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Measurement of the Neutron Capture Time on Hydrogen at the RENO
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RENO (Reactor Experiment for Neutrino Oscillation) uses the inverse beta decay (ν̄ + p → e+

+ n, IBD) process to measure the neutrino mixing angle (θ13) at the Hanbit nuclear power plant.

The reactor antineutrinos are detected through IBD followed by neutron capture. A neutron can

be captured by gadolinium (Gd) or hydrogen in the detector. In the case of hydrogen capture, the

capture time is longer than it is for the case of Gd capture, and the signal distribution differs with

the region in the detector. And, the neutron capture time of data is affected by background. In

this paper, the neutron capture time by hydrogen is estimated by using a Monte Carlo simulation

(MC), and then the result is compared with the experimental data.
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)

ìøÍ�����×�æ$í
p���_� ���1lx���8̈��©�Ãº (θ13)\�¦ 8£¤&ñ

���H RENO (Reactor Experiment for Neutrino Os-

cillation) z�́+«>�Ér %i�Z���Ô�æõ� (Inverse Beta Decay, ν̄ + p → e+ + n, IBD) õ�&ñ
�̀¦ s�6 xô�Ç��. ×�æ$í
��

_� �â
Äº ���Ø�¦l� ?/ÂÒ\�"f ��[�to�³ou (Gd)õ� Ãº�è\� �íS\�÷&��H ¿º ��t� õ�&ñ
s� e����. Ãº�è\� �íS\�÷&��H

�â
Äº ��[�to�³ou\� �íS\�÷&��H �â
Äº�Ð�� |�� �íS\�r�çß��̀¦ °ú���H��. s�\� ���� ���Ø�¦l�_� %ò
%i�\� ���� �íS\�r�

çß�_� ì�r�í�̧ ²ú��������. ¢̧ô�Ç X<s�'�_� �â
Äº Ñþ�Õª��î�r×¼_� %ò
�¾ÓÜ¼�Ð ×�æ$í
��_� �íS\�r�çß�_� ì�r�í�� %ò


�¾Ó�̀¦ ~ÃÎl� M:ë�H\� f��]X�&h���� 8£¤&ñ
s� #Q§>���. s� �7Hë�H\�"f��H �7H_�
�\�¦�Ð r�ÓýtYUs���� (MC)�̀¦ s�6 x
�#�

×�æ$í
�� �íS\�r�çß��̀¦ SX����
��¦ X<s�'�\�"f 8£¤&ñ
�)a °úכõ� q��§K� �Ð��¤��.
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I. "e Â]Ø

RENO (Reactor Experiment for Neutrino Oscillation)

z�́+«>�Érô�ÇynC"é¶��§4�µ1Ï����è_�"é¶���Ð_�Ùþ�ì�r\P�õ�&ñ
\�"f

Òqt$í
÷&��HìøÍ�����×�æ$í
p���\�¦��H��o����Ø�¦l� (near detec-

tor, ND) ü< "é¶��o� ���Ø�¦l� (far detector, FD)\�"f {9�#Q

����H %i�Z���Ô�æõ� õ�&ñ
�̀¦ s�6 x
�#� 8£¤&ñ
ô�Ç��. %i�Z���Ô�æ

õ� õ�&ñ
\�"f ���̧��H ×�æ$í
���� ��[�to�³ou\� �íS\�÷&��H �â


Äº\� @/K�"f��H 2012�̧� ×�æ$í
p��� ���1lx���8̈��©�Ãº (θ13) 8£¤

&ñ
 ���õ�\�¦ µ1Ï³ð
�%i��� [1,2]. RENO ���Ø�¦l�\�"f��H ×�æ$í


���� Ãº�è\� �íS\�|̈c �â
Äº_� s��$�àÔ�̧ �©�{©�Ãº�� �>rF�ô�Ç

��. s�\� ���� Ãº�è�íS\� �)a �â
Äº\� @/
�#� ì�r$3��̀¦ ���'��

×�æ\� e��Ü¼ 9 s�\�¦ :�x
�#� ��[�to�³ou\� @/ô�Ç ���õ�ü< q��§


�#� SX����½+É Ãº e����. #�l�"f ×�æ$í
��_� �íS\�r�çß��Ér Ñþ�Õª

��î�r×¼�� ú́§�Ér Ãº�è�íS\�_� �â
Äº ×�æ¹כô�Ç ���Ãº�Ð ���6 xô�Ç

�� [3,4]. s�\� @/ô�Ç :£¤$í
�̀¦ �7H_�
�\�¦�Ð r�ÓýtYUs�����̀¦ :�x

K� SX����
��¦ X<s�'�\�"f %3��Ér °úכõ� q��§
�%i���.

