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1 Ú ó

-1Eâ�ØäuÐ4�/r?
±-1.

5�åàCÚ¢�¿UNÔn��L�pUþ�

ÝÔnïÄ. ��/, Uþ�Ý�L 1011 J/m3 �

¡�pUþ�Ý [1], Ô�?3�lfNG�, é

A�çNË�|§ÝCq� 400 eV.p§^�e

Ë��Ô��p�^¥, Ë�Uþ�Ý�Ô�U

þ�Ý�'Ï~^5L�Ë�|éÔ�$ÄG�

�K�rf.

Ô�G�´Ë��Ô��p�^ïÄ�Ä:.

�«{z?n��{´æ^Û�9Ä²ï (LTE)

Cq, @�Ô�G�ØÉË�|5�K�, d�/

�§ÝÚ�Ýû½, Ô��u�Xê�áÂXê

�m'X÷v Kirchhoff ½Æ [2,3]. -1.5�å

àC+�¥, Nõ'uË�6NåÆ�nØó�Ä

u LTE Cq [4−7]; ± LASNEX[8], HYDRA[9] ��

L�éõÍ¶�Ë�6NåÆ§Sþk�AO�

�¬U
3 LTE Cqe¦)Ë�6NåÆ¯K. �

´, 3-1.5�åàCm�°Ä�ª [10] �Ôn

L§¥, l-15\çn� X ���)ù�ãÔn

L§, duçnS>f§Ý�Ë�§Ý�Oé�,

Ø÷v LTE ^�, Ô�?u� LTE G� [10]. 3U

NÔn¥, çÉ���UN¬áÈ±�Ô�, u�

M X ��òÙNC�Ô�1>l, �)p>lÝ�

�lfN [11]. Cc5, 3�.�N-1C�Ú Z �

 C�þmÐ
�þé1>l�lfN�¢�ï

Ä [12−17], æ^� LTE ï��O�§SU
�Ð/

)º¢�(J [13,18]. ,	3.5�åàC-1C

�þmÐË�Øß²Ý�¢�ïÄ¥ [19−22], ��

|^Ë�|ò�ÿ�¬\9�p§, 3\9L§¥

�¬�lfN´Ä?u LTE G�¿Ã½Ø [20,22].

3Ë�|�f^�e, �â-E – Ë��.5

©ÛÔ�� LTE Cq¤á^�®²kéõïÄ.

GriemÏLé'U?�fL§�Ç��é���Ñ


 LTE G�¤á��â, ¿JÑ
Ü© LTE �V

g [23]. Griem@�eÙ¦U?�,U?�-E�

[�Ç�dU?�-E>l�Ç�Ú�udU?

Ì�u�L§�Ç� 10 �, KTU??u LTE G

�. Wilson, McWriter�<��Ñ
�d½öaq

��â [24,25]; Fujimoto |^ê�§S�	
�f

Sê 26 ±e�a�lf�¤��lfN, �Ñ


ùa�lfN� LTE �â�¢^L�ª [26].

-E - Ë��.��	é��15��Ô�,

Ë�|éÔ�G��K�Ø­�. �3ïÄ1>l

�lfN9ÿþË�Øß²Ý�¢�¥, Ë�|é

Ô��K�ØU�Ñ, -E – Ë��.¿Ø·^.
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.5?1£ã, =b�$§�lf�³3ð½§Ý

� Tr �²ïË�|¥, lf¬ÏLÌ�áÂ!1

>l��fL§lË�|áÂUþ¿Åì�Ë�

|��²ï. n��.ÔnL§{ü, kÏu©Û

Ë�|éÔ� LTE G��K�.

.5�åàC (ICF) nØïÄ2�¦^²þ�

f�.5O��²ï�fL§ [10,27]. ²þ�f�

.ï�{ü, ´u¦), O��Ý¯, ÙO�(J�

k�½�O(Ý. 7 (Au) ´ ICF ¢�¥²~¦^�

�«á�. �©À�7�lfN��ïÄé�, 3

²þ�f�.µeeïÄË�|�3�Ù�fL

§�A:.

