
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 083201

ppp���ØØØ���¿¿¿eee���ííí��� X ������>>>lll999
üüüzzzLLL§§§êêê������[[[

î�ï²† êÿ� 
4¥ q�T

( I��ÆEâ�ÆnÆ�, �â 410073 )

( 2011 c 7 � 14 FÂ�; 2011 c 12 � 19 FÂ�?Uv )

|^ê��[§S�[
ØÓpÝØ�¿e�í� X ��>l9üzL§. (JL²: X ��>l�)�>f
ê�Ý3������ 100 ns ����¸�, ¸�ê�Ý�X�àØ«ål�O\~�; >fäk���Æ·,

>fÆ·�X�àØ«ål�O\O�; X ��>l�í�)�lf O+, O+
2 , N+

2 , �p� 120 km �¹e O+ �
¸�ê�Ý� O+

2 ��C, U�±� 1 s. X ��é�í�>lK���3ê�Z�±S, 3åàØ«�C�«�, �
p� 80 km ��)�>f¸�ê�Ý'�p� 120 km ��>f¸�ê�Ýp, 3åàØ«���«�K��.

'�c: p�Ø�, X ��>l, ê��[

PACS: 32.80.–t, 28.70.+y, 47.27.ek

1 Ú ó

Ø�¿Uì�¿�pÝ�±©�/eØ�
¿!/¡Ø�¿!�¥Ø�¿Úp�Ø�¿ [1].
p�Ø�¿�: u/¡ 30 km ±þ, Ù¥pÝ
3 80 m ±þ�p�Ø�¿�)� X ��gd§�
�, �þË�� X ��<ºÑ�íØ�)�¥Ø
�¿�»¥y�, �eË�� X ���Uþ�Ü�
È3$��í¥ [1].

p�Ø�¿3]mË�Ñ�þ� X ��!¥
f!γ ���, Ù¥ X ��Ë��UþÓº�oU
þ� 75%—85%. p�Ø�¿º����U3é�
���S>l�í©f½�f, Ì�L§ka|Ñ
�!1>l!xÊîÑ�Ú>fé�A� [2]. ù
«>l�^Uéé���S�>l�(��)
�K�, lK�Ï&ÚX��XÚ�ó�5U.
γ ��3p��gd§é�, UDÂêZúp�å
l, K����. X ���gd§�é�á, U3�
½���S×�>l�í, ´�í>l�]�:
��.

�í�>l���¤©9¤©�m�üzL

§�©E,, $U>f¬áNu�fÚ©f/¤K
lf, �¬��lfu)EÜ�A, pU>fU�
)g?>l¿¦©f)l. éõ¤©�3��mé
á, ��J±��ÿþ. ê��[´ïÄ�í>l
9>l��üzL§��«�Ð�{. �©±��
�õ��í�lfNÔnzÆL§�[§S [3] �
Ä:, (Ü X ��é�í�>lL§, é§S?1

U?. |^U?��§Sê��[
ØÓpÝØ
�¿e�í� X ��>l9üzL§. ïÄ(J
éup�Ø�¿éÏ&XÚÚX�XÚ�K�µ
�!p�Ø�¿é�mC��K�µ�!Ø>^
óÀ�ïÄ��¡Ñäkë�d�.

2 Ôn�.Úê��[�{

��3�í¥DÑ¬��í¤©áÂ, 3 X �
�Åã, ù«áÂÌ�ÏL1>l�)pU>f,
>f��¡ÏL��f½©f��AòUþ=�
��í9U, ,��¡ÏL£6$Ä�)Ø>^ó
À. 3�%NC��f¥�>fÑ¬3Ø�¿�]
m��l, /¤àØ«, X ��3T«�´ß²�.
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·�'5�´l�%���«���í>l9>
l��üzL§. du�í�áÂ,X ��ÏLå
l x �, 1r I ¥�êP~

I = I0 exp(−µx), (1)

