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41 <\_^_gb_
< ihke_^gb_ ]h^u gZ[ex^Z_lky aZf_lguc jhkl qbkeZ im[ebdZpbc ih bkke_^h\Zgbx

ijhp_kkh\ \ ieZaf_ bg_jlguo ]Zah\ kj_^gbo b \ukhdbo +khlgb² lukyqb lhjj, ^Z\e_gbc/ qlh
k\yaZgh k mki_rguf ijbf_g_gb_f wlhc ieZafu \ lZdbo gZijZ\e_gbyo dZd ij_h[jZah\Zgb_
we_dljbq_kdhc b y^_jghc wg_j]bb \ k\_lh\mx/ ihbkd_ gh\uo Zdlb\guo kj_^ b kha^Zgbb gh\uo
i_jki_dlb\guo d\Zglh\uo ]_g_jZlhjh\ j_dhf[bgZpbhggh]h lbiZ gZ i_j_oh^Zo \ ZlhfZo
bg_jlguo ]Zah\1 K\hckl\Z lZdhc ieZafu \ agZqbl_evghc kl_i_gb h[mkeh\e_gu ijhp_kkZfb k
mqZklb_f fhe_dmeyjguo bhgh\1 K_q_gb_ aZo\ZlZ we_dljhgZ fhe_dmeyjguf bhghf ijb
l_ieh\uo wg_j]byo qZklbp fh`_l ij_\urZlv 43-13 kf2/ ihwlhfm bo ihy\e_gb_ \ ieZaf_ ^Z`_ \
hlghkbl_evgh g_[hevrhf dhebq_kl\_ j_adh m\_ebqb\Z_l kdhjhklv h[t_fghc g_cljZebaZpbb
aZjy`_gguo qZklbp/ y\ey_lky ijbqbghc g_l_ieh\hc dhgljZdpbb +rgmjh\Zgby, jZajy^h\/ \_^_l
d yjdh \ujZ`_gghfm k_e_dlb\ghfm aZk_e_gbx \ha[m`^_gguo Zlhfh\ \ jZkiZ^Zxs_cky ieZaf_1
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H[rbjguc wdki_jbf_glZevguc fZl_jbZe/ gZdhie_gguc aZ [he__ q_f ljb^pZlbe_lgxx
bklhjbx bkke_^h\Zgby fhe_dmeyjguo bhgh\/ \ ^hklZlhqgh iheghf h[t_f_ hljZ`_g \ p_ehf
jy^_ h[ahjh\ b fhgh]jZnbc >4 ² 7@1 H^gZdh jZa\blb_ gh\uo gZijZ\e_gbc b ij_`^_ \k_]h
ihy\e_gb_ i_jki_dlb\guo eZa_jh\ gZ kf_kyo bg_jlguo ]Zah\ \uk\_lbeh gh\u_ ijh[e_fu b
\u^\bgmeh \ jy^ ZdlmZevguo lZdb_ aZ^Zqb/ dZd bkke_^h\Zgb_ wnn_dlb\ghklb j_dhf[bgZpbb
fhe_dmeyjguo bhgh\ k we_dljhgZfb \ dhgdj_lgu_ \ha[m`^_ggu_ khklhygby/ ZgZeba
dhgdmj_gpbb jZaebqguo f_oZgbafh\ j_dhf[bgZpbb \ nhjfbjh\Zgbb hilbq_kdbo k\hckl\
ieZafu/ bkke_^h\Zgb_ ijhp_kkh\ k mqZklb_f ]_l_jhy^_jguo fhe_dmeyjguo bhgh\/ jZa\blb_
wdki_jbf_glZevguo f_lh^h\ bkke_^h\Zgby fgh]hdhfihg_glghc j_dhf[bgZpbhggh0
g_jZ\gh\_kghc ieZafu1

Hkh[h_ f_klh \ bkke_^h\Zgbb jZkkfZljb\Z_fuo y\e_gbc aZgbfZxl ijhp_kku/
ijhl_dZxsb_ \ ieZaf_ bg_jlguo ]Zah\1 < kbem ^hklmighklb wlbo ]Zah\ wdki_jbf_glZevgu_
bkke_^h\Zgby j_eZdkZpbb ieZafu bg_jlguo ]Zah\ ijh\h^ylky \ l_q_gb_ g_kdhevdbo
^_kylbe_lbc1 < wlhc h[eZklb gZdhie_g [hevrhc hiul/ ba dhlhjh]h/ \ qZklghklb/ ke_^m_l/ qlh
ba0aZ ijbkmlkl\by \ ieZaf_ bg_jlguo ]Zah\ fhe_dmeyjguo bhgh\/ \ukhdhc wg_j]bb
\ha[m`^_gby Zlhfh\ bg_jlguo ]Zah\/ kjZ\gbfhc k ihl_gpbZeZfb bo bhgbaZpb_c [ebahklb
wg_j]bb \ha[m`^_gby jZaguo khklhygbc Zlhfh\ j_eZdkZpbhggu_ ijhp_kku \ ieZaf_ bg_jlguo
]Zah\ hdZau\Zxlky g_ f_g__ keh`gufb/ q_f \ ieZaf_ fhe_dmeyjguo ]Zah\1 Bkke_^h\Zgbx wlbo
ijhp_kkh\ ihk\ys_g ^Zgguc h[ahj1

51 DhgklZglu kdhjhklb ^bkkhpbZlb\ghc j_dhf[bgZpbb b f_lh^u bkke_^h\Zgby
ijhp_kkZ

>bkkhpbZlb\gZy j_dhf[bgZpby fhe_dmeyjgh]h bhgZ b we_dljhgZ b^_l q_j_a aZo\Zl
we_dljhgZ gZ hllZedb\Zl_evguc l_jf d\Zabfhe_dmeu/ jZae_l y^_j dhlhjhc \_^_l d ihy\e_gbx
\ha[m`^_gguo Zlhfh\ \ jZaebqguo khklhygbyo=

Ijhp_kk y\ey_lky fgh]hdZgZevguf/ ihwlhfm [m^_f hibku\Zlv _]h gZ[hjhf dhgklZgl LDυ

hl\_qZxsbo h[jZah\Zgbx Zlhfh\ \ khklhygbyo i ijb j_dhf[bgZpbb bhgh\/ gZoh^ysboky \
dhe_[Zl_evghf khklhygbb υ1 K\yav dhwnnbpb_glh\ LDυ k h[uqgh baf_jy_fuf \ wdki_jbf_glZo
ih bkke_^h\Zgbx kdhjhklb mf_gvr_gby iehlghklb fhe_dmeyjguo bhgh\ dhwnnbpb_glhf
^bkkhpbZlb\ghc j_dhf[bgZpbb α∑ ^hklZlhqgh hq_\b^gZ=

∑ ++=
υ

υ υυ ,@+>2,@+> 55 55J ² hlghkbl_evgu_ gZk_e_gghklb dhe_[Zl_evguo mjh\g_c fhe_dmeyjgh]h

bhgZ/ ∑=
L

LDD υυ ² dhwnnbpb_gl j_dhf[bgZpbb bhgZ \ khklhygbb υ k mq_lhf \k_o

\hafh`guo \uoh^guo dZgZeh\/ ∑=
υ

υυ LL DJD ² lZd gZau\Z_fu_ iZjpbZevgu_ dhwnnbpb_glu

j_dhf[bgZpbb/ mdZau\Zxsb_ ^hex j_dhf[bgZpbhggh]h ihlhdZ ih i-fm dZgZem1
Ba gZ[hjZ \_ebqbg a∑, Zi, aυ, aυi lhevdh ^\_ ihke_^gb_ bf_xl kfuke dhgklZgl kdhjhkl_c

we_f_glZjgh]h ijhp_kkZ/ \ lh \j_fy dZd h[uqgh baf_jy_fu_ \ wdki_jbf_gl_ dhwnnbpb_glu a∑,
Zi aZ\bkyl hl oZjZdl_jZ jZkij_^_e_gby gZk_e_gghkl_c ih dhe_[Zl_evguf mjh\gyf
fhe_dmeyjgh]h bhgZ b/ lZdbf h[jZahf/ \ lhc beb bghc kl_i_gb hl dhgdj_lguo mkeh\bc
wdki_jbf_glZ.
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L_hj_lbq_kdh_ hibkZgb_ ^bkkhpbZlb\ghc j_dhf[bgZpbb kh^_j`bl ih^oh^u jZaebqghc
kl_i_gb keh`ghklb= hl fh^_eb _^bgkl\_ggh]h Z\lhbhgbaZpbhggh]h khklhygby R2

∗, \ dhlhjh_
\hafh`_g aZo\Zl we_dljhgZ >5@/ ^h fgh]hdZgZevgh]h ijb[eb`_gby d\Zglh\h]h ^_n_dlZ >8/ 9@ b
ab initio jZkq_lh\1 Ihke_^gb_ \uiheg_gu ihdZ ebrv ^ey h]jZgbq_ggh]h gZ[hjZ ijhkl_crbo
bhgh\ lbiZ G2

+/ G3
+/ G_2

+ >: ² <@1 Ihwlhfm/ g_kfhljy gZ hij_^_e_ggu_ mki_ob \ jZa\blbb
\uqbkebl_evguo f_lh^h\/ ihemq_gb_ gh\uo k\_^_gbc h f_oZgbaf_ j_dhf[bgZpbb
fhe_dmeyjguo bhgh\ k\yaZgh ]eZ\guf h[jZahf k wdki_jbf_glZevgufb bkke_^h\Zgbyfb1 < lh
`_ \j_fy ^ey ZgZebaZ j_amevlZlh\ wlbo bkke_^h\Zgbc \ p_ehf jy^_ kemqZ_\ fh`_l [ulv
bkihevah\Zgh ijhklh_ ijb[eb`_gb_ h^gh]h Z\lhbhgbaZpbhggh]h khklhygby >5@/ \ jZfdZo
dhlhjh]h k_q_gb_ aZo\ZlZ we_dljhgZ hibku\Z_lky nhjfmehc ;j_clZ²<b]g_jZ

ε —wg_j]by we_dljhgZ/ r — jZkklhygb_ f_`^m y^jZfb
fhe_dmeyjgh]h bhgZ/ ευi(r) ² jZaghklv wg_j]bb
Z\lhbhgbaZpbhggh]h khklhygby R2

∗(Ri
∗ + R) b

fhe_dmeyjgh]h bhgZ R2
+ \ dhe_[Zl_evghf khklhygbb

υ +jbk1 4,/ =i.(r, ² rbjbgZ Z\lhbhgbaZpbhggh]h
mjh\gy.

Mqblu\Zy jZkij_^_e_gb_ fhe_dmeyjguo bhgh\
ih f_`ty^_jghfm jZkklhygbx/ ^ey k_q_gby
^bkkhpbZlb\ghc j_dhf[bgZpbb gZoh^bf

_-Si ² lZd gZau\Z_fuc %nZdlhj \u`b\Zgby%/
mqblu\Zxsbc \_jhylghklv Z\lhbhgbaZpbb ijb
^\b`_gbb y^_j hl lhqdb aZo\ZlZ rC ^h i_j_k_q_gby k ]jZgbp_c g_ij_ju\gh]h ki_dljZ ra; ψυ(r)
— y^_jgZy \hegh\Zy nmgdpby1

Ijb fZdk\_eeh\kdhc nmgdpbb jZkij_^_e_gby we_dljhgh\ ih wg_j]bb b \ kemqZ_
LL =>>υε ba +7, ^ey dhwnnbpb_glZ j_dhf[bgZpbb LDυ ke_^m_l >5@=

M]eh\u_ kdh[db mdZau\Zxl mkj_^g_gb_ ih jZkij_^_e_gbx y^_j \ fhe_dmeyjghf bhg_ ih
hlghkbl_evghfm jZkklhygbx f_`^m gbfb1

Kmffbjh\Zgb_f +8, ih dhe_[Zl_evguf khklhygbyf fhe_dmeyjgh]h bhgZ gZoh^bf
iZjpbZevguc dhwnnbpb_gl j_dhf[bgZpbb ∑=

υ
υυ LL DJD b khhl\_lkl\mxsbc ihlhd

j_dhf[bgZpbb ih i-fm \uoh^ghfm dZgZem

Jbk1 41 BeexkljZpby f_oZgbafZ
^bkkhpbZlb\ghc j_dhf[bgZpbb
fhe_dmeyjguo bhgh\ b we_dljhgh\
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NhjfmeZ +9, [m^_l bkihevah\ZgZ \ ^Zevg_cr_f ^ey bgl_jij_lZpbb j_amevlZlh\
ki_dljhkdhibq_kdbo wdki_jbf_glh\ ih bkke_^h\Zgbx l_fi_jZlmjguo aZ\bkbfhkl_c ihlhdh\
j_dhf[bgZpbb gZ jZaebqgu_ \ha[m`^_ggu_ mjh\gb Zlhfh\ bg_jlguo ]Zah\1

DZd ke_^m_l ba +5,/ +8,/ nmgdpby a∑(Te) fh`_l [ulv jZaebqghc \ aZ\bkbfhklb hl mkeh\bc
ijhl_dZgby ijhp_kkZ1 IjZdlbdZ bkke_^h\Zgby ihdZau\Z_l/ qlh \ ij_^klZ\eyxsbo
ijZdlbq_kdbc bgl_j_k kblmZpbyo gZb[he__ gZk_e_gu gb`gb_ dhe_[Zl_evgu_ mjh\gb
fhe_dmeyjguo bhgh\1 < wlhf kemqZ_ hilbfZevgufb y\eyxlky l_ dZgZeu ijhp_kkZ/ dhlhjuf
khhl\_lkl\mxl l_jfu εi(r)/ i_j_k_dZxsb_ hkgh\ghc we_dljhgguc l_jf fhe_dmeyjgh]h bhgZ
\[ebab ^gZ _]h ihl_gpbZevghc yfu1 >ey gbo \_ebqbgu Lυε fZeu b ihwlhfm \hafh`_g aZo\Zl

f_^e_gguo we_dljhgh\/ dhlhju_ \ hkgh\ghf b hij_^_eyxl wnn_dlb\ghklv ijhp_kkZ1 Wlh
bf__l f_klh/ _keb kbkl_fZ R*+R h[eZ^Z_l \ukhdhc iehlghklvx l_jfh\ \[ebab ^gZ
ihl_gpbZevghc yfu R2

+. J_amevlZlu wdki_jbf_glZevguo bkke_^h\Zgbc ihdZau\Zxl/ qlh ijb
wlhf j_Zebam_lky aZ\bkbfhklv a∑(Te) [ebadZy d aZdhgm a∑ ~ Te

-1/2. <_ebqbgu b l_fi_jZlmjgu_
aZ\bkbfhklb dhwnnbpb_glh\ ^bkkhpbZlb\ghc j_dhf[bgZpbb fhe_dmeyjguo bhgh\ bg_jlguo
]Zah\/ aZbfkl\h\Zggu_ ba gZb[he__ qZklh pblbjm_fuo jZ[hl >43 ²47@/ ij_^klZ\e_gu

\ lZ[e1 ,1 <b^gh/ qlh aZ bkdexq_gb_f
G_2

+/ dhwnnbpb_glu a∑ ij_\urZxl 43-7

kf3/k1 Hkh[_gghklv j_dhf[bgZpbb bhgh\
G_2

+ k\yaZgZ k l_f/ qlh hllZedb\Zl_evgu_
l_jfu G_-.G_ i_j_k_dZxl
ihl_gpbZevgmx djb\mx G_2

+ \ h[eZklb
dhe_[Zl_evguo mjh\g_c υ > 61 <
l_hj_lbq_kdhf hlghr_gbb
j_dhf[bgZpby bhgh\ G_2

+ ih^jh[gh
jZkkfhlj_gZ \ jZ[hlZo >48²4:@/ ZgZeba
wdki_jbf_glZevguo bkke_^h\Zgbc
kh^_j`blky \ >4;@1 Ihwlhfm \ h[ahj_ fu
g_ [m^_f dZkZlvky wlbo \hijhkh\1

Wdki_jbf_glZevgu_ f_lh^u bkke_^h\Zgby j_dhf[bgZpbb fhe_dmeyjguo bhgh\ fh`gh
jZa^_eblv gZ g_kdhevdh ]jmii \ aZ\bkbfhklb hl lh]h/ dZdZy ba \_ebqbg +5, baf_jy_lky1 <
ihke_^gb_ ^_kylbe_lby jZa\blu wnn_dlb\gu_ f_lh^u/ \dexqZxsb_ g_ihkj_^kl\_ggh_
baf_j_gb_ k_q_gbc ^bkkhpbZlb\ghc j_dhf[bgZpbb k ihfhsvx bhgguo eh\mr_d >4<@/
kh\f_s_gguo b i_j_k_dZxsboky imqdh\ >53 ² 57@1 GZ bo hkgh\_ ihemq_g h[rbjguc
wdki_jbf_glZevguc fZl_jbZe/ ho\Zlu\Zxsbc [hevrhc gZ[hj bhgh\ fhe_dmeyjguo ]Zah\1
H^gZdh ljm^ghklb kha^Zgby ^hklZlhqgh bgl_gkb\guo imqdh\ fhe_dmeyjguo bhgh\ bg_jlguo
]Zah\ ^h kbo ihj g_ ij_h^he_gu b hkgh\guf bklhqgbdhf bgnhjfZpbb h gbo ih0ij_`g_fm
hklZxlky wdki_jbf_glu k ieZafhc1

I_j\h_ bkke_^h\Zgb_ j_dhf[bgZpbb fhe_dmeyjguo bhgh\ [ueh ij_^ijbgylh \ jZ[hl_
>58@ k ihfhsvx K<Q l_ogbdb ahg^bjh\Zgby jZkiZ^Zxs_cky ieZafu1 < ihke_^mxsb_ ]h^u
wlb f_lh^u ihemqbeb rbjhdh_ jZkijhkljZg_gb_ dZd \ ^bZ]ghklbd_
ieZafu/ lZd b ^ey fbdjh\hegh\h]h %gZ]j_\Z% we_dljhgh\ jZkiZ^Zxs_cky ieZafu keZ[uf
\ukhdhqZklhlguf ihe_f >59/ 5:@ k p_evx baf_j_gby
dhwnnbpb_glh\ j_dhf[bgZpbb a∑(Te). < lZdbo wdki_jbf_glZo \_eb0

LZ[ebpZ ,1 Dhwnnbpb_glu ^bkkhpbZlb\ghc
j_dhf[bgZpbb fhe_dmeyjguo bhgh\ bg_jlguo
]Zah\ +\ _^1 43-7 kf32k, ijb Te = 633 D1
k— iZjZf_lj ZiijhdkbfZpbb a∑(Te)=

=a∑(300K)( Te/300)-k
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qbgu a∑ gZoh^ylky ba ZgZebaZ kdhjhklb kiZ^Z iehlghklb we_dljhgh\

k mq_lhf ^bnnmabhgguo ihijZ\hd1 < bkihevam_fuo h[uqgh ijhkl_crbo mkeh\byo iehlghklb
[R2

+@ b ne [ebadb b ihwlhfm

K ihfhsvx jZaebqguo \ZjbZglh\ wlh]h f_lh^Z ihemq_gh gZb[hevr__ dhebq_kl\h ^Zgguo h
dhwnnbpb_gl_ j_dhf[bgZpbb a∑(Te) bhgh\ Zlhfguo b fhe_dmeyjguo ]Zah\1 Ih^jh[gu_
k\_^_gby h gbo kh^_j`Zlky \ >5@1

H^bg ba ]eZ\guo \hijhkh\ dbg_lbdb \ha[m`^_gguo qZklbp ieZafu k fhe_dmeyjgufb
bhgZfb ² \hijhk h dZgZeZo j_dhf[bgZpbb b jZkij_^_e_gbb ihlhdZ ^bkkhpbZlb\ghc
j_dhf[bgZpbb ih wlbf dZgZeZf1 ?^bgkl\_ggufb f_lh^Zfb bkke_^h\Zgby \ ^Zgghf kemqZ_
y\eyxlky ki_dljhkdhibq_kdb_ f_lh^u1 M`_ \ i_j\uo wdki_jbf_glZo [ueh h[gZjm`_gh/ qlh
^bkkhpbZlb\gZy j_dhf[bgZpby/ \ hlebqb_ hl ijhqbo f_oZgbafh\ we_dljhg0bhgghc
j_dhf[bgZpbb/ bf__l yjdh \ujZ`_gguc k_e_dlb\guc oZjZdl_j >5; @ b \_^_l d aZk_e_gbx
h]jZgbq_ggh]h gZ[hjZ \ha[m`^_gguo khklhygbc Zlhfh\ bg_jlguo ]Zah\1 Wlh k\hckl\h
ijhp_kkZ klbfmebjh\Zeh bkke_^h\Zgby/ gZijZ\e_ggu_ gZ ihbkdb \hafh`ghkl_c kha^Zgby
bg\_jkghc gZk_e_gghklb \ jZkiZ^Zxs_cky ieZaf_ >5<@/ mki_rgh aZ\_jrb\rb_ky jZajZ[hldhc
j_dhf[bgZpbhgguo eZa_jh\ gZ i_j_oh^Zo \ ZlhfZo bg_jlguo ]Zah\ >63² 65@1

<hijhk h[ bkke_^h\Zgbb \uoh^guo dZgZeh\ j_dhf[bgZpbb fh`_l [ulv jZkkfhlj_g \ ^\mo
Zki_dlZo1 I_j\uc k\yaZg k \uy\e_gb_f ]jmiiu khklhygbc Zlhfh\/ dhlhju_ fh]ml aZk_eylvky
aZ kq_l ^bkkhpbZlb\gh]h f_oZgbafZ/ b \lhjhc ² k ZgZebahf wnn_dlb\ghklb ^Zggh]h
f_oZgbafZ \ kjZ\g_gbb k ^jm]bfb ijhp_kkZfb h[jZah\Zgby \ha[m`^_gguo Zlhfh\ \ ieZaf_1 <
j_r_gb_ i_j\hc aZ^Zqb kms_kl\_gguc \deZ^ \g_k_g k_jb_c jZ[hl ih kh\f_klghfm fZkk0
ki_dljhf_ljbq_kdhfm ² ki_dljhkdhibq_kdhfm ZgZebam jZkiZ^Zxs_cky ieZafu bg_jlguo
]Zah\ >66 ² 6;@1 Hkgh\m lZdbo bkke_^h\Zgbc khklZ\eyxl gZ[ex^_gby dhjj_eypbc
bgl_gkb\ghkl_c ki_dljZevguo ebgbc Ji(t) b iehlghkl_c bhgh\ [R2

+](t) \ ieZaf_ ihke_k\_q_gby1
< khhl\_lkl\bb k +6, ijb ^bkkhpbZlb\ghf aZk_e_gbb \ha[m`^_gguo mjh\g_c Ji~ne[R2

+]1 <
h[uqgh bkihevam_fuo ^ey wlhc p_eb mkeh\byo +^Z\e_gby ]ZaZ beb kf_kb ]Zah\ g_kdhevdh lhjj/
iehlghklb we_dljhgh\ ne<1012 kf-3, _^bgkl\_gguf dhgdmjbjmxsbf k +4, f_oZgbafhf
j_dhf[bgZpbhggh]h aZk_e_gby y\ey_lky ijhp_kk m^Zjgh0jZ^bZpbhgghc j_dhf[bgZpbb
Zlhfguo bhgh\ R+ k we_dljhgZfb

DZd ba\_klgh/ \ ljhcghf ijhp_kk_ +<, h[jZamxlky khklhygby Ri
* k wg_j]b_c

k\yab \ha[m`^_ggh]h we_dljhgZ ihjy^dZ l_ieh\hc wg_j]bb kTe. >Ze__/ \ j_0
amevlZl_ dhfie_dkZ klhedgh\bl_evguo b baemqZl_evguo ijhp_kkh\ \ha[m`0
^_gguc we_dljhg ^bnnmg^bjm_l \ h[eZklv hljbpZl_evguo wg_j]bc/ b/ lZdbf
h[jZahf/ hdZau\Z_lky \hafh`guf ihy\e_gb_ Zlhfh\ \ ex[uo \ha[m`^_gguo
khklhygbyo1 < jy^_ fZkk0ki_dljhf_ljbq_kdbo b ki_dljhkdhibq_kdbo wdki_jb-
f_glh\ >66 ² 69/ 8<@ gZ[ex^Zehkv hlq_leb\h_ jZa^_e_gb_ f_oZgbafh\ +4,/
+<, ih bo \deZ^m \ aZk_e_gb_ jZaebqguo mjh\g_c Zlhfh\ bg_jlguo ]Zah\ b
[ueh gZc^_gh/ qlh ihlhd ^bkkhpbZlb\ghc j_dhf[bgZpbb \ ieZaf_ k
l_ieh\ufb we_dljhgZfb i_j_ghkblky/ ]eZ\guf h[jZahf/ \ i_j_oh^Zo k np5(n+1)p(n —
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]eZ\gh_ d\Zglh\h_ qbkeh g_\ha[m`^_ggh]h we_dljhgZ, mjh\g_c b \ agZqbl_evgh f_gvr_c
kl_i_gb k mjh\g_c np5(n+2)p.

