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ABSTRACT

Neutrino physics is the frontier of particle physics, astrophysics and cosmology.

Neutrino mixing is the only phenomena beyond the Standard Model, which may lead to

the way to new physics. θ13 is among the six basic parameters in neutrino mixing theory,

of which the size is very important to the future experiments and directly determines

the extent of the CP violation. The aim of Daya Bay Reactor Neutrino Experiment is to

precisely measure the mixing angle θ13 to the sensitivity of 0.01 or better in sin2(2θ13) at

90% confidence level. To achieve the goal, it is very important to reduce the systematic

uncertainties as well as suppress backgrounds.

In reactor neutrino experiments, the neutrino energy spectrum and the neutrino flux

are required to be predicted by considering the reactor runtime parameters and many

other factors. In the reactor, almost all neutrinos are emitted by the β decay of the

unstable fission fragments of the four key isotopes: 235U , 238U , 239Pu and 241Pu. The

four isotopes have different neutrino spectra in their fission. To predict the neutrino flux

accurately, the changing of the four isotopes with time in the reactor must be tracked,

which requires close cooperation with the Daya Bay power plant tech staffs to study the

many physics quantities and many complicated uncertainties.

In Daya Bay Neutrino Experiment, the precision depends on the uncertainty from

reactors, the detectors and the backgrounds. The uncertainty of neutrino flux predic-

tion is one of the three important uncertainties. This requires a precise neutrino flux

prediction model and in-deep study of flux uncertainty. Daya Bay experiment adopted

a near-far design of measure scenario, which can effectively cancel the most part of the

uncertainties from reactor, however, it requires extra analysis of uncertainty correlations

between reactors.

The aim of the thesis is to establish a complete model of reactor neutrino flux

prediction, estimate the uncertainties, analyze the uncertainty correlations, and provide

the flux prediction to the collaboration in the phase of physics analysis.
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1987c§F� k¢�Ú{IIMB¢�*ÿ��#(1987A�¥�f, IP
¥�f

U©Æ�m©. F����dÏd¼2002cì��ø.

1989c§î³ØfïÄ¥%CERN�LEP¢�y²�3���3n«¥�f( νe ,

νµ , ντ ).

1995c§{ILSND¢�uy�U�31o«¥�f–ý5¥�f�,�.

1998c§3²L©Û500õU�êâ�, F���? e¢�(Super-Kamiokande)\

Ùuy¥�f��, =¥�f�3�þ. Ac��ù
(J�2��É, ¦��©Ù�¤

�
âfÔn¢�¥k¤±5©Ù�Ú^gê�õ�©Ù.

2000c§{I¤�¢�¿DONUT¢�uy1n«¥�f§>¥�f.

2001c§\<��SNO¢�\Ù*ÿ���¥�f�¥56, �>6±9�5Ñ�,

�Ñ
¥�f��´��¥�f����Ï�kåyâ.

2002c§F�KamLAND¢�^�Aæy¢��¥�f��.

2003c§F�K2K¢�^\�ìy¢�í¥�f��.

2006c§{IMINOS¢�?�Ú^\�ìy¢�í¥�f��.

2007c§{I¤�¢�¿MiniBooNE¢�Ä½
LSND¢��(J.

2012c3�, ²L8c�O�¥I��æ��Aæ¥�f¢�ÄgúÙÿþ(J,

±5.2�IO ��°Ýÿþ¥�f·Ü� θ13��� sin2(2θ13) = 0.092± 0.016(stat)±
0.005(syst) .

1.1.2 IIIOOO���...¥¥¥���¥¥¥���fff

3âfÔn�IO�.¥, �¤Ô�.��Ä��âf´n�§�Ún��f,

2



1�Ù ¥�fÔn

�12«. ¥�f3Ù¥´ 0�þ, g^ 1/2��^).�(Dirac)âf, �ë�f�p�

^. ¥�fUÙ3f�p�^¥�/��0©�n�: e¥�f, µ¥�f±9 τ ¥�f,

éAun��>�f e , µ , τ . ¥�f�âf�� Z0��p�^�¥56(NC)�p�

^, ��W±��p�^��>6(CC)�p�^.

1989 cCERN�LEP [1]ÚSLD [2]ÏLÿþ Z0 PC�Ø���Ô©|'°Ý, �

�ë�f�p�^�þ�u MZ/2 ( MZ �Z�f�þ)�ë�f�p�^¥�f�ê

Nν = 2.984 , y¢
IO�.¥�¥�f�ê�n�.

o����w�31957 cJÑ£ã¥�f�nØ, @�¥�f�þ�". TnØ

���âfÔn�IO�.¤U«, ¥�f�þ�"�¤�IO�.��Ü©. g,.

¥�U*ÿ��^¥�f. XJ¥�f�þØ� 0 , KÙ�ÝØU��1�, ÀJÜ·�

�IX�, AU*ÿ�m^¥�f. �´�8¿�vk*ÿ�m^¥�f.

1.1.3 ���ÑÑÑIIIOOO���...���¥¥¥���fff

Pauli JÑ¥�fVg�Ó�Ò®²�âPCUÌýó
¥�f�þ7L�~�. Ä

uù�¯¢±9�53¤k¥�f¢�¥Ñvkuym^¥�fÚ�fê»�, ¦�<

��&¥�f´Ã�þ�âf. XJ¥�fk�þ, �Ù�þ���ØÓuf�^��

�, dþfåÆ�í�¥�f�mU
p�=�, =d�«¥�f=��,�«¥�f,

ÔnÆ¡��¥�f·Ü, ½¥�f��.

CA�c5�¢�, ÃØ´g,.�)���¥�fÚ�í¥�f, �´<ó�E�

\�ìÚ�Aæ¥�f, �þ¢���
�â», X Super-K , SNO� KamLAND¢

�k�uy
¥�f��, y¢
¥�f���y�, =�3�«����f�,	�«

¥�f�=z, L²¥�f´k�þ�, �Ñ
IO�.�ýó.

¥�f��`²¥�fk�þ��3��·Ü. �)º¥�f��þå, <�JÑ


õ«Å�Ú�., Ù¥�É�H�´ SeesawÅ� [3] . 3 SeesawÅ�¥, Ú\
m^

¥�f5*ÐIO�.. dum^¥�f´ SU(2)L�ü�, §��þ�)Å�ØÉf>

5�é¡5gu»"��å, ¤±m^¥�f��þ�±��uf>é¡5»"UI. �

^¥�f�þ��m^¥�f�þr�Ø$, ¤±�þé�. SeesawÅ��,	��

`³´�±ÏL Leptogensis [4]Å�)º�»¥Ô���Ô��Øé¡, Leptongensis

Å�´�c�»ÆÚâfÔn�c÷¯K. �X�»�üz, m^¥�f l9²ïPC

3



Æ¬Ø©:�æ�¥�f6rO�9é¢�(¯Ý�K�

�)� CP Øé¡�ª��
�f��fØé¡, l�ª=z¤Ô���Ô��Øé

¡.

¥¥¥���fffÔÔÔnnnIII���)))ûûû���¯̄̄KKK

¥�fk�"�þ�m
Ï��ÑIO�.�#Ôn���. ¥�fÔn´��¹

�uÐ�+�, ��3�X�I�)û�¯K.

• ¥�f´Majoranaâf�´ Diracâfº

3IO�.¥, ¥�f´�^� Diracâf, XJ¥�f�3�þ, KA�3m^�

¥�f, �8c��vk¢�*ÿ�m^�¥�f. éd�3ü«)º:�«@�m

^¥�f�*�3, �´E��*ÿ�.,�«)ºb�m^¥�f´�¥�f, ¡

�Majorana¥�f, �*	ö�Ý�L¥�f�, ¥�fÒC¤�¥�f.3¢�

þ�3�±u�¥�f�.´ Diracâf�´Majoranaâf��{, @Ò´´"

¥�fV β PC¢�: (A,Z)→ (A,Z + 2) + e− + e− , XJ¥�f´Majoranaâ

f, ÒU
u)ù«PC [5] .

• ¥�f�ýé�þ��´õ�?

¥�f�ýé�þØUd¥�f��¢��Ñ. ¥�f��¢��U�Ñ¥�f�

�þ²��. U
°(ÿþýé�þ��{k:°(ÿþ β PC��>fUÌ¶þ

ã�"¥�fV β PC, ��ÿþ¥�f���Majorana�þ.

• ´Ä�3 sterile¥�fº

sterile¥�f´LSND¢� [6]¤JÑ��«Øë�f�p�^�¥�f, ^5)

ºÙé ν−µ → ν−e ���*ÿêâ. MiniBooNE¢� [7]éd?1u�, �´�Ñ

�©Û(J¿ØU-<&Ñ. 2011c{I� G. Mention�<|^#©Û� ILL

¢��O���Aæ�C¥�fUÌ, �Ñ
áÄ�¥�f���(Ø, ¿?Ø


sterile¥�f�3��U5. ´Ä�3 sterile¥�fÿI¢��råy².

• ¥�f·Ü��°(�?

8cd��¥�f!�í¥�f!�AæÚ\�ì¢��Ñ�¥�f·Ü�k

åyâ®²��[¤�É. ��ëê¥®ÿ�(�ê��kn��: sin2(2θ12) ,
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1�Ù ¥�fÔn

sin2(2θ23) , ∆m2
12 , | ∆m2

32 | ; ����) sin2(2θ13) , δCP , Ú ∆m2
32 �ÎÒ. °

(ÿþ¥�f·ÜÝ
¥�·Ü�ëê, ò�õ¥�f·Ü�ã�. AO´·Ü�

θ13 , §é CP»"Ú¥�f�þ�?ÿþÑk�¿Â.

• ¥�fÚå CP»"�õ�?

¥�f·ÜÝ
¥k�� CP»"�. §�·ÜÝ
 (CKM)�kaq�»"�, ù

« CP»"��»Æ¥Ô�-�Ô�Øé¡k', � CKMÝ
� CP»"���,

Øv±)º�»¥��oØ�3�Ô�. ¥�f·ÜÝ
¥� CP»"KkF")

ûù�JK.

1.2 ¥¥¥���fff������nnnØØØ���¢¢¢���

1.2.1 ¥¥¥���fff������nnnØØØ���¢¢¢���

XJ��þ�¥�f1�XÓ§�@�, @o�3��(��þ��þ���ÒØ

7�Ó�����ÍÜå5:




νe

e−


 ,




νµ

µ−


 ,




ντ

τ−


 (1.1)

3ù«�¹e, �����|νl〉Ò�±L�¤�þ���|νi〉��5U\:

|νl〉 =
∑

i=1

Ul,i|νi〉 (1.2)

ùXêp Ul,i5gu�f·ÜÝ
. XJ·�b½�kn«¥�fé(1.2)k�z, @

o U Ò´�� 3× 3�N�Ý
. XJ(1.2)ª¤á, ·�Ò�Ñ
¥�f���y�. �

«Ð©?u l������¥�fU
Ó�/, ��´Ü©/=C¤,	�«����

� l′ . ¥�f·Ü��{�@d Pontecorvo(1958, 1967)ÚMaki, Nakagawa, and Sakata

(1962)?1
?Ø.

4·�5ww=CXÛu). �þ���|νi〉�DÂdXeªfL«:

|νi(t)〉 = e−i(Eit−piL)|νi(0)〉 ' e−i(m2
i /2E)L|νi(0)〉 (1.3)
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Æ¬Ø©:�æ�¥�f6rO�9é¢�(¯Ý�K�

ùp L´�1ål, ¿�b½¥�f3¢�¿X�ÄþÚUþ���uÙ·��þ

mi . y3·��Ä��3 L = 0?�), ?u|νl〉 ������¥�f�DÂ. 3ål L

?âfG��±Lã�:

|νl(L)〉 '
∑

i

Ul,ie
−i(m2

i /2E)L|νi〉 '
∑

l′

∑

i

Ul,ie
−i(m2

i /2E)LU∗l′,i|ν ′l〉 (1.4)

ùp·�^�
úª(1.2)�_C�, =r�þ���=C£�����. ù�Ú½´

7L�, Ï��k�����U
ÏLf�p�^&ÿ�. �
&ÿ�¥�f���, ·

�7L^�>6f�p�^, ÏL&ÿÙ�A�)��>�f|l′〉.
Ïd l���¥�f�¹
Ù§��� l′ �¥�f�¤©. ùX{´�«þf�A,

´úª(1.2)¥U\þf��Z��(J. 3ål L?“�[” �VÇ�:

P (νl → ν ′l)= |
∑

i

Ul,iU
∗
l′,ie
−i(m2

i /2E)L|2

=
∑

i

|Ul,iU∗l′,i|2 + R
∑

i

∑

j=i

×UliU∗l′iU∗l′jUl′jei(|m
2
i−m2

j |L/2p) (1.5)

ù´��'uål L���¼ê. ����Ý�6u¥�f�þ�, |m2
i −m2

j |, �
��ÌÝ�ûu·ÜÝ
 U .

�3¥�f���¿©7�^�´ (a)��k���"�¥�f�þmi ; (b)·ÜÝ


 U ��é�����k��äk�"�. �ù
^���÷v�, Õá��fê(e, ν ,

τ )ÒØ2Åð.

¿vk�Ä��nØU
#N·��Ñ£ã·ÜÝ
 U Ú�þ�? ∆m2
ij �ëê.

ù
ëê7LÏL�«���¥�f��¢��Ñ. ²~^�«{z��{5�ù��

©Û, b��kü«¥�f·Ü, 'X eÚ µ·Ü. @o·ÜÝ
Ò�6u��·Ü� θ ,

��úª(1.5)�{z¤:

U =




cos θ sin θ

− sin θ cos θ


 ,

P (νe → νµ, L) = sin2(2θ) sin2(∆m2L/4E) (1.6)
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1�Ù ¥�fÔn

ùp ∆m2 ≡ m2
1 −m2

2 , ¿�·��±c@�b�¥�f´4à�éØ�. νe E,�

±� νe�VÇ´:

P (νe → νe, L) = 1− P (νe → νµ, L). (1.7)

3ù«ü«��·Ü��/e, ���ÌÝ� sin2(2θ) , � θ = 0 ½ 90◦ �� 0 , 3

θ = 45◦�C���. ����Ý(ü :�)�:

Losc = 2π
2Eν
∆m2

=
2.48Eν(MeV )

∆m2(eV 2)
m. (1.8)

�u�¥�f��, ·�Q�±�‘¥�fÑy’�¢�, 3ù�¢�pu�´ÄÑy


#����¥�f(�Ò´, P (νe → νµ, L) l 0���); ��±�‘¥�f��’�u

�, 3ù�¢�pu�8�z�¥�f6r�Cz(�Ò´, P (νe → νµ, L) l8�z¥

�f6r���). 3ùü«�¹¥, 3 L ≥ O(Losc)��ÿ3 L?����é ∆m2 �

�¯a. �é{`, ¥�f���k3∆m2L/E ∼ O(1)â´�*ÿ�.

�d��·����Ä
3¥�f3ý�¥�DÂ. �¥�f3Ô�¥DÂ, ~

X���SÜDÂ��ÿ, ¥�f����ª�U¬UC. ù«�¹�u)´Ï�>

f¥�f3Ó>f?1�>6�p�^��ÿ¬��cÑ�, Ù¦���¥�f

ØU. 3T��^�e, �«\r¥�f���Ì���ò�Uu), ù«�A�¡

� Mikheyev- Smirnov-Wolfenstein (MSW) �A (Wolfenstein, 1979, 1980; Mikheyev ,

Smirnov, 1986a, 1986b). aq�Ô�Úå�¥�f��y��±u�b��ý5¥�

f(sterile neutrino)´Ä�3, ý5¥�fÓÔ�Øu)f�p�^,  νµ ½ö ντ ¥�

f�ÏL¥56�p�^ÚÔ�(>fÚ§�)u)�p�^. ùü«�/Ñ��Aæ¥

�f¢�Ã'.

3ïÄ¥�fS�á5��kü����J�¯K. ��´¥�f3>Ö�Ýe�

1�. Ø��>��f@�´²(´ Diracâf�äkÓg�ØÓ��âf, ¥�fQ

�U´ Diracâf��U´Majoranaâf. Majorana¥�f´ý�¥5�âf, ¿�

¥�fÚ�¥�f´vk«O�, $�o��fêÑ´ØÅð�. �
5�äùü«�

U5, Ò7LÏé�«»�o�fêÅð�L§, ~X"¥�fV β PC. Ù¦�L§,

'X� νe → ν̄e ���, 3$ÄÆþ¬�Ø$, 3'�C��5�±ý�, Ø�U�ù«

L§��(J. ¥�f´Ä Diracâf½öMajoranaâfÑØ¬K���Aæ¥�f�

��ïÄ.
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Æ¬Ø©:�æ�¥�f6rO�9é¢�(¯Ý�K�

,�����J�¯K´3¥�f��¥� T ½ö CP »�(Cabibbo, 1978;

Barger, Whisnant, and Phillips, 1980). �
y²�3 T ½ö CP »�, 7LU
y²�

3

P (νl′ → νl) 6= P (ν̄l′ → ν̄l) (1.9)

~X, νµ��� νe�AÇÓ ν̄µ��� ν̄e�AÇØÓ.

3Ï~�n«���¥�f��¹e, �±^ëêé�f·ÜÝ
?1ëêz. ù


ëê´: n�·Ü�: θ1 = θ13, θ2 = θ23±9 θ3 = θ12±9 CP »��� δ :



νe

νµ

ντ




=




c1c3 c1s3 s1e
−iδ

−c2s3 − s1s2c3e
iδ c2c3 − s1s2s3e

iδ c1s2

s2s3 − s1c2c3e
iδ −s2c3 − s1c2s3e

iδ c1c2




×




ν1

ν2

ν3




(1.10)

ùp c1 = cos θ1 , s1 = sin θ1 , �daí.

e¡��OI�
 T ½ö CP »��§Ý:

P (µ̄→ ē)− P (µ→ e)

= −[P (µ̄→ τ̄)− P (µ→ τ)]

= P (e→ τ)− P (ē→ τ̄)

= −4c2
1s1c2s2c3s3 sin δ[sin ∆12 + sin ∆23 + sin ∆31] (1.11)

ùp ∆ij = (m2
i −m2

j )× L/2E .

Ïdù«�A���én�L§Ñ´�Ó�, CP »��k3n��þÑØÓ(�

{¿)Ún��ÝÑ�"��¹eâ´�±*ÿ�. �Aæ¢���
�Ý θ13 é�(

sin2(2θ13) ). XJ·Ü����", 3�fÜ© CP »�Ò´Ø�*ÿ�, � CP »�

�� δ���Ã'. Ïd?�ÚU? sin2(2θ13)�(¯Ý´�'��.

1.2.2 ������¥¥¥���fff¢¢¢���

���)�9þ�@�´9Ø�A�)�. ù
�A´4��ØàC¤��±Ø. 3

dL§¥, Uþ± γ 1f�/ª�º�Ñ5, Ó�º�Ñ5ü��>fÚü�¥�f:

4p→ 4He+ 2e+ + 2νe (1.12)
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1�Ù ¥�fÔn

Fig. 2 Solar neutrino spectrum in the standard solar model as a function of neutrino energy. The continuous spectra are in units

ã 1.1: IO���.ýó���¥�fUÌ.

�âIO���¥�f�.(SSM), �3àCPPóª�AÚCNOÌ�, ��SÜ�Øà

C�)¥�fÌ�k±en�L§:

p+ p→ D + νe + e+(Eν < 0.42MeV )

7Be+ e− → 7Li+ νe(Eν = 0.86MeV )

8B → 8B∗ + e+ + νe (1.13)

IO���.ýó�¥�fÏþXã 1.1.ØÓ��LØÓ�AL§¤�)�¥�fU

Ì, þ��I«: Gallium , Chlorine , SuperK, K´�LØÓ¢��Uþ&ÿ��.

1968 c, Homestake¢�uyÿþ����¥�f νe ��IO���.ýó��

n©��.��aq�¢�X¿�|� GALLEX¢� [8]Ú�é� SAGE¢� [9]þy

¢
T(J. ��� Kamiokande¢� [10, 11]�*ÿ�aq(J. ù
¢�y¢
¢S

���¥�f'nØýÿ���, �´ØU(½´���.k¯K�´du¥�f��

�)�. 2001c, \<��SNO��¥�f¢� [12, 13, 14, 15, 16]^1000ëXÀY(

D2O )Ó�ÿþ¥�f�:

�>6L§: νe + d→ e− + p+ p

¥56L§: νx + d→ νx + p+ n

9



Æ¬Ø©:�æ�¥�f6rO�9é¢�(¯Ý�K�

�5��L§: νx + e− → νx + e−

ÏL°(ÿþn«L§�¥�f�Ïþ, ¼�
 νe¥�f��, νµ, ντ Ñy�yâ, y²

��¥�fu)
��, ÿ��¥�foÏþ�IO���.ýó��, ��y
IO�

��.. 2002 c, F� KamLAND¢� [17]�*	�
�Aæ¥�f��. ��¥�f

�����Ý·Ü)(LMA) �±½þ)º¤k*ÿêâ, ¥�f�����ª(@.

1.2.3 ���ííí¥¥¥���fff¢¢¢���

�»��3B��í��÷B�´»u)rfq�, q�¥�0fPC�) µ¥�

f. >f¥�fKÌ�5gu µfPC. �íq�¥�¹éõK 0fÚ π0f:

K+ → µ+ + νµ,K
− → µ− + ν̄µ; (1.14)

π+ → µ+ + νµ, π
− → µ− + ν̄µ. (1.15)

(1.16)

�)� µ0fUYPC:

µ+ → ν̄µ + e+ + νe, µ
− → νµ + e− + ν̄e (1.17)

XJvk¥�f��, AT÷v µ¥�f��´>f¥�f�ü�. þ�VÔl�

c�, éõ¢�XF��Kamiokande Ú{I�IMB ¢�, |^Y�Ô�Å&ÿìÏé

�fPC, d��í¥�f¤
¦�¢��Ì��., uyù�'~�Cu1, ¡��í

¥�f�~. ���Super-Kamiokande æ^
Ê�ëXY, ÿþ¥�f�Y�A��)

��>�f, �>�f3Y¥�)��Ô�Å1�Yo±�1>�O+&ÿ�, �±ÏL

�Ô�Å1���ß§Ý�ä´ νe�´ νµ . ¢�L² νeÄ�vkCz,  νµu)
�

�, ¦�üö�'~�Cu1. ���'~÷v¥�f���5Æ.

1.2.4 \\\���ììì¥¥¥���fff¢¢¢���

8c3ï½$1�\�ì¥�f¢�Ì�k: MiniBooNE!MINOS!T2K!NOvA!

OPERA �. \�ì¥�f¢�Ì�´ µ¥�f¢�, ÏL\���f�q�)�g?

0fPC�) µ¥�f. 0f²Là��?\PC+�PC¤¥�f. ÏL^|ÀJ0

f�>Ö��±ÀJå6�¥�f´¥�f�´�¥�f.
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\�ìQ�±�¥�f��¢�, ��±�¥�fÑy¢�. ¥�fÑy¢�Ú θ13

�þ�?±9 δCP k', ´Ì��¢�*ÿé�. |^��úª�±�Ñ(Ø, |^\�

ì¥�f¢�*	 νµ → νe���Ã{Õá(½ θ13Ú δCP . �k� θ13�°(ÿþ, �

þ�?Ú CP ��âk�Ud\�ì¢�O(�Ñ. XJ θ13 é�½�0, \�ì¢�ò

Ã{ÿþùü�þ.

