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ᚋࣥࢺࢫࣥࣜࣉேࢆᑜࡓࡡᢡ㸪Ed. Wittenࢆᗯୗ࡛

ぢ࡛ࡢࡓࡅ㸪ࡢࡓ࡞࠶ࠕⓎゝࡀᡃࡢࠎ momentum

㸦㡑ᅜ᳨ฟࠕࡽࡓࡗゝࠖ࠺ࡀࡾ࠶ࠋࡓࡋࡲࢀࡃ࡚࠼ࢆ
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࡛㡹࡚ࡋ㤳⦪ࢆࠋࡓࡗ࡞ࡽ 

 

ࡉᐃྰᗘࡢࡑ࡚ࡗゝࡶ㸦ఱᗘ࡛ࡢࡓࡗṧࡀ㐪ឤࡣ⚾

ࡐ࡞ࠕ㡭㸪ᙼࡓࡵ෭ࡀࡾࡰ㸧㸪࡛ࡢࡓࢀ 13 ゅࡢឤᗘ

㝈⏺ࠋࡓࡳ࡚࠸⪺ࠖࡍ࡛ࢇ࠸࡞ࡃࡓࡾࡸࢆᙼࡣ࠼⟆ࡢ

ࡤࢀࡸᬑ㏻ࠕ
2
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ྠ⛬ᗘࡢ⢭ᗘ࡛⾜࠺ᚲせࡣࢀࡇࠋࡍࡲࡾ࠶ࡀ⌧Ⅼ࡛ࡣ㞴

ࡿ࡞ࠕ࡚࠸⪺ࢆࢀࡇࠋࡓࡗࡔࡢࡶ࠺࠸ࠖࡍࡲ࠸ᛮ࠸ࡋ

ࡗᛮࠖ࡞ࡔࢇࡶ࢚ࣛࡣࡢ࠺࠸ᐇ㦂ᒇ࡞ࡶࡲ㸪
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ᴗࡣ㸪≉ᐇ㦂ᒇ࡚ࡗࢇࡉⱞ࠺ࢁࡔࢇ࡞ࡢࡶ࠸ࡋ

ീ17ࠋࡿࡍ keV neutrinoࠕࢆⓎぢ࡚ࠖࡋ㸪ࡢࡑᚋ࡚ࡋ࠺

⮬ศࡢᐇ㦂ࡀㄗࡓࡗ⤖ᯝࢆฟࢆࡢࡓࡋ㏣ồࡋ㸪ࡢࡇཎᅉ
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ࡣேࡢࡇࡓࡋ⾜ᐇࢆࢀࡇ㸪ࡋࡋ㸦ࠋ࠺ࢁࡔసᴗ࠸ࢇࡋ
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Ẽࡀࢹ࣑ࣥ࢝࢜࢝ࡣ㦵㡬┿ࡢࢇࡉ⏣㸪Ლࡣ᥎㔞࡛ࡢ⚾
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ࡓࡗࡔࡢ㸦ࡾ࠶ࡀ✲◊ᮇࡢࡇࠋ࠺ᛮࡓࡗࡀ
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ሙ࠺࠸ࡿࢀࡉኌ୍࡛႑ࠖ࠺ࡣ࡚ࡋຍῶ࠸࠸࠺

㠃ࡽࡉࠋࡓࡗ࠶ࡀ㸪⚾ࠕࡓ࠸⪺ࡢドゝ࡛ࠖࡣ㸦୰⏿ࢇࡉ
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1� ��	� 

A8A\@UI]OŇ�"�2 CERN (ï±�¢âčđí

è)# LHC (Large Hadron Collider)$ś�`ě 100 m"�2�

ŏě 27 km#Ó LEP (Large Electron Positron collider)F[I

Y"¸Ĳ�3�śbąÙŚ:IY;]#Ŕ¢\Ŕ¢ĬĒ�

~Ŀ���2��#Ù�#þ¾$śM]Su�ĎČ���

NbTi ĸl«>8Y4ÉĂ�ś÷oQX9Sø¶ 4.2 K /1

-�0"m�ĸö�QX9S{�"/2 1.9 K �łĺ�2

���śĸl«Ĥß#ĩąŕö4Æ�_�śĎČÁĨ4å

œ*�ĆÍ�2��4ĈÈ��ü��2�����ŚĎ�

�"/��śa	03�F[IY�ŏ"©��Ŕ¢:IY

;]4Ù���2����2�27 km #~Ŀ�F[IY

"¦ãĎ� 8.3 T# 15 mŏd�åĸl«ĎČ4 1232�Ĳĥ

�śŔ¢M]S:IY;]� 7 TeV "}ń�2jé�!�

��2� 

2008µ 9Ú#QX9SûõfÏ"/1ıĄ#�´!Ł·

����-##ś2010µ�0Þãć"M]Słĺ4Ő¡�ś

Ŋ¿Ě:IY;]7 TeV (Ŕ¢:IY;]3.5 TeV)�#§ř

�AC]F���2012µ*�# Run 1�$ÙĞć"Ŋ¿Ě

:IY;]$ 8 TeV "*��_�śLD=AĘ¢#Ćį�

����Äá4-�0��������#¼#2µő$ś

2008µ#fÏ���!��dĎČő4ŕòć"Ëģ�2ĸ

l«KAW8[#ĭr²f! śĲıjé��2Ŋ¿Ě:

IY;]14 TeV�#M]SĬĒ§ř4�Ĩ��2�,#¤

y©Ė²f"»�03������ 2015µ 4Ú�0M]S

>RD?VH[=�¡*1ś6Ú�0Ŋ¿Ě:IY;]13 TeV

�#§ř�zŐ�3���%0�$ś�2��XA<4

ņ�ś¤¦��§ř4ŀ,2Ñō�!��
1ś14 TeV�

#§řŐ¡$-�¬�w�-�3!��ĀÕü#ıĄ�$ś

2023 µ*�łĺ4Ģģ�śĐ|YRJ?E7 300 fb-14q

Ġ�2��"!���2� 

k_�3*�# LHC#�Ņ4���Ø��+2�śĀ�

$łĺ�/�.�Þã���ś()Å¦#ÁĨ4ĆÍ��

��2ÿó��1ś�pÏśhŖ�0ŚĻ¶�6DP=Z]

G#�,#čđŐĆŝ������ĵ4Ç�32�-�3

!�����îĔkŒ"ś6DP=Z]GıĄ#ħÖ.æ

Į4ė�"ĝi�����#¼śKEK��1ğ5��2ĸ

l«ĎČ#čđŐĆ*1"������2� 

 

2� LHC#!��
�����(HL-LHC)  
 
2.1� ���� 
� 1"śLHC�#�µñ#N]<YRJ?E7�Đ|Y

RJ?E7#eù4ď�[1]�Ā�#ıĄ�$ś LHC$½�

"N]<YRJ?E74Î��!�0 2023µŖ*�łĺ4

ģ�2e¦"!���2�ľcśŏÛłĺvðÛő(LS2: Long 

Shutdown 2)">XT]C#ŉ|ć�º.xª�4×Ð�ś

N]<YRJ?E74Ĳıt(1 x 1034 cm-2s-1)# 2s"*�

�_��2Ĉê"!���2�w"ļ'�/�"śĀ� LHC

§ř$ŗĴ"ŀ5�
1śLD=AĘ¢#ę¨ù¦.êú

ë�4ĸ	2Ð��ýāfĵ#ÊĜ4ģ���2����

2020µŖ4Ń�2�ġıę¶#Î�¶���Ŏ��2�,ś

LHC4�0"6DP=Z]G�śŘĹć"YRJ?E74
                                                             
*1 HL-LHC"���ĸl«ĎČŐĆ&#�~Ħ$î#�

1��� 
KEKĸl«mø²£B[C]� īŋÝċ śçÞĊś½Â
Ō(Ā IHEP)śn�ÜÃ^śÜàĳ¥ś¯ăē�ňśŚìĉ
gśăcĶ^ś®ÞÔ(Āwĕ~Ŀ�Ìŀŉ)śĪôĽŜ 
KEKíä²£B[C]� °�¹�ś¯ăķŜ 
CERN Andrea MussośEzio TodescoŜ 

 

� 1� LHC�#N]<YRJ?E7(³)�Đ|YRJ?E7(�)

#eù[1]�HL-LHC#�,#�İë!Îr$ś2024µ�0¡*

2 LS3 (Long Shutdown 3)�ıĄ�3��2� 

185
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ĉ�!'0ɐʄˋMĩé!'*�2��Ť�ɼǠ��-*�

*+˼2 x 1034 cm-2s-1ª�6��salQ17˼_���g

D}�S�×ØǓ6ʇļɦçMʝ�0#?�˼?*n�r

�Õ6˨ǵD[U�i¾ʖacl�436˨ĳǓĔ˵�Ƥ

ńɖ5ɤ�GJ4�4I2�ǳ!J0�I�?*˼2020Ś

Mʺ�0ȬÛ��salQ� 300 fb-15ʼ%Iˮ54I2˼

ƹɉx��þǀȏʝ®ņȢȟacl�;6ȬÛċþɖˋC

ƹĭɁ 30 MGy 5?1ʼ#˼Ȣȟ�6ƻǓƿƪ�êï#0

¸ȏ1�4�4-0#?���6*B˼ćƴƼ57Pj|

\��oİµ5˘LG&Ȣȟacl�MƷƬ%Iűɼ��

I� 

ª�6F�4ɥƵ�G˼2024 Ś�G6˔ƼʹʤÃǗƼ

˗ LS3 5ĭɾǐ4ƣ¿Mɵ�˼y�[��salQ (Ļˢ

57ūʭ%IF�5�~��\#0) 5 x 1034 cm-2s-1˼2037

Ś?16ȬÛ��salQ 3000 fb-1MȘƑ%�LHC˸ʧŝ

ïPj|\��o(HL-LHC: High Luminosity LHC)�ʄȑ�

ʶBGJ0�I[1, 2, 3]�Ê�7 2006Ś6 European Strategy 

for Particle Physics5��0 ˼LHC6�l�a��Mƹĭ

˛5àȏ#..˼Ņǂ6˸ʧŝïPj|\��o5ĉ�*

R&DMʶBI��2�ƹˉɼ�˯2#0ǘš5ƃʍ!J*

�2�įǓ24-*[4]�2011Ś�G7 EU6 FP7(ǖŎȴ 7

ǕȠȭǆɊ@ʄȑ)6|�\��2#0ǘš5ƘƉ!J

(HiLumi LHC: High Luminosity LHC Design Study)˼CERNM

�Ű5 156ĭķ�ȠȭǓ˘�ùé#0Ƞȭ˖ȖMʶB0�

I[5]�2015Ś 9ƺ57 C˼ERNʊʕ5��0 HL-LHCŠ

ʆ�ȸMĊA�Ƽʄȑ�ƃʍ!J0�H˼ȉĞ7ʆʄȠ

ȭ��GŠʆ�6*B6|�bT[n5Ȩɵ#..�I� 

KEK7 CERN26ěˢȠȭòç6ǆɊ@6Ê˼ ATLAS

Ļ˷6˸ȿŝï5ʙȆ%I2��ȱĦ�G˼2000Ś¨�G

Ư5éʲĔPj|\��o5˘%IȠȭ˖ȖMɵ-0�*�

FP7-HiLumi LHC5CƹÝ�Gǘš��u�2#0ùé#0

�H˼x��ȃȊ˼ʝ®ņȢȟ˼[�{Ȯǩ˼x��ʈƫ

6ąÛˊ5��0Ƞȭ˖ȖMʶB0�I�4�˼HL-LHC

2˘ʴ#4�GCßɊɟ2#0˼LHCÎńĔPj|\��

oʄȑ(LIU: LHC Injectors Upgrade Project)CʶBGJ0�H

[6, 7]˼KEKC J-PARC1Ļɛ6�IzOR��jnéʲȮ

ǩ436Ƞȭòç1ĭ��ʙȆ#0�I�Ƚě7 P5���

n5Cʭ<GJ0�IF�5˼HL-LHC 5Ł%IȠȭòç

Mƹˉɼ�˯2#0ɢ�0�H˼ DOE Å�6ěȱȠȭƀ

(BNL, Fermilab, LBNL, SLAC)M�Ű2#* US-LARP 

(LHC Accelerator Research Project)2#0˼˸ ȢĦʝ®ņȢȟ

D[�{Ȯǩ˖Ȗ436Ûˊ5ùé#0�I�ʌɇ5.�

07ūʭ%I�˼HL-LHC 16��salQĉ�ap�V

17˼�JG˸ȢĦʝ®ņĕǋȢȟ�2[�{Ȯǩ�

�žè6˒Mƞ-0�I�CERN 2ľƙ5òç#0˼Ĭ�

6Ƞȭ�ȸ2�f�cM¸-0Ťç5Ƞȭ˖ȖMƚʶ#0

�IȽě6ĶĞź720Cĭ��� 

 
2.2� �'0�<?+�",:� 
ę 2 5 LHC 6ǌȔęMȣ%[8]�LHC 6x����sa

lQ L7ª�6š1ɸ%�2�1�I� 

L = ! r
Nb
2nb frev
4"#n$

* R ; R =1/ 1+ (%c& z )
2

4#n$
* ! r  

��1˼ąv���g�7ª�6ʱH1�I� 

!r : ����kėĳ 

Nb: u�iťH˞ĳƧ 

nb: u�iƧ 

frev: 1ȦťH6ČĖƧ(=11.2 kHz) 

"*: ɷȯǽ16!˘Ƨ 

#n: ǑƭĉɾǇïU�jg�c 

R: ¡őʁ5FIŜµȗƠĮ½Ƨ 

$c: x��¡őʁ 

%z: əƭĉx��`Rd(R.M.S.) 

