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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 defined in Fock—Bargmann
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.

B o630pe mpexnct BiIeH p 3BUTBHIA B IOCIEAHHE TOAbI HOBBIH MONXOA K YHUT PHBIM MOJIEISIM.
DTOT MOAXOA HCMONb3YeT BONHOBbIE (DYHKUMM M OHEp TOPbl YHHUT PHBIX MOJENEl, onpeeneHHble B
npoctp Heree ®ok —B prM e . IpuBomsrcs pemenns it SU(3) Monenn 060I04eK W HEKOTOpbIE
uxX 0000IeH s, OTHOCAIINECS K KT ccudeckoil Tp ktoBke SU(3) Teopun.

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 defined 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 first important to understand some elements of rigid
rotor theory. The wave function ¥, of the rigid non-axial rotor in a state with
orbital momentum L and projection M has the form

S = Cg® Dk \(9,0,), (1)
K

where Df(, a are the spherical Wigner functions; K is the orbital momentum
projection on the intrinsic axis of the rotor; ¢, 0, are Euler angles defining the
orientation of the rotor with respect to the laboratory frame of reference; CIL(’D‘
are coefficients which show the contributions of states with different values of K;
and finally, « is an additional quantum number used to distinguish distinct states
with the same values of L, M.

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

1 72 1 72 1 72
Hyor = ga LE + 30 Li + 5e L2, 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)?” Second question: “How
can one derive from the many-particle microscopic Hamiltonian,

A
H=Y 1+ Y 3)
i=1 1<j

a Hamiltonian that reminds us of expression (2)?”



FOCK-BARGMANN SPACE AND SU(3) MODEL 1331

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 ®(\, p) for basis functions of an SU(3) irrep
(A, p). The wave packet of the highest weight irrep is most important. The state
is a Slater determinant built from one-particle oscillator orbitals with specific
cartesian quantum numbers. Whereas many such functions can be constructed,
for a given nucleus there is only one or two such configurations with minimum
value of the oscillator quanta number allowed by the Paul Principle.

®(A, p) = Det H‘Pnz,ny,nz (ri7(7i77'i)|| , 4)
@nr,ny,nz (riaaiaTi) ==

Nnr,ny,nz -H’nac (111 : ri)Hny (112 ° ri)an (113 : ri)

X exp{—r2/2}§(ai,n). 5)

In (5), H,(z;) are Hermitian polynomials and &(o;,7;) are the usual spin-
isospin functions. Three mutually orthogonal unit vectors, uj, us, us, that are
identical for all particles, have also been introduced. If u; is directed along the
x axis, uq along the y axis, and ug along the z axis, then instead of the variables
x;; y;; 2; in the arguments of the Hermitian polynomials, one can write the scalar
products u; -r;; us-r;; us-r;. The vectors u;, us, us are a convenient system for
describing rotations of the Slater determinant. ®(\, i) is a superposition of states
of different angular moment from which states of definite angular momentum can
be obtained by means of a generalization of Peierls—Yoccoz projection method [8].

4. STANDARD PROJECTION METHOD

In this section we review the definition of the standard projection method.
Let the wave function ¥ be a superposition of states with different L and M
values.
U=> Crm¥ru. (6)
L,M

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

\I/%\i/: Z CL’M\I/L’MD]I\//[’M/. (7)
L,M,M’
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The overlap integral of ¥ and U (or, in other words, the integral of the product
W - U) can be expressed through the coefficients Cr, js and a spherical Wigner
function:
< \I/|\I/ >= Z CL,MCL,M’DJI\J/LM/' (8)
L,M,M’

As a result, we come to the following well-known relation:
CL,MCL,MI Z/dQ<\iJ|\I/>DJI(/[7M/. (9)

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

5. FOCK-BARGMANN MAP OF MANY-PARTICLE HARMONIC
OSCILLATOR BASIS FUNCTIONS

The SU(3) symmetry indices (A, i) 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 U§ (X, p2) of the SU(3) shell model have the
following form:

T () = AR )Tk o ({ri, 01,73}, (10)
K

where the quantum number « 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 (A, i) irrep which has the form of the Slater determinant
®(A, ) or a linear combination of the Slater determinants and is characterized
by definite numbers of quanta along the Cartesian axes of the system. The
Peierls—Yoccoz 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 (A, p) irrep, namely,

(A p) =D Byt Y AR M\ y({riyoim}). (D)

LM « K

The coefficients in this superposition (11) are not numbers, they are functions
of the Euler angles ¢, 0,1, which appear together with the three unit vectors,
uj, ug, us, introduced (see Sec. 3) in the generating invariant ®(\, ) which is
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also a generalized coherent state. Because ®(A,u) is an invariant form, the
coefficients

By (A ) = NE(A 1) > ARS (A 1) Dfer 0 (6,0,%) (12)
K/

are also SU(3) basis states, but in this case defined in Fock—-Bargmann space
[9,10].

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

SN p) =Y Y AR )T p({rs, 06, mi}) X

LM a K

XNEO ) Y ARE A\, 1) D v (6,0,7)). (13)
K/

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

S TARCTE = NE(A ) D AR DE (14)
K K

The left side of this connection is a complicated construction of the many-particle
function, and the right side is its simple map in Fock—Bargmann space. This
map reminds us of the rigid rotor wave function, but with a normalization factor
Ng (A, ). We shall work with the map because of its visual character and
simplicity.

For the projection we need another Slater determinant <i>()\, 1) which differs
from ®(\, ) in a simple way. To obtain ®()\, ) we should change the vectors
uj, ug,us to vectors U, Uz, Us. The next step is a calculation of the overlap
integral

<A, )| @A, ) >

This overlap has the following simple form because (A, ) is fixed:
<O\, )| @, 1) >= (A - w) (g - u). (15)

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

<O\ )| @\ p) >=diyds, (16)
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where di1 and d33 are the elements of the rotation matrix in the three-dimension
space. Regarding the latter, it can be shown that

dydly = > N ONEOA ) Y ARYN, 1) D v (9,0,) %

LM a K

KNEO ) Y ARE, 1) Dir v (6,0,), (17)
K/

which defines the amplitudes
L,a

as well as the normalization coefficients
N (A p).-

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

d}, = cos* @ = Z Cg‘) Pr(cos ©), (18)
L

where Pr(cos ©) is the Legendre polynomial and

1
cy = / tAPp(t)dt (19)
1

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

6. SU(3) GENERATORS IN FOCK-BARGMANN SPACE

Because our basis functions depend only on the three Euler angles, all
the SU(3) operators should be expressed through indices A,y and projections
My, My, M of the angular momentum operator M in the principal-axis system.
We shall show two matrices. The first one is the matrix ||C,, || of the SU(3)
generators:

2\/3 + /3 Ms — My
0 ~\/34 /3 M,y : (20)
0 0 —\/3—2u/3
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The second is the matrix ||Q, || of the mass quadrupole moment:

2X/3+ /3 Ms/2 —My/2
Ms/2  —=M\/3+pu/3 M, /2 . (21)
—M,/2 M, /2 —\/3—2u/3

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

g2 = Z C’z]éﬂ (22)
-7.7-

Here éi,j are defined in the laboratory system, however, we have éa7ﬁ in the
principal axes system. For this reason

92= 3> diadipCapdssdiyCisy. 23)

] a,B &,y

The summation in (23) is not trivial because we must take into account the fact
that the matrix elements C, g contain the operators M, g, which act on the matrix
elements d;s and d;,

Mydj, =0, Mydj, =—d;3, Msdj,=d;a, (24)
and so on,

di,ldj,2M3{d',1di,1Q1,1 + dj,zdi,2Q2,2 + dj,3di,3Q3,3} =

=d;1d;j2{(dj2di1 + d',ldi,Z)Ql,l —(djadi2 + dj,Zdi,l)Q2,2}' (25)

We have after summation over ¢ and j of the last expression the simple result

Z di,ld’,2M3{dj,1di,1Q1,1 + dj,Qdi,QQQ,Q + dj,Sdi,3Q3,3} =

2]

= Q11— Q22 (26)
By this method we obtain from (23)

2
92 = 3(\ + A+ 4%+ 3X + 3p). @7

Note that the linear terms in A and p are a direct result of the last calculation.
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7. BARGMANN-MOSHINSKY OPERATORS ) AND (),

Another important example is the operator ) = MQM, considered in the
work of Bargmann and Moshinsky [11]. By definition,

Q=33 > diaMadipd;Qpd;sMs =

5,7 a,B 7,8
2 . _ . A= 24
R AT R TA 2
3 3 3
~ A A 1 - ~ ~
+ My M3 My + §{M12 — M3 — M2}. (28)

We will now show, separately, the additional terms from the off-diagonal matrix
elements of Q3 -,

BNV + 3 (N7 — VG + NE3), (29)
and from the action of operators Qgﬁ on the matrix elements d; s,
M? — M2, (30)
The action of M, gives a zero result.

It is convenient to rewrite the operator ) in the terms of the operators La,
where L, = —iM,,

A 22+ - A—p - A2 -
Q=-= L+ 3 L3+ 3 Li-
A oA oa 1 - o A
—iLyLsLy + §{L§ + L3 - L3} (31)

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

L

L, K+ >= LK >+|L,—K >}, 32
| VAL | } (32
if L are even, and
1
L K—>=—{|L,K>—|L,—K >}, 33
| VAl | } (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 4+ or — signs behind K in the notation of
the basis functions.

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

2A+pu+3

< L,K|QIL, K >= s

{L(L+1) - 3K?}, (34)

< L,K+2|Q|L, K >=

AR TRT K DE KDL E ), 43
<LK —2/Q|L K >=
- R T RT TR D& - KD - K12 G0

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

: __H —
< L,2Q|L,0 >= 2\/5\/L(L (L +1)(L +2), (37)

< L,0QL,2>=5T2 \/L (L +1)(L+2). (38)

The matrix of 2 is not symmetric because the operator ) 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 p. If K = p, the matrix element
(35) disappears and the states for which K < p are separated from the states
with K > u. Because Q= —LQL 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 = p 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
zZero,
2\+u+3-F (n+2)V3
w3 -2 \+p+3)—-FE

In another form the same equation is

=0. (39)

E? —6g,—9=0, FEyo=+6g2+09. (40)
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For L = 4 one finds

DR X+ p+3)—F 3(u+2)v5 0
3uV/5 3@+ p+3) - F (n+4)V7 =
0 (u—2)V7 L@ +pu+3)—-E
= E® — (104g5 + 100)E + 448g3 = 0, (41)

where the third order Casimir is given by

5
g3 = 2—7(2/\+,u+3)()\+2,u+3)(/\7,u). (42)

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

(Note that if the operator Q) is used to fit 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 Q is given careful consideration.)

What are some simple conclusions one can draw regarding the operator -2

1. It does not shift the 31 level.

2. It shifts the 27 levels symmetrical down and up.

3. Two of the three 41 levels go down and one 4T goes up.

4. If X > p, the shift of the lowest 4T level is more than 10/3 times (from
initial position) the 2% shift.

The next most important operator is O = MQQM, which has the following
form:

1 1 NP | .
5@+ w)2M3E + 5 - w)2 M3 + i 2u)2 M2+

1 N 1 ~ 1 ~ 2 A A A
+3(BA+ )M + 2 (A = )Mz + A+ 5p) M5 — S (A = ) Mo MMy +

+M2ZM? — 2My M3 M, — 2NM3Z — 2M32. (44)

If 4 = 0, the last operator reduces to the axial rotor.
Operator (44) has diagonal matrix elements given by

< L, K||L, K >=—(g5 — 2)L(L+ 1)+



FOCK-BARGMANN SPACE AND SU(3) MODEL 1339

1
+E(2A2 + 22 — p® 4+ 6\ {L(L+ 1) — 3K} +

+%{L(L+ 1) - K% - 2}K?; (45)

and the off-diagonal ones given by

< L,K+2/0|L K >= -1 I_QK(QAJFM + 3K +6)x
x(L-K)(L—-K-1)(L+K+1)(L+K + 2); (46)
<L, K —2/0|L, K >= —“EK(zAﬂL — 3K +6)x
xV(L+K)L+K—-1)(L—-K+1)(L - K + 2); (47)
< L,2|04|L,0 >= —6L\/§(2)\ tu+6)VIL-DIL+ D)L +2); (48
< L,0[04|L,2 5= Jé—j/;m v VI DI D@12,  (49)

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

1 L+2
L(L+1){—g2+2—|—%(L—Q)(QL—i-l)}—;— , (50)
if L is even, and
1 L—1
L+ D{-ga 2+ (L4 3)eL - )L 1)

if L is odd.

If p < L, the characteristic equation becomes the product of two factors or
two equations, one gives us the states with K < p; and the other, the non-physical
states with K > p. As an example, we present the characteristic equation for
L=2

E?+12(92 —2)E+36(g2 —2)> g3 =0 (52)

and its solutions
ELQ = —6(92 — 2) i gg. (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 definition of
the operator 0.

Having matrices of the operators Q) and Ql, 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 sufficient to find 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:

\Il:\Ij(rlar%",rn;q17q27"7qN)7 (54)

where q1,qs2,..,qn are overall control variables and ri,rs,..,r, are the usual
position variables of the subsystem. Then the density matrix p can be written as
an integral

/A AN
p(ri,ra,.rp,r,rh, .. 1) =

- /\Il*(rlvr27 - I'n;q1,92, "qN)\I/(r,17r,27 "7r;1; q1,92, >QN)dQ1dQQdQN

over all the control variables. In the case of the overlap, we integrate < <f>|<I> >
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 — the motion of valence nucleons on a background of the
fixed 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: 2A+ u—+ 3 and \/§(u—|— 1).
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These are elements of a two dimensional representation. It is convenient to
introduce two other parameters 3 and ~, defined by equalities

2\ + pu+3=pcosy, V3(u+1)=p3siny. (55)

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

692 = 8% —12, g3 = %B3 cos 37. (56)
Eigenvalues of higher order Casimir operators can be expressed through
6% and 33 cos 3.
The operator ) has an elegant invariant form in terms of 3, ~:

. . 2412 . .
-0 = g{cosy(L? — %) + sinw?(Lg — L)+

P e e
+6{L1L2L3 + LoLsly + L3L1Ly + L1LsLo + L3LoLq + LoL1Ls}.  (57)

10. SOME EXAMPLES

We consider now some particular examples of eigenfunctions and eigenvalues
of the —(2 operator. The simplest case is if ; = 2 since the problem then reduces
to the second order algebraic equation for the eigenvalues

(2A+5)L(L+1)/6 — E V2L(L+1)(L —1)(L +2) _o
V(L +1)(L-1)(L+2)/2 A+5){L(L+1)—-12})6—-E |

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

E:fé(2>\+7)(/\+3)(/\—2), (58)

with wave function

U= N{20+2)A+ 1)DJ4; — VA +4)A+3)D31 %) (59)

where N is the normalization coefficient. The other solution is

By = —=(2A+3)(A + T)(A +2), (60)

1
6
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U, = N{V2 +4) A+ 3) D347 + V(A +2)(A+ )D3 3, ). (61)

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

di\,1d§,3 = {2 +2)(A + 1)D(/)\,JOFQ*

1A
8 (2A +3)!!

—V2 )M+ 3) A+ 2) (A + 1)(D3f 5 + Dyt )+

+A+4)A+3)Dy 5+ (62)

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

We need this normalization factor for calculating transitions.
Because there is only one function in the (), 2) irrep for L = A+ 2, it should
also be an eigenfunction of the —€2; operator. The eigenvalue of the last one is

2 1
E = §(>\+3)(/\+ 2)(A% + 5\ +10) — §(A+3)(/\3 +13)2% 4 38\ + 20). (64)

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

H = oL? + bLQL + cLQQL (65)
is an approximate map of the rotor Hamiltonian,
Hasg = A1Lf + Ao L3 + Asl3, (66)

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

H = A1L? + AyL2 + AsL? + iBLyLsL, + CL2L3, (67)
where \ \ ) \
2 1 2 5
Ay =a+ b +“+—)+c{( il ag iy (68)
3 2 9 3
—A 1 A—p)?  A—
Ay = a+ b +“f—)+c{( D £ oy, (69)

3 2 9 3
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— —) 1 A+2u)?  A+5
A3:a+b(7”——)+c{( +24) + * ”—2}, (70)
3 2 9 3
B=b+ 0(72% -2), D=—c (71)

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

11. NORMALIZATION COEFFICIENTS
Because of the expansion,
di\,1d§,3 =
L DA+ D/20((A+ p+2)/2)T((p+1)/2)

= AT+ DN+ at B2 00t 0P

where on the right side all except the first term is omitted, we can give the
normalization coefficients N (L = 0, (A, u)) for all states o (A, ) with L = 0:

N*(L=0,(\p) =

_ \/ 1 T(O+ 1)/ + +2)/)T((+ 1)/2) o)

27 T+ 2)/20((A+ 1+ 8)/2T(n +2)/2)

Then using the answer to the last exercise, we can show how to calculate nor-
malization coefficients of functions defined in Fock—-Bargmann space. These
coefficients are needed for determining electomagnetic transition probabilities.
Consider two eigenvectors of the Bargmann—Moshinsky operator Q) for the
states L = 2 (see Sec. 7, equation (39)) and A = p = 2. One eigenvector is

(1) = N1{4v3D} 5, + (V105 — 9)D3 ,}, (74)

with eigenvalue E; = +/105. This function (74) is a superposition of the two
orthonormalized functions. The latter are a complete basis for the Elliott states.
The function (1) can be presented as the linear combination:

B(1) = als(1) + bs(2). (75)
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Because the functions U5(1), ¥4(2) are orthogonal and normalized, the function
1(1) should be also normalized and therefore

a2+ b2 =1, (76)
azbz?(Ql—x/ﬁ)le%, Nl:\/gm;\/ﬁ' (77)
In other words
0(1) = Z={Ta() + Va(2)}. (78)
The second eigenvector of the Q operator is
¥(2) = Na{4V3DF oy — (V105 +9)D3 1}, (79)
with egenvalue Fy = —+/105. An analogous calculation gives the following
result:
6 = g - we), Mmoy2 L (50)
V2 321+ /105

From this we see now that the eigenvectors (1), (2) of the operator ) 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 coefficients 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 Q eigenvec-
tors is the result of the well-known fact of the nonorthogonality of the Wigner
D-function in the Fock—Bargmann 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 — THE SPECIAL ()\,0) CASE

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

s 1 3 =
<O 4@ >= SN0+ A+2u+ S(A-Dw < @@ > @)
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where A is the number of nucleons and Ny 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:

2

~ r,—r;
Uiy =Vo exp{—i( 7 ) 1. (82)
0

Of course, this is only a schematic form. Furthermore, we have omitted some
details in the definition (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 yu = 0 case it
has the form:

< &)| ZUZ,H@ >= Co(fll . 111))\ + Cl(fll X U1)2(fl1 . 111)>\72 + ... =

i<j

= Cr(ty x ug)* (@ - ug) A2, (83)
k

We now define the potential energy operator ﬂ(ul) in Fock—Bargmann space.
We put, by definition,

< @) Ui |0 >=< 2|U(w)|® >=U(w) < ¢[® > . (84)
1<j

We shall use the following equality:

M(; -up)® = M@y x ug)(@g -ug)* L, (85)

where M is the angular momentum operator introduced above (see the first
lecture). This operator acts only on the vector u; and can be expressed as:

M = (u; x Vy,). (86)
The expression
\/ 11 . A [ 11 . >\
7ZM~( 1 1113 _ L(Nlll 'I.11A _ 77)\(11} X 111) (87)
(u1 : 111) (111 : u1) (u1 : u1)

is the average value of the angular momentum vector in the state ®. Strictly
speaking, the vector u; is complex and 1 is its complex conjugate:

w =& i, W= & — i, (88)
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where 51, 71 are the real vectors. Then

—

(e e ®)
M2(i; - up) = A\ — 1) (g x ug)?(fg - u))M2 = Ay - wp)>. (90)
Or, in another form,
3 o - N9 1 L2 . N
(@1 > uy)" (@ - ug)™" = {— — )\()\_1)}(111'111) , 1)

Continuing this process for other terms in the potential energy (83), we come to
the following form for the operator U(u;) in Fock-Bargmann space:

Uw) = Z B, L%, (92)
k

where the coefficients By, are expressed through A and C. Because Hamiltonian
H of the system has the form

- - 1 3
H=Ty+U(u), Tp= §{N0+>\+2,u+ i(Afl)}hw, (93)
its eigenvalues F can be written down immediately

E=Ty+» Bi{L(L+1)}" (94)
k

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

13. HAMILTONIAN OVERLAP INTEGRAL — THE GENERAL (A, )
CASE

In the general case, when A and p are both non-zero,
<O Usjl® >= Cop(it - ui) (@5 - ug)*+
i<j

+C10(y x up)? (@ - ug) (s - ug)+

+C()71(1~13 X U3)2(ﬁ1 'ul)/\(ﬁg . U3)H_2+
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+Cl,1((l~l1 X u1) . (ﬁg X U3))(ﬁ1 . ul)/\_l(flg . U3)H_1 + ... 95)

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

First, we define an operator M in the terms of the vectors u;, us:

M = M(1) + M(3), M(1) = (u; X Vy,), M(3) = (uz x Vy,).  (96)

This operator is simplest in a coordinate system with the first axis directed along
the vector u; and the third axis is directed along vector us. Then

My = My(3), Ms = Ms(1) 97)

and X . X
My = Ms(1) + M2(3). (98)

Our goal is to express Mo (1) and My(3) in terms of My, M, Ms. The answer
is the following:

~ . )\M27M1M3 ~ - ﬂM2+M3M1
M) = S M) = S (99)
Of course,
(fll X u1)2(f11 . ul)/\_Q(fl3 . u3)ﬂ =
2\ + M2(1
- )\erl())(ﬁl -up) (@ - ug), (100)
(i3 x ug)?(@y - uy)*(Gg - ug)* > =
2u + M2(3
(i x ug) - (g X ug)) (A1 - wr) Ty - ug) ' =
M(1) - M
_ M) M) G )i - us)-. (102)

The last formulae can be used to give a realization of (95) in terms of the operators
Ly, Ly, Ls. As a consequence, the system Hamiltonian H(u;, us) will have the
following form:

H(u;,us) = By + BiL? + D1Q + Doy + ... (103)
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14. CLASSICAL EQUATIONS FOR THE (), 0) CASE

We can consider u; to be a vector function of time ¢, u;i(¢). To find
the optimal function wuy (), we will construct a Lagrangian £, define an action
functional S, and employ the minimum action principle.

The Lagrangian of our system has the general form:

<P|F[®> < PH| >

L=i—0 i . (104)
< P[P > < PP >
By definition,
S = / Ldt. (105)
For the (), 0) case, Cp = Co = ... = 0 with only Cy # 0 (see (3)), and we omit
To. Then
~ . . ~ 2
Lo i) o (8 u1)2 . (106)
(111 . u1) (111 . 111)

Variation of @; gives

B (111 X (fll X 111)) B (fll X 111)211
w} =20 (L Gt (10D

(1 -w)
(U1 - )

The vector u; was defined as a unit vector. Its square, u;2 = 1, does not
change with time,

ix{iy —

w?® =& —0f +i6 i) =1, (108)
and orthogonality requires that
&—ni=1 (109)
Let £€2 = cosh® a, n? = sinh?a, then
(@1 - uy) = cosh(2a), (@1 X uy) = —sinh(2a)ns, (110)
where ng is a unit vector that is orthogonal to both {1 and 77, and is conserved,

(fll X 111)2

E=0C-~ = C} tanh?(2a), 111

C @y m)? 1 (2a) (111)

L= i XU 2a)ns, (112)
up 'lll)

It follows from this that a is constant and the vector ns 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| <A (113)
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because 0 < a < oco. The value of the energy is expressed through L% = L2,
E=-=—1% (114)

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

(111 X (fll X 111))

iAu; = 20 — (115)
(- uy)
or in another form,
2C4
A = —{a; — (g - . 116
A & ~u1){u1 (41 -uy)us} (116)
In the terms 51, T, @
> 1 + cosh? 2a N
A = 20—, (117)
cosh 2a
- 1 — cosh?2a -
My = 20y ——=2 2 (118)
cosh 2a
In addition,
£ + w6, 7+ W, w?=(201/))?tanh? 2a. (119)
A solution of two last equations follows:
£1(t) = cosh a{n; cos(wt) + ny sin(wt)}, (120)
71 (t) = sinh a{—n; sin(wt) + ns cos(wt)}, (121)
where nj, ny are two unit, mutually orthogonal vectors. Of course,
(111 X 112) = ns. (122)

What is the conclusion of this discussion? We obtained a very simple picture;
namely, two vectors, u; and t; or 51 and 771, that move in the plane defined
by n; and ny and that rotate about the ns axis. The frequency of rotation is
constant and proportional to the angular momentum L, and for fixed L inversely
proportional A2, The energy of system is proportional to L2
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15. TWO INTERACTING ROTORS, (A, 0) AND (A,,0)

To describe two interacting rotors it is necessary to introduce two independent
pairs of the generating vectors u;,; and vy, vi. The overlap is then

< BB >= (i - wy) " (Vy - vi). (123)
Now we give the potential energy overlap of such a system:

< (i)l ZUi’j|(b >= 0070(111 . 1.11)/\7r ({’1 'Vl)/\"‘i‘

i<y
+C10(l % uy)*(1y - ul)A”_Q(‘Nﬁ 'V1)/\”+
+Co,1 (V1 x v1)* (1 cup) M (Vg v T2
+C11 (01 x uy) - (V1 x v1))(@g - ug) ML (Vg - vy )M =

—D(ﬁl . Vl)({’l . ul)(ﬁl . ul)/\"_l(\Nfl . Vl)/\"—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, M(u;) = (u; x Vy,) and M(vy) =
(v1 x Vy,). We shall consider also the total angular momentum

M = M(u;) + M(vy). (125)

Of course, the integrals of motion are the energy

(fll X 111)2 (Vl X V1)2 ((fll X 111) . ({’1 X Vl))
E=C — C = +C = =
iaw)? T Fev)? T (@ w)($e )
(126)
and the angular momentum
L= iy X)X Vi) (127)
(u1 . U1) (V1 . V1)

The classical dynamic equations of motion can be written directly in the terms of
the subsystem angular momenta, L, = L(u;) and L, = L(vy),
d 01,1 d Cl,l

Ll L, xL,), “L, =Lt
7l = o, be x ), o Y

(Lx x Ly,). (128)
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The two last equations can be reduced to

2
%(Lﬂ x L) +w?(Ly xL,) =0, w?=(C11L/\:)\)%, (129)
where L = |L|. The vector (L, x L, ) rotates about L with rotation frequency w.
Its magnitude is directly proportional to L and inversely proportional to A, and
Av. The absolute values of L and L, and the angle between them are preserved
in time. The angles for which the energy is a minimum depends on the sign of
Ch,1: zero for a positive C,; and 7 for the negative C1 ;.
The Hamiltonian follows immediately from the expression (124):

H =Ty + By oL + Bo,L2 + B11 (L -L,) + ... =

1 A 1 . 1 .
=T+ (B — §B1,1)L72, + (Boa — 5Bl,l)Li + 5BMLQ +.. (130
The eigenvalues of this Hamiltonian are

1
E=To+ (B, — 531,1)LW(L,r + 1)+

1 1
+(Bo,1 — §B171)LV(L1/ +1)+ §B1,1L(L +1). (131)

Its eigenfunctions are

L, M; L, Ly >= Y CpMy oy | Ly My > Ly, My, > (132)
M, ,M,

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 L
and the neutron angular momentum L,,.

The general case (D # 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 u; and v; 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

w =1, vi=1. (133)

We put . .
u =& + i1, & =coshay ny, 71 =sinha; no, (134)
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where n; and ny are two unit, mutually orthogonal vectors, and
vy =& + i, & =coshay my, 7 =sinhas ma, (135)

where again mj, my are two other unit, mutually orthogonal vectors. Each pair
of unit vectors is defined by three Euler angles (¢1, 61,1 for the first pair and
@2, 02,1 for the second pair). As a result, we find eight time-dependent degrees
of freedom, including a1, as.

First, we introduce the classical dynamics equations in the terms of the vectors
u; and vy

(111 X (\71 X Vl))

(111 X (fll X 111)) " Cl’l ] B

iAp 1y = 2C) o

(4 - uy) (V1 -v1)
—D%{vl ~ (v u)u} (136)
i v = (Vl X (\71 X Vl)) (Vl X (fll X 111))7
Av vi =2Cp 1 @ -v1) +Ciq @)
- (ﬁl.vl)u—u-v v
D(f11 '111){ 1— (ug -vi)vi} (137)

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

Lh(t), ag(t), (1’11 . ml) = dl,l(t), (1’11 '1’1’12) = dl,g(t),

(n2-m;) =dpi(t), (n2-my)=da2(t), (138)

Of the four matrix elements dy,1, di2, d2,1, d22, only three are independent
because

di,+diy+d3,+dsy =1+ {di1ds2 — di2da1}>. (139)

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

We have shown that Fock—Bargmann 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
Bargmann—Moshinsky operators. This Hamiltonian also gives rise to new terms
that strongly influenced the eigenvalues spectrum in the case of the large angular
momentum L and its projection K. The Fock—Bargmann 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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«DPU3UKA DJIIEMEHTAPHBIX YACTHL U ATOMHOI'O AIPA»
1998, TOM 29, BBIII. 6

YAK 539.143; 539.142.2

CTPYKTYPA HU3KOJIEXALLUMX BO3BYXAOEHHbLIX

COCTOAHNN CHEPUYECKUX AOEP
B.1O.Ilonom pesg

OObeaAVHEHHBI MHCTUTYT SAEPHbIX UCCNenoB HuiA, y6H

B p MK X KB 3M4 CTUYHO-(DOHOHHOH MOJENM SAp HCCIEI0B HO HM3MEHEHHE CTPYKTYPhl HH3-
KOJIeX IMUX BO30YXIEHHBIX COCTOSHMiI UETHO-4eTHBIX ChepHYecKHX suep NpU YA JEeHHH OT silep C
3 MKHYTOI OOOJIOYKOI K MEPEeXOIHBIM AP M. P cCMOTpEHBI 3 pslOBBIE MepeXOHbIe INIOTHOCTH 3THX
COCTOSIHMI ¥ P CHpefefieHHe CHIIBI 21eKTPOM THHTHBIX TEPEXON0B B 007 CTU DHEPrHH BO30YXICHHS
10 5 MsB. Ilpo H IM3MpOB HBI CBOICTB HHU3KOJEX LIMX 17 -COCTOAHMIA M COCTOSHMIA, hopmupyIO-
IUX MMHUIMH-Pe30H HCbl. OOBACHEHBI NPHYUHBI HOM JIBHOTO MOBEIEHUS cedeHus (hoToBO3OYKIEHHSA
M30MEPOB B HEYETHBIX AAp X. Pe3yapT ThI TEOpETMYECKMX MCCIIENOB HHUIl TPEICT BICHBI B CP BHEHHU
C UMEIOLIUMHCS SKCHEPUMEHT JILHBIMU JI HHBIMH.

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.

BBEJEHUE

P 3BHUTHE COBpPEMEHHBIX TEXHOJIOTHI CIIOCOOCTBOB JIO CO3/l HHUIO HOBBIX 3KC-
HNEPUMEHT JIBHBIX YCT HOBOK M JETEKTOPOB C PEKOPIHBIMHU X P KTE€PHCTUK MH. B
pe3ysIbT Te 3 TOcieHee JecsATHIeTHe ObUT JOCTHIHYT TP HAMO3HBIA Iporpecc B
TP JULMOHHON Wi (PU3UKHU CTPYKTYPHl TOMHOTIO SiIp 00N CTH — sIEPHOM CIeK-
TPOCKOIMHU. SIPKUM IIPUMEPOM TOMY SIBJIAIOTCS DKCIIEPUMEHTHI C MCIIOJIb30B HUEM
HOBOT'O IMOKOJIEHHSI TePM HHEBBIX JIETEKTOPOB, MO3BOJIMBINUE OOH PYXHTh B K X-
JIOM HCCIefyeMOM n3oTore Oosee MATHAECSITH yYPOBHEH, HE M3BECTHBIX MpEXIe.
CoBOKyNH 1 MH(GOPM LM, NONYyYeHH I B P 3IMYHBIX SIEPHBIX pe KLUAX, I €T
BO3MOKHOCTb I'OBOPUTH O IIOJIHOM SIEPHOM CIEKTPOCKOIMU BO MHOIHX SP X JO
9Hepruu Bo30yXJeHus B HecKoiabko MaB. Cp BHEHHE X P KTEpUCTUK Onuziex -
LIMX U30TOIOB JEMOHCTPUPYET NIOPOMl K PAUH JIBHOE U3MEHEHUE CBOMCTB CUCTEMBI
npy 100 BJIEHWUH BCETO JIMIIB JBYX HYKJIOHOB, YTO HUK K HE MOXET OBITh PE3YJbT -
TOM IIT BHOTO M3MEHEHMs INI00 JIBHBIX X P KTEPUCTHK SOp , T KUX, K K CpelHee
noJe.
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IonyyeHHBIN GOJBIION OOBbEM HOBBIX DKCIICPUMEHT JIBHBIX J HHBIX O CBOK-
CTB X HM3KOJIEX IIUX COCTOSHHH TOMHBIX SIIEp CTUMYIHPOB JI TEOPETUYECKHE
uccieioB Hus. B H crosmiem 0030pe cHCTEM THU3HPOB HBI COOTBETCTBYIOIINE HC-
CIIEIOB HU:, BBIIIOJTHEHHBIE 3 IIOCIIENHEE NECATHIETHE B P MK X KB 3M4 CTUYHO-
thoHoHHOII Mozmenu syip . B cBs3M ¢ TeM, 4TO OOJ CTh SIIEPHOM CIIEKTPOCKOIUH
P CLIMpPWI Cb JO SHEPrUii, IPU KOTOPBIX P CIOJOXEHBI HE TOJIBKO IBYX-, HO U
TpeX- U YeThIpeX(hOHOHHbIE KOH(UTYp LIUH, COBEPLIEHHO OYEBUIHO, 4TO Oe3 yue-
T WHOVBUIY JIBHBIX OCOOEHHOCTEH KOHKDPETHBIX KOH(UIYp LU B KOHKPETHBIX
SAp X, 6e3 y4eT WHIOMBHUIY JIbHBIX OCOOCHHOCTEH B3 MMOJEHCTBUS MEXTy HUMH
HEBO3MOXHO TIPETEHIOB Th H  JIEKB THOE OIUC HUE BCEr0 MHOTOOOp 3usl dKCIIe-
PUMEHT JIbHBIX 1 HHBIX. IloaTOMY B3 MMOJEHCTBUIO MPOCTHIX (OXHO(OHOHHBIX)
U CJIOXHBIX (MHOTO()OHOHHBIX) KOMIIOHEHT BOJIHOBBIX (PYHKIIMI HH3KOJIEX MIHX
COCTOSIHMI OyzeT yhereHo ocoboe BHUM HHE.

0O0630p cOCTOUT 3 IIATH P 3[€TOB. B mepBoM p 37ene Kp TKO U3710KeH opM -
JIU3M KB 3U4 CTHYHO-(DOHOHHOH MOJENH SIp B NPUMEHEHUU K P CCM TPHUB €MOIl
npo6iieme. Bropoii p 31en MOCBSIIEH M3y4E€HHIO 3 PSIOBBIX IEPEXOMHBIX ILUIOT-
HOCTEH HU3KOJIEXK IIUX COCTOSHUM, U3BJIEK €MbIX M3 Pe KLUU HEYINpyroro p c-
CesdHMsl BJIEKTPOHOB. B aTOM p 37ene T KXe IeT JIbHO UCCIENOB Hbl M3MEHEHUS
B CTPYKType HHU3KOJEX IIMX COCTOSHHI NpU yi JICHWH OT 3 MKHYTOH 000504Y-
ku. B p 30. 3 p ccMoTpeHO p clpeieneHue U30CK JISPHOM CUIIBI 3JIEKTPOM THUT-
HBIX IIEPEXOIO0B P 3JIMYHOI MYJIBTUIIOIFHOCTH B 00J CTH DHEPrUM BO30YXKIEHHs
10 5 MaB. CooTBeTcTByOIIHE 9KCIIEPUMEHT JIbHBIE [ HHBIE TIOJYYEHBI B pe KIUH
HEYNPYroro p CCedHus MPOTOHOB M AEUTPOHOB. OOCYX/IEHBI PHYMHBI HEYIOBIIE-
TBOPUTENBHOTO ONUC HUS 9THX Jl HHBIX JUI COCTOSHUI MOJOXUTEIbHON YeTHOCTH
C ToMouIplo (HPeHOMEHOIOTMYEeCKOH MOIEIH B3 MMOIEHCTBYIOIIMX 6030HOB. Yer-
BEPTHII P 31€] MOCBAILEH ONUC HUI0 HU3KOJEeX IuX 17 -cocrognuil. Ilpenct B-
JIEHBI P CYEThl TOHKOM CTPYKTYpbl IIMTMU-PE30H HCOB. Kpome TOro, p cCMOTpEHBI
E'1-nepexompl MeXIy HU3KONIEXK LIMMHU COCTOSHUSAMU, KOTOPBIE 3 MPELICHBI B MO-
Jenu e JIbHbIX 0030HOB. B msTOM p 31€me p ccMOTpeHsl n30p HHBIE BOIPOCHI
CTPYKTYpbl HU3KOJIEX INUX COCTOSHHUI B HEe4eTHBIX Anp X. OCHOBHOE BHUM HUE
YZEJICHO TEOPEeTHYECKOH MHTEpIpeT HUH mpouecc (HOTOBO30OYXICHHS H30MEPOB.

1. ®OPMAJIN3M KBA3HYACTUYHO-®POHOHHON MOJIEJH SIIPA

I' munbronn H H ¥B 314 ctryHO-(hoHOHHOH Monenu (KOM) amp [1-3] BoI-
O6up ercs H OCHOBe (DM3MYECKUX TPEACT BICHUH O HYKJIOH X, JBIKYLIMXCS B
CpeIHeM I0je ¥ B3 UMOJIEHCTBYIOIIMX MeXmy coO0Oil MOCPeICTBOM OCT TOYHOIO
B3 umoneicTus. CxeM THYECKH OH MOXeT ObITh 3 IHC H B BHIE

H = Hs‘p. + Hpair + Hr.i‘ . (1)
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ITepspiii unen Belp xenud (1), Hg ., COOTBETCTBYET CPEHEMY IIOJIIO Il HEHTpO-
HOB (1) ¥ IPOTOHOB (p). Bropoii unen, Hpair, ECTH B3 UMOJEHCTBHE, IPUBOJSLLEE
K T pHBIM KOpPPENSIIUSIM CBEPXIPOBOMIIIETO THII B HEM TMYECKHX sap X. B
K®M 310 B3 MMOAEHCTBHE OMHCHIB €TCS B BUJE MOHOIIOJNBHOTO CH PUB HHUS C

MOCTOSHHBIM M TPUYHBIM 3JIEMEHTOM G'9. Ocr Tounoe B3 umoneiicTue H, ;.
BeIOHp ercsad B KOM B cem p OenpHOI hopMe B BHIE p 3TTOXEHHS MO MYJIBTHIIO-
JISIM.

b 30Bble yp BHeHHd K@M mnonyy 10Tcs NOCPENCTBOM IO3T MMHOM AM TOH JIK-
3 OUM MOJESIBbHOro I MUIbTOHM H (1). H mepBoM oT me oy roH JM3yHTCd €ro
NepBbIe 1B YJIEH , IPH 3TOM IIOJI T eTCd, YTO OCHOBHOE COCTOSIHHE YETHO-YETHOTO
Sp SBISETCS KB 3MY CTHYHBIM B KYYMOM |)g. JUII 9TOrO HPOU3BONUTCS K HOHU-
yeckoe npeodp 30B HUe BoromoOoB OT omnep TOpoB poxXaeHHs (YHHYTOXECHHS)
Y CTHL K ONEp TOP M POXIEHHU (YHUUTOXEHHS) KB 3UY CTHUL a;rm (jm):

@y = ujafy, + (1) 7"V @

Pe3ynpT TOM 3TOI I TOH NTM3 LM SIBJISIOTCS XOPOIIO W3BECTHBIC YD BHEHHS
BKIII, peur s KOTOpbIe, MbI TOJYY €M CHEKTP OJHOKB 3W4 CTHYHBIX BO30YXIECHHIA
€; ¥ KoapuumenTtsl npeodp 308 Hug boromo6oB u; U vj.

MBs! onpeneiiifn OCHOBHOE COCTOSIHAE YETHO-UYETHOIO Ap K K KB 3U4 CTHY-
HBIIf B KyyM. B ®TOM ciiyd € npocTeinMu Bo30yXI€HHBIMUA COCTOSIHUSIMH DTOTO
AAp SBJIIOTCS IBYXKB 3U4Y CTHYHBIE COCTOSHUS a;rma;tm/bq, COOTBETCTBYIOLIME
Mepexopy TUI JBIPK —4 CTUI . [IB TMOJyLEeabIX MOMEHT (DepMUOHHBIX OIEp -
TOPOB KB 3WY CTHIl CKJI JIbIB IOTCSI B IOJTHBIM LENBIi MOMEHT, COOTBETCTBYIOLIHI
cT THcTHKe Bo3e, MosTOMy NMPOAYKTHBHO CIIPOEKTHPOB Th OM(EpPMUOHHBIE OIe-
p TOpEI [a;'oz;',],\u, [ejreuj]a—,, H TPOCTP HCTBO KB 3HMOO30HHBIX OIEP TOPOB,
¢oronoB. ITpousBensd 5TOT, T K H 3bIB €MbIil 'GO30HHBIA MOIIUHT", BBEIEM OIle-
P TOpBI (POHOHOB MYJIBTHIIONBHOCTH A C MPOEKLHEH L CIEAYIOINM 00p 30M:

1 A 1 - 1
Qs = 3 (Ul ot alln — (1P oy} O
T jj’

KomuyectBo (poHOHOB I HHON MYJIBTUIIOIBHOCTH JOJIXKHO TPH 3TOM COBII I Th C
CyMMOM HEUTPOHHBIX M IIPOTOHHBIX JBYXKB 3U4 CTUYHBIX COCTOSHWI; WHAEKC 1
BBOAUTCA JUIA P 37IM4YUI MeXTy (POHOH MM 3 J HHOH MYJIbTHUIIOJIBHOCTH.
= Xi Ai

CriekTp 0mHO(OHOHHBIX BO30YXKIEHUH w)y; U KOI(PPUIUSHTHI }p 7 W55 TIpe-

06p 30B HUS (3) MBI MOJy4YHMM, I TOH JIN30B B H LI MOJEJBHBIA I' MHJIBTOHU H
s Ot

B IIPOCTP HCTBE OAHOC(OHOHHBIX COCTOSHUIA Q/\MDP’“ B pesynpT TE momyuum
XOPOILLO M3BECTHbIE Yp BHEeHUs NpubnuxeHus ciayd Hbix ¢ 3 (IICD).

BeenieHue onep TOpoB (DOHOHOB U AU TOH JIM3 LU MOJEIBHOIO I' MIJIBTOHU-
H H 0 3uce ogHO()OHOHHBIX COCTOSIHMI IO3BOJISIET MEpENKc Tb ero B hopMme
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H =" wxiQ,, Qi + Hine @

Apt

(

)
Hiye = *22 |: >\ MQAM1+Q)\ /Mi|z \/W ].]aA /1,)+hc 3

At Ji’'T
(5)

B, (jg's ) =Y (=17l (6)

mm/’

e 1/4/2Y) ectb HeKuii HOpMUPOBOUHBIN Koo(pduiment. Ynen Hy,: B BBIp Xe-
HUM (4) obecrieunB eT B3 UMOJIEUCTBHE KOH(UIYp LM, OTJIUY IOMIUXCS OPYr OT
Jpyr MO0 4Hciay (POHOHOB.

3 muimeM Teneph BOJHOBYIO (PYHKUIMIO BO30YXIEHHOTO COCTOSHHUS YETHO-
YEeTHOIO SIIp MYJIBTHIONBHOCTH J7 B BHAE CYNEPIO3NIMU KOH(HUIYp LHH, CO-
JIepX IMX P 3JTUYHOE YUCIO (POHOHOB:

\I/V JM — + a2ﬁ2

asﬁs’Ys( )
, 7
+ ) T (QF,Q5,Q % e + -+ ¢ [)pn @)
a3 B33 3y

50!3763,73 = 50!3763 + 50!3,73 + 663,73 + 25037635037’73 .

Ipeveckumu OykB MU <, (3, ¥ 0003H YeHbI KOMOUH LUU MHIEKCOB {\i}; MHIEKC
U HyMepyeT p 3JIM4YHble COCTOSHIS, OIHCHIB €Mble BOJHOBOM (yHKumeil (7), ¢
3 1 HHbIM 3H YEHHMEM MOMEHT U 4YeTHocTU. B Bbip XkeHuu (7) moap 3ymeB eT-
cs, yro o6 s komOuH tms {a, B,v} BeTped ercs TONMBKO OofMH p 3. H 4mH 5
¢ IBYX(hDOHOHHOM 4 CTH, BOMHOB 1 (pyHKLUS (7) COmEpXKHUT (DOHOHBI MIPOU3BOIb-
HOU MYJIBTHUIIOIBHOCTH; CYIIECTBEHHO TOIBKO, YTO OHH CKJI ABIB IOTCS B TTOITHBIN
MOMEHT .J.

Orp HHUUMCS TPeX(POHOHHBIMU WIEH MU B BOJTHOBOU (PYHKIIMH BO30YXKICH-
HOTO COCTOSIHMS M, UCIIOJIb3ysl MUHUMH3 LIUOHHYIO MPOLEIYPY:

§{< W(JM) | H | U (JM) > —E] < O’ (JM) | W'(JM) >} =0, (8)
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TIOTTy4HM CHCTEMY JIHHEHHBIX yp BHEHMi OTHOCHTENbHO Koatduuuentos SY (J),

oo (J) BTy 5 (J) H COOCTBEHHDBIE 3H YeHHs

(wou - E&I)SU Z DOLQBQ a252 =0 ) (9)

2,82

Z Sgl( ngl 2 + (w0‘2 + We, + A“)0t252 EJ) a2 32 (J) +

rrazfBe
+ Z asﬁs‘Ys )Ua;ﬁ:’% =0,

a3fB3v3

Z Dozzﬁz s;g:"yg + (wa?, +w63 +w’)’3 +Awagﬁ3’yg E.;J])Ta:gﬁ;g’y:g (‘]) = 07

azB2

rae
- 1
Unss, = 5V1+0a2,0:(Qun | Hine | [Qu, @, )um) (10)
1
Us;g;‘h = 5\/1 +502762 \/1 +50fs,ﬁs,’vs X
X ([QarQpolun | Hin | QL Q5. Q%1 5nr)

— M TPUYHBIE B3JIEMEHTHI B3 MMOJEHCTBUS (POHOHHBIX KOH(UTYp LU, P 31HY -
IoIuxcsd no 4yuciay (GOHOHOB H exuHMLy. Ilpu momydeHun yp BHeHHH (9) Mbl
npeHeOperii M TPUYHBIMH 2JIEMEHT MU B3 UMOJIEWCTBHS OIHO- M TPEX(OHOHHBIX
KOH(UTYp LU, KOTOPBIE MPEACT BIAIOT COOOM BETHYHHBI CIEAYIOIIETO MOPSIK

M JIOCTH IO CPp BHEHHMIO C M TPUYHBIMH 3JIEMEHT MU 0)1H0dp0H0HH0ro oOMeH .
CaBuru B 9HEPrudx JByX- U TPeX(OHOHHBIX KOH(HUTYp LUl Aw 20, 1 Aw?! v B33
COOTBETCTBEHHO OOYCIIOBJIEHbI (PepPMUOHHOM CTPYKTYpOU CbOHOHHbIX oIep TOpOB.
TeXHUYEeCKH 9TO 03H Y €T, YTO IPH P cueTe COOCTBEHHBIX DHEPIHid 9TUX KOH(UTY-
P LMii KCHONB30B JIUCh He OO30HHbIE, TOYHBIE KOMMYT LIMOHHBIE COOTHOLICHUS:

+ _
Qs @ =
=9 ) S s 1 i >\z + .
= OA N Op, ! %7,15 [ 5! (p]] SD]] - O[jmajlmlx
Ji’ Jj'j2 mm/mo
A A Nu' NN et A—p N =
{ J’ J2wJJ2 CJ 'm/ jama ijj2m2 ( ) 90]]2 SDJ J2 CJmJ2m2 Cj/m/jzmz '

(11
Te xe ¢ Mble KOMMYT LHOHHbIE cOOTHOWICHHUs (11) MCmOB3ylOTCS VTSl TIOTyYe-

HUS M TPUYHBIX BJIEMEHTOB U 0‘1 u U252 K x M tpuunble snements U,
a3 B33
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T K U CIBUTM 3HEPTUil MHOTO(OHOHHBIX KOH(UTYp IHil Aw’ ABIAIOTCA CIOXKHBI-
MH (YHKOMSIMH MIUIATYA ¢ W , BXOOIIIMX B HUX (DOHOHOB, U HE HPHUBOIATCH
37iech BBUIY MX IPOMO3IKOCTH; MX SBHOE BBIP XEHHE MOXHO H WTH, H IIpHMep, B
063o0pe [3].

P Hr cucremsl (9) onpenensgercs KOIMYECTBOM OfIHO-, IBYX- M TPEX(POHOHHBIX
KOH(UTYp LM, BKIIOYEHHBIX B BOJTHOBYIO (pyHKUuIO (7). IIpn omuc HUM CBOICTB
HHU3KOJIEXK LIUX COCTOSHHI, K K IIP BUIIO, Y €TCd, PYKOBOIACTBYSCH (PH3MYECKUMU
coo0p XEHWsIMH, TIPOBECTH p 3yMHOe 0Ope3 HHe 6 3UC MHOTO(OHOHHBIX KOH-
¢uryp nmit u orp Huunthca 10002000 nuHeliHbIX yp BHeHuil cucremsl (9). B
9TOM CIIyd € COBPEMEHHBIE KOMIIBIOTEPhI IO3BOJIAIOT PELIUTh 3Ty CUCTEMY H Cc00-
CTBEHHBIE 3H YEHHUS IyTeM U FOH JIM3 LMK M TPHULBI U MOJYYUTh B PE3yIbT Te
H 60p cOOCTBEHHBIX 3H 4YeHHil F COCTOSHMI, OIMCHIB €MBbIX BOJHOBOW (PyHKIIU-
eit (7), T Kxe coOCTBEHHbIE BEKTOPBI, WM Koadduuuentsl Sy, (J), Dy, 5 (J)
1 Tgsﬁs’va (‘])

¥Yp BHeHus (9) sSBsA0TCA 6 30BBIMU Yp BHEHUSIMHU IIPH P CUETE CHIEKTPOB BO3-
Oy>KIEHHBIX COCTOSHUI YeTHO-YETHBIX CHEPUIECKUX Sep, IPEICT BICHHBIX HIKE.
Bolp XeHud UId p 3MUYHBIX (PU3MYECKUX X P KTEPUCTUK, COOTBETCTBYIOIIMX (pU-
3UYECKUM IIPOLEcC M BO30YXIEHHS 3THX COCTOSIHUI B 3KcriepuMeHTe (T KHX, K K
NIPUBE/ICHHBIE BEPOSITHOCTH 3JIEKTPOM THUTHOTO BO3OYXXICHUS, CEUCHHUS pe KIMii),
OyZyT HpefcT BIEHBI HIKE MO Mepe HeOOXOANMOCTH.

JIng npoBeneHus KOHKPETHBIX P CUETOB MBI JOJIKHBI OMPEIETUTh I P METPHI
MoZepHOro I MwibTOHU H . B K®M cpennee nose ais HEUTPOHOB U IIPOTOHOB
OIUCHIB €Tcsl (heHOMeHonorndeckum noteHuu jioM Bync — C kcon . Ip xtu-
YEeCKM BCE D CUEThl, NPEJACT BJICHHBIE B H CTOSIIEM 0030pe, OBUTH BBIITOTHEHHI
C I p METP MU BTOTO TOTEHNIHU J1 Ui P 3MUYHBIX M CCOBBIX 30H, B3THIMH U3
p 60Tbl [4]. B psame cmyu e, H mpuMep, B p cuer X mia 2°8Pb, sHepruu on-
HOY CTUYHBIX YPOBHEW BOIM3M MOBEpXHOCTH DepMH Cllerk B PHUPOB JIKCh JUIS
OoJiee TOYHOTO OIMC HHS CHEKTPOB HU3KOJIEXK IIUX COCTOSHMI B COCEIHHX He-
YeTHBIX SOp X. B p cyer X MpI MCHONB30B JIM BCe CBA3 HHBIE M KB 3HCBSI3 H-

HBIE COCTOSHUA ¢ M JIoM mmpuHoi nmoteHmm 1 Bync — C kcon . II p merps

. 0
MOHOIIOJIBHOTO CII pUB HHUA JI1 HEUTPOHOB M IIPOTOHOB Gs—) OIpeAC/IAINCh 110

OIKC HUIO Il PHBIX DHEPrHi, UX 3H YEHUS T KXe npusesieHsl B p 6ore [4]. IT p -

A .
METPBI &é(i) CWJIBL OCT TOYHOTO M30CK JIIPHOTO (M30BEKTOPHOIO) B3 MMOJAEHCTBUS
nooup MCh T KUM 0Op 30M, YTOOBI Ip BUJIBHO OIHUCHIB JI Ch KOJJIEKTHBHOCTb,

T.e. BesmuuH B(F)\), I HUX WX COCTOSIHUU P 3THYHON MYJIBTHIIONBHOCTH C

A > 2 B YETHO-YETHBIX SOp X; IPU 3TOM (PUKCHPOB JIOCh aeg)‘) =-1,2 aeé)‘). s
A =11 p MeTpsl aegl) u 3e81) OTIPE/IENISUTUCh U3 COOOp XEHWH OMKUC HUS MOJOo-
KEHHUs TUT HTCKOTO JUITOJBHOTO PE30H HC M MCKJIIOYEHHS JyXOBOTO COCTOSHUSI.

OCHOBH § TPYAHOCTb B YUCIIEHHBIX P CYET X C BOJIHOBbIMU (pyHKIMIMU (7)
3 KJII0Y eTCSl B BBICOKOM IUIOTHOCTH MHOTO(OHOHHBIX KOH(Hryp muid. ITostomy

MbI HOOJIXKHBI PYKOBOACTBOB TbCs (131/131/1‘{CCKI/IMI/I C006p XKEHUSIMHU U BKIIIOY Th B
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P CYeTHl TOJBKO Te€ KOH(UIyp LIMU, KOTOpBIE UIP IOT CYLIECTBEeHHY ponb. Ilpu
0oT6ope MHOTO()OHOHHBIX KOMIIOHEHT B BOJTHOBBIX (pyHKIUSAX (7) MBI OymeM pyKo-
BOJICTBOB ThCSI CIIEAYIOIIUMHU cOO0p XEeHUSIMH. Bo-niepBbIx, MbI Oy/ieM HCKIIIOY Th
Te KOH(UTyp LM, KOTOPHIE P CIIOJIOXKEHBI B JIEKe OT MCCIIeAyeMOH dHepreTnye-
CKOi1 0651 cTU. BO-BTOpBIX, MBI Oy/ieM UCKITIOY Th U3 P CYETOB T€ MHOTOOHOHHbIE
KOH(UTYp LUH, KOTOpble 0Op 30B HbI TOJIBKO W3 HEKOJUIEKTHBHBIX (DOHOHOB. [{1st
BTOrO MBI JIOJIKHBI BBECTH HEKHH YUCJICHHBIH KPUTEPUI KOIJIEKTHBHOCTH (POHO-
HOB. MBI OyieM H 3bIB Th (POHOH HEKOJUIEKTUBHBIM, €CITH OfH W3 ABYXKB 3MY -
CTHYHBIX KOMITOHEHT, BXOJSIINX B €T0 CTPYKTYpY, I eT BKJI 1 6onee 50-60 % B ero
HOPMHPOBKY. MHOTo(hoHOHHBIE KOH(UTYD IMH, OOp 30B HHBIE TOJIBKO U3 HEKOJ-
JIEKTUBHBIX (POHOHOB, UMEIOT M TPHYHBIH a/1eMeHT U B3 MMOAEHCTBUS C IPYyrUMU
KOH(UTYp LHUSAMHU, BO MHOTO P 3 MEHBILIUIA, YeM H JIOTHYHbIe KOH(UTYp IMH, CO-
JepX IIe KOJUIEKTHBHBIE (DOHOHBI. DTO MPHBOAUT K TOMY, YTO HEKOJJIEKTHBHbIE
MHOTO()OHOHHBIE KOH(PUTYp LM IIp KTHYECKH HE CMEIINB I0TCS C OTHO(OHOH-
HBIMH KOH(UTYp LMSIMH U HE OTP X I0TCS H HX CBOMCTB X.

2. CTPYKTYPA U INIEPEXOJHBIE INIOTHOCTH
B YETHO-YETHBIX COEPHYECKHX AIPAX

Pe xuus Heynpyroro p ccesdHus I€KTPOHOB H  TOMHBIX SOp X SBISETCS Of-
HUM U3 H ubojee MOAXOMAINUX HMHCTPYMEHTOB UL H3Y4EeHHs CTPYKTYphl 4ip
071 rofl ps YMCTO 2JIEKTPOM THUTHOMY X P KTepy B3 MMOAEICTBUA IIydyK aJIeK-
TPOHOB C MHUILIEHBIO. 3H HHME MeX HU3M pe KUUH J €T BO3MOXHOCTb U3BJIEK Tb
U3 CEYEHHWH P ccesHMs MH(MOPM LHI0 O BO30OYXIEHHBIX COCTOSHMSX SIIP C IO-
MOIIBI0 MOZENIbHO-HE3 BUCHMOTO H ju3 . MICIONb30B HUE CIIEKTPOMETPOB C BbI-
COKHMM P 3pelieHHeM B (e, e')-pe KIUM TO3BOJWIO B MOCTEIHEe AECATHUIECTHE JIe-
T JIBHO U3Y4 Th CTPYKTYPY BO30YKIEHHBIX COCTOSHUH TSIXKENbIX sep 1o 3—4 MaB
B 3 BUCHUMOCTH OT IUIOTHOCTH COCTOSIHUI B K XJIOM KOHKPETHOM sjpe. DKclepu-
MEHT JIbHBIEC I HHBIC TIPH 3TOM H JIM3UPYIOTCS ciexyomuM oop 3oM. [IpoBomiarcs
U3MEpEHHS NIPU HECKOIBKUX 3H YEHHUIX MEpefl HHOTO MOMEHT (K K IIp BHIIO, 3TO
perynupyeTcss UI3MEHEHUEM BHEPIUM MyYK 3JIeKTPOHOB U YI1 p ccesHus). Ilo mo-
JIOXKEHUIO MEPBOrO M KCHUMYM CEUYEHHs pe KILHU OIpeNeNsieTcsl MylIbTUIIONBHOCTD
K XJIOro, P 3pELIeHHOro B 3KCHEepUMEeHTe, Bo30yx] eMoro cocrogHud. g X X-
JIOTO COCTOSHUS 3 BUCHUMOCTb CEYEHUS p€ KUUM OT Mepeil HHOTO UMITYJIbC (DUTH-
pyeTcs IpU MOMOILIU P CYETOB IO METOJAY UCK KEHHBIX BOJIH C UCIIONIB30B HUEM
I p METPUYECKHU 3 [ HHOH MEpexOogHOH ITOTHOCTH BO30YXIEHHOTO COCTOSIHUS B
BUJIE

ZH:axA q/\—le(q/\—lr) (T < Rc)
palr) =4 T (12)
0 (T > Rc) 5
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roe A, — durupyemsle 1 p MeTpsl, jx(¢r) — dyskiuu Beccens mopsimk  A. Be-
JIYHHBI qft‘*l OIPENeNSIOTCS U3 COOTHOLICHHS jA,l(ql’fch) = (0. B x uectBe
R, BHIOMp eTcs JOCT TOYHO OOJIBII 51 BEJIMYUH , B HECKOJIBKO P 3 IPEBbILI IO S
p Ouyc SAp , U OOBIMHO HCIIONB3YETCH BEMUYHMH [imax ~ 15. I1 p MeTpsr A, 11
LIEMOYKH M30TOIOB HEOIMM IMpHBeeHbl B p Gote [5].

H3BneyeHHble U3 DKCIEPUMEHT T KUM MOJEIbHO-HE3 BHCHUMBIM OOp 30M 3 -
psoBble nepexoaHble MWIOTHOCTH (12) MOXHO H NPSIMYIO Cp BHHB Th C COOTBET-
CTBYIOLIMMH X P KTEPUCTHK MH BO30YXXICHHBIX COCTOSHHWIA, IPEICK 3bIB EMBIMU
P 3MYHBIMH MOJENSAMU siip . [lepexoHble ITIOTHOCTH BO30YXICHHBIX COCTOSHUMA

TOMHBIX SIep NPENCT BIAIOT CO0O0i X P KTEPUCTHUKY, KOTOP I CBUIETENILCTBYET
0 TOM, K K MeHsieTcsl OopM sIp TIpH €ro Hepexojie U3 OCHOBHOIO COCTOSHHS
B B030yxueHHOe. COOTBETCTBEHHO, OHU COJIEpX T HET JIbHYI0 MH(OPM LUK 00
W3MEHEeHUIX B P M JIbHOW CTPYKTYype SiIp , B TO BpeMs K K T KUe HHTerp JIbHbIe
X p KTepHCTHKH, K K MpHUBeAeHHble BeposTHOocTu mepexon B(EX) u B(M)),
CBS13 HHbIE C IEPEXONHBIMU INIOTHOCTSIMH CJICAYIOIINM COOTHOLICHHEM:

2

o0
B(EX) = W+l [/ p,\(r)r’\+2dr} , (13)
2J;+1 |

YyBCTBUTEJIbHBl B OCHOBHOM JIMIIIb K ITOBEJCHHUIO NEPEXOAHbIX IUIOTHOCTEH BOJIH-
31 MOBEPXHOCTH SIp . YXKe 1Mo opMe MepexopHol INIOTHOCTH MOXHO CYIUTh O
KOJUIEKTUBHOCTH JI HHOTO COCTOSAHUA. I HU3KONEX IIUX COCTOSAHUI KOJIJIEKTUB-
HBIM BO30YXIIEHUSIM COOTBETCTBYIOT NEPEXOIHbIE IUIOTHOCTH, MMEOIINE XOPOIIO
BBIP XEHHBI M KCHMyM BOJIM3U MTOBEPXHOCTH SIIP , B TO BpPeMs K K IIEpEXOHbIe
IUTOTHOCTU JIBYXKB 3M4 CTHYHBIX BO30YXXICHUIl MMEIOT M KCHMyM BHYTPHU SIp .
EcTecTBeHHO, Cp BHEHHE P CCUUT HHBIX IEPEXOIHBIX IUIOTHOCTEH C ®KCIEPUMEH-
T JIbHBIMU /I HHBIMH SIBIISI€TCS OUY€Hb YYBCTBUTEIBHBIM TECTOM IS CYLLECTBYIOIINX
Mozeneu aup .

K x yxe orMmeu 510Ch, 3 p40B 4 NEPEXOIH S IUIOTHOCTb OINpenendercd K K
MepeKphITHE BOTHOBBIX (DYHKIMH SAP B OCHOBHOM M BO30YXKIEHHOM COCTOSTHMSIX:

p(F) = (Tg | Y 67— %) | ¥i) (14)
k

IJleé UHTETPUPOB HUE MPOBOTUTCS MO BCEM BHYTPEHHUM KOOPAMH T M, HCKIIOYU S
r%. I1OCKOJNBKY BO30YXIEHHbIE COCTOSHHUS SiIp OOJ I 10T ONpeAeleHHbIM MOMEH-
TOM ¥ YETHOCTBIO, TOJIE3HO NMPOBECTH MYJIBTHIIOJIBHOE P 3JIOXKEHHE BBIP KCHU
(14) m BBeCTH MEepeXOOHYIO IUIOTHOCTD MYIIBTHIIONBHOCTH !

, ) JiM ,
p(r) = e Z(*l)A CJifMif,AH Y,\TN(T) pa(r)
Ap
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pa(r) = (T || Y280 = r) (MY () || @) (15)
k

YMHOXUB BoIp Xenue (14) u i Y,\H(F), MOJICT BUB B K 4eCTBE BOJIHOBOU (hyHK-
IIUF OCHOBHOTO COCTOSTHHS (POHOHHBIH B KyyM W B K YECTBE BOJHOBOH (DYHKIIUH
B030yXIEHHOTO COCTOSHUS BBIp XeHue (7) U MPOUHTETPHPOB B IO YITIOBBHIM KO-
OpIUH T M, MBI TIOJIyYMM MOJENBbHOE MPEICT BIICHHUE IS MePEeXOIHON IIOTHOCTH,
COOTBETCTBYIOIEH BO30YKICHHOMY COCTOSTHHIO Y€THO-YETHOTO SIIP , OTUCHIB €MO-
My BOJIHOBOM (pyHkumeit (7):

(\)
SY(\ i >\111>\212 /\111/\2l2 r) +
3 STV ¢ 3 i)
7 121 A212 ?

Y
+ Z lasﬁg’)’s p/\sﬁs‘vs( ) ) (16)
asfB3vys V T Oas, 03,75

[lepexomH g TUIOTHOCTH - OXHO()OHOHHOH KOMIIOHEHTBI MYJIbTHIIOJIBHOCTH A
uMeeT BUJI

)

Zpﬂ ]J ( ;\;’ +‘:"?}') . (17)

Tt mepexoqHol IJIOTHOCTH IlByX(bOHOHHOI‘/'I KOMITOHEHTHI [A1i1 ® Agia])\ MMeeM
BBIp KCHHE

o g3
pil"l)\212 (7“) - _ Z Z \/(2)\1 + 1)(2>\2 + 1){ } X

J3'3" ArirAziz A1 A2 A

x oy (wh el + ol 0l ) o () (18)

Boip xenng (17), (18) spnsiorcs pyHKIMAME (POHOHHBIX MIUTATYH ¥ U ¢,
T KX€ JIBYXKB 3WY CTHYHBIX [IEPEXOIHBIX ITIOTHOCTEH

Py (r) = (~1)F il *Aijf(lﬂ DN 0y RENRy (1), (19)

e R}(r) — p I¥ JIbH S 9 CTh OJHOY CTHYHOH BOJHOBOH (PyHKUMH. 371eCh MBI

UCTIONB30B T 0003H 4eHne A = /2\ + 1. Mpl He NpPUBOIMM BBHIP XKEHUS JUIS
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MEepexOoHON IUTOTHOCTH TPeX(OHOHHONW KOMIIOHEHTHI, MOCKOJBKY OH SBJISIETCS
BEJIMYMHON CIIEAyIOINEero MOpSAK M JIOCTH JI Xe IO Cp BHEHHIO C NEPeXOJHOU
IUTOTHOCTBIO IByX(DOHOHHBIX KOMIOHEHT. COOTBETCTBEHHO, B HETTOCPEACTBEHHBIX
YUCJIEHHBIX P CYET X MBI [IOM T JIM, 4TO p?\‘gﬁws (r) =0.

JIng neT NbHOrO HCCeNOB HHMA WU3MEHEHMs CBOMCTB HHU3KOJIEX MIUX COCTOS-
HUI TIpH IEpEeXOJie OT SiIep C 3 MKHYTOH 000JIOUKO#i K TIEPEXOIHBIM SIp M H HITyY-
IIMMH K HAWI T MU SBISIOTCA AP , VI KOTOPBIX UMEIOTCS HOCT TOYHO JTMHHBIE
LENOYKH M30TOIOB, CYIIECTBYIOIINX B Ipupoae. H muume T KuX 1ernodyex no3pos-
€T MPOBOJNUTH CP BHEHHE TEOPETHUYECKHX MPEACK 3 HHUH C BKCIIEPUMEHT JIbHBIMU
Il HHBIMH IO BCEM M3y4 €MBIM H30TOI M.

OpnHol U3 T KUX IIEMOoYeK SIBIseTCd Lenoyk u3oronoB HeoguM (Nd). Dkcrre-
PUIMEHT JIbHBIE 1 HHbIE MO HEYIIPYrOMY p CCESHHUIO dJIEKTPOHOB C BO30YyXIEeHHEM
HU3KOJIEX IIMX COCTOSHHMI JUISl ®TOH LETMOYKH ObUIM MOJydeHbl H 3JIEKTPOHHOM
yckopurene B NIKHEF (Amcrepn M) [6-9]. DHeprud mydk wusMmeHsul ¢b oT 112
10 450 MaB, mokpsis & 061 cTh mepen HHoro uMmynsc oT 0,5 g0 2,8 dm L.
B K 4ecTBe MHMIlIEHEHl HCIONB30B JIUCh 06or meHHble u3oTomsl 42Nd, 144Nd u
146Nd. B skcrepuMeHTe OBUIM P 3pelleHsl BO30YXICHHBIE COCTOSHHUS IO 9HEp-
run 3,5 M»B, ¢ MomeHTOM 1 YeTHOCTHIO OT 01 70 9~. I 3THX Xe M30TOIOB
ObLTH BBIITOJTHEHBI TEOPETUYECKHE P CUETHI CTPYKTYPhl BO30YXICHHBIX COCTOSHHMA
W UX MEPEeXONHBIX IUTOTHOCTEH B p MK X (hOpPM JIM3M , U3TIOKEHHOTo B p 31. 1.
IIpu 4YuCrNeHHBIX p CYET X MBI HCIOJB30B JIU OfHOY CTHUYHBIN CIEKTp MOTEHIM-

a1 Byac — C KCOH : I p METpbl 3TOrO MOTEHIH J1 I HEUTPOHHOU CXEMBI
ObUTH B3ITHI U3 p OOThl [4], jnsg nporoHHOH — u3 p Gotsl [10]; oHm momobp -
HBI M0 KCIIEPUMEHT JIBHBIM I HHBIM YIPYIOTO P CCESHUS 3JIEKTPOHOB H SIIP X
Nd. ®oHoHHBIN 6 31UC B p c4eT X BHIOHMp JiCs CIIEOYOIIUM OOp 30M: MBI y4H-
TBIB JIU OTHO(POHOHHBIE KOMIIOHEHTHI BOJTHOBOH (pyHKIMH (7), KOJUIEKTUBHBIE U
HEKOJUIEKTUBHBIE, 110 4,5 MaB; nByx(hoHOHHbIE KOMIIOHEHTHI 10 6,5 MaB u Tpex-
oHOHHbIE KOMITOHEHTHI, TIocTpoennsle u3 27, 37 u 4] doHoHOB.

PesynbT TBI p cueTtoB [7] cnekTp BO30yXIEHHBIX COCTOSHHN W IIPHUBEICH-
HBIX BeposTHocTeil B(E\) nepexonos B mojiyM rudeckoM uszotomne 42Nd, Bbimon-
HEHHbIC ¢ BOJHOBOU (pyHKImei (7), mpeacT BiaeHel B T Om. 1. g cp BHEHUI
B 9TOW T OJMLE T KXXE NPUBEICHBI P CYEThI, BBHIIIOJHEHHbIE B P MK X OJHOGO-
HOHHOTO NPHOJIMXEHUS, U DKCIIEPUMEHT JIbHbIE J| HHbIE. 3 PSIOBbIE TIEPEXOIHbIe
IUTOTHOCTH, MPEJICK 3bIB €Mble H IIMMH P CYET MH U IOJydYECHHbIE B PE3yNbT T
00p Gotku cedyenwii (e, e’)-pe Kuuu, W300p XKeHbl H puc. 1.

He nns Bcex cocTOSHMI, M3BIEYEHHBIX M3 SKCIIEPUMEHT , YA €TCsl BOCCT -
HOBUTH MEPEXOOHYI0 IUIOTHOCTh C IIOMOIIBI0 MOAETBbHO-HE3 BUCUMOIO H JIH3 .
[TpoGnembl, K K Mp BWIO, BO3HUK IOT M3-3 IIPUMECEd COCTOSHHUN JPYro MyJib-
TUIONBHOCTH, KOTOpBIE, HECMOTPS H BBICOKOE P 3pelleHHe CIIEKTPOMETPOB, HE
yI eTcsl OTHENMHUTh. B MOmOOHBIX CIyd SX cOCTOsSHHE, OOH pyXEHHOEe B 3KCIle-
PUIMEHTE, PUBOAUTCS TOJBKO B T OJMIE; OYEHb U CTO BTO COCTOSIHHE, T KXe
€ro CIUH M YETHOCTb, U3BECTHBI U3 JAPYTHX 3KCIEPUMEHTOB, 110 MIUIUTYIE €ro
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T 6y 1. DHeprum M npHBeJeHHbIE BepOSTHOCTH BO30yxkneHust B(E)) cocrosHmii
P 3IHYHOi MyIbTHIONBHOCTH B “**Nd. P c4eTbl BBIIOJHEHBI B P MK X 0lHO)OHOHHOTO
npuomxkenus — [IC®, i — nopaaKoBbIil HOMeP (DOHOH , M ¢ BOJTHOBOI (yHKumei (7) —
K®M; v — nopaaKkoBbIii HOMep B0O30YKIEHHOTO COCTOSIHUS I HHOMH MYJIbTHIOJIBHOCTH

Teopus DKCHEpUMEHT
A" TICD K®M
i | Ea, B(EN), v | Ea, B(EN), E., B(EN),
MsB | e? - pm? 2 MsB | €% - M 2 | MaB | e? - pm? 2
1| 1,9 | 0382-10* | 1| 1,63 | 0,406-10* 1,58 | 0,281-10*
2| 248 | 0,124-10% | 2 | 2,42 | 024810° | 2,39 | 0,309-10°
2t | 3] 260 | 026910° | 3| 253 | 0,173-10°
41330 | 0,133-10* | 4| 3,05 | 0,705-10° | 2,85 | 0,498-10%
51 3,83 | 0330101 | 5| 3,32 | 0,990-10> | 3,05
6| 3,94 | 0,500-10° | 6 | 3,92 | 0,398-102
2,50 | 0,200-10° 1] 205 | 0,18510° 2,08 | 0,262-10°
3~ 3,37 | 0,110-10* | 2 | 3,28 | 0,236-10*
3| 4,01 0,132-10° | 3,58 | 0,100-10°
3| 483 0,537-10° | 4 | 4,71 0,404-10°
1] 228 ] 017310 | 1| 2,16 | 0,195107 | 2,10 | 0,450-107
2| 2,48 | 0,650-10° | 2| 2,43 | 0,776:10° | 2,44 | 0,210-10°
31267 | 0410-10° | 3| 2,63 | 0337-10° | 2,58 | 0,700-10°
4T | 4| 3,63 | 0347107 | 4 | 3,16 | 0,148-10" | 3,08 | 0,620-10°
51393 | 0360-10° | 5| 3,46 | 0,145-10" | 3,32 | 0,114-107
6| 403 | 0,800-10° | 6 | 3,70 | 0,222-10°
7| 408 | 0,200-10° | 7 | 3,99 | 0,464-10°
1] 3,00 | 0,174-10° 1] 267 | 0,15810° 2,74 | 0,121-10°
57 |21 334 | 0100-10% | 2| 3,25 | 0,190-10°
3| 458 | 0,750-108 | 3 | 3,84 | 0,950-10°
1] 230 | 0,863-10° | 1| 2,21 | 0,861-10'° | 2,21 | 0,940-10%°
6t | 21 269 | 0,150-10° | 2| 2,65 | 0,850-10° | 2,89 | 0,800-10%
313,99 | 023510 | 3| 373 | 0,226-10'° | 3,41 | 0,200-10°
71 1] 3,16 | 0,14810' | 1| 2,92 | 0,135-10'% | 3,25 | 0,250-10'2
2 | 334 | 0,650-10* | 2 | 3,25 | 0,750-10!

topmd ktop B (e,€’)-pe KUMKM MOXHO HpHIHUC Tb BenmuuHy B(EN), cooTBet-
CTBYIOILYIO €r0 BO30YX/ICHHIO B 3TOH pe KIUH.

KB 314 cTUYHO-(DOHOHH 4 MOIenp sAp TMpeacK 3bIB €T B
KB IPYHOJBHBIX 2T -COCTOSHMIA ¢ sHeprueii Bo3oyxnenus Huxke 4 MsB. Hx smep-
MU U npuBeneHHble BepostHOCcTH B(E2)-mepexomoB mpeacT BieHsl B T O1. 1.

M2Nd  rects
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4T T T T T T T T

2F

< 12
=
ks
Ll 2,39 MsB | 2,74 MsB
P i
= o
S 2t 4
<
a
/) SN N I Y B 1o 1y
2 4 0 12 8 10 12
T T T T T 1 T T v T T T T T T
4 2: . 71*
2L 2,85 MSB_ 3,25 MsB
0
2L N
_4 1 1 I T | 1 1l 1 .z _1 U T W | " i _2 U | 1 1 I 1 1 1
0 2 6 8 10 12 "0 2 4 6 8 10 12 0 2 6 8§ 10 12
r, M r, M r, M

Puc. 1. 3 PAAOBBIE NIEPEXOAHBIE IIVIOTHOCTU HEKOTOPBIX HHU3KOJIEXK IMUX BO36y)K)16HHbIX
COCTOSIHMH B 142Nd. KpI/IBI)Ie C OKCIEPUMEHT JIbHBIMH OIHOK MU COOTBETCTBYIOT IUIOT-
HOCTSIM, U3BJIEUEHHBIM C IIOMOIIBIO MOJIEJIbHO-HE3 BUCUMOIO H JIM3 U3 CEUYECHMM pe Kuuu
HEYIIPYIoro p CCedHUd dJIEKTPOHOB; CIUIOLIHBIE KPUBBIE — IPEACK 3 HUSA H LIHUX P CUYETOB.
VYK 3 HHbIE OHEPIrun BO36y)KJIeHI/I$I COOTBETCTBYIOT 9KCIIEPUMEHT JIBHBIM 3H YCHUAM

[ockonbky 142Nd umeer 3 MKHYTYI0 HEHTPOHHYI0 060JIOYKY, MOHOMONBHOE CIT -
PUB HUE B HEHTPOHHOI CHCTeMe OTCYTCTByeT. DTO HPUBOAUT K TOMY, YTO HH-
X HII 9 4 CTMYHO-ABIPOYH 51 27 -KoHuryp 1us umeer sHepruo Gonee 5 MsB.
COOTBETCTBEHHO, NPOTOHHBIE KOMIIOHEHTHI SBJISIOTCS JIOMUHHMPYIOLIMMHU Y BCEX
omHO(OHOHHBIX 21 -cocTodnmii B T 61. 1. H mbonee KONIEKTHBHBIM SBISAETCA
QT-COCTO;IHI/Ie. CocrosHus 2; u 2;{ SBJIAIOTCS NP KTHUYECKU YUCTO JABYXKB 3UY -
CTHYHBIMH M X P KTEPU3YIOTCS FOp 310 MeHbIIMMHU 3H YeHusmu B(E2). Om Ko
2 -cocTosHMe OK 3BIB €TCs CHOB KOIUIEKTHBHBIM M ero enmund  B(E2) Bcero
B TPM P 3 MeHbIIE COOTBETCTBYIONIEro 3H ueHus ia 2) -coctosHus. IToao6-
HOE P 3/IMYME B KOJUIEKTUBHOCTH 27 -(DOHOHOB OTp X €TCS U H HX 3 PSJIOBBIX
TIePEXONHBIX MIOTHOCTAX. IlepexomHble TWIOTHOCTH 21 - U 2, -COCTOSHMIT UMEIOT
M KCHMYyMbI BOJIM3M MOBEPXHOCTH SIp , B TO BpeMs K K MEPEXOAHbIE IUIOTHOCTH
2;- u 2§F—COCT051H1/11?1 X P KTEpU3YIOTCS BHIp KEHHBIMU IIUK MU BHYTpH a1p . IIpu-
YMH P CIIpeleNeHns KOJUIEKTMBHOCTH MEXILy HU3KONeX IuMu 21 -cocTosHuamu
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KPOETCst B 000JI04€4HON CTPYKType. [IBe NPOTOHHBIE MOX000I0UKH 1g7 /5 U 2d5 /2
BOMM3M moBepxHOCTH PepMu p CIOMOXKEHBI HEll JIEKO JAPYyr OT IPYr , B TO BpeMs
K K OCT JIbHbIE MOAO0OIOUKH, HMMEHHO 111 /9, 2d3/5 U 381 /2, UMEIOT 3H YEHUE
OIHOY CTHYHOW ®HEpruM NpuMepHo H 2 MbsB 6ombie. DTo NpUBOAUT K TOMY, 4TO
KB 314 CTUYHBIE HEPIUU 9TUX YPOBHEH IpUMepHO H 1 MoeB BhlllE, 4yeM y ypoB-
ueil 1g7/o U 2ds /5. DTOT apdhekT T KKe H OO €TCS U B COCEIHUX HEYETHBIX
anp x. Cocrosuue 2 BOUp eT B ce6st [T BHBIM 06D 30M CHUTY JIByXKB 3M4Y CTHY-
HBIX KOH(UIYp LM, P CIIOJOXEHHBIX BBILIE MO HEPIUH, U O TOx ps dHEpreTH-
YeCKOil 1IeNU SBISETCA TOp 310 Gojee KOJUIEKTHBHBIM, HEXENU COCTOSHUS 25 U
2;{. OnHO(hOHOHHBIE COCTOSTHUS 2; u 2;{ SBJISIOTCS HEKOJUIEKTUBHBIMH.

