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�� �	���

� úǐȵ ( H ) 7ˡǐȵ6�úǮʊ�1�Iˡú˃ı ( p ) 

2˃ˌı (  e
+ ) 6Ʈɉȱ1�J�Ĥ6Ƕʁ5��0D-2

DĢƭȂ4ľȘŮ6�.1�J CPT (əˌÑš�Ƞʽúʒ�

ƣʽúʒ) ľȘŮ�Àĳ"0�J2$J2ˡ(6ʊʵEV

v�[�ǣ¶7ǐȵ2öĽ5Ć#54J� 

�  6�úǮʊ�Nǹ�*ĺ˚�ˡǵĜ CERN6ú˃ıǞ

ʡĔ (AD; Antiproton Decelerator) 50ɡMK0�J�ƭ

œ�G�G��b�E�S\�ǕNǹ�*ȰĽÚÍ�ʼį

!KJ2�� 21ˡ@$@$ʾŪ�˜@-0�J� 

� ƭȝ17ˡúǐȵȐȟ6ǵǰ5.�0ˡCERN 5��J

ALPHA (Antihydrogen Laser PHysics Apparatus) ĺ˚N£

Ū5ɰɾ$J�ALPHA-12"0 2012œ6 Run@15ŧH

K*Ƚƴ2 ɦlɍNàƚ" ALPHA-22"0ƚ*5 2014œ

6 Run1ŧHK*ȽƴNȹ®"ˡŤ6Ňƪ5.�0ɲù

"�Ï¸6@2CNʜ>J�ALPHA ĺ˚6Ûƫ6ǰǓ5

.�07 [1]NˡALPHA ±Ĩ6ĺ˚5ʾ"07Ƀɾ [2]4

3NøǪ!K*�� 

 

2� <P_�W�� CPTD\J�^COe 
2.1� CPTD\J�Oe 
� úǐȵNǹ�*ĺ˚6ȅȂ7ˡCPTľȘŮ6ȰĽƻɶ1

�J�CPTľȘŮ7ˡCPTĹǶ [3]5��0Àɶ!K0�

I ?l�6ľȘŮ27�ɆNǼ$�(K7 ĹlǶ6áƎ�ˡ

����o�ħŮˡ�uk�pRˡņŸŮˡe}�ɀɳ4

36ĢƭȂ4D6+�+�H1�J�(6*CˡCPTľȘ

Ů6ƻɶ7ˡņŸĤ6Ƕʁɒ¸2��ˡǮǶĴ6ƶƭõǶ

6ƻɶ24J [4]�·Vv�[�5��0Ĥ6ʵıʁ7ɜ"

�ŷäNûC0�I ClPTľȘŮ�ȑK0�JÿɐŮ7ˏ

Ő5Ń!��"�"ˡ���\e^��17ȑK0�4�

27ˀH4��ɻ ıʳãǶʁ4317ɒǩ5 CPTľȘŮN

ȑJÿɐŮ��I [5,6]ˡCPT ľȘŮ6ƻɶ7���\e

^��6ǮǶNƉJʳɪ4����1�J� 

� úǐȵN»-* CPTľȘŮ6ƻɶ7 Vlv�[�ǣ¶N

ǐȵ2Ǎʕ$J 25G-0ɡ��ǐȵ6 1S-2S ÚÍEĢ

ŕǰŵ6ʍũȸƿʢ�ˡ(K)K   4.5×10�15 [7,8], 

  7.0×10�13 [9]2��˛ȀȂ4Ȱŗ1ǡĹ!K0�J�úǐ

ȵ5GJ CPTƻɶ6ƧĪ6Þǧ7 úlǐȵ1 KH6Vv

�[�ǣ¶NȰĽǡĹ"ˡǐȵ2Ǎʕ$J 21ˡ�q�

5žH4�ˡˏŐ5˜�Ȱŗ16ƻɶ�ÿɐ54J 21

�J� 

� CPTľȘŮ6ƻɶ17"8"8 Clolladay2 ���	������

5G-0ƎĒ!K*ˡ����o�ħŮ�CPTľȘŮNȑ

JƩéĤ6Ƕʁ (SME; Standard-Model Extension) [10]�ǹ

�HKJ�SME7ǂǣǶʁ2�ɕȇľʁNìĊ"ˡ���

�o�ħŮ�CPTľȘŮNȑJ$>06ÿɐ4ˑ��]�

�dQ�5Ċ@K0�J�ǵĜ62 L CPTľȘŮ6ȑK

7ȁɫ!K0�4�61ˡĄțĺ˚Ƚƴ7 KH6ˑ6¿

Ɨ5ľ$Jßˀ2"0ɰʲ!KJ [11]�SME5žK8ˡ²

5úǐȵ1ǐȵ2Ćǀ6Ȱŗ16ǡĹ�1�*Ĥąˡ��

�\e^��16ȑKNƉȶ$J65ïÚ4Ŵŗ��J�

úȯıNǹ�*CPTľȘŮ6ƻɶ2"07?�5 £lŮ K

£ʽıEu��r�w úl˃ıNǹ�*ĺ˚43��J�ˡ

úǐȵ5GJȰĽƻɶ7 KH27ȇɧȂ�.ʳɪ4šâ

Nƴ*$�4�ˡSME17Ǯʊ16ȰĽǡĹ43�HDß

ˀ�.�HK0�J� 

 

2.2� <m@Rj> (AD) 
� �úǮʊ�Nǹ�*Ȑȟ7ˡ ǽ1đ� AD 5��06

Aÿɐ1�J�2��6DˡúǐȵǸŷ5ūɪ4·Vv�

[�6ú˃ıN½ȿ1�JƜɵ� AlD6A+�H1�J�

ƧÛ6úǐȵõı6Ǹŷ7ˡ1995œ5 AD6áʑ1�J 
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Ę 1� ú˃ıǞʡĔ (AD) |���S� [14]�ǵĜřɵ£6

ELENAE, GBAR6|���S�řɵ§ĹĝDȔ!K0�J� 

 

CERN6 LEARƜɵ1ģċ!K [12] 1l997œ57 Fermilab

1DĆǀ6ģċ�4!K* [13]�"�" KH6ńƗ6ú

ǐȵ7ȇľʁȂ1�-**C ȰlĽÚÍ57ʬ!4�-*�

(6Ť LlHC=6ʉǢˉ£6*C LEAR7ʧʒ�Çǈ!K

*�ˡ1999œ5ˡƞƭN£Ū2"*ʂĚ6ʇǲ5GIˡú

ǮʊȐȟ5ǯí"* AD�řɵ!K*61�J� 

� AD17@% Ęl15Ȕ$G�5 PlS (Proton Synchrotron) 

�H�J1aS\��*I   ∼ 1.5×1013Â6ʧêʵ  26GeV/c

6˃ı ( p ) Nˡʺ! 50mm6 Ir (S�dT�) k�_n

r (ǐ×) 5Ş0ˡ±�6úŬ5GIˡ�p NǸŷ$J� 

    p(26GeV /c)+ p(Ir)→ p + p + p + p.   (1) 
 

 6úŬ5ūɪ4|��6Ƨ·ʧêVv�[�7 6GeVȚ

ŗ (ǸŷȯıN 1GeV1üIÙ$2"0) 1�J�ˡ�p 6

ǸŷʵN��J*Cˡ  26GeV/c6|��Nǹ�0�J [2]�

  1Ǹŷ!K*�p 7ˌȓ���5G-0ûƮ!Kˡ

   ∼ 5×107 Âˡʧêʵ   3.57GeV/c ˡǃƛĈV�nk�e

   ∼ 200πmm mradˡʧêʵſ�I �  Δp / p ∼ 6%6�p 24-

0Ǟʡ��]5Îŀ!KJ�  �H!H5Ę26G�5ˡ

2 ŗ6ȒǴ×ô (Stochastic cooling)ˡ2 ŗ6ˌı×ô

(Electron cooling) �G:Ą×ôʽ6ǞʡNȼ0ˡƧȺȂ5

   ∼ 3×107 Âˡʧêʵ   100MeV/c (ʧêVv�[�

 5.3MeV )ˡǃƛĈV�nk�e   ∼ 0.8πmm mradˡʧêʵ

ſ�I �  Δp / p< 7×10�56�p �ˡ1 aS\��*IŧHK

J�1aS\�7Ȳ 100ȗ1�J� 6|��7  100−200ns  

6y�m1�Iˡʡ�üIÙ"1ǵĜ 6 .�Jĺ˚6�%

K�5½ȿ!KJ� 
 

 
 
   

 

 

 

