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ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¶·μ¡²¥³ 	¥²μ·Ê¸¸±μ£μ £μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É , Œ¨´¸±

Ÿ¢²¥´¨¥ ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö (¶μ¢μ·μÉ ¸¶¨´  ¨ ¸¶¨´μ¢Ò° ¤¨Ì·μ¨§³) ¤¥°É·μ´μ¢ ¡μ²Ó-
Ïμ° Ô´¥·£¨¨ Ö¢²Ö¥É¸Ö ³ ±·μ¸±μ¶¨Î¥¸±¨³ ±¢ ´Éμ¢Ò³ ÔËË¥±Éμ³,  ´ ²μ£¨Î´Ò³ ¨§¢¥¸É´μ³Ê ¢ μ¶É¨±¥
ÔËË¥±ÉÊ ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö. ‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸¶¨´μ¢Ò° ¤¨Ì·μ¨§³ μ¡´ ·Ê¦¥´ Ô±¸¶¥-
·¨³¥´É ²Ó´μ. ‚ · ¡μÉ¥ · ¸¸³ É·¨¢ ¥É¸Ö ¢±² ¤ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·¨Î¥¸±μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ-
³¥´É  ¤¥°É·μ´  ¸ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ Ö¤·  ¢ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³ . �ËË¥±É ÎÊ¢¸É¢¨É¥²¥´
± ¶μ¢¥¤¥´¨Õ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´  ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ.

The phenomenon of birefringence (spin rotation and spin dichroism) of high-energy deuterons,
currently observed in experiments, is the macroscopic quantum effect similar to the birefringence effect
known in optics. This paper considers the contribution coming to the spin dichroism effect from the
interaction of deuteron electric quadrupole moment and nuclear electric ˇeld. The effect proves to be
responsive to the behavior of deuteron ground state wave functions at a small distance.
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Š¢ §¨μ¶É¨Î¥¸±¨° ÔËË¥±É ¤¢Ê²ÊÎ¥¶·¥²μ³²¥´¨Ö Î ¸É¨Í, μ¡² ¤ ÕÐ¨Ì ¸¶¨´μ³ S � 1,
¸ÊÐ¥¸É¢μ¢ ´¨¥ ±μÉμ·μ£μ ¡Ò²μ ¶·¥¤¸± § ´μ ¢ · ¡μÉ Ì [1,2], ¢ μÉ²¨Î¨¥ μÉ ËμÉμ´μ¢, ³ ¸¸ 
¶μ±μÖ ±μÉμ·ÒÌ · ¢´  ´Ê²Õ, ¸ÊÐ¥¸É¢Ê¥É ¤ ¦¥ ¢ μ¤´μ·μ¤´μ° ¨§μÉ·μ¶´μ° ¸·¥¤¥. �ËË¥±É
μ¡Ê¸²μ¢²¥´ ¢´ÊÉ·¥´´¥°  ´¨§μÉ·μ¶¨¥°, ±μÉμ·μ° μ¡² ¤ ÕÉ Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ S � 1 (¢ μÉ-
²¨Î¨¥ μÉ Î ¸É¨Í ¸μ ¸¶¨´μ³ 0 ¨ 1/2).

�Ê¸ÉÓ M Å ³ £´¨É´μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ ¤¥°É·μ´ . ’μ£¤  ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö
¢ ¸μ¸ÉμÖ´¨¨ M § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³ [1,2]:

n2
M = 1 +

4πρ

k2
fM (0), fM (0) = d0 + d1M

2. (1)

£¤¥ n Å ¶μ± § É¥²Ó ¶·¥²μ³²¥´¨Ö; ρ Å Î¨¸²μ · ¸¸¥¨¢ É¥²¥° ¢ ¥¤¨´¨Í¥ μ¡Ñ¥³ ; f(0) Å
 ³¶²¨ÉÊ¤  Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¤¥°É·μ´  ´  Ê£μ² ´μ²Ó; d0 ¨ d1 Å ´¥ § ¢¨-
¸ÖÐ Ö ¨ § ¢¨¸ÖÐ Ö μÉ ¸¶¨´  Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ¸μμÉ¢¥É¸É¢¥´´μ.

1E-mail: rouba@inp.bsu.by
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’ ± ¦¥ ± ± ¨ ¢ μ¶É¨±¥ ¸¢¥É , ¢ ±¢ §¨μ¶É¨Î¥¸±μ³ ÔËË¥±É¥ ¤¢Ê²ÊÎ¥¶·¥²μ³²¥´¨Ö ¶μ³¨³μ
±μ£¥·¥´É´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ¶μ²Ö·¨§ Í¨¨ Î ¸É¨ÍÒ (¶μ¢μ·μÉ  ¢¥±Éμ·  ¶μ²Ö·¨§ Í¨¨) ¢μ§-
´¨± ¥É ¨ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  (· §²¨Î¨¥ ¢ ¶μ£²μÐ¥´¨¨ ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨ÖÌ
¸ M = ±1 ¨ M = 0), ¶·¨Î¥³ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ
É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨ Ê ¶¥·¢μ´ Î ²Ó´μ ´¥¶μ²Ö·¨§μ¢ ´´μ£μ ¤¥°É·μ´´μ£μ ¶ÊÎ± , ¶·μÏ¥¤-
Ï¥£μ Î¥·¥§ ´¥¶μ²Ö·¨§μ¢ ´´ÊÕ ³¨Ï¥´Ó [1Ä4]. ‚¶¥·¢Ò¥ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³ 
¤¥°É·μ´μ¢ ¡Ò² μ¡´ ·Ê¦¥´ ¤²Ö ¶ÊÎ±  ¸ Ô´¥·£¨¥° 5Ä20 ŒÔ‚, ¶·μÌμ¤ÖÐ¥£μ Î¥·¥§ Ê£²¥·μ¤-
´Ò¥ ³¨Ï¥´¨ [5]. �μ§¦¥ ´  ´Ê±²μÉ·μ´¥-Œ �ˆŸˆ ÔËË¥±É ¡Ò² É ±¦¥ μ¡´ ·Ê¦¥´ ¤²Ö
¤¥°É·μ´μ¢ ¸ ¨³¶Ê²Ó¸μ³ 5 ƒÔ‚/¸ [6, 7].

‘�ˆ��‚›‰ „ˆ•��ˆ‡Œ ˆ ’…�‡����Ÿ ��‹Ÿ�ˆ‡�–ˆŸ „…‰’����‚

�ËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ±μÔËË¨Í¨¥´É ¶μ£²μÐ¥´¨Ö ¤¥°É·μ´μ¢
¢ ¸¶¨´μ¢μ³ ¸μ¸ÉμÖ´¨¨, Ì · ±É¥·¨§ÊÕÐ¥³¸Ö ³ £´¨É´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³ M = ±1 (μ¸Ó
±¢ ´Éμ¢ ´¨Ö ´ ¶· ¢²¥´  ¢¤μ²Ó ¨³¶Ê²Ó¸  ¤¥°É·μ´ ), ´¥ · ¢¥´ ±μÔËË¨Í¨¥´ÉÊ ¶μ£²μÐ¥´¨Ö ¢
¸μ¸ÉμÖ´¨¨ ¸ M = 0. Š ± ¸²¥¤¸É¢¨¥, ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ³¨Ï¥´Ó ¶ÊÎ± , ¸μ¸ÉμÖÐ¥£μ,
´ ¶·¨³¥·, ¨§ ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨ M = ±1, ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¢ ³¨Ï¥´¨ ¡Ê¤¥É
³¥´ÖÉÓ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: I±1(z) = I0

±1 e−σ±1ρz , £¤¥ I0
±1 Å ¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¤μ

³¨Ï¥´¨, σ±1 Å ¶μ²´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨ ¸ M = ±1, z Å ¶·μ°-
¤¥´´Ò° ¢ ³¨Ï¥´¨ ¶ÊÉÓ. �·¨ ¶·μÌμ¦¤¥´¨¨ Î¥·¥§ ³¨Ï¥´Ó ¶ÊÎ±  ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨
M = 0 ¨´É¥´¸¨¢´μ¸ÉÓ ¨§³¥´Ö¥É¸Ö ¸μ£² ¸´μ ¸μμÉ´μÏ¥´¨Õ I0(z) = I0

0 e−σ0ρz, £¤¥ I0
0 Å

¨´É¥´¸¨¢´μ¸ÉÓ ¶ÊÎ±  ¤μ ³¨Ï¥´¨, σ0 Å ¶μ²´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨
¸ M = 0.

