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3¥5��*ÑÄåÆ�.�Ä:þ, �Ä��f��zÚ>l�Ñ, &?
��º�@Ï (t 6 100 s) �üz
Ä�A�!��/�!�Ý±9>f�Ý©Ù�¯K. ��
ØÓº�þ (1, 10 kg)!ØÓº�pÝ (250, 300 km)

ÚØÓÐ©/GÏf (1, 10) ^�e��º�@ÏÄåÆ1��ê��[(J.

'�c: zÆÔ�º�, �º�, *Ñ�., ¥5��üz

PACS: 94.20.Vv, 94.20.dv

1 Ú ó

�mÌÄº�´æ^&�»�!¥(9Ù¦
ÊUì�>l�½^�5\,
UwÍUCÛÜ
>l�ëê�zÆÔ�, /¤äk�½��(�
�<óØþ!�lfN. H2, H2O, CO2 Ú SF6 �>
l�º�Ô���^Ån´ò>l�¥�Ì�
lf¤© O+ =C�©flf�2�>fu)
l)EÜ, ��´Ú\¥5íN\�>f� O+ �
EÜ, ��º�«�>l�>f�Ýké�§Ý
�ü$, /¤¤¢>l�É [1−3]. �©?Ø�º
�Ô�� (TaÔ���)�!�!Q!+�w
7á½wè7á) äk�$�>l> , 31Ë
��^e=���l)¤�lfÚ>f, /¤Û
�p�ÝØþ!�lfN, �¡�<ó�lfN
�ì [4].

<ó�lfN�ì3C/�m�/¤�üz
�~E,, g 20 ­V 60 c�m©ÒÉ��mÔn
Æ[�2�'5, ¿ÄuÌÄº�Á�!¢�¿¢
�Úê��[mÐ
�þïÄ [4−17]. ��º�Ì
�{²¥5�ì*Ñ!¥5�ì (1) >lÚ�l
fN�ì÷^å�.�n��ã, Ùüz?§�º
�Ô«a!5\�Ý!�ì�Ý!º�«�>l

�Ú9��¸�Ï�'X��.

�©'5u>l���º�@ÏÄåÆ1
�. 3¥5��*ÑÄåÆ�.�Ä:þ, �Ä
� � f � � z Ú > l � Ñ, & ? 
 � � º � @
Ï (t 6 100 s) �üzÄ�A�!��/�!�
Ý±9>f�Ý©Ù�¯K. ��
ØÓº�þ (1,

10 kg)!ØÓº�pÝ (250, 300 km)!ØÓÐ©/
GÏf (1, 10) ^�e��º�@ÏÄåÆ1��
ê��[(J. �©ó���?�ÚmÐC/�m
<ó�lfN�ìüz1�©ÛÚ�mÌÄº�
Á�Jøë�.

2 ��üz�.

2.1 ¥¥¥555���ììì***ÑÑÑ���§§§

¥5�ìâf����§Xe [11]:

∂ns

∂t
+ ∇ · (usns) = ∇ · (D∇ns) − σns

−kcnO2ns, (1)

ùp, ns ´���ê�Ý; us ´¥5�ì�Ý;D =

kBT/mνD ´*ÑXê (�©� D = 1.75 km2/s),

Ù¥ T Ú m ©O´��f�§ÝÚ�þ, kB ´
À�[ù~ê, νD ´*Ñ-EªÇ; ∇ · (usns) ´

* I[pEâïÄuÐOy (1OÒ: 2010AA8093202) Ú¥
p�Æ�Ä��ïÄ7 (1OÒ: 3103001) ]Ï��K.
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é6�; ∇ · (D∇ns) ´*Ñ�; −σns ´1>l�
Ñ, XJ�Ñp��í¥��\�1Ïþ�Cz,

σ = 0.036 s−1; kcnO2ns ´�z�Ñ (120 km ±
þpÝ�±�Ñ�Ú O �f��A), Ù¥ kc =

0.9 × 10−16 m3/s ´�A~ê, nO2 ´¤3>l�
� O2 �Ý, Ï~�¹e, 3>l�!^�pÝ
? σ >> kcnO2 , �Ø�Ä�z�Ñ.

