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����� �����	�������! "�#�$��%&�('*)+���#,��-,�./�0)	132#��45%�6748�9���:%;�#�<�0)"1=2����
uOc"&)5'*4,#(+?E&J.-^9&I(>8+?E@G&�A<5F]9^>03*4,�?E*'*1.{A<5-.-&)2Q&EcP:"@#c>,G(9R 
>.-^9&�*4.-8x230�:";�.6^9&�*-]+Ad.6,#A"@y&�v>.-&)(P.�:";=A<.-:PB�,�?J(>8+?�@#&E,s.-^956:"89RP^�.6^9&
56AP23,#A"@+23,�*1.65-,#7983.6,G:P(D:<;y(>8+?�@#&)A"5O?{^+A<56R"&FA<(x2�B�A<.4.-&)5�^+AP*w7�&E&E(�:P(9&F:<;�.-^+&�B�A �1:"5�5-&�*4&�A<5{?{^�.-:P]9,�?E*OA"(+2D,/.Z*1.6,G@#@956&EB�A<,#(+*
?{^+A<@#@G&)(9R",#(9Rx!��C^9&Z]9^>03*4,�?EA"@P&Eve.6&E(e.w:<;+&)c"&)5-0J:"7��1&)?`._,#*wA"(�,#B�]�:"5-.6A"(e.=?E:"(+?E&E]3.wA<(+2�,/.w,�*_:"895_(+Ad.6895{A<@323&)*-,#5-&�.-:J?�@�A"*6*4,G;¡0
&Ec"&)5-0e.6^9,G(+R�\p&F@#:>:"°DA<56:"89(x2�,#(�.6&E56BD*�:<;s*-,G®)&�
e\p&),GRP^P.O&E.6?�!G!#!w$'&�*4]9,G.-&�.-^9,�*p*-,#B�]+@G&�BD:".-,#c~A<.-,#:"(�
P.-^+&'7+AP*4,�?C]956:"]�&E5-.-,#&)*
:<;wA<(>0�Ad.6:"BD,�?<
3(>8+?�@#&)A"5C:"5�*-8979(>8+?�@#&)A"5F*403*4.-&EB�,#*C56&#>+&�?`.6&)2�,G(�,G.6*�*-,G®)&"! �+:"5C&�v9A<BD]9@#&�
>.6^9&J.10>]9,�?EA<@sA<.-:PB�,�?J*4,#®E&J:";Z 
.-:� )T0?5@k,#*'A�29,G56&)?�.�5-&�>+&)?�.-,#:"(�:<;_.-^9&I&)@G&�?`.-56:"B�A"R"(9&E.-,�?k,#(e.-&)56AP?`.-,#:"(�*4.-56&E(9R".-^�A<(+2Q.-^+&I&E@#&EBD&E(e.6A"5-0�&E@#&)?`.65-,�?J?{^+A<56R"&
e
!
�p&E;¡:"56&' �L9 " �
)7xA"*-&)2I:P(��C^9:"BD]+*-:"(�1 *�Ad.-:PBD,#?�B�:323&)@2
~.6^9&CAd.-:PB[\ZAP*�7�&E@#,G&)c"&�2J.-:k7x&CA�(9&)83.-5{A<@>*-0>*4.-&)B[:<;xA�.10e]+,#?)A<@

*4,#®E&�:";ZA<56:"8+(+2�;¡&)\A?¢?�:P(+*-,#*4.-,#(9R�:<;Z(9&EReAd.-,#c"&)@G0H� &E@#&)?�.-56:"(+*{�KA<(+2 ]x:e*4,G.-,#c"&)@G0 �¡]956:<.6:"(+*{�K?{^+A<56R"&�2�]+A<5-.-,�?�@#&)*)!��>,#5Iu�!
�F83.-^+&E5-;¡:"5{2�
+\F^9:�\ZAP*C.-^9&�¦+56*4.F.-:�5-&4�1&)?`.'.-^9,�*�,�23&)A 
x23&)BD:"(+*4.-5{Ad.6&)2�&�v3]�&E56,GBD&E(e.{A<@#@G0�.-^+A<.�.-^9&�]x:e*4,G.-,#c"&�?{^xA<56R"&IA<(+2
A<@�*4:D.6^9&�B�A"*6*C:<;OA<(�A<.-:"B ,#*'?�:"(x?�&E(e.656A<.-&)2�,#(�A<(�&�v>.65-&)B�&)@G0�.-,#(e0�(>8+?�@#&E8x*F:<;OA�.10>]9,�?EA<@�*4,#®E&I:";=A"7x:P83.�;¡&E\�;¡&E56BD,#*CB*4895656:"89(+29&)2«7>0 A"(�&E@#&)?�.-56:"(9,�? ?�@#:"8x2«\F^9,#?{^�23&�¦+(+&)*�.6^9& A<.-:PB�,�? *6?EA"@G&P!nV�&¬]�&E5-;¡:"56BD&)2«^9,�*�; A<BD:"8+*�]9,#:"(9&)&E56,G(9R
&�v3]x&)5-,#BD&E(e.k:";���b�&�¯

α
&E@�A"*4.-,�?I*6?EAd.-.-&)5-,#(9R�:P( A�R":P@#2Q;¡:",#@_,G(  �L9 " ED# <
 �GFwA<(+2�7>0�23&EcP&E@#:"]9,#(9R�A�*-,GBD]9@#&�*6?EA<.4.6&E56,G(9R

B�:323&)@s7+AP*4&�2�:P(�.6^9&��p:"89@#:"B�7Q,#(e.-&)56AP?`.-,#:"(�
923&�.6&E56B�,#(9&�2�;¡:P5F.-^9&K¦+5{*4.F.-,#B�&J.6^9&�Y�8�(>8+?E@G&)8+*F*4,#®E&0D UHF !
�>,G(x?�&�.6^9&E(�
P;¡:P@G@#:d\F,#(9RI.-^+,#*p&�v3]�&E56,GBD&E(e.{A<@�B�&E.-^9:32�
3*-897+*-&)ze89&)(P.Z*403*4.-&EB�A<.-,�?'*4.-8+23,#&)*p:"(Q*1.{A<79@#&�(>8+?�@#&E,�^+A~cP&�7x&)&E(

23:"(9&J\F,G.-^�BD:P*4.C:";s.-^+&EB 7+AP*4&�2�:P(�&)@G&�?`.-56:"(�*-?)Ad.-.-&E56,#(9R+!=YF?E?E:"5{23,G(+R�.6:�:P895C]95-&�*4&)(e.Z°>(9:d\F@#&)23RP&�
>BD:P*4.Z(>8+?E@G&),y^+A~c"&
A�?�&)(e.-5{A<@_5-&)R",#:"(�:<;O]+56AP?`.-,�?EA"@G@#0�89(9,G;¡:"56B�29,#*4.-56,G7+83.-,#:"( :<;O]956:<.6:"(+*kA<(+2�(+&E83.65-:P(+*'\F^+,#?{^�.6^9&E( 23&)?E5-&�A"*-&)*'5-&)@#A<.-,#c"&E@#0
*4^+A"5-]+@G0P!_� .'?)A<(�7x&I\Z&E@#@s]+A"56A"BD&�.-56,#®E&)2�7>0�A�� :>:329*4W��3A<v3:"(�;¡:P5-B�89@�A	I

ρ(r) =
1

1 + exp( r−R
a )

�4 "!# ��

\F^9&E56&J.-^9&�56AP23,G8x*
R = r0A

1/3 
9\F,G.-^ r0 = 1.2fm

3,#*C.6^9&IcdA<@#89&I:<;

r
;¡:"5F\F^9,�?{^�.-^+&�23&E(+*-,G.10�,�*C.-^9&�^+A<@G;_:";�.6^9&�:P(9&Ad.

r = 0

yA<(+2�.-^9&D23,���8+*-&E(+&)*6*

a
,�*KA�BD&)A"*-8956&�:";w.-^9&D*48+54; AP?�&�.6^9,�?{°e(+&)*6*�


A
7x&),G(9R�.-^9&�,�*4:".-:"]�&�BDAP*-*'(>89B�7�&E5�!IY

]9@G:".K:";w.-^9&D23&)(+*4,G.10�23,�*1.65-,#7983.6,G:P(¬:<;O(>8+?E@G&�A<5KB�Ad.4.6&E5K,#*K23,�*4]+@#A~0P&)2�,#( ¦+RP895-&Q "!# �\F,G.-^ 29, �X&E56&E(e.Jc~A"@G8+&)*k:<;
R
A<(+2

a*4^9:d\F,#(9R�.-^+&E,#5F,G(J>x89&E(+?E&"!
�C^9&�?�&)(e.-5{A<@s89(+,/;¡:P5-B�23&E(x*4,G.10Q:";O(>8+?�@#&E,�5-&�>+&)?�.6*C.6^9&�(>8+?E@G&�A<5�B�Ad.-.-&)5',#(+?�:PB�]+5-&�*-*-,G7+,G@#,/.10Q:"5=K-*6Ad.-8+56A<.-,#:"(MLJ& �X&)?`.�!

�C^9& @�Ad.4.6&E5�A"5-,�*4&�*�;¡5-:PB©.-^+&�; A"?�.�.-^+A<.�7x:".-^�(9&)83.-56:"(+*�A"(+2 ]956:<.-:P(+*D7�&E,#(9R ;¡&E56BD,G:P(+*D:"7�&E0 .-^9&�MwA<8+@G,�&Ev9?�@#8+*4,#:"(
]95-,#(+?E,G]9@#&"!O�C^+&�*4^+A"5-]+(9&)*6*Z:<;�.6^9&I(>8+?�@#&)A"5�*48+54; AP?�&J,#*FA�56&)*-89@G.C:";�.6^9&�*-^9:"5-.F56A"(9R"&K:<;�.-^9&�*4.-56:"(9RD,#(e.-&E5{A"?�.-,#:"(s!
NPO�QSR(TVUXWVY[ZP\8]

1 ^ = 10−10m_a` ZaWV\�bcY(W ` ZP\=UdY(\�ZPUdZPWa]
1fm = 10

−15m
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R C 
D�E 
 ���#�=�F7��=%
�HGF7��I��%�JK7��L7(%
�
a MON ?-JK7��P9���% �<�#��

�4�

��
D�',��=���<���:�(�;�'��� & ���(��� E ���<��> C ,6���	�Q�-,��R� � ST�6���(�4�����
a

C 
D� E 

���#���U7��'%
� N ?-J87��V�W% N ?YX�7��P7(%
�
R M G87��

9���% �<�#�8
 �:�8��%
���W�=�R�<���:�(�Z�'�(� & ������� E �(�[��> ?

���=\ ] % ,8��, �<��2#4��9���#1 � 1348�9���:% �#�U^

��(�]956,G(x?�,#]9@G&�
dB�A<(>0J]95-:P7x&�*�?)A<(�7�&Z8+*4&�2I.6:"R"&E.-^9&)5�\F,G.-^�*4&)c"&)56A"@"&�v3]�&E56,GBD&)(P.{A<@P.-&�?{^9(9,�zP8+&)*�.-:kR"&�.=,#(3;¡:"56B�Ad.-,#:"(�:"(I.6^9&
*4,#®E&�A"(+2�56AP23,#A"@�*-^+A<]�&I:<;w(>8+?�@#&E, D a F !C�C^9&)*-&I]956:"7�&)*�?)A<(�7�&�&E,G.-^9&)5'&)@G&�?`.-56:"B�A"R"(9&E.-,�?K*-8+?{^�A"*�&E@#&)?`.65-:P(+*�A"(+2�B�89:P(+*
.-:�*4.-8+290Q.6^9&D23,#*4.-56,#7983.-,#:"(�:";O(>8+?�@#&)A"5k?{^+A"5-RP&�
+:P5'^+AP2356:"(9,�?I*48x?{^¬A"*']9,G:P(+*�
x(>8+?E@G&):"(+*kA<(+2

α
]+A"54.6,#?E@G&�*F;¡:"5K]956:"79,#(9R

.-^9&�23,�*4.-56,G7989.-,#:"( :<;C(e8x?�@#&)A<5JB�Ad.-.-&)5)!���( .-^+&�]95-&�*4&)(e.J\Z:"56° 
s:"(+&�^xA"*I*-8+?E?E&)*6*1;¡89@#@#0 8+*-&)2 .-^9&�&)@#AP*1.6,#?D*6?EA<.4.-&)5-,#(9R�:<;
,G(e.-&)5-BD&�23,#A<.-&�&E(9&)5-RP0 � T+!�} �K&�¯K��]+5-:".-:"(x*�\F,G.-^ .-^+& A<,#B©.-: 23&�238+?�&�.6^9&�56AP23,�A<@F23&E(x*4,G.10H23,�*1.65-,#7983.6,G:P( :";k(>8+?E@G&�A<5
BDA<.4.6&E5�!'�>,G(x?�&�.6^9& 6,8He

@#,/;¡&E.-,#BD&)*KA<56&�*4^+:"5-.�
x�PT"�+!�} ±  P! ��B�*kA"(+2  " �L9! T ±  P! ��B�*�56&)*-]x&�?`.6,GcP&E@#0�
x.-^9&�B�&�A"*-8956&EBD&E(e.,#*':"(9@#0�]x:e*-*-,G7+@G&�,#(¬,#(>c"&)56*-&I°>,G(9&)B�Ad.-,�?E*'\F^9&E56&�.6^9&�V'&�,�*4:".-:P]x&�*'A<56&�8+*-&)2¬A"*�]+5-:��1&)?`.6,G@#&)*'7x:PB�7+A"5629,G(9RQA�^>0>295-:PR"&E(
.6A<56R"&E.)!
�C^+&'8+*-&�:<; ∼ 1 GeV

]95-:".-:P(+*�AP*OAI(>8+?�@#&)A"5�]956:"7�&'*4.6A"54.6&)2DAd.p.-^9&k&E(+2D:";y.-^9&'�PT�1 * D��GF !=£�Ad.6&E5�&Ev3]x&)5-,#BD&E(e.6* D ��
9}[F
:"(�^9&)A~c>0�A"(+2�B�&�23,#89B \Z&E,#R"^e.�*4.6A<7+@G&I(>8+?E@G&),�*4^+:d\p&�2�A�.10>]9,�?EA<@s29, �X56AP?`.6,G:P(�]xAd.4.6&E56( ���_,GRx!� "! �"�p.6^+Ad.'A"5-&JRP:dc"&E56(9&�2
7e0 .-^9&�B�Ad.-.-&)5�23&E(+*-,G.10 23,�*1.65-,#7983.6,G:P( ]xA<5{A<BD&�.6&E5{*k:";ZA"( &�ze89,GcdA"@G&)(P.�*-]9^9&)5-&D:<;Z56AP23,#8+*

R
A"(+2 *-895-; A"?E&�.6^9,�?{°e(+&)*6*

a� ¦+RP895-&D P! Ue�`!
�C^+&CAP23cdA<(e.6A"R"&Z:<;�8+*4,#(9RJ,#(P.6&E56BD&)23,�Ad.6&p&)(9&E56R"0I]956:<.6:"(+*=?E:"BD]+A<56&)2�.-:JBD&)AP*48956&EBD&)(P.{*_\F,/.6^�56&E@�Ad.6,GcP&E@#0I@G:d\Z&E5=,#(+?�,GW

23&E(e.C&E(9&)5-RP,G&�*�,�*Z.-^+A<.p.6^9&J]956:<.-:P(3W (e8x?�@#&E8+*p&E@�A"*4.-,�?k*6?EA<.4.6&E56,G(9R�?EA"(�7�&JAP?E?E8956A<.-&)@G0�23&�*-?E5-,#7x&�2�7>0�B�89@/.6,G]+@G&EW *6?EA<.4.-&)5-,#(9R
.-^9&):"56,G&�*�&P! R+! .-^9& �K@�A<897�&E5�.-^+&E:"560 \F^9,�?{^ AP*-*-:3?�,�Ad.-&�*�BD&)AP*48+5-&�2H?�56:P*6*�*-&)?�.-,#:"(+*DA<(x2 (>8+?�@#&)A"5�B�Ad.-.-&)5D29,#*4.-56,G7+83W
.-,#:"(+*�,G( A¬23,#56&)?`.D\CA~0"! uwv3]x&)5-,#BD&E(e.6A"@Z29A<.6A A<56&�A~cdA<,#@#A"79@#&�,#( .-^9&�@#:d\ &E(9&)5-RP0 56&ERP,GBD&Q7983.�.-^9&),G5�A<(xA<@#0>*-,�*�*-8���&)5
;¡5-:PB A<B�7+,GRP89,/.6,G&�*C,G(Q.-^+&I]95-:".-:P(3W (>8+?E@G&)8+*Z,G(e.6&E5{A"?`.6,G:P(�]�:<.6&E(e.-,�A<@ !w��:D,#(3;¡&E5C.6^9&I(>8+?�@#&)A"5C29&E(+*-,/.10Q23,#*4.-56,#7983.-,#:"(x*Z;¡5-:PB
.-^9&DBD&)AP*48956&)2¬?�56:P*6*k*-&)?�.-,#:"(+*�
s?EA"@#?E89@#A<.-,#:"(+*k8+*-&D&�v3]x&)5-,#BD&E(e.6A"@w29Ad.{A�:P( .-^+&�&)@G&)BD&E(e.6A"5-0�]956:<.6:"(3W ]956:<.-:P(H�¡]9]��JA<(+2
]95-:".-:P(3W (+&E83.65-:P(��¡]9(x�_*6?EA<.4.-&)5-,#(9RJA<BD]9@#,/.68+23&�*_AP*_,G(9]+83.�� *-&E&CY�]9]�&E(+29,/v�$J�`!=¯OA"5-,#:"8+*�]+A"56A"B�&E.-56,G®�Ad.6,G:P(+*y;¡:P5_BD:323&)@G,#(9R
.-^9&J(>8+?�@#&)A"5F23&E(+*-,G.10�23,�*1.65-,#7983.6,G:P(+*CA<56&k8+*-&)2�A"*C,#(9]989.�
>.-^+&E,#5F]+A<5{A<BD&�.6&E5{*Z7x&),G(9RDcdA<56,#&)2�,#(�:"5{23&E5Z.-:DRP&�.Z.-^9&I7�&)*4.C¦9.
.-:�.-^9&I&Ev3]x&)5-,#BD&E(e.6A"@s?�56:P*6*Z*-&)?�.-,#:"(+*)!

���B_ ` 4�2#, �0)"1=2����badc �"�Fe fhg"���	, 67���",��!,�./�0)"1=2#��4�%;�9� %&)"1 ��)+% �
V'A<@#:K(e8x?�@#&E, D � 
<L�
3 )T�
3 " (F9\Z&E56&�&Ev>]�&E56,#B�&)(e.6A<@#@#0I:"7+*-&E56c"&�2J;¡:"5=.6^9&Z¦+56*4._.-,#B�&C,#(Q �L"�e��Ad.O�Z&EcdA"@#AP?<
d�Z&E56°"&E@#&E00D# �HF !=�C^9&
.-:<.{A<@s,#(e.-&)56AP?`.-,#:"(�?�56:P*6*F*-&)?`.6,G:P(

σint
\CA"*�B�&�A"*-8956&)2�;¡:"5'ADcdA<56,#&�.10�:";_cP&E560�@G,#R"^e.',�*-:<.-:P]x&�*C7>0�8+*-,G(+R�A�.-5{A<(+*-BD,#*6*4,#:"(

B�&E.-^9:32�i DG �USFCA"(+2 89(9&Ev>]�&)?�.-&�2 @#A"5-RP&Dc~A"@G8+&)*�\Z&E56&D;¡:"8+(+2 ;¡:"5�*4:PB�&�cP&E560¬(9&)83.-56:"( 56,�?{^ (>8+?E@G&),�!��_A<79@#&  P!G �*-^9:d\�*
.-^9&IBD&)AP*48+5-&�2QcdA"@G89&�*C;¡:"5�.-^956&E&�V'&I,#*-:<.6:"]�&)*C.{A<°"&)(�;¡5-:PB .-^+&)*-&IB�&�A"*-8956&EBD&E(e.6*Z.6:"RP&�.-^+&E5�\F,G.-^�BD:"56&J5-&�?�&)(P.�cdA"@G89&�*23&)238x?�&)2H;¡5-:PB©&E@�A"*4.-,�?�]956:<.6:"( *-?)Ad.4.6&E56,G(+R+! ��( *-,GBD]9@#&�.-&)5-B�*�
w.-^9&�,#(P.6&E5{A"?�.-,#:"( ?E5-:e*-*�*4&�?`.6,G:P(+*�:P73.6A",G(+&)2 ;¡:P5D@G,#R"^e.

j�kml Z$UXY�UXO�n b Q�UdZPWXO�o Udb Y(QpoPWVY(TXT TdZqoPUdb Y(Q�b QDoqnsrDtSZPT O�nsnSU l ZvuSWVY1oPZPTXTdZPT4w l ZaWVZ9U l ZvuHO�W UXbsoqn Z l O�T \ O�tSZ O�Q:b Q#UdZaWdO�o UXb Y(Qyx Zqn O�TdUdbso O�QDt�b QSZqn O�TdUdbsoT�oaOCUdUdZPWdb QSRS]MQ1rDoqn ZPY(Q{z TW|&UdWXO�QST ` ZPWP] ` WXO�R(\�ZPQ#U OCUdb Y(Q O�QDt TdY Y(Qy}�~:��oaY(\TuSO�Wdb QSR U l ZK�
r1��Y ` b QDoPbstSZPQ#U O�QDt5UXWdO�QSTX\�b UVUdZBt�� ZaO�\�T b U b T&U l ZPQu Y(TdTXbs�Dn Z&UdYFtSZPWVb �#Z U l Z Q�rS\K� ZPW9Y ` uSWVY��dZqo Udbsn ZaT9U l OCU�rGQDtSZPW#w ZaQ#U O�Q b Q�UdZPWXO�o Udb Y(Q{}
 �T
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4He 503± 5 131.2± 1.5
6He 722± 6 198.9± 4.6
8He 817± 6 252.0± 4.8
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8He 2139± 1
11Li 295± 27
14Be 1340± 110
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A�*4.6A<.-,�*1.6,#?)A<@X&E565-:P5�:";_� � 
3A�.10>]9,�?EA"@+.{A<56R"&E.�.-^+,#?{°>(9&�*-*Z:<;p )T�?EB \ZAP*p?{^+:P*-&E(s!w�Z&)?)A<8+*-&':";s.-^9&K&�v>.6&E(+23&�2�.{A<56R"&�.@
>:"(9&
^+A"*C.6:DR"8+A"56A"(P.6&E&JA�R":>:32�.656AP?{°e,#(9R�,G(�:P5623&)5Z.-:D,#29&E(e.-,G;¡0�.6^9&I,G(e.6&E5{A"?`.6,G:P(Q]�:",#(e.��¡c"&)54.6&�v+�`!
Y�]98+5-&k@G,�ze89,#2�^>0>295-:PR"&E(�.{A<56R"&�.Z\ZAP*O]956&�;¡&)5-&�2�,#(+*1.6&)AP2�:<;�A�?�@�A"*6*4,�?EA"@+:P(9&'B�A"29&':<;s]xA<5{A ��(¬� ∼ (CH2)n

�p2389&k.-:
.-^9&�*-&EcP&E5{A<@y@#,GBD,G.6A<.-,#:"(+*kA<56,#*-,G(+R�;¡56:"B�.-^9&�8+*4&�:<;_.-^9&�@�Ad.-.-&)5)!Z��(+23&)&)2�
x,G(�:P5623&)5C.-:�*-8973.656AP?`.F.6^9&�,#(P.6&E5{A"?�.-,#:"(�&Ec"&)(e.6*
2389&J.-:�?)A<567x:P(�(>8+?�@#&E,5
3.6^9&J8+*4&J:";_A�]+A<5{A ��(�.6A<56R"&E.�23&EB�A<(x29*CR"&)(9&E5{A<@#@G0�A"(�AP2923,G.-,#:"(+A"@yB�&�A"*-8956&EBD&E(e.C\F,/.6^�A�]98+5-&
?EA<567�:"(H.{A<56R"&E.�\F^9,�?{^ BD&�A<(+*DA"2+23,/.6,G:P(+A<@Z7�&)A<B .-,#B�&P!8�_,#(+A<@#@G0�
w.-^+&�?)A<567x:P(�� ���K�P��,G(+298+?�&�*DB�8+?{^ B�:P5-&�&E(+&E56R"0
A<(+2�A"(9R"89@�A<5�*4.-5{A<RPR"@#,G(+R�.6^+A<(�^>032356:"R"&)( � ���� ��CA"(+2Q.-^9,�*�]�:",#(e.k?EA"(�7x&�A"(�,GBD]�:"5-.6A<(e.�@#,GBD,G.-,#(9R�; AP?`.-:P5�\F^9&)(�.-^9,�?{°
]+A<5{A ��(Q.6A<56R"&E.6*CA<56&J8+*-&)2y!
�C^9&�A"(9R"8+@#A"5'23,�*1.65-,#7983.6,G:P(¬^+AP*�.6:�7�&�BD&)AP*48+5-&�2�\F,/.6^ A<(¬:"]3.6,GB�89B­A<(9RP89@�A<5'56&)*-:"@#83.6,G:P(�:<;