1.2.5 ���AAAæææ¥¥¥���fff¢¢¢���

�Aæ¥�fÌ�5uæ�SØ��C�g?Ø½âfu) β PC. �Aæ¥

�f´>f¥�f. æ�S�¥�fÌ�´ 235U , 238U , 239Pu , 241Puo«Ø��C

�)�. �Aæ¥�f�²;&ÿ�{´|^¥�f��f�� β PC:

ν̄e + p→ e+n (1.18)

��´|^ðcN&ÿ�Aæ¥�f, *ÿ3�mþ'é� e+�«&ÒÚ¥fÎÜ

&Ò. � β PC�K�´:

Ethr =
(Mn +me)

2 −M2
p

2Mp
= 1.806MeV (1.19)

�*ÿUþ�:

Evis ≈ Eν̄e − 0.8MeV (1.20)

�Aæ¥�f¢�Ñ´¥�f��¢�.

�Aæ¥�fUÌXã 1.2. �Aæ¥�f¢�Ñ´¥�f��¢�§ÿþ�Aæ�

)��>f¥�f�¹AÇ. �¹AÇúª�:

P (ν̄e → ν̄e) = 1 − cos4(θ13) sin2(2θ12) sin2(∆21)

− cos2(θ12) sin2(2θ13) sin2(∆31)

− sin2(θ12) sin2(2θ13) sin2(∆32) (1.21)

Ù¥§∆ij = 1.27∆m2
ijL/E (i, j = 1, 2, 3)§ ∆m2

ijL«¥�f�þ²��§ LL«Ä�,

E L«¥�fUþ, nö�ü ©O´ eV2§kmÚ GeV. �âÄ��Ý�©�üa: á

Ä��Aæ¥�f¢�Ú¥�Ä��Aæ¥�f¢�. éuáÄ�¥�f¢�§du

11
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ã 1.2: �Aæ¥�fUÌ. J�£ùÚ¤��Aæ�Ñ��>f¥�fUÌ§:y�

£7Ú¤��βPC��A�¡§¢�£çÚ¤�¥�f&ÿì*ÿ���>f

¥�fUÌ.

sin2(∆21)→ 0§�±�Ñ θ12���§�Cqk ∆m2
32 ∼ ∆m2

31§�¹AÇúª 1.21�

{��:

P (ν̄e → ν̄e) ' 1− sin2(2θ13) sin2(1.27∆m2
32L/E) (1.22)

`zÄ�¦� 1.27∆m2
32L/E ∼ π/2§U
°(�ÿþ θ13 . �Aæ¥�f¢���ZÄ

�3 1.8 km�m.

ã 1.3¥I5
{¤þ��Aæ¥�f��¢��ÿþ(J§Ø KamLAND	§Ù

{Ñ´áÄ��Aæ¥�f¢�. e¡éù
¢��{ü0�

Savannah River¢� [18]´ ReinesÚ Cowan3 Savannahà>��AæNC�ï

á���¢�. Savannah¢�Äg¤õ*ÿ�¥�f.

ILL (Institut Laue-Langevin)¢� [19, 20]|^{I� Grenoble�Aæuÿ3�A

æ¥�fþ´Ä�k¿�y�. ILLÄgA^nØO���AæUÌ [21]é&ÿìS�

¥�f¯~ê?1ýÿ. �ªvkw�²w��&Ò.

Bugey¢� [22]ò&ÿì�uå�Aæ 13.6 mÚ 18.6 m?§'�ü� ��¯~

ê§q�w�
��. �3�5�¢� [23] ¥, ,?��&ÿì©O�uåÓ���A

12



1�Ù ¥�fÔn

ã 1.3: {¤þ��Aæ¥�f��¢�

æ 15 m! 40 m! 95 m?§3n� �'��g�¥�f¯~ê*ÿ��nØýÏ�

£b�Ã��¤�'§vkuy¥�f��.

ILL¢���§&ÿì,?�=£�a¬� Gösgen�Aæ§?1
 Gösgen¢�

[24]. &ÿì©OÙ�3 uå�Aæ 37.9 m! 45.9 m! 64.7 m??1ÿþ. n� 

��¥�fÿþ¯~êÚUÌ�Ã��nØýÏÎÜéÐ§vkuy¥�f��. þ

ã¢��Ä�Ñ'éá§l�AæØ� 100m . {I� CHOOZ¢� [25]3��Ä�?

(∼1km)ÿþ�Aæ¥�f��. Choozkü��Aæ§oõÇ 8.5GW§Ä��Ý©O

� 1115mÚ 998 m . CHOOZ¢�du�ðPz§�$1
�cõ�m. Ùm�Aæ'

4êg¦�&ÿìkv
��mÿþ�.. ��Ù*ÿ��¥�f¯~ê�nØýÏ�

£b�Ã��¤�'�: 1.01± 0.028 (stat.) ± 0.027 (syst.) . vk*ÿ���.

� CHOOZA�Ó�?1��Aæ¥�f¢��´{I� Palo Verde¢� [26]¢�.

|^3 Palo Verde�n��Aæÿþ�Aæ¥�f��. ¢��k��&ÿì§én�

�Aæ�Ä��Ý©O� 750 m! 890m! 890 m . ��Ù*ÿ��¥�f¯~ê�Ã

��b�e�nØýÏ��'�: 1.01± 0.024 (stat.) ± 0.053 (syst.) . vk*ÿ���.

F�� KamLAND¢�3 180km�²þÄ�þÿþF�Ú¸I 51��Aæ�¥�

f. KamLAND32002cuL�(J¥*ÿ��¥�f¯~ê�Ã��b�e�nØý

13
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Ï��'� 0.611 ±0.085 ± 0.041§(½¥�fu)
��.

þãáÄ�¥�f¢�ÏL'�*ÿ�ÚnØýÏ�¥�f¯~ê5w´Ä�3�

�.½öÏ�´æ^ü:&ÿì, du�AæÚ&ÿì���Ø�J±�Øvkw��

�, ½öäkõ�&ÿì�´Ä��ávkw�&Ò. Ïd�5ï��°(ÿþ θ13�

�Aæ¥�f¢�§X Double CHOOZ [27]! Daya Bay [28]! RENO [29]�§�¦ÿ

þØ� <1 %§Ñæ^�C&ÿì�éÿþ�{.

8c�3ïE$1��°(ÿþ¥�f��ëê θ13 �kn�¢�|§XL 1.1. �

æ�±�¯�Ñ
 θ13Ø�0�yâ(5.2 σ ), �æ�¥�f¢��ò�Ñ�Ð�(¯Ý.

L 1.1: ØÓ�Aæ¥�f¢��'�.

Experiments Location 9õÇ ål ìNpÝ q�þ sensitivity

(GW) C/�(m) C/�(mwe) (tons)

Double Chooz {I 8.5 400/1050 115/300 10/10 0.03

RENO ¸I 16.4 290/1380 120/450 16/16 0.02

Daya Bay ¥I 11.6(17.4) 363(500) 260/910 40×2/80 0.01

/1985(1615)

1.3 ØØØ©©©ááá¿¿¿±±±999(((���

��K�ïÄ�÷u�æ��Aæ¥�f¢�. �æ�¢�ò°(ÿþ¥�f·Ü

� θ13�0.01°Ý, ´ISþ°Ý�p�. θ13���û½�5ÔnuÐ��, äk��

�Æ¿Â. �Aæ6r´¢��n�Ø�5��, ´Ôn©Û���'�. �©�Ì�

ïÄ8IÒ´°(O��Aæ¥�f6r, ©ÛÙØ��¤Ú'é'X, |±¢��Ôn

©Û. ±e´�©�{ü(�:

1�Ù�Úó§Äk{ü0�
¥�fÔn�Ä��£ÚI�)û��
Ä�Ôn

¯K§,�0�
¥�f���nØ§±9ÿþ¥�f��ëê��
�{Ú¢�(

J. 0�
ïÄ��µÚïÄ�¿Â.

1�Ùé�æ�¢�?1
oN0�§�)¢��Ôn8IÚ¿Â!¢�oN5
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1�Ù ¥�fÔn

y!¥%&ÿìÚ�ÎÜ&ÿì��O!¢�Ø�9ÐÚ(J.

�¡oÙ�Ø©�ÌNÜ §0�
Ø©o��¡�Ì�ó�.

1nÙ0�XÛ||^�Aæ�õÇêâÚæ�üz�[êâ5O�æ�¥'%�

Ø���CÇ��müz¯K.

1oÙ0�
XÛ3®k�CÇ��¹e, O�æ�u��¥�fUÌÚ6r.

1ÊÙùã
XÛ|^æ�u��¥�fUÌO�ýÏ&ÿìS*ÿ��UÌ. ±

9XÛ?nØ>Õêâ��^uÔn©Û�êâ�6§.

18ÙO��æ�¢�¥'X�6rO���«Ø�±9�Ø�D4.

���Ù�ÚUÌ�'�Ôn, ±9o(�Ð"
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111���ÙÙÙ ���æææ������AAAæææ¥¥¥���fff¢¢¢���

�Ù{�0��æ��Aæ¥�f¢�[30, 31].

2.1 ���æææ���¢¢¢���{{{000ÚÚÚ¢¢¢���888III

¥�f��y��±dPMNSÝ
¥�n��Ý( θ12 , θ23 , θ13 )Ú�þ²��£ã.

l�AæuÑ�áÄ�>f�¥�f ν̄e��¹AÇ´:

Psur ≈ 1− sin2 θ13 sin2(1.267∆m2
31L/E) (2.1)

ùp∆m2
31�ü ´ eV2 , E´¥�fUþ, ü ´MeV , L´�Aæ�&ÿì�ål.

�æ��Aæ¥�f¢���O53 90%�&Ý± sin2 2θ13 < 0.01�(¯Ýÿþ·Ü

� θ13 . �æ�¢�¦^©Ù3�æ��Aæ+NC 2000mS�8��Ó&ÿì5&ÿ

¥�f.

�æ�¢�ÏL�j�NðcN¥u)�� β PC�A( IBD )&ÿ¥�f,

ν̄e + p→ e+ + n . � β PC�)��>f>lÚ�«uÑ�ð1Ú¥f�jÐ¼�&Ò

üöÎÜ�^5(½¥�f&Ò. ýÏ&ÿ�¥�fê8�±deª(½:

Ndet =
Np

4πL2

∫
εσPsurSdE (2.2)

ùpNp´&ÿìp¡gd�f�ê8, ε´¥�f&ÿ��Ç, σ´o� IBD��A�

¡, S ´¥�f��©UÌ. XJ=^��k�½Ä��¥�fÁ�Õ, ·�Ò7L(½

�Aæ�ýé¥�f6þ, ýé�� β PC�A�¡, ±9&ÿì�ÇÚ]À^�5ÿ

þ sin2 2θ13 . 3d�¹e�rØ��Ø�1%±eþ?, AO´'u�Aæ�Ø�, ´�

~äkJÝÚ]Ô5�. Mikaelyan ÚSinev�Ñ, XJü�&ÿì�3`z���ü�

17
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!"#"$%"#$&''

()*+$,-$&''

()*+$,-.//$&''

012

013

014

5"678$1"99

(:$1"99

2;;$<

ã 2.1: �æ�¢�ÙÛ. �Aææ�^ùÚ�:L«, 8�&ÿì�SC33�¢��

e(EH1 ∼ EH3)p¡.

Ä�þ, ¢��XÚØ�ò¬��4��Ø  [32], l�Aæ'�C�&ÿì^5ÿþ¥

�f�6þÚUÌ. ù~�
é�Aæ[!�
)��¦. 3ù«¢���e, �±ÏL

'��:ÚC:�¥�f�6þÚUÌ5ÿþ sin2(2θ13) .

2.2 ¥¥¥���fff¢¢¢���ÕÕÕÙÙÙÛÛÛ

�æ��Aæ�á3¥IH°W,  u�lÀ�55Z�, å�eÀÜ45Z�. �Aæ

æ+�)né�Aæ, z�é�¡��� NPP ( nuclear power plant ),�æ�æ�(Daya

Bay NPP), *eæ�(Ling Ao NPP)Ú*e�Ïæ�(Ling Ao-II NPP). Xã 2.1¤«.

�Aææ+ÀH¡¡°, Ü�5�pì.

z�NPPÑ�)�é�Aæ, ù8�ØYæ�Aæ3�OþÑ´�Ó�, æ�õÇ
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1�Ù �æ��Aæ¥�f¢�

Ñ´2.9 GW, ����æ�32011c8�°Ý\û�$1. �æ�¥�f¢�Õ���

�)/¡��, n�/e¢��e, ±9ü�/eõU�e–�ð�e(LS Hall)ÚYÀz

�e(Water Hall). /¡���)��^5C�¥%&ÿì�/¡C��e(SAB), ��

�ú¢±9��Ïº��. n�/e¢��eÏLY²����ë�. 3¢�1Ò�e(

EH1 )Ú¢�2Ò�e( EH2 )�SC
�é¥%&ÿì( AD ), 3¢�3Ò�e( EH3 )S

C
o�¥%&ÿì. ¢�3Ò�e�ï�3¥�f��4��Ä� �. n�¢�e�

ñ�CX, �»� µfOêÇ±9���æ��²þålXL 2.1¤«.

L 2.1: n�¢��e�ñ�CX(m.w.e), µfOêÇRµ (Hz/m2), ²þ� µfUþEµ

(GeV) , ±9§���æ�æ�, *eæ�±9*e�Ïæ��²þål(m).

ñ�CX Rµ Eµ �æ� *e *e�Ï

EH1 281 1.21 55 364 857 1307

EH2 299 0.90 58 1348 480 528

EH3 884 0.05 140 1912 1540 1548

2.3 ���CCC���éééÿÿÿþþþ

¥%&ÿì��Ó5�'�. 3�æ��ê��, |^2011c9�23F°�2011c

12�23F�m¢�1Ò�e¼��êâéT�e��é¥%&ÿì��Ó5?1
�[

�\�©Û'� [33]. (Jw«, üöé¥�f�&ÿ�Ç��éØ��0.2%. XL 2.2.

�C�éÿþ�&ÿì��–3C:��C:&ÿì±93�:���:&ÿìU


4�z sin2 θ13 �ÿþØ�. 'éØ�(é¤k&ÿìÚ¤k�Aæ5Ñ�Ó�Ø

�)U
�����Ø, �Aæ�'��'éØ�U
��Ø�20��õ.

2.4 ���AAAæææ666rrrÚÚÚØØØ���

�Aæ¥�¥�f5uØ��C�)�g?Ø½fØ� β PC. �Aæ¥A
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L 2.2: �æ�¥%&ÿì�Ôn5U�¦

Ø�5 �

q�þ�é°Ý 0.03%

PMTð1cut 0.01%

ú&ÒUþcut�Ç 0.12%

¯&ÒUþcut�Ç 0.01%

õÝcut�Ç < 0.01%

Ð¼�mcut�Ç 0.01%

H/Gd '�é°Ý < 0.1%

spill-in/out�é°Ý 0.02%

¹�m°Ý < 0.01%

o&ÿì�'°Ý 0.2%

�¤k�¥�fÑ5u 235U , 238U , 239Pu , 241Puo«Ø���C. 235U , 238U ,

239Pu , 241Pu�zg�C¥�f��5guILL¢�ÿþ�>fUÌ=��¥�fU

Ì [34, 35, 36], 238U��C5gunØO� [37]. ùo«�CUÌ²LBugey4�¢�u

�.� β PC�A�¡æ^Vogel�O� [38], �´æ^
�#� PDGþ�#�¥fÆ·

τ =881.5s. ëÓ IBD�A�¡�å, �Aæ¥�fÏþ��'éØ��O�2.7%. #�

¥�f��O� [39, 40]w«�U�3�~á�Ä����, �´du¢�æ^�C:�

éÿþ, ù
O�3=?1¯~Ç©Û��ÿ, ´�©ÛÃ'�. cã��C¥�f��

vk�Ä�3ÿþÏm���²ï��Æ·Ó �9ÙfØu��¥�f�K�. �²

ï�¥�f3©Û¥Uì©z [39]?1
?�. �Ñ3�AæNC�Ø¢��¬�z¥

�f. d�z¿��?�, �´����'é�¥�f6rØ�5?n. Ø¢���zé

8��Aæ²þó�� 0.3% [41]. zg�Cº��9Uæ^
©z [42]¥�O�.

�Aæ9õÇdØ>ÕJø, ÙØ�� 0.5% , 3�Aæ�m´�'é� [43, 44, 45].

z�Ì��Ø���C°��X-Ñüz, �dØ>ÕJø. �âØ>^��y�w

[46, 47]ÙØ���O� 5% . 3æ�¥?13D�[��C%�Cz����2cm, é

Ä��K��±�Ñ. ÏL DRAGONïá��.ýÿ��C°�Ó�æ�Jø��[
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1�Ù �æ��Aæ¥�f¢�

3 3%��SÎÜ�éÐ. ¦^ DRAGON�±éo«Ø��'é5?1ïÄ, �Ñ�'

éXêÓ3©z [48]¥Â8�êâ�¬Ü. �C°���[Ø��ªé¥�fÏþýÿ

�Ø��z� 0.6% .

�Aæ�'Ø�o(�L 2.4

2.5 ���æææ���¢¢¢���&&&ÿÿÿììì

z�¢��e�¥%&ÿìÑ��E3pXY¥, 3z���þÑk�u2.5�þ�

pXY, ù
YU
¶-o±�����Ë�. C:Ú�:Y³©OSC
288�Ú384

�8=�1>�O+. Y³�©�SY³(IWS)Ú	Y³(OWS)ü�1ÆÕá�«�. Y

³��O^5&ÿÚ�lNCBL� µf, �ÎÜÑ�¥fÚ¥%&ÿì¥Ù§��»

��.. o��{5�(RPC)SC3Y³þ�5?�Ú&ÿ�»�Ë�.

z�AD´©�3��Ó%�Î, �S�Ck20ë�j�NðcN. z�AD�	�´

���Î/�5m �»�ØCg-(SSV), p¡SCkü�b	ß��kÅ�Î/-f.

�S�´��3.1m �»�SkÅÀæ-(IAV), p¡Ck�j�ð. ¥m�´���

»4m�	kÅÀæ-OAV), Ck20 ë��NðcN, ^5ÓP γ 1f. 4m-Úg+¥

mCk37ë�¶Ôh���À�, 5¶-5g1>�O+, g-ÚÙ§5��.. � β

PC�)�&ÒdAD S�192� Hamamatsu R59121>�O+&ÿ. 1>�O+�¡

CkækçÚæ��I/íf, �±áÂ1>�O+�¡�,Ñ1, &ÿìþeSC
Ä

uESR����, ù
ÑOr
&ÿ�ÇÚ&ÿì�þ!5. 3���j�ðÚ�ð�

�ÿ�~î�[�, �y
¤k�AD��Ó5.

SC3g-Xfþ�n�gÄ�ÝC�(ACU), U
�§���� LED , �� 68Ge

, ±9�� 241Am-CÚ 60Co�·Ü, ¦§�÷Xç���( z ¶)£Ä?\�j�ð

Ú�ð. z±?1��ÝêâU°(�iÿADUþ�A.

cà>fÆéz��>fÆ�P¹>ÖÚ�m&E, ±9P¹3K�^��

c100ns�mIS�²þ�ADC�. 3Ôn�ê�æ^ÄuLK�ê�õ5>u±9

Äu>Ö¦Ú�Uþ¦Ú>u. 3&ÿì�ÝÚÁ$1�æ^�ÝÚ>ufXÚ. Ä

uVME�êâ¼�XÚ(DAQ)ÄuTimeSys¿3 BESIIIÚ ATLAS��.Ä:þ?1


?U.
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2.6 êêêâââ888

dÆ¬Ø©��u�æ�¢�úÙ1��Ôn(J�S, ¤ã�êâÄu

32011c12�24F�2012c2�17F�êâ. duz�&ÿìÑ´Õá$1�ê�,

�
£Ø�Aæ6rE¤�Ø�K�, �æ^¤k&ÿìÓ�$1Ïm�êâ.

2.7 ���ÝÝÝÚÚÚUUUþþþïïï

1>�O+�OÃ, �=z�1>féA�ADCOê, ¦^LED5?1�Ý. AD�

Uþ�A��
c[�\�ïÄ. z±Ñ¬¦^�ÝéAD?1�Ý, ù
�Ý3ç�

��þØÓ �, ^gÄ�ÝC���÷X»�( r ��)?1. ,	Ñ�¥f, ±9l

212Po , 214Po , 215PoPCº�� αâf��^5�Ý&ÿì±9±Y/iÿÙ½5.

AD¥�UþïÄu��¯~�o>Ö, �Ò´¤k192�1>�O+�>Ö�Ú.

¤kAD�Uþ�Ý~ê– ∼ 170PE/MeV, ´ÏL�½3AD¥% �� 60Co���

¸�Uþ�2.506MeV5(½�. º:ïÄu>Ö¥%{(center-of-charge), ½Â�¤

kPMT�>Ö%��I �. >Ö¥%'�o÷, >Ö¥%�º:�N�ÏL©Û5

?1
?�, d©ÛK´ÏL©Û 60Co(r, z)�êâ(½�. Ó��. é¤k�AD?1


º:�6�Uþ?�, 5?�AÛ�A. 3���j�ðÚ�ð�NÈS, ?�Ïf

��Ø�L10%. ,	é��~êIÝÏf?1
?�, ù�Ïf´du 60CoÚ¥f3

j(nGd)�Ð¼�3��5�OE¤, ù�Ïf´ÏL&ÿì¥%��Ý5(½�. |

^nGdUþ¸�?1�ÕáUþ�Ý, �5guº:ï��[¯~���, �Ñ
��

�(J. éu¤kAD5`, Uþ©EÇ� (7.5/
√
E(MeV ) + 0.9)% .

2.8 >>>uuu

SY³Ú	Y³�PMT�õÝ�u12�>u�8a�“Y³ µfÿÀ” ½ö µWS

. z�AD�>u^��½�õÝ�u45½öPMT>Ö�Ú�u ∼ 65 PE (�AuUþ

� ∼ 0.4MeV ) . ùò�)��éz�AD ∼ 280Hz�>uÇ±9éIBD¯~5`�±�

Ñ��Ç¿�. �
�ÎÜ�8�AD¥&Ò�u20MeV(2500PE)�&Ò�£O� µf

¯~ µAD , (q� µf, µsh ). PMTgC�Ë�1(¡�flasher), ¬�5�Ü©�., ùÜ
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©�.�k��üØ
.

2.9 IBD ¯̄̄~~~ÀÀÀJJJ

;.�IBD¯~ÀJ^�Xe:

1)�>f&Ò: 0.7 < Ep < 12.0MeV

2)¥fÐ¼&Ò: 6.0 < Ed < 12.0MeV

3)�>f¯&Ò�¥fÐ¼ú&Ò�mI: 1 < ∆t < 200 µs

4) µ veto: XJ td− tµWS < 600µs, td− tµAD < 1000µs½ö td− tµsh < 1000µs¯úÎÜ

&Òò¬��ÎÜK.

5)õÝcut: õÝcut�¦3¯&Ò�c 200µs±9ú&Ò�� 200µsvkUþ�u

0.7 MeV�&Ò. ùp Ep ´¯&ÒUþ, Ed ´ú&ÒUþ, ∆t = td − tp ´¯ú&Ò�
m��m�. ,��¦^
ØÓ µ�ÎÜ±9õ5cut�©Û��
aq�Úäk��

5�(J.