À � ( k � � I X, � z � R � � �.

P |r| =
√

(x − x0)2 + (y − y0)2 + (z − z0)2,

3 � ½ Ð © ^ � ns(r, 0) =
N0

π3/2εr3
0

× exp
(
−(x − x0)2 + (y − y0)2

r2
0

− (z − z0)2

ε2r2
0

)
Ú

>.^� ns(∞, t) = 0 �¹e, �±�� (1) ª
�Cq)

ns(r, t) =
N0

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

× exp

−
(x − x0 −

∫
uxdt)2 + (y − y0 −

∫
uydt)2

4Dt + r2
0

−
(z − z0 −

∫
uzdt)2

4Dt + ε2r2
0

− (σ + kcnO2)t

 , (2)

Ù¥, (x0, y0, z0) ´�ìÐ©¥%; ux, uy, Ú uz ´
�ì¥%$Ä�Ý us �n�©þ; r0 ´�ìÐ
©�»; N0 ´Ð©âfoê; ε ´�ì/GÏf,

� ε = 1 ��ì¥¥G©Ù, � ε > 1 ��ì�÷ z

��.��ý¥.

d (2) ª��, �X�m t �O�, 4Dt + r2
0

Ú 4Dt + ε2r2
0 �«OÅì~�, �ªÑ�Cu¥

G©Ù. 
 us ��3=UC��¥5¤©�Ý©
Ù�¥% �, ØK��Ý©Ù, =�ì�N~�
$ÄL§Ú�ìg*ÑL§�pÕá, �CqL
«Xe:

us = v0 exp(−νst). (3)

ùp, v0 ��ìÐ©�Ý, ν−1
s ��ì~��m~

ê, �©� [11,12]νs = 0.04 s−1.

d (3) ª���ì¥% �UCþ

rc =
∫ t

0

us(t)dt

=
∫ t

0

v0 exp(−νst)dt

=
v0

νs
(1 − exp(−νst)). (4)

2.2 111>>>lll>>>fff���ÝÝÝ©©©ÙÙÙ

¥5��f»�*Ñ�Ó�¬31ì�^e
u)>l (�m~ê�� 28 s). >lc�, �@��
lf�±�5¥5�f$ÄG�ØC, 
>l�)

�1>fÐ©�Ý��´�Å�, Uþ�� 0.7 eV.

3��*ÑL§¥, du Ba+ �Ý©ÙFÝ��
3, Ï
¬/¤l�ì¥%÷^å����4z
>|, T>|�^u O+ ¿����¥%? O+ �
Ýeü/¤�É, l
3÷^å���æÈ/¤
O+ V¸, d=¤¢� “·>×ÈÅ�A”[11,12,14].

Bernhardt � [18] J Ñ 
 “- E × È Å � A”, )
º p © E � � Z Ñ � X � * ÿ � � > l � É
> � � O+ æ È y �. � © = ' 5 � � º � @
Ï¥5�ìüz, ����Ý�$ (���º�
þ � 1 kg, Ð © � » � 1 km, K Ð © � � � ì
¥ % ? � � ê � Ý = � 7.88 × 108 cm−3, $ u
109 cm−3 � O2 ê�Ýþ?), Ø�Ä·>�AÚ
-E×ÈÅ�A, =@��µ O+ ©ÙØÉ��*
Ñ�K�.

d u > ¥ 5 � K, ÷ * þ � � � l f >
f é (Ba++e) E ä k � 5 ¥ 5 � f Ba � $ Ä
A�, ¦+��c�lf Ba+“�é” �>f¿Ø
�½dÙ>lc�f¤Jø. º��m � r

? t ��vk1>l�^e�ê�Ý n
p̃h

(r, t)

