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The aim of this review is to present an approach to unitary models that has been developed
during the last ten years. The approach uses wave functions and operators deˇned in FockÄBargmann
space. A solution for the SU(3) shell model is introduced as well as some extensions that are related
to a classical treatment of SU(3) theory.

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´ · §¢¨ÉÒ° ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ´µ¢Ò° ¶µ¤Ìµ¤ ± Ê´¨É ·´Ò³ ³µ¤¥²Ö³.
�ÉµÉ ¶µ¤Ìµ¤ ¨¸¶µ²Ó§Ê¥É ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¨ µ¶¥· Éµ·Ò Ê´¨É ·´ÒÌ ³µ¤¥²¥°, µ¶·¥¤¥²¥´´Ò¥ ¢
¶·µ¸É· ´¸É¢¥ ”µ± Ä� ·£³ ´´ . �·¨¢µ¤ÖÉ¸Ö ·¥Ï¥´¨Ö ¤²Ö SU(3) ³µ¤¥²¨ µ¡µ²µÎ¥± ¨ ´¥±µÉµ·Ò¥
¨Ì µ¡µ¡Ð¥´¨Ö, µÉ´µ¸ÖÐ¨¥¸Ö ± ±² ¸¸¨Î¥¸±µ° É· ±Éµ¢±¥ SU(3) É¥µ·¨¨.

1. OUTLINE OF SU(3) SHELL-MODEL DEVELOPMENTS

The SU(3) model was introduced as a scheme for analysing the problem of
valence nucleon dynamics within the framework of a harmonic oscillator shell-
model basis. An important feature of the SU(3) model is its reproduction of the
dynamics of the rotor model. This feature is clearly demonstrated in the work of
the LSU group [1-3], and independently in the work of the Kiev team [4-6]. The
LSU and Kiev teams came to the same conclusion using different approaches: the
LSU team used group-theoretical techniques and computational methods, whereas
the Kiev team developed a theory that exploits well-known expressions for the
wave mechanics of a rigid body.

The simplest version of the SU(3) model takes only the so-called leading
irreducible representation (irrep) into account. The Hamiltonian of the model
is constructed either from invariants of SU(3) and/or its SO(3) subgroup (for
instance, QQ, QQQ, QQQQ) or from a many-particle Hamiltonian built with
a Gaussian nucleon-nucleon interaction. The LSU work follows the traditional
treatment which takes the leading irrep as the one for which the second-order
Casimir operator of SU(3) has the maximum value. The leading representation
for the Kiev group is deˇned to be the irrep for which the interaction of even
nucleon pairs is the most attractive.
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Extended versions of both the LSU and Kiev approaches include more than
just the leading irrep. A focus of this article is on the motivation for making such
an extension. A further issue is the collective motion of the valence nucleons
taken as a whole versus that of the valence neutrons and protons with respect
to one another. To probe these and related matters, it is necessary to use many
SU(3) irreps. As will be seen, in the simplest case this leads to a two rotor
problem, one for describing the neutron motion and the other for the protons.
These rotors can move either together or relative to one another. The goal of this
work is to provide a comprehensive theory of the valence nucleon dynamics, to
appreciate the simplest modes in terms of a geometrical picture, and to understand
what features of this dynamics are realized in nuclei.

2. SOME ELEMENTS OF RIGID ROTOR THEORY

Why can the microscopic SU(3) model be presented as a rigid rotor model?
To answer this question, it is ˇrst important to understand some elements of rigid
rotor theory. The wave function ΨLM of the rigid non-axial rotor in a state with
orbital momentum L and projection M has the form

Ψα
LM =

∑
K

CL,αK DL
K,M (φ, θ, ψ), (1)

where DL
K,M are the spherical Wigner functions; K is the orbital momentum

projection on the intrinsic axis of the rotor; φ, θ, ψ are Euler angles deˇning the
orientation of the rotor with respect to the laboratory frame of reference; CL,αK

are coefˇcients which show the contributions of states with different values of K;
and ˇnally, α is an additional quantum number used to distinguish distinct states
with the same values of L,M .

The Hamiltonian Ĥrot of the rigid rotor [7] has the form:

Ĥrot =
1

2
a L̂2

ξ +
1

2
b L̂2

η +
1

2
c L̂2

ζ . (2)

Now we would like to consider two central questions. First question: ©How can
one realize a transition from a microscopic many-particle wave function of the
SU(3) model to a typical rigid rotor wave function (1)?ª Second question: ©How
can one derive from the many-particle microscopic Hamiltonian,

Ĥ =
A∑
i=1

t̂i +
∑
i<j

ûi,j , (3)

a Hamiltonian that reminds us of expression (2)?ª
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3. WAVE PACKET OF SU(3) BASIS STATES

To address these questions, it is convenient to introduce an important con-
struction; namely, the wave packet Φ(λ, µ) for basis functions of an SU(3) irrep
(λ, µ). The wave packet of the highest weight irrep is most important. The state
is a Slater determinant built from one-particle oscillator orbitals with speciˇc
cartesian quantum numbers. Whereas many such functions can be constructed,
for a given nucleus there is only one or two such conˇgurations with minimum
value of the oscillator quanta number allowed by the Paul Principle.

Φ(λ, µ) = Det
∣∣∣∣ϕnx,ny,nz(ri, σi, τi)∣∣∣∣ , (4)

ϕnx,ny,nz(ri, σi, τi) =

Nnx,ny,nzHnx(u1 · ri)Hny(u2 · ri)Hnz (u3 · ri)

× exp{−r2/2}ξ(σi, τi). (5)

In (5), Hn(xi) are Hermitian polynomials and ξ(σi, τi) are the usual spin-
isospin functions. Three mutually orthogonal unit vectors, u1,u2,u3, that are
identical for all particles, have also been introduced. If u1 is directed along the
x axis, u2 along the y axis, and u3 along the z axis, then instead of the variables
xi; yi; zi in the arguments of the Hermitian polynomials, one can write the scalar
products u1 ·ri; u2 ·ri; u3 ·ri. The vectors u1, u2,u3 are a convenient system for
describing rotations of the Slater determinant. Φ(λ, µ) is a superposition of states
of different angular moment from which states of deˇnite angular momentum can
be obtained by means of a generalization of PeierlsÄYoccoz projection method [8].

4. STANDARD PROJECTION METHOD

In this section we review the deˇnition of the standard projection method.
Let the wave function Ψ be a superposition of states with different L and M
values.

Ψ =
∑
L,M

CL,MΨL,M . (6)

The same function has a new form after a rotation of the frame of reference,
namely,

Ψ→ Ψ̃ =
∑

L,M,M ′

CL,MΨL,MD
L
M,M ′ . (7)
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The overlap integral of Ψ and Ψ̃ (or, in other words, the integral of the product
Ψ̃ · Ψ) can be expressed through the coefˇcients CL,M and a spherical Wigner
function:

< Ψ̃|Ψ >=
∑

L,M,M ′

CL,MCL,M ′D
L
M,M ′ . (8)

As a result, we come to the following well-known relation:

CL,MCL,M ′ =

∫
dΩ < Ψ̃|Ψ > DL

M,M ′ . (9)

The last formula gives us an algorithm for the selection of states with deˇnite
value of the angular momentum.

5. FOCKÄBARGMANN MAP OF MANY-PARTICLE HARMONIC
OSCILLATOR BASIS FUNCTIONS

The SU(3) symmetry indices (λ, µ) are introduced to remove the degeneracy
of the translationally invariant oscillator shell-model states. If K denotes the
projections of the angular moment L on the principal intrinsic symmetry axis,
the many-particle wave functions Ψα

L,M(λ, µ) of the SU(3) shell model have the
following form:

Ψα
L,M (λ, µ) =

∑
K

AL,aK (λ, µ)ΨL
K,M ({ri, σi, τi}), (10)

where the quantum number α is analogous to the additional quantum number of
the non-axial rigid rotor.

The starting point for the construction of wave function (10) can be the high-
est weight vector of the (λ, µ) irrep which has the form of the Slater determinant
Φ(λ, µ) or a linear combination of the Slater determinants and is characterized
by deˇnite numbers of quanta along the Cartesian axes of the system. The
PeierlsÄYoccoz projection method insures that this highest weight vector, after
an arbitrary rotation of the coordinate system axes, is a superposition of all basis
functions of the (λ, µ) irrep, namely,

Φ(λ, µ) =
∑
L,M

∑
α

BL,αM (λ, µ)
∑
K

AL,aK (λ, µ)ΨL
K,M ({ri, σi, τi}). (11)

The coefˇcients in this superposition (11) are not numbers, they are functions
of the Euler angles φ, θ, ψ, which appear together with the three unit vectors,
u1,u2,u3, introduced (see Sec. 3) in the generating invariant Φ(λ, µ) which is
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also a generalized coherent state. Because Φ(λ, µ) is an invariant form, the
coefˇcients

BL,αM (λ, µ) = Nα
L (λ, µ)

∑
K′

AL,αK′ (λ, µ)DL
K′,M (φ, θ, ψ) (12)

are also SU(3) basis states, but in this case deˇned in FockÄBargmann space
[9,10].

We now give the wave packet expansion again (in other words, an expansion
of the SU(3) generating invariant):

Φ(λ, µ) =
∑
L,M

∑
α

∑
K

AL,aK (λ, µ)ΨL
K,M ({ri, σi, τi})×

×Nα
L(λ, µ)

∑
K′

AL,αK′ (λ, µ)DL
K′,M (φ, θ, ψ). (13)

The last expansion plays the important role in our approach. It introduces the
FockÄBargmann map of the basis function and gives the following connection∑

K

AL,αK ΨL
K,M → Nα

L (λ, µ)
∑
K

AL,αK DL
K,M . (14)

The left side of this connection is a complicated construction of the many-particle
function, and the right side is its simple map in FockÄBargmann space. This
map reminds us of the rigid rotor wave function, but with a normalization factor
Nα
L (λ, µ). We shall work with the map because of its visual character and

simplicity.
For the projection we need another Slater determinant Φ̃(λ, µ) which differs

from Φ(λ, µ) in a simple way. To obtain Φ̃(λ, µ) we should change the vectors
u1,u2,u3 to vectors ũ1, ũ2, ũ3. The next step is a calculation of the overlap
integral

< Φ̃(λ, µ)|Φ(λ, µ) > .

This overlap has the following simple form because (λ, µ) is ˇxed:

< Φ̃(λ, µ)|Φ(λ, µ) >= (ũ1 · u1)
λ(ũ3 · u3)

µ. (15)

Two conclusions follow from (15). First, this overlap doesn't depend on u2.
Second, it can be presented in a form that is convenient for calculation:

< Φ̃(λ, µ)|Φ(λ, µ) >= dλ11d
µ
33, (16)
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where d11 and d33 are the elements of the rotation matrix in the three-dimension
space. Regarding the latter, it can be shown that

dλ11d
µ
33 =

∑
L,M

∑
α

Nα
L (λ, µ)

∑
K

AL,aK (λ, µ)DL
K,M (φ̃, θ̃, ψ̃)×

×Nα
L(λ, µ)

∑
K′

AL,αK′ (λ, µ)DL
K′,M (φ, θ, ψ), (17)

which deˇnes the amplitudes
AL,aK (λ, µ)

as well as the normalization coefˇcients

Nα
L (λ, µ).

Of course, the simplest situation is for µ equal to zero in which case we can
realize the projection in the following way:

dλ11 = cosλΘ =
∑
L

C
(λ)
L PL(cosΘ), (18)

where PL(cosΘ) is the Legendre polynomial and

CλL =

∫ 1

−1

tλPL(t)dt (19)

are the expansion coefˇcients, which give the contribution of the state with angular
momentum L.

6. SU(3) GENERATORS IN FOCKÄBARGMANN SPACE

Because our basis functions depend only on the three Euler angles, all
the SU(3) operators should be expressed through indices λ, µ and projections
M̂1, M̂2, M̂3 of the angular momentum operator M̂ in the principal-axis system.
We shall show two matrices. The ˇrst one is the matrix ||Ĉα,β || of the SU(3)
generators:

∣∣∣∣∣∣
∣∣∣∣∣∣

2λ/3 + µ/3 M̂3 −M̂2

0 −λ/3 + µ/3 M̂1

0 0 −λ/3− 2µ/3

∣∣∣∣∣∣
∣∣∣∣∣∣ . (20)
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The second is the matrix ||Q̂α,β || of the mass quadrupole moment:

∣∣∣∣∣∣
∣∣∣∣∣∣

2λ/3 + µ/3 M̂3/2 −M̂2/2

M̂3/2 −λ/3 + µ/3 M̂1/2

−M̂2/2 M̂1/2 −λ/3− 2µ/3

∣∣∣∣∣∣
∣∣∣∣∣∣ . (21)

We can check these matrices by noting that they should give us the well-
known expression for the SU(3) second order Casimir g2. By deˇnition,

g2 =
∑
i,j

Ĉi,jĈj,i. (22)

Here Ĉi,j are deˇned in the laboratory system, however, we have Ĉα,β in the
principal axes system. For this reason

g2 =
∑
i,j

∑
α,β

∑
δ,γ

diαdjβĈα,βdjδdiγĈδ,γ . (23)

The summation in (23) is not trivial because we must take into account the fact
that the matrix elements Ĉα,β contain the operators M̂α,β, which act on the matrix
elements djδ and diγ ,

M̂1dj,1 = 0, M̂2dj,1 = −dj,3, M̂3dj,1 = dj,2, (24)

and so on,

di,1dj,2M̂3{dj,1di,1Q̂1,1 + dj,2di,2Q̂2,2 + dj,3di,3Q̂3,3} =

= di,1dj,2{(dj,2di,1 + dj,1di,2)Q̂1,1 − (dj,1di,2 + dj,2di,1)Q̂2,2}. (25)

We have after summation over i and j of the last expression the simple result∑
i,j

di,1dj,2M̂3{dj,1di,1Q̂1,1 + dj,2di,2Q̂2,2 + dj,3di,3Q̂3,3} =

= Q̂1,1 − Q̂2,2. (26)

By this method we obtain from (23)

g2 =
2

3
(λ2 + λµ+ µ2 + 3λ+ 3µ). (27)

Note that the linear terms in λ and µ are a direct result of the last calculation.
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7. BARGMANNÄMOSHINSKY OPERATORS Ω̂ AND Ω̂1

Another important example is the operator Ω̂ = M̂Q̂M̂, considered in the
work of Bargmann and Moshinsky [11]. By deˇnition,

Ω̂ =
∑
i,j

∑
α,β

∑
γ,δ

di,αM̂αdi,βdj,γQ̂β,γdj,δM̂δ =

=
2λ+ µ

3
M̂2

1 +
−λ+ µ

3
M̂2

2 +
−λ− 2µ

3
M̂2

3 +

+M̂2M̂3M̂1 +
1

2
{M̂2

1 − M̂2
2 − M̂2

3 }. (28)

We will now show, separately, the additional terms from the off-diagonal matrix
elements of Q̂β,γ,

M̂2M̂3M̂1 +
1

2
{−M̂2

1 − M̂2
2 + M̂2

3 }, (29)

and from the action of operators Q̂β,γ on the matrix elements dj,δ,

M̂2
1 − M̂2

3 . (30)

The action of M̂α gives a zero result.
It is convenient to rewrite the operator Ω̂ in the terms of the operators L̂α,

where L̂α = −iM̂α,

Ω̂ = −2λ+ µ

3
L̂2

1 +
λ− µ

3
L̂2

2 +
λ+ 2µ

3
L̂2

3−

−iL̂2L̂3L̂1 +
1

2
{L̂2

2 + L̂2
3 − L̂2

1}. (31)

As usual for the rigid rotor, we use the basis states

|L,K+ >=
1√
2
{|L,K > +|L,−K >}, (32)

if L are even, and

|L,K− >=
1√
2
{|L,K > −|L,−K >}, (33)
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if L are odd. Here K is the projection of the orbital momentum on the intrinsic
axes. For simplicity we shall omit the + or − signs behind K in the notation of
the basis functions.

The matrix of the operator Ω̂ is traceless and has a tridiagonal form. Its
matrix elements are the following for ˇxed values of the orbital momentum L:

< L,K|Ω̂|L,K >=
2λ+ µ+ 3

6
{L(L+ 1)− 3K2}, (34)

< L,K + 2|Ω̂|L,K >=

=
µ−K

4

√
(L−K)(L−K − 1)(L+K + 1)(L+K + 2), (35)

< L,K − 2|Ω̂|L,K >=

=
µ+K

4

√
(L+K)(L+K − 1)(L−K + 1)(L−K + 2). (36)

In the special case, if K = 0 or K = 2,

< L, 2|Ω̂|L, 0 >=
µ

2
√

2

√
L(L− 1)(L + 1)(L+ 2), (37)

< L, 0|Ω̂|L, 2 >=
µ+ 2

2
√

2

√
L(L− 1)(L+ 1)(L+ 2). (38)

The matrix of Ω̂ is not symmetric because the operator Ω̂ is non-Hermitian.
This feature of the matrix appears as a result of the well-known fact that the
quantum number K cannot be greater than µ. If K = µ, the matrix element
(35) disappears and the states for which K ≤ µ are separated from the states
with K > µ. Because Ω̂ = −L̂Q̂L̂, the eigenvalue for which K = 0 dominates
and the angular moment L is directed orthogonal to the symmetry axes Q, lying
higher, for example, than those with dominant K = µ with L directed along Q.

Some examples of characteristic equations will now be given. Consider the
L = 2 case. Then we have the following determinant, which should be equal to
zero, ∣∣∣∣ 2λ+ µ+ 3− E (µ+ 2)

√
3

µ
√

3 −(2λ+ µ+ 3)− E

∣∣∣∣ = 0. (39)

In another form the same equation is

E2 − 6g2 − 9 = 0, E1,2 = ±
√

6g2 + 9. (40)
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For L = 4 one ˇnds∣∣∣∣∣∣
10
3 (2λ+ µ+ 3)− E 3(µ+ 2)

√
5 0

3µ
√

5 4
3 (2λ+ µ+ 3)− E (µ+ 4)

√
7

0 (µ− 2)
√

7 − 14
3 (2λ+ µ+ 3)− E

∣∣∣∣∣∣ =

= E3 − (104g2 + 100)E + 448g3 = 0, (41)

where the third order Casimir is given by

g3 =
5

27
(2λ+ µ+ 3)(λ+ 2µ+ 3)(λ− µ). (42)

The result is trivial if L = 3:
E = 0. (43)

(Note that if the operator Ω̂ is used to ˇt experimental spectrum, it should be
taken with a negative sign. Remarks regarding the calculation of the normalization
factor for eigenvectors can be found in the last section of this lecture, where, as
an important example, the operator Ω̂ is given careful consideration.)

What are some simple conclusions one can draw regarding the operator −Ω̂?
1. It does not shift the 3+ level.
2. It shifts the 2+ levels symmetrical down and up.
3. Two of the three 4+ levels go down and one 4+ goes up.
4. If λ� µ, the shift of the lowest 4+ level is more than 10/3 times (from

initial position) the 2+ shift.

The next most important operator is Ω̂1 = M̂Q̂Q̂M̂, which has the following
form:

1

9
(2λ+ µ)2M̂2

1 +
1

9
(λ− µ)2M̂2

2 +
1

9
(λ+ 2µ)2M̂2

3 +

+
1

3
(5λ+ µ)M̂2

1 +
1

3
(λ− µ)M̂2

2 +
1

3
(λ + 5µ)M̂2

3 −
2

3
(λ− µ)M̂2M̂3M̂1+

+M̂2
3M̂

2
1 − 2M̂2M̂3M̂1 − 2M̂2

2 − 2M̂2
3 . (44)

If µ = 0, the last operator reduces to the axial rotor.
Operator (44) has diagonal matrix elements given by

< L,K|Ω̂1|L,K >= −(g2 − 2)L(L+ 1)+
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+
1

18
(2λ2 + 2λµ− µ2 + 6λ){L(L+ 1)− 3K2}+

+
1

2
{L(L+ 1)−K2 − 2}K2; (45)

and the off-diagonal ones given by

< L,K + 2|Ω̂1|L,K >= −µ−K
12

(2λ+ µ+ 3K + 6)×

×
√

(L −K)(L−K − 1)(L+K + 1)(L+K + 2); (46)

< L,K − 2|Ω̂1|L,K >= −µ+K

12
(2λ+ µ− 3K + 6)×

×
√

(L +K)(L+K − 1)(L−K + 1)(L−K + 2); (47)

< L, 2|Ω̂1|L, 0 >= − µ

6
√

2
(2λ+ µ+ 6)

√
L(L− 1)(L+ 1)(L+ 2); (48)

< L, 0|Ω̂1|L, 2 >= −µ+ 2

6
√

2
(2λ+ µ)

√
L(L− 1)(L+ 1)(L+ 2). (49)

Again, we obtain a tridiagonal matrix. Its trace is equal to

L(L+ 1){−g2 + 2 +
1

30
(L− 2)(2L+ 1)}L+ 2

2
, (50)

if L is even, and

L(L+ 1){−g2 + 2 +
1

30
(L+ 3)(2L− 1)}L− 1

2
, (51)

if L is odd.
If µ < L, the characteristic equation becomes the product of two factors or

two equations, one gives us the states with K ≤ µ; and the other, the non-physical
states with K > µ. As an example, we present the characteristic equation for
L = 2

E2 + 12(g2 − 2)E + 36(g2 − 2)2 − g2
2 = 0 (52)

and its solutions
E1,2 = −6(g2 − 2)± g2. (53)
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A contribution of K = 0 is greater in the state with sign +, a result that can be
predicted qualitatively a priori and that follows directly from the deˇnition of
the operator Ω̂1.

Having matrices of the operators Ω̂ and Ω̂1, means one can construct the
matrix of an arbitrary linear superposition of such operators as well as an arbitrary
power of those superpositions. In all cases it is sufˇcient to ˇnd the sum and
product of the matrices obtained above.

8. OVERLAP INTEGRAL AND DENSITY MATRIX

The overlap integral can be considered to be a density matrix. What do we
mean by a density matrix? Consider the wave function of a many-particle system:

Ψ = Ψ(r1, r2, .., rn; q1,q2, ..,qN ), (54)

where q1,q2, ..,qN are overall control variables and r1, r2, .., rn are the usual
position variables of the subsystem. Then the density matrix ρ can be written as
an integral

ρ(r1, r2, ..rn, r
′
1, r
′
2, .., r

′
n) =

=

∫
Ψ∗(r1, r2, .., rn; q1,q2, ..qN )Ψ(r′1, r

′
2, .., r

′
n; q1,q2, ..,qN )dq1dq2..dqN

over all the control variables. In the case of the overlap, we integrate < Φ̃|Φ >
over all variables because we do not know in explicit form the subsystem vari-
ables. However, we can introduced the three parameters (three Euler angles)
and in this way separate the system into two subsystem through the integration
procedure, one subsystem being the close shells and the other one representing
the valence nucleons. The treatment of the overlap from this point of view gives
an obvious picture Å the motion of valence nucleons on a background of the
ˇxed state of close shell nucleons.

9. SYMMETRY OF THE SU(3) DYNAMICAL EQUATION
ABOUT PERMUTATION OF THE PRINCIPAL AXES

All scalar SU(3) operators should be symmetrical with respect to a permu-
tation of the intrinsic principal axes. The S3 group of this permutation has three
irreps: symmetrical, antisymmetrical, and a two-dimensional one. In order to
describe this symmetry, we introduce two expressions: 2λ+µ+3 and

√
3(µ+1).
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These are elements of a two dimensional representation. It is convenient to
introduce two other parameters β and γ, deˇned by equalities

2λ+ µ+ 3 = β cos γ,
√

3(µ+ 1) = β sinγ. (55)

It is obvious that g2 and g3 are the two simplest invariants of S3 that one can
construct

6g2 = β2 − 12, g3 =
5

27
β3 cos 3γ. (56)

Eigenvalues of higher order Casimir operators can be expressed through

β2 and β3 cos 3γ.

The operator Ω̂ has an elegant invariant form in terms of β, γ:

−Ω̂ =
β

3
{cosγ(L̂2

1 −
L̂2

2 + L̂2
3

2
) + sin γ

√
3

2
(L̂2

2 − L̂2
3)}+

+
i

6
{L̂1L̂2L̂3 + L̂2L̂3L̂1 + L̂3L̂1L̂2 + L̂1L̂3L̂2 + L̂3L̂2L̂1 + L̂2L̂1L̂3}. (57)

10. SOME EXAMPLES

We consider now some particular examples of eigenfunctions and eigenvalues
of the −Ω̂ operator. The simplest case is if µ = 2 since the problem then reduces
to the second order algebraic equation for the eigenvalues∣∣∣∣ (2λ+ 5)L(L+ 1)/6− E

√
2L(L+ 1)(L− 1)(L+ 2)√

(L(L+ 1)(L− 1)(L+ 2)/2 (2λ+ 5){L(L+ 1)− 12}/6− E

∣∣∣∣ = 0.

There are two solutions for each even L ≤ λ. However, there is only one physical
solution, if L = λ+ 2. In this case

E = −1

6
(2λ+ 7)(λ+ 3)(λ− 2), (58)

with wave function

Ψ = N{
√

2(λ+ 2)(λ+ 1)Dλ+2
0,M −

√
(λ+ 4)(λ+ 3)Dλ+2

2+,M}, (59)

where N is the normalization coefˇcient. The other solution is

Es = −1

6
(2λ+ 3)(λ+ 7)(λ+ 2), (60)
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Ψs = Ns{
√

2(λ+ 4)(λ+ 3)Dλ+2
0,M +

√
(λ+ 2)(λ+ 1)Dλ+2

2+,M}. (61)

We obtain the same allowed function after expansion of the Elliott overlap
integral

dλ1,1d
2
3,3 =

1

8

λ!

(2λ+ 3)!!
{2(λ+ 2)(λ+ 1)Dλ+2

0,0 −

−
√

2(λ+ 4)(λ+ 3)(λ+ 2)(λ+ 1)(Dλ+2
2+,0 +Dλ+2

0,2+)+

+(λ+ 4)(λ+ 3)Dλ+2
2+,2+}+ ... (62)

The overlap (62) gives the value of the normalization coefˇcient N of the function
(59):

N =

√
λ!

8(2λ+ 3)!!
. (63)

We need this normalization factor for calculating transitions.
Because there is only one function in the (λ, 2) irrep for L = λ+2, it should

also be an eigenfunction of the −Ω1 operator. The eigenvalue of the last one is

E =
2

3
(λ+ 3)(λ+ 2)(λ2 + 5λ+ 10)− 1

9
(λ+ 3)(λ3 + 13λ2 + 38λ+ 20). (64)

In the work of Draayer et al. [1,12] it is suggested that the SU(3) form

Ĥ = aL̂2 + bL̂Q̂L̂ + cL̂Q̂Q̂L̂ (65)

is an approximate map of the rotor Hamiltonian,

ĤASR = A1L̂
2
1 +A2L̂

2
2 +A3L̂

2
3, (66)

an approximation that improves with increasing λ, µ values. Now we can present
the exact map Ĥ of (65) which contains additional terms that are neglected in the
large λ, µ and small L limit:

Ĥ = A1L̂
2
1 +A2L̂

2
2 +A3L̂

2
3 + iBL̂2L̂3L̂1 + CL̂2

3L̂
2
1, (67)

where

A1 = a+ b(
2λ+ µ

3
+

1

2
) + c{ (2λ+ µ)2

9
+

5λ+ µ

3
}, (68)

A2 = a+ b(
−λ+ µ

3
− 1

2
) + c{ (λ− µ)2

9
+
λ− µ

3
− 2}, (69)
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A3 = a+ b(
−λ− 2µ

3
− 1

2
) + c{ (λ+ 2µ)2

9
+
λ+ 5µ

3
− 2}, (70)

B = b+ c(−2
λ− µ

3
− 2), D = −c. (71)

It is necessary to use some selection rules in constructing eigenfunctions of the
last Hamiltonian, speciˇcally, in order to exclude non-physical spurious states
and to add an algorithm for calculating the normalization coefˇcients of eigen-
vectors. Obviously, we can present immediately the normalized eigenvectors and
eigenvalues of the operator Ĥ for the case L = λ + 2, µ = 2, using (58), (64),
(59) and (63).

11. NORMALIZATION COEFFICIENTS

Because of the expansion,

dλ1,1d
µ
3,3 =

=
1

2
√
π

Γ((λ+ 1)/2)Γ((λ+ µ+ 2)/2)Γ((µ+ 1)/2)

Γ((λ+ 2)/2)Γ((λ+ µ+ 3)/2)Γ((µ+ 2)/2)
D0

0,0 + ..., (72)

where on the right side all except the ˇrst term is omitted, we can give the
normalization coefˇcients N(L = 0, (λ, µ)) for all states Ψ0(λ, µ) with L = 0:

N2(L = 0, (λ, µ)) =

=

√
1

2
√
π

Γ((λ+ 1)/2)Γ((λ+ µ+ 2)/2)Γ((µ+ 1)/2)

Γ((λ+ 2)/2)Γ((λ+ µ+ 3)/2)Γ((µ+ 2)/2)
. (73)

Then using the answer to the last exercise, we can show how to calculate nor-
malization coefˇcients of functions deˇned in FockÄBargmann space. These
coefˇcients are needed for determining electomagnetic transition probabilities.

Consider two eigenvectors of the BargmannÄMoshinsky operator Ω̂ for the
states L = 2 (see Sec. 7, equation (39)) and λ = µ = 2. One eigenvector is

ψ(1) = N1{4
√

3D2
0,M + (

√
105− 9)D2

2,M}, (74)

with eigenvalue E1 =
√

105. This function (74) is a superposition of the two
orthonormalized functions. The latter are a complete basis for the Elliott states.
The function ψ(1) can be presented as the linear combination:

ψ(1) = aΨ2(1) + bΨ2(2). (75)



1344 FILIPPOV G.F., DRAAYER J.P.

Because the functions Ψ2(1), Ψ2(2) are orthogonal and normalized, the function
ψ(1) should be also normalized and therefore

a2 + b2 = 1, (76)

a = b =

√
3

2
(21−

√
105)N1 =

1√
2
, N1 =

√
2

3

1

21−
√

105
. (77)

In other words

ψ(1) =
1√
2
{Ψ2(1) + Ψ2(2)}. (78)

The second eigenvector of the Ω̂ operator is

ψ(2) = N2{4
√

3D2
0,M − (

√
105 + 9)D2

2,M}, (79)

with egenvalue E2 = −
√

105. An analogous calculation gives the following
result:

ψ(2) =
1√
2
{Ψ2(1)−Ψ2(2)}, N2 =

√
2

3

1

21 +
√

105
. (80)

From this we see now that the eigenvectors ψ(1), ψ(2) of the operator Ω̂ are
really orthogonal, because they can be considered to result from an orthogonal
transformation of two orthogonal Elliott functions.

General remark: The Elliott integral contains information on the normaliza-
tion coefˇcients of the orthogonal basis function. One can use instead integrals
with the Bargmann measure which are simpler as this involves a direct integration
of the square of a basis function. The normalization of the operator Ω̂ eigenvec-
tors is the result of the well-known fact of the nonorthogonality of the Wigner
D-function in the FockÄBargmann space. From this work one can see that it is
possible to start with orthogonal combinations of D-functions that are normalized.
However, in this case the theory becomes less transparent, more complicated, and
loses its obvious connection with the problem of the rigid rotor.

12. HAMILTONIAN OVERLAP INTEGRAL Å THE SPECIAL (λ,0) CASE

We shall consider a many-particle Hamiltonian. Matrix elements of the
kinetic energy operator can be written down immediately:

< Φ̃|
∑
i

t̂i|Φ >=
1

2
{N0 + λ+ 2µ+

3

2
(A− 1)}h̄ω < Φ̃|Φ >, (81)
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where A is the number of nucleons and N0 is the number of the closed shell
quanta. The overlap integral in this expression is a constant within irreps of
SU(3). We shall approximate the potential energy operator by a Gaussian
nucleon-nucleon interaction:

Ûi,j = V0 exp{− (ri − rj)
2

b20
}. (82)

Of course, this is only a schematic form. Furthermore, we have omitted some
details in the deˇnition (for instance, the spin and isospin dependence is not
shown) which are not important for understanding the main picture. The structure
of the matrix elements of such operators is quite simple. For the µ = 0 case it
has the form:

< Φ̃|
∑
i<j

Ûi,j|Φ >= C0(ũ1 · u1)
λ + C1(ũ1 × u1)

2(ũ1 · u1)
λ−2 + ... =

=
∑
k

Ck(ũ1 × u1)
2k(ũ1 · u1)

λ−2k. (83)

We now deˇne the potential energy operator Û(u1) in FockÄBargmann space.
We put, by deˇnition,

< Φ̃|
∑
i<j

Ûi,j |Φ >=< Φ̃|Û(u1)|Φ >= Û(u1) < Φ̃|Φ > . (84)

We shall use the following equality:

M̂(ũ1 · u1)
λ = λ(ũ1 × u1)(ũ1 · u1)

λ−1, (85)

where M̂ is the angular momentum operator introduced above (see the ˇrst
lecture). This operator acts only on the vector u1 and can be expressed as:

M̂ = (u1 ×∇u1). (86)

The expression

−iM̂(ũ1 · u1)
λ

(ũ1 · u1)λ
=

L̂(ũ1 · u1)
λ

(ũ1 · u1)λ
= −iλ(ũ1 × u1)

(ũ1 · u1)
(87)

is the average value of the angular momentum vector in the state Φ. Strictly
speaking, the vector u1 is complex and ũ1 is its complex conjugate:

u1 = ~ξ1 + i~η1, ũ1 = ~ξ1 − i~η1, (88)
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where ~ξ1, ~η1 are the real vectors. Then

L̂(ũ1 · u1)
λ

(ũ1 · u1)λ
= λ

2(~ξ1 × ~η1)

(ξ2
1 + η2

1)
, (89)

M̂2(ũ1 · u1)
λ = λ(λ − 1)(ũ1 × u1)

2(ũ1 · u1)
λ−2 − λ(ũ1 · u1)

λ. (90)

Or, in another form,

(ũ1 × u1)
2(ũ1 · u1)

λ−2 = { 1

λ− 1
− L̂2

λ(λ − 1)
}(ũ1 · u1)

λ. (91)

Continuing this process for other terms in the potential energy (83), we come to
the following form for the operator Û(u1) in FockÄBargmann space:

Û(u1) =
∑
k

BkL̂
2k, (92)

where the coefˇcients Bk are expressed through λ and Ck . Because Hamiltonian
Ĥ of the system has the form

Ĥ = T0 + Û(u1), T0 =
1

2
{N0 + λ+ 2µ+

3

2
(A− 1)}h̄ω, (93)

its eigenvalues E can be written down immediately

E = T0 +
∑
k

Bk{L(L+ 1)}k. (94)

This result is well-known for p-shell nuclei, for which k = 1 only.

13. HAMILTONIAN OVERLAP INTEGRAL Å THE GENERAL (λ, µ)
CASE

In the general case, when λ and µ are both non-zero,

< Φ̃|
∑
i<j

Ûi,j |Φ >= C0,0(ũ1 · u1)
λ(ũ3 · u3)

µ+

+C1,0(ũ1 × u1)
2(ũ1 · u1)

λ−2(ũ3 · u3)
µ+

+C0,1(ũ3 × u3)
2(ũ1 · u1)

λ(ũ3 · u3)
µ−2+
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+C1,1((ũ1 × u1) · (ũ3 × u3))(ũ1 · u1)
λ−1(ũ3 · u3)

µ−1 + ... (95)

Again, the challenge is to ˇnd an operator which when acting on the overlap
< Φ̃|Φ > gives the right side of (95).

First, we deˇne an operator M̂ in the terms of the vectors u1, u3:

M̂ = M̂(1) + M̂(3), M̂(1) = (u1 ×∇u1), M̂(3) = (u3 ×∇u3). (96)

This operator is simplest in a coordinate system with the ˇrst axis directed along
the vector u1 and the third axis is directed along vector u3. Then

M̂1 = M̂1(3), M̂3 = M̂3(1) (97)

and
M̂2 = M̂2(1) + M̂2(3). (98)

Our goal is to express M̂2(1) and M̂2(3) in terms of M̂1, M̂2, M̂3. The answer
is the following:

M̂2(1) =
λM̂2 − M̂1M̂3

λ+ µ+ 1
, M̂2(3) =

µM̂2 + M̂3M̂1

λ+ µ+ 1
. (99)

Of course,

(ũ1 × u1)
2(ũ1 · u1)

λ−2(ũ3 · u3)
µ =

=
2λ+ M̂2(1)

λ(λ− 1)
(ũ1 · u1)

λ(ũ3 · u3)
µ, (100)

(ũ3 × u3)
2(ũ1 · u1)

λ(ũ3 · u3)
µ−2 =

=
2µ+ M̂2(3)

µ(µ− 1)
(ũ1 · u1)

λ(ũ3 · u3)
µ, (101)

((ũ1 × u1) · (ũ3 × u3))(ũ1 · u1)
λ−1(ũ3 · u3)

µ−1 =

=
(M̂(1) · M̂(3))

λµ
(ũ1 · u1)

λ(ũ3 · u3)
µ. (102)

The last formulae can be used to give a realization of (95) in terms of the operators
L̂1, L̂2, L̂3. As a consequence, the system Hamiltonian Ĥ(u1,u3) will have the
following form:

Ĥ(u1,u3) = B0 +B1L̂2 +D1Ω̂ +D2Ω̂1 + ... (103)
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14. CLASSICAL EQUATIONS FOR THE (λ, 0) CASE

We can consider u1 to be a vector function of time t, u1(t). To ˇnd
the optimal function u1(t), we will construct a Lagrangian L, deˇne an action
functional S, and employ the minimum action principle.

The Lagrangian of our system has the general form:

L = i
< Φ̃| ∂∂t |Φ >

< Φ̃|Φ >
− < Φ̃|Ĥ|Φ >

< Φ̃|Φ >
. (104)

By deˇnition,

S =

∫
Ldt. (105)

For the (λ, 0) case, C0 = C2 = ... = 0 with only C1 6= 0 (see (3)), and we omit
T0. Then

L = iλ
(ũ1 · u̇1)

(ũ1 · u1)
− C1

(ũ1 × u1)
2

(ũ1 · u1)2
. (106)

Variation of ũ1 gives

iλ{u̇1 −
(ũ1 · u̇1)

(ũ1 · u1)
u1} = 2C1{

(u1 × (ũ1 × u1))

(ũ1 · u1)
− (ũ1 × u1)

2

(ũ1 · u1)2
u1}. (107)

The vector u1 was deˇned as a unit vector. Its square, u1
2 = 1, does not

change with time,
u1

2 = ξ2
1 − η2

1 + i(~ξ1 · ~η1) = 1, (108)

and orthogonality requires that

ξ2
1 − η2

1 = 1. (109)

Let ξ2
1 = cosh2 a, η2

1 = sinh2 a, then

(ũ1 · u1) = cosh(2a), (ũ1 × u1) = − sinh(2a)n3, (110)

where n3 is a unit vector that is orthogonal to both ~ξ1 and ~η1 and is conserved,

E = C1
(ũ1 × u1)

2

(ũ1 · u1)2
= C1 tanh2(2a), (111)

L = −iλ(ũ1 × u1)

ũ1 · u1)
= λ tanh(2a)n3. (112)

It follows from this that a is constant and the vector n3 does not change its
direction. As should be the case (understood from quantum mechanics), the
absolute values of L are restricted by the conditions

0 ≤ |L| ≤ λ (113)
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because 0 ≤ a ≤ ∞. The value of the energy is expressed through L2 = L2,

E = −C1

λ2
L2. (114)

For transverse components of u1, equation (107) reduces to

iλu̇1 = 2C1
(u1 × (ũ1 × u1))

(ũ1 · u1)
, (115)

or in another form,

iλu̇1 =
2C1

(ũ1 · u1)
{ũ1 − (ũ1 · u1)u1}. (116)

In the terms ~ξ1, ~η1, a

λ~̇ξ1 = −2C1
1 + cosh2 2a

cosh 2a
~η1, (117)

λ~̇η1 = 2C1
1− cosh2 2a

cosh 2a
~ξ1. (118)

In addition,

~̈ξ1 + ω2~ξ1, ~̈η1 + ω2~η1, ω2 = (2C1/λ)
2 tanh2 2a. (119)

A solution of two last equations follows:

~ξ1(t) = cosha{n1 cos(ωt) + n2 sin(ωt)}, (120)

~η1(t) = sinh a{−n1 sin(ωt) + n2 cos(ωt)}, (121)

where n1, n2 are two unit, mutually orthogonal vectors. Of course,

(n1 × n2) = n3. (122)

What is the conclusion of this discussion? We obtained a very simple picture;
namely, two vectors, u1 and ũ1 or ~ξ1 and ~η1, that move in the plane deˇned
by n1 and n2 and that rotate about the n3 axis. The frequency of rotation is
constant and proportional to the angular momentum L, and for ˇxed L inversely
proportional λ2. The energy of system is proportional to L2.
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15. TWO INTERACTING ROTORS, (λπ, 0) AND (λν , 0)

To describe two interacting rotors it is necessary to introduce two independent
pairs of the generating vectors u1, ũ1 and v1, ṽ1. The overlap is then

< Φ̃|Φ >= (ũ1 · u1)
λπ (ṽ1 · v1)

λν . (123)

Now we give the potential energy overlap of such a system:

< Φ̃|
∑
i<j

Ui,j |Φ >= C0,0(ũ1 · u1)
λπ (ṽ1 · v1)

λν+

+C1,0(ũ1 × u1)
2(ũ1 · u1)

λπ−2(ṽ1 · v1)
λν+

+C0,1(ṽ1 × v1)
2(ũ1 · u1)

λπ(ṽ1 · v1)
λν−2+

+C1,1((ũ1 × u1) · (ṽ1 × v1))(ũ1 · u1)
λπ−1(ṽ1 · v1)

λν−1−

−D(ũ1 · v1)(ṽ1 · u1)(ũ1 · u1)
λπ−1(ṽ1 · v1)

λν−1 + ... (124)

The last term has the meaning of the second order Casimir operator of SU(3). If
D is positive, this operator favors the most symmetric SU(3) irrep.

To understand the role of the second order Casimir, consider the D = 0
case. As for the genaral case, we then have two subsystems and for each we can
introduce an angular momentum operator, M̂(u1) = (u1 × ∇u1) and M̂(v1) =
(v1 ×∇v1). We shall consider also the total angular momentum

M̂ = M̂(u1) + M̂(v1). (125)

Of course, the integrals of motion are the energy

E = C1,0
(ũ1 × u1)

2

(ũ1 · u1)2
+ C0,1

(ṽ1 × v1)
2

(ṽ1 · v1)2
+ C1,1

((ũ1 × u1) · (ṽ1 × v1))

(ũ1 · u1)(ṽ1 · v1)
+ ...

(126)
and the angular momentum

L = −iλπ
(ũ1 × u1)

(ũ1 · u1)
− iλν

(ṽ1 × v1)

(ṽ1 · v1)
. (127)

The classical dynamic equations of motion can be written directly in the terms of
the subsystem angular momenta, Lπ = L(u1) and Lν = L(v1),

d

dt
Lπ = − C1,1

λπλν
(Lπ × Lν),

d

dt
Lν =

C1,1

λπλν
(Lπ × Lν). (128)
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The two last equations can be reduced to

d2

dt2
(Lπ × Lν) + ω2(Lπ × Lν) = 0, ω2 = (C1,1L/λπλν)

2, (129)

where L = |L|. The vector (Lπ ×Lν) rotates about L with rotation frequency ω.
Its magnitude is directly proportional to L and inversely proportional to λπ and
λν . The absolute values of Lπ and Lν and the angle between them are preserved
in time. The angles for which the energy is a minimum depends on the sign of
C1,1: zero for a positive C1,1 and π for the negative C1,1.

The Hamiltonian follows immediately from the expression (124):

Ĥ = T0 +B1,0L̂
2
π +B0,1L̂

2
ν +B1,1(L̂π · L̂ν) + ... =

= T0 + (B1,0 −
1

2
B1,1)L̂

2
π + (B0,1 −

1

2
B1,1)L̂

2
ν +

1

2
B1,1L̂

2 + ... (130)

The eigenvalues of this Hamiltonian are

E = T0 + (B1,0 −
1

2
B1,1)Lπ(Lπ + 1)+

+(B0,1 −
1

2
B1,1)Lν(Lν + 1) +

1

2
B1,1L(L+ 1). (131)

Its eigenfunctions are

|L,M ;Lπ, Lν >=
∑

Mπ ,Mν

CL,MLπ,Mπ;Lν ,Mν
|Lπ,Mπ > |Lν ,Mν > . (132)

It follows that for the D = 0 case there are four integrals of the motion, the total
angular momentum L and its projection M , the proton angular momentum Lπ
and the neutron angular momentum Lν .

The general case (D 6= 0) is more complicated. The proton and neutron
angular momenta are no longer preserved in time and two other quantum numbers
are needed. As before, we start with a classical description, using the overlap
function (124). We have two complex vectors u1 and v1 and therefore what
appears to be a total of twelve degrees of freedom. However, this is not true
because we must take into account four additional conditions which follow from
the equalities

u2
1 = 1, v2

1 = 1. (133)

We put
u1 = ~ξ1 + i~η1, ~ξ1 = cosha1 n1, ~η1 = sinha1 n2, (134)
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where n1 and n2 are two unit, mutually orthogonal vectors, and

v1 = ~ξ2 + i~η2, ~ξ2 = cosha2 m1, ~η2 = sinh a2 m2, (135)

where again m1, m2 are two other unit, mutually orthogonal vectors. Each pair
of unit vectors is deˇned by three Euler angles (φ1, θ1, ψ1 for the ˇrst pair and
φ2, θ2, ψ2 for the second pair). As a result, we ˇnd eight time-dependent degrees
of freedom, including a1, a2.

First, we introduce the classical dynamics equations in the terms of the vectors
u1 and v1

iλπ u̇1 = 2C1,0
(u1 × (ũ1 × u1))

(ũ1 · u1)
+ C1,1

(u1 × (ṽ1 × v1))

(ṽ1 · v1)
−

−D (ṽ1 · u1)

(ṽ1 · v1)
{v1 − (v1 · u1)u1} (136)

iλν v̇1 = 2C0,1
(v1 × (ṽ1 × v1))

(ṽ1 · v1)
+ C1,1

(v1 × (ũ1 × u1))

(ũ1 · u1)
−

−D (ũ1 · v1)

(ũ1 · u1)
{u1 − (u1 · v1)v1}. (137)

These represent eight equations for eight functions. We can consider separately
the ˇve intrinsic variables and the three Euler angles of orientation of the system
as a whole. There are the following intrinsic variables:

a1(t), a2(t), (n1 ·m1) = d1,1(t), (n1 ·m2) = d1,2(t),

(n2 ·m1) = d2,1(t), (n2 ·m2) = d2,2(t), (138)

Of the four matrix elements d1,1, d1,2, d2,1, d2,2, only three are independent
because

d2
1,1 + d2

1,2 + d2
2,1 + d2

2,2 = 1 + {d1,1d2,2 − d1,2d2,1}2. (139)

The same equations can be expressed in other terms.
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16. CONCLUSION

We have shown that FockÄBargmann space is a useful representation for
gaining a deeper understanding of the SU(3) model of atomic nuclei. In this
space the wave equations have a differential form that is similar to those of
a rigid body if Hamiltonian of the valence nucleons is constructed from the
BargmannÄMoshinsky operators. This Hamiltonian also gives rise to new terms
that strongly in
uenced the eigenvalues spectrum in the case of the large angular
momentum L and its projection K . The FockÄBargmann representation also
gives us a simple way to derive classical equation analogs of the SU(3) model
and opens a new paradigm for visualizing SU(3) model results.
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We should also like to express our sincere gratitude to Ana Georgieva
(Visiting Professor from Bulgaria) and the LSU students Jutta Escher, Thomas
Beuschel, Gabriella Popa, Vesselin Georgiev and others, who helped us by asking
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‚.�.�µ´µ³ ·¥¢

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

‚ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ¨¸¸²¥¤µ¢ ´µ ¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ·Ò ´¨§-
±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¶·¨ Ê¤ ²¥´¨¨ µÉ Ö¤¥· ¸
§ ³±´ÊÉµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³. � ¸¸³µÉ·¥´Ò § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ÔÉ¨Ì
¸µ¸ÉµÖ´¨° ¨ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò Ô²¥±É·µ³ £´¨É´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ µ¡² ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
¤µ 5 ŒÔ‚. �·µ ´ ²¨§¨·µ¢ ´Ò ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì 1−-¸µ¸ÉµÖ´¨° ¨ ¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕ-
Ð¨Ì ¶¨£³¨-·¥§µ´ ´¸Ò. �¡ÑÖ¸´¥´Ò ¶·¨Î¨´Ò  ´µ³ ²Ó´µ£µ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö
¨§µ³¥·µ¢ ¢ ´¥Î¥É´ÒÌ Ö¤· Ì. �¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ ¸· ¢´¥´¨¨
¸ ¨³¥ÕÐ¨³¨¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

The changes in the structure of the low-lying excited states in even-even spherical nuclei in
transition from closed-shell to transitional nuclei are investigated within Quasiparticle-Phonon model.
Their transition charge densities are considered together with the electromagnetic strength distribution
up to the excitation energy of 5 MeV. The properties of the low-lying 1− states and the states which
form pygmy-resonances are analyzed. The anomalous behavior of the isomer's photo-excitation cross
sections is explained. The results of theoretical investigations are presented in comparison with
experimental data available.

‚‚…„…�ˆ…

� §¢¨É¨¥ ¸µ¢·¥³¥´´ÒÌ É¥Ì´µ²µ£¨° ¸¶µ¸µ¡¸É¢µ¢ ²µ ¸µ§¤ ´¨Õ ´µ¢ÒÌ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ± ¨ ¤¥É¥±Éµ·µ¢ ¸ ·¥±µ·¤´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨. ‚
·¥§Ê²ÓÉ É¥ §  ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¡Ò² ¤µ¸É¨£´ÊÉ £· ´¤¨µ§´Ò° ¶·µ£·¥¸¸ ¢
É· ¤¨Í¨µ´´µ° ¤²Ö Ë¨§¨±¨ ¸É·Ê±ÉÊ·Ò  Éµ³´µ£µ Ö¤·  µ¡² ¸É¨ Ä Ö¤¥·´µ° ¸¶¥±-
É·µ¸±µ¶¨¨. Ÿ·±¨³ ¶·¨³¥·µ³ Éµ³Ê Ö¢²ÖÕÉ¸Ö Ô±¸¶¥·¨³¥´ÉÒ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
´µ¢µ£µ ¶µ±µ²¥´¨Ö £¥·³ ´¨¥¢ÒÌ ¤¥É¥±Éµ·µ¢, ¶µ§¢µ²¨¢Ï¨¥ µ¡´ ·Ê¦¨ÉÓ ¢ ± ¦-
¤µ³ ¨¸¸²¥¤Ê¥³µ³ ¨§µÉµ¶¥ ¡µ²¥¥ ¶ÖÉ¨¤¥¸ÖÉ¨ Ê·µ¢´¥°, ´¥ ¨§¢¥¸É´ÒÌ ¶·¥¦¤¥.
‘µ¢µ±Ê¶´ Ö ¨´Ëµ·³ Í¨Ö, ¶µ²ÊÎ¥´´ Ö ¢ · §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ, ¤ ¥É
¢µ§³µ¦´µ¸ÉÓ £µ¢µ·¨ÉÓ µ ¶µ²´µ° Ö¤¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨ ¢µ ³´µ£¨Ì Ö¤· Ì ¤µ
Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ ´¥¸±µ²Ó±µ ŒÔ‚. ‘· ¢´¥´¨¥ Ì · ±É¥·¨¸É¨± ¡²¨§²¥¦ -
Ð¨Ì ¨§µÉµ¶µ¢ ¤¥³µ´¸É·¨·Ê¥É ¶µ·µ° ± ·¤¨´ ²Ó´µ¥ ¨§³¥´¥´¨¥ ¸¢µ°¸É¢ ¸¨¸É¥³Ò
¶·¨ ¤µ¡ ¢²¥´¨¨ ¢¸¥£µ ²¨ÏÓ ¤¢ÊÌ ´Ê±²µ´µ¢, ÎÉµ ´¨± ± ´¥ ³µ¦¥É ¡ÒÉÓ ·¥§Ê²ÓÉ -
Éµ³ ¶² ¢´µ£µ ¨§³¥´¥´¨Ö £²µ¡ ²Ó´ÒÌ Ì · ±É¥·¨¸É¨± Ö¤· , É ±¨Ì, ± ± ¸·¥¤´¥¥
¶µ²¥.
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�µ²ÊÎ¥´´Ò° ¡µ²ÓÏµ° µ¡Ñ¥³ ´µ¢ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¸¢µ°-
¸É¢ Ì ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥· ¸É¨³Ê²¨·µ¢ ² É¥µ·¥É¨Î¥¸±¨¥
¨¸¸²¥¤µ¢ ´¨Ö. ‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¸¨¸É¥³ É¨§¨·µ¢ ´Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨¸-
¸²¥¤µ¢ ´¨Ö, ¢Ò¶µ²´¥´´Ò¥ §  ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¢ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-
Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤· . ‚ ¸¢Ö§¨ ¸ É¥³, ÎÉµ µ¡² ¸ÉÓ Ö¤¥·´µ° ¸¶¥±É·µ¸±µ¶¨¨
· ¸Ï¨·¨² ¸Ó ¤µ Ô´¥·£¨°, ¶·¨ ±µÉµ·ÒÌ · ¸¶µ²µ¦¥´Ò ´¥ Éµ²Ó±µ ¤¢ÊÌ-, ´µ ¨
É·¥Ì- ¨ Î¥ÉÒ·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¸µ¢¥·Ï¥´´µ µÎ¥¢¨¤´µ, ÎÉµ ¡¥§ ÊÎ¥-
É  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ±µ´±·¥É´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ±µ´±·¥É´ÒÌ
Ö¤· Ì, ¡¥§ ÊÎ¥É  ¨´¤¨¢¨¤Ê ²Ó´ÒÌ µ¸µ¡¥´´µ¸É¥° ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê ´¨³¨
´¥¢µ§³µ¦´µ ¶·¥É¥´¤µ¢ ÉÓ ´   ¤¥±¢ É´µ¥ µ¶¨¸ ´¨¥ ¢¸¥£µ ³´µ£µµ¡· §¨Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �µÔÉµ³Ê ¢§ ¨³µ¤¥°¸É¢¨Õ ¶·µ¸ÉÒÌ (µ¤´µËµ´µ´´ÒÌ)
¨ ¸²µ¦´ÒÌ (³´µ£µËµ´µ´´ÒÌ) ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ¡Ê¤¥É Ê¤¥²¥´µ µ¸µ¡µ¥ ¢´¨³ ´¨¥.

�¡§µ· ¸µ¸Éµ¨É ¨§ ¶ÖÉ¨ · §¤¥²µ¢. ‚ ¶¥·¢µ³ · §¤¥²¥ ±· É±µ ¨§²µ¦¥´ Ëµ·³ -
²¨§³ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ¢ ¶·¨³¥´¥´¨¨ ± · ¸¸³ É·¨¢ ¥³µ°
¶·µ¡²¥³¥. ‚Éµ·µ° · §¤¥² ¶µ¸¢ÖÐ¥´ ¨§ÊÎ¥´¨Õ § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ-
´µ¸É¥° ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, ¨§¢²¥± ¥³ÒÌ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸-
¸¥Ö´¨Ö Ô²¥±É·µ´µ¢. ‚ ÔÉµ³ · §¤¥²¥ É ±¦¥ ¤¥É ²Ó´µ ¨¸¸²¥¤µ¢ ´Ò ¨§³¥´¥´¨Ö
¢ ¸É·Ê±ÉÊ·¥ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¶·¨ Ê¤ ²¥´¨¨ µÉ § ³±´ÊÉµ° µ¡µ²µÎ-
±¨. ‚ · §¤. 3 · ¸¸³µÉ·¥´µ · ¸¶·¥¤¥²¥´¨¥ ¨§µ¸± ²Ö·´µ° ¸¨²Ò Ô²¥±É·µ³ £´¨É-
´ÒÌ ¶¥·¥Ìµ¤µ¢ · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¢ µ¡² ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
¤µ 5 ŒÔ‚. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ²ÊÎ¥´Ò ¢ ·¥ ±Í¨¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢. �¡¸Ê¦¤¥´Ò ¶·¨Î¨´Ò ´¥Ê¤µ¢²¥-
É¢µ·¨É¥²Ó´µ£µ µ¶¨¸ ´¨Ö ÔÉ¨Ì ¤ ´´ÒÌ ¤²Ö ¸µ¸ÉµÖ´¨° ¶µ²µ¦¨É¥²Ó´µ° Î¥É´µ¸É¨
¸ ¶µ³µÐÓÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±µ° ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢. —¥É-
¢¥·ÉÒ° · §¤¥² ¶µ¸¢ÖÐ¥´ µ¶¨¸ ´¨Õ ´¨§±µ²¥¦ Ð¨Ì 1−-¸µ¸ÉµÖ´¨°. �·¥¤¸É ¢-
²¥´Ò · ¸Î¥ÉÒ Éµ´±µ° ¸É·Ê±ÉÊ·Ò ¶¨£³¨-·¥§µ´ ´¸µ¢. Š·µ³¥ Éµ£µ, · ¸¸³µÉ·¥´Ò
E1-¶¥·¥Ìµ¤Ò ³¥¦¤Ê ´¨§±µ²¥¦ Ð¨³¨ ¸µ¸ÉµÖ´¨Ö³¨, ±µÉµ·Ò¥ § ¶·¥Ð¥´Ò ¢ ³µ-
¤¥²¨ ¨¤¥ ²Ó´ÒÌ ¡µ§µ´µ¢. ‚ ¶ÖÉµ³ · §¤¥²¥ · ¸¸³µÉ·¥´Ò ¨§¡· ´´Ò¥ ¢µ¶·µ¸Ò
¸É·Ê±ÉÊ·Ò ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ´¥Î¥É´ÒÌ Ö¤· Ì. �¸´µ¢´µ¥ ¢´¨³ ´¨¥
Ê¤¥²¥´µ É¥µ·¥É¨Î¥¸±µ° ¨´É¥·¶·¥É Í¨¨ ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢.

1. ”��Œ�‹ˆ‡Œ Š‚�‡ˆ—�‘’ˆ—��-”������‰ Œ�„…‹ˆ Ÿ„��

ƒ ³¨²ÓÉµ´¨ ´ H ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ (Š”Œ) Ö¤·  [1Ä3] ¢Ò-
¡¨· ¥É¸Ö ´  µ¸´µ¢¥ Ë¨§¨Î¥¸±¨Ì ¶·¥¤¸É ¢²¥´¨° µ ´Ê±²µ´ Ì, ¤¢¨¦ÊÐ¨Ì¸Ö ¢
¸·¥¤´¥³ ¶µ²¥ ¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ³¥¦¤Ê ¸µ¡µ° ¶µ¸·¥¤¸É¢µ³ µ¸É ÉµÎ´µ£µ
¢§ ¨³µ¤¥°¸É¢¨Ö. ‘Ì¥³ É¨Î¥¸±¨ µ´ ³µ¦¥É ¡ÒÉÓ § ¶¨¸ ´ ¢ ¢¨¤¥

H = Hs.p. +Hpair +Hr.i. . (1)
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�¥·¢Ò° Î²¥´ ¢Ò· ¦¥´¨Ö (1), Hs.p., ¸µµÉ¢¥É¸É¢Ê¥É ¸·¥¤´¥³Ê ¶µ²Õ ¤²Ö ´¥°É·µ-
´µ¢ (n) ¨ ¶·µÉµ´µ¢ (p). ‚Éµ·µ° Î²¥´, Hpair, ¥¸ÉÓ ¢§ ¨³µ¤¥°¸É¢¨¥, ¶·¨¢µ¤ÖÐ¥¥
± ¶ ·´Ò³ ±µ··¥²ÖÍ¨Ö³ ¸¢¥·Ì¶·µ¢µ¤ÖÐ¥£µ É¨¶  ¢ ´¥³ £¨Î¥¸±¨Ì Ö¤· Ì. ‚
Š”Œ ÔÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥ ³µ´µ¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö ¸

¶µ¸ÉµÖ´´Ò³ ³ É·¨Î´Ò³ Ô²¥³¥´Éµ³ G
(0)
τ . �¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ Hr.i.

¢Ò¡¨· ¥É¸Ö ¢ Š”Œ ¢ ¸¥¶ · ¡¥²Ó´µ° Ëµ·³¥ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¶µ ³Ê²ÓÉ¨¶µ-
²Ö³.

� §µ¢Ò¥ Ê· ¢´¥´¨Ö Š”Œ ¶µ²ÊÎ ÕÉ¸Ö ¶µ¸·¥¤¸É¢µ³ ¶µÔÉ ¶´µ° ¤¨ £µ´ ²¨-
§ Í¨¨ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  (1). �  ¶¥·¢µ³ ÔÉ ¶¥ ¤¨ £µ´ ²¨§ÊÕÉ¸Ö ¥£µ
¶¥·¢Ò¥ ¤¢  Î²¥´ , ¶·¨ ÔÉµ³ ¶µ² £ ¥É¸Ö, ÎÉµ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Î¥É´µ-Î¥É´µ£µ
Ö¤·  Ö¢²Ö¥É¸Ö ±¢ §¨Î ¸É¨Î´Ò³ ¢ ±ÊÊ³µ³ |〉q . „²Ö ÔÉµ£µ ¶·µ¨§¢µ¤¨É¸Ö ± ´µ´¨-
Î¥¸±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ �µ£µ²Õ¡µ¢  µÉ µ¶¥· Éµ·µ¢ ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö)
Î ¸É¨Í ± µ¶¥· Éµ· ³ ·µ¦¤¥´¨Ö (Ê´¨ÎÉµ¦¥´¨Ö) ±¢ §¨Î ¸É¨Í α+

jm (αjm):

a+
jm = ujα

+
jm + (−1)j−mvjαj−m . (2)

�¥§Ê²ÓÉ Éµ³ ÔÉµ° ¤¨ £µ´ ²¨§ Í¨¨ Ö¢²ÖÕÉ¸Ö Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ê· ¢´¥´¨Ö
�Š˜, ·¥Ï Ö ±µÉµ·Ò¥, ³Ò ¶µ²ÊÎ ¥³ ¸¶¥±É· µ¤´µ±¢ §¨Î ¸É¨Î´ÒÌ ¢µ§¡Ê¦¤¥´¨°
εj ¨ ±µÔËË¨Í¨¥´ÉÒ ¶·¥µ¡· §µ¢ ´¨Ö �µ£µ²Õ¡µ¢  uj ¨ vj .

ŒÒ µ¶·¥¤¥²¨²¨ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ Î¥É´µ-Î¥É´µ£µ Ö¤·  ± ± ±¢ §¨Î ¸É¨Î-
´Ò° ¢ ±ÊÊ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶·µ¸É¥°Ï¨³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ ÔÉµ£µ
Ö¤·  Ö¢²ÖÕÉ¸Ö ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö α+

jmα
+
j′m′ |〉q , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥

¶¥·¥Ìµ¤Ê É¨¶  ¤Ò·± ÅÎ ¸É¨Í . „¢  ¶µ²ÊÍ¥²ÒÌ ³µ³¥´É  Ë¥·³¨µ´´ÒÌ µ¶¥· -
Éµ·µ¢ ±¢ §¨Î ¸É¨Í ¸±² ¤Ò¢ ÕÉ¸Ö ¢ ¶µ²´Ò° Í¥²Ò° ³µ³¥´É, ¸µµÉ¢¥É¸É¢ÊÕÐ¨°
¸É É¨¸É¨±¥ �µ§¥, ¶µÔÉµ³Ê ¶·µ¤Ê±É¨¢´µ ¸¶·µ¥±É¨·µ¢ ÉÓ ¡¨Ë¥·³¨µ´´Ò¥ µ¶¥-
· Éµ·Ò [α+

j α
+
j′ ]λµ, [αj′αj ]λ−µ ´  ¶·µ¸É· ´¸É¢µ ±¢ §¨¡µ§µ´´ÒÌ µ¶¥· Éµ·µ¢,

Ëµ´µ´µ¢. �·µ¨§¢¥¤Ö ÔÉµÉ, É ± ´ §Ò¢ ¥³Ò° ′′¡µ§µ´´Ò° ³Ô¶¶¨´£′′, ¢¢¥¤¥³ µ¶¥-
· Éµ·Ò Ëµ´µ´µ¢ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ ¸ ¶·µ¥±Í¨¥° µ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

Q+
λµi =

1

2

n,p∑
τ

∑
jj′

{
ψλijj′ [α

+
j α

+
j′ ]λµ − (−1)λ−µϕλijj′ [αj′αj ]λ−µ

}
. (3)

Šµ²¨Î¥¸É¢µ Ëµ´µ´µ¢ ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¤µ²¦´µ ¶·¨ ÔÉµ³ ¸µ¢¶ ¤ ÉÓ ¸
¸Ê³³µ° ´¥°É·µ´´ÒÌ ¨ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¸µ¸ÉµÖ´¨°; ¨´¤¥±¸ i
¢¢µ¤¨É¸Ö ¤²Ö · §²¨Î¨Ö ³¥¦¤Ê Ëµ´µ´ ³¨ § ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨.

‘¶¥±É· µ¤´µËµ´µ´´ÒÌ ¢µ§¡Ê¦¤¥´¨° ωλi ¨ ±µÔËË¨Í¨¥´ÉÒ ψλijj′ ¨ ϕλijj′ ¶·¥-
µ¡· §µ¢ ´¨Ö (3) ³Ò ¶µ²ÊÎ¨³, ¤¨ £µ´ ²¨§µ¢ ¢ ´ Ï ³µ¤¥²Ó´Ò° £ ³¨²ÓÉµ´¨ ´
¢ ¶·µ¸É· ´¸É¢¥ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° Q+

λµi|〉ph. ‚ ·¥§Ê²ÓÉ É¥ ¶µ²ÊÎ¨³
Ìµ·µÏµ ¨§¢¥¸É´Ò¥ Ê· ¢´¥´¨Ö ¶·¨¡²¨¦¥´¨Ö ¸²ÊÎ °´ÒÌ Ë § (�‘”).

‚¢¥¤¥´¨¥ µ¶¥· Éµ·µ¢ Ëµ´µ´µ¢ ¨ ¤¨ £µ´ ²¨§ Í¨Ö ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨-
 ´  ´  ¡ §¨¸¥ µ¤´µËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶µ§¢µ²Ö¥É ¶¥·¥¶¨¸ ÉÓ ¥£µ ¢ Ëµ·³¥
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H =
∑
λµi

ωλiQ
+
λµiQλµi +Hint , (4)

Hint = −1

2

∑
λµi

[(−1)λ−µQ+
λµi +Qλ−µi

]∑
jj′τ

fλjj′v
(−)
jj′√

2Yλiτ
Bτ (jj

′;λ− µ) + h.c.

 ,

(5)

Bτ (jj
′;λµ) =

∑
mm′

(−1)j
′+m′Cλµjmj′m′α

+
jmαj′−m′ , (6)

£¤¥ 1/
√

2Yλiτ ¥¸ÉÓ ´¥±¨° ´µ·³¨·µ¢µÎ´Ò° ±µÔËË¨Í¨¥´É. —²¥´ Hint ¢ ¢Ò· ¦¥-
´¨¨ (4) µ¡¥¸¶¥Î¨¢ ¥É ¢§ ¨³µ¤¥°¸É¢¨¥ ±µ´Ë¨£Ê· Í¨°, µÉ²¨Î ÕÐ¨Ì¸Ö ¤·Ê£ µÉ
¤·Ê£  ¶µ Î¨¸²Ê Ëµ´µ´µ¢.

‡ ¶¨Ï¥³ É¥¶¥·Ó ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö Î¥É´µ-
Î¥É´µ£µ Ö¤·  ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ Jπ ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ ±µ´Ë¨£Ê· Í¨°, ¸µ-
¤¥·¦ Ð¨Ì · §²¨Î´µ¥ Î¨¸²µ Ëµ´µ´µ¢:

Ψν(JM) =

{∑
α1

Sνα1
(J)Q+

α1
+

∑
α2β2

Dν
α2β2

(J)√
1 + δα2,β2

[Q+
α2
Q+
β2

]JM +

+
∑

α3β3γ3

T να3β3γ3
(J)√

1 + δα3,β3,γ3

[Q+
α3
Q+
β3
Q+
γ3

]JM + · · ·

 |〉ph , (7)

δα3,β3,γ3 = δα3,β3 + δα3,γ3 + δβ3,γ3 + 2δα3,β3δα3,γ3 .

ƒ·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ α, β, γ µ¡µ§´ Î¥´Ò ±µ³¡¨´ Í¨¨ ¨´¤¥±¸µ¢ {λi}; ¨´¤¥±¸
ν ´Ê³¥·Ê¥É · §²¨Î´Ò¥ ¸µ¸ÉµÖ´¨Ö, µ¶¨¸Ò¢ ¥³Ò¥ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¸
§ ¤ ´´Ò³ §´ Î¥´¨¥³ ³µ³¥´É  ¨ Î¥É´µ¸É¨. ‚ ¢Ò· ¦¥´¨¨ (7) ¶µ¤· §Ê³¥¢ ¥É-
¸Ö, ÎÉµ ²Õ¡ Ö ±µ³¡¨´ Í¨Ö {α, β, γ} ¢¸É·¥Î ¥É¸Ö Éµ²Ó±µ µ¤¨´ · §. � Î¨´ Ö
¸ ¤¢ÊÌËµ´µ´´µ° Î ¸É¨, ¢µ²´µ¢ Ö ËÊ´±Í¨Ö (7) ¸µ¤¥·¦¨É Ëµ´µ´Ò ¶·µ¨§¢µ²Ó-
´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨; ¸ÊÐ¥¸É¢¥´´µ Éµ²Ó±µ, ÎÉµ µ´¨ ¸±² ¤Ò¢ ÕÉ¸Ö ¢ ¶µ²´Ò°
³µ³¥´É J .

�£· ´¨Î¨³¸Ö É·¥ÌËµ´µ´´Ò³¨ Î²¥´ ³¨ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´-
´µ£µ ¸µ¸ÉµÖ´¨Ö ¨, ¨¸¶µ²Ó§ÊÖ ³¨´¨³¨§ Í¨µ´´ÊÕ ¶·µÍ¥¤Ê·Ê:

δ
{
< Ψν(JM) | H | Ψν(JM) > −EJx < Ψν(JM) | Ψν(JM) >

}
= 0 , (8)



1358 ����Œ��…‚ ‚.�.

¶µ²ÊÎ¨³ ¸¨¸É¥³Ê ²¨´¥°´ÒÌ Ê· ¢´¥´¨° µÉ´µ¸¨É¥²Ó´µ ±µÔËË¨Í¨¥´Éµ¢ Sνα1
(J),

Dν
α2β2

(J) ¨ T να3β3γ3
(J) ´  ¸µ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö

(ωα1 − EJx )Sνα1
(J) +

∑
α2,β2

Dν
α2β2

(J)Ũα1

α2β2
= 0 , (9)

∑
α1

Sνα1
(J)Ũα1

α2β2
+ (ωα2 + ωβ2 + ∆ωJα2β2

− EJx )Dν
α2β2

(J) +

+
∑

α3β3γ3

T να3β3γ3
(J)Ũα2β2

α3β3γ3
= 0 ,

∑
α2β2

Dν
α2β2

(J)Ũα2β2

α3β3γ3
+ (ωα3 +ωβ3 +ωγ3 +∆ωJα3β3γ3

−EJx )T να3β3γ3
(J)=0,

£¤¥

Ũα1

α2β2
=

1

2

√
1 + δα2,β2〈Qα1 | Hint | [Q+

α2
Q+
β2

]JM 〉 , (10)

Ũα2β2

α3β3γ3
=

1

2

√
1 + δα2,β2

√
1 + δα3,β3,γ3 ×

× 〈[Qα2Qβ2 ]JM | Hint | [Q+
α3
Q+
β3
Q+
γ3

]JM 〉

Ä ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, · §²¨Î -
ÕÐ¨Ì¸Ö ¶µ Î¨¸²Ê Ëµ´µ´µ¢ ´  ¥¤¨´¨ÍÊ. �·¨ ¶µ²ÊÎ¥´¨¨ Ê· ¢´¥´¨° (9) ³Ò
¶·¥´¥¡·¥£²¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µ- ¨ É·¥ÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, ±µÉµ·Ò¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¢¥²¨Î¨´Ò ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤± 
³ ²µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ µ¤´µËµ´µ´´µ£µ µ¡³¥´ .
‘¤¢¨£¨ ¢ Ô´¥·£¨ÖÌ ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ∆ωJα2β2

¨ ∆ωJα3β3γ3

¸µµÉ¢¥É¸É¢¥´´µ µ¡Ê¸²µ¢²¥´Ò Ë¥·³¨µ´´µ° ¸É·Ê±ÉÊ·µ° Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢.
’¥Ì´¨Î¥¸±¨ ÔÉµ µ§´ Î ¥É, ÎÉµ ¶·¨ · ¸Î¥É¥ ¸µ¡¸É¢¥´´ÒÌ Ô´¥·£¨° ÔÉ¨Ì ±µ´Ë¨£Ê-
· Í¨° ¨¸¶µ²Ó§µ¢ ²¨¸Ó ´¥ ¡µ§µ´´Ò¥,   ÉµÎ´Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö:

[Qλµi, Q
+
λ′µ′i′ ] =

= δλ,λ′δµ,µ′δi,i′
1

2

∑
jj′

[ψλijj′ψ
λi′

jj′ − ϕλijj′ϕλi
′

jj′ ]−
∑
jj′j2

∑
mm′m2

α+
jmαj′m′×

×
{
ψλij′j2ψ

λ′i′

jj2 C
λµ
j′m′j2m2

Cλ
′µ′

jmj2m2
−(−)λ+λ′+µ+µ′ϕλijj2ϕ

λ′i′

j′j2C
λ−µ
jmj2m2

Cλ
′−µ′

j′m′j2m2

}
.

(11)

’¥ ¦¥ ¸ ³Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥ ¸µµÉ´µÏ¥´¨Ö (11) ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ²ÊÎ¥-
´¨Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ Ũα1

α2β2
¨ Ũα2β2

α3β3γ3
. Š ± ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Ũ ,
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É ± ¨ ¸¤¢¨£¨ Ô´¥·£¨° ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ∆ωJ Ö¢²ÖÕÉ¸Ö ¸²µ¦´Ò-
³¨ ËÊ´±Í¨Ö³¨  ³¶²¨ÉÊ¤ ψ ¨ ϕ, ¢Ìµ¤ÖÐ¨Ì ¢ ´¨Ì Ëµ´µ´µ¢, ¨ ´¥ ¶·¨¢µ¤ÖÉ¸Ö
§¤¥¸Ó ¢¢¨¤Ê ¨Ì £·µ³µ§¤±µ¸É¨; ¨Ì Ö¢´µ¥ ¢Ò· ¦¥´¨¥ ³µ¦´µ ´ °É¨, ´ ¶·¨³¥·, ¢
µ¡§µ·¥ [3].

� ´£ ¸¨¸É¥³Ò (9) µ¶·¥¤¥²Ö¥É¸Ö ±µ²¨Î¥¸É¢µ³ µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, ¢±²ÕÎ¥´´ÒÌ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ (7). �·¨ µ¶¨¸ ´¨¨ ¸¢µ°¸É¢
´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°, ± ± ¶· ¢¨²µ, Ê¤ ¥É¸Ö, ·Ê±µ¢µ¤¸É¢ÊÖ¸Ó Ë¨§¨Î¥¸±¨³¨
¸µµ¡· ¦¥´¨Ö³¨, ¶·µ¢¥¸É¨ · §Ê³´µ¥ µ¡·¥§ ´¨¥ ¡ §¨¸  ³´µ£µËµ´µ´´ÒÌ ±µ´-
Ë¨£Ê· Í¨° ¨ µ£· ´¨Î¨ÉÓ¸Ö 1000÷2000 ²¨´¥°´ÒÌ Ê· ¢´¥´¨° ¸¨¸É¥³Ò (9). ‚
ÔÉµ³ ¸²ÊÎ ¥ ¸µ¢·¥³¥´´Ò¥ ±µ³¶ÓÕÉ¥·Ò ¶µ§¢µ²ÖÕÉ ·¥Ï¨ÉÓ ÔÉÊ ¸¨¸É¥³Ê ´  ¸µ¡-
¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¶ÊÉ¥³ ¤¨ £µ´ ²¨§ Í¨¨ ³ É·¨ÍÒ ¨ ¶µ²ÊÎ¨ÉÓ ¢ ·¥§Ê²ÓÉ É¥
´ ¡µ· ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° Eνx ¸µ¸ÉµÖ´¨°, µ¶¨¸Ò¢ ¥³ÒÌ ¢µ²´µ¢µ° ËÊ´±Í¨-
¥° (7),   É ±¦¥ ¸µ¡¸É¢¥´´Ò¥ ¢¥±Éµ·Ò, ¨²¨ ±µÔËË¨Í¨¥´ÉÒ Sνα1

(J), Dν
α2β2

(J)
¨ T να3β3γ3

(J).
“· ¢´¥´¨Ö (9) Ö¢²ÖÕÉ¸Ö ¡ §µ¢Ò³¨ Ê· ¢´¥´¨Ö³¨ ¶·¨ · ¸Î¥É¥ ¸¶¥±É·µ¢ ¢µ§-

¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·, ¶·¥¤¸É ¢²¥´´ÒÌ ´¨¦¥.
‚Ò· ¦¥´¨Ö ¤²Ö · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì Ì · ±É¥·¨¸É¨±, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ë¨-
§¨Î¥¸±¨³ ¶·µÍ¥¸¸ ³ ¢µ§¡Ê¦¤¥´¨Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¢ Ô±¸¶¥·¨³¥´É¥ (É ±¨Ì, ± ±
¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ Ô²¥±É·µ³ £´¨É´µ£µ ¢µ§¡Ê¦¤¥´¨Ö, ¸¥Î¥´¨Ö ·¥ ±Í¨°),
¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ´¨¦¥ ¶µ ³¥·¥ ´¥µ¡Ìµ¤¨³µ¸É¨.

„²Ö ¶·µ¢¥¤¥´¨Ö ±µ´±·¥É´ÒÌ · ¸Î¥Éµ¢ ³Ò ¤µ²¦´Ò µ¶·¥¤¥²¨ÉÓ ¶ · ³¥É·Ò
³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´ . ‚ Š”Œ ¸·¥¤´¥¥ ¶µ²¥ ¤²Ö ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢
µ¶¨¸Ò¢ ¥É¸Ö Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µÉ¥´Í¨ ²µ³ ‚Ê¤¸  Å ‘ ±¸µ´ . �· ±É¨-
Î¥¸±¨ ¢¸¥ · ¸Î¥ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥, ¡Ò²¨ ¢Ò¶µ²´¥´Ò
¸ ¶ · ³¥É· ³¨ ÔÉµ£µ ¶µÉ¥´Í¨ ²  ¤²Ö · §²¨Î´ÒÌ ³ ¸¸µ¢ÒÌ §µ´, ¢§ÖÉÒ³¨ ¨§
· ¡µÉÒ [4]. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢, ´ ¶·¨³¥·, ¢ · ¸Î¥É Ì ¤²Ö 208Pb, Ô´¥·£¨¨ µ¤-
´µÎ ¸É¨Î´ÒÌ Ê·µ¢´¥° ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨ ¸²¥£±  ¢ ·Ó¨·µ¢ ²¨¸Ó ¤²Ö
¡µ²¥¥ ÉµÎ´µ£µ µ¶¨¸ ´¨Ö ¸¶¥±É·µ¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¸µ¸¥¤´¨Ì ´¥-
Î¥É´ÒÌ Ö¤· Ì. ‚ · ¸Î¥É Ì ³Ò ¨¸¶µ²Ó§µ¢ ²¨ ¢¸¥ ¸¢Ö§ ´´Ò¥ ¨ ±¢ §¨¸¢Ö§ ´-
´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ³ ²µ° Ï¨·¨´µ° ¶µÉ¥´Í¨ ²  ‚Ê¤¸  Å ‘ ±¸µ´ . � · ³¥É·Ò

³µ´µ¶µ²Ó´µ£µ ¸¶ ·¨¢ ´¨Ö ¤²Ö ´¥°É·µ´µ¢ ¨ ¶·µÉµ´µ¢ G(0)
τ µ¶·¥¤¥²Ö²¨¸Ó ¶µ

µ¶¨¸ ´¨Õ ¶ ·´ÒÌ Ô´¥·£¨°, ¨Ì §´ Î¥´¨Ö É ±¦¥ ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [4]. � · -

³¥É·Ò æ
(λ)
0(1) ¸¨²Ò µ¸É ÉµÎ´µ£µ ¨§µ¸± ²Ö·´µ£µ (¨§µ¢¥±Éµ·´µ£µ) ¢§ ¨³µ¤¥°¸É¢¨Ö

¶µ¤¡¨· ²¨¸Ó É ±¨³ µ¡· §µ³, ÎÉµ¡Ò ¶· ¢¨²Ó´µ µ¶¨¸Ò¢ ² ¸Ó ±µ²²¥±É¨¢´µ¸ÉÓ,
É.¥. ¢¥²¨Î¨´  B(Eλ), ¤²Ö ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨° · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¸

λ ≥ 2 ¢ Î¥É´µ-Î¥É´ÒÌ Ö¤· Ì; ¶·¨ ÔÉµ³ Ë¨±¸¨·µ¢ ²µ¸Ó æ
(λ)
1 = Ä 1,2 æ

(λ)
0 . „²Ö

λ = 1 ¶ · ³¥É·Ò æ
(1)
1 ¨ æ

(1)
0 µ¶·¥¤¥²Ö²¨¸Ó ¨§ ¸µµ¡· ¦¥´¨° µ¶¨¸ ´¨Ö ¶µ²µ-

¦¥´¨Ö £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¨ ¨¸±²ÕÎ¥´¨Ö ¤ÊÌµ¢µ£µ ¸µ¸ÉµÖ´¨Ö.
�¸´µ¢´ Ö É·Ê¤´µ¸ÉÓ ¢ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ¸ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ (7)

§ ±²ÕÎ ¥É¸Ö ¢ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µÔÉµ³Ê
³Ò ¤µ²¦´Ò ·Ê±µ¢µ¤¸É¢µ¢ ÉÓ¸Ö Ë¨§¨Î¥¸±¨³¨ ¸µµ¡· ¦¥´¨Ö³¨ ¨ ¢±²ÕÎ ÉÓ ¢
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· ¸Î¥ÉÒ Éµ²Ó±µ É¥ ±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó. �·¨
µÉ¡µ·¥ ³´µ£µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ (7) ³Ò ¡Ê¤¥³ ·Ê±µ-
¢µ¤¸É¢µ¢ ÉÓ¸Ö ¸²¥¤ÊÕÐ¨³¨ ¸µµ¡· ¦¥´¨Ö³¨. ‚µ-¶¥·¢ÒÌ, ³Ò ¡Ê¤¥³ ¨¸±²ÕÎ ÉÓ
É¥ ±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ · ¸¶µ²µ¦¥´Ò ¢¤ ²¥±¥ µÉ ¨¸¸²¥¤Ê¥³µ° Ô´¥·£¥É¨Î¥-
¸±µ° µ¡² ¸É¨. ‚µ-¢Éµ·ÒÌ, ³Ò ¡Ê¤¥³ ¨¸±²ÕÎ ÉÓ ¨§ · ¸Î¥Éµ¢ É¥ ³´µ£µËµ´µ´´Ò¥
±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ µ¡· §µ¢ ´Ò Éµ²Ó±µ ¨§ ´¥±µ²²¥±É¨¢´ÒÌ Ëµ´µ´µ¢. „²Ö
ÔÉµ£µ ³Ò ¤µ²¦´Ò ¢¢¥¸É¨ ´¥±¨° Î¨¸²¥´´Ò° ±·¨É¥·¨° ±µ²²¥±É¨¢´µ¸É¨ Ëµ´µ-
´µ¢. ŒÒ ¡Ê¤¥³ ´ §Ò¢ ÉÓ Ëµ´µ´ ´¥±µ²²¥±É¨¢´Ò³, ¥¸²¨ µ¤´  ¨§ ¤¢ÊÌ±¢ §¨Î -
¸É¨Î´ÒÌ ±µ³¶µ´¥´É, ¢Ìµ¤ÖÐ¨Ì ¢ ¥£µ ¸É·Ê±ÉÊ·Ê, ¤ ¥É ¢±² ¤ ¡µ²¥¥ 50Ä60 % ¢ ¥£µ
´µ·³¨·µ¢±Ê. Œ´µ£µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, µ¡· §µ¢ ´´Ò¥ Éµ²Ó±µ ¨§ ´¥±µ²-
²¥±É¨¢´ÒÌ Ëµ´µ´µ¢, ¨³¥ÕÉ ³ É·¨Î´Ò° Ô²¥³¥´É U ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤·Ê£¨³¨
±µ´Ë¨£Ê· Í¨Ö³¨, ¢µ ³´µ£µ · § ³¥´ÓÏ¨°, Î¥³  ´ ²µ£¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¸µ-
¤¥·¦ Ð¨¥ ±µ²²¥±É¨¢´Ò¥ Ëµ´µ´Ò. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ´¥±µ²²¥±É¨¢´Ò¥
³´µ£µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¶· ±É¨Î¥¸±¨ ´¥ ¸³¥Ï¨¢ ÕÉ¸Ö ¸ µ¤´µËµ´µ´-
´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¨ ´¥ µÉ· ¦ ÕÉ¸Ö ´  ¨Ì ¸¢µ°¸É¢ Ì.

2. ‘’�“Š’“�� ˆ �…�…•�„�›… �‹�’��‘’ˆ
‚ —…’��-—…’�›• ‘”…�ˆ—…‘Šˆ• Ÿ„��•

�¥ ±Í¨Ö ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ´   Éµ³´ÒÌ Ö¤· Ì Ö¢²Ö¥É¸Ö µ¤-
´¨³ ¨§ ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨Ì ¨´¸É·Ê³¥´Éµ¢ ¤²Ö ¨§ÊÎ¥´¨Ö ¸É·Ê±ÉÊ·Ò Ö¤· 
¡² £µ¤ ·Ö Î¨¸Éµ Ô²¥±É·µ³ £´¨É´µ³Ê Ì · ±É¥·Ê ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  Ô²¥±-
É·µ´µ¢ ¸ ³¨Ï¥´ÓÕ. ‡´ ´¨¥ ³¥Ì ´¨§³  ·¥ ±Í¨¨ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ ¨§¢²¥± ÉÓ
¨§ ¸¥Î¥´¨° · ¸¸¥Ö´¨Ö ¨´Ëµ·³ Í¨Õ µ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ Ö¤·  ¸ ¶µ-
³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§ . ˆ¸¶µ²Ó§µ¢ ´¨¥ ¸¶¥±É·µ³¥É·µ¢ ¸ ¢Ò-
¸µ±¨³ · §·¥Ï¥´¨¥³ ¢ (e, e′)-·¥ ±Í¨¨ ¶µ§¢µ²¨²µ ¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ ¤¥-
É ²Ó´µ ¨§ÊÎ ÉÓ ¸É·Ê±ÉÊ·Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ÉÖ¦¥²ÒÌ Ö¤¥· ¤µ 3Å4 ŒÔ‚
¢ § ¢¨¸¨³µ¸É¨ µÉ ¶²µÉ´µ¸É¨ ¸µ¸ÉµÖ´¨° ¢ ± ¦¤µ³ ±µ´±·¥É´µ³ Ö¤·¥. �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶·¨ ÔÉµ³  ´ ²¨§¨·ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³. �·µ¢µ¤ÖÉ¸Ö
¨§³¥·¥´¨Ö ¶·¨ ´¥¸±µ²Ó±¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¤ ´´µ£µ ³µ³¥´É  (± ± ¶· ¢¨²µ, ÔÉµ
·¥£Ê²¨·Ê¥É¸Ö ¨§³¥´¥´¨¥³ Ô´¥·£¨¨ ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¨ Ê£²  · ¸¸¥Ö´¨Ö). �µ ¶µ-
²µ¦¥´¨Õ ¶¥·¢µ£µ ³ ±¸¨³Ê³  ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µ¶·¥¤¥²Ö¥É¸Ö ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓ
± ¦¤µ£µ, · §·¥Ï¥´´µ£µ ¢ Ô±¸¶¥·¨³¥´É¥, ¢µ§¡Ê¦¤ ¥³µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ± ¦-
¤µ£µ ¸µ¸ÉµÖ´¨Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µÉ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  Ë¨É¨-
·Ê¥É¸Ö ¶·¨ ¶µ³µÐ¨ · ¸Î¥Éµ¢ ¶µ ³¥Éµ¤Ê ¨¸± ¦¥´´ÒÌ ¢µ²´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³
¶ · ³¥É·¨Î¥¸±¨ § ¤ ´´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢
¢¨¤¥

ρλ(r) =

{ ∑µmax

µ=1 Aµq
λ−1
µ jλ(q

λ−1
µ r) (r < Rc)

0 (r ≥ Rc) ,
(12)
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£¤¥ Aµ Ä Ë¨É¨·Ê¥³Ò¥ ¶ · ³¥É·Ò, jλ(qr) Ä ËÊ´±Í¨¨ �¥¸¸¥²Ö ¶µ·Ö¤±  λ. ‚¥-
²¨Î¨´Ò qλ−1

µ µ¶·¥¤¥²ÖÕÉ¸Ö ¨§ ¸µµÉ´µÏ¥´¨Ö jλ−1(q
λ−1
µ Rc) = 0. ‚ ± Î¥¸É¢¥

Rc ¢Ò¡¨· ¥É¸Ö ¤µ¸É ÉµÎ´µ ¡µ²ÓÏ Ö ¢¥²¨Î¨´ , ¢ ´¥¸±µ²Ó±µ · § ¶·¥¢ÒÏ ÕÐ Ö
· ¤¨Ê¸ Ö¤· , ¨ µ¡ÒÎ´µ ¨¸¶µ²Ó§Ê¥É¸Ö ¢¥²¨Î¨´  µmax ≈ 15. � · ³¥É·Ò Aµ ¤²Ö
Í¥¶µÎ±¨ ¨§µÉµ¶µ¢ ´¥µ¤¨³  ¶·¨¢¥¤¥´Ò ¢ · ¡µÉ¥ [5].

ˆ§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´É  É ±¨³ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³Ò³ µ¡· §µ³ § -
·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ (12) ³µ¦´µ ´ ¶·Ö³ÊÕ ¸· ¢´¨¢ ÉÓ ¸ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ Ì · ±É¥·¨¸É¨± ³¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ¶·¥¤¸± §Ò¢ ¥³Ò³¨
· §²¨Î´Ò³¨ ³µ¤¥²Ö³¨ Ö¤· . �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
 Éµ³´ÒÌ Ö¤¥· ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° Ì · ±É¥·¨¸É¨±Ê, ±µÉµ· Ö ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ Éµ³, ± ± ³¥´Ö¥É¸Ö Ëµ·³  Ö¤·  ¶·¨ ¥£µ ¶¥·¥Ìµ¤¥ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö
¢ ¢µ§¡Ê¦¤¥´´µ¥. ‘µµÉ¢¥É¸É¢¥´´µ, µ´¨ ¸µ¤¥·¦ É ¤¥É ²Ó´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡
¨§³¥´¥´¨ÖÌ ¢ · ¤¨ ²Ó´µ° ¸É·Ê±ÉÊ·¥ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± É ±¨¥ ¨´É¥£· ²Ó´Ò¥
Ì · ±É¥·¨¸É¨±¨, ± ± ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  B(Eλ) ¨ B(Mλ),
¸¢Ö§ ´´Ò¥ ¸ ¶¥·¥Ìµ¤´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨ ¸²¥¤ÊÕÐ¨³ ¸µµÉ´µÏ¥´¨¥³:

B(Eλ) =
2Jf + 1

2Ji + 1

[∫ ∞
0

ρλ(r)r
λ+2dr

]2

, (13)

ÎÊ¢¸É¢¨É¥²Ó´Ò ¢ µ¸´µ¢´µ³ ²¨ÏÓ ± ¶µ¢¥¤¥´¨Õ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢¡²¨-
§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· . “¦¥ ¶µ Ëµ·³¥ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ³µ¦´µ ¸Ê¤¨ÉÓ µ
±µ²²¥±É¨¢´µ¸É¨ ¤ ´´µ£µ ¸µ¸ÉµÖ´¨Ö. „²Ö ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ±µ²²¥±É¨¢-
´Ò³ ¢µ§¡Ê¦¤¥´¨Ö³ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨, ¨³¥ÕÐ¨¥ Ìµ·µÏµ
¢Ò· ¦¥´´Ò° ³ ±¸¨³Ê³ ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¨³¥ÕÉ ³ ±¸¨³Ê³ ¢´ÊÉ·¨ Ö¤· .
…¸É¥¸É¢¥´´µ, ¸· ¢´¥´¨¥ · ¸¸Î¨É ´´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ¤ ´´Ò³¨ Ö¢²Ö¥É¸Ö µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´Ò³ É¥¸Éµ³ ¤²Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì
³µ¤¥²¥° Ö¤· .

Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ µ¶·¥¤¥²Ö¥É¸Ö ± ±
¶¥·¥±·ÒÉ¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° Ö¤·  ¢ µ¸´µ¢´µ³ ¨ ¢µ§¡Ê¦¤¥´´µ³ ¸µ¸ÉµÖ´¨ÖÌ:

ρ(~r) = 〈Ψf |
∑
k

δ(~r − ~rk) | Ψi〉 , (14)

£¤¥ ¨´É¥£·¨·µ¢ ´¨¥ ¶·µ¢µ¤¨É¸Ö ¶µ ¢¸¥³ ¢´ÊÉ·¥´´¨³ ±µµ·¤¨´ É ³, ¨¸±²ÕÎ Ö
rk. �µ¸±µ²Ó±Ê ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¤·  µ¡² ¤ ÕÉ µ¶·¥¤¥²¥´´Ò³ ³µ³¥´-
Éµ³ ¨ Î¥É´µ¸ÉÓÕ, ¶µ²¥§´µ ¶·µ¢¥¸É¨ ³Ê²ÓÉ¨¶µ²Ó´µ¥ · §²µ¦¥´¨¥ ¢Ò· ¦¥´¨Ö
(14) ¨ ¢¢¥¸É¨ ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ:

ρ(~r) = e
∑
λµ

(−i)λ CJfMf

JiMi,λµ
Y †λµ(~r) ρλ(r) ,
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ρλ(r) = 〈Ψf ||
∑
k

r−2
k δ(r − rk)(−i)λY †λ (~rk) || Ψi〉 . (15)

“³´µ¦¨¢ ¢Ò· ¦¥´¨¥ (14) ´  iλ Yλµ(~r), ¶µ¤¸É ¢¨¢ ¢ ± Î¥¸É¢¥ ¢µ²´µ¢µ° ËÊ´±-
Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ëµ´µ´´Ò° ¢ ±ÊÊ³ ¨ ¢ ± Î¥¸É¢¥ ¢µ²´µ¢µ° ËÊ´±Í¨¨
¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¢Ò· ¦¥´¨¥ (7) ¨ ¶·µ¨´É¥£·¨·µ¢ ¢ ¶µ Ê£²µ¢Ò³ ±µ-
µ·¤¨´ É ³, ³Ò ¶µ²ÊÎ¨³ ³µ¤¥²Ó´µ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨,
¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢µ§¡Ê¦¤¥´´µ³Ê ¸µ¸ÉµÖ´¨Õ Î¥É´µ-Î¥É´µ£µ Ö¤· , µ¶¨¸Ò¢ ¥³µ-
³Ê ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7):

ρνλ(r) =
∑
i

Sνi (λ)ρiλ(r) +
∑

λ1i1λ2i2

Dν
λ1i1λ2i2

(λ)√
1 + δλ1i1,λ2i2

ρλ1i1λ2i2
λ (r) +

+
∑

α3β3γ3

T να3β3γ3
(λ)√

1 + δα3,β3,γ3

ρα3β3γ3

λ (r) . (16)

�¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ i-° µ¤´µËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λ
¨³¥¥É ¢¨¤

ρiλ(r) =
∑
jj′

ρλjj′ (r)
u

(+)
jj′

2
(ψλijj′ + ϕλijj′ ) . (17)

„²Ö ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¤¢ÊÌËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ [λ1i1 ⊗ λ2i2]λ ¨³¥¥³
¢Ò· ¦¥´¨¥

ρλ1i1λ2i2
λ (r) = −

∑
jj′j′′

∑
λ1i1λ2i2

√
(2λ1 + 1)(2λ2 + 1)

{
λ1 λ2 λ

j j′ j′′ }
×

× v
(−)
jj′

(
ψλ1i1
j′j′′ ϕ

λ2i2
j′′j + ϕλ1i1

j′j′′ ψ
λ2i2
j′′j

)
ρλjj′ (r) . (18)

‚Ò· ¦¥´¨Ö (17), (18) Ö¢²ÖÕÉ¸Ö ËÊ´±Í¨Ö³¨ Ëµ´µ´´ÒÌ  ³¶²¨ÉÊ¤ ψ ¨ ϕ,  
É ±¦¥ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°

ρλjj′ (r) = (−1)j−
1
2 il
′−l−λ ĵ ĵ′

λ̂ 4
√
π

(1+(−1)l+l
′+λ)Cλ0

j 1
2 j
′− 1

2
R†j(r)Rj′ (r) , (19)

£¤¥ R†j(r) Ä · ¤¨ ²Ó´ Ö Î ¸ÉÓ µ¤´µÎ ¸É¨Î´µ° ¢µ²´µ¢µ° ËÊ´±Í¨¨. ‡¤¥¸Ó ³Ò

¨¸¶µ²Ó§µ¢ ²¨ µ¡µ§´ Î¥´¨¥ λ̂ =
√

2λ+ 1. ŒÒ ´¥ ¶·¨¢µ¤¨³ ¢Ò· ¦¥´¨Ö ¤²Ö
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¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ É·¥ÌËµ´µ´´µ° ±µ³¶µ´¥´ÉÒ, ¶µ¸±µ²Ó±Ê µ´  Ö¢²Ö¥É¸Ö
¢¥²¨Î¨´µ° ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¤ ¦¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸ÉÓÕ ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. ‘µµÉ¢¥É¸É¢¥´´µ, ¢ ´¥¶µ¸·¥¤¸É¢¥´´ÒÌ
Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¶µ² £ ²¨, ÎÉµ ρα3β3γ3

λ (r) = 0.
„²Ö ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¨§³¥´¥´¨Ö ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ-

´¨° ¶·¨ ¶¥·¥Ìµ¤¥ µÉ Ö¤¥· ¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³ ´ ¨²ÊÎ-
Ï¨³¨ ± ´¤¨¤ É ³¨ Ö¢²ÖÕÉ¸Ö Ö¤· , ¤²Ö ±µÉµ·ÒÌ ¨³¥ÕÉ¸Ö ¤µ¸É ÉµÎ´µ ¤²¨´´Ò¥
Í¥¶µÎ±¨ ¨§µÉµ¶µ¢, ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢ ¶·¨·µ¤¥. � ²¨Î¨¥ É ±¨Ì Í¥¶µÎ¥± ¶µ§¢µ²Ö-
¥É ¶·µ¢µ¤¨ÉÓ ¸· ¢´¥´¨¥ É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨
¤ ´´Ò³¨ ¶µ ¢¸¥³ ¨§ÊÎ ¥³Ò³ ¨§µÉµ¶ ³.

�¤´µ° ¨§ É ±¨Ì Í¥¶µÎ¥± Ö¢²Ö¥É¸Ö Í¥¶µÎ±  ¨§µÉµ¶µ¢ ´¥µ¤¨³  (Nd). �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¶µ ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢ ¸ ¢µ§¡Ê¦¤¥´¨¥³
´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¤²Ö ÔÉµ° Í¥¶µÎ±¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´  Ô²¥±É·µ´´µ³
Ê¸±µ·¨É¥²¥ ¢ NIKHEF (�³¸É¥·¤ ³) [6Ä9]. �´¥·£¨Ö ¶ÊÎ±  ¨§³¥´Ö² ¸Ó µÉ 112
¤µ 450 ŒÔ‚, ¶µ±·Ò¢ Ö µ¡² ¸ÉÓ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  µÉ 0,5 ¤µ 2,8 Ë³−1.
‚ ± Î¥¸É¢¥ ³¨Ï¥´¥° ¨¸¶µ²Ó§µ¢ ²¨¸Ó µ¡µ£ Ð¥´´Ò¥ ¨§µÉµ¶Ò 142Nd, 144Nd ¨
146Nd. ‚ Ô±¸¶¥·¨³¥´É¥ ¡Ò²¨ · §·¥Ï¥´Ò ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¤µ Ô´¥·-
£¨¨ 3,5 ŒÔ‚, ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ µÉ 0+ ¤µ 9−. „²Ö ÔÉ¨Ì ¦¥ ¨§µÉµ¶µ¢
¡Ò²¨ ¢Ò¶µ²´¥´Ò É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°
¨ ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢ · ³± Ì Ëµ·³ ²¨§³ , ¨§²µ¦¥´´µ£µ ¢ · §¤. 1.
�·¨ Î¨¸²¥´´ÒÌ · ¸Î¥É Ì ³Ò ¨¸¶µ²Ó§µ¢ ²¨ µ¤´µÎ ¸É¨Î´Ò° ¸¶¥±É· ¶µÉ¥´Í¨-
 ²  ‚Ê¤¸  Å ‘ ±¸µ´ : ¶ · ³¥É·Ò ÔÉµ£µ ¶µÉ¥´Í¨ ²  ¤²Ö ´¥°É·µ´´µ° ¸Ì¥³Ò
¡Ò²¨ ¢§ÖÉÒ ¨§ · ¡µÉÒ [4], ¤²Ö ¶·µÉµ´´µ° Ä ¨§ · ¡µÉÒ [10]; µ´¨ ¶µ¤µ¡· -
´Ò ¶µ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ´  Ö¤· Ì
Nd. ”µ´µ´´Ò° ¡ §¨¸ ¢ · ¸Î¥É Ì ¢Ò¡¨· ²¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: ³Ò ÊÎ¨-
ÉÒ¢ ²¨ µ¤´µËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7), ±µ²²¥±É¨¢´Ò¥ ¨
´¥±µ²²¥±É¨¢´Ò¥, ¤µ 4,5 ŒÔ‚; ¤¢ÊÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ ¤µ 6,5 ŒÔ‚ ¨ É·¥Ì-
Ëµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ, ¶µ¸É·µ¥´´Ò¥ ¨§ 2+

1 , 3−1 ¨ 4+
1 Ëµ´µ´µ¢.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ [7] ¸¶¥±É·  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¶·¨¢¥¤¥´-
´ÒÌ ¢¥·µÖÉ´µ¸É¥° B(Eλ) ¶¥·¥Ìµ¤µ¢ ¢ ¶µ²Ê³ £¨Î¥¸±µ³ ¨§µÉµ¶¥ 142Nd, ¢Ò¶µ²-
´¥´´Ò¥ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. „²Ö ¸· ¢´¥´¨Ö
¢ ÔÉµ° É ¡²¨Í¥ É ±¦¥ ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ, ¢Ò¶µ²´¥´´Ò¥ ¢ · ³± Ì µ¤´µËµ-
´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö, ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨, ¶·¥¤¸± §Ò¢ ¥³Ò¥ ´ Ï¨³¨ · ¸Î¥É ³¨ ¨ ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥
µ¡· ¡µÉ±¨ ¸¥Î¥´¨° (e, e′)-·¥ ±Í¨¨, ¨§µ¡· ¦¥´Ò ´  ·¨¸. 1.

�¥ ¤²Ö ¢¸¥Ì ¸µ¸ÉµÖ´¨°, ¨§¢²¥Î¥´´ÒÌ ¨§ Ô±¸¶¥·¨³¥´É , Ê¤ ¥É¸Ö ¢µ¸¸É -
´µ¢¨ÉÓ ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ ¸ ¶µ³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§ .
�·µ¡²¥³Ò, ± ± ¶· ¢¨²µ, ¢µ§´¨± ÕÉ ¨§-§  ¶·¨³¥¸¥° ¸µ¸ÉµÖ´¨° ¤·Ê£µ° ³Ê²Ó-
É¨¶µ²Ó´µ¸É¨, ±µÉµ·Ò¥, ´¥¸³µÉ·Ö ´  ¢Ò¸µ±µ¥ · §·¥Ï¥´¨¥ ¸¶¥±É·µ³¥É·µ¢, ´¥
Ê¤ ¥É¸Ö µÉ¤¥²¨ÉÓ. ‚ ¶µ¤µ¡´ÒÌ ¸²ÊÎ ÖÌ ¸µ¸ÉµÖ´¨¥, µ¡´ ·Ê¦¥´´µ¥ ¢ Ô±¸¶¥-
·¨³¥´É¥, ¶·¨¢µ¤¨É¸Ö Éµ²Ó±µ ¢ É ¡²¨Í¥; µÎ¥´Ó Î ¸Éµ ÔÉµ ¸µ¸ÉµÖ´¨¥,   É ±¦¥
¥£µ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ, ¨§¢¥¸É´Ò ¨§ ¤·Ê£¨Ì Ô±¸¶¥·¨³¥´Éµ¢,   ¶µ  ³¶²¨ÉÊ¤¥ ¥£µ
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’ ¡²¨Í  1. �´¥·£¨¨ ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö B(Eλ) ¸µ¸ÉµÖ´¨°
· §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¢ 142Nd. � ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¢ · ³± Ì µ¤´µËµ´µ´´µ£µ
¶·¨¡²¨¦¥´¨Ö Ä �‘”, i Ä ¶µ·Ö¤±µ¢Ò° ´µ³¥· Ëµ´µ´ , ¨ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7) Ä
Š”Œ; ν Ä ¶µ·Ö¤±µ¢Ò° ´µ³¥· ¢µ§¡Ê¦¤¥´´µ£µ ¸µ¸ÉµÖ´¨Ö ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨

’¥µ·¨Ö �±¸¶¥·¨³¥´É
λπ �‘” Š”Œ

i Ex, B(Eλ), ν Ex, B(Eλ), Ex, B(Eλ),
MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2

1 1,90 0,382·104 1 1,63 0,406·104 1,58 0,281·104

2 2,48 0,124·103 2 2,42 0,248·103 2,39 0,309·103

2+ 3 2,60 0,269·103 3 2,53 0,173·103

4 3,30 0,133·104 4 3,05 0,705·103 2,85 0,498·103

5 3,83 0,330·101 5 3,32 0,990·102 3,05
6 3,94 0,500·100 6 3,92 0,398·102

1 2,50 0,200·106 1 2,05 0,185·106 2,08 0,262·106

3− 2 3,37 0,110·104 2 3,28 0,236·104

3 4,01 0,132·105 3,58 0,100·105

3 4,83 0,537·105 4 4,71 0,404·105

1 2,28 0,173·107 1 2,16 0,195·107 2,10 0,450·107

2 2,48 0,650·106 2 2,43 0,776·106 2,44 0,210·106

3 2,67 0,410·106 3 2,63 0,337·106 2,58 0,700·105

4+ 4 3,63 0,347·107 4 3,16 0,148·107 3,08 0,620·106

5 3,93 0,360·106 5 3,46 0,145·107 3,32 0,114·107

6 4,03 0,800·105 6 3,70 0,222·106

7 4,08 0,200·105 7 3,99 0,464·105

1 3,00 0,174·109 1 2,67 0,158·109 2,74 0,121·109

5− 2 3,34 0,100·108 2 3,25 0,190·109

3 4,58 0,750·108 3 3,84 0,950·106

1 2,30 0,863·1010 1 2,21 0,861·1010 2,21 0,940·1010

6+ 2 2,69 0,150·109 2 2,65 0,850·109 2,89 0,800·108

3 3,99 0,235·1010 3 3,73 0,226·1010 3,41 0,200·1010

7− 1 3,16 0,148·1012 1 2,92 0,135·1012 3,25 0,250·1012

2 3,34 0,650·1011 2 3,25 0,750·1011

Ëµ·³Ë ±Éµ·  ¢ (e, e′)-·¥ ±Í¨¨ ³µ¦´µ ¶·¨¶¨¸ ÉÓ ¢¥²¨Î¨´Ê B(Eλ), ¸µµÉ¢¥É-
¸É¢ÊÕÐÊÕ ¥£µ ¢µ§¡Ê¦¤¥´¨Õ ¢ ÔÉµ° ·¥ ±Í¨¨.

Š¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´ Ö ³µ¤¥²Ó Ö¤·  ¶·¥¤¸± §Ò¢ ¥É ¢ 142Nd Ï¥¸ÉÓ
±¢ ¤·Ê¶µ²Ó´ÒÌ 2+-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚. ˆÌ Ô´¥·-
£¨¨ ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(E2)-¶¥·¥Ìµ¤µ¢ ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1.
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�¨¸. 1. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¥±µÉµ·ÒÌ ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨° ¢ 142Nd. Š·¨¢Ò¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ µÏ¨¡± ³¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶²µÉ-
´µ¸ÉÖ³, ¨§¢²¥Î¥´´Ò³ ¸ ¶µ³µÐÓÕ ³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ£µ  ´ ²¨§  ¨§ ¸¥Î¥´¨° ·¥ ±Í¨¨
´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢; ¸¶²µÏ´Ò¥ ±·¨¢Ò¥ Ä ¶·¥¤¸± § ´¨Ö ´ Ï¨Ì · ¸Î¥Éµ¢.
“± § ´´Ò¥ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨Ö³

�µ¸±µ²Ó±Ê 142Nd ¨³¥¥É § ³±´ÊÉÊÕ ´¥°É·µ´´ÊÕ µ¡µ²µÎ±Ê, ³µ´µ¶µ²Ó´µ¥ ¸¶ -
·¨¢ ´¨¥ ¢ ´¥°É·µ´´µ° ¸¨¸É¥³¥ µÉ¸ÊÉ¸É¢Ê¥É. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ ´¨-
¦ °Ï Ö Î ¸É¨Î´µ-¤Ò·µÎ´ Ö 2+-±µ´Ë¨£Ê· Í¨Ö ¨³¥¥É Ô´¥·£¨Õ ¡µ²¥¥ 5 ŒÔ‚.
‘µµÉ¢¥É¸É¢¥´´µ, ¶·µÉµ´´Ò¥ ±µ³¶µ´¥´ÉÒ Ö¢²ÖÕÉ¸Ö ¤µ³¨´¨·ÊÕÐ¨³¨ Ê ¢¸¥Ì
µ¤´µËµ´µ´´ÒÌ 2+-¸µ¸ÉµÖ´¨° ¢ É ¡². 1. � ¨¡µ²¥¥ ±µ²²¥±É¨¢´Ò³ Ö¢²Ö¥É¸Ö
2+

1 -¸µ¸ÉµÖ´¨¥. ‘µ¸ÉµÖ´¨Ö 2+
2 ¨ 2+

3 Ö¢²ÖÕÉ¸Ö ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ±¢ §¨Î -
¸É¨Î´Ò³¨ ¨ Ì · ±É¥·¨§ÊÕÉ¸Ö £µ· §¤µ ³¥´ÓÏ¨³¨ §´ Î¥´¨Ö³¨ B(E2). �¤´ ±µ
2+

4 -¸µ¸ÉµÖ´¨¥ µ± §Ò¢ ¥É¸Ö ¸´µ¢  ±µ²²¥±É¨¢´Ò³ ¨ ¥£µ ¢¥²¨Î¨´  B(E2) ¢¸¥£µ
¢ É·¨ · §  ³¥´ÓÏ¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ §´ Î¥´¨Ö ¤²Ö 2+

1 -¸µ¸ÉµÖ´¨Ö. �µ¤µ¡-
´µ¥ · §²¨Î¨¥ ¢ ±µ²²¥±É¨¢´µ¸É¨ 2+-Ëµ´µ´µ¢ µÉ· ¦ ¥É¸Ö ¨ ´  ¨Ì § ·Ö¤µ¢ÒÌ
¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ 2+

1 - ¨ 2+
4 -¸µ¸ÉµÖ´¨° ¨³¥ÕÉ

³ ±¸¨³Ê³Ò ¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ Ö¤· , ¢ Éµ ¢·¥³Ö ± ± ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨
2+

2 - ¨ 2+
3 -¸µ¸ÉµÖ´¨° Ì · ±É¥·¨§ÊÕÉ¸Ö ¢Ò· ¦¥´´Ò³¨ ¶¨± ³¨ ¢´ÊÉ·¨ Ö¤· . �·¨-

Î¨´  · ¸¶·¥¤¥²¥´¨Ö ±µ²²¥±É¨¢´µ¸É¨ ³¥¦¤Ê ´¨§±µ²¥¦ Ð¨³¨ 2+-¸µ¸ÉµÖ´¨Ö³¨
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±·µ¥É¸Ö ¢ µ¡µ²µÎ¥Î´µ° ¸É·Ê±ÉÊ·¥. „¢¥ ¶·µÉµ´´Ò¥ ¶µ¤µ¡µ²µÎ±¨ 1g7/2 ¨ 2d5/2

¢¡²¨§¨ ¶µ¢¥·Ì´µ¸É¨ ”¥·³¨ · ¸¶µ²µ¦¥´Ò ´¥¤ ²¥±µ ¤·Ê£ µÉ ¤·Ê£ , ¢ Éµ ¢·¥³Ö
± ± µ¸É ²Ó´Ò¥ ¶µ¤µ¡µ²µÎ±¨,   ¨³¥´´µ 1h11/2, 2d3/2 ¨ 3s1/2, ¨³¥ÕÉ §´ Î¥´¨¥
µ¤´µÎ ¸É¨Î´µ° Ô´¥·£¨¨ ¶·¨³¥·´µ ´  2 ŒÔ‚ ¡µ²ÓÏ¥. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ
±¢ §¨Î ¸É¨Î´Ò¥ Ô´¥·£¨¨ ÔÉ¨Ì Ê·µ¢´¥° ¶·¨³¥·´µ ´  1 ŒÔ‚ ¢ÒÏ¥, Î¥³ Ê Ê·µ¢-
´¥° 1g7/2 ¨ 2d5/2. �ÉµÉ ÔËË¥±É É ±¦¥ ´ ¡²Õ¤ ¥É¸Ö ¨ ¢ ¸µ¸¥¤´¨Ì ´¥Î¥É´ÒÌ
Ö¤· Ì. ‘µ¸ÉµÖ´¨¥ 2+

4 ¢¡¨· ¥É ¢ ¸¥¡Ö £² ¢´Ò³ µ¡· §µ³ ¸¨²Ê ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´ÒÌ ±µ´Ë¨£Ê· Í¨°, · ¸¶µ²µ¦¥´´ÒÌ ¢ÒÏ¥ ¶µ Ô´¥·£¨¨, ¨ ¡² £µ¤ ·Ö Ô´¥·£¥É¨-
Î¥¸±µ° Ð¥²¨ Ö¢²Ö¥É¸Ö £µ· §¤µ ¡µ²¥¥ ±µ²²¥±É¨¢´Ò³, ´¥¦¥²¨ ¸µ¸ÉµÖ´¨Ö 2+

2 ¨
2+

3 . �¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö 2+
5 ¨ 2+

6 Ö¢²ÖÕÉ¸Ö ´¥±µ²²¥±É¨¢´Ò³¨.
�µ¸²¥ ¸³¥Ï¨¢ ´¨Ö µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²-

´µ¢µ° ËÊ´±Í¨¨ (7) ³Ò ¸´µ¢  ¶µ²ÊÎ ¥³ Ï¥¸ÉÓ 2+-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ³¥-
´¥¥ 4 ŒÔ‚ (¸³. É ¡². 1). Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê µ¤´µ-
¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ´¥¢¥²¨±¨ ¢ 142Nd,   ¸±µ²Ó±µ-´¨¡Ê¤Ó § -
³¥É´ÒÌ ¶·¨³¥¸¥° É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ´¥ ´ ¡²Õ¤ ¥É¸Ö ¤µ Ô´¥·£¨¨
3 ŒÔ‚. �Éµ É¨¶¨Î´ Ö ¸¨ÉÊ Í¨Ö ¢ ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤· Ì [11]. �¨¦ °Ï Ö
¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 2+
1 ]2+ ¨³¥¥É Ô´¥·£¨Õ 3,8 ŒÔ‚,   µ¸É ²Ó-

´Ò¥ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ · ¸¶µ²µ¦¥´Ò ¢ÒÏ¥ 4 ŒÔ‚. ’¥³ ¸ ³Ò³
µ¤´µËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ (±µ²²¥±É¨¢´Ò¥ ¨ ´¥±µ²²¥±É¨¢´Ò¥) ¤µ³¨´¨·ÊÕÉ
¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ 2+-¸µ¸ÉµÖ´¨° ´¨¦¥ 3 ŒÔ‚. „¥°¸É¢¨É¥²Ó´µ, ¶·¨³¥¸Ó
¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ´¥ ¶·¥¢ÒÏ ¥É ´¥¸±µ²Ó±¨Ì ¶·µÍ¥´Éµ¢ ¤²Ö Î¥ÉÒ-
·¥Ì ´¨¦ °Ï¨Ì 2+-¸µ¸ÉµÖ´¨°. �µ¸±µ²Ó±Ê  ¡¸µ²ÕÉ´Ò¥ ¢¥²¨Î¨´Ò ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É, ¢±² ¤ ¶·¨³¥¸¨ ¤¢ÊÌËµ´µ´´ÒÌ ¶¥·¥-
Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¶· ±É¨Î¥¸±¨ ´¥§ ³¥É¥´. �µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö
¸³¥Ï¨¢ ´¨¥ · §²¨Î´ÒÌ µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7) ¨
¶¥·¥´µ·³¨·µ¢±  ¨Ì ¢±² ¤ , ¶·µ¨¸Ìµ¤ÖÐ¨¥ §  ¸Î¥É ¤¢ÊÌËµ´µ´´µ° Î ¸É¨ ¢µ²-
´µ¢µ° ËÊ´±Í¨¨. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¨¦ °Ï¨Ì É·¥Ì 2+-¸µ¸ÉµÖ´¨°, µ¡´ -
·Ê¦¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ¸· ¢´¨¢ ÕÉ¸Ö ´  ·¨¸. 1 c ¶·¥¤¸± § ´¨Ö³¨ ´ Ï¨Ì
· ¸Î¥Éµ¢. ‘µ¸ÉµÖ´¨¥, ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ 2+

3 -¸µ¸ÉµÖ´¨Õ ¢ · ¸Î¥É¥, ¶µ ¢¸¥° ¢¨-
¤¨³µ¸É¨, ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢¢¨¤Ê ³ ²µ° ¢¥·µÖÉ´µ¸É¨ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö.

�µ¸±µ²Ó±Ê Ëµ·³  § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° · §²¨Î´ÒÌ ¢µ§¡Ê-
¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö ¤·Ê£ µÉ ¤·Ê£ , ³µ¦´µ £µ¢µ·¨ÉÓ µ
¶·Ö³µ³ ¸µ¶µ¸É ¢²¥´¨¨ ¸µ¸ÉµÖ´¨°, µ¡´ ·Ê¦¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥ ¨ ¶·¥¤¸± -
§Ò¢ ¥³ÒÌ É¥µ·¨¥°. �µÔÉµ³Ê ³Ò ³µ¦¥³ ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ´ Ï¨ · ¸Î¥ÉÒ ¶· -
¢¨²Ó´µ ¢µ¸¶·µ¨§¢µ¤ÖÉ ¸¨¸É¥³ É¨±Ê ¢µ§¡Ê¦¤¥´´ÒÌ 2+-¸µ¸ÉµÖ´¨°. �¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ µ¤´µËµ´µ´´ÒÌ 2+

1 - ¨ 2+
4 -±µ³¶µ´¥´É ¤µ³¨´¨·ÊÕÉ ¢ ¶¥·¥Ìµ¤´ÒÌ

¶²µÉ´µ¸ÉÖÌ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸µ¸ÉµÖ´¨°. „·Ê£¨¥ ±µ³¶µ´¥´ÉÒ ¤ ÕÉ ¢±² ¤, ´¥
¶·¥¢ÒÏ ÕÐ¨° 1 %, ¸µ¸É ¢²ÖÖ ¢ ¸Ê³³¥ §´ Î¥´¨¥ ¶µ·Ö¤±  10 %. ‚ ¸²ÊÎ ¥ ¸
2+

2 - ¨ 2+
3 -¸µ¸ÉµÖ´¨Ö³¨ ´ ¡²Õ¤ ¥É¸Ö ¤·Ê£ Ö ¸¨ÉÊ Í¨Ö. ‡¤¥¸Ó ¢§ ¨³µ¤¥°¸É¢¨¥ ¸

¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ ¶·¨¢µ¤¨É ± ¸³¥Ï¨¢ ´¨Õ µ¤´µËµ´µ´´ÒÌ 2+
2 -
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¨ 2+
3 -±µ³¶µ´¥´É ´  Ê·µ¢´¥ 10 %. ‚ ·¥§Ê²ÓÉ É¥ ¢¥²¨Î¨´  B(E2) ¤²Ö 2+

2 -
¸µ¸ÉµÖ´¨Ö ¢µ§· ¸É ¥É, ¢ Éµ ¢·¥³Ö ± ± ¤²Ö 2+

3 -¸µ¸ÉµÖ´¨Ö µ´  Ê³¥´ÓÏ ¥É¸Ö ¨§-
§  ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨. ‚µ§³µ¦´µ, ÔÉµ Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ°, ¶µÎ¥³Ê
2+

3 -¸µ¸ÉµÖ´¨¥ ´¥ ¡Ò²µ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¡´ ·Ê¦¥´µ. …¸²¨ ¨¸¶µ²Ó§µ¢ ÉÓ ¶¥-
·¥Ìµ¤´ÊÕ ¶²µÉ´µ¸ÉÓ 2+

3 -¸µ¸ÉµÖ´¨Ö ¤²Ö · ¸Î¥É  Ëµ·³Ë ±Éµ· , ¸¥Î¥´¨¥ (e, e′)-
·¥ ±Í¨¨ µ± §Ò¢ ¥É¸Ö ¢ ¶·¥¤¥² Ì Ô±¸¶¥·¨³¥´É ²Ó´µ° µÏ¨¡±¨ · ¤¨ Í¨µ´´µ£µ
Ì¢µ¸É  µÉ ¸¨²Ó´ÒÌ ¶¨±µ¢, · ¸¶µ²µ¦¥´´ÒÌ ¶·¨ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ. ‚ ¤¥°-
¸É¢¨É¥²Ó´µ¸É¨ ¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° 2,550 ŒÔ‚ ¡Ò²µ µ¡´ ·Ê¦¥´µ [12], ¸¶¨´
¨ Î¥É´µ¸ÉÓ ¥£µ ¡Ò²¨ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ± ±, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, 2+.

‚ Í¥²µ³, Ëµ·³  ¢¸¥Ì É·¥Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 2+-¸µ¸ÉµÖ´¨°, µ¡´ -
·Ê¦¥´´ÒÌ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢, Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö
¸ ¶·¥¤¸± § ´¨Ö³¨ ´ Ï¨Ì · ¸Î¥Éµ¢. � ¨¡µ²¥¥ ¨´É¥·¥¸´Ò³ Ö¢²Ö¥É¸Ö ¶·¥¤¸± -
§ ´¨¥ ¨ µ¡´ ·Ê¦¥´¨¥ ±µ²²¥±É¨¢´µ£µ 2+

4 -¸µ¸ÉµÖ´¨Ö. Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢Ò-
Ï¥, ÔÉµ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ Ô´¥·£¥É¨Î¥¸±µ° Ð¥²¨ ¢ µ¤´µÎ ¸É¨Î´µ³ ¸¶¥±É·¥
(1g7/2, 2d5/2 ⇐⇒ 1h11/2, 2d3/2, 3s1/2). • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ´ ¸ÉµÖ-
Ð¨Ì · ¸Î¥Éµ¢ Ö¢²Ö¥É¸Ö ¶¥·¥µÍ¥´±   ³¶²¨ÉÊ¤ ¢´ÊÉ·¥´´¨Ì ¶¨±µ¢ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥°. ‘²¨Ï±µ³ ¸¨²Ó´Ò¥ ¢´ÊÉ·¥´´¨¥ ¶¨±¨ É ±¦¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¨ ¢
¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É. �·¨Î¨´µ° ¨Ì Ö¢²Ö¥É¸Ö
¸²¨Ï±µ³ ¡µ²ÓÏµ° ¢±² ¤ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ π(2d5/2, 2d5/2)
¢ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢. �ÉµÉ ÔËË¥±É ¥Ð¥ ¡µ²¥¥ Ö·±µ ¢Ò· ¦¥´ ¢ ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸ÉÖÌ 4+-¸µ¸ÉµÖ´¨°. �¥¤ ¢´µ ¡Ò²µ ¶µ± § ´µ, ÎÉµ ÊÎ¥É ±µ··¥²ÖÍ¨° ¢
µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨ ¶·¨ ¢ÒÌµ¤¥ §  · ³±¨ �‘” ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ
¢±² ¤  £² ¢´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¸É·Ê±ÉÊ·Ê ´¨¦ °Ï¨Ì
±µ²²¥±É¨¢´ÒÌ Ëµ´µ´µ¢ ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥
¢´ÊÉ·¥´´¥° Î ¸É¨ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ±µ²²¥±É¨¢´ÒÌ ¸µ¸ÉµÖ´¨° [13].

� ¸¸³µÉ·¨³ É¥¶¥·Ó ¢µ§¡Ê¦¤¥´´Ò¥ 3−-¸µ¸ÉµÖ´¨Ö ¢ 142Nd. ’µ²Ó±µ ¤¢¥ µ¤-
´µËµ´µ´´Ò¥ 3−-±µ´Ë¨£Ê· Í¨¨ ¨³¥ÕÉ Ô´¥·£¨Õ ³¥´ÓÏ¥ 4 ŒÔ‚. �´¥·£¨¨ ¨
¢¥²¨Î¨´Ò B(E3) ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1. Š ± ¨ ¢ ¸²ÊÎ ¥ ±¢ -
¤·Ê¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°, µ¸´µ¢´µ° ¢±² ¤ ¢ ¨Ì ¸É·Ê±ÉÊ·Ê ¤ ÕÉ ¶·µÉµ´´Ò¥ ¤¢ÊÌ-
±¢ §¨Î ¸É¨Î´Ò¥ ±µ´Ë¨£Ê· Í¨¨. �¥·¢µ¥ µ¤´µËµ´µ´´µ¥ 3−-¸µ¸ÉµÖ´¨¥ Ö¢²Ö¥É¸Ö
¸¨²Ó´µ±µ²²¥±É¨¢¨§¨·µ¢ ´´Ò³, ¢ µÉ²¨Î¨¥ µÉ ¢Éµ·µ£µ, ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ-
±¢ §¨Î ¸É¨Î´µ£µ. �µ¸²¥ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
¸ ³´µ£µËµ´µ´´Ò³¨ ³Ò ¶µ²ÊÎ ¥³ ¸¶¥±É· 3−-¢µ§¡Ê¦¤¥´¨°, É ±¦¥ ¶·¥¤¸É ¢²¥´-
´Ò° ¢ É ¡². 1.