2.10 &&&ÿÿÿ���ÇÇÇ

&ÿì��OÚ¯~ÀJ^�Ñ¬éIBD&ÿ�Ç�)K�XL 2.4.vk7�(

½ýé��Ç, 3�C�éÿþ¥, 'éØ�¬����Ø, AD�m��'éØ�

ò¬éθ13�)K�. qNÈ�éÐ�½Â(ã 2.2). dIBD�)�¥f3jþÐ¼�'

~(0.860)ÏL�[5�Ñ. *ÿ��¥fÐ¼�m��Ä�0.2 µs , ù��
j��é¹

þ� 0.1% . 3q«	¡�IBD¯~O\
ýÏ�¯~ê, ù´duq«	¡�¥f¤£

�q«SÜ( spill − in�A)E¤�, ÏL�[ïÄ
d�AE¤�K�. �d����

A( spill − out )KÏLÑ�¥fÚAm-C�ý¢êâ±9�k�[¥�Ñ.

éu¤kAD, IBD�A�)�¥f3jþ�Ð¼�Uþ¸��ï� 8.05 MeV ±
0.5%. 3AD�m��éUI´ÏL'�3�ð¥IBD�)�¥f3jþÐ¼�Uþ¸,

Ñ�¥f±9 αUþ�È5'��. é¤kADü«Uþï�{Ñ�Ñ 0.5%��'é

UIØ�. ÏLêâÚ�k�[, duú&Ò Ed UþÀJ�5��é�ÇØ��O�

0.12% .

µf�ÎÜ��Ç¿� (1 − εµ)ÏLéz� µf��ÎÜ��mÈ©��, ùÙ¥
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ã 2.2: �æ�&ÿì«¿ã.

�Ä
 µf¯~�m��mI�U. Ï�õÝÀJ^�E¤��Ç¿� (1− εm)K

ÏL�Ä3IBD¯~�mNCó,Ñy��'é&Ò�VÇ?1O�. ÿþ��'é¯

~Ç( ∼ 60Hz )´3?1
 µf�ÎÜ±9é®���m'é&Ò?1
üØ���O

���. 3(½ εµ Ú εm ��Ä
3AD¥ µf¯~ÇÚü¯~Ç�Ú�m�'��Ä.

²þ� εµÚ εm�ë�L2.3

L 2.3: &ÒÚ�.o(. �.ÚIBD ¯~Ç�εµ · εm �Ç¤?�.

AD1 AD2 AD3 AD4 AD5 AD6

IBD ÿÀ 28935 28975 22466 3528 3436 3452

DAQ ¹�m(U) 49.5530 49.4971 48.9473

µ�ÎÜ�m(U) 8.7418 8.9109 7.0389 0.8785 0.8800 0.8952

εµ · εm 0.8019 0.7989 0.8363 0.9547 0.9543 0.9538

ó,ÎÜ(/U) 9.82±0.06 9.88±0.06 7.67±0.05 3.29 ±0.03 3.33 ± 0.03 3.12 ±0.03

¯¥f(/U) 0.84±0.28 0.84±0.28 0.74±0.44 0.04±0.04 0.04±0.04 0.04±0.04
9Li/8He (/AD/U) 3.1±1.6 1.8±1.1 0.16±0.11

Am-C'é(/AD/U) 0.2±0.2
13C(α, n)16O(zU) 0.04±0.02 0.04±0.02 0.035±0.02 0.03±0.02 0.03±0.02 0.03±0.02

IBD ¯~Ç(/U) 714.17±4.58 717.86± 4.60 532.29±3.82 71.78 ± 1.29 69.80±1.28 70.39±1.28
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2.11 ���...

��Ä��.k:

- ü��'é&Ò�ó,ÎÜ.

- 3&ÿì¥du�»� µf¤Ú��¥f½ö β − nØ½�Ó �.

- 3&ÿì	Üd µfÚ��¹��¯¥f.

- 13C(α, n)16O�A.

- du 241Am-13C¥f�ÝÚå�'é�..

éuBLAD����Uþ > 20MeV� µf, SY³(	Y³)�&ÿ�Ç�99.7%(

∼ 97% ). ù
AT´e��O, Ï�AD¥�pU¯~k�U´Ù¦ÔnL§� µf

�)�. 	Y³²w��Ç¿�´Ï� µf3SY³¥PC
. µ&ÿì�p�5k�

/üØ
 µÚu��..

ó,ÎÜ�.¯~ÇÏLÿþ“a e+ ”±9“a¥f”�&Ò�Ñ, O�¥I��Où

ü«&ÒTÐá3÷vIBD¯~�mÀJ^�� ∆t¥�VÇ. n�¢��e�zU�

ó,ÎÜ¯~Ç©O�:10�/U, 8�/UÚ3�/U. L2.3�Ñ
3�c�m(�öØ©�

m)�ê��z�&ÿì�ó,ÎÜo¯~Ç. ÿþ�¯ú&Ò�m�ålÓù
ÿþ´

����. ÿþ�ó,ÎÜ¯~Ç�Ø�( ∼ 1% )´ÏL“a¥f”¯~�ÚOØ��5

�.

5g 9Li/8He �β − n?éPC�'é�.´ÏLé��� µf?1�m[Ü��

�, [Ü�^�
®��ù
Ó ��PCÆ·. L2.3�Ñ5z�&ÿì²L µf�Î

Ü����.¯~Ç.

l¯¥f5��.´ÏL�O� µf�ÎÜ^� Ep < 12MeVüØ�IBDÿÀ¯~

���. r µf�ÎÜ�K, K¬uy��du¯¥fÚå�l0 MeV � 20 MeV�²

�Uþ©Ù. �tIBD¯&Ò�ÀJ^�, U
*	� >12 MeV���²�Uþ©Ù,

ùÚþ¡¤ã´����. r¤kù
pU�¯&ÒÑ8(u¯¥f, ¿�b�¤k�

�ÎÜK�Ú���ÎÜK�¥fUÌÑ´�Ó�, @o3IBD&Ò«���.��O

� ∼ 0.2% . ÏLéý¢êâÚ�[êâ�'�¯¥f�)Ú µf»,�'X, �±�Ñ

�d�O�����O. é µf�©Ù	ò� µ�ÎÜ^��	ÜK�Ñ�.�ýÿ�
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ã 2.3: 3n�¢��e¥ÿþ��²þzUz�AD�IBD¯~Ç´�m�¼ê, ã¥r

§Úýÿ������Aæ¥�fýÿ6r?1
'�. ýÿ¯~ÇUì�Z[

Ü�?1
8�z. 3ç�J��m�êâ�^5�©Û.

� ∼ 0.25% .

3�ð¥5g 238U, 232Th, 227Ac±9 210Po���5, ÏLÿþ§��?éPC½

ö[ÜÙUþ¸���; 5g 13C(α, n)16O�A��.�&ÿì¥ αPC¤��, ù�

�.ÏL�k�[?1
�O.

5gu0.5 Hz �¥f�¥f3g-þ?1��5Ñ�±9��3 Feþ�Ð¼¬

�) γ 1f. XJùü�Ñ�ÚÐ¼�&ÒÑ?\
ðcN�&ÿ«��{, §�Ò�

~�U�w¤´IBD¯~�¯ú&ÒÎÜ. dd�)�aqú&Ò�ð1¯~��
ÿ

þ, êâL²Ta¯~Ç�∼ 230�/U. ÏL�[�ýÿ, 'é¥f¯~Úü¥f¯~�

�é'Ç�∼ 0.09%, dd�±�O�.¯~Ç�0.2±0.2 �/U/AD.

3n�¢�Õ:¥, ²L�Ç?�±9~Ø�.��IBD¯~ÇÚÏL�Aæýÿ

�¥�f6r�'�Xã 2.3¤«.
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L 2.4: ýé�Ç, 'éÚ�'éXÚØ�®o.

&&&ÿÿÿììì

�Ç 'é �'é

q�fê 0.47% 0.03%

Flasher cut 99.98% 0.01% 0.01%

ú&ÒUþcut 90.9% 0.6% 0.12%

¯&ÒUþcut 99.88% 0.10% 0.01%

õÝcut 0.02% <0.01%

Ð¼�mcut 98.6% 0.12% 0.01%

jÐ¼'~ 83.8% 0.8% <0.1%

Spill-in 105.0% 1.5% 0.02%

¹�m 100.0% 0.002% <0.01%

ÜO 78.8% 1.9% 0.2%

���AAAæææ

'é �'é

zg�Cº�Uþ 0.2% õÇ 0.5%

zg�CIBD�A�¡ 3% �C°� 0.6%

Ø¢� 0.3%

'é 3% ÜO 0.8%

&ÿì�'�Ø�o(�L 2.4.

2.12 ���CCC'''~~~ÚÚÚ¥¥¥���fffUUUÌÌÌ

duÚ�Aæ¥�f6rýÿ�Õá, �±^C:&ÿìÿþ¥�f¯~Ç5ýÿ

�:&ÿì�¯~Ç. 3�:&ÿì*ÿ��¥�f¯~ÇMf Ú¦^C:&ÿìýÿ

�Ã����:&ÿì¯~Ç N̄f �'��±L��:

R =
Mf

N̄f
=

Mf

αMa + βMb
, (2.3)

ùpMaÚMb©O´3¢�1Ò�eÚ¢�2Ò�epÿþ�IBD¯~Ç. �Ïf αÚ

β �¦)I�÷v:

1) 8�z: XJvk��, R = 1 .
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ã 2.4: þã: �:¢�eÿþ��>fUÌÓdC:ü�e�êâýÿ�Ã���UÌ

�'�.=w«
ÚOØ�.

eã: ÿþUÌÓÃ��ýÿUÌ�'�. w«
Ã��b�e� χ2/n.d.f ±9

����Z[Ü�(�Ä
¤k�XÚØ�).

2) U
��z��Ø�AæØ�.

α Ú β ��Ì��û�Ä�, éz�æ��6rÈ©�6'���. éu3�Ø©¥

�9�©Û�êâ8Ü, α ���0.01470, Ma ´AD1ÚAD2�IBD¯~Ç�Ú, Mf

´AD4-6�IBD¯~Ç�Ú. β��´0.09767. �AæØ��í�3 R¥� σr ,  σr ´

��æ���'éØ�, ²-��®² �
20�.

·�*ÿ�
¥�f�~�:

R = 0.94± 0.011(stat)± 0.004(syst) (2.4)

*ÿ���:¥�fUÌÚdC:ýÿ� αMa + βMb�'�Xã2.4¤«.
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2.13 θ13 ������OOO

ÿþ�8�&ÿì�IBD¯~^5�O θ13 . Äu&ÿ��ÚýÿUÌ��O, �Ä

��., �ï��IO��pull�� χ2¼ê.

χ2 =

6∑

d=1

[
Md − Td

(
1 +

∑
r ω

d
rαr + ε+ εd

)
+ ηd

]2

Td

+
∑

r

α2
r

σ2
r

+
6∑

d=1

[(
εAd
σd

)2

+
η2
d

σ2
B

]
, (2.5)

ùpMd´~Ø
�.�1 d�ADÿþ�IBD¯~, Td´l�Aæ¥�f6rÚ�

k¥�Ñ�ýÿ�, ωdr ´�âl1 r��Aæ�1 d�AD�Ä�Ú6O��IBD�z

'~. Ø��3
L� 2.4¥. �Aæ��'éØ� σr (0.8%), σd (0.2%)´�'é�&

ÿØ�, σB ´�3L 2.4¥��.Ø�. �A�ëê´( αr, ε, ηd ). ·��O
��&ÿ

ìÚ�Aæ�'�éÜØ�. �´vk3[Ü¥^�. �A�8�zëê ε3 χ2 ¼ê¥

¿vk���4.

ó,ÎÜ�.3AD�m´�'é�, Am-CÚ(α, n)�.3AD�m´'é�. ¯¥

f�.Ú 9Li/8He�.´3Õ:�mÑ´'é�. éu����¹, ¦�3Ó��¢�

�e´'é�3ØÓ�¢��e´�'é�. ·�uy�XÚØ�O\0.001��Z[

�vku)Cz.

ã2.5w«
3z�&ÿìpÿþ�¯~ê�éuýÏ�Ã��¯~ê�'�. 3Ò¢

�e�éuÙ¦ü�¢�e� 6.0%�¯~ê"���²w, w«
�" θ13 ��~²(

�yâ. ����¹AÇ��Ð�O�dã¥1w���Ñ. mþ�w«
 χ2 ¼êÚ

sin2(2θ13)�'Xã.

R = 0.94± 0.011(stat)± 0.004(syst) (2.6)

*ÿ���:¥�fUÌÚdC:ýÿ� αMa + βMb�'�Xã2.5¤«.

�Z[Ü��

sin2(2θ13) = 0.092± 0.016(stat)± 0.005(syst) (2.7)

χ2/NDF���4.26/5. Ã���b��üØ35.2�IOØ��	.
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ã 2.5: z�&ÿì¥ÿþ&ÒÚýÏÃ��&Ò�'�. �AæÚtÿêâ^5O��

�²þÄ�. ���¹AÇ²L
�Z[Ü8�zëê�?�, �Z[Ü�d

1w��Ñ. mþ��Ñ
 χ2¼êÚ sin2(2θ13)�'Xã

2.14 ���æææ���¢¢¢���ééé���AAAæææ666rrrOOO������ÔÔÔnnnIII¦¦¦

3é sin2(2θ13)?1[Ü�, I�ýÿ��Aæ¥�f6r, UÌ, 9ÙØ���Ñ

\. �æ�¢���O8I´(¯Ý�u0.01, �dI�é�«Ø�?1��, �AæØ

�´¢��n�Ø�5��, I�;�ïÄ, �AæÚå��Ø����32%±S. ¤

k��AæÚå�Ø��©�'éØ�Ú�'éØ�üa. 'é��AæØ�´�é¤

k�Aæ5`Ñ�Ó�Ø�, �'éØ�´�éØÓ�æ�Ø�Ó�Ø�. �æ�¢�

´�C�éÿþ, Ïd'é�Ø�¬���-�, �'éØ�ò¬k�20��-�. äN

/`, �â�E� χ2¼êªf 2.5, 3�æ�¢�?1©Û�, I�:

1) ýÿ�¥�f6rÚUÌ

2)�AæÚå�'éØ�

3)�AæÚå��'éØ�
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1938cO.Hahn ÚF.Strassmannuy
�Cy�, 3¥fñÂe, ØÏ~�±�C

¤�þ�Øõ�ü��C�¡. �C©�gu�CÚpu�C. 3�Aæ¥u)�´¥

fpu�Ø�C. U
�¥fpu�CØ�¡�´�CØ�(fissile isotope). Ø�CÏ

~¬��u�A�¥f, XJ�CØ��NÈÚ�Ý���.�±þ, Ò¬u)g±�ó

ª�C�A.

�Aæ´�), �±Ú��óªØ�C�A�C�, §±�½õÇº�Uþ, ¿de

%J�Ñ, 2ÏL�ðu)ìòæ��)�9þD4Ñ�, �)�ð¿�°ÄðÓÅu

>.

3�Aæ¥, ¥�f5guA«'�Ø���C, æ�º�¥�f�ê8Óæ�¥Ø

���Cê8´¤�'�. zu)�g�CÒ²þ�Ñ6�¥�f. Ïd7L�á�Ù�

Aæpù
'�Ø���m�üz, cÙ´�CÇ�üz, âUO(ýÿ¥�fUÌÚ6

r�X�m�üz. �Ùòl0�Ä���AæÔnÚ$1m©, �[)ÛO�Ø��

CÇI��ÔnþÚ�ÜL§.

3.1 ���AAAæææÔÔÔnnnÚÚÚØØØ>>>ÕÕÕ$$$111{{{000

3.1.1 ���æææ���ØØØ>>>ÕÕÕ{{{000

�æ�Ø>Õ�Aæ+ u¥I2À�e��æ�, ål�lÀ���55Z�, ål

�eÀÜ45Z�.

Ø>Õ�)n��«, �æ�Ø>Õ, *eØ>Õ, *e�ÏØ>Õ(Xã 2.1). z�

�«Ñkü�����Aææ�. z�æ�3�~�$1��ÿÑ¬�)2.9 GW �
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���

»Bí^�

��?3��

»=í^�

,� �}��

�ê�

ÖÌ£�

1PXFS�NFBTVSFNFOU�TZTUFNT�

ã 3.1: ØYæõÇXÚ

õÇ. z��«S�ü�æ��må���88�. *eæ���3�æ�æ�±À1.1Z

�, 3*e�Ï±Ü400�. *e�Ï32011cÔ���÷õÇ, ¤k6�æ�ÑÝ\û�

$1.

�æ��Aæ�æ.´ØY�Aæ, ^\Ø��Y��úzJÚe%J,  uS

���¥
. 8��Aæ��OÑÄu{I�{çÏ(Framatone) M310±9Äu§�

CPR1000�ØYææ.. ØYæ�õÇXÚXã 3.1¤«. ùÚ�Ü©L«1�Ì�, 7

Ú�Ü©L«1�Ì�. 1�Ì�Ú1�Ì�´µ4ÚÕá�. 1�£´�Ydu�Ë

�¹z½ö-���»�, äk�½���5, ��£´�Õá�yù
��5Ø¬	

�. 3�æ�Ø>Õ, z�ØYæ�æ�Ñë�n��Ó��ðu)ì. z��Aæ�æ

�Ñ�¹157�Ø-�|�, ù
|��½3�Aæ�ØåNì��ep¡, Xã 3.2Ú

3.3. �Aæ�ØåNìp¡C÷
pØ�Y(�£´Ì�Y). ù
Yå�áÂ9þ��

^.YáÂ
duØ-��Cº��9þ, ��§ÝÚØå,p, �x�n��ðu)ì

� U/+¥, ùn��ðu)ì*d´Õá�. ù
U/+E�3�£´Ì�Y¥, p¡

��£´Ì�Y�9þ�D4��£´Ì�Y, ¿òÙ�u¤�Ú�ð, ù
�Ú�ðò

¬6�ðÓÅíÄðÓÅu>. ��e%� U/+p��£´Ì�YK�Y"Ä£�

ØåNì�¥?\e��Ì�.

�£´�Ì�Y\\
�þ�', å�¥fáÂJ��^. 3��-�Ì�¥, '�

ßÝò¬Åìü$, ù�ü$ò¬Ö�du-��Ñ�5�õÇeü, kÏu�±��Ì

�ÏmõÇ�±3���½�Y².
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ã 3.2: ØåNì�e«¿ã

ã 3.3: �AæØåNì«¿ã
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3.2 ���AAAæææõõõÇÇÇÿÿÿþþþ

æ��õÇ�'uü �m�Cgê�õ�, Ïd�û½¥�fº�êþ�õ�, 3

¥�fýÿ�O�¥´����ëê.

3.2.1 æææ���¥¥¥���UUUþþþ///ªªª===���

235U�;.�CXe:

235U + n→140 Ba+94 Kr + 2n+ Ef (3.1)

235U��CUþ���207MeV, ÙUþ©�XL 3.1¤«.

L 3.1: 235U��CUþ.

º�Uþ/ª º�Uþ/MeV

�C�¡ÄU 168

�C�¡βPC 8

�C�¡γ�� 7

¥�f 12

]uγ�� 7

�C¥fÄU 5

oUþ 207

3L 3.1¥�±wÑ, ý�Ü©Uþ��C�¡�ÄU�r, ùÜ©UþA��Ü=

z�9U. �C¥f, β��Úγ��Ä�þÑ�æ�S�á�áÂ, ��ª=z�ÄU,

�k¥�f�Uþ��Ñæ�	Ü.

3.2.2 æææ���õõõÇÇÇÿÿÿþþþÚÚÚÿÿÿþþþXXXÚÚÚ

�Aææ�9õÇ3Ø>Õ$1¥´�©��ëê, XJÿþ�'¢S� $, K

Ò¬¦æ�õÇLpE¤�xÚu¯�; XJ pK¬¦�Aæ$1vk���½^�,

º9±9u>þ�Ø��O�I, E¤Ø²L�$1.

æ�õÇ�ÿþÌ�kØ�{Ú9�{:

1) Ø�{: 3�Aæ	Ü±�Ù�¥f&ÿ�¬ÿþ�¦�æ�	Ü�¥fÏþ, ¿b
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�¥fÏþÚæ��õÇ¤�', ±d5ÿþæ�õÇ.

2)9�{:ÄuUþ²ï�n, ØYæ�3ü�Ì�Y£´, �£´ó�0�áÂ�Aæ

�9, ¿ÏL9��ìr9þD��£´�Y, �£´�YáÂ9þ�¤�ZÝép��

Ú�ð,íÄðÓÅ�õ, �ªr9UC¤u>Å�>U. 9²ï{Ò´ÏLÿþ�£´

ó�0�¼��9þ,Ó��ÄSÜ9��,l���Aææ�9õÇ. æ�º�UþØ


¥�f, �Ü±9U��ª�È3æ�¥, ¿�ó�0��Ñ5, Ïd�y
ÿþ�n

��(.

�æ�Ø>Õæ^
Ø�{Ú9�{5?1õÇiÿ. ��kn@XÚ5ÿþõÇ:

RPNXÚ, KMEXÚ, KIT/KDOXÚ, e¡©O?1�[�ã.

• RPNXÚ

RPNXÚ´ÄuØÿþ�{, Ù�o�&ÿì3�Aæ±�5uÿ¥fÏþ¿=

z�õÇ. �±¯���NÑ�Aæ�oNõÇÚ���õÇ©Ù. Ì�^5i

ÿõÇ, å��o�^. Ï�Ø-�3æ�¥¹þ�Cz, ��Ì�Ïm¥f�U

Ìu)Cz, RPN�ÿþ¬�) �, ¢ÿþ�õÇÅì p. �
�yÿþ�

O(5, RPNXÚzU¬Ú�\°(�KIT/KDOXÚ?1Øé, ���é ��

L1.5%�÷õÇê, Ò�N�RPNXÚ�ëê¦�ÚKIT/KDOXÚ�±��. Ï

�RPNXÚ� �'��, 3�æ�¢�¥, ·�Øæ^ù�XÚ�õÇÿþêâ.

• KMEXÚ

KMEXÚÚKIT/KDOXÚÑ´�æ�Äu9²ï�n�9�{ÿþXÚ. ØÓ�

´, KMEXÚ´Ù�3�£´�ÿþXÚ, KIT/KDOXÚ´Ù�3�£´�ÿþ

XÚ. KMEXÚäkn�XÚ¥�Z�°Ý.

KMEXÚÿþ�ðu)ì�£´�Ä�ëêX: �Y6þ, �£´�Y§, Øå�

�, ¿O�YÏL�ðu)ì��ó,, lO�Ñ�£´D��£´�9þ. 3

Xã 3.1¤«�XÚ¥, �£´�"�Ù¦���9�z�Ñ��Ä?5, ��d

Uþ²ï�nO�Ñæ�9õÇ. �£´��ðu)ì«¿ãX 3.4¤«.

�Aæ3�$1e, �±��Xe�Uþ²ï�§:

WR =

3∑

i=1

WSGi −W∆Pr (3.2)
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ã 3.4: �£´�ðu)ì«¿ã

þª¥WR´o�æ�9õÇ, WSGiL«�ðu)ìÿþ�9õÇ, �kn��ð

u)ì, W∆PrL«�£´Ù¦���9þ�z.

,���ðu)ì¥��£´ó�¼��9þ�±de¡�úªO�:

WSG = (Hv −He)Qe − (Hv −Hp)Qp (3.3)

ª¥ª¥ Hv, He, Hp ©O��ðu)ì�£´��ðó�!�Yó�ÚüÀó�,

Qe, Qp ©O��ðu)ì�£´�Y6þÚüÀ6þ. �ðóHv dÿ½��ðu

)ìÑ��ð�Øå�(½, ¿(ÜYÚY�í�9åÆ5�O��Ñ. �ðu)

ì�Yó He ´ÏLÿþ�Y§Ý�ýéØåO�Ñ5�.���ðu)ì�üÀ

Y��ÚY,ÙØå@���ðu)ì�Ñ�Øå�Ó, dd�±í�Ñ�ðu)

ìüÀ�ó.�[�O��ëw©z[45].