∆Θcm = 1◦
\F^9,#?{^

?�:"5656&)*-]x:P(+29*=.6:�5-&�*4:P@G89.-,#:"(+*=:";
∆ΘS = 0.1◦(1.7mrad)

;¡:P5O.-^+&'*-?)Ad.-.-&E56&)2�]956:<�1&�?`.6,G@#&'A<(x2
∆ΘR = 0.72◦(12.5mrad);¡:"5K.-^9&D56&)?E:",#@�]956:<.6:"(s!IY'@G@=.6^9&�.656A<�1&)?�.-:"56,#&)*'A"5-&�.-5{A"?{°P&)2�7>0�B�8+@/.6,/W \F,G56&�]95-:P]x:P54.6,G:P(+A<@_?{^+A<B�7x&)56*�� b ��MZ�Z*6�k\F,G.-^

A ]�:P*-,/.6,G:P( 5-&�*4:P@G83.6,G:P(
∆x = 150µm

!/�9:P5�.6^9&QV'&�,#:"(+*�
wA�.10>]9,#?)A<@�.-5{A"?{°>,G(+R�5-&�zP8+,G56&)*J.6:¬8+*-&�.1\Z:¬23&E.-&)?�.-:P56*�]x&)5
.-5{A"?{°�*-&E]+A"56A<.-&)2�7>0�A�29,#*4.6A"(+?�&K:<; �dB \F^9&)5-&k.-^+&K]xA<5-.-,�?�@#&)*Z]+A"*6*Z(9:"56B�A<@#@G0�A",G5@
e.-^9&IA"(9R"89@�A<5Z56&)*-:"@#83.-,#:"(Q7x&),G(9R�.6^9&E(.10e]+,#?)A<@#@G0

∆Θlab = (4.3×10−3)◦ = 0.08mrad
!��C^9&C56&)?E:",#@3]95-:".-:P(+*=A<56&�.656AP?{°"&)2�7>0J.1\p:Ib���MZ�Z*Oc"&E560�?�@#:P*-&p.-:K.-^9&

.6A<56R"&E.�A<(+2Q@G&�*-*F*-]+AP?�&)2 � ' 24cm
��,G(�:"5{23&)5p.6:D@G,#BD,/.F.6^9&J&E(9&)5-RP0�A<(+2�A<(+R"89@�A<5C*1.656A"R"RP@G,#(9R+!=�C^9&IA<(+R"89@�A<5C56&)*-:"@#83.-,#:"(

,#*C.6^9&E(�.10>]9,�?EA"@G@#0
∆Θlab = 0.04◦ = 0.6mrad

!
�C^9&K.-5{A"?{°>,G(+R�56&)*-:"@#83.-,#:"(Q,#*Z@#,GBD,G.-&)2�7>0�A<(+R"89@�A<5C*1.656A"R"RP@G,#(9R�:";�7�:<.6^�?E:"@#@G,�23,#(9R�]xA<5-.-,�?�@#&)*Z,G(Q.-^+&k.{A<56R"&E.�
>:<;_\F^9,#?{^

.-^9&�.-^9,�?{°>(9&)*6*�,�*�]956,#(+?�,#]+A<@#@#0�23&E¦+(9&�2�7>0�?E:"89(e.'5{Ad.6&�?�:P(+*4,�23&)56A<.-,#:"(+*�A"(+2�,#(�.-^9&�*4&�?`.-,#:"(x*�7�&�.1\Z&E&E(�.6^9&�.{A<56R"&E.kA<(+2
.-^9&�23&E.-&�?`.-:P56*)!=��(�:"5{23&E5Z.-:�56&)298+?�&J,G.�:"(9&J8+*-&)*CRP&E(9&)56A"@G@#0�@#A"5-RP&k7xA<RP*Z¦x@G@#&)2�\F,G.-^�V�&IReA"*CBd!
Y *-&)?E:"(+2�]�:P*-,G.-,#:"( *-&E(x*4,G.-,#c"&�23&�.6&)?`.6:"5D�¡56&)*-:"@#83.-,#:"(

∆x = 1.25cm


∆Θlab = 0.36◦ = 6.25mrad

�F\F,G.-^ ^9,GRP^9&E5
& ��?�,#&E(+?E0H���>&�?<! �3! U9! U�]s! U"Te��?E:dc"&E56,#(9R�.-^+&�(9&)&)23&�2 ]956:<.6:"( @�A<56R"&�*-:"@#,�2 A<(9RP@G&�,#*k]9@�A"?E&)2 A<. ' �dB ;¡56:"B .-^+&�.{A<56R"&�.�!
� .J?)A<( ,#( ]956,G(x?�,#]9@G&�R",#c"&�A"(¬A"2+23,/.6,G:P(+A<@�.-5{A"?{°>,#(9R�,#(3;¡:"56B�Ad.-,#:"(�
x,#( AP2923,G.-,#:"(�.-:�.-^9&�&E(+&E56R"0�@G:e*-*kA<(+2�.6,GBD&EW :"; Wd>+,#R"^e.
B�&�A"*-8956&EBD&E(e.6*)!=�C^9&�56&)?�:P,G@3]+5-:".-:"(x*w&EBD,G.4.-&�2�Ad.w.6^9&'?E&E(e.-&)5�:<;�.-^+&�.6A"5-RP&�.����3&)?<! �9! U+! �9!G C]s! �<�e�_.-5{A~c"&)56*-&�.6^9&E(�*-&EcP&E5{A<@
B�&�23,�A IK@#,#ze89,�2¬^>032356:"RP&E(�
yb�0>@�A<5@
XA",G5IA"(+2¬V'&�ReA"*�� �_A<7s! �3!# ���!�� ;p:P(9&�A"*6*489BD&�*kAQ(9&ERP@G,#R",#79@#&�,#(J>+8+&E(+?E&�;¡56:"B�.6^9&
RPA"*-&E:P8+*I?{^+A"B�7�&E5{*J.-^9&)( .-^9&�.-:<.{A<@ZA<BD:"89(e.�:";CB�89@G.-,#]9@G&Q*-?)Ad.4.6&E56,G(+R�7x&E;¡:"56&�5-&�A"?{^9,#(9R�.-^+&�¦+(+A"@�]�:P*-,/.6,G:P( *-&E(x*4,G.-,#c"&
23&�.6&)?`.6:"5Z,#*k )T+! UPUIBD56AP2�;¡:"5Z]956:<.-:P(+*O&)BD,/.-.-&)2QAd.F�<T�b &�¯�!>�C^9,#*C?)A<@�?�89@�Ad.6,G:P(�?�:"(x*4,�23&E5{*�A"(�,#(P.6&E56BD&)23,�Ad.6&k?EAP*4&':<;s@#:d\
&E(9&)5-RP0�]+5-:".-:"(x*�\F^9&)5-&�.-^9&DA<(9RP89@�A<5k*4.-5{A<RPR"@#,G(+R�,#*'.-^+&�^9,#R"^+&)*4.KA<(x2¬*-^9:d\�*F.6^+Ad.K.-^9&�.-5{A"?{°>,#(9R�:P(�.-^9&D*6?�,#(P.6,G@#@�Ad.-,#:"(
\ZA"@G@w,�*�*4.-,#@G@O]�:P*6*-,G79@#&"!	�+:"5I^9,#R"^9&)5I&E(9&)5-RP0�]956:<.-:P(+*kW �<TPTQb &�¯ ]95-:".-:P(+*K^+A~c"&�AQ.-:".6A<@OA"(9R"8+@#A"5J*4.-5{A<RPR"@#,G(+R�:<; �3! � �

B�5{A"2HWJ.-^9&�*-,/.68+Ad.6,G:P( ,�*�B�8+?{^ 7x&E.4.-&)5D7983.D;¡:"5D@#:d\p&)5�&)(9&E56R",#&)*�W�U"T¬b &�¯ RP,GcP&)*�A *4.-5{A<RPR"@#,G(+R :<;� )L BD5{A"2HWK.6^9&
.-5{A"?{°>,G(+R�,#*',GBD]�:P*6*4,#79@#&"!F��( A<(>0�?EA"*-&�
+.-^9&�.-5{A"?{°>,#(9RD5-&)BDA",G(x*F]x:e*-*-,#79@G&�\F,/.6^�.-^9&�b���MZ�Z*)!'�C^9&�*-,/.68+Ad.6,G:P(�,#*'B�8+?{^
7x&E.4.-&)5Z;¡:"5O.6^9&k*6?EA<.4.6&E56&)2�V�&�� �_A<7s! �9! �P�`!_��(�.-^9&k&�v3]�&)?`.6&)2�A"(9R"8+@#A"5O56A"(9R"&�
<.6^9&KA"(9R"8+@#A"5�*1.656A"R"RP@G,#(9RJ,#*pB�8x?{^�*4B�A<@#@#&E5.-^+A"(Q.6^9&I(9&)&)23&�2QBD&�A"*-895-&)BD&E(e.Z56&)*-:"@#83.6,G:P(s!
�C^9&p23&E.-&)5-BD,#(+Ad.6,G:P(�:<;3.6^9&p23,��X&E56&E(e.-,�A<@e&E@�A"*4.-,�?�?E5-:e*-*s*-&)?�.-,#:"(�56&)ze89,#56&)*�A�]95-&�?�,�*4&pBD&)A"*-8956&EBD&E(e.�:";3.-^9&pBD:"BD&E(e.-8+B

.-5{A<(+*4;¡&E5
q
!
q


t
A<(+2

Θcm
A<56&'56&E@�Ad.-&�2�,#(QA�89(9,#c":3?EA"@x\CA~0DBD&)A<(+,G(9R�.-^+A<.C.-^9&K°>(9:d\F@G&�23R"&k:<;�:P(9&K:<;s.6^9&)*-&Kze8+A"(e.-,G.-,#&)*;¡89@G@#0«23&�.6&E56B�,#(9&�*D.-^9&�.1\Z: :<.6^9&E5{*E!�� .�,#*D.6^9&E(�]�:P*6*-,G79@#&�.-: &Ev>]+5-&�*-*�.6^9& 23,���&)5-&)(P.6,#A"@'?�56:P*6*D*4&�?`.6,G:P( ,#( .-^9& .-^956&E&

&)ze89,#c~A"@G&)(e.';¡:"56B�*�I dσ
dq


 dσ
dΘcm

A"(+2 dσ
dt

\F^9,�?{^ \CA"*k?{^9:P*-&E(�,#(�.-^+,#*K\Z:"56°�!k�k(x?�&�A"(�&E@�A"*4.-,�?�&)c"&E(e.',�*k,#23&)(e.-,G¦+&)2�
X,G.K,�*
N�� Y(W�O��KoP\ tGb O�\�ZPUdZPWa]DuSWdY�UdY(QST&OCU����
�8Z
	btSY3QSY�U TdUdY�u b Q U l Z n b ��rSbst�� �=UXO�WdR(Z U w l bsn Z OCU�
�� �8Z
	 U l ZW� TdUdY�u_ � QDtSZPZqt*ZPQSZPWVR��Un Y(TdT O�Q*t*O�QSR�rDn O�W O�QDt	ZPQSZPWdR��	TdUdWXO�R(R�n b QGR O�WdZ�tDrGZ8UXY0\KrDn UdbsuDn Z T�o OCUVUdZaWVb QSR ` WdY(\ b Q#UXZPWdO�oPUdb Y(QST�� Z U�w$ZPZPQ OCUdY(\�bsoZqn Zqo UXWVY(QST Y ` U l Z�uSWVY��VZqoPUdbsn Z�O�QDt5U l Z:\�ZqtSbsrS\ oPY(QSTVUXb U�rSZPQ#UXTB} k Y n b \�b U�U l ZP\8] Y(QSZ3T l Y�rDnstZrSTXZKn Y'w��0O�QDtZo l ZP\�bsoaO�nsn �8TdUXO��Dn Z=ZBn ZP\�ZPQ#UXTz QSY��Dn Z R#O�TdZaTmw b U lpl b R l b Y(QGb�� OCUdb Y(QOu Y�UdZPQ�Udb O�n[|9T�rDo l O�T l Zqn bsrS\�}
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b�&�23,#89B @#,�zP8+,#2
H2

b�0>@�A<5 b�0>@#A"5 b�0>@�A<5 Y�,#5 V�&JRPAP*
∆x 15mm 100µm 5 × 5µm 125µm 50cm 2m

∆x(mg/cm2)
 �T"�9! �<T  )U+! LPT U9! aP�  )U+! LPT �<ax! U UP�9!�}<T

∆E(MeV )
�9! �"a T9!# ~} T+! T"a T9!# ~} T+!�}da T9! aP�

∆ΘR,rms(mrad)
�+!G ~� �9! }"} �+! L � }>! aPL L+! �>}  )T9! U"U

��A"79@G& �3!# I @$� & �#�=
 � ���$� �$�	
 2
��� E �Q
 �	���$�	

�;�����'
 � � �[���	�

∆ΘR,rms9���� ��> 

�:�H� & ����� �K� �(�4�(� � �H�Y%D���
∆E

7(%
� � N � ��� �'����%
��� & �'%
�W%
����?@:,��+��,$�#� � �:�(���(�(�b%B7���,�� �
� S ���'�����
�;���
�#
89�� C % � �������=% C ��>0

�=�p�B,�% C ���� �	���	���-,I�$� ���#� 

�4� ��� ���$�-7(
����
���������������$� ���#��?

b�&�23,#89B Y�,#5 V'&IRPA"* @G,�ze89,#2
H2

V'&IRPAP*
∆x 1m 2m 100mm 2m

∆x(mg/cm2)
 �<�+! � UP�3! } }dT"�+! T UP�9!�}

∆E(MeV/u)
T+!G �� T+! TP� T+! Ue� T+! TP�

∆ΘS,rms(mrad)
T+! �e} T+! �"� T+! UPU T+! U"a

��A"79@#& �3! �JI @�� & �#��

� �(�$�0�$�	
 ��� E � 
 �	���$�	

� �����'
 � � �[���	�
∆ΘS,rms

9�������> 

�4�A� & �=��� �K�b���:����� �A�Y%D���
∆E

7(%
� � � �� ����� � 6He
�#%
����?0@4,�����,$�#� � �:�(���(�(�O%B7 �-,���� � S �(�=�(� � �;��2

�
�#
�9�� C % � �����p�=% C ��> 

�'�R�',�% C � �����Y�(��� �-,A�$� ���#�R

�4�����
���$�-7(
������y�(���������;�$��������?0@4,��0��%
� �����#"��$���#% �Z7��'%
� ��,�� � .U2

� � ��

�:�Q�-,�� � �
�	
 � C ���:�y% C � C 

�Z�:� � �Y�=���W�=�y?

,G(�]956,#(+?�,#]9@#&�
+*-8���?�,#&E(e.�.6:�B�&�A"*-8956&I:"(9@#0�:P(9&IcdA<56,#A"79@G&�� &"!ZR+!
TR



TS


ΘR

:"5
ΘS
�C,#(�:"5{23&E5�.-:�R"&E.�.-^+&I.-5{A<(+*4;¡&E56&)2

B�:PBD&E(e.-89B�!_$'&�*4]9,G.-&Z:<;3.6^9&)*-&p?E:"(+*-,�23&E5{Ad.6,G:P(+*�
�,G.�\CA"*�29&)?�,�23&�2J.-:kB�&�A"*-8956&�A<@#@".6^9&)*-&pze8+A"(e.-,G.-,#&)*�,G(�:P5629&E5s.6:k*-&E]+A"56A<.-&
.-^9&�23,��X&E56&E(e.�,#(P.6&E5{A"?�.-,#:"( ?{^+A<(+(9&E@�*IA<(+2 .6:�5-&�238+?E&D.-^9&�7xA"?{°>R"56:"89(x2�
sBD&)A"(9,G(+R�.-^+A<.�:"(9&�29&�.-&)5-BD,#(9&)*I.-^9&�A"(9R"@#&)*�

&E(9&)5-RP0¬@#:P*6*4&�*�A<(+2 .6:<.{A<@Z&E(9&)5-RP,G&�*�� .6,GBD&�W :<; WX>+,#R"^e.{�J;¡:"5�.6^9&Q*6?EA<.4.6&E56&)2 ]956:<�1&�?`.-,#@#&�A<(+2 .6^9&�56&)?E:",#@�]956:<.6:"(s! YZ.�.6^9,�*
.-,#B�&�
�.-^9&�7956&)A<°eW 89] ?{^+A"(9(9&E@�*k\p&)5-&�,�23&)(P.6,/¦x&)2¬A"(+2�.6^9&E,#5KA"(+A<@#03*4,�*�,�*K*1.6,G@#@=R":",#(9R�:P(s!K� .k,�*'\Z:"5-.-^�.6:�BD&E(e.6,G:P(�.-^+A<.
.-^9&F7956&)A"°eW 89]�:<; 6He

A<(x2 8He
\F,G.-^�AJ?E:"(+?E,#23&)(+?�&�A"(+A<@#03*4,�*=:<;�.-^+&F5-&�?�:",#@9(>8+?E@G&)8+*=\ZAP*=]x&)54;¡:P5-BD&�2�;¡:P5w.-^+&C¦+56*4.w.-,#BD&Ad.F^9,#R"^�&E(9&)5-RP0�238956,G(9R�.6^9,#*C&Ev3]x&)5-,#BD&E(e.)! �']�.6:�(+:d\�,#(Q^9,#R"^�&E(+&E56R"0D;¡5{A<R"BD&)(P.{Ad.6,G:P(�
e.-^9&J;¡5{A<RPB�&)(e.6*CA<56&K29&�.-&�?`.6&)2

:"(9@#0�,#(�?E:",#(+?�,�23&)(+?�&J\F,G.-^�.-^9&I&)BD,/.-.-&)2�^+A"@G:D(9&)83.-56:"(x*E!

\0�=\ ] % ,E ")	1 ���#,�� ,�.�� g"� 6He
4��" 8He

' ��4 67�
�C^9& *4.-8+290�:<;�(>8+?�@#&E,k; A<5Q;¡56:"B�.-^9& *4.6A<7+,G@#,/.10«cdA<@#@#&E0«,#*�A ?{^xA<@#@G&)(9R"& \F,G.-^�5-&�*4]�&)?�.�.6: .6^9& AP?`.-8xA<@K&�v3]x&)5-,#BD&E(e.6A"@.-&)?{^+(9,#ze89&�*E!w¤':D*4.6A"79@#&J.6A<56R"&E.Z:"; 6He

:P5 8He
?)A<(�7x&J.6&)?{^9(+,#?)A<@#@G0�]+5-:3238+?E&)2�2389&J.6:�.6^9&E,#5'*-B�A<@#@y@G,G;¡&�.6,GBD&)*�
+*-:D,/.�,�*

?�@#&)A<5p.-^xAd.C:"(9&k^+A"*p.-:�]�&E5-;¡:"56B .6^9&K]95-:".-:P(�&E@�A"*4.-,�?k*6?EA<.4.6&E56,G(9R�,G(�.-^9&K,#(ecP&E5{*4&K*-?{^+&EBD& I�.-^9& AHe
A<56&']+5-:3238+?E&)2QA<(+2

?�:"(x238+?`.6&)2�.-:d\CA<5{29*=AK^e032356:"RP&E(�.6A<56R"&E.)!_YZ.w.-^9&F]956&)*-&E(e.=.-,#BD&�
".-^9&'�I�>�C� � &�*4&)@G@�*6?{^+Ad; .=;¡89&)5 r ?{^>\Z&E5 � :P(9&E(3;¡:P56*6?{^>89(9R 

$kA"5-B�*4.6A"23.�
9�K&E56B�A<(>09��,�*Z.-^+&K:P(9@#0�,G(x*1.{A<@#@#A<.-,#:"(�\F^+&E56&k5{A"23,#:PAP?`.6,GcP&'7�&)A<B�*F?)A<(�7x&J]956:3238+?�&�2QA"(+2�¦+@/.6&E56&)2�Ad.F^9,#R"^
&E(9&)5-RP0 � ∼ T9! �I.6:D;¡&E\S�K&�¯��~8��`!

�_,#56*4.IA�]956,GB�A"5-0�,G(e.6&E(+*-& 18O
i�7�&)A"B¥,#*K23&EcP&E@#:"]�&)2 A"(+2¬AP?E?E&E@#&E5{Ad.-&�2�.-^956:"8+R"^�.6^9& �k¤��1£�Y'�¢���_,#R+! �3! UP��@G,#(9&)A"5

*4&�?`.-,#:"(x*OA<(+2�,G( �1&�?`.6&)2D.6:I.-^9&J�>�4��� r ?{^>\Z&E5 
 :"( r 0e(x?{^95-:".-56:"(x��.6:�7�&kA"?)?�&)@G&)56A<.-&)2DA<. ' � �<TIb &�¯��~8�A"(+2Q}<U"TIb�&�¯��~8� �_A<7s! �3! UP��;¡:"5F.6^9&�]956:3238+?�.-,#:"(�:<; 6He
A<(+2 8He

56&)*-]x&�?`.6,GcP&E@#0"!���(�.6^9&�*-@G:d\�&�v>.-5{A"?�.-,#:"(�B�:323&�
9.6^9&��>�4�Q,�*F79@#:>?{°P&)2
238956,G(9R¬.-^9&�A"?)?�&E@#&E5{Ad.6,G:P(H*1.{A<RP&�A<(+2H.-^9&)(�
w\F^9&)(H.-^+&�23&)B�A<(+23&�2 &E(+&E56R"0 ,#*�56&)A"?{^+&)2�
=:"]�&E(+&)2 ;¡:P5�7�&)A"B 23&E@#,GcP&E560
238956,G(9R A�.6,GBD&�,#(e.-&)5-cdA<@�56A"(9R",#(9R�;¡5-:PB�A�;¡5{A"?�.-,#:"( 89] .-: ;¡&E\ *4&�?�:P(+29*J\F^9,�?{^ 5-&�*48+@/.{*I,G(HA�.10>]9,�?EA"@&1 *4]9,#@#@21Z�¡7989(x?{^x�
*1.65-8+?�.-8956&"!�� .O,#*_.6^9&E(D23,#5-&�?`.6&)2�.-:IA 9Be

;¡5{A<RPBD&E(e.6A<.-,#:"(�.{A<56R"&E._\F^9,�?{^�,#*w@#:3?EA<.-&)2�Ad.=.-^+&F&E(e.-5{A<(+?E&p:";+.6^9& �F� A"R"BD&E(e.
r &)]+A<5{Ad.6:"5����=�'�+� D � �GF !O�C^9& �_�k�����_,#R+! �3! ae�=,�*ZA�B�A<RP(9&�.6,#?�*-]�&)?`.65-:PBD&�.-&)5�\F^9&)5-&'^9&)A~c>0�,G:P(�7x&�A<B�*p\F,/.6^�B�A<R"(+&�.-,�?
5-,#R",�23,G.-,#&)*k;¡5-:PB���.-:  )���CB�?)A<( 7x&�A"(+A<@#0>®E&)2 ,#(3Wd>x,GRP^P.�!�� .�?E:"(+*-,�*1.{*k7xA"*-,#?)A<@#@G0�:";�;¡:"8+5I,G(+29&E]�&E(+23&)(e.�*1.{A<R"&�*�
y&�A"?{^
?�:"(x*4,�*1.6,G(+R�:<;�A�23,#]x:P@G&kB�A<R"(+&�.FA<(+2�A�*-&�.p:";�ze8+A"295-89]�:"@#&)*p7�&�;¡:"56&kA"(+2�A<; .-&)5�.6^9&K29,G]�:"@#&"!p�k(9&K*4^+:"89@�2�BD&E(e.6,G:P(�.-^+A<.
.-^9&I?�:PB�79,#(+A<.-,#:"(�:";_A�^9,GRP^Q&)(9&E56R"0�
P^+&)A~c>0�,G:P(�7�&)A"B \F,/.6^�A�56&E@�Ad.-,#c"&)@G0�.6^9,G(�]956:3238+?�.-,#:"(�.{A<56R"&E.Z^+AP*CA<(�,#BD]x:P54.{A<(e.
A"23cdA<(e.{A<R"&D.6^956:"89RP^ .-^9&�;¡56A"R"BD&E(e.6A<.-,#:"( BD&)?{^+A"(9,�*4B*I�.-^9&Q5-&�A"?�.-,#:"( ]956:>298+?`.{*�A"5-&�?E:"(3¦x(9&)2 .6: .-^+&�c"&)5-0¬;¡:"56\ZA"562
23,G56&)?�.-,#:"(+*Z\F,G.-^�c"&)@G:3?E,/.6,G&�*Cc"&E560�?E@G:e*4&k.-:D.6^+Ad.�:";�.-^+&I7x&�A<B�!
�C^+& 8He

� b � ���kae��?EA"(«7x&�&�A"*-,G@#0 *-&E]+A"56A<.-&)2 ;¡56:"B�:".-^9&)5D;¡56A"R"BD&E(e.{Ad.-,#:"( ]956:3238+?`.{*�7>0 A *-,GBD]9@#&�B�A<R"(+&�.-,�?
A<(+A"@G03*-,#*�29&)*-]9,/.6&¬,G.Q,�*QA<.�.-^+&¬B�Adv3,#B�89B 56,GRP,#23,G.10 @G,#BD,/.�:<;I.-^+& ;¡5{A<R"BD&)(P.�*4&)]+A<5{Ad.6:"5�![�C^+& 6He

?)A"*-& (9&E&�29*�,#(
A"2923,G.-,#:"(D.6^9&'A"(+A<@#03*4,�*w:<;X.6^9&'&)(9&E56R"0�@G:e*-*w:";y.-^9&�;¡56A"R"BD&E(e.6*)!=�C^9,#*�,#*pA"?)?�:"BD]9@#,�*4^9&�2�7e0�.-^+&'8+*-&�:<;sAI]+5-:"¦+@G&�2D&E(9&)5-RP0
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� �D,h�-,�� ��3 � 
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�W%
�K7(
������<������?