Ki_dljhkdhibq_kdb_ f_lh^u ijb \k_c bo bgnhjfZlb\ghklb h[eZ^Zxl/ h^gZdh/
kms_kl\_gguf g_^hklZldhf/ k\yaZgguf k h]jZgbq_gghc h[eZklvx qm\kl\bl_evghklb ∆λ≈

3000—8000 
$

: kh\j_f_gguo ijb_fgbdh\ +nhlhmfgh`bl_e_c,/ bkihevam_fuo \ lZdbo
%wlZehgguo% wdki_jbf_glZo ^ey j_]bkljZpbb kjZ\gbl_evgh keZ[uo k\_lh\uo ihlhdh\1
Ihwlhfm ijZdlbq_kdb hlkmlkl\mxl k\_^_gby h ihlhdZo j_dhf[bgZpbb gZ np5nd — mjh\gb
Zlhfh\ ly`_euo bg_jlguo ]Zah\ +:]/ D]/ O_,/ l1_1 bf_ggh l_o ihlhdZo/ dhlhju_ ij_^klZ\eyxl
gZb[hevrbc bgl_j_k ^ey ZgZebaZ dbg_lbdb gZk_e_gghkl_c \ ieZaf_ Zdlb\guo kj_^ eZa_jh\ gZ
bgnjZdjZkguo d—j0i_j_oh^Zo mdZaZgguo Zlhfh\1

Ki_dljhkdhibq_kdb_ f_lh^u bkke_^h\Zgby ^bkkhibZlb\ghc j_dhf[bgZpbb ijbf_gyxlky
h[uqgh \ lZdbo mkeh\byo/ dh]^Z iheh`bl_evgh aZjy`_ggu_ qZklbpu ij_^klZ\e_gu \ hkgh\ghf
fhe_dmeyjgufb bhgZfb/ l1_1 [R2

+]≈ne. Lh]^Z \j_f_gghc oh^ bgl_gkb\ghkl_c ki_dljZevguo
ebgbc \ jZkiZ^Zxs_cky ieZaf_ g_ihkj_^kl\_ggh hij_^_ey_lky \_ebqbghc dhwnnbpb_glZ
^bkkhpbZlb\ghc j_dhf[bgZpbb=

< j_Zevguo ieZaf_gguo kbkl_fZo/ ij_^klZ\eyxsbo bgl_j_k k lhqdb aj_gby l_o beb bguo
ijbeh`_gbc/ lZdZy kblmZpby ijZdlbq_kdb g_ j_Zebam_lky1 < gbo ^bkkhpbZlb\gZy
j_dhf[bgZpby ij_^klZ_l dZd h^bg ba [hevrh]h qbkeZ f_oZgbafh\ ^_bhgbaZpbb b h[jZah\Zgby
\ha[m`^_gguo Zlhfh\1 Ihwlhfm ijb ZgZeba_ ih^h[guo kbkl_f gZ i_j_^gbc ieZg \uoh^bl
aZ^ZqZ h \uy\e_gbb jheb lh]h beb bgh]h ijhp_kkZ \ dbg_lbd_ \ha[m`^_gguo b aZjy`_gguo
qZklbp ieZafu1 JZkkfhljbf h^bg ba \ZjbZglh\ ki_dljhkdhibq_kdbo f_lh^h\/ dhlhjuc
hdZaZeky \_kvfZ wnn_dlb\guf ijb ZgZeba_ keh`guo kbkl_f1 F_lh^ aZdexqZ_lky \
ki_dljhkdhibq_kdhf ZgZeba_ j_eZdkZpbhgguo ijhp_kkh\/ jZa\b\Zxsboky ijb bfimevkghf
\hafms_gbb j_dhf[bgZpbhggh0g_jZ\gh\_kghc ieZafu keZ[uf we_dljbq_kdbf ihe_f1 I_j\u_
wdki_jbf_glu \uiheg_gu \ jZ[hlZo >59/ 5:@ k ijbf_g_gb_f l_ogbdb bfmevkgh]h K<Q gZ]j_\Z
we_dljhgh\1 < kbem jy^Z ijbqbg f_lh^ bfimevkgh]h fbdjh\hegh\h]h gZ]j_\Z g_ gZr_e
rbjhdh]h ijbf_g_gby \ bkke_^h\Zgbb we_f_glZjguo ijhp_kkh\1 < >6</ 73@ knhjfmebjh\Zg
Zevl_jgZlb\guc ih^oh^ d j_r_gbx wlhc aZ^Zqb1 GZ]j_\ we_dljhggh]h ]ZaZ hkms_kl\ey_lky
ijh^hevguf we_dljbq_kdbf ihe_f g_kZfhklhyl_evgh]h jZajy^Z \ klZ^bb jZkiZ^Z ieZafu1
DhgklZglu kdhjhkl_c ijhp_kkh\ h[jZah\Zgby \ha[m`^_gguo Zlhfh\ \ ieZaf_ aZ\bkyl hl
l_fi_jZlmju we_dljhgh\1 Ihwlhfm hkgh\gZy ljm^ghklv ijbf_g_gby jZkkfZljb\Z_fuo
f_lh^h\ +dZd fbdjh\hegh\h]h gZ]j_\Z/ lZd b bkihevamxs_]h ijh^hevgh_ we_dljbq_kdh_ ihe_,
aZdexqZ_lky \ g_h[oh^bfhklb ih^^_j`b\Zlv l_fi_jZlmjm we_dljhgh\ kljh]h ihklhygghc \
ij_^_eZo ZgZebabjm_fh]h bgl_j\ZeZ \j_f_gb1 < >6</ 73@ wlZ ijh[e_fZ j_r_gZ k ihfhsvx
kbkl_fu h[jZlghc k\yab/ Z\lhfZlbq_kdb aZ^Zxs_c lj_[m_fmx \_ebqbgm b \j_f_gghc oh^
gZijy`_gghklb ijh^hevgh]h we_dljbq_kdh]h ihey E(t) g_kZfhklhyl_evgh]h jZajy^Z1 DZd
ihdZau\Z_l ijZdlbdZ ijbf_g_gby wlh]h f_lh^Z >74/ 75@/ m^Z_lky hkms_kl\eylv bfimevkguc
gZ]j_\ we_dljhgh\ hl l_fi_jZlmju ihjy^dZ dhfgZlghc Te+? = 0)≈633 D ^h \_ebqbg Te+?),
^hklb]Zxsbo 4 ² 5 w< k \j_f_gZfb njhglh\ jhklZ b kiZ^Z E(t) fZkrlZ[Z _^bgbp
fbdjhk_dmg^1

<hafh`ghklb f_lh^Z ijb bkke_^h\Zgbb ijhp_kkh\ \ j_dhf[bgZpbhggh-
g_jZ\gh\_kghc ieZaf_ ^_fhgklbjmxl jbk1 5/ 61 GZ i_j\hf ba gbo ihdZaZgZ
j_Zdpby baemq_gby G_²O_ ieZafu gZ bfimevkguc gZ]j_\ we_dljhgh\1 Wdk0
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i_jbf_gl hlq_leb\h mdZau\Z_l gZ jZaebqb_ f_oZgbafh\ aZk_e_gby \ha[m`^_gguo mjh\g_c k
jZagufb ihl_gpbZeZfb \ha[m`^_gby1 OZjZdl_jgu_ \j_f_ggu_ aZ\bkbfhklb j_eZdkZpbhggh]h
lbiZ hlke_`b\Zxl baf_g_gb_ iehlghklb fhe_dmeyjguo bhgh\ O_2

+/ j_dhf[bgZpby dhlhjuo k
we_dljhgZfb \_^_l d h[jZah\Zgbx Zlhfh\ O_ 9j/ 9j*/ :j/ \ lh \j_fy dZd aZk_e_gb_ \k_o [he__
\ukhdh\ha[m`^_gguo mjh\g_c ZlhfZ O_ ijb g_[hevrbo l_fi_jZlmjZo we_dljhgh\
h[mkeh\e_gh m^Zjgh0jZ^bZpbhgghc j_dhf[bgZpb_c bhgh\ O_+1 Ki_pbnbdZ ^Zggh]h
wdki_jbf_glZ khklhbl \ lhf/ qlh \ mdZaZgguo mkeh\byo >O_2

+]<<[O_+]≈ne/ b ihwlhfm
baf_g_gb_ l_fi_jZlmju we_dljhgh\ \uau\Z_l \ khhl\_lkl\bb k aZ\bkbfhklvx a∑(Te)
baf_g_gb_ iehlghklb fhe_dmeyjguo bhgh\ \ jZkiZ^Zxs_cky ieZaf_ k oZjZdl_jgufb
\j_f_gZfb τ=1/ne a∑(Te(E)) \ bfimevk_ b τ=1/ne a∑(300K) ih _]h hdhgqZgbx1 Hlkx^Z ykgh/ qlh
ba h[jZ[hldb j_amevlZlh\ lZdh]h wdki_jbf_glZ e_]dh fh]ml [ulv gZc^_gu \_ebqbgu b
l_fi_jZlmjgu_ aZ\bkbfhklb dhwnnbpb_glh\ Zi+Le, b a∑(Te).

>Zggu_ jbk1 5 ^_fhgkljbjmxl _s_ h^gh \Z`gh_ k\hckl\h ^bkkhpbZlb\ghc j_dhf[bgZpbb=
bgl_gkb\ghklb ebgbc \k_o ^hklmiguo gZ[ex^_gbx i_j_oh^h\ ba \ukhdh\ha[m`^_gguo
khklhygbc k m\_ebq_gb_f l_fi_jZlmju we_dljhgh\ gZqbgZxl aZ\bk_lv hl \j_f_gb \ ij_^_eZo
gZ]j_\Zxs_]h bfimevkZ lZd `_, dZd bgl_gkb\ghklb 9j²6s, 6p'-6s,:j²6si_j_oh^h\/ mdZau\Zy
l_f kZfuf gZ ^hfbgbjmxsmx jhev ijhp_kkZ ^bkkhpbZlb\ghc j_dhf[bgZpbb \ h[jZah\Zgbb
\ukhdh\ha[m`^_gguo Zlhfh\ \ ieZaf_ k ih\ur_gghc Te 1 Ih^jh[gh wlh y\e_gb_ [m^_l
jZkkfhlj_gh \ jZa^_e_ 71

Jbk1 51 Hldebd bgl_gkb\ghkl_c ki_dljZevguo
ebgbc ZlhfZ O_/ baemqZ_fuo jZkiZ^Zxs_cky
G_²O_ 0 ieZafhc/ gZ bfimevkguc gZ]j_\
we_dljhgh\1 >Z\e_gb_ ]_eby ² 93 lhjj/ dk_ghgZ
— 1 lhjj/ iehlghklv we_dljhgh\

9S,+<G$8<676/5

9V,/+9S$;5;341438 643

−=−

−=−⋅≈ −

$

$

λ

λkfQH

L_fi_jZlmjZ we_dljhgh\ \ bfimevk_= 1,2 —
1000 D, 3 — 6333 D1 <g_ bfimevkZ Te  633 D

Jbk1 61 Oh^ bgl_gkb\ghklb ebgbb XeI λ =

= 4671 
$

$ +:j²6s) (1) b iehlghklb
f_lZklZ[bevguo Zlhfh\ Zj]hgZ $][4saP2] (2) \
jZkiZ^Zxs_cky ieZaf_ kf_kb G_²:]²O_ k
bfimevkguf gZ]j_\hf we_dljhgh\1 >Z\e_gb_
Zj]hgZ 4 lhjj/ ]_eby ² 6 lhjj/ dk_ghgZ ²
0,006 lhjj1 Iehlghklv we_dljhgh\ ie

5⋅1010 kf3
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< kf_kyo bg_jlguo ]Zah\ k [ebadbfb ihl_gpbZeZfb bhgbaZpbb ihfbfh
j_dhf[bgZpbhgguo ijhp_kkh\ \ \ha[m`^_gbb Zlhfh\ fh]ml ijbgbfZlv mqZklb_ ijhp_kku
i_j_^Zqb \ha[m`^_gby1 Wdki_jbf_gl/ beexkljbjm_fuc jbk1 6/ \uiheg_g \ mkeh\byo
dhgdmj_gpbb ijhp_kkZ i_j_^Zqb \ha[m`^_gby

k ^bkkhpbZlb\guf h[jZah\Zgb_f Zlhfh\ O_- \ jZkiZ^Zxs_cky ieZaf_ kf_kb G_²:]²O_1 <
jZgg_c klZ^bb ihke_k\_q_gby ^hfbgbjm_l ijhp_kk +43, b/ dZd \b^gh ba jbkmgdZ/ gZ]j_\
we_dljhgh\ \uau\Z_l ebrv baf_g_gb_ kdhjhklb kiZ^Z bgl_gkb\ghklb Ji(t), \ lh \j_fy dZd
^bkkhpbZlb\guc f_oZgbaf hdZau\Z_lky _^bgkl\_gguf bklhqgbdhf ihy\e_gby \ha[m`^_gguo
Zlhfh\ \ iha^g_c klZ^bb jZkiZ^Z ieZafu1

:gZeh]bqguf h[jZahf k ihfhsvx h[km`^Z_fh]h f_lh^Z e_]dh b^_glbnbpbjmxlky
ijhp_kku \ha[m`^_gby we_dljhgguf m^Zjhf/ Z lZd`_ b ^bkkhpbZlb\gh_ aZk_e_gb_ k mqZklb_f
]_l_jhy^_jguo fhe_dmeyjguo bhgh\ bg_jlguo ]Zah\ >76@1 AZf_lbf/ qlh jZkkfhlj_ggu_
ijhp_kku ijb\e_dZxlky +k jZaebqghc jZkklZgh\dhc Zdp_glh\ \ aZ\bkbfhklb hl ihabpbb
Z\lhjh\, ^ey h[tykg_gby bg\_jkbb gZk_e_gghkl_c \ Zdlb\guo kj_^Zo gZ kf_kyo bg_jlguo
]Zah\ >77² 7:@1

Hlf_lbf _s_ h^gh ^hklhbgkl\h f_lh^Z gZ]j_\Z we_dljhgh\ ijh^hevguf we_dljbq_kdbf
ihe_f1 < ieZaf_ k ihe_f l_q_l we_dljbq_kdbc lhd ,+,+ HH WQ(HEWL =  (be— ih^\b`ghklv

we_dljhgh\/ HQ   — mkj_^g_ggZy ih k_q_gbx jZajy^gh]h ijhf_`mldZ iehlghklv we_dljhgh\,/
ijhihjpbhgZevguc iehlghklb we_dljhgh\ ie(t)1 Ihkdhevdm baf_j_gb_ lhdZ g_ \uau\Z_l
ljm^ghkl_c/ \ wdki_jbf_glZo ih^h[gh]h lbiZ e_]dh gZoh^blky \_ebqbgZ ie(t).

61 J_amevlZlu bkke_^h\Zgby l_fi_jZlmjguo aZ\bkbfhkl_c iZjpbZevguo
dhwnnbpb_glh\ ^bkkkpbZlb\ghc j_dhf[bgZpbb

>bkkhpbZlb\gZy j_dhf[bgZpby fhe_dmeyjgh]h bhgZ b we_dljhgZ y\ey_lky
fgh]hdZgZevguf ijhp_kkhf1 Ihwlhfm h^gZ ba aZ^Zq bkke_^h\Zgby k\yaZgZ k ihemq_gb_f
^Zgguo h \_jhylghklb ijhl_dZgby ijhp_kkZ ih lhfm beb bghfm dZgZem1 Ijb wlhf gm`gh
bf_lv \\b^m/ qlh dZd \_ebqbgu ai, a∑, lZd b g_ aZ\bkysb_ hl oZjZdl_jZ dhe_[Zl_evgh]h
jZkij_^_e_gby fhe_dmeyjguo bhgh\ \ ieZaf_ dhgklZglu kdhjhkl_c aυi, fh]ml bf_lv
jZaebqgmx aZ\bkbfhklv hl l_fi_jZlmju we_dljhggh]h ]ZaZ1 Wlh g_ihkj_^kl\_ggh ke_^m_l ba
nhjfme +6/ 7,/ dhlhju_ ihdZau\Zxl/ qlh oZjZdl_j aZ\bkbfhkl_c aυi+Le) \ kms_kl\_gghc
kl_i_gb hij_^_ey_lky iZjZf_ljZfb l_jfh\ ευi/ =i1 < khhl\_lkl\bb k jZkq_lZfb [60]
dhwnnbpb_glh\ j_dhf[bgZpbb k bkihevah\Zgb_f jZaebqguo fh^_evguo ihl_gpbZeh\
\aZbfh^_ckl\by εi(r) \_ebqbgu a∑ b Zi fh]ml \ g_dhlhjuo kemqZyo kbevgh aZ\bk_lv hl
dhe_[Zl_evghc l_fi_jZlmju Lυ. LZdbf h[jZahf/ \hijhk h l_fi_jZlmjguo aZ\bkbfhklyo
dhwnnbpb_glh\ j_dhf[bgZpbb hdZau\Z_lky k\yaZgguf k p_euf dhfie_dkhf ijh[e_f1
Hlkx^Z/ \ qZklghklb/ ke_^m_l/ qlh wdki_jbf_glZevgh_ j_r_gb_ aZ^Zqb ^he`gh hkgh\u\Zlvky
gZ baf_j_gbyo/ ijh\h^bfuo \ fZdkbfZevgh rbjhdhf ^bZiZahg_ baf_g_gby iZjZf_ljh\
ieZafu1 K ^jm]hc klhjhgu/ j_amevlZlu lZdbo baf_j_gbc kh^_j`Zl bgnhjfZpbx h kl_i_gb
dhe_[Zl_evgh]h \ha[m`^_gby fhe_dmeyjguo bhgh\ b iZjZf_ljZo l_jfh\ εi(r), =i.