Ę 2� AD6ƣʽƿʢ [15]�s-cooling�7 ȒlǴ×ô le-cooling�

7ˡˌı×ô� 
    
  �H!H5Ɨ keV@1Vv�[�Nɛ2$*Cˡ2

ț˖6ƛǔ�»MK0�J��.7ˡALPHA E ATRAP

1ǹ�HK0�Jˡdegrader ƛŚ1�J�ep��eʸE

Q��uT�6ɟɑNʠ$ 21ˡú˃ıƗ2"0 99.9%

Nĭ-0"@� Ml%� 0.1%"�ŧHK4�D66  l ∼ 104

Â6Ɨ  keV 6 �p �ŧHKJ�D��.7ˡASACUSA 

(Antiproton Spectroscopy And Collisions Using Slow Anti-

protons) 1ǹ�HK0�JˡRFQD (RadioFrequency 

Quadrupole Decelerator) 1�J� K5GI 25%6�p Nˡ

  10−120keV6ʧêVv�[�1ŧJ 2�ÿɐ54-0

�J [2]�4�ˡǵĜƝ5řɵ�ʥO1�Iˡ2017 œ5D

ǮǶʧʒʼį�§Ĺ!K0�JELENA (Extra-Low ENergy 

Antiproton ring) 17ˡƚ"�c�\�r��ǞʡĔ1ʧ

êʵ  13.7MeV/c  (ʧêVv�[� 100keV ) @1Ǟʡ"ˡ

ˌı×ôNǹ�0   2.5×107 Âˡ   300ns×4 y�mˡ

 �   Δp / p ∼ 10−4 ǃlƛĈV�nk�e  3πmm mradNʪŷ$

J§Ĺ1�J [15]� K5GI ALPHA E ATRAP 17ú

˃ır�n�Ɨ� 100Ã54J2ƫţ!K0�J� 

3� ALPHA-1q<P_�AGY�$)#'q 
3.1� ATHENA�� ALPHA� 
� 2002œ AlLPHA6áʑ1�J ATHENAĺ˚5��0ˡ

ˏȇľʁȂ4 (�×*��) úǐȵ6Ǹŷ5ŷä" [16]ˡ

úǐȵ6ǸŷʨȚ435ʾ$Jǀ�4Ȑȟ�ɡMK*�"

�" ȅlȂ6CPTƻɶ5Ĉ�ȰĽÚÍĺ˚Nɡ�*C57ˡ

úǐȵNĹŐȂ5r�n�$J 2�ūɪ1�J�( 1

ƚ*5ALPHA`����c��NȽŷ" úlǐȵ6r�n

�ĺ˚=2ʥO+61�J [1]�ALPHAĺ˚7ˡǵĜ 8�

Ěˡ16 ǅʾˡȲ 50 ć�H4JĚˆÑĆĺ˚1ˡɠõ�

ALPHA Ï¸6Ȳ 1/3 NòCJXtl]���6°ɥ2"

0 @l*ȏǺ7 2013œGIƞƭĴɢƃɔ´ǙĨǯÝȐȟď

2"0øǼ"0�J�ALPHA Ûƫ6ǌ˄17ˡƞƭ�H

7ƱĪ�HƟʴǎˡǶȐ�HŉŊǎ�øå!K0�*�
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Ę 3� ALPHA-1 ĺ˚ɦɍ [17]�(a) ɦɍƾǿĘ (w�e^��)�

Ę£ˡú˃ı2˃ˌıNǝ'0úǐȵNºJ*C6 mixing trapˌ

ƽ (Electrodes, X��:˟) êlŢƛĈ6ȓĤr�n�NºJ*C6

Ðʳƽ (Octupole) ȓȏ (X��:ʋˡĘ 4)ˡʓƛĈ6ĦNºJ*

C6Mirror coils (X��:Ʉ)ˡú˃ıǚǤ1Ǹŷ"* (�D5) ə

ˌ π £ʽıNƻÙ$J*C6 3 ň�H4Jc�`�ƻÙĔ (An-

nihilation detector, Ę 5) el}�úʒĺ˚Nɡ�*C�S\�ǕN

óå$J��� (Microwave injection horn) �ƍ�K0�J�4�ˡ

Ę57ƍ�K0�4�� úl˃ıNƄǳ$J*C6ú˃ı catching 

trap ˌƽ�Ō5ˡ˃ˌıɞȞɦɍ�H6˃ˌıNƄǳ$J*C6

positron trapˌƽ�Ă5�J�@*ˡ��e24-0�J 1T 6ȓ
Ĥ7ˡc�`�ƻÙĔ6ĨÈ5�Ji�wSs`S��Ǹŷ"0

�J�(b) r�n�£Ū¯ʚ6ȓĤÚŏ�ʓƛĈ7ˡr�n�£Ū

N 052-0�J�ʋɆ7 rl�n�£Ū�H 0.35mT6ȭė (Ť

ʜ6�S\�ǕČǕƗ5"0 10MHz ) 6˓ĠNȔ"0�Iˡ�S

\�Ǖe}�úʒĺ˚17ˡĪ¸ 6ÓÈ5r�n�!K*úǐ

ȵ6AˡÑ˞$J 2�1�J� 

 

ƭȝ17ɱK4��ˡƟʴ�ŉŊ¡ǎ7 ASACUSAĺ˚5

��0úǮʊȐȟNQ\pR�5Ňʼ!K0�J� 

� ȧ3Ȭ17 rl�n�5Ĉ�*ALPHA~U�f1ĺ˚ ( 

 17 ALPHA-12č<) 2(6ŷƴ5.�0ɰɾ" ȧl 4

Ȭ1ˡ�G�GÚÍ5Ĉ�0ê�+"* ALPHA-2 5.�

0ɰɾ$J� 

 

3.2� ALPHA-1634 
� ALPHA-1ĺ˚ɦɍĘNĘ 35Ȕ$�ALPHA-117�.

6�S�ʍµłi�wSs6£5ˡú˃ıƄǳʰ�˃ˌı

Ƅǳʰ�úǐȵr�n�ʰ��J�əˌȯı6r�n�5

7ˡ�u�]r�n� (êŢƛĈ7ŝ�ˎȓĤ5Ŏ�¯�

&ˡʓƛĈ7ˌĤ1ĦNºJ) NˡˌǏȂ£Ů4úǐȵ6

r�n�57 Ęl3(b)1Ȕ"*G�4ȓĤëʱ5GJr�n

�Nǹ�J�ȓĤëʱ16r�n�7ˡȓǏVv�[� 

 
 

 
 

Ę 4� ALPHA-1Ðʳƽʍµł`S�Öȉ [18] 
  

 
 

Ę 5� ALPHA-1 c�`�˗ʏƻÙĔÖȉ [20]�£Ĭ6ʺƛşʰÚ 

(X��:ʶ) 5ˡ�S\�er�n�2ɿAÙ"ʰNɋ�łɆ�ɫ

�J (c�`�TUx�2�S\�er�n�7|��ʓÈ5�J

61Öȉ17ɫ�4�)�ĨÈ6ʺƛşʰ (X��:Ʉ) 7W���

sɿAÙ"Ėʐˡ( �HŘ:J^��� (Ǧɗ) 1ƻÙĔĨ6

DAQcep�=Qt�]/qdk�ÁăNʞJ� 

 

   −� ⋅B  (  1 �7úǐȵ6ȓǏ����rˡ B7ȓĤ) 

NÞǹ$J�ƭĺ˚17 ȓlĤƽŃʰ5r�n�$J*Cˡ

ȓĤ�Ń!�?3Vv�[��Ń!�4Jǰŵ (low-field 

seeking) 6A�r�n�!KJ� 

� Ģŕǰŵ6úǐȵ17ˡȓĤr�n�6ǜ!7ˡǠŗ5

"0M%� 0.7(Kelvin/Tesla)×ΔB 1�J�  5  ΔB 7

ƧĪȓĤ2ƧŃȓĤ6ōNȔ$�r�n�éǴN��J*

C57ˡȓĤr�n�N4J>�ǜ�$J22D5ˡǸŷ

$Júǐȵ6ǠŗN4J>�·�"4�K84H4��(

 1 ALPHA-117ˡÐʳƽ`S� (Ę 4) ����`S�

5ʍµł`S�N»ǹ" (lK)K 1100 A 7l50 ANǗ"ˡ

    ΔB = 0.8T6ȓĤr�n�Nº-0�J�4�ˡ  1Ð

ʳƽ`S�Nǹ�J67ˡĪ�4ȓĤëʱ5G-0ȓĤ�

�Ğ�54J 25GJˡ��f�6�ĶĹíNʿ�*C

1�J� KH6`S�6×ô57 4l.2 KǛ¸��T�N

»ǹ"0�J�!H5ˡǛ¸��T�1×ô!K*ȉȠǁ

Ħ5ˌƽN�ʰǫƊɱ!&ˡ̩ ƽǠŗ 8 KNʪŷ"0�J� 

� @*ˡǸŷ!K*úǐȵ7ˡǋǾYe2ǚǤ"0"@�

*Cˡʍ˜ȉȠNŧJ 2�ūɪ1�J�ǋǾYe7¥2

"0ĻǠʰÚ6ȉȠļĔɥː�H6ƔÙYe1�J� K

7 150 l/s6SW����1ȉȠś�" ĻlǠʰÚ6ȉȠŗ

10−10 mbar  (10−8 Pa ) Nʪŷ$J 21ź�0�J�r

�n�ʰ5.�07ˡˌƽǠŗ 8 K Nʪŷ"0�J61ˡ

ĺéȂ5ƔÙYe�4�ˡB"Lŝã4\�SW���2 
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Ę 6� ALPHA-1˃ˌıɞȞɦɍ [21]�Ōȥˡ×Øǅ6Ì5˃ˌı

