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GZqZeh�ijhreh]h�\_dZ�kh\iZeh�k�jh`^_gb_f�d\Zglh\hc�l_hjbb�baemq_gby��qlh�ijb\_eh�
\kdhj_�b�d�ihy\e_gbx�jy^Z�gh\uo��hkgh\Zgguo�gZ�d\Zglh\uo�ij_^klZ\e_gbyo��h[eZkl_c�nb�
abdb��lZdbo�dZd�ZlhfgZy�b�y^_jgZy�nbabdZ��d\Zglh\Zy�nbabdZ�l\_j^h]h�l_eZ�b�nbabdZ�ihem�
ijh\h^gbdh\��d\Zglh\Zy�nbabdZ�we_dljhggh]h�b�y^_jgh]h�fZ]g_lbafZ�b�jy^�^jm]bo��M`_�\�
k_j_^bg_�\_dZ�nbabdZ�ihemijh\h^gbdh\�klZeZ�gZmqghc�[Zahc�[ukljhjZa\b\Zxs_cky�fbdjh- 

b�gZghwe_dljhgbdb��dhlhjZy�h[_ki_qbeZ�[mjguc�jhkl�bgnhjfZpbhgguo�l_ogheh]bc��H^gZdh�
jZa\blb_�we_dljhgghc�\uqbkebl_evghc�l_ogbdb��g_kfhljy�gZ�lh��qlh�\�dZq_kl\_�we_f_glghc�
[Zau�bkihevah\Zebkv�ihemijh\h^gbdh\u_�ijb[hju�k�hij_^_e_ggufb�d\Zglh\ufb�k\hckl\Z�
fb��reh�\�hkgh\ghf�ih�imlb�hj]ZgbaZpbb�\uqbkebl_evguo�hi_jZpbc�gZ�hkgh\_�deZkkbq_�
kdhc�[me_\hc�eh]bdb.[1–3]. 

B^_y�d\Zglh\uo�\uqbke_gbc��ih-\b^bfhfm��\i_j\u_�\ukdZaZggZy�X�B�FZgbguf�\������
]h^m�>�@��Zdlb\gh�klZeZ�h[km`^Zlvky�\�fbj_�k����� ]h^Z��ihke_�him[ebdh\Zgby�klZlvb�Zf_jb�
dZgkdh]h�nbabdZ-l_hj_lbdZ�� gh[_e_\kdh]h� eZmj_ZlZ�J�N_cgfZgZ� >�@��Wlb� Z\lhju� h[jZlbeb�
\gbfZgb_�gZ�lh��qlh�dZ`^h_�khklhygb_�d\Zglh\hc�kbkl_fu�ba�L ^\momjh\g_\uo�d\Zglh\uo�
we_f_glh\��iha^g__�hgb�ihemqbeb�gZbf_gh\Zgb_�d\Zglh\uo�[blh\-dm[blh\�>�@���\�hlebqb_�
hl�deZkkbq_kdhc�kbkl_fu�k�l_f�`_�qbkehf�deZkkbq_kdbo�[blh\��fh`_l�gZoh^blvky�\�ijhba�
\hevghc�dh]_j_glghc�kmi_jihabpbb ba��L [me_\uo�khklhygbc��bgZq_�]h\hjy��oZjZdl_jbam_l�
ky� \_dlhjhf� khklhygby� \� �L-f_jghf� ]bev[_jlh\hf� ijhkljZgkl\_�� >ey� hibkZgby� lZdhc�
d\Zglh\hc�kmi_jihabpbb�\�deZkkbq_kdhf�\uqbkebl_evghf�mkljhckl\_�ihlj_[h\Zehkv�[u�aZ�
^Zlv��L dhfie_dkguo�qbk_e��lh�_klv�ihgZ^h[bebkv�[u�wdkihg_gpbZevgh�[hevrb_ \uqbkeb�
l_evgu_�j_kmjku��M`_�^ey�L = ����bo�qbkeh�bkdexqbl_evgh�\_ebdh�—�ihjy^dZ���30��Hlkx�
^Z�ke_^h\Ze�b�h[jZlguc�\u\h^�h�lhf��qlh�wnn_dlb\gh_�fh^_ebjh\Zgb_�d\Zglh\uo�kbkl_f��
kh^_j`Zsbo�^h�khlgb�^\momjh\g_\uo�d\Zglh\uo�we_f_glh\��ijZdlbq_kdb�g_^hklmigh_�deZk�
kbq_kdbf� dhfivxl_jZf�� fh`_l� wnn_dlb\gh� hkms_kl\eylvky� gZ� hkgh\_� bkihevah\Zgby�
mgblZjguo� d\Zglh\uo� hi_jZpbc�� dhlhju_� ^_ckl\mxl� \� �L–f_jghf� ]bev[_jlh\hf�
ijhkljZgkl\_�khklhygbc� 
We_f_glZjghc�d\Zglh\hc�hi_jZpb_c�\�wlhf�kemqZ_�y\ey_lky�ih\hjhl�\_dlhjZ�khklhygby�

\k_c�L–dm[blh\hc�kbkl_fu�\�]bev[_jlh\hf�ijhkljZgkl\_��^ey�\uiheg_gby�wlhc�hi_jZpbb�gZ�
deZkkbq_kdhf�dhfivxl_j_�ihlj_[h\Zehkv�[u�\uihegblv��L we_f_glZjguo�rZ]h\�ih�\uqbk�
e_gbx� \k_o� dhwnnbpb_glh\� kmi_jihabpbb��Ijb� ex[hc�fukebfhc� kdhjhklb� we_f_glZjguo�
hi_jZpbc�wlh�ihlj_[m_l�g_j_Zevgh�[hevrh]h�\j_f_gb�deZkkbq_kdbo�\uqbke_gbc� 
Kms_kl\_ggh_� agZq_gb_� \� ijhp_kk_� \uiheg_gby� d\Zglh\uo� \uqbkebl_evguo� hi_jZpbc��

djhf_�lh]h��bf_xl�khklhygby��ij_^klZ\eyxsb_�kh[hc�dh]_j_glgmx�bgl_jn_j_gpbx�f_`^m�
fgh`_kl\hf�kmi_jihabpbc��WlZ�hkh[_gghklv�d\Zglh\uo�\uqbke_gbc�gZau\Z_lky�d\Zglh\uf�
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iZjZee_ebafhf��Wlbf�hgb�ijbgpbibZevgh�hlebqZxlky�hl�hi_jZpbc�gZ^�deZkkbq_kdbfb�[m�
e_\ufb�khklhygbyfb� >���@��D\Zglh\uc�iZjZee_ebaf�— ]eZ\gh_�ij_bfms_kl\h�d\Zglh\uo�
\uqbke_gbc ih�kjZ\g_gbx�k�pbnjh\ufb�deZkkbq_kdbfb�\uqbke_gbyfb� 
D\Zglh\uc�dhfivxl_j�y\ey_lky�hldjulhc�nbabq_kdhc�kbkl_fhc��;eZ]h^Zjy�\aZbfh^_ckl�

\bx�d\Zglh\hc�kbkl_fu�k�hdjm`_gb_f��Z�lZd`_�\�kemqZ_�kemqZcgh�g_h^ghjh^ghc�kljmdlmju�
ZgkZf[ey�dm[blh\��bf__l�f_klh�ijhp_kk�jZajmr_gby�dh]_j_glguo�d\Zglh\uo�khklhygbc�beb 

^_dh]_j_glbaZpby (decoherence��� ijb\h^ysbc� d� gZjmr_gbx� mgblZjghklb� d\Zglh\uo� ijh�
p_kkh\�� f_oZgbafZ� d\Zglh\hc� bgl_jn_j_gpbb�� bkdZ`_gbx� h[jZ[Zlu\Z_fhc� d\Zglh\hc� bg�
nhjfZpbb�b�mf_gvr_gbx�©h[t_fZª�d\Zglh\uo�khklhygbc�\�j_amevlZl_�bo�i_j_oh^Z�\�deZk�
kbq_kdb_�khklhygby��Ih^Z\e_gb_�^_dh]_j_glbaZpbb�^h�g_h[oh^bfh]h�mjh\gy�y\ey_lky�h^ghc�
ba�hkgh\guo�ijh[e_f��klhysbo�gZ�imlb�j_ZebaZpbb�d\Zglh\uo�dhfivxl_jh\� 
I_jki_dlb\u�d\Zglh\uo�\uqbke_gbc�h[uqgh�k\yau\Zxl�k�h`b^Z_fuf�wdkihg_gpbZevguf�

mkdhj_gb_f�j_r_gby�lZd�gZau\Z_fhc�NP-iheghc (Nondeterministic polynomial-time complete) 

ijh[e_fu��k\yaZgghc�k�j_r_gb_f�lZdbo�aZ^Zq��^ey�dhlhjuo�wlh�j_r_gb_�hq_gv�ljm^gh�gZclb��
gh�hq_gv�ijhklh�_]h�ijh\_jblv��LZdb_�aZ^Zqb�hlghkylky�d�deZkkm g_�\uqbkey_fuo�aZ^Zq�\�
lhf�kfuke_��qlh�hgb�g_�fh]ml�[ulv�j_r_gu�gZ�deZkkbq_kdbo�dhfivxl_jZo�aZ�\j_fy��ihebgh�
fbZevgh�aZ\bkys__�hl�qbkeZ�[blh\�L��ij_^klZ\eyxsbo�aZ^Zqm� 
Kj_^b�\Z`guo�aZ^Zq��j_r_gby�dhlhjuo�fh`gh�[ueh�[u�h`b^Zlv�hl�d\Zglh\h]h�dhfivx�

l_jZ��hlf_lbf�aZ^Zqm�fh^_ebjh\Zgby�fgh]hqZklbqguo�d\Zglh\uo�kbkl_f��d�dhlhjuf�fh`gh�
hlg_klb�dZd�keh`gu_�fhe_dmeu��[bheh]bq_kdb_�h[t_dlu��lZd�b�we_f_glu�kh\j_f_gghc�gZgh�
we_dljhgbdb��Wlh�fh]ml�[ulv�b�kZfb�fgh]hdm[blh\u_�d\Zglh\u_�kbkl_fu��]^_�kms_kl\_g�
gmx� jhev� b]jZxl� lZdb_� d\Zglh\u_� wnn_dlu�� dZd� kmi_jihabpby�� aZimlZgghklv� khklhygbc��
hkh[_gghklb�d\Zglh\hc�^bgZfbdb� 
Ke_^h\Zl_evgh��m`_�k_cqZk�ihlj_[ghklv�\�d\Zglh\uo�dhfivxl_jZo�kms_kl\m_l�b�kh�\j_�

f_g_f�k�ihy\e_gb_f�gh\uo�aZ^Zq�hgZ��g_khfg_ggh��[m^_l�\hajZklZlv��H]jZgbq_gb_f��h^gZdh��
a^_kv�fh`_l�klZlv�wdhghfbq_kdZy�klhjhgZ�\hijhkZ� 
Djhf_� lh]h��jZa\blb_�d\Zglh\uo�\uqbke_gbc�b�d\Zglh\hc�bgnhjfZlbdb�\�p_ehf�bf__l�

g_hp_gbfh_�h[s_gZmqgh_�agZq_gb_��Hgh�kihkh[kl\mxl�[he__ ]em[hdhfm�ihagZgbx�nmg^Z�
f_glZevguo�aZdhgh\� dZd�nbabdb��lZd�b�^jm]bo�_kl_kl\_gguo�gZmd��:�wlh�jZgh�beb�iha^gh�
g_ba[_`gh�ijb\h^bl�d�gh\uf�kZfuf�g_h`b^Zgguf�hldjulbyf�b�ijZdlbq_kdbf�ijbeh`_gb�
yf� 
<�gZklhys__�\j_fy�iheghfZkrlZ[guc�fgh]hdm[blh\uc�d\Zglh\uc�dhfivxl_j�y\ey_lky�

ihdZ�mfhajbl_evghc�dhgkljmdpb_c��D�gbf��\�qZklghklb��hlghkylky�l\_j^hl_evgu_�y^_jguo�
fZ]gblh-j_ahgZgkguo� �YFJ�� d\Zglh\u_� dhfivxl_ju�� bkihevamxsb_� \� dZq_kl\_� dm[blh\�
y^_jgu_�kibgu�kh�kibgh\uf�d\Zglh\uf�qbkehf�I = 1/2. 
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H^gZdh�ihdZ�kha^Zgu�ijhkl_crb_�ijhlhlbiu�`b^dhklguo�YFJ�d\Zglh\uo�dhfivxl_jh\�
gZ�hj]Zgbq_kdbo�fhe_dmeZo� k�qbkehf� y^_jguo� kibgh\-dm[blh\�L � ���fhe_dmeu�\�dhlhjhf�
ij_^klZ\eyxl�kh[hc�[hevrhc�ZgkZf[ev�g_aZ\bkbfh�jZ[hlZxsbo�fhe_dme–dhfivxl_jh\��GZ�
gbo�[ueb�wdki_jbf_glZevgh�ijh^_fhgkljbjh\Zgu�g_dhlhju_�d\Zglh\u_�Ze]hjblfu�j_r_gby�
ljm^gh� jZaj_rbfuo� gZ� deZkkbq_kdbo� dhfivxl_jZo� aZ^Zq� �Ze]hjblfu� =jh\_jZ�� >hcqZ-

>`hakZ��RhjZ��b�mgbdZevgu_�k\hckl\Z�d\Zglh\uo�kbkl_f�k\yab��lZdbo�dZd�l_e_ihjlZpby, 

gh\u_�\hafh`ghklb�\ djbilh]jZnbb��hijh[h\Zgu�wnn_dlb\gu_�f_lh^u�dhjj_dpbb�d\Zglh�
\uo�hrb[hd�>�@��H^gZdh�kha^Zgb_�gZ�wlhf�imlb��iheghfZkrlZ[gh]h�YFJ�d\Zglh\h]h�dhfiv�
xl_jZ�hdZau\Z_lky�g_\hafh`guf�ba-aZ�[ukljh�mf_gvrZxs_]hky�k�qbkehf�dm[blh\�\uoh^gh�
]h�kb]gZeZ�YFJ� 
JZajZ[hldZ�d\Zglh\uo�dh^h\�dhjj_dpbb�hrb[db ^ey�fgh]hdm[blh\uo�kbkl_f�ij_^hklZ�

\beZ�\hafh`ghklv�\uihegylv�dhjj_dpbx�hrb[hd�\�ijhp_kk_�d\Zglh\uo�hi_jZpbc�k�ijhba�
\hevghc�lhqghklvx�>�����@��qlh iha\hebl�j_Zebah\Zlv�gZ^_`gmx�jZ[hlm�iheghfZkrlZ[guo�
fgh]hdm[blh\uo�d\Zglh\uo�dhfivxl_jh\�b�lZdb_�^_ckl\by��dhlhju_��^h�kbo�ihj�kqblZebkv�
\hh[s_�g_hkms_kl\bfufb� 
Dhebq_kl\h� im[ebdZpbc� ih� d\Zglh\uf� \uqbke_gbyf�b� d\Zglh\hc� l_hjbb�i_j_^Zqb�bg�

nhjfZpbb�\�gZklhys__�\j_fy�ijbh[j_eh�eZ\bghh[jZaguc�oZjZdl_j��Wlh�\�k\hx�hq_j_^v�kih�
kh[kl\h\Zeh�� k� h^ghc� klhjhgu�� [he__� ]em[hdhfm� hkfukeb\Zgbx�nbabq_kdbo� hkgh\� kZfhc�
d\Zglh\hc�l_hjbb��__�k\yab�k�d\Zglh\hc�l_hjb_c�bgnhjfZpbb��Z�k�^jm]hc�klhjhgu��klbfmeb�
jh\Zeh�mkbeby�ih�j_ZebaZpbb�d\Zglh\uo�dhfivxl_jh\�—�wlh]h�gh\h]h�gZijZ\e_gby�\�\u�
qbkebl_evghc�l_ogbd_��Z�lZd`_�^jm]bo�kh\_jr_ggh�gh\uo�d\Zglh\uo�l_ogheh]bc� >��@��>_�
lZevguc� ZgZeba� khklhygby� bkke_^h\Zgbc� \� h[eZklb� d\Zglh\uo� dhfivxl_jh\� b� d\Zglh\uo�
\uqbke_gbc�gZ�gZqZeh������]h^Z�[ue�^Zg�\�fhgh]jZnbyo�>������@� 
IheghfZkrlZ[guc�d\Zglh\hc�dhfivxl_j��ij_\hkoh^ysbc�ih�k\hbf�\hafh`ghklyf�ex[hc�

jZ[hlZxsbc�gZ�[me_\hc�eh]bd_�deZkkbq_kdbc�dhfivxl_j��^he`_g�bf_lv�d\Zglh\u_�j_]bkl�
ju��\dexqZxsbc�g_�f_g__������dm[blh\��Z�lZd`_�m^h\e_l\hjylv�jy^m�^jm]bo�lj_[h\Zgbc��\�
qZklghklb�� \ul_dZxsbo� ba� mkeh\by� ihf_ohaZsbs_gghklb� d\Zglh\uo� \uqbke_gbc� >�����@��
LZdh]h�qbkeZ�dm[blh\�fh`gh�^hklb]gmlv��\_jhylg__�\k_]h��ebrv�\�l\_j^hl_evghf�bkiheg_�
gbb�ijb�gbadbo�l_fi_jZlmjZo�>��@� 
Ihklhyggh�jZklms__�qbkeh�ij_^eh`_gguo�\ZjbZglh\�fgh]hdm[blh\uo�d\Zglh\uo�dhfiv�

xl_jh\�b��\�qZklghklb��ij_^ijbgbfZ_fu_�m`_�\�wlhf�gZijZ\e_gbb�i_j\u_�mki_rgu_�wdki_�
jbf_glZevgu_�rZ]b�ih�kha^Zgbx�dj_fgb_\h]h�fgh]hdm[blh\h]h�YFJ�d\Zglh\h]h�dhfivx�
l_jZ�� hkgh\Zggu_� gZ� bkihevah\Zgbb� ko_fu� ;�D_cgZ� >��@�� \� :\kljZebckdhf� P_glj_�
l_ogheh]bb�d\Zglh\uo�dhfivxl_jh\�>��� ��@��\gmrZxl�hilbfbaf�hlghkbl_evgh�\hafh`ghklb�
hkms_kl\e_gby�iheghfZkrlZ[gh]h�d\Zglh\h]h�dhfivxl_jZ� 
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H^gZdh� gZ� imlb� d� j_ZebaZpbb� iheghfZkrlZ[guo� d\Zglh\uo� dhfivxl_jh\� g_h[oh^bfh�
j_rblv�p_euc�jy^�ijh[e_f�dZd�h[s_nbabq_kdh]h��lZd�l_ogbq_kdh]h�b�l_ogheh]bq_kdh]h�
oZjZdl_jZ��[eZ]h^Zjy�q_fm�gb�h^bg�ba�m`_�ij_^eh`_gguo�\ZjbZglh\�fgh]hdm[blh\uo�d\Zg�
lh\uo�dhfivxl_jh\�ihdZ�g_�m^Zehkv�hkms_kl\blv� 

Kj_^b�lZdbo�ijh[e_f�\u^_ebf�ke_^mxsb_� 
1. Dhgljhev�b�baf_j_gb_�khklhygbc�hl^_evguo�dm[blh\�\�fgh]hdm[blh\hf�YFJ�d\Zglh�

\hf�j_]bklj_�y\ey_lky�_s_�g_�j_r_gghc�\�ijZdlbq_kdhf�ieZg_�aZ^Zq_c� 
2. G_�bkke_^h\ZgZ� \hafh`ghklv�bkihevah\Zgby�ZgkZf[e_\h]h�ih^oh^Z�\� l\_j^hl_evguo�

d\Zglh\uo�dhfivxl_jZo� 
3. G_^hklZlhqgh�bamq_gu�hkgh\gu_�f_oZgbafu�^_dh]_j_glbaZpbb�khklhygbc�\�l\_j^h�

l_evguo�d\Zglh\uo�j_]bkljZo�b�g_�jZajZ[hlZgu�ijZdlbq_kdb_�kihkh[u�ih^Z\e_gby�wlbo�f_�
oZgbafh\� 

4. G_�bamq_gu�\hafh`ghklb�bkihevah\Zgby�^ey�bgbpbZebaZpbb�khklhygby�YFJ�d\Zglh�
\h]h�j_]bkljZ�f_lh^h\�^bgZfbq_kdhc�iheyjbaZpbb�y^_jguo�kibgh\. 

5. Hlkmlkl\mxl�bkke_^h\Zgby�\hafh`ghklb�kha^Zgby�l\_j^hl_evguo�d\Zglh\uo�dhfivx�
l_jh\�k�Zjobl_dlmjhc�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ� 

J_r_gb_�hlf_q_gguo�ijh[e_f�y\ey_lky�ZdlmZevguf��ij_`^_�\k_]h��k�lhqdb�aj_gby�jZa�
jZ[hldb�kihkh[h\�j_ZebaZpbb�iheghfZkrlZ[guo�ZgkZf[e_\uo�YFJ�d\Zglh\uo�dhfivx�
l_jh\��Djhf_�lh]h��bo�jZkkfhlj_gb_�ij_^klZ\ey_l�lZd`_�b�agZqbl_evguc�h[s_nbabq_kdbc�
bgl_j_k. 

P_ev�jZ[hlu: 

1. L_hj_lbq_kdh_�bamq_gb_�nbabq_kdbo�hkgh\�b�h[hkgh\Zgb_�gh\uo�l\_j^hl_evguo�\Z�
jbZglh\�ZgkZf[e_\uo�fgh]hdm[blh\uo�YFJ�d\Zglh\uo�j_]bkljh\��iha\heyxsbo�ij_h^he_lv�
hkgh\gu_�ljm^ghklb��\klj_qZxsb_ky�gZ�imlb�hkms_kl\e_gby�ba\_klguo�\ZjbZglh\� 

2. JZajZ[hldZ� kihkh[h\� j_ZebaZpbb� h[sbo� lj_[h\Zgbc� >���@�� ij_^ty\ey_fuo� d� ihegh�
fZkrlZ[guf�d\Zglh\uf�dhfivxl_jZf��ijb�bkihevah\Zgbb�ZgkZf[e_\h]h�ijbgpbiZ�h[jZs_�
gbb�d�dm[blZf�d\Zglh\h]h�j_]bkljZ� 
>ey�j_r_gby�ihklZ\e_gguo�aZ^Zq�[ueb�bkihevah\Zgu�f_lh^u�nbabdb�ihemijh\h^gbdh�

\uo�ijb[hjh\�fbdjh-�b�gZghwe_dljhgbdb��nbabdb�y^_jgh]h�fZ]gblgh]h�j_ahgZgkZ��d\Zglh�
\u_�f_lh^u�fZ]g_lbafZ��f_lh^u�d\Zglh\hc�l_hjbb�bgnhjfZpbb� 
>bkk_jlZpby�khklhbl�ba�\\_^_gby�^\mo�]eZ\��\dexqZxsbo��khhl\_lkl\_ggh�����b����jZa^_�

eh\����ijbeh`_gbc�b�aZdexq_gby��kh^_j`bl����jbkmgdZ�b�kibkdb�ebl_jZlmju�ih�]eZ\Zf��\k_�
]h�����gZa\Zgb_��H[sbc�h[t_f�^bkk_jlZpbb�����kljZgbp� 
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Eh]bq_kdZy�kljmdlmjZ�^bkk_jlZpbb� 
<�i_j\hc�=eZ\_ «NBABQ?KDB?�HKGH<U�:GK:F;E?<UO�YFJ�D<:GLH<UO�

DHFIVXL?JH<»�ij_^klZ\e_gu� j_amevlZlu� l_hj_lbq_kdbo�bkke_^h\Zgbc�hkgh\guo�nb�
abq_kdbo�k\hckl\�fgh]hdm[blh\uo�d\Zglh\uo�j_]bkljh\��bf_xsbo�kms_kl\_ggh_�agZq_gb_�
^ey�kha^Zgby�l\_j^hl_evguo�YFJ�ZgkZf[e_\uo�d\Zglh\uo�dhfivxl_jh\��Baeh`_gu�hkgh\u�
d\Zglh\h]h�\_c\e_l-ij_h[jZah\Zgby�b�ijh^_fhgkljbjh\Zgu�ij_bfms_kl\Z�bkihevah\Zgby�bo�
^ey�j_ZebaZpbb�Ze]hjblfZ�nZdlhjbaZpbb� 
Gh\u_�j_amevlZlu�i_j\hc�=eZ\u� 
1. Ihemq_gh�h[h[s_gb_�mjZ\g_gby�;ehoZ�gZ�kemqZc�kbevguo�i_j_f_gguo�fZ]gblguo�ih�

e_c�ijb�g_�jZaebqguo�agZq_gbyo�ihi_j_qgh]h�b�ijh^hevgh]h�\j_f_g�j_eZdkZpbb��Z�lZd`_�gZ�
kemqZc�g_fZjdh\kdh]h�oZjZdl_jZ�kemqZcguo�\ha^_ckl\bc�kh�klhjhgu�hdjm`_gby� 

2. <uiheg_g� ZgZeba�d\Zglh\uo� khklhygbc�^\modm[blh\h]h� ZgkZf[ey�b�knhjfmebjh\Zgu�
mkeh\by��ijb�dhlhjuo�\hafh`gZ�ihegZy�bgbpbZebaZpby�khklhygbc�dm[blh\��IhdZaZgh��qlh�
ijhba\hevgh_�d\Zglh\h_�khklhygb_�g_�fh`_l�[ulv�ij_h[jZah\Zgh�\�d\Zabqbklh_�bgbpbZeb�
abjh\Zggh_�khklhygb_�k�ihfhsvx�ba\_klguo�hi_jZpbc� 

3. <uiheg_g� ZgZeba�hkh[_gghkl_c�j_eZdkZpbhgguo�ijhp_kkh\�\�fgh]hdm[blh\uo�kbkl_�
fZo�k�mq_lhf�iZjguo�aZimlZgguo�khklhygbc�dm[blh\��MdZaZg�kihkh[�h[h[s_gby�mjZ\g_gby�
Ebg^[eZ^Z�gZ�kemqZc�^\modm[blh\h]h�ZgkZf[ey�k�hlebqgufb�hl�gmey�jZ\gh\_kgufb�agZq_�
gbyfb�^bgZfbq_kdbo�iZjZf_ljh\�b�kbevguo�\g_rgbo�ihe_c��Z�lZd`_�gZ�kemqZc�g_fZjdh\kdh�
]h�oZjZdl_jZ�kemqZcguo�\ha^_ckl\bc�gZ�kibgu� 

4. JZkkfhlj_gu�bg\ZjbZglgu_�hlghkbl_evgh�\u[jZggh]h�ij_^klZ\e_gby�fZljbpu�iehlgh�
klb� kihkh[u� hibkZgby� ijhp_kkh\� ^_dh]_j_glbaZpbb� khklhygbc�fgh]hdm[blh\uo� kbkl_f� \�
l\_j^uo�l_eZo��Ijh^_fhgkljbjh\Zgu�\hafh`ghklb�ihemdeZkkbq_kdhc�Z^bZ[Zlbq_kdhc�fh^_�
eb�^_dh]_j_glbaZpbb�h^ghdm[blh\h]h�b�^\modm[blh\h]h�khklhygby� 

5. IhdZaZgZ�g_m^h\e_l\hjbl_evghklv�rbjhdh�ba\_klghc�lhqgh�j_rZ_fhc�Z^bZ[Zlbq_kdhc�
h^gh[hahgghc�d\Zglh\hc�fh^_eb�^_dh]_j_glbaZpbb�h^ghdm[blh\h]h�ZgkZf[ey��Ij_^eh`_gZ�
gh\Zy�d\Zglh\Zy�^\mo[hahggZy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khklhygbc�dm[blh\�
\�l\_j^hf�l_e_��k\h[h^gZy�hl�g_^hklZldh\�h^gh[hahgghc�fh^_eb��b�\uiheg_g�__�ZgZeba� 

6. Ij_^eh`_gZ� Z^bZ[Zlbq_kdZy� d\Zglh\Zy� fh^_ev� ^_dh]_j_glbaZpbb� y^_jguo� kibgh\� aZ�
kq_l�\aZbfh^_ckl\by�k�fZ]gblgufb�fhf_glZfb�kemqZcgh�jZkij_^_e_gguo�ijbf_kguc�Zlh�
fh\� 

7. Ijh\_^_g�ZgZeba�ljm^ghkl_c�Ze]hjblfZ�nZdlhjbaZpbb�RhjZ��hkgh\Zggh]h�gZ�d\Zglh�
\hf�nmjv_-ij_h[jZah\Zgbb�b�ij_^eh`_g�Zevl_jgZlb\guc�\ZjbZgl�Ze]hjblfZ��bkihevamxsbc�
\_c\e_l-ij_h[jZah\Zgb_� 
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<h� \lhjhc� =eZ\_ «:GK:F;E?<U?� L<?J>HL?EVGU?� YFJ� D<:GLH<U?�
DHFIVXL?JU»� ij_^klZ\e_gu� bkke_^h\Zgbc� h[sbo� ijh[e_f� j_ZebaZpbb� ZgkZf[e_\uo�
l\_j^hl_evguo�d\Zglh\uo�dhfivxl_jh\�b�ZgZebabjmxlky�ij_^eZ]Z_fu_�ZgkZf[e_\u_�ko_fu�
ihemijh\h^gbdh\h]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�k�ihehkdh\ufb�aZl\hjZfb�b�YFJ�d\Zglh�
\h]h�de_lhqgh]h�Z\lhfZlZ�gZ�Zglbn_jjhfZ]gblghc�kljmdlmj_� 
Gh\u_�j_amevlZlu�\lhjhc�=eZ\u� 
1. <� j_amevlZl_� ZgZebaZ� h[sbo� lj_[h\Zgbc�� \uiheg_gb_� dhlhjuo� g_h[oh^bfh� ^ey� ih�

kljh_gby�iheghfZkrlZ[gh]h�d\Zglh\h]h�dhfivxl_jZ�k^_eZg�\u\h^�h�i_jki_dlb\ghklb�jZa�
jZ[hldb�l\_j^hl_evguo�YFJ�ZgkZf[e_\uo�\ZjbZglh\��jZ[hlZxsbo��ijb�^hklZlhqgh�gbadbo�
kibgh\uo�l_fi_jZlmjZo� 

2��IhdZaZgh��qlh�ljm^ghklb�\�j_ZebaZpbb�iheghfZkrlZ[guo�d\Zglh\uo�dhfivxl_jh\��k\y�
aZggu_�k�ihy\e_gb_f�\�ijhp_kk_�bgbpbZebaZpbb�b�\uiheg_gby�eh]bq_kdbo�hi_jZpbc�kmi_j�
ihabpbc�hkgh\guo�khklhygbc�k�g_dhgljhebjm_fufb�nZah\ufb�fgh`bl_eyfb��ij_h^he_\Z�
xlky�\�kemqZ_�bkihevah\Zgby�ZgkZf[e_\uo�d\Zglh\uo�j_]bkljh\� 

2. IhdZaZgh��qlh�ljm^ghklv��k\yaZggZy�k�m\_ebq_gb_f�\_jhylghklb�\uqbkebl_evghc�hrb[�
db�^ey�khklhygbc�d\Zglh\h]h�j_]bkljZ��ij_^klZ\eyxsbo�\ukrb_�jZajy^u��fh`_l�[ulv�ij_�
h^he_gZ�iml_f�bkihevah\Zgby�f_lh^Z�k\yaZggh]h�dh^bjh\Zgby� 

3 >Zg�ZgZeba�ko_fu�iheghfZkrlZ[gh]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�k�bg^b\b^mZevguf�
h[jZs_gb_f�d�dm[blZf��ij_^eh`_ggh]h�;�D_cghf�b�knhjfmebjh\Zgu�__�ljm^ghklb��Bkke_�
^h\Zg�wnn_dl�mkbe_gby�kb]gZeZ�YFJ�b�ihdZaZgh��qlh�kZf�ih�k_[_�g_�iha\hey_l�ij_\ukblv�
fZdkbfZevgh�\hafh`gh_�agZq_gb_�kb]gZeZ�ijb�bkihevah\Zgbb�klZg^Zjlguo�f_lh^h\�YFJ��
H^gZdh�hg�iha\hey_l�kgbablv�fhsghklv�jZ^bhqZklhlguo�bfimevkh\�b�ijb�lhc�`_�fhsghklb�
bfimevkh\�mf_gvrblv�bo�^ebl_evghklv� 

4. Ijh\_^_g�^_lZevguc�ZgZeba�k\_jolhgdhc�kljmdlmju�wg_j]_lbq_kdh]h�ki_dljZ�we_dljhg-

y^_jghc�kbkl_fu�ba�^\mo�khk_^gbo�^hghjguo�Zlhfh\�31P��IhdZaZgh��qlh�ihfbfh�ij_^eh`_g�
ghc�D_cghf�^ey�hj]ZgbaZpbb�d\Zglh\uo�hi_jZpbc�b�baf_j_gby�khklhygby�dm[blZ�iZju�Zglb�
i_j_k_dZxsboky�mjh\g_c��fh`_l�[ulv�bkihevah\ZgZ�^jm]Zy�iZjZ�Zglbi_j_k_dZxsboky�mjh\�
g_c�� ?_� ij_bfms_kl\h� aZdexqZ_lky� \� \hafh`ghklb� ^_l_dlbjh\Zlv� baf_g_gb_� khklhygbc�
y^_jguo�kibgh\�j_ahgZgkguf�f_lh^Zfb��qlh�bf__l�hkh[_ggh_�agZq_gb_�ijb�bkihevah\Zgbb�
ZgkZf[e_\h]h�f_lh^Z�h[jZs_gby�d�kibgZf-dm[blZf� 

5. IhdZaZgh��qlh�^ey�h[_ki_q_gby�g_h[oh^bfhc�lhqghklb�\uiheg_gby�d\Zglh\uo�hi_jZ�
pbc�ke_^m_l�\uihegblv�^hklZlhqgh�`_kldb_�lj_[h\Zgby�d�]_hf_ljbq_kdbf�iZjZf_ljZf�gZgh�
kljmdlmju� �hrb[db� \� jZaf_jZo� aZl\hjh\��iheh`_gbyo�^hghjguo� Zlhfh\�b� l�^��g_�^he`gu�
ij_\urZlv�� gf���Hlf_q_gh�lZd`_��qlh�ljm^ghklv�mijZ\e_gby�dm[blZfb��k\yaZggZy�k�g_j_]m�
eyjguf�hkpbeebjmxsbf�oZjZdl_jhf�aZ\bkbfhklb�ihklhygghc�\aZbfh^_ckl\by�we_dljhgguo�
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kibgh\�hl�jZkklhygby��f_`^m�^hghjgufb�ZlhfZfb��fh`_l�[ulv�ij_h^he_gZ�\�ij_^eZ]Z_fhf�
ZgkZf[e_\hf�d\Zglh\hf�j_]bklj_� 

6. IjhZgZebabjh\Zgu�ba\_klgu_�\ZjbZglu�fgh]hdm[blh\uo�YFJ�ZgkZf[e_\uo�d\Zglh\uo�
dhfivxl_jh\�b�ij_^eh`_g�b�gh\uc�\ZjbZgl�dj_fg_\h]h�YFJ�ZgkZf[e_\h]h�d\Zglh\h]h�dhf�
ivxl_jZ�k�ihehkdh\ufb�aZl\hjZfb��iha\heyxsbc�ij_h^he_lv�jy^�hkgh\guo�ljm^ghkl_c�ko_�
fu�D_cgZ� 

7. IhdZaZgh�� qlh� ^ey� bgbpbZebaZpbb� kibgh\uo� khklhygbc� beb� g_h[oh^bfh]h� i_j\hgZ�
qZevgh]h�hoeZ`^_gby�y^_jghc�kibgh\hc�kbkl_fu�^h�kibgh\uo�l_fi_jZlmj�f_g__�� fD��ijb�
khojZg_gbb�l_fi_jZlmju�j_r_ldb�\�ij_^_eZo���� D�fh]ml�[ulv�bkihevah\Zgu�f_lh^u�^b�
gZfbq_kdhc�iheyjbaZpbb�lbiZ�kheb^-wnn_dlZ� 

8. :gZeba� hlghr_gby� YFJ� kb]gZeZ� d� rmfm� ^ey� ij_^eh`_gghc� ieZgZjghc� kljmdlmju�
dj_fgb_\h]h�YFJ�ZgkZf[e_\h]h�dhfivxl_jZ�ihdZaZe�\hafh`ghklv�^_l_dlbjh\Zlv�kb]gZe�k�
ihfhsvx�klZg^Zjlghc�l_ogbdb�YFJ�ijb�qbke_�we_f_glh\�ZgkZf[ey N ~ 106. 

9. IhdZaZgh��qlh�d�hkgh\guf�f_oZgbafZf�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�\�dj_f�
gb_\uo�ZgkZf[e_\uo�d\Zglh\uo�j_]bkljZo�ke_^m_l�hlg_klb�Z^bZ[Zlbq_kdb_�ijhp_kku�fh�
^meypbb�j_ahgZgkghc�qZklhlu��h[mkeh\e_ggu_�nemdlmbjmxsbfb�k\_jolhgdbfb�iheyfb��Z�
lZd`_�\aZbfh^_ckl\byfb�k�y^_jgufb�kibgZfb�ijbf_kguc�^bZfZ]gblguo�Zlhfh\��<�j_amev�
lZl_�^ey�h[_ki_q_gby�g_h[oh^bfh]h�mjh\gy�ih^Z\e_gby�^_dh]_j_glbaZpbb�ihemq_gh�mkeh\b_�
B/T!��Le�D�b�ij_^_evgh_�agZq_gb_��dhgp_gljZpbb�ijbf_kguc�Zlhfh\� 

10. Ij_^eh`_gZ�fh^_ev�YFJ�ZgkZf[e_\h]h�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�b�^ZgZ�ko_fZ�
\\h^u�b�\u\h^Z�bgnhjfZpbb��Z�lZd`_�ko_fu�\uiheg_gby�h^ghdm[blh\uo�b�^\modm[blh\uo�
d\Zglh\uo�hi_jZpbc��D�ij_bfms_kl\Zf�lZdh]h�Z\lhfZlZ�fh`gh�hlg_klb� 
Z� =eh[Zevgh_�h[jZs_gb_�dh�\k_f�we_f_glZf�p_ihqdb�dm[blh\�k�^\mfy�j_ahgZgkgufb�qZk�

lhlZfb�iha\hey_l�bkdexqblv�fgh]hqbke_ggu_�f_lZeebq_kdb_�rbgu�� aZl\hju�b�fgh]hqZk�
lhlgu_�]_g_jZlhju�bfimevkh\��lj_[m_fu_�^ey�ehdZevgh]h�mijZ\e_gby�dm[blZfb� 
[� Keh`ghklb��k\yaZggu_�ZiiZjZlguf�h[_ki_q_gb_f�dhfivxl_jZ��\�agZqbl_evghc�kl_i_gb�

i_j_ghkblky�gZ�ijh]jZffgh_�h[_ki_q_gb_�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ� 
\� D\Zglh\u_�de_lhqgu_�Z\lhfZlu�\hafh`gh�kihkh[gu�\uihegylv�ijh]jZffu��dhlhju_�

g_�^hklmigu�h[uqguf�d\Zglh\uf�ko_fZf� 
]� <Z`guf� k\hckl\hf� y\ey_lky�\hafh`ghklv� aZiZjZee_eblv�d\Zglh\u_�\uqbkebl_evgu_�

hi_jZpbb�ijb�bkihevah\Zgbb� ZgkZf[e_\h]h�ih^oh^Z��qlh�fh`_l� lZd`_� kms_kl\_ggh� mijh�
klblv�b�kqblu\Zgb_�bgnhjfZpbb� 

11. Ihemq_gh�h[h[s_ggh_�\ujZ`_gb_�^ey�]ZfbevlhgbZgZ�kbkl_fu�y^_jguo�kibgh\�\�Zg�
lbn_jjhfZ]g_lbd_� k� h^ghhkghc� kbff_ljb_c� lbiZ� e_]dhc� hkb�� mqblu\Zxs__�bo�dhk\_ggh_�
\aZbfh^_ckl\b_�q_j_a�kibg�\hegh\u_�khklhygby�we_dljhgguo�kibgh\�k�mq_lhf�dZd�k\_jolhg�
dh]h��lZd�b�^bihev-^bihevggh]h�\aZbfh^_ckl\by�k�we_dljhggufb�kibgZfb�khk_^gbo�Zlhfh\� 
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12. Ij_^eh`_gZ�ko_fZ�ZgkZf[e_\h]h�YFJ�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�gZ�Zglbn_jjh�
fZ]gblghc�kljmdlmj_� 

13. Knhjfmebjh\Zgu� hkgh\gu_� lj_[h\Zgby� d� _kl_kl\_gguf� Zglbn_jjhfZ]gblguf� djb�
klZeeZf��ij_^gZagZq_gguf�^ey�bkihevah\Zgby�\�dZq_kl\_�kj_^u��kh^_j`Zs_c�y^_jgu_�kib�
gu-dm[blu��^ey�YFJ�ZgkZf[e_\h]h�de_lhqgh]h�Z\lhfZlZ� 

<�A:DEXQ?GBB�ij_^klZ\e_g�ZgZeba�ihemq_gguo�j_amevlZlh\��nhjfmebjmxlky�\u\h�
^u�hlghkbl_evgh�i_jki_dlb\ghklb�bkihevah\Zgby�ZgkZf[e_\h]h�ih^oh^Z�ijb�kha^Zgbb�l\_j�
^hl_evguo�YFJ�d\Zglh\uo�dhfivxl_jh\�b�d\Zglh\uo�Z\lhfZlh\� 

IjZdlbq_kdZy�agZqbfhklv�jZ[hlu. 

J_amevlZlu� ijh\_^_gguo� bkke_^h\Zgbc� ihdZaZeb� ij_bfms_kl\Z� ij_^eh`_ggh]h� Zg�
kZf[e_\h]h�ih^oh^Z�ijb�j_r_gbb�fgh]bo�ba�i_j_qbke_gguo�ijh[e_f��Hgb�iha\heyxl�knhj�
fmebjh\Zlv� g_h[oh^bfu_� ijb� ijh_dlbjh\Zgbb� b� j_ZebaZpbb� dhgdj_lguo� ko_f� iheghfZk�
rlZ[guo� ZgkZf[e_\uo� YFJ� d\Zglh\uo� dhfivxl_jh\� b� d\Zglh\uo� de_lhqguo� Z\lhfZlh\�
l_ogbq_kdb_�b�l_ogheh]bq_kdb_�lj_[h\Zgby��JZajZ[hlZggu_�\�j_amevlZl_�l_hj_lbq_kdbo�
bkke_^h\Zgbc�fgh]hdm[blh\uo�d\Zglh\uo�j_]bkljh\�fh^_eb��iha\heyxsb_�hibku\Zlv�ijh�
p_kku�bgbpbZebaZpbb�b�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc��fh]ml�[ulv�iheh`_gu�\�hk�
gh\m�h[sbo�f_lh^h\�fh^_ebjh\Zgby�fgh]hdm[blh\uo�d\Zglh\uo�dhfivxl_jh\� 

:ijh[Zpby��Hkgh\gu_�j_amevlZlu�\�h[eZklb�nbabdb�YFJ�\�l\_j^uo�l_eZo�b�YFJ�d\Zg�
lh\uo� dhfivxl_jh\�� hlghkysb_ky� d� l_f_�ij_^klZ\e_gghc� ^bkk_jlZpbb�� [ueb�ihemq_gu�b�
him[ebdh\Zgu�Z\lhjhf�\�i_jbh^u�k������ih������]h^u�b�k������ih������]h^u��Hgb�baeh`_gu�
\�dZg^b^Zlkdhc�^bkk_jlZpbb�������]����\�dgb]_�©Mrbj_gb_�j_ahgZgkguo�ebgbc�b�j_eZdkZpbyª�
�FNLB�������]����\�fhgh]jZnbb�<Zeb_\Z�D�:��b��DhdbgZ�:�:��©D\Zglh\u_�dhfivxl_ju��gZ�
^_`^u�b�j_Zevghklvª���������������\����klZlvyo��\�lhf�qbke_���[_a�khZ\lhjh\���ij_^klZ\e_gu�
\�khh[s_gbyo�gZ����rdheZo�b�dhgn_j_gpbyo��Z�lZd`_�\��-o�we_dljhgguo�ij_ijbglZo��<�i_�
jbh^������ih������]h^u��hl^_evgu_�j_amevlZlu�g_h^ghdjZlgh�^hdeZ^u\Zebkv�b�h[km`^Zebkv�
\�Nbabdh-l_ogheh]bq_kdhf�bgklblml_�J:G�gZ�k_fbgZj_�ih�d\Zglh\uf�dhfivxl_jZf��jmdh�
\h^bfhf�D�:�<Zeb_\uf��Z�lZd`_�k_fbgZj_�ih�d\Zglh\hc�bgnhjfZlbd_�\�F=M��Kibkhd�gZmq�
guo�jZ[hl�Z\lhjZ�b�k�_]h�mqZklb_f�ih�l_f_�^bkk_jlZpbb�khklZ\ey_l����gZa\Zgby��kf��gb`_�� 

Hkgh\gu_�iheh`_gby��\ughkbfu_�gZ�aZsblm: 
1. H[hkgh\Zgb_�i_jki_dlb\ghklb�ZgkZf[e_\uo�ijbgpbih\�\�ko_fZo�fgh]hdm[blh\h]h�ih�

emijh\h^gbdh\h]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�k�ihehkdh\ufb�aZl\hjZfb�b�fgh]hdm[blh�
\h]h�YFJ�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�gZ�Zglbn_jjhfZ]gblghc�kljmdlmj_� 
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2. Ko_fZ�ieZgZjgh]h�dj_fgb_\h]h�ZgkZf[e_\h]h�fgh]hdm[blh\h]h�YFJ�d\Zglh\h]h�j_]b�
kljZ�k�qbkehf�we_f_glh\�ZgkZf[ey�N ~ 106��iha\heyxsZy�bkihevah\Zlv�klZg^Zjlgmx�l_ogbdm�
YFJ�beb�l_ogbdm�(1'25�^ey�baf_j_gby�b�dhgljhey�khklhygbc�dm[blh\� 

3. H[h[s_gb_�mjZ\g_gbc�;ehoZ�b�Ebg^[eZ^Z�gZ�kemqZc�g_fZjdh\kdh]h�oZjZdl_jZ�kemqZc�
guo�ihe_c��kha^Z\Z_fuo�hdjm`_gb_f��bf_xs__�kms_kl\_ggh_�agZq_gb_�^ey�fh^_ebjh\Zgby�
ijhp_kkh\�^_dh]_j_glbaZpbb�khklhygbc�dm[blh\�\�ZgkZf[e_\hf�d\Zglh\hf�j_]bklj_� 

4. Fh^_eb�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khklhygby�dm[blZ�\�YFJ�d\Zglh\hf�j_]bkl�
j_�� mqblu\Zxsb_� ^\mo[hahggu_� mijm]b_�ijhp_kku� jZkk_ygby�b�\aZbfh^_ckl\by� k�fZ]gbl�
gufb� fhf_glZfb� ijbf_kguc� Zlhfh\�� Z� lZd`_� fh^_ev� Z^bZ[Zlbq_kdhc� ^_dh]_j_glbaZpbb�
^\modm[blh\h]h�khklhygby�y^_jguo�kibgh\�\�kljmdlmj_�k�Zglbn_jjhfZ]gblguf�\aZbfh^_c�
kl\b_f�f_`^m�dm[blZfb� 

5. H[hkgh\Zgb_�\hafh`ghklb�bkihevah\Zgby�^ey�bgbpbZebaZpbb�khklhygbc�y^_jguo�kib�
gh\� \� ZgkZf[e_\hf� d\Zglh\hf� j_]bklj_� ^bgZfbq_kdbo� f_lh^h\� iheyjbaZpbb� lbiZ� kheb^-

wnn_dlZ�:[jZ]ZfZ�ijb�khojZg_gbb�jZ[hq_c�l_fi_jZlmju�kbkl_fu�\�ij_^_eZo���� D� 
6. Ko_fZ�\uiheg_gby�h^ghdm[blh\uo�b�^\modm[blh\uo�hi_jZpbc�\�YFJ�d\Zglh\hf�Z\lh�

fZl_� 
7. H[hkgh\Zgb_�\hafh`ghklb�bkihevah\Zgby�^ey�j_ZebaZpbb�ZgkZf[e_\h]h�YFJ�d\Zglh�

\h]h�Z\lhfZlZ�dZd�bkdmkkl\_gguo��lZd�b�_kl_kl\_gguo�^\mof_jguo�b�lj_of_jguo�Zglbn_j�
jhfZ]gblguo�kljmdlmj��Zlhfu�dhlhjuo�bf_xl�y^_jgu_�kibgu�I = 1/2. 

8. <u\h^�h�lhf��qlh�ijh[e_fZ�ihy\e_gby�\�ijhp_kk_�bgbpbZebaZpbb�g_dhgljhebjm_fuo�
nZah\uo�fgh`bl_e_c� kh� kemqZcgufb� ZgZeh]h\ufb�nZaZfb� m� khklZ\eyxsbo� kmi_jihabpbb�
[Zabkguo�khklhygbc�j_rZ_lky�\�ZgkZf[e_\uo�d\Zglh\uo�j_]bkljZo� 

9. H[hkgh\Zgb_�\hafh`ghklb�bkihevah\Zgby�d\Zglh\h]h�\_c\e_l-ij_h[jZah\Zgby�\�Ze]h�
jblf_�nZdlhjbaZpbb�^ey�j_r_gby�ijh[e_fu�\hajZklZxs_c�wdkihg_gpbZevgh�k�qbkehf�d\Zg�
lh\uo�YFJ�hi_jZpbc�\j_f_gghc�p_gu�wlh]h�Ze]hjblfZ� 

Ebl_jZlmjZ�d�<\_^_gbx 

1. <Zeb_\�D�:���Dhdbg�:�:.�Ba�blh]h\�OO�\_dZ��hl�d\Zglh\�d�d\Zglh\uf�dhfivxl_jZf��
I. Nbabq_kdb_�hkgh\u�b�ijbgpbiu�ihkljh_gby�d\Zglh\h]h�dhfivxl_jZ�� �� Ba\��<MA� 
We_dljhgbdZ��������������k���–53. 

2. <Zeb_\�D�:���Dhdbg�:�:��Ba�blh]h\�OO�\_dZ��hl�d\Zglh\�d�d\Zglh\uf�dhfivxl_jZf��
II . D\Zglh\Zy�we_f_glgZy�[ZaZ���� Ba\��<MA��We_dljhgbdZ������������k��–9. 

3. <Zeb_\� D�:���Dhdbg� :�:��Hl� d\Zglh\� d� d\Zglh\uf� dhfivxl_jZf�� �� Ijbjh^Z�� ������
�����k���–36. 

4. FZgbg X�B��<uqbkebfh_�b�g_\uqbkebfh_��—�F���Kh\��JZ^bh��������k����� 
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=E:<:�I . NBABQ?KDB?�HKGH<U�:GK:F;E?<UO�YFJ�
D<:GLH<UO�DHFIVXL?JH< 

1.1. D\Zglh\u_�^\momjh\g_\u_�bgnhjfZpbhggu_�yq_cdb-dm[blu�— 

hkgh\gu_�we_f_glu�d\Zglh\h]h�dhfivxl_jZ 
<�dZq_kl\_�bgnhjfZpbhgguo�yq__d�d\Zglh\uo�dhfivxl_jh\�[ueb�ij_^eh`_gu�jZaebqgu_�

d\Zglh\u_�^\momjh\g_\u_�kbkl_fu��\�qZklghklb�wlh� 
1. Bhgu�beb�g_cljZevgu_�Zlhfu�k�^\mfy�gbadhe_`Zsbfb�dhe_[Zl_evgufb�beb�k\_jo�

lhgdbfb� mjh\gyfb�� m^_j`b\Z_fu_� \�kbeh\uo�eh\mrdZo�\�\Zdmmf_�ijb�fbdjhd_ev\bgh\uo�
l_fi_jZlmjZo��ihemqZ_fuo�iml_f�eZa_jgh]h�hoeZ`^_gby� 

2. Hij_^_e_ggu_�khklhygby�d\Zglh\Zggh]h�we_dljhfZ]gblgh]h�ihey�\�we_dljh^bgZfb�
q_kdbo�j_ahgZlhjZo�b�nhlhgguo�djbklZeeZo� 

3. K\_joijh\h^gbdh\u_�kljmdlmju�k�^\mfy�fZdjhkdhibq_kdbfb�d\Zglh\ufb�khklhygby�
fb� 

4. H^gbfb�ba�gZb[he__�_kl_kl\_gguo�dZg^b^Zlh\�\�dZq_kl\_�d\Zglh\uo�^\momjh\g_\uo�
we_f_glh\� y\eyxlky� hl^_evgu_� we_dljhggu_� b� y^_jgu_� kibgu� kh� kibgh\uf� qbkehf 

I�=������Mjh\gb�wg_j]bb��khhl\_lkl\mxsb_�]ZfbevlhgbZgm�kibgh\h]h�fhf_glZ�k�]bjhfZ]�
gblguf�hlghr_gb_f���\�ihklhygghf�fZ]gblghf�ihe_�B��bf_xs_fm�\�_^bgbpZo�« = ��\b^ 

H = – �IB, (I  =(1/2) 1 —�hi_jZlhj�kibgZ��bah[jZ`_gu�gZ�Jbk� 1.1. 

 

 

 

 

         |↓〉 ≡ |1〉 =  
1

0
 

�ω
0
 =  �γB  

    |↑〉 ≡ |0〉 =  
0

1
 
  

Jbk� �����Mjh\gb�wg_j]bb�kibgZ�k�I = ����k�� > ��\�fZ]gblghf�ihe_�B 

Kh[kl\_ggu_�khklhygby�z–dhfihg_glu�kibgh\h]h�fhf_glZ� �fZ]gblgh_�ihe_�gZijZ\e_gh�
ih�hkb�z��y\eyxlky�klZg^Zjlguf�hjlh]hgZevguf�[Zabkhf�^ey�hibkZgby�kibgh\uo�d\Zglh�
\uo�khklhygbc�^\momjh\g_\hc�kbkl_fu��Ijb�hibkZgbb�khklhygbc�d\Zglh\uo�^\momjh\g_\uo 
we_f_glh\�g_�kibgh\hc�ijbjh^u�qZklh�ihevamxlky�ZgZeh]bqguf�kibgm�ihgylb_f�d\Zabkib�
gZ. 
=eZ\guf�hlebqb_f�d\Zglh\h]h�^\momjh\g_\h]h�we_f_glZ�hl�deZkkbq_kdh]h�[blZ��k�^\mfy�

[me_\ufb� khklhygbyfb ���� beb� ����� aZgbfZ_fufb� k� \_jhylghklyfb� eb[h�P(0) = ��� eb[h�
P(1) = ���y\ey_lky�_]h�kihkh[ghklv�ijb�hij_^_e_gguo�\ha^_ckl\byo�h[jZah\u\Zlv�dh]_j_gl�
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gmx kmi_jihabpbx�[Zabkguo�d\Zglh\uo�khklhygbc��dhlhjZy�hibku\Z_lky�\�kemqZ_�qbklh�
]h��dh]_j_glgh]h��d\Zglh\h]h�khklhygby�h^gbf�ba�^\mo�wd\b\Ze_glguo�kihkh[h\��Z�bf_ggh� 
Z� <_dlhjhf� khklhygby� �wlh� kibghj�i_j\h]h� jZg]Z� \� ^\mof_jghf� ]bev[_jlh\hf�ijh�

kljZgkl\_�khklhygbc��\�dhlhjhf�[Zabkgu_�\_dlhjZ�khklhygbc�b]jZxl�jhev�_^bgbqguo�hj�
lh]hgZevguo�\_dlhjh\�—�hjlh\���ij_^klZ\ey_fuf�^\mojy^ghc�fZljbp_c-klhe[phf 

 |ψ〉 = k0 |0〉 + k1 |1〉 = 
1

0

c

c
 ,     | k0 |

2 + | k1 |
2 = 1 , (1.1) 

]^_�k0,�k1 �dhfie_dkgu_�Zfieblm^u��| k0 |
2, | k1 |

2 —�\_jhylghklb��k�dhlhjufb�kibg�gZoh^blvky�
\�[Zabkguo�khklhygbyo�|0〉�b�|1〉��<_dlhj�khklhygby�kibgZ�oZjZdl_jbam_lky�lj_fy (22 – ���g_�
aZ\bkbfufb�\_s_kl\_ggufb�iZjZf_ljZfb� 
<_dlhj�ijhba\hevgh]h�qbklh]h�h^ghdm[blh\h]h�khklhygby�_ψ〉�ij_^klZ\ey_lky�iheh`_gb_f�

_]h�dhgpZ�gZ�hdjm`ghklb� _^bgbqgh]h�jZ^bmkZ�\ ^\mof_jghf�]bev[_jlh\hf�ijhkljZgkl\_  

H2��Baf_j_gb_�lZdh]h�d\Zglh\h]h�khklhygby�khklhbl�\�hij_^_e_gbb�dhwnnbpb_glh\�jZaeh�
`_gby��beb��^jm]bfb�keh\Zfb��ijh_dpbc�baf_jy_fh]h�\_dlhjZ�khklhygby�gZ�gZijZ\e_gb_�[Z�
abkguo�khklhygbc��c0 = 〈0|ψ〉, k1 = 〈1|ψ〉 �Jbk� 1.2).  

 |1 〉   
     ψ 〉   

  

   
 |0 〉  

   

     

  

  
 

Jbk� �����<_dlhj�khklhygby�kmi_jihabpbb�|%〉 =  2/1 (|0〉 + |1〉��b�_]h�ijh_dpbb�gZ�gZijZ\e_�
gb_�[Zabkguo�khklhygbc�\�^\mof_jghf�]bev[_jlh\hf�ijhkljZgkl\_ 

[� Wjfblh\hc�fZljbp_c�iehlghklb 2×���k�hij_^_ebl_e_f��jZ\guf�gmex� 

 ! = ρρ+ = | ψ〉〈ψ | = 2

110

10

2

0

ccc

ccc
∗∗

∗∗

 =
z

z

PP

PP

−−
++

++

−−

1

1

2

1
 = 1/2 (1 + P σσ) = 

 = 1/2 (1 + Pz σz+ P+σ–+ P–σ+) , (1.2) 

]^_� 〈ψ| = |ψ〉+ —�wjfblh\h-khijy`_gguc�\_dlhj�khklhygby� Px ± i Py A P± , σ± = 1/2(σx ± iσy), 

σσ = (σx, σy, σz) —�\_dlhj�k�fZljbpZfb�IZmeb�\�dZq_kl\_�dhfihg_gl��1 — _^bgbqgZy�fZljb�
pZ��×2, P = Sp σσρρ = 2 Sp Iρρ —�deZkkbq_kdbc�lj_of_jguc�_^bgbqguc�\_dlhj�;ehoZ� 
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<�\ujZ`_gbb� ������h[sZy�nZaZ�Zfieblm^�\uiZ^Z_l��lh�_klv�y\ey_lky�g_kms_kl\_gghc�b��
ke_^h\Zl_evgh��dhfie_dkgu_�Zfieblm^u�fh`gh�kqblZlv�aZ\bkysbfb�lhevdh�hl�^\mo�(22 – 2) 

g_aZ\bkbfuo�\_s_kl\_gguo�iZjZf_ljh\��LZdbfb�iZjZf_ljZfb�fh]ml�[ulv��\�qZklghklb��©ih�
eyjgucª�m]he�� � � � �  b�©ZabfmlZevgucª�m]he��jZaghklv�nZa�Zfieblm^��� � 3 � �����hij_^_�
eyxsb_�gZijZ\e_gb_�\_dlhjZ�;ehoZ�\�lj_of_jghf�ijhkljZgkl\_� 
 k0 = cos(�/2) ,     �k1 = sin(�/2)exp(L3) . (1.3) 

LZdbf�h[jZahf��qbklh_�khklhygb_�d\Zglh\h]h�we_f_glZ�hij_^_ey_lky�g_�lhevdh�agZq_gby�
fb�\_jhylghkl_c�aZgylv�[Zabkgu_�khklhygby�P(0) = | k0 |

2 = 1/2(1 + Pz��b�P(1) =| k1 |
2 = 1/2(1 –

 Pz��� ]^_�Pz = cos���gh�b� agZq_gb_f� dhfie_dkgh� khijy`_gguo�g_^bZ]hgZevguo� we_f_glh\ 
fZljbpu�iehlghklb�k0k1�beb��bgZq_�]h\hjy��ihi_j_qgufb�khklZ\eyxsbfb�\_dlhjZ�;ehoZ�Px 

b�Py��gZau\Z_fuo�dh]_j_glghklyfb: 

 k0k1 = 1/2 (Px + i Py) A 1/2 P+ = 1/2 sin� exp(L3) , (1.4) 

>\momjh\g_\uc�d\Zglh\uc�we_f_gl��kihkh[guc�gZoh^blky�\�lZdhf�jZkkfZljb\Z_fhf�kh�
klhygbb��[ue�gZa\Zg�;�RmfZo_jhf�dm[blhf (quantum bit ≡ qubit) [1.1]. Dm[blhf��ZgZeh�
]bqgh�deZkkbq_kdhfm�[blm��klZeZ�gZau\Zlvky�lZd`_�b�_^bgbpZ�dhebq_kl\Z�d\Zglh\hc�bgnhj�
fZpbb��Ihgylb_�dm[blZ�y\ey_lky�[he__�h[sbf��q_f�ihgylb_�[bl��Z�kbkl_fZ�dm[blh\��djhf_�
lh]h��kihkh[gZ�h[jZah\u\Zlv�hkh[h]h�lbiZ�fgh]hdm[blh\u_�kmi_jihabpbb��aZimlZggu_�kh�
klhygby���kf��gb`_���g_�bf_xsb_�ZgZeh]h\�\�deZkkbq_kdbo�kbkl_fZo� 
Ba�mkeh\by�ghjfbjh\db�Spρρ = | k0 |

2 + | k1 |
2 = ��ke_^m_l��qlh�\�qbklhf�d\Zglh\hf�khklhygbb�

fZljbpZ� iehlghklb� bf__l� lhevdh h^gh� jZ\gh_� _^bgbp_� kh[kl\_ggh_� agZq_gb_��FZljbpu�
iehlghklb�^\mo�[Zabkguo�khklhygbc�bf_xl�\b^� 
 |0〉〈0| A |9〉〈9_ 

00

01
, (Pz = P(0) = +1) ,    

 |1〉〈1| A |;〉〈;_ =
10

00
, (Pz =  – P(1) = – 1) . (1.5) 

<�wlhf�kemqZ_�\_dlhj�;ehoZ�hjb_glbjh\Zg��khhl\_lkl\_ggh��ih�ihex�b�ijhlb\�ihey�b�g_ 
bf__l� ihi_j_qguo� khklZ\eyxsbo�� Ihwlhfm� fZljbpZ� iehlghklb� [Zabkguo� khklhygbc� g_ 
bf__l�g_^bZ]hgZevguo�we_f_glh\� 
Ijhba\hevgh_�qbklh_�(dh]_j_glgh_��khklhygb_� �dm[blZ�fh`_l�[ulv�gZ]ey^gh�ij_^klZ\�

e_gh�iheh`_gb_f�dhgpZ�\_dlhjZ�;ehoZ gZ�kn_j_�;ehoZ��gZau\Z_fhc�lZd`_�kn_jhc�ImZgdZ�
j_)��k�jZ^bmkhf�_P| A�P = ���Jbk� 1.3.). 

K�ihfhsvx�mjZ\g_gby�^\b`_gby�^ey�fZljbpu�iehlghklb�dm[blZ�i�!/�t = [H, !@�b�]Zfbev�
lhgbZgZ�H = – �IB�^ey�\_dlhjZ�;ehoZ�ihemqbf�mjZ\g_gb_�^\b`_gby� 
 dP/GW� �� [P×B] . (1.6) 
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 z 
 
         B      

B
                        |0   〉   〈   0|       ≡       |   ↑   〉   〈   ↑|   |   |   

P 
    

    

y x 

                 |1   〉   〈   1|       ≡       |   ↓   〉   〈   ↓   |        

Jbk� �����Kn_jZ�;ehoZ��\_dlhj�;ehoZ�\�ihklhygghf�fZ]gblghf�ihe_�B��� > 0. 

W\hexpby�fZljbpu�iehlghklb�d\Zglh\h]h�^\momjh\g_\h]h�we_f_glZ��\�ijhp_kk_�dhlhjhc�
\hafh`gh�ihy\e_gb_�g_^bZ]hgZevguo�we_f_glh\�—�dh]_j_glghkl_c��iheghklvx�\ujZ`Z_lky�
q_j_a�w\hexpbx�khklZ\eyxsbo�\_dlhjZ�;ehoZ��:gZeh]bqgh_�mjZ\g_gb_�hibku\Z_l�^\b`_gb_�
deZkkbq_kdh]h�fZ]gblgh]h�fhf_glZ�\�ihklhygghf�fZ]gblghf�ihe_� 
JZaebqb_�`_�deZkkbq_kdh]h�fZ]gblgh]h�fhf_glZ�b�\_dlhjZ�;ehoZ�k\yaZgh�k�bo�wg_j]b_c� <�

deZkkbq_kdhf�kemqZ_�wg_j]by�fZ]gblgh]h�fhf_glZ�\�fZ]gblghf�ihe_�baf_gy_lky�g_ij_ju\�
gh��Z�\�kemqZ_�dm[blZ�jZkklhygb_�f_`^m�mjh\gyfb�bf__l�dhg_qgmx�\_ebqbgm�«&0 = «�B��AZ�
f_lbf�� qlh� \� [Zabkguo� khklhygbyo�fZdkbfZevgZy�ijh_dpby� \_dlhjZ�;ehoZ�gZ� hkv� z jZ\gZ�
^ebg_�\_dlhjZ�;ehoZ�b�\�hlebqb_�hl�\_dlhjghc�fh^_eb�kibgh\h]h�fhf_glZ��kh]eZkgh�dhlhjhc�
_]h�^ebgZ�\�qbklhf�khklhygbb�\� 3 �jZa�[hevr_�fZdkbfZevghc�ijh_dpbb��_]h�ij_p_kkby�\h�
djm]�hkb�z�hlkmlkl\m_l� 
<f_klh� m]eh\uo� dhhj^bgZl� �� b� 3� bgh]^Z� m^h[gh� i_j_clb� d� dhfie_dkghc� i_j_f_gghc�

Z = exp((L3) tg(�������qlh� khhl\_lkl\m_l�kl_j_h]jZnbq_kdhc�ijh_dpbb�_^bgbqghc�kn_ju�gZ�
dhfie_dkgmx�iehkdhklv�Z: 

 |ψ(Z)〉 = (1 + |Z|2)–1/2(|9〉 + Z |;〉) . (1.7) 

;Zabkguf�khklhygbyf�khhl\_lkl\mxl�agZq_gby�Z = 0, ���Bkihevah\Zgb_�lZdh]h�ij_^klZ\e_�
gby�bf__l�hij_^_e_ggh_�ij_bfms_kl\h�ijb�jZkkfhlj_gbb�fgh]hdm[blh\uo�dh]_j_glguo�kh�
klhygbc� 
<kydhc� mgblZjghc� fZljbp_� \lhjh]h� ihjy^dZ� k� ^_l_jfbgZglhf� jZ\guf� _^bgbp_� �lZdZy�

fZljbpZ�gZau\Z_lky�mgbfh^meyjghc���^_ckl\mxs_c�\�dhfie_dkghc�iehkdhklb�Z�khhl\_lkl�
\m_l� hij_^_e_gguc� mgblZjguc� hi_jZlhj U = (U+)–1�� hkms_kl\eyxsbc�ih\hjhl�\_dlhjZ�
khklhygby�_ψ〉 \�^\mof_jghf ]bev[_jlh\hf�ijhkljZgkl\_. 
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Lh��qlh�lZdhc�ih\hjhl�k�lhqdb�aj_gby�k\hckl\�kbff_ljbb�wd\b\Ze_gl_g�hij_^_e_gghfm�
ih\hjhlm� \_dlhjZ�;ehoZ� \� lj_of_jghf�ijhkljZgkl\_�\� kljh]hc�nhjfmebjh\d_�\ujZ`Z_lky�
ke_^mxsbf� h[jZahf�� kh\hdmighklv� mgblZjguo� mgbfh^meyjguo� ij_h[jZah\Zgbc� \� ^\mo�
f_jghf� ]bev[_jlh\hf�ijhkljZgkl\_�h[jZam_l�dhfie_dkgmx�ki_pbZevgmx� ]jmiim�mgbfh^m�
eyjguo�mgblZjguo�fZljbp�SU2��wd\b\Ze_glgmx��]hfhfhjngmx��]jmii_�\jZs_gby�\�lj_o�
f_jghf�ijhkljZgkl\_��ij_h[jZamxs_c� khklhygby� dm[blZ�ih� ^\mof_jghfm�g_ijb\h^bfhfm�
ij_^klZ\e_gbx D1/2. 

AZdexq_gb_:�FZljbpZ�iehlghklb�ijhba\hevgh]h�qbklh]h�d\Zglh\h]h�khklhygby�hl^_evgh�
]h�dm[blZ�h^ghagZqgh�hij_^_ey_lky�agZq_gbyfb�khklZ\eyxsbo�deZkkbq_kdh]h�lj_of_jgh]h�
_^bgbqgh]h�\_dlhjZ�;ehoZ��^\Z�iZjZf_ljZ��beb�_]h�kl_j_h]jZnbq_kdhc�ijh_dpb_c�gZ�dhf�
ie_dkgmx�iehkdhklv�z. 
Kms_kl\_gguf� ij_bfms_kl\hf� lZdh]h� ij_^klZ\e_gby� y\ey_lky� bkdexq_gb_� g_hij_^_�

e_ggh]h�h[s_]h�nZah\h]h�fgh`bl_ey��oZjZdl_jgh]h�^ey�\_dlhjZ�khklhygby� 

1.2. J_eZdkZpbhggu_�ijhp_kku�\�h^ghdm[blh\hf�ZgkZf[e_� 
MjZ\g_gb_�;ehoZ�b�_]h�h[h[s_gb_ 

D\Zglh\h_�khklhygb_�aZfdgmlhc�kbkl_fu��\dexqZxs_c�\aZbfh^_ckl\mxsb_�f_`^m�kh[hc�
dm[blu�b�bo�hdjm`_gb_��y\ey_lky�qbkluf�b�hibku\Z_lky�fgh]hf_jguf�\_dlhjhf�khklhygby 
| �〉. ?fm�khhl\_lkl\m_l�ihegZy�fZljbpZ�iehlghklb�_ �〉〈 � |. 

H^ghdm[blh\uf�ZgkZf[e_f�gZah\_f�kbkl_fm�ba�h^bgZdh\uo�dm[blh\��hibku\Z_fmx�ijb�
\_^_gghc�d�h^ghfm�dm[blm�fZljbp_c�iehlghklb��dhlhjZy�hij_^_ey_lky��dZd�ke_^�hl�iheghc�
fZljbpu�iehlghklb�ih�\k_f�khklhygbyf�f��djhf_�khklhygby�h^gh]h�dm[blZ�! = Spf| �〉〈 � _��<�
hlebqb_�hl�qbklh]h�khklhygby��lZdh_�khklhygb_�y\ey_lky�kf_rZgguf�b�hibku\Z_lky�lhevdh�
fZljbp_c� iehlghklb�� gh� g_� \_dlhjhf� khklhygby��Ijb\_^_ggZy� h^ghdm[blh\Zy�fZljbpZ�
iehlghklb�bf__l�lm�`_�kljmdlmjm��qlh�b�fZljbpZ�iehlghklb�hl^_evgh]h�dm[blZ�! = 1/2 (1 + P 

σσ���gh�k�^ebghc�\_dlhjZ�;ehoZ��kl_i_gvx�iheyjbaZpbb��P < ��b��ke_^h\Zl_evgh��oZjZdl_jbam�
_lky�m`_�g_�^\mfy��Z�lj_fy (22 – ���g_aZ\bkbfufb�\_s_kl\_ggufb�iZjZf_ljZfb�Pz, P±. 

JZ\gh\_kgZy�ijb\_^_ggZy�fZljbpZ�iehlghklb��khhl\_lkl\mxsZy�jZ\gh\_kghfm�agZq_gbx�

\_dlhjZ�;ehoZ�Pz = P0, P± = ��bf__l�\b^�!0 =
1

0

0

0

p

p ��lh�_klv�bf__l�g_�h^gh��Z�k�^\Z�kh[kl�

\_ggufb�agZq_gbyfb��Z�__�hij_^_ebl_ev��g_�jZ\_g�gmex� 
<�kemqZ_��dh]^Z�hdjm`_gb_�oZjZdl_jbam_lky�l_fi_jZlmjhc�T��gZk_e_gghklb�jZ\gu 

 p0 = (1 + P0)/2 = 
)2/exp()2/exp(

)2/exp(

00

0

kTkT

kT

ωω
ω

!!
!

−−++
,     p1 = (1 – P0)/2 = 1 – p0 . (1.8) 
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FZljbpm�!0�fh`gh�i_j_ibkZlv�\�nhjf_�fZljbpu�lZd�gZau\Z_fh]h�d\Zabqbklh]h (pseudo-

pure) khklhygby��lh�_klv�\�\b^_�^\mo�keZ]Z_fuo�—�h^gh]h��ijhihjpbhgZevgh]h�_^bgbqghc�
fZljbp_��Z�^jm]h]h�—�ijhihjpbhgZevgh]h�fZljbp_�iehlghklb�qbklh]h�hkgh\gh]h�khklhygby� 

 !0 = p1 
10

01
 + (p0 – p1)

00

01
 = (1 – P0)/2 1 + P0 |9〉〈9_ . (1.9) 

Ijhp_kk�ebg_cghc�j_eZdkZpbb�g_jZ\gh\_kgh]h�kf_rZggh]h�khklhygby�h^ghdm[blh\h]h�
ZgkZf[ey�d�jZ\gh\_kghfm�kf_rZgghfm�khklhygbx�P : P0�h[uqgh�hibku\Z_lky�g_aZ\bkys_c�
hl�\j_f_gb�wjfblh\hc�j_eZdkZpbhgghc�fZljbp_c 3×���dhlhjZy�\�h[s_f�kemqZ_�kh^_j`bl�
ljb� \_s_kl\_gguo�b� ljb� dhfie_dkguo�iZjZf_ljZ��FZdjhkdhibq_kdbc� ZgkZf[ev�g_\aZbfh�
^_ckl\mxsbo�f_`^m�kh[hc�y^_jguo�kibgh\�\h�\g_rg_f�ihe_�[eZ]h^Zjy�ebg_cghklb�mjZ\g_�
gbc�^\b`_gby�\_^_l�k_[y�h^bgZdh\uf�h[jZahf��g_aZ\bkbfh�hl�lh]h�bkihevam_lky�deZkkbq_�
kdh_�beb�d\Zglh\h_�hibkZgb_�ihegh]h�kibgZ��H^gZdh�ijb�\dexq_gbb�\aZbfh^_ckl\by�f_`^m�
kibgZfb�mjZ\g_gby�^\b`_gby�^ey�hi_jZlhjh\�kibgZ��\hh[s_�]h\hjy��klZgh\ylky�g_ebg_cgu�
fb��d\Zglh\h_�hibkZgb_�ZgkZf[ey�klZgh\blky�hlebqguf�hl�deZkkbq_kdh]h� 
Ijb�h^ghhkghc�kbff_ljbb�ZgkZf[ey��aZ^Z\Z_fhc�\g_rgbf�ihe_f�B �hkv�z���qbkeh�g_aZ�

\bkbfuo�we_f_glh\�j_eZdkZpbhgghc�fZljbpu�k\h^blky�d�h^ghfm�dhfie_dkghfm�b�h^ghfm�
\_s_kl\_gghfm��bf�khhl\_lkl\mxl�^\Z�j_eZdkZpbhgguo�ijhp_kkZ: 
>_dh]_j_glbaZpby —�ijhp_kk�ihl_jb�dh]_j_glghklb�d\Zglh\h]h�khklhygby�—�\i_j\u_�

[ueZ�jZkkfhlj_gguc�E�>�EZg^Zm�\������]h^m�>���@��<_s_kl\_ggZy�qZklv�dhfie_dkgh]h�we_�
f_glZ�j_eZdkZpbhgghc�fZljbpu�hij_^_ey_l�h[jZlgh_�\j_fy�^_dh]_j_glbaZpbb�TD�beb�oZjZd�
l_jgh_�©ihi_j_qgh_ª�\j_fy�j_eZdkZpbb� ⊥⊥T �jZkiZ^Z�ihi_j_qguo�khklZ\eyxsbo�\_dlhjZ�;eh�
oZ�P± : ���Z�_]h�fgbfZy�qZklv�hij_^_ey_l�k^\b]�j_ahgZgkghc�qZklhlu��khijh\h`^Zxsbc�wlhl�
ijhp_kk� 
>bkkbiZpby —�jZkk_ygb_�wg_j]bb��khhl\_lkl\mxs__�i_j_oh^m�ijh^hevghc�khklZ\eyxs_c�

\_dlhjZ�;ehoZ�\�jZ\gh\_kgh_�khklhygb_�Pz : P0 < ��k�oZjZdl_jguf�©ijh^hevgufª�\j_f_g_f�
j_eZdkZpbb L||. 

>ey�hibkZgby�^bgZfbdb�h^ghdm[blh\h]h�ZgkZf[ey�ijb�gZebqbb�h^ghjh^gh]h�i_j_f_ggh�
]h� fZ]gblgh]h� ihey� B(t) = Bk + b(t��� dhlhjZy� k\h^blky� d� ^bgZfbd_� \_dlhjZ� ;ehoZ� P, 

N�;ehohf�_s_�\������]h^m�>���@�[ueh�ij_^eh`_gh�rbjhdh�bkihevam_fh_�\�l_hjbb�YFJ�n_�
ghf_gheh]bq_kdh_�mjZ\g_gb_��dhlhjh_�ijb�b(t) O k,�ijbf_gbl_evgh�d�\_dlhjm�;ehoZ��fh`gh�
aZibkZlv�\�\b^_� 

 )]([
))((

||

0 t
T

BPP

T

PP

dt

d zyx BP
kjiP ××==−−++

++
++

⊥⊥

γ , (1.10) 

]^_�i, j  b k —�hjlu�lj_of_jgh]h�ijhkljZgkl\Z��Z�k^\b]�j_ahgZgkghc�qZklhlu�g_�mqblu\Z_lky� 
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Iha^g__�_fm�[ueh�^Zgh�d\Zglh\h-klZlbklbq_kdh_�h[hkgh\Zgb_�b�mklZgh\e_gu�hkgh\gu_�
mkeh\by�_]h�ijbf_gbfhklb�>��������@��d�dhlhjuf��gZjy^m�k�mkeh\byf�fZehklb�iZjZf_ljZ��oZ�
jZdl_jbamxs_]h�\aZbfh^_ckl\b_�kibgh\hc�kbkl_fu�k�hdjm`_gb_f� �[hjgh\kdh_�ijb[eb`_�
gb_��b�fZjdh\kdh]h�oZjZdl_jZ�ijhp_kkh\� kemqZcguo�\ha^_ckl\bc� �[ukljh�nemdlmbjmxsb_�
kemqZcgu_�ihey���hlghkylky�mkeh\by�h^ghjh^ghklb�ihklhyggh]h�fZ]gblgh]h�ihey��b�fZehklb�
i_j_f_gguo�fZ]gblguo�ihe_c�B >>  b(t���KemqZc�[ukljh�nemdlmbjmxsbo�kemqZcguo�ihe_c��
\�qZklghklb��bf__l�f_klh�\�`b^dhklb�k�bgl_gkb\guf�\jZsZl_evguf�b�ihklmiZl_evguf��[jh�
mgh\kdbf�^\b`_gb_f�fhe_dme� 
N_ghf_gheh]bq_kdh_�mjZ\g_gb_��������h[h[sZ_lky�gZ�kemqZc�g_h^ghjh^guo�ihklhygguo�

ihe_c�iml_f�^h[Z\e_gby�^bnnmabhggh]h�keZ]Z_fh]h�\b^Z�DÂûP(r) [1.6] . 

N�;ehohf�[ueh�lZd`_� �ihdZaZgh��qlh�\�kemqZ_�kbevguo�i_j_f_gguo�ihe_c��B ~ b(t���ijb�
l_o�`_�mkeh\byo��dh]^Z�ijbf_gbfh�mjZ\g_gb_��������b�ijb� ⊥T = L|| _]h�fh`gh�ij_^klZ\blv�\�
\b^_�>��������@� 
 )]([

))(((

||

0 t
T

t

dt

d
BP

BPPP
××==−−++ γ , (1.11) 

]^_ P0(B(t)) = jZ\gh\_kgh_�agZq_gb_�\_dlhjZ�;ehoZ��khhl\_lkl\mxs__�f]gh\_gghfm�agZq_gbx�
ihey�B(t). 

G_aZ\bkbfh��gZ�hkgh\_�d\Zglh\hc�l_hjbb�J�Dm[u�b�D�Lhfblu�>���@��gZfb�[ueh�ihemq_gh�
ebg_Zjbah\Zggh_�ih�i_j_f_gghfm�ihex�b(t) O k�mjZ\g_gb_��kijZ\_^eb\h_�lZd`_�^ey� ⊥T � L|| , 

_]h�kljmdlmjZ�mdZau\Z_l�gZ�lh��qlh�khhl\_lkl\mxs__�n_ghf_gheh]bq_kdh_�mjZ\g_gb_��ba�dh�
lhjh]h�hgh�fh`_l�[ulv�ihemq_gh�iml_f�ebg_ZjbaZpbb��^he`gh�\�hlebqb_�hl� �������bf_lv�
ke_^mxsbc�\b^�>����@� 

 )]([
))((())((())(((

||

000 t
T

tPP

T

tPPtPP

dt

d zyx BP
kBjbibP ××==−−++

−−++−−
++

⊥⊥

γ ,  (1.12) 

]^_�B(t) = (B + bz(t))k, Px,y0(b(t)) —�jZ\gh\_kgu_�ihi_j_qgu_�khklZ\eyxsb_�\_dlhjZ�;ehoZ�\�
f]gh\_gghf�ihe_ b(t���A^_kv�fu�ij_g_[j_]eb�^ey�ijhklhlu�i_j_dj_klgufb�j_eZdkZpbhggu�
fb�keZ]Z_fufb��\hagbdZxsbfb�ba-aZ�gZjmr_gby�h^ghhkghc�kbff_ljbb�ZgkZf[ey�\�kbevghf�
ihe_�b(t). 

MjZ\g_gb_��������i_j_oh^bl�\�mjZ\g_gb_�;ehoZ��������ijb� ⊥T = L|| ��<�kemqZ_�g_h^ghjh^guo�
\g_rgbo�ihe_c�ijZ\mx�qZklv�wlh]h�mjZ\g_gby�^ey�P(r,t���dZd�[ueh�ihdZaZgh�gZfb�\�>����@��
ke_^m_l�^hihegblv�_s_�b�^bnnmabhgguf�keZ]Z_fuf�k�Zgbahljhiguf��\hh[s_�]h\hjy��dhwn�
nbpb_glhf�^bnnmabb��Z�bf_ggh� 
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++××==−−++
−−++−−

++
∂∂
∂∂

⊥⊥

)],([
)),((()),((()),(((

||

000 rBP
krBjrbirbP

t
T

tPP

T

tPPtPP

t
zyx γ , 

 2
0

2

||2

0
2

2
0

2 )),(((
]

)),((()),(((
[

z

tPP
D

y

tPP

x

tPP
D zyx

∂∂
−−∂∂++

∂∂
−−∂∂

++
∂∂

−−∂∂++ ⊥⊥
krBjrbirb

. (1.13) 

H^gZdh�e_`Zs__�\�hkgh\_�ijb\_^_gguo�\ur_�mjZ\g_gbc�ij_^iheh`_gb_�h�fZjdh\kdhf�
oZjZdl_j_�kemqZcguo�\ha^_ckl\bc�gZ�kibg�kh�klhjhgu�hdjm`_gby�g_�y\ey_lky�Z^_d\Zlguf�
\�kemqZ_�l\_j^h]h�l_eZ�ijb�jZkkfhlj_gbb�ijhp_kkh\�j_eZdkZpbb��^_dh]_j_glbaZpbb��ihi_�
j_qguo�khklZ\eyxsbo�\_dlhjZ�;ehoZ��LZd�ba�mjZ\g_gby��������ijb�ihklhygghf�\g_rg_f�ih�
e_�B = Bk�^ey�ihi_j_qguo�khklZ\eyxsbo�\_dlhjZ�;ehoZ�P–(t��ke_^m_l 
 0

)(
)(

)(
0 ==++−−

⊥⊥

−−
−−

−−

T

tP
tPi

dt

tdP ω .  (1.14) 

Khhl\_lkl\mxs__� h[h[s_gb_� mjZ\g_gby� �������gZ� kemqZc�g_fZjdh\kdh]h�oZjZdl_jZ� kem�
qZcguo�\ha^_ckl\bc��jZkkfZljb\Zehkv�gZfb��\�>����@��>ey�wlh]h�[ueZ�jZa\blZ�l_hjby�\hafm�
s_gbc�g_�^ey�i_j_f_gguo� )(tP−− ��Z�^ey�bo�bah[jZ`_gbc�ih�EZieZkm� 
IheZ]Zy� 0)0( ==<<−− tP ��^ey�bah[jZ`_gby�ih�EZieZkm�aZibr_f 

 ∫∫
∞∞

−−−− −−==
o

dtpttPpP )exp()()( . (1.15) 

<�>����@�[ueh�ihdZaZgh��qlh�\�eZieZkh\kdhf�ij_^klZ\e_gbb�bf__l�f_klh�mjZ\g_gb_�\b^Z 
 )0()())(( 0 ====++−− −−−− tPpPpFip ω ,  (1.16) 

]^_ ∫∫
∞∞

−−−−==
0

0 ))(exp()()( dttiptfpF ω  —�ij_h[jZah\Zgb_�EZieZkZ�g_dhlhjhc�nmgdpbb�f(t���oZjZd�

l_jbamxs_c� ^bgZfbdm� ehdZevguo�ihe_c�� kha^Z\Z_fuo� hdjm`_gb_f��<� jZfdZo� l_hjbb�\ha�
fms_gbc�^ey�F(p��fh`_l�[ulv�knhjfmebjh\Zgh�mjZ\g_gb_��ZgZeh]bqgh_���������kh^_j`Zs__�
\f_klh�bah[jZ`_gby�P–(p��nmgdpbx F(p���Z�\f_klh�nmgdpbb� )( pF �g_dhlhjmx�nmgdpbx�G(p), 

^ey�dhlhjhc�\�k\hx�hq_j_^v�fh`gh�ihemqblv�khhl\_lkl\mxs__�mjZ\g_gb_�b�l�^��Ijb�mkeh\bb�
fZehklb� iZjZf_ljZ�� oZjZdl_jbamxs_]h� \aZbfh^_ckl\b_� kibgh\hc� kbkl_fu� k� hdjm`_gb_f��
ihemqZxsZyky�p_ihqdZ�mjZ\g_gbc�fh`_l�[ulv�h[hj\ZgZ�gZ�g_dhlhjhf�a\_g_��qlh�ijb\h^bl�d�
aZfdgmlhc�kbkl_f_�mjZ\g_gbc� 
>ey�lh]h��qlh[u�i_j_clb�hl��������h[jZlgh�d�\j_f_gghfm�ij_^klZ\e_gbx�\hkihevam_fky�

l_hj_fhc�mfgh`_gby�;hj_ey�^ey�bah[jZ`_gbc�ih�EZieZkm��<�j_amevlZl_�ihke_^g__�keZ]Z_�
fh_�\��������aZf_gblky�gZ�k\_jldm�bkoh^guo�nmgdpbc��b�fu�ihemqbf�\f_klh��������^ey�hib�
kZgby�ijhp_kkZ�^_dh]_j_glbaZpbb�mjZ\g_gb_ 

 0)()exp()()(
)(

0

00 ==−−++−− ∫∫ −−−−
−− τττωτω dtPiftPi
dt

tdP t

, (1.17) 
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\�dhlhjhf� )(τf hljZ`Z_l�wnn_dlu�ihke_^_ckl\by�^ey�P–(t��b��ke_^h\Zl_evgh��bf__l�kfuke�
nmgdpbb�iZfylb��>ey�hij_^_e_gby�nmgdpbb�f(t��fh`gh�bkihevah\Zlv�n_ghf_gheh]bq_kdbc�
ih^oh^��bkihevamy�\u[hj�__�\b^Z�ba�fh^_evguo�khh[jZ`_gbc�k�g_[hevrbf�qbkehf�ihklhyg�
guo�iZjZf_ljh\��gZijbf_j��\�\b^_�wdkihg_gpbZevgh�aZlmoZxs_c�aZ\bkbfhklb��FZjdh\kdbf�
ijhp_kkZf�khhl\_lkl\mxl�nmgdpbb�\b^Z� )(τf § )(1 τδ−−

⊥⊥T . 

H[h[s_gb_�mjZ\g_gby�;ehoZ�gZ�kemqZc�g_fZjdh\kdbo�kemqZcguo�ijhp_kkh\�k�bkihevah�
\Zgb_f�nmgdpbb��\�h[s_f�kemqZ_�l_gahjZ��iZfylb�[ueh�ij_^eh`_gh�gZfb�\�>����@��Ih^h[gh_�
h[h[s_gb_�[ueh�\uiheg_gh�iha^g__�\�jZ[hl_�N�EZ^h� k� khlj�� >����@��<u\h^�h[h[s_ggh]h�
mjZ\g_gby�;ehoZ�\uiheg_g�\�Ijbeh`_gbb�I�: 

 ∫∫ ++−−++−−++
t

yx tPtPf
dt

td

0

00 ))()sin()())[(cos((
)(

i
P ττωττωτ  

 ])([
))((

]))()cos()()sin((
||

0
00 BP

k
j I ××==−−++−−++−−−−++ t

T

PtP
dtPtP z

yx γτττωττω . �I����� 

IhemdeZkkbq_kdZy� fh^_ev� Z^bZ[Zlbq_kdh]h� ijhp_kkZ� ^_dh]_j_glbaZpbb� g_fZjdh\kdh]h�
lbiZ��jZkkfZljb\Z_fZy�^Ze__�\�jZa^_e_�1.9��y\ey_lky�ijhkluf�ke_^kl\b_f�mjZ\g_gby�������� 

AZdexq_gb_��>bgZfbdZ�h^ghdm[blh\h]h�ZgkZf[ey�\�h^ghjh^ghf�ihe_�\�kemqZ_�fZjdh\�
kdh]h� oZjZdl_jZ� \ha^_ckl\bc� gZ� dm[bl� kh� klhjhgu� bahljhigh]h� hdjm`_gby� hibku\Z_lky�
^bnn_j_gpbZevguf�mjZ\g_gb_f�^ey�\_dlhjZ�;ehoZ� 
H[h[s_ggh_�mjZ\g_gb_�;ehoZ��������fh`_l�[ulv�bkihevah\Zgh�^ey�Z^_d\Zlgh]h��n_ghf_�

gheh]bq_kdh]h�hibkZgby�j_Zevguo�d\Zglh\uo�ijhp_kkh\�\�h^ghdm[blh\hf�ZgkZf[e_�\�g_�
h^ghjh^guo�iheyo��ijb�\ha^_ckl\bb�gZ�gbo�dhjhldbo�b�bgl_gkb\guo�jZ^bhqZklhlguo�bf�
imevkh\�� k� mq_lhf� ijhp_kkh\� ^_dh]_j_glbaZpbb�� ^bkkbiZpbb� b� ^bnnmabb�� ijb� lhf� `_�
ij_^iheh`_gbb�fZjdh\kdh]h�oZjZdl_jZ�kemqZcguo�\ha^_ckl\bc�dm[bl� 
>ey�hibkZgby�ijhp_kkh\�^_dh]_j_glbaZpbb�\�l\_j^hl_evguo�kljmdlmjZo�ijb�gbadbo�l_f�

i_jZlmjZo�ij_^eh`_gh�lZd`_�h[h[s_gb_�mjZ\g_gby�;ehoZ��mqblu\Zxs__�g_fZjdh\kdbc�oZ�
jZdl_j�kemqZcguo�ijhp_kkh\��wnn_dlu�ihke_^_ckl\by�� 

1.3.�IjbgpbibZevgZy�ko_fZ�d\Zglh\h]h�dhfivxl_jZ 
Ijb�\u[hj_�dhgdj_lghc�ko_fu�d\Zglh\h]h�dhfivxl_jZ�g_h[oh^bfh�j_rblv�ljb�\hijhkZ��

\h-i_j\uo�� \u[jZlv�nbabq_kdmx� kbkl_fm�—� we_f_glgmx�[Zam��dhlhjZy�h[_ki_qbl�\hafh`�
ghklv�kha^Zlv�\�dhfivxl_j_�^hklZlhqgh_�qbkeh�mijZ\ey_fuo�dm[blh\��\h�\lhjuo��hij_^_�
eblv�nbabq_kdbc�f_oZgbaf��hl\_qZxsbc�aZ�\aZbfh^_ckl\b_�dm[blh\�f_`^m�kh[hc�b�k�hdjm�
`_gb_f��\�lj_lvbo��hij_^_eblv�kihkh[�k_e_dlb\gh]h�mijZ\e_gby�dm[blZfb�b�baf_j_gby�bo�
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khklhygby�gZ�\uoh^_��<k_�wlh�\f_kl_�\aylh_�ij_^klZ\ey_l�kh[hc��ZiiZjZlgh_�h[_ki_q_gb_��
(hardware��d\Zglh\h]h�dhfivxl_jZ� 
IjbgpbibZevgZy�ko_fZ�jZ[hlu�ex[h]h�d\Zglh\h]h�dhfivxl_jZ�fh`_l�[ulv�ij_^klZ\e_gZ�

ke_^mxsbf�h[jZahf� >����@� �Jbk� ������Hkgh\ghc�_]h�qZklvx�y\ey_lky�d\Zglh\uc�j_]bklj, 
ij_^klZ\eyxsbc�kh[hc�g_dhlhjmx�kh\hdmighklv�ba�L��\hh[s_�]h\hjy��\aZbfh^_ckl\mxsbo�
f_`^m�kh[hc��dm[blh\. 2L -f_jgh_ ]bev[_jlh\h�ijhkljZgkl\h��\�dhlhjhf�fh]ml�[ulv�ij_^�
klZ\e_gu�\k_�\hafh`gu_�d\Zglh\u_�khklhygby�d\Zglh\h]h�j_]bkljZ��khhl\_lkl\_ggh�bf__l�
2L  hjlh]hgZevguo�[Zabkguo�\_dlhjh\�khklhygby 

I_j_^�l_f��dZd�\\h^blv�bgnhjfZpbx�\�dhfivxl_j�\k_�dm[blu�j_]bkljZ�^he`gu�[ulv�ijb�
\_^_gu�\ bkoh^gu_ hkgh\gu_�[Zabkgu_��[me_\u_��qbklu_�khklhygby��lh�_klv�\�d\Zglh\u_�kh�
klhygby��agZd�⊗ —�ijyfh_��l_gahjgh_��ijhba\_^_gb_�fZljbp��klhe[ph\�� 
 | 0〉 A | 9L²1〉⊗ | 9L²2 〉⊗ | 9L²3〉 〉⊗, … ⊗ | 90〉 A | 0L²1〉, | 0L²2〉, | 0L²3〉, ... | 00〉 ≡ 

 A | 0L²1, 0L²2, 0 L²3, ... 00〉 . (1.18) 

WlZ� hi_jZpbx� gZau\Zeb� ih^]hlh\dhc� gZqZevgh]h� khklhygby� beb� bgbpbZebaZpb_c�
(initializing��d\Zglh\h]h�j_]bkljZ� 
 

 

| 01〉                    <\h^       �D\Zglh\u_�\uqbke_gby���������������������������Baf_j_gb_ 
| 02〉        ������bgnhjfZpbb������������������         ( mgblZjgh_��U (t)                                  khklhygbbc� 

��««���������������gZ�\oh^_���������������������ij_h[jZah\Zgb_�gZ^�dm[blZfb�������� ������������dm[blh\� 
| 0L〉                                   gZ�\uoh^_ 

 

 

�������������������������������������DeZkkbq_kdbc�mijZ\eyxsbc�dhfivxl_j��]_g_jZlhj�  
                         �������������������������������we_dljhfZ]gblguo�bfimevkh\ 

  

Jbk� �����Ko_fZlbq_kdZy�kljmdlmjZ�d\Zglh\h]h�dhfivxl_jZ 

>Ze__�� k� ihfhsvx� k_e_dlb\guo� we_dljhfZ]gblguo� bfimevkh\�� mijZ\ey_fuo� deZkkbq_�
kdbf�dhfivxl_jhf��hkgh\gu_�khklhygby�hij_^_e_gguo�dm[blh\�| 0〉�i_j_\h^ylky�\�khklhygby�
| 1〉��;Zabkgu_�khklhygby�_ 9〉�b�_ ;〉�[m^_f�^Ze__�gZau\Zlv�\uqbkebl_evgufb� 
GZqZevgh_� khklhygb_� \k_]h� j_]bkljZ�i_j_\h^blky� \�^he]h`b\msb_�[Zabkgu_� khklhygby�

\b^Z�_ n〉 A | nL²1, nL²2, nL²3, ..., n0〉 (ni = 0, ����aZ^Zxsb_�[bgZjgh_�ij_^klZ\e_gb_�\k_o 2L  L 

jZajy^guo�qbk_e 

 n = nL²1 2
(Lí���+ n L²2 2

(Lí���+ n L²3 2
(Lí�� + … + n0 2

0. (1.19) 
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Wlb�khklhygby�b�ij_^klZ\eyxl�kh[hc�kbkl_fm�hjlh]hgZevguo�[Zabkguo�\_dlhjh\�khklhy�
gbc�^ey�d\Zglh\h]h�j_]bkljZ��<Z`gh�aZf_lblv��qlh�\�b^_Zevghf�kemqZ_�hgb�g_�h[jZamxl�gb�
dZdhc� kmi_jihabpbb�� lh�_klv�hjlh]hgZevgu_�[Zabkgu_�khklhygby� | n〉�g_�kh^_j`bl�dh]_�
j_glghkl_c� b� bo� j_eZdkZpby� d� hkgh\ghfm� khklhygbx� _ 0〉 ijhbkoh^bl� lhevdh� aZ� kq_l�
hlghkbl_evgh�f_^e_gguo�^bkkbiZlb\guo�ijhp_kkh\��H^gZdh�\�j_Zevghc�kblmZpbb�khklhy�
gby�hl^_evguo�dm[blh\�dZd�\�bkoh^ghf��lZd�b�\�^jm]bo�[Zabkguo�khklhygbyo�d\Zglh\h]h�j_�
]bkljZ� fh]ml� ij_^klZ\eylv� kh[hc� g_dhlhjmx� kmi_jihabpbx� qbkluo� [Zabkguo� khklhygbc��
| 0〉  b� � _ 1〉 �k�g_ij_ju\gufb�dhfie_dkgufb�dhwnnbpb_glZfb�\hagbdZxsmx�aZ�kq_l�g_�b^_�
Zevghklb�mijZ\eyxsbo�bfimevkh\�b�\g_rgbo�ihf_o��<hagbdgh\_gb_�lZdhc�dh]_j_glhc�km�
i_jihabpbb�ijb\h^bl�d�gZjmr_gbx�hjlh]hgZevghklb�[Zabkguo�khklhygbc�b�fh`_l�klZlv�h^�
gbf� ba� kms_kl\_gguo� ij_iylkl\bc� gZ� imlb� j_ZebaZpbb� d\Zglh\h]h� dhfivxl_jZ�� Wlb�
\hijhku�h[km`^Zxlky�ih^jh[gh�\�jZa^_e_�2.2. 

Ijb�\\h^_�bgnhjfZpbb�\�d\Zglh\uc�dhfivxl_j�khklhygb_�j_]bkljZ�k�ihfhsvx�khhl\_l�
kl\mxsbo�we_dljhfZ]gblguo�bfimevkh\�kgh\Z�ij_h[jZam_lky�l_i_jv�\��\hh[s_�]h\hjy��dh]_�
j_glgmx�kmi_jihabpbx�[Zabkguo�khklhygbc��hibku\Z_fh_�eb[h 2L–f_jguf�\_dlhjhf�kh�
klhygby� _ψ1,2,…L(0)〉 = 〉〉∑∑ nc

n
n |  k� 2L� dhfie_dkgufb� qbkeZfb� cn�� eb[h� wjfblh\hc�fZljbp_c�

iehlghklb��L×2L�k��2L – ��g_aZ\bkbfufb�\_s_kl\_ggufb�iZjZf_ljZfb� 
 ρρ1,2,   L = ρρ+

1,2,…L = |ψ1,2,…L〉〈ψ1,2,   L| ,       Sp ρρ1,2, … L = 1 .  (1.20) 

<�lZdhf�\b^_�bgnhjfZpby�aZl_f�ih^\_j]Z_lky�\ha^_ckl\bx�d\Zglh\h]h�ijhp_kkhjZ��\u�
ihegyxs_]h�ihke_^h\Zl_evghklv�d\Zglh\uo�eh]bq_kdbo�hi_jZpbc� 
<�b^_Zevghf�kemqZ_�d\Zglh\u_�eh]bq_kdb_�hi_jZpbb�\�d\Zglh\hf�dhfivxl_j_�y\eyxlky�

eh]bq_kdb�b�l_jfh^bgZfbq_kdb�h[jZlbfufb�b�hkms_kl\eyxlky�k�ihfhsvx�mgblZjguo�
ij_h[jZah\Zgbc�8(t) gZ^�khklhygb_f�j_]bkljZ��Ke_^h\Zl_evgh��gZ�wlhf�wlZi_�\Z`gh��qlh[u�
[ueh�h[_ki_q_gh�ih^Z\e_gb_�^_dh]_j_glbaZpbb�dh]_j_glguo�d\Zglh\uo�khklhygbc�^h�g_�
h[oh^bfh]h� mjh\gy�� b� bkijZ\e_gb_� kemqZcguo� hrb[hd�� \uau\Z_fuo� g_b^_Zevghklvx� bk�
ihevam_fuo�bfimevkh\�b�jZaebqgufb�\g_rgbfb�ihf_oZfb� 
D�fhf_glm�\j_f_gb�t \�j_amevlZl_�ij_h[jZah\Zgbc�bkoh^gh_�d\Zglh\h_�khklhygb_�klZgh�

\blky�gh\hc�kmi_jihabpb_c�\b^Z 
 |ψ1,2,…L (t)〉 = nctU n

nm
mn )(

,
∑∑  , (1.21) 

dhlhjZy�b�hij_^_ey_l�j_amevlZl�ijh\_^_gby�\uqbkebl_evguo�hi_jZpbc�gZ�\uoh^_�dhfivx�
l_jZ� 
Hlf_lbf��qlh�^ey�nhjfbjh\Zgby�ijhba\hevghc�mgblZjghc�hi_jZpbb�U(t��gZ^�L dm[blh�

\uf�j_]bkljhf�^hklZlhqgh�bkihevah\Zlv�lhevdh�h^ghdm[blh\u_�b�^\modm[blh\u_�ij_h[jZ�
ah\Zgby�>����@��kf��Ijbeh`_gb_�I����Ijb�wlhf�d\Zglh\u_�Ze]hjblfu��hij_^_eyxsb_�d\Zg�
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lh\u_�\uqbkebl_evgu_�ijhp_kku�\�iheghfZkrlZ[ghf�d\Zglh\hf�dhfivxl_j_��^he`gu�h[_k�
i_qblv�bo�ihebghfbZevgmx�aZ\bkbfhklv�hl�qbkeZ�dm[blh\��ij_^klZ\eyxsbo�aZ^Zqm� 
Kh\hdmighklv�\k_o�hi_jZpbc��nhjfbjmxsbo�bkoh^gh_�khklhygb_�d\Zglh\h]h�j_]bkljZ�b�

hkms_kl\eyxsbo��mgblZjgu_�ij_h[jZah\Zgby��khhl\_lkl\mxsb_�Ze]hjblfm�\uqbke_gby��ih�
^Z\e_gb_�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�b�bkijZ\e_gb_�kemqZcguo�hrb[hd� kqblu�
\Zgb_�j_amevlZlh\�\uqbke_gbc��baf_j_gb_�khklhygbc�dm[blh\�j_]bkljZ�gZ�\uoh^_�dhfivx�
l_jZ��b]jZ_l�a^_kv�lm�`_�jhev��qlh�b��ijh]jZffgh_ h[_ki_q_gb_��(software��\�deZkkbq_kdbo�
pbnjh\uo�dhfivxl_jZo� 

AZdexq_gb_��Bo�baeh`_ggh]h�a^_kv�ke_^m_l��qlh�\�d\Zglh\hf�dhfivxl_j_�^he`gu�[ulv�
h[_ki_q_gu�mkeh\by��ijb�dhlhjuo��qlh[u��g_aZ\bkbfh�hl�bf_xs_]hky�\aZbfh^_ckl\by�f_`�
^m�dm[blZfb��_]h�hkgh\gh_�gZqZevgh_��bgbpbZebabjh\Zggh_��b�^jm]b_�d\Zglh\u_�[Zabkgu_�
khklhygby�d\Zglh\h]h�j_]bkljZ� k�^hklZlhqghc� lhqghklvx�g_�h[jZah\u\Zeb�dh]_j_glguo�
kmi_jihabpbc�[Zabkguo�khklhygbc. >_dh]_j_glbaZpby�dh]_j_glguo�d\Zglh\uo�khklhygbc�
\�ijhp_kk_�\uiheg_gby�eh]bq_kdbo�mgblZjguo�ij_h[jZah\Zgbc�^he`gZ�[ulv�ih^Z\e_gZ�^h�
g_h[oh^bfh]h�mjh\gy��kf��jZa^_e�2.1) 

1.4. Qbklu_�khklhygby�hl^_evghc�^\modm[blh\hc�kbkl_fu 

JZkkfhlj_gb_� gZqg_f� k� ^\modm[blh\hc� kbkl_fu� �d\Zglh\uc� j_]bklj� ba� ^\mo� dm[blh\���
>ey�g__�bf__f�q_luj_�\uqbkebl_evguo�[Zabkguo�khklhygby�\�q_luj_of_jghf�]bev[_jlh�
\hf�ijhkljZgkl\_��ihkljh_gguo�gZ�h^ghdm[blh\uo�khklhygbyo��dhlhju_��\hh[s_�]h\hjy��fh�
]ml�[ulv�b�ijhkljZgkl\_ggh�jZag_k_gu: 

 |00〉 = | 01〉⊗| 02〉 = 

0

0

0

1

,    |01〉 = 

0

0

1

0

,    |10〉 = 

0

1

0

0

,    |11〉 = 

1

0

0

0

. (1.22) 

<_dlhj�ijhba\hevgh]h� qbklh]h� ^\modm[blh\h]h� khklhygby�ij_^klZ\ey_lky� kmi_jihab�
pb_c�[Zabkguo�khklhygbc� 

 |ψ12〉 = c00 |00〉 + c01 |01〉 + c10 |10〉 + c11 |11〉 = 

11

10

01

00

c

c

c

c

 , (1.23) 

]^_� _ c00 |
2 + | c01 |

2 + | c10 |
2 + | c11 |

2 = ���k�r_klvx��djhf_�h[s_c�nZau��g_aZ\bkbfufb�\_s_�
kl\_ggufb�iZjZf_ljZfb� 
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K\hckl\h�qbklh]h�^\modm[blh\h]h�khklhygby�h[jZah\u\Zlv�kmi_jihabpbx��hibku\Z_fmx�
\_dlhjhf� khklhygby�� g_� ij_^klZ\ey_fuf� gb \� dZdhf� [Zabk_� \� \b^_� ijyfh]h� ijhba\_^_�
gby_ψ12〉 � |ψ1〉⊗ |ψ2〉�� gZau\Zxl� aZimlZgghklvx� �g_f_pdbc� l_jfbg�� \\_^_gguc� \i_j\u_�
Rj_^bg]_jhf�— Verschränkung��>����@�beb�Zg]ebckdbc�— entanglement���qlh�hagZqZ_l�gZeb�
qb_�hkh[uo g_ehdZevguo�d\Zglh\uo�dhjj_eypbc�f_`^m�^\mfy�kibgZfb��g_�bf_xsbo�ZgZ�
eh]Z�\�deZkkbq_kdbo�kbkl_fZo��K\hckl\h�aZimlZgghklb�d\Zglh\uo�khklhygbc�b]jZ_l�kms_kl�
\_ggmx�jhev�\�iheghfZkrlZ[guo�d\Zglh\uo�dhfivxl_jZo� 
Bgl_gkb\ghklv�d\Zglh\uo�dhjj_eypbc�beb�kl_i_gv�aZimlZgghklb�m^h[gh�oZjZdl_jbah�

\Zlv�bg\ZjbZglguf�iZjZf_ljhf�— kh]eZkh\Zgghklvx (concurrence) C. 