� k 1 > l � ^ e � ê � Ý ns(r, t) � �,

=�®1>l Ba++e éê�Ý

nBa+(r, t) = ne−(r, t)

= n
p̃h

(r, t) − ns(r, t),
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n
p̃h

(r, t) =
N0

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

× exp

−
(x − x0 −

∫
uxdt)2 + (y − y0 −

∫
uydt)2

4Dt + r2
0

−
(z − z0 −

∫
uzdt)2

4Dt + ε2r2
0

− kcnO2t

 . (5)

K

nBa+(r, t) = ne−(r, t)

=
N0

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

× exp

−
(x − x0 −

∫
uxdt)2 + (y − y0 −

∫
uydt)2

4Dt + r2
0

−
(z − z0 −

∫
uzdt)2

4Dt + ε2r2
0

− kcnO2t


× (1 − exp(−σt)) . (6)

(6) ª=�3=�Ä1>l�^�¹e��lf/>
f�Ý©Ù.

²Lá�m¥G»�*Ñüz�, �ì�Ý
ìü, *Ñ3�ìâf$Ä¥Ø2äkÌ�/ .

º��Ï�ìâf (�lfN�ì) Éº��m
>|!^|�^, /¤÷^å����Ú^$Ä
Ú E ×B ¤£, ���lfN�ì÷*þ÷^å�
��.� [4].

��31�>l�^e��>f, �¦º�«
�34á�mS>f�ÝìO. du1>f�þ�
��u�lf, Ïd, ¦+1>l�)�>fÐ©
�Ý��´�Å�, E�@�>lc��lf�
±�5¥5�f$ÄG�ØC. XØ�Ä>l�º
�«�>|Ú^|��^, K1>lc��� (�
) Ba, Ba++e é) �±�5�*Ñ$Ä, ÷v (1) ª.

dd��, >fÈìØäk�m\È5, =�¥5
��äk�Ó��±�mºÝ.

���>l/¤�>fÈìØäk�m\È
5ØÓ, >l�º� H2, H2O, CO2 Ú SF6 �zÆ
Ô�, Ù��´3ù
¥5íN©fë�er?

>f� O+ �EÜ, l
��º�«�>l�>f
�Ýké�§Ýü$. T>l�>f�Ý�Ñ«3
�mþ´·��, Ïd3�mþäk\È5, = “>
l�É” {²/¤!C°!\�, ��duº�Ô
�3*Ñ�^eÅì��
Ã{UY�± O+ �
>f�EÜ`³, \��lfN*Ñ�^
qÅ

ÚCf!CÄ, ����. Ïd, >l��É�äk
'¥5º�Ô�����±�m, �'?Ø��©
z [2].

2.3 ¥¥¥555���ììì���ÝÝÝ©©©ÙÙÙ

���3Fýp�º��, ��f3 553.5 nm

(�ÉÅã) ?k�^²����Ì�, �±|^�
Å½1ÝO�1Æ��é��Ë�?1*ÿ [19].

�Ä1Æ��¹, ���Ýd�ìâfË�÷
À��È©û½ [20], =

B =
∫ ∞

−∞
nsβdl, (7)

Ù¥, β = 8.4 / s ���f�1Ë�Ç, ���Ý�
ü � cm−2s−1. ���Ý�÷À����foê
¤�', du¥5�ì�ÝÉ*ÑÚ¥5�ÑK�,

Ïdùü�Ï��¬�����Ýeü.

d (1) ª���¥5���Ý©ÙÚ (7) ª, �
±���ì�Ý©Ùã.

