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Radiation mean ee path for non-LTE fully ionized 

medium 

Zhang Jun 

(Institute ol Applied Physics and Computational Mathematics，Beijing 100088) 

Abstract Radiation mean free path(ILMFP)is the function of radiation temperature， 
electron temperature and material density，and needs to apply Planck mean and Rosseland 

mean，respectively，in the regions of rarefaction wave and shock wave．The analytical formulae 

for the two kinds of RM FP have been given，by which the RMFP have been calculated for the 

interesting small atomic number Z．The calculated results show that the RM FP in non．1oca1． 

thermal-equilibrium (non I，TE)and in LTE are obviously difierent and Planck RMY‘P is 30 
times less than Rosseland one． 

Keywords Radiation mean free path，Radiation transportation，Non．1ocal thermal equilib． 

rium ．DifFusion approximation 

1 Intr0ducti0n 

The radiation merit free path fRMFP)[I，2J 
i8 a very important physical parameter in cal- 

culations of radiation hydrodynamics and trans— 

portation．For fully ionized medium the simpli- 

fled formula of calculating RMFP in LTE has 

been given in Ref．[3】．However，even though 
the material is fully ionized in the process of 

laser indirect driven imploding dynamics．the 

temperatures of radiation an d electrons can not 

reach a local thermal equilibrium fI E1 be— 

cause of short time and space scale of laser． 

targets．The RMFP in non—LTE depends on the 

temperatures of radiation and electrons，and 

the medium density． The theory and compu． 

tational method about RMFP in non．LTE was 

discussed in Refs．[4，5] 

In di行usion approximation the photo an． 

ergy current can be characterized by Fick law， 

in which the RM F P contained in thermal con— 

duction toeffiCiency was adopted Rosseland 

mean for the thick optic thickness and Planck 

mean for the thin optic thickness，respectively． 

In the state with an uniform temperature and 

density the RM FP obtained by above two dif- 

ferent methods are obviously difierent．The r 

tio of the two values is about 30．In the pro- 

cess of implosion indirectly driven by laser．the 

deflagration wave structure is formed by soft 

X．ray ablation．The 8tate in the region of rar． 

eraction wave is high temperature and low den． 

sity；but the state in the region of shock wave 

produced by ablative pressure is low tempera- 

ture and high density．Therefore，the calcula． 

tions of radiation energy current need two dif- 

ferent kinds of RMFP in the two different re— 

gions，respectively． In this paper the analyti- 

cal formulae of RMFP including Rosseland and 

Plan ck means for the special case of fully ion． 

ized medium are given，which is convenient to 

numerical calculation and physical analysis． 

2 Rosseland M FP 

In the system with thick optic thickness 

the formula of RMFP with Rosseland mean，IR， 
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where j denotes Rosseland MFP of photon 

with frequency ／2，B and TR are the Planck 

spectrum intensity and temperature of radia- 
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Substituting Eq．(4)into Eq．(1)to 
mula of Rosseland M FP 

lR= ： U4C“fe“ 

give the for- Since∑Qi尬／∑aiZi≈2 for the most of low 

一 11一 du 
(u) (5) 

where ，(u)is effective absorption coe伍cient， 
the inverse of which is radiation free path with 

frequency ．In the fully ionized medium with． 

out process of photoelectric recombination，the 

absorption coe伍cient contains only two parts of 

bremsstrahlung and scattering．that is 

(u)= ，(u)(1一e一“)+ 

The first term on the right of Eq．(6)is 
named as effective coefficient of bremsstrahlung 

absorption，which has the following form： 

； p。 
,-ra个l／2 
-‘R 。工 

，1一e“、 I J 

here QJ is the fraction of the element with nu- 

clear charge Z{and mass number M {，Te is elec- 

tron tem perature． 

；= (瓣27r) · ̂ e。 k3cm =1．48017 
The unit of length，time，mass and temperature 

are m，0．1 ns，Pg，M K，respectively．The scat— 

tering coefficient with Thomson cross sections 

is 

5 p 

where =警ro2NA，ro is the classical electron 
radius，NA is the Avogadro number． 

The above formulae show that the Rosse． 

1and MFP can not still been obtained analyti- 

cally from Eq．(5)for fully ionized medium．In 
order to obtain the analytical formula of MFP， 