ITocne cmemB HUS OfHO-, ABYX- U TPeX(hOHOHHBIX KOH(UTYp LMl B BOJ-
HOBOI (pyHKIMH (7) MBI CHOB MOJyY €M INecTh 21 -cocTodHmii ¢ SHepruei Me-
Hee 4 MaB (cMm. T 6. 1). M TpudHBIE 3JIEMEHTHI B3 UMOACHCTBUS MEXIy OIHO-
¥ IByX(hOHOHHBIMU KOH(HUTYp HusMu HeBequkd B '42Nd,  ckombko-HHOYIb 3 -
METHBIX IpUMeceil TPeX(OHOHHBIX KOH(UIYp LMH He H OMIof ercs 10 SHEepruu
3 M»B. DTo TUIUYH g CUTy M4 B MOJAyM rmyeckux saap x [11]. Hix i 4
nByxoHoHH g KoHduryp mas [2] ® 275+ uMeer snepruio 3,8 MaB,  oct jib-
Hble IBYX(POHOHHBIE KOH(Uryp LU p croyioxkensl Bbiue 4 MasB. Tem ¢ Mbim
OJHO(OHOHHbIE KOMIIOHEHTHI (KOJIJIEKTUBHBIE U HEKOJUIEKTUBHbIE) JOMHUHUPYIOT
B BOJTHOBBIX (DYHKIUSIX 2% -cocrosumii Huxe 3 M»B. JleiicTBUTENBHO, IIpUMECh
JBYX(DOHOHHBIX KOMIIOHEHT HE IPEBBII €T HEeCKOJBKHUX IPOLEHTOB Ul YEThI-
pex Hux imux 2+ -cocrosgnuii. TTocKoabKy OGCONIOTHBIE BEJIUYUHBI TIEPEXOIHBIX
IUIOTHOCTE!N IBYX(OHOHHBIX KOMIIOHEHT 3H YHTEJIbHO MEHBILE, YeM IEePEXOIHBIX
IUIOTHOCTEN ONHO(OHOHHBIX KOMIIOHEHT, BKJI [ NPUMECH IBYX(hOHOHHBIX IIEepe-
XOIHBIX IUIOTHOCTEH IIp KTHYECKU He3 MeTeH. boree CyleCTBEHHBIM SBIAETCA
CMELINB HHE P 3JTUYHBIX OAHOC(OHOHHBIX KOMIIOHEHT B BOJTHOBOM (pyHKUUH (7) U
MEPEeHOPMUPOBK HUX BKJI I , MPOUCXOMALINE 3 CYeT ABYX(POHOHHOH Y CTH BOJ-
HOBOU (pyHKIWMHK. [lepeXxoHbIE TIOTHOCTH HUK WX Tpex 2T -cocTostHuii, 06H -
PYXEHHBIX B 3KCIHEPUMEHTE, CP BHUB I0TCd H pHC. | C IpeIcK 3 HUAMHU H IIUX
p cuetoB. COCTOSIHUE, COOTBETCTBYIOIIEE 27 -COCTOSIHUIO B P CUETe, MO Beeil BU-
JMMOCTH, He ObLIO OOH PYXEHO BBHIY M JIOW BEPOSTHOCTH €r0 BO30YXKICHHS.

IMockonbky ¢OpM 3 PSIIOBBIX IEPEXOMHBIX IUIOTHOCTEH P 37MYHBIX BO30Y-
XKIEHHBIX COCTOSHHI CYLIECTBEHHO OTJIMY €TCS IPYyr OT APYr , MOXHO TOBOPHUTH O
MPSIMOM COIIOCT BJICHWHM COCTOSIHHI, OOH PYXKEHHBIX B ®KCIIEPUMEHTE M IPEICK -
3bIB eMBIX Teopuel. IToaToMy MBI MOXEM YTBEPXI Tb, YTO H LU P CYUETHI Ip -
BUJILHO BOCIIPOM3BOIAT CUCTEM THKY BO30YyXIeHHbIX 27 -cocrosnuii. [Tepexoanbie
TUIOTHOCTH OJHO(OHOHHBIX 27 - M 2 -KOMIOHEHT JOMMHUDPYIOT B IEPEeXOIHBIX
IUIOTHOCTSIX COOTBETCTBYIOIIMX COCTOSHMMA. JIpyrie KOMITOHEHTHI Il 10T BKJ 1, He
npesbill fommii 1 %, coct Bidd B cymme 3H yenue nopsak 10 %. B cayu e ¢
24 - u 23 -cocrosHusMU H GmION eTcs APYr 5 CUTY Ius. 3jech B3 UMojeiCTBHE C
JBYX(OHOHHBIMH KOMIIOHEHT MM MPHBOJUT K CMELIMB HUIO OTHOMOHOHHBIX 23 -
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u 27 -kommonent H yposHe 10 %. B pesynst Te Bemmumn B(FE2) mwia 23 -
COCTOSHUS BO3p CT €T, B TO BpeMd K K JId 2;_-COCT05IHI/IH OH YMEHBII eTcs U3-
3 JeCTPyKTHBHOW MHTepdepeHunu. Bo3MoxXHO, 3TO gBISeTCA NPUYUHOM, TOYEMY
24 -cocTosnue He GBUIO SKCTIEPUMEHT JILHO OGH pykeHo. Ecii UCTonb30B Th Ie-
PEXOIHYIO IIIOTHOCTh 23 -COCTOsIHMS I P cueT popmd KTop , ceuenue (e, e’)-
pe KUUHM OK 3bIB €TCSl B Mpeles X dKCIIEPUMEHT JIbHOM OMIMOKH p AU LIMOHHOTO
XBOCT OT CHJIBHBIX ITUKOB, P CIIOJIOXEHHBIX IpU OoJiee HU3KUX DHEeprusx. B neii-
CTBHUTEIIBHOCTH COCTOsIHUE ¢ dHepruei 2,550 MaB 6pu10 00H pyxeHo [12], crimH
¥ YETHOCTD €10 ObUTH MAEHTU(UIUPOB HbI K K, PEMIOIOXKHUTENBHO, 27

B nenom, bopM  Bcex TpexX NEPEXOAHBIX IUIOTHOCTEH 2T -cocTosHuil, 0OH -
PYXEHHBIX B pe KIMU HEYIpPYroro p CCEedHHUS 3JIEKTPOHOB, XOPOIIO COIJ CyeTcd
C MpelIcK 3 HUAMH H WX p cueroB. H nboliee MHTEPECHBIM SIBIISIETCS! TPEICK -
3 Hue  oOH pyXeHHe KOJUIeKTHBHOTO 2 -cocTosiHus. K K yke oTMed J10Ch Bbl-
hie, 9TO ABIAETCS CIEICTBUEM SHEPIETHYECKON IIENH B OJHOY CTHYHOM CIIEKTpe
(1g7/2, 2ds/o <= 1hy1/2, 2d3/2, 381/2). X P KTEPHOH OCOOEHHOCTBIO H CTOSI-
IIUX P CYETOB SBJSETCS MEPEOLCHK  MIUIUTYJ BHYTPEHHUX IHMKOB IEPEXOIHBIX
wioTHocTedl. CIUIIKOM CHIbHBIE BHYTPEHHHE NMUKM T KX€ NPHCYTCTBYIOT U B
HNEPEXOIHbIX IUIOTHOCTAX OXHO(OHOHHBIX KOMIOHEHT. IIpuumHON MX dBngeTcd
CITMIIKOM GOJIBIION BKJI JI IBYXKB 3U4 CTHYHOH KOHuryp muu m(2ds /2, 2ds5/2)
B CTPYKTYpPY (oHOHOB. DTOT 3hhekT emte Oosee SpKO BBIP XEH B MEPEXOMHBIX
wioTHOCTAX 47 -cocrosnuii. Hem BHO ObUIO MOK 3 HO, YTO Y4eT KOppeJsLHil B
OCHOBHOM COCTOSHUHM TIpH Bbixozie 3 p MKH [IC® mnpuBOAUT K YMEHBIICHUIO
BKJI I IV BHBIX JABYXKB 3MY CTHYHBIX KOH(UIYp LUl B CTPYKTYpy HMX HIIMX
KOJUIEKTUBHBIX (DOHOHOB M, COOTBETCTBEHHO, CYLIECTBEHHO YIy4lll €T OIHC HHE
BHYTPEHHEH Y CTU MEPEXONHOU INIOTHOCTH KOJIJIEKTUBHBIX COCTOSHUE [13].

P ccMoTpum Tenephb Bo3OyxieHHble 3 -cocTostnusd B 142Nd. Tonbko aBe of-
HO(OHOHHBIE 3~ -KOH(UTYp LUK UMEIOT dHepruio MeHbiie 4 MaB. DHepruu u
BenuurHbl B(E3) 3THX COCTOSHHUI mpecT BieHsl B T 6. 1. K K U B ci1yd € KB -
JPYHOJIBHBIX COCTOSHUI, OCHOBHOH BKJI [l B HX CTPYKTYpY [ 0T IPOTOHHBIE JBYX-
KB 3U4 CTUYHBIE KOH(Uryp nun. Ilepsoe onHOOHOHHOE 3™ -COCTOSHUE SBIISETCA
CWIbHOKOJIJIEKTUBU3UPOB HHBIM, B OTIIMYHME OT BTOPOrO, P KTHYECKH YHCTO ABYX-
KB 3U4 cTuyHoro. Ilocrne yyer B3 MMOAEHCTBUS OJHO(OHOHHBIX KOH(HUIYp LU
C MHOTOC)OHOHHBIMH MBI ITOJTyd €M CIEKTpP 3~ -BO30YXXKIEHHI, T KXe MPEACT BIIEH-
HBIH B T O 1.

Cocrosnne 3] OK 3bIB €TCd CHIbHOKOJUIEKTHBU3UPOB HHBIM, OMHO(OHOHH 5
31 -KOH(HIyp LM I €T BKJI I, IPUMEPHO p BHBIHA 84 %, n npumepHo 10 % BKI1I -
I I 1T AByx(oHoHHble KOH(uryp nuu. CocrosHue 3, OCT eTcs Np KTHYECKU
JIByXKB 3U4 CTHYHBIM. TpeThe 3~ -COCTOSIHUE — CHOB KOJIJIEKTUBHOE, HO OCHOB-
HOW BKJ J B €ro CTPYKTYpy A €T JABYX(OHOHH $ KOH(Uryp Lus [21" ® 37 ]3--
K x yxe ormeu j0ch, NepexofHble IUIOTHOCTH ABYX(OHOHHBIX KOH(HIyp LUl
3H YMTEJIbHO MEHBIIE ONHO(OHOHHBIX, ITOSTOMY U IEPEXOAH S IUIOTHOCTD y 35 -
COCTOSIHHS! CYIIIECTBEHHO C1 Oee, 4eM y COCTOSIHUS 37 .
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B akcnepumente (e, ¢’)142Nd Gbu1o 06H pykeHO 1B 3~ -COCTOSIHHUS C SHEP-
rueit 2,083 u 3,580 MsB. OnH KO u3-3 OTCYTCTBUS IU(p KLMOHHBIX MUHUMYMOB
B (hopMcd KTOpE BTOPOro COCTOSIHHMSI, YTO, MO-BCEH BHANMOCTH, CBHIETEIbCTBYET
0 HEKOTOPOH TPHMECH COCTOSIHUI APYroil MyJIbTHIIOJIBHOCTH, MEPEXOIHYIO MIIOT-
HOCTb 3TOTO COCTOSIHMSI M3BJIe4b He YJI j1och. I10aTOMy cp BHEHHE TEOPUH C KC-
HEePUMEHTOM I 9TOTO COCTOSHMS OBUIO IIPOBEIEHO H ypoBHE hopM¢ KTOPOB, U
ObLIO IONY4eHO Xopollee cooTBeTcTBHe. [Ipo6iaemMsl ¢ U3BIeYEHHEM HepeXOqHOM
IUIOTHOCTH IS HWX HINEro 3 -cOCTOSHMA ObUIM CBSI3 HBI C TEM, YTO HUX M-
mee 47 -cocrosune B 142Nd umeer sHepruro Bo3Oyxkiaenus 2,098 MaB. Dkcre-
PUMEHT JIBHOTO P 3pelIeHus OK 3 JIOCh HEIOCT TOYHO, YTOOBI P 3HEMHUTH 31 - U
47 -ypoBnu, p cronoxennble H p ccTosHuM 15 K3B. DKCIEPUMEHT JIbH § Tepe-
XOIH S INIOTHOCTb 3 -COCTOSIHUSI, IIPEICT BJIEHH s H pHUC. 1, MOITy4eH TOJIBKO
IOCJIE BBIYUT HUA M3 CyMM pHOTO chopmd KTOp 3] H 4f-ypOBHeI71 topmd kTOP
47 -ypOBHS, P CCUMT HHOTO C TIEPEXOHOIl IUIOTHOCTBIO B BHJE NMPOM3BOIHOI OT
CpeIHero moisl.

H 1mm p cyeTsl NpecK 3bIB 10T MATH 0JHO(OHOHHBIX 4T -cocTosnuii B 142Nd
c sHeprueii MeHee 4 MaB. Wx snepruu u Bennuussl B(E4) mpeact BieHs B
T Om. 1. Bece 3TH cOCTOSIHUS, K K U COCTOSIHUS IPYTHX MYJIBTUIIONBHOCTEH, COCTO-
AT P KTHYECKH TOJIBKO M3 MPOTOHHBIX ABYXKB 3W4Y CTHUYHBIX KOH(puryp mmii. On-
HO(OHOHHOE cOocTOsHNE 4] MeHee KOIUIEKTHBHO, YeM (oHOHbI 21 1 31, Il BH
JBYXKB 3U4 CTHYH 5 KOHUryp 1us 7(2ds/2,2ds/2) 1 €T BKI 11 B €T0 CTPYKTYpY,
p BHBIA npumepHo 90 %. BDTOT ¢ KT HMOATBEPXKA €TCd pe3yabT T MU DKCIEpH-
MEHT [0 HEYNpPYroMy p CCEesHHIO MPOTOHOB [14], B KOTOPOM HETUITUYHOE YIJIO-
BOE P CIpeleieHUe 41"-COCTO$1HI/I;I c sHepruet 2,098 MsB 00bsicHEHO H NMUYHEM
6ONbIIOro BKJI 1 JIBYXKB 3MY CTHYHONW KOMIIOHEHTHI B ero CTpykrypy. Cocro-
auus 47 u 4] SBIAIOTCA P KTHYECKH JBYXKB 3u4 CTHuHbIMU. Cliefyroliee xe
0HOOHOHHOE COCTOSIHUE 4;{, K KU 2*, MPOSBIISIET CBOMCTB CUJIbHOKOJJIEKTH-
BU3MPOB HHOTO (DOHOH , KOl OOJIBIIOE YUCIO P 3JTUYHBIX JABYXKB 34 CTHYHBIX
KOH(UTYp Wi BHOCST BKJI 1 B €r0 CTPYKTYPY KOT€PEHTHBIM OOp 30M, B pe3yib-
T Te 3H yeHue B(F4) 9TOro COCTOSHUS MPEBBI €T COOTBETCTBYIOLIEE 3H YCHHE
g HUX iimero 47 -poHoH . X0Ts 6ONBIIOE YUCIIO P 3IHYHBIX JBYXKB 34 CTHY-
HBIX KOH(UTYp 1M A 0T BKJI 1 B CTPYKTYpY U 4;{—cp0H0H , HHTepdepeHIus ps
U3 HUX HOCHT JICCTPYKTHBHBIA X P KTep, B pe3ynbT Te 3H ueHue B(E4), cooTBet-
CTByIOLIIEE 3TOMY (DOHOHY, 3 METHO MEHBbIIIE.

B3 umMozeiicTBre cO CITOXHBIMH KOH(UTYp LUSIMH NP KTHYECKH HE MEHSeT
CBOMCTB HUX Hmmx Tpex 4T-cocrosumii. K x B(F4), npexct BneHnsie B T 6. 1,
T K U TNEpexofHble IUIOTHOCTH 3TUX COCTOSIHUH Mp KTMYECKH HE HU3MEHIITCA.
OnH Ko cun  4eTBepToro 47 -hoHOH p crpenensieTcss MexX/y IBYyMsi COCTOSIHHUSI-
mu ¢ sHeprueit 3,16 u 3,46 MaB. IIpoucxoauT »TO I BHBIM OOp 30M 3 CUeT
B3 UMOAEUCTBUS C IBYX(POHOHHOU KOH(pUryp Lueil [21|r ® 21”] 4+, P CIIOJIOXEHHOM
no sHepruu BOMM3U 4, -hoHOH . O6 COCTOSHUS MMEIOT MOXOKYI CTPYKTYpY:
npumepHo 40 % 0aHOGMOHOHHOI 4I—KOHC1)I/Ipr uu, 40 % yHnoMsHyTOH IBYX-
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tpoHOHHOI KOHGUrYp 11 U 8 % BKJI 1 OT TPeX(OHOHHBIX KOHG(HUryp mid. B
pe3ynbT Te 06 cocTosHus, 45 u 47, umetor 6nuskue 31 yenns B(E4) u dopmbl
3 PSIOBBIX MEPEXOOHBIX IUIOTHOCTEH (cM. T 671. 1 u puc. 1).

K K MBI yXe OTMed JIu Bbllle, u3-3 Onmsoctu 3 - u 47 -yposueit B 42Nd
TepexoiH s TIOTHOCTh, COOTBETCTBYIOII s 4] -ypOBHIO, He M3BECTH W3 3KCIle-
pumenT . TlepexoH s MIOTHOCTh 45 -ypOBHSA MMEET TIOBEIEHHE, X P KTEPHOE /T
HEKOJJIEKTHMBHOTO BO30YXXIEHHs, U XOPOIIO COOTBETCTBYET MPEICK 3 HHUIO TEOPUH.
H ubosee npumed TeTbHBIM JUTs BO30YXIEHHBIX 41 -COCTOSHUIA ABISETCS TIPUCYT-
CTBHe /IByX GJIM3KOJIEX IIMX YpoBHeii, 4, U 47, mepexo/Hble MIOTHOCTH KOTOPBIX
OYEHb ITOXOXH, YTO MOJTHOCTHIO COOTBETCTBYET TEOPETHUYECKUM IPEICK 3 HHUSIM U
SIBIISIETCSl PE3YJIBT TOM B3 MMOJIEHCTBUSI OQHO(OHOHHBIX KOH(UTYP LMH C MHOTO-
(pOHOHHBIMH.

ITpn nepexone OT MOMYM TMYECKHX SIIEP K SIP M C HE3 MKHYTBIMH HEHTPOH-
HOH M TPOTOHHOM MOJ000IOYK MM KOJUIEKTMBHOCTh HUX HIIMX COCTOSHHM yCH-
B eTcd. B mepBylo ouepesb, 8T0 OTHOCHTCS K 27 -COCTOSIHMIO; KPOME TOTO, CY-
IIECTBEHHO TOHUX €TCSl DHEPrusi ero BO30YXJEeHUS. YCUIeHHE KOJUIEKTUBHOCTH
NPUBOIUT K YBEJUYEHUIO M TPUYHOTO BIIEMEHT B3 UMOJEHCTBHSI ONHO(OHOHHBIX
KoH(uryp nmii ¢ Gosee CIOXHBIMH. BcrencTBie yMeHbIIEHHS SHEpTHU BO30y-
XIEHUS HUXK HIIel ogHO(POHOHHOM 2T -KOH(UIYD MM NPOUCXOIUT YMEHbIIEHHE
SHEPreTHIECKOro P CCTOSHHUS MEXIy HUX HIONMH OTHO- U JIBYX(DOHOHHBIMH KOH-
turyp mmsamu, u 1.0. O6 OTMedYeHHbIX d(pdeKT p 60T 10T B OJHY CTOPOHY U
NPUBOIAIT K OoJiee CUIFHOMY CMEIIUB HUIO (POHOHHBIX KOH(UIYP LMH P 3TMYHON
CIIOXHOCTH B SIp X C He3 MKHYTO#H 00004koii. OcT HOBUMCSI Gojiee MOAPOOHO
H TOJIOXEHUH, CTPYKTYPE U 3 PSAAOBBIX NEPEXOAHBIX INIOTHOCTIX HU3KOJIEXK IIUX
COCTOSIHMi1 HeM T'MUECKHX sjep H mnpuMepe m3oton 44Nd [8].

B 4NdH mm p cueTsl IpeicK 3bIB IOT H JIMYHE yXKe BOCHMU OTHO(OHOHHBIX
27 -Koncuryp umii ¢ sHeprueil Bo30yxaeHus Huxe 4 MeB. H uGonee KONIEKTUB-
HOHM, KOHEYHO, SIBJISIETCS NepB S U3 HUX, KOTOP s MMEET DHEPruio BO30YXIEHHs
1,48 MaB u B(E2) = 4,4-103 €2 -m*. T KXe KOJITEKTHBHOI ABIAETCS U TIAT 5
omuooHoHH 5 Koupuryp mis ¢ E, = 3,3 MaB u B(E2) = 1,1-10% €2 - pm?,
OCT JIbHBIE OHO(OHOHHBIE 2T -KOH(UIYp MM — NP KTHYECKH YHCTO ABYXKB 3H-
4 cTuuHble. KOJJIEKTMBHOCT HUX HINMX YEThIpeX OIHO(OHOHHBIX KOH(UIYp -
LUl XOpPOILIO MPOCM TPHB €Tcd Mo (hopMe UX NEepexoaHbIX IUIoTHocTel. I[lepe-
XOJIH 5l IIIOTHOCTh OHOMOHOHHOH 27 -KOH(UIYp 1M MMEEeT 3 METHbIil MUK H
MOBEPXHOCTH SIAP , OCT JIbHBIE — (POPMY, X P KTEpHYIO I ABYXKB 3MY CTHUYHBIX
wiotHocTed. OTMETHM, YTO OZHO(OHOHHBIE COCTOSHHS 2;;4’7’8 MIOCTPOEHBI P K-
THUYECKHM M3 MPOTOHHBIX JBYXKB 3UY CTUYHBIX KOH(HUIYp LM, OCT JIbHBIE T KXe
UMEIOT 3 METHBIN BKJI JI U HEUTPOHHBIX KOMIIOHEHT. DTO YK 3bIB €T H POJIb ABYX
B JICHTHBIX HEHTPOHOB BHE 3 MKHYTOW 060s0uku N =82.

Pe3ynbT ThI P CUET CNEKTP HHU3KONEX IMUX 2T -COCTOSHMI € BOJHOBOM
(hyHk1MEel, cogepx Iiei OfHO-, ABYX- U TPeX(hOHOHHbIE KOMIIOHEHTBI, MPECT B-
JieHbl B T OJI. 2 B Cp BHEHUH C DKCIIEPUMEHT JIbHBIMH JI HHbIMU. B aTOii T Grme
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T Gau 2. Dueprum Bo30YXKueHHs, IPUBEdeHHbIE BeposiTHOCTH B(FE2)-nepexoioB u
OCHOBHbIE KOMIIOHEHTbI BOJIHOBBIX (hyHKLMII HU3KOJIeXK IIHMX 2% g 1Nd

DKcnepuMeHT Teopus
Al | Ee, | B(E2), | Ei, B(E2) QF QTQ* QTQTQ"
MosB e?. q3M4 MsB ClJM KOMII. KOMII. KOMII.

27 | 0,696 | 460-10° | 0,708 | 3.810° | 27 -78% | [2f ® 41,4 —6% | 2%
By ®31 ]+ —4%
By ®57 ]+ —4%
25 1,575 | 7.9-10" | 23 -10% | [2f ® 2 ],4 —63% | 19%
25 - 4%

4

25 | 2,073 | 631-10%2 | 2,105 | 1,5:10° | 2% - 70%

N 2f @2ty — 7% | 5%

[

2] ® 41,4+ — 10%
37 ®57 o+ — 2%
[

1
25 | 2368 | 238107 | 2440 | 2,010% | 28 -87% | [2] ® 4]+ —4% | 2%

25 - 2%
2 | 2527 | 347.10% | 2528 | 22:10% | 2f -2% | [2f ® 4,4 —4% | 2%
25 -6% | [2f ®4f],+ —3%
25 - 771%
25 - 3%
28 2864 | 1,010° | 27 -5% | [2 ® 2]+ —2% 15%
25 -10% | [2f ® 41,4 —40%
24 - 3%
25 - 11%
2 - 13%
2t 3013 | 1,1:10% | 2f -2% 2F @ 41,4 — 8% 14%

[
2 [ ;r ® 4;]2+ - 3%
25 -44% | [3] ®37 1o+ — 21%
25 3354 | 3,610% | 2f -20% | [2f ® 4,4 —3% | 25%
28 -2% | [2f ®@478],+ — 4%
37 ©37 1,4 — 35%
37 ®57 ]+ — 6%

MBI OIp HUYHJIMCH TOJIBKO TeMH BO30YXISHHBIMH COCTOSHUSIMH, VTSI KOTOPBIX OBI-
JIM U3BJICYCHBI [IEPEXOMHbIC IUIOTHOCTH U3 I HHBIX (e, e’)-pe Kiuu. AH JIOTHYHBIC
PE3YIBT ThI I 3™ - U 4T -COCTOSAHUIA PEACT BIEHBI B T OI1. 3.

CocTosHue 2] B H IIMX P CYET X COCTOUT NPEUMYIIECTBEHHO M3 HUX ii-
weii ongHooHoHHOH 21 -Konduryp uuu (78 %) ¢ HEKOTOPOil MPUMECHIO, COOT-
BETCTBEHHO, 14 % u 2 % pAByX- M TpeX(OHOHHBIX KOMIIOHEHT. CocTogHue 2;’
c sHeprueii 1,575 MeB sBIgeTCS B OCHOBHOM 2T -KOMIIOHEHTOMH IBYX()OHOHHOIO
MYJbTUILIET [2;r ® 2f] C MPUMECHIO0 OJHO- U TPEX(POHOHHBIX KOHPUTYp LUH. DTO
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T 6mu 3. To e, 4To M B T GJ1. 2, A COCTOSTHHI ¢ MOMEHTOM M YETHOCTBIO 3~ M 47,
IIpencT BiIeHBI TOJIBKO T€ COCTOSIHHS, JISi KOTOPBIX 3 Ps/IOBBIE NEPEXOAHbIE IUIOTHOCTH
H3BJIEYEHBI U3 DKCIIEPUMEHT

DKCHEePUMEHT Teopus
A Ee, B(E), Ee, B(EN), Q* Qtet Qtetet
MsB e?. d)MZAJFZ MsB e? . ®M2X+2 KOMIIL. KOMIL. KOMIIL.
37| 1,510 | 2,56-10° | 1,265 | 1,4-10° | 37 -56% | [2] ®37],— —26% | 7%
35 -2% | [2f ®571,— —5%
35 | 2779 4,46-10* 2,787 2,6-10* 37 -12% | 27 ®371,— —36% | 27%
4 oo e
2F ®571,— —22%
35 | 2.839 0,46-10* 3,252 3,0-10°% 37 -5% | [27 ®5715— —20% | 26%
3, -7% | 37 ®47];- —39%
3, | 2967 8,1-103 3,359 4,1-10* 37 -13% | [27 ®35],- —3% | 15%
35 -33% | 2§ ®371,— —2%
2f ®57],- — 6%
37 ®471,— —25%
4t 1315 1,93-10° 1,368 1,6-10° 4t -40% | 27 ® 2]+ —42% | 12%
af 2%
4F | 2,109 3,14-10° 2,039 2,1-10° 4t -45% | 27 ®@ 2,4 —29% | 12%
4f - 5%
4 2,207 2,4-10° af 3% | 2f®@2f]4 —2% | 2%
af -84% | [2f ® 4,4 — 4%
4f | 2451 1,13-10° 2,449 4,9-10° 4F - 96%
4t | 2,986 6,9-10° 3,256 6.5-10° af -43% | 2f @28 ],4 —2% | 14%
2F ® 61,4 — 8%
2F ® 6114 —2%
37 ®37 1,4+ — 22%
37 ®57 4+ — 2%

cOCTOsIHUME He ObUIO OOH pYXEeHO B pe KLHUM HEYIPYroro p CCesHHs DJIEKTPOHOB
u3-3 M Joro 3H yeHuss B(E2)-nepexox . OOH KO 3TO COCTOSIHHE H3BECTHO M3
1 HHBIX (p,p')- u (d,d')-pe Kumii, Ipupoaoil ero Bo30YyXIeHHS, K K CBHICTEIb-
CTByeT HoBeneHre (popMd KTOPOB, B 3TUX pe KUUIX SBISIETCS OBYXCTYNEHY ThIA
npouecc yepe3 2 -ypoBeHb. DTO YK 3bIB €T H OOJBIIONH BKI JI IBYX(DOHOHHOI
KOMITOHEHTBI B CTPYKTYPY ®TOIO COCTOSIHHS, K K U IPEACK 3bIB IOT H LM P CYETHI.

Bk 1 1ByX(hOHOHHBIX KOH(UTYp 1M B BOJHOBBIC (PYHKIIMU HHM3KOJIEK IIHX
2% -cocrosnuii B 1*4Nd npepsi et 10 % 3 HCKIIOYEHHEM NP KTHYECKH OXHOGO-
HOHHBIX 21-, 2;’- u 23_-COCT05IHI/II71. I MHOTHIX HU3KOMeX mmx 21 -cocrosHuii
BKJI 1 TPeX(POHOHHBIX KOH(Uryp LUH T KxXe BequK (>10 %). DTo CWIBHO OT-
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r, M r, M
Puc. 2. To xe, uto u H puc. 1, 119 BO30YXIEHHBIX COCTOSHUH B 144Nd

JMY €Tcs OT CUTY LM ¢ HU3KoNeX muMu 21 -cocrosuuamu B 142Nd, o6eyx B-
1IeHics BbIIE, TIe BKI 1 AByX(POHOHHBIX KOH(UIYP LMl OTp HUYMB €TCS HECKOIb-
KUMH TIPOLIEHT MM, IIPHUMECh TPEX(OHOHHBIX KOMIIOHEHT MPEHEOGPEXUMO M 1T .
DTO ABNSETCS MPAMBIM CIEICTBUEM YCHJIEHHUs CBA3M (DOHOHHBIX KOHGUIYp LM,
OTIIMY IOLIUXCS 110 YMCTy (POHOHOB, U3-3 JIBYX JONOMHMTENBHBIX HEHTPOHOB BHE
3 MKHYTOI 0607109KH. Pe3ynbT ToM siBsieTcss 60jee CHIbHOE CMEIIMB HHUE, P C-
LIETUIEHKE P 3TUYHBIX KOHGUTYD 1Ml M MOHWKEHUE SHEPTUH KB JIPYTIOJIBHBIX BO3-
OyXIeHH.

DKCNEPUMEHT JIbHBIE TIEPEXOHbIE TUTIOTHOCTH ObLTH H3BJIEUEHBI IS YeThIPEX
2+ -cocrosuuii B 1*4Nd. Onu npejcT BieHbl H pucC. 2 B CP BHEHHH C P CCUHMT H-
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HeIMU. H mIu p cueTsl NMpeack 3bIB 10T AEBATh COCTOSHUI C J HHBIM MOMEHTOM
W YETHOCTBIO W »Heprueil Bo30OyxneHus Huxke 4 MsB, 4to coBm 1 er ¢ Komuye-
cTBOM 27-cOCTOSHMIA, OOH PYyXEHHBIX B 3TOH IHEPIETHYECKON OOJ CTH B pe K-
uusx (p,p') u (d,d’). ®opM TiepexonHoii MIOTHOCTH 2] -COCTOsIHUS ¢ PHEprueil
0,696 M»B xopollo BOCHPOM3BOOUTCS B P CU€Te, XOTS MIUTUTYA BHYTPEHHETrO
UK CIeTK IepeoueHeH . PopM NEPEeXOAHbIX IUIOTHOCTEH Ul YPOBHEH C d9HEp-
rueit 0,696 u 2,073 M»B oueHb MOXOX | COBI [l €T C P CCUYUT HHOU IUTOTHOCTHIO
mist 27 -cocTosnus. DTO 11 €T OCHOB HHe MPEANON T Th, YTO YPOBEHb 23 BO3HH-
K €T B pe3y/IbT Te P CIUEIUIEHHsS HUX Hineil ofHO(OHOHHON KOH(UTYp LUH U HE
NPOSIBIISIETCSl B p cyeTe U3-3 00pe3 Hus O 3UCHBIX KOH(UTYp LHMH.

Cocrostnus 2 u 27, 06H pyXeHHble B pe KIIMU HEYPYIOro p CCESHHUs ek~
TpoHOB Tipu F,, = 2,368 u 2,527 M»3B, H X0OmiITCd B HEIJIOXOM COOTBETCTBUU
[0 dHEeprum Bo30OyxXmeHuss U BeposTHOCTH B(E2) ¢ COOTBETCTBYIOIIUMH COCTOSI-
HUSMH B H IIUX P CYET X. DTOro, OfH KO, HENb3s CK 3 Tb O (hopMe Nepexol-
HBIX IUTOTHOCTeH. Eciy oKcIlepMMeHT JIbH S MEpeXOH S MJIOTHOCTh COCTOSHHS
¢ sHeprueil 2,527 M»B Hemioxo BOCHPOM3BOOHUTCS P CCUUT HHOM IIOTHOCTHIO
QI—COCTOQHM, TO MEepexonH 4 IUIOTHOCTh COCTOSIHUS C aHeprueil 2,368 MaB H -
XOIUTCSI B HEKOTOPOM COOTBETCTBHM C P CCUMT HHBIMH IUIOTHOCTSIMH COCTOSIHUM,
p crionoxennsiMa H 700 koB Bbime (Mbl UMeeM B Buiy 23 - u 27 -cocrosHus
B H IIMX P CYET X, MEPeXOIHble IUIOTHOCTH KOTOPBIX M300p XEHbl H pHC. 2,
COOTBETCTBEHHO, B BHJE CIUIOLUIHOH M IITPUXIYHKTUPHOH KpuBbIX). CoCTOSIHUSA
2;” U 2; B P CYeTe BO3HHUK IOT B Pe3y/lbT Te ()p IMEHT LM IITOH OfHO(OHOH-
HOM KOMITOHEHTHI (H HOo/lee KOJUIEKTHBHOM MOC/e HUX HINEH) U3-3 B3 MMOIEH-
CTBUS C JIBYX(POHOHHBIMH KOH(HUIYp LpsMH (LI BHBIM 00p 30M, C [3] ® 57 |a+).
P cumpenne oHOHHOro 6 31MC IO Cp BHEHMIO C HCIHOJIB3YEMBIM B H CTOSIIEM
p cuere ok XeT 6ojee CyIECTBEHHOE BIUSIHUE H CBOWCTB COCTOSHHMI, COEpX -
IIMX KOJUIEKTHBHBIE (POHOHBI, KOTOPhIE CHJIbHEE B3 UMOJEHCTBYIOT CO CJIOXHBIMU
KOH(Uryp nusMu. BriosHe BO3MOXHO, YTO 3TO NMPHBEAET K P CLICIUICHHUIO MSATON
OIHO(OHOHHOW KOH(UIYp LMK W yMEHBLICHHIO ®HEPIrHU BO30YXIEHHs, MpHUOIIH-
X 1 K BHEPTHM 2 -COCTOSHMS B SKCTIEpUMEHTE.

Jlng oKTynonmbHbIX Bo3Oyxiaenuil B 144Nd MbI MMeeM TONBKO Be OAHOGO-
HOHHBble KOHpuryp muu Huxe 4 MaB. IlepB 4 U3 HUX — KOJUIEKTHUBH 4 C
B(E3) = 2,3-10° €2 - dm® u nmeer snepruio Bo36yxenus 2,350 MaB; BTop 4, B
OCHOBHOM JIByXKB 3M4 CTHUH 4, ¢ E, = 3,369 MaB u B(E3) = 9,8-10% ¢2-¢m°.
ITpu yuete B3 MMOIEHCTBUS CO CIIOXHBIMH KOH(UTYP LUSMH YHCIIO OKTYIIOJIBHBIX
cocrosHuil Huxe 4 MsB Bo3p cr er no nsatu. Cp BHEHUE pe3yibT TOB p Cue-
T U 9KCIEPUMEHT JIbHBIX 1 HHbIX U3 (e, e’)-pe KUMM MOJOXEHHs M 3H YCHHi
B(E3) mis OKTYHOJBHBIX COCTOSHHMIA MpeacT BiieHsl B T 6. 3. CremneHp cMe-
IIMB HHUS OJHO-, JABYX- U TPEeX(POHOHHBIX KOH(UIYp LI B BOITHOBBIX (PYHKIMAX
37 -cOCTOSHHUI 3H 4uTeNbH . 719 HUX HIIEero 3~ -COCTOSHUS OOHO(OHOHH S KOM-
MOHEHT $BigeTcd JoMuHupyoueit (56 %), HO B BOJIHOBOW (PYHKLUU Il XK€ 3TOrO
cocTogHUS NpUCYTCTBYeT 31 % nBYX(pOHOHHBIX U 7 % TpeX(POHOHHBIX KOH(HIY-
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p Luil. B cTpyKTypy BCeX OCT JIbHBIX 3~ -COCTOSIHMM OCHOBHOW BKJI JI [l 10T JIBYX-
thoHoHHBIE KOHGuUryp 1mu (10 60 % B ciyd € 35 U 35 ) ¢ GONBIIOH MPUMECHIO,
6omnee 15 %, Tpex(pOHOHHBIX.

Yerbipe 37-cocTosuus B 14*Nd 6bUn 06H pyXeHb B 9KCIIEPUMEHTE 10 He-
YIPYIOMY P CCESHUIO BIEKTPOHOB, COOTBETCTBYIOIME UM 3 PSIOBbIE MEPEXOIHbIE
IUIOTHOCTU TIpeACT BieHbl H puc. 2. [lepexomHsle IUIOTHOCTH BCeX 3THUX CO-
CTOSIHUM MMEIOT NMOJOOHYI0 (pOpMY, HO P 3HYIO MIUTMTYIQY. DTO SBJSETCS BIIOJ-
HE €CTECTBEHHBIM, IIPUHHMM g BO BHHM HHE TOT ¢ KT, 4TO (pOpM II€pEXOIHBIX
IUIOTHOCTEH BCEX 3TUX COCTOSHMI ONpefesnsercsd, K K MOK 3bIB 0T H IOIU P cYe-
TBI, JIUIIb (POPMOIl HIX Hieil 0oaHO(OHOHHOI 3~ -KOH(Uryp IHH, MIUIATY]
MIPOMOPLMOH JIbH BKJI Iy 9TOW KOH(UIYP LM B BOJHOBYIO (PYHKIHIO K KIOTO
U3 HUX.

K x u 11 cocTodHUN ApYruxX MyIbTUIIONBHOCTEH, 9KCIIEPUMEHT JIBHO U3BECT-
HOE p ClIpefielieHHe CHITbI FeKC JIeK TOJIbHBIX Mepexosos B 144Nd BechM Hemnoxo
BOCIIPOM3BOJUTCS B H mmeM p cyere (cM. T On1. 3). M3BnedeHHbIe U3 9KCIIEPUMEH-
T 3 pAJOBbIE NEPEXONHBIE INIOTHOCTH 41 -COCTOSIHMIA B BTOM SIpe MPEJACT BIIECHHI
H puc. 2. ®opM NepexoaHbIX INIOTHOCTEH YpOBHEW, OOH PYXEHHbBIX IPH DHEp-
ruu Bo36yxnenus 1,305, 2,109 u 2,451 M»B, H X0OmITCS B HEIUTOXOM COINI CHH C
TUTOTHOCTSIMHU ISl IPEJICK 3bIB €MBIX, COOTBETCTBEHHO, 41 -, 45 - 1 4, -cocTosHuil.
IlepBele 1B 13 HUX B K YECTBE OCHOBHOH KOMIIOHEHTHI COAEPXK T HIUX HINYIO OX-
HO(OHOHHYI0O KOH(UTYp IIMIO C BKJI JIOM, COOTBETCTBeHHO, 40 % u 45 %. Cun
9TON KOH(UIYp LM P CIICIUIIETCS, B OCHOBHOM, M3-3 B3 HUMOJEUCTBUS C ABYX-
donouHoit Konduryp meit [27 ®27 4. B 2Nd mux i g no sHeprun ayxdo-
HOHH 51 KoHuryp 1ms [2] ®2]],+ p CONOXeH 3H YMTEBHO BbIlE HUX HINEl
0MHO(OHOHHO} KOH(UIYp IuU 47 ; B pe3ylbT Te HUX mee 41 -cocTosHue ABIA-
eTcd Mp KTMYECKH OTHO(OHOHHBIM, YK 3 HH 4 JBYX(OHOHH § KOH(UIyp LU
CMEIIUB eTCsl, IJ1 BHBIM 0Op 30M, C YETBEpPTOil OJHO(YOHOHHOW KOH(UIYp LHeid,
P CIIONOXeHHO# 6113K0 10 3Hepruu, popmupys 47 - u 47 -coctosnus. B 144Nd s
PE3YJIBT Te CYIECTBEHHOTO YMEHBIIEHUS SHEPTUN HUK Ml 0HOPOHOHHO# 27 -
KOH(Uryp MM OBYX(POHOHH I KOH(UTYp LU [2;r ® 2f]4+ OK 3BIB €TCs BOJH3H
OIHO(OHOHHOM 4f-KOHqDHryp LY, U3-3 CMEILLUB HUS C KOTOPOM BO3HUK IOT 4f-
u 4; -COCTOSIHHA C TOXO0Xel (opMOil 3 psIIOBOI MEePEeXOAHOM IITOTHOCTH.

IlepexonHol MIOTHOCTH ypoBHS C ®Heprueit 2,451 MsB Hemnoxo cooTBert-
CTBYET IIIOTHOCTH 4 -COCTOSHMS, HMEIOIIETO MPEMMYIIECTBEHHO HEKOIIEKTUBHYIO
TpeThio onHO(OHOHHYI0 KoH(uryp mmo. CocTosHue 4, Mo Bceil BHANMOCTH,
MpOCTO He ObUIO OOH PYyXEHO B P CCM TPUB €MOM BKCIIEPUMEHTE H3-3 HeOOJIb-
woro 3H 4yeuus B(F4). Vpoeawo c sHeprueii 2,986 MsB, cyns no dopme ero
IIEPEXOHON MIIOTHOCTH, COOTBETCTBYET BOChbMOe 47-cocTodgHHe B H WIUX p cye-
T X. IIpuHEM 5 BO BHUM HHE TOT ¢ KT, YTO B 3KCIIEPUMEHT X IO HEYIpPyromy
P CCESHUIO NPOTOHOB M JIEMTPOHOB, CIIOCOOHBIX BBIENISATH Oosee cil Oble cocTo-
AU, GbUTO OOH pyXeHo ceMb (unm BoceMb) 41-cocrosuuii B 144Nd c sHeprueii
MeHbIie 3,7 MsB, mogo6HOe COOTBETCTBUE BBIIVISINT BIIOJIHE P 3YMHBIM.
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[MepexoaHble IIOTHOCTH ABYX 5 - U ogHOro 61-ypoBHeil, OGH pyXEHHBIX B
144Nd B (e, e’)-pe Kimu, T KXe TpeACT BIeHbl H puc. 2. TlepBblii 5~ -ypoBeHs ¢
sHepruei 2,093 MasB umeeT MOBEPXHOCTHBIA MHK NEPEXONHON ITIOTHOCTH, CBH-
JETeNbCTBYIOIIUI O €ro KOJJIEKTUBHOM NMPUPOJE, MK BTOPOrO YPOBHS C 9HEPIUEil
3,053 MsB cnuHyT BHYTpb gap npumepHo H 1 ¢wM. H mm p cuets! npenck -
3bIB 10T IECTh 5 -COCTOSIHUI ¢ ®Heprueil MeHpiie 4 MsB. ®opMmy mepexosu-
HBIX IUIOTHOCTEH 97 -, Oy - U Dz -COCTOAHMMU OIPENEIET B OCHOBHOM IIOTHOCTD
HUXK Hedl ogHO(POHOHHOM KOH(UIYp LIMH, CWIBHO p C(pp I'MEHTHPOB HHOH IO
3TMM COCTOSIHUSM B PE3yJIbT Te B3 MMOJeHcTBUs ¢ Konduryp musmu [2] @37 ]5-,
27 ®57]5- u [3] ® 47]5-. CMellleHre M KCUMYM MEPEXOHON MUIOTHOCTH
BTOPOTO COCTOSHUS BHYTPb SIp CB3 HO C JECTPYKTHBHOM NPHUMECHIO BTOPOM OfI-
HO(OHOHHOM KOH(UTYp LU B BOTHOBOUM (DYHKIIUHM 3TOTO COCTOSHUS. EMUHCTBEH-
HbIi 67 -ypoBeHb, OGH pyXEHHBIH B Pe KIMH HEYNPYTOrO P CCESHUS BIEKTPOHOB,
COOTBETCTBYET BTOpoMy 61-coctostHuio B H mux p cueT x. CocTosnue xe 67
¢ sHeprueil 1,822 M»B H xomurcs B COOTBETCTBUU C 6f-ypOBHeM [P SHEPIUH
1,791 M>3B, 3 perucTpupoB HHBIM B pe KLHSIX HEYIPYroro p CcesHus MPOTOHOB
u nedTpoHoB [15].

OCHOBHBIE TPYIHOCTH IIPU OIUC HUM MEPEXOAHBIX AP, IPUMEPOM KOTOPBIX
apngercd uzoron 46Nd, B H mem moaxose cBA3 Hbl ¢ 04EHb CHIBHBIM B3 MMOJIETi-
CTBHEM MEXIY p 3JIUYHBIMH OHO-, JBYX- U TPEeX(hOHOHHBIMU KOH(UIYp LUSAMU.
CuIlbH $1 CBS3b P 3JTMYHBIX KOH(UIYp LM TpeOyeT HeOOXOAUMOCTH BKJIIOUEHHS B
P CYET H CTOJBKO OOJIBIIOTO UX YUCT , H CKOJIBKO DTO BO3MOXHO. DTO H T JIKUB -
eTcsl H IpoOJIeMbl YUCTO BBIYMCIUTEIBHOTO X P KTep . [loaToMy B p cuer X juist
MePEXOHBIX SIEP MBI BRIHYXIEHBI ObUTH IIPUMEHSTH TOP 3710 OoJee KecTKoe obpe-
3 HHEe (POHOHHOrO 6 3UC , UCIIOJIB3yeMOTrO IPH IOCTPOCHUH BOJHOBBIX (DYHKIHIA
BO30YKIEHHBIX COCTOSIHUI, HEXENTM B P CUET X, MPEACT BICHHBIX B MPEIBIIYIINX
p 3zmen x. IIpoBong o6pe3 HUe 6 3UC , MBI CT P JIUCh UCIIONB30B Th BCE OCHOBHBIE
KOH(UTYp LIMH, KOTOPbIE MOTYT I B Th 3 METHBIH BKJI A B CTPYKTYpPY COCTOSIHUI
C sHeprueil Bo30yxkaeHus Menbine 3 MaB. B pesynbT Te npu uzydenuu 4°Nd [9]
Bce oqHO(oHOHHbIe KOoHGuryp min ¢ F; < 4,0 MaB, KoTOpble BHOCAT OCHOBHYIO
Y CTh MYJIBTUIOIBHON CHJIBI B M3y4 €MyI0 ®HEPreTHYecKylo o0l cTh, T KX€ B
GOIBILION CTENeHH ONPeleNsioT (opMy 3 PSIOBBIX MEPEXOAHBIX MUIOTHOCTEH BO3-
GyKIEHHBIX COCTOSIHHIA, M ABYX(pOHOHHBIE KOH(uryp wwu ¢ E, < 5,5(6,0) MsB,
onpenendgionye Gp IMEHT LU0 ONHO(OHOHHBIX KOH(UIYp LUl 110 HU3KOJIEXK -
MM COCTOSIHMSIM, OBUTM BKJTIOYEHBI B HEIIOCPEICTBEHHBIE P cueThl. MBI T KXe
y4Id TpeX(OHOHHble KOH(UIYp LMH, ITOCTPOEHHBIE U3 HUX HINUX KOJJIEKTUB-
Heix 27, 37, 47 u 5= ogHOGOHOHHBIX KOH(Uryp muil. OueBMAHO, YTO MOTOGHOE
o6pe3 HUe (POHOHHOTO MPOCTP HCTB IPHUBOAUT K OTP HUYEHHSM MPUMEHHMOCTH
P CYETOB K SIAp M C CHJIBHOH CBS3bI0 KOH(UIYpP LM, OCOOEHHO I COCTOSIHHUI
¢ Gombeil sHeprueil Bo3Oyxnenns. CliencTBHEM SBIETCS MOTEps HEKOTOPBIX
cll OBIX COCTOSIHMI M HENOOIEHK OOIIEero 4uci BO30YXHIEHHBIX COCTOSHHH p 3-
JIUYHON MYJBTUIONBHOCTH. OfH KO B pe KILHUH HEYNPYIOro p CCESHUs IeKTPOHOB
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T o 4. DHepruu Bo30YXKIeHHs W NPHBeJEHHbIE BepoATHOCTH B(E)\)-nepexoaos B

146Nd
DKcrnepuMenT Teopus DKcrepuMenT Teopus
E., B(EN. | Ea, | B(EN, E., B(EN. | Ea, | B(EN,
MosB e?. @MZAJFZ MoaB e?. d)MZAJFZ MoaB e?. ®M2X+2 MoaB e?. d)MZAJFZ
2F _cocrostaust 47 -cocrostaust
0,453 6,91-10% | 0,565 | 5,44-10° 1,044 1,50-10% | 0,870 | 1,42-10°
1,303 1,640 | 2,42.10% 1,747 3,61:10 | 1,590 | 2,33-10°
1,470 6,8-102 | 2,150 | 1,06-10° 1,919
1,789 2,369 | 1,84-10! 1,987 2,1-10% | 2,040 | 2,19-10°
2,490 | 2,66-1072 2,340 | 1,64-10°
1,977 2:10% | 2,600 | 2,08-102 2,622 3.10° | 2,450 | 1,98-10°
2,198 2,980 | 1,82-102% 2,935 1,6-10° | 2,520 | 1,83-10°
2,665 1,68-102 | 3,380 | 9,77-10! 2,580 | 1,15-10°
2,976 6-101 | 3,430 | 2,80-102 3,010 | 1,29-10°
37 -cocTosHUS 57 -coCcTOSHUS
1,190 3,52:10° | 1,150 | 1,62-10° 1,517 2,64:10% | 1,670 | 1,91-108
2,339 5,1-10* | 2,380 | 5,34-10* 2,570 8,5-107 | 2,520 | 5,25-107
2,530 2.10% | 3,010 | 492-102 2,748 2,93-107 | 3,120 | 4,52-107
2,690 5.10% | 3,180 | 6,26-10% 2,877 3,170 | 1,39-107
2,807 3,390 | 3,71-10* 2,915 47-107 | 3,510 | 1,97-107
2,822 3,840 | 1,05-10* 3,000 2,7-107 | 3,810 | 1,83-107
2,850 2.10%

BO30YXKJl I0TCS IIPEUMYLIECTBEHHO YPOBHH C 3 METHBIM BKJI JOM OJHO(OHOHHBIX
KOH(Uryp Luil, T KuM 06p 30M, HUCIOJIb3yeMblE OIP HUYEHHs BBILTISIAT P 3yMHbI-
MM TIPU ONMC HUM 3KCIIEPUMEHT JIbHBIX JI HHBIX, TIOyYEHHBIX B (€, €’)-pe Kuuu.

OTHOCHUTENLHO MPOCT 5 K PTUH CTPYKTYPhI SAEPHBIX BO3OYXIEHHil B TepMU-
H X OJHO- U MHOTO(OHOHHBIX KOH(UIYp LMii, MMEIOII I MECTO JUI TOMYM IH-
yeckoro m3oron 42Nd, B ciyu e nepexomsoro sup  46Nd cunbHO m3Mensercs.
CUIIbH 8 CBSI3b P 3/IMYHBIX KOH(UIYp LMil IPUBOIUT K CYyLIECTBEHHOH (hbp IMeH-
T LMY CUIBl ONHO(OHOHHBEIX KOMIIOHEHT 1O GOJBLUIOMY YHCITY BO3OYXKIEHHBIX CO-
CTOSIHMIA, B PE3yNbT T€ NP KTHYECKH BCE COCTOSHHS B IEPEXOMHBIX SAP X, P C-
CM TPHUB eMble HIXe, UMEIOT OYeHb CIOXKHYI0 CTPYKTypy. I1osToMy MBI 06Cyanm
TOJILKO OCHOBHBIE MOMEHTBI TIPU CP BHEHHH PE3y/bT TOB H HIMX P CYETOB C DKC-
IIEPUMEHT JIbHBIMU ]I HHBIMH, IIDM 3TOM CBA3b C P CYET MM, BHIIOIHEHHBIMH B
P MK X OJHO(OHOHHOIO IPUOIMXeHus, OGyIeT OyLIEH .

B T 671. 4 IpeiCcT BIEHB! Pe3yabT Thl H LIUX P CYETOB CIEKTD U HPUBEIEH-
HBIX BepOsITHOCTEH BO30yxaeHus B(EN) [l COCTOSHUN ¢ MOMEHTOM M YETHOCTBIO
2%, 37, 4% u 5~ B aape “SNd. Ing cp BHeHHa B 3TOil T GnMMIE T KXe IIpHBE-
JIeHBbl KCIIEPUMEHT JIbHbIE I HHbIE, [OJyYeHHbIE U3 pe KLUM HEyIPYroro p cces-
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T T T T T YT T b1 ] o s s e e e s e 3Ir-T T T T T T '+I T
of 2r 4
0,45 M»B 1,04 MaB1

9
2,75 MsB

Puc. 3. To xe, uto u H puc. 1, 119 BO30YXIEHHBIX COCTOSHUH B 146Nd

HUS DJIEKTPOHOB. 3 PsIOBbIEe HEPEXOIHbIE IJIOTHOCTH BO30OYXIEHHBIX COCTOSHHIA,
n3BieyeHHble U3 ¢opMd KTOPOB 1 HHOM pe KLUH, IPEICT BIEHBl H puc. 3 B
Cp BHEHMH C PE3YyJbT T MH P CYETOB.

DKCIEpUMEHT JIBHOE P CIpefienieHne cumbl 21 -cocrogumii B aape ““6Nd ne-
IUIOXO Mepe eTcd B H 1ieM p cyeTe. Teopus Mpeack 3bIB €T CYIIECTBOB HHUE TPeX
CWIBHBIX 27-cocTOSHMII, HMMEHHO 21*', 2; u 2+, U TpexX ¢l ObIX, OOH pyXeHHe
KOTOpBIX B (€, €’)-pe Kuuu Kp iHe 3 TpyaHeHO. Cp BHEHHE SKCIEPUMEHT JIbHBIX
M P CCUMT HHBIX MEPEXOIHBIX IMIOTHOCTEH 27 -COCTOSHMS YK 3BIB €T H TO, YTO
B msorone ‘*Nd mpucyrctsyer adext nedopm mum. Xots opMm  HepexomHoi
IUIOTHOCTH XOPOIIIO BOCITPOM3BOIUTCS B p CcUeTe, 3 HCKJIIOYEHHEM HEKOTOPOHl Ie-
PEOLIEHKH MIUTMTYbI BHYTPEHHETO MUK , IPUYMH KOTOPOW H M XOPOILIO U3BECT-
H , M KCHMyM IOBEPXHOCTHOTO UK B ®KCIEPUMEHT JIbHOM MEePEeXOIHOH IIOTHO-
ctu caBuHyT H 0,15 ¢M 1m0 cp BHEHHIO ¢ p cCUMT HHOM. Onuc HHUE NepexOoqHOU
TIOTHOCTH 27 -ypoBHSI T KXe Xopoutee. OCHOBHOi BKJ 1 B CTPYKTYpY 3TOrO CO-
CTOSHUS J eT ABYX(hOHOHH si KoHcuryp mus (27 ® 4]+, KoTop s cMmern etcs
B 0071 cTb Oo0Jiee HU3KMX DHEPrHil B Pe3yjbT T€ B3 UMOUEHCTBHS C TPeX(POHOH-
HBIMM KOH(UTYp LusIMU. BKi1 1 1BYX(pOHOHHO! MepexoqHOH IUIOTHOCTU BHYTPHU
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AAp TOT LI €TCS B Pe3y/IbT T€ JAeCTPYKTHBHOM HHTEp(EepeHIIMU C APYTHMH KOMIIO-
HEHT MH, U OIPEEeIIIONM BKJI I0M B (hOpMy IUIOTHOCTH SIBJISIOTCS HEOOIBIIINE
IPUMECH OT KOJUIEKTHBHBIX IIEpBOM M BTOPOI OQHO(OHOHHBIX KOMIIOHEHT.

IMepexonH s IUIOTHOCTD 2g—yp0BHH He ObLT WM3BJIEYeH W3 1 HHbIX (e,e’)-
p ccednus m3-3 Onmsnex mero 41-ypoBHs, T.K. ero ¢opMc KTOp GbLl BhyIENEH
TOJIBKO [UIS1 YeThIpeX HILK HIINX 3H 4eHuil nepen HHoro ummynsc . OgH Ko cp B-
HEHHE C 9KCIIEPUMEHTOM H ypoBHEe (hopM¢ KTOPOB yK 3bIB €T H XOPOLIEE COOT-
BETCTBHE P CUET BKCIEPUMEHT JIBHBIM J| HHBIM. B 11e710M, onvc HHe KB JpYyNONb-
HBIX COCTOSHHI 1O ®Hepruu mnopsak 2 MsB BnomHe ygoBIeTBOPUTENBHO. XOTH
HEKOTOpbIe YK 3 HUS H NPUCYTCTBHE eopM LMK OTMEY I0TCA MO IMOBEICHHIO
TIepeXONHOii TMIOTHOCTH 2 -ypOBHS, JpyrHe KB APYNOJBbHBIE COCTOSHHS, B OCO-
GEHHOCTH 2 -ypOBeHb, OTBEY 10T YHCTO BUOD IMOHHON K PTHHE BO3GYXKIEHHS.
Hekortop g mepeoneHK B p cyeTe HEpruil Oosiee BBICOKOJEXK IMUX COCTOSHHNA
MMeeT TOT Xe TMOPAI0K BEJTMYMHBI, 4TO M B MOMyM TudeckoM sape 142Nd.

I OKTYHOJBHBIX COCTOSHHUII MEepexojHble IUIOTHOCTU TOJIBKO IBYX YPOB-
Heil ¢ sueprueit 1,190 u 2,339 MsB GObutn u3BieveHs! u3 gopmd Kropos (e, e’)-
p cceqnus. OOGe ®TH INIOTHOCTH, M300p XEHHbIE H PHUC. 3, UMEIOT OYEHb II0-
xoxylo ¢dopmy. C H JOrMYHONW CUTy LMeld MBI yXe CT JIKMB JIUCh IIPH P C-
cMOTpeHnu 3~ -coctosgnuii B 4Nd. TlpuuuH 371ech T Xe C M f, MMEHHO
H JIM4YMe eIUHCTBEHHON KOJUIEKTHBHOHN 3] ONHO(OHOHHON KOH(UIYp LU B HU3-
KO®HEPreTHYeCcKOoil 00J1 CTH, NPUMECh KOTOPOIi SIBJISIETCS OINpeessionei s pe-
3yJIBTUPYIOLIMX NEPEXONHBIX INIOTHOCTEW 3~ -ypoBHeH. B 4 cTtHocTH, mid 3] - u
3, -cocTosHUil 3T KOH(Uryp 1y H ubojee CWIbHO CMEMIUB eTCs C AByX(POHOH-
HOil KoHuryp mueii 27 ® 37 ]3-. H W p cueT mpejcK 3bIB €T TOMBKO LIECTh
37 -cocTogHMii ¢ Heprueil Huxke 4 MoB, 3H YUTETbHO MeHbINE, YeM H3BECTHO
U3 KcrnepuMeHT . T Ke HEeJOOLIEHK 4YHCI COCTOSHHI B p CueTe MMeeT MEecCTO
u B 144Nd. OnauM u3 0ObAcHeHHUil MOXeT OBITH TO, YTO I A7ep C He3 MKHY-
TOW OOOJIOUKOHM p CYEThHI cieAyeT NPOBOAUTH 10 3Hepruil Bbimie 4 MsB. Jpyrum
0OBSICHEHHEM MOXET CIyXHTh (b KT 00pe3 HHs MHOrO(OHOHHBIX KOH(HUIYp LU
B HEIOCPEACTBEHHOM p cyere. B menom p ciupenue (poHOHHOro 6 3UC  JOJIK-
HO TPHBECTHU K BBIT JIKUB HHIO IIPOCTHIX KOH(UTYp LMl B 00 CTh Gosee HU3KUX
9HEpruil. DTO NpUBENET K YBEIMYEHHIO YUCII OKTYHMOJIBHBIX COCTOSHUI B P CCM -
TPUB eMOH 3HepreTndeckoil 061 ctu. C Ipyroil CTOPOHBI, 3TO HE JOKHO CHIIBHO
W3MEHHUTh CTPYKTYPY HUX HIIMX OKTYIOJBHBIX COCTOSHHH, T K K K B 00JI CTH HX
JIOK JIU3 LM MBI Y4IM BCe BO3MOXHbBIE KOH(UIYyp LHUH.

T'ekc ek mombHble cocTostaus B *46Nd 0671 1 10T psoM MOGOMBITHEIX 0CO-
6eHHOCTel. Bo-nepBbIX, 3 psI0B 5 MEPEXOIH $ ITIOTHOCTh 4f-ypOBH;I uMeeT M K-
CHMYM [I Xe IpH OONbIIEM 3H YEHHH 7, HEXEIN IUIOTHOCTh 2f-ypOBHﬂ. DTO0 CHOB
YK 3bIB €T H IIPUCYTCTBHUE IIOJIOXKUTEJIBHOIO I'€KC JEK IOJIBHOTO MOMEHT 3TOrO
SJIp , YTO COIVI CYeTCs C Pe3y/IbT T MH P cueT B p 6ote [16], mpeack 3bIB IOLIH-
mu 3H dyenue B4 = 0,056 wia p ccM TpuB eMoro sap . Bo-BTOpbIX, epexonH g
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TUTOTHOCTH 47 -ypoBHS MMeeT hopMy, MOJOGHYI0 MIOTHOCTH 4 -ypoBHS, HO ee
M KCUMYM CIBHUHYT BHYTpb siip H BenuuuHy 0,7 ¢wm. B-Tperbux, rekc nex -
nonbH s cu1 47 -yposHs Gonee ueM B 1B p 3 Gosbie, yeM y 4] -yposus. Ilo-
CKOJIBKY ehOpM LS IOBEPXHOCTH P HE BKJIIOYEH B H Iy P CUYETHYIO CXEMY,
MBI HE MOXEM IpEeTEeHIOB Tb H IepBblie OB 3(dekT . YTo K C eTcd TpeThero
U3 HUX, TO P CYET T KXe MpelcK 3bB eT Gombluee 3H ueHue B(E4) mis Bro-
poro 4T-cocTOSHMS MO Cp BHEHUIO C NEPBBIM. IIpMYMH KpOETCS B CTPYKTYype
®THUX COCTOSHHU. B pe3ynpT Te B3 MMOAEHCTBHS C TPeX(POHOHHBIMH KOH(UIYp -
LUSMH TIOJIIOC IBYX(POHOHHOM KOH(Uryp LUU [2;r ® 2f]4+ CUJIBHO CIOBUI €TCH C
3,75 mo 1,04 M»sB, T.e. HuXe sHepruM HUX el 47 ogHOGOHOHHON KOHGU-
ryp mau 2,030 MsB. Drto mpuBoguT K Tomy, uto 47 -coctosnue umeer 50 %
IBYX(hOHOHHBIX KoH(uryp muil u 30 % Tpex(pOHOHHBIX, HECMOTPS H HU3KYIO
SHEpIUI0 BO30YXIeHus 3Toro coctosHus. H mpotus, 43 -cocTosnue X p KTepu-
3yercsl BKJ A0M, p BHbBIM 20 % OT HMX Hiueld OAHO(OHOHHOH KOH(UIYp LHUH,
45 % ot [2;r ® 4f]4+ -KoH(uryp uuu (T Kxe cMmeuieHHol ¢ 3,46 no 1,81 MsB) u
20 % BKJ1 10M OT Tpex(hOHOHHBIX KOH(Uryp 1uif. OCHOBH § 4 CTh CHJIBI HUXK M-
mweil ogHO(OHOHHOH KOH(UIYP LUU COCPENOTOYEH H TpeTheM 4T -coCTOSHMU.
DTOMY TpeTbeMy 4T -COCTOSHMIO MOXET OBITh COMOCT BJEH YPOBEHb C DHEPIHEN
1,987 MaB. IlepexomH g INIOTHOCTH IS ®TOTO YPOBHA He ObLT W3BIEYEH U3
dopmd KTOp pe Kimu u3-3 TpUMecH GIU3EX 1Iero 27 -ypoBHs, OH KO cp B-
HEHHUEe 3KCIEePUMEHT JIbHOro opmep KTop ¢ opMmp KTOPOM, P CCUUT HHBIM C
HCTIONb30B HUEM TMEPEXOHOM MIOTHOCTH 45 -COCTOSAHHS, TIOMHOCTBIO CBUJIETENh-
CTBYET B IIOJIb3y 3TOTO COIOCT BJICHUS.

JInst ABYyX COCTOSIHMI ¢ MOMEHTOM M YE€THOCTBIO 5~ OBUT IIONydeH 3KCIIepH-
MEHT JIbH 3 PA0B S IIEpeXOAH § IUIOTHOCTb. [lepB s M3 HUX, COOTBETCTBYIOII 5
coctosiHuIo ¢ aHeprueil 1,517 MaB, uMeer M KCUMyM TIIpH OY€Hb OOJBIIOM 3H -
YEeHUH 7, K K U B CIIyd € HUX HIIero rekc AeK MoyibHOro cocroduus. IlnoTHoCcTh
e cOCTOSHMA ¢ sHeprueil 2,748 MaB nmeeT MoBepXHOCTHBIM M KCUMYM IIpH 3H -
YEeHUH 7", COOTBETCTBYIOLIEM C(HepUUECKOMY NPEACT BICHUIO 00 M3yd eMOM sjpe.
CTpPYyKTyp P CCUUT HHBIX 5~ -COCTOSHHMIA OueHb cIOXH . Hux #m 4 ogHOGOHOH-
H 9 5~ -KOH(UTYp Ui NP KTHYECKH HOPOBHY P CIPEAeNeH MEeXIy COCTOSHHUIMU
51, 55, 53 - n 55 . IIoMHMO BTOro K XJI0€ COCTOSHUE COAEPXKUT npumepHo 50 %
1BYX(hoHOHHBIX U 20 % Tpex(pOHOHHBIX KOMIIOHEHT. ENMHCTBEHHBIM HUCKITIOYEHH-
eM fBIIIeTCA COCTOAHME 5, , MpelcT Biflollee coOOil P KTUYECKU YUCTYIO BTO-
pyoo onHO(OHOHHYI KOHGUryp L. OUYeBHAHO, YTO TEOPETHYECKOE OIUC HUE
COCTOSIHMI 5~ O4YeHb YyBCTBHTEIBHO K BHIOOpPY O 31MC OHHO- M MHOTO(DOHOHHBIX
KOH(UTYp LU M TEM C MBIM CITyX)KUT XOPOIIUM TECTOM IPUMEHHUMOCTH UCHONb3Y-
eMOoro KOH(Uryp IMOHHOro mpocTp HCTB . Comll cHe ¢ ®KCIIePUMEHTOM OTHOCH-
TEJIBHO p CIIpedesieHus] CWIbl E5-nepexoqoB MO HU3KOJIEX UM 5~ -COCTOSHUSIM
BIIOJIHE YIOBJIETBOPHUTEIbHO. H sHuie OTHOCHTENBPHO CHIIBHOTO HUX HIIEro 5 -
COCTOSIHHSI M HECKOJIbKUX Goiiee i1 ObIxX, mpuMepHO ¢ p BHbiME B(ED5), cocros-
HU ¢ Oonbliell dHeprueil Bo3OyxueHus nepen ercs B p cdyere. T KXKe HEIUIOXO
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nepen ercss U (GOpM  MEePEeXOIHON IIOTHOCTH JUISl 9KCIIEPUMEHT JIBHOTO YPOBHS C
sHepruei 2,748 MoaB.

B 1e710M MBI TPOIEMOHCTPUPOB JIM, YTO MUKPOCKONMYECKHE P CUETHl, O 3H-
pyomuecs H ceprIecKu-CHMMETPUYIHOM CPEIHEM I10JIe, MOTYT OBITh IIPHMEHEHEI
C HEKOTOPBIMH OTOBOPK MM JUISl P CUET CBOWCTB HU3KOJIEX IIUX COCTOSHUH B Ie-
pexoaHbIx syip X. CTPYKTyp Ip KTHYECKH BCeX BO30OYXXICHHBIX COCTOSHUH IpH
9TOM IOJIY4 €TCsl OYEHb CIIOXHOH, NePeXOIHbIE ITIOTHOCTH HEKOTOPBIX COCTOSIHUIM
YK 3bIB 10T H TPHCYTCTBHE Ae)OpM IIMH, HO OOIINE YEePTHl P CIIPEIeSICHUS CHIIbI
OIHO(OHOHHBIX KOH(HUIYp LU p 3yMHO Iepel I0TCSI B P CYETe IPU HCIOJIB30B -
HHH JIOCT TOYHO OOJMBIIOro 6 3uc MHOrO()OHOHHBIX KOH(HUIYp ILIHI.

[ToMHMMO LIEMOYKH M30TOIIOB HEOOMM 3 DsIOBbIE TIEPEXOIHbIE ITIOTHOCTH HU3-
KOJIEX INUX BO30YXIEHHBIX COCTOSHHMH OBUTM p cCUUT HBI B p MK X KOM s
angep 118Sn [17], 140Ce [18], #2Ce [19] u 9Pt [20]. P cuerhl mis 3TUX giep
T KX€ MMOK 3 JIH, YTO UCIIOJIb3yeM sl MOAEINb J €T XOpollee KOJINIeCTBEHHOE OITH-
C HUE MMEOIINXCS 3KCIIEPUMEHT JIBHBIX I HHbIX. CTPYKTYp W BJIEKTPOM THHT-
HbIE CBOMCTB HHU3KOJIEX IIMX COCTOSHUIA B IPYTMX IMOJIYM TMYECKHX SApP X BM C-
coBoii 001 ctu A ~ 140 uccnenoB juch T Kxe B p 6ore [21] B p Mk X KOM ¢
WCIIOJIb30B HHUEM BOJHOBOM (pyHKLUU (7).

3. PACIIPEJEIIEHHME CWIbI H30CKAJIAPHBIX EMN-IIEPEXOJOB

DKCHEepUMEHT JIbHBIE J HHbIE, MOJy4eHHbIE B pe KIHIX HEYNpYyroro p cces-
HHUS TPOTOHOB M JIEMTPOHOB, SBJIAIOTCA B HEKOTOPOM CMBICIIE TONOTHUTEIBHOI
UHGOPM IHel 10 OTHOIICHHUIO K ]I HHBIM, M3BIEYEHHBIM U3 pe KLUH HEYNpPYroro
p ccesHus anekTpoHoB. K K MoKk 3 sm mccnenoB Hus B (e, €’)-pe KUUH C BBICO-
KHM D 3pelieHueM, Ciil E\-niepexomoB B CPeIHUX M TSIXKENBIX SIP X 3 METHO
p cthp rMeHTHpPOB H . B CBA3u ¢ »TUM IeT JibH S UHGOPM LU O cll ObIX CO-
CTOSIHHSIX, T.e. COCTOSHHUSIX, X P KTEpU3yeMbIX HeGONbLINM 3H ueHueM B(EN),
He MOXeT ObITh [OJIy4eH H3 I HHBIX (e,e’)-pe KUUU U3-3 P AU LUOHHOTO XBO-
CT OCHOBHOTO COCTOSIHMSI M ONM3NIEX INMX KOJUIEKTHBHBIX ypoBHei. H mporus,
SAEpHbIE pe KUUU C JPOHHBIMH 4 CTHI MH (4 CTHIl MH, B3 WMOAEHCTBYIOIIUMHU
C MUIIEHBIO TTOCPEACTBOM SIEPHBIX CHIT), MPUBOLIIINE K BO30YXIEHHIO SAp I10-
PAOK HEecKONbKHX M3B, B KOTOPBIX 3KCHEPUMEHT JIbHBIE CIIEKTPHI MPEICT BISIOT
co00il H 6Op JAUCKPETHBIX JIMHUIA, HE MOJBEPXEHBI BIUSHUIO OCHOBHOIO COCTOSI-
HUS, BO3HHK [OINETo M3 p 37MYHBIX (PU3HYECKHX MPOIeccOB. TeM ¢ MbIM I HHBIE O
p cupenenenun cwibl E3- n E4-nepexonoB MOIydeHs! I71 BHBIM 00p 30M M3 P C-
CestHHs TIONOOHBIX 4 CTHI[ U B 0cObeHHOCTH U3 (p, p')-pe kumu [22-24]. C gpyroit
CTOPOHBI, IOCKOJBKY SJepHOE B3 UMOJCHCTBHE MEXAY Y CTUI] MU MYYK M MHUIIIE-
HU BKJIIOY €T B ceOs KOMIIOHEHTBI, OTHOCHINUECS K MPOTOHHOW U HEHTPOHHOM
CHUCTEM M 4p , pe KIMU C JPOHHBIMH 4 CTHIl MU JOTOJHSIOT 3H HUS, NOTy4YeH-
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Hble B (e, €’)-pe Kuuu, HHGOPM LHEH 0 HEHTPOHHON KOMITIOHEHTE BO30YXICHHBIX
COCTOSHUH TOMHBIX SIIEP.

B 3TOM p 31ene MBI IpoBeneM cp BHEHHE P CHPEIENeHHs CHIIbl MEepexoioB
B(E)) B uenouke wuzoronop 142144146Nd, npenck 3piB emoit KOM u mony-
YEHHOI C TeMHU XK€ C MBIMHU BOJTHOBBIMH (DYHKLHMSIMH BO30YXKIEHHBIX COCTOSIHHIA,
KOTOpPBIE HCIIOJIb30B JINCh B INPEABLIYILEM p 3[eNie Ul p CYeT 3 PSIOBBIX Iie-
PEXOAHBIX IUIOTHOCTEH, C COOTBETCTBYIOIIUMHU BSKCIEPUMEHT JIbHBIMHU [ HHBIMH.
DKCrepuMeHT JIbHbIE 1 HHbIe ObUTH monmydeHsl H nukiiorpoHe KVI (I'poruaren)
B pe KLHUM HEYIPYIoro p CCesHHs NMPOTOHOB M JIEUTPOHOB MOJ P 3HBIMU YN MU
¢ sHepruel, cootBercTBeHHO, 30,5 u 50,6 MsB. B 3THX 3KCHepUMEHT X OBLIO
JOCTHTHYTO ®HepreTHdeckoe p 3pemiende 12+15 keB B (p,p’) u 15+22 kB B
(d,d")-pe xumsix. CIMH U 9€THOCTb BO30YXICHHBIX COCTOSIHUU OTpPEIe/sUIHCh U3
Cp BHEHMS MOBEIEHHS 3 BUCUMOCTH CEUYEHMS pe KLHUH OT Iepel HHOrO MOMEHT ¢
P CYET MH B P MK X METOA CBS3 HHBIX K H JIOB, BBIIIOJTHEHHBIMH IS P 3TTMYHBIX
3H YEHHH Iepel HHOTO MOMEHT .

Pe3ynbT THI p CYETOB p CHpEHENCHUs CHUJIbl MPUBEICHHOH BEPOSTHOCTH H30-
CK JIPHBIX TIEPEXOMIOB, K K (DYHKIIMU SHEpPruu Bo30yxueHus B aap x 142144.146Nq
IUI COCTOSHHME P 3JTUYHOM MYJIBTHIIONBHOCTH IPEACT BeHbl H puc. 4. H arom
Xe pHCYHKE MPUBEICHBI T KXe COOTBETCTBYIOIIHE SKCIEPUMEHT JIbHbBIC /I HHbIE,
U3BJICYCHHbIE U3 Pe KLHMU HEYIPYroro p CCesdHUs IPOTOHOB U AEHTPOHOB. DKCIie-
PHMEHT JIbHBIE Pe3ylbT Thl H300p XEHbI B BUIEC TOYEK, TEOPETHUECKHE P CUe-
THl — B BUIE BEPTUK JIbHBIX IMYHKTUPHBIX JHHHN. C LEbI0 JTy4lIero BOCIPUATHS
COOTBETCTBUS TPOCC-CTPYKTYP B P CIIPENETICHHH CHIIBI NEepeXxonoB K K IKCIepH-
MEHT JIbHbIE, T K U TEOPETHYECKHUE J HHbIE T KXe MPEACT BICHBI B BHJIEC CUITOBBIX
(pyHKIMI, TOTy4eHHBIX ¢ MpocuibHON hyHKIMEN B Buie p crnpenenenus I' ycc
¢ mupunoi 200 k3B. IIocKOJBKY MBI JET JbHO OOCYIWIH CTPYKTYPY HU3KOJIE-
K IMIUX BO30YXIEHHBIX COCTOSHMI B ®THX HU30TOI X B MpPEbIIyIIEM p 3Helle, MbI
Orp HHYUMCS 3[eCh JIMIIb KOMMEHT PHSMH OOLIEro X p KTep OTHOCHTEIbHO CO-
OTBETCTBUS TEOPETHYECKUX MPEACK 3 HUU U OKCIEPUMEHT JIbHBIX I HHBIX. s
uzoronos 44+146Nd, nomumo p cuetos B p MK X K®M, GbliH BHINOTHEHBI T KXe
P CYETHI B p MK X MOJENHU B3 umozencTByoiux 6ozonoB (MBB-1) [25]. Tlo mepe
0OCYXIICHHS Pe3yJIbT TOB MBIl P CCMOTPHM T KXe OOLIHe 3 KOHOMEPHOCTH U P 3-
JIMYUS B IPEICK 3 HUAX 9THX JABYX MOJEJICH Sap , YIUTHIB IOIIHMX B3 HMOIEHCTBUE
OJIHO- ¥ MHOTO(OHOHHBIX KOH(ULYp IIHHL.

H wubonee BbIp XeHHbIE MUKH B DHEPIETMYECKUX CIEKTP X COOTBETCTBYIOT
BO30yXIeHMI0 cocTosgHuii 27, 37 u 4. Bonbm 94 cTb F2-Cuibl CKOHIEHTPUPO-
BH H 2]-cocrosuuu c enmuunoit Bg(E2), Bosp cr tomeii ot 20 equnun B ii-
ckong B 42Nd 50 43 en.B. B *6Nd. B cMmplcie ucyepnbiB HUs SHEpreTHYecKH
B3BelIeHHOro Tip Bl cyMmM (DBIIC) M ccoB 5 3 BUCUMOCTh Pe3yJbT TOB IOp 310
Gornee c1 6 9. H c MoMm jene 2 -cocTosHHe BO BCEX M30TON X MCUEPIIBIB €T
67 % DBIIC, Bce ocT NbHbIE 2T -COCTOAHMS HMXE HEKOTOPOIl (PMKCUPOB HHOIA
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Puc. 4. P chpeienenne cUIBl M30CK NMAPHEIX FA-mepexonos B m3oronm x 42144146N(d p
equHHUL X B fickomd . DKcmepuMeHT JbHBIE pe3ynsT Thl M300p KEHBI B BUAE TOYEK U

CIUIOIIHBIX JIMHUH; TEOPETHYECKHUE P CYETHl — B BHJE IYHKTHPHBIX JIMHUH (CM. MOXpO6-
HOCTH B TEKCTE)

aHepruu Bo30Oyxuenus Ey — 4-+5 % DBIIC. UtoObl NpoBeCcTH HEKOTOPYIO CH-
CTEeM THKY VI P 3JIMYHBIX U30TOIOB H OKBHB JICHTHOM ®HEPreTUYECKOM YPOBHE,
MBI BBIOp JiM B K 4ectBe Fy Bennuuuy, p BHyl0 E(37) + 2,1 MaB.
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B p cmpenenenun cunel E3-mepexoloB T KXe JOMHHUpPYeT HUX Hinee 37 -
COCTOSIHHE C BEpPOSTHOCTBIO Hepexon oT 34 en.B. B 42Nd no 42 en.B. B ONd.
IMpouent ucuepnss HuA DBIIC HIK HImM 3 -COCTOSHMEM YMEHBIN ercd ¢ 7 %
B M2Nd 10 5 % B ¥6Nd, 1 apyrux 3~ -cocrosHumii Huxe Es BO3p CT eT
¢ 1,2 no 3 %. IlomoGHoe moBeleHUE MOATBEPXKA €T Pe3yIbT Thl MPEHbLIYIIIX
UCCTIeJOB HUI: MPU YBETMYEHHM YKCI B JIGHTHBIX Y CTUL KOJUIEKTMBHOCTh HHU3-
KOJEX IIUX COCTOSHUIM BO3p CT €T, U CYLUECTBEHH $ 4 CTh OKTYIOJBHOW CHJIBI
MePEXOANT C HUX HIIEro H ClIeQylInne 3 -COCTOSHUA. DTO mepep crpeneseHue
CHJIBl IIDOMCXOIUT TOJNBKO MEXJy 3; U COCEIHUMHU OKTYIOJIBHBIMU COCTOSHUS-
MH, He BKJII0OY s Oonee BBICOKOJIEXK LIHe, K K, H MpUMEp, HU3KODHEPreTHUECK Ui
OKTYMOJIbHBIN pe30oH HC. TeopeTuueckue p CYeThl A 0T MPOCTYI0 HUHTEPHpET -
LU0 3TOTO 4BJCHUS: p clpeleieHre cuibl F'3-mepexomoB Npu HU3KHUX 3HEPIHIX
BO30YXIEHHS MOJTHOCTBIO OOBICHIETCS K K pe3y/bT T (pp IMEHT LW HUX HINEro
3~ -conon wmmu f-6030on B MBB.

P cnpenenenne cunsl E'4-niepexomos uMeeT rop 3710 6olee CIOXHYI0 CTPYKTY-
py. Cocrosinue 41 061 1 et H uGonbiueit Beuunnoit B(E4) B 142Nd, B To Bpems
K K B '4Nd 5T BenMuUMH Cp BHUM C COOTBETCTBYIOLIEH BETHMUMHOIl 11 BTOPOrO
u Tperbero 41 -cocrodanus. B 6Nd nux iimee 47 -cocTosHue yxe BAB p 3 CII -
6ee, yem cienmyroniee. [TogoOHOE MOBeeHNE CBSI3 HO C ®BOMIOLMEH BO B3 MMOJCH-
CTBMHM OIHO- U JIByX(DOHOHHBIX KOMIIOHEHT B BOHOBOU (pyHKIMH 4T -COCTOSHMIA.
®p rMeHT 1us 41 -ypoBHEl 04EHb BHICOK ; BO BCEX SIP X KOJIMYECTBO COCTOSHUIA
C JI HHBIM CIIMHOM M YETHOCTbIO SIBJISIETCS H MOOJBIINM, YTO TOJIHOCTBIO COOTBET-
CTBYeT TeopeTHYeckuM mpeack 3 HusaM. [lomH g cun  FE4-nepexonoB Huxe Py
coct BiseT npuMepHo 2 % BBIIC.

