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�  ¡Ê¤ÊÐ¥³ Í¨±²¨Î¥¸±μ³  ¤·μ´´μ³ ±μ²² °¤¥·¥ Future Circular Collider (FCC-hh)
¢ –…�� ¶μ³¨³μ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¸Éμ²±´μ¢¥´¨° ¶·¥¤¶μ² £ ¥É¸Ö ¨§ÊÎ ÉÓ ¸Éμ²±´μ-
¢¥´¨Ö Ö¤¥· ¸¢¨´Í  208Pb ¸ Ô´¥·£¨¥°

√
sNN = 39,4 ’Ô‚, ±μÉμ· Ö ¢ 7Ä8 · § ¶·¥¢Ò-

Ï ¥É ¤μ¸É¨£´ÊÉÊÕ ´  LHC. �²¥±É·μ³ £´¨É´ Ö ¤¨¸¸μÍ¨ Í¨Ö (�Œ„) Ö¤¥· 208Pb ´ ·Ö¤Ê
¸ § Ì¢ Éμ³ ¨³¨ Ô²¥±É·μ´μ¢ μÉ ³´μ¦¥¸É¢¥´´μ£μ ·μ¦¤¥´¨Ö ¶ · e+e− ¢ Ê²ÓÉ· ¶¥·¨Ë¥-
·¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ´  LHC ¶·¨¢μ¤¨É ± §´ Î¨É¥²Ó´Ò³ ¶μÉ¥·Ö³ ¸¢¥É¨³μ¸É¨,
  ¢Éμ·¨Î´Ò¥ ¨μ´Ò μ± §Ò¢ ÕÉ ²μ± ²Ó´μ¥ É¥¶²μ¢μ¥ ¢μ§¤¥°¸É¢¨¥ ´  ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨¥
³ £´¨ÉÒ. ‚ ¸Éμ²±´μ¢¥´¨ÖÌ ²¥£±¨Ì ¨ ¸·¥¤´¨Ì Ö¤¥· ³μ¦´μ μ¦¨¤ ÉÓ μ¸² ¡²¥´¨Ö ÔÉ¨Ì
ÔËË¥±Éμ¢. „²Ö μÍ¥´±¨ Ê¸²μ¢¨° ËÊ´±Í¨μ´¨·μ¢ ´¨Ö ±μ²² °¤¥·μ¢ ¢ ¤ ´´μ° · ¡μÉ¥ ¢Ò-
Î¨¸²¥´Ò ¸¥Î¥´¨Ö �Œ„ ¤²Ö ¸Éμ²±´μ¢¥´¨° Ö¤¥· 40Ar, 40Ca, 63Cu, 78Kr, 84Kr, 115In,
129Xe, 208Pb ¨ 238U ´  LHC ¨ ¶² ´¨·Ê¥³μ³ FCC-hh. �¥§Ê²ÓÉ ÉÒ ¸μ¶μ¸É ¢²¥´Ò ¸
·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨ RELDIS, μÍ¥´¥´Ò ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ÒÎ¨¸²¥´¨° ¸¥Î¥´¨° �Œ„,
¸¢Ö§ ´´Ò¥ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ · §²¨Î´ÒÌ  ¶¶·μ±¸¨³ Í¨° ¶μ²´μ£μ ¸¥Î¥´¨Ö ¶μ£²μÐ¥´¨Ö
ËμÉμ´μ¢ Ö¤· ³¨.

At the Future Circular Collider (FCC-hh) at CERN in addition to protonÄproton
collisions it is planned to study interactions of 208Pb nuclei with the collision energy√