ɆǢ (
22
Na) ��Iˡ˃ ˌı7ę¸vW��q��k5G-0Ǟʡ

!KˡĂ6ɞȞɦɍ5ʞHKJ�ɞȞɦɍ£57ńʵ6ȢȵYe

NǗ"0�Iˡˌƽ (�ĘX��:ʋ) Nǹ�0�Ę6G�4ˎˌ

�p�c��NƇ�0�J�  1�Ę6ǃʓ�Yeě54-0

�J�ˡ K7Ą¶ɍ5��JYeěNȔ"0�IˡʓƛĈ6¶

ɍ7�Ę2Ć#1�J�Ǧɗ6Ȍó7ˡ˃ˌı�ȢȵYe2ɣȡ

"4�HVv�[�Nĭ�ˡˎˌ�p�c��£5r�n�!K

0��ǀıNȔ"0�J�Phosphor screen�7˃ˌı6��~P

S�Nʀ>J*C6ǬÍƲ1�IˡȉȠȣĨ5�J CCDX��1

ƐŠ$J�úǐȵǸŷ5ǹ�Jˆ7 6e\���7��-0�

Iˡ|���S� (X��:ʋ) N�ȆɆ5.4�J� 

"0Ê�0�J�r�n�ʰ6ȉȠŗ7ǵĜÞǹ1�Jȉ

Ƞ ɳ 1 7 ǡ Ĺ 1 � 4 � � ˡ ú ˃ ı 6 Ŀ Ď � H

  10−13−10−14 mbar 1�J2Ƌǡ!K0�J [19]� 

r�n�Ħ1ǚǤ"*úǐȵˡú˃ı6ƻÙ57ˡc�`

�er�n�˗ʏƻÙĔ (Ę 5) Nǹ�J��S�i�wS

s6�QÓ5�Iˡr�n�6ȉȠǁE·Ǡǁ6ĨÈ5�

J�1�d����*I 512er�n�ˡÏ 60�d���

1ɳ 30720 er�n�1ƿŷ!K0�J�{nr¶ɍÚɰ

ɐ7ˡêŢ�G:ƛ¶ɯƛĈ�   65�mˡʓƛĈ�   253�m 1

�J�ALPHA-1 17ˡ30195 er�n� (98.3%) �ǉŐ

5Ȝê"* (ǉŐȜê"4�-*D66�, 512 er�n

�7ˡ1�d���16^���Ɗɂ�ɖ5GJ)�

 

3.3� ALPHA-1����<P_VK 

@%ˡAD �Hư*ú˃ıNú˃ıƄǳʰ1Ƅǳ"ˡú

˃ı��f�6Ī�!N`�r���$J22D5ˡˌı

N»-*×ôNɡ��ú˃ıNÎŀ$Já5§CˌıNr

�n�"0��ˡú˃ı7r�n�ÎŀŤˡˌı26\�

��ȇ«ºǹ5G-0ʧêVv�[�Nˌı5ǟ"ˡ×ô

!KJ�̩ ıɒʑ7 ŝlȓĤ£1c�\�r��Ɣŀ5G-

0ɒȁȂ5×ô!Kˡr�n�Ħ2ǫŒɤ54J� 6ˌ

ı7ˡú˃ıNúǐȵr�n�ʰ5ʞJá5ˡˢ100 ns6

z�eˌĤ5G-0ˡʓƛĈ6r�n�ĦNȎƣʽüI˂

� 21˂÷!KJ (ˌı6ʊʵ�ʔ�*C$�5r�n

�˓Ġ�HˋKJ 2NÞǹ)�

� �ƛˡ(K27ǱȤ5ˡ˃ˌı7Ę 6 5Ȕ"*˃ˌıɞ

Ȟɦɍ5ɞȞ!KJ�ALPHA17�MFJ Surkoğ2č

 

Ę 7� ALPHA-1úǐȵr�n�ʰ6ˎˌ�p�c�� [22]�ĺɆ

1 (X��:ʋ) Ȕ"*6��p�c��1ˡ˃ ˌı7£Ĭ (X��:

ˍ) ʰ5r�n�!K úl˃ı7£ĬŌ (X��:Ʉ) 5r�n�!

KJ�(6Ťˡ“autoresonance”5G-0ú˃ı6ʓƛĈ��f�

ʧêNçʌ"ˡť�5ú˃ı6ʧêVv�[�N��ˡ˃ˌı2

ǝ'J ((6ˆ6ú˃ı6Úŏ�“after injection” (X��:Ǆ) 1Ȕ

!K0�J)� 

 

8KJD6N»ǹ"0�J�Ȣȵ£1Ȳ 30%6˃ˌıNĿ

Ď 3—4Ú5M*IǞʡ$J 2�1�J�ȢȵYe7 

  1200 l s 6\�SW��� 2 Ā1Őƣś�0�Iˡ˃ˌı

NʞIÙ$ˆ7ˡYeNǈC0ȉȠś�" (25 ȗʽ1

  10−8 mbar@1ś�) ˡˎˌr�n�ĂĦNüI˂�ˡĘ

Ăȥ6`S�5ŝȓĤ (1 T) N��J� �"0ʞHK*

˃ˌı7ˡ�S�i�wSs£6˃ˌıƄǳʰ5ÕƄǳ!

KJ�(6Ť˃ˌı7c�\�r��Ɣŀ5G-0ɒȁȂ

5×ô!KJ� 

� ("0 úl˃ıƄǳʰ5Ƅǳ!K*ú˃ı�úǐȵr�n

�ʰ5șê!KˡĘ 7 5Ȕ"*G�4ˎˌ�p�c��£

5r�n�!KJ� 62�ú˃ı6Ǡŗ7  200− 400K1

�J�ˡ(6Ťú˃ı7ɝȁ×ô (evaporative cooling) 5

G-0 40 K @1×ô!KJ (ɹȸ7 [23])� �"0ú˃

ıNr�n�"*ˈ5ˡ˃ˌıƄǳʰ�H˃ˌıNșê"

0r�n�"*ŤˡȓĤr�n�ǹ6`S� (Ðʳƽ��

��) 5ˌǗNǗ"ˡȓĤr�n�Nşŷ$J���f�

Ƒº£ˡr�n�ȓĤ7ʯ˝1�IˡĞ�4ȓĤ�ɪǑ!

