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 )*%*����������&%"�$+(����!$$)'�*�"����%
���������*��++,%�

1984 "�Witten [1] ���*�"�� QCD �#��"�$+(*��"��Æ+#
+,"� �������(���������)#�"-����$��"�,-,��
���������-.��������%�� (Quark-Gluon Plasma, QGP  $���
�-) �*�"� QCD�#*�/��-�"��#+Æ%.����%��� QGP �0#
� %������-��%.�Witten /'������- (Strange Quark Matter, SQM)

�������-�-!����&� SQM �/�,���� u �d �s �����1��$
'���-����� 1/2 �#�.��� Fermi ��./ Fermi-Dirac���s ���-��
$$��� (u �d) ���-%�� Fermi ��� Pauli�� /��&�!� s ����+
���+ %������0� SQM *���"0 56Fe ������%�-!��� Farhi

 Jaffe [2] $ MIT -1����2����(Æ SQM �� s ���-� (1 100∼300 MeV)

�/� u �d ���-� (�� 20 MeV) .$��$� �����&)� u �d ���-��
#&')��(Æ���3$��! (���2#0! αc �-10! B  s ���-� ms)

4'*�$+�! (A > 106) � SQM5�+��� E/A �� �-�$���/��Æ �
56Fe �++��������"%������(1��$' �-�� s ����#%%
�%�#�()�����-�� u � d ���)� s ��!#+) �-�.$� SQM

����6�2����3���4,$$�)��6�!��/���4,�&-���
��6��*�*+2��&)�.7"-� SQM ���+�!�*�3 A $����*
�� SQM 0"%+�3�%.�,'�%���-�� ((.) [3]) Æ*1��-)���
&��38+%����/.�04��&��1.�+2������+�!+% [4] 1
� E/A ≈ (829 + 351A−2/3)B1/4

145 MeV ��� B
1/4
145 = B1/4/ (145 MeV) �

����6��-�������)��� '���4452�+�3,4����
*����� ()/�+-+6 (( Pb – Pb +6� ) 05,."�����-��,
�1��/��� SQM 9�+�!�*�(�/�'*-�5,��*0+0'�3���
������ÆÆ�/���6�"-9��.�7�+�3�-����$���/�'*
-5,��6.����$2�(1&���9����66����++�2,3�-"
:%. (/(7&1+�) �.7���/�/;*�"%.""�2035��6� �-
/���60��� ���47���4 1 3'�2�������645��."Æ5
(�.��0��61�-."$5� �-.") �

8 1 �����9:��; [5]

- 7 4<'<. A 4<<6
8.2/6 (Counter experiment) ≈ 350∼450 14

7878 (Exotic track) ≈ 460 20

Price -7 (Price’s event) > 1000 46

34/6 (Balloon experiment) ≈ 370 14
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��� 60"0�PenziasWilson� 4080 MHz)=0>���"� )*%*� (Cosmic

Microwave Background radiation, CMB)����:�Greisen [6]� Zatsepin  Kuzmin [7] *,
'� GZK;?+2�-��"�2�=+�����-��-�$1� 109 eV �3"�2�-
������ 1019 eV��-�� Lorentz.�0@�1 1010 �*%���Æ+� (2.725±0.001)

K �����$<��1� 10−4 eV �=�� 7%�%���-��1%� *%���$<
��1� 106 eV �7�0�,A2 p + γ → π + -� [8] �.7�����5�"*�"�2
��9�6�*%��A2���>9�%�-����;?��$1� 1019 eV  %��9
�-�;?��1 1020 eV �"�27��;?2:�7B'���*��8� GZK ;?�
��� ."���������;?��A� 1019 eV B�%,���5��"�27�
�1>A�>�� [9] ���@��1�� 1019 eV �"�2���"��"�2 (UltraHigh

Energy Cosmic Ray, UHECR) �UHECR ��-�"�2���6�2:��93� SQMÆ
� UHECR�45����(���� SQM� UHECR�1����*�$"%." UHECR

0�� SQM ��$�-���/�#1����?+'����4�@��8:1���
���9��1������1 (��������-���1�) �����1�4,��
*���4, [10] ���A4(�������0����� Æ���#+��-�-��
/;��

2 �7;CD:<

�= SQM �+��-�-!���(�1�#5�;�65����9�*8/A&;
4���%� SQM 9<����B���B=��9��� SQM ���5,E&=+��
*�"� QCD �#�7&1+� (Supernova Exploration, SNE) ���1+6� 3 �7C�
2.1 ( !"# QCD $BC% SQM

�!� Witten [1] � �$:79�.=����93�"�$+(��1 10−5 s�"�
�Æ++�1 102 MeV �7�+��-/�� – ���%��:;�Æ"-����, QCD

�#�%���#������8<�*<�9��:�#��=�# [1] ����<=4�
���#����;>�#� Lugones Horvath [11] *���*Æ+(��#�� =="
���)����F� s���-�.$�G>;>�#�����$�>? Witten 3"��
��A-���=�#����#9����-���-?$%.�3"�Æ++��#" Tc

���-����D9)#�����"��;��8 Æ��<<�E� L <�%,"��
�#�"����#+Æ>�+�� L <?$������?$:H�#>%'%�Æ���
Æ+@�5�+&@���$'�.7�7�"��#����@%+Æ (Æ+A1� Tc)��
� L <��#�3 L <?$�@"�@�*� 30%∼50% ����9�A�B7+6?#�
?#%.� L <@�=>�=$$�����Æ>�#�4D�"��@����Æ QGP�
�$<�E� H <�7��+�!#+/�$���$'��&��1. L ��+��6�
1���/A��=+�-����5�A���� H �� u � d � s ����1���
/A��B�����# (µ) �Witten [1] >'+�!#+ 〈B〉 = 〈Be−µB/T 〉/V ���F??
4;C%�$<� V ��*���*����# µ �$��&�� 〈B〉 = −µ〈B2〉0/TV �
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�� 0 4;�(��#�"A�Witten % L �C� Boltzmann ��� H �C� Fermi-Dirac

���&) 3 ����-��&�+�!#+/

ε =
〈B〉L
〈B〉H =

〈B2〉L0
〈B2〉H0

=
2
√

2π

3ζ(3)

(
M

Tc

)3/2

e−M/Tc , (1)

�� M ���-��1 938 MeV �3�#Æ+� 100 MeV �� ε = 0.003  3�#Æ+�
200 MeV �� ε = 0.15 ��%7�21.7��()��0&� ε = 0.27 �:)��++,
%��,�,� H ��G@,"��H$2�+��-��-���3�.���-�-�
�$���-�-������ (SQM) 9��.7�$4���8�D+�E�-F���
3�EF�"����-=+�E�-�@ (7�8�+��-�& H ��G@���E
�-��45���#��0���*�"�-#��

2�0 L �Æ>+ÆAB���(1��%$'�HA/ H <��?B"%�� H

<�:;=+���7C���523�-�����+����E&0�� H <�?#
$�4D,' #�� �*��� ����.�?� H <4I���.D+�� 
�,�$���*�E%�F���E&�9��+�!<'�(�E%$� �*��
=�H <*AC��?=>��,�1�+�<'���.�+��-���.9$��
 ����.�.7+�AE�$&)�4D H <0BG��?���-��?���-
���*� SQM ��- SQM �9��"��/$-#������B�"$�C�1�
IC�0���9@�4�

"%��E&;�� SQM �-�����*�3#+�-��(�G.���JC7
%CIJC Rcrit = [3/(8πGρ)]1/2 (�/5�G��JD&H�I�<��/5�G)*9��
����@=�EJ��� ρ ��-#+�(� SQM �+�!%8�$���JC7%
Rcrit ��? SQM 09@=�EJ�'FF-����?��$$��J�D��*+C
SQM �+�!�7% Amax ≈ 2.5× 1057 [12] �/����� SQM +�!�-!�I���A
I% SQM �+�!,'�F��+C�� .�/��7'B7��AI������0�
5�,�������, QCD �#�"��"D�$� 7G� SQM ?'�4$JC�2
:7%3���AI�JC�E5���>')� Amax = 1049 (100 MeV/TQCD)2 [11] ���
TQCD � QCD �#�,��Æ+�

��5, SQM�HG�*9���93�0<�+�3��G-�/� �3��&8
�A&KL�������+2���3 [1] ��>�3 SQM ;��"��Æ+�/.��
� SQM ��� Æ ($1 1 MeV [12]) �K/."-��"�Æ++�H2 ����=��
&��-II;�� SQM 9�?�3�+��=+���*��-��(��- SQM ;
��,�$$�3���.?�������@�"-��*3�K�� Alcock  Farhi [12]

%7(���������3����B%%.� SQM�Æ+9) �"��$<Æ+�+
/(13�%$'*0+�<<�?���32�1.���..?�� �*���%
4�+�7C��,1;,�E5L! fnσ0A

2/3 ��+�BBA2;,����B;���
���0���� I �1.3�A2 (A + 1) + I → (A) + (n) ��� A � SQM �+�!�2
�E�$'/��3A2@�$'����#+% µ(A + 1) = µ(A) + µ(n) + I ��%I��



( 148 �������
�6���9�8������� 23 ��

&���%��L�/A������#�

µ = T ln

((
2π

mT

)3/2
N

g

)
, (2)

�� T �Æ+ N ���!#+ m ���-� g ���*2��+!���� g = 2 �
SQM � g(A, T ) ≈ 0! × exp(aAT/µq) ��M��+�!��� SQM *2��+�/1
exp(aT/µq) �G� SQM *2�����#� 300 MeV JD�� a � 1 ��=�>��/E
��� 1 �0�-)�0!��#$'+%��$C'�M��+�� SQM !#+�+�!
#+�����+%�E�A2;,�$&�+�BB-�F/�E�$'/�*�&�3
�- [12]

r =
1

2π2
mnT 2e−I/T fnσ0A

2/3 , (3)

�� mn ���-���$@'�%Æ+�5�3�-)'�6�#3�-� SQM �,*�
!/��*,�,�M��Æ+G�3�GFJ M#� SQM G$9K��GN�.�3�
���N+ t ∝ A/r ∝ A1/3 ���&���$'��&�� (AB%�@�$'�� !GA
2$'&��) �5O�BB-3�-D&��$'��Æ���(�G�3������
1� 2Ts (SQM �Æ+) [12] �'�;����0��� I �>��<'-�

L = (I + 2Ts)
dA

dt
. (4)

� SQM L����-���BB����.�G����#+�H+��1.@$'�
B"��Æ+� Tu ��@$'& [12]

C 1 4 KOD�� SQM ���LEF�	FP Tu �
M [12]

MG<QMRGHNHPGHNIHMJHISK�LNIO 20 MeV Q

(Nn + Np)T + αT 4 = αT 4
u . (5)

�0*&��� SQM 4,���!
#+ [12]

Nn(Ts) = Np(Ts) =
α

2Ts
(T 4

u −T 4
s ) . (6)

@��*�% L  α �G���+�
�����3�-#+.$�� SQM

E'%� ��K��I���0+�
-���O���%� ��E���
� α�Æ2:0� �@��!���
+�AEJ�� �'%+-. �3
�*-$ %,"��#�3Æ++&
F �� SQM ��-I%� �D9
I���$����� ���TG�
-I�α �H�!� �@�����
BB-*� SQM ?�$$ (�� �
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��.�/�M-� ��G9�BB)  SQM �"��Æ+M (M-BB*�/) ��M
-���)�Æ4��I���3�+-99���I�� [12] �#+�! � 1052 � SQM

?�"�+Æ 50 MeV �,0�3�K (N) 1) �
�0�-��4; [13∼15] � SQM ��$�������J (Colour Flavor Locked, CFL)

�.�9��%�����%�#��#+%� [2]

Ω = − µ4

4π2
, (7)

��*-�� s ���%�#��#+%� [2]

Ωs = − µ4

4π2

[√
1 − z2

(
1 − 5

2
z2

)
+ z4 ln

1 +
√

1 − z2

z

]
, (8)

�� z = m/µ �3��#.�� z → 0+ �*� Ωs → Ω ��8 CFL ��*��������
#.���� s ���*-��9���$������0�>$�� u �d �s ������
,��;� Cooper%�.��4/��% 〈qq〉 �9�������$��.�E���7�
����#P �9;�������� (u  d) 1���7��� 2SC ���;� Cooper

%�)#�.$�CFL�/Æ"� SQM F'"-� Lugones  Horvath [11] �4���:.
=����;� CFL �%*�3�%.�LJ�B ∆ � Cooper %��K�>;� CFL �

���/&�� I ,2� I + 3∆/2 �K0���.�7�;����0+80' 3∆/2 ��
�0RD Cooper %�1.���.L�3 SQM ? CFL ��4,3�%.0�L*M?�.
7 Lugones  Horvath 03�%.P�� 3 �B= (N) 2) �M�B= SQM E'��-%
� ���I���3�*-.  M#B= SQM E'��-%� �I�90�+�AE

C 2 �OKQSUMQ��LENPC [11]

HMNRVRHIMMOIRNWON4<PQ�OQRXR SQM RR'<.RP�LOQHIMMG<YSR
GHNHPGHNRSQ�SHIMTZTRRUNW�TM Cooper [IS ∆ OM 50 MeV Q

-� ��%�+-,$$,��3�*-�6�+�!L*>* 31. CFL %.��
7���0#Æ+ T∆ = 0.57∆ +��3�M?�Æ+��0*;� CFL ��>J3�*
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-���M�B=���B=3��L*M?��*3��/�1. CFL �%.���+N
&8�F":����,�+�!"$��3 SQM ?�+�! A > Afreeze = 3.38× 1044 (100

MeV/∆)12 ����I��0&�U�$���10&5(!�*3��*�� CFL ���
�- SQM �+�!�9�V$#��

Alcock  Farhi ����4E5�� Madsen �� [16] 0</'�4,3�9��4I�
u �d ��>*� s ��S@� s ��? u �d ���0�/-!?4I�WP,�H$�
4IL����������$'��9"$�*G+�3�%.� Madsen ��>'�C
I+�!� 1046 ���� 90 "0$ Sumiyoshi �� [17,40] FE��1.��- QCD +2�
&��)�Æ/<���)� [12] $,�!�=� 1993" Bhattacharjee �� [18] /���7
,�M�����)�� 1044 ��0@0�3,+�N3�%.�*�"� QCD �#5,
� SQM 8���9@�4��H<X$;O=�"��H$2�+��-�Witten [1] ��
SQM ����+�E�-�1�2��T������7C;� SQM �4$93*��U
\%*�"� QCD �#���-��S��T�G��=�#�
2.2 (P&'QRC% SQM

7&1+��"����":TU��1Q��DV=+� 3��%�-�$� 5∼8 M�
��1��-VW(�&��,������PD$I$A�4D;����E�@$'�
�VW1 %�-�"$��1��-�U3���$'�X��0�5@=�F;�E
J -�6��������19�NOB=�-VW���*$Æ+����1OI�A
2B=Æ����;�R]��)��4$I� H �?*=+� He �C �O �Si $5� �
-SL�4-!0T� Fe ^SL��� Fe -�37-�-�7% Chandrasekar "*��-
!0@=���;��?$�A_V)�̀ D$WI��.���**."��7&1+��
=�4�@��U.1U*�DS 1054 "�>7&1+���W�3��X=,1=�X�
YYQ��>+����++�93�������&�%�����(�-!@=��Z�
�1��A_V)++�H$��."��+���� �,'���+&"Z��/�
�H[���%.:H�� �+&'%V)�������1.�O�WP%.��&��
�8/1�+��<= [19] �(��7&1+��-!;���1�>���\<7&1+�
����+������

(�7&1+��!;���1���7��1�%�7�S�� ((V��Y�
�) ,����*�:;%.����9?$D3�F'$����6�����Fa��%
.3�'���6-�*+Y���������%�-��6T%$WI������
�."���-�����6�"�2Æ5 (N4 1) �+�!<� 102∼103 ��4B���
6+�!��*L���Z21�."�$-����6����2:%7�'S:��G�
����%.�2�+�>*��6�+�!6������6��-A2���0�E;
�2�-���� )�� 1987 " Binns �� [20] �S�+-6�X-�� )�4;��
�+-��-+6��6��$'�%/�-�� ∆ �[Z��A2;,�

σ(∆) = σ0 exp
(
− ∆

∆0

)
. (9)

Boyd  Saito [21] $7�W �����6�1[\���Y%.�&'�1[6-+6R$
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�+�+ ��6�+�!�)� (N4 2) �Vucetich  Horvath [22] �����6�7&1
+��['�$WI�-�+6A2����+�7C��1[\���6-�/�7&1
+��['��-#+ (X��.+�X-�#+) +��8��,A2�H9Æ*�/E�
)'��#+X-� ∆0 .$��*)'�6�.$[Z�H9���E,.L,9,�-�
>$�+-�.7 Vucetich  Horvath ]VW�"%�7&1+��5,��#�-I��
/�-+60+ ��6�+�!����%��;��1.� Coulomb #S�TZ���
 �0BB O /�-�A2;,�,1;,�/G�� [22]

δ = exp
(
−32παA1/3 c

v

)
, (10)

&� α = 1/137��E)�0!�c ��*�v ���6�%�X/�-�*+�'� A1/3 �

����7����6��! Z ∝ A1/3 �%���+�!� 105 ��%X-*+� 0.1c ��
�6���%!� 10−148 �=��N� Vucetich  Horvath &)���6%/�-�BB�

8 2 �U(Æ)VW SQM *+,-.X/Y [21]

yr

] [ ^ SQM ZT_[ 400 amu QXRO` \ \
103 amu 104 amu 105 amu

bI SQM HYab 2 × 1017 9 × 1017 3 × 1018 ]\R SQM ITcb
`^IZ<R]] 1)

^I SQM HYab 4 × 109 2 × 1010 5 × 1010 ^_MOZ<UWHY_
`bIZ<R]] 1) ZVRZ<UWR\
^I SQM H O ^R 1.0 × 106 5 × 106 1.4 × 107 UW^M 103O cm−3, `W
O Z<R]] 2) R[X[RUWUa

\% 1) ^]\R]`�OM 10 amu & 2) ^]\R]`�OM 36 amu Q

E59N� Vucetich  Horvath �1. O I���%.������[OI����
�����2��!�����/�A2;,�-%�+6���-�#�-�$4;� [22]

dm

dt
= −

∫
n(t)σ(∆)vd∆ . (11)

&�!� n(t) � t �d O I-�!#+��4@&52�� Fowler  Hoyle [23] %7&1+
����)��

n(t) = n0exp
(
− t

τexp

)
, (12)

�� τexp ≈ 0.1 s �5.�e���&�,�,� O I�AE-!/� O -�VT!#+�
/�7��4,I�)����6�*+#�-E+YHE. [22]

m
dv

dt
= −π

2
Cmoxv2R2

0

(
m

m0

)2/3

+ ξ
dm

dt
v , (13)
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�� C �7�� von Karman 0!���A2;, σ(∆) = σ0exp
(
− ∆

∆0

)
��! σ0  ∆0

�!A���6�$$�+��& [22]

σ(∆) = σ0

(
m

m0

)2/3

exp
(
− ∆

∆0

)
, (14)

m0 2:�$<�5-�4#5��6�A σ0 >��2$$��6�X-+6��! R0

�:��6�JC mox � O /�-� ξ �A2H�%>*�()� 0 < ξ < 1 �-� m0

���6�+�!� A0 � Vucetich  Horvath [22] 5\ A0 = 200 � (13) &�,�]�7�
�]�4;A7�%4,�%��6�>*���1.� 4πmoxvR2

0(m/m0)2/3 ���6�
1%��%��6;,� O -@��7���]�,%��4��4;5���* O /��
�>��6��� �,�]�A2 A +16 O → (A −∆) +16 O′ + ∆+energy H�%>*�(
)� Vucetich  Horvath &'"% O I���6�D-� mf �$9-� mi �+%� [22]

mf

mi
=
(

∆0Eb

mpEi,ox

) 1
2(D−1)

. (15)

D < 1���60�3�K (T�;4&�� D−12� D�(���0�.) [24]�����
�0�8[�) �∆0Eb/mp 4;�$+�[Z�0�4$^�� (available kinetic energy) �
�� Eb 4;��6��+�)#��$1 10 MeV �= mp ���-��/�-�! 
Ei,ox � O /��-!�1%��$����! [22]

D =
πCmoxR2

0

2∆0σ0
+ ξ . (16)

4/T��b^) Ei,ox $� ∆0Eb/mp ����G>�D9*�9�A2�,���6�-
�Æ*�9>*�

(� Ei,ox $� ∆0Eb/mp ����+ O IH2c (��#��) �%��$9-���
�6�9������M�������6�$9-� [22]

mi < mmin

(
∆0Eb

mpEi,ox

) 1
2(1−D)

, (17)

�����6�-�0>*�CI-� mmin �����6#&�"-�"%+�3�,'
K�M#������6�$9-�H2$��& mf > mmin �����6*�$_a�"
% O I�1��3��_`�/�� O I����*c��_a"% O I��0"%[�
OI�+�$WI��3�$I/��/�%!$��2� ∆0  mnucl (���3� mox) Æ
9$�-�����>$�$����/E��5.�1.���+��[Z$$�X-�
3����6/X-+$�8��0 σ0 %X-#�2:�$�.7 D �#�Æ.$��X-
�+��=+� ∆0  Ei,nucl (�3� Ei,ox) �4/$I�*++$� O I�*+���.�
�E,V)?$�Y�9>*���E,$If*I^���*+�c7%*I^�%.*
0M?�.7"���� ∆0/Ei,nucl > ∆0/Ei,ox �0!-�+%�$@��$I���/*I
+$��� Ei,nucl ��9$� ∆0Eb/mp ���A2�9�, �#�=�,A2�D-��
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$9-��/Æ9)$�*I�A��[4D�-�2:�OI-�/�`*� Vucetich 
Horvath [22] ����b5���%��;��%��;��d����$/=����*P
������7���Y79093#&"�!�����)�������!A�Z�
$Sa&>'c#�(��F7&1+���6���Y�'����+%�*�$G��
%@2BY�()�

�&A����)�93�(� Witten a/��#"�2��6�2TI��1WI�
>�"���6���,�,�9���1�����������6� Coulomb #S%�
��9������6�++���E$���-��#��6�-�G$G"-�.7�"
CBBE'����"%�����%.0������9G�"����67���*�
6× 10−9 cm−2 · s−1 · sr−1 �(7$�7�4��(�"�2����6�"��*�9���
1 (�ZJC 10 km ���10� 1 s *]A 1000>$���6�6d) ����8:1,2
:���1�A��(�8:1�����1�$2"�2�*���9���6�
2.3 (01'23C% SQM

