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A search for fingerprints of «vortical currents» in nuclear structure data is presented.
These currents affect little or not at ail the changes of nuclear shape and volume. The paper
starts with a classification of currents and with their parametrization applicable for studies
of spherical and deformed nuclei. Here we generalize the concept of the time-dependent
TAS transformation of liquid elements positions introduced by Riemanne’s followers in
their studies of currents in ellipsoidally shaped liquid bodies. We examine fingerprints of a
dipole toroidal motion in the electromagnetic properties of rotational states built upon the
collective octupole excitations in deformed nuclei and show one example where the
experimental data give an indication of an important role played by such a mode. We study
the conjecture according to which the vortical mode involved in the motion with a uniform
circulation of nuclear matter may be regarded as an independent collective branch of
excitation. This study allows us to interprete Al=4 staggering of the energies of
superdeformed states. We discuss also another mechanism of producing regular
perturbations in the spectrum of rotational bands: the installation of an unaxial octupole
deformation with rapid rotation. We mention an analogy between our interpretation of
unusual properties of superdeformed nuclear states and recent findings concerning the
quantal apparatus produced using the modern technology (SQUID’s). This analogy shows
that the effects we are talking about may take place not only in atomic nuclei but also in
other «mesoscopic» systems.

OnucaH NOMCK CIIENOB BUXPEBOTO ABHXEHHUS SAEPHOM MaTepuu B JAHHBIX O CTPYKTYpe
snpa. Takoe ABUXKEHHE He BIIMSET COBCEM WM BIHSET cliabo Ha H3MEeHEeHUs anepHoit opMel
1 obbeMa. B of3ope nmaercs KnaccHHKAanus TOKOB M HX napaMeTpusanus, ynobaas s
H3ydeHus cgepuieckux U pedopmuposanHsix suep. [emaercs o60BILICHHE KOHLETLMHA
3aBUCALIEro oT BpeMenH «TAS»-npeobpasoBatus KOOPIMHAT B/IEMEHTOB KMAKOCTH, Mpell-
JIOKCHHOE TIOC/IENOBaTe/ MU PHMaHa B CBOMX HUCC/IENOBAHMAX TOTOKOB B XUIKHX TElax
LTMNTHYECKOH (HOPMBI. M3yqaloTes ciielibl AUIONBHOrO TOPOHIATBHOIO JBHXECHUS B [aH-
HBIX 06 SMEKTPOMATHHTHBIX CBOMCTBAX COCTOSHHIT POTALUOHHEIX MOTOC, BBICTPOCHHBIX Hajl
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KOJUIEKTHBHBIMH OKTYTIONBHBIMH BO3GYXICHHAMH, U TIPHBOJUTCS TIPUMED, YKa3bIBAIOLUMI Ha
BaXHYIO POJIb TAKOTO OBHXEHHUS. AHATH3UDPYETCA NIPEANOIOXEHHE, COITIACHO KOTOPOMY BUX-
peBas MoIa ABMXEHHMS C MOCTOSHHOM 1O 06beMy LHPKY/ISLMEH CKOPOCTH MOXET pac-
CMaTpHBaThCH KaK He3aBUCHMMas BETBb BO30YXAEHUH. DTO HCCIIEOBAHUE MO3BONSET UHTEP-
nperupoBath Al = 4 McKaXeHus CrieKTpa cynepaedopMHpoBaHHEIX (c.A.) monoc. O6cyxna-
eTcd albTePHaTHBHBIH MEXaHM3M TI€HEepalMK MEepHONAMYECKHX MCKaXEHMH CIeKTpa
POTALMOHHBIX TMOJOC: BO3HMKHOBEHHE HeaKCHaJbHOW OKTYNONBHOH AeopMaliuH, BeI3BaH-
Hoe GbicTpbiM BpailehneM. OTMeuaeTcd aHAIOTHS MeXIy Hallleli HHTepIipeTauuel HeoObIy-
HBIX CBOMCTB C.. COCTOSHHIH aTOMHBIX €D W HENAaBHUMHM OTKPBITHSAMM, CHEIAHHBIMH C
MOMOLLBI0 KBaHTOBBIX TPUGOPOB, M3rOTORIEHHBIX Ha ©6ase COBPEMEHHOH TEXHOIOTHU
(SQUID-0B). AHanorusi roBOPHT O TOM, 4TO obcyxiaemble HaMH 3¢eKThl MOTYT HMEThb
MECTO He TOJIBKO B aTOMHBIX S1paX, HO U B JPYrHX ME30CKONHYECKHX CHCTEMax.

1. INTRODUCTION

It is well known by now that atomic nuclei reveal elastic properties when
responding to perturbations creating collective flow of the matter inside them.
The best studied branches of nuclear collective modes of motion are the ones
generateéd by changes of the nuclear shape (and size). However, the scope of
collective modes in nuclei is much larger than that which can be related with -
the changes of the nuclear geometry. We may mention here the giant magnetic
resonance as one particular example of collective motion which is not directly
related to the nuclear shape. An analysis of nuclear currents plays the leading
role in the description of such a motion. In fact, such an analysis contributes
much to the understanding of all kinds of nuclear collective motions. The
currents reflect changes in the distribution of nucleons in the momentum space,
and consequently they are related with the changes in the nuclear Fermi-surface
determining the properties of quantal Fermi liquids.

It is the study of the properties of nuclear collective currents that unifies
investigations reported here. The paper is organized as follows:

» In Section 2 we give a classification of the types of collective currents in
spherical and deformed nuclei. A practical method is suggested for the
description of the motion in deformed nuclei introducing a «stretched»
velocity field corresponding to a given type of motion in a spherical nucleus.
Special attention is paid to the vortical motion. An important example is
discussed concerning the vortical motion involved in the rotating Riemann
S-ellipsoids.

» Section 3 treats the quantization of the vortical motion in that case. The band
structure issued from the coupling of the global rotation with the Kelvin
circulation is examined and compared with the experimental energy spectra
obtained for the yrast superdeformed states which show a characteristic
staggering behaviour.
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Fig.1. By examining the flows of the collective tide perhaps we
might be able to learn something about its ebbs (elementary
building blocks) [1]

* In Section 4 we generalize the procedure described in the previous section to
the case of nuclei having no axial symmetry. This allows us to show the
relation of our description of the staggering in superdeformed bands with the
description given in other publications.

* In Section 5 we show that the most probable type of nonaxiality in
superdeformed nuclei may be within the C5-symmetry.

* Section 6 is devoted to a more complicated type of vortical motion generating
the dipole toroidal moment. The fingerprints of such a motion are presented.

* In Section 7 we remark the parallels between the quantal descriptions of
vortical motion in a liquid drop and of the motion of charged particles in an
electromagnetic field (Aharonov-Bohm effects).

2. INTRINSIC VORTICITY AND OTHER NONTRIVIAL MODES
OF NUCLEAR MOTION

In Refs. [2], [3] and [4] a scheme has been worked out to develop a
velocity field parametrization for the study of the currents in deformed nuclei.
This problem is of the same nature as the classical hydrodynamical problem of
determining the flows of the matter in a homogeneous liquid filling a container
whose shape and orientation in the space is changing with time [5]. This
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approach is currently applied in Ref.[6] to visualize the collective flow in some
nontrivial cases.

The method suggested here is based on the knowledge of currents
describing the motion in spherical nuclei. The parametrization of velocity fields
for the latter can be easily done applying the techniques of spherical vector

functions [7] YfM(r /) by writing for the velocity field an expression

L
U= D fp 40 Yip /).
LLM
Expansion for currents in spherical vectors has much in common with the
widely used in nuclear physics expansion for the distance of a point on the
surface from the origin of the coordinate frame

R(r/=RyY, 0 Y, T/ 1),
ILm

However, the former expansion provides possibilities of studying collective
phenomena which are not related with the nuclear shape. Figure 2 allows one
to see this feature in a clear way. Here some examples of velocity fields
obtained using the spherical vectors expansion are presented. In the figure the
lines of «solenoidal» (leaving unchanged the density) currents in spherical
nuclei are shown.

Oscillations of the surface around the spherical shape of multipolarity 2, 3

and 4 can be described in terms of the shape parameters o, with [=2,3 and

4 or in terms of the velocity fields u, (r)= rli-lyl- l(r/r). The pattern of
Y Im lm Im

velocity fields corresponding to the surface oscillations is shown in Fig.2 in the
fragments marked as L=2b (for quadrupole vibrations), L =3 (octupole case)
and L =4 (hexadecapole case).

All the other fragments of Fig.2 describe the motion in the spherical body
leaving undisturbed the surface. Among the modes of the motion shown in the
picture there are two (isoscalar) /=1 modes: the dipole toroidal mode (L = 1a)
and the mode describing the distributed magnetism (L = 1b). In addition to these
modes, Figure 2 shows the quadrupole magnetic mode (L =2a) and the
quadrupole toroidal mode (L = 2¢).

