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|^^6NåÆnØïá
£ã�¡�$Ä����., æ^T�.�[
{I Starfish p�Ø�¿Á��¡
��$Äëê, ÏL�©z�[(J�'é, �y
¤ï�.��(5. �é;.��þÚ��þØ��ØÓ, ­:
�[
Zë?Úz�ë?ØÉì3 100, 400 Ú 1500 km pÝ�¿��¡�$Ä*Ð�¹, ©Û
�þ��ÉÚå
�*Ð5Æ�ØÓ. (JL²: p�Ø�¿�ØÓ�¿^�Ú�í�¸é�¡��*Ð5ÆkXwÍ�K�, ØÓ
��þ�¡���¸ëê�É²w.
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1 Ú ó

�¡�´Ø�¿��Ná�!�C�Ô9±
��í3p§!pØe/¤��>âf�. p��
¿|µe, �:âf±4p�Ð�Ý�	*Ð, é
C«�m�1ìk�½�åÆ»�. �¡�´Ø�
�)�Ù¦/¥Ôny��âf
, éØ�¿��
)��{ØË�!�í>l!<EË��!41
9�Ý«�A�/¥Ôny��k­��z [1], X
�[Ø�Úå�<EË��, L���>âf3/
^|¥�Ð©©Ù, âU�â*Ñ��nØ��<
EË���üC5Æ [2]. >l��A�ïÄ��3
aq¯K [3]. Ïd, ïÄp�Ø�¿ÐÏ�¡��
$Ä1�k­�¿Â.

8cIS	�ép�Ø�¿�¡�mÐ�ï
Ä��. Brecht Ú Thomas ^·,âf��{é*
ÿ��Ø�y�?1
�[, ¿?�Ú/d Brecht
� [4] ïÄ
�¡�ÝÌ!lzY²±9Ë��¥
�ÄåÆ¯K. 3�°{II�Ü�ïÄ�w¥,
�w
 Brecht ïÄ�||^p5UO�Åæ^n
�·,âf?è SHYPS, �[
 400 km pÝ 1 Mt
(1 t = 103 kg) �þ�Ø�¿�¡��¹, ��Ø�

lf��°[�©Ùã� [5].

ISép�Ø�¿�¡�mÐ�ïÄék
�, æ ^ Ä u 6 N å Æ � E È ¥ � . � [ � p
3 100 km ±e�¡�*ÐÚò\�í�L§®
k�� [6], ��p3 100 km ±þ�¡�$Ä5Æ
�ïÄ��, AO´ 250 km ±þ, du�¡�S�
>âf3/^|¥$Ä�)
E,>^y�, EÈ
¥�.Ø2·^. �©æ^^6NåÆ�{�Ñ�
�¡����.��'ïÄJø
��k���
{. �â�¡���í�p�^�A:, �Ä/^
|Úp��í�5�K�, ÏLéëY5�§!Ä
þ�§ÚUþ�§�·�?�, �E
£ã�¡�
$Ä�^6NåÆ�§|, |^.�KF�©�{
?1¦), ïÄ
;.Ø�¿|µe�¿ÐÏ�¡
��$Ä*Ð5Æ.

2 �¡�$Ä�nØ�.

2.1 ���...ÄÄÄ���bbb���

�¡�$ÄL§´õ«lf�ÄåÆL§, Ù
ý¢�ÔnL§�©E,. �Ä3^6NåÆµe
e, |^yk�O�^�?1�[, I�?1Ün
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2.1.1 ü�Ø�Cq
�¡��)�C�Ô!�{Ø-�±95g

ØÉìÙ¦Ü©�lf (X%lf!¾lf�). �
¿m©�, ù
Ø�±�%�¥%÷»�p�$Ä.
3�¡��í��^L§¥, ØÓØ�m��þ�
É!>Ö�É���
*ÑL§��É. �Ä�O
��[�I�, �òõ¤©��¡���?n�ü
�Ø��6N, �CqO�. æ^dCq3O��
[þ�±4�/ü$$�þ; Ó�, À�·��Ø
����	�6N, Ó��±ïÄ�¡��N$Ä
�A:, ��'�Ün�Ôn(Ø.