Ù¥ µ �áÂXê. �.¥�Ä
�í�õ«Ì�
¤©, éu|© i, áÂXê µi �áÂ�¡ σi 9|
© i �ê�Ý ni �'X�

µi = σini. (2)

d (1) ª�±��1fê�Ý n ��m t �CzÇ
dn

dt
= −

∑
n0µic exp(−µix)

≈ −n0c
∑

σini, (3)

Ù ¥, n0 � \ � 1 f � ê � Ý, c � 1 �. O �
L§¥�±ò�mÚ����v
�, ¦��
��mÚ�S²L��målv
�, l¦
� exp(−µx) ≈ 1. ØÓªÇ�1f��f�m
�>l�¡�±lêâ¥ EPDL97[4] ¥��.

�í¤©E,, �.¥�Ä
 36 «|©, Ù
¥�¹k¥5âf (O, O2, O3, N, N2, NO, NO2,
CO2, H2O, H, H2, OH, He)! � � > â f (O+,
O+

2 , N+
2 , N+

4 , NO+, O+
4 , H2O+, H3O+, H+, He+,

O+
2 ·H2O, H3O+·OH, H3O+·H2O) Ú�K>âf (e,

O−, O−
2 , O−

3 , O−
4 , CO−

3 , CO−
4 , O−

2 ·H2O, CO−
3 ·H2O,

CO−
4 ·H2O). �.¥�Ä
|©�m� 229 ��A

ª, ��Aª��A�Çd]� [5−7] ��. d	,
�.¥ò X ��1f�À��a|©, 1f��í
|©u)�1>l (~X hν + O → O+ + e ) �a
qu�N�A. 1f�Uþ��� 10—10000 eV.

|© i �ê�Ý ni ��m t �CzÇ÷v
dni

dt
= f1i(n1, n2, · · · , ni) + f2i(hν)

(i = 1, 2, · · · , 36), (4)

f1i =
36∑

j=1

36∑
m=1

εjmkjmnjnm

+
36∑

j=1

36∑
m=1

36∑
p=1

εjmpkjmpnjnmnp, (5)

f2i =
36∑

j=1

εjnjc
10000eV∑
q=10eV

σjqnq. (6)

ùp, f1i ´|© i �zÆ�A�'�¼ê, kjm

Ú kjmp ©O�|© j Ú|© m �m��N�A
��A�ÇÚ|© j!|© m Ú|© p �m�n
N�A��A�Ç, εjm Ú εjmp �)¤�ÑXê,

��A)¤|© i �� 1, �Ñ|© i �� –1, Ø�
3�N�AÚnN�A�K� 0; f2i ´|© i �1
>l�'�¼ê, nj �|© j �ê�Ý, nq �Uþ
� q �1fê�Ý, σjq �Uþ� q �1f�|© j

�1>l�¡, εj �)¤�ÑXê, �1>l)¤
|© i(>fÚ�lf) �� 1, �Ñ|© i �� –1,
Ø�31>l�K� 0.

3 �[^�

ê��[¥b�p�Ø�¿º��oUþ
¥ X ���UþÓ 85%�°�. X ���UÌ�±
Cqw¤çNË�Ì, çN§Ý� 107 K[8], 1fU
Ìæ^ÊK�©Ù, =

B(hν, T ) =
2hν3

c2

1
exp(hν/(kBT )) − 1

. (7)

1f��m©Ùæ^©z [8] ¥��m©Ù¼ê

f =
2β

π

exp(β(t − tp))
1 + exp(2β(t − tp))

. (8)

8�z� β � 1.7×108, ¸��m tp � 100 ns.
3�©�[¥àØ«�»�� 500 m[8]; �|

©�Ð©ê�Ý���~�p��í�.ê�Ý,
�d]� [5−7] ��; Ð©�mÚ� t0 �� 10−12 s.
�©¤A^�§S¥æ^
�CÚ��{, 3O�
L§¥�X�>âfê�Ý�~�, Ú�gÄO�,
�3 X ��ì��ã t0 �± 10−12 s ØC, ±�y
°Ý.