�Y6þQe´ÏLÿþ��3�£´���6þO5ÿ½. �âEPRI�ïÄ�

w[49], éuÄu{I�ØYææ., ÙõÇÿþÑ�Ì���BILL100�3�£´

?1�ÿþL§. 3BILL100¥, õÇO��Ì�Ø��z5gu�£´��Y6

þ, �z�'~�L80%. �æ�3�£´SC��6þO5ÿþ�Y6þ. �Y
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6þ�Ø���30.72%�m, 3¢�¿ÿÁ�^�e�±Uõ�0.4% [49]. Äu

�£´9²ï�nÿþ�õÇØ���30.6% ∼ 0.7%.

�æ���6þOÿþ�6þ^e¡�úª?1O�, O�ÄuISIOISO5167-

1. [45]

Qe = C · E · ε · πd2/4 · √2ρ∆P

= α · ε · πd2/4 · √2ρ∆P (3.4)

ª¥: C�6ÑXê(äNO��[45]), E��Ýì?Xê, E = 1√
(1−β4)

, ∆P�d

�ØCxìÿþ�6þ��c���Ø, α�6þXê, ε�6þ)äÏf, d´$1

G�e����», D´$1G�e�+���¡��», β��»', β = d/D,

ρ�þ�6N�Ý.

Ù¦���9þW∆Pr Ì�k31�£´¥�"!Øì���Ñ\�£´�9

þ, ±9æ�9¶-e%YÚ+�����5�XÚ9��. ùüÜ©\å5�¤


�£´��	9þW∆Pr . �~ó¹eW∆Pr CzØ�, �â{IØ>Õ��æ

�Ø>Õ�$1²�,n�£´�o��11MW, �w�´~ê. 3�æ���Aæ

õÇÿþ¥, ù�Ü©�9þ®²�Ä?�.

�æ�Ø>ÕÚKMEXÚJøû�ÓéKMEXÚ?1
Ø�ïÄ, �â��Ñ\

Ø�?1Ø�D4¿?1
¢Sÿþ, ¿rÿþ(JÓ{I>åúi�SAPECX

Ú?1
'�.'�(JXe[45]: SAPEC XÚ´{I>åúi^5��9õÇ

ÿþXÚ�p°Ý��XÚ. 3{I,A�¤k�Ø>Õ3Ý\û�$1�cÑ

7L²LSAPECXÚ��. lL 3.2¥w�, KMEXÚ���æ�9õÇÿþ�

�SAPEC XÚ�ÿþ��©�C, ù´Ï�üö3�æ�Ø>Õ�ÿþÁ�¦^

��Y6þXÚ´Ó�@XÚ, lù�:þw, �`²�Y6þ�ÿþØ�ÓÌ�

/ .

KMEXÚ´l�XÚ, ØU÷v�æ�¥�f¢��êâI¦.

• KIT/KDOXÚ KIT/KDOXÚ´��3�XÚ,^5iÀæ�õÇ. KIT/KDOX

ÚÄu1�£´Ì�. ù�XÚÿþ�£´�Ì�Y§Ý, Øå�5O�õÇ. 3

1�£´´Ø#NSC��6þO�, ¤±KIT/KDOXÚ¦^,�@XÚÿþ
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L 3.2: KME XÚ�SAPECXÚéæ�õÇ�O�(J'�(95%�&Ý)

���AAAæææõõõÇÇÇÿÿÿþþþ/MW

¢�� ¢�� ¢�n ¢�o

KMEXÚ 2897.1 2904.4 2908.9 2906.9

SAPECXÚ 2896 2903 2907 2906

ýéØ� 1.1 1.4 1.9 0.9

�éØ� 0.04% 0.05% 0.07% 0.03%

KMEXÚ 0.48% 0.48% 0.48% 0.48%

SAPECXÚ 0.45% 0.45% 0.45% 0.45%

ØØØ���©©©ÛÛÛ(((JJJ

KMEXÚ 0.48% 0.48% 0.48% 0.48%

SAPECXÚ 0.45% 0.45% 0.45% 0.45%

�Y6þ. �éKME���6þO5`, KIT/KDO°Ý�$�
, �´¬z±Ñ

¬�Ý�KMEXÚ. �Ý´ÏLN��£´��Y6þ5?1�. �Ý�zgæ

820©¨S�²þ�§¿�KME9õÇ?1'�. �üö� ��L0.1%÷õ

Ç�(> 0.1%FP), Ò�?1N�, �´��üö��OØ¬�u0.1%FP. ù¿�

XKIT/KDOXÚ�°ÝÓKMEXÚ�°Ý��ÃA.

KIT/KDOXÚ´3��ÿþXÚ, U
Ö�z���êâ. KIT/KDOXÚ�êâ

°ÝÚªÝÑ÷v�æ�¢��¦^, Ïd�æ�¢��õÇêâÑ5guù�X

Ú.

�æ�Ø>Õ±excel>fL��/ªJø�Ü�|õÇêâ©�, ©��SN´

z�UKIT/KDOXÚÿþ�õÇêâ.

• RICXÚ

Ø
õÇ���ÿþXÚ	, �æ��k�«æ�SÜ�õÇiÿXÚRICXÚ,

ù�XÚ�8�´iÿæ�SÜ�¥fÏþ©Ù, liÿæ�S�õÇ©Ù, ±

�y�Aæ�S�. d	, æ�SÜ¥fÏþ�©Ùû½-���Ñ�©Ù, ´?

1��O��7LÑ\.

RICXÚ�&ÿC�´�
�±÷X�OÐ�ç����Ï��\�æ�SÜ�
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&Þ, ��k5�. ù
&Þ´ækpß � UO2���C¿. &Þ3>Õ��ÆÏ

Cz¥, é¥f¯a5CzØ²w.

&Þ¦^>Å°Ä. ÿþ�, 5�&ÞUì^Süü�\Ó�+�?1�p�Ý, �

�é��æ�ýk�OÐ����©Ù�+�?1ÿþ. ÿþ�>Å°Ä&ÿì

Uì�½�Ú�Å!ÿþ. 3?1êâ?n�Ò��
��æ�S¥f�n�Ï

þã.

Xã 3.5´|^æ�¥fÏþãO��¥fÏþ�%�I��m�CzÚæ�õ

Ç��mCz�é'. 3���,üõÇ�@
:, �±w�¥fÏþ%�Iç

���(Z)�CzÚæ�õÇ�Czkr��'é'X. ùA�´ç������

�ö�.

0.00#
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0.30#

0.40#

0.50#

0.60#
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�
�
�
�


�
�
�

���

X#

Y#

Z#

04.3.4# 04.4.23# 04.6.12# 04.8.1# 04.9.20# 04.11.9# 04.12.29# 05.2.17# 05.4.8#

�
	
�
�
�

���

ã 3.5: æ�¥fÏþ%�IÚõÇ�'�, þã´|^æ�¥fÏþãO��¥fÏ

þ�%�I, eã´éA�m�õÇCz. 3���Cz�@
:�±w�ü

ö�r�'é.
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3.2.3 æææ���õõõÇÇÇÿÿÿþþþ���ØØØ���

Xþ!¤`, ·�æ^KIT/KDOXÚ�õÇêâ. KIT/KDOXÚ�Ý��°(

�KMEXÚ�IO�|PKIT/KDO − PKME | < 0.1%FP , ÏdõÇÿþ��°ÝÌ��

ûuKMEXÚ�°Ý. XL 3.2¤«, KMEXÚ�Jøû�®Ú|�úi�Ñ�KME�

395%�&Ýe�õÇÿþØ��0.4806%, {ISAPECXÚ3�æ�Ø>ÕØ�©Û

(J�0.45%.

3�æ�Ø>ÕgCuL��Eâ©Ù¥[50]±9�®Ú|��Eâ©Ù¥[45], Ñ

'��[�0�
õÇXÚ�Ø�D4. Xc¡¤ã, �æ��æ�ë�n��Ó��

ðu)ì, ¯¢þ´��ëÏ�XÚ. ùü�©Ù�Ø�D4¥, n��ðu)ì�w�

´��Õá�. ¢Sþnö�'X�U�3'�E,�'é, ¿ØN´á�Ù. 3ù«�

¹e·�ØU==b�¦���Õá, �UUì����/?1Ø��O, =n��ðu

)ì´��'é�, ùò¦D4�Ø���.

b��æ�KMEXÚ0.4806%�Ø��Üd�ðu)ì�)§¿�z��ðu)ì

�Ø�ê���§Ï�O��vk�Ä'é5, ¤±:

∆W

W
=

√
3 ·
(

∆WSG

W

)2

(3.5)

y3b�n��ðu)ì��'éµ

∆W

W
= 3 ·

(
∆WSG

W

)
(3.6)

Ø��: 0.4806%×
√

3 = 0.832% (95% �&Ý) 5¿þãØ�Ñ´95%�&Ý�. 3Ø>

1�ÊHæ^�´95%�&Ý�Ø�, ù�:3¦^��ÿ�AO5¿.

1σ�Ø��0.42%

KIT/KDOXÚÓKMEXÚ��é ��0.1%, �±òKIT/KDOXÚÿþ�õÇ

Ø��O�0.5%.

3.3 ���AAAæææ������

�æ�Ø>Õ�æ��¹157�|�, z�|��¹
264� UO2�|�. #Ý\$

1�æ��¹
n«ØÓL8Ý�-�|�, L8Ý� 1.8%, 2.4%Ú 3.1% . 3æ�¥,
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¥
Ü©�¥fÏþ�pu±>«��¥fÏþ. �
¦æ�õÇ3æ�SÜ'�²þ,

pL8Ý�-�|��Ù��æ��±�Ü©L8Ý�$�-�|��Ù��æ��

¥%«�. 3Ì�"Ï, ��1/3�|�¬¤�Ø¢��£ØÑ�Aæ	, #�-��

Ù�?5, �53�Aæ¥�Ù¦|�¬�âO�`z�(J#Ù�, -Ñ$�|�

ò¬�£Ä�p¥fÏþ�«�±¼��p�-�§Ý. y3�æ��-��L8Ý®

²,�4.45%, -�Ì��±Ï�Aò��18��. ����Y��A�u)Cz: 3�

���ÿ, #�-��Ù��æ��¥
«�P�-��Ù��±�«�. ù�Cz�

Ð?´U
Jp-��-Ñ, Jp-�|^�Ç, ~�¥f�³±9O\�A5. ":´

E¤
æ�õÇ�»�©ÙØþ!±9õÇ¸Ïf�þ,. �
~�ù«K�, �Ü©

|�SC
�-�j�5áÂL��¥f, ù
j�Ï~�¡�“�-ÓÔ�”. 3z�-

�Ì�, Ø>Õ�Eâ<
¬�âæ�Syk�-��Ù�±9-��¹, |^¤Ù�æ

�O�û�^�5O�3e��-�Ì�¥�AæS-���Ù�.

�?1��#�Ì��, -��|�3�Aæ¥�¦�U�Sü�¥%é¡, ~�æ

�SõÇ©Ù�Øþ5. ù�¦·�U
S��ò�Aæw�´��:¥�fu�,

� 5.2.3�?Ø.

3�æ�Õ:�ü�æ�, ����Y´1/3��, =zg��oþ�1/3. ���±

Ï´18��. ù�z�1g�-�3æ�¥�o����´54��. 3*eÕ:Ú*e

�ÏÕ:�o�æ�8cæ^�´1/4��, ���±Ï´12��. ¤±z�1g�-�

3æ�¥�o�m�Ý��´48��.

3.4 ---���üüüzzz

Ø-�3�Aæ¥�üzéu���AæÚO�æ��Ù�k��^, ÏdØ>

ÕÑk;��ïÄÅ�¦^¤Ù�û�^�éz�-ÑÌ�?1�[O�. d	, duØ

Ó�Ø��C¤éA�¥�fUÌØÓ, 3�æ��Aæ¥�f¢�¥, -�üz�´7

LïÄ��SN.

3.4.1 ---ÑÑÑ

Äk0�-Ñ�Vg.
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A 

B 

C 

ã 3.6: æ�Ó ��)�Ñ«¿ã

---���¥¥¥ÓÓÓ   ������üüüzzz

3�Aæ$1L§¥, Ø-���CÓ �Øä��Ñ, ,�
Ó �(X 239U ,

232Th ), 3Ð¼¥f��±=C¤´�CØ�. Ø-�¥��«Ó ��Øf�Ýò�

Xæ�$1Øäüz. b�Ó �A��)Ú��Ñkþã�ü�å», Xã 3.6, Ò�±

���ÑA�Øf�Ý��m�üz�§:

dNA

dt
= λB ·NB + σγ,C ·NC · Φ− λA ·NA − σa,A ·NA · Φ (3.7)

ª¥1��L«duØ�BPC�)Ø�A��Ç, 1��L«Ï�Ø�CáÂ¥f�)

Ø�A��Ç, 1n�L«Ø�Ag�PCÚå�Øf�Ý~��Ç, ����L«Ø

�A��duáÂ¥f~���Ç. �âÓ �óéz��Ø��Ñ 3.7 ��§, Ò

�±�����§|, ¡�-Ñ�§|, )ù��§|Ò�±���«Ó �Øf�Ý�

�m�üz.

---ÑÑÑ���ÝÝÝÚÚÚÌÌÌ���---ÑÑÑ

ü �þ�Ø-�¤uÑ�Uþ�±��-Ñ�Ý�Ýþ. -Ñ�Ý�½Â�:

B(t) =
W ·D
Umass

(3.8)

3ùp B L«\È-Ñ, W L«-��Cº��õÇ, DL«l-�m©�C���m

� t�Uê, Umass L«f�Ð©�þ, Ï~±ë�ü . -Ñ�ü ~^MW·d/tU L

«. -Ñ�Ý¦-�«z��«Ýþ,L«
�Aæ�È©UþÑÑ.Ø
æ^MW·d/tU

�ü �Ýþ	, �~~¦^k�÷õÇ��(EFPH)½ök�÷õÇU(EFPD)�ü .
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��÷õÇ��L«�Aæ3100%õÇe$11h. læ�¥�Ñ�-�¤���-Ñ�

Ý¡���-Ñ�Ý, Éæ�ÚÚØ-�A5�K�.

3�Aæ$1�+n¥, ��²~¦^�´Ì�-Ñ, Ì�-ÑL«��-�Ì�L

§¥¤kØ-��C�²þ-Ñ. Ì�-Ñ�½ÂL�ª3.8Ú\È-Ñ�Ó, ØÓ�´

W L«��æ��9õÇ, DL«æ�l#�Ì�éÄm©��m t�Uê, Umass L

«f�Ð©C��þ, éu�½�æ�5`, ù��þ´�½ØC�. �æ��Aæ�Ð

©C�f�þ���72ë. 3�æ�¢�¥, Ø>Õ½Ï�Ü�|JøõÇêâ, |^ù


êâ·�Ò�±O�Ì�-Ñ.

3.4.2 æææ���üüüzzz������[[[

3�Aæ¥, A�¤k�UþÑ5gu 235U! 238U! 239PuÚ 241Pu��C. A

�¤k�¥�f�´5guùo«Ø���C, Ù¦�Ø���CÓ�'~�±�ÑØ

O. 238U��CÌ�d¯¥fÚå, Ù¦�n«Ø���CÌ�d9¥f�Úu, �

Ü©d¯¥fÚu. Äg\æ�#-���CØ��k 235UÚ 238U , �X�Aæ�$

1, PuÅì�). 238U�C��¡PCóþ?1�X��βPC±9¥fÐ¼¥mÒ¬�

)Pu. -�3æ�¥�Ä�üzÚéõE,Ï�k', X-Ñ�Ý, 'ßÝ, �Y², Y

��Ý, |�§Ý, æ�¥fUÌ, -�|�a.9Ù3æ�¥� �±9Ù¦Ï�.

�
���Aæ$1Ú`z-�Ù�, Ø>Õéæ�z�Ì��üzÑ��[�O

�Ú�[. ù
O�Ú�[Ñ�Ä
þã��«K�Ï�. ù
�[¦^¤Ù�²L¢

�Ú¢S$1�y�û�^�. 3�æ�Ø>Õ, ?1æ��[�^�´{I>åúi

�SCIENCE^��. SCIENCE^���Ì�|��):

1) ???111|||���OOO������APOLLO2-F. |�O�´Ä:5�O�. 3SCIENCE V2¥,

APOLLO2-F¦^�´CEAJø�99Uþ+�CEA93¥fêâ¥,Têâ¥ÄuJEF2.2ê

â¥. APOLLO2-F|^¥f�õ+�.ïáå3ØYææ�S�¥fÑ$�., ¿O�

Ñü+�¥f�A�¡.

2)???111æææ���3DOOO������!!!:::OOO���óóóäääSMART. SMART|^APOLLO2-F)¤�ü+¥

f�¡±9E,��¡Ú�"�., ¦)n��À�[ù*Ñ�§5O�n��(:�

..

3) ???nnnæææ���ÏÏÏþþþããã���SQUALE.
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�æ��Aæ¢�I�
)Ø�3�Aææ�¥�üz. Ø>Õzg?1Ì��[

��¬Jø��æ�Ü�|�°�[(J, 2d·�J�k^�&E?1e�ÚO�, ù


�[ÚO�´dØ>Õ�;�Eâ<
?1�, (J±excel>fL�/ªuÙ. Ø>

Õ�[ÑÑ�&E�~õ, ÑÑ�üz(J´±Ì�-Ñ�gCþ?1�. ÑÑ�&E

Ì�k: Ì�-Ñ, 'ßÝ, �éõÇ, ¶�õÇ �, �Ì��CØ�Øf�Ý, Ø��

þ, Ø��)��Ñ, ¯+Ïþ, 9+Ïþ, ¯+!9+�C°�, ¯+!9+�Ø��C

°�. ùp¡Ü�|I��&E´-�Ì�¥�C°��-Ñ�Cz'X. ¤¢�,«

Ø�����CCC°°°���´�: ü �mSØ��CgêÓæ��Cogê�'~. ã 3.7´,�

-�Ì�¥�C°��-Ñüz���~f, �[´Uìê��-ÑÚ?1�lÑ(J.

�C°��ÚA��1.

ã 3.7: �C°��-Ñ�üz

�â�æ�¢�(¯ÝO��I¦, I��OØ>Õ�[��C°��Ø�.

SCIENCE ^���Ø%|�APOLLO2²L
õ«�{��y, �)3O�þÓIO�

ë�O��é'(¦^�Ó�Øêâ¥), ±93¢�þ?1¢S�ÿþ'�[51]. 3¢�

þvké�C°��¢Sÿþ, �´k��õ�¢�ÿþ
y-�¥Ø��¹þ, ¿Ó�
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^APOLLO2^��ýÿ�(J?1é'. 3�æ�Ø>Õ�kaq�ÿþ. �â^��

y�(J, ¢�Ú^��[üöéy-�¥Ø�¹þ�(J��Ø�5%, Xã 3.8. �C

°�3æ�¥´Ú�CÇA�¤�', b��C°��Ø�ÓØ�¹þ�Ø�¤�''

X, @o�[��C°��Ø��±�O�5%.

P.I.E analysis in PWR-UOX (Fes2+Bug3+Grav) : 

10 
C/E vs 8~ Enrjchmeot 4.5% 

Apollo 2.5 

tJ -5 + U235 

"*' i - ! ~ • Pu239 - ~ w 

L ± • Pu241 I 

u ! - ! -5 

-10 
0 20 40 GO 80 

Burn Up (GWd/t) 

ã 3.8: �[(J¥y-�Ø�¹þÓÿþ¢�� �

�æ���[��´÷õÇ�����J��[. ��±?1Äuý¢õÇ{¤?

1�[Ú�Ä�����[. �â�[���é', ùnö�m��O4�, ���±�

ÑØO, �¤^��[(J´÷õÇ�����J��[. �C°�==´-Ñ�¼ê,

ÚõÇ´Ã'�.

Ó�·�Óu�>å�Æ?1Ü�é�Aæ�[?1ïÄ. |^DRGAONæ��[

^�?1��[Ú�æ��(J33%±SÎÜ. d	�|^
DRAGONéo«Ø��

C°��'é?1
ïÄ, ùò3�¡Ø�D4�Ü©ù�.

3.4.3 ���CCC°°°���ÓÓÓFFFÏÏÏ���éééAAA

3�æ�¢�¥, I�O�z�U�¥�fUÌ, ùÒI�r�C°��üzéA�

FÏþ. Xþ¤ã, Ø>ÕJø�©�¥Ø�üz´±Ì�-Ñ�gCþ�. ÏdI�ò

üöéAå5.

�âÌ�-Ñ�½Â, üö�éA'XXã 3.9¤«.

1)Äk�æ�Jø�õÇêâ´ÚFÏ���éA�.

2) �âÌ�-Ñ�½Â(úª 3.8), �±dõÇÚæ�gÌ�éÄm©�8c�UêO�
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Core(Simula1on�


�

Fission(frac1on(evolu1on�

The(power(plant(provides(the(reactor(core(simula1on(data(at(each(refueling(in(the(
form(of(excel(files.
Key(data(in(the(file(like:(Cycle(burn`up,(density(of(key(atoms,(neutron(flux,(fission(
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CHAPTER 6. FISSION RATE CALCULATION 91

6.1 Reactor neutrino

Reactor νe’s are produced in the β-decay of neutron-rich fission fragments in reactor cores.
The production rate of reactor νe’s is obtained with νe energy spectra of four fission elements
per fission reaction and fission rates correlated with total released energy. In nuclear power
reactors, the electric energy is produced by converting the thermal energy produced by the
fission reaction in cores. The fission fragments emit νe’s with β-decay reactions. The thermal
power of the largest power reactors in Japan is about 4000MW per one unit. In this case, the
fission reaction rate is ∼ 1020fission/s and ∼ 6×1020νe’s are emitted per one second. So, nuclear
power reactors are intense sources of νe’s.

6.1.1 Fission elements in reactor cores

In electric-power producing reactors, the nuclear fission reaction is continued to maintain the
rated electric outputs. At Japanese commercial reactors, 235U enriched uranium oxide (UO2) is
used as nuclear fuel. The fission reaction, 235U+n → X1 +X2+x n, produces two fragments and
∼ 2 fission neutrons. The fission neutrons interact and lose their energy through elastic scattering
with moderator water around the nuclear fuel. Then, the thermal neutrons are absorbed by 235U
and some of them cause the chain of fission reactions. Fast neutrons are absorbed by 238U and
cause fission reactions. On the other hand, 238U absorbs neutrons which energy range is 1eV to
1keV and become 239U. 239U repeats the beta decay and neutron absorption as shown in Table
6.1. In these elements, 239Pu and 241Pu have large thermal fission cross section. So, 235U, 238U,
239Pu and 241Pu are main components of fission elements in nuclear fuel.

Mass Atomic number

mumber 92 93 94 95

fission←−−
241 241Pu

β−−−→
13.6y

241Am

↑ (n, γ)

240 240Pu
fission←−−

↑ (n, γ)

239 239U
β−−−→

23.5m

239Np
β−−−→

2.35d

239Pu

fission←−−
↑ (n, γ)

238 238U

Table 6.1: Main components of the U-Pu chain in nuclear fuel.

Figure 6.1 shows the time dependence of fission rates in one of the Palo Verde reactor cores
using same nuclear fuel as Japanese commercial reactors. It is calculated by a reactor core
analysis code. The contribution of four fission elements is dominant, and that of 240Pu and
242Pu is of order 0.1% or less.