DKCIEPUMENT JILHOE P CIIPEIENIEHHE CHITbI H30CK JIAPHBIX TlepexooB B 142Nd
u 4“Nd u xomuTcd B XOpOILIEM COOTBETCTBMM C TEOPETUYECKMMHM TPEICK 3 HHU-
amu. HeMHOro XyjiuM, HO Bee ellle TIpHeMIeMbIM, sBnsercd corl cue B 146Nd.
ITpuunHON yXyALIEHUS COIN CUSl ABISIOTCS TPYAHOCTH, CBSI3 HHBIE C YCHJICHHEM
B3 MMOJIEHCTBUS MEXIy OIHO-, ABYX- M TPeX(hOHOHHBIMH KOH(UIYp IIMSIMU BOI-
HOBOH (pyHKLMHM NPH HPHOIVKEHNH K 00JT CTH HEePEeXOAHbIX szep. DT mpobiieM
yXe 00CyXH 11 Cb B IIPEABIAYIIEM P 3JIeIe.

B p Mx x MBb xopouio BOCIIpOU3BOOUTCA CU1 TOJIBKO IIEPBOTO U BTOPOIO
BO30YXJIEHHBIX 2T -COCTOAHMIA, B TO BpeMs K K CHJI GoIlee BBICOKOJIEX IMX CY-
IIECTBEHHO HENOOLIEHUB €TCS. DTO HEyAWBHUTEIBHO, IIOCKOIBKY, K K TOK 3bIB IOT
p cuetsl B p MK X KOM, nipu sHeprusx soime 2 MsB 3 cuny E2-nepexonoB oT-
BETCTBEHHBI IpyTUe, HeXenn 27, omHooHoHHbIe KoHpuryp mun. [Ing MBB ato
9KBUB JICHTHO HEOOXOIMMOCTH BBEIEHHs IOTOJHUTENBHBIX d-0030HOB.

KomuyecTBo 37 -COCTOSHMIA ¢ 3 METHOW BEIMYMHOUN CHIbl F3-TIepexoioB He-
CKOJIBKO HUXE, YeM B 3KCIEepHUMEHTe, OJH KO IPOCC-CTPYKTYp P CIpedeIeHus
XOPOIIO BOCIIPOM3BOAUTCS B p cueT X. H mbosee 3 MeTHBIE HEOOCT TKH P cue-
T CBS3 HBl C HIK WIIUM 3~ -COCTOSHHMEM, CHJI KOTOpPOTO CHCTEM THYECKH He-
JIOOLIEHUB €TCs, IMPUYEM 3T HEJOOLEHK HOCHUT IPOIPECCHUBHBIA X p KTEp INpH
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MIPOIBICKEHUH IO LETNOoYKe H30TONOoB. [IpMuuH 31ech B ciedyolieM. 3 MKHYT S
N =82 obomouk BamseT H nbonee CWIbHO H FE3-niepexossl, MOCKOIBKY U3 CO-
00p XEHWH CNUH-YETHOCTh T KWE INEPEeXObl 3 MpEIIeHbl BHYTPH MOJOOOIOYKH.
D1y mpobieMy He yO eTcs yCTp HUTh IPOCTHIM H3MEHEHHEM MOAENBHBIX I P -
METpOB, UCIONb3yeMbIX B p cueTe. H ¢ MOM Jese, ¢ MOMOIIBIO T P METPOB MBI
MOXEM YCHWJINTh KOJUIEKTUBHOCTh HIXX MHIleil 0ogHO(OHOHHOH 3~ -KOH(UIYyp LUU
U YIAY4YIIUTh TEM C MBIM COIVI CHE C 3KCIEPHUMEHT JIbHBIMM [l HHBIMH IO CHJIE
E3-mepexonoB, HO 9TO NPUBEAET K TOMY, 4TO HUX Mimue 27 - u 4F-cocrostHus
OyZyT MMETh CIIMIIKOM M JIYI0 ®HEPIHI0 BO30yXaeHHs. DTOT 3(peKT SBIACTCS pe-
3yJbT TOM B3 MMOIEHCTBUS 2f 0IHO(OHOHHOI KOH(UTYp LIMU C ABYX(POHOHHOM
KOHGUTYp ekt [3] @37 |o+. M TPHYHBIHA 9IEMEHT 9TOTO B3 UMOICHCTBUS B U30-
TOIl X HEOAUM OYEHb BEJIUK M CUJIPHO 3 BHCHUT OT KOJUIEKTUBHOCTH K K OIHO-, T K
1 OBYX(pOHOHHOU KOH(Uryp Luu. To Xe ¢ MOe MPOUCXOOUT U C COCTOSHUEM 4?.

Jns 3~ Bo3OyXmeHHBIX cocTosHUN H mH p cyeTsl 1 MBB 1 1ot 60omee-menee
DKBHB JICHTHOE OIMC HUE, YTO JIETKO 00BbsicHUMO. MBB-1-sdf omuchkiB eT HuU3-
KOJIEX IIUe 3~ -COCTOSIHMS K K (Pp TMEHT LIMI0 CHUIIBI €JUHCTBEHHOTrO f-0030H ¢
npumecbto df win (sd - sf)-koupuryp tmii. A jgorudyHo KO®M ommchiB €T Te
KE COCTOSHMSA K K (hp I'MEHT LHMI0 HMX Hoied 3~ OfHO(OHOHHOW KOMIIOHEH-
Tl B Pe3yNbT T€ CMELIMB HHUS C IByX(DOHOHHBIMU KOMIIOHeHT Mu [2] ® 375,
27 ©57]s-, 37 @4{]s-, 37 @6{)5- ut. 1

Pe3ynpT Thl Cp BHEHHUSI TEOPETUYECKUX P CUETOB, BbINIOJHEHHbIX B KOM u
MBB, ¢ sKcriepuMeHT JIbHBIMU JI HHBIMH IUIS P CIpeieNieHHs cuiibl F4-nepexonoB
HOCAT CXOXMH X p KTep C p CHpelesieHUeM CHIbl KB JIPYIOJIBHBIX IMEPEXOIOB.
MBB-1-sdg BOCIIPOM3BOIUT CHITy HHU3KOJEX IMUX 4T -COCTOSHMIA, HO CHIBHO He-
JOOLEHUB €T ee Uil dHepruil Beimie 2,2 MaB. B wmenom comt cue p cueros,
BBIIIOJTHEHHBIX B P MK X K@M, ¢ 3KCHepUMEHT JbHBIMH JI HHBIMH 3H YUTEJIBHO
aydie. B H mux p cuer x p crpenenenue cuiibl F4-nepexogos 00ycioBIeHO HU-
X My mectbio 41 01HO(OHOHHBIMM KOH(MIYP LUMAMH. DTO CHOB SBIISETCH
CBHZICTEICTBOM HEOOXOAMMOCTH BBEIEHHMS JOMOIHUTENIBHBIX 0030HOB, MMEIOIINX
Ooee BBICOKYIO ®HEPTUio BO30yXHeHUs, 4eM d- U g-0030HHI.

4. HU3KOJIEXAIIIUE 1~-COCTOAHUA U E1-ITEPEXOABI MEXKIY
HU3KOJIEXKAIIIUMHA COCTOsSIHUAMUN

4.1. Hu3konex mme 1~ -cocrosiHusA B chepryeckux aap X. Huskomex mue
QIWIIONIBHBIE COCTOSHUS B C(epUIECKUX SAP X X p KTEpPHU3YIOTCS CBOWCTB MH, B
KOpHE OT/IMY HOIHUMUCA OT CBOMCTB HHU3KOJEX mux COCTOSITHUI ApYyrux MyJibTH-
MOJIBHOCTEH. DTO CBI3 HO C TeM, YTO, B OTJIMYME OT COCTOSHUM ¢ A > 2, He
CYIIECTBYET KOJUIEKTUBHOTO HU3KOJIEX INEro OAHO(OHOHHOTO 1~ -cOCTOSHUS, KO-
TOpPOE BO MHOTOM OIIPEAEISIIO OBl CBOMCTB P CIIPEAEICHUS CHJIBI BJIEKTPOM THHUT-
HBIX TEPEXOIOB [ HHOW MYIBTHIIONBHOCTA MPHU M JIBIX DHEPTHAX BO3OYXKICHHUS.
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Tounee, 1ogo0HOE COCTOSHUE NPEACT BJIeT COOOM JyXOBOE COCTOSHHE, COOT-
BETCTBYIOLIEE JBIKEHHUIO Sp K K LIEJIOro, U OONbIIoe KOJIMYEeCTBO p 60T ObUIO
MOCBSAIIEHO TpobiieMe KOPPEeKTHOTO ero HMCKIIodeHus (cM., H mpumep, [26]). B
pe3yJabT Te NepBble ONHO(OHOHHBIE 17 -COCTOAHUS MOSBIAIOTCS B P CYET X IpHU
9Heprusix Bbiie 5 MaB M 00611 A 10T Ip KTUYECKH YUCTOW JBYXKB 3UY CTUYHOU
npuponoii. C gpyroif cTopoHsl, 1ByX(hOHOHHbIE COCTOSIHUS, IOCTPOEHHBIE U3 OIHO-
(pOHOHHBIX KOH(DUTYp LU 21" U 3], BO3HUK IOT B DHEPIETUYECKUX CIEKTP X IPU
6onee HU3KMX BHEPIUSAX BO30YXIEHHsI, 0COOCHHO B 1P X C OTKPHITOH 000I0UKOH,
B KOTODBIX ®HEPIMH MEPBBIX 27- ¥ 3™ -ypoBHEH cWIbHO TOHMX 1oTcst. OfH KO
BEPOSITHOCTh BO30YXIEHHS! ABYX(OHOHHBIX COCTOSHHH KOJUIEKTHMBHOH HPUPOJIBI
[2] ®3]]1- B suIepHBIX Mpolecc X CHIBHO OCa GNeH OJHOY CTMYHOM MPUPOIOil
ormep Top mepexon . HelcTBUTENbHO, NPSIMON Mepexox H ABYX(POHOHHYIO, WU
2p2h-KoH(Uryp LU0 NOCPEACTBOM ONHOY CTUYHOLO OMEP TOP BHEIIHETO MOJL
ABJIETCS BETMYMHON CIIEAYIOINETO MOPSIAK M JIOCTU II0 Cp BHEHUIO C IIEPEXOA0M
H ongHo(oHOHHYI0, Wi 1plh-kKoHduryp muo. B Momensax, B KOTOPHIX BO30YX-
JICHHbIE COCTOSIHUS TP KTYIOTCS H $I3bIKE MJie JIbHBIX OO30HOB, MOJ0OHKIN MTepexo
BoOoOIE 3 mpewieH. [IpyHUM s BO BHUM HUE (DEPMHOHHYIO CTPYKTYPY (DOHOHOB,
K K 370 gen ercst B KOM, mpamoii mepexon g.s. — [2 ® 37];- cr HoBuTcs
BO3MOXHBIM O TOX P KOpPENSLMSIM B OCHOBHOM COCTOSIHUHM, HO, KOHEYHO, OH
CHJIBHO TOf BieH [27]. JIByXCTymeHd ThIii mporecc BO30yXmeHHs [2;r ® 31 |1-
cocTOosiHUH eie Gosiee ¢ O, MOCKOJNBKY OH BKJIIOY €T M TPUYHbIH aieMeHT F3-
Hepexoxn .

T xum 00p 30M, dJIEKTpUUECKHE AUIIONbHBIE IIEpeX0bl IPH HeOObIINX SHEpP-
TUSIX BO30YXIEHUS MPECT BISIOT co00i crnienmguyecknii 00beKT Wi UCCIIENoB -
HUS SIIEPHOM CTPYKTYpbl. B »THX HccienoB HUSX MBI CT JIKHUB eMcsl ¢ IpoOiie-
MOI OYeHb YYBCTBUTEIBHOTO O JI HC MeXJay 1 ObIMH M TPUYHBIMHU DIEMEHT MU
OCHOBHBIX KOMITOHEHT BOJIHOBOM (PYHKIIMM, C OZHOM CTOPOHBI, M CUJIBHBIMU M T-
pUYHBIMH dJieMeHT MU E'l-nepexonoB H ¢ Oble npUMecH OJHO(OHOHHBIX KOH-
¢huryp nmii, npuH UIeX MMX TUT HTCKOMY JUIIOJIBHOMY PE30H HCY, — C JPYIOM.
OnmH KO, HECMOTpPd H M JIble 3H Y€HHMd NPUBEJCHHON BEpPOATHOCTH IEPEXOLOB
B(E1,g.s. — [2] ®3]]1-), HU3KOJNeX mme 1~ -COCTOSHUS U3BECTHBI 11 BHO (CM.,
H npumep, [28-30]), u CTPYKTYp 3THUX COCTOSHUI ObLT YCIIEHIHO MHTEPIIPETH-
PoB H , K K uMewnl g AByX(oHOHHyw npupony [27,31,32]. Ho Ttompko mo-
SBJIEHAE COBPEMEHHBIX BBICOKO2(peKTUBHBIX (Ge-IeTEKTOPOB J JIO BO3MOXHOCTh
3 PErucTpUpoB Th B BKCIEpPUMEHTE 1~ -COCTOSHUS Ipu OoJiee BBICOKHUX DHEPIHSIX
BO30YyXICHUS.

IlepBble 1 HHbBIE IO U3y4YEHUIO P CIIpeliesieHus] CUiIbl F/1-1iepexooB 1o HU3KO-
nex muM 1~ -cocTosHuAM GBUTM MOJyYeHbl JUTs TIoJyM rudeckoro usoton 149Ce
B pe KLUUHM PEe30H HCHOro p ccesHud (oToHOB [33]. DHepreTuuyeckuil UHTEPB J
4,8+-8,9 MeB B 14°Ce nccnenos nicst p Hee B 9KCIIEPUMEHT X C MEYEHBIMH (hOTO-
H M [34]. OgH KO U3-3 Orp HUYEHMI B DHEPIETUYECKOM P 3PELIEHUU UHAUBUIY-

JIbHBIE COCTOSIHUSI He ObUTH BBIIEICHBI B YIIOMSIHYTOM IOCJIEHEM DKCIIEPUMEHTE,
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Puc. 5. ) P cropepenenne cunsl B(FE1)-epexonos, HONydeHHOE B 9KCIIEPUMEHTE; 6—2)
Pe3yNIbT THI P cUeT C BOJHOBOHU (pyHKIMEH, comepxk Ield OJHO-, OByX- M TpPeX()OHOH-
Hble KOH(Uryp HuH; 6) OXHOGMOHOHH g 4 CTb [Fl-mepexonos; 2) OBYX()OHOHH g U CTb
E1-nepexonos. TpexcoHOHHbIE KOH(MUIYD LIUM OTBETCTBEHHBI B ®TOM P CUeTe IVl BHBIM
0o0p 30M 3 (pp TMEHT LHIO

T OOH PYXEHBI IPOCC-CTPYKTYPHI B CEYEHUH (POTONOIITOLICHHS, OTyIHBILIIE
H 3B HUE NUTMH-PE30H HCOB. CBONMCTB IUTMH-PE30H HCOB M3YY JIUCh B P MK X
K®M B p cuer x cunoBoil ¢yHKIMKM F1-epexonoB B p cCM TPUB €MOi 3Hepre-
THUYECKOH 0071 CTH, IIPH 9TOM 17~ -COCTOSIHHS ONHUCHIB JIUCh BOJIHOBOUW (PYHKIIHMEH,
colepX IIel OfHO- U ABYX(pOHOHHbIE KOMIIOHEHTHI [35]. KoHeuHo, npumeHeHue
METOJ CUIIOBOM (PYHKIMM HE IO3BOJISET MOJIYy4d Th HH(MOPM LU0 O CTPYKType
COCTOSHUI, (POPMUPYIOINUX 3TU PE30H HCBI.

DKCrepuMeHT ObUT BBIIIOJTHEH C UCIIOIb30B HUEM TOPMO3HBIX I' MM -KB HTOB,
nony4eHHsIX H JuHeiiHoM yckopurene S-DALINAC B [I pmiut are. B Hem Obl-
J u3ydeH oOJ cTh BO30YyXJIeHMs 10 DHepruii nopsak 6,7 MaB. HWzsneuennoe
U3 9KCIepUMeHT p crpenenenue cuibl B(E1)-nepexonos B 14°Ce npencr Bie-
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HO H puc. 5, . Crnegyer OTMETHTh, YTO B JI HHOM 3KCIEpHUMEHTE He Y JIOCh
OTIPEIENTUTh YETHOCTh MEPEX0]] , TONBKO CIUH; T KUM 00p 30M, p cHpeneseHue,
NpeicT BJICHHOE H pUC. 5, , MOIy4YeHO B NPEANONOXEHNH, YTO BCe BO3OYXH e-
MbIE COCTOSIHUS SIBJISIIOTCS 1~ -cOCTOSHHMSAMH. BeposiTHOCTh TOro, 4To HEKOTOpBIE
U3 HUX SBIAIOTCA 1T -COCTOAHMAMU MBI OGCYIMM HMXKE.

B eKxcriepuMeHTe 3 PETUCTPUPOB HO P HEE M3BECTHOE COCTOAHUE 1] ¢ BHEp-
rueit 3,643 MbaB, gpnsiomeecss 1~ -KOMIOHEHTOM NBYX()OHOHHOTO MYJIbTUILIET
(2] ® 37 ], u 31 yenwem B(E1;0" — 17) = (18,24 2,2) - 10~3¢? - pm>. Bruio
3 PETHCTPUPOB HO 1~ -cocrosgHWe c Hepruedl 5,66 MaB, T KxXe H3BecTHOE p -
uee [36,37]. C wucnons3os HueM m3BecTHoro orHomrenus I'o/T' = 0,95(5) u3
p 6othI [36] I 3TOro COCTOSIHUS OBUT OIpEeieH HEOXHUI HHO OOJbII S CHIT
El-nepexon ¢ B(E1;0T — 17) = (24,8+4,9)-10~3¢2-dm>. Kpome Toro, Obi-
J10 00H pyXeHO OobInoe yucio 6osee ¢ OBIX MepexomoB (B cyMMe 52 mepexon )
H COCTOSHHUS, P HEe HEU3BECTHBIX.

JIng H U3 9KCIEpUMEHT JIBHOTO p cripesenieHns cunel Fl-miepexonos Obl-
JIU BBITIOJIHEHBI P CUYETHI C BOMHOBOM (pyHKIMel (7), comepxk Iiei OgHO-, IBYX- U
TpeX(pOHOHHBIE KOMIIOHEHTHI. BbUIH p CCUUT HbI BOJTHOBbIE (DYHKIIMU BO30YXKIEH-
HBIX COCTOSIHMI M BeposiTHOoCTH mepexon B(E1;0T — 17) u B(M1;0T — 171)
B 0Ce. B p cuer Gblnu BKJIIOYEHbl BCE OJHO(OHOHHbIE 1~ -KOH(MUIYp LUU 10
sHeprun 20 M»B. OObBYHO BIVSHHE AWMONBHOTO PE30H HC H HHU3KOJEXK IIue
E1-nepexonp! H 3bIB 10T 3(pheKTOM AUIMOIBHON mosdpu3 mmu kop [38], u oHo
OIMUCHIB €Tcs BBelleHHeM 3((eKTHUBHBIX 3 psaoB Fl-nepexonos. [Tockonsky Bce
OIHO(DOHOHHBIE COCTOSIHUS, (POPMHUPYIOIIME THT HTCKUI MITOJBHBIA PE30H HC,
OBLTH YYTEHBI SIBHBIM 00p 30M, HEOOXOIMMOCTH BBEICHHUS CT THYECKOH MONIspHU3ye-
MOCTH X B H CTOSIIMX P CYET X HE BO3HHK €T. B p cyeTsl ObUTN BKIIIOUECHBI JIBYX-
U TpexX(hOHOHHbIE KOH(UTYp LUK, 0Op 30B HHbIC U3 (POHOHOB H TYp JIBHOU YeT-
Hoct ¢ J™ =17 - 67 no sHepruii Bo3OyxaeHus 9 MsB. TToCKOBKY IUIOTHOCT
MHOTO(DOHOHHBIX KOH(UIYp LMl CHUIIBHO BO3p CT €T C 9Hepruei Bo3OyXIeHHs,
MBI MCKJIIOYWIN U3 P CYET Te M3 HUX, KOTOpbIe HE UIP 0T CYIIECTBEHHOW POJIH
B p crpenenieHAU cwibl F'1-mepexomoB n0 »Heprud Bo3OyxneHus 7 MaB.

Pe3ynbT TBI p cueT mpexacT BiIeHBI H puc. 5,0. Comn cue ¢ p crpeneleHneM
CHJIBI B(El)—l‘lepCXO)lOB B DKCIIEpUMEHTE, MOK 3 HHbIM H pHC.5, , BECbM He-
mwioxoe. [ToBropum erie p 3, YTO B chepUIECKUX AP X B HU3KODHEPIeTUYECKOMN
00l CTH OTCYTCTBYIOT KOJUIEKTHBHBIE OqHO(OHOHHbIe 1~ -KoH(puryp 1mu. ITosto-
MY CYILIECTBYIOT TP OCHOBHBIX MEX HH3M [UIs OOBSICHEHMS CHibl F1-iepexonos,
MOJTy9E€HHOM B dKcnepuMeHTe. [IepBbIM SBISI€TCS BIMSHNAE THI HTCKOTO JUIOIBHO-
ro pe3oH HC . B ceHOMeHONOrMYecKuX nMoaxo X 3TOT 3(pheKT OMMUCHIB eTCs dKC-
TP MOJISALMEN ero HU3KOHEPreTHYeCcKoro XBoCT . B MUKPOCKONMUYECKHX TEOpHUsIX
OH P CCM TPHB €TCd €CTECTBEHHBIM IyTeM, K K Pe3y/JbT T CBSI3M OTHO- M JABYX-
thoroHHBIX KOH(HUTYp 1Mil. [IOCKOMBKY I'MI' HTCKHU JUITOIBHBIA PE30H HC P CIIO-
soxeH mpumepHo H 10 MaB Beiie p ccM TpHUB eMOil dHepreTHIecKoi o6 CTH,
JIUIIb OYEHb M JI S 4 CTh €ro IOJHOI CHIBI OK 3BIB €TCS IPH DHEPruix B He-
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ckosbko MaB. BTOpoii MeX HHM3M CBSI3 H C BO30YXXIEHHEM HEKOJUIEKTHBHbBIX U
¢ 00 KOIUIEKTUBH3UPOB HHBIX 1~ -COCTOSHHIA, UMEIOIIUX OTHOCHTEIFHO HEeOOIb-
mre 3H venus BeauuuHbl B(E1), HO p CIOJMOXEHHBIX B W3yd eMOH OO0J CTH.
[Nocneanuit Mex HU3M CBSI3 H C HPSMBIM BO30yXIeHHEM IBYX(DOHOHHBIX KOH(H-
Typ LMH M3 OCHOBHOTO COCTOsIHMs. XOTs INpsiMoe BO30yXjeHUe ABYX(DOHOHHBIX
KOH(UTYp LU U MpeAcT BIgeT cob0il 3PPeKT CISAYIIero MOPsIK M JIOCTH 110
Cp BHEHMIO C BO30YXIEHHEM OJHO(OHOHHBIX KOH(UIYp LHii, BO3OYXIEHHE He-
KOTOPBIX KOJLUIEKTHBHBIX KOH(UIYp 1mif, u B ocobennoctd [27 ® 37 ],—, urp er
CYIIECTBEHHYIO pOJIb, T K K K IB JPYTHX ME€X HU3M T KXe J 10T M JIble 3H YCHUS
cuisl E'l-nepexonos.

Bce aTu Mex HHM3MbI BO30YXIeHUs 1~ -COCTOSHUI ObLIIM BKJIIOUEHBI B P CYUET,
pe3ylbT T KOTOPOro Ipeict BieH H puc. 5,6. Onep top El-mepexom cocTout
U3 IBYX WICHOB, COOTBETCTBYIOIINX BO30YXICHUIO, COOTBETCTBEHHO, OJHO- U JABYX-
(poHOHHBIX KOMITOHEHT. [IpuBeneHH S BEpOATHOCTh MPSIMOTO BIEKTPOM THHUTHOTO
B030yXIEHUS M3 OCHOBHOTO COCTOSHHS SIP |0;8‘ > NBYX(OHOHHBIX COCTOSHHI
[)\Zrll ® )\fj] A7, COCTOSIIMX M3 %1-(DOHOH MYJIBTHIIONBHOCTH A™ U 72-(hOHOH
MYJIBTUIIOIBHOCTH A\"2, B H IIeM INOIXOJe UMEET BUJ

B(EX; 05, = NI @ A Iav) = @M+ D)@+ 1) | D7 e £ ()l
J1J273T

A2 A1 A ; ; ; i
{0 2 (e e )
H wubonee nmpoctoii crioco® BEUMUCINTH M TPUYHBIA 3JIEMEHT IIEPEX0] W3 OCHOB-
HOTO COCTOSIHHMS H JBYX(POHOHHOE COCTOUT B HCIONB30B HUU P 37I0XeHHI M -
pymopu [39] a1 OfHOY CTUYHOTO (DEPMUOHHOTO ONEp TOP 3IEKTPOM THUTHOTO
nepexosn a;rmaj/m/ B OECKOHEYHYI0O CyMMY 0030HHBIX ((POHOHHBIX) OIIEp TOPOB.

YroO6BI MPOAEMOHCTPUPOB Th POJIb K KO0 U3 MEX HU3MOB BO3OYXIEHUT 1~ -
COCTOSIHUH M pe3y/bT T MX MHTep(EepeHINH B P 3JIMYHBIX 001 CTIX HEpreTuye-
CKOIO CIIEKTp , MBI IIPEACT BUIM H PHC. 5,6 BKI JI OJHO(OHOHHOH U B 4 CTH 2
— IBYX(hOHOHHOI KOMIIOHEHT orep Top [Fl-mepexon B MOJNHOE p CIpenesieHue
E1-cumsl o H 60py Tex Xe ¢ MBIX COCTOSIHUI, 9TO M B 4 CTH 6.

DKCIIepUMEHT JIbHBIC 3H YEHHUS ®HEPIUH U BEPOITHOCTU BO30OYXIEHHUS COCTO-
aums 17 B 14°Ce nonmmocteio BocnpomssomaTcst B 1 HHOM p cuere. MHrepde-
peHLUS MEXIy OIHO- U JBYX(POHOHHBIMU KOMIIOHEHT MM 3TOIO COCTOSIHHS HOCHUT
JeCTpyKTUBHBIN X p kTep. P cuer 1 et 85 % BKI It [21"@31_]17—1(01{(1)14ryp U
B BOJIHOBYIO (DYHKIIHIO 3TOTO COCTOSTHHMS.

OOH pyXeHH 5 B dKcrepuMeHTe cun  FEl-mepexomoB B p ione 4,5 MaB B
p cuere OK 3bIB eTcs HemooueHeHHOU. KomekTusBH 1 IByX(OHOHH 4 KOHGHIY-
p mus [37 ®4f]17, P CHOJOXEHH s MPUOIM3UTETBHO IPU 3TOM DHEPrUH BO30YX-

2
(20)
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JeHUs, UMEET M TPUYHbIA 2JIEMEHT BO30YXJIEHUS M3 OCHOBHOIO COCTOSIHUS TO-
p 300 cin Gee, yem [21|r ® 37 ]1--KoHpuryp umst. C gpyroil CTOPOHBI, M TPHYHBIN
3JIEMEHT B3 MMOJEHUCTBHUS C OQHO(OHOHHBIMH KOH(MUTYp IHSAMH, (DOPMUPYIOIIUMA
JWTIONBHBIA Pe30H HC, HEJOCT TOYHO BENMK, YTOOBI MPUMEII Th CKOJIbKO-HHOYIb
3 METHYIO 4 CTh €ro JUIMOJbHON CHJIBL.

B 00n ctu sHepruit F, ~ 5,5+ 6,5 MsB H O/ eTcs CyIeCTBEHH s KOH-
CTPYKTUBH $ MHTep(EepeHLs MeXIy OIHO- U IBYX(POHOHHBIMH KOMIIOHEHT MH,
KOTOp o mp Kruvecku yas uB er cuiy B(E1)-mepexomos B p iione 6 MaB mo
Cp BHEHHUIO C YHUCTO OJHO(OHOHHOHN CUJION U SIBJISIETCS CYLIECTBEHHOM JUTsSl OMHC -
HUS 9KCIIEPUMEHT JIbHBIX Pe3ylbT TOB.

MBI T KXe p CCUUT JIM p cripesiesienne cuiibl M 1-1iepexomoB 10 3HEpruu BO3-
Oyxnmerus 7,5 MaB. OCHOBH S 4 CTh CHIBI CBI3 H C TPSIMBIM BO30YXICHHEM
1ByX(POHOHHBIX KoH(uryp twmit. [lonn s cun : > B(M1; Of — 17) = 0,87 p%.
Ecnu mepecuuT Th 3Ty CHIy B BEJIMYMHY CEYEHHUS pe KLUHM HEYNpYroro p cced-
HUsE (POTOHOB, 3T CyMM pH 51 B(M1)-BelnuduuH COOTBETCTBYET MeHee 4eM 5 %
OT IOJTHOTO ®KCIEPHMEHT JIbHOTO CEUEHMS pe KLHH, YTO [ €T HEKOTOPYIO OLEHKY
CIIp BEVTUBOCTH ITPEIIIOIIOKEHUS O TOM, YTO BCE COCTOSIHHSI CO CIIMHOM, P BHBIM
equHuLe, OOH pyXEHHbIE B ®KCIEPHMEHTE, IMEIOT OTPUL] TEJIBHYI0 YETHOCTb.

4.2. Bo3MOKHOCTb 00H pykKeHHS 2 -KOMIIOHEHTHhI IByX()OHOHHOTO MYJIbTH-
wieT [3] ®3]|Bpe KOUU CT MM -KB HT MH. BbIcOK s 9(p(heKTHBHOCTb HOBOTO
MOKOJIEHUSI T€PM HMEBBIX AETEKTOPOB, MPOAEMOHCTPHPOB HH 4 B 3KCIIEPUMEHTE
1O p crpezeneHuio cuiibl £'1-nepexofoB B HU3KOMEX MIei 007 CTH, I T BO3MOX-
HOCTb TIPE/UIOXUTH HOBBIi KCIIEPUMEHT 110 OOH PYKEHHIO 2T -KOMITOHEHTBI JIBYX-
douonnoro mynpruiier [37 ®37 | B supe 29Pb, ucnons3ys (vy,7')-pe kumio [40].

ITouck nBYX(POHOHHBIX OKTYIOJIBHBIX COCTOSHUI B B XIbl M TMYECKOM SfIpe
208Ph gpnsercd ofHON M3 MHTepecHeiIMX mpo6ieM B (hU3MKE CTPYKTYPhI Sip
U HMeeT JOCT TOYHO IJIMHHYI0O UcTopulo. B cdepuueckux 4ip X, T Kux, K K
208ph, KoseKTUBHBIE BO30YXIEHHs SIEPHOI MOBEPXHOCTH (hOPMUPYIOT HUX -
e Monpl BO30YXIEHHS, XOPOLIO OMHWCHIB eMble B (DOHOHHOM moaxoze. B aTom
TMOJIXOJIE €CTECTBEHHBIM OOp 30M BO3HHMK IOT MYJIBTUILIETHl MHOTO()OHOHHBIX CO-
CTOSIHHI, P CHOJOXEHHBIE MPU DHEPTHM, P BHOH cymMMe 3HEpruil Mx (QOHOHHBIX
KOMITOHEHT. M3ydyeHue CBOWCTB MOJOOHBIX MYJIBTUILIETOB ITO3BOJISIET OTBETHTH H
BOIIPOC, H CKOJIBKO XOpOLIO MPUMEHUM KOHILENIUI I' PMOHUYECKOH K PTUHBI B
pe JBHBIX Ap X. DHepreTH4ecKoe p CIUEIUICHHE MYJIbTUILIETOB, KPOME TOTO, [ -
€T BO3MOXHOCTh P CCMOTpETh poJib 3(peKTOB, BbI3B HHBIX IpuHIMIOM IT ymu, u
o01ue CBOMCTB , CBS3 HHbIE C (POHOH-(DOHOHHBIM B3 UMOJICHCTBUEM.

CocTosiHUS, COOTBETCTBYIOIIME JBYX(POHOHHBIM KOH(UTYP LHUSM [2;r ®
2f]0+’2+,4+, XOPOILIO M3BECTHBI BO MHOTUX chepruecKux aap X. Mmerorcs mok -
3 TEIBCTB CYWIECTBOB Hus 1~ — 5~ kpuntumier [27 ® 37 |-cocrosnuii B sp x
C 3 MKHYTOH OOOJIOYKOW U COCETHMX C HUMH. B OCOGEHHOCTH 3TO OTHOCHT-
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¢ K 17 -KOMIIOHEHTE DTOr0 MYJIbTHIUIET , CEJEKTUBHO BO30YXI eMoil B (7,7')-
®KCHEPUMEHT X (CM. MpPEABIIYLIMHA P 371eJ1), ¥ AOCT TOYHO IOJH S MH(OPM LU
06 aTOM MynmbTHIUIETe momydeH id aap 44Nd [41]. C mpyroii cTOpoHBI, 9Kc-
NIEPUMEHT JIbHBIE YK 3 HMS H CYIIECTBOB HHUE [3] ® 31 |o+ o+ 4+ 6+ MYIBTUILIET
Kp iine ckymubl [42—46]. O sup , 146Gd u 298Pb, gsnsiorcs H ubonee noaxoms-
UMY K HAUA T MU, MOCKOJIBKY UX HUX HIlMe BO30YyXIEHHbIE COCTOSHUSI UMEIOT
CIIMH ¥ YETHOCTh 3, TEM C MbIM WIEHbI 9TOTO MYJIbTHIUIET OK 3bIB IOTCSI HUX ii-
IIAMA [0 ®HEPTHH COCTOSHHUAMH ABYX()OHOHHOW HPHUPOABI B COOTBETCTBYIOIINX
Sap X.

H mnepBoM T mne NpeanosoxuM, YTO CMEIIMB HHUE OJHO- U JABYX(OHOHHBIX
KOH(UTYp LK B HU3KODHEPreTUUecKoil 0011 ctH rnpenedbpexumo M jio. Torn FE1-
Tepexo MexX/1y ABYX(OHOHHBIM COCTOsHHEM |27 >= [3] ® 3] |o+ ¥ 01HO(OHOH-
HBIM COCTOSIHUEM 37, T K Xe, K K U IPsIMOI p I [ ABYX()OHOHHOIO COCTOSHMSA
|2F > B OCHOBHOE COCTOSIHME, 3 MPEINEH B MOJIENSX, TP KTYIOIIUX BO30YXKIEHHbIE
COCTOSIHUS K K M€ JIbHble 6030HBI. TONBKO MCIONB3Yd TOYHBIE KOMMYT LHOHHbIE
COOTHOUIEHHs] MeXJy (POHOH MM W KB 3MY CTHUI[ MH, T.€., IPDUHUM 51 BO BHHUM -
HHUe (PepMHOHHYIO CTPYKTYPY (DOHOHOB, MBI MOJIyd €M HEHYJIEBBbIe 3H YCHMS DTHX
nepexonos. I[lpuBeneHH g BeposTHOCTh E2-p cim o ABYX()OHOHHOTO COCTOSHHS
|2F > B OCHOBHOE cOCTOsIHME ONUCHIB eTcst BhIp keHuem (20). s npuBegeHHOI
BepositHocTH E1-p e 1 ([3] ® 37 Jo+ — 37 ) MBI HOJyY €M BBIP KEHHE

Jeo1 1
B(E1) = 171,5| Y (pIMED|jufl), Y (-1)7 45" ' 3¢ x
J1323"3" J 3 3 J
37 37 37 37 37 37
X ep(n) [(1[)];]/1[)‘]21‘]”1#]}/]/ + Qﬁjllj/@];j//@]}/]/) 6J’2 -+ (21)

2

)

37 37 37 37 37 3] 1 3 2
+ (%j"%j"‘ﬁj”j'+‘Pj1j'¢jzj"¢j"j’)(2J+1){3 3 JH

e (j2||M(E1)||j1) — NpUBEOCHHBIA M TPUYHbII BIEMEHT 9JIEKTPOM THHTHOTO Ie-
pexon . YucneHHsli ¢ KTOp B BbIp XeHHH (21) mogsngercs, K K pe3ynpT T ¢ K-
TOpOoB (2\+1) (POHOHHBIX OIEp TOPOB, BKJIIOYEHHBIX B P CCMOTpeHue. B p cuer x
MBI MCTIOJIb30B JIM 3H YeHUs 3(EKTUBHBIX 3 PANOB e,(ny = 1(0) u N/A(—Z/A),
COOTBETCTBEHHO, Il E£2- n E'1-nepexofos.

Pe3ynbT TBI p cueT mpejacT BieHbl B KoioHKe I T 61. 5. BeposTHOCTD
B(E2)-B0o30yxneHus coCTOSHUS [3] ® 3] |o+ U3 OCHOBHOIO COCTOSIHHS IPUMEPHO
B 300 p 3 ci1 Gee U3BECTHOM M3 9KCIepUMEHT Benuuuubl B(E2) wid HUX fmero
2T -cocrosiaust. P cyeT MoK 3bIB €T 3 METHBIN 11 PUM JIbHBIA EPEXOL WIS P CII 1
®TOTO COCTOSIHUS H HHIX MM 37 -ypoBeHb. [T MOCIEOHEro Mepexom Cylie-
CTBYeT T KX€ U KOJUICKTUBHBIN E'3-1mepexo ¢ GONBIINM M TPUYHBIM DJIEMEHTOM
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T omun 5. CBOiCTBE BO30YXKIEHHS W p I I 21 -KoMIOHeHTBI JIBYX()OHOHHOTO [31_®
37 |-MynsTHILIET B 208ph (cm. MOIPOOHOCTH B TEKCTE)

I (Ia, Ib) 11 (Ila, TIb)

B(E2,g.5. = [3] ®37]a+), e*-dm* | 10,4 (5,1, 17,7) | 40,2 (19,0, 54,6)

To(E2, [3]7 ® 37 o+ — g.8.), MoB 6,58 (3,21, 11,2) | 25,4 (12,0, 34,5)

Ty (BL[By ®37 ]+ = 37). B | 140 (12,6, 17.0) | 13,7 (129, 14.3)

I,-/To 2,13 (3,93, 1,52) | 0,54 (1,08, 0,41)
1

(37 || E3||[37 ® 31 ]a+), coorBercTBYyIOIIMi HHUTHISALKK (GOoHOH . OgH KO U3-3
BBICOKOIl MYJIbTUIIOJIBHOCTH €r0 BKJI 1 B I PUM JIbHYIO IIMPHHY P CH I IIpeHe-
OpeXuMo M JI.

P cem TpuB g monmoGHble ci1 Oble mepexombl, cieayeT T KXKe IPHHUM Th BO
BHAM HHE BO3MOXHBIE CIl Oble NMpPUMECH APYruX KOH(HUIYp IMil, KOTOphIe MO-
ryT ObITh BO30OYXJIEHBI ITOCPEACTBOM CHJIBHBIX KOJUIEKTHBHBIX MEPEXONOB, P 3pe-
IIEHHBIX B 0030HHOM IpocTp HCTBe. 1 0611 cTH ABYX(DOHOHHOTO OKTYIIOJIBHOTO
mynbTuier B 298Pb T koii KoHUryp lMeil OueBUIHO ABMAEeTCA OMHO(OHOHH S
2 -KOHGUrYp 1K, TOCKOMBKY p 3HUI B SHEPTHH MEXIy 3THMH KOH(MUIYp IHs-
MU JIMLIb clierK mnpeBbill €T 1 MeB. CMemmB Hue p 3IUYHBIX KOH(UIYp LUH B
BOJIHOBOH (DYHKLIMH COCTOSIHUS [3] @ 37 |2+ OBUIO YUTEHO MOCPEICTBOM U TOH -
JIM3 IIMM MOJIETIBHOTO I MWJIBTOHM H H 0O 3Mce BOJMHOBBIX (DYHKIMI COCTOSHHUIA
2%, uMmerommx Bus

A2iz [ + +

Dy%; i & gi ] n
|War) = SiQy., + L\ T (22)
Zi: ’ /\1;/\2712 1+ 5>‘17>‘25i17i2

e ¢ HyMmepyeT KopHH yp BHeHus IICD juid K XIOH MyNbTHIONBHOCTH A”.
B 3TOM p cuere OBUTM YYTEHBI BCE OIHO- U JABYX(POHOHHBIE (ITOCTPOEHHBIC U3
A™ = 2% 37,47 ¢onoHOB) KOHGMIYp MK A0 sHEPTUH BO30yxneHus 13 MaB,
T.€. BKJIIOY S U30CK JIIPHBIA KB JIPYHOJIBHBI Pe30H HC. PesynsT TOM Ou roH -
JIM3 LMK SBISIOTCA SHEPreTHYECKHUii criekTp 2T -cocrodnuii u KosdduuueHTs! S;
u Difzf, OTp X IOIUE, COOTBETCTBEHHO, BKJI JI K XJOW OJIHO- W IBYX(POHOHHOM
KOH(UIYp IUU B BOJTHOBYIO (DyHKIHIO BO30YXIEHHBIX COCTOSHUA (22).
CoOOTBETCTBYIOLIME 3TOMY P CUYETY BEPOSATHOCTU IIEPEXONOB IPEICT BIEHBI B
komouke II T 61. 5. P cuer mok 3bIB eT mpeHeOpeXUMO M JIbIA BKIT JT H30CK IIp-
HOTO KB JPYIOJBHOTO PE30H HC B HU3KOIHEPreTHYeCcKOoH o0 CTH, HO BKJ J H
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YPOBHE HECKONBKHX MPOIEHTOB OT OAHOMOHOHHOH KoH(uryp muu 27 B BOTHO-
BYIO (DYHKIMIO COCTOSHHUA [3] ®3] |o+ YBEINUYUB €T BEPOSATHOCTD €0 BO30YXICHHS
npuMepHo B Yetbipe p 3 . IllupuH p ¢ J H COCTOSHHE 3] HPH BTOM P KTH-
YeCKH HE M3MEHSIETCsl, TOCKONIBKY MIUTHTYI M TPHYHOTO aiieMeHT FEl-miepexon
(37 [|M(E1)||2]) umeer TOT Xe MOpANOK BETMUMHBI, YTO M M TPUYHBINA 3/EMEHT
BrIM(ED[[31 @31 ]2+).

IMpusenenn s BepositHocTs El-p ci n [3]7 ® 37|+ — 37 psBH 0,73
1073 €2 - dpM2. DT BEeNUYUH H XOAUTCA B XOPOILIEM COOTBETCTBHU C 3KCIIE-
pumeHT JpHOM Bemuuuuoil B(EL[3] ® 372+ — 37) = 0,95 - 1073 €2 CbM2 U
1,20 - 1073 €2 - pm? w19 BOSMOXKHBIX K HIWI TOB, COOTBETCTBEHHO, B Y07Zr [44]
u 144Sm [46]. HeynusurensHo, uto p cuetsl B 2°8Pb 1 10T HECKOJBKO MEHBLIYIO
BEJIMYKHY I IEPexXon , 4yeM B OoJiee JIETKUX HM30TOM X. DTO CBA3 HO C TEM,
YTO KOPPEJISLHH B OCHOBHOM COCTOSIHUH, OTBETCTBEHHbBIC 3 M TPUYHBINA DIIEMEHT
Hepexox , SIBISIOTCI 0ojiee ¢l ObIMU B IB XKl M THYECKOM H30TOIE CBHHII . DTO
yTBEP3KIIEHUE MOATBEPXKL €TCS PE3YIBT T MH TECTOBOIO P CYET BEIMYUHBI HTOTO
Tepexojl , BHINOJHEHHOro B u3oTone #4Sm. Onm H Xomdrcd B Xopoluem corn -
CHH C 9KCIIEPHMEHT JIbHBIMH 1 HHBIMA U3 p OOTHI [46] U H JIOTHYHBIM P CUETOM
B 3TOM M30TOIIE, BHIIIOJTHEHHBIM B P MK X TEOPHUM SIepHBIX noinei [47].

[Ipenct BiEHHbIE P CYETHl SIBISIOTCS H HMOOJiee YYBCTBUTEIBHBIMU K KOJ-
JIEKTUBHOCTU COCTOSIHUSL 37, KOTOp 4 3 BHCUT OT BEJIWYUHBI CHJIOBOIO II P -
METp OCT TOYHOTO B3 MMOIEUCTBUA. YUTOOBI OLUEHUTh H AEXHOCTb IPEICK 3 -
HUM, MBI ITPOBENN JIOTIOJTHUTENIBHBIE P CYETHI, B KOTOPBIX 3H UYCHHE BEPOSITHOCTH
B(E3,g.s. — 3] ) Hepexox , sABIAOLISHCS BXOXHON HH(OPM LiKeil B p cyere s
OMpeNeseHNs] CUMIbl OCT TOYHOIO B3 MMOJEWCTBMS, UCKYCCTBEHHO B PBUPOB JIOCH
H £30 % mo OTHOIIEHHIO K SKCIIEPHMEHT JIbHOMY 3H YEeHHUI0. Pe3ynbT Tl 3THX
P CYETOB BKITIOUEHBI, COOTBETCTBEHHO, B KOJIOHKH Ia, ITa u 16, I16 T 611. 5. upu-
H 7-p ¢l I cOCTOSHESA [3] ® 3] |o+ B OCHOBHOE MEHSIETCS IPU T KOil B PU LUK
CHJIOBOTO I p METp MPUMEPHO B JB P 3 , B TO BpeMsd K K IIUPUH P CO A H
cocrosgHue 37 cT OunbH B npenen x 20 %.

Benuuunel, npenct BieHHblE B T 0. 5, MOryT OBITh JIETKO IEPECYUT HbI B
ceuenus (y,7')-pe xumu. Lespio mpemt T eMOro 9KCIepUMEHT  SIBIIETCS 3 Peru-
CTPHPOB Th IEPEXObl B OCHOBHOE U H BO30YXIEHHOE COCTOSHMS M ONpPEAEIUTD
MX CIMH 1O yrioBbiM Koppensumam (Of o — 27 — 0f, m 0f, — 2% = 3) B
u3Mepenun nmof asyms yria Mu (90° u 130°). OCHOBBIB SICh H OIBITE MPEALIECTBY-
IOIIMX HCCenoB HUi [48], MBI C ONpeIesIeHHOCThIO MOXEM CK 3 Tb, UTO MEPEXON
13 JIBYyX(POHOHHOTO 27 -COCTOSHUS H OCHOBHOE MOXET OBITh JIETKO M3MEPEH IpU
HCTONIb30B HUM K cTepHOro gerektop it EUROBALL 1 ke B H uMmenee O1 -
ronpuATHOM ciyd € (komoHk la). H Gmonenme mepexox 27 — 37, uMeromero
MPUMEPHO TMOJIOBUHHYIO DHEPIUIO y-Tiepexol , 6ojiee mpobiaeM THYHO U3-3 PE3KO
p crymero BKJI I (oH pe KIUM [0 H NP BJICHUIO K HU3KUM 3HEPIHSAM Y-KB HTOB
B pe KLU SAEPHOM pe30H HCHOM (hyopecleHIn .
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Puc. 6. P cuer o merony MonTe-K pio criekrp 2°®Pb(~y,7')-pe xumn mox yrmom 130°.
CT TUCTHUK [ HHBIX, IPEJICT BICHHBIX B BHAE TMCTOTP MMBI, COOTBETCTBYET 3KCIIEPUMEHTY
HeJIeIbHOU JUIMTENIbHOCTH B ycinoBusX [48]. @OH pe KIMU XOPOLIO ONHUCHIB €TCSl 9KCIIOHEH-
LM JIbHOU pyHKIMEH (H KJIOHH 4 yiuHMA). [IUK B cedeHuM, COOTBETCTBYIOIIUI NEpexomsy
B(E1,[3] ®3]],+ — 37 ) (TOuKH), OIIKC H B BUje p crpegeneHns I ycc ¢ MIUTHTYHOI,
HOPMHUPOB HHOH H pPE3y/IbT THI p CUYET

P cuersl (poH pe Kuuu, oxXuj eMoro B akcrepumente 2°8Pb(v,y') npu rp -
HUYHOW B®HEPrMH TOPMO3HOTO CHEeKTp 7 M»B, ObUIM BBINOTHEHBI 1O METOMY
Mounre-K pno ¢ ucnons3os Huem nporp mmel GEANT [49]. JIB kn crep or
EUROBALL 6butn nomereHsl mox yor mu 90° u 130°, ¢ UCMOMB30B HUEM T'eo-
METpUH, H JIOTHYHOI omuc HHOU B p Gore [48]. IToTok ¢oTOHHOrO mydk ObLI
HOPMHPOB H T K, YTOObI OH COOTBETCTBOB JI 9KCIIEPUMEHTY HEIENIbHOM JTUTEIb-
HOCTH B KCIICPUMEHT JIbHBIX YCJIOBHSIX, ONMUC HHBIX B p Oore [48]. CnekTp ¢oH
OCHOBHOTO COCTOSHHS, TOcie yueT 9(¢eKTUBHOCTH KJI CTEPHBIX AETEKTOPOB H
UX CT TUCTUYECKHX (PIYKTy I, MPEeACT BJIEH H pHC. 6 U1 UHTEPB JI 3HEPruit
toron E, = 2,52 — 2,58 MasB. OH MOXeT ObITh ONHIC H MPOCTOH 3KCIOHEH-
LM JIbHOM JMHHMeH (H KJIOHH s juHus). Dddekr nepexox [3; & 37 |a+ — 37
¢ sHeprueil ¢poron 5,16 — 2,62 = 2,54 MsB nok 3 H B Buje TUMHUMN B hopme
I' ycc (toueuH ¢ nuHus). Ee mMpuH B34T M3 3KCIEPUMEHT JIBHO OIpENeNIeH-
HOTO P 3peIIeHMs KJI CTEPHOTO MOIYNs, BBICOT HOPMHPOB H H I pUHU JIBHYIO
mypuHy p ci n 13 KomoHku II T 6i. 5. Mbl MOXeM 3 KIIOYHTh, YTO HEPEXOJ
SBHO MOXeT OBITh OTHeJIeH OT (PoH pe KUMu. B m3mepenusx mox yriom 90°,
HECMOTPSl H HECKOIIBKO Xy/Ilee OTHOIIEHNE NMHUK/(OH, 3TO T KXKE CIpP BEWINBO B
npegen X 30-OmmoOKH.
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5. CTPYKTYPA HU3KOJIEXAIIUX COCTOAHUI B HEYETHBIX
ATPAX H ®OTOBO3BYXKIEHHUE U30MEPOB

ITpo6rnem ¢oTOBO3OYXIEHNUS N30MEPOB™ BBI3B J1 HEI BHO HOBBIN ITOBBIIICH-
Helll wHTepec [50-54]. OCHOBHON NPUYMHOW HCCIENOB HUU B ®TOH 00N CTH
SBUJIOCH IPEATOXKEHHE HCIIONB30B Th 3 CEJIEHHE WM P 3PAAKY M30MEpOB C IO-
MOIIBI0 PE30H HCHOro (hOTOINOINIOIEHH K K OCHOBHOH MeX HM3M YIIp BJICHHUS
~-11 3epoM [55]. XoTs ®KCrEpUMEHTHI 1O (POTOBO30YXICHUIO U30MEPOB HUMEIOT
ISITUACCATUIETHIOI MCTOPHIO, YIMBUTEIBFHO M JIO U3BECTHO O CTPYKTYpE COCTO-
SIHUH TIPH TIPOMEXYTOYHBIX DHEPIUsiX, H 3bIB €MBIX T KX€ KTHB IMOHHBIMH CO-
crosausMu (AC), OTBETCTBEHHBIX 3 3 celieHHe m3oMepoB. [logpobHoe m3moxe-
HHe (PU3NYECKHUX MCCIIEIOB HHM, MIOCBSIIEHHBIX MPOOJIeMe H30MEPHBIX COCTOSIHUIA,
MOXHO H UTH B 0030pe [56].

B GonpmuaCTBE ()OTO KTHB LUMOHHBIX p OOT HMCCleqoB K JHO0 HU3KODHEp-
retrdeckyio o6n ctb (EF < 2 MaB cMm. H npumep, [57,58]), mubo o061 cTh rH-
I HTCKUX pe30H HCOB [59-61], B KOTOpBIX MPOBEPSIIUCH CT THCTHYECKUE CBOM-
CTB 7-p CI I M KOHKYPEHIMd C ApYrMMH K H 11 Mu p ci 1 . C nmpyroii cropo-
HbI, DKCIEPUMEHTHI B IPOMEXYTOUYHON OO CTH DHEpPruidl BO30YXIEHHS BBISIBIIM
BECbM HHTEPECHbIE 3 KOHOMEPHOCTH. OTMETHM, YTO UIMEHHO 3T 3DHEPreTHYeCK
o011 cTpb sBsieTcd H ubosee NMPUBIEK TEJbHOHM B IUT He CO3% HuS ~y-1 3ep . s
chepruuecKux sjiep yHOMSHYTbIe 3 KOHOMEPHOCTH MMEIOT CIEHYIOUIMH X p KTep.
ITox 3 HO, 4TO 3 BHCUMOCTH BBIXOA M30MEp OT Ip HUYHOH DHEPIUH CIEKTP
TOPMO3HOIO H3JIyYE€HUS UMEET JIMHEUHBIM X p KTEp H HWHTEPB Ji€ ®HEPIuil I10-
piaak 1 MaB, 3 TeM H Oiiog eTcsl pe3KMil M3JI0M M CHOB JIMHEHHOE IOBEICHHUE
H IIUPOKOM HMHTEpPB Jie HEPIUil. DTO CBUAETEIbCTBYET O TOM, YTO CYILIECTBYIOT
Hekoropble AC, CBS3 HHbIE JOCT TOYHO IPOCTOH CXEMOIl Nepexomx H H30Mep.
JlocTKeHue X pe3KO YBEIWYHB €T BBIXOI M30MEp , IPH 3TOM, HECMOTpPS H OT-
HOCHTEJIbHO BBICOKYIO IUIOTHOCTb BO30YXXIEHHBIX COCTOSIHUE IPH 9THX DHEPrUSX
BO30Yyx1eHus, koaudecTBo AC BeCbM OIp HHUYEHO.

IMpouecc ¢oroBo3dyxaenns nzomep dvepe3 AC cxeM THYECKH IPEACT BIIEH
u puc. 7. Hccnenos nmo mpuponst AC B mszoron x "°Br [62], 3'Br [63] u
89Y [64] nocpslieH H CTOSIIMI p 31€.

H uyHeM H 11e 00CyXJIeHHE C U30TOII 89Y. Ero IPUBJIEK TEJIBHOCTH CBA3 H ,
B IIEPBYIO OYepellb, C TeM, YTO IS ®TOr0 M30TOI CYLIECTBYIOT 3KCIEPHUMEHT JIb-
HBIE J1 HHbIE HE TOJBKO IO (OTO KTHMB IIMM M30MEp , HO M [l HHBIE M3 pe KIMU
SIEPHON Pe30H HCHOM (hIIyOpecleHINN; COBOKYITHOE P CCMOTPEHHE 3TUX 1 HHBIX
MpeNCT BJSET XOPOIIYI0 BO3MOXHOCTH JUISI OLUEHKH H JAE€XKHOCTH TEOPETHYECKHX

*I/I30Mep MH H 3bIB IOT BO36y)KI[6HHbIe COCTOSAHMA, P CIIOJIOXKEHHBIE BOJIM3H OCHOBHOI'O COCTOSI-
HUA 90p , HO CUJIbHO OTJIUY IOHIUECA IO BEIUYUHE IMOJIHOIO MOMEHT . B Pe3ynbT T€ p CII I U30MEP
B OCHOBHOE COCTOSIHME CWJIBHO IOJ BJIEH BBICOKOM MYJIbTUIIOJIBHOCTBIO BJIEKTPOM T'HUTHOIO II€pexon ,
9TO BBIp XK €TCAd B OTHOCUTEJIBHO GOJIBIIIOM BpPEMEHU €TI0 XKU3HHU.
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Cocrosnue
IIPOMEXKYTOYHOU
9HEpPruu

H3omep

OcHOBHOE
COCTOSIHHE

Puc. 7. Cxem THYecKoe MpENCT BIEHHE PE30H HCHOTO MeX HHM3M , B KOTOPOM H30MEp C
sHepruen Fis, 3 CENseTcs 4epe3 COCTOSHHs MPU MPOMEXYTOYHON HEPrUM (3 IUTPUXOB H-
H 5 001 ctb). IIpoMexyTouHble COCTOSHHA X P KTEPH3YIOTCd dHepruei Bo3Oyxiuenus L
u mupuHoit p cn g I'. II pum npHble mupuHbl bo U biso OIMCBHIB 10T P CII 1 IIpOMe-
KyTOUHOTO COCTOSIHMSI, COOTBETCTBEHHO, B OCHOBHOE COCTOSHHME U H H30Mep. Bemmunn
biso ABIIAETCA CyMMOM BCEX HEM3BECTHBIX K CK JIOB, IIOCPEICTBOM KOTODPBIX POMEXYTOYHOE
COCTOSIHHE P CIl I €TCd H M30Mep 4Yepe3 YPOBHH, 0003H YEHHbIE ITYHKTHPOM

npenack 3 Huid. [Iesio B TOM, YTO TOYHOCTh M3MEPEHUS DHEPrUM BO30YXJ €MBIX
YPOBHEH B pe KIMHU SIIEPHOM pe30H HCHOH (hIyOpecLEeHIMH OYEeHb BBICOK , B TO
BpeMs K K B (0OTO KTHUB LIMOHHBIX ®KCIIEPUMEHT X OH COCT BIISIET BETUYUHY I10-
psank 200 xeB. Kpome Toro, K K Mbl yBUJIIUM HUXKE, CEUEHUS STUX JABYX pe KLU
B3 HbI ApYr ¢ apyroM. Msorton 89Y T kxke uHTepeceH cBoeil MOJYM rMYecKoii
npuponoit. Orp HUYEHHOCTh KOH(UIYp LIMOHHOTO MPOCTP HCTB OOJIerd er Bbl-
JielieHre H nboee CyIecTBEHHBIX MOMEHTOB sSlepHON CTPyKTypsl. Kpome Toro,
JOTIONTHUTEIIBH 51 MH(OPM LU M3 CIIEKTPOCKOIIMYECKUX MCCIIeqoB HUi [65] aBms-
eTcsl JIOCTYITHOH 1O OTHOCHTESIBHO BBICOKHMX 3HEepruil Bo3OyxneHus. OcHOBHOe
coctostane 89Y X p KTepusyeTcd CIMHOM M YETHOCThI0 J™ = 1/27, u3oMepHOe
cocrosnue ¢ J™ = 9/2F umeer sHepruio Bo3Oyxkuenus Fig, = 0,909 MsB. K x y
MHOTHX SJep U3 3TOM M CCOBOil 00J1 CTH, p CII J M30MEp B OCHOBHOE COCTOSIHUE
B 39Y cBa3 H ¢ M4-nepexomom 1/2~ — 9/2°F.

Pe3ysIbT THI P CUET BENMYMHBI cedeHus oToBo3Oyxkaenus (ol')§ Hu3KONe-
X IUX cocTosHuil B u3otomne 87Y u cOOTBETCTBYIOMLINE SKCIEPUMEHT JIbHBIE [ H-
HBIE U3 pe KIMHU SAEePHOI pe30H HCHOH (hiyopecleHLUH IpeacT BIEHB H puc. 8.
P cuerpl ObUIM BBIIIOJTHEHBI C BOTHOBOHM (DYHKIIMEH, COfepk LIed KB 3UY CTHYHYIO
u "KB 314 ctuil @ (poHOH” KOMITOHEHTHI. [IIst p CYeT Y CTHYHBIX YPOBHEH HC-
II0JIb30B JIUCh (POHOHBI OCTOB SSST, [71sl ABIPOYHBIX ypoBHeit — 20Zr. Mbl BKII0UM-
JU B P cueT GOHOHBI H TP JIbHON YETHOCTH MYJIbTHIIONBHOCTH A™ =17, ..., 6T
1o sHepruu 12 MaB, ofiH KO ¢ MU p CUETHI IOK 3 JIH, YTO TOJBKO KOJUIEKTHBHBIE
27 -hOHOHBI MIP 0T CYyLIECTBEHHYIO POJIb JUIsi ONMC HUS MPOLECC (OTOBO3OYX-
JEHHS JI0 3Hepruil mopsak 5 MaB, mocKonbKy B3 MMOIEHWCTBUE P 3IMYHBIX KOH-
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Puc. 8. Cp BHeHue 3KCHIEpUMEHT JbHBIX (a) ceueHuil (o1')o B pe Kuuu 89Y(y,~") nna
P CII I B OCHOBHOE COCTOSHHE C pe3yJbT T MH p cueT (6). CIMH U YeTHOCTh IS 9KCIIe-
PUMEHT JIbHBIX I HHBIX B34THI U3 p OOTHI [65]

turyp 1mit BNSETCS JOCT TOYHO CJ1 OBIM B 3TOM siipe. YUCIIeHHbIe P CUEThI ObLIH
BBITIOJIHEHBI C MCIIOJIb30B HHUeM mporp MMbl PHOQUS [66].

T K K K npu (poTOBO30YXAESHUN 3 METHBIH BKI JI B CEUYEHHE pe KLHU I 0T
MIePEXOABl M JIOI MYJIBTHIIOIBHOCTH, MBI P CCUHUT JIM TOJIBKO CHEKTPHI BO30yXIeH-
HbIX cocTosuuil B 8°Y, CBA3 HHble ¢ OCHOBHBIM COCTOAHMEM IOCpecTBoM El-,
E2- u M1-nepexonoB. Mbl 00H pyXHJIM TOJBKO LIECTh IEPEXONOB C dHEpruei
Huxe 4,5 M»B, 001 1 I0IIKUX CYIIECTBEHHON BEJTUYUHON M TPHUYHOIO BJIEMEHT .
ITomydeHH s cTeneHs (p IMEHT MU COCTOSHUI 3 METHO ¢l Oee, yeM H Omrox e-
M 4 B 9KCIIEpUMEHTE, U IPUYNHOM 3TOTO SBIISETCS OTp HUYEHHE MOAEIBHOTIO Ipo-
cTp HCTB . OfH KO, MOCKOJIBKY BKJI I MHOTO(DOHOHHBIX KOH(HUIYp LM B CEYECHHE
BO30YXJIEHHS IPEHEOPEXKUMO M JI, OCHOBHBIE YEPTHI PE3YIbT TOB (7, ~')-pe KiuH
MOTYT OBITh OOBSICHEHBI YK€ H YPOBHE OJHO(DOHOHHOTO MPUOITHKEHHS.

1B HMX HIIUX COCTOSHUS B p cueT X umeroT sHepruto 1,540 u 1,838 MaB
M COOTBETCTBYIOT XOPOILIO M3BECTHBIM HMX HIINM YpoBHAM ¢ J™ = 3/27 u 5/27,
KOTOpbIe, K K ObUIO MOK 3 HO B p Gore [67], X p KTepU3YIOTCS, COOTBETCTBEH-
HO, P3/2 U f5/2 ONHOY CTUYHOH NPUPONOi. Pe3ynbr T p cuer g yposua 3/27
BenuuuHbl (01)g = 70,2 3B-6 H XOAMTCI B OTJIMYHOM COIJI CHU C 3KCIIEPH-
MeHTOM. Cllerk 3 BBILICHHBIM OK 3bIB eTcd K0a(ppuuueHT cMemus Hus E2/M1:
0 = —0,254 Mo cp BHEHHIO C DKCIICPUMEHT JIbHBIM 3H 4yeHueM § = —0,1309,
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4TO, MO0 BCEW BHAMMOCTH, YK 3BIB €T H 3 BBIIICHHYIO BEJIMUMHY NPHUMECH KOH-
dburyp mwin [py /2 ® 2?]3/27, KoTop £ ycwiuB eT BKJI 1 F2-mepexon . CocrosHue
5/2~ B030yXm eTcsa rop 3m0 cil O6ee U He OOH PyXHWB eTcsd B dKcmepumeHTe. M3
HUMEIOIUXCs 1 HHBIX [65] MOXHO momyuuts mig Hero (o1')g = 4,67 3B-6, uto T k-
K€ HEeIUIOXO COOTBETCTBYET H CTOSIIEMY p CUETy, SBJSSACH IPU 3TOM BEIWYUHOM,
MeHbIIel (IyKTy LU (OH pe KIHH.

Crnenyromye nepexoasl COOTBETCTBYIOT IpyIe NP KTUYECKH BBIPOXKICHHBIX
COCTOSIHMH, NPUPOROH KOTOPHIX SBISETCS CIl PUB HHE KB 34 CTHYHOW KOH(H-
Typ ILIMM OCHOBHOTO COCTOSIHMSI C HU3KOJEX IIMMH KOJUIEKTUBHBIMH KB IPYIOJIb-
HbIMH (DOHOH MM COCETHEro 4eTHO-YETHOTO Sp 907r T.e. cocTosHUI, 06T I -
IOIMX CTPYKTYPOil [p1/o ® 2f’3]3/2775/27. CriefiyeT OTMETHTB, YTO BBIPOXJIE-
HHME TI0 DHEPIUM JUISl TUX COCTOSIHUI SIBJISIETCS PE3y/lbT TOM NpeHeOpeXeHus B
p cuere KOH(Uryp LUIMH Oosee BBICOKOH CIIOXHOCTH, KOTOpPOE, CKOpee BCEro,
OyzmeT ycTp HEHO IpH ydere OBYX(OHOHHBIX KOH(uryp nuil. CocTtosHue ¢ dHEp-
rueit 3,147 MaB u J™ = 3/27 cOOTBETCTBYET 3KCIIEPUMEHT JIbHOMY COCTOSIHHUIO C
sHeprueii 2,881 MaB u, B03M0OXHO, cocTosiHuIo ¢ aHeprueit 3,067 MaB. Ilo kp #-
Hell Mepe, MIUIMTYIbl CEYCHUI CBUIECTENbCTBYIOT B IOJIb3Y 3TOTO COMOCT BIICHHS.
CocrosHue 5/2~ B p cuere p 3yMHBIM OOp 30M MOXHO COIIOCT BHUThH C TPYIION
COCTOSIHUH, p cp IMEHTUPOB HHBIX 10 dHeprum 3,5 MaB. Cocrosaus, obp 30-
B HHBIE B PE3y/IbT Te CM PUB HUS C 27 OTHO(OHOHHOH KOHGUIYp IHeii, MOryT
ObITh MAECHTU(ULUPOB Hbl K K 9KCIIEPUMEHT JIbHbIE YPOBHH C oHepruei 3,992 u
4,170 M=B.

CTpPYKTyp 3THX COCTOSHMH YK 3bIB €T H TO, YTO POXIECHHE KB JAPYIOIHHOIO
(OHOH OTBETCTBEHHO 3 cHITy (7, )-miepexonoB. COOTBETCTBEHHO Tepexon 1/2~
— 3/27 umeet npenmyinecTBeHHO F2-nipupony. Hux iimee 3/27-coctosHue T K-
Xe o0 ;1 er HeKoTopoii cuioir M 1-Bo30yxneHus u3-3 8 % INpuUMecH OIHOY C-
THYHOU KOMIIOHEHTBI P1/o BONHOBOU (pyHKIMHU. [JOMUHMPOB HHE KOJIIEKTHBHBIX
E2-nepexonoB 00bSICHIET XOPOLLIEe COOTBETCTBUE JI HHBIM, HOJIyYEHHBIM B pe K-
LMY HEYNPYTOTO P CCESHUS HYKJIOHOB.

B skcrepumente 1o ¢oto KTHB 1uu u3oMep B 5YY ObUM OOH pyXEHbI 1B
M3IIOM B 3 BHCHMOCTH BBIXOJ HM30MEp OT I'P HHUYHOI HEPrHH TOPMO3HOTO CIIEK-
Tp . DTH u3oMbl npu sHepruu 2,9 u 4,0 MaB cBUieTENbCTBYIOT O TOM, YTO B
P CCM TpPHUB €MOM sjipe H 3HepreTuuyeckoM uHteps Jie 2,2+5,0 MaB cymecTByioT
Tospko 1B AC, oTBeTcTBEeHHbIE 3 (hoTOBO30YXIEeHHE n3oMep . T K K K TOYHOCTh
10 ®Heprud B (POTO KTHB IIMOHHBIX BKCIIEPUMEHT X HEBBICOK , 3TO, B NPHUHIIHUIIE,
MOXET T KXe CBHIETEJIbCTBOB Th O IBYX TIPYNI X OJM3KONEX IINX COCTOSHHUH,
Hep 3pELICHHBIX B 3KCIEPHUMEHTE, HO NMPELU3UOHHBIE 1 HHbIE pe KIHMU SIepHON
Pe30H HCHOM (pIyopecLeHIUH OTBepr 0T 3Ty BO3MOXHOCTh. I[IOCKOJBKY CHEKTp
(v,7')-pe kuuu nomHOCTHIO OOBsicHseTcss M1- u E2-mepexon Mu, Ui IIOJHO-
ro u3MeHeHuWst cruH W 4yetHoctd AJ™ = 47 npu mepexosie H KOHEYHOE U30-
MEpHOE COCTOSHHE HEOOXOAWM IBYXCTYNEHY THIH K CK 1, KOTOPBIA BKIIOY J1 OB
E1-nepexon juist u3MeneHust uetHoctd. H puc. 9 mpencr BieH cxem u30p HHBIX
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Puc. 9. P ccunt HH 1 cXeM ypOBHeil M MX P CI JHBIX WIMpHH juid m3oton °°Y. Cxem
Orp HUYEH TOJIBKO COCTOSHMSAMH, OTHOCSIIMMMUCA K OIHUC HUIO mpouecc ¢oToBo3Oyxie-
Hud m3omep . CoctosHusd 3/27 p CIOJIOXEHBI CIIEB , COCTOSIHUA 5/27 — clp B , COCTOSHUA
5/2" — B HeHTpe. DHEPIUM COCTOSHUIL IPUBENEHB! B eIMHUI X MaB, IUpUHEI p ¢l 1 — B
equHun X MeB. Ci Gble nepexojpl U300p XKEeHbI IyHKTHPOM

YPOBHEH, BO3HHUK IOIIUX B P CYETE M YIOBJIETBOPSIOIINX 3TOMY ycinosuio. g nep-
BOUM CTYIEHW K CK I P CII I H HM30MEP Mbl OTP HHYMJIMCH COCTOSHUAMH 5/27,
W JIB M3 HUX ObUTM OOH PyXEHbl B P CCM TPUB €MOil DHEpreTuueckoi o6 CTH.
ITepexonsl u3 cocroduuil 3/2~ u 5/27 H NpPOMEXYyTOUYHBIE COCTOSHHA C APYIH-
MM 3H YEHHSIMU CIIUH W YETHOCTH, KOTOpbIE T KXe, B MpPUHLUIIE, MOTYT OBITh
BKJTIOUEHBI B ITPOLIECC OKOHY TEJIBHOTO P CI I H H30Mep, H CTOJIBKO ¢l OBl 1O
Cp BHEHMIO C IIEPEXOIOM B OCHOBHOE COCTOSIHHE, YTO OHHM OBUIN HCKITIOUECHBI U3
Il JIbHEUILEIO p CCMOTPEHHUS.

Ecnu mmpuHbl 1M puu JIBHOTO p cll A cocTosgHui 3/2~ u 5/27 B OCHOB-
HOM Cp BHHMBbI, H OJIIOf €TCS OTPOMH $I p 3HHMIl B BEPOSITHOCTH UX Y4 CTHSI B
mpouecce 3 celeHus cocTosgHusa 5/27. P cm g H cocrodnme ¢ Gojblieil sHEP-
ruei (3,308 M»B) B MozmelnbHOM TPOCTp HCTBE Kp iHe CI1 6 M3-3 TP KTHYECKU
YUCTOH CTPYKTYpHI [p1/2 ® 3 ]5/2+ STOTO COCTOSHMS M BO3MOXEH TOMbKO O -
ron ps mnepexony 27 — 37, KOTODBIA, K K H M H3BECTHO U3 P CCMOTpEHHS B
MPEABAYIIUX P 30e X, SABISeTCS MEePEeXoA0oM CIIEAYIOLIero MOpsaak M JIOCTH IO
CP BHEHMIO C KOJUIEKTHBHBIM IEpexoioM OaHO(OHOHHOro obmeH . CocrosHus ¢
MOMEHTOM M YETHOCTBIO 3/27 MMeT HeOOMbIINe, HO 3 METHBIE BEJIMYMHBI P C-
01 H Hux Hmee cocroguue 5/2F. IupuHel p cn 1 cocTosHuil 5/27 H TO
Xe coctostHue 5/2% 3H umMTenbHO c1 Gee MO Cp BHEHMIO C P CII JIOM COCTOSHUIA
3/27, T X K K UMEIOT M TPUYHBIH a/ieMeHT E'l-mepexox MpUMEpHO H MHOPSIOK
Menbine. Hik iimee coctosuue 5/27 cUIbHO CBA3 HO C M30MEPOM IIOCPEICTBOM
[99/2 ® 2. ]-KOMMOHeHTHI CBOEHH BOMHOBOI (hYHKIMH, T KHM OGP 30M, MEPEXOJIbI C
COCTOSIHUH 3/27 SBJIAIOTCS MEX HH3MOM, OTBETCTBEHHBIM 3 3 CEJIEHHE H30MeEp .
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DTOT pe3ynpT T H XOOUTCS B MOJHOM COINT CUH C 3KCHEPUMEHT JIBHBIMH [l HHBI-
MH, CBHETENBCTBYIOIIMMHU O H JIMYMHU TOJBKO OByX AC IpHUMEpHO p BHOM CHIIBI,
IIPH 3TOM B P CYETE XOPOLIO BOCHPOM3BOAUTCS dHepreTryeckoe nomoxenne AC.

MBpI npoBenu T KX€ HCCIIEN0B HHS MPOIIECCOB, OTBETCTBEHHBIX 3 (POTOBO3-

OyX/IeHHe U30MEPOB B SIP X C OTKPBITOH o6onoukoit O81Br. I HHble u3 pe-

KIMU SIepHON pe30H HCHOM (PIyopecLeHLUH OTCYTCTBYIOT IS 3THX H30TOIIOB,

HO, K K MBI YBUAUM B J JIbHEHIIEM, TEOPETHUECKUE P CUETHI MO3BOIAIOT CAET Th
JOCT TOYHO OJHO3H YHBIH BBIBOI OTHOCHTENBHO CTPYKTYpbl AC, OTBETCTBEHHBIX
3 3 CelieHHe U30Mep .

B usorone ®!Br Bbixon usomep , K K (pyHKLMA TP HUYHON 3HEPrUM TOPMO3-
HOTO CIIEKTp , DKCHEPUMEHT JIbHO ObUT M3MEpPEeH B DHEPreTUYECKOM HUHTEPB Jie
3+4,2 MaB. B kpuBoii Bbixox OblT OOH pyXeH eQUHCTBEHHBII U3JI0M IIPU dHEp-
run (3,454+0,15) MsB. OtcyrcTBue a1 HHBIX U3 (7,7’)-pe KIMH HE MO3BOJAET B
3TOM CJIyd € C ONpeNeIeHHOCThIO YTBEPXKA Th, UMEEM MBI JEI0 ¢ OMMHOYHBIM AC
WU C TPYNIOM OJIM3KO P CIIONOXEHHBIX ypoBHel. [locnenHee T KXe B MPHHIMIIE
BO3MOXHO, OCOOCHHO NPHHUM S BO BHMM HHE TOT (P KT, YTO MbI MOXEM OXH-
I Th OoJiee CWIbHYIO (pp TMEHT LUI0 KOH(UIyp LA B MEPEXOIHOM siape OpoMm ,
Hexenu B usororne SY.

Jlnsa onpenenenus crpykTypbl AC 8'Br Mbl p CCUMT /M CHIEKTp BO30YX/IEH-
HBIX COCTOSIHHI B DHEPreTUYECKOM UHTepB Jie 34,5 MaB ¢ BotHOBOII (hyHKIUEH,
ColepXK ILIEH KB 314 CTHYHYIO U KB 314 cthll & poHOH” KOMIOHEHTHI. OCHOB-
HBIM COCTOSHUMEM S1Br sBIIseTcs ypoBeHb ¢ KB HTOBbIMH unci Mu 3/27. TlosTomy
GbUT P CCUMT H CreKTp coctostHmii ¢ J™ = 1/2%, 3/2% u 5/2%, BosGyxe-
HHE KOTOPHIX M3 OCHOBHOTO COCTOSIHHS SAP BO3MOXHO mocpenctsoMm E1-, M1-
Wi E2-KOMIIOHEHT 3JIeKTpOM THUTHOro monsi. [lomMumo sHeprum Bo3OyXueHus U
CTPYKTYpbI BO30YXJI €MbIX COCTOSHUH MBI T KXE€ P CCUUT JIM CEYeHUs HX (OTO-
BO30YKIEHHs U3 OCHOBHOTO cOCTOsIHUS sip . COCTOSIHUS, UMEIOIINE Hercue3 Iomie
M JIble BEIMYMHBL CEUEHUS 03/5— 7, IPEACT BIEHBI BT Gi1. 6. B T Onnue T Kke
IpUBEIEHB BKJI bl KB 304 CTHYHOM () 1 ocHOBHOM KB 314 ctvn ® choHoH"
(ot Q™) KOMIIOHEHT B CTPYKTYpY 9THX COCTOSIHHIA.

K K mox 3bIB 10T H LM p CYETHI, B 9HepreTudeckoM uHTeps Jie 3,0+-4,5 MaB
B 1Br p cronoxeHsl BO30YXKIEHHbIE COCTOSHHS, X P KTEpU3yeMble M IOH MpH-
MECBI0 OJIHOKB 3MY CTHYHOU KOMIIOHEHTHl B HOPMHPOBKY BOJHOBOH (DYHKIIMH.
[TosToMy B JIEHTHBIE NIEPEXOABl H 3TH COCTOSHHS M3 OCHOBHOTO COCTOSTHHS AP
CHJIBHO TOA BJIeHBL. T KXe TOI BIECHHBIMH SBIISIOTCS U MEpPEeXompl ¢ OOMEHOM
KOJUICKTHBHBIME (POHOH MU, 06 1 romue Gombummu B(E(M)A). Hpudunst no-
Il BJIEHUS 4UCTO aHepreTudyeckue. KosuieKTuBHbIN 2f—cbonon UMEET CIIUIIKOM M -
JIyI0 ®HEPIUI0 JUIS HCCIIEIyeMOro ®HEepreTHYeckoro MHTEpB J , B TO BpeMd K K
1" -cpoHoH, copMupyrommii M 1-pe3oH HC, P CIONOXKEH CIMIIKOM BBICOKO, T K
XKe, K K U 1 Xe HEeKOJUIeKTHBHble 1~ -poHOHBI. McKilloueHne cocT BISIOT CO-
CTOSHUE C MOMEHTOM M YeTHOCThIo J™ = 5/2% um uMelomee sHepruio Bo30y-
xnennss B, = 3,18 MaB u B HeKOTOpO# cTenenu cocrosuue ¢ J™ = 1/2% u
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T 6mu 6. Bo3byxaennsie cocToanus ' Br u3 sHepreTudeckoro uaTeps 1 34,5 MaB

CH HOO/IbLIMMH 3H YEeHHAMH CeYeHHA BO30YKIEHHA U3 OCHOBHOTO COCTOAHMUA 05 /5~ _, ;

~ /]

M BKJI 1 KB 304 CTHUHO# (o) M ocHOBHO# KB 3uu crun ®donon” (o™ Q™) Kommo-

HEHT B CTPYKTYPY 9THX COCTOSTHMIA

Jy Ea, | Hepexon | o3/, a’ atQt
MbsB M6 - MaB

5/2% | 3,18 E1l 0,375 2d55(12,9%) | 1go/227 (83,0%)
1/2% | 3,65 E1 0,094 2s1/2(4,34%) | 1f5/237 (94,9%)
3/2% | 3,75 E1l 0,002 1ds/2(2,11%) | 2fs/23; (66,6%)
5/2% | 3,91 E1l 0,007 1ds/2(0,49%) | 1f5/237 (83,9%)
1/27 | 3,97 E2 0,002 2p1,2(0,01%) | 2ps,223 (99, 9%)
3/27 | 3,97 E2 0,005 2p3/2(0,01%) | 2ps/223 (99, 9%)
3/27 | 4,04 M1 0,043 2p3/2(0,38%) | 2ps/217(99,0%)
1/27 | 4,18 M1 0,014 2p1/2(0,78%) | 2p3/217 (99,0%)
3/27 | 4,27 M1 0,002 2p3/2(0,21%) | 2p1/217 (99,3%)
3/27 | 4,28 E1l 0,003 2d3/5(0,97%) | 2ps/23; (60,8%)
5/2% | 4,29 E1l 0,018 2d5,2(0,46%) | 1ps/237 (51, 7%)

E, = 3,65 M»aB, 061 1 1omiye 3 METHbIM BKJI JIOM KB 34 CTHYHOM KOMITOHEHTHI
B HOPMHPOBKY MX BOJTHOBBIX (PYHKLIMIA.

