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��� Mkeh\b_�� Bkdmkkl\_gguc� kimlgbd� A_feb� h[jZsZ_lky� \hdjm]� gZr_c� ieZg_lu� ih� djm]h\hc

hj[bl_��e_`Zs_c�\�iehkdhklb� wdebilbdb��Ijb�gZ[ex^_gbb�ba�DjZkgh^ZjZ� wlhl� kimlgbd�b� lhqdZ

\_k_gg_]h�jZ\gh^_gkl\by�\k_]^Z�\hkoh^yl�gZ^�]hjbahglhf�kljh]h�h^gh\j_f_ggh��<�hij_^_e_ggu_

fhf_glu� \j_f_gb� kimlgbd� hdZau\Z_lky� gZ� g_[_� lhqgh� gZ^� lhqdhc� x]Z�� GZ� dZdhc� \ukhl_� gZ^

]hjbahglhf� hg� \� wlh� \j_fy� gZoh^blky"� Q_fm� jZ\_g� jZ^bmk� hj[blu� kimlgbdZ"� J_njZdpb_c� b

kmlhqguf�iZjZeeZdkhf�kimlgbdZ�ij_g_[j_qv�

��� J_r_gb_�� <� ex[hf� f_kl_� A_feb�� djhf_� ihexkh\�� lhqdZ� \_k_gg_]h� jZ\gh^_gkl\by� \hkoh^bl

jh\gh� q_j_a� h^gb� a\_a^gu_� kmldb� �hdheh� ��� qZkh\� ��� fbgml�� ihke_� ij_^u^ms_]h� \hkoh^Z�

Ke_^h\Zl_evgh��\hkoh^u�bkdmkkl\_ggh]h�kimlgbdZ�lZd`_�hlklhyl�^jm]�hl�^jm]Z�gZ�h^gb�a\_a^gu_

kmldb��LZd�dZd�fu�g_�mqblu\Z_f�kmlhqgh_�iZjZeeZdlbq_kdh_�kf_s_gb_�kimlgbdZ��hg�\k_]^Z�[m^_l

gZoh^blvky� gZ� wdebilbd_�� GZ� rbjhl_� DjZkgh^ZjZ� ����°�� wdebilbdZ� g_� fh`_l� kh\iZ^Zlv� k
]hjbahglhf� b�� y\eyykv� [hevrbf� djm]hf� g_[_kghc� kn_ju�� i_j_k_dZ_l� ]hjbahgl� \� ^\mo

ijhlb\hiheh`guo� lhqdZo�� H^gZ� ba� gbo� ±� \hkoh^ysZy� \� wlhl� fhf_gl� lhqdZ� \_k_gg_]h

jZ\gh^_gkl\by��\lhjZy�±�lhqdZ�hk_gg_]h�jZ\gh^_gkl\by��LZdbf�h[jZahf��\�fhf_gl�k\h_]h�\hkoh^Z

bkdmkkl\_gguc� kimlgbd� A_feb� gZoh^beky� \� h^ghc� ba� wlbo� ^\mo� lhq_d�� Ih� ijhr_kl\bb� h^gbo

a\_a^guo�kmlhd�kimlgbd�[m^_l�\hkoh^blv�\�lhc�`_�lhqd_�g_[Z��<�ijhlb\hiheh`ghc�lhqd_�djm]h\hc

hj[blu� hg� [u� g_� \hkoh^be�� Z� aZoh^be� aZ� ]hjbahgl�� lZd� dZd� \� ex[hc� fhf_gl� \j_f_gb� gZ^

]hjbahglhf�jZkiheZ]Z_lky�jh\gh�iheh\bgZ�hj[blu�kimlgbdZ�

Hq_\b^gh��qlh�kimlgbd��\jZsZykv�\hdjm]�A_feb��g_�fh`_l�[ulv�g_ih^\b`guf�hlghkbl_evgh

a\_a^��JZkkfhljbf�kemqZb��ijb�dhlhjuo�bkdmkkl\_gguc�kimlgbd�A_feb��h^bg�jZa�\hkoh^y�b�aZoh^y

aZ� ]hjbahgl��\ha\jZsZ_lky�\�lm�`_�lhqdm�g_[Z�ih�ijhr_kl\bb� a\_a^guo�kmlhd��Wlh��\�qZklghklb�

fh`_l�[ulv��_keb�i_jbh^�h[jZs_gby�kimlgbdZ�jZ\_g�a\_a^guf�kmldZf��Z�gZijZ\e_gb_�kh\iZ^Z_l�k

gZijZ\e_gb_f� \jZs_gby� A_feb�� LZdZy� hj[blZ� ihoh`Z� gZ� ]_hklZpbhgZjgmx�� gh� lZd� dZd� kimlgbd

\jZsZ_lky�g_�\�iehkdhklb�wd\ZlhjZ��Z�\�iehkdhklb�wdebilbdb��gZ�a_fghf�g_[_�hg�[m^_l�hibku\Zlv

madmx� ©\hkvf_jdmª� jZaf_jhf� hdheh� ��°�� ?keb� ijb� wlhf� hg� hdZ`_lky� \� lhqd_� \_k_gg_]h
jZ\gh^_gkl\by� \� fhf_gl� __� \hkoh^Z�� lh� hg� b� kZf� [m^_l� \hkoh^blv� \� wlh� `_� \j_fy� gZ� \hklhd_

dZ`^u_�a\_a^gu_�kmldb��kf��jbkmghd��

<hklhd

=hjbahgl

�
�
��

��

H^gZdh� ^ZggZy� dZjlbgZ� ijhlb\hj_qbl� mkeh\bx� aZ^Zqb� ±� ba� jbkmgdZ�fh`gh� m[_^blvky�� qlh

kimlgbd� \k_]^Z� [m^_l� gZoh^blvky� \� \hklhqghc� qZklb� g_[Z� b� gbdh]^Z� g_� hdZ`_lky� gZ^� x`guf