The spherical vectors form a set of functions orthonormal on the sphere and
may be used as a basis for numerical solution for dynamic equations of the
motion in the normal and in the quantum fluids. However, to apply them, one
must specify first of all the model of a quantum-fluid dynamics. These
functions may be used differently as generic tields giving the possible motions
in bodies (either classical or quantal) of an arbitrary shape. To do it, we suggest
to generate velocity fields considering the displacements of liquid elements
which appear after a series of transformations shown in Fig.3 and defined as:



STUDIES OF COLLECTIVE CURRENTS IN NUCLEI 307

f(r,t) =d'(t)r +¥'(t)r®

Fig.2. Examples of «elementary» currents visualized by
«the lines of currents». In these examples the function
S{r) in the expansions of the current in spherical vectors is
given by polynoms in r whose power is < 4
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r(f) = TASA;'r(0). 1)

Here Ar is the displacement of a given liquid
element resulting from the transformation of the

-1 body’s shape by the irrotational flow, A" !r des-

A cribes the inverse displacement, T is a rotational

matrix and finally Sr is a displacement resulting

l from one of the «elementary» modes of motion
Y in a spherical nucleus.

S The velocity field corresponding to this series

|
‘
S
! ) of transformations is given by the following
I expression:
\
u(r, ) =Qxr+u, (T )+ (T, (2
] .
Y
The first term in eq.(2) describes the uniform
@ l rotation of the body (Qi = z ei‘].,k(TT"l)jyk), while
v ik
-~ the second and the third ones are associated with
1
1

I the intrinsic motion. The second term corres-
ponds to the irrotational flow transforming the

SE) = T-A-S-ATE0)

body into a sphere (uA=AA_1r). The last one

gives the contribution from the chosen mode of
«elementary vortical» flow «S» in the spherical-

Fig.3. The transformations ge-  pycleus (uS=$S"1r)) «stretched» by the defor-
nerating currents in deformed

nuclei keeping their shapes mation so that

uy’ = Aug, 1= A7l 3)

In the general case, the operator A must result from a variational calculation
and thus demands numerical calculations. When the shape of the body is
ellipsoidal, the operator A is a diagonal matrix whose matrix elements in the
inertial frame are half the length (semiaxes) in the principal directions (a, a,

and az). When the «S» transformation is also a uniform rotation (around the

z-axis of the ellipsoid), the corresponding collective velocity field u(r) in the
laboratory frame has the following components on the principal axes of the
nucleus:

u=—Q+qo)y, u=/0+2 I
= qo)y, u = q)x, w=0 |17y
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Fig.4. Flow patterns of Riemann’s S-ellipsoids corresponding to various values of the
dimensionless parameter & (see text). The picture shows the case when the global rotation
frequency Q and rot (u) are parallel to one of the main axes of the inertia tensor (z-axis)

introducing the frequences (® and Q) of «S» and «T» rotations. The velocity
field has a uniform circulation: '

W 1
QMU%=2Q(1+E§(q+;)}

This field is a particular solution of the well-known classical Dirichlet prob-
lem for the most general linear velocity field in the system bounded by an
ellipsoidal surface as studied by Riemann [5], [8]. The pattern of the motion
depends on the quantity

I+q_1—8'
g=—t.

1+q9
Q

The corresponding parametrization of the velocity field comprises the uni-
form (rigid-body) rotation (§ = 1), the motion of an ideal liquid without circula-
tion within a nonspherical stationary rotating container (& =— 1), various shear
modes (§ =0, + «) and also the flow with an arbitrarily large angular momen-

tum inside the container with an elliptic shape which does not change its orien-

tation in the space (§ =a)2C / aﬁ)‘ Figure 4 shows a variety of physically different

types of flow which could be studied in this way (assuming a < a, <a).

In Refs. [2], [3], [4] we have generalized the usual Routhian or cranking
approach for uniform rotations to allow the study of a variety of collective
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modes. It is done using a formal analogy between canonical transformations in
Classical Mechanics and specific unitary transformations in Quantum
Mechanics. The stationary motion in the presence of currents is described by a
«cranked» Hamiltonian with the generalized cranking term [3]

A

A 1 A A
Hcranked=H_%Z (“ 'pi+pi ' ll), (4)
i

where u is the velocity field and the summation goes over all the particle’s
indices. In classical mechanics the cranking term represents the point-
coordinates transformation to the coordinates attached to moving «liquid
elements», whereas in quantum formulation it corresponds to the unitary
transformation of the wave function

W 5 W = exp (iS) ¥ (5)

A
with the S-operator such that

A
dSh oy _ L5 AN
dts —2ﬁ2(u P, + P, u). 6)
H

The presence of the cranking term in the Hamiltonian and the associated
phase transformation of the wave function lead to changes in the distribution of
nucleons in the momentum space and have numerous physical consequences
[9].

Such an approach is applied to the coupling of a global rotation with a
uniform intrinsic vortical motion in the aligned case discussed in the previous
lines. Applying it, the nuclear inertia properties with respect to the motion were
estimated in the simple case when the energy dependence on Q=0 and =0
was approximated by a quadratic form

E<, m)=%§22+BQm+£2’:(o2. (7

This was done using a truncated % expansion of the generalized cranking
equation when the effective nucleon-nucleon interaction is a full-fledged
Skyrme force [9]. The density was approximated as being constant within an
ellipsoid whose semiaxes were given by

— . 2/3 . -1/3
a =ayq”’", a,=a=ay ,

where a, is expressed in terms of the total particle number N and the usual
size parameter r by a,= r0N1/3, whereas g =ax/ay is the shape parameter.

Introducing the parameter
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_2 5/3.1/3

which is equal to the rigid body moment of inertia times q1/3, and defining
the geometrical factor

1 1
R-——2—(q+q],

one obtains for the three inertia parameters in eq.(4) the following estimates:

A=7R[1—[€—)R] B=y[l—(€—)R] C=7R[1—(%j]. ®)

The semiclassical factor D/vy is given in terms of the real and effective
masses in nuclear matter (m*/ m)NM by

% = 10012/ 3(m* / mypL N72/3¢71/3

and is small compared to one.

In this way one finds that the semiclassical approximation of the
corresponding stationary solutions of the Hartree-Fock equations gives the
classical Riemann results [8] at the Thomas-Fermi level with small corrections

(~N"2/ 3) at the order %2. The physical significance of the inertia parameters A,
B and C will be studied in the next section.

3. QUANTAL ANALOGUE OF THE MOTION INVOLVED
IN THE ROTATING RIEMANN S-ELLIPSOIDS AND STAGGERING
IN SOME SUPERDEFORMED ROTATIONAL BANDS

The use of the quantal analogue of the motion involved in the rotating
Riemann S-ellipsoids in nuclear physics had been already proposed by many
authors, including D.R.Rowe [1], R.Y.Cusson [13], G.Rosensteel [10]—[12],
P.Kramer [14] and one of the authors [15]. A simple quantization procedure of
such a motion is suggested in the papers [2]-[4] and considered in more detail
in Ref.[9]. To quantize the motion, one introduces the angular momentum #J
and the «vortex» momentum 7/ as conjugate momenta (in classical mechanics
terms) with respect to the angle variables (© and 0) of «T» and «S» rotations:

‘h’=$, ‘hﬁl=56 )

Then, the quantal Hamiltonian operator is introduced rewriting the energy in
terms of I and J and substituting them by
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Fig.5. Schematic representation of the
band pattern E(Z, J) in its dependence on
the angular momentum (/) and
«vorticity» (J) quantum numbers

2 . d " . d

I=—i 30 J———zae. (10)
The quantal states are determi-

ned from the Schroedinger equation

for the wave function ‘I’H(O, 0)=

=n1/2 exp (i(I® +JB8)) imposing
natural periodicity boundary condi-
tions at the ends of the interval

I 7 0<0, 6<n. The precise formu-

lation of the boundary conditions involves the intrinsic part of the wave func-
tion. Whatever its contribution, the periodicity conditions admit only a discrete
set of quantum numbers I and J: I=1,+ 2k, J=J,+ 2l with integer numbers k

and L.
In the quadratic case one arrives at the following expression for the energy:

E(I,J)=ﬂ2x(%12—3u+£ﬂ) an

2
with
A=(@AC-BY!
(A, B, C being the inertia parameters defined in eq.(7)).

The corresponding quantal states form a set of rotational collective bands
as illustrated in Fig.5. The collective band states belong to parabolas labelled by
the vorticity number J. The parabola enveloping these parabolas is the classical
yrast band with a moment of inertia equal to C. The yrast sequence is composed
of states belonging to different collective bands. The passage from one band to
another introduces a kink in the energy as a function of the angular momentum.
The periodicity in I of such kinks corresponds to AI=2B/C. The maximal
value of the kink (which does not change along the yrast line in the quadratic
case) is equal to AE, = C/2(AC~B 2.

Recently, an energy staggering yielding a Al =4 periodic structure has been
found experimentally for some rotational bands in superdeformed nuclear states.
This structure whose amplitude corresponds merely to less than 0.1 per cent of
the observed transition energies has been found in the presently available data
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Fig.6. Experimental [17] staggering amplitude in '*9Gd (right lower corner) and in
three superdeformed bands of 194Hg (bands 1, 2, 3)

AEy=%(E¢1)—%(4EY(1+2)+4Ey(1—2)—E¢1+4)—EY(1—4)].

only in 149Gd for one and in 194Hg for three bands [17] (see Fig.6). However a
few other candidates are tentatively proposed in nuclei of the same super-
deformation region or in the A >~ 130 region [18].