��� 60"0�.�&����4����8:1����8:1$"��0�d-�
��Æ8:��0���*<*���^K���1��S:���=���8:1��Z
�*�����1��.���,�%���1���S:+��A��[R��"0���
����(� SQM -�+��-����>8:1������1���C�\�����
���1��"�#���%�%�+2HA'$1.� Einstein ;E.�2����)�
S��,�,�%��_1%��P�%.�9�?*��)�"%��7C<'���
�)��eaJC�?>$�4D+6#��

���.��������8:11��_1%��/(*"��� PSR 1913+16��
�_1%��`]1� 108 yr ��4���� PSR J0737−3039B  PSR J0737−3039A 1�
�_1%�`]$1� 8.5 × 107 yr [24] �/ PSR 1913+16 N�-� Gilden  Shapiro [25] �
��4;��1!+�9�$1 13% �-��P?1[\��������4��eeP�
�-�-�*+Y�(�8:1���1�52�+69P���6�X/���DNF�
�*��+6�_1%���8��1.�$���."��7�%����1+68�'
���6����+0<�4� Madsen [26] .E�������6��"�2����Y9
3���*$��1+6��"�2��6�< (bNM 3 J) �

+�8:1�T���1����1�����(����1��.�a���S:�
�88:1�+��= ���1����&,Æ�Æ4;'bf�,]���!�d,
�F8�F����.."0g ���������=+0���M�����-;��.
�E.���0! TOV (Tolman-Oppenheimer-Volkoff) E.&��-� – JC+%Æ�3�
����1JC%-�)'�>$���1JC�9%-�)'�)' [27] �M#�(�0*
%����1�,9.�*��"-���0>*���0*��*�����1�4$E
�1f^�=����1�$0&F6�(�."�$F�d-0��8:1����*��
�1��?�
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3 �7;C_c_Ddg``

F��65,$���+������-����@��$� 3 E,�0<�+�8:
1��#1�G���1��� �>��%�+%�+6 (( Pb – Pb +6) � 5,��
�-���� E,��� M�*���"�2���6E,�����&���M�
E,�b?6179������6�+� Centauro Æ5� exotic Æ5� &��+��6
�ah%���Y�� ��6��G$A��������4�E+61"��"�2�
3.1 (a4501b6cdef"#78g

��%�"�2�."��9� 1912 " [28] ��4����c"�Nc�"�2��
�����93�iee"�27�#+%����$$��3��%,g"������
�����3YH�=_`Y����� 5 × 1015 eV B���j"���0T���e0 
���� 5 × 1018 eV B����j"����h0����=�"�2��"E;����
�� 1014 eV $��"�2���$"%52�"�E;0."����� 1014 eV $��"
�2��>++0+Wf�b$Af�+2�2"��

4 13'� 4 �L�Æ5��/'�������6�.�#J�+%��-Æ5��"
=+�"%B��h�$H�AG���\�"-8����,0E561Ld+i� exotic

track Æ5 ($�E� ET Æ5)  counter Æ5�
�"� ET Æ5����f�i�'�"-�AG��� 1989 " 5 c 25 j�j���

5\����+�$Aj#+D+� 11.7 g/cm2 [29] �i�'�,*� 1.53 m2 ��-j#+
� 15.5 g/cm2 �da�� 7.99× 104 s [29] ��"-=+���ke� X �2�Z (screen-type

X-ray film  SXF-1  SXF-2) ���i�f (Em-1  Em-2) 5��k�-C<�"- CR-39

�1����!��0W>�% SXF-1 � Em-1 � CR-39 � SXF-2  Em-2 [29] �
ET Æ5�,���"-������3������?�:���� SXF-1  Em-1

�@��l<���*,'������I,�!#)�����Z���,,�b�
f�.7"%/.���b�f��l��Æ*�$��'��!����?� SXF-1 
Em-1 >'�)���� 87.8◦ ± 0.5◦  87.4◦ ± 0.2◦ [29] �1.��G4,�e&�4�&
�:����@�"-��N�$Aj#+� 198.57 g/cm2 [29] ��0$�!���?�
7' CR-39 �"���.7�;b?���G�@d$TG� CR-39 �/�4C#+
��a�Z��m?l��+�3�E;�"%!A�Z�$&������ (Z) �*+
(β �$�*�5�) �/� SXF-1  Em-1 ,>' Z/β 1� 40 (SXF-1 �)�� 40± 3.5 �
Em-1 �)�� 40 ± 2.0) [29] �

1.�/�g!� 40�$9-"�2����G$AI��$<��.h� 11.3 g/cm2�
�$(� ET Æ5�Æ"��%�-"�2Æ5�n���,,-� 10−8 �= [29] �

�%%� !0YQÆ5�-%����$i-���"%.��e-k?���?
1�47#��)�$��"����!�?*����!���?��0��=�1
.�3��GÆ;%-P�ea�m0�� Ca /�-�Z&��TI$AD+�*Æ�
160 g/cm2 JD [29] ����E;�&���!���5�-�4$�� (/-���) 1
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� 2.0∼2.5 GeV/n [29] �
�a Em-1 �")��&����@ Em-1 ��*+� 0.5 L�*$� [29] �1.�"-

*����%>*�(���� CR-39 *M���0�$*�;TG�Æ;�#0>*+2
+C SXF-1 � Em-1 "'� Z/β A�47M����� )��g [29] �

A-TI$AIj#+� 198.5 g/cm2 � Z/A ≈ 1/2 [29] �(�!������/�-
�n��$G��/�g!2�$� 32 �!�*+�$� 0.955c ��3���-��@�"
-�/-����$� 2.22 GeV/n��@$AI�2�/-����*+@� 8.43 GeV/n�

��5Æ�8/1�SM�M���0�"�2-���:e-�"��o-��1 10−7�
��AV$��$� �,��a�:/�-��M� CR-39�����I��"-;1��
� α ��$/ α ��F+�[Z (-�[Z����A2;,V$>����cK)�

(�g�93��<���"-�Z21���7�Æ5������hh�����
��E5���+-"�2Æ5�(����60�S�>Æ5�����6�����/
�-���+�!+//�-$�8��;?*+�$$*9$�8��2���!Æ*$
�-��+TI$AIc+�930� 3.3  3.4 J����

�,E561 counterÆ5�:� ����"-��fihg C̆erenkov�!- (C)�
�fnh�!- (S) ��fi�if� C̆erenkov �!- (L) ��8j!/' (MTPC) 1
� [30] �C  S O���"a��0"�������+� 0.35 ����� L � 4 �"a�
�0"������ MTPC �0�"
���P�e<��fe-� 1981 " 9

c�j�Hj5\����G$Aj#
+D+� 9 g/cm2 ��+���� 28 h

*YQ� 1270009��!� � 6�"
�2Æ5 [30] �

SW'�! � Z2/β2 (Z ����
��!� β ���*+��*�/) �
C W'�! � Z2(1− 1/n2β2) (n �6
-�g�-) � Saito �� [30] pG��
k C – S ) (() 3) �)��;���
�!E"���i,���Æ5���
,/�"-�!T%�OW':-�!
 Æg#&�A��2�[=�/)��
$@'���/-������ 440 �
460 MeV �

) 4�3��GÆ;;?I+%�

C 3 counter kj� C – S �i [30]

HM/IMl<TI�(IMlmIUWIQRVolRdq/j
r(kMskpRq7ntl-7Q

�!�E?��3�+�! A = RZ/(E2 + 2mE)1/2 ��� R = p/Z ���I+� E �/
-���� m �-�-���;?I+�$>'+�!�*� 110  %I+YC$<>'+
�!� 370 [30] ���>'���6+�!��+%����%�Æ"��7�����6
Z = 0.1A (A � 700) � Z = 8A1/3 (A 	 700)  %� CFL ���6 Z = 0.3A2/3 [26] �0!D
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&�����!� 14 �Æ"��6� A = 140 �� CFL ���6� A = 319 �

C 4 counter kjlj�
olpÆPFeLrsqm��k [30]

F4 1 � 4 �Æ5$�������� Centauro Æ5�"�2�**������64
5����Æ5M�>����ln –j�"�2�"#�1��� [31] �1959"�79��
�&mrons���]#��1962"�:$1�m%m/(pfgop 20 kmB Alti-Plano

$/n_Moh8�2 Chacaltayah�uo� 5220 m��E�9� ��M��i�' ——

No.1 � 1972 "���1�i�' No.15 YQ��M�� Centauro Æ5 —— Centauro I �
No.15 � 4 �=+��2� [31] �4�,��Ii�'��0�" γ �2������

�c+� 7.8 cm � Pb !#i�'��8 Pb !#I�����m&�)���8I Pb fn
8Ib2ph1� M#I�c+� 23 cm �X�-I�� -��!/� (th – iu) 1
��% γ �2,�I��!������I�/�-�,A2�5,�8� C (i) [j (.
�X�-v C .8�)�&9 C [j)  2�0� 150 cm c�\AI 4�,� 6 cm c�
�Ii�'��0� Pb !#&��0�"�IA25,� C [j�

��1��a���" C [j��I X �2�Z�����5C 1 cm 0T*�,g�
f�"?f��@��7%� 100 TeV [31] �@90C����8���� γ ��1��/
.$�$Af�n�*�B=���@E?4;�-���[�T%��Ii�'X�-
I���Ii�'����4Ai�jFov�����LJtq��1j��&�2d
D�-����T%�"-�J2�F��)��w �qo�����I�Z��2�Æ
�1���$w��f�� �k,^����C<Æ>35��5��*!�Æ5�4D�
�����[���T%�X�-I�,���kG*��
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�9��"Æ5���Ii�'"��f����@!���@���,+/�Ii�
'$,L (H��T%�Ii�') ���>Æ5;!�A�

(�g�a4;��I�"��f�a2�V2���-�����0<��I� Pb [
j� C [j�I� Pb [j��/����I�f�"p�x)����-���� (��
I� Pb [j) �Æ�x)�$AI����f���a?E+��$&�$=A2$o�,
�m�Ii�' (50 ± 15) m �+B [31] �

Centauro I Æ5��"��."�$���� ���*�������,�,�$=
A25,�$�����������*$1�C6��0�6 γ 1#���

�7�����E."��H[ CentauroÆ5���Æ5���������0<�f�
��.����1���Æ1�" ��$*��?���=l%."��TI� [32] �

% CentauroÆ5���S:�DZGF�� [32] ����$="�2���$A/�-A
2�5,�!$c��+�[Z��S+�0T�5,����-6�9$����� u �
d ������.��+���#������������-���%.lG� π 6�
 γ ���5,�DZGF@���$'���� K+  K0 6��4�@����6��0
��DZGF*0������$?�9���������"-���
3.2 (01b9:p;<dqr

M#0ru;ÆYe AMS02 0�:��5\�_Æ�X[\�m����$AI$�"
�2�"-���n"��d$AI�LJ��$52�""�2����-/�! �"�
2�(����6���n�Æ�����52."��.7%�@�G���6Y��G
����,%��

�&+����"�2���I+Y (I+-%� R = pc/Ze �&� p ������ Z

�����!) �5\I+Y���AB�0<� AMS02 �$�""�2���I+��>
�"�2�'*%.>'�I+Y�/.E5�+%���q/���#����1.>'
O�%.%��6���LJ�F0�0!"�2�YE.�

Madsen [26] 0��1+6����6"�2�<�.70<����<�+-���
���8:_1�.")�>'�ah%*�+6�,-� 83.0+209.1

−66.1 Myr−1 �Æ�+�
95% [26] �3_1f&����sr*H$�$������-'�P'0����-
�����-+6��?>*+�!�4DK@���6�$$����!A����_
��1+6���1EJ+6�! �_��1+6%.g�!���1�!A)��
����1�)�.��1��F�#��A�G��"_��1+6P'�--��
�*��_��1+6P'��-@-����-a����>'���6�5,-�
dM/dt = 10−10 M� · yr−1 [26] �

F��.$��-/$���6�� s8E,<4&�Æ"-M��$�.7Madsen

ABV)� Fermi '*w`%��6�05��#� �-%.�+%&Æ,�/�-"
�2���D& [26] �B�ah%��� x B� t �d���� E � E + dE 0�*��
�6!#+� N(E, x, t)dE �1.�%��6�LJ�O�=+%.���N+,9$�
ah%�"D����������"��3�.�� dN/dt = 0 ��"�2�YE.�
��;&� [26]
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dN

dt
=
(

∂N

∂t

)
source

+ D∇2N +
(

∂N

∂t

)
escape

+
∂

∂E
[b(E)N ] +

(
∂N

∂t

)
decay

+
(

∂N

∂t

)
spallation

+
(

∂N

∂t

)
reacceleration

. (18)

�&DEM�]Ai���6�<�/����V)'*D&&��'*5,����3.
/���_`Y [26]

g(R) =
α − 1

R1−α
min − R1−α

max

R−α , (19)

�� R �5,���I+�$ GV �5� g(R) �'���� R �o-#+���x�� 
Rmax � Rmin ���'*5,���I+����*��70T$ g A�( α �/!��
9"� 2.2��_��1+6-�`*���65,!�3�FF$ah%��+�*���
�65,!#+�3 [26]

G(R) =
Ṁ

V Am0
g(R) . (20)

�� N $�� E ��#��)0�� G(E) = G(R(E))/Zeβ � β � v/c �.7M�]�[
�*� G(E) �

M#]�M�]��4;��6�AE��$5/ah%ro'Fp����!<'�
����D = 0�∂N/∂tescape = −N/τescape

[26] �%�I+� R�"�2��roah%$<
�0TG��-j#+ ξescape ��$/-"�2����&�)�� ξescape = ξ0(R/R0)δ �
�� ξ0 = 12.8 g/cm2 � R0 = 4.7 GV �3 R < R0 � δ = 0.8 �3 R > R0 � δ = −0.6 �(
�ah%1[6- (H$2�� H  H2) �#+� ρ �>��6�0P��m%� ξ/ρ �Y
v ���6�*+�>�(�+%� τ = ξ/ρv �Y n �+�E=> H ��!�0!�+!A
��� [26]

τescape =
8.09 × 106 yr

nβ

(
R

R0

)δ

. (21)

Ms]4;��<'%!#+�LJ��� b(E) = −dE/dt �.��c��6���<
'�/(4��/ E +� E −∆E �>��� E ���6!#+*9>*���<'=+0
���E,��� π 5,%.����%<'��-"�2��������%.,���
�D&��0���-D&%��6Æ5�� π 5,%.��<'-�D&� [26](

dE

dt

)
pion

= −1.82 × 10−7nA0.530.72γ1.28H(γ − 1.3) . (22)

�%<'%.���<'-D&� [26](
dE

dt

)
ionization

= −1.82 × 10−7nY (Z, β)2[1 + 0.0185 ln(β)H(β − 0.01)]
2β2

10−6 + 2β3
, (23)

�&�5�<� eV/s ��� Y (Z, β) = Z[1 − 1.034exp(−137βZ−0.688)] [26]  γ � Lorentz .
� H � Heaviside Bqy!���'�4;���A2�,,+C��6����-��
���$Y 1/τloss ≡ −db(E)/dE � τloss �$�S���<'%.���N+�



( 2 � '�)���	���� 159�

Mt]���6�1#<']�(���6�+��-�-!���#H%"-�>��
]�(�M�]���6�+6��6[p��<'��&9���93�M��+6�,
[M�@A2;,�8$ M#�(�[M�,��[Z���6�n�,�O���$$�
��6�A2;,���8$�M#�93�3vR�����w)�G�� Madsen [26] A
BA2�5,��6[Z��0�0+Fa@;,*�$��@;, σ ������6�;
,*�!/�� σ = σ0A

2/3 �0!��� (2 GeV $�) -"�2�! �*�&��>[M
A2��j��� [26]

τspallation =
2 × 107 yr

nβ
A−2/3 , (24)

>M�]� [26] (
∂N

∂t

)
spallation

= − N

τspallation
. (25)

��6��Y%.����A�7&1�0�V)�/��F>'*��*� (18) &

DtMx]���* ��ah%�5B��>7&1V)T%0+� τSN ≈ 107 yr ��
���N+$$?��,O�%.���N+�.7�LJÆ�.Æ����'*��
����F��F C[Mr'ah%�.7��%.%@��!�LJ�z,���
��;&2� [26]

(
∂N

∂t

)
reacceleration

= − N

τSN
+
∫

N(E)dE

τSN
g(R)

dR

dE
. (26)

�&DtM�2�4;�%�=���'*��/0B�:��0�����'*ro':�
�0� M#2�4;a�����>'*Y���-/E�2����'*�:��0��

�!���+'*�/9'*�/��%�+�!K = g(R)
∫

N(E)dE/τSNG(R) [26]�
0� (18) &DtO]�4@&0{ (18) &��$&� [26]

b(E)
dN

dE
=

N(E)
τ(E, A, Z)

− [1 + K]G(E) , (27)

�� 1/τ(E, A, Z) = 1/τescape + 1/τspallation + 1/τSN + 1/τloss
[26] �/>�:E.@�$�!A

E;>'S��T��h0+ N �F0+"�2�7�#+��7�#+ [26]

FE(E)dE =
βc

4π
N(E)dE (28)

 [26]

FR(R)dR = ZeβFE(E(R))dR , (29)

�$C&��6"�2�7�#+����0+1.VrK��Æ;;?%��2BY�
xG�VrK��xG�$���+��� Φ = 500 MeV �/�#S�.�VrxG��7
�#+� [26]

Fmod(E) =
(

R(E)
R(E + |Z|Φ)

)2

FE(E + |Z|Φ) , (30)
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��GÆ;�;?$$>��"-����Æ�+�%� AMS02 ���A%��#��
(1∼15) GV �

3,8a�$*70?!A������"-���8/�AB��� C�S�)���
%(1"-9=�������N+4$�$�%.�!��e���N+,��m��\]�
��N+$�:]*$���DE�=+]�5.�e���N+$�4�:%.%#��A2
/.L*��24*�'xs�T�b^)���6�����VrxG�;?��$����
0� τ ≈ τspallation � b(E) ≈ 0 � |τloss| ≈ ∞ �.�� τSN 	 τspallation ��$��" K = 0 �
�0��� FR(R) = 2.34× 105 m−2 · yr−1 · sterad−1 ·GV−1 ·A−0.467Z−1.2R−2.2

GV Λ [26] �*��
&�@7� F (> R) = 1.95 × 105 m−2 · yr−1 · sterad−1 · GV−1 · A−0.467Z−1.2R−1.2

GV Λ [26] ���
�! [26]

Λ =
(

βSN

0.005

)1.2(0.5 cm−3

n

)(
Ṁ

10−10 M� · yr−1

)(
1000 kpc3

V

)(
930 MeV

m0c2

)
, (31)

m0 ���6�/+�-���[O�,%(�����0 τescape 4$��[AB���
�Fs�VrxGI+;? RSM ≈ (A/Z)1/2Φ1/2

500 GV �)��7�w)G�� Ftotal =

2 × 105 m−2 · yr−1 · sterad−1 ·GV−1 ·A−0.467Z−1.2max[RSM, RGC]−1.2Λ [26] ��� RGC ��Æ
;;?�

���W AMS02 �2%��6>'�-b?�.���.".52�/�d�X$$�
65�G1���."�Æ��*���%�>?$�+���6Y��G���G:f|
�8�� 3 "&� AMS02 ��9�"�,g9��6Æ5��$�$Af�."8/�++
�t=�#"%$AI*."��$�a��6���/�-�������$��8��
,0��u?�$�ÆE�04�"�2Æ5���6�(!�G$AI�9�$A/�
������;&$5�7���*���."���."�����++W �

�,��,��Exotic trackÆ5�����%����.���Æ5��"-���Æ
�$Aj#+D+h� 11.7 g/cm2 �!���E?��?� 87.4◦ �Æ*�4����,��
u,u$,!���:��"%�j#+2:� 200 g/cm2 JD��Æ"�+�!� 100 �
-���TI�$Aj#+h� 3.8 g/cm2 [26] ����,�,(��"�����6�n�
��6�,1;,2:9$�Æ"-�/�����4� [2,33] ���6�JC��+�!�
/�-�3�3,��6�JC9P $�-����H$S:(7$�M��������
%7�,�����S:���-�1>���#�+�BB���
3.3 (=>?t@A

Wilk  Wlodarczyk [33] �����6���.��1�$2$����A2;,�Æ"
/��1�$247�0��(!$AI���6�\A/��,+6��)��/��6
�K��$'[Z�+�,�>+6��6�-�*>*�"�5�@�+�!�*����
�6�3��-!�!�D+�2:�+6A2��.��2:���6�3���>%�
@n.�

%��6$<��.�G��/.w)���,��@���&C�j#+����"0
$�$?+�5����.�$ g/cm2 �5��j#+ Λ 4;�5�,**@�A�8*-
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����K9�,A2�#+� ρ �<tO?��6-����j#+�$?+�5���
�. λ �����+%� λ = Λ/ρ �%##+�6->0+%n.*����j#+ Λ �A
B���d6-#+#��LJ�����6-�X�A2;,�+�%�G.�\A/
���6��+�$��6�\A/�-JC��JC�u,**���\A/�-*
9�,+6��2�j#+� [33]

ΛS–air =
AairmN

π
(
1.12A

1/3
air + r0A1/3

)2 , (32)

�� Aair ≈ 14.5 �\A/��$<+�!� mN �-�-�� A ���6+�!� r0 �5
�+�!���6�JC�

!�����69�?�\A/�-�,+6�2�0*�%A2��(���E5
9N�Wilk  Wlodarczyk [33] ��$�,"AB�0<� �����6+>�\A/��
+6,9�,A2�.7�>A2���6�>%�$<n.*��,&��+6��.�
�>� �1����,,��$-A2;,���AB+>+6�+��[Z$$@��
\A/�-�$$�>?�6AB�(�!���6�+�!� A0 ���\A/�+6� k

>�����6@��-�*� A0 − kAair ��*���6+�!��+6>!�y!��
�M�6AB�+6>!E���6!�$Aj#+ h (Æ$ g/cm2 �5�) �y!�.7@
[+�!���6!�D+�5Ay!�E��!�GD�,�+6G8���6�-�*
G$��$ A(h) �5x>y!�+���6"-9����+�!����* Acrit ��&
A(Λ) = Acrit >'� Λ K�D3���4$!�D+F (�,E�4$!�D+) �3/ Λ �

!�+�! A0 �5Ay!� A0 G$ Λ Æ*G$�3/�3������v�8����
0+>%�=n.�

��$9-�� A0 �!���6���% k >+6��-� Ak = A0 − kAair ����
CI-��*G��Z��6���3���N�+6>!�N = (A0 −Acrit)/Aair �.74
$!�D+2�OB=��.��� [33]