Ø���5, �b��ì¥%·�, = u =

(ux, uy, uz) = 0, ½ Â ¥ % � I (x0, y0, z0) =

(0, 0, 0). K (2) ª�U��

ns(x, y, z, t) =
N0

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

× exp

(
− x2 + y2

4Dt + r2
0

− z2

4Dt + ε2r2
0
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−(σ + kcnO2)t

)
. (8)

b�*	: u z ¶�å�ìÃ¡�?, K
ò (8) ª�\ (7) ª, ������Ý�Y²�
� (x-y ¡) ©Ù�

B(x, y, t) =
∫ ∞

−∞
ns(x, y, z, t)βdz

=
N0β

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

× exp
(
− x2 + y2

4Dt + r2
0

− (σ + kcnO2)t
)

×
∫ ∞

−∞
exp

(
− z2

4Dt + ε2r2
0

)
dz

=
N0β

π2(4Dt + r2
0)(4Dt + ε2r2

0)

× exp
(
− x2 + y2

4Dt + r2
0

− (σ + kcnO2)t
)

.

(9)

d (9) ª��ØÓ����¥% ���Ý�

B(0, 0, t) =
N0β

π2(4Dt + r2
0)(4Dt + ε2r2

0)
× exp (−(σ + kcnO2)t) . (10)

aq/, b�*	: u y ¶�å�ìÃ¡�
?, K���Ý�Y²�� (x-z ¡) ©Ù�

B(x, z, t) =
∫ ∞

−∞
ns(x, y, z, t)βdy

=
N0β

π3/2(4Dt + r2
0)(4Dt + ε2r2

0)1/2

exp
(
− x2

4Dt + r2
0

− z2

4Dt + ε2r2
0

−t(σ + kcnO2)t)

×
∫ ∞

−∞
exp

(
− y2

4Dt + r2
0

)
dy

=
N0β

π2(4Dt + r2
0)3/2(4Dt + ε2r2

0)1/2

exp
(
− x2

4Dt + r2
0

− z2

4Dt + ε2r2
0

−(σ + kcnO2)t) . (11)

w,, �/GÏf ε = 1 �, ��3 x-y ²¡Ú x-z

²¡äk�Ó��Ý©Ù.

3 ê��[

Äk?Ø���üzk'�>l�º��¸
Ú¥5��üz�Ä�A�, ,��ÑØÓº�
þ (1,10 kg)!ØÓº�pÝ (250, 300 km)!ØÓÐ
©/GÏf (1, 10) ^�e, º�@Ï (t 6 100 s) �
��üzê��[(J.

�µ>l�Ú9�ëê©OdISë�>
l� IRI-2007[21] Ú MSIS-E-90[22] ��, ��º�
:¤3/n �þ� (110◦E, 20◦N), �ìÐ©�
» r0 = 1 km.

3.1 ¥¥¥555������üüüzzzÄÄÄ���AAA���

d MSIS-E-90 �Ñ���º�¤3�>l�
«�ØÓpÝ O2 ©fÚ O �f�ê�ÝÚ¥5í
N§Ý©ÙXã 1 ¤«.

ã 1 ØÓpÝ O2 ©fê�Ý nO2 Ú O �fê�Ý nO 9¥5íN§Ý (a) nO2 Ú nO; (b) ¥5íN§Ý
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ã 2 ØÓpÝ?���f��Ç

��f3ØÓpÝ?�1>l��Ç!�z
��ÇÚo��ÇXã 2 ¤«. ��3 190 km p

Ý±e, �z�1>l�', �z�Ì�
¥5�
�f��. 3 190—250 km ��S, �zÚ1>l
é��Ç��^?uÓ��þ?. ��L 250 km

pÝ�, �z�^�±�Ñ, 
1>l¤�¥5�
�L§����ÄÏ�, ���f�1>l��Ç
´ÕáupÝ�.

ã 2 ¥b� O2 ê�Ý nO2 �±ð½, ¢Sþ
��f��z�A¬E¤ nO2 �Cz. 3 150 km

±e, nO2 pu 3.01 × 109 cm−3, pu¥5���
ê�Ý (Ø�u 8× 108 cm−3), �±�Ñ O2 3�A
¥��Ñ; 3 150—220 km ��S, O2 ���ê�
Ý?uÓ�þ?. du O2 ©f�*ÑXê��u
��f, �±Cq@� nO2 ��±ØC; 3 220 km

±þ, �z�A¬�� nO2 eü, Ïd¥5��f
���Ç'ã 2 �­��$.