sNN = 39.4 TeV, which is 7Ä8 times higher than that achieved at the LHC. The elec-
tromagnetic dissociation (EMD) of 208Pb nuclei, along with the electron capture resulting
from the multiple production of e+e− pairs in ultraperipheral collisions at the LHC, leads
to a signiˇcant luminosity decay, and secondary ions impose a well localized thermal load
on superconducting magnets. As expected, such effects are reduced in collisions of light
and medium nuclei. In this work the EMD cross sections for collisions of 40Ar, 40Ca,
63Cu, 78Kr, 84Kr, 115In, 129Xe, 208Pb and 238U at the LHC and the planned FCC-hh were
calculated in order to assess the operation conditions of the colliders. The results were
compared with the results of the RELDIS model, and the uncertainties of calculations of
the EMD cross sections associated with the use of various approximations of the total
nuclear photoabsorption cross sections were estimated.
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�¥±μ·¤´Ò¥ §´ Î¥´¨Ö É¥³¶¥· ÉÊ·Ò ¨ ¶²μÉ´μ¸É¨ ¢¥Ð¥¸É¢  ¤μ¸É¨£ ÕÉ¸Ö ¢
¸Éμ²±´μ¢¥´¨ÖÌ ¢¸É·¥Î´ÒÌ ¶ÊÎ±μ¢ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· 208Pb ´  	μ²Ó-
Ïμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥ (Large Hadron Collider Å LHC) ¢ –…�� [1]. ‚ ´ -
²¥É ÕÐ¨Ì ¤·Ê£ ´  ¤·Ê£  Ö¤· Ì ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¸μ¢μ±Ê¶´μ¸É¨ ¸μ¸É -
¢²ÖÕÐ¨Ì ¨Ì ´Ê±²μ´μ¢ ÔËË¥±É¨¢´μ · §μ£·¥¢ ¥É Ö¤¥·´ÊÕ ³ É¥·¨Õ ¨ ¶·¨¢μ-
¤¨É ¥¥ ± ¶¥·¥Ìμ¤Ê ¢ ±¢ ·±-£²Õμ´´ÊÕ ¶² §³Ê (Šƒ�). ˆ§ÊÎ¥´¨¥ ¸Éμ²±´μ¢¥´¨°
208PbÄ208Pb ´  LHC ¶μ§¢μ²Ö¥É ´ °É¨ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ± μ¡· §μ¢ ´¨Õ Šƒ� ´ -
¡²Õ¤ ¥³Ò¥, ¨¸¸²¥¤μ¢ ÉÓ ¨Ì § ¢¨¸¨³μ¸ÉÓ μÉ Í¥´É· ²Ó´μ¸É¨ ¸Éμ²±´μ¢¥´¨° [2].
Œμ¦´μ μ¦¨¤ ÉÓ, ÎÉμ ¶·μ£· ³³  ¨¸¸²¥¤μ¢ ´¨° ¸Éμ²±´μ¢¥´¨° Ê²ÓÉ· ·¥²ÖÉ¨-
¢¨¸É¸±¨Ì Ö¤¥· ¡Ê¤¥É ¶·μ¤μ²¦¥´  ¨ · ¸Ï¨·¥´ , ¢ Î ¸É´μ¸É¨, ¢ ´ ¶· ¢²¥´¨¨ ¶μ-
¨¸±  ´μ¢μ° Ë¨§¨±¨ Å §  ¶·¥¤¥² ³¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨ [3]. �μ³¨³μ ¸Éμ²±-
´μ¢¥´¨° 208Pb ´  LHC ³μ£ÊÉ ¡ÒÉÓ ¨§ÊÎ¥´Ò ¸Éμ²±´μ¢¥´¨Ö ²¥£±¨Ì ¨ ¸·¥¤´¨Ì
Ö¤¥·:  ·£μ´  (40Ar), ±·¨¶Éμ´  (78Kr, 84Kr) ¨ ±¸¥´μ´  (129Xe) [3,4]. ‚μ§³μ¦´μ
É ±¦¥ ¤ ²Ó´¥°Ï¥¥ Ê¢¥²¨Î¥´¨¥ Ô´¥·£¨¨ ¸Éμ²±´μ¢¥´¨°. � ¶·¨³¥·, ¶·μ¥±É ¡Ê-
¤ÊÐ¥£μ  ¤·μ´´μ£μ ±μ²² °¤¥·  FCC-hh [5Ä7] ¶μ³¨³μ ¶·μÉμ´-¶·μÉμ´´ÒÌ ¢§ ¨-
³μ¤¥°¸É¢¨° ¶·¨

√
spp = 100 ’Ô‚ É ±¦¥ ¶·¥¤Ê¸³ É·¨¢ ¥É ¨§ÊÎ¥´¨¥ ¸Éμ²±´μ-

¢¥´¨° 208Pb ¶·¨ Ô´¥·£¨¨ ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ ´  ´Ê±²μ´´ÊÕ ¶ ·Ê
√

sNN =
39,4 ’Ô‚, ±μÉμ· Ö ¶·¨³¥·´μ ¢ ¢μ¸¥³Ó · § ¡Ê¤¥É ¶·¥¢ÒÏ ÉÓ ¤μ¸É¨£´ÊÉÊÕ ´ 
LHC Ô´¥·£¨Õ

√
sNN = 5,02 ’Ô‚.

Š·μ³¥ ¸μ¡ÒÉ¨° ¸ £¥μ³¥É·¨Î¥¸±¨³ ¶¥·¥±·ÒÉ¨¥³ Ö¤¥· ¶·μ¨¸Ìμ¤ÖÉ ¨ ¨Ì
Ê²ÓÉ· ¶¥·¨Ë¥·¨Î¥¸±¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶·¨Í¥²Ó´Ò³¨ ¶ · ³¥É· ³¨, ¶·¥¢μ¸-
Ìμ¤ÖÐ¨³¨ ¸Ê³³Ê · ¤¨Ê¸μ¢ Ö¤¥·: b > R1 + R2. �μ¤ ¤¥°¸É¢¨¥³ ²μ·¥´Í-¸¦ ÉÒÌ
±Ê²μ´μ¢¸±¨Ì ¶μ²¥° Ö¤¥·-¶ ·É´¥·μ¢ ¶μ Ê²ÓÉ· ¶¥·¨Ë¥·¨Î¥¸±μ³Ê ¸Éμ²±´μ¢¥´¨Õ
¶·μ¨¸Ìμ¤¨É ¨Ì ¢μ§¡Ê¦¤¥´¨¥,   § É¥³ · §¢ ² ´  ´Ê±²μ´Ò ¨ Ö¤¥·´Ò¥ Ë· £³¥´ÉÒ.
‚§ ¨³μ¤¥°¸É¢¨¥ ÉÖ¦¥²ÒÌ Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥· ´  LHC Ì · ±É¥·¨§Ê-
¥É¸Ö ¡μ²ÓÏ¨³ ¸¥Î¥´¨¥³ ¨Ì Ô²¥±É·μ³ £´¨É´μ° ¤¨¸¸μÍ¨ Í¨¨ (�Œ„), ±μÉμ·μ¥
´ ³´μ£μ ¶·¥¢μ¸Ìμ¤¨É ¸¥Î¥´¨¥  ¤·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚ Î ¸É´μ¸É¨, ¨§-
³¥·¥´´μ¥ ´  LHC ¶·¨ Ô´¥·£¨¨