6.1.2 Neutrino energy spectrum of each fission element

Most of the fission fragment are neutron rich nuclei and unstable, then undergo β-decays. Each
fission fragment undergoes β-decay ∼ 3 times, so ∼ 6νe’s are produced per fission reaction. The

1.  In(the(core,(Pu239(and(Pu241(are(produced(
from(U238.

2.  The(total(power(of(a(core(is(designed(to(be(
constant,(this(constraint(makes(U235(fission(
rate(correlates(with(others.

3.  Working(with(Ins1tute(of(Reactor(Physics
((((((and(Shielding(of(NCEPU

ã 3.9: �C°�ÚFÏéA«¿ã

Ñ�c�Ì�-Ñ.

3)òþ�ÚO�Ñ5�-Ñé�æ�Ø>ÕJø��[êâL�?1��, ��éA�

�CÇ°�. d�CÇ°�ÒÚ�U�FÏ�éAå5.

4)EÚ½3), �±����Ì��FÏÓ�C°����éA�'XL�.

3.5 ���CCCººº���UUUþþþ

3fØÚuØ�CL§¥, ±93Ù�C�¡þu)��X�PCL§Ú���¥

f�A, ÑkUþº�Ñ5, Ù¥ý�Ü©UþÑ�È3�Aæ¥, �ª±9U�/ªÑ

y. ·�¤�ïÄ�é��´=�¤9Uù�Ü©, P� Ef (MeV/fiss) . ·�òrùÜ

©Uþ{¡�z�Cº�Uþ. Ef �±�¤o��Ú�/ª[42]:

Ef = Etot − 〈Eν〉 −∆Eβγ + Enc (3.9)

Ù¥Etot´3lÚu�C�¥f�áÂ�@����CfØ�¤βPC¤�½¥5Ø

f��mS¤º��oUþ; 〈Eν〉´�¥�f�r�Uþ, zg�C���)6�¥�f;

∆Eβγ´�3���½��m��âu)PC�fØ�>fÚγ1f�Uþ; ��Enc´

�æ�¥�«á�Ð¼¥f¤áÂ�Uþ(Ø�)�C). 3ØYæ¥, ùA��8��V

'~�:

Etot : 〈Eν〉 : ∆Eβγ : Enc = 200 : 9 : 0.3 : 10. (3.10)

I�5¿�´Enc´Ú�Xæ��-��üz´��mCz�, ¿�ØÓ�æ�(��¬

K�ù�����. ,	EβγÚEncÑÉ��Æ·Ó ��K�±9-�¤É��Ëì�

m�K�. éØÓ�æ�, ØÓ�æ�$1�ã, ¬�kØÓ, �´K���. z�Cº�

�Uþ�äNO��[42], ùp��ÑO��(J:
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L 3.3: �CØ�zg�Cº��Uþ

Ó � Efi, MeV/fiss
235U 201.92 ± 0.46
238U 205.52 ± 0.96

239Pu 209.99 ± 0.60
241Pu 213.60 ± 0.65

3.6 ���CCCÇÇÇOOO���

3ù�Ü©·�òïáØ��ýé�CÇ��m�üz�O��{, =,«Ø�z

¦¨�C�ýégê��m�üz.

3�Aææ�¥, º�¥�f�ê8Óæ�¥Ø���Cê8´¤�'�. zu)�

g�CÒ²þ�Ñ6�¥�f.

�æ�Ø>Õ�±|^�[^�5O�ýé��CÇ. Ù�{´Äu�Äzg�C

²þº�¥fê8��{. ù«�{duvk�Ä�¢S�õÇ{¤, ²LO�u��

��¢S�õÇêÒØÎÜ, �3��Ø�, Ïd¿ØU��¦^. ,��¡, Xþ¤ã,

SCIENCE^��é�C�é°���[K´O(�, �±�� 5% �°Ý.

3�æ�¢�¥, ·�æ^ÄuUþÅð��{5O�æ���Ø��ýé�CÇ.

Xþ�!¤ã, �Aæ�Cº�Uþ, Ø
¥�f�r�Uþ, A��Ü±9�/ª�È

3æ�S.

XJ·�ÿþ
,���æ��õÇ, ¿���æ�¥²þzgu)�C�Uþ, ü

ö�ØÒ´æ�o��Cgê.

æ�¥,«Ø���CÇ�±deªO�:

Fi(t) =
Wth(t)∑
i αi(t) · ei

· αi(t) (3.11)

Ù¥Wth´¢Sÿþ�æ�9õÇ, ei L«o«Ø�
235U!238U!239PuÚ 241Pu

zg�Cº��9U, Ùê�Xþ�!L3.3 ¤Qã, αi ´æ�¥o«Ø�
235U!238U

!239PuÚ 241Pu��C°�, §�kù��'X:

∑

i

αi = 1 (3.12)
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ù«O��{äk�p�O(5. Äk, Ø���CÇ�é'~(�=�C°�)´d

αi û½�, αi5guæ���[O�, äk5%�°Ý. ���, �CÇ�ýé��8�

z�
¢Sÿþ�õÇþ, ùØ=ò�CÇ�üzÓ¢S�æ�$1G���'é
å

5, ¿�du¢Sÿþ�9õÇäk�p�°Ý(0.5%)¦��CÇ�O�Ø�É�


4���å.

¢S?nêâ�, �âzU�õÇÚ$1{¤O��F�Ì�-Ñ, |^�Aæ�[

�L��Î(��)�Ñ�F��C°�, =�O��F��CÇ. zUO�K����C

Ç3��æ�$1Ïm�üz.

�d, ·�®²�¤
�Ù¤�)û��¯K, =�Aæ¥'��CØ���CÇ

��müz¯K. 3e�¯K´, XÛ�O�CÇ�Ø�? ùp¡�9����CØ��

C°��m�'éÚØ�D4, ò3�¡;�Ù!?Ø�«Ø�59Ø�D4, ùp6

�Ø�?Ø.
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111oooÙÙÙ lll���CCCÇÇÇ���¥¥¥���fff666rrr

3þ�Ù¥, ·�O�
�Aæ¥�CØ���CÇ, �ª�8�´�O��Aæu

��¥�fUÌÚ6r. XJ·����CØ�zg�C�)�¥�fUÌ, ò§�U

ì�g��CÇ'~¦Ú, Ò�±O�o��Aæ¥�fUÌ.

4.1 ���CCC¥¥¥���fffUUUÌÌÌ

4.1.1 β PPPCCC���)))���¥¥¥���fffUUUÌÌÌ

3�Aæ¥, ¥�f´ÏL�C�¡�βPC�)�. éu,�«�u)βPC�Ø

�5`, �U�3A�PC©|. β PC´nNPC:

A
ZX → A

Z+1Y + e− + ν̄e (4.1)

b�PCº��UþE0, duPC��{Ø��þ��u>f�þ, Ù�ÀUþ�±�

��Ñ. KUþ3>fÚ¥�f�m©�:

E0 = Ee + Eν (4.2)

,«Ø� f �βPC�>fUÌ�±XeO�[39]:

Sf (E) =
∑

b

(
Kb
f · F (Zf , Af , E) · pE(E − Eb0f )2 · Cbf (E) · (1 + δbf (Zf , Af , E))

)
(4.3)

Ù¥ b¿L«TØ�PC�©|, Kb
f L«8�zÏf; F (Zf , Af , E)L«Fermi?

�¼ê, ù��?�
>fÚØ�¥Ô�p�^; pE(E − Eb0f )2 ´L«��m��,
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Cbf (E)´/GÏf, �6u�[�B+a., 3NN�[¥ù��´~ê. éu�\°(

�O�, ���Ä δbf ¤L«�?��:

δbf (Zf , Af , E) = δQED(E) +AC(Zfp, Afp) · E +AW · E (4.4)

δQED(E) ´Ë�?��, O�ë�[52], AC ´¥Õ?��, AW ´f^?��, Ñæ

^Vogel�O�[53]. ùpØO��ã���äN[!, β PC�äNO��[54]Ú[55].

3þ¡ªf¥O�Eν = Eb0f − E Ò�±O�ÑØ� f � β PC¥�fUÌ.

4.1.2 ØØØ������CCC���)))���¥¥¥���fffUUUÌÌÌ

Ø�3�C��)�C�¡, ù
�¡äké��ÄU, k��5, ¿ku�]uÚ

�u¥f�Uå. ��Ø�±ÏLeZ«å»PC. 3 235U��C¥, �±&ÿ�80«

±þ�ØÓ�C�¡. ù
�C�¡�Ü©´Ø½�´¥fØ, ¬?1βPC=C¤O

�Ø. 3ù
��5PCó¥�±E@Ñ�300«ØÓ��¡. Ïd, ��PCó��Ý

��´3∼ 4!��Ý. 3ëY�βPC¥, ��Ð©�¡�>Ö�UCz4∼ 6�ü . X

ã 4.1´ 235U�C���C�¡��þ©Ù, ¥yü��é5`'�é¡�©Ù.

dù��þ©Ù·��±�OÑ5zg�Cº��¥�fê8��6�. 235U��

C�±deªL«:

235
92 U + n→ X1 +X2 + 2n (4.5)
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3ã 4.1¥�±w�, �C��A�Ø�´ 94
40ZrÚ 140

58 Ce , ùüö��fê�Ú�98�,

¥fê8�136�, �éu 235
92 U5`, ¥fõ
6�, ù�²þ5`, ÒATk6�¥f

PC��fþâU��½, ù�L§Ò�u�6�¥�f. Ù¦n«Ø� 238U! 239Pu

Ú 241Pu��C�þ©Ù´aq�.

lã 4.1¥, ·���
��²(�&E: Ø��C��þ©Ù´�é�½�. éu

z���C�¡5`, §�βPC½öÙfØ�βPC�)�¥�fUÌ´(½�. XJ

·���
¤k��C�¡, �Kþ·��±°(�O�Ñ5 235U�C�u��¥�f

UÌ. éuÙ¦Ø��´Ó��.

ò�CØ� k�C�)��C�¡^eI f 5IP, duØ� k�C¤u��¥�

fUÌ�±L«�:

Sk =
∑

f

Af · Sf (4.6)

Ù¥ Af L«Øf f ���rÝ, �Kþ�±ÏLã 4.1L«�©Ù±9Ø� f ��PÏ

O�Ñ5; Sf L«�C�¡ f ?1 β PC¤u��¥�fUÌ.

þã�{3¢S¥´Ø�^�, Ï�k�~õ��C�¡Æ·�~á, ´ØU
&ÿ

��, l¦ÏLnØO�5(½Ø��C�)¥�f��å»k����XÚØ�.

'�O(�(JK5gu¢��ÿþ. ù3e!ò¬ù�.

4.2 ILL ¢¢¢���ÚÚÚ���CCC¥¥¥���fffUUUÌÌÌ, 238U���CCC���¥¥¥���fffUUUÌÌÌ

3þV80c�m©, {I�ILL3�Aæþ�
�X��CØ��)�¥�fU

Ìÿþ[56][57][58], ¤ÿþ�Ø�k 235U , 239Pu , 241Pu�9¥f�±pu�C�Ø�.

238UÌ�´d¯¥fpu�C�.

ILL¢���n´ò�CØ�����\�æ�¥?1�C, ^>fÌ¤ÿþ�C�

)�>fUÌ, ��^[Ü��{ò¥�fUÌ[ÜÑ5.

ILL¢�ÿþ�´Ø��C�)�>f�Ì, �Ò´¤k�C�¡��z�Ú, vk

�{üÕÿþ©|. 235U , 239Pu , 241Pu��¤�¡G��¬��q�x\��Aææ

�¥ål-�|�¥%80f��/��É�Aæ�pÏþ¥fË�. �¬�Cu�Ñ5

>f���Ü©�±÷X����ý�+�<º�æ�	Ü¿�Ù�3	¡�p°Ý^

Ì¤BILL[59]&ÿ�. >f�OêÇ3^|¥±50 keV �Ú��Å:ÿþ, ¬±ép�
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°Ý(�u1%�XÚØ�)�Ñ°[�>fUÌ/G. 3þã�ILLuL�©Ù¥, >fU

Ì´± 250 keV�Ú��Ñ5�. Ø
3�pUþã�A�:äké��ÚOØ�	,

Ì��Ø�3uýé�8�zØ�, ©Ù¥�Ñ��33%�m, ¿�k�f�Uþ�6.

3ILLÁ�¥, �¬�Ëì��m´k��(1∼ 2U), Ïdk
�Æ·��C�¡���

²ï, ùÜ©´I�?1;�?��, ò3�¡��!¥ù�.

¥�fUÌØ´���&ÿ��, ´lÿþ���N�>fUÌ¥�=�L5�,

ù�=�L§q�5
�
#�XÚØ�. Xc¤ã, é,«�C�¡5`, Ù β PC�

�ª´�½�, �)�¥�f´�±�éÐ�O�Ñ5�, 3ùp, du©Ø�Ù�.ÿ

þ��>f´5guÛ«Ø��PC, ¤±�Uæ��«[Ü��{. ILL�¢�|¦^


�«�~{'k���{, ¦�b�
30�J[� β PC©|é¢�êâ?1[Ü,

,�é[ÜÑ5� βPC©|UÌ9Ù'~Uì¤�� βPCnØ=�Ñ5éA�¥�

fUÌ. ù
¥�fUÌ�\Ò�Ñ
�A��¬3�C��o�¥�fUÌ. äN�[

ÜüÑXe: krÿþ��>fUÌ©¤30�m�, l�p�Uþm�m©, ¦^á3ù

�Uþm�S�A�êâ:5[Ü1��J[©|� β PCª:Uþ±9©|'. ,�,

ù�[ÜÑ5�©|��z(��l:Uþ E0 m©�0), Òl��¢�ÿþ�>fU

Ì¥���~ØÑ�, ,�UYée��Uþm�Uìù«L§?1?n. ��·�Ò

�±ïÑ5¥�f�UÌ
, òz�[ÜÑ5�J[�©|� β UÌ=�¤¥�fU

Ì: ò>fUþ EeUì Eν = E0 − Ee�'XO�, ¿��Ë�?�. ù��L§�E

êg, Òk
ØÓ�A|ª:Uþ�8Ü£ã�UÌ. du�ÜJ[�©|�U¬Úå>

fUÌ�/Gk��, ÏLé¤k�UÌ?1²þ±9ò50 keV �m�Ü¿�250 keV

�Uþm�(�XILLuL©Ù¥�êâ)¦�UÌ���²wK. J[�©|�>fUÌ

Ú 4.3�L�ª´���, Ø
 AC Ú AW �L�ª3"à�?n���é�ª�¥�f

UÌ?1�k���5?�:

∆NWC
ν (Eν) ' 0.65(Eν − 1.00)% (4.7)

Eν ü ´MeV.

d	, 3úª 4.3¥�¤�?��I�^�Øf�>Öê Z , 3ILL�=�O�¥, ¦

^
éØêâ�[Ü:

Z(E0) = 49.5− 0.7E0 − 0.99E2
0 , Z ≥ 34 (4.8)
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2. The νe source and the expected interaction rate 5

These yields contain a normalization error of 1.9% stem-
ming from the error on the neutron flux and from the
absolute calibration uncertainty of the spectrometer. The
conversion procedure also introduces a global shape un-
certainty into the neutrino spectrum, beyond the inher-
ent experimental errors. The main sources of this addi-
tional uncertainty, ranging from 1.34% at 3 MeV to 9.2%
at 8 MeV, are the scattering in the nuclear charge distri-
bution and the higher-order corrections (higher Coulomb
terms and weak magnetism, for which an uncertainty of
the order of the correction term itself was assumed).

This method was applied to obtain the neutrino yields
of the 235U, 239Pu and 241Pu fissions. The resulting spec-
tra are presented in Fig. 4. Unfortunately, no experimen-
tal data is available for 238U which cannot be fissioned by
thermal neutrons. We must therefore rely on the theoret-
ical predictions [29] to estimate the contribution to the
νe spectrum by the 238U fission products. Although these
predictions are less reliable than direct measurements, it
should be noted that the contribution to the number of fis-
sions, due to this isotope, is quite stable and never higher
than 8%. Thus any possible discrepancy between the pre-
dicted and the real spectrum should not lead to significant
errors.
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Fig. 4. Neutrino yield per fission of the listed isotopes, as
determined by converting the measured β spectra [27,28].

2.6 Systematic uncertainties of the neutrino spectrum

In past experiments at reactors, e.g. at Gösgen [30] and
Bugey [31], more than 3×104 neutrino events were recorded
at several reactor–detector distances R. Since no evidence
for oscillations was observed and rates were found to be
consistent with a 1/R2 law, these experiments can be in-
terpreted as a check that a reactor is a neutrino source

of characteristics known at a few percent level. The sta-
tistical accuracy obtained in these experiments makes it
possible to use these results to discriminate between the
existing models of reactor neutrino spectra.

The Bugey 3 collaboration [32] measured the positron
energy spectrum at 15 and 40 m from the reactor core
and compared its data with the results of a Monte Carlo
simulation using the neutrino spectrum models proposed
by [27,33,34]. As can be seen in Fig. 5, the data per-
fectly fit with the measurements made at Institute Laue
Langevin at Grenoble (ILL), whereas there is a lower com-
patibility with other models.
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Fig. 5. Comparison of Bugey 3 data with three different re-
actor spectrum models. The error bars include only statistical
uncertainties. The dashed lines are the quadratic sum of the
quoted error of the models and the error due to the energy
calibration.

An improved measurement of the integral neutrino flux
was performed in 1993. The measurement used an integral
type detector previously employed at the Rovno nuclear
power plant [35] and subsequently moved to Bugey [36]. In
that apparatus only neutrons were detected in 3He coun-
ters, while positrons were not. The apparatus was installed
at 15 m from the reactor core. About 3 × 105 neutrino
events were collected so that the reaction rate was deter-
mined with 0.67% statistical accuracy. The neutrino event
rate, nν , corresponds to a certain average fuel composition
and is related to the cross section per fission σf and the
number of target protons Np by

nν =
1

4πR2

Wth

〈Ef 〉Npεσf , (7)

The fuel composition, the thermal power W , the average
energy per fission 〈Ef 〉 absorbed in the reactor core and
the distance R were provided by the E.D.F.–Bugey tech-
nical staff. The efficiency of the neutron detection ε was
carefully measured; the overall accuracy was estimated to

ã 4.2: �C�)�¥�fUÌ(ILL)

�ª=��Ø��O�3-4%. ��UÌ�Ø���Ú>f�ÿþUÌ��ÝØ��

²�Ú.

�ªùn«Ø���C¥�fUÌ�±L�/ªuÙ3þã�n�©Ù[56][57][58]¥.

Xã 4.2´ILLÿþÚ=�� 235U , 239Pu , 241Pu�C�)�¥�fUÌ9Ù�éØ

�.

238UÌ�d¯¥fpu�C, Xc¤ã, Ù�C�>fUÌ3¢�þJ±¢�ÿþ.

3�Aæ¥�f¢�¥, 238U��C�)�¥�f�6unØO�. ·�æ^Vogel�

O�[37]. 3æ�¥, 238U��C��Ó 7% ∼ 8% , ��é¥�fo��z��310%

�m, Ì�´ 238U ��C¥�f��'Ù¦�Ø��p�
. Ïd=¦ÏLnØO

��Ñ� 238U��CUÌ°Ý'Ù¦ÿþ�Ø���, �Ø¬é(J�)��K�.

3Vogel�O�¥, �^Ó���{O�
 235UÚ 241Pu��C¥�fUÌ, ùüö�(

J�ÓILL�¢�êâ�
é', (Juy310%���SÎÜ. Ïd, 10%Ò���nØ

O�� 238UUÌ�Ø�.

ILL��.I�¢��u�. Bugey3¢�|3ål�Aæ15�Ú40��/�ÿ

þ
¥�fUÌ(¢S´�NðcN¥��>fUÌ). ¦�'�
ÏLILL��

.[56][57][58]ýó�¥�fUÌÚ¦��¢�êâ, ±9,	���Ø��C¥�
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better than 10%.
Economic reasons and safety provide plant operators with an incentive to accurately

measure the thermal power of the reactors. Indeed, usually more than one method is
used and the results are compared to understand the size of the uncertainties. Generally
calorimetric methods (simultaneous measurement of temperature and flow-rate of the
water outlet in the secondary cooling loop) give the smallest error (0.7% at Palo Verde)
and are used as the primary power estimate.

3.3 From fission rates to and spectra

The instantaneous fission rates of the four isotopes U, U, Pu, and Pu found
above are then converted into a spectrum. For all but U direct measurements of
the beta spectrum from fissioning by thermal neutrons exist. These are converted to
neutrino spectra by fitting the observed spectra to a set of 30 hypothetical -branches.
However, Refs. do not include U fission, which requires faster neutrons than
were available for those measurements. While this is unfortunate and a measurement
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Fig. 7. Ratio between Bugey 3 measurements and different predictions. In a) the measurements are
compared to a priori calculations. In b) Bugey 3 data is compared to the prediction obtained using
spectra measurements (and the calculation mentioned for U). The dashed envelopes are estimates
of the overall systematics.

would certainly be welcome, the lack of data is of no major practical consequence

ã 4.3: ØÓ��C¥�fUÌ�.�'�[60]. a)Ú±c��.'�[61]

b)ÚILL¢���.ýÿ(J�'�. ( 238U��CUÌæ^nØO�(J.)

J���ä´�NXÚØ���O.

fUÌ�.[61], Xã 4.3. lã¥�±wÑêâÚILL�ÿþêâ(b)¬Ü�éÐ, Úþ

¡(a)��.¬Ü§Ý��.

4.3 ###���¥¥¥���fffUUUÌÌÌOOO���ÚÚÚýýý555¥¥¥���fff

32011c, Mueller�<éILL¢��êâ#?1
O�[39], �Ñ
U?��Ø�

�C¥�fUÌ. ¦��ïÄ(JÚ,��dHuber��ÕáO�[40]�pÎÜ.

Xþ¤ã, 3ILL�=�>fUÌ�¥�fUÌ�L§¥, ¦^

30^J[� β P

C©|5[Ü. ¢Sþ�C�¡� β PCØ�K�Uõ�þZ«. 3Mueller�<#�=

��{¥, ¦^
�«·Ü��{. ¦��,lILL¢�ÿþ�>fUÌÑu. 3é β ©

|?1[Ü��ÿ, ¦^
‘ý¢’� β PCêâ. �C�)�Øf� β PC�UÌ/G

lENSDFêâ¥¥�Î¼�, ,�o��CØ�� β UÌK´���C�¡� β UÌ

©|�UìÙéA¹Ý�\�Ú, Xúª 4.6¤L«.3O� β UÌ�KUìª 4.3?1


¤�¼ê�?�. �C�¡���rÝKÏL��ÄuMCNP(Monte-Carlo N- Particle

transport code )��[^��MURE5O��. MURE´��°(��Aæüz�[^

�. ¦+Xd, E,k��õ��C�¡´���, Ïdæ^
þã�¡�‘lÞ�’�Ú

½�, ÓILLÿþ�UÌ�'�, E,k10%�>fUÌ��£ã. éuù10%�>fU

ÌMueller�<æ^
ILL��{, ^5^J[�(½ö`���) β ©|UìILL��{?
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Th. A. Mueller New reactor antineutrino spectra November 9, 2011 [12/ 24]

ã 4.4: Mueller�#�>f-¥�f=��{ÓILL�>fUÌ�'�[39]. 7ÚÒKÜ

©L«^‘lÞ�’��{O�Ñ5�Ü©. ùÚÒKL«�{�10%Ü©, ¦^


5^J[� β PC©|�[ÜÑ5.