�6šMɽI2˼��salQMĩĭ!'I57˼x��

˨ǪMĩŤ#(Nb n˼bMĭ��) ɷ˼ȯǽ16x��`RdM

ɍH(#n˼"*MŇ!�)˼¡őʁ5FIŜµȗƠĮ½Ƨ RM1

�I+�ĭ��4IF�5ʆʄ%J8ɮ��254I�*

+ �˼RPSnĪƷ7ɪȐ174� H˼L-LHC5��0C˼ 

�� ��\6ĭñMôBIP�[˅�lQcȢȟ57Ɓ

Mé�&˼ȉɵ LHC6??¸ȏ%I˼ 

�� ǳĺĔ26ŘǯMɢż#˼ƹɉx��þǀĕǋȢȟ

�Gx��ɷȯǽ?16ʟ˦7ĥƾȗ5ĪƷ#4�  ˼

2��ãƜ1Ǌʅ�ʶBGJ*�(6Ɍǅ˼HL-LHC 17

��salQ6ĭŗ4ĉ�6*B5Ǖ6F�4ʆʄƭˍM

ÿ-0�I� 

 
ę 2� LHC6ǌȔę[8]�HL-LHC17˼P�[˅7 LHC6?

?¸ȏ%I� ǚ˼H6ƕÎ˅(IR1-8)17ǓĔ6Pj|\��o

DƷƬ˼Ĝƽŏ��űɼ24I� 
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1) HL-LHC6ɼǠ5Ų�I*B L˼HCÎńĔ(Linac4, PSB, 

PS, SPS)6ąǓĔ5.�0ƷƬ�Pj|\��oMĻƮ

#˼x��Ťŝ2{�RnrcMĩŤ%I� 

2) LHCɷȯǽ16x��`RdMɍHʪA*B5˼"*M

0.55 m�G 0.15 m5?1ǰň!'I�(6*B ATLAS

2 CMS 6ɷȯǽČH6ƕÎ˅(IR1, IR5˼(J)J˔!

Ɂ 300 m)57 Ƭ˼*5ĭāũ�.˸ȢĦ6Ȣȟ�űɼ2

4I�ę 35ȉɵ LHC2 HL-LHC16ɷȯǽƕÎ˅Ȣ

ȟ6ˇɠęMȣ%� 

3) ƕÎ˅16x��`Rd�ĭ��4I61˼x��¡

őʁ$cCĭ��'"IMŭ4��Ɍǅ2#0(6??1

7ŜµȗƠĮ½Ƨ RMĭ��¾.�2�1�4���6

*B K˼EKB1Ļȏï!J*[�{ȮǩƄɶM˞ĳéʲ

Ĕ2#0ÝB0ņÎ#˼½Ƨ RMȉɵ LHC2ćȩŝ5

?1Ėů!'I� 

ɸ 15˼ȉĞƜǈ!J0�I HL-LHC16�4x��v�

��g�M?2BI[1, 2]� 

ª�6ƭˍ7ȱ0*C66˼ȉɵ LHC57�˸��sa

lQï�5Ł#0��.C6�n�rj[�ĶĞ#˼ʌɇ

5ʆʄǊʅ#*�1˼ǓĔ6Pj|\��oû9ĭɾǐ4

Ʈʆ�ʆÆ6ƷƬ�űɼ24I�ƕÎ˅Ȣȟ5.�07Ǖ

Ⱥ1Ɉ¤%I2#0˼(Jªī6�4C65.�0ª�5

?2BI [1, 2, 3]� 

��;4."(�<2:>� �˾ óɃ4˸��salQï1

7˼1 Ė6x��¡őťH6�ʗƧ(vR�Pj|)�Ǻ

ĩ#0#?�˼ǳĺĔ6ʇļɦçMʝ�0#?���6

*B HL� LHC17˼éʲĔÏ´6ǹĞȗ4y�[��

salQ7 20 x 1034 cm-2s-1MȘƑ#.. Ļ˼ˢ6x��

ʹʤ17ƕÎ˅6ĕǋȢȟ43MʑȺ%I�21��s

alQM5 x 1034 cm-2s-15řġï(�~��\)%Iʄȑ1

�I�ę47 �˼~��\ƻǾ16��salQ|�zO

R�6ʽ�Mɸ%[1]�̋ å4vR�Pj|M˙�..˼

�~��\Ǿ#6ĦĆ2ǝʦ#0Cʾɯ6Ǿ�řĠ��

salQ�ŭGJIɽʱ#54-0�I� 

���� ����=3(�"(�t`˾� HL-LHC17˼Ť

ç4 loO-!n�|�jnʝ®ņĕǋȢȟ5FHx��M

Ň!�ɍHʪA�26m��jn2#0˼˩ Ŗ5ĭ�4

[��lQalQ�ʎȖ!JI�Ŭǂ6x��ÍķMÊ

5#*Ǌʅ17 Ư˼Ķ6P�[˅�lQcÒǋȢȟ17

ËÛ5ɺǘ1�4�2���ǳ+-*��6Ē˳Mʂǡ

%I*B˼ɷȯǽMƓN1ˤHĆ�˽.6P�[˅(¹

�8ATLASɷȯǽ17ARC 812ARC 12)6!˘ƧMŹ

ęȗ5ĩĭ!' �˼lQcÒǋȢȟ6[��lQalQ

ɺǘìǅMŤï%IƬ#�PRmP(ATS: Achromatic 

Telescopic SIueezing)�Ɯǈ!J*[8]�Ļˢ5 LHC16

ɸ 1� HL-LHC16x��v���g�[1, 2] 

v���g� Nominal 
LHC 

HL-LHC 
25ns 

˞ĳUr�Z� (Te2) 7 7 
u�iť*H˞ĳƧ Nb (1011) 1.15 2.2 
u�iƧ nb 2808 2748 
x��˨Ǫ (A) 0.58 1.09 
¡őʁ$c (µrad) 285 590 
ɷȯǽ~�g˘Ƨ"*  (m) 0.55 0.15 
ɾǇïU�jg�c#n (µm) 3.75 2.50 
əƭĉU�jg�c#L (e2s) 2.50 2.50 
u�i˔ R.M.S. %� (m) 0.0755 0.0755 
ŜµȗƠĮ½Ƨ˺[�{ȮǩǾ#˻ 0.836 0.305 
ŜµȗƠĮ½Ƨ˺[�{ȮǩƻH˻ (0.981) 0.829 
[�{ȮǩǾ#16y�[��sa

lQ (1034 cm-2s-1) 1.0 7.18 

[�{ȮǩƻH16y�[��sa

lQ (1034 cm-2s-1) (1.18) 19.54 

�~��\#*��salQ  (1034 
cm-2s-1) 

- 5.0 

¡őťH�ʗƧ˺vR�Pj|˻ 27 1381 
vR�Pj|ľŝ (�mm) 0.21 1.251 
ȬÛ��salQ (fb-1�year) 45 260 

1 [�{ȮǩƻH˼�.�~��\ƴ 
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distance to IP (m) 

Q1 Q3Q2a Q2b D1

Q1-3: 140 T/m
MCBX: 2.2 T    2.5/4.5 T m
D1: 5.6 T          35 T m
D2: 4.5 T          35 T m
Q4: 115 T/m
MCBY: 3 T      4.5 T m

D2 Q4
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ĉ�!'0ɐʄˋMĩé!'*�2��Ť�ɼǠ��-*�

*+˼2 x 1034 cm-2s-1ª�6��salQ17˼_���g

D}�S�×ØǓ6ʇļɦçMʝ�0#?�˼?*n�r

�Õ6˨ǵD[U�i¾ʖacl�436˨ĳǓĔ˵�Ƥ

ńɖ5ɤ�GJ4�4I2�ǳ!J0�I�?*˼2020Ś

Mʺ�0ȬÛ��salQ� 300 fb-15ʼ%Iˮ54I2˼

ƹɉx��þǀȏʝ®ņȢȟacl�;6ȬÛċþɖˋC

ƹĭɁ 30 MGy 5?1ʼ#˼Ȣȟ�6ƻǓƿƪ�êï#0

¸ȏ1�4�4-0#?���6*B˼ćƴƼ57Pj|

\��oİµ5˘LG&Ȣȟacl�MƷƬ%Iűɼ��

I� 

ª�6F�4ɥƵ�G˼2024 Ś�G6˔ƼʹʤÃǗƼ

˗ LS3 5ĭɾǐ4ƣ¿Mɵ�˼y�[��salQ (Ļˢ

57ūʭ%IF�5�~��\#0) 5 x 1034 cm-2s-1˼2037

Ś?16ȬÛ��salQ 3000 fb-1MȘƑ%�LHC˸ʧŝ

ïPj|\��o(HL-LHC: High Luminosity LHC)�ʄȑ�

ʶBGJ0�I[1, 2, 3]�Ê�7 2006Ś6 European Strategy 

for Particle Physics5��0 ˼LHC6�l�a��Mƹĭ

˛5àȏ#..˼Ņǂ6˸ʧŝïPj|\��o5ĉ�*

R&DMʶBI��2�ƹˉɼ�˯2#0ǘš5ƃʍ!J*

�2�įǓ24-*[4]�2011Ś�G7 EU6 FP7(ǖŎȴ 7

ǕȠȭǆɊ@ʄȑ)6|�\��2#0ǘš5ƘƉ!J

(HiLumi LHC: High Luminosity LHC Design Study)˼CERNM

�Ű5 156ĭķ�ȠȭǓ˘�ùé#0Ƞȭ˖ȖMʶB0�

I[5]�2015Ś 9ƺ57 C˼ERNʊʕ5��0 HL-LHCŠ

ʆ�ȸMĊA�Ƽʄȑ�ƃʍ!J0�H˼ȉĞ7ʆʄȠ

ȭ��GŠʆ�6*B6|�bT[n5Ȩɵ#..�I� 

KEK7 CERN26ěˢȠȭòç6ǆɊ@6Ê˼ ATLAS

Ļ˷6˸ȿŝï5ʙȆ%I2��ȱĦ�G˼2000Ś¨�G

Ư5éʲĔPj|\��o5˘%IȠȭ˖ȖMɵ-0�*�

FP7-HiLumi LHC5CƹÝ�Gǘš��u�2#0ùé#0

�H˼x��ȃȊ˼ʝ®ņȢȟ˼[�{Ȯǩ˼x��ʈƫ

6ąÛˊ5��0Ƞȭ˖ȖMʶB0�I�4�˼HL-LHC

2˘ʴ#4�GCßɊɟ2#0˼LHCÎńĔPj|\��

oʄȑ(LIU: LHC Injectors Upgrade Project)CʶBGJ0�H

[6, 7]˼KEKC J-PARC1Ļɛ6�IzOR��jnéʲȮ

ǩ436Ƞȭòç1ĭ��ʙȆ#0�I�Ƚě7 P5���

n5Cʭ<GJ0�IF�5˼HL-LHC 5Ł%IȠȭòç

Mƹˉɼ�˯2#0ɢ�0�H˼ DOE Å�6ěȱȠȭƀ

(BNL, Fermilab, LBNL, SLAC)M�Ű2#* US-LARP 

(LHC Accelerator Research Project)2#0˼˸ ȢĦʝ®ņȢȟ

D[�{Ȯǩ˖Ȗ436Ûˊ5ùé#0�I�ʌɇ5.�

07ūʭ%I�˼HL-LHC 16��salQĉ�ap�V

17˼�JG˸ȢĦʝ®ņĕǋȢȟ�2[�{Ȯǩ�

�žè6˒Mƞ-0�I�CERN 2ľƙ5òç#0˼Ĭ�

6Ƞȭ�ȸ2�f�cM¸-0Ťç5Ƞȭ˖ȖMƚʶ#0

�IȽě6ĶĞź720Cĭ��� 

 
2.2� �'0�<?+�",:� 
ę 2 5 LHC 6ǌȔęMȣ%[8]�LHC 6x����sa

lQ L7ª�6š1ɸ%�2�1�I� 

L = ! r
Nb
2nb frev
4"#n$

* R ; R =1/ 1+ (%c& z )
2

4#n$
* ! r  

��1˼ąv���g�7ª�6ʱH1�I� 

!r : ����kėĳ 

Nb: u�iťH˞ĳƧ 

nb: u�iƧ 

frev: 1ȦťH6ČĖƧ(=11.2 kHz) 

"*: ɷȯǽ16!˘Ƨ 

#n: ǑƭĉɾǇïU�jg�c 

R: ¡őʁ5FIŜµȗƠĮ½Ƨ 

$c: x��¡őʁ 

%z: əƭĉx��`Rd(R.M.S.) 