KJ*C ǝlą6Ȇá5ȓĤr�n�Nşŷ$J61�J� 

� (K�Hˡú˃ı6ʧêVv�[�Nˡƚ*5ʼȁ"*

autoresonance�2��ƛǔNǹ�0ɈE�5�ơ!&J 

(ɹȸ7 [24])� K5GIˡūɪƧŃ6ʧêVv�[�1

ú˃ıN˃ˌı2úŬ!&J 2�1�J�úǐȵ6Ǹŷ

úŬ7ˡ 

    p +e+ +e+ → H +e+
  (2) 

6G�4�¸úŬ1�J2ɏ�HKJ [25]61ˡ��f�

NŃ!�"ĽŗN��J 2Dʳɪ461�J���f�

6Ī�!NßŨ$Jƛǔ5.�07 [26]NøǪ!K*�� 

 

3.4� ALPHA-1����0�KN 
� ALPHA-15��0ŧHK*¥4ŷƴ5.�0ȹ®$J� 
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3.4.1� /X9�<P_$)#' (2010H) 

 
 

   
Ę 8� ALPHA-1 5��JúǐȵǚǤúŬÄɧS��rqRe��

S (a) 2ˡĵĸɆS��rqRe��S (b) [22]�ʓƛĈ�Hɫ

*D61 £lĬ6Ô7r�n�ĦN ȆlɆ7Ąc�`�ƻÙĔNˡ

snr (X��:ʋ) 7{nr¶ɍNˡĺɆ (X��:ʋ) 7Õƿŷ

!K*ȯı˗ʏNˡɚş (X��:ˍ) 7Õƿŷ!K*y�pn\

eNȔ$�ú˃ıǚǤúŬ17 (la) 6G�5ĩƗ6˗ʏ�ɫHKˡ

y�pn\e7r�n�Ħ¯ʚ54J� ĵlĸɆS��r17 (b) 

6G�5˗ʏ6Ɨ�ń4�ˡy�pn\e�r�n�Ħ2Ǩʾ¿

54J� 
    
� ALPHA-16ƧÛ6ȅȂ7úǐȵ6r�n�1�-*M�

+�ˡ K7 2010œ5ʪŷ!K* [22]� 6ˆˡú˃ı2

˃ˌı6ǝą7 1ȗʽɡMKˡǇ�1ɳ 4Ėˡ 500V m6

z�eˌĤ5G-0əˌȯıN˂÷"*� K57 172ms

��-*�(6Ťˡr�n�ȓĤǹ6`S�N\V�m!

&J 21ˡȓĤr�n�N˂÷"ˡr�n�!K*úǐ

ȵ��-*�3��Nʀ>*� 6\V�m6ƣʽe^�

�7  ∼ 10ms1�J�D"r�n�!K*úǐȵ��-*Ĥ

ą57ˡúǐȵ7\V�mȆŤ5r�n��HɰƔ!Kˌ

ƽ5ɣȡ$J61 úlǐȵ£6ú˃ı6ǚǤúŬ (Ę 8) �

ƻÙ!KJ7%1�J��  

� 2006œ5ĺ˚Nʼį"*ALPHA-1ĺ˚1�J� AlTRAP

26ǥ"�Ȧ¨6Ƭ ƴl*"0 2010œ5úǐȵǚǤúŬ7

ƻÙ!K*61�-*�Ę 9 5ˡ\V�mŤ5ƻÙ!K*

ǚǤúŬ (Äɧ) N ƣlʽ�G:ʓƛĈ¶ɍ ( z ) 5ľ"0

��nr"*D6NȔ$�ǚǤS��rʮżƯ³6ǒĹ7

��S�sɰƳ5Ģ/��əˌȯıN˂÷$J*Cˡ 172ms

ʽ6z�eˌĤNƝ5Ƈ�0�J61ˡƭưñ¸6ú˃ı

7ǋ-0�4�7%1�J�ˡ�.92.6S��rqR

e��S6A17ˡúǐȵ6ǚǤ46�ú˃ı6ǚǤ46

�îÝ1�4� (4�ˡ˃ˌı6ľǚǤ7 ALPHA 17ƻ

Ù1�4�)�( 1ˡD"���`S�5GJ���éƴ

1ú˃ı�r�n�!K0"@� ǋlǾ"0�*2"0Dˡ

úǐȵ2îÝ1�JG�ˡ\V�mȆá�HˎˌySQe

Nr�n�5óå"*�ySQe6Ī�!7 500V m1�

Iˡú˃ı�Ō ( z ʆƛĈˡú˃ı|��È) 5ê�G�

5��*Ĥą (�ŌySQe�)ˡú˃ı�Ă ( z ǉƛĈˡ

˃ˌıɞȞɦɍÈ) 5ê�G�5��*Ĥą (�ĂySQ

e�) ylSQeN��4�-*Ĥą (�ySQe4"�) 6 

   
Ę 9� ALPHA-11ƻÙ!K*úǐȵǚǤÄɧS��r [22]�ǃʓ

7Õƿŷ!K*y�pn\e6r�n�ʓƛĈ¶ɍNˡr�n�

£Ū5ľ$Jȇľ¶ɍ1Ȕ"*D6�Ɋʓ7r�n�ȓĤ`S�

N\V�m"0�H6ƣʽ�Ī�4��X�5.�0ˡ¤ (Ʉ) 7

�ySQe4"�l�Ĉ��ɯ (ˍ) 7�ŌySQe�l�Ĉ��ɯ (ʋ) 

7�ĂySQe�l ek� (ȷ) 7ŲĘȂ5˃ˌıN˜Ǡ5"*ˆ

6S��rNȔ$ (��ĘÑʠ)�@*ˡŃ!4snr1Ȕ!K*

67 MC c����c��1�Iˡ�Ę7r�n�!K*úǐȵ

5.�0ƫţ!KJÚŏNˡ�Ę (Ō�HˍˡɄˡʋ�ɗ7q�k

2Ñʠ1 ylSQeƯ³NȔ$) 7 �l��`S�5ʻ#ʘCHK

*ú˃ı�ǚǤ"*ˆ5ƫţ!KJÚŏNȔ$�ySQeƯ³5

.�07ƭƘøǪ� 

  
�.6ySQeƯ³1ǡĹ"*�@*ˡŲĘȂ5˜Ǡ6˃

ˌı2ǝą"ˡúǐȵ�1�4�G�5"*ĤąDǡĹ"

*�úǐȵ6ĤąˡySQeƯ³5Ǩʾ¿5S��r�ɫ

HKJ7%1�Iˡú˃ı6Ĥą7ˡySQeƯ³5G-

0S��rÚŏ�ÆJ7%1�J (Ę 9 6c����c�

�)�@*ˡ˜Ǡ6˃ˌı17úǐȵ�1�4�*Cˡz�

eˌĤ1ú˃ı�˂÷1�0�J2$J2ˡS��r7ɮ

ǡ!K4�7%1�J� 

� Ę 9 5Ȕ"0�JG�5ˡq�k7úǐȵ2`�cep

�r1�-*� K5GIˡń4�2D 172msʽˡ ǽ1

ÛC0úǐȵNr�n�"* 2�Ȓɻ!K*61�J�

4�ˡ 62�6ɳ 335 ɸɡ (ú˃ı2˃ˌıNǝ'0r

�n�ȓĤNºIˡ\V�m$J@1) 16S��r��

r7ˡ1ɸɡ�*I 0.11S��r (ɳ 38S��r) 1�-

*�@*ˡ˜Ǡ˃ˌı (ɳ 246 ɸɡ) 1 1 S��rɮǡ!

K0�J�ˡ K7ĵĸɆNɽ-0ú˃ıǚǤS��r2

ʄÝ"0"@�ƫţÅ (  0.46 ± 0.01S��r) 2ǨȋȈ1

�-*� 

� ĺ62 LˡƝ5 2009œ6q�k1ˡ212Ė6ɸɡ5�

�0 6 ©ʅ6úǐȵÄɧS��r�ˡĵĸɆyn\]�T

�s5ľ"0  5.6σ6ƩŲŮ1ɮǡ!K0�*�"�"ˡá

ʜ6���Ƅǳ!K*ú˃ı5GJyn\]�T�sN (c

����c��5GJ2?2O3ƩIŧ4�2ɫHK*�ˠ 

ĺ˚Ȃ5ķÏ5Ɔ˂$J 2�1�4�-*�ˎˌySQ 
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Ę 10� ALPHA-15��Júǐȵ6ʻ#ʘC [30]�(a) 1ɸɡ�*

Ir�n�!K*úǐȵƗNˡʻ#ʘCƣʽ6ʾƗ2"0Ȕ"*

D6�ɽōƺ7ɀɳ6A1�I ƻlÙéǴ6ɽō7ĊO1�4��

@*ˡñ5S��rƗ6Œƛƶ24-0�J�(b) ƩŲǐǣNˡǉ

ɬÚŏ5��JǂǣÆō5ħƏ"0Ȕ"*D6 (ǭÈƻĹ)� K

7 (a) Ę�HȆƊǑCHK*6174�ˡ�Qi�ÚŏN²Ĺ"

*ƧŅǔ5Ģ/�0ɳȪ"0�J�@*ˡʻ#ʘC 0.4ȗ6q�k

7ˡ   �20σ461��nr"0�4�� 

 

e5GJǡĹNŭ�.�0ˡ 6ú˃ıyn\]�T�s

NķÏƆ˂$J@15 2 œʚ�6æãNɪ"*61�J�

4� Ȧlą$JATRAPĺ˚7ȯı˗ʏƻÙĔND*%yn

\]�T�s6Ɔ˂5ɘè"0�JG�1�J�ALPHA

5GJȞƽȂ4ȵȯıǮǶȂĺ˚Źǔ6ƈǹ� K@16

2 Lŷä6ʹ24-0�J2ɏ�HKJ� 

 