√
sNN = 2,76 ’Ô‚ ¶μ²´μ¥ ¸¥Î¥´¨¥ �Œ„

Ö¤¥· 208Pb ¸μ¸É ¢²Ö¥É 187,4 ¡ [8],   ¸¥Î¥´¨¥ ´¥Ê¶·Ê£μ£μ Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö Å Éμ²Ó±μ 7,7 ¡. �μÔÉμ³Ê �Œ„ Ê¸±μ·Ö¥³ÒÌ ´  LHC Ö¤¥· 208Pb ´ ·Ö¤Ê
¸ ¶·μÍ¥¸¸μ³ § Ì¢ É  ¨³¨ Ô²¥±É·μ´μ¢ ¢ ·¥§Ê²ÓÉ É¥ ³´μ¦¥¸É¢¥´´μ£μ ·μ¦¤¥´¨Ö
Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ · ¸ÊÐ¥¸É¢¥´´μ μ£· ´¨Î¨¢ ¥É ¢·¥³Ö ¦¨§´¨ ¶ÊÎ±μ¢
¢ ±μ²² °¤¥·¥ [9]. �É´μÏ¥´¨Ö § ·Ö¤  ± ³ ¸¸¥ μ¡· §ÊÕÐ¨x¸Ö ¢ ·¥§Ê²ÓÉ É¥
Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¨μ´μ¢ μÉ²¨Î ÕÉ¸Ö μÉ μÉ´μÏ¥´¨Ö § ·Ö¤  ±
³ ¸¸¥ Ö¤·  ¤²Ö 208Pb, ÎÉμ ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ É· ¥±Éμ·¨¨ ¢Éμ·¨Î´ÒÌ ¨μ´μ¢
¢ ³ £´¨É´μ³ ¶μ²¥ Ê¸±μ·¨É¥²Ö ¨ ²μ± ²Ó´μ³Ê ¢μ§¤¥°¸É¢¨Õ ¢Éμ·¨Î´ÒÌ Ö¤¥· ´ 
±μ³¶μ´¥´ÉÒ LHC [10]. �μ²´Ò¥ ¸¥Î¥´¨Ö �Œ„ 208Pb ¨ ¸¥Î¥´¨Ö μ¡· §μ¢ ´¨Ö
¢Éμ·¨Î´ÒÌ Ö¤¥· ´  LHC ¢ÒÎ¨¸²Ö²¨¸Ó ¢μ ³´μ£¨Ì · ¡μÉ Ì [11Ä13]. �¤´ ±μ ¢
²¨É¥· ÉÊ·¥ μÉ¸ÊÉ¸É¢ÊÕÉ ¤ ´´Ò¥ ¶μ �Œ„ ²¥£±¨Ì ¨ ¸·¥¤´¨Ì Ö¤¥·, É ±¨Ì ± ±
Ar, Kr, Xe, ¶·¨ Ô´¥·£¨ÖÌ LHC,   ¶·¨ Ô´¥·£¨ÖÌ ¶² ´¨·Ê¥³μ£μ FCC-hh �Œ„
Ö¤¥· ¢μμ¡Ð¥ ´¥ · ¸¸³ É·¨¢ ² ¸Ó. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ 40Ar,
78Kr, 84Kr ¨ 129Xe ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  ±μ²² °¤¥· Ì ¢¥¸Ó³  ¢¥·μ-
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ÖÉ´μ, É ± ± ± ÔÉ¨ ¨´¥·É´Ò¥ £ §Ò ¡² £μ¤ ·Ö Ì¨³¨Î¥¸±¨³ ¸¢μ°¸É¢ ³ μ¡² ¤ ÕÉ
¶·¥¨³ÊÐ¥¸É¢ ³¨ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¨Ì ¢ ¨¸ÉμÎ´¨± Ì ¨μ´μ¢. ‚ ¤ ´´μ° · ¡μÉ¥
¤²Ö Ö¤¥· 40Ar, 40Ca, 63 Cu, 78Kr, 84Kr, 115In, 129Xe, 208Pb ¨ 238U ³¥Éμ¤μ³
‚ °Í§¥±±¥· Ä‚¨²ÓÖ³¸  [11, 12] ¢ÒÎ¨¸²¥´Ò ¸¥Î¥´¨Ö �Œ„ ¤²Ö ¸Éμ²±´μ¢¥´¨°
´  LHC ¨ ¶² ´¨·Ê¥³μ³ ±μ²² °¤¥·¥ FCC-hh, ±μÉμ·Ò¥ ¸μ¶μ¸É ¢²¥´Ò ¸ ·¥-
§Ê²ÓÉ É ³¨ ³μ¤¥²¨ RELDIS [13]. ˆ¸¶μ²Ó§μ¢ ´¨¥ · §²¨Î´ÒÌ  ¶¶·μ±¸¨³ Í¨°
¶μ²´μ£μ ¸¥Î¥´¨Ö ¶μ£²μÐ¥´¨Ö ËμÉμ´μ¢ Ö¤· ³¨ ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ ´¥μ¶·¥¤¥-
²¥´´μ¸É¨ ¢ÒÎ¨¸²¥´¨° ¸¥Î¥´¨° �Œ„, ±μÉμ·Ò¥ ´¥μ¡Ìμ¤¨³Ò ¤²Ö ¶² ´¨·μ¢ ´¨Ö
¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ´  ±μ²² °¤¥· Ì.