‘µ¸ÉµÖ´¨¥ 3−1 µ± §Ò¢ ¥É¸Ö ¸¨²Ó´µ±µ²²¥±É¨¢¨§¨·µ¢ ´´Ò³, µ¤´µËµ´µ´´ Ö
3−1 -±µ´Ë¨£Ê· Í¨Ö ¤ ¥É ¢±² ¤, ¶·¨³¥·´µ · ¢´Ò° 84 %, ¨ ¶·¨³¥·´µ 10 % ¢±² -
¤  ¤ ÕÉ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨. ‘µ¸ÉµÖ´¨¥ 3−2 µ¸É ¥É¸Ö ¶· ±É¨Î¥¸±¨
¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò³. ’·¥ÉÓ¥ 3−-¸µ¸ÉµÖ´¨¥ Ä ¸´µ¢  ±µ²²¥±É¨¢´µ¥, ´µ µ¸´µ¢-
´µ° ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê ¤ ¥É ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 3−1 ]3− .
Š ± Ê¦¥ µÉ³¥Î ²µ¸Ó, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
§´ Î¨É¥²Ó´µ ³¥´ÓÏ¥ µ¤´µËµ´µ´´ÒÌ, ¶µÔÉµ³Ê ¨ ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ Ê 3−3 -
¸µ¸ÉµÖ´¨Ö ¸ÊÐ¥¸É¢¥´´µ ¸² ¡¥¥, Î¥³ Ê ¸µ¸ÉµÖ´¨Ö 3−1 .
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‚ Ô±¸¶¥·¨³¥´É¥ (e, e′)142Nd ¡Ò²µ µ¡´ ·Ê¦¥´µ ¤¢  3−-¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·-
£¨¥° 2,083 ¨ 3,580 ŒÔ‚. �¤´ ±µ ¨§-§  µÉ¸ÊÉ¸É¢¨Ö ¤¨Ë· ±Í¨µ´´ÒÌ ³¨´¨³Ê³µ¢
¢ Ëµ·³Ë ±Éµ·¥ ¢Éµ·µ£µ ¸µ¸ÉµÖ´¨Ö, ÎÉµ, ¶µ-¢¸¥° ¢¨¤¨³µ¸É¨, ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
µ ´¥±µÉµ·µ° ¶·¨³¥¸¨ ¸µ¸ÉµÖ´¨° ¤·Ê£µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨, ¶¥·¥Ìµ¤´ÊÕ ¶²µÉ-
´µ¸ÉÓ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¨§¢²¥ÎÓ ´¥ Ê¤ ²µ¸Ó. �µÔÉµ³Ê ¸· ¢´¥´¨¥ É¥µ·¨¨ ¸ Ô±¸-
¶¥·¨³¥´Éµ³ ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¡Ò²µ ¶·µ¢¥¤¥´µ ´  Ê·µ¢´¥ Ëµ·³Ë ±Éµ·µ¢, ¨
¡Ò²µ ¶µ²ÊÎ¥´µ Ìµ·µÏ¥¥ ¸µµÉ¢¥É¸É¢¨¥. �·µ¡²¥³Ò ¸ ¨§¢²¥Î¥´¨¥³ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ ¤²Ö ´¨¦ °Ï¥£µ 3−-¸µ¸ÉµÖ´¨Ö ¡Ò²¨ ¸¢Ö§ ´Ò ¸ É¥³, ÎÉµ ´¨¦ °-
Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ ¢ 142Nd ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö 2,098 ŒÔ‚. �±¸¶¥-
·¨³¥´É ²Ó´µ£µ · §·¥Ï¥´¨Ö µ± § ²µ¸Ó ´¥¤µ¸É ÉµÎ´µ, ÎÉµ¡Ò · §¤¥²¨ÉÓ 3−1 - ¨
4+

1 -Ê·µ¢´¨, · ¸¶µ²µ¦¥´´Ò¥ ´  · ¸¸ÉµÖ´¨¨ 15 ±Ô‚. �±¸¶¥·¨³¥´É ²Ó´ Ö ¶¥·¥-
Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 3−1 -¸µ¸ÉµÖ´¨Ö, ¶·¥¤¸É ¢²¥´´ Ö ´  ·¨¸. 1, ¶µ²ÊÎ¥´  Éµ²Ó±µ
¶µ¸²¥ ¢ÒÎ¨É ´¨Ö ¨§ ¸Ê³³ ·´µ£µ Ëµ·³Ë ±Éµ·  3−1 ¨ 4+

1 -Ê·µ¢´¥° Ëµ·³Ë ±Éµ· 
4+

1 -Ê·µ¢´Ö, · ¸¸Î¨É ´´µ£µ ¸ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸ÉÓÕ ¢ ¢¨¤¥ ¶·µ¨§¢µ¤´µ° µÉ
¸·¥¤´¥£µ ¶µ²Ö.

� Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ¶ÖÉÓ µ¤´µËµ´µ´´ÒÌ 4+-¸µ¸ÉµÖ´¨° ¢ 142Nd
¸ Ô´¥·£¨¥° ³¥´¥¥ 4 ŒÔ‚. ˆÌ Ô´¥·£¨¨ ¨ ¢¥²¨Î¨´Ò B(E4) ¶·¥¤¸É ¢²¥´Ò ¢
É ¡². 1. ‚¸¥ ÔÉ¨ ¸µ¸ÉµÖ´¨Ö, ± ± ¨ ¸µ¸ÉµÖ´¨Ö ¤·Ê£¨Ì ³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°, ¸µ¸Éµ-
ÖÉ ¶· ±É¨Î¥¸±¨ Éµ²Ó±µ ¨§ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°. �¤-
´µËµ´µ´´µ¥ ¸µ¸ÉµÖ´¨¥ 4+

1 ³¥´¥¥ ±µ²²¥±É¨¢´µ, Î¥³ Ëµ´µ´Ò 2+
1 ¨ 3−1 , £² ¢´ Ö

¤¢ÊÌ±¢ §¨Î ¸É¨Î´ Ö ±µ´Ë¨£Ê· Í¨Ö π(2d5/2, 2d5/2) ¤ ¥É ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê,
· ¢´Ò° ¶·¨³¥·´µ 90 %. �ÉµÉ Ë ±É ¶µ¤É¢¥·¦¤ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ Ô±¸¶¥·¨-
³¥´É  ¶µ ´¥Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ ¶·µÉµ´µ¢ [14], ¢ ±µÉµ·µ³ ´¥É¨¶¨Î´µ¥ Ê£²µ-
¢µ¥ · ¸¶·¥¤¥²¥´¨¥ 4+

1 -¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,098 ŒÔ‚ µ¡ÑÖ¸´¥´µ ´ ²¨Î¨¥³
¡µ²ÓÏµ£µ ¢±² ¤  ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê. ‘µ¸Éµ-
Ö´¨Ö 4+

2 ¨ 4+
3 Ö¢²ÖÕÉ¸Ö ¶· ±É¨Î¥¸±¨ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´Ò³¨. ‘²¥¤ÊÕÐ¥¥ ¦¥

µ¤´µËµ´µ´´µ¥ ¸µ¸ÉµÖ´¨¥ 4+
4 , ± ± ¨ 2+

4 , ¶·µÖ¢²Ö¥É ¸¢µ°¸É¢  ¸¨²Ó´µ±µ²²¥±É¨-
¢¨§¨·µ¢ ´´µ£µ Ëµ´µ´ , ±µ£¤  ¡µ²ÓÏµ¥ Î¨¸²µ · §²¨Î´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ
±µ´Ë¨£Ê· Í¨° ¢´µ¸ÖÉ ¢±² ¤ ¢ ¥£µ ¸É·Ê±ÉÊ·Ê ±µ£¥·¥´É´Ò³ µ¡· §µ³, ¢ ·¥§Ê²Ó-
É É¥ §´ Î¥´¨¥ B(E4) ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·¥¢ÒÏ ¥É ¸µµÉ¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥
¤²Ö ´¨¦ °Ï¥£µ 4+-Ëµ´µ´ . •µÉÖ ¡µ²ÓÏµ¥ Î¨¸²µ · §²¨Î´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î-
´ÒÌ ±µ´Ë¨£Ê· Í¨° ¤ ÕÉ ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ¨ 4+

5 -Ëµ´µ´ , ¨´É¥·Ë¥·¥´Í¨Ö ·Ö¤ 
¨§ ´¨Ì ´µ¸¨É ¤¥¸É·Ê±É¨¢´Ò° Ì · ±É¥·, ¢ ·¥§Ê²ÓÉ É¥ §´ Î¥´¨¥ B(E4), ¸µµÉ¢¥É-
¸É¢ÊÕÐ¥¥ ÔÉµ³Ê Ëµ´µ´Ê, § ³¥É´µ ³¥´ÓÏ¥.

‚§ ¨³µ¤¥°¸É¢¨¥ ¸µ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É
¸¢µ°¸É¢ ´¨¦ °Ï¨Ì É·¥Ì 4+-¸µ¸ÉµÖ´¨°. Š ± B(E4), ¶·¥¤¸É ¢²¥´´Ò¥ ¢ É ¡². 1,
É ± ¨ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¶· ±É¨Î¥¸±¨ ´¥ ¨§³¥´ÖÕÉ¸Ö.
�¤´ ±µ ¸¨²  Î¥É¢¥·Éµ£µ 4+-Ëµ´µ´  · ¸¶·¥¤¥²Ö¥É¸Ö ³¥¦¤Ê ¤¢Ê³Ö ¸µ¸ÉµÖ´¨Ö-
³¨ ¸ Ô´¥·£¨¥° 3,16 ¨ 3,46 ŒÔ‚. �·µ¨¸Ìµ¤¨É ÔÉµ £² ¢´Ò³ µ¡· §µ³ §  ¸Î¥É
¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗ 2+
1 ]4+ , · ¸¶µ²µ¦¥´´µ°

¶µ Ô´¥·£¨¨ ¢¡²¨§¨ 4+
4 -Ëµ´µ´ . �¡  ¸µ¸ÉµÖ´¨Ö ¨³¥ÕÉ ¶µÌµ¦ÊÕ ¸É·Ê±ÉÊ·Ê:

¶·¨³¥·´µ 40 % µ¤´µËµ´µ´´µ° 4+
4 -±µ´Ë¨£Ê· Í¨¨, 40 % Ê¶µ³Ö´ÊÉµ° ¤¢ÊÌ-
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Ëµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ 8 % ¢±² ¤  µÉ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‚
·¥§Ê²ÓÉ É¥ µ¡  ¸µ¸ÉµÖ´¨Ö, 4+

4 ¨ 4+
5 , ¨³¥ÕÉ ¡²¨§±¨¥ §´ Î¥´¨Ö B(E4) ¨ Ëµ·³Ò

§ ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° (¸³. É ¡². 1 ¨ ·¨¸. 1).
Š ± ³Ò Ê¦¥ µÉ³¥Î ²¨ ¢ÒÏ¥, ¨§-§  ¡²¨§µ¸É¨ 3−1 - ¨ 4+

1 -Ê·µ¢´¥° ¢ 142Nd
¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö 4+

1 -Ê·µ¢´Õ, ´¥ ¨§¢¥¸É´  ¨§ Ô±¸¶¥-
·¨³¥´É . �¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 4+

2 -Ê·µ¢´Ö ¨³¥¥É ¶µ¢¥¤¥´¨¥, Ì · ±É¥·´µ¥ ¤²Ö
´¥±µ²²¥±É¨¢´µ£µ ¢µ§¡Ê¦¤¥´¨Ö, ¨ Ìµ·µÏµ ¸µµÉ¢¥É¸É¢Ê¥É ¶·¥¤¸± § ´¨Õ É¥µ·¨¨.
� ¨¡µ²¥¥ ¶·¨³¥Î É¥²Ó´Ò³ ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ 4+-¸µ¸ÉµÖ´¨° Ö¢²Ö¥É¸Ö ¶·¨¸ÊÉ-
¸É¢¨¥ ¤¢ÊÌ ¡²¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°, 4+

4 ¨ 4+
5 , ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ±µÉµ·ÒÌ

µÎ¥´Ó ¶µÌµ¦¨, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µµÉ¢¥É¸É¢Ê¥É É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨Ö³ ¨
Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ ³´µ£µ-
Ëµ´µ´´Ò³¨.

�·¨ ¶¥·¥Ìµ¤¥ µÉ ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤¥· ± Ö¤· ³ ¸ ´¥§ ³±´ÊÉÒ³¨ ´¥°É·µ´-
´µ° ¨ ¶·µÉµ´´µ° ¶µ¤µ¡µ²µÎ± ³¨ ±µ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨° Ê¸¨-
²¨¢ ¥É¸Ö. ‚ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ÔÉµ µÉ´µ¸¨É¸Ö ± 2+

1 -¸µ¸ÉµÖ´¨Õ; ±·µ³¥ Éµ£µ, ¸Ê-
Ð¥¸É¢¥´´µ ¶µ´¨¦ ¥É¸Ö Ô´¥·£¨Ö ¥£µ ¢µ§¡Ê¦¤¥´¨Ö. “¸¨²¥´¨¥ ±µ²²¥±É¨¢´µ¸É¨
¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ ³ É·¨Î´µ£µ Ô²¥³¥´É  ¢§ ¨³µ¤¥°¸É¢¨Ö µ¤´µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¸ ¡µ²¥¥ ¸²µ¦´Ò³¨. ‚¸²¥¤¸É¢¨¥ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê-
¦¤¥´¨Ö ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 2+-±µ´Ë¨£Ê· Í¨¨ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥´¨¥
Ô´¥·£¥É¨Î¥¸±µ£µ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê ´¨¦ °Ï¨³¨ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´-
Ë¨£Ê· Í¨Ö³¨, ¨ É.¤. �¡  µÉ³¥Î¥´´ÒÌ ÔËË¥±É  · ¡µÉ ÕÉ ¢ µ¤´Ê ¸Éµ·µ´Ê ¨
¶·¨¢µ¤ÖÉ ± ¡µ²¥¥ ¸¨²Ó´µ³Ê ¸³¥Ï¨¢ ´¨Õ Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° · §²¨Î´µ°
¸²µ¦´µ¸É¨ ¢ Ö¤· Ì ¸ ´¥§ ³±´ÊÉµ° µ¡µ²µÎ±µ°. �¸É ´µ¢¨³¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ
´  ¶µ²µ¦¥´¨¨, ¸É·Ê±ÉÊ·¥ ¨ § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸ÉÖÌ ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ´¥³ £¨Î¥¸±¨Ì Ö¤¥· ´  ¶·¨³¥·¥ ¨§µÉµ¶  144Nd [8].

‚ 144Nd ´ Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ´ ²¨Î¨¥ Ê¦¥ ¢µ¸Ó³¨ µ¤´µËµ´µ´´ÒÌ
2+-±µ´Ë¨£Ê· Í¨° ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚. � ¨¡µ²¥¥ ±µ²²¥±É¨¢-
´µ°, ±µ´¥Î´µ, Ö¢²Ö¥É¸Ö ¶¥·¢ Ö ¨§ ´¨Ì, ±µÉµ· Ö ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö
1,48 ŒÔ‚ ¨ B(E2) = 4, 4 ·103 e2 ·Ë³4. ’ ±¦¥ ±µ²²¥±É¨¢´µ° Ö¢²Ö¥É¸Ö ¨ ¶ÖÉ Ö
µ¤´µËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö ¸ Ex = 3, 3 ŒÔ‚ ¨ B(E2) = 1, 1 · 103 e2 · Ë³4,
µ¸É ²Ó´Ò¥ µ¤´µËµ´µ´´Ò¥ 2+-±µ´Ë¨£Ê· Í¨¨ Ä ¶· ±É¨Î¥¸±¨ Î¨¸Éµ ¤¢ÊÌ±¢ §¨-
Î ¸É¨Î´Ò¥. Šµ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¨Ì Î¥ÉÒ·¥Ì µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· -
Í¨° Ìµ·µÏµ ¶·µ¸³ É·¨¢ ¥É¸Ö ¶µ Ëµ·³¥ ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°. �¥·¥-
Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ µ¤´µËµ´µ´´µ° 2+

1 -±µ´Ë¨£Ê· Í¨¨ ¨³¥¥É § ³¥É´Ò° ¶¨± ´ 
¶µ¢¥·Ì´µ¸É¨ Ö¤· , µ¸É ²Ó´Ò¥ Ä Ëµ·³Ê, Ì · ±É¥·´ÊÕ ¤²Ö ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ
¶²µÉ´µ¸É¥°. �É³¥É¨³, ÎÉµ µ¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö 2+

3,4,7,8 ¶µ¸É·µ¥´Ò ¶· ±-
É¨Î¥¸±¨ ¨§ ¶·µÉµ´´ÒÌ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨°, µ¸É ²Ó´Ò¥ É ±¦¥
¨³¥ÕÉ § ³¥É´Ò° ¢±² ¤ ¨ ´¥°É·µ´´ÒÌ ±µ³¶µ´¥´É. �Éµ Ê± §Ò¢ ¥É ´  ·µ²Ó ¤¢ÊÌ
¢ ²¥´É´ÒÌ ´¥°É·µ´µ¢ ¢´¥ § ³±´ÊÉµ° µ¡µ²µÎ±¨ N =82.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¶¥±É·  ´¨§±µ²¥¦ Ð¨Ì 2+-¸µ¸ÉµÖ´¨° ¸ ¢µ²´µ¢µ°
ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ, ¶·¥¤¸É ¢-
²¥´Ò ¢ É ¡². 2 ¢ ¸· ¢´¥´¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. ‚ ÔÉµ° É ¡²¨Í¥
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’ ¡²¨Í  2. �´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(E2)-¶¥·¥Ìµ¤µ¢ ¨
µ¸´µ¢´Ò¥ ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´¨§±µ²¥¦ Ð¨Ì 2+ ¢ 144Nd

�±¸¶¥·¨³¥´É ’¥µ·¨Ö

λπν Ex, B(E2), Ex, B(E2), Q+ Q+Q+ Q+Q+Q+

MÔ‚ e2 · Ë³4 MÔ‚ e2 · Ë³4 ±µ³¶. ±µ³¶. ±µ³¶.

2+
1 0,696 4,60·103 0,708 3,8·103 2+

1 - 78% [2+
1 ⊗ 4+

1 ]2+ − 6% 2%

[3−1 ⊗ 3−1 ]2+ − 4%

[3−1 ⊗ 5−1 ]2+ − 4%

2+
2 1,575 7,9·101 2+

2 - 10% [2+
1 ⊗ 2+

1 ]2+ − 63% 19%

2+
4 - 4%

2+
3 2,073 6,31·102 2,105 1,5·102 2+

2 - 70% [2+
1 ⊗ 2+

1 ]2+ − 7% 5%

[2+
1 ⊗ 4+

1 ]2+ − 10%

[3−1 ⊗ 5−1 ]2+ − 2%

2+
4 2,368 2,38·102 2,440 2,0·102 2+

3 - 87% [2+
1 ⊗ 4+

1 ]2+ − 4% 2%

2+
4 - 2%

2+
5 2,527 3,47·102 2,528 2,2·102 2+

1 - 2% [2+
1 ⊗ 4+

1 ]2+ − 4% 2%

2+
3 - 6% [2+

1 ⊗ 4+
4 ]2+ − 3%

2+
4 - 77%

2+
5 - 3%

2+
6 2,864 1,0·102 2+

1 - 5% [2+
1 ⊗ 2+

1 ]2+ − 2% 15%

2+
2 - 10% [2+

1 ⊗ 4+
1 ]2+ − 40%

2+
3 - 3%

2+
4 - 11%

2+
5 - 13%

2+
7 3,013 1,1·102 2+

1 - 2% [2+
1 ⊗ 4+

1 ]2+ − 8% 14%

2+
2 - 3% [2+

1 ⊗ 4+
5 ]2+ − 3%

2+
5 - 44% [3−1 ⊗ 3−1 ]2+ − 21%

2+
8 3,354 3,6·102 2+

5 - 20% [2+
1 ⊗ 4+

1 ]2+ − 3% 25%

2+
6 - 2% [2+

1 ⊗ 4+
5 ]2+ − 4%

[3−1 ⊗ 3−1 ]2+ − 35%

[3−1 ⊗ 5−1 ]2+ − 6%

³Ò µ£· ´¨Î¨²¨¸Ó Éµ²Ó±µ É¥³¨ ¢µ§¡Ê¦¤¥´´Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨, ¤²Ö ±µÉµ·ÒÌ ¡Ò-
²¨ ¨§¢²¥Î¥´Ò ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¨§ ¤ ´´ÒÌ (e, e′)-·¥ ±Í¨¨. �´ ²µ£¨Î´Ò¥
·¥§Ê²ÓÉ ÉÒ ¤²Ö 3−- ¨ 4+-¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3.

‘µ¸ÉµÖ´¨¥ 2+
1 ¢ ´ Ï¨Ì · ¸Î¥É Ì ¸µ¸Éµ¨É ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¨§ ´¨¦ °-

Ï¥° µ¤´µËµ´µ´´µ° 2+-±µ´Ë¨£Ê· Í¨¨ (78 %) ¸ ´¥±µÉµ·µ° ¶·¨³¥¸ÓÕ, ¸µµÉ-
¢¥É¸É¢¥´´µ, 14 % ¨ 2 % ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. ‘µ¸ÉµÖ´¨¥ 2+

2

¸ Ô´¥·£¨¥° 1,575 ŒÔ‚ Ö¢²Ö¥É¸Ö ¢ µ¸´µ¢´µ³ 2+-±µ³¶µ´¥´Éµ° ¤¢ÊÌËµ´µ´´µ£µ
³Ê²ÓÉ¨¶²¥É  [2+

1 ⊗2+
1 ] ¸ ¶·¨³¥¸ÓÕ µ¤´µ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �Éµ
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’ ¡²¨Í  3. ’µ ¦¥, ÎÉµ ¨ ¢ É ¡². 2, ¤²Ö ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 3− ¨ 4+.
�·¥¤¸É ¢²¥´Ò Éµ²Ó±µ É¥ ¸µ¸ÉµÖ´¨Ö, ¤²Ö ±µÉµ·ÒÌ § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨
¨§¢²¥Î¥´Ò ¨§ Ô±¸¶¥·¨³¥´É 

�±¸¶¥·¨³¥´É ’¥µ·¨Ö

λπν Ex, B(Eλ), Ex, B(Eλ), Q+ Q+Q+ Q+Q+Q+

MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 ±µ³¶. ±µ³¶. ±µ³¶.

3−1 1, 510 2, 56 · 105 1, 265 1, 4 · 105 3−1 - 56% [2+
1 ⊗ 3−1 ]3− − 26% 7%

3−2 - 2% [2+
1 ⊗ 5−1 ]3− − 5%

3−2 2,779 4,46·104 2,787 2,6·104 3−1 - 12% [2+
1 ⊗ 3−1 ]3− − 36% 27%

[2+
1 ⊗ 5−1 ]3− − 22%

3−3 2,839 0,46·104 3,252 3,0·103 3−1 - 5% [2+
1 ⊗ 5−1 ]3− − 20% 26%

3−2 - 7% [3−1 ⊗ 4+
1 ]3− − 39%

3−4 2,967 8,1·103 3,359 4,1·104 3−1 - 13% [2+
1 ⊗ 3−3 ]3− − 3% 15%

3−2 - 33% [2+
2 ⊗ 3−1 ]3− − 2%

[2+
1 ⊗ 5−1 ]3− − 6%

[3−1 ⊗ 4+
3 ]3− − 25%

4+
1

1,315 1,93·106 1,368 1,6·106 4+
1

- 40% [2+
1
⊗ 2+

1
]4+ − 42% 12%

4+
2 - 2%

4+
2 2,109 3,14·106 2,039 2,1·106 4+

1 - 45% [2+
1 ⊗ 2+

1 ]4+ − 29% 12%

4+
2 - 5%

4+
3 2,207 2,4·105 4+

1 - 3% [2+
1 ⊗ 2+

1 ]4+ − 2% 2%

4+
2 - 84% [2+

1 ⊗ 4+
1 ]4+ − 4%

4+
4 2,451 1,13·106 2,449 4,9·105 4+

3 - 96%

4+
8 2,986 6,9·105 3,256 6,5·105 4+

5 - 43% [2+
1 ⊗ 2+

5 ]4+ − 2% 14%

[2+
1 ⊗ 6+

1 ]4+ − 8%

[2+
1 ⊗ 6+

4 ]4+ − 2%

[3−1 ⊗ 3−1 ]4+ − 22%

[3−1 ⊗ 5−1 ]4+ − 2%

¸µ¸ÉµÖ´¨¥ ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢
¨§-§  ³ ²µ£µ §´ Î¥´¨Ö B(E2)-¶¥·¥Ìµ¤ . �¤´ ±µ ÔÉµ ¸µ¸ÉµÖ´¨¥ ¨§¢¥¸É´µ ¨§
¤ ´´ÒÌ (p, p′)- ¨ (d, d′)-·¥ ±Í¨°, ¶·¨·µ¤µ° ¥£µ ¢µ§¡Ê¦¤¥´¨Ö, ± ± ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É ¶µ¢¥¤¥´¨¥ Ëµ·³Ë ±Éµ·µ¢, ¢ ÔÉ¨Ì ·¥ ±Í¨ÖÌ Ö¢²Ö¥É¸Ö ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ°
¶·µÍ¥¸¸ Î¥·¥§ 2+

1 -Ê·µ¢¥´Ó. �Éµ Ê± §Ò¢ ¥É ´  ¡µ²ÓÏµ° ¢±² ¤ ¤¢ÊÌËµ´µ´´µ°
±µ³¶µ´¥´ÉÒ ¢ ¸É·Ê±ÉÊ·Ê ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö, ± ± ¨ ¶·¥¤¸± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ.

‚±² ¤ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ´¨§±µ²¥¦ Ð¨Ì
2+-¸µ¸ÉµÖ´¨° ¢ 144Nd ¶·¥¢ÒÏ ¥É 10 % §  ¨¸±²ÕÎ¥´¨¥³ ¶· ±É¨Î¥¸±¨ µ¤´µËµ-
´µ´´ÒÌ 2+

4 -, 2+
5 - ¨ 2+

9 -¸µ¸ÉµÖ´¨°. „²Ö ³´µ£¨Ì ´¨§±µ²¥¦ Ð¨Ì 2+-¸µ¸ÉµÖ´¨°
¢±² ¤ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° É ±¦¥ ¢¥²¨± (≥10 %). �Éµ ¸¨²Ó´µ µÉ-
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�¨¸. 2. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 1, ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 144Nd

²¨Î ¥É¸Ö µÉ ¸¨ÉÊ Í¨¨ ¸ ´¨§±µ²¥¦ Ð¨³¨ 2+-¸µ¸ÉµÖ´¨Ö³¨ ¢ 142Nd, µ¡¸Ê¦¤ ¢-
Ï¥°¸Ö ¢ÒÏ¥, £¤¥ ¢±² ¤ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° µ£· ´¨Î¨¢ ¥É¸Ö ´¥¸±µ²Ó-
±¨³¨ ¶·µÍ¥´É ³¨,   ¶·¨³¥¸Ó É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¶·¥´¥¡·¥¦¨³µ ³ ² .
�Éµ Ö¢²Ö¥É¸Ö ¶·Ö³Ò³ ¸²¥¤¸É¢¨¥³ Ê¸¨²¥´¨Ö ¸¢Ö§¨ Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°,
µÉ²¨Î ÕÐ¨Ì¸Ö ¶µ Î¨¸²Ê Ëµ´µ´µ¢, ¨§-§  ¤¢ÊÌ ¤µ¶µ²´¨É¥²Ó´ÒÌ ´¥°É·µ´µ¢ ¢´¥
§ ³±´ÊÉµ° µ¡µ²µÎ±¨. �¥§Ê²ÓÉ Éµ³ Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¸¨²Ó´µ¥ ¸³¥Ï¨¢ ´¨¥, · ¸-
Ð¥¶²¥´¨¥ · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¨ ¶µ´¨¦¥´¨¥ Ô´¥·£¨¨ ±¢ ¤·Ê¶µ²Ó´ÒÌ ¢µ§-
¡Ê¦¤¥´¨°.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¡Ò²¨ ¨§¢²¥Î¥´Ò ¤²Ö Î¥ÉÒ·¥Ì
2+-¸µ¸ÉµÖ´¨° ¢ 144Nd. �´¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2 ¢ ¸· ¢´¥´¨¨ ¸ · ¸¸Î¨É ´-
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´Ò³¨. � Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± §Ò¢ ÕÉ ¤¥¢ÖÉÓ ¸µ¸ÉµÖ´¨° ¸ ¤ ´´Ò³ ³µ³¥´Éµ³
¨ Î¥É´µ¸ÉÓÕ ¨ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ´¨¦¥ 4 ŒÔ‚, ÎÉµ ¸µ¢¶ ¤ ¥É ¸ ±µ²¨Î¥-
¸É¢µ³ 2+-¸µ¸ÉµÖ´¨°, µ¡´ ·Ê¦¥´´ÒÌ ¢ ÔÉµ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¢ ·¥ ±-
Í¨ÖÌ (p, p′) ¨ (d, d′). ”µ·³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 2+

1 -¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥°
0,696 ŒÔ‚ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É¥, ÌµÉÖ  ³¶²¨ÉÊ¤  ¢´ÊÉ·¥´´¥£µ
¶¨±  ¸²¥£±  ¶¥·¥µÍ¥´¥´ . ”µ·³  ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¤²Ö Ê·µ¢´¥° ¸ Ô´¥·-
£¨¥° 0,696 ¨ 2,073 ŒÔ‚ µÎ¥´Ó ¶µÌµ¦  ¨ ¸µ¢¶ ¤ ¥É ¸ · ¸¸Î¨É ´´µ° ¶²µÉ´µ¸ÉÓÕ
¤²Ö 2+

1 -¸µ¸ÉµÖ´¨Ö. �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¶·¥¤¶µ² £ ÉÓ, ÎÉµ Ê·µ¢¥´Ó 2+
3 ¢µ§´¨-

± ¥É ¢ ·¥§Ê²ÓÉ É¥ · ¸Ð¥¶²¥´¨Ö ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ ´¥
¶·µÖ¢²Ö¥É¸Ö ¢ · ¸Î¥É¥ ¨§-§  µ¡·¥§ ´¨Ö ¡ §¨¸´ÒÌ ±µ´Ë¨£Ê· Í¨°.

‘µ¸ÉµÖ´¨Ö 2+
4 ¨ 2+

5 , µ¡´ ·Ê¦¥´´Ò¥ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±-
É·µ´µ¢ ¶·¨ Ex = 2, 368 ¨ 2,527 ŒÔ‚, ´ Ìµ¤ÖÉ¸Ö ¢ ´¥¶²µÌµ³ ¸µµÉ¢¥É¸É¢¨¨
¶µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¢¥·µÖÉ´µ¸É¨ B(E2) ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ ¸µ¸ÉµÖ-
´¨Ö³¨ ¢ ´ Ï¨Ì · ¸Î¥É Ì. �Éµ£µ, µ¤´ ±µ, ´¥²Ó§Ö ¸± § ÉÓ µ Ëµ·³¥ ¶¥·¥Ìµ¤-
´ÒÌ ¶²µÉ´µ¸É¥°. …¸²¨ Ô±¸¶¥·¨³¥´É ²Ó´ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö
¸ Ô´¥·£¨¥° 2,527 ŒÔ‚ ´¥¶²µÌµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö · ¸¸Î¨É ´´µ° ¶²µÉ´µ¸ÉÓÕ
2+

4 -¸µ¸ÉµÖ´¨Ö, Éµ ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,368 ŒÔ‚ ´ -
Ìµ¤¨É¸Ö ¢ ´¥±µÉµ·µ³ ¸µµÉ¢¥É¸É¢¨¨ ¸ · ¸¸Î¨É ´´Ò³¨ ¶²µÉ´µ¸ÉÖ³¨ ¸µ¸ÉµÖ´¨°,
· ¸¶µ²µ¦¥´´Ò³¨ ´  700 ±Ô‚ ¢ÒÏ¥ (³Ò ¨³¥¥³ ¢ ¢¨¤Ê 2+

7 - ¨ 2+
8 -¸µ¸ÉµÖ´¨Ö

¢ ´ Ï¨Ì · ¸Î¥É Ì, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ±µÉµ·ÒÌ ¨§µ¡· ¦¥´Ò ´  ·¨¸. 2,
¸µµÉ¢¥É¸É¢¥´´µ, ¢ ¢¨¤¥ ¸¶²µÏ´µ° ¨ ÏÉ·¨Ì¶Ê´±É¨·´µ° ±·¨¢ÒÌ). ‘µ¸ÉµÖ´¨Ö
2+

7 ¨ 2+
8 ¢ · ¸Î¥É¥ ¢µ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥ Ë· £³¥´É Í¨¨ ¶ÖÉµ° µ¤´µËµ´µ´-

´µ° ±µ³¶µ´¥´ÉÒ (´ ¨¡µ²¥¥ ±µ²²¥±É¨¢´µ° ¶µ¸²¥ ´¨¦ °Ï¥°) ¨§-§  ¢§ ¨³µ¤¥°-
¸É¢¨Ö ¸ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ (£² ¢´Ò³ µ¡· §µ³, ¸ [3−1 ⊗ 5−1 ]2+ ).
� ¸Ï¨·¥´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸  ¶µ ¸· ¢´¥´¨Õ ¸ ¨¸¶µ²Ó§Ê¥³Ò³ ¢ ´ ¸ÉµÖÐ¥³
· ¸Î¥É¥ µ± ¦¥É ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ¥ ¢²¨Ö´¨¥ ´  ¸¢µ°¸É¢  ¸µ¸ÉµÖ´¨°, ¸µ¤¥·¦ -
Ð¨Ì ±µ²²¥±É¨¢´Ò¥ Ëµ´µ´Ò, ±µÉµ·Ò¥ ¸¨²Ó´¥¥ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸µ ¸²µ¦´Ò³¨
±µ´Ë¨£Ê· Í¨Ö³¨. ‚¶µ²´¥ ¢µ§³µ¦´µ, ÎÉµ ÔÉµ ¶·¨¢¥¤¥É ± · ¸Ð¥¶²¥´¨Õ ¶ÖÉµ°
µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¨ Ê³¥´ÓÏ¥´¨Õ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö, ¶·¨¡²¨-
¦ Ö ± Ô´¥·£¨¨ 2+

4 -¸µ¸ÉµÖ´¨Ö ¢ Ô±¸¶¥·¨³¥´É¥.
„²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ 144Nd ³Ò ¨³¥¥³ Éµ²Ó±µ ¤¢¥ µ¤´µËµ-

´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ´¨¦¥ 4 ŒÔ‚. �¥·¢ Ö ¨§ ´¨Ì Ä ±µ²²¥±É¨¢´ Ö ¸
B(E3) = 2, 3 ·105 e2 ·Ë³6 ¨ ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö 2,350 ŒÔ‚; ¢Éµ· Ö, ¢
µ¸´µ¢´µ³ ¤¢ÊÌ±¢ §¨Î ¸É¨Î´ Ö, ¸ Ex = 3, 369 ŒÔ‚ ¨ B(E3) = 9, 8·102 e2 ·Ë³6.
�·¨ ÊÎ¥É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸µ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ Î¨¸²µ µ±ÉÊ¶µ²Ó´ÒÌ
¸µ¸ÉµÖ´¨° ´¨¦¥ 4 ŒÔ‚ ¢µ§· ¸É ¥É ¤µ ¶ÖÉ¨. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥-
É  ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¨§ (e, e′)-·¥ ±Í¨¨ ¶µ²µ¦¥´¨Ö ¨ §´ Î¥´¨°
B(E3) ¤²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 3. ‘É¥¶¥´Ó ¸³¥-
Ï¨¢ ´¨Ö µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨ÖÌ
3−-¸µ¸ÉµÖ´¨° §´ Î¨É¥²Ó´ . „²Ö ´¨¦ °Ï¥£µ 3−-¸µ¸ÉµÖ´¨Ö µ¤´µËµ´µ´´ Ö ±µ³-
¶µ´¥´É  Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¥° (56 %), ´µ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤ ¦¥ ÔÉµ£µ
¸µ¸ÉµÖ´¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É 31 % ¤¢ÊÌËµ´µ´´ÒÌ ¨ 7 % É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê-
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· Í¨°. ‚ ¸É·Ê±ÉÊ·Ê ¢¸¥Ì µ¸É ²Ó´ÒÌ 3−-¸µ¸ÉµÖ´¨° µ¸´µ¢´µ° ¢±² ¤ ¤ ÕÉ ¤¢ÊÌ-
Ëµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ (¤µ 60 % ¢ ¸²ÊÎ ¥ 3−2 ¨ 3−3 ) ¸ ¡µ²ÓÏµ° ¶·¨³¥¸ÓÕ,
¡µ²¥¥ 15 %, É·¥ÌËµ´µ´´ÒÌ.

—¥ÉÒ·¥ 3−-¸µ¸ÉµÖ´¨Ö ¢ 144Nd ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¢ Ô±¸¶¥·¨³¥´É¥ ¶µ ´¥-
Ê¶·Ê£µ³Ê · ¸¸¥Ö´¨Õ Ô²¥±É·µ´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥
¶²µÉ´µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2. �¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢¸¥Ì ÔÉ¨Ì ¸µ-
¸ÉµÖ´¨° ¨³¥ÕÉ ¶µ¤µ¡´ÊÕ Ëµ·³Ê, ´µ · §´ÊÕ  ³¶²¨ÉÊ¤Ê. �Éµ Ö¢²Ö¥É¸Ö ¢¶µ²-
´¥ ¥¸É¥¸É¢¥´´Ò³, ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ Ëµ·³  ¶¥·¥Ìµ¤´ÒÌ
¶²µÉ´µ¸É¥° ¢¸¥Ì ÔÉ¨Ì ¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö¥É¸Ö, ± ± ¶µ± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥-
ÉÒ, ²¨ÏÓ Ëµ·³µ° ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 3−-±µ´Ë¨£Ê· Í¨¨,    ³¶²¨ÉÊ¤ 
¶·µ¶µ·Í¨µ´ ²Ó´  ¢±² ¤Ê ÔÉµ° ±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ± ¦¤µ£µ
¨§ ´¨Ì.

Š ± ¨ ¤²Ö ¸µ¸ÉµÖ´¨° ¤·Ê£¨Ì ³Ê²ÓÉ¨¶µ²Ó´µ¸É¥°, Ô±¸¶¥·¨³¥´É ²Ó´µ ¨§¢¥¸É-
´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò £¥±¸ ¤¥± ¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ 144Nd ¢¥¸Ó³  ´¥¶²µÌµ
¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ ´ Ï¥³ · ¸Î¥É¥ (¸³. É ¡². 3). ˆ§¢²¥Î¥´´Ò¥ ¨§ Ô±¸¶¥·¨³¥´-
É  § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ 4+-¸µ¸ÉµÖ´¨° ¢ ÔÉµ³ Ö¤·¥ ¶·¥¤¸É ¢²¥´Ò
´  ·¨¸. 2. ”µ·³  ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° Ê·µ¢´¥°, µ¡´ ·Ê¦¥´´ÒÌ ¶·¨ Ô´¥·-
£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 1,305, 2,109 ¨ 2,451 ŒÔ‚, ´ Ìµ¤ÖÉ¸Ö ¢ ´¥¶²µÌµ³ ¸µ£² ¸¨¨ ¸
¶²µÉ´µ¸ÉÖ³¨ ¤²Ö ¶·¥¤¸± §Ò¢ ¥³ÒÌ, ¸µµÉ¢¥É¸É¢¥´´µ, 4+

1 -, 4+
2 - ¨ 4+

4 -¸µ¸ÉµÖ´¨°.
�¥·¢Ò¥ ¤¢  ¨§ ´¨Ì ¢ ± Î¥¸É¢¥ µ¸´µ¢´µ° ±µ³¶µ´¥´ÉÒ ¸µ¤¥·¦ É ´¨¦ °ÏÊÕ µ¤-
´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ ¸ ¢±² ¤µ³, ¸µµÉ¢¥É¸É¢¥´´µ, 40 % ¨ 45 %. ‘¨² 
ÔÉµ° ±µ´Ë¨£Ê· Í¨¨ · ¸Ð¥¶²Ö¥É¸Ö, ¢ µ¸´µ¢´µ³, ¨§-§  ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ¤¢ÊÌ-
Ëµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗2+
1 ]4+ . ‚ 142Nd ´¨¦ °Ï Ö ¶µ Ô´¥·£¨¨ ¤¢ÊÌËµ-

´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+
1 ⊗2+

1 ]4+ · ¸¶µ²µ¦¥´  §´ Î¨É¥²Ó´µ ¢ÒÏ¥ ´¨¦ °Ï¥°
µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ 4+; ¢ ·¥§Ê²ÓÉ É¥ ´¨¦ °Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ Ö¢²Ö-
¥É¸Ö ¶· ±É¨Î¥¸±¨ µ¤´µËµ´µ´´Ò³,   Ê± § ´´ Ö ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö
¸³¥Ï¨¢ ¥É¸Ö, £² ¢´Ò³ µ¡· §µ³, ¸ Î¥É¢¥·Éµ° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥°,
· ¸¶µ²µ¦¥´´µ° ¡²¨§±µ ¶µ Ô´¥·£¨¨, Ëµ·³¨·ÊÖ 4+

4 - ¨ 4+
5 -¸µ¸ÉµÖ´¨Ö. ‚ 144Nd ¢

·¥§Ê²ÓÉ É¥ ¸ÊÐ¥¸É¢¥´´µ£µ Ê³¥´ÓÏ¥´¨Ö Ô´¥·£¨¨ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 2+-
±µ´Ë¨£Ê· Í¨¨ ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 2+
1 ]4+ µ± §Ò¢ ¥É¸Ö ¢¡²¨§¨

µ¤´µËµ´µ´´µ° 4+
1 -±µ´Ë¨£Ê· Í¨¨, ¨§-§  ¸³¥Ï¨¢ ´¨Ö ¸ ±µÉµ·µ° ¢µ§´¨± ÕÉ 4+

1 -
¨ 4+

2 -¸µ¸ÉµÖ´¨Ö ¸ ¶µÌµ¦¥° Ëµ·³µ° § ·Ö¤µ¢µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨.
�¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ Ê·µ¢´Ö ¸ Ô´¥·£¨¥° 2,451 ŒÔ‚ ´¥¶²µÌµ ¸µµÉ¢¥É-

¸É¢Ê¥É ¶²µÉ´µ¸ÉÓ 4+
4 -¸µ¸ÉµÖ´¨Ö, ¨³¥ÕÐ¥£µ ¶·¥¨³ÊÐ¥¸É¢¥´´µ ´¥±µ²²¥±É¨¢´ÊÕ

É·¥ÉÓÕ µ¤´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ. ‘µ¸ÉµÖ´¨¥ 4+
3 , ¶µ ¢¸¥° ¢¨¤¨³µ¸É¨,

¶·µ¸Éµ ´¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ ¢ · ¸¸³ É·¨¢ ¥³µ³ Ô±¸¶¥·¨³¥´É¥ ¨§-§  ´¥¡µ²Ó-
Ïµ£µ §´ Î¥´¨Ö B(E4). “·µ¢´Õ ¸ Ô´¥·£¨¥° 2,986 ŒÔ‚, ¸Ê¤Ö ¶µ Ëµ·³¥ ¥£µ
¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨, ¸µµÉ¢¥É¸É¢Ê¥É ¢µ¸Ó³µ¥ 4+-¸µ¸ÉµÖ´¨¥ ¢ ´ Ï¨Ì · ¸Î¥-
É Ì. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ ¢ Ô±¸¶¥·¨³¥´É Ì ¶µ ´¥Ê¶·Ê£µ³Ê
· ¸¸¥Ö´¨Õ ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢, ¸¶µ¸µ¡´ÒÌ ¢Ò¤¥²ÖÉÓ ¡µ²¥¥ ¸² ¡Ò¥ ¸µ¸Éµ-
Ö´¨Ö, ¡Ò²µ µ¡´ ·Ê¦¥´µ ¸¥³Ó (¨²¨ ¢µ¸¥³Ó) 4+-¸µ¸ÉµÖ´¨° ¢ 144Nd ¸ Ô´¥·£¨¥°
³¥´ÓÏ¥ 3,7 ŒÔ‚, ¶µ¤µ¡´µ¥ ¸µµÉ¢¥É¸É¢¨¥ ¢Ò£²Ö¤¨É ¢¶µ²´¥ · §Ê³´Ò³.
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�¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¤¢ÊÌ 5−- ¨ µ¤´µ£µ 6+-Ê·µ¢´¥°, µ¡´ ·Ê¦¥´´ÒÌ ¢
144Nd ¢ (e, e′)-·¥ ±Í¨¨, É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 2. �¥·¢Ò° 5−-Ê·µ¢¥´Ó ¸
Ô´¥·£¨¥° 2,093 ŒÔ‚ ¨³¥¥É ¶µ¢¥·Ì´µ¸É´Ò° ¶¨± ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨, ¸¢¨-
¤¥É¥²Ó¸É¢ÊÕÐ¨° µ ¥£µ ±µ²²¥±É¨¢´µ° ¶·¨·µ¤¥, ¶¨± ¢Éµ·µ£µ Ê·µ¢´Ö ¸ Ô´¥·£¨¥°
3,053 ŒÔ‚ ¸¤¢¨´ÊÉ ¢´ÊÉ·Ó Ö¤·  ¶·¨³¥·´µ ´  1 Ë³. � Ï¨ · ¸Î¥ÉÒ ¶·¥¤¸± -
§Ò¢ ÕÉ Ï¥¸ÉÓ 5−-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ³¥´ÓÏ¥ 4 ŒÔ‚. ”µ·³Ê ¶¥·¥Ìµ¤-
´ÒÌ ¶²µÉ´µ¸É¥° 5−1 -, 5−2 - ¨ 5−3 -¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö¥É ¢ µ¸´µ¢´µ³ ¶²µÉ´µ¸ÉÓ
´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨, ¸¨²Ó´µ · ¸Ë· £³¥´É¨·µ¢ ´´µ° ¶µ
ÔÉ¨³ ¸µ¸ÉµÖ´¨Ö³ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ ±µ´Ë¨£Ê· Í¨Ö³¨ [2+

1 ⊗3−1 ]5− ,
[2+

1 ⊗ 5−1 ]5− ¨ [3−1 ⊗ 4+
1 ]5− . ‘³¥Ð¥´¨¥ ³ ±¸¨³Ê³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨

¢Éµ·µ£µ ¸µ¸ÉµÖ´¨Ö ¢´ÊÉ·Ó Ö¤·  ¸¢Ö§ ´µ ¸ ¤¥¸É·Ê±É¨¢´µ° ¶·¨³¥¸ÓÕ ¢Éµ·µ° µ¤-
´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö. …¤¨´¸É¢¥´-
´Ò° 6+-Ê·µ¢¥´Ó, µ¡´ ·Ê¦¥´´Ò° ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢,
¸µµÉ¢¥É¸É¢Ê¥É ¢Éµ·µ³Ê 6+-¸µ¸ÉµÖ´¨Õ ¢ ´ Ï¨Ì · ¸Î¥É Ì. ‘µ¸ÉµÖ´¨¥ ¦¥ 6+

1

¸ Ô´¥·£¨¥° 1,822 ŒÔ‚ ´ Ìµ¤¨É¸Ö ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ 6+
1 -Ê·µ¢´¥³ ¶·¨ Ô´¥·£¨¨

1,791 ŒÔ‚, § ·¥£¨¸É·¨·µ¢ ´´Ò³ ¢ ·¥ ±Í¨ÖÌ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢
¨ ¤¥°É·µ´µ¢ [15].

�¸´µ¢´Ò¥ É·Ê¤´µ¸É¨ ¶·¨ µ¶¨¸ ´¨¨ ¶¥·¥Ìµ¤´ÒÌ Ö¤¥·, ¶·¨³¥·µ³ ±µÉµ·ÒÌ
Ö¢²Ö¥É¸Ö ¨§µÉµ¶ 146Nd, ¢ ´ Ï¥³ ¶µ¤Ìµ¤¥ ¸¢Ö§ ´Ò ¸ µÎ¥´Ó ¸¨²Ó´Ò³ ¢§ ¨³µ¤¥°-
¸É¢¨¥³ ³¥¦¤Ê · §²¨Î´Ò³¨ µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨.
‘¨²Ó´ Ö ¸¢Ö§Ó · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° É·¥¡Ê¥É ´¥µ¡Ìµ¤¨³µ¸É¨ ¢±²ÕÎ¥´¨Ö ¢
· ¸Î¥É ´ ¸Éµ²Ó±µ ¡µ²ÓÏµ£µ ¨Ì Î¨¸² , ´ ¸±µ²Ó±µ ÔÉµ ¢µ§³µ¦´µ. �Éµ ´ É ²±¨¢ -
¥É¸Ö ´  ¶·µ¡²¥³Ò Î¨¸Éµ ¢ÒÎ¨¸²¨É¥²Ó´µ£µ Ì · ±É¥· . �µÔÉµ³Ê ¢ · ¸Î¥É Ì ¤²Ö
¶¥·¥Ìµ¤´ÒÌ Ö¤¥· ³Ò ¢Ò´Ê¦¤¥´Ò ¡Ò²¨ ¶·¨³¥´ÖÉÓ £µ· §¤µ ¡µ²¥¥ ¦¥¸É±µ¥ µ¡·¥-
§ ´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸ , ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨ ¶µ¸É·µ¥´¨¨ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ´¥¦¥²¨ ¢ · ¸Î¥É Ì, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¶·¥¤Ò¤ÊÐ¨Ì
· §¤¥² Ì. �·µ¢µ¤Ö µ¡·¥§ ´¨¥ ¡ §¨¸ , ³Ò ¸É · ²¨¸Ó ¨¸¶µ²Ó§µ¢ ÉÓ ¢¸¥ µ¸´µ¢´Ò¥
±µ´Ë¨£Ê· Í¨¨, ±µÉµ·Ò¥ ³µ£ÊÉ ¤ ¢ ÉÓ § ³¥É´Ò° ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ¸µ¸ÉµÖ´¨°
¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ³¥´ÓÏ¥ 3 ŒÔ‚. ‚ ·¥§Ê²ÓÉ É¥ ¶·¨ ¨§ÊÎ¥´¨¨ 146Nd [9]
¢¸¥ µ¤´µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¸ Ex ≤ 4, 0 ŒÔ‚, ±µÉµ·Ò¥ ¢´µ¸ÖÉ µ¸´µ¢´ÊÕ
Î ¸ÉÓ ³Ê²ÓÉ¨¶µ²Ó´µ° ¸¨²Ò ¢ ¨§ÊÎ ¥³ÊÕ Ô´¥·£¥É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ,   É ±¦¥ ¢
¡µ²ÓÏµ° ¸É¥¶¥´¨ µ¶·¥¤¥²ÖÕÉ Ëµ·³Ê § ·Ö¤µ¢ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° ¢µ§-
¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°, ¨ ¤¢ÊÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ ¸ Ex ≤ 5, 5(6, 0) ŒÔ‚,
µ¶·¥¤¥²ÖÕÐ¨¥ Ë· £³¥´É Í¨Õ µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶µ ´¨§±µ²¥¦ -
Ð¨³ ¸µ¸ÉµÖ´¨Ö³, ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢ ´¥¶µ¸·¥¤¸É¢¥´´Ò¥ · ¸Î¥ÉÒ. ŒÒ É ±¦¥
ÊÎ²¨ É·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, ¶µ¸É·µ¥´´Ò¥ ¨§ ´¨¦ °Ï¨Ì ±µ²²¥±É¨¢-
´ÒÌ 2+, 3−, 4+ ¨ 5− µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �Î¥¢¨¤´µ, ÎÉµ ¶µ¤µ¡´µ¥
µ¡·¥§ ´¨¥ Ëµ´µ´´µ£µ ¶·µ¸É· ´¸É¢  ¶·¨¢µ¤¨É ± µ£· ´¨Î¥´¨Ö³ ¶·¨³¥´¨³µ¸É¨
· ¸Î¥Éµ¢ ± Ö¤· ³ ¸ ¸¨²Ó´µ° ¸¢Ö§ÓÕ ±µ´Ë¨£Ê· Í¨°, µ¸µ¡¥´´µ ¤²Ö ¸µ¸ÉµÖ´¨°
¸ ¡µ²ÓÏ¥° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö. ‘²¥¤¸É¢¨¥³ Ö¢²Ö¥É¸Ö ¶µÉ¥·Ö ´¥±µÉµ·ÒÌ
¸² ¡ÒÌ ¸µ¸ÉµÖ´¨° ¨ ´¥¤µµÍ¥´±  µ¡Ð¥£µ Î¨¸²  ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° · §-
²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨. �¤´ ±µ ¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢
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’ ¡²¨Í  4. �´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨ ¶·¨¢¥¤¥´´Ò¥ ¢¥·µÖÉ´µ¸É¨ B(Eλ)-¶¥·¥Ìµ¤µ¢ ¢
146Nd

�±¸¶¥·¨³¥´É ’¥µ·¨Ö �±¸¶¥·¨³¥´É ’¥µ·¨Ö
Ex, B(Eλ), Ex, B(Eλ), Ex, B(Eλ), Ex, B(Eλ),
MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2 MÔ‚ e2 · Ë³2λ+2

2+-¸µ¸ÉµÖ´¨Ö 4+-¸µ¸ÉµÖ´¨Ö

0,453 6,91·103 0,565 5,44·103 1,044 1,50·106 0,870 1,42·106

1,303 1,640 2,42·101 1,747 3,61·106 1,590 2,33·106

1,470 6,8·102 2,150 1,06·103 1,919

1,789 2,369 1,84·101 1,987 2,1·106 2,040 2,19·106

2,490 2,66·10−2 2,340 1,64·105

1,977 2·102 2,600 2,08·102 2,622 3·105 2,450 1,98·105

2,198 2,980 1,82·102 2,935 1,6·106 2,520 1,83·105

2,665 1,68·102 3,380 9,77·101 2,580 1,15·105

2,976 6·101 3,430 2,80·102 3,010 1,29·106

3−-¸µ¸ÉµÖ´¨Ö 5−-¸µ¸ÉµÖ´¨Ö

1,190 3,52·105 1,150 1,62·105 1,517 2,64·108 1,670 1,91·108

2,339 5,1·104 2,380 5,34·104 2,570 8,5·107 2,520 5,25·107

2,530 2·104 3,010 4,92·102 2,748 2,93·107 3,120 4,52·107

2,690 5·103 3,180 6,26·103 2,877 3,170 1,39·107

2,807 3,390 3,71·104 2,915 4,7·107 3,510 1,97·107

2,822 3,840 1,05·104 3,000 2,7·107 3,810 1,83·107

2,850 2·104

¢µ§¡Ê¦¤ ÕÉ¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ Ê·µ¢´¨ ¸ § ³¥É´Ò³ ¢±² ¤µ³ µ¤´µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨°, É ±¨³ µ¡· §µ³, ¨¸¶µ²Ó§Ê¥³Ò¥ µ£· ´¨Î¥´¨Ö ¢Ò£²Ö¤ÖÉ · §Ê³´Ò-
³¨ ¶·¨ µ¶¨¸ ´¨¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ, ¶µ²ÊÎ¥´´ÒÌ ¢ (e, e′)-·¥ ±Í¨¨.

�É´µ¸¨É¥²Ó´µ ¶·µ¸É Ö ± ·É¨´  ¸É·Ê±ÉÊ·Ò Ö¤¥·´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ É¥·³¨-
´ Ì µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¨³¥ÕÐ Ö ³¥¸Éµ ¤²Ö ¶µ²Ê³ £¨-
Î¥¸±µ£µ ¨§µÉµ¶  142Nd, ¢ ¸²ÊÎ ¥ ¶¥·¥Ìµ¤´µ£µ Ö¤·  146Nd ¸¨²Ó´µ ¨§³¥´Ö¥É¸Ö.
‘¨²Ó´ Ö ¸¢Ö§Ó · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¶·¨¢µ¤¨É ± ¸ÊÐ¥¸É¢¥´´µ° Ë· £³¥´-
É Í¨¨ ¸¨²Ò µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¶µ ¡µ²ÓÏµ³Ê Î¨¸²Ê ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ-
¸ÉµÖ´¨°, ¢ ·¥§Ê²ÓÉ É¥ ¶· ±É¨Î¥¸±¨ ¢¸¥ ¸µ¸ÉµÖ´¨Ö ¢ ¶¥·¥Ìµ¤´ÒÌ Ö¤· Ì, · ¸-
¸³ É·¨¢ ¥³Ò¥ ´¨¦¥, ¨³¥ÕÉ µÎ¥´Ó ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ·Ê. �µÔÉµ³Ê ³Ò µ¡¸Ê¤¨³
Éµ²Ó±µ µ¸´µ¢´Ò¥ ³µ³¥´ÉÒ ¶·¨ ¸· ¢´¥´¨¨ ·¥§Ê²ÓÉ Éµ¢ ´ Ï¨Ì · ¸Î¥Éµ¢ ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶·¨ ÔÉµ³ ¸¢Ö§Ó ¸ · ¸Î¥É ³¨, ¢Ò¶µ²´¥´´Ò³¨ ¢
· ³± Ì µ¤´µËµ´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö, ¡Ê¤¥É µ¶ÊÐ¥´ .

‚ É ¡². 4 ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éµ¢ ¸¶¥±É·  ¨ ¶·¨¢¥¤¥´-
´ÒÌ ¢¥·µÖÉ´µ¸É¥° ¢µ§¡Ê¦¤¥´¨Ö B(Eλ) ¤²Ö ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ
2+, 3−, 4+ ¨ 5− ¢ Ö¤·¥ 146Nd. „²Ö ¸· ¢´¥´¨Ö ¢ ÔÉµ° É ¡²¨Í¥ É ±¦¥ ¶·¨¢¥-
¤¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
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�¨¸. 3. ’µ ¦¥, ÎÉµ ¨ ´  ·¨¸. 1, ¤²Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 146Nd

´¨Ö Ô²¥±É·µ´µ¢. ‡ ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
¨§¢²¥Î¥´´Ò¥ ¨§ Ëµ·³Ë ±Éµ·µ¢ ¤ ´´µ° ·¥ ±Í¨¨, ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3 ¢
¸· ¢´¥´¨¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥Éµ¢.

�±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò 2+-¸µ¸ÉµÖ´¨° ¢ Ö¤·¥ 146Nd ´¥-
¶²µÌµ ¶¥·¥¤ ¥É¸Ö ¢ ´ Ï¥³ · ¸Î¥É¥. ’¥µ·¨Ö ¶·¥¤¸± §Ò¢ ¥É ¸ÊÐ¥¸É¢µ¢ ´¨¥ É·¥Ì
¸¨²Ó´ÒÌ 2+-¸µ¸ÉµÖ´¨°,   ¨³¥´´µ 2+

1 , 2+
3 ¨ 2+

6 , ¨ É·¥Ì ¸² ¡ÒÌ, µ¡´ ·Ê¦¥´¨¥
±µÉµ·ÒÌ ¢ (e, e′)-·¥ ±Í¨¨ ±· °´¥ § É·Ê¤´¥´µ. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¨ · ¸¸Î¨É ´´ÒÌ ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 2+

1 -¸µ¸ÉµÖ´¨Ö Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ
¢ ¨§µÉµ¶¥ 146Nd ¶·¨¸ÊÉ¸É¢Ê¥É ÔËË¥±É ¤¥Ëµ·³ Í¨¨. •µÉÖ Ëµ·³  ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É¥, §  ¨¸±²ÕÎ¥´¨¥³ ´¥±µÉµ·µ° ¶¥-
·¥µÍ¥´±¨  ³¶²¨ÉÊ¤Ò ¢´ÊÉ·¥´´¥£µ ¶¨± , ¶·¨Î¨´  ±µÉµ·µ° ´ ³ Ìµ·µÏµ ¨§¢¥¸É-
´ , ³ ±¸¨³Ê³ ¶µ¢¥·Ì´µ¸É´µ£µ ¶¨±  ¢ Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ-
¸É¨ ¸¤¢¨´ÊÉ ´  0,15 Ë³ ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¸Î¨É ´´µ°. �¶¨¸ ´¨¥ ¶¥·¥Ìµ¤´µ°
¶²µÉ´µ¸É¨ 2+

3 -Ê·µ¢´Ö É ±¦¥ Ìµ·µÏ¥¥. �¸´µ¢´µ° ¢±² ¤ ¢ ¸É·Ê±ÉÊ·Ê ÔÉµ£µ ¸µ-
¸ÉµÖ´¨Ö ¤ ¥É ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê· Í¨Ö [2+

1 ⊗ 4+
1 ]2+ , ±µÉµ· Ö ¸³¥Ð ¥É¸Ö

¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨° ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ É·¥ÌËµ´µ´-
´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. ‚±² ¤ ¤¢ÊÌËµ´µ´´µ° ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¢´ÊÉ·¨
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Ö¤·  ¶µ£ Ï ¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ¸ ¤·Ê£¨³¨ ±µ³¶µ-
´¥´É ³¨, ¨ µ¶·¥¤¥²ÖÕÐ¨³ ¢±² ¤µ³ ¢ Ëµ·³Ê ¶²µÉ´µ¸É¨ Ö¢²ÖÕÉ¸Ö ´¥¡µ²ÓÏ¨¥
¶·¨³¥¸¨ µÉ ±µ²²¥±É¨¢´ÒÌ ¶¥·¢µ° ¨ ¢Éµ·µ° µ¤´µËµ´µ´´ÒÌ ±µ³¶µ´¥´É.

�¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 2+
6 -Ê·µ¢´Ö ´¥ ¡Ò²  ¨§¢²¥Î¥´  ¨§ ¤ ´´ÒÌ (e, e′)-

· ¸¸¥Ö´¨Ö ¨§-§  ¡²¨§²¥¦ Ð¥£µ 4+-Ê·µ¢´Ö, É.±. ¥£µ Ëµ·³Ë ±Éµ· ¡Ò² ¢Ò¤¥²¥´
Éµ²Ó±µ ¤²Ö Î¥ÉÒ·¥Ì ´¨¦ °Ï¨Ì §´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸ . �¤´ ±µ ¸· ¢-
´¥´¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ ´  Ê·µ¢´¥ Ëµ·³Ë ±Éµ·µ¢ Ê± §Ò¢ ¥É ´  Ìµ·µÏ¥¥ ¸µµÉ-
¢¥É¸É¢¨¥ · ¸Î¥É  Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³. ‚ Í¥²µ³, µ¶¨¸ ´¨¥ ±¢ ¤·Ê¶µ²Ó-
´ÒÌ ¸µ¸ÉµÖ´¨° ¤µ Ô´¥·£¨¨ ¶µ·Ö¤±  2 ŒÔ‚ ¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ. •µÉÖ
´¥±µÉµ·Ò¥ Ê± § ´¨Ö ´  ¶·¨¸ÊÉ¸É¢¨¥ ¤¥Ëµ·³ Í¨¨ µÉ³¥Î ÕÉ¸Ö ¶µ ¶µ¢¥¤¥´¨Õ
¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 2+

1 -Ê·µ¢´Ö, ¤·Ê£¨¥ ±¢ ¤·Ê¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¢ µ¸µ-
¡¥´´µ¸É¨ 2+

6 -Ê·µ¢¥´Ó, µÉ¢¥Î ÕÉ Î¨¸Éµ ¢¨¡· Í¨µ´´µ° ± ·É¨´¥ ¢µ§¡Ê¦¤¥´¨Ö.
�¥±µÉµ· Ö ¶¥·¥µÍ¥´±  ¢ · ¸Î¥É¥ Ô´¥·£¨° ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°
¨³¥¥É ÉµÉ ¦¥ ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò, ÎÉµ ¨ ¢ ¶µ²Ê³ £¨Î¥¸±µ³ Ö¤·¥ 142Nd.

„²Ö µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ Éµ²Ó±µ ¤¢ÊÌ Ê·µ¢-
´¥° ¸ Ô´¥·£¨¥° 1,190 ¨ 2,339 ŒÔ‚ ¡Ò²¨ ¨§¢²¥Î¥´Ò ¨§ Ëµ·³Ë ±Éµ·µ¢ (e, e′)-
· ¸¸¥Ö´¨Ö. �¡¥ ÔÉ¨ ¶²µÉ´µ¸É¨, ¨§µ¡· ¦¥´´Ò¥ ´  ·¨¸. 3, ¨³¥ÕÉ µÎ¥´Ó ¶µ-
Ìµ¦ÊÕ Ëµ·³Ê. ‘  ´ ²µ£¨Î´µ° ¸¨ÉÊ Í¨¥° ³Ò Ê¦¥ ¸É ²±¨¢ ²¨¸Ó ¶·¨ · ¸-
¸³µÉ·¥´¨¨ 3−-¸µ¸ÉµÖ´¨° ¢ 144Nd. �·¨Î¨´  §¤¥¸Ó É  ¦¥ ¸ ³ Ö,   ¨³¥´´µ
´ ²¨Î¨¥ ¥¤¨´¸É¢¥´´µ° ±µ²²¥±É¨¢´µ° 3−1 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¢ ´¨§-
±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, ¶·¨³¥¸Ó ±µÉµ·µ° Ö¢²Ö¥É¸Ö µ¶·¥¤¥²ÖÕÐ¥° ¤²Ö ·¥-
§Ê²ÓÉ¨·ÊÕÐ¨Ì ¶¥·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥° 3−-Ê·µ¢´¥°. ‚ Î ¸É´µ¸É¨, ¤²Ö 3−1 - ¨
3−2 -¸µ¸ÉµÖ´¨° ÔÉ  ±µ´Ë¨£Ê· Í¨Ö ´ ¨¡µ²¥¥ ¸¨²Ó´µ ¸³¥Ï¨¢ ¥É¸Ö ¸ ¤¢ÊÌËµ´µ´-
´µ° ±µ´Ë¨£Ê· Í¨¥° [2+

1 ⊗ 3−1 ]3− . � Ï · ¸Î¥É ¶·¥¤¸± §Ò¢ ¥É Éµ²Ó±µ Ï¥¸ÉÓ
3−-¸µ¸ÉµÖ´¨° ¸ Ô´¥·£¨¥° ´¨¦¥ 4 ŒÔ‚, §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥, Î¥³ ¨§¢¥¸É´µ
¨§ Ô±¸¶¥·¨³¥´É . ’  ¦¥ ´¥¤µµÍ¥´±  Î¨¸²  ¸µ¸ÉµÖ´¨° ¢ · ¸Î¥É¥ ¨³¥¥É ³¥¸Éµ
¨ ¢ 144Nd. �¤´¨³ ¨§ µ¡ÑÖ¸´¥´¨° ³µ¦¥É ¡ÒÉÓ Éµ, ÎÉµ ¤²Ö Ö¤¥· ¸ ´¥§ ³±´Ê-
Éµ° µ¡µ²µÎ±µ° · ¸Î¥ÉÒ ¸²¥¤Ê¥É ¶·µ¢µ¤¨ÉÓ ¤µ Ô´¥·£¨° ¢ÒÏ¥ 4 ŒÔ‚. „·Ê£¨³
µ¡ÑÖ¸´¥´¨¥³ ³µ¦¥É ¸²Ê¦¨ÉÓ Ë ±É µ¡·¥§ ´¨Ö ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°
¢ ´¥¶µ¸·¥¤¸É¢¥´´µ³ · ¸Î¥É¥. ‚ Í¥²µ³ · ¸Ï¨·¥´¨¥ Ëµ´µ´´µ£µ ¡ §¨¸  ¤µ²¦-
´µ ¶·¨¢¥¸É¨ ± ¢ÒÉ ²±¨¢ ´¨Õ ¶·µ¸ÉÒÌ ±µ´Ë¨£Ê· Í¨° ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì
Ô´¥·£¨°. �Éµ ¶·¨¢¥¤¥É ± Ê¢¥²¨Î¥´¨Õ Î¨¸²  µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢ · ¸¸³ -
É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ÔÉµ ´¥ ¤µ²¦´µ ¸¨²Ó´µ
¨§³¥´¨ÉÓ ¸É·Ê±ÉÊ·Ê ´¨¦ °Ï¨Ì µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨°, É ± ± ± ¢ µ¡² ¸É¨ ¨Ì
²µ± ²¨§ Í¨¨ ³Ò ÊÎ²¨ ¢¸¥ ¢µ§³µ¦´Ò¥ ±µ´Ë¨£Ê· Í¨¨.

ƒ¥±¸ ¤¥± ¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ 146Nd µ¡² ¤ ÕÉ ·Ö¤µ³ ²Õ¡µ¶ÒÉ´ÒÌ µ¸µ-
¡¥´´µ¸É¥°. ‚µ-¶¥·¢ÒÌ, § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ 4+

1 -Ê·µ¢´Ö ¨³¥¥É ³ ±-
¸¨³Ê³ ¤ ¦¥ ¶·¨ ¡µ²ÓÏ¥³ §´ Î¥´¨¨ r, ´¥¦¥²¨ ¶²µÉ´µ¸ÉÓ 2+

1 -Ê·µ¢´Ö. �Éµ ¸´µ¢ 
Ê± §Ò¢ ¥É ´  ¶·¨¸ÊÉ¸É¢¨¥ ¶µ²µ¦¨É¥²Ó´µ£µ £¥±¸ ¤¥± ¶µ²Ó´µ£µ ³µ³¥´É  ÔÉµ£µ
Ö¤· , ÎÉµ ¸µ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  ¢ · ¡µÉ¥ [16], ¶·¥¤¸± §Ò¢ ÕÐ¨-
³¨ §´ Î¥´¨¥ β4 = 0, 056 ¤²Ö · ¸¸³ É·¨¢ ¥³µ£µ Ö¤· . ‚µ-¢Éµ·ÒÌ, ¶¥·¥Ìµ¤´ Ö
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¶²µÉ´µ¸ÉÓ 4+
2 -Ê·µ¢´Ö ¨³¥¥É Ëµ·³Ê, ¶µ¤µ¡´ÊÕ ¶²µÉ´µ¸É¨ 4+

1 -Ê·µ¢´Ö, ´µ ¥¥
³ ±¸¨³Ê³ ¸¤¢¨´ÊÉ ¢´ÊÉ·Ó Ö¤·  ´  ¢¥²¨Î¨´Ê 0,7 Ë³. ‚-É·¥ÉÓ¨Ì, £¥±¸ ¤¥± -
¶µ²Ó´ Ö ¸¨²  4+

2 -Ê·µ¢´Ö ¡µ²¥¥ Î¥³ ¢ ¤¢  · §  ¡µ²ÓÏ¥, Î¥³ Ê 4+
1 -Ê·µ¢´Ö. �µ-

¸±µ²Ó±Ê ¤¥Ëµ·³ Í¨Ö ¶µ¢¥·Ì´µ¸É¨ Ö¤·  ´¥ ¢±²ÕÎ¥´  ¢ ´ ÏÊ · ¸Î¥É´ÊÕ ¸Ì¥³Ê,
³Ò ´¥ ³µ¦¥³ ¶·¥É¥´¤µ¢ ÉÓ ´  ¶¥·¢Ò¥ ¤¢  ÔËË¥±É . —Éµ ± ¸ ¥É¸Ö É·¥ÉÓ¥£µ
¨§ ´¨Ì, Éµ · ¸Î¥É É ±¦¥ ¶·¥¤¸± §Ò¢ ¥É ¡µ²ÓÏ¥¥ §´ Î¥´¨¥ B(E4) ¤²Ö ¢Éµ-
·µ£µ 4+-¸µ¸ÉµÖ´¨Ö ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¢Ò³. �·¨Î¨´  ±·µ¥É¸Ö ¢ ¸É·Ê±ÉÊ·¥
ÔÉ¨Ì ¸µ¸ÉµÖ´¨°. ‚ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· -
Í¨Ö³¨ ¶µ²Õ¸ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ [2+

1 ⊗ 2+
1 ]4+ ¸¨²Ó´µ ¸¤¢¨£ ¥É¸Ö ¸

3,75 ¤µ 1,04 ŒÔ‚, É.¥. ´¨¦¥ Ô´¥·£¨¨ ´¨¦ °Ï¥° 4+ µ¤´µËµ´µ´´µ° ±µ´Ë¨-
£Ê· Í¨¨ 2,030 ŒÔ‚. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê, ÎÉµ 4+

1 -¸µ¸ÉµÖ´¨¥ ¨³¥¥É 50 %
¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¨ 30 % É·¥ÌËµ´µ´´ÒÌ, ´¥¸³µÉ·Ö ´  ´¨§±ÊÕ
Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö. � ¶·µÉ¨¢, 4+

2 -¸µ¸ÉµÖ´¨¥ Ì · ±É¥·¨-
§Ê¥É¸Ö ¢±² ¤µ³, · ¢´Ò³ 20 % µÉ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨,
45 % µÉ [2+

1 ⊗ 4+
1 ]4+-±µ´Ë¨£Ê· Í¨¨ (É ±¦¥ ¸³¥Ð¥´´µ° ¸ 3,46 ¤µ 1,81 ŒÔ‚) ¨

20 % ¢±² ¤µ³ µÉ É·¥ÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �¸´µ¢´ Ö Î ¸ÉÓ ¸¨²Ò ´¨¦ °-
Ï¥° µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¸µ¸·¥¤µÉµÎ¥´  ´  É·¥ÉÓ¥³ 4+-¸µ¸ÉµÖ´¨¨.
�Éµ³Ê É·¥ÉÓ¥³Ê 4+-¸µ¸ÉµÖ´¨Õ ³µ¦¥É ¡ÒÉÓ ¸µ¶µ¸É ¢²¥´ Ê·µ¢¥´Ó ¸ Ô´¥·£¨¥°
1,987 ŒÔ‚. �¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ ¤²Ö ÔÉµ£µ Ê·µ¢´Ö ´¥ ¡Ò²  ¨§¢²¥Î¥´  ¨§
Ëµ·³Ë ±Éµ·  ·¥ ±Í¨¨ ¨§-§  ¶·¨³¥¸¨ ¡²¨§²¥¦ Ð¥£µ 2+

6 -Ê·µ¢´Ö, µ¤´ ±µ ¸· ¢-
´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ëµ·³Ë ±Éµ·  ¸ Ëµ·³Ë ±Éµ·µ³, · ¸¸Î¨É ´´Ò³ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ 4+

3 -¸µ¸ÉµÖ´¨Ö, ¶µ²´µ¸ÉÓÕ ¸¢¨¤¥É¥²Ó-
¸É¢Ê¥É ¢ ¶µ²Ó§Ê ÔÉµ£µ ¸µ¶µ¸É ¢²¥´¨Ö.

„²Ö ¤¢ÊÌ ¸µ¸ÉµÖ´¨° ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 5− ¡Ò²  ¶µ²ÊÎ¥´  Ô±¸¶¥·¨-
³¥´É ²Ó´ Ö § ·Ö¤µ¢ Ö ¶¥·¥Ìµ¤´ Ö ¶²µÉ´µ¸ÉÓ. �¥·¢ Ö ¨§ ´¨Ì, ¸µµÉ¢¥É¸É¢ÊÕÐ Ö
¸µ¸ÉµÖ´¨Õ ¸ Ô´¥·£¨¥° 1,517 ŒÔ‚, ¨³¥¥É ³ ±¸¨³Ê³ ¶·¨ µÎ¥´Ó ¡µ²ÓÏµ³ §´ -
Î¥´¨¨ r, ± ± ¨ ¢ ¸²ÊÎ ¥ ´¨¦ °Ï¥£µ £¥±¸ ¤¥± ¶µ²Ó´µ£µ ¸µ¸ÉµÖ´¨Ö. �²µÉ´µ¸ÉÓ
¦¥ ¸µ¸ÉµÖ´¨Ö ¸ Ô´¥·£¨¥° 2,748 ŒÔ‚ ¨³¥¥É ¶µ¢¥·Ì´µ¸É´Ò° ³ ±¸¨³Ê³ ¶·¨ §´ -
Î¥´¨¨ r, ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¸Ë¥·¨Î¥¸±µ³Ê ¶·¥¤¸É ¢²¥´¨Õ µ¡ ¨§ÊÎ ¥³µ³ Ö¤·¥.
‘É·Ê±ÉÊ·  · ¸¸Î¨É ´´ÒÌ 5−-¸µ¸ÉµÖ´¨° µÎ¥´Ó ¸²µ¦´ . �¨¦ °Ï Ö µ¤´µËµ´µ´-
´ Ö 5−-±µ´Ë¨£Ê· Í¨Ö ¶· ±É¨Î¥¸±¨ ¶µ·µ¢´Ê · ¸¶·¥¤¥²¥´  ³¥¦¤Ê ¸µ¸ÉµÖ´¨Ö³¨
5−1 , 5−2 , 5−3 - ¨ 5−5 . �µ³¨³µ ÔÉµ£µ ± ¦¤µ¥ ¸µ¸ÉµÖ´¨¥ ¸µ¤¥·¦¨É ¶·¨³¥·´µ 50 %
¤¢ÊÌËµ´µ´´ÒÌ ¨ 20 % É·¥ÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É. …¤¨´¸É¢¥´´Ò³ ¨¸±²ÕÎ¥´¨-
¥³ Ö¢²Ö¥É¸Ö ¸µ¸ÉµÖ´¨¥ 5−4 , ¶·¥¤¸É ¢²ÖÕÐ¥¥ ¸µ¡µ° ¶· ±É¨Î¥¸±¨ Î¨¸ÉÊÕ ¢Éµ-
·ÊÕ µ¤´µËµ´µ´´ÊÕ ±µ´Ë¨£Ê· Í¨Õ. �Î¥¢¨¤´µ, ÎÉµ É¥µ·¥É¨Î¥¸±µ¥ µ¶¨¸ ´¨¥
¸µ¸ÉµÖ´¨° 5− µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´µ ± ¢Ò¡µ·Ê ¡ §¨¸  µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¨ É¥³ ¸ ³Ò³ ¸²Ê¦¨É Ìµ·µÏ¨³ É¥¸Éµ³ ¶·¨³¥´¨³µ¸É¨ ¨¸¶µ²Ó§Ê-
¥³µ£µ ±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢ . ‘µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´Éµ³ µÉ´µ¸¨-
É¥²Ó´µ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E5-¶¥·¥Ìµ¤µ¢ ¶µ ´¨§±µ²¥¦ Ð¨³ 5−-¸µ¸ÉµÖ´¨Ö³
¢¶µ²´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ. � ²¨Î¨¥ µÉ´µ¸¨É¥²Ó´µ ¸¨²Ó´µ£µ ´¨¦ °Ï¥£µ 5−-
¸µ¸ÉµÖ´¨Ö ¨ ´¥¸±µ²Ó±¨Ì ¡µ²¥¥ ¸² ¡ÒÌ, ¶·¨³¥·´µ ¸ · ¢´Ò³¨ B(E5), ¸µ¸ÉµÖ-
´¨° ¸ ¡µ²ÓÏ¥° Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö ¶¥·¥¤ ¥É¸Ö ¢ · ¸Î¥É¥. ’ ±¦¥ ´¥¶²µÌµ
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¶¥·¥¤ ¥É¸Ö ¨ Ëµ·³  ¶¥·¥Ìµ¤´µ° ¶²µÉ´µ¸É¨ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ Ê·µ¢´Ö ¸
Ô´¥·£¨¥° 2,748 ŒÔ‚.

‚ Í¥²µ³ ³Ò ¶·µ¤¥³µ´¸É·¨·µ¢ ²¨, ÎÉµ ³¨±·µ¸±µ¶¨Î¥¸±¨¥ · ¸Î¥ÉÒ, ¡ §¨-
·ÊÕÐ¨¥¸Ö ´  ¸Ë¥·¨Î¥¸±¨-¸¨³³¥É·¨Î´µ³ ¸·¥¤´¥³ ¶µ²¥, ³µ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¥´Ò
¸ ´¥±µÉµ·Ò³¨ µ£µ¢µ·± ³¨ ¤²Ö · ¸Î¥É  ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¶¥-
·¥Ìµ¤´ÒÌ Ö¤· Ì. ‘É·Ê±ÉÊ·  ¶· ±É¨Î¥¸±¨ ¢¸¥Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨
ÔÉµ³ ¶µ²ÊÎ ¥É¸Ö µÎ¥´Ó ¸²µ¦´µ°, ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¥±µÉµ·ÒÌ ¸µ¸ÉµÖ´¨°
Ê± §Ò¢ ÕÉ ´  ¶·¨¸ÊÉ¸É¢¨¥ ¤¥Ëµ·³ Í¨¨, ´µ µ¡Ð¨¥ Î¥·ÉÒ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò
µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° · §Ê³´µ ¶¥·¥¤ ÕÉ¸Ö ¢ · ¸Î¥É¥ ¶·¨ ¨¸¶µ²Ó§µ¢ -
´¨¨ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ£µ ¡ §¨¸  ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°.

�µ³¨³µ Í¥¶µÎ±¨ ¨§µÉµ¶µ¢ ´¥µ¤¨³  § ·Ö¤µ¢Ò¥ ¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ´¨§-
±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¡Ò²¨ · ¸¸Î¨É ´Ò ¢ · ³± Ì Š”Œ ¤²Ö
Ö¤¥· 118Sn [17], 140Ce [18], 142Ce [19] ¨ 196Pt [20]. � ¸Î¥ÉÒ ¤²Ö ÔÉ¨Ì Ö¤¥·
É ±¦¥ ¶µ± § ²¨, ÎÉµ ¨¸¶µ²Ó§Ê¥³ Ö ³µ¤¥²Ó ¤ ¥É Ìµ·µÏ¥¥ ±µ²¨Î¥¸É¢¥´´µ¥ µ¶¨-
¸ ´¨¥ ¨³¥ÕÐ¨Ì¸Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘É·Ê±ÉÊ·  ¨ Ô²¥±É·µ³ £´¨É-
´Ò¥ ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¤·Ê£¨Ì ¶µ²Ê³ £¨Î¥¸±¨Ì Ö¤· Ì ¢ ³ ¸-
¸µ¢µ° µ¡² ¸É¨ A ∼ 140 ¨¸¸²¥¤µ¢ ²¨¸Ó É ±¦¥ ¢ · ¡µÉ¥ [21] ¢ · ³± Ì Š”Œ ¸
¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ (7).

3. ��‘��…„…‹…�ˆ… ‘ˆ‹› ˆ‡�‘Š�‹Ÿ��›• Eλ-�…�…•�„�‚

�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¢ ·¥ ±Í¨ÖÌ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢, Ö¢²ÖÕÉ¸Ö ¢ ´¥±µÉµ·µ³ ¸³Ò¸²¥ ¤µ¶µ²´¨É¥²Ó´µ°
¨´Ëµ·³ Í¨¥° ¶µ µÉ´µÏ¥´¨Õ ± ¤ ´´Ò³, ¨§¢²¥Î¥´´Ò³ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢. Š ± ¶µ± § ²¨ ¨¸¸²¥¤µ¢ ´¨Ö ¢ (e, e′)-·¥ ±Í¨¨ ¸ ¢Ò¸µ-
±¨³ · §·¥Ï¥´¨¥³, ¸¨²  Eλ-¶¥·¥Ìµ¤µ¢ ¢ ¸·¥¤´¨Ì ¨ ÉÖ¦¥²ÒÌ Ö¤· Ì § ³¥É´µ
· ¸Ë· £³¥´É¨·µ¢ ´ . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤¥É ²Ó´ Ö ¨´Ëµ·³ Í¨Ö µ ¸² ¡ÒÌ ¸µ-
¸ÉµÖ´¨ÖÌ, É.¥. ¸µ¸ÉµÖ´¨ÖÌ, Ì · ±É¥·¨§Ê¥³ÒÌ ´¥¡µ²ÓÏ¨³ §´ Î¥´¨¥³ B(Eλ),
´¥ ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´  ¨§ ¤ ´´ÒÌ (e, e′)-·¥ ±Í¨¨ ¨§-§  · ¤¨ Í¨µ´´µ£µ Ì¢µ-
¸É  µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¡²¨§²¥¦ Ð¨Ì ±µ²²¥±É¨¢´ÒÌ Ê·µ¢´¥°. � ¶·µÉ¨¢,
Ö¤¥·´Ò¥ ·¥ ±Í¨¨ ¸  ¤·µ´´Ò³¨ Î ¸É¨Í ³¨ (Î ¸É¨Í ³¨, ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨³¨
¸ ³¨Ï¥´ÓÕ ¶µ¸·¥¤¸É¢µ³ Ö¤¥·´ÒÌ ¸¨²), ¶·¨¢µ¤ÖÐ¨¥ ± ¢µ§¡Ê¦¤¥´¨Õ Ö¤·  ¶µ-
·Ö¤±  ´¥¸±µ²Ó±¨Ì ŒÔ‚, ¢ ±µÉµ·ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¸¶¥±É·Ò ¶·¥¤¸É ¢²ÖÕÉ
¸µ¡µ° ´ ¡µ· ¤¨¸±·¥É´ÒÌ ²¨´¨°, ´¥ ¶µ¤¢¥·¦¥´Ò ¢²¨Ö´¨Õ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö, ¢µ§´¨± ÕÐ¥£µ ¨§ · §²¨Î´ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢. ’¥³ ¸ ³Ò³ ¤ ´´Ò¥ µ
· ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E3- ¨ E4-¶¥·¥Ìµ¤µ¢ ¶µ²ÊÎ¥´Ò £² ¢´Ò³ µ¡· §µ³ ¨§ · ¸-
¸¥Ö´¨Ö ¶µ¤µ¡´ÒÌ Î ¸É¨Í ¨ ¢ µ¸µ¡¥´´µ¸É¨ ¨§ (p, p′)-·¥ ±Í¨¨ [22Ä24]. ‘ ¤·Ê£µ°
¸Éµ·µ´Ò, ¶µ¸±µ²Ó±Ê Ö¤¥·´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ ¶ÊÎ±  ¨ ³¨Ï¥-
´¨ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ±µ³¶µ´¥´ÉÒ, µÉ´µ¸ÖÐ¨¥¸Ö ± ¶·µÉµ´´µ° ¨ ´¥°É·µ´´µ°
¸¨¸É¥³ ³ Ö¤· , ·¥ ±Í¨¨ ¸  ¤·µ´´Ò³¨ Î ¸É¨Í ³¨ ¤µ¶µ²´ÖÕÉ §´ ´¨Ö, ¶µ²ÊÎ¥´-
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´Ò¥ ¢ (e, e′)-·¥ ±Í¨¨, ¨´Ëµ·³ Í¨¥° µ ´¥°É·µ´´µ° ±µ³¶µ´¥´É¥ ¢µ§¡Ê¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨°  Éµ³´ÒÌ Ö¤¥·.

‚ ÔÉµ³ · §¤¥²¥ ³Ò ¶·µ¢¥¤¥³ ¸· ¢´¥´¨¥ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ¶¥·¥Ìµ¤µ¢
B(Eλ) ¢ Í¥¶µÎ±¥ ¨§µÉµ¶µ¢ 142,144,146Nd, ¶·¥¤¸± §Ò¢ ¥³µ° Š”Œ ¨ ¶µ²Ê-
Î¥´´µ° ¸ É¥³¨ ¦¥ ¸ ³Ò³¨ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨°,
±µÉµ·Ò¥ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¤²Ö · ¸Î¥É  § ·Ö¤µ¢ÒÌ ¶¥-
·¥Ìµ¤´ÒÌ ¶²µÉ´µ¸É¥°, ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ´  Í¨±²µÉ·µ´¥ KVI (ƒ·µ´¨´£¥´)
¢ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢ ¶µ¤ · §´Ò³¨ Ê£² ³¨
¸ Ô´¥·£¨¥°, ¸µµÉ¢¥É¸É¢¥´´µ, 30,5 ¨ 50,6 ŒÔ‚. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¡Ò²µ
¤µ¸É¨£´ÊÉµ Ô´¥·£¥É¨Î¥¸±µ¥ · §·¥Ï¥´¨¥ 12÷15 ±Ô‚ ¢ (p, p′) ¨ 15÷22 ±Ô‚ ¢
(d, d′)-·¥ ±Í¨ÖÌ. ‘¶¨´ ¨ Î¥É´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° µ¶·¥¤¥²Ö²¨¸Ó ¨§
¸· ¢´¥´¨Ö ¶µ¢¥¤¥´¨Ö § ¢¨¸¨³µ¸É¨ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ µÉ ¶¥·¥¤ ´´µ£µ ³µ³¥´É  ¸
· ¸Î¥É ³¨ ¢ · ³± Ì ³¥Éµ¤  ¸¢Ö§ ´´ÒÌ ± ´ ²µ¢, ¢Ò¶µ²´¥´´Ò³¨ ¤²Ö · §²¨Î´ÒÌ
§´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ³µ³¥´É  λ.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò ¶·¨¢¥¤¥´´µ° ¢¥·µÖÉ´µ¸É¨ ¨§µ-
¸± ²Ö·´ÒÌ ¶¥·¥Ìµ¤µ¢, ± ± ËÊ´±Í¨¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¢ Ö¤· Ì 142,144,146Nd
¤²Ö ¸µ¸ÉµÖ´¨° · §²¨Î´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 4. �  ÔÉµ³
¦¥ ·¨¸Ê´±¥ ¶·¨¢¥¤¥´Ò É ±¦¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥,
¨§¢²¥Î¥´´Ò¥ ¨§ ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢. �±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò ¢ ¢¨¤¥ ÉµÎ¥±,   É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥-
ÉÒ Ä ¢ ¢¨¤¥ ¢¥·É¨± ²Ó´ÒÌ ¶Ê´±É¨·´ÒÌ ²¨´¨°. ‘ Í¥²ÓÕ ²ÊÎÏ¥£µ ¢µ¸¶·¨ÖÉ¨Ö
¸µµÉ¢¥É¸É¢¨Ö £·µ¸¸-¸É·Ê±ÉÊ· ¢ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò ¶¥·¥Ìµ¤µ¢ ± ± Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥, É ± ¨ É¥µ·¥É¨Î¥¸±¨¥ ¤ ´´Ò¥ É ±¦¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¸¨²µ¢ÒÌ
ËÊ´±Í¨°, ¶µ²ÊÎ¥´´ÒÌ ¸ ¶·µË¨²Ó´µ° ËÊ´±Í¨¥° ¢ ¢¨¤¥ · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸ 
¸ Ï¨·¨´µ° 200 ±Ô‚. �µ¸±µ²Ó±Ê ³Ò ¤¥É ²Ó´µ µ¡¸Ê¤¨²¨ ¸É·Ê±ÉÊ·Ê ´¨§±µ²¥-
¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ÔÉ¨Ì ¨§µÉµ¶ Ì ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ³Ò
µ£· ´¨Î¨³¸Ö §¤¥¸Ó ²¨ÏÓ ±µ³³¥´É ·¨Ö³¨ µ¡Ð¥£µ Ì · ±É¥·  µÉ´µ¸¨É¥²Ó´µ ¸µ-
µÉ¢¥É¸É¢¨Ö É¥µ·¥É¨Î¥¸±¨Ì ¶·¥¤¸± § ´¨° ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. „²Ö
¨§µÉµ¶µ¢ 144,146Nd, ¶µ³¨³µ · ¸Î¥Éµ¢ ¢ · ³± Ì Š”Œ, ¡Ò²¨ ¢Ò¶µ²´¥´Ò É ±¦¥
· ¸Î¥ÉÒ ¢ · ³± Ì ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢ (Œ‚�-1) [25]. �µ ³¥·¥
µ¡¸Ê¦¤¥´¨Ö ·¥§Ê²ÓÉ Éµ¢ ³Ò · ¸¸³µÉ·¨³ É ±¦¥ µ¡Ð¨¥ § ±µ´µ³¥·´µ¸É¨ ¨ · §-
²¨Î¨Ö ¢ ¶·¥¤¸± § ´¨ÖÌ ÔÉ¨Ì ¤¢ÊÌ ³µ¤¥²¥° Ö¤· , ÊÎ¨ÉÒ¢ ÕÐ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¥
µ¤´µ- ¨ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°.

� ¨¡µ²¥¥ ¢Ò· ¦¥´´Ò¥ ¶¨±¨ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì ¸µµÉ¢¥É¸É¢ÊÕÉ
¢µ§¡Ê¦¤¥´¨Õ ¸µ¸ÉµÖ´¨° 2+, 3− ¨ 4+. �µ²ÓÏ Ö Î ¸ÉÓ E2-¸¨²Ò ¸±µ´Í¥´É·¨·µ-
¢ ´  ´  2+

1 -¸µ¸ÉµÖ´¨¨ ¸ ¢¥²¨Î¨´µ° BS(E2), ¢µ§· ¸É ÕÐ¥° µÉ 20 ¥¤¨´¨Í ‚ °-
¸±µ¶Ë  ¢ 142Nd ¤µ 43 ¥¤.‚. ¢ 146Nd. ‚ ¸³Ò¸²¥ ¨¸Î¥·¶Ò¢ ´¨Ö Ô´¥·£¥É¨Î¥¸±¨
¢§¢¥Ï¥´´µ£µ ¶· ¢¨²  ¸Ê³³ (�‚�‘) ³ ¸¸µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ·¥§Ê²ÓÉ Éµ¢ £µ· §¤µ
¡µ²¥¥ ¸² ¡ Ö. �  ¸ ³µ³ ¤¥²¥ 2+

1 -¸µ¸ÉµÖ´¨¥ ¢µ ¢¸¥Ì ¨§µÉµ¶ Ì ¨¸Î¥·¶Ò¢ ¥É
6÷7 % �‚�‘, ¢¸¥ µ¸É ²Ó´Ò¥ 2+-¸µ¸ÉµÖ´¨Ö ´¨¦¥ ´¥±µÉµ·µ° Ë¨±¸¨·µ¢ ´´µ°
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�¨¸. 4. � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ¨§µ¸± ²Ö·´ÒÌ Eλ-¶¥·¥Ìµ¤µ¢ ¢ ¨§µÉµ¶ Ì 142,144,146Nd ¢
¥¤¨´¨Í Ì ‚ °¸±µ¶Ë . �±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨§µ¡· ¦¥´Ò ¢ ¢¨¤¥ ÉµÎ¥± ¨
¸¶²µÏ´ÒÌ ²¨´¨°; É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ Ä ¢ ¢¨¤¥ ¶Ê´±É¨·´ÒÌ ²¨´¨° (¸³. ¶µ¤·µ¡-
´µ¸É¨ ¢ É¥±¸É¥)

Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö EΣ Å 4÷5 % �‚�‘. —Éµ¡Ò ¶·µ¢¥¸É¨ ´¥±µÉµ·ÊÕ ¸¨-
¸É¥³ É¨±Ê ¤²Ö · §²¨Î´ÒÌ ¨§µÉµ¶µ¢ ´  Ô±¢¨¢ ²¥´É´µ³ Ô´¥·£¥É¨Î¥¸±µ³ Ê·µ¢´¥,
³Ò ¢Ò¡· ²¨ ¢ ± Î¥¸É¢¥ EΣ ¢¥²¨Î¨´Ê, · ¢´ÊÕ E(3−1 ) + 2,1 ŒÔ‚.
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‚ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ É ±¦¥ ¤µ³¨´¨·Ê¥É ´¨¦ °Ï¥¥ 3−-
¸µ¸ÉµÖ´¨¥ ¸ ¢¥·µÖÉ´µ¸ÉÓÕ ¶¥·¥Ìµ¤  µÉ 34 ¥¤.‚. ¢ 142Nd ¤µ 42 ¥¤.‚. ¢ 146Nd.
�·µÍ¥´É ¨¸Î¥·¶Ò¢ ´¨Ö �‚�‘ ´¨¦ °Ï¨³ 3−1 -¸µ¸ÉµÖ´¨¥³ Ê³¥´ÓÏ ¥É¸Ö ¸ 7 %
¢ 142Nd ¤µ 5 % ¢ 146Nd,   ¤²Ö ¤·Ê£¨Ì 3−-¸µ¸ÉµÖ´¨° ´¨¦¥ EΣ ¢µ§· ¸É ¥É
¸ 1,2 ¤µ 3 %. �µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ¶µ¤É¢¥·¦¤ ¥É ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì
¨¸¸²¥¤µ¢ ´¨°: ¶·¨ Ê¢¥²¨Î¥´¨¨ Î¨¸²  ¢ ²¥´É´ÒÌ Î ¸É¨Í ±µ²²¥±É¨¢´µ¸ÉÓ ´¨§-
±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢µ§· ¸É ¥É, ¨ ¸ÊÐ¥¸É¢¥´´ Ö Î ¸ÉÓ µ±ÉÊ¶µ²Ó´µ° ¸¨²Ò
¶¥·¥Ìµ¤¨É ¸ ´¨¦ °Ï¥£µ ´  ¸²¥¤ÊÕÐ¨¥ 3−-¸µ¸ÉµÖ´¨Ö. �Éµ ¶¥·¥· ¸¶·¥¤¥²¥´¨¥
¸¨²Ò ¶·µ¨¸Ìµ¤¨É Éµ²Ó±µ ³¥¦¤Ê 3−1 ¨ ¸µ¸¥¤´¨³¨ µ±ÉÊ¶µ²Ó´Ò³¨ ¸µ¸ÉµÖ´¨Ö-
³¨, ´¥ ¢±²ÕÎ Ö ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨¥, ± ±, ´ ¶·¨³¥·, ´¨§±µÔ´¥·£¥É¨Î¥¸±¨°
µ±ÉÊ¶µ²Ó´Ò° ·¥§µ´ ´¸. ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¤ ÕÉ ¶·µ¸ÉÊÕ ¨´É¥·¶·¥É -
Í¨Õ ÔÉµ£µ Ö¢²¥´¨Ö: · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö ¶µ²´µ¸ÉÓÕ µ¡ÑÖ¸´Ö¥É¸Ö ± ± ·¥§Ê²ÓÉ É Ë· £³¥´É Í¨¨ ´¨¦ °Ï¥£µ
3−-Ëµ´µ´  ¨²¨ f -¡µ§µ´  ¢ Œ‚�.

� ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢ ¨³¥¥É £µ· §¤µ ¡µ²¥¥ ¸²µ¦´ÊÕ ¸É·Ê±ÉÊ-
·Ê. ‘µ¸ÉµÖ´¨¥ 4+

1 µ¡² ¤ ¥É ´ ¨¡µ²ÓÏ¥° ¢¥²¨Î¨´µ° B(E4) ¢ 142Nd, ¢ Éµ ¢·¥³Ö
± ± ¢ 144Nd ÔÉ  ¢¥²¨Î¨´  ¸· ¢´¨³  ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¢¥²¨Î¨´µ° ¤²Ö ¢Éµ·µ£µ
¨ É·¥ÉÓ¥£µ 4+-¸µ¸ÉµÖ´¨Ö. ‚ 146Nd ´¨¦ °Ï¥¥ 4+-¸µ¸ÉµÖ´¨¥ Ê¦¥ ¢ ¤¢  · §  ¸² -
¡¥¥, Î¥³ ¸²¥¤ÊÕÐ¥¥. �µ¤µ¡´µ¥ ¶µ¢¥¤¥´¨¥ ¸¢Ö§ ´µ ¸ Ô¢µ²ÕÍ¨¥° ¢µ ¢§ ¨³µ¤¥°-
¸É¢¨¨ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ 4+-¸µ¸ÉµÖ´¨°.
”· £³¥´É Í¨Ö 4+-Ê·µ¢´¥° µÎ¥´Ó ¢Ò¸µ± ; ¢µ ¢¸¥Ì Ö¤· Ì ±µ²¨Î¥¸É¢µ ¸µ¸ÉµÖ´¨°
¸ ¤ ´´Ò³ ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Ö¢²Ö¥É¸Ö ´ ¨¡µ²ÓÏ¨³, ÎÉµ ¶µ²´µ¸ÉÓÕ ¸µµÉ¢¥É-
¸É¢Ê¥É É¥µ·¥É¨Î¥¸±¨³ ¶·¥¤¸± § ´¨Ö³. �µ²´ Ö ¸¨²  E4-¶¥·¥Ìµ¤µ¢ ´¨¦¥ EΣ

¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ 2 % �‚�‘.
�±¸¶¥·¨³¥´É ²Ó´µ¥ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ¨§µ¸± ²Ö·´ÒÌ ¶¥·¥Ìµ¤µ¢ ¢ 142Nd

¨ 144Nd ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µµÉ¢¥É¸É¢¨¨ ¸ É¥µ·¥É¨Î¥¸±¨³¨ ¶·¥¤¸± § ´¨-
Ö³¨. �¥³´µ£µ ÌÊ¤Ï¨³, ´µ ¢¸¥ ¥Ð¥ ¶·¨¥³²¥³Ò³, Ö¢²Ö¥É¸Ö ¸µ£² ¸¨¥ ¢ 146Nd.
�·¨Î¨´µ° ÊÌÊ¤Ï¥´¨Ö ¸µ£² ¸¨Ö Ö¢²ÖÕÉ¸Ö É·Ê¤´µ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ Ê¸¨²¥´¨¥³
¢§ ¨³µ¤¥°¸É¢¨Ö ³¥¦¤Ê µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨ ¢µ²-
´µ¢µ° ËÊ´±Í¨¨ ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± µ¡² ¸É¨ ¶¥·¥Ìµ¤´ÒÌ Ö¤¥·. �É  ¶·µ¡²¥³ 
Ê¦¥ µ¡¸Ê¦¤ ² ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.

‚ · ³± Ì Œ‚� Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¸¨²  Éµ²Ó±µ ¶¥·¢µ£µ ¨ ¢Éµ·µ£µ
¢µ§¡Ê¦¤¥´´ÒÌ 2+-¸µ¸ÉµÖ´¨°, ¢ Éµ ¢·¥³Ö ± ± ¸¨²  ¡µ²¥¥ ¢Ò¸µ±µ²¥¦ Ð¨Ì ¸Ê-
Ð¥¸É¢¥´´µ ´¥¤µµÍ¥´¨¢ ¥É¸Ö. �Éµ ´¥Ê¤¨¢¨É¥²Ó´µ, ¶µ¸±µ²Ó±Ê, ± ± ¶µ± §Ò¢ ÕÉ
· ¸Î¥ÉÒ ¢ · ³± Ì Š”Œ, ¶·¨ Ô´¥·£¨ÖÌ ¢ÒÏ¥ 2 ŒÔ‚ §  ¸¨²Ê E2-¶¥·¥Ìµ¤µ¢ µÉ-
¢¥É¸É¢¥´´Ò ¤·Ê£¨¥, ´¥¦¥²¨ 2+

1 , µ¤´µËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨. „²Ö Œ‚� ÔÉµ
Ô±¢¨¢ ²¥´É´µ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ d-¡µ§µ´µ¢.

Šµ²¨Î¥¸É¢µ 3−-¸µ¸ÉµÖ´¨° ¸ § ³¥É´µ° ¢¥²¨Î¨´µ° ¸¨²Ò E3-¶¥·¥Ìµ¤µ¢ ´¥-
¸±µ²Ó±µ ´¨¦¥, Î¥³ ¢ Ô±¸¶¥·¨³¥´É¥, µ¤´ ±µ £·µ¸¸-¸É·Ê±ÉÊ·  · ¸¶·¥¤¥²¥´¨Ö
Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö ¢ · ¸Î¥É Ì. � ¨¡µ²¥¥ § ³¥É´Ò¥ ´¥¤µ¸É É±¨ · ¸Î¥-
É  ¸¢Ö§ ´Ò ¸ ´¨¦ °Ï¨³ 3−-¸µ¸ÉµÖ´¨¥³, ¸¨²  ±µÉµ·µ£µ ¸¨¸É¥³ É¨Î¥¸±¨ ´¥-
¤µµÍ¥´¨¢ ¥É¸Ö, ¶·¨Î¥³ ÔÉ  ´¥¤µµÍ¥´±  ´µ¸¨É ¶·µ£·¥¸¸¨¢´Ò° Ì · ±É¥· ¶·¨
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¶·µ¤¢¨¦¥´¨¨ ¶µ Í¥¶µÎ±¥ ¨§µÉµ¶µ¢. �·¨Î¨´  §¤¥¸Ó ¢ ¸²¥¤ÊÕÐ¥³. ‡ ³±´ÊÉ Ö
N =82 µ¡µ²µÎ±  ¢²¨Ö¥É ´ ¨¡µ²¥¥ ¸¨²Ó´µ ´  E3-¶¥·¥Ìµ¤Ò, ¶µ¸±µ²Ó±Ê ¨§ ¸µ-
µ¡· ¦¥´¨° ¸¶¨´-Î¥É´µ¸ÉÓ É ±¨¥ ¶¥·¥Ìµ¤Ò § ¶·¥Ð¥´Ò ¢´ÊÉ·¨ ¶µ¤µ¡µ²µÎ±¨.
�ÉÊ ¶·µ¡²¥³Ê ´¥ Ê¤ ¥É¸Ö Ê¸É· ´¨ÉÓ ¶·µ¸ÉÒ³ ¨§³¥´¥´¨¥³ ³µ¤¥²Ó´ÒÌ ¶ · -
³¥É·µ¢, ¨¸¶µ²Ó§Ê¥³ÒÌ ¢ · ¸Î¥É¥. �  ¸ ³µ³ ¤¥²¥, ¸ ¶µ³µÐÓÕ ¶ · ³¥É·µ¢ ³Ò
³µ¦¥³ Ê¸¨²¨ÉÓ ±µ²²¥±É¨¢´µ¸ÉÓ ´¨¦ °Ï¥° µ¤´µËµ´µ´´µ° 3−-±µ´Ë¨£Ê· Í¨¨
¨ Ê²ÊÎÏ¨ÉÓ É¥³ ¸ ³Ò³ ¸µ£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¸¨²¥
E3-¶¥·¥Ìµ¤µ¢, ´µ ÔÉµ ¶·¨¢¥¤¥É ± Éµ³Ê, ÎÉµ ´¨¦ °Ï¨¥ 2+- ¨ 4+-¸µ¸ÉµÖ´¨Ö
¡Ê¤ÊÉ ¨³¥ÉÓ ¸²¨Ï±µ³ ³ ²ÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö. �ÉµÉ ÔËË¥±É Ö¢²Ö¥É¸Ö ·¥-
§Ê²ÓÉ Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö 2+

1 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ ¸ ¤¢ÊÌËµ´µ´´µ°
±µ´Ë¨£Ê· Í¨¥° [3−1 ⊗3−1 ]2+ . Œ É·¨Î´Ò° Ô²¥³¥´É ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ¨§µ-
Éµ¶ Ì ´¥µ¤¨³  µÎ¥´Ó ¢¥²¨± ¨ ¸¨²Ó´µ § ¢¨¸¨É µÉ ±µ²²¥±É¨¢´µ¸É¨ ± ± µ¤´µ-, É ±
¨ ¤¢ÊÌËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨. ’µ ¦¥ ¸ ³µ¥ ¶·µ¨¸Ìµ¤¨É ¨ ¸ ¸µ¸ÉµÖ´¨¥³ 4+

1 .
„²Ö 3− ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ´ Ï¨ · ¸Î¥ÉÒ ¨ Œ‚� ¤ ÕÉ ¡µ²¥¥-³¥´¥¥

Ô±¢¨¢ ²¥´É´µ¥ µ¶¨¸ ´¨¥, ÎÉµ ²¥£±µ µ¡ÑÖ¸´¨³µ. Œ‚�-1-sdf µ¶¨¸Ò¢ ¥É ´¨§-
±µ²¥¦ Ð¨¥ 3−-¸µ¸ÉµÖ´¨Ö ± ± Ë· £³¥´É Í¨Õ ¸¨²Ò ¥¤¨´¸É¢¥´´µ£µ f -¡µ§µ´  ¸
¶·¨³¥¸ÓÕ df ¨²¨ (sd · sf)-±µ´Ë¨£Ê· Í¨°. �´ ²µ£¨Î´µ Š”Œ µ¶¨¸Ò¢ ¥É É¥
¦¥ ¸µ¸ÉµÖ´¨Ö ± ± Ë· £³¥´É Í¨Õ ´¨¦ °Ï¥° 3− µ¤´µËµ´µ´´µ° ±µ³¶µ´¥´-
ÉÒ ¢ ·¥§Ê²ÓÉ É¥ ¸³¥Ï¨¢ ´¨Ö ¸ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ [2+

1 ⊗ 3−1 ]3− ,
[2+

1 ⊗ 5−1 ]3− , [3−1 ⊗ 4+
1 ]3− , [3−1 ⊗ 6+

1 ]3− ¨ É. ¤.
�¥§Ê²ÓÉ ÉÒ ¸· ¢´¥´¨Ö É¥µ·¥É¨Î¥¸±¨Ì · ¸Î¥Éµ¢, ¢Ò¶µ²´¥´´ÒÌ ¢ Š”Œ ¨

Œ‚�, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤²Ö · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢
´µ¸ÖÉ ¸Ìµ¦¨° Ì · ±É¥· ¸ · ¸¶·¥¤¥²¥´¨¥³ ¸¨²Ò ±¢ ¤·Ê¶µ²Ó´ÒÌ ¶¥·¥Ìµ¤µ¢.
Œ‚�-1-sdg ¢µ¸¶·µ¨§¢µ¤¨É ¸¨²Ê ´¨§±µ²¥¦ Ð¨Ì 4+-¸µ¸ÉµÖ´¨°, ´µ ¸¨²Ó´µ ´¥-
¤µµÍ¥´¨¢ ¥É ¥¥ ¤²Ö Ô´¥·£¨° ¢ÒÏ¥ 2,2 ŒÔ‚. ‚ Í¥²µ³ ¸µ£² ¸¨¥ · ¸Î¥Éµ¢,
¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì Š”Œ, ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ §´ Î¨É¥²Ó´µ
²ÊÎÏ¥. ‚ ´ Ï¨Ì · ¸Î¥É Ì · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò E4-¶¥·¥Ìµ¤µ¢ µ¡Ê¸²µ¢²¥´µ ´¨-
¦ °Ï¨³¨ Ï¥¸ÉÓÕ 4+ µ¤´µËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨. �Éµ ¸´µ¢  Ö¢²Ö¥É¸Ö
¸¢¨¤¥É¥²Ó¸É¢µ³ ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´ÒÌ ¡µ§µ´µ¢, ¨³¥ÕÐ¨Ì
¡µ²¥¥ ¢Ò¸µ±ÊÕ Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö, Î¥³ d- ¨ g-¡µ§µ´Ò.

4. �ˆ‡Š�‹…†�™ˆ… 1−-‘�‘’�Ÿ�ˆŸ ˆ E1-�…�…•�„› Œ…†„“
�ˆ‡Š�‹…†�™ˆŒˆ ‘�‘’�Ÿ�ˆŸŒˆ

4.1. �¨§±µ²¥¦ Ð¨¥ 1−-¸µ¸ÉµÖ´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. �¨§±µ²¥¦ Ð¨¥
¤¨¶µ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì Ì · ±É¥·¨§ÊÕÉ¸Ö ¸¢µ°¸É¢ ³¨, ¢
±µ·´¥ µÉ²¨Î ÕÐ¨³¨¸Ö µÉ ¸¢µ°¸É¢ ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¤·Ê£¨Ì ³Ê²ÓÉ¨-
¶µ²Ó´µ¸É¥°. �Éµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ, ¢ µÉ²¨Î¨¥ µÉ ¸µ¸ÉµÖ´¨° ¸ λ ≥ 2, ´¥
¸ÊÐ¥¸É¢Ê¥É ±µ²²¥±É¨¢´µ£µ ´¨§±µ²¥¦ Ð¥£µ µ¤´µËµ´µ´´µ£µ 1−-¸µ¸ÉµÖ´¨Ö, ±µ-
Éµ·µ¥ ¢µ ³´µ£µ³ µ¶·¥¤¥²Ö²µ ¡Ò ¸¢µ°¸É¢  · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò Ô²¥±É·µ³ £´¨É-
´ÒÌ ¶¥·¥Ìµ¤µ¢ ¤ ´´µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¶·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö.
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’µÎ´¥¥, ¶µ¤µ¡´µ¥ ¸µ¸ÉµÖ´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¤ÊÌµ¢µ¥ ¸µ¸ÉµÖ´¨¥, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥¥ ¤¢¨¦¥´¨Õ Ö¤·  ± ± Í¥²µ£µ, ¨ ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ · ¡µÉ ¡Ò²µ
¶µ¸¢ÖÐ¥´µ ¶·µ¡²¥³¥ ±µ··¥±É´µ£µ ¥£µ ¨¸±²ÕÎ¥´¨Ö (¸³., ´ ¶·¨³¥·, [26]). ‚
·¥§Ê²ÓÉ É¥ ¶¥·¢Ò¥ µ¤´µËµ´µ´´Ò¥ 1−-¸µ¸ÉµÖ´¨Ö ¶µÖ¢²ÖÕÉ¸Ö ¢ · ¸Î¥É Ì ¶·¨
Ô´¥·£¨ÖÌ ¢ÒÏ¥ 5 ŒÔ‚ ¨ µ¡² ¤ ÕÉ ¶· ±É¨Î¥¸±¨ Î¨¸Éµ° ¤¢ÊÌ±¢ §¨Î ¸É¨Î´µ°
¶·¨·µ¤µ°. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¤¢ÊÌËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, ¶µ¸É·µ¥´´Ò¥ ¨§ µ¤´µ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° 2+

1 ¨ 3−1 , ¢µ§´¨± ÕÉ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¸¶¥±É· Ì ¶·¨
¡µ²¥¥ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö, µ¸µ¡¥´´µ ¢ Ö¤· Ì ¸ µÉ±·ÒÉµ° µ¡µ²µÎ±µ°,
¢ ±µÉµ·ÒÌ Ô´¥·£¨¨ ¶¥·¢ÒÌ 2+- ¨ 3−-Ê·µ¢´¥° ¸¨²Ó´µ ¶µ´¨¦ ÕÉ¸Ö. �¤´ ±µ
¢¥·µÖÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° ±µ²²¥±É¨¢´µ° ¶·¨·µ¤Ò
[2+

1 ⊗ 3−1 ]1− ¢ Ö¤¥·´ÒÌ ¶·µÍ¥¸¸ Ì ¸¨²Ó´µ µ¸² ¡²¥´  µ¤´µÎ ¸É¨Î´µ° ¶·¨·µ¤µ°
µ¶¥· Éµ·  ¶¥·¥Ìµ¤ . „¥°¸É¢¨É¥²Ó´µ, ¶·Ö³µ° ¶¥·¥Ìµ¤ ´  ¤¢ÊÌËµ´µ´´ÊÕ, ¨²¨
2p2h-±µ´Ë¨£Ê· Í¨Õ ¶µ¸·¥¤¸É¢µ³ µ¤´µÎ ¸É¨Î´µ£µ µ¶¥· Éµ·  ¢´¥Ï´¥£µ ¶µ²Ö
Ö¢²Ö¥É¸Ö ¢¥²¨Î¨´µ° ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ ¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤µ³
´  µ¤´µËµ´µ´´ÊÕ, ¨²¨ 1p1h-±µ´Ë¨£Ê· Í¨Õ. ‚ ³µ¤¥²ÖÌ, ¢ ±µÉµ·ÒÌ ¢µ§¡Ê¦-
¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö É· ±ÉÊÕÉ¸Ö ´  Ö§Ò±¥ ¨¤¥ ²Ó´ÒÌ ¡µ§µ´µ¢, ¶µ¤µ¡´Ò° ¶¥·¥Ìµ¤
¢µµ¡Ð¥ § ¶·¥Ð¥´. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ Ë¥·³¨µ´´ÊÕ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢,
± ± ÔÉµ ¤¥² ¥É¸Ö ¢ Š”Œ, ¶·Ö³µ° ¶¥·¥Ìµ¤ g.s. → [2+

1 ⊗ 3−1 ]1− ¸É ´µ¢¨É¸Ö
¢µ§³µ¦´Ò³ ¡² £µ¤ ·Ö ±µ··¥²ÖÍ¨Ö³ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, ´µ, ±µ´¥Î´µ, µ´
¸¨²Ó´µ ¶µ¤ ¢²¥´ [27]. „¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ¶·µÍ¥¸¸ ¢µ§¡Ê¦¤¥´¨Ö [2+

1 ⊗ 3−1 ]1−
¸µ¸ÉµÖ´¨° ¥Ð¥ ¡µ²¥¥ ¸² ¡, ¶µ¸±µ²Ó±Ê µ´ ¢±²ÕÎ ¥É ³ É·¨Î´Ò° Ô²¥³¥´É E3-
¶¥·¥Ìµ¤ .

’ ±¨³ µ¡· §µ³, Ô²¥±É·¨Î¥¸±¨¥ ¤¨¶µ²Ó´Ò¥ ¶¥·¥Ìµ¤Ò ¶·¨ ´¥¡µ²ÓÏ¨Ì Ô´¥·-
£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸¶¥Í¨Ë¨Î¥¸±¨° µ¡Ñ¥±É ¤²Ö ¨¸¸²¥¤µ¢ -
´¨Ö Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. ‚ ÔÉ¨Ì ¨¸¸²¥¤µ¢ ´¨ÖÌ ³Ò ¸É ²±¨¢ ¥³¸Ö ¸ ¶·µ¡²¥-
³µ° µÎ¥´Ó ÎÊ¢¸É¢¨É¥²Ó´µ£µ ¡ ² ´¸  ³¥¦¤Ê ¸² ¡Ò³¨ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨
µ¸´µ¢´ÒÌ ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨, ¸ µ¤´µ° ¸Éµ·µ´Ò, ¨ ¸¨²Ó´Ò³¨ ³ É-
·¨Î´Ò³¨ Ô²¥³¥´É ³¨ E1-¶¥·¥Ìµ¤µ¢ ´  ¸² ¡Ò¥ ¶·¨³¥¸¨ µ¤´µËµ´µ´´ÒÌ ±µ´-
Ë¨£Ê· Í¨°, ¶·¨´ ¤²¥¦ Ð¨Ì £¨£ ´É¸±µ³Ê ¤¨¶µ²Ó´µ³Ê ·¥§µ´ ´¸Ê, Å ¸ ¤·Ê£µ°.
�¤´ ±µ, ´¥¸³µÉ·Ö ´  ³ ²Ò¥ §´ Î¥´¨Ö ¶·¨¢¥¤¥´´µ° ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢
B(E1, g.s.→ [2+

1 ⊗3−1 ]1−), ´¨§±µ²¥¦ Ð¨¥ 1−-¸µ¸ÉµÖ´¨Ö ¨§¢¥¸É´Ò ¤ ¢´µ (¸³.,
´ ¶·¨³¥·, [28Ä30]), ¨ ¸É·Ê±ÉÊ·  ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¡Ò²  Ê¸¶¥Ï´µ ¨´É¥·¶·¥É¨-
·µ¢ ´ , ± ± ¨³¥ÕÐ Ö ¤¢ÊÌËµ´µ´´ÊÕ ¶·¨·µ¤Ê [27, 31, 32]. �µ Éµ²Ó±µ ¶µ-
Ö¢²¥´¨¥ ¸µ¢·¥³¥´´ÒÌ ¢Ò¸µ±µÔËË¥±É¨¢´ÒÌ Ge-¤¥É¥±Éµ·µ¢ ¤ ²µ ¢µ§³µ¦´µ¸ÉÓ
§ ·¥£¨¸É·¨·µ¢ ÉÓ ¢ Ô±¸¶¥·¨³¥´É¥ 1−-¸µ¸ÉµÖ´¨Ö ¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö.

�¥·¢Ò¥ ¤ ´´Ò¥ ¶µ ¨§ÊÎ¥´¨Õ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¶µ ´¨§±µ-
²¥¦ Ð¨³ 1−-¸µ¸ÉµÖ´¨Ö³ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¤²Ö ¶µ²Ê³ £¨Î¥¸±µ£µ ¨§µÉµ¶  140Ce
¢ ·¥ ±Í¨¨ ·¥§µ´ ´¸´µ£µ · ¸¸¥Ö´¨Ö ËµÉµ´µ¢ [33]. �´¥·£¥É¨Î¥¸±¨° ¨´É¥·¢ ²
4,8÷8,9 ŒÔ‚ ¢ 140Ce ¨¸¸²¥¤µ¢ ²¸Ö · ´¥¥ ¢ Ô±¸¶¥·¨³¥´É Ì ¸ ³¥Î¥´Ò³¨ ËµÉµ-
´ ³¨ [34]. �¤´ ±µ ¨§-§  µ£· ´¨Î¥´¨° ¢ Ô´¥·£¥É¨Î¥¸±µ³ · §·¥Ï¥´¨¨ ¨´¤¨¢¨¤Ê-
 ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ´¥ ¡Ò²¨ ¢Ò¤¥²¥´Ò ¢ Ê¶µ³Ö´ÊÉµ³ ¶µ¸²¥¤´¥³ Ô±¸¶¥·¨³¥´É¥,
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�¨¸. 5.  ) � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢, ¶µ²ÊÎ¥´´µ¥ ¢ Ô±¸¶¥·¨³¥´É¥; ¡Ä£)
·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨ É·¥ÌËµ´µ´-
´Ò¥ ±µ´Ë¨£Ê· Í¨¨; ¢) µ¤´µËµ´µ´´ Ö Î ¸ÉÓ E1-¶¥·¥Ìµ¤µ¢; £) ¤¢ÊÌËµ´µ´´ Ö Î ¸ÉÓ
E1-¶¥·¥Ìµ¤µ¢. ’·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨ µÉ¢¥É¸É¢¥´´Ò ¢ ÔÉµ³ · ¸Î¥É¥ £² ¢´Ò³
µ¡· §µ³ §  Ë· £³¥´É Í¨Õ

  ²¨ÏÓ µ¡´ ·Ê¦¥´Ò £·µ¸¸-¸É·Ê±ÉÊ·Ò ¢ ¸¥Î¥´¨¨ ËµÉµ¶µ£²µÐ¥´¨Ö, ¶µ²ÊÎ¨¢Ï¨¥
´ §¢ ´¨¥ ¶¨£³¨-·¥§µ´ ´¸µ¢. ‘¢µ°¸É¢  ¶¨£³¨-·¥§µ´ ´¸µ¢ ¨§ÊÎ ²¨¸Ó ¢ · ³± Ì
Š”Œ ¢ · ¸Î¥É Ì ¸¨²µ¢µ° ËÊ´±Í¨¨ E1-¶¥·¥Ìµ¤µ¢ ¢ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥-
É¨Î¥¸±µ° µ¡² ¸É¨, ¶·¨ ÔÉµ³ 1−-¸µ¸ÉµÖ´¨Ö µ¶¨¸Ò¢ ²¨¸Ó ¢µ²´µ¢µ° ËÊ´±Í¨¥°,
¸µ¤¥·¦ Ð¥° µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ [35]. Šµ´¥Î´µ, ¶·¨³¥´¥´¨¥
³¥Éµ¤  ¸¨²µ¢µ° ËÊ´±Í¨¨ ´¥ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥
¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕÐ¨Ì ÔÉ¨ ·¥§µ´ ´¸Ò.

�±¸¶¥·¨³¥´É ¡Ò² ¢Ò¶µ²´¥´ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ Éµ·³µ§´ÒÌ £ ³³ -±¢ ´Éµ¢,
¶µ²ÊÎ¥´´ÒÌ ´  ²¨´¥°´µ³ Ê¸±µ·¨É¥²¥ S-DALINAC ¢ „ ·³ÏÉ ¤É¥. ‚ ´¥³ ¡Ò-
²  ¨§ÊÎ¥´  µ¡² ¸ÉÓ ¢µ§¡Ê¦¤¥´¨Ö ¤µ Ô´¥·£¨° ¶µ·Ö¤±  6,7 ŒÔ‚. ˆ§¢²¥Î¥´´µ¥
¨§ Ô±¸¶¥·¨³¥´É  · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢ ¢ 140Ce ¶·¥¤¸É ¢²¥-
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´µ ´  ·¨¸. 5, . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ¤ ´´µ³ Ô±¸¶¥·¨³¥´É¥ ´¥ Ê¤ ²µ¸Ó
µ¶·¥¤¥²¨ÉÓ Î¥É´µ¸ÉÓ ¶¥·¥Ìµ¤ ,   Éµ²Ó±µ ¸¶¨´; É ±¨³ µ¡· §µ³, · ¸¶·¥¤¥²¥´¨¥,
¶·¥¤¸É ¢²¥´´µ¥ ´  ·¨¸. 5, , ¶µ²ÊÎ¥´µ ¢ ¶·¥¤¶µ²µ¦¥´¨¨, ÎÉµ ¢¸¥ ¢µ§¡Ê¦¤ ¥-
³Ò¥ ¸µ¸ÉµÖ´¨Ö Ö¢²ÖÕÉ¸Ö 1−-¸µ¸ÉµÖ´¨Ö³¨. ‚¥·µÖÉ´µ¸ÉÓ Éµ£µ, ÎÉµ ´¥±µÉµ·Ò¥
¨§ ´¨Ì Ö¢²ÖÕÉ¸Ö 1+-¸µ¸ÉµÖ´¨Ö³¨ ³Ò µ¡¸Ê¤¨³ ´¨¦¥.

‚ Ô±¸¶¥·¨³¥´É¥ § ·¥£¨¸É·¨·µ¢ ´µ · ´¥¥ ¨§¢¥¸É´µ¥ ¸µ¸ÉµÖ´¨¥ 1−1 ¸ Ô´¥·-
£¨¥° 3,643 ŒÔ‚, Ö¢²ÖÕÐ¥¥¸Ö 1−-±µ³¶µ´¥´Éµ° ¤¢ÊÌËµ´µ´´µ£µ ³Ê²ÓÉ¨¶²¥É 
[2+

1 ⊗ 3−1 ], ¨ §´ Î¥´¨¥³ B(E1; 0+ → 1−) = (18, 2± 2, 2) · 10−3e2 · Ë³2. �Ò²µ
§ ·¥£¨¸É·¨·µ¢ ´µ 1−-¸µ¸ÉµÖ´¨¥ ¸ Ô´¥·£¨¥° 5,66 ŒÔ‚, É ±¦¥ ¨§¢¥¸É´µ¥ · -
´¥¥ [36, 37]. C ¨¸¶µ²Ó§µ¢ ´¨¥³ ¨§¢¥¸É´µ£µ µÉ´µÏ¥´¨Ö Γ0/Γ = 0, 95(5) ¨§
· ¡µÉÒ [36] ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¡Ò²  µ¶·¥¤¥²¥´  ´¥µ¦¨¤ ´´µ ¡µ²ÓÏ Ö ¸¨² 
E1-¶¥·¥Ìµ¤  ¸ B(E1; 0+ → 1−) = (24, 8±4, 9) ·10−3e2 ·Ë³2. Š·µ³¥ Éµ£µ, ¡Ò-
²µ µ¡´ ·Ê¦¥´µ ¡µ²ÓÏµ¥ Î¨¸²µ ¡µ²¥¥ ¸² ¡ÒÌ ¶¥·¥Ìµ¤µ¢ (¢ ¸Ê³³¥ 52 ¶¥·¥Ìµ¤ )
´  ¸µ¸ÉµÖ´¨Ö, · ´¥¥ ´¥¨§¢¥¸É´ÒÌ.

„²Ö  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´µ£µ · ¸¶·¥¤¥²¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¡Ò-
²¨ ¢Ò¶µ²´¥´Ò · ¸Î¥ÉÒ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥° (7), ¸µ¤¥·¦ Ð¥° µ¤´µ-, ¤¢ÊÌ- ¨
É·¥ÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ. �Ò²¨ · ¸¸Î¨É ´Ò ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤  B(E1; 0+ → 1−) ¨ B(M1; 0+ → 1+)
¢ 140Ce. ‚ · ¸Î¥É ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢¸¥ µ¤´µËµ´µ´´Ò¥ 1−-±µ´Ë¨£Ê· Í¨¨ ¤µ
Ô´¥·£¨¨ 20 ŒÔ‚. �¡ÒÎ´µ ¢²¨Ö´¨¥ ¤¨¶µ²Ó´µ£µ ·¥§µ´ ´¸  ´  ´¨§±µ²¥¦ Ð¨¥
E1-¶¥·¥Ìµ¤Ò ´ §Ò¢ ÕÉ ÔËË¥±Éµ³ ¤¨¶µ²Ó´µ° ¶µ²Ö·¨§ Í¨¨ ±µ·  [38], ¨ µ´µ
µ¶¨¸Ò¢ ¥É¸Ö ¢¢¥¤¥´¨¥³ ÔËË¥±É¨¢´ÒÌ § ·Ö¤µ¢ E1-¶¥·¥Ìµ¤µ¢. �µ¸±µ²Ó±Ê ¢¸¥
µ¤´µËµ´µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö, Ëµ·³¨·ÊÕÐ¨¥ £¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸,
¡Ò²¨ ÊÎÉ¥´Ò Ö¢´Ò³ µ¡· §µ³, ´¥µ¡Ìµ¤¨³µ¸É¨ ¢¢¥¤¥´¨Ö ¸É É¨Î¥¸±µ° ¶µ²Ö·¨§Ê¥-
³µ¸É¨ χ ¢ ´ ¸ÉµÖÐ¨Ì · ¸Î¥É Ì ´¥ ¢µ§´¨± ¥É. ‚ · ¸Î¥ÉÒ ¡Ò²¨ ¢±²ÕÎ¥´Ò ¤¢ÊÌ-
¨ É·¥ÌËµ´µ´´Ò¥ ±µ´Ë¨£Ê· Í¨¨, µ¡· §µ¢ ´´Ò¥ ¨§ Ëµ´µ´µ¢ ´ ÉÊ· ²Ó´µ° Î¥É-
´µ¸É¨ ¸ Jπ = 1− - 6+ ¤µ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö 9 ŒÔ‚. �µ¸±µ²Ó±Ê ¶²µÉ´µ¸ÉÓ
³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸¨²Ó´µ ¢µ§· ¸É ¥É ¸ Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö,
³Ò ¨¸±²ÕÎ¨²¨ ¨§ · ¸Î¥É  É¥ ¨§ ´¨Ì, ±µÉµ·Ò¥ ´¥ ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´µ° ·µ²¨
¢ · ¸¶·¥¤¥²¥´¨¨ ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 7 ŒÔ‚.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 5,¡. ‘µ£² ¸¨¥ ¸ · ¸¶·¥¤¥²¥´¨¥³
¸¨²Ò B(E1)-¶¥·¥Ìµ¤µ¢ ¢ Ô±¸¶¥·¨³¥´É¥, ¶µ± § ´´Ò³ ´  ·¨¸.5, , ¢¥¸Ó³  ´¥-
¶²µÌµ¥. �µ¢Éµ·¨³ ¥Ð¥ · §, ÎÉµ ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ°
µ¡² ¸É¨ µÉ¸ÊÉ¸É¢ÊÕÉ ±µ²²¥±É¨¢´Ò¥ µ¤´µËµ´µ´´Ò¥ 1−-±µ´Ë¨£Ê· Í¨¨. �µÔÉµ-
³Ê ¸ÊÐ¥¸É¢ÊÕÉ É·¨ µ¸´µ¢´ÒÌ ³¥Ì ´¨§³  ¤²Ö µ¡ÑÖ¸´¥´¨Ö ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢,
¶µ²ÊÎ¥´´µ° ¢ Ô±¸¶¥·¨³¥´É¥. �¥·¢Ò³ Ö¢²Ö¥É¸Ö ¢²¨Ö´¨¥ £¨£ ´É¸±µ£µ ¤¨¶µ²Ó´µ-
£µ ·¥§µ´ ´¸ . ‚ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ¶µ¤Ìµ¤ Ì ÔÉµÉ ÔËË¥±É µ¶¨¸Ò¢ ¥É¸Ö Ô±¸-
É· ¶µ²ÖÍ¨¥° ¥£µ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ£µ Ì¢µ¸É . ‚ ³¨±·µ¸±µ¶¨Î¥¸±¨Ì É¥µ·¨ÖÌ
µ´ · ¸¸³ É·¨¢ ¥É¸Ö ¥¸É¥¸É¢¥´´Ò³ ¶ÊÉ¥³, ± ± ·¥§Ê²ÓÉ É ¸¢Ö§¨ µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µ¸±µ²Ó±Ê £¨£ ´É¸±¨° ¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸ · ¸¶µ-
²µ¦¥´ ¶·¨³¥·´µ ´  10 ŒÔ‚ ¢ÒÏ¥ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨,
²¨ÏÓ µÎ¥´Ó ³ ² Ö Î ¸ÉÓ ¥£µ ¶µ²´µ° ¸¨²Ò µ± §Ò¢ ¥É¸Ö ¶·¨ Ô´¥·£¨ÖÌ ¢ ´¥-
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¸±µ²Ó±µ ŒÔ‚. ‚Éµ·µ° ³¥Ì ´¨§³ ¸¢Ö§ ´ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ´¥±µ²²¥±É¨¢´ÒÌ ¨
¸² ¡µ ±µ²²¥±É¨¢¨§¨·µ¢ ´´ÒÌ 1−-¸µ¸ÉµÖ´¨°, ¨³¥ÕÐ¨Ì µÉ´µ¸¨É¥²Ó´µ ´¥¡µ²Ó-
Ï¨¥ §´ Î¥´¨Ö ¢¥²¨Î¨´Ò B(E1), ´µ · ¸¶µ²µ¦¥´´ÒÌ ¢ ¨§ÊÎ ¥³µ° µ¡² ¸É¨.
�µ¸²¥¤´¨° ³¥Ì ´¨§³ ¸¢Ö§ ´ ¸ ¶·Ö³Ò³ ¢µ§¡Ê¦¤¥´¨¥³ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨-
£Ê· Í¨° ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö. •µÉÖ ¶·Ö³µ¥ ¢µ§¡Ê¦¤¥´¨¥ ¤¢ÊÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¨ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ÔËË¥±É ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ¢µ§¡Ê¦¤¥´¨¥³ µ¤´µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¢µ§¡Ê¦¤¥´¨¥ ´¥-
±µÉµ·ÒÌ ±µ²²¥±É¨¢´ÒÌ ±µ´Ë¨£Ê· Í¨°, ¨ ¢ µ¸µ¡¥´´µ¸É¨ [2+

1 ⊗ 3−1 ]1− , ¨£· ¥É
¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó, É ± ± ± ¤¢  ¤·Ê£¨Ì ³¥Ì ´¨§³  É ±¦¥ ¤ ÕÉ ³ ²Ò¥ §´ Î¥´¨Ö
¸¨²Ò E1-¶¥·¥Ìµ¤µ¢.