3.4.2� 1000[k�$)#' (2011H) 

!0  l6G�5 2010œ6r�n�17 172msʽr�n

�5ʻ#ʘCJ 25ŷä"*�ˡ K7ȰĽÚÍĺ˚N

ɡ�57�!!�Ȏ��Ƥʠ6õı17 AlLPHA-1Țŗ6

·Ǡ6r�n�Ó17 10—30Ú5M*-0r�n�1�J

 2�Ɲȍ1�-* [27—29]�ˡúǐȵ6Ĥą7ˡǋǾY

e26ǚǤ1ĭMKJ 2D�IˡɒƢ174�-*�(

 1ˡ36�H�6ƣʽʻ#ʘC�ÿɐ1�J�NǡĹ"

* [30]� 

� Ę 105ˡr�n�!K*úǐȵ6Ɨ (ƻÙ!K*S��

rƗ2ˡÕƿŷ�G:ʄÝDĊC*ƻÙéǴ  0.57 ± 0.065

G-0ɳȪ!K*Å) Nˡ̒ #ʘCƣʽ6ʾƗ2"0��n

r"*D6NȔ$�  1ʻ#ʘCƣʽ27ˡəˌȯı˂

÷6z�eˌĤ�óå!K0�Hˡr�n�ȓĤ`S�N

\V�m$J@16ƣʽ1�J� 

�  6Ƚƴ 1l000ȗ6ʻ#ʘC1  8.0σ 6ƩŲ4S��r�

ɫHK (ĵĸɆyn\]�T�s6A2��²ɾN p-value 

  10−151ƹô)ˡ2000ȗ1D  2.6σ  (p-value   4×10�3
) 1Ʃ 

 

 
 

Ę 11� ˎȓĤ£5��JĢŕǰŵúǐȵ6Vv�[�ǣ¶Ę 

(CPT ľȘŮN²Ĺ) [17]��ʳȌó7˃ˌı6e}�NˡªʳȌ

ó7ú˃ı6e}�NȔ$�@*ˡVv�[�ǣ¶ʽNȽ<Ȍó

7ˡALPHA-11ÿɐ4ʭșNȔ$� 

 

Ų4S��r�ɮǡ!K*� K7ȰĽÚÍǡĹ57ïÚ

1�Iˡ@*ʳãǡĹ2��ÿɐŮDɭʴ5ÎJÅ1� 

J� 6 Nature Physicsɺ6ɥȴN˘-*ʁƘ7ˡɠõ�

ɰƳˡġȨNŽŞ"*� 

 

3.4.3� (��,Q���<P_"&-<h (2012H) 

� áʜ6G�5 AlLPHA-1ĺ˚7úǐȵƄǳ6ĺɶNȅȂ

2"0ɵɳ!K*�ˡXtl]���7ŞÛ�Húǐȵ6

�S\�ǕÚÍNƎƸˡ¥ł"0�* [31]�1000ȗD6ʽ

úǐȵNr�n�1�J2ÜƢ"ˡ�G�G�S\�Ǖ5

GJúǐȵĢŕǰŵ5��Jh���ʭș (˃ˌı6e}

�úʒ) ĺ˚�ÿɐ24-* [17]� 

� Ę 115ˡˎ ȓĤ£5��JĢŕǰŵúǐȵ6Vv�[�

ǣ¶NȔ$�ALPHA6G�4ȓǏr�n�17�low-field 

seeking’4ǰŵ6A�r�n�!KJ�ˡ�S\�Ǖ5GI

c → b  (ČǕƗ fbc ) �G: d → a  (ČǕƗ f�� ) 6ʭ

șNɼł$J2ˡr�n�1�4��high-field seeking’5

4J*Cˡr�n��HŻ�Ù"ˡˌƽ1ǚǤ$J 2N

Þǹ"0ǡĹ$J� 6ʭș�Ȓɻ1�K8ˡĢŕǰŵ6

úǐȵNr�n�"0�Jĺ˚Ȃɶž24J�@*ˡ 6

ČǕƗ6ō�Ģŕǰŵ6ʍũȸƿʢ ( 1420.4MHz ) 5ľŬ

$J*Cˡ 6ǡĹ7ʍũȸƿʢȰĽǡĹ5.4�Jĺ˚

1D�J� 

� Ę 125 úlǐȵr�n�ȓĤ6�Ğ�ŮNɏŶ"*h�

��ʭșƥɆNȔ$��S\�ǕČǕƗ7ˡƧÛ6 15ȗʽ

1·�?�6ƅś fbcNˡ(6Ť6 15 ȗʽ1˜�?�6ƅ

ś f�� N$Jş1ˡɳ 30ȗʽ1 1gnrˡ KN 6gnr

ɌIʛ"ˡ180 ȗʽƅś"*�ƅśŤˡr�n�`S�N

\V�m"Ǹ�ǋ-*úǐȵ6ƗNǡĹ"*� 

� ALPHA-1ɦɍ7D2D2ɵɳǌ˄17�S\�ǕÚÍ5

Ƨʬí!K0�4�-*61  l6ĺ˚Nʦɡ$J57ǀ�

4ʼȁNɡ�ūɪ��-*�*2�8r�n�£ in situ1

6�S\�ǕEȓĤ6Z��\k�Sh�c��7ˡaS
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\�r��Ñ˞5GJˌı��f�6ÑĆåǫǵʅNÞǹ

$J2��Ǳɒ6ŹǔNʼȁ"* [32]� 
 

   
Ę 12� h���ʭșƥɆ [17]�ĺ˚7ˡȓĤ7r�n�£Ū6ƽ

Ń ǧ 6 ȓ Ĥ Å 1    Bmin
axis = BA = 1.0322(3)T � G :

   Bmin
axis = BB = 1.0358(3)T 6 2 ǧ ˡ Č Ǖ Ɨ 7    (fbc

A, fad
A) =

 (28.2755,29.6959)GHz�G:   (fbc
B, fad

B) =(28.3755,29.7959)GHz 6 2

ǧ1ɡ-*� 6?��S\�Ǖ6ČǕƗNÑ˞}�\�H

  −100MHz%H"* off-resonanceǡĹ,@*�S\�ǕNóå"4

�ǡĹDɡ-*�óå"*�S\�Ǖz��7 700mW 1�-*� 

 

�  6ǡĹ6ɰƳƛǔ7 2 ʠIɏ�HKJ��.ȅ7ƅś

Ť6\V�mƣ5��JúǐȵƻÙƗNʀ>Jƛǔ1�J�

 6Ĥą ʭlș�ʌ J2úǐȵ�r�n��HƔÙ!Kˡ

\V�mƣ57ƻÙ!K4�4J61�ldisappearance mode’

6ɰƳ2čO1�J�D��.7ƅś5Ćƫ"*ǚǤǵʅ

6ƗNʀ>Jƛǔ1�J� 6Ĥąˡʭș�ʌ J2ƻÙ

!KJúǐȵ6Ɨ�ĥ�J61 �lappearance mode’6ɰƳ

2čO1�J�  

� Disappearance mode ɰƳ6ȽƴNˡɥ 1 5Ȕ$�

On-resonance 17ˡoff-resonance 5Ǎ>úǐȵƻÙǴ�Ƣ

H�5Ǟń"0�J ( 6ō�ɀɳȂ;H.�1�JȒǴ

71.0×10�5 )� 6 27ˡ�S\�Ǖ5GJúǐȵ£6

˃ˌıe}�úʒʭș�ʌ -* 2Nŝ�ƒƁ$J� 

� "�"4�Hˡ ǽ1ÛC06ɮǡNɡ�65

disappearance+�17ɶž�Ŝ�1�L��(6*CˡŞ

Û�H appearance mode6ƻÙDȅǂ2"0�*�+�ˡ

ǡĹƣʽN∼ 30ms5Ⱦ-0ĵĸɆyn\]�T�s5ľ

$J S/N N˜CHKJ disappearance mode 27ʫ�ˡ

appearance7 180ȗD6ʽ ʣlɂǡĹ�ūɪ1 S/N�Ʒǌ 
  

ɥ 1� Disappearance modeɰƳȽƴ6@2C [17]      
Ư³ ɸɡƗ úǐȵƻÙƗ úǐȵƻÙǴ 

On-resonance  103 2 0.02
0.01 

Off-resonance  110 23 0.21
0.04 

�S\�Ǖ4" 100 40 0.40
0.06 

 