>ey�qbklh]h�khklhygby�hg�hij_^_ey_lky�\ujZ`_gb_f� 
 0 � C = 2Gc00 c11 – c01 c10G � 1. (1.24) 

>ey�g_aZimlZgguo��k_iZjZ[_evguo��khklhygbc C = 0 

 |ψ12〉 = |ψ1〉⊗|ψ2〉,      !12 = !1⊗!2 . (1.25) 

>Ze__�fu�m\b^bf��qlh�bgbpbZebabjh\Zggh_�khklhygb_�d\Zglh\h]h�j_]bkljZ�fh`_l�[ulv�
kha^Zgh�b�ijb�gZebqbb�\aZbfh^_ckl\by�f_`^m�dm[blZfb��_keb�hkgh\gu_�khklhygby�wlbo�iZj�
dm[blh\�y\eyxlky�g_aZimlZggufb�khklhygbyfb�_��〉. 

JZkkfhljbf� kgZqZeZ�ijhkl_crmx�^\mokibgh\mx� kbkl_fm�� ]ZfbevlhgbZg�dhlhjhc�\�fZ]�
gblghf�ihe_�b�k�bahljhiguf�]Zca_g[_j]h\kdbf�Zglbn_jjhfZ]gblguf�\aZbfh^_ckl\b_f�
�lZd�gZau\Z_fZy�^\modm[blh\Zy�XXX -fh^_ev��\�nhjf_�fZljbpu��×2 (\�_^bgbpZo�� = 1, ijb�
�1 = �2 = �, I1,2 = 1/2 1��bf__l�\b^� 
 H = – &0 (I1z⊗12 + 11⊗I2z) + J (I1⊗I2) , (1.26) 

]^_�iZjZf_lj�J > ���Z�1 —�_^bgbqgZy�fZljbpZ��×2. 

?]h�q_luj_�kh[kl\_gguo�agZq_gby 
 E(I, M) = – &0 M + J (I(I+1)/2 – 3/4) (1.27) 

khhl\_lkl\mxl�q_luj_f�qbkluf�kh[kl\_gguf�khklhygbyf�_I, M〉�^ey�agZq_gbc�ihegh]h�kib�
gZ I = 0, ��b�_]h�ijh_dpbb  M = 0, ���gZ�hkv�z���Jbk� 1.5). 

>ey�ba[_`Zgby�imlZgbpu�k�^\modm[blh\ufb�khklhygbyfb�_I, M〉��]^_�wlh�\hafh`gh��h^gh�
dm[blh\u_�\uqbkebl_evgu_�khklhygby�[m^_f�h[hagZqZlv�^Ze__�lhevdh�klj_edZfb��_�〉 A |;〉�b�
|0〉 A |9〉. 

Wlh h^gh�kbg]e_lgh_��Zglbkbff_ljbqgh_� 
 |0, 0〉 = 2/1  (|01〉 – |10〉) A 2/1  (|9;〉 – |;9〉) (1.28) 

b�ljb�ljbie_lguo��kbff_ljbqguo��^\modm[blh\uo�khklhygby� 
 |1,–1〉 = |;;〉,    |1, 0〉 = 2/1  (|9;〉 + |;9〉),    |1, 1〉 = |99〉 . (1.29) 
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  |1,   –   1   〉       =       |   ↓↓    〉       

    E   (   I    ,    M    )       

                    |1,        0   〉       =       2   /   1    (|   ↓    ↑    〉       +       | ↑↓〉  )   

0 
         J       

                                                                    |0,        0   〉       =       2   /   1    (|   ↓↑    〉       –       | ↑↓〉     )       

                                                                      |1,        1   〉       =       |   ↑↑    〉       

0                                       ω    0    =    J                                                              ω    0       

    

 

Jbk� �����Ko_fZ�wg_j]_lbq_kdbo�mjh\g_c�^\mokibgh\hc�kbkl_fu��hibku\Z_fhc�]ZfbevlhgbZ�
ghf�������� 

<�hlebqb_�hl�khklhygbc�_99〉�b�_;;〉�khklhygby�_�� 0〉�b�_�� 0〉 –y\eyxlky�^\modm[blh\ufb�km�
i_jihabpbyfb�� gZau\Z_fufb� dh]_j_glgufb�fZdkbfZevgh aZimlZggufb� (entangled) WIJ 

�Wcgrl_cgZ��Ih^hevkdh]h��Jha_gZ� khklhygbyfb�k�C = ���H[Z�aZimlZgguo�khklhygby�oZjZd�
l_jbamxlky�agZq_gb_f�ijh_dpbb�ihegh]h�kibgZ�M = 0. 

AZf_lbf��qlh��dZd�\b^gh�ba�Jbk� 1.5,�hkgh\gh_�khklhygb_�jZkkfZljb\Z_fhc�kbkl_fu�y\ey�
_lky�kbg]e_lguf�aZimlZgguf�khklhygb_f�_�� 0〉�ijb�&0 < J. 

FZljbpu�iehlghklb�qbkluo�aZimlZgguo�khklhygbc�y\eyxlky�g_^bZ]hgZevgufb�\�\uqbk�
ebl_evghf�[Zabk_��<�qZklghklb��^ey�qbklh]h�kbg]e_lgh]h�khklhygby�WIJ�hgZ�bf__l�\b^ 

 !(0, 0) = |00〉〈00|

0000

0110

0110

0000

2

1

−−
−−

== . (1.30) 

M�wlhc�fZljbpu�lhevdh�h^gh jZ\gh_�_^bgbp_�kh[kl\_ggh_�agZq_gb_��dZd�b�^he`gh�[ulv�
^ey�qbklh]h�khklhygby� 
>ey� kjZ\g_gby� gZibr_f� fZljbpm� iehlghklb� g_aZimlZggh]h� dh]_j_glgh]h� khklhygby� c 

F = ��dZd�ijyfh_�ijhba\_^_gb_�h^ghdm[blh\uo�fZljbp�iehlghklb��oZjZdl_jbamxsboky�ijh�
lb\hiheh`gh�gZijZ\e_ggufb�\_dlhjZfb�;ehoZ��e_`Zsbfb�k�iehkdhklb�xy P1x = –P2x = ���lh�
_klv�^\b`msboky�\�ijhlb\hnZa_��Jbk� 1.6): 

 ! = 1/4 (1 + 111x)⊗(1 – 112x) = 

1111

1111

1111

1111

4

1

−−−−
−−−−

−−−−
−−−−

. (1.31) 
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 z 

P2 = –P1  

x y  

Jbk� �����G_aZimlZggh_�^\modm[blh\h_�khklhygb_��hibku\Z_fh_�^\mfy�ijhlb\hiheh`gh�gZ�
ijZ\e_ggufb�\_dlhjZfb�;ehoZ�\�iehkdhklb�xy k�31 = 0 b�32 = �. 

HgZ�kh^_j`bl����g_^bZ]hgZevguo�fZljbqguo�we_f_glh\��dhlhju_�hij_^_eyxlky�^ebghc�
\_dlhjh\�;ehoZ��Wlh�khklhygb_�g_�klZpbhgZjgh��ihkdhevdm�g_�y\ey_lky�kh[kl\_gguf�khklhy�
gb_f�]ZfbevlhgbZgZ�������� 
<�hlebqb_�hl�khklhygby��������fZdkbfZevgh�aZimlZggh_�khklhygb_��������y\ey_lky�kh[kl�

\_gguf� khklhygb_f� =ZfbevlhgbZgZ� �������� \� dhlhjhf� \_dlhjZ� ;ehoZ�
P1 = P2 = Sp!(0,0)11 = Sp!(0,0)12 = ��� Hlebqgufb� hl� gmey� y\eyxlky� lhevdh� khklZ\eyxsb_�
wjfblh\h]h�l_gahjZ�d\Zglh\uo�dhjj_eypbc�^\modm[blh\uo�khklhygbc 

 Sp!(0,0)(11–⊗12+) = –1/2,    Sp!(0,0)(11z⊗12z) = –1, (1.32) 

hgb�hlkmlkl\mxl�\�g_aZimlZgghf�khklhygbb�������� Wlb�dhjj_eypbb�bf_xl�f_klh��dZd�f_`^m�
ihi_j_qgufb��lZd�b�f_`^m�ijh^hevgufb�kibgh\ufb�khklZ\eyxsbfb� 
LZdbf�h[jZahf��aZimlZggu_�d\Zglh\u_�khklhygby�hibku\Zxlky�fZljbpZfb�iehlghklb��kh�

^_j`Zsbfb�g_^bZ]hgZevgu_�we_f_glu��hlebqbl_evguf�k\hckl\hf�dhlhjuo�y\ey_lky�lh��qlh�
hgb�g_�bkq_aZxl�ijb�h[jZs_gbb�\�gmev�\_dlhjh\�;ehoZ� 
?keb�\\_klb�ke_^mxsb_�h[hagZq_gby�^ey�gZc^_gguo�khklZ\eyxsbo�l_gahjZ�dhjj_eypbc 

 G1–,2+ = G1+,2– = 4Sp!(0,0)(11–⊗12+) = –2,    G1z,2z = Sp!(0,0)(11z⊗12z) = –1, (1.33) 

lh�\f_klh��������ihemqbf��kjZ\gb�k�h[sbf�\ujZ`_gb_f�^ey�fZljbpu�iehlghklb�ijhba\hev�
gh]h�khklhygby�\�jZa^_e_�1.5): 

 !(0,0) = 

zz

zz

zz

zz

G

GG

GG

G

2,1

2,12,1

2,12,1

2,1

1000

010

010

0001

4

1

++
−−

−−
++

−−++

++−−  = 

 = 1/4 (Î  +  G1z,2z (11z⊗12z) + G1+,2–(11–⊗12+) + G1–,2+ (11+⊗12–)). (1.34) 

Ba�ihke_^g_]h�\ujZ`_gby�ke_^m_l��qlh�]_hf_ljbq_kdbf�h[jZahf�jZkkfZljb\Z_fh]h�fZd�
kbfZevgh�aZimlZggh]h�^\modm[blh\h]h�khklhygby��oZjZdl_jbamxs_]hky�khklZ\eyxsbfb�l_g�
ahjZ�\lhjh]h�jZg]Z��y\ey_lky�g_�\_dlhj��Z�ih\_joghklv�\lhjh]h�ihjy^dZ�\�lj_of_jghf�ijh�
kljZgkl\_��x, y, z���dhlhjZy�hibku\Z_lky�mjZ\g_gb_f�\b^Z 
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 x2 + y2 – z2 = Const. (1.35) 

Wlh�[m^_l�h^ghihehkguc�djm]h\hc�]bi_j[hehb^�ijb�Const. > ���^\moihehkguc�djm]h\hc�
]bi_j[hehb^�ijb�Const  < ��b�^_ckl\bl_evguc�djm]h\hc�dhgmk�ijb�Const. = ��k�hkvx�kbff_l�
jbb�z. 
FZljbpZ�iehlghklb�\lhjh]h�iheghklvx�aZimlZggh]h�khklhygby�_�� 0〉�hlebqZ_lky�hl��������

agZdhf�g_^bZ]hgZevguo�we_f_glh\�b�khhl\_lkl\mxsZy�ih\_joghklv�\lhjh]h�ihjy^dZ�[m^_l�
hibku\Zlvky�mjZ\g_gb_f 

 x2 + y2 + z2 = Const., (1.36) 

lh�_klv�kn_jhc��Const. > ����fgbfhc�kn_jhc��Const  < ���beb�lhqdhc��Const  = 0). 

>\Z�qbkluo� aZimlZgguo�WIJ� khklhygby�\�jZkkfZljb\Z_fhf� kemqZ_�ij_^klZ\eyxl�kh[hc�
^\Z�lbiZ�d\Zglh\hc�dhjj_eypbb��^\Z�deZkkZ�aZimlZgghklb).. 

<�h[s_f�kemqZ_�bf__lky���deZkkZ�qbkluo�fZdkbfZevgh�aZimlZgguo�khklhygbc�^\mo�dm[b�
lh\�� y\eyxsboky� khklZ\eyxsbfb� lZd� gZau\Z_fh]h� hjlhghjfbjh\Zggh]h� [ZabkZ� ;_eeZ: 

2/1  (|99〉 ± |;;〉), 2/1  (|9;〉 ± |;9〉���AZf_lbf��qlh�kmffZjguc�\_dlhj�;ehoZ�^\mo�dm[blh\�g_�
y\ey_lky�bg\ZjbZglhf�b�\�jZaguo�khklhygbyo�bf__l�jZagu_�agZq_gby� 
<k_����we_f_glh\�wjfblh\hc�fZljbpu�iehlghklb��×4 qbklh]h�^\modm[blh\h]h�khklhygby�

!12 = |ψ12〉〈ψ12_�\�h[s_f�kemqZ_�\ujZ`Zxlky�q_j_a�r_klv (2Â�í���g_aZ\bkbfuo�\_s_kl\_g�
guo�iZjZf_ljh\��dhlhjufb�y\eyxlky���khklZ\eyxsbo�\_dlhjh\�;ehoZ��lZd�b���we_f_glZ�l_g�
ahjZ�dhjj_eypbb��Khhl\_lkl\_ggh��ijhp_kk�j_eZdkZpbb�d�hkgh\ghfm�jZ\gh\_kghfm�khklhy�
gbx�[m^_l�hij_^_eylvky�wjfblh\hc�j_eZdkZpbhgghc�fZljbp_c 6×���kh^_j`Zs_c�\�h[s_f�
kemqZ_�36�we_f_glh\� 
Ijb�&0 > J�hkgh\gh_�khklhygb_�^\modm[blh\hc�kbkl_fu�k�Zglbn_jjhfZ]gblguf�oZjZdl_�

jhf�\aZbfh^_ckl\by (J > ��� klZgh\blky�g_aZimlZgguf��Z�h[Z�\_dlhjZ�;ehoZ�hlebqgu�hl�
gmey�b�hjb_glbjh\Zgu�ih�ihex. 

Ijb�n_jjhfZ]gblghf�oZjZdl_j_�h[f_ggh]h�\aZbfh^_ckl\by��J < ���hkgh\guf�khklhygb_f�
y\ey_lky�\k_]^Z�g_aZimlZggh_�khklhygb_�_�� 1〉��h[Z�\_dlhjZ�;ehoZ�hjb_glbjh\Zgu�ijhlb\�ih�
ey��AZimlZggufb�khklhygbyfb�lbiZ�_�� 0〉�b�_�� 0〉 �hdZau\Zxlky�lhevdh�\ha[m`^_ggu_�khklhy�
gby� 

AZdexq_gb_��Ba�jZkkfhlj_gby�qbklh]h�d\Zglh\h]h�ZgkZf[ey�^\modm[blh\uo�kbkl_f�ke_�
^m_l��qlh�\�h[s_f�kemqZ_��[eZ]h^Zjy�gZebqbx�aZimlZgguo�khklhygbc��hg�g_�hibku\Z_lky�g_�
aZ\bkbfufb�\_dlhjZfb�;ehoZ��kms_kl\mxl�_s_�d\Zglh\u_�dhjj_eypbb��hibku\Z_fu_�l_gah�
jhf� dhjj_eypbc�� Hkgh\gh_� khklhygb_� ^\modm[blh\hc� d\Zglh\hc� kbkl_fu� k� bahljhiguf�
]Zca_g[_j]h\kdbf�Zglbn_jjhfZ]gblguf�\aZbfh^_ckl\b_f�g_�[m^_l�aZimlZgguf�ebrv�\�
^hklZlhqgh�kbevguo�ihklhygguo�iheyo�&0 > J��Hgh�\k_]^Z�g_�aZimlZgh�ijb�n_jjhfZ]gblghf�
lbi_�]Zca_g[_j]h\kdh]h�\aZbfh^_ckl\by� 
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1.5. Kf_rZggu_�khklhygby�ZgkZf[ey�^\modm[blh\uo�kbkl_f 

<� j_amevlZl_� j_eZdkZpbhgguo� ijhp_kkh\�� h[mkeh\e_gguo� \aZbfh^_ckl\b_f� k� hdjm`Zx�
s_c�kj_^hc��\�qbklhf� �ZgkZf[e_�g_aZ\bkbfuo�^\modm[blh\uo�kbkl_f�mklZgZ\eb\Z_lky�jZ\�
gh\_kgh_�kf_rZggh_�khklhygb_. 
Ijb\_^_ggZy� d� ^\mf� dm[blZf� fZljbpZ� iehlghklb� ZgkZf[ey� \� j_amevlZl_� ijbgbfZ_l� \�

wg_j]_lbq_kdhf�[Zabk_�_I, M〉 ^bZ]hgZevguc�\b^��oZjZdl_jguc�^ey kf_rZggh]h�khklhygby 

 ! = 

1,1

0,1

1,1

0,0

000

000

000

000

−p

p

p

p

, (1.37) 

dhlhjh_� kh^_j`bl� ^\Z� qbkluo� aZimlZgguo� WIJ� khklhygby� _�� 0〉〈0, �_� b� _�� 0〉〈1, �_� k�
gZk_e_gghklyfb�p0,0�b�p1,0. 

JZ\gh\_kgu_�gZk_e_gghklb�khklhygbc�\�wlhf�ij_^klZ\e_gbb��\�_^bgbpZo��]^_�ihklhyggu_�
IeZgdZ�b�;hevpfZgZ�� = 1, k = 1): 

 pI,M = 
∑ −

−

MI

TMIE

TMIE

,

)/),(exp(

)/),(exp(
 , (1.38)) 

beb 

 p0,0 = 
)/exp()/exp()/exp(1

)/exp(

00 TJTT

TJ

+−++ ωω
 , 

 p1,1 = 
)/exp()/exp()/exp(1

)/exp(

00

0

TJTT

T

+−++
−

ωω
ω

 , 

 p1,0 = 
)/exp()/exp()/exp(1

1

00 TJTT +−++ ωω
 , 

 p1,í�= 
)/exp()/exp()/exp(1

)/exp(

00

0

TJTT

T

+−++ ωω
ω

 . (1.39) 

 

Ijb�i_j_oh^_�d�\uqbkebl_evghfm�[Zabkghfm�ij_^klZ\e_gbx��_99〉, |9;〉, |;9〉, |;;〉�[eZ]h^Zjy�
gZebqbx�aZimlZgghklb�khklhygbc�fZljbpZ�iehlghklb��������i_j_klZ_l�[ulv�^bZ]hgZevghc: 

 ! =  

1,1

0,10,00,00,1

0,00,10,10,0

1,1

000

0
22

0

0
22

0

000

−

+−

−+

p

pppp

pppp
p

 . (1.40) 
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>ey� kf_rZggh]h� khklhygby� iZjZf_lj�� oZjZdl_jbamxsbc� kl_i_gv� aZimlZgghklb� –

kh]eZkh\Zgghklv��hij_^_ey_lky�\ujZ`_gb_f��hlebqZxsbfky�hl�\ujZ`_gby�^ey�qbklh]h�kh�
klhygby�>����@� 
 C = max {�1 – �2 – �3 – �4;  0} , (1.41) 

]^_� iheh`bl_evgu_� \_s_kl\_ggu_� iZjZf_lju� �i = (r i)
1/2� gmf_jmxlky� \� ihjy^d_�

�1 > �2 > �3 > �4, Z�r i > 0 —�kh[kl\_ggu_�agZq_gby��g_hljbpZl_evgu_�\_s_kl\_ggu_�qbkeZ��g_�
wjfblh\hc�fZljbpu 

 R = ! (1y ⊗1y)!* (1y ⊗1y) ,   1y = 
0

0

i

i−−
. (1.42) 

<�dZq_kl\_�f_ju�aZimlZgghklb�kf_rZggh]h�khklhygby�bkihevam_lky�lZd`_�lZdZy�oZjZdl_�
jbklbdZ��dZd� aZimlZgghklv�nhjfbjh\Zgby� (F��dhlhjZy�h^ghagZqgh�\ujZ`Z_lky�q_j_a�kh�
]eZkh\Zgghklv�C [1.18]: 

 EF = H 








 −+
2

11 2C
, (1.43) 

]^_ 
 H(x) = –xlog2x – (1–x)log2(1–x)  (1.44) 

nmgdpby�wgljhibb�R_gghgZ�^ey�^\mo�dm[blh\� 
>ey�jZkkfZljb\Z_fh]h�kf_rZggh]h�khklhygby�kh]eZkh\Zgghklv�ijbgbfZ_l�\b^�>����@ 

 C = 2max { ( 1,11,1
0,00,1

2 −−
−

pp
pp

);  0} . (1.45) 

>ey�l_ieh\h]h�jZ\gh\_kgh]h�khklhygby�^\modm[blh\h]h�ZgkZf[ey�kh]eZkh\Zgghklv��aZim�
lZgghklv�\�wlhf�kemqZ_�gZau\Z_lky�l_ieh\hc��hij_^_ey_lky�\ujZ`_gb_f� 
 C = max {

)/exp()/exp()/exp(1

3)/exp(

00 TJTT

TJ

+−++
−

ωω
;  0} (1.46) 

beb 

 C = 
)/exp()/exp()/exp(1

3)/exp(

00 TJTT

TJ

+−++
−

ωω
���������ijb���exp (J/T)  > 3 , 

 C = �����������ijb���exp (J/T)  � 3. (1.47) 

Ke_^h\Zl_evgh��aZimlZgghklv�hlkmlkl\m_l�ijb�l_fi_jZlmjZo�T > Tc = J/ln��g_aZ\bkbfh�hl�
\_ebqbgu�\g_rg_]h�ihey� 
<�hlkmlkl\bb�\g_rg_]h�ihey�&0 = 0 (B = ���kh]eZkh\Zgghklv�\ujZ`Z_lky�q_j_a�\gmlj_g�

gxx�wg_j]bx E��ijboh^ysmxky�gZ�iZjm�dm[blh\� 
 C = – 2E/J – 1/2 ,      E = – 3J/4 

3)/exp(

1)/exp(

+
−

TJ

TJ
 . (1.48) 
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<�wlhf�kemqZ_�fZdkbfZevgZy�aZimlZgghklv�C = ��^hklb]Z_lky�ijb�T << J��dh]^Z E = – 3J���b�
khhl\_lkl\m_l�kbg]e_lghfm�hkgh\ghfm�khklhygbx�iZju�dm[blh\��K�jhklhf�T hgZ�mf_gvrZ_l�
ky� aZ� kq_l� ijbf_rb\Zgby� \ur_e_`Zsbo� ljbie_lguo� khklhygbc� b� bkq_aZ_l� ijb� T 

= Tc = J/ln���dh]^Z�E = – J/4. 

K�^jm]hc�klhjhgu��k�m\_ebq_gb_f�ihey�B�ijb�T = ��aZimlZgghklv�bkq_aZ_l�kdZqdhf�ijb�
agZq_gbb�ihey�&0 = J��dh]^Z�kbg]e_lgh_�khklhygb_�i_j_klZ_l�[ulv�hkgh\guf��lhqdZ�lZd�gZau�
\Z_fh]h�d\Zglh\h]h�nZah\h]h�i_j_oh^Z). 
LZdbf�h[jZahf��gZebqb_�\aZbfh^_ckl\by��ohly�hgh�b�ijb\h^bl�d�ihy\e_gbx�hij_^_e_g�

guo�deZkkbq_kdbo�dhjj_eypbc��g_�\k_]^Z�khijh\h`^Z_lky�aZimlu\Zgb_f�d\Zglh\uo�khklhy�
gbc� 
Ij_h[jZah\Zgb_�kf_rZggh]h�jZ\gh\_kgh]h�khklhygby�ZgkZf[ey�^\modm[blh\uo�kbkl_f�d�

nhjf_�d\Zabqbklh]h�khklhygby��lh�_klv�d�^\mf�keZ]Z_fuf�—�h^gh]h�ijhihjpbhgZevgh]h�
_^bgbqghc�fZljbp_�b�̂ jm]h]h�ijhihjpbhgZevgh]h�fZljbp_�iehlghklb�qbklh]h�hkgh\gh]h�kh�
klhygby��\�hlebqb_�hl�h^ghdm[blh\h]h�khklhygby�lj_[m_l�\uiheg_gby�g_dhlhjuo�g_mgblZj�
guo�hi_jZpbc��JZkkfhljbf�h^bg�ba� lZdbo� kihkh[h\��hkgh\Zgguc�gZ� ©\j_f_gghf�mkj_^g_�
gbbª� lj_o� j_amevlZlh\�� ihemq_gguo� \� j_amevlZl_� mgblZjguo� hi_jZpbc� ih� \j_f_gb� gZ^�
^bZ]hgZevghc�\�\uqbkebl_evghf�[Zabk_�fZljbp_c�>����@� 
<�dZq_kl\_�ijbf_jZ�ijhba\_^_f�gZ^�^bZ]hgZevghc�fZljbp_c�iehlghklb�kf_rZggh]h�kh�

klhygby��dhlhjZy�\�\uqbkebl_evghf�[Zabk_�bf__l�\b^ 

 ! = 

↓↓↓↓

↓↑↓↑

↑↓↑↓

↑↑↑↑

p

p

p

p

000

000

000

000

, (1.49) 

mgblZjgu_�ij_h[jZah\Zgby��hibku\Z_fu_�\�wlhf�`_�[Zabk_�fZljbpZfb 

 P0 = Î  A 

1000

0100

0010

0001

 ,  P1 = 

0010

1000

0100

0001

 ,  P2 = P1
+ = 

0100

0010

1000

0001

 , (1.50) 

]^_�Î  A 1×1 — _^bgbqgZy�fZljbpZ��×4. <�j_amevlZl_�ihemqbf�ljb��j_amevlZlZ� 

 

↓↓↓↓

↓↑↓↑

↑↓↑↓

↑↑↑↑

p

p

p

p

000

000

000

000

 ,  

↑↓↑↓

↓↓↓↓

↓↑↓↑

↑↑↑↑

p

p

p

p

000

000

000

000

 ,  

↓↑↓↑

↑↓↑↓

↓↓↓↓

↑↑↑↑

p

p

p

p

000

000

000

000

  (1.51) 

D\Zabqbklh_�khklhygb_�ihemqZ_lky�\�j_amevlZl_�ke_^mxs_]h��mkj_^g_gby�lj_o�j_amevlZ�
lh\� 
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 〈!〉 = 1/3 (! + P1 ! P1
+ + P2 ! P2

+) = 

 = (1 – 0) /4 Î  + 0
0000

0000

0000

0001

,     0 = (4p99 – 1)/3. (1.52) 

FZljbpZ� iehlghklb� lZdh]h� khklhygby� g_� bf__l� g_^bZ]hgZevguo� we_f_glh\�b�� ke_^h\Z�
l_evgh��d\Zabqbklh_�khklhygb_�y\ey_lky�g_aZimlZgguf�khklhygb_f�ijb�ex[hc�l_fi_jZ�
lmj_��Ijb�wlhf�qbkeh�g_aZ\bkbfuo�iZjZf_ljh\�d\Zabqbklh]h�khklhygby�mf_gvrZ_lky�gZ�^\Z�
b�jZ\gh�_^bgbp_��\��������wlh�gZk_e_gghklv�hkgh\gh]h�mjh\gy�p00,00). 

?keb�fZljbpZ�iehlghklb�kf_rZggh]h�khklhygby�bf__l�\�\uqbkebl_evghf�[Zabk_�g_^bZ]h�
gZevgu_�we_f_glu��gZijbf_j��fZljbpZ����������lh�e_]dh�m\b^_lv��qlh�jZkkfhlj_ggu_�hi_jZ�
pbb���������ohly�b�mf_gvrZxl�qbkeh�g_aZ\bkbfuo�we_f_glh\�fZljbpu�iehlghklb��g_�ijb\h�
^yl�d�d\Zabqbklhfm�khklhygbx. 

Ijhba\hevgh_�kf_rZggh_�khklhygb_�ZgkZf[ey�h^bgZdh\uo�^\modm[blh\uo�kbkl_f�ihe�
ghklvx�hibku\Z_lky�ijb\_^_gghc�fZljbp_c�iehlghklb !��k��2 = 16 \_s_kl\_ggufb�iZjZ�
f_ljZfb 

 Q. = Sp F. ! , (1.53) 

]^_�F. (. = 1,2, … 16) —�[Zabk���-f_jgh]h�\_dlhjgh]h�ijhkljZgkl\Z�kibgh\uo�hi_jZlhjh\��
^_ckl\mxsbo� \� �-f_jghf� ]bev[_jlh\hf� ijhkljZgkl\_�� <� jZkkfZljb\Z_fhf� kemqZ_� wlh� ���
fZljbp��×4, \dexqZy�b�_^bgbqgmx�fZljbpm� 
 F. A { 11i⊗12,   11⊗12j,   (11i⊗12j),  Î  = 11⊗12} ,     1i = 1± = (1x ± i1y)/2, 1z. (1.54) 

IZjZf_ljZfb�y\eyxlky��_^bgbpZ��r_klv�khklZ\eyxsbo�\_dlhjh\�;ehoZ�  P1 b�P2 ��b�^_�
\ylv�\_s_kl\_gguo�iZjZf_ljh\��hibku\Zxsbo�dZd�deZkkbq_kdmx��lZd�b�d\Zglh\mx�dhjj_�
eypbx�bo� khklhygbc� �dh]_j_glghklv�2-]h�ihjy^dZ���\ujZ`Zxsboky�khklZ\eyxsbfb�lj_o�
f_jguo�l_gahjh\�dhjj_eypbb�\lhjh]h�jZg]Z�G1i, 2j.: 

 Q. ������ A { P1i = P1± = P1x ± iP1y ,    P1z ,    P2j = P2± ,    P2z , 

 P1i P2j + G1i, 2j = Sp ! (11,i⊗12,j) = 4Sp ! (I1,i⊗I2,j)} ,  Q16 =1. (1.55) 

FZljbpm�iehlghklb�ZgkZf[ey�^\mokibgh\uo�kbkl_f�ij_^klZ\bf�a^_kv�\�^\mof_jghf�\u�
qbkebl_evghf�[Zabk_ |1i,2j〉 = |99〉, |9;〉, |;9〉), |;;〉 A (|00〉, |01〉, |10〉, |11〉) : 

 ! = 1/4 ∑
=

16

1α
ααQF  = 1/4 [(11 + P111)⊗(12 + P212) + ( )∑ ⊗

ji
jijiG

,
212,1 σσ ] = 

 = 1/4 

11,1110,1101,1100,11

11,1010,1001,1000,10

11,0110,0101,0100,01

11,0010,0001,0000,00

  

PPPP

PPPP

PPPP

PPPP

, (1.56) 
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>bZ]hgZevgu_�we_f_glu�fZljbpu������� 
 P00,00 = (1 + P1,z)(1 + P2,z) + G1z,2z , 

 P01,01 = (1 + P1,z)(1 – P2,z) – G1z,2z , 

 P10,10 = (1 – P1,z)(1 + P2,z) – G1z,2z , 

 P11,11 = (1 – P1,z)(1 – P2,z) + G1z,2z . (1.57) 

m^h\e_l\hjyxl�mkeh\bx�ghjfbjh\db 

 P00,00 + P01,01 + P10,10 + P11,11 = 4 . (1.58) 

Ihwlhfm�ba���^bZ]hgZevguo�we_f_glh\�g_aZ\bkbfufb�y\eyxlky�lhevdh��� 
G_^bZ]hgZevgu_�wjfblh\h-khijy`_ggu_�fZljbqgu_�we_f_glu� ����g_aZ\bkbfuo�\_s_kl�

\_gguo�iZjZf_ljh\�� 
 P00,01 = P2+ + P1zP2+ + G1z,2x + iG1z,2y = (P01,00)* , 

 P10,11 = P2+ í P1zP2+ í G1z,2x í iG1z,2y = (P11,10)* , 

 P00,10 = P1+ + P1+P2z + G1x,2z + iG1y,2z = (P10,00)* , 

 P01,11 = P1+ í P1+P2z  í G1x,2z í iG1y,2z = (P11,01)* ,  

 P00,11 = P1+P2+ + G1+,2+ = (P11,00)* , 

 P01,10 = P1+P2– + G1+,2– = (P10,01)* . (1.59) 

AZdexq_gb_��JZ\gh\_kgu_�aZimlZggu_�dh]_j_glgu_�kf_rZggu_�khklhygby�\�^\modm[b�
lh\hf� ZgkZf[e_� ijb� bahljhighf� ]Zca_g[_j]h\kdhf� Zglbn_jjhfZ]gblghf� \aZbfh^_ckl\bb�
f_`^m� dm[blZfb�g_� \hagbdZxl�ijb� l_fi_jZlmj_� \ur_�djblbq_kdhc� �T > Tc = J/ln3)�� Z�ijb�
T = ��hgb�g_�h[jZamxlky�ijb�&0 > J. 

IhdZaZgh��qlh�ij_h[jZah\Zgb_�jZ\gh\_kgh]h�kf_rZggh]h�khklhygby�ZgkZf[ey�\�d\Zabqb�
klh_�k�ihfhsvx�©\j_f_ggh]h�mkj_^g_gbyª��bkihevam_fh]h�\�`b^dhklguo�d\Zglh\uo�dhf�
ivxl_jZo��fh`_l�[ulv�\uiheg_gh�lhevdh�^ey�^bZ]hgZevghc�\�\uqbkebl_evghf�[Zabk_�fZl�
jbpu�iehlghklb��lh�_klv�^ey�g_dh]_j_glgh]h�g_aZimlZggh]h�kf_rZggh]h�khklhygby. 

IhdZaZgh��qlh�^ey�hibkZgby�fZljbpu�iehlghklb�ijhba\hevgh]h�kf_rZggh]h�khklhygby�
^\modm[blh\h]h�ZgkZf[ey�\�dZq_kl\_�^bgZfbq_kdbo�iZjZf_ljh\�ihfbfh�^\mo�\_dlhjh\�;ehoZ�
P1, P2�g_h[oh^bfh�\\_klb�_s_�^_\ylv�dhfihg_glh\�l_gahjZ�dhjj_eypbb�G1i, 2j��\k_]h����g_aZ�
\bkbfuo�\_s_kl\_gguo�iZjZf_ljh\). 

1.6. Khklhygby�fgh]hdm[blh\uo�d\Zglh\uo�j_]bkljh\�—�h^ghf_jguo�
p_ihq_d�kibgh\ 

<� b^_Zevghf� kemqZ_� d\Zglh\uc� j_]bklj� wlh� ebg_cgZy� p_ihqdZ� ba� hl^_evguo� kib�
gh\-dm[blh\��^hklZlhqgh�gZ^_`gh�bahebjh\Zgguo�hl�hdjm`_gby��<k_�dm[blu�j_]bkljZ�ijb�
hij_^_e_gguo� mkeh\byo�^he`gu�[ulv� kihkh[gu�^hklZlhqgh�^he]h�gZoh^blvky�k�k\hbo�hk�
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gh\guo�[Zabkguo�khklhygbyo��Ijb�wlhf�hjb_glZpby�jZaebqguo�y^_jguo�kibgh\��hij_^_ey_�
fZy�agZq_gb_f�]bjhfZ]gblgh]h�hlghr_gby�hl^_evgh]h�dm[blZ�b�ehdZevgh]h�fZ]gblgh]h�ih�
ey��g_�h[yaZl_evgh�^he`gZ�[ulv�h^bgZdh\hc� 
J_Zevguc�d\Zglh\uc�j_]bklj�y\ey_lky hldjulhc�kbkl_fhc��h[f_gb\Zxs_cky�k�hdjm`_�

gb_f��dZd�wg_j]b_c��lZd�b�wgljhib_c��b�_]h�d\Zglh\h_�khklhygb_�y\ey_lky�kf_rZgguf��Djhf_�
lh]h��\�j_amevlZl_�\aZbfh^_ckl\by�f_`^m�kibgZfb�hkgh\gh_�khklhygb_�d\Zglh\h]h�j_]bkljZ�
fh`_l� klZlv� aZimlZgguf�� lh� _klv� g_� [m^_l� bf_lv� g_h[oh^bfuc� ^ey� bgbpbZebaZpbb� \b^�
(1.18). 

JZkkfhljbf�a^_kv�\�dZq_kl\_�^hklZlhqgh�h[s_c�fh^_eb�d\Zglh\h]h�j_]bkljZ�h^ghf_jgmx�
^\moih^j_r_lhqgmx�p_ihqdm�ba�L�y^_jguo�kibgh\-dm[blh\�\�h^ghjh^ghf�ihe_��k�h^bgZdh�
\uf�Zglbn_jjhfZ]gblguf�Zgbahljhiguf�\aZbfh^_ckl\b_f�lhevdh�f_`^m�[eb`Zcrbfb�kh�
k_^yfb�b�k�jZaebqgufb�]bjhfZ]gblgufb�hlghr_gbyfb�^ey�kibgh\�ih^j_r_lhd�1�b�2��=Z�
fbevlhgbZg�jZkkfZljb\Z_fhc�kbkl_fu��lZd�gZau\Z_fhc�XXZ-fh^_eb��aZibr_f�\�\b^_� 
 H =∑

=

L

k 1

{ Hk}  = ∑
=

L

k 1

{ – &k I k⊗1k+1 – &k+1 1k⊗I k+1,z + 

 + ⊥J (I k,x⊗I k+1,x + I k,y⊗I k+1,y) + J I k,z⊗I k+1,z } , (1.60) 

]^_�J > ⊥⊥J > 0, JA = J – ⊥J  —�dhgklZglZ�Zgbahljhibb�\aZbfh^_ckl\by��e_]dZy�hkv�gZfZ]gbqb�
\Zgby�z), &k = &1 —�^ey�g_q_lguo�maeh\�b�&k+1 = &2 —�^ey�q_lguo�maeh\��KemqZc�J = ��ijbgy�
lh�gZau\Zlv�XX0-fh^_evx� �beb�^\mof_jghc�bahljhighc�XY-fh^_evx���Z�kemqZc� ⊥J = 0 — 

fh^_evx�Babg]Z����Z���Kibgh\u_�hi_jZlhju�I k ��^_ckl\mxsb_�\��L–]bev[_jlh\hf�ijhkljZg�
kl\_��\�nhjf_�ijyfh]h�ijhba\_^_gby�^\mof_jguo�fZljbp�bf_xl�\b^� 
 I k A 11⊗ … ⊗1k–1⊗I k ⊗1 k+1⊗ … ⊗1L . (1.61) 

;m^_f�^Ze__�ij_^iheZ]Zlv��qlh�\uihegyxlky�i_jbh^bq_kdb_�]jZgbqgu_�mkeh\by��ijb�dh�
lhjuo�ihke_^gbc�kibg�kgh\Z�\aZbfh^_ckl\m_l�k�i_j\uf��lh�_klv�IL+1 A I1��LZdmx�kbkl_fm�gZ�
ah\_f�dm[blh\uf�dhevphf��<�wlhf�kemqZ_�]ZfbevlhgbZg�\aZbfh^_ckl\by�[m^_l�bg\ZjbZgl_g�
hlghkbl_evgh�hi_jZpbb�k^\b]Z�T [Zabkguo�khklhygbc��m = 9�;�� 
 Tm1, m2, m3, m4, m5, ..., mL–1, mL 〉 = mL, m1, m2, m3, m4,  ... mL–1 〉.  (1.62)  

?keb�h]jZgbqblvky�jZkkfhlj_gb_f�khklhygbc�dhevp_\hc�p_ihqdb��̂ ey�dhlhjuo�>����������@ 
Z��z-khklZ\eyxsb_�ihegh]h�kibgZ�dhlhju_�dhffmlbjmxl�k�]ZfbevlhgbZghf� 
[��khk_^gb_�kibgu�gZoh^ylky�\�jZaguo�[Zabkguo�khklhygbyo� 

lh� k\hckl\h� �������iha\hey_l�i_j_clb� hl� jZ\gh\_kghc�fZljbpu�iehlghklb�\k_]h�dhevpZ�d�
^\mokibgh\hc�ijb\_^_gghc�fZljbp_�iehlghklb��Ijb�wlhf�ke_^m_l�mq_klv��qlh�\�dhevp_�
]ZfbevlhgbZg�\aZbfh^_ckl\by�ijhf_`mlhqgh]h�i–]h�kibgZ�k�^\mfy�khk_^yfb�\�maeZo�i – ��b�
i + ���gZoh^ysboky�\�h^bgZdh\uo�khklhygbyo��k\h^blky�d�m^\h_gghfm��ih�kjZ\g_gbx�k�jZk�
kfhlj_gguf�\�jZa^_e_ 1.5��]ZfbevlhgbZgm�\aZbfh^_ckl\by�kibgh\�lhevdh�\�khk_^gbo�maeZo�i 
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b� i + ��>����@��<uqbkeyy�ke_^�hl�iheghc�fZljbpu�iehlghklb�ih�khklhygbyf�\k_o�hklZevguo�
dm[blh\��djhf_�wlbo�^\mo��ihemqbf� 
 ! = exp(– H/T)/Sp(exp(– H/T)) , (1.63) 

]^_ 
 H = – &1 I1z⊗1 - &2 1⊗I2z + 2 ⊥J (I1x⊗I2x + I1y⊗I2y)  + 2J (I1z⊗I2z) . (1.64) 

Kh[kl\_ggu_�agZq_gby�]ZfbevlhgbZgZ�������� 
 E1,2 = J/2 ± (&1 + &2)/2,     E3,4 = – J/2 ± ⊥J 21 X+  (1.65) 

khhl\_lkl\mxl� ^\mf� g_aZimlZgguf� khklhygbyf� _%1〉 = |;;〉, |%2〉 = |99〉� b� ^\mf� iZjguf� qZk�
lbqgh�aZimlZgguf�khklhygbyf�_%3〉 = ε−−1 | |9;〉 + ε  |;9〉,   %4〉 = ε | |9;〉 〉 – ε−1  |;9〉, 

]^_ 
 0 = 









+
−

21
1

2

1

X

X  ,    X = 
⊥⊥

−−
J2

21 ωω
 , (1.66) 

k�kh]eZkh\Zgghklvx 

 C = 2 εε )1( −  = 
21

1

X+
 � 1 . (1.67) 

<�hlebqb_�hl�fZdkbfZevgh�aZimlZgguo�khklhygbb�i_j_oh^u�f_`^m�gbfb�g_�y\eyxlky�aZ�
ij_s_ggufb� 
Ijb�&1 = &2 (X = ���wlb�^\Z�khklhygby�fZdkbfZevgh�aZimlZgu k�C = ��b�oZjZdl_jbamxlky�

agZq_gbyfb�ihegh]h�kibgZ�I = 1, ��b�_]h�ijh_dpbb�M = 0. 

>ey�gZk_e_gghkl_c�kf_rZggh]h�jZ\gh\_kgh]h�khklhygby�ijb�T � ��[m^_f�bf_lv� 
 p1,2 = 

)/1()ch/exp(2]2/ch[(2

]2/(exp[
2

21

21

TXJTJT

T

++++))++
))++±±

⊥⊥ωω
ωω

 , 

 p3,4 = 
)/1()ch/exp(2]2ch[(2

])1exp[(
2

21

2

TXJTJT

TXJJ

++++)/)/++
//++±±

⊥⊥

⊥⊥

ωω
 , (1.68) 

Ijb\_^_ggZy�fZljbpZ�iehlghklb�\�\uqbkebl_evghf�[Zabk_�bf__l�\b^ 

 ! =  

2

4343

4343

1

000

0
22

0

0
22

0

000

p

pppp

pppp
p

++−−

−−++

 . (1.40) 
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Kh]eZkh\Zgghklv��khhl\_lkl\mxsZy�l_ieh\hc�aZimlZgghklb��ijbgbfZ_l�agZq_gb_ 

 C = 2max { ( 21
43

2
pp

pp −−−−
);  0} =  

 = max{
)/1(ch )/exp(]2ch[(

1)/1(sh )/exp(

2
21

2

TXJTJT

TXJTJ

++++)/)/++

−−++

⊥⊥

⊥⊥

ωω
,  0} . (1.69) 

Hldm^Z� ke_^m_l�� qlh� iZjgZy� l_ieh\Zy� aZimlZgghklv� ijb� T = �� b�
2/)( 21 ωω ++  < J + 21 XJ ++⊥⊥ �jZ\gZ�_^bgbp_� �fZdkbfZevgZy�aZimlZgghklv���HgZ�hlkmlkl\m_l�

ijb�dhg_qghc�l_fi_jZlmj_�T > Tc��hij_^_ey_fhc�ba 
 )/1(sh )/exp( 2 TXJTJ +⊥  � 1 . (1.70) 

 

JT /k  

JJ 2/)()2( 2
21

2 ωω −−++⊥⊥  

0 0.2 0.4 0.6 0.8 1 

0.5 

1 
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2 

 

Jbk� 1.7. AZ\bkbfhklv�djblbq_kdhc�l_fi_jZlmju�Tc hl�Zgbahljhibb�\aZbfh^_ckl\by�b�fZ]�gblgh]h�ihey� 

Fu�\b^bf��qlh�ijb� ⊥⊥J  = ���fh^_ev�Babg]Z�lbiZ���Z��kbevgZy�Zgbahljhiby��iZjgZy�aZim�
lZgghklv� hlkmlkl\m_l� ijb� ex[uo� l_fi_jZlmjZo�� Gh� ^hklZlhqgh� fZeh]h� agZq_gby�

⊥⊥J  > ��beb��jZaebqby�qZklhl�&1,2��qlh[u djblbq_kdZy�l_fi_jZlmjZ�j_adh�\hajhkeZ� 
DZd� ke_^m_l� ba� ������� ^ey� n_jjhfZ]gblgh]h� lbiZ� \aZbfh^_ckl\by�� dh]^Z�

J + 21 XJ +⊥  < 0, l_ieh\Zy� aZimlZgghklv�hlkmlkl\m_l�ijb�ex[hc� l_fi_jZlmj_�g_aZ\bkbfh�
hl�\_ebqbgu�ihey��AZf_lbf��qlh�aZimlZggu_�khklhygby�\�wlhf�kemqZ_�khhl\_lkl\mxl�\ur_�
e_`Zsbf�mjh\gyf�wg_j]bb��ijb�dhg_qghc�l_fi_jZlmj_�hgb�keZ[h�aZk_e_gu�ih�kjZ\g_gbx�k�
hkgh\guf�khklhygb_f�b�g_�^Zxl�kms_kl\_ggh]h�\deZ^Z�\�l_ieh\mx�aZimlZgghklv� 
GZ�kZfhf�^_e_�ijb�hij_^_e_gbb�iZjghc�kh]eZkh\Zgghklb�^ey�ljZgkeypbhggh�bg\ZjbZgl�

ghc�p_ihqdb�g_h[oh^bfh�mq_klv��qlh�khklhygb_�dZ`^h]h�dm[blZ�fh`_l�[ulv�aZimlZgguf�g_�
lhevdh�k�[eb`Zcrbfb�khk_^gbfb�dm[blZfb��gh�b�kh�ke_^mxsbfb�aZ�khk_^gbfb��<�hlkmlkl�
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\bb� \g_rg_]h�ihey�B b�ijb�T = ���b�ijb� hij_^_e_gguo� mijhsZxsbo�ij_^iheh`_gbyo�� \�
>������ ����@� [ueh�gZc^_gh�� qlh� kh]eZkh\Zgghklv�qbkluo� khklhygbc�\�jZkq_l_�gZ�^\mo�[eb�
`Zcrbo�khk_^_c�\�[_kdhg_qghc�p_ihqd_�kibgh\�C < 0,434. 

JZkkfhljbf�^Ze__�k\yav�fZdkbfZevghc�aZimlZgghklb�k�wg_j]b_c�hkgh\gh]h�khklhygby�
Zglbn_jjhfZ]gblgh]h�dhevpZ�ijb�T = ���?]h�hkgh\gh_�khklhygb_�g_�y\ey_lky�khklhygb_f�lb�
iZ�01, 12, 03, 14, 05, ...〉, ihkdhevdm�hgh�fbgbfbabjm_lky�lhevdh�babg]h\kdhc�qZklvx�]Zfbev�
lhgbZgZ�b�g_�fbgbfbabjm_lky�ijb�mq_l_�hklZevghc�_]h�qZklb��qlh�gZdeZ^u\Z_l�h]jZgbq_gb_�
gZ�fZdkbfZevgh_�agZq_gb_�kh]eZkh\Zgghklb�^ey�iZju�kibgh\�\�hkgh\ghf�khklhygbb�dhevpZ�� 
;m^_f� kgh\Z�bkoh^blv�ba� lh]h��qlh�hkgh\gh_�khklhygb_�Zglbn_jjhfZ]gblgh]h�dhevpZ�k�

h^bgZdh\uf�qbkehf�kibgh\�\�dZ`^hc�ih^j_r_ld_��L —�q_lgh_�qbkeh��bg\ZjbZglgh�hlghkb�
l_evgh� ljZgkeypbb� kibgh\� i = i + ��� Z�hi_jZlhj�z —� khklZ\eyxs_c�ihegh]h� kibgZ� ∑∑

==

L

i
zi

1
,I  

dhffmlbjm_l� k� ]ZfbevlhgbZghf� H�� Wlb� k\hckl\Z� hij_^_eyxl� \b^� ijb\_^_gghc� fZljbpu�
iehlghklb�^ey�iZju�kibgh\��dhlhjZy�^ey�XXX -fh^_eb�ijbgbfZ_l�\b^��kjZ\gb�������� 

 ! = 

−−

−−

++

++

v

wu

uw

v

000

00

00

000

*  ,     v+ + v– + w+  + w– = 1 , (1.72) 

]^_�^bZ]hgZevgu_�we_f_glu��kh]eZkgh������� 
 v± = 1/4 ((1 ± P1,z)(1 ± P2,z) + G1z,2z),    w± = 1/4 ((1 #  P1,z)(1 ± P2,z) – G1z,2z)., (1.73) 

Ba�g_^bZ]hgZevguo�we_f_glh\� �������hklZ\bf�lhevdh�l_��dhlhju_�[eZ]h^Zjy�khojZg_gbx�
z-khklZ\eyxs_c�ihegh]h�kibgZ��hibku\Zxl�dh]_j_glgmx�kmi_jihabpbx�khklhygbc�k�h^bgZ�
dh\ufb�_]h�khklZ\eyxsbfb��lZdbfb�y\eyxlky�khklhygby�_9;〉 b |;9〉: 

 u = 1/4 (P1+P2– + G1+,2–) , (1.74) 

hldm^Z ke_^m_l 
 4Reu = P1xP2x + P1yP2y +G1x,2x + G1y,2y, 

 (v+v–)
1/2 = 1/4 ((1 + P1,zP2,z + G1z,2z)

2 – (P1,z + P2,z)
2)1/2 , 

 v+ – v– = 1/2(P1,z + P2,z) ,    w+ – w– = – 1/2( P1,z – P2,z) , 

 v+ + v– = 1/2 (1 + P1,zP2,z + G1z,2z) . (1.75) 

>ey�\gmlj_gg_c�wg_j]bb��ijboh^ys_cky�gZ�iZjm�dm[blh\�\�dhevp_��ihemqbf� 
 E = Sp!{– &1 (I1,z⊗12) – &2 (11⊗I2,z) + 2J (I1,z⊗I2,z) +  2 ⊥J (I1x⊗I2x + I1y⊗I2y)}  = 

 = – B M + J/2 (P1,zP2,z + G1z,2z) + ⊥⊥J 2Reu . (1.76) 

]^_ 
 (�1P1,z + �2P2,z)/2 = M (1.77) 

– kj_^gbc�fZ]gblguc�fhf_gl�gZ�h^bg�dm[bl� 
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>ey�fbgbfbaZpbb�wg_j]bb�\u[_j_f�nZam�iZjZf_ljZ�z, jZ\ghc���b�ihemqbf 

 E = – B M + J/2 (v+ + v– – 1/2 ) – ⊥J 2|u| , 

 (v+v–)
1/2 = 1/4 ((1 + 2E/J + 2B M/J + ( ⊥J /J) 4|u|)2 – (P1,z + P2,z)

2)1/2 . (1.78) 

Kh]eZkh\Zgghklv�aZimlZgguo�khklhygbc�ijbgbfZ_l�\b^� 
 C = 2 max [|u| – (v+v–)

1/2, 0] = 

= 2max [(– E – B M + J/2 (P1,zP2,z + G1z,2z) – ⊥J /2 ((1 + P1,zP2,z + G1z,2z)
2 – (P1,z + P2,z)

2)1/2] . (1.79) 

Iheghklvx� \ujZablv� kh]eZkh\Zgghklv� q_j_a� \gmlj_ggxx� wg_j]bx� m^Z_lky� lhevdh� ^ey�
bahljhigh]h�dhevpZ�k�\aZbfh^_ckl\b_f�XXX  – lbiZ��lh�_klv��dh]^Z� ⊥⊥J  = ���b�\�hlkmlkl\bb�
fZ]gblgh]h�ihey��dh]^Z�P1,z = P2,z = M = 0: 

 C = [(– E/J) – 1/2]. (1.80) 

Mqblu\Zy�ba\_klgh_�agZq_gb_�^ey�wg_j]bb�hkgh\gh]h�khklhygby�iZju�kibgh\�\�[_kdhg_q�
ghc��L :���bahljhighc�Zglbn_jjhfZ]gblghc�p_ihqd_��bf_xs_c�\�ijbgyluo�gZfb�h[hagZ�
q_gbyo�\b^�E/J = – 2ln2 + 1/2 = – ������>����@��qlh�[hevr_�agZq_gby�\gmlj_gg_c�wg_j]bb�– 1,5, 

khhl\_lkl\mxs_]h�fZdkbfZevghc� aZimlZgghklb�C = ��b�f_gvr_� agZq_gby�– ����� khhl\_lkl�
\mxs_]h�g_aZimlZgghfm� khklhygbx���gZc^_f�fbgbfZevgh_� agZq_gb_�kh]eZkh\Zgghklb��^ey�
hkgh\gh]h�khklhygby� 
 C = 2ln2 – 1 = 0,386 , (1.81) 

dhlhjh_�f_gvr_� agZq_gby� ������� ihemq_ggh]h� gZ� hkgh\_� mijhsZxsbo�ij_^iheh`_gbc� � \ 
[1.21, 1.22] 

LZdbf�h[jZahf��hkgh\gh_�khklhygb_�[_kdhg_qgh]h�dhevpZ�k�bahljhiguf�\aZbfh^_ckl�
\b_f�aZimlZgh��gh�\�f_gvr_c�kl_i_gb��q_f�\�kemqZ_�ZgkZf[ey�g_aZ\bkbfuo�^\modm[blh\uo�
kbkl_f��Wlh�k\yaZgh�k�l_f��qlh�\�p_ihqd_�\aZbfh^_ckl\mxsbo�dm[blh\�hkgh\gh_�khklhygb_�
hij_^_ey_lky� g_� lhevdh� khklhygbyfb� \u^_e_gghc�iZju� dm[blh\��gh�b�g_aZimlZggufb� kh�
klhygbyfb�^jm]bo�dm[blh\��lh�_klv�\�j_]bklj_�ijhy\ey_lky�dhee_dlb\guc�wnn_dl��ijb\h^y�
sbc�d�m\_ebq_gbx�wg_j]bb�hkgh\gh]h�khklhygby��\�jZkq_l_�gZ�iZjm�dm[blh\� 
<�jZ[hl_� >����@�^ey�bahljhighc�Zglbn_jjhfZ]gblghc�p_ihqdb�[ueh�ihdZaZgh��qlh�g_jZ�

\_gkl\Z�;_eeZ�gZjmrZxlky��_keb� – E/J < 3/(2 2 ) = ������H^gZdh�kms_kl\m_l�madbc�bgl_j\Ze�
wg_j]bb����� < – 2E/J < ������]^_�g_jZ\_gkl\Z�;_eeZ�g_�gZjmrZxlky��lh�_klv�kbkl_fZ�hdZau�
\Z_lky�g_�\iheg_�d\Zglh\hc��Ihkdhevdm�\�hkgh\ghf�khklhygbb�– E/J = 2ln2 – 1/2 = �������ke_�
^m_l�k^_eZlv�\u\h^��qlh�\�wlhf�khklhygbb�g_jZ\_gkl\Z�;_eeZ�gZjmrZxlky. 

BlZd��khklhygby�d\Zglh\h]h�j_]bkljZ��\aZbfh^_ckl\b_�f_`^m�dm[blZfb�\�dhlhjhf�bf__l�
bahljhiguc�oZjZdl_j�lbiZ�XXX ��ijb�gbadbo�l_fi_jZlmjZo�b�\�hlkmlkl\b_�\g_rg_]h�ihey�
g_ba[_`gh�y\eyxlky�aZimlZggufb�b�g_�fh]ml�kem`blv�\�dZq_kl\_�hkgh\gh]h�bgbpbZeb�
abjh\Zggh]h�khklhygby. 
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<�hij_^_e_gghf�bgl_j\Ze_�ihe_c i_j_^�lhqdhc�d\Zglh\h]h�i_j_oh^Z� klZgh\blky�\hafh`�
guf�aZimlZggh_�khklhygb_�f_`^m�khklhygbyfb�dm[blh\��ke_^mxsbfb�aZ�[eb`Zcrbfb�khk_�
^_c��fZ]gblgZy�aZimlZgghklv��>����@��Ijb�wlhf��^ebgZ�aZimlZgghklb��hij_^_eyxsZy�h[�
eZklv�d\Zglh\uo�dhjj_eypbc�\�]Zca_g[_j]h\kdhc�p_ihqd_��fh`_l�[ulv�k^_eZgZ�^hklZlhqgh�
[hevrhc�ijb�khhl\_lkl\mxsbo�agZq_gbyo�\g_rg_]h�ihey�\[ebab�lhqdb�d\Zglh\h]h�i_j_�
oh^Z��Ba� wlh]h� ke_^m_l�� \� qZklghklb�� qlh� d\Zglh\u_� hi_jZpbb��ijh\h^bfu_� \[ebab� lhqdb�
d\Zglh\h]h�nZah\h]h�i_j_oh^Z��fh]ml�[ulv�emqr_�aZsbs_gu�hlghkbl_evgh�hrb[hd��k\y�
aZgguo�k�g_dhlhjufb�g_kh\_jr_gkl\Zfb�kbkl_fu� 
L_fi_jZlmjgZy�aZ\bkbfhklv�kh]eZkh\Zgghklb�^ey�khklhygbc�^\mo�khk_^gbo�dm[blh\�\�p_�

ihqd_�ba-aZ�\deZ^Z�khklhygbc�^jm]bo�dm[blh\�baf_gy_lky�k�qbkehf�dm[blh\�b�_]h�q_lghklvx�
\�p_ihqd_��Ijb�qbke_�dm[blh\�L = 3�\�p_ihqd_�iZjgZy�l_ieh\Zy�aZimlZgghklv�\hh[s_�bkq_aZ�
_l��<�ij_^_e_�ijb�L >> ��djblbq_kdZy�l_fi_jZlmjZ�^ey�iZjghc�aZimlZgghklb�\�p_ihqd_�k�bah�
ljhiguf�Zglbn_jjhfZ]gblguf�\aZbfh^_ckl\b_f�XXX  – lbiZ�ijbgbfZ_l�\�gZrbo�h[hagZq_�
gbyo�g_aZ\bkbfh�hl�q_lghklb�qbkeZ�dm[blh\�agZq_gb_�Tc = 0,796J  >����@��lh�_klv�hgh�f_gvr_�
djblbq_kdhc�l_fi_jZlmju�^ey�l_ieh\hc�aZimlZgghklb�iZju�dm[blh\�\�Zglbn_jjhfZ]gblghf�
dhevp_��J/ln3 = 1,820J. 

DZd�m`_�hlf_qZehkv��d\Zglh\uc�j_]bklj�\�\b^_�L-dm[blh\hc�p_ihqdb�Babg]Z�OOZ – lbiZ��
gZoh^ys_cky� �\�ijh^hevghf�ihe_�g_�bf__l�aZimlZgguo�khklhygbc��b�bgbpbZebabjh\Zgguf�
khklhygb_f�j_]bkljZ�fh`_l�[ulv�_]h�hkgh\gh_�khklhygb_� 
H^gZdh� ijb� hlkmlkl\bb� ijh^hevgh]h� ihey� aZimlZggu_� hkgh\gu_� khklhygby� \� p_ihqd_�

Babg]Z�\hagbdZxl�b�ijb�wlhf�kdZqdhf��d\Zglh\uc�nZah\uc�i_j_oh^��ijb�gZeh`_gbb�^Z`_�
hq_gv�fZeh]h�ihi_j_qgh]h�ihey�>����@��Ijb�dhg_qguo�l_fi_jZlmjZo�k�m\_ebq_gb_f�ihi_j_q�
gh]h�\g_rg_]h�ihey�kh]eZkh\Zgghklv�\�Zglbn_jjhfZ]gblghc�p_ihqd_�Babg]Z�jZkl_l�aZ�kq_l�
ijbf_rb\Zgby�\ur_e_`Zsbo�khklhygbc��^hklb]Zy�g_dhlhjh]h�fZdkbfZevgh�agZq_gby��Ke_�
^h\Zl_evgh��^ey�bgbpbZebaZpbb�khklhygby�p_ihqdb�kibgh\�g_h[oh^bfh�bkdexqblv�ihi_j_q�
gu_�ihey� 
>h� kbo�ihj� jZkkfZljb\ZeZkv�iZjgZy� aZimlZgghklv��H^gZdh� \�fgh]hdm[blh\uo� kbkl_fZo�

kms_kl\m_l� b� [he__� keh`gZy� aZimlZgghklv�� \dexqZxsZy� L� dm[blh\�� L-dm[blh\Zy� aZimlZg�
ghklv�khhl\_lkl\m_l�dhjj_eypbyf��hibku\Z_fuf�l_gahjhf�L jZg]Z�\��L×2L -f_jghc�fZljbp_�
iehlghklb� 
AZdexq_gb_�� Ba� ijb\_^_ggh]h� ZgZebaZ� j_amevlZlh\�� ihemq_gguo� ^ey� aZimlZgghklb� kh�

klhygbc�\�jZaebqgh]h�lbiZ�kibgh\uo�p_ihqdZo�ke_^m_l��qlh�hkgh\gh_�khklhygb_�dhevpZ�k�
bahljhiguf�Zglbn_jjhfZ]gblguf�\aZbfh^_ckl\b_f�y\ey_lky�aZimlZgguf��gh�\�f_gvr_c�
kl_i_gb��q_f�\�kemqZ_�ZgkZf[ey�g_aZ\bkbfuo�^\modm[blh\uo�kbkl_f� 
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>ey� kha^Zgby� bgbpbZebabjh\Zggh]h� g_aZimlZggh]h� khklhygby� d\Zglh\h]h� j_]bkljZ�
ke_^m_l�bkihevah\Zlv�^hklZlhqgh�kbevgu_�ihey�b�beb�bf_lv�^hklZlhqgh�kbevgmx�Zgbah�
ljhibx�\aZbfh^_ckl\by f_`^m�kibgZfb� 
FbgbfZevgh�\hafh`gZy� kl_i_gv�iZjghc�aZimlZgghklb� �kh]eZkh\Zgghklv��hkgh\gh]h�kh�

klhygby�Zglbn_jjhfZ]gblghc�p_ihqdb�ijb�T = ��b�B = ��khhl\_lkl\m_l�C = 0,386. 

1.7. >bgZfbq_kdb_�ijhp_kku�\�ZgkZf[e_�^\modm[blh\uo�kbkl_f��Hkgh\gu_�
mjZ\g_gby 

Ijb�jZkkfhlj_gbb�^bgZfbq_kdbo�ijhp_kkh\�\�ZgkZf[e_�fgh]hdm[blh\uo�p_ihq_d�kibgh\�
\hkihevam_fky� ^Ze__�ijhkl_cr_c�fh^_evx�� mqblu\Zxs_c��dZd� wlh� k^_eZgh�\�ij_^u^ms_f�
jZa^_e_�� lhevdh�iZjgmx�dhjj_eypbx� kibgh\uo�khklhygbc��hibku\Z_fmx�l_i_jv� �g_jZ\gh�
\_kghc�ijb\_^_gghc�fZljbp_c�iehlghklb��Ijb� wlhf�[m^_f�ij_^iheZ]Zlv��qlh�\ebygb_�hk�
lZevguo�kibgh\�\�p_ihqd_��dZd�b�h[s_]h�hdjm`_gby��k\h^blky�d�kha^Zgbx�nemdlmbjmxsbo�
kemqZcguo�ihe_c��^_ckl\mxsbo�gZ�iZjm�dm[blh\� 
<�lZdbo�kbkl_fZo�ba�ihegh]h�qbkeZ��� = 22L – ��g_aZ\bkbfuo�iZjZf_ljh\�ljb�\_s_kl\_g�

guo�iZjZf_ljZ P1,z, P2,z, G1z,2z��������b�r_klv�dhfie_dkguo�iZjZf_ljh\���������hibku\Zxsbo��
khhl\_lkl\_ggh��ijh^hevgu_�b�ihi_j_qgu_�ijhp_kku�j_eZdkZpbb� 
<�dZq_kl\_�]ZfbevlhgbZgZ�^\mokibgh\hc�kbkl_fu�^hklZlhqgh�h[s_]h�\b^Z��^Ze__�ih�ih�

\lhjyxsbfky�©g_fufª�bg^_dkZf�ijhba\h^blky�kmffbjh\Zgb_��\hkihevam_fky�\ujZ`_gb_f� 
 H = ∑

=

15

1γ
γγ DF  = – �1Bi /2 (11i⊗12) – �2Bj/2 (11⊗12j) + Jij/4 (11i⊗12j) , (1.82) 

k 15-x iZjZf_ljZfb 

 D. A { – �1Bi,   – �2Bj,   Jij/4 } . (1.83) 

Ih^klZ\eyy�\�mjZ\g_gb_�^ey�ijb\_^_gghc�fZljbpu�iehlghklb 

 i�!(t)/�t = [H, !(t)] , (1.84) 

\ujZ`_gby��������b��������b�\uqbkeyy�ke_^�fZljbpu�Q.(t) = SpF.!(t��ih�kibgh\uf�khklhygb�
yf��ihemqbf�kbkl_fm����ebg_cguo�mjZ\g_gbc�^ey�deZkkbq_kdbo�^bgZfbq_kdbo�\_ebqbg Q.(t), 

\�dhlhjZy�ihdZ�g_�mqblu\Z_l�g_mgblZjgu_�j_eZdkZpbhggu_ ijhp_kku� 
 dQ.(t)/dt = – i SpF.[H, !(t)] = }]),[(Sp{

15 15

∑∑ ∑∑−−
β γ

γβγα DFFFi  Q�(t) = ∑
15

β
αβM  Q�(t), (1.85) 

]^_�Zglbkbff_ljbqgZy�wjfblh\Zy�fZljbpZ M.� = – M�. = M�.* �k�gme_\ufb� �^bZ]hgZev�
gufb�we_f_glZfb�\ujZ`Zxlky�q_j_a����iZjZf_ljh\�D.��hij_^_ey_fuo�kljmdlmjhc�]Zfbevlh�
gbZgZ�^\mokibgh\hc�kbkl_fu�b�kh^_j`bl���Ü� = ����\_s_kl\_gguo�iZjZf_ljh\� 
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LZdbf�h[jZahf��ihegh_�qbkeh�g_aZ\bkbfuo�iZjZf_ljh\��hij_^_eyxsbo�mgblZjgmx�^b�
gZfbdm� ^\modm[blh\hc� kbkl_fu�b� qbkeh� khhl\_lkl\mxsbo� mjZ\g_gbc� jZ\gh�d\Z^jZlm�jZa�
f_jghklb�]bev[_jlh\h]h�ijhkljZgkl\Z��4�[_a�_^bgbpu��lh�_klv���� 
K� mq_lhf� k\hckl\� ^ey� dhffmlZlhjh\� b� ZglbdhffmlZlhjh\� fZljbp� IZmeb� k� bg^_dkZfb�

i,j = [��\��]��y\eyxsboky�]_g_jZlhjZfb�h^ghc�ba�lZd�gZau\Z_fuo�Ze]_[j�Debnnhj^Z�� 
 kijkji i ,,, 2],[ ααββα σδεσσ = ,    },{ ,, ji αα σσ  = 2/ij , (1.86) 

wlZ�kbkl_fZ�^bgZfbq_kdbo�mjZ\g_gbc�ijbgbfZ_l�ke_^mxsbc�y\guc�\b^ 

 dP1i(t)/dt = 0ikl(�1P1k(t)Bl + Jk G1l,2n(t)/2) , 

 dP2i(t)/dt = 0ikl(�2P2k(t)Bl + Jnk G1n,2l(t)/2) , 

 dG1i,2j(t)/dt = �10ikl Bl G1k,2j(t) + �20jkl Bl G1i,2k(t) + (0ikl/2)JkjP1l(t) + (0jkl/2)JikP2l(t) , (1.87) 

]^_�\\_^_gh�h[hagZq_gb_�G1l,2n(t) = P1l(t)P2n(t) + G1l,2n(t). 

AZf_lbf�� qlh� _keb� ijhba\_klb� hi_jZpbx� ij_h[jZah\Zgby�� hibku\Z_fh]h� hi_jZlhjZfb�
�������k�ihke_^mxsbf�mkj_^g_gb_f�j_amevlZlh\�gZ^�ijhba\hevghc�g_^bZ]hgZevghc�fZljb�
p_c�iehlghklb���������lh�qbkeh�g_aZ\bkbfuo�iZjZf_ljh\�b��khhl\_lkl\_ggh��qbkeh�^bgZfbq_�
kdbo�mjZ\g_gbc��hdZau\Z_lky�kms_kl\_ggh�f_gvrbf��lZd�\f_klh����[m^_l�\k_]h����b��ke_^h�
\Zl_evgh�� ihemq_ggZy� lZdbf� h[jZahf� kbkl_fZ� g_� ^Zkl� ihegh]h� hibkZgby� ^bgZfbdb 

d\Zglh\hc�kbkl_fu� 
>ey�mq_lZ�g_mgblZjguo�ijhp_kkh\�j_eZdkZpbb�qZklh�ihevamxlky�ehdZevguf�\h�\j_f_gb�

n_ghf_gheh]bq_kdbf� mjZ\g_gb_f� ^ey�fZljbpu�iehlghklb��ihemq_gguf�\�jZfdZo�[hj�
gh\kdh]h�ijb[eb`_gby�b�ij_^iheZ]Zxs_]h�fZjdh\kdbc�oZjZdl_j�kemqZcguo�\ha^_ckl\bc�kh�
klhjhgu� hdjm`_gby� gZ� ijhba\hevgmx� d\Zglh\mx� kbkl_fm�� knhjfmebjh\Zggmx�
>`� Ebg^[eZ^hf�>����@��<�qZklghklb��^ey�hi_jZlhjZ�iehlghklb�ZgkZf[ey�^\mokibgh\uo�kbk�
l_f�hgh�fh`_l�[ulv�ij_^klZ\e_gh�\�\b^_� 
 i�!(t)/�t = [H, !(t)] + iLD [!(t)] , (1.88) 

]^_ 
 LD[!(t)] = (2/1

15

,
∑∑

δγ
γδa [F� !(t), F/+] +[F�,  !(t)F/+]), (1.89) 

— hi_jZlhj�Ebg^[eZ^Z, a.� — g_aZ\bkysZy�hl�\j_f_gb�wjfblh\Zy�iheh`bl_evgh�ihemhi�
j_^_e_ggZy�fZljbpZ 15×���\�h[s_f�kemqZ_�k�����\_s_kl\_ggufb�iZjZf_ljZfb��bf_xsbfb�
jZaf_jghklv�h[jZlgh]h�\j_f_gb��Hlf_lbf��qlh� ke_^�hl�ijZ\hc�qZklb� �������jZ\_g�gmex�b��
ke_^h\Zl_evgh��Sp!(t) = 1. 

LZdh]h�`_�lbiZ�ebg_cgh_�mjZ\g_gb_�^ey�fZljbpu�iehlghklb�kibgh\hc�kbkl_fu��\aZbfh�
^_ckl\mxs_c�k�hdjm`Zxs_c�kj_^hc��ijb�gZebqbb�\g_rg_]h�fZ]gblgh]h�ihey�[ueh�ihemq_�
gh�gZ�hkgh\_�d\Zglh\h-f_oZgbq_kdhc�l_hjbb�\�����-�����]h^Zo��aZ����e_l�^h�Ebg^[eZ^Z�\�k_�
jbb�jZ[hl�J� <Zg]kg_kkZ�b�N� ;ehoZ�>�������������@��Z�lZd`_�A. J_^nbev^Z�>����@��LZf�`_�[ueh�
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mklZgh\e_gh��qlh�g_h[oh^bfuf�^ey�wlh]h�mkeh\b_f�y\ey_lky�fZehklv�\j_f_gb�dhjj_eypbb�2c, 
oZjZdl_jbamxs_]h�kdhjhklv�nemdlmbjmxs_]h�\ha^_ckl\by�©j_r_ldbª�gZ�d\Zglh\mx�kbkl_fm�
ih� kjZ\g_gbx� k� \j_f_gZfb� j_eZdkZpbb�� qlh� khhl\_lkl\m_l�ij_^iheh`_gbx� h�fZjdh\kdhf�
oZjZdl_j_�kemqZcguo�ijhp_kkh\��lZd`_�e_`Zs_f�\�hkgh\_�mjZ\g_gby�Ebg^[eZ^Z� 
H[sZy� ebg_cgZy� kbkl_fZ� mjZ\g_gbc� ^\b`_gby�Ebg^[eZ^Z� ^ey�fZdjhkdhibq_kdbo�^bgZ�

fbq_kdbo�i_j_f_gguo�Sp!F. = Q.�k�mq_lhf�j_eZdkZpbhgguo�wnn_dlh\�hij_^_ey_lky�ba�ke_�
^mxs_]h�mjZ\g_gby� 
 dQ.(t)/dt = – i Sp{ [H, !(t)] F.}  + Sp{LD [!(t)] F.} . (1.90) 

Ke_^m_l� aZf_lblv�� qlh� \� lZdhc� nhjf_� mjZ\g_gb_� ^ey� fZljbpu� iehlghklb� hibku\Z_l�
mklZgh\e_gb_�fZdkbfZevgh�kf_rZggh]h�jZ\gh\_kgh]h�khklhygby�k�jZ\gufb�gZk_e_gghklyfb�
^ey�\k_o�khklhygbc��lh�_klv�hibku\Z_fh]h�jZ\gh\_kghc�fZljbp_c�iehlghklb�!0 = 1/4. 

F_`^m� l_f� _s_�J_^nbev^hf� [ueh�ihdZaZgh� >����@�� qlh�^ey� lh]h��qlh[u� mjZ\g_gb_�^ey�
fZljbpu�iehlghklb�hibku\Zeh�mklZgh\e_gb_�ijhba\hevgh]h�l_jfh^bgZfbq_kdh]h�jZ\gh\_�
kby�k�jZ\gh\_kghc�fZljbp_c�iehlghklb�\b^Z�!0 = exp( – H/kT)/Sp exp( – H/kT���\�j_eZdkZpb�
hgghf�hi_jZlhj_�ke_^m_l�aZf_gblv�!�gZ�jZaghklv�! – !0��LZdh_�mjZ\g_gb_�ba\_klgh�dZd�mjZ\�
g_gb_�J_^nbev^Z�>����������@� 
Ih^klZ\eyy� kgh\Z� \� ������� \ujZ`_gby� �������b� �������b�\\h^y� mdZaZggmx�ihijZ\dm�J_^�

nbev^Z��fu�ihemqbf�h[h[s_ggmx�kbkl_fm�mjZ\g_gbc��hibku\Zxsmx�^bgZfbdm�^\modm[b�
lh\h]h�ZgkZf[ey�\�\b^_��a^_kv�mql_gh��qlh F16 = Î ): 

 dQ.(t)/dt = ∑
15

β
αβM Q�(t)  + ))()((2/1 0

15

BQtQR ββ
β

αβ −−⋅⋅∑∑ , (1.91) 

]^_ 
 ]),[],([Sp

15 15

,

++++ ++⋅⋅== ∑∑∑∑ δβγδβ
β δγ

γαγδαβ FFFFFFFaR  (1.92) 

j_eZdkZpbhggZy�wjfblh\Zy�fZljbpZ� 
Kbkl_fZ� ^ey� ��� ^bgZfbq_kdbo�i_j_f_gguo� hibku\Z_l� mklZgh\e_gb_� l_jfh^bgZfbq_kdb�

jZ\gh\_kguo�agZq_gbc Q.0 = Sp!0F.��^hihegbl_evgh����iZjZf_ljh\�� 
>ey�h^ghdm[blh\uo�kbkl_f�fZljbpZ�R.� 3×��oZjZdl_jbam_lky�lj_fy�\_s_kl\_ggufb��ih�

eh`bl_evgufb�^bZ]hgZevgufb�we_f_glZfb���<�dZq_kl\_�qZklgh]h�kemqZy�ba�mjZ\g_gby��������
ke_^m_l�mjZ\g_gb_�;ehoZ�^ey�\_dlhjZ�;ehoZ�k�lj_fy�khklZ\eyxsbfb�������� 
?keb�\g_rg__�fZ]gblgh_�ihe_�aZ\bkbl�hl�\j_f_gb�B(t) = B + b(t���lh�gZ�fZkrlZ[_�\j_f_gb�

agZqbl_evgh�[hevr_f�\j_f_gb�dhjj_eypbb�2C�kemqZcguo�ihe_c�b�ijb��_b| 2C << ��jZ\gh\_k�
gh_� agZq_gb_�fZdjhkdhibq_kdhc� ^bgZfbq_kdhc� i_j_f_gghc�Q�0(B(t��� ke_^m_l� kqblZlv�� dZd�
wlh� ^_eZehkv�ijb� h[h[s_gbb� mjZ\g_gby�;ehoZ�� aZ\bkys_c� hl�f]gh\_ggh]h� agZq_gby�ihey 
B(t���Wlh�hdZau\Z_lky�kms_kl\_gguf�\�kemqZ_�^hklZlhqgh�kbevguo�i_j_f_gguo�ihe_c�b(t). 
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?keb�mkeh\b_��_b| 2C << ��g_�\uihegy_lky��kblmZpby�hdZau\Z_lky�[he__�keh`ghc��\�qZklghklb�
\j_f_gZ�j_eZdkZpbb�gZqbgZxl�aZ\bk_lv�hl�Zfieblm^u�i_j_f_ggh]h�ihey�|b| [1.8]. 

Qbkeh�\_s_kl\_gguo�iZjZf_ljh\��oZjZdl_jbamxsbo�jZ\gh\_kgh_�kf_rZggh_�khklhygb_, , 
lh�_klv�hij_^_ey_lky�jZaf_jghklvx�]bev[_jlh\Z�ijhkljZgkl\Z��lh]^Z�dZd�qbkeh�\_s_kl\_g�
guo�iZjZf_ljh\��hibku\Zxsbo�^bgZfbdm�kf_rZggh]h�khklhygby�ZgkZf[ey�^\modm[blh\uo�
kbkl_f�� \� h[s_f� kemqZ_� m\_ebqb\Z_lky� ^h� fZdkbfZevgh]h� qbkeZ� we_f_glh\� fZljbpu� γδR   

(24 – 1)2 = �����Dhgdj_lgh_�agZq_gb_�wlbo�iZjZf_ljh\�hij_^_ey_lky�oZjZdl_jhf�wg_j]_lbq_�
kdh]h� ki_dljZ� kibgh\hc� kbkl_fu��f_oZgbafZfb�\aZbfh^_ckl\by�dm[blh\�f_`^m� kh[hc�b� k�
hdjm`_gb_f�b�fh`_l�[ulv�hij_^_e_gh�ebrv�^ey�g_dhlhjuo�ijhkluo�fh^_e_c��kf��gb`_�jZa�
^_eu�1.10 –  1.12). 

Ke_^m_l� aZf_lblv�� qlh� \� kemqZ_�� dh]^Z� khklZ\eyxsb_� l_gahjZ� dhjj_eypbb� hlkmlkl\mxl��
qbkeh�^bgZfbq_kdbo�iZjZf_ljh\�agZqbl_evgh�mf_gvrZ_lky�b�k\h^blky�d�r_klb�khklZ\eyx�
sbf�^\mo�\_dlhjh\�;ehoZ��H^gZdh�j_eZdkZpbhggu_�ijhp_kku�\�lZdhc�kbkl_f_�ijb\h^yl�d�
lhfm��qlh�^bgZfbq_kdb_�ijhp_kku�\�lZdhc�kbkl_f_�hibku\Zxlky�kbkl_fhc�ba���k\yaZgguo�
mjZ\g_gbc�� kh^_j`Zsbo� ��� g_aZ\bkbfuo� iZjZf_ljh\�� jZ\guo� qbkem� jZaebqguo� we_f_glh\�
j_eZdkZpbhgghc�fZljbpu� 
<�ijhkl_cr_f�kemqZ_�^ey�ZgkZf[ey��khklhys_]h�lhevdh�ba�^\mo�lbih\�g_dhjj_ebjh\Zgguo�

kibgh\-dm[blh\��fu�[m^_f�bf_lv�kbkl_fm�^\mo�k\yaZgguo�mjZ\g_gbc�^ey�\_dlhjh\�;ehoZ�k�
���\_s_kl\_ggufb�j_eZdkZpbhggufb�iZjZf_ljZfb��>ey�kbkl_fu�k�h^ghhkghc�kbff_ljb_c��
hij_^_ey_fhc�gZijZ\e_gb_f�\g_rg_]h�ihey��qbkeh�g_aZ\bkbfuo�iZjZf_ljh\� mf_gvrZ_lky�
^h���� 
QZklguf� kemqZ_f� y\ey_lky�ba\_klgZy� kbkl_fZ� mjZ\g_gbc�B�KhehfhgZ�b�G�;ehf[_j]_gZ��

^ey�z-khklZ\eyxsbo�^\mo�\_dlhjh\�;ehoZ��\_dlhjh\�iheyjbaZpbb��>���@��HgZ�kh^_j`bl�lhev�
dh���jZaebqguo�j_eZdkZpbhgguo�iZjZf_ljZ��;he__�ihegZy�kbkl_fZ�mjZ\g_gbc�^ey�\_dlhjh\�
gZfZ]gbq_gghkl_c��beb�\_dlhjh\�;ehoZ��[ueZ�knhjfmebjh\ZgZ�gZfb�jZg__�\�>����@� 
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>ey� I1 = I2 = ���� b� jZ\gh]h� qbkeZ� h[hbo� dm[blh\�� \j_f_gZ� i_j_dj_klghc� j_eZdkZpbb 

⊥⊥,21T = ⊥⊥,12T , ||,21T = ||,12T � b� qbkeh� g_aZ\bkbfuo� j_eZdkZpbhgguo� iZjZf_ljh\� mf_gvrZ_lky� ^h 

r_klb��GZ� hkgh\_�ih^h[ghc� kbkl_fu� mjZ\g_gbc�� \� qZklghklb��[ueZ�ijh^_fhgkljbjh\ZgZ�
\hafh`ghklv�agZqbl_evgh]h�m\_ebq_gby�kb]gZeZ�YFJ�\�d\Zglh\uo�fZ]g_lhf_ljZo�gZ�iZjZ�
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fZ]gblguo� jZkl\hjZo� \� mkeh\byo� ^bgZfbq_kdhc� iheyjbaZpbb� y^_jguo� kibgh\� �wnn_dlZ�
H\_joZma_jZ��>����@� 
K�m\_ebq_gb_f�qbkeZ�dm[blh\�ihfbfh�l_gahjh\�dhjj_eypbb�\lhjh]h�jZg]Z�^ey�ihegh]h�

hibkZgby�d\Zglh\h]h�khklhygby�ijboh^blky�\\h^blv�^hihegbl_evgu_�iZjZf_lju – l_gahju�
dhjj_eypbb�\k_�[he__�\ukhdh]h�jZg]Z��Gh�kbkl_fZ�mjZ\g_gbc�ijb�wlhf�hklZ_lky�dhg_qghc��<�
j_amevlZl_�^ey�L-dm[blh\hc�kbkl_fu�qbkeh�^bgZfbq_kdbo�iZjZf_ljh\��jZ\gh_�qbkem�we_f_g�
lh\�fZljbpu�iehlghklb�[_a�_^bgbpu�b�^hklb]Z_l�h]jhfguo�agZq_gbc���2L– ����Khhl\_lkl\_g�
gh�jZkl_l�b�qbkeh�we_f_glh\�j_eZdkZpbhgghc�fZljbpu��LZdbf�h[jZahf��ihegh_�hibkZgb_�j_�
eZdkZpbhgguo� ijhp_kkh\� \� fgh]hdm[blh\uo� d\Zglh\uo� kbkl_fZo� ijb� ijhba\hevguo�
\g_rgbo�\ha^_ckl\byo�gZ�g__��hdZau\Z_lky�ijZdlbq_kdb�g_\hafh`guf. 

D�kqZklvx�h^gZdh�ex[u_�dhgdj_lgu_�\uqbkebl_evgu_�hi_jZpbb�ij_^klZ\eyxlky�k�ihfh�
svx�^hklZlhqgh�ijhkluo�hi_jZpbc��ijhbkoh^ysbfb�lhevdh�k�h^gh-�b�^\modm[blh\ufb�kh�
klhygbyfb��dhlhju_�^he`gu�\uihegylvky�aZ�\j_f_gZ��fZeu_�ih�kjZ\g_gbx�k�oZjZdl_jgufb�
\j_f_gZfb�^_dh]_j_glbaZpbb�wlbo�khklhygbc� 
<�kemqZ_�y^_jguo�kibgh\�\�l\_j^hf�l_e_�qZklh�kms_kl\_gguf�klZgh\blky�g_fZjdh\kdbc�

oZjZdl_j�\ha^_ckl\by�hdjm`_gby�gZ�kibgu��Ih�ZgZeh]bb�k�hibkZgguf�\ur_�\�jZa^_e_�1.2 

h[h[s_gb_f�mjZ\g_gby�;ehoZ�fh`gh�ij_^eh`blv�lZd`_�h[h[s_gb_�mjZ\g_gby�Ebg^[eZ^Z�b��
\�qZklghklb��mjZ\g_gby���������iml_f�\\_^_gby�\aZf_g�g_aZ\bkys_c�hl�\j_f_gb�j_eZdkZpbhg�
ghc�fZljbpu�R.��g_dhlhjhc�fZljbpu�iZfylb.f.�(t): 

 
τττ ββαβββαβ dBQtQfBQQR

t

))()(()())(( 0

0

0 −−−−→→−− ∫∫
, (1.94) 

AZdexq_gb_�� Hlf_q_gh�� qlh� ijhp_kku� ^_dh]_j_glbaZpbb� b� ^bkkbiZpbb� ^\modm[blh\uo�
kbkl_f�hibku\Zxlky�\�jZfdZo�mjZ\g_gby�Ebg^[eZ^Z�k�ihfhsvx�j_eZdkZpbhgghc�fZljbpu�
15×15 k�����we_f_glZfb� 
Knhjfmebjh\Zgh� h[h[s_ggh_� mjZ\g_gb_� Ebg^[eZ^a�� dhlhjh_� ^ey� ^\modm[blh\h]h� Zg�

kZf[ey��\hh[s_�]h\hjy�kh^_j`bl�^hihegbl_evgh����iZjZf_ljh\ – jZ\gh\_kguo�agZq_gbc�^b�
gZfbq_kdbo�i_j_f_gguo��Iemq_gZ�kbkl_fZ�k\yaZgguo�mjZ\g_gbc�^ey�^\mo�dm[blh\��g_�mqb�
lu\ZxsZy�l_gahjh\�dhjj_eypbb� 
MjZ\g_gb_�Ebg^[eZ^Z�h[h[sZ_lky�b�gZ�kemqZc�g_fZjdh\kdbo�kemqZcguo�ijhp_kkh\��ZgZ�

eh]bqgh�\uiheg_gghfm�\ur_�h[h[s_gbx�mjZ\g_gby�;ehoZ� 

1.8. >_dh]_j_glbaZpby�khklhygbc�dm[blh\�b�kihkh[u�__�hibkZgby 

>_dh]_j_glbaZpby�d\Zglh\uo�khklhygbc�\�kbkl_f_��\aZbfh^_ckl\mxs_c�k�fZdjhkdhib�
q_kdbf�hdjm`_gb_f��y\ey_lky��gZjy^m�k�^bkkbiZpb_c�wg_j]bb��lbibqguf�g_h[jZlbfuf�ijh�
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p_kkhf��>_lZevguc�h[ahj�jZaebqguo�nbabq_kdbo�Zki_dlh\�ijhp_kkh\�^_dh]_j_glbaZpbb�^Zg�
\�dgb]Zo�>����� ����@��Wlh�y\e_gb_�y\ey_lky�b�h^gbf�ba�hkgh\guo�h]jZgbqb\Zxsbo�nZdlhjh\�
gZ�imlb�kha^Zgby�d\Zglh\uo�dhfivxl_jh\��ihkdhevdm�bf_ggh�hgh�hl\_lkl\_ggh�aZ�jZajmr_�
gb_�d\Zglh\uo�kmi_jihabpbc�b��\�qZklghklb��aZimlZgguo�khklhygbc� 
<ur_�m`_�hlf_qZehkv��qlh�fZljbpZ�iehlghklb�dZd�qbklh]h��lZd�b�kf_rZggh]h�khklhygby��

\�ijhba\hevghf�ij_^klZ\e_gbb�bf__l�g_�lhevdh�^bZ]hgZevgu_��gh�b�g_^bZ]hgZevgu_�we_f_g�
lu��H�d\Zglh\hc�dh]_j_glghklb��hibku\Z_fhc�g_^bZ]hgZevgufb�we_f_glZfb�fZljbpu�iehl�
ghklb��bf__l�kfuke�]h\hjblv�ebrv�_keb�hij_^_e_gh�ij_^klZ\e_gb_ ^ey�wlhc�fZljbpu��Ke_�
^h\Zl_evgh��^he`_g�kms_kl\h\Zlv�h[t_dlb\guc�kihkh[�\u[hjZ�[ZabkZ�lZdh]h�ij_^klZ\e_gby��
<�dZq_kl\_�wlh]h�[ZabkZ�m^h[gh�\u[jZlv�lZdb_�hjlh]hgZevgu_�khklhygby�d\Zglh\hc�kbkl_fu��
dhlhju_�fbgbfZevgh�aZimlZgu�k�khklhygb_f�hdjm`_gby�\�l_q_gb_�\k_]h�ijhp_kkZ�w\h�
expbb� d\Zglh\hc� kbkl_fu�� Hgb� gZau\Zxlky� khklhygbyfb-mdZaZl_eyfb� (pointer-states). 

Bf_ggh�wlb�khklhygby�bkihevamxlky�\�dZq_kl\_�\uqbkebl_evgh]h�[ZabkZ� 
Qbklh_�gZqZevgh_�khklhygb_�jZkkfZljb\Z_fhc�d\Zglh\hc�kbkl_fu�!(0) = | Ψ(0)〉〈Ψ(0) _�k�

l_q_gb_f�\j_f_gb��[eZ]h^Zjy�\aZbfh^_ckl\bx�k�hdjm`_gb_f��aZimlu\Z_lky�k�_]h�khklhygby�
fb��<�dZq_kl\_�f_ju�aZimlZgghklb�khklhygby�d\Zglh\hc�kbkl_fu��dZd�qZklb�[he__�keh`ghc�
aZfdgmlhc�d\Zglh\hc�kbkl_fu��\dexqZxs_c�hdjm`_gb_��qZklh�bkihevam_lky�wgljhiby�aZ�
imlZgghklb��hij_^_ey_fZy�dZd 
 E(ρρ) = – Sp !(t)log2 !(t), (1.95) 

]^_�!(t) —�ijb\_^_gguc�hi_jZlhj�iehlghklb��ihemq_gguc�iml_f�\aylby�rimjZ�hl�h[s_]h�
hi_jZlhjZ�iehlghklb�_ Ψ(t)〉〈Ψ(t) _�ih�g_dhgljhebjm_fuf�kl_i_gyf�k\h[h^u�hdjm`_gby��BgZ�
q_�]h\hjy��wgljhiby�aZimlZgghklb�y\ey_lky�wgljhib_c�nhg�G_cfZgZ�^ey�kf_rZggh]h�kh�
klhygby�d\Zglh\hc�kbkl_fu��hibku\Z_fh]h�fZljbp_c�iehlghklb�!(t���Lj_[m_fu_�^ey�ij_^�
klZ\e_gby�fZljbpu� iehlghklb� d\Zglh\hc� kbkl_fu� [Zabkgu_� khklhygby-mdZaZl_eb� ^he`gu�
hij_^_eylvky�k�ihfhsvx�fbgbfbaZpbb�nmgdpbhgZeZ�E(ρ��hlghkbl_evgh | Ψ(0)〉 k�bkihevah�
\Zgb_f�lj_[h\Zgby�bo�klZ[bevghklb��robustness��\h�\j_f_gb��<hh[s_�]h\hjy��lZdZy�ijhp_^m�
jZ�ijZdlbq_kdb�ljm^gh�\uihegbfZ��ohly�kms_kl\mxl�ijhklu_�kemqZb��]^_�lZdb_�khklhygby�
e_]dh�hij_^_eblv�ba�w\jbklbq_kdbo�khh[jZ`_gbc� 
Ijbjh^Z�lZdbo�khklhygbc�kms_kl\_gguf�h[jZahf�aZ\bkbl�hl�\b^Z�ki_dljZevghc�iehlgh�

klb�jZkij_^_e_gby�qZklhl�hdjm`_gby�b�bo�hlghkbl_evghc�jheb�\�h[jZah\Zgbb�aZimlZgguo�
khklhygbc�d\Zglh\hc�kbkl_fu��<�kemqZ_��dh]^Z�oZjZdl_jgu_�qZklhlu�&C�ki_dljZevghc�iehl�
ghklb�nemdlmbjmxsbo�ihe_c��kha^Z\Z_fuo�hdjm`_gb_f��fZeu�ih�kjZ\g_gbx�k�oZjZdl_jgu�
fb�qZklhlZfb�d\Zglh\hc�kbkl_fu�beb�dh]^Z�]ZfbevlhgbZgu�d\Zglh\hc�kbkl_fu�b�__�\aZbfh�
^_ckl\by� k� hdjm`_gb_f� dhffmlbjmxl� f_`^m� kh[hc�� khklhygbyfb-mdZaZl_eyfb� fh]ml�
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kem`blv�kh[kl\_ggu_�nmgdpbb�]ZfbevlhgbZgZ�d\Zglh\hc�kbkl_fu��lh�_klv�khhl\_lkl\mxs__�
ij_^klZ\e_gb_�fh`_l�[ulv�gZa\Zgh�wg_j]_lbq_kdbf. 

<�wg_j]_lbq_kdhf�ij_^klZ\e_gbb�ijhp_kku�^bkkbiZpbb�b�^_dh]_j_glbaZpbb�q_ldh�jZa^_�
eyxlky�b�bf_xl�k\hb�\j_f_ggu_�fZkrlZ[u��G_ij_ju\gh_�aZlmoZgb_�^bZ]hgZevguo�\�wg_j]_�
lbq_kdhf�ij_^klZ\e_gbb�we_f_glh\�fZljbpu�iehlghklb�\�hldjulhc�d\Zglh\hc�kbkl_f_��k\y�
aZggh_� k� ^bkkbiZpb_c� wg_j]bb� g_jZ\gh\_kghc� kbkl_fu� ijb� __� \aZbfh^_ckl\bb� k�
hdjm`_gb_f��oZjZdl_jbam_lky�\j_f_g_f�^bkkbiZpbb�wg_j]bb�(kibg-j_r_lhqguf�\j_f_g_f�
j_eZdkZpbb)��dhlhjh_�h[uqgh�agZqbl_evgh�[hevr_ \j_f_gb�^_dh]_j_glbaZpbb��<�j_amev�
lZl_�w\hexpbb�d\Zglh\hc�kbkl_fu�fZljbpZ�iehlghklb�ijbh[j_lZ_l�^bZ]hgZevguc�\b^��oZ�
jZdl_jguc�^ey�kf_rZggh]h�khklhygby�\�wlhf�ij_^klZ\e_gbb��JZg__�[ueh�ihdZaZgh��qlh�ijb�
gZebqbb�iZjghc�aZimlZgghklb�khklhygby�\uqbkebl_evgh]h�[ZabkZ�g_�y\eyxlky�kh[kl\_ggu�
fb�nmgdpbyfb�]ZfbevlhgbZgZ��d\Zglh\hc�kbkl_fu�b�khhl\_lkl\mxsb_�d\Zglh\u_�khklhygby�
g_�fh]ml�jZkkfZljb\Zlvky�\�dZq_kl\_�khklhygbc-mdZaZl_e_c� 
AZf_lbf��qlh�\�^jm]hf�ij_^klZ\e_gbb�g_^bZ]hgZevgu_�we_f_glu�fZljbpu�iehlghklb�ijb�

wlhf�fh]ml�hklZ\Zlvky�hlebqgufb�hl�gmey��Ijb�i_j_oh^_�\�kh[kl\_ggh_�ij_^klZ\e_gb_��lh�
_klv�ijb�^bZ]hgZebaZpbb�fZljbpZ�iehlghklb�kbkl_fu��wlh�m`_�g_�wg_j]_lbq_kdh_�ij_^klZ\�
e_gb_���ijhp_kku�j_eZdkZpbb�fZljbqguo�we_f_glh\�[m^ml�hibku\Zlvky�[he__�keh`guf�h[�
jZahf��g_�jZa^_eyykv�gZ�^bkkbiZpbx�b�^_dh]_j_glbaZpbx� 
>bgZfbq_kdb_�ijhp_kku�\�d\Zglh\hf�j_]bklj_��ijb�mkeh\bb��dh]^Z�kibgh\Zy�kbkl_fZ�b�

hdjm`_gb_�ij_^klZ\eyxl�kh[hc�aZfdgmlmx�kbkl_fm��hibku\Z_fmx�iheguf�]ZfbevlhgbZghf 

 H = HS ⊗ 1B + 1S ⊗ HB + HSB , (1.96) 

]^_�HS, HB�b�HSB –�]ZfbevlhgbZgu�kibgh\hc�kbkl_fu��hdjm`Zxs_c�kj_^u�b�bo�\aZbfh^_c�
kl\by��\�ijbgpbi_��\�dZ`^hf�dhgdj_lghf�kemqZ_�fh]ml�[ulv�hibkZgu�gZ�iheghklvx�d\Zglh�
\hc� hkgh\_�� H^gZdh�� dh]^Z� \ha^_ckl\b_� hdjm`_gby� gZ� kibgh\mx� kbkl_fm� bf__l� oZjZdl_j�
klZpbhgZjgh]h�kemqZcgh]h�ijhp_kkZ�fZjdh\kdh]h�lbiZ��fh`gh�\hkihevah\Zlvky�n_ghf_�
gheh]bq_kdbf� mjZ\g_gb_f�Ebg^[eZ^Z� ������� ^ey�fZljbpu�iehlghklb��Y\e_gb_�j_eZdkZpbb�
rbjhdh�bamqZehkv�\�nbabd_�jZagh]h�jh^Z�^\momjh\g_\uo� kbkl_f�b��\�qZklghklb��\�nbabd_�
y^_jgh]h�fZ]gblgh]h�j_ahgZgkZ >��������@��l_hjby�dhlhjh]h�hkgh\ZgZ�gZ�mjZ\g_gbb�;ehoZ�
(1.10). 

GZjy^m�kh�kemqZcgufb�g_ij_ju\gufb�klZpbhgZjgufb�\ha^_ckl\byfb�gZ�d\Zglh\mx�kbk�
l_fm�kh�klhjhgu�hdjm`Zxs_c�kj_^u�kms_kl\mxl�kemqZcgu_ g_klZpbhgZjgu_�\ha^_ckl\by 

�ihf_ob��� \hh[s_� ]h\hjy��g_fZjdh\kdh]h� lbiZ�� kha^Z\Z_fu_��\�qZklghklb�� mijZ\eyxs_c�b�
baf_jbl_evghc�ZiiZjZlmjhc��dhlhju_�ijb\h^yl�d�^bkdj_lguf�hrb[dZf�d\Zglh\h]h�khklhy�
gby�kbkl_fu� 
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>ey�hl^_evgh]h�dm[blZ�ex[u_�hrb[db�\�fZljbp_�iehlghklb�/!(t���\�lhf�qbke_�b�k\yaZg�
gu_�k�g_ij_ju\ghc�^_dh]_j_glbaZpb_c��fh]ml�[ulv�hij_^_e_gu�ba�mjZ\g_gby�nhg�G_cfZgZ��
_keb�]ZfbevlhgbZg�^ey�g_]h�aZibkZlv�\�\b^_ 
 H = – (&0/2) 1z – 1/2 (0z(t) 1z + 0x(t) 1x + 0y (t) 1y) , (1.97) 

]^_�0x,y,z(t) —�Zfieblm^u�lj_o�lbih\�kemqZcguo�g_klZpbhgZjguo�\ha^_ckl\bc�gZ�dm[bl�k�hi�
j_^_e_ggufb� klZlbklbq_kdbfb�oZjZdl_jbklbdZfb��khhl\_lkl\mxsbo�lj_f�jZaguf�lbiZf 

hrb[hd��Wlh��khhl\_lkl\_ggh��nZah\Zy�hrb[dZ��phase-flip) 0z(t) 1z��hij_^_eyxsZy�k[hc�nZau�
d\Zglh\h]h�khklhygby��Zfieblm^gZy�hrb[dZ��bit-flip)�0x(t) 1x��ijb\h^ysZy�d�baf_g_gbx�gZ�
k_e_gghkl_c�khklhygbc�b�kf_rZggZy�Zfieblm^gh-nZah\Zy�hrb[dZ��bit-phase-flip)�0y (t) 1y, 

khhl\_lkl\mxsZy� bo� dhf[bgZpbb�� <ha^_ckl\by�� hibku\Z_fu_� kemqZcghc� nmgdpb_c 

0z(t) = û&(t��g_�ijb\h^yl�d�i_j_oh^Zf�f_`^m�[Zabkgufb�khklhygbyfb��lh�_klv�g_�khijh\h`�
^Zxlky�^bkkbiZpb_c�wg_j]bb��Hgb�hl\_lkl\_ggu�aZ�lZd�gZau\Z_fmx�Z^bZ[Zlbq_kdmx�^_dh�
]_j_glbaZpbx. 

AZf_lbf��qlh�ijb�lZdhf�ih^oh^_�g_�mqblu\Zxlky�ijhp_kku��ijhbkoh^ysb_�\�hdjm`Zxs_c�
kj_^_��b�\�wlhf�kfuke_�jZkkfhlj_gb_�g_�y\ey_lky�iheguf�d\Zglh\uf� 
KemqZcgZy� qZklv� fZljbpu� iehlghklb� dm[blZ� \ujZ`Z_lky� q_j_a� ljb� kemqZcguo� khklZ\�

eyxsbo�\_dlhjZ�;ehoZ�ke_^mxsbf�h[jZahf� 
 /!(t) = 1/2 ( /3z(t)σz+ /3+(t)σ–+ /3–(t)σ+  ) . (1.98) 

<�kemqZ_ L–dm[blh\h]h�j_]bkljZ�qbkeh�jZaebqguo�lbih\�hrb[hd�\�h[s_f�kemqZ_�jZ\gh�
qbkem�g_aZ\bkbfuo�we_f_glh\�fZljbpu�iehlghklb�j_]bkljZ��2L – ���>ey�g_aZ\bkbfuo�dm[b�
lh\� \� j_]bklj_�� dh]^Z�hrb[db�g_�dhjj_ebjh\Zgu��qbkeh�jZaguo� lbih\�hrb[hd��hq_\b^gh��
kgb`Z_lky�^h��L. 