Oct HOBUMCs Gosee mogpoGHO H  coctosuuu ¢ J™ = 5/2% u E, =
3,18 MoaB. IlpuBeneHH 51 BEpOSITHOCTb €ro BO30OYXIEHHS U3 OCHOBHOTO COCTO-
srus coct Bister 0,03 e2 - pM> i onpeenseTcs UCKTIOUUTETBHO B JICHTHBIM F1-
nepexogoM 3/27 — 5/2%. VauBUTENbHBIM U 3TOTO COCTOSHUS SBISETCS H JIH-
Yye 3 METHOW NPUMECH OJHOY CTHYHOW KOMITIOHEHTHI B €rO BOJSHOBOH (DyHKLHH.
OnHOKB 3u4 CTHYHBIH ypOBeHb 7(2d5/2) P CHONOXEH 3H YUTEBHO BBIIIE, B H -
LIMX P CYET X OH MMeeT dHepruw 7,1 MsB, HO B pe3yiabpT Te B3 UMONEMCTBUSA
KB 344 CTUYHOU W KB 314 cTull ® POHOH” KOH(HUIYp LMA Y CTh CHIIBI BTOTO
YPOBHS, ¥ TIPH DTOM 3 METH S Y CTh, BBIT JIKUB €TCSl B OOJI CTh Ooiee HU3KHX
dHepruif. DToT a¢pheKT H TISAHO TpencT BieH H puc. 10, H KotopoMm u3o0p -
xeH p rvent mus 7(2ds /o) OMHOKB 3U4 CTHYHOH KOMIIOHEHTHI 1O COCTOSHUSAM
C MOMEHTOM M 4YeTHOCThI0 J™ = 5/27. Hu3K0oHEepreTHYeCKuil MK B 3TOM P C-
npeneienun U ¢opmupyer AC, oOH pyXeHHOe B dKcliepuMeHTe. JIOMOMHUTENb-
HBIM PryMeHTOM (TIOMHMO OOJBIION BETMYHMHBI CEUCHUST BO3OYXICHHS OJi—Jy)
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Puc. 10. P cnpenenenune cuibl KB 3M4 CTUYHON KOMITOHEHTHI 7r(2d5 /2) 0 BO30YXIEHHBIM
COCTOSTHHSIM C MOMEHTOM H YeTHOCThI0 J™ = 5/ 27 g 31Br. JIunusg co CTPEJKOH YK 3bIB €T
IIOJIOXEHHE OIHOKB 3MY CTHYHOrO ypoBHs 7(2ds /2)

B TI0JIb3Y TOCIICAHErO YTBePXKICHHUs CIIYKUT OCHOBH s, KB 3u4 ctun & ¢onon”
KOMITOHEHT , BKJI J KOTOPOH B BOJIHOBYIO (DYHKIIMIO 3TOTO COCTOSIHUS IIPEBBILI €T
80 %. KB 314 CTHYH 5 4 CTb 9TOH KOMIIOHEHTBI HMEET KB HTOBbIE unca 9/27F,
U, T KUM OOp 30M, ®T KOMIIOHEHT CBS3 H MOCPEICTBOM KOJUIGKTUBHOTO F2-
p co o ¢ usomepoM 9/ 27, BBIXOJL KOTOPOIO PErMCTPUPOB JICAd B BKCIIEPHMEHTE.
P ccmotpum Tenephb p cn a coctosuus ¢ JT = 5/2T u B, = 3,18 MsB
H wu3omepHoe coctostHue 9/21. B H mmx p cuer X HuX iwee 9/2-cocrosiHue
HMeeT SHePruio Bo30yxaeHus, p BHyo 1,63 MaB, u coctout H 64 % u3 OTHOKE -
304 CTHYHOH KOH(UTYp 1iH 1gg /o uH 30 % u3 Konduryp muu [199/2®2f]9/2+.
DKCMEPUMEHT JIBHOE 3H YeHHe Uil 3Hepruu usoMep B S1Brp BHO 536 KoB. Yuer
KoHpuryp uuit Tun KB 314 ctui @ 2 oHOH ' H CBOMCTB HM3KOJEX IIUX
COCTOSIHUH B HEUETHBIX SIIp X p ccMOTpeH B p 6ore [68]. Tlok 3 HO, 4TO BKIIIOUE-
HHE B P CCMOTpPEHHE CIIOXHBIX KOH(HUIYp LU CYIIECTBEHHO YIy4Il €T ONUC HHe
DHEPreTHYeCcKOro MOJOXEHUS HU3KONEX IIUX YpoBHEH. B 4 cTHOCTH, MX y4eT B
81Br MPUBOJUT K IMOHUXKEHUIO DPHEPTUU HUXK #iero 9 / 2% -coCTOSHUS J10 BeJTMUHHbI
0,87 M>»B, cymecTBeHHO NMPUOIMXK SCh K DKCHEPUMEHT JIbHOMY 3H YEHHIO, IpU
srom onoxerne AC 5/27 cymectBenHo He usMenseTcs. [IpsaMoii Iepexon Mexty
p ccM TpuB eMbiMu cocTostHusaME 5/21 1 9/2F uper 1~ 90 % 3 cuer oOMeH
KoJnekTHBHBIM 27 -hoHoHOM U coct Biser B(E2 |) = 386 €2 - dm*. Hcnoms-
3y 3Ty BEJIMYHHY, MOXHO OLICHUTh M30MEpPHOE OTHOIIEHHE, MO T 4, 4To B I'ig
OCHOBHOM BKJI J ]I €T IPSAMOW KOJUIEKTHBHBINM IIEPEXO] H HM30MEPHOE COCTOSHUE,
B I' — mepexon B ocHOBHOe cocrosiHme, T.e. I' = I'g. B 3TuX mpeamnonoxeHusx
nony4 em [0 /T =6 - 1072. OmeHK BeJIMYHHBI HOJIHOTO CEUCHHS 0o0p 30B HHA
AIp B M3OMEPHOM COCTOSHMHM 4epe3 yposenb 5/27 ¢ E, = 3,18 MaB ¢ arum
Tiso/T coct Brsier 20 MKG-M3B, 4TO HEIUIOXO COIN CYeTCs ¢ 9KCIEPUMEHT JIbHBIM
3H yeHueM 5 MKO-MaB, npuHUM g BO BHUM HHE TOT ¢ KT, YTO 9KCIIEPUMEHT JIb-
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HOE 3H YeHHEe MMEEeT MOTPELIHOCTh NOpSAK ¢ KTop 3, I BHBIM OOp 30M, U3-3
HEONpPEIeIeHHOCTH B MHTEHCUBHOCTH ITy4K (DOTOHOB.

Yto K ¢ ercd cocTosdHus ¢ J™ = 1/2+ u E, = 3,65 MaB, BepodTHOCTH
BO30YXIEHHS KOTOPOTO BCErO B YETHIPE P 3 MEHBIIIE 10 CP BHEHHIO C COCTOSHHEM
¢ sHepruedd F, = 3,18 Mb»B, ero BKJI 1 B mojHOe ceueHue (POTOBO3OYXKICHHS
u3oMep NpeHeOpeKHMO M JI M3-3 OOJNBIIONH P 3HULBI 10 CHHHY C H30MEPOM
(AJ = 4) 1 o CTPyKType ero BOJIHOBOW (DYHKIIMH.

B usorone ""Br x prun  ¢oropo36yxnenus uzomep 9/21 ouen» H mommu-
H €T H JIOTMYHYI0 K PTHHY B COCEIHeM Hu3oTone SIBr. P cueT mpemck 3biB €T
H nuuue aByx AC B sHeprerudyeckoM unteps Jje 0+4 MaB. IlepBoe cocTosHue ¢
MOMEHTOM M 4€THOCTBIO J™ = 7/27, p CIONOXEHHOE [IPH SHEPIUU BO30YXICHHS
1,1 MaB, uMeeT BOJHOBYIO (PYHKIIHIO

T +

‘I’(§ ) =(0,34)2f7/2 + (0,85)[2p3/2 ® 21 |7/2- + -+~ (23)
Bo36yk/IeHue 3TOro COCTOSHHS MPOUCXOMUT 3 CYET KOJLIEKTHBHOTO 21 -(hoHOH
CBSI3BIB foLIEro cocrosHue (23) ¢ ocHOBHBIM cocrtosiHueM sinp 3/27. Ero p co 1
H u3oMep oOycloBineH B JeHTHbIM El-nepexomom 2f7/5 — 1gg/2. Dkcmepu-
MEHT JIbHO W3BeCTeH 7/27 -ypoBeHb ¢ sHeprueil 0,761 MasB, T KXe ypoBeHb C
sHeprueii 1,8 MaB, KOTOpbIii, NPeanoa0XUTeTbHO, UMEET T€ Xe CIIUH U YETHOCTb.
[penmon r 4, yTo cocrosgaue (23) (KOTOpoe, ecTeCTBEHHO, OymeT p TMEHTHPO-
B Th IIPU y4eTe CBSI3M C Oojiee CIIOXKHBIMUA KOH(PUTYp LUSIMH) COOTBETCTBYET 3THUM
JIByM 9KCIIEPUMEHT JIbHBIM YPOBHSIM, MBI IOJIyd €M OYeHb XOpOIlee COINl CHe 10
OCOJIIOTHOI BEJTMYMHE CeYeHHs (POTOBO3OYXIEHHsI U30Mep B OOJI CTH Ipeielib-
HOW 3HEPriM TOPMO3HOTO U3MydeHus 10 2 MaB ¢ aKcrepuMeHT JIbHBIMH 1 HHBIMU.

Cunbhoe AC B p ifone 3,2 MoB ¢ J™ = 5/27 gBngercs H JOTOM COOT-
BETCTBYIOLIET0 cocTosHuA B S'Br, mogpo6Ho o6cyx Buterocs sbime. B "Br ero
BOJTHOB 1 (DyHKLIMS UMEET BHJ

5+
¥ (5 ) = (0,38)2d5/2 + (0,90)[1gojo @ 2 Jsjas ++-, (24

U ero Bo30YyXIEHHE W P CI I H U30Mep X P KTepU3YIOTCS HPOTHBOIOIOXHOM
IIPUPOJIOH TIO CP BHEHHUIO C COCTOAHMEM (23): B JeHTHBIA El-niepexon 2p3/o —
2ds /o ipu BO30YXIEHUH M KOIUIEKTHBHBIA F2-p €Il I H H30Mep.

3AKIIIOYEHHUE

B 0030pe mpenct BIEHB TEOpPETHYECKME WCCIENOB HHMSl CTPYKTYPBHl HH3-
KOJEX IIMX COCTOSHHA B C(EPUYECKUX SIP X, BBHIIIOJIHEHHBIX B P MK X
KB 3W4 CTHYHO-()OHOHHOH MOJENHU SIp , M CPp BHEHHE PE3YJbT TOB P CUYETOB C
HUMEIOIIUMHUCS COBPEMEHHBIMH ®KCIIEPUMEHT JIBHBIMHU 1 HHBIMHU, TOJIy4EHHBIMU B
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P 37MYHBIX SAEPHBIX pe KUugX. JleT JbHO H3y4eHO B3 MMOJAEHCTBHE IMPOCTHIX
(0mHO(OHOHHBIX) U CJIOXHBIX (MHOTO(DOHOHHBIX) KOMIIOHEHT BOJHOBBIX (DYHKLUI
BO30YXIEHHBIX COCTOSHUI M M3MEHEHHE POJIM 3TOr0 B3 MMOIEHCTBHS B OIpese-
JIEHUU CBONCTB P CCM TPUB €MBIX COCTOSHHI IIPU Iepexofe OT SIep C 3 MKHY-
TOU 000JIOYKON K TePeXOIHbIM siip M. [IpogeMOHCTPUPOB HO, UTO UCIOIB3yeM o
MOJIEJTb OIMCBIB €T H XOPOIIeM KOJHYSCTBEHHOM YPOBHE OOJIBIIIOI 00bheM COBpe-
MEHHOH ®KCIIEPUMEHT JIbHOH MH(OPM LMK O CBOWCTB X H3y4 €MbIX COCTOSHHIA,
MOJIYYEHHBIX B P 37IMYHBIX 4JEpPHBIX pe KIUAX.
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL U ATOMHOI'O AIPA»
1998, TOM 29, BBIII. 6

YAK 539.17.01; 539.172.12; 539.17.016

YMNPYIOE pd-PACCEAHMNE HA3AL

MNP MPOMEXYTO4YHbLIX SHEPITMNAX
I0.H.Y3ukoe6

OGbeaAMHEHHbI MHCTUTYT SAEePHbIX UCCNeaoB Huii, y6H

K 3 XCKWil rocys, pCTBEHHbI yHMBeEpPCUTET UM.Anb-® p 61, Anm -AT , K 3 XCT H

P ccMoTpeHsl TeopeTHuecKue MOAXOIbI K OIIC HUIO YIPYTOro pd-p CCesHUs H 3 [ IIPH 9HEPrHsax
0,5+2I'sB. H psangy c Mex HU3M MU OOMEH HEHTPOHOM M OZHOKP THOro p/N-p CCesHMs HCCIIeIoB H
posb Mex Hu3M oOmeH N*-u300 p MH H OCHOBE IIECTHKB PKOBO# Momenu mis dN N*-pepiius.
PensruBucrckue o(eKTh YIUTHIB I0TCS H OCHOBE I' MIJITOHOBCKOMl JMH MHKH CHCTeM C (DHKCH-
POB HHBIM 4ucioM 4 cTtul. ITok 3 H B XH S porib IV yOepOBCKHX Iepep CCesSHHil B H 4 JIBHOM H
KOHEYHOM COCTOSHHMSAX TP P CCMOTPEHHH MeX HU3M Iiepefl 4d HeiTpoH . Ocoboe BHUM HHe yre-
JIEHO MeX HU3My B030yxieHns A-nu300 pbl, KOTOPBIA, HECMOTPS H OOJBIIYI0 Iepel dy HMITYIbC ,
JIOBOJIBHO €1 60 YyBCTBHTENEH K BBICOKOHMITYIbCHBIM KOMIIOHEHT M BOJIHOBOH (DyHKIUM JEHUTPOH U
ABJI€TCS JOMUHUPYIOIUM IIPH SHEPIUX H JIEeT IoIMX npoToHoB 1), = 0,5-+1 I'sB. ng onpenenenus
o p MerpoB Mty nepexogq NN = NA, HeoOXOAMMBIX NMPH BBIYHCICHUU BKIT 1 A-u300 pbl
B Tponiecce pd — dp, WcCTeioB H pe Kums pp — pnwT B A- pe3oH HCHOM o6n ctu. Mok 3 H
OYEeHb BBICOK s yBCTBHTEIBHOCTh MIUTUTYbl A-pE30H HCHOrO MeX HH3M mpouecc pd — dp K
n p mMerp M BepmHHBIX hopme ktopoB TNN, nNA, pNN u pNA. Kp TKO 006CyXkn ercs poinb
6oree dK30TUYECKHX MEX HH3MOB.

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 p/N-scattering the role of mechanism
of N*-isobars exchanges is investigated on the basis of 6-quark model for the dINN*-vertices.
Relativistic effects are taken into account in the framework of Hamiltonian dynamics of systems with
fixed number of particles. An important role of Glauber rescatterings in the initial and final states
are shown for the mechanism of neutron exchange. A special attention is paid to the mechanism of
A-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
T, = 0.5 — 1 GeV. The reaction pp — pnwt is investigated in the A-resonance region in order
to determine the parameters of amplitudes NN = NA, which enter the amplitude of A-isobar
excitation mechanism of the pd — dp process. A very high sensitivity of the amplitude of the
A-resonance mechanism of the pd — dp process to the parameters of formfactors in the vertices
7NN, tNA, pNN and pNA is demonstrated. Some exotic mechanisms are briefly discussed.

1. BBEJEHHE

HHTepec K HCCIENOB HHUIO YIPYroro pd-p ccesHUd H 3 1 MPHU DHEPrUsIX
~1-2 I'sB He oci1 GeB et B TeueHue nocienaux 30 et K K B Teopud [1-15], T x u
B 9KcriepuMeHTe [16-23] m1 BHBIM 00Op 30M HOTOMY, YTO 3TO OAWH U3 HPOCTEUIINX
MIPOLIECCOB, B KOTOPOM 3 CUeT OOINBIION Mepe] Y UMITYJIbC MOXET COOEepX ThCH
nH(OPM 1ud 0 cBOHCTB X N N-B3 MMOOEHUCTBUS B OOJ CTH IIEpeKpbhIB HHS Hy-
KJIOHOB. B ®TOM Iporiecce AeHTpOH BOCIIPHHUM €T K K LieJIoe OOJBIIYIo repen 4y
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UMITYJIBC Y ®HEPIUH, KOTOP ¢ B COTHH P 3 IIPEBBIII €T €ro 3HEPrUIo CBA3U. 3H 4H-
TEJIbHBI MHHTEPEC BBI3BIB €T BOIIPOC O TOM, B K KO Mepe 9TO CBOMCTBO JAEUTPOH
CB3 HO C 6-KB PKOBOW M PEISATHBUCTCKOM CTPYKTYPOU €ro BOJIHOBOM (PYHKIIHH.
B xHyio uH(pOPM LU0 [JIs YCT HOBJIEHHS MEX HU3M YIPYroro pd-p CCesHus H -
3 11, pd — dp, I CT U3MepeHHe COOTBETCBYIOIIETO MOJHOIO H OOp HE3 BUCHUMBIX
MNOJIApHU3 HUOHHBIX H 6)’[}0)1 €MbIX B KOJIJIMHE pHOﬁ KHWHEM THUKE, IV HUPYEMOE B
OUsNA [22].

AKTHBHOE HCCIIEJOB HHE B TEUCHHE IOCIEIHHUX HECATUIICTHH YIpYyroro pd-
P ccedHUd H 3 1 NPUHECTIO PAA HHTEPeCHBIX Haed B (PU3MKY MPOMEXYTOYHBIX
9HEpruil — CYIIECTBOB HUE HYKJIOHHBIX M300 p N* B a1p x [1], TpexO6 proHHBIE
pe3 H HCol [8], BBIABWIO B XXHYIO POJIb BUPTY JIBHBIX MHOHOB [2, 3], mocT BHUJIO
BONPOC O JWH MHKe LBeT B aToM Ipouecce [10]. OnmH KO pe3yapT Thl MpPOBe-
JEHHBIX HCCIIEIOB HUU He I JIM yOeIUTEeNbHBIX JOK 3 TENbCTB TOTO, YTO H MbOiIee
YyBCTBUTEJIbHBIE K BBHICOKOMMITYJIbCHBIM KOMITOHEHT M BOJTHOBOW (DYHKIIMH AEHi-
TPOH MeX HHU3MbI — o6MmeH HykyioHoM (OH) u omHOKp THOe p ccesiHue (OP) —
Urp 10T OCHOBHYIO poiib B npouecce pd — dp npu suepruax 1, > 0,5 I'sB. H3-
BECTHbIE B JINTEP Type YTBEPXIEHUS O NOMUHUPOB HUM Mex Hu3M OP [7] wmu
OH [11] cmen HBI MPH AOBOJBHO UCKYCCTBEHHBIX MPEIINONIOXEHUIX 00 YIpyrom
topm¢p kTOpe mpu OoNBIUX Mepen 94 X mMmmynbe () > 2 [»B/c umm BBICOKO-
UMITYJIbCHBIX KOMITOHEHT X €ro BOJHOBOH (PYHKIIMM COOTBETCTBEHHO. H mpoTus,
NP UCIIOJIB30B HUM OoJiee 0OOCHOB HHBIX, T K H 3bIB €MBIX P& JIMCTHYECKHX BOJI-
HOBBIX (PYHKIMI OEUTPOH , corm cHO p cueT M [4], mex Hu3M OH HCIBITHIB eT
MO/l BJIGHHE 3 CYeT MCK XEHWH B H U JIbLHOM M KOHEYHOM COCTOSIHHSX U B pe-
3yJIbT T€ SBHO HEIOOLEHUB €T OCOMIOTHYIO BEJIMYMHY H OJIIOl €MOro Ce4eHHs B
uHTEpPB Jie sHepruii ~ 0,5 + 2 IsB. bBosnee toro, mporpecc B MOJSpU3 LIMOH-
HBIX u3MepeHusax [19,21] BLIBWI pe3Koe MPOTUBOPEUHE MEXIy Mpeack 3 HUAMH
Mex HM3M OH U sKcnepuMeHT JIbHBIMU 1 HHBIMU IS TEH30PHOH MONSpU3 UK
T5o. P cuersr [9], BBIIOTHEHHBIE B P MK X HOJHOCTBIO KOB PH HTHOTO (hOPM JTH3-
M bere-Connurep g nomocHoro Mex HusM OH, He npuBenu K yiaydlIeHHIO
corn cud ¢ akcnepuMeHToM. C Apyroii CTOpOHBI, BBIICHUIIOCH, UTO TIPH OTIPEeNIeH-
HBIX DHEPrUsAX OOJNBIN ¢ Mepel 4 UMITYJIbC MOXET OCYLIECTBIATHCS IIOCPEACTBOM
MeX HHU3MOB, HE TPEOYIOIIUX CYLIECTBEHHOTO Y4 CTHS BBICOKOMMITYIECHBIX KOMIIO-
HEHT BOJIHOBOH (pyHKIMM siap . OOTHUM M3 T KMX MEX HU3MOB SIBJIIETCS ABYKD T-
Hoe pN-p ccesiHue ¢ Bo30yxenneM A-u300 pel B npouece pd — dp, TOMUHHPY-
foltee B 00 CTH H 4 JibHBIX ®Hepruid 0,5+ 1,0 I'9B. B p MK X A-pe3oH HCHOro
MeX HHU3M yI eTcs MOJYYHTh K YeCTBEHHOe OObsiCHEeHHE H OJrol eMoi OComT-
HOM BenuuuHbl ceuenud npu T, = 0,5+ 1 I'eB [12,13], cormn cho [12] — u
TeH30pHOM nosapu3 uuM Thg. Ilpu T), > 1 I'sB  H 10TMYHYIO POJIb MOXET UIP Th
B030yXIeHHe Ooiee TSXKebIX HYKIOHHBIX m300 p N*.

TeM He MeHee B H CTOsIIEe BpPeMs HeEJIb3s YTBEPXKI Th, YTO BOMPOC O PO-
Ju U TeM Oojiee OCOMIOTHOH BeauuuHe BKI o Mex HusM OH B mporec-
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ce pd — dp pelieH OKOHY TeNbHO. Bo-mepBbIX, He CYIIECTBYeT OJHO3H YHOM
MOJIENTbHO-HE3 BUCUMOM MH(OPM LM O BBICOKOMMITYJIbCHBIX KOMIIOHEHT X BOJI-
HOBOH (PYHKLIMM JIEHTPOH B pn-cekTope. Bo-BTOPHIX, p CXOXaeHHWE C 3KCIEepH-
MeHTOM 10 75y BO BCeX MPEmBIAYIINX p c4eT X B p MK X Mex Hu3M OH Obuto
nony4yeHo: ) Ge3 ydeT B3 UMOIEUCTBUS B H Y JIbHOM M KOHEYHOM COCTOSIHH-
X U 6) 6e3 yuer obmeH IN*-u300 p MH, U3 KOTOPHIX H HOoOJiee B XHBIM IS
COITI COB HHUS C BKCIEPHUMEHTOM M0 75y OXMA eTcd BKJI A P-BONHBI B BeplIMHE
dNN*. H B XHylo poib 3THX 5(peKTOB Hell BHO YK 3 HO B p Oote [24], corn c-
HO KOTOPOH 3KCIIEPUMEHT JIbHBIE I HHbIE K K MO AnuddepeHn JTbHOMY CEeYeHHIO,
T K ¥ 0 Ty B UHKI03uBHOM pe kumu d + A — p(0°) + X [25] yn ercs onu-
¢ Tb H ocHOBe Mex Hu3M OH mnpu HCIOIR30B HUU pe JTUCTUYECKUX BOJHOBBIX
(byHKLIMIA NEUTPOH , €ciM Y4ecTb BKJI J OOMEH HYKJIOHHBIMH u300 p Mu N* u
nepep CCessHUS B H Y JIBHOM M KOHEYHOM COCTOsIHUSX. IIpMHUM S BO BHUM HHE
HETPHUBH JIbHYIO KOppeIanuuio (cM., H pumep, [26]), H O1rox eMyro MexXIy 9KcIe-
PUMEHT JIbHBIMU [ HHBIMH [0 Je3uHTerp wmu geitrtpon d+ A — p(0°) + X [25],
C OIHOH CTOPOHBI, U YIIPYIUM pd-p CCesHUEM H 3 1 — C JAPYIOi, eCTb OCHOB HHUS
NpPEeIo I Th, YTO H JIOTMYHBIH PE3YJbT T MOXET OBITh MOJYYEH B OTHOLICHHU
poiM MeX HHU3M oOMeH HeilTpoHOM W IN*-u300 p Mu B mpouecce pd — dp.
B-TpeTpux, ciemyer MogYepKHYTh, YTO BBIBOL P OOTHI [4] O HempeccHBHOH poin
UCK XeHuH B mpouecce pd — dp ObUI MOJTyYeH B P MK X JOBOJIBHO (DOPM JIBHOTO
MeTojl , 6€3 K YECTBEHHOI'O MOSCHEHUs IOJIyYeHHBIX Pe3yJbT TOB. DTOT METOJ HE
ObLT MPUMEHEH K P CCEeSHHUIO IIPOTOHOB H 3 1 H 0oJiee CJIOXHBIX SIp X.

ITo3nHee ponb mepep ccesdHuii B mporecce pd — dp UCCIENOB JI Cb B Did-
KOH JIBHOM TNpUOIMKeHuHn B p 6ote [7], oOH KO Ipu 3TOM OBUT HCIOIB30B H
YHUCTO HEPETITUBUCTCK g TP KTOBK MexX Hu3M OH, 4TO CyliecTBeHHO 3 HUX -
er ero BKJI A. K K ObUTo MoK 3 HO Hex BHO [27], 1 yOGepoBcKue mepep CcesHHs
UIp 10T OYEHb B XKHYIO POJib B ynpyroM p>He-p ccessHUM H 3 1B P MK X MeX HH3-
M oOMmeH np-1 poil. H iineHo, 4to mepep ccesiHUs MPUBOASIT K 3H YUTEIBHOMY
(8 ~ 30 — 40 p 3) mon BIeHHIO GCOMOTHON BeMMUMHBI cedenus p>He-p ccesnus
H yron Oy M. = 180°. B pesynsr Te 6e3 mpuBiedeHHs] CBOOOOHBIX I P METPOB
OBUIO TOJTy4eHO YIOBJIETBOPHUTEIBHOE OIMC HHE OCOMIOTHON BETMYMHBI CEYEHHS
B uHTeps ne sHepruil T, = 0,9 < 1,7 I'sB u ogHoBpeMeHHO (hOPMbI YIJIOBOIO
p cnpenenenusi. EctecTBeHHBIN HHTEpeC BBI3BIB €T MPUMEHEHHE 3TOr0 Xe METO
K OIKC HUIO YIIPYroro pd-p ccessHus H 3 A B p MK X Mex Hu3M OH, BbimonHen-
Hoe Hel BHO B p 60ote [28]. H psamy ¢ oOMeHoM HeiTpoHOM B [28] p ccMOTpeHBI
obmensl N*-u300 p M B p MK X TOH ke momenu mia dN N *-BepIiuH, 9To U B
p Gore [24] u, KpoMe TOro, y4TEHbI Nepep CCeSHHUS B H Y JIbLHOM U KOHEUHOM
COCTOJHUSAX H ocHOoBe MeTon [27]. CylecTBeHHbIE YTOUHEHHS OTHOCUTEIIBHO
npuMeHeHus 6g—Mojenu K rnponeccy pd — dp cuen Hbl B p 6ote [29].

B H crosmem 00630pe mpu p CCMOTPEHHM PE3yJIbT TOB, MOIYyYEHHBIX B I10-
Clle[HUE TOJBI MPH TEOPETUUECKOM H Jn3e npouecc pd — dp, BHUM HHE B P B-
HOH Mepe yHenseTcs K K MeX HHU3M M, UyBCTBUTEIIBHBIM K BBICOKOUMITYJILCHBIM
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KOMIIOHEHT M BOJIHOBOH (PyHKIMI AEHTPOH , T K M MEX HU3M M, MEII IOLIUM H3-
BIICYEHUIO 3TOH MH(MOPM UM, T KXKe UX MHTep(epeHnn.

2. O PEJIAITUBUCTCKOM TMHAMHUKE COCTABHBIX CUCTEM

B mporecc X ¢ yd4 cTHeM CB3 HHbIX cucteM {a 3}, rme o u 3 — OB KOH-
CTHTYeHT C M CC MH M, U mg, {af} — HX CBI3 HHOE COCTOSIHHE C M CCOU
M{q gy, mpu atom My, 5y < Mo +mg, 9DHEKTH PEATUBUCTCKOM IMH MHUKH CT -
HOBSATCS CYILIECTBEHHBIMU IIPU UMITYJIbC X KOHCTUTYEHT , Cp BHHUMBIX C €[0 M CCOH
HOKOSL: |Qa| ~ M, |gs| ~ mg. DTO yTBepXXAeHHE BIOJHE OYEBHAHO C TOYKHU
3peHUs] KMHEM TUYECKOr0 COOTHOIIEHHMS MEXIy M CCOH, UMITYIbCOM U TIOJTHON
sHepruei 4 cruusl E = y/m? + g2, oiH KO DIy0oK s mpupon 0OCYXil eMbIX
PENATUBUCTCKUX 2(h(EKTOB SABISAETCd JUH MHYECKOW, T.€. CBI3 H C B3 UMOJEM-
CTBHEM, TIPU HEHYJIEBBIX (IlyCTb J| K€ CKOJb YTOJHO M JIbIX) 3H YEHUIX DHEPIUU
CBSA3H € = Mg + Mg — My, gy. [lpu oHEpruy CBA3M, Cp BHUMOM C M CCOMU TIOKOA
KOHCTHTYEHT , K K, H puMep, B Miuutyn X nepexon d — A+A, d — N+N*,
pengaTuBucTCKre 3 eKThl HEOOXOAUMO YYHUTHIB Th 1 XK€ NMPU HYJIEBbIX 3H YCHU-
X HMITYJIbCOB KOHCTHTYEHTOB (o ~ 0. DTO 00CTOSTENBCTBO MEHEE W3BECTHO B
sutep Type (cM. [30]), HO OHO T KXe CBA3 HO C PEISTUBUCTCKUM IO CBOEU CYTH
IIPOUCXOXIEHUEM SHEPIUMU CBSI3U € = My, + Mg — M, 5y # 0.

B H crosdiiee BpeMs HET OfHO3H YHOTO METOA Y4YeT PEIITUBUCTCKHUX a(-
(pexTOB MpH p CYET X MPOLECCOB C Y4 CTHUEM CBI3 HHBIX JPOHHBIX CHUCTEM. P 3-
JINYHBIE TTOAXOMBI I 10T P 3HBIE OTBETHI, KOTOPBIE COBII J IOT TOJIBKO B HEPENIATH-
BUCTCKOM mipenenie. [IIupoko p cnpocTp HeHHbIA B jmTep Type (cM. p 6oty [31]
U CCBUIKM B HEW) pEeATUBUCTCKUI IOAXOL, OCHOB HHBIA H MEPEXOfe B CUCTe-
My OECKOHEYHOIo MMITYJIbC — HEKOB PH HTH d JUH MUK CBETOBOIO (PPOHT —
IIPU MPOMEXYTOUHBIX DHEPIUSAX NPHBOAUT K SBHOMY H PYLICHHUIO POT LIUOHHOMN
VUHB DU HTHOCTU U IIO9TOMY HE HCIOJb3yeTcsd 31ech. boiiee mociaenoB TelbHbIN
MOAXOJN — KOB PH HTH S JUH MUK CBETOBOTO (PpPOHT , — YCHEIIHO P 3BUB €TCH
B p 60T X [32] mpuMeHHUTENbHO K 3 1 9 M 00 BIEKTpPOM THHTHOM B3 HUMOICH-
CTBMHU Y CTHI] C IEUTPOHOM. DTOT MOAXOJ MOK elle He Y[ eTcs Ip KTUYEeCKH HC-
10JIb30B Th IIPU OIIMC HUU IIPOLIECCOB APOH-AEUTPOHHOrO B3 umoneiicrteusa. He-
I BHO JOCTUTHYT CYIIECTBEHHBIH Iporpecc B p 3p OOTKE METONOB YHCIIEHHOTO
peumienus yp BHeHust bere—Connurep B mpoctp HerBe Munkosckoro it [N N-
MOTEHIIH JIOB OJHOOO30HHOTO OOMEH B JIeCTHUYHOM mpubmimxennu [33]- [35].
OnH KO NHOCIIENOB TEIbHOE NPUMEHEHHE 9TOrO MOAXOA BO3MOXHO TOJIBKO B pe-
JIATUBUCTCKOMW 3 JI Ye IBYX TeJl, HO He B TpeX4 CTHYHOH 3 1 4e, K K, H MpHUMeED,
npu yuere Tpexu ctuuHbiXx cuii N — A — N B pd-B3 umopeiictBun. [lostromy 3uech
VIS y4eT PpeNATUBUCTCKUX 3((EKTOB HCIOIb3YETCd PENATUBUCTCK 9 KB HTOB S
Mex HUK (PKM) cucteMm c (pUKCHpPOB HHBIM 4HCIIOM 4 cTHL [36], cchopmymupo-
B HH 1 H OCHOBE IIOCTPOEHU: IOJIHOU CHCTeMBI reHep Topos Ily HK pe.
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OOBIYHO TPUHATO CYHUT Th, YTO YYET PENSTHUBU3M C HEOOXOIMMOCTBIO TpH-
BOJIUT K KB HTOBOH TEOPHUH IIOJISI, TO €CTh K y4eTy OECKOHEUHOIO UNCIT CTeleHen
cBOOOIBI, ¥ TIO3TOMY HEBO3MOXHO OTIEIMTH BKJ I PEISITHBHUCTCKUX 3(h(eKToB
OT BKJI I ME30HHBIX M KB DKOBBIX cTereHedl cBobompl. OIH KO CYIIECTBYIOT

PIYMEHTBI, YTO MO Kp iiHell Mepe B mpuGmukenun (v/c)? Mouenb ¢ pUKCUPO-
B HHBIM YHCJIOM Y CTHII SIBJISIETCSI XOPOIINUM MPHUOJIMKEHUEM IS M JIOHYKJIOHHBIX
cuctem [37]. Tlpumepom sBiseTcd KB HTOB s DJIEKTPOAUH MHK , SIBJISIIOII SCS
TNIOTEHIM JIbHOM Teopueii B mpubmmxkennn (v/c)? [37]. Kpome Toro, yGeaurennb-
HBIM JIOBOIOM B TIOJIb3y MPUOMIKEHUS ~(PUKCAPOB HHOE YUCIIO U CTHUIl SBIISETCS
TOT ¢ KT, yTo ¢ 361 N N-p ccesHHS ABIAIOTCA yIPYTUMHU B HU3IIUX 1T PLUU JIBHBIX
BOJIH X BIUTOTb 10 ®Hepruid 1-1,5 9B, TO eCTh CyIIECTBEHHO BBIIIE TIOPOr 00p 30-
B Hus 7w-Me30H . B PKM yp BHeHue a1 COOCTBEHHBIX 3H YCHMI M COOCTBEHHBIX
(hyHKIMIT M CCOBOrO OIep TOp CHCTEMBI ABYX TEJI C P BHBIMU M CC MU COBI J| €T
no ¢opme ¢ yp BHeHueM Llpemunrep [38]. IlosTOMy, HECMOTpPS H OIp HUYE-
HHE CEKTOPOM ¢ (PMKCHPOB HHBIM YHCIIOM U CTHII, YTO SIBIISIETCS] MPUOIMXKEHUEM,
B 3TOM IIOJXOJIE€ CYLIECTBYET BO3MOXKHOCTb UCIIOJIb30B Th BIIOJIHE C MOCOLT CO-
B HHBIM 00p 30M Oor Tyil0 (PeHOMEHOJIOTUUECKYI0 MH(OPM IMI0 O TMOTEHIH Jie
N N-B3 UMOOEHCTBUS, H KOIUIEHHYIO B P MK X LIPEJMHIEPOBCKOr0O (OpM JIH3M .

C ¢opM JBHO M TeM THYECKOH TOYKM 3pEHHSI OCHOBHBIE MPOOIIEMBI pes-
THUBUCTCKOTO ONKC HHSI COCT BHBIX (B3 MMOJAEHCTBYIOIIMX) CHCTEM OOYCIIOBIEHBI
Gonee CIIOXHOIM CTPYKTypoill reHep TopoB rpymmbl Ily HK pe 1Mo cp BHEHHIO C
rpynmoit I' nuned. [IpoGrnem BkimoueHUs (CINOXEHUS) B3 UMOJAEHCTBUS SIBISETCS
ueHTp J1bHOH B PKM, TecHO CB43 HHOM C BOIIPOCOM O P 3IE/IEHUU BUXEHUN H
BHelIHUe U BHyTpeHHUe. B PKM 1ok 3 HO, 4TO 1pH BKJIIOYEHUHU B3 HUMOIEHCTBUS
TOJIBKO B M CCOBBIl OIlep TOpP BHYTPEHHEE IBIKEHHE OTHENAETCS OT IBHXKEHUS
LHEHTP M cc 6e3 H pyIIeHUS KOMMYT LIMOHHBIX COOTHOIICHHH MEXIy reHep TOo-
p mu rpynmsl [Ty HK pe, TO ecTh IIpU COXP HEHUH PENATUBHCTCKON MHB pH HTHO-
ctu. M ccoBblii oriep Top 1 cuctembl Tpex Ten B PKM BriepBbie ObUT IIOCTPOEH
B p 60ote [36] H oOcHOBe OWH MHUKH CBETOBOro ()pOHT , B J JIbHEHIIEM M B
Jpyrux ¢opM X auH MUKH [39] H ocHOBe MeToj I Kylouux omnep Topos Coko-
jgoB [40]. H ocHoBe 3TOro pe3yJapT T IOCTPOEH TEOpHd P CCESHUS U AOK 3 H
PETSATUBUCTCK s UHB PU HTHOCTb S-M TPHIbI, YTO TO3BOJISIET IPOBOAUTH P CUYETHI
B mo6oii cucreme orcuer . H ubonee nmpocto 3 1 4 p CcesSHUS BBIIIAANT B C.ILM.,
IPU 3TOM JOCT TOYHO CJIEIUTH TOJIBKO 3 BHYTPEHHUM JBHXEHHEM B CHCTEME.

W3 MHOXecTB (YHUT PHO ®KBHB JIEHTHBIX [41]) hopM pensiTUBUCTCKOM AUH -
MUKH, TO ecTh crioco6oB p 3nenenus 10 renep Topos Ily HK pe H T MWIBTOHH-

Hbl U KMHEM THYeCKue reHep Topsl [42], H uboiiee eCTECTBEHHON C TOYKHU 3pe-
HUS OIBIT , H KOIUIEHHOTO IPU HEPEJSITUBUCTCKOM CIOCO0e OIMUC HMS, SIBIISETCS
MrHOBeHH £ popMm 1uH MuKu. K Xmoii hopMe AMH MHUKM COOTBETCTBYET OIpele-
JIEHH § THIEPIOBEPXHOCTh B MPOCTP HCTBe MUHKOBCKOrO, H KOTOPOH 3 [ ercsd
BEKTOP COCTOSHUS M KOTOP 1 UHB PU HTH IOJ JEHCTBHEM KMHEM THYECKUX Te-
Hep TOPOB, HO MEHseTCs MOf JeHCTBUEM I' MUJIBTOHM HOB. B MrHOBeHHOI! chopme
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JIMH MHUKHU COCTOSHHE 3 JI €TC H THIIepIOBEPXHOCTH ¢ =const B MPOCTP HCTBE
MMHKOBCKOTO, B COOTBETCTBUHM C 3TUM KHHEM THYECKUMHU T€HEp TOp MH SBII-
IOTCSl OIIep TOPHI IPOCTP HCTBEHHBIX caBuroB P u moBoporos J, reHep Topsl
nopenu-6ycroB N 1 Tp Hemsiumit Bo BpeMenn H comepx T B3 mMogeiicTue. Bor-
HOB 51 (PyHKLIMSI CBsI3 HHOTO coctosiHus {a (3} IBYX 4 CTHIL SIBISIETCS MPOEKLKed
BEKTOP COCTOSIHMSI ®TOM CHUCTEMBbI H COCTOSIHHS CBOOOJHBIX 4 CTUIl o U [ ¢
3-UMIyTbC MU P, U Pg COOTBETCTBEHHO, H XOMILINXCA H M CCOBOH (HO BHe-
OHEPreTUYECKOii) TIOBEPXHOCTH, T.6. Py = M2, Pg = M3, P{za 5 = M{Qaﬁ}, e
m; — M CC 4-i 4 CTHLBL, p; — €€ 4-UMIlyibc. BONHOB ¢ (PyHKUMS ABUXKYIIEH-
cd CBA3 HHOM CHCTEMBI JIBYX Y CTHUII C MONHBIM uMIynscoM P,g B MTHOBEHHOI
thopMe IMH MUKH MMeEeT BUI

< PaPplPiap¥iapy >=

= 27)° 2/ Eag) (Ea + E3)0® (P + P — Pap)¥(as) (das) ()

Bpech Eo = /P2 +m2,Es = /P +m3, Erapy = ,/PiﬁJrM{Qaﬁ}. B

BOJIHOB 1 (DYHKLUS SIBJIS€TCS COOCTBEHHOM (PYHKLMEN orep TOp IOJMHOro 4-uM-
mymse (P = E,f’), KB AP T TOJHOO YIJIOBOTO MOMEHT J2 M €ro Ipoek-
i J; BHYTpeHHsis BOMHOB 51 hyHKims Vo 51 (Qaps) B BRIp Xenuu (1) apnsercs
COGCTBEHHOI (yHKIMeil KB Ap T M ccosoro omep Top M2, KB Ip T yIIoBO-
ro MOMEHT M ero mpoekuuu. P 3nenenue nepemenusix u.M. P,g 1 BHyTpeHHEro
ABUKEHHS qqg B (1) crenyer HemocpeaCTBEHHO U3 CTPYKTYpPbl TEHEP TOPOB IIpejl-
cT BeHus rpynmnsl Ily HK pe, IpU ®TOM OTHOCUTEJIbHBIA UMITYNIbC (o3 UMEET BHJL

(e + Eg)Pa — (¢a + Eo)Ps
€at+ Eo + g+ Eﬁ

e €0 = 4/Qap + Mas €3 = /A5 +Ma. B TOueuHoil u cponToBoii dop-

M X COOTBETCTBYIOLIHME MEpeMeHHble T KxXe p 3aemstoTcss. OmH KO B XHO MMETh
B BUIY, UTO p 3/€JIeHUE IEPEMEHHBIX HE SIBgeTcd KOB pu HTHBIM. Cornn cHo [36]
IIPY BBIYMCIICHUW M TPHYHBIX 3JIEMEHTOB MEPEXOA IS IMPOLECCOB CTOIKHOBEHHS
cBOGOJIHOM Y CTHIBI Y CO CBSI3 HHBIM COCTOSHHEM {«(} BHYTpeHHssI BOJHOB i
(pyHKIIMSI CBSI3 HHOTO COCTOSIHHSI MOXeT ObITh mpeiacT BieH B Buge (1) ¢ pry-
meHToM (2) tombko B c.aiM. v + {af} (B aroii xe UCO B [36] mocTpoeHbl 1
orep TOpBI COOTBETCTBYIOIIMX TepexonoB). [lpu mepexoxe B mobyio apyryio MCO
yp BHEHHE I'MIepIoBepXHOCTH (f =const), H KOTOPOH 3 I HO COCTOSTHHE, MEHSIET
BUJ U, CIIEIOB TEJbHO, U3MEHIeTCs (pOpM AWH MHUKH, B KOTOPOI OIHUCHIB €TCd TO
Xe ¢ Moe (pU3MUYEecKoe COCTOSHUE. B U CTHOCTH, NpH nepexoe B APYIylo CUCTEMY
OTCYEeT He BBINOJHIETCS COXp HeHue 3-umiynbc B BepumHe {af} — a + (3,
KOTOpoe BBIp X eTcs d-pyHkuwmeil B hopmyne (1).

dop = )
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B xoB pu HTHOM noxaxoxe B.A.K pM HOB [32] BonHOB $ (pyHKIIUS CHCTEMBI
CTPOUTCS T K, YTO SBHBIM OOp 30M YK 3bIB eTcsl (hopM [WH MHUKHU () KTHYECKH
pedYb HIET O P 3IMYHBIX OPUEHT LMAX IUIOCKOCTH wx = woct — wx = 0, rme
w? =0, w = (wo,w)): ¥(n, q), DIe eAMHUYHBIT BEKTOp N = w/|w| aBnsercs
UHIEKCOM (hOPMBI IMH MHUKHU. 3 BUCHUMOCTB OT 11 — IUH MHYECK $, TO €CTh OIpele-
JISIETCSl BUJIOM B3 MMOJICHCTBUSL U MOXET OBITh H IIEH TOJIBKO M3 PEIleHUs] COOT-
BETCTBYIOLIMX TUH MHYECKHX yp BHeHMH. H jiuyue NONOTHUTETBHOTO BEKTOPHOTO

PTYMEHT B BOJHOBOM (DyHKLIUHU IPUBOMUT K YBEJTMUEHHIO YUCII €€ KOMIIOHEHT:
BMECTO JIByX KOMIIOHEHT B HEPEIATUBUCTCKOM CIIy4 €, B KOB PH HTHOM IOAXO-
ne [32] umeetcd 6 KomnoHeHT, B ¢opm nm3me bere—Connutep — 8 KOMIIOHEHT.
C Toukm 3penus ¢opm nu3Mm bere—Conmutep DKCTP KOMIIOHEHTHI CBS3 HbI C
BKI oM N N-coctosnuii B aeiirpone. C acTeTHUeCKOii TOYKH 3peHHs KOB PU HT-
HBI 1MOAXoJ siBnsieTcs: Oosiee MPUBJIEK TENbHBIM, OOH KO IPH €ro Ip KTHYECKOM
NPUMEHEHNH BO3HHMK €T HETPUBH JIbH 5 IpoOieM 130 BIEHHS OT He(pU3N4ecKou
3 BHCHUMOCTH H OIIIOJ €MBIX OT BEKTOP N, YTO H NP KTHKE SBISETCS CICACTBUEM
NPUOIMXEHHOTO X p KTep BbIYMCIIEHHH. B TOMHOM p cueTe mogoOH s 3 BHUCH-
MOCTh JOJIKH HMCYE3HYTh €CTECTBEHHBIM 00p 30M. B H cTosinee Bpems dTy mpo-
6JieMy I JIOCh YCHEIIHO PEeIIUTh TOJIBKO B CIIyY € yrpyroro ed-p ccesuud [43] u
SJIEKTPOIE3UHTErp UMK IeiTpoH BOMu3u mopor d(e,e’)pn [44].

ConocT BlIeHHE KOB DU HTHOTO M HEKOB PH HTHOIO MOAXOLOB MOXHO IIPO-
BECTU H IIpUMEpe BBIUMCIEHHS 3JIEKTPOM THUTHOrO (opMc KTOp HEHUTPOH .
IIpu p cuer X 3MeKTpOM THUTHOTO popMcp KTOp CBSI3 HHOHM CHUCTEMBI OOBIYHO
UCTIOJIb3yeTCsl NPUONIMXEeHne CBOOOJHOrO TOK . B 2TOM NpHONMXEHUU orep Top
9IIEKTPOM THHUTHOTO TOK CB3 HHOHM CHCTEMBI, K K 4-BEKTOp, HE MMET IIp BHJIb-
HBIX TP HC(OPM LUOHHBIX CBOMCTB II0 OTHOILIEHUIO K JEWCTBHIO ONIEp LI IPYIIIBI
ITy vk pe. [Ipu 3TOM K K B KOB pU HTHOM [32], T K U B HEKOB pU HTHOM IOAXO-
I X TOJy4 €MbIid OTBET 3 BEIOMO SIBJISIETCS MPUOIMXKEHHbIM. T K, KOB PU HTHBIN
TMIOJIXOJ] B UMITYJIbCHOM NPHUOJIMIKEHUH BBISBISIET 8 IMITHUX (Heuznueckunx) hopm-
¢ KTOpOB, CBA3 HHBIX C JONOIHUTENIBHOI TEH30PHOM CTPYKTYpOW MILIUTYABI Ie-
pexox , 0OyCIIOBIEHHOH H nnuneM 4-BeKTop w. KoB pm HTH 51 hopMynmnupoBK
I €T UHTEPECHYI0 BO3MOXHOCTb BBITH 3 P MKH MMITYJICHOTO MpUOIHXeHus 6e3
K KHX-THOO JONOJIHUTENbHBIX BBIYMCICHUI, HMMEHHO (pu3nyeckoe TpeOOB HUe
He3 BUCUMOCTH H OJIIOJl eMbIX BEJIMYMH OT OPHEHT I[MU TUIIEPIIOBEPXHOCTH CO-
CTOSHMIA (T.e. BEKTOP w) I €T OCHOB HHe OTOpOCHTh “pyK My~ HehU3MuecKue
thopmc KTOpPEI M TeM ¢ MbIM 3(PEKTHBHO y4ecTb Ooliee CII0XKHBIE, YEM TPEYrollb-
H 4, 04 Ip MMBI". B HEKOB pu HTHOM IIOAXOHE OTBET, IOJY4 €MBIH B P MK X
UMITYJIbCHOTO TpHOMMKeHus it ToK  (06braHO 310 JC® ¢ KOMIOHEHTOU TO-
K JT ), aBHbIM 06p 30M He yIOBJIETBOPSET Bp 1l TEJIbHONU MHB PH HTHOCTH, M C

*OmH KO B H CTOsIIee BPpeMs HeT 0K 3 TEelbCTB TOTO, YTO 3TY NPOLERYPY CIEAYET P CCM TpH-
B Th K K TOYHBIIl METOJl IOCTPOEHHS BNIEKTPOM THHTHOTO TOK .
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TOYKHM 3PEHHUS KOB PH HTHOI'O MOAXOA BKJIIOY €T BKJI 1 Hepusndeckux dopmep K-
TopoB. OOH KO HEOOXOAUMO MOTYEPKHYTh, YTO €CIM H HIOCH CIoco0 MOCTPOCHUS
[P BWIBHOIO OIEP TOP 3JIEKTPOM THUTHOTO TOK B3 UMOJEWCTBYIOLIEH CHCTEMBI
(oovH M3 B pM HTOB PELICHHS JI €T UMIIYIbCHOE MPHUOJIIKEHUE B TOYEUHOH hopme
IUH MUKH [45]), TO B HEKOB pu HTHOM mnonxojge PKM s mosydyeHus TOYHOTO
(TO ecTb PeNsITHBUCTCKU-UHB PU HTHOTO) OTBET JUISl (PU3MYECKHX H OMION eMbIX
B IIPUHIIMIE JOCT TOYHO BBIOP Th TOJIBKO OJHY KOHKPETHYIO (hOpMY AMH MHKH U
onny MCO.

B 3 ximr04eHHMe 3TOro Kp TKOrO ®KCKypC B NpOOJEMy PENSITUBHCTCKHX CO-
CT BHBIX CHUCTEM CJIEAYT MOMYEPKHYTh, YTO BCE JOCT TOYHO P 3p OOT HHbIE pejisi-
TUBHCTCKHE MOAXObl, KpoMe p 60T mo PKM [36-38,45], uMeroT 1eno TolIbKO ¢
JIBYXY CTUYHBIM PEIATUBHCTCKUM CBS3 HHBIM COCTOSIHHEM, B TO BpeMs K K B pd-
CTOJIKHOBEHHH () KTHYECKH HEOOXOAMMO pEell Th PEISATUBUCTCKYIO 3 I 4y Tpex
Tesl. DTO ONMH U3 OCHOBHBIX PIYMEHTOB B IOJIb3y IPUMEHEHHS UMEHHO MOAXOJ
PKM. Kpome Toro, HOIXObl, YIUTHIB omue BKI j [N N-KOMIIOHEHT B BOJHOBYIO
(pyHKLIMIO ISHTPOH , B H CTOSILIEe BpeMs ellle He H CTOJIbKO P 3BUTbI, YTOOBI OIH-
CBIB Tb KCIEPUMEHT JIbHBIE 1T HHBIE O ¢p 3 X N N-p ccesHHS, TO €CTh COINT COBBI-
B Tb CBOWCTB CB43 HHOIO COCTOSIHHMA C X P KTEPUCTHK MU COCTOSHHI P CCESHMUS.
B Hekoropsix p 60T X (cM., H pumep, [46]) BKCTp KOMIIOHEHTHI 3 MHUCHIB I0TCH
YUCTO (PEHOMEHOJIOTUUECKH M3 COOOp XEHHMH PEeIITUBUCTCKOI KOB pU HTHOCTH,
6e3 o0cyxaeHus MpooIeMbl IOCTPOCHHS PenITUBUCTCKOTO0 N N-IIOTeHIU J1 U pe-
IIIEHUS] COOTBETCTBYIOLIMX Yp BHEHHIl U1 BOITHOBO#M (pyHKLMH. B TO ke Bpems B
PKM CBONCTB CB43 HHBIX COCTOSHUI COIJI COB Hbl H JHMH MHUYECKOH OCHOBE CO
CBOICTB MU COCTOSIHHH p CCESHHA.

3. CIIMHOBASI CTPYKTYPA AMIUTUTY/IbI IPOIIECCA
1/241-51/2+1

3pech mpUBOAUTCA (QOPM JIM3M, OCHOB HHBII H P 37I0XKEHUU M TPUYHOIO
9IIEMEHT pe KIMU 10 UHB PH HTHBIM MIUIUTYH M. B cuny cBoeil yHuBepc JIbHO-
CTH 3TOT (QOPM JIH3M SBJISIETCS OYeHb 3(PheKTUBHBIM CPEICTBOM IPU BBIYMCICHUU
K K YCPEAHEHHBIX MO CHOMH M IU((EepeHLd JTbHBIX CEUeHHUH, T K U MOIIpU3 IH-
OHHBIX X P KTEpUCTHK.

M TtpuuHslii s1ement npomecc 1/2+ 1 — 1/2 4+ 1 MOXHO HpEACT BHUTH B
BUJIE

< N NA|TINu M >= o e e Tha (kK 0)p,, (3)

e ¢y (@) — I yIMEBCKUI CIIMHOP H Y JIBHOTO (KOHEYHOTO) MPOTOH B COCTOSI-

- n N,
HUM ¢ npoexuueil cimH 41 (p'), eq’ (€5 ') — BEKTOp MONSPH3 LMK H 4 JIBHOTO d
(koneunoro d') OEUTPOH B cOCTOsHUE ¢ mpoekuueil ciiuH A (N'); B, a = z,y, 2.
B cuity Bp 1l TenbHO!M MHB pu HTHOCTH onep Top 1ga = Tpq(k, k', o) saBasercs
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TEH30pPOM 2-TO P HL . DTOT ONEP TOP MOXHO IMPEACT BUTh B BHIEC TEH30PHOIO
npoussenenns 1Byx BekTopoB Tg(k, k', o) u Ty (k, k', o), X Xuplit 3 KOTOPBIX,
B CBOIO OYepellb, MOXET GbITh MPEACT BICH B BUIE P 3MOXKEHH

T = Ak, k',0)n + B(k,k',0)1+ C(k, k', o)m. 4)

3necy k(k') — OTHOCHTENbHBI UMIYJIBC B H 4 JIBHOM (KOHEYHOM) COCTOSHHU
p CCM TpPHB e€MOro mpouecc ; o — M Tpuus! 11 yimm;

n =[x /|l x K|, m = (k- K)/[k -k,

1= (k+k)/|k+K|

B pesynsr TE umeeM

Taﬁ(k, k,, O') = Allnang + Alznalﬁ —+ Algnamﬁ +
—|—A21lan5 + Agglalg + A23lamg +
+Asimang + Asomalg + Assmameg, (5)

rae A;j — CK JAphl OTHOCHTENbHO R3:
Aij = aij -+ bijIlO' -+ Cijld -+ dijma', (6)

aij, bij, ¢ij, dij — ck mapusie yHkimu ot k u k/. 36 KOMIUIEKCHBIX 4mcen
B (hopmyne (5) cooTBETCTBYIOT 2 X 3 X 2 X 3 = 36 CIIUHOBBIM MIUIUTYI M p C-

CM TpUB €MOTI'O Ipouecc . P-uns PU HTHOCTb M TPHUYHOI'O DJICMEHT (3) CBOJUT-

A) (X
C4 K MHB pU HTHOCTH CBEPTKHU TEH30POB 6(6 )eg )Tﬁa OTHOCHUTEJIBHO OIICp LHU

r — —TI, 4YTO IIPUBOJUT K COOTHOILICHUIO
Tag(—k, —k/,O') = Taﬁ(k, k/,O'). (7)

Yuuteie s cBOMCTB BekTOpoB K, k', 0 110 OTHOMIEHWIO K MHBEPCHH KOOPIWH T,
u3 (5)—(7) H xomum

Top(k, X ,0) = (a11 + biino)nang +

+(c12lo + dismo)ngls + (cislo + dismo)namg +

+(ca1lo + doaymo)lynp +

+(az2 + baano)lyls + (ags + besno)lamg +
+(es1lo + dsimo)mang + (as2 + bseno)melg + (ass + bssno)mamga.  (8)
B ciyu e ynpyroro p ccestus (d = d', N = N’) T-uHB pu HTHOCTb H JI T' €T

JOTIONTHUTEIIbHBIE OTP HUYEHHUS H YHCIIO HE3 BHCUMBIX MHB DU HTHBIX MIUTUTYI.
DopMysIbl I BTOTO CIyd s ObLIM noiydeHsl B p 60oTe [8]. 3mech Mbl MIPUBOIUM
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COOTBETCTBYIOLIME (POPMYJIBI JUISl TIOIHOTHI U3oxeHus. [Ipu omep 1mu oOp 1ue-
HUS BpeMeHU { — —1 uMeeM

k— kK, kKk—-kn—-nl--1m->m o —0o,

IIPY 3TOM H 4 JIBHOE U KOHEYHOE COCTOSHMS MEHSITCI MecT MU. B pesyinpT -
T€ MHB PU HTHOCTb MIUTUTYIBI YIIPYrOTO P CCESHUS OTHOCUTENBHO OOp LICHUS
BPEMEHU CBOAUTCH K COOTHOLLEHUIO

Tsa(k, X ,0) = Top(-kK, -k, —0). 9)

N3 p BenctB (9) cnenyer, 4To H KO03((PULIUEHTH p 310XKeHUd (8) H JI T 10TCA
JIONIOJTHUTEJIbHbIE COOTHOILEHUS

c12 = c21, dig = —do1,C13 = —c31,
di3 = d31,a23 = —asz, bz = —b3o. (10)

T xuM 00p 30M, IIECTh JONOJTHUTEBHBIX COOTHOIIEHHA (10) B cliyd e ynpyroro
p ccessamst Tun 1/2 4+ 1 — 1/2 4+ 1 o031 9 fot, yro u3 18 wmmwmuryn B (8)
He3 BUCHMBIMH SBIJISIOTCS TOJBKO 12 MHB pH HTHBIX MIUIMTYA. BeiGepem cuctemy
KoopmuH T T K, 4To OZ 11 L OY ™M n, OX ™t m. Ilpustom ny =1, =m,; =1
(OCT JBHBIE KOMIIOHEHTHI OPTOB P BHBI HYJIIO), B pe3yibT Te u3 (8) ¢ yuerom (10)
H XOIUM

Tpe = My + Mooy, Ty = Mo, + Mgoy, T, = Mg + Migoy,
Tyz = —Mq0, + Mgo,, Tyy = Ms + M40'y7 Tyz = M1104 + My20,,
Ty, = —Mg — Mygoy, Ty = —My10, + Mi20,,T,, = Ms + Mgoy,. (11)

Bce n 6.]'110)1 €MbI€ BEJIMYUHBI MOXHO JICTKO BBIPp 3UTHh 4YE€PE3 MHB pPU HTHBIC

MIutTynsl My, ... Mio. CedeHue mporecc ¢ HEMONSIPU30B HHBIMU Y CTHI] MU
HAMET BUI
do 1 1
=3B (12)
dQ)  6472s 3

e s = (pp + pa)> — KB Ap T MHG U HTHOH M CCBI CHCTEMSBI p + d,

=6 =12
B=3 M +2) M. (13)
i=1 =7

[Tonspuz uust BTOPUYHOIO NPOTOH < 0 >, TEH30PH 5 M BEKTOPH $ HOJISIPU3 LUK
KOHEYHOro neiitpon P; u P;; onpenensiorcs corl CHO COOTHOIIEHUSIM

1
<o >= §SP (pPoi), Pi=Sp (p?Si), Pij = Sp (p9Sy), (14)
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rie pP u p® — nondgpu3 UMOHHBIE M TPMIBI IUIOTHOCTH KOHEYHOTO IPOTOH U
HEUTPOH , S — BeKTOp CHMH JeilrtpoH , S;; = (5;5; + 5;9:) — 4/36;;. B
CIIyd € HeIOJIIPU30B HHBIX H Y JIbHBIX 4 CTHI BeJIMYUHB < o >, P;, P;; MOryT
OBITh BHIP XEHBI UEPE3 MHB DM HTHBIE MIUIMTYIbI IIpoLece pd — dp Caenyomum
o0p 30M:

<oy > = <oy >=0,
<o,> = B '2Re (M{My+ M;My+ M Mg+ 2M M),
P, = P,=P,=P,. =0,
P, = 2B 'Im [M§(M;+ Ms) + M;o(My + Mg) + M7 Mo+
+ M Ms],
Py = 1=3B7H(IMi|> +|Ma|* + [M[? + [Ms|? + | My|* + | M1o]?),
P.. = 2Ty =1-3B7"(|Ms|* + |Mg|* + |Mo|* + | Myo|* +
+ [ Mul? + [ Mf?),
Py, = —Pp— P,
P,. = =3B! Re [M{(Mi— Ms) + M;y(Msy — Mg)+
+ My Mg — M7Ms]. (15)

Belp XeHus mid moaHOro H GOp He3 BHCHMBIX CIIMHOBBIX H OJION €MBIX
B CIIy4 € MOJISIPU30B HHBIX H Y JIBHBIX M KOHEYHBIX Y CTHUIl B IpOLECCE THII
% +1— % + 1 npu Oorp HUYEHUU KOJUIMHE PHOM KMHEM THKOH IIOJIY4YE€HBI B P -
60t x [22,47]. Ilonsgpu3 1MOHHBIE H OJIO[ e€Mble B KOJUIMHE PHOM KUHEM THKeE
mporiecc d+p — p+d p ccM TpuB JUCh T KXe B [14]. UmcneHHble p cUeTh
K09(pUIMEHTOB Nepe M BEKTOPHOU M TEH30PHOI MOJIIpU3 LMK H OCHOBE Me-
X HU3M PEJISTUBHCTCKOIO OJHOHYKJIOHHOTO OOMeH id mporecc d+p — p+d
BoINOJIHEHB! B [48]. B p 6ot x [14,22,47] ucnone3oB H uH 4 1o ¢opme Pe-
HOMEHOJIOTHYECK § CIIMHOB S CTPYKTYp  MIUTUTYABL, 4eM B [8]. IIpoBemem cp B-
HeHue ¢eHomeHosnoruu (11) B ciiyd € KO/UIMHE PHOW KMHEM THKHU C COOTBET-
CTBYIOIIUMH BBHIp XeHWsIMH u3 p O6orel [14]. B [14] ucmomnp3yercsd ciemymolee

P- u T-wHB pu HTHOE BBIp XeHHWE JII MIUTUTYABl Tporecc pd — dp Tpu
k||OZ, X'||0Z:

€3(2)Fapea(l) = g1[ere; — (me;)(me;)] + go(me; )(me;)+

+igs {ofer x e;] — (om)(m - [e; x €3])} +iga(om)(m - [e1 x €3]),  (16)

37ech g1+ g4 — cK JApHbIe GyHKIMU. OcT npHBIE 8 C1 T eMbIX B (16), CBS3 HHBIE C
BeKTOp MM |l 1 n, OTCYTCTBYIOT B ClIyd € KOoiMHe pHOM KuHeM THKH (1 = n = 0).
Jlerko H #iTn u3 (16)

Fop = q10ap + (g2 — g1)mamg + i930i€ag: + 1(94 — g3)oimimjeag;; (17)
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3JIECh €3 — HOHOCTBIO HTUCUMMETPUYHBINA TeH30p, €123 = 1. Cp BHuUB 4 (17)
¢ (11), momy4 eM creyroye COOTHOLUEHUS :

My = M3 = g1, M7 = iga,
Mg = —igs, M1y = ig3, Ms = go. (18)

HenocpencTBeHHble BBIUMCIEHHS B P MK X MEX HU3M OOMEH HEHWTPOHOM IOA-
TBEPXJ 0T CIp BEJIUBOCTb COOTHOLIEHM (18).

4. AHAJIN3 PEAKIIUH pp — pnr™ IIPU DHEPTHUHU 800 MsB

4.1. A-pe3oH HCH # 001 crb mpouecc pd — dp. Ympyroe pd-p ccesHue
H 3 A B 061 ctu sHepruit 0,4+0,8 I'sB nMeer IpKo BEIp KEHHYIO CTPYKTYypy [49].
DT CTPYKTYp , H Omtog eM g BOaM3u mopor oOp 30B HuS A-u300 pel, B psie
p 6ot [2,3,50] uccrnenoB 1 ¢cb H OCHOBE “TPEyrojibHOro” MeX HU3M C BHPTY-

JBHBIM TofmponeccoM p + p — d + w1 (puc.l,a), cedyeHne KOTOPOIO UMeeT
PE30H HCHBI M KcUMyM IIpu dHeprun ~ 0,6 I'sB. “TpeyronbHblii” MeX HH3M,
HECMOTPSl H XOpoIllee OMHC HUE YITIOBOM M ®HEPreTHYECKOW 3 BUCHMOCTH Ce-
YeHUs, SBISETCS, MO-CYIIECTBY, (DEHOMEHOIOTHYECKUM TOAXO00OM C H PYLIEHHOH
T-WHB pU HTHOCTBIO.

Bonee mocnenoB TenbH S TEOPETHYECK S CXeM , B KOTOPOHl MIUTUTYX Mpo-
necc pd — dp BHIp X €TCd HENOCPEACTBEHHO uYepe3 2JIeMEHT PHbIe MILUIHTYIIBI
N+N — N+A,6b01 p 38ur Bp 60T X [8,51,52]. IIpu 9TOM BBISICHWI Cb B X-
H s poib HHTeptepeHIHd A-pe30H HCHOro MeX HH3M (A), COOTBETCTBYIOLIETO
o rp MMe puc.l,e, ¢ Mex HusMoM obmen HeitpoHoM (OH) (puc.1,6), KoTo-
P 4 COIJI CHO pe3ylbT T M p 6oThl [8], cHIbHO JiechopMUpYET KB 3UPE30H HCHBIH
M KCUMyM. B p MK X “’TpeyronpHOro” Mex HH3M HEBO3MOXHO Y4YeCTb HHTEp-
(hepeHIIMOHHBIIA BKJI I C MEX HU3MOM OOMEH HEHWTPOHOM, T K K K HEH3BECTH
OTHOCUTENBH 1 ¢ 3 mpomecc pp — dnt. I'm BHBIA BeBOm p 6ot [8,51,52]
COCTOSUT B TOM, YTO CyMM TpeX MeX Hu3MOB — A-pe3oH HcHoro, OH B pendru-
BUCTCKOU IUH MHKe M OOHOKp THOro pN-p ccednus (OP) (puc.1,6) ¢ yuerom S-
U D-BOJH AEHTPOH He BOCIPOMU3BOIMT X P KTEPHOE IUIEYO B pd-p CCEIHUM H 3 I
B 001 ctu 0,4-+-0,6 ['3B. Omuc Hue Bcell COBOKYIMHOCTH J HHBIX OBLTIO JOCTHI-
HYTO ITOCPEINCTBOM BBENCHHS BKJI 1 TpexO PHOHHBIX pe3oH HcoB (puc.l,0). Pan
T KUX pe30H HCoB ¢ M cc mu 3,0+3,4 ['sB, 4T0o B pd-p ccessHUM COOTBETCTBYET
SHEPIMH H JIeT I0IIMX MPOoTOHOB B 1 6. cucreme Tj, ~ 0,3--1,0 I'sB, 6bu1 mpen-
CK 3 H B MOJEJH BBITAHYTHIX Bp I IOLIMXCS MELIKOB CO CKPBITHIM LBETOM [53].
Jpyroii BO3MOXHOW NPUYMHOW BTOTO P CXOXIEHHS MOXET ObITh BKI I OOMEH
HYKJIOHHBIMH 1300 p MU (puc.l, €), M KCHM JIbHBIH BKJI JI KOTOPHIX B P-BOJHe
Mpe/ICK 3bIB eTcd uMeHHO B 0011 ctu ~ 0,5 [%B. H koHen, ecTs eme oguH BO3-
MOXHBII UICTOYHHUK P 3HOINI CHIl — KB 3UCBSI3 HHOE COCTOSIHUE B CUCTEME 77—3He,
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Puc. 1. Mex Hu3Mbl ympyroro pd-p ccesHus H 3 1. a) TpeyroibH s ju rp mm  OIIO,
0) OOHOHYKIIOHHBI 0OMeH; ¢) OOHOKpP THOe pIN-p ccesHue; 2) A-MeX HU3M; 0) MEX HU3M
TpexO PUOHHBIX PE30H HCOB, ¢) 0OMeH N™-u306 poii, ) CBs3b mpouecc pd — dp ¢
K H oM pd —> Hen

YK 3 HHE H CYIIECTBOB HHE KOTOPOTIO IOJy4eHo B p 60T X [54,55] npu H nu3ze
pe kuuu pd —3 Hen. DTo cOCTOSHUE MOXET I Th BKJI J B yIPYIroe pd-p ccesHUe
H 3 1 npu sHeprusix 1), ~ 1 I'sB (puc.l, x). T xum o6p 30M, BoIpoc O Mex -
HU3Me pd-p ccesiHUSl H 3 1 B 001 CTH A-Pe30H HC TMPEJACT BISIET 3H YUTETbHbIM
UHTEpeC.

OnH KO H JIEXHOCTb BBIBOJOB O BKJI i€ DK30THYECKUX MEX HH3MOB BCELEJIO
OTIpEZieNsIeTCs] TeM, H CKOJIBKO TOYHO BBIYMCIICH BKJI A ApPYrHx Ooniee mpo3 mye-
CKHX MEX HH3MOB, U B IIEPBYIO OYEpe/lb MEX HU3M — JIBYKpP THOTO pN-p ccesHHs
¢ Bo30yxjenueM A-u300 ppl. Corn cHO pe3yiasT T M p 6ot [8,56] pons aTOro
MeX HM3M Cp BHHUTEIBHO HEBBICOK . B TO ke Bpems cori cHO p cueT M [12]
A-Mex HU3M JIOMHHUDPYET U COBMECTHO C MEX HHU3MOM OJHOHYKJIOHHOIO OOMeEH
YIOBJIETBOPUTENIFHO ONHUCHIB €T [ HHbIe O mpouecce pd — dp. OnHOM U3 NPUYNH
P CXOXIeHHs MeXmy pe3yasT T Mu [8] u [12] MoxeT OBITH p 3MUYUe B I p Me-
Tpu3 musx Mimmtyaet NN — NA.

Bompoc o m p Merp x wMmuryagst NN — NA, cinoxHsli ¢ M 1o cebe,
B 1 HHOM CIJIyd € MpHOOpeT eT ocoOylo OCTpOTy, T K K K B CEYEHHE IpOLecC
pd — dp ®T  MIUIUTYA BXOAUT B YETBEPTOW CTerneHH. B 00OUX IMUTHPYEMbIX
3pech mopxon X wis mmmurtyn NN — NA ucHonb30B JIMCh HEPENSTUBUCTCKHE
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I p METPU3 LM, MO3TOMY PE3yIbT T P CUET MOXKET U3MEHMThCA IpH INEepexo-
Je OT OZHOW cHUCTeMbl OTcueT K Apyroil. OmH KO NMpOBEpK HCIOMb3YyeMbIX he-
HOMEHOJIOTHYECKHUX (hOPMYIT MO APYIUM I HHBIM, COAEpPX MMM HH(OPM LI 00
mmutyare NN — NA HenocpeiacTBEHHO B TOM Xe OOl CTU KUHEM THYECKUX
NepeMeHHbIX, UTO U B npouecce pd — dp, B p 60T X [8,12] He nmpoBogui cb. DT
304 6blI p ccMOTpeH B [57]H OCHOBE H M3 pe KUud pp — pnmw'. B pe-
3ynbT Te B [57] cien H BbIBOZ, 4TO 00€ I p METPH3 LUM HYXI I0TCS B YTOUHEHUH,
U H iineH Oonee [eKB TH s 11 p MeTpu3 tus Mutyasl NN — NA.

B mmrep Type p 3BUB ercd Teopus cBiI3 HHBIX NN — wNN-K H JIOB s
coBMecTHOro omuc Husi mpoueccoB 7d — NN, nd — wd, #d — wNN,
NN — NN u NN — NN B mupokoii 06 CTH HEpruii, BKIOY tomei A-
pe3on He [58-61]. Ammuryn NN = NA, BbIMHCIISIEM S B 9TOH TEOPUH IyTEM
PEeLIeHNs COOTBETCTBYIOLIECH CUCTEMBI Yp BHEHHMI CO CBS3bI0 K H JIOB, OyleT H U-
Gonee TOUHBIM OTBETOM H HHTEpECyIIuii H ¢ Borpoc. H mbonpmmii nporpecc B
®TOM H TIp BJICHHH JOCTHTHYT B p 60T X [58—60], B KOTOPHIX H OCHOBE I' MIJIBTO-
HOBCKOT'O YHUT PHOTO IMOAXOJA OJHOBpeMeHHO onuc Hol K K NN — NN, T K u
NN — mN N-npouecchl ¢ eIMHCTBEHHBIM CBOOOIHBIM I p MeTpoM (00pe3 toieit
M ccoii B Me30H-0 pHOHHBIX thopMd KTop X Ay = A,), KOTOPHIi H #iieH p BHBIM
0,65 T'sB. Tem He MeHee COINI CHE TEOPUU C DKCIIEPUMEHT JIbHBIMU [ HHBIMH O
pe ki pp — pnw npu T = 0,8 I'sB B [60] HOCHT JIMIIL K YECTBEHHBIA X -
p xTep. B 4 cTHOCTH, HE BOCHIPOM3BOAATCS MONISPU3 LIMOHHBIE X P KTEPUCTUKH.
ITosToMy mpu omuc HuUM pe Kuuu pd — dp TPEencT BIFETCS ONp BI HHBIM HC-
MOJIB30B Th BMECTO Mojaxon [58—60] mpocTyio (heHOMEHONOTHYECKYI0 MILTUTYIY
NN — NA co ciuHOBOU CTPYKTYpOii OJIHOME30HHOIrO 71- U p-o0MeH . IT p Mme-
TPBI 3TOH MIUTUTYIBI MOKXHO (PUKCHPOB Th IO KMHEM THYECKH MOJHBIM J HHBIM
0 pe Kuuu pp — pnmT npu sHeprum 0,8 TeB [62,63]. Bribop Toii pe Kuuu
31ech OOYCJIOBJIEH T€M, YTO B MOJIEJIM OJHOME30HHOIO 7- U p-OOMeH i M-
IWIATYABl PP — PN 3H YeHHs KB AP TOB 4-UMITYJIbCOB BUPTY JIbHBIX ME30HOB
1 A-u3006 ppl O4YeHb ONU3KM K COOTBETCTBYIOLIMM BElTMYMH M A-pe30H HCHOU

MIUIUTYABl npouece pd — dp. Kpome Toro, H nu3 3TOil Xe pe KUUH, IPO-
BEICHHBI p Hee B p MK X Oonee ¢yHI MeHT jbpHOro momxox [60], mo3Bomiger
KOHTPOJIUPOB Th TOYHOCTh HCIIOIb3yEMOTO MPUOITHKEHMUSI.

ITpu Berunciennn A-pe3oH HCHOM MIUTUTYIBI pe KUuU pd — dp MIUIUTYA
npouecc NN = NA BBIHOCHTCS M3-TIOJ 3H K HHTETP J MO OTHOCHUTEIBHOMY
UMIIYJIbCYy HYKIIOHOB B JIEUTPOHE ¢p, B TOYKE Gp, = 0 [56]. IlosTomMy B OKOH-
9 TenbHbId oTBeT MIUIMTYE NN = NA BXOIUT IPH M JIBIX BUPTY JIBHOCTSX
HYKJIOHOB B jieiitpone ((p3, —m3%;)/2my ~ —¢, T1e € — 9Heprus CBsI3U JEHTPOH ,
PN, My — 4-UMITJIbC U M cC HYKJIOH ). IHB pu HTH 1 M cc  A-u300 pbl pua
H XOmuTcs B UHTEpB Je ua = 1,15+ 1,25 [9B, ecnu p ccM TpuB ercst 001 CTh
H 4 JIbHBIX ®Hepruil npoton T, = 0,5+ 0,8 I'sB. B XHO OTMETUTB, YTO B 3TOM
npubmxeHnn (To ecTh npu BeiHOCE MIUTYRBI NN = NA B Touke gp, = 0)
npu p ccesHud H yron Oy v, = 180° A-u306 p mnokourcs B C.ILM. p + d 1pu
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JI000# H 4 JIbHOU 3Heprud. [losToMy B MIUTUTYHy npotiecc pd — dp, BHIUUCISE-
Myio B c.itM. p+d, mmutyn NN — NA Bxomut B cucteMe mokost A-u3o6 pbl,
YTO MO3BOJIIET UCIIONB30B Th CT THYECKOE NMPUOIIKEHHE.

[Tony4yeHHsle p Hee B MOJENHM OJAHOME30HHOTO OOMEH pe3yibT Thl H JIH3
pe KUuu pp — pnmh Hesb3d HEMOCPEACTBEHHO MCIOJIB30B Th HPH IIOCTPOEHUH

mitutynel NN — NA mig npouece pd — dp. H npumep, HermocpencTBEeHHbIE
BBIYUCIICHUS NTOK 3BbIB IOT, YTO B HEPENATUBUCTCKOM IMoaxoxae [62] pe3yasT T 3 BU-
CHT OT BBIOOp CHCTEMBI OTCYET U, HECMOTpPS H TO, YTO T' JIWJIEEBCKHUE TONP BKH
YUTEHBI, CEYEHUE PE KIMU Pp — PR He BOCHPOU3BONUTCS, €CIM  MILIATY.
9TOH pe KUUM BBIYMCIISiETCSl B cucteMe 1mokoss A-u300 ppl. C apyroit cTopoHsl,
JIOPEHI-UHB DU HTHBIH H Ji3 [64], OXB TBHIB IOIIMI eIUHBIM H OOpPOM I1 p Me-
TPOB K K WHKJIIO3UBHbIC, T K U DKCKJIIO3UBHbIC JI HHble B OOJ CTH H 4 JIBHBIX
sHepruii ~ 0,8 I'®B, HEOOCT TOYHO XOPOIIO OIMCHIB €T P€ KIHMIO pp — PN .
CrrycTs HECKOJIBKO JIET IOcjie OMyONUKOB HHSA p OOTHI [57] MOSBUINCH HOBBIE
0 p metpus tmu it Mmatyasl NN — N/A, 0CHOB HHbIe K K H HEKOB pH-
HTHOM (pOpM Jiu3Me 7 + p-oOMeH [65], T K U1 H TOJHOCTHIO KOB PU HTHOI
MojieNid OfHO0030HHOrO 0O6MeH [66]. II p MeTpu3 Iwms, mojiydeHH s B [65], mo
topme ouenp O6U3K K [57], ecTh OTIIMYME TOJBKO B YUCIICHHBIX 3H YCHHSIX II -
p MeTpoB 00pe3 HUA B popMd KTOP X, BUOMMO, CBI3 HHBIC C H JIMYUEM JOTIOJ-
HUTEeNbHOTO WwieH JI H y-Murg 1 B cTpykKType MIUIMTYABL. 19 TOro, 4ToOBI
MOCJIENOB TeJIbHBIM 0Op 30M IPHUMEHUTh KOB pH HTHBIA (opMm jm3Mm [66] K npo-
neccy pd — dp B p MK X A-pe30H HCHOTO MeX HU3M , HEOOXOIUM IOJTHOCTHIO
KOB pH HTH I (DOPMYJIMPOBK  MIUIUTYAbl A-MeX HU3M , KOTOp S B H CTOsIIee
BpEMs B JINTEP Type OTCYTCTBYeT.

42. Amwmutyn. NN — NA. B p Gore [57] npu omuc HUM pe KIHUU
pp — pnt yuTeH BKII JI YETHIPEX AU TP MM, U300D KEHHBIX H PHC.2, MILIMTY-
JIbl KOTOPBIX BBIYKMCIIEHBI B cucteMe 1okost A-u300 pel. s cniunop P puthr —
punrep ¥,,, onuceiB iomero A-u306 py, HCHOJB30B HO CT THYECKOE NPHOIHU-
xeHue pa = 0, B To Bpems K K BepiiuHbl 7NN 1 p/N N B34THI B PETIITUBUCTCKON
topme. BKI 1 Apyrux H JIOTHMYHBIX I TP MM, H KOTOpPBIX BMecTO A-H300 pbl
nosiBsiorcs N u N, corlt cHO p cueT M [62] B p ccM TpHUB eMOil KHHEM THYe-
cKoit 001 ctu cocT BisieT < 1% W MO®TOMY He Y4MTHIB eTcsi. B aroil 061 ctu
OTHOCUTEJIbH 1 ®HEPrus HYKJIOHOB > 15 MaB, mostomy np-B3 UMOIEHCTBUE B
KOHEYHOM COCTOSHHH He SBIIIeTCS JOMUHHUpYOIMM ¢ KtopoM [60]. B3 mumoneii-
creue B H 4 JibHOM (N N) 1 koHeuroM (N A) cocrosiausix npoumecc NN — NA,
K K TIOK 3 HO B [60], yMEHBIN €T cevyeHue pe KIMU pp — pnw He Gosee ueM H
30% 10 Cp BHEHHUIO C OJHOME3OHHBIM 7- U p- OOMEHOM B MPUOIMKXEHUU IUIOCKHX
BOJIH, He MeH:d (popMbl p crpeneseHus. Pe3ynbT T B3 UMOAENCTBUS B H U JIb-
HOM U KOHEYHOM COCTOSIHHSX, OYEBUJIHO, 3 M CKHUpPYETCs B I p MeTp X opmdp K
TopoB. Mcxond n3 ¢heHOMEHOIOTHYECKUX J1 TP HXU HOB B3 UMOAEHUCTBUA L.y,
L,nN, Lzna, L,na, npuseneHnbix B [64], 11d Me30H-0 DPHOHHBIX BEpLIMH
uMeeM
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A++ p3 A++ p3

P, », /
N ~
/ St / ot
/
p ! n
2 n P,
a 6

Pric. 2. MeX HU3MBI pe KUK pp — pnwt B 061 CTH 06p 30B HHA A-pe30H HC

< N[Ny >= (frnn/ma)ef (0Q)(T®x)p22mn, (19)

< pN2|Ny >= (fonn/mp)eT ([0Qle,)(T®,)p22mn, (20)
<aN|A >= fona/ma)(PAQL)(T8r)pV2mn2ma, 1)
< pNIA >= (fona/mp)([TAQ)len) (T®,)pV2mn2ma, (22)

rae
f7rNN = 17007f7rNA = 27 157prN = 67207prA = 13733

3pech ¢ — I YIUEBCKUIl CIIUHOP HYKIOH ; WA — CT THYECKMH BEKTODPHBIH CIH-
Hop A-m306 pel; ®,, ®, — U30BEKTOPHBIC BOIHOBBIC (DYHKLHUU - M p-ME30H ;
€, — IOJIAPU3 LMOHHBIA BEKTOP p-ME30H ; 7 — U30CHMHOB f M Tpul Il ymu;
n3ocruHOBBIN oniep Top T ompenenen B [62].