� ¸¸³μÉ·¨³ Ê²ÓÉ· ¶¥·¨Ë¥·¨Î¥¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Ö¤·  ¸ ³ ¸¸μ¢Ò³ Î¨-
¸²μ³ A1 ¨ § ·Ö¤μ³ Z1 ¸ Ö¤·μ³ ¢¸É·¥Î´μ£μ ¶ÊÎ±  (A2, Z2) ´  ±μ²² °¤¥·¥.
�·¨³¥³, ÎÉμ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ Ö¤·  ¸ μ¤¨´ ±μ¢Ò³¨ ³ ¸¸ ³¨ ¨ § ·Ö¤ ³¨, ±μÉμ-
·Ò¥ ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ²μ·¥´Í-Ë ±Éμ· γ ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥. ‚ ¸¨¸É¥³¥
¶μ±μÖ (A2, Z2) ±Ê²μ´μ¢¸±μ¥ ¶μ²¥ Ö¤· -¶ ·É´¥·  (A1, Z1) ¶μ ¸Éμ²±´μ¢¥´¨Õ
μ± §Ò¢ ¥É¸Ö ²μ·¥´Í-¸¦ ÉÒ³ ¸ ÔËË¥±É¨¢´Ò³ Ë ±Éμ·μ³ γeff = 2γ2 − 1. ‘²¥-
¤ÊÖ ³¥Éμ¤Ê ‚ °Í§¥±±¥· Ä‚¨²ÓÖ³¸  [11,12], Ô²¥±É·μ³ £´¨É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥
Ö¤¥· ¢ ¸Éμ²±´μ¢¥´¨¨ ¸ ¶·¨Í¥²Ó´Ò³ ¶ · ³¥É·μ³ b ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ
± ± ¶μ£²μÐ¥´¨¥ Ö¤·μ³ (A2, Z2) Ô±¢¨¢ ²¥´É´ÒÌ ËμÉμ´μ¢ μÉ Ö¤·  (A1, Z1) ¸μ
¸²¥¤ÊÕÐ¨³ ¸¶¥±É·μ³ (¸Î¨É Ö � = c = 1):

NZ1(E1, b) =
αZ2

1

π2

x2

β2
effE1b2

(
K2

1 (x) +
1

γ2
eff

K2
0 (x)

)
, (1)

£¤¥ α Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò,   K0(x) ¨ K1(x) Å ³μ¤¨Ë¨Í¨·μ-
¢ ´´Ò¥ ËÊ´±Í¨¨ 	¥¸¸¥²Ö ´Ê²¥¢μ£μ ¨ ¶¥·¢μ£μ ¶μ·Ö¤±μ¢ ¸μμÉ¢¥É¸É¢¥´´μ μÉ
 ·£Ê³¥´É  x = E1b/γeffβeff . �μ¸±μ²Ó±Ê ´  ±μ²² °¤¥· Ì LHC ¨ FCC-hh
γeff � 1000, Éμ βeff ≈ 1 ¨ ¶μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥É § ³¥´ÖÉÓ¸Ö ´  ¥¤¨´¨ÍÊ.
C·¥¤´¥¥ Î¨¸²μ ¶μ£²μÐ¥´´ÒÌ Ö¤·μ³ (A2, Z2) ËμÉμ´μ¢, ¨´¨Í¨¨·ÊÕÐ¨Ì �Œ„,
³μ¦´μ μ¶·¥¤¥²¨ÉÓ, ¨¸¶μ²Ó§ÊÖ σA2(E1) Å ¶μ²´μ¥ ¸¥Î¥´¨¥ ËμÉμ¶μ£²μÐ¥´¨Ö
Ö¤·μ³ (A2, Z2):

mA2(b) =

Emax∫
Emin

dE1NZ1(E1, b)σA2(E1). (2)

�¨¦´¨° ¶·¥¤¥² ¨´É¥£·¨·μ¢ ´¨Ö Emin · ¢¥´ ¶μ·μ£Ê Ô³¨¸¸¨¨ ´Ê±²μ´  (μ±μ²μ
7Ä8 ŒÔ‚ ¤²Ö · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤¥·),   ¢¥·Ì´¨° ¶·¥¤¥² Emax = γeff/bmin ¸¢Ö-
§ ´ ¸ ´ ¨³¥´ÓÏ¨³ ¢μ§³μ¦´Ò³ ¢ Ê²ÓÉ· ¶¥·¨Ë¥·¨Î¥¸±¨Ì ¢§ ¨³μ¤¥°¸É¢¨ÖÌ ¶·¨-
Í¥²Ó´Ò³ ¶ · ³¥É·μ³ bmin, ¶·¨ ±μÉμ·μ³ Ö¤¥·´Ò¥ ¶²μÉ´μ¸É¨ ¥Ð¥ ´¥ ¶¥·¥±·Ò-
¢ ÕÉ¸Ö [11,12]. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨´ÖÉμ, ÎÉμ bmin = 2r0(A1/3 − 0,75A−1/3),
r0 = 1,34 Ë³, A = A1 = A2 [14]. ˆ´É¥£·¨·μ¢ ´¨¥ NZ1(E1, b) ¶μ ¶·¨Í¥²Ó-
´μ³Ê ¶ · ³¥É·Ê μÉ bmin ¤μ ∞ ¤ ¥É ¨§¢¥¸É´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¸¶¥±É·  ËμÉμ´μ¢
‚ °Í§¥±±¥· Ä‚¨²ÓÖ³¸  [11,12]:
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nZ1(E1) =
2αZ2

1

πE1

[
ξK0(ξ)K1(ξ) −

ξ2

2
(
K2

1 (ξ) − K2
0(ξ)

)]
, (3)

£¤¥ ξ = E1bmin/γeff .
‘·¥¤´¥¥ Î¨¸²μ ¶μ£²μÐ¥´´ÒÌ Ö¤·μ³ ËμÉμ´μ¢ m(b) (¸³. (2)), ¢ÒÎ¨¸²¥´´μ¥

¢ · ¡μÉ¥ [13] ¤²Ö ¸Éμ²±´μ¢¥´¨° 208Pb ´  LHC, Éμ²Ó±μ ¶·¨ ³ ²ÒÌ ¶·¨Í¥²Ó´ÒÌ
¶ · ³¥É· Ì ¤μ¸É¨£ ¥É ¥¤¨´¨ÍÒ, ¢ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ ¸¥Î¥´¨¥ ¤¢ÊÌËμÉμ´´ÒÌ ¶·μ-
Í¥¸¸μ¢ ¸μ¸É ¢²Ö¥É 1,4 % μÉ μ¤´μËμÉμ´´μ£μ ¸¥Î¥´¨Ö. �μÔÉμ³Ê ³μ¦´μ ¶·¨´ÖÉÓ
¶·¨¡²¨¦¥´¨¥ μ¤´μËμÉμ´´μ£μ μ¡³¥´ , ¢ ±μÉμ·μ³ ¸¥Î¥´¨¥ �Œ„ Ö¤·  (A2, Z2)
¢ÒÎ¨¸²Ö¥É¸Ö ± ±