Baf_j_gby l_fi_jZlmjguo aZ\bkbfhkl_c iZjpbZevguo dhwnnbpb_glh\
j_dhf[bgZpbb ijh\h^ylky \ wdki_jbf_glZo k bfimevkguf gZ]j_\hf we_dljhgh\
b hkgh\Zgu gZ kjZ\g_gbb bgl_gkb\ghkl_c ki_dljZevguo ebgbc/ baemqZ0
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_fuo ieZafhc ^h b g_ihkj_^kl\_ggh ihke_ njhglZ bfimevkZ gZ]j_\Zxs_]h we_dljhgu
ihey1 Ijb wlhf g_h[oh^bfh/ qlh[u hlj_ahd \j_f_gb ∆t f_`^m ^\mfy ihke_^h\Zl_evgufb
baf_j_gbyfb agZqbl_evgh ij_\urZe oZjZdl_jgh_ \j_fy j_eZdkZpbb we_dljhgghc
l_fi_jZlmju τT gh [ue f_gvr_ oZjZdl_jgh]h \j_f_gb baf_g_gby iehlghkl_c
aZjy`_gguo qZklbp τn:τT<∆t<τn. Wlh mkeh\b_ km`Z_l ijbf_gbfhklv f_lh^Z/ gZdeZ^u\Zy
h]jZgbq_gb_ gZ kl_i_gv bhgbaZpbb ieZafu1 ?keb hkgh\guf f_oZgbafhf moh^Z
aZjy`_gguo qZklbp y\ey_lky ^bkkhpbZlb\gZy j_dhf[bgZpby +τn = 1/ a∑ne), Z j_eZdkZpby
wg_j]bb we_dljhgh\ h[mkeh\e_gZ mijm]bfb klhedgh\_gbyfb k ZlhfZfb +qlh h[uqgh
\uihegy_lky,/ lh

( H@> υσν HDHD 5= ² qZklhlZ klhedgh\_gbc we_dljhgh\ k ZlhfZfb,1 FZdkbfZevgu_ ihl_jb
wg_j]bb we_dljhgu bkiulu\Zxl ijb klhedgh\_gbyo k ZlhfZfb G_1 Ihwlhfm mkeh\b_ +44,
hdZau\Z_lky gZbf_g__ `_kldbf/ _keb wdki_jbf_gl ijh\h^blky \ kf_kb G_²5/ \ dhlhjhc
]_ebc b]jZ_l jhev [mn_jgh]h ]ZaZ1 Lh]^Z ^ey bhgh\ k dhwnnbpb_glhf j_dhf[bgZpbb
a∑≈106(Te/300)-1/2kf32k +44, ijbgbfZ_l \b^= ie/>G_@ ? 106Te/3001 >h[Z\e_gb_ ]_eby \
wdki_jbf_glZo k gZ]j_\hf we_dljhgh\ ijh^hevguf we_dljbq_kdbf ihe_f iha\hey_l
lZd`_ mkljZgblv wnn_dl ]bkl_j_abkgh]h oZjZdl_jZ aZ\bkbfhklb kj_^g_c wg_j]bb hl
iZjZf_ljZ E/N, ijhy\eyxsbcky \ ieZaf_ ly`_euo bg_jlguo ]Zah\ >7</ 83@1 Gb`_ djZldh
jZkkfZljb\Zxlky j_amevlZlu baf_j_gbc aZ\bkbfhkl_c dhwnnbpb_glh\ j_dhf[bgZpbb
Zi(Le).

3 . 1 . B h g u  N e2
+ . L_fi_jZlmjgu_ aZ\bkbfhklb iZjpbZevguo dhwnnbpb-

_glh\ j_dhf[bgZpbb ^ey g_dhlhjuo mjh\g_c ZlhfZ g_hgZ/ ihemq_ggu_ \ wdk0
i_jbf_glZo >83 ² 85@ k gZ]j_\hf we_dljhgh\ ijh^hevguf we_dljbq_kdbf ih0
e_f g_kZfhklhyl_evgh]h jZajy^Z/ ij_^klZ\e_gu gZ jbk1 7/Z1 DZd \b^gh ba wlbo
^Zgguo/ l_fi_jZlmjgu_ aZ\bkbfhklb Zi(Le) ^ey mjh\g_c Aj b 6G y\eyxlky
m[u\Zxsbfb nmgdpbyfb l_fi_jZlmju Le lbiZ Te

-k k jZaebqgufb/ h^gZdh/
ihdZaZl_eyfb kl_i_gb k3d≈0,35 b k6j≈3/8/ g_ kh\iZ^Zxsbfb k dhgklZglhc
ZiijhdkbfZpbb k∑  3/76 dhwnnbpb_glZ a∑(Te)~ ∑−N7H I_j_oh^ d mjh\gyf
7j/ h[eZ^Zxsbf [hevr_c wg_j]b_c \ha[m`^_gby/ [ebadhc d wg_j]bb hkgh\gh]h
dhe_[Zl_evgh]h mjh\gy bhgZ Ne2

+(υ  3, +jbk1 7/[,/ khijh\h`^Z_lky dZq_kl-
\_gguf baf_g_gb_f aZ\bkbfhklb ai(Te)/ dhlhjZy hdZau\Z_lky jZklms_c \ h[0
eZklb Le≈300 – 800K1 GZ dZq_kl\_gghf mjh\g_ \k_ wlb aZ\bkbfhklb
ai(Te) fh]ml [ulv bgl_jij_lbjh\Zgu \ ijb[eb`_gbb _^bgkl\_ggh]h +^ey dZ`-
^h]h ba jZkkfZljb\Z_fuo mjh\g_c, Z\lhbhgbaZpbhggh]h khklhygby Ne2* 1 Ba
+7, ke_^m_l/ qlh ijb jZaebqguo iZjZf_ljZo aZ^Zqb k_q_gb_ ^bkkhpbZlb\ghc
j_dhf[bgZpbb fh`_l bf_lv jZaebqgmx aZ\bkbfhklv hl wg_j]bb we_dljhgZ >5@=

@,72=+,+2>4a/24a/24a 55G6G +− L
G

υεεεσεσεσ . I_j\uf ^\mf kemqZyf hl0
\_qZxl l_fi_jZlmjgu_ aZ\bkbfhklb dhwnnbpb_glh\ ai ~ Te

-1/2,
ai   ~ Te

-2.5. < lj_lv_f/ _keb ευi>>=i/ fh`_l gZ[ex^Zlvky jZklmsZy aZ\bkb-
fhklv khhl\_lkl\mxs_]h dhwnnbpb_glZ ai(Te)/ qlh b bf__l f_klh ^ey \_jogbo
7j0mjh\g_c ZlhfZ g_hgZ1 < kemqZ_ 6G0mjh\g_c/ ih0\b^bfhfm/ j_Zebam_lky ijh-
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f_`mlhqgZy kblmZpby1 LZdbf h[jZahf/ wdki_-
jbf_gl mdZau\Z_l gZ \hafh`ghklv kms_kl\_g0
gh]h hlebqby l_fi_jZlmjguo aZ\bkbfhkl_c
iZjpbZevguo dhwnnbpb_glh\ b dhwnnbpb_glZ
^bkkhpbZlb\ghc j_dhf[bgZpbb a∑(Te)1 Ihkdhevdm
a∑=∑

L
LD , ij_^klZ\ey_l bgl_j_k \hkklZgh\blv

aZ\bkbfhklv a∑(Te) gZ hkgh\_ wdki_jb-
f_glZevguo ^Zgguo h dhwnnbpb_glZo ai(Te).
Ihlhd ^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\
Ne2

+ i_j_ghkblky \ hkgh\ghf gZ 3d – 3p – b 3p –
3s ± i_j_oh^Zo/ ijbq_f Z3d(300K)≈0,2Z6j[53,
87/ :8@1 Lh]^Z ^ey a∑ gZoh^bf/ qlh \ mdZaZgghc
gZ jbk1 7/ Z h[eZklb Te a∑(Te) ~ Te

-0,45/ qlh
ijZdlbq_kdb kh\iZ^Z_l k j_amevlZlZfb baf_j_gbc
a∑(Te), ij_^klZ\e_ggufb gZ jbk1 7/ Z.

3 . 2 .  B h g u A r 2
+ .  L_fi_jZlmjgu_

aZ\bkbfhklb dhwnnbpb_glh\ a2pi(Te) +h[hagZq_gby
ih IZr_gm, ihdZaZgu gZ jbk1 8/ ba dhlhjh]h
\b^gh/ qlh ^ey \k_o 2pi0mjh\g_c/ aZ bkdexq_gb_f
2p10/ aZ\bkbfhklb a2pi(Te) [ebadb d a∑(Te). Wlh
^Z_l hkgh\Zgb_ ij_^ieh`blv/ qlh q_j_a mjh\gb
5j1/«/5j9 i_j_ghkblky ij_h[eZ^ZxsZy qZklv
ihlhdZ j_dhf[bgZpbb bhgh\ Ar2

+. >_ckl-

Jbk1 71 Z ² L_fi_jZlmjgu_ aZ\bkbfhklb dhwnnbpb_glh\ j_dhf[bgZpbb bhgZ Ne2
+. 1 ² ^ey

\_jog_]h ba 7j0mjh\g_c 7j* >625@/ 5 ² ^ey 6d0mjh\g_c/ 3 — a∑(Te), 4 — 7j>625@/ 8 ² lbibqgZy
aZ\bkbfhklv iZjpbZevguo dhwnnbpb_glh\ j_dhf[bgZpbb a(Te) gZ Aj0mjh\gb ZlhfZ g_hgZ/ [ ²
Ko_fZ mjh\g_c ZlhfZ g_hgZ

Jbk1 81 L_fi_jZlmjgu_ aZ\bkbfh0
klb dhwnnbpb_glZ ai(Te) b a∑(Te)
^bkkhpbZlb\ghc j_dhf[bgZpbb
bhgZ :U2+ ih ^Zgguf >88@
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\bl_evgh +kf1 jZa^_e 8,/ ^hey wlh]h ihlhdZ khklZ\ey_l ≈ ;3(1 < lh `_ \j_fy aZf_lgh_ jZaebqb_
aZ\bkbfhkl_c ,+ H5 43

7Sα b a∑(Te), k\b^_l_evkl\m_l h ki_pbnbq_kdhf oZjZdl_j_ i_j_k_q_gby

l_jfh\ Ar* (
435Sα ) + Ar b Ar2

+.

3 . 3 . B h g u O _ 2
+ . Iheguc gZ[hj ^Zgguo h aZ\bkbfhklyo dhwnnbpb_glh\ ai (Te), ^ey

:j0/ 9j*0/ b 9j - mjh\g_c ZlhfZ O_ ij_^klZ\e_g gZ jbk1 91 Ba j_amev0

lZlh\ \b^gh/ qlh bg^b\b^mZevgu_ hkh[_gghklb l_jfh\ ∗
L;H  + O_ b O_2

+ ijhy\eyxlky \
kemqZ_ O_ gZb[he__ yjdh1 LZd/ ^Z`_ ^ey ]jmiiu [ebadh jZkiheh`_gguo [j0mjh\g_c nmgdpbb
ai(Te) aZf_lgh hlebqZxlky1

GZ[ex^Z_fh_ mkdhj_gb_ aZ\bkbfhkl_c ai (Te) k \hajZklZgb_f Le g_ljm^gh h[tykgblv/
h[jZsZykv d nhjfme_ +7,1 < hij_^_e_gghc h[eZklb baf_g_gby kj_^g_c wg_j]bb we_dljhgh\
fh`_l ijhbkoh^blv i_j_oh^ hl σd~1/ε d [he__ kbevghc aZ\bkbfhklb k_q_gby j_dhf[bgZpbb hl
wg_j]bb σd~1/ε31 Ih^h[guc i_j_oh^ gZ[ex^Zeky/ gZijbf_j/ ijb bkke_^h\Zgbb
^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ NH4

+ >8;/ 94@1 <hafh`_g b _s_ h^bg f_oZgbaf mkbe_gby
aZ\bkbfhklb ai (Te)= k m\_ebq_gb_f wg_j]bb aZo\Zlu\Z_fh]h bhghf we_dljhgZ jZkl_l \j_fy/
g_h[oh^bfh_ ^ey jZae_lZ y^_j aZ ij_^_eu h[eZklb i_j_k_q_gby l_jfh\ R2* b R2

+. Ihwlhfm
m\_ebqb\Z_lky \_jhylghklv Z\lhbhgbaZpbb R2*, b \ j_amevlZl_ k_q_gb_ j_dhf[bgZpbb
klZgh\blky f_gvr_/ q_f k_q_gb_ i_j\hgZqZevgh]h aZo\ZlZ >47@1

71 H[jZah\Zgb_ \ukhdh\ha[m`^_gguo Zlhfh\ ijb ^bkkhpbZlb\ghc j_0
dhf[bgZpbb

JZkkfhlj_ggu_ \ ij_^u^ms_f jZa^_e_ aZ\bkbfhklb iZjpbZevguo dhwn-
nbpb_glh\ ai(Te) ^ey mjh\g_c Zlhfh\/ q_j_a dhlhju_ i_j_ghkblky hkgh\ghc
ihlhd j_dhf[bgZpbc/ bf_eb lbibqguc ^ey wlh]h ijhp_kkZ iZ^Zxsbc oZjZdl_j1
< lh `_ \j_fy h[sZy nhjfmeZ +7, ^ey k_q_gby ^bkkhpbZlb\ghc j_dhf[bgZpbb
ij_^kdZau\Z_l \hafh`ghklv gZ[ex^_gby j_adh \hajZklZxsbo aZ\bkbfhkl_c

Jbk1 91 L_fi_jZlmjgu_ aZ\bkbfhklb
dhwnnbpb_glh\ ^bkkhpbZlb\ghc
j_dhf[bgZpbb bhgZ O_2

+ ih ^Zgguf >89/ 8:@1
Imgdlbj ² a∑(Te), 1 — ^ey mjh\gy 5j5

+h[hagZq_gby ih IZr_gm,/ 5 ² 5j6, 3,4 —
5j7, 2p8, 5 — 2j9 6 — 5j10. 7 ² ahgZ
baf_g_gby dhwnnbpb_glh\ ai(Te), ^ey 9j*0 b
:j0mjh\g_c1 Lhqghklv b ^bkdj_lghklv
^Zgguo ^_fhgkljbjmxl djb\u_ 3, 4. J_adbc
jhkl djb\uo ijb \ukhdbo l_fi_jZlmjZo
we_dljhgh\ k\yaZg k %\dexq_gb_f% ijhp_kkZ
klmi_gqZlh]h \ha[m`^_gby mdZaZgguo
mjh\g_c we_dljhgguf m^Zjhf.
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iZjpbZevguo dhwnnbpb_glh\ ai(Te) \ kemqZ_ ευi>>=i1 < lZdhc kblmZpbb ijhp_kk b^_l q_j_a
aZo\Zl we_dljhgZ gZ l_jfu εi(r)/ jZkiheh`_ggu_ agZqbl_evgh \ur_ gZb[he__ gZk_e_gguo
gb`gbo dhe_[Zl_evguo mjh\g_c fhe_dmeyjgh]h bhgZ b/ ke_^h\Zl_evgh/ bf__l ihjh]h\uc
oZjZdl_j1 Hq_\b^gh/ qlh gZb[he__ yjdh wnn_dl %jZa]hjZgby% j_dhf[bgZpbhggh]h
baemq_gby ijb gZ]j_\_ we_dljhgh\ ieZafu fh`_l ijhy\blvky gZ ebgbyo/ baemqZ_fuo \
i_j_oh^Zo ba \ukhdh\ha[m`^_gguo khklhygbc Zlhfh\+1*).

< l_q_gb_ ^ebl_evgh]h \j_f_gb \hijhk h dbg_lbd_ \ukhdh\ha[m`^_gguo Zlhfh\ \
ieZaf_ k fhe_dmeyjgufb bhgZfb gZoh^beky aZ ij_^_eZfb \gbfZgby bkke_^h\Zl_e_c1
I_j\u_ wdki_jbf_glu/ mdZaZ\rb_ gZ \hafh`ghklv gZ[ex^_gby ihjh]h\h]h ijhp_kkZ
^bkkhpbZlb\ghc j_dhf[bgZpbb \ ieZaf_/ \uiheg_gu \ jZ[hlZo ;bhg^b b ^j1 >45 ² 47@1 <
gbo [ueh h[gZjm`_gh h[h]Zs_gb_ ki_dljZ baemq_gby jZkiZ^Zxs_cky ieZafu ijb
fbdjh\hegh\hf gZ]j_\_ we_dljhgh\ ^h \_ebqbg Le≈ 6000 — 8000D aZ kq_l i_j_oh^h\ ba
\ukhdh\ha[m`^_gguo khklhygbc Zlhfh\ :]/ Dr/ b O_1 Bkke_^h\Zgb_ wlh]h y\e_gby \
jZ[hlZo >95 ² 98@ ihdZaZeh/ qlh ihjh]h\uc f_oZgbaf ^bkkhpbZlb\ghc j_dhf[bgZpbb
ijhy\ey_lky \h \k_o bg_jlguo ]ZaZo1 GZ]ey^gh_ ij_^klZ\e_gb_ h ijhp_kk_ ^Zxl
j_amevlZlu bkke_^h\Zgby >98@ l_fi_jZlmjguo aZ\bkbfhkl_c bgl_gkb\ghkl_c
ki_dljZevguo ebgbc \ukhdh\ha[m`^_gguo Zlhfh\ O_ \ jZkiZ^Zxs_cky ieZaf_ +jbk1 :,1
<b^gh/ qlh aZ\bkbfhklb Ji(Te) khklhyl ba lj_o oZjZdl_jguo \_l\_c/ nhjfbjm_fuo
jZaebqgufb ijhp_kkZfb1 J_adbc kiZ^ \ h[eZklb Le <  0,1 w< h[mkeh\e_g ij_h[eZ^Zxsbf
aZk_e_gb_f mjh\g_c m^Zjgh0jZ^bZpbhgghc j_dhf[bgZpb_c bhgh\ O_+:

b hljZ`Z_l kbevgmx aZ\bkbfhklv kdhjhklb ijhp_kkZ hl Te1 J_adh_ \hajZklZgb_
bgl_gkb\ghkl_c ebgbc k gZ]j_\hf we_dljhgh\ ijb l_fi_jZlmjZo Te > 0,5 w< \ua\Zgh
%\dexq_gb_f% klmi_gqZlh]h aZk_e_gby jZkkfZljb\Z_fuo mjh\g_c we_dljhgguf m^Zjhf1 <
ijhf_`mlhqghc h[eZklb l_fi_jZlmj ^hfbgbjm_l f_oZgbaf ihjh]h\hc ^bkkhpbZlb\ghc
j_dhf[bgZpbb1

>ey dhebq_kl\_ggh]h hibkZgby ijhp_kkZ fh`gh \hkihevah\Zlvky nhjfmehc +9,/
^Zxs_c Ze]hjblf \uqbke_gby ihlhdh\ Fi(Te). Ba +9, ke_^m_l/ qlh ihlhdb j_dhf[bgZpbb
gZ \ukhdh\ha[m`^_ggu_ mjh\gb qm\kl\bl_evgu d jZkiheh`_gbx l_jfZ εi(r) ih
hlghr_gbx d gZb[he__ gZk_e_gguf gb`gbf mjh\gyf fhe_dmeyjgh]h bhgZ1 IZjZf_lju
l_jfh\ g_ba\_klgu/ ihwlhfm aZ^ZqZ ih jZkq_lm ihlhdh\ Fi(Te) ^he`gZ j_rZlvky kh\f_klgh
k gZoh`^_gb_f l_jfh\ εi(r) gZ hkgh\_ wdki_jbf_glZevguo ^Zgguo h l_fi_jZlmjguo
aZ\bkbfhklyo bgl_gkb\ghkl_c ebgbc Ji(Te)1 LZdZy aZ^ZqZ j_rZeZkv \ jZ[hlZo >95/ 98@
ih^[hjhf/ f_lh^hf gZbf_gvrbo d\Z^jZlh\ iZjZf_ljh\ l_jfh\ εi(r) ba mkeh\by
gZbemqr_]h kh]eZkby baf_j_gguo aZ\bkbfhkl_c Ji(Te) b jZkkqblZgguo ih +9, ihlhdh\
Fi(Te). Kl_i_gv khhl\_lkl\by aZ\bkbfhkl_c Ji(Te, b Fi(Te) ^_fhgkljbjm_l jbk1 :1
ihdZau\Zxsbc/ qlh ihjh]h\uc f_oZgbaf ^bkkhpbZlb\ghc j_dhf[bgZpbb ohjhrh
hibku\Z_lky \ ijb[eb`_gbb h^gh]h Z\lhbhgbaZpbhggh]h mjh\gy gZ hkgh\_ nhjfmeu
;j_clZ²<b]g_jZ ^ey k_q_gby ijhp_kkZ1 GZ jbk1 ; ihdZaZgZ h[eZklv jZkiheh`_gby h^gh]h
ba gZc^_gguo l_jfh\/ hl\_qZxs_]h h[jZah\Zgbx Zlhfh\ Xe9d b g_dhlhju_ ba
bkke_^h\Zgguo mjh\g_c ZlhfZ O_1

DZd m`_ hlf_qZehkv/ \uy\e_gb_ oZjZdl_jZ aZ\bkbfhkl_c dhwnnbpb_glh\
ai(Te) g_ihkj_^kl\_ggh k\yaZgh k \hijhkZfb dbg_lbdb gZk_e_gghkl_c dhe_[Z-
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dhlhjuf dhgklZglu kdhjhkl_c V-T h[f_gZ bf_xl ihjy^hd \_ebqbgu 43-11 kf32k
BgZy kblmZpby gZ[ex^ZeZkv ijb bkke_^h\Zgbb g_hgh\hc ieZafu >95@1 < wlhf

kemqZ_ ^hklb`_gb_ jZ\gh\_kgh]h jZkij_^_e_gby bhgh\ [Ne2
+(υ)] ijhbkoh^beh ijb ^Z\e_gbyo

g_hgZ ^_kyldb lhjj1 Wlh ^Z_l hkgh\Zgb_ ij_^iheh`blv/ qlh 9²L0h[f_g ijb klhedgh\_gbyo
Ne2

+(υ) + Ne aZf_lgh f_g__ wnn_dlb\_g/ q_f bhgh\ O_2
+ \ O_1 A^_kv/ h^gZdh/ gm`gh

mihfygmlv b Zevl_jgZlb\gmx lhqdm aj_gby >9:/ 9;@/ kh]eZkgh dhlhjhc dhgklZglu kdhjhkl_c
i_j_oh^h\ υ = 1 →υ  3 ^ey \k_o fhe_dmeyjguo bhgh\ \ kh[kl\_gghf ]Za_ ihjy^dZ 10-11 kf3/k1

Ih^\h^y blh] j_amevlZlZf jZ[hl ih bkke_^h\Zgbx ihjh]h\h]h f_oZgbafZ ^bkkhpbZlb\ghc
j_dhf[bgZpbb/ mdZ`_f ke_^mxs__1 < ieZaf_ k fhe_dmeyjgufb bhgZfb \ rbjhdhf +g_kdhevdh
lukyq ]jZ^mkh\, ^bZiZahg_ baf_g_gby l_fi_jZlmju we_dljhgh\ wlhl ijhp_kk fh`_l [ulv
^hfbgbjmxsbf bklhqgbdhf h[jZah\Zgby \ukhdh\ha[m`^_gguo Zlhfh\1 ?]h wnn_dlb\ghklv
oZjZdl_jbamxl ^Zggu_ lZ[e1 ,,/ \ dhlhjhc ij_^klZ\e_gu j_amevlZlu hp_ghd >9</ :3@ Z[kh0

