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VRWYX[Z]\�^`_'acbLdYe]agf'h[e]iDjlknmoWYh'p

• ^`ZnmoZQb'acb!d4moXqZY\rZ]h"kYsDhqt!Z]Xqsuf'vgw
• x ZY\ryzmqZ]iN{|hqt'wYXoWYh
• yDWYXqdnb'agmq_'h

}]~ WYsDXqk ~S� t�kYszhqt'ZYXqsuf'vcwYh�b'�Y�Q�zm[mojlknmqwrwYacZ]\�Xokz�NkYt/b'izb'Xq�Yv�k2^`�D�]�Y�Y_'i4�]_!sUb!i

� ylWYXqdnb'a�mo_'hJ_!h�k,^`_!dYb't!_'h[vUh[�D�4WYX[t�WYhS�nkYa�kn\rvgag�]b!i2hqt!Z]XqZYhFd�kYyuf'h[Z]a�k�moslkYi2�nkYi�p�k�sUb!\rb!iD�D�!�[w/ilkY�n�
I0

b'iDb!Xq�]vcW��[��^`ZYmoZYi*b!iDb'X[�4W��qW
x
^`�D�Y�Y�]_!i:�Y_'sub'i;p

I = I0 exp

(

− 7x

9X0

)

. � }��
�|mqm�k

9X0/7
kYt��z�Y�QiDb!�Yb't'b�mqmRdYZ]i4�]b!Xqt!vcw]hLjDZ]hqh[t � a�Wnhq�$\r_!�DpSdYe��Yb!modnb't!��hqt�kndnknhqt ��~

}
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� t�b!�Y�Qhq_'�Yi:�Qv�jDZ]h[hqt!Xok � �nkY�Y�Qvch�^ k��[a�kY�YZ]h"jDZ]h[hqt!Xok � �[�zmqw�b'iDb!Xq�]vck��Yb'h[t!mob!hq_!�]b!m�moe]a�moeYm[m"X[_'hqt!b'f!hqdY_!d:Xqb k^`_'agdQackYhqh[t'vgdQ�zh�\rwQ�DZ]i$\�b'�]jlk�m WYX[Z]t'ZYm[m��%$<b!mqjDb'&($�acZQf j$^`ZYXq\2�Dack kY���qk \�b'�Dp

−dE

dx
=

4πN0z
2e4

mv2

Z

A

[

ln

(

2mv2

I(1 − β2)

)

− β2

]

, �*) �
kYjDZ]a p

m
kYt/b'agb'd4moX[Z]i$moe]\�b'�]bn�

z
k�sub'Xqb!yD�Dag�rX[_'hqt!b'f!hqdYb�moe]a�mo_'h[bY�

v
_!h

β = v/c
k�hqb'sub'h[hq_!�]bY�

N0

kYt� �YZ]�4kY�zXqZn{|hqt�Wn\5�
Z
_!h

A
k dne]t'b!� Xqb!iD�Dh[t�WY\rk�_!h�moe]\�b'�]h[t,+\rkz�

I = 10ZeV
�lk.-*�DXqyDj4�4{|^ knd:mqZ]X ~

-5b'���[b'�Y�Qt!_'hqb!d p
• � Z/A

jlWYi4�]kY�DZ]hLk jDvc�DX[Z]�]_!i*d:v��]_!mqb'ag_!�]b!a
dYZ]\�\�b'Xqh[t�kYi4�4kY�]ZYdQXqk��z�DX[�nWYi }�/ ) ��0c�Y� kYt/b'izb'X@{�]vck��]b'h[t!mqb'hq_!� �Y�Qd ~ iDb'\0^`�z�]��kYt�kYi4�4kY��^ k��@m W��qWnmow]a �zf!hokYd�k h21DX31Dh[_'�]_�mo�]a ~
• � hqb'sub'h[hq_!� � b!d � jDb!ag�Yb!mqm WYagmokYa�WYsDkYi k γ = E/Mc2 = (1 − β2)−1/2

^ k��[a�kY�]ZYh�b!iDb'X[�]v�k*_'h k
p/Mc =

√

γ2 − 1
^ k��[a�kY�]ZYhSvc\�yD�Dact!�DhS^`�D�]�Y�Y_'i4�]_!sUb!i$kY���qWYd�\rb!��kYt�b'�n�Nh[_'�]i4�Qv�jzZ]hqh[t'Xok��[�zmowb!iDb'X[�]v�k��]b!hqt�mob'h[_'�]b�m ~