�1*4:".-:"]�&
E(18O), MeV/u E, MeV/u Bρ, T/m

6He 820 717± 9 13.9
8He 730 670± 9 17.5
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23&ERP56AP23&E5�B�A"23&�:<;IA<@#89BD,#(e8+B @G:3?)Ad.-&�2 A<.D.-^9& 23,�*-]x&)56*-,GcP&�;¡:>?)A<@F]9@�A<(+&
F2
!«�C^+&Q¦x56*4.�.1\p: 23,#]x:P@G& *4.6A"R"&�*�:";'.6^9&

�_�k��]�&E5-;¡:"56B A<(
A/Z

*4&)@G&�?`.-,#:"(�.-^>8+*p.-^+&';¡5{A<RPB�&)(e.6*p\F,/.6^�.6^9&K*6A<BD&KB�A<R"(+&�.-,�?�56,#R",�23,/.10�A"5-&';¡:>?E8+*6*4&�2�:"(�.-^9&J*6A<BD&
]x:e*4,G.-,#:"(�:";9.-^+&p&)(9&E56R"0J23&ERP56AP23&E5�!��C^9&Z23,���&)5-&)(P.wAd.6:"BD,�?O&E(+&E56R"0J@G:e*-*�:<;9.6^9&Z,G:P(+*�]�&E(+&�.-5{Ad.6,G(+R�.-^+&Z23&)R"5{A"23&)5�]956:dc>,#29&)*
.-^9&�A"2923,G.-,#:"(xA<@�*-&E@#&)?�.-,#:"( 7xA"*-,#*'(9&E&�23&)2�;¡:P5�.6^9&�*-&E]xA<5{Ad.-,#:"(�:";�A�*-&E@#&)?`.6&)2�(>8+?E@G,�23&Q�

Bρ − ∆E − Bρ
BD&�.6^9:32+�`!JY�(

&�v3]x&)5-,#BD&E(e.6A"@s&�v9A"B�]+@G&�23&)BD:"(+*4.-5{Ad.6,G(9R�.6^9&�*-&E@#&)?�.-,#:"(�BD&�.-^+:>2�,�*F]956&)*-&E(e.6&)2�,G(�.6^9&�@#:d\Z&E5F]+A"54.�:";�¦+RP8956& �3! aD.6A<°P&E(
;¡5-:PB 56&�;¡&E56&E(x?�&�D �<aHFX*4^+:d\F,G(9RJ.6^9&'56&)*-89@G.�:<;X.6^9&F¦+5{*1.ZA<(+2D.6^9&'*-&)?E:"(+2D&Eve.656AP?`.6,G:P(s!��C^9&K?�:PB�79,#(+Ad.6,G:P(D:<;X.-^9&'.1\p:"W�;¡:P@#2
Bρ

A<(+A"@G03*-,#*JA<(x2�.-^+&�&)(9&E56R"0�@#:P*6*K]956:dce,�23&�2 A�*4&�?�:"(x29A<560�7x&�A<B¥:<; 6He
\F,/.6^ :P(9@#0�;¡&E\ ?E:"(e.6A"BD,G(+A"(e.6*k.-^+A<.I\p&)5-&*48979.-5{A"?`.6&)2Q@#A<.-&)5�238956,G(9R�.6^9&I:���,#(9&IA<(+A"@G03*-,#*J���3&)?<! �9! aD]s! U"�e�`!

�_,#R"8956& �3! a I 34��,�����

���#�
E �#� C %q7 ��,�������
 �����(� �
� � & 
 �'

�W%
� 9��
	�3�>�? @4,��
�!��% ��% & �#�/��� & 

�=

���#%
� & �����4�(��2
& �	� �!�L�����<�6�����'

�W��� C ���-,H��,��
�=5 & ���������(� ��
 � ��%
�4�
�����#%
���
7(% �0
 6He

"��=
 � 9s7��'%
��	p�#7(?

BJ�� ��>

�C^+& 9Be
;¡5{A<R"BD&)(P.{Ad.6,G:P(�.{A<56R"&�.�8x*4&�2�\ZAP*FA<7�:"83.

8g/cm2 .-^9,�?{°Q\F^+,#?{^�56&E]956&)*-&E(e.{* 5.3 × 1023atoms/cm2 A<(+2.-^9&K.10>]9,�?EA<@y]+5-,#B�A<560 18O
,#(e.-&)(+*4,G.10�\CA"*

2 × 1010particles/sec
!_�C^9&J&Ev>:".-,�?K(e8x?�@#&E,y]+AP*-*-&)2�.-^956:"8+R"^�.6^9&��=�'��A<(+2

.-^9&)( .656A~cP&E@#&)2 A<7�:"83.��PT�B­.6:�.-^9&�?)A~c"&D� \F^+&E56&�.6^9&�&Ev>]�&E56,#B�&)(e.6A<@O*-&�.689] ,�*I,G(x*1.{A<@#@G&�2y!Q�Z&�;¡:P5-&D]�&E5-;¡:"56BD,G(9R�.6^9&
&�v3]x&)5-,#BD&E(e.�
e:"(+&'(9&)&)29*p.-:�*4,#B�8+@#A<.-&�.6^9&k.-5{A<(+*-]x:P54.p:<;s.6^9&k*-&)?E:"(+29A"5-0�7�&)A<B�*�.-^956:"8+R"^�A"@G@x.-^9&�*4&K&E@#&EBD&)(P.{*E! �+:"5O.6^9,�*
]98956]x:e*4&�
xA�b :"(e.-&EW1�ZA"5-@#:�?�:323&�
Xb �I�ZYk$'�5D �"USF=,#(+?�@#8+23,#(9R�.6^9&�(+&E&)29&)2�7�&)A"B :P]3.-,�?E*kA<(+2�.-^9&�Ad.-:PBD,#?�A"(+2�(>8+?E@G&�A<5
,G(e.-&)56AP?`.6,G:P(�]956:3?�&)*6*-&)*Z\ZAP*C8+*-&)2y!w�C^9&J.{A<79@#& �3! a�56&)*-89BD&)*Z.6^9&J;¡:"@#@#:d\F,G(9R�56&E@#&EcdA<(e.�ze8+A<(e.-,G.-,#&)*[I

• .-^+&I]95-:3238x?`.-,#:"(�?�56:P*6*C*4&�?`.6,G:P( σprod
23&E.-&E56BD,G(+&)2Q;¡5-:PB .-^+&IuOMyY&�n&)B�]+,G56,#?)A<@y56&E@�Ad.6,G:P(+*J�PD �P�GF 
9D �"�SF¡�

• .-^+&J.-:<.{A<@X.656A"(+*4BD,�*-*-,#:"(Q; A"?`.6:"5 εtrans
29&�.-&)5-BD,#(9&)2Q;¡56:"B�b �I�ZY'$k� D �"USF

• .-^+&I&�v3]x&�?`.6&)2�]+A<5-.-,�?�@#&J56A<.-& Φcalc
Ad.F.-^+&I&�v3]x&)5-,#BD&E(e.6A"@s*4&E.-89]

• .-^+&IB�&�A"*-8956&)2Q]+A<5-.-,�?�@#&J56A<.-& Φm

�1*-:<.6:"]�&
σprod(barn) εtrans Φcalc(pps) Φm(pps)

6He 2.19× 10−3 0.01 2 × 105 1.9 × 105

8He 4.21× 10−5 0.03 14000 16000

��A"79@#& �9! a�I 3 ���=% �:�y
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�������#% �
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 �'

�����������

�_,#(+A<@#@#0�
k.-^9& ?EA"@#?E89@#A<.-&�2�7x&�A<B�23,#c"&)5-RP&E(+?E0�

ΘX ' 3.4mrad

A<(x2
ΘY ' 6.8mrad

���_,#R+! �3!��"��,�*�A"(9:<.6^9&E5
,GBD]�:"5-.6A<(e.F56&)A"*-:"(�.-^+A<.�5-&�ze89,G56&)*p.6:�^xA~c"&IA�]95-&�?�,�*4&K7�&)A<B ]+A<5-.-,�?�@#&K.-5{A"?{°>,#(9R+!
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�C^9&K*-&�.689]�8x*4&�2D;¡:"5p.-^9&K]956&)*-&E(e.pBD&�A"*-895-&)BD&E(e.6*�,#*C*-°"&�.{?{^9&)2�,G(�¦xR"8956& �9! �+!=�C^+&'7�&)A<B ]+5-:��1&)?`.6,G@#&'(>8+?E@G&�A<5Z?{^+A<56R"& �
,#*K23&�.6&E56BD,G(9&�2�;¡56:"B .-^9&�&E(9&)5-RP0Q@#:P*6*��

∆E
��BD&�A"*-895-&�2�7e0�BD&)A"(+*�:";w.1\p:Q*4B�A<@#@=A<(+2�.6^9,#(¬*-?E,G(e.6,G@#@#A<.-:P56*K�X ��

5cm ×
6cm × 1mm

� 
=� � �
6cm × 6cm × 3mm

�JA<(+2 A�79,#R"RP&E5J:"(+&�
w�3U �
20cm × 20cm × 2cm

�`!Q� .�,#*�?E:"@#@G,#B�Ad.6&)2 5-,#R"^e.
7x&E;¡:"56&K,#(e.-&)56AP?`.-,#(9RDAd.C.-^+&k.{A<56R"&E.Z7>0�A

20cm× 20cm× 1cm
*6?�,#(e.-,#@G@�Ad.6:"5Z\F,/.6^�A ��?�B 23,#A"BD&�.-&)5C^9:"@#&KA<.F,/.{*F?�&E(e.6&E5

�¡¯w&�.6:e��!��C^9&)*-&K;¡:"895�29&�.-&�?`.6:"5{*FA<@�*4:�*-&E56c"&k.-:�23&�¦x(9&J.-^9&I7�&)A"B .65-,#R"RP&E5I���>&�?<! �9! ��]s! U"�P��!
�C^9&IV�&I7�&)A<B�]+A<5-.-,�?�@#&)*FA"5-&k.-5{A"?{°P&)2�7>0�.6^9&Ib���MZ�Z*FM' �W M ��7x&E;¡:"56&K,#(e.-&)56AP?`.-,#:"(�A<(+2�M�U<W M�aDA<; .-&)5F,G(e.-&)56AP?`.6,G:P(

.-^>8+*�
�:P(9&D,#*�A"79@#&�.6: 23&�.6&E56BD,G(9&D.6^9&�@�A<7s!�*6?EA<.4.6&E56,G(9R�A<(+R"@#&
ΘS

A<(+2 .-^+&�,G(e.-&)56AP?`.6,G:P( cP&E5-.-&�v ]�:P*-,G.-,#:"(s!��C^+&E0¬A"5-&
,#23&)(e.-,G¦+&)2 A<; .-&)5�.-^+&�*6?EAd.-.-&)5-,#(9R�]956:3?�&)*6*Fc>,�A

∆E
BD&)A"*-8956&EBD&E(e.�,#( �3U�A"(+2�A�B�A<RP(9&�.6,#?�A<(+A"@G03*-,#*F8x*4,#(9R�.6^9&�Y�@�A"29,G(

23,G]�:"@#&IB�A<RP(9&�.FA<(+2�A�]x:e*4,G.-,#:"(�*4&)(+*-,/.6,GcP&K*6?�,#(e.-,#@G@�Ad.6:"5C\ZA"@G@w� �>MO���Z7�&E^9,#(+2�,/.GI=.-^9,�*C&E(xA<79@#&)*Z.6:�*-&E]+A"56A<.-&k.-^9&J&)@#AP*1.6,#?*-?)Ad.4.6&E56,G(+R�;¡56:"B�7x&�A<B ;¡5{A<RPBD&E(e.6A<.-,#:"(�]+5-:3238+?�.6*FA"(+2�:<.-^+&E5C5-&�A"?�.-,#:"(�]95-:3?E&)*6*4&�*E!
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]95-:".-:P(+*C\F,/.6^9,#(Q.6^9&I&�v3]�&E56,GBD&)(P.{A<@s*-&�.689]s!
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MWPCs

Beam counters

ΘX

Z

He6

He6

He3

He4

direct

T = 30 − 200 MeVR

= 65 − 85 deg.R
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magnet

P2 P3P1
S1

S2

P4

S3
Veto

He beam
from FRS

2Liquid H target

Aladin

P5, P6

RPW

SPW

6        

Protons

��,#R"8+5-& �3! � I 3 �=,��(��

���#���=� & �'���������W

���#%
� %B7h��,��h3 � � � �'5 & �(�����������W? @4,�� �	
�"�% �'

�W%
������%*%
�'� ���:

�W�(�U���D���W�(� �6�(��� �!�
�B,�% C �+��� �-,��;"�%
����% � �	��7��T�=% ���:����� �-,��0%
��� ����� "������	�h

����,�� �������W�(��%B7���,�� ��
 ���y���W?;@4,��0� ���'���(���#%
�

ΘR = 75◦
�!�Z�6�����


D��
����$�#�����<���:� �W% & %D�������#% �+�-,����'����%
��� 

���P��� E �#���(�(?

g���¨�������� � -:A1< � �B!�+.���'*

u�A"?{^�?{^+A"B�7�&E5Z?�:"(x*4,�*1.{*O:";�A�?�@#:P*-&)2D,�*-:"@�Ad.-&�2Dc":P@G89BD&�B�A",G(e.6A",G(+&)2�A<.ZAd.6BD:P*-]9^9&E56,�?F]956&)*6*48956&F\F,G.-^QA�]x&)5-B�A<(+&E(e.pReA"*>+:d\ � }<� � A<56R":P( � �P� �
CO2

��!J�C^+&�RPAP*'BD,Gv>.-8956&�,�*'56&)A"@G,#®E&�2�.-^956:"8+R"^¬AQ23&)23,�?EA<.-&�2 23&Ec>,�?�&�7989,#@/.�Ad.I�I�>�`!y�C^9&
&E(e.-5{A<(+?E&KA"(+2Q&�v3,/.�\F,#(+23:d\�*FA"5-&KB�A"23&J;¡56:"B

50µm
A<@#89BD,#(9,G®)&)2�b�0>@�A<5�!=�C^+&�b���MZ� ^+A"*Z.1\Z:�?�:>:"5{23,#(+Ad.6&k]9@�A<(+&)*�


*4,#BD,G@�A<5k,G( *1.65-8+?�.-8956&�A"(+2�]�&E56]x&)(+23,�?�89@�A<5k.-:�&)AP?{^�:<.6^9&E5@
X:"(9&�;¡:"5K&)A"?{^¬]x:e*4,G.-,#:"(¬?E:>:"5{23,G(xAd.-&
X
A<(+2

Y
���_,#R+! �3! }<��!

�k(9&I?�:>:"5{23,#(+Ad.6&k]9@�A<(+&I,#*F*-^9:d\F(�,G(�¦+RP895-& �3! ��\F,/.6^�.1\p:Dc>,G&)\�*C]x&)5-]�&E(x23,#?E89@�A<5C.-:�&�A"?{^Q:<.-^+&E5�!
� .k,#*C;¡:P5-BD&�2Q7>0�.-^956&E&I]9@�A<(+&)*C:<;=.6^9,G(�\F,#56&)*[IO?EAd.6^9:323&�*4.-56,G]�]9@�A<(9&�
+A<(+:>29&I]9@#A"(9&�A<(x2�?)Ad.6^9:323&I]9@�A<(9&P!�� .F;¡:"56B�*

A ?�:PB�]+@G&E.-&�,#(+23&)]x&)(+23&E(e.D23&�.6&)?`.6:"5�\F^9,#?{^ ,�*�A"79@#&�.-:¬R"&�.�.-^9&Q,G(3;¡:P5-B�A<.-,#:"( 5-&)@#A<.-&�2 .-: :P(9&�?�:>:P5623,#(+A<.-&�
�.10>]9,�?EA<@#@#0
X
:"5

Y


Z
7x&),G(+R�.6^9&�23,G56&)?�.-,#:"( :";�,#(+?�,�23&E(e.J7x&�A<B�!��C^9&�.10>]9,#?)A<@w23,�*1.{A<(+?E&�7�&�.1\Z&E&)( .-^+&�?)Ad.-^+:>29&�A"(+2�.6^9&�A"(9:323&

]9@#A"(9&)*Z,�*
d = 2mm


>A"@#*-:�°>(9:d\F(�A"*ZRPAP*�ReA<]�
3A"(+2�.6^9&K.1\p:D?�:>:"5{23,#(+Ad.6&']9@�A<(+&)*Z\F,/.6^9,#(Q:P(9&K?{^xA<B�7�&E5FA"5-&K*4&)]+A<5{Ad.6&)2
7e0�.10>]9,#?)A<@#@G0

6 × d
.6:�A~c":P,#2�A<(>0�&)@G&�?`.65-:PBDA"R"(9&E.-,�?J,G(x238+?`.6,G:P(s!F�C^9&�?)Ad.-^+:>29&�]9@�A<(9&�\F,#56&)*�A"5-&IRP5-:P89(+23&�2Q\F^+,G@#&I.-^+&

A<(9:323&�]9@�A<(+&�\F,G56&)*�A<56&�*4&E.�.-: �  "! }Q°E¯�!=�k(9&�?)Ad.6^9:323&�*4.-56,G] 89(+,/.�,#*�;¡:"56B�&�2 7>0 A�RP5-:P89] :<;'� ��*4B�A<@#@p?{^xA<B�7�&E5`�:"5'� � 79,#R�?{^+A<B�7x&)5{�Z\F,#56&)*'?E:"(9(+&)?`.6&)2�&)@G&�?`.-56,�?EA<@#@#0�.-:QA�*4^+A"]9,#(9R�]956&)A"B�]+@G,G¦+&E5�!C�C^9&�A"(9:323&I\F,G56&)*'B�A"23&I;¡56:"B R":P@#2
]9@#A<.-&�2¬.689(9Re*1.6&E( A<56&

S = 30µm
29,#A"B�&E.-&)5��¡&Ev3?E&E]3.

25µm
;¡:P5�?{^+A<B�7x&)5�M� ��JA"(+2 *-]+A"?E&)2 7e0

DS = 2mm
!��C^9&

?EAd.6^9:323&�A"(+2¬?)Ad.6^9:323&�*4.-56,G]x*']9@�A<(+&)*JA<56&�B�A"29&�\F,G.-^ ?E:"]9]�&E5 �~7�&E560>@G@#,#89B�\F,G56&)*
W = 50µm

23,�A<BD&�.6&E5IA<(x2 *4]xA"?�&�2
7e0

DW = 0.5mm � .-^9&)0�A<56&'*1.65-&�*-*-&)2D]�&E56]�&E(+23,�?�8+@#A"5-@#0�.-:�.6^9&kA"(9:323&'\F,#56&)*)!_�C^9&K*1.65-,#]�89(+,/.{*pA"5-&F.6^9&E( �IBDB \F,#29&
� �3!���BDB¥;¡:P5IA�79,#R�?{^xA<B�7�&E5`�'\F^9,#?{^ 23&�¦x(9&)*k.-^+&�]+,/.{?{^¬56&)A"29:"83.K\F,/.6^ AQ]x&)5-,#:323,�?�,G.10�:<; �9! ��B�B � UQB�B�;¡:P5IA�79,#R
?{^+A<B�7x&)5{��!_�C^9&I*-B�A<@#@X?{^xA<B�7�&E5{*K�¡M� �
3M ��
>M�U 
3Mp�"�p^+A~cP&�.-^+&E(Q�"a�56&)AP23:"89.Z?{^+A"(9(9&E@�*p;¡:"5CA�*-&E(x*4,G.-,#c"&JA<56&)A�:<;� ���?�B
×  )�D?EB�!O�C^+&K7+,GR�?{^+A"B�7�&E5{*I�¡MOa 
9M��P�Z^xA~c"&J�"�D?{^+A<(+(9&E@�*p;¡:"5'A"(�A"5-&�A�:"; �<�D?EB × �"��?EB�!
g���¨������ g 
 *�A�+1�,������+.���'* �,*�( 37-:<4")�,*���<0�,� �,�����'*�37-:*%+

�p^+A<B�7x&)56*�M� �
dM �'A"(+2�M�Uk\Z&E56&pA<@#,#R"(9&�2I:"(�.-^9&C?�&)(P.6&E5=:<;+.-^9&Z7x&�A<B[.656A<�1&)?`.6:"560k\F^+,G@#&F?{^+A<B�7x&)5�MOaK\CA"*_*4^9,G; .-&�2
5cm,G(D.6^9&k23,#56&)?`.6,G:P(�:<;y]�:P*-,/.6,GcP&

X
,G(�:P5629&E5w.6:�?�:dcP&E5w.6^9&k*-:"@#,#2DA"(9R"@#&�:<;y,#(e.-&E56&)*4.)!w�C^9&'7x&�A<B ]+A<5-.-,�?�@#&)*p?�:>:"5{23,#(+Ad.6&)*OA"5-&

@#A<.-&E5�8+*4&�2D:���,#(9&F;¡:"5pAJ¦+(+A"@+]956&)?E,#*-&F®E&)5-:�A"@G,#R"(9BD&)(P.'� �>&)?"! �3! U9!# "!��']�! �"�P�`!=�C^9&'?{^xA<B�7�&E5�Mp�J\CA"*w]9@�A"?E&)2D]+A"56A"@G@#&E@9.-:
.-^9&J.{A<56R"&�.�@�Ad.6&E5{A<@y\F,#(+23:d\f@G:3?)Ad.-&�2�:P(�.-^9&�*-,�23&I:<;w(9&)RPAd.6,GcP& �S,G(�:P5623&)5C.-:�^+A~cP&K.-^9&�B�A<v>,#B�8+B�]�:P*6*4,#79@#&I:dc"&E56@�A<]s!
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d

Cathode plane

Anode wires

Cathode strips
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�C^9&k23,#56&)?`.6,G:P(
θR = 75◦

\CA"*�8+*-&)2�AP*pA�R"89,�23&)@G,#(9&k.-:�,G(+*4.6A"@G@x.-^+&k]956:<.6:"(�A"5-B 23&)c>,#?E&)*)!_��(Q]+A<5-.-,�?�8+@#A"5�
P.-^9&J?{^+A"B�7�&E5
M���\ZAP*C]9@#AP?�&�2�]�&E56]x&)(+23,�?�89@�A<5C.6:�,/.'A<.�A<7�:"83. �<a�?EB ?�&)(e.-&E5-W .-:<W�?�&)(e.-&E5p;¡56:"B Mp�9!
g���¨�������¨ � -:�,(��'?)+