�6šMɽI2˼��salQMĩĭ!'I57˼x��

˨ǪMĩŤ#(Nb n˼bMĭ��) ɷ˼ȯǽ16x��`RdM

ɍH(#n˼"*MŇ!�)˼¡őʁ5FIŜµȗƠĮ½Ƨ RM1

�I+�ĭ��4IF�5ʆʄ%J8ɮ��254I�*

+ �˼RPSnĪƷ7ɪȐ174� H˼L-LHC5��0C˼ 

�� ��\6ĭñMôBIP�[˅�lQcȢȟ57Ɓ

Mé�&˼ȉɵ LHC6??¸ȏ%I˼ 

�� ǳĺĔ26ŘǯMɢż#˼ƹɉx��þǀĕǋȢȟ

�Gx��ɷȯǽ?16ʟ˦7ĥƾȗ5ĪƷ#4�  ˼

2��ãƜ1Ǌʅ�ʶBGJ*�(6Ɍǅ˼HL-LHC 17

��salQ6ĭŗ4ĉ�6*B5Ǖ6F�4ʆʄƭˍM

ÿ-0�I� 

 
ę 2� LHC6ǌȔę[8]�HL-LHC17˼P�[˅7 LHC6?

?¸ȏ%I� ǚ˼H6ƕÎ˅(IR1-8)17ǓĔ6Pj|\��o

DƷƬ˼Ĝƽŏ��űɼ24I� 

 503 

1) HL-LHC6ɼǠ5Ų�I*B L˼HCÎńĔ(Linac4, PSB, 

PS, SPS)6ąǓĔ5.�0ƷƬ�Pj|\��oMĻƮ

#˼x��Ťŝ2{�RnrcMĩŤ%I� 

2) LHCɷȯǽ16x��`RdMɍHʪA*B5˼"*M

0.55 m�G 0.15 m5?1ǰň!'I�(6*B ATLAS

2 CMS 6ɷȯǽČH6ƕÎ˅(IR1, IR5˼(J)J˔!

Ɂ 300 m)57 Ƭ˼*5ĭāũ�.˸ȢĦ6Ȣȟ�űɼ2

4I�ę 35ȉɵ LHC2 HL-LHC16ɷȯǽƕÎ˅Ȣ

ȟ6ˇɠęMȣ%� 

3) ƕÎ˅16x��`Rd�ĭ��4I61˼x��¡

őʁ$cCĭ��'"IMŭ4��Ɍǅ2#0(6??1

7ŜµȗƠĮ½Ƨ RMĭ��¾.�2�1�4���6

*B K˼EKB1Ļȏï!J*[�{ȮǩƄɶM˞ĳéʲ

Ĕ2#0ÝB0ņÎ#˼½Ƨ RMȉɵ LHC2ćȩŝ5

?1Ėů!'I� 

ɸ 15˼ȉĞƜǈ!J0�I HL-LHC16�4x��v�

��g�M?2BI[1, 2]� 

ª�6ƭˍ7ȱ0*C66˼ȉɵ LHC57�˸��sa

lQï�5Ł#0��.C6�n�rj[�ĶĞ#˼ʌɇ

5ʆʄǊʅ#*�1˼ǓĔ6Pj|\��oû9ĭɾǐ4

Ʈʆ�ʆÆ6ƷƬ�űɼ24I�ƕÎ˅Ȣȟ5.�07Ǖ

Ⱥ1Ɉ¤%I2#0˼(Jªī6�4C65.�0ª�5

?2BI [1, 2, 3]� 

��;4."(�<2:>� �˾ óɃ4˸��salQï1

7˼1 Ė6x��¡őťH6�ʗƧ(vR�Pj|)�Ǻ

ĩ#0#?�˼ǳĺĔ6ʇļɦçMʝ�0#?���6

*B HL� LHC17˼éʲĔÏ´6ǹĞȗ4y�[��

salQ7 20 x 1034 cm-2s-1MȘƑ#.. Ļ˼ˢ6x��

ʹʤ17ƕÎ˅6ĕǋȢȟ43MʑȺ%I�21��s

alQM5 x 1034 cm-2s-15řġï(�~��\)%Iʄȑ1

�I�ę47 �˼~��\ƻǾ16��salQ|�zO

R�6ʽ�Mɸ%[1]�̋ å4vR�Pj|M˙�..˼

�~��\Ǿ#6ĦĆ2ǝʦ#0Cʾɯ6Ǿ�řĠ��

salQ�ŭGJIɽʱ#54-0�I� 

���� ����=3(�"(�t`˾� HL-LHC17˼Ť

ç4 loO-!n�|�jnʝ®ņĕǋȢȟ5FHx��M

Ň!�ɍHʪA�26m��jn2#0˼˩ Ŗ5ĭ�4

[��lQalQ�ʎȖ!JI�Ŭǂ6x��ÍķMÊ

5#*Ǌʅ17 Ư˼Ķ6P�[˅�lQcÒǋȢȟ17

ËÛ5ɺǘ1�4�2���ǳ+-*��6Ē˳Mʂǡ

%I*B˼ɷȯǽMƓN1ˤHĆ�˽.6P�[˅(¹

�8ATLASɷȯǽ17ARC 812ARC 12)6!˘ƧMŹ

ęȗ5ĩĭ!' �˼lQcÒǋȢȟ6[��lQalQ

ɺǘìǅMŤï%IƬ#�PRmP(ATS: Achromatic 

Telescopic SIueezing)�Ɯǈ!J*[8]�Ļˢ5 LHC16

ɸ 1� HL-LHC16x��v���g�[1, 2] 

v���g� Nominal 
LHC 

HL-LHC 
25ns 

˞ĳUr�Z� (Te2) 7 7 
u�iť*H˞ĳƧ Nb (1011) 1.15 2.2 
u�iƧ nb 2808 2748 
x��˨Ǫ (A) 0.58 1.09 
¡őʁ$c (µrad) 285 590 
ɷȯǽ~�g˘Ƨ"*  (m) 0.55 0.15 
ɾǇïU�jg�c#n (µm) 3.75 2.50 
əƭĉU�jg�c#L (e2s) 2.50 2.50 
u�i˔ R.M.S. %� (m) 0.0755 0.0755 
ŜµȗƠĮ½Ƨ˺[�{ȮǩǾ#˻ 0.836 0.305 
ŜµȗƠĮ½Ƨ˺[�{ȮǩƻH˻ (0.981) 0.829 
[�{ȮǩǾ#16y�[��sa

lQ (1034 cm-2s-1) 1.0 7.18 

[�{ȮǩƻH16y�[��sa

lQ (1034 cm-2s-1) (1.18) 19.54 

�~��\#*��salQ  (1034 
cm-2s-1) 

- 5.0 

¡őťH�ʗƧ˺vR�Pj|˻ 27 1381 
vR�Pj|ľŝ (�mm) 0.21 1.251 
ȬÛ��salQ (fb-1�year) 45 260 

1 [�{ȮǩƻH˼�.�~��\ƴ 
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distance to IP (m) 

Q1 Q3Q2a Q2b D1

Q1-3: 140 T/m
MCBX: 2.2 T    2.5/4.5 T m
D1: 5.6 T          35 T m
D2: 4.5 T          35 T m
Q4: 115 T/m
MCBY: 3 T      4.5 T m

D2 Q4
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x��cgmQ1Cìǅ7Ļʉ!J0�H H˼L-LHC1

6x��Íķ6~�c�R�2#0Ǌʅ�ɒ�0�I� 

����	 Mk�yAO:>�˾� ȬÛ��salQMĩĭ!

'I57 Ļ˼˷��gR�Mİµ5ƹĭï# ʯ˼5ƥˣ

ȶ5FIʹʤ�Ăƴ˗MƹŇï%I�2�ű˰24I�

ƹCŽų!J0�I67n�r�Õ6˨ĳǓĔ1 �˼J

?1CƤńɖ5FIʏ·í�÷ė1 LHC ʹʤ5Ƣˣ�

Ú0�I�HL-LHC17˼˸��salQï5FH?%

?%Ƥńɖʜė6n�{��ĩé%I�2��ǳ!J0

�H R˼2E (Radiation to Electronics)|�bT[n2#0˼

Ƥńɖɤŵ6˸���o;6¡Ɲ436ŁȷMʶB0�

I�*+#˼Ȅ5Ƥńɖ�~�6˸�Ħƀ5ʆɠ!J0

�I˨ǵ5.�07ʿˠ(ßn�r�ú7ğ�˅);Ȩʆ

'"IMŭ4��Ȩʆ#*˨ǵ2éʲĔn�r�6ʝ®

ņȢȟMɌ:*B˼ɦ Ŗ6ː]�{�6¨LH5ʝ®

ņ��[�2Ď8JI˼̝ ! 300~500 m˼˨ Ǫļˋ 160 kA

5Cʼ%Iʝ®ņuc�R�M Point 1, 5, 75Ƭ*5Š

ʆ%I�2Mʄȑ#0�I��Ȓ1ÝB06 MgB2ʝ®

ņņ´6ĭɾǐŏķŲȏ24I�ĺ1�H ņ˼´˖ȖD

|�ngRy�\�ʶBGJ0�I� 

�� :6?%�'0�<?+� �� I\hf~e˾ � ˞ĳ

x��Ur�Z��700 MJª�5C4ILHC5��0˼

˸đʛ6x��MɓƐ# x˼���cʜė6ʝ®ņȢȟ

6[U�iM˙�_���gacl�7 Ļ˼˷��gR

�Mƹĭï%I*B5Cˉɼ4ǓĔ2��I�LHC 6

�4_���g7˼IR3, 72ąɷȯǽƕÎ˅5ʆɠ!J

0�I�˼ HL-LHC 16x��˨Ǫĩé5ŁŲ1�I

F�4_���gPj|\��o6*B6Ƞȭ˖Ȗ�ʶ
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<I#J%/+,-.%A>$$#A&>$%,&%87%
3!:E:%45<5;%

K#L&+(>)#% ->-#A,(>)#%>A&+(>)#% -#A,(>)#%

M$C'&%A>$$#A&>$%,&%/D,NC%,"-%87%
%38!9O5P;%

:>"1)'"#,$%A>$$#A&>$K%,&%87%%
3!:E:%45<5;%  

ę 5� HL-LHC ɷȯǽƕÎ˅(IR1, IR5)ȏʝ®ņȢȟ6șɖ˅ƫ˪ǐšę�KEK 7x��Û˦ȏüǋȢȟ D1 6˖ȖMƌť#0�I�

CP7 Corrector Package6Ȕ� 
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ɘ24I*B g˼��˗a��nDğɎ�Ȗȍ%I�2

�Ĭ��I�?*ʝ®ņȚ6ȍž5¯�˼ȂÙȊãū1

Ɇɖ�ȕƭȗ5ŀǥĪï# ]˼�{�ƫ˪Ȭ�Ƨ%ĩé

#0#?�(,4@5˔Ɓƭĉ57ɚA*B˼_R��

�o��57�6*B6ˇżCűɼ54I)�ȂÙȊū

6_R�7ɨ�*B Ǔ˼ǉŤŝM��I*B5ǒɧĊǫ

%I� 

��ʝ®ņȢȟ17˼[U�iȖȍƴ5ĸÏ5ȢǞUr�

Z�MƦʷ!'0Ŋƀȗ4ņ´ǿƠMɑŁ5˄�Iűɼ

��I�#�#˼ĭāũï˼˸ȢĦï5FH˼ĺǇëȢ

ƴ6ȢǞUr�Z�7Ȣȟ 1 mťH 1.3 MJ5ʼ#0�

I(D16 4À5Țť)�a����a��5FI2 [˼U

�iw�g�5FI[U�i¾ʖ5FH _˼R�y�[

ǲŝ7�H�H350 Kª�1�I�2Mȡʍ#0�I�˼

=2N3��b��Ǿ���6*Bǎ�4ʁŝ�GǊʅ

�ɒ�0�I� 

��12-15 T C6˸ȢĦ˱ģ1C˸�ɩȒ˨Ǫľŝ JcMȣ%

Nb3Snʝ®ņɖƿM˖Ȗ˼ɻʳ%I�27Ƅɶȗ5Ï�

ɪƲ174��HL-LHC1ǠBGJI Jc(ː˅ªī)715 T

1 1340 A/mm25C4H˼ʱŖ6{��dǥɖƿ6 2 À

ª�5C4I�ćƴ5 Ȣ˼ï˨Ǫ5FIʏőȢĦ6ŧˬ

Mƅ�I*B5Ɇɖ6`{U���nũM50 µmª�5

%I�22 Ȃ˼ȗ�ĸĺŵD[U�i¾ʖ6ʀǽ�Gĸ

ĺïƿ(ː)6 RRR ǚȓƊƇǝ� 150 ª�1�I�2�

ø#�ɼǠ!JI�ȠȭƢƟCĊB ɖ˼ƿ��W�2Ť

ç5gj\MɊN+Ƞȭ˖Ȗ�űɼ1�I�2�ÞI�

?*Ɇɖ6]�{�ïCˉɼ4˖ȖɼɆ24I�Ȣȟ˖

ȖMʶBI�1C ʝ˼®ņɖƿʊ¼MŃ˕5ƌť%Iƿ

ƪȃŵ6Ƞȭɣ�űɼ�Ăǔ24I� 

¦5CéȂǻDĊǫȏțȮļĔ43ĭĢʆÆ�űɼ�Ăǔ

1�I*B é˼ʲĔĉ�Nb3Snʝ®ņȢȟ˖Ȗ720Ct�

o��˸�� 

 