� ¸¸³μÉ·¨³ ¶·μÌμ¦¤¥´¨¥ ´¥¶μ²Ö·¨§μ¢ ´´μ£μ ¤¥°É·μ´´μ£μ ¶ÊÎ±  Î¥·¥§ ³¨Ï¥´Ó. �¥-
¶μ²Ö·¨§μ¢ ´´Ò° ¶ÊÎμ± ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± ¸Ê³³Ê É·¥Ì ¶ÊÎ±μ¢ ¸ · ¢´Ò³¨ ¨´É¥´¸¨¢´μ-
¸ÉÖ³¨: I = I0

−1 + I0
0 + I0

+1, I0
±1 = I0

0 = I/3. ‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ¢ ·¥ ²Ó´μ³ Ô±¸¶¥·¨³¥´É¥
¢¥²¨Î¨´  σ±1,0ρz � 1, ¨§³¥´¥´¨¥ ¨´É¥´¸¨¢´μ¸É¨ ± ¦¤μ£μ ¶ÊÎ±  ¢ ³¨Ï¥´¨ ¶·¥¤¸É ¢¨³μ
¢ ¢¨¤¥ I±1(z) = I(1 − σ±1ρz)/3 ¨ I0(z) = I(1 − σ0ρz)/3.

‘¶¨´μ¢Ò° ¤¨Ì·μ¨§³ ³μ¦´μ μÌ · ±É¥·¨§μ¢ ÉÓ ¢¥²¨Î¨´μ°

D =
I±1(z) − I0(z)
I±1(z) + I0(z)

≈ (σ0 − σ±1) ρz/2. (2)

ˆ§ ¢Ò· ¦¥´¨Ö ¤²Ö  ³¶²¨ÉÊ¤Ò (1) ¨ μ¶É¨Î¥¸±μ° É¥μ·¥³Ò ¢ÒÉ¥± ¥É · ¢¥´¸É¢μ σ0 −
σ±1 = −4π Im (d1)/k, £¤¥ k Å ¢μ²´μ¢μ¥ Î¨¸²μ ¤¥°É·μ´ . Š ± ¸²¥¤¸É¢¨¥, ¢Ò· ¦¥´¨¥ (2)
³μ¦´μ § ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

D ≈ (σ0 − σ±1)ρz/2 = −2πρz Im (d1)/k = −2πNaL Im (d1)/kMr, (3)

£¤¥ Na Å Î¨¸²μ �¢μ£ ¤·μ; L Å Éμ²Ð¨´  ³¨Ï¥´¨ ¢ £/¸³2; Mr Å ³μ²Ö·´ Ö ³ ¸¸  ¢¥Ð¥¸É¢ 
³¨Ï¥´¨.

’¥´§μ·´ Ö ¶μ²Ö·¨§ Í¨Ö ¶ÊÎ±  μ¶·¥¤¥²Ö¥É¸Ö ¸μ£² ¸´μ [8] ¢Ò· ¦¥´¨¥³ pzz(z) =
= (I1(z) + I−1(z) − 2I0(z)) / (I 1(z) + I−1(z) + I0(z)). �É¸Õ¤  ¨³¥¥³, ÎÉμ ¶μ¸²¥ ¶·μ-
Ìμ¦¤¥´¨Ö ¢ ³¨Ï¥´¨ ¶ÊÉ¨ z ¶¥·¢μ´ Î ²Ó´μ ´¥¶μ²Ö·¨§μ¢ ´´Ò° ¶ÊÎμ± (pzz = 0, I±1 = I0)
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¶·¨μ¡·¥É ¥É É¥´§μ·´ÊÕ ¶μ²Ö·¨§ Í¨Õ:

pzz(z) =
I−1(z) + I+1(z) − 2I0(z)
I−1(z) + I0(z) + I+1(z)

≈

≈ 2(σ0 − σ±1)ρz/3 = −8πρz Im (d1)/3k = −8πNaL Im (d1)/3kMr. (4)

ˆ§ ¢Ò· ¦¥´¨° (2)Ä(4) ¢ÒÉ¥± ¥É ¸¢Ö§Ó ³¥¦¤Ê ¢¥²¨Î¨´μ° ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¤¥°É·μ-
´μ¢ ¨ ¢¥²¨Î¨´μ° ¶·¨μ¡·¥É¥´´μ° É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨: pzz ≈ 4D/3.

�É³¥É¨³, ÎÉμ ¸μ£² ¸´μ [1,2] Re (d1) μ¶·¥¤¥²Ö¥É Ê£μ² ¶μ¢μ·μÉ  ¶²μ¸±μ¸É¨ ¶μ²Ö·¨§ Í¨¨
¤¥°É·μ´μ¢: ϑ = 2πNaL Re (d1)/kMr.

�Œ�‹ˆ’“„� “��“ƒ�ƒ� Š�ƒ…�…�’��ƒ� ��‘‘…Ÿ�ˆŸ
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„²Ö μ¶¨¸ ´¨Ö ÔËË¥±É  ¤¢Ê²ÊÎ¥¶·¥²μ³²¥´¨Ö ´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²¨ÉÓ  ³¶²¨ÉÊ¤Ò Ê¶·Ê-
£μ£μ · ¸¸¥Ö´¨Ö ¤¥°É·μ´  f±1(0) ¨ f0(0) ¸μμÉ¢¥É¸É¢¥´´μ ¢ ¸μ¸ÉμÖ´¨ÖÌ ¸ M = ±1 ¨ M = 0.
ƒ ³¨²ÓÉμ´¨ ´ Ĥ, μ¶¨¸Ò¢ ÕÐ¨° ¢§ ¨³μ¤¥°¸É¢¨¥ ¤¥°É·μ´  ¸ Ö¤·μ³, ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´
¢ ¢¨¤¥

Ĥ = Ĥd(rp, rn) + ĤN ({xi}) + VdN (rp, rn, {xi}), (5)

£¤¥ Ĥd Å £ ³¨²ÓÉμ´¨ ´ ¤¥°É·μ´ ; rp(rn) Å ±μμ·¤¨´ É  ¶·μÉμ´  (´¥°É·μ´ ) ¢ ¸μ¸É ¢¥
¤¥°É·μ´  μÉ´μ¸¨É¥²Ó´μ Í¥´É·  Ö¤·  ³¨Ï¥´¨; ĤN Å £ ³¨²ÓÉμ´¨ ´ Ö¤· ; {xi} Å ±μμ·¤¨-
´ ÉÒ ´Ê±²μ´μ¢ ¢ ¸μ¸É ¢¥ Ö¤·  μÉ´μ¸¨É¥²Ó´μ Í¥´É·  Ö¤· ; VdN Å ¶μÉ¥´Í¨ ² ¢§ ¨³μ¤¥°-
¸É¢¨Ö ¤¥°É·μ´  ¸ Ö¤·μ³, ¢±²ÕÎ ÕÐ¨° ¢ ¸¥¡Ö Ö¤¥·´μ¥ ¨ ±Ê²μ´μ¢¸±μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥.