σEMD =

Emax∫
Emin

dE1nZ1(E1)σA2 (E1). (4)

„²Ö μ¶·¥¤¥²¥´¨Ö σEMD ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ § ¢¨¸¨³μ¸ÉÓ ¶μ²´μ£μ ¸¥Î¥-
´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö σγA(Eγ) μÉ Ô´¥·£¨¨ ËμÉμ´μ¢ Eγ ¢ ¤¨ ¶ §μ´¥ μÉ Emin

¤μ Emax, ¢ ±μÉμ·μ³ ¶·μ¨¸Ìμ¤ÖÉ · §²¨Î´Ò¥ ¶·μÍ¥¸¸Ò: ¢μ§¡Ê¦¤¥´¨¥ £¨£ ´É-
¸±μ£μ ¤¨¶μ²Ó´μ£μ ·¥§μ´ ´¸  (ƒ„�), ¶μ£²μÐ¥´¨¥ ËμÉμ´  ±¢ §¨¤¥°É·μ´´Ò³¨
¶ · ³¨ ¢´ÊÉ·¨Ö¤¥·´ÒÌ ´Ê±²μ´μ¢, ¢μ§¡Ê¦¤¥´¨¥ μÉ¤¥²Ó´μ£μ ´Ê±²μ´  (¶·¥¨³Ê-
Ð¥¸É¢¥´´μ ¢ ¢¨¤¥ Δ-¨§μ¡ ·Ò) ¨²¨ ³´μ¦¥¸É¢¥´´μ¥ ·μ¦¤¥´¨¥ Î ¸É¨Í ËμÉμ-
´ ³¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°. ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¨ Eγ < 140 ŒÔ‚ ¨¸¶μ²Ó§ÊÕÉ¸Ö
É ¡²¨ÍÒ ¸¥Î¥´¨° σγA(Eγ) ¨§ ¡¨¡²¨μÉ¥± μÍ¥´¥´´ÒÌ Ö¤¥·´ÒÌ ¤ ´´ÒÌ (ENDF):
JENDL/PD-2004 ¤²Ö 40Ca; TENDL-2017, ¶μ¤£μÉμ¢²¥´´μ° ¸ ¶μ³μÐÓÕ ³μ¤¥²¨
TALYS [26], ¤²Ö 40Ar, 63Cu, 78Kr, 84Kr, 115In, 129Xe; JENDL/PD-2016 ¤²Ö
208Pb ¨ 238U. „²Ö Eγ ¢ÒÏ¥ ¶μ·μ£  ·μ¦¤¥´¨Ö ¶¨μ´  ¶·¨³¥´ÖÕÉ¸Ö § ¢¨¸¨³μ-
¸É¨ σγA(Eγ) ¨§ · ¡μÉÒ [15], ±μÉμ·Ò¥ ¡Ò²¨ ¶μ¸É·μ¥´Ò ¶ÊÉ¥³  ¶¶·μ±¸¨³ Í¨¨
¤ ´´ÒÌ, ¶μ²ÊÎ¥´´ÒÌ ´  · §²¨Î´ÒÌ Ö¤· Ì, ¨ ±μÉμ·Ò¥ ¶·¨³¥´¨³Ò ¤μ 40 ’Ô‚.
�  ·¨¸. 1 ¶·¥¤¸É ¢²¥´Ò  ¶¶·μ±¸¨³ Í¨¨ [15] ¶μ²´ÒÌ ¸¥Î¥´¨° γp, γ27Al ¨
γ208Pb, ±μÉμ·Ò¥ Ìμ·μÏμ μ¶¨¸Ò¢ ÕÉ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥ [16Ä25]. Š ± ¢¨¤´μ ¨§ ÔÉμ£μ ·¨¸Ê´± ,  ¶¶·μ±¸¨³ Í¨¨ [15] ¶· ¢¨²Ó´μ
μ¶¨¸Ò¢ ÕÉ ´ ¡²Õ¤ ¥³μ¥ ¢ Ô±¸¶¥·¨³¥´É¥ ÊÏ¨·¥´¨¥ Δ-¨§μ¡ ·Ò, ®¶² ¢²¥´¨¥¯
¤·Ê£¨Ì γN -·¥§μ´ ¸μ¢ ¢ Ö¤· Ì, ¶μ¢¥¤¥´¨¥ ¸¥Î¥´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ´  Ö¤· Ì
¢ μ¡² ¸É¨ Ö¤¥·´μ£μ Ô±· ´¨·μ¢ ´¨Ö (2Ä60 ƒÔ‚) ¨ ³μ´μÉμ´´Ò° ·μ¸É ¸¥Î¥´¨Ö ¸
Ê¢¥²¨Î¥´¨¥³ Eγ ¢ μ¡² ¸É¨ ¢ÒÏ¥ 60 ƒÔ‚. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¤²Ö ´¥¸±μ²Ó-
±¨Ì · ¸¸³ É·¨¢ ¥³ÒÌ Ö¤¥· (40Ar, 78Kr, 84Kr ¨ 129Xe) ¨§³¥·¥´¨Ö ¸¥Î¥´¨° Ëμ-
Éμ¶μ£²μÐ¥´¨Ö ´¥ ¶·μ¢μ¤¨²¨¸Ó, ¶μÔÉμ³Ê ´¥¢μ§³μ¦´μ ´¥¶μ¸·¥¤¸É¢¥´´μ ¶·μ¢¥-
·¨ÉÓ ± Î¥¸É¢μ  ¶¶·μ±¸¨³ Í¨° [15,26] ¤²Ö ÔÉ¨Ì Ö¤¥·. ’¥³ ´¥ ³¥´¥¥, ¶μ¸±μ²Ó±Ê
Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¤²Ö ¸μ¸¥¤´¨Ì ¶μ ³ ¸¸¥ Ö¤¥·-³¨Ï¥´¥° Ê¸¶¥Ï´μ
μ¶¨¸Ò¢ ÕÉ¸Ö ¢Ò¡· ´´Ò³¨  ¶¶·μ±¸¨³ Í¨Ö³¨, ³μ¦´μ μ¦¨¤ ÉÓ ¨Ì ¶·¨³¥´¨³μ-
¸É¨ ¨ ¤²Ö 40Ar, 78Kr, 84Kr, 129Xe. �  ·¨¸. 2,   ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¥¤¸É -
¢²¥´  ¨¸¶μ²Ó§Ê¥³ Ö ¢ ¤ ´´μ° · ¡μÉ¥  ¶¶·μ±¸¨³ Í¨Ö ¶μ²´μ£μ ¸¥Î¥´¨Ö ËμÉμ-
¶μ£²μÐ¥´¨Ö ´  208Pb. „²Ö μÍ¥´±¨ ¢²¨Ö´¨Ö ·μ¸É  ¶μ²´ÒÌ ¸¥Î¥´¨° ´  Ö¤· Ì
¶·¨ Ô´¥·£¨¨ ¢ÒÏ¥ 60 ƒÔ‚ ´  ¢ÒÎ¨¸²Ö¥³Ò¥ σEMD ¨¸¶μ²Ó§μ¢ ²¨¸Ó  ²ÓÉ¥·-
´ É¨¢´Ò¥ § ¢¨¸¨³μ¸É¨, ¢ ±μÉμ·ÒÌ ÔÉ¨ ¸¥Î¥´¨Ö ¶·¥¤¶μ² £ ²¨¸Ó ¶μ¸ÉμÖ´´Ò³¨
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�¨¸. 1. �μ²´Ò¥ ¸¥Î¥´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ËμÉμ´μ¢ ¢ÒÏ¥ ¶μ·μ£  ËμÉμ·μ¦¤¥´¨Ö ¶¨μ´ 
¸ ¶·μÉμ´ ³¨, Ö¤· ³¨ 27Al ¨ 208Pb. �¶¶·μ±¸¨³ Í¨¨ ¨§ · ¡μÉÒ [15] ¶·¥¤¸É ¢²¥´Ò
¸¶²μÏ´Ò³¨ ±·¨¢Ò³¨, Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ · ¡μÉ [16Ä25] Å · §²¨Î´Ò³¨
¸¨³¢μ² ³¨