Clearly, the coupling of the global rotation with the uniform vortical
motion above considered may provide an explanation for such a staggering
phenomenon. Indeed, within the described model when C/B =2 the interval
between the kinks is Al =4. In this case the kinks are absolutely regular. When
C/B is close to two, the staggering becomes slightly modulated and may even
change sign when increasing the angular momentum. All such features seem to
appear in the experimental results as shown in Fig.6.
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One finds also that the semiclassical estimates of the model parameters, if
not exactly coincide with the values deduced from experimental data, are
globally consistent with them [4].

No contradiction to the explanation of staggering in terms of coupling of
two different «rotation-like» modes could be infered from the decay-time meas-
urements of the states in staggered bands. In fact, the time of life measurements
show within our model assumptions that the J-mixing does exist: othervise the
E2.transitions along the yrast line would not be quenched but would exhibit a
staggering which is not seen experimentally. It has been proved [9] that the
level of quenching of E2 transitions resulting from our modelization of the yrast
line is not inconsistent with the data, considering their currently available poor
accuracy.

On the other hand, J-mixing leads to some quenching of the kink
magnitude. The semiclassical theory prediction of the staggering amplitude
which is done ignoring the mixing yields a value several times greater than
experimentally found [9]. This difference may be attributed at least partly to the
J-mixing of collective bands.

4. VORTICITY QUANTUM NUMBER CONSERVATION VERSUS
AXJAL SYMMETRY VIOLATION

The AI=4 character of the staggering phenomenon has prompted some
explanations involving a non-axial hexadecapole deformation, namely the
L,M=4,4 collective degree of freedom [16], [19], [20]. Does the suggested
C,-symmetry exclude the conservation of the vorticity quantum number? In

other words, do the two lines of interpretation of the staggering phenomenon
exclude each other? Apparently, it is not so. The rotational motion in high-spin
superdeformed states must follow the rules of the quasiclassical theory.
According to the presented model, in nuclei where the staggering phenomenon
is found, the value of the quantum number in the states lying near the yrast line
must be equal to J~ (B/C)I~1/2>> 1. Then to answer the question one may
study the vortical motion in these nuclei using also semiclassical arguments.

The way of generating vortical currents suggested in Section 2 is quite
general and may be applied to the bodies of arbitrary shapes and to arbitrary
currents going in three dimensions. Applying the technique similar to that
which was used before (see, in particular, Section 3) one arrives at the
Hamiltonian

C,
T

3
A A
/\mz ) i A A Ao
H—-h'zliz BIJ J?

i=1]

(12)
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Assuming that in the states lying near the yrast line, the global and the
stretched rotations go predominantly around one of the principal axes of

inertia tensors Aij’ Bi,j’ Ci,j’ which we call as axis one, we rewrite the

Hamiltonian in the following way:

A C
N2y | Tl Bl [ R I A
H="# }‘1 > -1+ 3 Jy |HA°R (13)
The second term in the r.h.s. of eq. (9) has the form:
/\' l\, /\, l\’ .
h'=h, +hp +hl, (14)
where
2 2,12 242
4 =0Ty + 1)+ B,y - 1)
A !
hB =—-20LB(1212+I3J3)+ﬁB(12]2—13J3) (15)
T 2, 52 2_ 42
hi =aJ; +J'3)+BC(J2 =J3)
and
1
o, Z(XA +kA 22\1A1), BA 4 2 ) —AA 3)
1 1
5=7 A,By+AB = 2MB),  By=7 (LB, - 1By (16)

I I
Oe=7 MGy +MCy=24,C)) Br=5 (G =10y,

When the two generalized momenta I and J are parallel and have the largest
projection on the first axis in the intrinsic reference frame the following boson
representation of I and J is appropriate (see Ref.[21] for the case of merely one
set of angular momentum operators):

1i=12ii13
I,=1-c¢c I+=\/ﬁc;f, I_=\/§c,

1 11

Jy=I-cfe,, g =\2Jc], 1 =\2Jc,.
) =
[C:’Cj]_SiJ

Using the boson operators one writes the first term on the r.h.s. of eq.(13) as
A
7| 5 P-B I+~ Jz}

=E(I,J)+ﬁ2lel(Ic c,+Jc]le -W(cTcT+ch,)) 17)
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where
Al Cl
E(I,J)=1‘i27»1 7[(1+ 1)—BIIJ+—§—J(J+ D . (18)

In this way one arrives at the following expression for the Hamiltonian :

A 2/\
H=E{U,J)+#*h

) . (19)
where h, , is a quadratic Hermitian polynomial:
Ay
#2h = D (& (1, Dee,+ AL N e +c.e)), (20)
k1l :
(the indexes k and [ standing for I or J).
The boson operators
AN
bl =2 @ (. Def +y, (& De) 1)
1
satisfying the commutation relation
A
= i
[hl,.] » bk] - O)k(la J)bk (22)

are the creation operators of the excited collective states; they determine also

the yrast state wave function ‘I’yrast(l, J) which is the vacuum with respect to
A A

the b operators. The contribution of the h, , operator to the yrast state energy

AE(1, J) can be found when bringing this operator to the form
2

A A LA
— 2
hy ;= AEQ, D)+ > o, Db, . (23)
k=1
The eigenfunctions of this Hamiltonian are given by the multiphonon
configurations

v =1 _ohiehiy g
o, = Y O O ¥

with the vacuum function ‘I’yrast(l, J) such as bk\Pyrast(I’ J) =0. The zero-point

precession renormalizes the energy by
. . A
AE(l, J) =h Tyrast(l’ ) | hI,J | \Pyrast(l’ W)

and may affect the staggering amplitude.

This renormalization has no evident relation with the one issuing from the
effective Hamiltonians considered in Refs. [16], [19], [20] where the installation
of the C, symmetry is advocated. In the quoted papers vortical currents are not

considered. On the other hand, the Hamiltonians suggested in these papers
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contain, in addition to terms quadratic in the angular momentum operators I,

also terms of the fourth power chosen so that the effective Hamiltonians possess
the C,-symmetry. In the language of this section such terms correspond to

anharmonic corrections with respect to the precessional global rotation. The
authors show that appropriate combinations of parameters in such Hamiltonians
lead to the staggering pattern of the spectrum.

Admitting both the vortical motion and the anharmonic terms, one increases
the number of parameters in such effective Hamiltonians and consequently
increases the number of favorable combinations yielding staggering. Thus, the
installation of a C,-symmetry may, in principle, interfere (in constructive or

destructive ways) with the quantized vortical motion in producing (or not) a
persisting staggering in rotational superdeformed bands. One must have in
mind, however, that whatever the chosen line of explanation for the staggering
phenomenon is one must tune the parameters of the effective Hamiltonians in
a very specific way: apparently the staggering appears as a result of an interplay
of many tiny details of the nuclear structure and this happens only in very rare
cases. There is no reason to think that various physically different ways of
generating the staggering could be realised in the same nucleus.

We point out that the interplay of global rotation and of vortical motion
may simulate the unharmonic effects in each of these modes even then no
anharmonic terms are present in the Hamiltonian. Upon writing the one-phonon

wave function y as
\
=pt =1
y=p"¥Y =
yrast [ (pJ J

- T
O = by + b ¥y g

with

one obtains for the function ¢, an equation

A A 1 A
[hu"hu x hy —o ]‘Plzo'
hu—w

. A 1 4 . .
The power expansion of the operator h, Jr———hj ; Yields an effective
> th_(o »
. Hamiltonian with essentially the same general structure as that which could
be obtained for the precessional motion starting from the effective

Hamiltonians of the C,-models. This shows merely that the effective

Hamiltonians of this type may describe various physical phenomena not
necessarily related with the symmetry of the nuclear mean field.
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5. WHY NOT CONSIDER THE C,-SYMMETRY INSTEAD OF C,?

The model of two coupled collective modes is able, as we have seen, to
explain the staggering in the yrast band with an arbitrary periodicity Al in the
angular momentum scale depending on the ratio of inertia parameters. The C,

symmetry model has an appealing feature of being seemingly related with the
Al =4 nature of the staggering found experimentally. Here we show that this
relation is not intimate at all, and that the type of the axial symmetry breaking
is not directly related with the interval between the kinks.

The well-known differences between the even I and odd I states in
deformed nuclei are indeed deeply related with the prevailing D,-symmetry of

the nuclear mean field (and thus with the C,-symmetry contained in D,-

symmetry {22]). This difference is due to the nature of the angular variables
determining the spacial orientation of the nucleus: these angles are associated
with the orientation of the main axes of the nuclear inertia tensor. Indeed, the
choice of the intrinsic reference frame associated with the inertia tensor is not
unique. Correspondingly, the definition of intrinsic variables is not unique in
this case: each of equivalent orientations of the principal axes of a quadrupoloid
with respect to the reference frame corresponds to a particular set of intrinsic
coordinates. These properties of systems with D,-symmetry are incorporated in

the unified nuclear model [21] and are expressed by the condition imposed on
the wave function with respect to the coordinates transformation associated with
a reference frame rotation by the angle m around each of the principal axes of
the quadrupole tensor: the transformation of collective and intrinsic coordinates
issuing from such an operation must leave the wave function unchanged. Such
formulation of the theory lies in the origin of the differences in the description
of states with positive and negative signatures and is deeply related with various
«Al =2 staggering» phenomena.

