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Abstract
We develop a high time resolution bunch-width monitor for muon linac and demonstrated to measure a bunch size

of 89 keV negative muonium ions (µ+e−e−) accelerated with a radio-frequency linear accelerator. The bunch-width
monitor employing micro-channel plate achieves time resolution of σ = 65 ps. In the demonstration of the bunch width
measurement using this monitor, the bunch width of σ = 0.55± 0.14 ns is obtained. This result means the utility of this
monitor to measure a bunch length of low-energy and low-intensity muon beam.
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^�S�U	Â�t�þ�q�l�o�V�h�{�7	ý�w�A�L�q�`�o 2000 �å�E
�t�x�����Ò�ç�¿�«�Ô�Ò�ï���q�Z�€	t (BNL) �p�æ�˜�•�h
BNL E821 �î�g [1] �t�‘�l�o 540 ppb (ppb=10−9) �q
‡	×
�t�ô�M
^�S�p�w�����U�æ�˜�•�h�{�\�w�A�L�x�q�O
ª	j�Û
���T�’�w�'���‹�t�0�`�o�S�‘�f 3 σ �w���™�S�p�˜�c�T�t
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ú�g�w�/�)�t�‘�”�‹�w�p�x�s�M�T�q�8�4
�^�•�o�M�”�{�f�•�›�Ì�’�T�t�b�”�h�Š�t�z�q�O�����Ñ�£
�ç�Û���q�Z�€	t (FNAL) �q�f�‚���G�§�S�E� �C���+�ª
ƒ
J-PARC �t�o�¡�)�›
:
ü�w�°�‡�p�_�n�`�h�U	Â�î�g�U�æ
�˜�•�” [3, 4]�{

FNAL �p�æ�˜�•�”�™�'�î�g E989 �î�g [3] �p�x BNL
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�î�g�p�x�\�•�’ 2 �m�w�î�g�q�x�G�V�X�Ÿ�s�”�î�g�·�¿�Ä
�ž�¿�Ó�p�w
^�µ�����›�æ�O�\�q�p�z 2 �m�w�î�g�w�U	Â�q
�M�O	O�A�s�þ�Â�›�L�h�b�\�q�t�‹�s�”�{�f�w�Ÿ�s�”�:�w
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ÿ�C�t�‘�“�z BNL E821 �î�g�t�S�M�o�x�%�w�¡�)
�t�G�V�s�è�¹�›�)�Q�o�M�h�{�\�•�›�_�n�b�‚�X J-PARC
E34 �î�g [4] �p�x 212 MeV �w�ÿ�¤�Û�¿�»�ï�µ�Û�á�”�¦
�ï�Ï�”�Ü�›�;�M�”�{ J-PARC �Û�á�”�¦�ï�ª
ƒ (MUSE) �t
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\
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�k�b�”�{�f�w�™�t
¢���C���+�t�‘�l�o 212 MeV �‡�p�C
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�í�Ž�p�Ï
R�^�•�” [7–10]�{ 2017 �å 10 �D�t�x	s�ˆ�C��
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R
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�Û�á�”�¦�ï�›�ô	*�þ�C���^�d�”�\�q�t
R�­�`�h [11]�{�f
�w�™�z�Ú� �«�é�½�ß�ï�É�ç�Ó�è�”�Ä (MCP) �q CCD �§�Ý
�å�›�;�M�h�Û�á�”�¦�ï�;�w�#�M�²�Ï�”�Ü�Ó�é�Ñ�•� �ç�Þ
�Ç�»�p�w�#�M�²�����›�î�ª�`�h [12, 13]�{�’�”�Ï�”�Ü
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ž�A
�q�s�”�{�`�T�`�z�Û�á�”�¦�ï
¢���C���+�x�Ï�”�Ü�§�S�U
106 µ+/ s ���S�q�ÿ�?�v�Ï�”�Ü�q�s�”�h�Š�z	B�‚�$�s�~
�”�‡�M�T�’�����b�” Fast Current Transfer �s�r�w	��O�›
�;�M�”�w�x�É�`�M�{�f�\�p�z	ý�h�t	N�M�²�Þ�Ç�»�”�›�‰
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Figure 1: Schematic diagram of the muon linac.
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^�S�‘�X�����b�”�{�˜�’�•
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Figure 2: Conceptual image of this measurement method.
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Figure 3: Schematic diagram of the monitor. LNA stands
for Low-Noise Amplifier.
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�V�M�Ï�”�Ü�p�x�\�w�®�L�x�f�¶�p�K�”�{�\�•�›�_�n�b�”
�h�Š�t�z x �à�M�²�t
ü�Â�^�•�h�¤�ž�Ê�”�Å�p�����b�”�\
�q�p�z�•�”�t�‘���b�”	N�M�²
ü
Í�w�!�=�›	��˜�b�”�\�q
�›�D�ó�q�`�h�{