>ey�hibkZgby�ijhp_kkZ�^_dh]_j_glbaZpbb�\�h[s_f�kemqZ_�\_kvfZ�`_eZl_evgh�bf_lv�kih�
kh[��g_� lj_[mxsbc�hij_^_e_gby� khklhygbc-mdZaZl_e_c��H[jZlbfky�^ey�wlh]h�d�g_dhlhjuf�
ihgylbyf�d\Zglh\hc�l_hjbb�bgnhjfZpbb��FZljbpZ�iehlghklb�jZ\gh\_kgh]h�kf_rZggh]h�kh�
klhygby�hldjulhc�d\Zglh\hc�kbkl_fu�hibku\Z_lky�fZljbp_c�iehlghklb��dhlhjZy�ijb�^bZ]h�
gZebaZpbb� bf__l� g_gme_\u_� fZljbqgu_� we_f_glu�� y\eyxsb_ky� gZk_e_gghklyfb�fbdjhkh�
klhygbc� pn� ^ey� khklhygbc� _n〉�>ey� lZdh]h� khklhygby�fh`gh� hij_^_eblv�bgnhjfZpbhggmx�
wgljhibx�R_gghgZ� 
 H[p] = ∑−

n
nn pp 2log  (1.99) 

K�^jm]hc� klhjhgu�bgnhjfZpbhggZy� wgljhiby�ijhba\hevgh]h� khklhygby�d\Zglh\h]h�Zg�
kZf[ey�\ujZ`Z_lky�q_j_a�hi_jZlhj�iehlghklb�kh]eZkgh�\ujZ`_gbx�nhg�G_cfZgZ� 
 S[!] = E(ρρ) = – Sp !(t)log2 !(t) (1.100) 
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JZaghklv 
 S[!]  – H[p] � 0 (1.101) 

h[jZsZ_lky�\�gmev�dh]^Z�hi_jZlhj�iehlghklb�^bZ]hgZe_g�\�[Zabk_�_n〉. ?keb�jZ\gh\_kgh_�kh�
klhygb_�qbklh_��lh�g_jZ\_gkl\h���������h[jZsZ_lky \�S[!] � 0 . 

 Kdhjhklv�^_dh]_j_glbaZpbb�gZqZevgh]h�d\Zglh\h]h�kf_rZggh]h�khklhygby�[m^_l�oZjZd�
l_jbah\Zlvky�kdhjhklvx�aZlmoZgby�wlhc�jZaghklb��ijb�wlhf�hgZ�g_�aZ\bkbl�hl�ij_^klZ\e_gby�
hi_jZlhjZ�iehlghklb !(t���ijb�Zijbhjb�ba\_klguo�gZqZevguo�[Zabkguo�khklhygbyo�_n〉��AZ\b�
kbfhklv�hl�gZqZevgh]h�[ZabkZ�b�keh`guc�ba-aZ�aZ\bkbfhklb�hl�log2 !(t��\b^�\ujZ`_gby�^ey�
wgljhibb�y\eyxlky�hkgh\gufb�g_^hklZldZfb�wlh]h�kihkh[Z�>����@� 
Bg\ZjbZglghc�hlghkbl_evgh�\u[hjZ�ij_^klZ\e_gby�fZljbpu�iehlghklb�dZd�l_dms_]h��

lZd�b�gZqZevgh]h�khklhygby�f_jhc�ijhp_kkZ�j_eZdkZpbb�gZqZevgh]h�d\Zglh\h]h�khklhygby��
hibku\Z_fh]h�fZljbp_c�iehlghklb�!(0���\dexqZxs_]h�\k_�ijhp_kku�^bkkbiZpbb�b�^_dh]_�
j_glbaZpbb�� y\ey_lky�lhqghklv� \hkijhba\_^_gby� khklhygby� �fidelity���hij_^_ey_fZy�\ujZ�
`_gb_f 

 F(t) = Sp !(t)!(0) = 1 – p(t) , (1.102) 

]^_�p(t) —�\_jhylghklv�ihemqZ_fhc�hrb[db� 
Lhqghklv� \hkijhba\_^_gby� \� kemqZ_� qbklh]h� d\Zglh\h]h� gZqZevgh]h� khklhygby�

!(0) = | Ψ(0)〉〈Ψ(0) _� ijbgbfZ_l� \b^ F(t) = Sp !(t)| Ψ(0)〉〈Ψ(0) | = 〈Ψ(0) |!(t)| Ψ(0)〉. <� kemqZ_�
^hklZlhqghc�f_^e_gghklb�ijhp_kkh\�^bkkbiZpbb�oZjZdl_jgZy�kdhjhklv�aZlmoZgby�wlhc�\_eb�
qbgu�[m^_l�hij_^_eylv�kdhjhklv�^_dh]_j_glbaZpbb�gZqZevgh]h�khklhygby� 
>ey�hibkZgby�ijhp_kkZ�j_eZdkZpbb�fh`_l�[ulv�bkihevah\ZgZ�lZd`_�lZd�gZau\Z_fZy�qbk�

lhlZ (purity)�d\Zglh\h]h�khklhygby��hij_^_ey_fZy�\ujZ`_gb_f 

 P(t) = 2Sp(!(t)2 – !(t)) + 1 = 2Sp(!(t)2 – 1 � 1 . (1.103) 

>ey�qbklh]h�d\Zglh\h]h�khklhygby�P = ���ihkdhevdm ! = !2��>ey�fZdkbfZevgh�kf_rZggh]h 
khklhygby�!(0) = 1/2 Î , P = ���?keb�\�gZqZevguc�fhf_gl�[ueh�aZ^Zgh�qbklh_�dh]_j_glgh_�kh�
klhygb_��lh�j_eZdkZpbhggu_�ijhp_kku�ijb\_^ml�d�_]h�^_dh]_j_glbaZpbb�b�i_j_oh^m�\�kf_�
rZggh_�jZ\gh\_kgh_�khklhygb_�kh�agZq_gb_f�\_ebqbgu�\_dlhjZ�;ehoZ�� < P(�� < 1. 

AZdexq_gb_��HibkZgb_�kdhjhklb�dZd�ijhp_kkh\�^bkkbiZpbb��lZd�b�ijhp_kkh\�^_dh]_j_g�
lbaZpbb�gZ�hkgh\_�mjZ\g_gby�Ebg^[_j]Z�k�mq_lhf�iheghc�j_eZdkZpbhgghc�fZljbpu�^Z`_�^ey�
^\modm[blh\h]h�ZgkZf[ey�ijZdlbq_kdb�g_�ij_^klZ\ey_lky�\hafh`guf��H^gZdh��_keb�aZ�
\_^hfh�ba\_klgh��qlh�^bkkbiZlb\gu_�ijhp_kku�y\eyxlky�hq_gv�f_^e_ggufb�ih�kjZ\g_gbx�k�
ijhp_kkZfb�^_dh]_j_glbaZpbb��lh�^ey�h[s_]h�hibkZgby�ihke_^gbo��fh`gh�\hkihevah\Zlvky�
[he__� ijhklufb� oZjZdl_jbklbdZfb�� bkihevamy� lZdb_� bg\ZjbZglgu_� hlghkbl_evgh� bkihev�
am_fh]h�ij_^klZ\e_gby�d\Zglh\uo�khklhygbc�\_ebqbgu�dZd�lhqghklv�\hkijhba\_^_gby�beb�
qbklhlZ�d\Zglh\h]h�khklhygby� 
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1.9. Lhqgh�j_rZ_fZy�d\Zglh\Zy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�
khklhygby�dm[blZ�b�__�ljm^ghklb 

Lhqgh�j_rZ_fZy�d\Zglh\Zy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khklhygbc�h^ghdm�
[blh\h]h�ZgkZf[ey�[ueZ�i_j\hgZqZevgh�^_lZevgh�bamq_gZ�\�jZ[hlZo�>���� – ����@�b�aZl_f�[u�
eZ�kms_kl\_ggh�mlhqg_gZ�ijb�jZkkfhlj_gbb�kemqZy�ijhba\hevgh]h�qbkeZ�dm[blh\�\�j_]bklj_�
\�>����@��A^_kv�fu�^Z^bf�ZgZeba�wlhc�fh^_eb�^ey�kemqZy�h^gh]h�dm[blZ�b�h[km^bf�__�nbab�
q_kdmx�Z^_d\Zlghklv� 
<�wlhc�fh^_eb�ij_^iheZ]Zehkv��qlh�kibgh\Zy�kbkl_fZ�b�hdjm`ZxsZy�kj_^Z��k�dhlhjhc�hgZ�

\aZbfh^_ckl\m_l��ij_^klZ\ey_l�kh[hc�aZfdgmlmx�kbkl_fm��dhlhjZy�^ey�kemqZy�h^gh]h�kibgZ-
dm[blZ�hibku\Z_lky�]ZfbevlhgbZghf�\b^Z��fZljbpZ��×4): 

 H = HS ⊗ 1B + 1S ⊗ HB + HSB = 

 = – (ω0/2) 1z ⊗ 11B + 1 ⊗ kk
k

k bb+∑ω  + )( kkkk
k

z bgbg ++ +⊗∑σ  , (1.104) 

]^_�HS b�HB —�]ZfbevlhgbZgu�dm[blZ�b�hdjm`_gby�\�fZljbqghf�ij_^klZ\e_gbb��1S��b�1B — 

_^bgbqgu_� �×�� fZljbpu-hi_jZlhju�� ^_ckl\mxsb_�� khhl\_lkl\_ggh�� gZ� dm[bl� b� [hahggh_�
\ha[m`^_gb_��Z�lj_lv_�keZ]Z_fh_�—�hibku\Z_l�fh^meypbx�j_ahgZgkghc�qZklhlu�\aZbfh^_c�

kl\b_�f_`^m�gbfb��σz  —�^bZ]hgZevgZy�fZljbpZ�IZmeb��
k

kb 





=+

01

00 �b�
k

kb 





=

00

10
 —�[h�

ahggu_� fZljbpu� jh`^_gby� b� mgbqlh`_gby� k-hc� ]Zjfhgbq_kdhc� ihe_\hc�fh^u� \lhjbqgh-

d\Zglh\Zggh]h� hdjm`_gby��
k

kk bb 





==++

10

00
, 





=+

∗
∗+

0

0

k

k
kkkk

g

g
bgbg �� Jhev� [hahgguo� fh^� \�

YFJ�d\Zglh\uo�j_]bkljZo�fh]ml�b]jZlv�nhghggu_�b�fZ]ghggu_�fh^u��GZijbf_j��ijb�\aZb�
fh^_ckl\bb�k�Zdmklbq_kdbfb�nhlhgZfb�\�ijhklhc�dm[bq_kdhc�j_r_ld_�ba�N�Zlhfh\�k�fZkkZ�
fb�M 

 kNMg kk ⋅⋅)2/(~ 00 ωω ! . (1.105) 

JZkkfZljb\Z_fuc�]ZfbevlhgbZg�bf__l�oZjZdl_jgh_�k\hckl\h� 
 [HS ⊗ 1B, H]  = 0 , (1.106) 

hagZqZxs__��qlh�hg�g_�hibku\Z_l�^bkkbiZpbx�wg_j]bb�d\Zglh\hc�kbkl_fu��Ijhp_kk�^_dh]_�
j_glbaZpbb�\�wlhf�kemqZ_�hdZau\Z_lky��dZd�b�\�jZkkfhlj_gghf�\ur_�d\ZabdeZkkbq_kdhf�kem�
qZ_�Z^bZ[Zlbq_kdbf��dh]^Z�^bkkbiZpby�wg_j]bb�b�khijh\h`^Zxsb_�__�ijhp_kku�^_dh]_j_g�
lbaZpbb� y\eyxlky� agZqbl_evgh� [he__� f_^e_ggufb�� q_f� ijhp_kk� ^_dh]_j_glbaZpbb��
h[mkeh\e_gguc�lhevdh�jZknZabjh\dhc�d\Zglh\h]h�khklhygby��H^gZdh�[1S ⊗ HB, HSB] � ��b�
wlh�hagZqZ_l��qlh�ijhp_kk�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khijh\h`^Z_lky�j_eZdkZpbhg�
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gufb�ijhp_kkZfb�\�hdjm`_gbb��lh�_klv�bf__lky�h[jZlgh_�\ebygb_�kibgh\hc�kbkl_fu�gZ�hd�
jm`_gb_� 
Khklhygb_�kbkl_fu�dm[bl�iexk�hdjm`_gb_�hibku\Z_lky�fZljbp_c�iehlghklb�!(t���Z�^bgZ�

fbdZ�hl^_evgh]h�dm[blZ�—�ijb\_^_gghc�fZljbp_c�iehlghklb !S(t���hij_^_ey_fhc�dZd�ke_^�hl�
hi_jZlhjZ�!(t��ih�kl_i_gyf�k\h[h^u�hdjm`_gby� 
 !S(t) = SpB!(t) = 1/2 (1 + Pzσz+ P+σ–+ P–σ+) . (1.107) 

;Zabkgu_� khklhygby-mdZaZl_eb�dm[blZ� y\eyxlky�\� wlhf� kemqZ_�kh[kl\_ggufb�khklhygbyfb�
]ZfbevlhgbZgZ�HS��<aZbfh^_ckl\b_�k�hdjm`_gb_f�g_�ijb\h^bl�d�baf_g_gbx�gZk_e_gghkl_c�
kibgh\uo�khklhygbc��^bZ]hgZevgu_�we_f_glu�fZljbpu�iehlghklb�Pz�hklZxlky�ihklhyggufb�
�g_l�^bkkbiZpbb�wg_j]bb���<aZbfh^_ckl\b_�k�hdjm`_gb_f�hij_^_ey_l�^bgZfbdm�nZau�b�dh�
]_j_glghklb� khklhygby�dm[blZ��hibku\Z_fhc�g_^bZ]hgZevgufb�we_f_glZfb�P±(t���Ihwlhfm�
^Zggmx�fh^_ev�fh`gh�[ueh�[u�jZkkfZljb\Zlv�dZd�d\Zglh\uc�ZgZeh]�jZkkfhlj_gghc�\ur_�
ihemdeZkkbq_kdhc�fh^_eb� 
Ij_^iheh`bf��qlh�\�gZqZevguc�t = ��khklhygby�dm[blZ�b�hdjm`_gby�g_�dhjj_ebjh\Zgu�b�

hi_jZlhj�iehlghklb�fh`gh�ij_^klZ\blv�\�\b^_��!(0) = !S(0) ⊗ !B������]^_�gZqZevgh_�agZq_gb_�
ijb\_^_gghc�fZljbpu�iehlghklb�dh]_j_glgh]h�khklhygby�dm[blZ�bf__l�hlebqgmx�hl�gmey�
ihi_j_qgmx� khklZ\eyxsmx� \_dlhjZ� ;ehoZ� P–(0) = 2 SpS�1–!S������ Z� \� dZq_kl\_� fZljbpu�
iehlghklb�hdjm`_gby��jZkkfZljb\Z_fh]h�dZd�kbkl_fZ�[hahgguo�\ha[m`^_gbc��bkihevam_lky�
__�jZ\gh\_kgh_�agZq_gb_�ijb�l_fi_jZlmj_�T �h[jZlgh_�\ebygb_�kibgh\hc�kbkl_fu�gZ�hdjm�
`_gb_�ij_g_[j_]Z_lky�� 

 !B(0) = exp(–HB/T)/ Sp exp(–HB/T) = ∏∏ −−

++

−−−−
−−

k k

kkk

T

Tbb
1))/exp(1(

)/exp(

ω
ω

  (1.108) 

AZ\bkbfhklv�hl�\j_f_gb�g_^bZ]hgZevguo�we_f_glh\�fZljbpu�iehlghklb�hij_^_ey_lky�kh�
klZ\eyxsbfb�\_dlhjZ�;ehoZ� 
 P–(t) = �6S�1–!(t)) , (1.109) 

]^_�hi_jZlhj�iehlghklb�!(t��m^h\e_l\hjy_l�hi_jZlhjghfm�mjZ\g_gbx 

 i∂!(t)/∂t = [H, !(t)] . (1.110) 

FZljbpZ�iehlghklb�\�ij_^klZ\e_gbb�\aZbfh^_ckl\by�!int(t) = U–1(t)!(t)U(t��m^h\e_l\hjy_l�
jZ\g_gbx 

 i∂!int(t)/∂t = [HSB(t), !int(t)] , (1.111) 

]^_ 
 HSB(t) = U–1(t) HSB U(t) = σz ⊗ (( ))∑∑ −−++ ∗∗++

k
kkkkkk tibgtibg )exp()exp( ωω  , (1.112) 

 U(t) = exp(– i(HS ⊗ 1B + 1S ⊗ HB)t ) . (1.113) 



 

 

53 

J_r_gb_�mjZ\g_gby���������ij_^klZ\bf�dZd�j_amevlZl�ke_^mxs_]h�mgblZjgh]h�ij_h[jZah�
\Zgby� 
 !int(t) = Uint

–1(t) !int(0) Uint(t) ,  (1.114) 

]^_ 

  Uint(t) = 








−−++⊗⊗−−==′′′′−− ∫∫∑∑∫∫ ∗∗++
t

k
kkkkkkz

t

dttibgtibgitdti
0

'''

0

SB ))exp()exp((exp))(exp( ωωσH  = 

 = ( )∑ ∗+ −⊗
k

kkkkz tbtb ))()(()2/(exp ξξσ  ,    ξk(t) = 2gk (1 – exp(iωkt))/ωk . (1.115) 

Hi_jZlhj�Uint(t��bg^mpbjm_l� aZimlu\Zgb_� khklhygbc� dm[blZ�b� hdjm`_gby�� \hagbdZxs__�
ijb�t > ���Bf_ggh�h[jZah\Zgb_�aZimlZggh]h�khklhygby�k�hdjm`_gb_f�hl\_lkl\_ggh�aZ�ijh�
p_kk�^_dh]_j_glbaZpbb�d\Zglh\h]h�khklhygby�dm[blZ��hibku\Z_fh]h�khklZ\eyxsbfb�\_dlhjZ�
;ehoZ�P±(t���<����������\hh[s_�]h\hjy��ke_^h\Zeh�[u�\\_klb�hi_jZlhj�mihjy^hq_gby�hi_jZlh�
jh\�ih�\j_f_gb�<bdZ�T��H^gZdh��dZd�ihdZaZgh�\�>����@�wlh�g_�kms_kl\_ggh�^ey�h^ghdm[blh�
\uo�ZgkZf[e_c� 
I_j_c^_f�d�\uqbke_gbx�P–(t���Ih^klZ\eyy��\���������gZc^_ggh_�agZq_gb_�!int(t���bkihevamy�

k\hckl\h�bg\ZjbZglghklb�ke_^Z�hlghkbl_evgh�pbdebq_kdhc�i_j_klZgh\db�hi_jZlhjh\�b�khhl�
ghr_gb_ U(t)–11– U(t) = exp(i&0t) 1–���aZibr_f 

 P–(t) = exp(iω0t) 2Sp(1–Uint
–1(t) σ+ ⊗ !B (0)Uint(t)) P–(0) . (1.116) 

Mqblu\Zy�^Ze__��qlh 

 Uint
–1(t) σ+Uint(t) = σ+ ( )∑ ∗+ −

k
kkkk tbtb )()(exp ξξ  (1.117) 

b�ijhba\h^y�kgh\Z�pbdebq_kdmx�i_j_klZgh\dm�ih^�agZdhf�ke_^Z BSp ��gZc^_f 

 P–(t) = exp(iω0t) (( ))∑∑ ∗∗++ −−
k

kkkk tbtb )()(exp)0(Sp BB ξξρ  P–(0) , (1.118) 

]^_ 

(( ))∑∑ ∗∗++ −−
k

kkkk tbtb )()(exp)0(Sp BB ξξρ  = (( ))∏∏ ∑∑ ∗∗++
−−

++

−−
−−−−

−−
k l

llll
k

kkk
k tbtb

T

Tbb
)()(exp

))/exp(1(

)/exp(
Sp

1B ξξ
ω

ω
 = 

 = ∏∏ ∗∗++ −−
k

kkkkk tbtb ))()(exp( ξξ , (1.119) 

SpBk —�hi_jZlhj�\aylby�ke_^Z� �^bZ]hgZevghc�kmffu�ih�qbkeZf�aZiheg_gby�nk���khhl\_lkl�
\mxsbc� \uqbke_gbx kj_^g_]h� agZq_gby� \� k-hf� khklhygbb��
SpBk(…) =

k
... = k

k

kk

n
k n

T

Tn
n

k

...
))/exp(1(

)/exp(
1

0
−−

∞∞

== −−−−
−−∑∑ ω

ω ��ijb�wlhf� 11 ==〉〉〈〈 k . 

Ijb� \uqbke_gbb� wlh]h� kj_^g_]h� \hkihevam_fky� l_hj_fhc� N�;ehoZ� �kf��� gZijbf_j��
>����@���dhlhjZy�hij_^_ey_l�lhqgh_�\ujZ`_gb_ 
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 ∏∏ ∗∗++ −−
k

kkkkk tbtb ))()(exp( ξξ = 




 −−−− ∑∑ ∗∗++

k
kkkkk tbtb 2))()(()2/1(exp ξξ = exp (–+(t)) , (1.120) 

]^_ 

 +(t) = ∑
k

k t

2

)( 2ξ
cth(ωk/2T) = 

2

2 )cos(1
4

k

k

k
k

t
g

ω
ω−∑ cth(ωk/2T) (1.121) 

^_dj_f_gl�^_dh]_j_glbaZpbb� 
<\_^_f� ^Ze__� \� jZkkfhlj_gb_� ki_dljZevgmx� iehlghklv� hdjm`_gby�

I(ω) = 
2

)( k
k

k g∑∑ −− ωωδ  b�ihemqbf�lhqgh_�\ujZ`_gb_��ijb\_^_ggh_�\�>����������@ 

 +(t) = ω
ω

ωωω d
t

TnI 2
0

)cos(1
)1),(2()(4

−−++∫∫
∞∞

, (1.122) 

\�dhlhjhf�n(ω,T) = (exp(ω/T) – 1)–1 —�kj_^g__�qbkeh�[ha_\kdbo�\ha[m`^_gbc�ijb�l_fi_jZ�
lmj_�T��Ba� �������ke_^m_l��qlh�\deZ^�l_ieh\uo�b�\Zdmmfguo�nemdlmZpbc�\�+(t��hdZau\Z_lky�
jZa^_e_gguf��Z�i_j_fgh`_gb_�\j_f_gguo�rdZe��h[mkeh\e_gguo�wlbfb�^\mfy�f_oZgbafZfb��
ijb\h^bl�d�^hklZlhqgh�keh`ghfm�ijhp_kkm�^_dh]_j_glbaZpbb� 
 Pz(t) = Pz(0),   P–(t) = exp(iω0t – Γ(t)) P–(0) . (1.123) 

>ey�lhqghklb�\hkijhba\_^_gby�khklhygby��fidelity��\�eZ[hjZlhjghc�kbkl_f_�dhhj^bgZl�ih�
emqbf 

))(exp())0()0(())0(1((
2

1
))(1Re(

2

1
)(Sp)( 0

2222 t+tiPPPPtPPttF yxzz −−++++++==++++==== ∗∗
−−−− ω!! . (1.124) 

Dhgdj_lguc�\b^�aZ\bkbfhklb�Γ(t��hij_^_ey_lky�\b^hf�ki_dljZevghc�iehlghklb�hdjm`_�
gby��?keb�jhev�[hahgh\�b]jZxl�nhghgu�djbklZeebq_kdhc�j_r_ldb��lh�bo�ki_dlj�h]jZgbq_g�
k\_jom� ^_[Z_\kdhc� qZklhlhc� ωD�� Z� ki_dljZevgmx� iehlghklv� fh`gh� ij_^klZ\blv� \� \b^_���
I(ω) = αωnexp(–ω/ωD��� ]^_� ihklhyggZy�α� oZjZdl_jbam_l�bgl_gkb\ghklv� ki_dljZ� kemqZcguo�
\ha^_ckl\bc� gZ� dm[bl�� AZf_lbf�� qlh� \� lhqghf� \ujZ`_gbb� wlZ�bgl_gkb\ghklv�ijhihjpbh�
gZevgZ� 2

kg ��Ijb�n = ��h^ghf_jgZy�hdjm`ZxsZy�kj_^Z�gZau\Z_lky� ©hfbq_kdhcª��:\lhju�
jZ[hl�>���� – ����@�ijb\h^yl�j_amevlZlu�qbke_ggh]h�fh^_ebjh\Zgby�\_ebqbgu�Γ(t��^ey�jZa�
ebqguo�agZq_gbc�iZjZf_ljh\�ωD�b�T�^ey�h^gh-�b�^\modm[blh\h]h�j_]bkljZ� 
A^_kv�fu�h]jZgbqbfky�jZkkfhlj_gb_f�Zkbfilhlbq_kdh]h�ih\_^_gby�Γ(t��ijb�t : ���dhlh�

jh_�\�ij_^_e_�[m^_l�khhl\_lkl\h\Zlv�h[jZlghfm�\j_f_gb�ihi_j_qghc�j_eZdkZpbb�y^_jgh]h�
kibgZ��� ⊥T : 

 )/)((lim tt+
t ∞→

 = )/)((lim dttd+
t ∞→

 = 1/ ⊥T  = 

 = )(
)sin(

)1),(2()(4lim
0

td
t

t
TnI

t
ω

ω
ωωω ++∫∫

∞∞

→∞→∞
 = 2�

0
lim

→ω
I(&)(2Q�&�7��1) . (1.125) 
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Wlhl�ij_^_e�bf__l�gme_\h_�agZq_gb_�^ey�ki_dljZevghc�iehlghklb� I(ω) c n >  ���^ey�
hfbq_kdhc�hdjm`Zxs_c�kj_^u�ijb�T >> ω. 

Ijb� T = 0 (n(&,T) = ��� hg� hij_^_ey_lky� gme_\ufb� dhe_[Zgbyfb� b� dhg_q_g�� _keb�
0

lim
→ω

I(&) = Const���<�wlhf�kemqZ_�ki_dljZevgZy�iehlghklv�khhl\_lkl\m_l�Zkbfilhlbq_kdb�wdk�
ihg_gpbZevghc�^_dh]_j_glbaZpby��qlh�y\ey_lky�ZgZeh]hf�mkeh\by�©kbevgh]h�km`_gbyª�\�ih�
emdeZkkbq_kdhc�fh^_eb�^_dh]_j_glbaZpbb��dh]^Z�ki_dljZevgZy�iehlghklv�hlebqgZ�hl�gmey�\�
rbjhdhc�h[eZklb�qZklhl��gZqbgZy�hl�gme_\uo� 
Ki_dljZevgZy�iehlghklv�\b^Z� I(&) = I0/(&–&1�� khhl\_lkl\m_l�fhghojhfZlbq_kdbf�nemd�

lmZpbyf�ihe_c��kha^Z\Z_fuo�hdjm`_gb_f�b�lh]^Z 

 +(t) = ω
ω

ωωωδωω d
t

TnI 21

0

0

)cos(1
)()1),(2()(4

−−−−++∫∫
∞∞

 = 

 = 4I0 2
1

1
1

)cos(1
)1),(2(

ω
ωω t

Tn
−−++    (1.126) 

<� kemqZ_�  1/t >>  &1 >> T� �wlh�klZlbq_kdb_�nemdlmZpbb�beb� ©`_kldZyª�j_r_ldZ��ihemqbf�
+(t) = 2I0 t

2. 

<ujZ`_gb_� ��������fh`gh�ihemqblv�g_ihkj_^kl\_ggh��g_�ijb[_]Zy�d�l_hj_f_�;ehoZ��gh�
mqblu\Zy��qlh�\oh^ysZy�\�g_]h�bgl_gkb\ghklv�g_�kh^_j`bl�[he__�\ukhdbo�kl_i_g_c��q_f�

2

kg ��qlh�khhl\_lkl\m_l�[hjgh\kdhfm�ijb[eb`_gbx�l_hjbb�\hafms_gbc��>ey�wlh]h��jZaeZ�
]Zy�wdkihg_glm�\���������\�jy^�L_cehjZ�^h�\lhjh]h�ihjy^dZ�ih�gk��aZibr_f 

 )/)(( dttd+  = – d [ln(P–(t) exp(–iω0t))]/dt § 

 § – (( ))∑∑ ++〉〉−−〈〈++〉〉−−〈〈++ ∗∗++∗∗++

k
kkkkkkkkkk tbtbtbtbdtd ...2/))()(()()(1ln)/( 2ξξξξ  § 

 § – ((∑∑ ++〉〉−−〈〈 ∗∗++

k
kkkkk tbtbdtd )()()/( ξξ  

 ))2/]))()(())()(([ 22
kkkkkkkkkk tbtbtbtb 〉〉−−〈〈−−〉〉−−〈〈++ ∗∗++∗∗++ ξξξξ  . (1.127) 

Ijb�mkj_^g_gbb�khojZgbf�ebrv�keZ]Z_fu_��^bZ]hgZevgu_�ih�qbkeZf�aZiheg_gby��<�j_�
amevlZl_�[m^_f�bf_lv�lh�`_�\ujZ`_gb_��qlh�ke_^m_l�ba�lhqgh]h��������� 
 )/)((lim dttd+

t ∞→
= – 

∞→t
lim (( )) dttbtbd

k
kkkkk /2/))()(( 2∑∑ 〉〉−−〈〈 ∗∗++ ξξ  = 

 =  
→∞→∞t
lim ∑∑ ⋅⋅++

k k

k
kkk

t
ng

ω
ω )sin(

)12(4
2

 (1.128) 

>ey�Zkbfilhlbq_kdhc�kdhjhklb�^_dh]_j_glbaZpbb�ihemqbf�kgh\Z�\ujZ`_gb_ 
 1/ ⊥T  = )/)((lim dttd+

t ∞→
 = 

 = )(
)sin(

)1),(2()(4lim
0

td
t

t
TnI

t
ω

ω
ωωω ++∫∫

∞∞

→∞→∞
 = 2�

0
lim

→ω
I(&)(2n(&�7)+1) , (1.129) 
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\� dhlhjhf� mqZkl\mxl� lhevdh� mijm]b_�ijhp_kku� \aZbfh^_ckl\by� kibgZ� k�[hahghf��H^gZdh�
ke_^m_l�aZf_lblv��qlh�ijb�ijhba\hevguo�agZq_gbyo� t�\deZ^�^Zxl�b�g_mijm]b_�\bjlmZevgu_�
ijhp_kku�k�& � ���Ijb�gbadbo�l_fi_jZlmjZo n(&,T) = ��^_dh]_j_glbaZpby�hij_^_ey_lky�\aZb�
fh^_ckl\b_f�kibgZ�k�gme_\ufb�d\Zglh\ufb�nemdlmZpbyfb�[hahggh]h�j_a_j\mZjZ� 
Hkgh\hc� lhevdh� qlh� jZkkfhlj_gghc�fh^_eb� y\ey_lky�ij_^iheh`_gb_� h[� hlkmlkl\bb�

h[jZlgh]h�\ebygby�kibgh\hc�kbkl_fu-dm[blZ�gZ�[hahgguc�j_a_j\mZj. 
G_m^h\e_l\hjbl_evghklv�fh^_eb�k\yaZgZ�kh�ke_^mxsbfb�ljm^ghklyfb� 
Z� Iheguc�]ZfbevlhgbZg�HS ⊗ 1B + 1S ⊗ HB + HSB�fh`_l�[ulv�^bZ]hgZebabjh\Zg�k�ihfh�

svx�ke_^mxs_]h�mgblZjgh]h�ij_h[jZah\Zgby 
 U = ∏

k
kkgD )/( ω , (1.130) 

]^_�D(gk/&k) = ( ) kkkkkz gbgb ωσ /)(exp ∗+ −⊗  = D–1(–gk/&k��ij_^klZ\ey_l�kh[hc�ba\_klguc�ba�l_h�
jbb�dh]_j_glguo�khklhygbc�[hahggh]h�ihey�mgblZjguc�hi_jZlhj�kf_s_gby�^ey�_]h�k-hc�
[hahgghc�fh^u�>����@��dhlhjuc�\�^Zgghf�kemqZ_�y\ey_lky�q_luj_odhfihg_glghc�fZljbqghc�
nmgdpb_c�dhfie_dkgh]h�qbkeZ�gk�&k.   Hg�ijhba\h^bl�ke_^mxsb_�ij_h[jZah\Zgby�[hahgguo�
hi_jZlhjh\� 
 D–1(gk/&k) (1S⊗ bk )D(gk/&k) = 1S⊗ bk + (1z⊗1B) gk/&k , 

 D–1(gk/&k) (1S⊗ bk
+) D(gk/&k) = 1S⊗ bk

+ + (1z⊗1B) gk
*/&k . (1.131) 

<�j_amevlZl_�^bZ]hgZebaZpbb�]ZfbevlhgbZgZ�[hahgghc�kbkl_fu�ihemqbf 

 U (HS ⊗ 1B + 1S ⊗ HB + HSB) U–1 = 

 = U  { –(ω0/2) 1z ⊗ 11B + 1S ⊗ kk
k

k bb+∑ω + )( kkkk
k

z bgbg ++ +⊗∑σ }  U–1 = 

 = HS ⊗ 1B + 1S ⊗ HB – Î  k
k

kg ω/||
2∑  = HS ⊗ 1B + 1S ⊗ HB – Î  ωωω dI )/)((

0
∫
∞

 .  (1.132) 

Ihke_^g__�keZ]Z_fh_�\����������dh]^Z�
0

lim
→ω

I(&) = Const���h[jZsZ_lky�\ –��ba-aZ�jZkoh^bfh�
klb�bgl_]jZeZ�ijb�& : ��b�lZdbf�h[jZahf�gb�h^gh�ba�kh[kl\_gguo�khklhygbc�i_j_ghjfb�
jh\Zggh]h�]ZfbevlhgbZgZ�\�jZkkfZljb\Z_fhc�fh^_eb�g_�fh`_l�jZkkfZljb\Zlvky�\�dZq_�
kl\_�hkgh\gh]h�^ey�hibkZgby�wdkihg_gpbZevghc�^_dh]_j_glbaZpbb� 
[� GZc^_f�^Ze__�ijh_dpbx�fgh]hfh^h\h]h�dh]_j_glgh]h�[hahggh]h�khklhygby�gZ�bkoh^�

gh_�\Zdmmfgh_�khklhygb_��HgZ�bf__l�\b^ 

 ∏ 〉〈
k

kkgD 0|)/(|0 ω  = (1z⊗1B) )2/|/|exp( 2∑−
k

kkg ω  ,  (1.133) 

hldm^Z�ke_^m_l��qlh�^ey�kms_kl\h\Zgby�fgh]hfh^h\uo�dh]_j_glguo�khklhygbc�b�nbabq_kdhc�
mklhcqb\hklb�hkgh\gh]h�khklhygby�[hahgghc�kbkl_fu�k�mq_lhf�\aZbfh^_ckl\by�k�dm[blhf�
g_h[oh^bfh�\uiheg_gb_�mkeh\by�>����@� 
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 ∞<= ∫∑
∞

0

22 )/)((|/| ωωωω dIg
k

kk  . (1.134) 

<�kemqZ_�Zkbfilhlbq_kdb�wdkihg_gpbZevghc�^_dh]_j_glbaZpbb�wlh�mkeh\b_�g_�\uihegy�
_lky��Wlh�hagZqZ_l��qlh�^ey�lZdh]h�ijhp_kkZ�\Zdmmfgh_�khklhygb_��gme_\u_�nemdlmZpbb��g_�
khhl\_lkl\m_l�nbabq_kdb�mklhcqb\hfm�hkgh\ghfm�khklhygbx�� 
\� H[_�hlf_q_ggu_�\ur_�ljm^ghklb�ij_h^he_\Zxlky��_keb�ki_dljZevgZy�iehlghklv�h[eZ�

^Z_l�k\hckl\hf�
0

lim
→ω

(I(&)/&2) < ���H^gZdh�\�wlhf�kemqZ_�
0

lim
→ω

I(&) = ��b� )/)((lim dttd+
t ∞→

  ���lh�
_klv�^_dh]_j_glbaZpby�g_�aZlmoZ_l�^h�gmey��Z�\uoh^bl�gZ�gZkus_gb_�b�^Zevg_crbc�jZkiZ^�
dh]_j_glguo� khklhygbc�[m^_l�hij_^_eylvky�g_�mqblu\Z_fufb�\�fh^_eb�j_eZdkZpbhggufb�
ijhp_kkZfb� 
]� GZdhg_p�� \u[hj� ]ZfbevlhgbZgZ� \aZbfh^_ckl\by� kibgZ� k� [hahgghc� kbkl_fhc� \� \b^_�

���������dh]^Z�fh^meypby�j_ahgZgkghc�qZklhlu�dm[blZ�hij_^_ey_lky�h^ghd\Zglh\uf�ijhp_k�
khf�\�[hahgghc�kbkl_f_��g_�\iheg_�h[hkgh\Zg�k�lhqdb�aj_gby�\hafh`guo�dhgdj_lguo�fbd�
jhkdhibq_kdbo�f_oZgbafh\�Z^bZ[Zlbq_kdh]h�\aZbfh^_ckl\by�y^_jgh]h�kibgZ�k�hdjm`_gb_f�
\�l\_j^hf�l_e_� 

AZdexq_gb_��IhdZaZgh�� qlh�rbjhdh� ba\_klgZy� lhqgh� j_rZ_fZy� Z^bZ[Zlbq_kdZy�fh^_ev�
h^gh[hahgghc�^_dh]_j_glbaZpbb�d\Zglh\h]h�khklhygby�y^_jgh]h�kibgZ�\�l\_j^hf�l_e_��bk�
dexqZxsZy� ba� jZkkfhlj_gby�� khijh\h`^Zxsb_ky� ^bkkbiZpb_c� wg_j]bb� j_eZdkZpbhggu_�
ijhp_kku��\klj_qZ_lky�k�kms_kl\_ggufb�ljm^ghklyfb�b�g_�y\ey_lky�m^h\e_l\hjbl_evghc��
HgZ�g_�fh`_l�jZkkfZljb\Zlvky�lZd`_�b�\�dZq_kl\_�Z^_d\Zlgh]h�ZgZeh]Z�jZkkfhlj_gghc�\ur_�
d\ZabdeZkkbq_kdhc�fh^_eb��Ihwlhfm�ke_^m_l�k^_eZlv�\u\h^�h�lhf��qlh�h[h[s_gb_�h^gh[h�
ahgghc�fh^_eb�gZ�kemqZc�fgh]hdm[blh\uo�j_]bkljh\��\uiheg_ggh_�\�>���� – 1.38],�g_�y\ey�
_lky�\iheg_�ijZ\hf_jguf� 

1.10. >\mo[hahggZy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khklhygby�
y^_jgh]h�kibgZ-dm[blZ 

=ZfbevlhgbZg�ij_^eh`_gghc�Z^bZ[Zlbq_kdhc�fh^_eb�ij_^klZ\bf�\�\b^_��fZljbpZ��×4): 

 H = HS ⊗ 1B + 1 ⊗ HB + HSB = 

 = – (ω0/2) 1z ⊗ 11B + 1 ⊗ kk
k

k bb& ++∑∑  + )( ,, kllklklk
lk

bbgbbgz
++∗∗++

≠≠
++⊗⊗∑∑σ  , (1.135) 

\�dhlhjhf�mqblu\Z_lky��qlh�y^_jguc�kibg�\aZbfh^_ckl\m_l�g_�k�h^ghc��Z�k�^\mfy�[hahggufb�
fh^Zfb��bg^_dku�k��\�qZklghklb��khhl\_lkl\mxl�bfimevkZf�nhghgh\���lZdh_�\aZbfh^_ckl\b_��
hibku\Z_l�\�i_j\hf�ihjy^d_�l_hjbb�\hafms_gbc�mijm]h_�jZkk_ygb_�[hahgh\�gZ�kibg_�[_a�
_]h� i_j_\hjhlZ�� gh� k� baf_g_gb_f� bfimevkZ� jZkk_b\Z_fuo� nhghgh\� gZ� q, 
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(( )) 2/1
00 )(2/~ −−∗∗== lkkl,lk, ωωω NMklgg ! ��Ijhp_kku�k�ih]ehs_gb_f�b�bkimkdZgb_f�^\mo�[hahgh\�

y\eyxlky�g_mijm]bfb�b�mqblu\Zlvky�g_�[m^ml��ihkdhevdm�hgb�hl\_lkl\_ggu�aZ�j_eZdkZpbhg�
gu_� ijhp_kku�� khijh\h`^Zxsb_ky� i_j_\hjhlhf� kibgZ�b� ^bkkbiZpb_c� wg_j]bb� d\Zglh\hc�
kbkl_fu� 
<ujZ`_gb_�^ey�fZljbpu�iehlghklb�\�ij_^klZ\e_gbb�\aZbfh^_ckl\by�l_i_jv�ijbgbfZ_l�

\b^� 
 !int(t) = Uint

–1(t) !(0) Uint(t) ,  (1.136) 

]^_��^Ze__�^ey�djZldhklb�h[hagZq_gh��k = k, l = l) 

 Uint(t) = ∑∑
≠≠

++∗∗++ −−⊗⊗
lk

klkllkklz bbtbbt ))()(()2/exp( ξξσ  , 

 ξkl(t) = – �lk
*(t)= 2gkl (1 – exp(iωklt))/ωkl ,   ωkl = ωk – ωl. (1.137) 

>ey�\uqbke_gby�ihi_j_qghc�khklZ\eyxs_c�\_dlhjZ�;ehoZ�\hkihevam_fky�kgh\Z�\ujZ`_gb_f�
���������Mqblu\Zy�l_i_jv��qlh 

 Uint
–1(t) σ+Uint(t) = ∑∑

≠≠

++∗∗++ −−
lk

klkllkkl bbtbbt ))()((exp ξξ  σ+ (1.138) 

b�ijhba\h^y�pbdebq_kdmx�i_j_klZgh\dm�ih^�agZdhf�ke_^Z��\�j_amevlZl_�gZc^_f 

 P–(t) = exp(iω0t)∏∏
lk

kl
,

BSp  P–(0) = 

 = exp(–iω0t) ∏∏ ++∗∗++ −−
lk

lkklkllklk bbtbbt
,

,
))()(exp( ξξ ÜP–(0) , (1.139) 

]^_�SpBkl�khhl\_lkl\m_l�\uqbke_gbx�^bZ]hgZevghc�kmffu�ih�qbkeZf�aZiheg_gby�[hahgh\�nk 

b�nl: 

 SpBkl(…) A 
lk ,

... = lk
l

ll

k

kk

nn
lk nn

T

Tn

T

Tn
nn

lk

,...
))/exp(1(

)/exp(

))/exp(1(

)/exp(
,

11
,

−−−−

∞∞

−−−−
−−

−−−−
−−∑∑ ω

ω
ω

ω
.  (1.140) 

D�kh`Ze_gbx��\�wlhf�kemqZ_�dhffmlZlhj� llkkkllk bbbbbbbb ++++++++ −−==],[  � Const���lh�_klv�g_�\u�
ihegy_lky� g_h[oh^bfh_� mkeh\b_� ^ey� kms_kl\h\Zgby� l_hj_fu� ;ehoZ��Ihwlhfm� ijboh^blky�
\hkihevah\Zlvky� g_ihkj_^kl\_ggh� l_hjb_c� \hafms_gbc� ^ey� \uqbke_gby� Zkbfilhlbq_kdhc�
kdhjhklb�^_dh]_j_glbaZpbb�� ZgZeh]bqgh� lhfm��dZd�wlh�[ueh�k^_eZgh�\ur_�ijb�ihemq_gbb�
\ujZ`_gby��������� 
Kgh\Z�k�lhqghklvx�^h�keZ]Z_fuo�\lhjh]h�ihjy^dZ�ih�gk�aZibr_f 

 )/)(( dttd+  = – d [ln(P–(t) exp(–iω0t))]/dt = 

 = – (d/dt) ∑∑ ≠≠

∗∗++++ −−
lk

lkklkllklk bbtbb
,

2 2/))(( ξξ = 

 = (d/dt)∑∑ ≠≠
++++

lk
lklklklk tnnnn

,

2 2/|)(|)2( ξ  (1.141) 

b�ihemqbf 
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 )/)(( dttd+  = 
kl

kl
lklk

lk
kl

t
TnTnTnTng

ω
ωωωωω )sin(

)),(),(),(),(2(||4
,

2 ++++∑∑ . (1.142) 

<\_^_f�^Ze__�^\moqZklhlgmx�ki_dljZevgmx�iehlghklv�\ha^_ckl\bc�kh�klhjhgu�hdjm`_�
gby 
 I(&, &�� = ∑∑

lk
klg

,

2|| /(& – &k)/(&� – &kl) , (1.143) 

b�\uqbkeyy�
∞→t

lim ��hdhgqZl_evgh�gZc^_f 

 1/ ⊥T  = )/)((lim dttd+
t ∞→

 = ==++′′∫∫
∞∞

→→′′
ωωωωωπ

ω
dTnTnI )),(1)(,(),(8lim

0
0

 

 = ω
ω

ωωπ d
T

T
I 2

0 )1)/(exp(

)/exp(
)0,(8

−−∫∫
∞∞

 (1.144) 

Ba�wlh]h�\ujZ`_gby�ke_^m_l��qlh�hkgh\ghc�\deZ^�\��� ⊥T �^Zxl�[hahggu_�fh^u�k�[ebadbfb�
qZklhlZfb��qlh�khhl\_lkl\m_l�j_Zevguf�ijhp_kkZf�mijm]h]h�jZkk_ygby��Ijb�gbadbo�l_f�
i_jZlmjZo� kdhjhklv� Zkbfilhlbq_kdhc� ^_dh]_j_glbaZpbb�� hij_^_ey_fZy� jZkkfZljb\Z_fuf�
f_oZgbafhf�� \� hlebqb_� hl� h^gh[hahggh]h� f_oZgbafZ�� klj_fblky� d� gmex� ihkdhevdm�
n(&,T) : ���Ijb�ijhba\hevguo�agZq_gbyo�t kdhjhklv�^_dh]_j_glbaZpbb�hij_^_ey_lky�lZd`_�b�
g_mijm]bfb�\bjlmZevgufb�ijhp_kkZfb�k�& � 0. 

I_j_c^_f�l_i_jv�d�jZkkfhlj_gbx�hkgh\gh]h�khklhygby�fh^_eb��hibku\Z_fmx�]Zfbevlh�
gbZghf���.135). 

Hkgh\ghfm� khklhygbx� kibgh\hc� kbkl_fu� khhl\_lkl\m_l� kh[kl\_ggh_� agZq_gb_� 〈σz〉 = 1. 

Ihwlhfm�^ey�hibkZgby�hkgh\gh]h�khklhygby�iheghc�kbkl_fu�\f_klh�]ZfbevlhgbZgZ���������
[m^_f�bkihevah\Zlv�ke_^mxs__�\ujZ`_gb_��fZljbpZ��×2): 

 H0= – (ω0/2) 11B + kk
k

k bb++∑∑ω  + ∑∑
≠≠

++∗∗++ ++
lk

kllklklk )( ,, bbgbbg . (1.145) 

<hkihevam_fky�^Ze__�dZghgbq_kdbf�ij_h[jZah\Zgb_f�;h]hex[h\Z-Ly[ebdh\Z� >����@�^ey�
wlh]h�kemqZy��gh\u_�[ha_\kdb_�hi_jZlhju�ij_^klZ\bf�\�\b^_�kmi_jihabpbb� 
 lk,β = lk,lkk,l bvbu ++  ,       

++
k,lβ = ++∗∗++∗∗ ++ lk,lkk,l bvbu  , (1.146) 

]^_�dhwnnbpb_glu� lk,u ��b� k,lv �m^h\e_l\hjyxl�ke_^mxs_fm�mkeh\bx�ghjfbjh\db 

 1|||| 2
,

2
, ==++ lklk νu  , (1.147) 

ijb�dhlhjhf�gh\u_�[ha_\kdb_�hi_jZlhju�m^h\e_l\hjyxl�h[uqguf�dhffmlZpbhgguf�khhl�
ghr_gbyf� 
=ZfbevlhgbZg�kbkl_fu�ihke_�ij_h[jZah\Zgby�ijbgbfZ_l�\b^� 

 H0 = k,lk,l
k,l

k,l ββ ++∑∑ E  . (1.148) 
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MjZ\g_gby�^ey�hij_^_e_gby� lk,u �b� lk ,v �b�kh[kl\_gguo�agZq_gbc�Ek,l�lh]^Z�gZoh^ylky�ba�kh�
hlghr_gbc� 

 lk,
lk, β

β
[==

dt

d
i , H0] = k,lk,l βE ,         ++

++

== k,l
k,l β

β
[

dt

d
i , H0] = ++−− k,lk,l βE . (1.149) 

K�^jm]hc�klhjhgu� 
 ,],[ ,0 l

l
lkkk

k H bgbb
dt

db
i k ∑∑++==== ω    ,],[ ,0 k

k
lklll

l H bgbb
dt

db
i ∑∑ ∗∗++==== ω  (1.150) 

Ih^klZ\bf�^Ze__���������\���������b�bkihevam_f����������Kh[bjZy�dhwnnbpb_glu�ijb� kb , 

lb ��ihemqbf 

 k,llkk,lkk,lk,l vguuE ∗∗++== ,ω ,     lk,lklk,llk,lk, ugvvE ,++== ω . (1.151) 

Ba�mkeh\by�jZaj_rbfhklb�wlhc�kbkl_fu�ihemqbf�^\_�\_l\b�wg_j]bb�i_j_ghjfbjh\Zgguo�
[hahgguo�fh^��Ihkdhevdm�ijb�mijm]hf�jZkk_ygbb�[hahgh\�&k = &I��ihemqbf 

 
±±
k,lE  = || ,lkk,lk g±±δω  . (1.152) 

Mkeh\b_f� mklhcqb\hklb� hkgh\gh]h� khklhygby� khhl\_lkl\m_l� iheh`bl_evghklv� wg_j]bb�
h[hbo�\_l\_c�we_f_glZjguo�\ha[m`^_gbc��&k > || ,lkg ��LZdbf�h[jZahf��ljm^ghklb��k\yaZggu_�
k�g_h]jZgbq_gguf�jhklhf�wg_j]bb�hkgh\gh]h�khklhygby�\�h^gh[hahgghc�fh^_eb�^_dh]_j_g�
lbaZpbb��\�jZkkfZljb\Z_fhf�kemqZ_�g_�\hagbdZxl. 

AZdexq_gb_:�IhdZaZgh��qlh�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�khklhygby�dm[blZ��
mqblu\ZxsZy�^\mo[hahggu_�mijm]b_�ijhp_kku�jZkk_ygby��k\h[h^gZ�hl�ljm^ghkl_c��dhlh�
ju_� ijbkmsb� fh^_eyf� k� h^gh[hahggufb� ijhp_kkZfb�� Ihwlhfm� ijb� ihkljh_gbb� fh^_eb�
Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�fgh]hdm[blh\uo�j_]bkljh\�Z^_d\Zlguf�y\ey_lky�g_�h^�
gh[hahgguc��Z�^\mo[hahgguc�mijm]bc�ijhp_kk� 

1.11. IhemdeZkkbq_kdZy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�\�
h^ghdm[blh\hf�ZgkZf[e_ 

1.11.1. :^bZ[Zlbq_kdZy�^_dh]_j_glbaZpby�\�h^ghdm[blh\hf�ZgkZf[e_ 
JZkkfhljbf�h^ghdm[blh\uc�ZgkZf[ev��\�dhlhjhf�hl^_evgu_�dm[blu�g_aZ\bkbfh�\aZbfh�

^_ckl\mxl�k�hdjm`_gb_f��Ijb�wlhf�[m^_f�ij_^iheZ]Zlv��qlh�oZjZdl_jgZy�qZklhlZ�\ha^_ckl�
\by�hdjm`_gby�gZ�kibgu�&C�fZeZ�ih�kjZ\g_gbx�k�qZklhlhc�i_j_oh^h\�kibgh\�f_`^m�wg_j]_�
lbq_kdbfb� mjh\gyfb� ω0 (&C << ω0�� b� ihwlhfm� j_eZdkZpbb� wg_j]bb� ijZdlbq_kdb� g_�
ijhbkoh^bl��wlh�ij_^iheh`_gb_�dZd�jZa�khhl\_lkl\m_l�ba\_klghfm�Z^bZ[Zlbq_kdhfm�ijb�
[eb`_gbx \�l_hjbb�mrbj_gby�ebgbb�y^_jgh]h�fZ]gblgh]h�j_ahgZgkZ [1.8]). 
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<�wlhf�kemqZ_�\�]ZfbevlhgbZg_�kibgZ-dm[blZ���������fh`gh�mqblu\Zlv�lhevdh�\aZbfh^_c�
kl\b_�k�\g_rgbf�b�k�nemdlmbjmxsbf�ihe_f��kha^Z\Z_fuf�hdjm`_gb_f��ke_^mxs_]h�\b^Z 
 H = – (&0 + û&(t))1z/2 , (1.153) 

]^_�fh^meypby�j_ahgZgkghc�qZklhlu�0z(t) A û&(t��y\ey_lky�kemqZcghc�nmgdpb_c�\j_f_g��h^b�
gZdh\hc�^ey�\k_o�dm[blh\�ZgkZf[ey� 
Hkgh\ghc�ijbqbghc�^_dh]_j_glbaZpbb�\�lZdhc�Z^bZ[Zlbq_kdhc�fh^_eb�y\eyxlky�g_�i_�

j_oh^u�f_`^m�mjh\gyfb�kibgh\hc�kbkl_fu��dhlhju_�^Zxl�fZeuc�\deZ^��kjZ\gbfuc�k�\deZ�
^hf�\�^bkkbiZpbx�wg_j]bb��Z�kemqZcgZy�fh^meypby�j_ahgZgkguo�qZklhl û&(t���dhlhjZy�ijb�
\h^bl�d�jZknZabjh\d_�khklhygbc�hl^_evguo�dm[blh\�\�ZgkZf[e_�aZ�kq_l�kemqZcguo�k^\b]h\�

nZau�ϕ(t) = ∫∫
t

dttû
0

)(ω  ( nZah\u_�rmfu) . 

Ih^klZ\eyy�\ujZ`_gb_�^ey�fZljbpu�iehlghklb�kibgh\hc�kbkl_fu�\�nhjf_ 
 !(t) = 1/2 (1 + P(t) σσ) = 1/2 (1 + Pz(t) σz+ P+(t)σ–+ P–(t)σ+) , (1.154) 

\�mjZ\g_gb_�nhg�G_cfZgZ�k�]ZfbevlhgbZghf����������^ey�khklZ\eyxsbo�\_dlhjZ�;ehoZ�ihem�
qbf�ijhklu_�mjZ\g_gby� 
 dPz(t)/dt = 0 ,    dP±(t)/dt = # i(&0t+û&(t)P±(t), (1.155) 

ba�dhlhjuo�ke_^mxl�lhqgu_�j_r_gby 

 Pz(t) = Pz(0),   P±(t) = exp 





∫∫
t

dttûiti
0

0 )(ωω ## P±(0) . (1.156) 

FZljbpZ�iehlghklb�khhl\_lkl\mxs_]h�qbklh]h�g_klZpbhgZjgh]h�h^ghdm[blh\h]h�khklhy�
gby�kh�kemqZcghc�aZ\bkbfhklvx�hl�\j_f_gb�nZa��ihke_�deZkkbq_kdh]h�mkj_^g_gby�__�ih�jZk�
ij_^_e_gbx�kemqZcguo�nZa�dm[blh\�[m^_l�bf_lv�\b^ 

 〈ρρ• (t)〉 = 1/2 (1 + Pz(0) σz + 

 + P+(0) ))(exp( tiϕ−− σ–+ P–(0) ))((exp( tiϕ σ+ . (1.157) 

>Ze__�k^_eZ_f�fh^_evgh_�ij_^iheh`_gb_��Z�bf_ggh��qlh�kemqZcgZy�nmgdpby ϕ(t��ih^qbgy�
_lky�]Zmkkh\kdhfm�jZkij_^_e_gbx c�kj_^gbf�agZq_gb_f� 0)( =tϕ ��Lh]^Z�ihemqbf 

 )))((exp( 0 tti ϕω ++#  = )2/))(exp( 2
0 tti ϕω −−#  = ))(exp( 0 t+ti −−ω# , (1.158) 

]^_�^_dj_f_gl�^_dh]_j_glbaZpbb 

 ∫∫ −−==
t

dftt+
0

)()()( τττ , (1.160) 

f(2) = 〈û&(τ)û&(0)〉 —� aZlmoZxsZy� k�oZjZdl_jguf�\j_f_g_f� τC ~ ∫∫
∞∞

〉〉〈〈
0

2/|)(| τωτ dûf �nmgd�

pby�dhjj_eypbb�^ey�klZpbhgZjgh]h�kemqZcgh]h�ijhp_kkZ�qZklhlghc�fh^meypbb��y\eyxsZyky�
nmgdpb_c�iZfylb�\�jZkkfZljb\Z_fhf�kemqZ_��〈û&2(0)〉 A 〈û&2〉 —�bgl_gkb\ghklv�wlh]h�ijh�
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p_kkZ�beb�\lhjhc�fhf_gl�jZkij_^_e_gby�kemqZcguo�qZklhl��AZf_lbf��qlh�a^_kv�g_�bk�
ihevah\Zehkv�ij_^iheh`_gb_�h�gZebqbb�fZeh]h�iZjZf_ljZ� 
?keb�fh^meypby�j_ahgZgkghc�qZklhlu�û&(t��y\ey_lky�lZd`_�kemqZcghc�nmgdpb_c�b�ghf_�

jZ�dm[blZ�\�ZgkZf[e_�b�\uihegy_lky�mkeh\b_�wj]h^bqghklb��lh�mkj_^g_gb_�ih�\j_f_gghfm�
jZkij_^_e_gbx���������[m^_l�m^h[gh�aZf_gblv�mkj_^g_gb_f�ih�ZgkZf[ex�dm[blh\� 
>ey�ihi_j_qghc�khklZ\eyxs_c�\_dlhjZ�;ehoZ�P–(t��\�jZkkfZljb\Z_fhf�kemqZ_�ihemqbf 

 0)()()(
)(

0

0 ==++−− −−−−
−− ∫∫ tPdftPi
dt

tdP t

ττω ,      ∫∫==
t

dfdtd+
0

)(/ ττ . (1.161) 

DZd�e_]dh�\b^_lv��\ujZ`_gb_���������gZ�\j_f_gguo�fZkrlZ[Zo�2 < 2K < t�ijZdlbq_kdb�kh\�
iZ^Z_l�k�mjZ\g_gb_f���������ihkdhevdm�k�lhqghklvx�^h�\lhjh]h�ihjy^dZ�fZehklb�hlghkbl_ev�
gh�û&(τ) )()exp()( 0 ττω −−≈≈ −−−− tPitP ��JZkkfZljb\Z_fZy�fh^_ev�[m^_l�khhl\_lkl\h\Zlv�ihegh�
klvx�fZjdh\kdbf�kemqZcguf�ijhp_kkZf�\�kemqZ_�/(2) —�h[jZaghc�aZ\bkbfhklb�nmgdpbb f(2) 
hl�\j_f_gb��lh�_klv�ijb�2K << t. 

LZdbf�h[jZahf��jZknZabjh\dZ�ijb\h^bl�d�wdkihg_gpbZevghfm�aZlmoZgbx�\gZqZe_�aZ^Zg�
ghc�dh]_j_glghklb��hibku\Z_fhc�ihi_j_qgufb�khklZ\eyxsbfb�;ehoZ�P±(t���Khhl\_lkl\mx�
sZy�lhqghklv�\hkijhba\_^_gby�dh]_j_glgh]h�khklhygby�F(t��l_i_jv�hij_^_ey_lky� 
 F(t) = Spρρ(t)ρρ(0) = 

 = 1/2(1 + Pz(0)2+ (Px(0)2+ Py(0)2) ))(exp( t+−− ) . (1.162) 

Ijb�wlhf�gZk_e_gghklb�gZqZevguo�[Zabkguo�khklhygbc� _ 9〉�b� _ ;〉�g_�baf_gyxlky��Ke_^h\Z�
l_evgh�� wlb� khklhygby� \� jZkkfZljb\Z_fhf� kemqZ_� fh]ml� jZkkfZljb\Zlvky� dZd� khklhygby-
mdZaZl_eb. 

G_aZ\bkbfh� hl� lh]h� bkihevam_lky� fh^_ev� ^_dh]_j_glbaZpbb�� hibku\Z_fZy� mjZ\g_gb_f�
�������beb����������hij_^_e_gb_�agZq_gbc�oZjZdl_jguo�\j_f_g�^_dh]_j_glbaZpbb�aZ\bkbl�hl�
\b^Z�nmgdpbb�iZfylb�f(2��b��\hh[s_�]h\hjy��g_�k\h^blky�d�\uqbke_gbx�\_jhylghklb�jZkiZ^Z�
dh]_j_glgh]h�khklhygby�ih�ijhklhfm�©ahehlhfm�ijZ\bemª� 
<ujZ`_gb_���������ijb�fZehf�\j_f_gb�dhjj_eypbb τC��lZdhf��qlh�τC

2〈û&2〉 << ���kemqZc�
©kbevgh]h� km`_gbyª�� j_ahgZgkghc� ebgbb� \� l_hjbb�YFJ�� khhl\_lkl\mxsbc�fZjdh\kdhfm�
lbim�kemqZcguo�\ha^_ckl\bc�kh�klhjhgu�©j_r_ldbª��k\h^blky�d� ))(exp( t+−−  = exp(–t 1−−

⊥⊥T )��]^_�
1−−

⊥⊥T  = 〈û&2〉τC –kdhjhklv�^_dh]_j_glbaZpbb�dm[blZ��Wlh�hagZqZ_l��qlh�ijb�mkeh\bb�©kbevgh�
]h�km`_gbyª�[uklju_�nemdlmZpbb�ijb\h^yl�d�kms_kl\_gghfm�mkj_^g_gbx�ihe_c�b�d�aZf_^�
e_gbx�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc��Fu�bf__f�kemqZc�h^ghjh^ghc�^_dh]_j_g�
lbaZpbb�� :gZeh]bqguc� wnn_dl� ih^Z\e_gby� ^_dh]_j_glbaZpbb� fh`_l� [ulv� ihemq_g� b�
bkdmkkl\_ggh� iml_f� \ha^_ckl\by� gZ� kibgh\mx� kbkl_fm� hij_^_e_gghc�ihke_^h\Zl_evghklb�
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dhjhldbo�j_ahgZgkguo�bfimevkh\��dZd�wlh�^_eZ_lky�\�YFJ�ki_dljhkdhibb�\ukhdh]h�jZaj_�
r_gby�>����������@� 
<�ijhlb\hiheh`ghf�kemqZ_�©`_kldhc�j_r_ldbª τC

2〈û&2〉 >> ���g_h^ghjh^gh_�mrbj_�
gb_�j_ahgZgkghc�ebgbb�beb�ij_^_evguc�g_fZjdh\kdbc�kemqZc��\ujZ`_gb_���������k\h^blky�
d� ))(exp( t+−−  = exp(–〈û&2〉t2�����<�wlhf�kemqZ_�wnn_dlb\gZy�kdhjhklv�^_dh]_j_glbaZpbb�m\_�
ebqb\Z_lky� ^h� û&2〉1/2 § 1/TD >> 1−−

⊥⊥T ��HgZ� hij_^_ey_lky� kemqZcguf� klZlbq_kdbf� jZa[jhkhf�
j_ahgZgkguo�qZklhl��>ey�ih^Z\e_gby�^_dh]_j_glbaZpbb�\�wlhf�kemqZ_�fh]ml�[ulv�bkihevah�
\Zgu�f_lh^u�YFJ�ki_dljhkdhibb�\ukhdh]h�jZaj_r_gby�>����������@� 
IhemdeZkkbq_kdbc�ih^oh^��\�dhlhjhf�\ebygb_�hdjm`Zxs_c� kj_^u�jZkkfZljb\Z_lky�dZd�

j_amevlZl� kemqZcguo�\ha^_ckl\bc��hibku\Z_fuo� klZlbklbq_kdb�deZkkbq_kdbfb�nmgdpbyfb�
jZkij_^_e_gby��bkihevah\Zeky�lZd`_�^ey�ZgZebaZ�ijhp_kkh\�^_dh]_j_glbaZpbb�dh]_j_glguo�
d\Zglh\uo�khklhygbc�\�^jm]bo�keh`guo�kbkl_fZo��dh]^Z�\j_fy�^_dh]_j_glbaZpbb�hdZau\Z_l�
ky�kZfuf�fZe_gvdbf�ba�\k_o�^jm]bo�oZjZdl_jguo�\j_f_g�b�\�qZklghklb�\�kjZ\g_gbb�k�\j_f_�
gZfb�� oZjZdl_jbamxsbfb� ^bgZfbdm� hdjm`_gby� >����@�� qlh� khhl\_lkl\m_l� jZkkfhlj_gghfm�
gZr_fm�kemqZx�©`_kldhc�j_r_ldbª� 

1.11.2. :^bZ[Zlbq_kdZy�^_dh]_j_glbaZpby�\�fgh]hdm[blh\hf�ZgkZf[e_� 
IhemdeZkkbq_kdZy�fh^_ev�fh`_l�[ulv�jZkijhkljZg_gZ�b�gZ�fgh]hdm[blh\u_�d\Zglh\u_�

khklhygby� 
JZkkfhljbf� kgZqZeZ� \� dZq_kl\_� ijbf_jZ� kemqZc� Z^bZ[Zlbq_kdhc� ^_dh]_j_glbaZpbb�

qbklh]h�ljbie_lgh]h�aZimlZggh]h�^\modm[blh\h]h�khklhygby k�gme_\hc�ijh_dpb_c�ihe�
gh]h�kibgZ�gZ�hkv�z |1, 0〉 = 2/1  (|9;〉 + |;9〉���jZa^_e�1.4)��fZljbpZ�iehlghklb�dhlhjh]h�bf__l�
\b^ 

 !(1, 0) = |1, 0〉〈1, 0|

0000

0110

0110

0000

2

1== . (1.163) 

<ebygb_� hdjm`_gby�� \dexqZxs_]h� b� khklhygby� hklZevghc� qZklb� Zglbn_jjhfZ]g_lbdb�
qZklv�� [m^_f� hibku\Zlv� d\ZabdeZkkbq_kdb� dZd� ijhy\e_gb_� dhjj_ebjh\Zgguo� kemqZcguo�
k^\b]h\�j_ahgZgkguo�qZklhl�dm[blh\�û&1,2(t���h[jZamxsbo�jZkkfZljb\Z_fh_�aZimlZggh_�kh�
klhygb_��b�khhl\_lkl\mxsbo�kemqZcguo�nZa�b�kemqZcghc�fh^meypbb�iZjZf_ljZ�ijh^hevgh]h�
kibg-kibgh\h]h�\aZbfh^_ckl\by�û&I(t) = I I(t�����Ijhp_kku�^_dh]_j_glbaZpbb��khijh\h`^Z_�
fu_�i_j_\hjZqb\Zgb_f�y^_jguo�kibgh\�\�Z^bZ[Zlbq_kdhf�ijb[eb`_gbb�g_�mqblu\Zxlky� 
K_dmeyjgmx�qZklv�]ZfbevlhgbZgZ�\aZbfh^_ckl\by�k�hdjm`_gb_f�ij_^klZ\bf�\�\b^_ 

 H = – (&0 + û&1(t))(11z⊗1) /2 – (&0 + û&2(t))(1⊗12z)/2 + ∆ωI(t)(11z⊗ 12z)/2 . (1.164) 



 

 

64 

<h�\jZsZxs_cky�k�j_ahgZgkghc�qZklhlhc�&0�kbkl_f_�dhhj^bgZl�^bgZfbdZ�fZljbpu�iehl�
ghklb���������ih^�^_ckl\b_f�kemqZcgh]h�ihey�[m^_l�hibku\Zlvky�\ujZ`_gb_f 

 )()0,1()(),0,1( 1 ttt U!U! −−== , (1.165) 

]^_� dttût
t

)()(
0

2,12,1 ∫∫== ωϕ � b�fZljbpZ� mgblZjgh]h�ij_h[jZah\Zgby� �×��bf__l� \b^� �Zj]mf_gl� t 

m )(2,1 tϕ �^Ze__�hims_g� 
 )(exp())2/exp()2/(exp()( 21I2211 zzzz i1i1it σσϕϕϕ ⊗⊗−−⋅⋅⊗⊗==U = 

 = ⋅⋅++⊗⊗++ )))2/sin()2/(cos())2/sin()2/((cos( 222111 zz ii σϕϕσϕϕ 11  

 ==⊗⊗++⊗⊗⋅⋅ ))(sin)((cos 21II zzi σσϕϕ 11  
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. (1.166) 

Bkihevamy���������^ey�\hafms_gghc�fZljbpu�iehlghklb���������ihemqbf 
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01))(exp(0

0))(exp(10

0000
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1
),0,1(

21

21

ϕϕ
ϕϕ

−−
−−−−

==
i

i
t! . (1.167) 

Fu�\b^bf��qlh��fh^meypby�ijh^hevghc�qZklb�kibg-kibgh\h]h�\aZbfh^_ckl\by�g_�hdZau�
\Z_l�\ebygby�gZ�fZljbpm�iehlghklb�aZimlZggh]h�khklhygby� 
Ij_^iheh`bf�^Ze__��qlh�kemqZcgu_�nZau� )(2,1 tϕ �bf_xl�kj_^gb_�agZq_gby� 0)(2,1 ==〉〉〈〈 tϕ �b�

ijbgZ^e_`Zl�d�ijb\_^_gghfm�klZlbklbq_kdhfm�ZgkZf[ex��hibku\Z_fhfm�^\mof_jguf�]Zmk�
kh\kdbf� jZkij_^_e_gb_f�� dhlhjh_� mqblu\Z_l�gZebqb_�dhjj_eypbb�f_`^m�gbfb� �]eZ\Z� ��\�
dgb]_�>����@��� 
 ==))(),(( 21 ttw ϕϕ  
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, (1.168) 

k�kj_^g_d\Z^jZlbqgufb�agZq_gbyfb�kemqZcguo�nZa�ijb�klZpbhgZjguo�nemdlmZpbyo�k^\b]h\�
qZklhl 
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,)()(2)()( 2,1

0

2
2,11

2
2,1 τττϕσ dfttt

t

∫∫ −−==〉〉〈〈==  

b�k�ghjfbjh\Zggufb�nmgdpbb�\aZbfghc�dhjj_eypbb�kemqZcguo�nZa 
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12 tt
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tt

tt
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σσ

τττ

σσ
ϕϕρ

∫∫ −−
==〉〉〈〈== ,  

]^_ 
 

〉〉〈〈==〉〉〈〈== )0()()(,)0()()( 21122,12,12,1 ωτωτωτωτ ûûfûûf
. (1.169)

 

Mkj_^gyy�k�ihfhsvx�jZkij_^_e_gby���������\hafms_ggmx�fZljbpm�iehlghklb���������ih�
klZlbklbq_kdhfm�ZgkZf[ex��ihemqbf 
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01))(exp(0

0))(exp(10

0000
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),0,1(
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t+

t
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−−
==〉〉〈〈! , (1.170) 

]^_ 

 ==−−±±==−− ∫∫∫∫
∞∞

∞∞−−

∞∞

∞∞−−

))(exp(),())(exp( 212121 ϕϕϕϕϕϕ iwddt+  

τττττσρσσσ dffftttttt
t

))()(2)()((exp(}2/))()()()(2)((exp{ 2

0

121
2
21221

2
1 ++−−−−−−==++−−−−== ∫∫ . (1.171) 

Nmgdpby�\aZbfghc�dhjj_eypbb�kemqZcguo�nZa�fh`_l�ijbgbfZlv�agZq_gby�\�bgl_j\Ze_ 
 0 � !12(t) � 1. (1.172) 

Ihwlhfm� ^_dj_f_gl� =(t��� hibku\Zxsbc� aZlmoZgb_� g_^bZ]hgZevguo� we_f_glh\�fZljbpu�
iehlghklb�dh]_j_glh]h�khklhygby��\�aZ\bkbfhklb�hl�agZq_gby�!12(t��\�hlkmlkl\b_�dhjj_eypbb�
!12(t) = ��bf__l�\b^ 

 )(2))()()((2/))()(()( 1

0

21
2
2

2
11

t+dfftttt+
t

==++−−==++== ∫∫ ττττσσ , (1.173) 

lh� _klv�� jZ\_g� kmff_� ^_dj_f_glh\� ^_dh]_j_glbaZpbb� ^\mo�h^ghdm[blh\uo� khklhygbc��Ijb�
fZdkbfZevghc�dhjj_eypbb�!12(t) = 1, )()( 21 tt ϕϕ == ��gZ�h[Z�dm[blZ�^_ckl\m_l�h^gZ�b�lZ�`_�fh^Z�
nemdlmZpbhgguo� ihe_c�� ^_dh]_j_glbaZpby� bkq_aZ_l�� :gZeh]bqgufb� k\hckl\Zfb� h[eZ^Z_l�
lZd`_�b�kbg]e_lgh_�aZimlZggh_�khklhygb_�WIJ��Fu�\b^bf�a^_kv��qlh�^_dh]_j_glbaZpby�kh�
klhygbc� kbkl_fu� \aZbfh^_ckl\mxsbo� dm[blh\� kms_kl\_ggh� hlebqZ_lky�hl�^_dh]_j_glbaZ�
pbb�khklhygby�hl^_evgh]h�dm[blZ� 
LZdbf�h[jZahf��ijb�iheghklvx�dhjj_ebjh\Zgghf�\ha^_ckl\bb��dh]^Z�dm[blu�\aZbfh^_c�

kl\mxl�k�h^ghc�b�lhc�`_�Z^bZ[Zlbq_kdhc�fh^hc�nemdlmZpbhgguo�ihe_c��ijbf_j�lZd�gZau�
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\Z_fhc� kbevghc�^_dh]_j_glbaZpbb���dh]_j_glghklv�^\mo� mdZaZgguo�^\modm[blh\uo�khklhy�
gbc�g_�gZjmrZ_lky�b�hgb�fh]ml�jZkkfZljb\Zlvky�\�dZq_kl\_�[ZabkZ�ih^ijhkljZgkl\Z�k\h�
[h^gh]h�hl�^_dh]_j_glbaZpbb� (decoherence-free subspace –DFS���Wlb�^\Z�khklhygby�fh]ml�
[ulv�\u[jZgu�ijb�hlf_q_gguo�\ur_�mkeh\byo�\�dZq_kl\_�k\h[h^guo�hl�^_dh]_j_glbaZpbb�
khklhygbc�eh]bq_kdbo�dm[blh\� 
:^bZ[Zlbq_kdZy�^_dh]_j_glbaZpbb�^\mo�^jm]bo�dh]_j_glguo�khklhygbc�;_eeZ�^\modm[b�

lh\hc�kbkl_fu������1/2(|1, +1〉±|1, –1〉��ijb�iheghklvx�dhjj_ebjh\Zgghf�\ha^_ckl\bb�kemqZc�
guo� ihe_c� !12(t) = ��� dZd� e_]dh� \b^_lv�� l_i_jv� g_� bkq_aZ_l�� Z� __� ^_dj_f_gl�

)(4)(22/))()(()( 1
2

1
2

21 t+tttt+ ======++== σσσ ��lh�_klv�hdZau\Z_lky�\�q_luj_�jZaZ [hevr_��q_f�
ijb�^_dh]_j_glbaZpbb�h^ghdm[blh\h]h�khklhygby. 
>ey�dh]_j_glgh]h�aZimlZggh]h�khklhygby�d\Zglh\h]h�j_]bkljZ�ba L dm[blh\��gZijbf_j��

lbiZ�kmi_jihabpbb�L-dm[blh\h]h�khklhygby��rj_^bg]_jh\kdh]h�dhlZ� 
 | ψ〉 = (( ))021021 1...,1,10...,0,02/1 −−−−−−−− ++ LLLL , (1.174) 

mkj_^g_ggZy�ih�]Zmkkh\kdhfm�jZkij_^_e_gbx�kemqZcguo�nZa�fZljbpZ�iehlghklb�\�ij_^ih�
eh`_gbb� h^ghjh^guo� g_dhjj_ebjh\Zgguo� nZah\uo�rmfh\� \� mdjmig_gghf� [Zabk_� [ehdh\�

021021 1...,1,1,0...,0,0 −−−−−−−− LLLL bf__l�\b^ 

 〈ρρ(t,L)〉 = 1/2 





−−

−−
1))(exp(

))(exp(1

1

1

tL+
tL+

 . (1.175) 

LZdbf�h[jZahf��fgh]hdm[blh\u_�dh]_j_glgu_�aZimlZggu_�khklhygby�lbiZ��dhlZ��^_dh]_�
j_glbabjmxlky�k�wnn_dlb\guf�^_dj_f_glhf /+1(t���<�kemqZ_�iheghklvx�dhjj_ebjh\Zgguo�
nemdlmZpbc�nZa�kdhjhklv�^_dh]_j_glbaZpbb�hdZau\Z_lky�ijhihjpbhgZevghc�L2��AZf_lbf��qlh�
^ey�khklhygbc��\�dhlhjuo�[ehdb�g_^bZ]hgZevguo�fZljbqguo�we_f_glh\�fZljbpu�iehlghklb�
bf_xl�jZaf_jghklv�� L��wnn_dlb\gZy�kdhjhklv�^_dh]_j_glbaZpbb�\�aZ\bkbfhklb�dhjj_ebjh�
\Zgghklb�nemdlmZpbc�[m^_l�ijhihjpbhgZevgZ�wlhc�jZaf_jghklb�beb�__�d\Z^jZlm� 

AZdexq_gb_��JZkkfhlj_ggZy�ihemdeZkkbq_kdZy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�
fh`_l�khhl\_lkl\h\Zlv�[hevrhfm�gZ[hjm�jZaebqguo�kemqZcguo�ijhp_kkh\��<�qZklghklb��wlh�
fh]ml�[ulv�fZjdh\kdb_�b�g_fZjdh\kdb_�� kemqZcgu_� klZpbhgZjgu_�b�g_klZpbhgZjgu_�ijh�
p_kku��Jhev�kemqZcguo�\ha^_ckl\bc�fh]ml�b]jZlv�lZd`_�hij_^_e_ggu_�ihke_^h\Zl_evghklb�
j_ahgZgkguo�bfimevkh\��<�wlhf�kfuke_�ihemdeZkkbq_kdbc�ih^oh^�h[eZ^Z_l�hij_^_e_gghc�
h[sghklvx�b�rbjhlhc��Hg�iha\hey_l�bkke_^h\Zlv�ijhp_kku�Z^bZ[Zlbq_kdhc�^_dh]_j_glb�
aZpbb�b�\�fgh]hdm[blh\uo�kbkl_fZo��H]jZgbq_gghklv�_]h�khklhbl�\�lhf��qlh�hg�g_�\kdju\Z�
_l�dhgdj_lgu_�fbdjhkdhibq_kdbo�f_oZgbafh\�\aZbfh^_ckl\by�kibgh\hc�kbkl_fu�k�hd�
jm`_gb_f. 
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1.12. :^bZ[Zlbq_kdZy�^_dh]_j_glbaZpby�khklhygbc�y^_jguo�kibgh\��
\aZbfh^_ckl\mxsbo�k�fZ]gblgufb�fhf_glZfb�ijbf_kguo�Zlhfh\ 

Jhev�hdjm`Zxs_c�kj_^u�^ey�y^_jguo�kibgh\�\�l\_j^hf�l_e_�qZklh�fh]ml�b]jZlv�ijbf_k�
gu_�Zlhfu��h[eZ^Zxsb_�we_dljhggufb�beb�y^_jgufb�fZ]gblgufb�fhf_glZfb� 
JZkkfhljbf�a^_kv�d\Zglh\mx�fh^_ev�^_dh]_j_glbaZpbb��\�dhlhjhc�dZ`^uc�y^_jguc�kibg-

dm[bl�\�h^ghdm[blh\hf�ZgkZf[ev�\aZbfh^_ckl\m_l�k�nemdlmbjmxsbfb�we_dljhggufb�kib�
gh\ufb� fZ]gblgufb� fhf_glZfb� N kemqZcgh� jZkiheh`_gguo� ijbf_kguo� Zlhfh\ 
(S-khklhygby�Zlhfh\��ihkj_^kl\hf�^bihev-^bihevgh]h�fZ]gblgh]h�\aZbfh^_ckl\by��hib�
ku\Z_fh]h�]ZfbevlhgbZghf 

 H IS = ),()(
,

tSID i

N

i
i rr βα

αβ
αβ∑∑  , (1.176) 

]^_� 

 )( iD rαβ  = 
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23
SI0

3

4 i

ii

i r

rr

r
βα

αβδγγ
π

µ !
 , (1.177) 

1
0 104 −−⋅⋅== πµ Le2kf3�>`��r i —�jZ^bmk-\_dlhj�jZkklhygby�hl�y^_jgh]h�kibgZ�^h�i-]h�we_dljhg�

gh]h�kibgZ�� ),(S tS irβγ !  —�nemdlmbjmxsbc�ba-aZ�\aZbfh^_ckl\by�k�^jm]bfb�we_dljhggufb�
kibgh\ufb� fZ]gblgufb� fhf_glZfb� ijbf_kguo� Zlhfh\�� kha^Zxsbc� ehdZevgh_� nemdlmb�
jmxs__�ihe_ 
 Irrr γβ

β
βαβα /))(),()(()(

,

〉〉〈〈−−−−== ∑∑ i

N

i
ii StSDtû% , (1.178) 

]^_�m]eh\u_�kdh[db�h[hagZqZxl�ZgkZf[e_\h_�mkj_^g_gb_�ih�kibgh\uf�khklhygbyf�fZ]gbl�
guo�fhf_glh\�hdjm`Zxsbo�ijbf_kguo�Zlhfh\� 
Nmgdpby�dhjj_eypbb�kemqZcgh]h�ihey�b�__�ki_dlj�oZjZdl_jbamxlky�j_ahgZgkghc�qZklhlhc�

&S >> &I��ijh^hevguf��kibg-j_r_lhqguf��21�b�ihi_j_qguf��kibg-kibgh\uf��22�\j_f_gZfb�
j_eZdkZpbb�we_dljhgguo�kibgh\��b]jZxsbfb�jhev�\j_f_g�dhjj_eypbb�kemqZcguo�ihe_c� 
<�kbevguo�iheyo��dh]^Z�&S >> 1/22, 1/21��we_dljhggu_�mjh\gb�g_�i_j_dju\Zxlky�b�^bkkb�

iZlb\gufb�ijhp_kkZfb�fh`gh�ij_g_[j_qv��fu�bf__f�kgh\Z�Z^bZ[Zlbq_kdbc�kemqZc��Nmgd�
pby�dhjj_eypbb�^ey�kemqZcghc�fh^meypbb�j_ahgZgkghc�qZklhlu�y^_jgh]h�kibgZ 
 û&(t) = ))(),()(()(

Z

,1
I 〉〉〈〈−−== ∑∑

==
i

i
iizz StrSrDtû% rβ

β
ββγ  (1.179) 

[m^_l�hij_^_eylvky�\ujZ`_gb_f 

 )0()( ωτω ûû  = ∫∫ ∑∑ 〉〉〈〈−−〉〉〈〈 rrrrr dSSSDC z
β

ββββ τ ))()0,(),()(( 22
S , (1.180) 

]^_�CS —�dhgp_gljZpby�ijbf_kguo�Zlhfh\��kf–3). 
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<ujZ`_gb_�^ey�nmgdpbb�iZfylb�ijb�ijhba\hevguo�khhlghr_gbyo�wlbo�iZjZf_ljh\�^ey�
^bihev-^bihevgh]h�\aZbfh^_ckl\by�y^_jguo�kibgh\�kh�kibgZfb�we_dljhgh\�[ueh�ihemq_gh�
gZfb� \� >������ ����@�� <� jZkkfZljb\Z_fhf� kemqZ_� Z^bZ[Zlbq_kdhc� ^_dh]_j_glbaZpbb�� dh]^Z�

12S >>>>τω ��hgZ�ijbgbfZ_l�\b^ 

 )0()()( ωτωτ ûûf ==  = 〉〉〈〈 2ωû )/exp( 1τt−− , (1.181) 

]^_ 

 〉〉〈〈 2ωû  = )(
15
16

4
2

z
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SI
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S 〉〉〈〈−−〉〉〈〈





 SS

a
C

πγγ
π

µ ! , (1.182) 

— \lhjhc�fhf_gl�jZkij_^_e_gby�kemqZcgh]h�jZa[jhkZ�j_ahgZgkguo�qZklhl��a —�fbgbfZev�
gh_�jZkklhygb_�hl�y^_jgh]h�kibgZ�^h�ijbf_kgh]h�ZlhfZ�ihjy^dZ�ihklhygghc�j_r_ldb� 
 2

z
2
z 〉〉〈〈−−〉〉〈〈 SS  = 4/))/(th1( S

2 Tω−− . (1.183) 

<�kemqZ_�ihqlb�iheghc�iheyjbaZpbb�we_dljhgguo�kibgh\��dh]^Z� T/Sω  >> ��[m^_f�bf_lv 

 〉〉〈〈 2ωû  § ))/(exp(
15

16

4 S3

2

SI
0

S T
a

C ωπγγ
π

µ −−





 ! . (1.184) 

<�j_amevlZl_�gZc^_f 

 )(t+  = ∫∫ −−
t

dûût
0

)0()()( τωτωτ  = (( )))/exp(1/ 11
2
1

2 τττω ttû −−++−−〉〉〈〈  . (1.185) 

Fmevlbie_lgZy�k\_jolhgdZy�kljmdlmjZ��h[mkeh\e_gghc�\aZbfh^_ckl\b_f�k�hdjm`Zxsbfb�
we_dljhggufb�kibgZfb��hklZ_lky�jZaj_r_gghc��_keb� 2

1
2 τω 〉〉〈〈û >> ���qlh�khhl\_lkl\m_l�mkeh�

\bx�©`_kldhc�j_r_ldbª��<�wlhf�kemqZ_�^_dh]_j_glbaZpby�khklhygbc�y^_jguo�kibgh\�ijhbk�
oh^bl� aZ� kq_l� jZa[jhkZ� j_ahgZgkguo� qZklhl�� khhl\_lkl\mxsbo� hl^_evguf� khklZ\eyxsbf�
k\_jolhgdhc� kljmdlmju� ^ey� jZaguo� y^_jguo� kibgh\�� b� fu� ihemqbf� )(t+  = 2/22 tû 〉〉〈〈 ω  

A 22 2/ ∗∗
⊥⊥Tt ��]^_� ∗∗

⊥⊥T oZjZdl_jgh_�\j_fy�g_h^ghjh^ghc�^_dh]_j_glbaZpbb�y^_jguo�kibgh\� 
H[jZlguc� ih� hlghr_gbx� d� jZkkfhlj_gghfm� kemqZc�� khhl\_lkl\m_l� mkeh\bx� ©kbevgh]h�

km`_gbyª� 2
1

2 τω 〉〉〈〈û << ���ijb� dhlhjhf� )(t+  = t / ⊥⊥T  = 1
2 τω 〉〉〈〈ût . Y^_jguc� kibg� ©qm\kl\m_lª�

_^bgh_�� mkj_^g_ggh_�ih�fmevlbie_lghc� kljmdlmj_� [ukljh�nemdlmbjmxs__�ihe_�� kha^Z\Z_�
fh_�fZ]gblgufb�fhf_glZfb�hdjm`Zxsbo�ijbf_kguo�Zlhfh\��<�wlhf�kemqZ_�^ey�\j_f_gb�
h^ghjh^ghc�^_dh]_j_glbaZpbb�[m^_f�bf_lv 
 ≈≈〉〉〈〈== −−

⊥⊥
1

1
2 )( τωûT 2/12

1
2 )−−〉〉〈〈 τωû ∗∗

⊥⊥T >> ∗∗
⊥⊥T . (1.186) 

Ke_^h\Zl_evgh��m\_ebq_gby�\j_f_gb�^_dh]_j_glbaZpbb� ⊥⊥T �fh`gh�^h[blvky�mf_gvrZy�dZd�
bgl_gkb\ghklv�\aZbfh^_ckl\by�k�we_dljhggufb�kibgZfb��mf_gvrZy�bo�dhgp_gljZpbx���lZd�
b�mf_gvr_gb_f�\j_f_gb�ijh^hevghc�j_eZdkZpbb�we_dljhgguo�kibgh\��?keb�\�kemqZ_�[hev�
rbo�\j_f_g�ijh^hevghc�j_eZdkZpbb�y^_jguo�kibgh\� �l\_j^u_�l_eZ�ijb�gbadbo�l_fi_jZlm�
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jZo��ihlj_[h\Zlv�l_o�`_�agZq_gbc�b�^ey�\j_f_gb�^_dh]_j_glbaZpbb�khklhygbc�y^_jguo�kib�
gh\�� lh� ^ey� \lhjh]h�fhf_glZ�nmgdpbb� jZkij_^_e_gby� kemqZcguo� qZklhl�ihemqbf� mkeh\b_�

2
1

2 −−<<<<〉〉〈〈 τωû ��Dhgdj_lgu_�qbke_ggu_�hp_gdb�ijb\_^_gu�\�=eZ\_�II . 
<� kemqZ_�\uiheg_gby� mkeh\by� ©`_kldhc�j_r_ldbª� wnn_dlb\gh_� mkj_^g_gb_� kemqZcgh]h�

jZa[jhkZ�j_ahgZgkguo�qZklhl�fh`_l�[ulv�hkms_kl\e_gh�iml_f�bkihevah\Zgby�lZd`_�f_lh^h\�
ki_dljhkdhibb�\ukhdh]h�jZaj_r_gby�b��\�qZklghklb�bfimevkguo�f_lh^h\� 

AZdexq_gb_��<aZbfh^_ckl\b_�k�we_dljhggufb�fZ]gblgufb�fhf_glZfb�ijbf_kguo�Zlh�
fh\�y\ey_lky�h^gbf�bo�kms_kl\_gguo�f_oZgbafh\�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�
y^_jguo�kibgh\� 
IhdZaZgh��qlh�\j_fy�^_dh]_j_glbaZpbb�hij_^_ey_lky \lhjuf�fhf_glhf�jZkij_^_e_gby�

kemqZcguo�qZklhl�b��ijb�^hklZlhqgh�kbevguo�\g_rgbo�iheyo��ijh^hevguf�\j_f_g_f�j_�
eZdkZpbb�we_dljhgguo�kibgh\��b]jZxsbf�jhev�\j_f_gb�dhjj_eypbb�kemqZcguo�ihe_c��kha�
^Z\Z_fuo�hdjm`_gb_f��Ih^Z\e_gby�^_dh]_j_glbaZpbb�khklhygbc�y^_jguo�kibgh\�fh`gh�^h�
[blvky� mf_gvrZy�dZd�dhgp_gljZpbx� kemqZcgh�jZkij_^_e_gguo�we_dljhgguo�kibgh\��lZd�b�
\j_fy�dhjj_eypbb�kemqZcguo�ihe_c��\j_fy�ijh^hevghc�j_eZdkZpbb�we_dljhgguo�kibgh\�� 

1.13. D\Zglh\h_�^bkdj_lgh_�nmjv_-ij_h[jZah\Zgb_�b�ljm^ghklb�_]h�
j_ZebaZpbb�gZ�YFJ�d\Zglh\uo�dhfivxl_jZo 

Fgh]hdm[blh\h_� d\Zglh\h_� ^bkdj_lgh_�nmjv_-ij_h[jZah\Zgb_� (quantum Fourier trans-

form QFTN��ij_^klZ\ey_l�kh[hc�mgblZjgh_�ij_h[jZah\Zgb_�khklhygby�L-dm[blh\h]h�d\Zglh�
\h]h�j_]bkljZ�_ x〉 = | xL–1, xL–2, ..., x0〉��hibku\Z_fh]h�N = 2L -f_jguf�\_dlhjhf�khklhygby�\b^Z�

∑
−

=

1

0

N

x

f(x) | x〉,�]^_�x —�^\hbqgh_�ij_^klZ\e_gb_�p_euo�qbk_e��gmf_jmxsbo�[Zabkgu_�khklhygby�

j_]bkljZ� gZ� rdZe_� ©ijhkljZgkl\_gguo� dhhj^bgZlª� x� b� baf_gyxsboky� hl� gmey� ^h N –

 1 = 2L–���\�khklhygb_� ∑
−

=

1

0

N

k

3(k) | k〉 〉��]^_�k�ijh[_]Z_l�l_�`_�agZq_gby��gh�gZ�rdZe_�©ijh�

kljZkl\_gguo�qZklhlª� 

 QFTN: ∑
−

=

1

0

N

x

f(x) | x〉 : ∑
−

=

1

0

N

k

3(k) | k〉 . (1.187) 

:fieblm^Z�nmjv_-ij_h[jZah\Zgby�3(k��hij_^_ey_lky�\ujZ`_gb_f 

 3(k) = N/1 ∑
−

=

1

0

N

x

exp(2iπkx/N) f(x) , (1.188) 

FbgbfZevguc�rZ]��k�dhlhjuf�^bkdj_lgu_�agZq_gby�x�jZkiheZ]Zxlky�gZ�x-rdZe_��khhl�
\_lkl\mxsbc� we_f_glZjghc� bgnhjfZpbhgghc� yq_cd_� jZ\_g� _^bgbp_�� <� ^\mof_jghc�
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x-k - iehkdhklb�fbgbfZevghc�bgnhjfZpbhgghc�yq_cd_�khhl\_lkl\m_l�ijyfhm]hevgbd�iehsZ�
^vx�N �Jbk� ������Khklhygb_� d\Zglh\h]h� j_]bkljZ� \� dZ`^hc�bgnhjfZpbhgghc� yq_cd_� wlhc�
rdZeu�fZdkbfZevgh�ehdZebah\Zgh��b�g_�aZ\bkbl�hl�agZq_gbc�ih�rdZe_�k. 

 

 

                                                                                                    

 

 

     k                                                                        k 

         8                                                                        8 

 

 

    4                                                                        4
 

 

 

 

        0                                                                          0 

              0          2           4           6           8       x                   0                      4                       8      x  

Jbk� �����BgnhjfZpbhggu_�yq_cdb�^ey�khklhygbc��-dm[blh\h]h�d\Zglh\h]h�j_]bkljZ��ehdZeb�
ah\Zggu_�gZ�x-�b�k- rdZeZo� 

<� x-k -iehkdhklb�nmjv_-ij_h[jZah\Zgb_� khhl\_lkl\m_l�ih\hjhlm�hk_c�dhhj^bgZl�gZ� ��0, 

ijb\h^ysbf�d�ij_h[jZah\Zgbx�rdZeu�x \�rdZem�k��D\Zglh\h_�nmjv_-ij_h[jZah\Zgb_�ij_^�
klZ\ey_lky�\�wlhc�iehkdhklb�mgblZjghc�fZljbp_c�N×N = 2L×2L��AZf_lbf��qlh�Zfieblm^u�
nmjv_-ij_h[jZah\Zgby�[Zabkguo�nmgdpbc�H[S��πixk/N��h^bgZdh\u�ijb�\k_o�agZq_gbyo�x��Z�bo�
nZau�ijh[_]Zxl�jZklmsb_�agZq_gby��� 2iπk/N, 2iπ2k/N, ... 2iπ(N – 1)k/N. 

FbgbfZevgZy�iehsZ^v�bgnhjfZpbhgghc�yq_cdb�\�khhl\_lkl\bb�k�ijbgpbihf�g_hij_^_�
e_gghklb�jZ\gZ�\�jZkkfZljb\Z_fhf�kemqZ_�iehsZ^b�d\Z^jZlZ�k�_^bgbqgufb�jZaf_jZfb�klh�
jhg��lh�_klv��jZ\ghc�_^bgbp_� 
D\Zglh\h_�nmjv_-ij_h[jZah\Zgb_�fh`_l�[ulv�ihkljh_gh�k�ihfhsvx�^\mo�hkgh\guo�hi_�

jZlhjh\��Wlh�h^ghdm[blh\uc�hi_jZlhj�:^ZfZjZ�H j��^_ckl\mxsbc�gZ�j-uc�dm[bl�b�^\modm[b�
lh\uc�hi_jZlhj�dhgljhebjm_fh]h�baf_g_gby�nZau�Bjk��aZ\bkysbc�lhevdh�hl�hlghkbl_evghc�
nZau�khklhygbc�_ 1〉 j-]h�b k-]h�dm[blh\��g_aZ\bkbfh�hl�khklhygby�^jm]bo�dm[blh\�>����������@�
�kf��Ijbeh`_gb_�I�). 

Ijhba\_^_f�gZ^�khklhygb_f j_]bkljZ� _ x〉�hij_^_e_ggmx�ihke_^h\Zl_evghklv�hi_jZpbc��
dZ`^uc�rZ]�dhlhjhc�[m^_f�hlf_qZlv�bg^_dkhf�j��<�dZq_kl\_�i_j\h]h�rZ]Z iheh`bf�j =  L – 1 

b�ih^_ckl\m_f�hi_jZlhjhf HL-1�gZ�i_j\uc�dm[bl j_]bkljZ�xL–1��qlh�wd\b\Ze_glgh�^_ckl\bx�
hi_jZlhjZ�HL–1⊗�1L–2⊗...⊗�12⊗�11⊗�10�gZ�khklhygb_�\k_]h�j_]bkljZ�x〉. 
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>Ze__� gZ� \lhjhf� rZ]_ iheh`bf j =  L – �� b� ih^_ckl\m_f� ijhba\_^_gb_f� hi_jZlhjh\�
BL-2,L-1(1L-1⊗· HL-2)�gZ�khklhygby�^\mo�dm[blh\ xL-1�b xL-2� �a^_kv�hi_jZlhju�^_ckl\mxl�ih�
gZijZ\e_gbx�hkb�\j_f_gb�\�ihjy^d_�ke_\Z�gZijZ\h��qlh�hlf_q_gh�:���Ijh^he`Zy�^Ze__�lZ�
dbf�h[jZahf�gZ�hq_j_^ghf�j-hf�rZ]_�ihemqbf�hi_jZpbx�Bj,j+1 Bj,j+2 ... Bj,L–1 H j. Dh]^Z�[m^_l�
^hklb]gmlh� agZq_gb_� j =  ��� wlhl� rZ]� aZdZgqb\Z_lky� hi_jZpb_c H0�� <� j_amevlZl_� ihegh_�
mgblZjgh_�ij_h[jZah\Zgb_�ij_^klZ\ey_lky�dZd�ihke_^h\Zl_evghklv�we_f_glZjguo�rZ]h\�^ey�
\k_o�agZq_gbc�j. 
GZijbf_j��\�kemqZ_�ijhkl_cr_]h�j_]bkljZ�ba L =  ��dm[blh\� �j =  0, ���mgblZjgh_�nmjv_-

ij_h[jZah\Zgb_�4)74�nhjfbjm_lky�ba�ihke_^h\Zl_evghklb�\k_]h�lj_o�we_f_glZjguo�hi_jZ�
pbc�� hibku\Z_fuo� fZljbpZfb� \� q_luj_of_jghf� \uqbkebl_evghf� [Zabk_� x〉 = x1, x0〉: 

9190〉, 91;0〉, ;190〉, ;1;0〉 ke_^mxs_]h�\b^Z�U4 = (H1⊗ 10) B0,1 (11⊗ H0):��b�i_j_c^_f�
d� h[uqghc� ^ey� mfgh`Z_fuo� hi_jZlhjh\-fZljbp�ihke_^h\Zl_evghklb� ^_ckl\mxsbo� kijZ\Z�
gZe_\h��hlf_q_gh�agZdhf�8): 

 U4 = (H1⊗ 10) B0,1 (11⊗ H0): = (11⊗ H0) B0,1 (H1⊗ 10)8 = 

 = 1/2 
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ii

11

1111

11

1111

.  (1.189) 

<�j_amevlZl_�^_ckl\by�mgblZjghc�hi_jZpbb���������q_luj_of_jgh_�khklhygb_� _ x〉 2-o�dm�
[blh\h]h�j_]bkljZ�ij_h[jZam_lky�\�q_luj_of_jgmx�ebg_cgmx kmi_jihabpbx | c〉 khklhygbc�
ke_^mxsbf�h[jZahf� 

 U4| x〉 = | k〉= U4











11

10

01

00

 = 

111001

111001

111001

111001

00

00

00

00

ii

ii

+−−
−−+
−+−
+++

 = 

)10()10(

)10()10(

)10()10(

)10()10(

−⊗−
+⊗−
−⊗+
+⊗+

i

i
 , (1.190) 

lh�_klv�^ey�N = 2L = ���mqblu\Zy��qlh�q_luj_�\uqbkebl_evguo�[Zabkguo�khklhygby�99��9;��
;9��;;�khhl\_lkl\mxl�\�^\hbqghf�ij_^klZ\e_gbb�qbkeZf�x, k = 0, 1, 2, ���ihemqbf� 
 | x〉 : 1/2 ( 1 | 0〉 + exp(L�[/2) | 1〉 + exp(L�[) | 2〉 + exp(L�[3/2) | 3〉 ) . (1.191)| 

Ih^q_jdg_f� kms_kl\_ggh_� k\hckl\h� d\Zglh\h]h� nmjv_-ij_h[jZah\Zgby�� dZd� ke_^m_l� ba�
��������hgh�g_�kha^Z_l�aZimlZgguo�khklhygbc� 
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Ba� kjZ\g_gby� �������� b� �������� l_i_jv� \b^gh�� qlh� ^ey� ihemq_gby� d\Zglh\h]h� nmjv_-
ij_h[jZah\Zgby�ke_^m_l�^hihegbl_evgh�i_j_clb�hl�khklhygby�_ c〉 \���������d�khklhygbx�_ k〉, 

hlebqZxs_fmky� hl� _ c〉 h[jZlguf� ihjy^dhf� jZkiheh`_gby� khklhygbc� dm[blh\� \� j_]bklj_��
99 : 99� 9; : ;9�� ;9 : 9;� ;; : ;;��LZdh_� ij_h[jZah\Zgb_� ijhba\h^blky� k� ihfh�
svx� _s_� h^ghc� mgblZjghc� hi_jZpbb� h[f_gZ� �SWAP�� khklhygbc� ^\mo� dm[blh\��
| k〉 = SWAP | c〉. �Ijb�wlhf�d\Zglh\h_�khklhygb_�hklZ_lky�g_aZimlZgguf� 
AZf_lbf��qlh�wlZ�ijhp_^mjZ�ZgZeh]bqgZ�hi_jZpbb��bg\_jkbb�ihjy^dZ�^\hbqguo�agZdh\��\�

deZkkbq_kdhf� Ze]hjblf_� [ukljh]h� ^bkdj_lgh]h�nmjv_-ij_h[jZah\Zgby�Dmeb-Lvxdb��<� j_�
amevlZl_ QFT4 =�SWAP· U4 . 

Ijb�L = ��jZaf_jghklv�]bev[_jlh\Z�ijhkljZgkl\Z�N = 24 = ���b�^ey�\uiheg_gby�nm�
jv_-ij_h[jZah\Zgby� g_h[oh^bfh� ijhba\_klb� ihke_^h\Zl_evghklv� m`_� g_� lj_o�� Z�
L(L + 1)/2 = ��� we_f_glZjguo� mgblZjguo�hi_jZpbc�� k�L hi_jZpbyfb�:^ZfZjZ� k�dZ`^uf�
dm[blhf�b�L(L – �����^\modm[blh\ufb�hi_jZpbyfb�dhgljhebjm_fh]h�baf_g_gby�nZau� 
?keb�ij_^iheZ]Zlv��qlh�gZ�dZ`^mx�we_f_glZjgmx�hi_jZpbx�aZljZqb\Z_lky�h^gh�b�lh�`_�

\j_fy��lh�_klv�\k_�hi_jZpbb�bf_xl�h^bgZdh\h_�jZaj_r_gb_�ih�\j_f_gb��lh�\j_f_ggZy�p_gZ�
ihegh]h� ij_h[jZah\Zgby� ijhihjpbhgZevgZ� qbkem� hi_jZpbc� b� jZkl_l� dZd d\Z^jZlbqgZy 

nmgdpby�hl�qbkeZ�L. 

Hl^_evgu_� j_Zevgu_� d\Zglh\u_� eh]bq_kdb_� hi_jZpbb�bf_xl�hij_^_e_ggmx� \j_f_ggmx�
p_gm��<�YFJ�d\Zglh\uo�dhfivxl_jZo�wlh�^ebl_evghklv�jZ^bhqZklhlguo�bfimevkh\�aZ^Zg�
ghc�bgl_gkb\ghklb��hkms_kl\eyxsbo�g_h[oh^bfuc�ih\hjhl�kibgh\��LZd��^ey�\uiheg_gby�
hi_jZpbb�Bj,k�\�kemqZ_�d\Zglh\h]h�nmjv_-ij_h[jZah\Zgby�g_h[oh^bfh�hkms_kl\blv�ih\hjhl�
nZau�gZ�m]he�θj-k = π/2k–j��qlh�lj_[m_l�^ebl_evghklb τk-j��ijhihjpbhgZevghc��–(k–j)��]^_��–1 ≤ 

2–(k–j) ≤  2 –(L–1)��Qbkeh�lZdbo�^\modm[blh\uo�hi_jZpbc�dhgljhebjm_fh]h�baf_g_gby�nZau�
ijb� \uiheg_gbb� d\Zglh\h]h�nmjv_-ij_h[jZah\Zgby�jZ\gh�L(L – ������>bZiZahg�g_h[oh^b�
fuo�^ebl_evghkl_c�we_f_glZjguo�hi_jZpbc�ijb�khojZg_gbb�lhqghklb�ij_h[jZah\Zgby��m\_�
ebqb\Z_lky�k�qbkehf�L wdkihg_gpbZevgh�b�khhl\_lkl\_ggh�\eby_l�gZ�\j_f_ggmx�p_gm�\k_]h�
ij_h[jZah\Zgby��H^gZdh�� ke_^m_l� aZf_lblv�� qlh�fbgbfZevgh_� agZq_gb_� ^ebl_evghklb� we_�
f_glZjghc�hi_jZpbb�hij_^_ey_lky�\j_f_gguf�jZaj_r_gb_f�j_]bkljbjmxs_c�kbkl_fu��dh�
lhjh_�ijb�[hevrbo�agZq_gbyo�L fh`_l�kms_kl\_ggh�h]jZgbqblv�wlhl�^bZiZahg�b�\�j_amevlZ�
l_� ijb\_klb� d� lhfm�� qlh� aZ\bkbfhklv� hl�L \j_f_gghc�p_gu�nmjv_-ij_h[jZah\Zgby� ohly�b�
[m^_l�[he__�kbevghc��q_f�a L��gh�[he__�keZ[hc��q_f�a L2L [1.48]. 