2 nØ©Û

Ô��p§Ë�|\9�?u�lfNG

�, �lfNdlfÚgd>f�¤. �lfN

¥�ð�d�©Ù�>f39>f�µ¥�µ

þ�m� [28]

τ e = 3.44 × 1018
T

3

2

e

n e lnΛ
, (1)

Ù¥ τ e ´>fµþ�m, ü  0.1 ns; T e ´>

f§Ý, ü z�m�© (MK); n e ´>fê�

Ý, ü  cm−3; lnΛ ´�lfN�¥Õéê, ;

. � � 10—20. é u ; . � ICF � l f N §

Ý � Ý (T e = 1 MK, n e = 1022 cm−3), τ e �

� 3 × 10−6 ns, ��u�©�	��lfNµþ

L§�A��m (�� ns þ?). Ïd3n�z�

.¥�±b½gd>f´²ï�, �±^>f§Ý

£ã, gd>f�±�Ë�|m´Ø²ï�. gd

>f��¡�±ÏLÜ�Ë�/_Ü�áÂÚ1>

l/Ë�EÜùüé�_L§�Ë�|��Uþ; ,

��¡�ÏL-E-u/-Eò-u!-E>l/n

NEÜùüé�_L§�lf¥�åP>f?1

Uþ��.

ïÄp§Ë�|\9eÔ����²ï�f

L§, I�¦)åP>f¤÷v�¹��Ç�§.

1>l/Ë�EÜ!-E>l/nNEÜ!-E-

u/-Eò-u±9Ì�áÂ/Ì�u�ùoé�_

L§Ñ¬é n U?åP>f�²þÓâVÇk�

z, �_L§�m÷v[�²ï�n. �L§�Ç

XêäNL�ª��©z [27].

aq Griem�<�ïÄg´, À�²ï�1>

l�-E>l�Ç�'ÚÌ�áÂ�-E-u�

Ç�'ùü�A�Ônþ5ïÄØÓG�e�f

L§�A�. XÚ��²ï�, Ë�§Ý Tr �gd

>f§Ý�Ó, = Tr = T e = T . Ìþfê�ge²

þ�f�.>l�-uL§�ÇXêXe [27]:

1>l�ÇXê

αγ
n =

16

3
√

3

15

π4

e2h

m ek2

1

nT 2
ERλ2

nFλn, (2)

Ù¥ h ´ Planck~ê; k ´ Boltzmann~ê; e ´>

f>Ö; m e ´>f�þ; In ´ n U?åP>fl

zU; ER =
8π5

15

k4

c3h3
T 4 ´Ë�|Uþ�Ý; λn =

In

kT
´��Ãþjþ; F (λn) =

∫

∞

λn

1

ex − 1

dx

x
.

-E>l�ÇXê

α e
n =

4

3

√

2π

m e

e4

k5/2
T−5/2N−1

e Em

[ e−λn

λn
− E1λn

]

,

(3)

Ù ¥ Em =
3

2
N ekT e ´ g d > f � U þ � Ý;

E1 (λn) =

∫

∞

λn

e−x

x
dx. Ì�áÂ�ÇXê

γ
(2)
lh =

8π3

3

e2a2
0

h3
Ilh

∫

∞

0

b (ν − νlh)Bν

ν
dν, (4)

Ù¥ a0 ´��f Bohr �»; Ilh = Il − Ih $U

? l ÚpU? h �U?�; νlh =
Ilh

h
´Ì��

¥%ªÇ; b (ν − νlh) ´Ì��Ó+Ïf, Ì�°

Ý ∆ν,
∫

∞

0
b (ν − νlh) dν = 1. �Ì�°Ýv
Ä,

÷v h∆ν ≪ kT (ù�:3 ICF ¢�§Ý�Ý��

��lfN¥U
÷v) �, Ì�áÂ�ÇXê�

±Cq�

λ
(2)
lh =

40

π

e2a2
0

hk

1

T
ERB(λlh), (5)

Ù¥ λlh =
Ilh

kT
, B (λlh) =

λ3
lh

eλlh − 1
.