�Ê¸ÉÓ R Å ±μμ·¤¨´ É  Í¥´É·  ³ ¸¸Ò ¤¥°É·μ´ ,   r = (rp − rn)/2. ’μ£¤  (5) § ¶¨¸Ò-
¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Ĥ = − �
2

2md
Δ(R) + Ĥd(r) + ĤN({xi}) + V N

dN (R, r, {xi}) + V C
dN (R, r, {xi}), (6)

£¤¥ V N
dN ¨ V C

dN Å ¶μÉ¥´Í¨ ²Ò Ö¤¥·´μ£μ ¨ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¥°É·μ´  ¸ Ö¤·μ³
¸μμÉ¢¥É¸É¢¥´´μ.

	Ê¤¥³ · ¸¸³ É·¨¢ ÉÓ · ¸¸¥Ö´¨¥ ¤¥°É·μ´μ¢ ¸ Ô´¥·£¨¥°, ¶·¥¢ÒÏ ÕÐ¥° Ô´¥·£¨Õ ¸¢Ö§¨
¤¥°É·μ´  ε = 2,225 ŒÔ‚, ¨ ¨¸¶μ²Ó§Ê¥³ ¤ ²¥¥ ¨³¶Ê²Ó¸´μ¥ ¶·¨¡²¨¦¥´¨¥. ‚ ÔÉμ³ ¶·¨¡²¨-
¦¥´¨¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ Ô´¥·£¨¥° ¸¢Ö§¨ ¤¥°É·μ´ , É. ¥. ¶·¥´¥¡·¥ÎÓ ¸² £ ¥³Ò³ Ĥd(r) ¢
£ ³¨²ÓÉμ´¨ ´¥ (6). ‚ ·¥§Ê²ÓÉ É¥ £ ³¨²ÓÉμ´¨ ´ (6) ¶·¥μ¡· §Ê¥É¸Ö ± ¢¨¤Ê [5]

Ĥ = − �
2

2mD
Δ(R) + Vd(R, r) + ĤN ({xi}), (7)

£¤¥ Vd(R, r) = Vp(R+r)+Vn(R−r)+VC(R+r) Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö
¤¥°É·μ´  ¸ Ö¤·μ³; Vp ¨ Vn Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μÉμ´  ¨
´¥°É·μ´  ¸ Ö¤·μ³, VC Å ¶μÉ¥´Í¨ ²Ó´ Ö Ô´¥·£¨Ö ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¤¥°É·μ´ 
¸ Ö¤·μ³.

’ ±¨³ μ¡· §μ³, § ¤ Î  μ¶·¥¤¥²¥´¨Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¶·¥μ¡· §Ê¥É¸Ö ¢ § ¤ ÎÊ · ¸-
¸¥Ö´¨Ö ¡¥¸¸É·Ê±ÉÊ·´μ° Î ¸É¨ÍÒ ¸ ³ ¸¸μ° ¤¥°É·μ´  ´  Ö¤·¥. ‚ ÔÉμ³ ¸²ÊÎ ¥ ±μμ·¤¨´ É  r
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¢Ò¸ÉÊ¶ ¥É ¢ ·μ²¨ ¶ · ³¥É· . �μÔÉμ³Ê ¸μμÉ´μÏ¥´¨¥, ¶μ²ÊÎ¥´´μ¥ ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö-
´¨Ö, ¤μ²¦´μ ¡ÒÉÓ ¤ ²¥¥ Ê¸·¥¤´¥´μ ¶μ ÔÉμ³Ê ¶ · ³¥É·Ê ¸ ¶μ³μÐÓÕ ¢μ²´μ¢μ° ËÊ´±Í¨¨
μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ . �³¶²¨ÉÊ¤  Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¶·¥¤-
¸É ¢¨³  ¢ ¢¨¤¥ [9]

f(0) =
k

2πi

∫ (
eiχD(b,r) − 1

)
d2b |ϕ (r)|2 d3r, (8)

£¤¥ Ë §  χD ¨³¥¥É ¢¨¤

χD = χp + χn + χC = − 1
�v

∫
(Vp(b, z, r⊥) + Vn(b, z, r⊥) + VC(b, z, r⊥)) dz, (9)

  b = R⊥ Å ¶μ¶¥·¥Î´ Ö ±μμ·¤¨´ É  Í¥´É·  ³ ¸¸ ¤¥°É·μ´  r⊥ Å ¶¥·¶¥´¤¨±Ê²Ö·´ Ö ±
¨³¶Ê²Ó¸Ê ¤¥°É·μ´  ¸μ¸É ¢²ÖÕÐ Ö r, v Å ¸±μ·μ¸ÉÓ ¤¥°É·μ´ . ‚μ²´μ¢ Ö ËÊ´±Í¨Ö μ¸´μ¢-
´μ£μ ¸μ¸ÉμÖ´¨Ö φ(r) · §²¨Î´  ¤²Ö ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨° ¤¥°É·μ´  M = ±1 ¨ M = 0.

‘É·μ£μ £μ¢μ·Ö, Ë §  χD, § ¶¨¸ ´´ Ö ¢ ¢¨¤¥ (9), ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ, ±μ£¤  Ô´¥·£¨¨
¤¥°É·μ´μ¢ §´ Î¨É¥²Ó´μ ¢ÒÏ¥ ¶μÉ¥´Í¨ ²  ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Ö¤·μ³. ‚ · ¸¸³ É·¨¢ ¥³μ³
´ ³¨ ¸²ÊÎ ¥ Ô´¥·£¨° ¢Ò· ¦¥´¨¥ (9) ¤²Ö Ë §Ò ¸¶· ¢¥¤²¨¢μ ¢μ ¢¸¥³ ¨´É¥·¢ ²¥ r⊥ §  ¨¸-
±²ÕÎ¥´¨¥³ Í¥´É· ²Ó´μ° μ¡² ¸É¨ Ö¤· . �¤´ ±μ, ± ± ¶μ± § ² ¸μμÉ¢¥É¸É¢ÊÕÐ¨°  ´ ²¨§,
μ¸´μ¢´μ° ¢±² ¤ ¢ ¨§ÊÎ ¥³Ò° ÔËË¥±É ¤ ¥É · ¸¸¥Ö´¨¥ μÉ ¶¥·¨Ë¥·¨¨ Ö¤· . ‚±² ¤ ¦¥ Í¥´-
É· ²Ó´μ° Î ¸É¨ Ö¤·  ¢ ¨§ÊÎ ¥³Ò° ÔËË¥±É ¸μ¸É ¢²Ö¥É μ±μ²μ 20 %. �μÔÉμ³Ê ¢ ¤ ²Ó´¥°Ï¥³,
¶·¨ · ¸¸³μÉ·¥´¨¨ ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ (9) ¤²Ö ¢¸¥° μ¡² ¸É¨ Ö¤· 
¡¥§ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¶μ¶· ¢μ±. ’μ£¤  ¶·¨ ¶μ¤¸É ´μ¢±¥ (9) ¢ (8) ¶μ²ÊÎ¨³ ´¥μ¡Ìμ¤¨³ÊÕ
¤²Ö μ¶¨¸ ´¨Ö ÔËË¥±É   ³¶²¨ÉÊ¤Ê Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´  Ê£μ² ´μ²Ó:

f(0) =
k

π

∫
[tp(b + r⊥) + tn(b− r⊥) + tC(b + r⊥) + 2itp(b + r⊥) tC(b + r⊥)+

+ 2itn(b− r⊥) tC(b + r⊥) + 2itp(b + r⊥) tn(b − r⊥)−
− 4tp(b + r⊥) tn(b− r⊥) tC(b + r⊥)]|φ (r)|2d2b d3r, (10)

£¤¥ tn(p)(C) =
(
exp

(
iχn(p)(C)

)
− 1

)
/2i.