�C^9&�.-:<.{A<@OA"(9:323&�?{^xA<56R"&�,#*J56&ERP,#*4.-&)5-&�2¬A<(x2 A"(+A<@#0>®E&)2¬@#A<.-&)5k.6:�R"&�.I,#(3;¡:"56B�Ad.6,G:P( :P(¬.6^9&D&E(9&)5-RP0�@G:e*-*IA"(+2 .6^>8+*J:"(.-^9&�]xA<5-.-,�?�@#&�?{^+A<56R"&J,G;O(9&E&�23&)2 	<!��C^9&�?{^xA<56R"&K;¡5-:PB &)c"&)5-0�?EAd.6^9:323&�*4.-56,G]�,�*'*-&E(e.�¦x56*4.�.-:QA��JYk�9�3��M�£su �'W ?{^+,G] D �e}GF
!�� .�^+AP*D )��,G(+]983.�?{^+A"(9(9&)@#*J.6^+Ad.�?E:"(+*-,�*1.�:";CA�?{^+A"5-RP&D*-&E(x*4,G.-,#c"&�A<BD]9@#,G¦+&E5�� �C�3Yk�>
�A�*-\F,/.{?{^+A<7+@G&�¦+@G.-&)5�
=A�*4^+A"]x&)5
A<(+2�AD.656AP?{°��J^9:"@�2>W�*1.{A<R"&P!�YF; .6&E5J*4^xA<]9,#(9R�A"(+2�]956&�W�A<BD]9@#,/¦x?)Ad.6,G:P(�
3.-^+&)*-&�?{^+A"(9(9&E@�*�A"5-&IB�89@/.6,G]+@G&Ev>&�2�.-:�:"(9&�:P83.-]+83.
A<@#@G:d\F,#(9R�A�*-&)ze89&)(P.6,#A"@+56&)AP23:"83.O:";�A<@#@x?{^+A"(9(9&)@#*)!_�C^+&':"89.-]983.{*O;¡56:"B¢A<@#@9.6^9&'8+(9,/.{*pA"5-&'798��X&E56&)2�A"(+2�.-^9&)(�*-&E(e.O.-:�A<(
��79,G. >�A"*-^¬Y'$I�¢���3Yk$J�C�'89(9,G.)!�$k89&�.-:�.-^9,�*K5-&)@#A<.-,#c"&E@#0�@G:d\[56&)*-:"@#83.-,#:"( � �"�"��23,#R",G.-,#®E,#(9RQ?{^+A"(9(9&)@#*{�C.6^9&�?{^xA<B�7�&E5{*
\p&)5-&�(9:<.J8+*-&)2 \F,G.-^ .-^+&�;¡89@#@w]�:P*6*4,#79@#&�ReA<,#( ,G( :"5{23&)5'.6:�A~cP:",�2�.-^9&	�3Y'$I�S?{^xA<56R"&�:dcP&E56@G:eA"2y!J�C^9&DV�¯ *4&E.K:P( .6^9&
A<(9:323&J\F,#5-&�*C\ZAP*�.6^9&E(�@#,GBD,G.-&�2�.6: �  "! }��J¯S\F^+,#?{^�,#*F.-:D7x&�?E:"BD]+A"5-&�2�.-:D.6^9&I7956&)A"°>29:d\F(�c":P@/.{A<RP& �3!���°E¯�!
Y�; .-&)5�.-^9&�B�A<,#(«?�:"(e.65-:P@Z8+(9,/.¬� �>&)?"! �3!��¬]�! UP�P��^+A"*DRP&E(9&)56A<.-&)2 A *1.{A<5-.�.6^9&¬�JYk�9�3��M�£su ��*4&�zP8+&E(+?E&E5����KMp�+�

R"&E(+&E5{Ad.-&�*pA�.-5{A"?{°��J^9:P@#2¬� � �dVK�C*4,#R"(xA<@X\F^9,�?{^�&E(xA<79@#&)*Z.6^9&��JYk�9�>��Mp£su �[.6:D*4.-:P5-&k.-^+&J*-,#R"(+A"@XA"BD]9@G,G.-8x23&J;¡:"5C&EcP&E560
?EAd.6^9:323&�*1.65-,#]s!

3µs
@#A<.-&E5J.6^9&��KMp� RP&E(9&)56A<.-&)*JA�?�@#:3?{° � �Z£ ���J*4,#R"(xA<@w,#( .6^9&D;¡:"56B­:";CA�*-&E56,G&D:<; �<TPT�]+89@#*-&)*IA<.�A

;¡5-&�zP8+&E(+?E0�:";OaPTPT�°3V�®��
2.5µs

]�&E56,G:32+��.-:Q:"83.6]983.J.-^9&�,#(3;¡:"56B�Ad.-,#:"(�.6:�.6^9& �3Y'$I�k!XY�; .-&)5K&�A"?{^ �Z£ �D
x:P(9&�*4.-56,#]¬,�*
5-&�A"2�A<.F:"(+?E&"!wYS?�:PB�BD:P(�@#,G(9&I,�*C8+*-&)2�;¡:"5Z.-^+&I5-&�A"23:P83.Z:";�:P(9&I?�:>:"5{23,#(+Ad.6&k]9@�A<(+&"!w�C^9&��3Y'$I�«^xA"*C:"(+&K,#(9]989.'A<(+2
AI?�@#:>?{°�R"&)(9&E5{Ad.6:"5w\F^9,�?{^�,#*p*4&E.O.-:�aPT"TK°3V�® I�,G.p,�*w.689(9&)2�.6:I.-56,#R"R"&)5w:"(9@#0�\F^9&E(D.6^9&�,#(9]983.Z^+A"*O.-^9&�56,#R"^e.�A<BD]9@#,/.68+23&P!YF; .-&)5k23,#R",G.-,#®)A<.-,#:"(�
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106.2 mg/cm2 ?

g���¨�� g���� � �,�4��-2+	A.-2+.?)! ()-:A1< � �B!�+.���'*

�C^9&K.6A<56R"&E.C?E&E@#@s?�:P(+*4,�*4.6*Z:<;=A�cP&)*6*4&)@�¦+@G@#&)2Q\F,G.-^�@G,�ze89,�2
H2

A<(+2�*-&)A<@#&)2QAd.F:"(+&K&Ev>.-56&EBD,/.10�.-:DA�*4.6A",G(+@G&�*-*C*4.-&E&)@y7x:3230
7e0 A�cdA"?�8+89B �4AP?{°"&E.�BDAP23&�:<;�Y'@G89BD&)(9&�� ���_,GRx! �9!G P ��`!��C^9&�cP&)*6*4&)@O^+A"*�A�?�0>@G,#(+2356,�?EA<@p*4^+A"]x&�:";

100 mm
@G&)(9R<.6^

\F^9,#?{^¬5-&)]95-&�*4&)(e.6*'A�.-^9,�?{°>(9&)*6*k:<;
708 mg/cm2 A<(+2 ^+A"*KA�56:"89(x23&)2 A"]9]�&E(+29A"R"&�
x.6^9&DA<5{?{^�:<;O\F^9,�?{^¬^+AP*kA�5-,�*-&�:<;

3 mm
!��C^+&�cdA"?�8+89B �4AP?{°"&E.�]+A<5-.�\F^9,�?{^ ,#*�,G(H?E:"(e.6AP?`.�\F,G.-^

LH2
,#*

10 mm
\F,�23&�
_.-^>8+*�;¡5-:PB­.6^9&�&)(P.656A"(+?�&D.6:

.-^9&�&Ev3,/.'\F,#(+23:d\ 
+.-^9&�.-:<.{A<@�.6A<56R"&E.�@G&)(9R<.6^�:"(�.6^9&
Z
A<v3,#*F,�*

113 mm
!C� .k,�*

30 mm
29,#A"B�&E.-&)5'A<(+2�,�*'*-89565-:P89(+23&�2

@#A<.-&E5{A<@#@#0 7>0 A
100 µm

b�0>@#A"5I;¡:",#@�\F^+,G@#&�.-^+&�&E(e.-5{A<(x?�&�A<(+2 &Ev3,/.�\F,#(+23:d\�*�A<56&�BDAP23&D;¡56:"B
90 µm

b�0>@�A<5�!��C^9&
:"83.6&E5�23,�A<BD&�.6&E5I:";p.6^9&�cdA"?�8+89B �4A"?{°P&�.I]+A"54.I\F^9,�?{^ ,#*I,#( ?�:P(P.{A"?�.J\F,G.-^ .6^9&�,G(+:~v¬7x:3230 ,#*

40 mm
!��C^9&D.-^9&)5-B�A"@

,G(+*-89@�Ad.6,G:P(�:<;s.6^9&Jc"&�*-*-&E@x,#*CA"*6*-895-&�2�7>0
5× 25 µm

*4.6A"(+29A"562�A"@G89BD,#(9,#®E&)2�b�0>@�A<5�!_�C^9&k¦+@#@G,#(9RDA<(+2�5-&E.-8956(�ReA"*�.-897�&)*
A<56&K?E:"(9(9&�?`.6&)2�:"(Q.-^9&I,#(9:~v�7�:3230"!
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Liquid H

Beam

30 mm

100 mm

Mylar 100 um

Mylar 90 um

VacuumVacuum jacket

10 mm

3 mm

Filling Tube

Return Gas

�_,#R"8956& �3!# " I�� � �(�$�#�;,6��� �'%��y��� �W

���{���F������� ��,#R"8+5-& �9!G �JI�� � ���$�#� ,6��� �'% �{���0�W

� �y��� 2 ������%D����
 �v�(�����(��"(�Y�

�C^9&K*-03*1.6&EB¢.{A<56R"&�. � ?�560":e*1.{Ad.w,#*Z,#(QA�5-&�*4,�238+A"@X� �I@XcdA"?E8989B ?{^+A"B�7�&E5J���_,GRx! �3!# �P�=\F^9,�?{^�]956:dc>,#23&�*pA�*4&�?�:P(+29A<560?�:"(e.{A<,#(9BD&E(e.ZcP:"@#89BD&',#(Q?)A"*-&k:";s.6A"5-RP&�. >�A"*-°�5689]3.68956&"!w�C^9&Kc":"@#89BD&':";s.-^+&k,#(+*-89@#A<.-,#(9R�c~AP?�898+B *4]+AP?�&KA~c~A",G@�A<7+@G&';¡:"5
.-^9&I56&E@#&)AP*4&k:<;�^>032356:"RP&E(�B�8+*1.F7�&IAd.F@G&�A"*4.F� �I.6,GBD&�*Z.-^9&IcP:"@#89BD&k:";�@G,�ze89,�2

H2
?�:P(e.6A<,#(9&�2�,#(�.6^9&Jc"&)*6*-&E@ !=V'03235-:PR"&)(

&�v3]+A<(x29*�A<7�:"89.�� ��.-,#BD&)*�A"*I@#,#ze89,�2 ,�*IcdA<]�:"56,G®)&)2 .-:¬?E:"@�2 RPA"*IA<.�Ad.6BD:P*-]9^9&E56,�?�]+5-&�*-*-8956&"!��C^9&�c~AP?�898+B±?{^+A"B�7�&E5
,#*�&)ze89,#]9]�&)2 \F,G.-^ A"( &E(e.-5{A<(+?E&�A<(x2 &�v3,/.�7x&�A<B�\F,G(x23:d\�*I:<;FaeT�BDB±23,�A<BD&E.-&E5��

90 µm
b�0>@�A<5`�IA<(+2 .1\Z: @�Ad.6&E5{A<@

\F,G(+29:d\�*�.6:�@G&E.'.6^9&�56&)?E:",#@s]956:<.6:"(+*'5-&�A"?{^�.-^+&�23&E.-&)?�.-:P56*)!'�C^9&�@�Ad.6&E5{A<@�\F,G(+29:d\�*��
100 µm

b�0>@#A"5{�>
+56&)?`.{A<(9RP89@�A<5�,#(
*4^+A"]x&�
yA<56&�LP� ×  )�PT�BDB­A"(+2 @#:3?EAd.6&)2 A<.ka �DBDB�;¡5-:PB .6^9&�7x&�A<B­Adv3,�*�\F^9,�?{^¬:>��&)56*kA<(¬AP?E?�&)]3.6A"(+?�&�:<;

ϕ = ±47◦A<(+2
60◦ ≤ ΘR ≤ 90◦

;¡:P5'.6^9&�56&)?E:",#@�A"5-B�!k�C^+&�A"?)?�&)]3.6A"(+?�&I;¡:P5'.6^9&�*6?EA<.4.6&E56&)2�]956:<�1&�?`.6,G@#&)*',#*
0◦ ≤ ϕ ≤ 360◦

A<(+2
0◦ ≤ ΘS ≤ 4◦

!
�C^9&J.6A"5-RP&�.F,#*'?�:"(+(9&)?�.-&)2Q.6:�A� ~}<��@�*4.-:P56A"R"&k.6A"(9°�.6^95-:P89R"^�.1\Z:�*4&)]+A<5{Ad.6&J?{^+&)?{°�cdA<@#c"&�*E!O�C^+&J¦+(+A<@�]95-&�*-*-8956&J,G(

.-^9&F*4.-:"5{A<RP&w.6A"(9°�,�*Z "! TP�F7xA<5=A<(+2�,#*=A<@#\CA~0>*�B�A<,#(e.6A<,#(9&�2�*-@G,#R"^e.-@#0IA<7�:dc"&�.-^9&FAd.6BD:P*-]9^9&E56,�?O]956&)*6*48+5-&P!��C^9,�*=&E@#,GBD,#(+Ad.6&)*A<(>0�56,#*-°�:";w&�v3]9@#:P*-,G:P(�;¡89&)@G&�2�7>0Q:~v30>R"&)(Q@#&)A"°e,#(9RD,#(P.6:�.-^+&�*403*4.-&)B�!Z�C^9,�*�]956&)*6*48+5-&J,�*'Ad.F.6^9&�*6A<BD&J.-,#BD&I.-^+&�cdA<]�:"5
]95-&�*-*-8956&�:<;Z.-^9&Q@G,�ze89,�2 ?�:"5656&)*-]x:P(+23,#(9R�.6:¬A�.-&)BD]x&)56A<.-8956&�:<; �<T+! �;��;¡:"5�^e032356:"RP&E(s!��C^9&�?E:"(+23&)(+*-&E5I,�*�A�?�:P]9]�&E5
?�0>@G,#(+23&)5�
x�9! }�?EB�@#:"(9R�A<(x2¬ )a+!# J?EB ,#(�29,#A"B�&E.-&)5�
>.6^9&E56B�A<@#@G0�,�*-:"@�Ad.-&�2�7>0�A�?E:"]9]�&E5�*-^9,#&E@�2y!
�C^9&�RPAP*�^+A"(+23@#,G(+R�*403*4.-&)B ,�*'?E:"BD]x:e*4&�2�:<;=.-^+&�]9@#89B�7+,G(9R 
xcdA"@GcP&)*'A"(+2�?�:P(e.-56:"@�*F(9&)?E&)*6*-A"5-0�;¡:"5�.656A"(+*4;¡&E56,G(9RD.6^9&

^e032356:"RP&E(�ReA"*�;¡5-:PB .-^9&I*4.-:"5{A<RP&F.6A"(9°D.-:�.-^+&'.{A<56R"&�.C?�&)@G@yA<(x2�c>,#?E&�W c"&)56*6A9!�� .Z,�*Z^9:"8+*-&)2�,G(Q:"(9&K5{A"?{°D\F^9,�?{^�?�:P(P.{A<,#(+*
BDA"(>8+A<@=cdA<@#c"&�*�
y56&E@#,G&E;pcdA<@#c"&�*�
X]956&)*6*-895-&�,#(+23,�?EAd.6:"5{*kA"(+2¬.-5{A<(+*-BD,/.-.-&E5{*)!��C^9,�*D1 ?E5-0P:"R"&)(9,�?<1�56AP?{°?
�.6^9&DRPA"*'.6A"(9°3*IA<(+2
.-^9&�,#(+*1.65-8+B�&)(e.6Ad.6,G:P(H5{A"?{° A<56&�@#:>?)Ad.6&)2�
=;¡:P5D*6Ad;¡&E.10 5-&�A"*-:"(+*�
=:"83.{*4,�23&QA"(+2 A"7x:dcP&�.-^+&Q&Ev>]�&E56,#B�&)(e.6A<@CA<56&)A¬:"( .6^9&
?�:"(x?�56&�.-&�5-:>:<;=:<;O?)A~c"&���\F^9&E56&J.-^9&�A<,#5-,#(9R�?�:P(+23,G.-,#:"(+*kA<56&I7x&E.4.6&E5�!��C^9&�B�A<,#(

H2
*48+]9]9@#0Q7�:<.-.-@#&)*k\F,/.6^�\F^9,#?{^�.6^9&

.6A<(+°>*�\p&)5-&k;¡&)2�
+\p&)5-&J°"&)]3.F:"83.{*4,�23&J.6^9&I7989,#@#29,G(9R�A"(+2�?�:"(+(9&)?�.-&)2Q\F,G.-^�AD*4]�&)?E,#A"@s^9,#R"^�]98956,/.10¬�
1/106 �Z]9,G]�&"!

g���¨�� g�� g � ! -2� ��+1����*8!�� ��*�<>��!���-

�C^9&�?�:>:"@#,G(+RQA<(x2�.-^+&�?E:"(+23&)(+*6Ad.-,#:"(¬:<;O.6^9&DRPA"*-&E:P8+*�^>032356:"RP&E(�,�*kB�A"(+A<RP&)2�7>0�.-^+&�56&�;¡56,GRP&E5{Ad.6,G(9R�]x:d\Z&E5K:<;�@#,�zP8+,#2
^9&E@#,G8+B A<(x2�,G.6*�?E:"@�2�cdA<]�:"5{*8D �"�SFs,#(�.6^9&J.-&)BD]x&)56A<.-8956&J56A"(9R"&ka<W �<TC�D!9V�&E@#,#89B�ReA"*Z,#*C@#,�zP8+,/¦+&�2�7>0�?E:"BD]956&)*6*4,#:"(�A<(+2
*4&)(P.F.6:D.-^9&�?E5-0P:P*4.6A<.)!=�C^9,#*�:"]�&E5{Ad.-,#:"(Q.6A"°"&�*pRP&E(9&)56A"@G@#0�U"T�^9:P895{*E!O�C^9&)(Q^>032356:"RP&E(�@G,�ze89&�; AP?`.-,#:"(�7>0�^9&�Ad.�&�v9?{^+A"(9R"&
7x&E.1\p&)&E( .6^9&D?�:"@�2�^9&�A"2H� ^9&E@#,#89B��kA"(+2�.6^9&�?E:"(+29&E(+*-&E5��¡^>03235-:PR"&)(x�F*4.6A<5-.6*KA<(x2�@#AP*1.K;¡&E\S^+:"895{*E! �_,G@#@#,G(9RQ.-^+&�.6A"5-RP&�.
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\F,/.6^
H2

5-&�zP8+,G56&)*FA"7x:P83.� " �T�@�:<;wRPAP*FAd.'¤k�CM��"!�Y'*kAD5-&�*489@G.�
9.-^9&�*4.-:P56A"R"&K.6A"(9°�,�*'A<.�]956&)*6*48956&J:<;F "! �P��7+A"5�7�&�;¡:"56&
.-^9&

H2
@G,�ze89&�; AP?`.6,G:P(s!O�C^9&J.-:".6A"@sA<BD:"89(e.F:<;

H2
RPA"*C8x*4&�2�,#(�.-^9&I&)(P.6,G56&I*403*4.-&)B�,�* �<L"T�@ !

Y[*-:�?)A<@#@G&�2 K-?�:"@�2cL�� :"5CA"*-]9,G5{Ad.6,G:P(x�wcdA"@GcP&�����,#R+! �9!G �"�w,�*ZBD:"89(e.-&�2�:P(�.-^+&K56&�.68956(�.-897�&J7x&E.1\p&)&E(�.-^9&K.6A"5-RP&�.CA<(+2
.-^9&�?E:"(+29&E(+*-&E5�!F�k]�&E(+,G(9RD.6^9,�*�cdA<@#c"&�?E5-&�Ad.-&�*�A�5{A<]9,�2�,G(x?�56&)A"*-&J:<;=.-^+&�c":P@G8+B�&�A"(+2�,G(x238+?�&�*'A�]xA"*6*-A"R"&K;¡5-:PB�@#,#ze89,�2
.-:DRPAP*C]9^+A"*-&IAd.�?�:P(+*4.6A<(e.C.-&)BD]x&)56A<.-8956&J\F,/.6^9,G(�;¡&)\f*-&)?E:"(+2+*ZA"(+2�c>,#?E&�W c"&E5{*6A9!=�C^9,#*CBD:323&I,�*F?EA"@G@#&)2 1 &EBD]3.10�.{A<56R"&E.�1
B�:323&J23&�*4]9,G.-&k.-^+&'.{A<56R"&�.Z,#*�¦+@#@G&�2�\F,G.-^�^>0>295-:PR"&E(�ReA"*ZAd. �<T9!����SA"(+2�&)(+A<7+@G&�*O.6:�&)c~A"@G8xAd.-&'.-^9&K7+AP?{°eRP5-:P89(+2�A"5-,�*4,#(9R
;¡5-:PB *-:"895{?�&�*w:<.6^9&E5w.6^+A<(�@#,�zP8+,#2�^>032356:"RP&E(s!_�C^9&F.-^+,#?{°>(9&�*-*w:";X.-^9&k^e032356:"RP&E(�RPAP*w]956&)*-&E(e.�,#(D.-^9&F.{A<56R"&E.O,#*O.-^9&)(

12.9
mg/cm2 !F��\p:�@#&EcP&E@�*-&E(+*-:"5{*I�¡a3}dT�.10>]�&�?EA"5-7�:"(�56&)*-,#*4.-:P5{�ZA<@#@#:d\f23&E.-&�?`.-,#:"(�:";=.-^9&I.6^9&E56B�A<@�&�v9?{^+A<(+R"&J7x&E.1\p&)&E(�ReA"*A<(+2Q@G,�ze89,�2Q,#(�:"5{23&E5Z.6:D29&�.-&)5-BD,#(9&J.-^+&J.1\p:D:"]�&E5{Ad.6,G:P(Q*4.6A<.-&)*I� &EBD]3.10�Ww;¡89@G@�.6A"5-RP&�.{��!
�k(+&�:";�.-^+&�B�A",G( ]95-,#:"56,G.-,#&)*K\F^9&E( .-^+&D*-&�.689]¬\CA"*K]956:3238+?E&)2 \CA"*K,G.6*J56&E@#,#A"79,#@G,G.10�A<(+2 *-A<;¡&�.10 238+5-,#(9R�:"]�&E5{Ad.-,#:"(D �PLSF�.6^e8x*F.-^+&�*4.-56&E(9R".-^ ?�:>&���?E,G&)(e.6*F:";_.6^9&�,#(9(9&)5'cP&)*6*4&)@�A<(+2�:".-^9&)5k*-&E(+*-,G.-,#c"&IB�Ad.6&E56,#A"@#*F\Z&E56&�A"@G\CA~03*F*4&E.'7x&E.4.6&E5K:"5

&)ze8+A<@_.6:Q.6^9&D5-&�?�:PB�BD&)(+23&)2 cdA<@#89&)* D }dTSF !��C^9&D7+A"*-,�?�,�23&)A�7�&E^9,#(+2 *6Ad;¡&�^+A<(+29@G,#(9R�:<;CA<(>0*>xA<BDB�A<7+@G&D:"5J&Ev>]+@G:e*4,#c"&
RPA"*�,#*�.-:�&)@G,#BD,G(xAd.-&�:~v30eRP&E(�A<(x2�.-:�A~cP:",�2Q&Ev3]x:e*48956&I.6:�A<(>0�&E(9&)5-RP0Q*-:"895{?�&I.6^+Ad.J?�:P89@#2�?)A<8+*-&�,#R"(9,G.-,#:"(�!��C^9&�BD:P*4.
]95-:P7+A<7+@G&F;¡8+&E@XRPAP*O,�*p:~v30>R"&)(�]956&)*-&E(e.�,#(�.-^+&KA<.-BD:P*-]9^9&)5-&'A"(+2�.6^9&'BD:e*1.C@G,#°"&)@G0D,#R"(9,G.-,#:"(Q*4:P8956?E&)*pA<56&F;¡5-:PB¢&E@#&)?`.65-,�?EA"@
&)ze89,#]9BD&E(e.)!«��^9&)( .6^9&�.6A"5-RP&�.�,�*�¦+@G@#&)2 89]�A"(+2 *4.6A"79,#@G,#®E&�2�
�.6^9& ?�:P(9(9&�?`.-&�2 *-&�.689]�23:>&)*D(9:".�8+*4& A"(>0 &E@#&)?`.65-,�?EA"@
]x:d\Z&E5�!_�C^+&'&E@#&)?�.-56,#?)A<@#@G0�2356,#c"&E(�c~AP?�898+B ]989BD]+*CA<56&'*-\F,/.{?{^9&)2�: ��A<(+2�:"(9@#0�?�560":"]+89BD]9,G(+R�,#*Z\Z:"56°>,G(9Rx!�Y'83.-:PBDA<.-,�?
5-&)R"89@�Ad.6,G:P(�:";O.-^+&