• � t�kYi4�4kY�$h21DX31Dh[_'�]b�kYt x
{|sUb!i �nkYi sUb!iDiDbY�
b!t iDb'\�\ Wnh'�;\�vci4m

x = ρ · ` �
kYjzZ]a ρ kYt�kYi4�]kY�h21DX31Dh[_'�]bn�
`
k2mob�44�Qacb!�]b'h[b'i \�b'�nmob!m[m�jDZ]h[hqt ~

• � t/b'iDb!Xq�]vck��Yb'h[t!mob!hq_!� ^`�D�]�]b�moagb'i*k�sub'X[b'yD�zac��Xq_!hqt'b!f'h[dYb M
moe]\�b'�Y_!mo�Ya ~

• � t�b'iDb!Xq�]vck��]b'h[t!mq_'h�ilkY�Y� Xq_!hqt!b5knsDsUwYa�h[t�WYX[\ kYt!vcd �SjDZ]�n� vgZ]iDvct'WYa �qk*kYt�kni:�]kY�]ZYm k8sUb!Xqb!yD�Dac�f!�Df'f ~�� �5) � \�vcizvc\2�D\rk��D�zX[�nWYi p/Mc ≈ 3 − 3.5
{|iD_'a
�nkYi ~76 iziD_'a-d:vchqb!sDs

p
{ d:Xqb

dE/dx ∼
1/v2
�lilkY�Y�YZ]sDslkYd:Xqk�yub'�Dvg�

dE/dx
agZ]�4kYX[vgmo\�vcd:�DhqkYi iz� ~

• � t kni:�]kY�]slkni dnb'acb�modnb't'b�mqm8vcZ]iDZYd983:";=<?> kYt!Z]i:slkYi \ WYX ^`�z�]� kYt vcacagb!mq�OkYi4�4kY� vcZYiDvct'WYf'vgw]hyuZYmob!iDf'vcWYa �qW�mow]a ~A@ b!\rb!hq�4Wnt'Z]d:slkYi*b't
26 − 40eV

�z^`_'a��]b!t'b!mq�]d:sUb!i
3eV
~

• 6 t7�zmqw]sDsDvS�[w d4�nkYi4movgmoknmB0�� \r_!Xq_'h[Xqb vgh � iDZ]jlk iDb!\ragvciDb'WYXqvgh�k ^`�D�]�]_!h'��\r_!�]vch�d:s ~ 10−4
{|b'hyuZ]i4moZ]h[hoWY�Y�4kYa
acb!jDb!m�b!iDb'X[�]v�W�m�\r_!XqiDv ��~

C �ED��	FHGJILKM�����	���N�
� x Z]acZY�D\2sN{|hqt'wYXoWYh�jlk�m WYh[dYb'X[b'h[t!mo\�b!mqhqt!b!mo_�m/kPO��NmojDb!X[^`Z]X[�N{|^`Z]X[�D\2�Dack�0cX �qk2acbnp

dσϑ

dΩ
=

1

4

(

Zze2

pv

)2
1

sin4
(

ϑ
2

) �Q �
R/vgh;hqt!e]�]b!dQX[bJilkY�Y�,k"jlknm WnhqdYb!Xqb!hqt!mq\rb�moh[t'b!m'�4kYt'kYtJk<mob!a �[b'h
b!agmq_'Xq�zac_'h;kYtJkYi4�4kYsDkYi�k"h[Z]d:d:vcf'h[vch[Z]d:XokY\�b'�Y�4{sU�YaQ�[e]i ~S6 \�v�knm[m�k2�]_'�Yhq� h[t'e]�Yb'acZYhqt'acWYhUT/kY�Dhqh { h[t'b'X218agb'hqtnp

P (ϕ)dϕ =
2ϕ

〈ϕ2〉 exp

(−ϕ2

〈ϕ2〉

)

dϕ ��V �
� t'kYt�kR�[b!acagb'\�t'�2ylknXokY\�_!mqb'X�k

ϕ
h[t'e]��hqt!w]XoWnhokzp

σ(ϕ) =
√

〈ϕ2〉 =
zEs

pv

√

t

X0

, �*W �

)



kYjDZ]a p
Es =

√
4π × 137mc2 = 21MeV

�lk?-5�zXqyDj4�4{|^ kYd4mqZ]X'� _'h
X0

k hq�D�]WYXqt'WYhqv�jDZ]h[hqtnp
1

X0

=
4Z(Z + 1)r2

eN0

137A
ln

(

183

Z1/3

)