Bkihevah\Zgb_�ijb[eb`_ggh]h�d\Zglh\h]h�nmjv_-ij_h[jZah\Zgby��\�dhlhjhf�mf_gvrZ_l�
ky�qbkeh�hi_jZpbc�dhgljhebjm_fh]h�nZah\h]h�k^\b]Z�^h�\_ebqbgu��hij_^_ey_fhc�lj_[h\Z�
gb_f�lhqghklb�>����@��lZd`_�fh`_l�qZklbqgh�j_rblv�ijh[e_fm�\j_f_gghc�p_gu�d\Zglh\h]h�
nmjv_-ij_h[jZah\Zgby� 
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AZdexq_gb_��Hlf_qZ_lky��qlh�d\Zglh\h_�nmjv_-ij_h[jZah\Zgb_�gZ�fgh]hdm[blh\hf�j_]b�
klj_� lj_[m_l� ihebghfbZevgh_� qbkeh� d\Zglh\uo� hi_jZpbc� (~L2�� \� hlebqb_� hl� [ukljh]h�
deZkkbq_kdh]h�ij_h[jZah\Zgby�Dmeb-Lvxdb��lj_[mxs_]h��LL hi_jZpbc��H^gZdh�ijb�j_Zeb�
aZpbb�nmjv_-ij_h[jZah\Zgby�gZ�YFJ�d\Zglh\uo�dhfivxl_jZo�� _keb�g_�h]jZgbqb\Zlv�^eb�
l_evghklv� we_f_glZjghc� hi_jZpbb�� wdkihg_gpbZevgh�ih� hlghr_gbx�d�qbkem�dm[blh\�jZk�
l_l�\j_f_ggZy�p_gZ�ij_h[jZah\Zgby� 

1.14. :e]hjblf�nZdlhjbaZpbb�RhjZ�gZ�hkgh\_�d\Zglh\h]h�nmjv_-
ij_h[jZah\Zgby 

:e]hjblf�nZdlhjbaZpbb�RhjZ�khklhbl�\�hij_^_e_gbb�ijhkluo�fgh`bl_e_c�p b�q ^ey�aZ�
^Zggh]h�p_eh]h�qbkeZ�M = p· q iml_f�bkihevah\Zgby�d\Zglh\hc�ko_fu�^ey�hij_^_e_gby�i_�
jbh^Z r g_dhlhjhc� i_jbh^bq_kdhc� nmgdpbb� \b^Z� yM(x) = ax mod M, 

]^_ x = 0, 1, ..., N – 1, N = 2L, a —�ex[h_�qbkeh��g_�bf_xs__�h[sbo�^_ebl_e_c�k�jZk�
kfZljb\Z_fuf�qbkehf M. 

GZijbf_j�� \� kemqZ_�g_q_lgh]h� qbkeZ�M = ���fh`gh�\u[jZlv�a = �� �_keb�M —q_lgh_�
qbkeh��lh�aZ^ZqZ�jZa^_e_gby�gZ�fgh`bl_eb�hq_\b^gh�k\h^blky�d�aZ^Zq_�^ey�khhl\_lkl\mxs_�
]h�g_q_lgh]h�khfgh`bl_ey���b�lh]^Z�ihke_^h\Zl_evghklv�qbk_e��0, 21,..., 2x ih�fh^mex 15 

ij_^klZ\ey_lky� \� ke_^mxs_f� \b^_� �� 2, 4, 8, 1, 2, 4, ������ lh� _klv� bf__l� i_jbh^� ih x 

r = ��b�m^h\e_l\hjy_l�mjZ\g_gbx��r ≡ 1 mod ����\�h[s_f�kemqZ_�ar ≡ 1 mod M��Z�iZ�
jZf_lj�r gZau\Z_lky�ihjy^dhf�nmgdpbb�a mod M, dh]^Z�a < M��hg�g_�bf__l�h[sbo�fgh`b�
l_e_c�k�M). 

L_i_jv��dh]^Z�i_jbh^�r ba\_kl_g��fgh`bl_eb�qbkeZ M��k�ihfhsvx�Ze]hjblfZ�?\deb^Z, 

hij_^_eyxlky� dZd� gZb[hevrb_� h[sb_� ^_ebl_eb� qbk_e� �r/2 ± �� b M�� <� jZkkfZljb\Z_fhf�
kemqZ_�[m^_f�bf_lv 15 = �Â ���>ey�aZibkb�wlh]h�qbkeZ����hq_\b^gh�g_h[oh^bfh���[blZ�bg�
nhjfZpbb��4 = �����<�h[s_f�kemqZ_�^ey�aZibkb�qbkeZ M��khhl\_lkl\_ggh� g_h[oh^bfh�[m�
^_l�bf_lv�hdheh log2M [bl�bgnhjfZpbb� 
<uqbkebl_evgZy�ko_fZ�^ey�\uiheg_gby�d\Zglh\h]h�Ze]hjblfZ�RhjZ��>����� ����@��bkihev�

am_l�^\Z�d\Zglh\uo�j_]bkljZ�X b Y��DZ`^uc�ba�gbo�\�gZqZevguc�fhf_gl�gZoh^blky�\�bgb�
pbZebabjh\Zgghf�khklhygbb� _ 0〉 = | 9L–1, 9L–2, ..., 90〉��J_]bklj�X bkihevam_lky�^ey�jZaf_s_�
gby� Zj]mf_glh\ x �gZlmjZevgu_� qbkeZ�� nmgdpbb� yM(x��� lh� _klv� bf__l�N khklhygbc� _ x〉�� Z�
\kihfh]Zl_evguc�j_]bklj�Y bkihevam_lky�^ey�jZaf_s_gby�agZq_gbc�kZfhc�nmgdpbb�yM(x��k�
ih^e_`Zsbf�hij_^_e_gbx�i_jbh^hf�r��J_]bklj�Y ̂ he`_g�[ulv�^hklZlhqgh�[hevrbf��qlh[u�
ihf_klblv�agZq_gby�nmgdpbb�yM(x���ho\Zlu\Zxsb_�^hklZlhqgh_�qbkeh�ij_^iheZ]Z_fuo�ihe�
guo�i_jbh^h\��>ey�wlh]h�g_h[oh^bfh��qlh[u�qbkeh�khklhygbc�j_]bkljZ�N = 2L ≥ M2 » r2. 
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GZ�i_j\hf�wlZi_�Ze]hjblfZ�RhjZ�bgbpbZebabjh\Zggh_�bkoh^gh_�khklhygb_� | 0〉 j_]bkljZ�
X i_j_\h^blky�k�ihfhsvx�L-dm[blh\hc�hi_jZpbb�MherZ-:^ZfZjZ�W = H1⊗H2⊗  Hn⊗HL�\�
jZ\gh\_jhylgmx� �k� jZ\gufb� N/1 Zfieblm^Zfb�� kmi_jihabpbx� \k_o N = 2L� [me_\uo� kh�
klhygbc� _ x〉 = | xL–1, xL–2, ..., x0〉. Ijb�wlhf�\lhjhc�j_]bklj�hklZ_lky�\�khklhygbb� _ 0〉��<�j_�
amevlZl_�^ey�kbkl_fu�^\mo�j_]bkljh\�ihemqZ_f�g_aZimlZggh_�khklhygb_ 

 | ϕ[x,0]〉 =  N/1 ∑
−

=

1

0

N

x
| x〉⊗ | 0〉 = N/1 ∑

−

=

1

0

N

x

| x,0〉 . (1.192) 

Ihegh_�qbkeh�g_h[oh^bfuo�eh]bq_kdbo�hi_jZpbc�gZ�wlhf�wlZi_�hij_^_ey_lky�qbkehf�we_�
f_glZjguo� hi_jZpbc� :^ZfZjZ�� lh� _klv� qbkehf� L. IZjZee_evgh�� k� ihfhsvx� h[jZlbfhc�
\uqbkebl_evghc� hi_jZpbb�� d\Zglh\uc� j_]bklj Y aZihegy_lky� agZq_gbyfb� nmgdpbb�
yM(x) = 2x mod M b� i_j\hgZqZevgh_� khklhygb_� kbkl_fu� ^\mo� j_]bkljh\� ij_\jZsZ_lky� \�
kmi_jihabpbx��\�dhlhjhc�khklhygbyfb�h[hbo�j_]bkljh\�klZgh\ylky�hij_^_e_gguf�h[jZahf�
aZimlZggufb��GZijbf_j��\�kemqZ_�M = ���hgZ�bf__l�\b^� 

 | ϕ[x,yM(x)]〉 = N/1 ∑∑
−−

==

1

0

N

x

| x〉⊗ | yM(x)〉 = N/1 ( | 0〉⊗ | 1〉 + | 1〉⊗ | 2〉 + | 2〉⊗ | 4〉 + 

 + | 3〉⊗ | 8〉 + | 4〉⊗ | 1〉 + | 5〉⊗ | 2〉 + | 6〉⊗ | 4〉 + ...+ | N-1〉⊗ | 2N-1 mod 15〉 ,  (1.193). 

hldm^Z�ke_^m_l��qlh�ihke_^h\Zl_evghklv�agZq_gbc�nmgdpbc�y15(x��bf__l�gZ�rdZe_�o�i_jbh^�
r = ��b� dZ`^hfm�nbdkbjh\Zgghfm� khklhygbx�\lhjh]h�j_]bkljZ� khhl\_lkl\m_l�ihke_^h\Z�
l_evghklb�Zfieblm^�hklZ\rboky�\�i_j\hf�j_]bklj_ x�gZ�jZkklhygbb�^jm]�hl�^jm]Z��jZ\guf�
i_jbh^m�nmgdpbb�y15(x���GZijbf_j��_keb�aZnbdkbjh\Zgh khklhygb_�\lhjh]h�j_]bkljZ�_ 4〉��lh�
\�i_j\hf�j_]bklj_�khhl\_lkl\mxsb_�ihke_^h\Zl_evghklb�qbk_e x�[m^ml hlebqZlvky�gZ�i_jb�
h^�r = 4: 

 | ϕ[x,4]〉 = N/1  ( | 2〉 + | 6〉 + | 10〉 + ... + | 4Α+l〉) ⊗ 4〉 = 

 = )1/(1 ++A  ∑∑
==

++
A

j

lrj
0

 ⊗4〉 =  ∑∑
==

N

x

xxf
0

)(  ⊗4〉,  (1.194) 

]^_�\\_^_gZ�d\Zabi_jbh^bq_kdZy�nmgdpby 
 f(x) = )1/(1 ++A ∑

=
+

A

j
lrjx

0
,δ  , (1.195) 

0 ≤ l ≤ r < M, A = [N/r –��@��p_eZy�qZklv���<�jZkkfZljb\Z_fhf�kemqZ_�l = 2 —�gZqZev�
gh_�agZq_gb_�x \����������hij_^_ey_fh_�\u[hjhf�nbdkbjh\Zggh]h�agZq_gby�_ 4〉. 

Khklhygb_� ��������y\ey_lky�h^ghjh^ghc�g_dh]_j_glghc�kmi_jihabpb_c�gmf_jm_fuo�qbk�
eZfb�j b�l [Zabkguo�khklhygbc�\�i_j\hf�j_]bklj_�k�i_jbh^hf�r \�aZ\bkbfhklb�hl�x = rj + l. 

LZdbf�h[jZahf��\lhjhc�j_]bklj�kem`bl�^ey�ijb]hlh\e_gby�i_jbh^bq_kdh]h�khklhygby�\�
i_j\hf� j_]bklj_�� Wlh� hdZau\Z_lky� \hafh`guf� [eZ]h^Zjy� bkihevah\Zgbx� kmi_jihabpbb�
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d\Zglh\uo�khklhygbc�h[hbo�j_]bkljh\��qlh�y\ey_lky�ijhy\e_gb_f�d\Zglh\h]h�iZjZee_ebafZ�
\�Ze]hjblf_�RhjZ��Ijb�wlhf�g_�\hagbdZ_l�g_h[oh^bfhklb�hl^_evgh]h�baf_j_gby�khklhygby�
\lhjh]h�j_]bkljZ� 
GZ \lhjhf wlZi_�Ze]hjblfZ�^ey�wdkljZdpbb�i_jbh^Z�r gZ^�khklhygb_f i_j\h]h j_]bkljZ�

ijhba\h^blky� hi_jZpby�nmjv_-ij_h[jZah\Zgby� �������� �^Ze__� ^ey� ijhklhlu�ij_^iheh`bf��
qlh�N lhqgh�^_eblky�gZ�r��lZd�qlh�A = N/r – 1): 

 QFTN : Nr /  ∑∑
==

++
A

j

lrj
0

: ∑∑
−−

==

1

0

N

k

3l(k) | k〉 , (1.196) 

]^_ 

 3l(k)  = N/1 ∑∑
−−

==

1

0

N

x

exp(2kiπx/N) f(x) = Nr /  ∑∑
==

++A

j N

kljri

0

)(2
exp

π
 . (1.197) 

<_jhylghklv� ihemqblv� khklhygb_ | k〉 hij_^_ey_lky� kj_^gbf� agZq_gb_f� �q_jlZ� k\_jom��
\k_\hafh`guo�bkoh^h\��ijb\h^ysbo�d�khklhygbx�k�h^gbfb�b�l_fb�`_�agZq_gbyfb�r b k�ijb�
baf_j_gbb�khklhygby�j_]bkljZ 

 p(k) = |3l(k)|2 = (r/N2)

2

0

)/)mod(2exp(∑∑
==

A

j

NNrkijπ  . (1.198) 

Mqblu\Zy��qlh�hkgh\ghc�\deZ^�\� ��������^Zxl�keZ]Z_fu_��m�dhlhjuo� rk/N [ebadh�d�p_ehfm�
qbkem��lhqg__ 
 –r/2 ≤ rk mod N ≤ r/2 , (1.199) 

lh� \� kemqZ_�fZeuo� agZq_gbyo� r/N ^ey� dZ`^h]h� agZq_gby� r��dhlhjh_� m^h\e_l\hjy_l� ���������
fh`gh�ihemqblv�hp_gdm�^ey�\_jhylghklb�\�wlhf�kemqZ_�>����@� 
 p(k) ≥ 4/(π2r) . (1.200) 

Ba���������ke_^m_l��qlh�ih�djZcg_c�f_j_�k�\_jhylghklvx���π2 = ������baf_j_ggh_�agZq_�
gb_�k ijbgbfZ_l�^bkdj_lgu_�agZq_gby�k = νN/r��]^_�ν = 0,1,...r – 1 —�p_eh_�qbkeh��Lh�_klv�
\�j_amevlZl_�d\Zglh\h]h�nmjv_-ij_h[jZah\Zgby�kmi_jihabpby���������ij_h[jZam_lky�\�jZ\gh�
\_jhylgmx�kmi_jihabpbx���������k�i_jbh^hf�N/r. 

Baf_j_gb_� \_jhylghklb� khklhygby� �������� iha\hey_l� ^Ze__� hij_^_eblv� agZq_gby�
k = νN/r��bf_y�dhlhju_�ijb�ba\_klghf�k/N��fh`gh�gZclb�hlghr_gb_�ν/r��?keb�ν b�r g_�bf_�
xl�h[sbo�fgh`bl_e_c��djhf_�_^bgbpu��fh`gh�hij_^_eblv�i_jbh^�r iml_f�ij_h[jZah\Zgby�
hlghr_gby� ν/r d�g_ijb\h^bfhfm� \b^m�� lh� _klv� d� \b^m�� dh]^Z�qbkebl_ev�b� agZf_gZl_ev�g_�
bf_xl�^jm]bo�h[sbo�gZb[hevrbo�^_ebl_e_c��djhf_�_^bgbpu��Ihke_�wlh]h�k�ihfhsvx�Ze]h�
jblfZ�?\deb^Z�gZoh^ylky�b�fgh`bl_eb�qbkeZ�M. 

:e]hjblf�RhjZ�kh^_j`bl�\_jhylghklguc�Zki_dl��Wlh�k\yaZgh�k�l_f��qlh�[eZ]h^Zjy�gZeb�
qbx�jZagh]h�jh^Z�rmfh\�i_jbh^� r��Z��ke_^h\Zl_evgh��b�fgh`bl_eb�qbkeZ�M��ihemq_ggu_�\�
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ijhp_kk_�hibkZgguo�\ur_�\uqbke_gbc��g_�[m^ml�lhqgufb��J_Zevgh�^ey�ba\e_q_gby�i_jbh^Z�
ba� nmjv_-ij_h[jZah\Zgby� ke_^m_l� ijhba\_klb� _s_� jy^� ^hihegbl_evguo� \uqbkebl_evguo�
hi_jZpbc��gZijbf_j��ijhba\_klb�mfgh`_gb_�ihemq_gguo�fgh`bl_e_c�k�ihfhsvx�deZkkbq_�
kdbo� \uqbkebl_evguo�hi_jZpbc�^ey�ijh\_jdb�j_amevlZlZ��?keb�qbkeh�M g_�ihemqblky�� lh�
\_kv�Ze]hjblf�RhjZ�ih\lhjy_lky�k�^jm]bf�agZq_gb_f�ν,  ihdZ�g_�[m^_l�ihemq_g�ijZ\bevguc�
hl\_l��Wlh�fh`_l��\hh[s_� ]h\hjy�� kms_kl\_ggh� mom^rblv� wnn_dlb\ghklv�\k_c�ijhp_^mju�
Ze]hjblfZ�d\Zglh\hc�nZdlhjbaZpbb� 
JZaeh`_gby�qbkeZ�N gZ�fgh`bl_eb�k�ihfhsvx�deZkkbq_kdbo�hi_jZpbc�\�ijhkl_cr_f�kem�

qZ_�fh`gh�ihiulZlvky�k^_eZlv�iml_f�ijhklh]h�^_e_gby�N gZ��� 3, ��b l�^��^h� N . Qbkeh�
we_f_glZjguo�hi_jZpbc�\�wlhf�kemqZ_�[m^_l N  = 2L/2��lh�_klv�wdkihg_gpbZevgh aZ\bkbl�
hl�qbkeZ�dm[blh\�\�j_]bklj_�L��;ueb�jZajZ[hlZgu�deZkkbq_kdb_�[he__�keh`gu_�Ze]hjblfu�
nZdlhjbaZpbb��lZdb_�dZd�RSA-Ze]hjblf��dhlhjuc�iha\hebe�mf_gvrblv�qbkeh�g_h[oh^bfuo�
hi_jZpbc�^h�aexp(const L1/3(log2L)2/3���qlh�_s_�g_�^hklZlhqgh�ihegh�j_rZeh�ijh[e_fu�nZdlh�
jbaZpbb��dhlhjZy��klZeZ�ijbh[j_lZlv�\Z`gh_�agZq_gb_�\�k\yab�k�jZajZ[hldhc�kbkl_f�k_dj_l�
gh]h�h[f_gZ�khh[s_gbyfb�ih�hldjulhfm�dZgZem�k\yab�k�hldjuluf�dexqhf��f_lh^u�djbilh�
]jZnbb�� 

AZdexq_gb_��Hlf_qZ_lky��qlh�\�kemqZ_�Ze]hjblfZ�RhjZ��bkihevamxs_]h�d\Zglh\h_�^bk�
dj_lgh_�nmjv_-ij_h[jZah\Zgb_��ihegh_�qbkeh�hi_jZpbc�kl_i_gguf�h[jZahf aZ\bkbl�hl L 

ihebghfbZevgh� �a L3��� lh� _klv�bf__l�f_klh� wdkihg_gpbZevguc�\ub]jur�ih� kjZ\g_gbx� k�
deZkkbq_kdbfb�f_lh^Zfb��H^gZdh�� wlZ� aZ\bkbfhklv�g_� mqblu\Z_l� \ebygby�iZjZablgh]h�
\aZbfh^_ckl\by�f_`^m�dm[blZfb��dhlhjh_�ijb\h^bl�d�g_dhlhjhc�^hihegbl_evghc�^_]jZ�
^Zpbb�d\Zglh\uo�\uqbkebl_evguo�ijhp_kkh\�k�jhklhf�L >����@��GZb[he__�kms_kl\_gguf�h^�
gZdh�y\ey_lky�gZ�gZr�\a]ey^��m`_�hlf_qZ\rbcky�\ur_��\hijhk�h�\j_f_gghc�p_g_�j_ZebaZ�
pbb�Ze]hjblfZ�RhjZ�ijb�jZ[hl_�gZ�YFJ�d\Zglh\uo�dhfivxl_jZo� 

1.15.�D\Zglh\h_�\_c\e_l-ij_h[jZah\Zgb_�\�Ze]hjblf_�nZdlhjbaZpbb 

<�dZq_kl\_�kihkh[Z�j_r_gby�ijh[e_fu�\j_f_gghc�p_gu�\�YFJ�d\Zglh\uo�dhfivxl_jZo�
fu�ij_^eZ]Z_f�bkihevah\Zlv�\f_klh�d\Zglh\h]h�^bkdj_lgh]h�nmjv_-ij_h[jZah\Zgby�d\Zg�
lh\h_� \_c\e_l-ij_h[jZah\Zgb_ (quantum wavelet-transform�� >����@�� dhlhjh_� y\ey_lky� mgb�
lZjguf�ij_h[jZah\Zgb_f�hl�ij_^klZ\e_gby�khklhygby�d\Zglh\h]h�j_]bkljZ�\�©ijhkljZgkl�
\_gghcª� rdZe_� _ x〉� d� g_dhlhjhfm� ^jm]hfm� ^\moiZjZf_ljbq_kdhfm� ij_^klZ\e_gbx��
hij_^_ey_fhfm�kbkl_fhc�[Zabkguo�\_c\e_l-nmgdpbc��\_c\e_lh\�� 
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GZqg_f�k�jZkkfhlj_gby�\_c\e_l-ij_h[jZah\Zgby�^ey�d\Z^jZlbqgh�bgl_]jbjm_fhc�gZ�bg�
l_j\Ze_� >�� N @�g_ij_ju\ghc�nmgdpbb� f(x���Zfieblm^u�dhlhjh]h�hij_^_eyxlky�\ujZ`_gb_f�
[1.52] 

 wn(m) = ∫
N

n dxxfmx
0

)(),(ψ  , (1.201) 

]^_� %n(x,m) —� [Zabkgu_� nmgdpbb-\_c\e_lu�� aZf_gyxsb_� nmgdpbb� H[S��πixk/N�� \� nm�
jv_-ij_h[jZah\Zgbb�b�hlh[jZ`Zxsb_�nmgdpbx� f(x��\�hlebqb_�hl�nmjv_-ij_h[jZah\Zgby�g_�
gZ�h^ghf_jguc�fZkkb\�^bkdj_lguo�iZjZf_ljh\�k��Z�gZ�^\mof_jguc�fZkkb\�iZjZf_ljh\�n, m. 

<_c\e_l-ij_h[jZah\Zgb_�klZgh\blky�h[jZlbfuf��\�qZklghklb��ijb�hij_^_e_gghf�mkeh\bb�
h]jZgbqb\Zxsbf�\b^�©fZl_jbgkdhc�nmgdpbbª�nmgdpbb�%(x) A %0(x,0): 

 ∫
N

dxx
0

2|)(|ψ  = 1 . (1.202) 

Kh\hdmighklv�©^hq_jgboª�[Zabkguo�nmgdpbc�ij_^klZ\ey_lky�\�ke_^mxs_f�\b^_ 
 %n(x,m) = 2n/2�%(2nx – m) (1.203) 

b�h[jZamxl�ihegmx�hjlhghjfbjh\Zggmx�kbkl_fm��lh�_klv 

 ∫
N

nn dxmxmx
0

*
' )',(),( ψψ  = /nn’/mm’   (1.204) 

Ihwlhfm�hgb�fh]ml�[ulv�[Zabkhf�^ey�d\Zglh\uo�khklhygbc� 
<�\ujZ`_gbb���������jhev�©ijhkljZgkl\_gguo�qZklhlª�k�b]jZxl�l_i_jv�iZjZf_lju�N2n��K�

m\_ebq_gb_f� iZjZf_ljZ� n� \� �n� jZaZ� mf_gvrZ_lky�fZkrlZ[�beb� m\_ebqb\Z_lky� jZaj_r_gb_�
nmgdpbb�%n(x,m��ih�rdZe_�x�\�kjZ\g_gbb�k�jZaj_r_gb_f�fZl_jbgkdhc�nmgdpbb�%(x��b��djhf_�
lh]h��ijhbkoh^bl k^\b]�\_c\e_lZ�gZ��–nm��Jhev�©ijhkljZgkl\_gguoª�dhhj^bgZl�i_j_oh^bl�d�
iZjZf_ljm��–nm. 

Kms_kl\m_l�fgh]h�lbih\�\_c\e_lh\�k�jZaebqguf�oZjZdl_jhf�ehdZebaZpbb��GZb[he__�bg�
l_j_kgu_�ba�gbo�m^h\e_l\hjyxl�mkeh\bx�dhfiZdlghklb��lh�_klv�hgb�jZ\gu�gmex�\g_�g_dh�
lhjh]h�dhg_qgh]h�bgl_j\ZeZ�^ebgu� 
Ijhkl_crbf�ij_h[jZah\Zgb_f�y\ey_lky�ij_h[jZah\Zgb_�OZZjZ��g_dhlhjuf�g_^hklZldhf�

dhlhjh]h�y\ey_lky�lh��qlh�ohly�_]h�[Zabkgu_�nmgdpbb�m^h\e_l\hjyxl�mkeh\bx�dhfiZdlgh�
klb��gh�g_�m^h\e_l\hjyxl�mkeh\bx�ieZ\ghklb�b�ihlhfm�g_�^hklZlhqgh�ohjhrh�ehdZebah\Zgu�
gZ�rdZe_�ijhkljZgkl\_gguo�qZklhl >����@��H^gZdh�wlh�ij_h[jZah\Zgb_�iha\hey_l�gZb[he__�
ijhklh�i_j_clb�d�^bkdj_lghfm�\_c\ebl-ij_h[jZah\Zgbx�b�gZ]ey^gh�ijh^_fhgkljbjh\Zlv�_]h�
hkh[_gghklb�b�ij_bfms_kl\Z� 
JZkkfhljbf�nbabq_kdbc�kfuke�ij_h[jZah\Zgbc��g_dhlhju_�ih^jh[ghklb�h[s_]h�oZjZdl_�

jZ�fh`gh�gZclb�lZd`_�\�gZr_c�dgb]_�>����@��lZf�b�kkuedb�gZ�^jm]b_�jZ[hlu�� 
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FZl_jbgkdZy�\_c\e_l-nmgdpby�OZZjZ�aZ^Z_lky�gZ�bgl_j\Ze_�jZaj_r_gby�> 0, 1 @�b�jZ\gZ�
gmex�\�hklZevghc�h[eZklb��Jbk� ������Z�bf_ggh� 

 ψ(x) = 
12/1

2/10

1

1

<≤
<≤




− x

x
 . (1.205) 

   ψ   n   (   x   ,   m   )       

2   
ψ   2   (   x   ,5)       

    ψ   –   1   (   x   ,1)       

0   

           ψ   (   x   )       

- 2   

0   1                  2                3                4   x 
 

Jbk� �����Ijbf_ju�[Zabkguo�\_c\e_l-nmgdpbc�OZZjZ��©fZl_jbgkdZyª�b�^\_�©^hq_jgboª� 

HgZ�kem`bl�^ey�ihkljh_gby�khhl\_lkl\mxs_c�^hq_jg_c�nmgdpbb: 

 ψn(x,m)  = 2n/2 %(2nx – m) = 
nn

nn

n

n

mxm

mxm
−−

−−

+<≤+
+<≤




− 2)1(2)2/1(

2)2/1(2

2

2
2/

2/

 . (1.206) 

DZd�\b^gh�ba����������iZjZf_lju�m b�n e_`Zl�\�dhg_qguo�bgl_j\ZeZo� 
 0 ≤ m ≤ N 2n– 1 ,   – L = – log2N ≤ n ≤ 0 . (1.207) 

LZdbf�h[jZahf��^ey�aZ^Zggh]h�agZq_gby�L�gZb[he__�\ukhdh_�jZaj_r_gb_�hdZau\Z_lky�m�fZ�
l_jbgkdhc�nmgdpbb��n = 0). 

;Zabkgu_� ^hq_jgb_� \_c\e_l-nmgdpbb�OZZjZ� jZks_ieyxlky� gZ� ^\_� dmkhqgh-ihklhygguo�
h[eZklb�jZagh]h�agZdZ��bf_xsbfb�\��n�jZaZ�[he__�\ukhdbc�mjh\_gv�jZaj_r_gby�gh�rdZe_�x, 

hij_^_ey_fuc�iZjZf_ljhf�n��K�m\_ebq_gb_f�qbkeZ�dm[blh\�\�j_]bklj_�m\_ebqb\Z_lky�^bZiZ�
ahg�agZq_gbc�iZjZf_ljh\�n�b��khhl\_lkl\_ggh��qbkeh�^hq_jgbo�\_c\e_l-nmgdpbc��Ijb�L = 3, 

N = ��[m^_f�bf_lv�n = 0, –1, –2, –3, m = 0, 1, 2, …, 7.  

Khhl\_lkl\_ggh��Zfieblm^Z�\_c\e_l-ij_h[jZah\Zgby�OZZjZ� �\_c\e_l-Zfieblm^u��ij_^�
klZ\ey_lky�\�\b^_�^\mo�keZ]Z_fuo 

 wn(m)  = ∫
N

n dxxfmx
0

)(),(ψ  = 2/1  (fn+1(2m) – fn+1(2m + 1)) , (1.208) 

]^_�nmgdpbb�q_lguo�b�g_q_lguo�Zj]mf_glh\ 

 fn+1(2m) = ∫
−

−

+ 2/

2/

2)2/1(

2

2/ )(2

n

n

m

m

n dxxf  = ∫
+−

+−

+
+

2/)1(

2/)1(

2)12(

22

2/)1( )(2

n

n

m

m

n dxxf , 
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 fn+1(2m + 1) = ∫
−

−

+

+

2/

2/

2)1(

2)2/1(

2/ )(2

n

n

m

m

n dxxf  = ∫
+−

+−

+

+

+

2/)1(

2/)1(

2)22(

2)12(

2/)1( )(2

n

n

m

m

n dxxf  (1.209) 

hkms_kl\eyxl�^bkdj_lgh_�ij_^klZ\e_gb_�g_ij_ju\ghc�nmgdpbb�f(x��^ey�dZ`^h]h�aZ^Zggh�
]h�mjh\gy�jZaj_r_gby�\_c\e_lZ��iZjZf_lj�n���Z�bf_ggh� 
 fn(m) = 2/1 (fn+1(2m) + fn+1(2m + 1)) . (1.210) 

DZ`^h_�ba�wlbo�keZ]Z_fuo�bf__l�kfuke�kj_^g_]h�agZq_gby�nmgdpbb�f(x��gZ�bgl_j\ZeZo�m^\h�
_gghc�ijhly`_gghklb� �iZjZf_lj�n + ���ih� kjZ\g_gbx� k�bgl_j\Zehf��\�dhlhjhf�hij_^_e_g�
\_c\e_l� 
<_dlhj�bkoh^gh]h� khklhygby�d\Zglh\h]h�j_]bkljZ�^ey�dZ`^h]h�fZkrlZ[Z�jZaj_r_gby�n 

 fh`gh�ij_^klZ\blv�\�\b^_�kmi_jihabpbb� 

 | n〉 = )12)12(2)2((2/1
12

0
11 +++∑

−

=
++ mmfmmf

nN

m
nn  . (1.211) 

<�j_amevlZl_�ijb�\_c\e_l-ij_h[jZah\Zgbb�x-k iehkdhklv�jZa[b\Z_lky�gZ�h^bgZdh\u_�ih�
iehsZ^b��N��ijyfhm]hevgu_�yq_cdb-^bZ^u�k�jZaguf�khhlghr_gb_f�\ukhlu�b�rbjbgu��dh�
hj^bgZlu�dhlhjuo�aZ^Zxlky�iZjZf_ljZfb�n�b�m��GZ�Jbk� �����\b^gh��qlh�ohjhr_fm�jZaj_r_�
gbx�gZ�rdZe_�x�khhl\_lkl\m_l�bgnhjfZpbhggu_�yq_cdb�k�iehobf�jZaj_r_gb_f�ih�rdZe_�k 

(N2n��b�gZh[hjhl� 

N2n 

      8 

4 

      2 

       1  

            0                      4                       8          x =  (m +  1)2–n  

Jbk� ������BgnhjfZpbhggu_�yq_cdb�ijb�\_c\e_l-ij_h[jZah\Zgbb�^ey�L = 3. 

<ha\jZlbfky�l_i_jv�d�d\Zabi_jbh^bq_kdhc�nmgdpbb� f(x�� ���������oZjZdl_jbamxs_cky�dh�
g_qguf�qbkehf�jZ\guo�ih�Zfieblm^_�hlkq_lh\��hlklhysbo�gZ�jZkklhygbyo�r ^jm]�hl�^jm]Z�gZ�
rdZe_�x (x = jr + l��^ey�^bkdj_lguo�agZq_gbc�x = 0, 1, …N – ���>ey�wlh]h�aZibr_f�__��kqblZy�
^Ze__�^ey�ijhklhlu�N/r – ��p_euf�qbkehf�b�l = ���\�\b^_� 

 f(x) = Nr / ∑∑
−−

==

1/

0
,

rN

j
rjxδ  , (1.212) 
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>ey�\_c\e_l-Zfieblm^u�ihemqbf 

 wn(m) = ∫
N

n dxxfmx
0

)(),(ψ  = 2/1  (fn+1(2m) – fn+1(2m + 1)) , (1.213) 

]^_ 
 fn+1(2m) = Nr / ∑

−

=

+
+−

1/

0
22,

2/)1(
2/)1(2

rN

j
mjr

n
nδ , (1.214) 

 fn+1(2m + 1) = Nr / ∑
−

=
+

+
+−

1/

0
2)12(,

2/)1(
2/)1(2

rN

j
mjr

n
nδ . (1.215) 

Nhjfbjh\Zgb_�\_c\e_l-Zfieblm^u�fh`gh�hkms_kl\blv�k�ihfhsvx�d\Zglh\h]h�h^ghdm�
[blh\h]h (L = 1, N = 2, m = 0,1, n = 0, – ���\_c\e_l-ij_h[jZah\Zgby�OZZjZ QWTH1�dh�
lhjh_�ij_^klZ\ey_lky�h^gbf�hi_jZlhjhf�:^ZfZjZ�H. 

Ijhba\hevguc�bkoh^guc�\_dlhj�khklhygby�h^gh]h�dm[blZ�^ey�fZkrlZ[Z�n�bf__l�\b^ 

 | n〉 = f n+1 (0)0〉 + f n+1 (1)1〉 = 






+

+

)1(

)0(

1

1

n

n

f

f
. (1.216) 

<�j_amevlZl_�ij_h[jZah\Zgby�ihemqbf� 

 QWTH1 | n〉 = H | n〉 =  H 






+

+

)1(

)0(

1

1

n

n

f

f
 = 2/1  





−
+

++

++

)1()0(

)1()0(

11

11

nn

nn

ff

ff
 = 

 = fn(0)0〉 + wn(0)1〉 , (1.217) 

lh�_klv�kmi_jihabpbx�h^ghdm[blh\uo�khklhygbc�k�Zfieblm^hc�fn����b�\_c\e_l-Zfieblm^hc�
wn(0).  

>ey� ^\modm[blh\h]h�ij_h[jZah\Zgby� �L = 2, m = 0,1,2,3, n = 0, – 1, – ���ihlj_[m_lky�
[he__� keh`gZy� d\Zglh\Zy� ko_fZ�� <� ij_^klZ\e_gbb� ^\modm[blh\uo� [Zabkguo� khklhygbc�
00〉, 01〉, 10〉 b�11〉�hi_jZlhj�d\Zglh\h]h�\_c\e_l-ij_h[jZah\Zgby�ijbgbfZ_l�\b^�>����@� 

 QWTH2 = 

2200

1111

0022

1111

2

1

−−
−−−−

−−
 (1.218) 

>\modm[blh\Zy� hi_jZpby� OZZjZ� hkms_kl\ey_lky� lj_fy� h^ghdm[blh\ufb� hi_jZpbyfb� b�
h^ghc�^\modm[blh\hc�hi_jZpb_c��lh�_klv�\k_]h�q_lujvfy we_f_glZjgufb�hi_jZpbyfb� 
GZijbf_j��bkoh^gh_�^\modm[blh\h_�khklhygb_ 

 | n〉 = fn+1(0)00〉 + fn+1(1)01〉 + fn+1(2)10〉 + fn+1(3)11〉 , (1.219) 

ij_h[jZam_lky�ke_^mxsbf�h[jZahf 
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 QWTH2 | n〉 = 

2200

1111

0022

1111

2

1

−−
−−−−

−−

)3(

)2(

)1(

)0(

1

1

1

1

++

++

++

++

n

n

n

n

f

f

f

f

 =

)3(

)2(

)1(

)0(

n

n

n

n

w

f

w

f

 , (1.220) 

lh�_klv�^ey�^\modm[blh\h]h�j_]bkljZ�ijb�aZ^Zgghf�mjh\g_�jZaj_r_gby�\�j_amevlZl_�\_c\e_l-
ij_h[jZah\Zgby�fu�ihemqZ_f�^\_�\_c\e_l-Zfieblm^u 

 wn(0) = 2/1  (fn+1(0) – fn+1(1)) ,  wn(1) = 2/1  (fn+1(2) – fn+1(3)) . (1.221) 

Qbkeh� we_f_glZjguo� d\Zglh\uo� hi_jZpbc�� g_h[oh^bfuo� ^ey� j_ZebaZpbb� \_c\e_l-
ij_h[jZah\Zgby�^ey�\k_]h�^bZiZahgZ�mjh\g_c�jZaj_r_gby��hij_^_ey_lky�\�hkgh\ghf�qbkehf�
dm[blh\�L \�d\Zglh\hf�j_]bklj_��b�hdZau\Z_lky�ihjy^dZ�L2�>����@��lh]^Z�dZd�[ukljh_�deZkkb�
q_kdh_� \_c\e_l-ij_h[jZah\Zgb_� ihlj_[h\Zeh� [u� ihjy^dZ� L2L hi_jZpbc� >����@�� D\Zglh\u_�
\_c\e_l-ij_h[jZah\Zgby�bf_xl� lm�`_� keh`ghklv�� qlh�b� d\Zglh\u_�nmjv_-ij_h[jZah\Zgby��
H^gZdh��ij_bfms_kl\h�d\Zglh\uo�\_c\e_l-ij_h[jZah\Zgbc�ihy\ey_lky�\� l_o�kemqZ_��dh]^Z�
fh`gh�h]jZgbqblvky�h^gbf�hij_^_e_gguf�^bZiZahghf��<�wlhf�kemqZ_�ihlj_[m_lky�\k_]h�L 

hi_jZpbc�>����@� 
H[jZlbfky�kgh\Z�d�Ze]hjblfm�nZdlhjbaZpbb�RhjZ��dhlhjuc�hkgh\Zg�gZ�gZoh`^_gbb�i_�

jbh^Z�r hij_^_e_gguf�h[jZahf�knhjfbjh\Zgguo�Zfieblm^�khklhygby�d\Zglh\h]h�j_]bkljZ��
>ey�wlbo�p_e_c�bkihevam_lky�d\Zglh\h_�^bkdj_lgh_�nmjv_-ij_h[jZah\Zgb_��dhlhjh_�^ey�j_�
]bkljZ�ba�L dm[blh\�kljhblky�ba�L hi_jZlhjh\�:^ZfZjZ�H�b�L(L–�����hi_jZlhjh\�dhgljheb�
jm_fh]h�baf_g_gby�nZau�Bj,k��lh�_klv�lj_[m_l�L(L������we_f_glZjguo�hi_jZpbc� 
:fieblm^Z�nmjv_-ij_h[jZah\Zgby�d\Zabi_jbh^bq_kdhc�nmgdpbb�������� 

 3l(k) =  Nr / ∑
−

=





1/

0

2
exp

rN

j N

irjkπ
 (1.222) 

bf__l� dhg_qgh_� qbkeh� jZ\gh\_jhylguo� ^bkdj_lguo� hlkq_lh\�gZ� h^ghf_jghc�rdZe_� k�ijb�
k = νN/r, ν = 0,1,...r – 1. 

?keb�bkdhfuc�i_jbh^�N > r >> ���lh�_klv�g_�lj_[m_l�\ukhdh]h�jZaj_r_gby�ih�rdZe_�x��lh�
bgnhjfZpbx�h�g_f�[m^ml�g_klb�\�hkgh\ghf�nmjv_-Zfieblm^u�fZeufb�agZq_gbyf�ijhkljZg�
kl\_gguo�qZklhl�� < k << N. 

Kms_kl\_gguf�g_^hklZldhf�^bkdj_lgh]h�nmjv_-ij_h[jZah\Zgby��dZd�m`_�hlf_qZehkv�\u�
r_��y\ey_lky�lh��qlh�ijb�_]h�\uiheg_gbb�bf_xl�f_klh�baebrgb_�\uqbkebl_evgu_�aZljZ�
lu��hkh[_ggh�ijb�mq_l_�Zfieblm^�k�[hevrbfb�agZq_gbyfb�k��dhlhju_�h[uqgh�ih�jZaguf�
ijbqbgZf�g_�^hklZlhqgh�q_ldh�ba\_klgu��beb�bf_xl�[hevrmx�\j_f_ggmx�p_gm��k\yaZggmx�k�
\uiheg_gb_f�hi_jZpbc�dhgljhebjm_fh]h�baf_g_gby�nZau�^ey�khklhygbc�m^Ze_gguo�dm[b�
lh\��Gh�ijb�hij_^_e_gbb�i_jbh^Z�r�dZd�jZa�\ebygb_�wlbo�Zfieblm^�g_�b]jZ_l�hij_^_eyxs_c�
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jheb�b�ihwlhfm�nmjv_-ij_h[jZah\Zgb_��mqblu\Zxs__�\�jZ\ghc�f_j_�\k_�Zfieblm^u��ij_^�
klZ\ey_lky�g_�\iheg_�Z^_d\Zlguf�^ey�aZ^Zqb�nZdlhjbaZpbb� 
>ey� ij_h^he_gby� mdZaZggh]h� g_^hklZldZ� fu� ij_^eZ]Z_f� h[jZlblvky� d� jZkkfhlj_gbx�

\_c\e_l-ij_h[jZah\Zgby� >����@��:fieblm^Z�\_c\e_l-ij_h[jZah\Zgby�OZZjZ�d\Zabi_jbh^bq_�
kdhc�nmgdpbb�f(x��bf__l�\b^ 

 wn(m) = ∫
N

n dxxfmx
0

)(),(ψ  = Nr / ∑
−

=
−

1/

0

2/ )2(2
rN

j

nn mjrψ  , (1.223) 

hldm^Z�ke_^m_l��mqblu\Zy�hjlh]hgZevghklv�\_c\e_l-nmgdpbc��qlh�\_jhylghklv� 2
)(mwn �ih�

emqblv�^ey�d\Zglh\h]h�j_]bkljZ�khklhygb_�_ n, m〉  

 
2

)(mwn  = r/N ∑∑
−−

==
−−

1/

0

2))2((2
rN

j

nn mjrψ , (1.224) 

]^_�q_jlZ�k\_jom�h[hagZqZ_l�mkj_^g_gb_�ih�\k_\hafh`guf�j_amevlZlZf�baf_j_gby�khklhygby�
j_]bkljZ�^ey�h^gbo�b�l_o�`_�agZq_gbc�n, m�b�r. 
AZf_lbf��qlh�ijb�gZebqbb�^hklZlhqgh�[hevrh]h�ZgkZf[ey�wd\b\Ze_glguo�d\Zglh\uo�j_�

]bkljh\�b�ijb�\uiheg_gbb�mkeh\by�wj]h^bqghklb�mkj_^g_gb_�ih�\j_f_gb�wd\b\Ze_glgh�mk�
j_^g_gb_�ih�ZgkZf[ex� 
Ijb�p_ehqbke_gguo�agZq_gbc�iZjZf_ljh\�n, r b�m Zj]mf_glu�\_c\e_l-nmgdpbb�khojZgyxl�

^bkdj_lgu_�agZq_gby��_keb��n = ν/r��]^_�ν = 1, 2,…, —�gZ[hj�p_euo�qbk_e��<�kmff_���������
ih� j�hlebqgu�hl�gmey�lhevdh�keZ]Z_fu_��khhl\_lkl\mxsb_�l_f�p_ehqbke_gguf�agZq_gbyf�
j = 0, 1, … N/r – ���dhlhju_�e_`Zl�\�bgl_j\Ze_��–nm/r ≤ j < 2–n(m + 1)/r��lh�_klv�agZq_gb�
yf�j = m/ν .�>ey�ijhba\hevguo�agZq_gbc�ν�ihke_^g__�khhlghr_gb_�\uihegy_lky�lhevdh�^ey�
h^gh]h�keZ]Z_fh]h�k� j = m = ���Hgh�lZd`_�\uihegy_lky�^ey�qZklb�^jm]bo�keZ]Z_fuo�k� j � 0, 

^ey�agZq_gbc�ν��dhlhjuf�djZl_g�iZjZf_lj�m. 

GZ�Jbk� ������ko_fZlbq_kdb�bah[jZ`_gu�b^_Zevgu_�aZ\bkbfhklb� _f(x)|2 b��–n 
2

)0(nw �^ey 
j_]bkljZ�k�L = ��k�©i_jbh^hfª�r = ���Bgl_gkb\ghklv�\_c\e_l-Zfieblm^�wn����wdkihg_gpbZev�
gh� mf_gvrZxlky� k� jhklhf�hljbpZl_evguo� agZq_gbc�n��gh�ijb� wlhf�jZkl_l�jZaj_r_gb_�ih�
rdZe_��n��Ih�hkb�hj^bgZl�\_jhylghklv�ihemqblv�\_c\e_l-Zfieblm^u�mfgh`_gZ�gZ��–n�^ey�lh�
]h�qlh[u�dhfi_gkbjh\Zlv� wlh� mf_gvr_gb_��<� lZdhc�ghjfbjh\d_�\_jhylghklb�[m^ml�bf_lv�
h^bgZdh\u_�Zfieblm^u� 

 Fh`gh�lZd`_�jZkkfZljb\Zlv�g_�hl^_evgu_�\_c\e_l-Zfieblm^u��Z�kmffm�ih�\hafh`guf�
agZq_gbyf�m�� lh� _klv� �–n ∑

m
n mw

2
)( �� gZau\Z_fmx� ^bki_jkb_c� \_c\e_l-ij_h[jZah\Zgby, 

dhlhjZy�hljZ`Z_l��hlghkbl_evguc�\deZ^�fZkrlZ[h\�k�jZaebqgufb�agZq_gbyfb�iZjZf_ljh\�n. 
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Hq_\b^gh�� qlh� \� hlebqb_� hl� �–n 
2

)0(nw � Zfieblm^u� ^bki_jkbb� �–n ∑
m

n mw
2

)( g_� [m^ml�

h^bgZdh\ufb�� 
K�^jm]hc�klhjhgu��ih�f_j_�jhklZ�iZjZf_ljZ�n�jZaj_r_gb_�ih�rdZe_��n�klZgh\blky�[he__�

gbadbf��Zfieblm^u�jZkiheZ]Zxlky�\k_�j_`_�b�kh^_j`Zl�\k_�f_gvr_�bgnhjfZpbb�h�i_jbh^_�
r��<_c\e_l-Zfieblm^u�\�h[eZklb�gbadh]h�jZaj_r_gby�dZd�jZa�khhl\_lkl\mxl�hlghkbl_evgh�
iehoh�hij_^_e_gguf�nmjv_-Zfieblm^Zf��Ihwlhfm�ijb�hij_^_e_gbb�i_jbh^Z�r >> ��hkgh\gh_�
agZq_gb_�[m^ml�bf_lv�\_c\e_l-Zfieblm^u�k�^hklZlhqgh�\ukhdbf�jZaj_r_gb_f��lh�_klv�k�agZ�
q_gbyfb�n��[ebadbfb�d�–L��>ey�\uiheg_gby�\_c\e_l-ij_h[jZah\Zgby��khhl\_lkl\_ggh��ihlj_�
[m_lky�ihjy^dZ�L�d\Zglh\uo�hi_jZpbc� 

              |f (x) |2 

                   r /N                    r                                r 

                     0 

   0                              4                               8          x =  r j  

   2–n 
2

)0(nw  

1/r                          2/r  

  0                   1                   2                   3                   4      í  

0       1/8      1/4                1/2                                      1      2 n = ν/r  
–      ∞ – 3      – 2                – 1                                      0      n   

Jbk� ������Ko_fZlbq_kdh_�bah[jZ`_gb_�b^_Zevguo�aZ\bkbfhkl_c�nmgdpbb�_f(x)|2�^ey  j_]bkljZ�
k�L = ���©i_jbh^hfª�r = ��b�nmgdpbb��–n 

2
)0(nw  (– L ≤ n ≤ 0). 

I_jbh^�nmgdpbb� r�hij_^_ey_lky�kihkh[hf��ZgZeh]bqguf�lhfm��dZd�wlh�^_eZ_lky�ijb�bk�
ihevah\Zgbb�nmjv_-ij_h[jZah\Zgby��Baf_jyy�jZaghklv�iZj�agZq_gbc��n��hij_^_eyxlky�khhl�
\_lkl\mxsb_� jZaghklb�û�/r�� ihke_� ij_h[jZah\Zgby� dhlhjuo� d�g_ijb\h^bfhfm� \b^m� aZl_f�
hij_^_ey_lky�b�i_jbh^�r. 

AZdexq_gb_��Ij_^eh`_gh�bkihevah\Zlv�\�Ze]hjblf_�nZdlhjbaZpbb�d\Zglh\h_�\_c\e_l-

ij_h[jZah\Zgb_�� ij_bfms_kl\h� dhlhjh]h� ih� kjZ\g_gbx� k� d\Zglh\uf� nmjv_-
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ij_h[jZah\Zgb_f�khklhbl�\�lhf��qlh�ijb�ijbf_jgh�lhf�`_�qbke_�we_f_glZjguo�mgblZjguo�
hi_jZpbc��qlh�b�\�kemqZ_�d\Zglh\h]h�nmjv_-ij_h[jZah\Zgby��\_c\e_l-ij_h[jZah\Zgb_�g_�kh�
^_j`bl�hi_jZpbc�lbiZ�dhgljhebjm_fh]h�baf_g_gby�nZau Bj,k�b��ke_^h\Zl_evgh��hliZ^Z_l�
ijh[e_fZ� \hajZklZxs_c� wdkihg_gpbZevgh� k�qbkehf� wlbo�hi_jZpbc�\j_f_gghc�p_gu� Ze]h�
jblfZ�RhjZ��Djhf_�lh]h��fh`gh�h`b^Zlv�^Zevg_cr_]h�mkdhj_gby�Ze]hjblfZ�nZdlhjbaZpbb�
ijb�hilbfbaZpbb�lbih\�bkihevam_fuo�\_c\e_lh\� 

Ijbeh`_gb_ I�� H[h[s_ggh_�mjZ\g_gb_�;ehoZ�^ey�g_fZjdh\kdh]h�
kemqZcgh]h�ijhp_kkZ 

A^_kv�fu�ijb\_^_f�\u\h^�mjZ\g_gby� ��������ijbf_gyy�h[sbc�hi_jZlhjguc�ih^oh^��ih�
^h[guc�hibkZgghfm�\�>����@��dhlhjuc�ij_^klZ\ey_lky�[he__�m^h[guf�ih�kjZ\g_gbx�k�i_j\h�
gZqZevguf�fZljbqguf�ih^oh^hf��bkihevah\Zgguf�gZfb�jZg__�\�>����������@��>ey�hibkZgby�
^bgZfbdb�kibgh\uo�kbkl_f�\�l\_j^uo�l_eZo�nhjfmebjm_lky�h[h[s_ggh_�mjZ\g_gb_�;ehoZ��
mqblu\Zxs__�g_fZjdh\kdbc�oZjZdl_j�kemqZcguo�ijhp_kkh\� 
Ij_^iheh`bf��qlh�kibgh\Zy�kbkl_fZ�S�b�hdjm`ZxsZy�kj_^Z�B��k�dhlhjhc�hgZ�\aZbfh^_c�

kl\m_l�� ij_^klZ\ey_l� kh[hc� aZfdgmlmx� kbkl_fm�� dhlhjZy� ^ey� kemqZy� h^gh]h� kibgZ-dm[blZ�
hibku\Z_lky�]ZfbevlhgbZghf�\b^Z��fZljbpZ��×4): 

 H = HS ⊗ 1B + 1S ⊗ HB + HSB, (I1.1) 

]^_�HS = – (ω0/2) 1z��ijb�wlhf�>HS, HB] = ���gh�>HB, HSB] � 0. 

>Ze__�\ujZ`_gb_��I�����[m^_f�aZibku\Zlv�\�[he__�dhfiZdlghf�hi_jZlhjghf�\b^_ 
 H = HS + HB + HSB.  

AZ\bkbfhklv�hl�\j_f_gb�g_^bZ]hgZevguo�we_f_glh\�fZljbpu�iehlghklb�beb�ihi_j_qghc�
khklZ\eyxs_c�\_dlhjZ�;ehoZ��\�qZklghklb�P–(t���hij_^_ey_lky�\ujZ`_gb_f� 
 P–(t) = 2Sp(1–!(t)) , (1.117) 

]^_�hi_jZlhj�iehlghklb�!(t��m^h\e_l\hjy_l�mjZ\g_gbx 

 i∂!(t)/∂t = [H, !(t)] (1.118) 

k�gZqZevguf�mkeh\b_f�!(0) = !S(0)⊗⊗!B(0),���!S(0) = 1/2 P–(0)σ+. 

I_j_c^_f�d�ij_^klZ\e_gbx�\aZbfh^_ckl\by 
 ))(exp()())(exp()( BSintBS tittit HH!HH! ++++−−== , 

 ))(exp()())(exp( BSintSB,BSSB titti HHHHHH ++++−−== , �I���� 
 )](),([/ intint,SBint ttti !H! ==∂∂∂∂ . �I���� 
<ujZ`_gb_���������aZibr_f�\�\b^_ 

 P–(t) = 2Sp(1–!(t)) =  exp(L&0t)2Sp(1–!int(t)) . �I���� 
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<u^_ebf�^Ze__�ba�hi_jZlhjZ�!int(t��qZklv��khhl\_lkl\mxsmx�jZkkfZljb\Z_fuf�khklhygbyf�
y^_jgh]h�kibgZ�dm[blZ��k�ihfhsvx�hi_jZlhjZ�ijh_dlbjh\Zgby PS�kh�k\hckl\Zfb  

 (1–PS)PS = 0,   !int(t) = PS�!int(t) + (1 – PS)�!int(t),   PSHS = HSPS,   PSHB = 0, (I1.5) 

Bkihevamy���I�����gZc^_f 

 ))()1()()]((,Sp([)exp(2)(
)(

intSintSintSB,S00 tPtPtPtiitPi
dt

tdP !!H −−++−−== −−−−
−− σωω  �I��� 

beb 

 ))()](,Sp([)exp(2)(
)(

intSintSB,S00 tPtPtiitPi
dt

tdP !H−−−−
−− −−== σωω – 

 ))()1)((Sp()exp(2 intSintSB,S0 tPtPtii !H −−−− −−σω  �I���� 
>ey�fgh`bl_ey��� – PS)�!int(t��aZibr_f�mjZ\g_gb_ 

 ])()(1)((),()[(1
))()(1

intSintSintSB,S
intS tPtPtPi

dt

tPd !!H
! −−++−−−−==−−

, �I���� 

j_r_gb_�dhlhjh]h�^ey�gZqZevgh]h�mkeh\by� 0))0()(1 S ==−− !P �ij_^klZ\bf�\�\b^_ 

 
⋅⋅′′−−==−− ∫∫

t

tditP
0

intS )()1( !  

})()1(exp{)()()1(})()1(exp{ intSB,SintSintSB,SintSB,S ∫∫∫∫
′′′′

′′′′′′′′−−′′′′−−′′′′′′′′−−−−⋅⋅
t

t

t

t

tdtPitPtPtdtPi HT!HHT
, �I���� 

]^_�T — hi_jZlhj�<bdZ�mihjy^hq_gby�ih�\j_f_gb� 
>Ze__�ijbf_f��qlh�6SBHSB,int(t) = SpBHSB,int = ��b�ihwlhfm�\lhjh_�keZ]Z_fh_�\�ijZ\hc�qZklb�

�I�����\uiZ^Z_l�� 
Ih^klZ\eyy�\��I�����\ujZ`_gb_��I�����ihemqbf 

 ⋅⋅′′−−== −−−−
−− ∫∫ )(Sp{)exp(2)(

)(
intSB,S

0

00 tPtdtitPi
dt

tdP
t

Hσωω  

)})()1(exp()()()1())()1(exp( intSB,SintSintSB,SintSB,S ∫∫∫∫
′′′′

′′′′′′′′−−′′′′−−′′′′′′′′−−−−⋅⋅
t

t

t

t

tdtPitPtPtdtPi HT!HHT . �I����� 

Mqblu\Zy�l_i_jv��qlh 

 ))(exp())(exp()exp( BSBS0 tititi ′′++−−′′++′′−−== −−−− HHHH σωσ ,  

b�kh\_jrZy�pbdebq_kdmx�i_j_klZgh\dm�hi_jZlhjh\�ih^�agZdhf�ke_^Z��aZibr_f 

 ⋅⋅′′++′′−−′′′′−−−−== ∫∫−−
−− ))((exp()(Sp{))(exp(2)(

)(
BSintSB,

0

00 titttdttitPi
dt

tdP t

HHHωω  

⋅⋅′′′′′′′′−−′′′′−−′′′′′′′′−−−−⋅⋅ ∫∫∫∫
′′′′

t

t

t

t

tdtPitPtPtdtPi )()1(exp()()()1())()1(exp( intSB,SintSintSB,SintSB,S HT!HHT  

 }))(exp( SBS Pti −−′′++⋅⋅ σHH . �I����� 
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GZdhg_p��h]jZgbqbfky�\lhjuf�ihjy^dhf�fZehklb�hlghkbl_evgh�\aZbfh^_ckl\by�k�hdjm`_�

gb_f�b�iheh`bf�\� �I������ .1))()1(exp( intSB,S ≈≈′′′′′′′′−−±± ∫∫
′′

t

t

tdtPi HT �Djhf_�lh]h��[m^_f�ij_^iheZ�

]Zlv��qlh�]ZfbevlhgbZg�\aZbfh^_ckl\by�kibgh\hc�kbkl_fu�k�hdjm`_gb_f�HSB dhffmlbjm_l�k�
HS��lh�_klv�bf__l�lhevdh�^bZ]hgZevgu_�fZljbqgu_�we_f_glu�\�[Zabkguo�khklhygbyo��Z^bZ�
[Zlbq_kdh_�ijb[eb`_gb_��b�fZljbpZ�iehlghklb�bf__l�\b^�!(t) = !S(t)⊗⊗!B(t��j_amevlZl_�ihem�
qbf 

 0)()exp()(
)(

0

00 ==−−++−− −−−−
−− ∫∫ τττωτω dtPifPi
dt

tdP
t

, (1.17) 

]^_�nmgdpby�iZfylb�bf__l�\b^ 

 }})1()()0({Sp) SBSintSB,BB HH! Pttf( −−′′−−==τ  (I����) 

>ey�l\_j^hl_evgh]h�kemqZy�k�mq_lhf�ijhp_kkh\�ihke_^_ckl\by��ij_^iheZ]Zy�nmgdpbx�iZ�
fylb�f(2��bahljhighc�\�iehkdhklb�xy, h[h[s_ggh_�mjZ\g_gb_�;ehoZ�fh`gh�ij_^klZ\blv�\�\b�
^_ 

∫∫ ++−−++−−++
t

yx tPtPf
dt

td

0

00 ))()sin()())[(cos((
)(

i
P ττωττωτ  

 ])([
))((

]))()cos()()sin((
||

0
00 BP

k
j I ××==−−++−−++−−−−++ t

T

PtP
dtPtP z

yx γτττωττω . �I����� 

<deZ^�g_Z^bZ[Zlbq_kdbo�ijhp_kkh\�fh`_l�[ulv�mql_g�iml_f�\dexq_gby�\�nmgdpbx�iZfy�
lb�^hihegbl_evgh]h�/-h[jZagh]h�keZ]Z_fh]h� 
 )(/1)()( τδττ ⋅⋅′′++→→ ⊥⊥Tff . �I����� 

Ijbeh`_gb_ I�� Hkgh\gu_�h^gh–�b�^\modm[blh\u_�d\Zglh\u_�hi_jZpbb 

<�d\Zglh\hf�dhfivxl_j_��dZd�ba\_klgh��eh]bq_kdb_�hi_jZpbb�jZa[b\Zxlky�gZ�^bkdj_lgmx�
kh\hdmighklv�ihke_^h\Zl_evguo�\h�\j_f_gb� �[Zabkguo�d\Zglh\uo�eh]bq_kdbo�hi_jZpbc�— 

d\Zglh\uo�\_glbe_c��quantum gates���DZ`^uc�d\Zglh\uc�\_glbev�aZ�nbdkbjh\Zgguc�ijhf_�
`mlhd�\j_f_gb�\uihegy_l�mgblZjgh_�ij_h[jZah\Zgb_�k�\u^_e_ggufb�dm[blZfb��H^gbf�ba�
hkgh\guo�mkeh\bc�^ey�ihkljh_gby�d\Zglh\h]h�dhfivxl_jZ�y\ey_lky�gZebqb_�mgb\_jkZevgh]h�
gZ[hjZ�h^ghdm[blh\uo�b�^\modm[blh\uo�d\Zglh\uo�\_glbe_c� >����@�� k�ihfhsvx�dhlhjh]h�
fh`_l�[ulv�\uiheg_gh�ex[h_� mgblZjgh_�ij_h[jZah\Zgb_�\� �L-f_jghf� ]bev[_jlh\hf�ijh�
kljZgkl\_� 
D�h^ghdm[blh\uf�d\Zglh\uf�hi_jZlhjZf��^_ckl\mxsbf�lhevdh�gZ�h^bg�dm[bl��hlghkylky��

jZaebqgu_�hi_jZlhju�ih\hjhlZ�\_dlhjZ�khklhygby�dm[blZ�\�^\mof_jghf�]bev[_jlh\hf�ijh�
kljZgkl\_��H^ghc�ba�gbo�y\ey_lky�h^ghdm[blh\Zy hi_jZpby�bg\_jkbb�G?� (NOT),�dhlhjZy�
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hkms_kl\ey_l�bg\_jkbx�[Zabkguo�khklhygbc��lh�_klv�i_j_\h^�khklhygby� 0 �\� 1 �beb�gZh[h�
jhl 
 NOT  = 

01

10
 A 1x = – i exp(L�I x) , �I���� 

dhlhjmx�fh`gh�jZkkfZljb\Zlv�dZd�ih\hjhl�\_dlhjZ�;ehoZ�\hdjm]�hkb�x gZ�mdhe��. 

>jm]hc�h^ghdm[blh\hc�hi_jZpb_c�y\ey_lky�hi_jZpby�:^ZfZjZ H 

 H = 2/1  
11

11

−
 A 2/1  (1x + 1z)  = – i exp(L�(I x + I z)/2

1/2) . �I���� 

<�YFJ�d\Zglh\uo�dhfivxl_jZo�hgZ�hkms_kl\ey_l�ih\hjhl�\_dlhjZ�;ehoZ�gZ�m]he�� \hdjm]�
hkb��ijhoh^ys_c�ih^�m]ehf���0�d�hkb�x�\�iehkdhklb xz��AZf_lbf��qlh�ijb�bkihevah\Zgbb�YFJ�
f_lh^h\�lZdb_�hi_jZpbb�ijhba\h^ylky�\h�\jZsZxs_cky�k�j_ahgZgkghc�qZklhlhc�\hdjm]�hkb�z 
kbkl_f_�dhhj^bgZl� 
OZjZdl_jguf�k\hckl\hf�hi_jZpbb�:^ZfZjZ�y\ey_lky�lh��qlh��^_ckl\my�gZ�ex[h_�ba�[Zabk�

guo�khklhygbc��hgZ�kha^Z_l�jZ\gh\_jhylgmx�kmi_jihabpbx�h[hbo�[Zabkguo�khklhygbc��k�
h^bgZdh\ufb�Zfieblm^Zfb��gh�hlebqZxsbfbky�\�kemqZ_�^_ckl\by�gZ�khklhygb_�|1〉 gZ���nZ�
aZfb�� 

 G�
0

1
 = 2/1

1

1
 ,    G�

1

0
 = 2/1

1

1

−
.  �I���� 

AZf_lbf��qlh�mdZaZggu_�fZljbpu�bf_xl�hij_^_ebl_ev��jZ\guc�–��b�g_�y\eyxlky�mgblZj�
gufb��hl\_qZxsbfb�\jZs_gbx�\_dlhjZ�;ehoZ�\�lj_of_jghf�ijhkljZgkl\_��hgb�klZgh\ylky�
lZdbfb ijb�mfgh`_gbb�gZ�fgbfmx�_^bgbpm� 
>\modm[blh\u_�\_glbeb�khhl\_lkl\mxl�hi_jZpbyf�ih\hjhlZ�\�q_luj_of_jghf�]bev[_j�

lh\hf�ijhkljZgkl\_� khklhygbc�^\mo�dm[blh\��^ey�dhlhjuo�g_h[oh^bfh��qlh[u�ih�djZcg_c�
f_j_�gZ�\j_fy�bo�\uiheg_gby�bf_eh�f_klh�\aZbfh^_ckl\b_�f_`^m�dm[blZfb��dhlhjh_�ijb\h�
^bl�d�h[jZah\Zgbx�khklZ\eyxsbo�khhl\_lkl\mxs_]h�l_gahjZ�dhjj_eypbb��Hkgh\guf�[Zah�
\uf�^\modm[blh\uf�\_glbe_f�y\ey_lky�h[jZlbfuc�dhgljhebjm_fuc�bg\_jlhj�beb�hi_jZlhj 

dhgljhebjm_fh_�G? (Controlled NOT A CNOT). 

Wlhl� \_glbev� hibku\Z_lky� d\Zglh\hc� fZljbp_c� �×4� �\� [Zabk_�
|0102〉, |0112〉, |1102〉, |1112〉 )  ke_^mxs_]h�\b^Z� 

 CNOT = 

0100

1000

0010

0001

 A�
00

01 ⊗1 + 
10

00 ⊗1x A |0〉〈0|⊗1 + |1〉〈1|⊗1x = 

 = 1/2 (Î  + 2I z⊗1 +1⊗ 2I x – 4I z⊗I x).  �I���� 
Ihke_^g__�\ujZ`_gb_�fh`gh�ij_^klZ\blv�lZd`_�\�\b^_�ihke_^h\Zl_evghklb�hi_jZlhjh\�

ih\hjhlZ� 
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 CNOT = exp(–L�/4) (1⊗exp(iI x�/2))Â�exp(iI z�/2) ⊗1)Âexp(–i(I z⊗I x)�), �I���� 
ijb�wlhf�hi_jZpbx�dhjj_ebjh\Zggh]h�ih\hjhlZ�^\mo�dm[blh\�fh`gh�i_j_ibkZlv�dZd 
 exp(–i(I z⊗I x)�) = (1⊗exp(–iI y�/2)) exp(–i(I z⊗I z)�) (1⊗exp(iI y�/2)) . �I���� 
>_ckl\b_�hi_jZlhjZ CNOT�khklhbl�\�ke_^mxs_f��_keb�i_j\uc�dm[bl��gZau\Z_fuc�dhg�

ljhebjmxsbf��gZoh^blky�\�khklhygbb�_�〉〈�_��lh�hi_jZlhj�CNOT�g_�baf_gy_l�khklhygb_�\lh�
jh]h��dhgljhebjm_fh]h��dm[blZ��gh�_keb�i_j\uc�dm[bl�gZoh^blky�\�khklhygbb�_�〉〈�_��lh�hi_�
jZlhj�CNOT�bg\_jlbjm_l�khklhygb_�\lhjh]h�dm[blZ� 
<�kjZ\g_gbb�k�deZkkbq_kdbf�\_glbe_f�CNOT�d\Zglh\uc�\_glbev�y\ey_lky�[he__�[h]Zluf. 

<�hlebqb_�hl�deZkkbq_kdh]h�\_glbey�d\Zglh\uc�\_glbev�CNOT�fh`_l�^_ckl\h\Zlv�gZ�km�
i_jihabpbx� khklhygbc��Z�lZd`_�kha^Z\Zlv�wlm�kmi_jihabpbx��kha^Z\Zlv�b�jZajmrZlv�aZim�
lZggu_�khklhygby� 
GZijbf_j�� aZimlZggh_� WIJ-khklhygb_� fh`gh� kha^Zlv� ba� g_aZimlZggh]h�

|11〉 = |99〉 A |1〉 ⊗ |1〉�k�ihfhsvx�mgblZjgh]h�ij_h[jZah\Zgby��ihkljh_ggh]h�ba�hi_jZpbc�H�b 

CNOT: 

 CNOT· (H |1〉⊗|1〉) = CNOT· ( 2/1 (|0〉 – |1〉)⊗|1〉) = 2/1 (|01〉 – |10〉)〉. �I���� 
Kj_^b�^jm]bo�^\modm[blh\uo�hi_jZpbc�mdZ`_f�gZ�hi_jZpbx SWAP��hij_^_ey_fmx�fZl�

jbp_c��dhlhjmx�fh`gh�\ujZablv�q_j_a�fZljbpu�IZmeb�beb�ljb�hi_jZpbb� 

 SWAP = 

1000

0010

0100

0001

 =1/2(Î  + 11⊗12) = CNOT· CNOT· CNOT , �I���� 

]^_ 
 CNOT = 1⊗|0〉〈0| + 1x⊗|1〉〈1| , �I���� 
Z�lZd`_�hi_jZlhj�dhgljhebjm_fh]h�baf_g_gby�nZau�khklhygby�\lhjh]h�dm[blZ�_�〉〈1|: 

 Bj,k = 

)exp(000

0100

0010

0001

i-jiθ

 = 

 = exp[(iθj-k/4) (1 – 2I z)] ⊗1)Â�exp(i(I z⊗ I z) θj-k)Â�1⊗ exp[(iθj-k/4) (1 – 2I z))] = 

 = exp(iθj-k/2) exp(– i(θj-k/2)I z ⊗ 1)Â�exp(i(I z⊗I z) θj-k)Â�1⊗ exp(– i(θj-k/2)I z)) , �I����� 
]^_�θj-k = π/2k–j  —�hlghkbl_evgZy�nZaZ�^\mo�dm[blh\��Z�k – j —� �jZkklhygb_��f_`^m�gbfb��
1 ≤ k – j ≤ L. 

<\_^_ggu_�\ur_�^ey�nhjfbjh\Zgby�d\Zabqbklh]h�khklhygby�kbkl_fu�^\mo�dm[blh\�hi_�
jZlhju�P1,2�\ujZ`Zxlky�q_j_a�hi_jZlhju�CNOT�b�SWAP: 

 P1 = SWAPÜ&127,  P2 =  CNOT SWAP. �I2.11) 
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=E:<:�,,� :GK:F;E?<U?�L<?J>HL?EVGU?�YFJ�D<:GLH<U?�
DHFIVXL?JU 

2.1.�H[sb_�ijh[e_fu�j_ZebaZpbb�iheghfZkrlZ[gh]h�YFJ�d\Zglh\h]h�
dhfivxl_jZ 

I_j\u_� ijhlhlbiu� YFJ� d\Zglh\uo� dhfivxl_jh\� [ueb� j_Zebah\Zgu� \� ����� ]h^m� gZ�
y^_jguo�kibgZo�^\mo Zlhfh\�\h^hjh^Z�1H�\�fhe_dmeZo����-^b[jhfhlbhn_gZ�6&H:(CBr)2:CH 

b�gZ lj_o y^_jguo�kibgZo�—�h^ghf�\�Zlhf_�\h^hjh^Z�1H�b�^\mo�\�bahlhiZo�m]e_jh^Z�13C�\�
fhe_dmeZo� ljboehjwlbe_gZ�CCl2:CHCl. Iha^g__�[ueb�hkms_kl\e_gu�d\Zglh\u_�hi_jZpbb�
lZd`_�b�\�^jm]bo�`b^dhklyo�k�qbkehf�kibgh\-dm[blh\�L = ���������kf��h[ahj�>`�>`hgkZ�
[2.1]). 

=eZ\guf�ij_bfms_kl\hf�lZdh]h�dhfivxl_jZ�y\ey_lky�lh��qlh�ijZdlbq_kdb�g_aZ\bkbfu_�
fhe_dmeu-dhfivxl_ju�`b^dhklb��[eZ]h^Zjy�mkj_^g_gbx�\�j_amevlZl_�bgl_gkb\gh]h�[jh�
mgh\kdh]h�^\b`_gby�fhe_dme�f_`-�b�\gmljbfhe_dmeyjguo�^bihev-^bihevguo�fZ]gblguo�
\aZbfh^_ckl\bc��^_ckl\m_l�g_aZ\bkbfh��h[_ki_qb\Zy�l_f�kZfuf�\hafh`ghklv�mijZ\e_gby�
bfb�b�baf_j_gb_�bo�khklhygbc�k�ihfhsvx�ba\_klguo�\�l_ogbd_�y^_jgh]h�fZ]gblgh]h�j_ah�
gZgkZ��YFJ��hi_jZpbc�gZ^�fZdjhkdhibq_kdbf�h[t_fhf `b^dhklb��Bg^b\b^mZevgh_�h[jZ�
s_gb_� d� hl^_evguf�dm[blZf� aZf_gy_lky� a^_kv�h^gh\j_f_gguf�h[jZs_gb_f�d� khhl\_lkl�
\mxsbf�dm[blZf�\h�\k_o�fhe_dmeZo�ZgkZf[ey��Dhfivxl_j�lZdh]h�jh^Z�ihemqbe�gZa\Zgb_�
ZgkZf[e_\h]h� (bulk-ensemble quantum computer)�YFJ� d\Zglh\h]h� dhfivxl_jZ� AZf_qZ�
l_evguf� a^_kv� y\ey_lky� lh�� qlh�hg�\�ijbgpbi_�jZ[hlZ_l�ijb�dhfgZlghc�l_fi_jZlmj_. 
<j_fy�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�y^_jguo�kibgh\�\�`b^dhklb�^hklZlhqgh�\_�
ebdh�ih�kjZ\g_gbx�k�\j_f_g_f�\uiheg_gby�hl^_evghc�eh]bq_kdhc�hi_jZpbb��\uihegy_fhc�
gZ�hkgh\_�l_ogbdb�YFJ��Hgh�fh`_l�khklZ\eylv�g_kdhevdh�k_dmg^� 
<�h[eZklb�YFJ�d\Zglh\uo�dhfivxl_jh\�gZ�hj]Zgbq_kdbo�`b^dhklyo�d�gZklhys_fm�\j_�

f_gb�^hklb]gmlu�gZb[hevrb_�mki_ob��Wdki_jbf_glZevgh�gZ�YFJ�d\Zglh\uo�dhfivxl_jZo�
[ueb� hkms_kl\e_gu� Ze]hjblf� =jh\_jZ� ihbkdZ� ^Zgguo�� d\Zglh\h_� nmjv_-ij_h[jZah\Zgb_��
d\Zglh\Zy�dhjj_dpby�hrb[hd��d\Zglh\Zy�l_e_ihjlZpby��d\Zglh\h_�fh^_ebjh\Zgb_�b�^jm]b_�
hi_jZpbb� 
Hkgh\gu_�h]jZgbq_gby�wlh]h�gZijZ\e_gby�jZa\blby�YFJ�d\Zglh\uo�dhfivxl_jh\�k\yaZ�

gu�kh�ke_^mxsbfb�h[klhyl_evkl\Zfb� 
1. Bkoh^gh_�d\Zglh\h_�khklhygb_�kbkl_fu�y^_jguo�kibgh\�\�hl^_evghc�fhe_dme_�`b^�

dh]h�h[jZapZ��[eZ]h^Zjy�dhg_qghfm�agZq_gbx�l_fi_jZlmju�\�`b^dhklb��g_ba[_`gh�y\�
ey_lky�kf_rZgguf��Wlh� lj_[m_l�^ey�bgbpbZebaZpbb�lZdh]h�khklhygby�bkihevah\Zgby�
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ki_pbZevguo�g_mgblZjguo�hi_jZpbc�^ey�ij_h[jZah\Zgby�_]h�\�d\Zabqbklh_�khklhygb_��h[�
eZ^Zxs__�k\hckl\Zfb�qbklh]h�hkgh\gh]h�khklhygby�>��������@� 
 

002)1(0 εεε ++⋅⋅−−==→→ −− 1!! L , (2.1) 

]^_�iZjZf_lj� LTL −−≈≈ 2)/( 0ωε �ij_^klZ\ey_l�kh[hc�\_jhylghklv�k�dhlhjhc�qbklh_�khklhygb_�
00 �\oh^bl�\�fZljbpm�iehlghklb�d\Zabqbklh]h�khklhygby� ε! ��HgZ�hij_^_ey_lky�k\yavx�

dm[blh\�k�hdjm`_gb_f��&0 —�oZjZdl_jgZy�j_ahgZgkgZy�qZklhlZ��&0/T << 1. 

D\Zglh\u_�dhjj_eypbb�\�kbevgh�kf_rZgguo�khklhygbyo�`b^dhklguo�d\Zglh\uo�dhfivx�
l_jh\�ijb�dhfgZlguo�l_fi_jZlmjZo��hij_^_eyxlky�\�hkgh\ghf�ehdZevgufb�\aZbfh^_ckl�
\byfb�f_`^m�dm[blZfb��Ijb�fZeuo�agZq_gbyo�0�b�^ey�hlghkbl_evgh�g_[hevrh]h�qbkeZ�dm�
[blh\�� ijb� dhlhjhf� 0 � (1+22L–1)–1�� khhl\_lkl\mxsb_� d\Zabqbklu_� khklhygby� hklZxlky 
g_aZimlZggufb�ijb�ex[uo�mgblZjguo�ij_h[jZah\Zgbyo�>���@��<�lZdhf�khklhygbb�g_�gZjm�
rZxlky�g_jZ\_gkl\Z�;_eeZ��Z�khklZ\eyxsb_�l_gahjZ�dhjj_eypbb�hibku\Zxl�deZkkbq_kdb_�
dhjj_eypbb��K�wlhc�lhqdb�aj_gby�`b^dhklgu_�ijhlhlbiu�d\Zglh\uo�dhfivxl_jh\�g_�y\ey�
xlky�\iheg_�d\Zglh\ufb��h^gZdh�hgb�fh]ml�bfblbjh\Zlv�g_dhlhju_�d\Zglh\u_�ijhp_kku��
Ke_^m_l�hlf_lblv��qlh�\hijhk�h�©d\Zglh\hklbª�ijhp_kkh\�\�fZehdm[blh\uo�`b^dhklguo�
d\Zglh\uo�dhfivxl_jZo��0 << ���^h�kbo�ihj�hklZ_lky�ij_^f_lhf�bgl_gkb\guo�^bkdmkkbc� 
>ey�^hklZlhqgh�[hevrbo� agZq_gbc�iZjZf_ljZ� 0 > (1+2L–1)–1�d\Zabqbklh_� khklhygb_� ������

[m^_l�\dexqZlv�fZdkbfZevgh�aZimlZggh_�khklhygb_�L-dm[blh\��kf_rZggh_�k�iheghklvx�ih�
eyjbah\Zgguf�khklhygb_f�>���@��Hldm^Z�ke_^m_l��qlh�^ey�[hevrh]h�qbkeZ�dm[blh\�\�fhe_dm�
e_��ijb�0 ~ ��d\Zabqbklh_�khklhygb_��fh`_l�[ulv�aZimlZgguf� 

2. Baf_jy_fuc�gZ�\uoh^_�`b^dhklgh]h�dhfivxl_jZ�kb]gZe�ijhihjpbhgZe_g�wdkihg_g�
pbZevgh�fZehfm�iZjZf_ljm� LTL −−≈≈ 2)/( 0ωε ��kf��ih^jZa^_e�2.8.2���lh�_klv�wdkihg_gpbZevgh�
[ukljh� m[u\Z_l� k� jhklhf� qbkeZ� dm[blh\� L� \�fhe_dme_��H]jZgbq_ggZy� qm\kl\bl_evghklv�
YFJ�ki_dljhf_ljZ�iha\hey_l�baf_jylv�kb]gZeu�\�kemqZ_��_keb�fhe_dmeu�kh^_j`Zl�hlghkb�
l_evgh�g_[hevrh_�qbkeh�dm[blh\� 

3. K�^jm]hc�klhjhgu��qbkeh�y^_jguo�kibgh\-dm[blh\�k�^hklZlhqgh�ohjhrh�jZaebqZx�
sbfbky�j_ahgZgkgufb�qZklhlZfb�\�dZ`^hc�fhe_dme_�g_�fh`_l�[ulv�[hevrbf�ba-aZ�[ukl�
jh]h�mkeh`g_gby�fmevlbie_lgh]h�oZjZdl_jZ�wg_j]_lbq_kdh]h�ki_dljZ�b�dhg_qghc�rbjbgu�
hl^_evguo�mjh\g_c� 
<�dhg_qghf�kq_l_��YFJ�d\Zglh\u_�dhfivxl_ju�gZ�fhe_dmeZo�hj]Zgbq_kdhc�`b^dhklb�g_�

fh]ml�bf_lv�qbkeh�dm[blh\�L�� agZqbl_evgh�[hevr_�^\mo-lj_o�^_kyldh\� �kf��h[ahj� >���@���
Wlh]h�g_^hklZlhqgh�^ey�kha^Zgby�gZ�wlhf�imlb�iheghfZkrlZ[gh]h�YFJ�d\Zglh\h]h�dhfiv�
xl_jZ� 
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>ey�j_ZebaZpbb�iheghfZkrlZ[gh]h�d\Zglh\h]h�dhfivxl_jZ��ij_\hkoh^ys_]h�ih�ijh�
ba\h^bl_evghklb�ex[hc�deZkkbq_kdbc�dhfivxl_j��gZ�dZdbo�[u�nbabq_kdbo�ijbgpbiZo�hg�g_�
jZ[hlZe��lj_[m_lky�\uihegblv�iylv�hkgh\guo�lj_[h\Zgbc�[2.2, 2.5]. 

H[km^bf�bo�k�lhqdb�aj_gby�iheghfZkrlZ[guo�YFJ�d\Zglh\uo�dhfivxl_jh\� 
1. Nbabq_kdZy�kbkl_fZ��ij_^klZ\eyxsZy�iheghfZkrlZ[guc�d\Zglh\uc�j_]bklj��^he`gZ�

kh^_j`Zlv� ^hklZlhqgh� [hevrh_ qbkeh (L > 103) dm[blh\� k� bagZqZevgh� ohjhrh� jZaeb�
qZxsbfbky�beb�gZkljZb\Z_fufb�\�gm`guc�fhf_gl�j_ahgZgkgufb�qZklhlZfb��gZ�dhlhju_�
fh`gh�[ueh�[u�\ha^_ckl\h\Zlv�ihh^bghqd_�beb�ihiZjgh�\�ijhp_kk_�\uiheg_gby�khhl\_lkl�
\mxsbo�d\Zglh\uo�hi_jZpbc� 
GZb[he__�i_jki_dlb\ghc�dZg^b^Zlmjhc�^ey�fgh]hdm[blh\h]h�d\Zglh\h]h�j_]bkljZ�fh`_l�

[ulv�l\_j^hl_evguc�]hfhy^_jguc�\ZjbZgl��\�dhlhjhf�y^_jgu_�kibgu��h[jZamxsb_�d\Zg�
lh\uc�j_]bklj��ijbgZ^e_`Zl�b^_glbqguf�ZlhfZf��jZaf_s_gguo�\�g_dhlhjhc�l\_j^hl_evghc�
bkdmkkl\_gghc�beb�_kl_kl\_gghc�kljmdlmj_��Kms_kl\_ggh�lZd`_��qlh�lZdhc�\ZjbZgl�^himkdZ�
_l�kha^Zgb_�^hklZlhqgh [hevrbo�ZgkZf[e_c�fgh]hdm[blh\uo�d\Zglh\uo�j_]bkljh\. 

2. G_h[oh^bfh�h[_ki_qblv�mkeh\by�ijb]hlh\e_gb_�khklhygby�\oh^gh]h�j_]bkljZ�k�g_h[�
oh^bfhc�lhqghklvx�\�bkoh^ghf�hkgh\ghf�[Zabkghf�khklhygbb�| 0L²1, 0L²2, 0L²3, ... 00〉 — ijh�
p_kkZ bgbpbZebaZpbb�khklhygby�d\Zglh\h]h�j_]bkljZ��kf��jZa^_e 1.3). 

<�kemqZ_�fgh]hdm[blh\uo�YFJ�d\Zglh\uo�dhfivxl_jh\�i_j_oh^�d�bkihevah\Zgbx�gba�
dbo�kibgh\uo�l_fi_jZlmj &0/TI ≥ ��khhl\_lkl\m_l�lhfm��qlh�\� ������iZjZf_lj�ε ≈ ���b�bk�
oh^gh_�khklhygb_�hdZau\Z_lky�ijZdlbq_kdb�qbkluf�d\Zglh\uf�khklhygb_f�b�\�hlebqb_�hl�
`b^dhklgh]h�\ZjbZglZ�ij_h[jZah\Zgb_�d�d\Zabqbklhfm�khklhygbx�klZgh\blky�g_�gm`guf� 

3. G_h[oh^bfh� h[_ki_qblv�fZdkbfZevgh_�ih^Z\e_gb_� wnn_dlh\� ^_dh]_j_glbaZpbb�b�
bkijZ\e_gb_�kemqZcguo�hrb[hd�d\Zglh\uo�khklhygbc�j_]bkljZ��OZjZdl_jgh_�\j_fy�^_dh]_�
j_glbaZpbb�^he`gh�\���4 – 105 jZa�ij_\urZlv�\j_fy�\uiheg_gby�hkgh\guo�d\Zglh\uo�hi_�
jZpbc��\j_fy�lZdlZ��^ey�lh]h��qlh[u�hrb[dZ�ijb�\uiheg_gbb�hl^_evghc�d\Zglh\hc�hi_jZpbb�
[ueZ� ih� djZcg_c�f_j_�f_g__� ��–4 – 10–5�� qlh� kh]eZkgh� ij_^_evghc� l_hj_f_� [2.6]� y\ey_lky�
ijb_fe_fuf� ^ey� gZ^_`ghc� jZ[hlu� fgh]hdm[blh\h]h� dhfivxl_jZ� k� bkihevah\Zgb_f�
khhl\_lkl\mxsbo�dhjj_dlbjmxsbo�dh^h\��Ijh[e_fZ�ih^Z\e_gby�^_dh]_j_glbaZpbb�y\ey_lky�
h^ghc�ba�hkgh\guo�gZ�imlb�j_ZebaZpbb�d\Zglh\uo�dhfivxl_jh\ 
>ey� l\_j^hl_evguo�YFJ� d\Zglh\uo� dhfivxl_jh\� wnn_dlu� ^_dh]_j_glbaZpbb�� dhlhju_�

hij_^_eyxlky�ijb�gbadbo�l_fi_jZlmjZo�\�hkgh\ghf�\aZbfh^_ckl\b_f�y^_jguo�kibgh\�k�hd�
jm`Zxsbfb�ihklhjhggbfb�we_dljhggufb�b�y^_jgufb�fZ]gblgufb�ijbf_kyfb��fh]ml�[ulv�
kgb`_gu�^h�lj_[m_fh]h�mjh\gy�iml_f�hqbkldb�fZl_jbZeZ��b��djhf_�lh]h��iml_f�bkihevah�
\Zgby�fgh]hbfimevkguo�f_lh^h\�ki_dljhkdhibb�YFJ�\ukhdh]h�jZaj_r_gby�>���@� 
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4. G_h[oh^bfh�h[_ki_qblv�aZ�\j_fy�^_dh]_j_glbaZpbb�lZdlZ�\uiheg_gb_�lj_[m_fhc�kh�
\hdmighklb�d\Zglh\uo�eh]bq_kdbo�hi_jZpbc��hij_^_eyxs_c�mgblZjgh_�ij_h[jZah\Zgb_�U(t). 

WlZ�kh\hdmighklv�^he`gZ�kh^_j`Zlv�hij_^_e_gguc�gZ[hj�aZsbs_gguo�hl�hrb[hd�^\modm�
[blh\uo hi_jZpbc��lbiZ�dhgljhebjm_fuc�bg\_jlhj�beb�dhgljhebjm_fh_�G? (CNOT��b�h^�
ghdm[blh\uo hi_jZpbc��lZdbo�dZd�hi_jZpbb�G?��:^ZfZjZ�b�g_dhlhju_�^jm]b_��MijZ\eyx�
sb_� hi_jZpbyfb� bfimevku� ^he`gu� dhgljhebjh\Zlvky�� khhl\_lkl\_ggh�� k� lhqghklvx� g_�
om`_��q_f���4 – 105. 

>ey�hj]ZgbaZpbb�eh]bq_kdbo�hi_jZpbc�\�l\_j^hl_evguo�]hfhy^_jguo�d\Zglh\uo�j_]bkl�
jZo��g_h[oh^bfh�bf_lv�\hafh`ghklv�bg^b\b^mZevgh]h�h[jZs_gby�d�kibgZf-dm[blZf��Wlh�
fh`gh�hkms_kl\blv��\�qZklghklb��iml_f�mijZ\e_gby�j_ahgZgkghc�qZklhlhc�dm[blZ�k�ihfh�
svx�we_dljbq_kdh]h��fZ]gblgh]h�beb�we_dljhfZ]gblgh]h�\ha^_ckl\by�gZ�we_dljhggh_�
khklhygb_�ZlhfZ��kh^_j`Zs_]h�^Zgguc�kibg-dm[bl��Wlb�\hijhku�bamqZxlky�\�ih^jZa^_e_�
2.6.3. 

5. G_h[oh^bfh� h[_ki_qblv� k� ^hklZlhqgh� \ukhdhc� gZ^_`ghklvx�baf_j_gb_� khklhygby 

hl^_evguo�dm[blh\�j_]bkljZ�\�\uqbkebl_evghf�[Zabk_�gZ�\uoh^_. 
Ijh[e_fZ�bg^b\b^mZevgh]h�baf_j_gby� khklhygbc� y^_jgh]h� kibgZ-dm[blZ�\� l\_j^hl_ev�

ghf�YFJ�d\Zglh\hf�dhfivxl_j_�y\ey_lky�^jm]hc�b�gZb[he__�ljm^ghc���;ue�ij_^eh`_g�p_�
euc� jy^� kihkh[h\�baf_j_gby� khklhygbc� hl^_evguo�dm[blh\��GZf�ij_^klZ\ey_lky��qlh�^ey�
baf_j_gby� khklhygbc� y^_jguo� kibgh\�� dZd�b� ^ey� hj]ZgbaZpbb� eh]bq_kdbo� hi_jZpbc��i_j�
ki_dlb\guf�y\ey_lky�ZgkZf[e_\uc�ih^oh^��ijb�dhlhjhf�bkihevam_lky�g_�hl^_evguc�fgh]h�
dm[blh\uc�d\Zglh\uc�j_]bklj��Z�^hklZlhqgh�[hevrhc�bo�ZgkZf[ev��qlh�^_lZevgh�h[km`^Z_l�
ky�^Ze__�\�wlhc�=eZ\_� 
Hlghkbl_evgh�\hafh`ghklb�\uiheg_gby�i_j_qbke_gguo�h[sbo�lj_[h\Zgbc�[ueh�\ukdZ�

aZgh�^hklZlhqgh�[hevrh_�qbkeh�kd_ilbq_kdbo�\hajZ`_gbc��hl\_l�gZ��fgh]b_�ba�gbo�[ue�^Zg�
m`_�\�h[ahj_�>`�Ij_kdbeeZ�>���@��G_^Z\gh�ihy\bebkv�gh\u_�i_kkbfbklbq_kdb_�\ukdZau\Z�
gby�� k\yaZggu_� k� ijh[e_fZfb� j_Zebam_fhklb� iheghfZkrlZ[guo� d\Zglh\uo� dhfivxl_jh\�
[2.9-����@��Gb`_��\�jZa^_eZo�2.2–2.4�fu�ijhZgZebabjm_f�wlb�\ukdZau\Zgby�b�ijb\_^_f�gZrb�
khh[jZ`_gby� hlghkbl_evgh� \hafh`guo� kihkh[h\� ij_h^he_gby� wlbo� ljm^ghkl_c� \� kemqZ_�
l\_j^hl_evgh]h�YFJ�ZgkZf[e_\h]h�d\Zglh\h]h�dhfivxl_jZ� 

AZdexq_gb_�� I_jki_dlb\guf� gZijZ\e_gb_f� ^ey� j_ZebaZpbb� iheghfZkrlZ[gh]h� YFJ�
d\Zglh\h]h�dhfivxl_jZ�ke_^m_l�kqblZlv�jZajZ[hldm�l\_j^hl_evguo�\ZjbZglh\��jZ[hlZx�
sbo�ijb�^hklZlhqgh�gbadbo�kibgh\uo�l_fi_jZlmjZo��qlh�\�ijbgpbi_�m`_�iha\hey_l�m^h\�
e_l\hjblv�i_j\uf�^\mf�ba�ijb\_^_gguo�hkgh\guo�lj_[h\Zgbc� 
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<� ihke_^mxsbo� jZa^_eZo� [m^ml� bkke_^h\Zgu� \ZjbZglu� ZgkZf[e_\uo�l\_j^hl_evguo�
d\Zglh\uo�dhfivxl_jh\�b�jZkkfhlj_gZ�bo�i_jki_dlb\ghklv�k�lhqdb�aj_gby�\uiheg_gby�
\k_o�i_j_qbke_gguo�hkgh\guo�lj_[h\Zgbc� 

2.2. Ijh[e_fu�ijb]hlh\e_gby�[Zabkguo�khklhygbc�fgh]hdm[blh\h]h�
d\Zglh\h]h�j_]bkljZ�b�j_r_gb_�bo�\�ZgkZf[e_\hf�ih^oh^_�

Ijhp_kk�ijb]hlh\e_gby�bkoh^gh]h�hkgh\gh]h�khklhygby�d\Zglh\h]h�j_]bkljZ��bgbpbZeb�
aZpbb��_ 0〉 ≡ | 0L²1, 0L²2, 0 L²3, ... 00〉 h[uqgh�khklhbl�\�ijb]hlh\e_gbb�hkgh\guo�khklhygbc�dZ�
`^h]h�dm[blZ�j_]bkljZ�\�hl^_evghklb��?keb�\_dlhj�lZdh]h�qbklh]h�d\Zglh\h]h�khklhygby��hi�
j_^_e_g� k� lhqghklvx� ^h� nZah\h]h� fgh`bl_ey� k� g_hij_^_e_gguf� agZq_gb_f� nZau��
ij_^klZ\eyxs_c�kh[hc�kmffm�g_hij_^_e_gguo�nZa�\_dlhjh\�khklhygby�hkgh\guo�khklhygbc�
dm[blh\��lh�fZljbpZ�iehlghklb�wlh]h�hkgh\gh]h�khklhygby�^bZ]hgZevgZ�b�g_�kh^_j`bl�gbdZ�
dbo�g_hij_^_e_gguo�nZah\uo�fgh`bl_e_c��H^gZdh�[eZ]h^Zjy�kemqZcguf�\ha^_ckl\byf�kh�
klhjhgu�hdjm`_gby�m`_�gZ�klZ^bb�bgbpbZebaZpbb�fh]ml�[ulv�\g_k_gu�hrb[db�ijb�ijb]h�
lh\e_gbb�hkgh\guo�khklhygbc�hl^_evguo�dm[blh\��h[mkeh\e_ggu_�h[jZah\Zgb_f�kmi_jihab�
pbc�hkgh\guo�khklhygbc�k�g_hkgh\gufb. 

Ex[h_�h^ghdm[blh\h_�kemqZcgh_�\ha^_ckl\b_�fh`_l�[ulv�ij_^klZ\e_gh�\�\b^_�mgblZjgh�
]h�ij_h[jZah\Zgby�ke_^mxs_]h�\b^Z� 

 U = 
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yxz

yxz
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iii
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yxz
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1
2221
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εεε
, (2.2) 

]^_�kemqZcgu_�\_s_kl\_ggu_�iZjZf_lju�0x,�0y,�0z�oZjZdl_jbamxl�bgl_gkb\ghklv�lj_o�lbih\�
hrb[hd��hgb�fh]ml�[ulv�g_aZ\bkbfufb�kemqZcgufb�nmgdpbyfb�\j_f_gb���>_ckl\my�gZ�hk�

gh\gh_�khklhygb_� | 0〉 = 
0

1 �ij_h[jZah\Zgb_�������i_j_\h^bl�khklhygb_� _ 0〉 \�kmi_jihabpbx�

_]h�k�khklhygb_f�_ 1〉 k�khhl\_lkl\mxsbfb�nZah\ufb�fgh`bl_eyfb: 

 U| 0〉 = (( ))1)(0)1(
1

1
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yxz

iii εεε
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. (2.3) 

<�j_amevlZl_�wlh]h�\ha^_ckl\by�fZljbpZ�iehlghklb�\hafms_ggh]h�hkgh\gh]h�khklhygby�
ijbgbfZ_l�\b^ 
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HgZ� kh^_j`bl� l_i_jv� dhfie_dkgu_� g_^bZ]hgZevgu_� we_f_glu�� gh� ih-ij_`g_fm� bf__l�
lhevdh�h^gh��jZ\gh_�_^bgbp_�kh[kl\_ggh_�agZq_gb_��lh�_klv�khhl\_lkl\m_l�qbklhfm�d\Zglh�
\hfm�khklhygbx�dm[blZ��>ey�khklZ\eyxsbo�\_dlhjZ�;ehoZ�ihemqbf 

 
222

22

1

)(2
1

yxz

yx
zP

εεε
εε

++++++
++

−−== =1 – 2p,       2221

)()(
2

yxz

yzxyxz i
P

εεε
εεεεεε

++++++
++±±−−

==±± . (2.5) 

>ey�lhqghklb� \hkijhba\_^_gby� hkgh\gh]h� khklhygby� dm[blZ� \� khhl\_lkl\bb� k� ��������
ihemqbf 

 
,1)1(

1
1

0000)0( 2
222 pF z
yxz

−−==++
++++++

==== ++ ε
εεε

UU
 (2.6) 

]^_�p —�\_jhylghklv�hrb[db�\hkijhba\_^_gby�hkgh\gh]h�khklhygby�| 0〉 �a^_kv�lh`_�kemqZc�
gZy�\_ebqbgZ��[m^_l�fZeZ�ijb� 22

yx εε ++  << 1 p § 22
yx εε ++ ��G_^bZ]hgZevgu_�we_f_glu�fZljbpu�

iehlghklb��\�hlebqb_�hl�^bZ]hgZevguo��bf_xl�fZemx�ih�kjZ\g_gbx�k�_^bgbp_c�Zfieblm^m�b�

nZah\uc�fgh`bl_ev�kh�kemqZcghc�nZahc�
yxz

yzx

εεε
εεε

−−
++

±± arctg ��dhlhjZy�ijb�_0z| ~ ��fh`_l�ijbgb�

fZlv�ex[u_�agZq_gby� 
<�kemqZ_��dh]^Z�dm[bl�gZoh^blky�\�g_dhlhjhf�ijhba\hevghf�khklhygbb 

 |ψ〉 = k0 |0〉 + k1 |1〉 = 
1

0

c

c
 ,     | k0 |

2 + | k1 |
2 = 1 , (1.1) 

j_amevlZl�\ha^_ckl\by�gZ�g_]h�hi_jZlhjZ�U�bf__l�\b^ 

 U|ψ〉 = (( ))
1

0

2221

1

c

c1i01i01i0 zzyyxx

yxz

++++++
++++++

1
εεε

= 

 = (( ++−−++++
++++++

)10()10(
1

1
1010222

ccicc z

yxz

ε
εεε

 

 
)))01()01( 1010 cccci yx ++−−++++++ εε
. (2.7) 

KeZ]Z_fu_�\��������kh^_j`Zsb_�\_s_kl\_ggu_�kemqZcgu_��\_ebqbgu�0z,�0x,�0y��hibku\Zxl��
khhl\_lkl\_ggh��bgl_gkb\ghklv�©nZah\uo» (phase flips���baf_gy_lky�gZ�π�nZaZ�khklhygby�_ 1〉), 

«Zfieblm^guo» (bit flips���ijhbkoh^bl�h[f_g�Zfieblm^Zfb�khklhygbc�_ 0〉 �b�_ 1〉)�b «Zfieb�
lm^gh-nZah\uo» (both bit and phase flips, i1y = 1z1x) hrb[hd-i_j_\hjhlh\��Hrb[db�khklhy�
gby�_ 0〉 \�������\�hkgh\ghf�h[mkeh\e_gu�lZdbfb�Zfieblm^gufb�b�Zfieblm^gh-nZah\ufb�i_�
j_\hjhlZfb� 
<k_��L�[Zabkguo�\_dlhjh\�khklhygbc�d\Zglh\h]h�j_]bkljZ�_ n〉�kha^Zxlky�\�j_amevlZl_�h^�

ghdm[blh\uo� mgblZjguo� ij_h[jZah\Zgbc� iNOT �Ijbeh`_gb_�I���� dhlhju_�i_j_\h^yl� hk�
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gh\gu_� khklhygby� hij_^_e_gguo� dm[blh\� | 0〉� \� khklhygby�  | 1〉�� <� b^_Zevghf� kemqZ_� hgb�
ij_^klZ\eyxl�kh[hc�ihegmx�hjlh]hgZevgmx�kbkl_fm� 
G_b^_Zevghklv�h^ghdm[blh\uo�hi_jZpbc�aZ�kq_l�kemqZcguo�\ha^_ckl\bc��dZd�ijb�h[jZah�

\Zgbb�[Zabkguo�khklhygbc��lZd�b�ijb�\\h^_�bgnhjfZpbb�ijb\h^bl�lZd`_�d�khhl\_lkl\mx�
sbf�hrb[dZf� 
GZijbf_j��g_b^_Zevgh_�h^ghdm[blh\h_�mgblZjgh_�ij_h[jZah\Zgb_� iNOT �k�hij_^_ebl_�

e_f��jZ\guf�_^bgbp_��ij_^klZ\ey_lky�fZljbp_c 

 iNOT0 = 
zyx

yxz
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, (2.8) 

Ij_h[jZah\Zgb_� \_dlhjZ� khklhygby� | 0〉� \� \_dlhj� khklhygby� _ 1〉 l_i_jv� [m^_l� \u]ey^_lv�
ke_^mxsbf�h[jZahf� 
 iNOT0| 0〉 = (( ))1))1((0

)1( 222 yxz
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 . (2.9) 

Lhqghklv�\hkijhba\_^_gby�dhg_qgh]h�khklhygby�_ 1〉�ijbgbfZ_l�\b^ 
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<_jhylghklv�hrb[db�\hkijhba\_^_gby�khklhygby� _ 1〉�ijb�0z << 1 2
zp ε≈≈ << ��b�hij_^_ey�

xlky�l_i_jv�\�hkgh\ghf�nZah\ufb�i_j_\hjhlZfb��Khklhygb_� _ 1〉�\�hlebqb_�hl�hkgh\gh]h�
khklhygby�bf__l�l_i_jv�Zfieblm^m��ihjy^dZ���b�ihfbfh�h[s_]h�^hihegbl_evguc�nZah\uc�

fgh`bl_ev�kh�kemqZcghc�nZahc� ),exp(ϕi �]^_�
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arctg ��dhlhjZy�ijb�_0y| << ��ijbgbfZ_l�

fZeu_�agZq_gby��Z�khklZ\eyxsb_�\_dlhjZ�;ehoZ�bf_xl�\b^� 
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LZdbf�h[jZahf��\_dlhjZ�\hafms_gguo�[Zabkguo�khklhygbc�d\Zglh\h]h�j_]bkljZ��khhl\_l�
kl\mxsb_�khklhygbyf�_ 1〉�m�hij_^_e_gghc�qZklb�dm[blh\��[m^ml�kh^_j`Zlv�nZah\u_�fgh`b�
l_eb� k� g_ij_ju\gufb� kemqZcgufb�nZaZfb�� dhlhju_� hij_^_eyxlky� kh\f_klguf� \deZ^hf�
nZah\uo�b� Zfieblm^gh-nZah\uo�hrb[hd��>bZ]hgZevgu_� we_f_glu�fZljbpu�iehlghklb�kh�
klhygbc�� Zfieblm^Z� dhlhjuo� ihjy^dZ� _^bgbpu�� dZd� b� ^bZ]hgZevgu_� we_f_glu� fZljbpu�
iehlghklb�hkgh\gh]h�khklhygby�g_�kh^_j`Zl�gbdZdbo�nZah\uo�fgh`bl_e_c. Bo�kh^_j�
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`Zl�lhevdh�g_^bZ]hgZevgu_�we_f_glu�fZljbpu�iehlghklb��hibku\Z_fu_�ihi_j_qgu�
fb�khklZ\eyxsbfb�\_dlhjZ�;ehoZ�kh�kemqZcghc�nZahc�ijhba\hevghc�\_ebqbgu�ijb�hij_^_�
e_gghf�khhlghr_gbb�iZjZf_ljh\�0x,�0y�b�0z. 