it is necessary to make some approximation． 

2．1 The scattering plays a m ain role 

The brems strahlung absorption can be ig- 

nored as 》 ，(u)，Eq．(5)can be simplified 
aR 

IR ≈ l = = 2．496 x 104 

p 

∑Qi 

∑Q， 

( ／。) 1．88 x 102 

and medial elements，a familiar scattering MFP 

l ≈ 5 x 10 ／P( m)can be obtained from 
Eq．(9)，the MFP in non—LTE is the same as one 
in LTE，and is inversely proportional to density． 

2．2 The brem sstrahlung absorption plays 

a m ain role 

The scattering is ignored as ，(u)》 s， 
Eq．(9)can be simplified 58 

IR≈I／=(1／m#I) 

15 (52 Qi尬) 瑶 ／ 厂。。u e。“du 

47r ?∑otiZi∑oq P Jo (eu一1) 

2．77 T~T：／2 (10) 

The Rosselan d MFP is proportional to the 

three power of radiation temperaure，to the 

square root of electron temperature and in． 

versely proportional to the square of density． 

There are obvious difFerences between non．LTE 

MFP and LTE MFP．Thefollowingformulahas 

been utihzed to obtain Eq．f10)． 

朵J o m94 47r (e“一1) ⋯ ⋯⋯一 

2．3 The condition ofapplying M FP I／and 

ls in the system of non—LTE 

2．3．1 The condition of applying M FP，lJ 

Introducing parameter (0< 1)，and 
defining as following， 

三
。

m
-

．

-

l(u's-~) 
， 

(11) 

then the condition of applying scattering MFP 

can be obtained by means of Eq．(9)and 

Eq．(i0)． 

(∑Q ／∑Qi p)]l／3 (12) 
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The criterion of(TR ／。1 increases with in． 
creasing density． 

2．3．2 The condition of applying bremsstrahlung 

MFP，f， 

Introducing parameter n(0<’7≤1)，and 
defining as following， 

(13) 

then the condition of applying bremsstrahlung 

MFP Call be obtained by means of Eq．(9)and 

Eq．(10)as 

1．5M K；and with as density is less than 1． 

the product( )of temperature is higher 
than 6,-~17 MK．In the region between two lines 

Rosseland M FP must be taken account of the 

contribution from two mechanisms and can be 

calculated by using an universal interpolated 

formula given by the following paragraph． 

( 。 ( 8 2叩 P) 。(14) 

The criterion of(TR ／。)，Eq．(14)，increases 

still with increasing density． 

It is easyto seefromEqs．(12)and(14)that 
if taking 8 = 7／=0．05 the formulae are satisfied 

( ／。)， 0．14(TR ／。) (15) 

In general，it is appropriate to replace Rosse- 

land M FP with scattering MFP in the case of 

high temperature，and to apply bremsstrahlung 

MFP in the case of low temperature when the 

density and electron temperature of medium are 

given． But it is necessary to take account of 

both of them in the state between the above 

cases．In Fig．1 the divided region of replacing 

P~osseland MFP wiht fl and f，respectively is 

given on the plane of density and temperature． 

It is shown that to replace Rosseland MFP 

with f， as the density is less than 1， the 

product( )of temperature is lower than 

Fig．1 The state region of applying l。and ：， 

divided on the plane of temperature and density 

2．4 An universal interpolated form ula 

That Eq．(9)and Eq．(10)are integrated an- 
merically is the universal method in the strict 

sense．In order to obtain the simplified formula 

an appropriate method is to replace the numer- 

ical integration of Eq．(5)with the inverse inter- 
polation，that is 

1 ： 1+ 1 (16) ’ 、一一， 
‘儿 ‘5 ‘， 

The approac h formula can be obtained by 

means of Eq．(9)and Eq．(1O)． 

7．532~ 10-3 p2

+o．4咖 }-1 

The results calculated by Eq．(1 7)are in 
agreement with one numerically calculated by 