 
 

   
Ę13� �S\�Ǖƅś5Ćƫ"* úlǐȵǚǤÄɧ©ʅ6Úŏ [17]�

(a) 7©ʅƗNƅśʼį�H6ƣʽ6ʾƗ2"0 (lb) 7ʓƛĈ¶

ɍ6ʾƗ2"0Ȕ"0�J�(a) 1ˡĵĸɆ5GJyn\]�T�

s6ƫţÅ7ˡ1 ɸɡ�*IĄ|�  0.026 ± 0.005S��r1�J�
(b) 6�, Ǧlɗ6{er]��7 el}�úʒ"*úǐȵ�r�n

��HŻ�Ù*Ĥą6c����c��ˡȑɆ7r�n�!K*

úǐȵ�ǋǾYe2ǚǤ"*Ĥą6c����c��1�J� 

KH6c����c��7ˡ{er]��6ːȞ� on-resonance

2ȩ"�4JG�ɬƷí"0�J� 

 

5Ű��(6*CˡMKMK7Īʵ6ɀɳNʈCJǣÉN

"0�*�"�"ˡ�ʧ5D CERN6åʡĔ�Ɩˇ"ˡ 

6œ6|��kS��ʟ£1Ⱥ¦"0"@-*��4Iˡ

�-�I"*©ŵ1�-*� Ŕl�5D mlultivariate analysis

N˙»$J 25GI Sl/NNȲ10ÃƓē$J 2�1�ˡ

appearance mode 6ƻÙ5ŷä"*� 6ɰƳ6ȽƴNˡ

Ę 13 5Ȕ$��S\�ǕNóå"7#C0�H6 30 ȗʽ

5ˉ£"0  ( K7c����c��2ąɓ$J )ˡ

on-resonance 5��0 off-resonance 2Ǎ>0ƩŲ5 

(p-value 2.8×10�5 ) ĩ�S��r�ɮǡ!K úlǐȵe}

�úʒʭș�ʌ -* 2NȆƊȂ5ƒƁ$JȽƴ�ŧH

K*� 

� 4�ˡdisappearance mode1 off-resonance6úǐȵƻÙ

Ǵ�ˡ�S\�Ǖ4"5Ǎ>0ƩŲ5 (p-value   6×10�3 ) 
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Ǟ-0�J 25�4I˔Nů@"* (ɥ 1 �ɣ"�"ˡĺ

7 off-resonance2�-0D
  
c → b ʭșƥɆ6h�14�

ʺ�p��Nƀ-0�JÿɐŮ��J2ŭ�.�ˡĺˆ5

ʭșȒǴNɳȪ"0AJ2ˡƗïȗ1ʭș$J 2�§ǡ

!KJ 2�M�-*�©ĺˡappearance mode 1Dˡ

off-resonance1�S\�Ǖ4"5Ǎ>0p-value   5.6×10�2

1ĩ�6ǚǤS��r�ɫHKJ� KD 0—15ȗ14�ˡ

c → b ʭș6p��Nƀ��J 15—30ȗ6?�1ǚǤS

��r�ɫHKJ 2�HˡE7I
  
c → b ʭș6p��

1�J2ɏ�HKJ� 

�  6ɰƳ17Şǩˡɏ�ŧJ�HFJyn\]�T�s

Nƻɴ"*�ǯ5e}�úʒ±Ĩ5ˡ�S\�Ǖ5G-0

úǐȵ6ƻÙƗ�ĥǞ"�JD62"0ˡ*2�8r�n

�ˌƽ�åǫ!KˡƔÙYe�ȁǸ"0(6Ye2úǐȵ

�ǚǤ$JʨȚNŪʱ"*�ĺˆˡ~�z�� ( 700mW ) 

16 180ȗʽ6�S\�Ǖóå17ˡˌƽǠŗ� 8 K�H

11 K5�ơ"0�J�"�" K7 ĢlƭȂ57on-resonanceˡ

off-resonance1ħí"4�7%1�I @l*Ę 13(b)5Ȕ"

*G�5ˡʓƛĈ6Úŏ7ˡǋǾYe26ǚǤGIDˡr

�n��HŻ�Ù"*úǐȵ6ǚǤ1�J 2NƒƁ"0

�J�!H5ˡ�S\�Ǖ6z��Nħ�0ĺ˚Nɡ-*

2 Lˡ700mW6 1/166z��1D~�z��2ȋȈ"

4�Ƚƴ�ŧHK*� KH5G-0  lƔÙYe5G-0

úǐȵƻÙƗ�ɜ"�ħí"0�JÿɐŮ7ĉĹ1�J� 

� ƭǡĹȽƴ�HˡúǐȵĢŕǰŵ6ʍũȸƿʢ6Å2"

0ˡ 

    ΔνHFS = 1420 ± 85MHz(6%)   (3) 

�ŧHKJ [33]�CPTľȘŮ6ƻɶ2"07�ïÚ4Ȱŗ

1�J�ˡ ǽ1ÛC0úǐȵ6Vv�[�ǣ¶�ǡĹ!

K*2�� 27ˡĪħŲɎǜ��Natureɺ6VqRk�

�H7�ǊāȂ�26ɷ¾Nŧ*�ĺ˚Ȃ4ʳɪŮ2"0

7ˡŒĞ"0 1 ɸɡ�*I 1 ÂȚŗ2��ƽC0ńƗ6ú

ǐȵNǹ�01DˡÚÍǡĹ�ÿɐ1�J 2Nĺɶ"*

 21�L��Xtl]���2"07ˡǊāȂŲɎGI

D¹D ĺl˚�ƧȺȂ5�@��-* 25 2l5��?-

2"*� 

3.4.4� <P_�nd�D
�BpY:l (2014H) 

� ALPHA-1ƧŤ6Ƚƴ2"0 úlǐȵ6ˌə5ľ$Jĺ˚

ȂßˀNÛC0��* [34]�CPTľȘŮ�Àĳ"0�K8ˡ

úǐȵDǐȵ2Ćǀ5ƽC0£Ů1�J7%1�J (ǐȵ

õı5ʾ"0ȆƊƻɶ"*ĺ˚7ɫ�*H4��ˡ��T

� ǐlȵÚı SlF6435��0   10−21e  ( e 7ˌǏȵʵ) ±

�6ˌə"�Ɓ*4� 2�Ú�-0�J [35])� 6ǡĹ

7 ATHENAƣ°�HǠC0�*QSqQN 10œʎ"1ĺ

ǵ"*D61�J� 

 
 

 
 

Ę 14� úǐȵˌə5ľ$JßˀN��Jĺ˚6ƾɪĘ [34]�ǃʓ

7$>06Ę5Ñʠ�(a) ALPHA-1ĺ˚ɦɍ5��Júǐȵr�n

�ˌƽ�G:r�n�ȓĤ`S��(b) ʓ�6ˎȓĤÚŏ�(c) �Ă

ySQe�(ȑɆˡX��:ʋ) �lŌySQe�(ĺɆˡX��:ˍ) Ư

³5��Jʓ�6ˎˌĤÚŏ�(d) ĄySQeƯ³5��JǚǤ©

ʅÚŏ�Ɇț7(c)5ľŬ�ɽōƺ7ɀɳɽōNȔ"0�J� 
 

� Ę 14 5ˡĺ˚6ƾɪNȔ$�Ę 14(c)5Ȕ"*G�4y

SQe7ˡƝ5ȧ 3.4.1Ȭ1ʜ>*G�5ˡú˃ıNȒĺ5

r�n�˓Ġ�Hʝ�Ù$*C5»ǹ"0�J�"�"ˡ

 6ySQe5G-0úǐȵ�r�n�˓Ġ�HÙ4� 

2NÞǹ"0ˡúǐȵ6ˌə5ßˀN.�J 2�ÿɐ4

61�J� 

� Ę 14(d)57ˡɳˢ1300Ė6ɸɡ1ŧHK* 3l86Â6r

�n�!K*úǐȵÄɧ©ʅ6Úŏ�Ȕ"0�J� K�

Hĺˆ5ˌə=6ßˀN.�J57ˡc����c��N

ǹ�Jūɪ��J�  17(6ɹȸ7âų!&0�*+

�ˡȽƴ+�ʜ>J2ˡúǐȵ6ˌə Qe 5ľ"ˡ68% CL

1 

    Q = (�1.3 ±1.1(stat.)± 0.4(syst.))×10�8
  (4) 