MCP �w �Í �ç �µ 	ô �ø �T �’ �U 	Z �Ì �� �› �> �� �b �” 	ô �ø
	r�g�t�x constant-fraction discriminator (CFD) �;�M�h�{
CFD �x 	ô �ø�þ�ô�‘ �� �p �w�Ì �� 
Æ�� 
Q (Time-walk) �›
�§ �—�t �_ �n �b�” �\ �q �U�D�ó�p�K�” �{�\ �w�s �Ï �x �ô �¤
�É �ç �ª �” 
É �{ �  �î �g �p �‰ 
C �^ �• �h 
÷ �” �w �v �; �p �K
�“ �z�s �Ï 
¶ �. �p �w �´ �¿ �» �” �x 
ƒ �- �‹ �p 5 ps �Ž �< �q
�s�l�o�M�” [16]�{�Ã�”�»	��˜�x VME �Ì�µ�Þ�´�á�”�ç
�w Time-to-Digiral Converter (TDC) �q Flash Analog-to-
Digital Converter (FADC) �›�;�M�h�{ TDC �x�7�<�•�Ï�¿
�Ä�U 24.4 ps�z�Ì��
ü�r�ó�U 35 ps (�§�»�é�¬�‹ ) �w CAEN

a V1290A [17] �›�;�M�h�{ FADC �t�x�±�ï�Ó�æ�ï�¬	*
�þ
: 250 MHz �w CAEN 
a V1720 [17] �›�;�M�h�{