¢ÒÏ¥ 60 ƒÔ‚ (¶·¨³¥· É ±μ° § ¢¨¸¨³μ¸É¨ ¡¥§ ·μ¸É  ¸¥Î¥´¨Ö ¤²Ö 208Pb ¸³. ´ 
·¨¸. 2,  ). ‚ Î ¸É´μ¸É¨, ³μ¤¥²Ó RELDIS [13] ¶·¥´¥¡·¥£ ¥É ·μ¸Éμ³ σγA(Eγ) ¢
μ¡² ¸É¨ ¢Ò¸μ±¨Ì Ô´¥·£¨°.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ¨´É¥£· ²  (4) ¤μ¸É ÉμÎ´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·μ¸É¥°Ï¨° ³¥-
Éμ¤ ¶· ¢ÒÌ ¶·Ö³μÊ£μ²Ó´¨±μ¢, ¶·¨³¥´ÖÖ · §¡¨¥´¨¥ ¨´É¥·¢ ²  ¨´É¥£·¨·μ¢ -
´¨Ö ´  Ô²¥³¥´É ·´Ò¥ μÉ·¥§±¨ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸μ ¸±μ·μ¸ÉÓÕ ¨§³¥´¥´¨Ö ¸¥-
Î¥´¨Ö σγA(Eγ) ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¶·μÉμ´ . ‚ ¤¨ ¶ §μ´¥ μÉ Emin, ¸μ-
μÉ¢¥É¸É¢ÊÕÐ¥° ¶μ·μ£Ê Ô³¨¸¸¨¨ ´¥°É·μ´ , ¤μ 140 ŒÔ‚ ¨¸¶μ²Ó§Ê¥É¸Ö · §¡¨-
¥´¨¥ ¶μ Ô´¥·£¨¨ ¨§ ¢ÒÏ¥Ê± § ´´ÒÌ ENDF ¡¨¡²¨μÉ¥±,   ´ Î¨´ Ö ¸ Ô´¥·-
£¨¨ Eπ = 145 ŒÔ‚ ¶·¨³¥´Ö¥É¸Ö  ¶¶·μ±¸¨³ Í¨Ö [15]. ‚ÒÏ¥ 145 ŒÔ‚ ¨¸-
¶μ²Ó§Ê¥É¸Ö ²μ£ ·¨Ë³¨Î¥¸±μ¥ · §¡¨¥´¨¥ c n ¨´É¥·¢ ² ³¨: Ei = Eπ(Emax/
Eπ)((i−1)/n), i = 1, . . . , n+ 1. �¶¶·μ±¸¨³ Í¨¨ [26] ¨ [15] ¸Ï¨¢ ÕÉ¸Ö ¶μ¸·¥¤-
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�¨¸. 2.  ) ‘¶²μÏ´ Ö ±·¨¢ Ö Å ¶μ²´μ¥ ¸¥Î¥´¨¥ ËμÉμ¶μ£²μÐ¥´¨Ö ´  208Pb, ¶μ²ÊÎ¥´´μ¥
´  μ¸´μ¢¥ JENDL/PD-2016 ¨  ¶¶·μ±¸¨³ Í¨¨ [15]; ÏÉ·¨Ìμ¢ Ö Å É¥ ¦¥ § ¢¨¸¨³μ¸É¨,
´μ ¸ ¶·¥´¥¡·¥¦¥´¨¥³ ·μ¸É  ¸¥Î¥´¨Ö ¢ μ¡² ¸É¨ Ô´¥·£¨° ¢ÒÏ¥ 60 ƒÔ‚. ¡) ’¥ ¦¥ ¸¥Î¥´¨Ö
ËμÉμ¶μ£²μÐ¥´¨Ö, Ê³´μ¦¥´´Ò¥ ´  ¸¶¥±É· Ô±¢¨¢ ²¥´É´ÒÌ ËμÉμ´μ¢ ¨ ¨¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö
¢ÒÎ¨¸²¥´¨Ö σEMD ¤²Ö Ö¤¥· 208Pb ´  FCC-hh ¶·¨ Ô´¥·£¨ÖÌ ¶ÊÎ±  19,7 ’Ô‚ ´  ´Ê±²μ´