H2
@#&EcP&E@_,#*K23:P(9&�7>0�]9(9&)89BD:dc~A"@GcP&)*)!'�C^9&�8+*4&�2�RPAP*�,�*JA<@#\ZA~03*�?E:"(e.6A",G(9&�2�,G(¬.-^9&�?�@#:P*-&)2�.{A<56R"&E.4W

*1.6:"5{A<R"&�.6A<(+° ?�,#56?E89,/.�!�Y�; .-&E5�A"(¬&Ev>]�&E56,#B�&)(e.J,�*k¦+(9,�*4^+&)2�
y.6^9&DRPAP*',�*J°"&)]3.K,#(e.-:Q.-^9&�*4.-:P56A"R"&�.{A<(9°�\F,G.-^ :"(+@G0 *-:"BD&
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�k(9&C:<;�.-^9&FB�A<,#(�A"23cdA"(P.{A<RP&)*�.-:I8+*-&FAJ]98956&C@G,�ze89,#2
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^e032356:"RP&E(DRPAP*O]956&)*-&E(e.�,#(�.6^9&:K4&EBD]3.10�.{A<56R"&�.aLCBD:323&�
e\F^+,#?{^�,�*�.6A<°P&E(�,#(e.-:�AP?E?E:"89(e.�,#(�.-^+&'7+AP?{°eRP5-:P89(+2D*-8973.-5{A"?�.-,#:"(238956,G(9RD: �D,#(9&IA<(xA<@#0>*-,�*K� �>&)?"! U+! U+!G J]s! aPUe�`!
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c"&E5-.-,�?EA"@G@#0�A<@#,GRP(9&)2 *4@�Ad.{*K:<;k D?�B­.-^9,�?{°>(9&)*6*�
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1.032 g/cm3 A<(x2�A�56&�;¡5{A"?`.6,GcP&I,G(x23&�v�:<;
n = 1.58
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Latt = 2.10 m
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δ
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xwall
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*1.65-8+?�.-8956&�
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(0.3o)
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2.3 m
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L
.-^9&Q*4@�Ad.�@#&E(9R".-^s!

ywall
,�*

.-^9&
y
?�:>:"5{23,#(+Ad.6&K:";�.6^9&�]�:",#(e.'�:
9.-^9&

Ywall
A<v>,�*�
3]+A<5{A<@#@G&)@X.-:�.6^9&�*-@#A<.�
97�&E,#(9R�23,#5-&�?`.6&)2Q;¡5-:PB�7�:<.-.-:"B .-:D.6:"]s!Z�C^9&

&E(9&)5-RP0�@G:e*-*C,�*Z.-^9&)(�R",#c"&E(�7>0 I
∆E = 2

√

∆Etop∆Ebottom exp−αL/2 � �3! }<�
A<(+2

ywall
?EA"(Q7�&I&�v3]956&)*6*-&)2�AP*8I

ywall =
1

2α
ln

∆Etop

∆Ebottom

� �3! �P�
�C^+&�&�v3]�&)?`.6&)2D&)(9&E56R"0�@G:e*-*-&)*=:";�.6^9&�&)@#AP*1.6,#?C56&)?E:",#@9]956:<.-:P(+*wA<56&�*-^9:d\F(D,G(D¦+RP8956& �3!# )LJB�A"23&C;¡56:"B A�b�:P(P.6&�W4�ZA<56@G:

*4,#B�89@�Ad.6,G:P( :<;F*-?)Ad.4.6&E56,G(+R�;¡5-:PB�A }3 ~}Qb�&�¯��d8 6He
7x&�A<B±]9@#:<.4.6&)2 ,#( ;¡89(+?�.-,#:"( :<;C.6^9&�56&)?�:P,G@�°e,#(9&E.-,�?�&E(9&)5-RP0

TR
!

�956:"B .6^9&J;¡5-:P(e.C@�A~0"&)5I���_,GRx! �3!# )L+! YK�O:P(9&I,#29&E(e.-,G¦+&)*ZW�;¡5-:PB @G&E; .F.-:D56,GRP^P.CWO.6^9&J;¡:"@#@#:d\F,G(9RD?�:P(e.-56,G7989.-,#:"(+*[I
• ]956:<.6:"(+*F*4.-:P]9]x&�2�7�&�;¡:P5-&I56&)AP?{^9,#(9R�.6^9&I\ZA"@G@O� ∆Ep,front = 0

�p;¡:"5
TR ≤ 19MeV

• ]956:<.6:"(+*�*4.-:P]9]�&)2�,#(�.-^9&�¦+5{*1.'@�A~0"&)5F;¡:"5 19MeV ≤ TR ≤ 37MeV
�
∆Ep,rear = 0

;¡56:"B ��,#R+! �9!G �L9! �F�Z\F^9&E56&
:<;�?E:"895{*-&F.-^9&K&E(+&E56R"0�@G:e*-*�,G(+?E5-&�A"*-&)*�\F,/.6^�,G(x?�56&)A"*-,#(9R

TR
!=Y�B�Adv3,GB�89B¢&E(9&)5-RP0�@#:P*6*p:<; ∼ 33MeV

,#*p56&)A"?{^+&)2
;¡:"5F]+5-:".-:"(x*C&EBD,/.-.-&�2�A<. ∼ 37MeV

!
• ]956:<.6:"(+*k.-^xAd.�?�56:P*6*-&)2�.6^9&D;¡56:"(e.I@#A~0P&E5k;¡:"5 TR ≥ 37MeV

\F^9&E56&�.10e]+,#?)A<@#@G0�.6^9&�&E(+&E56R"0�@#:P*6*K29&)?�56&)AP*4&�*K\F,/.6^
,#(+?�56&)AP*4,#(9R

TR
!O�>:"BD&':";y.-^9&�*4&k]956:<.-:P(+*�A"5-&k*1.6:"]9]�&)2�,#(�.6^9&K*-&)?E:"(+2D@�A~0"&)5k����,#R+! �9!G �L9! �C�=;¡:"5

37MeV ≤ TR ≤
53MeV

\F^9,#@G&J.6^9&I5-&�*1.F&�*-?)A<]�&k.6^9&�*6?�,#(P.6,G@#@�Ad.-:P5C\ZA"@G@ !
� ��37- ���������'"%+	��* ��*�- A.����+

�9:"5'.-^9&�56&E@�Ad.-,#c"&��'� � ?)A<@#,G7+56A<.-,#:"(�]98956]�:P*-&)*�
+.6^9&��FM�� ,�*'&�zP8+,G]9]�&)2 \F,/.6^ A�29&)23,�?EA<.-&)2 @#AP*4&)5k*-0>*4.-&)B�\F^9,#?{^ ¦+5-&�*
A<@#@s*4@�Ad.{*FAd.F:"(+?E&K.-^956:"89RP^�A�(9&E.1\p:P5-°�:";_:P]3.-,�?EA"@X¦+7�&E5{*E!O�C^9&I?)A<@#,G795{Ad.6,G:P(Q\CA"*Z@#,G(+&)A<5GI

U"a
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�	���$�	
 �����
���:����� � �	%D�����(�
%
� �-,�� �'����%
���
���(��� �������Y

�W%
� C 

���7��'% ���V9 � > 
 �:�
�'��

� 9 � > �	
 ���(���
7��'% � ��,�� � � �� ����� � 6He���	
D�����#� ���=
 ���W����2
���	� 7��$�4�(���#%
� %q7
�-,��p�'����%
�����
���4�(���#�
���:����� �

TR
? @4,��

�
� Sp�(�'����� ��%
� 2
�����#"(�$���#%
��� 
 �'�
�=5 & �	

���4��� ��� ��,��
�W�'5y�W?

TOFns = a.TOFchannels + b
�C^9&�?EA"@G,#795{Ad.-,#:"(�?�:P(+*1.{A<(e.

a
\CA"*w23&E.-&E56BD,G(+&)2�7>0�B�A<°>,#(9RK.1\p:J@�A"*-&E5=5-8+(+*w\F,G.-^�AD � �3! ak(+*w29&E@�A~0�\F^9,#@G&C.6^9&�: �y*-&�.

b
\ZAP*OReAd.-^+&E56&)2�;¡56:"B .-^9&J23,���&)5-&)(P.C23&E89.-&E56:"(�7�&)A"B¢&E(9&)5-RP,G&�*O^+A~c>,#(9RI.-^+&E56&�;¡:"56&�23,���&)5-&)(e.p]�:P*6*4,#79@#&k�'� �Z!P� ;

TOFtopA<(+2
TOFbottom

A<56&J.-^9&��'� �x*�56&)?E:"5{23&)2�Ad.'.-^9&I.6:"] A"(+2�7x:".4.6:"B�M�b *'5-&�*4]�&)?�.-,#c"&E@#0QA"(+2�A"*6*-89BD,G(9RD.6^+Ad.k.-^9&�.1\p:
*4,#R"(+A"@#*C56&)AP?{^�.6^9&IM�b *�A<.�A�*4]�&E&�2

c/n

>.-^9&)(�:P(9&I\F56,/.6&)*[I

TOFtop = TOF +
n(L/2− ywall)

c

TOFbottom = TOF +
n(L/2 + ywall)

c.-^9&)(�.-^9&K.-,#BD&�W :<; WX>+,#R"^e.
TOF

:";�.-^+&I&Ec"&)(e.C,�*FRP,GcP&E(�7>0 I

TOF =
1

2
(TOFtop + TOFbottom + nL/c)

� �9! Le�

� .��G.�� � �&�13 - )7"A"��2( ��$ ) ) (�"$#�-�'4� 3 - #4- "$#4'4'4)7"  +( % )#'4'���� ���

g���¨�� � ��� � -:A1< � �B!�+.���'*

�C^9&�*6?EA<.4.-&)5-&�2�]+A<5-.-,�?�@#&�\CA<@#@�,�*�B�A"23&�:<;w.1\Z:�@#A"5-RP&��1 "! �<B @#&E(9R".-^ ×  "! a�B \F,#2>.6^x�F@�A~0"&)56*)!F�C^9&I;¡56:"(e.'@�A~0"&)5�^+A"*� Ea^9:"56,G®):"(e.6A"@G@#0�A<@#,#R"(9&�2�*6?�,#(P.6,G@#@�Ad.-:P56*J�4 "! �<B @#:"(9R ×  �T"?EB \F,#23& × T9!��<?�B¢.6^9,�?{°3�pB�A"29&k;¡56:"B .-^9&�*6A<BD&KBDA<.-&)5-,�A<@w� ���
aPT"�e�`!w�C^9&K5-&�A<5p@#A~0P&E5�,�*ZB�A"23&K:<;� ���cP&E5-.-,�?EA<@#@#0�A"@G,#R"(9&�2�*6?�,#(e.-,#@G@�Ad.6:"5{*'�1 P! aPB @G:P(9R ×  �T"?EB \F,�23& × T9!��<?EB¢.-^9,�?{°9�`!=� .\ZAP*k]�:P*-,G.-,#:"(9&�2 ]�&E56]x&)(+23,�?�89@�A<5k.-:Q.-^9&D7�&)A"B­23,G56&)?�.-,#:"( Ad. �3! U�B­89]x*1.65-&�A<B ;¡5-:PB�.-^9&D&Ev>,G.J\F,G(+29:d\n:<;O.6^9&D23,G]�:"@#&
BDA"R"(9&E.)!
g���¨�� � � g � �,�����)� ��+1����*

Y�56&E@�Ad.6,GcP&'&)(9&E56R"0�?EA"@G,#795{Ad.6,G:P(�\ZAP*�]�&E5-;¡:"56BD&)2�&)(+A<7+@G,#(9RDA<(�&�A"*-0D,#23&)(e.-,G¦x?EA<.-,#:"(�:";s.-^+&K*6?EA<.4.-&)5-&�2�]+A"54.6,#?E@G&�*p(>8+?E@G&�A<5
?{^+A<56R"&P!���,G.-^DAK29,G56&)?�.w*-\Z&E&E]�&)2�7x&�A<BSWy.6^9&C\ZA"@G@>7�&E,#(9RJ]x:e*4,G.-,#:"(+&)2�Ad; .-&)5=.-^9&F23,#]�:"@#&ZB�A"R"(9&E.�W 
<,G.O\ZAP*�:P(9@G0�]x:e*-*-,G7+@G&
.-:�?)A<@#,G795{Ad.6&C.-^9&'c"&E5-.-,�?EA"@9*4@�Ad.{*OA<(x2�.-^9&F.6^956&E&'?E&E(e.-5{A<@3^9:P5-,#®E:P(e.6A<@9*-@�Ad.6*�2389&F.6:�23,���?E89@G.-,#&)*w.6:�BD:dc"&C,G.�89]�A<(x2�23:d\F(s!
�9:"5C.6^9&��'� �H?)A<@#,G795{Ad.6,G:P(�
>:"(9&J8+*-&)2�A 4He

7x&�A<B�A<.'}<T"T�b�&�¯��d8s!p�k(9&J5689(Q\F,G.-^�A�a+ J(+*F23&)@#A~0�,#(�.-^9&J&)@G&�?`.-56:"(+,#?
?{^+A<,#(�A<(+2�A<(9:".-^9&)5C:"(9&I\F,G.-^9:P83.'23&)@#A~0�\Z&E56&J]x&)54;¡:P5-BD&)2�.-:DRP&�.F.-^+&�?EA<@#,#7956A<.-,#:"(Q]+A<5{A<BD&�.6&E5{*E!

Ue�



� .��G.�� � �&��� �������	� � ) � - ��"
�C^9&QYk£�Y'$k�1¤ D�} �GF�� o�q�o 56R"& �Q
 ]�:"@#&�BDA"R � &E.{��*4]�&)?�.-56:"BD&�.6&E5�^xA"*�A RPA"] ^9&E,#R"^e.�:<;

40 cm
A"(+2HA¬^9:"56,G®):"(e.6A"@

A"?E?E&E]3.{A<(+?E&D:<;
120 cm

!��C^+&�7x&)(+23,#(9R ]�:d\p&)5I:<;
2.3 Tm

*6Ad.-,�*4¦+&)*J.6^9&�&Ev>]�&E56,#B�&)(e.�5-&�ze89,G56&EBD&)(P.{*IA<(+2 A"@G@#:d\�*J.-:
:"73.{A<,#(D.-^9&�(+&)?�&�*-*6A<560�56&)*-:"@#83.6,G:P(�,#(�B�A"*6*OA"(+2�BD:"BD&E(e.689B�!=Yk*�A"(�&�v9A<BD]9@#&�
 8He

Ad.Z�e}~a�b &�¯��~8�\F,G.-^QAIB�A<R"(+&�.-,�?
5-,#R",�23,G.10�:<;

18 Tm
,#*'23&#>+&�?`.6&)2�7>0�A"( A<(9RP@G&I:";

7.3◦
!CYS.10e]+,#?)A<@s56&)*-89@G.k?EA"(�7x&�*-&E&)(�,G( �_,#R+!CU9!���]s! a"a+!F�C^9&�29,G]�:"@#&

BDA"R"(9&E.F&E(e.-5{A<(+?E&K;¡56A"B�&J,�*F]�:P*-,/.6,G:P(9&)2
3m

23:d\F(x*1.65-&�A<B¢;¡56:"B .6^9&J.6A"5-RP&�.�A<(x2�,�*C.-,#@G.-&)2�7>0
7◦
\F,G.-^�56&)*-]x&�?`.F.-:�.6^9&

,G(+?E:"BD,#(9RQ7�&)A"B 23,#5-&�?`.6,G:P( .-:Q.-^+&�*4,�23&�:<;p]�:P*-,G.-,#c"&
X
!��C^9&�RPA"]¬^9&),GRP^e.J@#,#B�,G.6*K.6^9&

θS
c"&E5-.-,�?EA"@_AP?E?E&E]3.{A<(+?E&�.6:

4◦\F^9,G@#&�.6^9&'^+:"56,G®):"(e.6A"@xA"?)?�&)]3.6A"(+?�&�,�*OB�8+?{^�@�A<56R"&)5w.-^+A"(�.-^+&k56&)ze89,#5-&�2D56A"(9R"&P!��C^9&J*-]x&�?`.-56:"BD&E.-&E5ZA"?)?�&E]9.6A<(x?�&�,�*O.6^>8+*
;¡89@G@ !J� .KA"@#*-:�&)(+A<79@#&)*�.-:�?�:dcP&E5F.6^9&�&)(e.-,#5-&�56A"(9R"&�:";O5-,#R",�23,G.-,#&)*k\F^9,�?{^¬?EA"( cdA<560Q7>0�A�; AP?`.-:P5kax!k��( .-^9&D?EAP*4&�:<; 8HeA<(+2HAP*-*-89BD,#(9R�.-^+&�*6A<BD&�cP&E@#:>?E,/.10 .6^9&E( .6^9&Q;¡:"@#@G:d\F,#(9R ,�*4:".-:P]x&�*�\F,G.-^ (e8x?�@#&)A<5�?{^+A<56R"&

Z = 2
A"5-&�&�v3]x&�?`.6&)2 A"(+2*4&)]+A<5{Ad.6&)2$I 3He


 4He

 6He

A<(+2 8He
!J�C^9&D*1.656A~0Q¦+&E@�2 :";w.-^9&�B�A<RP(9&�.JA �X&)?`.6&)2�(+&E,G.-^9&)5k.6^9&��3U�]9^+:<.-:PB�89@G.-,#]9@#,G&)5

(9:"5K.-^+&�(+&)A<56&)*4.Ib���MZ�Z*I?�,#5{?�89,G.6*)!�� .IcdA<56,G&�*K:"( .-^9&D7�&)A<B�Adv3,#*k;¡56:"B
200 G

Ad.J.-^9&�?E&E(e.-&)5K:";�.6^9&DBDA"R"(9&E.k.6:�A
c~A"@G8+&K:";=A"7x:P83.

20 G
A<.�A�29,#*4.6A"(+?�&I:";

1 m
;¡5-:PB .-^+&IBDA"R"(9&E.)!

\0��� � ��4 6 f"4�% ����1=2#���;1 g	4�%�^�� �# "��� ����
*1=45���#,��
�C^9&�A~cdA<,#@#A"79@G& 6He

7�&)A"B�,�*F(9:<.�,�*-:<.-:P]9,�?EA<@#@#0�]98956&����_,#R+! �9! a�]s! � �P� 
+*-:D:"(9&I(+&E&)2+*C.-:�,�23&E(e.6,/;¡0Q.-^9&I7�&)A"B�]+A"54.6,#?E@G&�*A<(+2 *-&E]+A"56A<.-&D.6^9&Q?E:"565-&�*4]�:"(+29,G(9R�*6?EA<.4.-&)5-,#(9R�&)c"&E(e.{*E! �+:"5�.6^9&Q?{^xA<56R"&D,#29&E(e.-,G¦x?EA<.-,#:"(�
_.6^9&�&)(9&E56R"0 @G:e*-*
∆E

;¡5-:PB
?�:"8+(P.6&E5{*��X 'A"(+2��3U�,#*p8+*-&)2�*-,G(+?E&

∆E ∝ Z2 AP?E?�:P5629,G(9RJ.6:I.-^+&k�Z&�.6^9&�W��Z@G:3?{^D;¡:"56B�8+@#A 
 Z 7�&E,#(9R�.-^9&k(e8x?�@#&)A<5p?{^+A<56R"&:<;�.6^9&J,G(x?�,�23&E(e.�]+A"54.6,#?E@G&����3&E&J&"!wRx!w�3&)?<! �9! �9! ��:<;=�F&�;1!�D }dUHF ��!�YF2923,G.-,#:"(+A"@G@#0�
3:P(9&J8+*-&)*p.-^9&I&)(9&E56R"0�@#:P*6*Z,G(�.6^9&��>MO�
\F^9,#?{^¬,#*k.-^+&�@�A"*4.K29&�.-&�?`.6:"5KB�&E.I7e0�.6^9&�*-?)Ad.4.6&E56&)2�]xA<5-.-,�?�@#&)*k,G( :"5{23&E5'.-:�,#23&)(e.-,G;¡0�.-^9&�56&)A"?�.-,#:"( :";�7�&)A<B�]+A"54.6,#?E@G&�*
^+A<]9]�&E(+,G(9RDAd; .6&E5C.6^9&K.6A<56R"&E.)!w�Z&�;¡:P5-&KB�A<°>,G(+R�*-8+?{^QA"(�A"(+A<@#03*4,�*�
e:P(9&K&E(+*-8956&)*p.-^+A<.C.-^9&I&)(9&E56R"0�A<BD]9@#,G.-8+23&�*F23,�2Q(+:<.
c~A"5-0 238956,G(9R�.6^9&�BD&)AP*48+5-&)B�&)(e.)!���( ]+A"54.6,#?E89@�A<5@
_�3U�\CA"*J(9:".�]�&E5-.-89567x&�2 7>0 .-^+&�B�A<R"(+&�.-,�?�¦+&)@#2 :<;C.6^9&�Y'£�Y'$k�1¤
BDA"R"(9&E.)!

�+:"5�A"(+A<@#0>®E,#(9R�.-^9&I7�&)A"B ?�:PBD]x:e*4,G.-,#:"(�7�&�;¡:"56&IA<(+2�A<; .-&E5',G(e.-&)56AP?`.6,G:P(Q,#(�.-^9&J.{A<56R"&�.@
3.-^+&
∆E

A"B�]+@G,G.-8+29&)*FBD&)A<W
*48956&)2H:"( �X �A<(x2 �3U¬\p&)5-&Q8+*4&�2y! �>8+?{^ A ?E:"565-&)@#A<.-,#:"(H*-]x&�?`.-5689B©,�*�*-^9:d\F(H,#(H¦xR"8956& �9! �"T�.6A"°"&)( ;¡5-:PB�.-^9& 6He5-89(�!=Y'@G56&)AP230�A<.F.-^9&I7�&ERP,G(9(+,G(9RD:";�.6^9&�*4&E.-89] ���y ��Z:"(+&J29,#*4.-,#(9R"8+,#*-^9&)*F.-^9&J.6^95-&)&J]+A<5-.-,�?�@#&I*1.{A<79@#&I?�:"BD]�:"(9&)(e.6*C\F,G.-^
b �����KU�\F^9,�?{^�]+A"*6*4&�2�.6^9&�*-&E]+A"56A<.-,#:"(�]+5-:3?�&�238956&J:<;_.-^9&��=�'� ���_,#R+! �9! aD]s! � �P�(I 3H


 6He
�¡.-^9&�BDA",G(�]�&)A"°�,G(�.6^9&

*4]�&)?�.-5689B��FA<(+2 9Li
\F,/.6^ 56&)*-]x&�?`.-,#c"&�?{^xA<56R"&J(>89B�7�&E5{* ���� �
 �DA"(+2�U9!k�k(9&�A<@�*4:�,�23&E(e.6,/¦+&�*�
x,G( �3U�
 �<T9! � ��:<; 6He&Ec"&)(e.6*C.6^+Ad.KR":<.'?E:"(>c"&)54.6&)2Q.-: ���� �2389&�.-:�(>8+?E@G&�A<5�56&)AP?`.-,#:"(x*F\F,/.6^9,#(�.-^9&�&�v3]x&)5-,#BD&E(e.6A"@�*-&�.689]s!��C^9&�*4&�&)c"&)(P.{*'A"5-&
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θx,in = arctan

(
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)

θx,out = arctan

(

x4 − x3

z4x − z3x

)

θy,in = arctan

(
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(
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TR = Tin (Tin + 2M)
m + (Tin + M) sin2 θS − cos θS

√

m2 − M2 sin2 θS

(Tin + M + m)
2 − Tin (Tin + 2M) cos2 θS
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Fg = ρG/ρL
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BGF = F · BGE
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NL = F · NG/Fg
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NL ≡ N =
NF − FNE

1 − Fg

��U9! LP�
�C^9&�ze8+A<(e.6,/.6,G&�*

NF
A<(x2

NL
A"5-&w,#(I56&)A<@#,G.10F.-^9&p23&�.6&E56B�,#(9&�2

dNF,L/dt
23,#*4.-56,#7983.-,#:"(x*s:"79.6A<,#(9&�2';¡56:"B�.1\p:�29,GBD&E(x*4,#:"(+A"@

� �<$J��]9@G:".6*Z*48x?{^�A"*w.6^9&K:"(9&'*-^9:d\F(�,#(�¦+RP895-&KU9! ��A<(x2D\F^9&E56&
dNF,L

A<56&F.-^+&'(>89B�7�&E5{*OBD&�A"*-895-&�2D,G(�.-^9&k,G(e.6&E56c~A"@
dt
!