-E-u�ÇXê

βlh =
32

3
(2πm e)

1/2 π2e4a2
0

h2
(kT e)

−3/2

× |Rlh|2
Z∗2

l

N−1
e Em[ e−λlh − λlhE1(λlh)]. (6)

�â[�²ï�n, þã�L§�_L§�Ç��

L§�Ó.

n U?1>lL§�-E>lL§�Ç'

� ηn �

ηn =
αγ

n

N eα
e
n

= 1.58632
1

n

√
T

ER

Em
G (λn) , (7)

ùp- G (λn) =
λ2

nF (λn)

e−λn/λn − E1 (λn)
. Ì�áÂL
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§Ú-E-uL§�Ç'� χlh �

χlh =

γ
(2)
lh

|Rlh|2
Z∗2

l

N eβlh
= 0.539487

√
T

ER

Em
H (λlh) , (8)

ùp H (λlh) =
B (λlh)

e−λlh − λlhE1 (λlh)
, G(x) Ú H(x)

�¼êã�Xã 1 ¤«.

0 5 10 15

G
֒H

x

H

G
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10-1
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ã 1 ¼ê G (λn) Ú H (λlh)

(7) Ú (8) ª¥, ηn � χlh ©O�N
 n U?�

>lL§Ú l—h U?m��[L§�5�. � ηn

��u 1(~X�u 10) �, n U?�>lL§´Ë

�Ó`�, ��u 1(~X�u 0.1)�K´-EÓ`

�; Ón, χlh ��u 1 �, l—h U?m��[L§

´Ë�Ó`�, ��u 1 �K´-EÓ`�.

éu l—h U?m��[L§, ¼ê H (λlh) �

X λlh �O�üNO\; � λlh ªu 0 �, H (λlh)

�ªu 0. pU?�m�U?må��, Ïd§

��m��[L§Ï~´-EÓ`�, ÉË�|

K���. �´llf�Ë�|��Uþ��

Ý5w, dùÜ©U?m�Ì��[L§¤u�

�1fªÇ�$, §����UþÓlf�Ë�

|��oUþ�'­4�. ý�­��´U?m

åØ�� (~X�u kT ) �U?m�Ì��[L

§, ùÜ©�[L§� λlh > 1, �âã 1 ¥� H

¼ê­�, (8) ª¥� H (λlh) > 3.9. 
é�õ

ê ICF ¢�¥��lfN
ó, Ù§Ý3 0.1 MK

� 5 MK �m, (8) ª¥
√

T ∼ 1. nþ, éU?m

å�u kT �U?�m��[L§, (8) ª¥�Ï

f 0.539487
√

TH (λlh) ∼ 1. Ïd l—h U?m�

[L§�5�û½uË�|�Ô��Uþ�Ý

'
ER

Em
. �

ER

Em
≫ 1 �, U?��u kT �U?

m��[L§´Ë�Ó`�;
ER

Em
≪ 1 �, U?

��u kT �U?m��[L§´-EÓ`�;

�
ER

Em
∼ 1 �, Ü©U?m��[L§´Ë�Ó`

�, Ü©´-EÓ`�.

éu n U?�>lL§5`,
ER

Em
�,´I

�p§Ë�|�^e>lL§A��­�ëþ.

� l—h U?m�[L§ØÓ�´, ηn ��6uÏ

f
1

n
, l
�UÑy$U?�lzL§´Ë�Ó`

�
pU?�lzL§´-EÓ`��/.