‚¸¥ ÔÉ¨ ³¥Ì ´¨§³Ò ¢µ§¡Ê¦¤¥´¨Ö 1−-¸µ¸ÉµÖ´¨° ¡Ò²¨ ¢±²ÕÎ¥´Ò ¢ · ¸Î¥É,
·¥§Ê²ÓÉ É ±µÉµ·µ£µ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 5,¡. �¶¥· Éµ· E1-¶¥·¥Ìµ¤  ¸µ¸Éµ¨É
¨§ ¤¢ÊÌ Î²¥´µ¢, ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´¨Õ, ¸µµÉ¢¥É¸É¢¥´´µ, µ¤´µ- ¨ ¤¢ÊÌ-
Ëµ´µ´´ÒÌ ±µ³¶µ´¥´É. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ ¶·Ö³µ£µ Ô²¥±É·µ³ £´¨É´µ£µ
¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  |0+

g.s. > ¤¢ÊÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨°
[λπ1

i1
⊗ λπ2

i2
]λπ , ¸µ¸ÉµÖÐ¨Ì ¨§ i1-Ëµ´µ´  ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ1 ¨ i2-Ëµ´µ´ 

³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ2 , ¢ ´ Ï¥³ ¶µ¤Ìµ¤¥ ¨³¥¥É ¢¨¤

B(Eλ; 0+
g.s. → [λπ1

i1
⊗ λπ2

i2
]λπ) = (2λ1 + 1)(2λ2 + 1)

∣∣∣∣∣∣
∑

j1j2j3τ

e(λ)
τ fλj1j2(τ)v

(−)
j1j2
×

×
{
λ2 λ1 λ
j1 j2 j3

}(
ψλ2i2
j2j3

ϕλ1i1
j3j1

+ ψλ1i1
j3j1

ϕλ2i2
j2j3

)∣∣∣∣2 . (20)

� ¨¡µ²¥¥ ¶·µ¸Éµ° ¸¶µ¸µ¡ ¢ÒÎ¨¸²¨ÉÓ ³ É·¨Î´Ò° Ô²¥³¥´É ¶¥·¥Ìµ¤  ¨§ µ¸´µ¢-
´µ£µ ¸µ¸ÉµÖ´¨Ö ´  ¤¢ÊÌËµ´µ´´µ¥ ¸µ¸Éµ¨É ¢ ¨¸¶µ²Ó§µ¢ ´¨¨ · §²µ¦¥´¨Ö Œ -
·Ê³µ·¨ [39] ¤²Ö µ¤´µÎ ¸É¨Î´µ£µ Ë¥·³¨µ´´µ£µ µ¶¥· Éµ·  Ô²¥±É·µ³ £´¨É´µ£µ
¶¥·¥Ìµ¤  a+

jmaj′m′ ¢ ¡¥¸±µ´¥Î´ÊÕ ¸Ê³³Ê ¡µ§µ´´ÒÌ (Ëµ´µ´´ÒÌ) µ¶¥· Éµ·µ¢.
—Éµ¡Ò ¶·µ¤¥³µ´¸É·¨·µ¢ ÉÓ ·µ²Ó ± ¦¤µ£µ ¨§ ³¥Ì ´¨§³µ¢ ¢µ§¡Ê¦¤¥´¨Ö 1−-

¸µ¸ÉµÖ´¨° ¨ ·¥§Ê²ÓÉ É ¨Ì ¨´É¥·Ë¥·¥´Í¨¨ ¢ · §²¨Î´ÒÌ µ¡² ¸ÉÖÌ Ô´¥·£¥É¨Î¥-
¸±µ£µ ¸¶¥±É· , ³Ò ¶·¥¤¸É ¢¨²¨ ´  ·¨¸. 5,¢ ¢±² ¤ µ¤´µËµ´µ´´µ° ¨ ¢ Î ¸É¨ £
Å ¤¢ÊÌËµ´µ´´µ° ±µ³¶µ´¥´É µ¶¥· Éµ·  E1-¶¥·¥Ìµ¤  ¢ ¶µ²´µ¥ · ¸¶·¥¤¥²¥´¨¥
E1-¸¨²Ò ¶µ ´ ¡µ·Ê É¥Ì ¦¥ ¸ ³ÒÌ ¸µ¸ÉµÖ´¨°, ÎÉµ ¨ ¢ Î ¸É¨ ¡.

�±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö Ô´¥·£¨¨ ¨ ¢¥·µÖÉ´µ¸É¨ ¢µ§¡Ê¦¤¥´¨Ö ¸µ¸Éµ-
Ö´¨Ö 1−1 ¢ 140Ce ¶µ²´µ¸ÉÓÕ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¢ ¤ ´´µ³ · ¸Î¥É¥. ˆ´É¥·Ë¥-
·¥´Í¨Ö ³¥¦¤Ê µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´µ¸¨É
¤¥¸É·Ê±É¨¢´Ò° Ì · ±É¥·. � ¸Î¥É ¤ ¥É 85 % ¢±² ¤  [2+

1 ⊗3−1 ]1−-±µ´Ë¨£Ê· Í¨¨
¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö.

�¡´ ·Ê¦¥´´ Ö ¢ Ô±¸¶¥·¨³¥´É¥ ¸¨²  E1-¶¥·¥Ìµ¤µ¢ ¢ · °µ´¥ 4,5 ŒÔ‚ ¢
· ¸Î¥É¥ µ± §Ò¢ ¥É¸Ö ´¥¤µµÍ¥´¥´´µ°. Šµ²²¥±É¨¢´ Ö ¤¢ÊÌËµ´µ´´ Ö ±µ´Ë¨£Ê-
· Í¨Ö [3−1 ⊗ 4+

1 ]1− , · ¸¶µ²µ¦¥´´ Ö ¶·¨¡²¨§¨É¥²Ó´µ ¶·¨ ÔÉµ° Ô´¥·£¨¨ ¢µ§¡Ê¦-



‘’�“Š’“�� �ˆ‡Š�‹…†�™ˆ• ‚�‡�“†„…��›• ‘�‘’�Ÿ�ˆ‰ 1389

¤¥´¨Ö, ¨³¥¥É ³ É·¨Î´Ò° Ô²¥³¥´É ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö £µ-
· §¤µ ¸² ¡¥¥, Î¥³ [2+

1 ⊗ 3−1 ]1−-±µ´Ë¨£Ê· Í¨Ö. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ³ É·¨Î´Ò°
Ô²¥³¥´É ¢§ ¨³µ¤¥°¸É¢¨Ö ¸ µ¤´µËµ´µ´´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨, Ëµ·³¨·ÊÕÐ¨³¨
¤¨¶µ²Ó´Ò° ·¥§µ´ ´¸, ´¥¤µ¸É ÉµÎ´µ ¢¥²¨±, ÎÉµ¡Ò ¶·¨³¥Ï ÉÓ ¸±µ²Ó±µ-´¨¡Ê¤Ó
§ ³¥É´ÊÕ Î ¸ÉÓ ¥£µ ¤¨¶µ²Ó´µ° ¸¨²Ò.

‚ µ¡² ¸É¨ Ô´¥·£¨° Ex ≈ 5, 5÷ 6, 5 ŒÔ‚ ´ ¡²Õ¤ ¥É¸Ö ¸ÊÐ¥¸É¢¥´´ Ö ±µ´-
¸É·Ê±É¨¢´ Ö ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò³¨ ±µ³¶µ´¥´É ³¨,
±µÉµ· Ö ¶· ±É¨Î¥¸±¨ Ê¤¢ ¨¢ ¥É ¸¨²Ê B(E1)-¶¥·¥Ìµ¤µ¢ ¢ · °µ´¥ 6 ŒÔ‚ ¶µ
¸· ¢´¥´¨Õ ¸ Î¨¸Éµ µ¤´µËµ´µ´´µ° ¸¨²µ° ¨ Ö¢²Ö¥É¸Ö ¸ÊÐ¥¸É¢¥´´µ° ¤²Ö µ¶¨¸ -
´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éµ¢.

ŒÒ É ±¦¥ · ¸¸Î¨É ²¨ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò M1-¶¥·¥Ìµ¤µ¢ ¤µ Ô´¥·£¨¨ ¢µ§-
¡Ê¦¤¥´¨Ö 7,5 ŒÔ‚. �¸´µ¢´ Ö Î ¸ÉÓ ¸¨²Ò ¸¢Ö§ ´  ¸ ¶·Ö³Ò³ ¢µ§¡Ê¦¤¥´¨¥³
¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. �µ²´ Ö ¸¨² :

∑
B(M1; 0+

1 → 1+) = 0, 87µ2
N .

…¸²¨ ¶¥·¥¸Î¨É ÉÓ ÔÉÊ ¸¨²Ê ¢ ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö ·¥ ±Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö-
´¨Ö ËµÉµ´µ¢, ÔÉ  ¸Ê³³ ·´ Ö B(M1)-¢¥²¨Î¨´  ¸µµÉ¢¥É¸É¢Ê¥É ³¥´¥¥ Î¥³ 5 %
µÉ ¶µ²´µ£µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨Ö ·¥ ±Í¨¨, ÎÉµ ¤ ¥É ´¥±µÉµ·ÊÕ µÍ¥´±Ê
¸¶· ¢¥¤²¨¢µ¸É¨ ¶·¥¤¶µ²µ¦¥´¨Ö µ Éµ³, ÎÉµ ¢¸¥ ¸µ¸ÉµÖ´¨Ö ¸µ ¸¶¨´µ³, · ¢´Ò³
¥¤¨´¨Í¥, µ¡´ ·Ê¦¥´´Ò¥ ¢ Ô±¸¶¥·¨³¥´É¥, ¨³¥ÕÉ µÉ·¨Í É¥²Ó´ÊÕ Î¥É´µ¸ÉÓ.

4.2. ‚µ§³µ¦´µ¸ÉÓ µ¡´ ·Ê¦¥´¨Ö 2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌËµ´µ´´µ£µ ³Ê²ÓÉ¨-
¶²¥É  [3−1 ⊗3−1 ] ¢ ·¥ ±Í¨¨ ¸ £ ³³ -±¢ ´É ³¨. ‚Ò¸µ± Ö ÔËË¥±É¨¢´µ¸ÉÓ ´µ¢µ£µ
¶µ±µ²¥´¨Ö £¥·³ ´¨¥¢ÒÌ ¤¥É¥±Éµ·µ¢, ¶·µ¤¥³µ´¸É·¨·µ¢ ´´ Ö ¢ Ô±¸¶¥·¨³¥´É¥
¶µ · ¸¶·¥¤¥²¥´¨Õ ¸¨²Ò E1-¶¥·¥Ìµ¤µ¢ ¢ ´¨§±µ²¥¦ Ð¥° µ¡² ¸É¨, ¤ ²  ¢µ§³µ¦-
´µ¸ÉÓ ¶·¥¤²µ¦¨ÉÓ ´µ¢Ò° Ô±¸¶¥·¨³¥´É ¶µ µ¡´ ·Ê¦¥´¨Õ 2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌ-
Ëµ´µ´´µ£µ ³Ê²ÓÉ¨¶²¥É  [3−1 ⊗3−1 ] ¢ Ö¤·¥ 208Pb, ¨¸¶µ²Ó§ÊÖ (γ,γ′)-·¥ ±Í¨Õ [40].

�µ¨¸± ¤¢ÊÌËµ´µ´´ÒÌ µ±ÉÊ¶µ²Ó´ÒÌ ¸µ¸ÉµÖ´¨° ¢ ¤¢ ¦¤Ò ³ £¨Î¥¸±µ³ Ö¤·¥
208Pb Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¨´É¥·¥¸´¥°Ï¨Ì ¶·µ¡²¥³ ¢ Ë¨§¨±¥ ¸É·Ê±ÉÊ·Ò Ö¤· 
¨ ¨³¥¥É ¤µ¸É ÉµÎ´µ ¤²¨´´ÊÕ ¨¸Éµ·¨Õ. ‚ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì, É ±¨Ì, ± ±
208Pb, ±µ²²¥±É¨¢´Ò¥ ¢µ§¡Ê¦¤¥´¨Ö Ö¤¥·´µ° ¶µ¢¥·Ì´µ¸É¨ Ëµ·³¨·ÊÕÉ ´¨¦ °-
Ï¨¥ ³µ¤Ò ¢µ§¡Ê¦¤¥´¨Ö, Ìµ·µÏµ µ¶¨¸Ò¢ ¥³Ò¥ ¢ Ëµ´µ´´µ³ ¶µ¤Ìµ¤¥. ‚ ÔÉµ³
¶µ¤Ìµ¤¥ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³ ¢µ§´¨± ÕÉ ³Ê²ÓÉ¨¶²¥ÉÒ ³´µ£µËµ´µ´´ÒÌ ¸µ-
¸ÉµÖ´¨°, · ¸¶µ²µ¦¥´´Ò¥ ¶·¨ Ô´¥·£¨¨, · ¢´µ° ¸Ê³³¥ Ô´¥·£¨° ¨Ì Ëµ´µ´´ÒÌ
±µ³¶µ´¥´É. ˆ§ÊÎ¥´¨¥ ¸¢µ°¸É¢ ¶µ¤µ¡´ÒÌ ³Ê²ÓÉ¨¶²¥Éµ¢ ¶µ§¢µ²Ö¥É µÉ¢¥É¨ÉÓ ´ 
¢µ¶·µ¸, ´ ¸±µ²Ó±µ Ìµ·µÏµ ¶·¨³¥´¨³  ±µ´Í¥¶Í¨Ö £ ·³µ´¨Î¥¸±µ° ± ·É¨´Ò ¢
·¥ ²Ó´ÒÌ Ö¤· Ì. �´¥·£¥É¨Î¥¸±µ¥ · ¸Ð¥¶²¥´¨¥ ³Ê²ÓÉ¨¶²¥Éµ¢, ±·µ³¥ Éµ£µ, ¤ -
¥É ¢µ§³µ¦´µ¸ÉÓ · ¸¸³µÉ·¥ÉÓ ·µ²Ó ÔËË¥±Éµ¢, ¢Ò§¢ ´´ÒÌ ¶·¨´Í¨¶µ³ � Ê²¨, ¨
µ¡Ð¨¥ ¸¢µ°¸É¢ , ¸¢Ö§ ´´Ò¥ ¸ Ëµ´µ´-Ëµ´µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³.

‘µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¢ÊÌËµ´µ´´Ò³ ±µ´Ë¨£Ê· Í¨Ö³ [2+
1 ⊗

2+
1 ]0+,2+,4+ , Ìµ·µÏµ ¨§¢¥¸É´Ò ¢µ ³´µ£¨Ì ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. ˆ³¥ÕÉ¸Ö ¤µ± -

§ É¥²Ó¸É¢  ¸ÊÐ¥¸É¢µ¢ ´¨Ö 1− − 5− ±¢¨´É¨¶²¥É  [2+
1 ⊗ 3−1 ]-¸µ¸ÉµÖ´¨° ¢ Ö¤· Ì

¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° ¨ ¸µ¸¥¤´¨Ì ¸ ´¨³¨. ‚ µ¸µ¡¥´´µ¸É¨ ÔÉµ µÉ´µ¸¨É-
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¸Ö ± 1−-±µ³¶µ´¥´É¥ ÔÉµ£µ ³Ê²ÓÉ¨¶²¥É , ¸¥²¥±É¨¢´µ ¢µ§¡Ê¦¤ ¥³µ° ¢ (γ,γ′)-
Ô±¸¶¥·¨³¥´É Ì (¸³. ¶·¥¤Ò¤ÊÐ¨° · §¤¥²), ¨ ¤µ¸É ÉµÎ´µ ¶µ²´ Ö ¨´Ëµ·³ Í¨Ö
µ¡ ÔÉµ³ ³Ê²ÓÉ¨¶²¥É¥ ¶µ²ÊÎ¥´  ¤²Ö Ö¤·  144Nd [41]. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, Ô±¸-
¶¥·¨³¥´É ²Ó´Ò¥ Ê± § ´¨Ö ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ [3−1 ⊗3−1 ]0+,2+,4+,6+ ³Ê²ÓÉ¨¶²¥É 
±· °´¥ ¸±Ê¤´Ò [42Ä46]. „¢  Ö¤· , 146Gd ¨ 208Pb, Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ¶µ¤Ìµ¤Ö-
Ð¨³¨ ± ´¤¨¤ É ³¨, ¶µ¸±µ²Ó±Ê ¨Ì ´¨¦ °Ï¨¥ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¨³¥ÕÉ
¸¶¨´ ¨ Î¥É´µ¸ÉÓ 3−, É¥³ ¸ ³Ò³ Î²¥´Ò ÔÉµ£µ ³Ê²ÓÉ¨¶²¥É  µ± §Ò¢ ÕÉ¸Ö ´¨¦ °-
Ï¨³¨ ¶µ Ô´¥·£¨¨ ¸µ¸ÉµÖ´¨Ö³¨ ¤¢ÊÌËµ´µ´´µ° ¶·¨·µ¤Ò ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì
Ö¤· Ì.

�  ¶¥·¢µ³ ÔÉ ¶¥ ¶·¥¤¶µ²µ¦¨³, ÎÉµ ¸³¥Ï¨¢ ´¨¥ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´ÒÌ
±µ´Ë¨£Ê· Í¨° ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨ ¶·¥´¥¡·¥¦¨³µ ³ ²µ. ’µ£¤  E1-
¶¥·¥Ìµ¤ ³¥¦¤Ê ¤¢ÊÌËµ´µ´´Ò³ ¸µ¸ÉµÖ´¨¥³ |2+ >= [3−1 ⊗ 3−1 ]2+ ¨ µ¤´µËµ´µ´-
´Ò³ ¸µ¸ÉµÖ´¨¥³ 3−1 , É ± ¦¥, ± ± ¨ ¶·Ö³µ° · ¸¶ ¤ ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö
|2+ > ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, § ¶·¥Ð¥´ ¢ ³µ¤¥²ÖÌ, É· ±ÉÊÕÐ¨Ì ¢µ§¡Ê¦¤¥´´Ò¥
¸µ¸ÉµÖ´¨Ö ± ± ¨¤¥ ²Ó´Ò¥ ¡µ§µ´Ò. ’µ²Ó±µ ¨¸¶µ²Ó§ÊÖ ÉµÎ´Ò¥ ±µ³³ÊÉ Í¨µ´´Ò¥
¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê Ëµ´µ´ ³¨ ¨ ±¢ §¨Î ¸É¨Í ³¨, É.¥., ¶·¨´¨³ Ö ¢µ ¢´¨³ -
´¨¥ Ë¥·³¨µ´´ÊÕ ¸É·Ê±ÉÊ·Ê Ëµ´µ´µ¢, ³Ò ¶µ²ÊÎ ¥³ ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì
¶¥·¥Ìµ¤µ¢. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ E2-· ¸¶ ¤  ¤¢ÊÌËµ´µ´´µ£µ ¸µ¸ÉµÖ´¨Ö
|2+ > ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ µ¶¨¸Ò¢ ¥É¸Ö ¢Ò· ¦¥´¨¥³ (20). „²Ö ¶·¨¢¥¤¥´´µ°
¢¥·µÖÉ´µ¸É¨ E1-· ¸¶ ¤  ([3−1 ⊗ 3−1 ]2+ → 3−1 ) ³Ò ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

B(E1) = 171, 5

∣∣∣∣∣∣
∑

j1j2j′j′′

〈j2‖M(E1)‖j1〉u(+)
j1j2

∑
J

(−1)J

j2 j1 1
j′′ j′ 3
3 3 J

 ×
× ep(n)

[(
ψ

3−1
j1j′

ψ
3−1
j2j′′

ψ
3−1
j′′j′ + ϕ

3−1
j1j′

ϕ
3−1
j2j′′

ϕ
3−1
j′′j′

)
δJ,2 + (21)

+
(
ψ

3−1
j1j′

ϕ
3−1
j2j′′

ϕ
3−1
j′′j′ + ϕ

3−1
j1j′

ψ
3−1
j2j′′

ψ
3−1
j′′j′

)
(2 J + 1)

{
1 3 2
3 3 J

}]∣∣∣∣2 ,
£¤¥ 〈j2‖M(E1)‖j1〉 Ä ¶·¨¢¥¤¥´´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É Ô²¥±É·µ³ £´¨É´µ£µ ¶¥-
·¥Ìµ¤ . —¨¸²¥´´Ò° Ë ±Éµ· ¢ ¢Ò· ¦¥´¨¨ (21) ¶µÖ¢²Ö¥É¸Ö, ± ± ·¥§Ê²ÓÉ É Ë ±-
Éµ·µ¢ (2λ+1) Ëµ´µ´´ÒÌ µ¶¥· Éµ·µ¢, ¢±²ÕÎ¥´´ÒÌ ¢ · ¸¸³µÉ·¥´¨¥. ‚ · ¸Î¥É Ì
³Ò ¨¸¶µ²Ó§µ¢ ²¨ §´ Î¥´¨Ö ÔËË¥±É¨¢´ÒÌ § ·Ö¤µ¢ ep(n) = 1(0) ¨ N/A(−Z/A),
¸µµÉ¢¥É¸É¢¥´´µ, ¤²Ö E2- ¨ E1-¶¥·¥Ìµ¤µ¢.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¶·¥¤¸É ¢²¥´Ò ¢ ±µ²µ´±¥ I É ¡². 5. ‚¥·µÖÉ´µ¸ÉÓ
B(E2)-¢µ§¡Ê¦¤¥´¨Ö ¸µ¸ÉµÖ´¨Ö [3−1 ⊗3−1 ]2+ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¶·¨³¥·´µ
¢ 300 · § ¸² ¡¥¥ ¨§¢¥¸É´µ° ¨§ Ô±¸¶¥·¨³¥´É  ¢¥²¨Î¨´Ò B(E2) ¤²Ö ´¨¦ °Ï¥£µ
2+-¸µ¸ÉµÖ´¨Ö. � ¸Î¥É ¶µ± §Ò¢ ¥É § ³¥É´Ò° ¶ ·Í¨ ²Ó´Ò° ¶¥·¥Ìµ¤ ¤²Ö · ¸¶ ¤ 
ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ´  ´¨¦ °Ï¨° 3−-Ê·µ¢¥´Ó. „²Ö ¶µ¸²¥¤´¥£µ ¶¥·¥Ìµ¤  ¸ÊÐ¥-
¸É¢Ê¥É É ±¦¥ ¨ ±µ²²¥±É¨¢´Ò° E3-¶¥·¥Ìµ¤ ¸ ¡µ²ÓÏ¨³ ³ É·¨Î´Ò³ Ô²¥³¥´Éµ³
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’ ¡²¨Í  5. ‘¢µ°¸É¢  ¢µ§¡Ê¦¤¥´¨Ö ¨ · ¸¶ ¤  2+-±µ³¶µ´¥´ÉÒ ¤¢ÊÌËµ´µ´´µ£µ [3−1 ⊗
3−1 ]-³Ê²ÓÉ¨¶²¥É  ¢ 208Pb (¸³. ¶µ¤·µ¡´µ¸É¨ ¢ É¥±¸É¥)

I (Ia, Ib) II (IIa, IIb)

B(E2, g.s.→ [3−1 ⊗ 3−1 ]2+ ), ¥2·Ë³4 10,4 (5,1, 17,7) 40,2 (19,0, 54,6)

Γ0(E2, [3−1 ⊗ 3−1 ]2+ → g.s.), ³Ô‚ 6,58 (3,21, 11,2) 25,4 (12,0, 34,5)

Γ
3−
1

(E1, [3−1 ⊗ 3−1 ]2+ → 3−1 ), ³Ô‚ 14,0 (12,6, 17,0) 13,7 (12,9, 14,3)

Γ
3−
1

/Γ0 2,13 (3,93, 1,52) 0,54 (1,08, 0,41)

〈3−1 ||E3||[3−1 ⊗ 3−1 ]2+〉, ¸µµÉ¢¥É¸É¢ÊÕÐ¨°  ´´¨£¨²ÖÍ¨¨ Ëµ´µ´ . �¤´ ±µ ¨§-§ 
¢Ò¸µ±µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ ¥£µ ¢±² ¤ ¢ ¶ ·Í¨ ²Ó´ÊÕ Ï¨·¨´Ê · ¸¶ ¤  ¶·¥´¥-
¡·¥¦¨³µ ³ ².

� ¸¸³ É·¨¢ Ö ¶µ¤µ¡´Ò¥ ¸² ¡Ò¥ ¶¥·¥Ìµ¤Ò, ¸²¥¤Ê¥É É ±¦¥ ¶·¨´¨³ ÉÓ ¢µ
¢´¨³ ´¨¥ ¢µ§³µ¦´Ò¥ ¸² ¡Ò¥ ¶·¨³¥¸¨ ¤·Ê£¨Ì ±µ´Ë¨£Ê· Í¨°, ±µÉµ·Ò¥ ³µ-
£ÊÉ ¡ÒÉÓ ¢µ§¡Ê¦¤¥´Ò ¶µ¸·¥¤¸É¢µ³ ¸¨²Ó´ÒÌ ±µ²²¥±É¨¢´ÒÌ ¶¥·¥Ìµ¤µ¢, · §·¥-
Ï¥´´ÒÌ ¢ ¡µ§µ´´µ³ ¶·µ¸É· ´¸É¢¥. „²Ö µ¡² ¸É¨ ¤¢ÊÌËµ´µ´´µ£µ µ±ÉÊ¶µ²Ó´µ£µ
³Ê²ÓÉ¨¶²¥É  ¢ 208Pb É ±µ° ±µ´Ë¨£Ê· Í¨¥° µÎ¥¢¨¤´µ Ö¢²Ö¥É¸Ö µ¤´µËµ´µ´´ Ö
2+

1 -±µ´Ë¨£Ê· Í¨Ö, ¶µ¸±µ²Ó±Ê · §´¨Í  ¢ Ô´¥·£¨¨ ³¥¦¤Ê ÔÉ¨³¨ ±µ´Ë¨£Ê· Í¨Ö-
³¨ ²¨ÏÓ ¸²¥£±  ¶·¥¢ÒÏ ¥É 1 ŒÔ‚. ‘³¥Ï¨¢ ´¨¥ · §²¨Î´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸µ¸ÉµÖ´¨Ö [3−1 ⊗ 3−1 ]2+ ¡Ò²µ ÊÎÉ¥´µ ¶µ¸·¥¤¸É¢µ³ ¤¨ £µ´ -
²¨§ Í¨¨ ³µ¤¥²Ó´µ£µ £ ³¨²ÓÉµ´¨ ´  ´  ¡ §¨¸¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¸µ¸ÉµÖ´¨°
2+, ¨³¥ÕÐ¨Ì ¢¨¤

|Ψ2+〉 =

{∑
i

SiQ
+
2+i

+
∑

λ1i1λ2i2

Dλ2i2
λ1i1

[
Q+
λ1i1

Q+
λ2i2

]
2+√

1 + δλ1,λ2δi1,i2

}
|Ψg.s.〉 , (22)

£¤¥ i ´Ê³¥·Ê¥É ±µ·´¨ Ê· ¢´¥´¨Ö �‘” ¤²Ö ± ¦¤µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ .
‚ ÔÉµ³ · ¸Î¥É¥ ¡Ò²¨ ÊÎÉ¥´Ò ¢¸¥ µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´Ò¥ (¶µ¸É·µ¥´´Ò¥ ¨§
λπ = 2+, 3−, 4+ Ëµ´µ´µ¢) ±µ´Ë¨£Ê· Í¨¨ ¤µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö 13 ŒÔ‚,
É.¥. ¢±²ÕÎ Ö ¨§µ¸± ²Ö·´Ò° ±¢ ¤·Ê¶µ²Ó´Ò° ·¥§µ´ ´¸. �¥§Ê²ÓÉ Éµ³ ¤¨ £µ´ -
²¨§ Í¨¨ Ö¢²ÖÕÉ¸Ö Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É· 2+-¸µ¸ÉµÖ´¨° ¨ ±µÔËË¨Í¨¥´ÉÒ Si
¨ Dλ2i2

λ1i1
, µÉ· ¦ ÕÐ¨¥, ¸µµÉ¢¥É¸É¢¥´´µ, ¢±² ¤ ± ¦¤µ° µ¤´µ- ¨ ¤¢ÊÌËµ´µ´´µ°

±µ´Ë¨£Ê· Í¨¨ ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° (22).
‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ÔÉµ³Ê · ¸Î¥ÉÊ ¢¥·µÖÉ´µ¸É¨ ¶¥·¥Ìµ¤µ¢ ¶·¥¤¸É ¢²¥´Ò ¢

±µ²µ´±¥ II É ¡². 5. � ¸Î¥É ¶µ± §Ò¢ ¥É ¶·¥´¥¡·¥¦¨³µ ³ ²Ò° ¢±² ¤ ¨§µ¸± ²Ö·-
´µ£µ ±¢ ¤·Ê¶µ²Ó´µ£µ ·¥§µ´ ´¸  ¢ ´¨§±µÔ´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨, ´µ ¢±² ¤ ´ 
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Ê·µ¢´¥ ´¥¸±µ²Ó±¨Ì ¶·µÍ¥´Éµ¢ µÉ µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¨ 2+
1 ¢ ¢µ²´µ-

¢ÊÕ ËÊ´±Í¨Õ ¸µ¸ÉµÖ´¨Ö [3−1 ⊗3−1 ]2+ Ê¢¥²¨Î¨¢ ¥É ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö
¶·¨³¥·´µ ¢ Î¥ÉÒ·¥ · § . ˜¨·¨´  · ¸¶ ¤  ´  ¸µ¸ÉµÖ´¨¥ 3−1 ¶·¨ ÔÉµ³ ¶· ±É¨-
Î¥¸±¨ ´¥ ¨§³¥´Ö¥É¸Ö, ¶µ¸±µ²Ó±Ê  ³¶²¨ÉÊ¤  ³ É·¨Î´µ£µ Ô²¥³¥´É  E1-¶¥·¥Ìµ¤ 
〈3−1 ‖M(E1)‖2+

1 〉 ¨³¥¥É ÉµÉ ¦¥ ¶µ·Ö¤µ± ¢¥²¨Î¨´Ò, ÎÉµ ¨ ³ É·¨Î´Ò° Ô²¥³¥´É
〈3−1 ‖M(E1)‖[3−1 ⊗ 3−1 ]2+〉.

�·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ E1-· ¸¶ ¤  [3−1 ⊗ 3−1 ]2+ → 3−1 · ¢´  0, 73 ·
10−3 e2 · Ë³2. �É  ¢¥²¨Î¨´  ´ Ìµ¤¨É¸Ö ¢ Ìµ·µÏ¥³ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ô±¸¶¥-
·¨³¥´É ²Ó´µ° ¢¥²¨Î¨´µ° B(E1,[3−1 ⊗ 3−1 ]2+ → 3−1 ) = 0, 95 · 10−3 e2 · Ë³2 ¨
1, 20 · 10−3 e2 · Ë³2 ¤²Ö ¢µ§³µ¦´ÒÌ ± ´¤¨¤ Éµ¢, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ 96Zr [44]
¨ 144Sm [46]. �¥Ê¤¨¢¨É¥²Ó´µ, ÎÉµ · ¸Î¥ÉÒ ¢ 208Pb ¤ ÕÉ ´¥¸±µ²Ó±µ ³¥´ÓÏÊÕ
¢¥²¨Î¨´Ê ¤²Ö ¶¥·¥Ìµ¤ , Î¥³ ¢ ¡µ²¥¥ ²¥£±¨Ì ¨§µÉµ¶ Ì. �Éµ ¸¢Ö§ ´µ ¸ É¥³,
ÎÉµ ±µ··¥²ÖÍ¨¨ ¢ µ¸´µ¢´µ³ ¸µ¸ÉµÖ´¨¨, µÉ¢¥É¸É¢¥´´Ò¥ §  ³ É·¨Î´Ò° Ô²¥³¥´É
¶¥·¥Ìµ¤ , Ö¢²ÖÕÉ¸Ö ¡µ²¥¥ ¸² ¡Ò³¨ ¢ ¤¢ ¦¤Ò ³ £¨Î¥¸±µ³ ¨§µÉµ¶¥ ¸¢¨´Í . �Éµ
ÊÉ¢¥·¦¤¥´¨¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö ·¥§Ê²ÓÉ É ³¨ É¥¸Éµ¢µ£µ · ¸Î¥É  ¢¥²¨Î¨´Ò ÔÉµ£µ
¶¥·¥Ìµ¤ , ¢Ò¶µ²´¥´´µ£µ ¢ ¨§µÉµ¶¥ 144Sm. �´¨ ´ Ìµ¤ÖÉ¸Ö ¢ Ìµ·µÏ¥³ ¸µ£² -
¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¨§ · ¡µÉÒ [46] ¨  ´ ²µ£¨Î´Ò³ · ¸Î¥Éµ³
¢ ÔÉµ³ ¨§µÉµ¶¥, ¢Ò¶µ²´¥´´Ò³ ¢ · ³± Ì É¥µ·¨¨ Ö¤¥·´ÒÌ ¶µ²¥° [47].

�·¥¤¸É ¢²¥´´Ò¥ · ¸Î¥ÉÒ Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²Ó´Ò³¨ ± ±µ²-
²¥±É¨¢´µ¸É¨ ¸µ¸ÉµÖ´¨Ö 3−1 , ±µÉµ· Ö § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò ¸¨²µ¢µ£µ ¶ · -
³¥É·  µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. —Éµ¡Ò µÍ¥´¨ÉÓ ´ ¤¥¦´µ¸ÉÓ ¶·¥¤¸± § -
´¨°, ³Ò ¶·µ¢¥²¨ ¤µ¶µ²´¨É¥²Ó´Ò¥ · ¸Î¥ÉÒ, ¢ ±µÉµ·ÒÌ §´ Î¥´¨¥ ¢¥·µÖÉ´µ¸É¨
B(E3, g.s.→ 3−1 ) ¶¥·¥Ìµ¤ , Ö¢²ÖÕÐ¥°¸Ö ¢Ìµ¤´µ° ¨´Ëµ·³ Í¨¥° ¢ · ¸Î¥É¥ ¤²Ö
µ¶·¥¤¥²¥´¨Ö ¸¨²Ò µ¸É ÉµÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö, ¨¸±Ê¸¸É¢¥´´µ ¢ ·Ó¨·µ¢ ²µ¸Ó
´  ±30 % ¶µ µÉ´µÏ¥´¨Õ ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ. �¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì
· ¸Î¥Éµ¢ ¢±²ÕÎ¥´Ò, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ ±µ²µ´±¨ Ia, IIa ¨ I¡, II¡ É ¡². 5. ˜¨·¨-
´  γ-· ¸¶ ¤  ¸µ¸ÉµÖ´¨Ö [3−1 ⊗ 3−1 ]2+ ¢ µ¸´µ¢´µ¥ ³¥´Ö¥É¸Ö ¶·¨ É ±µ° ¢ ·¨ Í¨¨
¸¨²µ¢µ£µ ¶ · ³¥É·  ¶·¨³¥·´µ ¢ ¤¢  · § , ¢ Éµ ¢·¥³Ö ± ± Ï¨·¨´  · ¸¶ ¤  ´ 
¸µ¸ÉµÖ´¨¥ 3−1 ¸É ¡¨²Ó´  ¢ ¶·¥¤¥² Ì 20 %.

‚¥²¨Î¨´Ò, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ É ¡². 5, ³µ£ÊÉ ¡ÒÉÓ ²¥£±µ ¶¥·¥¸Î¨É ´Ò ¢
¸¥Î¥´¨Ö (γ,γ′)-·¥ ±Í¨¨. –¥²ÓÕ ¶·¥¤² £ ¥³µ£µ Ô±¸¶¥·¨³¥´É  Ö¢²Ö¥É¸Ö § ·¥£¨-
¸É·¨·µ¢ ÉÓ ¶¥·¥Ìµ¤Ò ¢ µ¸´µ¢´µ¥ ¨ ´  ¢µ§¡Ê¦¤¥´´µ¥ ¸µ¸ÉµÖ´¨Ö ¨ µ¶·¥¤¥²¨ÉÓ
¨Ì ¸¶¨´ ¶µ Ê£²µ¢Ò³ ±µ··¥²ÖÍ¨Ö³ (0+

g.s. → 2+ → 0+
g.s. ¨ 0+

g.s. → 2+ → 3−1 ) ¢
¨§³¥·¥´¨¨ ¶µ¤ ¤¢Ê³Ö Ê£² ³¨ (90◦ ¨ 130◦). �¸´µ¢Ò¢ Ö¸Ó ´  µ¶ÒÉ¥ ¶·¥¤Ï¥¸É¢Ê-
ÕÐ¨Ì ¨¸¸²¥¤µ¢ ´¨° [48], ³Ò ¸ µ¶·¥¤¥²¥´´µ¸ÉÓÕ ³µ¦¥³ ¸± § ÉÓ, ÎÉµ ¶¥·¥Ìµ¤
¨§ ¤¢ÊÌËµ´µ´´µ£µ 2+-¸µ¸ÉµÖ´¨Ö ´  µ¸´µ¢´µ¥ ³µ¦¥É ¡ÒÉÓ ²¥£±µ ¨§³¥·¥´ ¶·¨
¨¸¶µ²Ó§µ¢ ´¨¨ ±² ¸É¥·´µ£µ ¤¥É¥±Éµ·  ¤²Ö EUROBALL ¤ ¦¥ ¢ ´ ¨³¥´¥¥ ¡² -
£µ¶·¨ÖÉ´µ³ ¸²ÊÎ ¥ (±µ²µ´±  Ia). � ¡²Õ¤¥´¨¥ ¶¥·¥Ìµ¤  2+ → 3−, ¨³¥ÕÐ¥£µ
¶·¨³¥·´µ ¶µ²µ¢¨´´ÊÕ Ô´¥·£¨Õ γ-¶¥·¥Ìµ¤ , ¡µ²¥¥ ¶·µ¡²¥³ É¨Î´µ ¨§-§  ·¥§±µ
· ¸ÉÊÐ¥£µ ¢±² ¤  Ëµ´  ·¥ ±Í¨¨ ¶µ ´ ¶· ¢²¥´¨Õ ± ´¨§±¨³ Ô´¥·£¨Ö³ γ-±¢ ´Éµ¢
¢ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨.
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�¨¸. 6. � ¸Î¥É ¶µ ³¥Éµ¤Ê Œµ´É¥-Š ·²µ ¸¶¥±É·  208Pb(γ,γ′)-·¥ ±Í¨¨ ¶µ¤ Ê£²µ³ 130◦.
‘É É¨¸É¨±  ¤ ´´ÒÌ, ¶·¥¤¸É ¢²¥´´ÒÌ ¢ ¢¨¤¥ £¨¸Éµ£· ³³Ò, ¸µµÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´ÉÊ
´¥¤¥²Ó´µ° ¤²¨É¥²Ó´µ¸É¨ ¢ Ê¸²µ¢¨ÖÌ [48]. ”µ´ ·¥ ±Í¨¨ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É¸Ö Ô±¸¶µ´¥´-
Í¨ ²Ó´µ° ËÊ´±Í¨¥° (´ ±²µ´´ Ö ²¨´¨Ö). �¨± ¢ ¸¥Î¥´¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¶¥·¥Ìµ¤Ê
B(E1, [3−1 ⊗3−1 ]2+ → 3−1 ) (ÉµÎ±¨), µ¶¨¸ ´ ¢ ¢¨¤¥ · ¸¶·¥¤¥²¥´¨Ö ƒ Ê¸¸  ¸  ³¶²¨ÉÊ¤µ°,
´µ·³¨·µ¢ ´´µ° ´  ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É 

� ¸Î¥ÉÒ Ëµ´  ·¥ ±Í¨¨, µ¦¨¤ ¥³µ£µ ¢ Ô±¸¶¥·¨³¥´É¥ 208Pb(γ,γ′) ¶·¨ £· -
´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¸¶¥±É·  7 ŒÔ‚, ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¶µ ³¥Éµ¤Ê
Œµ´É¥-Š ·²µ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò GEANT [49]. „¢  ±² ¸É¥·  µÉ
EUROBALL ¡Ò²¨ ¶µ³¥Ð¥´Ò ¶µ¤ Ê£² ³¨ 90◦ ¨ 130◦, ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ £¥µ-
³¥É·¨¨,  ´ ²µ£¨Î´µ° µ¶¨¸ ´´µ° ¢ · ¡µÉ¥ [48]. �µÉµ± ËµÉµ´´µ£µ ¶ÊÎ±  ¡Ò²
´µ·³¨·µ¢ ´ É ±, ÎÉµ¡Ò µ´ ¸µµÉ¢¥É¸É¢µ¢ ² Ô±¸¶¥·¨³¥´ÉÊ ´¥¤¥²Ó´µ° ¤²¨É¥²Ó-
´µ¸É¨ ¢ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ, µ¶¨¸ ´´ÒÌ ¢ · ¡µÉ¥ [48]. ‘¶¥±É· Ëµ´ 
µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö, ¶µ¸²¥ ÊÎ¥É  ÔËË¥±É¨¢´µ¸É¨ ±² ¸É¥·´ÒÌ ¤¥É¥±Éµ·µ¢ ¨
¨Ì ¸É É¨¸É¨Î¥¸±¨Ì Ë²Ê±ÉÊ Í¨°, ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 6 ¤²Ö ¨´É¥·¢ ²  Ô´¥·£¨°
ËµÉµ´  Eγ = 2, 52 − 2, 58 ŒÔ‚. �´ ³µ¦¥É ¡ÒÉÓ µ¶¨¸ ´ ¶·µ¸Éµ° Ô±¸¶µ´¥´-
Í¨ ²Ó´µ° ²¨´¨¥° (´ ±²µ´´ Ö ²¨´¨Ö). �ËË¥±É ¶¥·¥Ìµ¤  [3−1 ⊗ 3−1 ]2+ → 3−1
¸ Ô´¥·£¨¥° ËµÉµ´  5, 16 − 2, 62 = 2, 54 ŒÔ‚ ¶µ± § ´ ¢ ¢¨¤¥ ²¨´¨¨ ¢ Ëµ·³¥
ƒ Ê¸¸  (ÉµÎ¥Î´ Ö ²¨´¨Ö). …¥ Ï¨·¨´  ¢§ÖÉ  ¨§ Ô±¸¶¥·¨³¥´É ²Ó´µ µ¶·¥¤¥²¥´-
´µ£µ · §·¥Ï¥´¨Ö ±² ¸É¥·´µ£µ ³µ¤Ê²Ö,   ¢Ò¸µÉ  ´µ·³¨·µ¢ ´  ´  ¶ ·Í¨ ²Ó´ÊÕ
Ï¨·¨´Ê · ¸¶ ¤  ¨§ ±µ²µ´±¨ II É ¡². 5. ŒÒ ³µ¦¥³ § ±²ÕÎ¨ÉÓ, ÎÉµ ¶¥·¥Ìµ¤
Ö¢´µ ³µ¦¥É ¡ÒÉÓ µÉ¤¥²¥´ µÉ Ëµ´  ·¥ ±Í¨¨. ‚ ¨§³¥·¥´¨ÖÌ ¶µ¤ Ê£²µ³ 90◦,
´¥¸³µÉ·Ö ´  ´¥¸±µ²Ó±µ ÌÊ¤Ï¥¥ µÉ´µÏ¥´¨¥ ¶¨±/Ëµ´, ÔÉµ É ±¦¥ ¸¶· ¢¥¤²¨¢µ ¢
¶·¥¤¥² Ì 3σ-µÏ¨¡±¨.
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�·µ¡²¥³  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢∗ ¢Ò§¢ ²  ´¥¤ ¢´µ ´µ¢Ò° ¶µ¢ÒÏ¥´-
´Ò° ¨´É¥·¥¸ [50Ä54]. �¸´µ¢´µ° ¶·¨Î¨´µ° ¨¸¸²¥¤µ¢ ´¨° ¢ ÔÉµ° µ¡² ¸É¨
Ö¢¨²µ¸Ó ¶·¥¤²µ¦¥´¨¥ ¨¸¶µ²Ó§µ¢ ÉÓ § ¸¥²¥´¨¥ ¨²¨ · §·Ö¤±Ê ¨§µ³¥·µ¢ ¸ ¶µ-
³µÐÓÕ ·¥§µ´ ´¸´µ£µ ËµÉµ¶µ£²µÐ¥´¨Ö ± ± µ¸´µ¢´µ° ³¥Ì ´¨§³ Ê¶· ¢²¥´¨Ö
γ-² §¥·µ³ [55]. •µÉÖ Ô±¸¶¥·¨³¥´ÉÒ ¶µ ËµÉµ¢µ§¡Ê¦¤¥´¨Õ ¨§µ³¥·µ¢ ¨³¥ÕÉ
¶ÖÉ¨¤¥¸ÖÉ¨²¥É´ÕÕ ¨¸Éµ·¨Õ, Ê¤¨¢¨É¥²Ó´µ ³ ²µ ¨§¢¥¸É´µ µ ¸É·Ê±ÉÊ·¥ ¸µ¸Éµ-
Ö´¨° ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ, ´ §Ò¢ ¥³ÒÌ É ±¦¥  ±É¨¢ Í¨µ´´Ò³¨ ¸µ-
¸ÉµÖ´¨Ö³¨ (�‘), µÉ¢¥É¸É¢¥´´ÒÌ §  § ¸¥²¥´¨¥ ¨§µ³¥·µ¢. �µ¤·µ¡´µ¥ ¨§²µ¦¥-
´¨¥ Ë¨§¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨°, ¶µ¸¢ÖÐ¥´´ÒÌ ¶·µ¡²¥³¥ ¨§µ³¥·´ÒÌ ¸µ¸ÉµÖ´¨°,
³µ¦´µ ´ °É¨ ¢ µ¡§µ·¥ [56].

‚ ¡µ²ÓÏ¨´¸É¢¥ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ · ¡µÉ ¨¸¸²¥¤µ¢ ²¨ ²¨¡µ ´¨§±µÔ´¥·-
£¥É¨Î¥¸±ÊÕ µ¡² ¸ÉÓ (E ≤ 2 ŒÔ‚ ¸³. ´ ¶·¨³¥·, [57, 58]), ²¨¡µ µ¡² ¸ÉÓ £¨-
£ ´É¸±¨Ì ·¥§µ´ ´¸µ¢ [59Ä61], ¢ ±µÉµ·ÒÌ ¶·µ¢¥·Ö²¨¸Ó ¸É É¨¸É¨Î¥¸±¨¥ ¸¢µ°-
¸É¢  γ-· ¸¶ ¤  ¨ ±µ´±Ê·¥´Í¨Ö ¸ ¤·Ê£¨³¨ ± ´ ² ³¨ · ¸¶ ¤ . ‘ ¤·Ê£µ° ¸Éµ·µ-
´Ò, Ô±¸¶¥·¨³¥´ÉÒ ¢ ¶·µ³¥¦ÊÉµÎ´µ° µ¡² ¸É¨ Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö ¢ÒÖ¢¨²¨
¢¥¸Ó³  ¨´É¥·¥¸´Ò¥ § ±µ´µ³¥·´µ¸É¨. �É³¥É¨³, ÎÉµ ¨³¥´´µ ÔÉ  Ô´¥·£¥É¨Î¥¸± Ö
µ¡² ¸ÉÓ Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ¶·¨¢²¥± É¥²Ó´µ° ¢ ¶² ´¥ ¸µ§¤ ´¨Ö γ-² §¥· . „²Ö
¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· Ê¶µ³Ö´ÊÉÒ¥ § ±µ´µ³¥·´µ¸É¨ ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° Ì · ±É¥·.
�µ± § ´µ, ÎÉµ § ¢¨¸¨³µ¸ÉÓ ¢ÒÌµ¤  ¨§µ³¥·  µÉ £· ´¨Î´µ° Ô´¥·£¨¨ ¸¶¥±É· 
Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨³¥¥É ²¨´¥°´Ò° Ì · ±É¥· ´  ¨´É¥·¢ ²¥ Ô´¥·£¨° ¶µ-
·Ö¤±  1 ŒÔ‚, § É¥³ ´ ¡²Õ¤ ¥É¸Ö ·¥§±¨° ¨§²µ³ ¨ ¸´µ¢  ²¨´¥°´µ¥ ¶µ¢¥¤¥´¨¥
´  Ï¨·µ±µ³ ¨´É¥·¢ ²¥ Ô´¥·£¨°. �Éµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ
´¥±µÉµ·Ò¥ �‘, ¸¢Ö§ ´´Ò¥ ¤µ¸É ÉµÎ´µ ¶·µ¸Éµ° ¸Ì¥³µ° ¶¥·¥Ìµ¤  ´  ¨§µ³¥·.
„µ¸É¨¦¥´¨¥ ¨Ì ·¥§±µ Ê¢¥²¨Î¨¢ ¥É ¢ÒÌµ¤ ¨§µ³¥· , ¶·¨ ÔÉµ³, ´¥¸³µÉ·Ö ´  µÉ-
´µ¸¨É¥²Ó´µ ¢Ò¸µ±ÊÕ ¶²µÉ´µ¸ÉÓ ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ ÔÉ¨Ì Ô´¥·£¨ÖÌ
¢µ§¡Ê¦¤¥´¨Ö, ±µ²¨Î¥¸É¢µ �‘ ¢¥¸Ó³  µ£· ´¨Î¥´µ.

�·µÍ¥¸¸ ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  Î¥·¥§ �‘ ¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´
´  ·¨¸. 7. ˆ¸¸²¥¤µ¢ ´¨Õ ¶·¨·µ¤Ò �‘ ¢ ¨§µÉµ¶ Ì 79Br [62], 81Br [63] ¨
89Y [64] ¶µ¸¢ÖÐ¥´ ´ ¸ÉµÖÐ¨° · §¤¥².

� Î´¥³ ´ Ï¥ µ¡¸Ê¦¤¥´¨¥ ¸ ¨§µÉµ¶  89Y. …£µ ¶·¨¢²¥± É¥²Ó´µ¸ÉÓ ¸¢Ö§ ´ ,
¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó, ¸ É¥³, ÎÉµ ¤²Ö ÔÉµ£µ ¨§µÉµ¶  ¸ÊÐ¥¸É¢ÊÕÉ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò¥ ¤ ´´Ò¥ ´¥ Éµ²Ó±µ ¶µ ËµÉµ ±É¨¢ Í¨¨ ¨§µ³¥· , ´µ ¨ ¤ ´´Ò¥ ¨§ ·¥ ±Í¨¨
Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨; ¸µ¢µ±Ê¶´µ¥ · ¸¸³µÉ·¥´¨¥ ÔÉ¨Ì ¤ ´´ÒÌ
¶·¥¤¸É ¢²Ö¥É Ìµ·µÏÊÕ ¢µ§³µ¦´µ¸ÉÓ ¤²Ö µÍ¥´±¨ ´ ¤¥¦´µ¸É¨ É¥µ·¥É¨Î¥¸±¨Ì

∗ˆ§µ³¥· ³¨ ´ §Ò¢ ÕÉ ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö, · ¸¶µ²µ¦¥´´Ò¥ ¢¡²¨§¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ-
´¨Ö Ö¤· , ´µ ¸¨²Ó´µ µÉ²¨Î ÕÐ¨¥¸Ö ¶µ ¢¥²¨Î¨´¥ ¶µ²´µ£µ ³µ³¥´É . ‚ ·¥§Ê²ÓÉ É¥ · ¸¶ ¤ ¨§µ³¥· 
¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸¨²Ó´µ ¶µ¤ ¢²¥´ ¢Ò¸µ±µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸ÉÓÕ Ô²¥±É·µ³ £´¨É´µ£µ ¶¥·¥Ìµ¤ ,
ÎÉµ ¢Ò· ¦ ¥É¸Ö ¢ µÉ´µ¸¨É¥²Ó´µ ¡µ²ÓÏµ³ ¢·¥³¥´¨ ¥£µ ¦¨§´¨.
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�¨¸. 7. ‘Ì¥³ É¨Î¥¸±µ¥ ¶·¥¤¸É ¢²¥´¨¥ ·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³ , ¢ ±µÉµ·µ³ ¨§µ³¥· ¸
Ô´¥·£¨¥° Eiso § ¸¥²Ö¥É¸Ö Î¥·¥§ ¸µ¸ÉµÖ´¨Ö ¶·¨ ¶·µ³¥¦ÊÉµÎ´µ° Ô´¥·£¨¨ (§ ÏÉ·¨Ìµ¢ ´-
´ Ö µ¡² ¸ÉÓ). �·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö Ì · ±É¥·¨§ÊÕÉ¸Ö Ô´¥·£¨¥° ¢µ§¡Ê¦¤¥´¨Ö Ej
¨ Ï¨·¨´µ° · ¸¶ ¤  Γ. � ·Í¨ ²Ó´Ò¥ Ï¨·¨´Ò b0 ¨ biso µ¶¨¸Ò¢ ÕÉ · ¸¶ ¤ ¶·µ³¥-
¦ÊÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢¥´´µ, ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¨ ´  ¨§µ³¥·. ‚¥²¨Î¨´ 
biso Ö¢²Ö¥É¸Ö ¸Ê³³µ° ¢¸¥Ì ´¥¨§¢¥¸É´ÒÌ ± ¸± ¤µ¢, ¶µ¸·¥¤¸É¢µ³ ±µÉµ·ÒÌ ¶·µ³¥¦ÊÉµÎ´µ¥
¸µ¸ÉµÖ´¨¥ · ¸¶ ¤ ¥É¸Ö ´  ¨§µ³¥· Î¥·¥§ Ê·µ¢´¨, µ¡µ§´ Î¥´´Ò¥ ¶Ê´±É¨·µ³

¶·¥¤¸± § ´¨°. „¥²µ ¢ Éµ³, ÎÉµ ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö Ô´¥·£¨¨ ¢µ§¡Ê¦¤ ¥³ÒÌ
Ê·µ¢´¥° ¢ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÎ¥´Ó ¢Ò¸µ± , ¢ Éµ
¢·¥³Ö ± ± ¢ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì µ´  ¸µ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶µ-
·Ö¤±  200 ±Ô‚. Š·µ³¥ Éµ£µ, ± ± ³Ò Ê¢¨¤¨³ ´¨¦¥, ¸¥Î¥´¨Ö ÔÉ¨Ì ¤¢ÊÌ ·¥ ±Í¨°
¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£µ³. ˆ§µÉµ¶ 89Y É ±¦¥ ¨´É¥·¥¸¥´ ¸¢µ¥° ¶µ²Ê³ £¨Î¥¸±µ°
¶·¨·µ¤µ°. �£· ´¨Î¥´´µ¸ÉÓ ±µ´Ë¨£Ê· Í¨µ´´µ£µ ¶·µ¸É· ´¸É¢  µ¡²¥£Î ¥É ¢Ò-
¤¥²¥´¨¥ ´ ¨¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´ÒÌ ³µ³¥´Éµ¢ Ö¤¥·´µ° ¸É·Ê±ÉÊ·Ò. Š·µ³¥ Éµ£µ,
¤µ¶µ²´¨É¥²Ó´ Ö ¨´Ëµ·³ Í¨Ö ¨§ ¸¶¥±É·µ¸±µ¶¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° [65] Ö¢²Ö-
¥É¸Ö ¤µ¸ÉÊ¶´µ° ¤µ µÉ´µ¸¨É¥²Ó´µ ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢µ§¡Ê¦¤¥´¨Ö. �¸´µ¢´µ¥
¸µ¸ÉµÖ´¨¥ 89Y Ì · ±É¥·¨§Ê¥É¸Ö ¸¶¨´µ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 1/2−, ¨§µ³¥·´µ¥
¸µ¸ÉµÖ´¨¥ ¸ Jπ = 9/2+ ¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö Eiso = 0, 909 ŒÔ‚. Š ± Ê
³´µ£¨Ì Ö¤¥· ¨§ ÔÉµ° ³ ¸¸µ¢µ° µ¡² ¸É¨, · ¸¶ ¤ ¨§µ³¥·  ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥
¢ 89Y ¸¢Ö§ ´ ¸ M4-¶¥·¥Ìµ¤µ³ 1/2− → 9/2+.

�¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö (σΓ)i0 ´¨§±µ²¥-
¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¨§µÉµ¶¥ 89Y ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´-
´Ò¥ ¨§ ·¥ ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 8.
� ¸Î¥ÉÒ ¡Ò²¨ ¢Ò¶µ²´¥´Ò ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°, ¸µ¤¥·¦ Ð¥° ±¢ §¨Î ¸É¨Î´ÊÕ
¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ³¶µ´¥´ÉÒ. „²Ö · ¸Î¥É  Î ¸É¨Î´ÒÌ Ê·µ¢´¥° ¨¸-
¶µ²Ó§µ¢ ²¨¸Ó Ëµ´µ´Ò µ¸Éµ¢  88Sr, ¤²Ö ¤Ò·µÎ´ÒÌ Ê·µ¢´¥° Ä 90Zr. ŒÒ ¢±²ÕÎ¨-
²¨ ¢ · ¸Î¥É Ëµ´µ´Ò ´ ÉÊ· ²Ó´µ° Î¥É´µ¸É¨ ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨ λπ = 1−, . . . , 6+

¤µ Ô´¥·£¨¨ 12 ŒÔ‚, µ¤´ ±µ ¸ ³¨ · ¸Î¥ÉÒ ¶µ± § ²¨, ÎÉµ Éµ²Ó±µ ±µ²²¥±É¨¢´Ò¥
2+-Ëµ´µ´Ò ¨£· ÕÉ ¸ÊÐ¥¸É¢¥´´ÊÕ ·µ²Ó ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦-
¤¥´¨Ö ¤µ Ô´¥·£¨° ¶µ·Ö¤±  5 ŒÔ‚, ¶µ¸±µ²Ó±Ê ¢§ ¨³µ¤¥°¸É¢¨¥ · §²¨Î´ÒÌ ±µ´-



1396 ����Œ��…‚ ‚.�.

�¨¸. 8. ‘· ¢´¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ (a) ¸¥Î¥´¨° (σΓ)0 ¢ ·¥ ±Í¨¨ 89Y(γ, γ′) ¤²Ö
· ¸¶ ¤  ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ·¥§Ê²ÓÉ É ³¨ · ¸Î¥É  (¡). ‘¶¨´ ¨ Î¥É´µ¸ÉÓ ¤²Ö Ô±¸¶¥-
·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢§ÖÉÒ ¨§ · ¡µÉÒ [65]

Ë¨£Ê· Í¨° Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ ¸² ¡Ò³ ¢ ÔÉµ³ Ö¤·¥. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¡Ò²¨
¢Ò¶µ²´¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶·µ£· ³³Ò PHOQUS [66].

’ ± ± ± ¶·¨ ËµÉµ¢µ§¡Ê¦¤¥´¨¨ § ³¥É´Ò° ¢±² ¤ ¢ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ ¤ ÕÉ
¶¥·¥Ìµ¤Ò ³ ²µ° ³Ê²ÓÉ¨¶µ²Ó´µ¸É¨, ³Ò · ¸¸Î¨É ²¨ Éµ²Ó±µ ¸¶¥±É·Ò ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¢ 89Y, ¸¢Ö§ ´´Ò¥ ¸ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ ¶µ¸·¥¤¸É¢µ³ E1-,
E2- ¨ M1-¶¥·¥Ìµ¤µ¢. ŒÒ µ¡´ ·Ê¦¨²¨ Éµ²Ó±µ Ï¥¸ÉÓ ¶¥·¥Ìµ¤µ¢ ¸ Ô´¥·£¨¥°
´¨¦¥ 4,5 ŒÔ‚, µ¡² ¤ ÕÐ¨Ì ¸ÊÐ¥¸É¢¥´´µ° ¢¥²¨Î¨´µ° ³ É·¨Î´µ£µ Ô²¥³¥´É .
�µ²ÊÎ¥´´ Ö ¸É¥¶¥´Ó Ë· £³¥´É Í¨¨ ¸µ¸ÉµÖ´¨° § ³¥É´µ ¸² ¡¥¥, Î¥³ ´ ¡²Õ¤ ¥-
³ Ö ¢ Ô±¸¶¥·¨³¥´É¥, ¨ ¶·¨Î¨´µ° ÔÉµ£µ Ö¢²Ö¥É¸Ö µ£· ´¨Î¥´¨¥ ³µ¤¥²Ó´µ£µ ¶·µ-
¸É· ´¸É¢ . �¤´ ±µ, ¶µ¸±µ²Ó±Ê ¢±² ¤ ³´µ£µËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨° ¢ ¸¥Î¥´¨¥
¢µ§¡Ê¦¤¥´¨Ö ¶·¥´¥¡·¥¦¨³µ ³ ², µ¸´µ¢´Ò¥ Î¥·ÉÒ ·¥§Ê²ÓÉ Éµ¢ (γ, γ′)-·¥ ±Í¨¨
³µ£ÊÉ ¡ÒÉÓ µ¡ÑÖ¸´¥´Ò Ê¦¥ ´  Ê·µ¢´¥ µ¤´µËµ´µ´´µ£µ ¶·¨¡²¨¦¥´¨Ö.

„¢  ´¨¦ °Ï¨Ì ¸µ¸ÉµÖ´¨Ö ¢ · ¸Î¥É Ì ¨³¥ÕÉ Ô´¥·£¨Õ 1,540 ¨ 1,838 ŒÔ‚
¨ ¸µµÉ¢¥É¸É¢ÊÕÉ Ìµ·µÏµ ¨§¢¥¸É´Ò³ ´¨¦ °Ï¨³ Ê·µ¢´Ö³ ¸ Jπ = 3/2− ¨ 5/2−,
±µÉµ·Ò¥, ± ± ¡Ò²µ ¶µ± § ´µ ¢ · ¡µÉ¥ [67], Ì · ±É¥·¨§ÊÕÉ¸Ö, ¸µµÉ¢¥É¸É¢¥´-
´µ, p3/2 ¨ f5/2 µ¤´µÎ ¸É¨Î´µ° ¶·¨·µ¤µ°. �¥§Ê²ÓÉ É · ¸Î¥É  ¤²Ö Ê·µ¢´Ö 3/2−

¢¥²¨Î¨´Ò (σΓ)0 = 70,2 Ô‚·¡ ´ Ìµ¤¨É¸Ö ¢ µÉ²¨Î´µ³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨-
³¥´Éµ³. ‘²¥£±  § ¢ÒÏ¥´´Ò³ µ± §Ò¢ ¥É¸Ö ±µÔËË¨Í¨¥´É ¸³¥Ï¨¢ ´¨Ö E2/M1:
δ = −0, 254 ¶µ ¸· ¢´¥´¨Õ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ §´ Î¥´¨¥³ δ = −0, 139,
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ÎÉµ, ¶µ ¢¸¥° ¢¨¤¨³µ¸É¨, Ê± §Ò¢ ¥É ´  § ¢ÒÏ¥´´ÊÕ ¢¥²¨Î¨´Ê ¶·¨³¥¸¨ ±µ´-
Ë¨£Ê· Í¨¨ [p1/2 ⊗ 2+

1 ]3/2− , ±µÉµ· Ö Ê¸¨²¨¢ ¥É ¢±² ¤ E2-¶¥·¥Ìµ¤ . ‘µ¸ÉµÖ´¨¥
5/2− ¢µ§¡Ê¦¤ ¥É¸Ö £µ· §¤µ ¸² ¡¥¥ ¨ ´¥ µ¡´ ·Ê¦¨¢ ¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É¥. ˆ§
¨³¥ÕÐ¨Ì¸Ö ¤ ´´ÒÌ [65] ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¤²Ö ´¥£µ (σΓ)0 = 4,67 Ô‚·¡, ÎÉµ É ±-
¦¥ ´¥¶²µÌµ ¸µµÉ¢¥É¸É¢Ê¥É ´ ¸ÉµÖÐ¥³Ê · ¸Î¥ÉÊ, Ö¢²ÖÖ¸Ó ¶·¨ ÔÉµ³ ¢¥²¨Î¨´µ°,
³¥´ÓÏ¥° Ë²Ê±ÉÊ Í¨¨ Ëµ´  ·¥ ±Í¨¨.

‘²¥¤ÊÕÐ¨¥ ¶¥·¥Ìµ¤Ò ¸µµÉ¢¥É¸É¢ÊÕÉ £·Ê¶¶¥ ¶· ±É¨Î¥¸±¨ ¢Ò·µ¦¤¥´´ÒÌ
¸µ¸ÉµÖ´¨°, ¶·¨·µ¤µ° ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ¸¶ ·¨¢ ´¨¥ ±¢ §¨Î ¸É¨Î´µ° ±µ´Ë¨-
£Ê· Í¨¨ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ ´¨§±µ²¥¦ Ð¨³¨ ±µ²²¥±É¨¢´Ò³¨ ±¢ ¤·Ê¶µ²Ó-
´Ò³¨ Ëµ´µ´ ³¨ ¸µ¸¥¤´¥£µ Î¥É´µ-Î¥É´µ£µ Ö¤·  90Zr, É.¥. ¸µ¸ÉµÖ´¨°, µ¡² ¤ -
ÕÐ¨Ì ¸É·Ê±ÉÊ·µ° [p1/2 ⊗ 2+

1,3]3/2−,5/2− . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢Ò·µ¦¤¥-
´¨¥ ¶µ Ô´¥·£¨¨ ¤²Ö ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ö¢²Ö¥É¸Ö ·¥§Ê²ÓÉ Éµ³ ¶·¥´¥¡·¥¦¥´¨Ö ¢
· ¸Î¥É¥ ±µ´Ë¨£Ê· Í¨Ö³¨ ¡µ²¥¥ ¢Ò¸µ±µ° ¸²µ¦´µ¸É¨, ±µÉµ·µ¥, ¸±µ·¥¥ ¢¸¥£µ,
¡Ê¤¥É Ê¸É· ´¥´µ ¶·¨ ÊÎ¥É¥ ¤¢ÊÌËµ´µ´´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‘µ¸ÉµÖ´¨¥ ¸ Ô´¥·-
£¨¥° 3,147 ŒÔ‚ ¨ Jπ = 3/2− ¸µµÉ¢¥É¸É¢Ê¥É Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê ¸µ¸ÉµÖ´¨Õ ¸
Ô´¥·£¨¥° 2,881 ŒÔ‚ ¨, ¢µ§³µ¦´µ, ¸µ¸ÉµÖ´¨Õ ¸ Ô´¥·£¨¥° 3,067 ŒÔ‚. �µ ±· °-
´¥° ³¥·¥,  ³¶²¨ÉÊ¤Ò ¸¥Î¥´¨° ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ ¢ ¶µ²Ó§Ê ÔÉµ£µ ¸µ¶µ¸É ¢²¥´¨Ö.
‘µ¸ÉµÖ´¨¥ 5/2− ¢ · ¸Î¥É¥ · §Ê³´Ò³ µ¡· §µ³ ³µ¦´µ ¸µ¶µ¸É ¢¨ÉÓ ¸ £·Ê¶¶µ°
¸µ¸ÉµÖ´¨°, · ¸Ë· £³¥´É¨·µ¢ ´´ÒÌ ¤µ Ô´¥·£¨¨ 3,5 ŒÔ‚. ‘µ¸ÉµÖ´¨Ö, µ¡· §µ-
¢ ´´Ò¥ ¢ ·¥§Ê²ÓÉ É¥ ¸¶ ·¨¢ ´¨Ö ¸ 2+

3 µ¤´µËµ´µ´´µ° ±µ´Ë¨£Ê· Í¨¥°, ³µ£ÊÉ
¡ÒÉÓ ¨¤¥´É¨Ë¨Í¨·µ¢ ´Ò ± ± Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ Ê·µ¢´¨ ¸ Ô´¥·£¨¥° 3,992 ¨
4,170 ŒÔ‚.

‘É·Ê±ÉÊ·  ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Ê± §Ò¢ ¥É ´  Éµ, ÎÉµ ·µ¦¤¥´¨¥ ±¢ ¤·Ê¶µ²Ó´µ£µ
Ëµ´µ´  µÉ¢¥É¸É¢¥´´µ §  ¸¨²Ê (γ, γ′)-¶¥·¥Ìµ¤µ¢. ‘µµÉ¢¥É¸É¢¥´´µ ¶¥·¥Ìµ¤ 1/2−

→ 3/2− ¨³¥¥É ¶·¥¨³ÊÐ¥¸É¢¥´´µ E2-¶·¨·µ¤Ê. �¨¦ °Ï¥¥ 3/2−-¸µ¸ÉµÖ´¨¥ É ±-
¦¥ µ¡² ¤ ¥É ´¥±µÉµ·µ° ¸¨²µ° M1-¢µ§¡Ê¦¤¥´¨Ö ¨§-§  8 % ¶·¨³¥¸¨ µ¤´µÎ ¸-
É¨Î´µ° ±µ³¶µ´¥´ÉÒ p1/2 ¢µ²´µ¢µ° ËÊ´±Í¨¨. „µ³¨´¨·µ¢ ´¨¥ ±µ²²¥±É¨¢´ÒÌ
E2-¶¥·¥Ìµ¤µ¢ µ¡ÑÖ¸´Ö¥É Ìµ·µÏ¥¥ ¸µµÉ¢¥É¸É¢¨¥ ¤ ´´Ò³, ¶µ²ÊÎ¥´´Ò³ ¢ ·¥ ±-
Í¨¨ ´¥Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö ´Ê±²µ´µ¢.

‚ Ô±¸¶¥·¨³¥´É¥ ¶µ ËµÉµ ±É¨¢ Í¨¨ ¨§µ³¥·  ¢ 89Y ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¤¢ 
¨§²µ³  ¢ § ¢¨¸¨³µ¸É¨ ¢ÒÌµ¤  ¨§µ³¥·  µÉ £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¸¶¥±-
É· . �É¨ ¨§²µ³Ò ¶·¨ Ô´¥·£¨¨ 2,9 ¨ 4,0 ŒÔ‚ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¢
· ¸¸³ É·¨¢ ¥³µ³ Ö¤·¥ ´  Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 2,2÷5,0 ŒÔ‚ ¸ÊÐ¥¸É¢ÊÕÉ
Éµ²Ó±µ ¤¢  �‘, µÉ¢¥É¸É¢¥´´Ò¥ §  ËµÉµ¢µ§¡Ê¦¤¥´¨¥ ¨§µ³¥· . ’ ± ± ± ÉµÎ´µ¸ÉÓ
¶µ Ô´¥·£¨¨ ¢ ËµÉµ ±É¨¢ Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ´¥¢Ò¸µ± , ÔÉµ, ¢ ¶·¨´Í¨¶¥,
³µ¦¥É É ±¦¥ ¸¢¨¤¥É¥²Ó¸É¢µ¢ ÉÓ µ ¤¢ÊÌ £·Ê¶¶ Ì ¡²¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨°,
´¥· §·¥Ï¥´´ÒÌ ¢ Ô±¸¶¥·¨³¥´É¥, ´µ ¶·¥Í¨§¨µ´´Ò¥ ¤ ´´Ò¥ ·¥ ±Í¨¨ Ö¤¥·´µ°
·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÉ¢¥·£ ÕÉ ÔÉÊ ¢µ§³µ¦´µ¸ÉÓ. �µ¸±µ²Ó±Ê ¸¶¥±É·
(γ, γ′)-·¥ ±Í¨¨ ¶µ²´µ¸ÉÓÕ µ¡ÑÖ¸´Ö¥É¸Ö M1- ¨ E2-¶¥·¥Ìµ¤ ³¨, ¤²Ö ¶µ²´µ-
£µ ¨§³¥´¥´¨Ö ¸¶¨´  ¨ Î¥É´µ¸É¨ ∆Jπ = 4+ ¶·¨ ¶¥·¥Ìµ¤¥ ´  ±µ´¥Î´µ¥ ¨§µ-
³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥µ¡Ìµ¤¨³ ¤¢ÊÌ¸ÉÊ¶¥´Î ÉÒ° ± ¸± ¤, ±µÉµ·Ò° ¢±²ÕÎ ² ¡Ò
E1-¶¥·¥Ìµ¤ ¤²Ö ¨§³¥´¥´¨Ö Î¥É´µ¸É¨. �  ·¨¸. 9 ¶·¥¤¸É ¢²¥´  ¸Ì¥³  ¨§¡· ´´ÒÌ
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�¨¸. 9. � ¸¸Î¨É ´´ Ö ¸Ì¥³  Ê·µ¢´¥° ¨ ¨Ì · ¸¶ ¤´ÒÌ Ï¨·¨´ ¤²Ö ¨§µÉµ¶  89Y. ‘Ì¥³ 
µ£· ´¨Î¥´  Éµ²Ó±µ ¸µ¸ÉµÖ´¨Ö³¨, µÉ´µ¸ÖÐ¨³¨¸Ö ± µ¶¨¸ ´¨Õ ¶·µÍ¥¸¸  ËµÉµ¢µ§¡Ê¦¤¥-
´¨Ö ¨§µ³¥· . ‘µ¸ÉµÖ´¨Ö 3/2− · ¸¶µ²µ¦¥´Ò ¸²¥¢ , ¸µ¸ÉµÖ´¨Ö 5/2− Ä ¸¶· ¢ , ¸µ¸ÉµÖ´¨Ö
5/2+ Ä ¢ Í¥´É·¥. �´¥·£¨¨ ¸µ¸ÉµÖ´¨° ¶·¨¢¥¤¥´Ò ¢ ¥¤¨´¨Í Ì ŒÔ‚, Ï¨·¨´Ò · ¸¶ ¤  Ä ¢
¥¤¨´¨Í Ì ³Ô‚. ‘² ¡Ò¥ ¶¥·¥Ìµ¤Ò ¨§µ¡· ¦¥´Ò ¶Ê´±É¨·µ³

Ê·µ¢´¥°, ¢µ§´¨± ÕÐ¨Ì ¢ · ¸Î¥É¥ ¨ Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ÔÉµ³Ê Ê¸²µ¢¨Õ. „²Ö ¶¥·-
¢µ° ¸ÉÊ¶¥´¨ ± ¸± ¤  · ¸¶ ¤  ´  ¨§µ³¥· ³Ò µ£· ´¨Î¨²¨¸Ó ¸µ¸ÉµÖ´¨Ö³¨ 5/2+,
¨ ¤¢  ¨§ ´¨Ì ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¢ · ¸¸³ É·¨¢ ¥³µ° Ô´¥·£¥É¨Î¥¸±µ° µ¡² ¸É¨.
�¥·¥Ìµ¤Ò ¨§ ¸µ¸ÉµÖ´¨° 3/2− ¨ 5/2− ´  ¶·µ³¥¦ÊÉµÎ´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ¤·Ê£¨-
³¨ §´ Î¥´¨Ö³¨ ¸¶¨´  ¨ Î¥É´µ¸É¨, ±µÉµ·Ò¥ É ±¦¥, ¢ ¶·¨´Í¨¶¥, ³µ£ÊÉ ¡ÒÉÓ
¢±²ÕÎ¥´Ò ¢ ¶·µÍ¥¸¸ µ±µ´Î É¥²Ó´µ£µ · ¸¶ ¤  ´  ¨§µ³¥·, ´ ¸Éµ²Ó±µ ¸² ¡Ò ¶µ
¸· ¢´¥´¨Õ ¸ ¶¥·¥Ìµ¤µ³ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, ÎÉµ µ´¨ ¡Ò²¨ ¨¸±²ÕÎ¥´Ò ¨§
¤ ²Ó´¥°Ï¥£µ · ¸¸³µÉ·¥´¨Ö.

…¸²¨ Ï¨·¨´Ò ¶ ·Í¨ ²Ó´µ£µ · ¸¶ ¤  ¸µ¸ÉµÖ´¨° 3/2− ¨ 5/2− ¢ µ¸´µ¢-
´µ³ ¸· ¢´¨³Ò, ´ ¡²Õ¤ ¥É¸Ö µ£·µ³´ Ö · §´¨Í  ¢ ¢¥·µÖÉ´µ¸É¨ ¨Ì ÊÎ ¸É¨Ö ¢
¶·µÍ¥¸¸¥ § ¸¥²¥´¨Ö ¸µ¸ÉµÖ´¨Ö 5/2+. � ¸¶ ¤ ´  ¸µ¸ÉµÖ´¨¥ ¸ ¡µ²ÓÏ¥° Ô´¥·-
£¨¥° (3,308 ŒÔ‚) ¢ ³µ¤¥²Ó´µ³ ¶·µ¸É· ´¸É¢¥ ±· °´¥ ¸² ¡ ¨§-§  ¶· ±É¨Î¥¸±¨
Î¨¸Éµ° ¸É·Ê±ÉÊ·Ò [p1/2 ⊗ 3−1 ]5/2+ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¨ ¢µ§³µ¦¥´ Éµ²Ó±µ ¡² -
£µ¤ ·Ö ¶¥·¥Ìµ¤Ê 2+

1 → 3−1 , ±µÉµ·Ò°, ± ± ´ ³ ¨§¢¥¸É´µ ¨§ · ¸¸³µÉ·¥´¨Ö ¢
¶·¥¤Ò¤ÊÐ¨Ì · §¤¥² Ì, Ö¢²Ö¥É¸Ö ¶¥·¥Ìµ¤µ³ ¸²¥¤ÊÕÐ¥£µ ¶µ·Ö¤±  ³ ²µ¸É¨ ¶µ
¸· ¢´¥´¨Õ ¸ ±µ²²¥±É¨¢´Ò³ ¶¥·¥Ìµ¤µ³ µ¤´µËµ´µ´´µ£µ µ¡³¥´ . ‘µ¸ÉµÖ´¨Ö ¸
³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ 3/2− ¨³¥ÕÉ ´¥¡µ²ÓÏ¨¥, ´µ § ³¥É´Ò¥ ¢¥²¨Î¨´Ò · ¸-
¶ ¤  ´  ´¨¦ °Ï¥¥ ¸µ¸ÉµÖ´¨¥ 5/2+. ˜¨·¨´Ò · ¸¶ ¤  ¸µ¸ÉµÖ´¨° 5/2− ´  Éµ
¦¥ ¸µ¸ÉµÖ´¨¥ 5/2+ §´ Î¨É¥²Ó´µ ¸² ¡¥¥ ¶µ ¸· ¢´¥´¨Õ ¸ · ¸¶ ¤µ³ ¸µ¸ÉµÖ´¨°
3/2−, É ± ± ± ¨³¥ÕÉ ³ É·¨Î´Ò° Ô²¥³¥´É E1-¶¥·¥Ìµ¤  ¶·¨³¥·´µ ´  ¶µ·Ö¤µ±
³¥´ÓÏ¥. �¨¦ °Ï¥¥ ¸µ¸ÉµÖ´¨¥ 5/2+ ¸¨²Ó´µ ¸¢Ö§ ´µ ¸ ¨§µ³¥·µ³ ¶µ¸·¥¤¸É¢µ³
[g9/2⊗ 2+

1 ]-±µ³¶µ´¥´ÉÒ ¸¢µ¥° ¢µ²´µ¢µ° ËÊ´±Í¨¨, É ±¨³ µ¡· §µ³, ¶¥·¥Ìµ¤Ò ¸
¸µ¸ÉµÖ´¨° 3/2− Ö¢²ÖÕÉ¸Ö ³¥Ì ´¨§³µ³, µÉ¢¥É¸É¢¥´´Ò³ §  § ¸¥²¥´¨¥ ¨§µ³¥· .
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�ÉµÉ ·¥§Ê²ÓÉ É ´ Ìµ¤¨É¸Ö ¢ ¶µ²´µ³ ¸µ£² ¸¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò-
³¨, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨³¨ µ ´ ²¨Î¨¨ Éµ²Ó±µ ¤¢ÊÌ �‘ ¶·¨³¥·´µ · ¢´µ° ¸¨²Ò,
¶·¨ ÔÉµ³ ¢ · ¸Î¥É¥ Ìµ·µÏµ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ²µ¦¥´¨¥ �‘.

ŒÒ ¶·µ¢¥²¨ É ±¦¥ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢, µÉ¢¥É¸É¢¥´´ÒÌ §  ËµÉµ¢µ§-
¡Ê¦¤¥´¨¥ ¨§µ³¥·µ¢ ¢ Ö¤· Ì ¸ µÉ±·ÒÉµ° µ¡µ²µÎ±µ° 79,81Br. „ ´´Ò¥ ¨§ ·¥-
 ±Í¨¨ Ö¤¥·´µ° ·¥§µ´ ´¸´µ° Ë²Êµ·¥¸Í¥´Í¨¨ µÉ¸ÊÉ¸É¢ÊÕÉ ¤²Ö ÔÉ¨Ì ¨§µÉµ¶µ¢,
´µ, ± ± ³Ò Ê¢¨¤¨³ ¢ ¤ ²Ó´¥°Ï¥³, É¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¶µ§¢µ²ÖÕÉ ¸¤¥² ÉÓ
¤µ¸É ÉµÎ´µ µ¤´µ§´ Î´Ò° ¢Ò¢µ¤ µÉ´µ¸¨É¥²Ó´µ ¸É·Ê±ÉÊ·Ò �‘, µÉ¢¥É¸É¢¥´´ÒÌ
§  § ¸¥²¥´¨¥ ¨§µ³¥· .

‚ ¨§µÉµ¶¥ 81Br ¢ÒÌµ¤ ¨§µ³¥· , ± ± ËÊ´±Í¨Ö £· ´¨Î´µ° Ô´¥·£¨¨ Éµ·³µ§-
´µ£µ ¸¶¥±É· , Ô±¸¶¥·¨³¥´É ²Ó´µ ¡Ò² ¨§³¥·¥´ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥
3÷4,2 ŒÔ‚. ‚ ±·¨¢µ° ¢ÒÌµ¤  ¡Ò² µ¡´ ·Ê¦¥´ ¥¤¨´¸É¢¥´´Ò° ¨§²µ³ ¶·¨ Ô´¥·-
£¨¨ (3,45±0,15) ŒÔ‚. �É¸ÊÉ¸É¢¨¥ ¤ ´´ÒÌ ¨§ (γ, γ′)-·¥ ±Í¨¨ ´¥ ¶µ§¢µ²Ö¥É ¢
ÔÉµ³ ¸²ÊÎ ¥ ¸ µ¶·¥¤¥²¥´´µ¸ÉÓÕ ÊÉ¢¥·¦¤ ÉÓ, ¨³¥¥³ ³Ò ¤¥²µ ¸ µ¤¨´µÎ´Ò³ �‘
¨²¨ ¸ £·Ê¶¶µ° ¡²¨§±µ · ¸¶µ²µ¦¥´´ÒÌ Ê·µ¢´¥°. �µ¸²¥¤´¥¥ É ±¦¥ ¢ ¶·¨´Í¨¶¥
¢µ§³µ¦´µ, µ¸µ¡¥´´µ ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ ³Ò ³µ¦¥³ µ¦¨-
¤ ÉÓ ¡µ²¥¥ ¸¨²Ó´ÊÕ Ë· £³¥´É Í¨Õ ±µ´Ë¨£Ê· Í¨° ¢ ¶¥·¥Ìµ¤´µ³ Ö¤·¥ ¡·µ³ ,
´¥¦¥²¨ ¢ ¨§µÉµ¶¥ 89Y.

„²Ö µ¶·¥¤¥²¥´¨Ö ¸É·Ê±ÉÊ·Ò �‘ 81Br ³Ò · ¸¸Î¨É ²¨ ¸¶¥±É· ¢µ§¡Ê¦¤¥´-
´ÒÌ ¸µ¸ÉµÖ´¨° ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 3÷4,5 ŒÔ‚ ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°,
¸µ¤¥·¦ Ð¥° ±¢ §¨Î ¸É¨Î´ÊÕ ¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ³¶µ´¥´ÉÒ. �¸´µ¢-
´Ò³ ¸µ¸ÉµÖ´¨¥³ 81Br Ö¢²Ö¥É¸Ö Ê·µ¢¥´Ó ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ 3/2−. �µÔÉµ³Ê
¡Ò² · ¸¸Î¨É ´ ¸¶¥±É· ¸µ¸ÉµÖ´¨° ¸ Jπ = 1/2±, 3/2± ¨ 5/2±, ¢µ§¡Ê¦¤¥-
´¨¥ ±µÉµ·ÒÌ ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤·  ¢µ§³µ¦´µ ¶µ¸·¥¤¸É¢µ³ E1-, M1-
¨²¨ E2-±µ³¶µ´¥´É Ô²¥±É·µ³ £´¨É´µ£µ ¶µ²Ö. �µ³¨³µ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¨
¸É·Ê±ÉÊ·Ò ¢µ§¡Ê¦¤ ¥³ÒÌ ¸µ¸ÉµÖ´¨° ³Ò É ±¦¥ · ¸¸Î¨É ²¨ ¸¥Î¥´¨Ö ¨Ì ËµÉµ-
¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· . ‘µ¸ÉµÖ´¨Ö, ¨³¥ÕÐ¨¥ ´¥¨¸Î¥§ ÕÐ¥
³ ²Ò¥ ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö σ3/2−→Jf , ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 6. ‚ É ¡²¨Í¥ É ±¦¥
¶·¨¢¥¤¥´Ò ¢±² ¤Ò ±¢ §¨Î ¸É¨Î´µ° (α+) ¨ µ¸´µ¢´µ° ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′

(α+Q+) ±µ³¶µ´¥´É ¢ ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¸µ¸ÉµÖ´¨°.
Š ± ¶µ± §Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ, ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 3,0÷4,5 ŒÔ‚

¢ 81Br · ¸¶µ²µ¦¥´Ò ¢µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö, Ì · ±É¥·¨§Ê¥³Ò¥ ³ ²µ° ¶·¨-
³¥¸ÓÕ µ¤´µ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ´µ·³¨·µ¢±Ê ¢µ²´µ¢µ° ËÊ´±Í¨¨.
�µÔÉµ³Ê ¢ ²¥´É´Ò¥ ¶¥·¥Ìµ¤Ò ´  ÔÉ¨ ¸µ¸ÉµÖ´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö Ö¤· 
¸¨²Ó´µ ¶µ¤ ¢²¥´Ò. ’ ±¦¥ ¶µ¤ ¢²¥´´Ò³¨ Ö¢²ÖÕÉ¸Ö ¨ ¶¥·¥Ìµ¤Ò ¸ µ¡³¥´µ³
±µ²²¥±É¨¢´Ò³¨ Ëµ´µ´ ³¨, µ¡² ¤ ÕÐ¨¥ ¡µ²ÓÏ¨³¨ B(E(M)λ). �·¨Î¨´Ò ¶µ-
¤ ¢²¥´¨Ö Î¨¸Éµ Ô´¥·£¥É¨Î¥¸±¨¥. Šµ²²¥±É¨¢´Ò° 2+

1 -Ëµ´µ´ ¨³¥¥É ¸²¨Ï±µ³ ³ -
²ÊÕ Ô´¥·£¨Õ ¤²Ö ¨¸¸²¥¤Ê¥³µ£µ Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ² , ¢ Éµ ¢·¥³Ö ± ±
1+-Ëµ´µ´, Ëµ·³¨·ÊÕÐ¨° M1-·¥§µ´ ´¸, · ¸¶µ²µ¦¥´ ¸²¨Ï±µ³ ¢Ò¸µ±µ, É ±
¦¥, ± ± ¨ ¤ ¦¥ ´¥±µ²²¥±É¨¢´Ò¥ 1−-Ëµ´µ´Ò. ˆ¸±²ÕÎ¥´¨¥ ¸µ¸É ¢²ÖÕÉ ¸µ-
¸ÉµÖ´¨¥ ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+ ¨ ¨³¥ÕÐ¥¥ Ô´¥·£¨Õ ¢µ§¡Ê-
¦¤¥´¨Ö Ex = 3, 18 ŒÔ‚ ¨ ¢ ´¥±µÉµ·µ° ¸É¥¶¥´¨ ¸µ¸ÉµÖ´¨¥ ¸ Jπ = 1/2+ ¨
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’ ¡²¨Í  6. ‚µ§¡Ê¦¤¥´´Ò¥ ¸µ¸ÉµÖ´¨Ö 81Br ¨§ Ô´¥·£¥É¨Î¥¸±µ£µ ¨´É¥·¢ ²  3÷4,5 ŒÔ‚
¸ ´ ¨¡µ²ÓÏ¨³¨ §´ Î¥´¨Ö³¨ ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸ÉµÖ´¨Ö σ3/2−→Jf
¨ ¢±² ¤ ±¢ §¨Î ¸É¨Î´µ° (α+) ¨ µ¸´µ¢´µ° ′′±¢ §¨Î ¸É¨Í  ⊗Ëµ´µ´′′ (α+Q+) ±µ³¶µ-
´¥´É ¢ ¸É·Ê±ÉÊ·Ê ÔÉ¨Ì ¸µ¸ÉµÖ´¨°

Jf Ex, �¥·¥Ìµ¤ σ3/2−→Jf , α+ α+Q+

ŒÔ‚ ³¡ ·ŒÔ‚

5/2+ 3, 18 E1 0, 375 2d5/2(12, 9%) 1g9/22+
1 (83, 0%)

1/2+ 3, 65 E1 0, 094 2s1/2(4, 34%) 1f5/23−1 (94, 9%)

3/2+ 3, 75 E1 0, 002 1d3/2(2, 11%) 2f5/23−1 (66, 6%)

5/2+ 3, 91 E1 0, 007 1d5/2(0, 49%) 1f5/23−1 (83, 9%)

1/2− 3, 97 E2 0, 002 2p1/2(0, 01%) 2p3/22+
5 (99, 9%)

3/2− 3, 97 E2 0, 005 2p3/2(0, 01%) 2p3/22+
5 (99, 9%)

3/2− 4, 04 M1 0, 043 2p3/2(0, 38%) 2p3/21+
1 (99, 0%)

1/2− 4, 18 M1 0, 014 2p1/2(0, 78%) 2p3/21+
1 (99, 0%)

3/2− 4, 27 M1 0, 002 2p3/2(0, 21%) 2p1/21+
1 (99, 3%)

3/2+ 4, 28 E1 0, 003 2d3/2(0, 97%) 2p3/23−1 (60, 8%)

5/2+ 4, 29 E1 0, 018 2d5/2(0, 46%) 1p3/23−1 (51, 7%)

Ex = 3, 65 ŒÔ‚, µ¡² ¤ ÕÐ¨¥ § ³¥É´Ò³ ¢±² ¤µ³ ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ
¢ ´µ·³¨·µ¢±Ê ¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨°.

�¸É ´µ¢¨³¸Ö ¡µ²¥¥ ¶µ¤·µ¡´µ ´  ¸µ¸ÉµÖ´¨¨ ¸ Jπ = 5/2+ ¨ Ex =
3, 18 ŒÔ‚. �·¨¢¥¤¥´´ Ö ¢¥·µÖÉ´µ¸ÉÓ ¥£µ ¢µ§¡Ê¦¤¥´¨Ö ¨§ µ¸´µ¢´µ£µ ¸µ¸Éµ-
Ö´¨Ö ¸µ¸É ¢²Ö¥É 0, 03 e2 · Ë³2 ¨ µ¶·¥¤¥²Ö¥É¸Ö ¨¸±²ÕÎ¨É¥²Ó´µ ¢ ²¥´É´Ò³ E1-
¶¥·¥Ìµ¤µ³ 3/2− → 5/2+. “¤¨¢¨É¥²Ó´Ò³ ¤²Ö ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö Ö¢²Ö¥É¸Ö ´ ²¨-
Î¨¥ § ³¥É´µ° ¶·¨³¥¸¨ µ¤´µÎ ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¢ ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨.
�¤´µ±¢ §¨Î ¸É¨Î´Ò° Ê·µ¢¥´Ó π(2d5/2) · ¸¶µ²µ¦¥´ §´ Î¨É¥²Ó´µ ¢ÒÏ¥, ¢ ´ -
Ï¨Ì · ¸Î¥É Ì µ´ ¨³¥¥É Ô´¥·£¨Õ 7,1 ŒÔ‚, ´µ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³µ¤¥°¸É¢¨Ö
±¢ §¨Î ¸É¨Î´µ° ¨ ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′ ±µ´Ë¨£Ê· Í¨° Î ¸ÉÓ ¸¨²Ò ÔÉµ£µ
Ê·µ¢´Ö, ¨ ¶·¨ ÔÉµ³ § ³¥É´ Ö Î ¸ÉÓ, ¢ÒÉ ²±¨¢ ¥É¸Ö ¢ µ¡² ¸ÉÓ ¡µ²¥¥ ´¨§±¨Ì
Ô´¥·£¨°. �ÉµÉ ÔËË¥±É ´ £²Ö¤´µ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 10, ´  ±µÉµ·µ³ ¨§µ¡· -
¦¥´  Ë· £³¥´É Í¨Ö π(2d5/2) µ¤´µ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ ¶µ ¸µ¸ÉµÖ´¨Ö³
¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+. �¨§±µÔ´¥·£¥É¨Î¥¸±¨° ¶¨± ¢ ÔÉµ³ · ¸-
¶·¥¤¥²¥´¨¨ ¨ Ëµ·³¨·Ê¥É �‘, µ¡´ ·Ê¦¥´´µ¥ ¢ Ô±¸¶¥·¨³¥´É¥. „µ¶µ²´¨É¥²Ó-
´Ò³  ·£Ê³¥´Éµ³ (¶µ³¨³µ ¡µ²ÓÏµ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö ¢µ§¡Ê¦¤¥´¨Ö σJi→Jf )
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�¨¸. 10. � ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò ±¢ §¨Î ¸É¨Î´µ° ±µ³¶µ´¥´ÉÒ π(2d5/2) ¶µ ¢µ§¡Ê¦¤¥´´Ò³
¸µ¸ÉµÖ´¨Ö³ ¸ ³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 5/2+ ¢ 81Br. ‹¨´¨Ö ¸µ ¸É·¥²±µ° Ê± §Ò¢ ¥É
¶µ²µ¦¥´¨¥ µ¤´µ±¢ §¨Î ¸É¨Î´µ£µ Ê·µ¢´Ö π(2d5/2)

¢ ¶µ²Ó§Ê ¶µ¸²¥¤´¥£µ ÊÉ¢¥·¦¤¥´¨Ö ¸²Ê¦¨É µ¸´µ¢´ Ö, ′′±¢ §¨Î ¸É¨Í  ⊗ Ëµ´µ´′′

±µ³¶µ´¥´É , ¢±² ¤ ±µÉµ·µ° ¢ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·¥¢ÒÏ ¥É
80 %. Š¢ §¨Î ¸É¨Î´ Ö Î ¸ÉÓ ÔÉµ° ±µ³¶µ´¥´ÉÒ ¨³¥¥É ±¢ ´Éµ¢Ò¥ Î¨¸²  9/2+,
¨, É ±¨³ µ¡· §µ³, ÔÉ  ±µ³¶µ´¥´É  ¸¢Ö§ ´  ¶µ¸·¥¤¸É¢µ³ ±µ²²¥±É¨¢´µ£µ E2-
· ¸¶ ¤  ¸ ¨§µ³¥·µ³ 9/2+, ¢ÒÌµ¤ ±µÉµ·µ£µ ·¥£¨¸É·¨·µ¢ ²¸Ö ¢ Ô±¸¶¥·¨³¥´É¥.

� ¸¸³µÉ·¨³ É¥¶¥·Ó · ¸¶ ¤ ¸µ¸ÉµÖ´¨Ö c Jπ = 5/2+ ¨ Ex = 3, 18 ŒÔ‚
´  ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥ 9/2+. ‚ ´ Ï¨Ì · ¸Î¥É Ì ´¨¦ °Ï¥¥ 9/2+-¸µ¸ÉµÖ´¨¥
¨³¥¥É Ô´¥·£¨Õ ¢µ§¡Ê¦¤¥´¨Ö, · ¢´ÊÕ 1,63 ŒÔ‚, ¨ ¸µ¸Éµ¨É ´  64 % ¨§ µ¤´µ±¢ -
§¨Î ¸É¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ 1g9/2 ¨ ´  30 % ¨§ ±µ´Ë¨£Ê· Í¨¨ [1g9/2⊗2+

1 ]9/2+ .
�±¸¶¥·¨³¥´É ²Ó´µ¥ §´ Î¥´¨¥ ¤²Ö Ô´¥·£¨¨ ¨§µ³¥·  ¢ 81Br · ¢´µ 536 ±Ô‚. “Î¥É
±µ´Ë¨£Ê· Í¨° É¨¶  ′′±¢ §¨Î ¸É¨Í  ⊗ 2 Ëµ´µ´ ′′ ´  ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì
¸µ¸ÉµÖ´¨° ¢ ´¥Î¥É´ÒÌ Ö¤· Ì · ¸¸³µÉ·¥´ ¢ · ¡µÉ¥ [68]. �µ± § ´µ, ÎÉµ ¢±²ÕÎ¥-
´¨¥ ¢ · ¸¸³µÉ·¥´¨¥ ¸²µ¦´ÒÌ ±µ´Ë¨£Ê· Í¨° ¸ÊÐ¥¸É¢¥´´µ Ê²ÊÎÏ ¥É µ¶¨¸ ´¨¥
Ô´¥·£¥É¨Î¥¸±µ£µ ¶µ²µ¦¥´¨Ö ´¨§±µ²¥¦ Ð¨Ì Ê·µ¢´¥°. ‚ Î ¸É´µ¸É¨, ¨Ì ÊÎ¥É ¢
81Br ¶·¨¢µ¤¨É ± ¶µ´¨¦¥´¨Õ Ô´¥·£¨¨ ´¨¦ °Ï¥£µ 9/2+-¸µ¸ÉµÖ´¨Ö ¤µ ¢¥²¨Î¨´Ò
0,87 ŒÔ‚, ¸ÊÐ¥¸É¢¥´´µ ¶·¨¡²¨¦ Ö¸Ó ± Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê §´ Î¥´¨Õ, ¶·¨
ÔÉµ³ ¶µ²µ¦¥´¨¥ �‘ 5/2+ ¸ÊÐ¥¸É¢¥´´µ ´¥ ¨§³¥´Ö¥É¸Ö. �·Ö³µ° ¶¥·¥Ìµ¤ ³¥¦¤Ê
· ¸¸³ É·¨¢ ¥³Ò³¨ ¸µ¸ÉµÖ´¨Ö³¨ 5/2+ ¨ 9/2+ ¨¤¥É ´  ∼ 90 % §  ¸Î¥É µ¡³¥´ 
±µ²²¥±É¨¢´Ò³ 2+

1 -Ëµ´µ´µ³ ¨ ¸µ¸É ¢²Ö¥É B(E2 ↓) = 386 e2 · Ë³4. ˆ¸¶µ²Ó-
§ÊÖ ÔÉÊ ¢¥²¨Î¨´Ê, ³µ¦´µ µÍ¥´¨ÉÓ ¨§µ³¥·´µ¥ µÉ´µÏ¥´¨¥, ¶µ² £ Ö, ÎÉµ ¢ Γiso

µ¸´µ¢´µ° ¢±² ¤ ¤ ¥É ¶·Ö³µ° ±µ²²¥±É¨¢´Ò° ¶¥·¥Ìµ¤ ´  ¨§µ³¥·´µ¥ ¸µ¸ÉµÖ´¨¥,
  ¢ Γ Ä ¶¥·¥Ìµ¤ ¢ µ¸´µ¢´µ¥ ¸µ¸ÉµÖ´¨¥, É.¥. Γ = Γ0. ‚ ÔÉ¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ
¶µ²ÊÎ ¥³ Γiso/Γ = 6 · 10−2. �Í¥´±  ¢¥²¨Î¨´Ò ¶µ²´µ£µ ¸¥Î¥´¨Ö µ¡· §µ¢ ´¨Ö
Ö¤·  ¢ ¨§µ³¥·´µ³ ¸µ¸ÉµÖ´¨¨ Î¥·¥§ Ê·µ¢¥´Ó 5/2+ ¸ Ex = 3, 18 ŒÔ‚ ¸ ÔÉ¨³
Γiso/Γ ¸µ¸É ¢²Ö¥É 20 ³±¡·ŒÔ‚, ÎÉµ ´¥¶²µÌµ ¸µ£² ¸Ê¥É¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³
§´ Î¥´¨¥³ 5 ³±¡·ŒÔ‚, ¶·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥ ÉµÉ Ë ±É, ÎÉµ Ô±¸¶¥·¨³¥´É ²Ó-
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´µ¥ §´ Î¥´¨¥ ¨³¥¥É ¶µ£·¥Ï´µ¸ÉÓ ¶µ·Ö¤±  Ë ±Éµ·  3, £² ¢´Ò³ µ¡· §µ³, ¨§-§ 
´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¨´É¥´¸¨¢´µ¸É¨ ¶ÊÎ±  ËµÉµ´µ¢.

—Éµ ± ¸ ¥É¸Ö ¸µ¸ÉµÖ´¨Ö ¸ Jπ = 1/2+ ¨ Ex = 3, 65 ŒÔ‚, ¢¥·µÖÉ´µ¸ÉÓ
¢µ§¡Ê¦¤¥´¨Ö ±µÉµ·µ£µ ¢¸¥£µ ¢ Î¥ÉÒ·¥ · §  ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸ÉµÖ´¨¥³
¸ Ô´¥·£¨¥° Ex = 3, 18 ŒÔ‚, ¥£µ ¢±² ¤ ¢ ¶µ²´µ¥ ¸¥Î¥´¨¥ ËµÉµ¢µ§¡Ê¦¤¥´¨Ö
¨§µ³¥·  ¶·¥´¥¡·¥¦¨³µ ³ ² ¨§-§  ¡µ²ÓÏµ° · §´¨ÍÒ ¶µ ¸¶¨´Ê ¸ ¨§µ³¥·µ³
(∆J = 4) ¨ ¶µ ¸É·Ê±ÉÊ·¥ ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨.

‚ ¨§µÉµ¶¥ 79Br ± ·É¨´  ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  9/2+ µÎ¥´Ó ´ ¶µ³¨-
´ ¥É  ´ ²µ£¨Î´ÊÕ ± ·É¨´Ê ¢ ¸µ¸¥¤´¥³ ¨§µÉµ¶¥ 81Br. � ¸Î¥É ¶·¥¤¸± §Ò¢ ¥É
´ ²¨Î¨¥ ¤¢ÊÌ �‘ ¢ Ô´¥·£¥É¨Î¥¸±µ³ ¨´É¥·¢ ²¥ 0÷4 ŒÔ‚. �¥·¢µ¥ ¸µ¸ÉµÖ´¨¥ ¸
³µ³¥´Éµ³ ¨ Î¥É´µ¸ÉÓÕ Jπ = 7/2−, · ¸¶µ²µ¦¥´´µ¥ ¶·¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö
1,1 ŒÔ‚, ¨³¥¥É ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ

Ψ(
7

2

−
) = (0, 34)2f7/2 + (0, 85)[2p3/2 ⊗ 2+

1 ]7/2− + · · · (23)

‚µ§¡Ê¦¤¥´¨¥ ÔÉµ£µ ¸µ¸ÉµÖ´¨Ö ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É ±µ²²¥±É¨¢´µ£µ 2+
1 -Ëµ´µ´ ,

¸¢Ö§Ò¢ ÕÐ¥£µ ¸µ¸ÉµÖ´¨¥ (23) ¸ µ¸´µ¢´Ò³ ¸µ¸ÉµÖ´¨¥³ Ö¤·  3/2−. …£µ · ¸¶ ¤
´  ¨§µ³¥· µ¡Ê¸²µ¢²¥´ ¢ ²¥´É´Ò³ E1-¶¥·¥Ìµ¤µ³ 2f7/2 → 1g9/2. �±¸¶¥·¨-
³¥´É ²Ó´µ ¨§¢¥¸É¥´ 7/2−-Ê·µ¢¥´Ó ¸ Ô´¥·£¨¥° 0,761 ŒÔ‚,   É ±¦¥ Ê·µ¢¥´Ó ¸
Ô´¥·£¨¥° 1,8 ŒÔ‚, ±µÉµ·Ò°, ¶·¥¤¶µ²µ¦¨É¥²Ó´µ, ¨³¥¥É É¥ ¦¥ ¸¶¨´ ¨ Î¥É´µ¸ÉÓ.
�·¥¤¶µ² £ Ö, ÎÉµ ¸µ¸ÉµÖ´¨¥ (23) (±µÉµ·µ¥, ¥¸É¥¸É¢¥´´µ, ¡Ê¤¥É Ë· £³¥´É¨·µ-
¢ ÉÓ ¶·¨ ÊÎ¥É¥ ¸¢Ö§¨ ¸ ¡µ²¥¥ ¸²µ¦´Ò³¨ ±µ´Ë¨£Ê· Í¨Ö³¨) ¸µµÉ¢¥É¸É¢Ê¥É ÔÉ¨³
¤¢Ê³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ Ê·µ¢´Ö³, ³Ò ¶µ²ÊÎ ¥³ µÎ¥´Ó Ìµ·µÏ¥¥ ¸µ£² ¸¨¥ ¶µ
 ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·  ¢ µ¡² ¸É¨ ¶·¥¤¥²Ó-
´µ° Ô´¥·£¨¨ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¤µ 2 ŒÔ‚ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

‘¨²Ó´µ¥ �‘ ¢ · °µ´¥ 3,2 ŒÔ‚ ¸ Jπ = 5/2+ Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ ¸µµÉ-
¢¥É¸É¢ÊÕÐ¥£µ ¸µ¸ÉµÖ´¨Ö ¢ 81Br, ¶µ¤·µ¡´µ µ¡¸Ê¦¤ ¢Ï¥£µ¸Ö ¢ÒÏ¥. ‚ 79Br ¥£µ
¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¨³¥¥É ¢¨¤

Ψ

(
5

2

+)
= (0, 38)2d5/2 + (0, 90)[1g9/2 ⊗ 2+

1 ]5/2+ + · · · , (24)

¨ ¥£µ ¢µ§¡Ê¦¤¥´¨¥ ¨ · ¸¶ ¤ ´  ¨§µ³¥· Ì · ±É¥·¨§ÊÕÉ¸Ö ¶·µÉ¨¢µ¶µ²µ¦´µ°
¶·¨·µ¤µ° ¶µ ¸· ¢´¥´¨Õ ¸ ¸µ¸ÉµÖ´¨¥³ (23): ¢ ²¥´É´Ò° E1-¶¥·¥Ìµ¤ 2p3/2 →
2d5/2 ¶·¨ ¢µ§¡Ê¦¤¥´¨¨ ¨ ±µ²²¥±É¨¢´Ò° E2-· ¸¶ ¤ ´  ¨§µ³¥·.

‡�Š‹�—…�ˆ…

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¨¸¸²¥¤µ¢ ´¨Ö ¸É·Ê±ÉÊ·Ò ´¨§-
±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì, ¢Ò¶µ²´¥´´ÒÌ ¢ · ³± Ì
±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤· , ¨ ¸· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éµ¢ · ¸Î¥Éµ¢ ¸
¨³¥ÕÐ¨³¨¸Ö ¸µ¢·¥³¥´´Ò³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨, ¶µ²ÊÎ¥´´Ò³¨ ¢
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· §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ. „¥É ²Ó´µ ¨§ÊÎ¥´µ ¢§ ¨³µ¤¥°¸É¢¨¥ ¶·µ¸ÉÒÌ
(µ¤´µËµ´µ´´ÒÌ) ¨ ¸²µ¦´ÒÌ (³´µ£µËµ´µ´´ÒÌ) ±µ³¶µ´¥´É ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¨ ¨§³¥´¥´¨¥ ·µ²¨ ÔÉµ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ µ¶·¥¤¥-
²¥´¨¨ ¸¢µ°¸É¢ · ¸¸³ É·¨¢ ¥³ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨ ¶¥·¥Ìµ¤¥ µÉ Ö¤¥· ¸ § ³±´Ê-
Éµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³. �·µ¤¥³µ´¸É·¨·µ¢ ´µ, ÎÉµ ¨¸¶µ²Ó§Ê¥³ Ö
³µ¤¥²Ó µ¶¨¸Ò¢ ¥É ´  Ìµ·µÏ¥³ ±µ²¨Î¥¸É¢¥´´µ³ Ê·µ¢´¥ ¡µ²ÓÏµ° µ¡Ñ¥³ ¸µ¢·¥-
³¥´´µ° Ô±¸¶¥·¨³¥´É ²Ó´µ° ¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì ¨§ÊÎ ¥³ÒÌ ¸µ¸ÉµÖ´¨°,
¶µ²ÊÎ¥´´ÒÌ ¢ · §²¨Î´ÒÌ Ö¤¥·´ÒÌ ·¥ ±Í¨ÖÌ.
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�.�.“§¨±µ¢

�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

Š § Ì¸±¨° £µ¸Ê¤ ·¸É¢¥´´Ò° Ê´¨¢¥·¸¨É¥É ¨³.�²Ó-” · ¡¨, �²³ -�É , Š § Ì¸É ´

� ¸¸³µÉ·¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò ± µ¶¨¸ ´¨Õ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¶·¨ Ô´¥·£¨ÖÌ
0,5÷2 ƒÔ‚. � ·Ö¤Ê ¸ ³¥Ì ´¨§³ ³¨ µ¡³¥´  ´¥°É·µ´µ³ ¨ µ¤´µ±· É´µ£µ pN -· ¸¸¥Ö´¨Ö ¨¸¸²¥¤µ¢ ´ 
·µ²Ó ³¥Ì ´¨§³  µ¡³¥´  N∗-¨§µ¡ · ³¨ ´  µ¸´µ¢¥ Ï¥¸É¨±¢ ·±µ¢µ° ³µ¤¥²¨ ¤²Ö dNN∗-¢¥·Ï¨´.
�¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ´  µ¸´µ¢¥ £ ³¨²ÓÉµ´µ¢¸±µ° ¤¨´ ³¨±¨ ¸¨¸É¥³ ¸ Ë¨±¸¨-
·µ¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í. �µ± § ´  ¢ ¦´ Ö ·µ²Ó £² Ê¡¥·µ¢¸±¨Ì ¶¥·¥· ¸¸¥Ö´¨° ¢ ´ Î ²Ó´µ³ ¨
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¶·¨ · ¸¸³µÉ·¥´¨¨ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ´¥°É·µ´ . �¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥-
²¥´µ ³¥Ì ´¨§³Ê ¢µ§¡Ê¦¤¥´¨Ö ∆-¨§µ¡ ·Ò, ±µÉµ·Ò°, ´¥¸³µÉ·Ö ´  ¡µ²ÓÏÊÕ ¶¥·¥¤ ÎÊ ¨³¶Ê²Ó¸ ,
¤µ¢µ²Ó´µ ¸² ¡µ ÎÊ¢¸É¢¨É¥²¥´ ± ¢Ò¸µ±µ¨³¶Ê²Ó¸´Ò³ ±µ³¶µ´¥´É ³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¨
Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ Tp = 0, 5÷1 ƒÔ‚. „²Ö µ¶·¥¤¥²¥´¨Ö
¶ · ³¥É·µ¢  ³¶²¨ÉÊ¤ ¶¥·¥Ìµ¤  NN 
 N∆, ´¥µ¡Ìµ¤¨³ÒÌ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¢±² ¤  ∆-¨§µ¡ ·Ò
¢ ¶·µÍ¥¸¸¥ pd → dp, ¨¸¸²¥¤µ¢ ´  ·¥ ±Í¨Ö pp → pnπ+ ¢ ∆- ·¥§µ´ ´¸´µ° µ¡² ¸É¨. �µ± § ´ 
µÎ¥´Ó ¢Ò¸µ± Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ  ³¶²¨ÉÊ¤Ò ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¶·µÍ¥¸¸  pd → dp ±
¶ · ³¥É· ³ ¢¥·Ï¨´´ÒÌ Ëµ·³Ë ±Éµ·µ¢ πNN , πN∆, ρNN ¨ ρN∆. Š· É±µ µ¡¸Ê¦¤ ¥É¸Ö ·µ²Ó
¡µ²¥¥ Ô±§µÉ¨Î¥¸±¨Ì ³¥Ì ´¨§³µ¢.

Theoretical approaches for backward elastic pd scattering at energies 0.5-2 GeV are discussed.
In addition to the mechanisms of neutron exchange and single pN -scattering the role of mechanism
of N∗-isobars exchanges is investigated on the basis of 6-quark model for the dNN∗-vertices.
Relativistic effects are taken into account in the framework of Hamiltonian dynamics of systems with
ˇxed number of particles. An important role of Glauber rescatterings in the initial and ˇnal states
are shown for the mechanism of neutron exchange. A special attention is paid to the mechanism of
∆-isobar excitation which is rather weak sensitive to the high momentum components of deuteron
wave function in spite of high momentum transfer and dominates at energies of incident protons of
Tp = 0.5 − 1 GeV. The reaction pp → pnπ+ is investigated in the ∆-resonance region in order
to determine the parameters of amplitudes NN 
 N∆, which enter the amplitude of ∆-isobar
excitation mechanism of the pd → dp process. A very high sensitivity of the amplitude of the
∆-resonance mechanism of the pd → dp process to the parameters of formfactors in the vertices
πNN , πN∆, ρNN and ρN∆ is demonstrated. Some exotic mechanisms are brie
y discussed.

1. ‚‚…„…�ˆ…

ˆ´É¥·¥¸ ± ¨¸¸²¥¤µ¢ ´¨Õ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¶·¨ Ô´¥·£¨ÖÌ
∼1Ä2 ƒÔ‚ ´¥ µ¸² ¡¥¢ ¥É ¢ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì 30 ²¥É ± ± ¢ É¥µ·¨¨ [1Ä15], É ± ¨
¢ Ô±¸¶¥·¨³¥´É¥ [16Ä23] £² ¢´Ò³ µ¡· §µ³ ¶µÉµ³Ê, ÎÉµ ÔÉµ µ¤¨´ ¨§ ¶·µ¸É¥°Ï¨Ì
¶·µÍ¥¸¸µ¢, ¢ ±µÉµ·µ³ §  ¸Î¥É ¡µ²ÓÏµ° ¶¥·¥¤ Î¨ ¨³¶Ê²Ó¸  ³µ¦¥É ¸µ¤¥·¦ ÉÓ¸Ö
¨´Ëµ·³ Í¨Ö µ ¸¢µ°¸É¢ Ì NN -¢§ ¨³µ¤¥°¸É¢¨Ö ¢ µ¡² ¸É¨ ¶¥·¥±·Ò¢ ´¨Ö ´Ê-
±²µ´µ¢. ‚ ÔÉµ³ ¶·µÍ¥¸¸¥ ¤¥°É·µ´ ¢µ¸¶·¨´¨³ ¥É ± ± Í¥²µ¥ ¡µ²ÓÏÊÕ ¶¥·¥¤ ÎÊ
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¨³¶Ê²Ó¸  ¨ Ô´¥·£¨¨, ±µÉµ· Ö ¢ ¸µÉ´¨ · § ¶·¥¢ÒÏ ¥É ¥£µ Ô´¥·£¨Õ ¸¢Ö§¨. ‡´ Î¨-
É¥²Ó´Ò° ¨´´É¥·¥¸ ¢Ò§Ò¢ ¥É ¢µ¶·µ¸ µ Éµ³, ¢ ± ±µ° ³¥·¥ ÔÉµ ¸¢µ°¸É¢µ ¤¥°É·µ´ 
¸¢Ö§ ´µ ¸ 6-±¢ ·±µ¢µ° ¨ ·¥²ÖÉ¨¢¨¸É¸±µ° ¸É·Ê±ÉÊ·µ° ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨.
‚ ¦´ÊÕ ¨´Ëµ·³ Í¨Õ ¤²Ö Ê¸É ´µ¢²¥´¨Ö ³¥Ì ´¨§³  Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ -
§ ¤, pd → dp, ¤ ¸É ¨§³¥·¥´¨¥ ¸µµÉ¢¥É¸¢ÊÕÐ¥£µ ¶µ²´µ£µ ´ ¡µ·  ´¥§ ¢¨¸¨³ÒÌ
¶µ²Ö·¨§ Í¨µ´´ÒÌ ´ ¡²Õ¤ ¥³ÒÌ ¢ ±µ²²¨´¥ ·´µ° ±¨´¥³ É¨±¥, ¶² ´¨·Ê¥³µ¥ ¢
�ˆŸˆ [22].

�±É¨¢´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ¢ É¥Î¥´¨¥ ¶µ¸²¥¤´¨Ì ¤¥¸ÖÉ¨²¥É¨° Ê¶·Ê£µ£µ pd-
· ¸¸¥Ö´¨Ö ´ § ¤ ¶·¨´¥¸²µ ·Ö¤ ¨´É¥·¥¸´ÒÌ ¨¤¥° ¢ Ë¨§¨±Ê ¶·µ³¥¦ÊÉµÎ´ÒÌ
Ô´¥·£¨° Ä ¸ÊÐ¥¸É¢µ¢ ´¨¥ ´Ê±²µ´´ÒÌ ¨§µ¡ · N∗ ¢ Ö¤· Ì [1], É·¥Ì¡ ·¨µ´´Ò¥
·¥§ ´ ´¸Ò [8], ¢ÒÖ¢¨²µ ¢ ¦´ÊÕ ·µ²Ó ¢¨·ÉÊ ²Ó´ÒÌ ¶¨µ´µ¢ [2, 3], ¶µ¸É ¢¨²µ
¢µ¶·µ¸ µ ¤¨´ ³¨±¥ Í¢¥É  ¢ ÔÉµ³ ¶·µÍ¥¸¸¥ [10]. �¤´ ±µ ·¥§Ê²ÓÉ ÉÒ ¶·µ¢¥-
¤¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ´¥ ¤ ²¨ Ê¡¥¤¨É¥²Ó´ÒÌ ¤µ± § É¥²Ó¸É¢ Éµ£µ, ÎÉµ ´ ¨¡µ²¥¥
ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ± ¢Ò¸µ±µ¨³¶Ê²Ó¸´Ò³ ±µ³¶µ´¥´É ³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°-
É·µ´  ³¥Ì ´¨§³Ò Ä µ¡³¥´ ´Ê±²µ´µ³ (��) ¨ µ¤´µ±· É´µ¥ · ¸¸¥Ö´¨¥ (��) Ä
¨£· ÕÉ µ¸´µ¢´ÊÕ ·µ²Ó ¢ ¶·µÍ¥¸¸¥ pd → dp ¶·¨ Ô´¥·£¨ÖÌ Tp ≥ 0, 5 ƒÔ‚. ˆ§-
¢¥¸É´Ò¥ ¢ ²¨É¥· ÉÊ·¥ ÊÉ¢¥·¦¤¥´¨Ö µ ¤µ³¨´¨·µ¢ ´¨¨ ³¥Ì ´¨§³  �� [7] ¨²¨
�� [11] ¸¤¥² ´Ò ¶·¨ ¤µ¢µ²Ó´µ ¨¸±Ê¸¸É¢¥´´ÒÌ ¶·¥¤¶µ²µ¦¥´¨ÖÌ µ¡ Ê¶·Ê£µ³
Ëµ·³Ë ±Éµ·¥ ¶·¨ ¡µ²ÓÏ¨Ì ¶¥·¥¤ Î Ì ¨³¶Ê²Ó¸  Q ≥ 2 ƒÔ‚/c ¨²¨ ¢Ò¸µ±µ-
¨³¶Ê²Ó¸´ÒÌ ±µ³¶µ´¥´É Ì ¥£µ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¸µµÉ¢¥É¸É¢¥´´µ. � ¶·µÉ¨¢,
¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¡µ²¥¥ µ¡µ¸´µ¢ ´´ÒÌ, É ± ´ §Ò¢ ¥³ÒÌ ·¥ ²¨¸É¨Î¥¸±¨Ì ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° ¤¥°É·µ´ , ¸µ£² ¸´µ · ¸ÎeÉ ³ [4], ³¥Ì ´¨§³ �� ¨¸¶ÒÉÒ¢ ¥É
¶µ¤ ¢²¥´¨¥ §  ¸ÎeÉ ¨¸± ¦¥´¨° ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¨ ¢ ·¥-
§Ê²ÓÉ É¥ Ö¢´µ ´¥¤µµÍ¥´¨¢ ¥É  ¡¸µ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ´ ¡²Õ¤ ¥³µ£µ ¸¥Î¥´¨Ö ¢
¨´É¥·¢ ²¥ Ô´¥·£¨° ∼ 0, 5 ÷ 2 ƒÔ‚. �µ²¥¥ Éµ£µ, ¶·µ£·¥¸¸ ¢ ¶µ²Ö·¨§ Í¨µ´-
´ÒÌ ¨§³¥·¥´¨ÖÌ [19, 21] ¢ÒÖ¢¨² ·¥§±µ¥ ¶·µÉ¨¢µ·¥Î¨¥ ³¥¦¤Ê ¶·¥¤¸± § ´¨Ö³¨
³¥Ì ´¨§³  �� ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¤²Ö É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨
T20. � ¸ÎeÉÒ [9], ¢Ò¶µ²´¥´´Ò¥ ¢ · ³± Ì ¶µ²´µ¸ÉÓÕ ±µ¢ ·¨ ´É´µ£µ Ëµ·³ ²¨§-
³  �¥É¥Ä‘µ²¶¨É¥·  ¤²Ö ¶µ²Õ¸´µ£µ ³¥Ì ´¨§³  ��, ´¥ ¶·¨¢¥²¨ ± Ê²ÊÎÏ¥´¨Õ
¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò, ¢ÒÖ¸´¨²µ¸Ó, ÎÉµ ¶·¨ µ¶·¥¤¥²¥´-
´ÒÌ Ô´¥·£¨ÖÌ ¡µ²ÓÏ Ö ¶¥·¥¤ Î  ¨³¶Ê²Ó¸  ³µ¦¥É µ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö ¶µ¸·¥¤¸É¢µ³
³¥Ì ´¨§³µ¢, ´¥ É·¥¡ÊÕÐ¨Ì ¸ÊÐ¥¸É¢¥´´µ£µ ÊÎ ¸É¨Ö ¢Ò¸µ±µ¨³¶Ê²Ó¸´ÒÌ ±µ³¶µ-
´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨ Ö¤· . �¤´¨³ ¨§ É ±¨Ì ³¥Ì ´¨§³µ¢ Ö¢²Ö¥É¸Ö ¤¢Ê±· É-
´µ¥ pN -· ¸¸¥Ö´¨¥ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ∆-¨§µ¡ ·Ò ¢ ¶·µÍ¥¸¥ pd→ dp, ¤µ³¨´¨·Ê-
ÕÐ¥¥ ¢ µ¡² ¸É¨ ´ Î ²Ó´ÒÌ Ô´¥·£¨° 0, 5÷ 1, 0 ƒÔ‚. ‚ · ³± Ì ∆-·¥§µ´ ´¸´µ£µ
³¥Ì ´¨§³  Ê¤ ¥É¸Ö ¶µ²ÊÎ¨ÉÓ ± Î¥¸É¢¥´´µ¥ µ¡ÓÖ¸´¥´¨¥ ´ ¡²Õ¤ ¥³µ°  ¡¸µ²ÕÉ-
´µ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö ¶·¨ Tp = 0, 5 ÷ 1 ƒÔ‚ [12, 13],   ¸µ£² ¸´µ [12] Å ¨
É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ T20. �·¨ Tp ≥ 1 ƒÔ‚  ´ ²µ£¨Î´ÊÕ ·µ²Ó ³µ¦¥É ¨£· ÉÓ
¢µ§¡Ê¦¤¥´¨¥ ¡µ²¥¥ ÉÖ¦¥²ÒÌ ´Ê±²µ´´ÒÌ ¨§µ¡ · N∗.

’¥³ ´¥ ³¥´¥¥ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥²Ó§Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ ¢µ¶·µ¸ µ ·µ-
²¨ ¨ É¥³ ¡µ²¥¥  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¢±² ¤  ³¥Ì ´¨§³  �� ¢ ¶·µÍ¥¸-
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¸¥ pd → dp ·¥Ï¥´ µ±µ´Î É¥²Ó´µ. ‚µ-¶¥·¢ÒÌ, ´¥ ¸ÊÐ¥¸É¢Ê¥É µ¤´µ§´ Î´µ°
³µ¤¥²Ó´µ-´¥§ ¢¨¸¨³µ° ¨´Ëµ·³ Í¨¨ µ ¢Ò¸µ±µ¨³¶Ê²Ó¸´ÒÌ ±µ³¶µ´¥´É Ì ¢µ²-
´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¢ pn-¸¥±Éµ·¥. ‚µ-¢Éµ·ÒÌ, · ¸Ìµ¦¤¥´¨¥ ¸ Ô±¸¶¥·¨-
³¥´Éµ³ ¶µ T20 ¢µ ¢¸¥Ì ¶·¥¤Ò¤ÊÐ¨Ì · ¸Î¥É Ì ¢ · ³± Ì ³¥Ì ´¨§³  �� ¡Ò²µ
¶µ²ÊÎ¥´µ:  ) ¡¥§ ÊÎ¥É  ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨-
ÖÌ ¨ ¡) ¡¥§ ÊÎ¥É  µ¡³¥´  N∗-¨§µ¡ · ³¨, ¨§ ±µÉµ·ÒÌ ´ ¨¡µ²¥¥ ¢ ¦´Ò³ ¤²Ö
¸µ£² ¸µ¢ ´¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ T20 µ¦¨¤ ¥É¸Ö ¢±² ¤ P -¢µ²´Ò ¢ ¢¥·Ï¨´¥
dNN∗. �  ¢ ¦´ÊÕ ·µ²Ó ÔÉ¨Ì ÔËË¥±Éµ¢ ´¥¤ ¢´µ Ê± § ´µ ¢ · ¡µÉ¥ [24], ¸µ£² ¸-
´µ ±µÉµ·µ° Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ± ± ¶µ ¤¨ËË¥·¥´Í¨ ²Ó´µ³Ê ¸¥Î¥´¨Õ,
É ± ¨ ¶µ T20 ¢ ¨´±²Õ§¨¢´µ° ·¥ ±Í¨¨ d + A → p(0◦) + X [25] Ê¤ ¥É¸Ö µ¶¨-
¸ ÉÓ ´  µ¸´µ¢¥ ³¥Ì ´¨§³  �� ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ·¥ ²¨¸É¨Î¥¸±¨Ì ¢µ²´µ¢ÒÌ
ËÊ´±Í¨° ¤¥°É·µ´ , ¥¸²¨ ÊÎ¥¸ÉÓ ¢±² ¤ µ¡³¥´  ´Ê±²µ´´Ò³¨ ¨§µ¡ · ³¨ N∗ ¨
¶¥·¥· ¸¸¥Ö´¨Ö ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ. �·¨´¨³ Ö ¢µ ¢´¨³ ´¨¥
´¥É·¨¢¨ ²Ó´ÊÕ ±µ··¥²ÖÍ¨Õ (¸³., ´ ¶·¨³¥·, [26]), ´ ¡²Õ¤ ¥³ÊÕ ³¥¦¤Ê Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ ¤¥§¨´É¥£· Í¨¨ ¤¥°É·µ´  d+A→ p(0◦)+X [25],
¸ µ¤´µ° ¸Éµ·µ´Ò, ¨ Ê¶·Ê£¨³ pd-· ¸¸¥Ö´¨¥³ ´ § ¤ Å ¸ ¤·Ê£µ°, ¥¸ÉÓ µ¸´µ¢ ´¨Ö
¶·¥¤¶µ² £ ÉÓ, ÎÉµ  ´ ²µ£¨Î´Ò° ·¥§Ê²ÓÉ É ³µ¦¥É ¡ÒÉÓ ¶µ²ÊÎ¥´ ¢ µÉ´µÏ¥´¨¨
·µ²¨ ³¥Ì ´¨§³  µ¡³¥´  ´¥°É·µ´µ³ ¨ N∗-¨§µ¡ · ³¨ ¢ ¶·µÍ¥¸¸¥ pd → dp.
‚-É·¥ÉÓ¨Ì, ¸²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢Ò¢µ¤ · ¡µÉÒ [4] µ ¤¥¶·¥¸¸¨¢´µ° ·µ²¨
¨¸± ¦¥´¨° ¢ ¶·µÍ¥¸¸¥ pd→ dp ¡Ò² ¶µ²ÊÎ¥´ ¢ · ³± Ì ¤µ¢µ²Ó´µ Ëµ·³ ²Ó´µ£µ
³¥Éµ¤ , ¡¥§ ± Î¥¸É¢¥´´µ£µ ¶µÖ¸´¥´¨Ö ¶µ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢. �ÉµÉ ³¥Éµ¤ ´¥
¡Ò² ¶·¨³¥´¥´ ± · ¸¸¥Ö´¨Õ ¶·µÉµ´µ¢ ´ § ¤ ´  ¡µ²¥¥ ¸²µ¦´ÒÌ Ö¤· Ì.