‚¢¥¤¥³ ´μ¢Ò¥ ¶¥·¥³¥´´Ò¥ ξ = b + r⊥ ¨ η = b − r⊥. ‚ · ¸¸³ É·¨¢ ¥³μ³ ¤ -
²¥¥ · ¸¸¥Ö´¨¨ ¤¥°É·μ´  ´  ²¥£±¨Ì Ö¤· Ì Ì · ±É¥·´Ò° · ¤¨Ê¸ ¤¥°É·μ´  ¡μ²ÓÏ¥ · ¤¨Ê¸ 
Ö¤·  ³¨Ï¥´¨. �μÔÉμ³Ê, ¤²Ö μÍ¥´±¨ ÔËË¥±Éμ¢, ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ
¨§³¥´¥´¨¥³ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¤¥°É·μ´  ¢ μ¡² ¸É¨ Ö¤·  ¨ ¢Ò´¥¸É¨ ¥¥ ¨§-¶μ¤ §´ ±  ¨´É¥-
£·¨·μ¢ ´¨Ö. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö § ¢¨¸ÖÐ¥° μÉ ¸¶¨´  Î ¸É¨  ³¶²¨ÉÊ¤Ò ¶μ²ÊÎ¨³

d1 =
3i

4π

(
Fn(0) + Fp(0)

) ∫
tC(ξ)

w(
√

ξ2 + z2
d)

ξ2 + z2
d

×

×
(
√

2u
(√

ξ2 + z2
d

)
− w(

√
ξ2 + z2

d)
2

)
ξ2 − 2z2

d

ξ2 + z2
d

d2ξ dzd +
3iG

2k
Fp(0)Fn(0)−

− 3kG

π2

∫
tp(ξ) tn(η) tC(ξ) d2ξ d2η, (11)

G =

∞∫
0

w(r)
r2

(√
2u(r) − w(r)

2

)
dr =

8π

3

∫ (
|ϕ±1 (0, zd) |2 − |ϕ0 (0, zd) |2

)
dzd,
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£¤¥ Fn(p)(C)(0) =
mD

mn(p)
fn(p)(C)(0) =

k

π

∫
tn(p)(C)(η) d2η Å  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ¢¶¥·¥¤

´¥°É·μ´  (¶·μÉμ´ ) ´  Ö¤·¥, μ¡Ê¸²μ¢²¥´´ Ö Ö¤¥·´Ò³ (±Ê²μ´μ¢¸±¨³) ¢§ ¨³μ¤¥°¸É¢¨¥³;
u(r) Å · ¤¨ ²Ó´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö S Å ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ ; w(r) Å · ¤¨ ²Ó´ Ö
¢μ²´μ¢ Ö ËÊ´±Í¨Ö D Å ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ .

‚ ¢Ò· ¦¥´¨¨ (11) ¶¥·¢μ¥ ¸² £ ¥³μ¥ ¢ d1 μ¶¨¸Ò¢ ¥É ¢±² ¤ ¨´É¥·Ë¥·¥´Í¨¨ ¸¨²Ó´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¨ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μÉμ´  ¸ Ö¤·μ³ Ê£²¥·μ¤ , ¢Éμ-
·μ¥ ¸² £ ¥³μ¥ Å ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¨ ¶·μÉμ´  ¸ Ö¤·μ³ Ê£²¥·μ¤ , É·¥ÉÓ¥
¸² £ ¥³Ò¥ Å ¸¨²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·μ´  ¨ ¶·μÉμ´ ,   É ±¦¥ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¶·μÉμ´  ¸ Ö¤·μ³ Ê£²¥·μ¤ .

	μ²¥¥ ¶μ¤·μ¡´μ ¢²¨Ö´¨¥ ¨´É¥·Ë¥·¥´Í¨¨ ±Ê²μ´μ¢¸±μ£μ ¨ Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨° ´ 
¢¥²¨Î¨´Ê ÔËË¥±É  ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö · ¸¸³μÉ·¥´μ ¢ · ¡μÉ¥ [10]. �É³¥É¨³ ²¨ÏÓ,
ÎÉμ ¤²Ö ¤¥°É·μ´μ¢ ¸ Ô´¥·£¨¥° 5Ä20 ŒÔ‚, ¶·μÌμ¤ÖÐ¨Ì Î¥·¥§ Ê£²¥·μ¤´ÊÕ ³¨Ï¥´Ó, ¤ ´´ Ö
¨´É¥·Ë¥·¥´Í¨Ö ¶·¨¢μ¤¨É ± ¨§³¥´¥´¨Õ §´ ±  ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¨ ´ ¶· ¢²¥´¨Ö ¶μ¢μ-
·μÉ  ¢¥±Éμ·  ¶μ²Ö·¨§ Í¨¨ ¶ÊÎ± . �μ¤μ¡´μ¥ ¶μ¢¥¤¥´¨¥ ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ´ ¡²Õ¤ ²μ¸Ó
¢ Ô±¸¶¥·¨³¥´É Ì ¶μ μ¡´ ·Ê¦¥´¨Õ ¤ ´´μ£μ ÔËË¥±É  ¢ μ¡² ¸É¨ Ô´¥·£¨° 5Ä20 ŒÔ‚ [5].