ã 3 ¥5��¥%�ÝÚ £ (a) �Ý; (b)  £

b½ v0 = 4 km/s, d (3) Ú (4) ª�±��Ø
Ó����¥%�Ý9 £ (ã 3). lã 3 �±w
Ñ, � 200 s �, �ì¥%ªu·� (�ÝA��"),

 £þ�� 100 km. dd��, �ì��íâf�
m�-E�^���ì~�, T~�Å�¦��ì
Ð©�Ý=3k���mSéÙ¥5¤©�¥%
 �E¤k��UC, d�XÓ·�º�. �Xp
Ý�ü$, �íâf�ÝO�, �ìâf��íâ
f�-EªÇ νs O�, ~��\wÍ, �ì¥%�
£Äål�á. Ïd, Ø���5, 3¥5��üz
1�©Û¥�±=�ÄÃÐ©�Ý��¹.

3 300 km pÝº� 1 kg ���f, ��3Ø
Ó�� (1—10 s) ê�Ý©Ù9CzXã 4 ¤«.

ã 4(a) �ØÓ�� (1—10 s) ��¥%?��f
ê�ÝCz, ���ì¥%º�Ô�3º��Ð
� 10 s S=ì�eü 2—3 �êþ?, �X�m�
í£, �ÝCzÇÅìª�. ã 4(b) �­�lþ�
e©O� t = 1, 2, · · · , 10 s �����Ý�m©
Ù, ���X�m�O\, Ø
�ì¥%?��Ý
×�eü	, �±�ì¥%é¡�±��m�Ñ.

ØÓ�� (1—10 s) ��¥%�ÝCzXã 5

¤«. dã 5 ��, ��¥%:�Ý3ÐÏì�e
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ü, Tª³�¥%:��fê�Ý�×�eü��.

ã 4 ØÓ�� (1—10 s) ��ê�Ý©Ù9Cz (a) ��¥
%?��fê�ÝCz; (b) ���Ý�m©Ù

ã 5 ØÓ�� (0—10 s) ��¥%�Ý B �Cz

3.2 333 300 km pppÝÝÝººº��� 1 kg ������fff

3.2.1 /GÏf ε = 1

ã 6 �3 300 km pÝº� 1 kg ���f (/

GÏf ε = 1) �, t = 1, 10, 50, 100 s ���ì¥5
��fÚ>f�Ý©Ù, ã 7 �éA����ì¥
%?>f�Ý¿¡ã, δ �>f�Ý����éC
zþ.

dã 6 Úã 7 ��, �X�m�í£, ¥5�
��Ñ«�Åì*�, ê�Ý~�, d¥¥G©Ù
ÅìC�÷Y²��.��ý¥G©Ù. �A�1
>l�)�>f��¥5��âfaq, 3ÐÏä
k��ê�Ý�, >.�ß, d�>f�Ý×�~
�¿�±��m�Ñ, >.Åì�
. >fÈì/
�d�Ð�Cq¥GÅìuÐ¤÷Y²��.�
�ý¥G. ¥5��Ú>f�Ý3º�ÐÏeü×
�, 1>l>fÓ¥5�ì�å*Ñ, 3�½��
mØäk�m\È5, Ã{��m�±>f�ÝÈ
ìG�.

ã 8 �ØÓ��¥5�� x-y ²¡�Ý©Ù,

du ε = 1 ��/e, �ì¥¥é¡©Ù, Ïd x-y

²¡Ú x-z ²¡�Ý©Ù�Ó.

ã 8 ¤«�ØÓ��¥5�� x-y ²¡�Ý
©ÙL², ���Ý±¥%:�r, ��»O�×
�~f, >.�
. �X�m�í£, ���Ý×�
eü, ���«�*�.