�\�w�Þ�Ç�»�”�w�Ì��
ü�r�ó�x�Í�ç�µ
ï 34 ps �Ž	Í�w�Ð
�¯
µ�Í�ç�µ�è�”�²�”�›�;�M�o�¦�Ñ�å� �ï�¼�g�p�����`
�h [18]�{�f�w�A�L σ = 65 ps �Ž�<�q�M�O�Ì��
ü�r�ó�›
�˜�z�\�•�x 2 % �w�•
ì
ü�r�ó�t�p�h�”�{�\�w�‹�x�è�”
�²�”�Í�ç�µ�w�Í�ç�µ
ï�›���Š�o�M�”�h�Š�z�î�M�w�Þ�Ç
�»�”�q�`�o�w�Ì��
ü�r�ó�x�\�•�‘�“�‹	–�^�s�‹�q�s�”�q
�ß�Q�’�•�”�{�Š�����w	Ä�I�t�m�M�o�x�Š�¶�q�æ��	B [19]
�t�G�L�^�•�o�M�”�{���™�^�’�s�”�Ì��
ü�r�ó�›�è�¦�b	Ô
�ù�x�z�‘�“�y�T�M�Í�ç�µ
ï�w�è�”�²�”�›�;�M�”�\�q�t�‘
�”�Â�µ�Ä�Õ�ï�½�w�~�‘�q�z�‘�“�Ì��
ü�r�ó�w�‘�M TDC
�w�‰
C�U
ž�A�t�s�”�{
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�\ �w�Þ�Ç�»�” �› �; �M�h�Ì �ï �½
ï �� �� �w�U	Â�w�h�Š
�t�z RFQ �p�C���`�h 89 keV �w
Û�Û�á�”�¦�Ç�¢�Ü� �¦
�ï (Mu−, µ+e−e−) �Ì�ï�½
ï�����›�æ�l�h�{�f�w�î�g
�·�¿�Ä�ž�¿�Ó�› Fig. 4 �t�Ô�b�{�\�w�·�¿�Ä�ž�¿�Ó�w�O
�j�z RFQ �›�;�M�h 89 keV �‡�p�w�C���x�a�ˆ�t�æ�l�h�C
���¼�g [11] �q�‰�7�p�K�”�{ J-PARC �Û�á�”�¦�ï�î�g�ª
ƒ
D2 �å� �ï�T�’�™�…�^�•�” 2.9 MeV �w�Û�á�”�¦�ï�›�ž�ç
�Û�Ç�¢�Ü
ª�$�t	°�ù�b�”�\�q�p�z�n���^�•�h Mu− �›�˜
�”�{ Mu− �›�;�M�”�g���x�z�¤�É�ç�ª�”�w�¿�U�“�›	–�^
�X�b�”�h�Š�q�z Mu− 
\
R
ª�$�›���è�`�h µ+ �t�‘�”
�� 
�Ä	Å�›
ü�m�b�”�h�Š�p�K�”�{ RFQ �t�Ö�ù�^�•�”�Û�á�”
�¦�ï�x 50 ns ���S�w�¿�U�“�›�Ë�l�o�M�”�h�Š�C��	*�8�t
�0�`�o�x�Ú�v�Ï�”�Ü�q�`�o�Ö�ù�^�•�”�{�C���™�w Mu−

�x 2 �m�w�›	O�Ã�?�Ó
t (QM1 �q QM2) �q�Ì�ï�½�ß�”�í�Ž
�›�;�M�o��
ù�b�”�{�›	O�Ã�?�Ó
t�w�Ó	Ô�¯
��x�f�•�g�•
2.0 T/m �q 1.8 T/m �p�K�”�{�Ì�ï�½�ß�”�í�Ž�x 2 �ª�ß�¿
�Ó�›�Ë�m�Å�æ�Ñ�Ä�½�á�”�Ò���w�í�Ž�q�s�l�o�S�“�z�«�è

�µ�Ä�t�S�Z�”�¤�É�ç�ª�”�®� �ï�U 5.3 keV �q�s�” [20]�{
�f�w�™�z 89 keV �w Mu− �x� �²�?�Ó
t (BM) �‘�l�o 45 ◦

�w�¯�S�p� �²�^�•�z�Þ�Ç�»�”�w MCP �t�‘�l�o�U	Z�^�•
�”�{ Figure 5 �t�Ô�b�‘�O�t RFQ 	Z�±�T�’ MCP �‡�p�w��

ù�å� �ï�x TRACE3D [21] �q PARMILA [22] �›�‹�q�t
ƒ
�-�`�h�{

324 MHz �x�³�¬�Æ�ç�´�£�É�è�”�»�p
\
R�`�z 324 MHz
5 kW 
R�‹�.�ž�ï�Ó�›�;�M�o RFQ �q�Ì�ï�½�ß�”�t�Ö�—�`
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Figure 4: The schematic drawing of the apparatus to produce Mu− bunches installed into the MLF MUSE D2 area at the
J-PARC.
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Figure 5: The TRACE3D calculation for the period from
the RFQ exit to the MCP.
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Figure 7: TOF distribution of the events whose pulse
height is more than 800 mV.
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Figure 8: The measurement result of the bunch width. The
event number in the simulation is normalized. The range
of horizontal axis corresponds to a period of operating RF.

Figure 9: Setup image of the acceleration test up to
1.3 MeV.