�¡· É¨³ ¢´¨³ ´¨¥ ´  ¤¢  ³μ³¥´É , ±μÉμ·Ò¥ ¤ ²¥¥ ¡Ê¤ÊÉ ¨¸¸²¥¤μ¢ ´Ò ¡μ²¥¥ ¤¥É ²Ó´μ.
‚μ-¶¥·¢ÒÌ, ¢Ò· ¦¥´¨¥ (11) ¸μ¤¥·¦¨É Éμ²Ó±μ ¢±² ¤Ò μÉ ¢§ ¨³´μ£μ ¶¥·¥· ¸¸¥Ö´¨Ö ´Ê±²μ-
´μ¢ ¤¥°É·μ´  ´  Ö¤·¥ [11], É ± ± ± Ê¸·¥¤´¥´¨¥ μ¤´μ±· É´μ£μ · ¸¸¥Ö´¨Ö ´Ê±²μ´μ¢ ´  Ö¤·¥
¶μ ËÊ´±Í¨¨ |φ±1(r)|2 − |φ0(r)|2 ¤ ¥É ´μ²Ó. ‚¸²¥¤¸É¢¨¥ ´ ²¨Î¨Ö D-¢μ²´Ò ¢ ¢μ²´μ¢μ°
ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´  · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¢ ¤¥°É·μ´¥ ´¥ Ö¢²Ö¥É¸Ö
¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´Ò³, ÎÉμ μ¡Ê¸² ¢²¨¢ ¥É ´ ²¨Î¨¥ Ê ´¥£μ ±¢ ¤·Ê¶μ²Ó´μ£μ Ô²¥±É·¨-
Î¥¸±μ£μ ³μ³¥´É . 	μ²¥¥ Éμ£μ, · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  μÉ²¨Î ¥É¸Ö ¤²Ö ¤¥°É·μ´  ¢ ¸μ¸ÉμÖ´¨¨
¸ M = ±1 ¨ M = 0. ‚ ·¥§Ê²ÓÉ É¥ ¤ ´´μ°  ¸¨³³¥É·¨¨ ³μ¦´μ μ¦¨¤ ÉÓ, ÎÉμ  ³¶²¨ÉÊ¤ 
· ¸¸¥Ö´¨Ö ¤¥°É·μ´  ´  ±Ê²μ´μ¢¸±μ³ ¶μÉ¥´Í¨ ²¥ · §²¨Î´  ¤²Ö ¤¥°É·μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨
¸ M = ±1 ¨ M = 0, ÎÉμ ³μ£²μ ¡Ò ¶·¨¢¥¸É¨ ± ¤μ¶μ²´¨É¥²Ó´μ³Ê ¶μ ¸· ¢´¥´¨Õ ¸
¸¨²Ó´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¢±² ¤Ê ¢ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³ . ‚μ-¢Éμ·ÒÌ, ± ± ¢¨¤´μ
¨§ (11), ¢ · ¸¸³ É·¨¢ ¥³μ° ³μ¤¥²¨ ÔËË¥±É ¤¢Ê²ÊÎ¥¶·¥²μ³²¥´¨Ö ¤¥°É·μ´μ¢ § ¢¨¸¨É μÉ
¶ · ³¥É·  G. „ ´´Ò° ¶ · ³¥É· § ¢¨¸¨É μÉ · ¸¸ÉμÖ´¨Ö ³¥¦¤Ê ´Ê±²μ´ ³¨ ¤¥°É·μ´  ± ±
r−2, ÎÉμ μ¡Ê¸² ¢²¨¢ ¥É ÎÊ¢¸É¢¨É¥²Ó´μ¸ÉÓ ¶ · ³¥É·  G ¨, ± ± ¸²¥¤¸É¢¨¥, ÔËË¥±É  ¤¢Ê-
²ÊÎ¥¶·¥²μ³²¥´¨Ö ± ¢μ²´μ¢μ° ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´  ´  ³ ²ÒÌ · ¸Éμ-
Ö´¨ÖÌ. �¤´ ±μ ¨³¥´´μ ÔÉ  μ¡² ¸ÉÓ ¢Ò§Ò¢ ¥É ¶·μ¡²¥³Ò ¤²Ö É¥μ·¥É¨Î¥¸±μ£μ μ¶¨¸ ´¨Ö
¤¥°É·μ´  [12,13].

‚Š‹�„ ‚‡�ˆŒ�„…‰‘’‚ˆŸ �‹…Š’�ˆ—…‘Š�ƒ� Š‚�„�“��‹œ��ƒ�
Œ�Œ…�’� „…‰’���� ‘ �‹…Š’�ˆ—…‘ŠˆŒ ��‹…Œ Ÿ„��

‚ �””…Š’ ‘�ˆ��‚�ƒ� „ˆ•��ˆ‡Œ�

‘μ£² ¸´μ ¢Ò· ¦¥´¨Õ (11)  ³¶²¨ÉÊ¤Ê ±Ê²μ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¤¥°É·μ´  ´  Ö¤·¥ ´ 
Ê£μ² ´μ²Ó ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

fC(0) =
k

2πi

∫ (
exp

(
− i

�v

∫
VC(R + r) dz

)
− 1

)
d2b |φ (r)|2 d3r. (12)
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�·¨ ³¥¤²¥´´μ³ ¨§³¥´¥´¨¨ ±Ê²μ´μ¢¸±μ£μ ¶μÉ¥´Í¨ ²  Ö¤·  ¢ μ±·¥¸É´μ¸É¨ R ¶μÉ¥´Í¨ ²
³μ¦´μ · §²μ¦¨ÉÓ ¢ ·Ö¤ ’¥°²μ·  [14]:

Φ(R + r) � Φ(R) − rE (R) − 1
6

∑∑
Qij

∂2Φ
∂Ri ∂Rj

(R) =

= ΦC(R) + ΦD(R, r) + ΦT (R, r), (13)

£¤¥ E(R) Å ´ ¶·Ö¦¥´´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¢ ÉμÎ±¥ R; Qij = (3rirj − r2δij);
ΦC(R, r), ΦD(R, r), ΦT (R, r) Å ¶μÉ¥´Í¨ ² Í¥´É· ²Ó´μ£μ, ¤¨¶μ²Ó´μ£μ ¨ É¥´§μ·´μ£μ ¢§ -
¨³μ¤¥°¸É¢¨Ö Ö¤·  ¸ ¶·μÉμ´μ³ ¤¥°É·μ´ .

‚¸²¥¤¸É¢¨¥ ±μ·μÉ±μ¤¥°¸É¢¨Ö ¶μÉ¥´Í¨ ²μ¢ ¤¨¶μ²Ó´μ£μ ¨ É¥´§μ·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¶μ ¸· ¢´¥´¨Õ ¸ Í¥´É· ²Ó´Ò³ ¶μÉ¥´Í¨ ²μ³,   É ±¦¥ ¸ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ∣∣∣∣− iZd

�v

∫
(ΦD(R, r) + ΦT (R, r)) dz

∣∣∣∣ � 1 (Zd Å § ·Ö¤ ¤¥°É·μ´ , ¢Ò· ¦¥´´Ò° ¢ § ·Ö¤ Ì

¶·μÉμ´ ), Ëμ·³Ê²Ê (12) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

fC(0) � k

2πi

∫ [
exp

(
− iZd

�v

∫
ΦC(b, z) dz

)
×

×
(

1 − iZd

�v

∫
(ΦD(R, r) + ΦT (R, r)) |φ (r)|2 d3r dz

)
− 1

]
d2b =

=
k

2πi

∫ [
exp

(
− iZd

�v

∫
ΦC(b, z)dz

) (
1 − i

�v

∫
(VD(R) + VT (R)) dz

)
− 1

]
d2b, (14)

£¤¥ VD(R) =
∫

Zd rE (R) |φ (r)|2d3r = ldE (R) Å Ô´¥·£¨Ö ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ö¤·  ¸ �„Œ ¤¥°É·μ´  ld (¢ ¸¨²Ê Éμ£μ, ÎÉμ ¢¥·Ì´ÖÖ μÍ¥´±  ¢¥²¨Î¨´Ò �„Œ ¤¥°É·μ´  ¸μ-
¸É ¢²Ö¥É ¶μ·Ö¤±  10−24 e·Ë³ [15], ¤ ²¥¥ ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ ¤ ´´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³);

VT (R) =
1
6

∫
Zd|φ (r)|2

∑
i

∑
j

Qij
∂2Φ

∂Ri ∂Rj
(R)d3r Å ¢±² ¤ ¢ Ô´¥·£¨Õ ±Ê²μ´μ¢¸±μ£μ ¢§ -

¨³μ¤¥°¸É¢¨Ö, μ¡Ê¸²μ¢²¥´´Ò° ´¥¸Ë¥·¨Î¥¸±¨³ · ¸¶·¥¤¥²¥´¨¥³ § ·Ö¤  ¢ ¤¥°É·μ´¥. ‚ ·¥-
§Ê²ÓÉ É¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¶μ²ÊÎ¨³

fC(0) � k

2πi

∫ [
exp

(
− iZd

�v

∫
ΦC(b, z)dz

)(
1 − i

6�v

∫
Qd

ii

∂2Φ
∂Ri ∂Ri

(R) dz

)
− 1

]
d2b,

(15)
£¤¥ Qd

ii =
∫

ZdQii|φ (r)|2 d3r,   ¶μ ¶μ¢Éμ·ÖÕÐ¨³¸Ö ¨´¤¥±¸ ³ ¶·μ¨§¢μ¤¨É¸Ö ¸Ê³³¨·μ¢ ´¨¥.
�·¨ ¶μ²ÊÎ¥´¨¨ (15) ¡Ò²μ ÊÎÉ¥´μ, ÎÉμ ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¢ ¤¥°É·μ´¥