2��ßˀNŧJ 2�1�*  [34]�ú˃ı6ˌə7

ASACUSAĺ˚5GIɖ�ȍHK0�J [2]61  l6Ƚƴ

7˃ˌı6ˌə5ľ$Jƚ"�ßˀ2ɰʲ$J 2�1�

J� 

4� ALPHA-2  
q+. .85�=���#'�+.%q 
4.1� ALPHA-2�634 
� ALPHA-1ĺ˚5��0 úlǐȵNĹŐȂ5r�n�$J

 25ŷä"ˡ�G�G��b�E�S\�ǕNǹ�*Ȱ

ĽÚÍNȅƂ"*ALPHA-2��dU\r�ek�r"*�

ALPHA-26ú˃ıƄǳ�úǐȵr�n�ɦɍĘNĘ155ˡ

ÖȉNĘ 165Ȕ$�ALPHA-17ÚÍ5ʬ"*ɵɳ54- 
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Ę 16� ALPHA-2 ĺ˚ɦɍÖȉ (ú˃ı|��È�H)�Ō5ðÚ

?3ɫ�0�JÔƵǰ6ȓȏ (X��17Ʉ) �ˡCatching Trap

6ʍµłi�wSs�£ĬĂĮ5ɫ�0�J67 Atom Trap6ʍ

µłi�wSs�Ă5�J67 1000 L Ǜ¸��T�q����

Catching Trap6Źá5�J67��emn\c�m��k Altom 

Trap6�5�J67 SiƻÙĔɿAÙ"6*C6 DAQ�n\1�

J� 
 
0�4�-**C AlLPHA-217 Ïl¸Ȃ5Īő4ɦɍ6

àƚNɡ-*�±�1ĄʰÚ5.�0Ȯñ5ɾƢ$J� 

 


��� ��$����� �"�! 
� ALPHA-117�.6ʍµłi�wSs6£5 úl˃ıƄ

ǳʰ�˃ˌıƄǳʰ�úǐȵr�n�ʰ��Ʌ54-0�

*� AlLPHA-217 úl˃ıƄǳʰNǱȤ!&* (Catching 

Trap�Ę 156ŌðÚˡĘ 166ʍµłi�wSs2(6Č

ʗ)� K5GIˡAD 5Ćƫ"*ú˃ı6Ƅǳ2ˡ˃ˌı

Eúǐȵ6aS\�NǱȤ"0ɡ� 2�1�J�(6*

Cˡ*2�8 AD �H6ú˃ıNǇ�5Ǟʡ�Ƅǳ"ˡ

Catching TrapÓ5ɞȞ".. ūlɪ5Ŭ#0úǐȵr�n

�ʰ5ʞJ2�-*Ƒº�ÿɐ54J� 

�  

Catching Trap7ˡ2012œ 6ƨ5ÛC0ú˃ıNƄǳ"*

Ť Ïl`�nc�u�]NȺ�*�2014œ6 Run17úǐ

ȵr�n�5ú˃ıNʞJ��m�ºƼN"-�I 4"

*� 


�	� mn@bS 
� ALPHA-217GIĩ�6˃ˌıN»ǹ1�JG�ˡ˃ ˌ

ıǢNàƚ"*�Ę 175ˡ˃ˌıǢ2˃ˌıɞȞɦɍ6Ö

ȉNȔ$�ÐɯƵş6ļĔ6£5ˡ˃ˌıɆǢ ( 
22Na ,

 1.73GBq@06 / 2012 ) �G:ʷc��s�Î-0�J� 

KNvW� (ę¸) q]��l5G-0Ǟʡ"ˡ˃ˌıɞ

Ȟɦɍ5ʞ-0�J�ǵĜ ALPHA-2 6˃ˌıʼȁ7ˡS

[�em��22D5 ȏlǺ�£ŪȂšâNƴ*"0�J� 
 

   
Ę 17� ALPHA-2 ĺ˚ɦɍÖȉ (˃ˌıɆǢÈ�H)�ĂðÚ�˃

ˌıɆǢ1ˡŌ�˃ˌıɞȞɦɍ�(6�5ʖ-0�J67Īŝ

ŗ�S\�Ǖɦɍ� 

�����"� � �����"� � "����"��

�� ����������!�
��!�����������""��(���)� ����
���� ����&����!' �������

"!���#��""����������(
��)

��&����!' �������

���"�������"��#��"��
	����! 
����!���� �("��������)
��������#��!�$���!��!��
��% ����� "����!

��%

��!��#��#� 

��!��#��#� 

��%�� ��� ��
��!������!�����!���

	�$���
!�����!���

����"�'����������� &
��������!���������$��" !

����"�'����������� &
��������!���������$��" !

��!������!��� 	�$����!���

Ę 15  ALPHA-2ĺ˚ɦɍÏ¸Ę�ŌðÚ�ú˃ıNƄǳ�ɞȞ$J*C6 Catching Trap1 ĂlðÚ� úl˃ı2˃ˌıNǝą"ˡ

úǐȵNǸŷ�r�n�$J*C6Mixing Trap (Atom Trap) 1�J�Ę6ĂĨ5ˡ˃ˌıɞȞɦɍˡ˃ˌıɆǢ��J�  
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Ę 18� ALPHA-2 Atom TrapÖȉ�Ō�ú˃ı|��ÈˡĂ�˃

ˌıɆǢÈ1�J� 
 

4.4� Atom Trap 
� �S�6r�n�1�Jˡúǐȵr�n�5.�0Dˡ

ʍµłi�wSs22D5àƚ"*�Ę 185ˡr�n�6

ÖȉNȔ$�Catching Trap 5G-0Ƅǳ"*ú˃ıNý

�üJʰÚ2ˡ˃ˌıɞȞɦɍ�H6˃ˌıNý�üJʰ

Úˡ(KHNǝ'JʰÚ6�.5Ú�K0�J� 

� ǯ5ʳɪ46�ˡĘ 195Ȕ"*G�5ˡ��b�NÎŀ

$J*C6ʩNʠ"0�J 21�J�r�n�"*úǐ

ȵ2��b��éǴG�úŬ1�JG�ˡǘ�ɯŗ1Îŀ

"0�J�r�n�Ó57ˡ��b�Z�|pRNƿŷ$

J���ˡ���NʀȬ$J}VjȵıDɵɍ"0�J�

@*ˡ�S\�ǕNéǴG�µʞ$J*C6łǕȫDˡr

�n�ÎIþ@1ɵɍ"0�J� 

�  6r�n�7ʍ˜ȉȠ£5�Iˡ�. 4.2 K 6Ǜ¸�

�T�1×ô!K0�J�ȉȠ~��dʰ57��b�ȣ

E�S\�Ǖȣ�üI¯�HK0�J�@*ˡĨʰ�H6

ǫǗÎNź�JŋīD˅Ÿ5Ɯ!K0�J� 

 

4.5� !*�-ogO7> 
� ALPHA-2 17ˡALPHA-1 2Ćǀˡ3 ň�H4Jc�`

�er�n�˗ʏƻÙĔNǹ�0�J��S�i�wSs 
 

   
Ę 19� ALPHA-2 Atom Trap��b�zeÖȉ�ʍµłȓȏ�Q

Ó6ȉȠɦɍÓ5ɵɍ"ˡ˃ ˌıɆǢÈ�Hɫ*D6�ĕ.6��

b�ze�ʠ"0�J� 
 
 
 

   
Ę 20� ALPHA-21»ǹ$J 243nm��b� 

 

6�QŢ�Ī��4-**Cˡ12�d���Nʝå"ˡÏ

72�d���24-*� K@162 LˡÏ�d���

�ǉŐ5ºê"0�J� 

 

4.6� +. . 
� ƭĺ˚1ǹ�J¥4��b�7ˡToptica ȕɨ6 243nm

��b� (1S-2S 6ªÍıʭșǹ) 1�J (Ę 20)�Ye�

Ǜ¸7ǹ�%ˡę¸6A1ºŷ!K0�IˡĕǇ˜ʀǕN

»ǹ$J�Ùã7  ∼ 50mW±�1�J�Atom Trap6Z�

|pR7·Ǡ£1D~Rve  ∼ 600Nʪŷ"0�J� 

 