1[Ü. du‘ý¢’�®��¤k� β ©|£ã
90%�ILLÿþ�>fUÌ, Ïdù«

·Ü��{~�
�.éJ[©|��65. ù«üÑÓILL�>fUÌ�'�Xã 4.4.

3?1
#�UÌ=���, ¤���#�¥�fUÌ�8�z�'�5ILL?1

=z���¥�fUÌ�8�z���3%, ¿�(Jéu¤k�Ó �( 235U , 239Pu ,

241Pu )´aq�. Xã 4.5´ 235U�éu�5ILL�UÌ�'�.

©Ù[39]Ó��|^êâ¥êâé 238U�
O�, ��#�¥�fUÌ.

± �&ÿìålæ��u100���Aæ¥�f¢�*ÿ���¥�fUÌÚ|

^ILL=��{O��ýÿ¥�fUÌ�¯~Ç'�� 0.976 ± 0.024 . |^#�=��

UÌ5O�, ù�'�C¤ 0.943 ± 0.023 , ±98.6%��&Ý l8�z��. ù¿�X

�U�3¥�fLõ���. ��íäB´¥�f��¤
ý5¥�flÃ{�&ÿ

�[62]. |^�æ�¢��C:&ÿì�k�U?1ý5¥�f�ïÄ.

�d·�?ØA«'�Ø���C¥�fUÌ. éuÄu¯~Ç�¥�f��ïÄ,

du�æ�¢�æ^�C:�éÿþ�üÑ, ¦^�5ILL=��Î��¥�fUÌÚ¦
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FIG. 5. (Color online) The blue hatched area shows the con-
tribution of our ab inito prediction (ENSDF + pandemonium
corrected nuclei) relative to the ILL reference data. The miss-
ing contribution coming from unknown nuclei and remaining
systematic effects of nuclear databases (red hatched area) is
fitted using a set of 5 effective β-branches.

ucts), and assuming that transitions are allowed tran-
sitions. The normalization and the end-point are two
free parameters for each branch. An example of the ”ab
initio” and ”fitted” contributions of 235U electron spec-
trum is illustrated in figure 5 as stacked histograms. The
residues of the fitted missing contribution are shown in
figure 6(a). They are small, typically at the level of the
statistical error of the ILL data, except in the 4.5-6.0
MeV range where one can see an oscillation pattern with
an amplitude reaching three times the error of the ILL
data at maximum. This may point to a systematic ef-
fect due to a failure of the fit model. We checked that
using more effective branches is not efficient because of
the limited number of experimental points available. The
impact of these non statistical residues in the final error
is discussed latter.

C. New reference antineutrino spectra

Converting all branches from the nuclear databases
plus the 5 fitted ones into antineutrino branches (as de-
scribed in section II), we obtain the predicted antineu-
trino spectrum. The residues with respect to the pre-
diction of Schreckenbach et al. are shown in figure 6(b).
It exhibits a good agreement in shape but a mean nor-
malization shift of about +3%. This shift of the emit-
ted antineutrino flux is modulated at higher energy by
oscillations which look like images of the oscillations in
the electron residues. When folded with the β-inverse
cross section the predicted increase of detected antineu-
trino rate from 235U is about 2.5%. Note that this posi-
tive shift is a mean value computed between the energy
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FIG. 6. Relative difference to ILL spectra for electron (a) and
antineutrino (b) spectra for 235U. While electron residues are
zeroed at the ±1% level by the fitting procedure, antineu-
trino residues exhibit a mean normalization shift of about 3%
(dashed line in(b)).

threshold (1.8 MeV) imposed by the detection process
and infinity. The physical constraint of one emitted elec-
tron for one emitted antineutrino must still be fulfilled.
We did check that the total integral of our electron spec-
trum fitted on the ILL reference and the integral of the
associated converted neutrino spectrum were identical at
the 10−4 level. Since all our individual β and antineu-
trino branches are normalized to the same integral with
much higher accuracy this result gives an estimate of the
numerical precision in the sum of thousands of branches.

To test the validity of our procedure we applied it to ef-
fective calculated electron and antineutrino spectra. This
method was inspired from the work of P. Vogel [46]. We
generated electron and antineutrino spectra as the sum
of the spectra of all fission products indexed in ENSDF,
weighted by the activity predicted by the MURE code
after 12 hours of irradiation. We know from section III
that these spectra are close to the ones measured at ILL
and in the context of this test we call them ”true” spec-
tra in the sense that they are unambiguously connected
to each other by the conversion of each single branch of
the sum. Then we followed the exact same procedure as

ã 4.5: #� 235U�C>fUÌÓILL�>fUÌ�'�, UÌ�N8�zþ£
3%.[39]

^Mueller±9Huber�<#=��#�UÌ, ¿Ø¬é©Û�)K�. 3?1?�Ú�

UÌ/G©Û��ÿ, üöK�U¬k�½§Ý��O, I�?�Ú3©Û��ÿ?1'

�.

��'�Ün�ïÆ´, 3¦^Î�ILL=�UÌ��ÿ, 238U �UÌ¦^�

5VogelO��UÌ[37] , 3¦^2011c#=��¥�fUÌ��ÿ, 238UUÌKæ

^Mueller�<O��UÌ[39].

4.4 lll���CCCÇÇÇ���¥¥¥���fffUUUÌÌÌ

3þ�Ù·�Øã
Ø� 235U , 238U , 239PuÚ 241Pu��CÇ��m�Cz. �§

���CÇ^ Fi(t)L«, §�zg�C�)¥�fUÌ^ Si(Eν)L«. K��æ�z

¦¨¤u��¥�foUÌXeO�:

Sr(t, Eν) = Fi(t) · Si(Eν) (4.9)

�\ª 3.11·�Ò��
,���� t�Aæ¥u��¥�foUÌ:

Sr(t, Eν) =
Wth(t)∑
i αi(t) · ei

· αi(t) · Si(Eν) (4.10)
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ã 4.6: �AæoUÌ�«~(Ì�ÐÏÚ"Ï)

Xã 4.6´3�Aæ$1ÐÏ(-Ñ= 150 MW·U/tU)±93$1"Ï(-Ñ= 20000

MW·U/tU)�æ�oUÌ~f.
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3�æ�¢�¥§¥�f&ÿì�&ÿÔ�´�NðcN, Ä��&ÿ�n´, ¥�

fÚ&ÿÔ�¥��Ø�A, u)� β PC:

ν̄e + p→ e+ + n (5.1)

ù��A3&ÿì¥�)�&ÒXã 5.1¤«.

31j�NðcN¥, ¥�fÚ�fu)� β PC�A, Ó��)���>fÚ¥

f. �>fé¯ÒÚ>f�«, �Ñ²þUþ�2.2 MeV� γ 1f. ¥fKäk'���

²þgd§, ²þ²L28 µs��m3jØþ�Ð¼, ¿�Ñ²þUþ�8 MeV� γ1f.

ù�Òk
�O¥�f¯~��À^�, ��´�>fÚ¥f&Ò��mÚ�mÎÜ, �

�´�>fÚ¥f�&Ò�²þUþ.

@o, XÛ��¥�f�UÌQ?

!!�

!"�

!�#�

!"#$""$� $"%&'�

!�

ã 5.1: 31j�NðcN¥�¥�f&ÿ
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¥�fUþÚ�>fkXe'X:

Eν̄ ∼= Te+ + Tn︸︷︷︸
10−40 keV

+ (Mn −Mp) +me+︸ ︷︷ ︸
1.8 MeV:Threshold

(5.2)

du¥f�À�ÄU Tn é�, �ÑØO. ·�¢SþU&ÿ��>fÄU Te+ ���²

£Ò��
¥�f�Uþ.

��ýÿ&ÿì¥�¥�fUÌ, Ò���&ÿ�A��A�¡, d	�I���&

ÿì¥�qØê8±9\��&ÿì¥�¥�fUÌ.

5.1 ��� β PPPCCC���AAA���¡¡¡ÚÚÚ&&&ÿÿÿììì***ÿÿÿUUUÌÌÌ

3�æ�¢�¥, æ^VogelO��� β PC�A�¡úª[38], �´3Ù¥, >f,�

fÚ¥f��þ±9¥fÆ·( τ = 881.5µs )KUì�#�PDGêâ?1
�#.

�>f�½Â� 1/M ���Uþ�:

E(1)
e = E(0)

e [1−
Eν

Mp
(1− V (0)

e cos θ)]−
y2

Mp
(5.3)

ùp:

E(0) = Eν −∆,

y2 = (∆2 −m2
e)/2,

pe =
√
E2
e −m2

e, (5.4)

Ve = pe/Ee,

∆ = Mn −Mp.

ùp pe´�>f�Äþ, Ve´�>f��Ý.

����©�¡O�L�ª´:

( dσ

d cos θ

)(1)
=
σ0

2
[(f2 + 3g2) + (f2 − g2)V (1)

e cos θ]E(1)
e p(1)

e −
σ0

2

[ Γ

Mp

]
E(0)
e p(0)

e (5.5)

ùp f = 1 , g = 1.2701 (PDG 2010)©O´¥þÚ¶¥ÍÜ~ê, Ù¥� σ0�:

σ0 =
G2
F cos2 θC

π
(1 + ∆R

inner) (5.6)
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ã 5.2: O��� β PC���A�¡

Ù¥ ∆R
inner ≈ 0.024´SË�?�[63], Γ�O�ë�[38]. ù�Ño�0��¡�IO(

J:

σ
(0)
tot = σ0(f2 + 3g2)E(0)

e p(0)
e

= 0.0952

(
E

(0)
e p

(0)
e

1MeV 2

)
× 10−42cm2 (5.7)

ù��¡��±�¤:

σ
(0)
tot =

2π2/m5
e

fR · τn
E(0)
e p(0)

e (5.8)

ùp τ = 881.5µs´¥fÆ·, fR = 1.71465´�Ïf(PDG 2010).

éu,�Uþ Eν 5`, o�A�¡Ò´ª 5.5��ÝÈ©.

ã 5.2w«
æ^Vogel�O�úª¿æ^#�PDGêâ�IBD�A�¡�Uþ�C

z.

� β PC��A�¡Ø��ûu¥fÆ·�Ø�, ÙØ��0.2%.

��·�k
� β PC��A�¡, ·�êþÒ�±O�&ÿì¥�ýÿUÌ: �\

��&ÿìp�UÌ� Sr(Eν) , @oýÿ�&ÿì*ÿ��UÌ�:

Sd(Eν) = Sr(Eν) · σIBD (5.9)

ã 5.3´ù«'X��~f.
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ã 5.3: ¥�fUÌ, IBD�A�¡±9¥�f¯~Ç��mCz[64]. a)´&ÿì¥�ý

ÏUÌ, b)´\��¥�fUÌ, c) ´IBD�A�¡.

5.2 ÄÄÄ������ÝÝÝÚÚÚæææ���:::���...

�æ�¢��kn�¢�Õ:Ú8��Aææ�. z�&ÿì¬�Â�5g8��

Aæ�¥�f. 3�Aæ¥, ¥�f´Ø½��C�¡?1 β PC�)�, Ïdæ�u

��¥�f´��Ó5�. b�¥�fØu)��, ¥�f�ê83Ù�mDÂ�´U

ì²��'P~�. 3ýÿ3&ÿì¥*ÿ�¥�fUÌ��ÿ7L�°(���Aæ

æ��&ÿì�ål.

5.2.1 ÄÄÄ������ÝÝÝÿÿÿþþþ

3�æ�¢�¥é&ÿìÚ�Aæ��éAÛ ��
4��¦�ÿþ. ¦^
A

«�{?1ÿþ, �)�Õ�ÿþ{, -1Jl, Y²¤�.

Xã 5.4´tÿ�Y�«¿ã. �Ú��´¦^�Õ��{�ÿþ�, ùÚK´¦

^GPSÄ:?1�ÿþ�. ÉÚ��´�AæÚ&ÿì.

ÿþ�êâÓ�Oêâ±9ÓØ>Õ��I?1
é'. 3êâ?nL§¥¦^


n«ØÓ�Õá�^�?1'�. �ª�Ä�Ø��28 Î�.
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ã 5.4: �æ�¢�Õ:AÛtÿ

5.2.2 ���AAAæææ%%%ÚÚÚ:::���...

Xc¡Ù!¤ã, �Aæ�æ�Ù�
ØÓ�1g�|�, ù
|�du-�{¤�

ØÓ, Ù¥�Ø�|©Ø��, �)�¥�fUÌ�¬kCz. Ùg, =¦´�Ó�1�

|�, duþe u�Aæ ��ØÓ, -�§Ý�Ø��. Ïdk7�ïÄù
ØÓé

¢��K�.

z�æ��¹157�|�, z�|�lþ�e�k16!-���. ·�b�z�°-

����-��¹�Ó, u��¥�fUÌ���, ù�b�´Ün�, Uìæ��8Ü

º�O�, z�ù����pÝÚ°Ý��Ñ´20 f��m.

�æ�Ø>ÕkUå?1æ��n��[. 3n��[¥, Q�±�Ñ��æ�¥,

«Ø�3þã��¥��é�CÇ, ��±�Ñ��æ��Ø��m��CÇ�é�. ù

�·�ÒU
O�z���¥,«Ø��é��æ���CÇ°�, ·�r§P� fki ,

ùp i´L«Ø��eI, k´L«��?Ò�þI. K-��� k�¥�fUÌ�:

Sk(Eν) =
∑

i

Wth∑
i αiei

fki Si(Eν) (5.10)

Ù¥ Wth �æ�9õÇ, αi ´1 i «Ø�3��æ�¥��C°�, ¿�k

αi =
∑

k f
k
i . SiKL«Ø� i�C��¥�fUÌ.
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·�kr&ÿìw���: p , ��Aæ¥��� k� p:�ål´ Lk , 3&ÿì

SqØ�ê8� Np , 3 p:*ÿ��5guæ��� k¥�fUÌ´:

Skp (Eν) =
1

4πL2
k

Sk(Eν) · σIBD(Eν) ·Np (5.11)

3&ÿì p*ÿ����æ��)�¥�fUÌ�:

Sp(Eν) =
∑

k

Skp (Eν) (5.12)

�Kþ�±dØ>Õ3��¢�ÏméÜ�|Jø�[�n��Aæ�C�[, ,

�Uì��¦ÚO�¥�fUÌ. �ùò��O\êâ?n�E,§Ý. @o´ÄU
�

?1�æ�[ò�Aæw���:Q?

·�rò�Aæw�����:, ¡��:�., éA�^þã�{òz�æ�ü

�w�Õá�¥�f��{¡��N��.. |^Ø>Õ�ÑA�;.���êâ,

'�|^:�.ÚN��.O��&ÿì¥�ýÏ¥�fUÌ, �±�Ñ�ß�(Ø.

Äkéæ�Ä�ïá:�.. ·�^�C�%����:.

Ø>Õ�n��[êâ´UìØ�Jø�.�Aæ3ç����þ!y©�16�îä

¡. z�ä¡þk157�|�.ù�Òò�Aæy©�
2512�æ���, rz���Uì

n��I^ ijk5IP. é�«Ø� l5`, z���k���éu��æ���C°�

fijk . ��� ijk3ù��IX¥��I´ Xijk, Yijk, Zijk , K�CØ� l��C%�:

Xl =

∑
ijkXijk · fijk∑

ijk fijk
,

Yl =

∑
ijk Yijk · fijk∑

ijk fijk
, (5.13)

Zl =

∑
ijk Zijk · fijk∑

ijk fijk

3n��[¥, þã��C°�´�é,�«Ø� l�, ¿�´8�z�. ¿vkØ

��m�'~'X. X1nÙ¤ã, Ø>Õ�±é��æ�O�Ø��m��é�C°�

αl , �ª, ��æ���C%O�Xe:
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X =

∑
lXl · αl∑
l αl

,

Y =

∑
l Yl · αl∑
l αl

, (5.14)

Z =

∑
l Zl · αl∑
l αl

k
�C%��æ����:, ·��±Ò�±O�Ñæ��&ÿì¥: p�Ä

��Ý. ò�Aæw���:�¥�f:, �±O�&ÿì¥¥�f�ýÿUÌ.

ã 5.5w«
ùü«�.O�(J3UÌþ����O. ã 5.6 Kw«
ü«�.�

�é�O.
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ã 5.5: :�.ÚN��.O��&ÿì¥�ýÏ¥�fUÌ���'�.

dã 5.6�±wÑ, üö��é�O��Ø�L0.001%. Ïd, r�Aæw�´��

¥�f:´S��. 3�æ�¢�¥, ¤k�Aæò�?n�:, ¿|^þã�ªO

�Ù�C% �.
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ã 5.6: :�.ÚN��.O��&ÿì¥�ýÏ¥�fUÌ��é'�

5.2.3 ÄÄÄ���ØØØ���

3þ�!�O�¥, ·��ã
XÛO�æ����% �. �æ�JøA���

�êâ��ïÄë�. |^ù
êâ��O����¥�f% �3Y²��þ�å

læ�AÛ¥%� �Ø�L2 f�, 3ç���þ�CzØ�L20f�. Ì��Ï´æ

�3Y²��þ7LÙ��'�é¡þ!, ÄKØ|uæ��S�5, ,	3ç���

þ, ����Cz�~�, Ä�þ´ØÄ�, 3N!õÇ�Ï~æ�Ù¦�ª?1N!,

�k3ÊmæÚ;:�¹eâáe½J,���. ç����CÄéÄ��K�Ny3

Ù3Ä�þ�ÝK, ÏdK�é�. Ïd%�3æ�AÛ¥%NC�CÄ��3A�

f���.

c¡¤ù�Õ:�AÛtÿ, ÿþ��Aæ�:´±S��º�¥%��ÿþÄO

:, 3Y²þ��uæ��AÛ¥%. ÏdÄ��Ý´tÿÄ�\þæ��C%�?

�.

Äutÿ�Ø�Ú�C%�CÄ��, Ä��Ý�Ø���O�35Î�. Ä��Ý

Ø�¬Úå&ÿìýÏUÌO��Ø�, ?1Ø�D4��, dØ��K��u0.02%.

´�±�Ñ�.

68



1ÊÙ �æ��Aæ¥�f¢�

5.3 ýýýÿÿÿUUUÌÌÌ

�Aææ���müz¦æ��)�¥�fUÌu)Cz, �±ý�&ÿì¥�U

Ì�¬�ACz. &ÿì*ÿ��¥�f5gu8��Aæ, ÙýÏUÌL«�:

Sd(Eν) =
∑

r

1

4πL2
r

·
W r
th∑

i f
r
i · eri

·
∑

i

f ri · Si(Eν) · εd ·Nd · σ(Eν) (5.15)

Ù¥ rL«�Aæ�IÒ, Lr L«Ä��Ý, Wth L«æ�9õÇ, f ri L«Ø� i

��C°�, SiL«Ø� i��C¥�fUÌ, εdL«&ÿ�Ç, NdL«&ÿì¥�f

qØ�ê8, σL«IBD�A��¡.

ã 5.7w«
3�æ�C:1Ò&ÿì(AD1)¥ýÏ��U�¥�fUÌ«~. ¤k

8��Aæ���÷õÇ. éu¢S�¹, K��lz�æ�zU�õÇCz.
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ã 5.7: ýÏ��æ�C:&ÿì*ÿ��UÌ, 3æ�Ì�Ä"�é'. β L«-Ñ.

ã 5.8w«
ýÏ��Aææ�Ì�Ä"&ÿìýÏ�¥�f¯~Ç�Cz. ã¥w

«
���CØ���z��m�Cz±9o¯~Ç��m�üz. ã¥¯~Ç�ü 

´: 3�úp?�¯~�ê/U/ë&ÿÔ�/GWæ�õÇ. l¥�±�Ù/w�, 3Ì�

Ä", ¯~ê�Cz��10%.
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ã 5.8: æ�Ì�Ä"¯~ê�üz

5.4 ���²²²ïïï������ÆÆÆ···ÓÓÓ   ���ÚÚÚØØØ¢¢¢������)))���¥¥¥���fff���???���

k
ýÏUÌ�Øã�, ·��±5�ãæ��)��²ï��Æ·Ó �±9Ø

¢�é¢��K�Ú?�. Ï���ÑA�±&ÿ�UÌ��â5�äé¢��K�.

3c¡1oÙ¤ùã�ILL¢�é�CØ��UÌ?1ÿþ, 3Ù¥, �CØ���

¬��³3æ��¥f�¸¥��m´1∼ 2U. �CØ��)��¡ý�Ü©Æ·éá,

�±á=PCu�Ñ5>f�^Ì¤&ÿ�, �Ü©Æ·é��Ó �9ÙfØ�¬u

) β PC, §�Ø¬á=º�>f, 3ÿþÏm����²ïG�. ÏdILL¢��ÿþ

¦K
ù�Ü©Ø��¥�f��z.

�²ï��Æ·Ø��\È�±^\È�C��5O�, ù´��Ä��L§. I

�ïá�©�§5¦). b��ïÄ�Ø�´ A , §PC�fØ´ B , æ�¥�CØ�

i (~X 235U )�C�)Ø�A���´ YA , Ø�B���´ YB , �CØ� i��CÇ´

Ri(t) , KØ�AÚB�üz�§�:





dNA(t)

dt
= Ri(t)YA − λANA(t)

dNB(t)

dt
= λANA(t)− λBNB(t)

(5.16)
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)ù��§Ò�±��Ø�üz�¼ê. 5¿þã�§¥��Ä
�CéØ��)��

z, ¢Sþ�k¥fÐ¼�)Ó ��L§, �´�z�±�ÑØO, ���Ñ.

¥I�fUïÄ�3�æ�Ü�|S, ¦�ÀJ
é¢��U�)K��Ø�, �3

L 5.1¥. ù
Ø��]À^�´�PÏ�u10��, ¿�Ùg�½öÙfØu) β P�

)�>fUþ�u1.8 MeV.

L 5.1: �Ué¢��)K���²ï��Æ·Ó �.

M T1/2 E0/MeV D T1/2 E0/MeV
90Sr 28.78a 0.546 Y 64.1h 2.282
91Sr 9.63h 2.699 Y 58.51d 1.544
93Y 10.18h 2.874 Zr 1.53e6a 0.091
97Zr 16.9h 2.658 Nb 72.1m 1.934
106Ru 373.6d 0.039 Rh 29.8s 3.541
112Pd 21.03h 0.288 Ag 3.13h 3.956
125Sn 9.64d 2.364 Sb 2.758a 0.767
131mTe 30h 0.182 Te 25m 2.233
132Te 3.204d 0.493 I 2.295h 3.577
159Sm 9.4h 0.722 Eu 15.19d 2.451
140Ba 12.75d 1.047 La 1.678d 3.762
144Ce 284.9d 0.319 Pr 17.28m 2.997

-�3æ�S?13½ö4�Ì��, �£Ñ�Aæ. ù
Ø¢�Ø¬�êþ$ÑÑØ

>Õ, ´�;3æ�NC�Y³p?1e%. ù
Ø¢�¥�33æ�-��\È�

�Æ·Ó �, ù
Ó �9ÙPCfØ¬UY�)¥�f¿é¢��)±YK�. Ø¢

�3æ�NC�;��m��10∼15c. Ø¢�ff�Ñ��Ó �¹þ¢S´þã�

Æ·Ó �üz�§ 5.17�)3±Ï"�AÏ�/. dd�±)ÑØ¢�¥'%�Ø�

�Ð©¹þ. Ø¢�¥Ó ��üzK�{ü, �1ØÚfØ©O�AÚB:





dNA(t)

dt
= −λANA(t)

dNB(t)

dt
= λANA(t)− λBNB(t)

(5.17)
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Xã 5.9´��;.�Ø¢��)�¥�fUÌ/G.

k
þã�æ�S�Æ·Ó �ÚØ¢��Æ·Ó ��¹þ, ·�Ò�±é¥�

f�ýÿUÌ���?�:

Sν = SILL − Sneq + Slong + SSNF (5.18)

Ù¥ Sν ´o�¥�fUÌ, SILL ´ÄuILLÿþ�=��¥�fUÌ, Sneq L« SILL

���²ï��Æ·Ø�3ILLÿþ�mS��z, Slong L«�Æ·Ó ���z, §

´�m�¼ê, SSNF L«Ø¢���z, �´�m�¼ê. Ï�"�Ø¢���[{¤

&E, ·�rØ¢���z��UÌýÿ�XÚØ�, éæ���²ï�Ø���z

?1?�. éu�²ï��Æ·Ó ��?�. ·�¦^©Ù[39]¥�êâ, XL 5.2 é

u��;.�-�Ì�, �²ï��Æ·�z�Ü©�éu�?��¥�f¯~ÇXã

5.10¤«. ����u�, ·�Uì�§ 5.17¦)�Æ·Ó �¹þ, ¿�Äæ��üz

L§, (Jw«üöÎÜ���Ð.