�µ§¤´¥¥ ·µ²Ó ¶¥·¥· ¸¸¥Ö´¨° ¢ ¶·µÍ¥¸¸¥ pd → dp ¨¸¸²¥¤µ¢ ² ¸Ó ¢ Ô°-
±µ´ ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨ ¢ · ¡µÉ¥ [7], µ¤´ ±µ ¶·¨ ÔÉµ³ ¡Ò²  ¨¸¶µ²Ó§µ¢ ´ 
Î¨¸Éµ ´¥·¥²ÖÉ¨¢¨¸É¸± Ö É· ±Éµ¢±  ³¥Ì ´¨§³  ��, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ § ´¨¦ -
¥É ¥£µ ¢±² ¤. Š ± ¡Ò²µ ¶µ± § ´µ ´¥¤ ¢´µ [27], £² Ê¡¥·µ¢¸±¨¥ ¶¥·¥· ¸¸¥Ö´¨Ö
¨£· ÕÉ µÎ¥´Ó ¢ ¦´ÊÕ ·µ²Ó ¢ Ê¶·Ê£µ³ p3He-· ¸¸¥Ö´¨¨ ´ § ¤ ¢ · ³± Ì ³¥Ì ´¨§-
³  µ¡³¥´  np-¶ ·µ°. � °¤¥´µ, ÎÉµ ¶¥·¥· ¸¸¥Ö´¨Ö ¶·¨¢µ¤ÖÉ ± §´ Î¨É¥²Ó´µ³Ê
(¢ ∼ 30− 40 · §) ¶µ¤ ¢²¥´¨Õ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö p3He-· ¸¸¥Ö´¨Ö
´  Ê£µ² θÍ.³. = 180◦. ‚ ·¥§Ê²ÓÉ É¥ ¡¥§ ¶·¨¢²¥Î¥´¨Ö ¸¢µ¡µ¤´ÒÌ ¶ · ³¥É·µ¢
¡Ò²µ ¶µ²ÊÎ¥´µ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ¥ µ¶¨¸ ´¨¥  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö
¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° Tp = 0, 9 ÷ 1, 7 ƒÔ‚ ¨ µ¤´µ¢·¥³¥´´µ Ëµ·³Ò Ê£²µ¢µ£µ
· ¸¶·¥¤¥²¥´¨Ö. …¸É¥¸É¢¥´´Ò° ¨´É¥·¥¸ ¢Ò§Ò¢ ¥É ¶·¨³¥´¥´¨¥ ÔÉµ£µ ¦¥ ³¥Éµ¤ 
± µ¶¨¸ ´¨Õ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¢ · ³± Ì ³¥Ì ´¨§³  ��, ¢Ò¶µ²´¥´-
´µ¥ ´¥¤ ¢´µ ¢ · ¡µÉ¥ [28]. � ·Ö¤Ê ¸ µ¡³¥´µ³ ´¥°É·µ´µ³ ¢ [28] · ¸¸³µÉ·¥´Ò
µ¡³¥´Ò N∗-¨§µ¡ · ³¨ ¢ · ³± Ì Éµ° ¦¥ ³µ¤¥²¨ ¤²Ö dNN∗-¢¥·Ï¨´, ÎÉµ ¨ ¢
· ¡µÉ¥ [24] ¨, ±·µ³¥ Éµ£µ, ÊÎÉ¥´Ò ¶¥·¥· ¸¸¥Ö´¨Ö ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³
¸µ¸ÉµÖ´¨ÖÌ ´  µ¸´µ¢¥ ³¥Éµ¤  [27]. ‘ÊÐ¥¸É¢¥´´Ò¥ ÊÉµÎ´¥´¨Ö µÉ´µ¸¨É¥²Ó´µ
¶·¨³¥´¥´¨Ö 6qÄ³µ¤¥²¨ ± ¶·µÍ¥¸¸Ê pd→ dp ¸¤¥² ´Ò ¢ · ¡µÉ¥ [29].

‚ ´ ¸ÉµÖÐ¥³ µ¡§µ·¥ ¶·¨ · ¸¸³µÉ·¥´¨¨ ·¥§Ê²ÓÉ Éµ¢, ¶µ²ÊÎ¥´´ÒÌ ¢ ¶µ-
¸²¥¤´¨¥ £µ¤Ò ¶·¨ É¥µ·¥É¨Î¥¸±µ³  ´ ²¨§¥ ¶·µÍ¥¸¸  pd→ dp, ¢´¨³ ´¨¥ ¢ · ¢-
´µ° ³¥·¥ Ê¤¥²Ö¥É¸Ö ± ± ³¥Ì ´¨§³ ³, ÎÊ¢¸É¢¨É¥²Ó´Ò³ ± ¢Ò¸µ±µ¨³¶Ê²Ó¸´Ò³
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±µ³¶µ´¥´É ³ ¢µ²´µ¢µ° ËÊ´±Í¨° ¤¥°É·µ´ , É ± ¨ ³¥Ì ´¨§³ ³, ³¥Ï ÕÐ¨³ ¨§-
¢²¥Î¥´¨Õ ÔÉµ° ¨´Ëµ·³ Í¨¨,   É ±¦¥ ¨Ì ¨´É¥·Ë¥·¥´Í¨¨.

2. � �…‹Ÿ’ˆ‚ˆ‘’‘Š�‰ „ˆ��ŒˆŠ… ‘�‘’�‚�›• ‘ˆ‘’…Œ

‚ ¶·µÍ¥¸¸ Ì ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´ÒÌ ¸¨¸É¥³ {αβ}, £¤¥ α ¨ β Å ¤¢  ±µ´-
¸É¨ÉÊ¥´É  ¸ ³ ¸¸ ³¨ mα ¨ mβ,   {αβ} Å ¨Ì ¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ³ ¸¸µ°
M{αβ}, ¶·¨ ÔÉµ³ M{αβ} < mα+mβ , ÔËË¥±ÉÒ ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ ³¨±¨ ¸É -
´µ¢ÖÉ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³¨ ¶·¨ ¨³¶Ê²Ó¸ Ì ±µ´¸É¨ÉÊ¥´É , ¸· ¢´¨³ÒÌ ¸ ¥£µ ³ ¸¸µ°
¶µ±µÖ: |qα| ∼ mα, |qβ | ∼ mβ. �Éµ ÊÉ¢¥·¦¤¥´¨¥ ¢¶µ²´¥ µÎ¥¢¨¤´µ ¸ ÉµÎ±¨
§·¥´¨Ö ±¨´¥³ É¨Î¥¸±µ£µ ¸µµÉ´µÏ¥´¨Ö ³¥¦¤Ê ³ ¸¸µ°, ¨³¶Ê²Ó¸µ³ ¨ ¶µ²´µ°
Ô´¥·£¨¥° Î ¸É¨ÍÒ E =

√
m2 + q2, µ¤´ ±µ £²Ê¡µ± Ö ¶·¨·µ¤  µ¡¸Ê¦¤ ¥³ÒÌ

·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éµ¢ Ö¢²Ö¥É¸Ö ¤¨´ ³¨Î¥¸±µ°, É.¥. ¸¢Ö§ ´  ¸ ¢§ ¨³µ¤¥°-
¸É¢¨¥³, ¶·¨ ´¥´Ê²¥¢ÒÌ (¶Ê¸ÉÓ ¤ ¦¥ ¸±µ²Ó Ê£µ¤´µ ³ ²ÒÌ) §´ Î¥´¨ÖÌ Ô´¥·£¨¨
¸¢Ö§¨ ε = mα +mβ −M{αβ}. �·¨ Ô´¥·£¨¨ ¸¢Ö§¨, ¸· ¢´¨³µ° ¸ ³ ¸¸µ° ¶µ±µÖ
±µ´¸É¨ÉÊ¥´É , ± ±, ´ ¶·¨³¥·, ¢  ³¶²¨ÉÊ¤ Ì ¶¥·¥Ìµ¤  d→ ∆+∆, d→ N+N∗,
·¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ´¥µ¡Ìµ¤¨³µ ÊÎ¨ÉÒ¢ ÉÓ ¤ ¦¥ ¶·¨ ´Ê²¥¢ÒÌ §´ Î¥´¨-
ÖÌ ¨³¶Ê²Ó¸µ¢ ±µ´¸É¨ÉÊ¥´Éµ¢ qα ∼ 0. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ³¥´¥¥ ¨§¢¥¸É´µ ¢
²¨É¥· ÉÊ·¥ (¸³. [30]), ´µ µ´µ É ±¦¥ ¸¢Ö§ ´µ ¸ ·¥²ÖÉ¨¢¨¸É¸±¨³ ¶µ ¸¢µ¥° ¸ÊÉ¨
¶·µ¨¸Ìµ¦¤¥´¨¥³ Ô´¥·£¨¨ ¸¢Ö§¨ ε = mα +mβ −M{αβ} 6= 0.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥É µ¤´µ§´ Î´µ£µ ³¥Éµ¤  ÊÎ¥É  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔË-
Ë¥±Éµ¢ ¶·¨ · ¸Î¥É Ì ¶·µÍ¥¸¸µ¢ ¸ ÊÎ ¸É¨¥³ ¸¢Ö§ ´´ÒÌ  ¤·µ´´ÒÌ ¸¨¸É¥³. � §-
²¨Î´Ò¥ ¶µ¤Ìµ¤Ò ¤ ÕÉ · §´Ò¥ µÉ¢¥ÉÒ, ±µÉµ·Ò¥ ¸µ¢¶ ¤ ÕÉ Éµ²Ó±µ ¢ ´¥·¥²ÖÉ¨-
¢¨¸É¸±µ³ ¶·¥¤¥²¥. ˜¨·µ±µ · ¸¶·µ¸É· ´¥´´Ò° ¢ ²¨É¥· ÉÊ·¥ (¸³. · ¡µÉÊ [31]
¨ ¸¸Ò²±¨ ¢ ´¥°) ·¥²ÖÉ¨¢¨¸É¸±¨° ¶µ¤Ìµ¤, µ¸´µ¢ ´´Ò° ´  ¶¥·¥Ìµ¤¥ ¢ ¸¨¸É¥-
³Ê ¡¥¸±µ´¥Î´µ£µ ¨³¶Ê²Ó¸  Å ´¥±µ¢ ·¨ ´É´ Ö ¤¨´ ³¨±  ¸¢¥Éµ¢µ£µ Ë·µ´É  Å
¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ ¶·¨¢µ¤¨É ± Ö¢´µ³Ê ´ ·ÊÏ¥´¨Õ ·µÉ Í¨µ´´µ°
¨´¢ ·¨ ´É´µ¸É¨ ¨ ¶µÔÉµ³Ê ´¥ ¨¸¶µ²Ó§Ê¥É¸Ö §¤¥¸Ó. �µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´Ò°
¶µ¤Ìµ¤ Ä ±µ¢ ·¨ ´É´ Ö ¤¨´ ³¨±  ¸¢¥Éµ¢µ£µ Ë·µ´É , Ä Ê¸¶¥Ï´µ · §¢¨¢ ¥É¸Ö
¢ · ¡µÉ Ì [32] ¶·¨³¥´¨É¥²Ó´µ ± § ¤ Î ³ µ¡ Ô²¥±É·µ³ £´¨É´µ³ ¢§ ¨³µ¤¥°-
¸É¢¨¨ Î ¸É¨Í ¸ ¤¥°É·µ´µ³. �ÉµÉ ¶µ¤Ìµ¤ ¶µ±  ¥Ð¥ ´¥ Ê¤ ¥É¸Ö ¶· ±É¨Î¥¸±¨ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¶·¨ µ¶¨¸ ´¨¨ ¶·µÍ¥¸¸µ¢  ¤·µ´-¤¥°É·µ´´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. �¥-
¤ ¢´µ ¤µ¸É¨£´ÊÉ ¸ÊÐ¥¸É¢¥´´Ò° ¶·µ£·¥¸¸ ¢ · §· ¡µÉ±¥ ³¥Éµ¤µ¢ Î¨¸²¥´´µ£µ
·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö �¥É¥Ä‘µ²¶¨É¥·  ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ ¤²Ö NN -
¶µÉ¥´Í¨ ²µ¢ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  ¢ ²¥¸É´¨Î´µ³ ¶·¨¡²¨¦¥´¨¨ [33]Ä [35].
�¤´ ±µ ¶µ¸²¥¤µ¢ É¥²Ó´µ¥ ¶·¨³¥´¥´¨¥ ÔÉµ£µ ¶µ¤Ìµ¤  ¢µ§³µ¦´µ Éµ²Ó±µ ¢ ·¥-
²ÖÉ¨¢¨¸É¸±µ° § ¤ Î¥ ¤¢ÊÌ É¥², ´µ ´¥ ¢ É·¥ÌÎ ¸É¨Î´µ° § ¤ Î¥, ± ±, ´ ¶·¨³¥·,
¶·¨ ÊÎ¥É¥ É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨² N−∆−N ¢ pd-¢§ ¨³µ¤¥°¸É¢¨¨. �µÔÉµ³Ê §¤¥¸Ó
¤²Ö ÊÎ¥É  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éµ¢ ¨¸¶µ²Ó§Ê¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö ±¢ ´Éµ¢ Ö
³¥Ì ´¨±  (�ŠŒ) ¸¨¸É¥³ ¸ Ë¨±¸¨·µ¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í [36], ¸Ëµ·³Ê²¨·µ-
¢ ´´ Ö ´  µ¸´µ¢¥ ¶µ¸É·µ¥´¨Ö ¶µ²´µ° ¸¨¸É¥³Ò £¥´¥· Éµ·µ¢ �Ê ´± ·¥.
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�¡ÒÎ´µ ¶·¨´ÖÉµ ¸Î¨É ÉÓ, ÎÉµ ÊÎ¥É ·¥²ÖÉ¨¢¨§³  ¸ ´¥µ¡Ìµ¤¨³µ¸ÉÓÕ ¶·¨-
¢µ¤¨É ± ±¢ ´Éµ¢µ° É¥µ·¨¨ ¶µ²Ö, Éµ ¥¸ÉÓ ± ÊÎ¥ÉÊ ¡¥¸±µ´¥Î´µ£µ Î¨¸²  ¸É¥¶¥´¥°
¸¢µ¡µ¤Ò, ¨ ¶µÔÉµ³Ê ´¥¢µ§³µ¦´µ µÉ¤¥²¨ÉÓ ¢±² ¤ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ÔËË¥±Éµ¢
µÉ ¢±² ¤  ³¥§µ´´ÒÌ ¨ ±¢ ·±µ¢ÒÌ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò. �¤´ ±µ ¸ÊÐ¥¸É¢ÊÕÉ
 ·£Ê³¥´ÉÒ, ÎÉµ ¶µ ±· °´¥° ³¥·¥ ¢ ¶·¨¡²¨¦¥´¨¨ (v/c)2 ³µ¤¥²Ó ¸ Ë¨±¸¨·µ-
¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í Ö¢²Ö¥É¸Ö Ìµ·µÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¤²Ö ³ ²µ´Ê±²µ´´ÒÌ
¸¨¸É¥³ [37]. �·¨³¥·µ³ Ö¢²Ö¥É¸Ö ±¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨± , Ö¢²ÖÕÐ Ö¸Ö
¶µÉ¥´Í¨ ²Ó´µ° É¥µ·¨¥° ¢ ¶·¨¡²¨¦¥´¨¨ (v/c)2 [37]. Š·µ³¥ Éµ£µ, Ê¡¥¤¨É¥²Ó-
´Ò³ ¤µ¢µ¤µ³ ¢ ¶µ²Ó§Ê ¶·¨¡²¨¦¥´¨Ö ªË¨±¸¨·µ¢ ´´µ¥ Î¨¸²µ Î ¸É¨Íª Ö¢²Ö¥É¸Ö
ÉµÉ Ë ±É, ÎÉµ Ë §Ò NN -· ¸¸¥Ö´¨Ö Ö¢²ÖÕÉ¸Ö Ê¶·Ê£¨³¨ ¢ ´¨§Ï¨Ì ¶ ·Í¨ ²Ó´ÒÌ
¢µ²´ Ì ¢¶²µÉÓ ¤µ Ô´¥·£¨° 1Ä1,5 ƒÔ‚, Éµ ¥¸ÉÓ ¸ÊÐ¥¸É¢¥´´µ ¢ÒÏ¥ ¶µ·µ£  µ¡· §µ-
¢ ´¨Ö π-³¥§µ´ . ‚ �ŠŒ Ê· ¢´¥´¨¥ ¤²Ö ¸µ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¨ ¸µ¡¸É¢¥´´ÒÌ
ËÊ´±Í¨° ³ ¸¸µ¢µ£µ µ¶¥· Éµ·  ¸¨¸É¥³Ò ¤¢ÊÌ É¥² ¸ · ¢´Ò³¨ ³ ¸¸ ³¨ ¸µ¢¶ ¤ ¥É
¶µ Ëµ·³¥ ¸ Ê· ¢´¥´¨¥³ ˜·¥¤¨´£¥·  [38]. �µÔÉµ³Ê, ´¥¸³µÉ·Ö ´  µ£· ´¨Î¥-
´¨¥ ¸¥±Éµ·µ³ ¸ Ë¨±¸¨·µ¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í, ÎÉµ Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´¨¥³,
¢ ÔÉµ³ ¶µ¤Ìµ¤¥ ¸ÊÐ¥¸É¢Ê¥É ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ÉÓ ¢¶µ²´¥ ¸ ³µ¸µ£² ¸µ-
¢ ´´Ò³ µ¡· §µ³ ¡µ£ ÉÊÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ ¨´Ëµ·³ Í¨Õ µ ¶µÉ¥´Í¨ ²¥
NN -¢§ ¨³µ¤¥°¸É¢¨Ö, ´ ±µ¶²¥´´ÊÕ ¢ · ³± Ì Ï·¥¤¨´£¥·µ¢¸±µ£µ Ëµ·³ ²¨§³ .

‘ Ëµ·³ ²Ó´µ ³ É¥³ É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö µ¸´µ¢´Ò¥ ¶·µ¡²¥³Ò ·¥²Ö-
É¨¢¨¸É¸±µ£µ µ¶¨¸ ´¨Ö ¸µ¸É ¢´ÒÌ (¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì) ¸¨¸É¥³ µ¡Ê¸²µ¢²¥´Ò
¡µ²¥¥ ¸²µ¦´µ° ¸É·Ê±ÉÊ·µ° £¥´¥· Éµ·µ¢ £·Ê¶¶Ò �Ê ´± ·¥ ¶µ ¸· ¢´¥´¨Õ ¸
£·Ê¶¶µ° ƒ ²¨²¥Ö. �·µ¡²¥³  ¢±²ÕÎ¥´¨Ö (¸²µ¦¥´¨Ö) ¢§ ¨³µ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö
Í¥´É· ²Ó´µ° ¢ �ŠŒ, É¥¸´µ ¸¢Ö§ ´´µ° ¸ ¢µ¶·µ¸µ³ µ · §¤¥²¥´¨¨ ¤¢¨¦¥´¨° ´ 
¢´¥Ï´¨¥ ¨ ¢´ÊÉ·¥´´¨¥. ‚ �ŠŒ ¶µ± § ´µ, ÎÉµ ¶·¨ ¢±²ÕÎ¥´¨¨ ¢§ ¨³µ¤¥°¸É¢¨Ö
Éµ²Ó±µ ¢ ³ ¸¸µ¢Ò° µ¶¥· Éµ· ¢´ÊÉ·¥´´¥¥ ¤¢¨¦¥´¨¥ µÉ¤¥²Ö¥É¸Ö µÉ ¤¢¨¦¥´¨Ö
Í¥´É·  ³ ¸¸ ¡¥§ ´ ·ÊÏ¥´¨Ö ±µ³³ÊÉ Í¨µ´´ÒÌ ¸µµÉ´µÏ¥´¨° ³¥¦¤Ê £¥´¥· Éµ-
· ³¨ £·Ê¶¶Ò �Ê ´± ·¥, Éµ ¥¸ÉÓ ¶·¨ ¸µÌ· ´¥´¨¨ ·¥²ÖÉ¨¢¨¸É¸±µ° ¨´¢ ·¨ ´É´µ-
¸É¨. Œ ¸¸µ¢Ò° µ¶¥· Éµ· ¤²Ö ¸¨¸É¥³Ò É·¥Ì É¥² ¢ �ŠŒ ¢¶¥·¢Ò¥ ¡Ò² ¶µ¸É·µ¥´
¢ · ¡µÉ¥ [36] ´  µ¸´µ¢¥ ¤¨´ ³¨±¨ ¸¢¥Éµ¢µ£µ Ë·µ´É ,   ¢ ¤ ²Ó´¥°Ï¥³ ¨ ¢
¤·Ê£¨Ì Ëµ·³ Ì ¤¨´ ³¨±¨ [39] ´  µ¸´µ¢¥ ³¥Éµ¤  ¶ ±ÊÕÐ¨Ì µ¶¥· Éµ·µ¢ ‘µ±µ-
²µ¢  [40]. �  µ¸´µ¢¥ ÔÉµ£µ ·¥§Ê²ÓÉ É  ¶µ¸É·µ¥´  É¥µ·¨Ö · ¸¸¥Ö´¨Ö ¨ ¤µ± § ´ 
·¥²ÖÉ¨¢¨¸É¸± Ö ¨´¢ ·¨ ´É´µ¸ÉÓ S-³ É·¨ÍÒ, ÎÉµ ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ · ¸Î¥ÉÒ
¢ ²Õ¡µ° ¸¨¸É¥³¥ µÉ¸Î¥É . � ¨¡µ²¥¥ ¶·µ¸Éµ § ¤ Î  · ¸¸¥Ö´¨Ö ¢Ò£²Ö¤¨É ¢ ¸.Í.³.,
¶·¨ ÔÉµ³ ¤µ¸É ÉµÎ´µ ¸²¥¤¨ÉÓ Éµ²Ó±µ §  ¢´ÊÉ·¥´´¨³ ¤¢¨¦¥´¨¥³ ¢ ¸¨¸É¥³¥.

ˆ§ ³´µ¦¥¸É¢  (Ê´¨É ·´µ Ô±¢¨¢ ²¥´É´ÒÌ [41]) Ëµ·³ ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ -
³¨±¨, Éµ ¥¸ÉÓ ¸¶µ¸µ¡µ¢ · §¤¥²¥´¨Ö 10 £¥´¥· Éµ·µ¢ �Ê ´± ·¥ ´  £ ³¨²ÓÉµ´¨-
 ´Ò ¨ ±¨´¥³ É¨Î¥¸±¨¥ £¥´¥· Éµ·Ò [42], ´ ¨¡µ²¥¥ ¥¸É¥¸É¢¥´´µ° ¸ ÉµÎ±¨ §·¥-
´¨Ö µ¶ÒÉ , ´ ±µ¶²¥´´µ£µ ¶·¨ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸¶µ¸µ¡¥ µ¶¨¸ ´¨Ö, Ö¢²Ö¥É¸Ö
³£´µ¢¥´´ Ö Ëµ·³  ¤¨´ ³¨±¨. Š ¦¤µ° Ëµ·³¥ ¤¨´ ³¨±¨ ¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥-
²¥´´ Ö £¨¶¥·¶µ¢¥·Ì´µ¸ÉÓ ¢ ¶·µ¸É· ´¸É¢¥ Œ¨´±µ¢¸±µ£µ, ´  ±µÉµ·µ° § ¤ ¥É¸Ö
¢¥±Éµ· ¸µ¸ÉµÖ´¨Ö ¨ ±µÉµ· Ö ¨´¢ ·¨ ´É´  ¶µ¤ ¤¥°¸É¢¨¥³ ±¨´¥³ É¨Î¥¸±¨Ì £¥-
´¥· Éµ·µ¢, ´µ ³¥´Ö¥É¸Ö ¶µ¤ ¤¥°¸É¢¨¥³ £ ³¨²ÓÉµ´¨ ´µ¢. ‚ ³£´µ¢¥´´µ° Ëµ·³¥
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¤¨´ ³¨±¨ ¸µ¸ÉµÖ´¨¥ § ¤ ¥É¸Ö ´  £¨¶¥·¶µ¢¥·Ì´µ¸É¨ t =const ¢ ¶·µ¸É· ´¸É¢¥
Œ¨´±µ¢¸±µ£µ, ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ±¨´¥³ É¨Î¥¸±¨³¨ £¥´¥· Éµ· ³¨ Ö¢²Ö-
ÕÉ¸Ö µ¶¥· Éµ·Ò ¶·µ¸É· ´¸É¢¥´´ÒÌ ¸¤¢¨£µ¢ P ¨ ¶µ¢µ·µÉµ¢ J,   £¥´¥· Éµ·Ò
²µ·¥´Í-¡Ê¸Éµ¢ N ¨ É· ´¸²ÖÍ¨° ¢µ ¢·¥³¥´¨ Ĥ ¸µ¤¥·¦ É ¢§ ¨³µ¤¥°¸É¢¨¥. ‚µ²-
´µ¢ Ö ËÊ´±Í¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö {αβ} ¤¢ÊÌ Î ¸É¨Í Ö¢²Ö¥É¸Ö ¶·µ¥±Í¨¥°
¢¥±Éµ·  ¸µ¸ÉµÖ´¨Ö ÔÉµ° ¸¨¸É¥³Ò ´  ¸µ¸ÉµÖ´¨Ö ¸¢µ¡µ¤´ÒÌ Î ¸É¨Í α ¨ β c
3-¨³¶Ê²Ó¸ ³¨ pα ¨ pβ ¸µµÉ¢¥É¸É¢¥´´µ, ´ Ìµ¤ÖÐ¨Ì¸Ö ´  ³ ¸¸µ¢µ° (´µ ¢´¥-
Ô´¥·£¥É¨Î¥¸±µ°) ¶µ¢¥·Ì´µ¸É¨, É.¥. p2

α = m2
α, p

2
β = m2

β , P
2
{αβ} = M2

{αβ}, £¤¥
mi Å ³ ¸¸  i-° Î ¸É¨ÍÒ, pi Å ¥¥ 4-¨³¶Ê²Ó¸. ‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¤¢¨¦ÊÐ¥°-
¸Ö ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò ¤¢ÊÌ Î ¸É¨Í c ¶µ²´Ò³ ¨³¶Ê²Ó¸µ³ Pαβ ¢ ³£´µ¢¥´´µ°
Ëµ·³¥ ¤¨´ ³¨±¨ ¨³¥¥É ¢¨¤

< pα pβ |P{αβ}Ψ{αβ} >=

= (2π)3 2
√
E{αβ} (Eα + Eβ)δ

(3)(pα + pβ −Pαβ)Ψ{αβ}(qαβ). (1)

‡¤¥¸Ó Eα =
√

p2
α +m2

α, Eβ =
√

p2
β +m2

β , E{αβ} =
√

P2
αβ +M2

{αβ}. �É 

¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° µ¶¥· Éµ·  ¶µ²´µ£µ 4-¨³-
¶Ê²Ó¸  (P̂ = Ê, P̂), ±¢ ¤· É  ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É  Ĵ2 ¨ ¥£µ ¶·µ¥±-
Í¨¨ Ĵz; ¢´ÊÉ·¥´´ÖÖ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψ{αβ}(qαβ) ¢ ¢Ò· ¦¥´¨¨ (1) Ö¢²Ö¥É¸Ö

¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° ±¢ ¤· É  ³ ¸¸µ¢µ£µ µ¶¥· Éµ·  M̂2, ±¢ ¤· É  Ê£²µ¢µ-
£µ ³µ³¥´É  ¨ ¥£µ ¶·µ¥±Í¨¨. � §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ Í.³. Pαβ ¨ ¢´ÊÉ·¥´´¥£µ
¤¢¨¦¥´¨Ö qαβ ¢ (1) ¸²¥¤Ê¥É ´¥¶µ¸·¥¤¸É¢¥´´µ ¨§ ¸É·Ê±ÉÊ·Ò £¥´¥· Éµ·µ¢ ¶·¥¤-
¸É ¢²¥´¨Ö £·Ê¶¶Ò �Ê ´± ·¥, ¶·¨ ÔÉµ³ µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ qαβ ¨³¥¥É ¢¨¤

qαβ =
(εβ + Eβ)pα − (εα + Eα)pβ

εα + Eα + εβ + Eβ
, (2)

£¤¥ εα =
√

q2
αβ +mα, εβ =

√
q2
αβ +mα. ‚ ÉµÎ¥Î´µ° ¨ Ë·µ´Éµ¢µ° Ëµ·-

³ Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¶¥·¥³¥´´Ò¥ É ±¦¥ · §¤¥²ÖÕÉ¸Ö. �¤´ ±µ ¢ ¦´µ ¨³¥ÉÓ
¢ ¢¨¤Ê, ÎÉµ · §¤¥²¥´¨¥ ¶¥·¥³¥´´ÒÌ ´¥ Ö¢²Ö¥É¸Ö ±µ¢ ·¨ ´É´Ò³. ‘µ£² ¸´µ [36]
¶·¨ ¢ÒÎ¨¸²¥´¨¨ ³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢ ¶¥·¥Ìµ¤  ¤²Ö ¶·µÍ¥¸¸µ¢ ¸Éµ²±´µ¢¥´¨Ö
¸¢µ¡µ¤´µ° Î ¸É¨ÍÒ γ ¸µ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³ {αβ} ¢´ÊÉ·¥´´ÖÖ ¢µ²´µ¢ Ö
ËÊ´±Í¨Ö ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ (1) ¸  ·£Ê-
³¥´Éµ³ (2) Éµ²Ó±µ ¢ ¸.Í.³. γ + {αβ} (¢ ÔÉµ° ¦¥ ˆ‘� ¢ [36] ¶µ¸É·µ¥´Ò ¨
µ¶¥· Éµ·Ò ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶¥·¥Ìµ¤µ¢). �·¨ ¶¥·¥Ìµ¤¥ ¢ ²Õ¡ÊÕ ¤·Ê£ÊÕ ˆ‘�
Ê· ¢´¥´¨¥ £¨¶¥·¶µ¢¥·Ì´µ¸É¨ (t =const), ´  ±µÉµ·µ° § ¤ ´µ ¸µ¸ÉµÖ´¨¥, ³¥´Ö¥É
¢¨¤ ¨, ¸²¥¤µ¢ É¥²Ó´µ, ¨§³¥´Ö¥É¸Ö Ëµ·³  ¤¨´ ³¨±¨, ¢ ±µÉµ·µ° µ¶¨¸Ò¢ ¥É¸Ö Éµ
¦¥ ¸ ³µ¥ Ë¨§¨Î¥¸±µ¥ ¸µ¸ÉµÖ´¨¥. ‚ Î ¸É´µ¸É¨, ¶·¨ ¶¥·¥Ìµ¤¥ ¢ ¤·Ê£ÊÕ ¸¨¸É¥³Ê
µÉ¸Î¥É  ´¥ ¢Ò¶µ²´Ö¥É¸Ö ¸µÌ· ´¥´¨¥ 3-¨³¶Ê²Ó¸  ¢ ¢¥·Ï¨´¥ {αβ} → α + β,
±µÉµ·µ¥ ¢Ò· ¦ ¥É¸Ö δ-ËÊ´±Í¨¥° ¢ Ëµ·³Ê²¥ (1).
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‚ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ ‚.�.Š ·³ ´µ¢  [32] ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¸¨¸É¥³Ò
¸É·µ¨É¸Ö É ±, ÎÉµ Ö¢´Ò³ µ¡· §µ³ Ê± §Ò¢ ¥É¸Ö Ëµ·³  ¤¨´ ³¨±¨ (Ë ±É¨Î¥¸±¨
·¥ÎÓ ¨¤¥É µ · §²¨Î´ÒÌ µ·¨¥´É Í¨ÖÌ ¶²µ¸±µ¸É¨ ω x = ω0ct − ωx = 0, £¤¥
ω2 = 0, ω = (ω0,ω)): Ψ(n, q), £¤¥ ¥¤¨´¨Î´Ò° ¢¥±Éµ· n = ω/|ω| Ö¢²Ö¥É¸Ö
¨´¤¥±¸µ³ Ëµ·³Ò ¤¨´ ³¨±¨. ‡ ¢¨¸¨³µ¸ÉÓ µÉ n Ä ¤¨´ ³¨Î¥¸± Ö, Éµ ¥¸ÉÓ µ¶·¥¤¥-
²Ö¥É¸Ö ¢¨¤µ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¨ ³µ¦¥É ¡ÒÉÓ ´ °¤¥´  Éµ²Ó±µ ¨§ ·¥Ï¥´¨Ö ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨Ì ¤¨´ ³¨Î¥¸±¨Ì Ê· ¢´¥´¨°. � ²¨Î¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ ¢¥±Éµ·´µ£µ
 ·£Ê³¥´É  ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¶·¨¢µ¤¨É ± Ê¢¥²¨Î¥´¨Õ Î¨¸²  ¥¥ ±µ³¶µ´¥´É:
¢³¥¸Éµ ¤¢ÊÌ ±µ³¶µ´¥´É ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¸²ÊÎ ¥, ¢ ±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ-
¤¥ [32] ¨³¥¥É¸Ö 6 ±µ³¶µ´¥´É, ¢ Ëµ·³ ²¨§³¥ �¥É¥Ä‘µ²¶¨É¥·  Ä 8 ±µ³¶µ´¥´É.
‘ ÉµÎ±¨ §·¥´¨Ö Ëµ·³ ²¨§³  �¥É¥Ä‘µ²¶¨É¥·  Ô±¸É· ±µ³¶µ´¥´ÉÒ ¸¢Ö§ ´Ò ¸
¢±² ¤µ³ NN̄-¸µ¸ÉµÖ´¨° ¢ ¤¥°É·µ´¥. ‘ Ô¸É¥É¨Î¥¸±µ° ÉµÎ±¨ §·¥´¨Ö ±µ¢ ·¨ ´É-
´Ò° ¶µ¤Ìµ¤ Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¶·¨¢²¥± É¥²Ó´Ò³, µ¤´ ±µ ¶·¨ ¥£µ ¶· ±É¨Î¥¸±µ³
¶·¨³¥´¥´¨¨ ¢µ§´¨± ¥É ´¥É·¨¢¨ ²Ó´ Ö ¶·µ¡²¥³  ¨§¡ ¢²¥´¨Ö µÉ ´¥Ë¨§¨Î¥¸±µ°
§ ¢¨¸¨³µ¸É¨ ´ ¡²Õ¤ ¥³ÒÌ µÉ ¢¥±Éµ·  n, ÎÉµ ´  ¶· ±É¨±¥ Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³
¶·¨¡²¨¦¥´´µ£µ Ì · ±É¥·  ¢ÒÎ¨¸²¥´¨°. ‚ ¶µ²´µ³ · ¸Î¥É¥ ¶µ¤µ¡´ Ö § ¢¨¸¨-
³µ¸ÉÓ ¤µ²¦´  ¨¸Î¥§´ÊÉÓ ¥¸É¥¸É¢¥´´Ò³ µ¡· §µ³. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÔÉÊ ¶·µ-
¡²¥³Ê Ê¤ ²µ¸Ó Ê¸¶¥Ï´µ ·¥Ï¨ÉÓ Éµ²Ó±µ ¢ ¸²ÊÎ ¥ Ê¶·Ê£µ£µ ed-· ¸¸¥Ö´¨Ö [43] ¨
Ô²¥±É·µ¤¥§¨´É¥£· Í¨¨ ¤¥°É·µ´  ¢¡²¨§¨ ¶µ·µ£  d(e, e′)pn [44].

‘µ¶µ¸É ¢²¥´¨¥ ±µ¢ ·¨ ´É´µ£µ ¨ ´¥±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤µ¢ ³µ¦´µ ¶·µ-
¢¥¸É¨ ´  ¶·¨³¥·¥ ¢ÒÎ¨¸²¥´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·  ¤¥°É·µ´ .
�·¨ · ¸Î¥É Ì Ô²¥±É·µ³ £´¨É´µ£µ Ëµ·³Ë ±Éµ·  ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò µ¡ÒÎ´µ
¨¸¶µ²Ó§Ê¥É¸Ö ¶·¨¡²¨¦¥´¨¥ ¸¢µ¡µ¤´µ£µ Éµ± . ‚ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ µ¶¥· Éµ·
Ô²¥±É·µ³ £´¨É´µ£µ Éµ±  ¸¢Ö§ ´´µ° ¸¨¸É¥³Ò, ± ± 4-¢¥±Éµ·, ´¥ ¨³¥É ¶· ¢¨²Ó-
´ÒÌ É· ´¸Ëµ·³ Í¨µ´´ÒÌ ¸¢µ°¸É¢ ¶µ µÉ´µÏ¥´¨Õ ± ¤¥°¸É¢¨Õ µ¶¥· Í¨° £·Ê¶¶Ò
�Ê ´± ·¥. �·¨ ÔÉµ³ ± ± ¢ ±µ¢ ·¨ ´É´µ³ [32], É ± ¨ ¢ ´¥±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ-
¤ Ì ¶µ²ÊÎ ¥³Ò° µÉ¢¥É § ¢¥¤µ³µ Ö¢²Ö¥É¸Ö ¶·¨¡²¨¦¥´´Ò³. ’ ±, ±µ¢ ·¨ ´É´Ò°
¶µ¤Ìµ¤ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨ ¢ÒÖ¢²Ö¥É 8 ²¨Ï´¨Ì (´¥Ë¨§¨Î¥¸±¨Ì) Ëµ·³-
Ë ±Éµ·µ¢, ¸¢Ö§ ´´ÒÌ ¸ ¤µ¶µ²´¨É¥²Ó´µ° É¥´§µ·´µ° ¸É·Ê±ÉÊ·µ°  ³¶²¨ÉÊ¤Ò ¶¥-
·¥Ìµ¤ , µ¡Ê¸²µ¢²¥´´µ° ´ ²¨Î¨¥³ 4-¢¥±Éµ·  ω. Šµ¢ ·¨ ´É´ Ö Ëµ·³Ê²¨·µ¢± 
¤ ¥É ¨´É¥·¥¸´ÊÕ ¢µ§³µ¦´µ¸ÉÓ ¢Ò°É¨ §  · ³±¨ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö ¡¥§
± ±¨Ì-²¨¡µ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨°,   ¨³¥´´µ Ë¨§¨Î¥¸±µ¥ É·¥¡µ¢ ´¨¥
´¥§ ¢¨¸¨³µ¸É¨ ´ ¡²Õ¤ ¥³ÒÌ ¢¥²¨Î¨´ µÉ µ·¨¥´É Í¨¨ £¨¶¥·¶µ¢¥·Ì´µ¸É¨ ¸µ-
¸ÉµÖ´¨° (É.¥. ¢¥±Éµ·  ω) ¤ ¥É µ¸´µ¢ ´¨¥ µÉ¡·µ¸¨ÉÓ ª·Ê± ³¨ª ´¥Ë¨§¨Î¥¸±¨¥
Ëµ·³Ë ±Éµ·Ò ¨ É¥³ ¸ ³Ò³ ÔËË¥±É¨¢´µ ÊÎ¥¸ÉÓ ¡µ²¥¥ ¸²µ¦´Ò¥, Î¥³ É·¥Ê£µ²Ó-
´ Ö, ¤¨ £· ³³Ò∗. ‚ ´¥±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ µÉ¢¥É, ¶µ²ÊÎ ¥³Ò° ¢ · ³± Ì
¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö ¤²Ö Éµ±  (µ¡ÒÎ´µ ÔÉµ „‘” ¸ ±µ³¶µ´¥´Éµ° Éµ-
±  J+ ), Ö¢´Ò³ µ¡· §µ³ ´¥ Ê¤µ¢²¥É¢µ·Ö¥É ¢· Ð É¥²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨, ¨ ¸

∗�¤´ ±µ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ´¥É ¤µ± § É¥²Ó¸É¢  Éµ£µ, ÎÉµ ÔÉÊ ¶·µÍ¥¤Ê·Ê ¸²¥¤Ê¥É · ¸¸³ É·¨-
¢ ÉÓ ± ± ÉµÎ´Ò° ³¥Éµ¤ ¶µ¸É·µ¥´¨Ö Ô²¥±É·µ³ £´¨É´µ£µ Éµ± .
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ÉµÎ±¨ §·¥´¨Ö ±µ¢ ·¨ ´É´µ£µ ¶µ¤Ìµ¤  ¢±²ÕÎ ¥É ¢±² ¤ ´¥Ë¨§¨Î¥¸±¨Ì Ëµ·³Ë ±-
Éµ·µ¢. �¤´ ±µ ´¥µ¡Ìµ¤¨³µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¥¸²¨ ´ °¤¥´ ¸¶µ¸µ¡ ¶µ¸É·µ¥´¨Ö
¶· ¢¨²Ó´µ£µ µ¶¥· Éµ·  Ô²¥±É·µ³ £´¨É´µ£µ Éµ±  ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò
(µ¤¨´ ¨§ ¢ ·¨ ´Éµ¢ ·¥Ï¥´¨Ö ¤ ¥É ¨³¶Ê²Ó¸´µ¥ ¶·¨¡²¨¦¥´¨¥ ¢ ÉµÎ¥Î´µ° Ëµ·³¥
¤¨´ ³¨±¨ [45]), Éµ ¢ ´¥±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ �ŠŒ ¤²Ö ¶µ²ÊÎ¥´¨Ö ÉµÎ´µ£µ
(Éµ ¥¸ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´µ£µ) µÉ¢¥É  ¤²Ö Ë¨§¨Î¥¸±¨Ì ´ ¡²Õ¤ ¥³ÒÌ
¢ ¶·¨´Í¨¶¥ ¤µ¸É ÉµÎ´µ ¢Ò¡· ÉÓ Éµ²Ó±µ µ¤´Ê ±µ´±·¥É´ÊÕ Ëµ·³Ê ¤¨´ ³¨±¨ ¨
µ¤´Ê ˆ‘�.

‚ § ±²ÕÎ¥´¨¥ ÔÉµ£µ ±· É±µ£µ Ô±¸±Ê·¸  ¢ ¶·µ¡²¥³Ê ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸µ-
¸É ¢´ÒÌ ¸¨¸É¥³ ¸²¥¤ÊÉ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢¸¥ ¤µ¸É ÉµÎ´µ · §· ¡µÉ ´´Ò¥ ·¥²Ö-
É¨¢¨¸É¸±¨¥ ¶µ¤Ìµ¤Ò, ±·µ³¥ · ¡µÉ ¶µ �ŠŒ [36Ä38, 45], ¨³¥ÕÉ ¤¥²µ Éµ²Ó±µ ¸
¤¢ÊÌÎ ¸É¨Î´Ò³ ·¥²ÖÉ¨¢¨¸É¸±¨³ ¸¢Ö§ ´´Ò³ ¸µ¸ÉµÖ´¨¥³, ¢ Éµ ¢·¥³Ö ± ± ¢ pd-
¸Éµ²±´µ¢¥´¨¨ Ë ±É¨Î¥¸±¨ ´¥µ¡Ìµ¤¨³µ ·¥Ï ÉÓ ·¥²ÖÉ¨¢¨¸É¸±ÊÕ § ¤ ÎÊ É·¥Ì
É¥². �Éµ µ¤¨´ ¨§ µ¸´µ¢´ÒÌ  ·£Ê³¥´Éµ¢ ¢ ¶µ²Ó§Ê ¶·¨³¥´¥´¨Ö ¨³¥´´µ ¶µ¤Ìµ¤ 
�ŠŒ. Š·µ³¥ Éµ£µ, ¶µ¤Ìµ¤Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢±² ¤ NN̄-±µ³¶µ´¥´É ¢ ¢µ²´µ¢ÊÕ
ËÊ´±Í¨Õ ¤¥°É·µ´ , ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¥Ð¥ ´¥ ´ ¸Éµ²Ó±µ · §¢¨ÉÒ, ÎÉµ¡Ò µ¶¨-
¸Ò¢ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ µ Ë § Ì NN -· ¸¸¥Ö´¨Ö, Éµ ¥¸ÉÓ ¸µ£² ¸µ¢Ò-
¢ ÉÓ ¸¢µ°¸É¢  ¸¢Ö§ ´´µ£µ ¸µ¸ÉµÖ´¨Ö ¸ Ì · ±É¥·¨¸É¨± ³¨ ¸µ¸ÉµÖ´¨° · ¸¸¥Ö´¨Ö.
‚ ´¥±µÉµ·ÒÌ · ¡µÉ Ì (¸³., ´ ¶·¨³¥·, [46]) Ô±¸É· ±µ³¶µ´¥´ÉÒ § ¶¨¸Ò¢ ÕÉ¸Ö
Î¨¸Éµ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨ ¨§ ¸µµ¡· ¦¥´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° ±µ¢ ·¨ ´É´µ¸É¨,
¡¥§ µ¡¸Ê¦¤¥´¨Ö ¶·µ¡²¥³Ò ¶µ¸É·µ¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±µ£µ NN -¶µÉ¥´Í¨ ²  ¨ ·¥-
Ï¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì Ê· ¢´¥´¨° ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨. ‚ Éµ ¦¥ ¢·¥³Ö ¢
�ŠŒ ¸¢µ°¸É¢  ¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸µ£² ¸µ¢ ´Ò ´  ¤¨´ ³¨Î¥¸±µ° µ¸´µ¢¥ ¸µ
¸¢µ°¸É¢ ³¨ ¸µ¸ÉµÖ´¨° · ¸¸¥Ö´¨Ö.

3. ‘�ˆ��‚�Ÿ ‘’�“Š’“�� �Œ�‹ˆ’“„› ���–…‘‘�
1/2 + 1→ 1/2 + 1

‡¤¥¸Ó ¶·¨¢µ¤¨É¸Ö Ëµ·³ ²¨§³, µ¸´µ¢ ´´Ò° ´  · §²µ¦¥´¨¨ ³ É·¨Î´µ£µ
Ô²¥³¥´É  ·¥ ±Í¨¨ ¶µ ¨´¢ ·¨ ´É´Ò³  ³¶²¨ÉÊ¤ ³. ‚ ¸¨²Ê ¸¢µ¥° Ê´¨¢¥·¸ ²Ó´µ-
¸É¨ ÔÉµÉ Ëµ·³ ²¨§³ Ö¢²Ö¥É¸Ö µÎ¥´Ó ÔËË¥±É¨¢´Ò³ ¸·¥¤¸É¢µ³ ¶·¨ ¢ÒÎ¨¸²¥´¨¨
± ± Ê¸·¥¤´¥´´ÒÌ ¶µ ¸¶¨´ ³ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¸¥Î¥´¨°, É ± ¨ ¶µ²Ö·¨§ Í¨-
µ´´ÒÌ Ì · ±É¥·¨¸É¨±.

Œ É·¨Î´Ò° Ô²¥³¥´É ¶·µÍ¥¸¸  1/2 + 1 → 1/2 + 1 ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

< N ′µ′, λ′d′|T |Nµ, λd >= ϕ+
µ′e

(λ′)∗
β e(λ)

α Tβα(k,k′,σ)ϕµ, (3)

£¤¥ ϕµ (ϕµ′) Ä ¶ Ê²¨¥¢¸±¨° ¸¶¨´µ· ´ Î ²Ó´µ£µ (±µ´¥Î´µ£µ) ¶·µÉµ´  ¢ ¸µ¸ÉµÖ-

´¨¨ ¸ ¶·µ¥±Í¨¥° ¸¶¨´  µ (µ′), e(λ)
α (e

(λ′)
β ) Ä ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ´ Î ²Ó´µ£µ d

(±µ´¥Î´µ£µ d′) ¤¥°É·µ´  ¢ ¸µ¸ÉµÖ´¨¨ ¸ ¶·µ¥±Í¨¥° ¸¶¨´  λ (λ′); β, α = x, y, z.
‚ ¸¨²Ê ¢· Ð É¥²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨ µ¶¥· Éµ· Tβα = Tβα(k,k′,σ) Ö¢²Ö¥É¸Ö
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É¥´§µ·µ³ 2-£µ · ´£ . �ÉµÉ µ¶¥· Éµ· ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ É¥´§µ·´µ£µ
¶·µ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ¢¥±Éµ·µ¢ Tβ(k,k′,σ) ¨ Tα(k,k′,σ), ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ,
¢ ¸¢µÕ µÎ¥·¥¤Ó, ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö

T = A(k,k′,σ)n +B(k,k′,σ)l + C(k,k′,σ)m. (4)

‡¤¥¸Ó k(k′) Ä µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢ ´ Î ²Ó´µ³ (±µ´¥Î´µ³) ¸µ¸ÉµÖ´¨¨
· ¸¸³ É·¨¢ ¥³µ£µ ¶·µÍ¥¸¸ ; σ Ä ³ É·¨ÍÒ � Ê²¨;

n = [k× k′]/|[k× k′]|, m = (k− k′)/|k− k′|,

l = (k + k)′/|k + k′|.
‚ ·¥§Ê²ÓÉ É¥ ¨³¥¥³

Tαβ(k,k
′,σ) = A11nαnβ +A12nαlβ +A13nαmβ +

+A21lαnβ +A22lαlβ +A23lαmβ +

+A31mαnβ +A32mαlβ +A33mαmβ , (5)

£¤¥ Aij Ä ¸± ²Ö·Ò µÉ´µ¸¨É¥²Ó´µ R3:

Aij = aij + bijnσ + cij lσ + dijmσ, (6)

aij , bij , cij , dij Ä ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ µÉ k ¨ k′. 36 ±µ³¶²¥±¸´ÒÌ Î¨¸¥²
¢ Ëµ·³Ê²¥ (5) ¸µµÉ¢¥É¸É¢ÊÕÉ 2 × 3 × 2 × 3 = 36 ¸¶¨´µ¢Ò³  ³¶²¨ÉÊ¤ ³ · ¸-
¸³ É·¨¢ ¥³µ£µ ¶·µÍ¥¸¸ . P -¨´¢ ·¨ ´É´µ¸ÉÓ ³ É·¨Î´µ£µ Ô²¥³¥´É  (3) ¸¢µ¤¨É-

¸Ö ± ¨´¢ ·¨ ´É´µ¸É¨ ¸¢¥·É±¨ É¥´§µ·µ¢ e(λ)
β e

(λ′)
α Tβα µÉ´µ¸¨É¥²Ó´µ µ¶¥· Í¨¨

r→ −r, ÎÉµ ¶·¨¢µ¤¨É ± ¸µµÉ´µÏ¥´¨Õ

Tαβ(−k,−k′,σ) = Tαβ(k,k
′,σ). (7)

“Î¨ÉÒ¢ Ö ¸¢µ°¸É¢  ¢¥±Éµ·µ¢ k, k′,σ ¶µ µÉ´µÏ¥´¨Õ ± ¨´¢¥·¸¨¨ ±µµ·¤¨´ É,
¨§ (5)Ä(7) ´ Ìµ¤¨³

Tαβ(k,k
′,σ) = (a11 + b11nσ)nαnβ +

+(c12lσ + d12mσ)nαlβ + (c13lσ + d13mσ)nαmβ +

+(c21lσ + d21mσ)lαnβ +

+(a22 + b22nσ)lαlβ + (a23 + b23nσ)lαmβ +

+(c31lσ + d31mσ)mαnβ + (a32 + b32nσ)mαlβ + (a33 + b33nσ)mαmβ. (8)

‚ ¸²ÊÎ ¥ Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö (d = d′, N = N ′) T -¨´¢ ·¨ ´É´µ¸ÉÓ ´ ² £ ¥É
¤µ¶µ²´¨É¥²Ó´Ò¥ µ£· ´¨Î¥´¨Ö ´  Î¨¸²µ ´¥§ ¢¨¸¨³ÒÌ ¨´¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤.
”µ·³Ê²Ò ¤²Ö ÔÉµ£µ ¸²ÊÎ Ö ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¢ · ¡µÉ¥ [8]. ‡¤¥¸Ó ³Ò ¶·¨¢µ¤¨³
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¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ Ëµ·³Ê²Ò ¤²Ö ¶µ²´µÉÒ ¨§²µ¦¥´¨Ö. �·¨ µ¶¥· Í¨¨ µ¡· Ð¥-
´¨Ö ¢·¥³¥´¨ t→ −t ¨³¥¥³

k→ −k′, k′ → −k, n→ −n, l→ −l, m→ m, σ → −σ,

¶·¨ ÔÉµ³ ´ Î ²Ó´µ¥ ¨ ±µ´¥Î´µ¥ ¸µ¸ÉµÖ´¨Ö ³¥´ÖÕÉ¸Ö ³¥¸É ³¨. ‚ ·¥§Ê²ÓÉ -
É¥ ¨´¢ ·¨ ´É´µ¸ÉÓ  ³¶²¨ÉÊ¤Ò Ê¶·Ê£µ£µ · ¸¸¥Ö´¨Ö µÉ´µ¸¨É¥²Ó´µ µ¡· Ð¥´¨Ö
¢·¥³¥´¨ ¸¢µ¤¨É¸Ö ± ¸µµÉ´µÏ¥´¨Õ

Tβα(k,k′,σ) = Tαβ(−k′,−k,−σ). (9)

ˆ§ · ¢¥´¸É¢  (9) ¸²¥¤Ê¥É, ÎÉµ ´  ±µÔËË¨Í¨¥´ÉÒ · §²µ¦¥´¨Ö (8) ´ ² £ ÕÉ¸Ö
¤µ¶µ²´¨É¥²Ó´Ò¥ ¸µµÉ´µÏ¥´¨Ö

c12 = c21, d12 = −d21, c13 = −c31,

d13 = d31, a23 = −a32, b23 = −b32. (10)

’ ±¨³ µ¡· §µ³, Ï¥¸ÉÓ ¤µ¶µ²´¨É¥²Ó´ÒÌ ¸µµÉ´µÏ¥´¨° (10) ¢ ¸²ÊÎ ¥ Ê¶·Ê£µ£µ
· ¸¸¥Ö´¨Ö É¨¶  1/2 + 1 → 1/2 + 1 µ§´ Î ÕÉ, ÎÉµ ¨§ 18  ³¶²¨ÉÊ¤ ¢ (8)
´¥§ ¢¨¸¨³Ò³¨ Ö¢²ÖÕÉ¸Ö Éµ²Ó±µ 12 ¨´¢ ·¨ ´É´ÒÌ  ³¶²¨ÉÊ¤. ‚Ò¡¥·¥³ ¸¨¸É¥³Ê
±µµ·¤¨´ É É ±, ÎÉµ OZ ↑↑ l, OY ↑↑ n, OX ↑↑m. �·¨ ÔÉµ³ ny = lz = mx = 1
(µ¸É ²Ó´Ò¥ ±µ³¶µ´¥´ÉÒ µ·Éµ¢ · ¢´Ò ´Ê²Õ), ¢ ·¥§Ê²ÓÉ É¥ ¨§ (8) ¸ ÊÎ¥Éµ³ (10)
´ Ìµ¤¨³

Txx = M1 +M2σy, Txy = M7σz +M8σx, Txz = M9 +M10σy,

Tyx = −M7σz +M8σx, Tyy = M3 +M4σy , Tyz = M11σx +M12σz ,

Txz = −M9 −M10σy, Tzy = −M11σx +M12σz , Tzz = M5 +M6σy . (11)

‚¸¥ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò ³µ¦´µ ²¥£±µ ¢Ò· §¨ÉÓ Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥
 ³¶²¨ÉÊ¤Ò M1, . . .M12. ‘¥Î¥´¨¥ ¶·µÍ¥¸¸  ¸ ´¥¶µ²Ö·¨§µ¢ ´´Ò³¨ Î ¸É¨Í ³¨
¨³¥É ¢¨¤

dσ

dΩ
=

1

64π2s

1

3
B, (12)

£¤¥ s = (pp + pd)
2 Å ±¢ ¤· É ¨´Ë ·¨ ´É´µ° ³ ¸¸Ò ¸¨¸É¥³Ò p+ d,

B =
i=6∑
i=1

|Mi|2 + 2
i=12∑
i=7

|Mi|2. (13)

�µ²Ö·¨§ Í¨Ö ¢Éµ·¨Î´µ£µ ¶·µÉµ´  < σi >, É¥´§µ·´ Ö ¨ ¢¥±Éµ·´ Ö ¶µ²Ö·¨§ Í¨¨
±µ´¥Î´µ£µ ¤¥°É·µ´  Pi ¨ Pij µ¶·¥¤¥²ÖÕÉ¸Ö ¸µ£² ¸´µ ¸µµÉ´µÏ¥´¨Ö³

< σi >=
1

2
Sp (ρpσi), Pi = Sp (ρdSi), Pij = Sp (ρdSij), (14)
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£¤¥ ρp ¨ ρd Ä ¶µ²Ö·¨§ Í¨µ´´Ò¥ ³ É·¨ÍÒ ¶²µÉ´µ¸É¨ ±µ´¥Î´µ£µ ¶·µÉµ´  ¨
¤¥°É·µ´ , S Å ¢¥±Éµ· ¸¶¨´  ¤¥°É·µ´ , Sij = (SiSj + SjSi) − 4/3δij . ‚
¸²ÊÎ ¥ ´¥¶µ²Ö·¨§µ¢ ´´ÒÌ ´ Î ²Ó´ÒÌ Î ¸É¨Í ¢¥²¨Î¨´Ò < σ >, Pi, Pij ³µ£ÊÉ
¡ÒÉÓ ¢Ò· ¦¥´Ò Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  pd→ dp ¸²¥¤ÊÕÐ¨³
µ¡· §µ³:

< σx > = < σy >= 0,

< σy > = B−12 Re (M∗1M2 +M∗3M4 +M∗5M6 + 2M∗9M10),

Px = Pz = Pxy = Pyz = 0,

Py = 2B−1 Im [M∗9 (M1 +M5) +M∗10(M2 +M6) +M7M12+

+ M∗11M8] ,

Pxx = 1− 3B−1(|M1|2 + |M2|2 + |M7|2 + |M8|2 + |M9|2 + |M10|2),
Pzz =

√
2T20 = 1− 3B−1(|M5|2 + |M6|2 + |M9|2 + |M10|2 +

+ |M11|2 + |M12|2),
Pyy = −Pxx − Pzz ,
Pxz = −3B−1 Re [M∗9 (M1 −M5) +M∗10(M2 −M6)+

+ M∗11M8 −M∗7M12] . (15)

‚Ò· ¦¥´¨Ö ¤²Ö ¶µ²´µ£µ ´ ¡µ·  ´¥§ ¢¨¸¨³ÒÌ ¸¶¨´µ¢ÒÌ ´ ¡²Õ¤ ¥³ÒÌ
¢ ¸²ÊÎ ¥ ¶µ²Ö·¨§µ¢ ´´ÒÌ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í ¢ ¶·µÍ¥¸¸¥ É¨¶ 
1
2 + 1 → 1

2 + 1 ¶·¨ µ£· ´¨Î¥´¨¨ ±µ²²¨´¥ ·´µ° ±¨´¥³ É¨±µ° ¶µ²ÊÎ¥´Ò ¢ · -
¡µÉ Ì [22, 47]. �µ²Ö·¨§ Í¨µ´´Ò¥ ´ ¡²Õ¤ ¥³Ò¥ ¢ ±µ²²¨´¥ ·´µ° ±¨´¥³ É¨±¥
¶·µÍ¥¸¸  d + p → p + d · ¸¸³ É·¨¢ ²¨¸Ó É ±¦¥ ¢ [14]. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ
±µÔËË¨Í¨¥´Éµ¢ ¶¥·¥¤ Î¨ ¢¥±Éµ·´µ° ¨ É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ ´  µ¸´µ¢¥ ³¥-
Ì ´¨§³  ·¥²ÖÉ¨¢¨¸É¸±µ£µ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¤²Ö ¶·µÍ¥¸¸  d+ p→ p+ d
¢Ò¶µ²´¥´Ò ¢ [48]. ‚ · ¡µÉ Ì [14, 22, 47] ¨¸¶µ²Ó§µ¢ ´  ¨´ Ö ¶µ Ëµ·³¥ Ë¥-
´µ³¥´µ²µ£¨Î¥¸± Ö ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·   ³¶²¨ÉÊ¤Ò, Î¥³ ¢ [8]. �·µ¢¥¤¥³ ¸· ¢-
´¥´¨¥ Ë¥´µ³¥´µ²µ£¨¨ (11) ¢ ¸²ÊÎ ¥ ±µ²²¨´¥ ·´µ° ±¨´¥³ É¨±¨ ¸ ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨³¨ ¢Ò· ¦¥´¨Ö³¨ ¨§ · ¡µÉÒ [14]. ‚ [14] ¨¸¶µ²Ó§Ê¥É¸Ö ¸²¥¤ÊÕÐ¥¥
P - ¨ T -¨´¢ ·¨ ´É´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  pd → dp ¶·¨
k||OZ, k′||OZ:

e∗β(2)Fαβeα(1) = g1[e1e
∗
2 − (me1)(me∗2)] + g2(me1)(me∗2)+

+ig3 {σ[e1 × e∗2]− (σm)(m · [e1 × e∗2])}+ ig4(σm)(m · [e1 × e∗2]), (16)

§¤¥¸Ó g1÷g4 Ä ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨. �¸É ²Ó´Ò¥ 8 ¸² £ ¥³ÒÌ ¢ (16), ¸¢Ö§ ´´Ò¥ ¸
¢¥±Éµ· ³¨ l ¨ n, µÉ¸ÊÉ¸É¢ÊÕÉ ¢ ¸²ÊÎ ¥ ±µ²²¨´¥ ·´µ° ±¨´¥³ É¨±¨ (l = n = 0).
‹¥£±µ ´ °É¨ ¨§ (16)

Fαβ = g1δαβ + (g2 − g1)mαmβ + ig3σiεαβi + i(g4 − g3)σimimjεαβj ; (17)
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§¤¥¸Ó εαβj Ä ¶µ²´µ¸ÉÓÕ  ´É¨¸¨³³¥É·¨Î´Ò° É¥´§µ·, ε123 = 1. ‘· ¢´¨¢ Ö (17)
c (11), ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¸µµÉ´µÏ¥´¨Ö:

M1 = M3 = g1, M7 = ig4,

M10 = −ig3, M11 = ig3, M5 = g2. (18)

�¥¶µ¸·¥¤¸É¢¥´´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¢ · ³± Ì ³¥Ì ´¨§³  µ¡³¥´  ´¥°É·µ´µ³ ¶µ¤-
É¢¥·¦¤ ÕÉ ¸¶· ¢¥¤²¨¢µ¸ÉÓ ¸µµÉ´µÏ¥´¨° (18).

4. ���‹ˆ‡ �…�Š–ˆˆ pp→ pnπ+ ��ˆ ��…�ƒˆˆ 800 ŒÔ‚

4.1. ∆-·¥§µ´ ´¸´ Ö µ¡² ¸ÉÓ ¶·µÍ¥¸¸  pd → dp. “¶·Ê£µ¥ pd-· ¸¸¥Ö´¨¥
´ § ¤ ¢ µ¡² ¸É¨ Ô´¥·£¨° 0,4÷0,8 ƒÔ‚ ¨³¥¥É Ö·±µ ¢Ò· ¦¥´´ÊÕ ¸É·Ê±ÉÊ·Ê [49].
�É  ¸É·Ê±ÉÊ· , ´ ¡²Õ¤ ¥³ Ö ¢¡²¨§¨ ¶µ·µ£  µ¡· §µ¢ ´¨Ö ∆-¨§µ¡ ·Ò, ¢ ·Ö¤¥
· ¡µÉ [2, 3, 50] ¨¸¸²¥¤µ¢ ² ¸Ó ´  µ¸´µ¢¥ ªÉ·¥Ê£µ²Ó´µ£µª ³¥Ì ´¨§³  ¸ ¢¨·ÉÊ-
 ²Ó´Ò³ ¶µ¤¶·µÍ¥¸¸µ³ p + p → d + π+ (p¨¸.1,a), ¸¥Î¥´¨¥ ±µÉµ·µ£µ ¨³¥¥É
·¥§µ´ ´¸´Ò° ³ ±¸¨³Ê³ ¶·¨ Ô´¥·£¨¨ ∼ 0, 6 ƒÔ‚. ª’·¥Ê£µ²Ó´Ò°ª ³¥Ì ´¨§³,
´¥¸³µÉ·Ö ´  Ìµ·µÏ¥¥ µ¶¨¸ ´¨¥ Ê£²µ¢µ° ¨ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¥-
Î¥´¨Ö, Ö¢²Ö¥É¸Ö, ¶µ-¸ÊÐ¥¸É¢Ê, Ë¥´µ³¥´µ²µ£¨Î¥¸±¨³ ¶µ¤Ìµ¤µ³ ¸ ´ ·ÊÏ¥´´µ°
T -¨´¢ ·¨ ´É´µ¸ÉÓÕ.

�µ²¥¥ ¶µ¸²¥¤µ¢ É¥²Ó´ Ö É¥µ·¥É¨Î¥¸± Ö ¸Ì¥³ , ¢ ±µÉµ·µ°  ³¶²¨ÉÊ¤  ¶·µ-
Í¥¸¸  pd → dp ¢Ò· ¦ ¥É¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ Î¥·¥§ Ô²¥³¥´É ·´Ò¥  ³¶²¨ÉÊ¤Ò
N+N → N+∆, ¡Ò²  · §¢¨É  ¢ · ¡µÉ Ì [8,51,52]. �·¨ ÔÉµ³ ¢ÒÖ¸´¨² ¸Ó ¢ ¦-
´ Ö ·µ²Ó ¨´É¥·Ë¥·¥´Í¨¨ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  (∆), ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ
¤¨ £· ³³¥ p¨¸.1,£, c ³¥Ì ´¨§³µ³ µ¡³¥´  ´¥°É·µ´µ³ (��) (·¨¸.1,¡), ±µÉµ-
· Ö ¸µ£² ¸´µ ·¥§Ê²ÓÉ É ³ · ¡µÉÒ [8], ¸¨²Ó´µ ¤¥Ëµ·³¨·Ê¥É ±¢ §¨·¥§µ´ ´¸´Ò°
³ ±¸¨³Ê³. ‚ · ³± Ì ªÉ·¥Ê£µ²Ó´µ£µª ³¥Ì ´¨§³  ´¥¢µ§³µ¦´µ ÊÎ¥¸ÉÓ ¨´É¥·-
Ë¥·¥´Í¨µ´´Ò° ¢±² ¤ ¸ ³¥Ì ´¨§³µ³ µ¡³¥´  ´¥°É·µ´µ³, É ± ± ± ´¥¨§¢¥¸É´ 
µÉ´µ¸¨É¥²Ó´ Ö Ë §  ¶·µÍ¥¸¸  pp → dπ+. ƒ² ¢´Ò° ¢Ò¢µ¤ · ¡µÉ [8, 51, 52]
¸µ¸ÉµÖ² ¢ Éµ³, ÎÉµ ¸Ê³³  É·¥Ì ³¥Ì ´¨§³µ¢ Å ∆-·¥§µ´ ´¸´µ£µ, �� ¢ ·¥²ÖÉ¨-
¢¨¸É¸±µ° ¤¨´ ³¨±¥ ¨ µ¤´µ±· É´µ£µ pN -· ¸¸¥Ö´¨Ö (��) (p¨¸.1,¢) c ÊÎ¥Éµ³ S-
¨ D-¢µ²´ ¤¥°É·µ´  ´¥ ¢µ¸¶·µ¨§¢µ¤¨É Ì · ±É¥·´µ¥ ¶²¥Îµ ¢ pd-· ¸¸¥Ö´¨¨ ´ § ¤
¢ µ¡² ¸É¨ 0,4÷0,6 ƒÔ‚. �¶¨¸ ´¨¥ ¢¸¥° ¸µ¢µ±Ê¶´µ¸É¨ ¤ ´´ÒÌ ¡Ò²µ ¤µ¸É¨£-
´ÊÉµ ¶µ¸·¥¤¸É¢µ³ ¢¢¥¤¥´¨Ö ¢±² ¤  É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢ (p¨¸.1,¤). �Ö¤
É ±¨Ì ·¥§µ´ ´¸µ¢ ¸ ³ ¸¸ ³¨ 3,0÷3,4 ƒÔ‚, ÎÉµ ¢ pd-· ¸¸¥Ö´¨¨ ¸µµÉ¢¥É¸É¢Ê¥É
Ô´¥·£¨¨ ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ ¢ ² ¡. ¸¨¸É¥³¥ Tp ∼ 0, 3÷1,0 ƒÔ‚, ¡Ò² ¶·¥¤-
¸± § ´ ¢ ³µ¤¥²¨ ¢ÒÉÖ´ÊÉÒÌ ¢· Ð ÕÐ¨Ì¸Ö ³¥Ï±µ¢ ¸µ ¸±·ÒÉÒ³ Í¢¥Éµ³ [53].
„·Ê£µ° ¢µ§³µ¦´µ° ¶·¨Î¨´µ° ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö ³µ¦¥É ¡ÒÉÓ ¢±² ¤ µ¡³¥´ 
´Ê±²µ´´Ò³¨ ¨§µ¡ · ³¨ (·¨¸.1, e), ³ ±¸¨³ ²Ó´Ò° ¢±² ¤ ±µÉµ·ÒÌ ¢ P -¢µ²´¥
¶·¥¤¸± §Ò¢ ¥É¸Ö ¨³¥´´µ ¢ µ¡² ¸É¨ ∼ 0, 5 ƒÔ‚. � ±µ´¥Í, ¥¸ÉÓ ¥Ð¥ µ¤¨´ ¢µ§-
³µ¦´Ò° ¨¸ÉµÎ´¨± · §´µ£² ¸¨° Å ±¢ §¨¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¢ ¸¨¸É¥³¥ η−3He,
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�¨¸. 1. Œ¥Ì ´¨§³Ò Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤: a) É·¥Ê£µ²Ó´ Ö ¤¨ £· ³³  ���,
¡) µ¤´µ´Ê±²µ´´Ò° µ¡³¥´; ¢) µ¤´µ±· É´µ¥ pN-· ¸¸¥Ö´¨¥; £) ∆-³¥Ì ´¨§³; ¤) ³¥Ì ´¨§³
É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢, ¥) µ¡³¥´ N∗-¨§µ¡ ·µ°, ¦) ¸¢Ö§Ó ¶·µÍ¥¸¸  pd → dp ¸
± ´ ²µ³ pd→3 Heη

Ê± § ´¨¥ ´  ¸ÊÐ¥¸É¢µ¢ ´¨¥ ±µÉµ·µ£µ ¶µ²ÊÎ¥´µ ¢ · ¡µÉ Ì [54,55] ¶·¨  ´ ²¨§¥
·¥ ±Í¨¨ pd→3 Heη. �Éµ ¸µ¸ÉµÖ´¨¥ ³µ¦¥É ¤ ÉÓ ¢±² ¤ ¢ Ê¶·Ê£µ¥ pd-· ¸¸¥Ö´¨¥
´ § ¤ ¶·¨ Ô´¥·£¨ÖÌ Tp ∼ 1 ƒÔ‚ (p¨¸.1, ¦). ’ ±¨³ µ¡· §µ³, ¢µ¶·µ¸ µ ³¥Ì -
´¨§³¥ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¢ µ¡² ¸É¨ ∆-·¥§µ´ ´¸  ¶·¥¤¸É ¢²Ö¥É §´ Î¨É¥²Ó´Ò°
¨´É¥·¥¸.

�¤´ ±µ ´ ¤¥¦´µ¸ÉÓ ¢Ò¢µ¤µ¢ µ ¢±² ¤¥ Ô±§µÉ¨Î¥¸±¨Ì ³¥Ì ´¨§³µ¢ ¢¸¥Í¥²µ
µ¶·¥¤¥²Ö¥É¸Ö É¥³, ´ ¸±µ²Ó±µ ÉµÎ´µ ¢ÒÎ¨¸²¥´ ¢±² ¤ ¤·Ê£¨Ì ¡µ²¥¥ ¶·µ§ ¨Î¥-
¸±¨Ì ³¥Ì ´¨§³µ¢, ¨ ¢ ¶¥·¢ÊÕ µÎ¥·¥¤Ó ³¥Ì ´¨§³  Ä ¤¢Ê±· É´µ£µ pN -· ¸¸¥Ö´¨Ö
¸ ¢µ§¡Ê¦¤¥´¨¥³ ∆-¨§µ¡ ·Ò. ‘µ£² ¸´µ ·¥§Ê²ÓÉ É ³ · ¡µÉ [8, 56] ·µ²Ó ÔÉµ£µ
³¥Ì ´¨§³  ¸· ¢´¨É¥²Ó´µ ´e¢Ò¸µ± . ‚ Éµ ¦¥ ¢·¥³Ö ¸µ£² ¸´µ · ¸Î¥É ³ [12]
∆-³¥Ì ´¨§³ ¤µ³¨´¨·Ê¥É ¨ ¸µ¢³¥¸É´µ ¸ ³¥Ì ´¨§³µ³ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´ 
Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ µ¶¨¸Ò¢ ¥É ¤ ´´Ò¥ µ ¶·µÍ¥¸¸¥ pd→ dp. �¤´µ° ¨§ ¶·¨Î¨´
· ¸Ìµ¦¤¥´¨Ö ³¥¦¤Ê ·¥§Ê²ÓÉ É ³¨ [8] ¨ [12] ³µ¦¥É ¡ÒÉÓ · §²¨Î¨¥ ¢ ¶ · ³¥-
É·¨§ Í¨ÖÌ  ³¶²¨ÉÊ¤Ò NN → N∆.

‚µ¶·µ¸ µ ¶ · ³¥É· Ì  ³¶²¨ÉÊ¤Ò NN → N∆, ¸²µ¦´Ò° ¸ ³ ¶µ ¸¥¡¥,
¢ ¤ ´´µ³ ¸²ÊÎ ¥ ¶·¨µ¡·¥É ¥É µ¸µ¡ÊÕ µ¸É·µÉÊ, É ± ± ± ¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸ 
pd → dp ÔÉ   ³¶²¨ÉÊ¤  ¢Ìµ¤¨É ¢ Î¥É¢¥·Éµ° ¸É¥¶¥´¨. ‚ µ¡µ¨Ì Í¨É¨·Ê¥³ÒÌ
§¤¥¸Ó ¶µ¤Ìµ¤ Ì ¤²Ö  ³¶²¨ÉÊ¤ NN → N∆ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ´¥·¥²ÖÉ¨¢¨¸É¸±¨¥
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¶ · ³¥É·¨§ Í¨¨, ¶µÔÉµ³Ê ·¥§Ê²ÓÉ É · ¸Î¥É  ³µ¦¥É ¨§³¥´¨ÉÓ¸Ö ¶·¨ ¶¥·¥Ìµ-
¤¥ µÉ µ¤´µ° ¸¨¸É¥³Ò µÉ¸Î¥É  ± ¤·Ê£µ°. �¤´ ±µ ¶·µ¢¥·±  ¨¸¶µ²Ó§Ê¥³ÒÌ Ë¥-
´µ³¥´µ²µ£¨Î¥¸±¨Ì Ëµ·³Ê² ¶µ ¤·Ê£¨³ ¤ ´´Ò³, ¸µ¤¥·¦ Ð¨³ ¨´Ëµ·³ Í¨Õ µ¡
 ³¶²¨ÉÊ¤¥ NN → N∆ ´¥¶µ¸·¥¤¸É¢¥´´µ ¢ Éµ° ¦¥ µ¡² ¸É¨ ±¨´¥³ É¨Î¥¸±¨Ì
¶¥·¥³¥´´ÒÌ, ÎÉµ ¨ ¢ ¶·µÍ¥¸¸¥ pd→ dp, ¢ · ¡µÉ Ì [8,12] ´¥ ¶·µ¢µ¤¨² ¸Ó. �É 
§ ¤ Î  ¡Ò²  · ¸¸³µÉ·¥´  ¢ [57] ´  µ¸´µ¢¥  ´ ²¨§  ·¥ ±Í¨¨ pp→ pnπ+. ‚ ·¥-
§Ê²ÓÉ É¥ ¢ [57] ¸¤¥² ´ ¢Ò¢µ¤, ÎÉµ µ¡¥ ¶ · ³¥É·¨§ Í¨¨ ´Ê¦¤ ÕÉ¸Ö ¢ ÊÉµÎ´¥´¨¨,
¨ ´ °¤¥´  ¡µ²¥¥  ¤¥±¢ É´ Ö ¶ · ³¥É·¨§ Í¨Ö  ³¶²¨ÉÊ¤Ò NN → N∆.

‚ ²¨É¥· ÉÊ·¥ · §¢¨¢ ¥É¸Ö É¥µ·¨Ö ¸¢Ö§ ´´ÒÌ NN − πNN -± ´ ²µ¢ ¤²Ö
¸µ¢³¥¸É´µ£µ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢ πd → NN , πd → πd, πd → πNN ,
NN → πNN ¨ NN → NN ¢ Ï¨·µ±µ° µ¡² ¸É¨ Ô´¥·£¨°, ¢±²ÕÎ ÕÐ¥° ∆-
·¥§µ´ ´¸ [58Ä61]. �³¶²¨ÉÊ¤  NN 
 N∆, ¢ÒÎ¨¸²Ö¥³ Ö ¢ ÔÉµ° É¥µ·¨¨ ¶ÊÉ¥³
·¥Ï¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ¸¨¸É¥³Ò Ê· ¢´¥´¨° ¸µ ¸¢Ö§ÓÕ ± ´ ²µ¢, ¡Ê¤¥É ´ ¨-
¡µ²¥¥ ÉµÎ´Ò³ µÉ¢¥Éµ³ ´  ¨´É¥·¥¸ÊÕÐ¨° ´ ¸ ¢µ¶·µ¸. � ¨¡µ²ÓÏ¨° ¶·µ£·¥¸¸ ¢
ÔÉµ³ ´ ¶· ¢²¥´¨¨ ¤µ¸É¨£´ÊÉ ¢ · ¡µÉ Ì [58Ä60], ¢ ±µÉµ·ÒÌ ´  µ¸´µ¢¥ £ ³¨²ÓÉµ-
´µ¢¸±µ£µ Ê´¨É ·´µ£µ ¶µ¤Ìµ¤  µ¤´µ¢·¥³¥´´µ µ¶¨¸ ´Ò ± ± NN → NN , É ± ¨
NN → πNN -¶·µÍ¥¸¸Ò ¸ ¥¤¨´¸É¢¥´´Ò³ ¸¢µ¡µ¤´Ò³ ¶ · ³¥É·µ³ (µ¡·¥§ ÕÐ¥°
³ ¸¸µ° ¢ ³¥§µ´-¡ ·¨µ´´ÒÌ Ëµ·³Ë ±Éµ· Ì Λπ = Λρ), ±µÉµ·Ò° ´ °¤¥´ · ¢´Ò³
0, 65 ƒÔ‚. ’¥³ ´¥ ³¥´¥¥ ¸µ£² ¸¨¥ É¥µ·¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ µ
·¥ ±Í¨¨ pp → pnπ+ ¶·¨ T = 0, 8 ƒÔ‚ ¢ [60] ´µ¸¨É ²¨ÏÓ ± Î¥¸É¢¥´´Ò° Ì -
· ±É¥·. ‚ Î ¸É´µ¸É¨, ´¥ ¢µ¸¶·µ¨§¢µ¤ÖÉ¸Ö ¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨.
�µÔÉµ³Ê ¶·¨ µ¶¨¸ ´¨¨ ·¥ ±Í¨¨ pd → dp ¶·¥¤¸É ¢²Ö¥É¸Ö µ¶· ¢¤ ´´Ò³ ¨¸-
¶µ²Ó§µ¢ ÉÓ ¢³¥¸Éµ ¶µ¤Ìµ¤  [58Ä60] ¶·µ¸ÉÊÕ Ë¥´µ³¥´µ²µ£¨Î¥¸±ÊÕ  ³¶²¨ÉÊ¤Ê
NN → N∆ ¸µ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·µ° µ¤´µ³¥§µ´´µ£µ π- ¨ ρ-µ¡³¥´ . � · ³¥-
É·Ò ÔÉµ°  ³¶²¨ÉÊ¤Ò ³µ¦´µ Ë¨±¸¨·µ¢ ÉÓ ¶µ ±¨´¥³ É¨Î¥¸±¨ ¶µ²´Ò³ ¤ ´´Ò³
µ ·¥ ±Í¨¨ pp → pnπ+ ¶·¨ Ô´¥·£¨¨ 0, 8 ƒÔ‚ [62, 63]. ‚Ò¡µ· ÔÉµ° ·¥ ±Í¨¨
§¤¥¸Ó µ¡Ê¸²µ¢²¥´ É¥³, ÎÉµ ¢ ³µ¤¥²¨ µ¤´µ³¥§µ´´µ£µ π- ¨ ρ-µ¡³¥´  ¤²Ö  ³-
¶²¨ÉÊ¤Ò pp → pnπ+ §´ Î¥´¨Ö ±¢ ¤· Éµ¢ 4-¨³¶Ê²Ó¸µ¢ ¢¨·ÉÊ ²Ó´ÒÌ ³¥§µ´µ¢
¨ ∆-¨§µ¡ ·Ò µÎ¥´Ó ¡²¨§±¨ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¢¥²¨Î¨´ ³ ∆-·¥§µ´ ´¸´µ°
 ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  pd → dp. Š·µ³¥ Éµ£µ,  ´ ²¨§ ÔÉµ° ¦¥ ·¥ ±Í¨¨, ¶·µ-
¢¥¤¥´´Ò° · ´¥¥ ¢ · ³± Ì ¡µ²¥¥ ËÊ´¤ ³¥´É ²Ó´µ£µ ¶µ¤Ìµ¤  [60], ¶µ§¢µ²Ö¥É
±µ´É·µ²¨·µ¢ ÉÓ ÉµÎ´µ¸ÉÓ ¨¸¶µ²Ó§Ê¥³µ£µ ¶·¨¡²¨¦¥´¨Ö.

�·¨ ¢ÒÎ¨¸²¥´¨¨ ∆-·¥§µ´ ´¸´µ°  ³¶²¨ÉÊ¤Ò ·¥ ±Í¨¨ pd→ dp  ³¶²¨ÉÊ¤ 
¶·µÍ¥¸¸  NN 
 N∆ ¢Ò´µ¸¨É¸Ö ¨§-¶µ¤ §´ ±  ¨´É¥£· ²  ¶µ µÉ´µ¸¨É¥²Ó´µ³Ê
¨³¶Ê²Ó¸Ê ´Ê±²µ´µ¢ ¢ ¤¥°É·µ´¥ qpn ¢ ÉµÎ±¥ qpn = 0 [56]. �µÔÉµ³Ê ¢ µ±µ´-
Î É¥²Ó´Ò° µÉ¢¥É  ³¶²¨ÉÊ¤  NN 
 N∆ ¢Ìµ¤¨É ¶·¨ ³ ²ÒÌ ¢¨·ÉÊ ²Ó´µ¸ÉÖÌ
´Ê±²µ´µ¢ ¢ ¤¥°É·µ´¥ ((p2

N −m2
N)/2mN ∼ −ε, £¤¥ ε Ä Ô´¥·£¨Ö ¸¢Ö§¨ ¤¥°É·µ´ ,

pN , mN Ä 4-¨³¶Ê²Ó¸ ¨ ³ ¸¸  ´Ê±²µ´ ). ˆ´¢ ·¨ ´É´ Ö ³ ¸¸  ∆-¨§µ¡ ·Ò µ∆

´ Ìµ¤¨É¸Ö ¢ ¨´É¥·¢ ²¥ µ∆ = 1, 15÷ 1, 25 ƒÔ‚, ¥¸²¨ · ¸¸³ É·¨¢ ¥É¸Ö µ¡² ¸ÉÓ
´ Î ²Ó´ÒÌ Ô´¥·£¨° ¶·µÉµ´  Tp = 0, 5÷ 0, 8 ƒÔ‚. ‚ ¦´µ µÉ³¥É¨ÉÓ, ÎÉµ ¢ ÔÉµ³
¶·¨¡²¨¦¥´¨¨ (Éµ ¥¸ÉÓ ¶·¨ ¢Ò´µ¸¥  ³¶²¨ÉÊ¤Ò NN 
 N∆ ¢ ÉµÎ±¥ qpn = 0)
¶·¨ · ¸¸¥Ö´¨¨ ´  Ê£µ² θÍ.³. = 180◦ ∆-¨§µ¡ ·  ¶µ±µ¨É¸Ö ¢ ¸.Í.³. p + d ¶·¨
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²Õ¡µ° ´ Î ²Ó´µ° Ô´¥·£¨¨. �µÔÉµ³Ê ¢  ³¶²¨ÉÊ¤Ê ¶·µÍ¥¸¸  pd→ dp, ¢ÒÎ¨¸²Ö¥-
³ÊÕ ¢ ¸.Í.³. p+d,  ³¶²¨ÉÊ¤  NN → N∆ ¢Ìµ¤¨É ¢ ¸¨¸É¥³¥ ¶µ±µÖ ∆-¨§µ¡ ·Ò,
ÎÉµ ¶µ§¢µ²Ö¥É ¨¸¶µ²Ó§µ¢ ÉÓ ¸É É¨Î¥¸±µ¥ ¶·¨¡²¨¦¥´¨¥.

�µ²ÊÎ¥´´Ò¥ · ´¥¥ ¢ ³µ¤¥²¨ µ¤´µ³¥§µ´´µ£µ µ¡³¥´  ·¥§Ê²ÓÉ ÉÒ  ´ ²¨§ 
·¥ ±Í¨¨ pp → pnπ+ ´¥²Ó§Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¶·¨ ¶µ¸É·µ¥´¨¨
 ³¶²¨ÉÊ¤Ò NN → N∆ ¤²Ö ¶·µÍ¥¸¸  pd→ dp. � ¶·¨³¥·, ´¥¶µ¸·¥¤¸É¢¥´´Ò¥
¢ÒÎ¨¸²¥´¨Ö ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶µ¤Ìµ¤¥ [62] ·¥§Ê²ÓÉ É § ¢¨-
¸¨É µÉ ¢Ò¡µ·  ¸¨¸É¥³Ò µÉ¸Î¥É  ¨, ´¥¸³µÉ·Ö ´  Éµ, ÎÉµ £ ²¨²¥¥¢¸±¨¥ ¶µ¶· ¢±¨
ÊÎÉ¥´Ò, ¸¥Î¥´¨¥ ·¥ ±Í¨¨ pp → pnπ+ ´¥ ¢µ¸¶·µ¨§¢µ¤¨É¸Ö, ¥¸²¨  ³¶²¨ÉÊ¤ 
ÔÉµ° ·¥ ±Í¨¨ ¢ÒÎ¨¸²Ö¥É¸Ö ¢ ¸¨¸É¥³¥ ¶µ±µÖ ∆-¨§µ¡ ·Ò. ‘ ¤·Ê£µ° ¸Éµ·µ´Ò,
²µ·¥´Í-¨´¢ ·¨ ´É´Ò°  ´ ²¨§ [64], µÌ¢ ÉÒ¢ ÕÐ¨° ¥¤¨´Ò³ ´ ¡µ·µ³ ¶ · ³¥-
É·µ¢ ± ± ¨´±²Õ§¨¢´Ò¥, É ± ¨ Ô±¸±²Õ§¨¢´Ò¥ ¤ ´´Ò¥ ¢ µ¡² ¸É¨ ´ Î ²Ó´ÒÌ
Ô´¥·£¨° ∼ 0, 8 ƒÔ‚, ´¥¤µ¸É ÉµÎ´µ Ìµ·µÏµ µ¶¨¸Ò¢ ¥É ·¥ ±Í¨Õ pp → pnπ+.
‘¶Ê¸ÉÖ ´¥¸±µ²Ó±µ ²¥É ¶µ¸²¥ µ¶Ê¡²¨±µ¢ ´¨Ö · ¡µÉÒ [57] ¶µÖ¢¨²¨¸Ó ´µ¢Ò¥
¶ · ³¥É·¨§ Í¨¨ ¤²Ö  ³¶²¨ÉÊ¤Ò NN → N∆, µ¸´µ¢ ´´Ò¥ ± ± ´  ´¥±µ¢ ·¨-
 ´É´µ³ Ëµ·³ ²¨§³¥ π + ρ-µ¡³¥´  [65], É ± ¨ ´  ¶µ²´µ¸ÉÓÕ ±µ¢ ·¨ ´É´µ°
³µ¤¥²¨ µ¤´µ¡µ§µ´´µ£µ µ¡³¥´  [66]. � · ³¥É·¨§ Í¨Ö, ¶µ²ÊÎ¥´´ Ö ¢ [65], ¶µ
Ëµ·³¥ µÎ¥´Ó ¡²¨§±  ± [57], ¥¸ÉÓ µÉ²¨Î¨¥ Éµ²Ó±µ ¢ Î¨¸²¥´´ÒÌ §´ Î¥´¨ÖÌ ¶ -
· ³¥É·µ¢ µ¡·¥§ ´¨Ö ¢ Ëµ·³Ë ±Éµ· Ì, ¢¨¤¨³µ, ¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ ¤µ¶µ²-
´¨É¥²Ó´µ£µ Î²¥´  ‹ ´¤ ÊÄŒ¨£¤ ²  ¢ ¸É·Ê±ÉÊ·¥  ³¶²¨ÉÊ¤Ò. „²Ö Éµ£µ, ÎÉµ¡Ò
¶µ¸²¥¤µ¢ É¥²Ó´Ò³ µ¡· §µ³ ¶·¨³¥´¨ÉÓ ±µ¢ ·¨ ´É´Ò° Ëµ·³ ²¨§³ [66] ± ¶·µ-
Í¥¸¸Ê pd → dp ¢ · ³± Ì ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³ , ´¥µ¡Ìµ¤¨³  ¶µ²´µ¸ÉÓÕ
±µ¢ ·¨ ´É´ Ö Ëµ·³Ê²¨·µ¢±   ³¶²¨ÉÊ¤Ò ∆-³¥Ì ´¨§³ , ±µÉµ· Ö ¢ ´ ¸ÉµÖÐ¥¥
¢·¥³Ö ¢ ²¨É¥· ÉÊ·¥ µÉ¸ÊÉ¸É¢Ê¥É.

4.2. �³¶²¨ÉÊ¤  NN → N∆. ‚ · ¡µÉ¥ [57] ¶·¨ µ¶¨¸ ´¨¨ ·¥ ±Í¨¨
pp→ pnπ+ ÊÎÉ¥´ ¢±² ¤ Î¥ÉÒ·¥Ì ¤¨ £· ³³, ¨§µ¡· ¦¥´´ÒÌ ´  ·¨¸.2,  ³¶²¨ÉÊ-
¤Ò ±µÉµ·ÒÌ ¢ÒÎ¨¸²¥´Ò ¢ ¸¨¸É¥³¥ ¶µ±µÖ ∆-¨§µ¡ ·Ò. „²Ö ¸¶¨´µ·  � ·¨ÉÒ Å
˜¢¨´£¥·  Ψµ, µ¶¨¸Ò¢ ÕÐ¥£µ ∆-¨§µ¡ ·Ê, ¨¸¶µ²Ó§µ¢ ´µ ¸É É¨Î¥¸±µ¥ ¶·¨¡²¨-
¦¥´¨¥ p∆ = 0, ¢ Éµ ¢·¥³Ö ± ± ¢¥·Ï¨´Ò πNN ¨ ρNN ¢§ÖÉÒ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ°
Ëµ·³¥. ‚±² ¤ ¤·Ê£¨Ì  ´ ²µ£¨Î´ÒÌ ¤¨ £· ³³, ´  ±µÉµ·ÒÌ ¢³¥¸Éµ ∆-¨§µ¡ ·Ò
¶µÖ¢²ÖÕÉ¸Ö N ¨ N∗, ¸µ£² ¸´µ · ¸Î¥É ³ [62] ¢ · ¸¸³ É·¨¢ ¥³µ° ±¨´¥³ É¨Î¥-
¸±µ° µ¡² ¸É¨ ¸µ¸É ¢²Ö¥É ≤ 1% ¨ ¶µÔÉµ³Ê ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö. ‚ ÔÉµ° µ¡² ¸É¨
µÉ´µ¸¨É¥²Ó´ Ö Ô´¥·£¨Ö ´Ê±²µ´µ¢ ≥ 15 ŒÔ‚, ¶µÔÉµ³Ê np-¢§ ¨³µ¤¥°¸É¢¨¥ ¢
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ´¥ Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³ Ë ±Éµ·µ³ [60]. ‚§ ¨³µ¤¥°-
¸É¢¨¥ ¢ ´ Î ²Ó´µ³ (NN) ¨ ±µ´¥Î´µ³ (N∆) ¸µ¸ÉµÖ´¨ÖÌ ¶·µÍ¥¸¸  NN → N∆,
± ± ¶µ± § ´µ ¢ [60], Ê³¥´ÓÏ ¥É ¸¥Î¥´¨¥ ·¥ ±Í¨¨ pp→ pnπ+ ´¥ ¡µ²¥¥ Î¥³ ´ 
30% ¶µ ¸· ¢´¥´¨Õ ¸ µ¤´µ³¥§µ´´Ò³ π- ¨ ρ- µ¡³¥´µ³ ¢ ¶·¨¡²¨¦¥´¨¨ ¶²µ¸±¨Ì
¢µ²´, ´¥ ³¥´ÖÖ Ëµ·³Ò · ¸¶·¥¤¥²¥´¨Ö. �¥§Ê²ÓÉ É ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ´ Î ²Ó-
´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ, µÎ¥¢¨¤´µ, § ³ ¸±¨·Ê¥É¸Ö ¢ ¶ · ³¥É· Ì Ëµ·³Ë ±
Éµ·µ¢. ˆ¸Ìµ¤Ö ¨§ Ë¥´µ³¥´µ²µ£¨Î¥¸±¨Ì ² £· ´¦¨ ´µ¢ ¢§ ¨³µ¤¥°¸É¢¨Ö LπNN ,
LρNN , LπN∆, LρN∆, ¶·¨¢¥¤¥´´ÒÌ ¢ [64], ¤²Ö ³¥§µ´-¡ ·¨µ´´ÒÌ ¢¥·Ï¨´
¨³¥¥³
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�¨¸. 2. Œ¥Ì ´¨§³Ò ·¥ ±Í¨¨ pp→ pnπ+ ¢ µ¡² ¸É¨ µ¡· §µ¢ ´¨Ö ∆-·¥§µ´ ´¸ 

< πN2|N1 >= (fπNN/mπ)ϕ
+
1 (σQ)(τΦπ)ϕ22mN , (19)

< ρN2|N1 >= (fρNN/mρ)ϕ
+
1 ([σQ]ερ)(τΦρ)ϕ22mN , (20)

< πN |∆ >= fπN∆/mπ)(Ψ
+
∆Q′π)(TΦπ)ϕ

√
2mN2m∆, (21)

< ρN |∆ >= (fρN∆/mρ)([Ψ
+
∆Q′ρ]ερ)(TΦρ)ϕ

√
2mN2m∆, (22)

£¤¥
fπNN = 1, 00, fπN∆ = 2, 15, fρNN = 6, 20, fρN∆ = 13, 33.

‡¤¥¸Ó ϕ Ä ¶ Ê²¨¥¢¸±¨° ¸¶¨´µ· ´Ê±²µ´ ; Ψ∆ Ä ¸É É¨Î¥¸±¨° ¢¥±Éµ·´Ò° ¸¶¨-
´µ· ∆-¨§µ¡ ·Ò; Φπ, Φρ Ä ¨§µ¢¥±Éµ·´Ò¥ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ π- ¨ ρ-³¥§µ´ ;
ερ Ä ¶µ²Ö·¨§ Í¨µ´´Ò° ¢¥±Éµ· ρ-³¥§µ´ ; τ Ä ¨§µ¸¶¨´µ¢ Ö ³ É·¨Í  � Ê²¨;
¨§µ¸¶¨´µ¢Ò° µ¶¥· Éµ· T µ¶·¥¤¥²¥´ ¢ [62].

ˆ³¶Ê²Ó¸ Q ¢ (19), (20) ¨³¥¥É ¢¨¤

Q =

[
E1 +mN

E2 +mN

]1/2

p2 −
[
E2 +mN

E1 +mN

]1/2

p1, (23)

Ei =
√
p2
i +m2

N Ä ¶µ²´ Ö Ô´¥·£¨Ö ´Ê±²µ´ ; Q′π (Q′ρ) Ä ¨³¶Ê²Ó¸ ¢¨·ÉÊ ²Ó´µ£µ
π(ρ)-³¥§µ´  ¢ ¸¨¸É¥³¥ ¶µ±µÖ ∆-¨§µ¡ ·Ò, Éµ ¥¸ÉÓ µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢
¸¨¸É¥³¥ π(ρ) + N . �¥²ÖÉ¨¢¨¸É¸±¨° µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ Q′π ¢ ¸¨¸É¥³¥
π +N ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ¨³¥¥É ¢¨¤

Q′π =
(ẼN + εN)P̃π − (Ẽπ + επ)P̃N

ẼN + εN + Ẽπ + επ
, (24)
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£¤¥ εi Å Ô´¥·£¨Ö i-° Î ¸É¨ÍÒ ¢ ¸.³.Í. π+N, Ẽi ¨ P̃i Å ¥¥ Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸
¢ ¶·µ¨§¢µ²Ó´µ° ¨´¥·Í¨ ²Ó´µ° ¸¨¸É¥³¥ µÉ¸Î¥É . „²Ö ¨³¶Ê²Ó¸µ¢ ¢¨·ÉÊ ²Ó´ÒÌ
π- ¨ ρ-³¥§µ´µ¢ Q′π, Q′ρ ¨¸¶µ²Ó§ÊÕÉ¸Ö  ´ ²µ£¨Î´Ò¥ ¢Ò· ¦¥´¨Ö ¸ § ³¥´µ° ¢
(24) m2

π → q2
π, m

2
ρ → q2

ρ ¢ Ëµ·³Ê² Ì ¤²Ö ¶µ²´µ° Ô´¥·£¨¨, ¶·¨ ÔÉµ³ µÎ¥¢¨¤´µ,
¨³¥¥³ Q′π = Q′ρ ≡ Q′. „²Ö ¶·µ¶ £ Éµ·  ∆-¨§µ¡ ·Ò ¨¸¶µ²Ó§Ê¥É¸Ö ´¥·¥²ÖÉ¨-
¢¨¸É¸±µ¥ ¢Ò· ¦¥´¨¥ ¸ ³ ¸¸µ° m∆ → m∆ − iΓ/2, ¢ ±µÉµ·µ³ ¶µ²´ Ö Ï¨·¨´ 
Γ ¡¥·¥É¸Ö ¸ ÊÎ¥Éµ³ ¸Ìµ¤  ∆-¨§µ¡ ·Ò ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨:

Γ(k) = Γo

(
k

kR

)3
k2
R + χ2

k2 + χ2
. (25)

‡¤¥¸Ó Γ0 = 120 ŒÔ‚, χ = 180 ŒÔ‚/¸, kR ¨ k Ä ¨³¶Ê²Ó¸Ò π-³¥§µ´  ¢
·¥§µ´ ´¸¥ ¨ ¢´¥ ¥£µ ¸µµÉ¢¥É¸É¢¥´´µ:

k2 = q2
π = [µ2

∆ − (mN −mπ)
2][µ2

∆ − (mN +mπ)
2]/4µ2

∆, (26)

µ2
∆ Ä ±¢ ¤· É 4-¨³¶Ê²Ó¸  ∆-¨§µ¡ ·Ò, kR = k(µ∆ = m∆). ‚ ¢¥·Ï¨´Ê · ¸¶ ¤ 

¢´¥³ ¸¸µ¢µ° ∆-¨§µ¡ ·Ò ´  ·¥ ²Ó´Ò¥ π-³¥§µ´ ¨ ´Ê±²µ´ ¢³¥¸Éµ ±µ´¸É ´ÉÒ
fπN∆/mπ ¢¸É ¢²Ö¥É¸Ö Ëµ·³Ë ±Éµ·

G(k2) = (fπN∆/mπ)Z(k2), (27)

£¤¥
Z(k2) = [(k2

R + χ2)/(k2 + χ2)]1/2. (28)

”µ·³Ê²Ò (25), (27) ³µÉ¨¢¨·µ¢ ´Ò  ´ ²¨§µ³ δ33-Ë § Ê¶·Ê£µ£µ πp-· ¸¸¥Ö´¨Ö.
‚ ¢¥·Ï¨´¥ µ¡· §µ¢ ´¨Ö ∆-¨§µ¡ ·Ò πp → ∆, ρp → ∆,   É ±¦¥ ¢ πNN - ¨
ρNN - ¢¥·Ï¨´ Ì ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ±µ´¸É ´ÉÒ ¤µ³´µ¦ ÕÉ¸Ö ´  Ëµ·³Ë ±Éµ·Ò,
ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¸Ìµ¤ ³¥§µ´µ¢ ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨:

FπNN (q2) = FπN∆(q2) ≡ Fπ(q2) = (Λ2
π −m2

π)/(Λ
2
π − q2),

FρNN (q2) = Fρn∆(q2) ≡ Fρ(q2) = (Λ2
ρ −m2

ρ)/(Λ
2
ρ − q2), (29)

£¤¥ q2 Ä ±¢ ¤· É 4-¨³¶Ê²Ó¸  ³¥§µ´ . � · ³¥É·Ò µ¡·¥§ ´¨Ö Λπ ¨ Λρ µ¶·¥¤¥-
²ÖÕÉ¸Ö ¨§ Ê¸²µ¢¨Ö ´ ¨²ÊÎÏ¥£µ µ¶¨¸ ´¨Ö ¤ ´´ÒÌ. �·¨¢¥¤¥³ ¢Ò· ¦¥´¨¥ ¤²Ö
 ³¶²¨ÉÊ¤Ò NN → N∆, ´ ¶·¨³¥·, ¢Ìµ¤ÖÐ¥° ¢ ¤¨ £· ³³Ê ´  ·¨¸.2,a:

A
(π+ρ)
  (NN → N∆) = (Ψ+

i ϕ1)(ϕ
+
n σkϕ2)Dik(Q ,Q

′
 ) (30)

£¤¥

Dik(Q,Q′) =

[
Q′iQk

fπNN fπN∆

m2
π

Fπ(q
2)

1

q2 −m2
π

+

+(Q′mQmδik −Q′kQi)
fρNN fρN∆

m2
ρ

Fρ(q
2)

1

q2 −m2
ρ

]√
2m∆(2mN)3. (31)
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�¸´µ¢´µ¥ µÉ²¨Î¨¥ Ëµ·³Ê² (30), (31) µÉ  ´ ²µ£¨Î´ÒÌ ¢Ò· ¦¥´¨° ¢ [8, 12]
¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ ¢ ¢¥·Ï¨´Ò π(ρ)NN ¨ π(ρ)N∆ ¢Ìµ¤ÖÉ · §²¨Î´Ò¥ ¨³¶Ê²Ó¸Ò
Q 6= Q′, ¢ Éµ ¢·¥³Ö ± ± ¢ [8, 12] ÔÉ¨ ¨³¶Ê²Ó¸Ò · ¢´Ò. �¸É ²Ó´Ò¥ µÉ²¨Î¨Ö
¸¢Ö§ ´Ò ¸ ¢Ò¡µ·µ³ ¶ · ³¥É·µ¢ Ëµ·³Ë ±Éµ·µ¢.

4.3. �³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  pp → pnπ+. ‡´ Ö  ³¶²¨ÉÊ¤Ê NN → N∆ ¨
¢¥·Ï¨´Ê πN∆, ³µ¦´µ ´ ¶¨¸ ÉÓ  ³¶²¨ÉÊ¤Ê ¶·µÍ¥¸¸  pp→ pnπ+. �³¶²¨ÉÊ¤ ,
¸µµÉ¢¥É¸É¢ÊÕÐ Ö ¤¨ £· ³³¥ ´  ·¨¸.2,a, ¨³¥¥É ¢¨¤

< π+np|A |p1p2 >=

=
√

2R(µ∆)kl

[
ϕp(δil −

1

3
σlσi)ϕ1

]
(ϕ+
nσkϕ2)Dik(Q ,Q

′
 ), (32)

£¤¥

R(µ∆) =
fπN∆

mπ

√
2m∆2mp

√
Z(k2)

µ∆ −m∆ + iΓ(k)/2
. (33)

�µ²´ Ö  ³¶²¨ÉÊ¤  ¶·µÍ¥¸¸  pp→ pnπ+, ¶µ²ÊÎ ÕÐ Ö¸Ö ¶·¨ ÊÎ¥É¥ 4 ¤¨ £· ³³
  Ä £ ´  ·¨¸.2, ³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ Ëµ·³¥

A(pp→ pnπ+) =

=
√

2R(µ∆)kl

[
ϕ+
p (δil −

1

3
σlσi)ϕ1

]
(ϕ+
n σkϕ2)Dik(Q ,Q

′
 )−

−
√

2R(µ∆)kl

[
ϕp(δil −

1

3
σlσi)ϕ2

]
(ϕ+
n σkϕ1)Dik(Q¡,Q

′
¡)−

−
√

2

3
R(µ̃∆)k̃l

[
ϕn(δil −

1

3
σlσi)ϕ1

]
(ϕ+
p σkϕ2)Dik(Q̃¢, Q̃

′
¢)+

+

√
2

3
R(µ̃∆)k̃l

[
ϕ+
n (δil −

1

3
σlσi)ϕ2

]
(ϕ+
p σkϕ1)Dik(Q̃£, Q̃

′
£); (34)

¢ ÔÉµ³ ¢Ò· ¦¥´¨¨ µ̃∆ Ä ±¢ ¤· É 4-¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó´µ° ∆+-¨§µ¡ ·Ò,   k̃
Ä ¸µµÉ¢¥É¸É¢ÊÕÐ¨° µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢ ¢¥·Ï¨´¥ ∆+ → n + π+; §´ ±
ªÉ¨²Ó¤ ª ¢ µ¡µ§´ Î¥´¨ÖÌ ¨³¶Ê²Ó¸µ¢ Q,Q′ µÉ´µ¸¨É¸Ö ± ¤¨ £· ³³ ³ ¸ ∆+-
¨§µ¡ ·µ°,   µÉ¸ÊÉ¸É¢¨¥ ÔÉµ£µ §´ ±  Ê± §Ò¢ ¥É ´  ¸µµÉ¢¥É¸É¢ÊÕÐÊÕ ¤¨ £· ³³Ê
¸ ∆++-¨§µ¡ ·µ° ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨; ¨´¤¥±¸Ò  , ¡, ¢, £ ¶·¨ µ¡µ§´ -
Î¥´¨ÖÌ 3-¨³¶Ê²Ó¸µ¢ µÉ´µ¸ÖÉ¸Ö ± ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¤¨ £· ³³ ³   Ä £ ´  ·¨¸.2,√

2, −
√

2/3 Å ¨§µÉµ¶¨Î¥¸±¨¥ Ë ±Éµ·Ò.
4.4. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ pp → pnπ+. �  ·¨¸.3 ¶·¥¤-

¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¥Î¥´¨Ö d5/dΩπdΩpdpp ·¥ ±Í¨¨ pp → pnπ+ ¢
§ ¢¨¸¨³µ¸É¨ µÉ ¨³¶Ê²Ó¸  ¢Éµ·¨Î´µ£µ ¶·µÉµ´  pp. �  ¢¥·Ì´¨Ì Ï± ² Ì ·¨¸.3
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�¨¸. 3. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·¥ ±Í¨¨ pp → pnπ+

¶·¨ θp = 15◦, θπ = 20, 8◦ ¢ § ¢¨¸¨³µ¸É¨ µÉ ¨³¶Ê²Ó¸ 
¢Éµ·¨Î´µ£µ ¶·µÉµ´ . Š·¨¢Ò¥ ¶µ± §Ò¢ ÕÉ ·¥§Ê²ÓÉ ÉÒ · ¸-
Î¥Éµ¢: 1 Ä · ¸Î¥É [57] ¸ Λπ = 0, 53 ƒÔ‚/c, Λρ = 0, 7 ƒÔ‚/c;
2 Ä ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶ · ³¥É·¨§ Í¨¨ ¸µ£² ¸´µ (9) ¨§
· ¡µÉÒ [8] ¶·¨ Λπ = 1 ƒÔ‚/c, Λaρ = 1, 167 ƒÔ‚/c,
Λbρ = 2, 449 ƒÔ‚/c; 3 Ä ¶ · ³¥É·¨§ Í¨Ö ¨§ [12] ¶·¨
Λπ = 0, 53 ƒÔ‚/c ¡¥§ ÊÎ¥É  ¢±² ¤  ρ-³¥§µ´ . ’µÎ±¨ (•)
Ä Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨§ [62]

¶·¨¢¥¤¥´Ò µ∆-¨´¢ ·¨-
 ´É´ Ö ³ ¸¸  ∆++-¨§µ-
¡ ·Ò ¢ ·¥ ±Í¨¨ pp →
pnπ+ ¨ pd-· ¸¸¥Ö´¨¨
´  Ê£µ² θÍ.³. = 180◦,
q2 ¨ a2 Ä ±¢ ¤· ÉÒ
4-¨³¶Ê²Ó¸µ¢ ¢¨·ÉÊ ²Ó-
´ÒÌ π-³¥§µ´µ¢ ¢ ¤µ-
³¨´¨·ÊÕÐ¨Ì ¤¨ £· ³-
³ Ì ¤²Ö ·¥ ±Í¨¨ pp →
pnπ+ ¨ pd-· ¸¸¥Ö´¨¨
´  Ê£µ² θÍ.³. = 180◦

¸µµÉ¢¥É¸É¢¥´´µ. ‡ ¢¨-
¸¨³µ¸ÉÓ ±¢ ¤· É  4-
¨³¶Ê²Ó¸  ¢¨·ÉÊ ²Ó´µ-
£µ ³¥§µ´  q2 µÉ µ∆

(q2 = q2(µ∆)) ¢ ·¥-
 ±Í¨¨ pp → pnπ+

¤²Ö ¤¨ £· ³³Ò ·¨¸.2, ,
¤µ³¨´¨·ÊÕÐ¥° ¢ ÔÉµ³
¶·µÍ¥¸¸¥ ¶·¨ Ê£² Ì ¢Ò-
²¥É  θp = 15◦ ¨ θπ =
20, 8◦, ¢ Ê¸²µ¢¨ÖÌ Ô±¸-
¶¥·¨³¥´É  [62], ´ ¨¡µ-
²¥¥ ¸µµÉ¢¥É¸É¢Ê¥É  ´ -
²µ£¨Î´µ° § ¢¨¸¨³µ¸É¨
a2 = a2(µ∆) ¢ ¶·µÍ¥¸-
¸¥ pd-· ¸¸¥Ö´¨Ö ´  Ê£µ²
θÍ.³. = 180◦. ‘ Ê¢¥-
²¨Î¥´¨¥³ Ê£²  ¢Ò²¥É 
³¥¦¤Ê ¶·µÉµ´µ³ ¨ π+-
³¥§µ´µ³ ÔÉµ ¸µµÉ¢¥É-
¸É¢¨¥ ÊÌÊ¤Ï ¥É¸Ö. � ¸-
Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ
¢±² ¤ ∆++-¨§µ¡ ·Ò ¤µ-
³¨´¨·Ê¥É. ‚±² ¤ ¤¨ -
£· ³³ ¸ ∆+-¨§µ¡ ·µ° ¢
¸¥Î¥´¨¨ ¶µ¤ ¢²¥´ ± ±
¨§µÉµ¶¨Î¥¸±¨³ Ë ±Éµ·µ³ 1/3, É ± ¨ ¡µ²¥¥ §´ Î¨É¥²Ó´Ò³ ¸Ìµ¤µ³ ¢¨·ÉÊ ²Ó-
´ÒÌ ³¥§µ´µ¢ ¸ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨. „¨ £· ³³Ò a ¨ £,   É ±¦¥ ¡ ¨ ¢ ´ 
·¨¸.2 ´¥ ¨´É¥·Ë¥·¨·ÊÕÉ ³¥¦¤Ê ¸µ¡µ°. ‚ Éµ ¦¥ ¢·¥³Ö ¨´É¥·Ë¥·¥´Í¨Ö ³¥¦¤Ê
¤¨ £· ³³ ³¨ a ¨ ¢,   É ±¦¥ ¡ ¨ £, µÉ´µ¸ÖÐ¨³¨¸Ö ± ¶·µ³¥¦ÊÉµÎ´Ò³ ¸µ¸ÉµÖ´¨-
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Ö³ ¸ ∆++ ¨ ∆+-¨§µ¡ · ³, ¨³¥¥É ³¥¸Éµ. �  ·¨¸.3 ¸É·¥²± ³¨ ¶µ± § ´Ò ÉµÎ±¨,
¢ ±µÉµ·ÒÌ ∆++ ¨ ∆+ ¢ÒÌµ¤ÖÉ ´  ³ ¸¸µ¢ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ ¤²Ö ¤¨ £· ³³ ·¨¸.2,a
¨ ¢, ¸µµÉ¢¥É¸É¢¥´´µ: µ∆ = µ̃∆ = 1232 ŒÔ‚. ‘³¥Ð¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ
´ ¡²Õ¤ ¥³µ£µ ³ ±¸¨³Ê³  ¢¶· ¢µ µÉ ÉµÎ±¨ µ∆++ = 1232 ŒÔ‚ µ¡Ê¸²µ¢²¥´µ
k-§ ¢¨¸¨³µ¸ÉÓÕ Ï¨·¨´Ò Γ(k) ¸µ£² ¸´µ Ëµ·³Ê²¥ (25). …¸²¨ ¶·¨´ÖÉÓ ¢ ¸µ-
µÉ¢¥É¸É¢¨¨ ¸ [67], ÎÉµ ¢±² ¤ ρ-µ¡³¥´  ³ ², ¨ ¶µ²µ¦¨ÉÓ Λρ = 0, 7 ƒÔ‚/c, Éµ
¤²Ö Λπ ´ Ìµ¤¨³ §´ Î¥´¨¥ 0, 53 ƒÔ‚/c ¨§ Ê¸²µ¢¨Ö ´ ¨²ÊÎÏ¥£µ µ¶¨¸ ´¨Ö ¤ ´-
´ÒÌ. ˆ´É¥·¥¸´µ, ÎÉµ ÔÉµ §´ Î¥´¨¥ ¸µ¢¶ ¤ ¥É ¸ ¶·¥¤¸± § ´¨¥³, ¶µ²ÊÎ¥´´Ò³
¢ ³µ¤¥²¨ ‘±¨·³  [68] (Λπ = 0, 528 ƒÔ‚/c). �²¨§±µ¥ §´ Î¥´¨¥ Λπ = 0, 63
ƒÔ‚/c (¶·¨ Λρ = 0, 7 ƒÔ‚/c) ¡Ò²µ ¶µ²ÊÎ¥´µ ¢ [69] ¨§  ´ ²¨§  ¨´±²Õ§¨¢´ÒÌ
¤ ´´ÒÌ ¶µ ·¥ ±Í¨¨ NN → N∆ ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  ´¥¸±µ²Ó±¨Ì ƒÔ‚. �·¨
¶µ¤¸É ´µ¢±¥ §´ Î¥´¨° Λπ = Λρ = 0, 65 ƒÔ‚/c, ± ± ¢ · ¡µÉ¥ [60], ¶µ²ÊÎ ¥³
Ê¢¥²¨Î¥´¨¥ ¸¥Î¥´¨Ö ·¥ ±Í¨¨ pp→ pnπ+ ´  ∼ 30%.

„²Ö ¸· ¢´¥´¨Ö ´  ·¨¸.3 ¶·¨¢¥¤¥´Ò ±·¨¢Ò¥, ¶µ²ÊÎ¥´´Ò¥ ¸ ¶ · ³¥É· ³¨
¤²Ö  ³¶²¨ÉÊ¤ NN 
 N∆ ¨§ · ¡µÉ [8, 12]. Š ± ¸²¥¤Ê¥É ¨§ ÔÉ¨Ì · ¸Î¥Éµ¢,
µ¡¥ ¶ · ³¥É·¨§ Í¨¨ § ¢ÒÏ ÕÉ ¢±² ¤ ∆-¨§µ¡ ·Ò. ‚ ¶¥·¥¸Î¥É¥ ´  ¸¥Î¥´¨¥
pd-· ¸¸¥Ö´¨Ö ´ § ¤ ÔÉµ § ¢ÒÏ¥´¨¥ ¢ ³ ±¸¨³Ê³¥ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³ 
µ¶·¥¤¥²Ö¥É¸Ö Ë ±Éµ·µ³ ∼ 1, 5 ¢ [8] ¨ ∼ 2 ¢ [12]. � · ³¥É·¨§ Í¨Ö [8] ¸³¥Ð ¥É
³ ±¸¨³Ê³ ¸¥Î¥´¨Ö ¢ ¸Éµ·µ´Ê ¡µ²ÓÏ¨Ì µ∆ ¶·¨¡²¨§¨É¥²Ó´µ ´  20 ŒÔ‚, ÎÉµ
Ö¢²Ö¥É¸Ö ¸²¥¤¸É¢¨¥³ ¶·¥¤¶µ²µ¦¥´¨Ö Γ(k) = Γ0 ¢ [8]. ‡ ³¥É¨³ É ±¦¥, ÎÉµ
¶·¨¡²¨¦¥´¨¥ qpn = 0, µ ±µÉµ·µ³ £µ¢µ·¨²µ¸Ó ¢ÒÏ¥, É ±¦¥ § ¢ÒÏ ¥É ¢±² ¤
∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¢ pd-· ¸¸¥Ö´¨¨ ´ § ¤. ’ ±¨³ µ¡· §µ³, ³µ¦´µ § -
±²ÕÎ¨ÉÓ, ÎÉµ Î¨¸ÉÒ° ¢±² ¤ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¢ ¶·µÍ¥¸¸¥ pd → dp
§ ¢ÒÏ¥´ ¢ [8] ¨ [12]. …¸É¥¸É¢¥´´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ¶µ¸²¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥£µ
ÊÉµÎ´¥´¨Ö ¶ · ³¥É·µ¢  ³¶²¨ÉÊ¤Ò NN → N∆ ¢±² ¤ ¤·Ê£¨Ì ³¥Ì ´¨§³µ¢ ¶·µ-
Í¥¸¸  pd→ dp, µÉ²¨Î´ÒÌ µÉ ∆-·¥§µ´ ´¸´µ£µ, µ± ¦¥É¸Ö ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³.
�¤´ ±µ, ± ± ¢¨¤´µ ¨§ ¸²¥¤ÊÕÐ¥£µ · §¤¥² , ¢¸²¥¤¸É¢¨¥ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ
ÔËË¥±Éµ¢ ÔÉµ ¶·¥¤¶µ²µ¦¥´¨¥ ´¥ ¶µ¤É¢¥·¦¤ ¥É¸Ö.

5. Œ�„…‹œ ��+∆+�� ���–…‘‘� pd→ dp

Œµ¤¥²Ó ��+∆+�� ¶·µÍ¥¸¸  pd → dp ¡Ò²  ¶·¥¤²µ¦¥´  ¢ · ¡µÉ¥ [8],
  § É¥³ ³µ¤¨Ë¨Í¨·µ¢ ´  ¢ µÉ´µÏ¥´¨¨ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¢ [13]. ‚
· ¡µÉ Ì [70] ¨ [71] ¤ ´µ µ¡µ¡Ð¥´¨¥ ÔÉµ° ³µ¤¥²¨ ¤²Ö µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸µ¢
p+(pn)t → d+p ¨ p+d→ N+(NN)s, £¤¥ (NN)t,s Ä NN -¶ ·  ¢ É·¨¶²¥É´µ³
(t) ¨ ¸¨´£²¥É´µ³ (s) ¸µ¸ÉµÖ´¨¨.

5.1. �¡³¥´ ´¥°É·µ´µ³. �·¥´¥¡·¥£ Ö ÔËË¥±Éµ³ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¤µ¢µ·µÉµ¢
¸¶¨´µ¢, ± ± ¨ ¢ [8], ¤²Ö  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸  pd→ dp ¢ ¸²ÊÎ ¥ ³¥Ì ´¨§³  ��
¨³¥¥³

T (OH) = Πe
(λ′d)∗
γ eλdα φ

∗
σ′p

{
σαu(q)−

1√
2

[
σα − 3qα

(qσ)

q2

]
w(q)

}
×
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×
{
σγu(q

′)− 1√
2

[
σγ − 3q′γ

(q′σ)

q′2

]
w(q′)

}
φσp , (35)

£¤¥ u(q) ¨ w(q) Ä S- ¨ D-±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¢ ¨³¶Ê²Ó¸-
´µ³ ¶·¥¤¸É ¢²¥´¨¨, ´µ·³¨·µ¢ ´´Ò¥ Ê¸²µ¢¨¥³∫ ∞

o

[u2(q) + w2(q)]
d3q

(2π)3
= 1, (36)

q ¨ q′ Ä ²µ·¥´Í-¨´¢ ·¨ ´É´Ò¥ µÉ´µ¸¨É¥²Ó´Ò¥ ¨³¶Ê²Ó¸Ò ¢ ¢¥·Ï¨´ Ì < np >→
n+p ¨ n+p→ d, µ¶·¥¤¥²¥´´Ò¥ ¸µ£² ¸´µ ¶· ¢¨² ³ ·¥²ÖÉ¨¢¨¸É¸±µ° ±¢ ´Éµ¢µ°
³¥Ì ´¨±¨ ¶µ Ëµ·³Ê²¥ (2);

Π = −(
√
s− Ep − E′p − En)

EdE
′
d

En
ε(q); (37)

Ei =
√
m2
i + p2

i , pi Ä Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ i-° Î ¸É¨ÍÒ ¢ ¸.Í.³. p + d; pn =

pd − p′p; ε(q) = 1
2

√
E′p + En)2 − p2

d.

5.2. „¢Ê±· É´µ¥ pN-· ¸¸¥Ö´¨¥ ¸ ¢µ§¡Ê¦¤¥´¨¥³ ∆-¨§µ¡ ·Ò. �³¶²¨ÉÊ¤ 
¶·µÍ¥¸¸  pd → dp ¸ ¢µ§¡Ê¦¤¥´¨¥³ ∆-¨§µ¡ ·Ò ¢ ¶·µ³¥¦ÊÉµÎ´µ³ ¸µ¸ÉµÖ´¨¨
³µ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ ¸²¥¤ÊÕÐ¥£µ µ¤´µ±· É´µ£µ ¨´É¥£· ² :

T (∆) =< p′p φσ′p , p′de
(λ′d)
d |τ (∆)(pd→ pd)|pp φσp , pd e

(λ)
d >=

= − i

2πη(k,∆)
e

(λ′d)∗

γ eλdα Rβδ

∫ ∞
0

dr exp

{
2imr(m2+∆2/4−m2

∆+iM∆Γ

η(k,∆)

}
×

×
[
u(r)δαβ +

1√
2
(δαβ − 3nαnβw(r)

]
×

×
[
u(r)δγδ +

1√
2
(δγδ − 3n′γn

′
δw(r)

]
, (38)

£¤¥

n = (nx, ny, nz) =

(
4mkx
η(k,∆)

, 0,
k0∆

η(k,∆)

)
,n′ = (−nx, 0, nz),

η(k,∆) = (4k2
xm

2
d + k2

o∆
2)1/2,∆2 = 4p2

p sin2 θ

2
,

k2
x =

sp2
p cos2 θ

2

m2
d + p2 sin2 θ

2

, k2
0 = m2 + k2

x +
∆2

4
. (39)

u(r), w(r) Ä S- ¨ D-±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¢ ±µµ·¤¨´ É´µ³
¶·¥¤¸É ¢²¥´¨¨. �³¶²¨ÉÊ¤Ò NN 
 N∆ ¢Ìµ¤ÖÉ ¢ É¥´§µ· Rβδ. ‚ µÉ²¨Î¨¥
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µÉ [8] §¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´  ¶ · ³¥É·¨§ Í¨Ö (30). �·¨ ÔÉµ³ É¥´§µ· Rβδ ¨³¥¥É
¸²¥¤ÊÕÐ¨° ¢¨¤:

Rβδ =

[
φ∗σ′pσmσβ(δli −

1

3
σiσl)σδσkφσp

]
Dik(a,a′)Dlm(b,b′)+

+

[
φ∗σ′p(δli −

1

3
σlσi)σβσmσδσkφσp

]
Dik(a,a′)Dlm(c, c′)+

+

[
φ∗σ′pσmσβσkσδ(δli −

1

3
σiσl)φσp

]
Dik(c, c′)Dlm(b,b′)−

−
[
φ∗σ′p(δli −

1

3
σlσi)Sp (σkσβσmσδ)φσp

]
Dik(c, c′)Dlm(c, c′). (40)

‡¤¥¸Ó Dik(x,x′) ¨ Dlm(x,x′) µ¶·¥¤¥²¥´Ò ¸µ£² ¸´µ (32). Š ± µÉ³¥Î ²µ¸Ó ¢
¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¢¥±Éµ·Ò x, ¨ x′ · §²¨Î´Ò. �·¨ ¢Ò¢µ¤¥ ¢Ò· ¦¥´¨Ö (38)
 ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸µ¢ NN 
 N∆ ¡Ò²¨ ¢Ò´¥¸¥´Ò ¨§-¶µ¤ §´ ±  ¨´É¥£· ² 
¶µ ¨³¶Ê²Ó¸ ³ ¶·µ³¥¦ÊÉµÎ´ÒÌ ´Ê±²µ´µ¢ ¢ ÉµÎ±¥, ¤²Ö ±µÉµ·µ° µÉ´µ¸¨É¥²Ó´Ò°
¨³¶Ê²Ó¸ ´Ê±²µ´µ¢ ¢ ¤¥°É·µ´¥ · ¢¥´ ´Ê²Õ. ‚ ÔÉµ³ ¶·¨¡²¨¦¥´¨¨ 4-¨³¶Ê²Ó¸Ò
a′, b′, c′ ¶·µ³¥¦ÊÉµÎ´ÒÌ ³¥§µ´µ¢ µ¤´µ§´ Î´µ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ 4-¨³¶Ê²Ó¸Ò
´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

a′ = pp −
p′d
2
, b′ =

pd

2
− p′p, c′ =

p′d − pd
2

. (41)

3-¨³¶Ê²Ó¸Ò a, b, c, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ π(ρ)NN -¢¥·Ï¨´ ³, µ¶·¥¤¥²¥´Ò ¸µ-
£² ¸´µ (23) ¨ ¨³¥ÕÉ ¢¨¤

a =

√
Ed +md

2(Ep +mp)
pp −

√
Ep +mp

2(Ed +md)
p′d,

b =

√
Ep +mp

2(Ed +md)
pd −

√
Ed +md

2(Ep +mp)
p′p, c =

p′d − pd
2

. (42)

—¥ÉÒ·¥ ¸² £ ¥³ÒÌ ¢ É¥´§µ·¥ Rβδ ¸µµÉ¢¥É¸É¢ÊÕÉ ¢±² ¤ ³ 4 ¤¨ £· ³³, ¶·¨¢¥-
¤¥´´ÒÌ ´  ·¨¸.4. �  ± ¦¤µ° ¨§ ÔÉ¨Ì ¤¨ £· ³³ Ì ∆- ¨§µ¡ ·  ³µ¦¥É ´ Ìµ¤¨ÉÓ¸Ö
¢ É·¥Ì § ·Ö¤µ¢ÒÌ ¸µ¸ÉµÖ´¨ÖÌ: ∆++, ∆+, ∆0. ‚¸¥ ¢Ò±² ¤±¨ ¤µ¸É ÉµÎ´µ ¸¤¥-
² ÉÓ ¤²Ö ∆++,   ¢±² ¤Ò ¸µ¸ÉµÖ´¨° ∆+ ¨ ∆0 ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¨§µÉµ¶¨Î¥¸±¨³ Ë ±-
Éµ·µ³, ±µÉµ·Ò° · ¢¥´ 2, É.¥. A(∆+++∆++∆0) = 2A(∆++). ˆ§ ¶·¥¤¸É ¢²¥´´ÒÌ
´  ·¨¸.4 ¤¨ £· ³³ ´ ¨¡µ²ÓÏ¨° ¢±² ¤ ¢´µ¸¨É ¤¨ £· ³³  a. ‚±² ¤Ò µ¸É ²Ó´ÒÌ
¤¨ £· ³³ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ¤¨ £· ³³µ° a ¢¸²¥¤¸É¢¨¥ ¡µ²¥¥
§´ Î¨É¥²Ó´µ£µ Ê¤ ²¥´¨Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·µ³¥¦ÊÉµÎ´ÒÌ ³¥§µ´µ¢ µÉ ³ ¸¸µ-
¢µ° ¶µ¢¥·Ì´µ¸É¨. ‚ · ¡µÉ¥ [8] Ê³¥´ÓÏ¥´¨¥ ¢¥·Ï¨´´µ° ËÊ´±Í¨¨ πN∆ ¶·¨
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�¨¸. 4. ∆-·¥§µ´ ´¸´Ò° ³¥Ì ´¨§³ ¤²Ö Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤

Ê¤ ²¥´¨¨ ∆-¨§µ¡ ·Ò µÉ ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ ÊÎ¨ÉÒ¢ ²µ¸Ó ¤µ¶µ²´¨É¥²Ó´Ò³
Ë ±Éµ·µ³ ¢¨¤ 

D =
m4
o

(s−m2
∆)2 +m4

0

, (43)

£¤¥ s Ä ±¢ ¤· É 4-¨³¶Ê²Ó¸  ∆-¨§µ¡ ·Ò, m0 Ä Î¨¸²¥´´Ò° ¶ · ³¥É·. Š ±
¡Ò²µ ¶µ± § ´µ ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥, ¶·¨ É ±µ³ ¸¶µ¸µ¡¥ ÊÎ¥É  ¢´¥³ ¸¸µ-
¢ÒÌ ÔËË¥±Éµ¢ ´¥ Ê¤ ¥É¸Ö µ¶¨¸ ÉÓ ¶µ²µ¦¥´¨¥ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ¥³µ-
£µ ³ ±¸¨³Ê³  ¢ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ pp→ pnπ+ ¢ ∆-·¥§µ´ ´¸´µ° µ¡² ¸É¨. ‡¤¥¸Ó
ÊÎ¥É ¢´¥³ ¸¸µ¢ÒÌ ÔËË¥±Éµ¢ ¶·µ¢µ¤¨É¸Ö ¨´ Î¥,   ¨³¥´´µ ¶µ¸·¥¤¸É¢µ³ ¢¢¥¤¥-
´¨Ö Ë ±Éµ·  (28) ¢ ¢¥·Ï¨´Ê πN∆ ¨ ÊÎ¥É  k-§ ¢¨¸¨³µ¸É¨ ¶µ²´µ° Ï¨·¨´Ò
∆-¨§µ¡ ·Ò (25).