2.3.2� /?5F�dI\hf: D1  

x��Û˦ȏüǋȢȟ D1 6Ƞȭ˖Ȗ7˼KEK �ƌť#

0�I�ę 35ȣ%F�5 l˼ow-!n�|�jnʝ®ņĕǋ

Ȣȟ6ş˔5é�  ˼ D22 Q426˗5[�{Ȯǩ6*B6

c��cMƬ*5ȡ¾%I*B˼HL-LHC16 D1-D2˗ʟ

˦7£FHC 15 m Ȟ� 70 m 24-0#?���6*B5

D12 D257Ť�Yj[ç�űɼ24H˼ȢĦ˔M 26 Tm

�G 35 Tm5ĩŤ!'I�254-*�D15.�07 ȉ˼

ɵ LHC 6Ŗ®ņȢȟ(ĺǇȢĦ 1.28 T˼Ï˔Ɂ 20 m˼Ȣǋ

˗Z�j| 63 mm)M NbTi ʝ®ņȢȟ(5.6 T˼7 m˼_R�

āũ 150 mm)5Pj|\��o%I�4� ň˼#1C D1-D2

˗ʟ˦M˔�¾.*B5˼ƹɉx��þǀȢȟacl�;

6˨Ǫ2}�S�ºɏ6ŨæMƌ-0�*`�xc�b��

�(cryogenic electrical distribution feedbox: DFB)7ŞǗ24-

*�˼�6�21 D1 Õ˅M Q1-Q3 û9ɺǘȢȟ6Ï06

ʝ®ņuc]�{��ʱI�254-0#?-*� 

D1Ȣȟ6Ƞȭ˖Ȗ5.�07 3Ȳ1ʌɇMɈ¤%I� 

 

2.3.3� /?5CmJdI\hfD2H�3'&>�$�"8

>dL\hf: Q4, Q5  

x��`Rdĩĭ6ŧˬ7�ji�\e[a��5Cû

9˼D2�G Q5?16_R�āũMƏĭ%Iűɼ��I�

ƕÎ˅6Ï˔7ǡ?-0�I(P�[˅˖ı±ɠ7ĪƷ1�

4�˹)*B D˼2+�14� �˼ji�\ȏĕǋȢȟ(Q4, Q5)

C˸ȢĦï%I�21Ǔǉ˔ĩéMƅ�I�254I� 

�JG6Ȣȟ5Óʱ#0�I˧#!7˼2 _R�6�Ű

˗ˠ� 188-194 mm6üāũȢȟ1�H..˼˸ ȢĦï5Ł

Ų#4�J8��4�ǽ1�I�ʝ®ņŵɦ(ɩȒ˨Ǫ)Mĉ

�!'I*B˼�ji�\e[a��6×Øacl�Mƹ

ɉþǀ˅2�´ï!'˼́ ʤǲŝM 4.5 K�G 1.9 K;ĪƷ

%I�25#0�I�#�#˼˸ȢĦï5FIˎ6˶Đ6

ŧˬ�ĭ��4IǽD˼ 2_R�˗6[�cn�[�˴ɲ

ɸ 2� HL-LHCɷȯǽƕÎ˅(IR1, IR5)ȏʝ®ņȢȟ6�4v���g� 

 Inner 
Triplet 

Q1, Q3/ 
Q2a, b 
MQXF 

Short 
Orbit 
Corr. 

MCBXFB 

Long 
Orbit 
Corr. 

MCBXFA 

Separa-
tion  

Dipole 
D1 

MBXF 

Re-
combi-
nation 
Dipole 

D2 
MBRD 

2-in-1 
Quad. 

Q4 
MBYY 

Skew 
Quad 
Corr. 

MCQSXF 

Non- 
linear 
Corr. 

MCSXF/ 
MCSSXF 

Non- 
linear 
Corr. 

MCOXF/ 
MCOSXF 

Non- 
linear 
Corr. 

MCDXF/ 
MCDSXF 

Non- 
linear 
Corr. 

MCTXF/ 
MCTSXF 

Order, n 2 1 1 1 1 2 2 3 4 5 6 
Aperture (mm) 150 150 150 150 105 90 150 150 150 150 150 
# of Apertures 1 1 1 1 2 2 1 1 1 1 1 
Field (T or 
T/mn-1) 140 2.1 2.1 5.58 4.50 115 25 11 3690 50600 640000/

613000 

Length (m) 4.00x2/
6.80 1.20 2.20 6.27 7.78 3.83 0.84 0.12 0.099 0.107 0.449/ 

0.102 
Coil Peak (T) 12.1 4.3 3.5 6.7 5.1 6.0 3.0 2.3 2.4 2.34 2.0 
Stored Energy 
(MJ) 

5.28x2/ 
8.98 0.12 0.22 2.15 2.21 0.73 24 kJ 1.2 kJ 1.4 kJ 1.4 kJ 4.34/ 

0.9 kJ 
Superconductor Nb3Sn NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi 
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54Iǽ43˼Ƅɶȗ5ɽ020C˧#�Ȣȟ2��I�

4� Q46Ƞȭ˖Ȗ7˼CEA-Saclay�ƌť#0�I� 

D27˼2.6_R�6ȢĦ6ĉ��ć$54I*B˼z

�j[c�g���Őă6ˎ��[MʱI�254H˼ą

_R�6ȢĦ57ǋB0ĭ��Őă˩ŁȧŵžÛ�ȍ$I�

�6ŧˬMƂ,Ǭ%*B D˼26üǋ_R�7Źęȗ5Őă

˩Łȧ24IF�5ʆʄ!J0�I�D2 6ʆʄ7

INFN-#enoNa�ƌť#0�I� 

 

2.3.4� t`hf 

ƹɉx��þǀ˅57 �˼Ȣȟ6¦5 x˼��ʣʻ¿ǘ(ˏ

ș�ǟř)ȏɺǘȢȟ(ę 5 �6 Orbit corrector)DcY��ĕ

ǋ(a2) ɺǘȢȟ˼Òǋ�Gð ǋ(b3, b4, b5, b6, a3, a4, a5, a6)

?16ɺǘȢȟ(ę5�6Non-linear correctors)�ʆɠ!JI� 

CIEMAT �˖Ȗ#0�Ix��ʣʻ¿ǘȏɺǘȢȟ7˼

˛GJ*c��c5ʆɠ%I*B˼ˏș�ǟř(J)J6

_R�MćŰ�5ˇɠ%I˼�LEIrcnĢ54-0�

I��_R�MĺǇëȢ%I2˩Ŗ5ĭ�4n�[�Ȗȍ

%I*B˼ǓǍǍʳʆʄ�20C˧#�� 

cY��ĕǋû9 Non-linearɺǘȢȟ7 I˼NFN-LASA�

˖ȖMƌť#0�I�ę56¦6Ȣȟ6F�5ņ´6ˇɠ(˨

ǪÛŔ)1ȢĦMȍž%I6174�˼�5ˎ6ȢǋŦȅ1

ȢĦMȍž%I�Superferric Magnet�2Ď8JI� 

 

2.3.5� /?5"?;+  

˸��salQï6¨È2#0˼ƕÎ˅Ȣȟ17˼ɷȯ

ǽ�G6Ƥńɖm{�Ȑǂ6 ǕƤńɖˋ(Ⱦĳz�U�c˼

ċþɖˋ)2(J5ʜė%IÎȂˋ�ĩĭ%I�ãɣ7ʝ®

ņ_R�MžŦ%IƻǓɀǒɧDʝ®ņņ´6ːĸĺïƿ

Mêï!'I*BȢȟ6łďMǡĺ%I�?*ūɣ7óɃ

5×Øʘɱ54I+�14�˼ʝ®ņ_R�Õ˅5Ŋƀȗ

4�jnc�jnMȖȍ!'I�FL1KA D MARS 5FI

a����a��17˼x��vR|5µCa��o�Ǿ

�ĦĆ l˼ow-!n�|�jn Nb3Snʝ®ņ_R�;6ȬÛċ

þɖˋ(�ȘǏȬÛ��salQ3000 fb-1)2y�[ÎȂˋ(�

ʆʄ��salQ 5 x 1034 cm-1s-1)�(J)J 200 M#yû9

20 m3/cm35Cʼ%I�2��ǳ!J*��6ĦĆ 2˼00 M#y

C6Ȍĭ4Ƥńɖ5ƻǓɀƿƪ7ɤ�GJ4�*B˼ȘǏ

63000 fb-15áʼ%Iˁ�ã5ȢȟM¡Ɲ%Iűɼ��I�

?*Ŋƀȗ4}�S�ǲŝ7�ǽ(2.17 K)MÉ5ʝ�0#?

�˼C7DʝǪí}�S�5FI˸�˜Ȃŵɦ�ƼŪ1�

4���6Ē˳Mʂǡ%I*B5 Q˼1�G D15.�07˼

x��vR|(S1S316LN)2x��c[���26ˡ˗5g

�\cl�ɻa��o(ę6)MƕÎ%I�2�Ɯǈ!J0�

I�a����a��Ɍǅ5FI2a��o6ìǅ7ɑĭ

1˼ȬÛċþɖˋ2y�[ÎȂˋM(J)J 40 M#y û9

4 m3/cm35?1²ǰ!'I�25žè#0�I�ƹɉx�

�þǀ˅(Q1�G D1)Ï´5 1200 36ÎȂ��Ÿ!J0�

I�˼(6ñÛ7x��a��o2x��c[���;6

Ȃʘɱ24H ǚ˼HñÛ(600 3)71.9 K;6Ȃʘɱ24I� 

 

2.3.�� �bRr 

ʝ®ņ_R�6ǲŝ�ƱM˙�*B˼ƤńɖÎȂ7ʝǪ

í}�S�5FHʲD�5˜Ȃ!JIűɼ��I�ʝǪí

}�S�Ȃ¡ƝĔM1�I+�Ȃǵ5ʬ/�I*B˼șƙ

ȢȟÕ˅5ˇɠ%Iʆʄ54-0�I(ę 5 �1˼Ȣȟ5 4

.4�#7 2.6Ĵ�Ȯ�0�I67Ȃ¡ƝĔȏ)�?*ʝ

®ņ_R��GȂ¡ƝĔ5ɬI×õɋʠ7˼ðÛ4_�h

[g�cMŭI*B5�ĺ6æĆ1Ȯˡ1�I�2�ǠB

GJI�¹�8 D16ĦĆ _˼R�MĘAcl��cW��

7 96 %˼ˎ ��[C 98 %6ôƻȈ24I�2�ǠBGJI

*B Ȭ˼Ōǃ˥Ć´6ö!Mʑƨ%I�254I�#�#˼

Ȣȟ6ȢĦʆʄDǓǉǍʳʆʄ5Ł#0ĭ�4âɁ24I� 

 

ę 6� HL-LHC5��Ix��vR|2a��oƫ˪ę�Ő7

Q1˼ă7 Q2-D15ƕÎ!JI�īÄ� S1S316LNɻx��v

R|1 ī˼Č˪�ʝ®ņ_R�ÕČ˪2ƙ%I�254I�x�

�vR|2x��c[���(ǘÐʁŦ)6˗5�H˼�mQP

�|���MWu�#0�I6�g�\cl�ɻa��o�c

[���2a��o;6ÎȂ7˼4ƾ6ːȹMʱI}�S�X

c(40-60�K)1×õ!JI�  
ę 7�  HL-LHC D1ĉ�MBXFȢȟ6ƫ˪ǐšę� 
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ɘ24I*B g˼��˗a��nDğɎ�Ȗȍ%I�2

�Ĭ��I�?*ʝ®ņȚ6ȍž5¯�˼ȂÙȊãū1

Ɇɖ�ȕƭȗ5ŀǥĪï# ]˼�{�ƫ˪Ȭ�Ƨ%ĩé

#0#?�(,4@5˔Ɓƭĉ57ɚA*B˼_R��

�o��57�6*B6ˇżCűɼ54I)�ȂÙȊū

6_R�7ɨ�*B Ǔ˼ǉŤŝM��I*B5ǒɧĊǫ

%I� 

��ʝ®ņȢȟ17˼[U�iȖȍƴ5ĸÏ5ȢǞUr�

Z�MƦʷ!'0Ŋƀȗ4ņ´ǿƠMɑŁ5˄�Iűɼ

��I�#�#˼ĭāũï˼˸ȢĦï5FH˼ĺǇëȢ

ƴ6ȢǞUr�Z�7Ȣȟ 1 mťH 1.3 MJ5ʼ#0�

I(D16 4À5Țť)�a����a��5FI2 [˼U

�iw�g�5FI[U�i¾ʖ5FH _˼R�y�[

ǲŝ7�H�H350 Kª�1�I�2Mȡʍ#0�I�˼

=2N3��b��Ǿ���6*Bǎ�4ʁŝ�GǊʅ

�ɒ�0�I� 

��12-15 T C6˸ȢĦ˱ģ1C˸�ɩȒ˨Ǫľŝ JcMȣ%

Nb3Snʝ®ņɖƿM˖Ȗ˼ɻʳ%I�27Ƅɶȗ5Ï�

ɪƲ174��HL-LHC1ǠBGJI Jc(ː˅ªī)715 T

1 1340 A/mm25C4H˼ʱŖ6{��dǥɖƿ6 2 À

ª�5C4I�ćƴ5 Ȣ˼ï˨Ǫ5FIʏőȢĦ6ŧˬ

Mƅ�I*B5Ɇɖ6`{U���nũM50 µmª�5

%I�22 Ȃ˼ȗ�ĸĺŵD[U�i¾ʖ6ʀǽ�Gĸ

ĺïƿ(ː)6 RRR ǚȓƊƇǝ� 150 ª�1�I�2�

ø#�ɼǠ!JI�ȠȭƢƟCĊB ɖ˼ƿ��W�2Ť

ç5gj\MɊN+Ƞȭ˖Ȗ�űɼ1�I�2�ÞI�

?*Ɇɖ6]�{�ïCˉɼ4˖ȖɼɆ24I�Ȣȟ˖

ȖMʶBI�1C ʝ˼®ņɖƿʊ¼MŃ˕5ƌť%Iƿ

ƪȃŵ6Ƞȭɣ�űɼ�Ăǔ24I� 

¦5CéȂǻDĊǫȏțȮļĔ43ĭĢʆÆ�űɼ�Ăǔ

1�I*B é˼ʲĔĉ�Nb3Snʝ®ņȢȟ˖Ȗ720Ct�

o��˸�� 

 