;eZ]h^Zjy�^\modm[blh\uf� �b�[he__�keh`guf��kemqZcguf�\ha^_ckl\byf�hrb[db�khklhy�
gbc�d\Zglh\h]h�j_]bkljZ�[m^_l�hij_^_eylvky�lZd`_�b�h[jZamxsbfbky�ijb�wlhf�aZimlZggu�
fb�khklhygbyfb�jZagh]h�mjh\gy�b�kl_i_gb�keh`ghklb� 
Ijb�h[jZah\Zgbb ijhba\hevghc�kmi_jihabpbb�[Zabkguo�\_dlhjh\�khklhygby�hl^_evgu_�

khklZ\eyxsb_�kmi_jihabpbb�fh]ml�bf_lv�jZaebqgu_�h[sb_�nZah\u_�fgh`bl_eb�k�g_hij_�
^_e_ggufb�nZaZfb�ijhba\hevghc�\_ebqbgu�b�g_kms_kl\_gguf�y\ey_lky�lhevdh�h^bg�h[sbc�
nZah\uc�fgh`bl_ev� 
H^gh�ba�hkgh\guo�ml\_j`^_gbc�\�k_jbb�jZ[hl�K�DwdZ�>���–����@�khklhbl�\�lhf��qlh�ijb�

ijb]hlh\e_gbb�dZd�hkgh\gh]h�khklhygby��bgbpbZebaZpbb���lZd�b�^jm]bo�[Zabkguo�\_dlhjh\�
khklhygby�d\Zglh\h]h�j_]bkljZ��d\Zglh\u_�hrb[db��k\yaZggu_��\�qZklghklb��kh�kemqZcgu�
fb�nZah\ufb�fgh`bl_eyfb�g_evay�iheghklvx�bkijZ\blv��bkihevamy�deZkk�dh^h\�dhj�
j_dpbb� d\Zglh\uo� hrb[hd� �Quantum Error Correction Codes, QECC��� ij_^eh`_gguc�
:�DZe^_g[Zgdhf��I�Rhjhf�b�W�Klbghf�>���@��ihkdhevdm�©they can potentially correct only bit 

flips and phase flips and some combinations thereof, which errors represent a small subset of all the 

error that can corrupt a quantum state�>����@ª��Ijbqbghc�wlh]h��dZd�ml\_j`^Z_l�Z\lhj��y\ey_lky�
ZgZeh]h\Zy� ijbjh^Z� nZah\uo� hrb[hd�� oZjZdl_jbamxsboky� g_ij_ju\guf� gZ[hjhf� g_dhg�
ljhebjm_fuo�kemqZcguo�agZq_gbc�nZa�fgh]hdm[blh\uo�khklhygbc��Djhf_�lh]h��ml\_j`^Z_l�
ky��qlh�ZgZeh]h\u_�d\Zglh\u_�hrb[db�ijb�h[jZah\Zgby�fgh]hdm[blh\uo�kmi_jihabpbc�g_�
ehdZebah\Zgu�b�jZkijhkljZgyxlky�gZ�fgh]b_�[Zabkgu_�khklhygby�\�]bev[_jlh\hf�ijhkljZg�
kl\_��\�lh�\j_fy�dZd�\�kms_kl\mxsbo�dh^Zo�hgb�ij_^iheZ]Zxlky�ehdZebah\Zggufb�gZ�h]jZ�
gbq_gghf�qbke_�dm[blh\�b�dh^bjh\Zgb_�eh]bq_kdbo�khklhygbc�ijhba\h^blky�ebrv�gZ�d\Zg�
lh\uo�khklhygbyo�h]jZgbq_ggh]h�ih^ijhkljZgkl\Z�\�iheghf�]bev[_jlh\hf�ijhkljZgkl\_�
d\Zglh\hc�kbkl_fu� 
Hlf_qZy�^Ze__��qlh�ijhba\hevgu_�kmi_jihabpbb�[Zabkguo�khklhygbc�d\Zglh\h]h�j_]bkl�

jZ��h[jZamxsb_ky�ijb�ihkljh_gbb�dh^h\uo�keh\��ijb�\\h^_�bgnhjfZpbb�\�d\Zglh\uc�j_�
]bklj�beb�\�ijhp_kk_�\uiheg_gby� mgblZjguo�ij_h[jZah\Zgbc��g_evay�ij_^klZ\blv�[_a�g_�
ij_ju\guo� kemqZcguo�nZa�dhfihg_glh\�b�ijb� wlhf� ©small phase error will  become large as 

unitary transformations are applied repeatedly in the execution of a quantum algorithmª��K�Dwd�ml�
\_j`^Z_l��qlh�©since quantum calculations are sensitive to the phase values, they will  have uncon-

trollable effects [2.13]». 

Ih�ih\h^m�wlbo�i_kkbfbklbq_kdbo�ml\_j`^_gbc�K�DwdZ�hlf_lbf�ke_^mxs__� 
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1. BgbpbZebaZpby�khklhygby�fgh]hdm[blh\h]h�YFJ�d\Zglh\h]h�j_]bkljZ��lh�_klv�i_j_\h^�
\k_o�dm[blh\�\�hkgh\gu_�[me_\u_�khklhygby� i0 ��^he`gZ�ijhba\h^blvky�ijb�gbadbo�kibgh�
\uo�l_fi_jZlmjZo�b�\�^hklZlhqgh�kbevghf�fZ]gblghf�ihe_��GZihfgbf��qlh�ijb�wlhf�
hkgh\gh_�khklhygb_�j_]bkljZ�fh`_l�[uev�g_aZimlZgguf�^Z`_�ijb�gZebqbb�\aZbfh^_ckl\by�
f_`^m�dm[blZfb��kf��jZa^_e�1.6���Ijb�^hklZlhqgh�ohjhr_c�baheypbb�j_]bkljZ�hl�hdjm`_gby�
�ijb�0x,�0y << ���^ey�\_jhylghklb�hrb[db�hkgh\gh]h�khklhygby�\k_]h�j_]bkljZ� 0 �b�Zfieblm�
^u�g_^bZ]hgZevguo� we_f_glh\�fZljbpu�iehlghklb��h[mkeh\e_gguo� kemqZcgufb�\ha^_ckl�
\byfb�kh�klhjhgu�hdjm`_gby��fh`gh�h[_ki_qblv�g_h[oh^bfmx�fZehklv. 

2. H[sbc�nZah\uc�fgh`bl_ev�kh�kemqZcghc�nZahc�ijb�\_dlhj_�hkgh\gh]h�khklhygby�
y\ey_lky�g_�kms_kl\_gguf��ihkdhevdm�hg�\uiZ^Z_l�ba�^bZ]hgZevguo�we_f_glh\�fZljbpu�
iehlghklb�b�g_�hij_^_ey_l�agZq_gbc�gZ[ex^Z_fuo�\_ebqbg�\�wlhf�khklhygbb��KemqZcgu_�
nZah\u_� fgh`bl_eb� ZgZeh]h\h]h� lbiZ� khojZgyxlky� lhevdh� m� g_^bZ]hgZevguo� we_f_glh\�
fZljbpu�iehlghklb��\_ebqbgZ�Zfieblm^u�b�nZau�dhlhjuo�hij_^_ey_lky�khhlghr_gbyfb�
f_`^m�iZjZf_ljZfb�0x,�0y�b�0z��dhlhju_�fh]ml�[ulv�^hklZlhqgh�fZeu��Lh�`_�hlghkblky�b�d�nZ�
ah\uf�fgh`bl_eyf�^jm]bo�[Zabkguo�khklhygbc�d\Zglh\h]h�j_]bkljZ��\�dhlhjuo�hl^_evgu_�
dm[blu�gZoh^ylky�\�khklhygbyo� i1 . 

3. Ijh[e_fu�k\yaZggufb�k�bkijZ\e_gb_f�kemqZcguo�nZah\uo�hrb[hd�m�[Zabkguo�khklhy�
gbc��hlf_q_ggu_�K�Dwdhf�kms_kl\h\Zeb�[u�^ey�h^bghqgh]h�d\Zglh\h]h�j_]bkljZ�\�hij_^_�
e_gguc�fhf_gl�\j_f_gb��\hafms_ggh_�[Zabkgh_�khklhygb_�dhlhjh]h�y\ey_lky�qbkluf�^ey�
dZ`^h]h�dhgdj_lgh]h�agZq_gby�\g_rg_]h�\ha^_ckl\by��Wlh�\ha^_ckl\b_�gZ�hl^_evguc�dm[bl�
\�ijhkl_cr_f�kemqZ_�fh`gh�jZkkfZljb\Zlv�dZd�klZpbhgZjguc�kemqZcguc�ijhp_kk��j_Zeb�
am_fuc�kemqZcgufb�nmgdpbyfb�0x(t),�0y(t),�0z(t���ijbgZ^e_`Zsbfb�d�g_dhlhjhfm�klZlbklbq_�
kdhfm�ZgkZf[ex��Z�khklhygb_�d\Zglh\h]h�j_]bkljZ�ke_^m_l�hibku\Zlv�fZljbp_c�iehlghklb��
mkj_^g_gghc�ih�jZkij_^_e_gbx�kemqZcguo�nmgdpbc��qlh�khhl\_lkl\m_l�mkj_^g_gbx��\uqbk�
e_gbx�ke_^Z��iheghc�fZljbpu�iehlghklb�ih�khklhygbyf�hdjm`Zxs_c�kj_^u��Ihemq_ggZy�\�
j_amevlZl_� fZljbpZ� iehlghklb� [Zabkgh]h� khklhygby� wd\b\Ze_glgZ� ijb\_^_gghc� fZljbp_�
iehlghklb� k� fZljbqgufb� we_f_glZfb�� aZ\bkysbfb� hl� iZjZf_ljh\� kemqZcgh]h� ijhp_kkZ�
�kj_^gb_� agZq_gby�� ^bki_jkbb��nmgdpbb� dhjj_eypbb�b� l�^���� dZd� wlh� jZkkfhlj_gh� \� jZa^_�
e_ 1.9. 

4. H^gZdh�jZkkfhlj_ggh_�\ur_�mkj_^g_gb_�ih�\j_f_gb�hagZqZ_l�ijZdlbq_kdb�g_hkms_kl�
\bfmx�ijhp_^mjm�^hklZlhqgh�^ebl_evgh]h�gZdhie_gby�f]gh\_gguo�j_amevlZlh\�baf_j_gby�
\hafms_gghc�fZljbpu�iehlghklb��<f_klh�h^bghqgh]h�d\Zglh\h]h�j_]bkljZ�fu�ij_^eZ]Z_f�
i_j_clb�d�^hklZlhqgh�[hevrhfm�ZgkZf[ex�b^_glbqguo�d\Zglh\uo�j_]bkljh\��\�dhlhjhf�
klZpbhgZjguc� kemqZcguc� ijhp_kk�� hibku\Zxsbc� kemqZcgu_� \ha^_ckl\by��fh`gh� kqblZlv�
wj]h^bq_kdbf�� lh� _klv� lZdbf��dhlhjuc�hibku\Z_lky�h^gbfb�b� l_fb�jZkij_^_e_gbyfb�kem�
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qZcguo�nmgdpbc�dZd�ih�\j_f_gb�^ey�hl^_evgh]h�we_f_glZ�ZgkZf[ey��lZd�b�ih�ZgkZf[ex�\�
hl^_evguc�fhf_gl�\j_f_gb��lh�ijb\_^_ggZy�fZljbpZ�iehlghklb�[m^_l�hij_^_eylvky�iml_f�
mkj_^g_gby�\hafms_gghc�fZljbpu�iehlghklb�ih�ZgkZf[ex�j_]bkljh\�\�hl^_evguc�fhf_gl�
\j_f_gb��IjZdlbq_kdb�lZdh_�mkj_^g_gb_�ijhbkoh^bl�_kl_kl\_gguf�h[jZahf��dh]^Z�mgblZj�
gu_�ij_h[jZah\Zgby�ijb�\uiheg_gbb�Ze]hjblfh\�b�baf_j_gb_�khklhygbc�dm[blh\�\�g_aZ\b�
kbfuo�j_]bkljZo-we_f_glZo�ZgkZf[ey�ijhba\h^ylky�h^gh\j_f_ggh�h^gbfb�b�l_fb�`_�mijZ\�
eyxsbfb� bfimevkZfb�� ZgZeh]bqgh� lhfm� dZd� wlh� ^_eZ_lky� \� ZgkZf[e_\uo�`b^dhklguo�
d\Zglh\uo�dhfivxl_jZo��ij_^iheZ]Z_lky��qlh�kbkl_fZlbq_kdb_�hrb[db��\ghkbfu_�mijZ\�
eyxsbfb�bfimevkZfb��ijb�wlhf�fh]ml�[ulv�bkdexq_gu�� 
<�j_amevlZl_�ijb\_^_ggZy�fZljbpZ�iehlghklb�[m^_l�hibku\Zlv�g_dhlhjuc�ijhp_kk�^_dh�

]_j_glbaZpbb�d\Zglh\h]h�khklhygby��ijbf_j�lZdh]h�mkj_^g_gby�kf��jZa^_e 1.9)��\�j_amevlZl_�
dhlhjh]h�ijhbahc^_l� aZlmoZgb_�g_^bZ]hgZevguo� we_f_glh\�fZljbpu�iehlghklb��Ijb�wlhf�
Zfieblm^u�b�nZau� klZpbhgZjguo�fZljbqguo�we_f_glh\�ijb\_^_gghc�fZljbpu�iehlghklb��
dhlhjZy�hibku\Z_l�m`_�g_�qbklh_��Z�kf_rZggh_�khklhygb_��g_�[m^ml�kh^_j`Zlv�kemqZcgu_�
\_ebqbgu�ZgZeh]h\h]h�lbiZ��LZdh_�khklhygb_�g_�ij_^klZ\eyeh�[u�ijh[e_f�^ey�QECC. 

AZlmoZgb_�g_^bZ]hgZevguo�we_f_glh\�fgh]hdm[blh\hc�fZljbpu�[m^_l�l_f�[uklj__��q_f�
[hevrmx�jZaf_jghklv�bf_xl�g_^bZ]hgZevgu_�[ehdb�\�bkoh^ghc�fZljbp_�iehlghklb��Kl_�
i_gv�kf_rZgghklb�[m^_l�hij_^_eylvky�g_dhlhjhc�kj_^g_c�\_jhylghklvx�hrb[db�ihemqblv�
qbklh_�khklhygb_� p�����dhlhjmx�fh`gh�jZkkfZljb\Zlv�dZd�ZgZeh]�l_fi_jZlmju�\�`b^dh�
klghf�YFJ�d\Zglh\hf�dhfivxl_j_��GZijbf_j��[eZ]h^Zjy�wlbf�hrb[dZf�qbklh_�[Zabkgh_�kh�
klhygb_�_�〉〈�_�i_j_oh^bl�d�kf_rZgghfm�khklhygbx��hibku\Z_fhfm�fZljbp_c�iehlghklb�\b^Z�

p

p

0

01−− ��LZdbf�h[jZahf�fu�\b^bf��qlh�gZ�wlZi_�ih^]hlh\db�[Zabkguo�khklhygbc�d\Zglh�

\h]h�j_]bkljZ�[ukljZy�^_dh]_j_glbaZpby�\�ZgkZf[e_\hf�\ZjbZgl_�b]jZ_l�dhgkljmdlb\�
gmx�jhev��h[_ki_qb\Zy�\uiheg_gb_�\lhjh]h�hkgh\gh]h�lj_[h\Zgby� 

5. ?keb�\uiheg_gu�mkeh\by�ohjhr_c�baheypbb�dm[blh\�hl�hdjm`_gby�b�hgb�gZoh^ylky�\�
^hklZlhqgh�kbevghf�ihe_��lh�kf_rZggh_�khklhygb_�ZgkZf[e_\h]h�j_]bkljZ�[m^_l�khhl\_lkl�
\h\Zlv�fZeuo�agZq_gbyo p .�<�wlhf�kemqZ_�hgh�fh`_l�[ulv�ij_h[jZah\Zgh�d�d\Zabqbklhfm�
khklhygbx� 

 
p

p

0

01−−
 = |00|)21( 〉〈〉〈−−++ pp1 , (2.12) 

]^_�fgh`bl_ev� )21( p−− �b]jZ_l�jhev�fgh`bl_ey�0  \��������bf_xsbc�l_i_jv�agZq_gby���[eba�
db_� d� _^bgbp_�� <� wlhf� kemqZ_� khojZgyxlky� k\hckl\Z� g_k_iZjZ[_evghklb� �aZimlZgghklb��
d\Zglh\uo�khklhygbc� >���@��dZd�hlf_qZehkv�\ur_�\�jZa^_e_�2.1��ijb�ex[hf�qbke_�dm[blh\��
Wlh� hagZqZ_l�� qlh� \uqbkebl_evgu_� ijhp_kku� \� lZdbo� kbkl_fZo� [m^ml� iheghklvx�



 

 

103 

hagZqZ_l��qlh�\uqbkebl_evgu_�ijhp_kku�\�lZdbo�kbkl_fZo�[m^ml�iheghklvx�d\Zglh\ufb��Z�
g_�deZkkbq_kdhc�bo�bfblZpb_c� 
<uqbkebl_evgu_�hi_jZpbb�bkihevamxsb_�h^gh�b�^\modm[blh\u_�d\Zglh\u_�\_glbeb�[m�

^ml�khijh\h`^Zlvky�aZ�\j_fy�bo�\uiheg_gby�h[jZah\Zgb_f�g_^bZ]hgZevguo�we_f_glh\�ijb�
\_^_gghc�fZljbpZ�iehlghklb��khhl\_lkl\mxsbo�ih�djZcg_c�f_j_�g_�[he__�q_f�^\modm[blh�
\uf� khklhygbyf�� ^ey� \j_f_gb� ^_dh]_j_glbaZpbb� dhlhjuo� fh`gh� h[_ki_qbl� ^hklZlhqgh�
[hevrb_�agZq_gby��lj_lv_�hkgh\gh_�lj_[h\Zgb_���bkihevamy�hij_^_e_ggu_�f_lh^u�ih^Z\�
e_gby�^_dh]_j_glbaZpbb� 

6. Ijhba\hevgZy� kmi_jihabpby� \_dlhjh\� [Zabkguo� khklhygbc�� \hagbdZxsZy� \�ijhp_kk_�
\uiheg_gby�d\Zglh\uo�hi_jZpbc�\�j_amevlZl_�kemqZcguo�\ha^_ckl\bc��ij_^klZ\ey_l�kh[hc�
kmffm� k� dhfie_dkgufb� dhwnnbpb_glZfb��gZau\Z_fufb�nZahjZfb� >����@��>ey�hl^_evgh]h�
d\Zglh\h]h�j_]bkljZ�wlh�ijb\h^bl�d�ljm^ghklyf��hlf_q_gguf�K�Dwdhf��H^gZdh�\�kemqZ_�Zg�
kZf[e_\h]h�\ZjbZglZ�d\Zglh\h]h�j_]bkljZ��\�j_amevlZl_�mkj_^g_gby�ih�ZgkZf[ex�wlZ�kmi_j�
ihabpby� [m^_l� kh^_j`Zlv� mkj_^g_ggu_� ih� ZgkZf[ex�nZahju�� oZjZdl_jbamxsb_ky� hij_^_�
e_ggufb�mkj_^g_ggufb�agZq_gbyfb�Zfieblm^�b�nZa. 
?keb��gZijbf_j��^ey�ijh\_^_gby�wlh]h�mkj_^g_gby�\hkihevah\Zlvky�ke_^mxsbfb�mijhs_�

gbyfb��Zfieblm^Z� Nk /α b�nZaZ kϕ �dZ`^h]h�we_f_glZjgh]h�nZahjZ�\�ZgkZf[e_�ba�N�we_f_g�
lh\�klZlbklbq_kdb�g_aZ\bkbfu�^jm]�hl�^jm]Z�b�hl�Zfieblm^�b�nZa�nZahjh\�^jm]bo�we_f_glh\��
kemqZcgu_� Zfieblm^u� \k_o� we_f_glZjguo� nZahjh\� bf_xl� h^bgZdh\u_� jZkij_^_e_gby� kh�
kj_^gbf�agZq_gb_f�α b�\lhjuf�fhf_glhf� 2α ��kemqZcgu_�nZau�jZkij_^_e_gu�h^ghjh^gh�gZ�
bgl_j\Ze_��–�� ����<�wlhf�kemqZ_�kj_^g__�agZq_gb_�Zfieblm^u�ih�ZgkZf[ex�N we_f_glZjguo�
nZahjh\�b�^bki_jkby�jZ\gu�>����@ 

 ,2απ==a     22 )4( απσ −−== , (2.13) 

Z�kj_^gyy�nZaZ�jZ\gZ�gmex� 

AZdexq_gb_: Bkdexq_gb_�kemqZcguo�ZgZeh]h\uo�nZah\uo�hrb[hd�\�[Zabkguo�khklhy�
gbyo�d\Zglh\h]h�j_]bkljZ�^hklb]Z_lky�\�j_amevlZl_�[ukljh]h�ijhp_kkZ�aZlmoZgby�g_^bZ]h�
gZevguo� we_f_glh\�fZljbpu�iehlghklb� aZ� kq_l�ijhp_kkh\�^_dh]_j_glbaZpbb��\�j_amevlZl_�
ijb\_^_ggu_�fZljbpu�iehlghklb�qbkluo�[Zabkguo�khklhygbc�ijbgbfZxl�\b^�fZljbp�iehl�
ghklb�kf_rZggh]h�khklhygby.�KemqZcgu_�nZah\u_�fgh`bl_eb�kh�kemqZcgufb�ZgZeh]h\ufb�
nZaZfb�m�khklZ\eyxsbo�kmi_jihabpbb�[Zabkguo�khklhygbc�\�j_amevlZl_�bo�mkj_^g_gby�ijb��
ZgkZf[e_\hf�ih^oh^_�klZgh\ylky�^_l_jfbgbjh\Zggufb�dhfie_dkgufb�dhwnnbpb_glZfb��Z�
g_�mkj_^g_ggufb�hklZxlky�^bkdj_lgu_�hrb[db��bkijZ\e_gb_�dhlhjuo�^hklmigh�f_lh^Zf�
QECC. 
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2.3. Ijh[e_fZ�mf_gvr_gby�\_jhylghklb�\uqbkebl_evghc�hrb[db�^ey�
khklhygbc�d\Zglh\h]h�j_]bkljZ��ij_^klZ\eyxsbo�\ukrb_�jZajy^u 

DZd�hlf_qZ_l�\�k\h_c�aZf_ld_�F�>vydhgh\�>����@��[Zabkgu_�khklhygby�hl^_evguo�bgbpbZ�
ebabjh\Zgguo�dm[blh\�\h�\oh^ghf�j_]bklj_�^he`gu�[ulv�aZ^Zgu�k jZaghc�lhqghklvx��ih�
kdhevdm� ³while physically the spins are equivalent, from the computational point of view it is not 

so” . 

<_jhylghklv \uqbkebl_evghc�hrb[db ^ey�dm[blh\��ij_^klZ\eyxsbo�[he__�\ukhdb_�[b�
gZjgu_�jZajy^u�\�d\Zglh\hf�j_]bklj_��ijb�lhf�`_�agZq_gbb�hrb[db�^ey�hl^_evgh]h�nbabq_�
kdh]h� dm[blZ� ^_ckl\bl_evgh� m\_ebqb\Z_lky�� LZd� ^ey� L–1-]h� dm[blZ� \� j_]bklj_� _ nL–1, nL–2, 

…n0〉�\ukrbc�[bgZjguc�jZajy^�qbkeZ�n��hgZ�m\_ebqblky�\ 2L–1 jZa�ih�kjZ\g_gbx�k�\_jhylgh�
klvx�hrb[db�khklhygby�ihke_^g_]h�\�j_]bklj_��gbarbc�[bgZjguc�jZajy^��dm[blZ��<hagbdZ_l 
ijh[e_fZ�mf_gvr_gby�\uqbkebl_evghc�hrb[db�ijb�i_j_oh^_�hl�gbarbo�d�\ukrbf�^\hbq�
guf�jZajy^Zf. 

>ey�j_r_gby�wlhc�ijh[e_fu�fu�ij_^eZ]Z_f�\f_klh�nbabq_kdbo�kibgh\-dm[blh\��khhl\_l�
kl\mxsbo� dZ`^hfm� ^\hbqghfm� jZajy^m��bkihevah\Zlv� khklhygby� eh]bq_kdbo� dm[blh\��oZ�
jZdl_jbamxsboky�lZd`_�^\mfy�d\Zglh\ufb�khklhygbyfb��wlh�fh]ml�[ulv�\�k\hx�hq_j_^v�g_�
lhevdh�nbabq_kdb_��gh�b�eh]bq_kdb_�dm[blu�,�dh^bjm_fuo�[ehdhf��khklhysbf�ba�bkoh^guo�
nbabq_kdbo�dm[blh\� lZdh]h�jZaf_jZ��qlh[u�h[_ki_qblv�g_h[oh^bfh_�ih^Z\e_gb_�hrb[hd�
khklhygbc�m�eh]bq_kdbo�dm[blh\��khhl\_lkl\mxsbo�\ukrbf�jZajy^Zf� 
Wlh�fh`gh��\�ijbgpbi_��hkms_kl\blv�k�ihfhsvx�f_lh^Z�k\yaZgguo (concatenated��dh^h\�

�kf���gZijbf_j�� dgb]m� >���@�� ]e������ij_^klZ\eyxsbo� kh[hc�b_jZjobx dh^bjmxsbo� ko_f� k�
qbkehf�mjh\g_c�b_jZjobb��hij_^_ey_fuo�iheh`_gb_f�eh]bq_kdh]h�dm[blZ�\�j_]bklj_�b�agZ�
q_gb_f�g_h[oh^bfhc�\uqbkebl_evghc�lhqghklb�^ey�^Zggh]h�jZajy^Z� 
JZkkfhljbf�a^_kv�wlm�b_jZjobx�ih^jh[g__��bf_y�a^_kv�\�\b^m�mkj_^g_ggu_�ih�ZgkZf[ex 

fZljbpu�iehlghklb�[Zabkguo�khklhygbc�j_]bkljZ��Gme_\hc mjh\_gv�b_jZjobb�khhl\_lkl\m_l�
bkoh^ghfm�[Zabkghfm� khklhygbx��oZjZdl_jbamxs_fmky�h^bgZdh\hc�^himklbfhc�\_jhylgh�
klvx�nbabq_kdhc�b�\uqbkebl_evghc hrb[db�\hkijhba\_^_gby�wlh]h�khklhygby�p << ���agZd�
mkj_^g_gby�hims_g���Ijb�i_j_oh^_�d�ke_^mxs_fm�i_j\hfm�mjh\gx��_keb�ij_^iheZ]Zlv��qlh�
hrb[db�^ey�[Zabkguo�khklhygbc��khhl\_lkl\mxsbo�jZaguf�jZajy^Zf�g_dhjj_ebjh\Zgu,�\_�
jhylghklv�hrb[db�mf_gvrZ_lky�^h�cp2��]^_ c — g_dhlhjZy�ihklhyggZy��agZq_gb_�dhlhjhc�hi�
j_^_ey_lky�dhgdj_lghc�ko_fhc�dh^bjh\Zgby�gZ�i_j\hf�mjh\g_�b_jZjobb��<hkihevam_fky�^ey�
wlhc�ihklhygghc�hp_gdhc��k^_eZgghc�^ey�bamq_gguo�ko_f�d\Zglh\uo�dh^h\�dhjj_dpbb�hrb�
[hd��Z�bf_ggh��c ~ 105 – 106 �>���@��]e������GZ�\lhjhf mjh\g_�b_jZjobb�hrb[dZ�mf_gvrZ_lky�
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^h�c(cp2)2 = (c2p2)2/c��?keb�k\yau\Zgb_ (concatenation) ijhba\h^blky�k�jZa��lh�k-hf�mjh\g_ b_�
jZjobb�\_jhylghklv�hrb[db�[m^_l� (( )) ccp

k

/2
. 

Ihlj_[m_f�l_i_jv��qlh[u�wlh�agZq_gb_�[ueh�f_gvr_�g_h[oh^bfh]h�mf_gvr_gby�\_jhyl�
ghklb�\uqbkebl_evghc�hrb[db�^ey khklhygby L–1-]h eh]bq_kdh]h�dm[blZ��lh�_klv�\��(L-1)�jZa�
f_gvr_�\_jhylghklb�hrb[db��dhlhjZy�[u�[ueZ�\�hlkmlkl\b_�dh^bjh\Zgby��<ujZabf�ihke_^�
gxx�q_j_a�\_jhylghklv�hrb[db�bkoh^gh]h�[Zabkgh]h�khklhygby�F p2–(L-1)��Z�bf_ggh� 

 ( ) ccp
k

/2  < p 2–(L–1)��beb�� ( ) 12 −k

cp  < (1/2)(L–1) , (2.14) 

hldm^Z�ke_^m_l��qlh�cp < ��b��ke_^h\Zl_evgh��ij_^_evgh_�agZq_gb_�^himklbfhc�hrb[db�^ey�
khklhygby�k�h^gbf�©i_j_\_jgmlufª�bkoh^guf�dm[blhf�^he`gh�khklZ\eylv�p < 10–5. 

Qbkeh�k\yau\Zgbc�^ey�L-]h�eh]bq_kdh]h�dm[blZ�k�[m^_l�hij_^_eylvky�l_i_jv�ba� 

 k > log2 





++−−

1
)/1(log

1

2 cp

L
 ~ log2(L – 1) . (2.15) 

Imklv�l_i_jv�dZ`^hfm�jZajy^m�khhl\_lkl\m_l�[Zabkgh_�khklhygb_�g_�k�h^gbf�dm[blhf��Z�k�
eh]bq_kdbf�dm[blhf�� aZdh^bjh\Zggh]h� khhl\_lkl\mxsbf�h[jZahf�gZ�i_j\hf�mjh\g_�k�ih�
fhsvx d��^h�^_kyldZ��nbabq_kdbo��dm[blh\��Ijb�wlhf�qbkeh�bkoh^guo�nbabq_kdbo�dm[blh\�
gZ�ihke_^g_f�k-hf�mjh\g_�b_jZjobb�khklZ\bl 
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L
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)/1(log

1








++−−  ~ (L – 1) log

2
d  , (2.16) 

lh�_klv ihebghfbZevgh aZ\bkbl�hl�L. LZd��gZijbf_j��^ey�qbkeZ�eh]bq_kdbo�dm[blh\�L = 129 

kh]eZkgh��������ihemqbf�b_jZjobx�k\yau\Zxsbo�dh^h\�k�k�!����b  ijb�d = ��ihegh_�qbkeh�nb�
abq_kdbo�dm[blh\�fh`_l�^hklb]Zlv�lukyq� 

AZdexq_gb_��G_h[oh^bfh]h�mf_gvr_gby�\_jhylghklb \uqbkebl_evghc�hrb[db ^ey�dm�
[blh\��ij_^klZ\eyxsbo�[he__�\ukhdb_�[bgZjgu_�jZajy^u�\�d\Zglh\hf�j_]bklj_��fh`gh�^h�
[blvky� iml_f� bkihevah\Zgby� k\yau\Zxs_]h� dh^bjh\Zgby� khklhygbc� jZaebqguo� ^\hbqguo�
jZajy^h\�gZ�b_jZjobb�eh]bq_kdbo�dm[blh\��IhdZaZgh��qlh�ijb�wlhf�qbkeh�nbabq_kdbo�dm[b�
lh\�gZ�ihke_^g_f�mjh\g_�b_jZjobb�ihebghfbZevgh�jZkl_l�k�qbkehf�jZajy^h\�L. 

2.4. Ijh[e_fu��k\yaZggu_�k�\uiheg_gb_f�\uqbkebl_evguo�hi_jZpbc�b�
baf_j_gbyfb�khklhygbc�dm[blh\ 

F��>vydhgh\� ^_eZ_l� lZd`_� i_kkbfbklbq_kdh_� ml\_j`^_gb_�� aZdexqZxs__ky� \� lhf�� qlh�
hkms_kl\e_gb_�mgblZjghc�\uqbkebl_evghc�hi_jZpbb \�kbkl_f_�ba�L ~ 103�kibgh\�k�lhq�
ghklvx�a 10–5 g_\hafh`gh��\�qZklghklb��g_\hafh`_g�dhgljhebjm_fuc�ih\hjhl�hl^_evgh]h�
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kibgZ��gZijZ\e_ggh]h�\gZqZe_�\^hev�hkb�z (|0〉)��\�nbdkbjh\Zggh_�gZijZ\e_gb_�iehkdhklb�xy, 

“because of the continuous fast precession around the direction of the magnetic field” [2.15]. 

GZ�kZfhf�^_e_�ih\hjhl�i-]h�y^_jgh]h�kibgZ-dm[blZ��beb \_dlhjZ�;ehoZ���bagZqZevgh�hjb�
_glbjh\Zggh]h� \^hev� hkb� z�� \�iehkdhklv� xy hkms_kl\ey_lky� k�ihfhsvx�j_ahgZgkgh]h�^ey�
jZkkfZljb\Z_fh]h�kibgZ�jZ^bhqZklhlgh]h�����bfimevkZ�djm]h\hc�iheyjbaZpbb�b khhl\_lkl�
\m_l�h[jZah\Zgbx�\�eZ[hjZlhjghc�kbkl_f_�dhhj^bgZl�kmi_jihabpbb�khklhygbc��gZijbf_j� 
lbiZ�_%〉 = 2/1 (|0〉 + exp(–i&0t)|1〉) exp(L30i���]^_�&0 = �% —�j_ahgZgkgZy�qZklhlZ�b�30i  — h[�
sZy�nZaZ�khklhygbc�dm[blh\��Ijb�^hklZlhqgh�lhqghc�gZkljhcd_�j_ahgZgkgZy�qZklhlZ�\iheg_�
dhgljhebjm_fZ�b�\� kemqZ_� ZgkZf[e_\h]h�\ZjbZglZ�hgZ�bf__l�hij_^_e_ggh_�h^gh�b� lh�`_�
agZq_gb_�^ey�\k_o� wd\b\Ze_glguo�dm[blh\�\� ZgkZf[e_��>jm]h_�^_eh��dh]^Z�kZfZ�mgblZjgZy��
hi_jZpby� kh^_j`bl� hrb[db� �kf�� \ur_��� A^_kv� \Z`gh� _s_�b� ^jm]h_��fZljbqgu_� we_f_glu�
fZljbpu�iehlghklb�^ey�kmi_jihabpbb�[Zabkguo�khklhygbc��dZd�m`_�hlf_qZehkv�jZg__�\�jZa�
^_eZo�1.1�b�2.2 \hh[s_�g_�kh^_j`Zl�h[s_]h�nZah\h]h�fgh`bl_ey: 

 |ψ〉〈ψ| = 1/2 
1)exp(

)exp(1

0

0

ti

ti

ω
ω

−−
 , (2.17) 

Z�nZah\uc�fgh`bl_ev�lZdhc�gZ[ex^Z_fhc�\_ebqbgu��dZd�kj_^g__�agZq_gb_�hi_jZlhjZ�1–�\�
wlhf� khklhygbb�P– = Sp(|ψ〉〈ψ|� 1–) = 1/2 exp(L&0t�� \iheg_� hij_^_e_g��<_dlhj� ;ehoZ� \h� \jZ�
sZxs_cky�k�j_ahgZgkghc�qZklhlhc�kbkl_f_�dhhj^bgZl�aZgbfZ_l�\iheg_�hij_^_e_ggh_�iheh�
`_gb_�\�iehkdhklb�xy (P– = 1/2) b�gZebqb_�[ukljhc�ij_p_kkbb�\_dlhjZ�khklhygbc�\�hlkmlkl�
\b_� kemqZcghc� fh^meypbb� j_ahgZgkghc� qZklhlu� g_� ijb\h^bl� d� g_dhgljhebjm_fhfm�
jZa[jhkm�gZijZ\e_gbc�\_dlhjZ�;ehoZ \�wlhc�iehkdhklb. Wdki_jbf_glu�gZ�`b^dhklguo�Zg�
kZf[e_\uo�YFJ�d\Zglh\uo�dhfivxl_jZo�wlh�gZ]ey^gh�ih^l\_j`^Zxl� 
Jhev�jZaghklb�\j_f_gguo�aZ\bkbfhkl_c�nZa�\_dlhjh\�khklhygbc�nbabq_kdbo�dm[blh\-

kibgh\�_�i〉 b�|1i〉��hij_^_ey_fuo�jZaghklvx�bo�wg_j]bc��&0i����F�>vydhgh\�hlghkbl�d�gZb[h�
e__�nmg^Zf_glZevguf�ljm^ghklyf� 
>ey�ihykg_gby� hg� jZkkfZljb\Z_l� h^gh�ba� [Zabkguo� khklhygbc�j_]bkljZ��\�dhlhjhf�hl�

^_evgu_�dm[blu�bf_xl�h^gm�b�lm�`_�j_ahgZgkgmx�qZklhlm�&0i� �&0��<_dlhj�khklhygby�j_]b�
kljZ�_�1, 02, 13, 04,  …1L〉��\�dhlhjhf�k dm[blh\�gZoh^blky�\�khklhygbb |1i〉,�[m^_l�bf_lv�h^bgZ�
dh\uc� nZah\uc� fgh`bl_ev� H[S�LN&0t�� gZ� nhg_� h[s_]h� fgh`bl_ey�� khhl\_lkl\mxs_]h�
khklhygbyf�_�i〉. 

Ihwlhfm�jZagu_�k�\uqbkebl_evghc�lhqdb�aj_gby��gh�k�h^gbf�b�l_f�`_�qbkehf�k��[Zabk�
gu_�khklhygby��lZdb_�dZd�_�1, 02, 13, 04  …1L 〉�b�_�1, 12, 13, 04  …1L 〉, ij_^klZ\eyxsb_�jZagu_�
qbkeZ��bf_xl�h^gm�b�lm�`_�nZam�b�k�nbabq_kdhc�lhqdb�aj_gby�h^bgZdh\u. Ijhba\hevgZy�
kmi_jihabpby�ba�khklhygbc�k�jZaguf�qbkehf�k�bf__l�gZ[hj�nZah\uo�fgh`bl_e_c�k�� � k � L 

b�ba-aZ�g_dhgljhebjm_fhklb�k�lhqdb�aj_gby�F�>vydhgh\Z�bo�nZa�aZ\bkbfhklv�hl�\j_f_gb�kh�
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klhygby�bf__l�kemqZcguc�oZjZdl_j��ba�q_]h�hg�^_eZ_l�\u\h^ h�g_\hafh`ghklb�khojZgblv�dh�
]_j_glghklv� lZdh]h� khklhygby� \� fhf_gl� \uiheg_gby� \uqbkebl_evguo� hi_jZpbc�� ³relative 

phases will  have random values at the moments when our gates are applied, which will  completely 

disorganize the performance of our quantum computer” . 

GZ�kZfhf�^_e_��k�lhqdb�aj_gby�\uihegy_fuo�d\Zglh\uo�hi_jZpbc�[Zabkgu_�khklhygby�j_�
]bkljZ�m^h[g__�hibku\Zlv�g_�\_dlhjZfb�khklhygby��Z�fZljbpZfb�iehlghklb��dhlhju_��dZd�ba�
\_klgh��^ey�\k_o�qbkluo�khklhygbc�\�\uqbkebl_evghf�[Zabk_�bf_xl�lhevdh�h^gh�\_s_kl�
\_ggh_ kh[kl\_ggh_�agZq_gb_�b�g_�kh^_j`Zl�\hh[s_�gbdZdbo�nZah\uo�fgh`bl_e_c� 
NZah\u_�fgh`bl_eb�fh]ml�ihy\blvky�\�hij_^_e_gguo�khklhygbyo�m�g_^bZ]hgZevguo�we_�

f_glh\�fZljbpu�iehlghklb��hibku\Zxsbo�h[jZah\Zgb_�dh]_j_glguo�kmi_jihabpbc�\�ijh�
p_kk_�\uiheg_gby�mgblZjguo�ij_h[jZah\Zgbc��Hgb�\iheg_�dhgljhebjmxlky�mijZ\eyxsbfb�
bfimevkZfb��JZajmr_gb_�dh]_j_glghklb�[m^_l�ijhbkoh^blv�aZ�kq_l�h[sbo�ijhp_kkh\�^_dh�
]_j_glbaZpbb��dhlhju_�\�ijbgpbi_�fh]ml�[ulv�ih^Z\e_gu�^h�g_h[oh^bfh]h�mjh\gy� 
Ijb�\uiheg_gbb�\uqbkebl_evguo�hi_jZpbc�kms_kl\_ggh_�agZq_gb_�bf__l�ba[bjZl_evgh_�

h[jZs_gb_� d� hl^_evguf�dm[blZf�j_]bkljZ��dhlhju_�^ey� wlh]h�^he`gu�bf_lv�eb[h�hleb�
qZxsb_ky�j_ahgZgkgu_�qZklhlu��eb[h�hgb�^he`gu�[ulv�ijhkljZgkl\_ggh�jZa^_e_gu, 

^ey�lh]h��qlh[u�j_ahgZgkguc�bfimevk�fh]�\ha^_ckl\h\Zlv�lhevdh�gZ�\iheg_�hij_^_e_gguc�
kibg��<�wlhf�kemqZ_�khklhygby�j_]bkljZ� _�1, 02, 13, 04 …1L 〉�b� _�1, 12, 13, 04 …1L 〉�[m^ml��jZa�
ebqgufb�g_�lhevdh� k� \uqbkebl_evghc��gh�b� k�nbabq_kdhc�lhqdb� aj_gby,�ihkdhevdm�\�
ijhp_kk_�\uiheg_gby�d\Zglh\uo�hi_jZpbc�j_ahgZgkgu_�qZklhlu�b�nZau�kibgh\�\�j_ahgZgk�
guo�b�g_j_ahgZgkguo�khklhygbyo� i1 �[m^ml�hlebqZlvky� 
Dhg_qgh��j_ahgZgkgu_�i_j_oh^u�^ey�h^gh]h�kibgZ�fh]ml�\uau\Zlv�g_j_ahgZgkgu_�i_j_�

oh^u \�j_]bklj_�m�kibgh\�k�^jm]hc�j_ahgZgkghc�qZklhlhc�b�]_g_jbjh\Zlv�\�j_]bklj_�g_`_�
eZl_evgu_�hkpbeebjmxsb_� khklhygby�dm[blh\��H^gZdh�\deZ^�bo�fh`gh�fbgbfbabjh\Zlv�
\u[hjhf�iZjZf_ljh\�bfimevkh\�>����@� 
GZdhg_p��F��>vydhgh\� kqblZ_l g_ij_h^hebfhc� aZ^Zqm h^gh\j_f_ggh]h� baf_j_gby kh�

klhygbc�[hevrh]h�qbkeZ��L > 103��kibgh\��dZ`^h]h�k�lhqghklvx�a 105. 

GZ�kZfhf�^_e_��lZdZy� ij_^_evgZy�lhqghklv�\uiheg_gby�eh]bq_kdhc�hi_jZpbb�gZ�h^bg�
dm[bl�b�h^bg�\_glbev�g_h[oh^bfZ�lhevdh�^ey�h[_ki_q_gby�ihf_ohaZsbs_gghklb�\uqbk�
ebl_evgh]h�ijhp_kkZ��q_l\_jlh_�hkgh\gh_�lj_[h\Zgb_���>ey�wlh]h�\uqbkebl_evgu_�ijhp_k�
ku� hkms_kl\eyxlky� k� bkihevah\Zgb_f� d\Zglh\uo� dh^h\� 4(&&�� ijb� wlhf� g_�lj_[m_lky�
ijb[_]Zlv�d�baf_j_gbyf�\k_o�khklhygbc�dm[blh\��>���@�]e����� 
Baf_j_gb_�`_�khklhygbc�eh]bq_kdbo�dm[blh\�g_h[oh^bfh�ijhba\h^blv�ebrv�gZ�\uoh^_�

dhfivxl_jZ��]^_�mdZaZggZy�\ukhdZy�lhqghklv�g_�gm`gZ. 
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Khklhygb_� d\Zglh\h]h� j_]bkljZ�gZ�\uoh^_�ij_^klZ\ey_lky� kmi_jihabpb_c�[Zabkguo� kh�
klhygbc��ih^h[ghc�kmi_jihabpbb�gZ�\oh^_��gh�m`_�k�^jm]bfb�dhwnnbpb_glZfb� ic′′ ��Baf_j_�
gb_�khklhygby�d\Zglh\h]h�j_]bkljZ�k\h^blky�d�baf_j_gbx��dZd�b�\�deZkkbq_kdhf�dhfivxl_�
j_���L�\_ebqbg� 2|| ic′′ ��lh�_klv�^bZ]hgZevguo�we_f_glh\�fZljbpu�iehlghklb�\�\uqbkebl_evghf�
[Zabk_��Kqblu\Zgb_�j_amevlZlZ�\uqbke_gby� �iylh_�hkgh\gh_�lj_[h\Zgb_��ijhba\h^blky�im�
l_f�baf_j_gby�khklhygbc�hl^_evgh]h�^bZ]hgZevgh]h�we_f_glZ�dZ`^hc�ba�L h^ghdm[blh\uo�
ijb\_^_gguo� fZljbp� iehlghklb� \uoh^gh]h� j_]bkljZ� !k = LL

ki
Sp ψψ
≠≠

� \� [Zabk_� k0 � b�

k1 ,�Z�g_�h^gh\j_f_ggh�\k_o�2L dhwnnbpb_glh\�kmi_jihabpbb�iheghc�fZljbpu�iehlghklb�
LL ψψ ,�lh�_klv��dZd�b�gZ�\uoh^_�deZkkbq_kdh]h�pbnjh\h]h�dhfivxl_jZ��;he__�kms_kl\_g�

guf�a^_kv�ij_^klZ\ey_lky�\hijhk�h�lhf�dZd�ijhba\_klb�wlh�baf_j_gb_�\�dZ`^hf�dhgdj_lghf�
kemqZ_��A^_kv�kms_kl\_ggh_�agZq_gb_�fh`_l�bf_lv�hiylv�bkihevah\Zgb_�ZgkZf[e_\uo�f_lh�
^h\�dZd�^ey�mijZ\e_gby�dm[blZfb��lZd�b�^ey�baf_j_gby�bo�khklhygbc�gZ�\uoh^_� 
F�>vydhgh\�h[km`^Z_l�lZd`_�\hijhk�h�lhf��]^_�hkms_kl\ey_lky�i_j_oh^�hl�d\Zglh\h]h�d�

deZkkbq_kdhfm�dhfivxl_jm�b�qlh�y\ey_lky�deZkkbq_kdbf�ij_^_ehf�d\Zglh\h]h�dhfivxl_jZ��
K�_]h�lhqdb�aj_gby�³the classical limit of the quantum computer is a classical analog machine”. 

GZf�ij_^klZ\ey_lky��qlh�j_r_gb_�\hijhkZ�h�lhf��]^_�]jZgbpZ�f_`^m�d\Zglh\uf�b�deZkkb�
q_kdbf�dhfivxl_jhf�hij_^_ey_lky��g_�lhevdh�³by taking into account the effects of finite tem-

perature, finite precision of our unitary transformations, or finite accuracy of our measurements” , 

dZd�ibr_l�F�>vydhgh\��gh�\�[hevr_c�kl_i_gb�jhevx�dhlhjmx�b]jZxl�k\hckl\h kmi_jihab�
pbb b aZimlZgghklb d\Zglh\uo�khklhygbc��d\Zglh\uc�iZjZee_ebaf�b�d\Zglh\uc�oZjZd�
l_j�^bgZfbdb�dm[blh\��dhlhju_��\�dhg_qghf�kq_l_��b�hij_^_eyxl�wnn_dlb\gmx�\_ebqbgm�
g_h[oh^bfhc�ij_^_evghc�lhqghklb�\uiheg_gby�hl^_evghc�d\Zglh\hc�hi_jZpbb��<�deZkkbq_�
kdhf�ij_^_e_�bo�jhev�\�kbkl_fZo�ba�^\momjh\g_\uo�we_f_glh\�hlkmlkl\m_l��dm[blu�klZgh�
\ylky�h[uqgufb�[blZfb��Z�dhfivxl_j�deZkkbq_kdbf�pbnjh\uf� 

AZdexq_gb_��IhdZaZgh��qlh�\�j_amevlZl_�\uiheg_gby�mgblZjguo�\uqbkebl_evguo�hi_jZ�
pbc�\�fgh]hdm[blh\uo�d\Zglh\uo�dhfivxl_jh\�k�ba[bjZl_evguf�h[jZs_gb_f�d�dm[blZf�g_�
\hagbdZ_l�g_dhgljhebjm_fuo�[ukljh�hkpbeebjmxsbo�nZa��k\yaZgguo�k�jZaghc�\j_f_gghc�
aZ\bkbfhklvx�nZa�[Zabkguo�\_dlhjh\�khklhygbc��Hlf_q_gh��djhf_�lh]h��qlh�g_h[oh^bfhklv 
baf_j_gby�khklhygbc�\k_o�dm[blh\�j_]bkljZ�\�ijhp_kk_�\uiheg_gby�d\Zglh\uo�eh]bq_kdbo�
hi_jZpbc�k�ij_^_evgh�\ukhdhc�lhqghklvx�g_�\hagbdZ_l� 
<Z`g_crbfb�k�lhqdb�aj_gby�hkgh\guo�lj_[h\Zgbc�hklZxlky�ijh[e_fZ�ih^Z\e_gby�ijh�

p_kkh\�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc��bkijZ\e_gby�kemqZcguo�hrb[hd��hj]ZgbaZ�
pbb� ihf_ohmklhcqb\uo� d\Zglh\uo� \uqbke_gbc�� Z� lZd`_� ijh[e_fZ� baf_j_gby� dhg_qgh]h�
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d\Zglh\h]h� khklhygby�� Hlf_qZ_lky�� qlh� bo� j_r_gb_� ^ey� YFJ� d\Zglh\uo� dhfivxl_jh\�
h[e_]qZ_lky�ijb�ZgkZf[e_\hf�ih^oh^_� 

2.5. Dj_fgb_\uc�fgh]hdm[blh\uc�YFJ�d\Zglh\uc�dhfivxl_j�ih�ko_f_�
D_cgZ�b�ijh[e_fu�_]h�j_ZebaZpbb 

JZ^bdZevgh�gh\uc�\ZjbZgl�l\_j^hl_evgh]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�k�bg^b\b^mZev�
guf�h[jZs_gb_f�d�hl^_evguf�dm[blZf��^himkdZxsbc�i_j_oh^�d�ijhba\hevghfm�qbkem�
dm[blh\ L��[ue�ij_^eh`_g�\�:\kljZebb�;�D_cghf�\������]h^m�>����@��Bgl_gkb\gu_�l_hj_lb�
q_kdb_�b�wdki_jbf_glZevgu_�bkke_^h\Zgby�\hafh`ghklb�kha^Zgby�lZdh]h�dhfivxl_jZ�jZa�
\_jgmlu�\�gZklhys__�\j_fy�\�ki_pbZevgh�kha^Zgghf�^ey�wlbo�p_e_c�:\kljZebckdhf�p_glj_�
l_ogheh]bb�d\Zglh\uo�dhfivxl_jh\�>����-2.20]. 

Kh]eZkgh�ij_^eh`_gghc�D_cghf�ko_f_�\�ijbih\_joghklguc�kehc�FHI-kljmdlmju��h[jZ�
ah\Zgghc�gZ�ih^eh`d_�bahlhigh-qbklh]h� dj_fgby� 286L��gZ� ]em[bgm�ihjy^dZ�c ~ 10 gf \g_�
^jyxlky�^hghjgu_�Zlhfu�klZ[bevgh]h�bahlhiZ�313�k�y^_jguf�kibghf�I = ����\�\b^_�j_]meyj�
ghc� p_ihqdb� gZ� jZkklhygbb� ^jm]� hl� ^jm]Z� lx ~ 20 gf�� h[jZamy� k\h_]h� jh^Z� ebg_cgmx�
©bkdmkkl\_ggmx�fhe_dmemª��k�ijhba\hevguf�qbkehf�y^_jguo�kibgh\-dm[blh\��Jbk� 2.1).  

                           A              J              A  

l x 

                                                                            SiO 2 

B  

c   

31P 

                                                   28Si  

ih^eh`dZ   

Jbk� �����Ko_fZlbq_kdh_�bah[jZ`_gb_�^\mo�yq__d�ihemijh\h^gbdh\hc�kljmdlmju 
fh^_eb�D_cgZ�k�y^_jgufb�kibgZfb-dm[blZfb�^hghjguo�Zlhfh\�31P. 

Ijb�l_fi_jZlmjZo�T < 0,1 .�^hghjgu_�Zlhfu�g_�bhgbabjh\Zgu�b�gZoh^ylky�\�hkgh\ghf�
hj[blZevghf�S-khklhygbb��Z�we_dljhggu_�kibgu�\�iheyo�ihjy^dZ�g_kdhevdbo�l_keZ�ijZdlb�
q_kdb�iheghklvx�iheyjbah\Zgu��=ZfbevlhgbZg�kibgh\hc�kbkl_fu�^hghjZ 313�bf__l�\b^� 
 H = &S Sz⊗1 – &I 1⊗I z + AIS , (2.18) 
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]^_�A��� = �������F=p�>����@��—ihklhyggZy�k\_jolhgdh]h�\aZbfh^_ckl\by��&I = �IB , &S = �SB, 

�I = ����jZ^F=p�Le���S = ����jZ^==p�Le�� 3

SI

I 10382,0 −−⋅⋅==
++

==
γγ

γς . 

Z)  

2 
X 

0 0.2 0.4  0.6  0.8 1 1.2  1.4 1.6  1.8  
1.5 

1 

0.5 

0 

0.5 

1 

1.5 

  

[) 

   |1, 1 〉   =   | ↑ s ↑ I 〉   

  E ( F , M F )                                                 − 
A ω   

|1, 0 〉   

S ω   

                D ω        B ω   

                                           |1, – 1 〉   =   | ↓ s ↓ I 〉   
+ 
A ω   

  |0, 0 〉    

Jbk� ����Z��Wg_j]_lbq_kdbc�ki_dlj�we_dljhg-y^_jghc�kbkl_fu�^hghjgh]h�ZlhfZ�31P (2.19). 
[��Ko_fZ�wg_j]_lbq_kdbo�mjh\g_c�^hghjgh]h�ZlhfZ�b�h[hagZq_gb_�khklhygbc��I_j_oh^u�gZ�

qZklhl_�ωS �\�i_j\hf�ijb[eb`_gbb�aZij_s_gu� 

 

Kh[kl\_ggu_�agZq_gby�]ZfbevlhgbZgZ��������hibku\Zxlky�nhjfmehc�;j_clZ-JZ[b��Jbk� 2.2)  

 }21)sgn(1
2

1
)1(

4

1
{),,( 2XXMXMXMAXMFE FF

F
FF ++++++−−++++−−== ς . (2.19) 
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beb 

 E(F, 0, X) = –A }1
2
1

)1(
4
1

{ 2XF ++−−++ ,       E(1, ±1, X) = })
2
1

(
4
1

{ XA −−ς# , (2.20) 

]^_ 
 X = (&I + &S)/A § &S/A, (2.21) 

F = I ± 1/2 = 0, 1,  MF  = M + m, M0 = 0, M1 = ±1, 0,  M, m = ±1/2 —�ijh_dpbb�we_dljhgguo�b�
y^_jguo�kibgh\�gZ�hkv�]��]bjhfZ]gblgu_�hlghr_gby�y^_jgh]h�kibgZ�31P�b�kibgZ�we_dljhgZ� 
QZklhlu� ωB, ωS, ωD, ωC = ωD í −−

Aω  �K<Q�^bZiZahg�\�iheyo�ihjy^dZ�g_kdhevdbo�l_keZ��kh�
hl\_lkl\mxl�\�hkgh\ghf�we_dljhgguf�i_j_oh^Zf�� ±±

Aω  �jZ^bhqZklhlZ��—�\�hkgh\ghf�y^_j�
guf�i_j_oh^Zf� 
Ijb�l_fi_jZlmjZo�T < 0,1 K�b�ijb�X § �SB/A >> 1�aZk_e_ggufb�[m^ml�lhevdh�^\Z�gbarbo�

wg_j]_lbq_kdbo�mjh\gy��f_`^m�dhlhjufb�ijhbkoh^yl�j_ahgZgkgu_�i_j_oh^u�gZ�qZklhl_ 
 ++

Aω  = E(1,–1) – E(0,0) § A/2 + (&I–&S)/2 + 21)2/( XA ++  § A/2 + &I –
S

2

4ω
A  (2.22) 

Ijb�B~3 Le�j_ahgZgkgZy�qZklhlZ ++
Aω  ~ 100 jZ^ F=p. 

Khklhygby 
 |1, 0〉 = α−1  |9s;I〉 + α  |;s9I〉,      |0, 0〉 = α  |9s;I〉 – α−1  |;s9I〉, (2.23) 

]^_ 

 . = 






++
−−

21
1

2

1

X

X
 , (2.24) 

y\eyxlky�qZklbqgh�aZimlZggufb�we_dljhg-y^_jgufb�kibgh\ufb�khklhygbyfb�kh�agZq_gb_f�
kh]eZkh\Zgghklb�� dhlhjZy� ^ey� hkgh\gh]h� aZimlZggh]h� khklhygby� |0, 0〉� \� kbevguo� iheyo�
(X >> ��� khklZ\ey_l C § 1/12|1(|2 <<<<≈≈≈≈−− Xααα �� <� keZ[uo� iheyo� . § ���� b� khklhy�
gby|1, 0〉�b�_�� 0〉�[ebadb�d�fZdkbfZevgh�aZimlZgguf�ljbie_lghfm�b�kbg]e_lghfm�we_dljhg-

y^_jguf�kibgh\uf�khklhygbyf�WIJ�k�C = 1. 

GZkljhcdm�j_ahgZgkguo�qZklhl�hl^_evguo�kibgh\�\�ko_f_�D_cgZ�ij_^iheZ]Z_lky�hkms_�
kl\eylv bg^b\b^mZevgh� iml_f� \ha^_ckl\by� gZ� y^_jgu_� kibgu� q_j_a� k\_jolhgdh_�
\aZbfh^_ckl\b_��baf_gyy we_dljbq_kdbc�ihl_gpbZe�gZ�aZl\hjZo�A��rbjbghc�a ~ c. 

>jm]hc�oZjZdl_jghc�q_jlhc�ko_fu�D_cgZ�y\ey_lky�bkihevah\Zgb_�aZl\hjh\�J,�k�ihfhsvx�
dhlhjuo� ij_^iheZ]Z_lky� baf_gylv� kl_i_gv� i_j_djulby� we_dljhgguo� iehlghkl_c� khk_^gbo�
^hghjh\�b�l_f�kZfuf�\dexqZlv�beb�\udexqZlv�dhk\_ggh_�\aZbfh^_ckl\b_�f_`^m�y^_j�
gufb�kibgZfb-dm[blZfb��mqZkl\mxsbfb�\�^\modm[blh\uo��hi_jZpbyo� 
>ey�\uiheg_gby� mgblZjguo�hi_jZpbc�gZ^�dm[blZfb�ij_^iheZ]Z_lky�bkihevah\Zlv�klZg�

^Zjlgmx�bfimevkgmx�l_ogbdm�YFJ��^ey�baf_j_gby�khklhygbc�hl^_evguo�dm[blh\�\ukhdh�
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qm\kl\bl_evgu_�f_lh^u��gZijbf_j��hkgh\Zgguo�gZ�bkihevah\Zgbb h^ghwe_dljhgguo�ljZg�
abklhjh\�[2.22]. 

GZebqb_�l_ogheh]bq_kdbo�ih]j_rghkl_c�b�aZjy`_gguo�ijbf_k_c y\ey_lky�ijbqbghc�
g_`_eZl_evgh]h�kemqZcgh]h�jZa[jhkZ�agZq_gbc�ihklhygghc�k\_jolhgdhc�kljmdlmju�b�bkdZ�
`_gbc�kbff_ljbqghc�aZ\bkbfhklb�__�hl�ihl_gpbZeZ�aZl\hjZ�^ey�jZaguo�dm[blh\��qlh�ijb\h�
^bl�� khhl\_lkl\_ggh�� b� d� kemqZcghfm� jZa[jhkm� agZq_gbc� j_ahgZgkguo� qZklhl.�Ihwlhfm�
lhqgZy�gZkljhcdZ�ihklhygghc�k\_jolhgdh]h�\aZbfh^_ckl\by�ij_^klZ\ey_l�kh[hc�^hklZlhqgh�
ljm^gmx�ijh[e_fm.  
<aZbfh^_ckl\b_�y^_jguo�kibgh\�̂ hghjh\�k�iheyjbah\Zggufb�kemqZcgh�jZkij_^_e_ggufb�

iZjZfZ]gblgufb�p_gljZfb��ZlhfZfb�b�^_n_dlZfb��hdjm`_gby�lZd`_�ijb\h^bl�d�kemqZcghfm�
jZa[jhkm� agZq_gbc�j_ahgZgkguo�qZklhl�jZaebqguo�dm[blh\�b�ijhp_kkZf�^_dh]_j_glbaZpbb�
khklhygbc� d\Zglh\h]h� j_]bkljZ�� Ihwlhfm� kZf� dj_fgbc� b� hdbk_e� dj_fgby� ^he`gu� [ulv�
^hklZlhqgh� ohjhrh� hqbs_gu� dZd� hl� aZjy`_gguo�� lZd� b� hl� iZjZfZ]gblguo� ijbf_k_c� b�
Zlhfh\� bahlhiZ� 29Si�h[eZ^Zxs_]h� y^_jguf� kibghf� I = ����� dhlhjuc� kh^_j`blky� \�
_kl_kl\_gghf�dj_fgbb�\�dhebq_kl\_�������Wlb�\hijhku�jZkkfZljb\Zxlky�[he__�^_lZevgh�\�
ih^jZa^_e_�2.8.5��ijbf_gbl_evgh�d�ZgkZf[e_\hfm�\ZjbZglm�YFJ�d\Zglh\h]h�dhfivxl_jZ� 
Ihfbfh�dj_fgby�\�jZkkfZljb\Z_fhc�ko_f_�fh]ml�[ulv�bkihevah\Zgu�ijb�^he`ghc�hqb�

kld_�b�^jm]b_�[_akibgh\u_�ihemijh\h^gbdh\u_�fZl_jbZeu�b�kljmdlmju��dZd��gZijbf_j��*H��
Si/Si1-xGex�b�6L&� 
Hkgh\gu_� ij_bfms_kl\Z� ko_fu�D_cgZ� k� bg^b\b^mZevguf� h[jZs_gb_f� d� dm[blZf� aZ�

dexqZxlky�\�ke_^mxs_f� 
1. <� dj_fgb_\hf�YFJ� d\Zglh\hf� dhfivxl_j_�ih� ko_f_�D_cgZ�bkihevam_lky� h^bg�lbi�

Zlhfh\�k�y^_jgufb�kibgZf��dhlhju_�kZfb�ih�k_[_�y\eyxlky�dm[blZfb��Z�bo�qbkeh�L�\�j_]b�
klj_��\�hlebqb_�hl�`b^dhklguo�ijhlhlbih\��fh`_l�[ulv�ijhba\hevgh�[hevrbf� 

2. Ijb�l_fi_jZlmjZo�f_g__�� .�\�iheyo�ihjy^dZ�g_kdhevdbo�l_keZ�y^_jgu_�kibgu�bf_xl�
hq_gv�[hevrb_�\j_f_gZ �qZku�b�^gb��ijh^hevghc�j_eZdkZpbb� >����@��qlh�iha\hey_l�^hklZ�
lhqgh�^he]h�khojZgylv�bkoh^gu_�[Zabkgu_�khklhygby�d\Zglh\h]h�j_]bkljZ�dZd�g_jZ\gh\_k�
gu_� 

AZdexq_gb_:�Ijb� g_khfg_gguo� ij_bfms_kl\Zo� ko_fu�D_cgZ� hgZ� h[eZ^Z_l� hij_^_e_g�
gufb�ljm^ghklyfb��Hgb�khklhyl�\�hkgh\ghf�\�ke_^mxs_f� 

1. >ey�bgbpbZebaZpbb�khklhygbc�dm[blh\�ihlj_[mxlky�eb[h�hq_gv�gbadb_�l_fi_jZlmju�
y^_jguo�kibgh\�(< 1 f.���eb[h�ki_pbZevgu_�f_lh^u�^bgZfbq_kdhc�iheyjbaZpbb� 

2. Kb]gZe�� g_kmsbc� bgnhjfZpbx� h� khklhygbb� y^_jgh]h� kibgZ� bg^b\b^mZevgh]h� ZlhfZ�
nhknhjZ�hq_gv�fZe�b�lj_[m_l�jZajZ[hldb�bkdexqbl_evgh�\ukhdh�qm\kl\bl_evguo�h^gh�
kibgh\uo�f_lh^h\�baf_j_gby� 
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3. G_h[oh^bfh�bkdexqblv�\ebygb_�kemqZcguo�nZah\uo�fgh`bl_e_c�ijb�ih^]hlh\d_�[Z�
abkguo�khklhygbc�d\Zglh\h]h�j_]bkljZ�b�nhjfbjh\Zgbb�kmi_jihabpbc�[Zabkguo�khklhygbc� 

4. Lj_[m_lky�\ukhdZy�lhqghklv�j_]meyjgh]h�jZkiheh`_gby�^hghjguo�Zlhfh\�b�[hevrh]h�
qbkeZ�aZl\hjh\�\�gZghf_ljh\hf�fZkrlZ[_� 

5. G_h[oh^bfh�bkdexqbl�\ebygby�ijhp_kkZ�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�dm[b�
lh\��hij_^_ey_fh]h�rmfh\ufb�nemdlmZpbyfb�gZijy`_gby�gZ�aZl\hjZo�A. 

6. Hij_^_e_ggu_�ljm^ghklb�ij_^klZ\ey_l�lhqgZy�gZkljhcdZ�j_ahgZgkguo�qZklhl�hl�
^_evguo�dm[blh\�b�\�hkh[_gghklb�lhqguc�dhgljhev�\aZbfh^_ckl\by�f_`^m�khk_^gbfb�dm�
[blZfb�k�ihfhsvx�we_dljbq_kdh]h�ihl_gpbZeZ�gZ�aZl\hjZo�J��kf��gb`_�� 

2.6. Bkke_^h\Zgb_�b�jZa\blb_�ko_fu�D_cgZ�YFJ�d\Zglh\uo 
dhfivxl_jh\ 

I_j\hgZqZevgZy� ko_fZ�D_cgZ�ihemqbeZ� ^Zevg_cr__� jZa\blb_�b� klZeZ�hkgh\hc�^ey�jy^Z�
gh\uo�ij_^eh`_gbc�ih�j_ZebaZpbb�iheghfZkrlZ[guo�YFJ�d\Zglh\uo�dhfivxl_jh\��\�dh�
lhjuo� jZkkfZljb\Zebkv� jZaebqgu_� \ZjbZglu� ij_h^he_gby� hlf_q_gguo� \ur_� ljm^ghkl_c�
i_j\hgZqZevghc�ko_fu��Wlh��ij_`^_�\k_]h�jZ[hlZ�kZfh]h�D_cgZ�>����@� 
>Ze__�fu�hklZgh\bfky�gZ�j_amevlZlZo��ihemq_gguo�\�gZrbo�bkke_^h\Zgbyo�[2.25–2.31]. 

2.6.1. Wnn_dl�mkbe_gby�kb]gZeZ�YFJ 

Bgl_gkb\ghklv�YFJ�kb]gZeZ�b�kdhjhklv�\uiheg_gby�d\Zglh\uo�hi_jZpbc�hij_^_eyxlky�
j_ahgZgkguf�agZq_gb_f qZklhlu�JZ[b >����@��<�jZkkfZljb\Z_fhf�kemqZ_�hgZ�hij_^_ey_lky�
Zfieblm^hc�fZljbqgh]h�we_f_glZ�]ZfbevlhgbZgZ�\aZbfh^_ckl\by�we_dljhg-y^_jghc�kibgh�
\hc�kbkl_fu�\g_rgbf�jZ^bhqZklhlguf�ihe_f bx(t) = 2bcos( ++

Aω t���]^_�b —�Zfieblm^Z�iheyjb�
ah\Zgghc�ih�djm]m�khklZ\eyxs_c�jZ^bhqZklhlgh]h�ihey��h[uqgh�a 1 fLe���\uau\Zxs_]h�j_�
ahgZgkgu_�i_j_oh^u�f_`^m�^\mfy�gb`gbfb�khklhygbyfb� 
 Hrf(t) = (�SSx – �IIx)bx(t) = Hrf cos( ++

Aω t) . (2.25) 

>ey�j_ahgZgkghc�qZklhlu�JZ[b�ihemqbf�\ujZ`_gb_�>����������@ 
 |1,10,0|2)( rfeff −−==== HXbIγΩ = b)1( S Iγαγα −−++ . (2.26) 

QZklhlZ�JZ[b�b�beff�bf_xl�fZdkbfZevgh_�agZq_gb_�ijb�. = 1/2 (X = ����^Ze__�hgZ�fhghlhg�
gh�mf_gvrZ_lky�^h�agZq_gby��khhl\_lkl\mxs_]h�hl^_evghfm�y^_jghfm�kibgm�. = ���Ihwlhfm�
k� lhqdb� aj_gby�d\Zglh\uo�hi_jZpbc�ij_^ihqlbl_evg__�jZ[hlZlv�ijb�hlghkbl_evgh�keZ[uo�
iheyo��ijb�dhlhjuo��S/�I >> X § &S/A >> ��beb���� Le > B >> 3,9Ü��–3 Le��<�wlhf�kemqZ_ 
 ,)1()(eff bXb η++==  (2.27) 
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]^_�� = A/(2&I) >> 1 — dhwnnbpb_gl�mkbe_gby kb]gZeZ�YFJ�\�iZjZfZ]gblguo�h[jZapZo��dh�
]^Z�jZ^bhqZklhlgh_�ihe_�^_ckl\m_l�q_j_a�ihi_j_qgmx�khklZ\eyxsmx�we_dljhgghc�iheyjb�
aZpbb��GZijbf_j��^ey�fZ]gblguo�ihe_c�% = Le�fu�bf__f�beff= 4,4b��Z�ijb�B = 0,01 Le�—�agZ�
q_gb_� beff= 338b. GZ� kms_kl\h\Zgb_� wnn_dlZ� mkbe_gby� \i_j\u_� [ueh� mdZaZgh� \� jZ[hl_�
D�<Zeb_\Z�>����@� 
>ey�hibkZgby�^bgZfbdb�jZkkfZljb\Z_fhc�^\momjh\g_\hc�kbkl_fu�c�jZ\gh\_kghc�iheyjb�

aZpb_c�y^_jguo�kibgh\�Pz0�fu�fh`_f�\hkihevah\Zlvky�nhjfZevgh�mjZ\g_gb_f�lbiZ�mjZ\g_�
gby�;ehoZ�>����� 2.31]: 

 )]([
)(

eff
||

0 t
T

PP

T

PP

dt

d zyx BP
kjiP

I ××==−−++
++

++
⊥⊥

γ , (2.28) 

\� dhlhjhf� ikB I )cos(2)/()( ffeff tbt AeA
++++ ++== ωγω – wnn_dlb\gh_� fZ]gblgh_� ihe_�� mqblu\Zxs__�

wnn_dl�mkbe_gby�� 
Ba�ZgZebaZ�wlh]h�mjZ\g_gby��ih^h[gh]h�ZgZebam�j_r_gby�klZg^Zjlgh]h�mjZ\g_gby�;ehoZ�

>����@�ke_^m_l��qlh�kb]gZe�YFJ�g_�fh`_l�[uev�m\_ebq_g aZ�kq_l�wnn_dlZ�mkbe_gby�k\_jo�
fZdkbfZevgh]h�agZq_gby��khhl\_lkl\mxs_]h�hlkmlkl\bx�wlh]h�wnn_dlZ�Py max = 2// 0||PTT⊥⊥ , 

dhlhjh_�\�mkeh\byo�j_ahgZgkZ�^hklb]Z_lky�ijb� ||Iff /1 TTbe ⊥⊥== γ . 

Hlkx^Z�ke_^m_l�\u\h^�h�lhf��qlh�aZ�kq_l�wnn_dlZ�mkbe_gby�fZdkbfZevgh_�agZq_gb_�kb]�
gZeZ�YFJ�[m^_l�khhl\_lkl\h\Zlv�f_gvrbf�fhsghklyf jZ^bhqZklhlgh]h�ihey��q_f�\�hlkml�
kl\b_�wlh]h�wnn_dlZ��Wlh�iha\hebl�kgbablv�\ebygb_�wlbo�ihe_c�gZ�mijZ\eyxsb_�ihemijh�
\h^gbdh\u_�mkljhckl\Z��Djhf_�lh]h��wnn_dl�mkbe_gby�[eZ]h^Zjy�m\_ebq_gbx�qZklhlu�JZ[b�
ijb� l_o�`_�fhsghklyo� jZ^bhqZklhlguo�bfimevkh\�iha\hey_l mf_gvrblv� ^ebl_evghklv�
bfimevkh\��bkihevam_fuo�^ey�\uiheg_gby�d\Zglh\uo�hi_jZpbc�b�l_f�kZfuf�m\_ebqblv�kdh�
jhklv�\uiheg_gby��lZdlh\mx�qZklhlm��wlbo�hi_jZpbc� 
Ijb�[he__�lhqghf�jZkkfhlj_gbb�wnn_dlZ�mkbe_gby�\�l\_j^hl_evghf�kemqZ_�\f_klh�mjZ\�

g_gby� ������� ke_^m_l� bkihevah\Zlv� h[h[s_ggh_� mjZ\g_gb_� ;ehoZ�� mqblu\Zxs__�ijhp_kku�
ihke_^_ckl\by��kf�Ijbeh`_gb_�I���I��������AZibr_f�_]h�\�\b^_ 

 )])cos(2([
)(

))()()(exp()( 0
||

0

0

0 ikP
k

ji
P

tb
T

PP
dtPtPtif

dt

d z
t

yx ωωτττωτ ++××==−−++−−++−−++ ∫∫ , (2.29) 

I_j_oh^y�\h�\jZsZxsmxky�k�qZklhlhc�&0 kbkl_fm�dhhj^bgZl�b�ij_g_[j_]Zy�ijhlb\h�
iheh`gh�\jZsZxs_cky�dhfihg_glhc�i_j_f_ggh]h�ihey��^ey�bah[jZ`_gby�EZieZkZ 

 ∫∫
∞∞

−−−−==−−
0

00 )exp())((/)( dtptPtpPp kPkP  (2.30) 

k�jZ\gh\_kguf�agZq_gb_f�\_dlhjZ�;ehoZ�\�gZqZevguc�fhf_gl�P(t=0) = P0k�[m^_f�bf_lv�kbk�
l_fm�mjZ\g_gbc 



 

 

115 

 0)()())(( y0x ==−−++++ pPPpFp ωω ,  

 0)()())(( zIx0y ==−−−−−−++ bPpPPpFp γωω ,  

 0||0yIz|| /)()()/1( PpTPpbPpPTp ++==++++ γ , (2.31) 

]^_� ∫∫ −−==
t

dtpttfpF
0

)exp()()( . 

Hldm^Z�\�qZklghklb�ihemqbf 

 )1/1(
)(

))((
)( ||0

I
y ++++−−== pTP

pû
pFpb

pP
γ

, (2.32) 

]^_ 
 )/1()(])()/1))(())[((()( ||

2
0

2
I|| TpbTppFppFppû ++−−++++++++++== ωωγ . (2.33) 

Ijb�mkeh\bb�j_ahgZgkZ� 0ωω == �gZc^_f 

 
2

I||

||0I
y )()/1))(((

)1/1(
)(

bTppFp

pTPb
pP

γ
γ

++++++
++

== . (2.34) 

I_j_c^_f�l_i_jv�hl�bah[jZ`_gby�d�hjb]bgZem 

 ∫∫
∞∞++

∞∞−−

==
ia

ia

dppPpt
i

tP )()exp(
2

1
)( yy π

= ∫∫
∞∞++

∞∞−− ++++++
++

==
ia

ia

dp
bTppFp

ptpTPb

i
tP 2

I||

||0I
y )()/1))(((

)exp()1/1(

2

1
)(

γ
γ

π
 (2.35) 

KlZpbhgZjgh_�agZq_gb_�wlh]h�bgl_]jZeZ�hij_^_ey_lky�\ujZ`_gb_f�>����@� 
 

2
I||

||0I
y

0
maxy )(/)0(

/
)(lim)(lim

bTF

TPb
ppPtP

pt γ
γ

++
====

→→→∞→∞
. (2.36) 

?]h�fZdkbfZevgh_�agZq_gb_�^hklb]Z_lky�ijb 

 ||I /))0()( TFb ==γ . (2.37) 

Nmgdpby� iZfylb� \� \b^_� f(t) = 〈û&2〉exp(–t/2C�� bf__l� bah[jZ`_gb_� F(p) = 〈û&2〉/(p+1/2C), 

F(0) = 〈û&2〉2C��>ey�fZdkbfZevgh]h�klZpbhgZjgh]h�agZq_gby�ihemqbf 

 
||

2

0
maxy

1

2
)(lim

Tû
P

tP
C

t τω 〉〉〈〈
==

→∞→∞
. (2.38) 

J_Zevgh�wlh�khhl\_lkl\m_l�agZq_gbyf�\j_f_gb�t > max(T||, 2C, 12 )( −−〉〉〈〈 Cû τω ).  

<�kemqZ_�T||�b�2K >> t > 〈û&2〉–1/2�fh`gh�ij_g_[j_klv�ijhp_kkZfb�ijh^hevghc�j_eZdkZpbb�b�
aZlmoZgb_f� nmgdpbb� iZfylb� �nemdlmZpbb� kemqZcguo� ihe_c� aZlmoZxl� hq_gv� f_^e_ggh���<�
\ujZ`_gbb� ������� ke_^m_l� aZf_gblv� pûppFp /)( 2〉〉〈〈++≈≈++ ω , pTp ≈≈++ ||/1 �� <� j_amevlZl_�
fZdkbfZevgh_�klZpbhgZjgh_�agZq_gb_ 
 

2
||

2

0
maxy

1

2
)(lim

Tû
P

tP
t 〉〉〈〈

==
→∞→∞ ω

 (2.39) 
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[m^_l�^hklb]Zlvky�ijb�ijb� 〉〉〈〈== 22
I )( ωγ ûb . 

<� h[hbo� kemqZyo�fu�ihemqZ_f�\ujZ`_gb_� lbiZ�Py max = 2// 0||PTT⊥⊥ � k� lhc�ebrv�jZagh�
klvx��qlh�jhev�T⊥�b]jZxl��khhl\_lkl\_ggh��� Cû τω 〉〉〈〈 2 )–1�b� 2/12 )( −−〉〉〈〈 ωû ��lh�_klv�l_�iZjZf_lju�
dhlhju_� oZjZdl_jbamxl� wnn_dlb\gh_�\j_fy�ihi_j_qghc�j_eZdkZpbb�\� kemqZ_�[ukljhnemd�
lmbjmxs_c�b�f_^e_ggh�nemdlmbjmxs_c�j_r_ldb� 

2.6.2. Wg_j]_lbq_kdbc�ki_dlj�we_dljhggh-y^_jghc�kibgh\hc�kbkl_fu�^\mo�^hghjh\ 

KljmdlmjZ�wg_j]_lbq_kdh]h�ki_dljZ�we_dljhg-y^_jghc�kbkl_fu�^\mo�khk_^gbo�^hghjguo�
Zlhfh\ a� b� b� bf__l� kms_kl\_ggh_� agZq_gb_� ^ey� hj]ZgbaZpbb� ^\modm[blh\uo� hi_jZpbc� \�
ko_f_�D_cgZ� 
=ZfbevlhgbZg�lZdhc�kbkl_fu�k�h^bgZdh\ufb�agZq_gbyfb�ihklhygguo�k\_jolhgdhc�kljmd�

lmju�aZibr_f�\�\b^_ 
 ¨ = �SB (Sa+Sb) + J(SaSb) + û¨�, 
 û¨ = ¨a + ¨b = – �IB(Ia + Ib) + A(IaSa + IbSb) , (2.40) 

]^_�kibgh\u_�hi_jZlhju�\�fZljbqghc�nhjf_�bf_xl�\b^ 

 Sa A (1⊗Sa) ⊗ Î ,   Sb A Î  ⊗ (1⊗Sb),   Ia A (Ia⊗1) ⊗Î ,   Ib A Î  ⊗(Ib⊗1), (2.41) 

]^_�Î  —�_^bgbqgZy�fZljbpZ��×4, 1 —�_^bgbqgZy�fZljbpZ��×2, B = Bk. 

HimkdZy�ihdZ�\aZbfh^_ckl\b_�k�y^_jgufb�kibgZfb��dhlhjh_�y\ey_lky�fZeuf�\hafms_gb�
_f��^ey�kh[kl\_gguo�agZq_gbc�]ZfbevlhgbZgZ�\�gme_\hf�ijb[eb`_gbb�ihemqbf�\ujZ`_gb_ 
 E0(S,M) = &SM + J [S(S+1)/2 – 3/4] . (2.42) 

 
                                                      |   1   ,       1   〉       =       |   ↑   a   ↑   b   〉       

    E   0   (   S   ,    M   )       

                                                                                |   1   ,       0   〉       =       2   /   1    (|   ↑   a   ↓   b   〉       +       |   ↓   a   ↑   b   〉   )       

                0                                                   J                   

C                      |   0   ,       0   〉       =       2   /   1    (|   ↑   a   ↓   b   〉       –       |   ↓   a   ↑   b   〉   )       

                                                             |   1   ,       –   1   〉       =       |   ↓   a   ↓   b   〉       

0   ω   S       =       J                                                        ω   S   
     

Jbk� �����Mjh\gb�wg_j]bb�^\mo�\aZbfh^_ckl\mxsbo�we_dljhgguo�kibgh\ 
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Hgh�hibku\Z_l�ljb�ljbie_lguo��S =0, M = ±1, ���b�h^bg�kbg]e_lguc��S = 0, M  ����mjh\gy�
wg_j]bb��ih^h[gh�jZkkfhlj_gghfm�jZg__�\ujZ`_gbx���������gh�k�h[jZlguf�jZkiheh`_gb_f�
ljbie_lguo�mjh\g_c��Jbk� 2.3). 

Q_luj_odjZlgh_�\ujh`^_gb_�dZ`^h]h�ba�we_dljhgguo�khklhygbc�kgbfZ_lky�ijb�\dex�
q_gbb�\aZbfh^_ckl\by�k�y^_jgufb�kibgZfb��h[jZamy�k\_jolhgdmx�kljmdlmjm� 
Ihkdhevdm�]ZfbevlhgbZg�kbff_ljbq_g�hlghkbl_evgh�i_j_klZgh\db�^hghjh\�a�b�b��lh�_]h�

kh[kl\_ggu_�khklhygby�jZkiZ^Zxlky�gZ�kbff_ljbqgu_��ijbgZ^e_`Zsb_�y^_jghfm�b�we_d�
ljhgghfm�kibgh\uf�ljbie_lZf�beb�kbg]e_lZf��I +S = 0, ����b�Zglbkbff_ljbqgu_�khklhy�
gby��ijbgZ^e_`Zsb_�y^_jghfm�ljbie_lm�b�we_dljhgghfm�kbg]e_lm�beb�gZh[hjhl��I + S = 1). 

AZf_lbf��djhf_� lh]h��qlh�ihkdhevdm�dhffmlZlhj� >Sza + Szb + Iza + Izb, ¨] = ���lh�ijh_dpby�
ihegh]h� y^_jgh]h� kibgZ� m� b� we_dljhggh]h� M� gZ� gZijZ\e_gb_� fZ]gblgh]h� ihey�
ma + mb + Ma + Mb = m + M� y\ey_lky� khojZgyxs_cky� \_ebqbghc� b� ihwlhfm�fZljbpZ� ��×16, 

ij_^klZ\eyxsZy� ]ZfbevlhgbZg� ������� jZkiZ^Z_lky�gZ�iylv�g_ijb\h^bfuo�fZljbp, khhl�
\_lkl\mxsbo�khklhygbyf�kh�agZq_gbyfb�m + M = 0, ±1, �����Ijbf_j�iheghc�dZjlbgu�k\_jo�
lhgdh]h� jZks_ie_gby�^ey�g_h^bgZdh\uo�ihklhygguo� k\_jolhgdh]h�\aZbfh^_ckl\by��ihem�
q_gghc�^bZ]hgZebaZpb_c�fZljbpu���×16, [ue�ijb\_^_g�gZfb�\�>����-2.29]. 

H^gZdh�gZb[hevrbc�bgl_j_k�ij_^klZ\ey_l�ih\_^_gb_�mjh\g_c�\[ebab�lhqdb�i_j_k_q_gby 

g_\hafms_gguo�mjh\g_c�C��Jbk� ������]^_�\hafh`_g�[he__�ijhklhc�ZgZeba��ijb\_^_gguc�gZ�
fb�\�dgb]_�>���@� 
K\_jolhgdZy�kljmdlmjZ�wg_j]_lbq_kdh]h�ki_dljZ�©^\moZlhfghc�fhe_dmeuª�\[ebab�lhq�

db�i_j_k_q_gby�kbg]e_lgh]h�b�ljbie_lgh]h�mjh\gy�C�ijb�&S = J�\�fh^_eb�D_cgZ�b]jZ_l�\Z`�
gmx�jhev.�<�h[eZklb�i_j_k_q_gby�^\mo�mjh\g_c�^hklZlhqgh�\_kvfZ�keZ[uo�\hafms_gbc�^ey�
lh]h��qlh[u�ijhbahreZ�jZa^\b`dZ�i_j_k_dZxsboky�mjh\g_c�(Zglbi_j_k_q_gb_���bf_xsbo�
h^bgZdh\mx�kbff_ljbx�>����@� 
<�lhqd_�i_j_k_q_gby�C�\klj_qZxlky�lhevdh�ljb�ba�q_luj_o�khklhygbc�g_ijb\h^bfhc�kh�

\hdmighklb� |S, M; I, m〉�k�m + M = – 1: |1, – 1; 1, 0〉, |1, – 1; 0, 0〉, |0, 0; 1, –1〉�b�ljb�ba�r_klb 

khklhygbc�g_ijb\h^bfhc�kh\hdmighklb�k�m + M = 0: |0, 0; 0, 0〉, |0, 0; 1, 0〉, |1, – 1; 1, 1〉.�Hk�
lZ\rb_ky�h^gh�b�ljb�khklhygby�ba�wlbo�kh\hdmighkl_c�hlghkylky�d�\ur_e_`Zsbf�we_dljhg�
guf�kibgh\uf�khklhygbyf��ijb�&S >> A�hgb�g_�b]jZxl�kms_kl\_gghc�jheb�b�fh]ml�g_�mqb�
lu\Zlvky� 
>ey�Zglbkbff_ljbqguo�iZj�khklhygbc� |1, – 1; 0, 0〉; |0, 0; 1, –1〉�b�kbff_ljbqguo�khklhy�

gbc� _�� 0; 0, 0〉, |1, – 1; 1, 1〉� \� lhqd_� C� \hagbdZxl� Zglbi_j_k_q_gby�� Kbff_ljbqgh_�
|1, - 1; 1, 0〉�b�Zglbkbff_ljbqgh_�_�� 0; 1, 0〉�khklhygby�i_j_k_dZxlky�kh�\k_fb�hklZevgufb�kh�
klhygbyfb�[_a�h[jZah\Zgby�Zglbi_j_k_q_gby��bo�\hafms_gb_�ijhbkoh^bl�aZ�kq_l�\deZ^Z�\u�
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r_e_`Zsbo�khklhygbc�khhl\_lkl\mxsbo�g_ijb\h^bfuo�kh\hdmighkl_c�b�\�h[eZklb�i_j_k_�
q_gby�ijb\h^bl�ebrv�d�k^\b]m�mjh\g_c� 
<� kemqZ_�g_ijb\h^bfhc� kh\hdmighklb� k�m + M = – ��\�dZq_kl\_�[Zabkguo�\u[_j_f�ljb 

khklhygby� we_dljhg-y^_jghc� kbkl_fu� |S, M; I, m〉�� k� ^\mfy� ljbie_lgufb |1, – 1; 0, 0〉, 

|1, - 1; 1, 0〉,�b�h^gbf�kbg]e_lguf |0, 0; 1, – 1〉�we_dljhggufb�khklhygbyfb. 

=ZfbevlhgbZg�\�ij_^klZ\e_gbb�wlbo�lj_o�khklhygbc�ijbgbfZ_l�ke_^mxsbc�\b^ 

 ¨ = 
















−−
−−

−−

−−−−

−−

−−

4/322

24/0

204/

I
2/32/3

2/3
S

2/3
S

JAA

AJ

AJ

ω
ω

ω
 . (2.43) 

<�wlhf�ijb[eb`_gbb�kh[kl\_ggh_�agZq_gb_�kbff_ljbqgh]h�khklhygby�_�� – 1; 1, 0〉�kh\iZ�
^Z_l�k�wg_j]b_c�hkgh\gh]h�ljbie_lgh]h�we_dljhggh]h�khklhygby�E0(1, – 1) = – &S + J����Ijb�
[he__�lhqghf�jZkkfhlj_gbb�k�mq_lhf�\ur_e_`Zs_]h�khklhygby�|1, 0; 1, – 1〉 [����@�hdZau\Z�

_lky��qlh�wlZ�wg_j]by�ijbh[j_lZ_l�k^\b]�E(1, – 1; 1, 0) = E0(1, – 1) – 
S

2)2/(

ω
A

 . 

>ey�kh[kl\_gguo�agZq_gbc�wg_j]bb�Zglbi_j_k_dZxsboky�Zglbkbff_ljbqguo�khklhy�
gbc�k�m + M = – ��ihemqbf 

 22
ISIS )2/(4/)(2/)2/( AJJEa ++−−−−±±++−−−−==±± ωωωω  . (2.44) 

D\Zglh\u_� khklhygby�� khhl\_lkl\mxsb_� wlbf� mjh\gyf��ij_^klZ\eyxl� kh[hc�kmi_jihab�
pbb�^\mo�khklhygbc�|1, – 1; 0, 0〉�b�|0, 0; 1, – 1〉. 

QZklhlZ�i_j_oh^Z�f_`^m�gb`gbf�b�kj_^gbf�mjh\gyfb�\[ebab�lhqdb�C �ijb�J < &S�hij_�
^_ey_lky�\ujZ`_gb_f 

 &J = E(1, – 1) 
S

2

S

2 )2/()2/(

ωω
A

J

A
Ea −−

−−
==−− −− . (2.45) 

<�wlhc�h[eZklb�hgZ�khhl\_lkl\m_l�jZaghklb�wg_j]bc�kbg]e_lgh]h�|0, 0〉�b�ljbie_lgh]h�|1, 0〉 

�aZimlZgguo�� khklhygbc�iZju� y^_jguo� kibgh\� k�jZ\ghc�gmex�iheghc�ijh_dpb_c� y^_jguo�
kibgh\�m = ��b�ljbie_lguf�khklhygb_f�we_dljhgguo�kibgh\�|1, – 1〉��dhlhjh_�dhgljhebjm_l�
ky� aZl\hjhf� J�� >ey� agZq_gbc� B = 2 Le�� &S = ��jZ^ ==p� b� J = 30 jZ^ ==p < &e� bf__f�
&J = 75 jZ^ d=p << ++

Aω  ~ 100 jZ^ F=p.  
<�i_j\hgZqZevghc�ko_f_�D_cgZ�>����@�ij_^iheZ]Zehkv�bkihevah\Zlv�bf_ggh�wlb�^\Z�mjh\�

gy�\�dZq_kl\_�©jZ[hqboª�^ey�hj]ZgbaZpbb�^\modm[blh\uo�hi_jZpbc��Z�lZd`_�ijhp_kkZ�baf_�
j_gby�dhg_qgh]h�khklhygby�dm[blZ� 
DZd�\b^gh�ba�Jbk� ����Z^bZ[Zlbq_kdh_�m\_ebq_gb_�iZjZf_ljZ�J�beb�mf_gvr_gb_�\_ebqbgu�

ihey�B ijb\h^bl�ijb�ijhoh`^_gbb�lhqdb�C�kijZ\Z�gZe_\h�d�i_j_oh^m�gb`g_]h�Zglbkbff_l�
jbqgh]h�khklhygby�we_dljhg-y^_jghc�kbkl_fu�k�M + m = – ��ba�ljbie_lgh]h�we_dljhggh- 
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m  +  M  =  – 1                                              m  +  M  =  0 

   aE +                                                             sE +  

ωJ                                                                                                     E 0(0, 0) 

aE −                                                            sE −                 ωJ 

E (1, – 1; 1, 0)  

  

Jbk� 2.4. >\Z�lbiZ�iZj�Zglbi_j_k_dZxsboky�mjh\g_c�\[ebab�lhqdb�C. 

]h� khklhygby� ^\mo� ^hghjh\� k� iheghc� ijh_dpb_c� kibgZ�M = – �� \� kbg]e_lgh_� khklhygb_� k�
M = ��b��khhl\_lkl\_ggh��d�i_j_oh^m�khklhygby�y^_jguo�kibgh\�ba�kbg]e_lgh]h�aZimlZggh�
]h |0, 0〉�\�ljbie_lgh_�g_aZimlZggh_�khklhygb_ |1, – 1〉��k�i_j_\_jgmluf�agZq_gb_f�h^gh]h�
ba�kibgh\��>jm]bfb�keh\Zfb�we_dljhg�b�y^jh�h[f_gb\Zxlky�kibgh\ufb�khklhygbyfb��Kh�
klhygby�y^_jguo�kibgh\�^h�b�ihke_�ijhoh`^_gby�lhqdb�C��khhl\_lkl\_ggh��bf_xl�jZ\guc�
gmex�iheguc�\_dlhj�;ehoZ�b�\_jlbdZevgh�gZijZ\e_gguc�kmffZjguc�\_dlhj�;ehoZ��H[Z�g_�
]_g_jbjmxl�YFJ�kb]gZe�b�lj_[mxlky�^jm]b_�f_lh^u�^ey�bo�^_l_dlbjh\Zgby� 
?keb�wg_j]by�k\yab�^\mo�we_dljhgh\�gZ�h^ghf�^hghj_�ij_\urZ_l�wg_j]bx�k\yab�^ey�dZ`�

^h]h�we_dljhgZ�gZ�k\h_f�^hghj_��lh�h[hbf�we_dljhgZf�\�kbg]e_lghf�khklhygbb�klZgh\blky�
wg_j]_lbq_kdb�\u]h^g__�gZoh^blvky�gZ�h^ghf�ba�^hghjh\��D– -khklhygb_���<�j_amevlZl_�ijh�
bahc^_l�i_j_ghk�aZjy^Z�k�h^gh]h�^hghjZ�gZ�^jm]hc��qlh��kh]eZkgh�>����@�b�fh`_l�[ulv�ba�
f_j_gh�k�ihfhsvx�\ukhdhqm\kl\bl_evguo�h^ghwe_dljhgguo�_fdhklguo�f_lh^h\� 
Ihke_�ijhoh`^_gby�lhqdb�C�wg_j]by�i_j_oh^Z�ba�\ur_e_`Zs_]h�we_dljhggh]h�ljbie_l�

gh]h�khklhygby�\�hkgh\gh_�kbg]e_lgh_�khklhygb_�ijb�ljbie_lguo�khklhygbyo�y^_jguo�kib�
gh\�hij_^_ey_lky�l_i_jv�\_ebqbghc�a (J – &S). 

GZfb�[ueZ�jZkkfhlj_gZ�lZd`_�iZjZ�Zglbi_j_k_dZxsboky�kbff_ljbqguo�khklhygbc�k�
m + M = ���dhlhjZy�bf__l�kh[kl\_ggu_�agZq_gby�>���� 2.27, 2.28]: 

 22
ISIS )2/(4/)(2/)2/( AJJEs ++++−−±±++−−==±± ωωωω  , (2.46) 

ijb�wlhf�jhev�kj_^g_]h�mjh\gy�b]jZ_l�l_i_jv�E(0, 0) = – 3J����Jbk� 2.4.). 

Gb`g__�Zglbi_j_k_dZxs__ky�khklhygb_�\�kbevguo�iheyo�_�� – 1; 1, 1〉�\�wlhf�kemqZ_�khhl�
\_lkl\m_l�M = –1, m = ���Z�\ur_e_`Zs__�kj_^g__�khklhygb_�_�� – 1; 1, 0〉�khhl\_lkl\m_l�M = –

1, m = 0,� lh� _klv�hlebqZ_lky�lhevdh�i_j_\_jgmluf�khklhygb_f�h^gh]h�ba�y^_jguo�kibgh\��
Ijb� ijhoh`^_gbb� lhqdb� i_j_k_q_gby� ijhbkoh^bl� h^gh\j_f_ggh_� � i_j_\hjZqb\Zgb_� dZd�
we_dljhggh]h�� lZd� b� y^_jgh]h� kibgZ�� kgh\Z� ijhbkoh^bl� h[f_g� bgnhjfZpb_c�f_`^m� we_d�
ljhgguf�b�y^_jguf�kibghf��y^_jgh_�ljbie_lgh_�g_aZimlZggh_�khklhygb_�y^_jguo�kibgh\�
|1, 1〉 i_j_oh^bl�\�ljbie_lgh_�aZimlZggh_�khklhygb_�_�� 0〉. 
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WlZ�iZjZ�mjh\g_c�fh`_l�[ulv�lZd`_�ij_^eh`_gZ�\�dZq_kl\_�©jZ[hq_cª�^ey�hj]ZgbaZpbb�
\uqbkebl_evguo�b�baf_jbl_evguo�hi_jZpbc� 
Hij_^_e_ggh_�ij_bfms_kl\h� wlhc�iZju� khklhbl�\� lhf��qlh�ijb�i_j_oh^_�lhqdb�C�iZjZ�

y^_jguo�kibgh\�khojZgy_lky�\�ljbie_lghf�khklhygbb��ihegZy�ijh_dpby�baf_gy_lky�gZ�_^b�
gbpm��qlh�khhl\_lkl\m_l�ih\hjhlm�kmffZjgh]h�\_dlhjZ�;ehoZ�ba�\_jlbdZevgh]h�iheh`_gby�\�
i_ji_g^bdmeyjgmx�iehkdhklv��\�dhlhjhc�hg�\jZsZ_lky�k�j_ahgZgkghc�qZklhlhc�\hdjm]�gZ�
ijZ\e_gby�ihey�b��\�hlebqb_�hl�kemqZy��jZkkfhlj_ggh]h�D_cghf��bg^mpbjm_l�YFJ�kb]gZe, 

^ey�baf_j_gby�dhlhjh]h�fh]ml�[ulv�bkihevah\Zgu�j_ahgZgkgu_�f_lh^u��Wlh�bf__l�agZq_gb_�
^ey�jZkkfZljb\Z_fuo�^Ze__�ZgkZf[e_\uo�f_lh^h\�baf_j_gby�kb]gZeZ� 

2.6.3. We_dljbq_kdbc�dhgljhev�khklhygbc�dm[blh\ 

:gZeba� aZ\bkbfhklb� ihklhygghc� kljmdlmju� hl� we_dljbq_kdh]h� ihl_gpbZeZ� ^ey� jZaguo�
nhjf�aZl\hjh\�[ue�ijh\_^_g�gZfb�\�>����-����@��Ijb�hlghkbl_evgh�fZeuo�agZq_gbyo�ihl_g�
pbZeZ�V�wlZ�aZ\bkbfhklv�bf__l�dhehdhehh[jZaguc�oZjZdl_j�\b^Z�ûA(V)/A § – (V/V0)

2��]^_�V0 –

ihklhyggZy�� hij_^_ey_fZy� ]_hf_ljbq_kdbfb� iZjZf_ljZfb� aZl\hjZ� b� iheyjbam_fhklvx� ^h�
ghjgh]h�ZlhfZ�$, )4/(/1 22

0 EaV δχ≈≈ ��Ijb�a ~ c , 232 Nkf104 −−⋅⋅==χ �b�oZjZdl_jghf�jZkklhygbb�
^h� \ha[m`^_gguo� we_dljhgguo� mjh\g_c� ^hghjZ� w<04,0≈≈Eδ  = 6,4.10–21>`� fu� ihemqZ_f�
hp_gdm� 2122

0 <�kf�(106)/( −−−−⋅⋅≈≈Va  [2.26, 2.27]. 

Ijb�bkihevah\Zgbb�bfimevkguo�jZ^bhqZklhlguo�\ha^_ckl\bc�gZ�y^_jgu_�kibgu��bf_x�
sbo� h[uqgh� rbjbgm� ihehku� a 104 =p�� hlghkbl_evgh_� baf_g_gb_� j_ahgZgkghc� qZklhlu�
(~ 100 F=p�� ih^� ^_ckl\b_f� we_dljbq_kdh]h� ihl_gpbZeZ� gZ� aZl\hj_� khklZ\bl�

==++++
AA V ωω /)(∆  ûA(V)/A § – (V/V0)

2 ~ 10–4��Ijb�]_hf_ljbq_kdbo�iZjZf_ljZo a ~ c ~ 10 gf�^ey�
agZq_gbc�gZijy`_gby�gZ�aZl\hjZo�ihemqbf�V ~ 10–2 <� 
Hlghkbl_evgZy� kj_^g_d\Z^jZlbqgZy� hrb[dZ� \� agZq_gbb� j_ahgZgkghc� qZklhlu�� h[mkeh\�

e_ggZy�jZa[jhkhf�agZq_gbc�ihklhygghc�k\_jolhgdhc�kljmdlmju� 2222 /)()/()( AAAA δωδω ==++++ ��\�
dhg_qghf�kq_l_�hij_^_ey_lky�kj_^g_d\Z^jZlbqghc�g_lhqghklvx�agZq_gby�ihl_gpbZeZ�gZ�aZ�
l\hjZo�A 22 /)( VVδ ��g_lhqghklvx�]_hf_ljbq_kdbo�iZjZf_ljh\�a�b�c b�g_lhqghklvx�jZkiheh�
`_gby�^hghjguo�Zlhfh\�dZd�ih�]em[bg_��hkv�z��lZd�b�\�iehkdhklb�ih^�aZl\hjZfb��hkv�x���LZd�
^ey�kj_^g_d\Z^jZlbqghc�hrb[db�iZjZf_ljZ�V0��k\yaZgghc�lhevdh�k�g_lhqghklvx�jZaf_s_gby�
Zlhfh\�\�iehkdhklb�ijb�]_hf_ljbq_kdbo�iZjZf_ljZo�a ~ c�[m^_f�bf_lv� 222

0
2

0 /)(/)( azVV δδ ≈≈  

[2.25, 2.26]. 

?keb�ijbgylv��\�khhl\_lkl\bb�k�h[sbfb�lj_[h\Zgbyfb�d�iheghfZkrlZ[guf�d\Zglh\uf�
dhfivxl_jZf��qlh� 22 )/()( ++++

AA ωδω § 2(V/V0)
2 22 /)( azδ � 10–4– 10–5��lh�ihemqbf��qlh�hrb[db�

\�jZkiheh`_gbb�^hghjh\�ih�hkb�z ^he`gu�[ulv�ih�djZcg_c�f_j_�gZ�ihjy^hd�f_gvr_�iZjZ�
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f_ljZ a. :gZeh]bqgu_�\u\h^u�ke_^mxl�hlghkbl_evgh�g_lhqghklb�jZkiheh`_gby�^hghjh\�\�
iehkdhklb�x b�ih]j_rghklb�]_hf_ljbq_kdbo�iZjZf_ljh\��Ih]j_rghklv�agZq_gby�ihl_gpbZeZ�
gZ�aZl\hj_�A�^he`gZ�[ulv�gZ�ihjy^hd�f_gvr_�gZijy`_gby�V. 