Nmmymnee Q B (19), (20) mmeer Bug

E1+mN]1/2 [E2+mN]1/2p 3
- . - |5 . 1,

Q|:E2+mN E; +mpy

— 2 2 el /
E;, = \/p7 + m3, — nonH 5 sHeprud HyKIIoH ; Q. (Q p) — UMITYJIEC BUPTY JIBHOTO
m(p)-Me30H B cucreme MOKOsi A-u300 Pbl, TO €CTh OTHOCHTENBHBIA UMITYIIbC B
cucreme m(p) + N. PensaTHBHCTCKHI OTHOCHTENBHBIA UMITyIbc Q. B cucTeMe
7+ N H M CCOBOIl IIOBEPXHOCTU UMEET BH

(EN + EN)ﬁw - (Eﬂ' + Ew)ﬁN
En+en+ Er+ex

Q. = (24)
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e €; — ®Heprus ¢-i 4 CTULpBI B C.M.IL. 7+ IV, E;uP; —ece DHEPIUs U UMITYJIEC
B NIPOM3BOJIPHON MHEPLM JIBHOH cHcTeMe oTcyeT . 19 MMITyJIbCOB BHPTY JIBHBIX
- U p-Me30HOB QI Qé,’ WCTIONB3YIOTCSl H JIOTHYHBIC BBIP KEHHSI C 3 MEHOH B
(24) m2 — ¢2, m/z) — ¢, B (HOPMYJT X JUISl TIOJIHOW 9HEPIUH, [PU STOM OYCBUIHO,
uveeM Q) = Q), = Q'. Jlng npon r Top A-u306 phl HCTONB3YETCS HEPENATH-
BUCTCKOE BBIP JKEHHE C M CCOit ma — ma — ¢['/2, B KOTOPOM TMOJH s LIUPHH

I" 6epercst ¢ yuetom cxox A-u300 pbl C M CCOBOM MOBEPXHOCTH:

k >3k122+x2

— ) 2=, 25
kr k2 + x2 (25)

T'(k)=T, <

3mecy I'g = 120 MaB, x = 180 M»aB/c, kg u k — UMITyIbCH 7T-ME30H B
PE30H HCE U BHE ero COOTBETCTBEHHO:

K =g = [ph — (myn — mq)?)[pA — (my + mx)?]/4pa, (26)

w4 — kB ap T 4-nmmynse A-u306 pel, kg = k(ua = ma). B Bepmuny p cn x
BHEeM CcOBOM A-u300 ppl H pe JIbHble T-ME30H M HYKJIOH BMECTO KOHCT HTBI
frNa/mg BT Bisiercst popMd KTOp

G(k?) = (fana/mz)Z(K?), 27)
rae
Z(k?) = [(k} +x2)/ (K> + x)]2. (28)

Dopmyset (25), (27) MOTUBUPOB HbI H JIU30M J033-(p 3 YIPYroro wp-p CCESHUS.
B Bepunne o6p 308 Hus A-u300 pot 7p — A, pp — A, 1 xxe B TNN- u
pN N- BeplIMH X COOTBETCTBYIOIME KOHCT HTHI JOMHOX I0TCAd H opMd KTOpHI,
YYUTBIB IOLIME CXOJ ME30HOB C M CCOBOIl ITOBEPXHOCTH:

Frnn(q®) = Fenalq®) = Fr(q®) = (A7 —m2) /(A7 — ¢%),
Fonn(9*) = Fona(?) = Fp(q*) = (A7 —mp) /(A7 — ¢°), (29)
e ¢* — kB ap T 4-ummyasc Me30H . I1 p merpsl 06pe3 Hust A, u A, onpene-

JIIOTCA W3 YCIIOBUSL H WIIyYLIEro ONKC HUS A HHBIX. [IpuBeneMm BbIp XKeHHE IS
mmutyasl NN — NA, H npuMep, BXOJIIEH B I Ip MMY H puc.2,a:

ATTUNN = NA) = (F 1) (o orp2) D (Q , Q) (30)
rae
n_ oy o Frn I !
Dir(Q. Q) = | QL QTR P’ s

!/ !/ 1
+(QQO6ik—Qin)%Fp(q2)m 2ma(2my)3.  (31)
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OcnoBuoe otnuune ¢opmya (30), (31) oT H JOTUUHBIX BbIp XeHuil B [8, 12]
COCTOHT B TOM, 4T0 B Bepuiutisl 7(p) NN u 7w(p) N A BXOZIT p 3/THYHBIC UMITYJIBCHI
Q # Q', B 10 Bpems X X B [8, 12] ati mMmmyabesl p BHBI. OCT JIbHBIE OTIHYHS
CBSI3 HBI C BEIOOPOM I1 p MeTpoB hopM( KTOPOB.

4.3. AMiuatyn mpomecc pp — pnwt. 3 g mmwmryry NN — NA n
BepumHy 7/NA, MOXHO H TIUC Th MIUIMTY/y IIPOIECC pp — pna . Ammumaryx ,
COOTBETCTBYIOLI 51 I TP MME€ H pHC.2,d, UIMEET BUJ

< 7r+np|A |p1p2 >=

1
= V2R(ua)ki |¢p(di — gUlUi)%Ol (o orp2)Di(Q ,Q'), (32)

rae

_ fana \/QmAQmp\/Z(kQ)

M fin —ma +i0(k)/2° (33)

R(pa)

IMonH 9 MIUIUTYH Npouecc pp — pnm', HOJyd 0N scs TP ydeTe 4 Iu Ip MM
— 2 H puc.2, MOXeT ObITh IIPEICT BIEH B (popMme

A(pp — pnrt) =

—VER(ua)i |5 (1~ gooor | (pioren)Pal@ Q-

—V2R(pa )k [‘Pp((sil - 101%’)@2} (i orp1)Dir (Qp, Qpp) —

3
*?R(ﬁA)El |:S0n(5il - %01%)901} (Sﬁgf’k@z)pik(éev Q)+

2 ~ 1 ~
+§R(fm)k1 [%J{((Su - gam)cpz] (¢ ore1)Dir(Qe, Qb); (34)

B 9TOM BHIP XKEHHHU [iA — KB Jp T 4-UMIyIbC BUPTY JbHOH AT -u306 pol, k
— COOTBETCTBYIOLIMH OTHOCUTE/BHBIA UMIYIbC B BepiuHe AT — n + 775 30 K
“THibpl ” B 0003H YeHMAX uMITyIbcoB Q, Q' oTrHocuTca K mu rp MM M ¢ AT-
n300 poil, OTCYTCTBHE 3TOTO 3H K YK 3bIB €T H COOTBETCTBYIOLIYIO I TP MMY
¢ ATF-u306 poit B IPOMEXKXYTOUHOM COCTOSHUU; UHIEKCHL , 6, 6, 2 IIpH 0003H -
YEHUSIX 3-MMILYJIbCOB OTHOCSATCS K COOTBETCTBYIOIIMM I TP MM M — 2 H pHC.2,
V2, —V/2/3 — mzoronuyeckue ¢ KTOPBL.

4.4. Pe3ylbT ThI P CYETOB ceueHHA pe Kuum pp — pnwt. H puc.3 npen-
CT BVIEHBI PE3ylIbT Thl p cuer cevenus d°/dQ,dQ,dp, pe xuuu pp — pnrt B
3 BUCUMOCTH OT MMIIYJIbC BTOPHUYHOIO NPOTOH p,. H Bepxuux mx i x puc.3
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NpHUBEICHBl [1A-HHB PH-
HTH 1 M cc AV T -m30-
6 psl B pe KIMU pp —
pntt U pd-p ccesHun
H Yroia 9]_[_1\/[_ = 1800,
@ u a® KB 1P THI
4-UMIyJIbCOB  BUPTY JIb-
HBIX 7T-ME30HOB B JIO-
MHHHpPYIOIIUX JU TP M-
M X IS pe K" pp —
pntt u pd-p ccesHun
H Yroi eu_M_ = 180°
COOTBETCTBEHHO. 3 BH-
CUMOCTh KB Ip T  4-
UMIIYJIbC  BUPTY JIBHO-
ro Me3oH ¢2> oOT ua
(> = ¢*(pa)) B pe-
KUuu pp — pnmt
U 14 TP MMBI puc.2, ,
JIOMHUHUPYIOLIEH B 9TOM
npouecce MpH YT X BbI-
aer 60, = 15° n 0, =
20,8°, B yCIOBHSX 3KC-
nepuMeHT [62], H ubo-
Jlee COOTBETCTBYeT H -
JIOTUYHOM 3 BUCHUMOCTHU
a’? = a?(ua) B npouec-
ce pd-p CCedHUS H yroi
Oum. = 180°. C yse-
JIMYEHHEM YINT  BBUIET
MeXIy NMPOTOHOM U 7 -
ME30HOM 3TO COOTBET-
cTBUE yxyaw ercd. P c-
YeTbl MOK 3bIB I0T, YTO
BKJI 1 AT -u306 pBI 10-
MuHupyer. Bk o gu -
rp MM ¢ AT-u306 poii B
CeYeHUHM IO BIEH K K

d6/dQ,dQ, dp,, MG - cp- (MaB/c)!

N
o

1,265 1253 1240 1226 1211 1,196 1,180 1,154 1,148
T T T T T 1
0,148 0,123 0,104 0,089 0,078 0,071 0,067 0,067 0,070
r T T T T T 1
0,124 0,120 0,116 0,112 0,107 0,102 0,097 0,091 0,085

U T T T T T 1

u A,I“:aB
—qz, B2
—az, I»B2

| ATF ek At

2:: 3

w
o
¥
~
-

0,6 0,8 1,0
Py I»B/c

Puc. 3. luchcpepenny TbHOE cedeHHne pe KIHH pp — pna
npu 0, = 15°, 0 = 20,8° B 3 BUCHMOCTH OT HMITYJIbC
BTOPUYHOTO NPOTOH . KpHBbIe MOK 3bIB 10T PE3YyJbT THI P C-
4eToB: / —p cuer [57] ¢ Ar = 0,53 I'eB/c, A, = 0, 7 I'aB/c;
2 — C HUCIONB30B HUEM II P METPU3 LMU COII CHO (9) u3
p 6orel [8] nmpu A, = 1 TeBl/c, Ay, = 1,167 I'sBlc,
Ay, = 2,449 TeB/c; 3 — m p merpus uud u3 [12] mpu

Ar = 0,53 T»B/c Ge3 yuer BKJI J p-ME30H .

Touku (e)

— 9KCIIEPUMEHT JIbHbIE JI HHBIE U3 [62]

HU30TOIMHYECKUM Ct) KTOpOM 1/3, T K 1 0ojiee 3H YUTEIHHBIM CXOIOM BUPTY JIb-

HBIX ME30HOB C M CCOBOM INOBEPXHOCTH. HI/I I'P MMbI a U ¢,

TKXe 6 M 6 H

puc.2 He uHTephepupyoT MeXIay coboil. B To ke Bpems WHTepepeHINT MEXITy

AW I'p MM MU d U 6,

T KXe 6 " 2, OTHOCAIIUMHUCAI K IIPOMEXKYTOYHBIM COCTOAHU-
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am ¢ AT u AT-u306 p M, umeer mecto. H puc.3 cTpesiK MM IOK 3 HbI TOUKH,
B KOTOpbIXx ATT u AT BRIXOZAT H M CCOBYIO IOBEPXHOCTS JUTsl 11 TP MM pHC.2,d
U 6, COOTBETCTBEHHO: A = fia = 1232 MbaB. CMelueHue sKCIEpHMEHT JIbHO
H OJIFoI eMOro M KCHMyM BIIP BO OT TOYKH pa++ = 1232 MsB o06ycnorneHo
k-3 Bucumoctsio mmpuHbl I'(k) corn cHo dopmyne (25). Ecnu npusITh B CO-
OTBeTCTBUH ¢ [67], 4TO BKI A p-06MeH M 1, u monoxuts A, = 0,7 I'sB/c, To
11t A H xomum 3H uyenue 0,53 ['aB/c u3 ycioBusl H WIydIero onuc Hus J H-
HbIX. VIHTEepecHO, YTO ®TO 3H YEHHE COBH I €T C NPEACK 3 HHUEM, ITOMy4YeHHBIM
B Momenu Ckupm [68] (A, = 0,528 TIB/c). Bnuskoe 31 yenue A, = 0,63
I'eB/c (mpu A, = 0,7 I'sB/c) 6pimo nomydeno B [69] u3 H NU3 MHKIIIO3UBHBIX
I HHbIX 110 pe Kuun NN — NA mpu sHeprusx nopsak Heckonbkux [9B. Ipu
noacT HoBKe 3H ueHuii A = A, = 0,65 I'sB/c, x x B p 6oTe [60], momyd em
yBEJIMYEHHE CEYeHHUs pe KUMH pp — pnm™ H ~ 30%.

Jnsg cp BHeHMS H puc.3 TpHUBEICHB! KPHBBIE, MOITYyYEHHbIE C I P METP MH
st mmatyn NN = NA u3 p 6or [8,12]. K K cremyer U3 3TUX P CUETOB,
obe 1 p MeTpu3 HMHU 3 BhII 10T BKI A A-u300 pel. B mepecuere H ceueHue
pd-p ccesHHs H 3 Il 3TO 3 BbIIIEHHE B M KCUMyMe A-pe30H HCHOTO MeX HH3M
onpexensgercd ¢ Kropom ~ 1,5 B [8] u ~ 2 B [12]. IT p merpus uus [8] cmewr et
M KCHMYM CEYeHHS B CTOPOHY OONBIINX fia TpuOmm3uTeabHo H 20 MoaB, uro
aBisieTcst ciaencreueM npenmonoxenus (k) = T'p B [8]. 3 MetuM T KXe, 4TO
npuONIKEeHUe gp, = 0, 0 KOTOPOM TOBOPHIIOCH BBINIE, T KXKE€ 3 BBII €T BKI J
A-pe3oH HCHOrO MeX HuU3M B pd-p ccesHUM H 3 J. T Kum oOp 30M, MOXHO 3 -
KJTIOUUTh, YTO YMCTBHIH BKJI 1 A-pe30H HCHOTO MeX HU3M B Iporecce pd — dp
3 BoilleH B [8] u [12]. EcTecTBeHHO MpeanonoXurh, 4To MOCIE COOTBETCTBYIOLIETO
yTOUHeHHS 11 p MeTpoB MiuuTyasl NN — NA BKJI I Apyrux MeX HU3MOB IIpO-
uecc pd — dp, OTIIMYHBIX OT A-pe30H HCHOrO, OK XeTcsl 6oJiee CyIIeCTBEHHBIM.
OnH KO, K K BUIHO U3 CJIEOYIOILIEro p 3/eN1 , BCICACTBHE MHTEp(epEeHIIMOHHBIX
2(hheKTOB DTO MPEANOIIOKEHUE HE TOATBEPKIL €TCS.

5. MOJEJIb OH+A+OP IPOIIECCA pd — dp

Moguens OH+A+OP mporiecc pd — dp 6bu1  mpemwioxed B p 6ore [8],
3 TeM MOAM(HUIUPOB H B OTHOIIEHHH A-pe30H HCHOro mMex HusM B [13]. B
p 6ot x [70] u [71] o HO 06OOIIEHHE BTOW MOJENU I OIKC HHUS MPOIECCOB
p+(n)t = d+pup+d — N+(NN)s, tne (NN)¢ s — NN-11 p B TPHIUIETHOM
(t) 1 cUHIIIETHOM (S) COCTOSIHHH.
5.1. Odmen HeliTpoHoM. [Ipenebper 51 3¢pheKTOM PEITUBUCTCKIX JOBOPOTOB
CIIMHOB, K K U B [8], u1a MmuTyasl npouecc pd — dp B ciyd e Mmex HU3M OH
uMeeM

OH) _ 11,(Aa)* g 4 1 (qo)
TOW — 11e{ Caldy {aau(q) -7 [aa —3¢a = } w(q)} X
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x {w(q’) - % [‘77 - 3¢, (O;',‘;)} w(q’)} Bos (35)

rie u(q) u w(q) — S- u D-KOMIOHEHTHI BOIHOBO# (hyHKLHMHU ICUTPOH B HMITYJIbC-
HOM TIPEJICT BIEHUM, HOPMUPOB HHBIE YCIIOBHEM

|+ @l =1, (36)

q U ' — JIOpEHLI-UHB PU HTHbIE OTHOCUTENIbHBIE UMITYJIbCHI B BEPIIMH X < np >—
n+pun+p — d, onpeneseHHbIEe COITT CHO IIP B M PeIITUBUCTCKON KB HTOBOM
MeX HUKH 10 opmyse (2);

E4F!
U=—(vs—E,—E, —E,) ;}d

n

e(q); (37)

E; = \/m? 4+ pZ, p; — 9Heprusl ¥ UMIYIbC i-i 9 CTULBI B C.UM. p + d; Pp =
pa—p): £(q) = 51/ B, + En)? — p.
5.2. IBykp THOe pN-p ccesHUe ¢ BO30yXKIeHHeM A-H300 Pbl. AMIUIATYI

npouecc pd — dp ¢ Bo3OyxueHueM A-u300 pbl B MPOMEXYTOYHOM COCTOSIHHU
MOXeT OBbITh TPEJICT BJICH B BUIE CIEAYIOIIETO OJHOKP THOTO MHTErp JI :

T =< pl, ¢y, Phel ) |72 (pd = pd)[py by, Pael) >=
X [u(r)&ag + %(&15 — 3nangw(r)] X
X [u(r)&ﬂ; + %(575 - 3n;ngw(r)} , (38)

rae

n— (nz’ny’nz) _ ( 4mkx koA > ’

s Uy I = 7nzao7nz7
we ) ks ) = )

n(k, A) = (dk2m3 + k2A?)Y?, A? = 4p? sin® g
sp2 cos? 2 A2
Ppe% 3 k2 —m? k24 Sl (39)

k2= —Lt_—2-
= 5 22 0 0
mj; + p°sin” 3 4

x

u(r), w(r) — S- 1 D-KOMIOHEHTHI BOJTHOBOM (DYHKLIMHU JASHTPOH B KOOPAMH THOM
npexct BaeHud. AMmmutyasl NN = NA Bxomit B TeH30p Rgs. B oTiamume
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or [8] 3mech ucnonb3o H 1 p merpus uus (30). Ilpu sTom Tenzop Rgs umeer
CIHEXYIOIINI BUL:

1
Rgs = |:¢;}/)0'm0'ﬁ(5li - gaigl)060k¢ap:| Dir(a,a’) Dy (b, b')+

1
+ |:¢:;) ((5li — galai)agamagakqﬁgp] D (a, a')Dlm(c,c')—i—

1
+ |:¢;}/)Umaﬁo'ko'6(5li - gaigl)¢ap:| Dik(ca c,)Dlm(b7b,)7

- [qb[*,;(éli _ %Ulai)Sp (akaﬁamaé)%] Dir(e, ) Dim(c, ). (40)
3nech Dk (x,%x’) u Dy (x,x’) onpenenensr cort cHo (32). K x orMed joch B
NPEABIAYIIEM P 30€Ne, BEKTOPH X, U X’ p 3mu4Hbl. [Ipu BBIBOsE BBIP XeHus (38)
MUty mpoueccoB NN = NA ObUti BbIHECEHBI U3-TIOJ 3H K HHTErp I
10 UMITYJIBC M MPOMEXYTOYHBIX HYKJIOHOB B TOYKE, Il KOTOPOH OTHOCHTEIbHbIN
UMITYJIbC HYKJIOHOB B JISHTPOHE P BEH HyMIO. B 3TOM mpHOIMKEHUH 4-UMITYJIbChI
a', V', ¢ IpoMexXyTOYHBIX ME3OHOB OJIHO3H YHO BBIP X IOTCS Yepe3 4-UMITyIIbChI
H Y JIbHBIX M KOHEUHBIX U CTHII CJCAYIOLUIMM 00p 30M:

/ /
!’ pd /7Pd / /7Pd*Pd
a =pp— 2,b7 5 fpp,cf72 .

(41)

3-ummynscel a, b, ¢, coorBerctyoume 7(p) N N-BepiIMH M, ONpEIENeHbl CO-
1 cHO (23) ¥ UMEIT BUJL

(42)

YeTslpe cII T eMBIX B TeH30pe Rgs COOTBETCTBYIOT BKJI I M 4 I TP MM, IIpuBe-
neHHbIX H puc.4. H K Xmoil u3 oTux 11 rp MM X A- 1306 p MOXKET H XOTHUTHCS
B Tpex 3 panosbix coctosuuax: AT+ A+ AC Bce BbKa aKM 10CT TOYHO clie-
a1 ia ATT, ska gt cocrosuuit At u A yauteB 10TCH M30TOMMYECKHM ¢ K-
TOPOM, KOTOpBIA p BeH 2, T.e. ABTTHATHAY) — 9 A(ATH) g NPEACT BJICHHBIX
H puc.4 ou rp MM H UOOJBINKMIA BKJI [ BHOCHT JH TP MM d. BKJI JIbI OCT JIBHBIX
JA TP MM CYIIECTBEHHO MEHbIIIE IT0 Cp BHEHHIO C I TP MMOIU a BCIIeACTBHE Golee
3H YHTENTBHOTO Y/ JIEHHS COOTBETCTBYIOIIUX MPOMEXYTOYHBIX ME30HOB OT M CCO-
BOU moBepxHocTH. B p Gorte [8] ymeHbleHue BepmmHHON (pyHkiuu 7NA mpu
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Puc. 4. A-pe3oH HCHBII MeX HH3M Ul YIPYroro pd-p ccesHus H 3 1

yi JieHud A-1300 Pbl OT M CCOBOW TOBEPXHOCTU YYHTHIB JIOCH JOIIOTHHUTEIbHBIM
¢ xTopoMm BuUI

m4

o

R CEITN T “
e s — KB Ip T 4-ummynsc  A-u300 pbl, mo — yucleHHbd 1m p Metp. K K
ObUIO HOK 3 HO B INpPEABIAYIIEM p 37ielle, IPU T KOM croco0e ydeT BHEM CCo-
BbIX 3(D(PEKTOB HE Y €TCSl ONUC Th ITOJIOKEHUE IKCIIEPUMEHT JIBHO H OJII0I eMO-
ro M KCHMYM B CEUYEHMH pe KLMH pp — pnmt B A-pe3oH HCHOI 0651 cTH. 31ech
y4eT BHEM CCOBBIX d((eKTOB MPOBOAUTCI WH Y€, HMEHHO IOCPEICTBOM BBEjle-
Husg ¢ krop (28) B BepuimHy mNA u yyer k-3 BUCHMOCTH TOJIHOW IIHPHHBI
A-u306 psr (25).

5.3. OgHokp THOe pN-p ccesnue. B p Mk x Mex Hm3M OP mig p ccesuud
NPOTOH H 3 J BTIIPOIECC X H ACHTPOHE M KCHUM IIbHBIN BKJI 1l BHOCHT OOMEHHBIN
Iporecc — H JIeT I0IUI U GAepHbIi NpOoTOHBI MeHsTcs MecT MH. Corn cHo [8]

MIDTUTYRY 101 Mex Hu3M OP MOXHO 3 mHc Th B BHJie

mq (3 1 Vs N
(OP) - 4 (§A§¢3V<s1, 1) — 5ANN(s1, t)) 0" ey, MO g5,

m ¥
(44)
3/eCh AS\%V u Ag\}g\, — wmmmtyasl NN-p ccesHus ¢ mzoctimaoM T’ = 0u T =1

(OP)
cooTrBeTcTBeHHO. Tensop Ma, ° B (44) BBIp X €Tcs yepe3 MHTEerp Jibl OT IIPOM3-
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BEJICHUI BOJIHOBBIX (PYHKILMI JEHTPOH « U w B CIIEAYIOLIEM BHAE:
MO%P = 0q0,Wss(A) — 040y —3(No)N,| Wsp(A)—
—[oa —3(No)NaJoy Wsp(A) + (30ay — 0a0y)Wppo(A)+

+[30ay — 2000y — YNy Ny + 304 (6N)N, + 3(6N)Nyo, [Wppa(4A), (45)

e A
A:ppfp;wN:Z7
° A
WSS(A) :/ 7o (37”) U(T)2T2 d?”,
0
1 ° A
WSD(A) = EA j2 (37") U(’I‘)’u}(’[‘)r2 dr,
1 (o)

Wooo(A) = - /0 io <ér> w(r)?r? dr,

2 2
Wpp2(A) = %/ J2 (%r) w(r)?r? dr. (46)
0

5.4. Pe3ynbT ThI YHCJIEHHBIX P CYETOB M 00CYyXKI€HHe. Pe3ylbT Thl P CUETOB
CEYeHUs] W TeH30PHOU MOJIApU3 LUK IeUTpOH B mpolecce pd — dp, BHINOIHEH-
Hble H ocHOBe Mex Hu3mMoB OH, A u OP, npusenenst H puc.5-9. [Ipu 3ToM GbLT
UCTIONIB30B H 1 p MerTpu3 mud Mmmtyn NN = NA, omuc HH aBp 31. 4. K K
BHJIHO M3 pUC.5 U 6, pe3y/ibT T, COOTBeTCTBYIOMI cymme miututyn OH+A-+OP,
B oTIM4Me OT p OOThl [8], yHOBIETBOPUTENHFHO BOCHPOU3BOMUT 3 BUCUMOCTH CE-
yeHusd p ccedHud H yroa v, = 180° OT H 4 JIBHOI SHEPrUH B HMHTEPB Jie
0,2+ 0,6 ['>B 6e3 BBeieHNS K KUX-THOO MOATOHOYHBIX I P METPOB, KPOME TeX,
4TO WCHOJIB30B JIMCh TIPH ONMKMC HUM pe Kuuu pp — pnmt. Heobxomumo mon-
YEepKHYTb, YTO (p KTHYecKoe yrouHeHue MIumTyasl NN = NA 1o cp BHEHHUIO
c p Goroii [8] H OcHOBe omuc HUs HpoLecC pPp — pnmt B p ccM TPUB eMoii
KMHEM THYeCKOW 00 CTH HEMEIEHHO IMPUBOAUT K YJIYYIIEHUIO OIUC HHS DKC-
MEPUMEHT JIBHBIX 1 HHBIX O mporuecce pd — dp. OTMETHM CIEmyIoLIue B XHbIE
ocobennoctu monenu OHO+A+OP.

Bo-mepBbIX, OUYEHb CYIIECTBEHHBIM SBIISIETCS BHEM CCOBOE IMOBemeHHe A-
1306 pel. [lpu omuc Hum pe Kuuu pp — pnm ¢ krop Z(k), onpeneneHHbiii
thopmysioit (28), npuCyTCTBYET B BEpILIMHE p CI A BUPTY JIbHOH A-u300 pbl H
pe JIbHBIIA 7T-ME30H U HYKJIOH B COOTBETCTBHH C (DEHOMEHOIIOTHeEH CBOOOIHOTO -
p ccesnus. B nponecce pd — dp cuty umd uH s: H psagy ¢ A-u3o0 poii BHeM c-
COBBIM sBIsIETCS U 7(p)-Me30H. [109TOMY IpU BBIYKMCICHHH BKJI A A-MeX HH3M
B ceyeHue npoiecc pd — dp ecTb HEOMHO3H YHOCTh, MPOSIBIISION] SICS B TOM, YTO
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Puc. 5. Bk 1 A-pe3oH HCHOrO MeX HH3M B CeY€HHe YIPYroro pd-p CCesHUS H 3 I MpH
p 3mwmuHBIX I p Merpu3 umsax Mmwutyasl NN — NA: [ — o p merpu3s uus u3 p 60Tb
[8]; 2 —m p Merpu3 wus u3 [57] 6e3 yuer ¢ krop (28) B Bepmmue 7 NA; 3 — To Xe, 4TO
H KpuBOH 2, HO ¢ yueToM ¢ ktop (28). Touku (e) — dKCHeprMeHT JibHbIE 1 HHbIe [20]

B BEpILUKHY C BHEM CCOBBIMH 7T-Me30HOM M A-13006 poil TMGO MOACT BIISETCH, JH-
60 He nozct Bistercs ¢ Ktop Z (k). Her opMm JIbHBIX PryMEHTOB B I10JIb3y TOTO
WY UHOTO CIIOCO0 ONUC HUS — B OOOMX CIIYY $X IOJIyd IOTCS NPUMEPHO OJUH -
KOBBIE€ PE3YJbT Thl (DUTUPOB HUsl CEYEHHUS Pe KUUU pp — pnmw’ IIPH HEOONBIIOM
M3MeHeHHH 11 p MeTpoB A, A, [13]. Onn ko B mponecce pd — dp T IBY3H Y-
HOCTb CYIIECTBEHHO CK 3bIB €TCS H BEJIMYUHE BKI I A-MeX HH3M . Pe3ynpr ThI
p cueroB ceuenmsi ¢ Z(k) # 1 u Z(k) = 1 oving 1oTcst B 1B p 3 B TOYK X
T,=0,5TeB uT, =1TI9%B. B rouke T}, = 0,7 I'sB, B KOTOpOii B p CCM TpHB -
emoii Monein A-u300 p H XOAUTCS H M CCOBOIl NOBEPXHOCTH (WIS U TP MMBI
puc.4,a), o6 cmoco® BBYHUCICHUN 1 10T OOWH KOBBIH pe3yasT T. H puc.5 mpu-
BEJICHBI JUIS Cp BHEHHS Pe3yJbT Thl p cYeT BKI A A-MeX HHU3M CII P METp MU
u3 p 6oter [8]. U3 H mmx p cuetoB [13] BUTHO, YTO M KCHMYM B CEYCHHUH, BBI-
YHCJIEHHOM IIPH y4deTe TOJBbKO BKJI J A-MeX HU3M , CABHHYT B CTOpPOHY Oosee
HU3KUX DHEPrUi, 1Mo cp BHEHUIO ¢ [8]. DT0 00yciioBneHo k-3 BUCHMOCTBIO MOJ-
HO# 1upunbl A-u300 pel B (25). B p 6ote [8] mpeanon r jock, yro mmpud I’
He 3 Bucur ot k: I'(k) = I'g =const, npu 3TOM He ya €Tcsl ONUC Th MONOXKEHUE U
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Puc. 6. To xe, uto H puc.5, HO I cyMMbl Mex HuU3MOB OH+A-+OP

BEJIMYMHY DKCTIEPUMEHT JIBHOTO M KCUMyM B CEYEHWH TPOIECC pp — pnmT,
YHCTHIA BKIT 1 A-Mex Hu3M B nporecce pd — dp B 061 ctu Bixon A-u300 pbl
H M CCOBYIO IOBEPXHOCTb OK 3bIB €TCS 3 BBILICHHBIM.

Bo-BTOpBIX, B XHBIM cBOiicTBOM Mosienu OH+A-+OP sBnsiercss X p KTep UH-
tepepentmu A- u OH-mex Huzmos. B p 6ote [8] cymm phblii Bk 1 OH+A+OP
B 001 ctu sHepruii 0,6 +— 0,8 I'sB ok 3 jicd MeHbIe, 4eM BKJI JI Om@HOro A-
MeX HU3M | CYIIECTBEHHO HMXe SKCIIEPUMEHT JIbHBIX I HHBIX. [IpHunHOil 3TOM
nectpyktuBHOU uHTepdepeHunn A- u OH-mex HusmoB (Bki g OP-Mex HU3M B
9TOi 00JI CTH NpeHeOpeXUMO M J1 U MHTep(epeHIs C HUM HECYIIECTBEHH ) B
p Gore [8] sBngerca Gonbimol BKI J p-Me30H B wmmwmtyny NN = NA. B
I p METpU3 MU, UCTIONB30B HHOU B [57], [13], BKJI 1 p-ME€30H MUHUM JieH, T K
KK A, ~ m,.* Bcneacrsue storo unTepdepeHIus MZJ”’ +OH Hocur KoH-
CTPYKTHMBHBII X P KTep U CyMM pHbIA BKI 1 Mex Hu3M OH+A4OP B 061 cti
T, = 0,4+ 0,8 I'sB B 3TOM CIy4 € OK 3bIB €TC BBIIE BKJI A 4YucTOro A-
MeX HU3M U H XOIMTCS CYLIECTBEHHO OJIMXKe K Il HHbIM, 4eM B [8].

*Ilpy TOMBITKE YBEIUYHMTh BKJI JI p-Me30H (IIPH OJHOBPEMEHHOM H3MEHEHHH II P METpOB 7r-
obmen ) B (30) He ya eTcst omMC Th 1 HHbIE O pe Kuuu pp — pnwt npu Tp = 800 MsB.
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Puc. 7. uddepeny JibHOE ceuyeHUe YIPYroro pd-p ccesHus H 3 J B 3 BHCUMOCTH OT H -
4 jpHOM sHepruu B p MK X momenu OH+A-+OP ¢ o p merp mu ¢opmd kropos: Ax =
0,53 I'sB/c, A, = 0,7 I'sB/c (crutomn s xpuB 4 1), Ar = 1,3 I'sB/c, A, = 1,4 I'sB/c
(WITPUXIYHKTHP 2); YACTHIA BKJI 1 A-MeX HHU3M [UId TUX Xe IBYX H OOpOB I p METpOB
Ar u A, nok 3 H TOoYewyHO# (3) M NYHKTUPHOU (4) MTHHHUSMH COOTBETCTBEHHO. DKCIIEpHU-
MEHT JIbHBIE JI HHbIE: (%) — [20], (o) — [18], (W) — [17]

B-tperpux, A-Mex HU3M mpouecc pd — dp OYEHb UYYBCTBHUTEIEH K II -
p Merp M ¢opmp ktopoB B BepmiH X mNN, TNA, pNN, pNA. K K nok -
3bIB IOT H IIW P CYEThI, NPU HUCIIOJIH30B HUM 3H YEHUH I P METpoB oOpe3 Hus
Ar =1,3T9B/c, A, = 1,4 I'eB/c, xotopsie npusozircs B p 6ote [72], nudde-
peHuu JpHoe ceyenue B Momend A + OH + OP ok 3bIB eTcd H NOPSAIOK BBILIE
®KCHEPUMEHT JIbHBIX A HHBIX B 0011 ctr 0,5 <+ 1,0 I'sB (cm. puc.7).

B-ueTBepThiX, B 001 cTH BbIXOH A-U300 pbl H M CCOBYIO MOBEPXHOCTb
(T, ~ 0,7 I'sB) 1 p metpsr mogenu OH+A4OP ssndrorcs H ubonee o60CcHO-
B HHbIMU. OIH KO, K K BUIHO M3 PUC.6, IMEHHO IIPU DTOI 9HEPIHUH MOJIENb HEl0-
OLIEHNWB €T OCOJIOTHYIO BEJTMYMHY 3KCIIEPUMEHT JIBHOTO CEYeHUI H ¢ KTop ~ 2.
DTO p CXOXIECHUE HE yJ €TCS YCTP HUTh IyTEeM 3 MEHBI ONHOW pe JINCTHYECKON
BOJTHOBOU (PYHKIIMHM JEHTPOH H JAPYIYIO BCACACTBHE 1 OO 4yBCTBUTEIBHOCTU
A-MexX HU3M K MOBEJICHHIO BOJIHOBOW (DYHKIMH H M JIBIX P CCTOSHHSIX MEXJIy
HYKJIOH MH. DTO CBOHMCTBO A-MeX HU3M — Cl1 O 51 UyBCTBHTEJIBHOCTb K JET JISIM
MOBEJCHNs BOJHOBOH (pyHIMH NEHTPOH H M JbIX NN-p CCTOSHHIX — WIUTIO-
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Puc. 8. Pesymsr 1ol p cuer Bkia goB OH u A-Mex HU3MOB B CedeHHe YIpyroro pd-
P ccedHHUs H 3 I C P 3HbIMU BOJIHOBBIMU (PyHKUMAMH JeiTpoH : | — OH ¢ 1 puxckoii
¢ynkumeii; 2 — OH ¢ ¢ynknueit Peitn ¢ markum kopom; 3 — OH ¢ BonHOBO# (pyHKLIHEH
MIVY [75]; 4 — A-Mex HU3M C T PUXCKOH (yHKIMel; 5 — A-Mex HU3M c ¢yHKupei Peiin
C MATKUM KOpPOM

cTpupyercd H PHC.8, H KOTOPOM IPEICT BIEHBI Pe3yibT Thl p CUET BKJI JOB
A- 1 OH-Mex HU3MOB IS P 37HYHBIX BOJHOBBIX (PYHKIMH ASHTPOH , HWMeEH-
HO 1 puxckod ynkuuu [73], RSC [74] u dyHkumn MOCKOBCKOTO yHUBEPCHU-
ter [75]. B m prxckoil (yHKIMH BBICOKOMMIYJIBCH S KOMIIOHEHT MPEJCT -
BIIEH HEeCKOJNbKO ¢l Oee, yeM B ¢pynkuuu RSC. ITostomy mis mex HusM OH,
KOTOpbIA H nOONlee YyBCTBHUTEICH K BHICOKOUMITYJIBCHBIM KOMIIOHEHT M BOJIHO-
BOil (pyHKuMH 1)4(q), cedeHHe C I PHAKCKON (DYHKIMEH OK 3bIB €TCSl MEHbLIE
no BenuuuHe, yeM ¢ (yHkuueil RSC (4 cymecTBeHHO MeHblue, yeM ¢ (PyHK-
e [75])). g A-mex HU3M , H NPOTHB, CEYEHHE C I PUXKCKOU (PyHKIMEH
HECKOJIbKO Oojbie, yeM ¢ RSC. DTo comocT BieHUE SBHO IOK 3bIB €T, 4TO A-
MeX HM3M OCYIIECTBISIETCd HE H M JIBIX P CCTOSHUSX MEXJIy HYKJIOH MH B Jeii-
TpPOHE, , CKOpee, H CpeiHHX M O6ompmmx p ccrosHusX. OH-Mex HU3M JOMHHH-
pyer npu 1), = 0,1 + 0,3 I'sB, uTO clemyer U3 oNMC HUA CEYEHUS U TEH30PHON
nonsapus uuu aeidTpon . Ilpu snepruax T, = 0,6 + 1,0 I'sB oTHocuTenbHbIH
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BKJI 1 OH-mex HusM M 1, HO ipu T, > 1,0 I'sB ero ponb CHOB 3H UMTENBH .

Bonpoc o TeH3zopHOU mO-
napu3 mun Tho saBisgerca 6o-
Jiee CITIOXHBIM. B 0611 ¢TH 10-
MHUHUpPOB HUs MeX HuzM OH
(T, < 0,2 I'sB) 3H uyeHud
T50 mia mex uusMm  OH co-
[T CYIOTCS C 3KCHEPUMEHTOM
(cM.  puc.9). Ipn T, >
0,25 I»B 1npexnck 3bIB emMoe
yrctbiM OH-MeX HU3MOM 3H -
yeHne Toy p CXOOHUTCI C dKC-
MEPUMEHT JIBHBIMH ]I HHBIMHU.
P cdeTsl B p MK X MeX HU3M
OH, BbHINONHEHHBIE HEI BHO
H OCHOBE IIOJIHOCTHIO KOB -
pu HTHOrO (hopm u3M bBere—
Conmmutep ¢ WCHONB30B HU-
eM TOTEHIIM 1 OTHOOO30HHO-
ro oOMeH B JIECTHUYHOM MpH-
Oomuxenun [35], He ymydmn -
I0T COINl CHS C 9SKCIEepUMEH-
ToM 1o Thy. Yuer BKI I
A-MeX HH3M BOCCT H BIIUB -
eT cort cue B 00J CTH JIO-
BOJIBHO HM3KHUX sHepruil T, =
0,25 = 0,4 TI9B. OnH KO
npu Gollee BBICOKUX DHEPTHAX
T, > 0,4 I'sB mpenck 3bIB e-
moe Mmogensio OH + A + OP
3H yeHue Ty = —0,2 + 40,2
PE3KO MPOTHUBOPEYMT JI HHBIM.
IIpu aToM, K K 1 B p 6oTe [8],
3H YeHHs Too ITOJOXHUTETbHbI
st A-mex Husm . B p Gore
[12] npu uCHONB30B HUU T -
KOHM Xe CIMHOBOU CTPYKTYpbl
miatyiel NN = NA, K K
1 B HUCIIOJIb30B HHOM 3JI€Ch BbI-

p xenuu (30), npuBoOUTCS 3H

-I 1 PR | | Il WY
0 0,5 1 1,5 2 25 3
T, TsB

P

Puc. 9. TensopH 4 nomndapus uus gedtpon 1oy B
nporecce ynpyroro pd-p ccesHus H 3 1 K K (PyHK-
UM H Y JbHOW DHEPTHH Ui P 3UYHBIX MeX HH3-
MoB. a) 1 — OH; 2 — A; 3 — OH+A+OP, 4 -
OH+OP+A+TBP. 6) Kpusble nomnydeHsl ¢ 3 MeHOIi
3 X D-ponssl (w(r) — —w(r)) g A- MIUIHTYIBI:
1 — Bkl 1 A-mex Hu3Mm , 2 — OHO, 3 — A+OHO,
4 — A+OHO+-OP. DkcriepuMeHT JIbHbIE [ HHbIE B3$i-
Tl 13 p 60T [19] (o) u [23] (%)

yeane 1oy ~ —0,5, 4TO cyllecTBeHHO OMMXe K

akcniepuMenty. OpH KO mpu BeluucieHud A- MmuTyasl B p 6ote [12] mpo-
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n r Top A-u300 pbl ObUI BBIHECEH M3-TIOJ 3H K MHTErp JI [0 HMITYJIEC M HpO-
MEXYTOUYHBIX HYKJIOHOB. COINl CHO OLEHK M [76], mpoBeneHHBIM I S-BOJHBI
IEUTPOH , T KOe NPUOIIKEHHE 3 HIK eT BKJI I A-MeX HH3M B CeYeHHUe Ipolec-
¢ pd — dpB2-3p3.3T HENOOLUEHK 3 TeM HCKYCCTBEHHO KOMIIEHCHpYyeTCs
B [12] cieun nbHBIM BeIOOpOM T p MeTpoB Miuiutyabel NN = N A B npoTuBope-
YUK C ®KCIIEPUMEHT JIbHBIMU JI HHBIMU O CEYEHUH PE KLIMHU pp — pna (CM. Bblle
m.4.4). K K MoK 3B €T H I H JIU3, IPU UCKJIIOYEHUH BKJI 1 D-BONMHBI AeHTpO-
H u3 A- MIwmmTyasl p 60otel [8] BemuuuH T5o CT HOBUTCS OTPHLl TEINBHOM, IpU
u3MeHeHun 31 K w(r) — —w(r) B popmyie (38) mocTHr eTcsi K YeCTBEHHOE CO-
IJ1 CHe C DKCIIEPUMEHT JIbHBIMU JI HHBIMU (CM. puc.9,a) *. B 2Toii CBI3U 3 METHM,
4TO, IpU ydere D-BONHBI JEUTPOH B P MK X NPUONMXEHHH, MCIOJIB30B HHBIX
B [12], BO3HHK €T MH 5 ciMHOB s cTpykTyp Mmumatyasl M(2) no cp BHeHmio ¢
p cuerom [8,76], 4TO, BOSMOXHO, U IPUBOIUT K YIOBJIETBOPUTEILHOMY OIIUC HHIO
T B A-pe3oH HCHOM 06n cti. T KuM 0Op 30M, BEJIMYMH CEYCHHs W IIOBee-
HHe T, BUIMMO, ONPENENSIOTCS CYIIECTBEHHO P 3HBIMU CBOWCTB MH MIUTUTYABI
nporiecc pd — dp: UCTIONB3YyS P 3HBIC MPUOTUXKEHUS /I OMHON M TOM Xe MIUTH-
tyasl OH+A, MOXHO onuc Th MO0 OCOJIOTHYIO BEIMYUHY CeueHuUs (He TOJIyquB
COINT CHA C 3KCIEpPUMEHTOM 10 Thg), 1160 omuc Tb oo (CyIIECTBEHHO HEmOOIe-
HUB cedeHue). [Ins momydeHus Goree ONpefesieHHOro BBIBOI O BeimuuHe 7o) B
p Mk x mozenin OH+A+OP B XHO BBIUTH 3 P MKH UMITYJIbCHOTO MTPUOTHXEHHs
B MIuuTyne A-pe3oH HCHOTO MeX HH3M , T.€. OCT BHUTh IIOJ 3H KOM HHTErp J
HE TOJBKO mpon I Top A-nu300 pbl, HO U BepumHHble (yHKIMU TNN, TNA. B
H CTOsIIiee BpeMs BT CJIOXKH $I B TEXHUYECKOM OTHOIIEHMH p OOT elle He Bbl-
nonHeH . KpoMe Toro, B KHBIM MOXET OK 3 ThCSl y4eT OOMEH o- U w-ME30H MU
B miutyge NN — NA, MOCKONbKY B p MK X 7+ p-OOMEH He Y eTcs OIHC Tb
TOJIIpU3 LIMOHHBIE X P KTEPUCTUKU pe Kuuu pp — pnmw T [60].

OTMeTUM, YTO p CXOXAeHHe Mexay Ipeinck 3 HusMu Moxenu OH+A+OP u
9KCIIEPUMEHTOM H CTYI €T OJHOBPEMEHHO K K Ul YCPEIHEHHOIO IO CIIUH M ce-
yeHud, T K u juid Ty npu T, > 0,4 I'eB. B p 3zmene 6 obcyxn ercsd BO3MOXH s
CBSI3b 3TOTO P CXOXJICHHUS C MeX HU3MOM oO6MeH N *-m300 p Mu, 00yCIIOBICHHBIM
npumeckio [N N *-KoMITOHeHT B geiiTpore. Cora CHO omeHK M [28], M KCHUM JIbHBII
BKI 1 N*-00MeH OXul ercs UMeHHO B 06mn cru sHepruit T, = 0,5 + 1,0 I'sB.
K K Mok 3 HO HUXe, MOJAKJIIOYEHHE BKJI J TpexO PUOHHBIX PE30H HCOB, HE yITyd-
II €T COINT CHs C ®KCIEPHMEHTOM TI0 150 JI Xe MPH C MBIX OOIIMX MPEMIIONOKE-
HUSX O CIIMHOBOW CTPYKTYpE COOTBETCTBYIOLIEH MILTUTY/IBI.

5.5. O poiu Mex HU3M TpPex0 PHOHHBIX Pe30H HCOB. OMH U3 BO3MOXHO-
cTeil ipeoyioneTh p cxoxueHue Mexay mozenbio OH + A+OP u ycpeHeHHbIM 110
CIIMH M CeYeHueM mpouecc pd — dp COCTOUT B TOM, YTOOBI BKIIIOUHUTH B P CCMO-

*HPI/I 9TOM, €CTECTBEHHO, BO3HHUK €T IIPOTUBOPEYUEC MEXKAY P CUYCTHBIM M OKCHEPUMEHT JIbHO
H 6}]}0}1 €MBbIM 3H YE€HHEM KB JIPYIIOJIbHOI'O MOMEHT HeﬁTpOH .
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TpeHHe BKJI 1 MeX HU3M Tpex6 puoHHbIX pe3oH HcoB (TEP). Uned o TBP Bnep-
Bole ObUT BBICK 3 H B p 60te [8]. K Kk ObUT0 MOK 3 HO mo3mnee [77], oT wumed
HE NMPOTHBOPEYMT 3KCIIEPUMEHT JIBHBIM JI HHBIM 00 OTHOIIEHWH CEYEHHH pe KM
R = do(p,nd)/do(p,pd) u sanp x 57Li npu sneprum 670 MaB. BosmoxHocTs
CYILLECTBOB HUs TpeXO PUOHHBIX PE30H HCOB IPEACK 3bIB €TCS B MOJIEIH BBITS-
HYTBIX Bp LI IOIIMXCS MELIKOB CO CKPBITBIM IBeToM [53]. Ecnu mpeamnonoxurs,
YTO BCE P 3HOIVI CHUSl MEXIy ®KCIEPUMEHT JIbBHBIMHU 1 HHBIMU IO YCPEIHEHHOMY
MO CIHMH M ceveHuio npouecc pd — dp u monensio OH + A+OP o6ycioBieHs
BKJI JIOM TpexO PHOHHBIX PE30H HCOB, TO MOXHO IOJIyYHUTh BEPXHEE OIp HUYEHHE
H Bk g TBP. T x s oneHK Obul chedl H B [8]. DTOT pe3yabT T HEOOXOIUMO
NepecMOTPeTh, T K K K H MU B [13] mony4yeH apyroit Bk 1 it A-MeX HH3M MO
cp BHenuio ¢ [8]. Kpome Toro, B [8] HUCMONB30B J1 Cb YCpEAHEHH § MO CIHH M
npoToHOB MIUTUTYN TBP. Mbl y4uTBIB €M CIIMHOBYIO CTPYKTYpY MIUIUTYabl THP
B cieaytomeM Buge [13]:

G2 7
Arpp =< oy XlTloyda >= > g (C)"
SLS'L'M
1
xy/(2L + 1)(2L' + 1)(1/\d§ap|SMS)(LOSMS|JM)>< (47)

X (150418 ME) (L0’ M TM),
rae L(L') u S(S") — opGut JibHBI YII0BOM MOMEHT M ciiH K H 1 p+d (p' +d')
COOTBETCTBEHHO; J — monHelii yrmoBoi MomeHT TBP, I' — ero mupun , My —
M cc , G — KOHCT HT CBSI3H B Bepmuee p + d = 9q.

P cuersl BeimonHens! B npenmnonoxennn L = L', S = S'. K x u B p Gore
[8], 3mech mpedmnos T ercs, YTO TOJBKO TPU PEe30H HC , p CI J IOLUXCI H pd-
cucreMy B D-, F- u (G-COCTOSHUSX, BHOCSAT H ubGonbplmii BKI 1. I1 p Merpsl
PE30H HCOB H iijieHbl B Pe3yJabT T€ (PUTUPOB HMSI DKCIIEPUMEHT JIbHBIX I HHBIX:
M~ 3,1+3,2TsB, ' ~ 100 +200 M»sB, G ~ 0,3 +0,7. ®opmyn (47)
cBouTCs K BRIp keHuto (11) u3 p GoTel [52] Tonbko B nipenene Sq >> S;,. Mcxons
13 BBIp XeHHs (47), MOXHO H UTH IId Tpex obcyxn embix wmmumuryn TBP, uro

BeMMYUH Thy H XOOUTCS B MHTEPB Jie T;;EP = —0,4 + 40,4, BKIIIOY 9 TOUKY
To9 = 0. OmH X0 o Xe B H ubojee OJ TONPHUATHOM CIIy4 € (T;gEP = —0,4) nna

cymm paoii  mrututyasl OH+A+OP+TBP p cuetHoe 31 yeHue 1oy OK 3bIB eTCs
Omuskum K Hymo nipu T, > 0,6 I'eB, T.e. H MHOIO BbIlIIe BKCIIEPUMEHT JIbHBIX
TOYeK.

T xuMm 00p 30M, MOXHO cliesl Th BbIBOA, uTo ponb TBP B p 6ot x [8,52]
CHJIBHO 3 BBILIEH , 0COOSHHO NpU MHTEpIIpeT UK Tho. B To Xe Bpems ceitu ¢ Her
OCHOB HHH MTOJTHOCTHIO OTOp CBhIB Th 3TOT MeX HU3M. K Bompocy o pomu TBP B Th
MOXHO OyZeT BEpHYThCS IIOCJIe BBIOJIHEHUS Oojiee KOPPEKTHOTO P CUeT BKJI [
A-Mex HU3M H TPOBEIEHHs IOJIHOTO MOJIIPU3 IIMOHHOTO ®KCIEepUMeHT [22].
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6. OBMEH N*-U30BAPAMMH U POJIb IIEPEPACCESTHUI

6.1. Mex HuzM OBO B perdaTuBHCTCKOH IMH MHKe. B 3TOM p 3p1ene mpuse-
JEHBI BBIP KEHHS VI MeX HU3M OOMeH O pHOHOM, IONydeHHble p Hee B p 6o-
T X [6,8] mpu ydere TOIBKO p + N-KOMIIOHEHTHI IEUTPOH , U 0000meHHbIe B [28]
H CIyd i oOMeH HyKJIOHHbIMH U300 p mu N* B mporecce pd — dp u oOMeH
HelTpoHoM B mporecce pd — dN* [78].

Ilooxoo BKT. OcHOBOW H IIEro p cCMOTpeHus sBiserca p 6ot b kkep ,
Konmp tiok u TepentseB (BKT) [36], B KoTOpOii HOCTpOeHs! yp BHeHUS (p Ime-
€BCKOTO THI JUI 3 I YW TPeX Tell B PENIITHBUCTCKOW OWH MHKe. JJOCTOMHCTBOM
9TOTrO MOAXOHA SBJSETCS TOYHOE BBITOJTHEHHE KOMMYT IIMOHHBIX COOOTHOILIECHHI
IUI TeHep TOpoB Ipymmnbl Ily HK pe CHUCTeMBI TpeX Tel, B Y CTHOCTH, BBINOJ-
HEHUE YIIOBOTO yciioBUd. He ocT H BIMB SICb H TEXHUYECKHX IOIPOOGHOCTSIX
noxxon [36], BbIMMIIEM OKOHY TENbHOE BBIP XKEHHE VI MIUIMTYIBI MPOLEcC
pid — dpy, B p MK X Mex Hu3M OBO (cm. puc.1,6, e )

+ (e Xon
ABRG = K > {5 @)} v @), (48)
IN>

rae

Vs — My

o (49)

2
K= <1> 2 \/Edi(Epi + En)Ea, (Ep, + En)
— KHHEM THYeCKuil ¢ KTop, \I/igoN (q) — BOJIHOB s (DYHKLHS JEATPOH B K H Jie
d — p+ N (coOcTBeHH s (PYHKIMS M CCOBOTO oIlep Top cucremsl p + N),
HOPMHPOB HH $I YCIIOBHEM

1 Tp,ON - d’q N
ST /I\P (@F mp(0) e = Vi (50)

Advo'va'N

31€Ch

_ 25p(g)en(9) N 3.
“pN(q)—mv gj(q) = /mj +q* (51

N7 N _ a(ppeTHBHOE YHCIIO U1 COOTBETCTBYIOWE P+ N -KOMIIOHEHTHI ACHTPOH
B KOTOpOE BKJIIOYEH KB JIp T H30TONMHYecKoro Kosdpduurent Knebw —Topn H ,
(1/27,1/27x5|00)* = %, T K uTO, H HpUMEp, WIS P -+ N-KOMIIOHEHTHI JEHTPO-
H mmeeM N" = 0,5. B BbIp keHue (48) BK/IOYEeH KOMOUH TOPHBIA ¢p KTOp
(3) = 2, T K K K HCHIO/Ib3YeM 5 31eChb 6-KB PKOB s (hyHKUUS AEHTPOH MOJHO-
CTBI0 HTHCHMMETPHYH IO KB PK M; 0;(0f) U O — HPOSKLUS COHH H Y Jib-
HOro (KOHEYHOIO) HyKJIOH M Iepel B eMOro G PHOH COOTBETCTBEHHO; A;(Af)

— MPOEKUUS CIMH H 4 JIBHOrO (KOHEYHOro) HeTpoH . B Belp xkenusix (49) u
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(51) ucronb3oB Hel cienyomme 06031 ueHus: Ei(pr) = \/mi + Pi U Pi —
sHeprus u uMmmynsc k-it 4 cruusl (kK = p;, py, N, d;, df) B cILM. Tpex Tel

pi+d=pr+d ¢j(q) = ,/m? + g% ¥ q — SHEPTHs U UMITYIIbC j-H U CTHIBI
(j = pi,ps, N) B cM. mByX Ten p; + N wm py + N; /s — UHB PH HTH S
M cc cuctembl p; +d = p; +d, My = Enx + Ep, + Epf — M CC TPOMEXY-
TOYHOTO cocTosHUsd. B copmyne (48) mpoBoaUTCS CyMMUPOB HHUE [0 BHYTPEHHUM
COCTOSIHUSIM TIepesl B eMoro 6 puoH N (HEHTPOH WM HYKJIOHHOTO PE30H HC ),
BKJTIOY § TPOEKIMIO €r0 CIHH opy. APTyMEHTHI BOJHOBBIX (DYHKIMI H 9 JIBHO-
ro ¥ KOHEYHOIO JEWTPOHOB qf M (; BBIp X IOTCA Yepe3 MMITYIbChl M SHEPrUU
H OJION eMBIX U CTHI] COIT CHO (hopMmyre (2) clemyomuM o0p 30M:
(en + EN)pi — (gp, + Ep,) PN

i 3 = i)y ; = i\ ) 52
q en + EN + &y, + By, en = en(qi); ep, =ep(ai), (52)

(en + En)Pr — (ep; + Ep,) PN
5N+EN+€pf JrEpf

qr = y EN = EN(qf)v Epy = Epf(qf)' (53)
3-umImyneC mepen B eMoro HyKJIoH N B BbIp XeHusax (52), (53) cBa3z H ¢ 3-
UMIYJC MU H Y JIbHBIX U KOHEYHBIX U CTHIl B C.ILM. p + d CIEAYIOUIUMU COOT-
HoleHuaMu [36]:

PN = Pd4; — Pf = Pd; — Pi- (54)
KB np T mMomyns wmmuuTyasl (48), yCpeAHEHHOM MO CIUH M H Y JIbHBIX 4 CTHUIl U
MPOCYMMHPOB HHBIN MO CIMH M KOHEYHBIX U CTHII, CBI3 H C IupdepeHr JTbHBIM
cedeHneM mnporiecc pd — pd B c..M. p-+d 1o dopmyre

do 1 —
0~ Gan%s 40BOl 59

Hekxoeé pu HmH A OuH Muk ceéemogoeo pponm .P cCMOTpPUM MIUTUTYIY OJ-
HOHYKJIOHHOTO OOMeH mpouecc pd — dp B p MK X HEKOB PU HTHOH JWH MHKH
cseroBoro ¢port (AC®D) 6e3 Tped CTUYHOTO YIIIOBOTO ycimoBua. T Koil momxon
OBUT UCTIONB30B H B p 00T X [5,6,11]. CoOoTBEeTCTBYIOIINE PEe3yabT ThI, BBUIY HX
JOBOJIBHO IIUPOKOTo MpUMeHeHus! (cM. [79] U cChUIKU B Hel), MPUBOAATCS 31ECh
TONBKO 17151 ¢p BHeHus ¢ Mex HuzMoM OBO B nmomxone BKT, B KoTopom Bp 111 -
TEeNbH Sl UHB PU HTHOCTh HEe H pymleH . Mcrosp3ys cBOHCTB CBOOOAHBIX COCTOS-
HUIl HYKJIOHOB |p 1, pt > u meitrpon |d, ,d™ > B JIC® u yuuThIB 5 COXP HEHHE
p" u p. KoMIOHeHT 4-uMmiryibcoB B BepwuH X d — pr + N, p; + N — d, mi

miutyasl OBO B HekoB pu HTHOM popme JCD monyd eM ciedyrolee BeIp Xe-
HHE:

2\ 1 : i e\ g oron
aB58 = (3) g bt - m20c 1 {9570 €0} W k)
(56)
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rne U4(k, , &) — BOMHOB s IeiTpoH (T.e. COOCTBEHH s (DYHKLMS KB IP T M CCO-
Boro orep Top M? ¢ COBCTBEHHBIM 3H YEHHEM m3), KOTOp 51 CBA3 H C BOJIHOBOI
cyukumeii B (48) \Ilii 7N (q) npeo6p 308 HHeM Mesom  [80].

B Boip xenun (56) Buyrpennue JC®-nepemennsie k| ,&, k' ;£ cBa3 Hel ¢
OIHOY CTHYHBIMU BHEIIHMMHU IIEPEMEHHBIMUA COOTHOIICHHUSIMHU, BBIP K IOIIUMH CO-
Xp Henue pt M p KOMIIOHEHT 4-umnyabcos B Bepiuud X d = N + N. B He-
KoB pu HTHOM Toxxone ICD sonnosbie dyukimu Wq, u W4, 3 BUCAT TONBKO OT
KB Ip T MOy OTHOCHTENIBHOTO HUMIYJIbC K2, OIHO3H YHO CBA3 HHOTO C MH-
B pu HTHBIME M cc Mu M? = M?(X/|,¢), M? = M?(k,,£) cBoGommbIx 1 p
p; + N u ps + N cootBeTcTBeHHO. H pyllieHne Bp Il TeIbHON MHB PU HTHOCTH
B HekOB pu HTHOM JC®-N0axome NPOSBISETCS B 3 BUCHMOCTH PryMEHTOB k2,
k2 BoNHOBBIX (YHKIMIt H 4 JIBHOTO M KOHEYHOTO JEHTPOH OT H Mp BIAEHHS OCH
OZ. B p Gore [6] ocb OZ Gbu1 BBIOP H cort cHO yenosuio OZ1T pp, + Pp,-
ITpu T KoM BEIGOpe ocu OZ obecrieynB €TCS CUMMETPHSI MEXIy H 4 JIBHBIM U
KOHEYHBIM MPOTOH MH (neiiTpon mu): & = ¢/, k? =K/ i [Ipu obmene 300 poii
N* 31 cumMmetpus coxp Hiercs. OnH Ko B ciyd e pe kuuu pd — dN* BbiOOp
K Koro-u6o H np BieHus ocu OZ TpynqHO OOOCHOB Th, MCXOHS M3 TpeOOB HUI
CHMMETPHH WM MMHHMH3 IMM BKJI J MHOTOY CTHYHBIX IIPOMEXYTOYHBIX COCTO-
JHUHN, K K B p Oote [6]. Iloatomy pe kuud pd — dN* p ccm Tpus ercd B [78]
tonbko B BKT-nongxone.

6.2. Yuer mepep ccesHMil B H 4 JIbHOM U KOHEYHOM COCTOsSIHMAX. [loBTO-
pds  pryMeHThI p 60THI [27], B KOTOPOii HUCCNENOB JIcS MEX HU3M Hepel 4u JBYX
HyKJIOHOB B niportecce p +> He —3 He + p, m1d  MmumTyasl oOMeH  HyKJIOHOM
B mpouecce pd — dp ¢ y4eToM Tepep ccesHHH (MCK XEeHHUi) B H U JIBHOM U
KOHEYHOM COCTOSIHUSX IMOJIyd €M CIIEeHyIoIIee BBIp KEeHHUE:

i
Jr471.p, /dzq Fpa(@)Tp(dy, ps;di +a,pi —a) +

i
i @q" fop(d)TE(dy —d',ps +d'5d;s,ps) —
7Tpf

m//dzqu(]/de(q)fpp(q/)TB(df -d,p;+q;di +q,pi—q) (57)
3neck p;(d;) — UMITYTIBC H 9 JIBHOTO IPOTOH (IEHTpoH ) B c.iM. p+d, py(dy)
— MMILYJIbC KOHEYHOIO HPOTOH (JEHTPOH ); IepeMeHHbIE UHTETPUPOB HUs q U q’
B (57) ABJIAIOTCH NEPE] HHBIMM B pd- ¥ pp-NIEPEP CCEAHUAX JBYMEPHBIMM UMILYIb-
C MU COOTBETCTBEHHO; MIUIMTYH ynpyroro pN-p ccesHus fpy, s KOTOPOH
3/1eCh MCIIONb30B HO OECCIMHOBOE MPHUONMKEHHE, I P METPU3YETCS B CT HI PT-
HoW U1 quchp KIMOHHOM Teopuu copme [81]:

kO'pN
4

Forr(@) = 272 (i 4 ) exp(—5 iy ), (58)
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p d

Puc. 10. Mex HM3M OZHOHYKJIOHHOTO OOMEH C Ilepep CCesdHHSAMH: ) OOMEH HeHTPOHOM
B OOpHOBCKOM MpUOIIKEHUH, 6) 0OMEH HEUTPOHOM C pd-Tiepep ccesHheM, ¢) oOMeH Hell-
TPOHOM C pp-TIepep CCesHUEM, 2¢) OOMEH HEHTPOHOM ¢ pp + pd-Tepep CCesTHUAMU

Ile g — Nepejl HHbI UMIYNbC, K — BONHOBOI BEKTOP HYKJIOH B c.ILM. p+ N, opn
— TojHoe cedyeHne pIN-p CCedHMs, pN, BpN — SMIIUPHYECKUE TT P METPHI, COOT-
BETCTBYIOLLIME SKCIICPUMEHT JIbHBIM I HHBIM pIN-p ccesHus; Fpq(q) — MILUTHTYR
YOPYroro pd-p ccesHus BIEpell, KOTOP S BBIYUCIIETCS 30€Ch H OCHOBE TEOPUH
MHOTOKp THOTO p ccesaus I'm ybep —Curenko [81]. BopHoBck s wmmumutyn 1
CBI3 H C MHB pH HTHOH MiuTyaoil A B (48) cooTHOIICHUEM

AOH = 4mp mgq TB. (59)

OTMeTHM, YTO TP BBIBOAE MIUTUTYIBI YIIPYroro pd-p CCEsHHS BIEPER B P M-
K x Teopun [71 yoep —CHUTEHKO MHTEIPUPOB HHE IO Nepe]] HHOMY HYKJIOH M JABY-
MEpPHOMY HMITYJIbCY TPOBOIUTCS B IUIOCKOCTH, NMEPIECHANKYISIPHOW SHKOH JIbHOM
OCH, H Np BJCHHE KOTOPOIl BBIOMp eTCs BIOMb BEKTOP P; + Pf, TO €CTb MO
OucceKkTpuce YIJ1 MeXIy MMITYJIbC MM H 4 JIBHOTO U KOHEYHOro mpoToHoB. K k
u3BecTHO (CcM., H mpuMep, [82]), aTo mpubIuKeHne xoporo p 60T eT Ipu p c-
CEeSIHUM B IIEpeHIon nojycdepy. B cooTBeTCTBHM ¢ 3TUM NpH MHTETPUPOB HHUU
1o d?q u d?q’ B BeIp XeHuu (57) HEOOXOOUMO BBHIOUP Th H Hp BIIEHHE BHKOH Jib-
HOI OCH BIONb BEKTOP P; — Py, YTO COOTBETCTBYET M JIBIM YT M pp- U pd-
nepep CCesHUi 0=rm— Or.m., Te O M. — Yroa p ccesHus B npouecce pd — dp,
6mu3kmii K 180°. OueBuuHoO, 4To ecnu npubiamxkenue [ yoep —CuTeHKO it M-
INTYael pd-p ccednus Buepen Fpq xopowo p OOT €T B MHTEPB Jie M JIBIX YIVIOB
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0+ gmaz, TO UCHOJIb3YEeMbIil 31IeCh (POPM JIU3M Yy4eT [epep CCesHUil B Ipolec-
ce pd — dp momxeH p 60T Th B COOTBETCTBYIOIEM HHTEPB Jie OONBIIHNX YITIOB
pd-p ccestHust H 3 1 O m. = [ — gmam,w].

P ccmoTtpuM ¢opMyIiel 111 PryMEHTOB BOJTHOBBIX (DYHKUME OEHTPOH B BBI-
p xennn (57), Tp ¢pudyecku mpeacT BieHHOM H puc.10, 0003H 4 I BepXHUMHU
uHIEKC MU k = 2,3, U 4 UMITYJIbCHI JIJISI BTOPOTO, TPETHETO U YETBEPTOTO CII T e-
MOTO COOTBETCTBEHHO:

1 ) 1
Tp ~a(ai = 5dy —pi) ¥g, (a5 = 5di — py);
) 1
T ~ /d2q a Q7 = ai + @) vi, (QF = a7 + ;);

1 *
76~ [ g va (@ = a - 34) i, (@ = as - @)
1, . 1
T® N// dqd*q 4, (Q\" = aqi +q - 39) ¥, QY =qy+ 54— d). (60)

W3 stHX BBIp XEHWH ciegyer, yTo i yn  p ccesHus Opv. = 180° (g L
d;,q L qf) mepen 4 UMIIYIbCOB B IEpep CCESHMSX YBEIUYUB €T MOIYIH HUM-
yJIbCOB |Q§k)| u |Q§ck)|, k=2,3,4. H npotus, npu O m. < 180° m1s Bcex Tpex
YJICHOB C Iepep CCeSHHSMH CYyIIecTBYyeT T K S 007 CTh 3H YEHWIl pPryMEHTOB
U q', B KOTOPOii MOIYJIU UMITYJILCOB |Q§k)| u |Q§ck)| YMEHBIII I0TCS IO CP BHEHHIO
CO 3H YEHWSIMH |q;|, |qf|, X p KTepHBIMH I I HHOTO DI P ccestHus Opm, B
GOPHOBCKOM NPHOIIKEHHH. DT 0O CTh MOXET Il Th OCHOBHOH BKJI 1 B UHTE-
tp 7Bl o d2q m d?q’, T K K K BONHOB 5 (hyHKIMs 1pg(q) OBICTPO BO3p CT €T ¢

YMCHBIICHUEM €€ pPryMEeHT . YMEHbIICHHE MOIYJICH HMITYIIbCOB |Ql(.k)| u |Q§ck)|

IPOUCXOMUT 3 CYET YMEHBIUEHHS HX IONEPEYHBIX KOMIIOHEHT |Q§j€_)| u |Q§ckj|,
JeX IIMX B INIOCKOCTU BEeKTOPOB W . Bcrenctsue mepep ccestHUil 3 Meis-
ercs yobiB Hue ceyeHus do(fp.) ¢ oTkioHendeM yrn O v ot 180°. Dddekt
3 MemIeHus TeM Ooblue, 4eM Obictpee yObIB eT BotHOB s (pyHKums ¥,4(Q) ¢ po-
CTOM OTHOCHTEJIBHOTO UMITYNIbC () U 4eM MelJleHHee yObIB 10T MIUTHTYIB fpp(q)
u Fpy(¢) ¢ pocToM mepen HHOTO HUMITTbC ¢. DTO MOXHO H IVISITHO IIPOJEMOH-
CTPHPOB Th SIBHBIMU H JIMTHYECKUMHU BbIp XeHusmu mig  mmutyn OH c nepe-
P CCeSHUAMH, €CITU BOTHOBYIO (DYHKLIMIO ICHTPOH BHIOpP Th B BUJIE P 3/I0KEHHS 110
r ycen H M Ys(q) = >, Ajexp (—7;¢*). H npumep, B S-BONHOBOM NpHUOIHXKe-
HHH [UI BOJTHOBOW (DYHKLMH ASHTPOH (B pe JIBHBIX P CYET X YYHTHIB IOTCSA M S-,
u D- xoMIoHeHTs! BOHOBOM (pyHkuuu) wmmutyn OH c pp-niepep ccesHUAMH B
KOHEYHOM COCTOSIHUM MMEET BUJ

3 —1 s
T (ai, q5) = o > app A 4; T
LGk
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(Cyears +7qi)? q
Y e+ I
mp
-]
4mpY

x exp [—(k qF +v; @7)] exp

1 1
———=(2vqfL +7%.L)qi1 + 17(2%0111 +y5q:i1)? + . (61)

2m,Y 6m,Y?
3neck Bpp U app = 0pp(t + pp)/4T — I p METPBl  MIUIUTYIBl Pp-p CCESIHUS
(58); Y = Bpp + i+ %'yj; HoIepeyHble KOMITIOHEHTBI UMITYJIbCOB Q; | M qj1 Hep-
NEHAUKYISIPHBL H P BJICHUIO 9HKOH JIbHOM OCH, H TP BIICHHOW BJIOJb BEKTOP
(pi —Py). TlepBblil 3KCIIOHEHIM JIBHBIA MHOXHTE/b C OTPUL] TeIbHBIM IIOK 3 Te-
JIeM CTETIeHH B BbIp XeHuu (61) NpUBOIUT K “HOPM JIbHOMY” YOBIB HUIO MILIUTY-
OBl TIPOIIECC € POCTOM “GOPHOBCKHX™ UMITYJIBCOB ¢; U ¢f. BTOp 5 ®KCIOHEHT ¢
MOJIOKUTENIbHBIM TIOK 3 TEJIeM CTEIeHHU B BbIp XeHuH (61) obecreunB eT 3 Mejjie-
HHE CII JI yIJIOBOi 3 BUCUMOCTH. T KuM 00Op 30M, WIECHBI C IEpep CCEesTHUSMU MU
O.m. < 180° MoryTt oKk 3 ThCS Gonee CyIeCTBEHHBIMH, YeM HepBbIi OOPHOBCKHI
YJIeH.

6.3. CruroB 1 crpykryp mmwuryabl OBO. p + n-komnonenm . g p+n-
KOMITOHEHTHI JEUTPOH ¢ y4eToM S- U D-BOJH CIIUHOB 5 CTPYKTYp OOpPHOBCKOI

MIUTUTYBI OOMEH HEHTPOHOM XOpOIIO M3BeCTH (CM., H mpumep, [4,8]).

p + N*-komnonenm . Corn cHo p cyer M [1], ocHOB HHbIM H Mojenu Pe-
IKe, 1 H nu3y [83], BEIOTHEHHOMY B P MK X TEOPUH ME30HHBIX OOMEHOB, BKII 1
N N*-KOMIOHEHT OK 3 JICSl CYLIECTBEHHBIM [Tl OOBSICHEHHS! DKCIIEPUMEHT JIbHBIX
Il HHBIX 110 CEYCHUI0 pd-p ccesdHUs H 3 1 rpu sHeprusax ~ 1 [9B. Oga Ko mpume-
HeHue Mojieniu Pejke npu 9Heprusix mopsigk M CChl HYKJIOH , T K Xe, K K 3H 4H-
TeJIbHbIe HEOIpeeIeHHOCTH B MH(OPM LUK O BepIIdH X Me30H—NN™, nen 1ot
9TH OLEHKH COMHMTENbHBIMU. P 3BHUT 1 B mocnenHee aecaTwieTue 6-KB PKOB 4
Mozenb nedTpoH [84—-86] o er HOBBINA moaxon K p cuety dN N *-BepimuH. B aToit
MOJIENTH CTPYKTYp AEHTpoH H M JbIx NN-p ccrosHusax ryy < 1 ¢M ompezne-
7geTcs CyNeprno3yiuell Hepo30yxueHHoi s 1 Bo36yxaenHoit s*p?—s°2s KB pKo-
BbIX 000JI04eYHBIX KOH(Uryp Luii. COr1 CHO | HHOM MOJIENH, H JINYUEe JABYXKB H-
TOBBIX 2/w-B0O30YKIeHUii B KOH(Uryp 1muu s*p?—s°2s asigercs npuunHoii heHo-
MEHOJIOTUYECKOTO OTT JIKMB TEJIPHOTO KOp B moTeHuu je N N-B3 HUMOOEHCTBUS
[84,85]. DT xe BO3OYXIOCHH S KB PKOB S KOH(UTYp LU MPUBOTUT K MPUMECH
M Jb1x N N*-KOMIOHEHT B BOJHOBOH (pyHKLMM meHTpoH . B p MK X 3TOro mog-
XOI BBIYUCIICHBI 9(PheKTHBHbBIC YUCT W MMITYJIbCHBIE P CIIPEAENICHUS IS P 37THY-
HbIX 0 pHOH-O PUOHHBIX KOMIOHEHT B IeUTpoHe [87], 4TO MO3BOIMIIO BBIIOIHUTD

H su3 ponu N N*-xkommnonent B pe kuuu dA — p(0°)X [24,79].

P ccMoTpuM 06MeH HYKJIIOHHBIMHU pe3oH HC Mu N, ucxoad u3 p + N *- KoM-
MOHEHTHI BOJIHOBOW (PYHKLUMH IEWTPOH , MOCTpoeHHOW B p 6ot x [79,87]. B
KB PKOBOII MOJIe/! BOJHOB s (pyHKIWs AeiTpoH B K H ne d — N + B, UV 75,
BXojdil 5 B BeIp XeHust (48), (50), (56), onpenensercs CIeAyOIIMM UHTETP JIOM
NePEeKphIB HUA MEXy 6-KB PKOBOI BOJIHOBOM (ynkuumeii neiirpon W, 1 npous-
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BeJECHHEM BHYTPEHHUX BOJIHOBBIX (DYHKLUHMH O PHOHOB (N U @ p:

o 6! \ 2
v or = (m) < oNpB|Psq > . (62)

Cocrosinrie 6 pHOH B KB PKOBOH MOJIENIU BBIP X €TCS B BUJIE P 3JI0XKEHHs 0 O -
3UCHBIM COCTOSTHHMSIM TP HCJISLIMOHHO-WHB PU HTHOH Mopenu obosoyek. Mcmoms-
3yd opM nu3M, p 3BUTHIA B p 60Te [87] mms uHTErp 0B mepekphiB Hus (62),
MOJTyd eM CJIeAyIoLIee BBIP KeHHe VIl MIUTUTYABI tepes uu N *-pe3oH HC B Ipo-
necce pd — dp:
Bo H
OBpO =K K«pN qi ’{pN(qf) Z (LBMLBSBMSB|JBMJB) X
Mp, Mg
M’LBM’SB Mjp
X(SBMSB1/20'f|]-/\i)(LBMiBSBM_g'B|JBMJB)(SBM_§B]-/20'i|1>\f) X
><S/‘LB]\4LB (qf)YEBMILB (q1)2®?VBLB (qf)' (63)

3necy Lp, Sp, Jg — OpOUT JIbHBIE MOMEHT, CIIMH W TOJHBIA YIIIOBOW MOMEHT
n306 pol, My, Ms,, Mj, — COOTBETCTBYIOIINE Z-TIPOEKIMU 3TUX MOMEHTOB;
® N, L (q) — BOMHOB 1 (OyHKLIHSI OTHOCHTEBHOTO JBHXEHUS BK H jie d — p+N*,
HOPMHPOB HH 51 YCJIOBHEM

/0 Wars (00 s = Ni (64)

rne N gN* — apdpexTHBHOE ynCO U306 p N* B IedTpOHE.

B p 6ot x [79,87] ucnone3oB H cxeMm CBsi3u ymioBbix MomeHToB (L +
S =Jp, S + s, = Jg), Ipu KOTOPOl BHYTPEHHUI OPOUT JILHBI MOMEHT O -
proH B sBnsercd T ke OpOUT JBHBIM MOMEHTOM OTHOCHUTEIBHOTO ABIIKECHUS B
K HJe d — p+ B. Brlp xenue (63) MOIy4eHO MMEHHO TPH HCIIOIH30B HHUU
9TOH CXeMbI CBsI3 MOMEHTOB. OJIH KO B OCHOBHOM K H Jie d — p + n, KOTOPBIH
B [79,87] He onuchiB eTCS KB PKOBOM MOJENbIO, IMEET MECTO UH 51 CXeM CBSI3U
MOMEHTOB: S, +s, = S, L + S = J;. IlosTomy a1 COIT COB HUS CIIMHOBOM
CTPYKTYpbl pN *-KOMIOHEHTHI CO CIHHOBOW CTPYKTYPOH pn-KOMIOHEHTHI HEo0-
XOOUMO B K H Jie d — p + B HCTIONb30B Th CIEAYIOLIYI0 CXEMY CBS3M YINIOBBIX
MOMEHTOB:

Lp+8Sp=Jp,Jp+s, =8, L+8S=1Jqg (65)

e YIIoBOil MOMeHT L uMeeT Ty Xe 4YeTHOCTb, YTo M Lp, W MOJN T ercs 31ech
p BHBIM Lp.
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I pd = dp
e 0 =180°
o .M.
- _ |
S-' 10
< :3._%
% 1072 ¢ P
%) £2 )
= E g
1073 3
10~ 41 PP TP TP . I I
0 0,5 1 1,5 2 2,5 3
T, I'sB
p
Puc. 11. PesynbT Thl p cuer ceveHus npouecc pd — dp npu Opm. = 180° B 3 BU-

CHMOCTH OT KMHETHYEeCKOW ®HEprHd H 4 JIbHOTO HNpoToH B J1 6. cucteme 1, H OCHOBE
OBO-Mex HU3MOB: BKJ 1 0OMeH N*-u300 p MU HOTOXHUTENbHOU (/) ¥ OTpHI] TENBHOM
(2) yerHocTH, TOMHBINA BKI 1 N *-00MeHOB (3), 0OMeH HEHTPOHOM (CIUIOIIH S KpUB s, 4),
KOTepeHTH 51 cyMM 7 U N™ o6MeHOB (5)

6.4. UncieHnsle pe3yiabT Tbl. OOMeH HYKAOHHWIMU pe30H HC mu. [lpu BbI-
YHUCJIEHUN BKJI A OOMEH HYKJIOHHBIMH PE30H HC MH B mporuecc pd — dp 31ech
YUTEHBI IECATh COCTOSHUN TP HCISLIMOHHO-UHB PU HTHOM MOean 060Iouex, Npu-
BEICHHBIX B T O11.2 p 60ThI [79], w1 KOTOPBIX d((PeKTUBHBIE YUCIT HE MEHbLIE,
yem 107°. Tlpu 5TOM B H IIMX P CYET X M CC COCTOSHHS OTOXIECTBIISUI Ch C
M CCOM TOTO PE30H HC , B BOJIHOBOMW (DyHKIIMH KOTOPOTO P CCM TPUB €MOE COCTO-
SHUE TP HCISIIMOHHO-WHB PH HTHOH MOIENIH 000j04YeK MMeeT H MOOJbLINI Bec.
H npumep, cocrostamio |2(20)[21]04 3 > npummcss ercs M cc 1710 MaB. Pe-
3yJIbT ThI P CYETOB C Y4€TOM OOMEH HYKJIOHHBIMU PE30H HC MU IIPEJICT BJICHBI H
puc.11-13. P cuersl NOK 3bIB 10T, YTO BKJ 1 0OMeH NN *-pe30oH HC MU CHJIBHO
3 BHCHUT OT HCHOJIb3yeMOil (hOpMBI PENSITHUBHCTCKONW AMH MHMKH. T K, mpu mepe-
xome ot BKT k HekoB pu HTHOMY mopxomy JC® Bkm 1 oomen N *-m300 poit
YMEHBII €TCs, YTO MPOUCXOIUT BCIICACTBHE YBETMIECHUS OTHOCUTEIBHOTO MMITYITb-
¢ B BepmuHe d — NN*. C pocTOM M cChI IIepell B éMOro pe30H HC €ro BKI [
B mpouecc pd — dp TOXE yYMEHBII eTcd, T K K K OTHOCHTEJIbHBII HMITYJIbC B
BepuHe d — N N™* ysenmuus ercd. M3 puc.ll BUAHO, 4TO CyMM pHBIH BKJ I



1444 VY3HKOB 10.H.

1,5

_15..:.|....|....|....|....|....
o 0,5 1 1,5 2 2,5 3

T ,I»B
p

Puc. 12. Pe3ynbr Tl p CYeT TEH30PHOH IOJApU3 LMH JEHTPOH B mpouecce pd — dp
opu Oum. = 180° B 3 BHCHMOCTH OT KHHETHYECKOl DHEPIHHM H 9 JIBHOTO MPOTOH B
1 6. cucteme T, H ocHoBe OBO-mex Hu3MOB: ciutomH g KpuB 1 — OH, mTpuxos 1 —
KOTepeHTH 51 cyMM m U N™ oGMeHOB

COCTOSIHMH OTpPHUI] TEJIBHOW YETHOCTH, TO €CTh P-COCTOSHUN OTHOCHTENIBHOTO JIBH-
KEeHUs B K H Jle d — p + N, gBnsgercsd M KCUM JIbHBIM B OO CTH H 4 JIBHBIX
®HEpruil mpoToHoB B 1 6. cucreme ~ 0,3 I'sB. M KcUM JIbHBII OTHOCHTEIBHBIH
BKJI [T PE30H HCOB IOJIOXKHUTEIbHONW YETHOCTH, T.€. S-COCTOSHHI OTHOCHTENIBbHOIO
p — N*-nBuxeHus B K H e d — p + N*, npuxoaurcd H 00J CThb H Y Jib-
HBIX 3HEpruii nporoHos B 11 6. cucreme 1), ~ 0,2 + 0,4 I'eB. K K mox 3 HO
B [28], cymMm pH 1 MmmmTyn oOMeH [N *-u300 p MU HOJOXHUTETPHON YETHOCTH
JIECTPYKTHBHO MHTEep(epUpyeT C CyMM PHOH MIUIUTYHOH OOMEH COCTOSHUSIMH
OTPHII TEJIBHOH 4YeTHOCTH. B 1e/loM MOMHBIA BKJI 1 00MeH NN *-COCTOSHUSIMH B
pd — dp B Mogenu [79], corn cHo [28], mpeHeOpeXUMO M JT K K B CEYCHUH, T K
U B TEH30PHOM MONAPU3 LMK U NP KTUYECKHU HE MEHSET YUCIIEHHBIX Pe3yNIbT TOB.
Ormernm, 4TO cort cHo p Gote [79] B mHKMo3uBHO# pe Kumu d+A — p(0°)+X
Bp MK X Mex Hm3M OH uHTEepdepeHys s- U p-BKIJI JIOB OTCYTCTBYET, U 3TO, BH-
JIMMO, SIBJISIETCS OJHOM M3 MpUYMH GoJiee CyIIeCTBEHHOTro BiMsiHUS [N *-0OMEHOB,
yeM B mporecce pd — dp.