Jbk1 :1 L_fi_jZlmjgu_ aZ\bkbfhklb
bgl_gkb\ghkl_c ki_dljZevguo ebgbc ZlhfZ
O_ Ji(Te,/ jZkkqblZgguo ihlhdh\ Ni(Te)
^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ O_2

+

+kiehrgu_ ebgbb, b ihlhdZ klmi_gqZlh]h

\ha[m`^_gby +imgdlbj,1 1 — λ = 6872 
$

:

+mjh\_gv 6f[9/2]), 2 —λ= 5488 
$

: +mjh\_gv

11d [7/2]. 3 — λ = 5934 
$

: +mjh\_gv 9d[7/2])

Jbk1 ;1 JZkiheh`_gb_ g_dhlhjuo ba bkke_^h\Zgguo \
>98@ mjh\g_c ZlhfZ dk_ghgZ1 AZrljboh\ZggZy h[eZklv
ihdZau\Z_l iheh`_gb_ l_jfZ Xe*(9d[7/2]) + O_

l_evguo mjh\g_c fhe_dmeyjguo bhgh\1
< >95/ 98@ hlghkbl_evgh jZkij_^_e_gby
[R2

+(υ)@ ih υ mklZgh\e_gh ke_^mxs__1 < kem-
qZ_ bhgh\ O_2

+ gZbemqr__ kh]eZkb_ baf_-
j_gguo b jZkkqblZgguo ihlhdh\ aZk_e_gby
\ukhdh\ha[m`^_gguo mjh\g_c ^hklb]Zehkv
ijb bkihevah\Zgbb \ jZkq_lZo jZ\gh\_kgh]h
jZkij_^_e_gby >O_2

+(υ)] k l_fi_jZlmjhc
Lυ  633D1 AZf_lbf/ qlh \hafh`ghklv j_-
ZebaZpbb \ keZ[hbhgbah\Zgghc ieZaf_
g_\ukhdh]h ^Z\e_gby jZ\gh\_kgh]h
jZkij_^_e_gby g_ ijhlb\hj_qbl bf_xsbfky
ij_^klZ\e_gbyf h kdhjhklyo 9-L0h[f_gZ
fhe_dmeyjguo bhgh\ ly`_euo bg_jlguo ]Zah\
k kh[kl\_ggufb ZlhfZfb >99/ 9:@/ kh]eZkgh
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JZkkfhlj_gguc f_oZgbaf h[jZah\Zgby
\ukhdh\ha[m`^_gguo Zlhfh\ gZoh^bl h[tykg_gb_ gZ hkgh\_ h[sbo ij_^klZ\e_gbc h
^bkkhpbZlb\ghc j_dhf[bgZpbb1 Fh`gh h`b^Zlv ihwlhfm/ qlh hg [m^_l h[gZjm`_g b \ ieZaf_
^jm]bo kj_^/ kh^_j`Zsbo fhe_dmeyjgu_ bhgu1

81 JZkij_^_e_gb_ ihlhdZ j_dhf[bgZpbb ih \uoh^guf dZgZeZf ijhp_kkZ

IhegZy bgnhjfZpby h ^bkkhpbZlb\ghc j_dhf[bgZpbb dZd bklhqgbd_ h[jZah\Zgby
\ha[m`^_gguo Zlhfh\ kh^_j`blky \ l_fi_jZlmjguo aZ\bkbfhklyo iZjpbZevguo
dhwnnbpb_glh\ αi(Te) b \ bo Z[khexlguo \_ebqbgZo1 Hij_^_e_gb_ dhgklZgl Zi \_^_lky gZ
hkgh\_ kjZ\g_gby bgl_gkb\ghkl_c [hevrh]h qbkeZ ki_dljZevguo ebgbc/ baemqZ_fuo
jZkiZ^Zxs_cky ieZafhc1 Ih^h[gu_ gZ[ex^_gby ijh\h^bebkv \ p_ehf jy^_ jZ[hl ih ZgZebam
g_hgh\h]h >86/ :5 ² :9@/ Zj]hgh\h]h >45/ 69/ :: ² :<@/ djbilhgh\h]h >46/ 5;/ ;3@ b
dk_ghgh\h]h >47/ 8:/ ;4/ ;5@ ihke_k\_q_gby1 < lZdbo wdki_jbf_glZo ^he`gu [ulv \uiheg_gu
ke_^mxsb_ mkeh\by1 <h0i_j\uo/ bkke_^m_fuc ijhp_kk ^he`_g [ulv _^bgkl\_gguf
bklhqgbdhf aZk_e_gby \ha[m`^_gguo mjh\g_c Zlhfh\1 <h0\lhjuo/ iehlghklb we_dljhgh\ b
^Z\e_gb_ ]ZaZ ^he`gu [ulv ^hklZlhqgh fZeufb \h ba[_`Zgb_ klhedgh\bl_evgh]h
©i_j_f_rb\Zgbyª \ha[m`^_gguo mjh\g_c wlbfb qZklbpZfb1 <0lj_lvbo/ baf_j_gby
bgl_gkb\ghkl_c ebgbc g_ ^he`gu bkdZ`Zlvky j_Z[khj[pb_c baemq_gby1 B/ gZdhg_p/ \
bkke_^m_fuo i_j_oh^Zo ^he`_g i_j_ghkblvky \_kv ihlhd ^bkkhpbZlb\ghc j_dhf[bgZpbb1
Wlbf mkeh\byf m^h\e_l\hjyxl wdki_jbf_glu >86/ 8:/ :<@/ j_amevlZlu dhlhjuo ij_^klZ\e_gu
\ lZ[e1 ,,, ² 9,1 >Zggu_ ih djbilhgm aZbfkl\h\Zgu ba >46@1 < lZ[ebpZo hlkmlkl\mxl k\_^_gby
h ihlhdZo j_dhf[bgZpbb gZ mjh\gb Ne4s; Ar3d, 5s;Dr, 4d, 6s; Xe 5d, 7s.H^gZdh mdZaZggu_
mjh\gb himklhrZxlky aZ kq_l jZ^bZpbhgguo i_j_oh^h\ gZ (i + 1)j0mjh\gb Zlhfh\/ baemq_gb_
dhlhjuo l_f kZfuf \f_kl_ k +i.2)j→(i+l)s i_j_oh^Zfb i_j_ghkbl \_kv ihlhd
^bkkhpbZlb\ghc j_dhf[bgZpbb1 Hlf_lbf g_dhlhju_ \Z`gu_ ke_^kl\by ij_^klZ\e_gguo \
lZ[e1 III — 9, ^Zgguo b ij_`^_ \k_]h lhl nZdl/ qlh ih^Z\eyxsZy qZklv ihlhdZ

exlguo \_ebqbg iZjpbZevguo dhwnnbpb_glh\ αi(Tm)
ijb l_fi_jZlmjZo Tm/ khhl\_lkl\mxsbo ^hklb`_gbx
fZdkbfmfh\ aZ\bkbfhkl_c αi(Te)1 < aZdexq_gb_
hlf_lbf/ qlh dhwnnbpb_glu lZ[e1 ,,/ [m^mqb fZeufb
ih kjZ\g_gbx k \_ebqbgZfb α∑ kms_kl\_ggh
ij_\hkoh^yl dhgklZglu ijhp_kkZ ^bwe_dljhgghc
j_dhf[bgZpbb Zlhfguo bhgh\ >:4@1 Ihke_^gbc koh` k
^bkkhpbZlb\ghc j_dhf[bgZpb_c l_f/ qlh \ j_amevlZl_
i_j\bqgh]h ZdlZ aZo\ZlZ we_dljhgZ lZd`_ h[jZam_lky
Z\lhbhgbaZpbhggh_ +^\Z`^u \ha[m`^_ggh_,
khklhygb_1 Wnn_dlb\ghklv klZ[bebaZpbb ijhp_kkZ
^bwe_dljhgghc j_dhf[bgZpbb hij_^_ey_lky
khhlghr_gb_f \_jhylghkl_c jZ^bZpbhggh]h i_j_oh^Z
:rad \ [he__ gbadh_ we_dljhggh_ khklhygb_ b
Z\lhbhgbaZpbb :a , ijbq_f :a >>:rad1 < lh `_ \j_fy
ijb ^bkkhpbZlb\ghc j_dhf[bgZpbb \_jhylghklv
Z\lhbhgbaZpbb :a fhe_dmeu R2* dZd ijZ\beh/ ihjy^dZ
beb f_gvr_ h[jZlgh]h \j_f_gb jZae_lZ y^_j ijb bo
^\b`_gbb ih hllZedb\Zl_evghfm l_jfm1
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j_dhf[bgZpbb i_j_ghkblky \ ebgbyo +n+1)j 0 (n+!)s- i_j_oh^h\1 Ijb wlhf bf__l f_klh
\ukhdZy k_e_dlb\ghklv aZk_e_gby hl^_evguo (i.1)j - mjh\g_c1 LZd/ hdheh 53( ihegh]h
ihlhdZ j_dhf[bgZpbb b^_l gZ mjh\gb 5j10 b 5j9 Zlhfh\ Ne b :r khhl\_lkl\_ggh1 GZb[he__
yjdbc wnn_dl gZ[ex^Z_lky \ jZkiZ^Zxs_cky dk_ghgh\hc ieZaf_= ihqlb 73( ihlhdZ b^_l gZ

mjh\_gv 5j6/ l1_1 \ ebgbb ;565
$

: (2p6—lS5) i_j_ghkblky ihqlb lj_lv \k_]h ihlhdZ
^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ O_2

+.

LZ[ebpZ ,,,1 JZkij_^_e_gb_ ihlhdZ ^bkkhpbZlb\ghc j_dhf[bgZpbb bhgZ Ne2
+>86@ ih \ha[m`^_gguf

mjh\gyf ZlhfZ g_hgZ \ ijhp_glZo ih hlghr_gbx d iheghfm ihlhdm1 >ey 6G0 b 7j0mjh\g_c ijh\_^_gh
kmffbjh\Zgb_ ih \k_f mjh\gyf 5S56G0 b 5S57S0dRgnb]\SDpbc1 Ihlhdb gZ mjh\gb 5ji> \dexqZxl dZd
g_ihkj_^kl\_ggh_ aZk_e_gb_/ lZd b dZkdZ^u k mjh\g_c 6G

Mjh\gb 3d 4p 2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

Ihlhd 11 5,4 6,8 6,9 2,9 11,3 6,9 10,4 5,4 9 13 22

LZ[ebpZ ,91 JZkij_^_e_gb_ ihlhdZ j_dhf[bgZpbb fhe_dmeyjgh]h bhgZ Ar2
+ ih \ha[m`^_gguf mjh\gyf

ZlhfZ Zj]hgZ \ ijhp_glZo ih hlghr_gbx d iheghfm ihlhdm1 >ey 8j0mjh\g_c ^ZgZ hp_gdZ ihlhdZ/
b^ms_]h gZ mjh\gb dhgnb]mjZpbb Aj55j

Mjh\gb 5p 2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

Ihlhd <1 3,8 11,6 10,5 6,7 3 13 8,5 9,7 20 14

LZ[ebpZ 91 JZkij_^_e_gb_ ihlhdZ j_dhf[bgZpbb bhgh\ Dr2
+ ih \ha[m`^_gguf mjh\gyf ZlhfZ Dr \

ijhp_glZo ih hlghr_gbx d iheghfm ihlhdm1 >ey 9j - mjh\g_c ijh\_^_gh kmffbjh\Zgb_ ihlhdh\

Mjh\gb 6p 2p1 2p2 2p3 2p4 2p5 2p6 2p7 2p8 2p9 2p10

Ihlhd 7 3 19 4,6 3,7 3,7 9,2 10 17,5 14 18

LZ[ebpZ 9,1 JZkij_^_e_gb_ ihlhdZ ^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ O_2
+ ih \ha[m`^_gguf

mjh\gyf ZlhfZ O_ \ ijhp_glZo ih hlghr_gbx d iheghfm ihlhdm ih ^Zgguf >8:@1 >ey mjh\g_c :j b 9j*
ijh\_^_gh kmffbjh\Zgb_ ihlhdh\

Mjh\gb 7p 6p′ 2p5 2p6 2p7 2p8 2p9 2p10

Ihlhd 6 2,6 4,2 36 5,4 39 8,3 <20

Baf_g_gby ^ey mjh\gy 5j10 gZbf_g__ lhqgu b ihwlhfm \ lZ[ebp_ mdZaZgZ hp_gdZ b^ms_]h gZ g_]h
ihlhdZ j_dhf[bgZpbb

< ieZg_ eZa_jguo ijbeh`_gbc gZb[hevrbc bgl_j_k ij_^klZ\eyxl ^Zggu_ h ihlhdZo gZ
nG0mjh\gb Zlhfh\ :]/ Dr b O_1 < gZklhys__ \j_fy lZdb_ k\_^_gby hlkmlkl\mxl/ ohly ba\_klgh/
qlh mjh\gb nd lZd`_ aZk_eyxlky ijb ^bkkhpbZlb\ghc j_dhf[bgZpbb >;6@1 H^gZdh gZ
hkgh\Zgbb ^Zgguo lZ[e1 III — 9, fh`gh k^_eZlv \iheg_ hij_^_e_ggu_ \u\h^u h ihlhdZo Fnd.
LZd/ \ hlghr_gbb \_jog_]h \ kbkl_f_ 5G0mjh\g_c ZlhfZ O_ 5d [3/2 ]1

0/ gZ i_j_oh^Zo k dhlhjh]h

gZ ^ebg_ \hegu 4:63
$

: ihemq_gZ gZb[he__ fhsgZy ]_g_jZpby \ eZa_jZo gZ kf_kb :r—O_/
fh`gh mdZaZlv ke_^mxs__1 < khhl\_lkl\bb k \_jhylghklyfb 9j²5d-i_j_oh^h\ >;7@ hdheh
iheh\bgu +3/767, ihlhdZ baemq_gby Zlhfh\ O_ 5d[3/2]1

0 b^_l gZ mjh\_gv 5j7. < lh `_ \j_fy
ihlhd d\Zglh\ \ i_j_oh^Zo k wlh]h mjh\gy khklZ\ey_l +kf1 lZ[e1 9,, ≈9( ihegh]h ihlhdZ
^bkkhpbZlb\ghc j_dhf[bgZpbb1 Ihwlhfm ykgh/ qlh gZ mjh\_gv 5d[3/2]1

0 b^_l g_ [he__ 48(
ihlhdZ ^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ O_2

+.
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Ij_^klZ\e_ggu_ \ lZ[e1 III — 9, ^Zggu_ hl\_qZxl [ebadhfm d jZ\gh\_kghfm
jZkij_^_e_gbx gZk_e_gghkl_c [R2

+(υ)] ih mjh\gyf υ1 >ey :U2+/ Dr2
+, O_2

+ hkgh\Zgb_f lhfm
kem`Zl \ukhdb_ kdhjhklb 9²L0h[f_gZ1 Qlh dZkZ_lky bhgh\ Ne2

+, lh kblmZpby g_ klhev ykgZ/
h^gZdh/ a^_kv \ dZq_kl\_ Zj]mf_glZ fh`gh ijb\e_qv j_amevlZlu bkke_^h\Zgby dhglmjh\
ki_dljZevguo ebgbc \ ihke_k\_q_gbb jZajy^Z \ g_hg_/ kh]eZkgh dhlhjuf hkgh\ghc ihlhd
j_dhf[bgZpbb gZ mjh\gb Aj ijb ^Z\e_gbb g_hgZ ≈ 1 lhjj nhjfbjm_lky bhgZfb Ne2

+(υ = 0)
[85]. >Zggu_/ ij_^klZ\e_ggu_ \ lZ[e1 ,,,/ ihemq_gu \ [ebadbo mkeh\byo1

6. =_l_jhy^_jgu_ fhe_dmeyjgu_ bhgu \ ieZaf_ bg_jlguo ]Zah\

<hijhk h jheb ]_l_jhy^_jguo bhgh\ \ ^_bhgbaZpbb ieZafu b h[jZah\Zgbb \ha[m`^_gguo
Zlhfh\ y\ey_lky h^gbf ba gZb[he__ \Z`guo \ dbg_lbd_ \ha[m`^_gguo b aZjy`_gguo qZklbp
ieZafu kf_k_c bg_jlguo ]Zah\1 Wlb qZklbpu qZklh ijb\e_dZxlky ^ey h[tykg_gby bg\_jkghc
gZk_e_gghklb \ j_dhf[bgZpbhggh0g_jZ\gh\_kghc ieZaf_ kf_k_c bg_jlguo ]Zah\ >77@1 < jy^_
jZ[hl +gZijbf_j/ >;9/ ;:@, jZkkfZljb\Z_lky \hafh`ghklv ihemq_gby ]_g_jZpbb gZ i_j_oh^Zo
f_`^m we_dljhggufb l_jfZfb ]_l_jhy^_jguo bhgh\1

H[jZah\Zgb_ ]_l_jhy^_jguo bhgh\ b^_l \ ljhcguo klhedgh\_gbyo lbiZ

DhgklZglu kdhjhkl_c ijhp_kkh\ βRB \ aZ\bkbfhklb hl iZjlg_jh\ klhedgh\_gbc bf_xl
\_ebqbgu hl ≈ 10-31 >;;@ ^ey He—Xe+ ^h ≈ 5-10-31 kf62k ^ey :r—O_+1 Wdki_jbf_glZevgu_
f_lh^u bkke_^h\Zgby ]_l_jhy^_jguo bhgh\ h]jZgbqb\Zxlky ihdZ fZkk0ki_dljhf_ljbq_kdbfb
baf_j_gbyfb >68/ 69/ ;< ² <6/ <: ² <<@ b ki_dljhkdhibq_kdbf ZgZebahf j_dhf[bgZpbhggh0
g_jZ\gh\_kghc ieZafu >;:/ <7/ <8/ 433@1 G_dhlhju_ k\_^_gby h[ wg_j]byo k\yab ]_l_jh-
y^_jguo bhgh\ ihemq_gu \ wdki_jbf_glZo >434@ ih bamq_gbx jZkk_ygby bhgh\ gZ ZlhfZo1 GZ
jbk1 < ihdZaZgZ lbibqgZy kljmdlmjZ we_dljhgguo l_jfh\ ]_l_jhy^_jguo bhgh\1 < lZ[e1 9,,
ij_^klZ\e_gu j_amevlZlu jZkq_lh\ >435@ iZjZf_ljh\ bo hkgh\guo khklhygbc ∑ 524

5; 1 Ba
wlbo ^Zgguo \b^gh/ qlh \k_ bhgu aZ bkdexq_gb_f HeNe+, ArKr+, DrO_+ bf_xl wg_j]bb k\yab
D0 <0,15 w<1 Ihwlhfm bo dhgp_gljZpby \ ieZaf_ hij_^_ey_lky/ ]eZ\guf h[jZahf/
khhlghr_gb_f kdhjhkl_c ijyfuo b h[jZlguo j_Zdpbc +46,/ +47,/ l1_1 dhgklZglZfb jZ\gh\_kby
mdZaZgguo ijhp_kkh\1 >ey bhgh\ ArXe+ \ Zj]hg_ dhgklZglZ jZ\gh\_kby ijb dhfgZlghc
l_fi_jZlmj_ ≈ 10-20 kf3 ><;@/ l1_1 ijhp_kk ^bkkhpbZpbb wlbo bhgh\ ijb klhedgh\_gbyo k
ZlhfZfb :r hibku\Z_lky dhgklZglhc kdhjhklb 44

<< 438a −⋅≈β kf32k1 Mqblu\Zy/ qlh bhgu lbiZ
G_:r+, G_Dr+, G_O_+ bf_xl _s_ f_gvrb_ wg_j]bb k\yab/ fh`gh iheZ]Zlv/ qlh
khhl\_lkl\mxsb_ dhgklZglu ^bkkhpbZpbb fh]ml ij_\urZlv 10-10 kf32k1 < wlhf aZdexqZ_lky
ijbgpbibZevgh_ hlebqb_ dbg_lbdb ]_l_jh0 b ]hfhy^_jguo fhe_dmeyjguo bhgh\1
Ihke_^gb_ bf_xl wg_j]bb k\yab D0>  1 w</ b ihwlhfm h[jZlgu_
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j_Zdpbb g_ b]jZxl kms_kl\_gghc jheb/ ih djZcg_c
f_j_/ ^h l_o ihj/ ihdZ l_fi_jZlmjZ ]ZaZ g_
ij_\urZ_l Tg≈ 800 — 1000D >436@1
MdZaZggu_ k\_^_gby b hp_gdb khklZ\eyxl ih kmlb
^_eZ \_kv h[t_f bf_xs_cky \ gZklhys__ \j_fy
bgnhjfZpbb h ]_l_jhy^_jguo bhgZo1 Ihwlhfm ykgh/
qlh ZgZeba bo jheb \ dbg_lbd_ qZklbp ieZafu ba0aZ
hlkmlkl\by ^Zgguo h[ wnn_dlb\ghklb b dZgZeZo
j_dhf[bgZpbb fh`_l bf_lv ebrv hp_ghqguc
oZjZdl_j1
?^bgkl\_gguf bkdexq_gb_f y\eyxlky bhgu HeNe+.
<\b^m bo [hevrhc wg_j]bb k\yab wlb bhgu
mklhcqb\u ih hlghr_gbx d l_jfh^bkkhpbZpbb/ qlh
^_eZ_l \hafh`guf bkke_^h\Zgb_ bo j_dhf[bgZpbb k
we_dljhgZfb1 < jZ[hl_ >437@ f_lh^hf
ki_ljhkdhibq_kd]h ZgZebaZ j_eZdkZpbhggh]h hldebdZ
baemq_gby jZkiZ^Zxs_cky G_²1H0ieZafu gZ
bfimevkguc gZ]j_\ we_dljhgh\ b^_glbnbpbjh\Zgu
dZgZeu j_dhf[bgZpbb HeNe+ b ihdZaZgh/ qlh dZd b \
kemqZ_ Ne2