G_h[oh^bfh_�jZkklhygb_�f_`^m�dm[blZfb�\�p_ihqd_� lx ~ 20 gf�hij_^_ey_lky�ba�lj_[h\Z�
gby��kh]eZkgh�dhlhjhfm�ihklhyggZy�dhk\_ggh]h�\aZbfh^_ckl\by�f_`^m�we_dljhggufb�kib�
gZfb�khk_^gbo�^hghjguo�Zlhfh\��]Zca_g[_j]h\kdh]h�lbiZ��J > ���h[mkeh\e_ggZy�i_j_djulb�
_f�we_dljhgguo�\hegh\uo�nmgdpbc��fh]eZ�[u�dhgljhebjh\Zlvky F�ihfhsvx�ihl_gpbZeZ�gZ�
aZl\hjZo J. <�ihe_�B = 2 Le�agZq_gb_�J(lx���ijb�dhlhjhf�bf__l�f_klh�i_j_k_q_gb_�we_dljhg�
guo�kibgh\uo�mjh\g_c��khhl\_lkl\m_l�\�dj_fgbb�jZkklhygbx�f_`^m�ZlhfZfb�lx ~ 10 – 20 gf�
>����@��Z�\�kemqZ_�]_jfZgby�ijb�hij_^_e_gghc�hjb_glZpbb�hk_c�kbff_ljbb�ih�gZrbf�hp_g�
dZf�>����� ����@�hgZ�fh`_l�[ulv�ihjy^dZ��� – 50 gf� 
D�kh`Ze_gbx��we_dljbq_kdbc�dhgljhev�iZjZf_ljZ�J�hdZau\Z_lky�g_�ijhkluf��ihkdhevdm�

aZ\bkbfhklv� wlhc� ihklhygghc� J(lx�� hl� jZkklhygby�f_`^m� khk_^gbfb� y^_jgufb� kibgZfb� lx 
[eZ]h^Zjy�f_`^hebgguf�bgl_jn_j_gpbhgguf�wnn_dlZf�\�we_dljhgghc�kbkl_f_�bf__l�g_j_�
]meyjguc�hkpbeebjmxsbc�oZjZdl_j�� aZ\bkysbc�hl�gZebqby�f_oZgbq_kdbo�gZijy`_gbc�\�
ihemijh\h^gbdh\hc�kljmdlmj_�>����@� 
;�D_cghf� [ue� ij_^eh`_g� lZd`_� \ZjbZgl� dj_fgb_\h]h� YFJ� d\Zglh\h]h� dhfivxl_jZ�

>����@��\�dhlhjhf�^hghju�ij_^iheZ]Zebkv�jZag_k_ggufb�gZ�lZdb_�jZkklhygby��ijb�dhlhjuo�
h[f_ggh_�\aZbfh^_ckl\b_�f_`^m�we_dljhggufb�kibgZfb�ijZdlbq_kdb�hlkmlkl\h\Zeh��b�ijh�
[e_fZ�dhgljhey�iZjZf_ljZ�J�hliZ^ZeZ��<�wlhf�kemqZ_�i_j_^Zqm�bgnhjfZpbb�h�dh]_j_glghf�
khklhygbb�h^gh]h�y^_jgh]h�kibgZ�d�^jm]hfm�ij_^eZ]Z_lky�hkms_kl\eylv�ih�ke_^mxs_c�ko_�
f_��KgZqZeZ�ihkj_^kl\hf�hi_jZpbc�SWAP�bgnhjfZpby�i_j_^Z_lky�q_j_a�k\_jolhgdh_�\aZb�
fh^_ckl\b_�hl�y^_jgh]h�kibgZ�d�we_dljhgghfm�kibgm��k\yaZgghfm�k�^hghjhf��AZl_f�k�ihfh�
svx�p_ihqdb�aZl\hjh\��qZklv�ba�dhlhjuo�gZoh^blky�gZ^�k\h[h^gufb�hl�^hghjh\�h[eZklyfb��
iml_f�ijbeh`_gby�we_dljbq_kdbo�bfimevkh\�ijhbkoh^bl�bhgbaZpby�^hghjZ�b�i_j_oh^�we_d�
ljhgZ� \�ijbih\_joghklguc� ^\mf_jguc� �beb� h^ghf_jguc��ijh\h^ysbc� dZgZe��Wlhl� dZgZe�
^he`_g��[ulv�iheghklvx�k\h[h^_g�hl�eh\mr_d�k�aZjy^hf��b�we_dljhgu�ijh\h^bfhklb�fh]ml�
[_a�ihl_jb�kibgh\hc�dh]_j_glghklb�^hklb]Zlv�aZl\hjZ��jZkiheh`_ggh]h�gZ^�m^Ze_gguf�\lh�
juf�^hghjhf��GZijy`_gb_�gZ�wlhf�aZl\hj_�kgbfZ_lky��b�d\Zglh\Zy�bgnhjfZpby�k�ihfhsvx�
\lhjhc�hi_jZpbb�SWAP�i_j_^Z_lky�hl�we_dljhggh]h�kibgZ�d�y^_jghfm�kibgm�\lhjh]h�^hgh�
jZ�� Ij_bfms_kl\hf� lZdh]h� ih^oh^Z� y\ey_lky� lZd`_� [hevrb_� ]_hf_ljbq_kdb_� fZkrlZ[u�
kljmdlmju��LZf�`_�jZkkfZljb\Zeky�b�\ZjbZgl�^\mof_jghc�Zjobl_dlmju��gZihfbgZxs_c�Zj�
obl_dlmjm� h^ghwe_dljhgguo�ijb[hjh\� k� aZjy^h\hc� k\yavx�� Z� ^ey�bgbpbZebaZpbb� y^_jguo�
kibgh\� ijb� l_fi_jZlmjZo� T ~ 0,1 D� ij_^eZ]Z_lky� bkihevah\Zlv� g_dhlhjmx� kljmdlmjm�� gZ�
a\Zggmx�kibgh\uf�j_njb`_jZlhjhf� 
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HibkZggZy�b^_y�D_cgZ�jZa\b\Z_lky�^Ze__�\�klZlv_�;�D_cgZ�k�khljm^gbdZfb�>����@��<�g_c�
h[jZsZ_lky�\gbfZgb_�gZ�lh��qlh�hkgh\gh_�khklhygb_�^hghjguo�Zlhfh\�y\ey_lky�klZ[bevguf�
ijb�jZ\ghf�gmex�ihl_gpbZe_�gZ�aZl\hj_�A�b�ijb�agZq_gbb�ihl_gpbZeZ��ijb�dhlhjhf�^hghj�
guc�Zlhf�bhgbabjm_lky�b�ihklhyggZy�k\_jolhgdh]h�\aZbfh^_ckl\by�ijZdlbq_kdb�h[jZsZ_lky�
\�gmev��Wlh�iha\hey_l�k�ihfhsvx�aZl\hjh\�A�hkms_kl\eylv�g_qm\kl\bl_evguc�d�hrb[dZf�
gZkljhcdb�khklhygbc�bo�^bkdj_lguc�pbnjh\hc�dhgljhev��dh]^Z�k\_jolhgdh_�\aZbfh^_ckl\b_�
eb[h�\dexq_gh��eb[h�\udexq_gh�^ey�dZ`^h]h�lZdlh\h]h�pbdeZ��:\lhju�klZlvb�>����@�ij_^eZ�
]Zxl� dh^bjh\Zlv� khklhygby� dm[blh\� ^\mfy�fZdkbfZevgh� aZimlZggufb� we_dljhg-y^_jgufb�
khklhygbyfb�_�〉L A 2/1 (|9S;I〉 – |;S9I〉��b�_�〉L A 2/1 (|9S;I〉 + |;S9I〉���dhlhju_�ijbgZ^e_`Zl�
]bev[_jlh\hfm�ih^ijhkljZgkl\m�khklhygbc�k�kmffZjghc�ijh_dpb_c�we_dljhg-y^_jgh]h�kib�
gZ�Ma + ma = ���IjhkljZgkl\h�khklhygbc�\k_o�dm[blh\�j_]bkljZ�fh`gh�jZaeh`blv�gZ�bg\Zjb�
Zglgu_� ih^ijhkljZgkl\Z�� oZjZdl_jbamxsb_ky� ijh_dpb_c� ihegh]h� kibgZ�� <gmljb� dZ`^h]h�
ih^ijhkljZgkl\Z�i_j_\hjhl�y^_jgh]h�kibgZ�khijh\h`^Z_lky�ih\hjhlhf�we_dljhggh]h�kibgZ�
b�ihegh_�baf_g_gb_�fZ]gblghc�wg_j]bb��khhl\_lkl\mxs__�j_ahgZgkghc�qZklhl_�^ey�eh]bq_�
kdh]h�dm[blZ�[m^_l�ûE = (�S+�I)B. <�lh�`_�\j_fy�i_j_oh^u�f_`^m�jZagufb�ih^ijhkljZgkl\Z�
fb�lj_[mxl�i_j_\hjZqb\Zgby�h^gh]h�ba�kibgh\��qlh�khhl\_lkl\m_l�g_j_ahgZgkguf�i_j_oh�
^Zf��DZd� \b^gh�ba� �������\deZ^u� k\_jolhgdh]h�\aZbfh^_ckl\by�b�fZ]gblgh]h�ihey�bf_xl�
kjZ\gbfmx�\_ebqbgm��X ~ ���\�iheyo�ihjy^dZ�� fLe�b�ihwlhfm�jZ[hqbfb�iheyfb�\�wlhf�kem�
qZ_�[m^ml�keZ[u_�ihey� 
Hkgh\gufb�g_^hklZldZfb�ij_^eh`_gghc�\�>����@�fh^bnbdZpbb�ko_fu�D_cgZ�iml_f�i_j_�

oh^Z�d�fbeebl_keh\uf�ihklhygguf�iheyf�y\ey_lky�gZ�gZr�\a]ey^�g_h[oh^bfhklv�ihgb`_�
gby� kibgh\uo� l_fi_jZlmj� ^h� fbdjhd_ev\bgh\uo� agZq_gbc�� khojZg_gb_� bg^b\b^mZevgh]h�
h[jZs_gby� d� hl^_evguf� dm[blZf� b� g_h[oh^bfhklv� ^hihegbl_evgh]h� ih\ur_gby� mjh\gy�
hqbkldb�fZl_jbZeZ�hl�iZjZfZ]gblguo�ijbf_kguo�p_gljh\�^ey�ih^Z\e_gby�^_dh]_j_glbaZpbb�
khklhygbc�y^_jguo�kibgh\�\�keZ[uo�iheyo� 

AZdexq_gb_: 1. IhdZaZgh��qlh�wnn_dl�mkbe_gby�kZf�ih�k_[_�g_�iha\hey_l�ij_\ukblv�fZd�
kbfZevgh�\hafh`gh_�agZq_gb_�kb]gZeZ�ijb�bkihevah\Zgbb�klZg^Zjlguo�f_lh^h\�YFJ��H^�
gZdh�hg�iha\hey_l�kms_kl\_ggh�kgbablv�fhsghklv�jZ^bhqZklhlguo�mijZ\eyxsbo�bfimev�
kh\�b�m\_ebqblv�kdhjhklv�\uiheg_gby�d\Zglh\uo�hi_jZpbc� 

2. Ihfbfh�iZju�Zglbi_j_k_dZxsboky�mjh\g_c��jZkkfZljb\Z\rboky�D_cghf�^ey�hj]Zgb�
aZpbb�\uqbkebl_evguo�b�baf_jbl_evguo�hi_jZpbc�gZ^�khklhygbyfb�dm[blh\��fh`_l�[ulv�
ij_^eh`_gZ�^jm]Zy�iZjZ�Zglbi_j_k_dZxsboky�mjh\g_c��ij_bfms_kl\h�dhlhjhc�aZdexqZ_lky�
\�\hafh`ghklb�^_l_dlbjh\Zlv�baf_g_gb_�khklhygbc�y^_jguo�kibgh\�ijb�ZgkZf[e_\hf�h[jZ�
s_gbb�d�gbf�g_ihkj_^kl\_ggh�j_ahgZgkgufb�f_lh^Zf� 
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3. IhdZaZgh��qlh�ba�g_h[oh^bfhklb�h[_ki_q_gby�g_h[oh^bfhc�lhqghklb�\uiheg_gby�d\Zg�
lh\uo�hi_jZpbc� ke_^mxl�^hklZlhqgh�`_kldb_�lj_[h\Zgby�d� ]_hf_ljbq_kdbf�iZjZf_l�
jZf� gZghkljmdlmju� �hrb[db� \� jZaf_jZo� aZl\hjh\�� iheh`_gbyo� ^hghjguo� Zlhfh\� b� l�� ^��
^he`gu�[ulv�f_gvr_�����. 
H[sbc�\u\h^�khklhbl�\�lhf��qlh��g_kfhljy�gZ�jy^�ij_^eh`_gguo�fh^bnbdZpbc�ko_fu�

D_cgZ��gZijZ\e_gguo��\�qZklghklb��gZ�ij_h^he_gb_�ljm^ghkl_c��k\yaZgguo�k�dhgljhe_f�dhk�
\_ggh]h�\aZbfh^_ckl\by�f_`^m�khk_^gbfb�y^_jgufb�kibgZfb-dm[blZfb��hkgh\gu_�ijh[e_�
fu�ko_fu�D_cgZ��dZkZxsb_ky�bgbpbZebaZpbb�b�oZjZdl_jZ�baf_j_gbc�khklhygbc�dm[blh\�\�
jZfdZo�bg^b\b^mZevgh]h�ih^oh^Z�g_�gZoh^yl�jZ^bdZevgh]h�j_r_gby. 

2.7.�<ZjbZglu�fgh]hdm[blh\uo�ZgkZf[e_\uo�l\_j^hl_evguo 
YFJ�d\Zglh\uo�dhfivxl_jh\ 

>ey�ij_h^he_gby�hlf_q_gguo�\�jZa^_e_ 2.5�ljm^ghkl_c�aZfZgqb\uf�ij_^klZ\ey_lky�bk�
ihevah\Zgb_�m`_�ijh^_fhgkljbjh\Zggh]h�\�`b^dhklguo�d\Zglh\uo�dhfivxl_jZo�ZgkZf[e_�
\h]h�ih^oh^Z��iha\heyxs_]h�iml_f�i_j_oh^Z�d�ZgkZf[ex�wd\b\Ze_glguo�iZjZee_evgh�jZ[h�
lZxsbo� dhfivxl_jh\�� j_rblv� ijh[e_fm� k� nZah\ufb� fgh`bl_eyfb�� bkihevah\Zlv�
klZg^Zjlgu_�f_lh^u�YFJ�^ey�baf_j_gby�kb]gZeZ�gZ�\uoh^_�dhfivxl_jZ��bkihevah\Zlv�^b�
gZfbq_kdb_�f_lh^u� iheyjbaZpbb� y^_jguo� kibgh\� �hoeZ`^_gb_� kibgh\hc� kbkl_fu���;ueh�
ij_^eh`_gh�g_kdhevdh�jZaebqguo�l\_j^hl_evguo�ZgkZf[e_\uo�\ZjbZglh\��JZkkfhljbf�a^_kv�
djZldh�l_�ba�gbo��dhlhju_�hlghkylky�d�YFJ�d\Zglh\uf�dhfivxl_jZf� 

2.7.1. :gkZf[e_\uc�l\_j^hl_evguc�YFJ�d\Zglh\uc�dhfivxl_j�k�^\mof_jguf�
we_dljhgguf�]Zahf 

H^bg�ba�i_j\uo� \ZjbZglh\� ZgkZf[e_\h]h� l\_j^hl_evgh]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�
[ue�ij_^eh`_g�_s_�^h�ihy\e_gby�fh^_eb�D_cgZ�>����@��Fh^_ev�ij_^klZ\ey_l�kh[hc  p_ihqdm�
ba�Zlhfh\ k�y^_jgufb�kibgZfb������ihf_s_gguo�\�^\mof_jguc�we_dljhgguc�]Za��gZoh^y�
sbcky�\�mkeh\byo d\Zglh\h]h�wnn_dlZ�OheeZ��>\mof_jguc�we_dljhgguc�]Za�fh`_l�h[jZ�
ah\u\Zlvky� \� jZaebqguo� ]_l_jhkljmdlmjguo� i_j_oh^Zo�� Ijb� l_fi_jZlmj_� ihjy^dZ� � D� b�
\g_rgbo�fZ]gblguo�iheyo�ihjy^dZ�g_kdhevdbo�l_keZ�kms_kl\mxl�bgl_j\Zeu�agZq_gbc�fZ]�
gblguo�ihe_c��ijb�dhlhjuo�we_dljhgu�\�^\mof_jghf�]Za_�aZihegyxl�p_eh_�qbkeh�mjh\g_c�
EZg^Zm��We_dljhgguc�]Za�lh]^Z�h[jZam_l�g_^bkkbiZlb\gmx�d\Zglh\mx�`b^dhklv��lh�_klv�
gZoh^blky�\�dh]_j_glghf�d\Zglh\hf�khklhygbb��Z�aZ\bkbfhklv�oheeh\kdhc�ijh\h^bfhklb�hl�
dhgp_gljZpbb�we_dljhgh\�beb�\g_rg_]h�fZ]gblgh]h�ihey�bf__l�ieZlhh[jZagu_�mqZkldb�dh�
g_qghc�^ebgu�ijb�agZq_gbyo��djZlguo�e2

/(2π����]^_�e —�aZjy^�k\h[h^gh]h�we_dljhgZ��p_eh�
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qbke_gguc�wnn_dl�OheeZ���Wdki_jbf_glZevgh�baf_j_ggh_�\j_fy�kibg-j_r_lhqghc�j_eZdkZ�
pbb�y^_jguo�kibgh\�\�lZdhc�kbkl_f_�khklZ\ey_l�hl�g_kdhevdbo�fbgml�^h�ihemqZkZ� 
Lbibqgh_� jZkklhygb_� f_`^m� y^jZfb� ^he`gh� [ulv� kjZ\gbfh� k� fZ]gblghc� ^ebghc�

lH = (�/eB)
1/2��HgZ�khklZ\ey_l�ijb�g_kdhevdbo�l_keZ�ihjy^dZ 10 gf��<�mkeh\byo�d\Zglh\h]h�

wnn_dlZ�OheeZ�ijyfh_� ^bihev-^bihevgh_� \aZbfh^_ckl\b_� y^_jguo� kibgh\�ij_g_[j_`bfh�
fZeh��Hkgh\guf�\aZbfh^_ckl\b_f�f_`^m�y^_jgufb�kibgZfb�y\ey_lky�dhk\_ggh_�kibgh\h_�
\aZbfh^_ckl\b_ q_j_a�we_dljhgu�ijh\h^bfhklb�^\mof_jgh]h�we_dljhggh]h�]ZaZ��Wlh�\aZb�
fh^_ckl\b_�wdkihg_gpbZevgh�aZlmoZ_l�k�jZkklhygb_f�r k�oZjZdl_jghc�^ebghc�lH [2.40]. 

>ey� \uiheg_gby� ^\modm[blh\uo� hi_jZpbc�`_eZl_evgh� bf_lv� \hafh`ghklv� \dexqZlv� b�
\udexqZlv� wlh� \aZbfh^_ckl\b_� \� l_q_gb_� hij_^_e_gguo� bgl_j\Zeh\� \j_f_gb�� >ey� wlh]h�
ij_^eZ]Z_lky�]_hf_ljbq_kdb�jZkiheh`blv�Zlhfu�lZdbfb�iZjZfb��qlh[u�^\mokibgh\h_�\aZb�
fh^_ckl\b_�g_�[ueh�ij_g_[j_`bfh�fZeh�lhevdh�f_`^m�kibgZfb�khk_^gbo�Zlhfh\��>ey�wlh]h�
jZkklhygb_�f_`^m�ZlhfZfb�^he`gh�[ulv�ihjy^dZ���� gf� 
H^ghc�ba�\hafh`ghkl_c�\udexq_gby�gZ�hij_^_e_gguc�ijhf_`mlhd�\j_f_gb�\aZbfh^_c�

kl\by�kibgh\�^ey�h^ghc�iZju�Zlhfh\�y\ey_lky�jZaf_s_gb_�f_`^m�hkgh\gufb�ZlhfZfb�^h�
ihegbl_evguo�ijbf_kguo�Zlhfh\��dhlhju_�fh]ml�[ulv�bhgbabjh\Zgu�k�ihfhsvx�\g_rg_]h�
we_dljhfZ]gblgh]h�bfimevkZ�^h�khklhygby��kihkh[gh]h�ehdZevgh�gZjmrblv�dh]_j_glghklv�
^\mof_jgh]h�we_dljhggh]h�]ZaZ��Z�k�g_c�b�dhk\_ggh_�\aZbfh^_ckl\b_�f_`^m�kibgZfb�\�iZj_��
Ij_^iheZ]Z_lky��qlh�^bnn_j_gpbZpby�j_ahgZgkguo�qZklhl�fh`_l�[ulv�lZd`_�^hklb]gmlZ�im�
l_f�bkihevah\Zgby�ijbf_k_c�jZaebqgh]h�lbiZ��ihf_sZy�bo�\[ebab�beb�hdjm`Zy�bfb�y^_jgu_�
kibgu��D\Zglh\u_�hi_jZpbb�[m^ml�\uihegylvky�h^gh\j_f_ggh�iZjZee_evgh�gZ�\k_o�]jmiiZo�
khhl\_lkl\mxsbf�h[jZahf�gZkljh_gguo�kibgh\��H^ghkibgh\u_�hi_jZpbb�^he`gu�ijhba\h�
^blvky�h[uqguf�h[jZahf�k�ihfhsvx�jZ^bhqZklhlguo�bfimevkh\� 
>ey�bgbpbZebaZpbb�khklhygbc�y^_jguo�kibgh\�ij_^eZ]Z_lky�bkihevah\Zlv�gZdZqdm�ihey�

jbah\Zgguf�ih�djm]m�k\_lhf��jh`^Zxsbf�we_dljhg-^ujhqgu_�iZju��Wlb�iZju�ihke_�Zggb�
]beypbb�nbdkbjmxl�y^_jgmx�iheyjbaZpbx�\�khhl\_lkl\bb�k�iheyjbaZpb_c�k\_lZ� 
>ey�baf_j_gby�khklhygby�kibgh\��\�qZklghklb��\�[2.40] ij_^eZ]Z_lky ZgkZf[e_\uc�f_lh^��

ZgZeh]bqguc�bkihevam_fhfm�\�`b^dhklguo�d\Zglh\uo�dhfivxl_jZo��lh�_klv�iml_f�baf_j_�
gby�kj_^g_]h�agZq_gby�kb]gZeZ��kha^Z\Z_fh]h�^_ckl\mxsbfb�iZjZee_evgh�dhibyfb�kibgh�
\uo�p_ihq_d��ZgZeh]b�fhe_dme�\�`b^dhklghf�\ZjbZgl_���;ueb�ij_^eh`_gu�lZd`_�ko_fu�ba�
f_j_gby�dhg_qguo� khklhygbc�b�dhjj_dpbb�hrb[hd��hlebqgu_�hl�bkihevam_fuo�ijb�YFJ��
Ij_^iheZ]Z_lky��qlh�\�kemqZ_�ZgkZf[ey��khklhys_]h�ba�dhibc�kibgh\uo�p_ihq_d��jZa^_e_g�
guo�f_`^m� kh[hc�gZ�jZkklhygb_��[hevr__��q_f�jZkklhygb_�f_`^m� kibgZfb�\�p_ihqd_�ijb�
^hklZlhqghf�qbke_�wlbo�dhibc�fh`gh�agZqbl_evgh�kgbablv�g_lhqghklv�hij_^_e_gby�kibgh�
\h]h�khklhygby� 
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Hkgh\gufb�g_^hklZldZfb�wlh]h�\ZjbZglZ�gZ�gZr�\a]ey^�y\eyxlky 
Z��gZebqb_�ijbkmsbo�_fm�f_oZgbafh\�^_dh]_j_glbaZpbb�y^_jguo�kibgh\��h[mkeh\e_gguo�

gZebqb_f�ijbf_kguo�Zlhfh\��]_l_jhi_j_oh^h\��^_dh]_j_glbaZpb_c�we_dljhgguo�khklhygbc�\�
^\mof_jghf�we_dljhgghf�]Za_� 
[��khojZg_gb_�ijh[e_fu�bgbpbZebaZpbb�khklhygbc�y^_jguo�kibgh\� 

2.7.2. :gkZf[e_\uc�YFJ�d\Zglh\uc�dhfivxl_j gZ�_kl_kl\_gguo�djbklZeeZo 
JZkkfhlj_ggu_�\ur_�\ZjbZglu��dZd�b�fh^_ev�D_cgZ��ij_^iheZ]Zxl�kha^Zgb_�hij_^_e_g�

guo�bkdmkkl\_gguo�gZghkljmdlmj.�Hkh[gydhf�klhbl�\ZjbZgl�ZgkZf[e_\h]h�dhfivxl_jZ��
ij_^eh`_gguc�\�>����@��<�dZq_kl\_�dm[blh\�\�g_f�jZkkfZljb\Zxlky�y^_jgu_�kibgu�nlhjZ, 

ijbgZ^e_`Zsb_� g_� bkdmkkl\_gghc� kljmdlmj_�� Z _kl_kl\_gghfm� l\_j^hfm� djbklZeem�
nexhjZiZlblZ�(Ca5F(PO4)3���dhlhju_�jZkiheZ]Zxlky�\�\b^_�h^ghf_jguo�p_ihq_d�\�iZjZe�
e_evguo� iehkdhklyo� djbklZeeZ. Bkoh^gmx� iheyjbaZpbx� y^_jguo� kibgh\� ij_^iheZ]Z_lky�
^hklb]Zlv� iml_f� hoeZ`^_gby� djbklZeeZ� ^h� hq_gv� gbadbo� l_fi_jZlmj�� <j_fy� j_eZdkZpbb�
y^_jguo�kibgh\�T1 \�wlhf�kemqZ_�\�g_fZ]gblguo�djbklZeeZo�hq_gv�\_ebdh��Hkgh\ghc�ijh�
[e_fhc� y\ey_lky� ih^Z\e_gb_� l_o� ^bihev-^bihevguo� kibgh\uo� \aZbfh^_ckl\bc�� dhlhju_�
ijb\h^yl�d�^_dh]_j_glbaZpbb�kibgh\uo�khklhygbc��ijb�khojZg_gbb�\aZbfh^_ckl\bc��g_h[�
oh^bfuo�^ey�\uiheg_gby�eh]bq_kdbo�hi_jZpbc��Ij_^eZ]Z_lky�^ey�wlh]h�bkihevah\Zlv�djb�
klZeeu�\ukhdh]h�dZq_kl\Z�b�f_lh^��dhgljhebjm_fh]h�mkj_^g_gby��k�ihfhsvx�jZ^bhqZklhl�
guo� bfimevkh\�� ba\_klgh]h� \� l_ogbd_� YFJ� \ukhdh]h� jZaj_r_gby� \� l\_j^uo� l_eZo� >���@��
>jm]Zy�ijh[e_fZ�k\yaZgZ�k�g_h[oh^bfhklvx�jZaebqZlv�b�^_l_dlbjh\Zlv�y^_jgu_�kibgu�\�i_�
jbh^bq_kdhc� kljmdlmj_�djbklZeeZ��>ey�__�j_r_gby�ij_^eZ]Z_lky�bkihevah\Zlv�hq_gv�kbev�
guc�klZlbq_kdbc�h^ghf_jguc�\�ij_^_eZo�djbklZeeZ�]jZ^b_gl�fZ]gblgh]h�ihey� 
Ij_^eZ]Z_fuc�d\Zglh\uc�dhfivxl_j�khklhbl�ba�ZgkZf[ey�N h^ghf_jguo�p_ihq_d��dZ`^Zy�

ba�n y^_jguo�kibgh\�Zlhfh\� 19)�k� I = �����\�djbklZee_�nexhjhZiZlblZ��DjbklZee�^ebghc�
10 fdf�b�rbjbghc�� fdf�fhglbjm_lky�gZ�dhgp_�dZglbe_\_jZ�fZ]gblgh-j_ahgZgkgh]h�kbeh�
\h]h�fbdjhkdhiZ� �05)0���Hg� kh^_j`bl�N = 10

7�dm[blh\� k� wd\b\Ze_glgufb�qZklhlZfb�\�
dZ`^hc�iehkdhklb�djbklZeeZ��>bkijhab_\uc�fbdjhfZ]gbl�k�jZaf_jZfb���×4×400 fdf3�jZk�
iheZ]Z_lky� iZjZee_evgh� iehkdhklb� djbklZeeZ�� GZ� jZkklhygbb� ���� fdf� k\_jom� fZ]gblZ�
^he`gh�[ulv�kha^Zgh�fZ]gblgh_�ihe_�a 7 Le�k�]jZ^b_glhf�a 1,4 Le�fdf��;eZ]h^Zjy�]jZ^b_g�
lm�ihey�y^_jgu_�j_ahgZgkgu_�qZklhlu�p_ihq_d�Zlhfh\�\�jZaebqguo�iZjZee_evguo�iehkdh�
klyo�\�djbklZee_�[m^ml�jZaebqgu��>ey�p_ihq_d�\�khk_^gbo�iehkdhklyo�jZaghklv�qZklhl�khklZ�
\bl�∆ω/2π = 19,2 d=p��<j_fy�j_eZdkZpbb�T2�hij_^_ey_lky�f_oZgbafhf�^bihev-^bihevgh]h�
mrbj_gby�b�_keb�^bihev-^bihevgh_�\aZbfh^_ckl\b_�ohjhrh�mkj_^gy_lky��lh�\j_fy�^_dh]_�
j_glbaZpbb�[m^_l�ijb[eb`Zlvky�d�kibg-j_r_lhqghfm�\j_f_gb�j_eZdkZpbb�T1��dhlhjh_�hij_�
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^_ey_lky� l_ieh\ufb� nemdlmZpbyfb� iZjZfZ]gblguo� ijbf_k_c� b� ^ey� ^hklZlhqgh� ohjhrh�
hqbs_gguo�djbklZeeh\�b�gbadbo�l_fi_jZlmjZo�fh`_l�^hklb]Zlv�qZkh\� 
Wdki_jbf_gl�^he`_g�\uihegylvky�\�\ukhdhf�\Zdmmf_��� 10

–5
 ff +J���Hkpbeeypbb�dZg�

lbe_\_jZ�fh]ml�^_l_dlbjh\Zlvky�k�ihfhsvx�hilh\hehdhggh]h�k_gkhjZ��Kqblu\Zgb_�ijhba�
\h^blky�ijb�pbdebq_kdhc�Z^bZ[Zlbq_kdhc�bg\_jkbb��dhlhjZy�fh^mebjm_l�gZfZ]gbq_gghklv�\�
iehkdhklb�y^_j�gZ�qZklhl_�ωm, [ebadhc�d�j_ahgZgkghc�qZklhl_�dZglbe_\_jZ��Y^_jgu_�kibgu�k�
j_ahgZgkghc� qZklhlhc�ωI ih^\_j]Zxlky�^_ckl\bx�jZ^bhqZklhlgh]h�ihey�� kha^Z\Z_fh]h�dZ�
lmrd_�bx = 2bcos{ [Ωcos(ωmt) + ωI]t`��]^_�Ω — qZklhlZ�ijhoh`^_gby��dhlhjZy�^he`gZ�[ulv�
f_gvr_�jZaghklb�j_ahgZgkguo�y^_jguo�qZklhl�khk_^gbo�p_ihq_d�∆ω��H^gh\j_f_ggh_�^_l_d�
lbjh\Zgb_�kb]gZeZ�hl�fgh]bo�iehkdhkl_c�\hafh`gh�ijb�mkeh\bb��_keb�baf_j_gb_�^ey�jZa�
ebqguo�iehkdhkl_c�ijhba\h^blky�gZ�jZaebqguo�qZklhlZo�fh^meypbb�ωm��K^_eZggu_�hp_gdb�
ihdZau\Zxl�� qlh� \� jZfdZo� ij_^eh`_ggh]h� \ZjbZglZ�fh`gh� j_Zebah\Zlv� m`_� ijb� kms_kl�
\mxs_c�qm\kl\bl_evghklb�fZ]gblgh-j_ahgZgkghc�kbeh\hc�fbdjhkdhibb�d\Zglh\u_�\uqbk�
e_gby�gZ�����dm[blZo�ijb�l_fi_jZlmjZo�T = 10 fD�b�iheyo�B = 20 Le� 
:gZeh]bqguc�\ZjbZgl�[ue�ij_^eh`_g�^ey�dj_fgb_\hc�kljmdlmju��\�dhlhjhc�gZ�djZx�l_�

jZkk�\�28Si�kha^Z\Zebkv�j_]meyjgu_�p_ihqdb�ba�Zlhfh\�29Si��y^_jgu_�kibgu�dhlhjuo�b]jZeb�
jhev�dm[blh\�>����@� 
<� >����@�\�dZq_kl\_� �djbklZeeZ��\�dhlhjhf�_kl_kl\_gguf�h[jZahf�kha^Zxlky�d\Zabh^gh�

f_jgu_� p_ihqdb� ba� ijhlhgh\�� ijbgZ^e_`Zsbo� ]b^jhdkbevguf� ]jmiiZf�� [ue� jZkkfhlj_g�
]b^jhdkbZiZlblZ�dZevpby��Ca5(PO4)3OH. 

Wlb�ko_fu�bf__l�^\Z�\Z`guo�ij_bfms_kl\Z�ih�kjZ\g_gbx�k�hibkZggufb�\ur_�\ZjbZg�
lZfb� l\_j^hl_evguo� YFJ� d\Zglh\uo� dhfivxl_jh\�� <h-i_j\uo�� bkdexqZxlky� ljm^ghklb��
k\yaZggu_� k� kha^Zgb_f� bkdmkkl\_gguo� gZghkljmdlmj� k� dhgljhebjm_fuf� jZkiheh`_gb_f�
Zlhfh\�k�y^_jgufb�kibgZfb��\h-\lhjuo��ij_^eZ]Z_fhf�\ZjbZgl_�bkihevamxlky�y^_jgu_�kib�
gu��dhlhju_�_kl_kl\_gguf�h[jZahf�hj]Zgbah\Zgu�\�djbklZeebq_kdhc�kljmdlmj_��<h-\lhjuo��
gZebqb_�^hklZlhqgh�[hevrh]h�ZgkZf[ey�kibgh\�iha\heyeh�[u�g_�[hylvky�ijh[e_f�kqblu\Z�
gby�b�bgbpbZebaZpbb�hl^_evguo�y^_jguo�kibgh\� 
Hkgh\ghc�g_^hklZlhd�wlh]h�\ZjbZglZ�k\yaZg�k�g_h[oh^bfhklvx�kha^Z\Zlv�hq_gv�[hev�

rb_�]jZ^b_glu�fZ]gblgh]h�ihey� 

2.7.3. :gkZf[e_\uc�YFJ�d\Zglh\uc�de_lhqguc�Z\lhfZl 

Hkgh\gu_�ijbgpbiu�ZgkZf[e_\h]h�\ZjbZglZ�l\_j^hl_evgh]h�d\Zglh\h]h�dhfivxl_jZ��jZ�
[hlZxs_]h� ih� ijbgpbim� de_lhqgh]h� Z\lhfZlZ, h[km`^Zebkv� \� jy^_� khh[s_gbc� >2.44–

����@��K�Eehc^�>����������@�jZkkfhlj_e�kbkl_fm�ba�^\momjh\g_\uo�d\Zglh\uo�we_f_glh\��dh�
lhjufb�fh]ml�[ulv�b�y^_jgu_�kibgu�k� I = �����bf_xsmx i_jbh^bq_kdmx kljmdlmjm�lbiZ�



 

 

127 

p_ihqdb�$%&$%&$%&…��]^_�$�%�&�—�ljb�jZaebqguo�lbiZ�y^_jguo�kibgZ�k�jZaebqZxsb�
fbky�j_ahgZgkgufb�qZklhlZfb��Ij_^iheZ]Z_lky��qlh�Zlhfu�k�y^_jgufb�kibgZfb�\g_^j_gu�\�
djbklZeebq_kdmx�j_r_ldm�g_dhlhjh]h�[_kkibgh\h]h�l\_j^h]h�l_eZ��Ij_^iheZ]Z_lky�lZd`_��
qlh�kbkl_fZ�y^_jguo�kibgh\�fh`_l�[ulv�bgbpbZebabjh\ZgZ��lh�_klv�i_j_\_^_gZ�dZdbf-eb[h�
kihkh[hf�\�gZqZevgh_�hkgh\gh_�khklhygb_� |0〉��Djhf_�lh]h��kibgu�jZkiheZ]Zxlky�gZ�lZdhf�
jZkklhygbb� ^jm]� hl� ^jm]Z�� dhlhjh_� h[_ki_qb\Z_l� gZebqb_� hij_^_e_ggh]h� \aZbfh^_ckl\by�
f_`^m�khk_^gbfb�kibgZfb�b��dZd�ke_^kl\b_��aZ\bkbfhklv�j_ahgZgkghc�qZklhlu�dZ`^h]h�kib�
gZ�hl�khklhygby�khk_^gbo�kibgh\��LZd��gZijbf_j��j_ahgZgkgZy�qZklhlZ�ωA kibgZ�$�ijbgbfZ�
_l�agZq_gb_� A

01ω ��_keb�kibg�&�ke_\Z�\�hkgh\ghf�khklhygbb����Z�kibg�%�kijZ\Z�—�\�\ha[m`�
^_gghf� �i_j_\_jgmlhf�� khklhygbb� ��� J_ahgZgkguc� π-bfimevk� gZ� qZklhl_� A

01ω  [m^_l�
i_j_\hjZqb\Zlv�h^gh\j_f_ggh \k_� kibgu�$�\�i_jbh^bq_kdhc� kljmdlmj_�� m�dhlhjuo�kibgu�
ke_\Z�b�kijZ\Z�gZoh^ylky��khhl\_lkl\_ggh��\�hkgh\ghf���b�\ha[m`^_gghf���khklhygbyo��Ijb�
wlhf�wlhl�ijhp_kk�y\ey_lky�h[jZlbfuf��AZf_lbf� qlh�\�hlebqb_�hl�ko_f��\�dhlhjuo�ij_^ih�
eZ]Z_lky�\dexq_gb_�beb�\udexq_gb_�\aZbfh^_ckl\by�^ey�dm[blh\��mqZkl\mxsbo�\�^\modm�
[blh\uo� hi_jZpbyo�� \� d\Zglh\uo� Z\lhfZlZo� \aZbfh^_ckl\b_�f_`^m� ex[ufb� khk_^gbfb�
dm[blZfb \k_]^Z�kms_kl\m_l�b�g_�ij_^iheZ]Z_l�gbdZdh]h�ehdZevgh]h�dhgljhey� 
DZ`^Zy�yq_cdZ�$%&�hibkZgghc�kljmdlmju�fh`_l�bkihevah\Zlvky�^ey�aZibkb�bgnhjfZpbb�

iml_f�baf_g_gby�khklhygby�h^gh]h�kibgZ��<�khklhygbb�eh]bq_kdh]h�dm[blZ�"0��\k_�y^_jgu_�
kibgu�yq_cdb�ba�lj_o�kibgh\�gZoh^ylky�\�hkgh\ghf�khklhygbb��Z�\�khklhygbb�dm[blZ��1" — 

h^bg�ba�kibgh\�yq_cdb�gZoh^blky�\�^hklZlhqgh�^he]h�`b\ms_f�g_hkgh\ghf�\ha[m`^_gghf�
khklhygbb��Hlf_lbf�bf_xsmxky�a^_kv�oZjZdl_jgmx�hkh[_gghklv��dh]_j_glgu_�kmi_jihab�
pbb�khklhygbc�eh]bq_kdbo�dm[blh\�\ujZ`Zxlky�q_j_a�dh]_j_glgmx�kmi_jihabpbx�lhevdh�
h^gh]h�ba�lj_o�y^_jguo�kibgh\�yq_cdb��Kdhjhklv�^_dh]_j_glbaZpbb�eh]bq_kdh]h�dm[blZ�hi�
j_^_ey_lky�kdhjhklvx�^_dh]_j_glbaZpbb�wlh]h�y^_jgh]h�kibgZ� 
AZibkZggZy�bgnhjfZpby�^Ze__�jZkijhkljZgy_lky�ihkj_^kl\hf�k^\b]h\h]h�f_oZgbafZ�de_�

lhqgh]h�Z\lhfZlZ��>ey�wlh]h�fh`_l�[ulv�bkihevah\Zg�dZkdZ^�mgblZjguo�hi_jZpbc�h[f_gZ�
SWAP: A ⇒ B, B ⇒ C, C ⇒ A, A ⇒ B…��^_ckl\mxsbo�h^gh\j_f_ggh�gZ�\k_�kibgu�\�
i_jbh^bq_kdhc� p_ihqd_�� GZijbf_j�� ihke_^h\Zl_evghklv� ba� π-bfimevkh\� k� j_ahgZgkgufb�
qZklhlZfb� B

10ω , B
11ω , A

01ω , A
11ω , B

10ω  B
11ω , ijhba\h^bl�i_j_^Zqm�bgnhjfZpbb�aZibkZgghc�gZ�kibg_�

A �khklhygb_����\�g_dhlhjhc�yq_cd_�$%&�iml_f�h[f_gZ�khklhygbyfb�f_`^m�ijbfudZxsb�
fb�kibgZfb�$�b�%��^ey�kibgZ�$�gZ�dhgp_�p_ihqdb�π-bfimevk�gZ�^jm]hc�qZklhl_��\h�\k_c�h^�
ghf_jghc�p_ihqd_��<�aZ\bkbfhklb�hl�lh]h��\�dZdhf�khklhygbb�gZoh^ylky�kibgu�&��lh�ba�r_k�
lb�bfimevkh\�jZ[hlZxl�lhevdh�h^gZ�ba�ljh_d�>����@. 



 

 

128 

<�lZdhc�ijhklhc�kbkl_f_�k�ihfhsvx�lhevdh�khhl\_lkl\mxs_c�ihke_^h\Zl_evghklb�bf�
imevkh\�fh`gh� \uihegblv� ex[mx�pbnjh\mx�b� d\Zglh\mx� eh]bq_kdmx� hi_jZpbx��<� wlhf�
kfuke_�lZdhc�d\Zglh\uc�dhfivxl_j�y\ey_lky�mgb\_jkZevguf. 

;he__�h[sZy�fh^_ev�l\_j^hl_evgh]h�ZgkZf[e_\h]h�YFJ�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�
[ueZ� hibkZgZ� \� khh[s_gbb� >��45@�� ]^_� jZkkfZljb\ZeZkv� i_jbh^bq_kdZy� kljmdlmjZ� lbiZ�
ABCABCABC…�\�^\mo-�b�lj_of_jguo�kljmdlmjZo�k�y^_jgufb�kibgZfb�lj_o�jZaebqguo�lb�
ih\��:lhfu�k�y^jZfb�I = ����\g_^j_gu�\�djbklZeebq_kdmx�j_r_ldm�g_dhlhjh]h�kh_^bg_gby�
k�[_kkibgh\ufb�y^jZfb��Djhf_�lh]h��djbklZee�kh^_j`bl�\kihfh]Zl_evgu_�ijbf_kgu_�Zlhfu�
'�k�y^_jguf�kibghf������jZkiheZ]Zxsb_ky�\[ebab�g_dhlhjuo�kibgh\�$��b�bf_xsb_�hlebq�
gmx� hl� \k_o� ^jm]bo� y^_jguo� kibgh\� j_ahgZgkgmx� qZklhlm��Bf�fh`_l� [ulv�� \� qZklghklb��
h^bg�ba�lj_o�Zlhfh\�hkgh\gh]h�khklZ\Z��_keb�hg�gZoh^blky�gZ�dhgp_�h^ghf_jghc�kljmdlmju��
]^_�hg�bf__l�lhevdh�h^gh]h�khk_^Z�k�h^ghc�klhjhgu��Wlhl�ijbf_kguc�Zlhf�[m^_l�kem`blv 
ihjlhf�^ey�\\h^Z�b�\u\h^Z�bgnhjfZpbb��Z�fZeh_�hdjm`_gb_�_]h�ba�^_kyldh\�$%&-_^bgbp�
[m^_l� h[jZah\u\Zlv� h^gm� �bkdmkkl\_ggmx� fhe_dmem�� k� ^_kyldZfb� dm[blh\� \� h^ghf_jghf�
kemqZ_��khklhygb_�dhlhjuo�dh^bjm_lky�lhevdh�gZ�lj_o�jZaebqguo�lbiZo�kibgh\��BgnhjfZpby�
\�lZdmx�kbkl_fm�\\h^blky�iml_f�mklZgh\e_gby�khhl\_lkl\mxs_]h�khklhygby�^ey�'-kibgh\��k�
dhlhjuo�hgZ�i_j_^Z_lky�k�ihfhsvx�hi_jZpbb�6:$3�khk_^gbf�$-kibgZf��<k_�hi_jZpbb�[m�
^ml�\uihegylvky�k_e_dlb\guf�h[jZahf�k�ihfhsvx�jZ^bhqZklhlguo�bfimevkh\��_keb�j_ah�
gZgkgu_�qZklhlu�^hklZlhqgh�jZaebqbfu��Ihke_�i_j_^Zqb�bgnhjfZpbb�'-kibg�\ha\jZsZ_lky�
\�k\h_�bkoh^gh_�hkgh\gh_�khklhygb_��Kqblu\Zgb_�khklhygby�ex[h]h�dm[blZ�\�wlhf�kemqZ_�
ij_^iheZ]Z_lky� hkms_kl\eylv� iml_f� i_j_^Zqb� bgnhjfZpbb� h� _]h� khklhygbb� dZdhfm-eb[h�
[eb`Zcr_fm�'-kibgm�b�ihke_^mxs_]h�baf_j_gby�_]h�khklhygby��?keb�i_j_clb�d�lj_of_j�
guf�e_]bjh\Zgguf�kljmdlmjZf��lh�[eb`Zcr__�hdjm`_gb_�dZ`^h]h�ijbf_kgh]h�ZlhfZ�'�\h�
\k_o�lj_o�baf_j_gbyo�fh`_l�kh^_j`Zlv [he__�lukyqb dm[blh\��G_aZ\bkbfu_�YFJ�d\Zglh�
\u_�dhfivxl_ju�gZ�lZdbo�bkdmkkl\_gguo�fhe_dmeZo�ijb�\uiheg_gbb�\k_o�hi_jZpbc�[m^ml�
jZ[hlZlv�iZjZee_evgh��hkms_kl\eyy� l_f� kZfuf�ZgkZf[e_\uc�ijbgpbi�jZ[hlu�d\Zglh\h]h�
dhfivxl_jZ� 
Ijb�^hklZlhqgh�gbadbo�l_fi_jZlmjZo��dh]^Z�\k_�kibgu�gZoh^ylky�\�gZqZevguc�fhf_gl�\�

hkgh\ghf�khklhygbb��bgbpbZebabjh\Zgu���\�lZdhf�YFJ�d\Zglh\hf�dhfivxl_j_�g_�\hagbdZ_l�
ljm^ghkl_c�� k\yaZgguo� k� wdkihg_gpbZevguf� mf_gvr_gb_f�baf_jy_fh]h� kb]gZeZ� k� jhklhf�
qbkeZ�dm[blh\�\��fhe_dme_���>Z`_�ijb�[he__�\ukhdbo�l_fi_jZlmjZo�YFJ�d\Zglh\uc�Z\lhfZl�
y\ey_lky�ohjhrbf�dZg^b^Zlhf�^ey�kha^Zgby�fgh]hdm[blh\h]h�d\Zglh\h]h�dhfivxl_jZ�ijb�
bkihevah\Zgbb�f_lh^h\�^bgZfbq_kdhc�iheyjbaZpbb�y^_jguo�kibgh\��ihkdhevdm�g_�ihlj_[m�
_lky�dhgp_gljZpbb� khhl\_lkl\mxsbo�\ha^_ckl\bc�\�fZeuo�h[eZklyo�gZghf_ljh\uo�jZaf_�
jh\��dZd�\�\ZjbZglZo�dhfivxl_jh\�k�bg^b\b^mZevguf�h[jZs_gb_f�d�dm[blZf� 
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>_l_dlbjh\Zgb_� khklhygby� '-kibgh\� \� ^hklZlhqgh� [hevrhf� ZgkZf[e_� �bkdmkkl\_gguo�
fhe_dme��\hafh`gh�ijhba\h^blv�k�ihfhsvx�f_lh^h\�YFJ� 
K�;_g`Zfbg�[2.47] ihdZaZe��qlh�^ey�ihkljh_gby�d\Zglh\h]h�dhfivxl_jZ��jZ[hlZxs_]h�gZ�

ijbgpbi_�de_lhqgh]h�Z\lhfZlZ��^hklZlhqgh lhevdh�^\mo jZaguo�lbih\�^\momjh\g_\uo�we_�
f_glh\�—�nbabq_kdbo�dm[blh\�$�b� %��\�qZklghklb�� y^_jguo�kibgh\��hlebqZxsboky�j_ah�
gZgkgufb�qZklhlZfb��Imklv�dZ`^uc�kibg�bf__l�hkgh\gh_�|↓〉 b�\ha[m`^_ggh_�|⇑〉 khklhygby��
dhlhju_�fh]ml�h[jZah\u\Zlv�b�d\Zglh\mx�kmi_jihabpbx��<�bkoh^ghf�khklhygbb�khklhygby�
\k_o�kibgh\�bgbpbZebabjh\Zgu��lh�_klv�\ky�kljmdlmjZ�gZoh^blky�\�khklhygbb�↓A↓B↓A…↓〉, 

ih^h[ghf�^\moih^j_r_lhqghfm�n_jjhfZ]g_lbdm��>ey�dh^bjh\Zgby�[blh\�d\Zglh\hc�bgnhj�
fZpbb�a^_kv�ij_^eZ]Z_lky�bkihevah\Zlv�khklhygb_�g_�lj_o��Z�q_luj_o�ijbfudZxsbo�kibgh\��
LZd�eh]bq_kdb_�khklhygby��|0〉��b��|1〉��ij_^klZ\eyxlky�khklhygbyfb�yq_cdb�ba ^\mo�iZj kib�
gh\�� khhl\_lkl\_ggh�� |⇑A⇑B↓A↓B〉 b� |↓A↓B⇑A⇑B〉��Bkihevah\Zgb_�hi_jZpbc� 6:$3�gZ�hkgh\_�
khhl\_lkl\mxsbo�ihke_^h\Zl_evghkl_c�jZ^bhqZklhlguo�bfimevkh\�iha\hey_l�b�\�wlhf�kem�
qZ_�\uihegylv�dZd�h^ghdm[blh\u_�lZd�b�^\modm[blh\u_�hi_jZpbb� 
<�dZq_kl\_�ihjlZ��]^_�\\h^blky�b�\u\h^blky�bgnhjfZpby��fh`_l�[ulv�bkihevah\Zg�g_dh�

lhjuc�^hghjguc�Zlhf�k�hlebqZxsbcky�j_ahgZgkghc�qZklhlhc�beb�aZl\hj�gZ^�khhl\_lkl\mx�
sbf�bkoh^guf�^hghjhf��k�ihfhsvx�dhlhjh]h�dhgljhebjm_lky�_]h�j_ahgZgkgZy�qZklhlZ� 
LZdbf�h[jZahf��e_]bjh\Zgb_�ijbf_kyfb�lj_of_jghc�k\_joj_r_ldb�ba�y^_jguo�kibgh\�ih�

a\hey_l�kha^Zlv�l\_j^hl_evgu_�d\Zglh\u_�Z\lhfZlu�k�\ukhdhc�bgl_]jZpb_c��\�dhlhjuo�
\_kv�djbklZee�[m^_l�ij_^klZ\eylv�kh[hc�[hevrhc�ZgkZf[ev�b^_glbqguo�iZjZee_evgh�jZ[h�
lZxsbo�d\Zglh\uo�dhfivxl_jh\� 
AZf_lbf��qlh�\ZjbZgl�k�q_j_^mxsbfbky�j_ahgZgkgufb�qZklhlZfb��gh�k�h^bgZdh\uf�

gZijZ\e_gb_f�y^_jguo� kibgh\��gZ�gZr�\a]ey^��g_�ijb]h^_g��ihkdhevdm�ba-aZ�gZebqby�hl�
ebqghc� hl� gmey� iheghc� gZfZ]gbq_gghklb�� kbkl_fZ� [m^_l� qm\kl\bl_evgZ� d� kemqZcguf�
\g_rgbf�fZ]gblguf�iheyf�b�]jZgbqguf�mkeh\byf. 

?keb�qbkeh�kibgh\-dm[blh\��ijboh^ysboky�gZ�h^bg�ihjl� �wlh�b�_klv�qbkeh�dm[blh\�L \�
wlhf�kemqZ_��\�ebg_cghc�p_ihqd_�jZ\gh�����lh�\�^\mof_jghf�b�lj_of_jghf�kemqZyo��khhl\_l�
kl\_ggh��bo�qbkeh�[m^_l�����b�������:gkZf[ev�[hevrh]h�qbkeZ�N lZdbo�^\mof_jguo�b�lj_o�
f_jguo�iZjZee_evgh�jZ[hlZxsbo��bkdmkkl\_gguo�fhe_dme��\�wlhf�kemqZ_�iha\hebl�h[_ki_�
qblv�\\_^_gb_�b�kqblu\Zgb_��baf_j_gb_��bgnhjfZpbb�ZgkZf[e_\ufb�f_lh^Zfb�� 
<�jZkkfhlj_gguo�\ZjbZglZo�hkgh\guf�l_ogheh]bq_kdbf�ijhp_kkhf�y\ey_lky�\ujZsb\Z�

gb_�khhl\_lkl\mxsbo�djbklZeebq_kdbo�kljmdlmj��Jhev�gZghl_ogheh]bb�k\h^blky�d�fbgbfm�
fm��gZijbf_j��^ey�kha^Zgby�lhevdh�aZl\hjh\�gZ^�ZlhfZfb��b]jZxsbfb�jhev�ihjlh\�beb�^ey�
\g_^j_gby�Zlhfh\�k�hlebqZxs_cky�y^_jghc�j_ahgZgkghc�qZklhlhc��kem`Zsbo�^ey�ZgkZf[e_�
\h]h�\\h^Z�b�\u\h^Z�bgnhjfZpbb� 
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Ij_bfms_kl\Z�ZgkZf[e_\h]h�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�ih�kjZ\g_gbx�k�ZgkZf[e_�
\uf�\ZjbZglhf�k�ihehkdh\ufb�aZl\hjZfb�khklhbl�\�ke_^mxs_f� 
Z��Hlkmlkl\b_�kbkl_fu�mijZ\eyxsbo�aZl\hjh\�kms_kl\_ggh�mijhsZ_l�l_ogheh]bx�ba]h�

lh\e_gby�kljmdlmju�dhfivxl_jZ�b�bkdexqZ_l�h^bg�ba�k\yaZgguo�k�gbfb�kms_kl\_gguo�bk�
lhqgbdh\�^_dh]_j_glbaZpbb� 
[��Dh^bjh\Zgb_�eh]bq_kdbo�dm[blh\�gZ�q_luj_o�nbabq_kdbo�dm[blh\�h[_ki_qb\Z_l�[he__�

\ukhdmx�kl_i_gv�ihf_ohaZsbs_gghklb�ijh\h^bfuo�eh]bq_kdbo�hi_jZpbc� 
I_j_oh^�d�ko_f_�d\Zglh\uo�de_lhqguo�Z\lhfZlh\�iha\hey_l�ij_h^he_lv�q_l\_jlmx�b�iy�

lmx�ljm^ghklb�ko_fu�D_cgZ 
D�g_^hklZldZf�fh`gh�hlg_klb�kjZ\gbl_evgh�keh`gmx�hj]ZgbaZpbx�eh]bq_kdbo�hi_jZ�

pbc�gZ^�eh]bq_kdbfb�dm[blZfb� 

AZdexq_gb_��<ZjbZgl�l\_j^hl_evgh]h�YFJ�ZgkZf[e_\h]h�d\Zglh\h]h�dhfivxl_jZ�k�^\mo�
f_jguf�we_dljhgguf�]Zahf�lj_[m_l�bkihevah\Zgby�\ukhdhlhqghc�gZghl_ogheh]bb��d\Zglh�
\u_�yfu�b�kbkl_fu�ihehkdh\uo�aZl\hjh\���Z�\ZjbZglu�gZ�_kl_kl\_gguo�djbklZeeZo�ij_^ih�
eZ]Zxl�bkihevah\Zlv�kebrdhf�[hevrb_�]jZ^b_glu�fZ]gblgh]h�ihey� 
;he__� i_jki_dlb\guf� ij_^klZ\ey_lky� gZijZ\e_gb_� ih� jZajZ[hld_� ZgkZf[e_\uo� l\_j^h�

l_evguo�YFJ�d\Zglh\uo�dhfivxl_jh\�k�bkihevah\Zgb_f�ijbgpbih\�d\Zglh\h]h�de_lhqgh�
]h�Z\lhfZlZ��dhlhjh_�ihl_gpbZevgh�^himkdZ_l�hldZa�hl�kha^Zgby�j_]meyjguo�gZghkljmdlmj�
\�\b^_�p_ihqdb�aZl\hjh\� 

�����Ijh[e_fu�j_ZebaZpbb�ZgkZf[e_\h]h�dj_fgb_\h]h 
YFJ�d\Zglh\h]h�dhfivxl_jZ�k�ihehkdh\ufb�aZl\hjZfb 

<�wlhf�jZa^_e_�baeZ]Zxlky�j_amevlZlu�bkke_^h\Zgbc�hkgh\guo�ijh[e_f��klhysbo�gZ�imlb�
j_ZebaZpbb�ZgkZf[e_\uo�YFJ�d\Zglh\uo�dhfivxl_jh\�k�ihehkdh\ufb�aZl\hjZfb�b�ihdZau�
\Zxlky�bo�ij_bfms_kl\Z�i_j_^�ko_fhc�D_cgZ�k�bg^b\b^mZevguf�h[jZs_gb_f�d�dm[blZf� 

2.8.1. Dj_fgb_\uc�ZgkZf[e_\uc�YFJ�d\Zglh\uc�dhfivxl_j 

k�ihehkdh\ufb�aZl\hjZfb 

<�dZq_kl\_�Zevl_jgZlb\gh]h�\ZjbZglZ�dj_fgb_\h]h�fgh]hdm[blh\h]h�d\Zglh\h]h�dhfivx�
l_jZ��iha\heyxs_]h�ij_h^he_lv�jy^� ljm^ghkl_c� ko_fu�D_cgZ��gZfb�[ueh�ij_^eh`_gh�bk�
ihevah\Zlv�dj_fgb_\mx�kljmdlmjm��kh^_j`Zsmx�^hklZlhqgh�[hevrhc�ZgkZf[ev�h^bgZdh�
\uo� ©bkdmkkl\_gguo�fhe_dmeª�D_cgZ� >����� 2,26, 2,2, ������ ����@� k� kbkl_fhc�q_j_^mxsboky�
ihehkdh\uo��\�hlebqbb�hl�fh^_eb�D_cgZ��aZl\hjh\�rbjbghc�≤ 10 gf�lbiZ�A b�J k�^\mof_j�
ghc�i_jbh^bq_kdhc�kljmdlmjhc�ba�^hghjguo�Zlhfh\�31P. 
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Jbk� 2.5. Ko_fZ�jZkiheh`_gby�^hghjguo�Zlhfh\�31P�ih^�ihehkdh\ufb�aZl\hjZfb��Bah[jZ`_�
gu�^\_�yq_cdb�d\Zglh\h]h�j_]bkljZ�^ey�lj_o�we_f_glh\�ZgkZf[ey� 

>hghjgu_�Zlhfu�jZkiheZ]Zxlky�\^hev�ihehkdh\uo�aZl\hjh\�A�gZ�jZkklhygbb� ly ^jm]�hl�
^jm]Z��jZkklhygb_�f_`^m�ZlhfZfb�gZoh^ysboky�ih^�khk_^gbfb�ihehkdh\ufb�aZl\hjZfb�lbiZ�
A bf__l�lh�`_�agZq_gb_�lx ~ 20 gf��Wlb�Zlhfu�h[jZamxl�h^ghdm[blh\uc�ZgkZf[ev��j_ahgZgk�
gmx�qZklhlm�\k_o�dm[blh\�\�dhlhjhf�ij_^iheZ]Z_lky�gZkljZb\Zlv�iml_f�baf_g_gby�ihl_g�
pbZeZ�gZ�aZl\hj_�A��Z�iml_f�baf_g_gby�ihl_gpbZeZ�gZ�aZl\hjZo�J�\dexqZlv�b�\udexqZlv�dhk�
\_ggh_�\aZbfh^_ckl\b_�f_`^m�khk_^gbfb�h^ghdm[blh\ufb�ZgkZf[eyfb��Jbk� ������Ijb�wlhf�
fh`gh�h`b^Zlv��qlh�ba-aZ�ZgkZf[e_\h]h�mkj_^g_gby��\�agZqbl_evghc�kgbfZxlky�ljm^ghklb��
k\yaZggu_�k�g_j_]meyjghc�hkpbeebjmxs_c�aZ\bkbfhklvx�ihklhygghc�J hl�jZkklhygby�lx�f_�
`^m�ihehkdh\ufb�aZl\hjZfb� 
A^_kv�\hafh`gu�^\Z�kemqZy: 

1. Ijb�agZq_gbb� ly >> l��dh]^Z�dhk\_ggh_�kibgh\h_�\aZbfh^_ckl\b_�f_`^m�we_dljhggufb�
kibgZfb�^hghjguo�Zlhfh\�\^hev�ihehkdh\uo�aZl\hjh\��hkv y��ij_g_[j_`bfh�fZeh��lh�_klv�
J(ly) < T<< &S, J(l��j_]meyjghklv�jZkiheh`_gby�p_ihq_d�^hghjh\�\^hev�gZijZ\e_gby�hkb�y 

g_�b]jZ_l�kms_kl\_gghc�jheb��LZdZy�kljmdlmjZ�jZkiZ^Z_lky�gZ�kbkl_fm�g_aZ\bkbfuo�p_ihq_d�
dm[blh\�\^hev�hkb x��Hgb�h[jZamxl�ZgkZf[ev�iZjZee_evgh�^_ckl\mxsbo�dhibc�wd\b\Z�
e_glguo� ©bkdmkkl\_gguo�fhe_dmeª�D_cgZ��we_dljhggu_�kibgu�\�dhlhjuo�\�gZqZevghf�kh�
klhygbb� hjb_glbjh\Zgu� ih� ihex�� Ijb� l_fi_jZlmjZo� ihjy^dZ� � fD� \k_� y^_jgu_� kibgu-

dm[blu�[m^ml�gZoh^blvky�\�h^bgZdh\uo�hkgh\guo�khklhygbyo��hij_^_ey_fuo�\g_rgbf�ih�
e_f�b�k\_jolhgdbf�\aZbfh^_ckl\b_f� 
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Kb]gZe�gZ�\uoh^_�\�lZdhc�kbkl_f_�[m^_l�ijhihjpbhgZe_g��dZd�b�\�kemqZ_�`b^dhkl_c��qbk�
em��fhe_dme��beb�qbkem�^hghjguo�Zlhfh\�ih^�ihehkdh\ufb�aZl\hjZfb�A��dhlhjuc�^ey�^hk�
lZlhqgh�[hevrh]h�ZgkZf[ey�iZjZee_evgh�jZ[hlZxsbo p_ihq_d��dZd�[m^_l�gb`_�ihdZaZgh��
fh`_l�[ulv ^hklmi_g�baf_j_gbx�klZg^Zjlgufb�f_lh^Zfb YFJ� 

2. ;he__� keh`gZy� kblmZpby� \hagbdZ_l� \� kemqZ_�� dh]^Z� ly < l�� lh� _klv��
J(ly) >> &e, J(l) > kT b�h[f_ggh_�\aZbfh^_ckl\b_�f_`^m�we_dljhggufb�kibgZfb�\^hev�ih�
ehkdh\uo� aZl\hjh\� kihkh[kl\m_l� h[jZah\Zgbx� bkdmkkl\_gguo� ^\mof_jguo� ^hghjguo�
kljmdlmj� k� d\Zabh^ghf_jgufb� Zglbn_jjhfZ]gblgh� mihjy^hq_ggufb� p_ihqdZfb� \^hev�
hkb�y��h[jZamy�^\_�d\Zabh^ghf_jgu_�fZ]gblgu_�ih^j_r_ldb��Ijb�l_fi_jZlmjZo�agZqbl_evgh�
[he__� gbadbo�� q_f� djblbq_kdZy� l_fi_jZlmjZ�G__ey� \� lZdhc� p_ihqd_�TNS~ J(ly)��fu�bf__f�
fZdjhkdhibq_kdh_�we_dljhggh_�kibgh\h_�d\Zglh\h_�khklhygb_� 
Ijb�gZebqbb�\g_rg_]h�ihey��gZijZ\e_ggh]h�ih�h^ghfm�ba�gZijZ\e_gbc�gZfZ]gbq_gghklb�

ih^j_r_lhd�� y^_jgu_� j_ahgZgkgu_� qZklhlu� khk_^gbo� y^_jguo� kibgh\�&A [m^ml� jZaebqgu�
^ey� dZ`^hc� ba� fZ]gblguo� h^ghf_jguo� ih^kbkl_f� ih^� ihehkdh\uf� aZl\hjhf��
&A

± = &I ± A/2�� Z� hjb_glZpby� y^_jguo� kibgh\�[m^_l�� khhl\_lkl\_ggh��eb[h�ih�ihex��
_keb�&I > A����eb[h�ih�gZijZ\e_gbx�we_dljhggh]h�kibgZ��_keb�&I  < A/2. 

J_amevlbjmxsbc�kb]gZe�YFJ�ijb�gZkljhcd_�gZ�h^gm�ba�qZklhl &A
± [m^_l�ijhihjpbhgZ�

e_g�iheh\bg_�qbkeZ�y^_jguo�kibgh\�\�Zglbn_jjhfZ]gblghc�p_ihqd_�beb�iheh\bg_�qbkeZ�^h�
ghjguo�Zlhfh\�ih^�aZl\hjhf�A. 

Y^_jgu_�kibgu�ij_p_kkbjmxl�\�j_amevlbjmxs_f�ihe_�kh�keZ[h�dhjj_ebjh\Zggufb�nZ�
aZfb�b�g_�h[jZamxl�qbklh]h�fZdjhkdhibq_kdh]h�d\Zglh\h]h�khklhygby��>ey�bgbpbZebaZpbb 

bkoh^gh]h�khklhygby�y^_jguo�kibgh\�gm`gh�kha^Zlv�^hklZlhqgh�gbadmx�kibgh\mx�l_fi_jZ�
lmjm� 
Ijb�J(l) << &S we_dljhggu_�kibgu�\�^\mo�p_ihqdZo�D�b�E�ih^�khk_^gbfb�ihehkdh\ufb�

aZl\hjZfb�\�hkgh\ghf� khklhygbb�[m^ml�bf_lv�h^bgZdh\mx�hjb_glZpbx� �ljbie_lgu_�we_d�
ljhggu_� khklhygby�iZj� k�S = 1, M = Ma + Mb = –���Jbk� ������bgZq_� ]h\hjy��hkgh\gu_�
khklhygby�we_dljhgguo�kibgh\�khk_^gbo�Zglbn_jjhfZ]gblgh�mihjy^hq_gguo�p_ihq_d�[m^ml�
\�nZa_� 
Imklv� l_i_jv� y^_jgu_�kibgu�khk_^gbo�p_ihq_d�[eZ]h^Zjy�jZaebqbx�ihklhygguo�k\_jo�

lhgdh]h�\aZbfh^_ckl\by�Aa/2 < &S  < Ab����jZagu_�we_dljbq_kdb_�ihl_gpbZeu�gZ�aZl\hjZo�
A�� mihjy^hq_gu� ih-jZaghfm�� <� p_ihqd_� D� \k_� hjb_glbjh\Zgu� ih� gZijZ\e_gbx� ihey� B 

(ma = �������Z�\�khk_^g_c�p_ihqd_�E�—�ih�gZijZ\e_gbx�we_dljhggh]h�kibgZ��lh�_klv�^ey�ih�
eh\bgu�iZj�y^_jguo�kibgh\�ba�khk_^gbo�p_ihq_d�bf__l�f_klh�ma = mb = �����Z�^ey�^jm]hc�
iheh\bgu�ma = –mb = �����Iml_f�Z^bZ[Zlbq_kdh]h�m\_ebq_gbb�iZjZf_ljZ�J k�ihfhsvx�ih�
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l_gpbZeZ� gZ�ijhf_`mlhqghf�ihehkdh\hf� aZl\hj_� J��ijb�ijhoh`^_gbb� lhqdb�i_j_k_q_gby�
we_dljhgguo� mjh\g_c�� ljbie_lgu_� we_dljhggu_� iZju� ^\mo� khk_^gbo� p_ihq_d� i_j_c^ml� \�
kbg]e_lgh_� khklhygb_� k�S = 0, Ma + Mb = ��� lh� _klv� ^\_� Zglbn_jjhfZ]gblgu_�p_ihqdb�
hdZau\Zxlky�k^\bgmlufb�^jm]�hlghkbl_evgh�^jm]Z�gZ�iheh\bgm�i_jbh^Z��[m^ml�\�ijhlb\h�
nZa_���<� lh�`_�\j_fy� we_dljhg-y^_jgu_�iZju�^\mo�khk_^gbo�p_ihq_d�fh]ml�i_j_oh^blv�ba�
h^gh]h�khklhygby�\�^jm]h_�Zglbi_j_k_dZxs__ky�khklhygb_�k�h^gbf�b�l_f�`_�agZq_gb_f�ihe�
ghc�ijh_dpbb�\k_o�kibgh\��m + M = ma + mb + Ma + Mb ^\mfy�kihkh[Zfb��khhl\_lkl�
\mxsbfb�^\mf�agZq_gbyf�m + M = 0, –���Khhl\_lkl\_ggh��eb[h�iheh\bgZ�y^_jguo�kib�
gh\�D�\�iZjZo�k�ma + mb = ��[m^ml�i_j_oh^blv�ba�khklhygby�ma = ����\�khklhygb_�ma = –

1/2 (ma + mb = 0 ⇒ ma + mb = –���� eb[h� iheh\bgZ� y^_jguo� kibgh\� E� \� iZjZo� k�
ma + mb = �� [m^_l� i_j_oh^blv� ba� khklhygby� mb = 1/2� \� khklhygb_� mb–1/2 

(ma + mb = 1 ⇒ ma + mb = ����<�j_amevlZl_�\�i_j\hf�kemqZ_�y^_jgu_�kibgu�\�p_ihqd_�
D�hdZ`mlky�hjb_glbjh\Zggufb�\�nZa_�kh�kibgZfb�\�p_ihqd_�E��Z�\h�\lhjhf�kemqZ_��\k_�kibgu�
p_ihqdb�E�[m^ml�bf_lv�hjb_glZpbx��ijhlb\hiheh`gmx�h^bgZdh\h�hjb_glbjh\Zgguf�kibgZf�
p_ihqdb� D��K�ihfhsvx� k_e_dlb\gh]h�jZ^bhqZklhlgh]h�π-bfimevkZ��gZkljh_ggh]h�gZ�j_ah�
gZgkgmx�qZklhlm�h^ghc�ba�ih^j_r_lhd�y^_jguo�kibgh\��fh`gh�[m^_l�bg\_jlbjh\Zlv�khklhy�
gb_�khhl\_lkl\mxs_c�iheh\bgu�y^_jguo�kibgh\�\�p_ihqd_�b�l_f�kZfuf�\u[bjZlv�imlb�ij_�
h[jZah\Zgby�khklhygby�y^_jghc�kbkl_fu�ijb�Z^bZ[Zlbq_kdhf�baf_g_gbb�iZjZf_ljZ�J. 

Ijb� h^bgZdh\uo� agZq_gbyo� ihklhygguo�A y^_jgu_� kibgu� \� aZ\bkbfhklb� hl� \_ebqbgu�
\g_rg_]h�ihey�[m^ml�hjb_glbjh\Zgu�\�khk_^gbo�p_ihqdZo�eb[h�ih�ihex��eb[h�ih�gZijZ\e_�
gbx�we_dljhggh]h�kibgZ��<�h[hbo�kemqZyo��_keb�iZju�we_dljhgguo�kibgh\�ba�khk_^gbo�p_�
ihq_d�gZoh^ylky�\�ljbie_lghf�khklhygbb��lh�b�y^_jgu_�kibgu�lh`_�[m^ml�\�ljbie_lghf�kh�
klhygbb��I_j_oh^�iZj�we_dljhgguo�kibgh\�ba�ljbie_lgh]h�\�kbg]e_lgh_�khklhygb_�\�wlhf�
kemqZ_�[m^_l�ijhbkoh^blv�_^bgkl\_gguf�iml_f��khijh\h`^Zxsbfky� �i_j_oh^hf�iZj�y^_j�
guo�kibgh\�ba�ljbie_lgh]h�khklhygby�ma + mb = ��\�kbg]e_lgh_�khklhygb_�ma + mb = 0. 

IZj_�we_dljhgh\�\�kbg]e_lghf�khklhygbb�wg_j]_lbq_kdb�[he__�\u]h^guf�fh`_l�hdZaZlvky�
[ulv�gZ�h^ghf�^hghjghf�Zlhf_��b�lh]^Z�wlh�ijb\_^_l�d�jZajmr_gbx�Zglbn_jjhfZ]gblgh]h�
ihjy^dZ�\�p_ihqdZo� 
Hkgh\gu_�g_^hklZldb�jZkkfhlj_ggh]h�ZgkZf[e_\h]h�\ZjbZglZ��dZd�b�fh^_eb�D_cgZ��k\y�

aZgu�k�gZebqb_f�kbkl_fu�aZl\hjh\��nemdlmZpbb�gZijy`_gby�gZ�dhlhjuo�y\eyxlky�h^gbf�ba�
kms_kl\_gguo�f_oZgbafh\�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc��Djhf_�lh]h��gZebqb_�aZ�
l\hjh\�fh`_l�\ebylv�gZ�bgl_gkb\ghklv�b�nhjfm�jZ^bhqZklhlguo�bfimevkh\��\uau\Zlv�^h�
ihegbl_evguc�k^\b]�j_ahgZgkguo�qZklhl�b�l_f�kZfuf�kgb`Zlv�lhqghklv�\uiheg_gby�eh]b�
q_kdbo� hi_jZpbc�� GZdhg_p�� ^ey� j_ZebaZpbb� jZkkfZljb\Z_fhc� kljmdlmju� ba� ihehkdh\uo�
aZl\hjh\�ih-ij_`g_fm�lj_[m_lky�gZghl_ogheh]by�k�jZaj_r_gb_f�ihjy^dZ 1 gf� 
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2.8.2. Hlghr_gb_�kb]gZe-rmf�\�ZgkZf[e_\hf�`b^dhklghf 

YFJ�d\Zglh\hf�dhfivxl_j_ 
>ey�baf_j_gby�khklhygbc�y^_jguo�kibgh\-dm[blh\�\�`b^dhklguo�YFJ�dhfivxl_jZo�bk�

ihevam_lky�klZg^ZjlgZy�l_ogbdZ�YFJ��jZ[hlZxsZy�ijb�dhfgZlguo�l_fi_jZlmjZo��Jbk� 2.6). 

H[jZa_p�\�\b^_�Zfimeu�k�`b^dhklguf�ZgkZf[e_\uf�j_]bkljhf�ihf_sZ_lky�\�ihe_�ihklhyg�
gh]h�fZ]gblZ�B�b�i_j_f_ggh_��ebg_cgh�iheyjbah\Zggh_�\�h^ghkhe_ghc^ghc�ko_f_��ihe_�b(t), 

kha^Z\Z_fh_�gZijy`_gb_f�V&(t) 

 B(t) = B + b(t) = Bk + 2bcos(&W +3 )i. (2.47) 

k  

S                                             Vω 

                                                                                                                    i  

L s                                                         R             C                  r               V ( t)  

V s 

N   

Jbk� �����IjbgpbibZevgZy�h^ghkhe_ghb^gZy�ko_fZ�YFJ�ki_dljhf_ljZ� Ls = µ0(KA)2/Vs — 
bg^mdlb\ghklv�khe_ghb^Z�j_ahgZgkgh]h�dhglmjZ� Vs — h[t_f�khe_ghb^Z��K — qbkeh�b�A — 

iehsZ^v�\bldZ�khe_ghb^Z��µ0 = 4π· 10–1 Le2kf3�>`� 

:fieblm^Z� bg^mpbjh\Zggh]h� jZ^bhqZklhlgh]h� gZijy`_gby�V(t��� gZ� \uoh^_�YFJ� ki_d�
ljhf_ljZ�hij_^_ey_lky�\ujZ`_gb_f��\�_^bgbpZo�KB� 

 V(t) = µ0 QsKA dMx/dt = 
A

ssRVQ

ω
µ0  dMx/dt (2.48) 

]^_�^ey�j_ahgZgkghc�jZ^bhqZklhlu�ω = ωA = (LsC)–1/2, Qs = R/(ωALs) > 102 — ^h[jhl�
ghklv�j_ahgZgkgh]h�dhglmjZ�\�ko_f_�k�iZjZee_evguf�kh_^bg_gb_f�\uoh^gh]h�khijhlb\e_�
gby�k�j_ahgZgkguf�dhglmjhf��Jbk� 2.4).  

FZdkbfZevgh_� agZq_gb_� kqblu\Z_fhc� y^_jghc� gZfZ]gbq_gghklb�Mx� �^ey� g_ij_ju\ghc�
kj_^u��ijb�j_ahgZgkghf�mkeh\bb�ω = ωA��dZd�wlh�ke_^m_l�ba�ZgZebaZ�j_r_gbc�mjZ\g_gbc�
;ehoZ�>����@��hij_^_ey_lky�\_ebqbghc�Zfieblm^u�jZ^bhqZklhlgh]h�ihey�b = 1/(γI I||ITT⊥⊥ ��b�
khklZ\ey_l�Mxmax = Mz0/2 = γI�(N/Vs)P0����]^_�P0 —�\_ebqbgZ�jZ\gh\_kgh]h�agZq_gby�\_dlhjZ�
;ehoZ��N —�qbkeh�y^_jguo�kibgh\�\�h[t_f_�Vs. 

<�kemqZ_�^hghjguo�Zlhfh\� 31P�b�ijb��S��I >> X jZ\gh\_kgh_�agZq_gb_�\_dlhjZ�;ehoZ�Pz0 

hij_^_ey_lky�gZk_e_gghklyfb�khklhygbc��khhl\_lkl\mxsbo�^\mf�gb`gbf�mjh\gyf��Jbk� 2.2) 
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 |0, 0〉 = α  |9S;I〉 – α−1  |;S9I〉,     |1,–1〉 = |;S;I〉 , (2.49) 

hl\_qZxsbo�h^ghfm�b�lhfm�`_�agZq_gbx�d\Zglh\h]h�qbkeZ�we_dljhggh]h�kibgZ�M = – 1/2. 

<_jhylghklb�g_aZ\bkbfh]h�aZiheg_gby�wlbo�mjh\g_c�h^gh\j_f_ggh�\k_fb�L�dm[blZfb�bf_xl�
ke_^mxsbc�\b^ 

 (p(0, 0))L = 
L

AA

A

kTkT

kTL

)2/exp()2/(exp(

)2/exp(
++++

++

−−++ ωω
ω

!!
!

 , (2.50) 

 (p(1,–1))L = 
L

AA

A

kTkT

kTL

)2/exp()2/(exp(

)2/exp(
++++

++

−−++
−−

ωω
ω

!!
!

 . (2.51) 

FZdkbfZevgh�\hafh`gh_�agZq_gb_�iheyjbaZpbb�y^_jguo�kibgh\��hlg_k_ggh_�d�h^ghfm�
we_f_glm� ZgkZf[ey�L-dm[blh\uo� kbkl_f��hij_^_eyxs__�fZdkbfZevgh�\hafh`gh_� agZq_gb_�
bgl_gkb\ghklb�kb]gZeZ�YFJ�\�ZgkZf[e_\hf�\ZjbZgl_�d\Zglh\h]h�dhfivxl_jZ�ijb�dhg_qguo�
l_fi_jZlmjZo��hij_^_ey_lky�\ujZ`_gb_f�>����������@ 
 Pz max =〈0,0|1z|0,0〉 (p(0, 0))L  + 〈1,–1| 1z|1,–1〉 (p(1,–1))L, (2.52) 

]^_�fZljbqgu_�we_f_glu 

 〈0,0|1z|0,0〉 = 1 – 2. = 
21 X

X

++
,     〈1,–1| 1z|1,–1〉 = – 1 . (2.53) 

<�j_amevlZl_�ihemqbf�Pzm = ε(L���]^_�iZjZf_lj 

 ε(L) = 



−−

−−++++
++++

++

L
AA

A

kTkT

kTL

X

X

))2/exp()2/(exp(

)2/exp(

1 2 ωω
ω

!!
!

 

 


−−++

−−−− ++++

++

L
AA

A

kTkT

kTL

))2/exp()2/(exp(

)2/exp(

ωω
ω

!!
!

 . (2.54) 

hij_^_ey_l�fZdkbfZevgh�\hafh`gmx�\_jhylghklv��k�dhlhjhc�qbklh_�khklhygb_�k�iheghc�
y^_jghc�iheyjbaZpb_c�PI = ��\oh^bl�\�d\Zabqbklh_� 
>ey�fZdkbfZevgh�\hafh`ghc�Zfieblm^u�YFJ�kb]gZeZ�gZ�\uoh^_�ZgkZf[e_\h]h�d\Zglh\h�

]h�dhfivxl_jZ�ihemqbf��\�_^bgbpZo�KB�� 

 Vmax = (µ0/4)Qs KA ++
Aω  (N/Vs) γI�ε(L) = !I0

4

1 γωµ
N

V

RQ

s

As
++

ε(L) . (2.55) 

Ijb�kj_^g_d\Z^jZlbqghf�agZq_gbb�gZijy`_gby�gZ�khijhlb\e_gbb�R��kha^Z\Z_fhf�l_ieh\uf�
rmfhf�\�baf_jbl_evghc�p_ib 

 VN = ν∆kTR4  , (2.56) 

]^_�∆ν —�rbjbgZ�ihehku�mkbebl_ey��hlghr_gb_�kb]gZeZ�d�rmfm�ijbgbfZ_l�\b^ 

 (S/N) = Vmax/VN §
kTV

Q

s

As

ν
ωµ

∆

++!!0
8

1
 γIN ε(L) . (2.57) 
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<�keZ[uo�iheyo��ijb�X << )/exp( kTL A
++−− ω!  < ��b�T � ���iZjZf_lj�ε(L) § – )/exp( KTL A

++−− ω! , 

Z�ijb�T : 0, )/exp( kTL A
++−− ω!  << X << ��[m^_f�bf_lv�ε(L) § X ��lh�_klv�kb]gZe�YFJ�kms_kl�

\_ggh�hkeZ[e_g� 
<�kbevguo�iheyo��ijb�X >> ���h[uqgZy�kblmZpby��iZjZf_lj�ε(L��ijbgbfZ_l�ba\_kl�

guc�\b^�>���@� 

 ε(L) = 
L

A
L

A

kT

kTL

)2/(ch2

)2/(sh2
++

++

ω
ω

!
!

  (2.58) 

Hldm^Z� ke_^m_l�� qlh� \� \ukhdhl_fi_jZlmjghf� ij_^_e_ ++
Aω! /kT  << �� fu� bf__f�

ε(L) = kTLL A /)exp( ++−− ω! ��lh�_klv�fZdkbfZevgh�\hafh`gZy�Zfieblm^Z�kb]gZeZ�YFJ�wdk�
ihg_gpbZevgh�mf_gvrZ_lky�k�jhklhf�qbkeZ�dm[blh\�L. 

<� qZklghklb�� ^ey� ^\modm[blh\uo� fhe_dme� �L = ��� bkihevamy� ε(L) ~ � ++
Aω /kT ~ 10–5, 

bkihevamy��������b�agZq_gby�ihklhygguo��0, ��b��I��ihemqbf�hp_gdm�^ey�hlghr_gby�kb]gZeZ�d�
rmfm��Vs —�\�kf–3) 

 (S/N) ~ (Q/∆νVs)
1/2 N 10–16 . (2.59) 

LZdbf�h[jZahf��^ey�lh]h��qlh[u�fh`gh�[ueh�gZ[ex^Zlv�YFJ�kb]gZe���S/N) > ���\�`b^dh�
klghf� ^\modm[blh\hf� ZgkZf[e_� ijb� dhfgZlguo� l_fi_jZlmjZo�� b� ijb� ∆ν ~ 1 =p� 

Vs ~ 1 kf3, Q ~ 103��hg�^he`_g�kh^_j`Zlv�qbkeh�fhe_dme��we_f_glh\�ZgkZf[ey��N > 1016. 

<� kemqZ_� iZjZfZ]gblghc�`b^dhklb� qbkeh� iheghklvx� iheyjbah\Zgguo� y^_jguo� kibgh\�
fh`_l�[ulv�m\_ebq_gh�iml_f�bkihevah\Zgby�^bgZfbq_kdhc�iheyjbaZpbb� �wnn_dl�H\_joZm�
a_jZ���Bkihevamy�^ey�hlghr_gby�]bjhfZ]gblguo�hlghr_gbc�we_dljhgh\�b�y^_j�γe/γI�~ 103�fu�
ihemqbf�� qlh� \� \ujZ`_gbb� ^ey� ε(L) � ihy\ey_lky� ^hihegbl_evguc� fgh`b�
l_ev ++

Aω /T ~ 103 ++
Aω /T. 

>ey�lh]h�`_�agZq_gby�N�^ey�qbkeZ�dm[blh\�L \�dZq_kl\_�]jm[h]h�ijb[eb`_gby�ihemqbf�
hp_gdm 
 L2–L > 10–3, (2.60) 

hldm^Z�ke_^m_l��qlh�L < 12 dm[blh\� 
>hihegbl_evgh_�mkbe_gb_�kqblu\Z_fh]h�kb]gZeZ�YFJ�fh`_l�[ulv�ihemq_gh�\�iZjZfZ]�

gblghc�`b^dhklb�k�ihfhsvx�f_lh^h\�^\hcgh]h�we_dljhggh-y^_jgh]h�j_ahgZgkZ� 
Ijbgylh�kqblZlv�>���@��qlh�ij_^_evgh_�agZq_gb_�qbkeZ�dm[blh\�\�`b^dhklguo�YFJ�d\Zg�

lh\uo�dhfivxl_jZo�h]jZgbq_gh�qbkehf�L < 20 – 30. 

<� kbevguo� iheyo,� ijb� X >> 1 (g_kdhevdh� l_keZ), b� ijb� gbadbo� l_fi_jZlmjZo 

ωA/T >> ���dZd�wlh�ke_^m_l�ba���������iZjZf_lj�ε(L) = ���k�lZdhc�\_jhylghklvx�ijhbkoh^bl�
h[jZah\Zgb_�qbklh]h�iheghklvx�iheyjbah\Zggh]h�hkgh\gh]h�d\Zglh\h]h�khklhygby�k�P0 = 1. 

Kb]gZe�YFJ�hdZau\Z_lky�g_aZ\bkysbf�hl�qbkeZ�dm[blh\�L�b�wdkihg_gpbZevgh]h�mf_gvr_�
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gby�_]h�g_�ijhbkoh^bl. <�wlhf�kemqZ_�ijZdlbq_kdb�g_�lj_[m_lky�gbdZdhc�ki_pbZevghc�ijh�
p_^mju�bgbpbZebaZpbb�khklhygbc�kibgh\� 
Fh`gh�h`b^Zlv��qlh�ijb�lZdbo�gbadbo�kibgh\uo�l_fi_jZlmjZo� (T ~  1 f.��kb]gZe�YFJ�

[m^_l�gZ[ex^Z_f�^ey�fgh]hdm[blh\uo� ZgkZf[e_c�b�ijb�ijb_fe_fhf�^ey�kha^Zgby�ihegh�
fZkrlZ[gh]h�d\Zglh\h]h�dhfivxl_jZ�qbke_� we_f_glh\� ZgkZf[ey��Gh� wlh�g_ba[_`gh�[m^_l�
l\_j^hl_evguc�YFJ�ZgkZf[e_\uc�d\Zglh\uc�dhfivxl_j��<hagbdZ_l�\hijhk��DZd�kha�
^Zlv�lZdb_�gbadb_�kibgh\u_�l_fi_jZlmju" 

2.8.3. HoeZ`^_gb_�y^_jguo�kibgh\uo�kbkl_f�b�bgbpbZebaZpby 

y^_jguo�kibgh\uo�khklhygbc�iml_f�^bgZfbq_kdhc�iheyjbaZpbb 

Ijhp_kku� we_dljhgghc�b� y^_jghc�ijh^hevghc� j_eZdkZpbb� ^ey� jZaj_r_gguo�i_j_oh^h\�
f_`^m�mjh\gyfb�^hghjgh]h�ZlhfZ�313�\�dj_fgbb�bgl_gkb\gh�bkke_^h\Zebkv�\�dhgp_���-o�]h�
^h\�>����������@��>ey�i_j_oh^h\�k�qZklhlZfb�ωB�b�ωC��Jbk� ����[��[ueb�gZc^_gu�bkdexqbl_ev�
gh�[hevrb_�we_dljhggu_�ijh^hevgu_�\j_f_gZ�j_eZdkZpbb�2||B ≈ 2||C�ijb�gbadbo�l_fi_jZlm�
jZo�� dhlhju_� ^hklb]Zeb� h^gh]h� qZkZ� ijb� T = 1.25 D� b� B ~ 0,3 Le�� g_� aZ\bk_eb� hl�
dhgp_gljZpbb�nhknhjZ�^h�C ~ 1016 kf–3�b�baf_gyebkv�h[jZlgh�ijhihjpbhgZevgh�l_fi_jZ�
lmj_�j_r_ldb�T. 

<j_fy� j_eZdkZpbb� 2||S� ^ey�i_j_oh^h\� k� qZklhlhc�ωS��dhlhju_� khijh\h`^Zxlky�h^gh\j_�
f_gguf�i_j_\hjZqb\Zgb_f�we_dljhggh]h�b�y^_jgh]h�kibgh\��aZij_s_ggu_�i_j_oh^u�\�i_j�
\hf� ijb[eb`_gbb�� ijb� T = 1.25 D�� B ~ 0,3 Le� b� C ~ 1016 kf–3� khklZ\eyeh� [he__�
2||S ~ 30 qZkh\ > 2||B, 2||C. 

>ey�kljmdlmju��bah[jZ`_gghc�gZ�Jbk� �����bf__f�d = 20 gf�� lx = 20 gf�� ly = 50 gf��
ihemqbf�lav = (20· 20· 50)1/3 = 27 gf�b��khhl\_lkl\_ggh��^ey�dhgp_gljZpbb�̂ hghjguo�Zlh�
fh\� C = (lav)

–3 = 5.1016 kf�� >ey� lZdh]h� agZq_gby� C�� kh]eZkgh� >����@�� fu� bf__f�
2||B ~ 100 k� 
>Zevg_cr__�m\_ebq_gb_�\j_f_gb�j_eZdkZpbb�fh`_l�[ulv�^hklb]gmlh�mf_gvr_gb_f�l_f�

i_jZlmju�j_r_ldb� 
Bkdexqbl_evgh�[hevrb_�\j_f_gZ�ijh^hevghc�j_eZdkZpbb�^_eZxl�\hafh`guf�^he]h`b�

\msb_� y^_jgu_�g_jZ\gh\_kgu_� khklhygby��dhlhju_�oZjZdl_jbamxlky� k\_jogbadbfb� kibgh�
\ufb�l_fi_jZlmjZfb�m`_�ijb�l_fi_jZlmjZo�j_r_ldb�ihjy^dZ�� D� 
Lj_[m_fZy�bgbpbZebaZpby�y^_jguo�d\Zglh\uo�khklhygbc��ijZdlbq_kdb�ihegZy�iheyjbaZ�

pby�y^_jguo�kibgh\��fh`_l�[ulv�^hklb]gmlZ�iml_f�hoeZ`^_gby�^h kibgh\uo�l_fi_jZlmj T 

≤ 1 fD�� 
>ey�ihemq_gby�kibgh\hc�l_fi_jZlmju� IT  < 1 fD�\�fgh]hdm[blh\hf�ZgkZf[e_��lbiZ�jZk�

kfhlj_ggh]h�\�ih^jZa^_e_�2.8.1��\�mkeh\byo��dh]^Z�l_fi_jZlmjZ�hdjm`_gby�lhevdh�ihjy^dZ�
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0,1 D��ij_^klZ\eyxlky�i_jki_dlb\guf�bkihevah\Zlv�ba\_klgu_�f_lh^u�^bgZfbq_kdhc�ihey�
jbaZpbb�y^_jguo�kibgh\�\�l\_j^uo�l_eZo� 
H^bg�ba�lZdbo�f_lh^h\�^bgZfbq_kdhc�iheyjbaZpbb�y^_jguo�kibgh\�^hghjguo�Zlhfh\�hk�

gh\Zg�gZ�gZkus_gbb� k�ihfhsvx�K<Q�gZdZqdb� aZij_s_ggh]h�i_j_oh^Z� �k�qZklhlhc ωS�gZ�
Jbk���� [��\�^\hcghf�we_dljhg-y^_jghf�j_ahgZgk_� �ENDOR���Hg�ihemqbe�gZa\Zgb_�kheb^-

wnn_dlZ [2.32].  

<�wlhf�kemqZ_�[ukljhnemdlmbjmxsb_�kemqZcgu_�ihey�hij_^_eyxl�lhevdh�kjZ\gbl_evgh�
f_^e_ggu_�^bkkbiZlb\gu_�ijhp_kku�j_eZdkZpbb��Z�kdhjhklv�jZknZabjh\db��^_dh]_j_glbaZ�
pbb��khklhygbc�y^_jguo�kibgh\�hij_^_ey_lky�\�hkgh\ghf�klZlbq_kdbf�jZa[jhkhf�j_ahgZgk�
guo�qZklhl�\�ZgkZf[e_��JZkkfhlj_ggu_�jZg__�mjZ\g_gby�lbiZ��������fh]ml�[ulv�bkihevah\Z�
gu� ^ey� ihegh]h� fh^_ebjh\Zgby� ijhp_kkZ� ^bgZfbq_kdhc� iheyjbaZpbb� \� ZgkZf[e_�
^\mokibgh\uo�kbkl_f��A^_kv�fu�h]jZgbqbfky��ke_^my�>����������@��[he__�ijhkluf�ih^oh^hf��
iha\heyxsbf�jZkkfhlj_lv�kms_kl\h�kheb^-wnn_dlZ� 
KlZpbhgZjgu_�agZq_gby�we_dljhgghc�PS = 2〈Sz〉�b�y^_jghc�PI = 2〈Iz〉 iheyjbaZpbb�fh]ml�

[ulv�\ujZ`_gu�q_j_a�gZk_e_gghklb�q_luj_o�khklhygbc�ke_^mxsbf�h[jZahf 

 PS = p(1,1) + p(1,0) − p(1, −1) − p(0,0) ,  

 PI = p(1,1) + p(0,0) − p(1,0) − p(1, −1) , (2.61) 

]^_�p(F,MF) −�gZk_e_gghklb�khklhygbc�F,MF��Jbk� ������Hgb�m^h\e_l\hjyxl�mkeh\bx�ghjfb�
jh\db 

 p(1,1) + p(1,0) + p(1, −1) + p(0,0) = 1 . (2.62) 

AZibr_f� l_i_jv� kdhjhklgu_� mjZ\g_gby� ^ey�gZk_e_gghkl_c� �kdhjhklb�j_eZdkZpbb�� khhl�
\_lkl\mxsb_�i_j_oh^Zf�k�qZklhlZfb� ±±

Aω �[m^_f�kqblZlv�h^bgZdh\ufb�� 
 dp(0,0)/dt = (p(1,1) − p(0,0)rB)/ 2||B + (p(1,0) − p(0,0)rD)/ 2||D+ 

 + (p(1, −1) − p(0,0)rA
+)/T||A , 

 dp(1, −1)/dt = (p(1,0) − p(1, −1)rC)/ 2||C + (p(1,1) − p(1, −1))· WS+ 

 + (p(0,0)rA
+ − p(1, −1))/T||A , 

 dp(1,0)/dt =  (p(1, −1)rC− p(1,0))/ 2||C + p(0,0)rD − p (1,0))/ 2||D + 

 + (p(1,1) − p(1,0)rA
–)/T||A 

 dp(1,1)/dt =  (p(0,0)rB − p(1,1))/ 2||B + (p(1, −1) − p(1,1))· WS + 

 + (p(1,0)rA
– – p(1,1))/T||A, (2.63) 

]^_� iZjZf_lju� �a^_kv� kgh\Z� bkihevam_f� _^bgbpu� � = k = 1) rB,C,D = exp(−ωB,C,D/T), 

)/exp( AA Tr ±±±± −−== ω �ij_^klZ\eyxl�kh[hc�hlghr_gby�kdhjhkl_c�^ey�l_ieh\uo�i_j_oh^h\�\\_jo�
b�\gba��AgZq_gby�ωB,C,D/T >> 1,  ±±

Aω /T << 1 (T ≤ 0,1 .��khhl\_lkl\mxl�iheghc�l_ieh\hc�
we_dljhgghc PS0 = –��b�keZ[hc�y^_jghc�PI0 ~ ++

Aω /T << ��iheyjbaZpbyf� 
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Ij_^iheh`bf�^Ze__��qlh� kdhjhklv�bg^mpbjh\Zgguo�\g_rgbf�K<Q�ihe_f�aZij_s_gguo�
we_dljhgguo� i_j_oh^h\� _�� 1〉 → |1,–1〉� k� qZklhlhc�ωS�� khijh\h`^Zxsboky� h^gh\j_f_gguf�
i_j_\hjhlhf�we_dljhggh]h�b�y^_jgh]h�kibgh\�WS��b�ijh^hevgu_�\j_f_gZ�j_eZdkZpbb�m^h\�
e_l\hjyxl�mkeh\bx� 
 WS 

–1 < 2||B ≈ 2||C << T||A, 2||D, 2||S , (2.64) 

]^_�2||D, 2||S —�ijh^hevgu_�\j_f_gZ�j_eZdkZpbb�we_dljhgguo�kibgh\�^ey�aZij_s_gguo�i_j_�
oh^h\��<�j_amevlZl_�ihemqbf 

 dp(0,0)/dt = p(1,1)/ 2||B + (p(1,−1) − p(0,0))/ T||A , 

 dp(1,−1)/dt = p(1,0)/ 2||B + ((p(1,1) − p(1,−1))· WS + 

 + (p(0,0) −  p(1,−1))/ T||A , 

 dp(1,0)/dt = − p(1,0)/�2||B + (p(1,1) − p(1,0))/ T||A + 

 dp(1,1)/dt = − p(1,1)/�2||B + (p(1,−1) − p(1,1))· WS + 

 + (p(1,0) − p(1,1))/ T||A. (2.65) 

K�ihfhsvx�mjZ\g_gbc����������������������ihemqbf�kdhjhklgu_�mjZ\g_gby�^ey�PS�b�PI: 

 dPS/dt = − (PS + PI)· WS − (PS + 1)/ 2||B , 

 dPI/dt = − (PS + PI)· WS − PI/ T||A . (2.66) 

Mkeh\b_�klZpbhgZjgh]h�gZkus_gby��WS > 1/T||A��i_j_oh^Z�1,1〉 → 1,−1〉 h[_ki_qb\Z_l 
\ujZ\gb\Zgb_�gZk_e_gghkl_c p(1,1) = p(1,−����\�j_amevlZl_�dhlhjhc�fu�ihemqZ_f�ihegmx�
y^_jgmx�kibgh\mx�iheyjbaZpbx 

 PI = − PS = p(0,0) = 1 . (2.67) 

qlh�wd\b\Ze_glgh�hoeZ`^_gbx�y^_jguo�kibgh\�^h�kibgh\uo�l_fi_jZlmj�� 10–3 D��<�wlhf�
khklhygbb�ijb�l_fi_jZlmjZo�j_r_ldb�a���� D�y^_jgu_�kibgu�fh]ml�gZoh^blvky�ihke_�hl�
dexq_gby�gZdZqdb�\�l_q_gb_�\j_f_gb��hij_^_ey_fhf�\j_f_g_f�ijh^hevghc�j_eZdkZpbb�T||A ~ 

���qZkh\�>����@� 
LZdbf�h[jZahf��fh`_l�[ulv�ij_h^he_gZ�i_j\Zy�ljm^ghklv�ko_fu�D_cgZ� 
Hp_gbf�l_i_jv��g_h[oh^bfmx�^ey�gZkus_gby�K<Q�fhsghklv��Kdhjhklv�bg^mpbjh\Zgguo�

\g_rgbf�K<Q�ihe_f�aZij_s_gguo�we_dljhgguo�i_j_oh^h\ WS��dZd�ba\_klgh�>����@��hlebqZ�
_lky� hl� kdhjhklb� jZaj_r_gguo� i_j_oh^h\� k� i_j_\hjhlhf� lhevdh� h^gh]h� kibgZ W�fZeuf�
fgh`bl_e_f�ijhihjpbhgZevguf� 2

S )/( BB ��]^_� SB – ihe_��kha^Z\Z_fh_�\�j_amevlZl_�^bihev-
^bihevgh]h�\aZbfh^_ckl\by�y^_jgh]h�b�we_dljhggh]h�kibgZ��Ijhp_kk�kibgh\hc�^bnnmabb�
^ey�ijhklhlu�mqblu\Zlv�g_�[m^_f��AZibr_f�__�\�\b^_ 
 WS ~ 2

S )/( BB  (γSb1)
2 ∗∗

⊥⊥Sτ /2 = 2
S )/( BB  W, (2.68) 

]^_� ( ) 2/1
2
Sω∆  ≈ 2 ∗∗

⊥⊥Sτ –1 —�rbjbgZ�j_ahgZgkghc�ebgbb�^ey�gZkusZ_fh]h�i_j_oh^Z��b1 —�Zfieb�
lm^Z�K<Q�ihey��K�^jm]hc�klhjhgu��ijb[ebabl_evgh�lZd�`_�mf_gvrZ_lky�b�wnn_dlb\gZy�kdh�
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jhklv�ijh^hevghc�j_eZdkZpbb�1/2||S�^ey�wlbo�i_j_oh^h\�ih�kjZ\g_gbx�k�jZaj_r_ggufb�i_j_�
oh^Zfb�1/2||S.~ 2

S )/( BB 1/2||B 

<�j_amevlZl_�mkeh\b_�gZkus_gby�[m^_l�bf_lv�\b^�>����@ 
 WS > 1/2||S,  1/T||A���beb���W > 1/2||B ,     (γSb1)

2 ∗∗
⊥⊥Sτ 2||B > 1 , (2.69) 

lh�_klv�\�gZb[he__�[eZ]hijbylghf�kemqZ_�lZdhc�`_�dZd�b�^ey�jZaj_r_ggh]h�i_j_oh^Z��Bk�
ihevamy�\ujZ`_gb_�^ey�^h[jhlghklb�Qc�K<Q�j_ahgZlhjZ 
 Qc ≈ ωSb1

2 V/(2µ0P) , (2.70) 

]^_�V —�h[t_f�K<Q�j_ahgZlhjZ��b�mkeh\b_�gZkus_gby� ��������hp_gbf�jZkk_b\Z_fmx�j_ah�
gZlhj_�fhsghklv�ijb (γSb1)

2 ∗∗
⊥⊥Sτ 2||B = 1 ke_^mxsbf�h[jZahf 

 P > ωSVW 2/12
S )( ω∆ /(2µ0QcγS

2) . (2.71) 

GZijbf_j�� ijbgbfZy�W ~ 1/2||B ~ 103 k–1, ωS ~ 100 jZ^==p��V ~ 1 kf3, Qc ~ �����b�
( ) 2/1

2
Sω∆  ~ 108 k–1� \�dZq_kl\_� ]jm[hc�hp_gdb�ihemqbf�P > 1 f<l��AZf_lbf� _s_�jZa��qlh�

lZdZy�fhsghklv�[m^_l�jZkk_b\Zlvky�lhevdh�\�ijhp_kk_�i_j\hgZqZevgh]h�hoeZ`^_gby�kibgh�
\hc�kbkl_fu� 

2.8.4. Hlghr_gb_�kb]gZe-rmf�^ey�ZgkZf[e_\h]h�dj_fgb_\h]h�d\Zglh\h]h�dhfivxl_jZ 

>ey�j_ZebaZpbb�ZgkZf[e_\h]h�dj_fgb_\h]h�d\Zglh\h]h�j_]bkljZ�fu�ij_^eZ]Z_f�\ZjbZgl�
ieZgZjghc�ko_fu��dhlhjZy�ij_^klZ\ey_l�kh[hc�np�iZjZee_evgh�jZ[hlZxsbo�[ehdh\��dZ`^uc�
ba�dhlhjuo�kh^_j`bl�N0 iZjZee_evgh�kh_^bg_gguo�L-dm[blh\uo�ebg_cguo�©fhe_dmeª�D_cgZ�
>����������@��LZd�qlh�ihegh_�qbkeh�©fhe_dmeª�\�ZgkZf[e_�N = n· N0Üp �3bk����� 
<uoh^ghc�kb]gZe�hl�lZdh]h�ZgkZf[ey�iZjZee_evgh�jZ[hlZxsbo p_ihq_d��dZd�b�\�kemqZ_�

`b^dhkl_c�[m^_l�ijhihjpbhgZe_g�qbkem�©fhe_dmeª�N. 

l x  L  

                          l yN 0,  l y  >>  l x  ~  20 gf 

l x                       A      J      A   

Jbk� �����<b^�k\_jom�ko_fu�j_]meyjgh]h�jZkiheh`_gby�ihehkdh\uo�aZl\hjh\�A �rbjhdb_�eb�
gbb��b�J��madb_�ebgbb��\�h^ghf�[ehd_��LhesbgZ�ieZklbgu�286L�ijbgylZ�jZ\ghc�¨ ~ 1 ff 
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Bgl_gkb\ghklv� kqblu\Z_fh]h�YFJ� kb]gZeZ� hl� lZdh]h� ZgkZf[ey�iZjZee_evgh� jZ[hlZxsbo�
p_ihq_d��\�hlebqb_�hl�`b^dhklgh]h�ijhlhlbiZ��ijb�iheghc�iheyjbaZpbb�y^_jguo�kibgh\��lh�
_klv� ijb� kibgh\uo� l_fi_jZlmjZo� � 10–3K�� g_� kh^_j`bl� fZeh]h� fgh`bl_ey�
ε(L) § )/exp( KTLL A

++−− ω! .�<_ebqbgZ�YFJ�kb]gZeZ�k�lhqghklvx�^h�g_kms_kl\_ggh]h�fgh`b�
l_ey�kh\iZ^Z_l�k�\_ebqbghc�kb]gZeZ�hl�fZdjhkdhibq_kdh]h�h[jZaZ��kf��Ijbeh`_gb_�I�). 

IheZ]Zy�\�\ujZ`_gbb��������� ++
Aω /kT ~ 1 (T~0,1K��b�0(L) ~ ��\�dZq_kl\_�hp_gdb�^ey�g_h[oh�

^bfh]h�hlghr_gby�kb]gZe-rmf�[m^_f�bf_lv 
 (S/N) ~ (Q/Vs)

1/2· N· 10–10 > 1. (2.72) 

]^_� wnn_dlb\guc� h[t_f� ZgkZf[ey�N�fhe_dme�Vs ~ N· ¨ lx ly L��IheZ]Zy� l_i_jv� ^ey� hp_gdb�
¨ = 1 ff�� lx = 20 gf� ly = 50 gf��qbkeh�dm[blh\�\� ©fhe_dme_ª�L = ������Z�^h[jhlghklv�j_ah�
gZgkgh]h�dhglmjZ�ijb�gbadbo�l_fi_jZlmjZo�Q = 106, ihemqbf��qlh�kb]gZe�YFJ�[m^_l�ij_\u�
rZlv�rmfh\hc�kb]gZe�ijb�iheghf�qbke_�fhe_dme�N = n· p N0> 105. 