5.3. �¤´µ±· É´µ¥ pN -· ¸¸¥Ö´¨¥. ‚ · ³± Ì ³¥Ì ´¨§³  �� ¤²Ö · ¸¸¥Ö´¨Ö
¶·µÉµ´  ´ § ¤ ¢ ¶·µÍ¥¸¸ Ì ´  ¤¥°É·µ´¥ ³ ±¸¨³ ²Ó´Ò° ¢±² ¤ ¢´µ¸¨É µ¡³¥´´Ò°
¶·µÍ¥¸¸ Å ´ ²¥É ÕÐ¨° ¨ Ö¤¥·´Ò° ¶·µÉµ´Ò ³¥´ÖÕÉ¸Ö ³¥¸É ³¨. ‘µ£² ¸´µ [8]
 ³¶²¨ÉÊ¤Ê ¤²Ö ³¥Ì ´¨§³  �� ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

T (OP) =
md

m

(
3

2
A

(1)
NN (s1, t)−

1

2
A

(0)
NN (s1, t)

)
e

(λ′d)∗
γ e(λ)

α φ∗σ′p M
(OP)
αγ φσp ;

(44)
§¤¥¸Ó A(0)

NN ¨ A(1)
NN Ä  ³¶²¨ÉÊ¤Ò NN -· ¸¸¥Ö´¨Ö ¸ ¨§µ¸¶¨´µ³ T = 0 ¨ T = 1

¸µµÉ¢¥É¸É¢¥´´µ. ’¥´§µ· M (OP)
αγ ¢ (44) ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¨´É¥£· ²Ò µÉ ¶·µ¨§-
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¢¥¤¥´¨° ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¤¥°É·µ´  u ¨ w ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

MOP
αγ = σασγWSS(∆)− σα[σγ − 3(Nσ)Nγ ] WSD(∆)−

−[σα − 3(Nσ)Nα]σγ WSD(∆) + (3δαγ − σασγ)WDD0(∆)+

+[3δαγ − 2σασγ − 9NαNγ + 3σα(σN)Nγ + 3(σN)Nασγ ]WDD2(∆), (45)

£¤¥

∆ = pp − p′p, N =
∆

∆
,

WSS(∆) =

∫ ∞
0

j0

(
∆

2
r

)
u(r)2r2 dr,

WSD(∆) =
1√
2

∫ ∞
0

j2

(
∆

2
r

)
u(r)w(r)r2 dr,

WDD0(∆) =
1

2

∫ ∞
0

j0

(
∆

2
r

)
w(r)2r2 dr,

WDD2(∆) =
1

2

∫ ∞
0

j2

(
∆

2
r

)
w(r)2r2 dr. (46)

5.4. �¥§Ê²ÓÉ ÉÒ Î¨¸²¥´´ÒÌ · ¸Î¥Éµ¢ ¨ µ¡¸Ê¦¤¥´¨¥. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢
¸¥Î¥´¨Ö ¨ É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ ¤¥°É·µ´  ¢ ¶·µÍ¥¸¸¥ pd → dp, ¢Ò¶µ²´¥´-
´Ò¥ ´  µ¸´µ¢¥ ³¥Ì ´¨§³µ¢ ��,∆ ¨ ��, ¶·¨¢¥¤¥´Ò ´  ·¨¸.5Ä9. �·¨ ÔÉµ³ ¡Ò² 
¨¸¶µ²Ó§µ¢ ´  ¶ · ³¥É·¨§ Í¨Ö  ³¶²¨ÉÊ¤ NN 
 N∆, µ¶¨¸ ´´ Ö ¢ · §¤. 4. Š ±
¢¨¤´µ ¨§ ·¨¸.5 ¨ 6, ·¥§Ê²ÓÉ É, ¸µµÉ¢¥É¸É¢ÊÕÐ¨° ¸Ê³³¥  ³¶²¨ÉÊ¤ ��+∆+��,
¢ µÉ²¨Î¨¥ µÉ · ¡µÉÒ [8], Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¢µ¸¶·µ¨§¢µ¤¨É § ¢¨¸¨³µ¸ÉÓ ¸¥-
Î¥´¨Ö · ¸¸¥Ö´¨Ö ´  Ê£µ² θÍ.³. = 180◦ µÉ ´ Î ²Ó´µ° Ô´¥·£¨¨ ¢ ¨´É¥·¢ ²¥
0, 2÷ 0, 6 ƒÔ‚ ¡¥§ ¢¢¥¤¥´¨Ö ± ±¨Ì-²¨¡µ ¶µ¤£µ´µÎ´ÒÌ ¶ · ³¥É·µ¢, ±·µ³¥ É¥Ì,
ÎÉµ ¨¸¶µ²Ó§µ¢ ²¨¸Ó ¶·¨ µ¶¨¸ ´¨¨ ·¥ ±Í¨¨ pp → pnπ+. �¥µ¡Ìµ¤¨³µ ¶µ¤-
Î¥·±´ÊÉÓ, ÎÉµ Ë ±É¨Î¥¸±µ¥ ÊÉµÎ´¥´¨¥  ³¶²¨ÉÊ¤Ò NN 
 N∆ ¶µ ¸· ¢´¥´¨Õ
¸ · ¡µÉµ° [8] ´  µ¸´µ¢¥ µ¶¨¸ ´¨Ö ¶·µÍ¥¸¸  pp → pnπ+ ¢ · ¸¸³ É·¨¢ ¥³µ°
±¨´¥³ É¨Î¥¸±µ° µ¡² ¸É¨ ´¥³¥¤²¥´´µ ¶·¨¢µ¤¨É ± Ê²ÊÎÏ¥´¨Õ µ¶¨¸ ´¨Ö Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ µ ¶·µÍ¥¸¸¥ pd → dp. �É³¥É¨³ ¸²¥¤ÊÕÐ¨¥ ¢ ¦´Ò¥
µ¸µ¡¥´´µ¸É¨ ³µ¤¥²¨ OHO+∆+OP.

‚µ-¶¥·¢ÒÌ, µÎ¥´Ó ¸ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö ¢´¥³ ¸¸µ¢µ¥ ¶µ¢¥¤¥´¨¥ ∆-
¨§µ¡ ·Ò. �·¨ µ¶¨¸ ´¨¨ ·¥ ±Í¨¨ pp → pnπ+ Ë ±Éµ· Z(k), µ¶·¥¤¥²¥´´Ò°
Ëµ·³Ê²µ° (28), ¶·¨¸ÊÉ¸É¢Ê¥É ¢ ¢¥·Ï¨´¥ · ¸¶ ¤  ¢¨·ÉÊ ²Ó´µ° ∆-¨§µ¡ ·Ò ´ 
·¥ ²Ó´Ò° π-³¥§µ´ ¨ ´Ê±²µ´ ¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ Ë¥´µ³¥´µ²µ£¨¥° ¸¢µ¡µ¤´µ£µ πp-
· ¸¸¥Ö´¨Ö. ‚ ¶·µÍ¥¸¸¥ pd→ dp ¸¨ÉÊ Í¨Ö ¨´ Ö: ´ ·Ö¤Ê ¸ ∆-¨§µ¡ ·µ° ¢´¥³ ¸-
¸µ¢Ò³ Ö¢²Ö¥É¸Ö ¨ π(ρ)-³¥§µ´. �µÔÉµ³Ê ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¢±² ¤  ∆-³¥Ì ´¨§³ 
¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  pd→ dp ¥¸ÉÓ ´¥µ¤´µ§´ Î´µ¸ÉÓ, ¶·µÖ¢²ÖÕÐ Ö¸Ö ¢ Éµ³, ÎÉµ
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�¨¸. 5. ‚±² ¤ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¶·¨
· §²¨Î´ÒÌ ¶ · ³¥É·¨§ Í¨ÖÌ  ³¶²¨ÉÊ¤Ò NN → N∆: 1 Ä ¶ · ³¥É·¨§ Í¨Ö ¨§ · ¡µÉÒ
[8]; 2 Ä ¶ · ³¥É·¨§ Í¨Ö ¨§ [57] ¡¥§ ÊÎ¥É  Ë ±Éµ·  (28) ¢ ¢¥·Ï¨´¥ πN∆; 3 Ä Éµ ¦¥, ÎÉµ
´  ±·¨¢µ° 2, ´µ ¸ ÊÎ¥Éµ³ Ë ±Éµ·  (28). ’µÎ±¨ (•) Ä Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ [20]

¢ ¢¥·Ï¨´Ê ¸ ¢´¥³ ¸¸µ¢Ò³¨ π-³¥§µ´µ³ ¨ ∆-¨§µ¡ ·µ° ²¨¡µ ¶µ¤¸É ¢²Ö¥É¸Ö, ²¨-
¡µ ´¥ ¶µ¤¸É ¢²Ö¥É¸Ö Ë ±Éµ· Z(k). �¥É Ëµ·³ ²Ó´ÒÌ  ·£Ê³¥´Éµ¢ ¢ ¶µ²Ó§Ê Éµ£µ
¨²¨ ¨´µ£µ ¸¶µ¸µ¡  µ¶¨¸ ´¨Ö Å ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ ¶µ²ÊÎ ÕÉ¸Ö ¶·¨³¥·´µ µ¤¨´ -
±µ¢Ò¥ ·¥§Ê²ÓÉ ÉÒ Ë¨É¨·µ¢ ´¨Ö ¸¥Î¥´¨Ö ·¥ ±Í¨¨ pp→ pnπ+ ¶·¨ ´¥¡µ²ÓÏµ³
¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ Λπ, Λρ [13]. �¤´ ±µ ¢ ¶·µÍ¥¸¸¥ pd→ dp ÔÉ  ¤¢Ê§´ Î-
´µ¸ÉÓ ¸ÊÐ¥¸É¢¥´´µ ¸± §Ò¢ ¥É¸Ö ´  ¢¥²¨Î¨´¥ ¢±² ¤  ∆-³¥Ì ´¨§³ . �¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢ ¸¥Î¥´¨Ö ¸ Z(k) 6= 1 ¨ Z(k) = 1 µÉ²¨Î ÕÉ¸Ö ¢ ¤¢  · §  ¢ ÉµÎ± Ì
Tp = 0, 5 ƒÔ‚ ¨ Tp = 1 ƒÔ‚. ‚ ÉµÎ±¥ Tp = 0, 7 ƒÔ‚, ¢ ±µÉµ·µ° ¢ · ¸¸³ É·¨¢ -
¥³µ° ³µ¤¥²¨ ∆-¨§µ¡ ·  ´ Ìµ¤¨É¸Ö ´  ³ ¸¸µ¢µ° ¶µ¢¥·Ì´µ¸É¨ (¤²Ö ¤¨ £· ³³Ò
·¨¸.4,a), µ¡  ¸¶µ¸µ¡  ¢ÒÎ¨¸²¥´¨° ¤ ÕÉ µ¤¨´ ±µ¢Ò° ·¥§Ê²ÓÉ É. �  ·¨¸.5 ¶·¨-
¢¥¤¥´Ò ¤²Ö ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢±² ¤  ∆-³¥Ì ´¨§³  ¸ ¶ · ³¥É· ³¨
¨§ · ¡µÉÒ [8]. ˆ§ ´ Ï¨Ì · ¸Î¥Éµ¢ [13] ¢¨¤´µ, ÎÉµ ³ ±¸¨³Ê³ ¢ ¸¥Î¥´¨¨, ¢Ò-
Î¨¸²¥´´µ³ ¶·¨ ÊÎ¥É¥ Éµ²Ó±µ ¢±² ¤  ∆-³¥Ì ´¨§³ , ¸¤¢¨´ÊÉ ¢ ¸Éµ·µ´Ê ¡µ²¥¥
´¨§±¨Ì Ô´¥·£¨°, ¶µ ¸· ¢´¥´¨Õ ¸ [8]. �Éµ µ¡Ê¸²µ¢²¥´µ k-§ ¢¨¸¨³µ¸ÉÓÕ ¶µ²-
´µ° Ï¨·¨´Ò ∆-¨§µ¡ ·Ò ¢ (25). ‚ · ¡µÉ¥ [8] ¶·¥¤¶µ² £ ²µ¸Ó, ÎÉµ Ï¨·¨´  Γ
´¥ § ¢¨¸¨É µÉ k: Γ(k) = Γ0 =const, ¶·¨ ÔÉµ³ ´¥ Ê¤ ¥É¸Ö µ¶¨¸ ÉÓ ¶µ²µ¦¥´¨¥ ¨
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�¨¸. 6. ’µ ¦¥, ÎÉµ ´  ·¨¸.5, ´µ ¤²Ö ¸Ê³³Ò ³¥Ì ´¨§³µ¢ ��+∆+��

¢¥²¨Î¨´Ê Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ³ ±¸¨³Ê³  ¢ ¸¥Î¥´¨¨ ¶·µÍ¥¸¸  pp → pnπ+,  
Î¨¸ÉÒ° ¢±² ¤ ∆-³¥Ì ´¨§³  ¢ ¶·µÍ¥¸¸¥ pd→ dp ¢ µ¡² ¸É¨ ¢ÒÌµ¤  ∆-¨§µ¡ ·Ò
´  ³ ¸¸µ¢ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ µ± §Ò¢ ¥É¸Ö § ¢ÒÏ¥´´Ò³.

‚µ-¢Éµ·ÒÌ, ¢ ¦´Ò³ ¸¢µ°¸É¢µ³ ³µ¤¥²¨ ��+∆+�� Ö¢²Ö¥É¸Ö Ì · ±É¥· ¨´-
É¥·Ë¥·¥´Í¨¨ ∆- ¨ ��-³¥Ì ´¨§³µ¢. ‚ · ¡µÉ¥ [8] ¸Ê³³ ·´Ò° ¢±² ¤ ��+∆+��
¢ µ¡² ¸É¨ Ô´¥·£¨° 0, 6 ÷ 0, 8 ƒÔ‚ µ± § ²¸Ö ³¥´ÓÏ¥, Î¥³ ¢±² ¤ µ¤´µ£µ ∆-
³¥Ì ´¨§³  ¨ ¸ÊÐ¥¸É¢¥´´µ ´¨¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. �·¨Î¨´µ° ÔÉµ°
¤¥¸É·Ê±É¨¢´µ° ¨´É¥·Ë¥·¥´Í¨¨ ∆- ¨ ��-³¥Ì ´¨§³µ¢ (¢±² ¤ ��-³¥Ì ´¨§³  ¢
ÔÉµ° µ¡² ¸É¨ ¶·¥´¥¡·¥¦¨³µ ³ ² ¨ ¨´É¥·Ë¥·¥´Í¨Ö ¸ ´¨³ ´¥¸ÊÐ¥¸É¢¥´´ ) ¢
· ¡µÉ¥ [8] Ö¢²Ö¥É¸Ö ¡µ²ÓÏµ° ¢±² ¤ ρ-³¥§µ´  ¢  ³¶²¨ÉÊ¤Ê NN 
 N∆. ‚
¶ · ³¥É·¨§ Í¨¨, ¨¸¶µ²Ó§µ¢ ´´µ° ¢ [57], [13], ¢±² ¤ ρ-³¥§µ´  ³¨´¨³ ²¥´, É ±
± ± Λρ ∼ mρ.∗ ‚¸²¥¤¸É¢¨¥ ÔÉµ£µ ¨´É¥·Ë¥·¥´Í¨Ö Mπ+ρ

∆ +�� ´µ¸¨É ±µ´-
¸É·Ê±É¨¢´Ò° Ì · ±É¥· ¨ ¸Ê³³ ·´Ò° ¢±² ¤ ³¥Ì ´¨§³  ��+∆+�� ¢ µ¡² ¸É¨
Tp = 0, 4 ÷ 0, 8 ƒÔ‚ ¢ ÔÉµ³ ¸²ÊÎ ¥ µ± §Ò¢ ¥É¸Ö ¢ÒÏ¥ ¢±² ¤  Î¨¸Éµ£µ ∆-
³¥Ì ´¨§³  ¨ ´ Ìµ¤¨É¸Ö ¸ÊÐ¥¸É¢¥´´µ ¡²¨¦¥ ± ¤ ´´Ò³, Î¥³ ¢ [8].

∗�·¨ ¶µ¶ÒÉ±¥ Ê¢¥²¨Î¨ÉÓ ¢±² ¤ ρ-³¥§µ´  (¶·¨ µ¤´µ¢·¥³¥´´µ³ ¨§³¥´¥´¨¨ ¶ · ³¥É·µ¢ π-
µ¡³¥´ ) ¢ (30) ´¥ Ê¤ ¥É¸Ö µ¶¨¸ ÉÓ ¤ ´´Ò¥ µ ·¥ ±Í¨¨ pp→ pnπ+ ¶·¨ Tp = 800 ŒÔ‚.
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�¨¸. 7. „¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¢ § ¢¨¸¨³µ¸É¨ µÉ ´ -
Î ²Ó´µ° Ô´¥·£¨¨ ¢ · ³± Ì ³µ¤¥²¨ ��+∆+�� c ¶ · ³¥É· ³¨ Ëµ·³Ë ±Éµ·µ¢: Λπ =
0, 53 ƒÔ‚/c, Λρ = 0, 7 ƒÔ‚/c (¸¶²µÏ´ Ö ±·¨¢ Ö 1), Λπ = 1, 3 ƒÔ‚/c, Λρ = 1, 4 ƒÔ‚/c
(ÏÉ·¨Ì¶Ê´±É¨· 2); Î¨¸ÉÒ° ¢±² ¤ ∆-³¥Ì ´¨§³  ¤²Ö ÔÉ¨Ì ¦¥ ¤¢ÊÌ ´ ¡µ·µ¢ ¶ · ³¥É·µ¢
Λπ ¨ Λρ ¶µ± § ´ ÉµÎ¥Î´µ° (3) ¨ ¶Ê´±É¨·´µ° (4) ²¨´¨Ö³¨ ¸µµÉ¢¥É¸É¢¥´´µ. �±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤ ´´Ò¥: (?) Ä [20], (•) Ä [18], (�) Ä [17]

‚-É·¥ÉÓ¨Ì, ∆-³¥Ì ´¨§³ ¶·µÍ¥¸¸  pd → dp µÎ¥´Ó ÎÊ¢¸É¢¨É¥²¥´ ± ¶ -
· ³¥É· ³ Ëµ·³Ë ±Éµ·µ¢ ¢ ¢¥·Ï¨´ Ì πNN, πN∆, ρNN, ρN∆. Š ± ¶µ± -
§Ò¢ ÕÉ ´ Ï¨ · ¸Î¥ÉÒ, ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ §´ Î¥´¨° ¶ · ³¥É·µ¢ µ¡·¥§ ´¨Ö
Λπ = 1, 3 ƒÔ‚/c, Λρ = 1, 4 ƒÔ‚/c, ±µÉµ·Ò¥ ¶·¨¢µ¤ÖÉ¸Ö ¢ · ¡µÉ¥ [72], ¤¨ËË¥-
·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ¢ ³µ¤¥²¨ ∆ + OH + OP µ± §Ò¢ ¥É¸Ö ´  ¶µ·Ö¤µ± ¢ÒÏ¥
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ µ¡² ¸É¨ 0, 5÷ 1, 0 ƒÔ‚ (¸³. ·¨¸.7).

‚-Î¥É¢¥·ÉÒÌ, ¢ µ¡² ¸É¨ ¢ÒÌµ¤  ∆-¨§µ¡ ·Ò ´  ³ ¸¸µ¢ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ
(Tp ∼ 0, 7 ƒÔ‚) ¶ · ³¥É·Ò ³µ¤¥²¨ ��+∆+OP Ö¢²ÖÕÉ¸Ö ´ ¨¡µ²¥¥ µ¡µ¸´µ-
¢ ´´Ò³¨. �¤´ ±µ, ± ± ¢¨¤´µ ¨§ ·¨¸.6, ¨³¥´´µ ¶·¨ ÔÉµ° Ô´¥·£¨¨ ³µ¤¥²Ó ´¥¤µ-
µÍ¥´¨¢ ¥É  ¡¸µ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨Ö ´  Ë ±Éµ· ∼ 2.
�Éµ · ¸Ìµ¦¤¥´¨¥ ´¥ Ê¤ ¥É¸Ö Ê¸É· ´¨ÉÓ ¶ÊÉ¥³ § ³¥´Ò µ¤´µ° ·¥ ²¨¸É¨Î¥¸±µ°
¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ´  ¤·Ê£ÊÕ ¢¸²¥¤¸É¢¨¥ ¸² ¡µ° ÎÊ¢¸É¢¨É¥²Ó´µ¸É¨
∆-³¥Ì ´¨§³  ± ¶µ¢¥¤¥´¨Õ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê
´Ê±²µ´ ³¨. �Éµ ¸¢µ°¸É¢µ ∆-³¥Ì ´¨§³  Ä ¸² ¡ Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ ± ¤¥É ²Ö³
¶µ¢¥¤¥´¨Ö ¢µ²´µ¢µ° ËÊ´Í¨¨ ¤¥°É·µ´  ´  ³ ²ÒÌ NN -· ¸¸ÉµÖ´¨ÖÌ Ä ¨²²Õ-
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�¨¸. 8. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢±² ¤µ¢ �� ¨ ∆-³¥Ì ´¨§³µ¢ ¢ ¸¥Î¥´¨¥ Ê¶·Ê£µ£µ pd-
· ¸¸¥Ö´¨Ö ´ § ¤ ¸ · §´Ò³¨ ¢µ²´µ¢Ò³¨ ËÊ´±Í¨Ö³¨ ¤¥°É·µ´ : 1 Ä �� ¸ ¶ ·¨¦¸±µ°
ËÊ´±Í¨¥°; 2 Ä �� ¸ ËÊ´±Í¨¥° �¥°¤  ¸ ³Ö£±¨³ ±µ·µ³; 3 Ä �� ¸ ¢µ²´µ¢µ° ËÊ´±Í¨¥°
Œƒ“ [75]; 4 Ä ∆-³¥Ì ´¨§³ ¸ ¶ ·¨¦¸±µ° ËÊ´±Í¨¥°; 5 Ä ∆-³¥Ì ´¨§³ ¸ ËÊ´±Í¨¥° �¥°¤ 
¸ ³Ö£±¨³ ±µ·µ³

¸É·¨·Ê¥É¸Ö ´  ·¨¸.8, ´  ±µÉµ·µ³ ¶·¥¤¸É ¢²¥´Ò ·¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¢±² ¤µ¢
∆- ¨ ��-³¥Ì ´¨§³µ¢ ¤²Ö · §²¨Î´ÒÌ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¤¥°É·µ´ ,   ¨³¥´-
´µ ¶ ·¨¦¸±µ° ËÊ´±Í¨¨ [73], RSC [74] ¨ ËÊ´±Í¨¨ Œµ¸±µ¢¸±µ£µ Ê´¨¢¥·¸¨-
É¥É  [75]. ‚ ¶ ·¨¦¸±µ° ËÊ´±Í¨¨ ¢Ò¸µ±µ¨³¶Ê²Ó¸´ Ö ±µ³¶µ´¥´É  ¶·¥¤¸É -
¢²¥´  ´¥¸±µ²Ó±µ ¸² ¡¥¥, Î¥³ ¢ ËÊ´±Í¨¨ RSC. �µÔÉµ³Ê ¤²Ö ³¥Ì ´¨§³  ��,
±µÉµ·Ò° ´ ¨¡µ²¥¥ ÎÊ¢¸É¢¨É¥²¥´ ± ¢Ò¸µ±µ¨³¶Ê²Ó¸´Ò³ ±µ³¶µ´¥´É ³ ¢µ²´µ-
¢µ° ËÊ´±Í¨¨ ψd(q), ¸¥Î¥´¨¥ ¸ ¶ ·¨¦¸±µ° ËÊ´±Í¨¥° µ± §Ò¢ ¥É¸Ö ³¥´ÓÏ¥
¶µ ¢¥²¨Î¨´¥, Î¥³ ¸ ËÊ´±Í¨¥° RSC (¨ ¸ÊÐ¥¸É¢¥´´µ ³¥´ÓÏ¥, Î¥³ ¸ ËÊ´±-
Í¨¥° [75])). „²Ö ∆-³¥Ì ´¨§³ , ´ ¶·µÉ¨¢, ¸¥Î¥´¨¥ ¸ ¶ ·¨¦¸±µ° ËÊ´±Í¨¥°
´¥¸±µ²Ó±µ ¡µ²ÓÏ¥, Î¥³ ¸ RSC. �Éµ ¸µ¶µ¸É ¢²¥´¨¥ Ö¢´µ ¶µ± §Ò¢ ¥É, ÎÉµ ∆-
³¥Ì ´¨§³ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ´¥ ´  ³ ²ÒÌ · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê ´Ê±²µ´ ³¨ ¢ ¤¥°-
É·µ´¥,  , ¸±µ·¥¥, ´  ¸·¥¤´¨Ì ¨ ¡µ²ÓÏ¨Ì · ¸¸ÉµÖ´¨ÖÌ. ��-³¥Ì ´¨§³ ¤µ³¨´¨-
·Ê¥É ¶·¨ Tp = 0, 1 ÷ 0, 3 ƒÔ‚, ÎÉµ ¸²¥¤Ê¥É ¨§ µ¶¨¸ ´¨Ö ¸¥Î¥´¨Ö ¨ É¥´§µ·´µ°
¶µ²Ö·¨§ Í¨¨ ¤¥°É·µ´ . �·¨ Ô´¥·£¨ÖÌ Tp = 0, 6 ÷ 1, 0 ƒÔ‚ µÉ´µ¸¨É¥²Ó´Ò°
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¢±² ¤ ��-³¥Ì ´¨§³  ³ ², ´µ ¶·¨ Tp ≥ 1, 0 ƒÔ‚ ¥£µ ·µ²Ó ¸´µ¢  §´ Î¨É¥²Ó´ .

�¨¸. 9. ’¥´§µ·´ Ö ¶µ²Ö·¨§ Í¨Ö ¤¥°É·µ´  T20 ¢
¶·µÍ¥¸¸¥ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ± ± ËÊ´±-
Í¨Ö ´ Î ²Ó´µ° Ô´¥·£¨¨ ¤²Ö · §²¨Î´ÒÌ ³¥Ì ´¨§-
³µ¢. a) 1 Ä ��; 2 Ä ∆; 3 Ä ��+∆+��, 4 Ä
��+��+∆+’��. ¡) Š·¨¢Ò¥ ¶µ²ÊÎ¥´Ò ¸ § ³¥´µ°
§´ ±  D-¢µ²´Ò (w(r)→ −w(r)) ¤²Ö ∆- ³¶²¨ÉÊ¤Ò:
1 Ä ¢±² ¤ ∆-³¥Ì ´¨§³ , 2 Ä ���, 3 Ä ∆+���,
4 Ä ∆+���+��. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢§Ö-
ÉÒ ¨§ · ¡µÉ [19] (•) ¨ [23] (?)

‚µ¶·µ¸ µ É¥´§µ·´µ° ¶µ-
²Ö·¨§ Í¨¨ T20 Ö¢²Ö¥É¸Ö ¡µ-
²¥¥ ¸²µ¦´Ò³. ‚ µ¡² ¸É¨ ¤µ-
³¨´¨·µ¢ ´¨Ö ³¥Ì ´¨§³  ��
(Tp ≤ 0, 2 ƒÔ‚) §´ Î¥´¨Ö
T20 ¤²Ö ³¥Ì ´¨§³  �� ¸µ-
£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´Éµ³
(¸³. ·¨¸.9). �·¨ Tp ≥
0, 25 ƒÔ‚ ¶·¥¤¸± §Ò¢ ¥³µ¥
Î¨¸ÉÒ³ ��-³¥Ì ´¨§³µ³ §´ -
Î¥´¨¥ T20 · ¸Ìµ¤¨É¸Ö ¸ Ô±¸-
¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.
� ¸Î¥ÉÒ ¢ · ³± Ì ³¥Ì ´¨§³ 
��, ¢Ò¶µ²´¥´´Ò¥ ´¥¤ ¢´µ
´  µ¸´µ¢¥ ¶µ²´µ¸ÉÓÕ ±µ¢ -
·¨ ´É´µ£µ Ëµ·³ ²¨§³  �¥É¥Ä
‘µ²¶¨É¥·  ¸ ¨¸¶µ²Ó§µ¢ ´¨-
¥³ ¶µÉ¥´Í¨ ²  µ¤´µ¡µ§µ´´µ-
£µ µ¡³¥´  ¢ ²¥¸É´¨Î´µ³ ¶·¨-
¡²¨¦¥´¨¨ [35], ´¥ Ê²ÊÎÏ -
ÕÉ ¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´-
Éµ³ ¶µ T20. “Î¥É ¢±² ¤ 
∆-³¥Ì ´¨§³  ¢µ¸¸É ´ ¢²¨¢ -
¥É ¸µ£² ¸¨¥ ¢ µ¡² ¸É¨ ¤µ-
¢µ²Ó´µ ´¨§±¨Ì Ô´¥·£¨° Tp =
0, 25 ÷ 0, 4 ƒÔ‚. �¤´ ±µ
¶·¨ ¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ
Tp ≥ 0, 4 ƒÔ‚ ¶·¥¤¸± §Ò¢ ¥-
³µ¥ ³µ¤¥²ÓÕ �� + ∆ + OP
§´ Î¥´¨¥ T20 = −0, 2÷+0, 2
·¥§±µ ¶·µÉ¨¢µ·¥Î¨É ¤ ´´Ò³.
�·¨ ÔÉµ³, ± ± ¨ ¢ · ¡µÉ¥ [8],
§´ Î¥´¨Ö T20 ¶µ²µ¦¨É¥²Ó´Ò
¤²Ö ∆-³¥Ì ´¨§³ . ‚ · ¡µÉ¥
[12] ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ É -
±µ° ¦¥ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·Ò
 ³¶²¨ÉÊ¤Ò NN 
 N∆, ± ±
¨ ¢ ¨¸¶µ²Ó§µ¢ ´´µ³ §¤¥¸Ó ¢Ò-
· ¦¥´¨¨ (30), ¶·¨¢µ¤¨É¸Ö §´ Î¥´¨¥ T20 ∼ −0, 5, ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¡²¨¦¥ ±
Ô±¸¶¥·¨³¥´ÉÊ. �¤´ ±µ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ∆-  ³¶²¨ÉÊ¤Ò ¢ · ¡µÉ¥ [12] ¶·µ-
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¶ £ Éµ· ∆-¨§µ¡ ·Ò ¡Ò² ¢Ò´¥¸¥´ ¨§-¶µ¤ §´ ±  ¨´É¥£· ²  ¶µ ¨³¶Ê²Ó¸ ³ ¶·µ-
³¥¦ÊÉµÎ´ÒÌ ´Ê±²µ´µ¢. ‘µ£² ¸´µ µÍ¥´± ³ [76], ¶·µ¢¥¤¥´´Ò³ ¤²Ö S-¢µ²´Ò
¤¥°É·µ´ , É ±µ¥ ¶·¨¡²¨¦¥´¨¥ § ´¨¦ ¥É ¢±² ¤ ∆-³¥Ì ´¨§³  ¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸-
¸  pd → dp ¢ 2Ä3 · § . �É  ´¥¤µµÍ¥´±  § É¥³ ¨¸±Ê¸¸É¢¥´´µ ±µ³¶¥´¸¨·Ê¥É¸Ö
¢ [12] ¸¶¥Í¨ ²Ó´Ò³ ¢Ò¡µ·µ³ ¶ · ³¥É·µ¢  ³¶²¨ÉÊ¤Ò NN 
 N∆ ¢ ¶·µÉ¨¢µ·¥-
Î¨¨ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ µ ¸¥Î¥´¨¨ ·¥ ±Í¨¨ pp→ pnπ+ (¸³. ¢ÒÏ¥
¶.4.4). Š ± ¶µ± §Ò¢ ¥É ´ Ï  ´ ²¨§, ¶·¨ ¨¸±²ÕÎ¥´¨¨ ¢±² ¤  D-¢µ²´Ò ¤¥°É·µ-
´  ¨§ ∆- ³¶²¨ÉÊ¤Ò · ¡µÉÒ [8] ¢¥²¨Î¨´  T20 ¸É ´µ¢¨É¸Ö µÉ·¨Í É¥²Ó´µ°,   ¶·¨
¨§³¥´¥´¨¨ §´ ±  w(r)→ −w(r) ¢ Ëµ·³Ê²¥ (38) ¤µ¸É¨£ ¥É¸Ö ± Î¥¸É¢¥´´µ¥ ¸µ-
£² ¸¨¥ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ (¸³. ·¨¸.9,a) ∗. ‚ ÔÉµ° ¸¢Ö§¨ § ³¥É¨³,
ÎÉµ, ¶·¨ ÊÎ¥É¥ D-¢µ²´Ò ¤¥°É·µ´  ¢ · ³± Ì ¶·¨¡²¨¦¥´¨°, ¨¸¶µ²Ó§µ¢ ´´ÒÌ
¢ [12], ¢µ§´¨± ¥É ¨´ Ö ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·   ³¶²¨ÉÊ¤Ò M (∆) ¶µ ¸· ¢´¥´¨Õ ¸
· ¸Î¥Éµ³ [8,76], ÎÉµ, ¢µ§³µ¦´µ, ¨ ¶·¨¢µ¤¨É ± Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ³Ê µ¶¨¸ ´¨Õ
T20 ¢ ∆-·¥§µ´ ´¸´µ° µ¡² ¸É¨. ’ ±¨³ µ¡· §µ³, ¢¥²¨Î¨´  ¸¥Î¥´¨Ö ¨ ¶µ¢¥¤¥-
´¨¥ T20, ¢¨¤¨³µ, µ¶·¥¤¥²ÖÕÉ¸Ö ¸ÊÐ¥¸É¢¥´´µ · §´Ò³¨ ¸¢µ°¸É¢ ³¨  ³¶²¨ÉÊ¤Ò
¶·µÍ¥¸¸  pd→ dp: ¨¸¶µ²Ó§ÊÖ · §´Ò¥ ¶·¨¡²¨¦¥´¨Ö ¤²Ö µ¤´µ° ¨ Éµ° ¦¥  ³¶²¨-
ÉÊ¤Ò ��+∆, ³µ¦´µ µ¶¨¸ ÉÓ ²¨¡µ  ¡¸µ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö (´¥ ¶µ²ÊÎ¨¢
¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ T20), ²¨¡µ µ¶¨¸ ÉÓ T20 (¸ÊÐ¥¸É¢¥´´µ ´¥¤µµÍ¥-
´¨¢ ¸¥Î¥´¨¥). „²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²¥¥ µ¶·¥¤¥²¥´´µ£µ ¢Ò¢µ¤  µ ¢¥²¨Î¨´¥ T20 ¢
· ³± Ì ³µ¤¥²¨ ��+∆+�� ¢ ¦´µ ¢Ò°É¨ §  · ³±¨ ¨³¶Ê²Ó¸´µ£µ ¶·¨¡²¨¦¥´¨Ö
¢  ³¶²¨ÉÊ¤¥ ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³ , É.¥. µ¸É ¢¨ÉÓ ¶µ¤ §´ ±µ³ ¨´É¥£· ² 
´¥ Éµ²Ó±µ ¶·µ¶ £ Éµ· ∆-¨§µ¡ ·Ò, ´µ ¨ ¢¥·Ï¨´´Ò¥ ËÊ´±Í¨¨ πNN, πN∆. ‚
´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ÔÉ  ¸²µ¦´ Ö ¢ É¥Ì´¨Î¥¸±µ³ µÉ´µÏ¥´¨¨ · ¡µÉ  ¥Ð¥ ´¥ ¢Ò-
¶µ²´¥´ . Š·µ³¥ Éµ£µ, ¢ ¦´Ò³ ³µ¦¥É µ± § ÉÓ¸Ö ÊÎ¥É µ¡³¥´  σ- ¨ ω-³¥§µ´ ³¨
¢  ³¶²¨ÉÊ¤¥ NN → N∆, ¶µ¸±µ²Ó±Ê ¢ · ³± Ì π+ρ-µ¡³¥´  ´¥ Ê¤ ¥É¸Ö µ¶¨¸ ÉÓ
¶µ²Ö·¨§ Í¨µ´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ·¥ ±Í¨¨ pp→ pnπ+ [60].

�É³¥É¨³, ÎÉµ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ ��+∆+�� ¨
Ô±¸¶¥·¨³¥´Éµ³ ´ ¸ÉÊ¶ ¥É µ¤´µ¢·¥³¥´´µ ± ± ¤²Ö Ê¸·¥¤´¥´´µ£µ ¶µ ¸¶¨´ ³ ¸¥-
Î¥´¨Ö, É ± ¨ ¤²Ö T20 ¶·¨ Tp ≥ 0, 4 ƒÔ‚. ‚ · §¤¥²¥ 6 µ¡¸Ê¦¤ ¥É¸Ö ¢µ§³µ¦´ Ö
¸¢Ö§Ó ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö ¸ ³¥Ì ´¨§³µ³ µ¡³¥´  N∗-¨§µ¡ · ³¨, µ¡Ê¸²µ¢²¥´´Ò³
¶·¨³¥¸ÓÕ NN∗-±µ³¶µ´¥´É ¢ ¤¥°É·µ´¥. ‘µ£² ¸´µ µÍ¥´± ³ [28], ³ ±¸¨³ ²Ó´Ò°
¢±² ¤ N∗-µ¡³¥´  µ¦¨¤ ¥É¸Ö ¨³¥´´µ ¢ µ¡² ¸É¨ Ô´¥·£¨° Tp = 0, 5 ÷ 1, 0 ƒÔ‚.
Š ± ¶µ± § ´µ ´¨¦¥, ¶µ¤±²ÕÎ¥´¨¥ ¢±² ¤  É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢, ´¥ Ê²ÊÎ-
Ï ¥É ¸µ£² ¸¨Ö ¸ Ô±¸¶¥·¨³¥´Éµ³ ¶µ T20 ¤ ¦¥ ¶·¨ ¸ ³ÒÌ µ¡Ð¨Ì ¶·¥¤¶µ²µ¦¥-
´¨ÖÌ µ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·¥ ¸µµÉ¢¥É¸É¢ÊÕÐ¥°  ³¶²¨ÉÊ¤Ò.

5.5. � ·µ²¨ ³¥Ì ´¨§³  É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢. �¤´  ¨§ ¢µ§³µ¦´µ-
¸É¥° ¶·¥µ¤µ²¥ÉÓ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ³µ¤¥²ÓÕ ��+∆+OP ¨ Ê¸·¥¤´¥´´Ò³ ¶µ
¸¶¨´ ³ ¸¥Î¥´¨¥³ ¶·µÍ¥¸¸  pd→ dp ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³µ-

∗�·¨ ÔÉµ³, ¥¸É¥¸É¢¥´´µ, ¢µ§´¨± ¥É ¶·µÉ¨¢µ·¥Î¨¥ ³¥¦¤Ê · ¸Î¥É´Ò³ ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ
´ ¡²Õ¤ ¥³Ò³ §´ Î¥´¨¥³ ±¢ ¤·Ê¶µ²Ó´µ£µ ³µ³¥´É  ¤¥°É·µ´ .
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É·¥´¨¥ ¢±² ¤ ³¥Ì ´¨§³  É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢ (’��). ˆ¤¥Ö µ ’�� ¢¶¥·-
¢Ò¥ ¡Ò²  ¢Ò¸± § ´  ¢ · ¡µÉ¥ [8]. Š ± ¡Ò²µ ¶µ± § ´µ ¶µ§¤´¥¥ [77], ÔÉ  ¨¤¥Ö
´¥ ¶·µÉ¨¢µ·¥Î¨É Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ µ¡ µÉ´µÏ¥´¨¨ ¸¥Î¥´¨° ·¥ ±Í¨°
R = dσ(p, nd)/dσ(p, pd) ´  Ö¤· Ì 6,7Li ¶·¨ Ô´¥·£¨¨ 670 ŒÔ‚. ‚µ§³µ¦´µ¸ÉÓ
¸ÊÐ¥¸É¢µ¢ ´¨Ö É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢ ¶·¥¤¸± §Ò¢ ¥É¸Ö ¢ ³µ¤¥²¨ ¢ÒÉÖ-
´ÊÉÒÌ ¢· Ð ÕÐ¨Ì¸Ö ³¥Ï±µ¢ ¸µ ¸±·ÒÉÒ³ Í¢¥Éµ³ [53]. …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ,
ÎÉµ ¢¸¥ · §´µ£² ¸¨Ö ³¥¦¤Ê Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¶µ Ê¸·¥¤´¥´´µ³Ê
¶µ ¸¶¨´ ³ ¸¥Î¥´¨Õ ¶·µÍ¥¸¸  pd → dp ¨ ³µ¤¥²ÓÕ �� + ∆+�� µ¡Ê¸²µ¢²¥´Ò
¢±² ¤µ³ É·¥Ì¡ ·¨µ´´ÒÌ ·¥§µ´ ´¸µ¢, Éµ ³µ¦´µ ¶µ²ÊÎ¨ÉÓ ¢¥·Ì´¥¥ µ£· ´¨Î¥´¨¥
´  ¢±² ¤ ’��. ’ ± Ö µÍ¥´±  ¡Ò²  ¸¤¥² ´  ¢ [8]. �ÉµÉ ·¥§Ê²ÓÉ É ´¥µ¡Ìµ¤¨³µ
¶¥·¥¸³µÉ·¥ÉÓ, É ± ± ± ´ ³¨ ¢ [13] ¶µ²ÊÎ¥´ ¤·Ê£µ° ¢±² ¤ ¤²Ö ∆-³¥Ì ´¨§³  ¶µ
¸· ¢´¥´¨Õ ¸ [8]. Š·µ³¥ Éµ£µ, ¢ [8] ¨¸¶µ²Ó§µ¢ ² ¸Ó Ê¸·¥¤´¥´´ Ö ¶µ ¸¶¨´ ³
¶·µÉµ´µ¢  ³¶²¨ÉÊ¤  ’��. ŒÒ ÊÎ¨ÉÒ¢ ¥³ ¸¶¨´µ¢ÊÕ ¸É·Ê±ÉÊ·Ê  ³¶²¨ÉÊ¤Ò ’��
¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥ [13]:

A’�� =< σ′p λ
′
d|T |σp λd >=

∑
SLS′L′M

G2

E −M0 + iΓ/2
(−1)L

′×

×
√

(2L+ 1)(2L′ + 1)(1λd
1

2
σp|SMS)(L0SMS|JM)× (47)

×(1λ′d
1

2
σ′p|S′M ′S)(L′0S′M ′S |JM),

£¤¥ L(L′) ¨ S(S′) Ä µ·¡¨É ²Ó´Ò° Ê£²µ¢µ° ³µ³¥´É ¨ ¸¶¨´ ± ´ ²  p+d (p′+d′)
¸µµÉ¢¥É¸É¢¥´´µ; J Ä ¶µ²´Ò° Ê£²µ¢µ° ³µ³¥´É ’��, Γ Ä ¥£µ Ï¨·¨´ , M0 Ä
³ ¸¸ , G Ä ±µ´¸É ´É  ¸¢Ö§¨ ¢ ¢¥·Ï¨´¥ p+ d
 9q.

� ¸Î¥ÉÒ ¢Ò¶µ²´¥´Ò ¢ ¶·¥¤¶µ²µ¦¥´¨¨ L = L′, S = S′. Š ± ¨ ¢ · ¡µÉ¥
[8], §¤¥¸Ó ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ Éµ²Ó±µ É·¨ ·¥§µ´ ´¸ , · ¸¶ ¤ ÕÐ¨Ì¸Ö ´  pd-
¸¨¸É¥³Ê ¢ D-, F - ¨ G-¸µ¸ÉµÖ´¨ÖÌ, ¢´µ¸ÖÉ ´ ¨¡µ²ÓÏ¨° ¢±² ¤. � · ³¥É·Ò
·¥§µ´ ´¸µ¢ ´ °¤¥´Ò ¢ ·¥§Ê²ÓÉ É¥ Ë¨É¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ:
M ∼ 3, 1 ÷ 3, 2 ƒÔ‚, Γ ∼ 100 ÷ 200 ŒÔ‚, G ∼ 0, 3 ÷ 0, 7. ”µ·³Ê²  (47)
¸¢µ¤¨É¸Ö ± ¢Ò· ¦¥´¨Õ (11) ¨§ · ¡µÉÒ [52] Éµ²Ó±µ ¢ ¶·¥¤¥²¥ Sd � Sp. ˆ¸Ìµ¤Ö
¨§ ¢Ò· ¦¥´¨Ö (47), ³µ¦´µ ´ °É¨ ¤²Ö É·¥Ì µ¡¸Ê¦¤ ¥³ÒÌ  ³¶²¨ÉÊ¤ ’��, ÎÉµ

¢¥²¨Î¨´  T20 ´ Ìµ¤¨É¸Ö ¢ ¨´É¥·¢ ²¥ T’��
20 = −0, 4 ÷ +0, 4, ¢±²ÕÎ Ö ÉµÎ±Ê

T20 = 0. �¤´ ±µ ¤ ¦¥ ¢ ´ ¨¡µ²¥¥ ¡² £µ¶·¨ÖÉ´µ³ ¸²ÊÎ ¥ (T’��
20 = −0, 4) ¤²Ö

¸Ê³³ ·´µ°  ³¶²¨ÉÊ¤Ò ��+∆+��+’�� · ¸Î¥É´µ¥ §´ Î¥´¨¥ T20 µ± §Ò¢ ¥É¸Ö
¡²¨§±¨³ ± ´Ê²Õ ¶·¨ Tp > 0, 6 ƒÔ‚, É.¥. ´ ³´µ£µ ¢ÒÏ¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
ÉµÎ¥±.

’ ±¨³ µ¡· §µ³, ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤, ÎÉµ ·µ²Ó ’�� ¢ · ¡µÉ Ì [8, 52]
¸¨²Ó´µ § ¢ÒÏ¥´ , µ¸µ¡¥´´µ ¶·¨ ¨´É¥·¶·¥É Í¨¨ T20. ‚ Éµ ¦¥ ¢·¥³Ö ¸¥°Î ¸ ´¥É
µ¸´µ¢ ´¨° ¶µ²´µ¸ÉÓÕ µÉ¡· ¸Ò¢ ÉÓ ÔÉµÉ ³¥Ì ´¨§³. Š ¢µ¶·µ¸Ê µ ·µ²¨ ’�� ¢ T20

³µ¦´µ ¡Ê¤¥É ¢¥·´ÊÉÓ¸Ö ¶µ¸²¥ ¢Ò¶µ²´¥´¨Ö ¡µ²¥¥ ±µ··¥±É´µ£µ · ¸Î¥É  ¢±² ¤ 
∆-³¥Ì ´¨§³  ¨ ¶·µ¢¥¤¥´¨Ö ¶µ²´µ£µ ¶µ²Ö·¨§ Í¨µ´´µ£µ Ô±¸¶¥·¨³¥´É  [22].
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6. ��Œ…� N∗-ˆ‡�����Œˆ ˆ ��‹œ �…�…��‘‘…Ÿ�ˆ‰

6.1. Œ¥Ì ´¨§³ ��� ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ ³¨±¥. ‚ ÔÉµ³ · §¤¥²¥ ¶·¨¢¥-
¤¥´Ò ¢Ò· ¦¥´¨Ö ¤²Ö ³¥Ì ´¨§³  µ¡³¥´  ¡ ·¨µ´µ³, ¶µ²ÊÎ¥´´Ò¥ · ´¥¥ ¢ · ¡µ-
É Ì [6,8] ¶·¨ ÊÎ¥É¥ Éµ²Ó±µ p+ n-±µ³¶µ´¥´ÉÒ ¤¥°É·µ´ , ¨ µ¡µ¡Ð¥´´Ò¥ ¢ [28]
´  ¸²ÊÎ ° µ¡³¥´  ´Ê±²µ´´Ò³¨ ¨§µ¡ · ³¨ N∗ ¢ ¶·µÍ¥¸¸¥ pd → dp ¨ µ¡³¥´ 
´¥°É·µ´µ³ ¢ ¶·µÍ¥¸¸¥ pd→ dN∗ [78].

�µ¤Ìµ¤ �Š’. �¸´µ¢µ° ´ Ï¥£µ · ¸¸³µÉ·¥´¨Ö Ö¢²Ö¥É¸Ö · ¡µÉ  � ±±¥· ,
Šµ´¤· ÉÕ±  ¨ ’¥·¥´ÉÓ¥¢  (�Š’) [36], ¢ ±µÉµ·µ° ¶µ¸É·µ¥´Ò Ê· ¢´¥´¨Ö Ë ¤¤¥-
¥¢¸±µ£µ É¨¶  ¤²Ö § ¤ Î¨ É·¥Ì É¥² ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ ³¨±¥. „µ¸Éµ¨´¸É¢µ³
ÔÉµ£µ ¶µ¤Ìµ¤  Ö¢²Ö¥É¸Ö ÉµÎ´µ¥ ¢Ò¶µ²´¥´¨¥ ±µ³³ÊÉ Í¨µ´´ÒÌ ¸µµµÉ´µÏ¥´¨°
¤²Ö £¥´¥· Éµ·µ¢ £·Ê¶¶Ò �Ê ´± ·¥ ¸¨¸É¥³Ò É·¥Ì É¥², ¢ Î ¸É´µ¸É¨, ¢Ò¶µ²-
´¥´¨¥ Ê£²µ¢µ£µ Ê¸²µ¢¨Ö. �¥ µ¸É ´ ¢²¨¢ Ö¸Ó ´  É¥Ì´¨Î¥¸±¨Ì ¶µ¤·µ¡´µ¸ÉÖÌ
¶µ¤Ìµ¤  [36], ¢Ò¶¨Ï¥³ µ±µ´Î É¥²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¶·µÍ¥¸¸ 
pid→ dpf , ¢ · ³± Ì ³¥Ì ´¨§³  ��� (¸³. ·¨¸.1,¡, ¥ )

A�Š’
O�� = K

∑
|N>

{
ΨσiσN
λf

(qi)
}+

Ψ
σfσN
λi

(qf ), (48)

£¤¥

K =

(
2

1

)
2
√
Edi(Epi + EN )Edf (Epf + EN )

√
s−M0

EN
(49)

Å ±¨´¥³ É¨Î¥¸±¨° Ë ±Éµ·, Ψ
σpσN
λd

(q) Ä ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¤¥°É·µ´  ¢ ± ´ ²¥
d → p + N (¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ³ ¸¸µ¢µ£µ µ¶¥· Éµ·  ¸¨¸É¥³Ò p + N ),
´µ·³¨·µ¢ ´´ Ö Ê¸²µ¢¨¥³

1

2Jd + 1

∑
λd,σp,σN

∫
|Ψσp,σN

λd
(q)|2 κ−1

pN (q)
d3q

(2π)3
= NpN

d , (50)

§¤¥¸Ó

κpN (q) =
2εp(q)εN (q)

εp(q) + εN (q)
, εj(q) =

√
m2
j + q2; (51)

NpN
d Ä ÔËË¥±É¨¢´µ¥ Î¨¸²µ ¤²Ö ¸µµÉ¢¥É¸É¢ÊÕÐ¥° p+N -±µ³¶µ´¥´ÉÒ ¤¥°É·µ´ ,

¢ ±µÉµ·µ¥ ¢±²ÕÎ¥´ ±¢ ¤· É ¨§µÉµ¶¨Î¥¸±µ£µ ±µÔËË¨Í¨¥´É  Š²e¡Ï Äƒµ·¤ ´ ,
(1/2τp1/2τN |00)2 = 1

2 , É ± ÎÉµ, ´ ¶·¨³¥·, ¤²Ö p + n-±µ³¶µ´¥´ÉÒ ¤¥°É·µ-
´  ¨³¥¥³ Npn

d = 0, 5. ‚ ¢Ò· ¦¥´¨¥ (48) ¢±²ÕÎ¥´ ±µ³¡¨´ Éµ·´Ò° Ë ±Éµ·(
2
1

)
= 2, É ± ± ± ¨¸¶µ²Ó§Ê¥³ Ö §¤¥¸Ó 6-±¢ ·±µ¢ Ö ËÊ´±Í¨Ö ¤¥°É·µ´  ¶µ²´µ-

¸ÉÓÕ  ´É¨¸¨³³¥É·¨Î´  ¶µ ±¢ ·± ³; σi(σf ) ¨ σN Ä ¶·µ¥±Í¨Ö ¸¶¨´  ´ Î ²Ó-
´µ£µ (±µ´¥Î´µ£µ) ´Ê±²µ´  ¨ ¶¥·¥¤ ¢ ¥³µ£µ ¡ ·¨µ´  ¸µµÉ¢¥É¸É¢¥´´µ; λi(λf )
Ä ¶·µ¥±Í¨Ö ¸¶¨´  ´ Î ²Ó´µ£µ (±µ´¥Î´µ£µ) ¤¥°É·µ´ . ‚ ¢Ò· ¦¥´¨ÖÌ (49) ¨
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(51) ¨¸¶µ²Ó§µ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ µ¡µ§´ Î¥´¨Ö: Ek(pk) =
√
m2
k + p2

k ¨ pk Ä
Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ k-° Î ¸É¨ÍÒ (k = pi, pf , N, di, df ) ¢ ¸.Í.³. É·¥Ì É¥²

pi + d = pf + d; εj(q) =
√
m2
j + q2 ¨ q Ä Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸ j-° Î ¸É¨ÍÒ

(j = pi, pf , N) ¢ ¸.Í.³. ¤¢ÊÌ É¥² pi + N ¨²¨ pf + N ;
√
s Ä ¨´¢ ·¨ ´É´ Ö

³ ¸¸  ¸¨¸É¥³Ò pi + d = pj + d, M0 = EN + Epi + Epf Ä ³ ¸¸  ¶·µ³¥¦Ê-
ÉµÎ´µ£µ ¸µ¸ÉµÖ´¨Ö. ‚ Ëµ·³Ê²¥ (48) ¶·µ¢µ¤¨É¸Ö ¸Ê³³¨·µ¢ ´¨¥ ¶µ ¢´ÊÉ·¥´´¨³
¸µ¸ÉµÖ´¨Ö³ ¶¥·¥¤ ¢ ¥³µ£µ ¡ ·¨µ´  N (´¥°É·µ´  ¨²¨ ´Ê±²µ´´µ£µ ·¥§µ´ ´¸ ),
¢±²ÕÎ Ö ¶·µ¥±Í¨Õ ¥£µ ¸¶¨´  σN . �·£Ê³¥´ÉÒ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´ Î ²Ó´µ-
£µ ¨ ±µ´¥Î´µ£µ ¤¥°É·µ´µ¢ qf ¨ qi ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¨³¶Ê²Ó¸Ò ¨ Ô´¥·£¨¨
´ ¡²Õ¤ ¥³ÒÌ Î ¸É¨Í ¸µ£² ¸´µ Ëµ·³Ê²¥ (2) ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

qi =
(εN + EN ) pi − (εpi + Epi) pN

εN + EN + εpi + Epi
, εN ≡ εN (qi), εpi ≡ εpi(qi), (52)

qf =
(εN + EN ) pf − (εpf + Epf ) pN

εN + EN + εpf + Epf
, εN ≡ εN (qf ), εpf ≡ εpf (qf ). (53)

3-¨³¶Ê²Ó¸ ¶¥·¥¤ ¢ ¥³µ£µ ´Ê±²µ´  N ¢ ¢Ò· ¦¥´¨ÖÌ (52), (53) ¸¢Ö§ ´ c 3-
¨³¶Ê²Ó¸ ³¨ ´ Î ²Ó´ÒÌ ¨ ±µ´¥Î´ÒÌ Î ¸É¨Í ¢ ¸.Í.³. p + d ¸²¥¤ÊÕÐ¨³¨ ¸µµÉ-
´µÏ¥´¨Ö³¨ [36]:

pN = pdi − pf = pdf − pi. (54)

Š¢ ¤· É ³µ¤Ê²Ö  ³¶²¨ÉÊ¤Ò (48), Ê¸·¥¤´¥´´µ° ¶µ ¸¶¨´ ³ ´ Î ²Ó´ÒÌ Î ¸É¨Í ¨
¶·µ¸Ê³³¨·µ¢ ´´Ò° ¶µ ¸¶¨´ ³ ±µ´¥Î´ÒÌ Î ¸É¨Í, ¸¢Ö§ ´ ¸ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³
¸¥Î¥´¨¥³ ¶·µÍ¥¸¸  pd→ pd ¢ ¸.Í.³. p+d ¶µ Ëµ·³Ê²¥

dσ

dΩ
=

1

64π2s
|AO��|

2
. (55)

�¥±µ¢ ·¨ ´É´ Ö ¤¨´ ³¨±  ¸¢¥Éµ¢µ£µ Ë·µ´É . � ¸¸³µÉ·¨³  ³¶²¨ÉÊ¤Ê µ¤-
´µ´Ê±²µ´´µ£µ µ¡³¥´  ¶·µÍ¥¸¸  pd→ dp ¢ · ³± Ì ´¥±µ¢ ·¨ ´É´µ° ¤¨´ ³¨±¨
¸¢¥Éµ¢µ£µ Ë·µ´É  („‘”) ¡¥§ É·¥Î ¸É¨Î´µ£µ Ê£²µ¢µ£µ Ê¸²µ¢¨Ö. ’ ±µ° ¶µ¤Ìµ¤
¡Ò² ¨¸¶µ²Ó§µ¢ ´ ¢ · ¡µÉ Ì [5, 6, 11]. ‘µµÉ¢¥É¸É¢ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ, ¢¢¨¤Ê ¨Ì
¤µ¢µ²Ó´µ Ï¨·µ±µ£µ ¶·¨³¥´¥´¨Ö (¸³. [79] ¨ ¸¸Ò²±¨ ¢ ´¥°), ¶·¨¢µ¤ÖÉ¸Ö §¤¥¸Ó
Éµ²Ó±µ ¤²Ö ¸· ¢´¥´¨Ö ¸ ³¥Ì ´¨§³µ³ ��� ¢ ¶µ¤Ìµ¤¥ �Š’, ¢ ±µÉµ·µ³ ¢· Ð -
É¥²Ó´ Ö ¨´¢ ·¨ ´É´µ¸ÉÓ ´¥ ´ ·ÊÏ¥´ . ˆ¸¶µ²Ó§ÊÖ ¸¢µ°¸É¢  ¸¢µ¡µ¤´ÒÌ ¸µ¸ÉµÖ-
´¨° ´Ê±²µ´µ¢ |p⊥, p+ > ¨ ¤¥°É·µ´  |d⊥, d+ > ¢ „‘” ¨ ÊÎ¨ÉÒ¢ Ö ¸µÌ· ´¥´¨¥
p+ ¨ p⊥ ±µ³¶µ´¥´É 4-¨³¶Ê²Ó¸µ¢ ¢ ¢¥·Ï¨´ Ì d → pf + N, pi + N → d, ¤²Ö
 ³¶²¨ÉÊ¤Ò ��� ¢ ´¥±µ¢ ·¨ ´É´µ° Ëµ·³¥ „‘” ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥-
´¨¥:

A
„‘”
O�� =

(
2

1

)
1

1− ξ′ [m
2
d −M2

i (k⊥, ξ)]
∑
σN

{
ΨσiσN
λf

(k′⊥, ξ
′)
}+

Ψ
σfσN
λi

(k⊥, ξ)),

(56)
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£¤¥ Ψd(k⊥, ξ) Ä ¢µ²´µ¢ Ö ¤¥°É·µ´  (É.¥. ¸µ¡¸É¢¥´´ Ö ËÊ´±Í¨Ö ±¢ ¤· É  ³ ¸¸µ-
¢µ£µ µ¶¥· Éµ·  M̂2 ¸ ¸µ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ m2

d), ±µÉµ· Ö ¸¢Ö§ ´  ¸ ¢µ²´µ¢µ°
ËÊ´±Í¨¥° ¢ (48) Ψ

σp,σN
λd

(q) ¶·¥µ¡· §µ¢ ´¨¥³ Œ¥²µÏ  [80].
‚ ¢Ò· ¦¥´¨¨ (56) ¢´ÊÉ·¥´´¨¥ „‘”-¶¥·¥³¥´´Ò¥ k⊥, ξ,k

′
⊥, ξ

′ ¸¢Ö§ ´Ò ¸
µ¤´µÎ ¸É¨Î´Ò³¨ ¢´¥Ï´¨³¨ ¶¥·¥³¥´´Ò³¨ ¸µµÉ´µÏ¥´¨Ö³¨, ¢Ò· ¦ ÕÐ¨³¨ ¸µ-
Ì· ´¥´¨¥ p+ ¨ p⊥ ±µ³¶µ´¥´É 4-¨³¶Ê²Ó¸µ¢ ¢ ¢¥·Ï¨´ Ì d 
 N + N . ‚ ´¥-
±µ¢ ·¨ ´É´µ³ ¶µ¤Ìµ¤¥ „‘” ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ Ψdi ¨ Ψdf § ¢¨¸ÖÉ Éµ²Ó±µ µÉ
±¢ ¤· É  ³µ¤Ê²Ö µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  k2, µ¤´µ§´ Î´µ ¸¢Ö§ ´´µ£µ ¸ ¨´-
¢ ·¨ ´É´Ò³¨ ³ ¸¸ ³¨ M2

f = M2(k′⊥, ξ
′), M2

i = M2(k⊥, ξ) ¸¢µ¡µ¤´ÒÌ ¶ ·
pi + N ¨ pf + N ¸µµÉ¢¥É¸É¢¥´´µ. � ·ÊÏ¥´¨¥ ¢· Ð É¥²Ó´µ° ¨´¢ ·¨ ´É´µ¸É¨
¢ ´¥±µ¢ ·¨ ´É´µ³ „‘”-¶µ¤Ìµ¤¥ ¶·µÖ¢²Ö¥É¸Ö ¢ § ¢¨¸¨³µ¸É¨  ·£Ê³¥´Éµ¢ k2

i ,
k2
f ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¤¥°É·µ´  µÉ ´ ¶· ¢²¥´¨Ö µ¸¨

OZ. ‚ · ¡µÉ¥ [6] µ¸Ó OZ ¡Ò²  ¢Ò¡· ´  ¸µ£² ¸´µ Ê¸²µ¢¨Õ OZ↑↑ ppi + ppf .
�·¨ É ±µ³ ¢Ò¡µ·¥ µ¸¨ OZ µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¸¨³³¥É·¨Ö ³¥¦¤Ê ´ Î ²Ó´Ò³ ¨
±µ´¥Î´Ò³ ¶·µÉµ´ ³¨ (¤¥°É·µ´ ³¨): ξ = ξ′, k2

⊥ = k′
2
⊥. �·¨ µ¡³¥´¥ ¨§µ¡ ·µ°

N∗ ÔÉ  ¸¨³³¥É·¨Ö ¸µÌ· ´Ö¥É¸Ö. �¤´ ±µ ¢ ¸²ÊÎ ¥ ·¥ ±Í¨¨ pd → dN∗ ¢Ò¡µ·
± ±µ£µ-²¨¡µ ´ ¶· ¢²¥´¨Ö µ¸¨ OZ É·Ê¤´µ µ¡µ¸´µ¢ ÉÓ, ¨¸Ìµ¤Ö ¨§ É·¥¡µ¢ ´¨°
¸¨³³¥É·¨¨ ¨²¨ ³¨´¨³¨§ Í¨¨ ¢±² ¤  ³´µ£µÎ ¸É¨Î´ÒÌ ¶·µ³¥¦ÊÉµÎ´ÒÌ ¸µ¸Éµ-
Ö´¨°, ± ± ¢ · ¡µÉ¥ [6]. �µÔÉµ³Ê ·¥ ±Í¨Ö pd → dN∗ · ¸¸³ É·¨¢ ¥É¸Ö ¢ [78]
Éµ²Ó±µ ¢ �Š’-¶µ¤Ìµ¤¥.

6.2. “Î¥É ¶¥·¥· ¸¸¥Ö´¨° ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ. �µ¢Éµ-
·ÖÖ  ·£Ê³¥´ÉÒ · ¡µÉÒ [27], ¢ ±µÉµ·µ° ¨¸¸²¥¤µ¢ ²¸Ö ³¥Ì ´¨§³ ¶¥·¥¤ Î¨ ¤¢ÊÌ
´Ê±²µ´µ¢ ¢ ¶·µÍ¥¸¸¥ p +3 He →3 He + p, ¤²Ö  ³¶²¨ÉÊ¤Ò µ¡³¥´  ´Ê±²µ´µ³
¢ ¶·µÍ¥¸¸¥ pd → dp ¸ ÊÎ¥Éµ³ ¶¥·¥· ¸¸¥Ö´¨° (¨¸± ¦¥´¨°) ¢ ´ Î ²Ó´µ³ ¨
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

T¨¸±
OH = TB(df ,pf ; di,pi) +

+
i

4πpi

∫
d2q Fpd(q)TB(df ,pf ; di + q,pi − q) +

+
i

4πpf

∫
d2q′ fpp(q

′)TB(df − q′,pf + q′; di,pi)−

− 1

(4π)2pfpi

∫∫
d2qd2q′Fpd(q)fpp(q

′)TB(df − q′,pf + q; di + q,pi− q). (57)

‡¤¥¸Ó pi(di) Ä ¨³¶Ê²Ó¸ ´ Î ²Ó´µ£µ ¶·µÉµ´  (¤¥°É·µ´ ) ¢ ¸.Í.³. p+d,   pf (df )
Ä ¨³¶Ê²Ó¸ ±µ´¥Î´µ£µ ¶·µÉµ´  (¤¥°É·µ´ ); ¶¥·¥³¥´´Ò¥ ¨´É¥£·¨·µ¢ ´¨Ö q ¨ q′

¢ (57) Ö¢²ÖÕÉ¸Ö ¶¥·¥¤ ´´Ò³¨ ¢ pd- ¨ pp-¶¥·¥· ¸¸¥Ö´¨ÖÌ ¤¢Ê³¥·´Ò³¨ ¨³¶Ê²Ó-
¸ ³¨ ¸µµÉ¢¥É¸É¢¥´´µ;  ³¶²¨ÉÊ¤  Ê¶·Ê£µ£µ pN -· ¸¸¥Ö´¨Ö fpN , ¤²Ö ±µÉµ·µ°
§¤¥¸Ó ¨¸¶µ²Ó§µ¢ ´µ ¡¥¸¸¶¨´µ¢µ¥ ¶·¨¡²¨¦¥´¨¥, ¶ · ³¥É·¨§Ê¥É¸Ö ¢ ¸É ´¤ ·É-
´µ° ¤²Ö ¤¨Ë· ±Í¨µ´´µ° É¥µ·¨¨ Ëµ·³¥ [81]:

fpN (q) =
k σpN

4π
(i+ αpN ) exp(−1

2
βpN q

2), (58)
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�¨¸. 10. Œ¥Ì ´¨§³ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¸ ¶¥·¥· ¸¸¥Ö´¨Ö³¨:  ) µ¡³¥´ ´¥°É·µ´µ³
¢ ¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨, ¡) µ¡³¥´ ´¥°É·µ´µ³ ¸ pd-¶¥·¥· ¸¸¥Ö´¨¥³, ¢) µ¡³¥´ ´¥°-
É·µ´µ³ ¸ pp-¶¥·¥· ¸¸¥Ö´¨¥³, £) µ¡³¥´ ´¥°É·µ´µ³ ¸ pp+ pd-¶¥·¥· ¸¸¥Ö´¨Ö³¨

£¤¥ q Ä ¶¥·¥¤ ´´Ò° ¨³¶Ê²Ó¸, k Ä ¢µ²´µ¢µ° ¢¥±Éµ· ´Ê±²µ´  ¢ ¸.Í.³. p+N , σpN
Ä ¶µ²´µ¥ ¸¥Î¥´¨¥ pN -· ¸¸¥Ö´¨Ö, αpN , βpN Ä Ô³¶¨·¨Î¥¸±¨¥ ¶ · ³¥É·Ò, ¸µµÉ-
¢¥É¸É¢ÊÕÐ¨¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ pN -· ¸¸¥Ö´¨Ö; Fpd(q) Ä  ³¶²¨ÉÊ¤ 
Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ¢¶¥·¥¤, ±µÉµ· Ö ¢ÒÎ¨¸²Ö¥É¸Ö §¤¥¸Ó ´  µ¸´µ¢¥ É¥µ·¨¨
³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ƒ² Ê¡¥· Ä‘¨É¥´±µ [81]. �µ·´µ¢¸± Ö  ³¶²¨ÉÊ¤  TB
¸¢Ö§ ´  ¸ ¨´¢ ·¨ ´É´µ°  ³²¨ÉÊ¤µ° A ¢ (48) ¸µµÉ´µÏ¥´¨¥³

A�� = 4mpmd TB. (59)

�É³¥É¨³, ÎÉµ ¶·¨ ¢Ò¢µ¤¥  ³¶²¨ÉÊ¤Ò Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¢ · ³-
± Ì É¥µ·¨¨ ƒ² Ê¡¥· Ä‘¨É¥´±µ ¨´É¥£·¨·µ¢ ´¨¥ ¶µ ¶¥·¥¤ ´´µ³Ê ´Ê±²µ´ ³ ¤¢Ê-
³¥·´µ³Ê ¨³¶Ê²Ó¸Ê ¶·µ¢µ¤¨É¸Ö ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° Ô°±µ´ ²Ó´µ°
µ¸¨, ´ ¶· ¢²¥´¨¥ ±µÉµ·µ° ¢Ò¡¨· ¥É¸Ö ¢¤µ²Ó ¢¥±Éµ·  pi + pf , Éµ ¥¸ÉÓ ¶µ
¡¨¸¸¥±É·¨¸¥ Ê£²  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ´ Î ²Ó´µ£µ ¨ ±µ´¥Î´µ£µ ¶·µÉµ´µ¢. Š ±
¨§¢¥¸É´µ (¸³., ´ ¶·¨³¥·, [82]), ÔÉµ ¶·¨¡²¨¦¥´¨¥ Ìµ·µÏµ · ¡µÉ ¥É ¶·¨ · ¸-
¸¥Ö´¨¨ ¢ ¶¥·¥¤´ÕÕ ¶µ²Ê¸Ë¥·Ê. ‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ÔÉ¨³ ¶·¨ ¨´É¥£·¨·µ¢ ´¨¨
¶µ d2q ¨ d2q′ ¢ ¢Ò· ¦¥´¨¨ (57) ´¥µ¡Ìµ¤¨³µ ¢Ò¡¨· ÉÓ ´ ¶· ¢²¥´¨¥ Ô°±µ´ ²Ó-
´µ° µ¸¨ ¢¤µ²Ó ¢¥±Éµ·  pi − pf , ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ³ ²Ò³ Ê£² ³ pp- ¨ pd-

¶¥·¥· ¸¸¥Ö´¨° θ̃ = π− θÍ.³., £¤¥ θÍ.³. Ä Ê£µ² · ¸¸¥Ö´¨Ö ¢ ¶·µÍ¥¸¸¥ pd→ dp,
¡²¨§±¨° ± 180◦. �Î¥¢¨¤´µ, ÎÉµ ¥¸²¨ ¶·¨¡²¨¦¥´¨¥ ƒ² Ê¡¥· Ä‘¨É¥´±µ ¤²Ö  ³-
¶²¨ÉÊ¤Ò pd-· ¸¸¥Ö´¨Ö ¢¶¥·¥¤ Fpd Ìµ·µÏµ · ¡µÉ ¥É ¢ ¨´É¥·¢ ²¥ ³ ²ÒÌ Ê£²µ¢
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0 ÷ θ̃max, Éµ ¨¸¶µ²Ó§Ê¥³Ò° §¤¥¸Ó Ëµ·³ ²¨§³ ÊÎ¥É  ¶¥·¥· ¸¸¥Ö´¨° ¢ ¶·µÍ¥¸-
¸¥ pd → dp ¤µ²¦¥´ · ¡µÉ ÉÓ ¢ ¸µµÉ¢¥É¸É¢ÊÕÐ¥³ ¨´É¥·¢ ²¥ ¡µ²ÓÏ¨Ì Ê£²µ¢
pd-· ¸¸¥Ö´¨Ö ´ § ¤ θÍ.³. = [π − θ̃max, π].

� ¸¸³µÉ·¨³ Ëµ·³Ê²Ò ¤²Ö  ·£Ê³¥´Éµ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¤¥°É·µ´  ¢ ¢Ò-
· ¦¥´¨¨ (57), £· Ë¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´´µ³ ´  ·¨¸.10, µ¡µ§´ Î Ö ¢¥·Ì´¨³¨
¨´¤¥±¸ ³¨ k = 2, 3, ¨ 4 ¨³¶Ê²Ó¸Ò ¤²Ö ¢Éµ·µ£µ, É·¥ÉÓ¥£µ ¨ Î¥É¢¥·Éµ£µ ¸² £ ¥-
³µ£µ ¸µµÉ¢¥É¸É¢¥´´µ:

TB ∼ ψdi(qi =
1

2
df − pi) ψ

∗
df

(qf =
1

2
di − pf );

T (2) ∼
∫
d2q ψdi(Q

(2)
i = qi + q) ψ∗df (Q

(2)
f = qf +

1

2
q);

T (3) ∼
∫
d2q′ ψdi(Q

(3)
i = qi −

1

2
q′) ψ∗df (Q

(3)
f = qf − q′);

T (4)∼
∫ ∫

d2qd2q′ ψdi(Q
(4)
i = qi + q− 1

2
q′)ψ∗df (Q

(4)
f = qf +

1

2
q− q′). (60)

ˆ§ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¸²¥¤Ê¥É, ÎÉµ ¤²Ö Ê£²  · ¸¸¥Ö´¨Ö θÍ.³. = 180◦ (q ⊥
qi,q ⊥ qf ) ¶¥·¥¤ Î  ¨³¶Ê²Ó¸µ¢ ¢ ¶¥·¥· ¸¸¥Ö´¨ÖÌ Ê¢¥²¨Î¨¢ ¥É ³µ¤Ê²¨ ¨³-

¶Ê²Ó¸µ¢ |Q(k)
i | ¨ |Q

(k)
f |, k=2,3,4. � ¶·µÉ¨¢, ¶·¨ θÍ.³. < 180◦ ¤²Ö ¢¸¥Ì É·¥Ì

Î²¥´µ¢ ¸ ¶¥·¥· ¸¸¥Ö´¨Ö³¨ ¸ÊÐ¥¸É¢Ê¥É É ± Ö µ¡² ¸ÉÓ §´ Î¥´¨°  ·£Ê³¥´Éµ¢ q

¨ q′, ¢ ±µÉµ·µ° ³µ¤Ê²¨ ¨³¶Ê²Ó¸µ¢ |Q(k)
i | ¨ |Q

(k)
f | Ê³¥´ÓÏ ÕÉ¸Ö ¶µ ¸· ¢´¥´¨Õ

¸µ §´ Î¥´¨Ö³¨ |qi|, |qf |, Ì · ±É¥·´Ò³¨ ¤²Ö ¤ ´´µ£µ Ê£²  · ¸¸¥Ö´¨Ö θÍ.³. ¢
¡µ·´µ¢¸±µ³ ¶·¨¡²¨¦¥´¨¨. �É  µ¡² ¸ÉÓ ³µ¦¥É ¤ ÉÓ µ¸´µ¢´µ° ¢±² ¤ ¢ ¨´É¥-
£· ²Ò ¶µ d2q ¨ d2q′, É ± ± ± ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ψd(q) ¡Ò¸É·µ ¢µ§· ¸É ¥É ¸

Ê³¥´ÓÏ¥´¨¥³ ¥¥  ·£Ê³¥´É . “³¥´ÓÏ¥´¨¥ ³µ¤Ê²¥° ¨³¶Ê²Ó¸µ¢ |Q(k)
i | ¨ |Q(k)

f |
¶·µ¨¸Ìµ¤¨É §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö ¨Ì ¶µ¶¥·¥Î´ÒÌ ±µ³¶µ´¥´É |Q(k)

i⊥ | ¨ |Q(k)
f⊥|,

²¥¦ Ð¨Ì ¢ ¶²µ¸±µ¸É¨ ¢¥±Éµ·µ¢ q ¨ q′. ‚¸²¥¤¸É¢¨¥ ¶¥·¥· ¸¸¥Ö´¨° § ³¥¤²Ö-
¥É¸Ö Ê¡Ò¢ ´¨¥ ¸¥Î¥´¨Ö dσ(θÍ.³.) ¸ µÉ±²µ´¥´¨¥³ Ê£²  θÍ.³ µÉ 180◦. �ËË¥±É
§ ³¥¤²¥´¨Ö É¥³ ¡µ²ÓÏ¥, Î¥³ ¡Ò¸É·¥¥ Ê¡Ò¢ ¥É ¢µ²´µ¢ Ö ËÊ´±Í¨Ö Ψd(Q) ¸ ·µ-
¸Éµ³ µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó¸  Q ¨ Î¥³ ³¥¤²¥´´¥¥ Ê¡Ò¢ ÕÉ  ³¶²¨ÉÊ¤Ò fpp(q)
¨ Fpd(q) ¸ ·µ¸Éµ³ ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  q. �Éµ ³µ¦´µ ´ £²Ö¤´µ ¶·µ¤¥³µ´-
¸É·¨·µ¢ ÉÓ Ö¢´Ò³¨  ´ ²¨É¨Î¥¸±¨³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö  ³¶²¨ÉÊ¤ �� c ¶¥·¥-
· ¸¸¥Ö´¨Ö³¨, ¥¸²¨ ¢µ²´µ¢ÊÕ ËÊ´±Í¨Õ ¤¥°É·µ´  ¢Ò¡· ÉÓ ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¶µ
£ Ê¸¸¨ ´ ³ ψS(q) =

∑
j Aj exp (−γjq2). � ¶·¨³¥·, ¢ S-¢µ²´µ¢µ³ ¶·¨¡²¨¦¥-

´¨¨ ¤²Ö ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  (¢ ·¥ ²Ó´ÒÌ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¨ S-,
¨ D- ±µ³¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨)  ³¶²¨ÉÊ¤  �� c pp-¶¥·¥· ¸¸¥Ö´¨Ö³¨ ¢
±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¨³¥¥É ¢¨¤

T
(3)
S (qi,qf ) =

−i
4πpi

∑
j,k

appAk Aj
π

Y
×



“��“ƒ�… pd-��‘‘…Ÿ�ˆ… ��‡�„ ��ˆ ���Œ…†“’�—�›• ��…�ƒˆŸ• 1441

× exp [−(γk q
2
f + γj q

2
i )] exp

[
(2 γk qf⊥ + γj qi⊥)2

Y

]
[εd +

q2
i

mp
−

− 1

2mpY
(2γkqf⊥ + γjqi⊥)qi⊥ +

1

16mpY 2
(2γkqf⊥ + γjqi⊥)2 +

1

4mpY
]. (61)

‡¤¥¸Ó βpp ¨ app = σpp(i + αpp)/4π Å ¶ · ³¥É·Ò  ³¶²¨ÉÊ¤Ò pp-· ¸¸¥Ö´¨Ö
(58); Y = βpp+ γk+ 1

4γj; ¶µ¶¥·¥Î´Ò¥ ±µ³¶µ´¥´ÉÒ ¨³¶Ê²Ó¸µ¢ qi⊥ ¨ qj⊥ ¶¥·-
¶¥´¤¨±Ê²Ö·´Ò ´ ¶· ¢²¥´¨Õ Ô°±µ´ ²Ó´µ° µ¸¨, ´ ¶· ¢²¥´´µ° ¢¤µ²Ó ¢¥±Éµ· 
(pi −pf ). �¥·¢Ò° Ô±¸¶µ´¥´Í¨ ²Ó´Ò° ³´µ¦¨É¥²Ó ¸ µÉ·¨Í É¥²Ó´Ò³ ¶µ± § É¥-
²¥³ ¸É¥¶¥´¨ ¢ ¢Ò· ¦¥´¨¨ (61) ¶·¨¢µ¤¨É ± ª´µ·³ ²Ó´µ³Êª Ê¡Ò¢ ´¨Õ  ³¶²¨ÉÊ-
¤Ò ¶·µÍ¥¸¸  ¸ ·µ¸Éµ³ ª¡µ·´µ¢¸±¨Ìª ¨³¶Ê²Ó¸µ¢ qi ¨ qf . ‚Éµ· Ö Ô±¸¶µ´¥´É  ¸
¶µ²µ¦¨É¥²Ó´Ò³ ¶µ± § É¥²¥³ ¸É¥¶¥´¨ ¢ ¢Ò· ¦¥´¨¨ (61) µ¡¥¸¶¥Î¨¢ ¥É § ³¥¤²¥-
´¨¥ ¸¶ ¤  Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨. ’ ±¨³ µ¡· §µ³, Î²¥´Ò ¸ ¶¥·¥· ¸¸¥Ö´¨Ö³¨ ¶·¨
θÍ.³. < 180◦ ³µ£ÊÉ µ± § ÉÓ¸Ö ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´Ò³¨, Î¥³ ¶¥·¢Ò° ¡µ·´µ¢¸±¨°
Î²¥´.

6.3. ‘¶¨´µ¢ Ö ¸É·Ê±ÉÊ·   ³¶²¨ÉÊ¤Ò ���. p + n-±µ³¶µ´¥´É . „²Ö p+n-
±µ³¶µ´¥´ÉÒ ¤¥°É·µ´  ¸ ÊÎ¥Éµ³ S- ¨ D-¢µ²´ ¸¶¨´µ¢ Ö ¸É·Ê±ÉÊ·  ¡µ·´µ¢¸±µ°
 ³¶²¨ÉÊ¤Ò µ¡³¥´  ´¥°É·µ´µ³ Ìµ·µÏµ ¨§¢¥¸É´  (¸³., ´ ¶·¨³¥·, [4, 8]).

p + N∗-±µ³¶µ´¥´É . ‘µ£² ¸´µ · ¸Î¥É ³ [1], µ¸´µ¢ ´´Ò³ ´  ³µ¤¥²¨ �¥-
¤¦¥, ¨  ´ ²¨§Ê [83], ¢Ò¶µ²´¥´´µ³Ê ¢ · ³± Ì É¥µ·¨¨ ³¥§µ´´ÒÌ µ¡³¥´µ¢, ¢±² ¤
NN∗-±µ³¶µ´¥´É µ± § ²¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤²Ö µ¡ÑÖ¸´¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¶µ ¸¥Î¥´¨Õ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¶·¨ Ô´¥·£¨ÖÌ ∼ 1 ƒÔ‚. �¤´ ±µ ¶·¨³¥-
´¥´¨¥ ³µ¤¥²¨ �¥¤¦¥ ¶·¨ Ô´¥·£¨ÖÌ ¶µ·Ö¤±  ³ ¸¸Ò ´Ê±²µ´ , É ± ¦¥, ± ± §´ Î¨-
É¥²Ó´Ò¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ ¢ ¨´Ëµ·³ Í¨¨ µ ¢¥·Ï¨´ Ì ³¥§µ´−NN∗, ¤¥² ÕÉ
ÔÉ¨ µÍ¥´±¨ ¸µ³´¨É¥²Ó´Ò³¨. � §¢¨É Ö ¢ ¶µ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ 6-±¢ ·±µ¢ Ö
³µ¤¥²Ó ¤¥°É·µ´  [84Ä86] ¤ ¥É ´µ¢Ò° ¶µ¤Ìµ¤ ± · ¸Î¥ÉÊ dNN∗-¢¥·Ï¨´. ‚ ÔÉµ°
³µ¤¥²¨ ¸É·Ê±ÉÊ·  ¤¥°É·µ´  ´  ³ ²ÒÌ NN -· ¸¸ÉµÖ´¨ÖÌ rNN ≤ 1 Ë³ µ¶·¥¤¥-
²Ö¥É¸Ö ¸Ê¶¥·¶µ§¨Í¨¥° ´¥¢µ§¡Ê¦¤¥´´µ° s6 ¨ ¢µ§¡Ê¦¤¥´´µ° s4p2Ås52s ±¢ ·±µ-
¢ÒÌ µ¡µ²µÎ¥Î´ÒÌ ±µ´Ë¨£Ê· Í¨°. ‘µ£² ¸´µ ¤ ´´µ° ³µ¤¥²¨, ´ ²¨Î¨¥ ¤¢ÊÌ±¢ ´-
Éµ¢ÒÌ 2~ω-¢µ§¡Ê¦¤¥´¨° ¢ ±µ´Ë¨£Ê· Í¨¨ s4p2Ås52s Ö¢²Ö¥É¸Ö ¶·¨Î¨´µ° Ë¥´µ-
³¥´µ²µ£¨Î¥¸±µ£µ µÉÉ ²±¨¢ É¥²Ó´µ£µ ±µ·  ¢ ¶µÉ¥´Í¨ ²¥ NN -¢§ ¨³µ¤¥°¸É¢¨Ö
[84, 85]. �É  ¦¥ ¢µ§¡Ê¦¤¥´´ Ö ±¢ ·±µ¢ Ö ±µ´Ë¨£Ê· Í¨Ö ¶·¨¢µ¤¨É ± ¶·¨³¥¸¨
³ ²ÒÌ NN∗-±µ³¶µ´¥´É ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´ . ‚ · ³± Ì ÔÉµ£µ ¶µ¤-
Ìµ¤  ¢ÒÎ¨¸²¥´Ò ÔËË¥±É¨¢´Ò¥ Î¨¸²  ¨ ¨³¶Ê²Ó¸´Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¤²Ö · §²¨Î-
´ÒÌ ¡ ·¨µ´-¡ ·¨µ´´ÒÌ ±µ³¶µ´¥´É ¢ ¤¥°É·µ´¥ [87], ÎÉµ ¶µ§¢µ²¨²µ ¢Ò¶µ²´¨ÉÓ
 ´ ²¨§ ·µ²¨ NN∗-±µ³¶µ´¥´É ¢ ·¥ ±Í¨¨ dA→ p(0◦)X [24,79].

� ¸¸³µÉ·¨³ µ¡³¥´ ´Ê±²µ´´Ò³¨ ·¥§µ´ ´¸ ³¨ N∗, ¨¸Ìµ¤Ö ¨§ p+N∗- ±µ³-
¶µ´¥´ÉÒ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´ , ¶µ¸É·µ¥´´µ° ¢ · ¡µÉ Ì [79, 87]. ‚
±¢ ·±µ¢µ° ³µ¤¥²¨ ¢µ²´µ¢ Ö ËÊ´±Í¨Ö ¤¥°É·µ´  ¢ ± ´ ²¥ d→ N +B, ΨσN σB

λ ,
¢Ìµ¤ÖÐ Ö ¢ ¢Ò· ¦¥´¨Ö (48), (50), (56), µ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ ¨´É¥£· ²µ³
¶¥·¥±·Ò¢ ´¨Ö ³¥¦¤Ê 6-±¢ ·±µ¢µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥° ¤¥°É·µ´  Ψ6q ¨ ¶·µ¨§-
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¢¥¤¥´¨¥³ ¢´ÊÉ·¥´´¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¡ ·¨µ´µ¢ ϕN ¨ ϕB:

ΨσN σB
λ =

(
6!

3! 3! 2

) 1
2

< ϕNϕB|Ψ6q > . (62)

‘µ¸ÉµÖ´¨¥ ¡ ·¨µ´  ¢ ±¢ ·±µ¢µ° ³µ¤¥²¨ ¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥ · §²µ¦¥´¨Ö ¶µ ¡ -
§¨¸´Ò³ ¸µ¸ÉµÖ´¨Ö³ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ° ³µ¤¥²¨ µ¡µ²µÎ¥±. ˆ¸¶µ²Ó-
§ÊÖ Ëµ·³ ²¨§³, · §¢¨ÉÒ° ¢ · ¡µÉ¥ [87] ¤²Ö ¨´É¥£· ²µ¢ ¶¥·¥±·Ò¢ ´¨Ö (62),
¶µ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö  ³¶²¨ÉÊ¤Ò ¶¥·¥¤ Î¨ N∗-·¥§µ´ ´¸  ¢ ¶·µ-
Í¥¸¸¥ pd→ dp:

A
�µ·´
��� = K

√
κpN (qi)κpN (qf )

∑
MLB

MSB
M′
LB

M′
SB

MJB

(LBMLBSBMSB |JBMJB )×

×(SBMSB1/2σf |1λi)(LBM ′LBSBM
′
SB |JBMJB )(SBM

′
SB1/2σi|1λf )×

×YLBMLB
(q̂f )Y

∗
LBM ′LB

(q̂i)2Φ2
NBLB (qf ). (63)

‡¤¥¸Ó LB, SB, JB Ä µ·¡¨É ²Ó´Ò° ³µ³¥´É, ¸¶¨´ ¨ ¶µ²´Ò° Ê£²µ¢µ° ³µ³¥´É
¨§µ¡ ·Ò, MLB , MSB , MJB Ä ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ z-¶·µ¥±Í¨¨ ÔÉ¨Ì ³µ³¥´Éµ¢;
ΦNBLB (q) Ä ¢µ²´µ¢ Ö ËÊ´±Í¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢ ± ´ ²¥ d→ p+N∗,
´µ·³¨·µ¢ ´´ Ö Ê¸²µ¢¨¥³∫ ∞

0

Φ2
NBLB (q)q2 dq

(2π)3
= NpN∗

d , (64)

£¤¥ NpN∗

d Ä ÔËË¥±É¨¢´µ¥ Î¨¸²µ ¨§µ¡ · N∗ ¢ ¤¥°É·µ´¥.
‚ · ¡µÉ Ì [79, 87] ¨¸¶µ²Ó§µ¢ ´  ¸Ì¥³  ¸¢Ö§¨ Ê£²µ¢ÒÌ ³µ³¥´Éµ¢ (LB +

SB = JB, SB + sp = Jd), ¶·¨ ±µÉµ·µ° ¢´ÊÉ·¥´´¨° µ·¡¨É ²Ó´Ò° ³µ³¥´É ¡ -
·¨µ´  B Ö¢²Ö¥É¸Ö É ±¦¥ µ·¡¨É ²Ó´Ò³ ³µ³¥´Éµ³ µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢
± ´ ²¥ d → p + B. ‚Ò· ¦¥´¨¥ (63) ¶µ²ÊÎ¥´µ ¨³¥´´µ ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨
ÔÉµ° ¸Ì¥³Ò ¸¢Ö§¨ ³µ³¥´Éµ¢. �¤´ ±µ ¢ µ¸´µ¢´µ³ ± ´ ²¥ d → p + n, ±µÉµ·Ò°
¢ [79, 87] ´¥ µ¶¨¸Ò¢ ¥É¸Ö ±¢ ·±µ¢µ° ³µ¤¥²ÓÕ, ¨³¥¥É ³¥¸Éµ ¨´ Ö ¸Ì¥³  ¸¢Ö§¨
³µ³¥´Éµ¢: sn + sp = S, L + S = Jd. �µÔÉµ³Ê ¤²Ö ¸µ£² ¸µ¢ ´¨Ö ¸¶¨´µ¢µ°
¸É·Ê±ÉÊ·Ò pN∗-±µ³¶µ´¥´ÉÒ ¸µ ¸¶¨´µ¢µ° ¸É·Ê±ÉÊ·µ° pn-±µ³¶µ´¥´ÉÒ ´¥µ¡-
Ìµ¤¨³µ ¢ ± ´ ²¥ d → p + B ¨¸¶µ²Ó§µ¢ ÉÓ ¸²¥¤ÊÕÐÊÕ ¸Ì¥³Ê ¸¢Ö§¨ Ê£²µ¢ÒÌ
³µ³¥´Éµ¢:

LB + SB = JB , JB + sp = S, L + S = Jd, (65)

£¤¥ Ê£²µ¢µ° ³µ³¥´É L ¨³¥¥É ÉÊ ¦¥ Î¥É´µ¸ÉÓ, ÎÉµ ¨ LB, ¨ ¶µ² £ ¥É¸Ö §¤¥¸Ó
· ¢´Ò³ LB .
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�¨¸. 11. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  pd → dp ¶·¨ θÍ.³. = 180◦ ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´  ¢ ² ¡. ¸¨¸É¥³¥ Tp ´  µ¸´µ¢¥
���-³¥Ì ´¨§³µ¢: ¢±² ¤ µ¡³¥´  N∗-¨§µ¡ · ³¨ ¶µ²µ¦¨É¥²Ó´µ° (1) ¨ µÉ·¨Í É¥²Ó´µ°
(2) Î¥É´µ¸É¨, ¶µ²´Ò° ¢±² ¤ N∗-µ¡³¥´µ¢ (3), µ¡³¥´ ´¥°É·µ´µ³ (¸¶²µÏ´ Ö ±·¨¢ Ö, 4),
±µ£¥·¥´É´ Ö ¸Ê³³  n ¨ N∗ µ¡³¥´µ¢ (5)

6.4. —¨¸²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ. �¡³¥´ ´Ê±²µ´´Ò³¨ ·¥§µ´ ´¸ ³¨. �·¨ ¢Ò-
Î¨¸²¥´¨¨ ¢±² ¤  µ¡³¥´  ´Ê±²µ´´Ò³¨ ·¥§µ´ ´¸ ³¨ ¢ ¶·µÍ¥¸¸ pd → dp §¤¥¸Ó
ÊÎÉ¥´Ò ¤¥¸ÖÉÓ ¸µ¸ÉµÖ´¨° É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ° ³µ¤¥²¨ µ¡µ²µÎ¥±, ¶·¨-
¢¥¤¥´´ÒÌ ¢ É ¡².2 · ¡µÉÒ [79], ¤²Ö ±µÉµ·ÒÌ ÔËË¥±É¨¢´Ò¥ Î¨¸²  ´¥ ³¥´ÓÏ¥,
Î¥³ 10−5. �·¨ ÔÉµ³ ¢ ´ Ï¨Ì · ¸Î¥É Ì ³ ¸¸  ¸µ¸ÉµÖ´¨Ö µÉµ¦¤¥¸É¢²Ö² ¸Ó ¸
³ ¸¸µ° Éµ£µ ·¥§µ´ ´¸ , ¢ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ±µÉµ·µ£µ · ¸¸³ É·¨¢ ¥³µ¥ ¸µ¸Éµ-
Ö´¨¥ É· ´¸²ÖÍ¨µ´´µ-¨´¢ ·¨ ´É´µ° ³µ¤¥²¨ µ¡µ²µÎ¥± ¨³¥¥É ´ ¨¡µ²ÓÏ¨° ¢¥¸.
� ¶·¨³¥·, ¸µ¸ÉµÖ´¨Õ |2(20)[21]0 1

2
1
2 > ¶·¨¶¨¸Ò¢ ¥É¸Ö ³ ¸¸  1710 ŒÔ‚. �¥-

§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸ ÊÎ¥Éµ³ µ¡³¥´  ´Ê±²µ´´Ò³¨ ·¥§µ´ ´¸ ³¨ ¶·¥¤¸É ¢²¥´Ò ´ 
·¨¸.11Ä13. � ¸Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ ¢±² ¤ µ¡³¥´  N∗-·¥§µ´ ´¸ ³¨ ¸¨²Ó´µ
§ ¢¨¸¨É µÉ ¨¸¶µ²Ó§Ê¥³µ° Ëµ·³Ò ·¥²ÖÉ¨¢¨¸É¸±µ° ¤¨´ ³¨±¨. ’ ±, ¶·¨ ¶¥·¥-
Ìµ¤¥ µÉ �Š’ ± ´¥±µ¢ ·¨ ´É´µ³Ê ¶µ¤Ìµ¤Ê „‘” ¢±² ¤ µ¡³¥´  N∗-¨§µ¡ ·µ°
Ê³¥´ÓÏ ¥É¸Ö, ÎÉµ ¶·µ¨¸Ìµ¤¨É ¢¸²¥¤¸É¢¨¥ Ê¢¥²¨Î¥´¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¨³¶Ê²Ó-
¸  ¢ ¢¥·Ï¨´¥ d→ NN∗. ‘ ·µ¸Éµ³ ³ ¸¸Ò ¶¥·¥¤ ¢ ¥³µ£µ ·¥§µ´ ´¸  ¥£µ ¢±² ¤
¢ ¶·µÍ¥¸¸ pd → dp Éµ¦¥ Ê³¥´ÓÏ ¥É¸Ö, É ± ± ± µÉ´µ¸¨É¥²Ó´Ò° ¨³¶Ê²Ó¸ ¢
¢¥·Ï¨´¥ d → NN∗ Ê¢¥²¨Î¨¢ ¥É¸Ö. ˆ§ ·¨¸.11 ¢¨¤´µ, ÎÉµ ¸Ê³³ ·´Ò° ¢±² ¤
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�¨¸. 12. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ ¤¥°É·µ´  ¢ ¶·µÍ¥¸¸¥ pd → dp

¶·¨ θÍ.³. = 180◦ ¢ § ¢¨¸¨³µ¸É¨ µÉ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´  ¢
² ¡. ¸¨¸É¥³¥ Tp ´  µ¸´µ¢¥ ���-³¥Ì ´¨§³µ¢: ¸¶²µÏ´ Ö ±·¨¢ Ö Ä ��, ÏÉ·¨Ìµ¢ Ö Ä
±µ£¥·¥´É´ Ö ¸Ê³³  n ¨ N∗ µ¡³¥´µ¢

¸µ¸ÉµÖ´¨° µÉ·¨Í É¥²Ó´µ° Î¥É´µ¸É¨, Éµ ¥¸ÉÓ p-¸µ¸ÉµÖ´¨° µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨-
¦¥´¨Ö ¢ ± ´ ²¥ d → p + N∗, Ö¢²Ö¥É¸Ö ³ ±¸¨³ ²Ó´Ò³ ¢ µ¡² ¸É¨ ´ Î ²Ó´ÒÌ
Ô´¥·£¨° ¶·µÉµ´µ¢ ¢ ² ¡. ¸¨¸É¥³¥ ∼ 0, 3 ƒÔ‚. Œ ±¸¨³ ²Ó´Ò° µÉ´µ¸¨É¥²Ó´Ò°
¢±² ¤ ·¥§µ´ ´¸µ¢ ¶µ²µ¦¨É¥²Ó´µ° Î¥É´µ¸É¨, É.¥. s-¸µ¸ÉµÖ´¨° µÉ´µ¸¨É¥²Ó´µ£µ
p − N∗-¤¢¨¦¥´¨Ö ¢ ± ´ ²¥ d → p + N∗, ¶·¨Ìµ¤¨É¸Ö ´  µ¡² ¸ÉÓ ´ Î ²Ó-
´ÒÌ Ô´¥·£¨° ¶·µÉµ´µ¢ ¢ ² ¡. ¸¨¸É¥³¥ Tp ∼ 0, 2 ÷ 0, 4 ƒÔ‚. Š ± ¶µ± § ´µ
¢ [28], ¸Ê³³ ·´ Ö  ³¶²¨ÉÊ¤  µ¡³¥´  N∗-¨§µ¡ · ³¨ ¶µ²µ¦¨É¥²Ó´µ° Î¥É´µ¸É¨
¤¥¸É·Ê±É¨¢´µ ¨´É¥·Ë¥·¨·Ê¥É ¸ ¸Ê³³ ·´µ°  ³¶²¨ÉÊ¤µ° µ¡³¥´  ¸µ¸ÉµÖ´¨Ö³¨
µÉ·¨Í É¥²Ó´µ° Î¥É´µ¸É¨. ‚ Í¥²µ³ ¶µ²´Ò° ¢±² ¤ µ¡³¥´  N∗-¸µ¸ÉµÖ´¨Ö³¨ ¢
pd→ dp ¢ ³µ¤¥²¨ [79], ¸µ£² ¸´µ [28], ¶·¥´¥¡·¥¦¨³µ ³ ² ± ± ¢ ¸¥Î¥´¨¨, É ±
¨ ¢ É¥´§µ·´µ° ¶µ²Ö·¨§ Í¨¨ ¨ ¶· ±É¨Î¥¸±¨ ´¥ ³¥´Ö¥É Î¨¸²¥´´ÒÌ ·¥§Ê²ÓÉ Éµ¢.
�É³¥É¨³, ÎÉµ ¸µ£² ¸´µ · ¡µÉ¥ [79] ¢ ¨´±²Õ§¨¢´µ° ·¥ ±Í¨¨ d+A→ p(0◦)+X
¢ · ³± Ì ³¥Ì ´¨§³  �� ¨´É¥·Ë¥·¥´Í¨Ö s- ¨ p-¢±² ¤µ¢ µÉ¸ÊÉ¸É¢Ê¥É, ¨ ÔÉµ, ¢¨-
¤¨³µ, Ö¢²Ö¥É¸Ö µ¤´µ° ¨§ ¶·¨Î¨´ ¡µ²¥¥ ¸ÊÐ¥¸É¢¥´´µ£µ ¢²¨Ö´¨Ö N∗-µ¡³¥´µ¢,
Î¥³ ¢ ¶·µÍ¥¸¸¥ pd→ dp.

�¤´ ±µ ¶·¨ ¶¥·¥Ìµ¤¥ ± ¡µ²¥¥ µ¡µ¸´µ¢ ´´µ° ¸Ì¥³¥ ¸¢Ö§¨ Ê£²µ¢ÒÌ ³µ³¥´-
Éµ¢ (65) ¶µ²ÊÎ ¥É¸Ö ¨´µ° ·¥§Ê²ÓÉ É [29]: ¨´É¥·Ë¥·¥´Í¨Ö s- ¨ p-¸µ¸ÉµÖ´¨° ´¥
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�¨¸. 13. �¥§Ê²ÓÉ ÉÒ · ¸Î¥É  ¸¥Î¥´¨Ö ¶·µÍ¥¸¸  pd → dp ¶·¨ θÍ.³. = 180◦ ¢ § ¢¨-
¸¨³µ¸É¨ µÉ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´  ¢ ² ¡. ¸¨¸É¥³¥ Tp ´  µ¸´µ¢¥
³¥Ì ´¨§³µ¢ ��+∆+�� (¸¶²µÏ´ Ö ±·¨¢ Ö) ¨ ��+∆+��+N∗-µ¡³¥´Ò (ÏÉ·¨Ìµ¢ Ö).
�±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥: (?) Ä [20], (•) Ä [18], (�) Ä [17]

Ö¢²Ö¥É¸Ö ¡µ²¥¥ ¤¥¸É·Ê±É¨¢´µ°. ‚ ·¥§Ê²ÓÉ É¥ ¸Ê³³ ·´µ¥ ¸¥Î¥´¨¥ n+N∗ µ¡³¥´ 
µ± §Ò¢ ¥É¸Ö ¶·¨³¥·´µ ¢ ¤¢  · §  ¢ÒÏ¥, Î¥³ ¤ ¥É Î¨¸ÉÒ° µ¡³¥´ ´¥°É·µ´µ³ ¢
¨´É¥·¢ ²¥ 0, 7÷1, 2 ƒÔ‚ (¸³. ·¨¸.11). Š ± · § ¢ ÔÉµ° µ¡² ¸É¨ ¡Ò²µ µ¡´ ·Ê¦¥-
´µ · ¸Ìµ¦¤¥´¨¥ ³¥¦¤Ê ¶·¥¤¸± § ´¨Ö³¨ ³µ¤¥²¨ ��+∆+�P ¨ Ô±¸¶¥·¨³¥´Éµ³.
�·µ¢¥¤¥´´Ò¥ ´ ³¨ · ¸Î¥ÉÒ [29] ¢ · ¸Ï¨·¥´´µ° ³µ¤¥²¨ �� + ∆+��+���,
± ± ¢¨¤´µ ¨§ ·¨¸. 13, §´ Î¨É¥²Ó´µ ²ÊÎÏ¥ ¸µ£² ¸ÊÕÉ¸Ö ¸ Ô±¸¶¥·¨³¥´É ²Ó-
´Ò³¨ ¤ ´´Ò³¨ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 0, 7 ÷ 1, 5 ƒÔ‚. �¤´ ±µ · ¸Ìµ¦¤¥´¨¥ ¸
Ô±¸¶¥·¨³¥´Éµ³ ¶µ T20 ´¥ Ê¸É· ´Ö¥É¸Ö ¨ ¶·¨ ¶µ¤±²ÕÎ¥´¨¨  ³¶²¨ÉÊ¤Ò ���
(·¨¸.12). �Éµ ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ, ± ± Ê¦¥ µÉ³¥Î ²µ¸Ó ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥,
¸ ¶·¨¡²¨¦¥´¨Ö³¨, ¸¤¥² ´´Ò³¨ ¶·¨ ¢ÒÎ¨¸²¥´¨¨  ³¶²¨ÉÊ¤Ò ∆-·¥§µ´ ´¸´µ£µ
³¥Ì ´¨§³ ∗.

∗�¥µ¡Ìµ¤¨³µ ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¢ · ¸Î¥É Ì [28,29] ¨¸¶µ²Ó§µ¢ ²¸Ö ¢ ·¨ ´É ¸ ´ ¨¡µ²ÓÏ¨³ §´ -
Î¥´¨¥³ µ¸Í¨²²ÖÉµ·´µ£µ ¶ · ³¥É·  b = 0, 8 Ë³, ±µÉµ·Ò° µ¶·¥¤¥²Ö¥É · §³¥· ´Ê±²µ´  ¢ ±¢ ·±µ¢µ°
³µ¤¥²¨ ¨ ¢Ìµ¤¨É ¢ Ö¤·µ Œ�ƒ [79]. �µ²¥¥ ·¥ ²¨¸É¨Î¥¸±¨³ §´ Î¥´¨¥³ Ö¢²Ö¥É¸Ö b = 0, 5÷ 0, 6 Ë³,
¶·¨ ±µÉµ·µ³ ÔËË¥±É¨¢´Ò¥ Î¨¸²  ´Ê±²µ´´ÒÌ ¨§µ¡ · ¢ ∼ 3 · §  ³¥´ÓÏ¥ [79]. �µÔÉµ³Ê µ¡¸Ê¦¤ -
¥³Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸²¥¤Ê¥É · ¸¸³ É·¨¢ ÉÓ ± ± ¢¥·Ì´ÕÕ µÍ¥´±Ê ¢±² ¤  N∗-µ¡³¥´ ³¨.
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�¨¸. 14. “£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ¢ ¸.Í.³. ¶·¨ · §²¨Î´ÒÌ
´ Î ²Ó´ÒÌ Ô´¥·£¨ÖÌ ¶·µÉµ´ :  ) 1,016 ƒÔ‚, ¡) 1,5 ƒÔ‚, ¢) 2,09 ƒÔ‚, £) 2,5 ƒÔ‚. Š·¨¢Ò¥
Ä ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ · §²¨Î´ÒÌ ³¥Ì ´¨§³µ¢: 1 Ä ³¥Ì ´¨§³ �� ´ 
·¨¸.10,   ; 2 Ä ¸Ê³³  ¤¨ £· ³³ ¡ ¨ ¢ ´  ·¨¸.10; 3 Ä ¸Ê³³  ¤¨ £· ³³ ¡, ¢ ¨ £ ´  ·¨¸.10;
4 Ä ¸Ê³³  ¤¨ £· ³³ ¡,¢,£ ¨ ¤ ´  ·¨¸.10; 5 Ä ¤¨Ë· ±Í¨µ´´ Ö É¥µ·¨Ö ƒ² Ê¡¥· Ä‘¨É¥´±µ
¸ Ö¤¥·´µ° ¶²µÉ´µ¸ÉÓÕ, ¸µµÉ¢¥É¸É¢ÊÕÐ¥° S-¢µ²´¥ ¤¥°É·µ´  ¢ ¶µÉ¥´Í¨ ²¥ RSC; 6 Ä Éµ
¦¥, ÎÉµ 5, ´µ ¸ £ Ê¸¸µ¢¸±µ° ¶²µÉ´µ¸ÉÓÕ ¨§ · ¡µÉÒ [89]. �±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥:
(◦) Ä [16], (♦) Ä [17]



“��“ƒ�… pd-��‘‘…Ÿ�ˆ… ��‡�„ ��ˆ ���Œ…†“’�—�›• ��…�ƒˆŸ• 1447

�¨¸. 15. ‡ ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö pd-· ¸¸¥Ö´¨Ö µÉ Ô´¥·£¨¨ ´ ²¥É ÕÐ¥£µ ¶·µÉµ´  ¶·¨
θÍ.³. = 180◦. Š·¨¢Ò¥ 1Ä4 ¨³¥ÕÉ ÉµÉ ¦¥ ¸³Ò¸², ÎÉµ ¨ ´  ·¨¸.14; 5 Ä ¢±² ¤ É·¥Ê£µ²Ó´µ°
¤¨ £· ³³Ò µ¤´µ¶¨µ´´µ£µ µ¡³¥´ , 6 Ä µ¤´µ±· É´µ¥ pN-· ¸¸¥Ö´¨¥. �±¸¶¥·¨³¥´É ²Ó´Ò¥
¤ ´´Ò¥: (♦) Ä · ¡µÉa [18], (�) Ä [17]

�¡³¥´ ´¥°É·µ´µ³ ¨ ¢±² ¤ ¶¥·¥· ¸¸¥Ö´¨°. —¨¸²¥´´Ò¥ · ¸Î¥ÉÒ ¤²Ö ³¥-
Ì ´¨§³  µ¡³¥´  ´¥°É·µ´µ³ ¢Ò¶µ²´¥´Ò ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²´µ¢µ° ËÊ´±Í¨¨
¤¥°É·µ´  ¢ Ëµ·³¥ �¥°¤  ¸ ³Ö£±¨³ ±µ·µ³ (RSC), ¶ · ³¥É·¨§µ¢ ´´µ° ¢ [74].
� · ³¥É·Ò  ³¶²¨ÉÊ¤ Ê¶·Ê£µ£µ pp- ¨ pn-· ¸¸¥Ö´¨Ö ¢§ÖÉÒ ¨§ · ¡µÉÒ [88]. � 
·¨¸.14,  Ä £ ¶µ± § ´  Ê£²µ¢ Ö § ¢¨¸¨³µ¸ÉÓ ¸¥Î¥´¨Ö Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ¢
¨´É¥·¢ ²¥ 0 ≤ θÍ.³. ≤ 180◦ ¶·¨ Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ ¢ ² ¡. ¸¨¸É¥-
³¥ Tp = 1, 016, 1,5, 2,09 ¨ 2,5 ƒÔ‚. ’¥µ·¥É¨Î¥¸±¨¥ ±·¨¢Ò¥ ¶µ²ÊÎ¥´Ò ¢ · ³± Ì
É¥µ·¨¨ ƒ² Ê¡¥· Ä‘¨É¥´±µ ¢ ¶¥·¥¤´¥° ¶µ²Ê¸Ë¥·¥ θÍ.³. ≤ 60◦ ¨ ´  µ¸´µ¢¥ ³¥-
Ì ´¨§³  �� ¸ ¶¥·¥· ¸¸¥Ö´¨Ö³¨ Ä ¢ § ¤´¥°, θÍ.³. ≥ 120◦. ˆ§ ·¨¸.14 ¢¨¤´µ, ÎÉµ
¶·¨ Tp = 1÷ 2, 5 ƒÔ‚ ¨ θÍ.³. = 150÷ 180◦ ¡µ·´µ¢¸±µ¥ ¶·¨¡²¨¦¥´¨¥ ¤²Ö ³¥-
Ì ´¨§³  �� ¶µ Ëµ·³¥ ¨  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ Ê¤µ¢²¥É¢µ·¨É¥²Ó´µ ¸µ£² ¸Ê¥É¸Ö
¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¤´ ±µ ¶·¨ ÊÎ¥É¥ pp- ¨ pd-¶¥·¥· ¸c¥Ö´¨°
ÔÉµ ± Î¥¸É¢¥´´µ¥ ¸µµÉ¢¥É¸É¢¨¥ · §·ÊÏ ¥É¸Ö. �·¨ Ê£² Ì 150◦ ≤ θÍ.³. < 180◦

´ ¡²Õ¤ ¥É¸Ö § ³¥¤²¥´¨¥ Ê¡Ò¢ ´¨Ö ¸¥Î¥´¨Ö dσ/dΩ(θ) ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ê£²  θ
¢ ¸µµÉ¢¥É¸É¢¨¨ ¸ ± Î¥¸É¢¥´´Ò³¨  ·£Ê³¥´É ³¨, ¶·¨¢¥¤¥´´Ò³¨ ¢ · §¤.3. �´ -
²µ£¨Î´Ò° ÔËË¥±É ¸Ò£· ² ¢ ¦´ÊÕ ·µ²Ó ¶·¨ µ¶¨¸ ´¨¨ Ê£²µ¢µ° § ¢¨¸¨³µ¸É¨
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Ê¶·Ê£µ£µ p3He-· ¸¸¥Ö´¨Ö ´  ¡µ²ÓÏ¨¥ Ê£²Ò ¢ · ³± Ì ³¥Ì ´¨§³  µ¡³¥´  np-
¶ ·µ° [27] ∗.

�¨¸. 16. ’¥´§µ·´ Ö ¶µ²Ö·¨§ Í¨Ö ¤¥°É·µ´  ¢ Ê¶·Ê£µ³ pd-· ¸¸¥Ö´¨¨ ± ± ËÊ´±Í¨Ö Ê£² 
· ¸¸¥Ö´¨Ö ¶·¨ Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´  Tp = 1, 5 ƒÔ‚. Š·¨¢Ò¥ 1Ä4 ¨³¥ÕÉ ÉµÉ ¦¥
¸³Ò¸², ÎÉµ ¨ ´  ·¨¸.14

�¡¸µ²ÕÉ´ Ö ¢¥²¨Î¨´  ¸¥Î¥´¨Ö ¶µ¤ Ê£²µ³ θÍ.³. = 180◦ Ê³¥´ÓÏ ¥É¸Ö ¢
∼ 2 − 3 · §  ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° Tp = 1 ÷ 3 ƒÔ‚ ¶·¨ ÊÎ¥É¥ ¨¸± ¦¥´¨°
(¸³.·¨¸.15). Š ± ¢¨¤´µ ¨§ ·¨¸.15, ¢±² ¤ ³¥Ì ´¨§³  �� ¸ ÊÎ¥Éµ³ ¶¥·¥· ¸¸¥-
Ö´¨° µ± §Ò¢ ¥É¸Ö §´ Î¨É¥²Ó´µ ´¨¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥± ¤²Ö ¸¥Î¥´¨Ö
pd-· ¸¸¥Ö´¨Ö ´  Ê£µ² θÍ.³. = 180◦ ¢µ ¢¸¥° · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ô´¥·£¨°

∗�É³¥É¨³, ÎÉµ ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ê£²  · ¸¸¥Ö´¨Ö θÍ.³. µÉ 100◦ ¤µ 0◦ ¢±² ¤ ³¥Ì ´¨§³ 
�� ¸ ÊÎ¥Éµ³ ¶¥·¥· ¸¸¥Ö´¨° ·¥§±µ ¢µ§· ¸É ¥É µ¸µ¡¥´´µ ¶·¨ µ¤´µ¢·¥³¥´´µ³ ÊÎ¥É¥ pp- ¨ pd-
¶¥·¥· ¸¸¥Ö´¨°, ¨ ¶·¨¡²¨¦ ¥É¸Ö ± §´ Î¥´¨Õ, ¶·¥¤¸± §Ò¢ ¥³µ³Ê É¥µ·¨¥° ƒ² Ê¡¥· Ä‘¨É¥´±µ. Š ±
¡Ò²µ ¶µ± § ´µ ¢ · §¤.3, ÔÉµ ¶·µ¨¸Ìµ¤¨É §  ¸Î¥É Ê³¥´ÓÏ¥´¨Ö  ·£Ê³¥´Éµ¢ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
φdi (Qi) ¨ φdf (Qf ) ¤µ ´Ê²¥¢ÒÌ §´ Î¥´¨°, É ± ± ± ¶·¨ Ê£² Ì θÍ.³. ∼ 0◦ ¶¥·¥¤ ´´Ò¥ ¢ ¶¥-

·¥· ¸¸¥Ö´¨ÖÌ ¨³¶Ê²Ó¸Ò q ¨ q′ ¶ · ²²¥²Ó´Ò µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸ ³ ´¥°É·µ´  ¨ ¶·µÉµ´  ¢
¤¥°É·µ´¥ Qi ¨ Qf , ¸µµÉ¢¥É¸É¢ÊÕÐ¨³ ¡µ·´µ¢¸±µ³Ê ¶·¨¡²¨¦¥´¨Õ µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´ . �¤-
´ ±µ ´  µ¸´µ¢ ´¨¨ ÔÉ¨Ì · ¸Î¥Éµ¢ ´¥²Ó§Ö ¸¤¥² ÉÓ ¶·¨¢²¥± É¥²Ó´Ò°, ´  ¶¥·¢Ò° ¢§£²Ö¤, ¢Ò¢µ¤, ÎÉµ
³¥Ì ´¨§³ �� ¢´µ¸¨É §´ Î¨É¥²Ó´Ò° ¢±² ¤ ¢ Ê¶·Ê£µ¥ pd-· ¸¸¥Ö´¨¥ ¢¶¥·¥¤, É ± ± ± ¨¸¶µ²Ó§Ê¥³Ò°
§¤¥¸Ó ³¥Éµ¤ ÊÎ¥É  ¨¸± ¦¥´¨° ¸±µ·¥¥ ¢¸¥£µ ´¥¶·¨³¥´¨³ ¢ µ¡² ¸É¨ Ê£²µ¢ · ¸¸¥Ö´¨Ö θÍ.³. ∼ 0◦,
É ± ¦¥, ± ± É¥µ·¨Ö ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö ƒ² Ê¡¥· Ä‘¨É¥´±µ ´¥¶·¨³¥´¨³  ¢ µ¡² ¸É¨ Ê£²µ¢
∼ 180◦.
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�¨¸. 17. ’¥´§µ·´ Ö ¶µ²Ö·¨§ Í¨Ö ¤¥°É·µ´  ¢ Ê¶·Ê£µ³ pd-· ¸¸¥Ö´¨¨ ´  Ê£µ² θÍ.³. = 180◦

± ± ËÊ´±Í¨Ö Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´ . Š·¨¢Ò¥ 1Ä4 ¨³¥ÕÉ ÉµÉ ¦¥ ¸³Ò¸², ÎÉµ ¨ ´ 
·¨¸.14

0, 5 ÷ 3 ƒÔ‚. Œ¨´¨³ ²Ó´µ¥ µÉ±²µ´¥´¨¥ µÉ Ô±¸¶¥·¨³¥´É  ¨³¥¥É ³¥¸Éµ ¶·¨
Ô´¥·£¨ÖÌ Tp = 2, 2 ÷ 2, 4 ƒÔ‚, ´µ ¤ ¦¥ ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¸Ìµ¦¤¥´¨¥ Ì · ±É¥-
·¨§Ê¥É¸Ö Ë ±Éµ·µ³ ∼ 2. ‘²¥¤Ê¥É ¶µ¤Î¥·±´ÊÉÓ, ÎÉµ ¤²Ö ¶ ·¨¦¸±µ° ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¤¥°É·µ´  ¢±² ¤ ³¥Ì ´¨§³  �� ¥Ð¥ ³¥´ÓÏ¥, Î¥³ ¤²Ö ¨¸¶µ²Ó§Ê¥³µ°
§¤¥¸Ó ËÊ´±Í¨¨ RSC (¸³., ´ ¶·¨³¥·, [13]). ’ ±¨³ µ¡· §µ³, ¢Ò¶µ²´¥´´Ò¥ ´ ³¨
· ¸Î¥ÉÒ ± Î¥¸É¢¥´´µ ¸µ£² ¸ÊÕÉ¸Ö ¸ ¢Ò¢µ¤µ³ · ¡µÉÒ [4] µ ·µ²¨ ¨¸± ¦¥´¨° ¨
´¥¤µ¸É ÉµÎ´µ¸É¨ ³¥Ì ´¨§³  �� ¤²Ö µ¶¨¸ ´¨Ö  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´Ò ¸¥Î¥´¨Ö
¶·µÍ¥¸¸  pd→ dp ¶µ¤ Ê£²µ³ θÍ.³. = 180◦. ‚ Éµ ¦¥ ¢·¥³Ö ¸²¥¤Ê¥É µÉ³¥É¨ÉÓ,
ÎÉµ ¤¥¶·¥¸¸¨¢´ Ö ·µ²Ó ¨¸± ¦¥´¨° µ± § ² ¸Ó ´  ¶µ·Ö¤µ± ¸² ¡¥¥, Î¥³ ¢ ¸²ÊÎ ¥
¶·µÍ¥¸¸  p3He→3 Hep [27].

’¥´§µ·´ Ö ¶µ²Ö·¨§ Í¨Ö T20(θÍ.³.) ± ± ËÊ´±Í¨Ö Ê£²  · ¸¸¥Ö´¨Ö §´ Î¨-
É¥²Ó´µ ¨§³¥´Ö¥É¸Ö ¶·¨ ÊÎ¥É¥ ¶¥·¥· ¸¸¥Ö´¨° (·¨¸.16). �¤´ ±µ ¶µ¤ Ê£²µ³
θÍ.³. = 180◦ ¢²¨Ö´¨¥ ¶¥·¥· ¸¥Ö´¨° ´  T20 ¶·¥´¥¡·¥¦¨³µ ³ ²µ (¸³. ·¨¸.17).
’ ±¨³ µ¡· §µ³, ¢µ¶·¥±¨ ¶·¥¤¶µ²µ¦¥´¨Ö³, ¸²¥¤ÊÕÐ¨³ ¨§ ·¥§Ê²ÓÉ Éµ¢ · ¡µ-
ÉÒ [24], ¨§¢¥¸É´µ¥ ¶·µÉ¨¢µ·¥Î¨¥ (¸³., ´ ¶·¨³¥·, [26]) ³¥¦¤Ê ¶·¥¤¸± § ´¨¥³
³¥Ì ´¨§³  �� ¤²Ö T20(θÍ.³. = 180◦) ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨ ¸µÌ· -
´Ö¥É¸Ö ¨ ¶µ¸²¥ ÊÎ¥É  ¶¥·¥· ¸¸¥Ö´¨°.

�  ·¨¸.15 ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì · ¸Î¥Éµ¢ ¢ · ³± Ì
³¥Ì ´¨§³  µ¤´µ±· É´µ£µ · ¸¸¥Ö´¨Ö ¨ ���. „²Ö ³¥Ì ´¨§³  ��� §¤¥¸Ó ¡Ò²
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¨¸¶µ²Ó§µ¢ ´ Ëµ·³ ²¨§³ ¨§ · ¡µÉÒ [90] ¸ ¶ · ³¥É·¨§ Í¨¥° Ô±¸¶¥·¨³¥´É ²Ó-
´ÒÌ ¤ ´´ÒÌ µ ·¥ ±Í¨¨ pp→ dπ+ ¨§ · ¡µÉÒ [91]. ‚±² ¤ ³¥Ì ´¨§³  µ¤´µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö ¢ÒÎ¨¸²¥´ ¢ ¨³¶Ê²Ó¸´µ³ ¶·¨¡²¨¦¥´¨¨ ¢ · ³± Ì Ëµ·³ ²¨§³ 
· ¡µÉÒ [13] ¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¢ Ëµ·³¥ RSC.
ˆ§ ·¨¸.15 ¢¨¤´µ, ÎÉµ ¢±² ¤ ÔÉµ£µ ³¥Ì ´¨§³  ´  ¶µ·Ö¤µ± ´¨¦¥ Ô±¸¶¥·¨³¥´-
É ²Ó´ÒÌ ¤ ´´ÒÌ ¢µ ¢¸¥° · ¸¸³ É·¨¢ ¥³µ° µ¡² ¸É¨ Ô´¥·£¨°. “Î¥É ¤¢Ê±· É´µ£µ
· ¸¸¥Ö´¨Ö, ¸µ£² ¸´µ [7], ¶·¨¢µ¤¨É ± ¤µ¶µ²´¨É¥²Ó´µ³Ê Ê³¥´ÓÏ¥´¨Õ ¸¥Î¥´¨Ö.
� ¶·µÉ¨¢, ³¥Ì ´¨§³ ��� ¢ µ¡² ¸É¨ ∆-·¥§µ´ ´¸ , ¸µµÉ¢¥É¸É¢ÊÕÐ¥° Ô´¥·£¨¨
¶·µÉµ´  Tp ∼ 0, 6 ƒÔ‚,   É ±¦¥ ¶·¨ Ô´¥·£¨ÖÌ ∼ 2, 5 ƒÔ‚ ¢´µ¸¨É ¡µ²¥¥ §´ Î¨-
É¥²Ó´Ò° ¢±² ¤, ±µÉµ·Ò° ¸µ¨§³¥·¨³ ¸ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨. �¤´ ±µ
¶·¨ Ô´¥·£¨ÖÌ ∼ 1, 5 ƒÔ‚ ¢±² ¤ ³¥Ì ´¨§³  ��� ¶µÎÉ¨ ´  ¶µ·Ö¤µ± ´¨¦¥ Ô±¸-
¶¥·¨³¥´É ²Ó´ÒÌ ÉµÎ¥±. Œµ¦´µ µ¦¨¤ ÉÓ, ÎÉµ Ë ±É¨Î¥¸±¨° ¢±² ¤ ³¥Ì ´¨§³ 
��� ¥Ð¥ ³¥´ÓÏ¥ §  ¸Î¥É  ¡¸µ·¡É¨¢´µ£µ Ì · ±É¥·  ¶¥·¥· ¸¸¥Ö´¨°, ´¥ ÊÎ¨-
ÉÒ¢ ¢Ï¨Ì¸Ö ¢ ¶·¥¤¸É ¢²¥´´ÒÌ · ¸Î¥É Ì. ’ ±¨³ µ¡· §µ³, ¢ µ¡² ¸É¨ Ô´¥·£¨°
1 ÷ 2 ƒÔ‚ ´¨ µ¤¨´ ¨§ · ¸¸³µÉ·¥´´ÒÌ §¤¥¸Ó ³¥Ì ´¨§³µ¢ ¸ÊÐ¥¸É¢¥´´µ ´¥ ¤µ-
ÉÖ£¨¢ ¥É ¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¤µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨Ö. �·¨Î¨´Ê
ÔÉµ£µ · ¸Ìµ¦¤¥´¨Ö, ¶µ-¢¨¤¨³µ³Ê, ¸²¥¤Ê¥É ¨¸± ÉÓ ¢ ¤·Ê£¨Ì ³¥Ì ´¨§³ Ì, ¢ Î ¸É-
´µ¸É¨, ¢ ¤¢Ê±· É´µ³ pN - · ¸¸¥Ö´¨¨ ¸ ¢µ§¡Ê¦¤¥´¨¥³ N∗ ·¥§µ´ ´¸µ¢, ±µÉµ·µ¥
²¨ÏÓ Î ¸É¨Î´µ ÊÎ¨ÉÒ¢ ¥É¸Ö ³¥Ì ´¨§³µ³ ���.

7. ‚Š‹�„ Š‚�‡ˆ�…‡����‘��ƒ� η−3He-‘�‘’�Ÿ�ˆŸ
‚ “��“ƒ�… pd-��‘‘…Ÿ�ˆ… ��‡�„

�´ ²¨§ ¤ ´´ÒÌ µ ·¥ ±Í¨¨ pd→3 Heη ¢¡²¨§¨ ¶µ·µ£  ¶·¨¢µ¤¨É ± £¨¶µÉ¥§¥
µ ¸ÊÐ¥¸É¢µ¢ ´¨¨ ±¢ §¨¸¢Ö§ ´´ÒÌ ¸µ¸ÉµÖ´¨° B∗ ¢ ¸¨¸É¥³¥ η −3 He [54, 55].
‚ · ¡µÉ¥ [55] ´  µ¸´µ¢¥ Ë¨É¨·µ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¢ · ³± Ì
¤¢ÊÌ¸ÉÊ¶¥´Î Éµ° ³µ¤¥²¨ ·¥ ±Í¨¨ pd →3 Heη ¸ ÊÎ¥Éµ³ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢ ±µ-
´¥Î´µ³ ¸µ¸ÉµÖ´¨¨ ¡Ò²¨ ¶µ²ÊÎ¥´Ò ¶ · ³¥É·Ò ÔÉ¨Ì ¸µ¸ÉµÖ´¨° Å ³ ¸¸  MB ,
Ï¨·¨´  ΓB ¨ Ëµ·³Ë ±Éµ· ¶¥·¥Ìµ¤  η3He→ B∗. �  µ¸´µ¢¥ ÔÉ¨Ì ·¥§Ê²ÓÉ Éµ¢
³µ¦´µ ¢ÒÎ¨¸²¨ÉÓ ¢±² ¤ ¸µ¸ÉµÖ´¨° B∗ ¢ Ê¶·Ê£µ¥ pd-· ¸¸¥Ö´¨¥ ´ § ¤.