. ��� �
��Z��nWYsDszv�sUb�mB1Dd p

v
�

p
p k sub'X[b'yD�Dag� f!�Df'f hqb!sUb!hqhq_!�]bY�/vg\ryD�zact'�zhokz�

re = e2/mc2
�,k d:a�knhqhqt!vcd:�Dhb'agb'd4moX[Z]iDhq�z�4WYX'�

N0

p � �]Z]�4kn�DXqZn{|hqt'WY\5�
A
�
Z
pFkYt/kni:�]kY��moe]\�b'�]h[t�WY\rkz�NXqb'iz�Dhqt'WY\ k ~� t'_!X[m2^`ZYi:mqZ]h�b!t!m d:vghqt�Wn\rZ]agiDv / vchq\�b'X[iDv � � \ WYX[\rvgi4m��n�Nd ~ √

〈ϕ2〉 { m � \�b'X@m�b!t�jlknmoWYXqZ]t!t�k8\�b'�z�jDZ]�Y� kY�DZYm[m��Db!mqb'd4moZYXqslkYi5\rvgag�Yb'i�yuZ]i4moZ]hqkYi*mq�D���[�Dd \rb!�]jlknmoWYXqZ]t!iDv
k sub �[e��]��Xq_!hqt'b!f'h[dYb2vgXoWYi4�4W�m ~
� F�� �������N� 
 ������� �	
����E�����! �(��#��
6 t�k�\rWYhqvgd \�wN���qkN�lkYjDZ]�n� b'�n�$dYe]t!b'�]sub�sub'X[b'yD�zac��moe]a�moeYm[m�Xq_!hqt'b!f'h[dYb2b!iDb'X[�]v�Wnm��Yb'hqt�0gmqjDb!m'�u�n�Nd ~ b'tk2^`_'dYb!t'_!hqv-hq�D�4WnXqt�WnhLk ilkn�Y�QsUb�mB1Dh�sDXqb!\rh[h[mqXokYjDag�DiD� ~S� h[�D�4WYX[t�WYh[v
b'iDb!Xq�]vck��Yb'h[t!mob!hq_!�Dp

− dE

dx

∣

∣

∣

∣ ����� =
E

X0

, �
	 �
kYjDZ]a

X0

�D�Y�]kYilkYt/\�vci4m ��� � {|sUb!i ~S� ��	 � \�b'�]ZYac�lWYhqkzp

〈E〉 = E0 exp

(

− x

X0

)

. ��� �
� t'kYt yDa ~ �Y�YZ]Xqh�b!acb!d:mqXqZ]izZ]d:Xok�ilkY�Y�5b'izb'Xq�Yv�WYi7b!t �DZ]\�vcilWYa �Ujzvchqt!b'i �5) � hqt!b'Xqvgi4m/ilkY�Y�8b'iDb!Xq�]vcWYi kYtb'iDb!Xq�]vck��]b'h[t!mqb'hq_!��ilkY�Y���qWYsuw]a dYZ]izh[m kniDh � iDk��[wD�QacZ]�4knXqvgmq\rvgd:�Dh � �4\ 0g��b!hqt!b'Xqvgi4m�kYtRb!iDb'X[�]v�k��Yb'hqt!b'h[_'��kYtb'iDb!Xq�]vcW��Ykna�kYXqWYi4�]Z]h ~� kYi�b'�Y�rdYeYt'b'�nmo�]a�^`�z�]�]�2d:Xqv�movgdQ�zh"b'iDb!Xq�]vckz�Dkn\rv ^`b'agb!mqm"k2hq�D�]WYXqt'WYhqvu�]b'h[t!mqb'hq_!�_'h�kY\�v
kYacknmqm<\ WYX�knt�vgZ]iDvgt�WYagw��]b!hqt�mob'h[_'� �zZ]\rvgilWYa �Nb!t�d:s ~