Eq．(5)within the range of several percents． 

3 Planck M FP 

In system of thin optical thickness it is used 

to utilize Planck average： 

=  (18) 

here 

l：v =2k'T~JB(TR)dv do ／ = J0 eu——1 
Substituting Eq．(2)and Eq．(19)into 
then 

15 厂o。 
万 ( ) 

eu——1 

(17) 

d (19) 

Eq．(18)， 

(20) 

Substituting Eq．(6)and Eq．(7)into Eq．(20)，the 
efficient absorption coefficient of Planck average 

can be strictly found out 
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Fig．2 Comparison of Rosseland MFP(zR(p))with Planck MFP(2p(p))in the mediums of LiH(a) 

C8H8(b)； He(c)and DT(d)at TR=1．5MK and =1．0MK 
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万 =一PPf+ =O．228 ∑Q ∑otiZ? P 
(∑Q 尬) 露 +0．4006 x 拦  

and the Planck M FP cax1．be obtained from the inverse of above formula 

= 一l=[0．228 ∑oqZi∑Q‘ p (∑Q ) 露 ／ 

In comparison of Rosseland and Planck 

MFP one can find followings． (11 Their 
weighted function is difierent， the weighted 

function of Rosseland average i8 dB (TR)／dTR， 
the peak value of spectrum profile is at u=4， 

its biggest frequency ， ‰ ax= 4 ；while the 

weighted function of Planck average is B ( )， 
the peak of spectrum profile is at =2．82．its 

biggest frequency ax= 2．82 kTR．Obviously 

the spectrum of weighted function of Rosse— 

land aver醒 e is harder than that of Planck aver- 

age．So R0sseland MFP is 30 times larger than 

Planck MFP．f21 The averaging fashion is diffe卜 

ent，Rosseland MFP is averaged by the inverse 

of e伍cient absorption coe佑cient．and Planck 

MFP is utilized by the inverse of averaged effi- 

cient absorption coe伍tient．(31 The scattering 

MFP is independent on the spectrum since the 

results of two averaging fashions are the same 

each other． 

It is seen from Eq．(17)and Eq．(21)that 
when bremsstrahlung absorption plays a main 

role the Rosseland MFP is 30 times larger than 

Planck MFP for the medium with the same 

state of temperature and density． 

4 Com parison of RM FP in a few 

m ediums 

The characteri8tic8 of x—ray propagation 

are studied in all the interesting mediums．such 

as LiH，C8H8， He and DT，which are in fully 

ionized state． The RM FP of these mediums 

have been calculated by simplified Eq．(211．The 

results are drawn in Fig．2． It is shown that 

Planck MFP is shorter than Rosselan d MFP in 

the same state of interestiI1g temperature and 

density．and He is the best medium to X—ray 

propagation；better medium is LiH an d Cs Hs． 

+ 0．4006 x 。 拦 ] (21) 
Of course，DT is also an advan tageous medium 

to X—ray propagation．but its cost is too high． 

5 Discussion 

In the process of laser indirect driven im- 

ploding dynamics，X—ray tran8portation is an 

important topic． It is discussed in the paper 

that how to apply rationally RMFP 0n the base 

of diffusion approximation． It is used to ap— 

ply Rosseland MFP as optic thickness is thick， 

and to apply Planck MFP as optic thickness 

is thin．The RMFP by two kinds of averaging 

fashions for non—LTE fully ionized medium are 

given by analytical formulae in this paper．The 

MFP in non—LTE is different from that in I E． 

and is a function of density and temperatures 

of electrons and radiation． Rosseland M FP is 

quite difierent from Planck M FP，the former is 

30 times larger than  the later in the same state． 

Some significant results are given in the drawing 

in this paper，that can be applied to calculations 

of X—ray tran8Dortation in difrusion approxima- 

tion and to physics analysis． 
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