+ hkgh\ghc ihlhd j_dhf[bgZpbb
i_j_ghkblky \ Aj²As i_j_oh^Zo ZlhfZ Ne. H^gZdh
_klv b kms_kl\_ggh_ hlebqb_ dZgZeh\ j_dhf[bgZpbb
bhgh\ HeNe+ b Ne2

+. <h0i_j\uo/ ki_dlj baemq_gby
G_²1H0ieZafu kh^_j`bl i_j_oh^u k mjh\g_c dhgnb]mjZpbb 2p54d, b/ \h0\lhjuo/
iZjpbZevgu_ dhwnnbpb_glu Zi+Le, bf_xl [he__ kbevgmx aZ\bkbfhklv hl l_fi_jZlmju
we_dljhgh\/ [ebadmx d Zi ~ Le

11 Wlh
gZ[ex^_gb_ ih^l\_j`^Z_l mklZgh\e_ggh_
wfibjbq_kdbf iml_f ijZ\beh/ kh]eZkgh
dhlhjhfm \ jZkiZ^Zxs_cky ieZaf_
bg_jlguo ]Zah\ ^bkkhpbZlb\gZy
j_dhf[bgZpby aZk_ey_l \k_ \ha[m`^_ggu_
mjh\gb Zlhfh\/ jZkiheh`_ggu_ \
j_ahgZgk_ beb gb`_ hkgh\gh]h
dhe_[Zl_evgh]h mjh\gy fhe_dmeyjgh]h
bhgZ1

H[jZlbfky d ]_l_jhy^_jguf bhgZf \
ieZaf_ ly`_euo bg_jlguo ]Zah\1 Hp_gbf
kl_i_gv bhgbaZpbb/ ijb dhlhjhc
jZajmr_gb_ ]_l_jhy^_jguo bhgh\
h[mkeh\e_gh bo l_jfh^bkkhpbZpb_c1
Mql_f/ qlh klhedgh\_gby bhgh\ k
we_dljhgZfb ijb wg_j]bb ihke_^gbo/
ij_\urZxsbo wg_j]bx k\yab D0 k
gZb[hevr_c \_jhylghklvx \_^ml d
^bkkhpbZpbb bhgh\ BR+, Z
g_ d ^bkkhpbZlb\ghfm aZo\Zlm we_dljhgZ1 Khhl\_lkl\mxsb_ dhgklZglu
kdhjhklb kd ^ey bhgh\ k wg_j]b_c k\yab ^heb w<

Jbk1 <1 L_jfu ]_l_jhy^_jguo bhgh\
bg_jlguo ]Zah\ gZ ijbf_j_ (NeAr)+

LZ[ebpZ 9,,1 Wg_j]by k\yab D0 jZ\gh\_kgu_
f_`ty^_jgu_ jZkklhygby r0 gb`gbo
we_dljhgguo khklhygbc ∑ 524

5;
]_l_jhy^_jguo fhe_dmeyjguo bhgh\ bg_jlguo
]Zah\ ih^Zgguf >435@
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fh]ml ^hklb]Zlv \_ebqbg 10-7 – 10-6kf32k >438@1 Lh]^Z mkeh\b_ HG%% QN% >@>aβ ijb\h^bl d
g_jZ\_gkl\m=

Hlf_qZy/ qlh wlh g_jZ\_gkl\h h[uqgh \uihegy_lky \ bgl_j_kguo \ ieZg_ eZa_jguo
ijbeh`_gbc kj_^Zo/ gZc^_f ^ey gbo ihjy^hd \_ebqbgu hlghr_gby iehlghkl_c ]hfh0 b
]_l_jhy^_jguo bhgh\ \ lbibqguo ^ey Zdlb\guo kj_^ mkeh\byo ><@   γ[R], γ ≈ 10+21 < hp_gdZo
iehlghklb [R2

+@ ^hklZlhqgh mq_klv h[jZah\Zgb_ bhgh\ \ ijhp_kk_ +46, b moh^ ih dZgZem
^bkkhpbZlb\ghc j_dhf[bgZpbb1 Lh]^Z

Qbke_ggZy \_ebqbgZ \ ijZ\hc qZklb khhlghr_gby +49, hlghkblky d ieZaf_ \ kf_kb
:r—O_ +<   Ar, R = O_,1 M`_ wlZ ijhklZy hp_gdZ +g_kdhevdh aZ\ur_ggZy bkihevah\Zgb_f
mijhs_gghc fh^_eb, ihdZau\Z_l/ qlh \hijhk h ]_l_jhy^_jguo bhgZo ^hklZlhqgh ZdlmZe_g1
H^gZdh/ g_kfhljy gZ [hevrh_ dhebq_kl\h jZ[hl ih bkke_^h\Zgbx wlbo qZklbp/ ihdZ g_
m^Zehkv h[gZjm`blv k\yaZggh]h k bo j_dhf[bgZpb_c h[jZah\Zgby \ha[m`^_gguo Zlhfh\1 L_f
g_ f_g__ fh`gh mdZaZlv kl_i_gb bhgbaZpbb ne/[B] / ijb dhlhjuo p_e_khh[jZagh \_klb ihbkd
]_l_jhy^_jguo bhgh\ ih bo \ebygbx gZ gZk_e_gghklb \ha[m`^_gguo mjh\g_c Zlhfh\
bg_jlguo ]Zah\1 Kh]eZkgh ki_dljhkdhibq_kdhfm bkke_^h\Zgbx jZkiZ^Zxs_cky ieZafu
kf_k_c G_²:]/ G_²O_/ G_²:]²O_ >76/ 439@ bhgu HeAr+, HeXe+, _keb b fh]ml
dhgdmjbjh\Zlv k Ar2

+, O_2
+ \ nhjfbjh\Zgbb j_dhf[bgZpbhggh]h ihlhdZ/ lh ebrv ijb

^hklZlhqgh \ukhdbo kl_i_gyo bhgbaZpbb ie/>G_@ ! 4351 Gh ^Z`_ \ wlhf kemqZ_ hgb g_ \ebyxl
gZ kdhjhklv ^_bhgbaZpbb ieZafu1

BgZy kblmZpby bf__l f_klh \ :r—O_ - ieZaf_1 IjZdlbq_kdb \h \k_o jZ[hlZo ih dbg_lbd_
eZa_jghc :r—Oe - ieZafu >77² 7:/ 43:@ bhgu ArXe+ jZkkfZljb\Zxlky dZd h^bg ba hkgh\guo
bklhqgbdh\ bg\_jkgh]h aZk_e_gby 5d-mjh\g_c ZlhfZ O_1 Wlb bhgu hlq_leb\h j_]bkljbjmxlky
dZd \ ieZaf_ \ukhdbo >;9/ ;:/ <8@/ lZd b kjZ\gbl_evgh g_[hevrbo +_^bgbpu lhjj, >433/ 43;@
^Z\e_gbc1 Ij_^klZ\e_ggZy gZ jbk1 43 b ihkljh_ggZy gZ hkgh\Zgbb pblbjh\Zgguo \ur_ fZkk0
ki_dljhf_ljbq_kdbo b ki_dljhkdhibq_kdbo bkke_^h\Zgbc ko_fZ j_Zdpbc h[jZah\Zgby b
jZajmr_gby bhgh\ ArXe+ ^Z_l \hafh`ghklv ijhke_^blv w\hexpbx iehlghklb wlbo bhgh\ \
:]²O_ - ieZaf_/ h[jZah\Zgghc jZaebqgufb bklhqgbdZfb bhgbaZpbb1 Kh]eZkgh jZkq_lZf >78/
7@ \ imqdh\hc ieZaf_ \deZ^ bhgh\ ArXe+ \ gZdZqd_ \_jogbo eZa_jguo mjh\g_c ZlhfZ O_ fh`_l
^hklb]Zlv ^_kyldh\ ijhp_glh\1 < keZ[hbhgbah\Zgghc ]ZahjZajy^ghc ieZaf_ ijhp_kku k
mqZklb_f bhgh\ ArXe+ fh]ml iheghklvx hij_^_eylv kdhjhklv ^_bhgbaZpbb >439@1

AZkem`b\Z_l \gbfZgby _s_ h^gh bgl_j_kgh_ k\hckl\h ieZafu kf_k_c
bg_jlguo ]Zah\1 H[jZah\Zgb_ ]_l_jhy^_jguo bhgh\ ij_`^_ \k_]h ijhy\ey_lky \ ihy\e_gbb
fhe_dmeyjgh]h baemq_gby/ \hagbdZxs_]h aZ kq_l i_j_oh^h\
f_`^m jZaebqgufb we_dljhggufb khklhygbyfb B+R→BR+. GZb[he__
bgl_gkb\gu_ ihehku baemq_gby kf_kb :r—O_ ihdZaZgu gZ jbk1 441 Ijb hij_^_e_gguo
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mkeh\byo \ wlbo ihehkZo fh`_l i_j_ghkblvky aZf_lgZy ^hey \\h^bfhc \ ieZafm wg_j]bb1 LZd/

\ kf_kb :r—O_/ bhgbah\Zgghc α0qZklbpZfb >;9@ fhsghklv baemq_gby \ ihehk_ 65<3
$

: +jbk1
44, ^hklb]Z_l 8( \deZ^u\Z_fhc \ kf_kv ]Zah\ fhsghklb1 Wlh mdZau\Z_l _s_ h^gh
i_jki_dlb\gh_ gZijZ\e_gb_ bkihevah\Zgby ]_l_jhy^_jguo bhgguo fhe_dme >43<@ \ dZq_kl\_
jZ[hq_]h \_s_kl\Z d\Zglh\uo ]_g_jZlhjh\1

JZkkfhljbf f_oZgbaf h[jZah\Zgby baemqZxsbo khklhygbc bhgZ Ar+Xe. Hkgh\ghc \deZ^
\ nhjfbjh\Zgb_ ki_dljZ ^Zxl i_j_oh^u ,3+$U;H,;H3+$U 625

5
425

5 ++ − +ihehkZ A) b

,3+$U;H,;H3+$U 625
5

625
5 ++ − +ihehku < b K,1 DZd ke_^m_l ba ijb\_^_gghc gZ jbk1 43 ko_fu

ijhp_kkh\/ bhgu Ar+(2P1/2)Xe h[jZamxlky \ ljhcguo klhedgh\_gbyo bhgh\ Zj]hgZ Ar+(2P1/2) k
ZlhfZfb Ar b Xe:

Qlh dZkZ_lky bhgh\ Ar+(2P3/2)Xe, lh/ dZd ihdZau\Zxl bkke_^h\Zgby >;:/ <8/ 433@/ ZgZeh]bqguc
+4:, dZgZe g_ y\ey_lky ^hfbgbjmxsbf b bo ihy\e_gb_ h[mkeh\e_gh ]eZ\guf h[jZahf
\aZbfh^_ckl\b_f Ar+(2P1/2)Xe k we_dljhgZfb ieZafu=

Wlh jZaebqb_ f_oZgbafh\ h[jZah\Zgby mdZaZgguo khklhygbc bhgh\ Ar+Xe ohjhrh
ijhy\ey_lky \ wdki_jbf_gl_1 LZd/ \ ieZaf_ fZehc kl_i_gb bhgbaZpbb hlkmlkl\m_l k\yaZggh_ k
bhgZfb Ar+(2P3/2)Xe baemq_gb_ ihehk < b K >;:/ <8@1 GZ jbk1 45 ihdZaZgZ baf_j_ggZy \ >433@
aZ\bkbfhklv bgl_gkb\ghkl_c ihehk : b < hl iehlghklb we_dljhgh\1 Ba wlbo ^Zgguo \b^gh/
qlh we_dljhggh_ %i_j_f_rb\Zgb_% bhgh\ \ khklhygbyo Ar+(2P1/2)Xe b Ar+(2P3/2)Xe ijb\h^bl d
mklZgh\e_gbx jZ\gh\_kgh]h hlghr_gby bo iehlghklb ijb kl_i_gb bhgbaZpbb

Jbk1 431 Ko_fZ ijhp_kkh\ h[jZah\Zgby b
jZajmr_gby bhgh\ :rO_+ \ kf_kb :r—O_ Jbk1 441 Ki_dlj baemq_gby bhgZ +:rO_,+ \

dhjhldh\hegh\hc h[eZklb1 I_j_oh^u
mdZaZgu gZ jbk1 <1 DeZkkbnbdZpby ihehk
^ZgZ \ >43;@
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ne / >:r] ≥10-51 < lZdhc ieZaf_ bgl_gkb\ghklb ihehk : b < hij_^_eyxlky ^\mfy nZdlhjZfb=
w\hexpb_c bklhqgbdZ h[jZah\Zgby ]_l_jhy^_jguo bhgh\/ l1_1 iehlghklvx bhgh\ Zj]hgZ
Ar+(2P1/2) b hlghr_gb_f dhgklZgl kdhjhkl_c ijyfh]h b h[jZlgh]h ijhp_kkh\ +4;,/ l1_1
l_fi_jZmjhc we_dljhggh]h ]ZaZ1 Ihke_^g__ h[klhyl_evkl\h ^Z_l \hafh`ghklv wnn_dlb\gh
\ha^_ckl\h\Zlv gZ hlghr_gb_ bgl_gkb\ghkl_c ihehk : b < gZ]j_\hf we_dljhgh\1 Wlh
^_fhgkljbjmxl ij_^klZ\e_ggu_ gZ jbk1 46 j_amevlZlu wdki_jbf_glZ >433@ ih bkke_^h\Zgbx
baemq_gby ]_l_jhy^_jguo bhgh\ Ar+Xe \ jZkiZ^Zxs_cky ieZaf_ kf_kb G_²:]²O_ k
bfimevkguf gZ]j_\hf we_dljhgh\ ijh^hevguf we_dljbq_kdbf ihe_f1

AZf_lbf/ qlh \ :]²O_0ieZaf_ jZkkfhlj_ggu_ baemqZl_evgu_ i_j_oh^u :]+O_²:rO_+

fh]ml ^Z\Zlv kms_kl\_gguc \deZ^ \ h[jZah\Zgb_ bhgh\ :rO_+ \ gb`gbo khklhygbyo

∑ ∏ 526
5

524
5 / $; dhlhju_ y\eyxlky h[t_dlhf ZgZebaZ ijb h[jZs_gbb d ieZaf_ Zdlb\guo

kj_^ gZ kf_kb :r—O_1

:1 Dhgdmj_gpby ^bkkhpbZlb\ghc j_dhf[bgZpbb k bgufb f_oZgbafZfb h[jZah\Zgby
\ha[m`^_gguo Zlhfh\ \ j_dhf[bgZpbhggh0g_jZ\gh\_kghc ieZaf_

JZkkfhlj_ggu_ \ ij_^u^msbo jZa^_eZo k\_^_gby h fhe_dmeyjguo bhgZo
ihemq_gu ]eZ\guf h[jZahf \ ki_pbZevgh ihklZ\e_gguo %wlZehgguo% wdki_-
jbf_glZo/ dh]^Z gZf_j_ggh \u[bjZxlky gZb[he__ [eZ]hijbylgu_ ^ey bkke_0
^h\Zgby mkeh\by1 < j_Zevguo h[t_dlZo lZdZy kblmZpby g_ j_Zebam_lky1 QZs_
\k_]h \ lZdbo h[t_dlZo _^bgkl\_gguf dhgdmjbjmxsbf k ^bkkhpbZlb\ghc j_0
dhf[bgZpb_c ijhp_kkhf hdZau\Z_lky m^Zjgh0jZ^bZpbhggZy j_dhf[bgZpby
Zlhfguo bhgh\ +<,1 GZ dZq_kl\_gghf mjh\g_ aZ^ZqZ h j_dhf[bgZpbb \ lZdhc
ieZaf_ fh`_l [ulv jZkkfhlj_gZ gZ hkgh\_ ba\_klgh]h fh^bnbpbjh\Zggh]h
^bnnmabhggh]h ijb[eb`_gby >443/ 111]. H^gZdh \ jy^_ kemqZ_\ hgZ bf__l
ijhklh_ wdki_jbf_glZevgh_ j_r_gb_1 ?]h ^_fhkljbjm_l jbk1 47/ gZ dhlhjhf
ihdZaZgu j_amevlZlu baf_j_gbc >8:@ l_fi_jZlmjguo aZ\bkbfhkl_c bgl_g0
kb\ghkl_c ki_dljZevguo ebgbc ZlhfZ O_/ \uiheg_gguo \ wdki_jbf_glZo k

Jbk1 451 AZ\bkbfhklv hlghr_gby
bgl_gkb\ghkl_c fhe_dmeyjguo ihehk : b
B hl dhgp_gljZpbb we_dljhgh\
jZkiZ^Zxs_cky :r—O_ - ieZafu1 pAr=  37
lhjj/ pXe 

= 0,3 lhjj

Jbk1 461 AZ\bkbfhklv hlghr_gby
bgl_gkb\ghkl_c fhe_dmeyjguo
ihehk : b < hl l_fi_jZlmju
we_dljhgh\ ieZafu kf_kb G_² :r—
O_1 pHe = 30, pAr = 8,2, pXe 

= 0,3 lhjj1
ne ≈ 1013 kf -3
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k bfimevkguf gZ]j_\hf we_dljhgh\
jZkiZ^Zxs_cky G_²O_ ieZafu1 Ba
ij_^klZ\e_gguo ^Zgguo \b^gh/ qlh ijb
Te > 500 D gZ[ex^Z_lky kf_gZ
f_oZgbafZ aZk_e_gby :j0/ 9j*0 b 9j -
mjh\g_c= hl m^Zjgh0jZ^bZpbhgghc
j_dhf[bgZpbb bhgh\ Xe+ k lbibqguf
^ey wlh]h ijhp_kkZ j_adbf kiZ^hf
ihlhdZ F ~ Le

-9/2 d ^bkkhpbZlb\ghc
j_dhf[bgZpbb/ h[eZ^Zxs_c
agZqbl_evgh [he__ keZ[hc
aZ\bkbfhklvx dhgklZglu kdhjhklb
ijhp_kkZ hl l_fi_jZlmju we_dljhgh\1
H[jZah\Zgb_ \k_o [he__
\ukhdh\ha[m`^_gguo Zlhfh\ hl\_qZeh
ihdZaZgghc gZ jbk1 47 aZ\bkbfhklb
J9d(Te). Ihkdhevdm hlghkbl_evgZy
iehlghklv bhgh\ Xe2

+ e_]dh
hp_gb\Z_lky +\ mkeh\byo wdki_jbf_glZ

644
H

7
H5 436/43@@2>;H>;H −−++ ⋅≈≈ kfQ

^Zggu_ jbk1 47 fh]ml bkihevah\Zlvky \
dZq_kl\_ j_i_jguo ^ey ZgZebaZ \
jZfdZo l_o beb bguo fh^_e_c dhgdmj_gpbb jZkkfZljb\Z_fuo ijhp_kkh\ \ nhjfbjh\Zgbb
j_dhf[bgZpbhggh]h ihlhdZ aZk_e_gby mjh\g_c ZlhfZ Xe1 IhklZgh\dZ ih^h[guo
wdki_jbf_glh\ \ mkeh\byo ieZafu Zdlb\guo kj_^ fh]eZ [u ijhykgblv f_oZgbaf h[jZah\Zgby
bg\_jkbb1

< bhgbah\Zgguo kf_kyo ]Zah\ k [ebadbfb ihl_gpbZeZfb \ha[m`^_gby bgl_gkb\gh
ijhl_dZ_l j_Zdpby i_j_^Zqb \ha[m`^_gby k mqZklb_f \ dZq_kl\_ ^hghjZ Zlhfh\ <m [mn_jgh]h
]ZaZ \ f_lZklZ[bevguo khklhygbyo1 < jZkiZ^Zxs_cky :r—;H ieZaf_ m^Z_lky hkms_kl\blv
lZdb_ mkeh\by/ ijb dhlhjuo ijZdlbq_kdb \_kv ihlhd baemq_gby ieZafu h[mkeh\e_g wlbf
ijhp_kkhf >445@1 Klhedgh\_gby $]7V+AP2)+;H fh]ml b]jZlv kms_kl\_ggmx jhev \ aZk_e_gbb
eZa_jguo 8d0mjh\g_c ZlhfZ ;H \ kf_kb :r—;H >79@1 <hafh`ghklv bkke_^h\Zgby dhgdmj_gpbb
j_dhf[bgZpbhggh]h aZk_e_gby b i_j_^Zqb \ha[m`^_gby beexkljbjm_l jbk1 61 H[jZ[hldZ
j_amevlZlh\/ wlh]h wdki_jbf_glZ ijb\_eZ d \Z`ghfm ^ey ihgbfZgby dbg_lbdb Zdlb\guo kj_^
gZ kf_kb :r—;H \u\h^m= gZ eZa_jguc 5d [3/2]1

0 mjh\_gv b^_l g_ [he__ 426 ihlhdZ i_j_^Zqb
\ha[m`^_gby1

;1 Dhe_[Zl_evgh0\ha[m`^_ggu_ bhgu \ ieZaf_ bg_jlguo ]Zah\

<hijhku dbg_lbdb gZk_e_gghkl_c dhe_[Zl_evguo mjh\g_c fhe_dmeyjguo
bhgh\/ \i_j\u_ aZljhgmlu_ \ jZ[hlZo >48/ 49/ 446/ 447@ \ k\yab k ZgZebahf
f_oZgbafZ j_dhf[bgZpbb bhgh\ He2

+, g_ l_jyxl k\h_c hkljhlu b \ gZklhys__
\j_fy1 Hgb g_ba[_`gh \hagbdZxl ijb bkke_^h\Zgbb ieZafu k fhe_dmeyjgufb
bhgZfb1 Ihke_^gb_ h[jZamxlky ]eZ\guf h[jZahf \ \ukhdh\ha[m`^_gguo dh0
e_[Zl_evguo khklhygbyo \ lj_oqZklbqguo ijhp_kkZo dhg\_jkbb Zlhfguo
bhgh\1 Ihwlhfm gZk_e_gghklb [R2

+(υ)@ nhjfbjmxlky \ dhgdmj_gpbb ijhp_kkh\
dhe_[Zl_evghc j_eZdkZpbb ijb klhedgh\_gbyo k qZklbpZfb ieZafu b ^bkkh-
pbZlb\ghc j_dhf[bgZpbb R2

+(υ). Hlkx^Z ke_^m_l/ qlh ZgZeba dbg_lbdb fh0
e_dmeyjguo bhgh\ ^he`_g kljhblvky gZ hkgh\_ j_r_gby ^\mo g_aZ\bkbfuo

Jbk1 471 AZ\bkbfhklv bgl_gkb\ghkl_c ki_dljZevguo
ebgbc ZlhfZ ;H hl l_fi_jZlmju we_dljhgh\
jZkiZ^Zxs_cky G_² ;H ieZafu ijb pHe = 50, pXe 

=

0,01 lhjj/ ne≈ 3⋅1011 kf-3. 1 ² ^ey mjh\g_c :j/ 5 ²
9j*/ 3 —9j1 4 — 9d
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aZ^Zq= kh[kl\_ggh dhe_[Zl_evghc j_eZdkZpbb b \uykg_gbb aZ\bkbfhklb \_jhylghklb
j_dhf[bgZpbb hl dhe_[Zl_evgh]h khklhygby bhgZ1 Mqblu\Zy/ qlh jZkkfZljb\Z_fZy ijh[e_fZ
bf__l h[sbc oZjZdl_j b g_ h]jZgbqb\Z_lky fhe_dmeyjgufb bhgZfb bg_jlguo ]Zah\/ \
hlghr_gbb dhlhjuo ijZdlbq_kdb g_l gZ^_`guo wdki_jbf_glZevguo ^Zgguo/ jZkkfhljbf
djZldh f_lh^u b l_hj_lbq_kdb_ fh^_eb/ bkihevam_fu_ ^ey bkke_^h\Zgby b hibkZgby
dhe_[Zl_evghc j_eZdkZpbb fZeuo aZjy`_gguo fhe_dme1

8 . 1 . D h e _ [ Z l _ e v g Z y j _ e Z d k Z p b y f h e _ d m e y j g u o b h g h \ .