OnH Ko mpu mepexoje K 6onee 000CHOB HHOM CXeMe CBSI3H YIJIOBBIX MOMEH-
TOB (65) momyd ercst UHOM pe3ynbT T [29]: uHTEpdepeHys s- U P-COCTOSTHUN He
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Puc. 13. Pe3ynbT Thl p cuer cedenus npouecc pd — dp mnpu Opm. = 180° B 3 BH-

CHMOCTH OT KHHETHYEeCKOHW 3HEPIrHU H 4 JIBHOTO HNpoTOoH B 11 6. cucteMe 1, H OCHOBe
mex Hi3MoB OH+A+OP (crutows s kpus s1) 1 OH+ A+ OP+ N *-00MeHbI (LUTPHXOB ).
DKcnepuMeHT JibHbIe [ HHbIE: (x) — [20], (o) — [18], (W) — [17]

spisgeTcs Oosee JecTpyKTHBHOM. B pe3ynsT Te cymm pHoe cedueHue n+ N obMeH

OK 3bIB €TCSl IPUMEPHO B JB P 3 BBIIIE, YEM JI €T YUCThIi OOMEH HEHTPOHOM B
unteps je 0,7-+1,2 B (cMm. puc.11). K K p 3 B aT0l 0011 cTH OBLIO OOH pyXe-
HO p cXoXieHue Mexjy mpeiack 3 Husmu mogenun OH+ A+OP u akcriepuMeHTOM.
[Tposenennbie H Mu p cuetsl [29] B p cumpennoi Mopenun OH + A+OP+OFO,
K K BUIOHO M3 pucC. 13, 3H YHMTENBHO JIydyllle COINI CYIOTCS C 3KCIIEPUMEHT JIb-
HBIMHU ]I HHbBIMU B UHTepB Jje sHepruii 0,7 = 1,5 [9B. OmH K0 p cxoxXieHue ¢
DKCIIEPUMEHTOM 10 15y HE yCTp HAeTCS U NpH MOAKMIoYeHuH MIuuTyas OBO
(puc.12). D10 MOXeT OBITh CBSI3 HO, K K yXe OTMeY JIOCh B IIPEBIIYIIEM P 3lIele,
C NPHOIMKESHUSAMY, CHeNl HHBIMH IPU BBIYHCICHUM MIUTHUTYABl A-pe30H HCHOTO

*

MCX HHU3M

*Heo6X0MMO IOXYEpPKHYTh, YTO B p cyeT X [28,29] ucrons30B Jics B pH HT ¢ H HOOJIBIINM 3H -
YeHHeM OCLIUIATOpHOro 1 p Metp b = 0,8 ¢M, KOTOpBIil ompenenseT p 3Mep HyKIOH B KB PKOBOU
Mozenu u BxoguT B sapo MPI' [79]. Bonee pe nmcrideckuM 3H 4yenueM spisiercs b = 0,5+ 0,6 ¢,
IIpH KOTOPOM 3(phpeKTHBHBIE YHCI HYKJIOHHBIX H300 p B ~ 3 p 3 MeHbiue [79]. ITosTomy obcyxn -
eMble pe3yJbT Thl P CUETOB CIIEdyeT P CCM TPUB Th K K BEPXHIOIO OLEHKY BKJI 1 IV *-00MeH MH.
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Puc. 14. YIIoB 4 3 BUCHMOCTb CEUEHHUs YHPYIoro pd-p CCesSHHS B C.ILM. IIPU P 3ITHMYHBIX
H Y JIbHBIX 9Heprusx mporon : ) 1,016 [@B, 6) 1,5 I'B, ¢) 2,09 I'sB, 2) 2,5 I'»B. Kpussie
— pe3yJbT Thl P CYETOB C UCIIOJB30B HUEM P 3MUYHbIX MeX HM3MOB: / — Mex HusM OH H

puc.10, ;2-cymm jqurp Mm6ué H puc.l0;3 —cymm 1 rp mm6, 6ue H puc.l0;
4—cymm 1 rp MM 6,621 0 H puc.10; 5 — mucpp xumonH s teopus ['m yoep —CuteHko
C sJIepHOil IJIOTHOCTBIO, COOTBETCTBYIOLIEH S-BojHe neiiTpoH B motenuu Jie RSC; 6 — to
Ke, 94TO 5, HO C T YCCOBCKOW IUIOTHOCTBIO M3 P O0THI [89]. DKcrepuMeHT JbHBIE 1 HHBIE:

(o) = [16], (O) - [17]
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apy S pd = dp
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Puc. 15. 3 Bucumoctb ceueHust pd-p ccesHHs OT DHEPTHU H JIET IOIEro NPOTOH IIpH
Ou.m. = 180°. Kpusbie /—4 UMEIOT TOT ke CMBICH, YTO U H pHC.14; 5 — BKJT I TPEYroIbHOM
QM TP MMBI OHOIIMOHHOTO OOMeH , 6 — OOHOKp THOe pN-p ccesHHe. DKCIIEPUMEHT JIbHbIE
1 Huele: (¢) — p 6ora [18], (W) — [17]

Ob6MmeH HellmpoHOM U 6KJA O nepep cceaHull. YUCIEHHbIE P CUETHl 14 Me-
X HU3M OOMEH HEHTPOHOM BBIIIOJHEHBI C UCIIOIb30B HHEM BOJHOBOW (DyHKIMU
neiitpon B ¢opme Peiln ¢ markum kopom (RSC), m p merpuzos HHOil B [74].
I1 p MeTpsl MIUTUTYH YIPYTOTO pp- U pn-p ccedHus B3ATol w3 p 60THl [88]. H
puc.14, — 2 MOK 3 H YIJIOB § 3 BUCHMOCTb CEUEHHMS yHNPYIoro pd-p ccesHHs B
unreps Jje 0 < Oy . < 180° mpu dHEprusix H JieT IOUMX IPOTOHOB B 11 6. cucTe-
me T, = 1,016, 1,5, 2,09 u 2,5 I'sB. TeopeTnyeckue KpUBBIE NOIYYEHB B P MK X
teopuu I'm y6ep —Curenko B nepenueil nomyctepe Oy v, < 60° 1 H OocHOBe Me-
x HmM OH c nepep ccesdnusmu — B 3 aHeid, Oy, > 120°. U3 puc.14 BugHO, 4TO
npu T, = 1+2,5 B n Oy v, = 150 < 180° 6opHOBCKOE NPUOIMKEHHE I Me-
x Hm3M OH 1o copme U GCOMIOTHON BEIMUUHE YIOBJIETBOPUTEIBHO COITT CYETCH
C 9KCIIEPUMEHT JIbHBIMU 1 HHbIMUA. OfH KO NpH yueTe pp- U pd-nepep ccesHuit
9TO K YECTBEHHOE cOoTBeTcTBUE p 3pywr ercs. [Ipm yrmn x 150° < O m. < 180°
H Omio ercs 3 MeieHue yobiB Husi cevenus do/d€)(6) npu ymensuiennn yrin 6
B COOTBETCTBHM C K YECTBEHHBIMH pIyMEHT MH, NPUBEICHHBIMH B p 30.3. AH -
JIOTUYHBIA 3((eKT CBHIrp J1 B XHYH pOJb IPH ONKHC HUU YIJIOBOW 3 BUCHMOCTH
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ynpyroro p>He-p ccesHus H GONbIIME yIIBl B p MK X MEX HH3M OOMEH np-
m poit [27] *.
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Puc. 16. TeH3opH 4 nonsipus Lus JEHTPOH B YIPYIrOM pd-p CCesSHHU K K (DYHKIMS Y
P ccesHHS IIpU ®HEPruH H 4 JbHOrO npotoH 1, = 1,5 I'sB. Kpussie /—4 mmeroT ToT Xe
CMBICTI, YTO U H puc.14

AOGcomoTH i BenuuuH cedeHusl nox yrioM Oy, = 180° ymeHsm ercd B
~ 2 —3 p3 B uHreps je sHepruii T, = 1 < 3 I'sB npu yyere UcK XeHuUi
(em.puc.15). K x BugHo u3 puc.15, Bk o mex HusM OH c yuetom mepep cce-
SHAN OK 3BIB €TCS 3H YHTENPHO HITKE DKCIIEPHMEHT JIbHBIX TOYEK U CEeYCHHS
pd-p ccesHus H yroia Oy.m. = 180° Bo Beeil p ccM TpHUB eMoil 00J1 CTH HEpruit

*OTMeTHM, YTO MPU YMEHbLIEHHH yrn P ccesHus Opm. or 100° mo 0° BKI A MeX HU3M
OH c yderom mnepep ccesHMii Pe3KO BO3p CT €T OCOOEHHO HpH OJHOBPEMEHHOM YydeTe pp- M pd-
nepep ccesHMid, ¥ MpUOMMXK eTcsl K 3H YeHHIO, NMPEACK 3bIB eMoMy Teopueit I y6ep —Curenko. K k
ObUTO TIOK 3 HO B P 3.3, 3TO NPOUCXOOMT 3 CYET yMEHBIIEHHsS pryMEHTOB BOITHOBBIX (DyHKIIMiA
¢4, (Qi) u ¢df (Qy) o HyneBbIX 3H YeHMl, T K K K IpH yrT X Om. ~ 0° mepen HHble B Iie-
pep CCeSHHSIX MMITYJIbChl U ' I P JUIENbHBI OTHOCHTETHHBIM UMITYTIbC M HEHTPOH U NMPOTOH B
neiitpone Q; 1 Q g, COOTBETCTBYIOLIMM GOPHOBCKOMY MPUOMMKEHHI0 OIHOHYKIIOHHOro obmen . Oj-
H KO H OCHOB HHU 9THX P CYETOB HE/b3s CHEN Th NPUBIEK TEIbHBIA, H MEPBbIH B3IV, BBIBOM, YTO
mex Hu3M OH BHOCHT 3H YMTENBHBINA BKII ]I B YIIpyroe pd-p ccesdHue BHepen, T K K K HCIOIb3yeMblit
3[eCh METO y4eT MCK KEHHI CKOopee BCEro HeHpUMEHHM B 001 ctu yrioB p ccestHust Opm. ~ 0°,
T K Xe, K K Teopus MHOTOKpP THOro p ccesHus In ybep —CHTEHKO HenpuMeHHMM B OOl CTH YITIOB
~ 180°.
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Puc. 17. TeH30pH $ MOMAPH3 LKt AEATPOH B yIPYroM pd-p ccesHu H yroi Om. = 180°
K K (yHKIMS 9HEPIUH H 4 JIBHOTO MPOTOH . KpuBble /—4 MMEIOT TOT XK€ CMBICI, 4TO U H
puc.14

0,5 =+ 3 T'eB. MuHUM JIbHOE OTKJIOHEHHE OT DKCIIEPHUMEHT MMEET MECTO IIpU
sHepruax T, = 2,2 + 2,4 I'sB, HO 11 Xe B 9TOM Clly4 € P CXOXJIEHHEe X P KTe-
pusyetcs ¢ KTtopoMm ~ 2. CrnemayeT MOTYEpPKHYTh, YTO IS 1T PUXKCKOH BOJTHOBOM
¢yskimu geiiTpon BKI I Mex HU3M OH eme MeHsbIe, 4eM JUId UCHONb3yeMOi
spech pyHkiuu RSC (cm., H mpumep, [13]). T kum oOp 30M, BBIIOTHEHHbBIC H MU
P CYETHI K YECTBEHHO COIJI CYIOTCS C BBIBOZOM p OOTHI [4] 0 ponu MCK XEHHH U
HegocT ToyHocTh Mex Hu3M OH mig ommc Hug  GCOMIOTHON BETMYMHBI CEYEHHS
npouecc pd — dp nox yroM G v, = 180°. B To ke Bpemd clenyeT OTMETUTD,
4TO JNETPECCHBH 51 POJIb MCK KEHWid OK 3 JI Chb H IOPSIOK Cll Oee, ueM B CIIy4 e
nporecc p3He —3 Hep [27].

TensopH s nossipu3 wast Too(fim.) K K (YHKUMS YOI p CCesSHHUS 3H YH-
TENbHO HU3MEHSeTcd INpHU ydere nepep ccesHuid (puc.16). OpH Ko mojx yrioMm
O.m. = 180° BimsHMe mepep cestHuil H T mpeHeOpexumo M o (cM. puc.17).
T kuM 00p 30M, BOIPEKHU IPEANOIOKEHUSIM, CIEIYIOIIUM U3 Pe3ylbT TOB p 6o-
Thl [24], U3BecTHOE MpoOTHBOpeuue (CM., H mpumep, [26]) Mexay ImpeicK 3 HUeM
mex Hu3M  OH mist Too (O m. = 180°) 1 9KCIEepUMEHT JIBHBIMHU [ HHBIMH COXp -
HSETCd ¥ MOClie y9eT IIepep CCesHHM.

H pwuc.15 w1 cp BHeHUS MpHBEIEHBI PE3ylbT Thl H IIUX P CYETOB B P MK X
MeX HU3M OmHOKp THoro p ccesgaus u OIIO. g mex mmzm  OIIO 3mech Obut
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UCIIOJIBb30B H hopM ju3M u3 p 60Thl [90] ¢ m p MeTpu3 LHUel 9KCIEPUMEHT Jib-
HBIX JI HHBIX O pe Kimu pp — dnt uz p 6oret [91]. Bk g Mex HM3M OOHOKp T-
HOTO P CCEsIHUS BBIYMCIICH B MMITYJIbCHOM NPHOIMXEHUH B P MK X (DOpM JIN3M
p 6oter [13] ¢ mcmonp30B HUEM BOJHOBOU (pyHKIMH AedTpoH B ¢opme RSC.
W3 puc.15 BuUgHO, YTO BKJI A 3TOTO MEX HHU3M H TOPSAIOK HMXE 3KCIEpPUMEH-
T JIbHBIX ]I HHBIX BO BCEH P CCM TPHMB eMOil OOJI CTH SHEpruil. YUeT ABYKp THOTO
P ccesdHud, COIl CHO [7], NIPUBOMUT K JOIOJIHUTEIBHOMY YMEHBUICHUIO CEYEHMS.
H npotus, mex Huzm OIIO B 061 ¢t A-pe3oH HC , COOTBETCTBYIOIIEH SHEPIHU
nporon T, ~ 0,6 I'eB, T xXe npu sHeprusx ~ 2,5 ['sB BHOcUT Gonee 3H M-
TEJIbHBII BKJI [, KOTOPBII COU3MEPUM C 3KCIIEPUMEHT JIbHBIMU 1 HHbIMU. OIH KO
npu sHeprusx ~ 1,5 9B Bk o Mex HU3M OIIO moyTH H MNOPIHOK HUXE dKC-
MEPUMEHT JIBHBIX TOYeK. MOXHO OXHJI Tbh, YTO ¢ KTHUECKUIH BKJ ]I MEX HH3M
OIIO emnie MeHplne 3 cyeT OCOpOTHBHOTO X p KTep Iepep CCEeSIHUid, He Yy4H-
TBHIB BIIWXCS B TIPEACT BIEHHBIX P cyeT X. T KuM oOp 30M, B 0OJI CTH ®HEPIUi
1+ 2 I'sB HM OOMH U3 p CCMOTPEHHBIX 30ECh MEX HU3MOB CYLUECTBEHHO HE JO-
TSITUB €T N0 OCOJNIOTHOW BEJIMYMHE J0 9KCIIEPUMEHT JIHOTO ceueHus. [IpudauHy
BTOTO P CXOXJAEHHS, T0-BUIUMOMY, CIIe[yeT UCK Th B APYTHX MEX HU3M X, B U CT-
HOCTH, B IBYKp THOM pNN- p ccessHUM ¢ B0o30yxXxneHueM [N pe3oH HCOB, KOTOpOe
JIMIIb 4 CTUYHO YYUTHIB eTcs Mex HuzMom OIIO.

7. BKIIAJ KBABUPE3OHAHCHOTI'O 1—3He-COCTOSAHUA
B YIIPYI'OE pd-PACCEAHUE HA3AJL

AH i3 1 HHBIX 0 pe Kumu pd —3 Hen BOIM3M MOPOr MPUBOIMT K TUIOTE3E
O CyILECTBOB HMM KB 3MCBA3 HHBIX cocTosHuil B* B cucreme n —3 He [54,55].
B p Gore [55] H ocHOBe (UTUPOB HMSl DKCIIEPUMEHT JIBHBIX 1 HHBIX B P MK X
JBYXCTyNeHd Toil Mozenu pe Kuuu pd —> Hen ¢ ydeToM B3 UMOJEHCTBHUS B KO-
HEYHOM COCTOSTHMU OBLIM MOJIy4eHbI 11 P METPbl 3TUX COCTOSHUH — M cc  Mp,
wupun I'p u opmd xrop nepexon nHe — B*. H ocHOBe 3THX pe3y/IbT TOB
MOHO BBIYHCIIMTH BKJI [l COCTOSSHUI B* B ynpyroe pd-p ccesHue H 3 1.

[penmon r s, YTO KB 3UCBI3 HHOE COCTOSHUE B* 00p 3yercd B pe3ylbT Te
B3 UMoOJeHCTBUs 7)-Me30H 1 sip “He, 06p 308 Bimxca B npouecce pd —3 Hen,
U1 MIUTUTYIBI Tiepexon pd — B* moinyd eM BbIp XeHue

4 3
(pd N B*) _ / dq - 1423He77—>B* Ma(pd — HeUQ) —
(2m)* 2m, (T, — p2/2my +i€) 2m, (T — p2/2m, + ic)

(66)

e My, My — M CChl 7)-Me30H u snp °He, g — OTHOCHTENbHBI 4-UMITyIIbC B

cucreme 7 —° He, T}, p; — KHHETHYECK s BHEPTUsA M 3-MMITYJIbC 4 CTULbI (AP ) i;

M, (pd —3 Hen) — mmmtyn pe xumu pd —> Hen B AByXCTyIeHY TOH Mojeny

B 0003H 4eHMAX p 60Thl [55], Aspepn—p+ — MIUIUTYI BHUPTY JIBHOTO IIPOLIECC
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3Hen — B*, ans KOTOPO# COIMT CHO [55] MMeeM Cleylolee BhIp KeHHe:

2
A3Hen—>B* = Sﬂspd%; (67)

I p METpel gg, (0 H WmeHB B [55]. AMIUIHTYQy YIpyroro pe3oH HCHOTO pd-
P ccedHHd Telepb MOXKHO 3 IIUC Th B BUIE

A(pd — B*) A(B* — dp)
QmB* [Ek — EO + ZFB/Q] ’

A(pd — dp) = (68)

rnie Fyg = —7 MsB — sHeprus cocTodnus B* 10 OTHOLIEHHIO K YPOBHIO 1, 4 17}
mp« = My +m,+ Ey; E}y — sHeprus OTHOCUTEJILHOIO JIBUXEHU] B cucTemMe p+d
C OTHOCHTEJIbHBIM uUMIyIbcoM k; I'p ~ 20 MaB.

B M kcumyme (B = E,) cedenue pd-p ccesHHS 4epe3 IPOMEXYTOYHOE CO-
crossHue B* uMmeeT BUJ

do 49584 1

29 (pd — dp) = .
o P~ W) = T Gy

(69)

Ucnonbsys mis  mmmuatyasl M, (pd —2 Hen) 3H yeHus, nonydeHHsie B p 60-
te [55], H xomuM u3 (69) do/dQ ~ 0,03 MKG/cp, B TO BpeMsl K K MeX HH3M
OJHOHYKJIOHHOTO OOMEH ¢ I PHXKCKOW BOJSTHOBOUM (PYHKLMEH JEHTPOH [ €T Mpu
9TOH Xe KMHETUYECKOH Hepruu H 4 JIbHOTro npoToH 1), ~ 1 I'sB 3H uuTens-
HO Oombimee 3H yenHue 5 MkO/cp [13]. T xum 00p 30M, BKJI A 0OCYyXI eMOro
MeX HHU3M pd—p CCESHHS H 3 JI YEpE3 THIOTETHYECKOE KB 3UCBA3 HHoe 7)°He-
COCTOSIHUE MPEHEOPEXUMO M L.

8. 3AKIIIOYEHUE

K x mox 3bIB €T MpOBeNeHHBIA H JH3, B mpouecce pd — dp, B OTIHYHE
oT ynpyroro p3He-p ccedHus H 3 1 B 001 cTu sHepruii 1 = 2 I'sB, Hu onuH
U3 P CCMOTPEHHBIX 3/I€Chb MEX HHU3MOB HE SBIISIETCS OCOJIOTHO JTOMHHHPYIOIINM,

UX CyMM HE MPHUBOIUT K JOCT TOYHO SPKUM IPOSBIECHHAM CTPYKTYpPBI SIp .
[TosTOMy TeopeTnveck s MHTEpIIpeT Iws mporecc pd — dp SBISIETCS MEHee BbI-
P 3UTENBHON IO CPp BHEHHUIO C Pe3yyIbT T MU HCCIEAOB HUS AUH MHUKHU IPOLECC
p*He —3 Hep [92]. B 3H 4uTeNnbHOH CTENEHM 3TO CBA3 HO C TEM, YTO NEHTPOH
— OYeHb PBIXJT I cHcTeM . TeM He MeHee MOXHO CHell Tb U KOHCTPYKTHBHBIC
BBIBOZIBI B PE3YJIbT T€ MPOBEIEHHOIO P CCMOTPEHUS.

Bk g Mex HU3M JBYKp THOro pN-p ccesHus ¢ BO30OyxkiaeHrHeM A—u300 pbl
3H yuTeneH B MHTepB jie sHepruil 0,5 <+ 1,0 I'sB. IIpu gocT TOYHO KOppeKT-
HOM omnpeneideHud 1m p mMetpoB wmmutyasl NN = NA cymMM MeX HHU3MOB
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OH+OP+A 1 er K 4ecTBeHHOE OObSCHCHUE DHEPreTHYSCKOW 3 BHCHUMOCTH Ce-
YeHus p ccesHus B uHTepB Jie sHepruit 0,5+ 1,5 I'sB mpu O m. = 180°. T xum
0o0Op 30M, TIONBITKH ONHUC Th 3KCIIEPUMEHT JIbHBIC JI HHBIE B 3TOW OOJI CTH dHEp-
TUif UCKITIOYUTESIBHO B P MK X MEX HH3M OJHOHYKJIOHHOTO OOMEH IIyTeM ydeT
PETATUBUCTCKHUX DKCTP KOMITIOHEHT BOJIHOBOW (DYHKLIMH AEUTPOH WM MOIU(HK -
MU ero 0OBIYHOM Pn-KOMIIOHEHTbI, HO 0e3 ydeT Tpexu cTUyHbiXx N — A — N-cun
COBEpIIEHHO He omp BI HHbL. B To Xxe Bpems momens OH+OP+A, nm p merpsl
KOTOpod H uboiee 0GOCHOB HbI B OKPECTHOCTH TOYKH BbIXOA A-u300 pbl H
M CCOBYIO NOBEPXHOCTh, HEJOOLEHUB €T OCONIOTHYIO BEJIMYMHY CEYEHHS B DTOH
00 ctd moutd B B p 3 . C HEKOTOpOU JI0JIeil OCTOPOXHOCTH MOXHO YTBEp-
X1 Th, 4TO B P MK X 6g-MOJIeNTM JISTPOH TOJYYEHBI YK 3 HHS H 3 METHBIN
BKJI 1 oOMeH [IN*-u300 p MU B cedeHue mporiecc pd — dp B 9TOH 007 CTH
sHepruii, T, ~ 0,7 <+ 1,2 I'sB. B H crosuiee BpeMd NPH 3TUX Xe SHEPIUAX
HeJIb3s MCKJIIOYUTh BKJI [l U APYTHX, Oojiee K30THYECKHX MEX HH3MOB.

Pornp mepep ccesHuili B H 4 JPHOM M KOHEYHOM COCTOSIHMSIX CYIIECTBEHH :
BKJI 1 Mex Hu3M OH B ceuenue npouecc pd — dp npu Oy v, = 180° ymensm -
ercd B 2-3 p 3 3 CUeT mepep CCesSHHil. YCT HOBJIEH K YECTBEHHBIH a(pdekT —
IIPY OTKJIOHEHUH YITT P CCesiHUS OT 3H 4eHud Oy, = 180° oTHOCHTENBH  pOJIb
Mex HU3M O0OMeH HyKJIoHOM B mporecce p +d — d' + p’ Bo3p cr er 3 cuer
YMEHBIICHUS. X P KTEPHBIX OTHOCHUTEJbHBIX HUMITYJIbCOB B BepiuuH X d — p' +n
U p+n — d' BCIEACTBHE MEpPEp CCESHUIA.

H ubonee sspkuM cBoiicTBOM mpoiiecc pd — dp SBISETCS €ro BBICOK S YyB-
CTBUTENBHOCTD K 11 p MeTp M hopmd kropoB B BepummH X 7(p) NN, mw(p)NA.
JI Xe mpu TOH HEONpeLeNeHHOCTH, KOTOp s B H CTOsIIEee BpeMs MMeeTcs B OT-
HOIICHUW BKJI A OOMeH HeHTpoHOM (C ydeToM 3>(h(QeKTOB mepep CCesHHd) U
N*-u3006 p MM, NpeiCT BJCHHbIE B J HHOW p OOTe p CYETHl ]I IOT BCE OCHOB -
HHSl YTBEPXJ Th, YTO IIMPOKO UCIIOJIb3yeMble B Teopud wIN N-CUCTEM 3H YeHHs
obpe3 roumx uMmnyascop A ~ A, ~ 1,3 I'sB/c pesko mpoTuBoped T HMeI0-
IIAMCSI BKCIIEPUMEHT JIbHBIM I HHBIM O CEYeHUH pd-p CCEeIHUS H 3 1 B 001 CTH
0,5+1,0 I'sB.

B unreps ne sHepruii 1 <+ 2 I'sB HUM OfiMH U3 P CCMOTPEHHBIX MEX HH3MOB
C HMCHOJIB30B HUEM P JIMCTHYECKHX BOJHOBBIX (PYHKLMi JIEHTPOH HEHOTSTHB €T
no OCOMIOTHOW BEJIMYMHE JO0 DKCIEPUMEHT JIBHOTO ceuyeHHs. B p MK X Mex -
ausM  OH npexck 3 vHust wig Too(Opm. = 180°) pe3ko mpoTHBOped T 3KCIe-
PYIMEHT JIbHBIM I HHBIM K K B HEpPENSITUBHCTCKOM NPHOJIKEHUH, T K U BO BCEX
PETATUBUCTCKUX TOAXOH X,  y4eT Iepep CCesHUil He MEHSeT STOT BbIBOI. B
9TOH CBS3U HEOOXOIMMO OTMETHTbh, YTO COIJI CHO MpelB puTenbHbIM 1 HHbIM CE-
BAF [93] Ten3opH g monspus uust 1oy B yIPYroM P CCESHMU 3JEKTPOHOB H
JIEUTPOH X K YECTBEHHO COIVI CYETCsl C UMITYIbCHBIM NPUOIMXEHUEM U HEPENsITH-
BUCTCKOHM CTPYKTYpOW HAEUTPOH OO 3H YeHUHl nepen HHoro ummyiasc 1,35 I3B,
YTO COOTBETCTBYET X P KTEPHBIM OTHOCHTENIPHBIM HMMITYJILC M HYKJIOHOB B JAEi-
TpoHe ~ (0,6 I'saB/c. DTO comoct BiaeHHE MOK 3bIB €T, UYTO, BEPOSITHEE BCEro, B
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nporecce pd — dp B 004 ctu 3Hepruid 1 +— 2 I'»B OCHOBHYIO pOJIb UTpP IOT He
3(eKTh CTPYKTYpBl JEUTPOH , MeX HM3MBI ¢ BO3OyxmeHneM N *-n300 p, H -
JormyHble A-MeX HU3MY. DTH MEX HH3Mbl HEOOXOIUMO HCCIIEOB Th B TEOPHH I10
BO3MOXHOCTH T K X€ THI TEIbHO, K K M A-pe30H HCHbIi MeX HH3M, XOTd cle-
J Th 3TO 3H YUTEJIBHO TPYyAHEe BBUIY OTp HMYEHHOW MH(OPM IIMU O CBOHCTB X
N*-u306 p. K x u A-mMex Hu3M, MeX HU3MBI ¢ N*-1300 p MU JIOJKHBI OBITH
JIOBOJIHO CJ1 60 YyBCTBHUTEJIbHBI K BBHICOKOUMITYJIbCHBIM KOMIIOHEHT M BOJTHOBOH
(byHKIIMM HEHTPOH , M MO3TOMY OHM HE BBI3BIB IOT OCOOOTO MHTEpEC C TOYKH
3pEeHUs UCCIE0B HUI PESITUBUCTCKON CTPYKTYpPHI IeHTpoH . OfH KO OHH MOTYT
I Th He3 BHUCUMYIO UH(OpPM 1o 06 wmruutyn X NN = NN*.

Asrop 6n rox pen B.A.K pm HoBy, A.Il.KoGymkuny, B.HM.Kom posy,
JI.LA.Kongp Tioky, B.U.Kykynuny, ®.M.JIsBy u B.I'Heyn unny 3 oOcyxueHue
p OOTEL

P 60T BHIIOMHEH TpH 4 CTUYHOW momiepxke Poccuiickoro ¢oun ¢yHn -
MEHT JIbHBIX UccienoB Huil (rp HT Ne96-02-17215).
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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 influence considerably the structure of the low-lying states.
The low-lying M1 transitions linking 27 states are investigated. The presence and influence of a
quadrupole low-lying isovector mode shared by several 27 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 E'1 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.

Hccnenos HO B3 MMOJEHCTBUE KOJTIEKTUBHBIX M HEKOJUIEKTUBHBIX BO30YXIEHHH B YETHO-YETHBIX
cchepuyeckux Aap X. JIid ®Toi LieM MCHOMb30B JI Cb KB 34 CTHMYHO-(DOHOHH S Mofenb sup . Bom-
HOB 5 (DyHKIMS BO30OYXKIECHHBIX COCTOSHHI BKJIIOY 1 TPeX(pOHOHHBIE KOMIIOHEHTHL. YUHTBIB JIOCh
OCT TOYHOE B3 MMOJEICTBUE B K H JI€ Y CTHIl -4 CTHIl , T KX€ M30CK JIIDHbIE U M30BEKTOPHbBIE
KOMIIOHEHTHI Y CTHYHO-IBIPOYHOTO B3 MMONEHCTBHA. B p cdyeT X yduThIB JI0Ch GONBIIOE OXHOY CTHY-
HOE MPOCTP HCTBO.

P ccunt H CTPyKTYp HHM3KONEX IMMX COCTOSHHM IIOJIOXMTEIBHOH M OTPULl TEJIbHONU YETHOCTU
B IOJlyM T'MYECKHX M COCEIHHX C HUMH s1p X. IIok 3 HO, YTO KB 314 CTHYHO-(POHOHHOE B3 HMO-
JeficTBIE CWJIbHEEe B SAp X, MMEIIMX H 1B HYyKJIOH Oomblle, 4eM sap C 3 MKHYTOH 0005104-
Koil. Brusnue TpexcpoHOHHBIX usieHOB B 3THX AAp X Benuko. Mccnenos el M 1-nepexoisl MexXmy
Hu3KoeX wumu 27 -ypoBHamu. ITOK 3 HO, YTO TPM HM3KHX DHEPIHAX BO3OYXIEHHS H JIMYECTBYET
M30BEKTOPH $ KB JPYNOJIBH s CWJI , KOTOp § P CIpelesieH 1o HeckonbkuM 21 -yposHam. P ccun-
T HH 5 B P MK X KB 3M4 CTHYHO-(DOHOHHON MOJENM CTPYKTYp HHU3KONEXK LIMX COCTOSHHI B 1P X
n30ToHOB N = 84 cp BHHB €TCs C TOi, YTO CJIeAyeT M3 MOJIEIU B3 MMOAEUCTBYyOIHX 6030HOB. O6-
CyXJ I0TCS CXOICTBO M P 3MMYMs TpENCK 3 HUl Mozeneil. KccrenoB Hbl CBOICTB  HU3KONEXK IIMX
17 -cocrosgHuii U coOTBETCTBYIOIMX [1-nepexonos B sap X u3oToHoB N = 82. Ilok 3 HO, 4TO 3TH
COCTOSIHHS C BBICOKOM CTEIEHBIO JOCTOBEPHOCTH MOTYT OBITh MHTEPIIPETHPOB HBI K K JBYX(hOHOHHBIE
KB JIPYIONb-OKTYIOJIbHBIE. KX CBOWCTB OIpeleNsioTcsd TOHKON UIPOi M30CK JIPHBIX KB JPYNOJIBHOM



INTERPLAY OF COLLECTIVE AND NONCOLLECTIVE MODES 1457

u OKTyHOHbHOﬁ u H30B6KTOPHOI>'I JIATIOJIBHOM KOMITOHEHT OCT TOYHBIX CHII. O6Cy)KII I0TCA 9KCIIepu-
MEHT JIbHBIE OK 3 TEJIbCTB CYHIECTBOB HUS TpCX(bOHOHHHX COCTOSTHUI OoTpul TETbHON YETHOCTH B
124Te, KOTOpBIE€ 3 TEM Cp BHUB IOTCA C IIPEACK 3 HUAMH KB 3UY CTI/I'-IHO—CI)OHOHHOIZ MOJIEITH.

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 specific 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 first 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 [5-7], 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 — 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 reflecting 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 [11-16], 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 five 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 *?4Te. 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
defined as follows:

1 . .
Qi = 5 2 W AT G ) = (DM AGT A = m) ()

33’

where the quantities j stand for all single-particle quantum numbers but the mag-
netic ones. The quantities AT (j5'; A\u) and A(jj'; X — p) (see eq. (27) in the
Appendix) are two-quasiparticle creation and annihilation operators, respectively,
coupled to angular momentum . Further, w;‘;/ and gb;‘]’f/ are the forward and
backward RPA amplitudes, respectively, defining a phonon with angular momen-
tum A and root number ¢. 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 [A7]gpa. The phonons are of different degree
of collectivity, from collective ones (e.g., [2{]rpa) to pure two-quasiparticle
configurations.

The following commutation relations can be obtained if the fermion structure
of the phonon operators is taken into account:

1 S Sy

[Q/\va;,ﬁ'} = 5>\u«\’u’§ Z( ])\JZ/ ;\;’ B 3\;/ J)\JZ’) o

33’

S el G'm jamalim jamalN i)

33’2 L

—(—DAMFRENFR M @A L (im jamal A — p) (§'m jama| N — M'>} af, ajm,

()

where Q;\FM is defined in eq. (1). The quantities (j'm’ joma|Ap) are the Clebsch-
Gordan coefficients. The operators a;rm and «,, 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]:

+ + _
[[QAlll‘llill’QA1“1i1:| ’Q>‘2“2i2} B
1

A+ —1
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where

KI(Al'L'l )\Qiz) = 5\15\2(2 - 6A1>\25i1i2)x

A1iy, A2d2, ) A1i1 ) A2t A1i1 g A2d2 1 A191 1 A2 jl j2 Al
121 212 121 212 1?1 212 121 212 o o
Z ("‘pjljz Vinja Vitis Visje — itz Piaja Pins ¢j2j4) J3 Ja A2
J1j2J3ja A1 A T
mMm1Mm2M3mayq
“)

the quantity in curly brackets is a 95 symbol [20] and here and further A=

V2X+ 1.

The model Hamiltonian in terms of phonons reads:

1
ZWMQ;FMQ,\W + 3 Z (ALp1 Agpa|Az—ps) X

Apt A1A2A3
1119143
H1K2A3
A1t . +
U>\21121 (A3Z3)[Q>\1#1i1 >\2#212Q>\3 H313 + h.c. ] ®)

The quantities w); denote the energies of the RPA phonons. The matrix elements
Uslit(Agis) are defined 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]:

{ZR JV QJMl + Z P)i\zlzzl ‘]V )\17/1Q)\2712}

A1y

Agig
3 o (06,04, @], e ©
o
Xgigl

where [...]sas stands for angular momentum coupling, ¥y represents the phonon
vacuum state and the coefficients R, P, and T are unknown amplitudes. The
index v specifies the particular excited state.

The normalization condition reads:

(JM) | W, (M) >
= Z Ry [PAA;E JV} KT (Ariy Aoiz)+
i >\17,1/\2l2 9 (7)
+6 Z [T?miiii V)} O (Ain, Aaiz, Agiz) = 1
A1iy
;\321:;21

where 1
KT(Ayig Aoin) =1+ EKI(/\lil Aaiz)
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and
, , , 3 Ly
C}I(Alll, /\222, A323) =1 -+ §KI(A121 )\222)

+%KI()\12'1 )\2i2) Z [U()\l)\gj)\3; I, I/)] ? KI/()\QiQ )\3i3).
T
The quantities K account for the Pauli principle and are defined through eq. (4).
The quantities U stand for the Jahn coefficients [20] (this somewhat unusual
notation is used to distinguish these quantities from the matrix elements U defined
by eq. (45)). After applying a variational procedure [3], a system of equations
can be written in the following form:

(Wi =) Ri(Jv) = > PR (Iv)URL (T K (Ayiy Agiz) = 0

A1i1 A2

[w)\lh + Whoip — nJU] Pklll JV ZU/\UI J’L (JI/)

A2 7,2 Aziz

)\z
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A, 1;/ )\/ 1;/
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where 77, is the energy of the excited state v with angular momentum J.

The coefficients R and 7" can be expressed as functions of the coefficients P
and the system of equations can be rewritten as a system of equations only for
the coefficients P. The corresponding expressions are:

> PRSI UR(Ji) K (Arin Agiz)
Ri/(n]l/) — /\17/1>\27/2

wyi — NJv

> Pl (T )UX”} (L") KT (I Nyily)

I

T)\ "N 7
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After substitution in the second equation of the system of equations (8), we
obtain:
Wiy + Wagia — Maw] PR (JV)—
A L) NTAT
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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]:

ZX EA )x;n ( 1)>‘_NQ>\7/“_)

Y0 O AuPopiz) [FRE (BA) QF, iy Qs
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150
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1 g1

33’3
The quantities ff‘jt,’“ are the single-particle transition matrix elements, the quantities
in the curly brackets are the 65 symbols [20].

Using the operator (9) and the excited state wave function (6), we obtain for
the reduced transition probabilities the following expressions:

B(E\; Ogs — Jv) =

A >\1 1 /\1 71

=1 e (r) lz Xi\TRi(Jv) = Y Fali(\m) P (Jy)]

\2
A )\1’i1)\212

2
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(10)
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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 44Sm (semimagic N =82) and #4Nd (having two neutrons
extra closed shell) are discussed. The energies of the two-quasiparticle states with
J™ = 27 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 first 2% state in both nuclei are very different. The first 27 state in '#4Nd
is a collective state (B(E2;2] — g.s.)=16 W.u.) and its energy is relatively
far from the first group of two-quasiparticle states. The '*4Nd 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 J™ = 2" and energies of the two-quasiparticle
states in (a) 1**Sm and (b) ***Nd

equal to twice the energy of the first 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] state in 44Sm 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 - 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 14Sm could be fragmented over several excited states,
while for 44Nd 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] ®2]],+
component over 27 states in **Nd and #4Sm. The calculations were performed
using the wave function (6). The histograms are in agreement with the above
considerations. The two-phonon [2] ®2]]5+ component is shared between two
states in #4Nd and the larger portion is concentrated in the 1.7 MeV excited
state. The two-phonon component in '#4Sm 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 influence of the three-phonon term on the
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Fig. 2. Distribution of the two-phonon [2;r ><2]L]2+ component in (a) ***Sm and (b) ***Nd

two-phonon one is crucial, as it can be seen from eqgs. (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 state in '**Nd 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] ®27 ]+ component. As shown in
Fig. 2, such states are the 25 and 23 states in 144Nd and the 27 state in 44Sm
(in Fig. 2, the notation 2, is used for the 27 state, to stress the dominance
of the [2] ®27 ]+ component in the structure of this state). It is seen that the
influence of the three-phonon terms is more important for *4Nd than for '44Sm.
The reason for this effect is the different collectivity of the quadrupole phonon
in both nuclei. The larger collectivity of the 2] state in *4Nd 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] ®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 — with and without the three-phonon components in the basis.
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Table 1. Relative influence 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

[e?b?) [e%b?] [e?b?] (%]

MWiINd 2 —gs. 0.001(1)@ 0.0020 0.0036 44
25 = gs. 0.0045® 0.0073 0.0054 35

25 =27 0.09521)@ 0.1200 0.0840 43

25 =27 0.020(10)® 0.0400 0.0560 29

Wigm  2f —2f - 0.0821 0.0816 0.6
25 —»gs. - 0.0006 0.0006 0

2Taken from Refs. 31,33.
bTaken from Ref. 26.

For example, depending on the basis, the contribution of the [2] ®2]],+ compo-
nent in the 27 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 23
state in 44Nd, while the structure of the two-phonon 27 state in '#*Sm is un-
changed by the interaction with three-phonon components (see Table 4). Table 1
convincingly shows that the influence 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] Vo [MeV] K [fm?] a[fm™
N 1.27 45.95 0.413 1.613
VA 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 Ax2144, the values of the pairing constants G, and G}, 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 fixed so as to reproduce the
experimental energy of the corresponding lowest collective states for the states
with J™ = 2% and 3~. For the rest of the multipolarities, the first RPA root
energy is usually fixed to be close to the first 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 fixed in the same way
as for the quadrupole and octupole collective states. In the present investigation,
this is the case of the 4] state in **Nd [26]. The particle-particle channel is
included only for J™ = 27 and 3~ . The strength of the interaction in this channel
between protons and between neutrons has been taken to be GI(,Q) =GP =08—

0.85 m((f) and GI(,B) = Ggf) = 0.6—0.7 HE)S) for the multipolarities 2+ and 3,
respectively. Here, nég) (még)) is the isoscalar quadrupole (octupole) parameter
for the particle-hole separable residual interaction. In the present calculation,
phonons with A\™ = 17, 2%, 37, 47, 5= and 6T 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, 2Ce, #4Nd, and #6Sm) and N = 82 (}38Ba, 140Ce, 1*2Nd,
and '4Sm). 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 configura-
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tions 1g7 o and 2d5 /5. The latter correspond to the filled subshells in **Ba and
140Ce and in '#2Nd and '44Sm, respectively. The [2]]rpa state is a collective
one, containing w[1g7/2]* (~ 35 %) and [2d5/2]2 (~ 22 %) as major compo-
nents for 4°Ce and '3®Ba. The main component for #*Sm (see Table 3) and
142Nd are 7 [2d5/2]2 (~ 34 %) and 7 [1h11/2]2 (~ 22 %). The other collective
RPA state is the [3] |gpa state. The [3] |rpa state obtained in our calculations
contains 74 % of the w [2d5 s21h11 /2} configuration and smaller admixtures of the
v [351/22f7/2] and 7[lg7,51hy1 2] configurations, which is consistent with the
estimates given in Refs. 27,28. A detailed analysis of the structure of the RPA
states within QPM for 1*2Nd 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(E)\) 1 for **Sm

A7 war[MeV] Structure B(E2) 1T [W.u]

2F 1.700 4%v(1h11 /22 f7 /2] + 34%m [2ds 2] 71.6
+22%7[1h11/2)? + 8% (2d5 /2351 /2]
+7%m[1g7/22d3,2] + 7%7r[1g7/2]2

25 2.678 62%m(2d52)° + 13%m[1h11 2] 5.5
+10%[1g7 /22ds5 /2]

2 2.876 87%[1g7/22d5 2] + 6% [1h11 /2] 1.5

2t 3.146 87%m[1g7/2)2 + 10%m[1h11 /2] 0.02
4f 2.425 94%m[2d5 /2]? 53.2

The structure of some excited states in 44Sm is given in Table 4. The
first excited 27 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 first 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] state energy [27,28], going from *®Ba 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; 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 first 27, 3~ and 4" states in '**Sm. Only the
main components are presented

State Exp. QPM with 3 ph. QPM without 3 ph.
E [MeV] FE [MeV] Structure [%] E [MeV] Structure [%]
2F 1.660 1.628  96.9%[2] [rpa+ 1.628  96.9%[2] |rpa
+2.7%[3] ® 37] +2.7%[3] ® 37]
2F 2.423 2.560  78%[23 |rpa 2560  78%[2% |rpa
+5.8%[2] ® 47] +5.8%[2] ® 4]
24 2.799 2.808  78.6%[23 |rpa 2.808  78.6%[24 |rpa)
+1.7%[2F ® 4] +1.7%[2] ® 47
24 3.426 3323 20.9%[2F |rpa 3.323 21.1%[27 Jrpa
+51.9%2F ® 27 +51.9%[2 ® 27
37 1.810 1.809  93.7%[3] Jrpa 1.809  93.8%[3] |rpa
+3.4%[2F ® 37] +3.4%27 ® 37]
4f 2.191 2.136 94.2%[4] |rpa 2.136 94.3%[4] Jrpa
+2%[4] ® 4{] +2%[4] ® 4{]
4F 2.588 2.637  94.9%[4F |rpa 2.638  95%[47 Jrpa

Several E2 transitions in *4Sm are compared with the corresponding experi-
mental values in Table 5. The structure of the quadrupole-quadrupole two-phonon
state (denoted 2;2 in Table 5) is given in Table 4 (the two-phonon state is in fact
the 2;)r excited state). The states with an index (23) (see the caption of Table 5)
have a large two-phonon quadrupole-octupole component. The [21|r ®37 ]y~ 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 4°Ce 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 **Sm calculated in QPM. The
notations \j, and \,; are used for the states belonging to the quadrupole-quadrupole
(22) and quadrupole-octupole (23) multiplets

Ir J" B(E2;1™ — J™)[W.u]
Exp. QPM
24, 2f - 11.4
42+2 Z;r - 8.1
155 37 16.6(40)() 13.7
25 37 7.8(H8-6)® 10.7
35 37 55(+2T)® 10.8
4oy 37 4.8(H29H® 11.6
50, 37 86(1)5H® 129

®Taken from Ref. 54
bTaken from Ref. 79.

Let us consider the structure of the low-lying states in 4Nd obtained in
RPA. The main characteristics of several of them are given in Table 6. For the
collective [2f]RpA state the largest neutron RPA forward amplitude comes from
the [2f; /2]2 two-quasiparticle component. The structure of *4Nd 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/o] neutron configuration and has nearly the
same amplitude as the [2f7/5]* component. In our calculations, the [2f7/22ps /2]
two-quasiparticle component has at least a three times smaller contribution to
the [2]]rpa state than the corresponding contribution to the neutron d-boson
in the CVM. The smaller contribution of [2f7/52p3/2] 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 #4Nd, the
[2] |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;]RpA state in 1#4Nd state are
60% and 40%, respectively, and the smaller B(E2;g.s. — [25]rpa) shows that
this state is considerably less collective than the [QIF]RPA state (see Table 6). The
main neutron components of the [2]]rpa state have signs opposite to those of
the proton ones. This means that the [2] |rpa state exhibits an isovector origin in
contrast to the [2] ]rpa state. This property will be discussed more quantitatively
in the next section.
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Table 6. Structure of the first RPA phonons (only the largest components are given) in

144Nd
A7 war[MeV] Structure B(E)) 1 [€%b?]
2t 0.998 0.77v[2f7/2]° + 0.557(2d5 2] 0.48

0.220[2f7/23p3 /2] + 0.45m[1hy1 2]
0.19v[1h11/22f7/2] + 0.39m[1g7/2]?
24 1.997 —1.09v[2f7/2]% + 0.657[2d5 2] 0.03
—0.12v[Li13/2]% 4 0.357[1g7/2)?
—0.06v(2f7/23p3 2] + 7[1h11 /2]
4F 1.780 L1v[2f7/2]% + 0.487[2d52]* — 0.37[1g7/22d5 2] 0.06

The parameters for the J™=4" states in RPA are fixed so that the [4f]RpA
state is not a pure two-quasiparticle state, although the main component is the
neutron [2 f7/2]2 (75 %-85 %). Small admixtures of two-quasiparticle proton
configurations (~ 3-6 %) are also present. This structure is in agreement with
the experimental results from Ref. 26.

The wave function structure (6) of the first 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 M4Nd.

The first 27 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 first 2% state. The strength of the [23]rpa
state, due to the quasiparticle-phonon interaction of QPM (see eq. (44)), is frag-
mented mainly over the 2; and 2; states (see Table 7).

The 4] and 47 states share the one-phonon [4] Jrpa component and the two-
phonon quadrupole-quadrupole [2] ® 2] ]4+ component. According to Ref. 26,
the 4] 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 4f 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{ — 2{) values are also well reproduced (see Table 8). To complete our
discussion on the 4f 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 first 2™ and 4" states in ***Nd. Only the main
and larger than 0.1% components are presented

State Exp. QPM with 3 ph. QPM without 3 ph.
E [MeV] FE [MeV] Structure [%] E [MeV] Structure [%]

2 0.697 0.709 88.7%[27 Irpa 0.714 89.2 % 2] |rpA
+6%[27 ® 4]] +6 % [27 @47
+0.1%([2f ® 211 ® 2{]

25 1.561 1.731 30%[23 |rpA 1.772 43.7 % (25 |rpa
+61%[2] ® 277] + 484 % 2] ®2]]
+1.8%[[2] ® 2711 ® 4]

2 2.066 1.999 58.9%[27 Irpa 2.039 47.6%(27 |rpa
+27%(2] ® 277 +43.8%[2] ® 2]
+1.4%[[2] ® 2714 ® 47]

4f 1.311 1.464 66.2%[4] rpa 1.510 73.9%[4] [rpa+
123.6%[27 ® 2] +18%[21 ® 2]
+0.4%([2f ® 211 ® 2{]

4F 2.109 1.965 16.8%[45 |rpa 2.010 15.1%[4] Jrpa
+60.6%[21 ® 27 +66.6%[21 ® 27
+1.8%[[2] ® 2711 ® 4]

4 2.295 2.219 57.6%[45 rpa 2.250 66.5%[45 [rpa
+11.7% 2] ® 2] +11.3% 2] ® 27

+4%(12 © 211 @ 27

than our [4]]grpa state. To determine unambiguously the structure of the 47
state more precise experimental information is needed for more nuclei from this
region.

The 45 state is a noncollective one. The structure of the lowest three 4F
states is similar for the other investigated nuclei. It was observed that the 45
state (1.965 MeV) feeds the 2] state appreciably while the 4] state (2.219 MeV)
feeds very weakly the 2] 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 influ-
ence of the three-phonon components has been found to be significant.
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Table 8. Electromagnetic properties of several positive parity states in 1**Nd calculated
in QPM

Ir Energy [keV] A JT B(EXN, I™ — J™)[e? fm*]
Exp. QPM Exp. QPM
2t 696.5®) 709 E2 0f 1.08x103(®) 0.72x10°
2+ 1561 1731  E2 oF 0.001(1)x10*)  0.002
864.5 1022 E2 2F 0.95(21)x10%©)  1.2x10°
25 2073 1999 E2 0 0.45x10%(*) 0.73x10?
1376.5 1290  E2 2F 2(1)x10%(® 4x10?
37 15107 1527  E3 0 2.86x10%@ 3.38x10*
47 13150 1464  E4 0 4.3x10%(4) 4.1x10°
618.5 755 E2 2F 8(1)x102(¢) 7.6x10?
Qz [2{] [ed]
Exp. QPM
-39(21) 22

@ Taken from Ref. 26.
b Taken from Ref. 80.
¢ Taken from Ref. 81.
d Taken from Ref. 82.
€Taken 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
§(E2/M1;23 — 27) and relatively large value of B(M1;2§ — 27) correspond
to a classification of the first 27 state as a symmetric state and of the third 27 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 2f state is regarded as an in-phase (isoscalar) vibration
and the 23 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 '#4Nd). 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-



1474 GRINBERG M., STOYANOV Ch., TSONEVA N.

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 '#4Nd. Although both models give a reasonable description
of the excited states’ energies, differences occur in the electromagnetic decay
probabilities. For instance, the IBM-2 fit fails to reproduce both the B(E2;25 —
g.s.) and the B(M1;25 — 2]) values. It predicts as well, in contradiction
to the experiment, that the B(E2;4] — 27) value should be a factor of 1.4
times larger than the B(F2;2] — g.s.) value. The PCM gives reasonable
agreement for all these quantities. Both models could not reproduce the signs of
the 6(F2/M1;2§ — 21) and 6(E2/M1;25 — 2) mixing ratios.

The experimental data, obtained by direct lifetime measurements [40], show
that the B(M1;2§ — 2]) value in '4Nd is close to the value of the single
particle estimation for this transition. This means that the low-lying states in
144Nd contain significant two-particle components. Considering the relative sign
of the main neutron and proton components, the [ZIF]RPA state is a symmetric and
the [25 Jrpa 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:
5 L@TI0 8 Yo, (Qk) — Y313 Y, (Q) g5 2 (12)
(25 | 2P v2 Yo, (k) + Sopr2 Yo, (Qk)||g.s.)[?

As shown in Ref. 41, in the case of B > 1, the 27 state under consideration
is an isovector state, otherwise an isoscalar one. As shown in Table 9, in our
results, the [QT]RPA state is an isoscalar state and the [2§F |rpa state an isovector
one.

Table 9. Values of the quantity B (see eq.(12)) for 140Bq, 142Ce, 144Nd and “°Sm

B

Nucl. 140, 12¢e 144Nd 146gm

State 27 0.0003 6x107° 1075 2x107°
25 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
13884 B(E2;2f — 07)[e*b?) 0.04524-0.0018* 0.050
B(E3;0{ — 37)[e*?] 0.13340.013® 0.115
E,- [MeV] 2.881(¢) 2.907
140¢e B(E2;2{ — 01)[e*h?] 0.06140.020() 0.068
B(E3;0{ — 37)[e*?] 0.2140.03® 0.147
E,- [MeV] 2.465(¢) 2.345
12Nd B(E2;2] — 07)[e?v?] 0.0562+0.0002(% 0.065
B(E3;07 — 37)[e*b?] 0.2620+0.0015(@ 0.226
E,- [MeV] 2.083(¢) 1.973
1449m B(E2;2] — 01)[e*h?] 0.053240.0016(® 0.046
B(E3;0] — 37)[e*?] 0.2740.05® 0.3
E,_ [MeV] 1.810(¢ 1718

®Taken from Ref.57.
bTaken from Ref.29.
“Taken from Ref.83.
dTaken from Ref.28.
€Taken from Ref.27.

As already mentioned, in '#4Nd, there is a fragmentation of the [2]]|rpa
isovector state over the 25 and 23 states (see Table 7). Because of this frag-
mentation the large M1 transition strength between the [QT]RPA and the [2§F |rPA
states will be shared by the transitions from the 2§ and 23 states to the 2] state.
A similar behaviour of the M1 fragmentation is discussed in Ref. 39. According
to the QPM calculations, there are five 2+ RPA states below 3 MeV. The value of
the quantity S, B(M1; 2] Jrpa — [2] |rpa) is equal to 0.64 p%,. The main con-
tribution in this sum comes from the B(M1; [QJ]RPA — [QT]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;[25]rpa — [2] |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 '°Ce

Exp. QPM
B(E2;2] — 0) [€*b?] 0.0610.020(? 0.068
B(E2;25 — 07) [€*b?] >6.8x 1077 0.001
B(E2;25 — 27) [€*V?] >1.2 x 1074 0.0056
B(M1;25 — 27) [p] > 3.4 x 104 0.044
B(E2;41 — 27) [€*b?] (6.2 40.4) x 10~ 12.3x10™*
B(E2;25 — 47) [¢*V?) (1.5 4 0.7) x 1074® 5.6x107*
B(E2;61 — 47) [€*b?] (1.140.3) x 1073 1.5x1072
B(E3;37 — 0F) [€%b?] 0.0300 =+ 0.0043(®) 0.021
§(E2/M1;25 — 27) 0.3740.06(*) 0.2

?Taken from Ref.15.
bTaken from Ref.57.
“Taken from Ref.29.
dTaken from Ref.83.
€Taken from Ref.84.

Table 12. Comparison of QPM calculations with experimental M1 transitions and ¢
ratios in '**Nd

Exp. QPM
B(M1;25 — 27)(u%) 0.11() 0.13
B(M1;2§ — 27) (%) 0.14(0.04)( 0.32
S(E2/M1;25 — 27) -1.13(22)® -1.02
§(E2/M1;25 — 27) 0.31(11H® 0.43

2Taken from Ref. 31,33.
bTaken from Ref. 40.

The calculated B(M1) values and the mixing ratios for 1*4Nd 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 23 and 27 states, relevant quantities
are: the mixing ratios 6(F2/M1;25 — 21) and §(E2/M1;23 — 27) and the
corresponding B(M1) transition values. The higher value of the B(M1;23 —
277) compared to that of the B(M1;25 — 27) is reproduced in our calculations.
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This means that the fragmentation of the [2; ]rpa isovector state over the excited
states is realistic. Taking into account the structure of the [27]gpa states and
the final distribution of these states we can conclude that the first 21 state is
of isoscalar type and the third 27 state of mixed (isoscalar and isovector) type,
although with a main isovector component (59 %). It should be noted that

the mixing ratio § 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 *6Sm in IBM-2 [45] and in QPM. Several
IBM studies in the Sm isotopes’ region have been published. The nucleus 46Sm

has been treated in Refs. 46,47. The IBM results used here are taken from
Ref. 13.

3.00 a4
5+
.
275 { O 2+
2+ .4t
4 2+ 3+
- +
2.50 M 2
4+
2.25 4 2t
4+
2.00 - o+
6+
175 4  o* ot
o 2 4
o 1504 4
p=
K 1.25
1.00
0754 o+ 2t
0.50
0.25 1
+
0004 0O'—-—— O
IBM-2 QPM

Fig. 4. Comparison of the *°Sm 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 J™=21 and 41 in 'Sm 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 first 2 state, the main component arises
from the [2{]rpa phonon. In the structure of the 23 and 4] states, the two
phonon component [2f®2f]ﬁ 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 **°Sm,
calculated in the framework of the QPM. Only the main components of the wave
function are given

I Eep.[MeV]  Ecr.[MeV] Structure

27 0747 0.737 91%[2{ Irpa

25 1.647 1.672 75% (21 rpa ® (2] ]rPa] + 14%[23 |rPA
25 2155 1.944 79%[23 [rpa+11%[[2] |rpa ® [2 |rpa]
47 1381 1.616 45%(4] Jrpa+48% [[2] Jrpa ® (2] |rPa]
47 2280 2.042 49%[47 Jrra+39% [[21 Jrpa ® [2] rpa]
47 2439 2.502 96% (47 |rpa

Table 14. Comparison of experimental, IBM and QPM results for some B(E2) values
among collective states in **Sm

B(E2) [e*b?]
I — Iy Exp. [85] IBM QPM
2F —of > 0.033 0.069 0.069
4f —of > 0.06 0.108 0.093
67 — 4f 0.043 10952 - 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 “®Sm, calculated in the QPM

B(E2)

I — Iy [€?b%]
24 —of 0.0031
25 —0f 0.0093
25 —of 0.0005
25 —2f 0.12
24 —2f 0.04
25 —2f 0.0001
4F —2f 0.07
4 —2f 0.001

Table 16. Comparison of experimental, IBM and QPM results for some E2 transition
ratios in **Sm. The experimental data is taken from Ref. 13

L1y B(B21;—1y)

Ii—1Ig B(E2;1;—141)
Exp. IBM QPM

F_oT

222 74430 84 40

25 =07

2 -2 .

ot 9-+18 9.6 4.1

af 27 .

pravs 0.7+2.0 1.4 1.8

+ ot

e <15 0.30 0.2

4 1

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 [QT]RPA isoscalar phonon and to the [QJ]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 67 state of 146Sm in the IBM is to be expected at an excitation energy
E > 3E(2]) (~ 2.4 MeV). The energy of the 6] state calculated in the QPM
is £=1.744 MeV. This state is of noncollective character, as is suggested also
from a smaller B(E2,67 — 47) value in comparison with the B(E2;4] — 2{)
value (see Table 14). The properties of the 6] state in 46Sm, calculated within
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Table 17. Comparison of experimental, IBM and QPM results for some mixing ratios
(6(E2/M1)) in *Sm

6(E2/M1)
I, — If Exp. IBM QPM
25 —of —2.2(4) 2.13 1.3
25 — 2f 32<6 < —0.9W 0.059 0.4

?Taken from Ref.44.
bTaken from Ref.46.

the QPM, agree with the experimental data. The QPM predicts a collective three-
phonon 67 state at excitation energy of 2.62 MeV, which is in agreement with
the IBM lowest 67 state energy.

The energy of the 4] level is lower than twice the energy of the 2] 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;r ®
2114+ two-phonon component is shared by the 4] and 45 states. The latter
contain an important [4f]RpA component as well. This is the reason for the
nearly equal QPM E2 transition probabilities between the first two 47 states
and the 2;“ state (Table 15). The importance of the [4T]RpA component in the
QPM 47 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 47 state to the 2] state is suppressed. Such
suppression is observed for the third 4T state (2.439 MeV) in the experimental
spectrum. In the QPM, the 4; state in 1*6Sm is a noncollective state, which leads
to a very small B(E2,45 — 27) value (see Table 15).

In Table 17, results are given for some mixing ratios J in '*6Sm. 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 influence on the QPM § values. A qualitative
agreement of the two models occurs only in the cases when in the structure of
the initial and final states the contribution from the collective components (one-
and two-phonon ones) is large (25 — 27;2F — 2]). Further study along this
line would be fruitful only if more precise experimental information is available.

The 27 state (F=2.156 MeV) in 46Sm 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(FE1) value from the first 1~ state to the ground state
has been measured in '#4Sm, using the nuclear resonance fluorescence 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 first 3~ and 2% states were reported
in Ref. 48, where an (aa’) Coulomb excitation study has been performed in
the same nuclei. The comparison of the obtained B(E1;2] — 37) with the
B(FE1;1] — g.s.) value also supports the two-phonon structure of the 17 state.
In Refs. 50,51, 14*Sm has been investigated via the (n,n’7) reaction and a large
number of fast (> 1073W.u.) FE1 transitions has been observed. The typical
rates for the F'1 transitions, known from systematics, are of the order of 10~4—
1078 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 E'1 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 first 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 first 1~ state has been described as a 2] ® 37
two-boson state in the IBM [48]. The theoretical investigations show that the
first 1~ state has an isoscalar character. The latter is a hint that the large B(F1)
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 '#4Sm 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 ***Sm has been compared to nuclear
field theory calculations. This investigation confirms 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 first dipole state in 1448y has been obtained in Ref. 54, where a
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good agreement with a previous prediction for the B(E2;1] — 37 ) 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 E'1 operator should
not contribute to the E'1 transition; the isovector E'1 interaction is repulsive and
shifts the E'1 strength to higher excitation energies; the pairing factor involved in
the E'1 transition operator, which does not change the number of quasiparticles
(see eq. (9)), should be much smaller than unity; the £'1 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 E'1 transition [1]. The expression reads:

et = €(1+ x).
Adding the correction for the center of mass motion the above equation becomes:

1 N

-7
Coff = —56(7'2 —T)(l—i—x). (13)

The parameter y has been qualitatively estimated to be approximately equal to
-0.7 in Ref. 1. Determination of x 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 first one is to incorporate the Giant
Dipole Resonance (GDR) which means to deal with a large single-particle space
and a sufficiently 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] ® 3] ];- state reads (see eq. (45)):

UQST;(GDR) = <Q1*GDR ‘Hint

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 F'1 transition (= 3mW.u.) has to be described,
taking into accout the influence 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 ***Sm and '*4Nd are compared
with the available experimental information in Table 18. It is seen from Table 18
that the calculated structure of the 1; state is mainly a two-phonon one for 144Sm

el )

1-
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Table 18. Energies and B(E1) values for the 1; state in '**Sm and '**Nd, compared
with experimental data

144 144Ng
calc. exp. calc. exp.

E(17)[MeV] 3.440 3.225 247 2.185

Structure 95% |21 @37 | 83% [2] @37

+9% [[21+ ® 2?] L@ 3;]

B(El;g.5s — 17) [e2fm2j 18.1x1073  189x1073(®)  63x1073  7.2x1073(®)
B(E1; (g.5.—(2ph),-) [e*fm?]  522x1073 51.6x1073

1
B(El;g.s. — (1ph),-) [e*fm?]  8.8x1073 21.8x1073

1

?Taken from Ref. 50.
bTaken from Ref. 55.

(N=82), while for the N =84 nucleus '*4Nd, there is a contribution from the
three-phonon component ([[2] ®2]]> ® 37];-). The isovector E1 strength is
concentrated predominantly in a single RPA state (the GDR). For '#4Sm this
RPA state collects 60% of the EWSR, while for 4Nd it collects 56%. In the
same time, its contribution in the wave function (6) of the 1; state is less than
0.5%.

The reduced matrix element of the E'1 operator (see eq. (9)) between the 17
and the ground state reads:

(V|M(EL)|0) ~

~ Repr (Qu-aprIM(E|0) + P (17) (@0 @, | IM(EV)0). (15)

-
+
The Rgpr and P;ﬁ are coefficients of the wave function (6). The contribu-
1
tion of the two-phonon part in (15) dominates, because of the large value of the
+
coefficient P;i . The very small value of the coefficient Rgpr is multiplied by

the large matr%x element connected with the GD R, 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)1p, is connected with the
GDR (first term in eq. (15)). The quantity B(E1)spp, 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)a,, is
largely reduced. The calculated B(E1;g.s. — 17 ) value is in good agreement
with the experimental data in both nuclei. The calculated energies and B(F1)
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 140C€ 142Nd 144Sm
E1 - pyp. [keV] 4026 3643 3425 3225
E,—gpulkeV] 3582 3611 3590 3600
B(EL; 17 — gs)ep.  [m W] 2505 32(2) 3.1(5) 3.6(5)
B(E1;1; — gs)om  [m W] 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 OCTUPOLE-COUPLED MULTIPHONON STATES
IN 1247¢

In this section, we shall present results of the QPM compared to experimen-
tal results from various experiments investigating the nucleus '?*Te following
Ref. 65. The structure of the even-even nucleus '?4Te 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 ?4Te seems to be
an ideal collective nucleus. The energy ratio of the first 4% level to the first 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 47 states of the two phonon triplet are in correct energy region,
whereas the corresponding first 07 level is about 300 keV too high in excitation
energy. This implies a more complex structure of the nucleus '?4Te 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 find the largest possible corre-
spondence with the theoretical interpretation of the structure of '24Te within the
QPM. A special attention is paid to the unusual de-excitation cascade in the level
scheme of '24Te 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 E ) transitions have been calculated with egff = 1.25¢ and el = 0.25¢,
except for the E'1 transitions. In the present case the effective charge is a
parameter fixed to reproduce the B(E2) transitions from the ground state to the
first 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: el'3(E1) = —0.39¢ and e’;(E1) = 0.53e. They have been used to
calculate all other E'1 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 configurations. It has to be expected that due to the interaction
between phonons specific 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 deficiency.

The 0% state cannot be well reproduced by the theory. One would have
to account for this by using strong anharmonicities [71]. The 6;“ 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; model state, but the energy difference of 540 keV to the experiment would
be rather large.

Electromagnetic transition probabilities, £2/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] 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 27 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 27 state at 2.092 MeV has an isovector
structure [70] (see also the discussion in Section 4). The third 27 state in the
QPM calculation is proposed to correspond to this level. A small mixing ratio
§(E2/M1;25 — 27) and a large B(M1;23 — 27) value would support such a
classification [34,35]. For '2Te the calculated 6(E2/M1;23 — 27) = 0.07 has
to be compared with the experimental value of 0.13(12) [34,70]. Moreover, the
2;{ level has a dominant [2;r |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 12“Te 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

J7™  Root number Ey, [MeV] QPM wave function [%] EL%) [MeV]

ot 1 1.080 2f @27 83 1.657
ot 2 2.085 27 @21 @2 50 1.883
0t 3 2383 2.308
1t 1 2.749

1t 2 3.098

1+ 3 3.185

- 1 2.985 2f @37 91 2747
- 2 3.796 @2 @37 70 3.092
1= 3 4.063

2t 1 0.599 27 92 0.603
2t 2 1.408 2 ®2f 87 1325
2t 3 1.986 23 Irpa 81  2.091
2t 4 2.100 2 @2 @2f 70 2.039
2t 5 2.246

2t 6 2.386

2t 7 2398

2t 8 2.610

2t 9 2.741

2= 1 3.057 27 ®37 92

2= 2 3.302

2= 3 3.770 2F @2t ®37 42 3.101
3+ 27 @21 @2 90

3+

3= 1 2277 37 79 2294
3= 2 2781 2f @37 41 2336
3= 3 3.063 2.694
3= 4 3.151 2.701
3= 05 3.276

4t 1 1.360 2f @2f 88 1.249
4t 2 2.191 1.958
4t 3 2335

4t 4 2367

4t 5 2.524

571 2300

6+ 2.139 2 @2 ®2f 88 1747
6+ 2 2.291

7= 1 2.289

8t 1 2.345

st 2 3.083

2Taken from Ref. 65.
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to the structure of the lowest [2] |rpa state displays similar characteristics to the
ones discussed in Section 4 and shown in Table 6 for '44Nd. Considering the
relative sign of the main neutron and proton components, the [2 |rpa state is
isoscalar and the [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
[25]rpa state support the interpretation of the third calculated 2* level as an
isovector state.

Table 21. Quadrupole moment of the 2/ state, strengths, mixing ratios and branching
ratios of transitions in '>*Te calculated with the QPM in comparison with experimental
data

Quantity Theory Experiment
B(E1;0{ — 1;)[W.u] 5.6-10~* 4.7(4)-10~ %@
B(E1;0{ — 15 )[Wu] 45-107* 6.5(9)-10~*®

B(E2;25 — 17)[e2fm*] 288 -

B(E2; 2+ — 0+)[ fm4] 922 1136(10)®)

B(E2; 2+ — 0)[e2fm?] 78 38(1)®

B(FE2; 4+ — 2 [e*fm?] 290 200®

S(E2/M1;25 — 27) 2.1 -3.3(1H)®

S(E2/M1; 25 — 27) 0.07 0.13(12)®

S(E2/M1;2f — 27) 0.26 1.5(8)®)

B(E1;17 — 2)/B(E1;1; — 0) 0.61 0.18(5)(*)

B(E1;1; — 27)/B(E1;1; — 0]) 0.01 0.31(22)

B(E2;2 — 27)/B(E2;2f — g.s.) 31.2 55.6(1)()

B(E2;2f — 25)/B(E2;2f — 47) 0.85 1.00(33)¢)

B(E2;45 — 21)/B(E2;45 — 47) 0.02 0.0062(16)()

B(E2;2f — 27)/B(E2;2f — 47) 0.04 0.09(6)(®)

B(E2;4f — 25)/B(E2;45 — 27) 90.16 4.8(3)®

B(E2;45 — 23)/B(E2;45 — 47) 1.42 0.14(1)®

B(E2;3f — 25)/B(E2;3F — 47) 2.55 5.3(3)®

B(E2;3] — 25)/B(E2;3] — 2) 33.52 61(4)®

Q2(27) -40 efm? -45(4) efm?2®)

®Taken from Ref. 65.
bTaken from Ref. 71.
“Taken from Ref. 70.

Another interesting phenomenon, observed in this nuclei, is the unusual ~-
decay cascade after thermal neutron capture in '23Te [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 first 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 (y,~’) results [65]. Here a ground-state F'1
transition to the 2.747 MeV level with B(E1) 1= 0.47 x 1073 W.u. is observed
which is unusually large for this mass region [57]. However, enhanced E'1
transitions have recently been observed in the neighbouring 16:124Sn isotopes as
well [76]. It seems to be a typical phenomenon in nuclei near closed shells. The
fast F'1 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, and 3]
phonon states [58]. The level in 124Te lies at 2.747 MeV. This is nearly the sum
energy of the first 27 state at 0.603 MeV and the first 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 first 27 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 finds in general too large B(FE1) 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 y—cascade level at 3.101 MeV
a dominant three-phonon structure is suggested. Such a 27 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; level at 2.747 MeV, the second
fast F1 transition in the (y,~’) 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] ®2] ® 3] multiplet. Again, the
experimental strength of B(E1) 1= 6.5(9) x 10~*W.u. can be well reproduced
by such an assumption (see Table 20). However, sizeable decays to the 2? and
25 states not predicted by the QPM and the relatively large difference of about
600 keV compared to the 23’ + 37 sum energy point towards a more complex
structure of this level. A possible explanation of both problems might be a
significant 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 24Te. For the lowest
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2% and 471 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 67 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 '24Te 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 refinement
of the theoretical models in order to get a deeper insight and understanding
of the experimental data. Far from being sufficient, 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 E'1 transitions and other footprints of multiphonon states in even-even
spherical nuclei, find 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 = Hy + Hpair + HY' + HEY + HP (16)

where the term H, describes the motion of the independent nucleons in a self-
consistent mean field; H,qi, represents the monopole pairing interaction in the
particle-particle channel; Hﬂl is a sum of isoscalar and isovector separable
multipole interactions in the particle-hole channel; Hg’zt/f is the same for the
spin-multiple interaction and H%; 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:

Hyp = Hjp+ Hy =) "Ejaf,ajm + ) _PEjal,ajm, (17)
Jjm Jjm
1
ph (/\) (N) +
my = 233 Y+ )M (M), ()
Ap T,p=%1
My, (r) = D (gm [i*Ra(r)Yau(@)] 5'm") o ajrm, (19)
ji’

B =23 5 3 68 4 on?) (80 ()] [S2or)] 20

LM \=L,L+1T1,p=%1

[S20 (0] = 37 (m [P Ram)[o Y \ ()] par| 'm) ady,agrme

(0. Y\ ()]om =Y (1w | LM) 0, Yay,

Hy = ——ZGWP* Pau(n) + GOV P, (p) Pau(p) 1)
G%A,L(PL(H)PAH (p) + Py, (0)Pau(n))],
Pl (n) = > " (im|i*Ra(r)Yau(Q)]5'm) (- ) al,aj—m, (22)

i’
mm'
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where 3 = /27 + 1 and the operators a;rm and a;,, 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
T is an isotopic index and takes two values 7 = n,p. Changing the sign of 7
means changing the type of particles: n — p and p — n. The quantities G,
and G, 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 n(()’\)(/ié)‘L)) and /19) (ngAL)), respec-

tively. These constants are related to the neutron-neutron mf{)f, proton-proton m,()}\))
and neutron-proton m,()}\)) multipole and spin-multipole interaction constants in the
following manner:

] = R = el
eV R )

The quantities G%’\),GI({\) and Gg{},) 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 specifically for the pairing case [3]. The radial dependence of the
interaction Ry (r) can be either Ry(r) ~ r* or Ry(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;rm and a;,, to quasiparticle creation and annihilation operators

a;rm and oy, is taken in the standard form:

Ajm = UjQjm + (—)]_mvjoz;im. (23)
Using the transformation (23), we can re-express the model Hamiltonian in
terms of quasiparticles. For example, the term H,, takes the form :

H,, = Z nEjOé;’_mOéjm + Zpeja;'majm, (24)
jm jm
where the quasiparticle energy is given by:
e = (B = A)* + G2

The chemical potential A, and correlation function (energy gap) C; are calculat-
ed according to the well-known BCS equations [2]. The particle-hole operator
M;_H(T) (eq. (19)) can be written in the form:
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1 y
M) = £ A G A" G o+

s’
HEDMFAGE A - ) + v BGT M)}, (25)
and the particle-particle operator P;L(T) (eq. (22)) becomes:

1 g
Pi(1) = 3 ST Tugug AT (g )~

i3’

(=) Hju AN — 1) — 2ujup B(j M), (26)
where
AT (G ) = Z < jmj'm' | Au > ozjm jm (27)
mm/’
.. .. +
A(ji" ) = [AT (55" )] (28)
BT (' ) = D> (-1 < gmg'm’ | A > a0, (29)

and the quantities f;j)‘,) are the reduced single-particle matrix elements of the
operator i* Ry (r) Yy, ().

The RPA phonon creation operator is taken as a superposition of the operators
(27) and (28):

Q3 = 3 Z P Z{ AT ) — (1) AGTA — )}, (30)

where zb)", and cp ¢, are the forward and backward RPA amphtudes respectively.

The energy of the phonons wy; and the amplitudes ¢M, and cp ¢, are obtained
by solving the RPA equations. The general form of the equatlons in the case of
separable interaction is given in Refs. 2,3.

The operator P;L(T) (see egs. (22) and (26)), can be rewritten in terms of
the phonon operators (30) and the operators (29) as follows:

Pl(r) = Mz Z (LOD + MONQF , — 31)

—(L (M) _ (M))(_ e HQxr—pi —
—2(—1)*" ”Z@jij)zBJr (Jrj2A — )},

Jijz2



INTERPLAY OF COLLECTIVE AND NONCOLLECTIVE MODES 1493

where
i) i) (A) o) (/\1)
! )7ZL( ) ZZ g12 529120 (32)
T Jij2
i) i) Ai)
M )_ZM( ) ZZ Ju2 ]1]2 Juz’ (33)
T jijz2
A) A)
0%, = Jih i (34)
and
(M) i i
gJ1J2 - j1j2+(pj1j2’ (35)
(M) i i
Jjijz G152~ Pirja-

A similar form could be found for the operators M, () and ST, () [2,18].
For the multipole-multipole operators one gets:

11 .
M) = 15 2 R @+ (1) Qama )+ €N BjijaAn)}, (36)

J1J2

where

At Al
R( ) = ZRS' ) = Z f]ljz 3132 (37)

J1jz
and

€Jljz f]ljz Jljz (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:

1 , .
Hypor = —1)Am 2 Lognihot 4 (39)
qp—ph )\zu:l( ) /—2.)))\1' Zr:{[( ) At
+ (=DM HEP) — mON)Qy ] YO0 Bljigah — ) —
Jijz2
1 ; _ , )
— 59{(7)\1) (Qjm +(=1)* " Qi) Z 51])2B(]1]2)\ —p)+ h.c},
Jij2

where
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7 o . ;
\ /y—xsw =GV L 1 @)L,

2 . :
\ /y—zmw = GOMM 4 aQ) MY, (40)
Al

2 . ;
VR = (6 4 ) RED + (g — M) REY.
Ai

The quantities )y; [3] are calculated at the RPA level, using the normalization
condition for the forward and backward amplitudes:

1 . .
5 215" = (p)*) = 1. 1)
J1Jj2

Introducing the notation:

AU ¢ Sy o 1-
L) (G122i) = [y RO = () + g, ) (0 £ M), (42)

eq. (39) finally takes the form:

Hyp o = —2% SO Y SIS (17220 Q
At

T jij2
H(=DA ) (12 M) Qi) B(jrja A — ) + huc}. (43)

The influence of the particle-particle channel is switched off if the terms 119“

and 9:)29") 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 Hg,_,, (see eq. (43)), between a one- and a two-phonon
state has the form:

53212 (Ji) = <QJMi | Hgp—phl Q;\rmm Qj\_2#2i2> = (44)

1. . . J A A
=AY T T{(~1)ttl g 0 A2
Nol DDUDIRE () js ja g

J1J233
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<635 U i) + UL g i)
+(_1)j1+j2+/\1 A_l J A.2
J3 J2
<[5, 0 K (e vin) + @l 0322 K0 (Gujadain)]
H(—pyptita [ Ao T
J3 J2 I

[‘P;‘ff; %mK( (JrgaA2iz) + w;‘ff; ¢}]3]§2’C ) (j1j2A2ta)]},
where the quantities in curly brackets are the 65 symbols [20].