éuØ¢��O�, ·�k��Äu¦)�©�§|�{üO�[41], O�w«, Ø¢

�¥�f��z�u0.3%.

·��Ü�|¤
Patrick Huber |^�Aæ�[^�SCALE6é��;.�-�Ì

��
O�, O�
�1-��45 GWd/tU �Ø¢��¥�f. ù«��Ú�æ�¢S

�-Ñ��Øõ. ÄuPatrick Huber �O�, �Ä
151���m�Ø�Ó�Ø¢��

¥�f�éu2.9GW��Aæu��o�¥�fê8��z. Xã 5.12¤«. l¥�±
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! 8!

!!!!!As#a#cross#check#we#set#up#a#series#of#differential#equations#and#considering#the#long#lived#
isotopes!build&up&process&in&the&reactor&by&fission,&we&find&the!result'is'in'good'consistence'with'
the$calculation$based$on$French$paper$data$in$[14].!
!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !

!!!!!For$spent$fuel$estimation,$previously!we#had#a"rough&calculation)which)shows)the)spent)fuel)
contributes+not+more+than+0.3%.+[16]!
Patrick(Huber(kindly'calculated'a'batch'of'spent'fuel'with'1'metric'ton'burnt'to'45GWD,'which'is'
just%the%same%burn%up%as%the%Daya%Bay%spent%fuel%case.!Patrick(was(using(SCALE6(for!calculation.!
Based&on&Patrick’s&data,&the&ratio&of&spent&fuel&contributed&neutrino&rate&to&the&total&rate&for&
typical(fuel(cycles(is(calculated,(as(shown(in#Fig.6:!
In#Daya#Bay#site#there#are!totally&about&15&batches&of&which&the&oldest&age&should&be&less&than%
8000days.(From(Fig.6(we(could(see(the(total(contribution(of(spent(fuel(is(less(than(0.3%.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
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isotopes!build&up&process&in&the&reactor&by&fission,&we&find&the!result'is'in'good'consistence'with'
the$calculation$based$on$French$paper$data$in$[14].!
!
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Based&on&Patrick’s&data,&the&ratio&of&spent&fuel&contributed&neutrino&rate&to&the&total&rate&for&
typical(fuel(cycles(is(calculated,(as(shown(in#Fig.6:!
In#Daya#Bay#site#there#are!totally&about&15&batches&of&which&the&oldest&age&should&be&less&than%
8000days.(From(Fig.6(we(could(see(the(total(contribution(of(spent(fuel(is(less(than(0.3%.!
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L 5.2: �²ï�?�. ?�A^uILL=��UÌ.

235U

2.0 MeV 2.5 MeV 3.0 MeV 3.5 MeV 4.0 MeV

36 h 3.1 2.2 0.8 0.6 0.1

100 d 4.5 3.2 1.1 0.7 0.1

1E7 s 4.6 3.3 1.1 0.7 0.1

300 d 5.3 4 1.3 0.7 0.1

450 d 5.7 4.4 1.5 0.7 0.1

239Pu

2.0 MeV 2.5 MeV 3.0 MeV 3.5 MeV 4.0 MeV

100 d 1.2 0.7 0.2 < 0.1 < 0.1

1E7 s 1.3 0.7 0.2 < 0.1 < 0.1

300 d 1.8 1.4 0.4 < 0.1 < 0.1

450 d 2.1 1.7 0.5 < 0.1 < 0.1

241Pu

2.0 MeV 2.5 MeV 3.0 MeV 3.5 MeV 4.0 MeV

100 d 1 0.5 0.2 < 0.1 < 0.1

1E7 s 1 0.6 0.3 < 0.1 < 0.1

300 d 1.6 1.1 0.4 < 0.1 < 0.1

450 d 1.9 1.5 0.5 < 0.1 < 0.1

wÑ5, Ø¢�¥�f�¯~Ç�z�u0.3%. �
u�±þ'uØ¢���O, ·�

rKopeikin'uØ¢��O�[65]�
êiz?n, �ã 5.13. Äuêiz?n��êâ,

�OÑKopeikin'uØ¢��O�¥�éu�Aæ, Ø¢��z¥�fÓ��0.27%�'

~.

3±þn�'uØ¢��O��O, Ø¢��¥�f�zÑ�u0.3%. rØ¢�Ú

å�¥�f�zw�´o�¥�f6r�Ø�, Ù��O�0.3%´T��.

5.5 ���æææ���¢¢¢������AAAæææêêêâââ???nnn666§§§

�æ��Aæêâ�Ü©êâ´dØ>ÕJø�, ù
êâ´�âÔn©ÛI¦J

Ñ�¦�. duØ>Õêâäk����¦, ÏduÙ�Ü�|�êâkü��¦: 1)Ø
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Fig. 1. Time-averaged ratio of spent fuel ν̃e spectrum
ρSNF to the reactor ν̃e spectrum ρR above the inverse
beta-decay reaction threshold (1.8 MeV).

The international neutrino community in 2002–
2003 analyzed the prospects of sensitive searches for
θ13. A number of relevant new reactor experiments
have been considered, including a two-reactor–two-
detector experiment at CHOOZ (Double CHOOZ),
an experiment in China (Daya Bay), a multireactor–
multidetector experiment in Japan (the KASKA
Project), and experiments in the United States and
Brazil . . . . The results of this activity are summarized
in a white paper [4]. In 2004, letters of intent for
Double CHOOZ [5] and for US participation in
Double CHOOZ [6] have been issued.

The main results of the analysis [2–6] can be for-
mulated as follows:

It is possible to reach the sensitivity of

sin2(2θ13) ≤ 0.02−0.03 (8)

(90% C.L. for ∆m2 = 2.0 × 10−3 eV2)

if a number of prescriptions are followed, including the
following:

(I) Suppress the background/neutrino signal ra-
tios in the far and near detectors to better than 1 :
100 (since with two or more reactors no background
measurements are expected to be possible).

(II) Keep total systematic uncertainty below 0.6%.

(III) Increase the statistics of ν̃e events in the far
detector by a factor of ∼ 30 (or more) relative to the
CHOOZ experiment [1].

3. ANTINEUTRINOS EMITTED
FROM THE STORED IRRADIATED FUEL
Antineutrinos emitted from the stored spent nu-

clear fuel (SNF) could spoil conditions (I) and (II)
(see above) and, if not properly taken into account,
introduce unwanted distortion in measured positron
spectra and thus influence the interpretation of data
analysis.

Some of the fission fragments, which emit ν̃e of
energy higher than 1.80 MeV, are in equilibrium with
the preceding long-lived fission products and con-
tinue to emit ν̃e after the reactor is shut down at the
end of the operational run [7, 8].

Among mentioned fragments, e.g., are
106Ru(T1/2 = 372 d) (9)

→ Rh(T1/2 = 30 s, Emax = 3.54 MeV),

144Ce(T1/2 = 285 d)

→ Pr (T1/2 = 17 min, Emax = 3.00 MeV).

Some contribution also comes from 90Y (T1/2 = 64 h,
Emax = 2.28 MeV), which is in equilibrium with its
very long lived predecessor 90Sr (T1/2 = 28.6 yr).

Regularly (annually), after the end of the opera-
tional run, some (often one-third) of the irradiated
fuel (SNF) is removed from the reactor and placed
in a water pool not far from the reactor. Water pro-
vides cooling and shielding. After some period of time
(maybe ∼ 5 yr), each portion of the SNF is trans-
ported from the pool to dry storage away from the
nuclear power plant. Thus, not far from the reactor, an
additional, relatively small but not negligible, source
of SNF ν̃e (see Fig. 1) capable of producing reac-
tion (3) in the antineutrino detectors is formed and
regularly supported.

4. IMAGINARY OSCILLATION EXPERIMENT
WITH SNF ν̃e SOURCE

A clearly expected effect due to SNF ν̃e critically
depends on the location of the SNF pool with respect
to the reactors and detectors. As an example, here we
consider the geometry presented in Fig. 2. It can be
shown that, in the case considered, the ratio Rfar/near
of the positron spectra measured in the far and near
detectors can be represented as

Rfar/near ≈ C

[
1 − sin2(2θ13) sin2 1.27∆m2Lfar

E
(10)

+
SSNF

SR

(
1 − L2

near

(Lnear − Lpool)2

)]
.

Here, E is the energy of the incoming ν̃e related to the
positron visible energy through Eq. (4). Distances L

PHYSICS OF ATOMIC NUCLEI Vol. 69 No. 2 2006

0'
0.05'
0.1'
0.15'
0.2'
0.25'
0.3'
0.35'
0.4'
0.45'
0.5'
0.55'
0.6'
0.65'
0.7'
0.75'
0.8'
0.85'
0.9'
0.95'
1'
1.05'
1.1'
1.15'
1.2'
1.25'
1.3'
1.35'
1.4'
1.45'
1.5'

1.5' 1.75' 2' 2.25' 2.5' 2.75' 3' 3.25' 3.5'
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����Óæ��Ñ¥�f�0.27%.
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äk¢�5; 2) ØU��w«�©êâ. Ïdêâ´k²Lk���>êâ�<?1?

n, ,�òO�Ñ5�¥�fUÌÚ�'&E�\éÜ�|úm�êâ¥¥. �)�©

3S�©Ù±9Ù¦uL�©ÙÑ7LØU¹k�©���êâ. 3Ö�êâ¥�, �

I�ïÆ^r¦^Û«�{?1���, ¦©Û3Ó��Ä:þ?1.

5.5.1 ÔÔÔnnn©©©ÛÛÛ���III¦¦¦ÚÚÚ���©©©êêêâââ���JJJøøø

�æ�¢��(¯Ý©ÛI��Aæ6r�O�. �¦�âØ>ÕJø�&EO(

O���mCz�¥�f�6r¿W��êâ¥p¡. Ñu���I�, W��êâ¥

�¥�f6r´z±�g�. �
�3k^�&E, z±�6r¢S´�±¥zU6r

�²þ�.

�æ�Ø>ÕJøüa©�.

õÇ©�: Xc¡Ù!¤ã, ¢�¦^õÇêâ5gu�KIT/KDOXÚ. Ø>Õ½ÏJ

øõÇêâ. ÄuÔnI¦, õÇêâ�¹�&Ek:

1) 8�æ�zU�9õÇ. Ø>Õ�±P¹z���õÇ. Ñu��I�, Ø>Õkò�

U24���êâ?1²þ, ,�Jø�Ü�|zU�õÇ.

2) æ�éÄÚÊæ���.

3)z�æ�z����-Ñ. Xc¤ã, ¢�I�zU�æ�-Ñ�5¦�CÇÚFÏé

Aå5. Ü�|gC|^¤���õÇ��±O�-Ñ�. Ø>ÕJø�z���-Ñ

�K��êâ�e:��-ÑO��?�ë�:.

æ��[©�: �±�âI¦?1�[, ��´zg-�Ì�Jø���[�©�.

Ù¥�¹Xe&E: 1) 8�æ�¥'�Ø� 235U , 238U! 239PuÚ 241Pu�CÇ�ü

z. Xc¡Ù!¤ã, �C°�´�X-ÑCz�¼ê. �C°���z3±�|êâ, 3

¢S¦^��ÿI���. du�C°�Ø��é��(5%), Ïd���5�Ø��±

�Ñ. 2) �C%. �C%´Ä��å:. Ü�|�â�[�n��[��©�Jø

O�%��{, dØ>ÕO�z«Ø���C%, �¹3�[©�¥Jø�Ü�|.

5.5.2 ���AAAæææêêêâââ¥¥¥LLLÚÚÚ������üüüÑÑÑ

W��l�êâ¥�6rêâiã�): FÏ, êâ�^5, ¥%�I, l1.5 MeV
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m©�9.5 MeV z0.25MeV ��Uþ�æ�u��¥�foUÌ, ù«©bin�ª´

ÚILL¢�©bin�ª´���. ����iã´UÌ�{ü¦Ú.

3?1Ôn©Û�I�ëY�UÌ, ÏdI�éêâ¥Ö��UÌ?1��O�. æ

^ØÓ����U(J¬�O'��. I�é���üÑ?1ïÄ. duo�¥�fUÌ

´o«Ø� 235U , 238U , 239PuÚ 241Pu�C¥�fUÌ��5U\, ·��±< 235U

�UÌ5ïÄ���{. 238U�UÌ/Gaqu�êP~, ��3���IXe��,

���Ì�K�Ny3c¡�ã(1 ∼ 3 MeV), �´3&ÿì¥�UÌ(Xã 5.3)Ì��

Ü©34 MeV �m. Ïd�±r�IC��éê�I, �p�¡�UÌ,�?1��.

ÏdÒkü«��üÑ:

1) ��3���Ie��;

2) ò�IXC��éê�I, ?1��, 2C�£5.

Ùg, 3z«üÑeqk�«���{, X�5��, �^��, .�KF��, ±9

C�ç��(Akima)�.

�
�½`�, ·�'�ü«üÑe�«���{Ú�^����é �, *	ÙL

y. I�5¿�´, ����ÿ´3\�¥�fÌþ��, 3'�`��´3*ÿUÌþ

?1'�, ù´Ï��k�ª*ÿ��UÌâUåû½�^.

Xã 5.14, þã´3���Ie�«���{Ó�^���(J'�, eã´3éê

�Ie�«���{Ó�^��(J�'�. �±²wwÑ, k�éê2��'��3

���I���Ly�Ðéõ, �«���{�m��O'��. Ïd, �±�Ñ(Ø,

k�éê���'�½, ´A�À���üÑ.

Ùg, 3�«���{�mATXÛÀJKQ? 3?1>f�¥�fUÌ=���3

í{���, æ^$����{U
;���L§¥Ñy���. �5��äk{ü, 

½, Õáu>.^�±9Ø���`:, 3vkAO�Ôn���¹e, æ^�5���

Ð.

Ïd3¢��êâ?n¥, ·�æ^élêâ¥¥Ö��UÌ?1k�éê, ��5

��, ��2C�£����I��{?1.
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���

Interpolation of neutrino spectrum�

Which option?�

Interpolation on logarithm of ILL spectrum 
 has a better performance. 
 

Which method?�

hard to say when there is no obvious 
physics constraint�

linear interpolation could be a good option 
since it is:�

simple, stable,  
independent of boundary condition �

!"#$%

!"#"&%

!"#"'%

!"#"(%

!"#")%

"%

"#")%

"#"(%

"#"'%

"#"&%

"#$%

"% $% )% *% (% +% '% ,% &% -% $"%

!"#$%&'()*+,$%&'()*�

-.,/*0�

1)2*3&4'564)78(3*$2'974)71::7;<=>7"&*$23?@�

./0123%
456./01%
27/82%
.293%

!"#$%

!"#"&%

!"#"'%

!"#"(%

!"#")%

"%

"#")%

"#"(%

"#"'%

"#"&%

"#$%

"% $% )% *% (% +% '% ,% &% -% $"%

!"#$%&'()*+,$%&'()*�

-.,/*0�

1)2*3&4'564)74)7:4A53(2B@74C71::7D5257&4()2%E
E

./0123%
456./01%
27/82%
.293%

ã 5.14: ¥�fUÌ��üÑÚ���{�'�

5.5.3 óóó���666§§§

d!éæ�O����{üo(. Xã 5.15´���Aæ¥�f6rýÿ�Ü6«

¿ã. ã 5.16´6rýÿó��©�?n6§.
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功率数据 

堆芯模拟 

基线长度 IBD 反应截面 

裂变中微子能谱: 
238U 238U 239Pu 241Pu 核素裂变率 

反应堆 
总中微子能谱 

预测探测器能谱 

ã 5.15: �Aæ¥�f6rýÿ�Ü6«¿

��^¬�¹&
³i���

6&

功率文件 堆芯模拟文件 其他测量文件 

信息提取 

合并文本文件 能谱和误差计算 离线数据库 

ã 5.16: 6rýÿó��©�?n6§
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111888ÙÙÙ ØØØ���©©©ÛÛÛ

�ÙéÚ�Aæ�'�Ø�?1nÜQã. 3?1(¯Ý©Û�, �E χ2 ¼ê 2.5,

3Ù¥Ú�Aæ�'�Ø��©�üa. �a´é¤k�AæÑ���Ø�, ¡�'é

Ø�; ,�aé���AæØ�Ó�Ø�¡��'éØ�. 3kõ�&ÿì?1�éÿ

þ��Aæ¥�f¢�¥, �â'éØ��½Â, dué¤k�AæÑ�Ó, 3ØÓ�&

ÿìw5, O\½~��§Ý´���, �&ÿì�m?1�é'��, 'éØ�ò¬�

���Ø; éA�, �'éØ�Ø¬��-�, �E,¬��4��-�. 3^ χ2¼ê?

1(¯Ý©Û�, Ø�-�ò¬gÄ?1. é�AæUÌýÿ�Ø�©Û�¦´, ò�«

Ø�Uì'é5©a, ¿O��aØ�éo¥�f¯~Ç�Ø���z.

6.1 ���AAAæææ666rrrýýýÿÿÿØØØ���'''ééé555©©©aaa

£�ýÏUÌ�O�úª 7.1, éÙÈ©,·���¯~Ç��m¼ê.

Rd(Eν) =
∑

r

1

4πL2
r

·
W r
th∑

i f
r
i · eri

·
∑

i

f ri ·
∫
Si(Eν)σ(Eν)dEν

︸ ︷︷ ︸
reaction cross section

·εd ·Nd (6.1)

Ù¥�Ø�5k: Ä��Ý Lr , æ�9õÇW r
th , �C°� f ri , zg�Cº�U

þ eri , Ø��C¥�fUÌ Si(Eν) , IBD�A�¡ σ(Eν) . ·�Ø�Ä&ÿì�'�q

Øê8Ú&ÿ�Ç εd�Ø�.

·�Å��	'é5.

1) ÄÄÄ���ØØØ���Úæ�Ã'. 5.2.3!®²QãLÙ�5�Ø��u0.02% , �Ñ.

2) 999õõõÇÇÇéØÓæ�5`�U�3�½'é5, Ï�ù
æ��9õÇÿþXÚÑ

´KME½KIT/KDO XÚ. ,��¡, ��æ�Õá$1, �YXÚ�ØÓ. 3�U�3
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E,'é5��¹e, ����¹, ò9õÇØ�w��'éØ�.

3) ���CCC°°°���é��æ�5`´ØÓ�, w�´�'éØ�.

4) zzz���CCCººº���UUUþþþ, ¦^Kopeikin�O�� 3.3, du¥fÐ¼��z, �3�Ü©�'

é5, du�zé�¿���O�, ù���Ø�w�'éØ�.

5) ØØØ������CCC¥¥¥���fffUUUÌÌÌé¤kæ���, ´��'é�

6) ��� β PPPCCC���¡¡¡Ú�AæÃ'. é¤k&ÿì´��'é�.

3ªf 6.1, e)Ò¤)å5�Ü©�¡�‘�C�A�¡’:

σfi =

∫
Si(Eν)σ(Eν)dEν (6.2)

Ù¿Â´Ø� izg�C3��qØþ��AAÇ. �C�A�¡'u�Aæ´'é�.

6.2 666rrrØØØ���DDD444

6.2.1 ���������ØØØ���DDD444úúúªªª

�k�O��Ônþ F , F = f(x1, x2, ...xi) . xi ´�*ÿþ, ÙÿþØ�´ δxi .

b��*ÿþ�m´Õá�, K x�5�Ø��:

δF

F
=

√√√√∑

i

(
∂F

∂xi

)2

· δx2
i (6.3)

bX�*ÿþ xiÚ xj �m´�p'é�, ¿äk'éXê ρij @o x�5�Ø��:

δF

F
=

√√√√
∑

ij

∂F

∂xi

∂F

∂xj
· δxiδxjρij (6.4)

6.2.2 666rrrOOO���¥¥¥���ØØØ���DDD444

e¡·�Å�?Ø.

õõõÇÇÇØØØ���

X 3.2.3!¤ã, æ�õÇ��éØ��O�0.5%. dª 7.1, õÇÚå�Ø��:

δR

R

∣∣∣
W

=
δWth

Wth
(6.5)

�±wÑ, 0.5%�æ�õÇØ�Úå�¯~ÇØ��´0.5%
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���CCC°°°���ØØØ���

Xc¡ 3.4.2!¤ã, o«'�Ø�3æ�¥��C°���[�Ø��5%. �C°

�Ø�D4I��ÄØ��m�'é5. Xã 6.1w«
æ�¥PuÓ ���)Ó 238U

�mr���6'X. d	, �Aæ$1�¬|^�«��^�¦æ��±3÷õÇN

CHAPTER 6. FISSION RATE CALCULATION 91

6.1 Reactor neutrino

Reactor νe’s are produced in the β-decay of neutron-rich fission fragments in reactor cores.
The production rate of reactor νe’s is obtained with νe energy spectra of four fission elements
per fission reaction and fission rates correlated with total released energy. In nuclear power
reactors, the electric energy is produced by converting the thermal energy produced by the
fission reaction in cores. The fission fragments emit νe’s with β-decay reactions. The thermal
power of the largest power reactors in Japan is about 4000MW per one unit. In this case, the
fission reaction rate is ∼ 1020fission/s and ∼ 6×1020νe’s are emitted per one second. So, nuclear
power reactors are intense sources of νe’s.

6.1.1 Fission elements in reactor cores

In electric-power producing reactors, the nuclear fission reaction is continued to maintain the
rated electric outputs. At Japanese commercial reactors, 235U enriched uranium oxide (UO2) is
used as nuclear fuel. The fission reaction, 235U+n → X1 +X2+x n, produces two fragments and
∼ 2 fission neutrons. The fission neutrons interact and lose their energy through elastic scattering
with moderator water around the nuclear fuel. Then, the thermal neutrons are absorbed by 235U
and some of them cause the chain of fission reactions. Fast neutrons are absorbed by 238U and
cause fission reactions. On the other hand, 238U absorbs neutrons which energy range is 1eV to
1keV and become 239U. 239U repeats the beta decay and neutron absorption as shown in Table
6.1. In these elements, 239Pu and 241Pu have large thermal fission cross section. So, 235U, 238U,
239Pu and 241Pu are main components of fission elements in nuclear fuel.

Mass Atomic number

mumber 92 93 94 95

fission←−−
241 241Pu

β−−−→
13.6y

241Am

↑ (n, γ)

240 240Pu
fission←−−

↑ (n, γ)

239 239U
β−−−→

23.5m

239Np
β−−−→

2.35d

239Pu

fission←−−
↑ (n, γ)

238 238U

Table 6.1: Main components of the U-Pu chain in nuclear fuel.