9²L0h[f_g fhe_dmeyjguo bhgh\ k ZlhfZfb kms_kl\_ggh hlebqZ_lky hl dhe_[Zl_evghc
j_eZdkZpbb g_cljZevguo fhe_dme1F_^e_ggZy j_eZdkZpby/ k\hckl\_ggZy fgh]bf g_cljZevguf
fhe_dmeZf/ h[mkeh\e_gZ dhjhldh^_ckl\mxsbf hllZedb\Zl_evguf ihl_gpbZehf b
ih^qbgy_lky fh^_eb EZg^Zm²L_ee_jZ1 <aZbfh^_ckl\b_ fhe_dmeyjgh]h bhgZ R2

+ k Zlhfhf <
bf__l bghc oZjZdl_j/ qlh k\yaZgh k we_dljhklZlbq_kdbf \aZbfh^_ckl\b_f V(r)~1/r4 bhgZ b
iheyjbah\Zggh]h ZlhfZ1 Wlh \aZbfh^_ckl\b_ fh`_l ijb\h^blv \ke_^kl\b_ aZo\ZlZ bhghf
ZlhfZ ijb ^\b`_gbb qZklbp \ iheyjbaZpbhgghf ihl_gpbZe_ d h[jZah\Zgbx dhjhldh`b\ms_]h
ijhf_`mlhqgh]h dhfie_dkZ

jZkiZ^ dhlhjh]h k hij_^_e_gghc \_jhylghklvx aZ\_jrZ_lky j_eZdkZpb_c wg_j]bb
dhe_[Zl_evgh]h ^\b`_gby1 < wlhc fh^_eb dhgklZglZ kdhjhklb dhe_[Zl_evghc j_eZdkZpbb υυ ′/N

hij_^_ey_lky dhgklZglhc aZo\ZlZ 524,2+5 µαπHNF =  (µ - ijb\_^_ggZy fZkkZ/ α —

iheyjbam_fhklv ZlhfZ, b hlghr_gb_f \_jhylghkl_c jZkiZ^Z ih h[jZlghfm dZgZem b aZ kq_l
ZgZeh]bqgh]h ij_^bkkhpbZpbb g_cljZevguo fhe_dme ijhp_kkZ=

<_ebqbgu UF /
a NN  a priori g_ba\_klgu/ ihwlhfm ZgZeba dhe_[Zl_evghc j_eZdkZpbb q_j_a

ijhf_`mlhqguc dhfie_dk \hafh`_g ebrv gZ dZq_kl\_gghf mjh\g_1 < jy^_ jZ[hl/ gZijbf_j/
>448 ² 4::@/ Z\lhju h[jZsZxlky d klZlbklbq_kdhc l_hjbb jZkiZ^Z >44; ² 456@/ \ jZfdZo
dhlhjhc fh`_l [ulv ijh\_^_g jZkq_l \_jhylghklb jZkij_^_e_gby ijh^mdlh\ ^bkkhpbZpbb ih
wg_j]bb dhe_[Zl_evgh]h/ \jZsZl_evgh]h b ihklmiZl_evgh]h ^\b`_gby1 LZd/ qbke_ggu_
jZkq_lu >448@ j_Zdpbb NO+ (υ = 4) + O_ → NO+ (υ' ≤ 4) + O_ ^Zxl ke_^mxs__ jZkij_^_e_gb_
\_jhylghkl_c Jυ′/ ih qbkeZf υ': P0 == 0,46, J1 =0,3, P2=0,17, P3 = 0,007, J4= 3/3371 Wlhl ijbf_j
ihdZau\Z_l/ qlh klZlbklbq_kdZy l_hjby ij_^kdZau\Z_l \_ebqbgu kυ,0/ g_ kbevgh hlebqZxsb_ky
hl dhgklZglu aZo\ZlZ kc ≈ 10-9 kf3/k1 H^gZdh wlh ijZ\beh g_ y\ey_lky h[sbf1 <
^_ckl\bl_evghklb/ gZb[hevrb_ ljm^ghklb \hagbdZxl ijb h[hkgh\Zgbb klZlbklbq_kdhc
l_hjbb/ Z g_ \ __ ijbf_g_gbb ^ey jZkq_lh\ dhgdj_lguo kbkl_f1 < l_hjbb ij_^iheZ]Z_lky/ qlh
aZ \j_fy `bagb dhfie_dkZ mki_\Z_l ijhbkoh^blv klZlbklbq_kdh_ i_j_jZkij_^_e_gb_ wg_j]bb
ih \k_f kl_i_gyf k\h[h^u/ l1_1 wlh \j_fy \h \kydhf kemqZ_ ^he`gh ij_\hkoh^blv i_jbh^u
dhe_[Zgbc b \jZs_gbc1 HibkZgb_ ^bgZfbdb h[jZah\Zgby dhfie_dkZ lj_[m_l k\_^_gbc h
ihl_gpbZeZo \aZbfh^_ckl\by klZedb\Zxsboky qZklbp/ dhlhju_/ dZd ijZ\beh/ hlkmlkl\mxl1
Ihwlhfm h f_oZgbaf_ dhe_[Zl_evghc j_eZdkZpbb dhgdj_lgu o fhe_dmeyjguo bhgh\ p_
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e_khh[jZagh ^_eZlv aZdexq_gby gZ hkgh\_ ZgZebaZ wdki_jbf_glZevgh]h fZl_jbZeZ1
< ihke_^gb_ ]h^u \uiheg_g jy^ lhgdbo wdki_jbf_glh\/ \ dhlhjuo baf_j_gu dhgklZglu

kdhjhkl_c dhe_[Zl_evghc j_eZdkZpbb bhgh\ O2
+ [117], N2

+ [124], NO+ [125], CO+ [116] \
jZaebqguo Zlhfguo b fhe_dmeyjguo ]ZaZo1Fhe_dmeyjgu_ bhgu k ba\_klguf jZkij_^_e_gb_f
ih υ kha^Z\Zebkv k ihfhsvx k_e_dlb\guo bhggh0fhe_dmeyjguo j_Zdpbc beb/ dZd \ kemqZ_
KH+/ aZk_e_gb_f lj_[m_fuo khklhygbc CO+ baemq_gb_f i_j_kljZb\Z_fh]h ih qZklhl_ eZa_jZ1
G_dhlhju_ j_amevlZlu/ aZbfkl\h\Zggu_ ba jZ[hlu >44:@/ ij_^klZ\e_gu \ lZ[e1 9,,,1 Wlb
^Zggu_/ Z lZd`_ ZgZeba [he__ rbjhdh]h gZ[hjZ wdki_jbf_glZevgh]h fZl_jbZeZ >44:@
mdZau\Zxl gZ dhjj_eypbx dhgklZgl kdhjhkl_c kυ b \_ebqbg α b D b ijb\h^yl d aZdexq_gbx/
qlh 9²L0h[f_g \ bhggh0Zlhfguo b bhggh0fhe_dmeyjguo klhedgh\_gbyo b^_l q_j_a
h[jZah\Zgb_ ijhf_`mlhqgh]h dhfie_dkZ/ _keb iheyjbam_fhklv ZlhfZ beb fhe_dmeu

ij_\urZ_l \_ebqbgm α ≈ 1
$
6: . Ijb wlhf wg_j]by k\yab dhfie_dkZ D hdZau\Z_lky [hevr_c ≈

0,1 w<1 Wlhl \u\h^ iha\hey_l bkihevah\Zlv bf_xsb_ky \ ebl_jZlmj_ k\_^_gby h[ wg_j]byo
k\yab dhfie_dkguo bhgh\ +gZijbf_j/ >459@, ^ey ijh]hghabjh\Zgby wnn_dlb\ghklb 9²L0
h[f_gZ1 Ihfbfh wlh]h/ km^blv h kdhjhklyo dhe_[Zl_evghc j_eZdkZpbb fh`gh gZ hkgh\Zgbb
^Zgguo h dhgklZglZo kdhjhkl_c bhggh0fhe_dmeyjguo j_Zdpbc >9;/45: ² 45<@1 LZd/ ^he`gZ
bf_lv f_klh dhjj_eypby f_`^m wnn_dlb\ghklvx dhe_[Zl_evghc j_eZdkZpbb \ ijhp_kk_ +4<, b
kdhjhklvx ljhcgh]h ijhp_kkZ 52

+ . < .F → R2
+B +F >45<@1

< hlghr_gbb fhe_dmeyjguo bhgh\ \ ieZaf_ bg_jlguo ]Zah\ gZ hkgh\Zgbb
jZkkfhlj_ggh]h fZl_jbZeZ ke_^m_l h`b^Zlv \ukhdb_ kdhjhklb dhe_[Zl_evghc j_eZdkZpbb1
>ey bhgh\ :r2

+/ Dr2
+, O_2

+ \ kh[kl\_gghf ]Za_/ Zlhfu dhlhjh]h h[eZ^Zxl \ukhdhc
iheyjbam_fhklvx/ wlh ykgh m`_ ba ^Zgguo lZ[e1 9,,,1 Wdki_jbf_gl >99@ ih gZ[ex^_gbx
ki_dljZ nhlh^bkkhpbZpbb bhgh\ :r2

+ ijb jZaebqguo ^Z\e_gbyo Zj]hgZ ^Z_l hp_gdm dhgklZglu
kdhjhklb kυ≥10-11 kf3/k1

Qlh dZkZ_lky bhgh\ G_2
+ \ ]_ebb b 1H2

+ \ g_hg_/ kblmZpby hdZau\Z_lky g_ klhev ykghc1 K
h^ghc klhjhgu/ f_`^m bhgZfb He2

+, Ne2
+ b bhgZfb ly`_euo bg_jlguo ]Zah\ g_l

ijbgpbibZevghc jZagbpu/ ihkdhevdm \h \k_o kemqZyo \hafh`gZ j_Zdpby h[f_gZ
R2

+(υ) + R → R + R2
+(υ′) dhlhjhc k [hevrhc \_jhylghklvx

khimlkl\m_l kgylb_ dhe_[Zl_evgh]h\ha[m`^_gby >9;@1 K ^jm]hc klhjhgu/ \
wdki_jbf_glZevguo bkke_^h\Zgbyo >95/ 463/ 464@ h[gZjm`b\Zxlky agZqb 0
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l_evgu_ gZk_e_gghklb dhe_[Zl_evgh0\ha[m`^_gguo bhgh\ He2
+, Ne2

+, kbevgh +\ kemqZ_ G_2
+ gZ

g_kdhevdh ihjy^dh\ \_ebqbgu, ij_\urZxsb_ jZ\gh\_kgu_ agZq_gby ^Z`_ ijb ^Z\e_gbyo
]ZaZ ^_kyldb lhjj1 AZf_lbf/ qlh bf_ggh wlh h[klhyl_evkl\h ^_eZ_l \hafh`guf gZ[ex^_gb_
^bkkhpbZlb\ghc j_dhf[bgZpbb bhgh\ He2

+ \ ]_eb_\hc ieZaf_ [131].
JZkkfhlj_ggu_ fh^_evgu_ ij_^klZ\e_gby \f_kl_ k wdki_jbf_glZevgufb ^Zggufb lbiZ

lZ[e1 9,,, iha\heyxl ijhZgZebabjh\Zlv nbabq_kdmx dZjlbgm dhe_[Zl_evghc j_eZdkZpbb
fhe_dmeyjguo bhgh\ R2

+ \ kf_kyo bg_jlguo ]Zah\ R²<1 A^_kv fh`gh jZkkfhlj_lv
ke_^mxsb_ kblmZpbb=

41 :lhfu < h[eZ^Zxl \ukhdhc iheyjbam_fhklvx +gZijbf_j/ Xe2
+ \ Zj]hg_/ djbilhg_,1 <

wlhf kemqZ_ 9²L0h[f_g fh`_l b^lb q_j_a h[jZah\Zgb_ ijhf_`mlhqgh]h dhfie_dkZ/ l1_1
dhgklZglu kdhjhkl_c fh]ml bf_lv ihjy^hd \_ebqbgu kυ≈10 –11 kf3/k1

51 <  Ne beb G_1 Wlb Zlhfu h[eZ^Zxl fZehc iheyjbam_fhklvx/ ihwlhfm klhedgh\_gby
R2

+(υ) + Ne, R2
+(υ) + He hl\_qZ_l kdhj__ fh^_eb EZg^Zm²L_ee_jZ/ q_f h[jZah\Zgby

ijhf_`mlhqgh]h dhfie_dkZ1 JZkkqblZggu_ ih wlhc fh^_eb k mq_lhf iheyjbaZpbhggh]h
ijbly`_gby dhgklZglu kdhjhkl_c dhe_[Zl_evghc j_eZdkZpbb bhgh\ Ne2

+ \ g_hg_ b G_2
+ \

]_ebb bf_xl ihjy^hd \_ebqbgu 10 -15 Ffa2F >478@/ qlh kh\iZ^Z_l k \_ebqbghc kυ ^ey bhgh\ H2
+

\ G_ +kf1 lZ[e1 9,,,,1

< ieZaf_ \ukhdhc kl_i_gb bhgbaZpbb ihfbfh jZkkfhlj_gguo ijhp_kkh\ hij_^_e_ggmx
jhev fh]ml b]jZlv g_mijm]b_ klhedgh\_gby dhe_[Zl_evgh0\ha[m`^_gguo fhe_dmeyjguo bhgh\
k we_dljhgZfb=

J_amevlZlu jZkq_lh\ >447/ 465@ b wdki_jbf_glZ >85@ ihdZau\Zxl/ qlh ^ey i_j_oh^h\
υ = 1 → υ  3/ \ua\Zgguo \aZbfh^_ckl\b_f bhgh\ k l_ieh\ufb we_dljhgZfb/ ih ihjy^dm
\_ebqbgu ke ≈ 10 -7 — 10 -8 kf32k1 ?keb mq_klv/ qlh ijb m\_ebq_gbb υ \_jhylghklv j_eZdkZpbb
\hajZklZ_l/ Z ^bkkhpbZlb\ghc j_dhf[bgZpbb fhe_dmeyjguo bhgh\ bg_jlguo ]Zah\ iZ^Z_l +kf1
gb`_,/ lh klZgh\blky hq_\b^ghc \Z`gZy jhev klhedgh\_gbc +54, \ dbg_lbd_ dhe_[Zl_evgh0
\ha[m`^_gguo bhgh\1 < ieZaf_ ly`_euo bg_jlguo ]Zah\ ijhp_kk +54, fh`_l dhgdmjbjh\Zlv k
j_eZdkZpb_c ijb klhedgh\_gbyo k ZlhfZfb ijb kl_i_gb bhgbaZpbb ne /[R] ≥ 10 -5.

8 . 2 . J _ d h f [ b g Z p b y d h e _ [ Z l _ e v g h 0 \ h a [ m ` ^ _ g g u o b h g h \ 1
Mqblu\Zy nbabq_kdmx ijbjh^m f_oZgbafZ ^bkkhpbZlb\ghc j_dhf[bgZpbb
fh`gh h`b^Zlv ijhy\e_gby jZaebqguo aZ\bkbfhkl_c \_jhylghklb j_dhf[b-
gZpbb hl dhe_[Zl_evgh]h khklhygby bhgZ1 JZkkfhljbf jZaebqgu_ \hafh`gu_
kblmZpbb1 KjZ\gbl_evgh ijhklh aZ^ZqZ j_rZ_lky ^ey j_dhf[bgZpbb ih dZdh-
fm0eb[h h^ghfm dZgZem k h[jZah\Zgb_f \ha[m`^_gguo Zlhfh\ \ dhgdj_lguo
khklhygbyo Ri

*, _keb j_qv b^_l h ihjh]h\hf f_oZgbaf_1 ;m^_f ij_^iheZ]Zlv/
qlh jZkij_^_e_gb_ gZk_e_gghkl_c [R2

+(υ)] hibku\Z_lky l_fi_jZlmjhc Tυ:

,2H[S+,@3+5>,@+5> 55 υωυ N7K−⋅= ++ Lh]^Z/ bkihevamy nhjfmem +9, ^ey iZjpb-
Zevguo dhwnnbpb_glh\ j_dhf[bgZpbb bf__f=
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< lbibqghf ^ey keZ[hbhgbah\Zgghc ieZafu kemqZ_ Tυ<<Te ba +55, ke_^m_l/ qlh aZ\bkbfhklb

αi(Tυ) hij_^_eyxlky ]eZ\guf h[jZahf [hevpfZgh\kdbfb nZdlhjZfb ,2H[S+ υωυ N7K− , b/ _keb

kTυ<< ωK , hkgh\ghc \deZ^ \ ijhp_kk ^Zxl g_kdhevdh gZb[he__ ]em[hdbo dhe_[Zl_evguo
mjh\g_c bhgZ1 GZijhlb\/ \ jZ\gh\_kghc ieZaf_ +Tυ=Te) kiZ^ gZk_e_gghkl_c [R2

+(υ)]

dhfi_gkbjm_lky mf_gvr_gb_f wg_j]_lbq_kdh]h aZahjZ f_`^m l_jfhf εi(r)(Ri
* + R) b mjh\gyfb

υ/ b ihwlhfm baf_g_gb_ l_fi_jZlmju qZklbp ieZafu g_ f_gy_l hlghkbl_evgh]h \deZ^Z
jZaebqguo dhe_[Zl_evguo khklhygbc fhe_dmeyjgh]h bhgZ \ ihlhd j_dhf[bgZpbb ih i-fm
dZgZem1

< kemqZ_ k ευi≈=i ≈kTe beb i_j_k_q_gby dhe_[Zl_evguo mjh\g_c l_jfhf εi(r) nhjfmeZ
;j_clZ²<b]g_jZ g_ijbf_gbfZ1 A^_kv g_dhlhjmx bgnhjfZpbx ^Zxl fh^_evgu_ jZkq_lu1
JZkkfhljbf ljb lbiZ i_j_k_q_gby l_jfh\ R2

+ b Ri
* + 5/ ihdZaZgguo gZ jbk1 481 Qbke_ggh_

j_r_gb_ aZ^Zqb >93@ gZ hkgh\_ jZa\blh]h \ >9@
fgh]hdZgZevgh]h ijb[eb`_gby d\Zglh\h]h ^_n_dlZ
^Z_l ke_^mxsb_ j_amevlZlu1 M\_ebq_gb_
l_fi_jZlmju jZkij_^_e_gby Tυ \ kemqZ_ jbk1 48/ Z
g_aZ\bkbfh hl l_fi_jZlmju we_dljhgh\ \_^_l d
mf_gvr_gbx kdhjhklb j_dhf[bgZpbb/ \ lh \j_fy
dZd ^ey djb\uo jbk1 48/ [, \ ijb\h^bl d __ jhklm1
Bkihevam_f wlhl \u\h^ ^ey ZgZebaZ gZ[ex^_gbc
aZ\bkbfhkl_c α∑(Tυ) dhwnnbpb_glh\ j_dhf[bgZpbb
fhe_dmeyjguo bhgh\ bg_jlguo ]Zah\1 <
wdki_jbf_glZo >466 ² 469@ ih bkke_^h\Zgbx
^bkkhpbZlb\ghc j_dhf[bgZpbb \ rbjhdhf
^bZiZahg_ baf_g_gby ]Zah\hc l_fi_jZlmju
+f_lh^hf m^Zjguo \heg, h[gZjm`_gZ kbevgZy
aZ\bkbfhklv \_ebqbgu α∑ hl l_fi_jZlmju ]ZaZ Lg :
α∑ ~ Tg