If 2(’\ ? =0 and im(’\ D=0 (i.e., the particle-particle channel is turned off),
the quantity /d ) reduces to the following expression:

K (jrgadi) = K (jrjadi) = f]l]2 ]1323),\1
and S)‘I“(Ji) becomes [3]:

SnalJi) = U (i) =

(—)MtAre=A f(zx L+ D2+ D)2 N Tl x

T Jji1J2J3

fj);zjz )\1 )\2 A A1 A1i
/y>\2i2 jl jg j2 ( ]3]1wJ21J3l + ¢3331¢j21j31) +

faf\ljz A1 A A i Ao Azi
V y1>\1i1 j3 j2 jl ( j;j3¢j32;12 + {lph]s{lpj;;f) +

Fam [ A A2 A Ari1 Aai Arén Aai

/;Ai jo  j1 Js <¢j31j111 (bjzzjl: + ¢j31;11 wj;jlgz) ? (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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JIOTHIl CJIOXKHBIX COOBITHIA, PETHCTPUPYEMBIX C IIOMOILBbIO BEPIIMHHBIX 1eTeKTOpoB. OOCyX-
I 10TCSl OCOOCHHOCTH T KUX TPEXKOOPIMH THBIX BEPIIMHHBIX AE€TEKTOPOB, K K BPEMAIPOEK-
LIMOHHBIE K Mepbl, «00p 3Hble» (jet) K Mepbl, BEKTOPHbIE JpeiihoBble K Mepbl M BEpLINH-
HBIE JIETEKTOPHI, CO31 B eMble H O 3¢ «COJIOMEHHBIX Tpybok». Ilpusomsarca T Gimibl,
COIepX ILIMe I P METpbl H HOoJIee U3BECTHBIX I' 30H IOJHEHHBIX BEPIIMHHBIX JETEKTOPOB,
UCIIONB3YEMBIX B 3KCIIEPUMEHT X C (DUKCHPOB HHOW MHIIEHBIO M H KO HIep X.

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. BBEIEHHUE

IMocie otkpeitisg J /P-4 cTunbl B HOsIOpe 1974 r. H 4 JICS HOBBIKA 3T I B
P 3BUTHM (PU3UKH 3JIEMEHT PHBIX 4 CTHUL, 3JEKTPOHHBIX METOJIOB (PU3UKH BbI-
COKHMX DHEpPruil ¥ YCKOPHTEIbHOU TEXHUKH, NOTPeOOB BILUI M3yYeHUs] CBOWCTB

KOPOTKOXUBYIIUX 4 CTHLl C BPEMEHEM XKU3HU MEHbIIE 1078 ¢. B coorercTsuu
C MPUHATON K1 CCU(HUK LMel MO BpeMeHH XU3HHM [1] a7eMeHT pHble U CTULBI U
PE30H HCHI P 3AEISAI0TCA H TPU TPYILIbL.

1. lonroxusylue 4 CTULBI C BPEMEHEM XXHU3HHU CBBILIE 1078 c. ITopoxn e-
Mble B CTOJKHOBEHHSIX IPU BBICOKUX BDHEPrHAX, OHM HMEIT JUIMHY P CII I

nopsiak 1 M u Gomnee (K i, T[t, ui...). HeTeKTUpPOB HUE W H OJIOJCHHME T KHX
9 CTHUI[ C IIOMOIIBIO OOBIYHBIX TPEKOBBIX JETEKTOPOB HE MPEICT BIISIET 0COOBIX
TPYOHOCTEH, U1 MX WASHTHU(IUK I[UM JOIOJIHUTEIBHO HCIIONB3YIOTCS YepeH-
KOBCKHE CUETYUKHU.
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350 I'sB/c 3

Puc.1. Tononorust THIIMYHOTO COOBITUS, COEPXK IIEro HECKOJIbKO BEPIIUH P CII 1
(ama TO-Me30HOB ¢ aHeprueit 350 'sB/c). CoGbITHE 3 PETMCTPUPOB HO C HOMOLIBIO
thoroamynscun

2. Heiitp spHble 4 cTuipl (Y, KLO, n...), H GJI01 eMble C MOMOIIBIO K JIOPHU-
METPOB.
- +
3. Y ctuupl ¢ BpeMeHeM Xu3Hu nopsak 10 10 (KSO, 25, N ...). Usyuenue

CBOMCTB T KMUX Y CTUI He TpeOyeT IpUMEHEeHUs] BEpIIMHHBIX JETEKTOPOB.
[Iupokwuii criekTp npobiieM B (PU3UKE DIEMEHT PHBIX Y CTHUI], H YMH $ C cepe-
JuHbI 70-X Tof0OB, BO3HUK B CBA3M C U3yYEHHUEM CBOICTB KOPOTKOXHUBYIIMX Y C-

-11
THII ¢ BpeMeHeM Xu3Hu MeHbine 10 ~ c.
Oco0blii MHTEpeC MPEeNcT BJSET, H MPUMEp, CEMEHCTBO T KHMX BIIEMEHT p-
HBIX Y CTHIl, K K T-JICITOHBI, JPOHBI, 04 POB HHBbIC M IPEJECTHbIC Y CTHIIBI

(10_12—10_13 C), WIMH P CI J KOTOPBIX COCT BJISE€T COTHH MHKPOMETPOB. DTH
Y CTHUIBI AETEKTUPYIOTCS U MACHTU(HUUUPYIOTCA C IMOMOLIBI0 (PU3UYECKUX YCT -
HOBOK, COJIEpX IIUX BEPIIUHHBIE JAeTeKTOpbl. OOBIUHO H PSIIy C EPBUYHON Bep-
IIMHOW P CI J HUMEIOTCs JBe WM OoJjiee BTOPUYHBIX BEPIIMH, H XOISIIUXCS H
p ccroduuu L ogH ot apyroi. TunuyHoe 3H yeHue L cOCT BJII€T COTHU MUKPO-
metpoB (puc.l) [1]. K 3 5ock 6bl, IyTeM HEMOCPEICTBEHHOIO M3MEpPEeHHs 3TOM
BEJIMYMHBI U X P KTEPUCTUK IPOAYKTOB P CII I MOXHO C BBICOKOH TOYHOCTHIO
H Utu Bpemsd Xu3HM T. OOH KO T KOH METOH H3MEpEeHHUs B H CTOSIIEe BpeMs
Ip KTUYECKH HE HCIIOIb3YyeTCd BCJEACTBHE PN IMPUYMH: BBICOKOTO YPOBHS
thoH B DKCHEPUMEHT X M BBIBEJCHHBIX MyYK X BBHICOKMX DHEPIUU, IPOBOJUMBIX
H KOJUI Hepax; HEeBO3MOXHOCTH HEMOCPEACTBEHHOIO M3MEPEHHs KOOPAUH Thl
NEePBUYHON BEPILMHBI P CI I , KOTOP S H XOAUTCS BHYTPUM HOHOIIPOBOL , TIe
CT JIKMB IOTCSl BCTPEYHbIE IIyYKH; HEBO3MOXHOCTH OIpeJeeHNus] UMIYJIbC Y C-
TULBI B CJIy4d € P CII I HEUTp JIBHBIX Y CTHLL. [loaToMy 1/ onpeneneHust Koop-
IUH T BEPIUUH P CI I HpPHUMEHSEeTCd KOCBEHHBI METOM, OCHOB HHBI H H3Me-
PEeHHMU MPHUILESBHOTO I P METP K XJIOro Tpex (puc.2).

[MpunenpHblid T p METp NpelcT BIsieT coboil p ccrosHue h, H KOTOpOE
TpPeK M3 BTOPUYHON BEPIIMHBI P CII 1 MPHU 3KCTP MHOJSLUM H 3 1 OTKJIOHIETCS
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Puc.2. Onpenenenve npuuensHOro 1 p MeTp 3
h B clyd €, KOIJI HEU3BECTH KOOPIMH T IIep-
BuyHOH BepwmHel p cn A (IIB); 1,2,3 — ocu
KoopauH T. BB — BropuuH 4 BepmmH p c-
ma

ITyvox

OT TNepBUYHOH BeplIUHBI. CyLIECTBEHHBIM $BIFETCId TO, YTO 3H YEHHUE B3TOro
I p METpP He 3 BUCHUT OT UMITyJIbC Y CTHIBI, U IIO3TOMY OH MCIIOJIB3YeTCHd K K
IUISl OIlpelesieHUs] KOOPIUH T BEpPUIMH P CI I , T K U AT U3MEPEHUd BpEeMEeHH
KM3HU KOPOTKOXUBYIIUX 4 cTull [2]. ITox nyii, BiepBble BO3MOXHOCTD HUCIIONb-
30B HM4 IPULENBHOIO I p METp JUId ONpeleseHns] KOOPIUH T BEpIIMH P CII I
4y ctull Ob1 1OK 3 H B [3]. C yderoM M JIOil BEeNMYMHBI BPEeMEHH XU3HH T
TOYHOCTh M3MEPEHHS MPHUIIEJBHOIO I P METP , OCOOEHHO B 001 CTH, OJIU3KOU K
MHILIEHH, JOJMXH COCT BIATh AECATKH M JI Xe eJUHHUIBI MHKpPOMeTpoB. s
JOCTUXKEHHUS CTOJIb BHICOKOM TOYHOCTH NMPUMEHSIOTCS P 3JIMYHbIE THUIIBI AETEKTO-
POB: (hOTOOMYJIBCHOHHBIE U1 CTUHBI, Ty3BIPbKOBBIE K MEpBhI, BBICOKOIIPELU3UOH-
Hble T 30H IOJIHEHHBIE JETEeKTOpPBl, MHUKPOBEPIUMHHBIE [OJIYIPOBOIHUKOBbIE
JIEeTeKTOpBl, T KXe MMKPOBEPIIUHHBIE JETEKTOPbl H OCHOBE CLUUHTHUISLMOH-
HBIX BOJIOKOHHO-ONTHYeCKUX cBeToBOJ0B (CBOC).

BBICOK § TOYHOCTB, MPHCYLI S Iy3BIPHKOBBIM K MEp M, I103BOJISIET HEINo-
CPE/ICTBEHHO H OJIOA Th M M3MEPATh II P METPhl M TOIOJOTHH COOBITHI C
KOPOTKOXUBYIIUMHU 4 cTULl MU. [Ipu nu merpe my3pippk 20 MKM p 3pelieHue
IBYX TpPeKOB cocT BisieT 20 MKM, TOYHOCTh M3MEPEHUS! KOOPIUH Thl TOYKU
BIOJIb TpeK S5 MKM. AH JIOTHYH S TOYHOCTb HOJYY €TCS M C MOMOILIbI0 (hOTO-
®MYJIbCHOHHON METOIMKM, OOH KO IpPU €e HCIOJIB30B HUU OCT BIJET Xel Tb
JI4IIEr0 CKOPOCTh H OOp CT THUCTUKH, M, KpPOME TOrO, OH He MO3BOJISIET HC-
HI0JIb30B Th DJIEKTPOHHbBIE METO/BI OTOOP W PEKOHCTPYKLIMHU MOJIE3HBIX COOBITHIA
C IIOMOIIBI0 MHOTOYPOBHEBBIX TPUITEPHBIX CUCTEM PETHCTP UMM U (PUIBTP LIUU
¢puznueckoit umHdpopMm nuu. [lo3TOMy K K B COBPEMEHHBIX, T K U BO BHOBb
IUT HUPYEMBIX DKCIEPUMEHT X B O0J CTU (PU3UKU BBHICOKUX M CBEPXBBICOKHX
9HEPrUil IPUMEHSIOTCS 3JeKTPOHH S U 3JIEKTPOHHO-ONTHUYECK S METOAMKH, TN
B K YECTBE BEpILHMHHBIX JETEKTOPOB UCIIONB3YIOTCS MHOIOsYeedHble ApeioBbie
TPEXKOOPIAUH THBIE [ETEKTOPHl, IOJIYIPOBOAHUKOBBIE JIETEKTOPHI P 3IUYHBIX
monucuk 1mit u CBOC.

B T 61.1 npuBeneHbl Cp BHUTEJIbHBIE I P METPhI NEPCHEKTUBHBIX BEPIIMH-
HBIX JIETEKTOPOB.
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T 6ann 1. Cp BHHUTeNbHBIE I P MeTPhI BEPIIMHHBIX AeTEKTOPOB

JlerekTop
IT p wmerp BIIK* jet-* Mysbri- Muxkpo- I13C | CBOC
K Mepbl | JpeiichoBble | MOJOCKOBBI
TPYOKH JeTEKTOp
ITpocTp HCTBEHHOE
P 3pellieHue, MKM 200 20—100 10—50 2—20 3—5 25
P 3pemenue nByx
TPEKOB, MKM 2500 | 35—500 — 50—60 | 40—50 | 52
TounocTb
orpejieseH s
NPULETBHOTO — 35—100 | 35—100 40 30 10
I p METP , MKM

*BITK — BpeMANpPOEKUHOHHBIE K MEPEI.
**jet — I 30H IOJHEHHbIE MUKPOBEPLIMHHbIE JIETEKTOPEI.

BricTponeiicTBue BpeMANpPOEKLMOHHBIX K MEp B OCHOBHOM OIpeaessercd
BpeMeHeM jpeii , U BcielncTBHE OONBIIOro JApeipoBOro IMPOMEXYTK Bpems
Ipeii 3IEeKTPOHOB COCT BISET JECITKH MUKPOCEKYHI. DTO MPHUBOIUT K TOMY,
yTto MH(popM 1us, peructpupyeM s B BIIK, He MOXeT MCIONb30B ThCS I BbI-
p GOTKM OBICTPOrO TPUITEPHOTO CUTH JI TEpBOro YypoBHs. K Mepbl TN  «IKeT»
C BPEMEHHOI P CTSXKOi, MyIbTHApEii(OBbIE U COJIOMEHHBbIE TPYOKU HMEIOT H
nops ok 6osiee Bbicokoe ObicTposeiicTBue 1o cp BHeHHio ¢ BIIK, nostomy onm
HE Orp HUYUB I0T BO3MOXHOCTH PETHCTPUPYIOLIEH B3JIEKTPOHHOW MII P TYpHI.
OcCT JIBHBIM THII M JE€TEKTOPOB IPUCYILE BBICOKOE OBICTPOAEHCTBUE, KOTOPOE
Ip KTUYECKH TPYIHO pe JM30B Th H3-3  OOJIBIIOrO KOJIMYECTB K H JIOB
peructp uuu. ITosToMy 4 11e Bcero 1/ YTEHUS [ HHBIX OT MUKPOIOJOCKOBBIX
JIETeKTOPOB MCIIOJIB3YIOTCS MyJbTHILIEKCOpbl. YrteHue unHdpopMm 1uu ot I13C-
M Tpull 1 CBOC BBINOHSIETCS MMOCIEI0B TEIbHBIM CIIOCOOOM, MO3TOMY OHO Tpe-
OyeT BpeMeHH MOPSIIK JIeCATKOB MUJITHCEKYHI.

Lens 1 HHOTO 0030p COCTOMUT B TOM, YTOOBI B CXK TOW (hopMe CUCTEM TH-
3UpOB Th MHOTOUYHUCJIEHHbIE MYOJIUK LIMH, MOCBSIIEHHbIE NPEUM3HOHHBIM T 30H -
NOJIHEHHBIM BEPUIMHHBIM JETEKTOpP M, CCOLMHPOB HHBIMH C HUMH 3JIEKTPOH-
HBIMHM CHUCTEM MH CUHMTBHIB HUS M CHELM JIM3UPOB HHBIMHU IIPOLIECCOP MU AT Je-
TEeKTUPOB HHUS BEPIIMH P CH JI Y CTULl U BBIYMCIICHHUS NMPHUIETBHOTO I1 P MeTpa.
B p 31.2 p ccMoTpeHbl 0OCOOEHHOCTH METOAUMKH DKCIEPUMEHTOB C (PUKCHPOB H-
HOM MHILEHBIO ¥ 3KCIIEPUMEHTOB H CT JIKUB IOIIMXCH MydkK X. B p 31.3 xp TKO
P CCMOTpEHBI BOIPOCHI P 3BUTHS M OCOOEHHOCTH TPEXMEPHBIX I 30H IOJHEH-
HBIX JETeKTOpOB. B p 31.4 onuc Hbl KOHCTPYKTUBHBIE OCOOEHHOCTH M X P K-
TEPUCTHKH H OoJiee M3BECTHBIX BPEMSIPOEKIHOHHbIX K Mep. [laTbiii p 3men
nocesieH Oonee OBICTPHIM M TOUHBIM 1O cp BHeHHI0 ¢ BIIK mxer-k mep M.
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B p 31.6 onuc Hbl BeKTOpHbIE BEpIIMHHbIE IETEKTOPHl U K MEpbl C BPEMEHHOM
p crsxkoi. CenpMOUM p 37€1 HOCBSIILEH T KHM MEPCHEKTUBHBIM I' 30H MOJHEH-
HbIM BEpIIMHHBIM JETEKTOP M, B KOTOPBIX HCIIOJIB3YIOTCSI MYJIBTUAPEH(OBbIE U
«COJIOMEHHBIE» TPYOKH.

2. OCOBEHHOCTH METOIUKH HDKCIIEPUMEHTOB
C ®UKCHUPOBAHHOII MHIIIEHBIO
N HYKCHEPUMEHTOB HA CTAJIKUBAIOIIUXCS IMYYKAX

CyuiecTByeT OB THII 3KCIEPUMEHTOB IO (PU3MKE BBICOKHMX BDHEPIUil, BbI-
MOJIHSEMBIX H YCKOPUTEISIX.

B nepBoM ciiyd € UCIONb3YeTCd B3 MOJEHCTBUE YCKOPSEMOM Iy4KOBOU 4 C-
TULBL C TOKOSINEHcS 4 CTUIEld MUIIeHH (SKCHEPUMEHThl ¢ (PUKCUPOB HHOM
MHILIEHBI0). B 3THX yclI0BUAX ®HEPrusd CUCTEMBI LIEHTP M CC P CTeT K K KOPEHb
KB JIp THBI M3 DHEPruu My4k Y CTUU. [Ipu 2TOM OGOJIBIIMHCTBO IMPOAYKTOB
B3 MMOJIEUCTBUSI P CHPOCTP HSETCS OT MHIUEHU I0J HEeOOJbIIMM YIVIOM K OCH
IyukK .

Bropoil cityd 1 — UCIIOJIB30B HUE KOJUI HIEPOB, III€ YCKOPSAEMbIE U CTULBI
LHUPKYIUPYIOT B IPOTUBOIIONIOXKHBIX H IP BICHUSX M CT JIKUB IOTCS BHYTPU M -
Jloii 00J1 CTU TepeceyeHus] My4KOoB. DHEpPrusl B CUCTEME LEHTP M cC P CTeT
JIMHEWHO C ®Hepruei mydykos. [10sTOMy T KHe YCKOpUTENH UMEIOT OOJIbLINe Tep-
CHEeKTUBBl P 3BUTHUA. JIOCTUIHYT S B H CTOSIIEE BpeMsl dHEpPrus Mydyk H Ipo-
toHHOM koiu1 #nepe B CILIIA coct siger 1 TeB.

Oco6eHHOCTH DKCIEPUMEHTOB € (PUKCUPOB HHOUM MHUILEHBIO B TEp DJIEKTPOH-
BOJIBTHOW OOJI CTM DHEpruil 3 KIOY I0TCS B CJEIYIOIIEM: BCE TPEKU KOHIIEHT-
pupytlorcss B M joM yrie nopsak 100 mp jx; OGoJbll I MHOXECTBEHHOCTb
PErHCTPUPYEMBIX TPEKOB B COOBITHSX; BHICOK s CKOPOCTh PETUCTP LIMU COOBITHIA
(HECKOJIBKO COT KUJjIorepil); OONBIION MMIYJIBC Y CTUL. B CBs3M C MOCIIEAIHUMU
0OCTOSATENBCTB MU B Dsijie CJIyd €B MOXHO npeHeOpeub 3p¢eKToM MHOTOKD T-
HOTO P CCEeSHUS, U NMO3TOMY BEPIIUHHBIN AETEKTOP MOXET COCTOSTh M3 HECKOJb-
KHX P CIIOJIOXEHHBIX NMEePHeHIUKYIIPHO MyYKy rofl0CKONUYECKUX IUIOCKOCTEH ¢
BBICOKHUM IIPOCTP HCTBEHHBIM P 3pELUEHHEM, NPUYEeM P CCTOSIHHUE OT IepBO
IUTOCKOCTH 10 MHUILIIEHH M3BECTHO: OHO JIOJIXKHO OBITh MOPSAK BEJTHYUHBI YCT, Ie

Y — peNnaTUBUCTCKUH (p KTOpP, ¢ — CKOPOCTh CBET , T ~ 10718 —x P KTepHoe
BpeMs KM3HM OY POB HHbBIX 4 CTHLI.

C TOYKM 3peHHs] METOAUKH (PU3MYECKOro DKCIIEPHUMEHT OIBITHl H KOJ-
J #gep X OTIMY I0TCS OT OIBITOB C (PUKCUPOB HHOM MHIICHBIO B HECKOJBKHX
CHEKT X.

1) IockoIbKY CTOJIKHOBEHHME Y CTHIl IIPOMCXOAUT B CUCTEME LEHTpP M cC,
TO OHU MOTYT P 3JIET ThCSl M30TPOIIHO, U IIO3TOMY JETEKTOP JIOJIKEH IMOKPHIB Th
BCI0 MM GOJIBIIYIO Y CTh MPOCTP HCTB B3 MMOJEHCTBMSL.
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2) MHOXECTBEHHOCTb 4 CTHUL], POXJ €MBIX B PE3Yy/IbT T€ CTOJKHOBEHU:, Cy-
[IECTBEHHO IOBBIII €TCS C POCTOM 3HEpruM U MoxeT cocT Btk 100 u Gonee.
H Gmion ercs 1 xe T Koil ¢heHOMEH, H 3bIB eMblil cTpyeil (jet), Korm BOIM3M
MULIEHU COAEPXKHUTCS MHOXECTBO TPEKOB 4 CTHIL, P CXOMSIIIMXCS MOA HeOOosb-
HMIMMH YOI MM JIPYT K APYTY.

3) ITockonbKy TOYK B3 MMOAEUCTBUSI H XOIHUTCS BHYTPH MOHOIPOBOJI , TO
€e KOOPIMH T MOXeT ObITh ONpelelieH JIMIIb IIyTeM DKCTP MOJISLUN 3 PEerucT-
PUPOB HHBIX TPEKOB Y CTHUL. THUIHMYH s BEJIMYMH OOJI CTU B3 MMOICWUCTBUS B
H 1P BJICHUU MYyYK (Z-KOOpAMH T ) cocT BisgeT 50 cM, B MOIEPEYHOM ceye-
HUU — 1 MM.

4) MeHbll $, 4eM B OMbBIT X ¢ (PUKCUPOB HHOM MUIIEHbIO, KPUBU3H TPEKOB
HE TI03BOJIsIeT IpeHeOper Th MHOTOKP THBIM P CCESTHHEM Y CTHII.

5) Bo3HuK er T KxXe npobGjaeM p OU LMOHHOW CTOMKOCTH BDJIEKTPOHUKH,
P CHOJIOXEHHOH OIM3KO BOKPYI HOHOIIPOBOX .

Bce aTu u gpyrue ¢ KTOpBI CK 3bIB I0TCS H CJIOXKHOCTH (PU3UUECKUX YCT -
HOBOK B II€JIOM, MX KOH(UIYp MM U METOA X 0Op OOTKH TpeKoBOW HH(OP-
M 1MUY U WAeHTU(UK UUU 4 cTUIl. [109TOMY BEPIIMHHBIN JIETEKTOp, M0 CYIIECT-
By, MPEICT BJISIET COOOW KOMITO3UIUIO OTJC/IbHBIX IETEKTOPOB, MMEIOIIUX P 3-
JIMYHBIA TPUHLUI JASUCTBUS, P 3pell I0Iyl0 crlocoOHOCTh U p 3mepbl. H puc.3
B K YecTBe IpUMEp IIPUBEIECHO CXeM THYEeCKOoe H300p XEeHUe YCT HOBKHU
ALEPH, nipenn 3H ueHHoO# i npoBejenus skcnepumentoB B LIEPH [4]. Vet -
HOBK COJIEPXKUT PsJl OTAETbHBIX M JOBOJIBHO CIIOXHBIX JIETEKTOPOB, BBHITOJIHS-
IOIIMX CBOM crnenuguyeckue ¢QyHKuuu. Yepe3 UEHTP YCT HOBKHU IMPOXOJMT

HOHOIPOBO]I, Ile MPOUCXOIUT BCTpeY e+e_—nyq1<03. TunuyHeIA 11 METp UOHO-
npoBox p BeH 2,5 cM. TpekoB s cucreM BKJIIOY €T B cebs TpU JETEKTOp :
BEPILUMHHBIN AETEKTOP, COCTOSIIUNA U3 ABYX CJIOEB MUKPOIOJIOCKOBBIX IETEKTO-
POB C IBYCTOPOHHUM CYHUTHIB HHMEM, Ipei(oB S K Mep C BHEIIHUM P JHYCOM
35 cM, KOTOp K TOMY Xe SBJISIeTCd 4 CThI0 TPUITEPHOI CHUCTEMBI, U BPEMSIIpO-
eKIIMOHH § K Mep C BHEWHHUM p auycoM 125 cMm. IlepBOH 4 JIBHO BMECTO
MOJIYIPOBOJHUKOBOIO BEPIIMHHOIO JAETEKTOP HCIOJB30B J Cb I 30H IOJHEH-
H g4 K mep tun pxer. Cienyer oOp TUTh BHUM HHE H JIB THUI JETEKTOPOB,
KOTOpble OyayT omuc Hbl Gosiee JeT JIbHO B CIEdyIIIUX p 31ei X 0630p . Ilep-
BBII U3 HUX P CIOJIOXEH HENOCPEICTBEHHO Y HOHOIPOBOJ , [ie INIOTHOCTH Tpe-
KOB H nOoJjiee BBICOK . DTO T K H 3bIB €M $ JIKET-K Mep , KOTOp $1 BBIIOJIHSET
(pyHKIIMM MUKPOBEPIIMHHOIO MPELM3UOHHOrOo AeTeKTop . B mocnenHee BpeMs B
K YeCTBE MHMKPOBEPIIMHHBIX IEeTeKTOpoB HpumeHstorcd T kxe I13C-M Tpuusl.
C nomompio BIIK (BHemHui U MeTp 2 M) PEerucTpupyloTcs TpeKH, p CIIOJO-
’KEHHbIE B JIM OT NMEPBUYHOI BEpUIMHBI P CI 1 . BpeManpoekuuoHH g K Mep
NOMeIeH B M THUTHOE I0Jie, HeOOXOIUMOe JIJIsl U3MEPEHUs] KPUBU3HBI TPEKOB.
Yer HOBK  COAEPXKUT T KXKe psjl IeTEKTOPOB, C IOMOIIBI0 KOTOPBIX MOJIYyY eTcs
JOIMOMHUTENbH s UH(opMm nud. T K, ¢ MOMOLIpI0 K JOPUMETPOB M3MepseTcd
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Puc.3. Cxem tmueckoe u306p xenue ycr HoBku ALEPH: / — MiooHHBIE K MepHl,
2 — JpoHHBIH K JopuMeTp, 3 — CBEpXIpPOBOMIIIMNA M THHUT, 4 — BJIEKTPO-
M THHUTHBIH K JIODUMETp, 5 — BPEMSIPOEKIMOHH 51 K Mep , 6 — CHUCTeM HHIH-
K LMY IyYK , 7 — BHYTPEHHSS TPEKOB S K Mep , 8 — Npeln3HOHHbBIA BEpIIUHHBIN
JEeTeKTOop

9HEPIUs Y CTUL, C IIOMOLIbIO I'OJOCKONMYECKUX K JIOPUMETPOB — KOOPAU-
H Thl U P 3MEPBI KJI CTEPOB.

CremyeT OTMETHUTD, YTO MPELIU3UOHHBIE IETEKTOPbI OYAYT UTP Th T KXe€ B X-
HyI0 (DyHKIHUIO ¥ B OYIyIIMX 9KCIIEPUMEHT X H bBoJbiioM ApOHHOM KOJUT Hjie-
pe. K x ormeu ercd B [5], IEeTeKTUPOB HHE BEpUIMH p CH 1 IpeciedyeT ABe
LEJIM: OTHAEIeHHe IIEPBUYHO BEPIIMHBI P CII J| B COOBITHSIX C OOJIBLION MHOXECT-
BEHHOCTBIO U P 3/€JEHUE IIEPBUYHOU WU BTOPUYHOM BEPLIMH P CI I , COLEP-
X IIUX KOPOTKOXUBYIUUE Y CTHULIBI.

B 3 pyOexHOU uTep Type BEPLUMHHBIM JIETEKTOP M YIEJseTcs MHOTO BHU-
M Husi. B p 6ote [2] obcyxn 0TCS p 3MMYHBIE CIHEKThl TEXHUKH HM3MEPEHUs
BPEMEHHU XM3HU KOPOTKOXMBYIIMX 4 CTHL; P CCM TPUB eTcd (PU3UK IHpoIlec-
COB, IPUBOSIIMX K TOIOJIOTHSM COOBITHH, COIEpX LIMX NEepBUYHbIE U BTOPHY-
Hbl€ BEPILUMHBI P CII J ; IPUBOAATCS IIPUMEPHI IPUMEHEHUS BEPIIMHHBIX JETEK-
TOPOB P 3JIMYHOrO Ki cc . B p 6ore [1] mogpobHO p ccM TpuB ercsi (PU3MK
I10JIYIIPOBOJHUKOBBIX JAETEKTOPOB U MX IIPUMEHEHUE B K YECTBE BEPLIMHHBIX Je-
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TEKTOPOB, 00CYXI IOTCS MPOOJEMBbI P AU LUUOHHOW CTOMKOCTH M NMPUHLMIIU JIb-
Hbl€ OIP HUYEHMS, H KJI JbIB €Mble H TOYHOCTb PETUCTP LIMM TPEKOB Y CTHILI,
T KX€ IPUBOLATCS IPUMEPBI [IOCTPOCHUS P 3JIMUHBIX TUIIOB BEPUIMHHBIX IIOJIY-
IIPOBOJAHMKOBBIX JETEKTOPOB, METOAbl PETUCTP UMM U CUUTBHIB HMS JI HHBIX. B
[6] p ccM TpuB 10TCS p 3nMMYHBIE TPEOOB HUsl, KOTOPbIE NPEIBIBILIOTCS K Bep-
IIMHHBIM JIETEKTOpP M, IPEAH 3H YEHHBIM Ul dKCIEPUMEHTOB K K C (pUKCHpPO-
B HHOU MMILEHBIO, T K U H KOJUI HIep X.

3. TPEXKOOPIUHATHBIE I'A30BBIE JETEKTOPbBI

Cpenu KOOpAMH THBHIX JIeTeKTOpoB B 70-X rog x H ubosee MOMyIsSpHbIMU
SIBJISUTUCh MHOTOIIPOBOJIOYHBIE MPONOPLHUOH JbHbIE K Mepsl (MIIK). Btu nerek-
TOPBI CT JIM KJI CCHYECKMMH, MX MOAPOOHOE ONKC HUE MOXHO H WTH B p GoTe
[7]. OcobeHHO UIONOTBOPHOM OK 3 JI Ch HMjies K TOTHOTO CUuThiB HUst. OO0 3TOM
METOJIe CTOMT P CCK 3 Th MOAPOOHEE, MOCKOIbKY OH MOJYYWI IIMPOKOE IpHUMe-
HEHHE B COBPEMEHHBIX TPEXKOOPAMH THHIX I' 30H MOJHEHHBIX AeTekTop X. H
K TogHOU Iutockocty MIIK H BOOUTCSA CHUIH JI IIOJIOXUTENBHOU IOJISPHOCTH,
IpuYeM K TOIH $ INIOCKOCTh MOXET COCTOATh U3 IPOBOJIOK, IMOJIOCKOBBIX JTHHUN
(cTpurioB) Wi Tpynm HpoBosioK (puc.4). DTU dIEKTPOIbl UCHOJB3YIOTCS I
U3MEpEeHHUs] H BEJIEHHOIO 3 psjl , UEHTP KOTOPOro COBH [ €T C LEHTPOM 00 K
3JIEKTPOHOB, BO3HUK OIIETO B PE3Y/IbT T€ MOHU3 MM 3 PSAXKEHHOW YU CTHLEH T 3 -

A
f w—
= —7

L VL W W VL W W L W W W WL W W . W W W W W e o "
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_ /

X-KaTogHble

MMOJIOCKH

Q
0 d?@/
KX Vg%’/
’ Y, " /‘/ 4
‘@@%ﬂ%%é‘%§%ww
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Q X "’""0"' QRN "v.o"
///// Wb

y /Q
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w

AHOJIHBIE
MTPOBOJIOYKH

Y-KarogHble
MMOJIOCKH

Puc.4. MIIK ¢ ureHueM CUTH JIOB IOJIOXKUTEIBHON MOJIIPHOCTH OT K TOQHOMH IIoc-
KocTd. Crip B H pHUCYHKE IIOK 3 H METOJ OIpelesIeHUs] LEHTP TAXKECTH J1 BUHBI
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H TIOJHUTENSI K Mepbl. B XHO, 4TO MIUIUTYI U p 3BUTHE BO BPEMEHM H BEIEH-
HBIX H CTPUI X UMIIYJIBCOB 3 BUCHUT OT IO3ULIUHU J1 BUHBI DJIEKTPOHOB 10 OTHO-
IIEHUI0 K K TOJIHBIM 3JIEKTPOI M. DTO SBJI€HHE HUCIONb3yeTcsd AT U3MEpeHMs
IPOCTP HCTBEHHOIO TMOJOXEHUS M, COOTBETCTBEHHO, BTOPOH KOOPIAMH ThI
B3 UMOJEWUCTBHS Y CTHIIBI C BBICOKOH TOYHOCTBIO 10 30 MKM, IOCKOJIBKY OLHU(-
POBK  H JIOTOBBIX CHUTH JIOB BBINOJIHAETCS C MOMOINBIO IMperu3noHHbix AIIII
(cBbite gecsaru 6ut) [8].

I npHeiiee ycoBepuieHcTBOB HHue MIIK cTuMynupoB jock HeoOXoau-
MOCTPIO UIEHTU(UK LIMU CIOXHBIX COOBITUH B yCIIOBHSAX OOJBIION MHOXECTBEH-
HOCTH M BBICOKOH IUIOTHOCTU TpeKoB. T K mosBui cb ApeioB g K Mep , ¢
MOMOILBI0 KOTOPOH IyTeM M3MEpPEeHHUs BPEMEHHU Jipeii) 3JIeKTPOHOB MEXIY CUTI-
H JIbHBIMHM IPOBOJIOYK MU MOSIBUJ Cb BO3MOXHOCTb H3MEPATh C BBICOKOH TOY-
HOCTBIO OfHY W3 KoopauH T Tpek [9]. T kum oOp 30M, B TPEeXMEPHOM T 30-
H TIOJTHEHHOM JI€TEKTOpE OfH KOOPAUH T TP €KTOPHH Y CTHUIBI — 3TO MO3U-
LU CUTH JIBHOH MPOBOJIOYKH, APYTr I — MO3MLMUA LEHTP JI BUHBI, H BOIUMOM
H K TOOHBIX CTPHUIl X, TPEeThs KOOPAUH T BBIYUCIAETCS IO BPeMEHHU Ipeid
2IEKTPOHHOM 11 BUHBL. Hepenko ofH M3 KOOOPAMH T ONpEHessIercd METOIOM
JeJIeHus 3 psAA , H BOOUMOIO H PE3UCTUBHON YyBCTBUTENBHOI MPOBOIOYKE WU
C IOMOIIBI0 JUHUM 3 JepXKH. B XHO, yTO ApeigoBbie K MEpbl MOIYT HUMETh
p 3muuHy KoHduryp uuio. H ubosnee mupoxoe npuMeHeHHe H IIIH LIMIHHI-
puueckue apeiicossie K Mepbl. TpyIHOCTb, CBI3 HH 4 C JIEBO-IIP BOH HEOAHO-
3H YHOCTHIO, KOTOP 1 BO3HHK €T B IpeihoBbIX K Mep X NpU HISHTUGHUK LUU
TPEKOB Y CTHUIl, YCTP HSETCS IyTeM BBEIEHUS JOMOIHUTEIBHOIN IUIOCKOCTH WIH
JIPYIMMH KOHCTPYKTUBHBIMU MeTol MU (cM. Huxke). T xum oOp 30M, apeiicoBbie
K Mepbl, U Hpexie Bcero apeioBble K Mepbl ¢ OOJBIIUM JIpeiihoBbIM MpO-
MEXYTKOM, MOCIYXMJIM HPOTOTUIl MU TPEXKOOPAMH THBIX I 30H MOJHEHHBIX
JIETeKTOpPOB, K KOTOPBIM B H CTOSILEEe BPEeMs OTHOCATCS BPEMSMNPOEKLIMOHHBIE
K Mepsl (BIIK), ctpyiiHble (jet), BeKTOpHBIE peiicoBble K MEphl U MYJIbTHIPE-
(poBBIE U «COJIOMEHHBIE» TPYOKH (straw tube). DTH JAeTEKTOPHI HIUPOKO UCIIOIb-
3yI0TC4, B U CTHOCTH, B K YECTBE BEPIIUHHBIX JETEKTOPOB.

4. BPEMSAIIPOEKIIMOHHBIE KAMEPbBI

OnH w3 mepBbIX p 3p 6otok onuc H B [10,11]. H mnepsonii B3misia, BITK
UMeeT MpocTylo KoHcTpykuumio. [To (popMe OH 4 e Bcero npenact BisieT coboii
LUWINHAP, H INOJHEHHBIH CMEChl0 PIrOH M MET H , B LIEHTPE KOTOPOro Ipo-
XOJIUT HWOHONpPOBOA yckoputens. LleHTp jbH s mpoBopsny s mMeMOp H , H -
xopdu scs nox noreHuu jgoMm 150 xB, p 3mender nuwiIMHApP H JiBE€ IOJIOBUHBI.
Y TopuoB k mepsl p cronoxeHsl MIIK ¢ K TOIHBIM CUMTBIB HUEM, KOTOpbIE
P 3MeNeHbl H WIeCTh CETMEHTOB. B cBO oyepenb, K XK CEIMEHT COAEPXKUT
192 mponopuuoH JbHbIE NPOBOIOKH, P CIOJOXEHHbIE MOJ YIJIOM K P AU JIb-
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HOMY H Ip BICHHMIO K Mephl. P ccTOgHME MeXIy MpOBOJOK MU P BHO 4 MM.
K Xm0l mpoBo/IoKe COOTBETCTBYET K TOJNHBIN CTpUII, p 3A€NeHHbIH H 12 rio-
11 oK (regoB) p 3mepoM 0,8 x 0,8 M. LlunuHap noMeieH B M THUTHOE TOJIE.

B pe3ynsT Te MOHU3 LIMM 3 PAXKEHHOM Y CTULEH I 30BOM CMECH BJOJIb
TP €KTOPUU Y CTHILBI OOp 3YIOTCS TPYIIIBI BJIEKTPOHOB, KOTOPBIE MO ACHCTBUEM
BJIEKTPUYECKOTO TMOJIsl APeiyIoT cO CKOPOCThI0 MOpsiAK S50 MKM/HC B H TIp B-
nenun MIIK, e oHU JeTeKTHPYIOTCS. [IBe KOOPIMH Thl 7 M ¢ ONpPENESIOTCs M0
MO3UIIMU CTPUIIOB U MPOBOJOYEK, TPETh KOOPIUH T Z MO BpeMeHH Jpeiid
DJIEKTPOHOB BJIOJIb OCH IMy4kK 4 cTul. T KM 0Op 30M, oOecredyuB ercs u3-
MEPEHME TPEX KOOPIUH T H K XJIOM TpeKe. JIUIIOJIbHBIM M THUT BBIIOIHAET JIBE
(pyHKIIUM: OTKJIOHSET 3 psoKeHHble 4 cTulbl B miockoctu MIIK ¢ nensio usme-

MERLIN-UJR1 VERS . BOY LRY VERY PRELIMINARY
RUN NQ= 2922 EY¥T NC 255

CIn, petE §1-19-82 CANRC TINE 11: 56

Puc.5. CnoxHoe coObiTHe, 3 PErMCTPHPOB HHOE C ITOMOILBIO BPEMSIIPOSKIIHOHHON K Me-
pol (BuI H 1uciviee nociie o6p 60tk H DBM)
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Puc.6. CxeMm Tuueckoe u300p XeHue N
BIIK npsiMoyrosnsHOI hopMbl

Bricokoe
HanpsiKeHue

P

peHM UMITyJIbC Y CTHMLl U YMEHBII eT  { \\;: SN R

mudy3nio HOHU3 IHUOHHBIX BJIEKTPO-  LEssses: SIIET

HOB. DYHKIIMH TPEKOBOIO AETEKTOP \\%\\‘i NN > \}\*5 o6beM

o6ecreurB 0TCS TEM, YTO BTH BJIEKT- \\\\\\\\\\ =N

POHBI JETEKTUPYIOTCS 110 MEPE IIOAXO- N . Bemig

o K anexrpox M MIIK. MIIK
ITpumeHeHne cOBpeMEHHOMN 3JIEKT-

POHHOM I P Typbl IO3BOJIIET pe-

TUCTPUPOB Th COTHHU TPEKOB C BBHICOKOH P 3peul IoIiedl CrocoOHOCTHIO

(corhu MxMm). H puc.5 B X 4ecrBe nmpuMep NpPUBEICHO CIOXHOE COObITHE, 3 -

peructpupoB HHoe ¢ nomoinsio BIIK PEP-4 B Bepxnu [12]. X p KTepuctuxku

9TOW K Mepbl IpuBeleHbl B T 06:1.2. YKUCI0 K H JIOB perucTp UMM B T KOU K Me-

pe p BHO 16020, u3 Hux 2196 X H OB CIyX T IUI IPOMNOPLUOH JIBHBIX MIPOBO-

jgouek u 13824 mpean 3H 4eHO I K TOAHBIX cTpurioB. B [13] onuc H cxem

TUIUYHOTO K H J PErucTp LHMH, KOTOP S COCTOUT U3 YCUIMTENIS, H JIOrOBOM

3 JAepXKH, co3d HHOMl H ocHoBe II3C-Mm Tpumbl U cxembl onugpoBku. st

OBICTPBIX MHOTOCTOIIOBBIX BPEMEHHBIX M3MEPEHUIl MCIOIb3YIOTCS MHOTOK H Jib-

Hble KOJMPOBIINKMA H OCHOBE MoayJjell m Mmiartu [14].

K k Oyner mok 3 HO HuXe, npuMeHeHHe H xomar T kxe BIIK mpsmoyrosns-
HOM (DOpMBI, K K 3TO MOK 3 HO H pHC.6. BpeMsInpoeKkuroHH g K Mep COCTOMT
U3 H MOJHEHHOTO I' 30M OOJIBIIOro JpeioBoro o06beM , Iie BCISACTBHE IIpOJie-
T 3 PSXEHHBIX U CTHIl BO3HUK €T MOHM3 Iud. H oxHOM wiau OByX Topu X p c-
nosi T orca MIIK ¢ X ToaHbM cuuThiB HUEM. C LEIbl0 PerucTp MU TPEKOB B
IPOCTP HCTBE, H POy C ABYMSl CIIPOCLIMPOB HHBIMH KOOPOUH T MH, H3Mepse-
mbiMu ¢ Ttomoisio MITK (puc.7), onpenensercs T Kxe BpeMsd Apeiid 3iekTpo-
HOB. [l obecrieueHus PerucTp UMW TPEeKOoB (OOIblIe OJHOr0) K TOHH $ ILUIOC-
KOCTb COCTOMUT W3 MHOXecTB mna10B (momr jok) [15]. C moMoIpo COOTBETCT-
BYIOLICH ®JIEKTPOHHOU CHCTe-
MBI CUUTHIB HUS 3TU CHUTH JIbI
JmuTenpHocThio 50 HC ycunu-
B 10TCS, OLM(QPOBBIB OTCI U
nepeq 0TCd Uil I JIbHEHIIEero

H U3 . YYHUTBIB 9 P 3MeEpHI

3 Hpeiicosblit

T
// peK

Puc.7. Ilpoduns 3 pan , H BeaeH-
HOTO H II9J X BPEMANPOEKLHOH-
HOU K MephI
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32 F

dE/dx, x3B/cM

el L Lol ! |

107! 1 10

Puc.8. 3 BHCHMMOCTb MOTEpPh BHEPTHU OT UMITYIbCOB
Y CTHIL

K Mep U BpeMmd japeiip oaeKTpoHOB, p BHOe 50 MKM/HC, M KCHUM JIbHOE BpeMs
Ipe MOXeT cOoCT BIATh COTHU MHUKpOCEKYHI. IIp KTHYecKH 3TO 3H YHUT, YTO
I HHble, perucrpupyemble oT BIIK, He MOTyT UCIIONB30B ThCd B TPUITEPHOM CUC-
TeMe NepBOro YpoBHS.

HennpiM K yectsoM BIIK sBisiercd T KxXe BO3MOXHOCTb UCIIOJIB30B HUA T -
Koil MH(OPM UM, K K motepd dHeprud 4 cruil Mu (dE/dx) (puc.8) ams ux
uneHTUUK 1. Mcrnonp30B HUE 3TOW BEIMYUHBI 11 WASHTU(UK U Y CTHII,
0COOEHHO B PEIATUBUCTCKOIN 00J1 cTH, TpeOyeT p 3peuieHus jyduiero, yem 3%.
KitouoM K peuieHuio »Tod MpoOJieMbl SBISETCS BO3MOXHOCTb MOJIYYEHHUS 10
COTHHM He3 BUCHMBIX u3MepeHuidl dE/dx mis K XJI0ro Tpek . DT uHpOpM Lus
HOJIyd €TCsl IyTeM U3MEpEeHUs 3 psi , COOUp €MOro H YyBCTBHUTENIBHBIX IIPOBO-
Jok X. Bonee Toro, ucnonb3ys ObictpopeiictByomme ALl ¢ u crortoil ouundg-
poBku 1o 100 MTI'ir [16], MOXHO ¢ BBICOKOW TOYHOCTBIO U3MEPATH T KXe U op-
My CHUIH JI , YTO HO3BOJISIET YIYYIIUTh T KOM B XHBI I p MeTp, K K p 3-
peiieHue JByX TpekoB. Huxe Oymyr p ccMorpenbl ocobennoctu psjg  BIIK,
UCTIONb3YEMBIX B KPYMHBIX (PU3MUECKHX YCT HOBK X.

BIIK TOPAZ. BIIK (PEP-4) cT 1 mnpoTOTHIIOM i p 3p OOTKHU psii  ApY-
TUX JETEeKTOPOB 3TOT0 KJI CC , MPOBEJEHHOW C yYE€TOM HOBBIX JOCTHUXEHHI B
MeToauke ¢pusndeckoro sakcnepument . B [17] onuc 1 BIIK TOPAZ, B xoTo-
POl K TOJHbIE M3[bI, UCIIOIb3YEeMbIE /I PETUCTP LUH 3UMYT JIBHBIX KOOPAUH T
@, UMET GOIbLIIE p 3Mepsl, Hexenu B K mMepe PEP-4, u, 4yTo B XHO, 3UI3 ro-
06p 3HyI0 OpMy, YTO IO3BOJISET IPU MEHBIIEM YHCIEe K H JIOB PErucTp LU
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TOPAZ-TPC

Puc.9. O6wmuii Bux BpemsanpoekuuoHHoit k Mepel TOPAZ: 1 —

HTUTPEKOB 51 K Mep , 2 — K Mep , CO3J 0l g H Np BisoLiee
none, 3 — BHYTpPEeHHee KONbLOo, 4 — 3 KpeIUIdolee KOJbLo,
5 — Topel, 6 — BHelIHee KOJIbLO KpeluleHus1, 7 — cekTop, 8§ —
BHELIHee KOJbLO, 9 — BHEIH:s HoneB s K Mep , /0 — BHYT-
peHHsd moJieB 4 K Mep , /] — LeHTp JIbH 94 MeMOp H , 12 —
BHELLHUN LUIUHID

HOJIy4uTh GOjiee BBICOKYI0 TOUHOCTH B OIpefesieHur KoopauH T. Bosee nmonpo6-
HO KOHCTPYKLIUS 3JIEKTPOJOB J HHOHM K Mepsl onuc H B [18].
O6umii Bun BIIK TOPAZ u306p xen H puc.9. K mep mnpenH 3H 4eH

IUId [IPOBEAECHUs e+e_—3KCl'Iepl/lMeHTOB H yckopurene TRISTAN u obecnieunB -
eT xopoluee uMnyJabcHoe p 3peuienue Ap /p = 1%p (unsg p > 2 T'sB/c) u Bbico-
Koe 3H ueHue dE/dx nopsuk 4%. AH JIOrOBble CHUTH JIbl IOCIE YCHIEHHS W
¢opmupoB HUI cuuThiB 10TCS ¢ 4 ctoTod 10 MI'n ¢ momompio [I3C-M Tpum u
1OCJIe BPEMEHHOTO Xp HeHusl ouugpoBbiB totcst ¢ nomompio AL Ing o6p 6ot-
KM LU(POBBIX I HBIX U mepex 4y ux B DBM ucnonssyerca cuctem FASTBUS.
Kpome toro, g BIIK 1 p criosioXeHHOM BHYTPU K MEpBI THUII  «IXE€T» P 3p -
O6OT H OpUIMH JIbH $ TPUITEPH S CHUCTEM U CIIElH JIM3MPOB HHBIH MpoLeccop
IUISL OTIpesielIeHns KOOPAUH T BEPLUMH P CI I 4 CTHUIl (CM. HUXeE).

BIIK HISS. B Bpykx»aiiBerckoii 1 6op Topuu (BNL) BIIK npsimoyroibHoit
thopmbl, cocTodIl S U3 TpeX MOMYNEH, MpeaH 3H YeH I UCIOJIb30B HUSA H
IYYKEe TSKENBIX PEJIITUBUCTKUX MOHOB B YCIIOBHSX OOJIBIIONW MHOXECTBEHHOCTH
y crull (nopsiak  100), yto cieayetr u3 puc.l0, rae mok 3 HO BOCCT HOBJIEHHOE
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301
10T
101
301
RUN .7
TAPE 314331
DATE 72 DEL 88
TIME 06337511,
104+ EvENF= Y7301
liee *
e'tct’f‘
. = > = »-D4
1 4%@5;5=‘“
ESaat U9
k3 . S
e
1 el
.
2 .0
30 T —7
Il 1 ]

Puc.10. CobsiTue, cocrosimee u3 102 TpekoB: ) NMPOEKUUS H IUIOCKOCTb
Xz, 0) NIPOEKUUd H IUIOCKOCTb YZ, 6) IIPOEKLMsl H IUIOCKOCTD Xy, 2) U300-
p XeHue, nosepHyroe H 180°
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RUN ?
TAPE 14331
DATE 22 DEC 88

. 06:37:11

&

Puc.106,2

coObiTue, copepx wee 102 Tpek . Xopoluee IBYXTPEKOBOE p 3pelleHHe Mojyye-
HO 61 rox ps GOJIBLIOMY YHMCIY HE3 BUCUMBIX K H JIOB YTEHHUSI C MCIOJIb30B -
HHEM CIIelM JIM3UPOB HHBIX MHTErp JIbHBIX MHUKpOCXeM. B 4 cTHocTH, ObLI
NPUMEHEH cHCTeM U3 KOpOTKUX (1 cM) HOJIHBIX MPOBOJIOK, P CHOJOXKEHHBIX
I P JUIETBHO IMYYKY, U CMECh I 30B ¢ M JIbIM Koaduuuentom auddysuu [19].
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T oman 2. IT p merpsr BIIK

X p k- Yer HoBK
TepHETHE HISS PEP-4 | ALEPH | TOPAZ | DELPHI CDF
[20] [10,11] [26—29] [17—18] [23—25] [32]
Ju metp, cM:
BHELIHUH — 180 360 260 280
( KTUBHBII) 116 21
BHYTPEHHHI — 31 70 — 120
( KTUBHBII) 32,5 7
e , cM — 200 220 300 2 x 150
(aKTUBH $1) 2 x 134 35,3
P 3mep x TomHOIM
IJIOCKOCTH, M 1,5 x1 — — — —
Yucso a1eMeHTOB
CUMTHIB HUs (TI910B) 120 x 128 13824 44000 4096 2 0%
P 3mep nan , MM 12 x8 7,5x75 6,2 x 30 12x 10 4,12 x4
IMpoctp HcTBEHHOE
P 3peleHue, MKM — 100 + 3 150 £ 5 — —
I BieHUe, T™M 1 10 1 3 4 1
Hpeiicosoe
P ccTosiHUE, CM 2x75 2 x1 2 x20 2 x20 368 15,25
Y cror BHIGOPKH
dE /dx, MI'n 100 10 11,4 1.4 14 10,6
Koadduunent
I' 30BOIO YCHJIEHUS 3000 — — —
M ruutHOe 1oite, KI'c 13 13 1Tn 1Tn 12 1,5Tn
P Gouee
H NpsKeHue, KB -50
DieKkTpuyeckoe
noie, B/cm 120 — 260 — 150 320
Yucino X H J10B
perucTp MU 15360 16020 5% 10° — — 3072
P 3pemenne
JIByX TPEKOB, CM 2,5 — — — 1,5
Ckopoctb apeiid ,
MKM/C 50 70 — — 64 46
Bpems npeiic , MKc 75 — — 24 20 35
Yucno nposonox MIIK — 2196 6336 2300
Cwmech T 30B 90%Ar+ | 80%Ar+ | 91%Ar+ | 90%Ar+ | 80%Ar+ | 50%Ar +
+10%CHs | +20%CHs | +9%CHy4 | + 10%CHy4 | +20%CHy4 | +50%CH4

IMpumeu Hue: (—) O3H Y €T, YTO JI HHBIX HET.

B cBowo ouepenp, HCIONB30B HHE KOPOTKHMX HOIHBIX IPOBOJIOK I103BOJIAIIO
YIY4IIATh T KOH 1 p MeTp, K K dE/dx, WCTONb3yeMblii I HICHTU(DUK [HH
4 CTHL B YCIIOBUSAX OOJIBIIONW MHOXECTBEHHOCTH.
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Bosee cosepiuenn s p 3p 6ork BIIK npsmoyronshoit popmsr HISS T ke
HpeiH 3H YeH [UId W3y4eHHs! MHOXECTBEHHBIX COOBITHI, IIOPOXI €MbIX B CTOJIK-
HOBEHUSX PEATUBUCTCKUX HOHOB [20], HO ¢ rop 310 OOJbIIeld MHOXECTBEH-
HOCThIO (MHOXecTBeHHOCTh ¢ mopank 200). IT p MeTpsl K Mepsl NPUBEICHH B
T Om.2.

K mep HISS, umerom g kTusHywo o6 ctb 150 X 96 X 75 cM, npenH 3H -
yeH Jyisi p 60Thl mpu TMOcepHOM j BieHHMH. OH [OMEIIeH MeXJy JHIOo-
agMu M THAT . OO1 cTh Opeiip BIEKTPOHOB COCT BIISIOT, C OJHOW CTOPOHBI,
MIIK ¢ K TOOHBIM CUMTBHIB HHUEM, C JPYroll — IUIOCKHI 3JEKTPOH, H XOHAd-
IMiicd MOA BBICOKMM H IpsXeHHeM. Mexay HUMH p CHOJIOXEH IHPSMOYIroyb-
H g CETOYH g K Mep BBICOTOM 15 cM, obecrieduB oLl s MPOYHOCTD JETEKTOP
U OJHOPOJHOCTH MOJIS B K TOJHOW IJIOCKOCTU. K TOOH 4 IJTIOCKOCTH COAEPXKUT
15360 memoB ¢ p 3mep mu 1,2 X 0,8 cM, KOTOpble 3 HUM IOT IUIOL Jb
150 X 95 cM. AHopmHBIe NMPOBOJIOKM H XomdTcd noi H npsxeHueM 1170 B u
obecrneynB 10T KoaduuueHT r 30Boro ycuienus nopsak  3000.

OcobeHHocTh peructpupyouieil anekTponnoii cucremsl BITK HISS 3 kiio-
Y eTCS B TOM, YTO HE TOJIBKO YCUJIUTENH, HO U T KHE€ CXeMbl, K K (popMUPOB -
T€IU, H JIOTOB & II MATb U MYJBTUIUIEKCOPBI, P CIIOJIOXEHbl HEIIOCPEICTBEHHO
H K TOTHOM IVIOCKOCTU. AH JIOTOBbIE CHUTH JIBI 3 TIOMHH IOTCS B MHOTOK H JIb-
HOH CIleLM JIM3UPOB HHOW MHUKPOCXEME, COCTOSIIECH U3 M TPULUBI IIEPEKJIIOY e-
MBIX MHKPOKOHIEHC TOpPOB, BbIMONHEHHbIX 0 KMOII-texHonoruu. Bo3moxHo
T KX€ CUUTBIB HHME 1 HHbIX ¢ nomolipio [13C-m Tpuil.

BIIK, p 3p Oor v a1 B OUAN. B [21,22] onuc H #eTeKTOp H OCHOBE
nponopuroH JpHBIX K Mep (ITK) ¢ apeiichoBsIM TPOMEXYTKOM, KOTOPBIIl BMecTe
C MHOTOK H JIBHOU 3JIEKTPOHHOUM CUCTEMOM CUUTHIB HUA U PETUCTP LMH, IO CY-
1ecTBy, npeact Biger coboii BIIK. [Tpubop cocrout u3 AByX MOmy/iel: BXOAHOM
IIK u IIK c apeiicpoBeiM npomexyTkoMm. Bxomn 4 IIK npean 3H ueH ams ompe-
JeJIeHus] KOOPAMH T Y U Z 4 CTULBI H BXofe ee B aeTeKTop. C MOMOIIBI0 BTO-
pOro MOIyns U3MEpAITCSd T KMe BEJIMYMHBIL, K K MOHHM3 LM 4 CTHUIIBI BAOJb €€
TpeK , JUIMH Mpo0er 4 CTHIBI, €CIM OH OCT HOBWIJI Ch BHYTPH MOJYJIs, BpeMs
Ipeii 2IeKTPOHOB, YTO MO3BOJISET ONPENETUTh TP €KTOPUIO 4 CTUIBI B ILUIOC-
KOCTU XZ, NIepIEHAUKY/IIPHOU HUTIM, U JEJIEHUE 3 Pl J1 BUHBL H OMUYECKOM
COTIPOTUBIEHUM HEKOTOPBIX CHUTH JIBHBIX HHUTEH, YTO A €T Y-KOOpPOUH Ty TOYEK
H Ttpeke. Onuc HHBIA NPUOOP SIBISETCS XOPOIUIUM MHCTPYMEHTOM JJIsl UICHTH-
(puk UM U ceKTpoMeTpUr MeAIeHHbIX 4 cTUL. C relnueBbM H MOJTHUTENEM OH
MOXET CIIyXHUTh MOJIIPUMETPOM IPOTOHOB U JEUTPOHOB.

BIIK DELPHI. BIIK 1 yct HoBke DELPHI gBnseTcd OCHOBHBIM TpeKO-
BBIM JETEKTOPOM M BBIIOJHSAET (PYHKLMHU LEHTpP JibHOro aerektop . K mep
uMeeT cienyoume p 3Mepsl: p quyc R = 120 cm u jnHa L = 2 X 150 oM, nones-
Hblil 06bemM 14 M. TopuLeB S UUIUHAPUYECK S MOBEPXHOCTbH, IJ€ P CIOJIOXKEH
MIIK, p 3meneH H 6 CEKTOpPOB, K XAbIH U3 KOTOPBIX COAEPXKMUT IO
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192 yyBcTBUTENBHBIE MPOBOJIOKHU U 0 16 manoB. [IpenycunuTenu p CHoI0XeHbI
HenocpeactseHHo H MIIK. Ilocine aByXK CK AHOIO YCWJIEHMS CHUTH JIbI IIOCTY-
0 0T H BXo#bl 8-p 3psuHbIXx 1 p JutensHbix AL, xortopeie obecrnieyuB 10T
olM(pOBKY CUTH JIOB ¢ 4 cToToil 14 MI'm. H TOpue K Mepsl p CHOJIOXEHBI
T KX€ IIeCTb MUHM TIOPHBIX JI 3€pOB, KOTOPble 0OECHEeYrB 0T UMHUT LIUIO Tpe-
KOB B IIpoIlecce I THOCTUKHU JETEKTOop .

B pesynsr Te TectupoB Husg BIIK, ucnosnb3yemoit H ycr HoBke DELPHI
[23,25], nmonydeHsl ciaeqylonie M p METphl: CKOpPOCTh apeiid 64 MKM/HC, p 3-
pemenne O(dE /dx) =5,5 + 0,5%, p 3pelieHre B IIOCKOCTH r@ p BHO 180—
280 MKM U p 3pelieHue IByX TpekoB cocT BisieT 1,5 cM. MHdopM 1us, cUUTHI-
B eM g or BIIK, ucnone3yercs T Kxe a1 BbIp OOTKM TPUITEPHOTO CUTH J1 H
BOCCT HOBJIEHMS TPEKOB C ITOMOLIbIO CIEIM JU3UPOB HHOIO TPEKOBOIO IpoLec-

. . D T 1S T T ST PA

DELPHI Interactive Analysis e W0 0 % 0 0 0
Roami b Gev Run: 7499 DAS 1 76-Mar-1990 t s20 4 0L QS O O 0
i wgeoigs- Evt: 285 o o000 080
s o Mar-i3 2 b e T TR R (WA W TR

1Y

\ .

Puc.11. lucnneitn g K pTUH TPOXOXIEHHS 4 CTHL CKBO3b MUKPOBEPIINHHBIH
JeTeKTOp, BHYTPEHHHUH JeTeKTop U depe3 6k imyio cekuuio BIIK DELPHI
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COp , OCHOB HHOT'O H XOpOILIO MU3BECTHOM JITOPUTME HEIPEephIBHOM M cKH [24].
LenTp nbHBIA OeTEKTOpP BBIIOJHSET cienyioluee (hyHKUMU: 1) H3MepeHHe KO-
OpIOMH T TPEKOB 4 CTHI; 2) 3(pheKTHBHOE ¢/ TEp 3/1eleHne; 3) B COUeT HUU C
MOJIyIPOBOJHUKOBBIM MHKPOBEPIIUHHBIM, BHYTPEHHUM M BHELIHHUM JETEKTOPOM
U3MepEeHUe HMITYIbCOB U CTHII.

H puc.11 nok 3 HO coObiTHE, 3 PETHCTPUPOB HHOE C MOMOILIBIO TPEKOBOM
cucremsl nerektop DELPHI, cocrodiueil U3 mnoJiynpoBOAHUKOBOTO MHUKPOBEP-
LIMHHOTIO JAETEKTOpP , BHYTpeHHel jxer-K Mepbl u BIIK.

BIIK ALEPH (ALEPH: «A detector for LEP Physics»). BIIK xomr -
6op uun ALEPH sBnsiercs H ubonee KpynmHOW K Mepoil, p 3p 60T HHOH uis
skcnepuMeHToB H LEP. B nenoMm ycrt HOBK CO31 H Ul PELUEHUs IIUPOKOro
Kpyr 3 I Y U, BY CTHOCTH, AJISI I€T JIBHOTO U3Y4YEHHUsS I P METPOB CT HA PTHOM

MoJieNid cJ1 ObIX B3 MMOJEUCTBHUH, T KUX K K NPOAYKTBI M P CH Jbl MOJ z% u

Wi—6030HOB, st npoBepku KXJI nipu 60mbiux Q 2, JUIA TIOUCK TON-KB PK U
T.Ja. [24—26]. HenocpencrsenHo BIIK, K K TpeKoBbIil AETEKTOpP, UCIOIb3YyeTCs
IUTS ©3MEPEHHS] UMITYJIbCOB U YIJIOB BBUIET 3 PSKEHHBIX Y CTHII C BBICOKUM P 3-
peLIeHUEeM U OmpeesieHus IUIOTHOCTH HOHU3 uuu dE /dx, ¢ OMOIIbI0 KOTOPOH
OTAENAITCA TPEKU IHOHOB U 3NeKTpOoHOB. KoopauH T Z momyy ercd myTeMm
U3MEPEeHUs BpeMEHU Jpeiip Mpu H3BECTHOH CKOpOCTH japeii , p BHOM
5,2 cM/MKc, r(-KOOPIUH T H XOIUTCS MyTEM HHTEPIOJSLHMHM CUTH JIOB, CYMTHI-
B €MbIX C IJO0B, U JUId H XOXJEHHUS r-KOOPAMH Thl HCIOJIB3YyeTCd IOJI0XKEHHe
mea B p au JbHOM H np BieHun. C momornpio BITK u 6eictpeix AL u3me-
psercd 21 TOUK JUII K XAOT0 TpeK . Tp eKTOpHUH 3 PSIKEHHOI 4 CTHUIB BHYTPU
00beM K Mepbl IIPEACT BISIOT COOOM BUHTOBbIE JIMHUM, B MPOEKLUH H TOPL X
NOJTIYY IOTCS JyT'd WIM OKPYXHOCTH. B [26] mpuBeneHbl pe3ynbT Thl U3MEPEHUs
BeJIMYMHBI TpocTp HcTBeHHoro p 3peweHuss BIIK ALEPH, xotop s p BH
(150 = 5) mxm. B T 611.3 mpuBesieHbl HEKOTOpBIE B XKHbIe X p Krepuctuku BIIK
(eM. T KXe T 611.2).

T omun 3. Hekoropsie x p krepuctuku BIIK ALEPH

P 3pewienue B miockoctu r@ 160 MxM npu ymie nepeceueHus nag 0°
400 MM 1pu yrie nepecedenus mepa 10°
P 3pemienue z-KoopauH Th

IIpH TIOJISIPHOM yTIle 90° 45° 20°
IS 119J10B, MM 0,7 1,7 2,3
VISl TIPOBOJIOK, MM 3 2 2
P 3pemenne no ummymscy Ap / p? 1,5 01073 (I'sB/c) !

P 3pewenue dE /dx 4,5% nna 280 1npoBosoK
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Puc.12. O6mwmii Bux BIIK ALEPH H X H jie mydK Y CTHII

BIIK ALEPH BXOmuT B cOCT B GOJIBIIOTO IIEHTP JIBHOTO JETEKTOp , B KOTO-
pbiil Bxoadat BHyTpeHHss TpekoB g K Mep U BIIK. ITo ¢opme BpemanpoeknoH-
H 9 K Mep npejacT Biger coboii umwnunap (puc.12) ¢ KCHU JBHO-II P JUICIbHBIM
M THUTHBIM U 3J€KTPUYECKUM IojeM. B cepennHe K Mepbl UMeeTCs LEHTP Jb-
H 9 MeMOp H , KOTOp s p 3He/isieT K Mepy H [BE IOJIOBHHBL. DJIEKTPOHBI, 10-
POXJ eMble MpOJeT UIel 3 PSKEeHHOH 4 cTulel, ApeddyoT B H Hp BISHUU
OJHOTO W3 TOPLOB K MEpHl, € P CHOJOXEHbl YYBCTBUTE/IbHBIE BJIEKTPOJBI
MIIK. MIIK, p cnojoxXeHHble y TOPLOB K Mephl, p 3AeleHbl H 18 ceKTopos.
H puc.13, B K 4yecTBe mpuMep IMpHUBEICH TIE€OMETPHUS TOPLEBOrO IETEKTOP
(MIIK ¢ x TomHbIM cuuThiB HHeM). H puc.13,6 6osee geT JIbHO MOK 3 HBI CXe-
Mbl cekTopoB M,W u K. K TomHble maapl H XOIITCS H P CCTOSHMU 4 MM OT
YyBCTBUTEJIBHBIX MPOBOJIOK. [IpuyeM K XIbIil U3 CEKTOPOB COAEPXKUT P 3MTUYHOE
YHCIIO I19/10B, 00LIee Y1cio KOTophix p BHO 41004 (KOMMYECTBO HOOHBIX HPO-
BoJioK p BHO 6000). C yuerom Bpemenu japeiid mnopsak 45 MKc uHpoOpM 1us,
cuuthiB eM s ot BIIK, wucmomnp3yercs H BTOPOM YpOBHE OTOOP  COOBITHIA.
C nomousio 1 p jutenpHbix ALl  H j0roBele CUTH JIBI OLM(POBBIB I0TCI U
3 HOMHH I0TCsl B OycdpepHoil 1 Matu. H oxHo coGbitue npuxomurcs 25 M6 Ut
I HHbIX [28]. B XHO, 4TO HH(OPM IUSI O TPEeK X, MOJYYEHH $ C MOMOILBIO I H-
HOM K Mepsl, 0T 00p 60T H ¢ moMmolsl HelipoHHoU cetu [29]. [TomydeHs
K YECTBEHHbIE HM300p XEHHUS TPEKOB Y CTHIl B PEXHMe «O(-J1 HH», OJHO U3
KOTOPBIX MPUBEIEHO H puc.14.



I'A30OHAIIO/JTHEHHBIE BEPILIMHHBIE JETEKTOPBI 1519

a

1735
II
POBOJIOUKH Homocks
947
350
0
w
r=1735
- = 1706,22
r=1002,22
r =947
r=910,71
r = 398,7
MOJIOCKH N r =350
/
N o« //
HK———r=0

Puc.13. ) Teomerpus k tomHoil miockoctu BIIK ALEPH.
0) Bonee ner npHOe U300p kenue cektopos K, H, u W

Hcnons3os Hue BIIK B 3kcnepumente WA71. Hepenko BIIK noment ot-
cd B TOH 4 CTH YCT HOBKHU, T'I€ TPEKHU Y CTUL UMCIOT MCHLIUIYIO INIOTHOCTb H
GoubIIO yroa p 3j1er TpekoB. [10dTOMY T KHe JIeTeKTOPbl HCHOJIB3YIOTCS B CO-
4eT HUH C JAeTEKTOP MU MEHBIIMX P 3MEpPOB U ¢ OoJiee BBICOKOH p 3pell oIien
criocobHocThi0. B akcniepumenre, onuc HHoM B [30,31], ne BIIK npsmoyross-
HOU hOopMBI P OOT 10T COBMECTHO C MUKPOIIOJIOCKOBBIM KPEMHHUEBBIM TEIIECKO-
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100 cm o

-100 cm -

Puc.14. CoOblTue, 3 perucTpupoB H-
HOE B PeXUME «OH-JI HH» C IIOMOLIbIO
BIIK ALEPH

X
[Tyuox
e
— .
MuKponoIocKOBEIi
FOJOCKOTI
DOMyIbCUS

BIIK BepxH.

MuKponoI0CKOBbIH -
SC, TEJIECKOTI ‘

BIIK HumxH.
0 0,1

[ SN |

M

Puc.15. Cxem tuueckoe u300p xeHue crekrpomerp WA7I

noM. K Mepsl p 60T 10T B M THUTHOM MoJie crekrpometp «Omega» U SBISIOT-
Csl Y CThIO BEPIIMHHOTO JETEKTOp , CXeM KOTOpOro mnpuseiaeH H puc.15. On

Ipe€aH 3H 4Y€H JId IOUCK

MpEJIECTHBIX Y CTHUL, IOPOXI €MbIX B 3OMYJIbCUU,

00/1y4 eMOii IyykoM TT -Me30HOB npu eHepruu 350 I'sB/c. C OMOIIBI0 MUKPO-
MOJIOCKOBOTO TEJIECKON PErHCTPUPYIOTCS KOOPAMH Thl Y CTHIl C BBHICOKOHM TOY-
HOCTHIO B HeGompimx yrn X 0 < 90 mp a. Ilpu 3TOM p 3pelieHue JBYX TPEKOB

p BHO 150 MKM.



I'A30OHAIIO/JIHEHHBIE BEPILIMHHBIE JETEKTOPBI 1521

T omun 4. IT p merpsr BIIK WA71

Jlu MeTp HOIHOM IPOBOJIOKH, MKM 20
Jlu MeTp K TORHOU NPOBOJIOKH, MKM 100
Jlu MeTp 1oJIeBOi NTPOBOJIOKH, MKM 100
P ccrognue Mexny HOAHBIMH IIPOBOJIOK MH, MM 12
ITporopunoH JbHBI IPOMEXYTOK, MM 6
HpeiichoBblil IPOMEXYTOK, MM 160
P 3mep men , MM 6x8
KonuyecTtBo HOAHBIX IPOBOJIOK 16
KonunuecTBo 100CKOBBIX 113110B 3
KonnyecTso 15108 H  1OIOCKE 32
I' 30B 4 cMmech 70% proH + 29% 1300yt H
+ 1% cnupr

H 31 yenue BIIK cocrout B TOM, 4TOOBI PErMCTPUPOB Th TPEKH 4 CTHILL B
061 ¢t 65 < 0 <600 mp 1. B xuemM k uyectBom BIIK siBustercs T Kke M J1 o
TOJIIMH BeIeCTB (B €OMHUL X P IU LUOHHOM JJIMHBI), BHOCUM 5 KOHCTPYK-
uueil Kk Mepbl. OcHoBHble 1 p MeTpsl BIIK npusenens B T 611.4.

s W3MepeHus] UMIYIbCOB Y CTUIl W BeluuuHbl dE/dx UCIONB3yOTCS
7-p 3panubie 1 p sutensHble AL, ToyHOCTh ompeneneHus BEpLIMHBI P CIT I
mo ocu z p BH 800 MKM ¥ 110 ocu x — | MM (H TIp BJIeHHE Iy4K ).

BIIK s skcnepument CDF. Crienyer T xxe ormeruts BITK, ucronb3ye-
myio B akcriepuMenTe CDF [32], koTop 4 dBigercd OOHUM U3 OCHOBHBIX TPEKO-
BbIX JETEKTOPOB JUII BKCHEPUMEHTOB H KoJul inepe B JI 60p Topun um.depmu
(CDF — Collider Detector at Fermilab). KoHCTpYKTHBHO BpeMSIpPOEKLHOHH
K Mep COCTOUT u3 BOochbMHU ciBoeHHbIX BIIK (Momysneit), oKpyX IOIIUX HOHO-
npoBof (puc.16) U COABUHYTBHIX APYr OTHOCUTENIbHO Apyr H 11,3°. K xnsiil u3
MOAyJIeil UMeeT LIEHTP JIbHYI0 CeTKY, H XOISIIYIOCS IOJ BBICOKUM IOTEHIM JIOM
U p 3IeNdI0IyI0 K Mepy H 1B JApeiioBbIX MPOMEXYTK JUIMHOU 15,25 cM K X-
neiii. IIpu ckopoctu npeiip 46 MKM/HC M KCHM JIbHOE BpeMs Apeid cocT B-
Jger 3,5 MKC M XOpOIIO COIJl CyeTCs C BpPeMeHeM BCTpeuM Iy4KoB 3,5 MKC.
DJeKTPOHBI APENyIOT OT LEHTP CETKH, MIPOXOAAT Yepe3 K TOAHBIE 3JIEKTPOJbI
unon A o1t H nposonoku MIIK. Topuessie 4yBCTBUTENBHbIE INIOCKOCTH P 3/1€-
JIeHBl H OKT HTBI, K XIbIi M3 KOTOPHIX COCTOUT W3 IIPOBOJIOYEK H IIBJ0B.
B T 6151.2 npuBenensl ocHoBHbIe 11 p MeTpbl BITK.

OcHoBHBIE (PYHKLIMHU, BBIIOJHSIEMbIE BEPIIMHHON BpeMANpPOEKIMOHHOW K -
MEPOH, 3 KJII0Y IOTCS B CIEAYIOLLEM.

1) H xoxneHue KOOpPAUH Thl Z-BEPIIUHBI P CI J .

2) Bocer HOBIeHHE TOIOJOTHI BCeX COOBITUI B IMpeieN X MOJSPHOrO YIJI
3,5° <y<176,5°.
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5 Puc.16. O6wmwmii Bux BIIK CDF:
7 1 — MUKpPOIOJIOCKHU U1l YTEHUS
CHUTH JIOB; 2 — YIVIEPOJH 4 BOJIO-

\ 8

N KOHH § MpOKI IK ; 3 — p -

& I4 JIBH 9 KpbIIK ; 4 — LEHT-
A JIbH 51 BBICOKOBOJIBTH § CETK ;

ﬁ?\\\ b

~ ’/
1 ’ \ \\§ 9 5 — 4yBCTBHUTENBHBIC TPOBOJIOY-

‘

KH; 6 — KOHT KTBI JUISl YTEHHS
‘ CHUIH JIOB; 7 — K TOJHBIE MUKPO-
HIOJIOCKH; 8 — YIJIEpOAHBIE BO-
10 JIOKH ; 9 — BHYTPEHH:I4 110JIeB
\ KJIeTK ; /0 — K TOjHBIE MUKPO-
\ MOJOCKH; /] — BHEWIHAS IoJIe-
B d KJIeTK ; /2 — pe3lCTHBHBII
JIEJTTEITh

3) Bocct HOBIeHHE TPEKOB B COOBITUSX C OOJIBIION MHOXECTBEHHOCTHIO.

4) [JeTeKTHpPOB HHE 3 PSKEHHBIX 4 CTHIL BOJU3M BEpPIUIUHBI B3 MMOAEHCTBUS,
IJle COAEPXKUTCI M JIoe KOJIMYECTBO BELIECTB .

5) Peructp uust TpekoB B au 1 30He yrioB 10° < 0 < 30°. B »10ii yrioBoii
o611 ctu 1 HHble, 1oayy emble oT BIIK u meHTp JbHOro HeTeKTop , UCIOJb3Y-
10TCA K K JUIS1 PerUCTP LMK TPEKOB, T K U [ U3MEPEHHUs] UMITYJIbCOB.

6) Uudopm 1ud, nomyy em 4 ot nposonok MIIK, ucnons3yercs B miockoc-
TH rZ U TIepeJHero K JOpUMeTp U T.1.

5. IPUMEHEHUE KAMEP THUIIA <«IKET»

BIIK umeloT 1B CYLIECTBEHHBIX HEJOCT TK : OTHOCHUTEJIBHO M JI0€ OBICTpO-
JeiicTBUe, OIpenesseMoe BpeMeHeM apeid , U TPYIHOCTH HAEGHTHU(UK IHH
cOOBITHI B O0JI CTH, Ilie UMEeT MeCTO OOJIBII s IUIOTHOCTh TPEKOB. DTHX HEIO-
CT TKOB JIMILEHbI OoJiee CJIOXHbIE AETEKTOPHl — IKET-K Mepbl (MHUKPOBEPIINH-
Hble JETEKTOpPbI), KOTOpble OOBIYHO P CHOJ T I0TCS HENOCPEACTBEHHO OKOJIO
noHonpoBoy . Hepenko oHM ele H 3bIB I0TCS BHYTPEHHUMHU ApeipoBbIMU K Me-
P MH, IOCKOJIBKY p crion T totcs BHyTpu BIIK. O630p [33] mocBsineH uctopuu
P 3BUTHS JXeT-K Mep U 0oJjiee COBEPLICHHBIX TPEXMEPHBIX T 30BBIX JIETEK-
TOPOB — BEKTOPHBIX JeTekTopoB. X mpotorunom gsnsgercd perektop MARK I,
COCTOSIIIMI U3 YEThIpeX LIIUHIPUYECKUX UCKPOBBIX K Mep. C MOMOLIBI0 T KOTO
JeTeKTop OBbLT 3 perucTpupoB H p ci g ' — L|JT[+T[_ (puc.17, ). I npHeummii
POCT 9HEpPruil U CTUL, UX MMIIYJIbCOB U MHOXECTBEHHOCTH U3y4 €MBIX COOBITHH
CTUMYJIMPOB JI COBEPILIEHCTBOB HHE TPEXKOOPIUH THHIX I' 30BBIX JAETEKTOPOB.
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Puc.17. )P cu g @' — WIT'TT, 3 perucTpUpoOB HHBIA C TIOMOIIBIO YETHIPEX KOH-
LIEHTPUYECKHX MCKPOBBIX K Mep (nerektop MARK I). 6) CoGbitue ete™ —  apoHsl,
3 perucTpupoB HHoe ¢ nomoiusio gerekrop TASSO, comepx mero 2430 ppeii-
toBbIX siueeK. ¢) TunuuHoOe coObITHE, 3 PETHCTPUPOB HHOE C IIOMOLBIO JETEKTOP
mxer-k Mepsl JADE

H merwniuch nBe TEHIEHLWH, KOTOpPble ObUIM pe JIM30B HbI B MOCIEAYIOIIUX
p 3p 60tk X. B ycr HoBke MARK II sereKTop COCTOMT U3 YeThIpeX KOHIICHT-
PUYECKHMX CIIOE€B, K XJAbI M3 KOTOPBIX 3 IOJHEH MHOXECTBOM He€3 BHUCHMBIX
npeiioBbix gueek. [TosSBUI Cb BO3MOXHOCTh C BBICOKOH TOYHOCTBIO U3MEPSThH
TPU KOOPAUH THI B MPOCTP HCTBE: Z, r U @ (puc.17,6). DT METONUK MOIYyYHII
IIMPOKOE MPUMEHEHHUE U B APYrux crexrpoMerp X. H mpumep, netexrop B yCT -
HoBke TASSO [34] conepxur 15 crnoes (2430 siueex) ¢ jpeiihoBbIM MPOMEXKYT-
KoM 16 mMm. Bonee cosepiiennsiit Tun gerekrop JADE, nonyuusuuii H 38 Hue
«00p 3HOI» (pictorial) k mepsl [35], umeer jiuHy 2,4 M, BHEUIHWHA TU METP
1,6 M u BHyTpeHHuii 1u metp 0,4 M. Ecu p ccM TpUB Th BAOJIb OKPYKHOCTH,
TO 00beM K Mepbl p 31elleH H 24 He3 BHUCUMbBIX MoIy/sl. B cBow ouepenb, K X-
OB MOIYJb, €CIU P CCM TPUB Thb B P AU JBHOM H Ip BJIEHHM, COCTOUT W3
YeTplpeXx IpeihoBhIX sdueeK, Mo 16 HOAHBIX MPOBOIOYEK B K Xa0i dyeiike. He-
OIPENIeTIEHHOCTb TUIl «CJIEB -CIIP B » P 3pell eTcd IyTeM COBUI H HECKOJIbKO
COT MUKPOH YYBCTBHUTEJIBHBIX MPOBOJIOYEK IPYr OTHOCHTEIBHO IPYT . BhICOK £
IUVIOTHOCTh YYBCTBUTEJIBHBIX TOYEK B 0ObeMe K Mepbl 00ecleuuB eT pPeKOHCT-
PYKLMIO COOBITUH C ele OosblIeii MHOXeCcTBEeHHOCThIO (puc.17,6).



1524 HHUKHUTIOK H.M.

CiielyeT OTMETHTH, YTO KOHLENIUS «OOp 3HBIX» K MEp IOJYYHSI BECHM
IIMPOKOE P CHPOCTP HEHHE M CTUMYJIHMPOB J  p 3p 60TKy 3¢ eKTHBHOIM
PETUCTPUPYIOLIEH 3JIeKTPOHHON MI p Typhl U METOIUKY CIELU JH3MPOB HHBIX
npoueccopoB. brIcTponeiicTBUE 3TOro KJI CC  TPEXKOOPAUH THBIX T 30BBIX
JIEeTeKTOPOB H TOpsaoK Gosiee Boicokoe 1o cp BHenuio ¢ BIIK. Ck 3 HHoOe Oy-
JeT IPOWIJIIOCTPUPOB HO H KOHKPETHBIX mpumep X. Huxe 1 erca T Kxe Kp T-
KO€ ONKMC HUEe KOHCTPYKUMH H nOOJjiee W3BECTHBIX MHKPOBEPIIMHHBIX JXET-
JIeTEKTOPOB.