Ú¢Sõ«Ø��(J�', ���ü�cÔ
���[(JÒ´õ«Ø��Ônëþ�²þ(
J, üö¬k�½ �. X*Ð�», 'c­�lf
¢S¬©Ù3	�, *Ð�» �; 
'c��l
f¬©Ù3S�, *Ð�» �.

2.1.2 ���.b�
3*ÑL§¥, �¡�L��âfÉ�p��

¸�K���, $Ä�Ý×�C�; 
�NSÜ�
âfÉ�¸K���, �ÝCzØ�. du�Ý�
�É, �NSÜ�âfª��NL¡, l
S	�
¡�Ýqª���, ¦��¡�Ì�Ü©8¥uL
¡���«�. �,du�Å*Ñ�A, �NSÜ
Ó��3Ü©âf. ·�ò�¡��ÌNÜ©��
O��[�é�, �ÑSÜ��êâf, @�3Ó
��*Ñ��þS	�âf��Ý´���, �N
��¡����(�. I�`²�´, Ï��Ä�
´©Ù3��«�þ�õêâf, �Ñ
SÜ©Ù
��êlf, `²dd�U��·��[��¡�
�Ý¬Ñ� �.

2.2 nnnØØØ���...���ïïïááá

Ø�¿ÐÏ, du�¡�?up§!pØÚp
�$Ä�G�, 
�í´�é·��eíN, üö
�3E,�-E�^, -E>lÚ>Ö��´­�
�-E�A. -E>l�A´��¡�¥�lf�
>¥5��í©f-E, ¦�í©f>l¤lf,
¿¤��¡���Ü©; >Ö���^´��¡�
¥Ü©lf�±�¥5©fu)>Ö��, lf¤
�#�¥5©f, 
�k�¥5©fC�#�lf,
¤��¡���Ü©. ù
�^¦�¡��±��

D��í©fu)��, l
UC
g��G�.
�â^6NåÆ$Ä�§���/ª [7], �Ä

�¡�$ÄL§¥��í©f�f�>Ö��!
-E>l, é��/ª?1?�, ��£ã�¡�
$Ä��§|:

ρ
dv

dt
= −∇P + ρg +

1
c
J × B + fv + fτ , (1)

ρ ��¡���Ý; fv = −
(

ρnnv2 mn

mi

)
(σx + σi)

��¡âfÚ�íâf-E�{å�, nn ��í
�ê�Ý, mn ��í©fþ, mi ��¡���f
�þ, σx L«k��>Ö���¡, σi L«-E>
l�¡; fτ = −∇Q ��¡âf�Å¢�, Q ´Å
¢Ør; J �>6rÝ, �)�>âf3^|¥$
ÄÚ^|Cz�)�>6�. |^ Maxwell AåL
�ª¿�Ñ­åK�, (1) ª�L«�

ρ
dv

dt
= −∇

(
P +

B2

8π
+ Q

)
−

(
ρnnv2 mn

mi

)
× (σx + σi) + σB2v. (2)

(2) ª3��¥�Ie�L«�

ρ
dυ

dt
= − d

dr

(
∆P⊥ +

∆(B2
⊥)

8π
+ Q

)
−

(
ρnnυ2 mn

mi

)
(σx + σi) − σB2

⊥υ, (3)

Ù¥ B⊥ L«Ú»��R��©þ, P⊥ L«R�
^|��ÝÚå�Ør.

éuÃ-E6N, e�Ä�¡�¥lf��¸
¥5âf��p�^, Ù�©/ª��þëY5�
§�
∂ρ

∂t
+∇·(ρv) = σinnv

ρ

mi
mn+σxnnv

ρ

mi
(mn−mi).