–1,5 +ijb wlhf Te =Tg,1 ?^bgkl\_gghc
ijbqbghc lhfm y\ey_lky m\_ebq_gb_ kl_i_gb
dhe_[Zl_evgh]h \ha[m`^_gby fhe_dmeyjguo bhgh\ k
\hajZklZgb_f Lg/ ihwlhfm j_amevlZlu wlbo
wdki_jbf_glh\ h^ghagZqgh ihdZau\Zxl/ qlh
dhwnnbpb_glu j_dhf[bgZpbb bhgh\ bg_jlguo
]Zah\ α∑ bf_xl iZ^Zxsbc oZjZdl_j aZ\bkbfhklb
α∑(Tυ)1 :gZeba wdki_jbf_glh\ >46: ² 46<@/ \uiheg_gguc \ ij_^iheh`_gbb 9²L0
jZ\gh\_kby/ ijb\h^bl d \u\h^m h j_adhf mf_gvr_gbb dhwnnbpb_glh\ αυ k jhklhf υ: α1 ≈
0,3α0. Ki_dljhkdhibq_kdbc wdki_jbf_gl ^Z_l [ebadbc j_amevlZl >85@1 GZ wlhf hkgh\Zgbb
fh`gh ij_^iheh`blv/ qlh l_jfu εi(r)(Ri

* + R)/ khhl\_lkl\mxsb_ gZb[he__ bgl_gkb\guf
dZgZeZf j_dhf[bgZpbb/ ]jmiibjmxlky \[ebab ^gZ ihl_gpbZevghc yfu fhe_dmeyjguo bhgh\
R2

+ b ih lbim i_j_k_q_gby hlghkylky d kemqZx jbk1 48/a.
AZdexqZy ^Zgguc jZa^_e ke_^m_l ih^q_jdgmlv/ qlh mklZgh\e_ggZy aZ\bkbfhklv

dhwnnbpb_glh\ j_dhf[bgZpbb α∑ hl kl_i_gb dhe_[Zl_evgh]h \ha[m`0

Jbk1 481 <aZbfgh_ jZkiheh`_gb_
l_jfh\ R2

+, R2
* hl\_qZxsb_

jZaebqguf aZ\bkbfhklyf
dhwnnbpb_glZ ^bkkhpbZlb\ghc
j_dhf[bgZpbb hl dhe_[Zl_evghc
l_fi_jZlmju Lν
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^_gby fhe_dmeyjguo bhgh\ g_ bf__l h[s_]h oZjZdl_jZ1 ?kl_kl\_ggh/ qlh ^ey kbkl_f k
\ukhdhc iehlghklvx Z\lhbhgbaZpbhgguo khklhygbc dhwnnbpb_glu α∑ g_ ^he`gu
bkiulu\Zlv kbevgmx aZ\bkbfhklv hl dhe_[Zl_evgh]h khklhygby bhgh\1 Wlhl nZdl mklZgh\e_g
ijb bkke_^h\Zgbb ^bkkhpbZlb\ghc j_dhf[bgZpbb jy^Z ihebZlhfguo bhgh\ >473@/ Z lZd`_ N2

+

[141]. K ^jm]hc klhjhgu/ ijhkl_crb_ fhe_dmeyjgu_ bhgu lbiZ G2
+ >:/ 56/ 475@/ G_2

+ [15, 16],
G3

+ >476/ 477@ fh]ml wnn_dlb\gh j_dhf[bgbjh\Zlv lhevdh ba dhe_[Zl_evgh0\ha[m`^_gguo
khklhygbc1

<1 >bkkhpbZpby fhe_dmeyjguo bhgh\

>ey ZgZebaZ jheb fhe_dmeyjguo bhgh\ \ dbg_lbd_ aZjy`_gguo b \ha[m`^_gguo qZklbp
ieZafu g_h[oh^bfu k\_^_gby h bhgghf khklZ\_1 Ihfbfh jZkkfhlj_ggh]h f_oZgbafZ
jZajmr_gby fhe_dmeyjguo bhgh\ ih dZgZem ^bkkhpbZlb\ghc j_dhf[bgZpbb ijb
hij_^_e_gguo mkeh\byo \ ieZaf_ b^ml b ^jm]b_ ijhp_kku/ ijb\h^ysb_ d mf_gvr_gbx
iehlghklb fhe_dmeyjguo bhgh\1 D lZdbf ijhp_kkZf hlghkylky ijhp_kku ^bkkhpbZpbb ijb
klhedgh\_gbyo fhe_dmeyjguo bhgh\ k ZlhfZfb

we_dljhgZfb

b nhlhgZfb

9 . 1 1 > b k k h p b Z p b y i j b k l h e d g h \ _ g b y o k Z l h f Z f b 1
L_jfh^bkkhpbZpby ]hfhy^_jguo fhe_dmeyjguo bhgh\ +56, b]jZ_l aZf_lgmx jhev \
nhjfbjh\Zgbb k\hckl\ dhgljZ]bjh\Zgguo jZajy^h\ >436@/ hij_^_ey_l bhgguc khklZ\ ieZafu
\ mkeh\byo m^Zjguo \heg/ l1_1 ijhy\ey_lky \ h[t_dlZo k ih\ur_gghc l_fi_jZlmjhc ]ZaZ1

Ijhp_kk l_jfh^bkkhpbZpbb
y\ey_lky h[jZlguf ih
hlghr_gbx d dhg\_jkbb Zlhfguo
bhgh\ ijb ljhcguo
klhedgh\_gbyo1 Ihwlhfm k
ihfhsvx khhlghr_gby KZoZ
fh`gh \uqbkeblv jZ\gh\_kgu_
iehlghklb Zlhfguo b
fhe_dmeyjguo bhgh\ dZd
nmgdpbx l_fi_jZlmju ]ZaZ1

LZdb_ \uqbke_gby [ueb ijh\_^_gu \ >436@/ bo j_amevlZlu ij_^klZ\e_gu \ lZ[e1 ,;1 Wlb
^Zggu_ mdZau\Zxl l_fi_jZlmju Lg, \ur_ dhlhjuo l_jfh^bkkhpbZpby fh`_l [ulv hkgh\guf
f_oZgbafhf jZajmr_gby fhe_dmeyjguo bhgh\1 Ijb Tg ≈ 5000 D dhgklZglZ kdhjhklb
^bkkhpbZpbb bhgh\/ gZijbf_j Ne2

+ bf__l ihjy^hd \_ebqbgu 43 –12 kf32k >479@1 < lZdhc ieZaf_
^bkkhpbZlb\gZy j_dhf[bgZpby hdZau\Z_lky f_g__ wnn_dlb\guf dZgZehf moh^Z
fhe_dmeyjguo bhgh\ ijb kl_i_gyo bhgbaZpbb ne / [Ne] < 2⋅10 -5.
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9 . 2 . > b k k h p b Z p b y f h e _ d m e y j g u o b h g h \ w e _ d l j h g Z f b \
i e Z a f _ 1  >bkkhpbZlb\gZy j_dhf[bgZpby y\ey_lky h^gbf ba ^\mo \hafh`guo
f_oZgbafh\ jZajmr_gby fhe_dmeyjguo bhgh\ we_dljhgZfb1 J_amevlZlhf klhedgh\_gby k
we_dljhghf ^hklZlhqgh \ukhdhc wg_j]bb fh`_l [ulv ^bkkhpbZpby fhe_dmeyjgh]h bhgZ
+57,1 >Zgguc ijhp_kk ke_^m_l ijbgbfZlv \h \gbfZgb_ ijb wg_j]byo we_dljhgh\/
ij_\urZxsbo wg_j]bx k\yab fhe_dmeyjgh]h bhgZ D ≈ 1 w<1 Ihwlhfm \hijhk h
dhgdmj_gpbb ijhp_kkh\ ^bkkhpbZpbb b ^bkkhpbZlb\ghc j_dhf[bgZpbb ZdlmZe_g ^ey
lZdbo h[t_dlh\ dZd ]ZahjZajy^gZy ieZafZ/ Zdlb\gu_ kj_^u wdkbf_jguo eZa_jh\/
we_dljhbhgbaZpbhgguo eZa_jh\ gZ kf_kyo bg_jlguo ]Zah\1

< j_Zdpbb +57, g_ ijhbkoh^bl g_cljZebaZpby aZjy^h\/ h^gZdh \ jy^_ kemqZ_\
^bkkhpbZpby fhe_dmeyjguo bhgh\ we_dljhgZfb fh`_l ijb\h^blv d kms_kl\_gghfm
baf_g_gbx bhggh]h khklZ\Z b aZf_^e_gbx kdhjhklb h[t_fguo ihl_jv/ k\yaZgguo k
j_dhf[bgZpb_c fhe_dmeyjguo bhgh\1

< hlebqb_ hl ^bkkhpbZlb\ghc j_dhf[bgZpbb/ rbjhdh bkke_^h\Zgghc dZd
wdki_jbf_glZevgh/ lZd b l_hj_lbq_kdb/ ijhp_kkm +57, m^_e_gh agZqbl_evgh f_gvr_
\gbfZgby1 >ey bhgh\ G2

+ \ jZ[hlZo >47:/ 47;@ \uqbke_gu k_q_gby ^bkkhpbZpbb/
hdZaZ\rb_ky \ ohjhr_f kh]eZkbb k baf_j_gbyfb \ imqdh\uo wdki_jbf_glZo >47</ 483@1
< >438@ ihemq_gu nhjfmeu ^ey k_q_gbc ^bkkhpbZpbb \ukhdbo dhe_[Zl_evguo khklhygbc
bhgh\ BR+ aZ kq_l g_ihkj_^kl\_ggh]h h[f_gZ wg_j]bb gZe_lZxs_]h we_dljhgZ k
wg_j]b_c hlghkbl_evgh ^\b`_gby y^_j1 AZ^ZqZ h ^bkkhpbZpbb ]hfhy^_jguo
fhe_dmeyjguo bhgh\ bg_jlguo ]Zah\ jZkkfhlj_gZ \ >484@1 Kh]eZkgh wlbf jZkq_lZf \
jZ\gh\_kguo mkeh\byo b ijb Tυ ≈ 633D ijhp_kk +57, [he__ \_jhyl_g/ q_f
^bkkhpbZlb\guc aZo\Zl we_dljhgZ ijb wg_j]byo ε ≈ 4 — 5 w< ^ey bhgh\ Ne2

+, 3 — 4 w<
^ey :r2

+, 2 — 3 w< ^ey Dr2
+ b ≈ 4/8w< ^ey O_2

+.
?^bgkl\_ggh_ ihdZ wdki_jbf_glZevgh_ bkke_^h\Zgb_ ^bkkhpbZpbb fhe_dmeyjguo

bhgh\ we_dljhgZfb ieZafu \uiheg_gh \ >485@1 < wlhc jZ[hl_ ihklZ\e_g g_keh`guc
wdki_jbf_gl/ \ dhlhjhf k ihfhsvx jZkkfhlj_ggh]h \ur_ f_lh^Z j_eZdkZpbhggh]h
hldebdZ baemq_gby jZkiZ^Zxs_cky ieZafu gZ bfimevkguc gZ]j_\ we_dljhggh]h ]ZaZ
baf_j_gZ aZ\bkbfhklv iheghc kdhjhklb ,,+,++ HGHH 7N7Q +∑α  (kd — dhgklZglZ kdhjhklb
^bkkhpbZpbb, jZajmr_gby fhe_dmeyjguo bhgh\ O_2

+/ h[mkeh\e_ggh]h dZd
^bkkhpbZlb\ghc j_dhf[bgZpb_c/ lZd b ^bkkhpbZpb_c ijb klhedgh\_gbyo O_2

+ k
we_dljhgZfb1 J_amevlZlu wdki_jbf_glZ >485@ ij_^klZ\e_gu gZ jbk1 49 \f_kl_ k ^Zggufb
h \_ebqbg_ α∑(Te)/ ihemq_ggufb f_lh^hf fbdjh\hegh\h]h gZ]j_\Z we_dljhgh\ >47@1
<b^gh/ qlh dhgklZglZ k∑ = α∑ + kd bkiulu\Z_l j_adbc jhkl ijb Te≥ 1 w< aZ kq_l
%\dexq_gby% f_oZgbafZ ^bkkhpbZpbb ijb \ukhdbo l_fi_jZlmjZo we_dljhgh\1
Imgdlbjgu_ djb\u_ gZ jbk1 49 ihdZau\Zxl ihkljh_ggmx k ihfhsvx ijhp_^mju FGD
ZiijhdkbfZpbx wdki_jbf_glZevguo ^Zgguo >485@ kmffhc k∑ = α∑(Te) + kd(Te)/ \ dhlhjhc
^ey gZoh`^_gby ZgZeblbq_kdhc aZ\bkbfhklb α∑(Te) bkihevah\ZgZ nhjfmeZ ;j_clZ²
<b]g_jZ +6, \ ijb[eb`_gbb h^gh]h Z\lhbhgbaZpbhggh]h khklhygby/ Z dhgklZglZ
^bkkhpbZpbb \uqbke_gZ ih ^Zgguf >484@ h[ wg_j]_lbq_kdhc aZ\bkbfhklb k_q_gby
ijhp_kkZ1 Ba ij_^klZ\e_gguo gZ jbk1 49 ^Zgguo ke_^m_l/ qlh j_amevlZlu baf_j_gbc \
h[eZklb Te ≈ 1 w< ohjhrh hibku\Zxlky jZkq_lZfb +484,1 Ijb wlhf hkgh\ghc \deZ^ \
ijhp_kk ^bkkhpbZpbb \ghkyl i_j_oh^u f_`^m l_jfZfb fhe_dmeyjgh]h bhgZ I(1/2)u →
I(l/2)g b 4+425)u → II(l/2) g +jbk1 4:,1
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Hlf_lbf/ qlh \ l_hj_lbq_kdhf
hlghr_gbb jZkq_l k_q_gbb ^bkkhpbZpbb
bhgh\ O_2

+ gZb[he__ ljm^_g ba0aZ
g_h[oh^bfhklb mq_lZ kbevgh]h kibg0
hj[blZevgh]h \aZbfh^_ckl\by1 Ihwlhfm
kh]eZkb_ wdki_jbf_glZevguo b
jZkkqblZgguo ih k_q_gbyf >484@ \_ebqbg
kd(Te) l_f kZfuf ^Z_l hkgh\Zgb_ gZ^_ylvky/
qlh b \ kemqZ_ [he__ e_]dbo bg_jlguo ]Zah\
jZkq_lu >484@ fh]ml [ulv bkihevah\Zgu ^ey
hp_ghd kdhjhkl_c ^bkkhpbZpbb
fhe_dmeyjguo bhgh\ we_dljhgZfb1

Hp_gbf \ebygb_ ^bkkhpbZpbb gZ
bhgguc khklZ\ ieZafu kf_k_c bg_jlguo
]Zah\1 Ijb wlhf [m^_f bf_lv \\b^m kemqZc
[R] ≈ 10–2 [B], [B] ≈ 1020 kf -3,
ij_^klZ\eyxsbc bgl_j_k \ ieZg_ ZgZebaZ
j_dhf[bgZpbhggh]h aZk_e_gby
\ha[m`^_gguo mjh\g_c Zlhfh\ \ Zdlb\guo

kj_^Zo1 Kh]eZkgh +48, b k mq_lhf ijhp_kkZ ^bkkhpbZpbb ^ey iehlghklb fhe_dmeyjguo bhgh\
bf__f

GZbemqrb_ iZjZf_lju ]_g_jZpbb ^hklb]gmlu ijb bkihevah\Zgbb dhf[bgbjh\Zgghc
(we_dljhbhgbaZpbhgghc, gZdZqdb kf_kb :r—O_ >77@1 Lbibqgu_ ^ey wlbo kbkl_f
gZijy`_gghklb we_dljbq_kdh]h ihey g_kZfhklhyl_evgh]h jZajy^Z khklZ\eyxl 4 ² 6 L^
+khhl\_lkl\mxsb_ kj_^gb_ wg_j]bb we_dljhgh\ ² g_kdhevdh w< >486@,/ Z
kl_i_gv bhgbaZpbb ne / [Ar] ≈ 10 –51 < lZdhc ieZaf_/ dZd ke_^m_l ba
ij_^klZ\e_gguo gZ jbk1 49 ^Zgguo/ jZajmr_gb_ bhgh\ O_2

+ h[mk-

Jbk1491 DhgklZglu kdhjhkl_c jZajmr_gby
fhe_dmeyjguo bhgh\ O_2

+ we_dljhgZfb1 1
— α∑(Te) ih ^Zgguf >47@/ 2 — k∑(Te) ih
baf_j_gbyf >485@1 3,4 b 5, 6 —
dhwnnbpb_gl j_dhf[bgZpbb α∑(Te) b
dhgklZglZ kdhjhklb ^bkkhpbZpbb ^ey
jZkkqblZgghc (3, 5) b fZdk\_eeh\kdhc (4,
6) nmgdpbc jZkij_^_e_gby we_dljhgh\ ih
wg_j]bb

Jbk1 4:1 L_jfu fhe_dmeyjguo bhgh\ bg_jlguo
]Zah\ gZ ijbf_j_ :r2

+
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eh\e_gh bo ^bkkhpbZpb_c/ +dhgklZglZ kd gZ ihjy^hd \_ebqbgu ij_\urZ_l α∑,/ ijbq_f
[O_2

+]/[O_+] << 41 < lh `_ \j_fy \ dbg_lbq_kdbo ko_fZo Zdlb\guo kj_^/ ^Z`_ \ gZb[he__
ih^jh[guo ba gbo >78² 7:/ 43:@/ jZkkfZljb\Z_lky _^bgkl\_gguc dZgZe moh^Z fhe_dmeyjguo
bhgh\ ² ^bkkhpbZlb\gZy j_dhf[bgZpby1 Ijb\_^_ggZy hp_gdZ ihdZau\Z_l/ qlh ^bkkhpbZpby
fhe_dmeyjguo bhgh\ we_dljhgZfb b]jZ_l kms_kl\_ggmx jhev \ nhjfbjh\Zgbb bhggh]h
khklZ\Z ieZafu Zdlb\guo kj_^ gZ kf_kyo bg_jlguo ]Zah\ b/ ke_^h\Zl_evgh/
j_dhf[bgZpbhggh]h ihlhdZ aZk_e_gby \ha[m`^_gguo mjh\g_c Zlhfh\1

9 . 3 .N h l h ^ b k k h p b Z p b y f h e _ d m e y j g u o b h g h \ 1 Bgl_j_k d ijhp_kkm
nhlh^bkkhpbZpbb +58, fhe_dmeyjguo bhgh\ \hagbd \ k\yab k ZgZebahf ihl_jv jZ[hq_]h
baemq_gby \ Zdlb\guo kj_^Zo wdkbf_jguo eZa_jh\ >487 ² 48:@1 DZd b \ kemqZ_ ^bkkhpbZpbb
ijb klhedgh\_gbyo k we_dljhgZfb/ wnn_dlb\ghklv ijhp_kkZ hij_^_ey_lky \_jhylghklyfb
i_j_oh^h\ I(1/2)u → I(l/2)g, II(1/2)g. Lbibqguc \b^ aZ\bkbfhklb k_q_gby σ(λ)
nhlh^bkkhpbZpbb hl ^ebgu \hegu baemq_gby ihdZaZg gZ jbk1 4;1 <b^gh/ qlh ^ey i_j_oh^Z
I(1/2)u → II(1/2)g k_q_gb_ fh`_l ^hklb]Zlv \_ebqbgu σ≈5⋅10-17 kf21 Klhev \ukhdb_
\_jhylghklb nhlhbhgbaZpbb ijb\h^yl d lhfm/ qlh ^Z`_ ijb hlghkbl_evgh g_\ukhdbo
fhsghklyo eZa_jgh]h baemq_gby jZajmrZ_lky aZf_lgZy ^hey

kh^_j`Zsboky \ Zdlb\ghc kj_^_ fhe_dmeyjguo bhgh\1 Jbk1 4< ^_fhgkljbjm_l wnn_dl
nhlh^bkkhpbZpbb ijb h[emq_gbb dx\_lu k bhgbah\Zgguf dk_ghghf baemq_gb_f XeF beb N2

eZa_jZ +λ ≈ 3500:/ fhsghklv ≈ 10 F<l2kf2) [158, 159].