�C^9&I(>89B�7�&E5
N
,�*Z.-^9&)(�?E:"565-&�*4]�:"(x23,G(+R"@#0�
e.-^9&�?E:"565-&�?`.6&)2

dN/dt
23,�*1.65-,#7983.6,G:P(s!

�G.��G.�� � ��) ��- $ ��-�- �� � " � �
dN/dt

 - "$�&� " (�) -�� #4- � � !&)#'�#*" �
Y'*KA<@#5-&�A"230�*4&)&E(�
x;¡:"5kc"&E560Q*-B�A<@#@_*6?EA<.4.6&E56,G(9R�A"(9R"@#&)*�
9.6^9&�,#(+?E,#23&)(e.KA<(x2�*-?)Ad.4.6&E56,G(+R�.-5{A"?{°3*�A"5-&�A"@GBD:P*4.']+A"56A"@G@#&E@_A<(+2
.-^>8+*�
C.-^9&¬29&�.-&)5-BD,#(+Ad.6,G:P(«:<;J.-^9&¬c"&E5-.-&Ev ^+AP*�5-&)@#A<.-,#c"&)@G0�
p79,#R"RP&E5�8+(+?�&)54.{A<,#(P.6,G&�*�A<(+2«,G.�,�*�(>89BD&E56,#?)A<@#@G0 &EcdA<@#8+A<.-&)2
.-^956:"89RP^�.-^9&�23,#*4.6A"(+?�&�:<;O?�@#:P*-&)*4.'A<]9]+5-:eA"?{^s!Cb�8+*4.':"(+&I.-^9&)(�:"]�&E5{Ad.6&�AD(9&E\n*-&E@#&)?�.-,#:"(�:"(�.6^9,�*�7+AP*4,�*�� ��:�A<(x*4\Z&E5
.-^9,�*Ize89&)*4.-,#:"(�
y,G.I,#*K^9&)@G]9;¡89@=.-:�*4.-8+230�.6^9&�*1.{Ad.6,#*4.-,�?EA"@=29,#*4.-56,G7+83.-,#:"(

dN/dt
\F,G.-^ 29, �X&E56&E(e.�?�:P(+23,G.-,#:"(+*K:"( cdA<56,#A"79@G&�*

*48+?{^QA"*
xDCA

A<(x2
yDCA

����,#R+!wU+! UJ]s! a �P�`!=��(D¦+RP895-&kU9! } 
<;¡:P5pAIRP,GcP&E( 6He
5689(�29A<.6A�*-897+*-&�.@
".6^9&�.6:<.{A<@x29,#*4.-56,G7+83.-,#:"(,#*�*-^9:d\F(Q.-:PR"&�.6^9&E5C\F,G.-^�23,�*1.65-,#7983.6,G:P(+*FB�A"29&K\F,G.-^�.1\Z:D,G(+?E@G8x*4,#c"&I?�89.6*[I

• �p83.� ≡−0.5 ≤ xDCA, yDCA ≤ 0.5cm

• �p83. � ≡−0.1 ≤ xDCA, yDCA ≤ 0.1cm
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*4^9:d\F(D,#(�.6A<7+@G&�*OU9! UIA<(+2DU+! ax!��C^9&F^>032356:"R"&)(�\CA"*=@#,�zP8+,/¦+&�2�A<]9]+5-:~v3,#BDA<.-&)@G0��J29A~03*=7�&�;¡:P5-&C.6^9& 6He

5-8+(D*4.6A"54.6&)2y!=YZ.
.-^9,�*p*4.6A"R"&�
".6^9&'?�:PBD]x:e*4,G.-,#:"(�,�*p*4.-,#@#@x&)c":"@#c>,G(+RI\F^9,#?{^�,�*ZAJ; A"?�.-:"5p:<;y89(+?E&E5-.6A",G(e.10"!=�C^9&'.6A<56R"&E.w.-&)B�]�&E5{Ad.68956&�cdA<56,G&�2D,G(
.-^9&F5{A<(9RP& D �<T��D
 � �<� F3\F^9,�?{^DA<@�*4:K,G(e.65-:3238+?E&)*_&E5656:"5{*�,#(�.-^9&C&)*4.-,#B�Ad.6,G:P(�:";+.-^+&�23&E(+*-,G.10"!=��A"°e,#(9RJA<@#@>.-^9&�*4&FA"5-RP89BD&E(e.6*
,G(e.-:�AP?E?E:"89(e.FA<(+2�8+*-,G(+R�.6^9&J.6A"7989@�Ad.6&)2Qc~A"@G8+&)*�
3.-^9&�29&)238+?E&)2Q@G,�ze89,�2Q^>032356:"RP&E(Q29&E(+*-,/.10Q,#*Z.6^9&E( I

ρH2,L = 0.0700± 0.0013 g/cm3

Teq(K)
 ~}3! T  )�+! T  )L+! T �"T9! T �"T9! U"�

P (mbar)
U9 )U+! � � aP�9 P! TP� �P�dax! �"U L"T"T+!�}3  )T9 �U9! �"�

Teq(K)
�3 P! T � �9! T �<U+! T �<U+! L"a �dax! aPae�

P (mbar)
 �<TP�9! �  ��<�"a+! L �<T"UP�9! L �"� �"L9! � �<�PU"U9!��

�_A<79@#&�U9! U I 
 E %
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�/%B7;��,����<� ���$�#�
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�����$���<�#"(�����$� & �=�������$�'��
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� Sp�(�'������"�%
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����� & %
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Teq(K)
 d}>! T  ��9! T  )L+! T �"T9! T

P (mbar)
U �P}3! L � aP� �3!��"� �>}dL+!G �� L"U �9! TPU

Teq(K)
�<T+! �"� �9 "! T � �9! T �"U9! T

P (mbar)
 )T9 �U9! �"�  �<aP�9! }<�  ��"U9 P!G �L �<T"LPU9! aP�

�_A<79@#&�U9! a I 
 E %
�<�$���#%
�/%B7;��,����<� ���$�#�
2 �{
D�
�����$���<�#"(�����$� & �=�������$�'��
 �0�
� Sp�(�'������"�%
���<2
����� & %
��� � E 

�<���(� 7(%
� & 

�'
 H2

�G.��&. � �C) (�� ��" " � #�- �G- ��3 3
�C^9&I23, �X&E56&E(e.6,#A"@X?E5-:e*-*Z*-&)?`.6,G:P(Q23&E¦+(9&�2�,#(Qupzx!OU+!G �T�,�*�
3,#(�]+5-,#(+?�,#]9@#&�
3cdA<@#,�2�;¡:P5CA�.-^+,G(Q.6A"5-RP&�.FA<]9]956:~v3,GB�A<.-,#:"(�\F^9&)5-&
.-^9& A"B�:P89(e.�:";k7�&)A"B ,G(e.6&E5{A"?`.6,G:P( ,�*D(9&ERP@G,#R",#79@#&�.6^9&E56&�;¡:P5-&�:"(+&�8x*4&�*�A ?E:"(+*4.6A"(P.D7�&)A<B >+83vy!«� ;'.-^+&�,G(e.-&)56AP?`.6,G:P(
5-&�A"?{^9&�*�;¡&)\�]�&E5{?�&)(P.F:";�.-^+&K7�&)A"B >+83v�
>.6^9,#*'A<]9]956:~v3,GB�A<.-,#:"(�,�*C(9:�B�:P5-&KcdA<@#,#2s!w��(�.6^+Ad.'?)A"*-&�
e.-^9&K.6:<.6A"@y(>89B�7�&E5F:";
23&�.6&)?`.6&)2�]+A"54.6,#?E@G&�*Z;¡5-:PB�AD5-&�A"?�.-,#:"(Q?{^xA<(9(9&)@

′a′
,�*FRP,GcP&E(�7>0 I

N =
NB

σint
{1 − e−A.σint.∆z}σa

� U+!G P ��
\F^9&E56& I

a3}



• σa
,�*C.-^9&�?E5-:e*-*C*-&)?�.-,#:"(Q;¡:"5C.-^+&I5-&�A"?`.6,G:P(Q?{^+A"(9(9&)@

′a′

• .-^+&O.-:".6A"@P,#(e.-&E5{A"?�.-,#:"(�?E5-:e*-*s*-&)?�.-,#:"( σint
,G(+?E@G8x23&)*_A<@#@<.6^9&�56&)AP?`.-,#:"(I]+5-:3?�&�*-*-&)*s\F^9&E56&O.6^9&�(+A<.-8956&O:";3.-^9&p,G(+?E,#29&E(e.

]+A"54.6,#?E@G&�^+A"*K?{^+A<(+R"&)2s!kYF?E?E:"5{23,#(9R�.-:��F&�;1!0D# EaHF 
�;¡:"5
p(6He,6 He)

Ad.�}> d}Db�&�¯��d8 A"(+2
p(8He,8 He)

A<.K�>}~ab�&�¯��~8�
9,G.�,�*FA<7�:"83.
198.9± 4.6 mb

A"(+2
252.0± 4.8 mb

56&)*-]x&�?`.6,GcP&E@#0
• NB

,�*Z.-^+&J.-:<.{A<@y(>89B�7x&)5�:<;_,G(+?E,#29&E(e.�7x&�A<B ]+A<5-.-,�?�@#&)*Z:"(�A�.6A"5-RP&�.C\F,/.6^�.-^9,�?{°>(9&)*6*
∆z

• A =
ρH2L×ℵAV

MH

,#*FAD?E:"(+*4.6A"(P.�?{^+A"56AP?`.6&E56,#*4.-,�?�:";�.6^9&J.6A"5-RP&�.FB�Ad.-&)5-,�A<@
• ρH2L

,�*C.6^9&�23&E(x*4,G.10�:<;=@#,#ze89,�2�^>032356:"RP&E(
(g/cm3)

• MH = 1.00798 g/mole
,#*F.-^9&IBD:"@�A<5CB�A"*6*C:<;_&E@#&EBD&E(e.'V

• A<(x2 ℵAV = 6.022× 1023 mol−1 ,#*Z.6^9&�Y�c":"ReA"2356:�(>89B�7x&)5
�C^9&J]+A<5-.-,�?�89@�A<5F?)A"*-&K:";=A�.6^9,G(�.{A<56R"&�.�A"]9]956:~v>,#B�Ad.6,G:P(�?EA"(Q7�&IB�A"23&I7>0�.6^9&J;¡:"@#@G:d\F,#(9R�I

A.σint.∆z � 1
� U9!# �P�

\F^9,#?{^¬B�&�A<(+*'.-^xAd.K.-^9&�]95-:P7+A<7+,G@#,/.10�:";O,G(e.-&)56AP?`.6,G:P( ,G( .-^9&�.6A"5-RP&�.k,�*k@G:d\I!J�C^9&E(¬8+*4,#(9R
ex ' 1 + x

;¡:"5
x � 1

:"(+&^+A"*[I
N ' NB .A.∆z.σa

� U+!G �UP�
�C^+&�23&�.6&E56B�,#(+A<.-,#:"(�:<;+.6^9&F,#(P.6&E5{A"?�.-,#:"(�]+5-:P7+A<79,#@#,/.10

Pint = A.σint.∆z
R",#c"&)*=T+! TPL���L ����;¡:"5

∆z = 10.8cm
\F^9,�?{^

B�&�A<(+*F.-^+A<.�.-^9&�.6A"5-RP&�.�B�8x*1.'7�&�AP*-*-89BD&)2Q.-:�7x&I.6^9,�?{°�!'�p:P(+*4,�23&)5-,#(9R�(9:d\�.-^9&�&E@�A"*4.-,�?�*-?)Ad.-.-&E56,#(9R�]956:>?E&)*6*
σel

A<(+2
BDA"°>,G(9R *-8956&�.-^xAd.�.6^9&�*-^+A<]�&�:";F.-^9&�56&)?E:",#@�]+A"54.6,#?E@G&�*�A<(+R"89@�A<5�29,#*4.-56,G7+83.-,#:"(H23:>&�*�(9:".�cdA<560¬\F,G.-^ .6^9&�,#(e.-&)56AP?`.-,#:"(
@G:3?EA<.-,#:"(�
x:"(9&�?)A<(�.6^9&E( 8x*4&I.6^9&�.6^9,#(�.6A<56R"&E.kA<]+]95-:~v3,#B�Ad.-,#:"(�:<;wu�z�!�U+!G �U�.-:�?)A<@�?�89@�Ad.6&I.-^9&�?�56:P*6*�*4&�?`.6,G:P(s!F�C^9,#*k:<;
?�:"8+56*-&J89(+23&)5-&�*1.6,GB�Ad.6&)*

σel
!'�k(9&�?)A<(�.-^+&E( 8+*-&�u�z�!FU9!# " J.6:�?�:P5-56&)?�.C.-^9,�*'23,��X&E56&E(+?E&"!F�C^9&�?E:"565-&�?`.-,#(9RD; AP?`.-:P5�\CA"*

;¡:"89(+2�.-:�7�&
1.05± 0.02

!
�G.��&.�� � ! �10 �2(  � #=-�- #=$&��- " ) ) (�"$# -�'*��3
�C^9&JB�:P(9,G.-:"5F(>89B�7x&)5

NB
,�*CR",#c"&)(Q7>0 I

NB = Ncoinc − NEKR
� U+!G )ae�

\F^9&E56&
Ncoinc

,�*X.6^9&w.-:".6A"@"(>89B�7�&E5�:<;37x&�A<B�]+A<5-.-,�?�@#&O?�:P,G(+?E,#29&E(+?E&)*y:P(�*-?E,G(e.-,#@#@#A<.-:"5{*s�X �
~� �CA"(+2��3UFA"(+2K.-^9&pA<(e.-,GW ?E:",#(+?�,�23&)(+?�&
:<;_.-^+&Ic"&�.6:

NEKR
,�*K.-^+&�(>89B�7x&)5J:<;p&)c"&)(P.{*K°e,#@#@G&�2¬7>0�.-^+&D?E:"(e.-56:"@=89(+,/.I5{Ad.-,#:"(+&E5�!�V�&)5-&�.-^9&D56&)A"@_5{Ad.6&)*k.6A"°>,G(9R�,#(P.6:�A"?E?E:"89(e.

.-^+&�23&)AP2�.6,GBD&I:<;_.-^+&�29Ad.{A�AP?Eze89,�*4,G.-,#:"(�*-0>*4.-&)B�A<56&J8+*-&)2 � Y�]+]x&)(+23,Gv ��]s!G �TP�P�`!
�G.��&.�� �� '�#4$ )#- � '4� -  +($(���-?"$#* -
�C^9&FR"&):"BD&�.65-,�?EA"@9A"?E?E&E]3.{A<(+?E&C:<;�.-^9&'*-&�.689]�,�*=.-:".6A<@+,G(D.6^9&'*6?EAd.-.-&)5-,#(9RIA<56B *-,G(+?E&�]+A"54.6,#?E@G&�*wA<56&CAP?E?E&E]3.6&)2D,#(�.6^9&F.6:<.6A"@
ϕ
5{A<(+R"&

[0, 2π]
A"(+2�;¡:"5

1.5◦ ≤ ΘS ≤ 4◦
AP*'A<@#56&)A"290QBD&E(e.6,G:P(9&)2�,#(�.6^9&�56&)ze89,#56&EBD&E(e.6*�
+\F^+,G@#&�,G.k,�*k@G,#BD,/.6&)2 ,#(�.6^9&

]95-:".-:P(�A"5-B�!CY'*�.-^9&�*-&)?E:"(+2�@#&EcP&E@s.65-,#R"RP&E5F,�*'23&E¦+(9&�2�7e0�Mp��A"(+2�M���
x.-^+&�&�v3]�&E56,GBD&E(e.{A<@�*-:"@#,#2�A"(9R"@#&
∆Ωexp

7�&E,#(9R
@G,#BD,/.6&)2 7>0¬Mp��
=,/.�^+A"*�.-: 7�&�&)cdA<@#8+Ad.6&)2 ;¡:"5�&Ec"&)5-0 ,G(e.6&E56c~A"@

[ti, ti+1]
8x*4&�2 ,G( .6^9&�?E5-:e*-*�*-&)?�.-,#:"(H?)A<@�?�89@�Ad.6,G:P(s!�¤�:

c~A"5-,�Ad.6,G:P(�:<;=.-^9&�A"?)?�&E]9.6A<(x?�&�,#(�.-^9&�5-&�?�:P,G@_A<56B \CA"*C;¡:P89(+2�,#(�.6^9&�,#(P.6&E56cdA<@�:";O,G(e.6&E56&)*4.
0.05 ≤ |t| ≤ 0.3(GeV/c)2



.-^9&�c"&)54.6&�v�:<;p.-^9&�,G(e.6&E5{A"?`.6,G:P( 7�&E,#(9R�&E,G.-^9&)5JA<.k.6^9&D?�&E(e.6&E5J:"5JAd.K.-^9&D@#,GBD,G.6*J:";O.-^9&�.6A"5-RP&�.I?�&)@G@ !�� .J\ZAP*kA"@#*-:�BD:"56&
]95-&�?�,�*4&)@G0 ?{^+&)?{°"&�2 ,#(¬.6^9&�?�&)(P.656A"@w7x&�A<B­@#,#(9&�A<(+2 (9:�(9:<.6,#?E&)A"79@G&�cdA<56,#A<.-,#:"( \ZAP*';¡:P89(+2y!��C^9&)5-&E;¡:"56&�
X.6^9&�?�&E(e.6&E5I:<;
.-^9&�.6A<56R"&E.k\CA"*'8+*4&�2 A"*KA�56&�;¡&)5-&)(+?�&�]x:P,G(e.K;¡:"5�.6^9&DA"?E?E&E]3.{A<(+?E&�23&E.-&E56BD,G(xAd.-,#:"(�!

∆Ωexp,i
7�&E,#(9RQ.-^9&�&�v3]x&)5-,#BD&E(e.6A"@

*4:P@G,�2QA"(9R"@#&K,G(�.-^+&I,G(e.-&)5-cdA"@
[ti, ti+1]


3.6^9&�*4:P@G,�2�A<(9RP@G&I?�:P5-56&)?�.-,#:"(�; A"?`.6:"5F,�*Z.-^9&)(�23&�¦+(+&)2�A"*[I
ae�



FΩ,i = ∆Ωtot,i/∆Ωexp,i
� U+!G ~�"�

\F^9&E56&
∆Ωtot,i

,�*Z.-^9&J.6:<.{A<@s*-:"@#,#2�A<(9RP@G&I23&E¦+(9&�2Q,#(�.-^9&I,#(e.-&)5-cdA<@
[θi, θi+1]

\F^9,�?{^Q,�*FRP,GcP&E(�7>0 I

∆Ωtot,i =

∫ 2π

0

∫ θi

θi+1

sin θdθdϕ = 2π (cos θi+1 − cos θi)
� U+!G ��P�

θi
A<(+2

θi+1
7x&),G(9R�.6^9&I5-&�?�:P,G@sA"(9R"@#&kcdA"@G89&�*�?�:P5-56&)*-]�:"(+23,#(9R�.-:D.-^+&K,#(e.-&)5-cdA<@

[ti, ti+1]
!

�G.��&.�� � � ��� 3 ��� - #4��-�- � $ ��"��2( � #4- )7" #4 -
Y @#AP*1.�?�:"5656&)?`.6,G:P(¬^+AP*J.-:¬7x&�A"]9]9@#,G&�2�
�.6A<°>,#(9R�,#(P.6: A"?)?�:"8+(P.J;¡:P5I.-^9&�& ��?�,#&E(+?E0 @#:P*6*J:<;C.6^9&�b���MZ�Z*�8+*-&)2 ,G( .6^9&
*4&�?�:"(x2�@G&)c"&)@s.-56,#R"R"&)5)!k�C^9&�BD:P*4.k&)(9&E56R"&E.-,�?I56&)?�:P,G@�]+A<5-.-,�?�@#&)*kA<56&�23&E.-&)?�.-&�2 \F,G.-^�.6^9&�@#:d\Z&)*4.'& ��?�,#&E(x?�0�2389&�.-:�.6^9&E,#5
@G:d\[&E(+&E56R"0�@#:P*6*)! �+:"5�.6^9,�*'A<,#B;
�A�b :"(e.-&��ZA"5-@#:�*-,GB�89@#A<.-,#:"( D }<�GF � \CA"*F8x*4&�2�.-:�23&E.-&)5-BD,#(9&I.-^+&�23&)]x&)(+23&E(x?�&�:";_.6^9&
b���MZ�Z*p& ��?�,#&E(+?E0�;¡8+(+?`.6,G:P(�:"(D.6^9&'BD:"BD&)(P.689B .-5{A<(+*4;¡&E5�*6ze8+A<56&)2

t
!w�C^9&�]+5-:".-:"(x*w\F,/.6^�23,���&)5-&)(e.�°>,G(9&E.-,�?�&)(9&E56R",#&)*

*4]+A"(9(9,#(9R�.6^9&K56A"(9R"&�:";�,#(P.6&E56&)*4.ZA"5-&K?�:"(x238+?`.6&)2D.6^956:"89RP^�.-^9&J?{^+A"B�7�&E5{*E!=�C^9&'BD&�A<(�&)(9&E56R"0�@#:P*6*�cdA<56,#&)*w;¡56:"B ��°"&�¯
;¡:"5�^+,GRP^�&E(9&)5-RP0�]956:<.6:"(+*�89]D.-:Q )TI°P&�¯ ���_,#R+!wU9! �P��!_�C^+&'RPAP*wRPA",G(�\CA"*OB�&�A"*-8956&)2D7>0�8x*4,#(9R��9! LI°P&�¯

γ
&)BD,/.-.-&)2�;¡5-:PB

A 55Fe
56AP23,G:eA"?�.-,#c"&J*4:P8956?E&"!
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�C^9&�*-A"BD&�]xA<5{A<BD&�.6&E5{*KAP*K.-^9&�:"(9&�*J8+*4&�2 238956,G(9R�.6^9&�&�v3]�&E56,GBD&E(e.�A"5-&�A<]+]9@G,#&)2 ,#( .-^9&�?)A<@�?�89@�Ad.6,G:P(9IJRPA"*JReA<,#(�

RPA"*JBD,Gv>.-8956&�?�:PB�]�:P*-,G.-,#:"(�
�^9,GRP^ c":"@G.6A"R"&DA<(+2 .6^9&�b���MZ�nR"&):"BD&�.65-0P!��F&)A"@G,�*4.-,�?D&E565-:P56*k.6A"°>,G(9R�,#(e.-: A"?)?�:P89(e.K.6^9&
]+A<5{A<BD&�.6&E5 >+8+?`.68+Ad.6,G:P(+*CA<56&'A<@�*-:�,#(+?�@#8+23&�2y!wY .6^95-&�*4^+:"@�2�A<BD]9@#,/.68+23&K@G&)c"&)@2
>*4,#BD,G@�A<5p.-:�.-^9&�� �=$¢� ?�:P(+*4.6A<(e.p;¡56AP?`.-,#:"(
23,#*6?�56,#B�,#(+A<.-:"5`��.6^95-&�*4^+:"@�2 8x*4&�2 238956,G(+R .-^9&¬&�v3]x&)5-,#BD&E(e.�
F,�*�*4&E.�:dc"&)5�\F^9,�?{^«.-^9&¬A"BD]9@G,G.-8x23& *-,GRP(+A<@k,#*QA"?)?�&E]9.-&)2
A<(+2�.-^9&I&)c"&)(P.�?E:"89(e.-&�2y!w�C^9&I*4,#R"(xA<@sAd.C.6^9&J]95-&EW A"BD]9@G,G¦+&)5J� MyYk�C:P83.-]989.C,�*F8+*-&)2�;¡:"5F?E:"BD]+A<56,�*4:P(�.-^+&E56&�;¡:"56&k.-^9&IMyY
.-5{A<(+*4;¡&E5�;¡89(+?�.-,#:"(�\CA"*�BD&)A"*-8956&)2IA"(+2J¦9.-.-&)2�;¡:"5�.-^9,�*�]98956]x:e*4&P!��C^9&pc~A"5-,�Ad.6,G:P(I:<;3.6^9&p&���?�,#&E(+?E0K\F,G.-^�.-^9&pBD:"BD&E(e.-8+B.-5{A<(+*4;¡&E5k,#*�*-^9:d\F(�,#( �_,GRx!CU+! L+!F�C^9&�?�:P5-56&)?�.-,#:"(�,#*'(9&ERP@G,#R",#79@#&�Ad. −t ' 0.05(GeV/c)2

\F,G.-^¬A"(�&���?�,#&E(+?E0�; AP?`.-:P5':";
A<7�:"83.