]hjbahglhf��GZf�g_h[oh^bfh�jZkkfhlj_lv�_s_�h^bg�\hafh`guc�\ZjbZgl��ijb�dhlhjhf�kimlgbd�aZ

h^gb� kmldb� aZ\_jrZ_l� h[hjhl� ih� g_[m� hlghkbl_evgh� a_fgh]h� gZ[ex^Zl_ey�� h^bg� jZa� \hkoh^y� b

aZoh^y�aZ�]hjbahgl��H[hagZqbf�kbgh^bq_kdbc�i_jbh^�h[jZs_gby�kimlgbdZ�q_j_a�S��kb^_jbq_kdbc
�a\_a^guc��i_jbh^�_]h�h[jZs_gby�q_j_a�T��Z�ijh^he`bl_evghklv�a\_a^guo�kmlhd�q_j_a�T0��Wlb�ljb

\_ebqbgu�k\yaZgu�khhlghr_gb_f
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AgZd� ©�ª� i_j_^� \_ebqbgZfb� ���S�� b� ���T�� khhl\_lkl\m_l� \jZs_gbx� kimlgbdZ� hlghkbl_evgh

gZ[ex^Zl_ey� b� hlghkbl_evgh� p_gljZ� A_feb� \� gZijZ\e_gbb�� kh\iZ^Zxs_f� k� gZijZ\e_gb_f

\jZs_gby�A_feb��Z�agZd�©±ª�khhl\_lkl\m_l�ijhlb\hiheh`ghfm�gZijZ\e_gbx��LZd�dZd�\_ebqbgu�S�b
T0�jZ\gu�^jm]�^jm]m��agZd�©±ª�i_j_^�\_ebqbghc����S��klhylv�g_�fh`_l��bgZq_�\_ebqbgZ�T�h[jZlblky
\� [_kdhg_qghklv�� LZd� dZd� \_ebqbgZ� S� iheh`bl_evgZ�� j_r_gb_� [m^_l� kms_kl\h\Zlv� lhevdh� ijb

h^ghc�dhf[bgZpbb�agZdh\�

,
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0TTS
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ba�q_]h�fu�ihemqZ_f��qlh�kb^_jbq_kdbc�i_jbh^�h[jZs_gby�kimlgbdZ�T�jZ\_g�iheh\bg_�a\_a^guo
kmlhd��lh�_klv����qZkZf����fbgmlZf��Kimlgbd�\jZsZ_lky�\�h^ghf�gZijZ\e_gbb�k�A_fe_c��gh�k�\^\h_

[hevr_c� m]eh\hc� kdhjhklvx�� ihwlhfm� hg�� dZd� Nh[hk� gZ� FZjk_�� [m^_l� \hkoh^blv� gZ� aZiZ^_� b

aZoh^blv� gZ� \hklhd_�� <h� \j_fy� k\h_]h� \hkoh^Z� kimlgbd� [m^_l� gZoh^blvky� \� lhqd_� hk_gg_]h

jZ\gh^_gkl\by�� dhlhjZy� kZfZ� ijb� wlhf� [m^_l� aZoh^blv� aZ� ]hjbahgl�� I_j_f_sZykv� k� aZiZ^Z� gZ

\hklhd�� kimlgbd� [m^_l� ^\b]Zlvky� gZ\klj_qm� lhqd_� \_k_gg_]h� jZ\gh^_gkl\by�� \ahr_^r_c

h^gh\j_f_ggh�k�gbf�\�ijhlb\hiheh`ghc�lhqd_�g_[Z��kf��\lhjhc�jbkmghd���Q_j_a���qZkh\����fbgml

ihke_�\hkoh^Z�kimlgbd�k^_eZ_l�iheh\bgm�kb^_jbq_kdh]h�h[hjhlZ�\hdjm]�A_feb�b�hdZ`_lky�\�lhqd_

\_k_gg_]h� jZ\gh^_gkl\by�� dhlhjZy� ijb� wlhf� [m^_l� dmevfbgbjh\Zlv� gZ^�x`guf� ]hjbahglhf� gZ

\ukhl_���°��Fu�ihemqbeb�hl\_l�gZ�i_j\uc�\hijhk�aZ^Zqb�

AZiZ^<hklhd X]
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qlh�khklZ\ey_l������lukyq�dbehf_ljh\��M�±�fZkkZ�A_feb��

���Mkeh\b_��Bkdmkkl\_gguc�kimlgbd�A_feb�h[jZsZ_lky�\hdjm]�gZr_c�ieZg_lu�ih�weebilbq_kdhc

hj[bl_��e_`Zs_c�\�iehkdhklb�wdebilbdb��<�i_jb]__�hg�gZoh^blky�gZ�lhf�`_�jZkklhygbb�hl�A_feb�

qlh�b�EmgZ��Hp_gbl_�fZdkbfZevgh�\hafh`guc�wdkp_gljbkbl_l�hj[blu�kimlgbdZ��=jZ\blZpbhggh_