(4)
d Maxwell �§|!{.1½Æ!S�½

Æ!î0½Æ��©/ª, ���^*Ñ�§

∂H

∂t
= ∇ × [v × H] − c2

4πσ
∇ × (∇ × H). (5)

�Ä�¡��^|´Ã
|, 3¥�IXeR�
u r ��þ, (5) ª�{z�

dH⊥

dt
= −H⊥

dυ

dr
− 2H⊥υ

r
. (6)

éu?¿�6N, �Ñ­å³U, ÙNSoU
þ�)
ÄUÚSU, oUþ�ÀOÇ�

dW

dt
=

∫
V

(
d
dt

(ρe) + v · (ρe)
)

dV, (7)
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Ù¥, e = ε +
v2

2
, ε Ú

v2

2
©O�LSU�ÝÚÄ

U�Ý. dUþCzÚõÇ�'X��
dW

dt
= P1 + P2 + P3 + P4 + P5, (8)

P1—P5 ©O�¹
AåÜþ!>^å!-E{å
é�¡�¤�õ�õÇ, ±9lf��¡��å$
Ä�ÄU!-E����NUþ. �\�õÇ©þ,
���

d
dt

(ρe) + v · (ρe)

= −∇ · (pv) + v · ∇Q +
1
c
(j × B) · v

+ (ε0 +
v2

2
)k + fv · v. (9)

�\Ør'Xª

P = (γ − 1)ρε, (10)

��¡�Ør��müC�'Xª

dP⊥

dt
=

2P⊥

B

dB⊥

dt
+ ε0

(
ρ

mi
nnυ

)
× [σx(mn − mi) + σimn]. (11)

d (3), (4), (6), (11) ªéá, ��[�¡�$Ä�^
6NåÆ�§|.

T�.�éu�k�6NåÆ�{�EÈ¥
�., �Ä/^|Úp��í�5�K�, �â�
¡���í�p�^�A:, \\
�¡�$ÄL
§¥-E>l�Ú>Ö���, éëY5�§!Ä
þ�§ÚUþ�§�·�?�, �E
£ã�¡�
$Ä�^6NåÆ�§|, U�O(/�N�¡�
�üz5Æ.

2.3 ���¡¡¡���$$$ÄÄÄ���ÐÐÐ©©©ëëëêêê

Ø�¿¦��¡¼�ã�Äþ, §±�:�¥
%÷»�p�$Ä, âf�âf�m3����þ
��p�^�±�Ñ. b��¡�3Ó��*Ñ�
�þâf��Ý´���, �N��¡����(
�, �Ñ��«�SÜ�Å*Ñ�A��êâf.
�¡�Ð©���ëþ, æ^Ø�¿�G��§ [8]

5O�, ��Ð©���¡��§Ý!9Ør!�
Ý!oØr:

E = 1.25 × 10−2 ρ

M
T + 7.65 × 10−25T 4, (12)

P = 0.83 × 10−2 ρ

M
T + 2.55 × 10−25T 4. (13)

2�Ä�¡�¥Uþ�SU Ei ÚÄU Ek ¤
©�, ����Ð©�Ý υ0, Xe:

Ei =
pV

(γ − 1)
=

1
2
NkBT, (14)

Ek =
1
2
mυ2, (15)

Ei + Ek = ηW. (16)

Cþ�¹ÂXe: E = ηW/V ��¿�ÔUþ
�Ý (kJ/cm3), W ��¿�þ (kt), V ��¿N
È (m3), ρ ��¿�Ô�Ý (g/cm3), T ��¿�
Ô§Ý (K), P ��¿�ÔØå (GPa), M �k�©
fþ.

3 (J9©Û

��y�[�{��(5, �©�[
�g;
.p�Ø�¿Á���¡�üC, Tp�ØÁ�
´ 1962 c3{I?1��Ò� Starfish �Á�, �
¿�þ� 1.5 Mt, �:3�¿dî�þ� 400 km.
^�¡�§S�[
�¡��*Ð�Ý!Ør!
§Ý���m�üz, ùp�Ñ�¡�*Ð��
Ú©z�'�ã. I�`²�´Ï�©z=�Ñ

 0.1—0.5 s �(J, �
�ß/w«(J'é�
¹, l¥À�
 3 ���. ã 1 �¢%êâ:��©
�[O�(J, �%êâ:�©z [9] �(J, ��
L«/¥^|���. Ø�¿� 0.1—0.5 s, �¡�
�Y²*ÐºÝ� 600 km ±þ, 3R���þ, �
:e�ål/¡ 300 km ?Ñy�¡���È, �
þål/¡� 800 km �pÝ. �©(J�©z [9]
Ä�ÎÜ.