Λ =
N∑

k=0

λk . (33)

1.�\A/�+�!99$�CI+�!�Æ$�!�+�!�0!��.4@&��%,
>�����&��)�� [33]

Λ ≈ 4
3
ΛN–air

(
A0

Aair

)1/3

, (34)

�� ΛN–air 4;-��$A$<��.��$�0E5�%��/E+%��S:�0<�
+6>! N !/�!�+�! A0 �+�=�j#+ λ E,!/�3�� A−2/3 ���-+
�!� A0 �,E5�/E+%�.7�9�)��w'�C�+�0!��0+=�j#
+*,!/� A

−2/3
0 ��$@�j#+�=2 ≈ Nλ ≈ A

1/3
0 �����AB�����)

�4; [33] ��+!���6�+�!@� 103 �*�$�C�T% 200 g/cm2 D��G$A
���3�K�
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�����n"���2�S:��6?��.���>*��6�+�!��SM�
$+�!?��.��� �= (X/-�>*�(7&1+��$2�+) �/����
��X]���-����-4 [5] �!(�.,�����6��� CBB����X#
&F"-�qo�+[�/BB%.F++-�
3.4 (BCDE@A

-�1>���=+93�����6�$A/�-A2�)�F���BB����
�K�[Z�.7� Banerjee �� [5,34] C�+�BB��S:��6�$A���Y�+�
?��.�S:����'�"������,��A2���,��0���A2�&�
�� Banerjee �� [5] �� 3 "AB�M����6�$A/��,+6�)����6//
�-�BB�� (1�1.-��BB���93.) [34] >v��-1.) �+>+6,�
��6�-�)'�/�#&F'"-����� (udd) ��v� s ���BB���0"%
�����%. (u+d→s+u) ����M#�!���6�$9-�,�$�$=��%8>
+6BB$�����8��� �� +�!�u#�93��$9-�(7$���6
�G"-9�6 Banerjee �� [5] ����1.) [35, 36] �)���� A = 6 �18 �24 �
42 �54 �60 �84 �102 �$+�!��6���"-���,,��;� CFL �Æ9���
6#&"-���@0�-$+�!���6Æ����"-$p"���0 AMS �"��
�Æ5���," ��-/�$�-��+�!$1� 17.5 ���-������p"
���6�45��M������6���Æ;���8�D!�uo 25 km ��+ (�7
���$A"vv�.7�&)�) ���6HA@��-�$9���G>0�m0�0�
5��G$A/��,A2��0�+�BB��1.�%=��Z$-���*��6�
G��2�/TG�GÆ;���4'� [5]

pc

Ze
≥ M cos4 θ

r2
0

(
1 +

√
1 + cos3 θ

)2 , (35)

&� p ���6���� Z ���6���!� r0 ��GJC�M = 8.1× 1022 J/T ��Æ
;�Æp"r� θ ���w+�1.t�Æ; B �>� pc/Ze = BR ��� R �{0JC�
�&�[*�+C���{0JCH2$�

Banerjee �� [5,34] ���<�-�1>�������.) [34] 1.��%�x!-
��BB�����69� Coulomb #S����BB+/-��BB C&8�����
�4�9�-�BB��#���-�BBK�2�+\#��6����

Banerjee �� [5] &'���6�-�#�w`��-�1>�����ÆA-+>+6
,9�,A2�+�%�=��.m%,+BB���-�#��$4;� [5]

dmS

dh
=

f × mN

Λ
, (36)

&� mS ���6�-� mN ���$A/�������@-� Λ �$<��.��
��6-�$A#+�+� Gosset �� [37] �S�-��� �����6������
��-,3��1� Banerjee �� [5] /�st���BB-�� [37]

f =
3
4
√

1 − ν

(
1 − µ

ν

)2

− 1
8
(
3
√

1 − ν − 1
)(1 − µ

ν

)3

, (37)
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�� µ = b/(R1 + R2) � ν = R1/(R1 + R2) � b �q�m%� R1 � R2 �����6$A
/�-�JC� Banerjee �� [5] Æ>'���6�$AI����%�P�E.

dv

dt
= −g +

ZSe

mS
(v × B) − v

mS

dmS

dt
. (38)

�&DnM�]�+'*+�M#]� Lorentz �M�]�#-��0���+2��
Runge Kutta;S�0 �E.1�"$A mS0 = 64 amu�v0 = 6.6×107 m/s�ZS0 = 2�
Banerjee �� [5] &��/.#5�)��

 ��)�4;���6���*+� 10−1c �=�.71.�%�x!�-�BB�
%<'���-,%���6� Banerjee �� [34] E>'���FE�����x!��P
�E.� [34]

γmS
dv

dt
= −mSg + ZSe (v × B) − γv

(
dmSn

dt
+

dmSp

dt

)
− mSv

dγ

dt
− v√

3
f(v) , (39)

�� γ ���6� Lorentz .��M�]��-�#�������BB��� dmSn/dt 
�-�BB��� dmSp/dt�2���A2;,�-%�2:� σpdmSn/dt = σndmSp/dt�Y
fpn = σp/σn ��+G� fpn *�$���&� Banerjee �� [34] P���L��!P��
�E;)������-�ea����6"$���6JC RS K9�BB�Æ*�4�
-�+���6��-9�BB���-��-!�2D!���64,�K9�BB�B
�!;#�� U(r) ��L��&�+6�CIq�m% b2

c = R2
S[1−U(RS)/E] ��� E �

��P��-!%����93��#;� Coulomb #� U(r) = ZSe
2/4πε0r ��*�$&

��L�-�+6A2;, σp = πb2
c �����L;,>� π(rn + RS)2 (IG#���;,

,1�1.-) �AB�[�;,/���L���;,/�*�$&� [34]

fpn =
R2

S

(rn + RS)2

(
1 − ZSe

2

4πε0RSE

)
. (40)

A&/'�����4@&��� E ≥ U(RS) �K5��G>/�-��-��;rG
Coulomb #S����A2;,�(���9�z�A2;,�P�E. (39) �DEMs
]��%�x!�0�+2�Mt]��%<'�52��D& [34]

f(v) = −dE

dx
=

Z2
Se4nZmed

4πε2
0mev2

ln
(

bmax

bmin

)
, (41)

�� n 4;:uo�$A/�!#+�Zmed � N2 ���+�/�48���%���!�
bmax  bmin �����,�%A2�4$4$q�m%���*�;��� I 4;$<�
%����� [34]

f(v) =
Z2

Se4nZmed

4πε2
0mev2

ln
(

2γ2mSv2

I
− β2

)
. (42)

����0+1.�93�3��6�*++� 2ZSv0 (v0 = 2.2 × 106 m/s �M� Bohr ea
���*+) $�����wC+2#&++90��*�4��6�F��%.��D9�
ea�� (.) [34] 1�1. QED +2�.7���ke��) �.7��6��+��!
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� ZS >$� Z
1/3
S v/v0

[34] �A&i,���-�#�E.�1��,#���.) [5] ��
&����

�-E.3/C�!AE;CS� Banerjee �� [34] ��� 4 B Runge Kutta ;� �
0<�p���6�4D-��!�*+���+% (N) 5) �%���$9-��!��
�6�3+�!.$��$*+G$� -�G$ 3+�!.$���D9 -�%$*+
�)$�>$�7%5CI*+� -�%$*+�)$�)$� Banerjee �� [34] �S:
���*�/�-�)'����+2%$-����6F��4���wC+2Æ���4
� (N) 6) �%���$9-�� 64 amu �$��!� 2 �$*+� 0.6c ���6���1
.��wC���$1 13 km B�*+��4�u>�����wC������!x/>
*p���*+>$$1��!�=�.7��+2g��H+1.��%<'��wC,
9p���6*+���>* (N) 6) ���%���,����!���6��)�4
;�3,��1>��uo 3.6 km B (N) 6 �uy/?��-w+��"��!A<�3
��w+yx Sandakphu !��B���"��6�$��"-x3�3��L�uo�+
� 3.6 km) ���68�H2$��� (1 8.5 MeV) ���v( CR-39 ���k�-C<�
"-YQ��$ CR-39 �E�%�!�*+$� 10−2c �����"wA� (dE/dx)crit ≈ 1