One may imagine a physical system for which such a definition of
collective angles is inappropriate: a system with the shape of a perfect cube. The
inertia tensor of such systems possesses the spherical symmetry, and the choice,
usual for nuclear physics, of angular coordinates is not adequate for them. Then
one would be inclined to associate the collective angles with the hexadecapole
moment instead of the quadrupole moment. The quantal collective motion in
such systems must be quite different from that which is known in nuclear
‘physics. Here one would expect various kinds of «Al =4 staggering».

Surely, the superdeformed nuclear states are not states to be understood
with such a choice of the reference frame. Here we deal with a system having
a large quadrupole moment. The image given for nuclei by the adepts of the
C,-symmetry reminds a cigar kept in a tightly packed rectangular box: looked
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from the thin side, it appears as an object of rectangular shape. The usual
definition of collective angles must be perfectly justified in this case. Thus, no
a priori limiting conditions additional to those existing in the unified model
could be formulated and no a priory Al =4 staggering could be expected as a
consequence of the Y4’ 4 deformation. In corroboration with this statement, the

effective Hamiltonians introduced in Ref.[19], [20] describe various kinds of
spectra with or without staggering depending on the values of entering them
parameters.

These arguments do not mean that the explanation of the staggering in
terms of effective Hamiltonians in the above quoted papers is necessarily
wrong. They indicate that the staggering phenomenon does not give a solid
proof for the existence of a C ,-Symmetry: these Hamiltonians may describe

implicitly any kind of physics, and in particular the quantized vortical motion
advocated in this paper.

The staggering effects and other irregularities of the rotational bands may
be related, in principle, with other types of violation of the axial symmetry. In
particular, the Y3’3—def0rmation of the mean field has good reasons to be

involved in the high-spin physics. This is because the octupole collective

. excitations carry an intrinsic angular momentum (j. .= 3% for purely octupole
Ty g intr purely p

one-phonon state) which has a natural tendency to align with the collective
rotational angular momentum.
The alignment is reflected by a reduction of the energy interval between the

yrast and the lowest K™=0" bands upon increasing the total angular
momentum. It is found practically in all even-even deformed nuclei already at
very moderate angular momenta. Figure 7 shows two examples of such a
tendency [23]: one for a nucleus considered as beeing rigid with respect to

octupole vibrations (232Th) and the other for an octupolly soft nucleus (220Ra).
The Coriolis effects leading to the alignment may be studied within the model
Hamiltonian [23]

A A A A

A
H=H (I-j)+H

ro intr’

(24)
A
where H . represents a rotational part depending on the difference between
A
the total angular momentum operator (I) and the angular momentum operator
A

(J) associated with the octupole vibrations of the nuclear surface.
The second term in the above formula describes the excitation of
vibrational degrees of freedom :
A 3 3 2
Hyo= 2 0 g1bibe+h| X bib, (25)
K=-3 K=-3
containing thus an anharmonic correction in addition to the harmonic term.
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Fig.7. Energy of nuclear states as function of the spin for
232Th [24] and 22%Ra [25] nuclei

The intrinsic angular momentum operator

3
A A
i= 2 dgxbiby (26)
KK =-3 .

establishes a coupling between rotational and vibrational motions and leads to
the hybridization of the positive and negative collective bands.

The eigenfunction of the model Hamiltonian can be written as the product
of multiphonon configuration states InK=“3,...nK=3) with the spherical

functions DAIL x K= 2 KinKi):
_ 1
‘I’—2W[ni]DM’KInK=._3,...nK=3). @7
The amplitudes Yiny are found as solutions to the matrix equation
1 N /‘\
(e — QW1 = £lV] (28)
with Q =dEmt/ dl. The eigenenergies are then equal to

E=F_+¢&. (29)

rot
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When Q becomes large (i.e., when the spin increases) it is found that the
lowest value of € corresponding to an aligned superposition of one phonon
states becomes negative. This means that at some spin value the one-phonon
configurations become yrast states. At still larger values of spin the yrast states
correspond to two-phonon configurations and so forth. Due to linear depend-
ence on [ of the energy of aligned multiphonon configurations which is weaker
than the quadratic dependence on I of the energy of collective rotation, the
intervals between the I-even and I-odd states decrease when the angular
momentum increases.

However, the hybridization of I-even and I-odd yrast sequences does not
proceed in a monotonic way. The quantized nature of the number of phonons
and of the angular momentum results, as in the model discussed before, in a
staggering of the yrast-states energies.

An analysis of the described system has been performed upon using
coherent states ‘7») such that b | A= l{k) within a variational ansatz for finding

the amplitudes y, in the phonon operator b=2\|leK . It yields a smooth

yrast line corresponding to a renormalized moment of inertia. The quantal
staggering is lost within the variational treatment just like in the case considered
in previous sections.

Coherent states are not eigenstates of the vibrational angular momentum j
and may be considered as some deformed states. To find out the nature of the

deformation which is involved here we associate the boson operators b;, bK

i

with the components of the octupole mass tensor and conjugated to it momen-
tum p, ~ ifi[T, q,] (T being the kinetic energy operator). Then we find- that the

optimal shape of the nucleus at high spins involves an octupole Y3,3 deformation.

These results published first in Ref.[23] led the authors to conclude that the
installation of such a deformation is a potentially general property of nuclei at
high spins”.

One cannot expect that such a schematic model may go far in explanation
of the high-spin states in atomic nuclei. Anyway, it allowed one to predict an
unusual pattern of the spectrum in the nucleus 220Ra soft in respect to the .

octupole vibrations. In Fig.8 we reproduce the comparison of the experimentally
found values of the ratio

2QE(I+ 1)~ 1D
R=—1
E(U+ PANEEY

*That is the property expected at sufficiently high spins which may turn out however to be higher
than critical for the fission in some nuclei.
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Fig.8. The calculated and experimental transition energy ratios
R=2E(I+1) »IN/E(+2* > T in 220Ra. The symbols in
the picture stand for: — -« —— experiment [25], — — + — — experiment
[26], -———- theory [23],

with the values corresponding to the presented above model. The approach of
R to one is taken in the literature as an indication for the break-up of the
left-right symmetry of the nuclear mean field. Both the experimental data (the
high-spin part of which was obtained about five years after publication of
Ref.[23]) and the theory show that the installation of the octupole symmetry
is accompanied by some staggering effects with the periodicity having
nothing in common with the type of the symmetry involved.

The high-spin superdeformed states are excellent candidates for the search
for the deformation of this type, although the model discussed before cannot
yield a quantitative prediction here. One knows that an appreciable fraction of
the octupole strength is concentrated around the excitation energy [27] of the
«low-lying octupole resonance» (LEOR) ‘

314
ELEOR =A1—/2’ V7/4—-X MeV)

throughout the periodic table (in the above formula X=ZZ/49A is the
fissility parameter). In rare earth nuclei this excitation energy becomes equal
to the magnitude of the Coriolis coupling between octupole states at the
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rotational frequency of about 1 MeV which is not too far from the frequencies
found in the superdeformed bands in this region of nuclei.

6. HIGHER-ORDER EFFECTS IN THE ELECTROMAGNETIC
RADIATION AS A PROBE OF VORTICAL MOTION

The uniform circulation may manifest itself only in systems with an
appreciable quadrupole deformation. Indeed, the «stretched» rotation becomes
indistinguishable from the uniform rotation of the matter when the container has
a spherical shape. Strictly speaking, it is expected only in ellipsoidally shaped
bodies. However, other types of vortical motion may exist also in spherical or
slightly deformed nuclei with arbitrary shapes. For example, in spherical nuclei
the dipole toroidal motion produces the currents with the velocity field

u(r, t)=a(t)[ 1-2 {—2 ]+(a(t) : r)—l—%, (30)

where r is a position of a moving liquid element and R is the radius of a
sphere representing the nuclear surface. This type of motion is known as the
Hill’s vortex [5]. The vector a(f) determines the amplitude and the direction
of the Hill’s vortex. The lines of current of such a velocity field are shown in
the upper right corner in Fig.2. The procedure described in Section 2 gives
for the stretched toroidal current in ellipsoidally deformed nuclei the
following expression [6]:

u= upep + ue, ‘ (31)

with

- 2
_ _ 2 2 50" o
up—Azp, uZ—A[b -2 2a2p ] (32)

Here, A is the amplitude of the vortex aligned with the z-axis, a and b are the
semiaxes of the ellipsoid determining the surface. The corresponding lines of
the current in ellipsoidally deformed nuclei are shown in Fig.9.

Fingerprints of one particular mode of such a motion (toroidal mode) have
been already looked for in the data on the nuclear structure for some years
already.