II. únÞVRË�� �ºT�� S���m

1. únÞVRË�� �ºT�� ÊÝXNË

Fig. 1õ� °ú s� ìøÍ����� ×�æ$í
p�����H RENO ���Ø�¦l� ?/

ÂÒ\�"f �ª�$í
��ü< ëß��� %i�Z���Ô�æõ� ìøÍ6£x�̀¦ {9�Ü¼�����. s�

õ�&ñ
 ×�æ\�"f Òqt$í
�)a �ª������ (positron)��H �©��èY>� (pair

annihilation) 
�#� ��� ñ\�¦ µ1ÏÒqt
��¦, ×�æ$í
��_� �â
Äº ���

çß�_� r�çß�1lxîß� s�1lx
�#� ���Ø�¦l� ?/ÂÒ_� ��[�to�³ou x9� Ãº

�è\��íS\�
�#���� ñ\�¦µ1ÏÒqt
�>��)a�� [5]. s�õ�&ñ
\�"f�ª�

�����ü<×�æ$í
����� ñ_�r�çß�	�s�\�¦:�x
�#�×�æ$í
��_��íS\�

r�çß� (capture time)�̀¦ 8£¤&ñ
½+É Ãº e����. ×�æ$í
��_� �íS\�r�

çß��Éríß�êøÍéß����&h�õ��'a>�÷&��HX<��[�to�³ou_��â
Äº�ª�$í
��

\� q�K� ��� 16ëß� C� �8 	�H íß�êøÍéß����&h��̀¦ °ú��¦, ×�æ$í
����

Ãº�è\� �íS\��)a �â
Äº �Ð�� |�� �íS\�r�çß��̀¦ °ú��¦e���� [6,7].

RENO ���Ø�¦l���H Fig. 2ü< °ú s� target, γ-catcher, buffer,

veto_� 4��t�%ò
%i�Ü¼�Ð ½̈$í
÷&#Qe����. Target%ò
%i�_��â


Äº ��[�to�³ous� 6 xK��)a Ó�o�̂$3�F�g���Ø�¦ 6 xÓ�o (Gadolinium-

loaded Liquid Scintillator, GdLS)Ü¼�Ð ½̈$í
÷&#Q ×�æ$í
��

����[�to�³ou<�Ê�ÉrÃº�è\��íS\��)a�â
Äº¿º��t��â
Äº�� �̧

¿º�>rF�
�t�ëß� γ-catcher%ò
%i�_��â
ÄºÓ�o�̂$3�F�g���Ø�¦6 xÓ�o

(liquid scintillator, LS)Ü¼�Ð ½̈$í
÷&#Q Ãº�è\� �íS\��)a �â


Äº_� s��$�àÔëß� �>rF�ô�Ç�� [5].

Fig. 1. (Color online) Neutron capture on hydrogen.

Fig. 2. (Color online) A schematic view of RENO detect-
or. RENO detector consists of four layers: target, γ-
catcher, buffer and veto.

2. ÃXØ?_
�õu§zº S�öoÚ7_T��ÓÅ

RENO���Ø�¦l�\�"f×�æ$í
���íS\�r�çß�8£¤&ñ
�̀¦0AK��7H_�

�\�¦�Ð r�ÓýtYUs���� s�6 x
�#� ���$� ���Ø�¦l� %ò
%i�Z>��Ð �í

S\�r�çß��̀¦SX����
�#��Ð��¤��.�7H_�
�\�¦�Ðr�ÓýtYUs����_��â

Äº %i�Z���Ô�æõ� s��$�àÔ\�¦ Òqt$í
ô�Ç Êê GLG4SIM�̀¦ s�6 x
�
#� RENO ���Ø�¦l� 8̈��â
�̀¦ r�ÓýtYUs���� 
�%i��� [8–10].

Fig. 3�Ér Ãº�è\� �íS\��)a s��$�àÔ_� 0Au�ì�r�í\�¦ ���Ø�¦l�
ìøÍt�2£§_� ]jY�L (ρ2) õ� Ãºf�� Z�}s� (Z) \� @/
�#� Ò�o¾ú�
�̀¦ :�xK� s��$�àÔ_� x9�|9��̧\�¦ ����?/%3��¦, Ô���ÉrÒ�o\� ����
Ö�¦Ãº2�¤ ú́§�Ér s��$�àÔ�� �>rF��<Ê�̀¦ �����·p��. Target %ò
%i�
_� �â
Äº ��� 90%�� ��[�to�³ou\� �íS\�\� ÷&#Q γ-catcher %ò

%i�\� q�K� ����Ér �ª�ëß�s� �>rF�
���H �¦̀�	כ SX���� ½+É Ãº e����
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Fig. 3. (Color online) Vertex distribution of hydrogen
capture events.