2.3.2� /?5F�dI\hf: D1  

x��Û˦ȏüǋȢȟ D1 6Ƞȭ˖Ȗ7˼KEK �ƌť#

0�I�ę 35ȣ%F�5 l˼ow-!n�|�jnʝ®ņĕǋ

Ȣȟ6ş˔5é�  ˼ D22 Q426˗5[�{Ȯǩ6*B6

c��cMƬ*5ȡ¾%I*B˼HL-LHC16 D1-D2˗ʟ

˦7£FHC 15 m Ȟ� 70 m 24-0#?���6*B5

D12 D257Ť�Yj[ç�űɼ24H˼ȢĦ˔M 26 Tm

�G 35 Tm5ĩŤ!'I�254-*�D15.�07 ȉ˼

ɵ LHC 6Ŗ®ņȢȟ(ĺǇȢĦ 1.28 T˼Ï˔Ɂ 20 m˼Ȣǋ

˗Z�j| 63 mm)M NbTi ʝ®ņȢȟ(5.6 T˼7 m˼_R�

āũ 150 mm)5Pj|\��o%I�4� ň˼#1C D1-D2

˗ʟ˦M˔�¾.*B5˼ƹɉx��þǀȢȟacl�;

6˨Ǫ2}�S�ºɏ6ŨæMƌ-0�*`�xc�b��

�(cryogenic electrical distribution feedbox: DFB)7ŞǗ24-

*�˼�6�21 D1 Õ˅M Q1-Q3 û9ɺǘȢȟ6Ï06

ʝ®ņuc]�{��ʱI�254-0#?-*� 

D1Ȣȟ6Ƞȭ˖Ȗ5.�07 3Ȳ1ʌɇMɈ¤%I� 

 

2.3.3� /?5CmJdI\hfD2H�3'&>�$�"8

>dL\hf: Q4, Q5  

x��`Rdĩĭ6ŧˬ7�ji�\e[a��5Cû

9˼D2�G Q5?16_R�āũMƏĭ%Iűɼ��I�

ƕÎ˅6Ï˔7ǡ?-0�I(P�[˅˖ı±ɠ7ĪƷ1�

4�˹)*B D˼2+�14� �˼ji�\ȏĕǋȢȟ(Q4, Q5)

C˸ȢĦï%I�21Ǔǉ˔ĩéMƅ�I�254I� 

�JG6Ȣȟ5Óʱ#0�I˧#!7˼2 _R�6�Ű

˗ˠ� 188-194 mm6üāũȢȟ1�H..˼˸ ȢĦï5Ł

Ų#4�J8��4�ǽ1�I�ʝ®ņŵɦ(ɩȒ˨Ǫ)Mĉ

�!'I*B˼�ji�\e[a��6×Øacl�Mƹ

ɉþǀ˅2�´ï!'˼́ ʤǲŝM 4.5 K�G 1.9 K;ĪƷ

%I�25#0�I�#�#˼˸ȢĦï5FIˎ6˶Đ6

ŧˬ�ĭ��4IǽD˼ 2_R�˗6[�cn�[�˴ɲ

ɸ 2� HL-LHCɷȯǽƕÎ˅(IR1, IR5)ȏʝ®ņȢȟ6�4v���g� 

 Inner 
Triplet 

Q1, Q3/ 
Q2a, b 
MQXF 

Short 
Orbit 
Corr. 

MCBXFB 

Long 
Orbit 
Corr. 

MCBXFA 

Separa-
tion  

Dipole 
D1 

MBXF 

Re-
combi-
nation 
Dipole 

D2 
MBRD 

2-in-1 
Quad. 

Q4 
MBYY 

Skew 
Quad 
Corr. 

MCQSXF 

Non- 
linear 
Corr. 

MCSXF/ 
MCSSXF 

Non- 
linear 
Corr. 

MCOXF/ 
MCOSXF 

Non- 
linear 
Corr. 

MCDXF/ 
MCDSXF 

Non- 
linear 
Corr. 

MCTXF/ 
MCTSXF 

Order, n 2 1 1 1 1 2 2 3 4 5 6 
Aperture (mm) 150 150 150 150 105 90 150 150 150 150 150 
# of Apertures 1 1 1 1 2 2 1 1 1 1 1 
Field (T or 
T/mn-1) 140 2.1 2.1 5.58 4.50 115 25 11 3690 50600 640000/

613000 

Length (m) 4.00x2/
6.80 1.20 2.20 6.27 7.78 3.83 0.84 0.12 0.099 0.107 0.449/ 

0.102 
Coil Peak (T) 12.1 4.3 3.5 6.7 5.1 6.0 3.0 2.3 2.4 2.34 2.0 
Stored Energy 
(MJ) 

5.28x2/ 
8.98 0.12 0.22 2.15 2.21 0.73 24 kJ 1.2 kJ 1.4 kJ 1.4 kJ 4.34/ 

0.9 kJ 
Superconductor Nb3Sn NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi NbTi 
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54Iǽ43˼Ƅɶȗ5ɽ020C˧#�Ȣȟ2��I�

4� Q46Ƞȭ˖Ȗ7˼CEA-Saclay�ƌť#0�I� 

D27˼2.6_R�6ȢĦ6ĉ��ć$54I*B˼z

�j[c�g���Őă6ˎ��[MʱI�254H˼ą

_R�6ȢĦ57ǋB0ĭ��Őă˩ŁȧŵžÛ�ȍ$I�

�6ŧˬMƂ,Ǭ%*B D˼26üǋ_R�7Źęȗ5Őă

˩Łȧ24IF�5ʆʄ!J0�I�D2 6ʆʄ7

INFN-#enoNa�ƌť#0�I� 

 

2.3.4� t`hf 

ƹɉx��þǀ˅57 �˼Ȣȟ6¦5 x˼��ʣʻ¿ǘ(ˏ

ș�ǟř)ȏɺǘȢȟ(ę 5 �6 Orbit corrector)DcY��ĕ

ǋ(a2) ɺǘȢȟ˼Òǋ�Gð ǋ(b3, b4, b5, b6, a3, a4, a5, a6)

?16ɺǘȢȟ(ę5�6Non-linear correctors)�ʆɠ!JI� 

CIEMAT �˖Ȗ#0�Ix��ʣʻ¿ǘȏɺǘȢȟ7˼

˛GJ*c��c5ʆɠ%I*B˼ˏș�ǟř(J)J6

_R�MćŰ�5ˇɠ%I˼�LEIrcnĢ54-0�

I��_R�MĺǇëȢ%I2˩Ŗ5ĭ�4n�[�Ȗȍ

%I*B˼ǓǍǍʳʆʄ�20C˧#�� 

cY��ĕǋû9 Non-linearɺǘȢȟ7 I˼NFN-LASA�

˖ȖMƌť#0�I�ę56¦6Ȣȟ6F�5ņ´6ˇɠ(˨

ǪÛŔ)1ȢĦMȍž%I6174�˼�5ˎ6ȢǋŦȅ1

ȢĦMȍž%I�Superferric Magnet�2Ď8JI� 

 

2.3.5� /?5"?;+  

˸��salQï6¨È2#0˼ƕÎ˅Ȣȟ17˼ɷȯ

ǽ�G6Ƥńɖm{�Ȑǂ6 ǕƤńɖˋ(Ⱦĳz�U�c˼

ċþɖˋ)2(J5ʜė%IÎȂˋ�ĩĭ%I�ãɣ7ʝ®

ņ_R�MžŦ%IƻǓɀǒɧDʝ®ņņ´6ːĸĺïƿ

Mêï!'I*BȢȟ6łďMǡĺ%I�?*ūɣ7óɃ

5×Øʘɱ54I+�14�˼ʝ®ņ_R�Õ˅5Ŋƀȗ

4�jnc�jnMȖȍ!'I�FL1KA D MARS 5FI

a����a��17˼x��vR|5µCa��o�Ǿ

�ĦĆ l˼ow-!n�|�jn Nb3Snʝ®ņ_R�;6ȬÛċ

þɖˋ(�ȘǏȬÛ��salQ3000 fb-1)2y�[ÎȂˋ(�

ʆʄ��salQ 5 x 1034 cm-1s-1)�(J)J 200 M#yû9

20 m3/cm35Cʼ%I�2��ǳ!J*��6ĦĆ 2˼00 M#y

C6Ȍĭ4Ƥńɖ5ƻǓɀƿƪ7ɤ�GJ4�*B˼ȘǏ

63000 fb-15áʼ%Iˁ�ã5ȢȟM¡Ɲ%Iűɼ��I�

?*Ŋƀȗ4}�S�ǲŝ7�ǽ(2.17 K)MÉ5ʝ�0#?

�˼C7DʝǪí}�S�5FI˸�˜Ȃŵɦ�ƼŪ1�

4���6Ē˳Mʂǡ%I*B5 Q˼1�G D15.�07˼

x��vR|(S1S316LN)2x��c[���26ˡ˗5g

�\cl�ɻa��o(ę6)MƕÎ%I�2�Ɯǈ!J0�

I�a����a��Ɍǅ5FI2a��o6ìǅ7ɑĭ

1˼ȬÛċþɖˋ2y�[ÎȂˋM(J)J 40 M#y û9

4 m3/cm35?1²ǰ!'I�25žè#0�I�ƹɉx�

�þǀ˅(Q1�G D1)Ï´5 1200 36ÎȂ��Ÿ!J0�

I�˼(6ñÛ7x��a��o2x��c[���;6

Ȃʘɱ24H ǚ˼HñÛ(600 3)71.9 K;6Ȃʘɱ24I� 

 

2.3.�� �bRr 

ʝ®ņ_R�6ǲŝ�ƱM˙�*B˼ƤńɖÎȂ7ʝǪ

í}�S�5FHʲD�5˜Ȃ!JIűɼ��I�ʝǪí

}�S�Ȃ¡ƝĔM1�I+�Ȃǵ5ʬ/�I*B˼șƙ

ȢȟÕ˅5ˇɠ%Iʆʄ54-0�I(ę 5 �1˼Ȣȟ5 4

.4�#7 2.6Ĵ�Ȯ�0�I67Ȃ¡ƝĔȏ)�?*ʝ

®ņ_R��GȂ¡ƝĔ5ɬI×õɋʠ7˼ðÛ4_�h

[g�cMŭI*B5�ĺ6æĆ1Ȯˡ1�I�2�ǠB

GJI�¹�8 D16ĦĆ _˼R�MĘAcl��cW��

7 96 %˼ˎ ��[C 98 %6ôƻȈ24I�2�ǠBGJI

*B Ȭ˼Ōǃ˥Ć´6ö!Mʑƨ%I�254I�#�#˼

Ȣȟ6ȢĦʆʄDǓǉǍʳʆʄ5Ł#0ĭ�4âɁ24I� 

 

ę 6� HL-LHC5��Ix��vR|2a��oƫ˪ę�Ő7

Q1˼ă7 Q2-D15ƕÎ!JI�īÄ� S1S316LNɻx��v

R|1 ī˼Č˪�ʝ®ņ_R�ÕČ˪2ƙ%I�254I�x�

�vR|2x��c[���(ǘÐʁŦ)6˗5�H˼�mQP

�|���MWu�#0�I6�g�\cl�ɻa��o�c

[���2a��o;6ÎȂ7˼4ƾ6ːȹMʱI}�S�X

c(40-60�K)1×õ!JI�  
ę 7�  HL-LHC D1ĉ�MBXFȢȟ6ƫ˪ǐšę� 
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3� KEK�� D1K�yAOhf~e[10,11] 
 