\ebygb_�Emgu�g_�mqblu\Zlv�
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��� J_r_gb_�� <hafh`gh_� agZq_gb_� wdkp_gljbkbl_lZ� hj[blu� kimlgbdZ� h]jZgbq_gh� k\_jom

ijbeb\guf� \ebygb_f�KhegpZ� �\ebygb_�Emgu�� ih� mkeh\bx� aZ^Zqb�� \� jZkq_l� g_� [_j_lky���?keb� \

lhqd_� Zih]_y� hj[blu� kimlgbd� ih^hc^_l� d� \gmlj_gg_c� lhqd_� EZ]jZg`Z� kbkl_fu� Khegp_�A_fey�

hj[blZ� kimlgbdZ� klZg_l� g_mklhcqb\hc�� b� hg� i_j_c^_l� gZ� ]_ebhp_gljbq_kdmx� hj[blm�� klZ\

bkdmkkl\_gghc� ieZg_lhc� Kheg_qghc� kbkl_fu�� JZkkfhljbf� gZb[he__� djblbq_kdbc� ^ey

mklhcqb\hklb�hj[blu�kemqZc��dh]^Z�\�Zih]__�kimlgbd�hdZau\Z_lky�f_`^m�Khegp_f�b�A_fe_c� �kf�

jbkmghd��� LZd� dZd� hj[blZ� kimlgbdZ� e_`bl� \� iehkdhklb� wdebilbdb�� lh� ih^h[gZy� kblmZpby

h[yaZl_evgh�j_Zebam_lky�h^bg�jZa�\�]h^�
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hl�KhegpZ�^h�A_feb�±�q_j_a�R��Ij_^iheh`bf��qlh�\�lhqd_�Zih]_y�kimlgbd�hdZaZeky�\h�\gmlj_gg_c
lhqd_�EZ]jZg`Z��WlZ�lhqdZ�fh`_l�^\b]Zlvky�\hdjm]�KhegpZ�k�lhc�`_�m]eh\hc�kdhjhklvx�ω��qlh�b
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��� Mkeh\b_�� >Ze_dZy� a\_a^Z� gZoh^blky� gZ� g_[_� \� lhqd_� e_lg_]h� khegp_klhygby�� <h� \j_fy

ijhoh`^_gby� fbfh� a\_a^u� \hkoh^ys_]h� maeZ� emgghc� hj[blu� gZ� A_fe_� \� dZ`^uc� h[hjhl�Emgu

[m^_l�gZ[ex^Zlvky�ihdjulb_�^Zgghc�a\_a^u�Emghc��Kdhevdh�ihdjulbc�[m^_l�kh^_j`Zlv�k_jby"�GZ
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dZdhc�rbjhl_�b� \� dZdhc� qZklb�g_[Z� [m^_l� \b^gh�i_j\h_�b�ihke_^g__�ihdjulb_� a\_a^u�Emghc� \

k_jbb"�Hj[blm�Emgu�kqblZlv�djm]h\hc�

��� J_r_gb_�� ?keb� [u� EmgZ� h[jZsZeZkv� \hdjm]� A_feb� lhqgh� \� iehkdhklb� wdebilbdb�� lh� hgZ

ihdju\ZeZ�[u�a\_a^m�\�lhqd_�e_lg_]h�khegp_klhygby�\�k\hc�dZ`^uc�h[hjhl�\hdjm]�A_feb��ijbq_f

wlh�ihdjulb_�[ueh�[u�\b^gh�\�wd\ZlhjbZevghf�b�k_\_jghf�ljhibq_kdhf�ihykZo�gZr_c�ieZg_lu�

GZ�kZfhf�^_e_�iehkdhklv�hj[blu�Emgu�gZdehg_gZ�d�iehkdhklb�wdebilbdb�gZ�m]he�i��jZ\guc�����°,
qlh�hdZau\Z_lky�^hklZlhqguf�^ey�lh]h��qlh[u�\�[hevrbgkl\_�kemqZ_\�EmgZ�ijhreZ�gZ�g_[_�\ur_

beb�gb`_�a\_a^u��b�ihdjulb_�g_�gZklmibeh��>ey�lh]h��qlh[u�hgh�\k_�`_�kemqbehkv��EmgZ��ijhoh^y

gZ�g_[_�fbfh�a\_a^u��^he`gZ�gZoh^blvky�\[ebab�h^gh]h�ba�^\mo�maeh\�k\h_c�hj[blu��\�dhlhjuo

hgZ�i_j_k_dZ_l�iehkdhklv�wdebilbdb�

Kb^_jbq_kdbc� �a\_a^guc�� i_jbh^� h[jZs_gby� Emgu� TS� khklZ\ey_l� ���������� kmlhd�� Z

^jZdhgbq_kdbc� i_jbh^� TD� �i_jbh^� \ha\jZs_gby� d� lhfm� `_� maem� hj[blu�� g_fgh]h� dhjhq_� ±

���������� kmlhd�� AZ\_jrZy� k\hc� h[hjhl� hlghkbl_evgh� a\_a^�� EmgZ� kh\_jrbl� �������

^jZdhgbq_kdbo� h[hjhlZ�� b� _keb� h^gh� ihdjulb_� ijhbahreh� lhqgh� \� \hkoh^ys_f� mae_� emgghc

hj[blu�� lh� ke_^mxs__�ijhbahc^_l�m`_�ihke_�ijhoh`^_gby� wlh]h�maeZ��ijb� wlhf�EmgZ�hdZ`_lky

qmlv�\ur_��b�h[eZklv�\b^bfhklb�ihdjulby�gZ�A_fe_�kf_klblky�gZ�k_\_j��kf��jbkmghd��
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Kf_sZykv�gZ�lZdmx�\_ebqbgm�dZ`^uc�kb^_jbq_kdbc�f_kyp��ebgby�maeh\�emgghc�hj[blu�k^_eZ_l

iheguc�h[hjhl�aZ��������kb^_jbq_kdbo�f_kyp_\��lh�_klv�aZ������e_l��AZ�wlhl�i_jbh^�gZklmiyl�^\_

wihob� ihdjulbc� Emghc� a\_a^u� \[ebab� wdebilbdb� ±� \h� \j_fy� ijhoh`^_gby� \hkoh^ys_]h� b

gbkoh^ys_]h�maeZ�hj[blu�\[ebab�a\_a^u��>ey�a\_a^u��gZoh^ys_cky�lhqgh�gZ�wdebilbd_��wlb�k_jbb

[m^ml� hlklhylv� gZ� ���� ]h^Z� ^jm]� hl� ^jm]Z��<� aZ^Zq_� lj_[m_lky� gZclb� ijh^he`bl_evghklv� h^ghc

k_jbb�� >ey� wlh]h� gm`gh� hij_^_eblv�� gZ� dZdhf� fZdkbfZevghf� m^Ze_gbb� hl� maeZ� hj[blu� Emgu

fh`_l�ijhbahclb�ihdjulb_�
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GZ� \lhjhf� jbkmgd_� ihdZaZgZ� ij_^_evgZy� kblmZpby�� ijb� dhlhjhc� dZkZl_evgh_� ihdjulb_� a\_a^u

Emghc�\b^gh�lhevdh�\�h^ghc�lhqd_�A_feb��FZdkbfZevgh_�m]eh\h_�jZkklhygb_�Emgu�hl�wdebilbdb�\

wlhf�kemqZ_�khklZ\ey_l
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A^_kv�� ih� mkeh\bx� aZ^Zqb��fu� ijbgbfZ_f� hj[blm�Emgu� djm]h\hc� k� jZ^bmkhf� d�� jZ\ghfm� �����
lukyq� df�� R� b� r� ±� jZ^bmku� A_feb� b� Emgu�� <ha\jZsZykv� d� i_j\hfm� jbkmgdm�� \uqbkey_f

fZdkbfZevgh_�jZkklhygb_�hl�Emgu�^h�maeZ�hj[blu�\h�\j_fy�ihdjulby�

λ = β ctg i = 13.41°.

Kj_^g__�dhebq_kl\h�ihdjulbc�\�h^ghc�k_jbb��dZd�\b^gh�ba�i_j\h]h�jbkmgdZ��[m^_l�jZ\gh

.5 2.1 8
2 ==
γ
λ

AN

J_Zevgh_� qbkeh� ihdjulbc� ijbf_jgh� k� h^bgZdh\hc� \_jhylghklvx� [m^_l� jZ\gh� ��� beb� ���

Ijh^he`bl_evghklv�k_jbb�khklZ\bl� ���beb� ���kb^_jbq_kdbo�i_jbh^h\�h[jZs_gby�Emgu��lh�_klv

�����beb������]h^Z�

I_j\h_�ihdjulb_�a\_a^u�Emghc�\�kemqZ_�\hkoh^ys_]h�maeZ�ijhbahc^_l�\[ebab�iheh`_gby��

gZ� i_j\hf� jbkmgd_�� lZ�`_� kblmZpby� bah[jZ`_gZ� gZ� \lhjhf� jbkmgd_��EmgZ� aZ^_g_l� a\_a^m� k\hbf

k_\_jguf�djZ_f��b�wlh�ihdjulb_�[m^_l�\b^gh�\�x`ghf�ihemrZjbb�A_feb��EmgZ�[m^_l�gZoh^blvky

gZ� k_\_jghf� ]hjbahgl_� �lhqg__�� \� ����°� \^hev� ]hjbahglZ� d� aZiZ^m� hl� lhqdb� k_\_jZ��� kdehg_gb_
a\_a^u� δ� khklZ\ey_l� �����°�� b� ihdjulb_� [m^_l� gZ[ex^Zlvky� \[ebab�X`gh]h�Iheyjgh]h� Djm]Z�

Ihke_^g__� ihdjulb_� k_jbb� �iheh`_gb_� �� gZ� i_j\hf� jbkmgd_�� [m^_l� \b^gh� \[ebab� K_\_jgh]h

Iheyjgh]h�Djm]Z�\�����°�d�\hklhdm�hl�lhqdb�k_\_jZ�\^hev�]hjbahglZ�

���Mkeh\b_��IhehkZ� \b^bfhklb� ihegh]h� kheg_qgh]h� aZlf_gby� ijhreZ� ihhq_j_^gh� ih� ]hjh^Zf�

Hkeh� �Ghj\_]by��� <ZjrZ\Z� �IhevrZ��� DhgklZgpZ� �Jmfugby��� :gdZjZ� �Lmjpby��� ;Z]^Z^� �BjZd��

D_jfZg� �BjZg�� b� BkeZfZ[Z^� �IZdbklZg��� <� dZdhf� ba� q_luj_o� Zkljhghfbq_kdbo� k_ahgh\� ]h^Z

ijhbahreh�^Zggh_�aZlf_gb_"

���J_r_gb_��<�lZ[ebp_�ijb\_^_gu�dhhj^bgZlu�i_j_qbke_gguo�\�mkeh\bb�]hjh^h\�

=hjh^ RbjhlZ��° >he]hlZ��°
Hkeh +59.9 +10.7
<ZjrZ\Z +52.2 +21.1
DhgklZgpZ +44.2 +28.6
:gdZjZ +39.9 +32.9
;Z]^Z^ +33.3 +44.4
D_jfZg +30.3 +57.1
BkeZfZ[Z^ +33.7 +73.1

Ba�lZ[ebpu�\b^gh��qlh�l_gv�[hevrmx�qZklv�\j_f_gb�^\b]ZeZkv�gZ�x]h�\hklhd��b�ebrv�\�dhgp_�hgZ

klZeZ� ^\b]Zlvky� gZ� \hklhd�� Z� aZl_f� ^Z`_� ih\_jgmeZ� d� k_\_jh�\hklhdm�� <b^bfuc� imlv� l_gb� ih

ih\_joghklb�A_feb�ihdZaZg�gZ�dZjl_�

JZkkfhljbf�� dZd� fh]eZ� [u� ^\b]Zlvky� l_gv� Emgu� ih� mf_j_gguf� b� ljhibq_kdbf� rbjhlZf

k_\_jgh]h� ihemrZjby� \� k_j_^bg_� q_luj_o� Zkljhghfbq_kdbo� k_ahgh\� ]h^Z� �gZihfbgZ_f�� qlh

gZqZehf�k_ahgZ�kqblZ_lky�fhf_gl�jZ\gh^_gkl\by�beb�khegp_klhygby���GZ�jbkmgd_�^ey�dZ`^h]h�ba

q_luj_o� kemqZ_\� ihdZaZg� \b^� A_feb� b� ihehku� l_gb� kh� klhjhgu� KhegpZ� b� Emgu�� EmggZy� l_gv

^\b`_lky� gZ� jbkmgd_� ke_\Z� gZijZ\h�� \� gZijZ\e_gbb�� ijhlb\hiheh`ghf� gZijZ\e_gbx� ^\b`_gby

A_feb�ih�hj[bl_��gZ�kZfhf�^_e_��hgZ�h[jZam_l�k�wlbf�gZijZ\e_gb_f�m]he�����°��gh�wlh�g_�baf_gy_l
j_r_gby� aZ^Zqb�� lZd� dZd� ^Zgguc� m]he� kms_kl\_ggh� f_gvr_� m]eZ� gZdehgZ� a_fgh]h� wd\ZlhjZ� d

wdebilbd_��
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<_kgZ E_lh

Hk_gv AbfZ

GZ� jbkmgd_� fu� \b^bf�� qlh� ih^h[guf� h[jZahf� l_gv� fh`_l� ^\b]Zlvky� ih� A_fe_� lhevdh

Zkljhghfbq_kdhc� hk_gvx�� lh� _klv� \� ijhf_`mld_� f_`^m� hk_ggbf� jZ\gh^_gkl\b_f� b� abfgbf

khegp_klhygb_f�

>ZggZy�aZ^ZqZ�bf__l�j_Zevguc�ijhlhlbi�±�ihegh_�kheg_qgh_�aZlf_gb_����ghy[jy������]h^Z�

dZjlZ�dhlhjh]h�ijb\_^_gZ�\ur_��IhehkZ�iheghc�nZau�lh]^Z�ijhreZ�q_j_a�p_glj�beb�ijb]hjh^u

\k_o�k_fb�]hjh^h\��ijb\_^_gguo�\�mkeh\bb�aZ^Zqb�

��� Mkeh\b_�� AgZq_gby� Zkljhghfbq_kdh]h� ZabfmlZ� \hkoh^Z� b� ihke_^mxs_]h� aZoh^Z� g_dhlhjhc

ieZg_lu�\�KZgdl�I_l_j[mj]_� khklZ\beb� khhl\_lkl\_ggh� ±����°�b� �����°��AZoh^�^bkdZ�ieZg_lu� aZ
]hjbahgl�^ebeky�����k_dmg^u��Qlh�wlh�aZ�ieZg_lZ��b�fh`gh�eb�qlh�lh�kdZaZlv�h�\j_f_gb�]h^Z��dh]^Z

wlh�ijhbahreh"

���J_r_gb_��AgZq_gby�Zabfmlh\�lhq_d�\hkoh^Z�b�aZoh^Z�mdZau\Z_l�gZ�lh��qlh�ieZg_lZ�gZoh^beZkv

\[ebab�g_[_kgh]h�wd\ZlhjZ��LZd�dZd�ieZg_lu�jZkiheZ]Zxlky�gZ�g_[_�\[ebab�wdebilbdb��agZqbl��wlh

[ueZ� hdj_klghklv� lhqdb� \_k_gg_]h� beb� hk_gg_]h� jZ\gh^_gkl\by�� F_`^m� \hkoh^hf� b� aZoh^hf
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ieZg_lu�ijhreh�ijbf_jgh����qZkh\��:abfml�lhqdb�aZoh^Z�ih�fh^mex�gZ����°�ij_\hkoh^bl�Zabfml
lhqdb�\hkoh^Z��lh�_klv�aZ�wlb����qZkh\�kdehg_gb_�ieZg_lu�m\_ebqbehkv��Hij_^_ebf��gZkdhevdh�hgh

m\_ebqbehkv�

∆δ

∆A

ϕ=hjbahgl rλ

Ba� jbkmgdZ� \b^gh�� qlh� baf_g_gb_� fh^mey� ZabfmlZ� \hkoh^Z� b� aZoh^Z� ∆A� k\yaZgh� k� baf_g_gb_f
kdehg_gby�h[t_dlZ�∆δ�b�rbjhlhc�f_klZ�gZ[ex^_gby�ϕ��jZ\ghc����°��khhlghr_gb_f�

∆δ = ∆Acosϕ = +0.2°.

