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���g�.U
æ�Vg�O, ïá
«zf/à¯L¥��OXÚ, æ^¹z{ÿþ 238U �¥fÐ¼Ç.

«zf¡�uXÚS�\� D lfå¤ 90◦ ���þ¹z, ^ HPGe &ÿìÿþ 238U Ð¼¥fPC�)� 239Np

PC�)� 277.6 keV A� γ ��Oê, ¢�?�
«f¡é 277.6 keV γ ���gáÂ, ��
�OXÚ¥ 238U

(n, γ) �AÇ�»�©Ù, �AÇ��éØ(½Ý� 3.5%—3.7%, ¿O���XÚþ��«f«¥ 238U �o¥f
Ð¼Ç� 2.24 ± 0.09. ^ MCNP5 §S3~^ ENDF ¥e?1
�[O�, 238U (n, γ) �AÇ©ÙO��¢���
3 5%±SÎÜ, oÐ¼Ç3 1%±SÎÜ.

'�c: 14 MeV ¥f, 238U ¥fÐ¼, gáÂ?�, Monte-Carlo �[

PACS: 28.20.Np, 28.20.–v, 28.41.Ak

1 Ú ó

àC - �C·Ü.�g�.U
æ, Ì�dà
C¥f
Úg�.æ���¤, ´8cA^àC
Eâ)ûU
¯K�'�å»��. 3g�.U

æVg�O¥, àCæ�ÏL D-T àC�A�
) 14 MeV ¥f, ��±U,f½ØYæy-��
-�, /ª� UZr Ü7, �Y�e%J, UZr Ü7�
�Y©�m�Ù� [1].

du­.þl�¢S$1Lg�.U
æ, "
y�'¢�êâ, ���Vg�O, 7L3�CV
g�O�¢�C�þ, mÐv
�©)5¥fÆÈ
©¢�. 238U Ð¼¥f�ª)¤ 239Pu, g�.U

æ�õ«­�ëê (XõÇ!�.5!O�'�)

é 238U �¥fÐ¼�~¯a, ÏdmÐ 238U �¥
fÐ¼¢�ég�.U
æ�Vg�O�~­�.

duà¯L�Yé¥f�úzA5�C, ¿�fà
¯LXÚ3ó§þ�N´¢y, ë���Vg�O,

ïá
«zf/à¯L¥��OXÚ��[��Ä

OC�, mÐ 238U Ð¼Ç�¥fÆÈ©¢�ïÄ.

IS	�kaq�«f/à¯L�OXÚþ
�Ð¼ÇÈ©¢���, �k3«f½U,f
C�þmÐ� 14 MeV ¥f� 238U �È©¢�.

Weale � [2] ^�» 2.92 cm �U,f�|ï
�
�p 106.6 cm, �» 99 cm ��Îæ, ÏLzÆ
©l 239Np (Ü β Oê��{ÿþ
æS 238U

(n, γ) �AÇ©Ù, ����È©Ð¼Ç� 4.08

± 0.24. Haight � [3] ^ TART §Sé Weale ¢�
?1�[O�, 3 ENDF/B-IV ¥9 ENDL (new) ¥
eO��oÐ¼Ç©O'¢��� 4.7%, 6.9%,

ÿþ:� 238U (n, γ) �AÇ�¢�(J���
��L 10%. Akiyama � [4] 3d«f7á¬ (�
Ý 18.96 g/cm3, 99.80% 238U) | ¤ � S/	 � »
� 5.92/45.72 cm �¥�þ?1
¢�, ÏL¹z
{ÿþ
 238U (n, γ) �AÇ»�©Ù, Ù�éØ(
½Ý� 5.4%—6.7%, �¿�O�C��oÐ¼Ç.

^ MCNP2B §S3 JENDL-2 ¥e?1
�[O
�, O�(J��'¢�$ 10%�m. IS�k�
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�Ô� [5] 3S/	�»� 4.0/30.0 cm �«f¥þ^
¹z{?1
EuÇ¢�, ÿþ
 238U (n, γ) �A
Ç»�©Ù, ����¥�XÚ�oEuÇ� 2.46

± 0.09, ¢�Ã�[O�©Û.
duIS	Ñvk3aq·Ig�.U
æ

Vg�O�¢�C�þmÐL¢�, =¦3«f½
U,fC�þmÐ�¢�, �duÿþEâ�éá
�!O��{õ�!ëê¥�Î��Ï, ¢��O
�ÎÜ�¹Ø$-<÷¿, Ïdk7�ïá#�¢
�C�mÐ¥fÆÈ©¢�, �u�g�.U
æ
�'�O���5Jøêâ.