3.1� gi~e�lo 

KEK 16 LHC Pj|\��o5ĉ�*Ƞȭ˖Ȗ7 2000

Ś¨ıB(.?H KEK �ȉɵ LHC ȏ low-!n�|�jnʝ

®ņĕǋȢȟ MQXA6˖Ȗ�ŠʆMɵ-0�*62=>ć

ƴƼ)5ˀI�ťÝ7˼ƹɉx��þǀȏĕǋȢȟ6˸ȢĦ

ï5ĉ�0˼ȃʛ�ƿƪȠȭǓǍ(NIMS)2Óć1 Nb3Alʝ

®ņɖƿ6éʲĔŲȏ5ĉ�*Ƞȭ˖ȖMʶB0�*�

Nb3Al 7ŲçǙ@�5��0Cʝ®ņŵɦ�²�#5��

2��˼Nb3Sn FHCÉJ*ȄŵMƻ#0�*�˼˸ Jc(ɩ

Ȓ˨Ǫľŝ)ï2˔ŉï5˧ǽ��-*�ɌŊ 2011 Ś5

Nb3Al M HL-LHC ĉ�ʝ®ņȢȟ;Ƙȏ%I�2MʓB˼

NbTiʝ®ņȢȟ˖Ȗ5FIʙȆ5˥�%IÞƫM#*� 

2.11Cʭ<*F�5˼2011Ś�G FP-7 HiLumi LHCʆ

ʄȠȭ;ùé#˼x��Û˦ȏüǋȢȟ D1 6ʆʄM˖ı

#*�x��ÍķʆʄDƤńɖŁȷ�G6ɼʒ1¥ǎ(Ȅ5

_R�āũ)�*9*9ĪƷ!J ƹ˼ɉȗ5 2013Ś 5ƺ5˼ 

! ȢĦ˔ 35 Tm 

! _R�āũ 150 mm 

6¥ǎ�ƹɉǡĺ!J*�2014ŚȤ6lcn_R�ʋ·Ɍ

ǅMʡ?�˼ʆʄM�˅ĪƷ#˼ȉĞ 2m ˔�m�Ȣȟ 1

ĄǓMƀÕ˖Ȗ#0�I� 
 
3.2� D1K� MBXFhf�]u�wvX} 

D15ʆɠ!JIx��Û˦ȏȢȟ6Ĉȧ7˼ÓMBXFÓ2

Ď8JI�MBXF Mʆʄ%I5ť*H��.�âɁ��-

*�KEK1ĻǓ6ŵɦʊ¼ʋ˷Mɵ��2Mɢ�I2˼ə

Ģʋ˷ȏ[�RVcgjn6c��c�GMBXF6Ǔǉ˔

7 7 m ª�5ƅ�Iűɼ��-*�#*�-0șɖ˅6ĺ

ǇȢĦM 5-6 T ȩŝ5ʆĺ%Iƭˍ24-*�#�# LHC

n�r�Õ6ʨʮȏʱʠ6`RdMɢ�I2 ȉ˼ɵ LHCȏ

[�RVcgjn6īũª�571�&˼Ǉɂ!JIȢȟ

6īũCȉȅ2ć$ 570 mm ȩŝ5þBI�2�ǠBGJ

*�ĭāũ 150 mm5 6 TɅ6üǋȢĦMȖȍ!'I�2M

ɢ�I2˼z�j[c�g��6*B6ˎ��[6ŗ��

ʞ#˼ǸJȢĦ6ŧˬ�Űˇ!JI�?*ˎ��[�Gʝ

®ņ_R�?16ʟ˦MȞ�'"IMŭ4�*B˼Ŋƀȗ

4ˎ6Ȣï˶Đ5FIȚťˋ6ʏőȢĦC�Ÿ!J*�Ŭ-

0ˎ6˶ĐDǸJȢĦMðÛɢż#*˨Ȣʆʄ�űɼ+-

*�?*ƤńɖD˜Ȃ6ʀǽ�G7˼ȢȟÏ´6ÎȂˋ

135 W˼ʝ®ņ_R�;6y�[ÎȂ 2 mW/cm3˼3000 fb-1

5Țť%Iċþɖˋ 25 MGy�ʆʄÁ2#0��GJ*� 

ª�Mɢż#0˼Ǖ6F�4ʆʄƭˍMȱ0*� 

��ʝǪí}�S�×õ5FI 1.9 K5��0˼��o�R

�� 75 %ȩŝ1ʹʤ%I� 

��NbTi ʝ®ņ]�{�óŌ_R�2%I�21˼ˎ��

[ŗMƹĭï1�I�?*_R�Õũ˪6@�G6×õ

1ìǅȗ5˜Ȃ1�I� 

��NbTiʝ®ņ]�{�57˼LHCP�[˅�üǋȢȟ5

¸ȏ!J*]�{�û9ɪŒɴȜŵ��R�ol�|M

Ƙȏ%I� 

��W��6ŗMƹŇï#˼ˎ 6ˋM1�I+�ĩD%*B˼ 

MQXA 1CƘȏ#*˼ˎ��[MY�ȓB%IƭšM

Ƙȏ%I� 

��ˎ��[6īũM 550 mm2%I�21 K˼EK1˖Ȗ#

* J-PARC q��n�sx���R�ȏʝ®ņȢȟ

(SCFM)6ɻ·ǤÔMÖàȏ%I� 

ɸ 3� HL-LHC D1ĉ�MBXFȢȟ6�ɼʆʄv���g�� 

Design parameters 2 m model Production 
General   

Field integral 9.8 T!m 35 T!m 
Coil aperture 150 mm 
Nominal dipole field 5.57 T 

Coil peak field 6.44 T at center 
6.69 T at coil end 

Load-line ratio 75.4 % at center 
76.6 % at coil end 

Field Quality < 10-4 w.r.t the main field 
Nominal current 12.0 kA 
Operation temperature 1.9 K 
Magnetic length 1.73 m 6.27 m 
Stored energy 340 kJ/m 
Differential Inductance 4.0 mH/m 
Number of coil layer 1 
Number of turns in quadrant 44 (4+8+13+19) 
Coil mechanical length 2.00 m 6.57 m 
Magnet mechanical length 2.15 m 6.72 m 
Cold mass weight 3.8 tons 12 tons 
Lorenz force per quater 
     "Fx / "Fy 

1.53 / -0.64 MN/m 

Heat load 135 W in total,  
2 mW/cm3 at local peak 

Radiation dose  25 MGy 
Superconducting Cable   

Superconductor Nb-Ti 
Cable type LHC MB outer cable 
Strand diameter 0.825 mm 
Coating Sn5wt%Ag 
Copper to SC ratio 1.95 
Filament diameter 6 µm 
Number of filament 6500 
RRR > 150 
Critical current (9 T, 1.9 K) > 380 A 
Number of strand 36 
Cable bare width 15.1 mm 
Cable bare mid-thickness 1.480 mm 
Keystone angle 0.9¡ 
Transposition pitch 100 mm 
Insulation 
     1st & 2nd layer 
 
 
     3rd layer 

 

 
APICAL (0.05 mm thick, 
11 mm wide), 1/2 overwrap 
 
PIXEO (0.069 mm thick, 
9 mm wide), adhesive, 
2 mm gap wrap 
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��Ƭ*5ɤƤńɖ GFRP(X�cɝɓŤï|�cij[)M

˖Ȗ#˼ʝ®ņ_R�˅đ5ȏ�I� 

ę 75 D1ĉ� MBXFȢȟ6ƫ˪ǐšęMȣ%�?*�ɼ

4ʆʄv���g�Mɸ 3 5?2BI�1.9�K ×õ5��

0 ĺ˼Ǉ˨Ǫ 12�kA1 5.57�T6üǋȢĦMȖȍ%I�ȢĦ

7��-*C66˼ĭāũ1�I*B MBXFĻǓ6ȢǞU

r�Z�(Ɂ 2.1�MJ)7 MQXA2=>ȶ#�� 

 
3.3� �hwv 

ROXIEMȏ�0 MBXF6˨ȢʆʄMɵ-*�?& 2Dʄ

ȸMɵ�ʝ®ņ]�{�ˇɠ2ˎ��[6ŦȅMƹ˂ï#

*�ƹɉȗ5ŭGJ* 2D �m�2(6ʄȸɌǅMę 8 5

ȣ%�4.6_R�{�j[5˼(˭�6)ȢǋÄ�G 4˼8˼

13˼19 6Ćʄ 44 g���œ�ɖ!JI�ˎ��[6ÕČ

6ƹ�˅2ƹ�˅57˼cl��cW��M±ɠǡB%I

*B6l�v�2˔ƭŦsjiMʆ�0�I�?*ˎ��

[Õ˅57˼ʝǪí}�S�Ȃ¡ƝĔȏĴ(�60 mm)� 2 W

ƀ2ȢĦʑȺȏĴ(�40 mm)� 8 Wƀ�I�ǸJȢĦ6ŧˬ

�Ǿɿ1�4�*B˼[�RVcgjnCʄȸ�m�5Ċ

?JI�]�{�DĴ6±ɠMĪ�0ýůʄȸMɵ�˼ˎ

6˶Đ6ŧˬMƅ�..˼ĺǇƴ5ƹCĬǋžÛ�Ň!�

4I±ɠMǠB*�4�ˎ��[6´ȬôƻȈ7 98 %2#

0�I�ę 9 5ĬǋžÛ6˨Ǫ»ĶŵMȣ%���1Ĭǋ

žÛ7ª�6F�5ĺɡ!JI� 

 

!"#

!$#

%#
&#

&&#'()*+�
 

ę 8� ROXIE5FIMBXFȢȟ6 2DȢĦʄȸ��7[�RV

cgjn(țȮļĔ)?1ĊB*Ȣȟ�6ȢĦÛŔ˼�7ʝ®ņ

_R�Õ16ȢĦÛŔMȣ%� 

Nominal current�

b3�

 

Nominal 
current�

 

ę 9�  ROXIE 2D�m�1ʄȸ#* MBXFȢȟĬǋžÛ6˨

Ǫ»Ķŵ�ĺǇ˨Ǫ1ąĬǋžÛ�ƹŇ24Iǎĳ�ÞI�ɵ

�ŕH1Ɍǅ�ȕ4I67˼NbTizQ���n(�6 µm)6Ȣï

˨Ǫ6ŧˬ� 

 
ę 10� �˅�Gɽ*_R�U�o(�g��U�o)Ŧȅ�(a)

7lcn_R�ʋ·ƴ6ʆʄ (˼b)7 2m�m�Ȣȟ 1ĄǓĉ�

6ƹɉu�b��� 
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3� KEK�� D1K�yAOhf~e[10,11] 
 