>ey�hp_gdb�\_ebqbg�n�b�p�jZkkfhljbf�[ehd�d\Z^jZlghc�nhjfu��m�dhlhjhc���N0p = 20· 1000 

n� b�N0 = �����<� j_amevlZl_�gZc^_f�n § 16, p § ����IehsZ^v� \k_c� kljmdlmju� [m^_l�ihjy^dZ�
400×400 fdf2��LZdbf�h[jZahf��h[sbc�jZaf_j�fgh]hdm[blh\hc�kljmdlmju�hdZau\Z_lky�^hklZ�
lhqgh�fZeuf�^ey�lh]h��qlh[u�wlZ�kljmdlmjZ�fh]eZ�[ulv�jZaf_s_gZ�\�aZahj_�fZ]gblZ�
klZg^Zjlgh]h�YFJ�ki_dljhf_ljZ�� 
Ke_^h\Zl_evgh�� klZgh\blky� \hafh`guf� bkihevah\Zgb_� klZg^Zjlghc� YFJ� l_ogbdb� ^ey�

kqblu\Zgby�bgnhjfZpbb��qlh�kms_kl\_ggh�mijhsZ_l�wlhl�ijhp_kk�b�g_�lj_[m_l�\ukhdhqm\�
kl\bl_evguo�h^ghkibgh\uo�baf_jbl_evguo�mkljhckl\��jZkkfZljb\Z_fuo�\�\ZjbZglZo�D_cgZ� 
<�wlhf�khklhbl�hkgh\gh_�ij_bfms_kl\h�ZgkZf[e_\h]h�\ZjbZglZ��LZdbf�h[jZahf��ij_h^h�

e_\Z_lky�\lhjZy ljm^ghklv�ko_fu�D_cgZ� 
>ey� \uiheg_gby� eh]bq_kdbo� d\Zglh\uo� hi_jZpbc�� aZibkb�b� kqblu\Zgby�bgnhjfZpbb�\�

kemqZ_� ZgkZf[e_\h]h� ih^oh^Z�fh`_l� [ulv� bkihevah\ZgZ� ohjhrh� jZajZ[hlZggZy�fgh]hbf�
imevkgZy�l_ogbdZ�YFJ�\ukhdh]h�jZaj_r_gby��<uiheg_gb_�^\modm[blh\uo�eh]bq_kdbo�hi_�
jZpbc� hkms_kl\ey_lky� k� ihfhsvx� j_ahgZgkguo� bfimevkh\� gZ� oZjZdl_jghc� qZklhl_�
&J ~ 100 d=p���������>ey�h[_ki_q_gby�ihf_ohmklhcqb\uo�\uqbke_gbc�hrb[dZ�\�\uiheg_gbb�
eh]bq_kdbo�hi_jZpbc�gZ�h^bg�dm[bl�g_�^he`gZ�[ulv�[he__�a 10–5��Hlkx^Z�ke_^m_l��qlh�YFJ�
ki_dljhf_lj�^he`_g�h[_ki_qb\Zlv�jZaj_r_gb_�� ���d=p· 10–5 ~ 1 =p� 
AZf_lbf�a^_kv��qlh�bf__lky�\hafh`ghklv�hldZaZlvky�hl�kbkl_fu�mijZ\eyxsbo�j_ahgZgk�

ghc�qZklhlhc�dm[blh\�aZl\hjh\�A,�_keb�gZeh`blv�\^hev�gZijZ\e_gby�hkb�x�]jZ^b_gl�fZ]gbl�
gh]h�ihey��>ey�lh]h��qlh[u�ihemqblv�^ey�y^_jguo�kibgh\�khk_^gbo�^hghjguo�Zlhfh\��hl�
klhysbo� ^jm]� hl� ^jm]Z� gZ� jZkklhygbb� a 20 gf�� jZaebqb_� j_ahgZgkguo� qZklhl� \� a 100 =p�
ihlj_[m_lky�]jZ^b_gl�dB/dx ~ 1 Le�kf� 
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2.8.4. :^bZ[Zlbq_kdZy�^_dh]_j_glbaZpby�khklhygbc�y^_jguo�kibgh\��h[mkeh\e_ggZy�
fh^meypb_c�k_dmeyjghc�qZklb�k\_jolhgdh]h�\aZbfh^_ckl\by 

<j_fy�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�dm[blh\�ΤD�^he`gh�[ulv�\_ebdh��!�� k��ih�
kjZ\g_gbx�k�ijh^he`bl_evghklvx�mijZ\eyxsbo�jZ^bhqZklhlguo�bfimevkh\�� ~ 10-5 k���^ey�
lh]h��qlh[u�fh`gh�[ueh�\uihegblv�g_h[oh^bfh_�dhebq_kl\h�eh]bq_kdbo�hi_jZpbc�� > 105��\�
iheghfZkrlZ[ghf�d\Zglh\hf�dhfivxl_j_� 
Fh^meypby� y^_jguo� kibgh\uo�j_ahgZgkguo�qZklhl�û&(t���hij_^_ey_fZy�k_dmeyjghc�qZ�

klvx� k\_jolhgdh]h� \aZbfh^_ckl\by� we_dljhgguo� b� y^_jguo� kibgh\� ^hghjgh]h� ZlhfZ� 31J��
hibku\Z_lky�\ujZ`_gb_f 

 û&(t) = A(t) Sz(t) – A0〈Sz〉, (2.73) 

]^_� A(t) = A0 + ¨A(t), ¨A(t) —� fh^meypby� ihklhygghc� k\_jolhgdh]h� \aZbfh^_ckl\by��
A0 = 725 jZ^F=p�� Jhev� nemdlmZpbc� ihklhygghc� k\_jolhgdhc� kljmdlmju�� h[mkeh\e_gguo�
nemdlmZpbyfb�ihl_gpbZeZ�gZ�aZl\hj_�A�\�d\Zglh\hf�j_]bklj_��bkke_^h\ZeZkv�\�jZ[hl_�>����@��
]^_�[ueb�k^_eZgu�hp_gdb�^ey�^himkdZ_fh]h�mjh\gy�lZdh]h�jh^Z�rmfh\��Ihwlhfm�wlhl�f_oZ�
gbaf�^_dh]_j_glbaZpbb�a^_kv�g_�jZkkfZljb\Z_lky��gZah\_f�_]h�\g_rgbf�� 
>ey�fZehc�\_ebqbgu�Zfieblm^u�fh^meypbb���\ujZ`_gb_��������fh`_l�[ulv�ij_^klZ\e_gh�

\� \b^_� ^\mo� keZ]Z_fuo�� khhl\_lkl\mxsbo� ^\mf�g_aZ\bkbfuf�f_oZgbafZf� Z^bZ[Zlbq_kdhc�
^_dh]_j_glbaZpbb� 
 û&(t) = û&S (t) + û&b(t) = A0 (Sz(t) – 〈Sz〉) + ¨A(t) 〈Sz〉 . (2.74) 

JZkkfhljbf� hl^_evgh� \gmlj_ggbc� f_oZgbaf� ^_dh]_j_glbaZpbb�� hij_^_ey_fuc� i_j\uf�
keZ]Z_fuf�\��������>����������@� 
Dhjj_eypbhggZy�nmgdpby� fS(t) = 〈û&S(t)û&S(0)〉 hij_^_ey_lky�nemdlmZpbyfb�we_dljhgghc�

kibgh\hc�iheyjbaZpbb�b�aZ\bkbl�hl�we_dljhgghc�j_ahgZgkghc�qZklhlu�ω0 = �SB, hl ijh^hev�
gh]h�21 �qZku��b�ihi_j_qgh]h�22�\j_f_g�j_eZdkZpbb��<�Z^bZ[Zlbq_kdhf�kemqZ_�ω0 > 1/22 >>1/21. 

b�fu�ihemqbf 

 〈û&S(t)û&S(0)〉 =  〈û&S
2〉exp(–t/21) (2.75) 

b��khhl\_lkl\_ggh� 
 )/exp(1/()( 11

2
1

2
S τττω ttût+ −−++−−〉〉〈〈== , (2.76) 

]^_ 
 ))/2(th1()( 0

222222
S kTASSAû zz ωω !−−==〉〉〈〈−−〉〉〈〈==〉〉〈〈 , (2.77) 

T —�l_fi_jZlmjZ�j_r_ldb� 
>ey�21 §���4 k�b�t ~ TD ~ 1 c�ihemqbf������ 2

1
2 τω 〉〉〈〈û  < (21/TD)2���qlh�khhl\_lkl\m_l�g_fZjdh\�

kdbf� kemqZcguf� ijhp_kkZf� �f_^e_ggh_� aZlmoZgb_� nemdlmZpbc�� beb� kemqZx� ©`_kldhc� j_�
r_ldbª��<�wlhf�kemqZ_ 
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 ,2/)( 22 tût+ 〉〉〈〈== ω  (2.78) 

hldm^Z�oZjZdl_jgh_�\j_fy�^_dh]_j_glbaZpbb�fh`gh�hp_gblv�ba�khhlghr_gby� 2
D

2 /1 Tû ≈≈〉〉〈〈 ω . 

G_h[oh^bfh_�^ey�\j_f_gb�^_dh]_j_glbaZpbb�agZq_gb_�ijb�lZdlh\hc�qZklhl_�\�YFJ�d\Zg�
lh\uo� dhfivxl_jh\� a� ��4 1/c� g_� ^he`gh� ij_\urZlv� g_kdhevdbo� k_dmg^�� Ihwlhfm� ^ey�

1/0 >>>>kTω! �ke_^m_l�gZibkZlv 
 ,1)/exp(2/1 2

S
22

D
−−<<−−≈≈ ckTBAT !γ  (2.79) 

hldm^Z� gZc^_f�� qlh� g_h[oh^bfh_� ih^Z\e_gb_� ^_dh]_j_glbaZpbb� [m^_l� ^hklb]gmlh� ijb�
^hklZlhqgh�[hevrbo�agZq_gbyo�hlghr_gby�B/T > 30 Le�D��lh�_klv�ijb�̂ hklZlhqgh�\ukhdhc�
kl_i_gb�iheyjbaZpbb� we_dljhgguo� kibgh\��Wlh�khhl\_lkl\m_l�ijb� �B = 2 Le�l_fi_jZlmjZf�
j_r_ldb�T < 0,06 D� 
>jm]bf� �\gmlj_ggbf��f_oZgbafhf�fh^meypbb�ihklhygghc�k\_jolhgdhc�kljmdlmju�y\ey�

_lky�\aZbfh^_ckl\b_�^hghjguo�Zlhfh\�k�nhghgZfb��dhlhjh_�ijb\h^bl�d�bkdZ`_gbx�kbff_l�
jbb�ihl_gpbZeZ�\�bo�hdj_klghklb�b�l_f�kZfuf�baf_gy_l�agZq_gb_�wnn_dlb\ghc�ihklhygghc�
k\_jolhgdh]h�\aZbfh^_ckl\by��Ihkdhevdm�h^ghnhggZy�fh^_ev�Z^bZ[Zlbq_kdhc�^_dh]_j_glb�
aZpbb��dZd�m`_�hlf_qZehkv�\�jZa^_e_ 1.9��g_�y\eyxlky�Z^_d\Zlgufb��fu�jZkkfhljbf�a^_kv�
^\monhghggmx�fh^_ev�� mqblu\Zy� lhevdh� h^bg� ba� \hafh`guo� dhf[bgZpbhgguo� �jZfZgh\�
kdbo��ijhp_kkh\�^\monhghggh]h�jZkk_ygby��g_�khijh\h`^Zxs_]hky�i_j_\hjhlhf�kibgZ� 
IZjZf_lj�k\_jolhgdh]h�\aZbfh^_ckl\by�aZibr_f�\�ij_^klZ\e_gbb�\aZbfh^_ckl\by� 
A(t) = A0 + ¨A(t) = A0 [1 + ))(exp())(exp( lmmlmllmlm

lm
m,l tibbgtibbg ωωωω −−−−++−− ++∗∗++

≠≠
∑∑ ] , (2.80) 

]^_� ++
lb � b� mb  —� hi_jZlhju� bkimkdZgby� b� ih]ehs_gby� nhghgh\� k� qZklhlZfb� &l� b� &m, 

gml ~ �(�/2Mv2Nk)(&m&l)
1/2 —�ihklhyggZy�k\yab�k�Zdmklbq_kdbfb�nhghgZfb��[_ajZaf_jgZy�ih�

klhyggZy���\�gZbom^r_f�kemqZ_ ~ 1, v —�kdhjhklv�a\mdZ��Nk —�ihegh_�qbkeh�Zlhfh\�\�djb�
klZee_��^ey�ijhklhlu�jZkkfZljb\Z_lky�ijhklZy�dm[bq_kdZy�j_r_ldZ��M —�fZkkZ�ZlhfZ� 
>ey� hibkZgby�f_oZgbafZ� ^_dh]_j_glbaZpbb�� hibku\Z_fh]h� \lhjuf� keZ]Z_fuf� \� �������

m^h[g__�bkihevah\Zlv�g_ihkj_^kl\_ggh�nmgdpbx�+(t) [2.50]. 

Mqblu\Zy��qlh�ijb� )/( 0 kTω!  >> 1 2/1≈≈〉〉〈〈 zS  

 ))(()2/()( mlmllmlm,
lm

0

0

b bbbbtAdtt
t

++∗∗++

≠≠
++== ∑∑∫∫ ζζω∆ , (2.81) 

]^_� m,lm,lm,lm,l /)exp(1()( ωωζ tiigt −−== ,  lmlm, ωωω −−== ��b� ,)1)/(exp(),( 1
mmlm

−−++ −−====〉〉〈〈 TTnbb ωω �b�
ijhba\_^_f�mkj_^g_gb_�ih�nhghgghfm�ZgkZf[ex��<�j_amevlZl_�ihemqbf 

 ==





== ∫∫

2

0

b )(4/1)(
t

dttt+ ω∆  
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 2
m,l

m,l
2

lmlmlm
2

m,l

22
0

)(sin
)),(),(),),(2)(()/2()4/(

ω
ω

ωωωωωω
t

TnTnTnTnNMvA ++++== ∑∑ ! . (2.82) 

I_j_c^_f�^Ze__�hl�kmffbjh\Zgby�ih�m d�bgl_]jbjh\Zgbx�ih�&m: 

 m
2
m

m 0
3 ...

9
... ωω d

N∑∑ ∫∫→→
Ω

, (2.83) 

]^_� = v(6�2)1/3/a = N,/� —�qZklhlZ�>_[Zy��a —�ihklhyggZy�j_r_ldb� 

Mqblu\Zy� ^Ze__�� qlh� fZdkbfZevgh_� agZq_gb_� hlghr_gb_� 2
m,l

m,l
2 )(sin

ω
ω t � bf__l� f_klh� ijb�

0m,l →→ω ��ihqlb�mijm]h_�jZkk_ygb_�nhghgh\���aZibr_f 

 )(||
)(sin

lm,2
lm,

lm,
2

ωδπ
ω

ω
t

t
≈≈  (2.84) 

b�gZc^_f 

 D

/

0
2

6
722

0 /||
)1(exp

exp
)/()/()/(

8

81
||)( Ttdx

x

xx
k,,TMvAtt+

T,
==

−−
== ∫∫!!π

. (2.85) 

Ijb�T/, < 10–3�bgl_]jZe�\��������ijb[ebabl_evgh�jZ\_g��� = �����IjbgbfZy�^ey�dj_fgby�
, = 625 D��a = 5,4Ü��–8 kf��v = 5Ü��5�kf�k��0 = 0,46Ü��–29�>`�k�kf2�>����@��[m^_f�bf_lv 
 1/TD ~ 0,7Ü��4(T/,)7 c–1 (2.86) 

LZdbf�h[jZahf��\�jZkkfZljb\Z_fhf� kemqZ_�ijb�gbadbo�l_fi_jZlmjZo� �T < 0,1 D��nhghg�
guc�f_oZgbaf�Z^bZ[Zlbq_kdhc�^_dh]_j_glbaZpbb�y\ey_lky�g_kms_kl\_gguf�ih�kjZ\g_gbx�k 
f_oZgbafhf� fh^meypbb� k\_jolhgdh]h� \aZbfh^_ckl\by�� h[mkeh\e_gghc� nemdlmZpbyfb�
we_dljhgghc�kibgh\hc�iheyjbaZpbb� 

2.8.5. :^bZ[Zlbq_kdZy�^_dh]_j_glbaZpby�khklhygbc�y^_jguo�kibgh\��h[mkeh\e_ggZy�
\aZbfh^_ckl\b_f�k�y^_jgufb�kibgZfb�ijbf_kguo�Zlhfh\ 

Jhev� hdjm`Zxs_c� kj_^u� ^ey� y^_jguo� kibgh\� \� l\_j^hf� l_e_�fh]ml�b]jZlv�ijbf_kgu_�
Zlhfu� k�fZ]gblgufb�fhf_glZfb��H^gZdh�f_oZgbaf�^_dh]_j_glbaZpbb�khklhygbc�y^_jguo�
kibgh\��k\yaZgguc�k�\aZbfh^_ckl\b_f�k�fZ]gblgufb�fhf_glZfb�ijbf_kguo�iZjZfZ]gblguo�
Zlhfh\��\ke_^kl\b_�dhg_qgh]h�jZkklhygby�^h�gbo��y\ey_lky�f_g__�kms_kl\_gguf�ih�kjZ\g_�
gbx�k�f_oZgbafhf��h[mkeh\e_gguf�\aZbfh^_ckl\b_f�k�kh[kl\_ggufb�we_dljhggufb�kibgZ�
fb��Ihke_^gbc� ijb� \ukhdhc� kl_i_gb� iheyjbaZpbb� we_dljhgguo� kibgh\� �B/T > 30 Le�D�� \�
k\hx�hq_j_^v�hdZau\Z_lky�\�agZqbl_evghc�kl_i_gb�ih^Z\e_gguf� 
JZkkfhljbf�a^_kv�fh^_ev�^_dh]_j_glbaZpbb��\�dhlhjhc�y^_jguc�kibg�\aZbfh^_ckl\m_l�k�

fZ]gblgufb�fhf_glZfb�y^_jguo�kibgh\�kemqZcgh�jZkij_^_e_gguo�ijbf_kguo�Zlhfh\��dZ�
dbfb�y\eyxlky�g_�iheyjbah\Zggu_�\�lhc�`_�kl_i_gb�dZd�we_dljhggu_�kibgu��Zlhfu�bahlh�
ih\�29Si��>bihev-^bihevgh_�fZ]gblgh_�\aZbfh^_ckl\b_��hibku\Z_fh]h�]ZfbevlhgbZghf 
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>ey�B/T > 30 Le�D��ihemqbf�\_kvfZ�`_kldh_�mkeh\b_�^ey�^himklbfh]h�agZq_gby�dhgp_g�
ljZpbb� ijbf_kguo� Zlhfh\� CI,imp < 6.1015 kf–3 (~ 10–5�� ijb� _kl_kl\_gghc� dhgp_gljZpbb�
4,7 ����H^gZdh�_keb�kibgh\Zy�l_fi_jZlmjZ�TI�^ey�y^_jguo�kibgh\�ijbf_kguo�bahlhih\�kh�
hl\_lkl\m_l� agZq_gbx�� ijb� dhlhjhc� bf__l� f_klh� ihqlb� ihegZy� bo� iheyjbaZpby�

)/|| IimpI, kTB!γ >���lh�_klv�^ey�TI < 0,8 fK��lh�^himklbfZy�dhgp_gljZpby�bahlhih\�29Si�\�_kl_�
kl\_gghf�dj_fgbb�[m^_l�CI,imp% < 4,5.10–2���HgZ�[m^_l�[ukljh�m\_ebqb\Zlvky�ijb�^Zevg_c�
r_f�ihgb`_gbb�kibgh\hc�l_fi_jZlmju� 
>ey�kjZ\g_gby�hlf_lbf��qlh�_kl_kl\_ggZy�jZkijhkljZg_gghklv�bahlhiZ296L�\�dj_fgbb�kh�

klZ\ey_l� ���� ��� Z� ^hklb]gmlZy� \� gZklhys__� \j_fy� kl_i_gv� hqbkldb� 286L� khklZ\ey_l� hdheh�
��������qlh�ijZdlbq_kdb�fh`_l�[ulv�^hklZlhqguf��Ijb�wlhf�dhgp_gljZpby�^jm]bo�we_f_g�
lh\�kh^_j`Zsbo�bahlhiu�k�y^_jgufb�kibgZfb�k�jZkijhkljZg_gghklvx P��������g_�^he`gZ�
ij_\urZlv���-2/P %. 

AZdexq_gb_: 
1. >ey�bgbpbZebaZpbb�kibgh\uo�khklhygbc�beb�g_h[oh^bfh]h�i_j\hgZqZevgh]h�hoeZ`^_�

gby�y^_jghc�kibgh\hc�kbkl_fu�^h�kibgh\uo�l_fi_jZlmj�f_g__�� fD��ijb�khojZg_gbb�l_fi_�
jZlmju�j_r_ldb�\�ij_^_eZo���� D��\�ZgkZf[e_\uo�fgh]hdm[blh\uo�dj_fgb_\uo�YFJ�d\Zg�
lh\uo� dhfivxl_jZo� k� ihehkdh\ufb� aZl\hjZfb� fh]ml� [ulv� bkihevah\Zgu� f_lh^u�
^bgZfbq_kdhc�iheyjbaZpbb�lbiZ�kheb^-wnn_dlZ� 

2. :gZeba� ij_^eh`_gghc� ieZgZjghc� kljmdlmju� dj_fgb_\h]h� ZgkZf[e_\h]h� dhfivxl_jZ�
ihdZaZe��\hafh`ghklv� kha^Zgby�fgh]hdm[blh\h]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�ijb�qbke_�
we_f_glh\� ZgkZf[ey N ~ 106� k� bkihevah\Zgb_f� klZg^Zjlghc� l_ogbdb� YFJ� beb� (1'25-

l_ogbdb� 
3. D� hkgh\guf� f_oZgbafZf� ^_dh]_j_glbaZpbb� d\Zglh\uo� khklhygbc� \� dj_fgb_\uo� Zg�

kZf[e_\uo�d\Zglh\uo�j_]bkljZo�ke_^m_l�hlg_klb�Z^bZ[Zlbq_kdb_�ijhp_kku�fh^meypby�j_�
ahgZgkghc�qZklhlu��h[mkeh\e_ggmx�\aZbfh^_ckl\b_f�y^_jguo�kibgh\-dm[blh\�k�nemdlmb�
jmxsbfb� k\_jolhgdbfb� iheyfb�� Z� lZd`_� ^bihev-^bihevgufb� \aZbfh^_ckl\byfb� k�
y^_jgufb�kibgZfb�ijbf_kguo�Zlhfh\� 

4. G_h[oh^bfuc� mjh\_gv� ih^Z\e_gby� ^_dh]_j_glbaZpbb�fh`_l� [ulv� ^hklb]gml� ijb� kh�
[ex^_gby�mkeh\by�^ey�hlghr_gby�B/T!��Le�D�b�mf_gvr_gby�dhgp_gljZpbb�ijbf_kguo�Zlh�
fh\��kh^_j`Zsbo�y^_jgu_�kibgu� 
>ey�ih^Z\e_gby�^_dh]_j_glbaZpbb��h[mkeh\e_gghc�^bihev-^bihevguf�\aZbfh^_ckl\b_f�

fh`_l�[ulv�bkihevah\ZgZ�ohjhrh�ba\_klgZy fgh]hbfimevkgZy�l_ogbdZ�YFJ�ki_dljhkdh�
ibb�\ukhdh]h�jZaj_r_gby�>���@�\�l\_j^uo�l_eZo� 
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2.9. :gkZf[e_\uc�fgh]hdm[blh\uc�YFJ�d\Zglh\uc�de_lhqguc�Z\lhfZl�
gZ�kljmdlmjZo�k�Zglbn_jjhfZ]gblguf�mihjy^hq_gb_f 

<�dZq_kl\_�h^gh]h�ba�gh\uo�\hafh`guo�\ZjbZglZ�j_ZebaZpbb�ZgkZf[e_\h]h�d\Zglh\h]h�
de_lhqgh]h�Z\lhfZlZ�fu�ij_^eZ]Z_f�bkihevah\Zlv�kljmdlmju�k�Zglbn_jjhfZ]gblgh�mihjy�
^hq_ggufb�we_dljhggufb�kibgZfb�>����������- 2.56].  

<�qZklghklb�wlh�fh`_l�[ulv�^hklZlhqgh�[hevrhc�ZgkZf[ev�d\Zabh^ghf_jguo�Zglbn_jjh�
fZ]gblgh-mihjy^hq_gguo�p_ihq_d�ba�^hghjguo�Zlhfh\�31

P \�[_kkibgh\hf��I = ���djbklZee_�
dj_fgby�286L��keZ[h�k\yaZgguo�f_`^m�kh[hc��Ijb�wlhf�lZdhc�ZgkZf[ev�fh`_l�g_�bf_lv�gZgh�
kljmdlmjguo�we_f_glh\�lbiZ�aZl\hjh\�A b B��LZdhc�ZgkZf[ev�g_ljm^gh�h[h[sblv�b�gZ�^\mo- 
b�lj_of_jgu_�Zglbn_jjhfZ]gblgh-mihjy^hq_ggu_�kljmdlmju��>Ze__�ZgZebabjmxlky�jZaebq�
gu_� fh^_eb� d\Zglh\uo� de_lhqguo� Z\lhfZlh\�� dhlhju_�fh]ml� jZkkfZljb\Zlvky� \� dZq_kl\_�
we_f_glh\�khhl\_lkl\mxsbo�ZgkZf[e_\uo�mkljhckl\� 

2.9.1. YFJ�d\Zglh\uc�de_lhqguc�Z\lhfZl�gZ�hkgh\_�babg]h\kdh]h�
Zglbn_jjhfZ]g_lbdZ 

JZkkfhljbf�ijhklmx� h^ghf_jgmx�fh^_ev� Zglbn_jjhfZ]g_lbdZ��\�dhlhjhc�dZ`^uc� we_�
f_gl�ij_^klZ\ey_lky�fZ]gblguf�Zlhfhf��bf_xsbf�h^bg�we_dljhgguc�b�h^bg�y^_jguc�kibg�
I = ����� k\yaZgguo� k\_jolhgdbf� \aZbfh^_ckl\b_f�� Ijbf_jhf� lZdhc� kljmdlmju� y\ey_lky�
mihfygmlZy�p_ihqdZ�^hghjguo�Zlhfh\�313��jZa^_e_gguo�jZkklhygb_f�l��ijb�dhlhjhf�hkgh\�
gu_�we_dljhggu_�khklhygby�^hghjh\�i_j_dju\Zxlky� 
Y^_jgu_�j_ahgZgkgu_�qZklhlu�&A,B \�h^ghf_jghc�p_ihqd_�$%$%«�aZ\bkyl�hl�fZ]gblguo�

d\Zglh\uo�qbk_e�khk_^gbo�y^_jguo�kibgh\�ke_\Z m< b�kijZ\Z m>��Ij_^iheZ]Zy�babg]h\kdbf�
dhk\_ggh_�\aZbfh^_ckl\b_�f_`^m�y^_jgufb�kibgZfb��lh�_klv�^bZ]hgZevguf�\�\uqbkebl_ev�
ghf�[Zabk_���kemqZc�keZ[h]h�\aZbfh^_ckl\by���aZibr_f�^ey�gbo�\ujZ`_gb_��� = 1) 

 &A,B(m< + m>) ≈ −�IB ± A/2 – I I(m< + m>) , (2.94) 

]^_�I I — ihklhyggZy�k_dmeyjghc�qZklb�dhk\_ggh]h�kibg-kibgh\h]h�\aZbfh^_ckl\by��kf��ih^�
jZa^_e�2.10.2). 

?keb�ihklhyggZy�h[f_ggh]h�\aZbfh^_ckl\by�J ≥ �SB ~ 534 jZ^==p (B ~ 3 Le���qlh�kh�
hl\_lkl\m_l� jZkklhygbx�f_`^m� ^hghjZfb� l ~ 20 gf�� lh� djblbq_kdZy� l_fi_jZlmjZ�G__ey�
^ey� Zglbn_jjhfZ]gblgh]h� mihjy^hq_gby�TNS ~ �-/k > 4 D� (k — ihklhyggZy�;hevpfZgZ�, 
lh]^Z� dZd� djblbq_kdZy� l_fi_jZlmjZ� ^ey� y^_jgh]h� mihjy^hq_gby 
TNI ~ �,I/k ~ �$2

/Jk ~ 10
-5
 D��JZaebqb_�j_ahgZgkguo�qZklhl�y^_jguo�kibgh\�^ey�ih�jZa�

ghfm�hjb_glbjh\Zgguo�khk_^gbo�kibgh\�khklZ\ey_l�∆&I/2π ~ I I ~ 0,5 F]p��lh]^Z�dZd�j_ah�
gZgkgZy�qZklhlZ�&I/2π ~ 120 F=p� 
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<�fZ]gblguo�iheyo�B ∼ A/(2�I) ~ 3 Le�b�ijb�l_fi_jZlmjZo�T ~ 10
–3

 D�y^_jgu_�kibgu�
Zlhfh\�\�dZ`^hc�ba�ih^j_r_lhd�$�b�%�Zglbn_jjhfZ]gblghc�p_ihqdb�[m^ml�hjb_glbjh\Zlvky�
k�khhl\_lkl\bb�k�hjb_glZpb_c�we_dljhgguo�kibgh\�b�h[jZah\u\Zlv�\�hkgh\ghf�khklhygbb�
i_jbh^bq_kdmx�kljmdlmjm�lbiZ�$%$%…: ↑ ↓ ↑ ↓ … ��]^_� |↑〉 h[hagZqZ_l�hkgh\gh_�bgb�
pbZebabjh\Zggh_� khklhygb_� y^_jgh]h� kibgZ� \�iheh`_gbb� $�� Z� |↓〉 — khklhygb_� y^_jgh]h�
kibgZ�\�iheh`_gbb�%��lh�_klv�fu�ihemqZ_f�]hfhy^_jgmx kbkl_fm�kibgh\�k ^\mfy�jZaebq�
gufb�hkgh\gufb�khklhygbyfb. 

 We_dljhggu_�kibgu�S :    ↑↑↓↓↑↑↓↓↑↑  

 Y^_jgu_�kibgu����������I  :    ↓↓↑↑↓↓↑↑↓↓  

Khhl\_lkl\_ggh��y^_jgu_�kibgu�[m^ml�bf_lv�^\Z�q_j_^mxsboky�agZq_gby�y^_jguo�j_ah�
gZgkguo�qZklhl.�DZ`^uc�y^_jguc�kibg�\�iheh`_gbyo�$�b�%�\�wlhc�ko_f_�ihfbfh�hkgh\�
gh]h�khklhygby�bf_xl��khhl\_lkl\_ggh��\ha[m`^_ggh_� |⇓〉 b� |⇑〉��AZf_lbf��qlh�\j_fy�`bagb�
(kibg-j_r_lhqgh_�\j_fy�j_eZdkZpbb�T1��\ha[m`^_ggh]h�khklhygby�ijb�gbadbo�l_fi_jZlmj��
dZd�m`_�hlf_qZehkv��hq_gv�\_ebdh� 
>ey�hj]ZgbaZpbb�YFJ�\uqbkebl_evguo�hi_jZpbc�\�jZkkfZljb\Z_fhc�kljmdlmj_�\hkihev�

am_fky� kihkh[Zfb� h[jZs_gby� d� dm[blZf�� ZgZeh]bqgufb� i_j\hgZqZevgh� ij_^eh`_ggufb�
K�;_g`Zfbghf�^ey�p_ihqdb�ba�^\mo�lbih\�dm[blh\�k�q_j_^mxsbfbky�j_ahgZgkgufb�qZklh�
lZfb�\�>����@��g_�lj_[mxsbf�bg^b\b^mZevgh]h�h[jZs_gby�d�hl^_evguf�dm[blZf� 
DZ`^uc�eh]bq_kdbc�dm[bl�bgnhjfZpbb�[m^_f�ij_^klZ\eylv�khklhygbyfb�q_luj_o we_�

f_glh\��Hkgh\gh_�khklhygb_�eh]bq_kdh]h�dm[blZ��0��ij_^klZ\ey_lky�yq_cdhc�|⇓ ⇑ ↑ ↓〉��lh�
]^Z�dZd�khklhygb_��1" — yq_cdhc�|↑ ↓ ⇓ ⇑〉��H[Z�khklhygby�kh^_j`Zl�^\Z�\ha[m`^_gguo�kh�
klhygby�b�bf_xl�gme_\mx�ijh_dpbx�ihegh]h�y^_jgh]h�kibgZ� 
<\h^�b�\u\h^�bgnhjfZpbb�ba�p_ihqdb�y^_jguo�kibgh\�^he`_g�ijhba\h^blvky�gZ�dhgp_�

p_ihqdb��]^_�y^_jguc�kibg�bf__l�lhevdh�h^bg�khk_^gbc�kibg��imklv�wlh�[m^_l�kibg�\�iheh�
`_gbb� $� gZ� e_\hf� dhgp_�� b� ihwlhfm� bf__l� ^jm]mx� j_ahgZgkgmx� qZklhlm� &A(–1/2) 

(m< + m> = – ������kf��LZ[ebpm�� 
Khhl\_lkl\mxsbc�k_e_dlb\guc�j_ahgZgkguc�jZ^bhqZklhlguc�πA,m<�+�m> = πA,–1/2- bfimevk�

[m^_l�bg\_jlbjh\Zlv�lhevdh�wlhl�h^bg�y^_jguc�kibg�gZ�dhgp_�p_ihqdb��\�iheh`_gbb�A���g_�
\ebyy�gZ�\k_�^jm]b_��AZl_f�ih^Z_lky�gh\uc�k_e_dlb\guc�jZ^bhqZklhlguc�πB,0- bfimevk��dh�
lhjuc�bg\_jlbjm_l�ke_^mxsbc�y^_jguc�kibg��\�iheh`_gbb�%���k�ijhlb\hiheh`gufb�hjb�
_glZpbyfb� khk_^gbo� y^_jguo� kibgh\� \� hkgh\ghf� b� \ha[m`^_gghf� khklhygbyo�
(m< + m> = ��� b�� khhl\_lkl\_ggh�� k� ^jm]hc� j_ahgZgkghc� qZklhlhc�� hlebqghc� hl� qZklhlu�
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kibgh\�� khk_^gb_� y^_jgu_� kibgu� dhlhjuo� \� wlh� \j_fy� gZoh^ylky� \� hkgh\ghf� khklhygbb�
(m< + m> = ±1). 

LZ[ebpZ��π-bfimevku�^ey�kibgh\�\�khklhygbyo�$�b�% 

Khk_^gb_�kibgh\u_�khklhygby�
^ey�kibgZ�A 

A ↓ ↓ A ↓ ↓ A  ⇑ ⇑  A ↓ ⇑ A ⇑ 

J_ahgZgkgZy�qZklhlZ &A(–1/2) &A(–1) &A(0) &A(0) &A(1) 

π-bfimevku πA,–1/2 πA,–1 πA,0 πA,0 πA,1 

 

Khk_^gb_�kibgh\u_�khklhygby�
^ey�kibgZ�B 

B ↑ ↑ B  ↑ ↑ B  ⇓ ⇓ B  ↑ ⇓ B ⇓ 

J_ahgZgkgZy�qZklhlZ &B(1/2) &B(1) &B(0) &B(0) &B(–1) 

π-bfimevku πB,1/2 πB,1 πB,0 πB,0 πB,–1 

 

LZdbf�h[jZahf��khklhygb_�eh]bq_kdh]h�dm[blZ������lh�_klv�⇓ ⇑ ↑ ↓〉��nhjfbjm_lky�ke_�
^mxsbf�h[jZahf��bfimevku�^_ckl\mxl�gZ�ih^q_jdgmlu_�ke_\Z�kibgu�� 

 ↑
–A

 ↓
B

  ↓
B

...πA,–1/2 ⇒  ⇓
A

 ↓
–B

 ↑
A

 ↓
B

 ↑...πB,0 ⇒  

"0"
QQQQQQ
⇓
A

 

⇑
B

 ↑
A

 ↓
B

 ↑... (2.95) 

Khklhygb_�eh]bq_kdh]h�dm[blZ� ����gZ�djZx�p_ihqdb�nhjfbjm_lky�k�ihfhsvx�_s_�lj_o�
jZ^bhqZklhlguo�bfimevkh\��kgZqZeZ�πA,0��aZl_f�πA,1/2�b�πB,0–bfimevkh\� 

 

"0"
QQQQQQ
⇓
A

 

⇑
B

 ↑
–A

 ↓
B

 ↑...πA,0⇒⇓
–A

 

––––––––
⇑

 
⇓ ↓ ↑...πA,1/2⇒↑ 

––––––––
⇑

 
⇓ ↓ ↑...πB,0⇒

"1"
QQQQQQ
↑
A

 

↓
B

 ⇓
A

 ⇑
B

 ↑... (2.96) 

GZah\_f�^Ze__�khklhygby�
––––––––
⇑

 
⇓ ↓ ↑〉 b�

––––––––
↓

 
↑ ⇑ ⇓〉 ljZgkebjh\Zggufb�hlghkbl_evgh�hk�

gh\guo� eh]bq_kdbo� khklhygbc� 
Q QQQQQ
⇓
A  

⇑
B

 ↑
A

 ↓
B

〉 b� 
Q QQQQQ
↑
A  

↓
B

 ⇓
A

 ⇑
B

〉�� <� ihke_^mxsbo� hi_jZpbyo�

6:$3��dZd�[m^_l�\b^gh��hgb�i_j_oh^yl�\�hkgh\gu_�eh]bq_kdb_�khklhygby� 
AZf_lbf��qlh�^ey�h[jZah\Zgby�]jm[hc�hrb[db�\�aZibkZgghc�bgnhjfZpbb��gZijbf_j��lbiZ�

"0" ⇒ �����ke_^m_l�i_j_\_jgmlv�h^gh\j_f_ggh�q_luj_�kibgZ��Hlkx^Z�ke_^m_l��qlh�jZkkfhl�
j_gguc�kihkh[�dh^bjh\Zgby�khklhygbc�dm[blh\�h[eZ^Z_l�ih\ur_gghc�ihf_ohaZsbs_ggh�
klvx�ih�hlghr_gbx�d�hrb[dZf�lZdh]h�lbiZ� 
>Zevg_cr__�i_j_f_s_gb_�khklhygbc�dm[blh\�ih�p_ihqd_�hkms_kl\ey_lky�k�ihfhsvx�ih�
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ke_^h\Zl_evghklb�bfimevkh\�πA,0, πB,0, πA,0, πB,0�����ij_^klZ\eyxs_c�hi_jZpbb�6:$3� 

 

"1"
QQQQQQ
↑
A

 

↓
B

 ⇓
–A

 ⇑
B

 ↑...πA,0 ⇒ ↑ 
–
 
–––––––

↓
 

↑ ⇑
–B

 ⇓ ↓...πB,0 ⇒ ↑ ↓ 

"1"
QQQQQQ
↑

 

↓ ⇓
–A

 ⇑...πA,0 ⇒ 

 ⇒ ↑ ↓ ↑ 
–
 
–––––––

↓
 

↑ ⇑
–B

 ⇓ ↓
–B

...πB0 ⇒    ↑ ↓ ↑ ↓ 

"1"
QQQQQQ
↑
A

 

↓
B

 ⇓
–A

 ⇑
B

 ↑ ↓ ↑ ↓... (2.97) 

b�lZd�^Ze__� 
Jhev�Zlhfh\-ihjlh\�gZ�dhgp_�p_ihqdb�fh]ml�b]jZlv��dZd�\�kemqZ_��jZkkfZljb\Z\r_fky�\�

[2.��@��ijbf_kgu_�Zlhfu�'�\�g_dhlhjuo�f_klZo�p_ihqdb�k�hlebqZxs_cky�j_ahgZgkghc�qZk�
lhlhc��<�iheghklvx�bgbpbZebabjh\Zggh_�khklhygb_�y^_jguo�kibgh\�bgnhjfZpby�\\h^blky�
i_j_\h^hf�y^_jgh]h�kibgZ�ZlhfZ�'�\�lj_[m_fh_�khklhygb_�k�ihfhsvx�bfimevkZ�gZ�_]h�j_ah�
gZgkghc�qZklhl_��Khklhygb_�y^_jgh]h�kibgZ�[eb`Zcr_]h�d�ijbf_kghfm�Zlhfm�kha^Z_lky�aZ�
l_f�k�ihfhsvx�hi_jZpbb�6:$3� 
Ijb�bkihevah\Zgbb�ZgkZf[ey�^hklZlhqgh�[hevrh]h�qbkeZ�iZjZee_evgh�jZ[hlZxsbo�eb�

g_cguo�p_ihq_d�khklhygb_�y^_jguo�kibgh\�fh`_l�[ulv�baf_j_gh�f_lh^Zfb�YFJ��J_Zevgh�
ebg_cgu_� h^ghf_jgu_� p_ihqdb� ^Z`_� ijb� gbadbo� l_fi_jZlmjZo�bf_xl� dhg_qgmx� ^ebgm�b�
fh]ml� kh^_j`Zlv�h]jZgbq_ggh_�qbkeh�eh]bq_kdbo�dm[blh\��Ihwlhfm�^ey�m\_ebq_gby�qbkeZ�
eh]bq_kdbo�dm[blh\�\�hl^_evghc��bkdmkkl\_gghc�fhe_dme_���ijboh^ysboky�gZ�h^bg�ihjl�^h�
> 103��fh`gh�i_j_clb�d�^\mof_jguf�b�lj_of_jguf�kljmdlmjZf�k�rZofZlguf�ihjy^dhf�\�
hjb_glZpbb�we_dljhgguo�kibgh\��Khhl\_lkl\mxsbc�rZofZlguc�ihjy^hd�[m^ml�bf_lv�b�hjb�
_glbjh\Zggu_�y^_jgu_�kibgu� 

ihjl�����������������������������lx 

↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑
↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓
↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑
↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓↑↑↓↓
↓↓↑↑↓↓↑↑↓↓↑↑↑↑↓↓↑↑ �

  ly  

Jbk� �����>\mof_jgZy�kljmdlmjZ�k�rZofZlguf�ihjy^dhf�hjb_glZpbb�we_dljhgguo�kibgh\� 

>Ze__�\�jZa^_e_�2.12 jZkkfZljb\Zxlky�\ZjbZglu�k�_kl_kl\_ggufb�djbklZeebq_kdbfb�Zg�
lbn_jjhfZ]gblgufb�kljmdlmjZfb� 
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2.9.2. Hj]ZgbaZpby�eh]bq_kdbo�hi_jZpbc�\�d\Zglh\hf�YFJ�de_lhqghf�Z\lhfZl_ 
JZkkfhljbf�qZklv�p_ihqdb��Jbk� ������dhlhjZy�kh^_j`bl�ljb�eh]bq_kdbo�dm[blZ�\�khklhy�

gbyo����������b������Djhf_�eh]bq_kdbo�dm[blh\��ij_^klZ\ey_fuo�q_lujvfy�kibgZfb��dZd�b�\�
[2.47@��\\_^_f�\kihfh]Zl_evgZy�dhgljhevgZy�_^bgbpZ�&8��ij_^klZ\ey_fZy�r_klvx kibgZ�

fb�\�ke_^mxsbo�khklhygbyo 
============
⇑ ⇓ ↓ ↑ ⇑ ⇓

 
��Hl^_evgu_�dm[blu�ijhkljZgkl\_ggh�hl^_e_gu�

\�p_ihqd_�gZ�qbkeh�y^_jguo�kibgh\�\�hkgh\ghf�khklhygbb��djZlgh_�q_luj_f.  

"1"
QQQQQQ
↑

 

↓ ⇓
–

 ⇑ ↑
–

 ↓ ↑ ↓ 

"0"
QQQQQQ
⇓
–

 

⇑ ↑
–

 ↓ ↑ ↓ ↑ ↓ 

"1"
QQQQQQ
↑

 

↓ ⇓
–

 ⇑ ↑
–

 ↓ ↑
–

 

CU
QQQQQQQQQ
⇑

 

⇓
–

 ↓ ↑
–

 ⇑ ⇓
–

 ↓ ↑...  

       πA,0 ⇒   ...↑ ↓ ↑ 
––––––––
⇑
– 

⇓ ↓
–

 ↑ ↓ ↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑

–
 ⇓ ↓ 

–––––––––––––
⇓

 
⇑
–

 ↑ ↓
–

 ⇓ ⇑
–

 ↑ ↓ ↑...  

       πB,0 ⇒   ...↑ ↓ ↑ ↓ 
QQQQQQ
⇓
– 

⇑ ↑
–

 ↓ ↑ ↓ ↑ ↓ ↑ ↓ 

= = = = = = = = = =
⇓

 
↓ ⇓ ↓ ↑

–
 ⇑ ⇓

–
 ↓ ↑ ↓ ↑...  

       πA,0 ⇒   ...
–
⇓
 
 ↓

–
 ↑ ↓ ↑ 

––––––––
⇑
– 

⇓ ↓
–

 ↑ ↓ ↑ ↓ ↑ ↓
–

 
– – – – – – – – –
⇓

 
↓ ⇓ ↓ ⇓ ⇑

–
 ↑ ↓ ↑ ↓ ↑...  

 *   

       πB,0 ⇒   ...
QQ
⇓

 
⇑ ↑

–
 ↓ ↑ ↓ 

QQQQQQ
⇓
– 

⇑ ↑
–

 ↓ ↑ ↓ ↑
–

 
= = = = = = = =
⇑

 
⇓
–

 ↓ ⇓ ↓ ⇓ ↓ ↑ ↓ ↑ ↓ ↑...  

       πA,0 ⇒   ...
––––––
↑

 
⇑
–

 ⇓ ↓
–

 ↑ ↓ ↑ 
––––––––
⇑
– 

⇓ ↓
–

 ↑ ↓
–

 
– – – – – – – – – – –
⇓

 
⇑
–

 ↑ ↑
–

 ⇓ ↓ ⇓  ↓
–

 ↑ ↓ ↑ ↓ ↑...  

 πB,0 ⇒  πA,0 ⇒  πB,0 ⇒  
 **   

       πA,0 ⇒   ...↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑

–
 ⇓ ↓ 

– – – – – – – – –
⇓

 
⇑
–

 ↑ ⇑ ↑ ⇑ ↑ ↓ ↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑

–
 ⇓ ↓

–
 ↑...  

 πB,0 ⇒  πA,0 ⇒  πB,0 ⇒  πA,0 ⇒  πB,0 ⇒  πA,0 ⇒   
 
 ***  

       πB,0 ⇒  

CU
QQQQQQQQQ
⇑

 

⇓ ↓ ↑ ⇑ ⇓ ↓ ↑ ↓ 

"1"
QQQQQQ
↑

 

↓ ⇓ ⇑ ↑ ↓ ↑ ↓ 

"0"
QQQQQQ
⇓

 

⇑ ↑ ↓ ↑ ↓ ↑ ↓ 

"1"
QQQQQQ
↑

 

↓ ⇓ ⇑

.  

Jbk� �����Ko_fZ�ihke_^h\Zl_evghklb�bfimevkh\��hkms_kl\eyxsbo�hi_jZpbx�6:$3�gZ^�eh�
]bq_kdbfb�dm[blZfb��Rljboh\u_�q_jlu�k\_jom�h[hagZqZxl�h[eZklb��]^_�ijhbkoh^bl�baf_�

g_gb_�kljmdlmju�eh]bq_kdh]h�dm[blZ�b�dhgljhevghc�_^bgbpu�&8� 
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Ihwlhfm�gZ�dZ`^uc�dm[bl�\�p_ihqd_�ijboh^blky�fbgbfmf�\hk_fv�y^_jguo�kibgh\��q_lu�
j_�^ey�dh^bjh\Zgby�b�q_luj_�^ey�ijhkljZgkl\_ggh]h�jZa^_e_gby���DhgljhevgZy�_^bgbpZ�gZ�
oh^blky� \�g_dhlhjhf�f_kl_�p_ihqdb�b� hl^_e_gZ� hl� [eb`Zcr_]h� dm[blZ�g_q_lguf�qbkehf�
kibgh\��gZoh^ysboky�\�hkgh\ghf�khklhygbb� 
Ih^�^_ckl\b_f�ihke_^h\Zl_evghklb�bfimevkh\�πA,0, πB,0, πA,0, πB,0, πA,0«�dm[blu�i_j_f_�

sZxlky�\ijZ\h��Z�dhgljhevgZy�_^bgbpZ�&8�\e_\h��ijb�wlhf�nhjfZ�dm[blh\�b�&8�khojZgy�
xlky��k�lhqghklvx�^h�ljZgkebjh\Zgby�. DhgljhevgZy�_^bgbpZ�&8�ijhoh^bl�q_j_a�dm[blu�\�
khklhygbyo� ����b� �����hklZ\eyy�bo�ihke_�\aZbfh^_ckl\by�g_baf_ggufb�b�ijh^he`Z_l�^\b�
]Zlvky�\e_\h��Jbk� 2.9). 

>ey�\uiheg_gby�h^ghdm[blh\uo�hi_jZpbc�bkihevamxlky�πA,1 b�πB,–1–bfimevku��Z�lZd`_�
[he__�h[sb_�mgblZjgu_�hi_jZlhju�UA,1 b�UB,–1��^_ckl\mxsb_�gZ�hl^_evguc�kibg�\�iheh`_�
gbb�$�b�%�k�j_ahgZgkgufb�qZklhlZfb��khhl\_lkl\mxsbfb�h^bgZdh\uf�\ha[m`^_gguf�kh�
klhygbyf�h[hbo�khk_^gbf�y^_jguf�kibgZf��AgZd�����hlghkblky�d�kemqZx��dh]^Z�\�\ha[m`�
^_gguo�khklhygbyo�⇑〉 gZoh^ylky�h[Z�khk_^gbo�kibgZ�%�b�agZd� �–" dh]^Z�\�\ha[m`^_gghf�
khklhygbb�⇓〉 gZoh^ylky�khk_^gb_�kibgu�$��kf��LZ[ebpm���AZf_lbf��qlh�_keb�hi_jZlhj�8�y\�
ey_lky�ijhklhc�bg\_jkb_c�khklhygby��lh�^_ckl\b_�8A,1�b�8B,–1�b^_glbqgh�^_ckl\bx�bfimev�
kh\�πA,1�b�πB,-1. 

<� lhl�fhf_gl��dh]^Z� &8�^hklb]Z_l� k_j_^bgu�imlb�ijb�ijhoh`^_gbb�jZkkfZljb\Z_fh]h 

dm[blZ��1" beb�"0���wlb�khklhygby�hlf_q_gu�h^ghc�b�^\mfy�a\_a^hqdZfb�gZ�Jbk� 2.����hi_jZ�
pby� 6:$3� ij_ju\Z_lky� b� \dexqZ_lky� ^jm]Zy� \uqbkebl_evgZy� ihke_^h\Zl_evghklv ba�
r_klb�bfimevkh\�πA,1, πB,–1, πB,0, πA,1, πB,0, UA,1��AZdZgqb\Z_l�wlm�ihke_^h\Zl_evghklv�mgb�
lZjgZy�hi_jZpby�8A,1 �ih\hjhl�\�^\mof_jghf�]bev[_jlh\hf�ijhkljZgkl\_���dhlhjZy�̂ _ckl\m_l�
lhevdh�gZ�h^bg�kibg�$�\�hkgh\ghf�khklhygbb��gZoh^ysbcky�f_`^m�\ha[m`^_ggufb�kibgZfb�
%�b�h[jZam_l�kmi_jihabpbx�khklhygbc�kibgZ�$� 
 UA,1↑〉 = a↑〉 + b⇓〉 ,   a2 + b2 = 1 . (2.98) 

πA,0  ⇒...
–
⇓
 
 ↓ ↑ ↓ ↑ 

––––––––
⇑

 
⇓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 

– – – – – – – – –
⇓

 
↓ ⇓ ↓ ⇓ ⇑ ↑ ↓ ↑ ↓ ↑ ⇒  

∗                                   
 πA,1⇒ πB,–1⇒ πB,0⇒ πA,1⇒ πB,0⇒ 

 UA,1  ⇒...
–
⇓
 
 ↓ ↑ ↓ ↑ 

––––––––
⇑

 
⇓ ↓ ↑ ↓ ↑ ↓ ↑ ⇑ ↑

U
 ⇑ ↑ ↓ ⇓ ⇑ ↑ ↓ ↑ ↓ ↑ ; 

Jbk� �����Ko_fZ�^hihegbl_evghc�\uqbkebl_evghc�bfimevkghc�ihke_^h\Zl_evghklb�ihke_�
klZ^bb��MgblZjgZy�hi_jZpby�8A,1↑〉 h[hagZqZ_lky�dZd�⇑ ↑

U
 ⇑: 
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Ko_fZ� ^hihegbl_evghc� \uqbkebl_evghc� ihke_^h\Zl_evghklb� bfimevkh\� ihke_� klZ^bb��
hlf_q_gghc�h^ghc�a\_a^hqdhc��ihdZaZgZ�gZ�Jbk������ 
>Ze__��aZ�mgblZjghc�hi_jZpb_c�8A,1��\uihegy_lky�lZ�`_�ihegZy�ihke_^h\Zl_evghklv�bf�

imevkh\��gh�\�h[jZlghf�ihjy^d_��Ijb�wlhf�dhgljhevgZy�_^bgbpZ�&8�\ha\jZsZ_lky�\�bkoh^�
gh_�gZqZevgh_�khklhygb_��i_j\Zy�kljhdZ�gZ�Jbk� 2.����Z�gZqZevgh_�khklhygb_�eh]bq_kdh]h�dm�
[blZ��1��i_j_oh^bl�\�kmi_jihabpbx�khklhygbc� 

 

"1"
QQQQQQ
↑

 

↓ ⇓ ⇑〉 ⇒ ψ〉 = a

"1"
QQQQQQ
↑

 

↓ ⇓ ⇑〉 + b

"0"
QQQQQQ
⇓
–

 

⇑ ↑ ↓〉. (2.99) 

b�i_j_f_sZ_lky�gZe_\h� 
LZdbf�h[jZahf��\�j_amevlZl_�dhgljhevgZy�_^bgbpZ�&8�\f_kl_�k�^hihegbl_evghc�\uqbkeb�

l_evghc�ihke_^h\Zl_evghklvx�bfimevkh\�hkms_kl\ey_l�h^ghdm[blh\mx�hi_jZpbx�h[jZah\Z�
gby� kmi_jihabpbb� ^\mo� eh]bq_kdbo� dm[blh\�� AZf_lbf�� qlh� lZdZy�hi_jZpby� lj_[m_l� k_fgZ�
^pZlb�we_f_glZjguo�bfimevkh\� 
>ey� \uiheg_gby� ^\modm[blh\hc� hi_jZpbb� ihlj_[m_lky�ijbf_g_gb_� ^jm]hc� [he__� ^eb�

l_evghc� ihke_^h\Zl_evghklb� \uqbkebl_evguo�bfimevkh\��LZd��ijb� \uiheg_gbb� hi_jZpbb�
CNOT hgZ�^he`gZ�[ulv�lZdhc��qlh[u�dhgljhevgZy�_^bgbpZ�&8��ijhoh^y�dhgljhebjmxsbc�
dm[bl� \� khklhygbb� �����baf_gyeZ� k\hx�nhjfm� lZdbf�h[jZahf��qlh[u�ihke_�ihke_^mxs_]h�
ijhoh`^_gby�dhgljhebjm_fh]h�dm[blZ��ihke_^gbc�g_�baf_gye�k\h_]h�khklhygby��Z�ijhoh^y�
dhgljhebjm_fuc�dm[bl�\�khklhygbb�"1"�baf_gyeZ�k\hx�nhjfm�bgZq_�b�ijhba\h^beZ�bg\_j�
kbx� _]h� khklhygby�ijb�ihke_^mxs_f�ijhoh`^_gbb�dhgljhebjm_fh]h�dm[blZ� �Ijbf_j�ih�
ke_^h\Zl_evghklb� bfimevkh\�� \uihegyxsbo� hi_jZpbx CNOT� ijb\_^_g� \� Ijbeh`_gbb�
I��). 

2.9.3. YFJ�d\Zglh\uc�de_lhqguc�Z\lhfZl�k�g_kbff_ljbqguf�\aZbfh^_ckl\b_f�
y^_jgh]h�kibgZ�k�khk_^gbfb�kibgZfb 

<f_klh� kbkl_fu� bkdmkkl\_gguo� fhe_dme� \� \b^_� p_ihq_d� ba� ^hghjguo� Zlhfh\� �fh`gh�
ij_^eh`blv� lZd`_� hj]Zgbq_kdb_� djbklZeeu� k� ^bwe_dljbq_kdbfb� k\hckl\Zfb� ijb� gbadbo�
l_fi_jZlmjZo��khklhysb_�ba�keZ[h�\aZbfh^_ckl\mxsbo�f_`^m�kh[hc�d\Zabh^ghf_jguo�p_�
ihq_d. 

GZijbf_j�� bfb� fh]ml� [ulv� kjZ\gbl_evgh� ohjhrh� bamq_ggu_� p_ihqdb� ihebZp_lbe_gZ�
�iheb_g��>����@�k�obfbq_kdhc�kljmdlmjhc��bahlhiu�12&�k�I = ����bah[jZ`_gghc�gZ�Jbk� 2.11, 

k�Zglbn_jjhfZ]gblguf mihjy^hq_gb_f�we_dljhgguo�kibgh\��hkms_kl\eyxsbo�k\yav�Zlh�
fh\�\h^hjh^Z�k�ZlhfZfb�m]e_jh^Z�b�bf_xsbo��khhl\_lkl\_ggh��q_j_^mxsmxky�gZqZevgmx�
iheyjbaZpbx�ijhlhgh\� 
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HH

HHH

C ...CC12

 
 

Jbk� ������Obfbq_kdZy�kljmdlmjZ�ihebZp_lbe_gZ��ihebwgZ� 

Hkh[_gghklvx� lZdhc� kljmdlmju��\�hlebqb_�hl�jZkkfZljb\Z_fhc�\�ij_^u^ms_f�jZa^_e_��
y\ey_lky�g_kbff_ljby�dhk\_ggh]h�\aZbfh^_ckl\by�hl^_evgh]h�y^_jgh]h�kibgZ�k�ijZ\uf�
I I<�b�e_\uf�I I>�khk_^gbf�kibghf��h^bgZjgu_�b�^\hcgu_�obfbq_kdb_�k\yab�� 
<�wlhf�kemqZ_��^Z`_�ijb�gZebqbb�g_^bZ]hgZevgh]h�\�\uqbkebl_evghf�[Zabk_�\aZbfh^_c�

kl\by�f_`^m�kibgZfb��ijb\h^ys_fm�d�g_dhgljhebjm_fhklb�[Zabkguo�khklhygbc��hj]ZgbaZ�
pby�d\Zglh\uo�\uqbke_gbc�kms_kl\_ggh�mijhsZ_lky��_keb�\hkihevah\Zlvky�ko_fhc��lZd`_�
g_^Z\gh�ij_^eh`_gghc�K�;_g`Zfbghf� >����@��Hg�jZkkfhlj_e�h^ghf_jgmx�p_ihqdm�ba�^\mo�
jZaguo� lbih\� dm[blh\� lbiZ�ABABAB«k� q_j_^mxsbfbky�ih� \_ebqbg_� \aZbfh^_ckl\byfb�
f_`^m�dm[blZfb�A-B�b�B-A�\�p_ihqd_��Kh]eZkgh� wlhc� ko_f_��ijhba\h^blky�ihi_j_f_ggh_�
\udexq_gb_�b�\udexq_gb_�ijZ\uo��A-B)�beb�e_\uo��B-A��\aZbfh^_ckl\bc�h^gh\j_f_ggh�m�
\k_o�dm[blh\�p_ihqdb��<�j_amevlZl_�\�kbkl_f_�h[jZam_lky�eb[h�nZaZ�.��eb[h�nZaZ���ba�h^b�
gZdh\h� \aZbfh^_ckl\mxsbo�A-B�beb�B-A�iZj��GZ�\k_o�iZjZo�dZ`^hc�nZau�h^gh\j_f_ggh�
\uihegyxlky�ex[u_�^\modm[blh\u_�hi_jZpbb��Ijb�wlhf�jhev��dZd�eh]bq_kdbo�dm[blh\��lZd�
b�dhgljhevghc�_^bgbpu�CU�b]jZxl�\�hlebqb_�hl�ij_^u^ms_]h�kemqZy�g_�]jmiiu��Z�hl^_ev�
gu_�kibgu��Ihke_�ijh\_^_gby�SWAP�hi_jZpbb��ijhba\h^blky�i_j_dexq_gb_�ijZ\uo�b�e_\uo�
\aZbfh^_ckl\bc�ijb�wlhf�eh]bq_kdbc�dm[bl�i_j_f_sZ_lky�ih�j_]bkljm�gZijZ\h��Z�dhgljhev�
gZy�_^bgbpZ�gZe_\h��Ihke_^h\Zl_evghklv�lZdbo�hi_jZpbc�ijb\_^_l��\�dhgp_�dhgph\��d�lhfm��
qlh�CU�^hklb]Z_l�eh]bq_kdh]h�dm[blZ�b�lh]^Z�k�eh]bq_kdbf�dm[blhf�ijh\h^blky�lj_[m_fZy�
dhgljhebjm_fZy� h^ghdm[blh\Zy� hi_jZpby�U��AZl_f�ijhba\h^blky�h[jZlgZy�ihke_^h\Zl_ev�
ghklv�hi_jZpbc��djhf_�U��ij_h[jZah\Zgguc�dm[bl�b�CU�\ha\jZsZxlky�gZ�i_j\hgZqZevgu_�
f_klZ� \� j_]bklj_�� G_kdhevdh� [he__� keh`ghc� hdZau\Z_lky� ^\modm[blh\Zy� dhgljhebjm_fZy�
hi_jZpby��LZdZy�ko_fZ�iha\hey_l�agZqbl_evgh�mf_gvrblv�qbkeh�j_ahgZgkguo�bfimevkh\�ih�
kjZ\g_gbx�k�jZkkfhlj_gguf�kemqZ_f�\�ij_^u^ms_f�jZa^_e_��>ey�\uiheg_gby�h^ghdm[blh�
\uo�hi_jZpbc��gZijbf_j��l_i_jv�^hklZlhqgh�r_klb�bfimevkh\��Hq_\b^gh��qlh�ij_^eh`_g�
gZy�\�>����@�ko_fZ��g_ihkj_^kl\_ggh�i_j_ghkblky�b�gZ�jZkkfZljb\Z_fu_�gZfb�Zglbn_jjhfZ]�
gblgu_�]hfhy^_jgu_�kljmdlmju� 
Mkeh`g_gb_�a^_kv�k\yaZgh�k�g_h[oh^bfhklvx�i_j_dexq_gby�e_\uo�b�ijZ\uo�\aZbfh^_c�

kl\bc��<�dZq_kl\_�h^gh]h�ba�kihkh[h\�lZdbo�i_j_dexq_gbc�\aZbfh^_ckl\bc�\�lZdbo�kbkl_fZo�
Z\lhj��\�qZklghklb��ij_^eZ]Z_l�bkihevah\Zlv�h[sb_�we_dljbq_kdb_�we_dljh^u��dhlhju_�[u�
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baf_gyeb� kl_i_gv� i_j_djulby� \hegh\uo� nmgdpbc� we_dljhgh\� h^gh\j_f_ggh� m� khhl\_lkl�
\mxsbo�iZj�dm[blh\� 
H^gZdh�^ey�\udexq_gby�b�\dexq_gby�mdZaZgguo�\aZbfh^_ckl\bc�\�kemqZ_�bo�g_kbff_l�

jbb�\�wlhc�ko_f_�d\Zglh\h]h�Z\lhfZlZ�fh`gh�[ueh�[u��dZd�gZf�ij_^klZ\ey_lky��h[hclbkv�b�
[_a�we_dljbq_kdbo�we_dljh^h\. 
>ey� wlh]h� fh`gh� \hkihevah\Zlvky� f_lh^hf� gZkus_gby� j_ahgZgkZ� aZij_s_gguo� ijb�

b^_Zevghf� bahljhighf� ]Zca_g[_j]h\kdhf� \aZbfh^_ckl\bb� i_j_oh^h\�f_`^m� aZimlZggufb�
khklhygbyfb�_�� 0〉 = 2/1  (|9;〉 – |;9〉)〉��b�_�� 0〉 = 2/1  (|9;〉 + |;9〉���jZa^_e_ggufb�^ey�khhl�
\_lkl\mxsbo�iZj�y^_jguo�kibgh\�wg_j]byfb�I I<�beb�I I>��kf��Jbk�����b�������<�j_amevlZl_�ijh�
bahc^_l�\ujZ\gb\Zgb_�gZk_e_gghkl_c�wlbo�khklhygbc��qlh�wd\b\Ze_glgh��_keb�hl\e_qvky�hl�
\ebygby�\aZbfh^_ckl\bc�k�^jm]bfb�kibgZfb��\udexq_gbx�\aZbfh^_ckl\by�^ey�jZkkfZljb�
\Z_fhc�iZju�y^_jguo�kibgh\� 
<�jZkkfZljb\Z_fhf�kemqZ_�jhev�we_f_glZjghc�yq_cdb�\�^\moih^j_r_lhqghc�i_jbh^bq_�

kdhc�kljmdlmj_�b]jZ_l�iZjZ�yq__d�ba�^\mo�kibgh\�ijbgZ^e_`Zsbo�jZaguf�ih^j_r_ldZf��k\y�
aZgguo�f_`^m�kh[hc�\aZbfh^_ckl\b_f��hlebqZxsbfky�hl�dhk\_ggh]h�h[f_ggh]h�\aZbfh^_c�
kl\by�\gmljb�iZju��Wlh�\aZbfh^_ckl\b_��ijb\h^bl�d�kgylbx�\ujh`^_gby�q_luj_o�mjh\g_c�m�
iZju�^\mokibgh\uo�kbkl_fu��<f_klh�^\mo�iheghklvx�aZimlZgguo�khklhygbc�\�wlhf�kemqZ_�
^\mokibgh\hc�kbkl_fu�fu�ihemqZ_f�q_luj_�aZimlZgguo�khklhygby��Ijb�i_j_oh^_�d�i_�
jbh^bq_kdhc�d\Zabh^ghf_jghc�p_ihqd_� khhl\_lkl\mxsb_� mjh\gb�ij_\jZsZxlky�\� ahgu��k�
rbjbghc��hij_^_ey_fhc�\aZbfh^_ckl\b_f�f_`^m�y^_jgufb�kibgZfb�khk_^gbo�yq__d�>����@� 
<�keZ[uo�iheyo�ijb�g_�hq_gv�kbevghc�Zgbahljhibb�dhk\_ggh]h�h[f_ggh]h�\aZbfh^_ckl�

\by�hkgh\gh_�khklhygb_�p_ihqdb�y^_jguo�kibgh\�lbiZ�dhevpZ�[m^_l�g_�iheghklvx�aZimlZg�
guf��kf��jZa^_e�1.6���?keb�a__fZgh\kdZy�wg_j]by�y^_jguo�kibgh\�\�fZ]gblghf�ihe_�[hevr_�
wg_j]bb�\aZbfh^_ckl\by�f_`^m�y^_jgufb�kibgZfb��hkgh\guf�khklhygb_f�y\ey_lky�g_aZim�
lZggh_�khklhygb_�kh�kibgZfb��hjb_glbjh\Zggufb��khhl\_lkl\_ggh��\�dZ`^hc�ih^j_r_ld_�ih�
ihex�b�ijhlb\�ihey��G_�iheghklvx�aZimlZggufb�khklhygbyfb�y\ey_lky�l_i_jv�iZjZ�\ur_�
e_`Zsbo�khklhygbc��<ugm`^_ggu_�i_j_oh^u�f_`^m�wlbfb�b�^\mfy�\ur_e_`Zsbfb�g_�ihe�
ghklvx� aZimlZggufb� khklhygbyfb�� jZkiheh`_ggufb�f_`^m�g_aZimlZggufb� khklhygbyfb��
m`_�g_�y\eyxlky�aZij_s_ggufb� 
Mqblu\Zy�[hevrb_�agZq_gby�\j_f_g�j_eZdkZpbb�ijb�gbadbo�l_fi_jZlmjZo��fh`gh�h`b�

^Zlv��qlh�gZkus_gb_�i_j_oh^h\�f_`^m�l_fb�beb�^jm]bfb�iZjZfb�ba�q_luj_o�khklhygbc�[m�
^_l�^hklb]gmlh�ijb�mf_j_gguo�agZq_gbyo�gZijy`_gghklb�jZ^bhqZklhlgh]h�ihey� 
A^_kv��dZd�b�\�ij_^u^msbo�kemqZyo��i_j_oh^�d�ZgkZf[e_\hfm�\ZjbZglm�h[_sZ_l�hij_^_�

e_ggu_�ij_bfms_kl\Z� 
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>ey� hp_gdb� \hafh`ghklb� k_e_dlb\gh]h� gZkus_gby� lZdbo� i_j_oh^h\� b� hdhgqZl_evghc�
hp_gdb�i_jki_dlb\ghklb�h[km`^Z_fh]h�\ZjbZgl_�d\Zglh\h]h�j_]bkljZ��ihlj_[m_lky�ijh\_^_�
gby�wdki_jbf_glZevguo�bkke_^h\Zgbc�ih�hij_^_e_gbx�ki_dljZ�YFJ��rbjbg�hl^_evguo�eb�
gbc�b�\j_f_g�j_eZdkZpbb�ih^h[guo�hj]Zgbq_kdbo�kljmdlmj�k�Zglbn_jjhfZ]gblguf�mihjy�
^hq_gb_f�we_dljhgguo�kibgh\� 

2.9.4. YFJ�d\Zglh\uc�de_lhqguc�Z\lhfZl�gZ�i_jbh^bq_kdhc�kljmdlmj_�ba�
wg^hw^jZevgh�e_]bjh\Zgguo�nmee_j_gh\ 

<ZjbZgl�d\Zglh\h]h�YFJ�de_lhqgh]h�Z\lhfZlZ�gZ�ebg_cguo�p_ihqdZo�lbiZ�ABAB«�ba�
^\mo� lbih\� q_j_^mxsboky� wg^hw^jZevgh� e_]bjh\Zgguo� bahlhiZfb� 15N� b� 31P�� bf_xsbfb�
y^_jguc�kibg�I = �����nmee_j_gZo�C60�[ue�ij_^eh`_g�>`�L\Zfeb�>����@��Wg^hZlhfu�jZkih�
eZ]Zxlky�\�]_hf_ljbq_kdhf�p_gl_�de_ldb�nmee_j_gZ��bo�hkgh\gh_�we_dljhggh_�khklhygb_�y\�
ey_lky� d\Zjl_lhf� S = ����� Hgb� ohjhrh� wdjZgbjh\Zgu� hl� \g_rgbo� we_dljbq_kdbo� ihe_c��
Ij_^iheZ]Z_lky� jZaf_klblv� lZdb_� fhe_dme� gZ� ih\_joghklb� dj_fgby� �����-2x� \iehlgmx� d�
^jm]� ^jm]m� �jZkklhygb_� f_`^m� ZlhfZfb� a �gf��� We_dljhggu_� \hegh\u_� nmgdpbb� kbevgh�
k`Zlu�\gmljb�de_lhd�C60�b�ihwlhfm�we_dljhggh_�h[f_ggh_�\aZbfh^_ckl\b_�f_`^m�wg^hZlh�
fZfb�hlkmlkl\m_l��Hq_gv�j_adb_�WIJ� ki_dlju� wlbo�fhe_dme�ihdZau\Zxl��qlh�ijh^hevgu_�
\j_f_gZ�j_eZdkZpbb�ijb�T ~7K�khklZ\eyxl�a 1 k��Z�ihi_j_qgu_�a 20 fdk�g_aZ\bkbfh�hl�l_f�
i_jZlmju� 
H^gZdh�de_ldb�C60�g_�h]jZgbqb\Zxl�fZ]gblguo�^bihev-^bihevguo�\aZbfh^_ckl\bc�f_`�

^m� we_dljhggufb� kibgZfb� wg^hZlhfh\�� Ij_^iheZ]Zy� bo� keZ[ufb� b� ij_g_[j_]Zy� ^bihev-
^bihevgufb�\aZbfh^_ckl\byfb�y^_jguo�kibgh\��aZibr_f�]ZfbevlhgbZg�we_dljhg-y^_jghc�
kibgh\hc�kbkl_fu�iZju�AB (A = 15N@C60, B = 31P@C60��\�\b^_��agZd�⊗�hims_g� 
 BzAzBzBzBBzBIBzSAzAzAAzAIAzS SSISISISISH JAA ++++−−++++−−== ωωωω , (2.100) 

]^_�J ~ 50 /r3 F=p��ihklhyggu_�k\_jolhgdh]h�\aZbfh^_ckl\by�^ey�wg^hZlhfh\�:: = 21,2 F=p�
b�:B = 136,4 F=p��^ey�31P�\�dj_fgbb�: = 116 F=p�� 
Ba�q_luj_o� we_dljhgguo� kibgh\uo� khklhygbc� wg^hZlhfh\�\u^_eyxlky�^\Z�khklhygby�k�

MS = �����©\gmlj_ggbc�we_dljhgguc�dm[blª��g_�aZimlu\Z_fu_�k�^jm]bfb�^\mfy�k�MS = �����\�
ijb[eb`_gbb����������<�>����@�jZkkfZljb\Z_lky�\ZjbZgl��dh]^Z�\�p_ihqd_�$%$%«d\Zglh\Zy�
bgnhjfZpby�aZibku\Z_lky�gZ�khklhygbyo�y^_jguo�kibgh\��Ihkdhevdm�y^_jgu_�kibgu�k\yaZ�
gu�lhevdh�k�we_dljhggufb�kibgZfb�kh[kl\_gguo�Zlhfh\�ihkj_^kl\hf�k\_jolhgdh]h�\aZbfh�
^_ckl\by�� lh� k� ihfhsvx� khhl\_lkl\mxs_c� ihke_^h\Zl_evghklb� jZ^bh� b� K<Q� bfimevkh\�
fh`gh�k�\ukhdhc�lhqghklvx�bkdexqblv�wlh�k\_jolhgdh_�\aZbfh^_ckl\b_��Wlh�iha\hey_l�kh�
ojZgylv�bgnhjfZpbx�gZ�khklhygbyo�y^_jguo�kibgh\�\�l_q_gb_�hq_gv�[hevrh]h�\j_f_gb�f_�
`^m�eh]bq_kdbfb�hi_jZpbyfb� 
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Ijb�\uiheg_gbb�eh]bq_kdhc�d\Zglh\hc�hi_jZpbb�8�\gmlj_ggb_�we_dljhggu_�dm[blu�bk�
ihevamxlky�\�dZq_kl\_�ehdZevghc� ©rbguª��ih�dhlhjhc�i_j_^Z_lky�d\Zglh\Zy�bgnhjfZpby��
aZibkZggZy�gZ�y^_jguo�kibgZo��RbgZ�\gmlj_ggbo�we_dljhgguo�dm[blh\�\gZqZe_�Ze]hjblfZ�
i_j_\h^blky�\�hkgh\gh_�bkoh^gh_�khklhygb_� �_MS〉 = |–1/2〉�^ey�\k_o�fhe_dme�� �bgbpbZebaZ�
pby��b�aZl_f�ihke_�\uiheg_gby�hi_jZpbb�8�\ha\jZsZ_lky�\�hkgh\gh_�khklhygb_� 
:e]hjblf�khklhbf�\�ke_^mxs_f�>����@� 
Z� D\Zglh\Zy� bgnhjfZpby� aZibku\Z_lky�gZ� khklhygbyo� y^_jguo� kibgh\�fhe_dme� $�b� %�

ijb�khojZg_gbb�hkgh\guo�we_dljhgguo�khklhygbc� 
[� Ijhba\h^blky�h[f_g�d\Zglh\hc�bgnhjfZpbb� �we_dljhg-y^_jgZy�hi_jZpby�6:$3���aZ�

ibkZgghc�\h�\k_o��fhe_dmeZo�%�hl�bo�y^_j�d�bo�we_dljhgguf�\gmlj_ggbf�dm[blZf� 
\� >ey�\uiheg_gby�mgblZjghc�hi_jZpbb�8�gZ^�g_dhlhjufb�\u^_e_ggufb�fhe_dmeZfb�$�

ijhba\h^blky� h[jZs_gb_� khklhygbc� we_dljhgguo� dm[blh\� m�\k_o�fhe_dme�$��ijb� mkeh\bb�
hij_^_e_gguo�khklhygbc�khk_^gbo�we_dljhgguo�dm[blh\�%� 
]� Ijhba\h^blky�h[jZlguc�h[f_g�bgnhjfZpb_c�hl�we_dljhgh\�d�y^_jguf�kibgZf��hi_jZ�

pby�6:$3��fhe_dme %��<�wlhl�fhf_gl�\k_�\gmlj_ggb_�we_dljhggu_�dm[blu�\ha\jZsZxlky�\�
k\h_�hkgh\gh_�khklhygb_�aZ�bkdexq_gb_f�\u^_e_gguo�fhe_dme�$� 
^� Ijhba\h^blky� hi_jZpby� dhgljhebjm_fh_� 8� �gZijbf_j� we_dljhg-y^_jgZy� hi_jZpby�

&127��gZ^�y^_jgufb�kibgZfb�\k_o�fhe_dme��\gmlj_ggb_�we_dljhggu_�khklhygby�dhlhjuo�
bkihevamxlky�dZd�dhgljhebjmxsb_� 
_� GZdhg_p��\uihegyxlky�\�h[jZlghf�ihjy^d_�hi_jZpbb�]���\���[���<k_�\gmlj_ggb_�we_d�

ljhggu_�dm[blu�\ha\jZsZxlky�\�bkoh^gh_�khklhygb_��Z�khklhygby�y^_jguo�kibgh\�khhl\_l�
kl\mxl�ijh\_^_gghc�hi_jZpbb�8��Kbkl_fZ�]hlh\Z�d�ke_^mxsbf�hi_jZpbyf� 
Fu�\b^bf��qlh�qbkeh�j_ahgZgkguo�bfimevkh\�hklZ_lky�[hevrbf� 
Ij_bfms_kl\h�jZkkfZljb\Z_fh]h�\ZjbZglZ�de_lhqgh]h�Z\lhfZlZ�khklhbl�\�lhf��qlh�\u�

oh^ghc�kb]gZe�fh`gh�\ujZablv�q_j_a�khklhygby�we_dljhgguo�kibgh\��Ihwlhfm�kqblu\Z_fuc�
kb]gZe�[m^_l�\�a �����jZa�bgl_gkb\g__��q_f�hl�khklhygbc�y^_jguo�kibgh\��>ey�baf_j_gby�
khklhygbc�hl^_evguo�dm[blh\�ijb�bg^b\b^mZevghf�ih^oh^_�ij_^eZ]Zxlky�jZaebqgu_�\ukh�
dhqm\kl\bl_evgu_�f_lh^u�>����@� 
Ijb�gZebqbb�g_khfg_gguo�ij_bfms_kl\�jZkkfhlj_ggh]h�\ZjbZglZ�d\Zglh\h]h�de_lhqgh�

]h�Z\lhfZlZ�gZ�nmee_j_gZo�hg�g_�k\h[h^_g�hl�g_^hklZldh\��k\yaZgguo�k�gZebqb_f�jy^Z�ljm^�
ghkl_c��\�qZklghklb� 
Z� Hj]ZgbaZpby� hl^_evguo� \uqbkebl_evguo� hi_jZpbc� lj_[m_l�bkihevah\Zgby�[hevrh]h�

qbkeZ�k_e_dlb\guo�jZ^bhqZklhlguo�b�K<Q�j_ahgZgkguo�bfimevkh\� 
[� Bkihevah\Zgb_�]_l_jhy^_jghc�kljmdlmju�k�^\mfy�lbiZfb�kh^_j`Zsbo�y^_jgu_�kibgu�

wg^hZlhfh\�151�b�313��ba�dhlhjuo�151�\�hlebqb_�hl�313�bf__l�jZkijhkljZg_gghklv�\�ijbjh^_�
0,366 ��� Z� [_kkibgh\uc� bahlhi� 12&� bf__l� jZkijhkljZg_gghklv� ���� ���fh`_l� ijb\_klb� d�



 

 

158 

ijhp_kkZf� ^_dh]_j_glbaZpbb� y^_jguo� kibgh\uo� khklhygbc�� _keb� g_� ijb[_]Zlv� d� hqbkld_�
fZl_jbZeh\�hl�g_`_eZl_evguo�bahlhih\� 
\� GZebqb_�hlebqghc�hl�gmey�iheghc�gZfZ]gbq_gghklb� we_dljhgguo�b�y^_jguo�kibgh\�

bgbpbZebabjh\Zggh]h� khklhygby� ijb\h^bl� d� qm\kl\bl_evghklb� \k_c� kbkl_fu� d� \g_rgbf�
fZ]gblguf�iheyf�b�]jZgbqguf�mkeh\byf�b�ihy\e_gbx�g_dhgljhebjm_fuo�nZah\uo�fgh`b�
l_e_c� 
]� H^gZdh��d� ]eZ\ghfm�g_^hklZldm� ke_^m_l�hlg_klb�ij_^iheZ]Z_fh_�bg^b\b^mZevgh_�h[�

jZs_gb_�d�dm[blZf��b]jZxsbo�jhev�ihjlh\��q_j_a�dhlhju_�\\h^blky�b�\u\h^blky�bgnhjfZ�
pby� 
>ey�ij_h^he_gby�ihke_^gbo�lj_o�ljm^ghkl_c��dZd�gZf�ij_^klZ\ey_lky��i_jki_dlb\guf�y\�

ey_lky�i_j_oh^�d�]hfhy^_jghc�ko_f_��dh]^Z�\k_�nmee_j_gu�kh^_j`Zl�lhevdh�Zlhfu�nhknhjZ��
Z� ^bihev-^bihevgh_� \aZbfh^_ckl\b_� f_`^m� we_dljhggufb� kibgZfb� kihkh[gh� h[_ki_qblv�
Zglbn_jjhfZ]gblgh_�mihjy^hq_gb_�we_dljhgguo�kibgh\��ih^h[gh�lhfm��dZd�wlh�h[km`^Z�
ehkv�\ur_�^ey�^hghjguo�Zlhfh\�nhknhjZ��<�wlhf�kemqZ_�j_ahgZgkgu_�qZklhlu�y^_jguo�kib�
gh\� wg^hZlhfh\� [m^ml� q_j_^h\Zlvky� \� khhl\_lkl\bb� k� hjb_glZpb_c� we_dljhgguo� kibgh\��
GZfZ]gbq_gghklv�bgbpbZebabjh\Zggh]h�khklhygby�\k_c�kbkl_fu�[m^_l�hlkmlkl\h\Zlv��Djh�
f_�lh]h��i_jki_dlb\guf�ij_^klZ\ey_lky�lZd`_�bkihevah\Zgb_�ZgkZf[e_\h]h�ih^oh^Z�^ey�lh�
]h��qlh[u�fh`gh�[ueh�g_�ijb[_]Zlv�d�bkdexqbl_evgh�lhgdbf�f_lh^Zf�baf_j_gby�khklhygbc�
bg^b\b^mZevguo�dm[blh\� 

AZdexq_gb_��D�ij_bfms_kl\Zf�d\Zglh\uo�de_lhqguo�Z\lhfZlh\��g_aZ\bkbfh�hl�ij_^eZ�
]Z_fuo�dhgdj_lguo�ko_f��fh`gh�hlg_klb�ke_^mxs__� 
Z� =eh[Zevgh_�h[jZs_gb_�dh�\k_f�we_f_glZf�p_ihqdb�dm[blh\�k�^\mfy�j_ahgZgkgufb�qZk�

lhlZfb�iha\hey_l�bkdexqblv�fgh]hqbke_ggu_�f_lZeebq_kdb_�rbgu�� aZl\hju�b�fgh]hqZk�
lhlgu_�]_g_jZlhju�bfimevkh\��lj_[m_fu_�^ey�ehdZevgh]h�mijZ\e_gby�dm[blZfb��\�j_amevlZ�
l_� q_]h� kms_kl\_ggh� mijhsZ_lky� dhgkljmdpby� d\Zglh\h]h� j_]bkljZ� b� bkq_aZ_l� f_oZgbaf�
^_dh]_j_glbaZpbb��k\yaZgguc�k�we_dljbq_kdbfb�rmfZfb� 
[� Keh`ghklb��k\yaZggu_�k�dhgkljmdpb_c�dhfivxl_jZ�b�hj]ZgbaZpb_c�d\Zglh\uo�hi_jZ�

pbc�i_j_ghkblky�gZ�ijh]jZffgh_�h[_ki_q_gb_�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ� 
\� D\Zglh\u_�de_lhqgu_�Z\lhfZlu�\hafh`gh�kihkh[gu�\uihegylv�ijh]jZffu��dhlhju_�

g_�^hklmigu�h[uqguf�d\Zglh\uf�ko_fZf��GZijbf_j��hi_jZpbb�ihkljh_ggu_�ba�hij_^_e_g�
gh]h� qbkeZ� ^\modm[blh\uo� hi_jZpbc�CNOT�b� h^ghdm[blh\uo� hi_jZpbc�:^ZfZjZ�� hlghky�
sb_ky�d�]jmii_�Debnnhj^Z��gZ�h^ghklhjhgg_f��one-way��d\Zglh\hf�dhfivxl_j_�fh]ml�[ulv�
\uiheg_gu�aZ�h^bg�rZ] [2.61]. 
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]� <Z`guf� k\hckl\hf� y\ey_lky�\hafh`ghklv� aZiZjZee_eblv�d\Zglh\u_�\uqbkebl_evgu_�
hi_jZpbb�ijb�bkihevah\Zgbb� ZgkZf[e_\h]h�ih^oh^Z��qlh�fh`_l� lZd`_� kms_kl\_ggh� mijh�
klblv�b�kqblu\Zgb_�bgnhjfZpbb� 

2.10. YFJ�d\Zglh\u_�de_lhqgu_�Z\lhfZlu�gZ�Zglbn_jjhfZ]gblguo�
djbklZeeZo 

<�dZq_kl\_�hkgh\u�^ey�kha^Zgby�[m^msbo�ZgkZf[e_\uo�YFJ�d\Zglh\uo�Z\lhfZlh\�fh]ml�
jZkkfZljb\Zlvky�g_�lhevdh�bkdmkkl\_ggh�kha^Zggu_�l\_j^hl_evgu_�gZghkljmdlmju��gh�lZd`_�
b�g_dhlhju_�_kl_kl\_ggu_�djbklZeeu�k�y^_jgufb�kibgZfb�I = 1/2 m�hkgh\guo�Zlhfh\��\�
qZklghklb��Zglbn_jjhfZ]g_lbdb�gZ�hkgh\_�^bwe_dljbq_kdbo�kh_^bg_gbc�j_^dha_f_evguo�b�
i_j_oh^guo� we_f_glh\�beb� ^bZfZ]gblgu_�djbklZeeu� k�^bihevguf� Zglbn_jjhfZ]gblguf�
mihjy^hq_gb_f�y^_jguo�kibgh\� 
>Ze__�[m^_l�ijh\_^_g�ZgZeba�hkgh\guo�k\hckl\�we_dljhg-y^_jghc�kibgh\hc�kbkl_fu�Zg�

lbn_jjhfZ]g_lbdZ��kms_kl\_gguo�^ey�YFJ�d\Zglh\uo�hi_jZpbc�gZ�hkgh\_�lZdbo�kljmdlmj� 

2.10.1. =ZfbevlhgbZg�we_dljhg-y^_jghc�kbkl_fu�kibgh\�\�Zglbn_jjhfZ]g_lbd_ 
:gkZf[ev�N g_aZ\bkbfuo��fhe_dme���k�h^bgZdh\ufb�ehdZebah\Zggufb�fZ]gblgufb�Zlh�

fZfb�k h^gbf�we_dljhgguf�(S = �����b�h^gbf�y^_jguf�kibghf�I = �����fh]ml�h[jZah\u�
\Zlv� kbkl_fm� j_]meyjguo� h^gh^hf_gguo� p_ihq_d. LZdZy� p_ihqdZ�fh`_l� khklhylv� ba� ^\mo�
fZ]gblguo�ih^p_ihq_d��ih^j_r_lhd��A b�B ba�L >> ��fZ]gblguo�Zlhfh\��\klZ\e_gguo�^jm]�
\�^jm]Z��b�hlebqZxsboky�ij_bfms_kl\_gguf�gZijZ\e_gb_f�gZfZ]gbq_gghklb��Zglbn_jjh�
fZ]gblguc lbi�� 
<�dZq_kl\_�©fhe_dmeª�fh]ml�jZkkfZljb\Zlvky�lZd`_�b�hij_^_e_ggu_�^\mo-�b�lj_of_jgu_�

kljmdlmju�ba�fZ]gblguo�Zlhfh\�dhg_qguo�jZaf_jh\��h[jZah\Zgguo�\�djbklZeebq_kdhf�l\_j�
^hf�l_e_� 
Bkoh^guc�]ZfbevlhgbZg ^ey�^\mo fZ]gblguo�ih^j_r_lhd��iheh`_gb_�Zlhfh\�ih^j_r_�

lhd�gmf_jm_lky�bg^_dkZfb�i b�j��k�qbkehf�L Zlhfh\�\�dZ`^hc�ih^j_r_ld_�ij_^klZ\bf�\�\b^_�
kmffu� 
 H = HZ + Hex + Hdd + HB + ∆∆H I = HS + HB + ∆∆H I. (2.101) 

Ih^kbkl_fZ��hibku\Z_fZy�\���������]ZfbevlhgbZghf�HS��mqblu\Z_l�a__fZgh\kdh_�\aZbfh�
^_ckl\b_�we_dljhgguo�kibgh\ HZ�k�\g_rgbf�ihe_f�B��gZijZ\e_gguf�ih�hkb�z, dhk\_ggh_�
h[f_ggh_� \aZbfh^_ckl\b_�Hex� b� ^bihev-^bihevgh_�fZ]gblgh_� \aZbfh^_ckl\b_�Hdd we_d�
ljhgguo�kibgh\��HgZ�y\ey_lky hdjm`_gb_f ih�hlghr_gbx�d�ih^kbkl_f_�y^_jguo�kibgh\��
=ZfbevlhgbZg HB�hij_^_ey_lky�kl_i_gyfb�k\h[h^u�djbklZeebq_kdhc�j_r_ldb��nhghgu���;m�
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^_f�ij_^iheZ]Zlv� a^_kv��qlh� we_dljhgu�ijh\h^bfhklb�b�ijbf_kgu_�fZ]gblgu_�Zlhfu�[_a�
y^_jguo�kibgh\�hlkmlkl\mxl��Z�\deZ^�kibg-hj[blZevgh]h�\aZbfh^_ckl\by�\�hl^_evghf�Zlhf_�
g_�mqblu\Z_lky� 
>bihev-^bihevgh_�fZ]gblgh_�\aZbfh^_ckl\b_�we_dljhgguo�kibgh\�Hdd�m^h[gh�jZa^_�

eblv�gZ�[ebadh^_ckl\mxsmx��\�ij_^_eZo�[eb`Zcrbo�khk_^_c��b�^Zevgh^_ckl\mxsmx�qZk�
lb�� >Zevgh^_ckl\mxsZy� qZklv� ^bihev-^bihevgh]h \aZbfh^_ckl\by� f_`^m� we_dljhggufb�
kibgZfb�hl\_lkl\_ggZ� aZ�jZafZ]gbqb\Zxs__�ihe_�b�h[uqgh�hibku\Z_lky�k�ihfhsvx�jZa�
fZ]gbqb\Zxsbo�nZdlhjh\��aZ\bkysbo�hl�nhjfu�h[jZapZ��<h�\g_rgbo�iheyo�ihjy^dZ�g_�
kdhevdbo�l_keZ�wlh�ihe_�fh`_l�b]jZlv�jhev�ebrv�ijb�^hklZlhqgh�[hevrbo�dhgp_gljZpbyo�
n_jjhfZ]gblgh� mihjy^hq_gguo� we_dljhgguo� kibgh\� N ~ 1023 kf–3�� <� kemqZ_� h[jZapZ�
kn_jbq_kdhc�nhjfu��Z�lZd`_�ijb�Zglbn_jjhfZ]gblghf�oZjZdl_j_�mihjy^hq_gby�kibgh\�wlZ�
qZklv�\aZbfh^_ckl\by�ijZdlbq_kdb�g_�b]jZ_l�jheb� 
;ebadh^_ckl\mxsZy� qZklv� ^bihev-^bihevgh]h� \aZbfh^_ckl\by� hij_^_ey_l Zgbahljhi�

gmx�ihijZ\dm� \� \ujZ`_gbb� ^ey bahljhigh]h�h[f_ggh]h \aZbfh^_ckl\by� we_dljhklZlbq_�
kdh]h�ijhbkoh`^_gby� �\dexqZxs_c�b�dhk\_gguc�h[f_g��k�[eb`Zcrbfb�khk_^yfb� �^jm]hc�
ih^j_r_ldb�� Zglbn_jjhfZ]gblgh]h� lbiZ� Hex�� K� mq_lhf� wlhc� Zgbahljhibb� ]ZfbevlhgbZg�
we_dljhgghc�kibgh\hc��S = �����ih^kbkl_fu�\�hi_jZlhjguo�h[hagZq_gbyo��[_a�bkihevah\Z�
gby�kbf\heZ�ijyfh]h�ijhba\_^_gby�⊗��bf__l�\b^��a^_kv�kgh\Z wg_j]by�\�_^bgbpZo�qZklhlu��
ωS  = γSB) [2.62]: 

 HS = HZ + Hex + Hdd = ωS· ))()(( BA ji
L

j
z

L

i
z ∑∑∑∑ ++ SS  +  

 + ))()()()()()((( BABABA
,

δδηδξ
δ

++⋅⋅++++⋅⋅++++⋅⋅∑∑∑∑ ++ iiiiiiJ zzyyxx

L

i
/i,i SSSSSS  , (2.102) 

]^_�–1 ≤ ξ, η ≤ 1, δ = ±1, ±2,... ±Z/2, Z —�qbkeh�[eb`Zcrbo�khk_^gbo�fZ]gblguo�Zlh�
fh\�� mqZkl\mxsbo� \� [ebadh^_ckl\mxs_f� �[m^_f� gZau\Zlv� _]h� lZd`_� �h[f_gguf��� Zgbah�
ljhighf�\aZbfh^_ckl\bb� 
>Ze__� fu� h]jZgbqbfky� jZkkfhlj_gb_f� kbff_ljbqghc� Zglbn_jjhfZ]gblghc h^ghhkghc 

kljmdlmju��jhf[hw^jbq_kdbc��l_ljZ]hgZevguc�beb�]_dkZ]hgZevguc�djbklZee��k�e_]dhc�hkvx�
kbff_ljbb��iZjZee_evghc�\g_rg_fm�ihex��^ey�dhlhjhc�]ZfbevlhgbZg���������ij_^klZ\bf�\�
\b^_��a^_kv�Ji,i+δ = J > 0, -� = -� = J⊥): 

 HS = ωS· ))()(( BA ji
L

j
z

L

i
z ∑∑∑∑ ++ SS  + 

 )}()())()()()((2/{ BABABA
,

δδδ
δ

++⋅⋅++++⋅⋅++++⋅⋅ ++−−−−++
⊥⊥∑∑∑∑ iiJiiiiJ zz

L

i

SSSSSS  , (2.103) 
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]^_� � ≤ J – J⊥ = JA —�ihklhyggZy�Zgbahljhibb��KemqZc�J⊥/J << ��khhl\_lkl\m_l�gZebqbx�
e_]dhc�hkb�Zglbn_jjhfZ]g_lbafZ��iZjZee_evghc�hkb�z �gZijZ\e_gb_�\g_rg_]h�ihey B). 

Ijbgylu_�a^_kv�h[hagZq_gby�i_j_oh^yl�\�h[hagZq_gby��bkihevah\Zggu_�\�>����������@��im�
l_f�aZf_gu�\�\ujZ`_gbb� ��������J⊥ ⇒ �Sµ0HE/(Z|〈2SA(B)z〉|),  J – J⊥ ⇒ �Sµ0HA/(Z|〈2SA(B)z〉|), 

]^_�HE�b�HA —�lZd�gZau\Z_fu_�wnn_dlb\gu_�ihey�h[f_gZ�b�Zgbahljhibb� 
<�mkeh\byo�gbadbo�l_fi_jZlmj�we_dljhggu_�kibgu�gZoh^ylky�ij_bfms_kl\_ggh�\�hkgh\�

ghf�khklhygbb��Z�bo�hldehg_gby�hl�hkgh\gh]h�khklhygby�fZeu�b�fh]ml�jZkkfZljb\Zlvky�\�
ijb[eb`_gbb�kibgh\uo�\heg� 
I_j_c^_f� ^Ze__� d hi_jZlhjZf� jh`^_gby a+(q) b� mgbqlh`_gby a(q) kibgh\uo�\heg–

Zglbn_jjhfZ]ghgh\ k�\hegh\uf�\_dlhjhf�q�^ey�ih^j_r_ldb��hjb_glbjh\Zgghc�\^hev�hkb�
d\Zglh\Zgby�z��b��khhl\_lkl\_ggh��b+(q��b�b(q��^ey�ih^j_r_ldb�k�ijhlb\hiheh`guf�gZijZ\�
e_gb_f�gZfZ]gbq_gghklb��Ijbeh`_gb_�I�). 

=ZfbevlhgbZg� kbff_ljbqghc� kljmdlmju� Zglbn_jjhfZ]g_lbdZ� lbiZ� ©e_]dZy�hkvª�ijbgb�
fZ_l�\b^� 
 ++−−−−++++−−== ++−−++++∑∑ )()()()({2/S qqqqH

q

bbJaaJLJZ  

 + ))}()()()(( qqqqq −−++−−++++
⊥⊥ babaJZγ , (2.104) 

]^_�^ey�j_r_ldb�k�p_gljhf�bg\_jkbb�bf__f 

 J± = (JZ ± &S),   ∑∑∑∑ ====== −−
q

qqq qr .0),exp(/1 γγγ
δ

δiZ . (2.105) 

<�qZklghklb��^ey�ijhklhc�l_ljZ]hgZevghc�j_r_ldb��a, c —�ihklhyggu_�j_r_ldb� 
 qq −−== γγ  = cosqxa + cosqya + cosqzc)/3 ,  Z = 6 . (2.106) 

>ey�^bZ]hgZebaZpbb�]ZfbevlhgbZgZ���������i_j_c^_f�d�gh\uf�^\modhfihg_glguf�hi_jZ�
lhjZf�jh`^_gby�b�mgbqlh`_gby�[ha_\kdbo�d\ZabqZklbp–Zglbn_jjhfZ]ghgh\� )(b)( qq ±±

++
±± ξξ �k�

ihfhsvx�ij_h[jZah\Zgby�;h]hex[h\Z-Ly[ebdh\Z��dhlhjh_�^ey�jZkkfZljb\Z_fh]h�kemqZy�aZ�
ibr_f�\�\b^_�>����@ 
 )()()( qqq qq −−++== ++

−−++ ξξ vua  ,    )()()( qq qq −−++==−− −−
++
++ ξξ uvqb  , (2.107) 

]^_�^ey�gh\uo�[ha_\kdbo�hi_jZlhjh\�bf_xl�f_klh�i_j_klZgh\hqgu_�khhlghr_gby 
 ')]'(),([ qq,qq δξξ ==++

±±±± ,  

 ==== ++
±±

++
±±±±±± )]'(),([)]'(),([ qqqq ξξξξ 0)]'(),([)]'(),([ ==== ++++

±±±± qq ξξξξ qq , . (2.108) 

Ba� q_luj_o� kh[kl\_gguo� agZq_gbc� hi_jZlhjZ�HS� mkeh\bx� mklhcqb\hklb� hkgh\gh]h� kh�
klhygby�kibgh\hc�kbkl_fu�Zglbn_jjhfZ]g_lbdZ�k�e_]dhc�hkvx�khhl\_lkl\mxl�^\Z�iheh`b�
l_evguo�kh[kl\_gguo�agZq_gby�wg_j]bb�kibgh\uo�\heg�>����@ 
 E±(q,B) = E(q,0) ± &S > 0 , 22)/(1)0,( qq γJJJZE ⊥⊥−−== , (2.109) 
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ijb�wlhf�dhwnnbpb_glu�ij_h[jZah\Zgby�>����@ 

 











++

−−
==

⊥⊥

1
)/(1

1

2

1
22

2

q

q
γJJ

u ,    











−−

−−
==

⊥⊥

1
)/(1

1

2

1
22

2

q

q
γJJ

v , (2.110) 

:glbiZjZee_evgZy� hjb_glZpby� we_dljhgghc� kibgh\hc� iheyjbaZpbb� ih^j_r_lhd� \� ijh�
^hevghf�ihe_�khojZgy_lky�^h�djblbq_kdh]h�ihey� AAE0f )2( HHHBs ++== µ ��ijb�dhlhjhf�gZ�
klmiZ_l�g_mklhcqb\hklv�kibgh\uo�\heg�b�ijhbkoh^bl�hjb_glZpbhgguc�nZah\uc�i_j_oh^�
ba�dheebg_Zjgh]h�khklhygby�\�g_dheebg_Zjgmx�nehi-nZam. 
>ey�]ZfbevlhgbZgZ�we_dljhgguo�kibgh\�\�gh\hf�[Zabk_�l_i_jv�ihemqbf 

 ))(),()(),(())/(11(2/ 22
S ∑∑∑∑ −−−−++++⊥⊥ ++++−−−−−−−−==

qq
q qqqqH NBENBEJJJZLJZ γ . (2.111) 

Hi_jZlhju�qbk_e�aZiheg_gby�fZ]ghgguo�khklhygbc�N±(q) )()( qq ++
++
±±== ξξ �bf_xl�kh[kl\_g�

gu_�agZq_gby���b����Bo�kj_^gb_�agZq_gby�〈N±(q)〉 = (exp(E±(q,B)/T) – 1)–1���GZihfgbf��qlh�
ij_^u^ms__� jZkkfhlj_gb_� kijZ\_^eb\h� ^ey� gbadbo� l_fi_jZlmj� E±(q,B)/T) >> ��� dh]^Z�
〈N±(q)〉 << 1). 

Ijb�q ⇒ 0 γq ⇒ 1: 

 E±(0,B) = S
2

S )/(1)0,0( ωω ±±−−==±± ⊥⊥ JJJZE SAAE0S )2( ωµγ ±±++== HHH  (2.112) 

khojZgyxl�iheh`bl_evgh_�agZq_gb_��lh�_klv�Zglbn_jjhfZ]g_lbdb�k�e_]dhc�hkvx�Zglbn_jjh�
fZ]g_lbafZ�bf_xl s_ev�\�wg_j]_lbq_kdhf�ki_dlj_ E±(0,B) > ���\�mkeh\byo��dh]^Z�ihe_�B 

g_�ij_\hkoh^bl�djblbq_kdh]h�agZq_gby Bsf ≡ AAE0S )2( HHH ++µγ ���ijb�dhlhjhf�l_jy_lky�
mklhcqb\hklv� kibgh\uo�\heg�b�ijhbkoh^bl�hjb_glZpbhgguc�nZah\uc�i_j_oh^�\h�nehi-

nZam). 
Kj_^g__�agZq_gb_�ijh_dpbb�we_dljhggh]h�kibgZ�ih^j_r_ldb�$��ZgZeh]bqgh�b�^ey�ih^�

j_r_ldb�B���h[mkeh\e_ggh_�\aZbfh^_ckl\b_f�we_dljhggh]h�kibgZ�kh�kibgh\ufb�\hegZfb��
hij_^_ey_lky�\ujZ`_gb_f�>����������@ 
 〈SAz〉 =1/2 – 〈nA〉 = 

 ∑∑ 〉〉〈〈−−== ++

q

qq )()(/12/1 aaL ∑∑ −−−−==++++−−== −−++
q

q ψ)(2/1))q(1()((/12/1 2
q

2
q TPNvNuL , (2.113) 

]^_�lZd�gZau\Z_fh_�d\Zglh\h_�khdjZs_gb_�we_dljhggh]h�kibgZ 

 .1
1

1
2/11

)/(1

1
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⊥⊥ q qq q q γγ
ψ L

JJ
LvL . (2.114) 

>ey�hp_gdb�ihke_^g_c�kmffu�\hkihevam_fky�j_amevlZlhf��ihemq_gguf�:g^_jkhghf�^ey�
ijhklhc�dm[bq_kdhc�j_r_ldb�>����@��Ihemqbf��qlh�e_`bl�\�ij_^_eZo� 
 ��^ey�J⊥ = 0) < % < 0,078. (2.115) 
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>ey�l_ieh\h]h�khdjZs_gby�kibgZ 

 ∑∑ −−++ ++++==
q

q )),q()()((/1)( 2
q

2
q NNvuLTP  (2.116) 

ijb�gbadbo�l_fi_jZlmjZo��mqblu\Zy����������ihemqbf 

 ∑∑ ≈≈−−++−−== −−
−−

−−
++

q

q
q

))1/)q,((exp()1/),((exp(
)0,(

/1)( 11 TBETBE
E

JZ
LTP  

 ∑∑ −−≈≈
q q

)/)0,0(exp()/ch(2
)0,(

/1 S TET
E

JZ
L ω  (2.117) 

Fu�\b^bf��qlh�^ey�Zglbn_jjhfZ]g_lbdZ�lbiZ�e_]dhc�hkb��dh]^Z�]ZfbevlhgbZg�we_dljhg�
guo�kibgh\ ^ey�h^ghhkgh]h�djbklZeeZ�bf__l�\b^���������ijb�q ⇒ 0, T << E������l_ieh\h_�
khdjZs_gb_�P(T) ⇒ 0, lh�_klv�\�hkgh\ghf�we_dljhgghf�kibgh\hf�khklhygbb�l_ieh\u_�nemd�
lmZpbb�ijZdlbq_kdb hlkmlkl\mxl. KhdjZs_gb_�we_dljhggh]h�kibgZ�%��hij_^_ey_fh_�lhev�
dh�d\Zglh\ufb�nemdlmZpbyfb��dZd�wlh�ke_^m_l�ba����������hdZau\Z_lky�^hklZlhqgh�fZeuf� 
Hgh�kljh]h�hlkmlkl\m_l�ijb�J⊥ = ���fh^_ev�Babg]Z���AZf_lbf��qlh�\�kemqZ_�Zglbn_jjhfZ]g_�
lbdZ�lbiZ�e_]dhc�iehkdhklb��ψ ≠ ����qZklhlZ�YFJ�aZ\bkbl�hl�khklhygby�khk_^gbo�kibgh\�\�
[hevr_c�kl_i_gb��q_f�\�kemqZ_�e_]dhc�hkb�>����@� 
Bkihevah\Zgb_�ijb[eb`_gby�Ly[ebdh\Z��Ijbeh`_gb_�I���iha\hey_l�jZkijhkljZgblv�j_�

amevlZl���������gZ�dhg_qgu_�l_fi_jZlmju��ijb�wlhf�\f_klh�ijhklhc�nhjfmeu�\hagbdZ_l�kbk�
l_fZ� k\yaZgguo� ljZgkp_g^_glguo� mjZ\g_gbc� ^ey� 〈SAz〉 b� 〈SBz〉� >����@��H^gZdh� hgh� a^_kv�g_�
lj_[m_lky�b�fu�fh`_f�ijbgylv��qlh�\�Zglbn_jjhfZ]g_lbdZo�lbiZ�e_]dhc�hkb�khdjZs_gb_f�
kibgZ�fh`gh�ij_g_[j_qv� 
J_eZdkZpbhggu_�ijhp_kku�\�kibgh\hc�kbkl_f_�Zglbn_jjhfZ]g_lbdZ�ijhy\eyxlky�\�\b^_�

aZlmoZgby�kibgh\uo�\heg��dhlhju_�ijb�gbadbo�l_fi_jZlmjZo�hij_^_eyxlky�jZkk_ygb_f�fZ]�
ghgh\�gZ�ijbf_kyo�b�^jm]bo�^_n_dlZo�b�\�qbkluo�djbklZeeZo��<j_f_gZ�j_eZdkZpbb��hij_^_�
eyxsb_�rbjbgm�ebgbb�Zglbn_jjhfZ]gblgh]h��dZd�b�n_jjhfZ]gblgh]h�j_ahgZgkZ�ijb�gbadbo�
l_fi_jZlmjZo�h[uqgh�e_`Zl�\�^bZiZahg_�hl� ��–6�^h� ��–10� k� >����@��?keb�nZah\mx�kdhjhklv�
kibgh\hc�\hegu�hp_gblv��dZd Ja��]^_�ihklhyggZy�h[f_ggh]h�\aZbfh^_ckl\by�J~ 1012k–1, a —

ihklhyggZy�j_r_ldb��lh�^ebgZ�dh]_j_glghklb�kibgh\uo�\heg�\�Zglbn_jjhfZ]g_lbd_�khhl\_l�
kl\m_l�^bZiZahgm���6a – 102 a��lh�_klv�^hklZlhqgh�\_ebdZ� 

2.10.2. Dhk\_ggh_�\aZbfh^_ckl\b_�f_`^m�y^_jgufb�kibgZfb�\�Zglbn_jjhfZ]g_lbd_ 
=ZfbevlhgbZg�∆∆H I�\���������hij_^_ey_lky a__fZgh\kdbf \aZbfh^_ckl\b_f�y^_jguo�kib�

gh\�k�\g_rgbf�ihe_f��k\_jolhgdbf \aZbfh^_ckl\b_f�k�k\hbfb�we_dljhgZfb�\�fZ]gblguo�
ZlhfZo�b�fZ]gblguf�^bihev�^bihevguf�\aZbfh^_ckl\b_f�k�we_dljhggufb�kibgZfb�^jm]bo�
Zlhfh\� 
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 ∆∆H I = ))()(( BAI ji
L

j
z

L

i
z ∑∑∑∑ ++−− IIω −−⋅⋅++⋅⋅++ ∑∑∑∑ ∑∑ ))()(())((( BBAA jjiA �

L

j
.