�©æ^¹z{mÐ 238U �¥fÐ¼Ç¢�.

^ HPGe &ÿìÿþ 238U (n, γ)239U �APC�)
� 239Np u�� 277.6 keV A� γ ��Oê, ¢�
?�
«f¡é 277.6 keV γ ���gáÂ. �D
Ú¢�ÏL�5CqØÓ, �©ÏL���¦{[
Ü γ ���«f¡þÝ��êP~, gáÂ?��
�O(. ��
�OXÚ¥� D lfå¤ 90◦ ��
þ� 238U (n, γ) �AÇ©Ù. 3O��OXÚ�o
Ð¼Ç (EuÇ) �, (Ü MCNP5 O�, Ú\È©
?�Ïf, ?�
È©O� �, ��
�O(�
(J. ^ MCNP5 3õ�~^êâ¥e?1�[O
�, 238U (n, γ) �AÇ©ÙO��¢���3 5%±
SÎÜ, oÐ¼Ç3 1%±SÎÜ.

2 ¢��n

�OXÚ¥f-238 �o¥fÐ¼Ç�: �� D-

T ¥fÏL��OXÚ�^, u)� 238U (n, γ)
239U �Agê. �=���XÚ�EuÇ, ïþX
g�.U
æ�Ø-�O�5U. 238U Ð¼¥fu
)XePCó��A:

238U n−→239 U 23.54 min−−−−−−→
β

239Np 2.355d−−−−→
β

239Pu[6].

(1)
du�\� D lfå¤ 90◦ ��þ� 238U (n,

γ) �AÇ�Cq@�´��Ýe�AÇ�²þ�,

�¢�ÏLÿþ 90◦ ��� 238U (n, γ) �AÇ©
Ù, O����OXÚ«f¥�¥f -238 �o¥f
Ð¼Ç P , X (2) ª¤«:

P =
n∑
i

4πN0

∫ ri2

ri1

r2C(r)dr, (2)

ª¥ C(r) � 1 �
¥f²LÑ$, 3 90◦ ��
þl¥f
ål� r (cm) ?� 1 � 238U �fu

) 238U (n, γ) �A�VÇ, n �«f¥��ê,

ri1/ri2 �1 i �«f¥��S/	�», N0 �ü 
NÈ«f¥� 238U �fê, N0 = (4.736 ± 0.025)
× 1022 cm−3.

æ^¹z{ÿþ�OXÚ¥�Ð¼�AÇ
©Ù [7−10],  u r ?� 238U (n, γ) �AÇ C(r)
� HPGe & ÿ ì ÿ þ � � 277.6 keV γ � � O
ê n(r) kXe'X:

C(r) = n(r) · K/(N · φ · F · A(d) · b · η), (3)

ª¥ n(r) � u r ?ì��«f�¬, d HPGe

&ÿìÿ�� 277.6 keV γ ��¸Oê; K �¥f

r]�Cz�?�Ïf; N ��¬¥� 238U �
fê; φ �²þ¥f
r (s−1); F ��mÏf (s);

A(d) �þÝ� d �«f¡é 277.6 keV γ ���
gáÂ?�Ïf; b � 277.6 keV γ ��¤Ó 239Np

β PC�) γ ���©|'; η � HPGe &ÿì
é 277.6 keV γ ���&ÿ�Ç.

3 ¢�C�

�OXÚdn�«f (�Ý 18.8 g/cm3, 99.58%
238U)!ü�à¯L (�Ý 0.95 g/cm3) ¥��¤,

¥�º�lS�	� R13.1 / 18.1 / 19.4 / 23.35 /

25.4 / 30.0 cm. D-T ¥f
�q u¥% (½  
� < 0.5 cm), \� D lf (²þUþ 134 keV)

Ï L Y ² � � � ¤ £ + ñ Â � q ¡, � ) ¥
f. 3 ç � � � k ÿ þ � �, 3 « f « Ú à ¯
L « o O Ù � 17 ¡ R1.2 cm× (0.01—0.02) cm

�«f¹z ¡, ÏL«fl¬�à¯Ll¬N
� ¹ z ¡   �, ¿ � ± ÿ þ + � S á � © Ù �

ã 1 ¢�C�«¿ã
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�OXÚ��, «f¡lq%�g� 13.1, 13.6,

15.6, 17.6, 18.0, 18.6, 19.3, 19.9, 20.9, 22.9, 23.4,

24.4, 25.5, 26.0, 27.0, 29.0, 30.1 cm. ¢�C�X
ã 1 ¤«.