Mq_l� Zlfhkn_jghc� j_njZdpbb� g_� baf_gbl� wlhl� j_amevlZl�� lZd� dZd� \[ebab� g_[_kgh]h� wd\ZlhjZ

j_njZdpby�baf_gy_l�agZq_gby�Zabfmlh\�\hkoh^Z�b�aZoh^Z��gh�ijZdlbq_kdb�g_�baf_gy_l�bo�jZaghklv

∆A��>Ze__�aZf_lbf��qlh�ieZg_lZ�^\b`_lky�kj_^b�a\_a^�\^hev�wdebilbdb�±�wlh�kijZ\_^eb\h�\k_]^Z�
djhf_�fhf_glh\� klhygbc� ieZg_l�� gh� lh]^Z� bo� m]eh\Zy� kdhjhklv� hq_gv�fZe_gvdZy��<[ebab� lhq_d

jZ\gh^_gkl\by� wdebilbdZ� ijhoh^bl� ih^� m]ehf� ε = 23.4°� d� g_[_kguf� iZjZee_eyf� �b� wd\Zlhjm��� b
ihegh_�m]eh\h_�i_j_f_s_gb_�ieZg_lu�kj_^b�a\_a^�aZ����qZkh\�khklZ\bl

<� blh]_�� m]eh\Zy� kdhjhklv� ieZg_lu� khklZ\ey_l� �°�kmldb�� qlh� ijZdlbq_kdb� kh\iZ^Z_l� k� m]eh\hc
kdhjhklvx�^\b`_gby�KhegpZ�ih�g_[m��Gb�h^gZ�ieZg_lZ�g_�fh`_l�^hklbqv�lZdhc�m]eh\hc�kdhjhklb

\h�\j_fy�ihiylgh]h�^\b`_gby��^Z�b�ijyfuf�^\b`_gb_f�k�lZdhc�kdhjhklvx�fh]ml�i_j_f_sZlvky

lhevdh� ^\_� \gmlj_ggb_� ieZg_lu��F_jdmjbc� b�<_g_jZ�� \h� \j_fy� wihob� fZdkbfZevgh]h� m]eh\h]h

jZkklhygby�hl�KhegpZ�

>ey� lh]h� qlh[u� hij_^_eblv�� dZdZy� bf_ggh� wlZ� ieZg_lZ�� hij_^_ebf� __� \b^bfu_� jZaf_ju�

Ba\_klgh�� qlh� ijh^he`bl_evghklv� aZoh^Z� ^bkdZ� ieZg_lu� aZ� ]hjbahgl�∆t� khklZ\beZ� ���� k_dmg^u�
GZoh^ykv�\[ebab�g_[_kgh]h�wd\ZlhjZ��ieZg_lZ�i_j_f_klbeZkv�aZ�wlh�\j_fy�hlghkbl_evgh�a_fgh]h

gZ[ex^Zl_ey�gZ�m]eh\h_�jZkklhygb_�λ��jZ\gh_

λ = 15″ ∆t = 48″.

M]eh\hc�^bZf_lj�ieZg_lu�khklZ\ey_l

d= 2r = λ cosϕ = 24″.

Ihemq_ggh_� agZq_gb_� kh\iZ^Z_l� k� m]eh\ufb� jZaf_jZfb� ^bkdZ�<_g_ju� \h� \j_fy� __� gZb[hevr_c

wehg]Zpbb� �\b^bfuc� jZaf_j� F_jdmjby� \� wlh� \j_fy� g_� ij_\urZ_l� �″��� IeZg_lZ� gZoh^blky� \
gZb[hevr_c� wehg]Zpbb�� \� ��°� hl� KhegpZ� b�� ^\b]Zykv� \� ijyfhf� gZijZ\e_gbb�� ijhoh^bl� lhqdm
\_k_gg_]h�jZ\gh^_gkl\by��?keb� wlh�gZb[hevrZy�\hklhqgZy� wehg]Zpby�� lh�dZjlbgZ�gZ[ex^ZeZkv�\

gZqZe_�n_\jZey��_keb�gZb[hevrZy�aZiZ^gZy�wehg]Zpby�±�\�gZqZe_�fZy�

���Mkeh\b_��GZoh^ykv�\�lhqd_�gZb[hevr_c�\hklhqghc�wehg]Zpbb��F_jdmjbc�\klmibe�\�kh_^bg_gb_

k�<_g_jhc��[he__�q_f�\� ��jZa�mklmiZy�_c�ih�\b^bfhfm�^bZf_ljm��M�dZdhc�ba�ieZg_l�[eb`Zcr__

gb`g__� kh_^bg_gb_� k� Khegp_f� ijhbahc^_l� jZgvr_"� GZ� kdhevdh� \j_f_gb"� Hj[blu� F_jdmjby�

<_g_ju�b�A_feb�kqblZlv�djm]h\ufb�
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���J_r_gb_��Iheh`_gb_�F_jdmjby��<_g_ju�b�A_feb�\�mdZaZgguc�\�mkeh\bb�fhf_gl�ihdZaZgh�gZ

jbkmgd_�

ε
γ
ϕ

ϕ
2

2 1

1r
r

R Khegp_

F_jdmjbc<_g_jZ����

<_g_jZ����

A_fey

GZoh^ykv� \� kh_^bg_gbb� k�F_jdmjb_f�� <_g_jZ� fh`_l� gZoh^blvky� \� ^\mo� lhqdZo� k\h_c� hj[blu�

ihf_q_gguo� gZ� jbkmgdZo� pbnjZfb� �� b� ���Gh�� dZd� m`_� [ueh� hlf_q_gh� \� j_r_gbb� ij_^u^ms_c

aZ^Zqb�� m]eh\hc� ^bZf_lj� F_jdmjby� \� fhf_gl� gZb[hevr_c� wehg]Zpbb� khklZ\ey_l� hdheh� �″,
ke_^h\Zl_evgh��m]eh\hc�^bZf_lj�<_g_ju�ij_\urZ_l� ��″��LZdh_�fh`_l�[ulv��lhevdh�_keb�<_g_jZ
gZoh^blky� \� iheh`_gbb� ��� g_^Ze_dh� hl� A_feb��H[hagZqbf� jZ^bmku� hj[bl�F_jdmjby��<_g_ju� b

A_feb� q_j_a� r1, r2� b�R� b� hij_^_ebf� jZaghklv� ]_hp_gljbq_kdbo� ^he]hl� A_feb� b� dZ`^hc� ba� ^\mo
\gmlj_ggbo�ieZg_l�ϕ1�b�ϕ2�\�^Zgguc�fhf_gl��>ey�F_jdmjby�ihemqZ_f

.2.67arcco s 1
1

$==
R

r
ϕ

JZagbpZ� ^he]hl� A_feb� b� <_g_ju� \uqbkey_lky� ba� lj_m]hevgbdZ� Khegp_�<_g_jZ�A_fey� k� mq_lhf

k\hckl\Z�kf_`guo�m]eh\�

.6.9a rcs inarcs in 1

2

1
2

$=−=−=
R

r

r

rεγϕ

<j_fy��hklZ\r__ky�^h�gb`g_]h�kh_^bg_gby�\gmlj_gg_c�ieZg_lu��jZ\gh

,
3 6 0

2,1
2,1

2,1 ST ⋅=
$

]^_�S� ±� kbgh^bq_kdbc� i_jbh^� \gmlj_gg_c� ieZg_lu�� jZ\guc� ������ kmldZf� ^ey�F_jdmjby� b� �����

kmldZf�^ey�<_g_ju��Ih^klZ\eyy�qbke_ggu_�agZq_gby��ihemqZ_f��qlh�gb`g__�kh_^bg_gb_�F_jdmjby

ijhbahc^_l� q_j_a� ����� ^gy�� Z� gb`g__� kh_^bg_gb_� <_g_ju� ±� q_j_a� ����� ^g_c� ihke_

jZkkfZljb\Z_fh]h� fhf_glZ�� LZdbf� h[jZahf�� <_g_jZ� \klmibl� \� gb`g__� kh_^bg_gb_� gZ� �� kmlhd

jZgvr_�F_jdmjby�

���Mkeh\b_��>\Z�f_l_hjguo�jhy�^\b`mlky�\hdjm]�KhegpZ�\�lhqghklb�ih�h^ghc�b�lhc�`_�hj[bl_��gh

\�jZaguo�gZijZ\e_gbyo��<�h^bg�fhf_gl�\j_f_gb�h[Z�jhy�\klj_qZxlky�^jm]�k�^jm]hf�b�k�A_fe_c�

Ijb� wlhf� gZ� A_fe_� gZ[ex^Zxlky� ^\Z�f_l_hjguo� ihlhdZ� k� jZ^bZglZfb�� bf_xsbfb� dhhj^bgZlu

α =�q��δ = –66.6°�b�α =��q��δ = 0°��GZclb� wdkp_gljbkbl_l�hj[blu�f_l_hjguo�jh_\��<� dZdmx�^Zlm
gZ[ex^Zebkv�f_l_hjgu_�ihlhdb"�Hj[blm�A_feb�kqblZlv�djm]h\hc�

���J_r_gb_��LZd�dZd�h[Z�f_l_hjguo�jhy�^\b`mlky�ih�h^ghc�b�lhc�`_�hj[bl_�\�jZagu_�klhjhgu��\

fhf_gl� bo� \klj_qb� hgb� [m^ml� bf_lv� ]_ebhp_gljbq_kdb_� kdhjhklb�� jZ\gu_� ih� \_ebqbg_� b

ijhlb\hiheh`gu_� ih� gZijZ\e_gbx�� JZ^bZgl� f_l_hjgh]h� ihlhdZ� mdZau\Z_l� gZijZ\e_gb_�
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ijhlb\hiheh`gh_� ]_hp_gljbq_kdhc� kdhjhklb� f_l_hjh\�� ihwlhfm� jZ^bZglu� ^\mo� ihlhdh\� g_