3.1� gi~e�lo 

KEK 16 LHC Pj|\��o5ĉ�*Ƞȭ˖Ȗ7 2000

Ś¨ıB(.?H KEK �ȉɵ LHC ȏ low-!n�|�jnʝ

®ņĕǋȢȟ MQXA6˖Ȗ�ŠʆMɵ-0�*62=>ć

ƴƼ)5ˀI�ťÝ7˼ƹɉx��þǀȏĕǋȢȟ6˸ȢĦ

ï5ĉ�0˼ȃʛ�ƿƪȠȭǓǍ(NIMS)2Óć1 Nb3Alʝ

®ņɖƿ6éʲĔŲȏ5ĉ�*Ƞȭ˖ȖMʶB0�*�

Nb3Al 7ŲçǙ@�5��0Cʝ®ņŵɦ�²�#5��

2��˼Nb3Sn FHCÉJ*ȄŵMƻ#0�*�˼˸ Jc(ɩ

Ȓ˨Ǫľŝ)ï2˔ŉï5˧ǽ��-*�ɌŊ 2011 Ś5

Nb3Al M HL-LHC ĉ�ʝ®ņȢȟ;Ƙȏ%I�2MʓB˼

NbTiʝ®ņȢȟ˖Ȗ5FIʙȆ5˥�%IÞƫM#*� 

2.11Cʭ<*F�5˼2011Ś�G FP-7 HiLumi LHCʆ

ʄȠȭ;ùé#˼x��Û˦ȏüǋȢȟ D1 6ʆʄM˖ı

#*�x��ÍķʆʄDƤńɖŁȷ�G6ɼʒ1¥ǎ(Ȅ5

_R�āũ)�*9*9ĪƷ!J ƹ˼ɉȗ5 2013Ś 5ƺ5˼ 

! ȢĦ˔ 35 Tm 

! _R�āũ 150 mm 

6¥ǎ�ƹɉǡĺ!J*�2014ŚȤ6lcn_R�ʋ·Ɍ

ǅMʡ?�˼ʆʄM�˅ĪƷ#˼ȉĞ 2m ˔�m�Ȣȟ 1

ĄǓMƀÕ˖Ȗ#0�I� 
 
3.2� D1K� MBXFhf�]u�wvX} 

D15ʆɠ!JIx��Û˦ȏȢȟ6Ĉȧ7˼ÓMBXFÓ2

Ď8JI�MBXF Mʆʄ%I5ť*H��.�âɁ��-

*�KEK1ĻǓ6ŵɦʊ¼ʋ˷Mɵ��2Mɢ�I2˼ə

Ģʋ˷ȏ[�RVcgjn6c��c�GMBXF6Ǔǉ˔

7 7 m ª�5ƅ�Iűɼ��-*�#*�-0șɖ˅6ĺ

ǇȢĦM 5-6 T ȩŝ5ʆĺ%Iƭˍ24-*�#�# LHC

n�r�Õ6ʨʮȏʱʠ6`RdMɢ�I2 ȉ˼ɵ LHCȏ

[�RVcgjn6īũª�571�&˼Ǉɂ!JIȢȟ

6īũCȉȅ2ć$ 570 mm ȩŝ5þBI�2�ǠBGJ

*�ĭāũ 150 mm5 6 TɅ6üǋȢĦMȖȍ!'I�2M

ɢ�I2˼z�j[c�g��6*B6ˎ��[6ŗ��

ʞ#˼ǸJȢĦ6ŧˬ�Űˇ!JI�?*ˎ��[�Gʝ

®ņ_R�?16ʟ˦MȞ�'"IMŭ4�*B˼Ŋƀȗ

4ˎ6Ȣï˶Đ5FIȚťˋ6ʏőȢĦC�Ÿ!J*�Ŭ-

0ˎ6˶ĐDǸJȢĦMðÛɢż#*˨Ȣʆʄ�űɼ+-

*�?*ƤńɖD˜Ȃ6ʀǽ�G7˼ȢȟÏ´6ÎȂˋ

135 W˼ʝ®ņ_R�;6y�[ÎȂ 2 mW/cm3˼3000 fb-1

5Țť%Iċþɖˋ 25 MGy�ʆʄÁ2#0��GJ*� 

ª�Mɢż#0˼Ǖ6F�4ʆʄƭˍMȱ0*� 

��ʝǪí}�S�×õ5FI 1.9 K5��0˼��o�R

�� 75 %ȩŝ1ʹʤ%I� 

��NbTi ʝ®ņ]�{�óŌ_R�2%I�21˼ˎ��

[ŗMƹĭï1�I�?*_R�Õũ˪6@�G6×õ

1ìǅȗ5˜Ȃ1�I� 

��NbTiʝ®ņ]�{�57˼LHCP�[˅�üǋȢȟ5

¸ȏ!J*]�{�û9ɪŒɴȜŵ��R�ol�|M

Ƙȏ%I� 

��W��6ŗMƹŇï#˼ˎ 6ˋM1�I+�ĩD%*B˼ 

MQXA 1CƘȏ#*˼ˎ��[MY�ȓB%IƭšM

Ƙȏ%I� 

��ˎ��[6īũM 550 mm2%I�21 K˼EK1˖Ȗ#

* J-PARC q��n�sx���R�ȏʝ®ņȢȟ

(SCFM)6ɻ·ǤÔMÖàȏ%I� 

ɸ 3� HL-LHC D1ĉ�MBXFȢȟ6�ɼʆʄv���g�� 

Design parameters 2 m model Production 
General   

Field integral 9.8 T!m 35 T!m 
Coil aperture 150 mm 
Nominal dipole field 5.57 T 

Coil peak field 6.44 T at center 
6.69 T at coil end 

Load-line ratio 75.4 % at center 
76.6 % at coil end 

Field Quality < 10-4 w.r.t the main field 
Nominal current 12.0 kA 
Operation temperature 1.9 K 
Magnetic length 1.73 m 6.27 m 
Stored energy 340 kJ/m 
Differential Inductance 4.0 mH/m 
Number of coil layer 1 
Number of turns in quadrant 44 (4+8+13+19) 
Coil mechanical length 2.00 m 6.57 m 
Magnet mechanical length 2.15 m 6.72 m 
Cold mass weight 3.8 tons 12 tons 
Lorenz force per quater 
     "Fx / "Fy 

1.53 / -0.64 MN/m 

Heat load 135 W in total,  
2 mW/cm3 at local peak 

Radiation dose  25 MGy 
Superconducting Cable   

Superconductor Nb-Ti 
Cable type LHC MB outer cable 
Strand diameter 0.825 mm 
Coating Sn5wt%Ag 
Copper to SC ratio 1.95 
Filament diameter 6 µm 
Number of filament 6500 
RRR > 150 
Critical current (9 T, 1.9 K) > 380 A 
Number of strand 36 
Cable bare width 15.1 mm 
Cable bare mid-thickness 1.480 mm 
Keystone angle 0.9¡ 
Transposition pitch 100 mm 
Insulation 
     1st & 2nd layer 
 
 
     3rd layer 

 

 
APICAL (0.05 mm thick, 
11 mm wide), 1/2 overwrap 
 
PIXEO (0.069 mm thick, 
9 mm wide), adhesive, 
2 mm gap wrap 
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��Ƭ*5ɤƤńɖ GFRP(X�cɝɓŤï|�cij[)M
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4ʆʄv���g�Mɸ 3 5?2BI�1.9�K ×õ5��

0 ĺ˼Ǉ˨Ǫ 12�kA1 5.57�T6üǋȢĦMȖȍ%I�ȢĦ

7��-*C66˼ĭāũ1�I*B MBXFĻǓ6ȢǞU

r�Z�(Ɂ 2.1�MJ)7 MQXA2=>ȶ#�� 

 
3.3� �hwv 

ROXIEMȏ�0 MBXF6˨ȢʆʄMɵ-*�?& 2Dʄ

ȸMɵ�ʝ®ņ]�{�ˇɠ2ˎ��[6ŦȅMƹ˂ï#

*�ƹɉȗ5ŭGJ* 2D �m�2(6ʄȸɌǅMę 8 5

ȣ%�4.6_R�{�j[5˼(˭�6)ȢǋÄ�G 4˼8˼

13˼19 6Ćʄ 44 g���œ�ɖ!JI�ˎ��[6ÕČ

6ƹ�˅2ƹ�˅57˼cl��cW��M±ɠǡB%I

*B6l�v�2˔ƭŦsjiMʆ�0�I�?*ˎ��

[Õ˅57˼ʝǪí}�S�Ȃ¡ƝĔȏĴ(�60 mm)� 2 W

ƀ2ȢĦʑȺȏĴ(�40 mm)� 8 Wƀ�I�ǸJȢĦ6ŧˬ

�Ǿɿ1�4�*B˼[�RVcgjnCʄȸ�m�5Ċ

?JI�]�{�DĴ6±ɠMĪ�0ýůʄȸMɵ�˼ˎ

6˶Đ6ŧˬMƅ�..˼ĺǇƴ5ƹCĬǋžÛ�Ň!�

4I±ɠMǠB*�4�ˎ��[6´ȬôƻȈ7 98 %2#

0�I�ę 9 5ĬǋžÛ6˨Ǫ»ĶŵMȣ%���1Ĭǋ

žÛ7ª�6F�5ĺɡ!JI� 

 

!"#

!$#

%#
&#

&&#'()*+�
 

ę 8� ROXIE5FIMBXFȢȟ6 2DȢĦʄȸ��7[�RV

cgjn(țȮļĔ)?1ĊB*Ȣȟ�6ȢĦÛŔ˼�7ʝ®ņ

_R�Õ16ȢĦÛŔMȣ%� 

Nominal current�

b3�

 

Nominal 
current�

 

ę 9�  ROXIE 2D�m�1ʄȸ#* MBXFȢȟĬǋžÛ6˨

Ǫ»Ķŵ�ĺǇ˨Ǫ1ąĬǋžÛ�ƹŇ24Iǎĳ�ÞI�ɵ

�ŕH1Ɍǅ�ȕ4I67˼NbTizQ���n(�6 µm)6Ȣï

˨Ǫ6ŧˬ� 

 
ę 10� �˅�Gɽ*_R�U�o(�g��U�o)Ŧȅ�(a)

7lcn_R�ʋ·ƴ6ʆʄ (˼b)7 2m�m�Ȣȟ 1ĄǓĉ�

6ƹɉu�b��� 
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By + iBx =10
!4B1 (

n=1

"

# bn + ian )(
x + iy
Rref

)n!1  

ùȀñũ Rref7 50 mm 1�I�ˎ��[ĴMƹ˂ï%Iª

ã7˼ˎ 6˶Đ6ŧˬ6*B b31Ɂ 20 unit6o�zn�ɽ

GJ*�˼ƹ˂ïū7ĪíMËÛʇļ1�Iȩŝ?1ƅâ

%I�25žè#*� 

șɖ˅ ǕÊƫ˪Mǡĺū 3˼DȢĦʄȸMɵ�_R�U

�oŦȅMƹ˂ï#*�_R�U�oŦȅMę 10 5ȣ%�

7 m ˔ĻǓȢȟ6Ï˔5Ǳ-0ȬÛ#*ąĬǋžÛ�ƹŇ

24IF�5U�o˅6g��˖ıĦƀ(șɖ˅6ɉǽ±ɠ)

Mʑƨ#*�b3 6ȬÛȢĦMĭ��ʑƨ%I*B5{�j

[ 1 2 2 6˗ˠMƏ�I�254-*�ƹɉȗ5ŭGJ*

ĺǇƴ6ĬǋžÛ6ȬÛȢĦMɸ 4 5?2BI���1ą

ĬǋžÛ7ª�6F�5ĺɡ#0�I� 

bn =10
4 Bn (Inom, z)dz!

B1(Inom, z)dz!
, an =10

4 An (Inom, z)dz!
B1(Inom, z)dz!

 

7m˔6ĻǓȢȟ17 _˼R�U�o?1ĊB*ȢȟÏ´1˼

b15M˜�Ï06 Allowed s���žÛM 1 unit ª�5ƅ�

I�2�1�0�I�*+# 2m �m�Ȣȟ17˼�Iȩ

ŝ6ĬǋȢĦžÛ�ǚ-0�I��J7 7m ˔ĻǓȢȟÏ

´1ƹ˂ï#*_R�ȳ˅Ŧȅ24-0�I*B1�I�

4�cY��žÛ7��oÄU�o˅6Őă˩Łȧŵ�G

ȍ$0�I�_R�U�oŦȅ5.�07˼ę 10(a)5ȣ%

F�5˼lcn_R�ʋ·6Ɍǅ˼_R�U�o6]�{

�g��6ƶȈ�ɔ$0Ŵ1�H˼ȶČǁ«MǴ*%*B

5]�{�5¶ʄ4Ǚ@�ȍ$0�I�2�Þ-*��6

*BÏ´ȗ5ƶȈMĭ��#0˼ɗD�5œ�ɖ1�IF

�ƣē#*�?*{�j[ 15.�07g��Ƨ� 192Ĭ

�*B5ƹɉ]�{�ŦȅMǘȡ5�ǳ1�&˼U�oc

��`�2ĭ�4ˡ˗�ȍ$0#?-*��6*B{�j

[M 2 Ûæ#0˼U�oc��`�Ŧȅ6ƣēMƮ#*�

(6Ɍǅ˼ę 10(b)Mɽ0CÞIF�5˼_R�U�o�˔

�4H˼șɖ˅�Ȟ�4-0�Iǎĳ�ÞI�4�˼_R

�U�oMş˔#*äȎȃ1˼_R�y�[ȢĦ�²ǰ1

�˼��o�R�M 76.6 %5?1��I�2�1�*� 

 

3.4� _[^{wv 
ę 7 5ȣ!JIF�5˼Ȣȟ7�5ʝ®ņ_R�2cl

��cW��˼ˎ��[˼aT�1Ǎž!JI��� 2 .

6óŌ NbTiʝ®ņ_R�7 Ł˼ğɑɘa�nMƓN+ȅŻ

1 4 Ɋ6cl��cW��c��`�5FHČĘ�GĚĺ

!JI��62�6�ÆĝɚŲç7Ƨ MPa ȩŝ5ȓ?I�

Ǖ5W����\#*_R�M��2Ɋ6ˎ��[1Ɠ@˼

ǣĝ|�c1Ƌ!�ʪ@Őă 3 .&.�Ic�jn;Y�

MƕÎ#0ëȢ5űɼ4�ÆŲçM��I�Ǎʳ´2#0

7}�S�ĝçļĔ24Icl��cɻaT�Mƹīǜ5

Ƿƙ%I�21Ĺž%I�Ɋ@ȱ0�G×õ˼ëȢ5ɬI

ąʺȩ5Ł# ANSYS 5FIƻ˛ɼɆǥʂǄMɵ-*�(

ɸ4�  ROXIE 3D�m�1ʄȸ#*MBXFȢȟ6ĺǇʱ˨ƴ

6ĬǋžÛ6ȬÛȢĦ�ę 10(b)6_R�U�o5Țť� 

 production 
magnet 2 m model 

B1(Inom, z)dz!  35.4 Tm 9.8 Tm 

b
Ñ

1 10000 10000 

b
Ñ

3 0.17 -2.38 
b
Ñ

5 0.72 2.06 
b
Ñ

7 -0.72 -2.60 
b
Ñ

9 -0.44 -2.22 

b
Ñ

11 0.03 -0.84 

b
Ñ

13 -0.72 -0.86 

b
Ñ

15 -1.09 -1.01 

b
Ñ

17 -0.74 -0.60 

b
Ñ

19 0.38 0.33 

a
Ñ

1 -2.25 -7.85 

a
Ñ

3 1.15 4.04 
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ę 12� ANSYS5FIąʺȩ16ʝ®ņ_R�;6Čƭĉĝɚ

Ųç6ʄȸɌǅ� 

 511 

6�¹2#0 ę˼ 115ˎ��[MY�ȓB%Iˢ6ȢȟÕ

˅6ŲçÛŔMȣ%�ʝ®ņ_R�M˜�˅đ6�, Y˼�

ȓB6ˢ5c�jn˅5ƹC˸�Ųç(220 MPa)�Ȗȍ%I

�˼˚¬ǽª�5þ?I�2Mȡʍ#0�I�(6¦6ʺ

ȩ17Ȅ5Ē˳54IF�4Ųç˥�7ɽGJ4�-*�

ąʺȩ1ʝ®ņ_R�6Ȣǋ (Pole)Äg��2ǟř˪

(Median plane)Äg��5Ɨ�IŲçMę 125ȣ%�Ɋ@ȱ

0ū˼1.9'?16×õ1ʝ®ņ_R�6Ȃþɚ5FHŲç

�ɰŘ��I�ëȢ6ˢ7_R�ɪ´�Ȣǋƭĉ�G˨Ȣ

ç1īÄ5Ƌ!JI*B˼W���G6ĝɚŲç�²�%

Iǎĳ�ÞI(ýŁ5ǟř˪Ä17ąg��6˨Ȣç�ɳȬ

%I*Bĝɚɱˉ�ĩé%I)�ʄȸ17˼ĺǇ6 110 %?