4 ¢�L§

4.1 «««fff¡¡¡ééé 277.6 keV AAA��� γ ���������ggg
áááÂÂÂ???���

«f¡é 277.6 keV γ ��kráÂ (o�
¡ � 241.1b[11]), 7 L � ? �. � © ( Ü 243Am


¡ (�» 1.2 cm) ?1gáÂ�¢�?�, ¿
�Ý HPGe &ÿìé 277.6 keV γ ���&ÿ�
Ç [8,12,13]. ÿ� HPGe él&ÿìL¡ 2.560 cm

� 277.6 keV γ ��� η · b = (7.85 ± 0.19)×10−3.

ã 2 �L¡Ñ�'���¦[Üã

&ÿìP¹�«f¡�L¡ (�l&ÿìL
¡) u�� γ ��Oê�«f¡þÝ d(cm) Ñl�
êP~. ò 243Am 
¡�u�²¹z�ØÓþÝ�
«f¡þ, ÿþd�êP~5Æ, 8�¢�êâ9
^���¦{?1��ê[Ü(JXã 2 ¤«. �
���L¡8�Ñ�'¼ê k(d) �

k(d) = a0·e−a1d = (0.9943±0.0045)·e−(11.628±0.115)d.

(4)

ì�«f¡É�¥f�þ!¹z, ÙgáÂ?�Ï
f A(d) ÏLeúªO�:

A(d) =
1
d

∫ d

0

k(x)dx

=
a0

a1d
(1 − e−a1d). (5)

^ MCNP5 §S3 ENDFBVI.8 ¥e?1
g
áÂ?���[O�, ¿�©z [5] �(J'�X

ã 3 ¤«. Gino � [12], ��Ô� [5] (Ü 243Am 

©Oÿþc�L¡�A� γ ��Oê, ��5Cq
��gáÂ?�Ïf. MCNP5 O��gáÂ?�
Ïf��¢�ÿþ(JÎÜûÐ, =¦«f¡þÝ
�� 0.05cm �,  �E�u 1%, 
dþÝe�©
z [5] �(J ��L 4%. lã¥��±wÑ: �
éu�5Cq�{, �¢�ÏL���¦[ÜO�
gáÂ?�, �Uk�/ü$¢��ÚOÞá, Ï
d��O(. d	, �¢���[O�(J3þÝ
� 0.02 cm (�¢�¥«f¡���þÝ) �,  �
�u 0.2%. '�(JL², 3¢�¥|^ MCNP5

�[O�gáÂ?�Ïf�U�����(J.

ã 3 gáÂ?�Ïf¢��O�(J'�

4.2 D-T ¥¥¥fff


ììì���999iiiÿÿÿ

^�� α âf{iÿ¥f
rÝ [14]. � D l
få¤ 178.2◦ ��þ� Au-Si ¡^&ÿì©�ÿ
þ α âfê Nα, 4π ¥f5þ Φn = 1.313× 107Nα.

�¬ì� 23310 s, ²þ¥frÝ φ = (1.20±0.03)×
1010 s−1, Ïþ]�?�Ïf K [5] XeO�:

K =
Nα

n∑
i=1

Nα(ti)e−λ39(T−ti)/
n∑

i=1

e−λ39(T−ti)

= 1.0026, (6)

ª¥ Nα ���ì��m¥�²þ α âfOê, ti

�1 i Oê����m, T �oì��m, Nα(ti) �
l ti−1 � ti �mS� α âfOê, λ39 � 239Np �
PC~þ.

4.3 HPGe &&&ÿÿÿìììÿÿÿþþþ¹¹¹zzz¡¡¡���277.6 keV
γ ������OOOêêê

«f¡ì��, e%�L 6 h, �y 239U ��

102801-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 102801

PC¤ 239Np, ,��ul&ÿìL¡ 2.560 cm  
�?ÿþ 277.6 keV γ ��¸Oê. ÿþ� γ Ì.
Xã 4 ¤«.