3 Ë�|¥�fL§A:

3²ï�7�lfN¥Ë�Uþ�ÝÚÔ�

Uþ�Ý�'�´§ÝÚ�Ý�¼ê (ã 2). ã 2

¥¢�þ��«�, Ë�Uþ�Ý�uÔ�Uþ�

Ý, ¢�e��«�Ô�Uþ�Ý�uË�Uþ�

Ý. �â1�!�?Ø,
ER

Em
≫ 1 �, 7�lfN�

�fL§´Ë�Ó`�;
ER

Em
≪ 1 �, 7�lfN

��fL§´-EÓ`�.

0.001 0.01 0.1 1 10 100
0.1

1

10

100
/
M

K

/(g/cm3)

ER > EM

ER < EM

ã 2 ²ï7�lfN¥�Uþ©�. Ù¥ ER �LË�Uþ�

Ý, Em �LÔ�Uþ�Ý

dd�©3Ë�Ó`Ú-EÓ`«��À�


��;.�§Ý�Ý: (ã 2 ¥Ê�( �), 3

ùü:þ|^ê��[§S©O�	
üa�f

L§�A:.

3.1 ---EEEÓÓÓ`̀̀���fffLLL§§§���AAA:::

� © À � � - E Ó ` � 7 � l f N � Ý

� 0.1 g/cm3, §Ý� 1.0 MK. 3d§Ý�Ýe7�

lfN¥÷v^�: Ë�Uþ�Ý��uÔ�Uþ

�Ý (
ER

Em
= 0.006 ≪ 1), �lfN´-EÓ`�.

7lfåP>f�Ð©©ÙXL 1 ¤«. Ð

©G��7lf´��e�lf, ¤kåP>fW
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¿3¤�¡S. Ñuê�O���¦, <��½7

�lfN�>lÝ� 0.5, Ð©gd>f§Ý�½

� 10−3 MK. t = 0 ��, �lfNXÚâ,�³u

§Ý 1.0 MK �ð½§Ý�Ë�|¥, e�lfN

�Ë�\9¿�²ïµþ.

-EÓ`��lfNµþL§¥�U? pn �

�mCz�¹Xã 3 ¤«. lã 3 ¥�±w�, 3

�c�lfN§Ý�Ýe, 7lf� 4- U?>f²

þÓâVÇ�C 1, �Ð©��'CzØ�; 5- U?

9Ù±þ�U?�>f²þÓâVÇ�Ð©��

'Kk²wCz. 3�©±eÜ©½Âù
>f²

þÓâVÇCz���U?�¹�U?.

L 1 7lfÐ©G�

U? 1 2 3 4 5 6 7 8 9

ÓâVÇ 1.0 1.0 1.0 1.0 0.37 10−9 10−9 10−9 10−9

10-4
10-4

10-3

10-2

10-1

100

10-3 10-2 10-1 100 101 102

P
n

/0.1ns

 4-

 5-

 6-

 7-

 8-

 9-

ã 3 -EÓ`�¹eÌþfê n = 4—9 U?>f²þÓâV

Ç��müz

ã 4(a),(b),(c)é'
7�lfN��U?m

��[�Ç. �	��U?�[�Ç��Ï´, �

��¹e, ��U?��[Ý
���u���U

?��[Ý
�, Óâ�[L§�Ì�Ü©. lã 4

¥�±w�, -EÓ`�7�lfN¥-E-u/ò

-u�Ç��uÌ�áÂ/u��Ç, -E>l/n

NEÜ�Ç��u1>l/Ë�ÎÜ�Ç, �1�!

�nØýÏ��. ,	, lã 4 ¥�±uy, -E-

u/-Eò-uÚ-E>l/nNEÜùüé�_�

fL§3XÚüz@Ï (Ø�u 10−3 ns)Ò®²C

q��, Cqu²ï��¹, ¦+d�XÚ���

��Ë�|��ý��²ï.