ã 1 Starfish Á�fÌ¡�[ (¢%ÎÒ) �©z [9] (�%Î
Ò) �'�
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�
t�Ù�¿�þØÓ!�pØÓé*Ð
5Æ�K�, �[
Zë?��þÚz�ë?��
þØÉì3 100, 400 Ú 1500 km pÝ�¿��¡
��$Ä!*Ð�¹, Xã 2 Úã 3 ¤«. ��, �
¡��*ÐºÝ��¿�þÚ�pké�'X. z
�ë?�¿�¡��*ÐºÝ'Zë?�²w�
�õ, X 0.5 s ��þ���þ, 100, 400, 1500 km
�pe��þþ'��þ�*ÐºÝ�� 20 �.
'�Zë?�z�ë?ØÉì�¡��*Ðëê,
��Xe(Ø.

1) 100 km �p�, z�?��þØ��)��
¡�Ð©�Ý�, Ïd*ÐºÝ�, É��í�¸
�K��²w, Ù3�:e� 70 km �m�pÝ/
¤�È, Ø2UY�e*Ñ; Ó��pe, Zë?�
�þØ���¡�Ð©�Ý�, *ÐºÝ�, É�

íK��)��È�AØ²w, ¥yé¡©Ù. ,
	, ��þ�)��¡�3R�^|��þ²wÉ
�^|��å�^, 
��þ��¡�LyØ²w.

2) 400 km pÝ��¹Ú 100 km �', �¡�
É��í��^~f, z�ëØ��)��¡�3
�:e� 100 km �/�$Ä�Ý~ú, Åì�È,
Zë?�)��¡��È�AEØ²w. dpÝe,
��þÚ��þ�)��¡�Ñ¬É�/^|�
�^, ÷^|����� £.

3) 1500 km �p�^�e, �í�K��©�
f, *ÐºÝ¤�O\, ù�pÝe, �íëê�p
ÝCz4Ù�ú, �¡�3/Gþ¥y����¥
é¡©Ù. 106 � 2×103 t Ø��¡�*Ð/Ga
q, �´ºÝ�
� 20 �, Ì�´�¡�Ð©�Ý
��É�5�K�.

ã 2 2 kt TNT �þØÓ�¿pÝe�¡��*ÐºÝ (a) 100 km; (b) 400 km; (c) 1500 km
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ã 3 1 Mt TNT �þØÓ�¿pÝe�¡��*ÐºÝ (a) 100 km; (b) 400 km; (c) 1500 km

8c, ��þêâ�O�(JÿÃ�±'é�
y�êâ. �þ�ØÓ, éu 100 km ±e��¿¬
kX²w�K�, Ï�3ù�pÝ¬/¤²w�»
¥y�, §´ X ��>l�í�Ly, ¬é�¡�
�$ÄG�kK�. �´éu 100 km ±þ�pÝ,
�±Ø�ÄÏ��þ�ØÓÚå��¡�	.�
¸�5�ØÓ, 
Ì��ÄdG��§¦���þ
ØÓ�5��¡�Ð©ëê�ØÓ.