3.2.2 /GÏf ε = 10

ã 9 �3 300 km pÝº� 1 kg ���f (/
GÏf ε = 10) � t = 1, 10, 50, 100 s ���ì¥5
��fÚ>f�Ý©Ù, ã 10 �éA����ì
¥%?>f�Ý¿¡ã.

òã 9 Úã 10 ©O�/GÏf ε = 1 �ã 6

Úã 7 ?1é'��, /GÏf ε = 10 ���9Ù
>f�Ý©Ù, 3ÐÏLy� ε = 1 ²wØÓ, ¥R
�����¶�ý¥G. ��X�m�í£, � 50 s

�� ε = 1 ��ÉA��±�Ñ, ¥Cq¥G. d
�, ¥5��Ú>f�ì�üz5ÆÓ ε = 1 �
�/, =�Ñ«�Åì*�, >.ªu�
, ê�
Ý~�, >fÈìÅìuÐ¤÷Y²��.��
ý¥G.

ã 11 �ØÓ��¥5�� x-y ²¡Ú x-z ²
¡��Ý©Ù.

ã 11 L²ØÓ��¥5�� x-y ²¡�Ý©
Ù��/, �º�ÐÏ x-z ²¡�Ý©Ù�ý�
/, �X�m�í£, 50 s �Cq��/, � ε = 1

(ã 8) ��/aq.
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ã 6 3 300 km pÝº� 1 kg ��f (ε = 1) �ØÓ��¥5��Ú>f�Ý©Ù (a) t = 1 s, ��f�Ý©Ù; (b) t = 1 s,

>f�Ý©Ù; (c) t = 10 s, ��f�Ý©Ù; (d) t = 10 s, >f�Ý©Ù; (e) t = 50 s, ��f�Ý©Ù; (f) t = 50 s, >f�Ý©
Ù; (g) t = 100 s, ��f�Ý©Ù; (h) t = 100 s, >f�Ý©Ù
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ã 7 3 300 km pÝº� 1 kg ��f (ε = 1) �ØÓ���ì¥%?>f�Ý¿¡ã (a) t = 1 s, δ = 62.3232%;

(b) t = 10 s, δ = 19.7346%; (c) t = 50 s, δ = 4.6201%; (d) t = 100 s, δ = 1.8163%

ã 8 3 300 km pÝº� 1 kg ��f (ε = 1) �ØÓ��¥5�� x-y ²¡�Ý©Ù (a) t = 1 s; (b) t = 10 s; (c) t = 50 s;

(d) t = 100 s
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ã 9 3 300 km pÝº� 1 kg ��f (ε = 10) �ØÓ��¥5��Ú>f�Ý©Ù (a) t = 1 s, ��f�Ý©Ù;

(b) t = 1 s,>f�Ý©Ù; (c) t = 10 s, ��f�Ý©Ù; (d) t = 10 s, >f�Ý©Ù; (e) t = 50 s, ��f�Ý©Ù; (f) t = 50 s,

>f�Ý©Ù; (g) t = 100 s, ��f�Ý©Ù; (h) t = 100 s, >f�Ý©Ù
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ã 10 3 300 km pÝº� 1 kg ��f (ε = 10) �ØÓ���ì¥%?>f�Ý¿¡ã (a) t = 1 s, δ = 17.0413%;

(b) t = 10 s, δ = 12.7536%; (c) t = 50 s, δ = 4.0804%; (d) t = 100 s, δ = 1.7005%

d±þé'��, ØÓ/GÏf, =é��ü
zÐÏ/�äkwÍK�, �X�m�í£, Ù¥
5�ì/��ÉÅì �, Ñ¥CqY²��.
��ý¥G©Ù. Ïd, ±eò=�Ñ ε = 1 ��
[(J.