5� 2014H�aN1I�FM 
5.1� <P_�$)#' 
� 2014œ6 AD6|��kS�7 9lƨ£Ơ�H 12ƨ�Ơ

@1 1ĺ˚�*I 8ʤʽ (1ƞ�*I 8ƣʽ) +α2ˡ¼œG

IĪő5Ȏ�-*�àƚ"* ALPHA-26ɦɍ1 AlLPHA-1

2Ćǀ5ĹŐȂ5úǐȵNr�n�1�J 2NȒɻ$J

6�ˡ2014œ6�.ȅ6Ī�4ȅǂ1�-*�ɩˊ4ce

p�1�Iˡ`�nc�u�]5ƣʽ���J 2�§ű

!K0�*�ˡM%� 6ʤʽ6|��kS�1ˡ  

ƧÛ6úǐȵr�n�Äɧ©ʅNŧJ 25ŷä"*� 

K7 ALPHA-11`�nc�u�]�Hr�n�ŷä@1 

5œ��-* 22Ǎ>J2MKMKɒʑ�˛�?3Ȏ�� 
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Ę21� 2014œ6Run1ŧHK* ÒlğȂ4S��rqRe��S�

ĕ.6Ę7ˡSiƻÙĔNǀ�4ɯŗ�Hɫ*D6� 

 

� Ę 215 ÒlğȂ4úǐȵr�n�ÄɧS��rqRe�

�SNȔ$�Ō�6Ę�ʓƛĈ�Hɫ*D61�Iˡ£Ū

6Ń!4Ô�r�n�Ħ1�J�y�pn\eNɫJ2Ħ

¯ʚ1ǚǤ"*S��r1�J2Üƙ1�J�@*ˡ5 ƭ

6r�n\��IˡĵĸɆyn\]�T�s1�JȒǴ7

ƽC0Ń!��2014œ6ǌ˄17 ALPHA-12Ćǀ rl�n

�ȓĤNşŷ"0�JʍµłȓȏN\V�m!&0r�n

�NȊƣ5 (   τ ≈ 10ms ) ǚ"÷Iˡ(K5Ćƫ"0r�n

�Ħ2ǚǤ$JS��rNˡr�n�!K*úǐȵ2Üƙ

"0�J� 6Ćƫƣʽő7 30ms1�J� 

�   �H6ƗĲ7 Preliminary1�J� ĵlĸɆNɽ-0

úǐȵ2ɻʄ"0"@���r7  0.06Hz IlD@1ĊC*

ú˃ı6ƻÙéǴ7 60%1�J�2014œ6 Run1  l ∼ 140

S��r�ƻÙ!KˡŦ-0  ∼ 230Â6úǐȵ�r�n�

!K*�1Ė6c~r16ŒĞ1ˡ1ɸɡ�*IƧĪ 2.4Â

6úǐȵ6r�n�5ŷä"*� K7 ALPHA-1 6 1 ɸ

ɡ�*I 0.7Â5Ǎ>0 3Ã±�DG�Ƚƴ1�J�4�ˡ

1ƣʽ5 4Ė@16ɸɡ�ÿɐ1�J� 

 

5.2� +. .TE 
� 2014œ6 Run£5 �l�b�ȼʐ2ßŨcep�NķÏ

5 ALPHA-2 5ȻAʘAˡ·Ǡ1Z�|pRʺNßŨ"ˡ

 243nm6Ñƃ5�n\$J 25ŷä"*�("0.�5ˡ

1gnr (On-resonance16ǡĹ2yn\]�T�sǡĹ) 

6õǶĺɶ (proof-of-principle) ĺ˚Nɡ� 25ŷä"*�

 6ʽˡ 500ȗ5M*-0Z�|pR7Ñƃ5�n\!K

0�*�Run ŤˡČǕƗ`�2øǪĨʰZ�|pR6łÎ

�ʥO1�J�3 ƨ� 4 ƨ57ˡƓē"*Z�|pRN·

Ǡ1ºê!&J 2NɳǼ"0�J� 

 

5.3� <P_�nd (Stochastic Heating)  
� ALPHA-1ƧŤ6Ƚƴ2"0 2014œ5ȁɥ"*ˡúǐȵ

6ˌə5ľ$Jßˀ [34]NˡALPHA-2 1Ʀƚ$>�ˡ

Stochastic Heating [36]2��ŹǔNǹ�*ĺ˚Nɡ-*�

ȁű2"07ˡ��l�4z�eˌĤNúǐȵ5óå"*

ˆˡD"úǐȵ�ˌəNƁ-0�K8ˡ(6ˌĤ5G-0

r�n��HŻ�Ù$ 2NÞǹ"0ˡˌə5ßˀN��

G�2��D61�J�ñȳ4ˡr�n��HÙJ�Ù4

��2��ǡĹ1�J� 6 2014 œ6 Run 6Ƚƴ5G-

0ˡßˀNƦƚ$J 2�ƫţ!K0�J� 

 

5.4� 1I�FM  
� 2015œ6|��kS�7 7lƨ�Ơ�H 11ƨ£Ơ@16

�,ˡ12 ʤʽ+α6§Ĺ1�J�ALPHA-2 6 2015 œ£6

Ňƪ2"0 @l% 1lS-2S��b�ʭșN ǽ1ÛC0ɮǡ

$J 2�ˡƧÛ6ȅǂ2"0ƌ�HKJ�@*Ćƣ5ˡ 

1 ɸɡ�*I6úǐȵ6r�n���rN!H5Ĉ�!&

J 2DˡɁɂ"0ȅƂ$�¢ɡ"0ˡXtl]���7

Lyman-α��b� (121.5 nm) 5GJ 1S-2P ʭș6ɮǡ�

G:ˡúǐȵ6��b�×ôNʪŷ$J*C6ǣÉN¥ł

"0�J [37]���b�×ô7˜ȰŗÚÍˡ�G:ʳãǡ

Ĺ57�ÿǆ1�J� 

� !H5ˡȏǺ�G:Xtl]���N£Ū2"0�S\

�ǕNǹ�0úǐȵ£6˃ˌıNe}�úʒ!& (e}�

úʒ$J2úǐȵ7r�n��HÙJ)ˡr�n�ȓĤ6\

V�m5°MJúǐȵƻÙŹǔ2"0ȒȤ!&J 2Dɳ

Ǽ"0�J�ǵĜˡr�n�ȓȏ\V�mŤ5r�n�Ǡ

ŗ��ơ$J*Cˡ×ôNţ.ƣʽ5G-0ĺ˚1�J˕

ŗ�ßˀ!K0�J� 6�S\�Ǖ5GJƻÙŹǔNł

Î$J 21 GlIĩ�6úǐȵ� (ĺƣʽŞ*I) r�n

�ÿɐ54J 2�ƫţ!K0�J� 

� ?�5DˡȏǺH5GJʍũȸƿʢȰĽǡĹ5Ĉ�*˜

Ùã�S\�Ǖcep�NłÎ£1�J� 6ǡĹ7�q

�5GJ� 1lS-2SÚÍGID �l��e^��ǮǶ5ľ$

JŴŗ�G�2��ÿɐŮDȔĐ!K0�J [4]� 

�  KH� 2015œ£5˒ʀ5ʥC8ˡ�G�G CPTľȘ

Ů6ȰĽƻɶ�ÿɐ54Iˡ@*ŁưȂ57úǮʊ6ʳã

ĺ˚Dɭʴ5Î-0�J�ƧÛ6úǐȵǸŷ�H 20œˡr

�n�ʪŷ�H 5 œˡúǐȵ6ǮǶ7ǵĜD-2DĪ�4

ȬȅNʙ�0�J� 

 

 
 

268



 512

6� ���� 
 
� ƭȝ17ˡǵĜ@$@$ǖȅNˉC0�JúǐȵȐȟ5

.�0ɰɾ"*�ǯ5ˡCERN6 ALPHAĺ˚7ˡõıǮ

Ƕ���f�ȂŹǔ5ȵȯıǮǶĴȂƻÙĔEɰƳƛǔN

ȻAąM&J 25GIˡúǐȵ5ʾ$J ǽÛ6ŷƴN

ʣȁ"0�*�ÚÍǹ5ɦɍNàƚ"* ALPHA-2 5��

0ˡ�G�G��b�E�S\�ǕNǹ�*ȰĽÚÍ�į

@L�2"0�J�úǐȵN»-* CPTľȘŮ6ȰĽƻɶ

5Ĉ�0ˡ 6Úʴ�ǫ�ȄI��-0�J 22(6Ƕ

ǻNˡń"1D�µ�1�*2$K8Ŕ�1�J� 

 

fi 
 

ALPHA ĺ˚6ĆË5Ŵʃ�*"@$�ƭȝġȨ6ǅ´

N��0�!-*ˡ˜Vv�[�u��eɇˉİď6ȃǀ

5Ŵʃ�*"@$�ȏǺ7Œŷ 25œŗƞƭĴɢƃɔ´ǙĨ

ǯÝȐȟď1$�ɠõ6Ȑȟ7XtlƕŖ NSERC �G:

TRIUMFȐȟŸ5G-0a��r!K0�@$� 
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