(MeV/mg)/cm2 ����6� dE/dx = 2.35 (MeV/mg)/cm2 �4 3 3v�$��!� 2 ��
��$9-�$*+���6��N���G$AA2���4D-����!�*+
���A&i,����-)��4 1 ���-.")�u#&�A� ((

C 5 4 KODz�LE�����s�LE C 6 ����zPFrsyP�NP [34]

zzP��i [34] {<6.M 2 Q (a) tywu<<y}& (b) w
{<6.xM 2 Q uv<<y}Q
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8 3 �*+FGHIX,Jxy [34]

β0 mS0 ml/ amu ql βl/10−3 el/ MeV

0.2 42 294.7 3 2.8 1.05

54 369.4 4 3.0 1.55

60 415.8 4 3.0 1.80

64 446.5 5 3.1 1.98

0.4 42 246.4 6 4.9 2.84

54 359.5 8 4.7 3.73

60 415.6 8 4.7 4.25

64 452.0 9 4.6 4.63

0.6 42 235.8 10 7.4 5.97

54 357.1 12 6.6 7.15

60 416.0 13 6.4 7.87

64 453.6 14 6.3 8.39

0.7 42 236.4 12 8.6 8.16

54 359.1 14 7.6 9.59

60 418.3 15 7.3 10.46

64 456.3 16 7.2 11.11

/�����Æ9��H��-z���4�/(BB%.9���6�-�)'�+�
� )�u#*+C�"$�!�-���0�-45��-���m$��0�0*'y
���w|�>S:$-�93�0�F$�x}����93Fy+���4'*�"-$
p"� ((�-��) ��6+�!�3��;>�������;>���,>BB�+�
!HA{�AB�8�"*�",9�@+�!m%"-A��3��

/ 3.3  3.4 J@����6�/��A2E&�93�+z�����ee���D[
MF��DBBF�@��+���6�$AI���Y�-$5��$A/�������
�8����d���++93���93���LJ�"�21�����
3.5 (z{4"#7 (UHECR) KL

UHECR Æ���645����9� CMB ���"��-�/�-�"�2��
�*%���� γ – π %.���-��9�����*�� GZK ;?�1.(��{#
(A+γ → (A−1)+N �N � p $ n) !z��%5, (N+γ → N+e±) ���[��*�+ 
�- [8] ��Æ$1� 1019∼1020 eV (%�-�� 1019 eV �=�% Fe � 1020 eV �=) �FE
�����$>'����%�Ym%�1> (() 7) ��7�N�(��"� UHECR �
�#����/�-�n�$2�'*<�T��m%�27% 100 Mpc ��[��0�<
�g��*��<�'*���Æ;��+$$�!/�� 100 Mpc *�R5�#5�
UHECR 5,<���6�0N�"�2���/�"��+�!��!�E�� ��-
/ (����9��6�� CFL ��6) ��-�-���� UHECR "����1����
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C 7 ��	��L	�F	�{y�NP [28]

0<��������%.�$
0��6���'����.�"�
2'*< (/(V)) �'*"0�
����I+�* [8] �I+� R =

p/Z � p �'*������ Z �'
*�����!�%�":�%��
�� p = E �.7������*!
/���!���6�$��!��
� C�'*���.���� [8] �
����6�;?��E�3� %
��� π 6�5,%.��{#%
.�"�2������*!/�+
�! A ��� () -) ���+%�
E ≈ 5 × 1018A eV [8] �!z��%5
,%.��1>!/� Z2A−1 ���
9�-����%!!/� Z  A �

%��9���6�����-+% Z ∝ A1/3 [2] �1>- ∝ Z−1 ∝ A−1/3  � CFL ���
�6��*2z�7��� 3 ����+%��.7���4,*�!/ [15] �7��1>-
∝ Z1/2 ∝ A1/3 ��#�3��!�� 1/α = 137��5O9��"���� QED��?��
����Æ;��H$�D-\��;zz;��!z��%��:"��$;��Ike
���.7�[��+��+$�-�1>-Æ9�2>$����\�.����6�%�
O���1>%.�����1>-,9$�-�-��-�����6�� UHECR ��
45���$�����.8���6�{0JC$�ah%JC��*���6��3.
�{0JC�ah%JC�3�-�-4;'F��O?�� [8] �

2/� '�(�g����6�G� UHECR ����0T (���� 100 TeV) ��9
�F��\�"-52�""�2�����"�27�! ��"=+���E; [9] �$A
{��">=��#+�"����e-,��"�!�"�2�b$Af� (EAS) [9] �
���+�."+2��8 EAS��/!����"�2���$A/�A25,>=�
� (� ��!z���!z µ �����π 6��) �(�>=�����8���*9Æ
>A2�.7���=lf�%.�4��@�,�"-�0�$�z{.�3�>=�
���-����f��4$!����������"����B���$A{��"
-��" EAS �5,��>=��V��$A N2  N+

2 �|V��*��{��/��
 $A{��?��+�@���-$=����- (=+����Æ) [9,28,38] ��
�."d�A65LJ.$�+C|Æ�c�|U�>=��#+�">�"%YQ EAS

5,�$�>=����3�� mf�nn!�-m% (/( 600 m) B���#+0^
?$=����- [9,28,39] ����04��! =+0�|X� HiRes $A{��"- [38]

j�� AGASA (Akeno Giant Air Shower Array)nh�!- [39] �� 1019 eV ��$��"
��0T��1."B{>'����c#� HiRes ��4;'� 1020 eV JD�"��0
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�;?�c#�� AGASA >jf1�;?�<=�A��7�+ �*+>J�c#�3,
�-.= [28,39] }?�|�S:��m%<�()���3�O?����47��#���
! V*�Æ�R�7&����,%��3c#�7$��� )���}�� ��C
��f����

4 �|��}

��6�"�2��9��G!|�����d�+i�93��+���b5*�"
��#�������-�+�E�-1���#1��)��7&1+��UHECR�8�
++E?��]��#H����S���������-,3F8�H9��"0���8
������:~T�����%,���2��a� t=�(g���~TH0�F
8�93�d��Sh�Æ�-9B�F8�������(�z9������6$5�
����-��s�

UHECR ����4���%"}3�%� GZK ;?�0$��"�2���� ��
E^�}�+� UHECR ����H[���@;��������*���6 (� ."�
61�$�N.) [9]) ����-"�2��� (1011 GeV) 97%��4$�'*-��0
��'*�����.7 UHECR ���h%�����"�2����#%�����
����,���},%���8��-."m��B� [28] ������4�����9
�~F$����
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Cosmic Rays and Strangelets

ZHANG Hao, XU Ren-xin

(School of Physics, Peking University, Beijing 100871, China)

Abstract: Strangelets are lumps of strange quark matter, in the research of which many im-

portant branches of physics are involved. If strangelets exist in reality, our knowledge about dark

matter and compact stars should be improved, and physicists have also an additional way to

study the elementary color interaction. Strangelets could be one of the components of cosmic

rays, especially of ultra-high energy cosmic rays. Therefore, it is very important to investigate

the production, the propagation, and the observational features of interacting with the terrestrial

atmosphere of strangelets as cosmic rays. The recent achievements of strangelets are reviewed,

with attention being paid to the above issues.
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