Fig. 4. (Color online) Neutron capture time by hydrogen
in the MC.

[11]. Õªo��¦ γ-catcher %ò
%i� ��¾ú Ü¼�Ð�̧ ×�æ$í
���� �íS\�
÷&l� �����t� s�1lxÜ¼�Ð ���K� {9�ÂÒ s��$�àÔ�� �>rF�
��� Ó�o

�̂$3�F�g���Ø�¦6 xÓ�oÜ¼�ÐG�0>4Re��t�·ú§l�\���� ñ�����Ø�¦÷&

t���H ·ú§��H��.
×�æ$í
��_� �íS\�r�çß��Ér l��:r&h�Ü¼�Ð %i�Z��� Ô�æõ� Êê Òqt

$í
�)a �ª������_� �â
Äº B�Äº Âúª�Ér r�çß� ?/\� ��� ñ\�¦ ?/��H

�¦̀�	כ �¦�9
�#� �ª������ ��� ñü< ×�æ$í
�� ��� ñ_� r�çß�	�s�

\�¦ :�x
�#� 8£¤&ñ
½+É Ãº e����. s�\�¦ s�6 x
�#� �7H_�
�\�¦�Ð
r�ÓýtYUs����_�×�æ$í
���íS\�r�çß�\�@/ô�Çì�r�í\�¦SX����
����

Fig. 4_� �â
Äº target %ò
%i�\�"f��H �íS\�r�çß�s� ��� 60 µsec
s����õ� s�Êê�Ð ��ØÔ>� y���è
���H $í
ì�rõ� ��;��;y� y���è
�

��H¿º��t�$í
ì�rs�[O�#�e����Hì�r�í\�¦�Ð�����.s���HÃº�è�í
S\�_� �â
Äº q��§&h� �íS\�r�çß�s� |�� :£¤$í
�̀¦ °ú�t�ëß�, target
%ò
%i�\�"f��H��[�to�³ous�6 xK�÷&#Qe��#QÃº�è\��íS\�÷&l�

0AK�"f��H ��[�to�³ouõ� q�5pwô�Ç ���Ér r�çß�\� �íS\��)a s��$�

àÔ�� ÅÒ�Ð �>rF�
�#� �Ðs���H �&³�©�Ü¼�Ð s�K�
��¦ e���� [5].
γ-catcher %ò
%i�_� �â
Äº Ãºf��»¡¤�̀¦ �ÐÕª Û¼H�{9��Ð SX����½+É
r� f�����%�!3� y���è
���H �¦̀�	כ �̂¦ Ãº e���¦ s�\�¦ t�Ãº�<ÊÃº\�¦

s�6 xô�Ç x�h�A�̀¦ :�x
�#� �íS\�r�çß��̀¦ 8£¤&ñ
 ½+É Ãº e���� [11].

Fig. 5. (Color online) Neutron capture time before back-
ground subtraction in the ND (top) and FD (bottom).

3. únÞVRË�� �ºT��S���m �	¤XNË

X<s�'�_� �â
Äº�̧ �7H_�
�\�¦�Ð r�ÓýtYUs����õ� °ú s� �ª�

�����ü< ×�æ$í
��_� r�çß�	�s�\�¦ s�6 x
�#� Ãº�è\� _�ô�Ç ×�æ

$í
��_� �íS\�r�çß��̀¦ 8£¤&ñ
½+É Ãº e����. ô�Ç ��t� ë�H]j&h��Ér
Fig. 5\�"fü< °ú s� X<s�'�_� �â
Äº Ñþ�Õª��î�r×¼�� �í�<Ê÷&
#Q e��#Q &ñ
SX�ô�Ç 8£¤&ñ
s� #Q�9î�r &h�s� e����. "é¶��o�_� �â

Äº q��§&h� ú́§�Ér Ñþ�Õª��î�r×¼�Ð ���K� �íS\�r�çß�s� ��� 400
µsec Ãºï�rÜ¼�Ð ß¼>� 8£¤&ñ
÷&��H �¦̀�	כ SX���� ½+É Ãº e����. Ãº
�è�íS\� s��$�àÔ_� �â
Äº ü@ÂÒ\�"f [þt#Q�̧��H ynCÜ¼�Ð ���ô�Ç

accidental background�����©�	�Hq�Ö�¦�̀¦	�t�ô�Ç��.s�\�¦
s�6 xK�"fÑþ�Õª��î�r×¼_��ª��̀¦·ú����çß�]X�&h�Ü¼�Ð%i�Z���Ô�æ