¸É¢μ³ ²¨´¥°´μ° ¨´É¥·¶μ²ÖÍ¨¨ ¢ ¨´É¥·¢ ²¥ ³¥¦¤Ê 140 ¨ 145 ŒÔ‚. ‘Ìμ¤¨³μ¸ÉÓ
¢ÒÎ¨¸²¥´¨Ö σEMD ¶·μ¢¥·Ö² ¸Ó ¶μ¸·¥¤¸É¢μ³ Ê¢¥²¨Î¥´¨Ö Î¨¸²  Ô²¥³¥´É ·´ÒÌ
¨´É¥·¢ ²μ¢ (É ¡². 1). �·¨ ¸· ¢´¥´¨¨ ¤¢ÊÌ ¶μ¸²¥¤´¨Ì ¸É·μ± ÔÉμ° É ¡²¨ÍÒ

’ ¡²¨Í  1. ‘¥Î¥´¨Ö σEMD ¤²Ö ¸Éμ²±´μ¢¥´¨° Ö¤¥· 208Pb ´  LHC ¨ FCC-hh ¢ § ¢¨¸¨-
³μ¸É¨ μÉ ±μ²¨Î¥¸É¢  ¶·¨³¥´Ö¥³ÒÌ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¨´É¥£· ²  Ô²¥³¥´É ·´ÒÌ ¨´-
É¥·¢ ²μ¢ N ¨ ¶·¥¤¶μ²μ¦¥´¨Ö μ ¶μ¢¥¤¥´¨¨ σγA(Eγ) ¢ μ¡² ¸É¨ Ô´¥·£¨° ¢ÒÏ¥ 60 ƒÔ‚

σEMD, ¡

N E/A = 2,51 ’Ô‚ E/A = 19,7 ’Ô‚

	¥§ ·μ¸É  ‘ ·μ¸Éμ³ 	¥§ ·μ¸É  ‘ ·μ¸Éμ³

2137 208,177 210,571 284,536 294,436
16533 207,665 210,052 283,714 293,572
33061 207,563 209,949 282,563 294,275
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¢¨¤´  ¸É ¡¨²Ó´μ¸ÉÓ ·¥§Ê²ÓÉ Éμ¢: ¶·¨ Ê¤¢μ¥´¨¨ ±μ²¨Î¥¸É¢  ¨´É¥·¢ ²μ¢ ²μ£ -
·¨Ë³¨Î¥¸±μ£μ · §¡¨¥´¨Ö ¢ÒÎ¨¸²Ö¥³μ¥ ¸¥Î¥´¨¥ σEMD ³¥´Ö¥É¸Ö ³¥´¥¥ Î¥³ ´ 
0,3 %. ’ ±¨³ μ¡· §μ³, § ³¥É´μ ¡μ²ÓÏ¥¥ ¢²¨Ö´¨¥ ´  ·¥§Ê²ÓÉ É (¤μ 4%) μ± -
§Ò¢ ¥É ¶·¥´¥¡·¥¦¥´¨¥ ·μ¸Éμ³ ¸¥Î¥´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ¢ μ¡² ¸É¨ ¢Ò¸μ±¨Ì
Ô´¥·£¨°.

Š ± ¢¨¤´μ ¨§ É ¡². 2 ¨ 3, ÊÎ¥É ·μ¸É  ¸¥Î¥´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ¶·¨¢μ¤¨É
± Ê¢¥²¨Î¥´¨Õ σEMD ´  1Ä2,6 ¨ 2,9Ä8,4 % ¤²Ö Ö¤¥·, ¸É ²±¨¢ ÕÐ¨Ì¸Ö ´  LHC
¨ FCC-hh ¸μμÉ¢¥É¸É¢¥´´μ. 	
μ²ÓÏ Ö ¢¥²¨Î¨´  Emax ¤²Ö ¡μ²¥¥ ±μ³¶ ±É´ÒÌ
²¥£±¨Ì Ö¤¥· μ¡ÑÖ¸´Ö¥É ¡
μ²ÓÏÊÕ ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ σEMD ± ¶μ¢¥¤¥´¨Õ ¸¥Î¥-
´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ¶·¨ ¢Ò¸μ±¨Ì §´ Î¥´¨ÖÌ Eγ . ‘²¥¤Ê¥É ¶μ¤Î¥·±´ÊÉÓ, ÎÉμ