Figure 6.1 shows the time dependence of fission rates in one of the Palo Verde reactor cores
using same nuclear fuel as Japanese commercial reactors. It is calculated by a reactor core
analysis code. The contribution of four fission elements is dominant, and that of 240Pu and
242Pu is of order 0.1% or less.

6.1.2 Neutrino energy spectrum of each fission element

Most of the fission fragment are neutron rich nuclei and unstable, then undergo β-decays. Each
fission fragment undergoes β-decay ∼ 3 times, so ∼ 6νe’s are produced per fission reaction. The

ã 6.1: 238U�CÚ 239Pu , 241Pu�)'X

C�ð½õÇ, duù���, 235U�üz3æ�¥ÓÙ¦Ø���C��)
ér�

'é'X. @oXÛ��ù
'é'XQ? �æ�Ø>Õ¦^�SCIENCE^��´û�

^�, ¿ØN´éù�¯K?1ïÄ. u�>å�Æ´�æ�Ü�|¤
��, ¦�|^

m�DRAGONæ��[^�éù�¯K?1
ïÄ. �[æ^Ó�æ��q�æ�

��. �
�yDRAGON��^5, u�>å�Æ|^DRAGONÑÑo«'�Ø��

�C°�, ¿Ó�æ�Ø>Õ^SCIENCE^��ÑÑ��C°�?1
'�, (Jw«,

üö�m��O�u3%. ÏdDRAGON��[´���. O��ùA«Ø���C°

�'é'XXL 6.1. k
þ¡A«Ø��'X·��±?1Ø�D4:

δR

R

∣∣∣
α

=

√√√√
∑

ij

∂R

∂αi

∂R

∂αj
· δαiδαj , i, j = 5, 8, 9, 1. (6.6)

�\ê���, 5%��C°�Ø�Úå�¯~ÇØ��0.6%.

zzz���CCCººº���UUUþþþ

��Ø�z�Cº�Uþ�L 3.3�Kopeikin�O��. ,«Ø�z�Cº�Uþ�
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L 6.1: æ�o«'�Ø��C°�'éXê.

235U 238U 239Pu 241Pu
235U 1.00 -0.22 -0.53 -0.18
238U -0.22 1.00 0.18 0.26
239Pu -0.53 0.18 1.00 0.49
241Pu -0.18 0.26 0.49 1.00

Ù¦Ø�Ã', ¤±Ø�D4úª´:

δR

R

∣∣∣
e

=

√√√√∑

i

(
∂R

∂ei

)2

· δe2
i , i = 5, 8, 9, 1. (6.7)

z�Cº�UþØ�Úå�¯~ÇØ��: 0.2%.

���CCC���AAA���¡¡¡���ØØØ���

�C�A�¡�Ø�I�éILLUÌz�bin�Ø�Å�?n. ·���Ú^±c

�Bugey�¢��(J. L 6.2w«
Bugey¢�O��ILLUÌ��C�A�¡9ÙØ

�. duO��C�¡I��U
��IBD�A�¡�#
, ·���ÙØ�, ¥%�|

^y3�êâ?1O�. o«�CØ���C�A�¡pØ�'. Ø�D4Xe:

L 6.2: �C�A�¡, 5g[66].

�CØ� σfi
235U 6.39 ± 1.9%
238U 4.18 ± 2.4%
239Pu 8.88 ± 10%
241Pu 5.76 ± 2.1%

δR

R

∣∣∣
σf

=

√√√√∑

i

(
∂R

∂σfi

)2

· δσ2
fi, i = 5, 8, 9, 1. (6.8)

�C�A�¡Ø�Úå�¯~ÇØ��: 3.0%.
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d	·�3 5.4!¥O�L, Ø¢���XÚØ�?n. Ø¢�Úå�Ø�w,´�

'é�.

±þ?Ø���Ônþ�m´Õá�. ò'éÚ�'é�Ø�©�üa. z�aS

Ü?1²�Ú�\, �±�Ñz�a�oØ�. ù
Ò��(¯ÝO�¥Ñ\� χ2 ¼ê

�'éØ�Ú�'éØ�Ü©. Ø�D4�®o(J�L 6.3.

L 6.3: �Aæ'éØ�Ú�'éØ�®o.

'éØ� �'éØ�

zg�Cº�Uþ 0.2% õÇ 0.5%

zg�CIBD�A�¡ 3% �C°� 0.6%

Ø¢� 0.3%

'é 3% ÜO 0.8%
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111ÔÔÔÙÙÙ ÚÚÚ���AAAæææ¥¥¥���fffOOO������'''���ÙÙÙ¦¦¦

ÔÔÔnnn, ooo(((ÚÚÚÐÐÐ"""

�Ù0�Ú�Aæ¥�fO��'�Ù¦Ôn, ¿éïÄ�K?1o(ÚÐ".

7.1 ÚÚÚ���AAAæææ¥¥¥���fffOOO������'''���ÙÙÙ¦¦¦ÔÔÔnnn¯̄̄KKK

¥�f6rO�UØ
Jø��Aæ¥�f¢�7��©Û|±	, ��±��


k��Ôn�K.

���)))���AAAæææ¥¥¥���fffUUUÌÌÌ

3c¡ 4.2!¥0�
ILL¢�ÿþ�Ø��C¥�fUÌ. k
ù�UÌ, âUO�

�Aæ¥�fUÌ. 3�Aæ¥�f¢�¥, ´ÄU
|^C:&ÿì�êâ5�)æ�

¥,«Ø���C¥�fUÌQ? �C��
ïÄw«
ù«�U5[67].

é�æ�¢�5`, ��ýÿUÌ�°Ý��2%Ò�±÷vÔn�¦, ²L�C�

é&ÿ�-�, �±~�� ∼ 0.1%. 3CHOOZ¢�ÚDouble CHOOZ ¢�¥, ¦�ò

ýÿUÌ8�z�Bugey¢�ÿþ��C�A�¡þ, ¿¦�C�¡�Ø� ~�1.4%.

·���±|^C:&ÿìÿþ([Ü)�CUÌ, �Bugey��, �±��¢�Jø��

�øë���C¥�fUÌ�¢���.

·�k^��'�{ü��/, =���AæÚ��&ÿì��/. b�&ÿì*

ÿ��¥�fUÌ^ S(Eν)L«, Ø���C¥�fUÌ^ Si(Eν)L«, @oXc¤ã,
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Isotope Visible Spectrum
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ã 7.1: |^¥�f&ÿì)Ì«¿ã

kXe'X:

S(Eν) =
1

4πL2
·

Wth∑
i fi · ei

·
∑

i

fi · Si(Eν) · σ(Eν) · εdNp (7.1)

·�I�¦)�Ò´ Si(Eν) · σ(Eν) . �âc¡�½Â, ÙÈ©Ò´�C�A�¡:

σfi =

∫
Si(Eν) · σ(Eν)dEν (7.2)

Xã 7.1´ù�Ôn¯K��*`². �ý�ã´C:&ÿì&ÿ��¥�fU

Ì, m>�ãL«o«'�Ø��g�C3&ÿì¥Ú��qØ�A�UÌ��Ò´:

Si(Eν) · σ(Eν) .

Xc¤ã, ·��±lØ>Õ��ªf 7.2¥�A�: õÇWth , �C°� fi . @o

Ù¥��Ø���ÔnþÒ´4� Si(Eν) . C:&ÿì��ÿþõu4�ØÓUÌ, �K

þÒ�±UìUþ Eν Å:r Si(Eν))Ñ5. Xc¤ã, 3æ�$1L§¥, zU�±�

��|�Aæêâ, ��-�Ì�Ò�±k500U�mUÌ�êâ8. |^ù
êâ?1

[Ü�±���`�[Ü�.

3ùp, ·�ü«��¦)�C�¡ σf �~f.

^ iL«1 iU. &ÿì¥1 iU�¯~Ç�±XeL«, ùp·�U^ k��Ø�
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�IP.

µi =
1

4πL2
· Wi∑

k αki · ek
·
∑

k

αki · σfkNp · εd (7.3)

·�^ù�ªf5�E χ2¼ê. �Ä¤k'��Ø�, χ2¼êXe�E:

χ2 = min
γ

∑

i

(
Ri −

1

4πL2

Wi∑
k αik(1 + δαk) · ek(1 + δek)

∑
k αik(1 + δαk)SkNpεd(1 + δwd)

)2

Ri +R2
i σ

2
µi

+
∑

k

(
δαk
σαk

)2

+
∑

k

(
δek
σek

)2

+

(
δwd

σwd

)2

(7.4)

Ù¥ RiL«ÿþ�¯~Ç, αk L«�C°�, ek L«z�Cº�Uþ, wdL«&

ÿìÚæ�Ü¿��.

σ2
wd = σ2

w + σ2
d (7.5)

Ù¥ σw L«9õÇXÚØ�

σdL«¤k&ÿì�Ø�

σµi �Ä
¯~Ç�ÚOØ�, �¹
õÇ�Þá. χ2 ¼ê¬gÄ�¹XÚØ��m�

'é'X.

�EÐ χ2¼ê��, ·���eu�. ÿÁ��{UXe�Ú½?1.

1) b��|“ý�” �C�A�¡ σfk

2) �½���CÇ��m�üz�(��-�Ì�). ¿b����AæõÇ.

3) |^þ¡�1) Ú2) )¤&ÿì¥�¥�f¯~Ç��m�üz(��-�Ì�).

4) ^þ¡� χ25[Üù
êâ.

Ñ\�Ø�XL 7.1 ÿÁ¤���(JXL 7.2. �±w�, Ø
 238U�	, (J¿Ø

�. ù�´��ð½õÇe�ü�Aæü&ÿì�[Ü. 3¢S$1L§¥, kõ�C:

&ÿì, k6��Aæ, ¿�ù6�ækÊmæÚåáõÇ�Cz, ù
�	�Czò�5

�õ�&E, �~k�U���\O(�[Ü(J.

ØØØ---���OOO���iiiÿÿÿ

Ø�Aæ´�)ÉìØ-����å». ��Aæ?1Ø-�)�¹Ä�, Ù$1�

ª¬u)Cz, æ�SØ��Ø���C°�¬C�Ø��. 3¬^�û��Aæ¥, ~
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L 7.1: Ñ\� χ2¼ê��.

Ø�� � χ2¥�� �5

�C©� 5% σαk
zg�Cº�Uþ 0.4% σek
9õÇØ� 0.6% σαw
¯~Ç�ÚOØ� 0.5% σαµi �¹
õÇÞá�

&ÿìØ� 1% σαd �¹�«&ÿìØ�

UþIÝ 6��Ä

Ä��Ý 6��Ä

L 7.2: χ2[Ü σf �ÿÁ(J.

ý¢� [Ü� 90%�&«m(�é[Ü¥%�)
235U 6.14105 6.1409 -1.4%-1.5%
238U 9.08017 9.0821 -17%-18%
239Pu 4.1275 4.12731 -3.2%-2.9%
241Pu 5.69136 5.6913 -4.9%-4.9%

X�æ�Ø>Õ, Ø¬?1�^)�, �´�±�����.ïÄ. 8cISþÌ�´I

S�fUÅ�'�'%ùaïÄ, kA�¢�|3?1�'ïÄ. Ì�8I´^��'�

��&ÿìÙ�3æ�NC?1iÿ.

3�æ�¢�¥, C:&ÿì�±°(ÿþæ��¥�fUÌ. 3þ�!¥, ·��

ã
3®�Ø>ÕJø�æ�Ø��C°���¹e, �±^4�z�{[ÜÑ5Ø�

��CUÌ, 8I´���Ð�Ø���CUÌ. 3O�iÿ¥K´^®�Ø���CU

Ì, 5�)Ø�3æ�¥�C��é'~, ��k4���ê. 3,�U½öAUS, æ

�SØ���C°�´CqØC�, ^C:&ÿì�±^��'�Ð�ÚOþÿþ��

�o�¥�fUÌ. �Ø� k ��CUÌ´ Sk(Ev) , &ÿì&ÿ��o¥�fUÌ�

S(Ev) , Ø� k�C'~� αk , Kk:

S(Ev) = C ·
∑

k

αk · Sk(Ev) (7.6)

Ù¥ C L«Ù¦�'��8�zÏf. éUþ?1Å:[Ü, A��±±��'�Ð�
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°Ý[ÜÑ5 αk ��. �Uì�m, ÅU½öz±�ù��[Ü, Ò�±���^��

��C°���m��. /Ïù^�Ò�±�äæ�S�CØ���é'~´Ä?

3���~�Y²þ, l��O�iÿ�ë�.
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O�[39], �Ñ
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�C¥�fUÌ, ¿�Ñ(Ø¥�fUÌ�8�zê�'�5ILL=z(JpÑ3%�, G.

Mention�<|^#�UÌ#�n
{¤þ�áÄ�¥�f¢�[68], Xã 7.2
10

N O
BS

/(N
EX

P) pr
ed

,n
ew

Distance to Reactor (m)

Bu
ge

y−
4 

RO
VN

O
91

 

Bu
ge

y−
3 

Bu
ge

y−
3 

Bu
ge

y−
3 G

oe
sg

en
−I

G
oe

sg
en
−I

I

G
oe

sg
en
−I

II

IL
L 

   
 

Kr
as

no
ya

rs
k−

I

Kr
as

no
ya

rs
k−

II

Kr
as

no
ya

rs
k−

III

SR
P−

I  
 

SR
P−

II 
  

RO
VN

O
88
−1

I
RO

VN
O

88
−2

I

RO
VN

O
88
−1

S

RO
VN

O
88
−2

S

RO
VN

O
88
−3

S

Pa
lo

Ve
rd

e

CH
O

O
Z 

  

101 102 103

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

FIG. 5. Illustration of the short baseline reactor antineutrino anomaly. The experimental results are compared to the prediction
without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron mean lifetime, and the
off-equilibrium effects. Published experimental errors and antineutrino spectra errors are added in quadrature. The mean
averaged ratio including possible correlations is 0.943 ± 0.023. The red line shows a possible 3 active neutrino mixing solution,
with sin2(2θ13) = 0.06. The blue line displays a solution including a new neutrino mass state, such as |∆m2

new,R| ! 1 eV2 and

sin2(2θnew,R) = 0.12 (for illustration purpose only).

ting ∼ 1 MeV electron neutrinos. [57], following the
methodology developed in Ref. [56, 58]. However we
decided to include possible correlations between these
four measurements in this present work. Details are
given in Appendix B. This has the effect of being
slightly more conservative, with the no-oscillation hy-
pothesis disfavored at 97.7% C.L., instead of 98% C.L.
in Ref. [56]. Gallex and Sage observed an average deficit
of RG = 0.86 ± 0.06 (1σ). Considering the hypothesis of
νe disappearance caused by short baseline oscillations we
used Eq. (13), neglecting the ∆m2

31 driven oscillations
because of the very short baselines of order 1 meter. Fit-
ting the data leads to |∆m2

new,G| > 0.3 eV2 (95%) and

sin2(2θnew,G) ∼ 0.26. Combining the reactor antineu-
trino anomaly with the gallium anomaly gives a good fit
to the data and disfavors the no-oscillation hypothesis at
99.7% C.L. Allowed regions in the sin2(2θnew) − ∆m2

new

plane are displayed in Figure 6 (left). The associated
best-fit parameters are |∆m2

new,R&G| > 1.5 eV2 (95%)

and sin2(2θnew,R&G) ∼ 0.12.

We then reanalyzed the MiniBooNE electron neutrino
excess assuming the very short baseline neutrino os-
cillation explanation of Ref. [56]. Details of our re-
production of the latter analysis are provided in Ap-
pendix B. The best fit values are |∆m2

new,MB| = 1.9 eV2

and sin2(2θnew,MB) ∼ 0.2, but are not significant at
95% C.L. The no-oscillation hypothesis is only disfa-
vored at the level of 72.4% C.L., less significant than
the reactor and gallium anomalies. Combining the re-
actor antineutrino anomaly with our MiniBooNE re-

Experiment(s) sin2(2θnew) |∆m2
new| (eV2) C.L. (%)

Reactors (no ILL-S,R∗) 0.02-0.20 > 0.40 96.5
Gallium (G) > 0.06 > 0.13 96.1

MiniBooNE (M) — — 72.4
ILL-S — — 68.1

R∗ + G 0.05-0.22 > 1.45 99.7
R∗ + M 0.04-0.20 > 1.45 97.6

R∗ + ILL-S 0.02-0.21 > 0.23 95.3
All 0.06-0.22 > 1.5 99.8

TABLE III. Best fit parameter intervals or limits at 95% C.L.
for sin2(2θnew) and |∆m2

new| parameters, and significance of
the sterile neutrino oscillation hypothesis in %, for different
combinations of the reactor experimental rates only (R∗), the
ILL-energy spectrum information (ILL-S), the gallium experi-
ments (G), and MiniBooNE-ν (M) re-analysis of Ref. [56]. We
quantify the difference between the sin2(2θnew) constraints
obtained from the reactor and gallium results. Following pre-
scription of Ref. [77], the parameter goodness-of-fit is 27.0%,
indicating reasonable agreement between the neutrino and an-
tineutrino data sets (see Appendix B).

analysis leads to a good fit with the sterile neutrino
hypothesis and disfavors the absence of oscillations at
98.5% C.L., dominated by the reactor experiments data.
Allowed regions in the sin2(2θnew) − ∆m2

new plane are
displayed in Figure 6 (right). The associated best-
fit parameters are |∆m2

new,R&MB| > 0.4 eV2 (95%) and

sin2(2θnew,R&MB) ∼ 0.1.

ã 7.2: áÄ�¥�f¢��U�¥�f��[68]. ¢�(JÚýÏÃ��¥�fUÌ�

'�, �Ä
#�¥�f6r, #�¥fÆ·, �²ï�?��. Ø��´^¢

�uÙ�Ø�ÚUÌØ��²�ÚO�Ñ5�.²þ'~�: 0.943 ± 0.023. ù�

L«n«¥�f·Ü���), Ù¥b� sin2(2θ13) =0.06 . 7Ú�w«
�

«o¥�f·Ü�), �¹
��#�¥�f�þ( |∆m2
new,R| �1 eV2 ), ±9

sin2(2θnew,R) = 0.12 .

^#�UÌ?n±c¢��(Jw«, ¦��Ä�3ý5¥�f¿u)����¹:

Pee = 1− cos4 θnew sin2(2θ13) sin2
(∆m2

31L

4Eν̄e

)
− sin2(2θnew) sin2

(∆m2
newL

4Eν̄e

)
(7.7)

*ÿ¯~Ç'ýÿ¯~Ç�$ R = 0.943 ± 0.023 , ¦�@��U�3¥�f��. 3�

æ�¢�¥, ·�òÓ�æ^�5ILL�UÌÚMueller, Huber�<O��#¥�fUÌ
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?1©Û. C:&ÿìål�Aæ�CØ�400�, θ13��å5�ÌÝ��, Ïd�±�

�d«ïÄ���¢�êâ:�Ö¿.

|^áÄ�¥�f¢��y´Ä�3ý5¥�f��15¿Øp. ÃØ´ILL¢�=

��¥�fUÌ�´#O��¥�f�CUÌ, Ñ´Äu�.ïáå5�, ¯¢þØU�

����ä��â, k�U§´�Ø�. 8cïÄý5¥�f'��1��Y´|^Æ

·'��� β ��5��¥�fïÄ[69]. Xc¡Ù!¤ã, ù
�Æ·���þ

�3u�Aæ�Ø¢�p. ²LØ¢��JX�±��ù
XÀ�����¢�ïÄ

�^.

7.2 ooo(((ÚÚÚÐÐÐ"""

7.2.1 ØØØ©©©ooo(((

�Ø©�ó�Ì�´3�æ�¢�¥ïáýÿ�Aæu��¥�fUÌÚ6r��

{, ¿3¢�¥±Y�Ü�|JøÔn©Û�êâ|±.

Ø©�¹±eA��¡:

1�Ü©´O��Aææ�So«'�Ø� 235U , 238U , 239PuÚ 241Pu��CÇ

��m�Cz. Äk0�
O�I��A�'���: 1) 9õÇ�ÿþXÚÚÿþ�{,

�O
9õÇ�Ø�. 2) æ�S-��üz, �O
�C°��Ø�. 3) �CØ�zg

�Cº��Uþ9ÙØ�. k
ù
O��'�����, 0�
XÛ^ù
êâO�

�ªæ�¥Ø��CÇ, ±9§���m�üz.

1�Ü©0�3|^Ø>ÕêâO�Ñ5Ø��CÇ��, XÛ��æ�u��o

¥�fUÌÚ6r. ù�Ø��fØ�C�u��¥�fUÌ�'. 0�
ILL¢�éØ

��C¥�fUÌ�ÿþÚO�, ¿�0�
#�ÄuILLêâO��¥�fUÌ9Ùé

¥�f¢��K�. òØ��g��CUÌÚÙ3æ�¥��CÇ�¦Ò��ù«Ø�

�o¥�fUÌ, é¤kØ�¦ÚK���æ�oUÌ.

1nÜ©0�3&ÿì¥�ýÿ¥�fUÌÚ6r. Äk0�¥�f�&ÿ�n:

¥�f3&ÿì¥u) β PCº�ä�A��ü�1&Ò, ÎÜù
A��Ò´ÿÀ�

¥�f¯~. 0�� β PC��A�¡�O�. 3¢�¥�O(ýÿ&ÿì?�¥�f

6rI���&ÿì�æ��Ä��Ý, �æ�¦^
õ«Ãã?1Õ:tÿ. ©¥�
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y
��æ��±w���:¥�f, ¿�ïáO���:��{. Äu��:�Ä

�Ø��±�Ñ. 3k
æ�u�UÌ, � β �¡±9Ä���¹e, �±ýÿ3&ÿì

¥�¥�fUÌ. ÙgO�
3æ�¥���²ï���Æ·Ø�±9æ�NC�Ø¢

�é¥�f��	�z. ��0�
UÌýÿ�ó�6§, ±9¦^êâ¥¥lÑ�ý

ÿ¥�fUÌ�'�Ð��«Äuéê�IXC����O��{.

1oÜ©8¥0�
O�L§¥�9��aE,Ï��Ø�±9ù
Ø�éUÌý

ÿØ���z. éù
Ø�UìÔn©ÛI¦©a�'éØ�Ú�'éØ�üÜ©. �

�éüaØ�©O?1Ø�D4, ��¥�fUÌýÿ�Ø��O.

��, ùã
Úæ�UÌO��'�Ù¦Ôn¯K. ?1
o(ÚÐ".

7.2.2 ÐÐÐ"""

�æ�¢�®²$18��, ¿�uL
1��Ôn(J. 3IS¿�-���¸e

Äkuy¥�f·Ü� θ13 Ø�0�yâ. 3��¢��ªm©�ê�c, �'�©Ûó

ä�)UÌýÿ�©Û®²O�Ð.

�æ�¢�8cuL�(J´Äu¯~Ç���©Û. 3�5�2�3cS¢�òU

Y�ê, ¦·�kv
�ÚOþ?1UÌ/G���©Û, Ó�¦·�U±.�p�°

Ý°(ÿþ θ13 . æ�UÌýÿ´¢�7Ø���©Û. 3¢��5��mpòUY±Y

�¢�JøÔn©Û�êâ|±.

Ø
¥�f��, �Aæ¥�fUÌO��k�
Ù¦Ôn�K�±ïÄ, ~X)Û

Ø��C¥�fUÌ, iÿæ�Ø��'~��Ø*Ñ, ±9ïÄ�U�3�ý5¥�f

�.
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