3.3 333 300 km pppÝÝÝººº��� 10 kg ������fff

ã 12 �3 300 km pÝº� 10 kg ��f (/
GÏf ε = 1) � t = 1, 10, 50, 100 s ���ì¥5
��fÚ>f�Ý©Ù, ã 13 Úã 14 ©O�éA
����ì¥%?>f�Ý¿¡ãÚ¥5�� x-y

²¡��Ý©Ù.

ã 12 Úã 13 L², �X�m�í£, ¥5�
�3*Ñ�^e�Ñ«�Åì*�, ê�Ý~�,

d¥G©ÙÅÚC¤÷Y²��.��ý¥G©
Ù. �A�1>l�)�>f��¥5��âfa
q, 3ÐÏäk��ê�Ý�, d�×�~���
±��m�Ñ, d�Ð�Cq¥G©ÙÅìuÐ¤
÷R���Ø �ý¥G©Ù. �ã 6 Úã 7 é'
w«, 3�½��Sº�þØÓ, ¥5���Ìa
q�üz5Æ, ��º�þ�O\, ¤/¤�¥5

�ìÚ>f�ì���, �±�m��.

ã 14 ¤«ØÓ��¥5�� x-y ²¡��Ý
©ÙL², ���Ý±¥%:�r, ��»�O�

×�~f, >.�
. �X�m�í£, ���Ý
×�eü, ���«�*�. �ã 8 é'w«, �º
�þ�O\, ¤/¤�¥5�ì�Ý��'Or.

3.4 333 250 km pppÝÝÝººº��� 1 kg ������fff

ã 15 �3 250 km pÝº� 1 kg ��f (/
GÏf ε = 1) � t = 1, 10, 50, 100 s ���ì¥5
��fÚ>f�Ý©Ù, ã 16 Úã 17 ©O�éA
����ì¥%?>f�Ý¿¡ãÚ¥5�� x-y

²¡��Ý©Ù.

ã 15 �ã 6 é'w«, 3ØÓpÝº���
f, ¥5���/�Ä���, ��XpÝ�ü$,

�ì3Y²��*Ñ����, 
3R���*Ñ
��~�, ¥�²w�Y²��.��ý¥/�.


º�pÝ�ØÓ, >l���>fÈì9>f�
Ý¿¡ké�«O, ùÌ�´duØÓpÝ?�µ
>l�>f�Ý¿¡ØÓ¤�.
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ã 11 3 300 km pÝº� 1 kg ��f (ε = 10) �ØÓ��¥5�� x-y ²¡Ú x-z ²¡��Ý©Ù (a) t = 1 s, x-y ²¡;

(b) t = 1 s, x-z ²¡; (c) t = 10 s, x-y ²¡; (d) t = 10 s, x-z ²¡; (e) t = 50 s, x-y ²¡; (f) t = 50 s, x-z ²¡; (g) t = 100 s,

x-y ²¡; (h) t = 100 s, x-z ²¡
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ã 12 3 300 km pÝº� 10 kg ��f (ε = 1) �ØÓ��¥5��Ú>f�Ý©Ù (a) t = 1 s, ��f�Ý©Ù;

(b) t = 1 s,>f�Ý©Ù; (c) t = 10 s, ��f�Ý©Ù; (d) t = 10 s, >f�Ý©Ù; (e) t = 50 s, ��f�Ý©Ù; (f) t = 50 s,

>f�Ý©Ù; (g) t = 100 s, ��f�Ý©Ù; (h) t = 100 s, >f�Ý©Ù
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ã 13 3 300 km pÝº� 10 kg ��f (ε = 1) �ØÓ���ì¥%?>f�Ý¿¡ã (a) t = 1 s, δ = 623.2315%;

(b) t = 10 s, δ = 197.3463%; (c) t = 50 s, δ = 46.2015%; (d) t = 100 s, δ = 18.1628%

ã 14 3 300 km pÝº� 10 kg ��f (ε = 1) �ØÓ��¥5�� x-y ²¡��Ý©Ù (a) t = 1 s; (b) t = 10 s;