1.00± 0.03
\F^9,#@G&K,G.C,�*Z,GBD]�:"5-.6A"(P.FAd. −t ' 0.19(GeV/c)2

\F,/.6^�A�; A"?�.-:"5FA"5-:P89(+2
0.08± 0.04

BD&)A"(9,#(9RD�"T �
:<;wA"2923,G.-,#:"(xA<@y56&E@�Ad.-,#c"&K89(+?E&E5-.6A",G(e.10�:P(�.6^9:P*-&I29Ad.{A9!
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C 
D� �6�(���p7(%
� ��,��0��% ���'���(���#%
� %q7���,��;�
� 7�2
7(���'�(� ���#
 � ���'%D�������=�����#%
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�G.��&.�� � #����2(���- "$#*)#'�� '*) 3�" # - 3 - )7"A"��2(/#4- � - (� +3 3 3A��-?"$#4 -�3
�C^9&�&�v3]�&E56,GBD&E(e.{A<@O23,���&)5-&)(e.-,�A<@�?E5-:e*-*I*-&)?�.-,#:"(+*

dσ/dt
23&E.-&)5-BD,#(9&)2 ;¡:"5

p(6He,6 He)
A<(+2

p(8He,8 He)
*6?EAd.-.-&)5-,#(9R

A<56&�*-^9:d\F( ,G(«¦xR"8956&)*�U+!G �T A"(+2«U9!# " �5-&�*4]�&)?�.-,#c"&)@G0P!��C^9& 29A<.6A ;¡56:"B .6^9&�]956&)*-&E(e.�\Z:"56°HA<56&�]+@G:".4.-&�2«\F,/.6^�:"]�&E(
*-ze8+A"5-&�*E![��(�7�:<.-^ ¦+R"8956&)*�
C.-^+& 29A<.6AHA<.�@G:d\Z&E5�.-5{A<(+*4;¡&E56&)2 BD:"BD&E(e.689B

0.002 ≤ |t| ≤ 0.05(GeV/c)2
A"5-& A<@�*4:

23,#*-]9@�A~0"&�2�,#(D;¡89@#@�*6ze8+A<56&)*)!��C^9&F&)5-56:"5{*w*-^9:d\F(D5-&)]95-&�*4&)(e.w?E:"(e.-56,#7983.-,#:"(x*=;¡5-:PB *4.6A<.-,�*1.6,#?)A<@9&)5-56:"5{*wA<(+2�&)5-56:"5{*_;¡5-:PBn.6^9&
b���MZ�Z*O&���?�,#&E(+?E0�?�:P5-56&)?�.-,#:"(s!��C^9&)*-&�&E5656:"5{*_A"5-&

t
23&E]�&E(x23&E(e.pA"(+2D,G(D]+A"54.6,#?E89@�A<5@
"A<56&C^9,GRP^9&E5�,G(D.6^9&F5-&)R",#:"(�:<;y^9,#R"^B�:PBD&E(e.-89B .-5{A<(x*1;¡&)5'\F^9&)5-&I.6^9&�?E:"89(e.'5{Ad.6&�,�*'B�8+?{^�@G:d\Z&E5�!'�k(�.-^+&�:<.6^9&E5k^+A<(x2�
x:P(9&�,�23&E(e.6,/¦+&�*':".-^9&)5k*-:"895{?�&�*F:<;1 *-03*1.6&EB�Ad.6,#?�19&E565-:P56*�,G(+29&E]�&E(+23&)(e.k:<;

t

�,�!F&P!C.-^9&)0Q^xA~c"&J.-^+&�*6A<BD&�?�:P(+*4.6A<(e.�&���&�?`.k:P(�.-^9&�A<7+*-:"@#83.6&I(9:"56B�A<@#,G®�Ad.-,#:"(

:<;C.-^9&�29Ad.{A�,#( .-^9&Q\F^9:"@#&�BD&)AP*48+5-&)B�&)(e.�56A"(9R"&P! �C^9&E0 A<56&�:<;F.6^9&�:P5623&)5�:<; �9! a �­;¡:P5�7�:<.-^ ,#*-:<.6:"]�&)*�A"(+2HA<56,�*4&
]95-,#(+?E,G]+A"@G@#0�;¡56:"B 8+(+?�&)54.{A<,#(P.6,G&�*C,G(Q.-^+&�23&�.6&E56B�,#(+A<.-,#:"(�:<;_.-^9& I

• .6A"5-RP&�.C.-^+,#?{°>(9&�*-*
• 23&)(+*4,G.10�:";�.6^9&J.6A"5-RP&�.F(>8+?�@#&E,
• (>89B�7�&E5F:";�.6^9&I,#(+?�,�23&E(e.�]+A"54.6,#?E@G&�*

�"T
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�+��� �dg	��,�%&�3����1=4�2  	����1 % ��f	���#,��
YZ.'^9,#R"^�&E(9&)5-RP0�
>.6^9&�?�:P@G@#,�*4,#:"(�:<;wA<(�,#(+?�,�23&E(e.�]956:<.6:"(�\F,G.-^�A�?�:PB�]+@G&EvQ(>8+?�@#&E8x* A

ZX
?E:"(+*-,#*4.-,#(9R�:";_B�A<(>0�(>8+?E@G&):"(+*�


23&)*-]9,G.-&C(9:<.=&)AP*40J.6:K*-:"@#c"&�
d?EA<(�7x&Z.65-&�Ad.-&�2�56&E@�Ad.6,GcP&E@#0J*-,#B�]+@G0I7>0�A"*6*-89BD,G(9RKA'B�89@G.-,#]9@G&EW *6?EA<.4.6&E56,G(9RkBD&)?{^+A"(9,#*-BS\F^9&)5-&.-^9&J*-?)Ad.-.-&E56,#(9R�A<BD]9@#,/.68+23&k,#*Z23&)*6?�56,#7x&�2�A"*w.6^9&k*-89B¢:<;y.6^9&k?E:"(e.-56,#7983.-,#:"(x*=;¡5-:PB .-^9&k&E@#&EBD&E(e.6A"5-0�?�:P@G@#,#*-,#:"(+*�:"(D.-^+&
A(e8x?�@#&E:"(x*E!K�C^9&�]956:<.6:"(3W (>8+?�@#&E8x*'*6?EAd.-.-&)5-,#(9R�A<BD]9@#,G.-8+23&�,�*�.6^e8x*k23&E.-&)5-BD,#(9&)2�;¡56:"B .6^9&�&)@G&)B�&)(e.6A<560�]95-:".-:P(3W (+&E83.65-:P(

�¡]9(x�=A"(+2�]+5-:".-:"(9W ]956:<.6:"(�� ]9]x�_*-?)Ad.-.-&E56,#(9RkA"B�]+@G,G.-8+29&)*)!���(DA"2929,/.6,G:P(�.-:J*-,G(9RP@G&EW ?E:"@#@G,�*-,G:P(J.-&E56B�*�
P?�:"(e.65-,#7983.6,G:P(+*�A"5-,�*-,G(9R
;¡5-:PB�B�8+@/.6,G]9@#&�*6?EA<.4.-&)5-,#(9R�A<56&K.6A"°"&E(�,#(P.6:�A"?)?�:"8+(P.�!O�C^9&I]9^>03*4,�?EA"@s?�:P(+23,G.-,#:"(+*F\F^+,#?{^�^9:P@#2�Ad.�^+,GRP^Q&)(9&E56R"0�]�&E56BD,/.{*
.-^9&I8+*-&I:<;=*4&)c"&)56A"@XA"]9]956:~v3,GB�Ad.6,G:P(+*[I

• YF23,�A<7xAd.-,�?�:P5',#BD]989@�*4&DA<]9]+5-:~v3,#BDA<.-,#:"( D }d�SF�IC.-^+&�]956:<�1&�?`.6,G@#&�&E(+&E56R"0 � ∼ 700 MeV/u
�C,�*'^+,GRP^¬&E(+:"89RP^ ?�:"B�W

]+A"5-&�2�.6:�.6^9&J(e8x?�@#&E:"(x*pBD&�A<(�°>,#(9&�.6,#?K&)(9&E56R"0�� ∼ 10− 40 MeV/u
�=.-:�AP*-*-89BD&'.6^+Ad.C.6^9&E0�A"5-&k;¡5-:P®E&)(�:"5p¦9v3&)2

238+5-,#(9R�.-^9&I,#(e.-&)56AP?`.-,#:"(

• £�A<56R"&�,#(e.-&E5-W (e8x?�@#&E:"(H29,#*4.6A"(+?�&�?�:"BD]+A"5-&�2 .-:¬.-^9&�]3W�¤�� ]95-:".-:P( WJ(>8+?E@G&):"(x��,G(e.6&E5{A"?`.6,G:P(H23,�*1.{A<(+?E&"! �C^9,#*�A"*4W
*-89BD]3.-,#:"(�,#*�;¡89@G¦+@G@#&)2�&EcP&E(�7�&�.4.6&E5p;¡:"5p.-^9&K?EAP*4&�:";�A�^+A"@G:�(e8x?�@#&E8+*�\F^9&E56&�.6^9&'79,#(+23,#(9R�&E(9&)5-RP,G&�*O:<;y.6^9&'cdA"@G&)(+?�&
(>8+?E@G&):"(+*FA"5-&K@G:d\fA<(+2Q.6^9&E,#5C.10>]9,#?)A<@s23,�*4.6A<(x?�&K.-:D.6^9&�?�:P5-&K,#*�@#A"5-RP&"!

�k(9&�:";w.-^9&�BD:P*4.k8+*-&)2�.-^9&):"56,G&�*',#(�.-^+,#*k¦+&)@#2¬\ZAP*'23&)5-,#c"&�2�7>0��K@�A<8+7x&)5 D }"}[F=,#( .-^+&D�"T�1 *'A<(x2 A<@#@G:d\�*�.-:Q5-&)@#A<.-&�.6^9&
B�&�A"*-8956&)2 29, �X&E56&E(e.-,�A<@C?�56:P*6*�*4&�?`.-,#:"(H.-: .-^9&�(>8+?�@#&)A"5�B�A<.4.-&)5�23,#*4.-56,#7983.-,#:"( ,G( A<( 89(9&)ze89,#c":3?)A<@Z\ZA~0P! �C^+&Q56&)AP23&E5
\F,G@#@O¦+(x2 A�*4^9:P54.I:dcP&E56ce,#&E\ :<;Z.-^9&�c"&E5{*-,G:P(¬8+*-&)2 ^9&)5-&D,#( .-^9&QA<]9]�&E(+29,/v $ ]s!# " �U�.6:"RP&�.-^+&E5�\F,G.-^ A�23,�*-?E8+*6*4,#:"( :"(
.-^9&�cdA"@G,�23,G.10�:<;_.-^+&�8+*-&)2�A<]9]+5-:~v3,#BDA<.-,#:"(+*)!=� .',�*F,GBD]�:"5-.6A"(P.F.6:�5-&)BD,G(+2Q.6^9&�56&)A"29&E5Z.-^+A<.k*-&Ec"&)56A"@X,G(9]+83.']+A"56A"B�&E.-&)56*
A<56&�8+*-&)2 ,G( .-^9&�?EA"@#?E89@#A<.-,#:"( :";�.-^9&�?�56:P*6*�*-&)?�.-,#:"(s! �C^9&),G5�cdA<@#89&)*�\Z&E56&�RPA<.-^9&)5-&�2 ;¡5-:PB�&�v3]x&)5-,#BD&E(e.6A"@p\Z:"56° A<(+2
;¡:"5'*-:"BD&J:<;_.-^9&)B�]+A"56A"BD&�.-56,#®E&)2Q\F^9,�?{^�B�&�A<(+*Z.6^+Ad.F.6^9&E0�?EA"5-560�*403*4.-&)BDA<.-,�?J89(+?E&E5-.6A<,#(e.-,#&)*Z.6^+Ad.'?E:"(e.-56,G7+83.-&K.-:D.6^9&
89(+?�&)54.{A<,#(e.10�:"(Q.-^9&J¦x(+A<@s56&)*-89@G.6*)!
�C^9&��K@#A"897�&E5�?EA"@#?E89@�Ad.-,#:"(�8+*-&)2Q,G(�.6^9&I¦9.'A"(+A<@#03*4,�*Z5-&�zP8+,G56&)*p.-^+&J;¡5-&)&I]9]�A<(+2Q]9(�*-?)Ad.-.-&E56,#(9R�A<BD]9@#,/.68+23&)*�\F^9,#?{^

A<56&F.-^9&)(�;¡:"@�23&�2�:dc"&)5w.-^9&k(>8+?�@#&)A"5�B�Ad.-.-&E5Z23&E(x*4,G.10�23,#*4.-56,#7983.-,#:"(�!_M�^9&E(9:PBD&E(9:P@G:PR",�?EA<@+B�:323&)@x]xA<5{A<BD&�.65-,#®)A<.-,#:"(+*=\F,G.-^
N = 2

;¡5-&)&F]+A<5{A<BD&E.-&E5{*wA<56&Z.-^9&)(�8+*-&)2�;¡:"5�B�:323&)@G,#(9RJ.6^9&�(>8+?�@#&)A"5wB�Ad.4.6&E5�29,#*4.-56,G7+83.-,#:"(s!=��(�.-^+&F¦9.�]956:3?�&�238956&�
d.6^9&)*-&
]+A<5{A<BD&�.6&E5{*FA<56&IcdA<56,G&�2Q,#(+23&)]x&)(+23&)(P.6@G0Q;¡56:"B�&�A"?{^�:<.6^9&E5'A"(+2�.-^+&�5-&�*48+@/.6,G(9R�?)A<@�?�89@�Ad.6&)2�?�56:P*6*F*4&�?`.6,G:P(�,�*'?E:"BD]+A"5-&�2
.-:D.-^+&I&�v3]x&)5-,#BD&E(e.6A"@s29Ad.{A�,G(�:"5{23&)5p.6:DR"&�.F.6^9&I7�&)*4.
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�C^9&I(>8+?�@#&E:P(+*ZW�7�:<.-^�]956:<.6:"(+*FA"(+2�(9&E89.-56:"(+*CWZA<56&JAP*-*-89BD&)2�.-:�7�&I.6^9&I&E@#&EBD&E(e.{A<560�?�:P(+*1.6,/.689&E(e.{*F:<;wAd.6:"BD,#?J(>8+?E@G&),
A<(+2�A<(>0J:<.-^+&E5w*48+79(>8+?�@#&)A"5_*4.-568+?`.68956&�,�*�,#R"(+:"56&)2y!_�C^9&E0�A"5-&Z?�:"(x*4,�23&E56&)2�,G(+29&E]�&E(+23&)(e._Wy,#(3W B�&�23,#89Bn& �X&)?�.6*_(9&)R"@#&)?`.6&)2W�A<(+2Q;¡56:"®E&)(�WZA"23,�A<7+A<.-,�?JA<]9]956:~v3,GB�A<.-,#:"(�W�29895-,#(9RD.6^9&I,G(e.6&E5{A"?`.6,G:P(s!O�C^9&J.6:<.6A"@sB�Ad.-.-&E5�29&E(+*-,/.10�23,�*1.65-,#7983.6,G:P(

ρm
,�*

.-^9&)(Q.6^9&�*-89B :<;_.-^+&I(9&E83.65-:P(�A"(+2�.-^9&I]956:<.6:"(�23&E(x*4,G.10�23,�*1.65-,#7983.6,G:P(+*[I

ρm(r) = N · ρn(r) + Z · ρp(r)
�¡ax!G ~�

N
A<(x2

Z
A"5-&k.-^+&I(e8+B�7�&E5F:<;_(9&E89.-56:"(+*FA"(+2�]+5-:".-:"(x*p56&)*-]�&)?`.6,GcP&E@#0"!w�C^9&J:"(+&�W ]95-:".-:P( �¡56&)*-]s!=(9&)83.-56:"(x�C29&E(+*-,/.6,G&�*

ρp
� 5-&�*4]s!

ρn
�DA<56&�(9:"56B�A<@#,G®)&)2 .6: 89(9,G.10 *-: .6^+Ad.�.6^9&�B�Ad.-.-&E5�29&E(+*-,/.10

ρm
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.-^9&�,G(e.-56,#(+*4,�?�290e(xA<BD,#?)A<@_*1.65-8+?�.-8956&�A"(+2 A�?E:"BD]9@#&�.6&�23,�*-?E8+*6*4,#:"(�B�8+*1.K,G(x?�@#8+23&�AQ23&)*6?�56,#]3.-,#:"(�:";�23&�;¡:P5-B�Ad.6,G:P( D�}<�SF !
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=.-^+&QRP5-:P89(+2 *4.6Ad.6&�:"; 6He

A<(x2 8He
?)A<( 7�&�AP*-*-89BD&)2 .-:

7x&�*4]9^+&E56,#?)A<@�A"(+2 ?�:P(+*4&�ze89&E(e.-@#0 :"(9&�\F,#@#@p56&)*4.-56,#?�.I.-^9&�A<(+A"@G03*-,#*I.-: .6^+Ad.D?EAP*4&�:P(9@G0P! �9:P5�?EAP*4&�*�\F^9&)5-&�.-^9&�BD:323&)@
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{
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�C^9&D]95-&�*4&)(e.J29A<.6AQ&E(+A"79@#&�:P(9&�.6:QRP&�.�AQ(9&E\ *4&E.K:";Z23&)(+*4,G.10 23,�*1.65-,#7983.6,G:P(+*K\F,/.6^ A�^9,#R"^ ]956&)?�,�*-,G:P(¬@#&Ec"&)@=\F^9,#?{^

L+ 



B�,#R"^e.w?�&)54.{A<,#(9@G0J7�&p8x*4&�2�A"*�,#(9]983.=;¡:"5=:".-^9&)5�&Ev>]�&E56,#B�&)(e.6A<@>A<(x2I.-^+&E:"56&�.6,#?)A<@>*1.68+23,#&)*C�¡,#(9&)@#AP*1.6,#?Z*-?)Ad.-.-&E56,#(9R 
�.-5{A<(x*4,G.-,#:"(
A<BD]9@#,/.68+23&)*�
Z&�.6? !#!#! ��!�Y'*�.6^9,#*�\ZAP*�.-^9&�B�A<,#(«R":eA<@C:<;K.-^9&�]+5-&�*4&)(P.�\Z:"56° 
O.-^+& ?�:"56&�56AP23,#,F\p&)5-&�5-&EW &)cdA<@#8+Ad.6&)2 .-:
Rc(

6He) = 1.97(9) fm
A"(+2

Rc(
8He) = 1.77(18) fm

\F^9,�?{^�?EA"(�7x&k?�:"BD]+A"5-&�2�.-:I.6^9&�]956&Ec>,#:"8+*�cdA<@#89&)*=;¡56:"B;D � �GF I
Rc(

6He) = 1.88(12) fm
A<(+2

Rc(
8He) = 1.55(15) fm

!w�C^9,�*Z8+*4&K:<;�.-^9&�*4&J29Ad.{A�\F,#@#@X?E&E5-.6A",G(9@#0DB�A<°"&k.-^+&k]956&)*-&E(e.
.-^9&):"56&�.-,�?EA"@XB�:323&)@#*�:<;�^xA<@#:D*4.-568+?�.-8956&JB�:P5-&I*4.-56,G(+R"&E(e.6@G0D.6&)*4.-&)2s!
�C^+&�&���&�?`.6,GcP&D?E:"56&�*-,#®E&

Rc
:<;p7�:<.6^ (>8+?E@G&),w,#*J7+,GRPR"&E5k.-^xA<( .-^9&D;¡56&E& 4He

*4,#®E&D\F^9,�?{^ ,�*
Rm = 1.49 fm

Ik.-^+,#*
;¡&)Ad.68956&�\ZAP*OA<@#56&)A"290�56&E]�:"5-.-&)2����F&�;1!:D � �GF¡�w,#(�.6^9&k?)A"*-&F:<; 6He

A"(+2D,#*p?�:P(3¦+56B�&�2D7>0�.6^9&'(9&)\�BD&)A"*-8956&EBD&E(e.�!���(D.6^9&?EA"*-&J:<; 8He

+.-^9,�*�:P7+*-&E56c~A<.-,#:"(�,#*�]x:e*-*-,G7+@G&I:P(9@G0�,G;_.6^9&�]956&)*-&E(e.'29A<.6A�A"5-&K.6A"°"&)(�,#(e.-:�AP?E?E:"89(e.)!p� .',�*F,G(e.6&E56]95-&E.-&�2�AP*

.-^9&I56&)*-89@G.�:<;�.6^9&�56&E@�Ad.6,GcP&kBD:<.6,G:P(�:<;wA<(
α
]+A"54.6,#?E@G&J\F,G.-^ A<(�,#(P.65-,#(+*-,#?I*-,#®E&�?�@#:P*-&K.-:� P! aeL�;¡B�A<56:"89(x2�.6^9&�?�:P5-&EW ^+A"@G:

?�&E(e.6&E5-W :"; W B�A"*6*O� �Zb¬�`!<�C^9&Z& �X&)?�._:";9.-^+&Z56&E@�Ad.6,GcP&OBD:<.6,G:P(�:"(�.-^9&C?�:P5-&Z*4,#®E&Z7>0J,G(+?E5-&�A"*-,G(+R�.-^+&p(>89B�7x&)5_:";9.-^+&pcdA<@#&E(x?�&
(9&E83.65-:P(+*JA<@#5-&�A"230�]+5-&�23,#?�.-&�2�D L �SF5
_?EA<( A<@�*-:Q7�&�?�:PB�]xA<56&)2 7�&�.1\Z&E&)( 6He

A"(+2 8He
(>8+?E@G&),dIIAP2923,#(9R�B�:P5-&DcdA<@#&E(x?�&

(9&E83.65-:P(+*�.-:�.-^9&
α
?�:"56&']+5-&)c"&E(e.Z,/.Z.-:�&�v>.-&)(+2�BD:P5-&K*4]+A<.-,�A<@#@G0D\F^9,�?{^Q?)A<(Q7x&J*4&)&E(Q,G(�.-^9&K(9&E\F@#0�23&E.-&E56BD,G(+&)2�cdA"@G89&�*

Rc,8He ≤ Rc,6He
!