(¶²μÉ´μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ´ Ìμ¦¤¥´¨Ö ¶·μÉμ´  ¢ ÉμÎ±¥ r) § ¤ ¥É¸Ö ±¢ ¤· Éμ³ ³μ¤Ê²Ö ¢μ²-
´μ¢μ° ËÊ´±Í¨¨ ¤¥°É·μ´  ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨, ¢¸²¥¤¸É¢¨¥ Î¥£μ ¶μ¸²¥ Ê¸·¥¤´¥´¨Ö ¶μ
´¥° ¢¥²¨Î¨´Ò Qd

ij �=i = 0.
‚ ¸¨²Ê Éμ£μ, ÎÉμ

∑
i

Qd
ii = 0,   ¶²μÉ´μ¸ÉÓ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤   ±¸¨ ²Ó´μ-¸¨³³¥É·¨Î-

´ Ö, ¶μ²ÊÎ¨³, ÎÉμ Qd
xx = Qd

yy = −1
2
Qd

zz. ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉμ ¶²μÉ´μ¸É¨ · ¸¶·¥¤¥²¥´¨Ö

§ ·Ö¤  |φ±1 (r)|2 ¨ |φ0 (r)|2 ¤²Ö ¤¥°É·μ´  ¸μμÉ¢¥É¸É¢¥´´μ ¢ ¸μ¸ÉμÖ´¨¨ ¸ M = ±1 ¨ M = 0
· §²¨Î´Ò, · §²¨Î´Ò³¨ ¡Ê¤ÊÉ ¨ ±μ³¶μ´¥´ÉÒ É¥´§μ·  Qd

ii ¤²Ö ¤¥°É·μ´  ¢ · §²¨Î´ÒÌ ¸μ¸ÉμÖ-

´¨ÖÌ: Q±1
ii =

∫
|φ±1 (r)|2Qii d3r ¨ Q0

ii =
∫
|φ0 (r)|2Qii d3r. Š ± ¨§¢¥¸É´μ, ±¢ ¤·Ê¶μ²Ó´Ò°
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³μ³¥´É ¤¥°É·μ´  μ¶·¥¤¥²Ö¥É¸Ö ± ± ¸·¥¤´¥¥ §´ Î¥´¨¥ ¸μ¸É ¢²ÖÕÐ¥° É¥´§μ·  Qzz ¢ ¸μ¸Éμ-
Ö´¨¨ ¸ M = J (J Å ¶μ²´Ò° ³μ³¥´É ¤¥°É·μ´ ) [16]: Q+1

zz =
∫
|φ+1 (r)|2Qzz d3r = Q±1

zz =
0,29 Ë³2 [13]. „²Ö ¤¥°É·μ´  ¢ ¸μ¸ÉμÖ´¨¨ ¸ M = 0 Q0

zz = −2Q±1
zz . ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö

§ ¢¨¸ÖÐ¥° μÉ ¸¶¨´  Î ¸É¨  ³¶²¨ÉÊ¤Ò · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¶μ²ÊÎ¨³

dC
1 (0) � − kQd

ii

4π�2
exp

⎛
⎝− iZd

�v

∞∫
−∞

ΦC(0, z)dz

⎞
⎠ ∫

∂2Φ
∂Ri ∂Ri

(R) d3R. (16)

„²Ö ¤ ²Ó´¥°Ï¥£μ · ¸¸³μÉ·¥´¨Ö ¢μ¸¶μ²Ó§Ê¥³¸Ö Ô±· ´¨·μ¢ ´´Ò³ ±Ê²μ´μ¢¸±¨³ ¶μÉ¥´-

Í¨ ²μ³ Φ(R) =
C · ZN

R
e−ηR, £¤¥ C ∼ 1,4 ŒÔ‚ ·Ë³; η =

3
√

ZN

5,3 · 104
Ë³−1 Å ¶ · ³¥É·

Ô±· ´¨·μ¢±¨; ZN Å § ·Ö¤ Ö¤· , ¢Ò· ¦¥´´Ò° ¢ § ·Ö¤ Ì ¶·μÉμ´ . ‚ μ¡² ¸É¨ ¤¥°¸É¢¨Ö É¥´-
§μ·´ÒÌ ¸¨² Ô±· ´¨·μ¢±μ° ¶μÉ¥´Í¨ ²  ¡Ê¤¥³ ¶·¥´¥¡·¥£ ÉÓ. �μ¤¸É ¢¨¢ ¶μÉ¥´Í¨ ² ¢ (16),
¶μ²ÊÎ¨³

dC
1 (0) � −3kCQ+1

zz

4�2
exp

⎛
⎝− iZd

�v

∞∫
−∞

ΦC(z)dz

⎞
⎠ ∫

ZN

(
3z2

R5
− 1

R3

)
d2b dz. (17)

…¸²¨ · ¸¸³ É·¨¢ ÉÓ ¶μÉ¥´Í¨ ² Φ(R) ± ± ¶μÉ¥´Í¨ ² ÉμÎ¥Î´μ° Î ¸É¨ÍÒ, Éμ ¨´É¥£· ²
¶μ μ¡Ñ¥³Ê ¢ (17) ¡Ê¤¥É · ¢¥´ ´Ê²Õ. �¥ ²Ó´μ¥ ¦¥ Ö¤·μ ¨³¥¥É ±μ´¥Î´Ò° · §³¥·, ¨ ¢
μ¡² ¸É¨ ³ ²ÒÌ · ¸¸ÉμÖ´¨° ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  Ö¤· 
´  ¥£μ ¶μÉ¥´Í¨ ². ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¨³ Ö¤·μ Ê£²¥·μ¤ . �Ê¸ÉÓ § ·Ö¤ · ¸¶·¥-
¤¥²¥´ ¢ Ö¤·¥ · ¢´μ³¥·´μ ¢ ¨´É¥·¢ ²¥ R = 0−3 Ë³. ‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ÔÉμ° μ¡² ¸É¨

Qd
ii

∂2Φ
∂Ri ∂Ri

(R) ∼ Qd
ii

∂2

∂Ri ∂Ri
R2 ∼ Qd

xx + Qd
yy + Qd

zz = 0, É. ¥.  ³¶²¨ÉÊ¤  (16) ¡Ê-

¤¥É μ¶·¥¤¥²ÖÉÓ¸Ö μ¡² ¸ÉÓÕ ¶·μ¸É· ´¸É¢  ¢´¥ Ö¤·  (R > 3 Ë³). �μ²ÊÎ¥´´μ¥ §´ Î¥´¨¥
³´¨³μ° Î ¸É¨  ³¶²¨ÉÊ¤Ò Ê¶·Ê£μ£μ ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ´  Ê£μ² ´μ²Ó ¤²Ö ¤¥°É·μ´ 
¸ Ô´¥·£¨¥° 20 ŒÔ‚ ¸μ¸É ¢²Ö¥É ∼ −0,06 Ë³. �·¨³¥´¨¢ μ¶É¨Î¥¸±ÊÕ É¥μ·¥³Ê, ¶μ²ÊÎ¨³
σ±1 −σ0 ≈ −5 ³¡. „²Ö Ê£²¥·μ¤´μ° ³¨Ï¥´¨ Éμ²Ð¨´μ° 0,1 £/¸³2 ¢¥²¨Î¨´  ¶·¨μ¡·¥É¥´´μ°
É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨ ¸μ¸É ¢²Ö¥É ∼ 10−5, ÎÉμ ´  É·¨ ¶μ·Ö¤±  ³¥´ÓÏ¥ ¢±² ¤μ¢, μ¡Ê¸²μ-
¢²¥´´ÒÌ Ö¤¥·´Ò³ ¨ ¨´É¥·Ë¥·¥´Í¨¥° Ö¤¥·´μ£μ ¨ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨° [10]. „²Ö
ÉÖ¦¥²ÒÌ Ö¤¥· ¢±² ¤ ¢μ§· ¸É ¥É.