�·¥¤¶µ² £ Ö, ÎÉµ ±¢ §¨¸¢Ö§ ´´µ¥ ¸µ¸ÉµÖ´¨¥ B∗ µ¡· §Ê¥É¸Ö ¢ ·¥§Ê²ÓÉ É¥
¢§ ¨³µ¤¥°¸É¢¨Ö η-³¥§µ´  ¨ Ö¤·  3He, µ¡· §µ¢ ¢Ï¨Ì¸Ö ¢ ¶·µÍ¥¸¸¥ pd→3 Heη,
¤²Ö  ³¶²¨ÉÊ¤Ò ¶¥·¥Ìµ¤  pd→ B∗ ¶µ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥

(pd→ B∗) =

∫
dq4

(2π)4

A3He η→B∗Ma(pd→3 Heη)

2mη(Tη − p2
η/2mη + iε) 2mτ(Tτ − p2

τ/2mτ + iε)
;

(66)
£¤¥ mτ , mη Ä ³ ¸¸Ò η-³¥§µ´  ¨ Ö¤·  3He, q Ä µÉ´µ¸¨É¥²Ó´Ò° 4-¨³¶Ê²Ó¸ ¢
¸¨¸É¥³¥ η−3 He, Ti, pi Ä ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ¨ 3-¨³¶Ê²Ó¸ Î ¸É¨ÍÒ (Ö¤· ) i;
Ma(pd →3 Heη) Ä  ³¶²¨ÉÊ¤  ·¥ ±Í¨¨ pd →3 Heη ¢ ¤¢ÊÌ¸ÉÊ¶¥´Î Éµ° ³µ¤¥²¨
¢ µ¡µ§´ Î¥´¨ÖÌ · ¡µÉÒ [55], A3He η→B∗ Ä  ³¶²¨ÉÊ¤  ¢¨·ÉÊ ²Ó´µ£µ ¶·µÍ¥¸¸ 
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3Heη → B∗, ¤²Ö ±µÉµ·µ° ¸µ£² ¸´µ [55] ¨³¥¥³ ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥:

A3He η→B∗ =
√

8πspd
goβ

2

q2 + β2
; (67)

¶ · ³¥É·Ò g0, β ´ °¤¥´Ò ¢ [55]. �³¶²¨ÉÊ¤Ê Ê¶·Ê£µ£µ ·¥§µ´ ´¸´µ£µ pd-
· ¸¸¥Ö´¨Ö É¥¶¥·Ó ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

A(pd→ dp) =
A(pd→ B∗)A(B∗ → dp)

2mB∗ [Ek − E0 + iΓB/2]
, (68)

£¤¥ E0 = −7 ŒÔ‚ Ä Ô´¥·£¨Ö ¸µ¸ÉµÖ´¨Ö B∗ ¶µ µÉ´µÏ¥´¨Õ ± Ê·µ¢´Õ mη+mτ ;
mB∗ = mη+mτ +E0; Ek Ä Ô´¥·£¨Ö µÉ´µ¸¨É¥²Ó´µ£µ ¤¢¨¦¥´¨Ö ¢ ¸¨¸É¥³¥ p+d
¸ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸µ³ k; ΓB ∼ 20 ŒÔ‚.

‚ ³ ±¸¨³Ê³¥ (Ek = Eo) ¸¥Î¥´¨¥ pd-· ¸¸¥Ö´¨Ö Î¥·¥§ ¶·µ³¥¦ÊÉµÎ´µ¥ ¸µ-
¸ÉµÖ´¨¥ B∗ ¨³¥¥É ¢¨¤

dσ

dΩ
(pd→ dp) =

4g4
0β

4

642π2spdΓ2
B

1

(2π)2
. (69)

ˆ¸¶µ²Ó§ÊÖ ¤²Ö  ³¶²¨ÉÊ¤Ò Ma(pd →3 Heη) §´ Î¥´¨Ö, ¶µ²ÊÎ¥´´Ò¥ ¢ · ¡µ-
É¥ [55], ´ Ìµ¤¨³ ¨§ (69) dσ/dΩ ∼ 0, 03 ³±¡/¸·, ¢ Éµ ¢·¥³Ö ± ± ³¥Ì ´¨§³
µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¸ ¶ ·¨¦¸±µ° ¢µ²´µ¢µ° ËÊ´±Í¨¥° ¤¥°É·µ´  ¤ ¥É ¶·¨
ÔÉµ° ¦¥ ±¨´¥É¨Î¥¸±µ° Ô´¥·£¨¨ ´ Î ²Ó´µ£µ ¶·µÉµ´  Tp ∼ 1 ƒÔ‚ §´ Î¨É¥²Ó-
´µ ¡µ²ÓÏ¥¥ §´ Î¥´¨¥ 5 ³±¡/¸· [13]. ’ ±¨³ µ¡· §µ³, ¢±² ¤ µ¡¸Ê¦¤ ¥³µ£µ
³¥Ì ´¨§³  pdÄ· ¸¸¥Ö´¨Ö ´ § ¤ Î¥·¥§ £¨¶µÉ¥É¨Î¥¸±µ¥ ±¢ §¨¸¢Ö§ ´´µ¥ η3He-
¸µ¸ÉµÖ´¨¥ ¶·¥´¥¡·¥¦¨³µ ³ ².

8. ‡�Š‹�—…�ˆ…

Š ± ¶µ± §Ò¢ ¥É ¶·µ¢¥¤¥´´Ò°  ´ ²¨§, ¢ ¶·µÍ¥¸¸¥ pd → dp, ¢ µÉ²¨Î¨¥
µÉ Ê¶·Ê£µ£µ p3He-· ¸¸¥Ö´¨Ö ´ § ¤ ¢ µ¡² ¸É¨ Ô´¥·£¨° 1 ÷ 2 ƒÔ‚, ´¨ µ¤¨´
¨§ · ¸¸³µÉ·¥´´ÒÌ §¤¥¸Ó ³¥Ì ´¨§³µ¢ ´¥ Ö¢²Ö¥É¸Ö  ¡¸µ²ÕÉ´µ ¤µ³¨´¨·ÊÕÐ¨³,
  ¨Ì ¸Ê³³  ´¥ ¶·¨¢µ¤¨É ± ¤µ¸É ÉµÎ´µ Ö·±¨³ ¶·µÖ¢²¥´¨Ö³ ¸É·Ê±ÉÊ·Ò Ö¤· .
�µÔÉµ³Ê É¥µ·¥É¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ¶·µÍ¥¸¸  pd→ dp Ö¢²Ö¥É¸Ö ³¥´¥¥ ¢Ò-
· §¨É¥²Ó´µ° ¶µ ¸· ¢´¥´¨Õ ¸ ·¥§Ê²ÓÉ É ³¨ ¨¸¸²¥¤µ¢ ´¨Ö ¤¨´ ³¨±¨ ¶·µÍ¥¸¸ 
p3He →3 Hep [92]. ‚ §´ Î¨É¥²Ó´µ° ¸É¥¶¥´¨ ÔÉµ ¸¢Ö§ ´µ ¸ É¥³, ÎÉµ ¤¥°É·µ´
Å µÎ¥´Ó ·ÒÌ² Ö ¸¨¸É¥³ . ’¥³ ´¥ ³¥´¥¥ ³µ¦´µ ¸¤¥² ÉÓ ¨ ±µ´¸É·Ê±É¨¢´Ò¥
¢Ò¢µ¤Ò ¢ ·¥§Ê²ÓÉ É¥ ¶·µ¢¥¤¥´´µ£µ · ¸¸³µÉ·¥´¨Ö.

‚±² ¤ ³¥Ì ´¨§³  ¤¢Ê±· É´µ£µ pN -· ¸¸¥Ö´¨Ö ¸ ¢µ§¡Ê¦¤¥´¨¥³ ∆−¨§µ¡ ·Ò
§´ Î¨É¥²¥´ ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 0, 5 ÷ 1, 0 ƒÔ‚. �·¨ ¤µ¸É ÉµÎ´µ ±µ··¥±É-
´µ³ µ¶·¥¤¥²¥´¨¨ ¶ · ³¥É·µ¢  ³¶²¨ÉÊ¤Ò NN 
 N∆ ¸Ê³³  ³¥Ì ´¨§³µ¢
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OH+��+∆ ¤ ¥É ± Î¥¸É¢¥´´µ¥ µ¡ÓÖ¸´¥´¨¥ Ô´¥·£¥É¨Î¥¸±µ° § ¢¨¸¨³µ¸É¨ ¸¥-
Î¥´¨Ö · ¸¸¥Ö´¨Ö ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 0, 5÷ 1, 5 ƒÔ‚ ¶·¨ θÍ.³. = 180◦. ’ ±¨³
µ¡· §µ³, ¶µ¶ÒÉ±¨ µ¶¨¸ ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¢ ÔÉµ° µ¡² ¸É¨ Ô´¥·-
£¨° ¨¸±²ÕÎ¨É¥²Ó´µ ¢ · ³± Ì ³¥Ì ´¨§³  µ¤´µ´Ê±²µ´´µ£µ µ¡³¥´  ¶ÊÉ¥³ ÊÎ¥É 
·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô±¸É· ±µ³¶µ´¥´É ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ¨²¨ ³µ¤¨Ë¨± -
Í¨¨ ¥£µ µ¡ÒÎ´µ° pn-±µ³¶µ´¥´ÉÒ, ´µ ¡¥§ ÊÎ¥É  É·¥ÌÎ ¸É¨Î´ÒÌ N−∆−N -¸¨²
¸µ¢¥·Ï¥´´µ ´¥ µ¶· ¢¤ ´´Ò. ‚ Éµ ¦¥ ¢·¥³Ö ³µ¤¥²Ó OH+��+∆, ¶ · ³¥É·Ò
±µÉµ·µ° ´ ¨¡µ²¥¥ µ¡µ¸´µ¢ ´Ò ¢ µ±·¥¸É´µ¸É¨ ÉµÎ±¨ ¢ÒÌµ¤  ∆-¨§µ¡ ·Ò ´ 
³ ¸¸µ¢ÊÕ ¶µ¢¥·Ì´µ¸ÉÓ, ´¥¤µµÍ¥´¨¢ ¥É  ¡¸µ²ÕÉ´ÊÕ ¢¥²¨Î¨´Ê ¸¥Î¥´¨Ö ¢ ÔÉµ°
µ¡² ¸É¨ ¶µÎÉ¨ ¢ ¤¢  · § . ‘ ´¥±µÉµ·µ° ¤µ²¥° µ¸Éµ·µ¦´µ¸É¨ ³µ¦´µ ÊÉ¢¥·-
¦¤ ÉÓ, ÎÉµ ¢ · ³± Ì 6q-³µ¤¥²¨ ¤¥°É·µ´  ¶µ²ÊÎ¥´Ò Ê± § ´¨Ö ´  § ³¥É´Ò°
¢±² ¤ µ¡³¥´  N∗-¨§µ¡ · ³¨ ¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  pd → dp ¢ ÔÉµ° µ¡² ¸É¨
Ô´¥·£¨°, Tp ∼ 0, 7 ÷ 1, 2 ƒÔ‚. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¶·¨ ÔÉ¨Ì ¦¥ Ô´¥·£¨ÖÌ
´¥²Ó§Ö ¨¸±²ÕÎ¨ÉÓ ¢±² ¤ ¨ ¤·Ê£¨Ì, ¡µ²¥¥ Ô±§µÉ¨Î¥¸±¨Ì ³¥Ì ´¨§³µ¢.

�µ²Ó ¶¥·¥· ¸¸¥Ö´¨° ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¸ÊÐ¥¸É¢¥´´ :
¢±² ¤ ³¥Ì ´¨§³  �� ¢ ¸¥Î¥´¨¥ ¶·µÍ¥¸¸  pd→ dp ¶·¨ θÍ.³. = 180◦ Ê³¥´ÓÏ -
¥É¸Ö ¢ 2Ä3 · §  §  ¸Î¥É ¶¥·¥· ¸¸¥Ö´¨°. “¸É ´µ¢²¥´ ± Î¥¸É¢¥´´Ò° ÔËË¥±É Å
¶·¨ µÉ±²µ´¥´¨¨ Ê£²  · ¸¸¥Ö´¨Ö µÉ §´ Î¥´¨Ö θÍ.³. = 180◦ µÉ´µ¸¨É¥²Ó´ Ö ·µ²Ó
³¥Ì ´¨§³  µ¡³¥´  ´Ê±²µ´µ³ ¢ ¶·µÍ¥¸¸¥ p + d → d′ + p′ ¢µ§· ¸É ¥É §  ¸Î¥É
Ê³¥´ÓÏ¥´¨Ö Ì · ±É¥·´ÒÌ µÉ´µ¸¨É¥²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ ¢ ¢¥·Ï¨´ Ì d → p′ + n
¨ p+ n→ d′ ¢¸²¥¤¸É¢¨¥ ¶¥·¥· ¸¸¥Ö´¨°.

� ¨¡µ²¥¥ Ö·±¨³ ¸¢µ°¸É¢µ³ ¶·µÍ¥¸¸  pd → dp Ö¢²Ö¥É¸Ö ¥£µ ¢Ò¸µ± Ö ÎÊ¢-
¸É¢¨É¥²Ó´µ¸ÉÓ ± ¶ · ³¥É· ³ Ëµ·³Ë ±Éµ·µ¢ ¢ ¢¥·Ï¨´ Ì π(ρ)NN , π(ρ)N∆.
„ ¦¥ ¶·¨ Éµ° ´¥µ¶·¥¤¥²¥´´µ¸É¨, ±µÉµ· Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¨³¥¥É¸Ö ¢ µÉ-
´µÏ¥´¨¨ ¢±² ¤  µ¡³¥´  ´¥°É·µ´µ³ (c ÊÎ¥Éµ³ ÔËË¥±Éµ¢ ¶¥·¥· ¸¸¥Ö´¨Ö) ¨
N∗-¨§µ¡ · ³¨, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ¤ ´´µ° · ¡µÉ¥ · ¸Î¥ÉÒ ¤ ÕÉ ¢¸¥ µ¸´µ¢ -
´¨Ö ÊÉ¢¥·¦¤ ÉÓ, ÎÉµ Ï¨·µ±µ ¨¸¶µ²Ó§Ê¥³Ò¥ ¢ É¥µ·¨¨ πNN -¸¨¸É¥³ §´ Î¥´¨Ö
µ¡·¥§ ÕÐ¨Ì ¨³¶Ê²Ó¸µ¢ Λπ ∼ Λρ ∼ 1, 3 ƒÔ‚/c ·¥§±µ ¶·µÉ¨¢µ·¥Î É ¨³¥Õ-
Ð¨³¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ µ ¸¥Î¥´¨¨ pd-· ¸¸¥Ö´¨Ö ´ § ¤ ¢ µ¡² ¸É¨
0, 5÷ 1, 0 ƒÔ‚.

‚ ¨´É¥·¢ ²¥ Ô´¥·£¨° 1 ÷ 2 ƒÔ‚ ´¨ µ¤¨´ ¨§ · ¸¸³µÉ·¥´´ÒÌ ³¥Ì ´¨§³µ¢
¸ ¨¸¶µ²Ó§µ¢ ´¨¥³ ·¥ ²¨¸É¨Î¥¸±¨Ì ¢µ²´µ¢ÒÌ ËÊ´±Í¨° ¤¥°É·µ´  ´¥¤µÉÖ£¨¢ ¥É
¶µ  ¡¸µ²ÕÉ´µ° ¢¥²¨Î¨´¥ ¤µ Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¸¥Î¥´¨Ö. ‚ · ³± Ì ³¥Ì -
´¨§³  �� ¶·¥¤¸± § ´¨Ö ¤²Ö T20(θÍ.³. = 180◦) ·¥§±µ ¶·µÉ¨¢µ·¥Î É Ô±¸¶¥-
·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³ ± ± ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¨¡²¨¦¥´¨¨, É ± ¨ ¢µ ¢¸¥Ì
·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶µ¤Ìµ¤ Ì,   ÊÎ¥É ¶¥·¥· ¸¸¥Ö´¨° ´¥ ³¥´Ö¥É ÔÉµÉ ¢Ò¢µ¤. ‚
ÔÉµ° ¸¢Ö§¨ ´¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ ¸µ£² ¸´µ ¶·¥¤¢ ·¨É¥²Ó´Ò³ ¤ ´´Ò³ CE-
BAF [93] É¥´§µ·´ Ö ¶µ²Ö·¨§ Í¨Ö T20 ¢ Ê¶·Ê£µ³ · ¸¸¥Ö´¨¨ Ô²¥±É·µ´µ¢ ´ 
¤¥°É·µ´ Ì ± Î¥¸É¢¥´´µ ¸µ£² ¸Ê¥É¸Ö ¸ ¨³¶Ê²Ó¸´Ò³ ¶·¨¡²¨¦¥´¨¥³ ¨ ´¥·¥²ÖÉ¨-
¢¨¸É¸±µ° ¸É·Ê±ÉÊ·µ° ¤¥°É·µ´  ¤µ §´ Î¥´¨° ¶¥·¥¤ ´´µ£µ ¨³¶Ê²Ó¸  1,35 ƒÔ‚,
ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É Ì · ±É¥·´Ò³ µÉ´µ¸¨É¥²Ó´Ò³ ¨³¶Ê²Ó¸ ³ ´Ê±²µ´µ¢ ¢ ¤¥°-
É·µ´¥ ∼ 0, 6 ƒÔ‚/c. �Éµ ¸µ¶µ¸É ¢²¥´¨¥ ¶µ± §Ò¢ ¥É, ÎÉµ, ¢¥·µÖÉ´¥¥ ¢¸¥£µ, ¢
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¶·µÍ¥¸¸¥ pd → dp ¢ µ¡² ¸É¨ Ô´¥·£¨° 1 ÷ 2 ƒÔ‚ µ¸´µ¢´ÊÕ ·µ²Ó ¨£· ÕÉ ´¥
ÔËË¥±ÉÒ ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´ ,   ³¥Ì ´¨§³Ò ¸ ¢µ§¡Ê¦¤¥´¨¥³ N∗-¨§µ¡ ·,  ´ -
²µ£¨Î´Ò¥ ∆-³¥Ì ´¨§³Ê. �É¨ ³¥Ì ´¨§³Ò ´¥µ¡Ìµ¤¨³µ ¨¸¸²¥¤µ¢ ÉÓ ¢ É¥µ·¨¨ ¶µ
¢µ§³µ¦´µ¸É¨ É ± ¦¥ ÉÐ É¥²Ó´µ, ± ± ¨ ∆-·¥§µ´ ´¸´Ò° ³¥Ì ´¨§³, ÌµÉÖ ¸¤¥-
² ÉÓ ÔÉµ §´ Î¨É¥²Ó´µ É·Ê¤´¥¥ ¢¢¨¤Ê µ£· ´¨Î¥´´µ° ¨´Ëµ·³ Í¨¨ µ ¸¢µ°¸É¢ Ì
N∗-¨§µ¡ ·. Š ± ¨ ∆-³¥Ì ´¨§³, ³¥Ì ´¨§³Ò ¸ N∗-¨§µ¡ · ³¨ ¤µ²¦´Ò ¡ÒÉÓ
¤µ¢µ²Ó´µ ¸² ¡µ ÎÊ¢¸É¢¨É¥²Ó´Ò ± ¢Ò¸µ±µ¨³¶Ê²Ó¸´Ò³ ±µ³¶µ´¥´É ³ ¢µ²´µ¢µ°
ËÊ´±Í¨¨ ¤¥°É·µ´ , ¨ ¶µÔÉµ³Ê µ´¨ ´¥ ¢Ò§Ò¢ ÕÉ µ¸µ¡µ£µ ¨´É¥·¥¸  ¸ ÉµÎ±¨
§·¥´¨Ö ¨¸¸²¥¤µ¢ ´¨° ·¥²ÖÉ¨¢¨¸É¸±µ° ¸É·Ê±ÉÊ·Ò ¤¥°É·µ´ . �¤´ ±µ µ´¨ ³µ£ÊÉ
¤ ÉÓ ´¥§ ¢¨¸¨³ÊÕ ¨´Ëµ·³ Í¨Õ µ¡  ³¶²¨ÉÊ¤ Ì NN 
 NN∗.

�¢Éµ· ¡² £µ¤ ·¥´ ‚.�.Š ·³ ´µ¢Ê, �.�.Šµ¡ÊÏ±¨´Ê, ‚.ˆ.Šµ³ ·µ¢Ê,
‹.�.Šµ´¤· ÉÕ±Ê, ‚.ˆ.ŠÊ±Ê²¨´Ê, ”.Œ.‹Ó¢Ê ¨ ‚.ƒ.�¥Ê¤ Î¨´Ê §  µ¡¸Ê¦¤¥´¨¥
· ¡µÉÒ.

� ¡µÉ  ¢Ò¶µ²´¥´  ¶·¨ Î ¸É¨Î´µ° ¶µ¤¤¥·¦±¥ �µ¸¸¨°¸±µ£µ Ëµ´¤  ËÊ´¤ -
³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° (£· ´É º96-02-17215).
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The interplay of collective and noncollective excitations in spherical even-even nuclei is studied.
This is done using a version of the Quasiparticle-Phonon Model (QPM) which accounts for up to
three-phonon components in its excited-state wave functions and for the particle-particle channel of
the residual interaction. Modes, ranging from single-particle ones to collective ones, with isoscalar
and isovector nature and different multipolarity are included in the model basis. The structure of the
low-lying, negative- and positive-parity states are calculated for semimagic and neighbouring nuclei.
It is shown that the quasiparticle-phonon interaction is larger in the nuclei having two nucleons extra
closed shell, and the three-phonon terms in
uence considerably the structure of the low-lying states.
The low-lying M1 transitions linking 2+ states are investigated. The presence and in
uence of a
quadrupole low-lying isovector mode shared by several 2+ states is displayed. The excited state
structure of some N =84 nuclei, obtained in the QPM, is compared with the results of the Interacting
Boson Model. The domains of similarity and discrepancy between both models are discussed. The
properties of the low-lying 1− states and corresponding E1 transitions are investigated for some
N =82 nuclei. It is shown that these states can be interpreted as quadrupole-octupole two-phonon
states and their characteristics result from the interplay of isovector and isoscalar modes. Some
experimental evidences for the existence in 124Te of negative parity three-phonon states, involving
octupole excitations, are also discussed and comparison with QPM calculations is made.

ˆ¸¸²¥¤µ¢ ´µ ¢§ ¨³µ¤¥°¸É¢¨¥ ±µ²²¥±É¨¢´ÒÌ ¨ ´¥±µ²²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ Î¥É´µ-Î¥É´ÒÌ
¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. „²Ö ÔÉµ° Í¥²¨ ¨¸¶µ²Ó§µ¢ ² ¸Ó ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´ Ö ³µ¤¥²Ó Ö¤· . ‚µ²-
´µ¢ Ö ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢±²ÕÎ ²  É·¥ÌËµ´µ´´Ò¥ ±µ³¶µ´¥´ÉÒ. “Î¨ÉÒ¢ ²µ¸Ó
µ¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ± ´ ²¥ Î ¸É¨Í -Î ¸É¨Í ,   É ±¦¥ ¨§µ¸± ²Ö·´Ò¥ ¨ ¨§µ¢¥±Éµ·´Ò¥
±µ³¶µ´¥´ÉÒ Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö. ‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²µ¸Ó ¡µ²ÓÏµ¥ µ¤´µÎ ¸É¨Î-
´µ¥ ¶·µ¸É· ´¸É¢µ.

� ¸¸Î¨É ´  ¸É·Ê±ÉÊ·  ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¶µ²µ¦¨É¥²Ó´µ° ¨ µÉ·¨Í É¥²Ó´µ° Î¥É´µ¸É¨
¢ ¶µ²Ê³ £¨Î¥¸±¨Ì ¨ ¸µ¸¥¤´¨Ì ¸ ´¨³¨ Ö¤· Ì. �µ± § ´µ, ÎÉµ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ¥ ¢§ ¨³µ-
¤¥°¸É¢¨¥ ¸¨²Ó´¥¥ ¢ Ö¤· Ì, ¨³¥ÕÐ¨Ì ´  ¤¢  ´Ê±²µ´  ¡µ²ÓÏ¥, Î¥³ Ö¤·  ¸ § ³±´ÊÉµ° µ¡µ²µÎ-
±µ°. ‚²¨Ö´¨¥ É·¥ÌËµ´µ´´ÒÌ Î²¥´µ¢ ¢ ÔÉ¨Ì Ö¤· Ì ¢¥²¨±µ. ˆ¸¸²¥¤µ¢ ´Ò M1-¶¥·¥Ìµ¤Ò ³¥¦¤Ê
´¨§±µ²¥¦ Ð¨³¨ 2+-Ê·µ¢´Ö³¨. �µ± § ´µ, ÎÉµ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ´ ²¨Î¥¸É¢Ê¥É
¨§µ¢¥±Éµ·´ Ö ±¢ ¤·Ê¶µ²Ó´ Ö ¸¨² , ±µÉµ· Ö · ¸¶·¥¤¥²¥´  ¶µ ´¥¸±µ²Ó±¨³ 2+-Ê·µ¢´Ö³. � ¸¸Î¨-
É ´´ Ö ¢ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ ¸É·Ê±ÉÊ·  ´¨§±µ²¥¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ Ö¤· Ì
¨§µÉµ´µ¢ N = 84 ¸· ¢´¨¢ ¥É¸Ö ¸ Éµ°, ÎÉµ ¸²¥¤Ê¥É ¨§ ³µ¤¥²¨ ¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢. �¡-
¸Ê¦¤ ÕÉ¸Ö ¸Ìµ¤¸É¢µ ¨ · §²¨Î¨Ö ¶·¥¤¸± § ´¨° ³µ¤¥²¥°. ˆ¸¸²¥¤µ¢ ´Ò ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì
1−-¸µ¸ÉµÖ´¨° ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì E1-¶¥·¥Ìµ¤µ¢ ¢ Ö¤· Ì ¨§µÉµ´µ¢ N = 82. �µ± § ´µ, ÎÉµ ÔÉ¨
¸µ¸ÉµÖ´¨Ö ¸ ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ ¤µ¸Éµ¢¥·´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ¨´É¥·¶·¥É¨·µ¢ ´Ò ± ± ¤¢ÊÌËµ´µ´´Ò¥
±¢ ¤·Ê¶µ²Ó-µ±ÉÊ¶µ²Ó´Ò¥. ˆÌ ¸¢µ°¸É¢  µ¶·¥¤¥²ÖÕÉ¸Ö Éµ´±µ° ¨£·µ° ¨§µ¸± ²Ö·´ÒÌ ±¢ ¤·Ê¶µ²Ó´µ°
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¨ µ±ÉÊ¶µ²Ó´µ° ¨ ¨§µ¢¥±Éµ·´µ° ¤¨¶µ²Ó´µ° ±µ³¶µ´¥´É µ¸É ÉµÎ´ÒÌ ¸¨². �¡¸Ê¦¤ ÕÉ¸Ö Ô±¸¶¥·¨-
³¥´É ²Ó´Ò¥ ¤µ± § É¥²Ó¸É¢  ¸ÊÐ¥¸É¢µ¢ ´¨Ö É·¥ÌËµ´µ´´ÒÌ ¸µ¸ÉµÖ´¨° µÉ·¨Í É¥²Ó´µ° Î¥É´µ¸É¨ ¢
124Te, ±µÉµ·Ò¥ § É¥³ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨.

1. INTRODUCTION

As well known, the description of the structure and the properties of the
excited states in medium and heavy nuclei is a complicated task. It is obvious
a priori that no theory can account for all of the details of each individual nucleon
motion, because of the large number of degrees of freedom. This fact has led
to the formulation of various approaches, each convenient for a speciˇc domain
of problems. One important such domain is related to the existence in nuclei
of collective modes [1], mainly evinced by large electromagnetic transitions and
characteristic level spacing. Several models aimed at the problems related to
collective states have been proposed and used. As far as collective vibrational
states are concerned, there exist two lines of model development. The ˇrst of
them starts from the expected microscopic structure of the excitations, namely
keeps explicitly track of the underlying fermion structure. Such models, like
the Quasiparticle Phonon Model (QPM) [2,3] (also the Multiphonon model [4]),
use phonons (RPA or TDA) as building blocks for constructing more complicat-
ed states. The second type of models, formulates the problems expressing the
operators and wave functions in terms of superpositions of a few ideal bosons
(e.g., boson expansion and mapping technics [5Ä7], the Interacting Boson Mod-
el (IBM) [8]). The former type of models typically uses a sophisticated wave
function and relatively simple Hamiltonians. This is related to the fact that the
phonons can incorporate excitations with a different degree of collectivity Ä from
pure two-quasiparticle excitations to a superposition of many two-quasiparticle
components. This rich basis, to be effectively used, requires the account for the
Pauli principle, otherwise spurious solutions appear. It has been shown [3,9, 18]
that corrections due to the Pauli principle can be handled approximately in a
relatively simple way. The interpretation of the results within models using ide-
al bosons makes necessary some mapping to the fermion space to be performed.
Typically, the bosons in IBM are considered as counterparts of some two-fermion
excitations. Both approaches have their virtues and drawbacks. The QPM, as
representative of the so-called semimicroscopic models [2], has been used in the
investigation of spherical and deformed nuclei at different energy domains. The
large amount of results convincingly shows that this model gives valuable infor-
mation on the properties of the collective modes, both at low and high energies,
and on the fragmentation of these modes over the noncollective states in the
spectrum. This makes it possible to describe subtle properties stemming from the
interplay between collective and noncollective degrees of freedom. On the other
hand, the ideal boson-based models, some of which use a considerable number
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of parameters, describe in a smooth way the properties of groups of collective
excited states (usually re
ecting some dynamical symmetry of the Hamiltonian)
throughout different nuclei. The latter gives the possibility of making systematics
over a large number of nuclei. The drawback of these models, however, is the
restricted basis, the large number of parameters and the lack of details in the
description.

In spite of the usefulness of the IBM and of the QPM, the description they
provide is only approximate. In the framework of IBM the noncollective degrees
of freedom are neglected while the collective basis of QPM is very restricted. The
new experimental information obtained by means of high-resolution multidetector
systems points to a very complicated structure of the low-lying states. Even small
admixtures are important to explain the observed values. Recent theoretical stud-
ies of energy-level statistics of low-lying excited states display a nearly Gaussian
orthogonal ensemble distribution (see, e.g., [10]). The latter means that the nu-
clear dynamics is chaotic to a large extent, which suggests a complex interplay
of many factors. An important place among them must be certainly reserved for
the interplay between collective and noncollective modes, at least as far as the
low-lying states are concerned.

In a number of papers [11Ä16], we have studied the low-lying excited states
in medium and heavy even-even spherical nuclei in the framework of the QPM.
Our main interest was concentrated on the increase of the collective basis of
the model and the impact of the latter on the properties of the low-lying states.
Until recently, the basis of the QPM was restricted to one- and two-phonon
states. We have increased the number of phonons in the model wave function
up to three [11, 14]. We want to present here the most important, in our view,
results mainly concerning negative parity two- and three-phonon states involving
quadrupole and octupole excitations.

Section 2 of this paper contains a concise but complete presentation of the
QPM. In an Appendix a detailed presentation of the background of the model
is presented, including some new results. The next ˇve sections are devoted to
different applications of the formalism in different groups of nuclei. Sections 3,
4, 5, and 6 are devoted to the description of dipole two-phonon states in nuclei
with N =82 and N =84 and of isovector states in some N=84 nuclei. Section 7
presents the investigation of three-phonon negative parity states in 124Te. In the
conclusion, a summary of the main results is given and suggestions for further
research, both theoretical and experimental, are formulated.

2. GENERAL DESCRIPTION OF THE MODEL

There are several textbooks [2,3] and review articles [17-19] where the main
ideas of QPM are presented. In this section, we present in detail the extension
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of the model, which consists in the incorporation of three-phonon components in
the excited-state wave function.

Following Refs. 2,17 (see also the Appendix), we shall introduce some basic
notations. Building blocks of the model basis are the quasiparticle RPA phonons
deˇned as follows:

Q+
λµi =

1

2

∑
jj′

{
ψλijj′A

+(jj′;λµ)− (−1)λ−µφλijj′A(jj′;λ− µ)
}
, (1)

where the quantities j stand for all single-particle quantum numbers but the mag-
netic ones. The quantities A+(jj′;λµ) and A(jj′;λ − µ) (see eq. (27) in the
Appendix) are two-quasiparticle creation and annihilation operators, respectively,
coupled to angular momentum λ. Further, ψλijj′ and φλijj′ are the forward and
backward RPA amplitudes, respectively, deˇning a phonon with angular momen-
tum λ and root number i. The obtained phonons are not boson operators and
we use commutation relations which take care of their fermion structure [3], thus
accounting for the violation of the Pauli principle. We will refer to the RPA
phonon states using the notation [λπi ]RPA. The phonons are of different degree
of collectivity, from collective ones (e.g., [2+

1 ]RPA) to pure two-quasiparticle
conˇgurations.

The following commutation relations can be obtained if the fermion structure
of the phonon operators is taken into account:

[
Qλµi, Q

+
λ′µ′i′

]
= δλµ,λ′µ′

1

2

∑
jj′

(
ψλijj′ψ

λi′

jj′ − φλijj′φλi
′

jj′

)
−∑

jj′j2

{
ψλij′j2ψ

λ′i′

jj2
〈j′m′ j2m2|λµ〉〈jm j2m2|λ′µ′〉

−(−1)λ+µ+λ′+µ′φλijj2φ
λ′i′

j′j2〈jm j2m2|λ− µ〉〈j′m′ j2m2|λ′ − µ′〉
}
α+
jmαj′m′,

(2)
where Q+

λµi is deˇned in eq. (1). The quantities 〈j′m′ j2m2|λµ〉 are the Clebsch-

Gordan coefˇcients. The operators α+
jm and αjm are the creation and annihilation

quasiparticle operators, introduced by eq. (23). The double commutator of the
phonon operators, taken in the so-called diagonal approximation (i.e., preserving
the orthogonality of the two-phonon states), reads [3]:[[

Qλ′1µ′1i′1 , Q
+
λ1µ1i1

]
, Q+

λ2µ2i2

]
=

1

2

∑
λ′2µ
′
2i
′
2

Ikl

(
δλ1µ1,λ′1µ

′
1
δλ2µ2,λ′2µ

′
2
+ (−)λ1+λ2−Iδλ1µ1,λ′2µ

′
2
δλ2µ2,λ′1µ

′
1

)
×

〈λ1µ1 λ2µ2|Ik〉〈λ′1µ′1 λ′2µ′2|Ik〉KI(λ1i1 λ2i2) Q
+
λ′2µ
′
2i
′
2
,

(3)
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where

KI(λ1i1 λ2i2) = λ̂1λ̂2(2− δλ1λ2δi1i2)×∑
j1j2j3j4

m1m2m3m4

(
ψλ1i1
j1j2

ψλ2i2
j2j4

ψλ1i1
j1j3

ψλ2i2
j2j4
− φλ1i1

j1j2
φλ2i2
j2j4

φλ1i1
j1j3

φλ2i2
j2j4

)
j1 j2 λ1

j3 j4 λ2

λ1 λ2 I


(4)

the quantity in curly brackets is a 9j symbol [20] and here and further λ̂ =√
2λ+ 1.

The model Hamiltonian in terms of phonons reads:

H =
∑
λµi

ωλiQ
+
λµiQλµi +

1

2

∑
λ1λ2λ3
i1i2i3
µ1µ2µ3

〈λ1µ1 λ2µ2|λ3−µ3〉 ×

Uλ1i1
λ2i2

(λ3i3)[Q
+
λ1µ1i1

Q+
λ2µ2i2

Qλ3−µ3i3
+ h.c.]. (5)

The quantities ωλi denote the energies of the RPA phonons. The matrix elements
Uλ1i1
λ2i2

(λ3i3) are deˇned in eq. (45) in the Appendix.
The Hamiltonian (5) is diagonalized in a basis of wave functions constructed

as a superposition of one-, two- and three-phonon components [14]:

Ψν(JM) =

{∑
i

Ri(Jν)Q
+
JMi +

∑
λ1i1
λ2i2

Pλ1i1
λ2i2

(Jν)
[
Q+
λ1i1

Q+
λ2i2

]
JM

+
∑
λ1i1
λ2i2
λ3i3I

T λ1i1
I

λ2 i2
λ3i3

(Jν)
[[
Q+
λ1i1

Q+
λ2i2

]
I
Q+
λ3i3

]
JM

}
Ψ0, (6)

where [. . .]JM stands for angular momentum coupling, Ψ0 represents the phonon
vacuum state and the coefˇcients R, P , and T are unknown amplitudes. The
index ν speciˇes the particular excited state.

The normalization condition reads:

< Ψν(JM) | Ψν(JM) >=

=
∑
i

[Ri(Jν)]
2
+ 2

∑
λ1i1λ2i2

[
Pλ1i1
λ2i2

(Jν)
]2

KI(λ1i1 λ2i2)+

+6
∑
λ1i1
λ2i2
λ3i3I

[
T λ1i1
I

λ2i2
λ3i3

(Jν)
]2

CJI (λ1i1, λ2i2, λ3i3) = 1,
(7)

where

KI(λ1i1 λ2i2) = 1 +
1

2
KI(λ1i1 λ2i2)
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and

CJI (λ1i1, λ2i2, λ3i3) = 1 +
3

2
KI(λ1i1 λ2i2)

+
1

2
KI(λ1i1 λ2i2)

∑
I′

[
U(λ1λ2Jλ3; I, I

′)
]2
KI′(λ2i2 λ3i3).

The quantities K account for the Pauli principle and are deˇned through eq. (4).
The quantities U stand for the Jahn coefˇcients [20] (this somewhat unusual
notation is used to distinguish these quantities from the matrix elements U deˇned
by eq. (45)). After applying a variational procedure [3], a system of equations
can be written in the following form:

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(ωJi − ηJν)Ri(Jν)−
∑

λ1i1λ2i2

Pλ1i1
λ2i2

(Jν)Uλ1i1
λ2i2

(Ji)KJ(λ1i1 λ2i2) = 0

[ωλ1i1 + ωλ2i2 − ηJν ]Pλ1i1
λ2i2

(Jν)− 1

2

∑
i′

Uλ1i1
λ2i2

(Ji′)Ri′ (Jν)

−3
∑

λ′1i
′
1λ
′
2i
′
2

T
λ′1i
′
1λ
′
2i
′
2

λ1λ2i2
(Jν)U

λ′1i
′
1

λ′2i
′
2
(λ1i1)C

J
λ1

(λ′1i
′
1λ
′
2i
′
2λ2i2) = 0

[
ωλ′1i′1 + ωλ′2i′2 + ωλ′3i′3 − ηJν

]
T
λ′1i
′
1λ
′
2i
′
2

Iλ′3i
′
3

(Jν)−∑
i′′

P Ii
′′

λ′3i
′
3
(Jν)U

λ′1i
′
1

λ′2i
′
2
(Ji′′)KJ(Ii′′ λ′i′) = 0,

(8)

where ηJν is the energy of the excited state υ with angular momentum J .
The coefˇcients R and T can be expressed as functions of the coefˇcients P

and the system of equations can be rewritten as a system of equations only for
the coefˇcients P . The corresponding expressions are:

Ri′(Jν) =

∑
λ1i1λ2i2

Pλ1i1
λ2i2

(Jν)Uλ1i1
λ2i2

(Ji)KJ(λ1i1 λ2i2)

ωJi − ηJν
,

T
λ′1i
′
1λ
′
2i
′
2

Iλ′3i
′
3

(Jν) =

∑
i′′
P Ii

′′

λ′3i
′
3
(Jν)U

λ′1i
′
1

λ′2i
′
2
(Ii′′)KJ(Ii′′ λ′3i

′
3)

ωλ′1i′1 + ωλ′2i′2 + ωλ′3i′3 − ηJν
.

After substitution in the second equation of the system of equations (8), we
obtain:

[ωλ1i1 + ωλ2i2 − ηJν ]Pλ1i1
λ2i2

(Jν)−

−1

2

∑
λ′1i
′
1λ
′
2i
′
2

∑
i′

Uλ1i1
λ2i2

(Ji′)
P
λ′1i
′
1

λ′2i
′
2
(Jν)U

λ′1i
′
1

λ′2i
′
2
(Ji)KJ(λ′1i

′
1 λ
′
2i
′
2)

ωJi − ηJν
−
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−3
∑

λ′1i
′
1λ
′
2i
′
2

∑
i′′

U
λ′1i
′
1

λ′2i
′
2
(λ1i1)C

J
λ1

(λ′1i
′
1, λ
′
2i
′
2, λ2i2)×

×
P
λ′1i
′′

λ′2i
′
2

(Jν)U
λ′1i
′
1

λ′2i
′
2
(λ1i

′′)KJ(λ1i
′′ λ′2i

′
2)

ωλ′1i′1 + ωλ′2i′2 + ωλ3i3
− ηJν

= 0.

In the general derivation of the above equations [3] (without a diagonal
approximation for the quantities K), for the two-phonon case, energy shifts of
the two-phonon poles appear. They are due to the inclusion of Hamiltonian terms
which do not contribute in RPA, but contribute when the exact commutation
relations between phonons are taken into account in QPM. In fact, the energy
shifts are proportional to only nondiagonal quantities K . In the derivation here,
we use the diagonal approximation from the very beginning and that is why such
shifts don't appear in eqs. (8). Moreover, the shifts of the two-phonon poles are
estimated to be small in spherical nuclei [3].

The electric transition operator in terms of phonons reads [2]:

M(Eλ) =
∑
µi

Xi(Eλ) (Q+
λµi + (−1)λ−µQλ−µi)

+
∑
λ1µ1i1
λ2µ2i2µ

〈λ1µ1 λµ|λ2µ2〉
[
Fλ1i1
λ2i2

(Eλ)Q+
λ2µ2i2

Qλ1µ1i1

+ F
λ1i1
λ2i2(Eλ)

(
Q+
λ2µ2i2

Q+
λ1µ1i1

+ h.c.
)]
, (9)

where
Xi(λ, τ) =

∑
jj′

fλtrjj′ u
(+)
jj′ (ψ

λi
jj′ + ϕλijj′ ),

Fλ1i1
λ2i2

(λ, τ) = λ̂1λ̂2

∑
jj′j′′

τfλtrjj′ v
(−)
jj′

{
λ1 λ2 λ
j j′ j′′

}(
ψλ1i1
j′j′′φ

λ2i2
j′′j + φλ1i1

j′j′′ψ
λ2i2
j′′j

)
,

F̄λ1i1
λ2i2

(λ, τ) = λ̂1λ̂2

∑
jj′j′′

τfλtrjj′ v
(−)
jj′

{
λ1 λ2 λ
j j′ j′′

}(
ψλ1i1
j′j′′ψ

λ2i2
j′′j + φλ1i1

j′j′′φ
λ2i2
j′′j

)
.

The quantities fλtrjj′ are the single-particle transition matrix elements, the quantities
in the curly brackets are the 6j symbols [20].

Using the operator (9) and the excited state wave function (6), we obtain for
the reduced transition probabilities the following expressions:

B(Eλ; 0+
g.s. → Jν) =

1

λ̂2

∣∣∣∣∣∑
τ

e
(λ)
eff (τ)

[∑
i

Xi(λ, τ)Ri(Jν)−
∑

λ1i1λ2i2

Fλ1i1
λ2i2

(λ, τ)Pλ1i1
λ2i2

(Jν)

]∣∣∣∣∣
2

,

(10)
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B(Eλ; Iρ→ Jν) =

[
Ĵ

Î

]2 ∣∣∣∣∣∑
τ

e
(λ)
eff (τ)

[
−Ĵ−1

∑
i

F̄ Ii
′

Ji (λ, τ)Ri(Jν)Ri′ (Iρ)−

Î
∑

λ1i1λ2i2λ′i′

F̄λ1i1
λ2i2

(λ, τ)Pλ1i1
λ′i′ (Jν)Pλ

′i′

λ2i2
(Iρ)

{
J I λ
λ2 λ1 λ′

}
+

+λ̂−1
∑
ii′

Xi(λ, τ)

[
Ri′(Iρ)P

Ii′

λi (Jν) +
Î

Ĵ
P Ii

′

λi (Iρ)Ri′ (Jν)

]
−

−λ̂−1
∑

λ1i1λ2i2i′

Fλ1i1
λ2i2

(λ, τ)

[
Î

Ĵ
Ri′(Iρ)T

λ1i1λ2i2
λ Ii′(Jν) + T λ1i1λ2i2

λJi′ (Iρ)Ri′(Jν)

]
+

+ 3λ̂−1
∑
i

Xi(λ, τ)
∑

λ1i1λ2i2

×

×
[
Pλ1i1
λ2i2

(Iρ)T λ1i1λ2i2
I λi′ (Jν) +

Î

Ĵ
T λ1i1λ2i2
Jλi′ (Iρ)Pλ1i1

λ2i2
(Jν)

]]∣∣∣∣∣
2

.

(11)

3. THE STRUCTURE OF LOW-LYING EXCITED STATES IN THE
SEMIMAGIC N = 82 AND THE NEIGHBOURING N = 84

EVEN-EVEN NUCLEI

The low-energy spectrum of the atomic nuclei reveals interesting features
of the interplay between collective and noncollective excitations. The observed
effects are related to the initial stage of the dissipation of the collective properties
in atomic nuclei. Usually, the phenomenon is associated with the excitation
energies in the domain of giant resonances, where the interaction of the collective
mode with surface vibrations leads to its damping and it is seen as a large
spreading width of the collective state [19, 21]. At low excitation energies the
strength of the collective mode usually is shared between several excited states, but
in some cases the strength is distributed within a few hundred keV energy range.
This effect is very well established in the magic, semimagic and their neighbouring
nuclei. A schematic picture presented in Fig.1 explains qualitatively the reason for
that. The two nuclei 144Sm (semimagic N =82) and 144Nd (having two neutrons
extra closed shell) are discussed. The energies of the two-quasiparticle states with
Jπ = 2+ are plotted. It is seen for both nuclei that the energies of several 2+ two-
quasiparticle states are between 2.5 and 4.0 MeV. On the other hand, the properties
of the ˇrst 2+ state in both nuclei are very different. The ˇrst 2+ state in 144Nd
is a collective state (B(E2; 2+

1 → g.s.)=16 W.u.) and its energy is relatively
far from the ˇrst group of two-quasiparticle states. The 144Nd is a vibrational
nucleus and the two-phonon quadrupole states are expected at excitation energy
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Fig. 1. Non-perturbed energy (i.e. the sum of the energies of the constituent RPA phonons)
of one-, two- and three-phonon states with Jπ = 2+ and energies of the two-quasiparticle
states in (a) 144Sm and (b) 144Nd

equal to twice the energy of the ˇrst 2+ state. The energy of the expected triplet
is plotted in Fig. 1. It is seen that the triplet and the two-quasiparticle states are
at least 1 MeV apart. The energy of the 2+

1 state in 144Sm displays a different
picture. Its energy is 1.628 MeV and it is a collective state (seen from the
large B(E2)=13 W.u., which is however smaller than the corresponding value
for 144Nd), but the energy of the expected two-phonon quadrupole-quadrupole
multiplet is around 3.2 MeV Ä just in the middle of the two-quasiparticle group.
The comparison of these two nuclei leads to the conclusion that the strength of
the two-phonon states in 144Sm could be fragmented over several excited states,
while for 144Nd one could expect more concentrated two-phonon components.
This effect, for semimagic nuclei, has been investigated in Refs. 22,23. The
latter is seen from Fig. 2, which presents the distribution of the [2+

1 ⊗2+
1 ]2+

component over 2+ states in 144Nd and 144Sm. The calculations were performed
using the wave function (6). The histograms are in agreement with the above
considerations. The two-phonon [2+

1 ⊗2+
1 ]2+ component is shared between two

states in 144Nd and the larger portion is concentrated in the 1.7 MeV excited
state. The two-phonon component in 144Sm is distributed over several states
within 1 MeV energy range. This example demonstrates that the properties of
the low-lying states around closed shells are very sensitive to the details of the
fragmentation of the two-phonon components of the wave function (6). The last
statement raises the question about the dependence of the presented results on the
size of the collective basis. In QPM, the in
uence of the three-phonon term on the
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Fig. 2. Distribution of the two-phonon [2+
1 ×2+

1 ]2+ component in (a) 144Sm and (b) 144Nd

two-phonon one is crucial, as it can be seen from eqs. (5) and (45). The model
interaction mixes states differing by one phonon. This is the reason, why four-
and more complicated multiphonon states would change the distribution of the
two-phonon component much less than the three-phonon states. Some examples
are given in Table 1 ∗. In general, the energies of the excited states are not very
sensitive to the basis. For example, the energy of 2+

2 state in 144Nd is changed
from 1.772 MeV to 1.730 MeV when the three-phonon components are taken
into account (see Table 7).

Quantities bearing much interesting information are the B(E2) values in-
volving the states with a large two-phonon [2+

1 ⊗2+
1 ]2+ component. As shown in

Fig. 2, such states are the 2+
2 and 2+

3 states in 144Nd and the 2+
5 state in 144Sm

(in Fig. 2, the notation 2+
22 is used for the 2+

5 state, to stress the dominance
of the [2+

1 ⊗2+
1 ]2+ component in the structure of this state). It is seen that the

in
uence of the three-phonon terms is more important for 144Nd than for 144Sm.
The reason for this effect is the different collectivity of the quadrupole phonon
in both nuclei. The larger collectivity of the 2+

1 state in 144Nd leads to larger
quasiparticle-phonon interaction matrix element (45) and consequently to a larger
coupling of the two- and three-phonon quadrupole components, which increase
the contribution of the [2+

1 ⊗2+
1 ]2+ component in the wave function (see Table 7).

∗Tables 4 and 7 contain the energies and the structure of the excited-state wave function for two
cases Ä with and without the three-phonon components in the basis.
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Table 1. Relative in
uence of the three-phonon component of the wave function (6) on
the B(E2) value in QPM

B(E2) Exp. QPM with 3ph. QPM without 3ph. 3 ph. effect

[e2b2] [e2b2] [e2b2] [%]

144Nd 2+
2 → g.s. 0.001(1)(a) 0.0020 0.0036 44

2+
3 → g.s. 0.0045(b) 0.0073 0.0054 35

2+
2 → 2+

1 0.095(21)(a) 0.1200 0.0840 43

2+
3 → 2+

1 0.020(10)(a) 0.0400 0.0560 29

144Sm 2+
5 → 2+

1 - 0.0821 0.0816 0.6

2+
5 → g.s. - 0.0006 0.0006 0

aTaken from Refs. 31,33.
bTaken from Ref. 26.

For example, depending on the basis, the contribution of the [2+
1 ⊗2+

1 ]2+ compo-
nent in the 2+

2 states is changed from 48% (in the case when the three-phonon
components are not taken into account) to 61% (in the case when the three-phonon
components are taken into account). A similar redistribution is found for the 2+

3

state in 144Nd, while the structure of the two-phonon 2+
5 state in 144Sm is un-

changed by the interaction with three-phonon components (see Table 4). Table 1
convincingly shows that the in
uence of the three-phonon components is more
important for the N =84 nuclei than for the semimagic N =82 nuclei.

Table 2. Parameters of the Woods-Saxon potential (A=141, Z=59)

r [fm] V0 [MeV] κ [fm2] α [fm−1]

N 1.27 45.95 0.413 1.613

Z 1.31 53.435 0.349 1.538

The parameters that have been used in the calculations are the following.
The parameters of the Woods-Saxon potential are taken from Refs. 24,25 (see
Table 2) and the relevant part of the obtained single-particle spectrum can be found
in Fig.3. The pairing coupling constants are chosen according to Ref. 2. For the
mass region A≈144, the values of the pairing constantsGn and Gp are 0.116 MeV
and 0.119 MeV, respectively. The radial dependence of the separable multipole
interaction is taken in the form f(r) ∼ dV (r)/dr, where V (r) represents the
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Fig. 3. Energies of the (a) proton and (b) neutron single-particle states for A=141 (only
the states around the Fermi level are plotted)

central part of the Woods-Saxon potential. The separable interaction strength
is considered as a phenomenological parameter ˇxed so as to reproduce the
experimental energy of the corresponding lowest collective states for the states
with Jπ = 2+ and 3−. For the rest of the multipolarities, the ˇrst RPA root
energy is usually ˇxed to be close to the ˇrst two-quasiparticle state energy [17].
In the cases, when the reliable experimental information shows that a particular
lowest state has a collective component, the parameters are ˇxed in the same way
as for the quadrupole and octupole collective states. In the present investigation,
this is the case of the 4+

1 state in 144Nd [26]. The particle-particle channel is
included only for Jπ = 2+ and 3− . The strength of the interaction in this channel

between protons and between neutrons has been taken to be G(2)
p = G

(2)
n = 0.8Å

0.85 κ
(2)
0 and G

(3)
p = G

(3)
n = 0.6Å0.7 κ

(3)
0 for the multipolarities 2+ and 3−,

respectively. Here, κ(2)
0 (κ(3)

0 ) is the isoscalar quadrupole (octupole) parameter
for the particle-hole separable residual interaction. In the present calculation,
phonons with λπ = 1−, 2+, 3−, 4+, 5− and 6+ and several roots for each
multipolarity are included. The isovector constant for the 1− states is chosen in
a way to reproduce correctly the energy of the isovector dipole resonance.

The structure of the low-lying states is calculated for several nuclei with
N = 84 (140Ba, 142Ce, 144Nd, and 146Sm) and N = 82 (138Ba, 140Ce, 142Nd,
and 144Sm). In general, the parameters used for the considered nuclei coincide
within 5%.

For the RPA positive parity states with low energy and J ≤ 6 in the N=82
isotones, the main contribution comes from the single-particle proton conˇgura-
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tions 1g7/2 and 2d5/2. The latter correspond to the ˇlled subshells in 138Ba and
140Ce and in 142Nd and 144Sm, respectively. The [2+

1 ]RPA state is a collective

one, containing π[1g7/2]
2 (∼ 35 %) and π

[
2d5/2

]2
(∼ 22 %) as major compo-

nents for 140Ce and 138Ba. The main component for 144Sm (see Table 3) and
142Nd are π

[
2d5/2

]2
(∼ 34 %) and π

[
1h11/2

]2
(∼ 22 %). The other collective

RPA state is the [3−1 ]RPA state. The [3−1 ]RPA state obtained in our calculations
contains 74 % of the π

[
2d5/21h11/2

]
conˇguration and smaller admixtures of the

ν
[
3s1/22f7/2

]
and π[1g7/21h11/2] conˇgurations, which is consistent with the

estimates given in Refs. 27,28. A detailed analysis of the structure of the RPA
states within QPM for 142Nd can be found also in Ref. 28.

Table 3. Structure of some RPA phonons (only components exhausting more than 5%
are quoted) and values of B(Eλ) ↑ for 144Sm

λπi ωλπi [MeV] Structure B(E2) ↑ [W.u.]

2+
1 1.700 4%ν[1h11/22f7/2] + 34%π[2d5/2]2 71.6

+22%π[1h11/2]2 + 8%π[2d5/23s1/2]

+7%π[1g7/22d3/2] + 7%π[1g7/2]2

2+
2 2.678 62%π[2d5/2]2 + 13%π[1h11/2 ]2 5.5

+10%π[1g7/22d5/2]

2+
3 2.876 87%π[1g7/22d5/2] + 6%π[1h11/2]2 1.5

2+
4 3.146 87%π[1g7/2]2p + 10%π[1h11/2 ]2 0.02

3−1 1.900 74%π[2d5/21h11/2] 268.8

4+
1 2.425 94%π[2d5/2]2 53.2

The structure of some excited states in 144Sm is given in Table 4. The
ˇrst excited 2+ and 3− states described by (6) are composed mainly of the
corresponding collective RPA phonons (> 90 %, see Table 4). The comparison
between the calculated and experimental values for the B(E2) and B(E3) rates
from these states to the ground state can be found in Table 10.

Due to the magic number of neutrons, the low-lying excited states of N =82
nuclei are expected to be mainly of noncollective character. Nevertheless, the
reduced E2 and E3 transition probabilities from the ˇrst 2+ and 3− states,
respectively, are larger than 10 W.u., which indicates their collective nature
[29, 30]. It should be pointed out that the general trend of decrease of the
3−1 state energy [27, 28], going from 138Ba to 144Sm, is reproduced in our
calculations with only slight changes of the parameters. The better agreement
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of our results with experiment, concerning the 3−1 states, in comparison with the
agreement of the results from Ref. 27, is due to the large basis of single-particle
components taken into account.

Table 4. Energies and structure of the ˇrst 2+, 3− and 4+ states in 144Sm. Only the
main components are presented

State Exp. QPM with 3 ph. QPM without 3 ph.

E [MeV] E [MeV] Structure [%] E [MeV] Structure [%]

2+
1 1.660 1.628 96.9%[2+

1 ]RPA+ 1.628 96.9%[2+
1 ]RPA

+2.7%[3−1 ⊗ 3−1 ] +2.7%[3−1 ⊗ 3−1 ]
2+

2 2.423 2.560 78%[2+
2 ]RPA 2.560 78%[2+

2 ]RPA

+5.8%[2+
1 ⊗ 4+

1 ] +5.8%[2+
1 ⊗ 4+

1 ]

2+
3 2.799 2.808 78.6%[2+

3 ]RPA 2.808 78.6%[2+
3 ]RPA]

+1.7%[2+
1 ⊗ 4+

2 ] +1.7%[2+
1 ⊗ 4+

2 ]

2+
5 3.426 3.323 20.9%[2+

5 ]RPA 3.323 21.1%[2+
5 ]RPA

+51.9%[2+
1 ⊗ 2+

1 ] +51.9%[2+
1 ⊗ 2+

1 ]

3−1 1.810 1.809 93.7%[3−1 ]RPA 1.809 93.8%[3−1 ]RPA

+3.4%[2+
1 ⊗ 3−1 ] +3.4%[2+

1 ⊗ 3−1 ]

4+
1 2.191 2.136 94.2%[4+

1 ]RPA 2.136 94.3%[4+
1 ]RPA

+2%[4+
1 ⊗ 4+

1 ] +2%[4+
1 ⊗ 4+

1 ]

4+
2 2.588 2.637 94.9%[4+

2 ]RPA 2.638 95%[4+
2 ]RPA

Several E2 transitions in 144Sm are compared with the corresponding experi-
mental values in Table 5. The structure of the quadrupole-quadrupole two-phonon
state (denoted 2+

22 in Table 5) is given in Table 4 (the two-phonon state is in fact
the 2+

5 excited state). The states with an index (23) (see the caption of Table 5)
have a large two-phonon quadrupole-octupole component. The [2+

1 ⊗3−1 ]Jπ com-
ponent exhausts from 82% to 95% of the norm of the wave function of the states
members of the quadrupole-octupole multiplet. The calculated reduced transition
probabilities for 140Ce are compared with the measured ones in Table 11. The
data from the nanosecond lifetime measurements are taken from Ref. 15.

The calculations and comparison with the experimental data allow one to
conclude that the structure of the low-lying excited states in N =82 nuclei is
relatively simple in the sense that only a single component is dominant. This
is due to the relatively weaker quasiparticle-phonon interaction for semimagic
nuclei.
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Table 5. E2 transition properties of several states in 144Sm calculated in QPM. The
notations λ+

22 and λ−23 are used for the states belonging to the quadrupole-quadrupole
(22) and quadrupole-octupole (23) multiplets

Iπ Jπ B(E2; Iπ → Jπ)[W.u.]

Exp. QPM
2+

22 2+
1 - 11.4

4+
22 2+

1 - 8.1

1−23 3−1 16.6(40)(a) 13.7

2−23 3−1 7.8(+6.6
−5.1)(b) 10.7

3−23 3−1 5.5(+5.7
−5.5)(b) 10.8

4−23 3−1 4.8(+2.9
−2.6)(b) 11.6

5−23 3−1 8.6(+11.6
−4.8 )(b) 12.9

aTaken from Ref. 54
bTaken from Ref. 79.

Let us consider the structure of the low-lying states in 144Nd obtained in
RPA. The main characteristics of several of them are given in Table 6. For the
collective [2+

1 ]RPA state the largest neutron RPA forward amplitude comes from
the [2f7/2]

2 two-quasiparticle component. The structure of 144Nd was studied in
detail in the framework of the Cluster Vibrator Model (CVM) [31]. This [2f7/2]

2

component is important also in the structure of the neutron d-boson obtained by
means of a mapping procedure in the CVM [31]. The next large contribution in
the CVM comes from the [2f7/22p3/2] neutron conˇguration and has nearly the
same amplitude as the [2f7/2]

2 component. In our calculations, the [2f7/22p3/2]
two-quasiparticle component has at least a three times smaller contribution to
the [2+

1 ]RPA state than the corresponding contribution to the neutron d-boson
in the CVM. The smaller contribution of [2f7/22p3/2] in comparison with the
[2f7/2]

2 component seems to be in agreement with the experimental data given
in Ref. 32. This discrepancy between the two models comes mainly from the
different single-particle level spacing used in the calculations. For 144Nd, the
[2+

1 ]RPA state is very collective and has 55% and 45% contributions from neutron
and proton two-quasiparticle components, respectively. The contributions of the
neutrons and the protons in the structure of the [2+

2 ]RPA state in 144Nd state are
60% and 40%, respectively, and the smaller B(E2; g.s. → [2+

2 ]RPA) shows that
this state is considerably less collective than the [2+

1 ]RPA state (see Table 6). The
main neutron components of the [2+

2 ]RPA state have signs opposite to those of
the proton ones. This means that the [2+

2 ]RPA state exhibits an isovector origin in
contrast to the [2+

1 ]RPA state. This property will be discussed more quantitatively
in the next section.
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Table 6. Structure of the ˇrst RPA phonons (only the largest components are given) in
144Nd

λπi ωλπi [MeV] Structure B(Eλ) ↑ [e2b2]

2+
1 0.998 0.77ν[2f7/2 ]2 + 0.55π[2d5/2]2 0.48

0.22ν[2f7/23p3/2] + 0.45π[1h11/2 ]2

0.19ν[1h11/22f7/2] + 0.39π[1g7/2]2

2+
2 1.997 −1.09ν[2f7/2 ]2 + 0.65π[2d5/2 ]2 0.03

−0.12ν[1i13/2 ]2 + 0.35π[1g7/2]2

−0.06ν[2f7/23p3/2] + π[1h11/2]2

4+
1 1.780 1.1ν[2f7/2]2 + 0.48π[2d5/2 ]2 − 0.3π[1g7/22d5/2] 0.06

The parameters for the Jπ=4+ states in RPA are ˇxed so that the [4+
1 ]RPA

state is not a pure two-quasiparticle state, although the main component is the
neutron [2f7/2]

2 (75 %Ä85 %). Small admixtures of two-quasiparticle proton
conˇgurations (∼ 3Ä6 %) are also present. This structure is in agreement with
the experimental results from Ref. 26.

The wave function structure (6) of the ˇrst three quadrupole states in 144Nd
is given in Table 7. The corresponding calculated electromagnetic transitions for
144Nd are given in Table 8. The comparison with the experimental data shows
a satisfactory agreement. The obtained results are in average similar to those of
Refs. 31,33 for 144Nd.

The ˇrst 2+ state is predominantly a one-phonon collective state. The con-
tribution of the one-phonon component gives 88.7% in the norm of the wave
function. The second 2+ state has a large two-phonon component (61%). This
causes the strong E2 transition to the ˇrst 2+ state. The strength of the [2+

2 ]RPA

state, due to the quasiparticle-phonon interaction of QPM (see eq. (44)), is frag-
mented mainly over the 2+

2 and 2+
3 states (see Table 7).

The 4+
1 and 4+

2 states share the one-phonon [4+
1 ]RPA component and the two-

phonon quadrupole-quadrupole [2+
1 ⊗ 2+

1 ]4+ component. According to Ref. 26,
the 4+

1 state should have a collective one-phonon component, two-quasiparticle
components and a two-phonon component to explain the large B(E4) value
(12 W.u.). We can see from Table 7 that the 4+

1 state has a large one-phonon
component (∼ 66 %) and a considerable two-phonon component (∼ 24 %). In this
sense, our results are in agreement with the results of Ref. 26. The experimental
B(E2; 4+

1 → 2+
1 ) values are also well reproduced (see Table 8). To complete our

discussion on the 4+
1 state, we should say that the g-boson obtained by means

of a mapping procedure in the framework of CVM [31] is much more collective
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Table 7. Energies and structure of the ˇrst 2+ and 4+ states in 144Nd. Only the main
and larger than 0.1% components are presented

State Exp. QPM with 3 ph. QPM without 3 ph.

E [MeV] E [MeV] Structure [%] E [MeV] Structure [%]

2+
1 0.697 0.709 88.7%[2+

1 ]RPA 0.714 89.2 % [2+
1 ]RPA

+6%[2+
1 ⊗ 4+

1 ] +6 % [2+
1 ⊗ 4+

1 ]

+0.1%[[2+
1 ⊗ 2+

1 ]1 ⊗ 2+
1 ]

2+
2 1.561 1.731 30%[2+

2 ]RPA 1.772 43.7 % [2+
2 ]RPA

+61%[2+
1 ⊗ 2+

1 ] + 48.4 % [2+
1 ⊗ 2+

1 ]

+1.8%[[2+
1 ⊗ 2+

1 ]4 ⊗ 4+
1 ]

2+
3 2.066 1.999 58.9%[2+

2 ]RPA 2.039 47.6%[2+
2 ]RPA

+27%[2+
1 ⊗ 2+

1 ] +43.8%[2+
1 ⊗ 2+

1 ]

+1.4%[[2+
1 ⊗ 2+

1 ]4 ⊗ 4+
1 ]

4+
1 1.311 1.464 66.2%[4+

1 ]RPA 1.510 73.9%[4+
1 ]RPA+

+23.6%[2+
1 ⊗ 2+

1 ] +18%[2+
1 ⊗ 2+

1 ]

+0.4%[[2+
1 ⊗ 2+

1 ]1 ⊗ 2+
1 ]

4+
2 2.109 1.965 16.8%[4+

2 ]RPA 2.010 15.1%[4+
1 ]RPA

+60.6%[2+
1 ⊗ 2+

1 ] +66.6%[2+
1 ⊗ 2+

1 ]

+1.8%[[2+
1 ⊗ 2+

1 ]4 ⊗ 4+
1 ]

4+
3 2.295 2.219 57.6%[4+

2 ]RPA 2.250 66.5%[4+
2 ]RPA

+11.7%[2+
1 ⊗ 2+

1 ] +11.3%[2+
1 ⊗ 2+

1 ]

+4%[[2+
1 ⊗ 2+

1 ]1 ⊗ 2+
1 ]

than our [4+
1 ]RPA state. To determine unambiguously the structure of the 4+

1

state more precise experimental information is needed for more nuclei from this
region.

The 4+
3 state is a noncollective one. The structure of the lowest three 4+

states is similar for the other investigated nuclei. It was observed that the 4+
2

state (1.965 MeV) feeds the 2+
1 state appreciably while the 4+

3 state (2.219 MeV)
feeds very weakly the 2+

1 state.
The structure of the excited states in the N =84 nuclei is more complicated

than those of the semimagic ones. The reason is the larger quasiparticle-phonon
interaction and the smaller energy difference between the basic states. The in
u-
ence of the three-phonon components has been found to be signiˇcant.
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Table 8. Electromagnetic properties of several positive parity states in 144Nd calculated
in QPM

Iπ Energy [keV] λ Jπ B(Eλ; Iπ → Jπ)[e2fm2λ]

Exp. QPM Exp. QPM

2+
1 696.5(b) 709 E2 0+

1 1.08×103(a) 0.72×103

2+
2 1561(c) 1731 E2 0+

1 0.001(1)×104(e) 0.002

864.5 1022 E2 2+
1 0.95(21)×103(e) 1.2×103

2+
3 2073(c) 1999 E2 0+

1 0.45×102(a) 0.73×102

1376.5 1290 E2 2+
1 2(1)×102(e) 4×102

3−1 1510.7(b) 1527 E3 0+
1 2.86×104(a) 3.38×104

4+
1 1315(c) 1464 E4 0+

1 4.3×105(d) 4.1×105

618.5 755 E2 2+
1 8(1)×102(e) 7.6×102

Q2

[
2+

1

]
[eb]

Exp. QPM

-39(21)(e) -22
a Taken from Ref. 26.
b Taken from Ref. 80.
c Taken from Ref. 81.
d Taken from Ref. 82.
eTaken from Refs. 31,33.

4. THE LOW-LYING ISOVECTOR MODE

The low-lying quadrupole states in the N =84 isotones have been subjected
to several experimental and theoretical investigations in connection with the so-
called isovector or mixed-symmetry states [29-39]. The small mixing ratios
δ(E2/M1; 2+

3 → 2+
1 ) and relatively large value of B(M1; 2+

3 → 2+
1 ) correspond

to a classiˇcation of the ˇrst 2+ state as a symmetric state and of the third 2+ state
as a mixed-symmetry state in the U(5)-limit of IBM-2 [34, 35]. In the frame
of the extended vibrational model [36], the isospin dependence of the collective
coordinates is used and the 2+

1 state is regarded as an in-phase (isoscalar) vibration
and the 2+

3 as an out-of-phase (isovector) vibration of protons and neutrons. The
vibrational model described the characteristic features (energies and multipole
mixing ratios) of low-lying 2+ states observed experimentally, in nuclei near
the shell closures (124Te, 140Ba, 142Ce and 144Nd). Other theoretical efforts to
understand the origin of the low-lying quadrupole states in this region have been
undertaken in the framework of the shell model [37] as well as in the pairing-plus-
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quadrupole model [38]. The properties of the M1 transitions between low-lying
states and their theoretical interpretation are reviewed in Ref. 39.

In Ref. 33, a detailed calculation for the N = 84 isotones has been performed
using the two-Particle-core Coupling Model (PCM) and IBM-2 in order to study
the validity of the interacting boson model in these nuclei. A general mapping
procedure between the obtained wave functions in both models has been proposed
and applied for 144Nd. Although both models give a reasonable description
of the excited states' energies, differences occur in the electromagnetic decay
probabilities. For instance, the IBM-2 ˇt fails to reproduce both the B(E2; 2+

3 →
g.s.) and the B(M1; 2+

3 → 2+
1 ) values. It predicts as well, in contradiction

to the experiment, that the B(E2; 4+
1 → 2+

1 ) value should be a factor of 1.4
times larger than the B(E2; 2+

1 → g.s.) value. The PCM gives reasonable
agreement for all these quantities. Both models could not reproduce the signs of
the δ(E2/M1; 2+

3 → 2+
1 ) and δ(E2/M1; 2+

2 → 2+
1 ) mixing ratios.

The experimental data, obtained by direct lifetime measurements [40], show
that the B(M1; 2+

3 → 2+
1 ) value in 144Nd is close to the value of the single

particle estimation for this transition. This means that the low-lying states in
144Nd contain signiˇcant two-particle components. Considering the relative sign
of the main neutron and proton components, the [2+

1 ]RPA state is a symmetric and
the [2+

2 ]RPA state is an antisymmetric state (see Table 6). A relevant quantity [41]
to check the nature of a RPA phonon, taking into account its structure, is the
ratio:

B =
|〈2+

i ‖
∑p
k r2

k Y2µ(Ωk)−
∑n
k r2

k Y2µ(Ωk)‖g.s.〉|2

|〈2+
i ‖
∑p
k r2

k Y2µ(Ωk) +
∑n
k r2

k Y2µ(Ωk)‖g.s.〉|2
. (12)

As shown in Ref. 41, in the case of B > 1, the 2+ state under consideration
is an isovector state, otherwise an isoscalar one. As shown in Table 9, in our
results, the [2+

1 ]RPA state is an isoscalar state and the [2+
2 ]RPA state an isovector

one.

Table 9. Values of the quantity B (see eq.(12)) for 140Ba, 142Ce, 144Nd and 146Sm

B

Nucl. 140Ba 142Ce 144Nd 146Sm

State 2+
1 0.0003 6×10−5 10−5 2×10−5

2+
2 25.6 10.1 3.4 5.3
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Table 10. Some results in QPM compared with experimental data in different N = 82
nuclei

Nuclei Quantity Exp. QPM

138Ba B(E2; 2+
1 → 0+

1 )[e2b2] 0.0452±0.0018(a) 0.050

B(E3; 0+
1 → 3−1 )[e2b3] 0.133±0.013(b) 0.115

E
3−1

[MeV] 2.881(e) 2.907

140Ce B(E2; 2+
1 → 0+

1 )[e2b2] 0.061±0.020(c) 0.068

B(E3; 0+
1 → 3−1 )[e2b3] 0.21±0.03(b) 0.147

E
3−1

[MeV] 2.465(e) 2.345

142Nd B(E2; 2+
1 → 0+

1 )[e2b2] 0.0562±0.0002(d) 0.065

B(E3; 0+
1 → 3−1 )[e2b3] 0.2620±0.0015(d) 0.226

E
3
−
1

[MeV] 2.083(e) 1.973

144Sm B(E2; 2+
1 → 0+

1 )[e2b2] 0.0532±0.0016(a) 0.046

B(E3; 0+
1 → 3−1 )[e2b3] 0.27±0.05(b) 0.3

E
3−1

[MeV] 1.810(e) 1.718

aTaken from Ref.57.
bTaken from Ref.29.
cTaken from Ref.83.
dTaken from Ref.28.
eTaken from Ref.27.

As already mentioned, in 144Nd, there is a fragmentation of the [2+
2 ]RPA

isovector state over the 2+
2 and 2+

3 states (see Table 7). Because of this frag-
mentation the large M1 transition strength between the [2+

1 ]RPA and the [2+
2 ]RPA

states will be shared by the transitions from the 2+
2 and 2+

3 states to the 2+
1 state.

A similar behaviour of the M1 fragmentation is discussed in Ref. 39. According
to the QPM calculations, there are ˇve 2+ RPA states below 3 MeV. The value of
the quantity

∑
iB(M1; [2+

i ]RPA → [2+
1 ]RPA) is equal to 0.64 µ2

N . The main con-
tribution in this sum comes from the B(M1; [2+

2 ]RPA → [2+
1 ]RPA) value, which

is 50 times larger than the other terms. The proton orbital part of it is about 70%.
The latter is in qualitative agreement with shell model calculations for medium
mass spherical nuclei [42]. The quasiparticle-phonon interaction distributes about
90 % from the total RPA M1 strength over seven excited states under 3 MeV.
Because of the dominance of the B(M1; [2+

2 ]RPA → [2+
1 ]RPA), which is mainly

due to proton orbital contributions (see the discussion above), the main part in
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the distribution comes from the proton orbital M1 term. The latter feature of the
M1 transition between the low-lying states is discussed in detail in Ref. 43.

Table 11. Some reduced transitions probabilities rates in 140Ce

Exp. QPM

B(E2; 2+
1 → 0+

1 ) [e2b2] 0.061±0.020(d) 0.068

B(E2; 2+
2 → 0+

1 ) [e2b2] ≥ 6.8× 10−7(a) 0.001

B(E2; 2+
2 → 2+

1 ) [e2b2] ≥ 1.2× 10−4(a) 0.0056

B(M1; 2+
2 → 2+

1 ) [µ2
N ] ≥ 3.4× 10−4(a) 0.044

B(E2; 4+
1 → 2+

1 ) [e2b2] (6.2± 0.4) × 10−4(a) 12.3×10−4

B(E2; 2+
3 → 4+

1 ) [e2b2] (1.5± 0.7) × 10−4(b) 5.6×10−4

B(E2; 6+
1 → 4+

1 ) [e2b2] (1.1± 0.3) × 10−3(d) 1.5×10−3

B(E3; 3−1 → 0+
1 ) [e2b3] 0.0300 ± 0.0043(c) 0.021

δ(E2/M1; 2+
2 → 2+

1 ) 0.37±0.06(e) 0.2
aTaken from Ref.15.
bTaken from Ref.57.
cTaken from Ref.29.
dTaken from Ref.83.
eTaken from Ref.84.

Table 12. Comparison of QPM calculations with experimental M1 transitions and δ

ratios in 144Nd

Exp. QPM

B(M1; 2+
2 → 2+

1 )(µ2
N ) 0.11(a) 0.13

B(M1; 2+
3 → 2+

1 )(µ2
N ) 0.14(0.04)(a) 0.32

δ(E2/M1; 2+
2 → 2+

1 ) -1.13(22)(b) -1.02

δ(E2/M1; 2+
3 → 2+

1 ) 0.31(11)(b) 0.43
aTaken from Ref. 31,33.
bTaken from Ref. 40.

The calculated B(M1) values and the mixing ratios for 144Nd are given in
Table 12. The obtained results are in average similar to those of Refs. 31,33 for
144Nd. With respect to the structure of the 2+

2 and 2+
3 states, relevant quantities

are: the mixing ratios δ(E2/M1; 2+
2 → 2+

1 ) and δ(E2/M1; 2+
3 → 2+

1 ) and the
corresponding B(M1) transition values. The higher value of the B(M1; 2+

3 →
2+

1 ) compared to that of the B(M1; 2+
2 → 2+

1 ) is reproduced in our calculations.
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This means that the fragmentation of the [2+
2 ]RPA isovector state over the excited

states is realistic. Taking into account the structure of the [2+]RPA states and
the ˇnal distribution of these states we can conclude that the ˇrst 2+ state is
of isoscalar type and the third 2+ state of mixed (isoscalar and isovector) type,
although with a main isovector component (59 %). It should be noted that
the mixing ratio δ differs (sometimes by a factor of 2) in different experiments
[27,40,44].

5. COMPARISON OF THE QPM AND THE IBM APPROACHES

In this section, we shall consider the comparison between the description of
the structure of the low-lying states in 146Sm in IBM-2 [45] and in QPM. Several
IBM studies in the Sm isotopes' region have been published. The nucleus 146Sm
has been treated in Refs. 46,47. The IBM results used here are taken from
Ref. 13.

Fig. 4. Comparison of the 146Sm positive parity energy levels in IBM-2 and QPM
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The obtained results, in both models, for the energies and the structure of
the excited states with Jπ=2+ and 4+ in 146Sm are shown in Tables 13-17,
the calculated energy distribution of all positive parity states is plotted in Fig.4.
The QPM states with excitation energy below 2 MeV are mainly constituted
of collective components. For the ˇrst 2+ state, the main component arises
from the [2+

1 ]RPA phonon. In the structure of the 2+
2 and 4+

1 states, the two
phonon component [2+

1 ⊗2+
1 ]Jπ is the most important. The calculated energies

and B(E2) values, involving the states below 2 MeV, are in good agreement
with the experimental data.

Table 13. Energies and structure of the lowest three 2+ and 4+ excited states in 146Sm,
calculated in the framework of the QPM. Only the main components of the wave
function are given

Iπi Eexp.[MeV] Ecal.[MeV] Structure
2+

1 0.747 0.737 91%[2+
1 ]RPA

2+
2 1.647 1.672 75%

[
[2+

1 ]RPA ⊗ [2+
1 ]RPA

]
+ 14%[2+

2 ]RPA

2+
3 2.155 1.944 79%[2+

2 ]RPA+11%
[
[2+

1 ]RPA ⊗ [2+
1 ]RPA

]
4+

1 1.381 1.616 45%[4+
1 ]RPA+48%

[
[2+

1 ]RPA ⊗ [2+
1 ]RPA

]
4+

2 2.280 2.042 49%[4+
1 ]RPA+39%

[
[2+

1 ]RPA ⊗ [2+
1 ]RPA

]
4+

3 2.439 2.502 96%[4+
2 ]RPA

Table 14. Comparison of experimental, IBM and QPM results for some B(E2) values
among collective states in 146Sm

B(E2) [e2b2]

Ii → If Exp. [85] IBM QPM

2+
1 → 0+

1 > 0.033 0.069 0.069
4+

1 → 2+
1 > 0.06 0.108 0.093

6+
1 → 4+

1 0.043+0.054
−0.023 - 0.01

Most of the QPM states with excitation energy above 2 MeV are of noncollec-
tive nature. Some of them have large two-phonon and three-phonon components.
The structure of some states is quite complicated and is exhausted by several
components. It should be noted that the three-phonon components are distributed
over several levels. The number of levels below 3.5 MeV is well reproduced and
only for a few levels the discrepancy between the calculated and measured en-
ergies exceeds 150 keV. A satisfactory agreement with experimental data is also
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Table 15. Some reduced E2 transition probabilities in 146Sm, calculated in the QPM

B(E2)

Ii → If [e2b2]

2+
2 → 0+

1 0.0031
2+

3 → 0+
1 0.0093

2+
4 → 0+

1 0.0005
2+

2 → 2+
1 0.12

2+
3 → 2+

1 0.04
2+

4 → 2+
1 0.0001

4+
2 → 2+

1 0.07
4+

3 → 2+
1 0.001

Table 16. Comparison of experimental, IBM and QPM results for some E2 transition
ratios in 146Sm. The experimental data is taken from Ref. 13

Ii→If
Ii→If′

B(E2;Ii→If )

B(E2;Ii→If′ )

Exp. IBM QPM
2+
2 →2+

1

2+
2 →0+

1

74±30 84 40

2+
3 →2+

1

2+
3 →0+

1

9÷18 9.6 4.1

4+
2 →2+

1

4+
2 →4+

1

0.7÷2.0 1.4 1.8

2+
4 →2+

1

2+
4 →0+

1

< 1.5 0.30 0.2

achieved for the reduced E2 transition probabilities (see Tables 14 and 16). The
results obtained within the QPM and within the IBM display some differences
as well as some common features. This arises from the physical backgrounds
of both models. The IBM model, in the version including protons and neutrons
(IBM-2) in its model space, has combinations of bosons roughly corresponding
to the [2+

1 ]RPA isoscalar phonon and to the [2+
2 ]RPA isovector phonon in the lan-

guage of the QPM. The good agreement between the IBM and the QPM is thus
observed for QPM states involving collective components. On the other hand,
the lowest 6+ state of 146Sm in the IBM is to be expected at an excitation energy
E ≥ 3E(2+

1 ) (≈ 2.4 MeV). The energy of the 6+
1 state calculated in the QPM

is E=1.744 MeV. This state is of noncollective character, as is suggested also
from a smaller B(E2, 6+

1 → 4+
1 ) value in comparison with the B(E2; 4+

1 → 2+
1 )

value (see Table 14). The properties of the 6+
1 state in 146Sm, calculated within
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Table 17. Comparison of experimental, IBM and QPM results for some mixing ratios
(δ(E2/M1)) in 146Sm

δ(E2/M1)

Ii → If Exp. IBM QPM

2+
2 → 2+

1 −2.2(a) -2.13 -1.3
2+

3 → 2+
1 -3.2≤ δ ≤ −0.9(b) 0.059 0.4

aTaken from Ref.44.
bTaken from Ref.46.

the QPM, agree with the experimental data. The QPM predicts a collective three-
phonon 6+ state at excitation energy of 2.62 MeV, which is in agreement with
the IBM lowest 6+ state energy.

The energy of the 4+
1 level is lower than twice the energy of the 2+

1 state. This
fact is pointing out that components different from the two-phonon quadrupole
collective one are important in its structure. In the QPM calculations, the [2+

1 ⊗
2+

1 ]4+ two-phonon component is shared by the 4+
1 and 4+

2 states. The latter
contain an important [4+

1 ]RPA component as well. This is the reason for the
nearly equal QPM E2 transition probabilities between the ˇrst two 4+ states
and the 2+

1 state (Table 15). The importance of the [4+
1 ]RPA component in the

QPM 4+ states suggests that a better description within the IBM framework could
be achieved by enlarging the IBM model space so as to include also the L=4
g-boson.

In the IBM, the decay of the 4+
2 state to the 2+

1 state is suppressed. Such
suppression is observed for the third 4+ state (2.439 MeV) in the experimental
spectrum. In the QPM, the 4+

3 state in 146Sm is a noncollective state, which leads
to a very small B(E2, 4+

3 → 2+
1 ) value (see Table 15).

In Table 17, results are given for some mixing ratios δ in 146Sm. We must
note that the experimental information is quite indeterminate. The results of both
calculations, in the QPM and in the IBM, also differ appreciably. The noncollec-
tive components have an important in
uence on the QPM δ values. A qualitative
agreement of the two models occurs only in the cases when in the structure of
the initial and ˇnal states the contribution from the collective components (one-
and two-phonon ones) is large (2+

2 → 2+
1 ; 2+

3 → 2+
1 ). Further study along this

line would be fruitful only if more precise experimental information is available.
The 2+

3 state (E=2.156 MeV) in 146Sm is interpreted as an isovector state in
both models. The quite uncertain experimental information does not contradict
this interpretation.
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6. ELECTRIC DIPOLE TRANSITIONS IN THE N = 82 AND THE N = 84
ISOTONES

Recently, the interest in low-lying vibrations in nuclei has increased consider-
ably with the appearance of experimental evidences for two-phonon quadrupole-
octupole and octupole-octupole excitations in the semimagic N = 82 nuclei [46-
53]. In Ref. 49, the B(E1) value from the ˇrst 1− state to the ground state
has been measured in 144Sm, using the nuclear resonance 
uorescence method.
It is suggested in Ref. 49 that this 1− state might be a member of the two-
phonon quadrupole-octupole multiplet expected at this energy. Earlier measure-
ments of the E1 transition between the ˇrst 3− and 2+ states were reported
in Ref. 48, where an (αα′) Coulomb excitation study has been performed in
the same nuclei. The comparison of the obtained B(E1; 2+

1 → 3−1 ) with the
B(E1; 1−1 → g.s.) value also supports the two-phonon structure of the 1−1 state.
In Refs. 50,51, 144Sm has been investigated via the (n, n′γ) reaction and a large
number of fast (> 10−3W.u.) E1 transitions has been observed. The typical
rates for the E1 transitions, known from systematics, are of the order of 10−4Å
10−8 W.u. [56,57]. The larger values of the recently reported B(E1) transitions
reveal that the corresponding states have a different origin than those reported
in Refs. 56,57. However, as shown in Ref. 51, the enhanced E1 transitions are
typical for the N =82 nuclei [53].

A description of the properties of the quadrupole-octupole and octupole-
octupole multiplets has been proposed in Ref. 58. Later on, calculations have
been performed in the frame of the QPM, studying the ˇrst dipole states in
many spherical nuclei [59]. Within the same model, E1 transitions have been
calculated in deformed nuclei [60]. A description of some members of the
octupole two-phonon multiplets in the framework of the spdf IBM has been
given in Ref. 61. The interplay of different shells in the E1 transitions has
been discussed in Ref. 62. The ˇrst 1− state has been described as a 2+

1 ⊗ 3−1
two-boson state in the IBM [48]. The theoretical investigations show that the
ˇrst 1− state has an isoscalar character. The latter is a hint that the large B(E1)
values, obtained recently, may be the result of a the interplay between isoscalar
and isovector modes in the structure of the low-lying excited states. Theoretical
and experimental investigations for 144Sm have been performed in Ref. 63. In
this paper, high-resolution (p, p′) analysis has been used to derive information
about the character of the transitions involving the presumed members of the
two-phonon octupole multiplets. In the same paper, the available experimental
information concerning the E1 transitions in 144Sm has been compared to nuclear
ˇeld theory calculations. This investigation conˇrms the two-phonon character of
the states pointed out in Ref. 50, although some mixing with two-quasiparticle
components has been found. A direct experimental evidence for the two-phonon
nature of the ˇrst dipole state in 144Sm has been obtained in Ref. 54, where a
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good agreement with a previous prediction for the B(E2; 1−1 → 3−1 ) value, given
within the QPM [16], has been observed (see Table 5).

The E1 transitions at low energy in atomic nuclei are strongly hindered. The
reason for this hinderance is manifold: the isoscalar part of the E1 operator should
not contribute to the E1 transition; the isovector E1 interaction is repulsive and
shifts the E1 strength to higher excitation energies; the pairing factor involved in
the E1 transition operator, which does not change the number of quasiparticles
(see eq. (9)), should be much smaller than unity; the E1 matrix element between
the main components of the wave functions is often very small or vanishes at
low energy. The reduction due to the isovector channel of the interaction may be
expressed as an effective charge for the E1 transition [1]. The expression reads:

eeff = e(1 + χ).

Adding the correction for the center of mass motion the above equation becomes:

eeff = −1

2
e(τz −

N − Z
A

)(1 + χ). (13)

The parameter χ has been qualitatively estimated to be approximately equal to
-0.7 in Ref. 1. Determination of χ via comparison with experiment for some
nuclei has been done in Ref. 64.

The appropriate nuclear model to study the properties of the low-lying 1−

states must possess two main features. The ˇrst one is to incorporate the Giant
Dipole Resonance (GDR) which means to deal with a large single-particle space
and a sufˇciently complex interaction. The second is the detailed reproduction of
the two-phonon states' fragmentation, which requires that the collective basis of
the model should include at least up to three-phonon states.

In the case of the 1− states the matrix element mixing the GDR and the
low-lying [2+

1 ⊗ 3−1 ]1− state reads (see eq. (45)):

U
3−1
2+
1

(GDR) =
〈
Q1−GDR

∣∣∣Hint

∣∣∣[Q+

2+
1

Q+

3−1

]
1−

〉
. (14)

Because of the isovector origin of the GDR, the neutron and proton components
of the wave function (6) contribute with opposite signs in (14) and it becomes
small [3, 59]. A serious test for a model would be to predict not only the
magnitude of the matrix element (14) but also its sign. It must be stressed that
in the present case a very weak E1 transition (≈ 3mW.u.) has to be described,
taking into accout the in
uence of the GDR (≈ 10W.u.).

We have applied the model to study the properties of the low-lying 1− states
in N =82 and N =84 isotones. The results for 144Sm and 144Nd are compared
with the available experimental information in Table 18. It is seen from Table 18
that the calculated structure of the 1−1 state is mainly a two-phonon one for 144Sm
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Table 18. Energies and B(E1) values for the 1−1 state in 144Sm and 144Nd, compared
with experimental data

144Sm 144Nd
calc. exp. calc. exp.

E(1−1 )[MeV] 3.440 3.225 2.47 2.185

Structure 95%
[
2+
1 ⊗ 3−1

]
83%

[
2+
1 ⊗ 3−1

]
+9%

[[
2+
1 ⊗ 2+

1

]
2
⊗ 3−1

]
B(E1; g.s→ 1−1 )

[
e2fm2

]
18.1×10−3 18.9×10−3(a) 6.3×10−3 7.2×10−3(b)

B(E1; (g.s.→(2ph)
1−1

)
[
e2fm2

]
52.2×10−3 51.6×10−3

B(E1; g.s.→ (1ph)
1
−
1

)
[
e2fm2

]
8.8×10−3 21.8×10−3

aTaken from Ref. 50.
bTaken from Ref. 55.

(N=82), while for the N =84 nucleus 144Nd, there is a contribution from the
three-phonon component ([[2+

1 ⊗2+
1 ]2 ⊗ 3−1 ]1−). The isovector E1 strength is

concentrated predominantly in a single RPA state (the GDR). For 144Sm this
RPA state collects 60% of the EWSR, while for 144Nd it collects 56%. In the
same time, its contribution in the wave function (6) of the 1−1 state is less than
0.5%.

The reduced matrix element of the E1 operator (see eq. (9)) between the 1−1
and the ground state reads:

〈Ψ |M(E1)| 0〉 ∼

∼ RGDR 〈Q1−GDR |M(E1)| 0〉+ P
2+
1

3−1
(1−1 )

〈[
Q2+

1
Q3−1

]
1−
|M(E1)| 0

〉
. (15)

The RGDR and P
2+
1

3−1
are coefˇcients of the wave function (6). The contribu-

tion of the two-phonon part in (15) dominates, because of the large value of the

coefˇcient P
2+
1

3−1
. The very small value of the coefˇcient RGDR is multiplied by

the large matrix element connected with the GDR, but the product contributes in
(15) less than the two-phonon part. The corresponding reduced transition prob-
abilities are given in Table 18. The quantity B(E1)1ph is connected with the
GDR (ˇrst term in eq. (15)). The quantity B(E1)2ph is the part of the transi-
tion due to the two-phonon component of the wave function (6) (second term
in eq. (15)). Both ingredients of (15) have opposite signs and the B(E1)2ph is
largely reduced. The calculated B(E1; g.s. → 1−1 ) value is in good agreement
with the experimental data in both nuclei. The calculated energies and B(E1)
values are compared with the experimental results in Table 19 for the N = 82
isotones.
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Table 19. Comparison of experimental data and QPM results for the two-phonon 1−

states in the N = 82 isotones. The experimental results are taken from Ref. 53

138Ba 140Ce 142Nd 144Sm
E1−Exp.[keV] 4026 3643 3425 3225
E1−QPM[keV] 3582 3611 3590 3600
B(E1; 1−1 → g.s.)Exp. [m W.u.] 2.5(5) 3.2(2) 3.1(5) 3.6(5)
B(E1; 1−1 → g.s.)QPM [m W.u.] 2.8 3.2 3.03 3.4

The reasonable agreement between the QPM results and experiment, con-
cerning the so subtle properties of the dipole transitions, shows that the model
reproduces well the intricate interplay of isoscalar and isovector modes in the
structure of the low-lying states. The properties of all states members of the
quadrupole-octupole multiplet, other than the 1− state, are discussed in detail in
Ref. 16.

7. EVIDENCES FOR OCTUPOLEÄCOUPLED MULTIPHONON STATES
IN 124Te

In this section, we shall present results of the QPM compared to experimen-
tal results from various experiments investigating the nucleus 124Te following
Ref. 65. The structure of the even-even nucleus 124Te has been the subject of
considerable interest [64-70], since it is an ideal testing ground for different the-
oretical models. Up to now, however, no complete understanding of the nuclear
structure of this isotope has been achieved. Even many aspects of the low-lying
spectrum are still puzzling [71]. At lower excitation energies 124Te seems to be
an ideal collective nucleus. The energy ratio of the ˇrst 4+ level to the ˇrst 2+

level is nearly two. This supports a spherical picture, as for instance obtained in
SU(5) limit of the IBM. On the other hand, the level sequences show that only
the 2+ and the 4+ states of the two phonon triplet are in correct energy region,
whereas the corresponding ˇrst 0+ level is about 300 keV too high in excitation
energy. This implies a more complex structure of the nucleus 124Te which cannot
be fully described by current microscopic models. In order to achieve a better
understanding of these problems, one needs extensive and complete experimental
information. Here, we make use of the results of a variety of experimental data,
taken from Ref. 65, which were measured in different reactions, the aim being
to obtain the maximum of information in order to ˇnd the largest possible corre-
spondence with the theoretical interpretation of the structure of 124Te within the
QPM. A special attention is paid to the unusual de-excitation cascade in the level
scheme of 124Te which has been known for a long time, but never examined in
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detail [73]. The suggestion is made that this unusual cascade may be related to
the presence of multiphonon structures with negative parity.

The Eλ transitions have been calculated with epeff = 1.25e and eneff = 0.25e,
except for the E1 transitions. In the present case the effective charge is a
parameter ˇxed to reproduce the B(E2) transitions from the ground state to the
ˇrst 2+ state. The effective charges for the E1 transitions have to be reduced
according to Refs. 1, 64 (see also the discussion in Section 6 and eq. (13)). In
our calculations mixing with the GDR is taken explicitly into account and to
reproduce the B(E1) strength for its excitation we use the following effective
charges: eneff(E1) = −0.39e and epeff(E1) = 0.53e. They have been used to
calculate all other E1 transitions as well.

A comparison of the experimental level scheme with the one calculated in
the QPM is presented in Table 20 where additionally the largest multiphonon
amplitudes are listed for collective levels. The excitation energies of dominant
one- and two-phonon states are well reproduced, but generally too high for states
with a large three-phonon component. This can be traced back to the omission
of more complex conˇgurations. It has to be expected that due to the interaction
between phonons speciˇc for the QPM (coupling between components differing
by one phonon, see eq. (44) in the Appendix) the inclusion of four-phonon
components will improve the above-mentioned deˇciency.

The 0+ state cannot be well reproduced by the theory. One would have
to account for this by using strong anharmonicities [71]. The 6+

1 state is a
three-phonon quadrupole state in the calculations. However, the almost constant
excitation energy experimentally observed for this level in different Te isotopes
suggests a noncollective structure [74]. Thus, it would better correspond to the
6+

2 model state, but the energy difference of 540 keV to the experiment would
be rather large.

Electromagnetic transition probabilities, E2/M1 mixing ratios and branching
ratios between low-lying collective states are compared in Table 21 to QPM
results. The quadrupole moment of the 2+

1 level and the B(E2) values to the
lowest 2+ states agree well. Signs and magnitudes of E2/M1 mixing ratios for
transitions between the lowest 2+ states are reproduced. Also many branching
ratios are reasonably described.

In order to account for the large number of experimentally observed 2+

levels it was proposed that the fourth 2+ state at 2.092 MeV has an isovector
structure [70] (see also the discussion in Section 4). The third 2+ state in the
QPM calculation is proposed to correspond to this level. A small mixing ratio
δ(E2/M1; 2+

3 → 2+
1 ) and a large B(M1; 2+

3 → 2+
1 ) value would support such a

classiˇcation [34,35]. For 124Te the calculated δ(E2/M1; 2+
3 → 2+

1 ) = 0.07 has
to be compared with the experimental value of 0.13(12) [34, 70]. Moreover, the
2+

3 level has a dominant [2+
2 ]RPA phonon contribution (81%). The comparison of

the structure of this phonon in terms of two-quasiparticle components compared
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Table 20. Level scheme of 124Te calculated in the QPM. For the collective states the
main component of the QPM wave function is given. For comparison the experimentally
measured level energies are included where possible

Jπ Root number Eth [MeV] QPM wave function [%] E(a)
exp [MeV]

0+ 1 1.080 2+
1 ⊗2+

1 83 1.657
0+ 2 2.085 2+

1 ⊗2+
1 ⊗2+

1 50 1.883
0+ 3 2.383 2.308
1+ 1 2.749
1+ 2 3.098
1+ 3 3.185
1− 1 2.985 2+

1 ⊗ 3−1 91 2.747
1− 2 3.796 2+

1 ⊗2+
1 ⊗ 3−1 70 3.092

1− 3 4.063
2+ 1 0.599 2+

1 92 0.603
2+ 2 1.408 2+

1 ⊗2+
1 87 1.325

2+ 3 1.986 [2+
2 ]RPA 81 2.091

2+ 4 2.100 2+
1 ⊗2+

1 ⊗2+
1 70 2.039

2+ 5 2.246
2+ 6 2.386
2+ 7 2.398
2+ 8 2.610
2+ 9 2.741
2− 1 3.057 2+

1 ⊗ 3−1 92
2− 2 3.302
2− 3 3.770 2+

1 ⊗2+
1 ⊗ 3−1 42 3.101

3+ 2+
1 ⊗2+

1 ⊗2+
1 90

3+

3− 1 2.277 3−1 79 2.294
3− 2 2.781 2+

1 ⊗3−1 41 2.336
3− 3 3.063 2.694
3− 4 3.151 2.701
3− 5 3.276
4+ 1 1.360 2+

1 ⊗2+
1 88 1.249

4+ 2 2.191 1.958
4+ 3 2.335
4+ 4 2.367
4+ 5 2.524
5− 1 2.300
6+ 2.139 2+

1 ⊗2+
1 ⊗2+

1 88 1.747
6+ 2 2.291
7− 1 2.289
8+ 1 2.345
8+ 2 3.083
aTaken from Ref. 65.
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to the structure of the lowest [2+
1 ]RPA state displays similar characteristics to the

ones discussed in Section 4 and shown in Table 6 for 144Nd. Considering the
relative sign of the main neutron and proton components, the [2+

1 ]RPA state is
isoscalar and the [2+

2 ]RPA state is isovector. As discussed earlier (see Section 4
and eq. (12)), the quantity B is small for isoscalar states and large for isovector
states. In our case, the magnitude of the quantity B and the structure of the
[2+

2 ]RPA state support the interpretation of the third calculated 2+ level as an
isovector state.

Table 21. Quadrupole moment of the 2+
1 state, strengths, mixing ratios and branching

ratios of transitions in 124Te calculated with the QPM in comparison with experimental
data

Quantity Theory Experiment

B(E1; 0+
1 → 1−2 )[W.u.] 5.6·10−4 4.7(4)·10−4(a)

B(E1; 0+
1 → 1−2 )[W.u.] 4.5·10−4 6.5(9)·10−4(a)

B(E2; 2−3 → 1−1 )[e2fm4] 288 -
B(E2; 2+

1 → 0+
1 )[e2fm4] 922 1136(10)(b)

B(E2; 2+
2 → 0+

1 )[e2fm4] 78 38(1)(b)

B(E2; 4+
1 → 2+

1 )[e2fm4] 290 200(b)

δ(E2/M1; 2+
2 → 2+

1 ) -2.1 -3.3(1)(b)

δ(E2/M1; 2+
3 → 2+

1 ) 0.07 0.13(12)(c)

δ(E2/M1; 2+
4 → 2+

1 ) 0.26 1.5(8)(b)

B(E1; 1−1 → 2+
1 )/B(E1; 1−1 → 0+

1 ) 0.61 0.18(5)(a)

B(E1; 1−2 → 2+
1 )/B(E1; 1−2 → 0+

1 ) 0.01 0.31(22)(a)

B(E2; 2+
2 → 2+

1 )/B(E2; 2+
2 → g.s.) 31.2 55.6(1)(c)

B(E2; 2+
4 → 2+

2 )/B(E2; 2+
4 → 4+

1 ) 0.85 1.00(33)(c)

B(E2; 4+
2 → 2+

1 )/B(E2; 4+
2 → 4+

1 ) 0.02 0.0062(16)(c)

B(E2; 2+
4 → 2+

1 )/B(E2; 2+
4 → 4+

1 ) 0.04 0.09(6)(c)

B(E2; 4+
2 → 2+

2 )/B(E2; 4+
2 → 2+

1 ) 90.16 4.8(3)(b)

B(E2; 4+
2 → 2+

2 )/B(E2; 4+
2 → 4+

1 ) 1.42 0.14(1)(b)

B(E2; 3+
1 → 2+

2 )/B(E2; 3+
1 → 4+

1 ) 2.55 5.3(3)(b)

B(E2; 3+
1 → 2+

2 )/B(E2; 3+
1 → 2+

1 ) 33.52 61(4)(b)

Q2(2+
1 ) -40 efm2 -45(4) efm2(b)

aTaken from Ref. 65.
bTaken from Ref. 71.
cTaken from Ref. 70.

Another interesting phenomenon, observed in this nuclei, is the unusual γ-
decay cascade after thermal neutron capture in 123Te [65]. The analysis of the
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experimental data [65, 73, 75], gives a clear evidence for a cascade, where the
3.101 MeV level decays via a very strong 353 keV transitions to the 1− level
at 2.747 MeV which itself populates the ˇrst excited state and the ground state.
Whereas the decay of the 3.101 MeV level to the ground state is clearly suppressed
because it requires a M2 transition, the surprising absence of other spin-allowed
transitions to low-lying states has to be explained by the nuclear structure of the
intermediate state.

A solution is suggested by the (γ, γ′) results [65]. Here a ground-state E1
transition to the 2.747 MeV level with B(E1) ↑= 0.47× 10−3 W.u. is observed
which is unusually large for this mass region [57]. However, enhanced E1
transitions have recently been observed in the neighbouring 116,124Sn isotopes as
well [76]. It seems to be a typical phenomenon in nuclei near closed shells. The
fast E1 transitions, as we have seen in Section 6, are considered to be a signature
for quadrupole-octupole coupled states. For such a coupling a quintet of negative
parity levels from 1− to 5− is predicted near to the sum energy of the 2+

1 and 3−1
phonon states [58]. The level in 124Te lies at 2.747 MeV. This is nearly the sum
energy of the ˇrst 2+ state at 0.603 MeV and the ˇrst 3− level at 2.294 MeV.

The two-phonon nature of the 1− state at 2.747 MeV is strongly supported
by the QPM results which can reproduce the transition strength and the branching
ratios to the ground state and to the ˇrst 2+ level. A sizeable direct two-phonon
decay is possible within the QPM because of the RPA correlated ground state
(see eq. (9)). In fact, one ˇnds in general too large B(E1) values, although, as
discussed at length in Section 6, the mixing with the GDR is taken into account
to a large extent in QPM. For the intermediate γ−cascade level at 3.101 MeV
a dominant three-phonon structure is suggested. Such a 2− state is predicted
by the calculations at 3.770 MeV. In such a picture the experimentally observed
decoupling from the low-lying dominant one-phonon states is naturally explained.

In a way similar to the decay of the 1−1 level at 2.747 MeV, the second
fast E1 transition in the (γ, γ′) data from the 3.91 MeV state can be interpreted
as the ground state decay of a multiphonon coupled state. Within the QPM the
state would constitute the 1− member of the 2+

1 ⊗2+
1 ⊗ 3−1 multiplet. Again, the

experimental strength of B(E1) ↑= 6.5(9)× 10−4W.u. can be well reproduced
by such an assumption (see Table 20). However, sizeable decays to the 2+

1 and
2+

2 states not predicted by the QPM and the relatively large difference of about
600 keV compared to the 2+

2 + 3−1 sum energy point towards a more complex
structure of this level. A possible explanation of both problems might be a
signiˇcant anharmonicity as already suggested in Ref. 71 for the interpretation
of the low-energy spectrum. However, the presence of a large three-phonon
component is likely considering the successful explanation of the ground state
coupling.

These results demonstrate that a microscopically based vibrational model is
quite successful to explain many aspects of the structure of 124Te. For the lowest
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2+ and 4+ states this is not surprising in view of their pure phonon structure
which was shown [77] to be a general phenomenon in virtually all even-even
nuclei with Z ≥30. However, the prevalence of multiphonon structures built on
the octupole vibrations seems crucial for the explanation of the observed data.

On the other hand, open questions remain. As mentioned before neither
the lowest 0+ states nor the 6+ states can be fully interpreted. Clearly, further
experimental studies to establish complete experimental information, not only on
the level scheme, but also on spectroscopic properties are required for a full
understanding of the 124Te structure. Additionally, the study of the evolution of
prominent features like multiphonon structures in the chain of even-even tellurium
isotopes will provide important insight.

8. CONCLUSION

There exists a wide-spread conviction that the low-lying excited states in
atomic nuclei are well studied. Of course, this is true as far as our knowledge
about the large components in the structure of the wave function is concerned.
It is seen from this work that recent experimental results reveal very interesting
properties of the excited states connected with the medium and even the small
components in the structure of the wave function. The resulting picture turns
out to be a very complicated one. The latter requires a substantial reˇnement
of the theoretical models in order to get a deeper insight and understanding
of the experimental data. Far from being sufˇcient, the contemporary nuclear
models, including the QPM, allow for the investigation of these more complex
phenomena. In particular, the delicate interaction between isovector and isoscalar
degrees of freedom and between collective and noncollective modes, as well as
the fast E1 transitions and other footprints of multiphonon states in even-even
spherical nuclei, ˇnd a reasonably fair description within QPM in terms of the
interaction between quasiparticles and phonons.
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APPENDIX: QPM BACKGROUND

Following Refs. 2,3,17,18, we shall introduce some basic notations. The
most general form of the model Hamiltonian is:

H = Hsp +Hpair +Hph
M +Hph

SM +Hpp
M , (16)

where the term Hsp describes the motion of the independent nucleons in a self-
consistent mean ˇeld; Hpair represents the monopole pairing interaction in the

particle-particle channel; Hph
M is a sum of isoscalar and isovector separable

multipole interactions in the particle-hole channel; Hph
SM is the same for the

spin-multiple interaction and Hpp
M is the sum of the multipole interaction in the

particle-particle channel (multipole pairing).
In the second quantized representation these terms can be written as:

Hsp = Hn
sp +Hp

sp =
∑
jm

nEja
+
jmajm +

∑
jm

pEja
+
jmajm, (17)

Hph
M = −1

2

∑
λµ

∑
τ,ρ=±1

(κ
(λ)
0 + ρκ

(λ)
1 )M+

λµ(τ)Mλµ(ρτ), (18)

M+
λµ(τ) =

∑
jj′

mm′

〈
jm
∣∣iλRλ(r)Yλµ(Ω)

∣∣ j′m′〉 a+
jmaj′m′ , (19)

Hph
SM = −1

2

∑
LM

∑
λ=L,L±1

∑
τ,ρ=±1

(κ
(λL)
0 + ρκ

(λL)
1 )

[
SλLM (τ)

]+ [
SλLM(ρτ)

]
, (20)

[
SλLM (τ)

]+
=
∑
jj′

mm′

〈
jm
∣∣iλRλ(r)[σ.Yλ(Ω)]LM

∣∣ j′m′〉 a+
jmaj′m′

[σ.Yλ(Ω)]LM =
∑
υµ

〈1υλµ | LM〉σνYλµ,

Hpp
M = −1

2

∑
λµ

[G(λ)
n P+

λµ(n)Pλµ(n) +G(λ)
p P+

λµ(p)Pλµ(p) (21)

+G(λ)
n,p(P

+
λµ(n)Pλµ(p) + P+

λµ(p)Pλµ(n))],

P+
λµ(n) =

∑
jj′

mm′

n
〈
jm
∣∣iλRλ(r)Yλµ(Ω)

∣∣ j′m′〉 (−)
j′−m′

a+
jmaj′−m′ , (22)
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where ĵ =
√

2j + 1 and the operators a+
jm and ajm are respectively the creation

and annihilation operators of nucleons with j = {nlj}; m, the magnetic quan-
tum number; Ej , the energy of the corresponding single-particle state. The index
τ is an isotopic index and takes two values τ = n, p. Changing the sign of τ
means changing the type of particles: n → p and p → n. The quantities Gn
and Gp are the neutron-neutron and proton-proton pairing interaction constants.
The constants of the isoscalar and isovector terms of the multipole-multipole

(spin-multipole) interaction are denoted by κ(λ)
0 (κ

(λL)
0 ) and κ(λ)

1 (κ
(λL)
1 ), respec-

tively. These constants are related to the neutron-neutron κ(λ)
nn , proton-proton κ(λ)

pp

and neutron-proton κ(λ)
pp multipole and spin-multipole interaction constants in the

following manner:

κ(λ)
nn = κ(λ)

pp = κ
(λ)
0 + κ

(λ)
1 ,

κ(λ)
np = κ

(λ)
0 − κ(λ)

1 .

The quantities G(λ)
n , G

(λ)
p and G

(λ)
np are the constants of the multipole pairing.

In the present implementation of the model, the particle-particle channel can
be switched on in addition to the multipole-multipole interaction in the cases
where it is estimated to be important (usually for the quadrupole-quadrupole and
octupole-octupole channels). It should be noted here that the monopole pairing
interaction is also realized by using this channel and not the formulas that can
be derived speciˇcally for the pairing case [3]. The radial dependence of the
interaction Rλ(r) can be either Rλ(r) ∼ rλ or Rλ(r) ∼ dV (r)/dr, where V (r)
is the central part of the single-particle potential.

The Bogoliubov canonical transformation from nucleon creation and annihi-
lation operators a+

jm and ajm to quasiparticle creation and annihilation operators

α+
jm and αjm is taken in the standard form:

ajm = ujαjm + (−)j−mvjα
+
j−m. (23)

Using the transformation (23), we can re-express the model Hamiltonian in
terms of quasiparticles. For example, the term Hsp takes the form :

Hsp =
∑
jm

nεjα
+
jmαjm +

∑
jm

pεjα
+
jmαjm, (24)

where the quasiparticle energy is given by:

εj = [(Ej − λτ )2 + C2
τ ]

1/2.

The chemical potential λτ and correlation function (energy gap) Cτ are calculat-
ed according to the well-known BCS equations [2]. The particle-hole operator
M+
λµ(τ) (eq. (19)) can be written in the form:
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M+
λµ(τ) =

1

λ̂

∑
jj′

τf
(λ)
jj′ {

1

2
u

(+)
jj′ [A

+(jj′λµ)+

+(−1)λ−µA(jj′λ− µ)] + v
(−)
jj′ B(jj′λµ)}, (25)

and the particle-particle operator P+
λµ(τ) (eq. (22)) becomes:

P+
λµ(τ) =

1

λ̂

∑
jj′

τf
(λ)
j1j2

[ujuj′A
+(jj′λµ)−

−(−1)λ−µvjvj′A(jj′λ− µ)− 2ujvj′B(jj′λµ)], (26)

where
A+(jj′λµ) =

∑
mm′

< jmj′m′ | λµ > α+
jmα

+
j′m′ , (27)

A(jj′λµ) =
[
A+(jj′λµ)

]+
(28)

B+(jj′λµ) =
∑
mm′

(−1)j
′+m′ < jmj′m′ | λµ > α+

jmαj′−m′ , (29)

and the quantities f (λ)
jj′ are the reduced single-particle matrix elements of the

operator iλRλ(r)Yλµ(Ω).
The RPA phonon creation operator is taken as a superposition of the operators

(27) and (28):

Q+
λµi =

1

2

∑
τ

n,p
∑
jj′

{ψλijj′A+(jj′λµ)− (−1)λ−µϕλijj′A(jj′λ− µ)}, (30)

where ψλijj′ and ϕλijj′ are the forward and backward RPA amplitudes, respectively.

The energy of the phonons ωλi and the amplitudes ψλijj′ and ϕλijj′ are obtained
by solving the RPA equations. The general form of the equations in the case of
separable interaction is given in Refs. 2,3.

The operator P+
λµ(τ) (see eqs. (22) and (26)), can be rewritten in terms of

the phonon operators (30) and the operators (29) as follows:

P+
λµ(τ) = λ̂{1

2

∑
i

[(L(λi) +M (λi))Q+
λµi − (31)

−(L(λi) −M (λi))(−1)λ−µQλ−µi −
−2(−1)λ−µ

∑
j1j2

Θ
(λ)
j1j2

B+(j1j2λ− µ)},
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where

L(λi) =
∑
τ

L(λi)
τ =

∑
τ

∑
j1j2

τf
(λ)
j1j2

v
(−)
j1j2

g
(λi)
j1j2

, (32)

M (λi) =
∑
τ

M (λi)
τ =

∑
τ

∑
j1j2

τf
(λ)
j1j2

v
(+)
j1j2

w
(λi)
j1j2

, (33)

Θ
(λ)
j1j2

= f
(λ)
j1j2

uj2vj1 (34)

and

g
(λi)
j1j2

= ψλij1j2 + ϕλij1j2 , (35)

w
(λi)
j1j2

= ψλij1j2 − ϕ
λi
j1j2

.

A similar form could be found for the operators M+
λµ(τ) and S+

LM(τ) [2,18].
For the multipole-multipole operators one gets:

M+
λµ(τ) =

1

λ̂
{1
2

∑
i

R(λi)(Q+
λµi+(−1)λ−µQλ−µi)+

∑
j1j2

ξ
(λ)
j1j2

B(j1j2λµ)}, (36)

where

R(λi) =
∑
τ

R(λi)
τ =

∑
j1j2

τf
(λ)
j1j2

v
(−)
j1j2

(37)

and
ξ

(λ)
j1j2

= f
(λ)
j1j2

v
(−)
j1j2

. (38)

Taking into account the above equations, the terms in the general model
Hamiltonian (16) responsible for the interaction of quasiparticles and phonons,
acquire the following form:

Hqp−ph =
∑
λµi

(−1)λ−µ
1√
2Yλi

∑
τ

{[(L(λi)
τ +M(λi)

τ )Q+
λµi + (39)

+ (−1)λ−µ(L(λi)
τ −M(λi)

τ )Qλ−µi]
∑
j1j2

τΘ
(λ)
j1j2

B(j1j2λ− µ)−

− 1

2
R

(λi)
τ (Q+

λµi + (−1)λ−µQλ−µi)
∑
j1j2

τξ
(λ)
j1j2

B(j1j2λ− µ) + h.c.},

where
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√
2

Yλi
L(λi)
τ = G(λ)

n L(λi)
τ +G(λ)

np L
(λi)
−τ ,

√
2

Yλi
M(λi)
τ = G(λ)

n M (λi)
τ +G(λ)

npM
(λi)
−τ , (40)

√
2

Yλi
R(λi)
τ = (κ

(λ)
0 + κ

(λ)
1 )R(λi)

τ + (κ
(λ)
0 − κ(λ)

1 )R
(λi)
−τ .

The quantities Yλi [3] are calculated at the RPA level, using the normalization
condition for the forward and backward amplitudes:

1

2

∑
j1j2

[(ψλijj′ )
2 − (ϕλijj′ )

2] = 1. (41)

Introducing the notation:

K(±)
τ (j1j2λi) =

f
(λ)
j1j2√
Yλi

[v
(−)
j1j2
R(λi)
τ − (u

(+)
j2j1

+ u
(−)
j2j1

)(L(λi)
τ ±M(λi)

τ )], (42)

eq. (39) ˇnally takes the form:

Hqp−ph = − 1

2
√

2

∑
λµi

{(−1)λ−µ
∑
τ

∑
j1j2

[K(+)
τ (j1j2λi)Q

+
λµi

+(−1)λ−µK(−)
τ (j1j2λi)Qλ−µi]B(j1j2λ− µ) + h.c.}. (43)

The in
uence of the particle-particle channel is switched off if the terms L(λi)
τ

and M(λi)
τ are equal to zero. In that case, the interaction between quasiparticles

and phonons of eq. (43) takes the well-known form for the particle-hole channel
taken alone [3,18].

The matrix element Hqp−ph (see eq. (43)), between a one- and a two-phonon
state has the form:

Sλ1i1
λ2i2

(Ji) ≡
〈
QJMi |Hqp−ph|Q+

λ1µ1i1
Q+
λ2µ2i2

〉
= (44)

− 1√
2
λ̂1λ̂2

∑
τ
∑
j1j2j3

τ{(−1)j1+j2+J

{
J λ1 λ2

j3 j2 j1

}
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×[ϕλ1i1
j1j3

ψλ2i2
j3j2
K(+)
τ (j1j2Ji) + ψλ1i1

j1j3
ϕλ2i2
j3j2
K(−)
τ (j1j2Ji)]

+(−1)j1+j2+λ1

{
λ1 J λ2

j3 j2 j1

}
×[ψJij1j3ψ

λ2i2
j3j2
K(−)
τ (j1j2λ1i1) + ϕJkj1j3ϕ

λ2i2
j3j2
K(+)
τ (j1j2λ1i1)]

+(−1)j1+j2+λ2

{
λ2 λ1 J
j3 j2 j1

}
×[ϕλ1i1

j1j3
ϕJij3j2K

(−)
τ (j1j2λ2i2) + ψλ1i1

j1j3
ψJkj3j2K

(+)
τ (j1j2λ2i2)]},

where the quantities in curly brackets are the 6j symbols [20].

If L(λi)
τ = 0 and M(λi)

τ = 0 (i.e., the particle-particle channel is turned off),

the quantity K(±)
τ reduces to the following expression:

K(+)
τ (j1j2λi) = K(−)

τ (j1j2λi) = f
(λ)
j1j2

v
(−)
j1j2
Y−

1
2

λi

and Sλ1i1
λ2i2

(Ji) becomes [3]:

Sλ1i1
λ2i2

(Ji) = Uλ1i1
λ2i2

(Ji) =

(−)λ1+λ2−λ 1√
2

(2λ1 + 1)1/2(2λ2 + 1)1/2
∑
τ

∑
j1j2j3

τ v(∓) ×

fλ2

j1j2√
yλ2i2

{
λ1 λ2 λ
j1 j3 j2

}(
ψλij3j1ψ

λ1i1
j2j3

+ φλij3j1φ
λ1i1
j2j3

)
+

fλ1

j1j2√
yλ1i1

{
λ1 λ2 λ
j3 j2 j1

}(
φλij2j3φ

λ2i2
j3j1

+ ψλij2j3ψ
λ2i2
j3j1

)
+

fλj1j2√
yλi

{
λ1 λ2 λ
j2 j1 j3

}(
ψλ1i1
j3j1

φλ2i2
j2j3

+ φλ1i1
j3j1

ψλ2i2
j2j3

)
, (45)

which is the matrix coupling states differing by one phonon in the case when
only the particle-hole channel is switched on.
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�.Œ.�¨±¨ÉÕ±
�¡Ñ¥¤¨´¥´´Ò° ̈ ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ̈ ¸¸²¥¤µ¢ ´¨°, „Ê¡´ 

� ¸¸³µÉ·¥´Ò ÔÉ ¶Ò · §¢¨É¨Ö ¨ ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ³¥Éµ¤¨±¨ £ §µ´ ¶µ²´¥´´ÒÌ
É·¥Ì±µµ·¤¨´ É´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢, ³¥Éµ¤µ¢ ¸Î¨ÉÒ¢ ´¨Ö ¨ ·¥£¨¸É· Í¨¨ Éµ¶µ-
²µ£¨° ¸²µ¦´ÒÌ ¸µ¡ÒÉ¨°, ·¥£¨¸É·¨·Ê¥³ÒÌ ¸ ¶µ³µÐÓÕ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢. �¡¸Ê¦-
¤ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ É ±¨Ì É·¥Ì±µµ·¤¨´ É´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢, ± ± ¢·¥³Ö¶·µ¥±-
Í¨µ´´Ò¥ ± ³¥·Ò, ®µ¡· §´Ò¥¯ (jet) ± ³¥·Ò, ¢¥±Éµ·´Ò¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò ¨ ¢¥·Ï¨´-
´Ò¥ ¤¥É¥±Éµ·Ò, ¸µ§¤ ¢ ¥³Ò¥ ´  ¡ §¥ ®¸µ²µ³¥´´ÒÌ É·Ê¡µ±¯. �·¨¢µ¤ÖÉ¸Ö É ¡²¨ÍÒ,
¸µ¤¥·¦ Ð¨¥ ¶ · ³¥É·Ò ´ ¨¡µ²¥¥ ¨§¢¥¸É´ÒÌ £ §µ´ ¶µ²´¥´´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢,
¨¸¶µ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ¸ Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´ÓÕ ¨ ´  ±µ²² °¤¥· Ì.

Modern state and development of the technique gaseous three-coordinate (three-dimen-
sional) detectors are considered. The methods of the readout and registration complicated
events registered by gaseous vertex detectors are described. The peculiarity such three-
coordinate vertex detectors as time projection chambers, pictorial (jet) chambers, vector
chambers and chambers which based on straw tubes are discussed. The tables having
characteristics most well-known gaseous three-coordinate detectors used in both fixed target
and experiment and on colliders are given.

1. ‚‚…„…�ˆ…

�µ¸²¥ µÉ±·ÒÉ¨Ö J 6 ψ-Î ¸É¨ÍÒ ¢ ´µÖ¡·¥ 1974 £. ´ Î ²¸Ö ´µ¢Ò° ÔÉ ¶ ¢
· §¢¨É¨¨ Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, Ô²¥±É·µ´´ÒÌ ³¥Éµ¤µ¢ Ë¨§¨±¨ ¢Ò-
¸µ±¨Ì Ô´¥·£¨° ¨ Ê¸±µ·¨É¥²Ó´µ° É¥Ì´¨±¨, ¶µÉ·¥¡µ¢ ¢Ï¨° ¨§ÊÎ¥´¨Ö ¸¢µ°¸É¢

±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í ¸ ¢·¥³¥´¥³ ¦¨§´¨ ³¥´ÓÏ¥ 10−8 c. ‚ ¸µµÉ¢¥É¸É¢¨¨
¸ ¶·¨´ÖÉµ° ±² ¸¸¨Ë¨± Í¨¥° ¶µ ¢·¥³¥´¨ ¦¨§´¨ [1] Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ ¨
·¥§µ´ ´¸Ò · §¤¥²ÖÕÉ¸Ö ´  É·¨ £·Ê¶¶Ò.

1. „µ²£µ¦¨¢ÊÐ¨¥ Î ¸É¨ÍÒ ¸ ¢·¥³¥´¥³ ¦¨§´¨ ¸¢ÒÏ¥ 10−8 c. �µ·µ¦¤ ¥-
³Ò¥ ¢ ¸Éµ²±´µ¢¥´¨ÖÌ ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, µ´¨ ¨³¥ÕÉ ¤²¨´Ê · ¸¶ ¤ 

¶µ·Ö¤±  1 ³ ¨ ¡µ²¥¥ (K ±, π±, µ±Á). „¥É¥±É¨·µ¢ ´¨¥ ¨ ´ ¡²Õ¤¥´¨¥ É ±¨Ì
Î ¸É¨Í ¸ ¶µ³µÐÓÕ µ¡ÒÎ´ÒÌ É·¥±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ´¥ ¶·¥¤¸É ¢²Ö¥É µ¸µ¡ÒÌ
É·Ê¤´µ¸É¥°,   ¤²Ö ¨Ì ¨¤¥´É¨Ë¨± Í¨¨ ¤µ¶µ²´¨É¥²Ó´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö Î¥·¥´-
±µ¢¸±¨¥ ¸Î¥ÉÎ¨±¨.

®”ˆ‡ˆŠ� �‹…Œ…�’���›• —�‘’ˆ– ˆ �’�Œ��ƒ� Ÿ„��¯
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2. �¥°É· ²Ó´Ò¥ Î ¸É¨ÍÒ (γ, KL
 0, nÁ), ´ ¡²Õ¤ ¥³Ò¥ ¸ ¶µ³µÐÓÕ ± ²µ·¨-

³¥É·µ¢.

3. — ¸É¨ÍÒ ¸ ¢·¥³¥´¥³ ¦¨§´¨ ¶µ·Ö¤±  10−10 c (Ks
 0, Σ±, Λ Á). ˆ§ÊÎ¥´¨¥

¸¢µ°¸É¢ É ±¨Ì Î ¸É¨Í ´¥ É·¥¡Ê¥É ¶·¨³¥´¥´¨Ö ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢.
˜¨·µ±¨° ¸¶¥±É· ¶·µ¡²¥³ ¢ Ë¨§¨±¥ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ´ Î¨´ Ö ¸ ¸¥·¥-
¤¨´Ò 70-Ì £µ¤µ¢, ¢µ§´¨± ¢ ¸¢Ö§¨ ¸ ¨§ÊÎ¥´¨¥³ ¸¢µ°¸É¢ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸-

É¨Í ¸ ¢·¥³¥´¥³ ¦¨§´¨ ³¥´ÓÏ¥ 10−11 c.
�¸µ¡Ò° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö¥É, ´ ¶·¨³¥·, ¸¥³¥°¸É¢µ É ±¨Ì Ô²¥³¥´É ·-

´ÒÌ Î ¸É¨Í, ± ± τ-²¥¶Éµ´Ò,  ¤·µ´Ò, µÎ ·µ¢ ´´Ò¥ ¨ ¶·¥²¥¸É´Ò¥ Î ¸É¨ÍÒ

(10−12−10−13 c), ¤²¨´  · ¸¶ ¤  ±µÉµ·ÒÌ ¸µ¸É ¢²Ö¥É ¸µÉ´¨ ³¨±·µ³¥É·µ¢. �É¨
Î ¸É¨ÍÒ ¤¥É¥±É¨·ÊÕÉ¸Ö ¨ ¨¤¥´É¨Ë¨Í¨·ÊÕÉ¸Ö ¸ ¶µ³µÐÓÕ Ë¨§¨Î¥¸±¨Ì Ê¸É -
´µ¢µ±, ̧ µ¤¥·¦ Ð¨Ì ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò. �¡ÒÎ´µ ́  ·Ö¤Ê ̧  ¶¥·¢¨Î´µ° ¢¥·-
Ï¨´µ° · ¸¶ ¤  ¨³¥ÕÉ¸Ö ¤¢¥ ¨²¨ ¡µ²¥¥ ¢Éµ·¨Î´ÒÌ ¢¥·Ï¨´, ´ Ìµ¤ÖÐ¨Ì¸Ö ´ 
· ¸¸ÉµÖ´¨¨ L µ¤´  µÉ ¤·Ê£µ°. ’¨¶¨Î´µ¥ §´ Î¥´¨¥ L ̧ µ¸É ¢²Ö¥É ¸µÉ´¨ ³¨±·µ-
³¥É·µ¢ (·¨¸.1) [1]. Š § ²µ¸Ó ¡Ò, ¶ÊÉ¥³ ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ¨§³¥·¥´¨Ö ÔÉµ°
¢¥²¨Î¨´Ò ¨ Ì · ±É¥·¨¸É¨± ¶·µ¤Ê±Éµ¢ · ¸¶ ¤  ³µ¦´µ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ
´ °É¨ ¢·¥³Ö ¦¨§´¨ τ. �¤´ ±µ É ±µ° ³¥Éµ¤ ¨§³¥·¥´¨Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö
¶· ±É¨Î¥¸±¨ ´¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¢¸²¥¤¸É¢¨¥ ·Ö¤  ¶·¨Î¨´: ¢Ò¸µ±µ£µ Ê·µ¢´Ö
Ëµ´  ¢ Ô±¸¶¥·¨³¥´É Ì ¨ ¢Ò¢¥¤¥´´ÒÌ ¶ÊÎ± Ì ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¶·µ¢µ¤¨³ÒÌ
´  ±µ²² °¤¥pax; ´¥¢µ§³µ¦´µ¸É¨ ´¥¶µ¸·¥¤¸É¢¥´´µ£µ ¨§³¥·¥´¨Ö ±µµ·¤¨´ ÉÒ
¶¥·¢¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤ , ±µÉµ· Ö ´ Ìµ¤¨É¸Ö ¢´ÊÉ·¨ ¨µ´µ¶·µ¢µ¤ , £¤¥
¸É ²±¨¢ ÕÉ¸Ö ¢¸É·¥Î´Ò¥ ¶ÊÎ±¨; ´¥¢µ§³µ¦´µ¸É¨ µ¶·¥¤¥²¥´¨Ö ¨³¶Ê²Ó¸  Î ¸-
É¨ÍÒ ¢ ¸²ÊÎ ¥ · ¸¶ ¤  ´¥°É· ²Ó´ÒÌ Î ¸É¨Í. �µÔÉµ³Ê ¤²Ö µ¶·¥¤¥²¥´¨Ö ±µµ·-
¤¨´ É ¢¥·Ï¨´ · ¸¶ ¤  ¶·¨³¥´Ö¥É¸Ö ±µ¸¢¥´´Ò° ³¥Éµ¤, µ¸´µ¢ ´´Ò° ´  ¨§³¥-
·¥´¨¨ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  ± ¦¤µ£µ É·¥±  (·¨¸.2).