1ëȢ#*ĦĆ1CȢǋÄg��5ĝɚŲç�ǚIF�5

ÝƼ_R�`RdMʑƨ#0�I��6Ɍǅ˼ȢȟɊ@ȱ

0ƴ5_R�5770 MPa6�ÆĝɚŲçM��J8ɮ��

2�Þ-*��6ɌǅMʡ?�˼Ļˢ5_R�Mʆʄɻ·

%Iˢ7˼80 MPa 54IF�5`Rdʑƨ(V�u�`R

d)#0�I�4�_R�6ƹĭĝɚŲçC 140 MPaȩŝ1

�H˼��R�oɑɘ�ʇļ1�IȻĘ1�I�2Mȡʍ

#*� 

 
3.
� qTNnZV�~e 
Ŭǂ6ʝ®ņ_R�57˨Ǟɑɘ2ǓǉŤŝMĆL'Ɛ

.X�cɝɓŤï|�cij[(#FRP)�˲ɜ5¸ȏ!J0

�*�#�#ʱŖ6 #FRP 7U�Yaǒɧ2�SɆMĊA

EX�cM�žÛ2#0�I*B˼ǁ«5F-07Ƨ M#Q

ȩŝ6ɖˋD�ŵĳ1êï#0#?��2�ȝGJ0�*�

�6*B˼̋ ˈ4ƤńɖȋĨ�1ʹʤ!JI ($�Pj|\

��oD �OMET Ļ˷ȏ��V�Ɩȇf�sRo436

&-PAR� ĉ�ʝ®ņȢȟ;6ŲȏMȘƑ#0˼2011 Ś�G

ɤƤńɖ #FRP6˖ȖMɵ-0�*�ś���W�(ƻǢɻ

·ƀ)�G6òçCŭGJ˼�J?15ƧȪ˵6ɤƤńɖ

#FRP M˖Ȗ%I�2�1�*��1Cxc��R�on

�Pb�ǒɧ2 S X�cɝɓ(�SɆMĊ?4�)7ÉJ*

ŵɦMȣ#0�H˼ę 13 5ȣ%F�5˼Ŗǲ�ɖȀń1

100 M#Q?1 3ǽƶ�Ťŝ5ĭ�4Īï�ɽGJ4��2

Mȡʍ#0�I��6ɤƤńɖ #FRPM MBXFĉ�ʝ®ņ

_R�˅đ(STjb U˼�oUc��`�)2#0¸ȏ%I

�ĺ1�I� 

 
3.�� 7);hf~e 
ȢȟʆʄDɻ·ƭǥ˼ǤŏÔ6ǊʉMɵ�*B˼'E'Õ

1 2m�m�Ȣȟ6˖ȖMɵ-0�I�7m˔ĻǓ_R�2

7_R�U�oŦȅ�Ï�ć�1�H˼șɖ˅˔!6@�

ȕ4-0�I� 

ę 14 7ʝ®ņ_R�˅đ24IU�oc��`�û9

��o˃Ȩ6*B6��|�j[c6 �AD �m�Mȣ%�

�m�Ȣȟȏ6˅đ7 Ļ˼ˢ5 'E'Ǔǉŏķe�g�6�

a�e�g�1ɤƤńɖ #FRPvR|�Géŏ#*��ERN

�Gºɏ!J*NbTiʝ®ņ]�{�Mœ�ɖ#0�Iǎĳ

Mę 155ȣ%�˫ Ģ��o��6�1 ȿ˼ľéŏ#*STj

b˼U�oc��`�2�ɕ5ʝ®ņ]�{�Mœ�§�

4�G_R�œɖMɵ��œɖū˼_R�M��o�� 

2žŦ{�j[5ƕÎ%I�ɪŒɴȜŵ6]�{�ɑɘ2

_R�˅đ5ħŔ#*aPr�nUcl�ǒɧ(�&JCɤ

Ƥńɖŵ5ÉJI)MƙȜ!'0_R�žŦ%I*B˼ǣĝ

0
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ex

ur
al

 S
tr

en
gt

h 
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Pa
)

Dose (MGy)

V H

 
ę 13� Ŗǲ�ɖȀń#*ɤƤńɖ #FRP(BT)6 3ǽƶ�Ťŝ�

ʱŖ6U�Yaǒɧ~�c6 #FRP(#10)17Ư5 10�M#Q1

˴ɲ4êï�ɽGJI65Ł# B˼T17 100�M#Q?1ĭ�4

Īï7ɽGJ4�� 

 
ę14� ROXIE 3D�m�MÊ5·ž#*U�oc��`�2�

�|�j[c6 3D �AD�m�� 

 
ę 15� 2m�m�Ȣȟȏʝ®ņ_R�6œ�ɖ6ǎĳ� 
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 510 

By + iBx =10
!4B1 (

n=1

"

# bn + ian )(
x + iy
Rref

)n!1  

ùȀñũ Rref7 50 mm 1�I�ˎ��[ĴMƹ˂ï%Iª

ã7˼ˎ 6˶Đ6ŧˬ6*B b31Ɂ 20 unit6o�zn�ɽ

GJ*�˼ƹ˂ïū7ĪíMËÛʇļ1�Iȩŝ?1ƅâ

%I�25žè#*� 

șɖ˅ ǕÊƫ˪Mǡĺū 3˼DȢĦʄȸMɵ�_R�U

�oŦȅMƹ˂ï#*�_R�U�oŦȅMę 10 5ȣ%�

7 m ˔ĻǓȢȟ6Ï˔5Ǳ-0ȬÛ#*ąĬǋžÛ�ƹŇ

24IF�5U�o˅6g��˖ıĦƀ(șɖ˅6ɉǽ±ɠ)

Mʑƨ#*�b3 6ȬÛȢĦMĭ��ʑƨ%I*B5{�j

[ 1 2 2 6˗ˠMƏ�I�254-*�ƹɉȗ5ŭGJ*

ĺǇƴ6ĬǋžÛ6ȬÛȢĦMɸ 4 5?2BI���1ą

ĬǋžÛ7ª�6F�5ĺɡ#0�I� 

bn =10
4 Bn (Inom, z)dz!

B1(Inom, z)dz!
, an =10

4 An (Inom, z)dz!
B1(Inom, z)dz!

 

7m˔6ĻǓȢȟ17 _˼R�U�o?1ĊB*ȢȟÏ´1˼

b15M˜�Ï06 Allowed s���žÛM 1 unit ª�5ƅ�

I�2�1�0�I�*+# 2m �m�Ȣȟ17˼�Iȩ

ŝ6ĬǋȢĦžÛ�ǚ-0�I��J7 7m ˔ĻǓȢȟÏ

´1ƹ˂ï#*_R�ȳ˅Ŧȅ24-0�I*B1�I�

4�cY��žÛ7��oÄU�o˅6Őă˩Łȧŵ�G

ȍ$0�I�_R�U�oŦȅ5.�07˼ę 10(a)5ȣ%

F�5˼lcn_R�ʋ·6Ɍǅ˼_R�U�o6]�{

�g��6ƶȈ�ɔ$0Ŵ1�H˼ȶČǁ«MǴ*%*B

5]�{�5¶ʄ4Ǚ@�ȍ$0�I�2�Þ-*��6

*BÏ´ȗ5ƶȈMĭ��#0˼ɗD�5œ�ɖ1�IF

�ƣē#*�?*{�j[ 15.�07g��Ƨ� 192Ĭ

�*B5ƹɉ]�{�ŦȅMǘȡ5�ǳ1�&˼U�oc

��`�2ĭ�4ˡ˗�ȍ$0#?-*��6*B{�j

[M 2 Ûæ#0˼U�oc��`�Ŧȅ6ƣēMƮ#*�

(6Ɍǅ˼ę 10(b)Mɽ0CÞIF�5˼_R�U�o�˔

�4H˼șɖ˅�Ȟ�4-0�Iǎĳ�ÞI�4�˼_R

�U�oMş˔#*äȎȃ1˼_R�y�[ȢĦ�²ǰ1

�˼��o�R�M 76.6 %5?1��I�2�1�*� 

 

3.4� _[^{wv 
ę 7 5ȣ!JIF�5˼Ȣȟ7�5ʝ®ņ_R�2cl

��cW��˼ˎ��[˼aT�1Ǎž!JI��� 2 .

6óŌ NbTiʝ®ņ_R�7 Ł˼ğɑɘa�nMƓN+ȅŻ

1 4 Ɋ6cl��cW��c��`�5FHČĘ�GĚĺ

!JI��62�6�ÆĝɚŲç7Ƨ MPa ȩŝ5ȓ?I�

Ǖ5W����\#*_R�M��2Ɋ6ˎ��[1Ɠ@˼

ǣĝ|�c1Ƌ!�ʪ@Őă 3 .&.�Ic�jn;Y�

MƕÎ#0ëȢ5űɼ4�ÆŲçM��I�Ǎʳ´2#0

7}�S�ĝçļĔ24Icl��cɻaT�Mƹīǜ5

Ƿƙ%I�21Ĺž%I�Ɋ@ȱ0�G×õ˼ëȢ5ɬI

ąʺȩ5Ł# ANSYS 5FIƻ˛ɼɆǥʂǄMɵ-*�(

ɸ4�  ROXIE 3D�m�1ʄȸ#*MBXFȢȟ6ĺǇʱ˨ƴ

6ĬǋžÛ6ȬÛȢĦ�ę 10(b)6_R�U�o5Țť� 

 production 
magnet 2 m model 

B1(Inom, z)dz!  35.4 Tm 9.8 Tm 

b
Ñ

1 10000 10000 

b
Ñ

3 0.17 -2.38 
b
Ñ

5 0.72 2.06 
b
Ñ

7 -0.72 -2.60 
b
Ñ

9 -0.44 -2.22 

b
Ñ

11 0.03 -0.84 

b
Ñ

13 -0.72 -0.86 

b
Ñ

15 -1.09 -1.01 

b
Ñ

17 -0.74 -0.60 

b
Ñ

19 0.38 0.33 

a
Ñ

1 -2.25 -7.85 

a
Ñ

3 1.15 4.04 
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6�¹2#0 ę˼ 115ˎ��[MY�ȓB%Iˢ6ȢȟÕ

˅6ŲçÛŔMȣ%�ʝ®ņ_R�M˜�˅đ6�, Y˼�

ȓB6ˢ5c�jn˅5ƹC˸�Ųç(220 MPa)�Ȗȍ%I

�˼˚¬ǽª�5þ?I�2Mȡʍ#0�I�(6¦6ʺ

ȩ17Ȅ5Ē˳54IF�4Ųç˥�7ɽGJ4�-*�

ąʺȩ1ʝ®ņ_R�6Ȣǋ (Pole)Äg��2ǟř˪

(Median plane)Äg��5Ɨ�IŲçMę 125ȣ%�Ɋ@ȱ

0ū˼1.9'?16×õ1ʝ®ņ_R�6Ȃþɚ5FHŲç

�ɰŘ��I�ëȢ6ˢ7_R�ɪ´�Ȣǋƭĉ�G˨Ȣ

ç1īÄ5Ƌ!JI*B˼W���G6ĝɚŲç�²�%

Iǎĳ�ÞI(ýŁ5ǟř˪Ä17ąg��6˨Ȣç�ɳȬ

%I*Bĝɚɱˉ�ĩé%I)�ʄȸ17˼ĺǇ6 110 %?

1ëȢ#*ĦĆ1CȢǋÄg��5ĝɚŲç�ǚIF�5

ÝƼ_R�`RdMʑƨ#0�I��6Ɍǅ˼ȢȟɊ@ȱ

0ƴ5_R�5770 MPa6�ÆĝɚŲçM��J8ɮ��

2�Þ-*��6ɌǅMʡ?�˼Ļˢ5_R�Mʆʄɻ·

%Iˢ7˼80 MPa 54IF�5`Rdʑƨ(V�u�`R

d)#0�I�4�_R�6ƹĭĝɚŲçC 140 MPaȩŝ1

�H˼��R�oɑɘ�ʇļ1�IȻĘ1�I�2Mȡʍ

#*� 

 
3.
� qTNnZV�~e 
Ŭǂ6ʝ®ņ_R�57˨Ǟɑɘ2ǓǉŤŝMĆL'Ɛ

.X�cɝɓŤï|�cij[(#FRP)�˲ɜ5¸ȏ!J0

�*�#�#ʱŖ6 #FRP 7U�Yaǒɧ2�SɆMĊA

EX�cM�žÛ2#0�I*B˼ǁ«5F-07Ƨ M#Q

ȩŝ6ɖˋD�ŵĳ1êï#0#?��2�ȝGJ0�*�

�6*B˼̋ ˈ4ƤńɖȋĨ�1ʹʤ!JI ($�Pj|\

��oD �OMET Ļ˷ȏ��V�Ɩȇf�sRo436

&-PAR� ĉ�ʝ®ņȢȟ;6ŲȏMȘƑ#0˼2011 Ś�G

ɤƤńɖ #FRP6˖ȖMɵ-0�*�ś���W�(ƻǢɻ

·ƀ)�G6òçCŭGJ˼�J?15ƧȪ˵6ɤƤńɖ

#FRP M˖Ȗ%I�2�1�*��1Cxc��R�on

�Pb�ǒɧ2 S X�cɝɓ(�SɆMĊ?4�)7ÉJ*
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