‚‹ˆŸ�ˆ… ��‚…„…�ˆŸ ‚�‹��‚›• ”“�Š–ˆ‰
�‘��‚��ƒ� ‘�‘’�Ÿ�ˆŸ „…‰’���� �� Œ�‹›• ��‘‘’�Ÿ�ˆŸ•
�� ‚…‹ˆ—ˆ�“ �””…Š’� „‚“‹“—…��…‹�Œ‹…�ˆŸ „…‰’����‚

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢Ê¥É ³´μ¦¥¸É¢μ ³μ¤¥²¥°, μ¶¨¸Ò¢ ÕÐ¨Ì ¶μÉ¥´Í¨ ² Ö¤¥·´μ£μ
´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ´  μ¸´μ¢¥ ±μÉμ·ÒÌ ³μ¦´μ ¶μ¸É·μ¨ÉÓ ¢μ²´μ¢Ò¥ ËÊ´±-
Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ . �μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ · §²¨Î´ÒÌ ³μ¤¥²¥° ¢μ²´μ¢Ò¥
ËÊ´±Í¨¨ ¢¥¤ÊÉ ¸¥¡Ö μ¤¨´ ±μ¢μ ´  · ¸¸ÉμÖ´¨ÖÌ ¡μ²ÓÏ¥ 2Ä2,5 Ë³ [12,13]. �¤´ ±μ ´  ³ ²ÒÌ
· ¸¸ÉμÖ´¨ÖÌ · §²¨Î´Ò¥ ³μ¤¥²¨ ¤ ÕÉ · §²¨Î´μ¥ ¶μ¢¥¤¥´¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨°. �ËË¥±É
¤¢Ê²ÊÎ¥¶·¥²μ³²¥´¨Ö ¤¥°É·μ´μ¢, ¢ Î ¸É´μ¸É¨ ¸¶¨´μ¢Ò° ¤¨Ì·μ¨§³ ¤¥°É·μ´μ¢, ÎÊ¢¸É¢¨É¥²¥´
± ¶μ¢¥¤¥´¨Õ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤¥°É·μ´  ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ, ÎÉμ ¶μ§¢μ²Ö¥É ¨¸¶μ²Ó-
§μ¢ ÉÓ ÔÉμÉ ÔËË¥±É ¤²Ö ¶·μ¢¥·±¨ · §²¨Î´ÒÌ ³μ¤¥²¥° ¶μÉ¥´Í¨ ²μ¢ ´Ê±²μ´-´Ê±²μ´´μ£μ
¢§ ¨³μ¤¥°¸É¢¨Ö.
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ˆ§ ¢Ò· ¦¥´¨Ö (11) ¢¨¤´μ, ÎÉμ · §´¨Í   ³¶²¨ÉÊ¤ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¤¥°É·μ´  ¢ · §²¨Î-
´ÒÌ ¸¶¨´μ¢ÒÌ ¸μ¸ÉμÖ´¨ÖÌ,   ¢³¥¸É¥ ¸ ´¥° ¨ ¢¥²¨Î¨´  ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¤¥°É·μ´μ¢ ¨
É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨ § ¢¨¸¨É μÉ ËÊ´±Í¨¨

(
2
√

2u(r)w(r) − w(r)2
)
r−2. �  ³ ²ÒÌ · ¸-

¸ÉμÖ´¨ÖÌ, £¤¥ ¶ · ³¥É· r−2 ¶·¨´¨³ ¥É ¡μ²ÓÏ¨¥ §´ Î¥´¨Ö, ¢¥²¨Î¨´  ¶·¨¢¥¤¥´´μ° ËÊ´±-
Í¨¨ ÎÊ¢¸É¢¨É¥²Ó´  ± §´ Î¥´¨Ö³ · ¤¨ ²Ó´ÒÌ ËÊ´±Í¨° u(r) ¨ w(r).

�  μ¸´μ¢¥ ¢Ò· ¦¥´¨° (4) ¨ (11) ³μ¦´μ μ¶·¥¤¥²¨ÉÓ ¢¥²¨Î¨´Ê É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨
(¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³ ) ¤¥°É·μ´μ¢ ¤²Ö ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ ,
¶μ²ÊÎ¥´´ÒÌ ¢ · §²¨Î´ÒÌ ³μ¤¥²ÖÌ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. „²Ö ¸· ¢´¥´¨Ö
¡Ò²¨ · ¸¸³μÉ·¥´Ò · ¤¨ ²Ó´Ò¥ ËÊ´±Í¨¨, ¶μ²ÊÎ¥´´Ò¥ ´  μ¸´μ¢¥ CD-¡μ´´¸±μ£μ [13] ¨
¶ ·¨¦¸±μ£μ [17] ¶μÉ¥´Í¨ ²μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö (·¨¸Ê´μ±).

0.2

0.4

0.6

0 1 2 3 4
r, fm

w r( ) CD-Bonn

u r( ) CD-Bonn
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w r( ) Parisu
r

w
r

(
)

(
)

;
, 
fm

�
1
/2

‚μ²´μ¢Ò¥ ËÊ´±Í¨¨ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´ , ¶μ²ÊÎ¥´´Ò¥ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ CD-¡μ´´¸±μ£μ

¨ ¶ ·¨¦¸±μ£μ ¶μÉ¥´Í¨ ²μ¢ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö

Š ± ¢¨¤´μ ¨§ ·¨¸Ê´± , ³μ¤¥²¨ ¤ ÕÉ · §²¨Î´μ¥ ¶μ¢¥¤¥´¨¥ · ¤¨ ²Ó´ÒÌ ËÊ´±Í¨° ¤¥°-
É·μ´  ´  · ¸¸ÉμÖ´¨ÖÌ ³¥´¥¥ 2,5 Ë³. ‚ÒÎ¨¸²¨³ É¥´§μ·´ÊÕ ¶μ²Ö·¨§ Í¨Õ ¤¥°É·μ´´μ£μ
¶ÊÎ±  ¸ ¶·¨³¥´¥´¨¥³ ÔÉ¨Ì · ¤¨ ²Ó´ÒÌ ËÊ´±Í¨°. �·μ¨§¢¥¤¥³ μÍ¥´±Ê ¤²Ö ¤¥°É·μ´μ¢
¸ Ô´¥·£¨¥° 1,6 ƒÔ‚ (¨³¶Ê²Ó¸ ¶μ·Ö¤±  3 ƒÔ‚/¸). „²Ö ¤ ´´μ° Ô´¥·£¨¨¨ ³μ¦´μ ¶·¥´¥¡·¥ÎÓ
¢²¨Ö´¨¥³ ±Ê²μ´μ¢¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö. „²Ö μÍ¥´±¨, ¢ ± Î¥¸É¢¥ ¶μÉ¥´Í¨ ²  ¸¨²Ó´μ£μ
´Ê±²μ´-Ö¤¥·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨¸¶μ²Ó§Ê¥³ μ¶É¨Î¥¸±¨° ¶μÉ¥´Í¨ ² ‚Ê¤¸ Ä‘ ±¸μ´  ¤²Ö
´Ê±²μ´μ¢ ¸ Ô´¥·£¨¥° 796 ŒÔ‚ [18]:

Vn(R) = Vp(R) =
8,1 ŒÔ‚ − i · 61,41 ŒÔ‚

1 + exp ((r − 2,27 Ë³) /0,4587 Ë³)
. (18)

—¨¸²¥´´Ò° · ¸Î¥É ¶μ± §Ò¢ ¥É, ÎÉμ · §´¨Í  ¸¥Î¥´¨° σ±1 − σ0 ¤²Ö ¤¥°É·μ´μ¢ ¸ Ô´¥·-
£¨¥° ¶μ·Ö¤±  1,6 ƒÔ‚ ¤²Ö · ¤¨ ²Ó´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤¥°É·μ´  ¢ CD-¡μ´´¸±μ° ³μ¤¥²¨
¸μ¸É ¢²Ö¥É 8,8 ³¡. „²Ö ¶ ·¨¦¸±μ° ³μ¤¥²¨  ´ ²μ£¨Î´Ò° · ¸Î¥É ¤ ¥É §´ Î¥´¨¥ 9,2 ³¡. ‚¥-
²¨Î¨´  É¥´§μ·´μ° ¶μ²Ö·¨§ Í¨¨ ¤¥°É·μ´´μ£μ ¶ÊÎ± , ¶·μÏ¥¤Ï¥£μ Î¥·¥§ ´¥¶μ²Ö·¨§μ¢ ´´ÊÕ
Ê£²¥·μ¤´ÊÕ ³¨Ï¥´Ó Éμ²Ð¨´μ° 150 £/¸³2, ¢ ¶¥·¢μ³ ¸²ÊÎ ¥ ¸μ¸É ¢²Ö¥É 4,4 ·10−2,   ¢μ ¢Éμ-
·μ³ ¸²ÊÎ ¥ Å 4,6 ·10−2, É. ¥. · §´¨Í  ¢ ¢¥²¨Î¨´¥ ÔËË¥±É  ¸μ¸É ¢²Ö¥É ¶μ·Ö¤±  5 %. ’ ±¨³
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μ¡· §μ³, ¨¸¶μ²Ó§ÊÖ ÔËË¥±É ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¤¥°É·μ´μ¢, ³μ¦´μ Ô±¸¶¥·¨³¥´É ²Ó´μ
¸· ¢´¨¢ ÉÓ ¶μ¢¥¤¥´¨¥ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´  ´  ³ ²ÒÌ · ¸-
¸ÉμÖ´¨ÖÌ, ¶·¥¤¸± §Ò¢ ¥³ÒÌ · §²¨Î´Ò³¨ ³μ¤¥²Ö³¨ ´Ê±²μ´-´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
¶·¨ Ê¸²μ¢¨¨ ¶μ²ÊÎ¥´¨Ö ¢Ò¸μ±μ£μ §´ Î¥´¨Ö ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  (Éμ²¸ÉÒ¥ ³¨Ï¥´¨, ¢´Ê-
É·¥´´ÖÖ ³¨Ï¥´Ó ¢ ´ ±μ¶¨É¥²Ó´μ³ ±μ²ÓÍ¥).

‡�Š‹�—…�ˆ…

�´ ²¨§ ÔËË¥±É  ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö ¤¥°É·μ´μ¢ ¢ Ô°±μ´ ²Ó´μ³ ¶·¨¡²¨¦¥´¨¨
¶μ± §Ò¢ ¥É, ÎÉμ ¢ μ¡² ¸É¨ Ô´¥·£¨° 20 ŒÔ‚, ¢ ±μÉμ·μ° ¶·μ¢μ¤¨²¨¸Ó ¶¥·¢Ò¥ Ô±¸¶¥·¨³¥´ÉÒ
¶μ μ¡´ ·Ê¦¥´¨Õ ÔËË¥±É  ¸¶¨´μ¢μ£μ ¤¨Ì·μ¨§³  ¤¥°É·μ´μ¢ [5], ¢±² ¤ μÉ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ô²¥±É·¨Î¥¸±μ£μ ±¢ ¤·Ê¶μ²Ó´μ£μ ³μ³¥´É  ¤¥°É·μ´  ¸ Ô²¥±É·¨Î¥¸±¨³ ¶μ²¥³ Ö¤·  § ³¥É´μ
³¥´ÓÏ¥ ¢±² ¤μ¢, μ¡Ê¸²μ¢²¥´´ÒÌ Ö¤¥·´Ò³ ¨ ¨´É¥·Ë¥·¥´Í¨¥° Ö¤¥·´μ£μ ¨ ±Ê²μ´μ¢¸±μ£μ
¢§ ¨³μ¤¥°¸É¢¨° [10].

‚¸²¥¤¸É¢¨¥ ¢Ò¸μ±μ° ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ÔËË¥±É  ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö ¤¥°É·μ´μ¢
± ¶μ¢¥¤¥´¨Õ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤¥°É·μ´  ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ
¤ ´´Ò° ÔËË¥±É ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨ ³μ¤¥²¥° ´Ê±²μ´-
´Ê±²μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¤ ÕÐ¨Ì ´ ¨¡μ²ÓÏ¥¥ · ¸Ìμ¦¤¥´¨¥ ¨³¥´´μ ¢ μ¡² ¸É¨ ³ ²ÒÌ
· ¸¸ÉμÖ´¨°.

’ ±¨³ μ¡· §μ³, Ö¢²¥´¨¥ ¤¢μ°´μ£μ ²ÊÎ¥¶·¥²μ³²¥´¨Ö ¤¥°É·μ´μ¢ ¶·¥¤μ¸É ¢²Ö¥É ¤μ¶μ²-
´¨É¥²Ó´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¨§ÊÎ¥´¨Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°. �¸μ¡¥´´μ ¶¥·¸¶¥±É¨¢-
´Ò³¨ ¢ ÔÉμ³ ´ ¶· ¢²¥´¨¨ ¢¨¤ÖÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ´  ¢Ò¸μ±μÔ´¥·£¥É¨Î´ÒÌ Ê¸±μ·¨É¥²ÖÌ
(NICA (´Ê±²μÉ·μ´-Œ), COSY, GSI) ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¢´ÊÉ·¥´´¨Ì ³¨Ï¥´¥°,   É ±¦¥ Éμ²-
¸ÉÒÌ ³¨Ï¥´¥° ´  ¢Ò¢¥¤¥´´μ³ ¶ÊÎ±¥. Š ¶·¨³¥·Ê, ¢ Ô±¸¶¥·¨³¥´É Ì [6,7] ´  ´Ê±²μÉ·μ´¥-Œ
¸ ¢Ò¢¥¤¥´´Ò³ ¶ÊÎ±μ³ ¤¥°É·μ´μ¢ ¸ ¨³¶Ê²Ó¸μ³ 5 ƒÔ‚/¸ ¡Ò²¨ ¶μ²ÊÎ¥´Ò §´ Î¥´¨Ö ¸¶¨´μ¢μ£μ
¤¨Ì·μ¨§³  ¶μ·Ö¤±  0,15.
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