Ec ≈
600

Z
MeV. ��� �

C ����� ����� �(� KB� F��	�%� �����
-5vciz�Db'iDd:vzmq�D���qkz�4\�vQb'tY�:b!�Y�2ylWnX�dY_!yDacb�mJacb'h[t�vgm[mob'i \�Z]h@m ~�� jDZ]hqh[t'b!�Y�Qhq_'�YXqb��[�zmow/b'izb'Xq�Yv�k��]b!hqt!mqb'h[_'�Dp

−dE

dx
=

4π2z2e2

c2

∫
(

1 − 1

β2n2(ν)

)

νdν � }��4�
RLe]t!b'a 0gmq�YbY�Dd:vgvci4mob!�]XoWYa��nkz�Nd:vcWnmoackY�]Z]a��Yk�k�mqe]Xq_!hq\2�Nm knmqw � n � ^`X[b'd4�]b!iDf'vck � ν � ^`�D�]�]_!hq_'X[bY�lh@mos;p

−dE

dx
=

z2

2

(

e2

~c

)2 (

mc2

e2

) [

(hν1)
2 − (hν2)

2

mc2

](

1 − 1

β2 〈n2〉

)

. � }Y}��
6 t�kYtFb'iDb!Xq�]vck��]b'h[t!mqb'hq_!��b'agjlkYi4�4kY�YZ]acjlk�mowLk�mqe]sDsDvgjDb'tFdY_!yUb!h[m��YyDa ~ ��0ct'sub'i

z = 1
{ b!h�X[_'h[t'b'f!hqdn_'Xqb�kmob!a �[b'hSb!iDb'X[�]v�k��Yb'hqt�mob!hq_'�

2MeVcm−1
�:\ 0g�/k x h[b'Xqb!iDdYZ��4{|�Yb'h[t!mob!hq_!� 400eVcm−1 � �D�DX[�nWYi ) ��� ^`ZYmqZ]if'b!i:mqvc\�_!mqb'Xqb!iDdY_!i4m ��~
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b'�]b!�Y�Qhqt'b!X31Dszs d4�nkYagvgm k�mB0g� \rZQ�Db!aca p<kY�DZYm[mRjzZ]hqh[t'�DhqWY�]�7hqt'kYd�kYhqt!Z]iDdn_'i4m�krXq_!hqt!b'f'h[dY_!d7hqt�Wn\ k�\rb!�n{�D�DyDacWYt'wQ�Dvgd � kr^`_!dYb't!_'h[vShq�D�4WnXqt�WnhqilkYd5_'h�krylWYXqdnb'a�mo_'h[iDb'd5dYe]h[t'e]izjDb!mq�Nb!i;pRsub'\�b'�Y�5b'�n�5^`ZYmqZ]i;�Uf'hqv {ilWYa ) b!acb'd4mqXqZ]i4m / yUZ]t!vgmqXqZ]i4m�� b'aghq�$hqt'kYd�kYhqt� ��k�dY_!m�b!acb'd4mqXqZ]i �zm Wnilk ^`_'dYb!t'_!hqvJhq�D�]WYXqZ]tn��acb'h[t ) b'acb!d4m[{XqZ]i / yUZYt'vgmqXqZ]i*_'h ) ^`ZYmoZYi�� \rWYh[ZN�Dvgd�hqt'kYd�kYhqt� �
krdY_!m/b!acb!d:mqXqZ]i5moZ��nWYsDsD\�b'�Y�Y��f!hqvciDWYa ) b'acb!d4moXqZYi:mR_'h
) ^`ZYmoZYi:m/�z�Y�4kYi:�D�n�7\rvgi4m�b'ag�]sDs;�;^`_!dYb't!_'h[v�h[�D�4WYX[t�WYh[hokYa ��k ) ^`ZYmqZ]i7yub'�Dvg��ylWYXqdnb'a�m���f'h[vcilWYa V b'acb!d4m[{XqZ]i / yUZYt'vgmqXqZ]i4m'�%0c�n� b'd:dnZ]XL\rWYX � X[_'hqt!b'f!hqdYb��Ykni5e]h[hqt!b'hqb!i;�uh[mos ~ ��~� t�b'aghq��hqt'kYd�kYhqt��zmoWYi ) ��k�\ WYh[ZN�zvcd*�zm WYi V ��knt N

~ �zmoWYi
2N Xq_!hqt'b!f'h[dYb �nkYi \rWYX'�
knt�kYt�b'�n�Xq_!hqt'b!f'h[dYb b!iDb'X[�4W��qk

E = E0 · 2−N ~�6 t�kn�D�Dvc� ^`ZYag�:m knmqwN�zvcd ��\?0c��knt E
iDb'\ \rb!�Y� k�d:Xqv�movgdQ�zh

Ecb'iDb!Xq�]vck kYa�WN�lkYt�knt/k�h[t�kYd�kYh[t'Z]d�\rk��Nvc\rWYacvghJhqt�Wn\ kzp

Nmax =
ln E

Ec

ln 2
.