The toroidal currents in an electrically charged liquid interact with the
transverse electromagnetic field and consequently may influence the dipole-
electric transitions between nuclear eigenstates [28]. Strong deviations from
predictions of the adiabatic theory for the absolute values of El-transitions

found recently in the multiple Coulomb excitation of 22°Ra have been analysed
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Fig.9. The lines of the current corresponding to the toroidal dipole modes in deformed
nuclei: right — the Hill’s vortex is aligned with the short axis, left — the Hill’s vortex is
aligned with the long axis

in order to estimate the contribution of the dipole toroidal moment to the El
transition probabilities [29]. The analysis is performed taking into account the
effects of Coriolis coupling between the negative-parity bands and including in
the E1 transition operator the terms describing the interference of the «pure»
electric dipole and toroidal moments. This is done writing for the intrinsic part
of the dipole electric operator an expression:

Myoed, + Ey te
Here, d is the standard dipole electric moment and ¢ is the dipole toroidal
moment of the nucleus; EY is the y-ray energy.

In Fig.10 we show the best fit of experimental results obtained in this way
in comparison with the best fit obtained assuming that the toroidal contribution
is absent (t = 0). Here, the «effective electric dipole moment» is given:

_\ 4r (2I+1) -
Q:F—\/ 3 W2 T 172 BELT SUF L)

extracted in Ref.[30] from experimental data and calculated from the model.
It is seen that the admission of toroidal currents allows one to improve
essentially the reproduction of experimental results.

In Ref.[29] the energy weighted sum of matrix elements squared for the
toroidal dipole operator is estimated (S, ). A phenomenological treament shows

that the strength of toroidal transitions between the ground and the lowest
negative-parity band is rather large: |(1‘|t|gr>|2(E I-_E&ny ~ 0.13S, . This
allows one to think that the collective toroidal current plays an important role

in the structure of the lowest negative-parity band in 22Ra. Such a conclusion
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Fig.10. Comparison of the «effective» dipole moments Q% extracted from the experimental
data and calculated admitting toroidal contributions to the transition matrix element (full
line) and without such contributions (broken line)

calls for verifications which could be done by analysing both theoretically and
experimentally the internal conversion process accompanying the nuclear
transitions studied in this paper. Indeed, the internal convertion coefficients give
an independent test of the presence of such currents.

7. ANALOGY WITH THE AHARONOV-BOHM EFFECT

We want to give here an image of the phenomena discussed before
somewhat different from previously presented. The emphasis of our commu-
nication is made on collective motions which do not change the distribution of
the matter in space. The existence of such motions in macrophysics does not
need any proof: with a very tiny idealization of the reality, one may think that
the electric current in an ordinary conductor is not related with any changes in
the electric circuit. The amplitude of the current may be regulated at one’s
desire and may be considered as one of the parameters determining the physical
state of the circuit. Certainly, intrinsic vortical currents exist in microscopic
systems like atomic nuclei. The value of the moment of inertia of deformed
nuclei indicates that the motion involved in the collective rotation is different
from the global (rigid body) rotation. Magnetic properties of spherical nuclei
reflect the presence of currents yielding a circulation of the nuclear matter. The
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previous section has also given an evidence for the dipole toroidal currents in
heavy nuclei.

Still a rather fgndamental question concerning the vortical currents in
microscopic systems may be raised: may such currents represent, or not,
degrees of freedom independent from those which are associated with the
distribution of the matter in the space? Such a question is prompted by the
following simplistic consideration. In quantal systems consisting of identical
particles one could think that their (infinitesimally slow) displacements would
affect the physical state only inasmuch as by changing the distribution of the
matter. Arguing like this, one may say that the second of the transformations
considered in Section 2 (the S-transformation in eq.(1)) must be considered as
unphysical in application to atomic nuclei, and all theoretical constructions
based on it are erroneous. However, this argument fails in the case of the time-
dependent transformations, because the latter reflect the changes of the particle
distribution in the momentum space. The state W’ satisfying the generalized
cranking equation (4) is quite different from the one corresponding to the same
distribution of the matter in space but which is obtained using a variational
approach involving only time-even constraints.

The wave function describing the stationary motion contains a time-dependent
phase factor (see eq.(5)). It is precisely the place, where the motion generating
parameters appear. Representing no measurable quantities in the sense of classical
picture, such parameters play an important role in the quantal description of the
motion. These aspects of the theory have been shown in this paper for the case of
the motion involving the Kelvin circulation. In fact, such aspects of the theory are
well known in the literature : they play the central role in the so-called Aharonov-
Bohm effect [31,32,33]. The latter concerns the reaction of the quantal system on
the electromagnetic field in special circumstances when the electromagnetic field is
localized in the region inattainable to a charged particle but affects the phase of its
wave function through the electromagnetic potentials (the scalar potential and
especially the vector potential A). When the charged particle passes the region of a
nonvanishing value of A the presence of a remote electromagnetic field manifests
itself by a variety of interference effects.

The Aharonov-Bohm effect stems from the accentuation of the role of the
phase of the wave-function: the changes in physical arrangements responsible
for the changes of the phase of the wave function may lead to measurable
effects even in cases when such effects are not expected for classical systems.
The model suggested in this paper for the explanation of the energy staggering
in superdeformed bands gives a new example of such a situation.
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Since the publication of the paper by Y.Aharonov and D.Bohm, a number
of possible experiments has been discussed in which the phase of the wave
function plays an unexpected role. In particular, there was considered a system
consisting of an electron in a circular circuit placed in the static magnetic field.
If the circuit is infinitely thin and the electron-ion interaction is absent the
quantum state of an electron is given by the Schroedinger equation with the
Hamiltonian

(39 A (33)
with

where R is the radius of the circuit. Naturally, the solutions of the
Schroedinger equation are

0
¥,0) =V T/21 exp [i(Rk, 0 - = [ d1(0)A )]
. 0

with kn quantum numbers determined by the boundary periodicity conditions:

€
2nRk, ~ =@ =2mn, (34)
where, n=0,%1,42...., and"
o=[d1A=[dsH (35)
c s

is the magnetic flux passing through the circuit.
The energy of the electron in the quantum state n
(fik,)*

E= 2m

L

does not depend in an explicit way on the magnetic field. However, the allowed
values of k, depend on the flux according to eq. (34). In particular, the ground

state energy is not necessarily equal to zero whenever their is a nonvanishing
magnetic flux through the circuit. Indeed the lowest Iknl value is either

1 e e
b=zl 2]~

or ko-l (here [x] means the integer part of x and it is assumed that &> 0).

Thus, the energy of the lowest state is a «staggering» function of the flux.
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[
The energy staggering in the electric circuit is accompanied by the presence
of an electric current whose magnitude depends non-monotonically on the
magnetic flux ®. The magnitude of the current is equal to

_fie
="k,

(]el n
From the above discussion it follows that whenever ® /(e /hc) is not an inte-
ger, one expects to register the permanent electric current in the circuit (even
when it is in its ground state). Very fine recent experiments on Supercon-
ducting Quantum Interference Devices (SQUID) representing electric «meso-

scopic» chains with the size of the order of 3pm show indeed the presence of
such currents [34], [35]. ‘

It is easy to establish parallels between the model of Section 3 describing
the irregularities in superdeformed bands with the system discussed in the pre-
vious paragraphs. To do it, we examine in a slightly different way the Hamil-
tonian in eq.(13) to which we add a term describing the coupling of the rota-
tional dc‘:grees of freedom with the degrees of freedom of the intrinsic motion:

A
A 1% A 1% A,
H=" 7\,1('—2 I _B1U+—2 Jo |+f°h +Vcoupl (36)

A
assuming that [I, Vcoupl] =0. The eigenfunctions have exact angular momen-

tum quantum numbers (/ and M) and may be written in the usual way as
superpositions of states with definite projection of the angular momentum on
a quantization axis. Choosing the latter as the axis of rotation yields the

expansion of the wave function in the spherical harmonics D)’w «© depending

on the orientation of the system in space :

= I
 FIVEDIN HARN()) 2 37
n

We represent the eigenfunction ¥, as a column vector (dropping the I and
M indices)

v sy=|T, (38)

and write the Schroedinger equation in a matrix form
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A
HY=EY. (39)

The state ¥ having a fixed angular momentum quantum number /, the
A

projected Hamiltonian H, is

G

N 2 Al I\A /\2 A
Hy=12| S I+ 1) =B =mJ, +— T2 hy [+ Vo (40)

As a starting point we make the same approximation as in Section 4. We

A
neglect the terms h; and V The first of them contributes to the precessional

coupl’
motion while the second describes the J-mixing. Then the / and K quantum
numbers are conserved:

A
=11+ 1)¥, n¥=n¥, K=I-n

In this case the dynamical equation for ¥ becomes:

A .
(g +1°B,(I = n )R )¥ = AE(D ¥, 1)
where
AE, = E() - E(])
2 B2
ED =" AJd+1)——- (1 =n)? 42
and also _
A #C (r B,
Hy\ =5 J—F](I—nl) . (43)
The solution for AE(]) is
ue | )
AE(I):T[J—FI(I—n[) +72B (I-n)n, . (44)

When n,=n,=0 one easily recognises in the last expressions the results

presented in Section 3 and 4 for the smooth and staggering parts of the energy
of the system in which the quantized Kelvin circulation is coupled with the
global rotation.