ã 4 HPGe &ÿìÿ�� γ Ì

�mÏf F [15] XeO���:

F =
λ29

λ39(λ29 − λ39)
(1 − e−λ39T )e−λ39t(1 − e−λ39τ )

+
λ39

λ29(λ39 − λ29)
(1 − e−λ29T )

× e−λ29t(1 − e−λ29τ ) (7)

Ù¥ λ29 � 239U �PC~þ, t �e%�m, τ

�&ÿìOê�m. ØÓ«f¡� F �3 40—

2300 s m.

5 ¢�(J9©Û

U (3) ª=���ØÓ»� �� 238U (n, γ)

�AÇ C(r), ^ng�^���{ë�¢�:��
�OXÚ¥Ð¼Ç©Ù C(r)-r ­�, Xã 5(a) ¤
« (�ÚÜ©L«3à¯L¥, eÓ), ��¢�:
�éØ(½Ý� 3.5%—3.7%. Ù¥ γ ��¸Oê
Ø(½Ý 0.5%—1.2%, &ÿì&ÿ�ÇØ(½Ý
� 2.4%, ¥f��Ø(½Ý 2.5%, gáÂ?�Ï
fØ(½Ý 0.6%—0.9%; ,	 K,N,F �Ø(½Ý
þ < 0.1%.

Uì (2) ªO��n�«f¥��È©Ð¼Ç
©O� 0.810, 0.973, 0.671, ��
È©O�� 238U

�o¥fÐ¼Ç P = 2.454.

�'�l¥f
ØÓål? 4π �Ý�Ð¼
Ç�¹, 3ã 5(b) ¥�Ñ
�¢����¢�
� r2C(r)-r ã. lã¥�±wÑ±eA::

1) duà¯Lé¥f�rúz�^, 3à¯
L¥�¥, 238U é¥f�Ð¼:ìO�, /¤ü�

r��¸, 3�OXÚ1��«f¥, 238U é¥
f�Ð¼Çpu�A �«f½U,fXÚ¥�
Ð¼Ç;

2) 3��C¥f
?, «f½U,fC�¥
Ð¼�¹�C (©z [4] �1��ÿþ:lfS>
. 5.08 cm), �3�OXÚ��C¥f
?, 238U

é¥f�Ð¼²wpu (> 2 �) «f½U,fC
�¥l¥f
�C ��Ð¼;

3) �OXÚ�	� 238U é¥f�Ð¼:ìe
ü, �EÊHpu©z [5] ¥�A ��¢�(J.

'�(JL²: \\à¯Lúzá�, é�O
XÚ¥n�«f¥�¥� 238U ¥fÐ¼ÇÑkw
Í�K�; �¢��È©EuÇ�©z [5] �(J
�C, �¤^«f�kÙ 73%�m, ��úzá�
U
k�/Uõg�.U
æ�Ø-�O�5U,

l
~�Ø-�C�. T(J�øg�.U
æ�
C���O�ë�.

ã 5 Ð ¼ Ç © Ù ã (a) � ¢ � C(r)-r ­ � ã;
(b) r2C(r)-r ��'¢�'�ã

6 �[O��©Û

^ MCNP5 3õ�~^êâ¥e?1
�[O
�, �êâ¥�Ò�L¿ÂXL 1 ¤«. �[O�
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L 1 O�æ^�êâ¥�Ò9¿Â

¥�Ò 48C 50C 60C 63C 66C

¥¶ Uresa RMCCS ENDF60 ENDF63c ENDF66c

5
 ENDFB-VI.2 ENDFB-V.0 ENDFB-VI.2 ENDFB-VII.1 ENDFB-VI.5

��\
�e!q¿!D âf¤£+�!90◦ ÿþ
+�!@Ù!«f¡9l¬�, ¥f
�\
ÙU
þ!�Ý�'é©Ù, Ù©ÙÏL DROSG-2000 §
S [16] O���.

6.1 oooÐÐÐ¼¼¼ÇÇÇ���ÈÈÈ©©©OOO���???���

du 238U (n, γ) �AÇ3à¯LNC:ìC
z, k��¢�:�	í­�Ã{O(�xÑ 90◦

þ� 238U (n, γ) �AÇ©Ù; 
 D âf¤£+�¦
«f«¿���¥�. Ïd7LéU (2) ªO��
(J?1?�, âU��dXÚO(�oÐ¼Ç.

