength source becomes possible.

    We use two PIC code, i.e. EPOCH 
(three-dimensional and two-dimensional) 
and Smilei ( two-dimensional and 
Cylindrical coordinates) to simulate laser-
plasma high harmonic generation.

Project current densities on grid

[xp, pp] → [ρ, J ]

Weighting fields at particle position

[E, B ] → [Ep, Bp]

Push all particles
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Solve Maxwell’s Eqs.

∂E
∂t

= − J + ∇ × B
∂B
∂t

= − ∇ × E
Δt

    The figure shows the three-step model of 
HHG. First, the laser pulse is focused onto 
gas targets to produce electron plasmas. 
Second, the electrons are accelerated by 
laser fields. Then, the phase of laser fields 
change so that the electrons return and 
recombine with ions. Lastly, high energy 
photons with multiples of laser frequency 
are emitted.
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    The phase matching condition is , where  is the wavenumber mismatch. The definition of dephasing length 

is . Therefore, the destructive interference would occur when , and let the conversion efficiency of HHG decrease.  depends on 

four effects: neutral gas dispersion , plasma dispersion , geometrical phase shift  (Gouy phase shift), and intrinsic dipole phase 
variation . The operating parameters of following figures are , , ,  Argon in 3D PIC.

|ΔΦ | = |ΔkL | < π Δk = qk0 − kq

Ld = π
Δk

L > Ld Δk

Δkgas Δkplasma Δkgeo
Δkdipole E = 0.04mJ xf = 150μm w = 20μm Ngas = 1022m−3

Neutral gas dispersion: 

Generate by neutral gas in the 
system.


Plasma dispersion: 

Generate by the charged 
particles in the system.


Geometrical phase shift: 

The laser intensity in  can be 
viewed as changeless.
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Intrinsic dipole phase variation: 

Generate by the interaction 
between laser and plasma.

Δkplasma = − μ0e2Ne
4π me
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, where α (q, Id) ≡ ∂ϕ
∂Id

ϕ = qω0tf − S
ℏ

ΔΦtotal = ΔΦgas + ΔΦplasma + ΔΦgeo + ΔΦdipole

The 3D and 2D simulation is roughly the 
same. Therefore, we use 2D to find the 
operating range.

The parametric study is performed using 2D PIC 
simulation. The operating range with phase 
matching conditions can be obtained. 
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xf = 150μm w = 20μm Ngas = 1022m−3

→ 0.02mJ < E < 0.05mJ
xf = 150μm w = 20μm E = 0.04mJ
→ 1 × 1022m−3 ≤ Ngas ≤ 4 × 1022m−3

1. In highly ionized plasmas, the efficiency of HHG can be enhanced by 
balancing the wave dispersion to achieve phase matching condition.


2. The 2D PIC simulation is used for parametric study to reduce the data 
storage and computing time.


3. Operating ranges for phase matching conditions can be obtained by 
varying the gas density and laser energy.
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: harmonic order   : wavenumber of driving laser field   : wavenumber of  harmonic field   : interaction length   : driving laser frequency   : harmonic frequency ( )   
: refractive index of driving laser field   : refractive index of  harmonic field   : ionization ratio   : electron density ( )   : elementary charge   : electron mass   


: driving laser wavelength in vacuum   : waist radius of driving laser beam   : Rayleigh range   : driving laser intensity   : action   : phase of electron   : return time
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