hdZaZebkv�\�ijhlb\hiheh`guo�lhqdZo�g_[Z�

JZ^bZgl��

JZ^bZgl��

WdebilbdZ
A_fey

Wd\
Zlh

j

H
j[
bl
Z�

f_
l_
hj
h\

v

v

vu

u

0

22

11

ε

H[hagZqbf� \_dlhj� kdhjhklb� A_feb� q_j_a� v0�� \_dlhjZ� ]_ebhp_gljbq_kdbo� kdhjhkl_c� f_l_hjguo

ihlhdh\�q_j_a�v1�b�v2��Z�\_dlhjZ�bo�]_hp_gljbq_kdbo�kdhjhkl_c�q_j_a�u1�b�u2��>ey�wlbo�\_dlhjh\

kijZ\_^eb\u�khhlghr_gby

u1 = v1 – v0,
u2 = v2 – v0 = – v1 – v0.

KdeZ^u\Zy�bo��ihemqZ_f�

u1 + u2 = –2v0.

JZ^bZgl� i_j\h]h� f_l_hjgh]h� ihlhdZ� gZoh^blky� \� x`ghf� ihexk_� wdebilbdb�� ke_^h\Zl_evgh�

iehkdhklv�jbkmgdZ��kh^_j`ZsZy�\_dlhj�u1��i_ji_g^bdmeyjgZ�iehkdhklb�wdebilbdb��i_j_k_dZy�__�ih

ijyfhc�� kh^_j`Zs_c� \_dlhj� v0�� H[Z� \_dlhjZ� i_ji_g^bdmeyjgu� jZ^bmkm�\_dlhjm� A_feb�

gZijZ\e_gghfm�ba�p_gljZ�KhegpZ��b�\ky�dZjlbggZy�iehkdhklv��\�lhf�qbke_�b� ]_ebhp_gljbq_kdb_

kdhjhklb�f_l_hjh\��i_ji_g^bdmeyjgu� ebgbb� A_fey�Khegp_��Ke_^h\Zl_evgh�� \�fhf_gl� \klj_qb� k

A_fe_c� f_l_hju� gZoh^bebkv� \� lhqd_� i_jb]_eby� beb� Zn_eby� k\h_c� hj[blu�� _keb� wlZ� hj[blZ� g_

djm]h\Zy�

LhqdZ�wdebilbdb��\�gZijZ\e_gbb�dhlhjhc�^\b]ZeZkv�A_fey�\�fhf_gl�\klj_qb�k�f_l_hjZfb�±

h^gZ� ba� ^\mo� lhq_d� i_j_k_q_gby� [hevrh]h� djm]Z� wdebilbdb� b� [hevrh]h� djm]Z� dZjlbgghc

iehkdhklb�� Ihke_^gbc� ij_^klZ\ey_l� kh[hc� djm]� kdehg_gby�� ho\Zlu\Zxsbc� \k_� lhqdb� g_[Z� k

ijyfuf� \hkoh`^_gb_f� �q�b� ��q� �\� wlhf�fh`gh� m[_^blvky�ih� dhhj^bgZlZf� jZ^bZglh\�ihlhdh\��

AgZqbl��^\_�lhqdb�i_j_k_q_gby�[hevrbo�djm]h\�±�lhqdb�khegp_klhygbc��Ba�ihke_^g_]h�\_dlhjgh]h

mjZ\g_gby�ke_^m_l��qlh�ijh_dpbb�\_dlhjh\�u2�b�v0�gZ�wdebilbdm�bf_xl�ijhlb\hiheh`gu_� agZdb

�lZd� dZd� \_dlhj� u1� i_ji_g^bdmeyj_g� wdebilbd_���K� mq_lhf� dhhj^bgZl� \lhjh]h� jZ^bZglZ� ^_eZ_f

\u\h^��qlh�^\b`_gb_�A_feb�gZijZ\e_gh�\�lhqdm�khegp_klhygby��[eb`Zcrmx�d�jZ^bZglm�\lhjh]h

ihlhdZ� ±� \� lhqdm� abfg_]h� khegp_klhygby�� LZdh_� gZijZ\e_gb_� kdhjhklb� A_fey� bf__l� \� ^_gv

\_k_gg_]h�jZ\gh^_gkl\by�±����fZjlZ��HklZ_lky�hl\_lblv�gZ�i_j\uc�\hijhk�aZ^Zqb�

M]he�f_`^m�gZijZ\e_gb_f�gZ�\lhjhc�jZ^bZgl� �g_[_kguf�wd\Zlhjhf��b�kdhjhklvx�^\b`_gby

A_feb� ε� jZ\_g� ����°��Kijh_dlbjh\Z\� \_dlhjgh_� \ujZ`_gb_� ^ey� kmffu� kdhjhkl_c�u1�b�u2�gZ� ^\_

dhhj^bgZlgu_�hkb��ihemqZ_f�

u1 = u2 sinε,
2v0 = u2 cosε

b�^Ze__

u1 = 2v0 tgε.

=_ebhp_gljbq_kdZy�kdhjhklv�f_l_hjh\�\�fhf_gl�\klj_qb�k�A_fe_c�jZ\gZ
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.4.3 941 2
0

2
0

2
11 tgvvuv =+=+= ε df�k

WlZ�kdhjhklv�ij_\urZ_l�djm]h\mx�kdhjhklv�v0��gh�g_�ij_\hkoh^bl�\lhjmx�dhkfbq_kdmx�kdhjhklv�
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