4 (J9©Û

4.1 80 km ���pppØØØ���¿¿¿���ííí��� X ������>>>lll
999üüüzzz

ã 1— ã 4 ©O�Ñ
3 80 km �p 1 Mt �
þØ�¿�¹e, �àØ«ål L ©O� 100, 500
Ú 1000 m ?>f9Ì�lfê�Ý��m�ü
z, ã¥î�I��m t, p�I�âfê�Ý n.
�
Bué'©ÛØÓ«���>âf��)9
üzL§, �m�Iþ± X ����T«���
m��":. lã 1 �±wÑ, ØÓ«��>f
ê�Ý ne ��¸���mÑ� 100 ns �m, ù�
�m�´�.¥�½� X ���m©Ù�¸��
m tp. ù´du1>lu)�L§é¯, 1f��
�]�=�)>f, 3>lÝØ���¹e>f
ê�Ý�\�1fê�ÝCq¤�'. L � 100 m
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? ne �¸��� 1012 cm−3, L � 500 m ? ne �
¸��� 1011 cm−3, L � 1000 m ? ne �¸��
� 2×1010 cm−3. dup��íD�, >f��|
©��A�ú, >fÆ·��, L � 100 m ?>f
Æ·� 0.1 ms, L � 500 m ?>fÆ·� 10 ms, L

� 1000 m ?>fÆ·�� 0.1 s, >fÆ·�X L

�O\O�. $U>f��í¥� O 9 O2 u)
NX�A�)K�lf, 3p�Ø�¿�¸eùa
�AØÓÌ�, �)�K�lfê�Ý��, O− l
f¸�ê�Ý�� 5×104 cm−3, O−

2 lf¸�ê�
Ý�� 103 cm−3, �K�lf�¸��m�X L �
O\ò�. X ��>l�í�)>f�Ó�, �
�)�lf O+, O+

2 , N+
2 . lã 2— ã 4 �±wÑ,

�lf¥ÓÌ��´ O+
2 Ú N+

2 , Ù¥ N+
2 Æ·�

á, é¯=z� N+
4 Ú NO+. N+

2 Ú O+
2 �Æ·�X

� L �O\O�.

ã 1 3 80 km �p 1 Mt �þØ�¿�¹e, L =100, 500,
1000 m ?>f9Ì�Klfê�Ý n ��m t �üz

ã 2 3 80 km �p 1 Mt �þØ�¿�¹e, L = 100 m ?Ì
��lfê�Ý n ��m t �üz

ã 3 3 80 km �p 1 Mt �þØ�¿�¹e, L = 500 m ?Ì
��lfê�Ý n ��m t �üz

ã 4 3 80 km �p 1 Mt �þØ�¿�¹e, L = 1000 m ?
Ì��lfê�Ý n ��m t �üz

4.2 120 km ���pppØØØ���¿¿¿���ííí��� X ������>>>lll
999üüüzzz

ã 5— ã 8 �Ñ
 120 km �p 1 Mt �þ
Ø�¿�¹e, �àØ«ål L ©O� 100, 500
Ú 1000 m ?>f9Ì�lfê�Ý��m�ü
z. lã 5 �±wÑ: du�í©fê�Ý�X
°opÝ�þ,~�, X ��>l�)�>f
ê�Ý ne � 80 km �p� ne ��, L � 100 m
?¸�ê�Ý� 1010 cm−3, � 80 km �p�>
f¸�ê�Ý�ü�êþ?; L � 500 m ?¸�
ê�Ý� 4×109 m−3, ´ 80 km �p�>f¸�
ê�Ý� 1/25 �m; L � 1000 m ?¸�ê�Ý
� 2×109 cm−3, ´ 80 km �p�>f¸�ê�Ý
� 1/10 �m. ne ��¸��U�±����m, L

� 100 m ?>fÆ·� 8 ms, L � 500 m ?>f
Æ·� 20 ms, L � 1000 m ?>fÆ·�� 0.1 s.
O− �üzL§¥)¤�Ì�Klf, ¸�ê�Ý
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�� 104 cm−3, O− ��¸�ê�Ý¤I��m�
X L �O\O�. >lL§¥)¤��lfÌ�
� O+, O+

2 , N+
2 , du�»����>l�^, p�

�µ�¸¥ O �ê�Ý�p, Ïd3 120 km �p
^�e, O+ Ú O+

2 �¸�ê�ÝÄ��Ó, �ÑU
�± 1 s �m��m, �:ìP~.