� �DZYmqm
E
b!iDb'X[�]v�k2^`b'agb!m[mov;X[_'hqt!b'f!hqdY_!d5h[t�WY\rk�yUb!�Dvc�Dp

N(> E) =
E0/E

ln 2� t'kYt�k��zv��Ub'Xqb!iDf'vcWYacvgh<b!iDb'X[�]v�kYh[yUb!d4moXq�z\
E−2
{ �]b'a
\�b'�n� ~

 _'�Yhq�8h[Z]XqZYi k$sUb �[e��]�8X[_'h[t'b'f!hqdnb � ^`ZYmqZ]i � e]h[hqt'b!h�b!iDb'X[�4W��qk$b'ac�zvchqh[t'vgylWYacwQ�Dvgd � vcZ]iDvgt�WYf!vcw \�v�k�mqm��a�WYh[��^`b!a �[b!sDs � kYtRkni:�]kY�]slkni ~S� tRk"�[w��Db!mqb'd4moZ]X!�DkY\�vlilkY�n��Xqb'iz�Dhqt'WY\2�;�N�Db,k/hq�D�]WYXqt'WYhqvujDZ]h[hqt,d:vcf!hqv ~� acagb!mq�Yb,�nkYiDilkYd \r_!� x h[b'X[b'iDdnZ��4{|�Db!mqb'd4moZ]X[Z]d*vch'�zyDa ~ w]agZ]\2�z�Yb'� ~
� �������	�H
 �LF��P����� �	��� �
�lZ]ag�]kY\ k�m�p�sub'b'h[�5jDkY�DXqZYi7Xq�D�4knac\rknmoackYi5h[t'w]X[wN�DWYhokz�
\�b'a��*hqZ]XqWYi7\ WnhqZQ�Da�kY�YZ]hRjlkn�DXqZ]izZ]d5vgh,dYb!acb�m[{dYb!t'iDb!d ~S� hqd�WYackYjDZ]h[hqtYp

λ
�
80gcm−2

{|mq�]a � x � 210gcm−2
{ vg� ��� s � \�b'�Y�Y�Y�Y�Qd ~ kLX[b'iD�zhqt�Wn\ \�Z]iDZYmqZ]i^`�D�]�Y�Y_'i4�]b ~S6 t��[w��nkYa:ilkY�Y�YZ]sDs;�]\�vci4m�kYt

X0

hq�D�4WnXqt�WnhqvQjDZ]hqh[tY�]b!t'_!X[mJk�jlkY�DX[Z]iDvcd:�Dh��Db!mqb'd4moZYXqZ]d<�[w��nkYailkY�Y�YZ]sDslknd � �z~ W { ) \r_�mob'X[b'h[b'd ��~� t7b'agb'd4moX[Z]\rWY�]iDb!hqb'h$t'WYyUZYXqilWYaRkYt7e]h[hqt'b!h5b!iDb'X[�]v�k \�_'X[jDb!mq�D�,kOjlkn�DXqZ]izvcd:�DhqiDWYa�kYt!Z]i:slkYi�kYtb'iDb!Xq�]vck d:s ~ Q ��� { k�b'a��]b'h[t'vgdu�
izb'\ acb'h[t2dYeYt!�]b�moagb'i:�DaS\�_'Xqjzb!mo� � jlkYhqkY�lWYh!�;b'agi:�Yb'ag_'h�_'hR\ WYh[ZN�za�kY�]ZYhiDb'�NmoXqZYiDZ]d dnb'agmq_'h[b�\�v�knm[m ��~A6 t/dQvgf'h[b'acb!t'jDb�mo��yDa ~
238U
kYagd�kYac\rkYt�WnhoW��nkYa ~!~'~
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