Jbk1 4;1 K_q_gb_ nhlh^bkkhpbZpbb
fhe_dmeyjguo bhgh\ Kr2

+. 1 ² ih ^Zgguf
[157], 2 — [156], 3 — [163], 4 — [155]

Jbk1 4<1 Oh^ aZ\kbfhklb bgl_gkb\ghklb

ebgbc ;5;3
$

: ZlhfZ O_ +i_j_oh^ 9j²6s)
ijb h[emq_gbb dx\_lu ijb t > t0

bfimevkhf N2; eZa_jZ +imgdlbj, \
wdki_jbf_gl_ >48;/ 48<@
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Ki_dlj nhlh^bkkhpbZpbb hij_^_ey_lky dZd jZkiheh`_gb_f l_jfh\ fhe_dmeyjgh]h bhgZ/
lZd b jZkij_^_e_gb_f gZk_e_gghkl_c ih dhe_[Zl_evguf mjh\gyf1 < jy^_ jZ[hl/ gZijbf_j/ >99/
48:@ wlh bkihevah\Zgh ^ey ZgZebaZ oZjZdl_jZ dhe_[Zl_evgh]h jZkij_^_e_gby fhe_dmeyjguo
bhgh\1 LZdbf h[jZahf/ bkihevah\Zgb_ y\e_gby nhlh^bkkhpbZpbb \ ^bZ]ghklbq_kdbo p_eyo
kms_kl\_ggh jZkrbjy_l \hafh`ghklb ki_dljhkdhibq_kdh]h bkke_^h\Zgby ieZafu k
fhe_dmeyjgufb bhgZfb1

JZkkfhlj_gguc gZ[hj Zevl_jgZlb\guo ^bkkhpbZlb\ghc j_dhf[bgZpbb j_Zdpbc \f_kl_ k
bo dhebq_kl\_ggufb oZjZdl_jbklbdZfb ^Z_l ^hklZlhqgh ihegh_ ij_^klZ\e_gb_ h f_oZgbafZo
jZajmr_gby fhe_dmeyjguo bhgh\ b iha\hey_l mdZaZlv hkgh\gu_ ijhp_kku/ hij_^_eyxsb_ bo
dbg_lbdm \ l_o beb bguo dhgdj_lguo mkeh\byo1

431 Bkihevah\Zgb_ ^bkkhpbZlb\gh]h f_oZgbafZ aZk_e_gby \ha[m`^_gguo mjh\g_c
Zlhfh\ ^ey bkke_^h\Zgby klhedgh\bl_evguo ijhp_kkh\ \ keZ[hbhgbah\Zgghc ieZaf_

DZd ke_^m_l ba fZl_jbZeZ ij_^u^msbo jZa^_eh\/ jZkij_^_e_gb_ ihlhdZ ^bkkhpbZlb\ghc
j_dhf[bgZpbb ∑∑ ∑= αα

υ
υυ 22 J)) LL ih \ha[m`^_gguf mjh\gyf Zlhfh\ aZ\bkbl lhevdh hl

kl_i_gb dhe_[Zl_evgh]h \ha[m`^_gby fhe_dmeyjguo bhgh\1 < keZ[hbhgbah\Zgghf ]Za_ wlh
jZkij_^_e_gb_ klZ[bebabjm_lky ijb nhjfbjh\Zgbb [ebadh]h d jZ\gh\_kghfm jZkij_^_e_gby
gZk_e_gghkl_c [R2

+(υ)] ih mjh\gyf v aZ kq_l 9²L0h[f_gZ ijb klhedgh\_gbyo fhe_dmeyjguo
bhgh\ k ZlhfZfb1 < bg_jlguo ]ZaZo k \ukhdhc kdhjhklvx dhe_[Zl_evghc j_eZdkZpbb
+dhgklZglu kυ ihjy^dZ 43-11 kf32k) 9²L0jZ\gh\_kb_ ^hklb]Z_lky ijb ^Z\e_gbyo ^heb ²
_^bgbpu lhjj >99]1 Ih\ur_gb_ ^Z\e_gby ]ZaZ +beb kf_kb ]Zah\, aZ ij_^_eu mdZaZgghc
\_ebqbgu \_^_l d ij_h[eZ^Zgbx fhe_dmeyjguo bhgh\ \ bhgghf khklZ\_ ieZafu b
\hajZklZgbx Z[khexlghc \_ebqbgu k\yaZggh]h k gbfb j_dhf[bgZpbhggh]h ihlhdZ/
%aZ[b\Zxs_]h% \k_ bgu_ ijhp_kku h[jZah\Zgby \ha[m`^_gguo Zlhfh\1 L_f kZfuf
fhe_dmeyjgu_ bhgu nhjfbjmxl g_aZ\bkysbc hl iehlghklb g_cljZevguo qZklbp
bgl_gkb\guc j_dhf[bgZpbhgguc ihlhd k aZ^Zgguf _]h jZkij_^_e_gb_f ih \ha[m`^_gguf
mjh\gyf Zlhfh\1 Wlh mgbdZevgh_ k\hckl\h ^bkkhpbZlb\gh]h f_oZgbafZ fh`_l [ulv
bkihevah\Zgh ^ey bkke_^h\Zgby fZehbamq_gguo ijhp_kkh\ %i_j_f_rb\Zgby% \ha[m`^_gguo
mjh\g_c ijb Zlhf0Zlhfguo klhedgh\_gbyo=

ihkdhevdm baf_g_gb_ hlghkbl_evguo gZk_e_gghkl_c Zlhfh\ [Ri
*]/[Rk

*] ijb
m\_ebq_gbb iehlghkl_c g_cljZevguo qZklbp h[mkeh\e_gh lhevdh wlbfb ijh0
p_kkZfb1 IhklZgh\dZ wdki_jbf_glh\ >86/ 8:/ :<@ ih gZ[ex^_gbx ^_nhjfZpbb
jZkij_^_e_gby gZk_e_gghkl_c ih \ha[m`^_gguf mjh\gyf Zlhfh\ \ kf_kyo
G_²Ne, G_²Ar, He—O_ \ dhgljhebjm_fhf ^bkkhpbZlb\ghc j_dhf[bgZpb_c
ihke_k\_q_gbb iha\hebeZ h[gZjm`blv bgl_j_kgu_ wnn_dlu/ \ua\Zggu_ klhe0
dgh\bl_evgufb ijhp_kkZfb b b]jZxsb_ \Z`gmx jhev \ dbg_lbd_ \ha[m`^_g0
guo Zlhfh\ \ ieZaf_ k fhe_dmeyjgufb bhgZfb1 G_dhlhju_ j_amevlZlu wdk-
i_jbf_glh\ ^_fhgkljbjmxl jbk1 53/ 541 Wdki_jbf_glZevgu_ ^Zggu_ m^h[gh
ij_^klZ\blv \ \b^_ hlghr_gbc kmffZjguo ihlhdh\ d\Zglh\ OQQO NN ′′

∑∑ 2 \ i_j_0
oh^Zo k mjh\g_c jZaebqguo dhgnb]mjZpbc i41 LZdhc ih^oh^ iha\hey_l ijh0
ZgZebabjh\Zlv jhev f_`fmevlbie_lguo i_j_oh^h\/ ihkdhevdm \gmljbfmev0



� 1] >BKKHPB:LB<G:Y J?DHF;BG:PBY 65

lbie_lgh_ %i_j_f_rb\Zgb_% gZ hlghr_gbyo kmffZjguo ihlhdh\ d\Zglh\ g_ kdZau\Z_lky1
JZkkfhljbf ij_`^_ \k_]h \ebygb_ iehlghklb [O_@ gZ gZk_e_gghklb >O_i

*@1 DhgklZglu
kdhjhkl_c klhedgh\bl_evguo i_j_oh^h\ O_i

* →→→→ O_k
* ba\_klgu >493 ² 495@/ ihwlhfm

j_amevlZlu lZdh]h wdki_jbf_glZ fh]ml [ulv bkihevah\Zgu ^ey ijh\_jdb jZ[hlhkihkh[ghklb
jZkkfZljb\Z_fh]h ih^oh^Z1 Ba ij_^klZ\e_gguo gZ jbk1 53 ^Zgguo \b^gh/ qlh ijb PXe > 1 lhjj
gZ[ex^Z_lky j_adbc +ihqlb gZ ihjy^hd \_ebqbgu, kiZ^ hlghr_gby @,;H+>2 9j:j

∑∑ NN  hl
iehlghklb [Xe] b ke_^m_l ba kjZ\g_gby ^Zgguo >493 ² 495@ h dhgklZglZo kdhjhkl_c
klhedgh\bl_evgh]h lmr_gby mjh\g_c :j0 b 9j0dhgnb]mjZpbc1

Ijb pXe<1 lhjj klhedgh\bl_evgu_ ijhp_kku \ kbkl_f_ :j0 b 9j0mjh\g_c
g_ aZf_lgu gZ nhg_ jZ^bZpbhgguo i_j_oh^h\1 < mkeh\byo ^bkkhpbZlb\gh]h
aZk_e_gby gZ[ex^Z_fuc \ wdki_jbf_gl_ jbk1 53 jhkl hlghr_gby 9j:j 2NN ∑∑  fh0
`_l [ulv k\yaZg ebrv k mf_gvr_gb_f kl_i_gb dhe_[Zl_evgh]h \ha[m`^_gby
bhgh\ O_2

+ b khimlkl\mxsbf _fm baf_g_gb_f hlghkbl_evguo ihlhdh\ j_dhf0
[bgZpbb 9j:j 2)) ∑∑ . Bkoh^y ba wlhc ]bihl_au b bkihevamy ^Zggu_ jbk1 53 \ h[0
eZklb ^Z\e_gby pXe<1 lhjj fh`gh ihemqblv ke_^mxsmx hp_gdm dhgklZglu
kdhjhklb dhe_[Zl_evghc j_eZdkZpbb bhgh\ O_2

+ \ dk_ghg_ >8:@=
kυ ≈ 3⋅10-11 kf3/k/ qlh kh]eZkm_lky k ij_^klZ\e_gbyfb h kdhjhklyo 9²L0h[0
f_gZ ly`_euo fhe_dmeyjguo bhgh\ \ kh[kl\_gghf ]Za_1 Hkh[uc bgl_j_k ij_^0
klZ\eyxl ^Zggu_ jbk1 53 h aZ\bkbfhklb hlghr_gby 9j:j 2NN ∑∑ hl iehlghklb Zlh0
fh\ ]_eby/ ihkdhevdm k\_^_gby h g_mijm]bo klhedgh\_gbyo O_- b G_ hlkml0
kl\mxl1 :gZeba >8:@ ij_^klZ\e_gguo gZ jbk1 53 ^Zgguo ^Z_l ke_^mxsmx hp_g-
dm dhgklZgl kdhjhkl_c klhedgh\bl_evgh]h lmr_gby [ehdh\ mjh\g_c :j b 9j
ZlhfZ dk_ghgZ ]_eb_f aZ kq_l f_`fmevlbie_lguo +^ey 9j0mjh\g_c 9j²9s)

6 MNG/ l1 495/� 4

Jbk1 531 AZ\bkbfhklv hlghr_gby ihlhdh\
d\Zglh\/ baemqZ_fuo 9j* (1,3) b :j +5/ 4)
mjh\gyfb d ihlhdm d\Zglh\ \ 9j²6s-
nepeoh^Zo ZlhfZ dk_ghgZ hl ^Z\e_gby
]_eby b dk_ghgZ

Jbk1 541 AZ\bkbfhklv hlghr_gby
ihlhdh\ d\Zglh\/ baemqZ_fuo k mjh\g_c
5j10 Zlhfh\ O_ (1) b :] +5, d ihlhdm
d\Zglh\ \ (n + 1)j²(n + 1)s - i_j_oh^Zo
mdZaZgguo Zlhfh\/ hl ^Z\e_gby
[mn_jgh]h ]ZaZ \ jZkiZ^Zxs_cky
ieZaf_ kf_k_c He – Ar, Ar - Xe
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i_j_oh^h\= k7p ≈ 5⋅10-12, k6p ≈ 2⋅10-10 kf32k1 Wlh mdZau\Z_l gZ [hevrmx jhev g_mijm]bo
klhedgh\_gbc \ nhjfbjh\Zgbb gZk_e_gghkl_c O_+9j, \ ieZaf_ kf_kb G_²O_ k
\ukhdhc iehlghklvx ]_eby1 Ihkdhevdm kf_kv G_²O_ bkihevam_lky \ dZq_kl\_
Zdlb\ghc kj_^u j_dhf[bgZpbhgguo eZa_jh\ / fh`gh aZdexqblv/ qlh \ lbibqguo ^ey
wlbo kj_^ mkeh\byo +^Z\e_gb_ ]_eby Zlfhkn_jZ b \ur_, \j_f_gZ `bagb 9j0mjh\g_c
ZlhfZ dk_ghgZ/ y\eyxsboky gb`gbfb eZa_jgufb mjh\gyfb ^ey i_j_oh^h\ 5d²9j/
hdZau\Zxlky ihjy^dZ 43-10k b bo himklhr_gb_ h[mkeh\e_gh bkdexqbl_evgh
klhedgh\bl_evguf lmr_gb_f1

Ex[hiulguc j_amevlZl ih^h[gh]h bkke_^h\Zgby \ kf_kyo G_²:]/ :]²O_
^_fhgkljbjm_l jbk1 54/ ihdZau\Zxsbc/ qlh ijb ^Z\e_gbb [mn_jgh]h ]ZaZ pB ≥
200 lhjj [he__ 93( \k_]h ihlhdZ d\Zglh\/ baemqZ_fh]h jZkiZ^Zxs_cky ieZafhc/
ijboh^blky gZ i_j_oh^u k mjh\g_c 5j10 Zlhfh\ Zj]hgZ b dk_ghgZ/ ijbq_f \ ebgbyo

9123 
$

: :r b <;33
$

:  O_ +i_j_oh^u 5j10 →1s5) i_j_ghkblky iheh\bgZ wlh]h ihlhdZ1
Wlb gZ[ex^_gby ihdZau\Zxl \hafh`ghklv bkihevah\Zgby k_e_dlb\gh]h oZjZdl_jZ
^bkkhpbZlb\gh]h f_oZgbafZ j_dhf[bgZpbb fhe_dmeyjguo bhgh\ \ dhf[bgZpbb k
\gmljbfmevlbie_lguf klhedgh\bl_evguf %i_j_f_rb\Zgb_f% \ha[m`^_gguo mjh\g_c
^ey kha^Zgby kj_^ k qj_a\uqZcgh \ukhdhc dhgp_gljZpb_c baemq_gby \ h^ghf
ki_dljZevghf i_j_oh^_1

JZkkfhljbf djZldh kblmZpbx \ G_²1H0ieZaf_1 WlZ kf_kv k ^h[Z\dZfb
e_]dhbhgbam_fh]h ]ZaZ bkihevam_lky \ dZq_kl\_ Zdlb\ghc kj_^u j_dhf[bgZpbhgguo
i_ggbg]h\kdbo eZa_jh\ gZ Aj²3s i_j_oh^Zo ZlhfZ g_hgZ1 GZbemqrb_ iZjZf_lju

]_g_jZpbb ihemq_gu gZ i_j_oh^_ 5j1 —ls2, λ = 5852 
$

: 1 Bkke_^h\Zgb_ dbg_lbdb
\ha[m`^_gguo Zlhfh\ g_hgZ \ j_dhf[bgZpbhggh0g_jZ\gh\_kghc G_²Ne ieZaf_

h[gZjm`b\Z_l jhkl hlghkbl_evghc bgl_gkb\ghklb ebgbb 8;85
$

: ijb m\_ebq_gbb
^Z\e_gby ]_eby >497/ 498@1 :\lhju h[tykgyxl wlh m\_ebq_gb_f k_e_dlb\ghklb
aZk_e_gby mjh\gy 5j1/ ijb ^bkkhpbZlb\ghc j_dhf[bgZpbb \ G_²1H ieZaf_/ qlh/ dZd
ke_^m_l ba jZkkfhlj_ggh]h fZl_jbZeZ/ lj_[m_l eb[h h[jZs_gby d dbg_lbd_
gZk_e_gghkl_c dhe_[Zl_evguo mjh\g_c bhgZ Ne2

+/ eb[h ijb\e_q_gby ijhp_kkZ
^bkkhpbZlb\ghc j_dhf[bgZpbb ]_l_jhy^_jgh]h bhgZ HeNe+ b k\yaZggh]h k gbf
aZk_e_gby mjh\gy 5j1 H^gZdh h[tykg_gb_ wnn_dlZ fh`_l [ulv gZc^_gh \ ^jm]hc
iehkdhklb/ Z bf_ggh/ \
kjZ\gbl_evghf ZgZeba_ \_jhylghkl_c klhedgh\bl_evgh]h lmr_gby 5S56S0\SR\g_c
ZlhfZ g_hgZ g_hghf b ]_eb_f1 Ebl_jZlmjguo ^Zgguo h lmr_gbb mjh\gy ZlhfZ g_hgZ
Ne(2p1) ]_eb_f g_l/ Z j_amevlZlu bkke_^h\Zgby dbg_lbdb Zlhfh\ Ne(2p1) \ g_hgh\hc
ieZaf_ jZkoh^ylky [he__ q_f gZ ihjy^hd \_ebqbgu1 LZd/ \ jZ[hlZo >499 ² 49<@ ^Zgu
ke_^mxsb_ dhgklZglu kdhjhkl_c= (0,71 ± 0,13)⋅10-11, (1,6 ± 2)⋅10-11, (2 ± 3)⋅10-10 b
f_g__ 1,5⋅10-12 kf32k. Ihwlhfm h[jZlbfky d j_amevlZlZf wdki_jbf_glZ >86@ ih
bkke_^h\Zgbx jZkij_^_e_gby gZk_e_gghkl_c \ha[m`^_gguo mjh\g_c ZlhfZ g_hgZ \
jZkiZ^Zxs_cky G_²1H ieZaf_ \ mkeh\byo ^hfbgbjh\Zgby ^bkkhpbZlb\ghc
j_dhf[bgZpbb bhgh\ 1H2

+1 >Zggu_ h aZ\bkbfhklyo hlghkbl_evguo ihlhdh\ d\Zglh\/
baemqZ_fuo mjh\gyfb 2p1 b 5j10 ZlhfZ g_hgZ/ hl ^Z\e_gby ]_eby b g_hgZ
ij_^klZ\e_gu gZ jbk1 551 Ba wlbo ^Zgguo ke_^m_l/ qlh lmr_gb_ mjh\gy 5j1 ]_eb_f
agZqbl_evgh f_g__ wnn_dlb\gh/ q_f ]jmiiu hklZevguo mjh\g_c dhgnb]mjZpbb 5S53p.
Wlhl \u\h^ gZoh^blky \ khhl\_lkl\bb k jZkq_lZfb >4:3@
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ihl_gpbZeh\ \aZbfh^_ckl\by Ne*(3p) +G_1 Ih ^Zgguf jbk1 55 fh`gh hp_gblv wnn_dlb\gmx
dhgklZglm lmr_gby [ehdZ mjh\_c 5j205j9 ]_eb_f aZ kq_l f_`fmevlbie_lguo i_j_oh^h\= k ≈
10-11 cfa2F1 Ke_^m_l ih^q_jdgmlv/ qlh ihdZaZggh_ gZ jbk1 55 baf_g_gb_ hlghkbl_evguo
gZk_e_gghkl_c jZkkfZljb\Z_fuo mjh\g_c h[mkeh\e_gh lhevdh ijhp_kkZfb klhedgh\bl_evgh]h
%i_j_f_rb\Zgby% \ha[m`^_gguo mjh\g_c/ ihkdhevdm wlb baf_g_gby bf_xl f_klh ijb
^Z\e_gbyo ]ZaZ/ agZqbl_evgh ij_\urZxsbo g_h[oh^bfu_ ^ey mklZgh\e_gby 9²L jZ\gh\_kby
\_ebqbgu1

AZf_lbf/ qlh \ He-—Ne ieZaf_/ dZd b \ kf_kyo G_²:r/ :r—O_/ ijhy\ey_lky wnn_dl
klhedgh\bl_evgh]h %ih^aZk_e_gby% gb`g_]h \ kbkl_f_ 5p53p mjh\gy 5j10 aZ kq_l
\gmljbfmevlbie_lgh]h %i_j_f_rb\Zgby% [mn_jguf ]Zahf1 Ijb wlhf \ mkeh\byo ^hklZlhqgh
\ukhdh]h ^Z\e_gby ]_eby pHe ≥ 200 lhjj [he__ 63( baemqZ_fh]h jZkiZ^Zxs_cky ieZafhc

ihlhdZ d\Zglh\ khkj_^hlhq_gh \ ebgbb :365
$

:  (2p10—ls5).

441 AZdexq_gb_

Bkke_^h\Zgby ihke_^gbo e_l kms_kl\_ggh jZkrbjbeb ij_^klZ\e_gby h
^bkkhpbZlb\ghc j_dhf[bgZpbb fhe_dmeyjguo bhgh\ k we_dljhgZfb dZd h fgh-
]hdZgZevghf ijhp_kk_1 >Zggu_ h jZkij_^_e_gbb ihlhdZ j_dhf[bgZpbb ih \u0
oh^guf dZgZeZf ijhp_kkZ/ ihemq_ggu_ \ rbjhdhf ^bZiZahg_ baf_g_gby l_f0
i_jZlmju we_dljhggh]h ]ZaZ/ iha\heyxl j_rblv \Z`gmx \ ijZdlbq_kdhf hl0
ghr_gbb aZ^Zqm ihkljh_gby ihmjh\g_\hc dbg_lbdb \ha[m`^_gguo Zlhfh\ \
ieZaf_ k fhe_dmeyjgufb bhgZfb1 Wlb ^Zggu_ \f_kl_ k j_amevlZlZfb bkke_-
^h\Zgby dhgdmj_gpbb ^bkkhpbZlb\ghc j_dhf[bgZpbb k Zevl_jgZlb\gufb f_0
oZgbafZfb g_cljZebaZpbb aZjy`_gguo qZklbp b h[jZah\Zgby \ha[m`^_gguo
Zlhfh\ ^Zxl \hafh`ghklv k^_eZlv ke_^mxsbc ijbgpbibZevguc rZ]= i_j_clb
hl bkke_^h\Zgby ^bkkhpbZlb\ghc j_dhf[bgZpbb dZd we_f_glZjgh]h ijhp_kkZ
\ ieZaf_ d ZgZebam ^hklZlhqgh keh`guo ieZaf_gguo kbkl_f1 AZf_lgu_ k^\b]b
gZf_lbebkv b \ ihgbfZgbb f_oZgbafh\ j_eZdkZpbb gZk_e_gghkl_c dhe_[Z0
l_evguo mjh\g_c fhe_dmeyjguo bhgh\/ dhlhju_ y\eyxlky k\yamxsbf a\_ghf
\ p_ihqd_ ijhp_kkh\ h[jZah\Zgby b jZajmr_gby fhe_dmeyjguo bhgh\ \ ieZaf_/
ijhykgy_lky jhev ]_l_jhy^_jguo fhe_dmeyjguo bhgh\ bg_jlguo ]Zah\ \ nhj0

A-

Jbk1 551 AZ\bkbfhklb ihlhdh\ d\Zglh\ k
mjh\g_c 2p1 (2,4, b 5j10 (1,3, ZlhfZ
g_hgZ/ hlg_k_gguo d iheghfm ihlhdm \
1s—5j i_j_oh^Zo/ hl ^Z\e_gby ]_eby b
g_hgZ/ jNe = 2 (1, 2), jHe = 2 (3, 4) lhjj
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fbjh\Zgbb hilbq_kdbo k\hckl\ j_dhf[bgZpbhggh0g_jZ\gh\_kghc ieZafu1 < p_ehf \k_ wlh
iha\hey_l gZ^_ylvky gZ ijh]j_kk \ kha^Zgbb Z^_d\Zlguo dbg_lbq_kdbo fh^_e_c ieZafu
bg_jlguo ]Zah\ b bo kf_k_c1

IJBF?Q:GB?
(1)Ih^ \ukhdh\ha[m`^_ggufb a^_kv ih^jZamf_\Zxlky mjh\gb i Zlhfh\ Ri*, jZkiheh`_ggu_ \ur_

hkgh\gh]h dhe_[Zl_evgh]h mjh\gy khhl\_lkl\mxs_]h fhe_dmeyjgh]h bhgZ R2
*.
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