õ� s��$�àÔ\� _�ô�Ç ×�æ$í
�� �íS\�r�çß��̀¦ 8£¤&ñ
½+É Ãº e����.

f(x) = a1 · e−
x

τ1 + a2 · e−
x

τ2 (1)

×�æ$í
��_��íS\�r�çß�ì�r�í, f(x)��Hd�� (1)õ�°ú s� normalize
factor (a1, a2), capture time (τ1), background rate (τ2)�Ð
³ð�&³ ½+É Ãº e���� [12]. #�l�"f ¢,aAá¤ �½Ó�Ér %i�Z���Ô�æõ� s�
�$�àÔ, �̧�ÉrAá¤ �½Ó�Ér Ñþ�Õª��î�r×¼\�¦ �����·p��. ëß���� Ñþ�Õª��
î�r×¼_� �ª��̀¦ ·ú��¦ e�������, a2\�¦ d�� (2)ü< °ú s� %i�Z���Ô�æ
õ� s��$�àÔÃº (NIBD)ü< Ñþ�Õª��î�r×¼s��$�àÔÃº (NBKG)�Ð
����è­q Ãº e����.

a2 =
a1τ1(1− e−

400
τ1 )

NIBD/NBKG · τ2(1− e−
400
τ2 )

(2)
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Fig. 6. (Color online) Fitting plot with background of
FD.

Fig. 7. (Color online) Comparison of neutron capture
time between MC and data.

Table 1. Neutron capture time on hydrogen in the ND
and FD.

Capture time (µsec)

MC 206.0 ± 0.5

ND 205.3 ± 1.0

FD 206.8 ± 4.3

s� d���̀¦ s�6 x
�#� ×�æ$í
�� �íS\�r�çß��̀¦ x�h�A
���� Fig. 6ü<
°ú s�%i�Z���Ô�æõ�s��$�àÔü<Ñþ�Õª��î�r×¼\�¦$í
ì�r_�ì�r�í\�¦

y��y�� %3�#Q è­q Ãº e����. s�ü< °ú �Ér ~½ÓZO�Ü¼�Ð "é¶·��H��o� �̧
¿º ×�æ$í
�� �íS\�r�çß� (τ1)�̀¦ %3�%3���.

Fig. 7�Ér %i�Z���Ô�æõ� s��$�àÔ $í
ì�rëß��̀¦ s�6 x
�#� �7H_�

�\�¦�Ðr�ÓýtYUs����õ�X<s�'�_��íS\�r�çß�ì�r�í\�¦q��§
�

%i��¦, Table 1\� 8£¤&ñ
�)a °ú̀�כ¦ &ñ
o�
�%i���.

III. ~¿ Wdl

RENO���Ø�¦l�_� γ-catcher%ò
%i�\�"f×�æ$í
����Ãº�è\�
�íS\��)a �â
Äº\� @/
�#� �íS\�r�çß�_� ì�r�í x9� °ú̀�כ¦ SX����
�

%i���. X<s�'�_� Ñþ�Õª��î�r×¼ $í
ì�r�̀¦ ]j��
�#�, �7H_�
�\�¦

�Ð r�ÓýtYUs����õ� "é¶·��H��o� ���Ø�¦l� �̧¿º q�5pwô�Ç ì�r�í\�¦
�Ðs���H �¦̀�	כ SX���� 
�%i��¦, 8£¤&ñ
°úכ ¢̧ô�Ç ��� 206 µsec\�"f

��_� {9�u�
���H �¦̀�	כ SX����
�%i���.

Pcp��8ý òk>

s� �7Hë�H�Ér 2009�̧��̧ &ñ
ÂÒ (p�A��½Ó�̧õ��<ÆÂÒ)_� F�"é¶

Ü¼�Ð ô�Ç²DG���½̈F�éß�_� t�"é¶ (No. 2010-0007850)Ü¼�Ð [O�

wn��)a ô�Ç²DG×�æ$í
p������½̈G'p'�ü< l��í���½̈��\O�t�"é¶, Sam-

sung Scie-nce & Technology Foundation (SSTF-BA1402-

06)_� t�"é¶�̀¦ ~ÃÎ�� Ãº'���)a ���½̈{9�m���.
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