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Non-local electron transport in laser-produced plasmas under inertial confinement fusion (ICF) conditions is studied

based on Fokker-Planck (FP) and hydrodynamic simulations. A comparison between the classical Spitzer–Härm (SH)

transport model and non-local transport models has been made. The result shows that among those non-local models

the Epperlein and Short (ES) model of heat flux is in reasonable agreement with the FP simulation in overdense region.

However, the non-local models are invalid in the hot underdense plasmas. Hydrodynamic simulation is performed with

the flux limiting model and the non-local model, separately. The simulation results show that in the underdense region

of the laser-produced plasmas the temperature given by the flux limiting model is significantly higher than that given

with the non-local model.
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1. Introduction

In direct drive laser fusion, it is electron heat flux

that transports absorbed laser energy into overdense

region of a target, ablates the outer layer of the target,

and ultimately compresses the fuel core.[1,2] Hence,

electron transport process plays an essential role in

laser fusion. The using of different electron transport

models can significantly affect the description of other

physical processes.[3−7] In hydrodynamic simulations,

the electron heat flux is usually taken as[8]

q = min(fnevT
T, q

SH
), (1)

where nevT
T is the free-streaming flux, f the flux lim-

iter, ne the electron number density, v
T

the electron

thermal speed, T the electron temperature, and q
SH

the classic Spitzer–Härm (SH) heat flux.[9] However,

there are cases that the flux limiting theory is also in-

adequate. For example, the flux limiting theory can-

not predict a preheating phenomenon[10] and reduced

heat flux in a coronal region due to super-Gaussian

distributions.[11−13] It has been acknowledged that the

Fokker–Planck (FP) simulation can provide an accu-

rate description of electron heat flux.[14−18] But the

FP simulation is time-consuming, and is difficult to

embed in a hydrodynamic simulation. Instead of the

FP simulation, the so-called non-local model of heat

flux may provide an effective and computationally effi-

cient alternative in which there is no need to solve the

full FP equation. In a non-local model, the electron

heat flux is given by

q(x) =

∫ ∞

−∞

q
SH

(x′)G(x, x′)dx′, (2)

where G(x, x′) is some kernel function. The non-

local model can predict the phenomena of flux inhibi-

tion and preheating, and has a good agreement with

Fokker-Planck simulations. It also provides a numer-

ically more efficient way to implement the simulation

in a hydro code. However, the non-local model has its

own inadequacies. Primarily, the heat flux is derived

only in the case of linear perturbations in a homoge-

neous plasma, of which the condition is easily broken

down in a laser-produced plasma.

In this paper, with the aid of the full FP simula-

tion, we clarify whether the non-local models derived

from linear theory can extend to all regimes relating

to laser fusion conditions. Not only does this give in-

sight into non-local electron transport, but also it can

provide a more accurate non-local model incorporated
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into hydro simulation. We then perform the hydro-

dynamic simulation with the most suitable non-local

transport model, and compare the simulation results

with those obtained with the heat flux limiting model.

2. Comparison with Fokker–

Planck simulation

In the non-local theory, the electron heat flux de-

pends on the temperature distribution other than the

local temperature gradient. On the assumption that

there is a small temperature perturbation Tk with a

wave number k in a homogeneous plasma, the non-

local theory states that perturbed electron heat flux

qk is proportional to the temperature perturbation,

i.e.

qk = −ikκTk, (3)

where κ is the generalized thermal conductivity. Gen-

erally, coefficient κ is dependent on wave number k.

Only in the collisional limit, can κ be independent of

the wave vector and reduce to the SH thermal con-

ductivity κ
SH

. In order to obtain κ in general case,

Fokker–Planck simulations must be performed to cal-

culate the ratio of the perturbed heat flux to the

temperature perturbation with various values of wave

number k. By this way, the generalized thermal con-

ductivity κ
FP

can be obtained. It has been found that

the resulting κ
FP

can usually be well fitted with the

formula
κ

FP

κ
SH

=
1

1 + (αkλe)β
, (4)

where α and β are two fitting factors, and λe is the

electron mean-free path. Substituting expression (4)

into expression (3) and performing an inverse Fourier

transform of expression (3) gives the non-local kernel

of the heat flux (2),

G(η) =

∫ ∞

0

eikη

1 + (αkλe)β
dk, (5)

where

η(x, x′) =
1

αλe

∫ x′

x

dx′′ ne(x
′′)

ne(x′)
.