ã 4 �Ñ
ùn«�p^�e�:þ��
¡�ê�Ý�©Ùé', �±wÑ�X�¿pÝ
�O\, �¡�ê�Ý��m�Czeü��¯.
ã 5 �Ñ
�p 400 km!�¿�þ� 1, 10, 100 kt
Ú 1 Mt ��:þ��¡�ê�Ý�©Ùé', �±
wÑ, �:þ���¿�þJp, �¡�ê�ÝÓ
'~Åìü$, ù´du�,�¡lfê�Ó, �

ã 4 n«�peZë?�þØ���:þ��¡�ê�Ý�
©Ùé'

´�¿�þ�Jp¦��¡lf¼�
���Ð
�Ý, ©Ù3�°2�«�S, �¡NÈ¼�
Ó
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'~O�.
�¡���Ý, 8cÿÃ�±?1'é�êâ,

�U�â�¡�*ÐºÝ, ±9�¡�*ÐL§¥
/¤���A:, `²�¡���Ý�Cz5ÆÎ
ÜÔn5Æ, ´�éÜn�.

ã 5 �p 400 km o«ØÓ�¿�þ�:þ��¡�ê�Ý
�©Ùé'

4 ( Ø

p�Ø�Ï��:±��¸�A:, �¿��
¡��*Ð5Æ²wØÓu$�Ú/¡�¿. �©
�â�¡���í�p�^�A:, �Ä/^|Ú
p��í�5�K�, ÏLÜn{zE,�ÔnL
§, ?�ëY5�§!Äþ�§ÚUþ�§, �E

£ã�¡�$Ä�^6NåÆ�§|, |^T�
.ïÄ
;.Ø�¿|µe�¿ÐÏ�¡��$
Ä*Ð5Æ, ÏL©Û�±��±e(Ø.

1) éuzZ�±þØ��¡�üC, ®²Ø2
´üXò\�í�C�þÔnL§. du�íC�
D�, /^|�K�m©wÍOr, �¡��@Ï
*Ñ±���/ª�3, æ^^6NåÆ�{é�
¡��ÚO55ÆmÐïÄ, �±�O(/éÙÔ
nL§\±�[.

2) �¡�p�*Ð5ÆÚØ���¿�þ!
�:pÝ;��'. �¿�þÌ��5ÓpÝe*
ÐºÝ�²wCz; �:�pÝK��û½
�
:±��í��¸A:, 
�í�¸ÏL�í�
Ý!§Ý!Ør!©fþ�ëþòK�D4��
¡�, ¦��¡�3ØÓ��þ*Ð�é¡5!�
È�A:¥y²wØÓ; ,	, p�/^|�©Ù
�Úå�¡�*Ð/��[�Cz, é*ÐºÝK
�Ø�.

�©�ê��[ó�=�Ä
�¡��¥5
�í©f��^, �lf��^¿�\\, ùÜ©
ïÄ(Jò3±��ïÄ¥�Ñ. Äu�©ïÄ�
´�p3zZ�±þ�¡���¹, Äk�XpÝ
�O\, �íâf�ê�ÝeüÐA�êþ?, �
íé�¡$Ä�K�¬�5��; Ùg, �í¥l
f¤Ó'~é�, =¦�Ä
�lf��^, Ùé
�[(JE¤�K��'�k�.

ÏL�©�ïÄ, �±éØ�¿/¤��¡�
�¸A:k��'��Ù�@£, ïÄ(J�A^
uØ�¿<EË��!>l���¸ïÄ�âf

, ¿�?�ÚmÐ·,âf�[�{�ïÄ�e
Ä:.
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Research of the early debris expansion from
high-altitude nuclear explosions

Yang Bin† Niu Sheng-Li Zhu Jin-Hui Huang Liu-Xing

( Northwest Institute of Nuclear Technology, Xi’an 710024, China )
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Abstract

Based on magnetohydrodynamic theory a shell model is developed to describe debris motion of high-altitude nuclear explosion.

The debris motion parameter of Starfish is simulated. The model is verified by comparison with the results available from the literature.

For the comparison between typical high-yield and low-yield nuclear explosion, the debris motions of kiloton and megaton at 100 km,

400 km and 1500 km are especially simulated. The difference in expansion law, caused by explosion yield, is analyzed. The results

show that explosion condition and atmospheric environment have a significant influence on the expansion of the law of the debris cloud,

and the debris environmental parameters in different directions are significantly different from each other.

Keywords: high-altitude nuclear explosion, debris cloud, expansion distance, geomagnetism
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