�·¨Í¥²Ó´Ò° ¶ · ³¥É· ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° · ¸¸ÉµÖ´¨¥ h, ´  ±µÉµ·µ¥
É·¥± ¨§ ¢Éµ·¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤  ¶·¨ Ô±¸É· ¶µ²ÖÍ¨¨ ´ § ¤ µÉ±²µ´Ö¥É¸Ö

�¨¸.1. ’µ¶µ²µ£¨Ö É¨¶¨Î´µ£µ ¸µ¡ÒÉ¨Ö, ¸µ¤¥·¦ Ð¥£µ ´¥¸±µ²Ó±µ ¢¥·Ï¨´ · ¸¶ ¤ 

(¤²Ö π0-³¥§µ´µ¢ ¸ Ô´¥·£¨¥° 350 ƒÔ‚/¸). ‘µ¡ÒÉ¨¥ § ·¥£¨¸É·¨·µ¢ ´µ ¸ ¶µ³µÐÓÕ
ËµÉµÔ³Ê²Ó¸¨¨

1500   �ˆŠˆ’�Š �.Œ.



µÉ ¶¥·¢¨Î´µ° ¢¥·Ï¨´Ò. ‘ÊÐ¥¸É¢¥´´Ò³ Ö¢²Ö¥É¸Ö Éµ, ÎÉµ §´ Î¥´¨¥ ÔÉµ£µ
¶ · ³¥É·  ´¥ § ¢¨¸¨É µÉ ¨³¶Ê²Ó¸  Î ¸É¨ÍÒ, ¨ ¶µÔÉµ³Ê µ´ ¨¸¶µ²Ó§Ê¥É¸Ö ± ±
¤²Ö µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É ¢¥·Ï¨´ · ¸¶ ¤ , É ± ¨ ¤²Ö ¨§³¥·¥´¨Ö ¢·¥³¥´¨
¦¨§´¨ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í [2]. �µ¦ ²Ê°, ¢¶¥·¢Ò¥ ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó-
§µ¢ ´¨Ö ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  ¤²Ö µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É ¢¥·Ï¨´ · ¸¶ ¤ 
Î ¸É¨Í ¡Ò²  ¶µ± § ´  ¢ [3]. ‘ ÊÎ¥Éµ³ ³ ²µ° ¢¥²¨Î¨´Ò ¢·¥³¥´¨ ¦¨§´¨ τ
ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É· , µ¸µ¡¥´´µ ¢ µ¡² ¸É¨, ¡²¨§±µ° ±
³¨Ï¥´¨, ¤µ²¦´  ¸µ¸É ¢²ÖÉÓ ¤¥¸ÖÉ±¨ ¨ ¤ ¦¥ ¥¤¨´¨ÍÒ ³¨±·µ³¥É·µ¢. „²Ö
¤µ¸É¨¦¥´¨Ö ¸Éµ²Ó ¢Ò¸µ±µ° ÉµÎ´µ¸É¨ ¶·¨³¥´ÖÕÉ¸Ö · §²¨Î´Ò¥ É¨¶Ò ¤¥É¥±Éµ-
·µ¢: ËµÉµÔ³Ê²Ó¸¨µ´´Ò¥ ¶² ¸É¨´Ò, ¶Ê§Ò·Ó±µ¢Ò¥ ± ³¥·Ò, ¢Ò¸µ±µ¶·¥Í¨§¨µ´-
´Ò¥ £ §µ´ ¶µ²´¥´´Ò¥ ¤¥É¥±Éµ·Ò, ³¨±·µ¢¥·Ï¨´´Ò¥ ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò¥
¤¥É¥±Éµ·Ò,   É ±¦¥ ³¨±·µ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò ´  µ¸´µ¢¥ ¸Í¨´É¨²²ÖÍ¨µ´-
´ÒÌ ¢µ²µ±µ´´µ-µ¶É¨Î¥¸±¨Ì ¸¢¥Éµ¢µ¤µ¢ (‘‚�‘).

‚Ò¸µ± Ö ÉµÎ´µ¸ÉÓ, ¶·¨¸ÊÐ Ö ¶Ê§Ò·Ó±µ¢Ò³ ± ³¥· ³, ¶µ§¢µ²Ö¥É ´¥¶µ-
¸·¥¤¸É¢¥´´µ ´ ¡²Õ¤ ÉÓ ¨ ¨§³¥·ÖÉÓ ¶ · ³¥É·Ò ¨ Éµ¶µ²µ£¨¨ ¸µ¡ÒÉ¨° ¸
±µ·µÉ±µ¦¨¢ÊÐ¨³¨ Î ¸É¨Í ³¨. �·¨ ¤¨ ³¥É·¥ ¶Ê§Ò·Ó±  20 ³±³ · §·¥Ï¥´¨¥
¤¢ÊÌ É·¥±µ¢ ¸µ¸É ¢²Ö¥É 20 ³±³,   ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨Ö ±µµ·¤¨´ ÉÒ ÉµÎ±¨
¢¤µ²Ó É·¥±  5 ³±³. �´ ²µ£¨Î´ Ö ÉµÎ´µ¸ÉÓ ¶µ²ÊÎ ¥É¸Ö ¨ ¸ ¶µ³µÐÓÕ ËµÉµ-
Ô³Ê²Ó¸¨µ´´µ° ³¥Éµ¤¨±¨, µ¤´ ±µ ¶·¨ ¥¥ ¨¸¶µ²Ó§µ¢ ´¨¨ µ¸É ¢²Ö¥É ¦¥² ÉÓ
²ÊÎÏ¥£µ ¸±µ·µ¸ÉÓ ´ ¡µ·  ¸É É¨¸É¨±¨, ¨, ±·µ³¥ Éµ£µ, µ´  ´¥ ¶µ§¢µ²Ö¥É ¨¸-
¶µ²Ó§µ¢ ÉÓ Ô²¥±É·µ´´Ò¥ ³¥Éµ¤Ò µÉ¡µ·  ¨ ·¥±µ´¸É·Ê±Í¨¨ ¶µ²¥§´ÒÌ ¸µ¡ÒÉ¨°
¸ ¶µ³µÐÓÕ ³´µ£µÊ·µ¢´¥¢ÒÌ É·¨££¥·´ÒÌ ¸¨¸É¥³ ·¥£¨¸É· Í¨¨ ¨ Ë¨²ÓÉ· Í¨¨
Ë¨§¨Î¥¸±µ° ¨´Ëµ·³ Í¨¨. �µÔÉµ³Ê ± ± ¢ ¸µ¢·¥³¥´´ÒÌ, É ± ¨ ¢µ ¢´µ¢Ó
¶² ´¨·Ê¥³ÒÌ Ô±¸¶¥·¨³¥´É Ì ¢ µ¡² ¸É¨ Ë¨§¨±¨ ¢Ò¸µ±¨Ì ¨ ¸¢¥·Ì¢Ò¸µ±¨Ì
Ô´¥·£¨° ¶·¨³¥´ÖÕÉ¸Ö Ô²¥±É·µ´´ Ö ¨ Ô²¥±É·µ´´µ-µ¶É¨Î¥¸± Ö ³¥Éµ¤¨±¨, £¤¥
¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³´µ£µÖÎ¥¥Î´Ò¥ ¤·¥°Ëµ¢Ò¥
É·¥Ì±µµ·¤¨´ É´Ò¥ ¤¥É¥±Éµ·Ò, ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò¥ ¤¥É¥±Éµ·Ò · §²¨Î´ÒÌ
³µ¤¨Ë¨± Í¨° ¨ ‘‚�‘.

‚ É ¡².1 ¶·¨¢¥¤¥´Ò ¸· ¢´¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¶¥·¸¶¥±É¨¢´ÒÌ ¢¥·Ï¨´-
´ÒÌ ¤¥É¥±Éµ·µ¢.

�¨¸.2. �¶·¥¤¥²¥´¨¥ ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É· 
h ¢ ̧ ²ÊÎ ¥, ±µ£¤  ́ ¥¨§¢¥¸É´  ±µµ·¤¨´ É  ¶¥·-
¢¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤  (�‚); 1,2,3 Å µ¸¨
±µµ·¤¨´ É. ‚‚ Å ¢Éµ·¨Î´ Ö ¢¥·Ï¨´  · ¸-
¶ ¤ 
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�Ò¸É·µ¤¥°¸É¢¨¥ ¢·¥³Ö¶·µ¥±Í¨µ´´ÒÌ ± ³¥· ¢ µ¸´µ¢´µ³ µ¶·¥¤¥²Ö¥É¸Ö
¢·¥³¥´¥³ ¤·¥°Ë , ¨ ¢¸²¥¤¸É¢¨¥ ¡µ²ÓÏµ£µ ¤·¥°Ëµ¢µ£µ ¶·µ³¥¦ÊÉ±  ¢·¥³Ö
¤·¥°Ë  Ô²¥±É·µ´µ¢ ¸µ¸É ¢²Ö¥É ¤¥¸ÖÉ±¨ ³¨±·µ¸¥±Ê´¤. �Éµ ¶·¨¢µ¤¨É ± Éµ³Ê,
ÎÉµ ¨´Ëµ·³ Í¨Ö, ·¥£¨¸É·¨·Ê¥³ Ö ¢ ‚�Š, ´¥ ³µ¦¥É ¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö ¢Ò-
· ¡µÉ±¨ ¡Ò¸É·µ£µ É·¨££¥·´µ£µ ̧ ¨£´ ²  ¶¥·¢µ£µ Ê·µ¢´Ö. Š ³¥·Ò É¨¶  ®¤¦¥É¯
¸ ¢·¥³¥´´µ° · ¸ÉÖ¦±µ°, ³Ê²ÓÉ¨¤·¥°Ëµ¢Ò¥ ¨ ¸µ²µ³¥´´Ò¥ É·Ê¡±¨ ¨³¥ÕÉ ´ 
¶µ·Ö¤µ± ¡µ²¥¥ ¢Ò¸µ±µ¥ ¡Ò¸É·µ¤¥°¸É¢¨¥ ¶µ ¸· ¢´¥´¨Õ ¸ ‚�Š, ¶µÔÉµ³Ê µ´¨
´¥ µ£· ´¨Î¨¢ ÕÉ ¢µ§³µ¦´µ¸É¨ ·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´´µ°  ¶¶ · ÉÊ·Ò.
�¸É ²Ó´Ò³ É¨¶ ³ ¤¥É¥±Éµ·µ¢ ¶·¨¸ÊÐ¥ ¢Ò¸µ±µ¥ ¡Ò¸É·µ¤¥°¸É¢¨¥, ±µÉµ·µ¥
¶· ±É¨Î¥¸±¨ É·Ê¤´µ ·¥ ²¨§µ¢ ÉÓ ¨§-§  ¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ± ´ ²µ¢
·¥£¨¸É· Í¨¨. �µÔÉµ³Ê Î Ð¥ ¢¸¥£µ ¤²Ö ÎÉ¥´¨Ö ¤ ´´ÒÌ µÉ ³¨±·µ¶µ²µ¸±µ¢ÒÌ
¤¥É¥±Éµ·µ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³Ê²ÓÉ¨¶²¥±¸µ·Ò. —É¥´¨¥ ¨´Ëµ·³ Í¨¨ µÉ �‡‘-
³ É·¨Í ̈  ‘‚�‘ ¢Ò¶µ²´Ö¥É¸Ö ¶µ¸²¥¤µ¢ É¥²Ó´Ò³ ̧ ¶µ¸µ¡µ³, ¶µÔÉµ³Ê µ´µ É·¥-
¡Ê¥É ¢·¥³¥´¨ ¶µ·Ö¤±  ¤¥¸ÖÉ±µ¢ ³¨²²¨¸¥±Ê´¤.

–¥²Ó ¤ ´´µ£µ µ¡§µ·  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¢ ¸¦ Éµ° Ëµ·³¥ ¸¨¸É¥³ É¨-
§¨·µ¢ ÉÓ ³´µ£µÎ¨¸²¥´´Ò¥ ¶Ê¡²¨± Í¨¨, ¶µ¸¢ÖÐ¥´´Ò¥ ¶·¥Í¨§¨µ´´Ò³ £ §µ´ -
¶µ²´¥´´Ò³ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ· ³,  ¸¸µÍ¨¨·µ¢ ´´Ò³¨ ¸ ´¨³¨ Ô²¥±É·µ´-
´Ò³¨ ¸¨¸É¥³ ³¨ ¸Î¨ÉÒ¢ ´¨Ö ¨ ¸¶¥Í¨ ²¨§¨·µ¢ ´´Ò³¨ ¶·µÍ¥¸¸µ· ³¨ ¤²Ö ¤¥-
É¥±É¨·µ¢ ´¨Ö ¢¥·Ï¨´ · ¸¶ ¤  Î ¸É¨Í ̈  ¢ÒÎ¨¸²¥´¨Ö ¶·¨Í¥²Ó´µ£µ ¶ · ³¥Épa.
‚ · §¤.2 · ¸¸³µÉ·¥´Ò µ¸µ¡¥´´µ¸É¨ ³¥Éµ¤¨±¨ Ô±¸¶¥·¨³¥´Éµ¢ ¸ Ë¨±¸¨·µ¢ ´-
´µ° ³¨Ï¥´ÓÕ ¨ Ô±¸¶¥·¨³¥´Éµ¢ ´  ¸É ²±¨¢ ÕÐ¨Ì¸Ö ¶ÊÎ± Ì. ‚ · §¤.3 ±· É±µ
· ¸¸³µÉ·¥´Ò ¢µ¶·µ¸Ò · §¢¨É¨Ö ¨ µ¸µ¡¥´´µ¸É¨ É·¥Ì³¥·´ÒÌ £ §µ´ ¶µ²´¥´-
´ÒÌ ¤¥É¥±Éµ·µ¢. ‚ · §¤.4 µ¶¨¸ ´Ò ±µ´¸É·Ê±É¨¢´Ò¥ µ¸µ¡¥´´µ¸É¨ ¨ Ì · ±-
É¥·¨¸É¨±¨ ´ ¡µ²¥¥ ¨§¢¥¸É´ÒÌ ¢·¥³Ö¶·µ¥±Í¨µ´´ÒÌ ± ³¥·. �ÖÉÒ° · §¤¥²
¶µ¸¢ÖÐ¥´ ¡µ²¥¥ ¡Ò¸É·Ò³ ¨ ÉµÎ´Ò³ ¶µ ¸· ¢´¥´¨Õ ¸ ‚�Š ¤¦¥É-± ³¥· ³.

’ ¡²¨Í  1. ‘· ¢´¨É¥²Ó´Ò¥ ¶ · ³¥É·Ò ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢

� · ³¥É·
„¥É¥±Éµ·

‚�Š* jet-**
± ³¥·Ò

ŒÊ²ÓÉ¨-
¤·¥°Ëµ¢Ò¥

É·Ê¡±¨

Œ¨±·µ-
¶µ²µ¸±µ¢Ò°
¤¥É¥±Éµ·

�‡‘ ‘‚�‘

�·µ¸É· ´¸É¢¥´´µ¥
· §·¥Ï¥´¨¥, ³±³ 200 20Å100 10Å50 2Å20 3Å5 25

� §·¥Ï¥´¨¥ ¤¢ÊÌ
É·¥±µ¢, ³±³ 2500 35Å500 Å 50Å60 40Å50 52

’µÎ´µ¸ÉÓ
µ¶·¥¤¥²¥´¨Ö
¶·¨Í¥²Ó´µ£µ
¶ · ³¥É· , ³±³

Å 35Å100 35Å100 40 30 10

 *B�Š Å ¢·¥³Ö¶·µ¥±Í¨µ´´Ò¥ ± ³¥·Ò.
**jet Å £ §µ´ ¶µ²´¥´´Ò¥ ³¨±·µ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò.
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‚ · §¤.6 µ¶¨¸ ´Ò ¢¥±Éµ·´Ò¥ ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò ¨ ± ³¥·Ò ¸ ¢·¥³¥´´µ°
· ¸ÉÖ¦±µ°. ‘¥¤Ó³µ° · §¤¥² ¶µ¸¢ÖÐ¥´ É ±¨³ ¶¥·¸¶¥±É¨¢´Ò³ £ §µ´ ¶µ²´¥´-
´Ò³ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ· ³, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§ÊÕÉ¸Ö ³Ê²ÓÉ¨¤·¥°Ëµ¢Ò¥ ¨
®¸µ²µ³¥´´Ò¥¯ É·Ê¡±¨.

2. �‘��…���‘’ˆ Œ…’�„ˆŠˆ �Š‘�…�ˆŒ…�’�‚
‘ ”ˆŠ‘ˆ��‚����‰ Œˆ˜…�œ�

ˆ �Š‘�…�ˆŒ…�’�‚ �� ‘’�‹Šˆ‚��™ˆ•‘Ÿ �“—Š�•

‘ÊÐ¥¸É¢Ê¥É ¤¢  É¨¶  Ô±¸¶¥·¨³¥´Éµ¢ ¶µ Ë¨§¨±¥ ¢Ò¸µ±¨Ì Ô´¥·£¨°, ¢Ò-
¶µ²´Ö¥³ÒÌ ´  Ê¸±µ·¨É¥²ÖÌ.

‚ ¶¥·¢µ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¢§ ³µ¤¥°¸É¢¨¥ Ê¸±µ·Ö¥³µ° ¶ÊÎ±µ¢µ° Î ¸-
É¨ÍÒ ¸ ¶µ±µÖÐ¥°¸Ö Î ¸É¨Í¥° ³¨Ï¥´¨ (Ô±¸¶¥·¨³¥´ÉÒ ¸ Ë¨±¸¨·µ¢ ´´µ°
³¨Ï¥´ÓÕ). ‚ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ Ô´¥·£¨Ö ¸¨¸É¥³Ò Í¥´É·  ³ ¸¸ · ¸É¥É ± ± ±µ·¥´Ó
±¢ ¤· É´Ò° ¨§ Ô´¥·£¨¨ ¶ÊÎ±  Î ¸É¨Í. �·¨ ÔÉµ³ ¡µ²ÓÏ¨´¸É¢µ ¶·µ¤Ê±Éµ¢
¢§ ¨³µ¤¥°¸É¢¨Ö · ¸¶·µ¸É· ´Ö¥É¸Ö µÉ ³¨Ï¥´¨ ¶µ¤ ´¥¡µ²ÓÏ¨³ Ê£²µ³ ± µ¸¨
¶ÊÎ± .

‚Éµ·µ° ¸²ÊÎ ° Å ¨¸¶µ²Ó§µ¢ ´¨¥ ±µ²² °¤¥·µ¢, £¤¥ Ê¸±µ·Ö¥³Ò¥ Î ¸É¨ÍÒ
Í¨·±Ê²¨·ÊÕÉ ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ´ ¶· ¢²¥´¨ÖÌ ¨ ¸É ²±¨¢ ÕÉ¸Ö ¢´ÊÉ·¨ ³ -
²µ° µ¡² ¸É¨ ¶¥·¥¸¥Î¥´¨Ö ¶ÊÎ±µ¢. �´¥·£¨Ö ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸ · ¸É¥É
²¨´¥°´µ ¸ Ô´¥·£¨¥° ¶ÊÎ±µ¢. �µÔÉµ³Ê É ±¨¥ Ê¸±µ·¨É¥²¨ ¨³¥ÕÉ ¡µ²ÓÏ¨¥ ¶¥·-
¸¶¥±É¨¢Ò · §¢¨É¨Ö. „µ¸É¨£´ÊÉ Ö ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö Ô´¥·£¨Ö ¶ÊÎ±  ´  ¶·µ-
Éµ´´µ³ ±µ²² °¤¥·¥ ¢ ‘˜� ¸µ¸É ¢²Ö¥É 1 ’Ô‚.

�¸µ¡¥´´µ¸É¨ Ô±¸¶¥·¨³¥´Éµ¢ ¸ Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´ÓÕ ¢ É¥· Ô²¥±É·µ´-
¢µ²ÓÉ´µ° µ¡² ¸É¨ Ô´¥·£¨° § ±²ÕÎ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³: ¢¸¥ É·¥±¨ ±µ´Í¥´É-
·¨·ÊÕÉ¸Ö ¢ ³ ²µ³ Ê£²¥ ¶µ·Ö¤±  100 ³· ¤; ¡µ²ÓÏ Ö ³´µ¦¥¸É¢¥´´µ¸ÉÓ
·¥£¨¸É·¨·Ê¥³ÒÌ É·¥±µ¢ ¢ ¸µ¡ÒÉ¨ÖÌ; ¢Ò¸µ± Ö ¸±µ·µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸µ¡ÒÉ¨°
(´¥¸±µ²Ó±µ ¸µÉ ±¨²µ£¥·Í); ¡µ²ÓÏµ° ¨³¶Ê²Ó¸ Î ¸É¨Í. ‚ ¸¢Ö§¨ ¸ ¶µ¸²¥¤´¨³¨
µ¡¸ÉµÖÉ¥²Ó¸É¢ ³¨ ¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ³µ¦´µ ¶·¥´¥¡·¥ÎÓ ÔËË¥±Éµ³ ³´µ£µ±· É-
´µ£µ · ¸¸¥Ö´¨Ö, ¨ ¶µÔÉµ³Ê ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ· ³µ¦¥É ¸µ¸ÉµÖÉÓ ¨§ ´¥¸±µ²Ó-
±¨Ì · ¸¶µ²µ¦¥´´ÒÌ ¶¥·¶¥´¤¨±Ê²Ö·´µ ¶ÊÎ±Ê £µ¤µ¸±µ¶¨Î¥¸±¨Ì ¶²µ¸±µ¸É¥° ¸
¢Ò¸µ±¨³ ¶·µ¸É· ´¸É¢¥´´Ò³ · §·¥Ï¥´¨¥³, ¶·¨Î¥³ · ¸¸ÉµÖ´¨¥ µÉ ¶¥·¢µ°
¶²µ¸±µ¸É¨ ¤µ ³¨Ï¥´¨ ̈ §¢¥¸É´µ: µ´µ ¤µ²¦´µ ¡ÒÉÓ ¶µ·Ö¤±  ¢¥²¨Î¨´Ò γcτ, £¤¥
γ Å ·¥²ÖÉ¨¢¨¸É¸±¨° Ë ±Éµ·, c Å ¸±µ·µ¸ÉÓ ¸¢¥É , τ ~ 10−13 Å Ì · ±É¥·´µ¥
¢·¥³Ö ¦¨§´¨ µÎ ·µ¢ ´´ÒÌ Î ¸É¨Í.

‘ ÉµÎ±¨ §·¥´¨Ö ³¥Éµ¤¨±¨ Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É  µ¶ÒÉÒ ´  ±µ²-
² °¤¥· Ì µÉ²¨Î ÕÉ¸Ö µÉ µ¶ÒÉµ¢ ¸ Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´ÓÕ ¢ ´¥¸±µ²Ó±¨Ì
 ¸¶¥±É Ì.

1) �µ¸±µ²Ó±Ê ¸Éµ²±´µ¢¥´¨¥ Î ¸É¨Í ¶·µ¨¸Ìµ¤¨É ¢ ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸,
Éµ µ´¨ ³µ£ÊÉ · §²¥É ÉÓ¸Ö ¨§µÉ·µ¶´µ, ¨ ¶µÔÉµ³Ê ¤¥É¥±Éµ· ¤µ²¦¥´ ¶µ±·Ò¢ ÉÓ

¢¸Õ ¨²¨ ¡o′ ²ÓÏÊÕ Î ¸ÉÓ ¶·µ¸É· ´¸É¢  ¢§ ¨³µ¤¥°¸É¢¨Ö.
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2) Œ´µ¦¥¸É¢¥´´µ¸ÉÓ Î ¸É¨Í, ·µ¦¤ ¥³ÒÌ ¢ ·¥§Ê²ÓÉ É¥ ¸Éµ²±´µ¢¥´¨Ö, ¸Ê-
Ð¥¸É¢¥´´µ ¶µ¢ÒÏ ¥É¸Ö ¸ ·µ¸Éµ³ Ô´¥·£¨¨ ¨ ³µ¦¥É ¸µ¸É ¢²ÖÉÓ 100 ¨ ¡µ²¥¥.
� ¡²Õ¤ ¥É¸Ö ¤ ¦¥ É ±µ° Ë¥´µ³¥´, ´ §Ò¢ ¥³Ò° ¸É·Ê¥° (jet), ±µ£¤  ¢¡²¨§¨
³¨Ï¥´¨ ¸µ¤¥·¦¨É¸Ö ³´µ¦¥¸É¢µ É·¥±µ¢ Î ¸É¨Í, · ¸Ìµ¤ÖÐ¨Ì¸Ö ¶µ¤ ´¥¡µ²Ó-
Ï¨³¨ Ê£² ³¨ ¤·Ê£ ± ¤·Ê£Ê.

3) �µ¸±µ²Ó±Ê ÉµÎ±  ¢§ ¨³µ¤¥°¸É¢¨Ö ´ Ìµ¤¨É¸Ö ¢´ÊÉ·¨ ¨µ´µ¶·µ¢µ¤ , Éµ
¥¥ ±µµ·¤¨´ É  ³µ¦¥É ¡ÒÉÓ µ¶·¥¤¥²¥´  ²¨ÏÓ ¶ÊÉ¥³ Ô±¸É· ¶µ²ÖÍ¨¨ § ·¥£¨¸É-
·¨·µ¢ ´´ÒÌ É·¥±µ¢ Î ¸É¨Í. ’¨¶¨Î´ Ö ¢¥²¨Î¨´  µ¡² ¸É¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¢
´ ¶· ¢²¥´¨¨ ¶ÊÎ±  (z-±µµ·¤¨´ É ) ¸µ¸É ¢²Ö¥É 50 ¸³,   ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥-
´¨¨ Å 1 ³³.

4) Œ¥´ÓÏ Ö, Î¥³ ¢ µ¶ÒÉ Ì ¸ Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´ÓÕ, ±·¨¢¨§´  É·¥±µ¢
´¥ ¶µ§¢µ²Ö¥É ¶·¥´¥¡·¥£ ÉÓ ³´µ£µ±· É´Ò³ · ¸¸¥Ö´¨¥³ Î ¸É¨Í.

5) ‚µ§´¨± ¥É É ±¦¥ ¶·µ¡²¥³  · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨ Ô²¥±É·µ´¨±¨,
· ¸¶µ²µ¦¥´´µ° ¡²¨§±µ ¢µ±·Ê£ ¨µ´µ¶·µ¢µ¤ .

‚¸¥ ÔÉ¨ ¨ ¤·Ê£¨¥ Ë ±Éµ·Ò ¸± §Ò¢ ÕÉ¸Ö ´  ¸²µ¦´µ¸É¨ Ë¨§¨Î¥¸±¨Ì Ê¸É -
´µ¢µ± ¢ Í¥²µ³, ¨Ì ±µ´Ë¨£Ê· Í¨¨ ¨ ³¥Éµ¤ Ì µ¡· ¡µÉ±¨ É·¥±µ¢µ° ¨´Ëµ·-
³ Í¨¨ ¨ ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í. �µÔÉµ³Ê ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·, ¶µ ¸ÊÐ¥¸É-
¢Ê, ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ±µ³¶µ§¨Í¨Õ µÉ¤¥²Ó´ÒÌ ¤¥É¥±Éµ·µ¢, ¨³¥ÕÐ¨Ì · §-
²¨Î´Ò° ¶·¨´Í¨¶ ¤¥°¸É¢¨Ö, · §·¥Ï ÕÐÊÕ ¸¶µ¸µ¡´µ¸ÉÓ ¨ · §³¥·Ò. �  ·¨¸.3
¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥´µ ¸Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ Ê¸É ´µ¢±¨
ALEPH, ¶·¥¤´ §´ Î¥´´µ° ¤²Ö ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¢ –…�� [4]. “¸É -
´µ¢±  ¸µ¤¥·¦¨É ·Ö¤ µÉ¤¥²Ó´ÒÌ ¨ ¤µ¢µ²Ó´µ ¸²µ¦´ÒÌ ¤¥É¥±Éµ·µ¢, ¢Ò¶µ²´Ö-
ÕÐ¨Ì ¸¢µ¨ ¸¶¥Í¨Ë¨Î¥¸±¨¥ ËÊ´±Í¨¨. —¥·¥§ Í¥´É· Ê¸É ´µ¢±¨ ¶·µÌµ¤¨É

¨µ´µ¶·µ¢µ¤, £¤¥ ¶·µ¨¸Ìµ¤¨É ¢¸É·¥Î  e+e−-¶ÊÎ±µ¢. ’¨¶¨Î´Ò° ¤¨ ³¥É· ¨µ´µ-
¶·µ¢µ¤  · ¢¥´ 2,5 ¸³. ’·¥±µ¢ Ö ¸¨¸É¥³  ¢±²ÕÎ ¥É ¢ ¸¥¡Ö É·¨ ¤¥É¥±Éµ· :
¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·, ¸µ¸ÉµÖÐ¨° ¨§ ¤¢ÊÌ ¸²µ¥¢ ³¨±·µ¶µ²µ¸±µ¢ÒÌ ¤¥É¥±Éµ-
·µ¢ ¸ ¤¢Ê¸Éµ·µ´´¨³ ¸Î¨ÉÒ¢ ´¨¥³, ¤·¥°Ëµ¢ Ö ± ³¥·  ¸ ¢´¥Ï´¨³ · ¤¨Ê¸µ³
35 ¸³, ±µÉµ· Ö ± Éµ³Ê ¦¥ Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ É·¨££¥·´µ° ¸¨¸É¥³Ò, ¨ ¢·¥³Ö¶·µ-
¥±Í¨µ´´ Ö ± ³¥·  ¸ ¢´¥Ï´¨³ · ¤¨Ê¸µ³ 125 ¸³. �¥·¢µ´ Î ²Ó´µ ¢³¥¸Éµ
¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  ¨¸¶µ²Ó§µ¢ ² ¸Ó £ §µ´ ¶µ²´¥´-
´ Ö ± ³¥·  É¨¶  ¤¦¥É. ‘²¥¤Ê¥É µ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  ¤¢  É¨¶  ¤¥É¥±Éµ·µ¢,
±µÉµ·Ò¥ ¡Ê¤ÊÉ µ¶¨¸ ´Ò ¡µ²¥¥ ¤¥É ²Ó´µ ¢ ¸²¥¤ÊÕÐ¨Ì · §¤¥² Ì µ¡§µ· . �¥·-
¢Ò° ¨§ ´¨Ì · ¸¶µ²µ¦¥´ ´¥¶µ¸·¥¤¸É¢¥´´µ Ê ¨µ´µ¶·µ¢µ¤ , £¤¥ ¶²µÉ´µ¸ÉÓ É·¥-
±µ¢ ´ ¨¡µ²¥¥ ¢Ò¸µ± . �Éµ É ± ´ §Ò¢ ¥³ Ö ¤¦¥É-± ³¥· , ±µÉµ· Ö ¢Ò¶µ²´Ö¥É
ËÊ´±Í¨¨ ³¨±·µ¢¥·Ï¨´´µ£µ ¶·¥Í¨§¨µ´´µ£µ ¤¥É¥±Éµ· . ‚ ¶µ¸²¥¤´¥¥ ¢·¥³Ö ¢
± Î¥¸É¢¥ ³¨±·µ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢ ¶·¨³¥´ÖÕÉ¸Ö É ±¦¥ �‡‘-³ É·¨ÍÒ.
‘ ¶µ³µÐÓÕ ‚�Š (¢´¥Ï´¨° ¤¨ ³¥É· 2 ³) ·¥£¨¸É·¨·ÊÕÉ¸Ö É·¥±¨, · ¸¶µ²µ-
¦¥´´Ò¥ ¢¤ ²¨ µÉ ¶¥·¢¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤ . ‚·¥³Ö¶·µ¥±Í¨µ´´ Ö ± ³¥· 
¶µ³¥Ð¥´  ¢ ³ £´¨É´µ¥ ¶µ²¥, ´¥µ¡Ìµ¤¨³µ¥ ¤²Ö ¨§³¥·¥´¨Ö ±·¨¢¨§´Ò É·¥±µ¢.
“¸É ´µ¢±  ¸µ¤¥·¦¨É É ±¦¥ ·Ö¤ ¤¥É¥±Éµ·µ¢, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¶µ²ÊÎ ¥É¸Ö
¤µ¶µ²´¨É¥²Ó´ Ö ¨´Ëµ·³ Í¨Ö. ’ ±, ¸ ¶µ³µÐÓÕ ± ²µ·¨³¥É·µ¢ ¨§³¥·Ö¥É¸Ö
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Ô´¥·£¨Ö Î ¸É¨Í,   ¸ ¶µ³µÐÓÕ £µ¤µ¸±µ¶¨Î¥¸±¨Ì ± ²µ·¨³¥É·µ¢ Å ±µµ·¤¨-
´ ÉÒ ¨ · §³¥·Ò ±² ¸É¥·µ¢.

‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¶·¥Í¨§¨µ´´Ò¥ ¤¥É¥±Éµ·Ò ¡Ê¤ÊÉ ̈ £· ÉÓ É ±¦¥ ¢ ¦-
´ÊÕ ËÊ´±Í¨Õ ¨ ¢ ¡Ê¤ÊÐ¨Ì Ô±¸¶¥·¨³¥´É Ì ´  �µ²ÓÏµ³  ¤·µ´´µ³ ±µ²² °¤¥-
·¥. Š ± µÉ³¥Î ¥É¸Ö ¢ [5], ¤¥É¥±É¨·µ¢ ´¨¥ ¢¥·Ï¨´ · ¸¶ ¤  ¶·¥¸²¥¤Ê¥É ¤¢¥
Í¥²¨: µÉ¤¥²¥´¨¥ ¶¥·¢¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤  ¢ ̧ µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É-
¢¥´´µ¸ÉÓÕ ¨ · §¤¥²¥´¨¥ ¶¥·¢¨Î´µ° ¨ ¢Éµ·¨Î´µ° ¢¥·Ï¨´ · ¸¶ ¤ , ¸µ¤¥·-
¦ Ð¨Ì ±µ·µÉ±µ¦¨¢ÊÐ¨¥ Î ¸É¨ÍÒ.

‚ § ·Ê¡¥¦´µ° ²¨É¥· ÉÊ·¥ ¢¥·Ï¨´´Ò³ ¤¥É¥±Éµ· ³ Ê¤¥²Ö¥É¸Ö ³´µ£µ ¢´¨-
³ ´¨Ö. ‚ · ¡µÉ¥ [2] µ¡¸Ê¦¤ ÕÉ¸Ö · §²¨Î´Ò¥  ¸¶¥±ÉÒ É¥Ì´¨±¨ ¨§³¥·¥´¨Ö
¢·¥³¥´¨ ¦¨§´¨ ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í; · ¸¸³ É·¨¢ ¥É¸Ö Ë¨§¨±  ¶·µÍ¥¸-
¸µ¢, ¶·¨¢µ¤ÖÐ¨Ì ± Éµ¶µ²µ£¨Ö³ ¸µ¡ÒÉ¨°, ¸µ¤¥·¦ Ð¨Ì ¶¥·¢¨Î´Ò¥ ¨ ¢Éµ·¨Î-
´Ò¥ ¢¥·Ï¨´Ò · ¸¶ ¤ ; ¶·¨¢µ¤ÖÉ¸Ö ¶·¨³¥·Ò ¶·¨³¥´¥´¨Ö ¢¥·Ï¨´´ÒÌ ¤¥É¥±-
Éµ·µ¢ · §²¨Î´µ£µ ±² ¸¸ . ‚ · ¡µÉ¥ [1] ¶µ¤·µ¡´µ · ¸¸³ É·¨¢ ¥É¸Ö Ë¨§¨± 
¶µ²Ê¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ¨ ¨Ì ¶·¨³¥´¥´¨¥ ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´ÒÌ ¤¥-

�¨¸.3. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ Ê¸É ´µ¢±¨ ALEPH: 1 Å ³Õµ´´Ò¥ ± ³¥·Ò,
2 Å  ¤·µ´´Ò° ± ²µ·¨³¥É·, 3 Å ¸¢¥·Ì¶·µ¢µ¤ÖÐ¨° ³ £´¨É, 4 Å Ô²¥±É·µ-
³ £´¨É´Ò° ± ²µ·¨³¥É·, 5 Å ¢·¥³Ö¶·µ¥±Í¨µ´´ Ö ± ³¥· , 6 Å ¸¨¸É¥³  ¨´¤¨-
± Í¨¨ ¶ÊÎ± , 7 Å ¢´ÊÉ·¥´´ÖÖ É·¥±µ¢ Ö ± ³¥· , 8 Å ¶·¥Í¨§¨µ´´Ò° ¢¥·Ï¨´´Ò°
¤¥É¥±Éµ·
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É¥±Éµ·µ¢, µ¡¸Ê¦¤ ÕÉ¸Ö ¶·µ¡²¥³Ò · ¤¨ Í¨µ´´µ° ¸Éµ°±µ¸É¨ ¨ ¶·¨´Í¨¶¨ ²Ó-
´Ò¥ µ£· ´¨Î¥´¨Ö, ´ ±² ¤Ò¢ ¥³Ò¥ ´  ÉµÎ´µ¸ÉÓ ·¥£¨¸É· Í¨¨ É·¥±µ¢ Î ¸É¨Í,  
É ±¦¥ ¶·¨¢µ¤ÖÉ¸Ö ¶·¨³¥·Ò ¶µ¸É·µ¥´¨Ö · §²¨Î´ÒÌ É¨¶µ¢ ¢¥·Ï¨´´ÒÌ ¶µ²Ê-
¶·µ¢µ¤´¨±µ¢ÒÌ ¤¥É¥±Éµ·µ¢, ³¥Éµ¤Ò ·¥£¨¸É· Í¨¨ ¨ ¸Î¨ÉÒ¢ ´¨Ö ¤ ´´ÒÌ. ‚
[6] · ¸¸³ É·¨¢ ÕÉ¸Ö · §²¨Î´Ò¥ É·¥¡µ¢ ´¨Ö, ±µÉµ·Ò¥ ¶·¥¤ÑÖ¢²ÖÕÉ¸Ö ± ¢¥·-
Ï¨´´Ò³ ¤¥É¥±Éµ· ³, ¶·¥¤´ §´ Î¥´´Ò³ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ± ± ¸ Ë¨±¸¨·µ-
¢ ´´µ° ³¨Ï¥´ÓÕ, É ± ¨ ´  ±µ²² °¤¥· Ì.

3. ’�…•Š���„ˆ��’�›… ƒ�‡�‚›… „…’…Š’��›

‘·¥¤¨ ±µµ·¤¨´ É´ÒÌ ¤¥É¥±Éµ·µ¢ ¢ 70-Ì £µ¤ Ì ´ ¨¡µ²¥¥ ¶µ¶Ê²Ö·´Ò³¨
Ö¢²Ö²¨¸Ó ³´µ£µ¶·µ¢µ²µÎ´Ò¥ ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ± ³¥·Ò (Œ�Š). �É¨ ¤¥É¥±-
Éµ·Ò ¸É ²¨ ±² ¸¸¨Î¥¸±¨³¨, ¨Ì ¶µ¤·µ¡´µ¥ µ¶¨¸ ´¨¥ ³µ¦´µ ´ °É¨ ¢ · ¡µÉ¥
[7]. �¸µ¡¥´´µ ¶²µ¤µÉ¢µ·´µ° µ± § ² ¸Ó ¨¤¥Ö ± Éµ¤´µ£µ ¸Î¨ÉÒ¢ ´¨Ö. �¡ ÔÉµ³
³¥Éµ¤¥ ¸Éµ¨É · ¸¸± § ÉÓ ¶µ¤·µ¡´¥¥, ¶µ¸±µ²Ó±Ê µ´ ¶µ²ÊÎ¨² Ï¨·µ±µ¥ ¶·¨³¥-
´¥´¨¥ ¢ ¸µ¢·¥³¥´´ÒÌ É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ´ ¶µ²´¥´´ÒÌ ¤¥É¥±Éµ· Ì. � 
± Éµ¤´µ° ¶²µ¸±µ¸É¨ Œ�Š ´ ¢µ¤¨É¸Ö ¸¨£´ ² ¶µ²µ¦¨É¥²Ó´µ° ¶µ²Ö·´µ¸É¨,
¶·¨Î¥³ ± Éµ¤´ Ö ¶²µ¸±µ¸ÉÓ ³µ¦¥É ¸µ¸ÉµÖÉÓ ¨§ ¶·µ¢µ²µ±, ¶µ²µ¸±µ¢ÒÌ ²¨´¨°
(¸É·¨¶µ¢) ¨²¨ £·Ê¶¶ ¶·µ¢µ²µ± (·¨¸.4). �É¨ Ô²¥±É·µ¤Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö
¨§³¥·¥´¨Ö ´ ¢¥¤¥´´µ£µ § ·Ö¤ , Í¥´É· ±µÉµ·µ£µ ¸µ¢¶ ¤ ¥É ¸ Í¥´É·µ³ µ¡² ± 
Ô²¥±É·µ´µ¢, ¢µ§´¨± ÕÐ¥£µ ¢ ·¥§Ê²ÓÉ É¥ ¨µ´¨§ Í¨¨ § ·Ö¦¥´´µ° Î ¸É¨Í¥° £ § -

�¨¸.4. Œ�Š ¸ ÎÉ¥´¨¥³ ¸¨£´ ²µ¢ ¶µ²µ¦¨É¥²Ó´µ° ¶µ²Ö·´µ¸É¨ µÉ ± Éµ¤´µ° ¶²µ¸-
±µ¸É¨. ‘¶· ¢  ´  ·¨¸Ê´±¥ ¶µ± § ´ ³¥Éµ¤ µ¶·¥¤¥²¥´¨Ö Í¥´É·  ÉÖ¦¥¸É¨ ² ¢¨´Ò
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´ ¶µ²´¨É¥²Ö ± ³¥·Ò. ‚ ¦´µ, ÎÉµ  ³¶²¨ÉÊ¤  ¨ · §¢¨É¨¥ ¢µ ¢·¥³¥´¨ ́  ¢¥¤¥´-
´ÒÌ ´  ¸É·¨¶ Ì ¨³¶Ê²Ó¸µ¢ § ¢¨¸¨É µÉ ¶µ§¨Í¨¨ ² ¢¨´Ò Ô²¥±É·µ´µ¢ ¶µ µÉ´µ-
Ï¥´¨Õ ± ± Éµ¤´Ò³ Ô²¥±É·µ¤ ³. �Éµ Ö¢²¥´¨¥ ¨¸¶µ²Ó§Ê¥É¸Ö ¤²Ö ¨§³¥·¥´¨Ö
¶·µ¸É· ´¸É¢¥´´µ£µ ¶µ²µ¦¥´¨Ö ¨, ¸µµÉ¢¥É¸É¢¥´´µ, ¢Éµ·µ° ±µµ·¤¨´ ÉÒ
¢§ ¨³µ¤¥°¸É¢¨Ö Î ¸É¨ÍÒ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¤µ 30 ³±³, ¶µ¸±µ²Ó±Ê µÍ¨Ë-
·µ¢±   ´ ²µ£µ¢ÒÌ ¸¨£´ ²µ¢ ¢Ò¶µ²´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¶·¥Í¨§¨µ´´ÒÌ �–�
(¸¢ÒÏ¥ ¤¥¸ÖÉ¨ ¡¨É) [8].

„ ²Ó´¥°Ï¥¥ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ Œ�Š ¸É¨³Ê²¨·µ¢ ²µ¸Ó ´¥µ¡Ìµ¤¨-
³µ¸ÉÓÕ ¨¤¥´É¨Ë¨± Í¨¨ ¸²µ¦´ÒÌ ¸µ¡ÒÉ¨° ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´-
´µ¸É¨ ¨ ¢Ò¸µ±µ° ¶²µÉ´µ¸É¨ É·¥±µ¢. ’ ± ¶µÖ¢¨² ¸Ó ¤·¥°Ëµ¢ Ö ± ³¥· , ¸
¶µ³µÐÓÕ ±µÉµ·µ° ¶ÊÉ¥³ ¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¤·¥°Ë  Ô²¥±É·µ´µ¢ ³¥¦¤Ê ¸¨£-
´ ²Ó´Ò³¨ ¶·µ¢µ²µÎ± ³¨ ¶µÖ¢¨² ¸Ó ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·ÖÉÓ ¸ ¢Ò¸µ±µ° ÉµÎ-
´µ¸ÉÓÕ µ¤´Ê ¨§ ±µµ·¤¨´ É É·¥±  [9]. ’ ±¨³ µ¡· §µ³, ¢ É·¥Ì³¥·´µ³ £ §µ-
´ ¶µ²´¥´´µ³ ¤¥É¥±Éµ·¥ µ¤´  ±µµ·¤¨´ É  É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ Å ÔÉµ ¶µ§¨-
Í¨Ö ¸¨£´ ²Ó´µ° ¶·µ¢µ²µÎ±¨, ¤·Ê£ Ö Å ¶µ§¨Í¨Ö Í¥´É·  ² ¢¨´Ò, ´ ¢µ¤¨³µ°
´  ± Éµ¤´ÒÌ ¸É·¨¶ Ì,   É·¥ÉÓÖ ±µµ·¤¨´ É  ¢ÒÎ¨¸²Ö¥É¸Ö ¶µ ¢·¥³¥´¨ ¤·¥°Ë 
Ô²¥±É·µ´´µ° ² ¢¨´Ò. �¥·¥¤±µ µ¤´  ¨§ ±µµµ·¤¨´ É µ¶·¥¤¥²Ö¥É¸Ö ³¥Éµ¤µ³
¤¥²¥´¨Ö § ·Ö¤ , ´ ¢µ¤¨³µ£µ ´  ·¥§¨¸É¨¢´µ° ÎÊ¢¸É¢¨É¥²Ó´µ° ¶·µ¢µ²µÎ±¥ ¨²¨
¸ ¶µ³µÐÓÕ ²¨´¨¨ § ¤¥·¦±¨. ‚ ¦´µ, ÎÉµ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò ³µ£ÊÉ ¨³¥ÉÓ
· §²¨Î´ÊÕ ±µ´Ë¨£Ê· Í¨Õ. � ¨¡µ²¥¥ Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ´ Ï²¨ Í¨²¨´¤-
·¨Î¥¸±¨¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò. ’·Ê¤´µ¸ÉÓ, ¸¢Ö§ ´´ Ö ¸ ²¥¢µ-¶· ¢µ° ´¥µ¤´µ-
§´ Î´µ¸ÉÓÕ, ±µÉµ· Ö ¢µ§´¨± ¥É ¢ ¤·¥°Ëµ¢ÒÌ ± ³¥· Ì ¶·¨ ¨¤¥´É¨Ë¨± Í¨¨
É·¥±µ¢ Î ¸É¨Í, Ê¸É· ´Ö¥É¸Ö ¶ÊÉ¥³ ¢¢¥¤¥´¨Ö ¤µ¶µ²´¨É¥²Ó´µ° ¶²µ¸±µ¸É¨ ¨²¨
¤·Ê£¨³¨ ±µ´¸É·Ê±É¨¢´Ò³¨ ³¥Éµ¤ ³¨ (¸³. ´¨¦¥). ’ ±¨³ µ¡· §µ³, ¤·¥°Ëµ¢Ò¥
± ³¥·Ò, ¨ ¶·¥¦¤¥ ¢¸¥£µ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò ¸ ¡µ²ÓÏ¨³ ¤·¥°Ëµ¢Ò³ ¶·µ-
³¥¦ÊÉ±µ³, ¶µ¸²Ê¦¨²¨ ¶·µÉµÉ¨¶ ³¨ É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ´ ¶µ²´¥´´ÒÌ
¤¥É¥±Éµ·µ¢, ± ±µÉµ·Ò³ ¢ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö µÉ´µ¸ÖÉ¸Ö ¢·¥³Ö¶·µ¥±Í¨µ´´Ò¥
± ³¥·Ò (‚�Š), ¸É·Ê°´Ò¥ (jet), ¢¥±Éµ·´Ò¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò ¨ ³Ê²ÓÉ¨¤·¥°-
Ëµ¢Ò¥ ¨ ®¸µ²µ³¥´´Ò¥¯ É·Ê¡±¨ (straw tube). �É¨ ¤¥É¥±Éµ·Ò Ï¨·µ±µ ¨¸¶µ²Ó-
§ÊÕÉ¸Ö, ¢ Î ¸É´µ¸É¨, ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢.

4. ‚�…ŒŸ���…Š–ˆ���›… Š�Œ…�›

�¤´  ¨§ ¶¥·¢ÒÌ · §· ¡µÉµ± µ¶¨¸ ´  ¢ [10,11]. �  ¶¥·¢Ò° ¢§£²Ö¤, ‚�Š
¨³¥¥É ¶·µ¸ÉÊÕ ±µ´¸É·Ê±Í¨Õ. �µ Ëµ·³¥ µ´  Î Ð¥ ¢¸¥£µ ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
Í¨²¨´¤·, ´ ¶µ²´¥´´Ò° ¸³¥¸ÓÕ  ·£µ´  ¨ ³¥É ´ , ¢ Í¥´É·¥ ±µÉµ·µ£µ ¶·µ-
Ìµ¤¨É ¨µ´µ¶·µ¢µ¤ Ê¸±µ·¨É¥²Ö. –¥´É· ²Ó´ Ö ¶·µ¢µ¤ÖÐ Ö ³¥³¡· ´ , ´ -
Ìµ¤ÖÐ Ö¸Ö ¶µ¤ ¶µÉ¥´Í¨ ²µ³ 150 ±‚, · §¤¥²Ö¥É Í¨²¨´¤· ´  ¤¢¥ ¶µ²µ¢¨´Ò.
“ Éµ·Íµ¢ ± ³¥·Ò · ¸¶µ²µ¦¥´Ò Œ�Š ¸ ± Éµ¤´Ò³ ¸Î¨ÉÒ¢ ´¨¥³, ±µÉµ·Ò¥
· §¤¥²¥´Ò ´  Ï¥¸ÉÓ ¸¥£³¥´Éµ¢. ‚ ¸¢µÕ µÎ¥·¥¤Ó, ± ¦¤Ò° ¸¥£³¥´É ¸µ¤¥·¦¨É
192 ¶·µ¶µ·Í¨µ´ ²Ó´Ò¥ ¶·µ¢µ²µ±¨, · ¸¶µ²µ¦¥´´Ò¥ ¶µ¤ Ê£²µ³ ± · ¤¨ ²Ó-
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´µ³Ê ´ ¶· ¢²¥´¨Õ ± ³¥·Ò. � ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶·µ¢µ²µ± ³¨ · ¢´µ 4 ³³.
Š ¦¤µ° ¶·µ¢µ²µ±¥ ¸µµÉ¢¥É¸É¢Ê¥É ± Éµ¤´Ò° ¸É·¨¶, · §¤¥²¥´´Ò° ´  12 ¶²µ-
Ð ¤µ± (¶Ô¤µ¢) · §³¥·µ³ 0,8 × 0,8 ³³. –¨²¨´¤· ¶µ³¥Ð¥´ ¢ ³ £´¨É´µ¥ ¶µ²¥.

‚ ·¥§Ê²ÓÉ É¥ ¨µ´¨§ Í¨¨ § ·Ö¦¥´´µ° Î ¸É¨Í¥° £ §µ¢µ° ¸³¥¸¨ ¢¤µ²Ó
É· ¥±Éµ·¨¨ Î ¸É¨ÍÒ µ¡· §ÊÕÉ¸Ö £·Ê¶¶Ò Ô²¥±É·µ´µ¢, ±µÉµ·Ò¥ ¶µ¤ ¤¥°¸É¢¨¥³
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¤·¥°ËÊÕÉ ¸µ ¸±µ·µ¸ÉÓÕ ¶µ·Ö¤±  50 ³±³/´¸ ¢ ´ ¶· ¢-
²¥´¨¨ Œ�Š, £¤¥ µ´¨ ¤¥É¥±É¨·ÊÕÉ¸Ö. „¢¥ ±µµ·¤¨´ ÉÒ r ¨ ϕ µ¶·¥¤¥²ÖÕÉ¸Ö ¶µ
¶µ§¨Í¨¨ ¸É·¨¶µ¢ ¨ ¶·µ¢µ²µÎ¥±,   É·¥ÉÓÖ ±µµ·¤¨´ É  z ¶µ ¢·¥³¥´¨ ¤·¥°Ë 
Ô²¥±É·µ´µ¢ ¢¤µ²Ó µ¸¨ ¶ÊÎ±  Î ¸É¨Í. ’ ±¨³ µ¡· §µ³, µ¡¥¸¶¥Î¨¢ ¥É¸Ö ¨§-
³¥·¥´¨¥ É·¥Ì ±µµ·¤¨´ É ́   ± ¦¤µ³ É·¥±¥. „¨¶µ²Ó´Ò° ³ £´¨É ¢Ò¶µ²´Ö¥É ¤¢¥
ËÊ´±Í¨¨: µÉ±²µ´Ö¥É § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¢ ¶²µ¸±µ¸É¨ Œ�Š ¸ Í¥²ÓÕ ¨§³¥-

�¨¸.5. ‘²µ¦´µ¥ ̧ µ¡ÒÉ¨¥, § ·¥£¨¸É·¨·µ¢ ´´µ¥ ̧  ¶µ³µÐÓÕ ¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥-
·Ò (¢¨¤ ´  ¤¨¸¶²¥¥ ¶µ¸²¥ µ¡· ¡µÉ±¨ ´  �‚Œ)
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·¥´¨Ö ̈ ³¶Ê²Ó¸  Î ¸É¨Í ̈  Ê³¥´ÓÏ ¥É
¤¨ËËÊ§¨Õ ¨µ´¨§ Í¨µ´´ÒÌ Ô²¥±É·µ-
´µ¢. ”Ê´±Í¨¨ É·¥±µ¢µ£µ ¤¥É¥±Éµ· 
µ¡¥¸¶¥Î¨¢ ÕÉ¸Ö É¥³, ÎÉµ ÔÉ¨ Ô²¥±É-
·µ´Ò ¤¥É¥±É¨·ÊÕÉ¸Ö ¶µ ³¥·¥ ¶µ¤Ìµ-
¤  ± Ô²¥±É·µ¤ ³ Œ�Š.

�·¨³¥´¥´¨¥ ¸µ¢·¥³¥´´µ° Ô²¥±É-
·µ´´µ°  ¶¶ · ÉÊ·Ò ¶µ§¢µ²Ö¥É ·¥-
£¨¸É·¨·µ¢ ÉÓ ¸µÉ´¨ É·¥±µ¢ ¸ ¢Ò¸µ±µ° · §·¥Ï ÕÐ¥° ¸¶µ¸µ¡´µ¸ÉÓÕ
(¸µÉ´¨ ³±³). �  ·¨¸.5 ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥´µ ¸²µ¦´µ¥ ¸µ¡ÒÉ¨¥, § -
·¥£¨¸É·¨·µ¢ ´´µ¥ ¸ ¶µ³µÐÓÕ ‚�Š �…�-4 ¢ �¥·±²¨ [12]. • · ±É¥·¨¸É¨±¨
ÔÉµ° ± ³¥·Ò ¶·¨¢¥¤¥´Ò ¢ É ¡².2. —¨¸²µ ± ´ ²µ¢ ·¥£¨¸É· Í¨¨ ¢ É ±µ° ± ³¥-
·¥ · ¢´µ 16020, ¨§ ´¨Ì 2196 ± ´ ²µ¢ ¸²Ê¦ É ¤²Ö ¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ¶·µ¢µ-
²µÎ¥± ¨ 13824 ¶·¥¤´ §´ Î¥´µ ¤²Ö ± Éµ¤´ÒÌ ¸É·¨¶µ¢. ‚ [13] µ¶¨¸ ´  ¸Ì¥³ 
É¨¶¨Î´µ£µ ± ´ ²  ·¥£¨¸É· Í¨¨, ±µÉµ· Ö ¸µ¸Éµ¨É ¨§ Ê¸¨²¨É¥²Ö,  ´ ²µ£µ¢µ°
§ ¤¥·¦±¨, ¸µ§¤ ´´µ° ´  µ¸´µ¢¥ �‡‘-³ É·¨ÍÒ ¨ ¸Ì¥³Ò µÍ¨Ë·µ¢±¨. „²Ö
¡Ò¸É·ÒÌ ³´µ£µ¸Éµ¶µ¢ÒÌ ¢·¥³¥´´ÒÌ ¨§³¥·¥´¨° ¨¸¶µ²Ó§ÊÕÉ¸Ö ³´µ£µ± ´ ²Ó-
´Ò¥ ±µ¤¨·µ¢Ð¨±¨ ´  µ¸´µ¢¥ ³µ¤Ê²¥° ¶ ³ÖÉ¨ [14].

Š ± ¡Ê¤¥É ¶µ± § ´µ ´¨¦¥, ¶·¨³¥´¥´¨¥ ´ Ìµ¤ÖÉ É ±¦¥ ‚�Š ¶·Ö³µÊ£µ²Ó-
´µ° Ëµ·³Ò, ± ± ÔÉµ ¶µ± § ´µ ´  ·¨¸.6. ‚·¥³Ö¶·µ¥±Í¨µ´´ Ö ± ³¥·  ¸µ¸Éµ¨É
¨§ ´ ¶µ²´¥´´µ£µ £ §µ³ ¡µ²ÓÏµ£µ ¤·¥°Ëµ¢µ£µ µ¡Ñ¥³ , £¤¥ ¢¸²¥¤¸É¢¨¥ ¶·µ²¥-
É  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢µ§´¨± ¥É ¨µ´¨§ Í¨Ö. �  µ¤´µ³ ¨²¨ ¤¢ÊÌ Éµ·Í Ì · ¸-
¶µ² £ ÕÉ¸Ö Œ�Š ¸ ± Éµ¤´Ò³ ¸Î¨ÉÒ¢ ´¨¥³. ‘ Í¥²ÓÕ ·¥£¨¸É· Í¨¨ É·¥±µ¢ ¢
¶·µ¸É· ´¸É¢¥, ´ ·Ö¤Ê ¸ ¤¢Ê³Ö ¸¶·µ¥Í¨·µ¢ ´´Ò³¨ ±µµ·¤¨´ É ³¨, ¨§³¥·Ö¥-
³Ò³¨ ¸ ¶µ³µÐÓÕ Œ�Š (·¨¸.7), µ¶·¥¤¥²Ö¥É¸Ö É ±¦¥ ¢·¥³Ö ¤·¥°Ë  Ô²¥±É·µ-
´µ¢. „²Ö µ¡¥¸¶¥Î¥´¨Ö ·¥£¨¸É· Í¨¨ É·¥±µ¢ (¡µ²ÓÏ¥ µ¤´µ£µ) ± Éµ¤´ Ö ¶²µ¸-
±µ¸ÉÓ ¸µ¸Éµ¨É ¨§ ³´µ¦¥¸É¢  ¶Ô¤µ¢ (¶²µÐ ¤µ±) [15]. ‘ ¶µ³µÐÓÕ ¸µµÉ¢¥É¸É-
¢ÊÕÐ¥° Ô²¥±É·µ´´µ° ¸¨¸É¥-
³Ò ¸Î¨ÉÒ¢ ´¨Ö ÔÉ¨ ¸¨£´ ²Ò
¤²¨É¥²Ó´µ¸ÉÓÕ 50 ´¸ Ê¸¨²¨-
¢ ÕÉ¸Ö, µÍ¨Ë·µ¢Ò¢ ÕÉ¸Ö ¨
¶¥·¥¤ ÕÉ¸Ö ¤²Ö ¤ ²Ó´¥°Ï¥£µ
 ´ ²¨§ . “Î¨ÉÒ¢ Ö · §³¥·Ò

�¨¸.6. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥
‚�Š ¶·Ö³µÊ£µ²Ó´µ° Ëµ·³Ò

�¨¸.7. �·µË¨²Ó § ·Ö¤ , ´ ¢¥¤¥´-
´µ£µ ´  ¶Ô¤ Ì ¢·¥³Ö¶·µ¥±Í¨µ´-
´µ° ± ³¥·Ò
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± ³¥· ¨ ¢·¥³Ö ¤·¥°Ë  Ô²¥±É·µ´µ¢, · ¢´µ¥ 50 ³±³/´¸, ³ ±¸¨³ ²Ó´µ¥ ¢·¥³Ö
¤·¥°Ë  ³µ¦¥É ¸µ¸É ¢²ÖÉÓ ¸µÉ´¨ ³¨±·µ¸¥±Ê´¤. �· ±É¨Î¥¸±¨ ÔÉµ §´ Î¨É, ÎÉµ
¤ ´´Ò¥, ·¥£¨¸É·¨·Ê¥³Ò¥ µÉ ‚�Š, ́ ¥ ³µ£ÊÉ ̈ ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¢ É·¨££¥·´µ° ̧ ¨¸-
É¥³¥ ¶¥·¢µ£µ Ê·µ¢´Ö.

–¥´´Ò³ ± Î¥¸É¢µ³ ‚�Š Ö¢²Ö¥É¸Ö É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ ̈ ¸¶µ²Ó§µ¢ ´¨Ö É -
±µ° ¨´Ëµ·³ Í¨¨, ± ± ¶µÉ¥·¨ Ô´¥·£¨¨ Î ¸É¨Í ³¨ (dE6 dx) (·¨¸.8) ¤²Ö ¨Ì
¨¤¥´É¨Ë¨± Í¨¨. ˆ¸¶µ²Ó§µ¢ ´¨¥ ÔÉµ° ¢¥²¨Î¨´Ò ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨ Î ¸É¨Í,
µ¸µ¡¥´´µ ¢ ·¥²ÖÉ¨¢¨¸É¸±µ° µ¡² ¸É¨, É·¥¡Ê¥É · §·¥Ï¥´¨Ö ²ÊÎÏ¥£µ, Î¥³ 3%.
Š²ÕÎµ³ ± ·¥Ï¥´¨Õ ÔÉµ° ¶·µ¡²¥³Ò Ö¢²Ö¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¶µ²ÊÎ¥´¨Ö ¤µ
¸µÉ´¨ ´¥§ ¢¨¸¨³ÒÌ ¨§³¥·¥´¨° dE6 dx ¤²Ö ± ¦¤µ£µ É·¥± . �É  ¨´Ëµ·³ Í¨Ö
¶µ²ÊÎ ¥É¸Ö ¶ÊÉ¥³ ¨§³¥·¥´¨Ö § ·Ö¤ , ¸µ¡¨· ¥³µ£µ ´  ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ-
²µ± Ì. �µ²¥¥ Éµ£µ, ¨¸¶µ²Ó§ÊÖ ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨¥ �–� ¸ Î ¸ÉµÉµ° µÍ¨Ë-
·µ¢±¨ ¤µ 100 ŒƒÍ [16], ³µ¦´µ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·ÖÉÓ É ±¦¥ ¨ Ëµ·-
³Ê ¸¨£´ ² , ÎÉµ ¶µ§¢µ²Ö¥É Ê²ÊÎÏ¨ÉÓ É ±µ° ¢ ¦´Ò° ¶ · ³¥É·, ± ± · §-
·¥Ï¥´¨¥ ¤¢ÊÌ É·¥±µ¢. �¨¦¥ ¡Ê¤ÊÉ · ¸¸³µÉ·¥´Ò µ¸µ¡¥´´µ¸É¨ ·Ö¤  ‚�Š,
¨¸¶µ²Ó§Ê¥³ÒÌ ¢ ±·Ê¶´ÒÌ Ë¨§¨Î¥¸±¨Ì Ê¸É ´µ¢± Ì.

‚�Š TOPAZ. ‚�Š (�…�-4) ¸É ²  ¶·µÉµÉ¨¶µ³ ¤²Ö · §· ¡µÉ±¨ ·Ö¤  ¤·Ê-
£¨Ì ¤¥É¥±Éµ·µ¢ ÔÉµ£µ ±² ¸¸ , ¶·µ¢¥¤¥´´µ° ¸ ÊÎ¥Éµ³ ´µ¢ÒÌ ¤µ¸É¨¦¥´¨° ¢
³¥Éµ¤¨±¥ Ë¨§¨Î¥¸±µ£µ Ô±¸¶¥·¨³¥´É . ‚ [17] µ¶¨¸ ´  ‚�Š TOPAZ, ¢ ±µÉµ-
·µ° ± Éµ¤´Ò¥ ¶Ô¤Ò, ̈ ¸¶µ²Ó§Ê¥³Ò¥ ¤²Ö ·¥£¨¸É· Í¨¨  §¨³ÊÉ ²Ó´ÒÌ ±µµ·¤¨´ É
φ, ¨³¥ÕÉ ¡o′ ²ÓÏ¨¥ · §³¥·Ò, ´¥¦¥²¨ ¢ ± ³¥·¥ �…�-4, ¨, ÎÉµ ¢ ¦´µ, §¨£§ £µ-
µ¡· §´ÊÕ Ëµ·³Ê, ÎÉµ ¶µ§¢µ²Ö¥É ¶·¨ ³¥´ÓÏ¥³ Î¨¸²¥ ± ´ ²µ¢ ·¥£¨¸É· Í¨¨

�¨¸.8. ‡ ¢¨¸¨³µ¸ÉÓ ¶µÉ¥·Ó Ô´¥·£¨¨ µÉ ¨³¶Ê²Ó¸µ¢
Î ¸É¨Í
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¶µ²ÊÎ¨ÉÓ ¡µ²¥¥ ¢Ò¸µ±ÊÕ ÉµÎ´µ¸ÉÓ ¢ µ¶·¥¤¥²¥´¨¨ ±µµ·¤¨´ É. �µ²¥¥ ¶µ¤·µ¡-
´µ ±µ´¸É·Ê±Í¨Ö Ô²¥±É·µ¤µ¢ ¤ ´´µ° ± ³¥·Ò µ¶¨¸ ´  ¢ [18].

�¡Ð¨° ¢¨¤ ‚�Š TOPAZ ¨§µ¡· ¦¥´ ´  ·¨¸.9. Š ³¥·  ¶·¥¤´ §´ Î¥´ 

¤²Ö ¶·µ¢¥¤¥´¨Ö e+e−-Ô±¸¶¥·¨³¥´Éµ¢ ´  Ê¸±µ·¨É¥²¥ TRISTAN ¨ µ¡¥¸¶¥Î¨¢ -
¥É Ìµ·µÏ¥¥ ¨³¶Ê²Ó¸´µ¥ · §·¥Ï¥´¨¥ ∆p 6 p = 1%p (¤²Ö p > 2 ƒÔ‚/¸) ¨ ¢Ò¸µ-
±µ¥ §´ Î¥´¨¥ dE6 dx ¶µ·Ö¤±  4%. �´ ²µ£µ¢Ò¥ ¸¨£´ ²Ò ¶µ¸²¥ Ê¸¨²¥´¨Ö ¨
Ëµ·³¨·µ¢ ´¨Ö ¸Î¨ÉÒ¢ ÕÉ¸Ö ¸ Î ¸ÉµÉµ° 10 ŒƒÍ ¸ ¶µ³µÐÓÕ �‡‘-³ É·¨Í ¨
¶µ¸²¥ ¢·¥³¥´´µ£µ Ì· ´¥´¨Ö µÍ¨Ë·µ¢Ò¢ ÕÉ¸Ö ¸ ¶µ³µÐÓÕ �–�. „²Ö µ¡· ¡µÉ-
±¨ Í¨Ë·µ¢ÒÌ ¤ ´ÒÌ ¨ ¶¥·¥¤ Î¨ ¨Ì ¢ �‚Œ ¨¸¶µ²Ó§Ê¥É¸Ö ¸¨¸É¥³  FASTBUS.
Š·µ³¥ Éµ£µ, ¤²Ö ‚�Š ¨ · ¸¶µ²µ¦¥´´µ° ¢´ÊÉ·¨ ± ³¥·Ò É¨¶  ®¤¦¥É¯ · §· -
¡µÉ ´  µ·¨£¨´ ²Ó´ Ö É·¨££¥·´ Ö ¸¨¸É¥³  ¨ ¸¶¥Í¨ ²¨§¨·µ¢ ´´Ò° ¶·µÍ¥¸¸µ·
¤²Ö µ¶·¥¤¥²¥´¨Ö ±µµ·¤¨´ É ¢¥·Ï¨´ · ¸¶ ¤  Î ¸É¨Í (¸³. ´¨¦¥).

‚�Š HISS. ‚ �·Ê±ÌÔ°¢¥´¸±µ° ² ¡µ· Éµ·¨¨ (BNL) ‚�Š ¶·Ö³µÊ£µ²Ó´µ°
Ëµ·³Ò, ¸µ¸ÉµÖÐ Ö ¨§ É·¥Ì ³µ¤Ê²¥°, ¶·¥¤´ §´ Î¥´  ¤²Ö ¨¸¶µ²Ó§µ¢ ´¨Ö ´ 
¶ÊÎ±¥ ÉÖ¦¥²ÒÌ ·¥²ÖÉ¨¢¨¸É±¨Ì ¨µ´µ¢ ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨
Î ¸É¨Í (¶µ·Ö¤±  100), ÎÉµ ¸²¥¤Ê¥É ¨§ ·¨¸.10, £¤¥ ¶µ± § ´µ ¢µ¸¸É ´µ¢²¥´´µ¥

�¨¸.9. �¡Ð¨° ¢¨¤ ¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥·Ò ’�PAZ: 1 Å
 ´É¨É·¥±µ¢ Ö ± ³¥· , 2 Å ± ³¥· , ¸µ§¤ ÕÐ Ö ´ ¶· ¢²ÖÕÐ¥¥
¶µ²¥, 3 Å ¢´ÊÉ·¥´´¥¥ ±µ²ÓÍµ, 4 Å § ±·¥¶²ÖÕÐ¥¥ ±µ²ÓÍµ,
5 Å Éµ·¥Í, 6 Å ¢´¥Ï´¥¥ ±µ²ÓÍµ ±·¥¶²¥´¨Ö, 7 Å ¸¥±Éµ·, 8 Å
¢´¥Ï´¥¥ ±µ²ÓÍµ, 9 Å ¢´¥Ï´ÖÖ ¶µ²¥¢ Ö ± ³¥· , 10 Å ¢´ÊÉ-
·¥´´ÖÖ ¶µ²¥¢ Ö ± ³¥· , 11 Ä Í¥´É· ²Ó´ Ö ³¥³¡· ´ , 12 Å
¢´¥Ï´¨° Í¨²¨´¤·
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�¨¸.10. ‘µ¡ÒÉ¨¥, ¸µ¸ÉµÖÐ¥¥ ¨§ 102 É·¥±µ¢:  ) ¶·µ¥±Í¨Ö ´  ¶²µ¸±µ¸ÉÓ
Ìz, ¡) ¶·µ¥±Í¨Ö ´  ¶²µ¸±µ¸ÉÓ yz, ¢) ¶·µ¥±Í¨Ö ´  ¶²µ¸±µ¸ÉÓ ÌÊ, £) ¨§µ¡-
· ¦¥´¨¥, ¶µ¢¥·´ÊÉµ¥ ´  180Æ
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¸µ¡ÒÉ¨¥, ¸µ¤¥·¦ Ð¥¥ 102 É·¥± . •µ·µÏ¥¥ ¤¢ÊÌÉ·¥±µ¢µ¥ · §·¥Ï¥´¨¥ ¶µ²ÊÎ¥-
´µ ¡² £µ¤ ·Ö ¡µ²ÓÏµ³Ê Î¨¸²Ê ´¥§ ¢¨¸¨³ÒÌ ± ´ ²µ¢ ÎÉ¥´¨Ö ¸ ¨¸¶µ²Ó§µ¢ -
´¨¥³ ¸¶¥Í¨ ²¨§¨·µ¢ ´´ÒÌ ¨´É¥£· ²Ó´ÒÌ ³¨±·µ¸Ì¥³. ‚ Î ¸É´µ¸É¨, ¡Ò² 
¶·¨³¥´¥´  ¸¨¸É¥³  ¨§ ±µ·µÉ±¨Ì (1 ¸³)  ´µ¤´ÒÌ ¶·µ¢µ²µ±, · ¸¶µ²µ¦¥´´ÒÌ
¶ · ²²¥²Ó´µ ¶ÊÎ±Ê, ¨ ¸³¥¸Ó £ §µ¢ ¸ ³ ²Ò³ ±µÔËË¨Í¨¥´Éµ³ ¤¨ËËÊ§¨¨ [19].

�¨¸.10¢,£
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‚ ¸¢µÕ µÎ¥·¥¤Ó, ¨¸¶µ²Ó§µ¢ ´¨¥ ±µ·µÉ±¨Ì  ´µ¤´ÒÌ ¶·µ¢µ²µ± ¶µ§¢µ²¨²µ
Ê²ÊÎÏ¨ÉÓ É ±µ° ¶ · ³¥É·, ± ± dE6 dx, ¨¸¶µ²Ó§Ê¥³Ò° ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨
Î ¸É¨Í ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸É¨.

’ ¡²¨Í  2. � · ³¥É·Ò ‚�Š

• · ±-
É¥·¨¸É¨± 

“¸É ´µ¢± 

HISS
[20]

PEP-4
[10,11]

ALEPH
[26Å29]

TOPAZ
[17Å18]

DELPHI
[23Å25]

CDF
[32]

„¨ ³¥É·, ¸³: 
¢´¥Ï´¨° Å 180 360 260 280
( ±É¨¢´Ò°) 116 21

¢´ÊÉ·¥´´¨° Å 31 70 Å 120
( ±É¨¢´Ò°) 32,5 7
„²¨´ , ¸³ Å 200 220 300 2 × 150
(a±É¨¢´ Ö) 2 × 134 35,3
� §³¥· ± Éµ¤´µ°
¶²µ¸±µ¸É¨, ³ 1,5 × 1 Å Å Å Å
—¨¸²µ Ô²¥³¥´Éµ¢
¸Î¨ÉÒ¢ ´¨Ö (¶Ô¤µ¢) 120 × 128 13824 44000 4096 2 ⋅ 104

� §³¥· ¶Ô¤ , ³³ 12 × 8 7,5 × 75 6,2 × 30 12 × 10 4,12 × 4
�·µ¸É· ´¸É¢¥´´µ¥
· §·¥Ï¥´¨¥, ³±³ Å 100 ± 3 150 ± 5 Å Å

„ ¢²¥´¨¥,  É³ 1 10 1 3 4 1
„·¥°Ëµ¢µ¥
· ¸¸ÉµÖ´¨¥, ¸³ 2 × 75 2 × 1 2 × 20 2 × 20 368 15,25
— ¸ÉµÉ  ¢Ò¡µ·±¨
dE6 dx, MƒÍ 100 10 11,4 1,4 14 10,6
ŠµÔËË¨Í¨¥´É
£ §µ¢µ£µ Ê¸¨²¥´¨Ö 3000 Å Å Å
Œ £´¨É´µ¥ ¶µ²¥, ±ƒ¸ 13 13 1 T² 1 T²    12 1,5 T²
� ¡µÎ¥¥
´ ¶·Ö¦¥´¨¥, ±‚ − 50

�²¥±É·¨Î¥¸±µ¥ 
¶µ²¥, ‚/¸³ 120 Å 260 Å 150 320
—¨¸²µ ± ´ ²µ¢
·¥£¨¸É· Í¨¨ 15360 16020 5 × 103 Å Å 3072

� §·¥Ï¥´¨¥
¤¢ÊÌ É·¥±µ¢, ¸³ 2,5 Å Å Å 1,5
‘±µ·µ¸ÉÓ ¤·¥°Ë , 
³±³/¸ 50 70 Å Å 64 46
‚·¥³Ö ¤·¥°Ë , ³±¸ 75 Å Å 24 20 3,5
—¨¸²µ ¶·µ¢µ²µ± Œ�Š Å 2196 6336 2300
‘³¥¸Ó £ §µ¢ 90%Ar +

+ 10%CH4

80%Ar +
+ 20%CH4

91%Ar +
+ 9%CH4

90%Ar +
+ 10%CH4

80%Ar +
+ 20%CH4

50%Ar +
+ 50%CH4

�·¨³¥Î ´¨¥: (Å) µ§´ Î ¥É, ÎÉµ ¤ ´´ÒÌ ´¥É.
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�µ²¥¥ ¸µ¢¥·Ï¥´´ Ö · §· ¡µÉ±  ‚�Š ¶·Ö³µÊ£µ²Ó´µ° Ëµ·³Ò HISS É ±¦¥
¶·¥¤´ §´ Î¥´  ¤²Ö ¨§ÊÎ¥´¨Ö ³´µ¦¥¸É¢¥´´ÒÌ ¸µ¡ÒÉ¨°, ¶µ·µ¦¤ ¥³ÒÌ ¢ ¸Éµ²±-
´µ¢¥´¨ÖÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨µ´µ¢ [20], ´µ ¸ £µ· §¤µ ¡µ²ÓÏ¥° ³´µ¦¥¸É¢¥´-
´µ¸ÉÓÕ (³´µ¦¥¸É¢¥´´µ¸ÉÓ t ¶µ·Ö¤±  200). � · ³¥É·Ò ± ³¥·Ò ¶·¨¢¥¤¥´Ò ¢
É ¡².2.

Š ³¥·  HISS, ¨³¥ÕÐ Ö  ±É¨¢´ÊÕ µ¡² ¸ÉÓ 150 × 96 × 75 ¸³, ¶·¥¤´ §´ -
Î¥´  ¤²Ö · ¡µÉÒ ¶·¨  É³µ¸Ë¥·´µ³ ¤ ¢²¥´¨¨. �´  ¶µ³¥Ð¥´  ³¥¦¤Ê ¤¨¶µ-
²Ö³¨ ³ £´¨É . �¡² ¸ÉÓ ¤·¥°Ë  Ô²¥±É·µ´µ¢ ¸µ¸É ¢²ÖÕÉ, ¸ µ¤´µ° ¸Éµ·µ´Ò,
Œ�Š ¸ ± Éµ¤´Ò³ ¸Î¨ÉÒ¢ ´¨¥³,   ¸ ¤·Ê£µ° Å ¶²µ¸±¨° Ô²¥±É·µ¤, ´ Ìµ¤Ö-
Ð¨°¸Ö ¶µ¤ ¢Ò¸µ±¨³ ´ ¶·Ö¦¥´¨¥³. Œ¥¦¤Ê ´¨³¨ · ¸¶µ²µ¦¥´  ¶·Ö³µÊ£µ²Ó-
´ Ö ¸¥ÉµÎ´ Ö ± ³¥·  ¢Ò¸µÉµ° 15 ¸³, µ¡¥¸¶¥Î¨¢ ÕÐ Ö ¶·µÎ´µ¸ÉÓ ¤¥É¥±Éµ· 
¨ µ¤´µ·µ¤´µ¸ÉÓ ¶µ²Ö ¢ ± Éµ¤´µ° ¶²µ¸±µ¸É¨. Š Éµ¤´ Ö ¶²µ¸±µ¸ÉÓ ¸µ¤¥·¦¨É
15360 ¶Ô¤µ¢ ¸ · §³¥· ³¨ 1,2 × 0,8 ¸³, ±µÉµ·Ò¥ § ´¨³ ÕÉ ¶²µÐ ¤Ó
150 × 95 ¸³. �´µ¤´Ò¥ ¶·µ¢µ²µ±¨ ´ Ìµ¤ÖÉ¸Ö ¶µ¤ ´ ¶·Ö¦¥´¨¥³ 1170 ‚ ¨
µ¡¥¸¶¥Î¨¢ ÕÉ ±µÔËË¨Í¨¥´É £ §µ¢µ£µ Ê¸¨²¥´¨Ö ¶µ·Ö¤±  3000.

�¸µ¡¥´´µ¸ÉÓ ·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´´µ° ¸¨¸É¥³Ò ‚�Š HISS § ±²Õ-
Î ¥É¸Ö ¢ Éµ³, ÎÉµ ´¥ Éµ²Ó±µ Ê¸¨²¨É¥²¨, ´µ ¨ É ±¨¥ ¸Ì¥³Ò, ± ± Ëµ·³¨·µ¢ -
É¥²¨,  ´ ²µ£µ¢ Ö ¶ ³ÖÉÓ ¨ ³Ê²ÓÉ¨¶²¥±¸µ·Ò, · ¸¶µ²µ¦¥´Ò ´¥¶µ¸·¥¤¸É¢¥´´µ
´  ± Éµ¤´µ° ¶²µ¸±µ¸É¨. �´ ²µ£µ¢Ò¥ ¸¨£´ ²Ò § ¶µ³¨´ ÕÉ¸Ö ¢ ³´µ£µ± ´ ²Ó-
´µ° ¸¶¥Í¨ ²¨§¨·µ¢ ´´µ° ³¨±·µ¸Ì¥³¥, ¸µ¸ÉµÖÐ¥° ¨§ ³ É·¨ÍÒ ¶¥·¥±²ÕÎ ¥-
³ÒÌ ³¨±·µ±µ´¤¥´¸ Éµ·µ¢, ¢Ò¶µ²´¥´´ÒÌ ¶µ ŠŒ��-É¥Ì´µ²µ£¨¨. ‚µ§³µ¦´µ
É ±¦¥ ¸Î¨ÉÒ¢ ´¨¥ ¤ ´´ÒÌ ¸ ¶µ³µÐÓÕ �‡‘-³ É·¨Í.

‚�Š, · §· ¡µÉ ´´ Ö ¢ �ˆŸˆ. ‚ [21,22] o¶¨¸ ´ ¤¥É¥±Éµ· ´  µ¸´µ¢¥
¶·µ¶µ·Í¨µ´ ²Ó´ÒÌ ± ³¥· (�Š) ¸ ¤·¥°Ëµ¢Ò³ ¶·µ³¥¦ÊÉ±µ³, ±µÉµ·Ò° ¢³¥¸É¥
¸ ³´µ£µ± ´ ²Ó´µ° Ô²¥±É·µ´´µ° ¸¨¸É¥³µ° ¸Î¨ÉÒ¢ ´¨Ö ¨ ·¥£¨¸É· Í¨¨, ¶µ ¸Ê-
Ð¥¸É¢Ê, ¶·¥¤¸É ¢²Ö¥É ̧ µ¡µ° ‚�Š. �·¨¡µ· ̧ µ¸Éµ¨É ̈ § ¤¢ÊÌ ³µ¤Ê²¥°: ¢Ìµ¤´µ°
�Š ¨ �Š ¸ ¤·¥°Ëµ¢Ò³ ¶·µ³¥¦ÊÉ±µ³. ‚Ìµ¤´ Ö �Š ¶·¥¤´ §´ Î¥´  ¤²Ö µ¶·¥-
¤¥²¥´¨Ö ±µµ·¤¨´ É Y ¨ Z Î ¸É¨ÍÒ ´  ¢Ìµ¤¥ ¥¥ ¢ ¤¥É¥±Éµ·. ‘ ¶µ³µÐÓÕ ¢Éµ-
·µ£µ ³µ¤Ê²Ö ¨§³¥·ÖÕÉ¸Ö É ±¨¥ ¢¥²¨Î¨´Ò, ± ± ¨µ´¨§ Í¨Ö Î ¸É¨ÍÒ ¢¤µ²Ó ¥¥
É·¥± , ¤²¨´  ¶·µ¡¥£  Î ¸É¨ÍÒ, ¥¸²¨ µ´  µ¸É ´µ¢¨² ¸Ó ¢´ÊÉ·¨ ³µ¤Ê²Ö, ¢·¥³Ö
¤·¥°Ë  Ô²¥±É·µ´µ¢, ÎÉµ ¶µ§¢µ²Ö¥É µ¶·¥¤¥²¨ÉÓ É· ¥±Éµ·¨Õ Î ¸É¨ÍÒ ¢ ¶²µ¸-
±µ¸É¨ XZ, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ´¨ÉÖ³, ¨ ¤¥²¥´¨¥ § ·Ö¤  ² ¢¨´Ò ´  µ³¨Î¥¸±µ³
¸µ¶·µÉ¨¢²¥´¨¨ ´¥±µÉµ·ÒÌ ¸¨£´ ²Ó´ÒÌ ´¨É¥°, ÎÉµ ¤ ¥É Y-±µµ·¤¨´ ÉÊ ÉµÎ¥±
´  É·¥±¥. �¶¨¸ ´´Ò° ¶·¨¡µ· Ö¢²Ö¥É¸Ö Ìµ·µÏ¨³ ¨´¸É·Ê³¥´Éµ³ ¤²Ö ¨¤¥´É¨-
Ë¨± Í¨¨ ¨ ¸¶¥±É·µ³¥É·¨¨ ³¥¤²¥´´ÒÌ Î ¸É¨Í. ‘ £¥²¨¥¢Ò³ ´ ¶µ²´¨É¥²¥³ µ´
³µ¦¥É ¸²Ê¦¨ÉÓ ¶µ²Ö·¨³¥É·µ³ ¶·µÉµ´µ¢ ¨ ¤¥°É·µ´µ¢.

‚�Š DELPHI. ‚�Š ´  Ê¸É ´µ¢±¥ DELPHI Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ É·¥±µ-
¢Ò³ ¤¥É¥±Éµ·µ³ ¨ ¢Ò¶µ²´Ö¥É ËÊ´±Í¨¨ Í¥´É· ²Ó´µ£µ ¤¥É¥±Éµ· . Š ³¥· 
¨³¥¥É ̧ ²¥¤ÊÕÐ¨¥ · §³¥·Ò: · ¤¨Ê¸ R = 120 ¸³ ̈  ¤²¨´a L = 2 × 150 ¸³, ¶µ²¥§-

´Ò° µ¡Ñ¥³ 14 ³3. ’µ·Í¥¢ Ö Í¨²¨´¤·¨Î¥¸± Ö ¶µ¢¥·Ì´µ¸ÉÓ, £¤¥ · ¸¶µ²µ¦¥´ 
Œ�Š, · §¤¥²¥´  ´  6 ¸¥±Éµ·µ¢, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¸µ¤¥·¦¨É ¶µ
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192 ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶·µ¢µ²µ±¨ ¨ ¶µ 16 ¶Ô¤µ¢. �·¥¤Ê¸¨²¨É¥²¨ · ¸¶µ²µ¦¥´Ò
´¥¶µ¸·¥¤¸É¢¥´´µ ´  Œ�Š. �µ¸²¥ ¤¢ÊÌ± ¸± ¤´µ£µ Ê¸¨²¥´¨Ö ¸¨£´ ²Ò ¶µ¸ÉÊ-
¶ ÕÉ ´  ¢Ìµ¤Ò 8-· §·Ö¤´ÒÌ ¶ · ²²¥²Ó´ÒÌ �–�, ±µÉµ·Ò¥ µ¡¥¸¶¥Î¨¢ ÕÉ
µÍ¨Ë·µ¢±Ê ¸¨£´ ²µ¢ ¸ Î ¸ÉµÉµ° 14 ŒƒÍ. �  Éµ·Í¥ ± ³¥·Ò · ¸¶µ²µ¦¥´Ò
É ±¦¥ Ï¥¸ÉÓ ³¨´¨ ÉÕ·´ÒÌ ² §¥·µ¢, ±µÉµ·Ò¥ µ¡¥¸¶¥Î¨¢ ÕÉ ¨³¨É Í¨Õ É·¥-
±µ¢ ¢ ¶·µÍ¥¸¸¥ ¤¨ £´µ¸É¨±¨ ¤¥É¥±Éµ· .

‚ ·¥§Ê²ÓÉ É¥ É¥¸É¨·µ¢ ´¨Ö ‚�Š, ¨¸¶µ²Ó§Ê¥³µ° ´  Ê¸É ´µ¢±¥ DELPHI
[23,25], ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¶ · ³¥É·Ò: ¸±µ·µ¸ÉÓ ¤·¥°Ë  64 ³±³/´¸, · §-
·¥Ï¥´¨¥ σ(dE6 dx) = 5,5 ± 0,5%, · §·¥Ï¥´¨¥ ¢ ¶²µ¸±µ¸É¨  rφ · ¢´µ 180Å
280 ³±³ ¨ · §·¥Ï¥´¨¥ ¤¢ÊÌ É·¥±µ¢ ¸µ¸É ¢²Ö¥É 1,5 ¸³. ˆ´Ëµ·³ Í¨Ö, ¸Î¨ÉÒ-
¢ ¥³ Ö µÉ ‚�Š, ¨¸¶µ²Ó§Ê¥É¸Ö É ±¦¥ ¤²Ö ¢Ò· ¡µÉ±¨ É·¨££¥·´µ£µ ¸¨£´ ²  ¨
¢µ¸¸É ´µ¢²¥´¨Ö É·¥±µ¢ ¸ ¶µ³µÐÓÕ ¸¶¥Í¨ ²¨§¨·µ¢ ´´µ£µ É·¥±µ¢µ£µ ¶·µÍ¥¸-

�¨¸.11. „¨¸¶²¥°´ Ö ± ·É¨´  ¶·µÌµ¦¤¥´¨Ö Î ¸É¨Í ¸±¢µ§Ó ³¨±·µ¢¥·Ï¨´´Ò°
¤¥É¥±Éµ·, ¢´ÊÉ·¥´´¨° ¤¥É¥±Éµ· ¨ Î¥·¥§ ¡²¨¦ °ÏÊÕ ¸¥±Í¨Õ ‚�Š DELPHI
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¸µ· , µ¸´µ¢ ´´µ£µ ́   Ìµ·µÏµ ̈ §¢¥¸É´µ³  ²£µ·¨É³¥ ́ ¥¶·¥·Ò¢´µ° ³ ¸±¨ [24].
–¥´É· ²Ó´Ò° ¤¥É¥±Éµ· ¢Ò¶µ²´Ö¥É ¸²¥¤ÊÕÐ¨¥¥ ËÊ´±Í¨¨: 1) ¨§³¥·¥´¨¥ ±µ-
µ·¤¨´ É É·¥±µ¢ Î ¸É¨Í; 2) ÔËË¥±É¨¢´µ¥ e6 π-· §¤¥²¥´¨¥; 3) ¢ ¸µÎ¥É ´¨¨ ¸
¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò³ ³¨±·µ¢¥·Ï¨´´Ò³, ¢´ÊÉ·¥´´¨³ ¨ ¢´¥Ï´¨³ ¤¥É¥±Éµ·µ³
¨§³¥·¥´¨¥ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í.

�  ·¨¸.11 ¶µ± § ´µ ¸µ¡ÒÉ¨¥, § ·¥£¨¸É·¨·µ¢ ´´µ¥ ¸ ¶µ³µÐÓÕ É·¥±µ¢µ°
¸¨¸É¥³Ò ¤¥É¥±Éµ·  DELPHI, ¸µ¸ÉµÖÐ¥° ¨§ ¶µ²Ê¶·µ¢µ¤´¨±µ¢µ£µ ³¨±·µ¢¥·-
Ï¨´´µ£µ ¤¥É¥±Éµ· , ¢´ÊÉ·¥´´¥° ¤¦¥É-± ³¥·Ò ¨ ‚�Š.

‚�Š ALEPH (ALEPH: ®A detector for LEP Physics¯). ‚�Š ±µ²² -
¡µ· Í¨¨ ALEPH Ö¢²Ö¥É¸Ö ´ ¨¡µ²¥¥ ±·Ê¶´µ° ± ³¥·µ°, · §· ¡µÉ ´´µ° ¤²Ö
Ô±¸¶¥·¨³¥´Éµ¢ ´  LEP. ‚ Í¥²µ³ Ê¸É ´µ¢±  ¸µ§¤ ´  ¤²Ö ·¥Ï¥´¨Ö Ï¨·µ±µ£µ
±·Ê£  § ¤ Î ̈ , ¢ Î ¸É´µ¸É¨, ¤²Ö ¤¥É ²Ó´µ£µ ̈ §ÊÎ¥´¨Ö ¶ · ³¥É·µ¢ ̧ É ´¤ ·É´µ°

³µ¤¥²¨ ¸² ¡ÒÌ ¢§ ¨³µ¤¥°¸É¢¨°, É ±¨Ì ± ± ¶·µ¤Ê±ÉÒ ¨ · ¸¶ ¤Ò ³µ¤ Z 0- ¨

W ±-¡µ§µ´µ¢, ¤²Ö ¶·µ¢¥·±¨ Š•„ ¶·¨ ¡µ²ÓÏ¨Ì Q 2, ¤²Ö ¶µ¨¸±  Éµ¶-±¢ ·±  ¨
É.¤. [24Å26]. �¥¶µ¸·¥¤¸É¢¥´´µ ‚�Š, ± ± É·¥±µ¢Ò° ¤¥É¥±Éµ·, ¨¸¶µ²Ó§Ê¥É¸Ö
¤²Ö ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸µ¢ ¨ Ê£²µ¢ ¢Ò²¥É  § ·Ö¦¥´´ÒÌ Î ¸É¨Í ̧  ¢Ò¸µ±¨³ · §-
·¥Ï¥´¨¥³ ¨ µ¶·¥¤¥²¥´¨Ö ¶²µÉ´µ¸É¨ ¨µ´¨§ Í¨¨ dE6 dx, ¸ ¶µ³µÐÓÕ ±µÉµ·µ°
µÉ¤¥²ÖÕÉ¸Ö É·¥±¨ ¶¨µ´µ¢ ¨ Ô²¥±É·µ´µ¢. Šµµ·¤¨´ É  Z ¶µ²ÊÎ ¥É¸Ö ¶ÊÉ¥³
¨§³¥·¥´¨Ö ¢·¥³¥´¨ ¤·¥°Ë  ¶·¨ ¨§¢¥¸É´µ° ¸±µ·µ¸É¨ ¤·¥°Ë , · ¢´µ°
5,2 ¸³/³±¸, rφ-±µµ·¤¨´ É  ´ Ìµ¤¨É¸Ö ¶ÊÉ¥³ ¨´É¥·¶µ²ÖÍ¨¨ ¸¨£´ ²µ¢, ¸Î¨ÉÒ-
¢ ¥³ÒÌ ¸ ¶Ô¤µ¢, ¨ ¤²Ö ´ Ìµ¦¤¥´¨Ö r-±µµ·¤¨´ ÉÒ ¨¸¶µ²Ó§Ê¥É¸Ö ¶µ²µ¦¥´¨¥
¶Ô¤  ¢ · ¤¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨. ‘ ¶µ³µÐÓÕ ‚�Š ¨ ¡Ò¸É·ÒÌ �–� ¨§³¥-
·Ö¥É¸Ö 21 ÉµÎ±  ¤²Ö ± ¦¤µ£µ É·¥± . ’· ¥±Éµ·¨¨ § ·Ö¦¥´´µ° Î ¸É¨ÍÒ ¢´ÊÉ·¨
µ¡Ñ¥³  ± ³¥·Ò ¶·¥¤¸É ¢²ÖÕÉ ̧ µ¡µ° ¢¨´Éµ¢Ò¥ ²¨´¨¨,   ¢ ¶·µ¥±Í¨¨ ´  Éµ·Í Ì
¶µ²ÊÎ ÕÉ¸Ö ¤Ê£¨ ¨²¨ µ±·Ê¦´µ¸É¨. ‚ [26] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨§³¥·¥´¨Ö
¢¥²¨Î¨´Ò ¶·µ¸É· ´¸É¢¥´´µ£µ · §·¥Ï¥´¨Ö ‚�Š ALEPH, ±µÉµ· Ö · ¢´ 
(150 ± 5) ³±³. ‚ É ¡².3 ¶·¨¢¥¤¥´Ò ´¥±µÉµ·Ò¥ ¢ ¦´Ò¥ Ì · ±É¥·¨¸É¨±¨ ‚�Š
(¸³. É ±¦¥ É ¡².2).

’ ¡²¨Í  3. �¥±µÉµ·Ò¥ Ì · ±É¥·¨¸É¨±¨ ‚�Š ALEPH

� §·¥Ï¥´¨¥ ¢ ¶²µ¸±µ¸É¨ rφ 160 ³±³ ¶·¨ Ê£²¥ ¶¥·¥¸¥Î¥´¨Ö ¶Ô¤  0Æ

400 ³±³ ¶·¨ Ê£²¥ ¶¥·¥¸¥Î¥´¨Ö ¶Ô¤a 10Æ

� §·¥Ï¥´¨¥ z-±µo·¤¨´ ÉÒ

¶·¨ ¶µ²Ö·´µ³ Ê£²¥ 90Æ 45Æ 20Æ

¤²Ö ¶Ô¤µ¢, ³³ 0,7 1,7 2,3

¤²Ö ¶·µ¢µ²µ±, ³³ 3 2 2

� §·¥Ï¥´¨¥ ¶µ ¨³¶Ê²Ó¸Ê ∆p 6 p2 1,5 ⋅ 10−3 (ƒÔ‚/¸)−1

� §·¥Ï¥´¨¥ dE 6 dx 4,5% ¤²Ö 280 ¶·µ¢µ²µ±
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‚�Š ALEPH ¢Ìµ¤¨É ¢ ¸µ¸É ¢ ¡µ²ÓÏµ£µ Í¥´É· ²Ó´µ£µ ¤¥É¥±Éµ· , ¢ ±µÉµ-
·Ò° ¢Ìµ¤ÖÉ ¢´ÊÉ·¥´´ÖÖ É·¥±µ¢ Ö ± ³¥·  ̈  ‚�Š. �µ Ëµ·³¥ ¢·¥³Ö¶·µ¥±Í¨µ´-
´ Ö ± ³¥·  ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Í¨²¨´¤· (·¨¸.12) ¸  ±¸¨ ²Ó´µ-¶ · ²²¥²Ó´Ò³
³ £´¨É´Ò³ ¨ Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³. ‚ ¸¥·¥¤¨´¥ ± ³¥·Ò ¨³¥¥É¸Ö Í¥´É· ²Ó-
´ Ö ³¥³¡· ´ , ±µÉµ· Ö · §¤¥²Ö¥É ± ³¥·Ê ´  ¤¢¥ ¶µ²µ¢¨´Ò. �²¥±É·µ´Ò, ¶µ-
·µ¦¤ ¥³Ò¥ ¶·µ²¥É ÕÐ¥° § ·Ö¦¥´´µ° Î ¸É¨Í¥°, ¤·¥°ËÊÕÉ ¢ ´ ¶· ¢²¥´¨¨
µ¤´µ£µ ¨§ Éµ·Íµ¢ ± ³¥·Ò, £¤¥ · ¸¶µ²µ¦¥´Ò ÎÊ¢¸É¢¨É¥²Ó´Ò¥ Ô²¥±É·µ¤Ò
Œ�Š. Œ�Š, · ¸¶µ²µ¦¥´´Ò¥ Ê Éµ·Íµ¢ ± ³¥·Ò, · §¤¥²¥´Ò ´  18 ¸¥±Éµ·µ¢.
�  ·¨¸.13,  ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥´  £¥µ³¥É·¨Ö Éµ·Í¥¢µ£µ ¤¥É¥±Éµ· 
(Œ�Š ¸ ± Éµ¤´Ò³ ¸Î¨ÉÒ¢ ´¨¥³). �  ·¨¸.13,¡ ¡µ²¥¥ ¤¥É ²Ó´µ ¶µ± § ´Ò ¸Ì¥-
³Ò ¸¥±Éµ·µ¢ M,W ¨ Š. Š Éµ¤´Ò¥ ¶Ô¤Ò ´ Ìµ¤ÖÉ¸Ö ´  · ¸¸ÉµÖ´¨¨ 4 ³³ µÉ
ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ±. �·¨Î¥³ ± ¦¤Ò° ¨§ ¸¥±Éµ·µ¢ ¸µ¤¥·¦¨É · §²¨Î´µ¥
Î¨¸²µ ¶Ô¤µ¢, µ¡Ð¥¥ Î¨¸²µ ±µÉµ·ÒÌ · ¢´µ 41004 (±µ²¨Î¥¸É¢µ  ´µ¤´ÒÌ ¶·µ-
¢µ²µ± · ¢´µ 6000). ‘ ÊÎ¥Éµ³ ¢·¥³¥´¨ ¤·¥°Ë  ¶µ·Ö¤±  45 ³±¸ ¨´Ëµ·³ Í¨Ö,
¸Î¨ÉÒ¢ ¥³ Ö µÉ ‚�Š, ¨¸¶µ²Ó§Ê¥É¸Ö ´  ¢Éµ·µ³ Ê·µ¢´¥ µÉ¡µ·  ¸µ¡ÒÉ¨°.
‘ ¶µ³µÐÓÕ ¶ · ²²¥²Ó´ÒÌ �–�  ´ ²µ£µ¢Ò¥ ¸¨£´ ²Ò µÍ¨Ë·µ¢Ò¢ ÕÉ¸Ö ¨
§ ¶µ³¨´ ÕÉ¸Ö ¢ ¡ÊË¥·´µ° ¶ ³ÖÉ¨. �  µ¤´µ ¸µ¡ÒÉ¨¥ ¶·¨Ìµ¤¨É¸Ö 25 ³¡ °É
¤ ´´ÒÌ [28]. ‚ ¦´µ, ÎÉµ ¨´Ëµ·³ Í¨Ö µ É·¥± Ì, ¶µ²ÊÎ¥´´ Ö ¸ ¶µ³µÐÓÕ ¤ ´-
´µ° ± ³¥·Ò, ¡Ò²  µ¡· ¡µÉ ´  ¸ ¶µ³µÐÓÕ ´¥°·µ´´µ° ¸¥É¨ [29]. �µ²ÊÎ¥´Ò
± Î¥¸É¢¥´´Ò¥ ¨§µ¡· ¦¥´¨Ö É·¥±µ¢ Î ¸É¨Í ¢ ·¥¦¨³¥ ®µË-² °´¯, µ¤´µ ¨§
±µÉµ·ÒÌ ¶·¨¢¥¤¥´µ ´  ·¨¸.14.

�¨¸.12. �¡Ð¨° ¢¨¤ ‚�Š ALEPH ´  ± ´ ²¥ ¶ÊÎ±  Î ¸É¨Í
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ˆ¸¶µ²Ó§µ¢ ´¨¥ ‚�Š ¢ Ô±¸¶¥·¨³¥´É¥ WA71. �¥·¥¤±µ ‚�Š ¶µ³¥Ð ÕÉ-
¸Ö ¢ Éµ° Î ¸É¨ Ê¸É ´µ¢±¨, £¤¥ É·¥±¨ Î ¸É¨Í ¨³¥ÕÉ ³¥´ÓÏÊÕ ¶²µÉ´µ¸ÉÓ ¨
¡µ²ÓÏµ° Ê£µ² · §²¥É  É·¥±µ¢. �µÔÉµ³Ê É ±¨¥ ¤¥É¥±Éµ·Ò ¨¸¶µ²Ó§ÊÕÉ¸Ö ¢ ¸µ-
Î¥É ´¨¨ ¸ ¤¥É¥±Éµ· ³¨ ³¥´ÓÏ¨Ì · §³¥·µ¢ ¨ ¸ ¡µ²¥¥ ¢Ò¸µ±µ° · §·¥Ï ÕÐ¥°
¸¶µ¸µ¡´µ¸ÉÓÕ. ‚ Ô±¸¶¥·¨³¥´É¥, µ¶¨¸ ´´µ³ ¢ [30,31], ¤¢¥ ‚�Š ¶·Ö³µÊ£µ²Ó-
´µ° Ëµ·³Ò · ¡µÉ ÕÉ ¸µ¢³¥¸É´µ ¸ ³¨±·µ¶µ²µ¸±µ¢Ò³ ±·¥³´¨¥¢Ò³ É¥²¥¸±µ-

�¨¸.13.  ) ƒ¥µ³¥É·¨Ö ± Éµ¤´µ° ¶²µ¸±µ¸É¨ ‚�Š ALEPH.
¡) �µ²¥¥ ¤¥É ²Ó´µ¥ ¨§µ¡· ¦¥´¨¥ ¸¥±Éµ·µ¢ Š, �, ¨ W
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¶µ³. Š ³¥·Ò · ¡µÉ ÕÉ ¢ ³ £´¨É´µ³ ¶µ²¥ ¸¶¥±É·µ³¥É·  ®Omega¯ ¨ Ö¢²ÖÕÉ-
¸Ö Î ¸ÉÓÕ ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ· , ¸Ì¥³  ±µÉµ·µ£µ ¶·¨¢¥¤¥´  ´  ·¨¸.15. �´
¶·¥¤´ §´ Î¥´ ¤²Ö ¶µ¨¸±  ¶·¥²¥¸É´ÒÌ Î ¸É¨Í, ¶µ·µ¦¤ ¥³ÒÌ ¢ Ô³Ê²Ó¸¨¨,

µ¡²ÊÎ ¥³µ° ¶ÊÎ±µ³ π−-³¥§µ´µ¢ ¶·¨ Ô´¥·£¨¨ 350 ƒÔ‚/¸. ‘ ¶µ³µÐÓÕ ³¨±·µ-
¶µ²µ¸±µ¢µ£µ É¥²¥¸±µ¶  ·¥£¨¸É·¨·ÊÕÉ¸Ö ±µµ·¤¨´ ÉÒ Î ¸É¨Í ¸ ¢Ò¸µ±µ° ÉµÎ-
´µ¸ÉÓÕ ¢ ´¥¡µ²ÓÏ¨Ì Ê£² Ì θ ≤ 90 ³· ¤. �·¨ ÔÉµ³ · §·¥Ï¥´¨¥ ¤¢ÊÌ É·¥±µ¢
· ¢´µ 150 ³±³.

�¨¸.14. ‘µ¡ÒÉ¨¥, § ·¥£¨¸É·¨·µ¢ ´-
´µ¥ ¢ ·¥¦¨³¥ ®µ´-² °´¯ ¸ ¶µ³µÐÓÕ
‚�Š ALEPH

�¨¸.15. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥´¨¥ ¸¶¥±É·µ³¥É·  WA71
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� §´ Î¥´¨¥ ‚�Š ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ·¥£¨¸É·¨·µ¢ ÉÓ É·¥±¨ Î ¸É¨Í ¢
µ¡² ¸É¨ 65 ≤ θ < 600 ³· ¤. ‚ ¦´Ò³ ± Î¥¸É¢µ³ ‚�Š Ö¢²Ö¥É¸Ö É ±¦¥ ³ ² Ö
Éµ²Ð¨´  ¢¥Ð¥¸É¢  (¢ ¥¤¨´¨Í Ì · ¤¨ Í¨µ´´µ° ¤²¨´Ò), ¢´µ¸¨³ Ö ±µ´¸É·Ê±-
Í¨¥° ± ³¥·Ò. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò ‚�Š ¶·¨¢¥¤¥´Ò ¢ É ¡².4.

„²Ö  ̈ §³¥·¥´¨Ö  ̈ ³¶Ê²Ó¸µ¢  Î ¸É¨Í  ̈   ¢¥²¨Î¨´Ò dE6 dx ¨¸¶µ²Ó§ÊÕÉ¸Ö
7-· §·Ö¤´Ò¥ ¶ · ²²¥²Ó´Ò¥ �–�. TµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¢¥·Ï¨´Ò · ¸¶ ¤ 
¶µ µ¸¨ z · ¢´  800 ³±³ ¨ ¶µ µ¸¨ x Å 1 ³³ (´ ¶· ¢²¥´¨¥ ¶ÊÎ± ).

‚�Š ¤²Ö Ô±¸¶¥·¨³¥´É  CDF. ‘²¥¤Ê¥É É ±¦¥ µÉ³¥É¨ÉÓ ‚�Š, ¨¸¶µ²Ó§Ê¥-
³ÊÕ ¢ Ô±¸¶¥·¨³¥´É¥ CDF [32], ±µÉµ· Ö Ö¢²Ö¥É¸Ö µ¤´¨³ ¨§ µ¸´µ¢´ÒÌ É·¥±µ-
¢ÒÌ ¤¥É¥±Éµ·µ¢ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  ±µ²² °¤¥·¥ ¢ ‹ ¡µ· Éµ·¨¨ ¨³.”¥·³¨
(CDF Å Collider Detector at Fermilab). Šµ´¸É·Ê±É¨¢´µ ¢·¥³Ö¶·µ¥±Í¨µ´´ Ö
± ³¥·  ¸µ¸Éµ¨É ¨§ ¢µ¸Ó³¨ ¸¤¢µ¥´´ÒÌ ‚�Š (³µ¤Ê²¥°), µ±·Ê¦ ÕÐ¨Ì ¨µ´µ-
¶·µ¢µ¤ (·¨¸.16) ¨ ¸¤¢¨´ÊÉÒÌ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  ´  11,3Æ. Š ¦¤Ò° ¨§
³µ¤Ê²¥° ¨³¥¥É Í¥´É· ²Ó´ÊÕ ¸¥É±Ê, ´ Ìµ¤ÖÐÊÕ¸Ö ¶µ¤ ¢Ò¸µ±¨³ ¶µÉ¥´Í¨ ²µ³
¨ · §¤¥²ÖÕÐÊÕ ± ³¥·Ê ́   ¤¢  ¤·¥°Ëµ¢ÒÌ ¶·µ³¥¦ÊÉ±  ¤²¨´µ° 15,25 ̧ ³ ± ¦-
¤Ò°. �·¨ ¸±µ·µ¸É¨ ¤·¥°Ë  46 ³±³/´¸ ³ ±¸¨³ ²Ó´µ¥ ¢·¥³Ö ¤·¥°Ë  ¸µ¸É ¢-
²Ö¥É 3,5 ³±¸ ¨ Ìµ·µÏµ ¸µ£² ¸Ê¥É¸Ö ¸ ¢·¥³¥´¥³ ¢¸É·¥Î¨ ¶ÊÎ±µ¢ 3,5 ³±¸.
�²¥±É·µ´Ò ¤·¥°ËÊÕÉ µÉ Í¥´É·  ¸¥É±¨, ¶·µÌµ¤ÖÉ Î¥·¥§ ± Éµ¤´Ò¥ Ô²¥±É·µ¤Ò
¨ ¶µ¶ ¤ ÕÉ ́   ¶·µ¢µ²µ±¨ Œ�Š. ’µ·Í¥¢Ò¥ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶²µ¸±µ¸É¨ · §¤¥-
²¥´Ò ´  µ±É ´ÉÒ, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¸µ¸Éµ¨É ¨§ ¶·µ¢µ²µÎ¥± ¨ ¶Ô¤µ¢.
‚ É ¡².2 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ‚�Š.

�¸´µ¢´Ò¥ ËÊ´±Í¨¨, ¢Ò¶µ²´Ö¥³Ò¥ ¢¥·Ï¨´´µ° ¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± -
³¥·µ°, § ±²ÕÎ ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¥³.

1) � Ìµ¦¤¥´¨¥ ±µµ·¤¨´ ÉÒ z-¢¥·Ï¨´Ò · ¸¶ ¤ .
2) ‚µ¸¸É ´µ¢²¥´¨¥ Éµ¶µ²µ£¨° ¢¸¥Ì ¸µ¡ÒÉ¨° ¢ ¶·¥¤¥² Ì ¶µ²Ö·´µ£µ Ê£² 

3,5Æ ≤ γ ≤ 176,5Æ.

’ ¡²¨Í  4. � · ³¥É·Ò ‚�Š WA71

„¨ ³¥É·  ´µ¤´µ° ¶·µ¢µ²µ±¨, ³±³ 20
„¨ ³¥É· ± Éµ¤´µ° ¶·µ¢µ²µ±¨, ³±³ 100
„¨ ³¥É· ¶µ²¥¢µ° ¶·µ¢µ²µ±¨, ³±³ 100
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  ´µ¤´Ò³¨ ¶·µ¢µ²µ± ³¨, ³³ 12
�·µ¶µ·Í¨µ´ ²Ó´Ò° ¶·µ³¥¦ÊÉµ±, ³³ 6
„·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ±, ³³ 160
� §³¥· ¶Ô¤ , ³³ 6 × 8
Šµ²¨Î¥¸É¢µ  ´µ¤´ÒÌ ¶·µ¢µ²µ± 16
Šµ²¨Î¥¸É¢µ ¶µ²µ¸±µ¢ÒÌ ¶Ô¤µ¢ 3
Šµ²¨Î¥¸É¢µ ¶Ô¤µ¢ ´  ¶µ²µ¸±¥ 32
ƒ §µ¢ Ö ¸³¥¸Ó 70%  ·£µ´ + 29% ¨§µ¡ÊÉ ´

+ 1% ¸¶¨·É
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3) ‚µ¸¸É ´µ¢²¥´¨¥ É·¥±µ¢ ¢ ¸µ¡ÒÉ¨ÖÌ ¸ ¡µ²ÓÏµ° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ.
4) „¥É¥±É¨·µ¢ ´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢¡²¨§¨ ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö,

£¤¥ ¸µ¤¥·¦¨É¸Ö ³ ²µ¥ ±µ²¨Î¥¸É¢µ ¢¥Ð¥¸É¢ .
5) �¥£¨¸É· Í¨Ö É·¥±µ¢ ¢ ¤¨ ¶ §µ´¥ Ê£²µ¢ 10Æ ≤ θ ≤ 30Æ. ‚ ÔÉµ° Ê£²µ¢µ°

µ¡² ¸É¨ ¤ ´´Ò¥, ¶µ²ÊÎ ¥³Ò¥ µÉ ‚�Š ¨ Í¥´É· ²Ó´µ£µ ¤¥É¥±Éµ· , ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ± ± ¤²Ö ·¥£¨¸É· Í¨¨ É·¥±µ¢, É ± ¨ ¤²Ö ¨§³¥·¥´¨Ö ¨³¶Ê²Ó¸µ¢.

6) ̂ ´Ëµ·³ Í¨Ö, ¶µ²ÊÎ ¥³ Ö µÉ ¶·µ¢µ²µ± Œ�Š, ̈ ¸¶µ²Ó§Ê¥É¸Ö ¢ ¶²µ¸±µ¸-
É¨ rz ¤²Ö ¶¥·¥¤´¥£µ ± ²µ·¨³¥É·  ¨ É.¤.

5. ��ˆŒ…�…�ˆ… Š�Œ…� ’ˆ�� ®„†…’¯

‚�Š ¨³¥ÕÉ ¤¢  ¸ÊÐ¥¸É¢¥´´ÒÌ ´¥¤µ¸É É± : µÉ´µ¸¨É¥²Ó´µ ³ ²µ¥ ¡Ò¸É·µ-
¤¥°¸É¢¨¥, µ¶·¥¤¥²Ö¥³µ¥ ¢·¥³¥´¥³ ¤·¥°Ë , ¨ É·Ê¤´µ¸É¨ ¨¤¥´É¨Ë¨± Í¨¨
¸µ¡ÒÉ¨° ¢ µ¡² ¸É¨, £¤¥ ¨³¥¥É ³¥¸Éµ ¡µ²ÓÏ Ö ¶²µÉ´µ¸ÉÓ É·¥±µ¢. �É¨Ì ´¥¤µ-
¸É É±µ¢ ²¨Ï¥´Ò ¡µ²¥¥ ¸²µ¦´Ò¥ ¤¥É¥±Éµ·Ò Å ¤¦¥É-± ³¥·Ò (³¨±·µ¢¥·Ï¨´-
´Ò¥ ¤¥É¥±Éµ·Ò), ±µÉµ·Ò¥ µ¡ÒÎ´µ · ¸¶µ² £ ÕÉ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ µ±µ²µ
¨µ´µ¶·µ¢µ¤ . �¥·¥¤±µ µ´¨ ¥Ð¥ ´ §Ò¢ ÕÉ¸Ö ¢´ÊÉ·¥´´¨³¨ ¤·¥°Ëµ¢Ò³¨ ± ³¥-
· ³¨, ¶µ¸±µ²Ó±Ê · ¸¶µ² £ ÕÉ¸Ö ¢´ÊÉ·¨ ‚�Š. �¡§µ· [33] ¶µ¸¢ÖÐ¥´ ¨¸Éµ·¨¨
· §¢¨É¨Ö ¤¦¥É-± ³¥· ¨ ¡µ²¥¥ ¸µ¢¥·Ï¥´´ÒÌ É·¥Ì³¥·´ÒÌ £ §µ¢ÒÌ ¤¥É¥±-
Éµ·µ¢ Å ¢¥±Éµ·´ÒÌ ¤¥É¥±Éµ·µ¢. ˆÌ ¶·µÉµÉ¨¶µ³ Ö¢²Ö¥É¸Ö ¤¥É¥±Éµ· MARK I,
¸µ¸ÉµÖÐ¨° ̈ § Î¥ÉÒ·¥Ì Í¨²¨´¤·¨Î¥¸±¨Ì ¨¸±·µ¢ÒÌ ± ³¥·. ‘ ¶µ³µÐÓÕ É ±µ£µ

¤¥É¥±Éµ·  ¡Ò² § ·¥£¨¸É·¨·µ¢ ´ · ¸¶ ¤ ψ′ → ψπ+π− (·¨¸.17, ). „ ²Ó´¥°Ï¨°
·µ¸É Ô´¥·£¨° Î ¸É¨Í, ¨Ì ¨³¶Ê²Ó¸µ¢ ¨ ³´µ¦¥¸É¢¥´´µ¸É¨ ¨§ÊÎ ¥³ÒÌ ¸µ¡ÒÉ¨°
¸É¨³Ê²¨·µ¢ ² ¸µ¢¥·Ï¥´¸É¢µ¢ ´¨¥ É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ¢ÒÌ ¤¥É¥±Éµ·µ¢.

�¨¸.16. �¡Ð¨° ¢¨¤ ‚�Š CDF:
1 Å ³¨±·µ¶µ²µ¸±¨ ¤²Ö ÎÉ¥´¨Ö
¸¨£´ ²µ¢; 2 Å Ê£²¥·µ¤´ Ö ¢µ²µ-
±µ´´ Ö ¶·µ±² ¤± ; 3 Å · -
¤¨ ²Ó´ Ö ±·ÒÏ± ; 4 Å Í¥´É-
· ²Ó´ Ö ¢Ò¸µ±µ¢µ²ÓÉ´ Ö ¸¥É± ;
5 Å ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶·µ¢µ²µÎ-
±¨; 6 Å ±µ´É ±ÉÒ ¤²Ö ÎÉ¥´¨Ö
¸¨£´ ²µ¢; 7 Å ± Éµ¤´Ò¥ ³¨±·µ-
¶µ²µ¸±¨; 8 Å Ê£²¥·µ¤´Ò¥ ¢µ-
²µ±´ ; 9 Å ¢´ÊÉ·¥´´ÖÖ ¶µ²¥¢ Ö
±²¥É± ; 10 Å ± Éµ¤´Ò¥ ³¨±·µ-
¶µ²µ¸±¨; 11 Å ¢´¥Ï´ÖÖ ¶µ²¥-
¢ Ö ±²¥É± ; 12 Å ·¥§¨¸É¨¢´Ò°
¤¥²¨É¥²Ó
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� ³¥É¨²¨¸Ó ¤¢¥ É¥´¤¥´Í¨¨, ±µÉµ·Ò¥ ¡Ò²¨ ·¥ ²¨§µ¢ ´Ò ¢ ¶µ¸²¥¤ÊÕÐ¨Ì
· §· ¡µÉ± Ì. ‚ Ê¸É ´µ¢±¥ MARK II ¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ Î¥ÉÒ·¥Ì ±µ´Í¥´É-
·¨Î¥¸±¨Ì ¸²µ¥¢, ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ § ¶µ²´¥´ ³´µ¦¥¸É¢µ³ ´¥§ ¢¨¸¨³ÒÌ
¤·¥°Ëµ¢ÒÌ ÖÎ¥¥±. �µÖ¢¨² ¸Ó ¢µ§³µ¦´o¸ÉÓ ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·ÖÉÓ
É·¨ ±µµ·¤¨´ ÉÒ ¢ ¶·µ¸É· ´¸É¢¥: z, r ¨ φ (·¨¸.17,¡). �É  ³¥Éµ¤¨±  ¶µ²ÊÎ¨² 
Ï¨·µ±µ¥ ¶·¨³¥´¥´¨¥ ¨ ¢ ¤·Ê£¨Ì ¸¶¥±É·µ³¥É· Ì. � ¶·¨³¥·, ¤¥É¥±Éµ· ¢ Ê¸É -
´µ¢±¥ TASSO [34] ¸µ¤¥·¦¨É 15 ¸²µ¥¢ (2430 ÖÎ¥¥±) ¸ ¤·¥°Ëµ¢Ò³ ¶·µ³¥¦ÊÉ-
±µ³ 16 ³³. �µ²¥¥ ¸µ¢¥·Ï¥´´Ò° É¨¶ ¤¥É¥±Éµ·  JADE, ¶µ²ÊÎ¨¢Ï¨° ´ §¢ ´¨¥
®o′¡· §´µ°¯ (pictorial) ± ³¥·Ò [35], ¨³¥¥É ¤²¨´Ê 2,4 ³, ¢´¥Ï´¨° ¤¨ ³¥É·
1,6 ³ ¨ ¢´ÊÉ·¥´´¨° ¤¨ ³¥É· 0,4 ³. …¸²¨ · ¸¸³ É·¨¢ ÉÓ ¢¤µ²Ó µ±·Ê¦´µ¸É¨,
Éµ µ¡Ñ¥³ ± ³¥·Ò · §¤¥²¥´ ´  24 ´¥§ ¢¨¸¨³ÒÌ ³µ¤Ê²Ö. ‚ ¸¢µÕ µÎ¥·¥¤Ó, ± ¦-
¤Ò° ³µ¤Ê²Ó, ¥¸²¨ · ¸¸³ É·¨¢ ÉÓ ¢ · ¤¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨, ¸µ¸Éµ¨É ¨§
Î¥ÉÒ·¥Ì ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥±, ¶µ 16  ´µ¤´ÒÌ ¶·µ¢µ²µÎ¥± ¢ ± ¦¤µ° ÖÎ¥°±¥. �¥-
µ¶·¥¤¥²¥´´µ¸ÉÓ É¨¶  ®¸²¥¢ -¸¶· ¢ ¯ · §·¥Ï ¥É¸Ö ¶ÊÉ¥³ ̧ ¤¢¨£  ́   ́ ¥¸±µ²Ó±µ
¸µÉ ³¨±·µ´ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µÎ¥± ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£ . ‚Ò¸µ± Ö
¶²µÉ´µ¸ÉÓ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ÉµÎ¥± ¢ µ¡Ñ¥³¥ ± ³¥·Ò µ¡¥¸¶¥Î¨¢ ¥É ·¥±µ´¸É-
·Ê±Í¨Õ ¸µ¡ÒÉ¨° ¸ ¥Ð¥ ¡µ²ÓÏ¥° ³´µ¦¥¸É¢¥´´µ¸ÉÓÕ (·¨¸.17,¢).

�¨¸.17.  ) � ¸¶ ¤ ψ′ → ψπ+π−, § ·¥£¨¸É·¨·µ¢ ´´Ò° ¸ ¶µ³µÐÓÕ Î¥ÉÒ·¥Ì ±µ´-

Í¥´É·¨Î¥¸±¨Ì ̈ ¸±·µ¢ÒÌ ± ³¥· (¤¥É¥±Éµ· MARK I). ¡) ‘µ¡ÒÉ¨¥ e+e− →  ¤·µ´Ò,
§ ·¥£¨¸É·¨·µ¢ ´´µ¥ ¸ ¶µ³µÐÓÕ ¤¥É¥±Éµ·  TASSO, ¸µ¤¥·¦ Ð¥£µ 2430 ¤·¥°-
Ëµ¢ÒÌ ÖÎ¥¥±. ¢) ’¨¶¨Î´µ¥ ̧ µ¡ÒÉ¨¥, § ·¥£¨¸É·¨·µ¢ ´´µ¥ ̧  ¶µ³µÐÓÕ ¤¥É¥±Éµ· 
¤¦¥É-± ³¥·Ò JADE
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‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ±µ´Í¥¶Í¨Ö ®o′¡· §´ÒÌ¯ ± ³¥· ¶µ²ÊÎ¨²  ¢¥¸Ó³ 
Ï¨·µ±µ¥   · ¸¶·µ¸É· ´¥´¨¥  ̈   ̧ É¨³Ê²¨·µ¢ ²   · §· ¡µÉ±Ê  ÔËË¥±É¨¢´µ°
·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´´µ°  ¶¶ · ÉÊ·Ò ¨ ³¥Éµ¤¨±Ê ¸¶¥Í¨ ²¨§¨·µ¢ ´´ÒÌ
¶·µÍ¥¸¸µ·µ¢. �Ò¸É·µ¤¥°¸É¢¨¥ ÔÉµ£µ ±² ¸¸  É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ¢ÒÌ
¤¥É¥±Éµ·µ¢ ´  ¶µ·Ö¤µ± ¡µ²¥¥ ¢Ò¸µ±µ¥ ¶µ ¸· ¢´¥´¨Õ ¸ ‚�Š. ‘± § ´´µ¥ ¡Ê-
¤¥É ¶·µ¨²²Õ¸É·¨·µ¢ ´µ ´  ±µ´±·¥É´ÒÌ ¶·¨³¥· Ì. �¨¦¥ ¤ ¥É¸Ö É ±¦¥ ±· É-
±µ¥ µ¶¨¸ ´¨¥ ±µ´¸É·Ê±Í¨° ´ ¨¡µ²¥¥ ¨§¢¥¸É´ÒÌ ³¨±·µ¢¥·Ï¨´´ÒÌ ¤¦¥É-
¤¥É¥±Éµ·µ¢.

Œ¨±·µ¢¥·Ï¨´´ Ö ± ³¥·  TOPAZ [34]. “¸É ´µ¢±  ¨³¥¥É 4π-£¥µ³¥É·¨Õ
¨ · §· ¡µÉ ´  ¤²Ö ¤¥É¥±É¨·µ¢ ´¨Ö § ·Ö¦¥´´ÒÌ ¨ ´¥°É· ²Ó´ÒÌ Î ¸É¨Í ´ 
Ê¸±µ·¨É¥²¥ TRISTAN (Ÿ¶µ´¨Ö). �´  ¸µ¸Éµ¨É ¨§ ‚�Š, ¢·¥³Ö¶·µ²¥É´ÒÌ
¸Î¥ÉÎ¨±µ¢ ¨ ¢´ÊÉ·¥´´¥° ¤¦¥É-± ³¥·Ò.