��( A"2+23,/.6,G:P(�
s.6^9&�29Ad.{A�\p&)5-&D?�:PB�]xA<56&)2�.6:�*4:PB�&�.6^9&E:P5-&E.-,�?EA<@=BD,�?�56:P*6?�:"]+,#?�A<]9]956:PAP?{^9&)*KA~cdA<,#@#A"79@#&�,#( .-^9&D&�v3,�*1.-W
,G(9R¬@G,G.-&)56A<.-8956&�*-,G(+?E&�,G.�,�*�\Z&E@#@�°>(9:d\F( .6^+Ad.�.-^9&Q&E@�A"*4.-,�?�*-?)Ad.-.-&E56,#(9R¬A<(+R"89@�A<5�29,#*4.-56,G7+83.-,#:"( ,�*�A"( &�v9?�&)@G@#&E(e.�.6:>:"@p.-:
c~A"@G,�29A<.-&�?EA"@#?E89@�Ad.-&�2 zP8xA<(e.-,G.-,#&)*�*48+?{^ AP*J.-^9&QB�Ad.4.6&E5�29,#*4.-56,G7+83.-,#:"(HA"(+2 .-^9&�.-:<.{A<@O(>8+?E@G&�A<5�5{A"29,G8+*)!��C^9&�;¡&E\CW 7�:>290
?EA<@�?�8+@#A<.-,#:"(+* D �<a�
O �LSF�*-^9:d\ A�56&E@�Ad.-,#c"&)@G0�RP:>:>2 A<RP5-&)&EBD&E(e.�!���( R"&)(9&E5{A<@5
�A"@G@=.6^9&�?EA"@#?E89@#A<.-,#:"(+*J*-8+?E?E&E&�2¬.6:�23&)*6?�56,G7�&
.-^9&�¦+5{*1.�23,��X56AP?`.-,#:"( BD,G(+,GB�89B­\F,G.-^9,#( .-^9&�&Ev>]�&E56,#B�&)(e.6A<@=&)5-56:"5{*'7+83.�*4^+:d\nBD:"56&�:P5K@#&)*6*IA�*403*4.-&)BDA<.-,�?�29&Ec>,#A<.-,#:"(
�
(dσ/dt)calc ≥ (dσ/dt)exp

�C,#(�.-^9&�5-&)R",#:"(�7�&�;¡:P5-&J.6^9&J¦+5{*1.�BD,#(9,#B�89B�!p�Z0Q&�v9A<BD,#(9,G(+R�.6^9&�23,��X&E56&E(e.�BD:>29&E@s&Ev>]�&)?�W
.6Ad.6,G:P(+*p:"(�.6^9&K@G:3?EA<.-,#:"(�:";s.-^+&k¦x56*4.ZBD,#(9,#B�89B;
>,/.�A"]9]x&�A<5{*pA"@#*-:�:";s,G(e.6&E56&)*4.p.6:�&Eve.6&E(+2�.-^9:e*4&KBD&)AP*48956&EBD&)(P.{*w.6:�.6^9&
5-&)R",#:"(�:";�.6^9&�*4&�?�:P(+2Q29, �X56AP?`.6,G:P(QB�Adv3,#B�89B�!�C^+&O&�v3]�&E56,GBD&E(e.�29&)*6?�56,G7�&)2J^9&)5-&�\ZAP*sA<@�*4:F]+5-:P]x&)@G&�2k7>0k.-^9&p,#29&)AZ.-:kA<(+A"@G0>®E&=.6^9&�,#(9&)@#AP*1.6,#?OA"(+2J7956&)A"°PW 89]J?{^+A<(+(9&E@�*
7e0�B�&�A"*-8956,G(9RK,#(D?E:",#(+?�,�23&)(+?�&Z.-^+&�?{^+A<56R"&�2J;¡56A"R"BD&E(e.OA<(x2�.6^9&F5-&�?�:P,G@3(>8+?E@G&)8+*E!���(D&�v3]x&)5-,#BD&E(e.6*=8x*4,#(9RJ^9,#R"^�&E(9&)5-RP&�.-,�?
56AP23,G:eA"?�.-,#c"&C7x&�A<B�*�
".6^9,#*pBD&)AP*48956&EBD&)(P.p\ZAP*w:"56,GRP,G(xA<@+A"(+2D.-^+&E56&�,#*�^9:"]�&�
>:P(+?�&F.6^9&�;¡8+@G@X29Ad.{A�A<(xA<@#0>*-,�*w,#*Z?�:PBD]9@G&E.-&�2�

.-:DR"&E.Z;¡8+54.6^9&E5�,#(3;¡:P5-B�Ad.6,G:P(Q:P(�.6^9&�*4.-568+?`.6895-&J:"; 6,8He

(e8x?�@#&E, !
Y�.-&)*4.�BD&)AP*48+5-&)B�&)(e.O8+*4,#(9RJ.6^9&�(9&�A<567e0�*1.{A<79@#&F,#*-:<.6:"]�& 4He

\CA"*=:"56,#R",#(+A<@#@G0�]9@#A"(9(9&�2D7983.�89(9;¡:"5-.-89(+A<.-&)@G0�
P2389&�.-:
@G,#BD,/.6&)2�7x&�A<B[.-,#BD&�
P\ZAP*�(9:".=?E:"(+298+?`.6&)2�,G(�R":>:32�?�:P(+23,G.-,#:"(+*)!w�>8+?{^�2+Ad.6Ak\Z:"89@�2�]956:dc>,#29&pA<(�A"2929,/.6,G:P(+A<@3?{^9&�?{°I:<;9.6^9&
]95-&�*4&)(e.Z&Ev>]�&E56,#B�&)(e.6A<@y]+5-:3?�&�238956&KA"(+2�2+Ad.6ADA"(+A<@#03*4,�*ZB�&E.-^9:32y! 4He

,�*FA<(�,GBD]�:"5-.6A"(P.Z.-&�*1.6,G(+RD?)A"*-&K;¡:"5Z.-^9&IcdA"@G,�23,G.10
:<;C.-^9&�]956&)*-&E(e.��K@�A<897�&E5�?EA"@#?E89@#A<.-,#:"(+*�,G(H.-^9&Q5-&)R",#:"(

t ≥ 0.2 (GeV/c)2
! �C^9&�7+AP*4,�?�AP*-*-89BD]3.-,#:"(x*�:<;F.6^9&�BD:323&)@

� Y�]+]x&)(+23,GvQ$f]s!G P )Ue��A"5-&kc~A"@G,�2�:P(9@#0�;¡:P5
t ' 0

A<(x2�.-^+&E56&�;¡:"56&�
>:P(9&kB�8+*4.Z,#(+?�@#8+23&J*-&Ec"&)56A"@x?E:"565-&)@#A<.-,#:"(�& �X&)?�.6*C\F^9,�?{^
A<56&k&Ev>]�&)?�.-&�2�.6:D7x&I(9:P(Q(+&ER"@#,#R",#79@G&K,#(Q.6^9&I56&ER",#:"(Q:<;�.-^9&I]956&)*-&E(e.FBD&)AP*48956&EBD&)(P.�!��+:"5C.6^9,#*�5-&�A"*-:"(�
3A�BD&)A"*-8956&EBD&E(e.
A<(+2�A"(�A<(xA<@#0>*-,�*�:";s]95-:".-:P(�&E@�A"*4.-,�?'*6?EA<.4.-&)5-,#(9R�Ad. ∼ 700 MeV/u

:"( 4He
,#(�.6^9&J*-A"B�&K23:"B�A",G(�,�*Z8956R"&E(e.6@G0�(9&E&�23&)2s!

��(�AP2923,G.-,#:"(Q.-:�.-^+A<.�
9*-&EcP&E5{A<@�:<.-^+&E5F^+A"@G:D?EA"(+23,�29Ad.6&)*FA<56&k;¡:"56&)*-&E&E(�.-:D7�&K,#(+?E@G8+29&)2�,G(�A�;¡83.-8+5-&I*4.-8+230�
9,#(Q]+A"54.6,#?E89@�A<5
.-^9&

Li
,�*4:".-:P]x&�*O;¡:P5Z\F^+,#?{^�.-^9&I29A<.6A�Ad.C@G:d\

t
A"5-&JA~cdA<,#@#A"79@#&kA<(x2�?EA"(�7�&K?E:"(3;¡56:"(e.6&)2�.6:�A"(�&Eve.6&E(+29&)2QB�&�A"*-8956&EBD&E(e.A"*K\ZAP*J*4^9:d\F( ^9&E56&"!���( *-8+?{^ B�&�A"*-8956&EBD&E(e.�
y:P(9&�B�8+*4.I,G( ]+A<5-.-,�?�8+@#A"5J*-&E]xA<5{Ad.-&�.-^9&�23,��X&E56&E(e.�?{^+A<(9(+&E@�*k\F^+&E56&

Li5-&�A"?{^9&�*p,G.6*C]xA<5-.-,�?�@#&�W &�v9?�,G.-&�2Q*4.6A<.-&)*C\F^+,#?{^�,#*'?�&E5-.6A",G(+@G0�AD23&)@G,�?EA<.-&K.6AP*4°QAd.�,#(P.6&E56BD&)23,�Ad.6&K&)(9&E56R",#&)*)!

L �
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D# #F�u�!x�F83.-^+&E5-;¡:"5{2�
=MO5-:3?"!+b A<(x?{^9&)*4.-&)5C£�,/.6&E5�!9A<(+2�MO^+,G@#:P*)!+�>:3?�,#&�.10Q��¯ ��� 
s )���1 �L9 " ~�`!
D �SF�u�!x�F83.-^+&E5-;¡:"5{2�
=MO^9,#@�!�b A<Rx!X���P� gs� 
9�P�"L��1 �L9 " ~�`!
D UHF�u�!x�F83.-^+&E5-;¡:"5{2�
=MO^9,#@�!�b A<Rx! ¨Xt 
x�<�+ ��4 )L9 �LP��!
D a F��k!�6x!+�CAd.-.10 �(�F

�	? 
pYF23cdA<(+?E&)*C,#(�¤'8+?�@#&)A"5FMO^>03*4,�?E* �3� 
y ��4 )L"�PLP��!
D��SF 6x!9£O!��+5-,#&)29&)* ����

�Y? 
�¤�8+?E@�!+MO^>0>*)!+Y ��9�� 
 �<L"a��4 )LP�e}<��!
D �HF���!9Y'@G°>^+A"®E:dc 
+�X!+�Z&E@#:P*4.-:".6*-°>0�
3A<(+2�Y�!+¯w:"56:"7>0":dc 
�M�^e03*)!+�F&)]s! �yg 
9�PLQ�4 )Le}<�P��!
D }GF��X!�6x!9� A<@#@#AP?�&�
=YF29c~A"(+?�&�*C,G(�¤'8+?�@#&)A"5FMO^>0>*-,�?E* �9g 
y �UP�Q�1 )LP�9 ~�`!
D �HF�M=!x��!+VkA<(+*-&E(�
9Y�!x�X! 6"&)(+*4&)(�
9A<(x2Q�K! 6P:"(+*6*-:"(�
=Y�(9(>8s!x�F&EcX!+¤'8+?�@ !9MwA<5-.)!+�3?E,�! �%� 
+�<L+ ��4 )L"Le�"��!
D LHF�¤�!�Y�!w�k5-5@
�uOv>:".-,�?�(>8+?�@#&E,�WkV'A"@G:>&�*�
�,G( 
 �=% �	� � � �������:
 ���#% �:
 �	���$% �<�#%
��2 � �$���#� � � � � � � 2���G�3 � & �����;"��'� � ��� � 
b A"897989,�*6*4:P(�
��95{A<(+?E&�
y )LPLe}�
e�1¤ �dM�U 
x�Z¤'�'�y!
D# )THF��D!9�F,#,�*-A"R"&E5@
=�F&EcX!+b�:32y!3M�^e03*)!�����
y P )TP�Q�1 �L"L"ae�`!
D# " #FI�`!9�_A<(9,#^+A<.6A�
#6x!9MO^>03*E!+��! IO¤�8x?�@ !9MwA<5-.)!9MO^>03*)! gxg 
y ��e}��4 )L"LP�P��!
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�Y? 
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D# )UHFI�`!9�_A<(9,#^+A<.6A �(�T

�Y? 
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D# Ea F��X!9��!+¤�&)89B�A<,#&E5 ���F
 �	? 
�¤�8x?�@ !9MO^>03*E!9Y ts�3g 
 �da3}�� �<TPT �"��!
D# ��SFIM=!9uORP&E@#^9:<;*
wM�5-:PR+!>MwA<5-.)!+¤'8+?�@ !9MO^>03*E! � ��
9U"Te}Q� �<T"T+ ���!
D# )�HFI�`!9�_A<(9,#^+A<.6A �(�T

�Y? 
wMO^>0>*)!+£�&�.4.�!+� g'9 ��
9�<L ���1 )LP�"�e�`!
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w¤�8+?E@�!+MO^>0>*)!9Y � � � 
9�"���1 �L"LPUP�`!
D# )�HF���!,�Z!+�Z&E5-.6*6?{^�A<(+2�V�!9up*47�&E(+*-&E(�
�Y�(9(xA<@�*C:<;=MO^>0>*-,�?E* g'9x� 
9U �e}��4 )L"L+ ���!
D# )LHF�b !3¯�! ��^>89°P:dc �(�T

�	? 
�MO^>0>*)!9�F&)]s! gx¨s� 
y ��9 ��4 )L"LPUP��!
D �<THF��I!9¤�!+�Z:d032QA"(+2��`!x��A"(9,G^xAd.6A 
=MO^>0>*-,�?E*F��:>2+A~0 �%� 
3a"a��4 )L"L �"��!
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θx,in = arctan

(

x2 − x1

z2x − z1x

) � �K! ae�

θx,out = arctan

(

x4 − x3

z4x − z3x

) � �K!��"�

θy,in = arctan

(

y2 − y1

z2y − z1y

) � �K! �P�

θy,out = arctan

(

y4 − y3

z4y − z3y
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�9:"5JA�?{^xA<B�7�&E5k,2


zix
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^+A"2
z2x − z1x = 196.9cm



z4x − z3x = 209.7cm



z2y − z1y = 196.9cm

A"(+2
z4y − z3y = 228.8cm
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θ = f(θx, θy)
D }dU F I

(∆θ)2 =

(

∂f

∂θx

)2

(∆θx)2 +

(

∂f

∂θy

)2

(∆θy)2
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∆θx
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∆θy
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∆i = 2.36σi
!

�956:"B u�z�!O�K!# K:P(9&I^+AP*8I
 �T9 



∂f

∂θx
=

1

2

(

θ2
x + θ2

y

)−1/2
2θx =

θx

θA"(+2�*4,#BD,G@�A<56@#0 I
∂f

∂θy
=

θy
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∆θ
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∆θ =

(

θ2
x∆θ2

x + θ2
y∆θ2

y

)1/2

θ
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∆θx = {(∆θx,out)
2 + (∆θx,in)2}1/2 ���K!G �TP�

∆θy = {(∆θy,out)
2 + (∆θy,in)2}1/2 ���K!G P ��
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tan θ ' θ
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θ � 1
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(

∆θx,in

θx,in

)2

=

(

∆(x2 − x1)

x2 − x1

)2

+

(

∆(z2x − z1x)

z2x − z1x

)2

=
(∆x2)

2 + (∆x1)
2

(x2 − x1)2
+

(∆z2x)2 + (∆z1x)2

(z2x − z1x)2�_A<°>,#(9RD(9:d\ I
∆xi = ∆x ' 0.15mm
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∆θx,in =
√

2θx,in

(

(∆x)2

(x2 − x1)2
+

(∆z)2

(z2x − z1x)2

)1/2 ���K!G ~�"�

∆θx,out =
√

2θx,out

(

(∆x)2

(x4 − x3)2
+

(∆z)2

(z4x − z3x)2
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∆θy,in =
√

2θy,in

(

(∆y)2

(y2 − y1)2
+

(∆z)2

(z2y − z1y)2

)1/2 ���K!G d}<�

∆θy,out =
√

2θy,out

(

(∆y)2

(y4 − y3)2
+

(∆z)2

(z4y − z3y)2
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θ
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Ad.
θ ' 1.17◦

\F,G.-^�.-^+&p\Z:"5{*1._]956&)?�,�*-,G:P(
∆θ/θ ' 0.87%

R",#c"&�* −t ' 0.0407±0.0007(GeV/c)2
,�!�&"! |∆t/t| ' 1.87%
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[t1, t2]
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tc = (t1 + t2)/2
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CFD
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AND OR
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_

_

VR

S1

S2

S3

VL
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STR (CU)
Start TDCs
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VL Veto
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Delay unit
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Anti−coincidence
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AND OR
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Gate
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Logic ORGate generator Logic AND

P5X

P5Y
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P6Y
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GEN

AND OR
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OR AND FAN GEN 1/N LD
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CU
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WTS
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LAM
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RQ
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INH

TR

TEST

CLR

OR

WA
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WPS
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LAMTS

LAMPS

LAM

LAMTS

EKR

RQ (request readout)

CLR busy

INH scalersRQ
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DT

P
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T2

End DT

OUTPUTINPUT
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Logic OR Logic AND FAN module Pulse Generator Rationer Level Discriminator Gate generator
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T1

T2

W1
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LAM

RQ

End DT

CLR
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3ms

Fast CLR

DT

INH
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W1

CLR

Fast CLR
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PILE UP
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Y 1 \p:P5-°>,#(9R 1�\F,#(+23:d\ � ��:<;CA<7�:"83.
1.8µs

,�*J]956:>298+?�&�2 � .-^+&�*403*4.-&EB¥,�*K.-^+&E( &�v3]x&�?`.6,G(9R�.6:Q56&)?E&E,#c"&DA�]�:P*6*4,#79@#&*4&�?�:"(x2 @#&Ec"&)@=.-56,GRPR"&)5J� �Q]98+@#*-&"!��C^9&D� ��\F,#(+23:d\ A<]9]�&)A"56*K:"(+@G0 ,G;C�S �\CA"*K.65-,#R"RP&E56&)2�7>0 AQcdA"@G,�2 ?)A<(+29,#29A<.-&��J 
&Ec"&)(e. � A�]+,G@#&�89] &EcP&E(e.I:"5�AQ.-&�*1.�&)c"&E(e.I\F,#@G@O(+:<.�]956:3238+?�&D,G.)!��k(+&D*4.6A"54.�� �3�F�'�J,�*K.-^9&)( ,#*6*-89&)2 \F^9,�?{^ *-&E56c"&�*k.-:,G(9,G.-,�A<@#,#®E&�*-:"BD&�BD:32389@#&)*kA<(+2�.-:�]956:3238+?E&�*-:"BD&�*-]x&�?�,G¦x?�]98+@#*-&)* � AP*'A"( &�v9A<BD]9@#&I.6^9&�Yk��b *-,GRP(+A<@�(9&E&�23&)2�;¡:P5�.6^9&
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BDA",G(Q.-56,#R"R"&)5pBD:32389@#&�� �Fb �`!+�C^9&�� �[,�*Z.-^9&)(�798+*-0�;¡:"5�29A<.6A�56&)A"29:"83.FA<(+2Q(9:D:<.6^9&E5F&)c"&)(P.�?)A<(�7�&�A"?)?�&)]3.-&�2y!O�C^9&BDA",G(D.65-,#R"RP&E5wBD:32389@#&',�*-*-89&�*OA�23&�A"2�.-,#BD&�� $K���w:";�A<7�:"83.ZUJBD*�;¡:"5O.-^9&K29Ad.{AJ5-&�A"23:P83.)!=YF; .6&E5p.-^9&�56&)AP23:"89.O:<;sA<@#@9.6^9&
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A<(+2�.-^9&)(�.6^9&I*403*4.-&EB ,�*C56&)A"290�;¡:P5Z.-^9&J(9&Eve.�?E0>?E@G&P!w�C^9,#*Z&)c"&E(e.Z.10>]x&J,�*Z?)A<@#@G&�2 1 5-&�A<@X&EcP&E(e.�1>,#(�.6^9&J(9&�v>.F*4&�?`.6,G:P(+*E!=� ;
(9:�� �DA<]+]x&�A<5{*�238956,G(+R�� ��.-,#BD&�ReAd.-&�A��Z£��[,�*�,#B�BD&�23,#A<.-&)@G0�R"&)(9&E5{Ad.6&)2�A<(x2�;¡5-:PB .-^xAd.k]�:",#(e.�.-^+&�?�03?E@G&I;¡:P@G@#:d\�*
.-^9&�*6A<BD&I*1.6&E]+*FAP*Z.-^9&I]+5-&)ce,#:"8x*Z?)A"*-&"!
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A<(9:".-^9&)5p*-,GBD,#@#A"5�\F,#(+23:d\I!w�C^9&']+5-&�?�&)29&E(e.Z�J k,#*p5-&E;¡8+*-&)2�A"(+2�(9:�*4&�?�:P(+2D� �I\F,#(+23:d\�,�*�RP&E(9&)56A<.-&�2y!_Y�; A"*4.F�Z£�� ,�*
R"&E(+&E5{Ad.-&�2DAd; .-&)5�.6^9&�¦x56*4.p� ��\F^9,#?{^�?E@G&�A<5{*w.6^9&k*-03*1.6&EB ;¡:"5ZA<(9:".-^9&)5p?�03?E@G&P!O�k(+&'u �I�n� uOc"&)(e.��J,#@G@#&)2�7>0D��Ad.6,G:P(9&E5`�
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��(�?�:P(+?�@#8+*-,G:P(�
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� � Ad.JA�;¡56&)ze89&)(+?�0�:<;� �T �<�<a�V�®�A<(+2 .-^9&)(�.-^+&�� � ���*>+,#] >+:P] *-\F,/.{?{^9&)*�;¡5-:PB�*4.6A<.-&Q �.-:�T¬����,#R+!��k!��"�`!K� .k\F,#@#@
*4\F,G.6?{^�7+A"?{°�.-:�*1.{Ad.6&� I\F^+&E(�A<@#@y.-^9&J.6&)*4.�?�03?�@#&I,#*FAP?{^9,#&Ec"&�2y!
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TS

W1

W2

Readout cycle 

CLR

T1

TEST

WTS

Test Event Cycle
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A<(>0"!_� ;�A<(9:".-^9&)5��J �?�:PBD&)*w\F,G.-^9,#(�u�����
"�S �,�*�*4.-,#@G@x,#*6*-89&)2�@d!w�C^9&K� �«.6&)*4.�BD:>2989@G&'\ZA",/.{*=.-^9&)(�,G.6*O&)(+2�.-:�R"&E(+&E5{Ad.-&
AQ� ���¬\F,#(+23:d\n:";pA<7�:"83.
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��T9! U"L��¢56&E@�Ad.-,#c"&J89(x?�&E5-.6A",G(e.109�ZA<(+2
7200± 12

� T9!# ~} ���O;¡:P5F.-^+&
;¡89@G@ZA<(+2 &)B�]9.10¬.{A<56R"&�.I5689(+*I56&)*-]�&)?`.6,GcP&E@#0"!�$k&)*-]9,G.-&�.6^9&�@#:d\ *4.6Ad.6,#*4.-,�?E*�,G( .-^+&�&EBD]3.10¬.6A<56R"&E.I5-89(�
�.6^9&�&E5656:"5{*kA"5-&
@G:d\Z&E5I7�&)?)A<8+*-&�.-^9& 9Li

,�*IB�8x?{^ 5{A<56&E5IA<(x2 .6^e8x*I@G&�*-*I29,#*4.-895679,#(9R+!��C^+&)*-&�(>89B�7x&)56*�A<56&�*-,GBD]9@#0 A"BD]9@G,G¦+&�2 7>0�.6^9&
; A"?`.6:"5

kPS
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; A"*4.-798+*�BD:>2989@G&�*O£s&�?�56:d0� )�>}<�k�F$J�Z*pA<(+2� ��"�P�>� �K$J�Z*�5-&�*4]�&)?�.-,#c"&)@G0P!��C^9&F56&)AP23:"83.O:";x.6^9&'29A<.6AJ(9&)&)23&�2�;¡:"895O7xA"*-,#?
*4,#R"(+A"@#*�A"*�*4^9:d\F( ,#( ¦+RP895-&��k! �+! �C^9&QY'5-B � �PT�(+*�\F,#2>.6^x��*-,#R"(+A"@�&E(xA<79@#&)*�.-^9&��F$J� BD:32389@#&)*)! Y�@#@�.6^9&QA"(+A<@#:"R
� A<BD]9@#,G.-8+23&~�J]989@�*-&)*�A"5-&D&�v3]�&)?�.-&)2 \F,G.-^9,#(HA��JAd.6&�:<;FA<7�:"83.�LPL"TQ(+*E!Q�C^9&�23,#R",G.6A<@����'� �w�K]989@�*4&�*I\F^9,�?{^ ]+@#A~0�.6^9&
5-:P@G&K:<;=*1.{A<5-.C*-,GRP(+A<@�*�
>A"5-&k&�v3]�&)?`.6&)2Q\F,/.6^9,#(�A�\F,#(+23:d\ :";_A<7�:"89.C�PU"T�(x*F?�@#:P*-&)2�7>0�AD?�:PBDB�:P(��e.6:"] �1 )TPT�(x*C\F,#2>.6^x�
*4,#R"(+A"@�!wY�; .-&E5p.-^+&K29A<.6A�?�:"(>cP&E5{*4,#:"(DA<(+2�5-&�A"23:P83.p7>0�.-^9&kB�A<,#(�$�Y���]956:3?�&)*6*-:"5'� ¯kb�u .10>]x&~� 
3A��p@#&)A"5p*-,GRP(+A<@x5-&�*4&E.6*
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Γ(b, r1, r2, ..., rA) = 1 −
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∏
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[1 − γpN (b − si)]
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