ÏL±e�ª?1?�: MCNP5 O��ÿþ
:�Ð¼Ç, ^ng�^����O�� C(r)-r
­�, U (2) ªO����oÐ¼Ç P1, MCNP5

gÄO�� 238U oÐ¼Ç P2, Ú\È©?�Ï
f S = P1/P2,

P =
1
S

3∑
i=1

4πN0

∫ ri2

ri1

r2C(r)dr. (8)

A��¡¥e�O�(JXL 2 ¤«. S dL
�¥� P1/P2 �O���: S = 1.094, σs = 0.002.

L 2 MCNP5 È©?�ÏfO�(J

¥�Ò 48C 50C 60C 63C 66C

P1 2.431 2.473 2.454 2.468 2.427

P2 2.227 2.257 2.246 2.250 2.221

P1/P2 1.092 1.096 1.093 1.097 1.093

�O���OXÚ (�q¿±9 D lf¤£+
��n) �oÐ¼Ç:

P = 2.24 ± 0.09,

�éØ(½Ý� 4.1%, Ù¥ 238U (n, γ) �AÇ©
Ù C(r) Ø(½Ý 3.5%—3.7%; ü NÈ«f¥
� 238U �fêØ(½Ý� 0.5%; «f¡l¥%»
�ålØ(½Ý 0.4%—0.8%; È©?�ÏfØ(
½Ý 0.2%.

6.2 ¢¢¢������OOO���(((JJJ'''���

3�¢�:, �êâ¥eO�� 238U (n, γ)

�AÇO��/¢�� (C/E) �¹Xã 6 ¤«. O
�(J�¢�oN3 5%±SÎÜ, C/E �²þ
�3 0.98—1.00 m, 
���OXÚ�oÐ¼Ç
� 2.24, ���~^êâ¥eO��oÐ¼Ç P2

 �3 1%±S, ²w`u©z [2, 3] 9©z [4] ¥
�O��¢�'�(J, L²8c�O��{±
9�¡êâ�é@Ï�k²wUõ. �3�S!
�	¢�:þ, O��¢�(J�å��, $��
L 10%, ©ÛÌ��Ï´ùüÿþ:�³u�í¥,

cÙ´�	ý�«f¡É��eÑ�¥f�.K
���, 
 MCNP5 ¥�\�q¿!�e�¢S�
¹k���É; ,	, duO� ��È\, ���
	ý¢�:O��¢�ÎÜ��.

ã 6 � �Ð¼�AÇO��/¢�� (C/E) ã

7 ( Ø

���g�.U
æVg�O, ïá
«z
f/à¯L¥��O�[C�, 3dC�þæ^¹
z{mÐ 238U �¥fÐ¼Ç¢�. ^ HPGe &ÿ
ìÿþ 239Np PC�)� 277.6 keV A� γ ��O
ê, ¿(Ü 243Am 
^���¦[Ü{¢�?�

«f¡é γ ���gáÂ, ��
\� D âf
å 90◦ ��þ 238U (n, γ) �AÇ©Ù, �éØ(½
Ý3 3.5%—3.7%; (Ü MCNP5 O�, ?�
È©

102801-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 102801

O� �, ��
�OXÚ¥n�«f¥�¥ 238U

�o¥fÐ¼Ç� 2.24 ± 0.09.

^ MCNP5 3ØÓ�¡¥e?1�[O�.
238U ¥ f Ð ¼ � A Ç � ¢ � � O � ( J o N
3 5%±SÎÜ, ¢�C��oÐ¼Ç3 1%±SÎ
Ü, ²w`u�'¢��O��¢�ÎÜ�¹. ¢

�(J�^uu�g�.U
æ��¥EuÇO
��ëê!�{Ú§S.

3¢�L§¥, ¥Ió§ÔnïÄ�ØÔn�zÆï

Ä¤ 204 ¿Ôn�|9\�ì|�Ó¯��"�ó��y
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Abstract

In order to check the conceptual design of subcritical reactor, an alternate depleted uranium/polyethylene-shell simulation device

was established, to carry out uranium-238 neutron capture rate experiment using activation technique. The depleted uranium foils were

activated at 90◦ to the incident. By measuring the 277.6 keV γ-ray emitted from 239Np generated by 238U (n, γ) 239U reaction and

correcting self-absorption of uranium experimentally, the 238U (n, γ) reaction rate with an uncertainty between 3.5% and 3.7% and

a total neutron capture of 2.24 ± 0.09 of the system were obtained. The experiment was simulated using MCNP5 code with ENDF

libraries. The simulations and measurements accord within 5% for the 238U (n, γ) reaction rate and within 1% for the total neutron

capture rate of 238U.
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