The most widely used non-local models are pro-

posed by Luciani, Mora and Virmont (LMV)[10] and

by Epperlein and Short (ES),[14] separately. Taking

β = 2 in Eq.(5) yields the LMV kernel,

G(x, x′) =
1

2αλe
e−η. (6)

The ES kernel is obtained by taking β = 1 in Eq.(5),

G(x, x′)

=
1

παλe

[π

2
sin(η) − sin(η)Si(η) − cos(η)Ci(η)

]

, (7)

where Si(x) and Ci(x) are the sine and cosine inte-

grals, respectively.

It should be pointed out that relation (3) is de-

rived in the case that the perturbations are small and

their evolutions are linear. However, in the study of

inertial confinement fusion (ICF), the laser-produced

plasmas are inhomogeneous and their temperatures

usually have large gradients which cannot be simply

regarded as small perturbations. We need to authenti-

cate the validity of the non-local models by comparing

their predictions with those obtained with full FP sim-

ulation. Here, the full FP simulation means that no

homogeneity and small perturbations are assumed in

the FP simulation. For this goal, we develop a FP

code based on Epperlein’s scheme.[19] It can describe

one-dimensional electron transport in laser-produced

plasma in ICF conditions.

In our FP simulation, the ablation of a target by

a high-power laser is investigated. An ideal plasma,

with ions fixed and an initial electron temperature

being 0.1 kev, is irradiated by a laser pulse with

a wavelength of 351 nm at a constant intensity of

5 × 1014 W/cm2 for over 100 ps. The electron den-

sity and temperature profiles at the time of 100 ps are

presented in Fig.1

Fig.1. FP simulations of (a) electron number den-

sity(normalized to the critical density) and (b) temper-

ature in kev, at the time t = 100 ps.

We are interested in the electron heat flux pre-

dicted from different models. In Fig.2, we plot the
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heat flux given by our FP simulation, the ES model,

and the SH theory, separately. As clearly seen from

Fig.2, the ES model gives a heat flux in good agree-

ment with our FP simulation in overdense region.

This means that the ES model can be an accurate

method of describing electron transport in dense plas-

mas. The heat flux q
ES

is inhibited in comparison

with the classic SH heat flux q
SH

. In particular,

q
ES

/q
SH

≈ 0.2 in the region around the steepest tem-

perature gradient. We zoom in the heat front in

Fig.2. It can be seen that the heat flow q
ES

exceeds

the classical heat flow q
SH

, which is called preheating

phenomenon. The preheating phenomenon is a nat-

ural consequence of Coulomb collisions whose cross

section is inversely proportional to the square of the

kinetic energy of charged particles. Energetic elec-

trons that carry the bulk heat flux have a very long

mean-free path because of their high energies and can-

not be thermalized in a short distance over which the

temperature varies significantly. In Fig.3, we plot a

typical electron energy distribution where preheating

phenomenon happens. As seen in Fig.3, the energy

distribution presents a double-Maxwellian structure.

The high energy tail is due to the unthermalized ener-

getic electrons that are generated in a hot underdense

region and transport into an overdense region with

negligible collisions.

Fig.2. Comparison of the heat flux profiles obtained

from Fokker–Planck result, SH result, and ES non-local

result at t = 100 ps and constant laser intensity I =

1014 W/cm2.

In the hot underdense region, both the non-local

model and the SH theory give different results from

the FP simulation. As seen in Fig.4 the SH theory

predicts a much larger heat flux than that obtained

with the FP simulation. This should be due to the

fact that inverse bremsstrahlung absorption can cre-

ate a super-Gaussian electron speed distribution,[12]

fm(v) = Cmexp[−(v/vm)m], where m = 2 corre-

sponds to the weak heating limit and m = 5 to the

strong heating limit. Mora and Yahi[12] have shown

that in the case of small temperature gradients such a

speed distribution leads to a strongly reduced thermal

conductivity. In Fig.4, we show the electron energy

distribution located at the point of x = 150 µm. The

profile of the electron distribution of our FP simula-

tion lies between fm=2 and fm=5. It should be pointed

out that the experiments performed by Wang et al
[7]

have also indicated that the electron energy transport

significantly deviates from the prediction of the SH

theory.