Œ¨±·µ¢¥·Ï¨´´ Ö ± ³¥· , ¨¸¶µ²Ó§Ê¥³ Ö ¢ Ê¸É ´µ¢±¥ TOPAZ, ¢Ò¶µ²´Ö¥É
¸²¥¤ÊÕÐ¨¥ ËÊ´±Í¨¨: ¢Ò· ¡µÉ±  ¡Ò¸É·ÒÌ É·¨££¥·´ÒÌ ¸¨£´ ²µ¢ ¨ ¶·¥Í¨-
§¨µ´´µ¥ ¨§³¥·¥´¨¥ ¶µ§¨Í¨° É·¥±µ¢ ¢ rφ- ¨ rz-¶²µ¸±µ¸ÉÖÌ. „²Ö ¤µ¸É¨¦¥´¨Ö
ÔÉ¨Ì Í¥²¥° ¶·¨³¥´¥´Ò ¸¶¥Í¨ ²Ó´Ò¥ ±µ´¸É·Ê±É¨¢´Ò¥ · §· ¡µÉ±¨. ‚ Î ¸É-
´µ¸É¨, ± ³¥·  ̧ µ¤¥·¦¨É 10 ̧ ²µ¥¢, § ¶µ²´¥´ÒÌ ¤·¥°Ëµ¢Ò³¨ ÖÎ¥°± ³¨. ‚  §¨-
³ÊÉ ²Ó´µ³ ´ ¶· ¢²¥´¨¨ 4 ¢´ÊÉ·¥´´¨Ì ¸²µÖ, É ± ¦¥, ± ± ¨ 6 µ¸É ²Ó´ÒÌ
¢´¥Ï´¨Ì ¸²µ¥¢, ¸µ¤¥·¦ É ¶µ 128 ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥±. „²Ö ÉµÎ´µ£µ ¨§³¥·¥´¨Ö
z-±µµ·¤¨´ ÉÒ ¢¢¥¤¥´Ò 8 §¨£§ £µµ¡· §´ÒÌ ²¨´¨° § ¤¥·¦±¨ Í¨²¨´¤·¨Î¥¸±µ°
Ëµ·³Ò. „²Ö ÔËË¥±É¨¢´µ£µ µÉ¡µ·  É·¥±µ¢ ¸ ¶µ³µÐÓÕ ¸¶¥Í¨ ²¨§¨·µ¢ ´´ÒÌ
¶·µÍ¥¸¸µ·µ¢ ¶µ¨¸± ¢¥¤¥É¸Ö ´¥§ ¢¨¸¨³µ ¢ ¶²µ¸±µ¸ÉÖÌ rφ ¨ rz. �  ·¨c.18 ¶·¨-
¢¥¤¥´  ¡²µ±-cÌ¥³  Ô²¥±É·µ´´µ° ¸¨¸É¥³Ò. �·¥¤Ê¸¨²¨É¥²¨, ¢Ò¶µ²´¥´´Ò¥ ¶µ
£¨¡·¨¤´µ° É¥Ì´µ²µ£¨¨ ¸ ±µÔËË¨Í¨¥´Éµ³ Ê¸¨²¥´¨Ö 200 ¤²Ö  ´µ¤´ÒÌ ²¨´¨°
¨ 700 ¤²Ö ²¨´¨° § ¤¥·¦¥± · ¸¶µ² £ ÕÉ¸Ö ´¥¶µ¸·¥¤¸É¢¥´´µ ´  ¤¥É¥±Éµ·¥.
‘ ¶µ³µÐÓÕ ¸±·ÊÎ¥´´ÒÌ ¶ · ¶·µ¢µ¤µ¢ ¤²¨´µ° 25 ³ ¸¨£´ ²Ò ¶¥·¥¤ ÕÉ¸Ö ´ 

¢Ìµ¤Ò ¤¨¸±·¨³¨´ Éµ·µ¢, ¢ÒÌµ¤Ò ±µ-
Éµ·ÒÌ ¢Ò¶µ²´ÖÕÉ É ±¦¥ ËÊ´±Í¨¨
· §¢¥É¢¨É¥²¥° ²µ£¨Î¥¸±¨Ì ¸¨£´ ²µ¢ ¸
Ê·µ¢´Ö³¨ ’’‹ ¨ ECL. ‘¨£´ ²Ò, ¶µ²Ê-
Î ¥³Ò¥ µÉ ¤¦¥É-± ³¥·Ò, ¶·¥¦¤¥ ¢¸¥£µ
¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¢Ò· ¡µÉ±¨ ¨³¶Ê²Ó-
¸  ¶·¥¤¢ ·¨É¥²Ó´µ£µ § ¶Ê¸±  ¸¶¥±É·µ-
³¥É· . ‘ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ ¢·¥³Ö
¢¸É·¥Î¨ ¶ÊÎ±µ¢ ´  Ê¸±µ·¨É¥²¥, £¤¥
´ Ìµ¤¨É¸Ö ¤ ´´ Ö Ê¸É ´µ¢± , · ¢´µ
2,5 ³±¸, ·¥Ï ÕÐ¥¥ Ê¸É·µ°¸É¢µ ¤µ²¦´µ

�¨¸.18. �²µ±-¸Ì¥³  Ô²¥±É·µ´´µ° ¸¨¸É¥³Ò
¤¦¥É-± ³¥·Ò TOPAZ: „� Å ¤¨¸±·¨³¨´ -
Éµ·Ò-· §³´µ¦¨É¥²¨, ‚�Š Å ¢·¥³Ö ³¶²¨-
ÉÊ¤´Ò¥ ±µ´¢¥·Éµ·Ò
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¨³¥ÉÓ ³¥·É¢µ¥ ¢·¥³Ö ´¥ ¡µ²¥¥ 2 ³±¸. „²Ö ¤µ¸É¨¦¥´¨Ö É ±µ£µ ¡Ò¸É·µ¤¥°¸É-
¢¨Ö ¨¸¶µ²Ó§ÊÕÉ¸Ö ± ± µ¸µ¡¥´´µ¸É¨ £¥µ³¥É·¨¨ ¨ ±µ´¸É·Ê±Í¨¨ ± ³¥·Ò, É ± ¨
É ¡²¨Î´Ò¥ ³¥Éµ¤Ò ·¥Ï¥´¨Ö.

�  ·¨¸.19 ¶·¨¢¥¤¥´  ¸É·Ê±ÉÊ·   ´µ¤´ÒÌ ÖÎ¥¥±, ¶·¥¤´ §´ Î¥´´ Ö ¤²Ö
¶µ¨¸±  É·¥±µ¢ ¢ ¶²µ¸±µ¸É¨ rφ. ‘¨£´ ²Ò ¸µ¢¶ ¤¥´¨Ö µÉ ¤¢ÊÌ ¸µ¸¥¤´¨Ì ¸²µ¥¢
¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ²ÊÎ¥´¨Ö ¨³¶Ê²Ó¸µ¢ ’1 ÷ ’15. ŸÎ¥°±¨, ´ Ìµ¤ÖÐ¨¥¸Ö ¢
¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì ¸²µÖÌ, £·Ê¶¶¨·ÊÕÉ¸Ö ¶µ  §¨³ÊÉÊ, µ¡· §ÊÖ 64 ¸¥±Éµ· . �µ-
± § ´´Ò° ́   ·¨¸.19 µ¤¨´ ̈ § ̧ ¥±Éµ·µ¢ ̧ µ¸Éµ¨É ̈ § 4-3-2-3-2 ÖÎ¥¥±. ‚ ¶·µ£· ³-
³¨·Ê¥³µ° ¶ ³ÖÉ¨ ¶·¥¤¢ ·¨É¥²Ó´µ § ¶¨¸Ò¢ ÕÉ¸Ö µ¡· §Ò ´ ¨¡µ²¥¥ ¢¥·µÖÉ-
´ÒÌ É·¥±µ¢, ¨ ¶µ ³¥·¥ ¸µ¢¶ ¤¥´¨Ö ¸ § ·¥£¨¸É·¨·µ¢ ´´Ò³¨ É·¥± ³¨ Î¥·¥§
150 ´¸ ¢Ò· ¡ ÉÒ¢ ¥É¸Ö ¸¨£´ ² ¸µ¢¶ ¤¥´¨Ö. �¡· §ÍÒ É· ¥±Éµ·¨°, § ¶¨¸ ´-
´Ò¥ ¢ ¶ ³ÖÉ¨, ¢ ¸²ÊÎ ¥ ´¥µ¡Ìµ¤¨³µ¸É¨ ³µ£ÊÉ ³¥´ÖÉÓ¸Ö.

�¨¸.19. ‘É·Ê±ÉÊ·  ÖÎ¥¥±, ¨¸¶µ²Ó§Ê¥³ÒÌ ¤²Ö ¶µ¨¸±  É·¥-
±µ¢ ¢ ¶²µ¸±µ¸É¨ rφ: Si Å ¸¥±Éµ·Ò ¤¥É¥±Éµ· , ‹‡ Å

²¨´¨¨ § ¤¥·¦±¨, �‡“ Å ¶·µ£· ³³¨·Ê¥³µ¥ § ¶µ³¨´ Õ-
Ð¥¥ Ê¸É·µ°¸É¢µ
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Œ¥Éµ¤ ¶µ¨¸±  É·¥±µ¢ ¢ ¶²µ¸±µ¸É¨ rz ¶µÖ¸´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ·¨¸.20, ,¡.
‹¨´¨¨ § ¤¥·¦±¨ ´ Ìµ¤ÖÉ¸Ö ¢ 8 · ¤¨ ²Ó´ÒÌ ¸²µÖÌ, ¨ ¶µ  §¨³ÊÉÊ µ´¨ · §¤¥-
²¥´Ò ´  32 ¸¥£³¥´É , ± ¦¤Ò° ¨§ ±µÉµ·ÒÌ ¨³¥¥É ¸¢µ° É·¥±µ¢Ò° ¶·µÍ¥¸¸µ·.
�¸´µ¢Ê ²µ£¨Î¥¸±µ° ¸Ì¥³Ò ¶·µÍ¥¸¸µ·  ¸µ¸É ¢²ÖÕÉ ³µ¤Ê²¨ ‚�Š, ³ ¦µ·¨É ·-
´Ò¥ ¸Ì¥³Ò ¸µ¢¶ ¤¥´¨° Œ‘‘ ¨ ¸¤¢¨£µ¢Ò¥ ·¥£¨¸É·Ò.

� ¸¸³µÉ·¨³ ±· É±µ · ¡µÉÊ ¶·µÍ¥¸¸µ· . �¥·¢Ò° ¶µ ¢·¥³¥´¨ ¸¨£´ ², ¶µ-
¸ÉÊ¶ ÕÐ¨° µÉ µ¤´µ£µ ̈ § ±µ´Íµ¢ ²¨´¨¨ § ¤¥·¦±¨, § ¶Ê¸± ¥É £¥´¥· Éµ· ¶ Î¥±
¨³¶Ê²Ó¸µ¢ ƒ�—ˆ. �ÊÉ¥³ ̈ §³¥·¥´¨Ö ¢·¥³¥´¨ ¶·¨Ìµ¤  ¸¨£´ ²  ³µ¦´µ Ê§´ ÉÓ,
¶µ ± ±ÊÕ ¸Éµ·µ´Ê Å ¶· ¢ÊÕ ¨²¨ ²¥¢ÊÕ µÉ ÉµÎ±¨ ¢§ ¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±µ¢ Å
´ Ìµ¤¨É¸Ö É·¥±. ‘¨£´ ²Ò µÉ ¤·Ê£µ£µ ±µ´Í  ²¨´¨¨ § ¤¥·¦±¨ § ¶¨¸Ò¢ ÕÉ¸Ö ¢
¸¤¢¨£µ¢Ò° ·¥£¨¸É·, ¶·¨Î¥³ Î ¸ÉµÉ  ¸¤¢¨£  ¶¥·¥³¥´´ Ö (µ´  § ¢¨¸¨É µÉ ¶µ²µ-
¦¥´¨Ö ²¨´¨¨ § ¤¥·¦±¨). �µ¸²¥ § ¶¨¸¨ ¢¸¥Ì ¸¨£´ ²µ¢ ¸ ¶µ³µÐÓÕ Œ‘‘
 ´ ²¨§¨·Ê¥É¸Ö ±µ²¨Î¥¸É¢µ ¥¤¨´¨Í, § ·¥£¨¸É·¨·µ¢ ´´ÒÌ ¢ · ¤¨ ²Ó´µ³ ´ -
¶· ¢²¥´¨¨ ¨, ¥¸²¨ ÔÉ  ¢¥²¨Î¨´  · ¢´  ¶·¥¤¢ ·¨É¥²Ó´µ Ê¸É ´µ¢²¥´´µ³Ê §´ -
Î¥´¨Õ, ¢Ò· ¡ ÉÒ¢ ¥É¸Ö ¸¨£´ ². ‚·¥³Ö ¶µ¨¸±  É·¥±  ¢ ¶²µ¸±µ¸É¨ rz ¸±² ¤Ò-
¢ ¥É¸Ö ¨§ ¸²¥¤ÊÕÐ¨Ì ¢¥²¨Î¨´: ³ ±¸¨³ ²Ó´µ¥ ¢·¥³Ö ¤·¥°Ë  Ô²¥±É·µ´µ¢
(250 ́ ¸), ¢·¥³Ö · ¸¶·µ¸É· ´¥´¨Ö ̧ ¨£´ ²  ¢ ¶µ²µ¢¨´¥ ¤²¨´Ò ²¨´¨¨ § ¤¥·¦±¨
(260 ´¸), § ¤¥·¦±  ¢ ± ¡¥²ÖÌ (130 ´¸), § ¤¥·¦±  ¢ ¤¨¸±·¨³¨´ Éµ· Ì (50 ´¸),
¢·¥³Ö ·¥Ï¥´¨Ö É·¥±µ¢µ£µ ¶·µÍ¥¸¸µ·  (750 ´¸) ¨ § ¤¥·¦±  ¢ Œ‘‘ (60 ´¸).

‘µ¢¶ ¤¥´¨¥ ¸¨£´ ²µ¢, ¢Ò· ¡ ÉÒ¢ ¥³ÒÌ ¢ µ¡µ¨Ì É·¥±µ¢ÒÌ ¶·µÍ¥¸¸µ· Ì,
´¥µ¡Ìµ¤¨³µ ¤²Ö § ´¥¸¥´¨Ö ¨´Ëµ·³ Í¨¨, ¶µ¸ÉÊ¶ ÕÐ¥° µÉ ³µ¤Ê²¥° ‚�Š ´ 
·¥Ï ÕÐÊÕ ¸¨¸É¥³Ê ¢Éµ·µ£µ Ê·µ¢´Ö, £¤¥ ¶·µ¨¸Ìµ¤¨É ¶µ¨¸± ¢¥·Ï¨´ ¢§ ¨³µ-
¤¥°¸É¢¨Ö. �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö É ±¦¥ ¨´Ëµ·³ Í¨Ö, ¶µ¸ÉÊ¶ ÕÐ Ö µÉ ‚�Š
¨ ¸¨¸É¥³Ò ¢·¥³Ö¶·µ²¥É´ÒÌ ¸Î¥ÉÎ¨±µ¢, ¸²¥¤ÊÕÐ¨³ µ¡· §µ³ [37].

�¨¸.20. �µÖ¸´¥´¨¥ ³¥Éµ¤  ¶µ¨¸±  É·¥±µ¢ ¢ ¶²µ¸±µ¸É¨ rz:  ) É ±Éµ¢Ò¥ ¨³¶Ê²Ó¸Ò, ¨¸-
¶µ²Ó§Ê¥³Ò¥ ¤²Ö ¸¤¢¨£  ¤ ´´ÒÌ µÉ ²¨´¨° § ¤¥·¦¥± ¢ ¸¤¢¨£µ¢Ò¥ ·¥£¨¸É·Ò; ¶µ µ¸¨ Y Å
Î ¸ÉµÉÒ ¸¤¢¨£ ; ¡) Ê¸É·µ°¸É¢µ ¤²Ö ¶µ¨¸±  É·¥±µ¢: � Å ¶· ¢Ò°, ‹ Å ²¥¢Ò°, ’ˆ Å
É ±Éµ¢Ò¥ ¨³¶Ê²Ó¸Ò, RG Å ·¥£¨¸É· ¸¤¢¨£ , Œ‘‘ Å ³ ¦µ·¨É ·´ Ö ¸Ì¥³  ¸µ¢¶ ¤¥´¨°
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�·µ¶µ·Í¨µ´ ²Ó´ Ö ± ³¥· , · ¸¶µ²µ¦¥´´ Ö ´  Éµ·Í¥ ‚�Š, · §¤¥²¥´  ´ 
8 ¸¥±Éµ·µ¢ ¶µ 176 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µÎ¥± ¢ ± ¦¤µ³ ¸¥±Éµ·¥. �·¨Î¥³
± ¦¤Ò° ¸¥±Éµ· ¨³¥¥É ¸µ¡¸É¢¥´´Ò° É·¥±µ¢Ò° ¶·µÍ¥¸¸µ·. ’¥ 88 ¶·µ¢µ²µÎ¥±
¨§ 176, ±µÉµ·Ò¥ ´ Ìµ¤ÖÉ¸Ö ¡²¨¦¥ ± ¶ÊÎ±Ê, ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ·¥±µ´¸É·Ê±Í¨¨
É·¥±µ¢. ‘ Í¥²ÓÕ Ê¢¥²¨Î¥´¨Ö ¶µ³¥ÌµÊ¸Éµ°Î¨¢µ¸É¨ ¸ ¶µ³µÐÓÕ Ô²¥³¥´Éµ¢
®ˆ‹ˆ¯ µ´¨ µ¡Ñ¥¤¨´¥´Ò ¢ 11 £·Ê¶¶, ´  ¢ÒÌµ¤ Ì ±µÉµ·ÒÌ ¢ ¸²ÊÎ ¥ ¶·µÌµ¦-
¤¥´¨Ö É·¥±  Ëµ·³¨·ÊÕÉ¸Ö ¸¨£´ ²Ò W1 ÷ W11 (·¨¸.21), ±µÉµ·Ò¥ ¶µ¸ÉÊ¶ ÕÉ
´  ²µ£¨Î¥¸±ÊÕ Í¥¶µÎ±Ê (·¨¸.22). �µ¸±µ²Ó±Ê ¸¨£´ ²Ò ¶µ¸ÉÊ¶ ÕÉ ¢ · §´Ò¥
³µ³¥´ÉÒ ¢·¥³¥´¨, Éµ ¤²Ö ¶µ²ÊÎ¥´¨Ö ̧ µ¢¶ ¤¥´¨Ö µ´¨ ̧ µµÉ¢¥É¸É¢ÊÕÐ¨³ µ¡· -
§µ³ § ¤¥·¦¨¢ ÕÉ¸Ö. �¥É·Ê¤´µ § ³¥É¨ÉÓ, ÎÉµ ̧ ¨£´ ² ́   ¢ÒÌµ¤¥ RW1 ¶µÖ¢¨É¸Ö
¢ Éµ³ ¸²ÊÎ ¥, ¥¸²¨ µ¤´µ¢·¥³¥´´µ ¶µÖ¢ÖÉ¸Ö ¸¨£´ ²Ò ´  ¢Ìµ¤ Ì RW1 ¨ RW2.
„·Ê£¨³¨ ¸²µ¢ ³¨, ¸Ì¥³ , ¨§µ¡· ¦¥´´ Ö ´  ·¨¸.22, ¢µ¸¸É ´ ¢²¨¢ ¥É É·¥±
Î ¸É¨ÍÒ. „²Ö ÔÉµ£µ ¤µ¸É ÉµÎ´µ µÉ³¥É¨ÉÓ ¤¢¥ ¢·¥³¥´´Ò¥ ÉµÎ±¨ RW1 ¨ RW6.
�·¨ ÔÉµ³ ¶·¥¤¶µ² £ ¥É¸Ö, ÎÉµ É·¥±¨ ¨³¥ÕÉ ³ ²ÊÕ ±·¨¢¨§´Ê.

�¨¸.21. ‘¨£´ ²Ò, ¶µ¸ÉÊ¶¨ ÕÐ¨¥ µÉ
¶·µ¢µ²µÎ¥± Œ�Š ¢·¥³Ö¶·µ¥±-
Í¨µ´´µ° ± ³¥·Ò. ˆ� Å ¨µ´µ¶·µ-
¢µ¤; W1 ÷ W6 ± ´ ²Ò ·¥£¨¸É· Í¨¨

�¨¸.22. ‹µ£¨Î¥¸± Ö Í¥¶µÎ± , ¨¸-
¶µ²Ó§Ê¥³ Ö ¤²Ö ®¶·µÉÖ¦±¨¯ É·¥± 

�¨¸.23. ‘Ì¥³  µ¶·¥¤¥²¥´¨Ö ±µµ·-
¤¨´ ÉÒ ¶¥·¢¨Î´µ£µ ¢§ ¨³µ¤¥°¸É-
¢¨Ö. ˆ� Å ¨µ´µ¶·µ¢µ¤
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�µ¸²¥ ´ Ìµ¦¤¥´¨Ö É·¥±µ¢ ¢ ¤·Ê£µ³ ¶·µÍ¥¸¸µ·¥ ´ Ìµ¤ÖÉ¸Ö ±µµ·¤¨´ ÉÒ
¢¥·Ï¨´Ò · ¸¶ ¤  (·¨¸.23). �¸´µ¢Ê ¢¥·Ï¨´´µ£µ ¶·µÍ¥¸¸µ·  ¸µ¸É ¢²ÖÕÉ
¸¤¢¨£µ¢Ò¥ ·¥£¨¸É·Ò, ¢ ±µÉµ·ÒÌ § ¶µ³¨´ ÕÉ¸Ö ¢·¥³¥´´Ò¥ µÉ³¥É±¨, ¸µµÉ¢¥É-
¸É¢ÊÕÐ¨¥ ´ °¤¥´´µ³Ê É·¥±Ê, ¨ ¶µ²ÊÎ¥´´Ò¥ É ±¨³ ¸¶µ¸µ¡µ³ ¤ ´´Ò¥ ¸ ÊÎ¥-
Éµ³ ¶µ¶· ¢µÎ´ÒÌ ±µÔËË¨Í¨¥´Éµ¢ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ³ ¸± ³¨, µ¡· §Ò ±µÉµ·ÒÌ
Ì· ´ÖÉ¸Ö ¢ ³µ¤Ê²¥ ¶ ³ÖÉ¨ ¥³±µ¸ÉÓÕ 256 Š¡ °É. ’µÎ´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ±µµ·-
¤¨´ ÉÒ ¢¥·Ï¨´Ò · ¸¶ ¤  ¸µ¸É ¢²Ö¥É 10 ¸³,   ¢·¥³Ö · ¸Î¥É  30 ³±¸.

„¦¥É-± ³¥·  ¢ Ê¸É ´µ¢±¥ OPAL [36Å39]. ‘µ¢³¥¸É´µ ¸ É·¥±µ¢Ò³ ¶·µ-
Í¥¸¸µ·µ³ ³¨±·µ¢¥·Ï¨´´ Ö ± ³¥·  ¶·¨³¥´Ö¥É¸Ö, ´ ¶·¨³¥·, ¤²Ö ´ Ìµ¦¤¥´¨Ö
¶¥·¢¨Î´µ° ¢¥·Ï¨´Ò · ¸¶ ¤  ¢ ¸¶¥±É·µ³¥É·¥ OPAL ¨ ¤²Ö ¨¤¥´É¨Ë¨± Í¨¨
Î ¸É¨Í. „²Ö ¢Ò· ¡µÉ±¨ É·¨££¥·  ¨¸¶µ²Ó§Ê¥É¸Ö ¨´Ëµ·³ Í¨Ö µ É ±¨Ì Ë¨§¨-

Î¥¸±¨Ì ¶·µÍ¥¸¸ Ì, ± ± 1) e+e−, 2) qq
_
, 3) γγ, 4) τ+τ−, 5) µ+µ−, 6) e+e−q+q− ¨

7) · §²¨Î´Ò¥ Ô±§µÉ¨Î¥¸±¨¥ ¸µ¡ÒÉ¨Ö. Cµ¡ÒÉ¨Ö 1Å3 ¤¥É¥±É¨·ÊÕÉ¸Ö ¸
¶µ³µÐÓÕ ± ²µ·¨³¥É·  ¨ ¶µÔÉµ³Ê ´¥¶µ¸·¥¤¸É¢¥´´µ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¢Ò· -
¡µÉ±¨ É·¨££¥· . —Éµ ± ¸ ¥É¸Ö ¸µ¡ÒÉ¨° 4Å7, Éµ µ´¨ ¢Ò¤¥²ÖÕÉ ³ ²µ Ô´¥·£¨¨,
¨ ¤²Ö ¨Ì ¤¥É¥±É¨·µ¢ ´¨Ö ¨ ·¥±µ´¸É·Ê±Í¨¨ É·¥¡Ê¥É¸Ö ¸¶¥Í¨ ²¨§¨·µ¢ ´´Ò°
¶·µÍ¥¸¸µ· ¸ ¢·¥³¥´¥³ ·¥Ï¥´¨Ö ´¥ ¡µ²¥¥ 22 ³±¸ (¶¥·¨µ¤ ¢¸É·¥Î¨ ¡ ´Î¥°).

‚¥·Ï¨´´Ò° ¤¥É¥±Éµ· ¸µ¸Éµ¨É ¨§ ³ ²µ° ¢Ò¸µ±µ¶·¥Í¨§¨µ´´µ° ¤·¥°Ëµ-
¢µ° ± ³¥·Ò, ´¥¶µ¸·¥¤¸É¢¥´´µ ¶·¨³Ò± ÕÐ¥° ± ¨µ´µ¶·µ¢µ¤Ê ¨ ¢Éµ·µ° ¤¦¥É-
± ³¥·Ò, ±µÉµ· Ö, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ±·Ê¦ ¥É ³ ²ÊÕ ± ³¥·Ê (·¨¸.24). Œ ² Ö
± ³¥·  ¨³¥¥É ¤¨ ³¥É· 47 ¸³, ¤²¨´Ê 100 ¸³ ¨ ´ Ìµ¤¨É¸Ö ¢ ³ £´¨É´µ³ ¶µ²¥
0,4 T². Š ¦¤ Ö ± ³¥·  ¢ ´ ¶· ¢²¥´¨¨ rφ ¨³¥¥É ¶µ 36 ÖÎ¥¥±, ¸É·Ê±ÉÊ·  ±µÉµ-
·ÒÌ ¶·¨¢¥¤¥´  ´  ·¨¸.25.

Š ± ¢¨¤´µ ¨§ ·¨¸Ê´± , ¤·¥°Ëµ¢ Ö ÖÎ¥°±  ¢´ÊÉ·¥´´¥° ± ³¥·Ò ¶µ±·Ò¢ ¥É
10Æ ¢ ́  ¶· ¢²¥´¨¨ φ-±µµ·¤¨´ ÉÒ ¨ ¸µ¤¥·¦¨É ¶µ 12 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ  ´µ¤´ÒÌ
¶·µ¢µ²µ± ¸ · ¤¨Ê¸ ³¨ 103 ÷ 162 ³³. ‚´¥Ï´¨¥ ±µ²ÓÍ  ¸É¥·¥µÖÎ¥¥±, · c¶µ-
²µ¦¥´´ÒÌ ¶µ¤ Ê£²µ³ 5Æ ± µ¸¨ z, ¨³¥ÕÉ ¶µ Ï¥¸ÉÓ É ±¨Ì ¶·µ¢µ²µ± ¸ · ¤¨y¸ -
³¨ 188 ÷ 213 ³³. ‚ Í¥²µ³ ¨³¥¥É¸Ö 648 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ±. Œ¨±·µ-

¢¥·Ï¨´´ Ö ± ³¥·  · ¡µÉ ¥É ¶µ¤
¤ ¢²¥´¨¥³ 4 ¡ · ¸ £ §µ¢µ°
¸³¥¸ÓÕ ̈ §  ·£µ´ , ³¥É ´  ̈  ̈ §µ-
¡ÊÉ ´  ¢ µÉ´µÏ¥´¨¨ 89 : 8 : 3,
¨³¥¥É ¸±µ·µ¸ÉÓ ¤·¥°Ë  45, £ §µ-

¢µ¥ Ê¸¨²¥´¨¥ 105 ¨ ³ ±¸¨³ ²Ó-

�¨¸.24. ‘Ì¥³ É¨Î¥¸±µ¥ ¨§µ¡· ¦¥-
´¨¥ ¤¦¥É-± ³¥· OPAL ¢ ¶²µ¸±µ¸É¨
rφ: 1 Å ³ ² Ö ¤¦¥É-± ³¥·  (³¨±·µ-
¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·); 2 Å ¢Éµ· Ö
¤¦¥É-± ³¥· ; ¢´¥Ï´¨¥ ¤·¥°Ëµ¢Ò¥
± ³¥·Ò
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´Ò° ¤·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ± 20 ³³. �´  µ¡¥¸¶¥Î¨¢ ¥É ÉµÎ´µ¸ÉÓ ·¥£¨¸É· Í¨¨
±µµ·¤¨´ É Î ¸É¨Í ¢ ¶²µ¸±µ¸É¨ rφ, µ¶·¥¤¥²Ö¥³ÒÌ ¸ ¶µ³µÐÓÕ ¢·¥³Ö ³¶²¨-
ÉÊ¤´ÒÌ ¶·¥µ¡· §µ¢ É¥²¥°, ¶µ·Ö¤±  50 ³±³ ¨ ¶µ µ¸¨ z 3 ¸³. �É  ±µµ·¤¨´ É 
µ¶·¥¤¥²Ö¥É¸Ö ¶ÊÉ¥³ ¢ÒÎ¨¸²¥´¨Ö · §´¨ÍÒ ¢µ ¢·¥³¥´¨ ¶·¨Ìµ¤  ¸¨£´ ²µ¢ ´ 
±µ´ÍÒ ¶·µ¢µ²µ±¨.

�µ²ÓÏ Ö ¤¦¥É-± ³¥·  ¨³¥¥É ¤²¨´Ê 4 ³ ¨ · §¤¥²¥´  ´  24 ¸¥±Éµ·  ¶µ
 §¨³ÊÉÊ (φ). Š ¦¤Ò° ¸¥±Éµ· ¸µ¤¥·¦¨É ¶µ 159  ±¸¨ ²Ó´ÒÌ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ
¶·µ¢µ²µ±.  �¨¦¥  ¡Ê¤¥É  · ¸¸³µÉ·¥´µ,  ± ±¨³  µ¡· §µ³ µ¸µ¡¥´´µ¸É¨ ¤¦¥É-
± ³¥· ¨¸¶µ²Ó§ÊÕÉ¸Ö ¤²Ö ¶µ¸É·µ¥´¨Ö ÔËË¥±É¨¢´µ£µ É·¥±µ¢µ£µ ¶·µÍ¥¸¸µ· 
[41]. Š ± µ± § ²µ¸Ó, ́  ¨¡µ²¥¥ ¶·µ¸Éµ É·¥±¨, ̈ ¸Ìµ¤ÖÐ¨¥ ̈ § ¢¥·Ï¨´Ò ¢§ ¨³µ-
¤¥°¸É¢¨Ö, ¨ÐÊÉ¸Ö ¢ ¶²µ¸±µ¸É¨ rz.

�¨¸.25. ƒ¥µ³¥É·¨Ö µ¤´µ°  ±¸¨ ²Ó´µ° ¨ µ¤´µ° ¸É¥·¥µÖÎ¥°±¨
¤¦¥É-± ³¥·Ò OPAL
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�·¨´Í¨¶ ¤¥°¸É¢¨Ö ¶·µÍ¥¸¸µ·  ¶µÖ¸´Ö¥É¸Ö ̧  ¶µ³µÐÓÕ ·¨¸.26. …c²¨ É·¥±
¨¸Ìµ¤¨É ¨§ ¢¥·Ï¨´Ò ¢§ ¨³µ¤¥°¸É¢¨Ö, Éµ ¤²Ö ¢¸¥Ì ¸²µ¥¢ ± ³¥·Ò µÉ´µÏ¥´¨¥
z6 r µ¸É ¥É¸Ö ¶µ¸ÉµÖ´´µ° ¢¥²¨Î¨´µ°. �·¨ ÔÉµ³ É·¥±¨ ´ Ìµ¤ÖÉ¸Ö ¶µ ¶¨±Ê ´ 
£¨¸Éµ£· ³³¥, ±µÉµ· Ö ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ¶µ³µÐÓÕ ¡Ò¸É·µ£µ ¶·µÍ¥¸¸µ· .
‚ [39Å41] ¤¥É ²Ó´µ µ¶¨¸ ´  É·¨££¥·´ Ö ¸¨¸É¥³  ¢¸¥° Ê¸É ´µ¢±¨ ¨ Ô²¥±É-
·µ´´ Ö ¸¨¸É¥³  ¸Î¨ÉÒ¢ ´¨Ö ¨ ·¥£¨¸É· Í¨¨. ‚ [41] ¶·¨¢¥¤¥´µ µ¶¨¸ ´¨¥ ¡µ²¥¥
¸µ¢¥·Ï¥´´µ£µ É·¥±µ¢µ£µ ¶·µÍ¥¸¸µ· , ¢ ±µÉµ·µ³ ´ ·Ö¤Ê ¸ £¨¸Éµ£· ³³¨·µ¢ -
´¨¥³ ¨¸¶µ²Ó§Ê¥É¸Ö ¸¨¸Éµ²¨Î¥¸±¨° ¶·µÍ¥¸¸µ· ¨ ³¥Éµ¤ É· ´¸Ëµ·³ Í¨¨ ¶¥·¥-
³¥´´ÒÌ, µ¸´µ¢ ´´Ò° ´  ¶·¥µ¡· §µ¢ ´¨¨ ƒµË . ‚ [42] ¶·¨¢¥¤¥´  ¶·µÍ¥¤Ê· 
± ²¨¡·µ¢±¨, ¨¸¶µ²Ó§Ê¥³ Ö ¤²Ö ¨§³¥·¥´¨Ö ¶µÉ¥·Ó Ô´¥·£¨¨ Î ¸É¨Í. �µ²ÊÎ¥´µ

�¨¸.26. Œ¥Éµ¤ ¢µ¸¸É ´µ¢²¥´¨Ö
±µµ·¤¨´ ÉÒ ¢¥·Ï¨´Ò · ¸¶ ¤ 
¢ ¢¥·Ï¨´´µ³ ¤¥É¥±Éµ·¥ OPAL
¢ ¶²µ¸±µ¸É¨ rz: „Š Å ¤·¥°Ëµ-
¢ Ö ± ³¥· ; ‚Š Å ³¨±·µ¢¥·-
Ï¨´´ Ö ± ³¥· ; Z Å ÉµÎ± 
¢§ ¨³µ¤¥°¸É¢¨Ö

�¨¸.27. ‡ ¢¨¸¨³µ¸ÉÓ dE 6 dx µÉ
¨³¶Ê²Ó¸µ¢ Î ¸É¨Í
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· §·¥Ï¥´¨¥ 3Å4%, ¶µ§¢µ²ÖÕÐ¥¥ ¨¤¥´É¨Ë¨Í¨·µ¢ ÉÓ Î ¸É¨ÍÒ, ¸µ¶·µ¢µ¦-

¤ ÕÐ¨¥ ¸µ¡ÒÉ¨Ö ¸ Z 0-· ¸¶ ¤µ³ ¸ ¨³¶Ê²Ó¸µ³ ¤µ 20 ƒÔB/¸. �  ·¨¸.27 ¶·¨¢¥-
¤¥´Ò ±·¨¢Ò¥ ¶µÉ¥·Ó Ô´¥·£¨¨ ¢ ³Ê²ÓÉ¨ ¤·µ´´ÒÌ ¨ ¢ ¤¨³Õµ´´ÒÌ ¸µ¡ÒÉ¨ÖÌ ¢
§ ¢¨¸¨³µ¸É¨ µÉ ¨³¶Ê²Ó¸µ¢ Î ¸É¨Í.

Œ¨±·µ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ· ¤²Ö Ô±¸¶¥·¨³¥´É  UA1. „²Ö ¨§¢¥¸É´µ£µ
Ô±¸¶¥·¨³¥´É  UA1 ¡Ò²  · §· ¡µÉ ´  ¶·¥Í¨§¨µ´´ Ö ¤¦¥É-± ³¥· , · ¡µÎ¥¥
¤ ¢²¥´¨¥ £ §  ¢ ±µÉµ·µ° · ¢´µ 3  É³ ¨ · §·¥Ï ÕÐ Ö ¸¶µ¸µ¡´µ¸ÉÓ ¤²Ö µ¤´µ°
¶·µ¢µ²µ±¨ · ¢´  50 ³±³. Œ ²µ¥ · ¸¸ÉµÖ´¨¥ (1,58 ³³) ³¥¦¤Ê ÎÊ¢¸É¢¨É¥²Ó-
´µ° ¨ ¶µÉ¥´Í¨ ²Ó´µ° ¶·µ¢µ²µ± ³¨ µ¡¥¸¶¥Î¨¢ ¥É ¢Ò¡µ·±Ê ¤µ 16 ±µµ·¤¨´ É
´  ¤²¨´¥ 5 ¸³ ¢¤µ²Ó · ¤¨Ê¸  [43]. �¡Ð¨¥ ¶ · ³¥É·Ò ¤¦¥É-± ³¥·Ò ¶·¨¢¥¤¥´Ò
¢ É ¡².6. �µ  §¨³ÊÉÊ ± ³¥·  · §¤¥²¥´  ´  16 ÖÎ¥¥±. Š ¦¤ Ö ÖÎ¥°±  ̧ µ¤¥·¦¨É
¶µ 16 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ±, ³¥¦¤Ê ±µÉµ·Ò³¨ · ¸¶µ² £ ÕÉ¸Ö ¶·µ¢µ²µ±¨,
¸µ§¤ ÕÐ¨¥ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¶·¨Î¥³ ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶·µ¢µ²µ±¨ ¸¤¢¨´Ê-
ÉÒ µÉ´µ¸¨É¥²Ó´µ ¶µ¸²¥¤´¨Ì ´  100 ³±³, ÎÉµ ¶µ§¢µ²Ö¥É · §·¥Ï ÉÓ ´¥µ¶·¥¤¥-
²¥´´µ¸ÉÓ É¨¶  ®¸²¥¢ -¸¶· ¢ ¯. Œ ±¸¨³ ²Ó´Ò° ¤·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ±
· ¢¥´ 16 ³³, ÎÉµ µ¡¥¸¶¥Î¨¢ ¥É Ìµ·µÏ¥¥ · §·¥Ï¥´¨¥ É·¥±µ¢. ‚ 1985 £. ¢
É¥Î¥´¨¥ É·¥Ì ´¥¤¥²Ó ¤¥É¥±Éµ· ¸É ¡¨²Ó´µ · ¡µÉ ² ´  ¶ÊÎ±¥ ±µ²² °¤¥· .

„¦¥É-± ³¥·  ¤²Ö Ô±¸¶¥·¨³¥´É  UA2. „¥É¥±Éµ· ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ°
Í¨²¨´¤·¨Î¥¸±ÊÕ ¤·¥°Ëµ¢ÊÕ ± ³¥·Ê, ±µÉµ· Ö · ¸¶µ² £ ¥É¸Ö ¡²¨§±µ ± ¨µ´µ-
¶·µ¢µ¤Ê, £¤¥ ´ Ìµ¤¨É¸Ö ¢´ÊÉ·¥´´¨° ¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò° ¢¥·Ï¨´´Ò° ¤¥É¥±-
Éµ·. �´ ¶·¥¤´ §´ Î¥´ ¤²Ö Ô±¸¶¥·¨³¥´É  UA2 [44] ¨ ¶µ§¢µ²Ö¥É ¨§³¥·ÖÉÓ ¸
¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ É·¥±¨ Î ¸É¨Í ¢¡²¨§¨ ̈ µ´µ¶·µ¢µ¤ , £¤¥ ¨³¥ÕÉ ³¥¸Éµ · ¸-
¶ ¤Ò ±µ·µÉ±µ¦¨¢ÊÐ¨Ì Î ¸É¨Í. Š ³¥·  Ê¸¶¥Ï´µ · ¡µÉ ¥É ¸ 1987 £. ¢ CERN.

�  ·¨¸.28 ¶·¨¢¥¤¥´  £¥µ³¥É·¨Ö µ¤´µ£µ
¸¥±Éµ·  ± ³¥·Ò. Š ³¥·  ¸µ¤¥·¦¨É 16 É ±¨Ì
¸¥±Éµ·µ¢. ‚ É ¡².5 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶ -
· ³¥É·Ò ¤¥É¥±Éµ· .

‘ Í¥²ÓÕ · §·¥Ï¥´¨Ö ´¥µ¶·¥¤¥²¥´´µ¸-
É¥° É¨¶  ®¸²¥¢ -¸¶· ¢ ¯ ¸µ¸¥¤´¨¥ ÎÊ¢¸É-
¢¨É¥²Ó´Ò¥ ¶·µ¢µ²µ±¨, · ¸¸ÉµÖ´¨¥ ³¥¦¤Ê
±µÉµ·Ò³¨ · ¢´µ 6,44 ³³, ¸¤¢¨´ÊÉÒ ¤·Ê£
µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  ´  ± 200 ³±³. �  ·¨¸.29
¶µ± § ´µ ¤¢ÊÌÉ·¥±µ¢µ¥ ¸µ¡ÒÉ¨¥, ¢µ¸¸É ´µ¢-
²¥´´µ¥ ¸ ¶µ³µÐÓÕ ¢·¥³Ö¶·µ²¥É´µ° Ô²¥±É-
·µ´´µ° ¸¨¸É¥³Ò ´  µ¸´µ¢¥ ¨§³¥·¥´¨Ö ¢·¥-
³¥´¨ ¤·¥°Ë  Ô²¥±É·µ´µ¢. �Í¨Ë·µ¢±  ¸¨£´ -

�¨¸. 28. ƒ¥µ³¥É·¨Ö µ¤´µ£µ ¸¥±Éµ·  ¤¦¥É-± ³¥·Ò
UA2: 1 Å ± ³¥· ; 2 Å ¶·µ¢µ²µÎ±¨, Ëµ·³¨·ÊÕÐ¨¥
¶µ²¥; 3 Å § Ð¨É´Ò¥ ¶·µ¢µ²µÎ±¨; 4 Å ÎÊ¢¸É¢¨É¥²Ó-
´Ò¥ ¶·µ¢µ²µÎ±¨; 5 Å ¡¥·¨²²¨¥¢ Ö É·Ê¡± ; 6 Å
¶µ²Ê¶·µ¢µ¤´¨±µ¢Ò° ³¨±·µ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·
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²µ¢ ¢Ò¶µ²´Ö² ¸Ó ¸ ¶µ³µÐÓÕ
¶ · ²²¥²Ó´ÒÌ �–�. ‚¨¤´µ, ÎÉµ
¤ ¦¥ ¢ Éµ³ ¸²ÊÎ ¥, ±µ£¤  ̈ ³¶Ê²Ó¸Ò
¶¥·¥±·Ò¢ ÕÉ¸Ö, · ¤¨ ²Ó´ Ö ±µµ·-
¤¨´ É  Î ¸É¨ÍÒ µ¶·¥¤¥²Ö¥É¸Ö
¢¶µ²´¥ ÉµÎ´µ. Œ ±¸¨³ ²Ó´µ¥ ¢·¥-
³Ö ¤·¥°Ë  500 ´¸.

Œ¨±·µ¢¥·Ï¨´´Ò° ¤¥É¥±Éµ·
Mark II [45,46]. „¥É¥±Éµ· ¸µ§¤ ´
¤²Ö ·¥£¨¸É· Í¨¨ ¨ ¨¸¸²¥¤µ¢ ´¨Ö

Z 0-· ¸¶ ¤µ¢ ¶ÊÉ¥³ ¨¤¥´É¨Ë¨± -
Í¨¨ ÉÖ¦¥²ÒÌ Í¢¥É´ÒÌ ±¢ ·±µ¢, ¨§-
³¥·¥´¨Ö ¢·¥³¥´¨ ¦¨§´¨ ÉÖ¦¥²ÒÌ
±¢ ·±µ¢ ¨ ²¥¶Éµ´µ¢ ´  ²¨´¥°´µ³
Ê¸±µ·¨É¥²¥ ¢ ‘Ée´Ëµ·¤¥ (SLAC).
�¸´µ¢´ Ö ¶·µ¡²¥³  ¶·¨ ¸µ§¤ ´¨¨
¤¥É¥±Éµ·  § ±²ÕÎ ² ¸Ó ¢ ¶µ²ÊÎ¥-
´¨¨ ¢Ò¸µ±µ£µ ¶·µ¸É· ´¸É¢¥´´µ£µ
· §·¥Ï¥´¨Ö ¶µ·Ö¤±  30 ³±³ ¨ Ìµ-
·µÏ¥£µ · §·¥Ï¥´¨Ö ¤¢ÊÌ É·¥±µ¢ Å

�¨¸.29. �·¨³¥· ¨¸¶µ²Ó§µ¢ ´¨Ö ¤¦¥É-
± ³¥·Ò ¤²Ö ·¥±µ´¸É·Ê±Í¨¨ É·¥±µ¢. � ¸-
¸ÉµÖ´¨¥ ³¥¦¤Ê Í¥´É· ³¨ ®ÉÖ¦¥¸É¨¯ µÉ
· ¸¶·¥¤¥²¥´¨Ö ¨³¶Ê²Ó¸µ¢ · ¢´µ 4 ³³

’ ¡²¨Í  5. � · ³¥É·Ò ¤¦¥É-± ³¥·Ò UA2

—Ê¢¸É¢¨É¥²Ó´ Ö ¤²¨´ , ³³ 1000
‚´ÊÉ·¥´´¨° · ¤¨Ê¸, ³³ 34
‚´¥Ï´¨° · ¤¨Ê¸, ³³ 128,5
‚´ÊÉ·¥´´¨° ÎÊ¢¸É¢¨É¥²Ó´Ò° · ¤¨Ê¸, ³³ 40
‚´¥Ï´¨° ÎÊ¢¸É¢¨É¥²Ó´Ò° · ¤¨Ê¸, ³³ 123,8
—¨¸²µ ¸¥±Éµ·µ¢ 16
—¨¸²µ ¶·µ¢µ²µ± ¢ ¸¥±Éµ·¥ 13
˜ £ ¶·µ¢µ²µ±, ³³ 6,44
‘¤¢¨£ ¶·µ¢µ²µ±, ³³ 0,2
‘³¥¸Ó £ §µ¢  ·£µ´ (60%) + ÔÉ ´ (40%)
„ ¢²¥´¨¥,  É³ 1
‘±µ·µ¸ÉÓ ¤·¥°Ë , ³±³/´¸ 51,8 ‡ 0,3
�²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ±‚/¸³ − 1,05
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´¥ ³¥´¥¥ 1000 ³±³. „²Ö ·¥Ï¥´¨Ö ÔÉ¨Ì ¶·µ¡²¥³, ´ ·Ö¤Ê ¸ ¸µ§¤ ´¨¥³ ±µ´¸É-
·Ê±Í¨¨ ± ³¥·Ò ¨ ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥± ¸ ¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ, ¡µ²ÓÏµ¥ ¢´¨³ -
´¨¥ Ê¤¥²¥´µ ±µ´É·µ²Õ §  ¤ ¢²¥´¨¥³ ¢´ÊÉ·¨ ± ³¥·Ò ¨ É¥³¶¥· ÉÊ·µ°.
�±É¨¢´ Ö µ¡² ¸ÉÓ ¤¥É¥±Éµ·  ¨³¥¥É ¤²¨´Ê 55 ¸³ ¨ µÉ 5 ¤µ 17 ¸³ ¢ · ¤¨ ²Ó-
´µ³ ´ ¶· ¢²¥´¨¨. �¡Ñ¥³ ± ³¥·Ò · §¤¥²¥´ ´  10 ¤¦¥É-ÖÎ¥¥±, ±µÉµ·Ò¥ ´ -
±²µ´¥´Ò ¢ · ¤¨ ²Ó´µ³ ´ ¶· ¢²¥´¨¨. �É  µ¸µ¡¥´´µ¸ÉÓ £¥µ³¥É·¨¨ ÖÎ¥¥±
µ¡²¥£Î ¥É · §·¥Ï¥´¨¥ ´¥µ¶·¥¤¥²¥´´µ¸É¨ É¨¶  ®¸¶· ¢ -¸²¥¢ ¯, µ¡²¥£Î ¥É
¨§³¥·¥´¨¥ ¸±µ·µ¸É¨ ¤·¥°Ë  ¢ ¶·µÍ¥¸¸¥ ± ²¨¡·µ¢±¨ ¨ µ¡¥¸¶¥Î¨¢ ¥É ¡µ²¥¥
± Î¥¸É¢¥´´ÊÕ ·¥£¨¸É· Í¨Õ É·¥±µ¢.

Š ¦¤ Ö ÖÎ¥°±  ¸µ¤¥·¦¨É  ´µ¤´ÊÕ ¶²µ¸±µ¸ÉÓ, ¸µ¸ÉµÖÐÊÕ ¨§ ÎÊ¢¸É¢¨-
É¥²Ó´ÒÌ ¶·µ¢µ²µ± ¤¨ ³¥É·µ³ 20 ³±³ ¨ · ¸¶µ²µ¦¥´´ÒÌ ³¥¦¤Ê ´¨³¨ ¶µÉ¥´-
Í¨ ²Ó´ÒÌ ¶·µ¢µ²µ± ¤¨ ³¥É·µ³ 225 ³±³. �  £· ´¨Í Ì ÖÎ¥°±¨ ¨³¥ÕÉ¸Ö ¸¥-

’ ¡²¨Í  6. � · ³¥É·Ò ¤¦¥É-± ³¥·

�±¸¶¥-
·¨³¥´É

MARK II

[45,46]

MARK J

[55Å56]

SLD

[53]

CDF

[53]

ZEUS

[50]

�1

[52]

ALEP�

[27]

OPAL

[38Å41]

TOPAZ

[36,37]

UA1

[43]

� ¤¨Ê¸, ³³:

¢´ÊÉ·¥´´¨° 192 100 200 277 162 200 160 89 106 25

¢´¥Ï´¨° 1440 242 961 1320 785 769 260 233 293 89

 ±É¨¢´Ò° 250 Å 238 309 190 215 Å Å Å Å

�±É¨¢´ Ö
¤²¨´ , ³³ 2300 576 1800 3214 2050 2400 2000 1000 1500 800

Šµ²¨Î¥¸É¢µ ̧ ²µ¥¢ 72 Å 80 84 72 64 8 2 10 Å

¸Ê¶¥·¸²µ¥¢ 12 × 16 Å 10 × 8 12 +
+ 6 + 6

9 × 8 2 × 32 Å Å Å Å

—¨¸²µ
ÎÊ¢¸É¢¨É¥²Ó´ÒÌ
¶·µ¢µ²µ± 5832 168 5120 6156 4608 2560 960 648 Å 256

‘É¥·¥µÊ£µ² 3,8Æ Å 1,7Æ 3Æ 5Æ 7Æ Å Å Å Å

Œ ±¸. ¤·¥°Ë.
¶·µ³¥¦ÊÉµ±, ³³ 33 27,5 26 35 25 51 20 Å 16 Å

‘±µ·µ¸ÉÓ
¤·¥°Ë , ³±³/´¸ 52 7 9 50 50 35 49 52,7 Å 51

Œ ±¸. ¢·¥³Ö
¤·¥°Ë , ´¸ 600 Å 3000 700 500 1500 140 5800 Å Å

Œ £´¨É´µ¥
¶µ²¥, ’² Å Å Å Å Å Å Å 0,435

— ¸ÉµÉ 
¢Ò¡µ·±¨, ŒƒÍ 100
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ÉµÎ´Ò¥ ¶²µ¸±µ¸É¨ ¨§ ¶·µ¢µ²µ± ¤¨ ³¥É·µ³ 150 ³±³, ±µÉµ·Ò¥ Ê³¥´ÓÏ ÕÉ
¶¥·¥±·¥¸É´Ò¥ ¶µ³¥Ì¨ ̈  ¶µ¢ÒÏ ÕÉ ̧ É ¡¨²Ó´µ¸ÉÓ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ÎÊ¢¸É-
¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ±, · ¸¶µ²µ¦¥´´ÒÌ ¤·Ê£ µÉ ¤·Ê£  ´  · ¸¸ÉµÖ´¨¨ 2,9 ³³.
‘¥ÉµÎ´ Ö (µÌ· ´´ Ö) ¶²µ¸±µ¸ÉÓ ´ Ìµ¤¨É¸Ö ´  · ¸¸ÉµÖ´¨¨ 1,8 ³³ µÉ  ´µ¤´µ°
¶²µ¸±µ¸É¨. Š ³¥·  · ¡µÉ ¥É ¶·¨ ¤ ¢²¥´¨¨ ¢ 3  É³ ¶·¨ ¸³¥¸¨ £ §µ¢
CO2 6 C2H6 (92/8). Š Éµ¤´Ò¥ ¶²µ¸±µ¸É¨, ¸µ¸ÉµÖÐ¨¥ ¨§ ¶·µ¢µ²µ± ¤¨ ³¥É·µ³

225 ³±³, ́  Ìµ¤ÖÉ¸Ö ¶µ¸·¥¤¨´¥ ³¥¦¤Ê µÌ· ´´Ò³¨ ¶²µ¸±µ¸ÉÖ³¨. ‚Ò¸µ±µ¢µ²ÓÉ-
´µ¥ ´ ¶·Ö¦¥´¨¥ µ¡¥¸¶¥Î¨¢ ¥É Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ 2,3 ±B. „²Ö ¸Î¨ÉÒ¢ ´¨Ö
¨ µÍ¨Ë·µ¢Ò¢ ´¨Ö ¸¨£´ ²µ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö ¶ · ²²¥²Ó´Ò¥ �–�, · ¡µÉ ÕÐ¨¥
´  Î ¸ÉµÉ¥ 100 ŒƒÍ.

‚ É ¡².6 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ¤¦¥É-± ³¥· ̈  ¢¥±Éµ·´ÒÌ ¤·¥°-
Ëµ¢ÒÌ ± ³¥·.

�µ²ÓÏ Ö Í¨²¨´¤·¨Î¥¸± Ö ± ³¥·  ¤²Ö ¤¥É¥±Éµ·  VENUS. „¥É¥±Éµ·
VENUS ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° Ê¸É ´µ¢±Ê µ¡Ð¥£µ ´ §´ Î¥´¨Ö ¤²Ö ¶·µ¢¥¤¥´¨Ö
Ô±¸¶¥·¨³¥´Éµ¢ ´  Ê¸±µ·¨É¥²¥ TRISTAN (Ô´¥·£¨Ö ±µÉµ·µ£µ · ¢´  70 ƒÔ‚).
[47,48]. –¨²¨´¤·¨Î¥¸± Ö ¤·¥°Ëµ¢ Ö ± ³¥·  Ö¢²Ö¥É¸Ö µ¸´µ¢´Ò³ É·¥±µ¢Ò³
¤¥É¥±Éµ·µ³ ´  Ê¸É ´µ¢±¥. „²Ö µ¡¥¸¶¥Î¥´¨Ö ·¥£¨¸É· Í¨¨ ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ (> 20) ¨ Ê§±¨Ì ¸É·Ê° ¸ ¶·µ¸É· ´¸É¢¥´´µ° ÉµÎ´µ¸ÉÓÕ
150Å200 ³±³ ̧ ¥·Ó¥§´µ¥ ¢´¨³ ´¨¥ ¡Ò²µ Ê¤¥²¥´µ ̧ É·Ê±ÉÊ·¥ ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥±.
�·µÉµÉ¨¶µ³ §¤¥¸Ó ¶µ¸²Ê¦¨²  ¤¦¥É-± ³¥·  �…�-4. Š ³¥·  ̈ ³¥¥É ¢´ÊÉ·¥´´¨°
· ¤¨Ê¸ 25 ¸³, ¢´¥Ï´¨° · ¤¨Ê¸ 126 ¸³ ¨ ¤²¨´Ê 300 ¸³. �¡Ð¥¥ Î¨¸²µ ÎÊ¢¸É-
¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ± 7104 ¨ ¶µÉ¥´Í¨ ²Ó´ÒÌ Å 21312.

�  ·¨¸.30 ¶·¨¢¥¤¥´  ¸Ì¥³  Î¥É¢¥·É¨ ± ³¥·Ò ¨ £¥µ³¥É·¨Ö ÖÎ¥°±¨ [47].
„²Ö ¨§³¥·¥´¨° ¢ ¶·µ¥±Í¨¨ rφ (¶²µ¸±µ¸ÉÓ, ¶¥·¶¥´¤¨±Ê²Ö·´ Ö ± µ¸¨ ¶ÊÎ± )
¨³¥¥É¸Ö 20  ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥±. Š·µ³¥ Éµ£µ, ± ¦¤Ò¥ ¤¢ 
¸²µÖ, ¸¤¢¨´ÊÉÒ¥ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  ´  ¶µ²-ÖÎ¥°±¨, µ¡· §ÊÕÉ ¸¤¢µ¥´-
´Ò° ¸²µ°. �µ¸±µ²Ó±Ê ¢ É ±µ° ¶ ·¥ ¸²µ¥¢ ± ¦¤ Ö Î ¸É¨Í  ¸· ¡ ÉÒ¢ ¥É ¤¢ ¦-
¤Ò, Éµ ¨³¥¥É¸Ö ¢µ§³µ¦´µ¸ÉÓ ¨§³¥·ÖÉÓ ±µµ·¤¨´ ÉÒ Î ¸É¨Í ¢ ¶²µ¸±µ¸É¨ rφ ¨
¢¤µ²Ó É·¥± . ’ ±¨¥ Ê´¨± ²Ó´Ò¥ ¢µ§³µ¦´µ¸É¨ ¶µ§¢µ²ÖÕÉ ¡µ²¥¥ Î¥É±µ · ¸-
¶µ§´ ¢aÉÓ É·¥±¨ ¸ ¡µ²ÓÏµ° ±·¨¢¨§´µ°, · §·¥Ï ÉÓ ´¥µ¶·¥¤¥²¥´´µ¸É¨ É¨¶ 
®¸²¥¢ -¸¶· ¢ ¯ ¨ ¶µ¢Ò¸¨ÉÓ ÔËË¥±É¨¢´µ¸ÉÓ · ¡µÉÒ ± ³¥·Ò ¢ Í¥²µ³. ‚ [49]
µ¶¨¸ ´ ³¥Éµ¤ ·¥±µ´¸É·Ê±Í¨¨ É·¥±µ¢ ¢ ·¥¦¨³¥ ®µË-² °´¯.

„·Ê£¨¥ É¨¶Ò ¤¦¥É-± ³¥·. � §· ¡µÉ ´ ¨ ¨¸¶ÒÉ ´ ´  Ê¸±µ·¨É¥²¥ HERA
¶·µÉµÉ¨¶ ³¨±·µ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  ¤²Ö Ê¸É ´µ¢±¨ ZEUS [50]. �·¨ ¸Éµ²±-
´µ¢¥´¨¨ ¶·µÉµ´µ¢ ¸ Ô´¥·£¨¥° ¢ 1 ’Ô‚ ¸ Ô²¥±É·µ´ ³¨ ¸ Ô´¥·£¨¥° 30 ƒÔ‚
µ¦¨¤ ¥É¸Ö ¡µ²ÓÏµ° ¶µÉµ± ÉÖ¦¥²ÒÌ Í¢¥É´ÒÌ Î ¸É¨Í, ¶µ·µ¦¤ ¥³ÒÌ ¶·¨
Ô²¥±É·µ¸² ¡µ³ ¢§ ¨³µ¤¥°¸É¢¨¨. �Î ·µ¢ ´´Ò¥ ¨ ¶·¥²¥¸É´Ò¥ Î ¸É¨ÍÒ ¨³¥ÕÉ
¤²¨´Ê ¶·µ¡¥£  ¢ ́ ¥¸±µ²Ó±µ ³¨±·µ³¥É·µ¢ ¢ ¶²µ¸±µ¸É¨ rφ, ¶µ¶¥·¥Î´µ° ± ¶ÊÎ±Ê.
‘ ÊÎ¥Éµ³ ÔÉµ£µ Ë ±Éµ·  ¨ · §· ¡µÉ ´  ³¨±·µ¢¥·Ï¨´´ Ö ± ³¥· . ‚´¥Ï´¨°
· ¤¨Ê¸ ± ³¥·Ò 159 ³³ ¨ ¢´ÊÉ·¥´´¨° 99 ³³. „·¥°Ëµ¢ Ö ÖÎ¥°±  ¨³¥¥É É·¨
· ¤¨ ²Ó´Ò¥ ¶²µ¸±µ¸É¨: Í¥´É· ²Ó´ Ö ¶²µ¸±µ¸ÉÓ ¸µ¤¥·¦¨É 13 ¶µ²¥¢ÒÌ ¶·µ¢µ-
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²µ±, ³¥¦¤Ê ±µÉµ·Ò³¨ ¨³¥¥É¸Ö 12 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ Ô²¥±É·µ¤µ¢ ¨ ¤¢¥ ¡µ±µ¢Ò¥
¶²µ¸±µ¸É¨, ¸µ¤¥·¦ Ð¨e ¶µ 25 ¤·¥°Ëµ¢ÒÌ ¶·µ¢µ²µ±. “£µ² ´ ±²µ´ , · ¢´Ò°
1,5Æ ³¥¦¤Ê ¶²µ¸±µ¸ÉÖ³¨, ¤ ¥É ¤·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ± µÉ 2,6 ¤µ 3,6 ³³.
�µ²ÊÎ¥´  ÔËË¥±É¨¢´µ¸ÉÓ 96% ¨ ¶·µ¸É· ´¸É¢¥´´µ¥ · §·¥Ï¥´¨¥ 35 ³±³ ¢
Í¥´É· ²Ó´µ° µ¡² ¸É¨ ± ³¥·Ò.

„·¥°Ëµ¢ Ö ± ³¥·  ARGUS ¸µ§¤ ´  ¤²Ö Ô±¶¥·¨³¥´Éµ¢ ́   ́  ±µ¶¨É¥²Ó´µ³

e+e−-±µ²ÓÍ¥ Ê¸±µ·¨É¥²Ö DORIS-II [51]. ‘µ²¥´µ¨¤ ²Ó´Ò° ³ £´¨É µ¡¥¸¶¥Î¨¢ -
¥É ³ £´¨É´µ¥ ¶µ²¥ 0,8 ’². ‚´ÊÉ·¨ ¸µ²¥´µ¨¤  ´ Ìµ¤¨É¸Ö ¤·¥°Ëµ¢ Ö ± ³¥· ,
¢·¥³Ö¶·µ²¥É´Ò¥ ¨ ²¨¢´¥¢Ò¥ ¸Î¥ÉÎ¨±¨. �±¸¶¥·¨³¥´É ¶·¥¤´ §´ Î¥´ ¤²Ö ¨§Ê-
Î¥´¨Ö ¨ ¶·¥²¥¸É´ÒÌ ³¥§µ´µ¢, ¢±²ÕÎ Ö Ô±¸±²Õ§¨¢´Ò¥ ·¥ ±Í¨¨ ¸ ¡µ²ÓÏµ°
³´µ¦¥¸É¢¥´´µ¸ÉÓÕ. ‡ ¤ Î  § ±²ÕÎ ² ¸Ó ¢ Éµ³, ÎÉµ¡Ò µ¡¥¸¶¥Î¨ÉÓ ¢Ò¸µ±µ¥
¨³¶Ê²Ó¸´µ¥ · §·¥Ï¥´¨¥ ¢ ¶·¥¤¥² Ì 50 ŒÔ‚/¸ ¤µ 5 ƒÔ‚/¸.

�¨¸.30. ‘Ì¥³  µ¤´µ° Î¥É¢¥·É¨ ± ³¥·Ò ¨ £¥µ³¥É·¨Ö ¤·¥°Ëµ¢µ°
ÖÎ¥°±¨ ¤¦¥É-± ³¥·Ò TRISTAN
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6. �…�‘�…Š’ˆ‚�›… ��‡����’Šˆ

‚¥±Éµ·´Ò¥ ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò. „ ²Ó´¥°Ï¨¥ Ê¸µ¢¥·Ï¥´¸É¢µ¢ ´¨Ö
É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ¢ÒÌ ¤¥É¥±Éµ·µ¢ ´ ¶· ¢²¥´Ò ´  ¶µ¢ÒÏ¥´¨¥ ± Î¥¸É¢ 
·¥±µ´¸É·Ê±Í¨¨ É·¥±µ¢ ¸ ¡µ²ÓÏµ° ±·¨¢¨§´µ°,   É ±¦¥ ¢µ§³µ¦´µ¸ÉÓ µ¶·¥¤¥-
²¥´¨Ö ´ ¶· ¢²¥´¨Ö É·¥±µ¢ ¸µ¡ÒÉ¨°. �É¨ ± ³¥·Ò ¶µ²ÊÎ¨²¨ ´ §¢ ´¨¥ ¢¥±Éµ·-
´ÒÌ ¤·¥°Ëµ¢ÒÌ ± ³¥· [33]. ’ ±¨¥ ± ³¥·Ò ¨³¥ÕÉ ³´µ£µ¸²µ°´ÊÕ ¸É·Ê±ÉÊ·Ê.
‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ ¤¢¥ ¢¥±Éµ·´Ò¥ ± ³¥·Ò Å CDF ̈  MARK III.

‚¥±Éµ·´ Ö ± ³¥·  CDF ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¡µ²ÓÏÊÕ ¤·¥°Ëµ¢ÊÕ ± ³¥-
·Ê, ¶·¥¤´ §´ Î¥´´ÊÕ ¤²Ö ¶·µ¢¥¤¥´¨Ö Ô±¸¶¥·¨³¥´Éµ¢ ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ£µ
³ £´¨É´µ£µ ¶µ²Ö ¨ ¡µ²ÓÏµ° ¶²µÉ´µ¸É¨ ¨§µ£´ÊÉÒÌ É·¥±µ¢ ´   ¤·µ´´µ³ ±µ²-
² °¤¥·¥ ¢ ‹ ¡µ· Éµ·¨¨ ¨³.�.”¥·³¨ [53]. „¥É¥±Éµ· ¨³¥¥É ¸²µ¦´ÊÕ £¥µ³¥É-
·¨Õ, µ´ ¸µ¤¥·¦¨É 84 ¸²µÖ, ±µÉµ·Ò¥, ¢ ¸¢µÕ µÎ¥·¥¤Ó, µ¡· §ÊÕÉ 9 ̧ Ê¶¥·¸²µ¥¢.
’¥ ¶ÖÉÓ ¸Ê¶¥·¸²µ¥¢, Ê ±µÉµ·ÒÌ ¶·µ¢µ²µ±¨ ¶ · ²²¥²Ó´Ò µ¸¨ ¶ÊÎ± , ¸µ¤¥·¦ É
¶µ 12 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ± ¢ ¸²µ¥. �É¨ ¶ÖÉÓ  ±¸¨ ²Ó´ÒÌ ¸²µ¥¢ · ¸¶µ-
²µ¦¥´Ò ¢¶¥·¥³¥¦±Ê ¸ Î¥ÉÒ·Ó³Ö ¸Ê¶¥·¸²µÖ³¨ ¸É¥·¥µ¶·µ¢µ²µ±, ¢ ±µÉµ·ÒÌ
ÎÊ¢¸É¢¨É¥²Ó´Ò¥ ¶·µ¢µ²µ±¨ ¸¤¢¨´ÊÉÒ ¤·Ê£ µÉ´µ¸¨É¥²Ó´µ ¤·Ê£  ´  ± 3Æ. Š ¦-
¤Ò° ¸É¥·¥µ¸Ê¶¥·¸²µ° ¸µ¤¥·¦¨É ¶µ 6 ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ±. �¡  ¸Ê¶¥·-
¸²µÖ · §¤¥²¥´Ò ´  ¤·¥°Ëµ¢Ò¥ ÖÎ¥°±¨, É ± ÎÉµ ³ ±¸¨³ ²Ó´µ¥ ¤·¥°Ëµ¢µ¥ · ¸-
¸ÉµÖ´¨¥ ´¥ ¶·¥¢ÒÏ ¥É 40 ³³, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É 800 ´¸ ¢·¥³¥´¨ ¤·¥°Ë .
‚ É ¡².6 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ¢¥·Ï¨´´µ£µ ¤¥É¥±Éµ·  CDF.

‚¥±Éµ·´ Ö ¤·¥°Ëµ¢ Ö ± ³¥·  ¢ ¸¶¥±É·µ³¥É·¥ MARK III [54Å55] ¨³¥¥É
8 ¸²µ¥¢. �¥·¢Ò° ¸²µ° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ³ ²ÊÕ ¤·¥°Ëµ¢ÊÕ ± ³¥·Ê ¸
Î¥ÉÒ·Ó³Ö ̧ ²µÖ³¨. ‚Éµ·µ° ̧ ²µ°, ¶µ ̧ ÊÐ¥¸É¢Ê, ¶·¥¤¸É ¢²Ö¥É ̧ µ¡µ° ¤¦¥É-± ³¥-
·Ê, ¸µ¸ÉµÖÐÊÕ ¨§ 32 ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥± (·¨¸.31). �´  ¨³¥¥É ¶²µÉ´ÊÕ ¸¥ÉÓ
ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ÖÎ¥¥±, ÎÉµ ¶µ§¢µ²Ö¥É ·¥±µ´¸É·Ê¨·µ¢ ÉÓ ¨§µ£´ÊÉÒ¥ É·¥±¨ ¨ ¸

¢Ò¸µ±µ° ÉµÎ´µ¸ÉÓÕ ¨§³¥·ÖÉÓ §´ Î¥´¨¥
dE/dx. • · ±É¥·´µ° µ¸µ¡¥´´µ¸ÉÓÕ ¸Ê¶¥·-
¸²µ¥¢ 3Å8 Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ É·¥Ì ¸¤¢¨-
´ÊÉÒÌ ́   300 ³±³ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ-
²µ± ¢ ± ¦¤µ° ¤·¥°Ëµ¢µ° ÖÎ¥°±¥ (·¨¸.32).

Œ¥Éµ¤ ¶µ¨¸±  É·¥±µ¢ ¢ ¢¥±Éµ·´ÒÌ
¤·¥°Ëµ¢ÒÌ ± ³¥· Ì µ¶¨¸ ´ ¢ [54]. C
Í¥²ÓÕ ¤µ¸É¨¦¥´¨Ö ¡Ò¸É·µ£µ ̈  ÔËË¥±É¨¢-
´µ£µ ¶µ¨¸±  É·¥±µ¢ ¨¸¶µ²Ó§ÊÕÉ¸Ö ± ±
¶·µ£· ³³´Ò¥, É ± ¨ ¸µ¢·¥³¥´´Ò¥  ¶¶ -
· É´Ò¥ ¸·¥¤¸É¢ , ±µÉµ·Ò¥ µ¡¥¸¶¥Î¨¢ ÕÉ

�¨¸.31. ƒ¥µ³¥É·¨Ö ¤·¥°Ëµ¢µ° ÖÎ¥°±¨ ¢´ÊÉ·¥´-
´¥£µ ¸²µÖ ¢¥±Éµ·´µ° ¤·¥°Ëµ¢µ° ± ³¥·Ò
MARK III
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¶µ²´ÊÕ ·¥±µ´¸É·Ê±Í¨Õ ¸µ¡ÒÉ¨° ¸ É·¥± ³¨ ¡µ²ÓÏµ° ±·¨¢¨§´Ò §  37 ³¸. � 
·¨¸.32 ¨ 33 ¶µ± § ´µ, ± ±¨³ µ¡· §µ³ · §·¥Ï ¥É¸Ö ´¥µ¶·¥¤¥²¥´´µ¸ÉÓ É¨¶ 
®¸²¥¢ -¸¶· ¢ ¯. „²Ö É·¨¶²¥É  ¶·µ¢µ²µ±, ¸¤¢¨´ÊÉÒÌ ´  ¢¥²¨Î¨´Ê ± δ, ¢¥²¨-
Î¨´  ∆, µ¶·¥¤¥²ÖÕÐ Ö · ¸¸ÉµÖ´¨¥ ¶·µÌµ¦¤¥´¨Ö É·¥±  § ·Ö¦¥´´µ° Î ¸É¨ÍÒ
µÉ ÎÊ¢¸É¢¨É¥²Ó´µ° ¶·µ¢µ²µ±¨, ¢ÒÎ¨¸²Ö¥É¸Ö ¨§ ¢Ò· ¦¥´¨Ö [54]:

∆ = vd[(t1 + t
3
)6 2 − t

2
],

£¤¥ t1, t2 ¨ t3 Å ¨§³¥·Ö¥³Ò¥ ¢¥²¨Î¨´Ò ¢·¥³¥´¨ ¤²Ö Î ¸É¨ÍÒ, ¶·µÌµ¤ÖÐ¥°

Î¥·¥§ ¤ ´´ÊÕ ÖÎ¥°±Ê. Š ± ¢¨¤´µ ¨§ ·¨¸.33, ¢¥²¨Î¨´  ∆  ¨³¥¥É ¤¢  ¶¨± ,   ¥¥
§´ ± ¤ ¥É ¨´Ëµ·³ Í¨Õ µ Éµ³, ¶µ ± ±ÊÕ ¸Éµ·µ´Ê µÉ ÖÎ¥°±¨ ¶·µÏ²  Î ¸É¨Í .

Œ¨±·µ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò ¸ ¢·¥³¥´´µ° · ¸ÉÖ¦±µ° [57Å59]. „²Ö
¶µ²ÊÎ¥´¨Ö ¢Ò¸µ±µ° ÉµÎ´µ¸É¨ ¨§³¥·¥´¨Ö ¶·¨Í¥²Ó´µ£µ ¶ · ³¥É·  (¢¶²µÉÓ ¤µ
100 ³±³) ¨¸¶µ²Ó§ÊÕÉ¸Ö É ±¦¥ É ± ´ §Ò¢ ¥³Ò¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò ¸ ¢·¥³¥´-
´µ° · ¸ÉÖ¦±µ° (time expansion chambers). ˆÌ µ¸µ¡¥´´µ¸É¨ § ±²ÕÎ ÕÉ¸Ö ¢
¸²¥¤ÊÕÐ¥³ [55].

1. � ²¨Î¨¥ µ¡² ¸É¨ ¸ ´¥¡µ²ÓÏµ° ´ ¶·Ö¦¥´´µ¸ÉÓÕ ¶µ²Ö (¸±µ·µ¸ÉÓ ¤·¥°-
Ë  5 ³±³/´¸ ¢³¥¸Éµ 50 ³±³/´¸ ¢ µ¡ÒÎ´ÒÌ ¤¦¥É-± ³¥· Ì), µÉ¤¥²¥´´µ° µÉ
µ¡² ¸É¨ ¸ ¡µ²ÓÏµ° ´ ¶·Ö¦¥´´µ¸ÉÓÕ ¶µ²Ö.

2. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶ · ²²¥²Ó´ÒÌ �–� ¸ Î ¸ÉµÉµ° µÍ¨Ë·µ¢±¨ 100 ŒƒÍ
¤²Ö ¡µ²¥¥ ÉµÎ´µ£µ ¢ÒÎ¨¸²¥´¨Ö ¢·¥³¥´¨ ¤·¥°Ë  ³¥Éµ¤µ³ µ¶·¥¤¥²¥´¨Ö Í¥´É· 

�¨¸.32. ƒ¥µ³¥É·¨Ö ¤·¥°Ëµ¢µ°
ÖÎ¥°±¨ µ¤´µ£µ ¨§ ¢´¥Ï´¨Ì ¸²µ¥¢
¢¥±Éµ·´µ° ¤·¥°Ëµ¢µ° ± ³¥·Ò
MARK III

�¨¸.33. � ¸¶·¥¤¥²¥´¨¥ ¢¥²¨Î¨´Ò ∆ ¢
§ ¢¨¸¨³µ¸É¨ µÉ ³¥¸É  ¶·µÌµ¦¤¥´¨Ö
Î ¸É¨ÍÒ ¶µ µÉ´µÏ¥´¨Õ ± ¤·¥°Ëµ¢µ°
ÖÎ¥°±¥. „¢  ¶¨±  ¸µµÉ¢¥É¸É¢ÊÕÉ É·¥± ³,
¶·µÌµ¤ÖÐ¨³ ¸²¥¢  ¨ ¸¶· ¢  µÉ ÖÎ¥°±¨
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®ÉÖ¦¥¸É¨¯. �·¨³¥´¥´¨¥ £ §µ¢µ° ¸³¥¸¨ ¶µ ¢µ§³µ¦´µ¸É¨ ¸ ³¥´ÓÏ¨³ ±µÔËË¨-
Í¨¥´Éµ³ ¤¨ËËÊ§¨¨ ¨ ³ ²Ò³ Ê£²µ³ ‹µ·¥´Í .

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¤¥É¥±Éµ·µ¢ ÔÉµ£µ É¨¶  ³µ¦´µ ´ §¢ ÉÓ ¤¦¥É-± ³¥·Ê
MARK J, ¶·¥¤´ §´ Î¥´´ÊÕ ¤²Ö Ô±¸¶¥·¨³¥´Éµ¢ ´  Ê¸±µ·¨É¥²¥ ¢ DESY.
‚ É ¡².7 ¶·¨¢¥¤¥´Ò µ¸´µ¢´Ò¥ ¶ · ³¥É·Ò ¤¥É¥±Éµ· .

‚·¥³Ö¶·µ¥±Í¨µ´´ Ö ± ³¥·  ´ Ï²  É ±¦¥ ¶·¨³¥´¥´¨¥ ¢ Ô±¸¶¥·¨³¥´É¥
L3 [59], £¤¥ ¶µ²ÊÎ¥´µ · §·¥Ï¥´¨¥ ¤²Ö µ¤´µ° ¶·µ¢µ²µÎ±¨ 51 ³±³ ¨ · §·¥Ï¥-
´¨¥ ¤¢ÊÌ É·¥±µ¢ 650 ³±³. �·¨´Í¨¶ · ¡µÉÒ ± ³¥·Ò ¶µÖ¸´Ö¥É¸Ö ¸ ¶µ³µÐÓÕ
·¨¸.34, £¤¥ ¶µ± § ´  £¥µ³¥É·¨Ö ÖÎ¥°±¨. ‡¤¥¸Ó µ¡² ¸ÉÓ ¤·¥°Ë  Ô²¥±É·µ´µ¢
· §¤¥²¥´  ´  µ¡² ¸ÉÓ ¸ ³ ²Ò³ £µ³µ£¥´´Ò³ ¶µ²¥³ ¨ µ¡² ¸ÉÓ ¸ ¡µ²ÓÏ¨³
Ô²¥±É·¨Î¥¸±¨³ ¶µ²¥³ (µ¡² ¸ÉÓ Ê¸¨²¥´¨Ö), £¤¥ ´ Ìµ¤¨É¸Ö ÎÊ¢¸É¢¨É¥²Ó´ Ö
¶²µ¸±µ¸ÉÓ. �É¨ µ¡² ¸É¨ · §¤¥²¥´Ò ¶²µ¸±µ¸ÉÓÕ, ´aÌµ¤ÖÐ¥°¸Ö ¶µ¤ ´Ê²¥¢Ò³
¶µÉ¥´Í¨ ²µ³. Œ¥¦¤Ê  ´µ¤´Ò³¨ ¶·µ¢µ²µ± ³¨ ¨³¥ÕÉ¸Ö É ± ´ §Ò¢ ¥³Ò¥ Ëµ±Ê-
¸¨·ÊÕÐ¨¥ ¶·µ¢µ²µ±¨, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ ¶µ¢ÒÏ ¥É¸Ö ÉµÎ´µ¸ÉÓ ·¥£¨¸É· -
Í¨¨ É·¥±µ¢. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò ± ³¥·Ò: ¢´¥Ï´¨° ¨ ¢´ÊÉ·¥´´¨° ¤¨ ³¥É·Ò
937 ¨ 170 ³³ ¸µµÉ¢¥É¸É¢¥´´µ, ¤²¨´  1260 ³³, ³ ±¸¨³ ²Ó´µ¥ ¢·¥³Ö ¤·¥°Ë 
´¥ ¡µ²¥¥ 10 ³±¸. �¡Ñ¥³ ± ³¥·Ò · §¤¥²¥´ ́   ¤¢  ±µ´Í¥´É·¨Î¥¸±¨Ì Í¨²¨´¤· :
¢´ÊÉ·¥´´¨° Í¨²¨´¤·, ¸µ¤¥·¦ Ð¨° 12 ¸¥±Éµ·µ¢, ¨ ¢´¥Ï´¨° Í¨²¨´¤·,
¸µ¸ÉµÖÐ¨° ¨§ 24 ¸¥±Éµ·µ¢. Œ ±¸¨³ ²Ó´Ò° ¤·¥°Ëµ¢Ò° ¶·µ³¥¦ÊÉµ± · ¢¥´
35,4 ³³ ¤²Ö ¢´ÊÉ·¥´´¥° ± ³¥·Ò ¨ 53,2 ³³ ¤²Ö ¢´¥Ï´¥° ± ³¥·Ò.

„¥É¥±Éµ·Ò ¸ ¶·¥Í¨§¨µ´´Ò³¨ ÖÎ¥°± ³¨. …Ð¥ µ¤´µ ´ ¶· ¢²¥´¨¥ ¢ · §-
¢¨É¨¨ ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨Ì ¨ ¶·¥Í¨§¨µ´´ÒÌ É·¥Ì³¥·´ÒÌ £ §µ¢ÒÌ ¤¥É¥±Éµ·µ¢
¸¢Ö§ ´µ ¸ · §· ¡µÉ±µ° ¤·¥°Ëµ¢ÒÌ ÖÎ¥¥± ¸ ¢Ò¸µ±µ° · §·¥Ï ÕÐ¥° ¸¶µ¸µ¡-
´µ¸ÉÓÕ. ‡¤¥¸Ó ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ µ·¨£¨´ ²Ó´Ò¥ · §· ¡µÉ±¨. ‚ [60] µ¶¨¸ -

’ ¡²¨Í  7. �¸´µ¢´Ò¥ ¶ · ³¥É·Ò 
¢·¥³Ö¶·µ¥±Í¨µ´´µ° ± ³¥·Ò MARK J

‚´ÊÉ·¥´´¨° ¤¨ ³¥É·, ³³ 100
‚´¥Ï´¨° ¤¨ ³¥É·, ³³ 242
—Ê¢¸É¢¨É¥²Ó´ Ö ¤²¨´ , ³³ 576

Šµ²¨Î¥¸É¢µ ¸¥£³¥´Éµ¢   12
Šµ²¨Î¥¸É¢µ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ± ¢ ¸¥£³¥´É¥   14
�¡Ð¥¥ Î¨¸²µ ÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¶·µ¢µ²µ± 168
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê  ´µ¤ ³¨, ³³ 2,4
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¶µÉ¥´Í¨ ²Ó´Ò³¨ 
¶·µ¢µ²µ± ³¨, ³³ 2,54
� ¸¸ÉµÖ´¨¥ ³¥¦¤Ê ¸¥ÉµÎ´Ò³¨ Ô²¥±É·µ¤ ³¨, ³³ 0,6
‘±µ·µ¸ÉÓ ¤·¥°Ë , ³±³/´¸ 7,0
‘³¥¸Ó £ §µ¢ CO2 − i − CH4 (80% + 20%)
�·µ¸É· ´¸É¢¥´´ Ö ÉµÎ´µ¸ÉÓ, ³±³ 35
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´Ò ¤¢¥ ± ³¥·Ò, µ¸´µ¢Ê ±µÉµ·ÒÌ
¸µ¸É ¢²ÖÕÉ ³´µ¦¥¸É¢µ ¤·¥°Ëµ¢ÒÌ
ÖÎ¥¥± ±¢ ¤· É´µ° Ëµ·³Ò · §³¥·µ³
21 × 21 ³³ ¸ ¤·¥°Ëµ¢Ò³ ¶·µ³¥-
¦ÊÉ±µ³ 10,5 ³³ ¨ Ï¥¸É¨Ê£µ²Ó´µ°
Ëµ·³Ò ¸ ¤·¥°Ëµ¢Ò³ ¶·µ³¥¦ÊÉ±µ³
25 ³³. „µ¸É¨£´ÊÉµ ¶·µ¸É· ´¸É-
¢¥´´µ¥ · §·¥Ï¥´¨¥ 25Å30 ³±³.
�É³¥Î ¥É¸Ö, ÎÉµ É ±µ¥ ´ ¶· ¢²¥´¨¥
¢ · §¢¨É¨¨ ¶·¥Í¨§¨µ´´ÒÌ É·¥Ì±µ-
µ·¤¨´ É´ÒÌ £ §µ¢ÒÌ ¤¥É¥±Éµ·µ¢, ¢ ±µÉµ·ÒÌ ¨¸¶µ²Ó§ÊÕÉ¸Ö ÖÎ¥°±¨, Ëµ·³¨-
·ÊÕÐ¨¥ Í¨²¨´¤·¨Î¥¸±µ¥ ¤·¥°Ëµ¢µ¥ ¶µ²¥, ¢ ¸µÎ¥É ´¨¨ ¸ £ §µ¢µ° ¸³¥¸ÓÕ ¸
³ ²µ° ¤¨ËËÊ§¨¥°, ¨³¥¥É ²ÊÎÏ¨¥ ¶¥·¸¶¥±É¨¢Ò ¶µ ¸· ¢´¥´¨Õ ¸ ± ³¥· ³¨ ¸
¢·¥³¥´´µ° · ¸ÉÖ¦±µ° ¢ ¸¨²Ê ¡µ²¥¥ ¶·µ¸Éµ° ±µ´¸É·Ê±Í¨¨ ¤¥É¥±Éµ· .

7. Œ“‹œ’ˆ„�…‰”�‚›… ˆ ‘�‹�Œ…��›… ’�“�Šˆ

�·¨£¨´ ²Ó´ Ö · §· ¡µÉ±  ¸µ§¤ ´  ´  ¡ §¥ ³Ê²ÓÉ¨¤·¥°Ëµ¢ÒÌ É·Ê¡µ±
[61]. ‡ ¤ Î  ¸µ¸Éµ¨É ¢ Éµ³, ÎÉµ¡Ò ¸µ§¤ ÉÓ ¶·¥Í¨§¨µ´´Ò° É·¥Ì³¥·´Ò° £ §µ-

¢Ò° ¤¥É¥±Éµ·, · ¡µÉ ÕÐ¨° ¢ Ê¸²µ¢¨ÖÌ ¡µ²ÓÏµ° ¸¢¥É¨³µ¸É¨ ¶ÊÎ±  1033 ¨
c ³ ²µ° ¶ ³ÖÉÓÕ ¶µ·Ö¤±  30Å50 ´¸. „·¥°Ëµ¢Ò¥ ÖÎ¥°±¨ ¨³¥ÕÉ Ï¥¸É¨Ê£µ²Ó-
´ÊÕ Ëµ·³Ê ¨ µ¡Ñ¥¤¨´¥´Ò ¢ ¢¨¤¥ ³µ¤Ê²Ö. �´ ¸µ¸Éµ¨É ¨§ ³´µ¦¥¸É¢  ¤·¥°-
Ëµ¢ÒÌ É·Ê¡µ± · ¤¨Ê¸µ³ 1,45 ³³. 70 É ±¨Ì ÖÎ¥¥± ¶µ³¥Ð ÕÉ¸Ö ¢ É·Ê¡±¥ ¤¨ -
³¥É·µ³ 30 ³³ ¨ ¤²¨´µ° 80 ¸³. Š ¦¤µ°  ´µ¤´µ° ¶·µ¢µ²µÎ±¥ ¸µµÉ¢¥É¸É¢ÊÕÉ
Ï¥¸ÉÓ ± Éµ¤´ÒÌ. ˆ§ É ±¨Ì ³µ¤Ê²¥° ¡Ò² ¨§£µÉµ¢²¥´ ¤¥É¥±Éµ·, ¸µ¤¥·¦ Ð¨°
8000  ´µ¤´ÒÌ ·¥§¨¸É¨¢´ÒÌ ¶·µ¢µ²µÎ¥±. �·¨ ÔÉµ³ ¤µ¸É¨£´ÊÉ  ÉµÎ´µ¸ÉÓ ¶µ-
§¨Í¨¨ ¶·µ¢µ²µÎ¥± ²ÊÎÏ¥ Î¥³ 30 ³±³. �·µ¡²¥³Ò, ¢µ§´¨± ÕÐ¨¥ ¶·¨ ¨¸¶µ²Ó-
§µ¢ ´¨¨ ³Ê²ÓÉ¨¤·¥°Ëµ¢ÒÌ É·Ê¡µ± ¢ ± Î¥¸É¢¥ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢ ¢ Ê¸²µ-
¢¨ÖÌ ¡µ²ÓÏ¨Ì § £·Ê§µ±, µ¡¸Ê¦¤ ÕÉ¸Ö ¢ [62]. ‚ Î ¸É´µ¸É¨, É·¥¡Ê¥É¸Ö · §· -
¡µÉ±  ´µ¢µ£µ ¶µ¤Ìµ¤  ± ¸µ§¤ ´¨Õ ·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´¨±¨. �·¨
³¥·É¢µ³ ¢·¥³¥´¨ ¶µ·Ö¤±  50 ́ ¸ ¨ ¢µ§³µ¦´µ¸É¨ ¶µ²ÊÎ¥´¨Ö ¤µ 50 ¢Ò¡µpµ± ́  
É·¥± É ±µ° ¤¥É¥±Éµ· ³µ¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¢ É·¨££¥·´µ° ¸¨¸É¥³¥.

�¨¸.34. ‘Ì¥³  ÖÎ¥°±¨ ‚�Š ¸ ¢·¥³¥´-
´µ° · ¸ÉÖ¦±µ°: 1 Å Ëµ±Ê¸; 2 Å  ´µ¤;
3 Å ¸¥ÉµÎ´Ò¥ ¶·µ¢µ²µÎ±¨; 4 Å ¢¥²¨-
Î¨´   ±¸¥¶É ´¸ ; 5 Å É·¥± § ·Ö¦¥´´µ°
Î ¸É¨ÍÒ; 6 Å ± Éµ¤´Ò¥ ¶·µ¢µ²µÎ±¨;
7 Å ±² ¸É¥·; 8 Å µ¡² ¸ÉÓ ¤·¥°Ë ;
9 Å µ¡² ¸ÉÓ ¤¥É¥±É¨·µ¢ ´¨Ö
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‘µ²µ³¥´´Ò¥ É·Ê¡±¨ (straw-tube). …Ð¥ µ¤´¨³ ¶¥·¸¶¥±É¨¢´Ò³ ´ ¶· ¢²¥-
´¨¥³ ¢ ¸µ§¤ ´¨¨ ¡Ò¸É·µ¤¥°¸É¢ÊÕÐ¨Ì ¶·¥Í¨§¨µ´´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢
Ö¢²ÖÕÉ¸Ö ¤¥É¥±Éµ·Ò, ±µÉµ·Ò¥ ¤¥² ÕÉ ´  µ¸´µ¢¥ Éµ´±¨Ì ³ °² ·µ¢ÒÌ É·Ê¡µ±
¤¨ ³¥É·µ³ 3 ÷ 5 ¸³ ¨ Éµ²Ð¨´µ° 25 ÷ 300 ³±³. ‚ Í¥´É·¥ µÉ¤¥²Ó´µ° É·Ê¡±¨
¤²¨´µ° 45 ÷ 100 ³³ · ¸¶µ²µ¦¥´   ´µ¤´ Ö ¶·µ¢µ²µÎ± ,   ¢ ± Î¥¸É¢¥ §¥³²Ö-
´µ° Ï¨´Ò ¸²Ê¦¨É  ²Õ³¨´¨§¨·µ¢ ´´ Ö ¸É¥´±  É·Ê¡±¨. �É³¥Î ÕÉ¸Ö ¸²¥¤ÊÕ-
Ð¨¥ ¶µ²µ¦¨É¥²Ó´Ò¥ ± Î¥¸É¢  É ±¨Ì ¤¥É¥±Éµ·µ¢.

1. �É´µ¸¨É¥²Ó´µ ´¥¡µ²ÓÏ Ö ¸Éµ¨³µ¸ÉÓ.
2. ‚ µÉ²¨Î¨¥ µÉ ±² ¸¸¨Î¥¸±¨Ì ¤·¥°Ëµ¢ÒÌ ± ³¥· ¸µ²µ³¥´´Ò¥ É·Ê¡±¨

¨§µ²¨·µ¢ ´Ò µ¤´  µÉ ¤·Ê£µ° ¨ ¶µÔÉµ³Ê ¶µ¢·¥¦¤¥´¨¥ µ¤´µ° É·Ê¡±¨ ´¥
¢²¨ÖeÉ ´  · ¡µÉÊ ¤·Ê£¨Ì.

3. Œ¥´ÓÏ¥ ¸± §Ò¢ ÕÉ¸Ö ¶¥·¥±·¥¸É´Ò¥ ¶µ³¥Ì¨.
4. M ²µ¥ ¢·¥³Ö ¤·¥°Ë  Å 30 ÷ 100 ´¸.
5. ‚Ò¸µ± Ö ÉµÎ´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ±µµ·¤¨´ É Å ´¥¸±µ²Ó±µ ³¨±·µ³¥É·µ¢.
‚ ± Î¥¸É¢¥ ¸ÊÐ¥¸É¢¥´´µ£µ ´¥¤µ¸É É±  ³µ¦´µ µÉ³¥É¨ÉÓ ´ ²¨Î¨¥ ¤µ¶µ²-

´¨É¥²Ó´µ£µ ³ É¥·¨ ²  Å ³ °² · , ÎÉµ ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ · §·¥Ï Õ-
Ð¥° ¸¶µ¸µ¡´µ¸É¨ ¤¥É¥±Éµ·  ¶µ ¨³¶Ê²Ó¸Ê. ‚¥¤ÊÉ¸Ö ¨¸¸²¥¤µ¢ ´¨Ö, ´ ¶· ¢²¥´-
´Ò¥ ´  Ê³¥´ÓÏ¥´¨¥ ÔËË¥±É  ³´µ£µ±· É´µ£µ · ¸¸¥Ö´¨Ö [63]. ‚ [64] ¶·¨¢¥-
¤¥´Ò ¶ · ³¥É·Ò ·Ö¤  ¤¥É¥±Éµ·µ¢, ¸µ§¤ ´´ÒÌ ´  µ¸´µ¢¥ ¸µ²µ³¥´´ÒÌ É·Ê¡µ±
(¸³. É ¡².8).

‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³µÉ·¨³ ±· É±µ Ê¸É·µ°¸É¢µ ³¨±·µ¢¥·Ï¨´´µ°
± ³¥·Ò MARK III [65]. �´  ¸µ¸Éµ¨É ¨§ 12 ±µ´Í¥´É·¨Î¥¸±¨Ì ¸²µ¥¢ É·Ê¡µ±,
· ¸¶µ²µ¦¥´´ÒÌ ³¥¦¤Ê · ¤¨Ê¸ ³¨ 5,4 ¸³ ¨ 13 ¸³ µÉ ÉµÎ±¨ ¢§ ¨³µ¤¥°¸É¢¨Ö.
�¡Ð¥¥ ±µ²¨Î¥¸É¢µ É·Ê¡µ± · ¢´µ 640, ¤¨ ³¥É· É·Ê¡±¨ 8 ³³.

’ ¡²¨Í  8. � · ³¥É·Ò ¤¥É¥±Éµ·µ¢ ¸ ¸µ²µ³¥´´Ò³¨ É·Ê¡± ³¨ [64]

�±¸¶¥·¨³¥´É HRS MAC MARK
II

MARK 
III

CLEO TPC AMY

„¨ ³¥É· É·Ê¡±¨, ³³ 8,0 8,0 5,9Å7 8 5,3Å5,9

„²¨´ , ¸³ 41Å46 43 75 84 51 40Å60 56

„¨ ³¥É·
¶·µ¢µ²µ±¨, ³±³ 20 30 20 50 15 30 15

’µ²Ð¨´  É·Ê¡±¨, ³±³ 85 100 75 75 32 100 38

Šµ²¨Î¥¸É¢µ É·Ê¡µ± 352 324 552 640 192 984 144

� §·¥Ï¥´¨¥, ³±³ 100 45 90 49 90 50 85

„ ¢²¥´¨¥,  É³ 1 4 1 3 1 4 1,5

ƒ § Ar/Et ArCo2 CH4Ar/Et Ar/Et Ar/Et ArCo2CH4 Ar/Et

� ¶·Ö¦¥´¨¥, ±‚ 1,65 3,9 1,9 3,9 1,6 4 1,75
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‚ [66] µ¶¨¸ ´ ³¥Éµ¤ ·¥±µ´¸É·Ê±Í¨¨ É·¥±µ¢ ̈  ̈ Ì ¶¥·¥¸¥Î¥´¨° ¤²Ö ¤¥É¥±-
Éµ· , ¸µ§¤ ´´µ£µ ´  ¡ §¥ ¸µ²µ³¥´´ÒÌ ¤·¥°Ëµ¢ÒÌ É·Ê¡µ± ¤²Ö Ô±¸¶¥·¨³¥´É 
…735. �·¨´Í¨¶ ·¥±µ´¸É·Ê±Í¨¨ É·¥±µ¢ ¶µ± § ´ ´  ·¨¸.35. ‡¤¥¸Ó ¢¨¤´Ò ¤¢ 
¸²µÖ É·Ê¡µ± ¸ · ¤¨Ê¸ ³¨ r1 ¨ r2. ’·¥±¨ 1 ÷ 4 Ê¤µ¢²¥É¢µ·ÖÕÉ ¸²¥¤ÊÕÐ¥°

¸¨¸É¥³¥ Ê· ¢´¥´¨°:

sin (t) (X
2
 − X

1
) − cos (t) (Z

2
 − Z

1
) + (r

2
 − r

1
) = 0,

sin (t) (X
2
 − X

1
) − cos (t) (Z

2
 − Z

1
) − (r

2
 − r

1
) = 0,

sin (t) (X
2
 − X

1
) − cos (t) (Z

2
 − Z

1
) − (r

2
 + r

1
) = 0,

sin (t) (X
2
 − X

2
) − cos (t) (Z

2
 − Z

2
) + (r

2
 + r

1
) = 0.

�µ¸²¥ ¢ÒÎ¨¸²¥´¨Ö t ̈ § ± ¦¤µ£µ Ê· ¢´¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö ́  ±²µ´ tan t ̈  ÉµÎ± 
¶¥·¥¸¥Î¥´¨Ö. �µ¸²¥ ´ Ìµ¦¤¥´¨Ö É ±µ° ¶·Ö³µ° µ´  ¶·µ¥Í¨·Ê¥É¸Ö ´  ¸²¥¤ÊÕ-
ÐÊÕ ¶²µ¸±µ¸ÉÓ, ¨ ¢Ò¶µ²´Ö¥É¸Ö ¸· ¢´¥´¨¥ ¸ ¨§³¥·¥´´µ° ±µµ·¤¨´ Éµ°. …¸²¨
· §´¨Í  ´¥ ¶·¥¢µ¸Ìµ¤¨É § ¤ ´´ÊÕ ¢¥²¨Î¨´Ê, Éµ ¶·Ö³ Ö ´ °¤¥´ , ¨ É.¤.

�·¨Î¥³ ¢ ± Î¥¸É¢¥ ±·¨É¥·¨Ö ¨¸¶µ²Ó§Ê¥É¸Ö ËÊ´±Í¨Ö χ2.

8. ‡�Š‹�—…�ˆ…

Œ¥Éµ¤¨±  É·¥Ì±µµ·¤¨´ É´ÒÌ £ §µ´ ¶µ²´¥´´ÒÌ ¢e·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢
¸µ¢³¥¸É´µ ¸ ·¥£¨¸É·¨·ÊÕÐ¥° Ô²¥±É·µ´¨±µ° ¨ ¢ÒÎ¨¸²¨É¥²Ó´Ò³¨ ¸·¥¤¸É¢ ³¨
µÉ¡µ·  ¨ ¢µ¸¸É ´µ¢²¥´¨Ö Éµ¶µ²µ£¨° ¸²µ¦´ÒÌ ¸µ¡ÒÉ¨° ¤µ¸É¨£²  ¢Ò¸µ±µ£µ
¸µ¢¥·Ï¥´¸É¢ . �ÉµÉ ±² ¸¸ ¤¥É¥±Éµ·µ¢ µÉ²¨Î ¥É¸Ö · ¤¨ Í¨µ´´µ° ̧ Éµ°±µ¸ÉÓÕ,
Ìµ·µÏ¨³ · §·¥Ï¥´¨¥³ ¤¢ÊÌ É·¥±µ¢ ¨ µÉ´µ¸¨É¥²Ó´µ ¢Ò¸µ±¨³ ¡Ò¸É·µ¤¥°¸É-
¢¨¥³. Š·µ³¥ Éµ£µ, ¢µ§³µ¦´µ¸ÉÓ ·¥£¨¸É· Í¨¨ ¸µ¡ÒÉ¨° ¸ ¡µ²ÓÏ¨³ Ê£²µ³ · §-
²¥É  Î ¸É¨Í ¶µ§¢µ²Ö¥É Ê¸¶¥Ï´µ ¨¸¶µ²Ó§µ¢ ÉÓ É·¥Ì³¥·´Ò¥ £ §µ´ ¶µ²´¥´´Ò¥
¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò ¢ ¸µÎ¥É ´¨¨ ¸ ¤·Ê£¨³¨ É¨¶ ³¨ ¤¥É¥±Éµ·µ¢ ¢ Ô±¸¶¥·¨-
³¥´É Ì ¸ ¢Ò¸µ±µ° ¸¢¥É¨³µ¸ÉÓÕ ´  ¸µ¢·¥³¥´´ÒÌ ¨ ¡Ê¤ÊÐ¨Ì ±µ²² °¤¥· Ì.
˜¨·µ±¨¥ ¶¥·¸¶¥±É¨¢Ò · §¢¨É¨Ö ¨³¥ÕÉ É ±¦¥ £ §µ´ ¶µ²´¥´´Ò¥ ³¨±·µ¶µ-
²µ¸±µ¢Ò¥ ³¨±·µ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò, ¸µ§¤ ¢ ¥³Ò¥ ³¥Éµ¤ ³¨ ¶µ²Ê¶·µ¢µ¤-
´¨±µ¢µ° É¥Ì´µ²µ£¨¨, ±µÉµ·Ò¥ · ¸¸³µÉ·¥´Ò ¢ µ¡§µ·¥ [67].

�¨¸.35. Š ¶µÖ¸´¥´¨Õ  ²£µ·¨É³  ·¥-
±µ´¸É·Ê±Í¨¨ ¶·Ö³ÒÌ É·¥±µ¢, ·¥£¨¸É·¨·Ê¥-
³ÒÌ ¸ ¶µ³µÐÓÕ ¸µ²µ³¥´´ÒÌ ¤·¥°Ëµ¢ÒÌ
É·Ê¡µ±
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“„Š 539.14
�·µ¸É· ´¸É¢µ ”µ±  Å � ·£³ ´´  ¨ SU(3)-³µ¤¥²Ó. ”¨²¨¶¶µ¢ ƒ.”., „· °¥· „¦.�. ”¨-
§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.6, ¸.1329.

‚ µ¡§µ·¥ ¶·¥¤¸É ¢²¥´ · §¢¨ÉÒ° ¢ ¶µ¸²¥¤´¨¥ £µ¤Ò ´µ¢Ò° ¶µ¤Ìµ¤ ± Ê´¨É ·´Ò³
³µ¤¥²Ö³. �ÉµÉ ¶µ¤Ìµ¤ ̈ ¸¶µ²Ó§Ê¥É ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ̈  µ¶¥· Éµ·Ò Ê´¨É ·´ÒÌ ³µ¤¥²¥°,
µ¶·¥¤¥²¥´´Ò¥ ¢ ¶·µ¸É· ´¸É¢¥ ”µ±  Å � ·£³ ´´ . �·¨¢µ¤ÖÉ¸Ö ·¥Ï¥´¨Ö ¤²Ö SU(3)-³µ-
¤¥²¨ µ¡µ²µÎ¥± ¨ ´¥±µÉµ·Ò¥ ¨Ì µ¡µ¡Ð¥´¨Ö, µÉ´µ¸ÖÐ¨¥¸Ö ± ±² ¸¸¨Î¥¸±µ° É· ±Éµ¢±¥
SU(3)-É¥µ·¨¨.

�¨¡²¨µ£·.: 12.

“„Š 539.143; 539.142.2
‘É·Ê±ÉÊ·  ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥·. �µ´µ³ -
·¥¢ ‚.�. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.6, ¸.1354.

‚ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ Ö¤·  ¨¸¸²¥¤µ¢ ´µ ¨§³¥´¥´¨¥ ¸É·Ê±ÉÊ-
·Ò ´¨§±µ²¥¦ Ð¨Ì ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° Î¥É´µ-Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤¥· ¶·¨ Ê¤ -
²¥´¨¨ µÉ Ö¤¥· ¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ° ± ¶¥·¥Ìµ¤´Ò³ Ö¤· ³. � ¸¸³µÉ·¥´Ò § ·Ö¤µ¢Ò¥
¶¥·¥Ìµ¤´Ò¥ ¶²µÉ´µ¸É¨ ÔÉ¨Ì ¸µ¸ÉµÖ´¨° ¨ · ¸¶·¥¤¥²¥´¨¥ ¸¨²Ò Ô²¥±É·µ³ £´¨É´ÒÌ ¶¥·¥-
Ìµ¤µ¢ ¢ µ¡² ¸É¨ Ô´¥·£¨¨ ¢µ§¡Ê¦¤¥´¨Ö ¤µ 5 ŒÔ‚. �·µ ´ ²¨§¨·µ¢ ´Ò ̧ ¢µ°¸É¢  ́ ¨§±µ²¥-
¦ Ð¨Ì 1-¸µ¸ÉµÖ´¨° ¨ ¸µ¸ÉµÖ´¨°, Ëµ·³¨·ÊÕÐ¨Ì ¶¨£³¨-·¥§µ´ ´¸Ò. �¡ÑÖ¸´¥´Ò ¶·¨-
Î¨´Ò  ´µ³ ²Ó´µ£µ ¶µ¢¥¤¥´¨Ö ¸¥Î¥´¨Ö ËµÉµ¢µ§¡Ê¦¤¥´¨Ö ¨§µ³¥·µ¢ ¢ ´¥Î¥É´ÒÌ Ö¤· Ì.
�¥§Ê²ÓÉ ÉÒ É¥µ·¥É¨Î¥¸±¨Ì ¨¸¸²¥¤µ¢ ´¨° ¶·¥¤¸É ¢²¥´Ò ¢ ¸· ¢´¥´¨¨ ¸ ¨³¥ÕÐ¨³¨¸Ö
Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ¤ ´´Ò³¨.

’ ¡².6. ˆ².10. �¨¡²¨µ£·.: 68.

“„Š 539.17.01; 539.172.12; 539.17.016
“¶·Ê£µ¥ pd-· ¸¸¥Ö´¨¥ ´ § ¤ ¶·¨ ¶·µ³¥¦ÊÉµÎ´ÒÌ Ô´¥·£¨ÖÌ. “§¨±µ¢ �.�. ”¨§¨± 
Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.6, ¸.1406.

� ¸¸³µÉ·¥´Ò É¥µ·¥É¨Î¥¸±¨¥ ¶µ¤Ìµ¤Ò ± µ¶¨¸ ´¨Õ Ê¶·Ê£µ£µ pd-· ¸¸¥Ö´¨Ö ´ § ¤
¶·¨ Ô´¥·£¨ÖÌ 0,5 ÷ 2 ƒÔ‚. � ·Ö¤Ê ¸ ³¥Ì ´¨§³ ³¨ µ¡³¥´  ´¥°É·µ´µ³ ¨ µ¤´µ±· É´µ£µ

pN-· ¸¸¥Ö´¨Ö ¨¸¸²¥¤µ¢ ´  ·µ²Ó ³¥Ì ´¨§³  µ¡³¥´  N ∗-¨§µ¡ · ³¨ ´  µ¸´µ¢¥ Ï¥¸É¨-

±¢ ·±µ¢µ° ³µ¤¥²¨ ¤²Ö dNN ∗-¢¥·Ï¨´. P¥²ÖÉ¨¢¨¸É¸±¨¥ ÔËË¥±ÉÒ ÊÎ¨ÉÒ¢ ÕÉ¸Ö ́   µ¸´µ¢¥
£ ³¨²ÓÉµ´µ¢c±µ° ¤¨´ ³¨±¨ ̧ ¨¸É¥³ ̧  Ë¨±¸¨·µ¢ ´´Ò³ Î¨¸²µ³ Î ¸É¨Í. �µ± § ´  ¢ ¦´ Ö
·µ²Ó £² Ê¡¥·µ¢¸±¨Ì ¶¥·¥· ¸¸¥Ö´¨° ¢ ´ Î ²Ó´µ³ ¨ ±µ´¥Î´µ³ ¸µ¸ÉµÖ´¨ÖÌ ¶·¨ · ¸¸³µÉ-
·¥´¨¨ ³¥Ì ´¨§³  ¶¥·¥¤ Î¨ ́ ¥°É·µ´ . Š·µ³¥ ¢ÒÏ¥Ê± § ´´ÒÌ ³¥Ì ´¨§³µ¢, ̧ µ¤¥·¦ Ð¨Ì
¨´Ëµ·³ Í¨Õ µ ¸É·Ê±ÉÊ·¥ ¤¥°É·µ´  ´  ³ ²ÒÌ µÉ´µ¸¨É¥²Ó´ÒÌ · ¸¸ÉµÖ´¨ÖÌ ³¥¦¤Ê
´Ê±²µ´ ³¨, µ¸µ¡µ¥ ¢´¨³ ´¨¥ Ê¤¥²¥´µ ³¥Ì ´¨§³Ê ¢µ§¡Ê¦¤¥´¨Ö ∆-¨§µ¡ ·Ò, ±µÉµ·Ò°,
´¥¸³µÉ·Ö ´  ¡µ²ÓÏÊÕ ¶¥·¥¤ ÎÊ ¨³¶Ê²Ó¸ , ¤µ¢µ²Ó´µ ¸² ¡µ ÎÊ¢¸É¢¨É¥²¥´ ± ¢Ò¸µ±µ-
¨³¶Ê²Ó¸´Ò³ ±µ³¶µ´¥´É ³ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¤¥°É·µ´  ̈  Ö¢²Ö¥É¸Ö ¤µ³¨´¨·ÊÕÐ¨³ ¶·¨
Ô´¥·£¨ÖÌ ´ ²¥É ÕÐ¨Ì ¶·µÉµ´µ¢ Tp = 0,5 ÷ 1 ƒÔ‚. „²Ö µ¶·¥¤¥²¥´¨Ö ¶ · ³¥É·µ¢  ³¶²¨-
ÉÊ¤ ¶¥·¥Ìµ¤  NN ⇔ N∆, ´¥µ¡Ìµ¤¨³ÒÌ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¢±² ¤   ∆-¨§µ¡ ·Ò ¢ ¶·µÍ¥¸¸¥

pd → dp, ¨¸¸²¥¤µ¢ ´  ·¥ ±Í¨Ö pp → pnπ+ ¢ ∆-·¥§µ´ ´¸´µ° µ¡² ¸É¨. �µ± § ´  µÎ¥´Ó
¢Ò¸µ± Ö ÎÊ¢¸É¢¨É¥²Ó´µ¸ÉÓ  ³¶²¨ÉÊ¤Ò ∆-·¥§µ´ ´¸´µ£µ ³¥Ì ´¨§³  ¶·µÍ¥¸¸  pd → dp ±
¶ · ³¥É· ³ ¢¥·Ï¨´´ÒÌ Ëµ·³Ë ±Éµ·µ¢ πNN, πN∆, ρNN ¨ ρN∆. Š· É±µ µ¡¸Ê¦¤ ¥É¸Ö
·µ²Ó ¡µ²¥¥ Ô±§µÉ¨Î¥¸±¨Ì ³¥Ì ´¨§³µ¢.

ˆ².17. �¨¡²¨µ£·.: 93.
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“„Š 539.143; 539.142.2
‚§ ¨³µ¤¥°¸É¢¨¥ ±µ²²¥±É¨¢´ÒÌ ̈  ́ ¥±µ²²¥±É¨¢´ÒÌ ³µ¤ ¶·¨ ́ ¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦-
¤¥´¨Ö ¢ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. ƒ·¨´¡¥·£ Œ., ‘ÉµÖ´µ¢ —., –µ´¥¢  �. ”¨§¨±  Ô²¥³¥´É ·-
´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.6, ¸.1456.

ˆ¸¸²¥¤µ¢ ´µ ¢§ ¨³µ¤¥°¸É¢¨¥ ±µ²²¥±É¨¢´ÒÌ ̈  ́ ¥±µ²²¥±É¨¢´ÒÌ ¢µ§¡Ê¦¤¥´¨° ¢ Î¥É´µ-
Î¥É´ÒÌ ¸Ë¥·¨Î¥¸±¨Ì Ö¤· Ì. „²Ö ÔÉµ° Í¥²¨ ¨¸¶µ²Ó§µ¢ ² ¸Ó ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´ Ö
³µ¤¥²Ó Ö¤· . ‚µ²´µ¢ Ö ËÊ´±Í¨Ö ¢µ§¡Ê¦¤¥´´ÒÌ ¸µ¸ÉµÖ´¨° ¢±²ÕÎ ²  É·¥ÌËµ´µ´´Ò¥
±µ³¶µ´¥´ÉÒ. “Î¨ÉÒ¢ ²µ¸Ó µ¸É ÉµÎ´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢ ± ´ ²¥ Î ¸É¨Í -Î ¸É¨Í ,   É ±-
¦¥ ¨§µ¸± ²Ö·´Ò¥ ¨ ¨§µ¢¥±Éµ·´Ò¥ ±µ³¶µ´¥´ÉÒ Î ¸É¨Î´µ-¤Ò·µÎ´µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö.
‚ · ¸Î¥É Ì ÊÎ¨ÉÒ¢ ²µ¸Ó ¡µ²ÓÏµ¥ µ¤´µÎ ¸É¨Î´µ¥ ¶·µ¸É· ´¸É¢µ. � ¸¸Î¨É ´  ¸É·Ê±ÉÊ· 
´¨§±µ²¥¦ Ð¨Ì ̧ µ¸ÉµÖ´¨° ¶µ²µ¦¨É¥²Ó´µ° ̈  µÉ·¨Í É¥²Ó´µ° Î¥É´µ¸É¨ ¢ ¶µ²Ê³ £¨Î¥¸±¨Ì
¨ ¸µ¸¥¤´¨Ì ¸ ´¨³¨ Ö¤· Ì. �µ± § ´µ, ÎÉµ ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
¸¨²Ó´¥¥ ¢ Ö¤· Ì, ¨³¥ÕÐ¨Ì ´  ¤¢  ´Ê±²µ´  ¡µ²ÓÏ¥, Î¥³ Ö¤·  ¸ § ³±´ÊÉµ° µ¡µ²µÎ±µ°.
‚²¨Ö´¨¥ É·¥ÌËµ´µ´´ÒÌ Î²¥´µ¢ ¢ ÔÉ¨Ì Ö¤· Ì ¢¥²¨±µ. ̂ ¸¸²¥¤µ¢ ´Ò Œ1-¶¥·¥Ìµ¤Ò ³¥¦¤Ê

´¨§±µ²¥¦ Ð¨³¨ 2+-Ê·µ¢´Ö³¨. �µ± § ´µ, ÎÉµ ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ ¢µ§¡Ê¦¤¥´¨Ö ´ ²¨-

Î¥¸É¢Ê¥É ¨§µ¢¥±Éµ·´ Ö ±¢ ¤·Ê¶µ²Ó´ Ö ¸¨² , ±µÉµ· Ö · ¸¶·¥¤¥²¥´  ¶µ ´¥¸±µ²Ó±¨³ 2+-
Ê·µ¢´Ö³. � ¸¸Î¨É ´´ Ö ¢ · ³± Ì ±¢ §¨Î ¸É¨Î´µ-Ëµ´µ´´µ° ³µ¤¥²¨ ¸É·Ê±ÉÊ·  ´¨§±µ²¥-
¦ Ð¨Ì ¸µ¸ÉµÖ´¨° ¢ Ö¤· Ì ¨§µÉµ´µ¢ N = 84 ¸· ¢´¨¢ ¥É¸Ö ¸ Éµ°, ÎÉµ ¸²¥¤Ê¥É ¨§ ³µ¤¥²¨
¢§ ¨³µ¤¥°¸É¢ÊÕÐ¨Ì ¡µ§µ´µ¢. �¡¸Ê¦¤ ÕÉ¸Ö ¸Ìµ¤¸É¢µ ¨ · §²¨Î¨Ö ¶·¥¤¸± § ´¨° ³µ¤¥-

²¥°. ˆ¸¸²¥¤µ¢ ´Ò ¸¢µ°¸É¢  ´¨§±µ²¥¦ Ð¨Ì 1−-¸µ¸ÉµÖ´¨° ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨Ì E1-¶¥·¥-
Ìµ¤µ¢ ¢ Ö¤· Ì ¨§µÉµ´µ¢ N = 82. �µ± § ´µ, ÎÉµ ÔÉ¨ ¸µ¸ÉµÖ´¨Ö ¸ ¢Ò¸µ±µ° ¸É¥¶¥´ÓÕ
¤µ¸Éµ¢¥·´µ¸É¨ ³µ£ÊÉ ¡ÒÉÓ ̈ ´É¥·¶·¥É¨·µ¢ ´Ò ± ± ¤¢ÊÌËµ´µ´´Ò¥ ±¢ ¤·Ê¶µ²Ó-µ±ÉÊ¶µ²Ó-
´Ò¥. ˆÌ ¸¢µ°¸É¢  µ¶·¥¤¥²ÖÕÉ¸Ö Éµ´±µ° ¨£·µ° ¨§µ¸± ²Ö·´ÒÌ ±¢ ¤·Ê¶µ²Ó´µ° ¨ µ±ÉÊ-
¶µ²Ó´µ° ¨ ¨§µ¢¥±Éµ·´µ° ¤¨¶µ²Ó´µ° ±µ³¶µ´¥´É µ¸É ÉµÎ´ÒÌ ¸¨². �¡¸Ê¦¤ ÕÉ¸Ö Ô±¸¶¥-
·¨³¥´É ²Ó´Ò¥ ¤µ± § É¥²Ó¸É¢  ̧ ÊÐ¥¸É¢µ¢ ´¨Ö É·¥ÌËµ´µ´´ÒÌ ̧ µ¸ÉµÖ´¨° µÉ·¨Í É¥²Ó´µ°

Î¥É´µ¸É¨ ¢ 124Te, ±µÉµ·Ò¥ § É¥³ ¸· ¢´¨¢ ÕÉ¸Ö ¸ ¶·¥¤¸± § ´¨Ö³¨ ±¢ §¨Î ¸É¨Î´µ-
Ëµ´µ´´µ° ³µ¤¥²¨.

’ ¡².21. ˆ².4. �¨¡²¨µ£·.: 43.

“„Š 681.518.3
ƒ §µ´ ¶µ²´¥´´Ò¥ ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò. �¨±¨ÉÕ± �.Œ. ”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸-
É¨Í ¨  Éµ³´µ£µ Ö¤· , 1998, Éµ³ 29, ¢Ò¶.6, ¸.1499.

� ¸¸³µÉ·¥´Ò ÔÉ ¶Ò · §¢¨É¨Ö ¨ ¸µ¢·¥³¥´´µ¥ ¸µ¸ÉµÖ´¨¥ ³¥Éµ¤¨±¨ £ §µ´ ¶µ²´¥´-
´ÒÌ É·¥Ì±µµ·¤¨´ É´ÒÌ ¤¥É¥±Éµ·µ¢, ³¥Éµ¤µ¢ ¸Î¨ÉÒ¢ ´¨Ö ¨ ·¥£¨¸É· Í¨¨ Éµ¶µ²µ£¨°
¸²µ¦´ÒÌ ¸µ¡ÒÉ¨°, ·¥£¨¸É·¨·Ê¥³ÒÌ ¸ ¶µ³µÐÓÕ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢. �¶¨¸Ò¢ ÕÉ¸Ö
µ¸µ¡¥´´µ¸É¨ É ±¨Ì É·¥Ì±µµ·¤¨´ É´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢, ± ± ¢·¥³Ö¶·µ¥±Í¨µ´-
´Ò¥ ± ³¥·Ò, ®µ¡· §´Ò¥¯ (jet-± ³¥·Ò), ¢¥±Éµ·´Ò¥ ¤·¥°Ëµ¢Ò¥ ± ³¥·Ò, ± ³¥·Ò ¸ ¢·¥-
³¥´´µ° · ¸ÉÖ¦±µ° ¨ ¢¥·Ï¨´´Ò¥ ¤¥É¥±Éµ·Ò, ¸µ§¤ ¢ ¥³Ò¥ ´  ¡ §¥ ®¸µ²µ³¥´´ÒÌ¯ É·Ê-
¡µ±. �·¨¢µ¤ÖÉ¸Ö É ¡²¨ÍÒ, ¸µ¤¥·¦ Ð¨¥ ¶ · ³¥É·Ò ´ ¨¡µ²¥¥ ¨§¢¥¸É´ÒÌ £ §µ´ ¶µ²´¥´-
´ÒÌ ¢¥·Ï¨´´ÒÌ ¤¥É¥±Éµ·µ¢, ̈ ¸¶µ²Ó§Ê¥³ÒÌ ¢ Ô±¸¶¥·¨³¥´É Ì ̧  Ë¨±¸¨·µ¢ ´´µ° ³¨Ï¥´ÓÕ
¨ ´  ±µ²² °¤¥· Ì.

’ ¡².8. ˆ².35. �¨¡²¨µ£·.: 66.
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�²¥±¸¥¥¢ ….�., �²¥±¸¥¥¢  ‹.�., � ± É -
´µ¢ ‚.�., �µ²¨¥¢ Œ.Œ., ‚µ¥¢µ¤-
¸±¨° �.‚., „µ£Ê¦ ¥¢ ‚.�., ‡ ±¨¤Ò-
Ï¥¢ ‚.�., Šµ§Ö·¨¢¸±¨° ‚.�., �µ¢µ-
¸¥²ÓÍ¥¢ �.”., �µ¢µ¸¥²ÓÍ¥¢  �.�., �µ¤-
¤Ê¡´Ò° ‚.Ÿ., �¥É±µ¢ ‚.Ÿ., ‘Ê¢µ·µ-
¢  �.‚., –Ö¡Ê± �.Š., —Ê¤ ±µ¢ �.…. � ±-
¸ ´¸±¨° ¶µ¤§¥³´Ò° ¸Í¨´É¨²²ÖÍ¨µ´´Ò°
É¥²¥¸±µ¶. 3, 631 (254)

�²¥±¸¥¥¢  ‹.�., ¸³. �²¥±¸¥¥¢ ….�. ¨ ¤·.

�Ê¤·¥Î �., ‘± ·¦¨´¸±¨° ‚.„. Š�„-¶·µÍ¥¸-
¸Ò ¢µ ¢´¥Ï´¥³ ¶µ²¥ Aapo´o¢a Å �o³ .

3, 686 (278)
� ± É ´µ¢ ‚.�., ¸³. �²¥±¸¥¥¢ ….�. ¨ ¤·.
� ²¤¨´ A.M., � ²¤¨´ �.�. �¥²ÖÉ¨¢¨¸É¸± Ö

Ö¤¥·´ Ö Ë¨§¨± : ¶·µ¸É· ´¸É¢µ µÉ´µc¨-
É¥²Ó´ÒÌ 4-¸±µ·µ¸É¥°, ¸¨³³¥É·¨¨ ·¥Ï¥-
´¨°, ¶·¨´Í¨¶ µ¸² ¡²¥´¨Ö ±µ··¥²ÖÍ¨°,
¶µ¤µ¡¨¥, ¶·µ³¥¦ÊÉµÎ´Ò¥  ¸¨³¶ÉµÉ¨±¨.
3, 577 (232)

� ²¤¨´ �.�., ¸³. � ²¤¨´ �.Œ. ¨ ¤·.
� ²¤¨´ �.Œ. ”¨§¨±  ¢Ò¸µ±¨Ì Ô´¥·£¨° ¢

”¨§¨Î¥¸±µ³ ¨´¸É¨ÉÊÉ¥ ¨³. �.�.‹¥¡¥¤¥-
¢  �± ¤¥³¨¨ ´ Ê±. 3, 763 (314)

�¥²µ§¥·µ¢  ’.‘., •¥´´¥· ‚.Š. �¥·¥±·Ò¢ Õ-

Ð¨¥¸Ö ·¥§µ´ ´¸Ò ¢ ³´µ£µ± ´ ²Ó´ÒÌ
·¥ ±Í¨ÖÌ. 1, 148 (63)

�¥²Ó±µ¢ �.�., ‹ ´¥¢ �.‚. �µ§µ´¨§µ¢ ´´Ò¥
² £· ´¦¨ ´Ò ¢ ¢Ò¸Ï¨Ì ¶µ·Ö¤± Ì ±¨-
· ²Ó´µ£µ · §²µ¦¥´¨Ö. 1, 82 (33)

�¥·¥§¨´ ‚.�. Œ ±¸¨³µ´ Œ.�.Œ ·±µ¢  ¨
±¢ ´Éµ¢Ò¥ Î¥·´Ò¥ ¤Ò·Ò. 3, 677 (274)

�µ²¨¥¢ Œ.Œ., ¸³. �²¥±¸¥¥¢ ….�. ¨ ¤·.
�Ê§ ÉÊ „., ‹¥¢ ”.Œ. �·µ¡²¥³  ´ ·ÊÏ¥´¨Ö

¶· ¢¨²  �±Ê¡µ Å –¢¥°£  Å ˆ¨§Ê±¨ ¢
´Ê±²µ´-a´É¨´Ê±²µ´´µ°  ´´¨£¨²ÖÍ¨¨ ¢
¶µ±µ¥. 1, 212 (88)

�ÊÉ±¥¢¨Î �.‚., „¥¤¥´±µ ‹.ƒ., Š · ¥¢-
¸±¨° ‘.X., Œ¨·µ´µ¢¨Î �.�., �·µ¢µ-

·µ¢ �.‹., †¥²¥§´ÒÌ ˆ.Œ. �¥·¸¶¥±É¨¢Ò
· ¤¨µ¢µ²´µ¢µ£µ ¨  ±Ê¸É¨Î¥¸±µ£µ ¤¥É¥±-
É¨·µ¢ ´¨Ö ±µ¸³¨Î¥¸±¨Ì ´¥°É·¨´µ
¸¢¥·Ì- ¨ ¸Ê¶¥·¢Ò¸µ±¨Ì Ô´¥·£¨° (¶µ¶¥-
·¥Î´Ò¥ ¸¥Î¥´¨Ö, ¸¨£´ ²Ò, ¶µ·µ£¨). 3,
659 (266)

‚µ¥¢µ¤¸±¨° �.‚., ¸³. �²¥±¸¥¥¢ ….�. ¨ ¤·.

  ‚Ï¨¢Í¥¢ �.‘.  , Œ £´¨Í±¨° �.‚., †Ê±µ¢-
¸±¨° ‚.—., Š²¨³¥´±µ Š.ƒ. „¨´ ³¨Î¥¸-
±¨¥ ÔËË¥±ÉÒ ¢ (2 + 1)-³¥·´ÒÌ É¥µ·¨ÖÌ ̧
Î¥ÉÒ·¥ÌË¥·³¨µ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³.
5, 1259 (523)

ƒ ²Ò´¸±¨° Œ.‚., ‘¨± Î ‘.Œ. „¨ £µ´ ²Ó´Ò°
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‚ ¦Ê·´ ²¥ ®”¨§¨±  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨  Éµ³´µ£µ Ö¤· ¯ (�—�Ÿ) ¶¥Î É ÕÉ¸Ö µ¡§µ·Ò ¶µ
 ±ÉÊ ²Ó´Ò³ ¶·µ¡²¥³ ³ É¥µ·¥É¨Î¥¸±µ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´µ° Ë¨§¨±¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨
 Éµ³´µ£µ Ö¤· , ¶·µ¡²¥³ ³ ¸µ§¤ ´¨Ö ´µ¢ÒÌ Ê¸±µ·¨É¥²Ó´ÒÌ ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê¸É ´µ¢µ±,  ¢Éµ-
³ É¨§ Í¨¨ µ¡· ¡µÉ±¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ. ‘É ÉÓ¨ ¶¥Î É ÕÉ¸Ö ´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³
Ö§Ò± Ì. �¥¤ ±Í¨Ö ¶·µ¸¨É  ¢Éµ·µ¢ ¶·¨ ´ ¶· ¢²¥´¨¨ ¸É ÉÓ¨ ¢ ¶¥Î ÉÓ ·Ê±µ¢µ¤¸É¢µ¢ ÉÓ¸Ö ¨§²µ¦¥´-
´Ò³¨ ´¨¦¥ ¶· ¢¨² ³¨.

1. ’¥±¸É ¸É ÉÓ¨ ¤µ²¦¥´ ¡ÒÉÓ ´ ¶¥Î É ´ ´  ³ Ï¨´±¥ Î¥·¥§ ¤¢  ¨´É¥·¢ ²  ´  µ¤´µ° ¸Éµ·µ´¥
²¨¸É  (µ¡Ö§ É¥²Ó´µ ¶·¥¤¸É ¢²Ö¥É¸Ö ¶¥·¢Ò° ³ Ï¨´µ¶¨¸´Ò° Ô±§¥³¶²Ö·). �µ²Ö ¸ ²¥¢µ° ¸Éµ·µ´Ò
¤µ²¦´Ò ¡ÒÉÓ ´¥ Ê¦¥ 3Å4 ¸³, ·Ê±µ¶¨¸´Ò¥ ¢¸É ¢±¨ ´¥ ¤µ¶Ê¸± ÕÉ¸Ö. �±§¥³¶²Ö· ¸É ÉÓ¨ ¤µ²¦¥´
¢±²ÕÎ ÉÓ  ´´µÉ Í¨¨ ¨ ´ §¢ ´¨¥ ´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³ Ö§Ò± Ì, ·¥Ë¥· É ´  ·Ê¸¸±µ³ Ö§Ò±¥,
“„Š, ¸¢¥¤¥´¨Ö µ¡  ¢Éµ· Ì: Ë ³¨²¨Ö ¨ ¨´¨Í¨ ²Ò (´  ·Ê¸¸±µ³ ¨  ´£²¨°¸±µ³ Ö§Ò± Ì), ´ §¢ ´¨¥
¨´¸É¨ÉÊÉ ,  ¤·¥¸ ¨ É¥²¥Ëµ´. ‚¸¥ ¸É· ´¨ÍÒ É¥±¸É  ¤µ²¦´Ò ¡ÒÉÓ ¶·µ´Ê³¥·µ¢ ´Ò. ‘É ÉÓÖ ¤µ²¦´ 
¡ÒÉÓ ¶µ¤¶¨¸ ´  ¢¸¥³¨  ¢Éµ· ³¨. ’¥±¸É ¸É ÉÓ¨ ³µ¦¥É ¡ÒÉÓ ´ ¶¥Î É ´ ´  ¶·¨´É¥·¥ ¸ ¸µ¡²Õ¤¥´¨¥³
É¥Ì ¦¥ ¶· ¢¨².

2. ”µ·³Ê²Ò ¨ µ¡µ§´ Î¥´¨Ö ¤µ²¦´Ò ¡ÒÉÓ ¢¶¨¸ ´Ò ±·Ê¶´µ, Î¥É±µ, µÉ ·Ê±¨ É¥³´Ò³¨
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