MuxkposepmmmHH 1 K Mep TOPAZ [34]. Vet HOBK uMeeT 4TE-reoMeTpuIo
U p 3p 60T H A JIETEKTHPOB HUS 3 PSKEHHBIX W HEUTP JIBHBIX Y CTHUIL H
yckoputene TRISTAN (Anonums). On  cocroutr u3z BIIK, BpemarnponeTHbIX
CUETYUKOB U BHYTPEHHEH HXEeT-K MepHhI.

MUKpOBEpIIMHH 5 K Mep , UCIOoib3yeM 5 B ycT HOBKe TOPAZ, BrinONHAET
crenyroue (PyHKIMU: BbIp OOTK OBICTPBIX TPUITEPHBIX CHUIH JIOB U HpeLu-
3MOHHOE M3MEpeHHe MO3UIMHA TPEeKOB B r(p- U rZ-IUIOCKOCTAX. I JOCTHUXEHUS
9TUX ULelled MPUMEHEHbl CIeld JIbHble KOHCTPYKTHBHBIE p 3p 6orku. B 4 cr-
HOCTH, K Mep coaepxut 10 cioes, 3 MONHEHBIX ApeiioBbIMU dueliKk Mu. B 3u-
MyT JIBHOM H 0P BI€HMM 4 BHYTPEHHUX CIOS, T K Xe, K K U 6 OCT JBHBIX
BHEIHUX CJIOEB, colepxX T mo 128 npeiicoBbix sueek. 1 TOYHOTO M3MEPEHUs
Z-KOOpJUH Thl BBEIEHbI 8 3HUI3 rooOp 3HBIX JIMHHI 3 JEPXKKHU LUJIUHAPUYECKOI
topmel. st a¢pheKTUBHOTO OTOOP TPEKOB C IMOMOIIBIO CIIEU JIM3UPOB HHBIX
IIPOLIECCOPOB MOUCK BEETCS He3 BUCHUMO B IUTOCKOCTIX r@u rz. H puc.18 npu-
BeeH OJIOK-CXeM 3JIeKTPOHHOUM cuctembl. [Ipenycuiurenu, BhIIOJTHEHHBIE 1O
ruOpuIHON TexHosoruu ¢ Koaduunuenrom ycuiienus 200 uis  HOAHBIX JTMHHMA
u 700 miga nUHUNA 3 OepXeK p CHOJM T I0TCS HENOCPEACTBEHHO H JIeTeKTope.
C moMouIp0 CKPy4eHHBIX 11 P MPOBOAOB JJIHUHONW 25 M CUTH JIBI Tepes I0Tcd H
BXOJIbl TUCKPUMHH TOPOB, BBIXOABI KO-
TOPBIX BBIIOJHAIOT T KXe€ (PyHKIUHU
P 3BETBUTENIEH JIOTMYECKUX CHUTH JIOB C
ypoHsamu TTJI u ECL. Cura b1, nosy-
Y eMble OT TXKET-K Mepbl, IPeXe BCero
UCIIOJNB3YIOTCS ISl BBIP OOTKU HUMITY/Ib-
C TIIpeaB PUTENBHOTO 3 MYCK CIEeKTpPO-
metp . C yueToM TOro, 4YTO BpeMm:
BCTpEYM IIy4dKOB H YCKOpHUTese, TIe
H XOIUTCI J HH S YCT HOBK , P BHO

2,5 MKc, pelll Iolee YCTPOUCTBO JOJIKHO
re rz ’ ’
BAK Mpoueccop| [[Ipoueccop BAK
C6poc
Pemaronree Puc.18. brnok-cxeM a1eKTPOHHOH cUCTEMBI
yerp OI/I;;E;CK nxer-K Mepsl TOPAZ: IP — nuckpuMuH -
L KAMAK — ®ACTBAC —I TOphI-p 3MHOXUTeNH, BAK — Bpemst MIuim-

TYAHBIE KOHBEPTOPBI
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3

Puc.19. Crpykryp <4eek, UCIIOJb3yeMbIX Ul IOMCK Tpe-
KOB B IUIOCKOCTH 7 S, — CEKTOphl aerektop , JI3 —

JuHUM 3 pepxku, 1I3Y — mporp mMMmupyemoe 3 MoMHH 1o-

uiee yCTpOUCTBO

\ 52\ s \ 50
.—,6\5A -I-I,-,
e-s2;
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UMEeTbh MepTBOE BpeMsi He Oosiee 2 MKC. [Jisi JOCTUXEHUS T KOro OBICTpOIEHCT-
BHSL UCIIOJIB3YIOTCS K K OCOOEHHOCTH T€OMETPHH M KOHCTPYKLIMU K MEpbI, T K U

T OJIUYHBIE METO/bI PCIICHUA.

H puc.19 npusegeH cTpykTyp

HOIHBIX fd4eeK, MpeaH 3H YeHH S Juid
MOMCK TPEKOB B IUIOCKOCTH r(@. CUTH JIbl COBIl AEHUS OT JIByX COCEJHHX CJIOEB
UCIIONB3YIOTCA Ui moJiydeHus umnymnbcoB T1 + T15. fdueiiku, H Xoudiiuecs B
COOTBETCTBYIOIIUX CJIOSX, IPYHIMPYIOTCS 110 3UMYTY, 00p 3yd 64 cekrtop . Ilo-
K 3 HHBII H puc.19 onuH u3 ceKTopoB cocTouT u3 4-3-2-3-2 queex. B nporp M-
MHUpYEMOW I MSTU IpEeNB PUTEIbHO 3 NHCHIB I0TCSI 00p 3bI H MOOJEee BEeposiT-
HBIX TPEKOB, U [0 Mepe COBIl JEHHUS C 3 PETUCTPUPOB HHBIMH TPEK MU 4Yepes
150 Hc BbIp 6 THIB ercsl curH Ji coBIl jeHus. OOp 31bl TP €KTOpHi, 3 IHC H-
HbIE B I MITH, B CJIyd € HEOOXOAMMOCTH MOTYT MEHSTHCH.
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Puc.20. ITogcHeHre METON TOUCK TPEKOB B IVIOCKOCTH 7Z: ) T KTOBBIE UMITYJIBCHI, HC-
THOJIb3yeMBIE JUTS CABUT JI HHBIX OT JIMHUH 3 JepXKeK B CIBUIOBbIE PETUCTPEI; IO ocu ¥ —
Y CTOTBI CABUT ; 6) yCTPOHCTBO misd nmouck Tpekos: IT — mp BbIi, J1 — nesoiit, TH —
T KTOBble UMITynbchl, RG — peructp cugur , MCC — M XOpHUT pH S CXEM COBIl JEHMI

MeTon MOUCK TPEKOB B INIOCKOCTH rZ MOSICHAETCS ¢ romolnpio puc.20, ,6.
JIuHUU 3 JEpXKKU H XOAITCS B 8§ p U JIbHBIX CJIOSX, U IO 3UMYTY OHU P 3ie-
JieHbl H 32 CerMeHT , K XJIblii U3 KOTOPhIX UMEET CBOM TPEKOBBIM Ipoleccop.
OCHOBY JIOTHYECKO CXeMbI Ipoueccop cocT BT Moayinun BAK, M xoput p-
Hble cxeMbl coBl JieHuii MCC u cABUTOBBIE PETHCTPBHI.

P ccmorpum kp TKO p 6oty mpoueccop . [lepBblii 10 BpeMeHH CUTH JI, T10-
CTYN IOUIMA OT OJHOTO W3 KOHLIOB JIMHUU 3 JIEPXKKH, 3 MYCK €T FeHep TOp I YeK
umnynscos I'TIYHM. ITyrem u3mepeHuss BpeMEHHU IIPUXOL CHUTH JI MOXHO Y3H Tb,
1O K KYIO CTOPOHY — IIp BYIO WJIU JIEBYIO OT TOYKU B3 MMOJAEHUCTBUS Iy4KOB —
H xoautcs TpeK. CHIH JIbl OT JPYroro KOHII JIMHUU 3 AEPXKH 3 MUCHIB I0TCS B
CIBUTOBBIIl PErUCTp, IIPUYEM U CTOT CJABUI NepeMeHH s (OH 3 BUCHT OT II0JIO-
XeHud nuHuu 3 aepxkku). ITocrme 3 mucu Bcex curH noB ¢ nomoupio MCC

H JIM3UpyeTcs KOJIMYECTBO EJUHHUL, 3 PErMCTPUPOB HHBIX B P JW JILHOM H -
Ip BIEHUH U, €CJIM T BEJIMYUH P BH NPEAB PUTEIbHO YCT HOBJIEHHOMY 3H -
YEHUIO, BbIp O THIB €TCs CUTH J1. BpeMs NmouCK TpeK B IUIOCKOCTH 7Z CKJI JIbl-
B €TCSl M3 CIJIGAYIOIIMX BEJIMYUH: M KCUM JIbHOE BpeMs JApeid DJIeKTPOHOB
(250 Hc), BpeMs p CIIPOCTp HEHMS CUTH J1 B IOJIOBUHE JJIUHBI JIMHUM 3 JEPXKKHU
(260 HC), 3 mepxk B K Oemsx (130 He), 3 gepXK B auckpuMuH Top X (50 HC),
BpeMs peuieHHs Tpekosoro npoueccop (750 He) u 3 nepxkk B MCC (60 HC).

CoBIl JieHHE CUTH JIOB, BBIp O TBHIB €MbIX B 000MX TPEKOBBIX IPOLECCOD X,
HEoOXO0AMMO ISl 3 HeceHus] MH(GOPM LMH, HOCTYyI foweit ot monyrneir BAK H
peul 0Ly CUCTEMY BTOPOIO YPOBHS, Ill€ IPOUMCXOOUT IIOMCK BEPILUMH B3 UMO-
neiictus. [Ipu aToM ncnosbp3yeTcd T KXe uHGopM Lus, noctyn oul g o BITK
U CHUCTEMBbI BPEMSIIPOJIETHBIX CYETYMKOB, CIeayloumM obp 3oMm [37].
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Puc.21. Curn Jipl, 1ocTymnu 1omue ot Puc.22. Jlornueck s LENOYK , HC-
nposonouek  MIIK  Bpemsmnpoek- I0JIb3yeM 1 JUId «IPOTSXKKH» TPeK
oHHOI K Mepsl. UII — uoHonpo-
Boj; W1 + W6 K H Jibl peructp 1uu
200
A il
S i el
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W1:6 6ur~600 <
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W2:8 6ur~800 T
Hpeﬁ(b PCK
Puc.23. Cxem omnpeneneHust Koop- -~ tﬁ—
JUH Thl IEpBUYHOIO B3 MMOjeIicT-
Busi. MI1 — noHomnposon 1240

[IponopuuoH 7bH 4 K Mep , p crnojioxeHH 4 H Ttopue BIIK, p 3genen H
8 cexTopoB 1mo 176 4yBCTBUTENBHBIX NPOBOJIOYEK B K XIOM cekrtope. [Ipuuem
K XJbIi CEKTOp MMeeT COOCTBEHHBI TPeKOBBIH mporeccop. Te 88 mpoBosouex
u3 176, KoTopble H XO#ATCS OJIMXe K IMYYKY, UCIOJIB3YIOTCS Il peKOHCTPYKIMU
TpekoB. C LieJpl0 YBEIMUEHHUS MOMEXOYCTOMYMBOCTU C IOMOIIBIO 3JIEMEHTOB
«WJIN» onu o6benuueHsl B 11 rpynm, H BBIXOA X KOTOPBIX B CIIYY € IPOXOXK-
neHust Tpek opmupyiorcst curd Jel W1 + W11 (puc.21), KkoTopsie MOCTYI 0T
H Jiornyeckyro uenouky (puc.22). ITocKoJbKy CUTH JIbl MOCTYI IOT B P 3HbIE
MOMEHTbHI BpEMEHH, TO JUIsl MOJIydeHHsl COBII JIEHHS OHM COOTBETCTBYIOIIUM 00p -
30M 3 JepxXuB 1oTcsl. HeTpynHo 3 MeTuthb, 4To curd J1 H Bbixojae RW1 mossutcst
B TOM CJIy4 €, €CJid OJIHOBPEMEHHO IMOSIBATCSA CUTH JIbl H BXol X RWI1 u RW2.
JpyrumMu CJIOB MM, CXeM , M300p XeHH S H puc.22, BOCCT H BJUB €T TPeK
4 cTulbl. 17151 3TOro IOCT TOYHO OTMETHUTH JiBe BpeMeHHble TOUKM RW1 u RW6.
[Tpu »TOM Tpennos r ercs, YTo TPEKU UMEIOT M JIyl0 KpUBHU3HY.
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ITocne H XOXAEHUS TPEKOB B APYroM IPOLIECCOPE H XOIITCS KOOPIUH ThI
BepwHbBl p ci A  (puc.23). OCHOBY BEpLIMHHOIO HPOIECCOP COCT BIISIOT
CIBUTOBBIE PETUCTPBI, B KOTOPBIX 3 MOMUH I0TCA BPEeMEHHbIE OTMETKU, COOTBET-
CTBYIOLLIME H WJEHHOMY TPEKY, U MOJyYeHHbIe T KUM CHOCOOOM J HHbIE C yue-
TOM IOIP BOYHBIX KO2(P(PUIUEHTOB Cp BHUB I0TCS C M CK MH, 00p 3bI KOTOPBIX
Xp HSITCS B MOAYJIE I MATH eMKOCThI0 256 K6 #iT. TOUHOCTb perucTp IUu KOOp-
IUH Thl BepIIUHBI p ¢ O cocT BasgeT 10 cM, Bpemd p cuer 30 MKc.

Jxer-K Mep B ycr HoBKe OPAL [36—39]. CoBMeCTHO C TPEKOBBIM IPO-
LIECCOPOM MHKPOBEPIIMHH 5 K Mep IPUMEHSETCS, H MpUMep, I H XOXAESHUS
NEepBUYHON BepwIuHbl p cil A B crnekTpomerpe OPAL u mng uneHTUUK LUU
4 ctull. [ BoIp OOTKM TPUITEP HCIONb3yeTcss UHGOPM LUSl O T KUX (PU3H-
yeckux mpouecc X, K K 1) e'e’, 2) gg, 3) W, 4) U1, 5) W, 6) ee ¢g'qg u
7) p 3n1uuHble ®K30THYecKue coObiTHa. CoObiTHs 1—3 gerekTHpyIOTCS C
MOMOILBIO K JIOPUMETP U MO3TOMY HEIOCPEACTBEHHO HCIOJB3YIOTCS AJIS BBIP -
60TkH Tpurrep . UTo K ¢ eTcs COOBITUH 4—7, TO OHU BBIACIISAIOT M JIO SHEPIHH,
U U1l UX JETEeKTHUPOB HUSl M PEKOHCTPYKLHUH TpeOyeTcsl Cliey JM3UPOB HHbIIA
npoleccop ¢ BpeMeHeM pellenus He Oosnee 22 MKC (Iiepuoj BcTpeun 6 HYeid).

BepiuiuHHbIN JETEKTOP COCTOUT M3 M JIOW BBICOKOIPEU3UOHHOM Jipeiido-
BOU K Mepbl, HEIIOCPEACTBEHHO IPUMBIK IOLIEH K MOHOIIPOBOLY U BTOPOU AXET-
K Mepbl, KOTOp 4, B CBOI0O Ouepelb, OKPYX €T M Jylo K Mmepy (puc.24). M 1 g
K Mep wumeer au metp 47 cM, muHy 100 cM M H XOOUTCA B M THHUTHOM II0JIe
0,4 Tn. K X1 9 K Mep B H Ip BJIEHHUH r@ umeeT no 36 g4yeex, CTPYKTyp KOTO-
pBIX MpUBEJEH H pHcC.25.

K K BUIHO U3 pPUCYHK , OpeiioB g sduellk BHYTPEHHEIl K Mepbl MOKPHIB €T
10° B H mp BIEHUU (P-KOOPAUH THI U CONEPXKUT MO 12 UyBCTBUTENBHBIX HOJIHBIX
npoBoJiok ¢ p auyc Mu 103 + 162 mM. BHemHue xonpll crepeosdeek, p CIO-
JIOXXEHHBIX O]l YIJIOM 5° K OCH Z, UMEIOT 10 IIeCTh T KMX IPOBOJIOK C P AUYC -
mu 188 + 213 mm. B nenom umeercd 648 4yBCTBUTETBHBIX MPOBOJOK. MUKpO-
BEpUIMHH g K Mep p 00T er noa
I BaieHueM 4 6 p C T 30BOi
CMECBIO U3 PIOH , MET H U U30-
O6yr H B oTHoweHuu 89 : 8 : 3,
uMeeT CKOpocCTh Jpeiid 45, r 30-

BO€ yCUJIEHHE 10° 1 M KcuM Jib-

I
5i JETEKTOp

Puc.24. Cxem Thyeckoe H300p Xe-
Hue pxer-k Mep OPAL B mockoctn
r@ I — M 11 9 IXeT-K Mep (MHKpO-
BEPLUMHHBIN JIETEKTOP); 2 — BTOp o
JIKET-K Mep ; BHEIIHHE JpeiicoBble
K Mepbl
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aKc. SuciKa

Puc.25. I'eomerpus onHOI KCH JIBHOM M ONHOM cTepeosdeiiKu
mxer-k Mepsl OPAL

HbI1 apeiidoBelii mpomexyrok 20 MM. OH 0oOecIiednB €T TOYHOCTh PETUCTp LIHU
KOOpJIMH T Y CTHLl B IUIOCKOCTH 7Y, OIpENesieMbIX C MOMOILBIO BpeMs MILIHU-
TYOHBIX TpeoOp 30B Tesiel, nopsak 50 MKM U 110 OocH Z 3 cM. DT KOOpIMH T

OIpeaessIeTCsl MyTeM BBIUUCICHHS P 3HUIBI BO BPEMEHHM IPUXOJ CHUTH JIOB H

KOHIIbI [TPOBOJIOKH.

Bonbin 51 gxer-Kk Mep wuMeeT JJMHY 4 M U p 31eleH H 24 cekTop 1o

sumyty (). K Xapiii cektop comepXur mo 159 KCH JIbHBIX 4yBCTBUTEIbHBIX
npoBosiok. Huxe Oymer p CCMOTpeHO, K KM 0Op 30M OCOOEHHOCTH JIKET-
K Mep MHCIIOb3YyITCd A MOCTPOeHMS 3(P(eKTHBHOIO TPEKOBOIO IPOLIECCOp

[41]. K k oK 3 5loch, H HOOJIEe MPOCTO TPEKH, UCXOJIIINE U3 BEPIIMHBI B3 HMO-
JEUCTBUSI, MLIYTCS B IUNIOCKOCTH 1Z.
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— Iy 7 Puc.26. Meron BoCCT HOBIIEHUS
= F—F —7/ KOOPIMH Tbl BEPLIMHBI P CH ]I
= —H ]
/ B BeplIMHHOM jieTekTope OPAL
/) B 11ockocty rz: K — npeiigo-
= 1 —7 B s K Mep ; BK — mukposep-
1 / JIK WHMHH 8 K Mep ; Z — TOuK
/ .
d / B3 UMOJEHCTBHUS
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Puc.27. 3 Bucumocts dE /dx ot
UMITYJIbCOB 4 CTHIL

dE/dx, koB/cM

p, I'sB/c

ITpuHLMI AeficTBUS mpoLeccop MOosICHIeTCs ¢ moMolsio puc.26. Ecnu Tpex
UCXOIOUT U3 BEPLUMHBI B3 UMOJEUCTBUS, TO UL BCEX CIIOEB K MEPBl OTHOLLEHUE
Z/F OCT eTcs NMOCTOSHHOW BeJMYMHOU. [Ipr ®TOM TpeKu H XOAsTCH IO MUKY H

KOTOp S BBIYUCISETCS C IOMOLIBI0 OBICTPOrO IPOLECCOp .

TUCTOTP MME,
BCEU YCT HOBKU U IJIEKT-

B [39—41] mer npHO ONMUC H TPUITEPH S CUCTEM
POHH $ CHCTEM CYMTHIB HUSl U peructp 1mu. B [41] npuBeneno onuc Hue Golee
COBEpILIEHHOI0 TPEKOBOIO MPOLECCOpP , B KOTOPOM H Psily C THCTOTP MMHUPOB -
HHEM HCIIOJIb3yeTCs CUCTOIMYECKHUI Mpoleccop U MeTo Tp HcGopM MU Iepe-
MEHHBIX, OCHOB HHbIi H TMpeobp 308 Huu ['od . B [42] npuBeneH mnpouenyp

K JUOPOBKH, HCIIOJIb3YeM S Ul U3MEPEHUs OTeph dHepruu u crtul. [lomydyeHo
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p 3peweHne 3—4%, 103BoJISIOIEEe HWACHTU(ULUPOB Th Y CTHUIBI, COIPOBOX-

0
I 1omue cobwiTid ¢ Z ~-p cn oM ¢ uMnyiascoM go 20 I@B/c. H puc.27 npuse-
JeHbl KpPUBbIE IOTEPh DHEPIUU B MYJITU JPOHHBIX M B JUMIOOHHBIX COOBITHUSX B
3 BUCHUMOCTH OT MMITY/IbCOB Y CTHII.

MukpoBepminHHBIN AeTeKTOp Aad 3KcmepumeHT UAL. [ u3BecTHOro
skcnepument UA1 6bu1 p 3p 60T H NpPEeUU3UOHH 1 JXeT-K Mep , p Oouee
Il BJICHHE I' 3 B KOTOPOl p BHO 3 TM U p 3pelll IOl 51 CIIOCOOHOCTH JIJISl OJTHOM
npoBosioku p BH 50 MkM. M joe p ccrosgaue (1,58 MM) Mexay 4yBCTBUTENb-
HOW W NOTEHLHU JIbHOW IPOBOJIOK MM 00ecIeduB eT BhIOOPKY 10 16 KOOpAuH T
H JyidHe 5 cM BOOib p auyc [43]. OOmge m p MeTphl JXET-K Mepbl IPUBEICHBI
BT 01.6. [To 3umyry Kk Mep p 3meneH H 16 syeek. K X1 ¢ duelik comepxKuT
1o 16 YyyBCTBUTENBHBIX MTPOBOJIOK, MEXIY KOTOPBIMU P CIIOJI T IOTCS MPOBOJIOKH,
CO3[ IolLUe 3IEKTPUUECKOE I0JIe, IPUYEM UyBCTBUTEIbHbIE POBOJOKH CIBHHY-
Thl OTHOCUTEJIBHO TOCHeHUX H 100 MKM, 4TO MO3BOJISIET P 3pell Th Heompee-
JIEHHOCTh THUIl  «CJIEB -COpP B ». M KCHUM JIbHBIH JpeiihoBBIll NPOMEXYTOK
p BeH 16 MM, uro obecrieyuB €T Xopollee p 3pelieHre TpekoB. B 1985 r. B
TeUeHHe TpeX Helesb JETeKTOp CT OWIbHO p OOT J1 H IyuyKe KOJLT ijep .

Jxer-K Mep auaa 3KcnepumeHT UA2. JletekTop HpejacT BiseT coboii
UWJIMHIPUYECKYIO OpeidoByI0 K Mepy, KOTOp Sl p CIOJ T eTcs OJU3KO K MOHO-
IIPOBOJY, Iie H XOJUTCS BHYTPEHHHI MOJIYIPOBOAHUKOBBIM BEPLIMHHBIN JeTeK-
top. OH mnpenH 3H 4eH s akcnepumeHT UA2 [44] u MO3BOJSIET U3MEPSITH C
BBICOKOM TOYHOCTBIO TPEKH 4 CTHII BOJIM3U MOHOIIPOBOJ , Ie UMEIOT MECTO P C-
I Jbl KOPOTKOXUBYIMX 4 ctul. K mMep ycremno p 6ot er ¢ 1987 r. B CERN.

H puc.28 npusenen reomMeTpusi OJHOTO
cekTop K Mepbl. K mMep comepxur 16 T Kux
ceKTopoB. B T 6.5 mpuBeneHbl OCHOBHBIE 11 -
P METpBI JETEKTOp .

C wuenb0 p 3pelieHUs HeolpeaeeHHOC- -
Ted TUN  «CJEB -CIP B » COCEJHUE YYBCT- %

L]
BUTEJIbHBIE IPOBOJIOKHU, P CCTOSHHE MEXIy e
KOTOpPIMH p BHO 6,44 MM, CIBHUHYTBI Jpyr *
OoTHOCHUTENIbHO Apyr H * 200 Mmxm. H puc.29 'o.
NOK 3 HO JBYXTPEKOBOE COOBITHE, BOCCT HOB- c
JIEHHOE C IIOMOINbBI0 BPEMANPOSIETHON 3JIEKT- ':
°
L
[ ]
[ ]
L]
L
L]
L
[ ]
*
L
[
[ ]

POHHOI CHUCTEMBI H OCHOBE H3MEpEHHUs Bpe-
MeHH Jpeiid amekTpoHoB. OnudpoBK cUrH -

Puc. 28. I'eomerpus OXHOrO CEKTOp IKET-K MEPHI
UA2: ] — K Mep ; 2 — IpoBoNIoOuKH, hopmMupyromue

1ose; 3 — 3 IIUTHbIE IPOBOJIOYKHU; 4 — YYBCTBUTEIb- Paatddl g
Hble NPOBOJIOYKH; 5 — OepwuineB s TPyOK ; 6 — 6/;_@\;/

HOHprOBOHHHKOBbIﬁ MHKpOBepLHHHHbIﬁ HETEKTOP
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T 6mmy 5. I1 p merpsl 1xkeT-K Mepbl UA2
UyBCTBUTENbH ¢ [VIUH , MM 1000
BHyTtpennwmii p auyc, MM 34
BHemmnmii p nuyc, MM 128,5
BHyTpeHHMIi YyBCTBUTETIBHBINA P AUYC, MM 40
BHemHmii yyBCTBUTEIBHBIN P AUYC, MM 123,8
Yucino cexTopos 16
Yucino npoBoJIoK B CEKTOpe 13
I r npoBosioOK, MM 6,44
CuBuTr MIPOBOJIOK, MM 0,2
CwMmech T 30B proH (60%) + a1 H (40%)
II BiieHUe, T™ 1
CkopocTb apeii , MKM/HC 51,8 0,3
DrexkTpuyeckoe 1noje, kB/cm - 1,05

UA2’ 1:5220 t:383663
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Bpems npeiica

JIOB  BBIIOJHSJI Cb C  ITOMOIIBIO
n p yuenbHbix ALIL. Bugxo, uro
Il XK€ B TOM CJIyd €, KOTIl HMIIYJIbChI
MepeKpbIB OTCSA, p AU JbH S KOOp-
JUH T Y CTULIBI  ONpeessercs
BIIOJIHE TOYHO. M KCUM JIbHOE Bpe-

ma apeiip 500 He.

MuKpoOBepIIMHHBIA  AETEKTOP
Mark II [45,46]. JerekTop co3n H
IUIl PEerucTp LIMU U HUCCIIEIOB HHS
ZO—p CH OB MYyTeM HICHTU(UK -
LUH TSKEJIbIX IIBETHBIX KB PKOB, H3-
MEpeHUs] BPEMEHHU XHU3HU TSIKEIbIX
KB PKOB U JIENITOHOB H JINHEHHOM
yckopurenie B Crengopne (SLAC).
OCHOBH s NpobJieM MpU CO3[ HUU
JEeTeKTOp 3 KJII0Y JI Cb B IOJyYe-
HUM BBICOKOTO MPOCTP HCTBEHHOIO
p 3peweHusd nopsak 30 MKM M XO-
poLIero p 3peleHus AByX TPEeKOB —

Puc.29. Ilpumep ucCHONB30B HUS [KET-
K Mepbl Il PEKOHCTPYKLIMU TPeKoB. P c-
CTOSHUE MEXIY LIEHTP MM «TSXKECTH» OT
P cHpenelneHus UMITyIbCOB P BHO 4 MM
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He MeHee 1000 MxMm. [Ins pemieHus: 3TUX MpoOieM, H Psijly € CO31 HHEM KOHCT-
PYKLMH K Mepbl U Apeil(oBbIX Y€K C BBICOKOW TOYHOCTHIO, OOJIBLIOE BHUM -
HHE YIeNeHO KOHTPONI0 3 [ BJGHHEM BHYTPH K MEpbl U TeMIlep Typoil.
AKXTUBH 51 0071 CTh AETEKTOp HMeeT JUIMHY 55 ¢cM u oT 5 10 17 ¢cM B p au Jib-
HOM H mp BieHud. OO6beM K Mepbl p 31eieH H 10 jxer-syeek, KOTOpble H -
KJIOHEHBl B P IO JbHOM H TP BIE€HHH. DT OCOOCHHOCTh TEOMETPHHU SueeK
o0jierdy et p 3pelieHHue HEeONPEeNeIeHHOCTH THII «CIp B -CIIeB », 00jerdy er
U3MepeHue CKOpOCTH Jpeid B Iporecce K JUOPOBKU U obecnieyns eT Gosee
K YECTBEHHYIO PEruCTp LIUI0 TPEKOB.

K X1 9 dueiik coOOepXUT HOAHYI0 IUIOCKOCTb, COCTOAILYI W3 YYBCTBU-
TEJIbHBIX IPOBOJIOK 1 MeTpoM 20 MKM M p CIIOJIOXEHHBIX MEXIy HHUMH IOTEH-
LM JIBHBIX TPOBOJIOK M MeTpoM 225 MxM. H rp HMI X dueiiku uMewTcs ce-

T ommy 6. I1 p MeTpsI 1XKeT-K Mep

DKele- MARK II | MARK J | SLD CDF ZEUS HI ALEPH | OPAL | TOPAZ | UAI
PHMEHT [45.46] | [55—56]| 53] [53] (501 1521 [27] | [38—41]| [36,37] | [43]
P mmyc, mm:
BHYTPEHHHI 192 100 200 277 162 200 160 89 106 25
BHEIITHUI 1440 242 961 1320 785 769 260 233 293 89
KTUBHBIN 250 — 238 309 190 215 — — — —
AKTHUBH s
IUIHH , MM 2300 576 1800 3214 2050 2400 2000 1000 1500 | 800
KomnuuecrBo croes 72 — 80 84 72 64 8 2 10 —
CyIepciioeB 12x 16 — [10x8 |12+ 9x8 [2x32 — _ _ _
+6+6
Yucino
qyBCTBUTEIIbHBIX
TPOBONIOK 5832 168 5120 6156 4608 2560 960 648 — | 256
Crepeoyroin 3,8° — 1,7° 3° 5° 7° — — — | =
M kc. apeiid.
TIPOMEXKYTOK, MM 33 27,5 26 35 25 51 20 — 16 —
CkopocTb
npeiich , MKM/HC 52 7 9 50 50 35 49 52,7 — 51
M kc. Bpems
npeiic , He 600 — 3000 700 500 1500 140 5800 — —
M rauTHOE
none, Tn - — — — — — — | 0,435
Y cror

BbIOOpKH, MI'T( 100
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TOYHBIE IJIOCKOCTH U3 NPOBOJOK OU MeTpoM 150 MKM, KOTOpble yMEHbII IOT
HepeKpeCcTHbIE IIOMEXH U MOBBII 0T CT OMJIBHOCTD BJIEKTPUYECKOTO OIS YyBCT-
BUTEJIBHBIX MPOBOJIOK, P CIIOJIOXKEHHBIX IPYr OT APYT H P CCTOSHHUH 2,9 MM.
CetouH 5 (OXp HH $1) IJIOCKOCTh H XOJAUTCI H P cCTOAHUU 1,8 MM OT HOAHOU
wiockoctd. K mMep p 6ot er npu g BieHMM B 3 TM IIpU CMECH T 30B
CO, /C,Hy (92/8). K ToxHbBIE MIIOCKOCTH, COCTOSILUME U3 IIPOBOIOK IH METPOM

225 MKM, H XOAATCA [TOCPEIMHE MEXIY OXP HHBIMHU IUIOCKOCTSMH. BBICOKOBOJIBT-
HOE H NpsiXeHHe 00ecHeyuB eT aieKTpudeckoe noje 2,3 kB. g cYUTHIB HUSA
U OoUM(POBBIB HHUS CHUIH JIOB UCIOJb3yloTcd 11 p Jutenbhble AL, p Gor rommue
H 4 ctote 100 MI.

B 1 6:1.6 npuBeieHbl OCHOBHBIE 1T P METPBI JIXKET-K Mep U BEKTOPHBIX Jpei-
¢poBBIX K Mep.

Boabm 1 nuiuHapudeck 1 K Mep aua aerekrop VENUS. [letektop
VENUS npenct BisetT coboil ycT HOBKY OOINEro H 3H YEHHUs JUIs MPOBEICHHS
skcnepuMmeHToB H yckopurteie TRISTAN (sneprust koroporo p B 70 I'=B).
[47,48]. Hunuunpuueck g ApeidoB S K Mep SBISIETCSd OCHOBHBIM TPEKOBBIM
JIEeTEeKTOPOM H ycT HOBKe. [l obecrieueHusl perucTp MU COOBITHI ¢ GOIBLION
MHOXECTBEHHOCTbIO (> 20) M Y3KMX CTPyHd C HpPOCTP HCTBEHHOH TOYHOCTHIO
150—200 MKM cepbe3HOE BHUM HUeE ObLIO YAEJEeHO CTPYKType IpeipOBbIX sYeek.
ITporotumnom 3necy nocayxun axer-k Mmep PEP-4. K mep umeer BHyTpeHHMIA
p amyc 25 cM, BHemHU p auyc 126 cMm u pmny 300 cM. OO6uiee 4ucio 4yBCT-
BUTEJBHBIX MPOBOSIOK 7104 u moteHuu npHbIX — 21312,

H puc.30 npuseneH cxeM 4YeTBepTH K Mephl U reomerpus dueiiku [47].
19 u3MepeHuil B MpoeKUuu 7@ (IUIOCKOCTh, NEPNEHAUKYIIPH S K OCHU IyuYK )
umeercs 20 KcH JIBHBIX CJI0€B IpeiipoBhIX sueek. Kpome Toro, K Xisle 1B
CJ10sl, CABMHYTBIE JPYr OTHOCHTENIBHO JPYr H MOJI-sI4eiiku, 00p 3YIOT CIBOEH-
HbIil crtoii. [TocKobKy B T KOUM I pe CJI0eB K XJ 5 4 CTUL Cp O TBHIB €T OB X-
IIbl, TO UMeeTCs BO3MOXHOCTh U3MEPATh KOOPAMH Thl U CTUL B IUVIOCKOCTH 7 U
BIOJb TpeK . T Kue YHUK JIbHble BO3MOXHOCTU ITO3BOJIAIOT Oojiee YeTKO p C-
NO3H BaTh TPeKU C OOJIBIION KPUBU3HOW, P 3pell Th HEONpPEAEIIEHHOCTH THII
«CIJIEB -CIIP B » M IOBBICUTH d((eKTHUBHOCTh p OOTH K Mepsl B LelioM. B [49]
OIHC H METOJ PEKOHCTPYKLIMU TPEKOB B peXuMe «0o-1 HH».

Jpyrue tunsl 1xKeT-K Mep. P 3p 60t H u ucneir H H yckopurene HERA
IPOTOTUII MUKPOBEpUIMHHOrO fetekTop i ycr HoBku ZEUS [50]. Ilpu ctonxk-
HOBEHUHU IpOTOHOB ¢ sHeprueil B 1 TeB c anektpon mu ¢ sHeprueit 30 3B
OXHJ ercsl OOJBLION IOTOK TSKEJIbIX LBETHBIX Y CTHL, HOPOXI €MbIX IpH
asieKTpocsi 6oM B3 umojeidcTBiur. O4 pOB HHBIE M IMPEJIECTHBIE Y CTUIBI UMEIOT
IUTMHY TIpoOer B HECKOJIbKO MUKPOMETPOB B IUIOCKOCTH F(p, IIONEPEYHOH K IyUKy.
C yyeroM artoro ¢ KTOop ¥ p 3p 60T H MHKpPOBEpIUMHH g K Mep . BHemrHwmii
p ouyc K Mepbl 159 MM u BHyTpeHHUI 99 MMm. [IpeiidoB g gqueiik uMeeT Tpu
P I JIbHBIE IUIOCKOCTHU: IIEHTP JIbH $ IJIOCKOCTh COIEPXHUT 13 moseBsIX MpoBO-
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9,4 — 10,2 MM
o o /o; )

g e O ¢ 0 ¢ 0O e o0 8,5
AKCHAJIbHBIC o © 0 o o 8,5
NIPOBOJIOYKH o © o o 10,0

vos0e0s O 8,5 e UyBCTBUTEJIbHBIC

o © o0 o 1%% MIPOBOIOYKH

° o o o ] ’ © IIOTCHIUAJIbHBIC
CTepeo- 0e0eo0eo0eo—485 HPOBOJIOYKH
MIPOBOJIOYKH o © © o o 85 P

Puc.30. CxeM opfHOIi YeTBEPTH K MepBI U TeOMETpHUs JpeiihoBoii
sdeiiku pxer-k Mepbsl TRISTAN

JIOK, MEXJly KOTOPBIMH MMeeTcsl 12 4yBCTBUTEJIbHBIX DIIEKTPOIOB U JiBe OOKOBBIE
IUIOCKOCTH, COJEpPXK Iue 1Mo 25 apeiicoBbIX MPOBOJOK. YTOJI H KJIOH , P BHBIN
1,5° Mexay IUIOCKOCTSAMHM, A €T ApedoBbplii mpoMexyTok oT 2,6 mo 3,6 MM.
ITonydyen addexTuBHOCTE 96% U NPOCTP HCTBEHHOE P 3pelieHHe 35 MKM B
LEHTp JIbHOI 00 CTH K Mepbl.

Hpeiidos g k Mmep ARGUS co3q H i1 9KIIEPUMEHTOB H H KOIMTEIbHOM

¢'¢ -Kolblie yckoputenis DORIS-II [51]. CosieHoU JIbHBIH M THUT 00ECIIEUHB -
et M rautHoe none 0,8 Ti. Buytpu cosnieHoun H xoautcs JIpeidoB g K mep ,
BpPEMSIIPOJIETHBIE U JIUBHEBbIE CUETUYUKHU. DKCIIEPUMEHT MPEAH 3H YeH U1 U3y-
YEeHUs M IPEJIECTHBIX ME30HOB, BKJIKOY S BKCKJIIO3MBHBIC pe KIMH C OOJBIION
MHOXXECTBEHHOCTBIO. 3 T 4 3 KJII0Y JI Cb B TOM, 4TOOBI OOECIIEYUTh BBICOKOE
UMIyJIbCHOE p 3perneHue B npeaesa x SO MaB/c no 5 I'sB/c.
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6. IEPCIIEKTUBHBIE PA3PABOTKH

BekTopHBIe BepIIMHHbIE AeTEKTOPBI. [l JIpHEiIINe YCOBEpILIEHCTBOB HU
TPEXKOOPIAUH THBIX I' 30BBIX JE€TEKTOPOB H NP BJIEHBl H MOBbIIIEHHE K YECTB
PEKOHCTPYKIIMU TPEKOB ¢ OOJIBIIONW KPUBM3HOH, T K€ BO3MOXHOCThH OIpejie-
JIEHUS] H TP BJICHUS TPEKOB COOBITHIL. DTH K Mepbl IIOJYy4UJId H 3B HHE BEKTOP-
HbIX apeiidoBbix K Mep [33]. T kue K Mepbl UMEIOT MHOTOCJIOWHYIO CTPYKTYpY.
B x yectBe npumep p ccmoTpuM 1Be BeKTopHbie K Mepbl — CDF u MARK III.

BektopH g k mep CDF npexacr Bisier coboii 60mbIinyio aApeiihoByio K Me-
Py, HPEAH 3H YEHHYIO IUIsl MPOBEIEHUs DKCIIEPUMEHTOB B YCJIOBHUSX OOJIBLIOTO
M THHUTHOTO MOJIS ¥ OOJBLION IJIOTHOCTH W30THYTHIX TPEKOB H  JIPOHHOM KOJI-
n #igepe B JI 60p Topum um.D.Depmu [53]. [eTeKTOp UMEET CJIOXHYK I'eOMeT-
pHI0, OH COIEPXHUT 84 CI0si, KOTOphIe, B CBOIO 0Yepelb, 00p 3yT 9 cymepciioes.
Te ATk cynepcioes, y KOTOPBIX MPOBOJIOKH IT P JUIETBHBI OCH IYYK , COIEPX T
1o 12 4yyBCTBUTENBHBIX IPOBOJIOK B Clloe. DTU MATh KCH JIBHBIX CJIOEB P CIO-
JIOXEHBI BIIEPEMEXKY C UYETBIPbMS CYNEPCIOSIMH CTEPEONPOBONOK, B KOTOPBIX
YyBCTBUTEJIbHBIE ITPOBOJIOKHM CABUHYTHI IPYr OTHOCUTENIbHO Apyr H * 3°. K xk-
Iblii CTEPEOCYNEPCIIOi COAEPXKUT 10 6 4yBCTBUTEIBHBIX NpoBOIoK. O6 cymep-
CIlosl p 31eNeHbl H JpeiigoBble sSUeiiKh, T K 4YTO M KCHUM JIbHOE JapeiidoBoe p c-
crosuue He mpesbin er 40 MM, uTto cootrBercTByeT 800 HC BpeMeHU Apeid .
B T 6151.6 npuBeneHbl OCHOBHBIE T p MeTpbl BepiunHHOro aerektop CDF.

BextopH 4 npeiigoB g x Mep B cnektpomerpe MARK III [54—55] umeer
8 cioes. IlepBbri cioil mpenct Biager coOoi M Jyw JApeioByl0 K Mepy ¢
4eThIpbMs CI0sIMH. BTOpOii ci10i, 10 cymecTBy, npeact BisieT coboil IKeT-K Me-
py, cocrosmyo u3 32 apeiigospix gdyeek (puc.31). OH uMeeT IJIOTHYI CETb
YYyBCTBUTEJIBHBIX SY€EK, YTO M03BOJIIET PEKOHCTPYUPOB Thb M30THYThIE TPEKU U C

BBICOKOIl TOUHOCTBIO H3MEpITh 3H YEHUe
30 .
I‘— 1 dE/dx. X p KTepHOii 0COOCHHOCTBIO CyIep-
. . crnoeB 3—38 sBSETCS H JUYUE TPEX CIBH-
notemmrasipe Y TPIX H 300 MKM 4yBCTBUTENbHBIX [IPOBO-
HPOBOJIOUKH JIOK B K XJ0H Jpeiicosoii sueiike (puc.32).

I Mero IMOHMCK TpPEKOB B BEKTOPHBIX
npeiicoBeix K Mep x omuc H B [54]. C
LEJIBIO JIOCTUXKEHUS OBICTPOTO U d(PPeK THB-
HOTO TIOMCK TPEKOB HCHOJB3YITCI K K
NpOrp MMHBIE, T K U COBPEMEHHbIE Il -
P THBIE CPEICTB , KOTOpble OOEcIe4yuB IoT

Puc.31. T'eomeTpus apeiichoBoil ssueiiKi BHYTpEH-
HEro cios BEKTOPHOH JpeiioBoii K Mepbl
MARK III

T—O ¢ ¢ 0 0 0 0 06 0 00 0 0
L ]
&
=
ot

—_
=
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-5 =04
s 13 ° B i e
d3 ° L . . .
[ ]
1 d2 - . . * .
[ ® .
dl - * . . .
° b . .. s L
10 aloeese®®l 1 L %%, | 1 [%aesee
] * 3 2 1 0 1 2 3
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+5 =04
4B+ dl Puc.33. P cnpenenenue BenuuuHel A B
A= 2 —d2 3 BUCUMOCTH ~ OT MECT  IIPOXOXICHMS

Y CTULBI I10 OTHOUIEHUI0 K JpeiicpoBoit
dqeiike. JIB MK COOTBETCTBYIOT TPEK M,

Puc.32. Teomerpus npeiihosoii o
HPOXOJUILIMM CJIeB ¥ CIP B OT d4eiiku

A4YEUKH OJHOIO M3 BHELIHMX CIIOEB
BEKTOPHOIl  JipeiioBOll K Mepbl
MARK III

HOJIHYI0 PEKOHCTPYKIMIO COOBITHII ¢ TpeK MM Ooibinoii KpuBu3ubl 3 37 mc. H

puc.32 u 33 noK 3 HO, K KUM OOp 30M P 3pell ercsl HeOolpelNeseHHOCTh THI

«CIeB -crp B ». [ TPUIUIET TMPOBOJOK, CABHHYTBIX H BENIUYHHY *+ O, BEJH-
yuH A, OIpefesnsoll S p CCTOSHHE NMPOXOXACHUS TPEK 3 PSKEHHOM 4 CTULBI
OT YYBCTBUTEJIBHON MPOBOJIOKH, BBIYMCIISIETCSl U3 BBIp XeHus [54]:

A=v [t +1;)/2 -t

e ll, l2 u l3 — HU3MEPAEMBIC BEIMYHMHBI BPEMEHU JId 4 CTULBI, HpOXO)lﬂLU,Cﬁ

yepes 1 HHyI g4eiiky. K k BunHO u3 puc.33, Benuuud A uMeeT 1B MUK , ee
3H K A eT UHGOPM LIHMI0 O TOM, 110 K KYI0O CTOPOHY OT SlY€HKH IPOUUT Y CTHIL .

MuKpoBepIINHHBIE JeTeKTOPbl ¢ BPeMEHHOH P CTaXRKOH [S7—59]. [
MOJTy4E€HHUSI BBICOKOH TOYHOCTH HM3MEPEHHUs NMPHUIEIbHOrO I p MeTp (BIUIOTH A0
100 MKM) UCHOJIB3YIOTCS T KX€ T K H 3bIB eMble ApeiichoBble K Mephbl C BpEMEH-
HOU p CTSKKOH (time expansion chambers). Ux ocobGeHHOCTH 3 KITI0Y IOTCS B
cienyrouieM [55].

1. H nuyue 0061 cTu ¢ HeOONBIIONW H MPSXEHHOCTHIO MO (CKOPOCTh Jpeii-
¢ 5 mxm/HC BMecTo 50 MKM/HC B OOBIYHBIX IXET-K Mep X), OTHEJEHHOW OT
00611 cTH ¢ OOJIBIION H NPSKEHHOCTBIO MOJIS.

2. HUcnonw3oB Hue 1 p yensHbix ALII ¢ u croroit oumcposku 100 MI'g
1151 6oJiee TOUHOTO BBIYMCIIEHHS BPEMEHH Apeii MeTOHOM OIpejesieH s LEeHTP
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T o 7. OcHOBHBIE T P METPbI
BpeMAnpoeKnnoHHoi K Mepsl MARK J

BHyTpeHHmii 1u MeTp, MM 100
BHewmnuii qu Metp, MM 242
YyBCTBUTENBH S JUIMH , MM 576
KosnuuecTBo cermeHTOB 12
KonuuecTBo 4yBCTBUTENBHBIX IIPOBOJIOK B CETMEHTE 14
OO611ee YUCIIO YyBCTBUTENIBHBIX IIPOBOJIOK 168
P ccrodnue Mexny HOO MM, MM 2.4
P ccrosnue Mexiy MOTEHIH JIbHBIMU

IIPOBOJIOK MU, MM 2,54
P ccrogHue Mexiy ceTOUHBIMU DJIEKTPOJ MU, MM 0,6
CkopocTs apeii , MKM/HC 7,0
CMech I 30B CO, —i - CH, (80% + 20%)
ITpocTp HCTBEHH Sl TOUHOCTh, MKM 35

«TsxecTu». [IpMeHeHne I 30BOil cMecH IO BO3MOXHOCTH C MEHBIIUM K03(hu-
nueHToM qudgy3un U M JsIM yriioM JlopeHis .

B x dyecTBe mpuMep HOETEKTOPOB 3TOrO THI MOXHO H 3B Tb JXET-K Mepy
MARK J, npeaH 3H 4eHHyl0 Ul ®KCHepuMeHTOB H yckoputeine B DESY.
B T 611.7 npuBeneHbl OCHOBHBIE I P METPBI IETEKTOP .

BpemanpoekMoHH g K Mep H LOUT T KXe€ INPUMEHEHHE B 3KCIIEpPUMEHTe
L3 [59], rne nony4yeHo p 3pelieHue A OAHOM MPOBOJIOYKHU 51 MKM U p 3pelie-
HHe IByX TpeKoB 650 MkM. [IpuHimn p GOTHI K MEpbI MOSCHSIETCH C ITOMOILBIO
puc.34, e MOK 3 H TeoMeTpus s4yeiKku. 31ech 0Ol CThb Apeii 2IeKTPOHOB
p 3meeH H 0OJ CTh C M JIbIM T'OMOIEHHBIM IOJIeM W OO CTh C OONBIINM
DJIEKTPUYECKUM mojieM (00 CTh YCWIIEHMS), TIe H XOOUTCS YYBCTBUTENBH 4
IUIOCKOCTh. DTH 00J1 CTU P 3[eJIeHbl IUIOCKOCThIO, HAXOMSLIENCS IOJ] HYJIEBBIM
MOTEHLH JIOM. MeXIy HOIHBIMU IIPOBOJIOK MU MMEIOTCA T K H 3bIB eMble (hOKY-
CHpYIOIIKE MPOBOIOKH, C MOMOIIBI0 KOTOPBIX HOBBIII €TCd TOYHOCTb PErucTp -
U TpekoB. OCHOBHBIE I P METPBl K MEpbl: BHEIIHUN U BHYTPEHHHUH AU METpHI
937 u 170 MM COOTBETCTBEHHO, [JUIMH 1260 MM, M KCHUM JIbHOE BpeMs Ipeid
He 6omee 10 Mkc. O6beM K Mepsl p 3Je/IeH H B KOHIIEHTPUUYECKHUX LUIHHID :
BHYTPEHHUN WWIMHApP, colepX Imuid 12 CceKTOpoB, W BHEIIHUH LWIUHAP,
coctosmuil U3 24 cexTopoB. M KcUM JIbHBII ApeihoBBI NMPOMEXYTOK P BEH
35,4 MM 171 BHYTpeHHe# K Mephl U 53,2 MM AJI BHEIIHEH K MepHl.

JleTeKTOpbI ¢ MPeU3UOHHbIMU A4eiiK MM. Eille o1HO H Ip BjeHHE B p 3-
BUTUU OBICTPOINEIHCTBYIOIINX U NPELM3HUOHHBIX TPEXMEPHBIX T 30BbIX JETEKTOPOB
CBS3 HO C p 3p OOTKOii JipeiipoBbIX sSUY€eK C BHICOKOW p 3pell fouield croco0-
HOCTBIO. 37IeCh MOXHO BBIIC/IUTH JIBE OPUTHH JIbHBIE p 3p OoTKu. B [60] omnuc -
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Puc.34. Cxem sueiiku BIIK c Bpemen-
HOH p cTsxkoii: | — ¢okyc; 2 — HOZ;
3 — ceTouHble POBOJIOYKH; 4 — BEJU-
YUH KCENT HC ;5 — TpeK 3 PAXEeHHOMH
Y CTHLBI; 6 — K TOAHBIC HPOBOJIOYKHY;
7 — ki crep; 8§ — o0u crb apeiid ;
9 — 0011 CTh AE€TEeKTUPOB HU:

e0e e 4

HBl JIB€ K MEpbl, OCHOBY KOTOPBIX
COCT BIISIOT MHOXECTBO IpeioBbIX
sqyeeK KB AP THOH (pOpMBI p 3MEpPOM
21 x21 MM c apeiichoBbIM IpoMe-
XkyrkoM 10,5 MM U II€CTHYTOJbHON
thopMmsl ¢ apeiihoBEIM TPOMEXKYTKOM
25 wMM. JJOCTUTHYTO MPOCTpP HCT-
BeHHOe p 3peuieHue 25—30 MKM.
OTMeu ercs, YTO T KOe H P BIEHHE
B P 3BUTHM NPELU3HOHHBIX TPEXKO-
OPAMH THBIX T 30BBIX JI€TEKTOPOB, B KOTOPBIX HCIOJIB3YIOTCS S4YEHKH, HopMHU-
pymolue HWIMHAPUYeckoe apeiihoBoe moje, B COYET HUU C I 30BOM CMECHIO C
M J0#l nupdy3ueit, umeeT Jydiide MepcrekTUBBI [0 Cp BHEHHUIO C K Mep MH C
BPEMEHHOW P CTSXKOH B cHily 6ojiee IPOCTON KOHCTPYKLIUHU JIETEKTOp .

7. MYJIbTUAPEH®OBLIE 1 COJOMEHHBIE TPYEKH

OpuruH bH 51 p 3p 60TK co3q H H 0 3¢ MyIbTHIPEHOBBIX TPYOOK
[61]. 3 o1 4 cocTouT B TOM, 4TOOBI CO31 Th MPELMU3UOHHBIA TPEXMEPHBIUA I 30-

BbIil JeTeKTOp, p OOT IOUIMiA B yCIIOBHSX OOIBIIOI CBETMMOCTH ITy4dK 10° u
¢ M soit 1 MaTeio nopsaak 30—50 He. dpeiioBblie SUSHKN UMEIOT IECTHYTOMb-
Hyl0 opMy u oObeauHeHbl B BHIe Moayid. OH COCTOMT U3 MHOXECTB Jpei-
(poBbIX TpyOOK p auycom 1,45 mMm. 70 T KUX s4eek MOMeIN[ KOTCI B TPyOKe IH -
metpoM 30 MM u juHON 80 cM. K Xm0if HOAHOI IPOBOJIOYKE COOTBETCTBYIOT
IeCTh K TOAHBIX. M3 T KMX Mojyieil ObUT M3rOTOBJIEH NETEKTOp, CONEPXK LM
8000 HOIHBIX PE3UCTUBHBIX MpPOBOJiOYeK. IIpu 3TOM NOCTUTHYT TOYHOCTH I1O-
3uLMHM 1poBosiouek Jydnre yeM 30 MxM. [1poGieMbl, BO3HUK IOIIME MTPH UCTIONb-
30B HUM MYJIbTUIPEHOBBIX TPYOOK B K YECTBE BEPIUMHHBIX JIETEKTOPOB B yCIIO-
BUSAX OONBIIMX 3 TPY30K, 00cyxn torcsi B [62]. B u crHOCTH, TpeOyercs p 3p -
60TK HOBOrO MOAXOJH K CO3J1 HHIO PperucTpupymouieid »nekTpoHuku. [Ipu
MepTBOM BpeMeHH Hopsak 50 HC U BO3MOXHOCTH moiiydeHus 10 50 BEIOOpPOK H
TPeK T KO AETEeKTOp MOXET ObITh MCIIOJIb30B H B TPUITEPHOU CHCTEME.
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CosnomenHnble TpyoKH (straw-tube). Eille oqHUM HepCreKTUBHBIM H TP BJle-
HHEM B CO3[ HUU OBICTPOAEHUCTBYIOIIUX IPELIM3UOHHBIX BEPIIMHHBIX JETEKTOPOB
SBJISIOTCS J€TEKTOPbI, KOTOPBIE €]l I0T H OCHOBE TOHKHX M iJ POBBIX TPyOOK
i MeTpoMm 3 + 5 cM u TonmuHoi 25 + 300 MkM. B 1nieHTpe oTaenpHON TPYOKH
mHou 45 + 100 MM p CIOJIOXeH  HOJH S MPOBOJIOYK , B K YECTBE 3eMIId-
HOU LIMHBI CIIYXUT JIIOMUHU3UPOB HH s CTeHK TpPyOku. OT™Med 10Tcs Cieaylo-
1€ MOJIOXUTENbHbBIE K YeCTB T KHX JETEKTOPOB.

1. OTHOCUTEJIbHO HEOOJIBIII 51 CTOUMOCTb.

2. B oriMuue OT KJI CCHMYECKHMX ApPei(OBBIX K MEp COJOMEHHBbIE TPYOKU
U30JIMPOB HBl OJH OT APYIOM M MO3TOMY IIOBpEXJEHHE OJHOH TpyOKH He
BIUSeT H p OOTy Opyrux.

3. MeHblie cK 3bIB I0TCS [EPEKPECTHHIE TOMEXH.

4. M noe Bpems apeiip — 30 + 100 He.

5. BBICOK 9 TOYHOCTb PErHCTp LMK KOOPIUH T — HECKOJBKO MUKPOMETPOB.

B K 4ecTBe CylIECTBEHHOTO HEJOCT TK MOXKHO OTMETUTh H JIMYUE JOMHOJI-
HUTEJIPHOTO M TepU 1 — M W p , YTO NPUBOJUT K YMEHBIICHUIO P 3pell o-
el crnocoOHOCTH JIETEKTOp 110 MMIIYJIbCy. Beayrcst ucciaenoB Hus, H Ip BIIEH-
Hble H YyMeHblIeHue 3¢pekT MHOrokp THoro p ccednus [63]. B [64] nmpuse-
JEHBI I P METpPbI psill JETEKTOPOB, CO3I HHBIX H OCHOBE COJIOMEHHBIX TPYOOK
(cM. T 611.8).

B k yecTBe mpumep p CCMOTPUM Kp TKO YCTPOMCTBO MMKPOBEPIUMHHOU
K Mepsl MARK III [65]. OH cocrout u3 12 KOHIEHTPHYECKHX CIOEB TPYyOOK,
P CIIOJIOXEHHBIX MeXJy p Jauyc Mu 5,4 ¢cM U 13 cM OT TOYKHU B3 MMOJAEUCTBUS.
O6uiee konnuecTBO TpyOOK p BHO 640, nu MeTp TPyOKH 8 MM.

T ommy 8. I1 p MeTpsI 1€TEKTOPOB ¢ COJTOMEHHBIMH TPYOK Mu [64]

DKCIepUMEHT HRS MAC | MARK |[MARK | CLEO TPC AMY
I I

Iu MeTp TpyOKH, MM 8,0 8,0 5,9—7 8 15359
Iyl , cM 41—46 43 75 84 51 40—60 56
In metp

IIPOBOJIOKH, MKM 20 30 20 50 15 30 15
Tonumu TpyOKH, MKM 85 100 75 75 32 100 38
KomuaectBo Tpybok 352 324 552 640 192 984 144
P 3pemenne, MkM 100 45 90 49 90 50 85
I BieHue, T™ 1 4 1 3 1 4 1,5
I's Ar/Et ArCo, |CH4Ar/Et| Ar/Et Ar/Et | ArCo,CH4| Ar/Et
H npsaxenue, kB 1,65 3,9 1,9 3,9 1,6 4 1,75
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Puc.35. K nosdcHeHutro  aroput™M - pe- zZ
KOHCTPYKIMHU IPSIMBIX TPEKOB, pErUCTpUpYe- L» %
MBIX C IOMOIIBIO COJIOMEHHBIX JIpeihOBBIX
TpyOboK 4 2
3 r
| ! DN

B [66] onuc H MeTOA PEKOHCTPYKLIMU TPEKOB U UX MEPEecedeHUil U1d JeTeK-
TOp , CO3J1 HHOro H © 3¢ COJIOMEHHBIX APeihOBBIX TPYOOK ISl BKCHEPUMEHT
E735. Ilpunuun peKoHCTPYKIMHU TPEKOB MOK 3 H H puc.35. 3j1ech BUIHBI 1B
ciiost Tpy6oKk ¢ p muyc Mu 1y U ry. Tpeku 1 + 4 ynoBieTBOpsIOT cieaywwei

cHCTEME Y BHEHHUil:
sin (1) (X, = X,) = cos (1) (Z, = Z,) + (ry = r,) =0,
sin (1) (X, = X,) = cos () (Z, = Z,) = (ry = r,) =0,
sin (1) (X, - X,) = cos (1) (Z, - Z,) - (r,

+
Y

~
1

L

sin (1) (X, = X,) —cos (1) (Z, - Z,) + (r,

+
._ﬁ

~
1

o

ITociie BpluMCIEHU t U3 K KJIOI0 yp BHEHUS OIPENENIeTCd H KJIOH tan ¢ U TOYK
nepecedyenud. Ilocne H XoXaeHUsd T KO NPSMON OH IIPOELUPYETCA H CIleNylo-
LIYI0 IJIOCKOCTb, U BBIIIOJIHAETCS CP BHEHUE C U3MEPEHHOH KOopauH Tou. Eciu
P 3HULL HE IPEBOCXOAUT 3 Jl HHYIO BEJIIMYMHY, TO IIpIM 1 H HIOEH , U T.A.

[IpuyeM B K yecTBe KpUTEPUS HCIIOJb3yeTCs (PYHKIIHS Xz.

8. 3AKIIIOYEHHUE

MCTO,JII/IK TPEXKOOPAWH THBIX I' 30H IMOJIHEHHBIX BEPIIUMHHBIX ACTEKTOPOB
COBMECTHO C PErMCTPUPYIOLLEH 3JIEKTPOHUKON U BBIYUCIUTEIbHBIMU CPEICTB MU
OoTOOp ¥ BOCCT HOBJIGHHSI TOTOJIOTUU CJIOXHBIX COOBITHI JOCTHUINI BBICOKOIO
COBEPILIEHCTB . DTOT KJI CC JIETEKTOPOB OTJIMY €TCS P AU IIMOHHON CTOWKOCTHIO,
XOPOILIMM P 3pelleHHeM ABYX TPEKOB U OTHOCHUTEJIBHO BBICOKUM OBICTPOIEHCT-
BeM. Kpome Toro, BO3MOXHOCTb PErucTp LMK COOBITHI C GOJIBLIMM YIJIOM p 3-
JIET Y CTHUL MO3BOJIACT YCIICHIHO HMCIIOJIb30B Thb TPEXMEPHLIC I' 30H ITOJIHEHHBIC
BEPUIMHHBIC AETEKTOPLI B COUYET HUU C APYIUMU TUII MU NETCKTOPOB B SKCIIECPU-
MEHT X C BBICOKOHM CBETHMMOCTBIO H COBPEMEHHBIX M OyIyIIUX KOJUI Huep X.
H_[l/lpOKl/IC MEPCHEKTUBLI P 3BUTHA UMEIOT T KXE€ I 30H IMOJTHEHHBIE MUKPOIIO-
JIOCKOBBIE MUKPOBEPIIMHHBIE NETEKTOPBI, CO3A B €MbIE€ METOA MU ITOJTYIIPOBOI-
HUKOBO# TE€XHOJIOTMU, KOTOpPBIE P CCMOTPeHbI B 0030pe [67].
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PE®EPATHI CTATEM, OIYBIMKOBAHHBIX B BBLINIYCKE

VIK 539.14
Ipoctp nHereo ok — B prm ua  u SU(3)-monens. Quaunnos .., Ip tiep Jx.P. Ou-
3UK 9JIEMEHT PHbIX Y CTHLl M TOMHOrO s1p , 1998, Tom 29, BbI.6, .1329.

B o630pe mpexcT BieH p 3BUTHIA B MOCJEIHHE TOABI HOBBIH MOAXOA K YHUT PHBIM
MOZEISIM. DTOT MOAXOJ UCIIOJIb3YeT BOJTHOBbIE (DYHKLIMH U OIIep TOPBI YHUT PHBIX MOJEJIeH,
onpeneneHnsie B mpoctp HerBe @ok — B prm HH . [puBonsrces peutenus wis SU(3)-mo-
Jenu 000JI04eK M HEKOTOpble X OOOOILIEHMS, OTHOCSLIMECS K KJI CCHYECKOHl Tp KTOBKe
SU(3)-reopun.

Bubnmorp.: 12.

VK 539.143; 539.142.2
CTpPYyKTYyp HHU3KOJEX IMUX BO30YKAEHHBIX COCTOSHUI cthepmueckux samep. [lonom -
peé B.IO. ®u3uUK 37eMEeHT PHBIX Y CTUL U TOMHOIO 4ap , 1998, Tom 29, Bpin.6, c.1354.

B p MK X KB 3M4 CTUYHO-(pOHOHHOH MOIENH SAP HCCICHOB HO W3MEHEHHEe CTPYKTY-
Pbl HU3KOJIEXK LIMX BO3OYXISHHBIX COCTOSHHI YETHO-YETHBIX C(PepUUEcKUX siiep Mpu yiI -
JIHUH OT sep C 3 MKHYTOH OOOJIOUKO#l K NepexOoiHbIM sap M. P ccMoTpeHsI 3 psiioBble
HepeXOIHbIe IUIOTHOCTH 3TUX COCTOSHHUI M P CIpEIeIeHHUe CUJIbI DJIEKTPOM THUTHBIX Iepe-
XOIIOB B 00J1 CTH dHeprum Bo3OyxueHus 10 5 MaB. I[Ipo H JM3UpOB HBI CBOWCTB HU3KOJIE-
X IUX 1-COCTOSIHUI U COCTOSIHUIA, (DOPMUPYIOIIMX MUIMH-Pe30H HCbl. OOGBSICHEHBI NpHU-
YUHBI HOM JIBHOIO IOBEIEHHMs! CedeHUs (POTOBO3OYXICHUS M30MEPOB B HEUETHBIX SP X.
Pe3ynbT Thl TEOPETHMYECKUX HCCIIENOB HUM IPEACT BJIEHBI B CP BHEHUM C HMEIOIIVMHUCS
9KCIEPUMEHT JIbHBIMU I HHBIMU.

T 651.6. Wn.10. Bubmuorp.: 68.

YK 539.17.01; 539.172.12; 539.17.016
Ynpyroe pd-p ccesHue H 3 J IPH MPOMEKYTOUYHBIX dHePrusax. Ysuxos F0.H. ®usnk
9JIEMEHT PHbIX 4 CTHLl U TOMHOro 1p , 1998, Tom 29, Bbin.6, c.1406.

P ccMoTpeHsl TeopeTHyecKHe MOAXOIbl K ONUC HHUIO YIIPYroro pd-p cCesHus H 3 I
npu sHepruax 0,5 + 2 I'eB. H pagy ¢ Mex Hu3M MU OOMEH HEHTPOHOM M OZHOKP THOTO

O
PN-p ccesHMSI UCCIIeOB H pOJIb MeX HU3M 0OMeH N -u300 p MM H OCHOBE LIECTH-

KB pKOBOI Monenu it dNN D—BepmHH. Pengarusnucrckue aheKThl yUUTHIB I0TCS H OCHOBE
I' MIJIbTOHOBCKOH JIMH MUKHU CHUCTeM C (PMKCHPOB HHBIM YMCJIOM 4 cTHL. IToK 3 H B XH 4
poiib 1 YOEpOBCKHX Iepep CCESHUH B H Y JIbHOM M KOHEYHOM COCTOSHMSX IIPH P CCMOT-
pPEHHM MeX HM3M IIepell UM HeWTpoH . Kpome BhIlIEyK 3 HHBIX MEX HHU3MOB, COAEPXK IIUX
UH(GOPM M0 O CTPYKTYpe NEWTPOH H M JIBIX OTHOCHTEIBHBIX P CCTOSHHMSAX MEXIY
HYKJIOH MM, 0co00€ BHMM HHUE YIEIeHO MeX Hu3My B030yxneHust A-u300 pbl, KOTODBI,
HEeCMOTpd H OOIbLIyI0 Iepejl 4y WMIIYJIbC , JOBOJIBHO CJ1 60 YYBCTBHUTENICH K BBICOKO-
UMITYJIbCHBIM KOMIIOHEHT M BOJIHOBOH (pyHKIMHU JEHTPOH U SBISIETCS JOMUHHMPYIOLIUM ITPU
9HEPIUsAX H JIeT omux npotoHos T, = 0,5 + 1 I'sB. [Ing onpefenenys n p METPOB  MIUTH-
Tyn nepexog NN < NA, HeoOXOHMMBIX NP BbIYMCIEHMU BKJ J  A-u300 pbl B IpoLecce

pd — dp, wccnenos H pe Kums pp — pnTU B A-peson HcHoi 061 cri. TIok 3 H  OueHsb
BBICOK $ UYBCTBUTEJIBHOCTb MIUIUTYIbl A-pe30H HCHOTO Mex Hu3M mpouecc pd — dp K
I p MeTp M BeplIMHHbIX dopmd Kropos TWWN, TWA, pNN u pNA. Kp TKO 006Ccyx)n ercs
poitb Gosiee 3K30THYECKHX MEX HHU3MOB.

Wn.17. Bubmwmorp.: 93.
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VIK 539.143; 539.142.2

B3 uMopeiicTBHE KOJUIEKTUBHBIX U HEKOJUIEKTUBHBIX MOJ TPH HU3KUX YHEPTHAX BO30YXK-
JeHud B chepudeckux aap X. [ punbepe M., Cmoanos 4., Llonee H. ®uzuxk s1eMeHT p-
HBIX U CTUIl U TOMHOIO 471p , 1998, Tom 29, BpIN.6, ¢.1456.

Hccnenos HO B3 UMOZEICTBUE KOUIEKTHBHBIX U HEKOJUIEKTUBHBIX BO30YKIEHHI B UETHO-
YeTHBIX cpeprdyecKux sap X. g ®TOM LeNu MCIOb30B JI Cb KB 3WY CTHYHO-(DOHOHH S
Mozenb siup . BonHOB 51 pyHKIMsI BO30OYXHEHHBIX COCTOSHUM BKJIIOY J1 TpPeX(hOHOHHBIE
KOMIIOHEHThBI. YUUTHIB JIOCh OCT TOYHOE B3 MMOJICHCTBHE BK H Jie YU CTHI[ -4 CTHUI[ , T K-
ke WM30CK JISIpHbIE M W30BEKTOPHBIE KOMIIOHEHTHI Y CTUYHO-IABIPOYHOIO B3 MMOJICHCTBHSI.
B p cuer X y4uThIB JIOCH GOJIBIIOE OAHOY CTHYHOE MPOCTP HCTBO. P ccuMT H CTPYKTYp
HHU3KOJIEX ILUX COCTOSHUI ITOJIOXUTEIBHOM M OTPULl TEIbHOM YETHOCTHU B IOJIYM TMYECKHX
U COCeIHUX C HUMHU sip X. [IOK 3 HO, 4TO KB 3UY CTHYHO-(POHOHHOE B3 UMOJEICTBUE
CWIbHEe B SIP X, MMEIOLIIMX H JIB HYKJIOH OOJIblIe, YeM sIp C 3 MKHYTOH 06OJOYKO.
BimsiHue Tpex(hOHOHHBIX WIEHOB B 3THX sIp X BeMKo. MccrnenoB Hbl M1-niepexoisl MexIy

+
HU3KOJIEX UMM 2 -YPOBHSIMU. Ilok 3 HO, 4TO IIpU HU3KUX DHEPIrUAX BOSGy)KI[CHI/IH H JIU-

YeCcTBYeT U30BEKTOPH f KB JIPYIOJIbH § CUJI , KOTOP S P CIHpelesieH 110 HECKOJIbKUM pAR
YPOBHAM. P ccuuT HH 9 B p MK X KB 3U4 CTMYHO-(POHOHHON MOJENU CTPYKTYp HM3KOJIe-
K LIMX COCTOSHHM B SIp X U30TOHOB N = 84 cp BHMB €TCS C TOii, YTO CleflyeT U3 MOJeNd
B3 MMoOJEHCTBYIOLMX 6030HOB. OGCYXH I0TCS CXOACTBO M P 3MMYMS NpPEeNcK 3 HUH Moje-

neil. MlccreioB Hbl CBOMCTB HU3KONEX IMMX 1 -cOCTOSHUIA U cooTBeTcTBYIonX El-niepe-
XOIOB B sAp X M30TOHOB N = 82. IloK 3 HO, 4TO 3TH COCTOSHMS C BBICOKOH CTENEHbIO
JIOCTOBEPHOCTH MOTYT OBITh HHTEPIPETHPOB HBI K K JABYX()OHOHHBIE KB JPYIOJIb-OKTYIIOIb-
Hble. X CBOMCTB oIlpefessoTcss TOHKON MIPOM M30CK JIAPHBIX KB JIPYHOJIBHOW M OKTY-
HOJIBHOW Y M30BEKTOPHOH AWIONBHON KOMIIOHEHT OCT TOYHBIX cwil. O6CyXI 0TCS dKCIIe-
PUMEHT JIbHbIE IOK 3 TEJIbCTB CYLIECTBOB HUs TPEX(POHOHHBIX COCTOSHUI OTPHILL TEIbHON

124
YEeTHOCTH B ~ Te, KOTOpbIe 3 TEM Cp BHHB IOTCS C HPEACK 3 HUSIMH KB 3MY CTHYHO-
thoHOHHOI MOnenn.
T 6n.21. Un.4. Bubmuorp.: 43.

VK 681.518.3
I' 30H moHeHHBbIe BepIIUHHBIE 1eTeKTOPbl. Hukumiox H.M. ®U3UK 3JIEMEHT PHBIX 4 C-
TUIl U TOMHOTO 41p , 1998, Tom 29, BpIN.6, ¢.1499.

P ccMoTpeHbI 3T bl p 3BUTHS M COBPEMEHHOE COCTOSHHE METOAWKHU I' 30H IOJIHEH-
HBIX TPEXKOOPIAMH THBIX JETEKTOPOB, METOIOB CUUTBHIB HHMs U PErUCTP LMW TOIOJIOTHI
CIIOXKHBIX COOBITHIA, PETHCTPUPYEMBIX C IIOMOLIBIO BEPLIMHHBIX JeTeKTOpOB. ONHUCHIB I0TCS
0COOGHHOCTH T KHMX TPEXKOOPIOHMH THBIX BEPIUIMHHBIX JIETEKTOPOB, K K BPEeMSIIPOEKIHMOH-
Hble K Mepbl, «00p 3Hble» (jet-K Mepbl), BEKTOpHbIE IpeioBble K Mepbl, K MEphl C Bpe-
MEHHOH P CTSXKOIl M BepIUIMHHbIC JIETEKTOPBI, CO31 B eMble H 0 3¢ «COJIOMEHHBIX» TpYy-
60k. [IpuBonsarcs T GnuIpl, coOgepX IIKe I p METPhl H MOOJiee U3BECTHHIX I' 30H IOJHEH-
HBIX BEpLIMHHBIX IETEKTOPOB, UCIIOIb3YEMbIX B DKCIIEPUMEHT X ¢ (PMKCHPOB HHOW MUIIECHBIO
U H KO Huep X.

T 6n.8. Mn.35. Bubnuorp.: 66.
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K CBEIEHHUIO ABTOPOB

B xypH ne «DU3nK 31IeMEHT PHBIX 4 CTUL M TOMHOrO sap » (DYAS) neu T 1oTcs 0630ph! 1o
KTy JIbHBIM THPOGJIEM M TEOPeTHYeCKOH M 3KCIIEPUMEHT JIbHOH (DM3MKM BJIEMEHT PHBIX 4 CTHIl U
TOMHOTO SJIp , IPOOJIEM M CO3 HHSl HOBBIX YCKOPHTENIBHBIX U 9KCIIEPUMEHT JIBHBIX YCT HOBOK, BTO-
M TU3 1K 06p GOTKM KCIIEPUMEHT JIbHBIX J HHbIX. CT TBM Ile4 T I0TCS H DPYCCKOM M HIJIMHCKOM
A3bIK X. Pell K1msg mpocuT BTOPOB NPU H NP BJEHUHU CT ThH B I€Y Th PYKOBOICTBOB ThCs M3JI0XKEH-
HBIMU HMKE NP BHJI MU.

1. TexcT CT ThH HOJKEH OBITh H Ied T H H M INMHKE Yepe3 AB HHTEPB J1 H OIHOIH CTOpPOHE
JTUCT (0053 TEeNbHO NMpPEeICT BISeTCS NEepBbId M IIMHONUCHBINH 9K3eMIUIip). [Tonst ¢ neBoil cTOpoHbI
JOJDXHBI OBITH He YXe 3—4 cM, PyKOIMCHBIE BCT BKH HE JIOIyCK IOTCS. DK3eMIUIIp CT TbU JOJIXEH
BKJIIOY Th HHOT LIUM U H 3B HHME H PYCCKOM M HIVIMICKOM $3bIK X, pepep T H PYCCKOM si3bIKe,
VIK, cBenenus 06 BTOp X: ¢ MIUIMSI ¥ MHULM Jbl (H PYCCKOM M HIVIMHCKOM S3BbIK X), H 3B HHE
UHCTUTYT , JApec U TejeoH. Bce cTp HULBI TEKCT MOKHBI OBITH MPOHYMepoB HbI. CT Ths TOILKH
OBITH IIOANIC H BCEMU BTOpP MHU. TeKCT cT ThbM MOXeT OBITh H Iled T H H IPUHTEpe C COOTI0NEeHUEM
TeX XKe Mp BUIL

2. ®opMynbsl U 0003H YeHUS HOJDKHBI OBITh BIIMC HBI KPYITHO, YETKO, OT PYKH TEMHBIMH
yepHWI MU (IMOO H Ied T Hbl H IpHHTepe U 003 TeNbHO p 3MedeHsl). 2Ken TenbHO HyMEpoB Th
TOJIBKO Te (DOPMYJIBI, H KOTOpbIe UMEITCS CChUIKM B TeKcTe. Homep chopmyiisl yK 3bIB eTcs cip B B
KpYIIBIX CKOOK X. Ocofoe BHMM HHUe cliefyeT oOp THUThb H  KKyp THOE H300p KeHHe HWHIEKCOB U
MOK 3 Tesell CTeNeHeil: HUXHUE WHIEKChl OTMeY I0TCS 3H KOM IOHMXKEHMS N, BEpXHHE — 3H KOM
NoBbIeHNs [; ITpUXU HEOOXOMMMO YeTKO OTJINY Th OT €IMHHUIBI, EMMHHLY — OT 3 IrsiToil. Crenyer,
10 BO3MOXHOCTH, U30€r Th IPOMO3IKHX 0003H YeHWil U yrnpour Tb H 60p ¢opMys (H IpuMep, IpuMme-
HAS eXp, ApoOb Yepe3 KOocylo uepry).

Bo u36ex Hue Henop 3yMEHHWi M OMIMOOK CIIedyeT HeNl Th SICHOE P 3JIMYHe MEXIy NMPOIHCHBIMA
U CTPOYHBIMH OYKB MM, ofiH KoBbIMH 10 H 4epT Hul0o (Vu v, Unu, Wuw,Ouno,Kuk,Sus, C
uc, Pup,Zu z), nponvcHsle MOTYEPKUB 0T ABYMS YEPT MU CHU3Y, CTPOYHbIE — ABYMs 4epT MU
cepxy (S u s, C u c). Heobxoxumo 1en Tb 4eTKoe p 3Huue Mexny Oyks Mu e, [, O (6onbuioil) u o
(M 70i1) 1 O (Hynem), Juit yero OykBel O M O OTMeY IOT ABYMsl YEPTOYK MM, HyJIb OCT BISIOT 6e3
nogyepkuB Husl. I'pedeckue GyKBbI NMOJYEPKHB IOT KpP CHBIM K P HJI LIOM, BEKTOPbI — CHHUM, JHOO
3H KOM cHU3y yepHW1T M. He pekoMeHmyeTcs MCIIONB30B Th JUII O003H YEHHUS BEIMYUH OYKBBI
TOTHYECKOTr0, PYKOIIMCHOTO M IPYIHMX M JIOYMOTPeOHMBIX B XYPH JIBHBIX CT ThSX IIPU(TOB, OXH KO
ecli T Kylo OyKBY HeJb3sl 3 MEHHTb OYKBOM JI THHCKOIO M IPedeckoro Jic BHT , TO ee p 3Med 10T
IPOCTHIM K p HI IIOM (0OBOZAT KPYyXKOM). B ciyd e, ecli H IHC HHE MOXET BBI3B Tb COMHEHHE,
HEeOOXOAMMO H TOJISX A Th MOSICHEHHe, H npuMep: { — «I3eT », § — «KCH», K — JI T., K — PYCCK.

3. PUCyHKM TpejcT BISIOT H OTAENBHBIX JIUCT X Genoil 6yM I'M MIIM K JIBKK C YK 3 HHEM H
obopore HOMEp pHCYHK M H 3B HHA CT ThU. TOHOBBIE poTOrp (hUU JOIKHBI OBITH MPEJICT BICHBI B
IBYX ®K3eMIULIP X, H 000poTe K p HA LIOM YK 3 Th: «BepX», «HH3». I'p (PUKM TOIKHBI OBITH TI -
TEJIHO BBIIOJIHEHBI TYLIBIO MJIM YEPHBIMU YEPHMII MH; HE PEKOMEHIYETCd 3 IPOMOXI Th PUCYHOK He-
HyXHBIMH JIET JIAMU: OOJIBIIMHCTBO H JANHCEH BBIHOCUTCA B TOMNNCh, H PHUCYHKE 3 MeHseTcs
mcp Mu win 6ykB Mu. XKen TenbHO, YTOOB PUCYHKH OBLTH TOTOBBI K IPSIMOMY PENPOIYLHPOB HHIO.
IMoamnucyu X pUCYHK M IPEJACT BIAIOTCA H OTHENIBHBIX JIUCT X.

4. T GJII/ILIBI JOJIZKHBI OBITh H €Y T HbI H OTIECIIBHBIX JIUCT X, K XK1 g4 T 6JII/ILI JOJIXH HMETh
3 TOJIOBOK. CHC}Z{yCT YK 3bIB Tb €IMHULBI U3MEPEHUS BEJIMYUH B T GHPILI X.

5. Cnucok JIUTEP TYpPBbI IIOMENL €TCA B KOHLE CT TbHU. CCBUIKH B TEKCTE J I0TCA C YK 3 HUEM
HOMEP CCBUIKH H CTPOKE B KB P THBIX CcKOOK X. B JIITEp TypHOﬁ CCBUIKE JTOJIKHBI ObITh YK 3 HBL
JUIA KHUT — Cp MUW/IMH BTOPOB, HHULM JIbl, H 3B HUE€ KHUI'U, 'OPOL, U3 TEJILCTBO (I/UH/I Oopr Hu3 HHﬂ),



rOJl M3[ HHS, TOM (4 CTh, VT B ), LUTHPYeM s CTP HHL[ , €CJIH HYXHO; JUI CT Teil — ¢ MWINH BTO-
POB, MHULIM JIbI, H 3B HHE XYPH J , CepHsl, TOI U3 HHUs, TOM (HOMeEp, BBIITYCK, €CIIU 9TO HEOOXOIUMO),
nepB s cTp HHULI cT TbH. Eciim  BTOpOB 6oIee miATH, TO YK 3 Thb TOJNBKO IIEPBbIE TPU () MIIMH.
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