(c) t = 50 s; (d) t = 100 s

089401-13



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 08 (2012) 089401

ã 15 3 250 km pÝº� 1 kg ��f (ε = 1) �ØÓ��¥5��Ú>f�Ý©Ù (a) t = 1 s, ��f�Ý©Ù;

(b) t = 1 s,>f�Ý©Ù; (c) t = 10 s, ��f�Ý©Ù; (d) t = 10 s, >f�Ý©Ù; (e) t = 50 s, ��f�Ý©Ù; (f) t = 50 s,

>f�Ý©Ù; (g) t = 100 s, ��f�Ý©Ù; (h) t = 100 s, >f�Ý©Ù
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ã 16 3 250 km pÝº� 1 kg ��f (ε = 1) �ØÓ���ì¥%?>f�Ý¿¡ã (a) t = 1 s, δ = 90.5503%;

(b) t = 10 s, δ = 28.286%; (c) t = 50 s, δ = 5.9537%; (d) t = 100 s, δ = 2.025%

ã 17 3 250 km pÝº� 1 kg ��f (ε = 1) �ØÓ��¥5�� x-y ²¡��Ý©Ù (a) t = 1 s; (b) t = 10 s;

(c) t = 50 s; (d) t = 100 s
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ã 17 �ã 8 é'w«, ØÓº�pÝ�m�
��Ý©ÙÄ���, [��«O��A¥5��
�/��É5Æ�Ó.

4 ( Ø

�©3¥5�ì*Ñ�.�Ä:þ, ?Ø
>
l���3º�@ÏüzL§¥��
Ä�A�,

ïÄ
ØÓº�^�e¥5��/�!�Ý©Ù
±9º�«�>f�Ý©Ù. Äu®kê��[(
J, �±�Ñ±e(Ø:

(1) ��º�Ð©�Ý=3k���mSéÙ
¥5¤©3¥% �E¤k��UC, ØK��ì
�/�Ú©Ù. (2) ��/GÏf=é��üzÐ
Ï/�äkwÍK�. �X�m�í£, Ù¥5�
ì/��ÉÅì �, Ñ¥CqY²��.��
ý¥G©Ù. (3) ��1>l>fÓ¥5�ì�å
*Ñ, 3,��mØäk�m\È5, Ã{��m

�±>f�ÝÈìG�. (4) �ì¥%º�Ô�3
º��Ð 10 s S=ì�eü 2—3 �êþ?, �X
�m�í£, �ÝCzÅìª�. Ø
�ì¥%?
��Ý×�eü	, �±�ì¥%é¡�±��m
�Ñ. ��¥%:�Ý3ÐÏì�eü, Tª³�
¥%:��ê�Ý�×�eü��. (5) ØÓº�
þ (1, 10 kg), ¥5���Ìaq�üz5Æ, ��
º�þ�O\, ¤/¤�¥5�ìÚ>f�ì��
�, �ì�Ý�r, �±�m��. (6) ØÓº�p
Ý (250, 300 km), ¥5���/�Ä���, ��
XpÝ�ü$, �ì3Y²��*Ñ����, 

R���*Ñ��~�, ¥�²w�Y²��.�
�ý¥/�. ØÓ�º�pÝ, >l���>fÈ
ì9>f�Ý¿¡ké�«O.

�©=é>l���º�@ÏÄåÆ1�?
1
ê��[, ØÓº��¸e<ó�lfN�ì
�/¤�üz, k�?1�\XÚ!�\�ïÄ.
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Numerical simulation on the early dynamics of
barium clouds released in the ionosphere∗
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Abstract

Based on a neutral barium cloud diffusion model, considering the oxidation and ionization loss of barium atoms, the early

(t 6 100 s) evolution characeristics, morphologies, brightnesses and electronic density distributions of barium clouds released in the

ionosphere are discussed in this paper. The numerical simulation results are presented for the early dynamics of barium clouds with

different released masses (1, 10 kg), different release altitudes (250, 300 km), and different initial shape factors (1, 10).
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