The Hamiltonians in eq. (33) and eq. (43) have an important property in
common: they represent positive definite operators each depending on the
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Fig.11. Parallels in the properties of mesoscopic conducting rings (left side) and the
rotational motion in the nuclear model with quantized Kelvin circulation (right side). See
explanation in the text

A
difference of a quantized quantity (J and 39 correspondingly) and an «external»

parameter (I and A). For these reasons the «ground state energy» as a function
of the corresponding «external» parameter has repetitive kinks following the
quantal changes in the ground state wave function. The possible relation of such
kinks with the observed Al =4 energy staggering has been already discussed in
this paper. The experimental proof for the existence of such kinks in the electric
circuit has also been given, although the direct measurements of the energy of
a circuit with the precision necessary to register the tiny quantal effects turn out
to be impossible. The proof of the considered phenomenon has been done
measuring the accompanying electric current.
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The parallels between the energy staggering in the superdeformed bands
and the permanent electric currents are illustrated in Fig.11. The upper part of
the figure shows the two quantal systems considered before (the «mesoscopic»
electric chain in the magnetic field at the left and the rotating nucleus with
vortical currents at the right). The lower part of the figure presents the quantal
phenomena establishing the similarity of the two systems. The permanent
electric currents in SQUIDs (solid line for an ideal «symmetric» SQUID and
dotted line for the real SQUID with finite inductivity) are shown on the left side
of the picture. At the right we reproduce once more the data concerning the

energy staggering in the superdeformed band in '49Gd explained in Section 3
within the model of a vortical motion coupled with the global rotation.

One may go much further in studying parallels in the properties of these
two kinds of systems. One may establish a similarity of effects produced by the
finite width of an electric circuit and of the precessional motion in the nuclear
model presented in Section 3. Both factors are related with the activation of an
additional degree of freedom. If the possibility of a motion in an additional
direction is open then the closed orbitals may be destroyed and thus the kinks
may be deminished. One may see the similarity between the «J» and «k,»

mixing in the corresponding models. The mixing of these quantum numbers
diminishes the role of the limiting conditions and also diminishes the amplitude
of the kinks.

8. CONCLUDING REMARKS

To conclude we may refer once more to Figure 1 picturing an oldish man
looking for the treasure in a pool of water. The particular pool in which we have
dwelt here may look to some readers rather shallow and its waters much
disturbed by the previous passage of so many gold searchers. It is our prejudice
however that whatever the fate of some tentative explanations proposed here
might ultimately be, taking into account in a systematic way of the dynamics
associated with shape conserving collective currents is a rich field of
investigations deserving a particular attention.

As a matter of fact we have considered here mostly but not exclusively a
particular type of such motions namely the uniform intrinsic vortical modes
whose classical analogues are the S-type Riemann ellipsoids. Their quantization
has yielded such interesting spectroscopic features as the regular presence of
kinks in the energies of the yrast states. Even though our proposition of such a
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phenomenon to explain the observed AI=4 staggering still remains to be
confirmed, it is not without significance that it may be ascribed as an analogue
of the Aharonov-Bohm effect in rotating nuclei.

The influence of the breaking of axial symmetry as well as intrinsic parity
symmetry has also been discussed. Under some reasonable model assumptions,
breaking these symmetries one retrieves, roughly speaking, the same coupling
scheme of collective modes and therefore the same type of spectroscopic
properties as in axially and reflection invariant nuclei.

We have sketched also some directions of further work which go beyond
the uniform intrinsic vortical motion either by considering more complicated
intrinsic vortical modes or by explicitly taking into account the mixing of the
Kelvin circulation quantum number.

Altogether most of our ideas brought up in the present review call for an
assessment through specific microscopic calculations. In particular the crucial
role of pairing correlations should be studied in a detailed fashion. Such studies
will without any doubt illustrate new facets of the rich dynamical behavior of
the atomic nuclei considered as small quantal fermionic droplets.

This paper is dedicated to Professor Vadim G. Soloviev not only for many
illuminating scientific discussions on various aspects of nuclear collective
motion but also for his constant example of positive, enthusiastic and deep
attitude in front of the challenging and sometimes overwhelming body of
nuclear spectroscopic data.
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which we would like to thank specially B.Cederwall, B.Haas, F.Hannachi,
M.Meyer and F.Stephens for discussions on superdeformed states and the
Al = 4 staggering, as well as with many theoreticians with a special mention of
E.Nadjakov, M.Cerkaski and G.Rosensteel.

This work is based upon the results from a collaboration which has been
possible through an agreement between the IN2P3 of France and JINR in
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YAK 539.14

NMOCTPOEHUNE BA3BUCHbIX ®YHKLNN
ANEPHON MOLENIN IBYX POTATOPOB
B MPOCTPAHCTBE ®OKA — BAPIMAHA

HU.C Hoyenko, I @.Dununnos
MHCTUTYT TeopeTuyeckoit ¢puaukm um. H.H.Boron6osa HAH Ykpautbl, Kues, Ykpanra

Ha ocHoBe MHKpOCKONMuECKOro Mopxona Tpemiarasics KOHCTPYKTHBHBIH METOH 110-
crpoeHus 6a3HCHBIX hyHKIMH SIEPHON MOAENH IBYX aKCHATBHBIX POTATOPOB B SBHOM BHIE.
PaccmarpuBaeMas Mozenb MHTEPIIPETHPYETCS KaK 0606LIeH e MOAEITH SU(3) Dnnyora, npu
9ToM 6asuc mociegHeRt paclHpsercs 5o Gasuca npaMoro npoussenennd SU(3) x SU3).
Pelenne nocraenennof 3anaun obierdaercs npouenypoit oTo6paxenus ¢ynkumii u onepa-
TOpOB B IpOCTpaHcTBe PoKa — Baprmana. B sToM NPOCTPaHCTBE B SIBHOM BHIE NOTyYeHDI
BBIDAXCHHUA AN oneparopos KazuMupa sToporo nopsuxa rpynmst SU3) u omneparop Bapr-
MaHa — MolmHckoro. BolHOBbE (DYHKIHK MONENH B KOHEYHOM CHETe BBID2XEHBI Yepes
TUnepreoMeTpudeckue GyHkuuy 1 ciepuueckue tyaxuun Buraepa. PaccMorpena Takxke
TIpolefypa BBINC/ICHUS S/MIHOTOBCKHX COCTOSHHMH U3 TIOHOTO HAaGopa IOCTPOEHHBIX
tyHKuRH. Bo3MoxHO paclumperue o61acTH IPHMEHAMOCTH nosTy4eHHoro Gasuca.

Within the microscopic approach a constructive method is proposed to build the basis
functions of the nuclear model of two axial rotators. The model is interpreted as the
generalization of the Elliott SU(3) model the basis of which is extended to the basis of the
direct product SU(3) x SU(3). The solution of the problem is alleviated by using the map-
ping of functions and operators into the Fock — Bargmann space where the expressions for
the second-order Casimir operator for the SU(3) group and the Bargmann — Moshinsky
operator are obtained. The wave functions of the model are expressed in terms of the
hyperspherical functions and the spherical Wigner functions. The procedure of separating
the so-called Elliott states from the complete set of basis states is considered. The possible
applications of the obtained basis are also discussed.

1. BBEIEHHE

B o630pe paccMaTpuBaeTca METON MOCTPOSHUS BOTHOBBIX (DYHKLMIl B anep-
HOH MOIENH ABYX POTATOPOB HAa OCHOBE MHKPOCKOIMYECKOTO MOAX0Aa U HCCIle-
AYIOTCS OCHOBHbIE CBOHCTBA 9THX (yHKumil. IIpu 3TOM IMaBHOE BHUMAaHHE yie-
nseTCs POPMANBHOMY aCMeKTy NpOGIIEMBL; HCKITIOUEHHE COCTARISIOT BBEICHUE H
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4acTHYHO BTOPOH pa3sieli, B KOTOPHIX pacCMaTpHUBaeTCs Takxe (pusMyeckas moc-
TaHOBKA 3aflauH.

BaxHas 0cOOEHHOCTh M3/1araéMOro HUXe MOAX0fa COCTOUT B 0OpaIleHHH K
npoctpanctsy Poka — Baprmana, B koropoM 6a3ucHble DyHKLIMH MOLENH MMe-
10T npocToii BuA. [lepexox K 9TOMY NPOCTPAHCTBY OCYINECTBJISETCA C MOMOIIBIO
BOJIHOBBIX AKETOB, TE€HEPUPYIOLIMX TNOJHBIH Ga3uC MOZeNH, a 1ABa BEKTOPHBIX
riapaMeTpa BOJIHOBBIX MAKETOB CTAHOBATCS HE3ABUCHMbIMH NEPEMEHHBIMH B MPO-
crpaHctBe Poka — baprmana.