¢ÒÎ¨¸²¥´´Ò¥ ¢ ¤ ´´μ° · ¡μÉ¥ ¸¥Î¥´¨Ö �Œ„ σEMD
− (®¡¥§ ·μ¸É ¯) ¤²Ö Ö¤¥·

’ ¡²¨Í  2. ‘¥Î¥´¨Ö �Œ„ ¤²Ö · §²¨Î´ÒÌ Ê¸±μ·¥´´ÒÌ ´  LHC Ö¤¥· ¶·¨ μ¶·¥¤¥-
²¥´´ÒÌ Ô´¥·£¨ÖÌ ¶ÊÎ±  ´  ´Ê±²μ´ (E/A) ¨ ¶·μÉμ´ (E/Z), ¢ÒÎ¨¸²¥´´Ò¥ ¡¥§ ÊÎ¥É 
·μ¸É  ¸¥Î¥´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ¢ μ¡² ¸É¨ Ô´¥·£¨° ¢ÒÏ¥ 60 ƒÔ‚ (σEMD

− ) ¨ ¸ ¥£μ
ÊÎ¥Éμ³ (σEMD

+ ), ¨ ¨Ì μÉ´μ¸¨É¥²Ó´ Ö · §´¨Í  (Δ). „²Ö ¸· ¢´¥´¨Ö ¤ ´Ò ¶μ²´Ò¥ ¸¥-
Î¥´¨Ö  ¤·μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö σhad, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μ³μÐÓÕ ³μ¤¥²¨ ƒ² Ê¡¥· ,
¨ ¸¥Î¥´¨Ö �Œ„ σRELDIS, ¢ÒÎ¨¸²¥´´Ò¥ ¸ ¶μ³μÐÓÕ ³μ¤¥²¨ RELDIS

�ÊÎμ±
E/A, E/Z, σhad, σEMD

− , σEMD
+ , Δ, σRELDIS,

’Ô‚ ’Ô‚ ¡ ¡ ¡ % ¡
40Ar18+ 2,93 6,50 2,69 1,54 1,58 2,6 1,7
40Ca20+ 3,25 6,50 2,69 2,39 2,45 2,5 2,0
63Cu29+ 2,99 6,50 3,65 6,76 6,91 2,2 5,8
78Kr36+ 3,00 6,50 4,19 14,34 14,61 1,9 12,4
84Kr36+ 2,79 6,50 4,38 15,15 15,42 1,8 13,4
115In49+ 2,77 6,50 5,34 42,95 43,64 1,6 40,4
129Xe54+ 2,72 6,50 5,61 54,02 54,82 1,5 50,6
208Pb82+ 2,51 6,36 7,66 207,50 209,90 1,2 211,4
238U92+ 2,51 6,50 8,37 343,10 346,40 1,0 299,0

’ ¡²¨Í  3. ’μ ¦¥, ÎÉμ ¨ ¢ É ¡². 2, ´μ ¤²Ö ¸Éμ²±´μ¢¥´¨° Ö¤¥· ´  FCC-hh

�ÊÎμ±
E/A, E/Z, σhad, σEMD

− , σEMD
+ , Δ, σRELDIS,

’Ô‚ ’Ô‚ ¡ ¡ ¡ % ¡
40Ar18+ 22,5 50,0 2,76 2,14 2,32 8,4 2,2
40Ca20+ 25,0 50,0 2,77 3,26 3,49 7,1 2,7
63Cu29+ 23,0 50,0 3,74 9,33 9,97 6,9 7,8
78Kr36+ 23,0 50,0 4,29 19,57 20,75 6,0 16,6
84Kr36+ 21,4 50,0 4,50 20,79 21,92 5,4 18,0
115In49+ 21,3 50,0 5,47 58,67 61,76 5,3 53,8
129Xe54+ 20,9 50,0 5,89 73,60 77,30 5,0 67,9
208Pb82+ 19,7 50,0 7,90 282,60 294,30 4,1 284,2
238U92+ 19,3 50,0 8,53 463,90 477,20 2,9 402,0
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208Pb ¢ ¶·¥¤¥² Ì 3 % ¸μ£² ¸ÊÕÉ¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ RELDIS ¸ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ
RELDIS ¶·¥´¥¡·¥£ ¥É ·μ¸Éμ³ ¸¥Î¥´¨Ö ËμÉμ¶μ£²μÐ¥´¨Ö ¶·¨ ¡μ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ Eγ . Œμ¦´μ μÉ³¥É¨ÉÓ ¡μ²¥¥ § ³¥É´μ¥ · cÌμ¦¤¥´¨¥ (¤μ 8 %) ¢ ·¥§Ê²ÓÉ É Ì
¤²Ö 115In. �¤´ ±μ ¤²Ö ³¥´¥¥ ¨§ÊÎ¥´´ÒÌ Ö¤¥·, É ±¨Ì ± ± 78Kr, 84Kr ¨ 129Xe,
¤²Ö ±μÉμ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶μ ¸¥Î¥´¨Ö³ ËμÉμ¶μ£²μÐ¥´¨Ö μÉ¸ÊÉ-
¸É¢ÊÕÉ, · ¸Ìμ¦¤¥´¨¥ Ê¢¥²¨Î¨¢ ¥É¸Ö ¤μ 15%. �Éμ ¶μ± §Ò¢ ¥É, ÎÉμ ´¥μ¡Ìμ¤¨³μ
¶·μ¢¥¸É¨ ¤μ¶μ²´¨É¥²Ó´ÊÕ ¢¥·¨Ë¨± Í¨Õ ¡¨¡²¨μÉ¥±¨ TENDL, ±μ¤  ’ALYS ¨
³μ¤¥²¨ RELDIS ¤²Ö Ö¤¥· 78Kr, 84Kr ¨ 129Xe ¸ Í¥²ÓÕ ¶μ²ÊÎ¥´¨Ö ´ ¤¥¦´ÒÌ
μÍ¥´μ± ¸¥Î¥´¨° �Œ„ ¤²Ö ÔÉ¨Ì Ö¤¥· ´  ±μ²² °¤¥· Ì LHC ¨ FCC-hh.
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