.��

L

i
�..� ISIS  

  )),()()()(( BABA,,, jijiD �.�.
.��

ij

L

i,j
ji.� SIIS ⋅⋅++⋅⋅⋅⋅−− ∑∑∑∑ ++δδ  (2.118) 

]^_ 
 Dαβ,i,j = (µ0/4π) γSγI� (δαβ r2

i,j – 3 rα i,j rβ i,j)/r
5
i ,j , (2.119) 

µ0 = 4π· 10–1 Le2kf3/>`,   r i,j = r i – r j = – r ,i,j   r i,j = r i,j. 

:gbahljhiby� k\_jolhgdh]h� \aZbfh^_ckl\by� hij_^_ey_lky� \deZ^hf� ^bihev-^bihevgh]h�
\aZbfh^_ckl\by�y^_jgh]h�kibgZ�kh�k\hbf�we_dljhghf��khklhygb_�dhlhjh]h�kh^_j`bl�ijbf_kv�
khklhygbc��hlebqguo�hl�6–khklhygby��>Ze__�ij_^iheh`bf��qlh�Zglbn_jjhfZ]gblgZy�kj_^Z�
ljZgkeypbhggh-bg\ZjbZglgZ�b�Z�[eb`Zcrbo khk_^gbo�Zlhfh\�jZkiheh`_gu�lZdbf�kbff_l�
jbqguf�h[jZahf��qlh 

 Dαβ,i,i+δ = Dαβ,i,i–δ = Dαβ,i+δ,i = Dαβ,δ . (2.120) 

Ijyfh_�^bihev-^bihevgh_�fZ]gblgh_�\aZbfh^_ckl\b_�f_`^m y^_jgufb�kibgZfb�fZeh 

ih�kjZ\g_gbx�k�dhk\_gguf�\aZbfh^_ckl\b_f�q_j_a�we_dljhggu_�khklhygby�Zlhfh\�b�^Ze__�
g_�mqblu\Z_lky� 
IheZ]Zy��qlh�fZ]gblgh_�ihe_�gZijZ\e_gh�ih�hkb�kbff_ljbb�e_]dhhkgh]h�Zglbn_jjhfZ]�

g_lbdZ� �hkv�z��b�mqblu\Zy��qlh�ijb�gbadbo�l_fi_jZlmjZo�khdjZs_gb_�we_dljhggh]h�kibgZ�
fZeh��lh�_klv�kibgu�ih^j_r_lhd�ijZdlbq_kdb�iheghklvx�iheyjbah\Zgu�ih��〈SAz〉 ≈ �����b�
ijhlb\� ihey� �〈SBz〉 ≈ –������ \� dZq_kl\_� bkoh^gh]h� ]ZfbevlhgbZgZ� ^ey� y^_jguo� kibgh\� \�
^\moih^j_r_lhqghf� h^ghf_jghf� Zglbn_jjhfZ]g_lbd_� �������� k� mq_lhf� �������� [m^_f�
bf_lv� 
 ∑∑ ∑∑

== ==
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zzzzzz jZDAiZDA
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 ++⋅⋅++⋅⋅⋅⋅−−++ ∑∑∑∑∑∑
====
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�].] jjiiA
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A
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BA jjiiD �
Z

/

L

j
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L

i
.�.��/ ISSI∑∑ ∑∑∑∑

====
⋅⋅++++++⋅⋅++ δδ , (2.121) 

]^_� ^ey� ^bZ]hgZevguo� we_f_glh\� l_gahjZ� Aαβ� bkihevah\Zgu� h[hagZq_gby� Azz = A||� b�
Axx = Ayy = A⊥��QZklv�k\_jolhgdh]h�ihey��aZ\bkysZy�hl�^bZ]hgZevgh]h�we_f_glZ�l_gahjZ�A|| 

b�l_gahjZ�^bihev-^bihevgh]h�\aZbfh^_ckl\by�y^_jguo�kibgh\�k�we_dljhggufb�kibgZfb�Z 

[eb`Zcrbo� khk_^_c� ZDzz ≡∑∑
==

Z

zzD
1

,
δ

δ � hij_^_eyxl� g_kms_kl\_gguc� ihklhygghc� k^\b]� j_ah�

gZgkguo�qZklhl�YFJ�\�mihjy^hq_gghc�kbkl_f_�we_dljhgguo�kibgh\� 
 )2/( ||I zzZDA #±±−−==±± ωω . (2.122) 
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DZd�ke_^m_l�ba�khh[jZ`_gbc�kbff_ljbb��m�l_gahjZ�Aαβ�h^ghhkguo�djbklZeeh\��dhlhju_�b�
ij_^klZ\eyxl� bgl_j_k� ^ey� ^Zevg_cr_]h�� kbff_ljbqgu_� g_^bZ]hgZevgu_� we_f_glu�
Azx = Azy = ���gh�fh]ml�[ulv�hlebqgu�hl�gmey�Zglbkbff_ljbqgu_�g_^bZ]hgZevgu_�we_f_g�
lu�Axy = – Ayx��H^gZdh�_keb�Zgbahljhiby�fZeZ�A⊥ – A||, |Axy| << A||�lh�Zglbkbff_ljbq�
gmx�qZklv�fh`gh�g_�mqblu\Zlv�>����@� 
>bZ]hgZevgu_� we_f_glu� ^bihev-^bihevgh]h� \aZbfh^_ckl\by�Dxx, Dyy� h[uqgh�fZeu� ih�

kjZ\g_gbx�kh�k\_jolhgdbf�\aZbfh^_ckl\b_f�k�kh[kl\_gguf�we_dljhgguf�kibghf��b�mqblu�
\Zlvky�g_�[m^ml��Gh�hlebqgu_�hl�gmey�g_^bZ]hgZevgu_�we_f_glu�\aZbfh^_ckl\by��kh^_j�
`Zsb_�iZjZf_lju Dxz,ij, Dyz,ij��hl\_lkl\_ggu_�aZ�Z^bZ[Zlbq_kdmx�^_dh]_j_glbaZpbx�d\Zglh�
\uo�khklhygbc�y^_jguo�kibgh\�b�aZ�ijh^hevgmx�qZklv�dhk\_ggh]h�\aZbfh^_ckl\by�fu�^Ze__�
khojZgbf 

 ++
−−

++ == δδ ,, zz DD  = Dxz,δ + iDyz,δ = 3
IS0 /)exp(cos)4/(3 δδδ ϕθγγπµ ri!−− , (2.123) 

]^_�m]eu��/�b�3/�hij_^_eyxl�gZijZ\e_gb_�\_dlhjZ�r i,i+δ = rδ. 

>ey�]ZfbevlhgbZgZ�y^_jghc�kibgh\hc�kbkl_fu�hdhgqZl_evgh�ihemqbf 

 ∆∆H I = ∑∑ ∑∑
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BA ))()( II ωω  +  ∆∆HSI + herm. conjugate, (2.124) 
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δ  (2.125) 

– ]ZfbevlhgbZg�\aZbfh^_ckl\by�y^_jguo�kibgh\�k�we_dljhgZfb�k\hbo�b�khk_^gbo�Zlhfh\�� 
I_j_oh^y�\���������\�ij_^klZ\e_gb_�kibgh\uo�\heg��ihemqbf 
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z iiuvLD  
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L

j
jz ijvu δξξ rrqIqqq qq  (2.126) 

hibku\Z_l�\aZbfh^_ckl\b_�y^_jguo�kibgh\�kh�kibgh\ufb�\hegZfb�\�we_dljhgghc�kibgh\hc�
kbkl_f_�Zglbn_jjhfZ]g_lbdZ� 
Dhk\_ggh_ \aZbfh^_ckl\b_� f_`^m� y^_jgufb� kibgZfb�� \hh[s_� ]h\hjy�� hkms_kl\ey_lky�

dZd�q_j_a�kibgh\u_�\hegu��lZd�b�q_j_a�nhghgu��Ba-aZ�fZ]gblhmijm]h]h�\aZbfh^_ckl\by�kh[�
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kl\_ggufb�dhe_[Zgbyfb�kbkl_fu�y\eyxlky�k\yaZggu_�fZ]ghg-nhghggu_�fh^u�>����@��H^gZ�
dh�\�mkeh\byo�hq_gv�gbadbo�l_fi_jZlmjZo�\deZ^�nhghgguo�fh^�g_�b]jZ_l�kms_kl\_gghc�jh�
eb��Jhev�hdjm`_gby�^ey�y^_jguo�kibgh\�b]jZ_l�lh]^Z�lhevdh�we_dljhggZy�kbkl_fZ�b�\ha[m`�
^Z_fu_�\�g_c�kibgh\u_�\hegu� 
JZkkfZljb\Zy�^Ze__�hi_jZlhj�∆∆HSI�dZd�\hafms_gb_��bf_xs__�g_^bZ]hgZevgu_�fZljbqgu_�

we_f_glu�hlghkbl_evgh� we_dljhgguo�khklhygbc��gZc^_f�\ujZ`_gb_�^ey�wnn_dlb\gh]h�]Z�
fbevlhgbZgZ�y^_jguo�kibgh\��ijhba\h^y�\uqbke_gb_�\h�\lhjhf�ihjy^d_�l_hjbb�\hafms_gbc�
^ey�hkgh\gh]h�khklhygby�we_dljhgghc�kbkl_fu� 
G_^bZ]hgZevgu_�fZljbqgu_�we_f_glu�〈0∆∆HSIE±(q)〉 \ujZ`Zxlky�q_j_a�fZljbqgu_�we_�

f_glu�fZ]ghgguo�hi_jZlhjh\�
00

10
)( ==±± qξ , 

01

00
)( ==++

±± qξ ��Wg_j]bb�^\mo�fZ]ghgguo�kh�

klhygbc 

 E±(q,B) = JZ 22)/(1 qγJJ⊥⊥−−  ± &S = E(q,0) ± &S > 0. (2.127) 

<�j_amevlZl_�ihemqbf�\ujZ`_gb_�^ey�wnn_dlb\gh]h�]ZfbevlhgbZgZ�h^ghhkgh]h�Zglbn_j�
jhfZ]g_lbdZ��dhlhjuc�gZoh^blky�\�hkgh\ghf�we_dljhgghf�khklhygbb��mqblu\Zxs__�a__fZ�
gh\kdmx�qZklv��h[h[s_ggh_�dhk\_ggh_�kme-gZdZfmjh\kdh_�\aZbfh^_ckl\b_�k�mq_lhf�g_^bZ�
]hgZevghc�qZklb�^bihev-^bihevgh]h�\aZbfh^_ckl\by: 
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?keb�g_� mqblu\Zlv�^bihev-^bihevgh_�\aZbfh^_ckl\b_�y^_jguo�kibgh\�k�we_dljhggufb�
kibgZfb�khk_^gbo�Zlhfh\��lh�^ey�h^ghhkgh]h�djbklZeeZ�dhk\_ggh_�\aZbfh^_ckl\b_� �q_j_a�
fZ]ghgu�� h[mkeh\e_ggh_� k\_jolhgdbf� \aZbfh^_ckl\b_f�� [m^_l� bf_lv�f_klh��f_`^m�ihi_�
j_qgufb khklZ\eyxsbfb�y^_jguo�kibgh\�dZd�\gmljb�dZ`^hc�ba�ih^j_r_lhd��lZd�b�^ey�jZa�
guo�ih^j_r_lhd��lh�_klv�y\ey_lky�g_k_dmeyjghc��g_�dhffmlbjm_l�k�g_\hafms_gguf�]Zfbev�
lhgbZghf�� b�� ke_^h\Zl_evgh�� g_� \eby_l� gZ� Z^bZ[Zlbq_kdmx� ^_dh]_j_glbaZpbx��MdZaZggh_�
dhk\_ggh_�\aZbfh^_ckl\b_��gZau\Z_fh_�kme-gZdZfmjh\dbf��hdZau\Z_lky�b�hkgh\guf�f_oZ�
gbafhf�j_eZdkZpbb�khklhygbc�y^_jguo�kibgh\�ijb�gbadbo�l_fi_jZlmjZo� 
<uiheg_gguc�gZfb�mq_l�g_^bZ]hgZevguo�khklZ\eyxsbo�^bihev-^bihevgh]h�\aZbfh^_c�

kl\by�y^_jguo�fZ]gblguo�fhf_glh\�k�we_dljhggufb�kibgZfb�khk_^gbo�Zlhfh\�ijb\h^bl�d�
ihy\e_gbx�b�^hihegbl_evguo�g_^bZ]hgZevguo�� Z� lZd`_�b� k_dmeyjguo� khklZ\eyxsbo�dhk�
\_ggh]h�\aZbfh^_ckl\by�f_`^m�y^_jgufb�kibgZfb� 
DZd�ke_^m_l�ba�\ujZ`_gbc���������hkgh\ghc�\deZ^�\�kmffu�ih�q�^Zxl�keZ]Z_fu_��ijb�dh�

lhjuo� 0)0,( 2
S

2 ⇒⇒−−ωqE ��<[ebab�Zglbn_jjhfZ]gblgh]h�j_ahgZgkZ�wlh�khhl\_lkl\m_l�fZeuf�
agZq_gbyf�T��>ey�hp_gdb�oZjZdl_jguo�agZq_gbc�q�aZibr_f�^ey�ijhklhc�dm[bq_kdhc�j_r_ldb�
aZibr_f� 2/)(31 2qa−−≈≈qγ �� ]^_�a —�ihklhyggZy�j_r_ldb��OZjZdl_jguc�jZ^bmk�dhk\_ggh]h�
\aZbfh^_ckl\by�y^_jguo�kibgh\�b0�ijbgZ^e_`Zsbo�jZaebqguf�ZlhfZf�\�Zglbn_jjhfZ]g_�
lbd_�hij_^_ey_lky�q_j_a�h[jZlgmx�\_ebqbgm�\hegh\h]h�\_dlhjZ�q. 

<�j_amevlZl_�ihemqbf�hp_gdm 
 

))0,0()(0,0(2 S

0 ω−−
≈≈ ⊥⊥

EE

J
ab , (2.130) 

ba�dhlhjhc�ke_^m_l��qlh�wnn_dlb\guc�jZ^bmk�y^_jguo�\aZbfh^_ckl\bc�\�Zglbn_jjhfZ]g_lb�
d_�fh`_l�[ulv�\[ebab�Zglbn_jjhfZ]gblgh]h�j_ahgZgkZ�^hklZlhqgh�[hevrbf� 
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H^gZdh�ijb�hij_^_e_gghf�ih^[hj_�iZjZf_ljh\�wnn_dlb\guc�jZ^bmk�\aZbfh^_ckl\by�fh�
`_l�[ulv�k^_eZg�[ebadbf�d�ihklhygghc�j_r_ldb��b�lh]^Z�fh`gh�[m^_l�mqblu\Zlv�\aZbfh^_c�
kl\by�y^_jguo�kibgh\�h^ghc�ih^j_r_ldb�$�lhevdh�k�khk_^gbfb�kibgZfb�^jm]hc�ih^j_r_ldb�
%��Lh]^Z�\�dZq_kl\_�fh^_evgh]h�]ZfbevlhgbZgZ�ijbf_f�hkgh\gmx�k_dmeyjgmx��dhffmlb�
jmxsmx� k� g_\hafms_gguf� ]ZfbevlhgbZghf� ∑∑ ∑∑

== ==

−−++ ++==
L

i

L

j
zz ji

1 1
BA0 )()( IIH ωω �� qZklv� ]Zfbev�

lhgbZgZ�������� 
 H I = ∑∑ ∑∑

== ==

−−++ −−⋅⋅⋅⋅−−−−++⋅⋅⋅⋅−−++
L

i

L

j
zzzz jjdbiidb

1 1
BBAA )())(2/2/()())(2/2/( IIII ωω  

 ∑∑
==

++++ ++++−−++−−−−
L

i
zziiii iiiiCI

δ
δδ δδ

,1
BABA,, ))()()()(3())2{()6/1( IIII .  

 )}()()4( BA,, δδδ ++⋅⋅++++ ++++ iiCI iiii II . (2.131) 

<�wlhf�\ujZ`_gbb�i_j\h_�keZ]Z_fh_�\�ihke_^g_c�kmff_��©ik_\^h^bihevgh_ª�\aZbfh^_c�
kl\b_��hij_^_ey_l�k^\b]�j_ahgZgkguo�qZklhl�b�mrbj_gb_�j_ahgZgkguo�ebgbc��Ijb�hij_^_�
e_gghf�khhlghr_gbb�f_`^m�iZjZf_ljZfb�J, J⊥�b�B�fh`gh�^h[blvky�kms_kl\_ggh]h�mf_gv�
r_gby�wlh]h�\aZbfh^_ckl\by� 0)2( ,, →→−− ++++ δδ iiii CI . 

Ihke_^g__� keZ]Z_fh_� ijb\h^bl� d�g_dhlhjhfm�� lZd�gZau\Z_fhfm� ©h[f_gghfmª� km`_gbx�
j_ahgZgkguo�ebgbc�>����@��Hlf_lbf��qlh�wlh�©h[f_ggh_ª�\aZbfh^_ckl\b_�f_`^m�y^_jgufb�
kibgZfb�bf__l�n_jjhfZ]gblguc�oZjZdl_j��hljbpZl_evgh�� 
Ba� \ujZ`_gby� �������� ^ey� ebg_cghc� p_ihqdb� k� Zglbn_jjhfZ]gblguf� mihjy^hq_gb_f��

\\h^y�h[hagZq_gby��/ = ±1, δ++iiI , /2 = I I,  IzA(B) (i–1) = m<,  IzA(B) (i+1) = m>�b�iheZ]Zy�d << b��\u�
^_ebf�qZklv��hij_^_eyxsmx�lhevdh�j_ahgZgkgu_�qZklhlu�y^_jguo�kibgh\�ih^j_r_lhd�A�b�
B: 

 H I ∑∑
==

>><< ++⋅⋅++−−−−++++−−==
L

i
zzz immIZDbA

1
AI||I )())(2/)(( Iω  

 ∑∑
==

>><< ⋅⋅++−−++++−−−−==
L

i
zzz immIZDbA

1
BI||I )())(2/)(( Iω . (2.132) 

Fu�\b^bf��qlh�k�lhqghklvx�^h�h[hagZq_gbc�agZq_gby�j_ahgZgkguo�qZklhl�kh\iZ^Zxl�k�
bkihevah\Zggufb�jZg__�&A,B(m< + m>��\�������� 

2.10.3. >_dh]_j_glbaZpby�khklhygbc�y^_jguo�kibgh\�\�e_]dhhkguo�
Zglbn_jjhfZ]g_lbdZo 

Ijhp_kku�j_eZdkZpbb d\Zglh\uo�khklhygbc�y^_jguo�kibgh\�\�Zglbn_jjhfZ]g_lbdZo�ijb�
gbadbo�l_fi_jZlmjZo�hij_^_ey_lky�k�Zdlb\ghc�jhevx�we_dljhgguo�kibg-\hegh\uo�ijhp_k�
kh\�>����������@��<j_fy�ijh^hevghc�j_eZdkZpbb�y^_jguo�kibgh\�\�wlhf�kemqZ_�hq_gv�\_ebdh��
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ihkdhevdm�ba-aZ�[hevrhc�jZaghklb�wg_j]bc�y^_jguo�i_j_oh^h\�b�Zglbn_jjhfZ]ghgh\�h^gh�
fZ]ghggu_�^bkkbiZlb\gu_�ijhp_kku�aZij_s_gu�aZdhghf�khojZg_gby�wg_j]bb� 
Ihi_j_qgh_�\j_fy�j_eZdkZpbb�T2 ^ey�YFJ�\�e_]dhhkghf�Zglbn_jjhfZ]g_lbd_�hij_^_ey_l�

ky� �^_ckl\b_f�nemdlmZpbhgguo�ehdZevguo�ihe_c��ijb\h^ysbo�d�dhf[bgZpbhgguf�ijhp_k�
kZf�jZkk_ygby�we_dljhgguo�kibgh\uo�\heg�gZ�hl^_evguo�y^_jguo�kibgZo�[_a�bo�i_j_\hjh�
lh\� �Z^bZ[Zlbq_kdZy� j_eZdkZpby��� Wlm� qZklv� ihi_j_qghc� kdhjhklb� j_eZdkZpbb� ^ey� gbadbo�
l_fi_jZlmj��T << E(0,0)���k�ihfhsvx�ba\_klgh]h�\ujZ`_gby�Fhjbb�>����@��aZibr_f�\�gZ�
rbo�h[hagZq_gbyo� 
 1/T2 ~ (A⊥

2
/J⊥) (T/ J⊥)

3
 (E(0,0)/T) exp(–E(0,0)/T) , (2.133) 

ba�dhlhjh]h�ke_^m_l��qlh�\_ebqbgZ�T2 \�lZdhf�Zglbn_jjhfZ]g_lbd_�k�mf_gvr_gb_f�l_fi_jZ�
lmju�wdkihg_gpbZevgh�[ukljh�jZkl_l. 

K� ^jm]hc� klhjhgu�� y^_jgu_� dhk\_ggu_� kibg-kibgh\u_� \aZbfh^_ckl\by� \� _kl_kl\_gghf�
Zglbn_jjhfZ]g_lbd_� ijb\h^yl� d� g_h^ghjh^ghfm� mrbj_gbx� j_ahgZgkguo� ebgbc�� dhlhjh_�
\ujZ`Z_lky� q_j_a� \lhjhc� fhf_gl� j_ahgZgkghc� ebgbb� M2�� h[uqgh� hij_^_ey_fuc� kme-

gZdZfmjh\kdbf�\aZbfh^_ckl\b_f��>ey�Zglbn_jjhfZ]g_lbdZ�lbiZ�e_]dZy�hkv�^ey�g_]h�bf__f�
[2.59] 

 
2/12/1

2

2 )(
)10/1(

⊥⊥⊥⊥

⊥⊥

−−
≈≈

JJJ

A
M , (2.134) 

hldm^Z�^ey�J ~ J⊥ ~ 1013 jZ^=p��A⊥ ~ 108 jZ^=p��ihemqbf�hp_gdm� jZ^=p100~2M ��OZjZdl_j�
gh_�ihi_j_qgh_�\j_fy�j_eZdkZpbb��lh�_klv�^_dh]_j_glbaZpbb���hij_^_ey_fh_�wlbf�f_oZgba�
fhf��khklZ\bl���–2�k��qlh�y\ey_lky�g_^hklZlhqgh�[hevrhc�\_ebqbghc�^ey�iheghfZkrlZ[guo�
YFJ�d\Zglh\uo�dhfivxl_jh\� 
H^gZdh�\j_fy�^_dh]_j_glbaZpbb�\�wlhf�kemqZ_�fh`_l�[ulv�m\_ebq_gh��_keb�mq_klv�hlf_�

q_ggmx�\ur_�\hafh`ghklv�kms_kl\_ggh]h�mf_gvr_gby�k_dmeyjghc�qZklb�©ik_\^h^bihevgh�
]hª�\aZbfh^_ckl\by�iml_f�\u[hjZ�khhl\_lkl\mxsbo�iZjZf_ljh\�� 
Kms_kl\_ggh]h�m\_ebq_gby�\j_f_gb�ihi_j_qghc�y^_jghc�j_eZdkZpbb��h^ghdm[blh\hc�^_�

dh]_j_glbaZpbb��� hij_^_ey_fhc� mdZaZgghc� qZklvx� k_dmeyjgh]h� ]ZfbevlhgbZgZ� \� ���������
fh`gh�lZd`_�^h[blvky�iml_f�\dexq_gby�dZdh]h-eb[h�f_oZgbafZ�©kbevgh]h�km`_gbyª��ijb�
\h^ys_]h� d� [ukljuf�nemdlmZpbyf� ehdZevguo�ihe_c��<� ZgkZf[e_\hf� l\_j^hl_evghf�YFJ�
d\Zglh\hf�j_]bklj_�wlh�fh`gh�hkms_kl\blv�k�ihfhsvx�^bgZfbq_kdbo�f_lh^h\�dh]_j_glgh�
]h�mkj_^g_gby��bkihevam_fuo�\�ki_dljhkdhibb�YFJ�\ukhdh]h�jZaj_r_gby�[2.7, 2.69]. 

<ur_�jZkkfhlj_ggh_�hlghkblky�d�h^ghdm[blh\hc�j_eZdkZpby�b�^_dh]_j_glbaZpbb�\�kbk�
l_fZo��\�dhlhjuo�hlkmlkl\mxl�dh]_j_glgu_�aZimlZggu_�khklhygby��Khklhygb_�`_�fgh]hdm�
[blh\h]h�d\Zglh\h]h�j_]bkljZ�\�\b^_�Zglbn_jjhfZ]gblghc�p_ihqdb��dZd�hlf_qZehkv�\�jZa^_�
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e_�1.6��fh`_l� [ulv� kh^_j`Zlv� aZimlZggu_� khklhygby�� AZimlZgghklv� \�d\Zglh\hf�j_]bklj_�
fh`_l�\hagbdZlv�lZd`_�\�j_amevlZl_�d\Zglh\uo�hi_jZpbc� 
<_jg_fky� l_i_jv�d�jZkkfhlj_gbx�^\moih^j_r_lhqgu_�p_ihqdb�y^_jguo�kibgh\�\�\b^_�

dhevpZ��Ihkdhevdm�kme-gZdZfmjh\kdh_�©h[f_ggh_ª�\aZbfh^_ckl\b_�f_`^m�y^_jgufb�kibgZ�
fb�bf__l�n_jjhfZ]gblguc� oZjZdl_j��b� _keb�ij_^iheZ]Zlv�� qlh� wnn_dlb\gu_�j_ahgZgkgu_�
qZklhlu�ih^j_r_lhd�ω1 ≠ ω2�bf_xl�jZagu_� agZdb� ��������� lh�aZf_gyy�\�mjZ\g_gbb�;j_clZ-
JZ[b��������A → – I I�b�ωS → ω1, ωI → ω2�ihemqbf��qlh�ijb 

 )()( 21I
2

21 ωωωω −−>>++ I  (2.135) 

hkgh\guf� y\ey_lky ljbie_lgh_� aZimlZggh_� ^\modm[blh\h_� khklhygby� y^_jguo� kibgh\�
|1, 0〉��BgbpbZebaZpby�hkgh\gh]h�khklhygby�\�wlhf�kemqZ_�fh`_l�[ulv�^hklb]gmlZ�mklZgh\e_�
gb_f�^hklZlhqgh�[hevrh]h�agZq_gby�\g_rg_]h�fZ]gblgh]h�ihey��g_kdhevdh�l_keZ���ijb�dh�
lhjhf�g_jZ\_gkl\h���������h[hjZqb\Z_lky� 
Ijb\_^_ggZy�fZljbpZ�iehlghklb�aZimlZggh]h�khklhygby�iZju�y^_jguo�kibgh\�\�dhev�

p_�k�h^bgZdh\uf�qbkehf�kibgh\�\�dZ`^hc�ih^j_r_ld_�ijbgbfZ_l�\b^��jZa^_e�1.6) 

 ! = 

−−

−−

++

++

v

wz

zw

v

000

00

00

000

*  ,     v+ + v– + w+  + w– = 1 , (1.72) 

lh�_klv�kh^_j`bl�g_^bZ]hgZevgu_�we_f_glu z. 

Ijb�\ha^_ckl\bb�gZ�wlh�khklhygb_�kemqZcgh]h�ihey�^bgZfbdZ�wlhc�fZljbpu�\�Z^bZ[Zlb�
q_kdhf�ijb[eb`_gbb�[m^_l�hibku\Zlvky�\ujZ`_gb_f 

 ==== −− )()()( 1 ttt !8U! , 
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−−
∗∗

++

++

−−
−−−−

==

v

wiz

izw

v

t

000

0))(exp(0

0))(exp(0

000

)(
21

21

ϕϕ
ϕϕ! . (2.136) 

Ihke_�mkj_^g_gby�ih�jZkij_^_e_gbx����������ZgZeh]bqgh�\uiheg_gghfm�\ur_�^ey�^_dj_�
f_glZ� ^_dh]_j_glbaZpbb� ihemqbf� \ujZ`_gby�� kh\iZ^Zxsb_� k� ���������Ke_^h\Zl_evgh�ijb�
g_dhjj_ebjh\Zgguo�kemqZcguo�\ha^_ckl\byo�[m^_l�ijhbkoh^blv�^_dh]_j_glbaZpby�aZimlZg�
gh]h�hkgh\gh]h�khklhygby�y^_jguo�kibgh\�dhevpZ�b�i_j_oh^�_]h�\�g_aZimlZggh_�kf_rZggh_�
khklhygb_�k�^bZ]hgZevghc�ijb\_^_gghc�fZljbp_c�iehlghklb��>ey�iheghklvx�dhjj_ebjh\Zg�
guo�kemqZcguo�\ha^_ckl\bc�aZimlZgghklv�[m^_l�khojZgylvky� 
DZd� hlf_qZehkv� \� jZa^_e_� 1.6� kh]eZkh\Zgghklv� khklhygbc� ^\mo� khk_^gbo� dm[blh\�ba-aZ�

\deZ^Z�khklhygbc�^jm]bo�dm[blh\�baf_gy_lky�k�qbkehf�dm[blh\�b�_]h�q_lghklvx�\�p_ihqd_��
Wlh�k\hckl\h�y\ey_lky�ijhy\e_gb_f�wnn_dlh\�kiZjb\Zgby�\�dhg_qghc�kbkl_f_�kibgh\�I = 1/2 
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k�h[jZah\Zgb_f�kbg]e_lguo�iZj��Fgh]hqZklbqgu_�kbkl_fu�k�kbg]e_lgufb�kiZj_ggufb�kh�
klhygbyfb�jZkkfZljb\Zebkv�\�Zlhfghc�b�y^_jghc�ki_dljhkdhibb�_s_�\���-o�]h^Zo�ijhreh]h�
\_dZ��=jmiiZ�ij_h[jZah\Zgbc�\�ih^ijhkljZgkl\_�\_dlhjh\�lZdbo�khklhygbc�ihemqbeZ�gZa\Z�
gb_�kbfie_dlbq_kdhc��>ey�oZjZdl_jbklbdb�d\Zglh\uo�khklhygbc�lZdbo�kbkl_f�[ueh�\\_^_gh�
d\Zglh\h_�qbkeh�klZjrbgkl\h s (seniority���jZ\gh_�qbkem�hklZ\rboky�g_�kiZj_ggufb�qZk�
lbp��>ey� ZgkZf[ey� ^\modm[blh\uo� kbkl_f� klZjrbgkl\h� hdZau\Z_lky� ohjhrbf� d\Zglh\uf�
qbkehf� ijb� hlkmlkl\bb� \g_rg_]h� ihey� b� bahljhighf� ]Zca_g[_j]h\kdhf� \aZbfh^_ckl\bb��
[2.70]. 

>ey�ih^Z\e_gby�wnn_dlh\�^_dh]_j_glbaZpbb�ihfbfh�mihfygmlh]h�\ur_�dh]_j_glgh]h�mk�
j_^g_gby� h[uqgh� ij_^eZ]Z_lky� bkihevah\Zlv� baheypbx� kbkl_fu� dm[blh\� hl� hdjm`_gby� b�
ki_pbZevgu_�dh^u�dhjj_dpbb�d\Zglh\uo�hrb[hd��>jm]hc�kihkh[�hkgh\Zg�gZ�dh^bjh\Zgbb�
eh]bq_kdbo�dm[blh\�gZ�fgh]hdm[blh\uo�khklhygbyo��dhlhju_�g_qm\kl\bl_evgu�d�[he__�h[�
sbf�\ha^_ckl\byf�kh�klhjhgu�hdjm`_gby��q_f�jZkkfhlj_gh�\ur_��lh�_klv��qlh[u�hgb�hklZ�
\Zehkv�\�')6�\�l_q_gb_�\k_]h�\j_f_gb�^_ckl\by�hi_jZpbb� 
G_h[oh^bfuf� b� ^hklZlhqguf� mkeh\b_f� ^ey� k\h[h^ghc� hl� ^_dh]_j_glbaZpbb� ^bgZfbdb�

eh]bq_kdbo�dm[blh\�\�g_dhlhjhf�ih^ijhkljZgkl\_�y\ey_lky�ijbgZ^e_`ghklv�\k_o�[Zabkguo�
khklhygbc�DFS�d�h^ghf_jguf�g_ijb\h^bfuf�ij_^klZ\e_gbyf�]jmiiu�IZmeb�PL��BgZq_�]h�
\hjy�wlh kbg]e_lgu_ [Zabkgu_�khklhygby�>����@� 
GZbf_gvr__�qbkeh�nbabq_kdbo�dm[blh\ ^ey�dh^bjh\Zgby�^\mo�eh]bq_kdbo�khklhygbc�0〉L 

b�1〉L�\�')6�\�h[s_f�kemqZ_�kbevghc�^_dh]_j_glbaZpbb�jZ\gh�q_luj_f��Wlbfb�^\mfy�kh�
klhygbyfb�eh]bq_kdh]h�dm[blZ�y\eyxlky�aZimlZggufb�khklhygbyfb�q_luj_o�nbabq_kdbo�dm�
[blh\�k�gme_\uf�iheguf�fhf_glhf�[2.72]: 

 0〉L = (1/2) (01〉 –10〉)⊗(01〉 –10〉) = 

 = (1/2) (0101〉 +1010〉 –1001〉 –0110〉) , (2.137) 

 1〉L = (1/3)1/2 (11〉⊗00〉 +00〉⊗11〉 – 

 – (1/2)(01〉 +10〉)⊗(01〉 +10〉) = 

 = (1/12)1/2(21100〉 +20011〉 0101〉 1010〉 0110 -1001〉) . (2.138) 

Hgb� khhl\_lkl\mxl� khklhygbyf��ihkljh_gguf�gZ�kbg]e_lguo�b�ljbie_lguo�khklhygbyo�
iZj�nbabq_kdbo�dm[blh\� 

2.10.4 Hkgh\gu_�lj_[h\Zgby�d�Zglbn_jjhfZ]gblguf�djbklZeeZf 

Ihemq_ggu_�\ur_�j_amevlZlu�iha\heyxl�knhjfmebjh\Zlv�hkgh\gu_�h[sb_�lj_[h\Zgby�d�
_kl_kl\_gguf�Zglbn_jjhfZ]gblguf�kljmdlmjZf��dhlhju_�fh]ml�[ulv�bkihevah\Zgu�^ey�kha�
^Zgby� ZgkZf[e_\uo�YFJ� d\Zglh\uo� dhfivxl_jh\�� jZ[hlZxsbo�gZ�ijbgpbiZo�de_lhqgh]h�
Z\lhfZlZ� 
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1. JZ[hqZy�l_fi_jZlmjZ�T�Zglbn_jjhfZ]gblghc�kljmdlmju�^he`gZ�khhl\_lkl\h\Zlv�ihe�
ghklvx�mihjy^hq_gghfm�Zglbn_jjhfZ]g_lbdm��lh�_klv TNS, > T ,�]^_�TNS — l_fi_jZlmjZ G_�
_ey ^ey�we_dljhggh]h�Zglbn_jjhfZ]gblgh]h�mihjy^hq_gby��Wlh�mkeh\b_�^ey�T�m^h\e_l\hjy�
_lky� h[uqgh� m`_� ijb� ]_eb_\uo� l_fi_jZlmjZo�� ;he__�`_kldbfb� fh]ml� [ulv� lj_[h\Zgby� d�
\j_f_gb� ^_dh]_j_glbaZpbb� y^_jguo� d\Zglh\uo� khklhygbc� \� we_dljhg-y^_jghc� kljmdlmj_��
jZkkfhlj_ggu_�\�ih^jZa^_eZo�2.8.4�b�2.10.3��ba�dhlhjuo�ke_^m_l��qlh�jZ[hqZy�l_fi_jZlmjZ�L 

^he`gZ� [ulv�f_gvr_� ��� D��Ijb� wlhf�bgbpbZebaZpby� khklhygbc� y^_jguo� kibgh\� lj_[m_l�
h[_ki_qblv�^ey�gbo�wnn_dlb\gmx�kibgh\mx�l_fi_jZlmjm TI ≤ 10

-3
 K. 

2. KlZ[bevgu_� bahlhiu� ^he`gu� bf_lv� y^_jgu_� kibgu� I = ���� b� `_eZl_evgh� �����
jZkijhkljZg_gghklv�\�Ijbjh^_��We_dljhggu_�kibgh\u_�khklhygby�S ≥ 1/2. 

GZijbf_j��bfb�fh]ml�[ulv�j_^dha_f_evgu_�kh_^bg_gby�klZ[bevgh]h�bahlhiZ�lmeby 169Tm, 

dhlhjuc� � bf__l� y^_jguc� kibg� I = 1/2, �I = – 21,8 jZ^F=p�Le� b� ����� hlghkbl_evgmx�
jZkijhkljZg_gghklv�\�ijbjh^_��LZdbfb�kh_^bg_gbyfb��\hafh`gh��fh]ml�[ulv��7P2O3, TmSi2, 

TmGe2��7P6H��<�wlbo�kh_^bg_gbyo�_kl_kl\_ggu_�klZ[bevgu_�we_f_glu�2��6L��*H�b�6H�bf_xl��
khhl\_lkl\_ggh��bahlhiu�kh^_j`Zsb_�y^_jgu_�kibgu��\�kdh[dZo�ijb\_^_gZ�bo�jZkijhkljZ�
g_gghklv�>����@��17O I = 5/2 (0.04%), 29Si I = 1/2 (4.7%), 73Ge I = 9/2 (7.76%), 77Se I = 1/2 

���������hl�dhlhjuo�ihlj_[m_lky�hqbkldZ��Ih-\b^bfhfm��\�dZq_kl\_�\ZjbZglh\�kbkl_f�fh]ml�
jZkkfZljb\Zlvky�g_dhlhju_�kh_^bg_gby�k�y^_jgufb�kibgZfb�bahlhih\�19F, 313�kh������jZk�
ijhkljZg_gghklvx��56FeF2, 

56FePO4). 

3. >ey� hj]ZgbaZpbb� d\Zglh\uo� hi_jZpbc� de_lhqgh]h� lbiZ� \� ^\mo-� b� lj_of_jguo�YFJ�
d\Zglh\uo�de_lhqguo�Z\lhfZlZo�gZb[he__�ij_^ihqlbl_evgufb�y\eyxlky�dheebg_Zjgu_�Zg�
lbn_jjhfZ]gblgu_�kljmdlmju rZofZlgh]h�lbiZ, hibku\Z_fu_�^\mfy�fZ]gblgufb�ih^j_�
r_ldZfb��^\Z�fZ]gblguo�fhf_glZ�\�fZ]gblghc�we_f_glZjghc�yq_cd_��ko_fZlbq_kdb�bah[jZ�
`_ggu_�gZ�Jbk� 2.8. 

4. >ey�h[_ki_q_gby�[hevrbo�ihi_j_qguo�\j_f_g�y^_jghc�j_eZdkZpbb�ijb�gbadbo�l_fi_�
jZlmjZo� ke_^m_l�bkihevah\Zlv�h^ghhkguc� �jhf[hw^jbq_kdbc��l_ljZ]hgZevguc�beb�]_dkZ]h�
gZevguc��djbklZee�k e_]dhc�hkvx Zglbn_jjhfZ]g_lbafZ� 

5. Kh_^bg_gby�k�n_jjhfZ]gblguf�beb�n_jjbfZ]gblguf�mihjy^hq_gb_f�we_dljhgguo�
kibgh\�ke_^m_l�kqblZlv�fZeh�ijb]h^gufb�ba-aZ�bo�\ukhdhc�qm\kl\bl_evghklb�d�\ha^_ckl�
\bx�kemqZcguo�\g_rgbo�ihe_c�b�\ebygbx�nhjfu�h[jZapZ� 
>ey�hdhgqZl_evgh]h�`_�\u[hjZ�fZl_jbZeZ�ke_^m_l�ijh\_klb�^_lZevgu_�wdki_jbf_glZev�

gu_�b�l_hj_lbq_kdb_�bkke_^h\Zgby�mdZaZgguo�\ur_�b�^jm]bo�djbklZeeh\�k�Zglbn_jjhfZ]�
gblghc�kljmdlmjhc� 
Fh`gh�jZkkfhlj_lv�b�^bwe_dljbq_kdb_�djbklZeeu�k�y^_jguf�^bihevguf�Zglbn_jjhfZ]�

gblguf�mihjy^hq_gb_f�y^_jguo�kibgh\��lZdb_�dZd�CaF2��]^_�y^jZ�19F (40KZ��������42KZ�44KZ�
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[_a�kibgZ� 43Ca�kh�kibghf�����b�\����jZa�f_gvrbf��q_f�m�19F�]bjhfZ]gblguf�hlghr_gb_f�
bf__l�jZkijhkljZg_gghklv�������b�g_�b]jZ_l�jheb��h[jZamxl�ijhklmx�dm[bq_kdmx�j_r_ldm��
<�lZdhf�djbklZee_�ijb�djblbq_kdbo�l_fi_jZlmjZo�Tc = 0,34 fdD�\�iheyo�B || >���@�\hagbdZ_l�
ijh^hevgZy�Zglbn_jjhfZ]gblgZy�kljmdlmjZ��HgZ�oZjZdl_jbam_lky�^\mfy�ih^j_r_ldZfb��
]^_�\�ke_^mxsbo�^jm]�aZ�^jm]hf�iehkdhklyo��i_ji_g^bdmeyjguo�hkb�>���@��gZfZ]gbq_gghklv�
ihi_j_f_ggh�iZjZee_evgZ�b�ZglbiZjZee_evgZ�gZijZ\e_gbx�\g_rg_]h�ihey�>���@�>����@� 

AZdexq_gb_:� <ZjbZgl� YFJ� d\Zglh\h]h� de_lhqgh]h� Z\lhfZlZ� gZ� Zglbn_jjhfZ]gblguo�
djbklZeeZo�bf__l�p_euc�jy^�ij_bfms_kl\� 

���Hg�kh^_j`bl�lhevdh�h^bg�lbi�Zlhfh\�k�y^_jguf�kibghf������]hfhy^_jgZy�kljmdlmjZ���
?keb�m^Zklky�ih^h[jZlv�khhl\_lkl\mxsbc�_kl_kl\_gguc�Zglbn_jjhfZ]gblguc�fZl_jbZe��lh�
hliZ^Z_l�g_h[oh^bfhklv�bkihevah\Zgby�\ukhdhlhqghc�gZghl_ogheh]bb� 

���>ey�mihjy^hq_gby�we_dljhgguo�kibgh\�^hklZlhqgh�i_j_clb�d�l_fi_jZlmjZf�gb`_�l_f�
i_jZlmj�nZah\h]h�i_j_oh^Z�\�Zglbn_jjhfZ]gblgh_�khklhygb_�TNS��dhlhjh_�h[uqgh�[hevr_���
q_f��,1 D�b�g_�ihlj_[mxlky�kbevgu_�\g_rgb_�fZ]gblgu_�ihey� 

���<ZjbZgl�^himkdZ_l�bkihevah\Zgb_�ZgkZf[e_\uo�kihkh[h\�mijZ\e_gby�dm[blZfb�b�kqb�
lu\Zgb_�bgnhjfZpbb�gZ�\uoh^_�Z\lhfZlZ� 

���>ey�bgbpbZebaZpbb�[hevrh]h�ZgkZf[ey�y^_jguo�kibgh\�fh]ml�[ulv�bkihevah\Zgu�^b�
gZfbq_kdb_�f_lh^u�iheyjbaZpbb�y^_jguo�kibgh\� 

���Kihkh[�dh^bjh\Zgby�eh]bq_kdbo�khklhygbc�gZ�g_kdhevdbo�nbabq_kdbo�kibgZo-dm[blZo�
h[_ki_qb\Z_l�[he__�\ukhdmx�ihf_ohmklhcqb\hklv�ih�hlghr_gbx�d�kemqZcguf�]_g_jZpbyf�
hrb[hqguo�dm[blh\� 
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A:DEXQ?GB? 

<� gZklhys__� \j_fy� [mjgh� jZa\b\Z_lky� bgl_j_k� d� d\Zglh\uf� dhfivxl_jZf� \hh[s_� b� d�
YFJ� d\Zglh\uf� dhfivxl_jZf�� \� qZklghklb��L\_j^hl_evgu_�YFJ� d\Zglh\u_� dhfivxl_ju�
bf_xl�\Z`gu_�ij_bfms_kl\Z��kj_^b�dhlhjuo�fh`gh�mdZaZlv�gZ�ke_^mxsb_� 

1. Y^_jgu_�kibgu�kZfb�ih�k_[_�y\eyxlky�dm[blZfb� 
2. Ijb�gbadbo�l_fi_jZlmjZo�bo�khklhygby�oZjZdl_jbamxlky�hq_gv�[hevrbfb�\j_f_gZfb�

j_eZdkZpbb��b��khhl\_lkl\_ggh��\j_f_gZfb�^_dh]_j_glbaZpbb��ih�kjZ\g_gbx�k�we_dljhggufb�
kibgZfb� 

3. L_ogheh]bq_kdb_� kljmdlmju� gZghf_ljh\h]h� fZkrlZ[Z� \� ihemijh\h^gbdh\uo� YFJ�
d\Zglh\uo� dhfivxl_jZo� ij_^gZagZqZxlky� g_� ^ey� kha^Zgby� kZfbo� dm[blh\�� dZd� \� kemqZ_�
k\_joijh\h^gbdh\uo�mkljhckl\��Z�ebrv�^ey�aZ^Zq�mijZ\e_gby�dm[blZfb�b�baf_j_gby�bo�kh�
klhygbc� 

4. Hij_^_e_ggu_�ij_bfms_kl\Z�fh]ml�bf_lv�YFJ�d\Zglh\u_�dhfivxl_ju��jZ[hlZxsb_�
gZ�ijbgpbi_�de_lhqgh]h�Z\lhfZlZ� 
<�gZklhys__�\j_fy�khklhygb_�kh\j_f_gghc�\ukhdhlhqghc�l_ogheh]bb�b�l_ogheh]bb�\ukh�

dhqbkluo�fZl_jbZeh\�m`_�k_cqZk�iha\heyxl�ijbklmiblv�d�wdki_jbf_glZevguf�jZ[hlZf�ih�
kha^Zgbx�we_f_glh\�ihemijh\h^gbdh\uo�YFJ�d\Zglh\uo�dhfivxl_jh\��M`_�kha^Zgu�ijh�
kl_crb_�njZ]f_glu�beb�ijhlhlbiu�lZdh]h�dhfivxl_jZ��Kha^Zgb_�fgh]hdm[blh\uo�l\_j^h�
l_evguo�kljmdlmj�—�[he__�^Ze_dZy�i_jki_dlb\Z��HgZ�ihlj_[m_l�ijb\e_q_gby�fgh]bo�l_ogh�
eh]bq_kdbo� b� ko_fhl_ogbq_kdbo� ^hklb`_gbc� kh\j_f_gghc� fbdjh-� b� gZghwe_dljhgbdb�� Z�
lZd`_�jZajZ[hldb�ijh]jZff�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby�nbabq_kdbo�ijhp_kkh\��b�\�qZ�
klghklb�ijhp_kkh\�^_dh]_j_glbaZpbb��\�fgh]hdm[blh\uo�d\Zglh\uo�kbkl_fZo� 
<�k\yab�k�jZ[hlZfb�ih�YFJ�d\Zglh\uf�dhfivxl_jZf��\�gh\hf�dZq_kl\_�hdZaZebkv�\hklj_�

[h\Zgu�fgh]b_�ohjhrh�jZajZ[hlZggu_�f_lh^u�y^_jgh]h�fZ]gblgh]h�j_ahgZgkZ�b��[he__�lh]h��
ihlj_[h\ZeZkv�jZa\blb_�jy^Z�_s_�g_^hklZlhqgh�beb�kh\k_f�g_bamq_gguo�gZijZ\e_gbc�\�l_h�
jbb�ijZdlbd_�YFJ��kms_kl\_gguo�k�lhqdb�aj_gby�bo�ijbeh`_gby�^ey�d\Zglh\uo�dhfivxl_�
jh\�b�d\Zglh\uo�\uqbke_gbc� 
Jy^m� lZdbo�gZijZ\e_gbc��y\eyxsboky�nbabq_kdhc�hkgh\hc�ZgkZf[e_\uo�l\_j^hl_evguo�

YFJ�d\Zglh\uo�dhfivxl_jh\��b�[ueZ�ihk\ys_gZ�i_j\Zy�=eZ\Z��<�g_c�jZkkfhlj_gu�lZdb_�
h[sb_�\hijhku��dZd�ijh[e_fZ�bgbpbZebaZpbb�khklhygby�fgh]hdm[blh\h]h�d\Zglh\h]h�j_�
]bkljZ��f_lh^u�hibkZgby�j_eZdkZpbhgguo�ijhp_kkh\�b��\�qZklghklb��ijhp_kkh\�^_dh]_j_g�
lbaZpbb��^ey�kibgh\uo�khklhygbc�\�l\_j^uo�l_eZo�� 
:gZeba�hkh[_gghkl_c�ijhba\hevguo�j_eZdkZpbhgguo�ijhp_kkh\�fgh]hdm[blh\uo�kibgh�

\uo�kbkl_f�k�mq_lhf�h[jZah\Zgby�aZimlZgguo�d\Zglh\uo�khklhygbc�dm[blh\�iha\hebe�gZf�
ijhba\_klb� lZd`_� h[h[s_gb_�n_ghf_gheh]bq_kdbo� mjZ\g_gbc�;ehoZ�b Ebg^[eZ^Z�� mqblu�
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\Zxs__�g_fZjdh\kdbc�oZjZdl_j�kemqZcguo�\ha^_ckl\bc��<�lZdhf�\b^_�wlb�mjZ\g_gby�y\ey_l�
ky�^hklZlhqgh�h[s_c�l_hj_lbq_kdhc�hkgh\hc�fh^_ebjh\Zgby�dZd�d\Zglh\uo�hi_jZpbc��lZd�
ex[uo�j_eZdkZpbhgguo�ijhp_kkh\�khklhygbc�dm[blh\�\�l\_j^hl_evghf�kibgh\hf��y^_jghf�
beb�we_dljhgghf��ZgkZf[e_\hf�d\Zglh\hf�j_]bklj_� 
H^gbf�ba�gZb[he__�kms_kl\_gguo�lj_[h\Zgbc�d�d\Zglh\uf�kbkl_fZf��bkihevam_fuf�^ey�

ihkljh_gby� d\Zglh\uo� dhfivxl_jh\�� y\ey_lky� ih^Z\e_gb_� ijhp_kkh\� ^_dh]_j_glbaZpbb, 

y\eyxsboky� h^gbfb� ba� gZb[he__� [ukljuo� kj_^b� ^jm]bo� j_eZdkZpbhgguo� ijhp_kkh\��>ey�
hibkZgby�ijhp_kkh\�^_dh]_j_glbaZpbb�d\Zglh\uo�khklhygbc�dm[blh\�\�l\_j^uo�l_eZo��mqb�
lu\Zxsbo� g_fZjdh\kdbc� oZjZdl_j� kemqZcguo� ijhp_kkh\�� [ueZ� jZa\blZ� ihemdeZkkbq_kdZy�
Z^bZ[Zlbq_kdmx�fh^_ev�^_dh]_j_glbaZpbb��dhlhjZy�[ueZ�bkihevah\ZgZ�^ey�hij_^_e_gby�mk�
eh\bc��h[_ki_qb\Zxsbo�g_h[oh^bfuo�mjh\_gv�ih^Z\e_gby�^_dh]_j_glbaZpbb� 
GZfb� [ue� ijh\_^_g� lZd`_� ZgZeba� ijh[e_fu� \hajZklZxs_c� wdkihg_gpbZevgh� k� qbkehf�

d\Zglh\uo�YFJ�hi_jZpbc�\j_f_gghc�p_gu�Ze]hjblfZ�nZdlhjbaZpbb�RhjZ�\�YFJ�d\Zglh\uo�
dhfivxl_jZo�b�^Zgh�h[hkgh\Zgb_�gh\hc�\hafh`ghklb��hkgh\Zgghc�gZ�bkihevah\Zgbb d\Zg�
lh\h]h�\_c\e_l-ij_h[jZah\Zgby�^ey�j_r_gby�wlhc�ijh[e_fu� 
<lhjZy�=eZ\Z�ihk\ys_gZ�\hijhkZf�j_ZebaZpbb�ZgkZf[e_\uo�l\_j^hl_evguo�YFJ�d\Zg�

lh\uo�dhfivxl_jh\��Ih�ih\h^m�\hafh`ghklb�j_ZebaZpbb�iheghfZkrlZ[guo�d\Zglh\uo�dhf�
ivxl_jh\� [ueh� \ukdZaZgh� agZqbl_evgh_� qbkeh� kd_ilbq_kdbo� aZf_qZgbc�� mdZau\Zxsbo� gZ�
kms_kl\h\Zgb_� jy^Z�� dZaZehkv� [u� g_jZaj_rbfuo� ijh[e_f��GZfb� [ueb�ijhZgZebabjh\Zgu�
g_dhlhju_�ba�wlbo�ijh[e_f�b�gZf_q_gu�kihkh[u�bo�j_r_gby��<�qZklghklb��hlf_qZ_fZy�ijh�
[e_fZ�ihy\e_gby�bkdexq_gby�g_dhgljhebjm_fuo�nZah\uo�fgh`bl_e_c�kh�kemqZcgufb�ZgZ�
eh]h\ufb�nZaZfb�m�khklZ\eyxsbo�kmi_jihabpbb�[Zabkguo�khklhygbc��kms_kl\_ggZy�^ey�hl�
^_evgh]h�d\Zglh\h]h�j_]bkljZ�� _kl_kl\_gguf�h[jZahf�j_rZ_lky�\� ZgkZf[e_\uo�d\Zglh\uo�
j_]bkljZo��>jm]Zy�ijh[e_fZ��k\yaZggZy�k�m\_ebq_gb_f�\_jhylghklb�hrb[db�ijb�i_j_oh^_�d�
\ukrbf�^\hbqguf�jZajy^Zf�\�j_]bklj_�\�ijbgpbi_�j_rZ_lky��dZd�ihdZaZgh�\�wlhc�=eZ\_��k�
ihfhsvx�khhl\_lkl\mxsbo�k\yaZgguo�dh^h\�b�mkj_^g_gby�\�ZgkZf[e_\hf�d\Zglh\hf�j_]b�
klj_� 
Ijh\_^_gguc�^_lZevguc�ZgZeba�ko_fu�iheghfZkrlZ[gh]h�d\Zglh\h]h�dhfivxl_jZ�k�bg�

^b\b^mZevguf�h[jZs_gb_f�d�dm[blZf��ij_^eh`_gghc�D_cghf��iha\hebe�gZf�ijhba\_klb�hi�
j_^_e_ggh_�__�jZa\blb_�b�\uy\be�hkgh\gu_�ljm^ghklb� 
>ey�ij_h^he_gby�wlbo�ljm^ghkl_c�gZfb�[ueh�ij_^eh`_gh�i_j_clb�d�bkihevah\Zgbx�Zg�

kZf[e_\h]h� ih^oh^Z� b� ^Zgh� ^_lZevgh_� h[hkgh\Zgb_� i_jki_dlb\ghklb� ZgkZf[e_\hc� ko_fu�
fgh]hdm[blh\h]h�ihemijh\h^gbdh\h]h�YFJ�d\Zglh\h]h�dhfivxl_jZ�gZ�ZlhfZo�31P�k�ihehk�
dh\ufb�aZl\hjZfb��;ue�ijh\_^_g�ZgZeba�dhgdj_lguo�f_oZgbafh\�^_dh]_j_glbaZpbb�\�lZdhc�
ko_f_�b�mdZaZgu�kihkh[u�__�ih^Z\e_gby��;ueZ�lZd`_�ihdZaZgZ�\hafh`ghklv�bkihevah\Zgby�
klZg^Zjlghc�l_ogbdb�YFJ�^ey�baf_j_gby�b�dhgljhey�khklhygbc�dm[blh\��Z�lZd`_�\hafh`�
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ghklv�bkihevah\Zgby�^bgZfbq_kdhc�iheyjbaZpbb� �lbiZ�kheb^-wnn_dlZ�:[jZ]ZfZ��^ey�bgb�
pbZebaZpbb�y^_jguo�kibgh\-dm[blh\�\�ZgkZf[e_\hf�YFJ�d\Zglh\hf�dhfivxl_j_��g_�ijb[_�
]Zy�d�hoeZ`^_gbx�\k_c�kljmdlmju�^h�fbdjhd_ev\bgh\uo�l_fi_jZlmj� 
GZdhg_p��[ueZ�ij_^eh`_gZ�ko_fZ�ZgkZf[e_\h]h�YFJ�d\Zglh\h]h�de_lhqgh]h�Z\lhfZlZ�gZ�

Zglbn_jjhfZ]gblghc�kljmdlmj_��dhlhjZy�iha\hey_l�hdZaZlvky�hl�keh`ghc�kbkl_fu�ihehkdh�
\uo� aZl\hjh\�� ^Zg� ^_lZevguc� \u\h^� y^_jgh]h� kibgh\h]h� ]ZfbevlhgbZgZ�� mqblu\Zxs_]h�
\aZbfh^_ckl\b_�y^_jguo�kibgh\�k�\g_rgbf�ihe_f��dhk\_ggh_�\aZbfh^_ckl\b_�q_j_a�kh[kl�
\_ggu_�b�khk_^gb_�we_dljhggu_�kibgu��h[h[sZxs__�ba\_klgh_�kme-gZdZfmjh\kdh_�\aZbfh�
^_ckl\b_��JZkkfhlj_gu�hkh[_gghklb�^_dh]_j_glbaZpbb�khklhygbc�y^_jguo�dm[blh\�\�Zglb�
n_jjhfZ]gblghc�p_ihqd_��H[km`^Z_lky�lZd`_�\hafh`ghklv�bkihevah\Zgby�\�dZq_kl\_�kj_^u��
kh^_j`Zsbo� y^_jgu_� kibgu-dm[blu�� _kl_kl\_gguo� Zglbn_jjhfZ]g_lbdh\�� ^ey� dhlhjuo�
nhjfmebjmxlky�g_h[oh^bfu_�lj_[h\Zgby� 
BlZd��dZd�ihdZaZeb�j_amevlZlu�ijh\_^_gguo�bkke_^h\Zgbc��bkihevah\Zgb_�ij_^eh`_ggh�

]h�ZgkZf[e_\h]h�ih^oh^Z�ijb�kha^Zgbb�jZaguo�\ZjbZglh\�YFJ�d\Zglh\uo�dhfivxl_jh\�ih�
a\heyxl� j_rblv� jy^� ijh[e_f�� klhysbo� gZ� imlb� j_ZebaZpbb� l\_j^hl_evguo� YFJ�
d\Zglh\uo�dhfivxl_jh\: 

1. <� j_amevlZl_� ZgkZf[e_\h]h� mkj_^g_gby�bkdexqZ_lky� \ebygb_�g_dhgljhebjm_fuo� kem�
qZcguo�nZah\uo�fgh`bl_e_c�\�bgbpbZebabjh\Zgghf�khklhygbb�fgh]hdm[blh\h]h�d\Zglh\h�
]h�j_]bkljZ� 

2. �G_h[oh^bfh_�̂ ey�bgbpbZebaZpbb�d\Zglh\h]h�khklhygby�hoeZ`^_gb_�kibgh\hc�kbkl_fu�
^h�fbdjhd_ev\bgh\uo�l_fi_jZlmj�fh`_l�[ulv�^hklb]gmlZ�ijb�agZqbl_evgh�[he__�\ukhdbo�
jZ[hqbo� l_fi_jZlmjZo�� iml_f� bkihevah\Zgby� f_lh^Z� ^bgZfbq_kdhc� iheyjbaZpbb� y^_jguo�
kibgh\� 

3. Ijb�bkihevah\Zgbb�ZgkZf[e_\h]h�ih^oh^Z�hldju\Z_lky�\hafh`ghklv�dhgljhey�b�baf_�
j_gby�d\Zglh\uo�khklhygbc�dm[blh\�k�ihfhsvx�klZg^Zjlghc�l_ogbdb�YFJ��bkdexqZxs_c�
bkihevah\Zgb_�bkdexqbl_evgh�\ukhdhqm\kl\bl_evguo�baf_j_gbc�khklhygbc�hl^_evguo�kib�
gh\� 

4. :gkZf[e_\u_�YFJ�d\Zglh\u_�de_lhqgu_�Z\lhfZlu�iha\heyxl�\�agZqbl_evghc�f_j_�hl�
dZaZlvky�hl�keh`ghc�kbkl_fu�aZl\hjh\�gZghf_ljh\h]h�fZkrlZ[Z��ij_^klZ\eyxs_c�[hevrb_�
ljm^ghklb�^ey�kh\j_f_gghc�gZghl_ogheh]bb��Djhf_�lh]h��kbkl_fZ�aZl\hjh\�ihjh`^Z_l�^h�
ihegbl_evgu_�ijh[e_fu��k\yaZggu_�k�^_dh]_j_glbaZpb_c�d\Zglh\uo�khklhygbc�dm[blh\� 

5. >ey�ih^Z\e_gby�^_dh]_j_glbaZpbb�\�ZgkZf[e_\hf�d\Zglh\hf�dhfivxl_j_��djhf_�̂ jm]bo�
f_lh^h\��fh]ml�[ulv�bkihevah\Zgu�^bgZfbq_kdb_�f_lh^u�dh]_j_glgh]h�mkj_^g_gby��bkihev�
am_fu_�\�YFJ�ki_dljhkdhibb�\ukhdh]h�jZaj_r_gby� 

6. Fh`gh�h`b^Zlv��qlh�\�[m^ms_f�ihy\ylky�lZd`_�dhf[bgbjh\Zggu_�\ZjbZglu�ZgkZf[e_�
\uo�l\_j^hl_evguo�d\Zglh\uo�dhfivxl_jh\��bkihevamxsbo��gZijbf_j��\�h^ghc�kljmdlmj_�b�
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y^_jgu_�kibgu��b�d\Zglh\u_�lhqdb�k�we_dljhggufb�kibgZfb��Z�lZd`_�dhf[bgbjh\Zggu_�f_�
lh^u�h[jZs_gby�d�dm[blZf��lZdb_�dZd�^\hcghc�we_dljhg-y^_jguc�fZ]gblguc�j_ahgZgk��hi�
lbq_kdZy�^bgZfbq_kdZy�iheyjbaZpby�y^_jguo�kibgh\�b�hilbq_kdh_�^_l_dlbjh\Zgb_�y^_jgh]h�
fZ]gblgh]h�j_ahgZgkZ� 
<�aZdexq_gb_�mdZ`_f�gZ�g_dhlhju_�hklZxsb_ky�g_j_r_ggu_�ijh[e_fu: 

1. Hlkmlkl\m_l�ijZdlbq_kdZy�jZajZ[hldZ�f_lh^h\�d\Zglh\uo�baf_j_gby�khklhygbc�hl^_ev�
gh]h�y^_jgh]h�kibgZ�beb�bo�fZeuo�]jmii� 

2. G_� bamq_gh� \ebygb_� g_b^_Zevghklb� mijZ\eyxsbo� dm[blZfb� bfimevkguo� ihke_^h\Z�
l_evghkl_c�b�fgh]hmjh\g_\hc�k\_jolhgdhc�kljmdlmju�wg_j]_lbq_kdh]h�ki_dljZ�\�fgh]hkib�
gh\hc�kbkl_f_�gZ�^_dh]_j_glbaZpbx�d\Zglh\uo�khklhygbc� 

3. G_�jZajZ[hlZgu�kihkh[u�ih^Z\e_gby�^_dh]_j_glbaZpbb��hij_^_ey_fhc�rmfZfb�\�we_d�
ljhgghc�baf_jbl_evghc�kbkl_f_� 

4. G_� bamq_gu� ijhp_kku� ^_dh]_j_glbaZpbb� fgh]hdm[blh\uo� khklhygbc� \� _kl_kl\_gguo�
Zglbn_jjhfZ]gblguo�kljmdlmjZo� 

5. G_�hijh[h\Zgu�m`_�jZajZ[hlZggu_�d\Zglh\u_�f_lh^u�dhjj_dpbb�hrb[hd ^ey�fgh]hdm�
[blh\uo�kbkl_f� 

6. Kh\_jr_ggh�g_bamq_gghc�hklZ_lky�bgl_j_kgZy�\hafh`ghklv�bkihevah\Zgby�djbklZeeb�
q_kdbo�kljmdlmj�lbiZ�kibgh\uo�kl_dhe�kh�kemqZcgufb�agZq_gbyfb�h[f_ggh]h�\aZbfh^_ckl�
\by�f_`^m�khk_^gbfb�we_dljhggufb�kibgZfb��\�dhlhjuo�fh]ml�h[jZah\Zlvky�kemqZcguf�h[�
jZahf�ih�ijbgpbim�ijhl_dZgby� �percolation��g_h[oh^bfu_�p_ihqdb�k�Zglbn_jjhfZ]gblguf�
lbihf�mihjy^hq_gby�we_dljhgguo�kibgh\� 
:\lhj� kqblZ_l� k\hbf�ijbylguf�^he]hf�\ujZablv�bkdj_ggxx�[eZ]h^Zjghklv� ZdZ^_fbdm�

D�:�<Zeb_\m�aZ�ih^^_j`dm�wlhc�jZ[hlu�b�klbfmebjmxsb_�h[km`^_gby� 

Ijbeh`_gb_ I�� Kb]gZe�YFJ�hl�ZgkZf[ey�y^_jguo�kibgh\ 

JZkkfhljbf�h[jZa_p��kh^_j`Zsbc�N = nÜSÜ10�y^_jguo�kibgh\��jZkiheh`_gguo�\�iehkdh�
klb�z = ��dj_fgb_\hc�ieZklbgu�k�j_]meyjguf�bgl_j\Zehf�\^hev�iZjZee_evgh�\dexq_gguo�
ihehkdh\uo�aZl\hjh\�\�[ehdZo��Wlh�qbkeh�jZ\gh�qbkem�g_aZ\bkbfuo�©fhe_dmeª�\�ZgkZf[e_��
Kibgu��dhlhju_�khhl\_lkl\mxl�p_ihqdZf�ih^�ihehkdh\ufb�aZl\hjZfb�ijb�j_ahgZgk_�\�dZ`�
^hf�[ehd_��hjb_glbjh\Zgu�\^hev�hkb�x �hkv�khe_ghb^Z��b�gZoh^ylky�\�h^bgZdh\uo�khklhygb�
yo. Kqblu\Z_fuc�YFJ�kb]gZe�[m^_l�hij_^_ey_lky�\ujZ`_gb_f� 
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fZdkbfZevgh_�agZq_gb_�fZ]gblgh]h�ihey��kha^Z\Z_fh]h�j_ahgZgkgufb�kibgZfb�\�khe_ghb^_��
>ey�ijhklhlu�ij_^iheh`bf��qlh�n, p, N0, L >> 1 —�q_lgu_�qbkeZ��>ey�iehsZ^b�\bldZ�khe_�
ghb^Z�aZibr_f�A = DÜ/ (D =lyÜpN0, / << D). 

>ey�\uiheg_gby�kmffbjh\Zgby�dZd�ih�ni��lZd�b�pi�\hkihevam_fky�nhjfmehc�kmffbjh\Z�
gby�ImZkkhgZ��\�nhjf_�� 
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Ihkdhevdm�hkpbeebjmxsb_�keZ]Z_fu_�k�� � ��ijb�ihke_^mxs_f�bgl_]jbjh\Zgbb�ih�x, y�mk�
j_^gyxlky��bo�himklbf�\��I�����b�aZibr_f 
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Mqblu\Zy�D2 >> z2��ihke_�bgl_]jbjh\Zgby��I�����ih�y, ���ihemqbf 

 ==|| maxV  

∫∫∫∫∫∫ ++−−
++

−−++++−−
−−−−−−==

−−−−

2/

0
2/322

2

2/122222

2222/

2/

2/

2/
2

0I0 }
])[(

2

])([])[(

])[(2
{

8

δ

ηηη
ηη

π
γωµ

zx

z

xDzx

Dzx
dzddx

DX

npNQK X

X

X

X

A !
. �I���� 

Bgl_]jbjmy�^Ze__�ih�z�b�khojZgyy�lhevdh�eh]Zjbnfbq_kdbfb�jZklms__�ijb��_x – �| :��
keZ]Z_fh_��gZc^_f 
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!!
 �I���� 

]^_�VS = AX, N = npN0, e = 2,716… 

Fu�\b^bf��qlh�\ujZ`_gb_��I�����hlebqZ_lky�hl��������ijb�0(L) = ��g_kms_kl\_gguf�fgh�
`bl_e_f

e
ln

δπ
X

D

X ⋅⋅ ��ihjy^dZ�g_kdhevdbo�_^bgbp� 

Ijbeh`_gb_ I4. >\modm[blh\Zy�hi_jZpby�CNOT �\�h^ghf_jghf 

YFJ�d\Zglh\hf�de_lhqghf�Z\lhfZl_ 
Qlh[u�hkms_kl\blv�^\modm[blh\mx�hi_jZpbx�dhgljhebjm_fh_�G?��&127��ke_^m_l�ijb�

eh`blv�^jm]mx�ihke_^h\Zl_evghklv�bfimevkh\��H^bg�ba�dm[blh\�gZau\Zxl�dhgljhebjmx�
sbf, Z�^jm]hc�— dhgljhebjm_fuf. MgblZjgh_�ij_h[jZah\Zgb_��khhl\_lkl\mxs__�&127��
^_ckl\m_l� \� q_luj_of_jghf� ]bev[_jlh\hf�ijhkljZgkl\_� khklhygbc�^\mo�eh]bq_kdbo�dm[b�
lh\��Hi_jZpby� &127� khojZgy_l� khklhygb_� dhgljhebjm_fh]h� dm[blZ�beb�bg\_jlbjm_l� _]h��
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khhl\_lkl\_ggh��ijb�khklhygbyo�dhgljhebjmxs_]h�dm[blZ�����beb����� 
JZkkfhljbf�l_i_jv�khklhygb_�d\Zglh\h]h�j_]bkljZ��ihdZaZggh_�gZ�i_j\hc�kljhd_�Jbk� 2.5 

b�ijbeh`bf�ihke_�klZ^bb��bfimevk�πA,1��J_amevlZl�ij_^klZ\e_g�gZ�Jbk� I���� 

πA,0  ⇒...↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑ ⇓ ↓ 

– – – – – – – – –
⇓

 
⇑ ↑

–
 ⇑ ↑

–
 ⇑ ↑ ↓ ↑ ↓ ↑ 

––––––––
↓

 
↑ ⇑ ⇓ ↓ ↑ ⇒ 

 ***  

πA,1  ⇒...↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑

–
 ⇓ ↓ 

– – – – – – – – –
⇓

 
⇑ ⇓ ⇑ ⇓ ⇑

–
 ↑ ↓ ↑ ↓ ↑ 

––––––––
↓

 
↑ ⇑

–
 ⇓ ↓

–
 ↑ ⇒  

Jbk� I�����J_amevlZl�^_ckl\by�bfimevkZ�πA,1�ihke_�klZ^bb�� 

Fh`gh�\b^_lv��qlh�&8�ijhoh^bl�q_j_a�dm[bl�����b�ijh^he`Z_l�^\b`_gb_�^h�k_j_^bgu�dm�

[blZ������Gh�\�wlhf�ijhp_kk_�kZfZ�CU�baf_gy_lky�hl�
QQQQQQQQQ
⇑

 
⇓ ↓ ↑ ⇑ ⇓�^h� ��lhevdh�ijb�ijh�

oh`^_gbb��������Z�kZf�dm[bl�����jZajmrZ_lky��Jbk� I����� 
L_i_jv�kgh\Z�ijbeh`bf�h[f_ggmx�ihke_^h\Zl_evghklv�bfimevkh\� 

πB,0  ⇒...↑ ↓ ↑ ↓ ↑ ↓ 
= = = = = = = = = =
⇓

 
↓ ⇓

–
 ⇑ ⇓ ⇑ ⇓

–
 ↓ ↑ ↓ ↑ ↓ ↑ ↓ 

QQQQQQ
↑

 
↓ ⇓

–
 ⇑ ↑

–
 ⇒ 

πA,0  ⇒...↑ ↓ ↑ ↓ ↑ ↓
–

 
– – – – – – – – –
⇓ ↓

– 
↑ ⇑

–
 ⇓ ⇑

–
 ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ 

––––––––
↓

 
↑ ⇑

–
 ⇓ ⇒ 

πB,0  ⇒...↑ ↓ ↑ ↓ ↑
–

 
= = = = = = = =
⇑

 
⇓ ⇑ ↑

–
 ↓ ⇓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ 

QQQQ
↑

 
↓ ⇓

–
 ⇒ 

πA,0  ⇒...↑ ↓ ↑ ↓
–

 
– – – – – – – – – –

⇓
 

⇑ ⇓ ⇑ ⇓ ↓ ⇓ ↓
–

 ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ 
–––
↓

 
↑ ⇒ 

 ****   

Jbk. I4.2. Ko_fZ�h[f_gghc�bfimevkghc�ihke_^h\Zl_evghklb��ke_^mxs_c�aZ�bfimevkhf�πA,1 
gZ�Jbk� I���� 

Imklv��dhgljhebjmxsbc�dm[bl�\�hi_jZpbb�&127�gZoh^blky�\�khklhygbb������CU�baf_�
gy_l� k\hx� nhjfm� ihke_� _]h� ijhoh`^_gby��Ijb� ^hklb`_gbb� klZ^bb�� hlf_q_gghc� � gZ�
Jbk� I����� ijbeh`bf� ihke_^h\Zl_evghklv�� πA,1⇒ πB,–1⇒ πB,0⇒ πA,0⇒ πA,1⇒ πB,0⇒ 

πA,0⇒ πB,–1⇒ πA,1. J_amevlZl�ij_^klZ\e_g�gZ�Jbk� I���� 
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πA,0  ⇒...↑ ↓ ↑ ↓ 
– – – – – – – – – – –
⇓

 
⇑ ⇓

–
 ⇑ ⇓ ↓ ⇓  ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ 

–––
↓

 
↑ ⇒ 

 ****  
 πA,1⇒ πB,–1⇒ πB,0⇒ πA,0⇒ πA,1⇒ πB,0⇒ πA,0⇒ πB,–1⇒  

πA,1  ⇒... 
– – – – – – – – – – – – – – – – –
⇓

 
⇑ ↑ ↓ ↑ ↓ ↑ ↓ ⇓ ↓ ⇓ 

"1"
––––––––
↓

 

↑ ⇑ ⇓ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ↓ ↑ ⇒  

Jbk� I�����Ko_fZ��bfimevkghc�ihke_^h\Zl_evghklb��ke_^mxs_c�aZ�klZ^b_c� 

Ihke_^gyy�hi_jZpby�bg\_jkbb��dZd�\b^gh�\�wlhf�kemqZ_��g_�\eby_l gZ�dhgljhebjm_fuc�
dm[bl�\�khklhygbb������dZd�b�^he`gh�[ulv�^ey�\_glbey�&127��H[jZlgZy�ihke_^h\Zl_evghklv�
\ha\jZsZ_l�CU�b�dm[blu�\�bo�gZqZevgu_�khklhygby� 
<ha\jZlbfky�l_i_jv�d�Jbk� ����b�ijh^he`bf�ihke_�klZ^bb���dh]^Z�CU�ijhoh^bl�dhgljh�

ebjmxsbc� dm[bl� \� khklhygbb� ����� ijb\_^_ggmx� \ur_� ihke_^h\Zl_evghklv� bfimevkh\�
�Jbk� I����� 

πA,0  ⇒...
––––––
↑

 
⇑ ⇓ ↓ ↑ ↓ ↑ 

––––––––
⇑

 
⇓ ↓ ↑ ↓ 

– – – – – – – – – – –
⇓

 
⇑ ↑ ↓ ⇓ ↓ ⇓  ↓ ↑ ↓ ↑ ↓ ↑ ⇒ 

 **  

 πA,1⇒ πB,–1⇒ πB,0⇒ πA,0⇒ πA,1⇒ πB,0⇒ πA,0⇒ πB,–1⇒ 

πA,1  ⇒...↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑ ⇓ ↓ ↑ ↓ 

– – – – – –
⇓

 
⇑ ↑ ⇑  ↑ ↓ 

– – – –
⇓

 
↓ ⇓ 

––––––––
↓

 
↑ ⇑ ⇓ ↓ ↑ ⇒ 

Jbk� I�����Ko_fZ�bfimevkghc�ihke_^h\Zl_evghklb�ihke_�klZ^bb��dh]^Z�CU�ijhoh^bl�dm�
[bl����� 

L_i_jv�\uihegbf�h[jZlgmx�ihke_^h\Zl_evghklv��Jbk��I����� 

πA,1  ⇒...↑ ↓ ↑ 
––––––––
↓

 
↑ ⇑ ⇓ ↓ ↑ ↓ 

– – – – – –
⇓

 
⇑ ↑ ⇑  ↑ ↓ 

– – – –
⇓

 
↓
–

 ⇓ 
––––––––
↓

 
↑ ⇑ ⇓ ↓ ↑ ⇒  

 πB,–1⇒ πA,0⇒ πB,0⇒ πA,1⇒ πA,0⇒ πB⇒ 

πA,1  ⇒...
––––––
↑

 
⇑ ⇓ ↓ ↑ ↓ ↑ 

––––––––
↓

 
↑ ⇑ ⇓ ↓ 

– – – – – – – – – – –
⇓

 
⇑ ↑ ↑ ⇓ ↓ ⇓  ↓ ↑ ↓ ↑ ↓ ↑ ⇒  

Jbk� I�����Ko_fZ�h[jZlghc�bfimevkghc�ihke_^h\Zl_evghklb� 

<�j_amevlZl_�wlZ�bfimevkgZy�ihke_^h\Zl_evghklv�ij_h[jZam_l�khklhygb_�dhgljhebjm_fh�

]h�dm[blZ�
––––––––
⇑

 
⇓ ↓ ↑�\�khklhygb_�

––––––––
↑

 
↓ ⇓ ⇑�b�\ha\jZsZ_l�CU�\�khklhygb_�

– – – – – – – – – – –
⇓

 
⇑ ↑ ↓ ⇓ ↓ ⇓ . 
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LZdbf�h[jZahf��ihke_�ijbeh`_gby�ij_^u^ms_c�ihke_^h\Zl_evghklb�bfimevkh\�\�h[jZlghf�
ihjy^d_��khklhygb_�dhgljhebjm_fh]h�dm[blZ�bg\_jlbjm_lky��dZd�b�^he`gh�[ulv�^ey�\_glbey�
&127��_keb�khklhygb_�dhgljhebjmxs_]h�dm[blZ����� 

Ijbeh`_gb_ I�� Kibg-\hegh\h_�ijb[eb`_gb_�^ey�ih^kbkl_fu�
we_dljhgguo�kibgh\�\�Zglbn_jjhfZ]g_lbd_�b�ijb[eb`_gb_�Ly[ebdh\Z 
Hi_jZlhju� jh`^_gby a+(q) b� mgbqlh`_gby a(q) kibgh\uo� \heg� — Zglb-

n_jjhfZ]ghgh\ k�\hegh\uf�\_dlhjhf�q�^ey�ih^j_r_ldb��hjb_glbjh\Zgghc�\^hev�hkb�d\Zg�
lh\Zgby�z�b��khhl\_lkl\_ggh��b+(q��b�b(q��^ey�ih^j_r_ldb�k�ijhlb\hiheh`guf�gZijZ\e_gb_f�
gZfZ]gbq_gghklb��>ey�ih^j_r_ldb�A��\�qZklghklb��[m^_f�bf_lv 

 ai
+ = ∑∑ −−====−−== ++−−

q

qrqSSS )exp()(/1
01

00
AyAx iA iaLi , 

 ai = ∑∑====++==++

q

qrqSSS )exp()(/1
00

10
AyAxA iiaLi .    �I���� 

<� mkeh\byo�gbadbo� l_fi_jZlmj�hgb� ZgZeh]bqgu�[ha_\kdbf�hi_jZlhjZf� aZ�bkdexq_gb_f�
lh]h��qlh�qbkeZ�aZiheg_gby�nA = ai

+ai��\�hlebqb_�hl�[hahgh\��ijbgbfZxl�lhevdh�^\Z�agZq_�
gby���b����dZd�^ey�n_jfb_\kdbo�qZklbp�� 
<�q-ij_^klZ\e_gbb�ijZ\beZ�dhffmlZpbb�bf_xl�\b^� 

 [a(q), a+(q′)] = 2 SAz = δqq′ – 2 L/1 / ρ(q –.q') , 

 [b(q), b+(q ′)] = 2 SBz = δqq′ – 2 L/1 / τ(q – q') , 

 [a(q), a(q′)] = [a(q), b(q′)] = 0 ,   [a(q), b+(q′)] = [b(q), a+(q′)] = 0  , �I���� 
 ρ(q) = ∑∑ ==++++

k

kqk )()(/1 aaL  ρ+(–q),   τ(q) = ∑∑ ==++++

k

kqk )()(/1 bbL  τ+(–q) , �I���� 

ijb wlhf 

 nA
2(i) = nA(i) ,    ∑∑ ==++++

k

kqk )()(/1 ρρL  ρ(q) . �I���� 

A^_kv�mql_gh��qlh�ijb�L >> 1 kmffZ 
 1/L ∑∑

i
ii )exp(kr  = δk0 . �I���� 

>ey�kj_^g_]h�agZq_gby�hi_jZlhjZ�SAz��\�qZklghklb��ihemqbf 

 〈SAz〉 = 1/2 – ∑∑ 〉〉〈〈 ++

q

qq )()(/1 aaL  =1/2 – 〈nA〉 = 1/2 – 〉〉〈〈 )0(/1 ρL  , �I���� 

]^_� 〈nA〉 = 〈a+a〉 = 〉〉〈〈 )0(/1 ρL  —� kj_^g__� khdjZs_gb_� kibgZ gZ� mae_� ih^j_r_ldb� A \�
kibg-\hegh\hf�ijb[eb`_gbb� 
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Ijb[eb`_gb_� Ly[ebdh\Z� >����@� khklhbl� \� ij_g_[j_`_gbb� nemdlmZpbyfb� iZjZf_ljh\�
^Zevg_]h�ihjy^dZ��hibku\Z_fuo�hi_jZlhjZfb�SAz�b�SBz��lh�_klv�\�aZf_g_�ijZ\uo�qZkl_c�dhf�
fmlZlhjh\��I�����bo�kj_^gbfb�agZq_gbyfb 

 δqq′ – 2 L/1  ρ(q – q') ⇒  2〈SAz〉 δqq′ = (1 – 2 〈nA〉) δqq′ , 

 δqq′ – 2 L/1  τ(q – q') ⇒ –2〈SBz〉 δqq′ = (1 – 2 〈nB〉) δqq′ . �I���� 
<�wlhf�kemqZ_�i_j_klZgh\hqgu_�khhlghr_gby�ijbh[j_lZxl�d\Zab[ha_\kdbc�\b^��lh�_klv�

hlebqZxlky�hl�qbklh�[ha_\kdbo�khhlghr_gbc�ihklhyggufb�fgh`bl_eyfb�ijb�δqq′. 

Gbadhl_fi_jZlmjghfm� kibg-\hegh\hfm� ijb[eb`_gbx�� dhlhjuf� ^Ze__� h]jZgbqbfky��
khhl\_lkl\m_l�fZeh_�agZq_gb_�kj_^g_]h�khdjZs_gb_�kibgZ��ijboh^ys__ky�gZ�ma_e�ih^j_r_l�
db�A b�B 〈nA(B)〉 << 1. 

<�wlhf�ijb[eb`_gbb�kibgh\Zy�\hegZ�kha^Z_lky�ebrv�ihi_j_qgufb�khklZ\eyxsbfb�kib�
gZ��lh�_klv�ij_^klZ\ey_l�kh[hc�\hegm�nZah\h]h�m]eZ�ij_p_kkbb�kibgh\�\hdjm]�hkb�d\Zglh\Z�
gby��Ijb[eb`_gb_�Ly[ebdh\Z�iha\hey_l�i_j_clb�d�jZkkfhlj_gbx�dhg_qguo�l_fi_jZlmj��dh�
]^Z�〈nA(B)〉 ≤ 1. 

K�lhqghklvx�^h�d\Z^jZlbqguo�hlghkbl_evgh�hi_jZlhjh\�a(q��b�b(–q��]ZfbevlhgbZg�kbf�
f_ljbqghc� fh^_eb� Zglbn_jjhfZ]g_lbdZ� lbiZ� ©e_]dZy� hkvª� k� � = �� �������� ijbgbfZ_l� \b^�
[2.65]: 

 ++−−−−++++−−== ++−−++++∑∑ )()()()({2/S qqqqH
q

bbJaaJLJZ  

 + ))}()()()(( qqqqq −−++−−++++
⊥⊥ babaJZγ , �I���� 

]^_�^ey�j_r_ldb�k�p_gljhf�bg\_jkbb�bf__f 

 J± = (JZ ± &S),   ∑∑∑∑ ====== −−
q

qqq qr .0),exp(/1 γγγ
δ

δiZ . �I���� 

<�qZklghklb��^ey�ijhklhc�l_ljZ]hgZevghc�j_r_ldb��a, c —�ihklhyggu_�j_r_ldb� 
 qq −−== γγ  = cosqxa + cosqya + cosqzc)/3 ,  Z = 6 . �I����� 

Ebl_jZlmjZ�d�=eZ\_�II  

2.1. Jones J.A. NMR Quantum Computation: a Critical Evaluation // 2000, Fortschr. der Phys., 

2000, v.48�����–11, pp.909–924. 

2.2. <Zeb_\�D�:���Dhdbg�:�:.�D\Zglh\u_�dhfivxl_ju��gZ^_`^u�b�j_Zevghklv���-h_�ba^Z�
gb_��—�Fhkd\Z–B`_\kd ��GBP�JO>������������k� 

2.3. Menicucci N.C., Caves C.M. Local Realistic Model for the Dynamics of Bulk-Ensemble 

NMP Information Processing. // E-print LANL, 2001, arXiv: quant-ph/0111152. 



 

 

183 

2.4. Dür W., Cirac C.I.,Tarrach R. Separabili ty and Distrill abili ty of Multiparticle Quantum Sys-

tems. // Phys. Rev. Lett., 1999, v.83��������SS�����–3565. 

2.5. DiVincenzo D.P. The Physical Implementation of Quantum Computation. // Fortschr. der 

Phys., 2000, v.48��� 9–11, pp.771–783. 

2.6. Nielsen M.A., Chuang I.I. Quantum Computation and Quantum Information. —Cambridge 

Univ. Press, 2000, 676p. 

2.7. Haeberelen U. Hidh Resolution NMR in Solids. Selective Averaging. —N.Y. :Acad. Press: 

1976. / O_[_je_g� M��� F_jbg]� F�� YFJ� \ukhdh]h� jZaj_r_gby� \� l\_j^uo� l_eZo�
/ I_j_\h^�k�Zg]e��ih^�j_^��=�<�Kdjhpdh]h�b�W�L�EbiifZZ��—�F���Fbj�����������k� 

2.8. Preskill  J. Reliable Quantum Computers. // Proc. Roy. Soc. Lond., 1998, v.A454, N.1969, 

pp.385–410. / Ij_kdbee�>`� D\Zglh\u_�\uqbke_gby��aZ�b�ijhlb\��I_j_\h^�k�Zg]e��ih^�
j_^��<�:�KZ^h\gbq_]h ��K[hjg���D\Zglh\uc�dhfivxl_j�	�d\Zglh\u_�\uqbke_gby��I. 
—�B`_\kd��GBP�JO>��������k���–100. 

2.9. Kak S. The Initialization Problem in Quantum Computing. // E-print LANL, 2002, arXiv: 

quant-ph/0010109 v2. 

2.10. Kak S. Statistical Constraints on State Preparation for a Quantum Computer. // E-print 

LANL, 2002, arXiv: quant-ph/0010109 v2. 

2.11. Kak S. Are Quantum Computing Models Realistic? // E-print LANL, 2002, arXiv: 

quant-ph/0110040 v3. 

2.12. Kak S. Uncertainty in Quantum Computation. // E-print LANL, 2002, arXiv: 

quant-ph/0206006. 

2.13. Kak S. General Qubit Errors Cannot Be Corrected. // E-print LANL, 2002, arXiv: 

quant-ph/0206144. 

2.14. Dyakonov M.I. Quantum computing: A View from the Enemy Camp. // E-print LANL, 

2001, arXiv: cond-mat/0110326. 

2.15. Goodman J.W. Statistical Optics –N.Y.: John Will ey & Sons, 1985, 550p. / =m^f_g >`. 

KlZlbklbq_kdZy� hilbdZ�� � I_j_\�� k� Zg]e��:�:�DhdbgZ�� ih^� j_^��=�<�Kdjhpdh]h��–F��
Fbj����������� k� 

2.16. Berman G.P., Doolen G.D., Kamenev D.I., López G.V., Tsifronovich V.I., Perturbation The-

ory and Numerical Modeling of Quantum Logic Operations with a Large Number of Qubits. 

//2001, arXiv:quant-ph/0107038. 

2.17. Kane B.E. A sili con-based nuclear spin quantum computer. // Nature, 1998, v.393, N.5, 

pp.133–137. 



 

 

184 

2.18. O’Brien J.L., Schofield S.R., Simmons V.Y., Clark R.G., Dzurak A.S., Curson N.J., Kane 

B.E., McAlpine N.S., Hawley M.E., Brown G.W. Towards the Fabrication of Phosphorus 

Qubits for a Sili con Quantum Computer. // Phys. Rev., 2001, v.B64, pp.161401(R). 

2.19. Buehler T.M., McKinnon R.P., Lumpkin N.T., Brenner R., Reill y D.J., Macks L.D., Hamilton 

A.R., Dzurak A.S. Clark R.G. Self-Aligned Fabrication Process for Quantum Computer De-

vices. // LANL E-print, 2002, quant-ph/0208374. 

2.20. Buehler T.M., Reill y D.J., Brenner R., Hamilton A.R., Dzurak A.S. Clark R.G. Correlated 

Charge Detection for Read-out of a Solid State Quantum Computer. // LANL E-print, 2002, 

quant-ph/0207597. 

2.21. Feher G. Electron Spin Resonance Experiments on Donors in Sili con. I. Electron Structure 

of Donors by the Electron Nuclear Double Resonance Technique. // Phys. Rev., 1959, 

v.114������SS�����–1244. 

2.22. Kane B.E., McFlpine N.S., Dzurak A.S., Clark R.G., Milburn G.J., Sun H.B., Wiseman H. 

Single Spin Measurement Using Single Electron Transistors to Probe Two Electron Sys-

tems. // Phys. Rev., 2000, v.B61, p.2961. 

2.23. Feher,G, Gere E.A., Electron Spin Resonance Experiments on Donors in Sili con. II / Elec-

tron Spin Relaxation Effects. // Phys.Rev., 1959, v.114������SS�����–1256. 

2.24. Kane B.E. Sili con-Based Quantum Computation. // Fortschr. der Phys., 2001, v.48�����–11, 

pp.1023–1041. 

2.25. <Zeb_\�D�:���Dhdbg�:�:��Ihemijh\h^gbdh\u_�YFJ�d\Zglh\u_�dhfivxl_ju�k�bg^b\b�
^mZevguf� b� ZgkZf[e_\uf� h[jZs_gb_f� d� dm[blZf�� �� Fbdjhwe_dljhgbdZ�� ������ l�28, 

����k����–336. 

2.26. Valiev K.A., Kokin A.A. Solid-State NMR Quantum Computer with Individual Access to 

Qubits and Some Their Ensemble Developments. // LANL E-print, 1999, 

quant-ph/9909008. 

2.27. <Zeb_\�D�:���Dhdbg�:�:���EZjbhgh\�:�:���N_^bqdbg�E�?��K\_jolhgdZy�kljmdlmjZ�wg_j�
]_lbq_kdh]h�ki_dljZ�^hghjguo�Zlhfh\�31P�\�dj_fgb_\hf�YFJ�d\Zglh\hf�dhfivxl_j_��
// Fbdjhwe_dljhgbdZ��������l�29������k����–332. 

2.28. Larionov A.A., Fedichkin L.E., Kokin A.A., Valiev K. A. Nuclear Magnetic Resonance Spec-

trum of 31P Donors in Sili con Quantum Computer. // Abstract book, 8th Inter. Symp. 

Nanostructeres: Physics and Technology. St.Peterburg, June, 2000, pp.542–545. 

2.29. Larionov A.A., Fedichkin L.E., Kokin A.A., Valiev K. A. The Nuclear Magnetic Resonance 

Spectrum of 31P Donors in a Sili con Quantum Computer. // Nanotechnology, 2000, v.11, 

N.4, Spec. Issue, pp.392–396. 

2.30. Kokin A.A., Valiev K.A. Problems in Realization of Large-Scale Ensemble Sili con-Based 

NMR Quantum Computers. // E-print LANL, 2002, arXiv: quant-ph/0201083. 



 

 

185 

2.31. Kokin A.A., Valiev K.A. Problems in Realization of Large-Scale Ensemble Sili con-Based 

NMR Quantum Computers. // Quantum Computers & Computing, 2002, v.3, N.1, pp.25–45. 

2.32. Abragam A. The Principles of Nuclear Magnetism. —Oxford: Clarendon Press, 1961. 

/ :�:[jZ]Zf��Y^_jguc�fZ]g_lbaf�� � I_j_\h^�k�Zg]e��mqZklb_f�:�:�DhdbgZ�ih^�j_^��
=�<�Kdjhpdh]h��—F����BBE�����������k� 

2.33. <Zeb_\�D�:��FZ]gblguc� j_ahgZgk� gZ� y^jZo�iZjZfZ]gblguo� Zlhfh\�� �� @WLN�� ������
l�33��\ui��������k�����–1047. 

2.34. EZ\j_glv_\�F�:���RZ[Zl�;�<��F_lh^u�l_hjbb�nmgdpbc�dhfie_dkgh]h�i_j_f_ggh]h�
—F���=hk�Ba^��NbafZlebl��������k����� 

2.35. EZg^Zm�E�>���Ebnrbp�?�F��D\Zglh\Zy�f_oZgbdZ��G_j_eylb\bklkdZy�l_hjby��–F��GZm�
dZ��������k����� 

2.36. Berman G.P., Campell D.K., Doolen G.D., Nagaev K.E. Dynamics of the Measurement of 

Nuclear Spins in a Solid-State Quantum Computer. //  E-print LANL, 1999, 

cond-mat/9905200. 

2.37. Koill er B., Hu X., Das Sarma S. Strain Effects on Sili con Donor Exchange: Quantum Com-

puter Architecture Considerations. // E-print LANL, 2001, arXiv: quant-ph/0112078. 

2.38. Skinner A.J., Davenport M.E., Kane B.E. Hydrogenic Spin Quantum Computing in Sili con: 

a Digital Approach. // E-print LANL, 2002, arXiv: quant-ph/0206159. 

2.39. Privman V., Vagner I.D., Kventsel G. Quantum Computation in Quantum-Hall Systems. 

// Phys. Lett., 1998, v.A239, 2 March, pp.141–146. 

2.40. Mozyrsky D., Privman V., Glasser M.L. Indirect Interaction of Solid-State Qubits via Two-

Dimensional Electron. // Phys. Rev. Lett., 2001, v.22��������SS�����–5115. 

2.41. Ladd T.D., Goldman J.R., Dâna A., Yamaguchi F., Yamamoto Y. Quantum Computation 

in a One-Dimensional Crystal Lattice with NMR Force Microscopy. // E-print 

LANL, 2000, arXiv:quant-ph/0009122. 

2.42. Ladd T.D., Goldman J.R., Dâna A., Yamaguchi F., Yamamoto Y., Abe E., Itoh R.M. An 

All Sili con Quantum Computer. // E-print LANL, 2001, arXiv:quant-ph/0109039; 

Phys.Rev.Lett., 2002, v.89, pp.017901. 

2.43. Fel’ lman E.B., Lacelle S. Perspectives on a Solid State NMR Quantum Computer // E-print 

LANL, 2001, arXiv:quant-ph/0108106. 

2.44. Lloyd, S., A Potentially Realizable Quantum Computer, Science, 1993, vol. 261, pp.1569–

1571. 

2.45. Wei, H., Xue, X., Morgera, S.D., NMR Quantum Automata in Doped Crystals, 1998, 

E-print LANL: quant-ph/9805059. 



 

 

186 

2.46. Lloyd, S., Programming Pulse Driven Quantum Computers. E-print LANL: 

quant-ph/9912086. 

2.47. Benjamin S.C. Schemes for Parallel Quantum Computation Without Local Control of Qubits 

// Phys.Rev., 2000, v.A61, pp.020301(R). 

2.48. Wellard C.J., Hollenberg L.C.L. Stochastic Noise as Source of Decoherence in a Solid State 

Quantum Computer // E-print LANL, 2001, arXiv:quant-ph/0104055. 

2.49. Dhdbg�:�:��>_dh]_j_glbaZpby�d\Zglh\uo�khklhygbc�b�__�ih^Z\e_gb_�\�l\_j^hl_evguo�
y^_jguo� fZ]gblgh-j_ahgZgkguo� �YFJ�� d\Zglh\uo� dhfivxl_jZo�� �� L_abku� ^hdeZ^Z��
XXIX-F_`^mgZj��Abfg��RdheZ�nbabdh\-l_hj_lbdh\� ©Dhmjh\dZ-����ª��Dmg]mj��N_\�
jZev��������klj����–158. 

2.50. Kokin A.A. Decoherence of Quantum States and Its Suppression in Ensemble Large-Scale 

Solid State NMR Quantum Computers. // L_abku�^hdeZ^Z��F_`^mgZjh^guc�kbfihabmf�
«Quantum Informatics» QI-������A\_gb]hjh^���������3URceeding. of SPIE 2003., // E-print 

LANL, 2002, arXiv:quant-ph/0211096. 

2.51. Nbabq_kdb_�\_ebqbgu��KijZ\hqgbd��Ih^�j_^��B�K�=jb]hjv_\Z��?�A�F_ceboh\Z�—F���
Wg_j]hZlhfba^Zl�������������k� 

2.52. Dhdbg�:�:� Fh^_ev�y^_jgh]h�fZ]gblh-j_ahgZgkgh]h�d\Zglh\h]h�dhfivxl_jZ�gZ�hkgh�
\_�Zglbn_jjhfZ]gblghc�kljmdlmju�� �� L_abku�^hdeZ^Z��OOVIII �Abfgyy�rdheZ�nbab�
dh\-l_hj_lbdh\��?dZl_jbg[mj]��N_\jZev�������k���� 

2.53. Kokin A.A. A Model for Ensemble NMR Quantum Computer Using Antiferromagnetic 

Structure. // E-print LANL, 2000, arXiv: quant-ph/0002034, 17p. 

2.54. Kokin A.A. A Model for NMR Quantum Cellular Automata Using Antiferromagnetic Struc-

ture. // Quantum Computers & Computing, 2001, v.2, N.1, pp.54–67. 

2.55. Kokin A.A. An Antiferromagnet-Based NMR Quantum Computer. // Abstract book, Euro-

Asian Symp. EASTMAG–2001, February., Ekaterinburg. p.3. 

2.56. Kokin A.A. An Antiferromagnet-Based NMR Quantum Computer. // Phys. Metal. Metal-

logr., 2001, v.91, Suppl.1, pp.S150–S156. 

2.57. S.A.Brasovskii S.F. Kirova N.N. Electron Selflocalization and Superstructures in Quasi-One-

Dimensional Dielectrics. Physics Reviews, Soviet Scientific Reviews, 1984, Sec.A, v.5, 

pp.99–265. 

2.58. Benjamin S.C. Quantum Computing Without Local Control of Qubit-Qubit Interactions. 

// Phys. Rev. Lett., 2002, v.88�������SS�������-1–017904-4. 

2.59. Lmjh\ ?�:��� I_ljh\ F�:�� Y^_jguc� fZ]gblguc� j_ahgZgk� \� n_jjh-� b�
Zglbn_jjhfZ]g_lbdZo��—F���GZmdZ����������k� 



 

 

187 

2.60. Twamley J. Quantum Cellular Automata Quantum Computing with Endohedral Fullerenes. 

// E-print LANL, 2002, arXiv: quant-ph/0210202. 

2.61. Raussendorf R., Briegel H.J. Computational Model Underlying the One-Way Quantum 

Computer // E-print LANL, 2002, arXiv: quant-ph/0108067 v.2. 

2.62. Ly[ebdh\ K�<��F_lh^u�d\Zglh\hc�l_hjbb�fZ]g_lbafZ� —F���GZmdZ������������k� 
2.63. Lmjh\ ?�:�� Nbabq_kdb_� k\hckl\Z� fZ]gblhmihjy^hq_gguo� djbklZeeh\�� —F��� :G�

KKKJ����������� k� 
2.64. Lmjh\�?�:���DheqZgh\�:�<���F_gvr_gbg�<�<���FbjkZ_\�B�N���GbdheZ_\�<�<��Kbff_ljby�b�

nbabq_kdb_�k\hckl\Z�Zglbn_jjhfZ]g_lbdh\��—�F���NbafZlebl�����������k� 
2.65. EufZjv�<�F���Jm^hc�X�=��H[h[s_ggh_�ijb[eb`_gb_�OZjljb-NhdZ� ^ey� Zglbn_jjh�

fZ]g_lbdZ�Zglbn_jjhfZ]gblgZy�nZaZ���=eZ\Z�IV�>hiheg_gby�d�dgb]_�>����@� 
2.66. Lmjh\�?�:��RbjbgZ�ebgbb�n_jjhfZ]gblgh]h�j_ahgZgkgh]h�ih]ehs_gby��K[hjgbd�N_j�

jhfZ]gblguc�j_ahgZgk�—�F���=hk�Ba^��NbafZlebl��������k����� 
2 67. Dmjdbg F�B���Lmjh\ ?�:��YFJ�\�fZ]gblh-mihjy^hq_gguo�\_s_kl\Zo�b�_]h�ijbf_g_�

gb_��— F���GZmdZ�����������k� 
2.68. Dmjdbg�F�B���B\Zgh\�K�<���Dmg_\bq�:�<��Y^_jgZy�fZ]gblgZy�j_eZdkZpby�\�fZ]gblhmih�

jy^hq_gguo�\_s_kl\Zo���� Ij_ijbgl��BNF�MGP�:G�KKKJ��—�K\_j^eh\kd��������k���� 
2.69. Viola L., Lloyd S. Dynamical Suppression of Decoherence in Two-State Quantum Sys-

tems. // Phys. Rev., 1998, v.A58, pp.2733–2745. 

2.70. Bayman B.F. Some Lectures on Groups and Their Applicftions to Spectroscopy —

 Copenhagen: Univ. Instit. Teor. Fysik����������;�N�;_cfZg�E_dpbb�ih�ijbf_g_gbx�l_h�
jbb�]jmii�\�y^_jghc�ki_dljhkdhibb���I_j_\��k�Zg]e��Ih^�j_^��:�A�>he]bgh\Zx�—�F���
=hk��Ba^��NbafZlebl��������k����� 

2.71. Bacon D., Kempe J., Lidar D.A., Whaley K.B. Universal Fault-Tolerant Quantum 

Computation on Decoherence-Free Subspaces. // Phys. Rev. Lett., 2000, v.85, p.2594-2599, 

// E-print LANL, 1999, quant-ph/9909058. 

2.72. Kemple J., Bacon D., Lidar D.A., Whaley K.B. Theory of Decoherence-Free Fault-Tolerant 

Universal Quantum Computation. // Phys. Rev., 2001, v.A63, pp.042307, //  E-print LANL, 

2000, arXiv:quant-ph/0004064, 40p. 

2.73. Abragam A., Goldman M. Nuclear Magnetism: Order & Disorder. — Oxford: Clarendon 

Press, 1982 / :[jZ]Zf�:���=hev^fZg�F��Y^_jguc�fZ]g_lbaf��ihjy^hd�b�[_kihjy^hd�\�
2-o�lhfZo�� I_j_\h^�k�Zg]e��ih^�j_^��=�<�Kdjhpdh]h��—�F���Fbj����������������k� 