Mogenb AByX aKCHaIbHBIX POTATOPOB, B (heHOMEHOIOTHYECKOH HMHTEpIIpe-
tauuu, Gbina npeaioxera B [1—3] u paccmarpusanach 3ateM B paboTax Apyrux
aBTOpoB (cM., Hanpumep, [4—7]). [lpeanaraembiii B naHHoit pabore moaxon Ha-
3BaH HAMM MHKPOCKOIMMYECKHM, TTOCKOJIBKY MCXOOHBIMH KOHCTPYKTHBHBIMH BJlE-
MEHTaMH BOJTHOBBIX (PyHKUMi siapa, KaK H B [6,7], 4BnAI0TCS ONHOYACTHUHbBIE
(pyHKLIMH rapMOHMYECKOr0 OCUWIIATOPA, 3aBUCALIME OT MPOCTPAHCTBEHHBIX KO-
OpIOMHAT W CIIMH-M30CMMHOBBIX NMEPEMEHHBIX OTAENbHBIX HYKNOHOB. CocTOsHHS
Agep, B 3aBUCHUMOCTH OT MX KnaccHHKaLMH, OMHCHIBAIOTCS ONpPENETIEHHbIMH
JIUHERHBIMH KOMOWHAUMSAMH MPOU3BEACHHI TAKMX ONHOYACTHYHBIX (hYHKLIHH.

B paGote [8] 6bUTO NMOKa3aHO, YTO AMHAMHMKY OAHOTO, BOOOLIE roBops, He-
aKCH&IBHOTO, POTATOPa MOXHO OMHMCATh HAa OCHOBE MHKPOCKOMHUYECKOH MOIE/H
SU(3) Dmnuora [9]. D10 no3sonseT HanesAThCs, YTO B PACCMATPHBAEMOM HaMHU
cryyae MOXHO TaKXe CYWECTBEHHO HCMOJIb30BaTh KI1acCH(PHKaLMI0 COCTOSHUH B
COOTBETCTBHH € WX (A, l)-cumMeTpHeid. OnHako Monesb DUIHOTa ONHCHIBAET
IOMHAMHKY BCEro JIMLIb TPeX KOJUIEKTUBHBIX cTeneHeld cBOOOIBI BAIEHTHBIX HYK-
JIOHOB, B TO BpeMs KaK B Cjlydyae ABYX POTAaTOpOB YHCIIO CTeneHed cBobGombl MO-
XeT TMPUHUMATh 3HauyeHHs OT YeThipeX (aKCHaIbHblE POTATOPhl) O LUECTH.
Orciona crneayer HeOOXOAUMOCTh pacuidpeHus 6azuca MolenH DuiHOTa H BBe-
HeHUs HOBOW Kjaccu(PUKaUMH HYKJIOHHBIX KOH(urypauuid. B npennaraemoit
HaMHu kjaccuuKanuu ucnons3ylores HHgekcsl SU(3)-cMMMETPHH OTOENABHO W1
CHCTEMbl HEHTPOHOB (?\.n, un) M CHCTEMBI NPOTOHOB (Kp, up). [MocTpoennas Takum

crnoco60M COBOKYMHOCTb COCTOSHMH oOpaszyer 6a3uc NpsMoro npou3BeAeHHs
SU(3) x SU(3) meyx rpymn. Ilocnenyomas pexykuus SU(3) x SU(3) na rpynmy
SU(3) no3sossieT nomeyarb BOJHOBbIE (PYHKLMM KBAHTOBBIMH uuciamu (A, W),
xapaktepusyomumM SU(3)-CUMMETPHIO HENTPOH-NIPOTOHHOH CHCTEMBI B LIEJIOM.
TakuM 06pa3oM, B pacCMaTpUBAE€MOil MOMENIM COCTOSHHS HAEHTH(HLHPYIOTCS
crenyoumuM HabopOM KBaHTOBBIX HHCEJ: (7»", 1), (Xp, up), MW uKk L M.

Benwuunb K, L, M aHaJIOTHYHBI KBAHTOBBIM YHCJIaM COCTOSIHHI XECTKOro pora-
TOpa, i1 KOToporo L — yroBoit MoMeHT, K — npoekius MoMeHTa Ha coOcCT-
BEHHYI0 OChb poraropa, M — npoekius MOMEHTa Ha BHEIIHIO OoCb. KBaHTOBOE
yucno K, BooOile roBopsi, He ABJISETCS MHTErPAJOM OBHXEHHWS B paccMaTpUBae-
MO# MOIEeNM, U TOITOMY BOJIHOBas (PYHKLHS MpeAcTaBisieT coboil cymep-
MO3MLIMI0 COCTOSHHIA ¢ pazTH4YHbIMU 3HadeHusMHd K. [lna obecrneueHns akcuanb-
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HOH CHMMETPHHM HEHTPOHHOW W NPOTOHHOM MOJACHCTEM 3HAuEHHs KBAHTOBBIX
yucen, xapakrepusyoumx SU(3)-cuMMeTpuio roicucTeM; BoIOWpAOTCS B BHjE
A, 1) = (ny, 0), (kp,up)=(n2, 0). MMapa wumcen (A, ), XxapakTepusyiolas
CHUMMETPHUIO BCEil MPOTOH-HEHTPOHHOH CHCTEMBI, MOXET NpPUHUMATh 3HAUYEHHs
(nl+n2, 0), (n1 +n2—2, 1,..., (n1 —n,, n2). (IIna onpepenenHoctu Oynem

CUMTaTh, YTO N, < "1)'

Kak nokasan Onnuor [9], HenpuBogumoe npeacravieHue (A, W)
penyuupyeTcss Ha HENpPUBOAUMBIE IPENCTABIICHHS TPYMNIBl TPEXMEPHbIX Bpa-
LIEHUH R3 CO CIENYIOLHMMH 3HAaYEHHUSIMHU Yyr1oBoro MoMeHta: L=N, N+ 1,

N+2, .., N+B, rae N=min {A, u}; min {A, u} ~2; min {A, u} —4; ... ; 1 uiu
0, B=max {A, i}, uckmouenue cocrasiser cuydait N=0, korna L=B8; B-2;...;
1 unu 0.

[epeunciieHHbIX KBAHTOBBIX YHCEN OKa3bIBAETCA JAOCTATOMHO /IS ONHO3HAY-
HOM uaeHTUUKAUMK BOTHOBBIX YHKLHMH, ecn A <2, mbo < 2. Mpu A=22 w
W =2 BO3HMKaeT HeOOXOOMMOCTb B HOMHOJIHMTEIBHOM KBAHTOBOM uMCJIe, B Kaye-
CTBE KOTOPOIro MOXHO B35Tb, Hanpumep, uHterpat baprmana — MouuHcKoro
® [10]. B nanbHeiiieM ucKkoMble BOJIHOBbIE yHKUKMH OyneM o603HayaTh B BUAE

IO», W) LM ), onyckas wis KpaTKOCTH KBAaHTOBbIE UMc/ia A =n u kp =n,.

2. METOJ NPOU3BOIAIINX ®YHKIUNA
H HOPEICTABIEHHE ®OKA — BAPIMAHA

Kak yxe oTmeuanoch Bbiilie, BOTHOBbIE (DYHKLHH |(7u, W) LM ) npencrasis-
10T coboii onpeneneHHble JHHEHbIE KOMOMHALMM NPOU3BENEHHI OCUMILIATOP-
HbIX (DYHKUMH, 3aBUCALIMX OT MHPOCTPAHCTBEHHBIX KOOPHMHAT, M CIIMH-
H30CMHHOBBIX NEPEMEHHbIX OTAEIbHBIX HYKJIOHOB. M3BECTHO, YTO HaxoXaeHue B
SBHOM BHIE€ MHOIOYAaCTHYHBIX BOJIHOBBIX (DyHKLMH C 3alaHHBIMH KBAHTOBBIMH
YHC/IaMH NpeacTasnsger coboi, BOOILE roBOps, HETPUBHAIbHYIO 3amauy. ANeKBar-
HOE OMHMCaHHE ANEPHBIX COCTOSHWH CYLIECTBEHHO YNPOIUACTCS, eC/IH NMEPEeHTH OT
dyHKUHH, 3aBUCAILMX OT KOOPAMHAT YacTHL, K UX obpasam B npoctpaHcTee Do-
Ka — baprmana [11]. ITo cymecTsy, npu orobpaxennu (hyHKUMIA HAa HX 0Opasbl
MPOUCXOAUT BBIJE/ICHHE [MHAMHUYECKHX NMEPEMEHHbIX MOJENH M Kak Obl «3aMo-
paxuBaHHe» TeX cCTeneHed cBOOOMBI, KOTOphle HE 3aTParMBalOTCd NPU pac-
CMaTpUBAEMBIX B 9TOH MoOfesH BO3OYKIeHHUsX.

[Ipouenypy orobpaxenus ¢yHKUHEl W OnepaTopoB B OOIEM BUIE MOXHO
NpelCTaBUTh CIEAYIOWUM 06pazoMm.