Fig.3. FP simulation of electron distribution log(f) (in

arbitrary units) as a function of electron kinetic energy

Ek = 1/2mv2 (in keV) at x = 60 µm.

Fig.4. The simulated speed distribution function f(v) at

x = 150 µm. Function fm=2 and fm=5 are also plotted

for comparison.

The comparison between the results of our FP

simulation and the ES non-local model also shows that

the ES model becomes invalid in a coronal region. As

seen in Fig.3, the heat flux given by the ES model

is negative, but that given by the FP simulation is
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positive. This is quite understandable. As seen in

Fig.3, the classic SH heat flux q
SH

is very large and

negative around a critical region but is small and pos-

itive in an underdense region, the convolution given by

Eq.(2) can then generate a negative heat flux in the

underdense region because the kernel G is delocalized

due to the large mean-free path of the electrons in the

underdense region.

Fig.5. Comparison among heat flux profiles given by dif-

ferent β non-local models using FP simulation.

Several other non-local models have also been

proposed. For example, Batishchev and Bychenkov

have made a study on the effect of the index β in

expression (4) with particle-in-cell and FP simula-

tion in laser-produced plasma with hot spots.[20−22]

In the conditions of interest to them they have pro-

posed β = 0.9. In Fig.5, we present the heat flux

predicted with the non-local model with different val-

ues of index β. Within the accuracy of the simulation,

we find that when 0.8 < β < 1.2 all non-local models

have a reasonable agreement with the FP simulation.

But the LMV model gives a prediction far from the

FP simulation.

3. Hydro simulation with non-

local transport model

Inhibited flux model (1) is most widely used

in laser fusion simulations. However, this model

has its inadequacies, for example, it fails to predict

preheating and overestimates the heat flux in the

hot underdense region where the electron distribu-

tion tends to be super-Gaussian due to strong in-

verse bremsstrahlung absorption. Guided by the com-

parison we made, we incorporate non-local transport

model into the hydro simulation. The hydro code with

which we perform the simulation is MULTI1D.[23] In

our simulation, a 0.05 cm thick aluminium disc tar-

get at room temperature is irradiated with a train of

351 nm laser pulses under normal incidence. The laser

intensity on the target surface is 1.4 × 1014 W/cm2.

The laser pulse has a Gaussian profile with a full width

at half maximum (FWHM) of about 1 ns.

Since the ES model is in good agreement with the

FP simulation, we choose the ES model in the hydro

simulation. The comparison is made between the flux

limiting model and the ES non-local model. It should

be pointed out that the non-local heat flux can be par-

allel to the temperature gradient in the coronal region,

which can lead to a numerical instability.[10] In order

to avoid the numerical instability, we enforce the flux

q
ES

to be antiparallel to the temperature gradient.

A comparison between the profiles of the electron

temperature obtained with the ES mode and with the

flux limiting model is presented in Fig.6. This fig-

ure shows the electron temperature distribution at the

time of 1.5 ns. As clearly seen in this figure, the tem-

perature given by the flux limiting model is higher

than that given by the ES model in the corona re-

gion. This result can also be inferred from the dis-

cussion given in Section 2. As shown in Fig.2, in the

corona region, we have |q
SH
| > |q

ES
| > |q

EP
|. So we

have TSH > TES > TFP. In the cold matter ahead of

the main heat front, the temperature given by the ES

model is higher than that given by the flux limiting

model because of preheating.

Fig.6. Hydro simulations using non-local model and flux

limiting model, of temperature profiles after 1.5 ns irradi-

ation with 351nm laser.

4. Conclusions

We have discussed the non-local electron trans-

port by performing FP simulation and hydrodynamic
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simulation. It has been found that the non-local model

given by Epperlein and Short is in good agreement

with the FP simulation except in a hot underdense

region of laser-produced plasmas. We also make a

comparison between the flux limiting model and the

ES non-local model by performing hydrodynamic sim-

ulation. The simulation results show that in an under-

dense region the temperature given by the hydrody-

namic simulation with the flux limiting model is higher

than that given with the ES non-local model.
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