² ï �, � U ? � > f ² þ Ó â V Ç ÷

v Fermi-Dirac©Ù, =

pn =
1

e−
In

kT +α + 1
, (9)

é (9) ª?1�n, �

µn = ln

(

1 − pn

pn

)

= − In

kT
+ α, (10)

(10)ª`², e�U?>f?u²ïG�, K3 µn–

In ²¡þ, �U?�êâ: u�^��þ, ��

�Ç��ê�'uåP>f�§Ý.

l ã 5 ¥ · � � ± w �, 3 � � á � � m

S (�u 10−3 ns),¹�U?åP>f©Ù®²l

Ð©�"§G��\9�äk�½§Ý� Fermi-

Dirac ©ÙG�; 3ù��, ¦+�U?�ÓâVÇ

Ñu)
é�Cz, �©ª�±X Fermi-Dirac©

Ù. éØÓ��� ηn-In ­�?1[Ü, �±��å

P>f Fermi-Dirac©ÙéA�§Ý, ·�¡��

åP>f§Ý Tpn. òåP>f§Ý!gd>f§

ÝÚ>lÝ8�z�x3�Üãþ, Xã 6 ¤«.

lã 6 ¥�±w�, ¹�U?åP>f§Ý�gd

>f§Ý�­�­Ü, ù`²¹�U?�åP>f

�gd>f��9²ï, Ô�?u LTE G�. ù«

y��Ôn�Ï´: -EÓ`�¹�U?m��[

L§±-E-u/-Eò-uL§�Ì, ¹�U?�

>lL§±-E>l�Ì. ØÓU?¥�åP>f

�Ë�|��Uþ��Ç��u�gd>f��

Uþ��Ç, ÏdåP>f©ª�gd>f?u9

²ïG�, = LTE G�.

3.2 ËËË���ÓÓÓ`̀̀������fffLLL§§§

� © À � � Ë � Ó ` � l f N � Ý E ,

� 0.1 g/cm3, ° Ä Ë � | § Ý � 20.0 MK, d

�
ER

Em
= 13 ≫ 1. �lfNÙ¦Ð©^��-

EÓ`�/�Ó. 3d§Ý�Ýe, 7lf�U?

²þ>fÓâVÇ��müz�¹Xã 8 ¤«.

lã 8 ¥w�, 3�c§Ý�Ýe, 7lf

� 2- U?>f²þÓâVÇ©ª�C 1, �Ð©�

�'CzØ�, 
 3 � 9 U?>f²þÓâVÇu

)
��Cz.
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P
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ã 7 Ë�Ó`�¹eÌþfê n = 2—9 U?>f²þÓ

âVÇ��müz

ã 9 ¤«�7�lfN¹�U?¥ 3—6 U?

�m��[L§±Ì�áÂ/Ì�u�L§�Ì;

3—5 U?�>l/EÜL§±1>l/Ë�EÜL§

�Ì. U?,p, Ì�áÂ/u��Ç�-E-u/ò

-u�Ç��O!1>l/Ë�EÜ�Ç�-E>

l/nNEÜ�Ç��Oþ¬~�, $�3pU?

§���é'X¬u)�=. �´dupU?�

lzUé�, ÏdpU?þ�>lL§Ú�[L§

é�lfN�Ë�Øß²Ý�K�Ø­�. ,	,

�-EÓ`��fL§aq, 3�lfNüz�@
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Atomic process in high-temperature radiation field
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Abstract

The ratio of radiation energy density to matter energy density is an important parameter to distinguish the characteristic of atomic

processes in plasma. Actoring to this parameter, atomic processes in plasma can be divided into two typical categories:collision-

dominated and radiation-dominated. According to numerical simulation, atomic processes of these two categories havedifferent

characteristics. The LTE state can be quickly reached in thecollision-dominated plasma. However in the radiation-dominated plasma,

the temperature of bound electrons, the ionization degree,and the temperature of free electrons have different relaxation time scales.

There is some kind of quasi-LTE state.
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