ã 5 3 120 km � p 1 Mt � þ Ø � ¿ � ¹ e,L =

100, 500, 1000 m ?>f9Ì�Klfê�Ý n ��m t �
üz

ã 6 3 120 km �p 1 Mt �þØ�¿�¹e, L = 100 m ?
Ì��lfê�Ý n ��m t �üz

ã 7 3 120 km �p 1 Mt �þØ�¿�¹e, L = 500 m ?
Ì��lfê�Ý n ��m t �üz

ã 8 3 120 km �p 1 Mt �þØ�¿�¹e, L = 1000 m ?
Ì��lfê�Ý n ��m t �üz

4.3 >>>fff¸̧̧���êêê���ÝÝÝ���ååålll L ���'''XXX

ã 9 �Ñ
 80 Ú 120 km �p 1 Mt �þØ
�¿�¹e, >f¸�ê�Ý ne,max � L �'
X, ã¥¢�� 80 km �p�(J, J�� 120 km
�p�(J. lã 9 �±wÑ, X ��é�í�
>lK���3ê�Z�±S, 3làØ«�C
�«� (� 10 km ±S), �p�$, ne,max ��,
� L > 10 km �«�K��. ù´du 120 km p
���íê�Ý� 80 km p���íê�Ý�, Ï
>lXê��, Ó�é X ���P~��. Ïd,
�p�p, >l����. 80 km �p�¹e ne,max

�åàØ«�ål L Cq÷vXe'X:

ne,max = n0
L−1.8

A + L−1.8
; (9)

120 km �p�¹eK÷v

ne,max = n′
0

L−1.5

A′ + L−1.5
. (10)

ùp n0, n′
0, A, A′ þ�~ê.

ã 9 >f¸�ê�Ý ne,max ��àØ«�ål L �'X
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5 ( Ø

�©±���õ��í�lfNÔnzÆL
§ê��[§S�Ä:, (Ü X ��é�í�>
lL§, é§S?1
U?. |^U?��§Sê
��[
ØÓpÝØ�¿e�í� X ��>l9
üzL§. (JL²: p�Ø�¿¥d X ��>
l�)�>fê�Ý3²L 100 ns �m��¸�,
>f¸�ê�Ý�X�àØ«ål L �O\~
�; >fäk���Æ·, ÙÆ·�X L �O\

O�, 120 km �p�¹e�>fÆ·� 80 km �
p�¹e�>fÆ·�; X ��>l�í�)�l
f O+, O+

2 , N+
2 , ÓÌ��´ O+

2 Ú N+
2 , Ù¥ N+

2 Æ
·�á, 120 km �p�¹e O+ ¸�ê�Ý� O+

2

¸�ê�Ý�C, U�±� 1 s �m; X ��é�í
�>lK���3ê�Z�±S, 3làØ«�C
�«�, 80 km �p�¹e�)�>f¸�ê�Ý
� 120 km �p�¹e�>f¸�ê�Ý�, �3
làØ«���«�K��.
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Numerical simulation of X-ray ionization and
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Abstract

The X-ray ionizations and the atmospheric temporal evolutions with different altitude nuclear explosions are numerically simu-

lated in this paper. It is concluded that the density of electrons generated by X-ray ionization has a peak value at 100 ns after the X-rays

have arrived, and the peak density reduced with the increase of distance from the stripped nucleus area. The life time of electrons is

long, and increases with the distance from the stripped nucleus area. O+, O+
2 , N+

2 are generated by X-ray ionization. The distance of

X-ray ionization in atmosphere is within a few tens of kilometers. The peak density of explosion at 80 km high is larger than at 120 km

high in the area close to stripped nucleus area, but the scenario is opposite in the area far from stripped nucleus area.
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