OGo3Haunm {u, w,, U3} TPOWKY €AMHHYHBIX B3AHMHO OPTOTOHATIBHBIX BEK-

TOpPOB, U {V,, V5, V3} — apyrylo aHanornunyio Tpoiiky. Mcrnonb3ys 3TH BEKTOPBI,
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3amnulieM B MHBAapHMAHTHOM BHIE HOPMHPOBAHHbIE TPEXMEpPHBIE ONHOYACTHYHBIE
(yHKIIMH TapMOHHYECKOrO OCHWJUIATOpA C yYEeTOM HMX 3aBHCHMOCTH OT CIIHH-
M30CIIMHOBbBIX MEPEMEHHBIX HYKJIOHA:

1
b d U, T, U, T, U, r)= X
ql’qz’qa( 1 2™ U5 \/ q9,%t4,%4q, 3/2
2 “qy!q,!q5! W
—r2/2
X qu(ul-r) qu(u2-r) an(u3-r) e Xu’rl /2 2.1
¥ (v, r, v, r, v, r)= 1 X
94y 172703 \/ q,+4q,+4q, 3/2
2 “q,!q,1q5! T
—r2/2
X qu(vl-r) qu(vz-r) Hq3(v3~r) e X120 (2.2)
rae Hq (z) — mnosuuoMbl Yebpitiea — Dpmuta, a L==x1/2 — mnpoexuus

i

CIIMHA HYKJIOHA Ha Ocb KBaHTOBaHus. PyHkinuu (2.1) ONMMCHIBAIOT COCTOSTHUA
npoToHa, a dysxuun (2.2) — COCTOAHUS HEHTPOHA, YTO ONpelesseTcs 3Ha-
YEHHWeM MpPOEKUHH HM30TOMMYECKOrO CNMHA B HHUX (T, -—HM30CIHHOBas

tynkuus). OTMETHM, 9TO B CHCTEMe KOOPIMHAT, B KOTOPOW OCH X, ¥ W Z Ha-
NpaBJieHbl BOJb BEKTOPOB W;, U, M U,, KOOpAMHATHAi 4acTh bynxunn (2.1)

UMEeT BUJ NMPOM3BENCHHUS TPEX ONHOMEPHBIX OCUWUIATOPHHIX (PYHKUMH, KaX-
Jas U3 KOTOPBIX 3aBUCHT OT ONHOM M3 AEKAPTOBBIX KOOPAWHAT X, y wiK z. Eciu
K€ HamlpaBlIeHHs OCeH 3ajaloTCH BEKTOPAaMH V,, V, H V,, TO TakKo# Bua Oymer
UMETbh KOOpAWHaTHas yacTh (pyHkuuu (2.2).

Bce ogHouacTuynbie coctosHus (2.1) u (2.2) ¢ 0OgHMM U TEM XK€ 3HAYEHUEM

HOJIHOrO 4YHCljia OCUUNAATOPHBIX KBAaHTOB ¢ = + + Oynem CUuTaTh, KakK
1 2 3

9TO MPHHATO B 06O0JI0YEHHONW MOIENH sipa, NPHHALIEXANAMM OIHOH U TOH Xe
obonouke. B maHHO# paboTe paccMaTpUBaIOTCS TOMBKO TaKKe KOH(QUIYPalKK, B
KOTOPBIX HE3aNMOJIHEHHON (OTKPBITOM) ABISETCS NUILL BHEIUHSAS o0O/IouYKa, T.e.
ob6osnouyka ¢ HauGOJIBPLINM 3HaYE€HHEM KBaHTOBOTO yHcia ¢g. [ wWiloCTpauMu B

20
> Toive,

44, " i
22T1, Y KOTOPBIX BO BHCIIHECH obonouke uMeercsd 1o JABa NpOTOHA U ABAa HEUTPO-

tabn.1 3amucad no HIiOK 3anoJjiHeHus 000s1049eK IJI4 aTOMHBIX d1¢ SBC
4

Ha. Kaxpoit nape ksagpaTHbIXx CKOOOK B NPUBENEHHOH TabiuIle COOTBETCTBYET
KOHKPETHbI BHMJ OJHOYACTUYHOH BOJHOBOH (PyHKLMM C 3alaHHbIM Habopom
YMCENl OCUHITATOPHBIX KBAHTOB ¢y, ¢,, ¢;. Bepxanii wHIeKC 3a KBajpaTHHIMU

CKOOKaMH O3HayaeT 4YUCIo HYKJIOHOB B HAHHOM COCTOSHHHU, A HUXHUU HHIEKC
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pased 1 win 2, B 3aBUCHMOCTH OT TOro, Kakoii Bua, (2.1) umu (2.2), uMeer
OOHOYACTHYHAas (PYHKIHA.

Tabnuua 1. Ilopsaxok 3anoNHeHHs HYKJIOHAMH STEPHBIX 060104YeK
B paccMaTpHBaeMod Mojenu

Anpo Topsinok 3anonHeHus o6onoyek
[00073 [100)?
iBe [000)2 (1002
(00017 [100]2 [010]3 [001)? [2001
20Ne 2 2 2 2 2
10 [00033 {10013 [010]3 [001]3 [2001
[00012 [100)2 {01013 [001} [2001 ...[011]2 [300)2
2T [00013 [10013 [01013 [00112 [200 ...[011)3 [300)2

[lepeyucnuM OCHOBHBIE CBOHCTBA OZHOYACTHYHBIX (PYHKLMI:

— nBe (YHKLUHMH C Pa3IMGHBIMH CIIMHOBBHIMM M/IM M30CHHHOBBLIMH KBaHTO-
BBIMH UMCIIAaMH OPTOTOHIbHBI APYT APYIY;

— ABe YHKUHH, OTHOCSIIMECS K Pa3sHbIM 060J0YKAM, OPTOTrOHANILHBI;

— KOOpAMHaTHble 4acTH ABYX hyHKUMit ¢ pasHbiMu HaGopamu uucen g

4y, 45 OPTOTOHAIBHBI APYT APYry, ecnu oHu o0be umerot Bug (2.1) u (2.2);

— KOOpIHHATHble YaCTH ABYX (PyHKUMH, H3 KOTOPBIX oaHa UMmeeT Bup (2.1),
a apyras — (2.2), soo6uue ropopsi, He OPTOrOHAIbHBI APYT APYry, €Cd OHM
OTHOCATCS K OAHOH M TOH Xe 000JI0uKe (T.€., €N MONHOE YHUCIIO OCLMIIATOP-
HBIX KBAHTOB ¢ Y HUX OAMHAKOBO).

OueBnaHO, 4TO 3anosnHeHHble OGOJOYKH C OZHOYACTHUHBLIMM (DYHKUHIMHU
(2.1) u (2.2) cepuuecku-cummerpuunsl. CregoBaTenbHo, dopma supa nmoji-
HOCTBIO onpefensercs KOHGUrypaumeil HyKJIOHOB BO BHEIIHEH He3arnoJHEeHHOM
oGosiouke. Hyknonsl BHelHeld 060/I04KM NMPHHATO Ha3bIBATh BAICHTHHIMU HYK-
JIOHaMH, MO aHATOTHH C BaJIEHTHBIMH 2JIEKTPOHAMH B aTOMax.

O6patuM Tenepb BHUMaHHe Ha TO OGCTOSTENBCTBO, YTO y BCEX Tpex sjep,
%8e, 2Ne

HMEIOT BU [quO]. Cnenosarensho, nonuHoMs! YeGoiiuesa — Opmuta B (2.1) He

44 .
s 9o 11, NpHBeNeHHbIX B Ta0.n.1, KoHbUrypauuu BHewHel 06OIOUKH

3aBMCST OT BEKTOPOB U, M U, M TAK KAK OKCIIOHEHLHaNbHAS 4acTbh 3TOH (yHK-

LHMHU CHEepUIECKH-CUMMETPHYHA, TO B LenoM (yukuus (2.1) HHBApUaHTHA OTHO-
CHTEJILHO NIOBOPOTOB BOKPYr' OCH, HalPaBlICHHOR [0 BEKTOPY W,. DTO 03HAvaer,

4YTO NPOCTPAHCTBEHHOE pacnpenesieHue COBOKYINHOCTH BCEX IIPOTOHOB slipa HMe-
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€T OCEBYI0 CUMMETPHIO, IPHYEM OPUEHTALIMS OCH CUMMETPHUH 3a1aeTCsl BEKTOPOM
U,. AHQJIOTHYHBIE PACCYXICHHS MO3BONSIOT CAENATh BBIBOX O TOM, YTO [JIs pac-

CMaTpUBAEMBIX KOH(bI/IpraHI/lﬁ pacnpeiaciicHue HeﬁTpOHOB TaKX€ aKCHAJIbHO-
CUMMETPHUYHO, C OChI0 CUMMETPHH, HaﬂpaBHeHHOﬁ 1o Vl. Yucna nl H n2, uepes

KOTOpbiE BBIPAXaeTCsl KBAaHTOBOE YMCIO A, paBHbl MPOM3BEOCHUIO YHCIIA
OCLMIISITOPHBIX KBAHTOB ¢; B COOTBETCTBYIOIIEH (HEHTPOHHOM WIM IPOTOHHOMN)

BHeLIHel 000J104Ke Ha YHCJIO COOTBETCTBYIOIIMX HYKJIOHOB B 3TOH 06omouKe.
PaccMoTpuM Tenepr MHOro4acTHYHbe (DYHKIIMH B BHAE AETEPMHHAHTOB
Cnatepa, 37€MEHTaMU KOTOPHIX HBISIOTCS OIHOYACTHYHBIE OCLWLISTOPHBIE
yuxuuu tHna (2.1) v (2.2). Ingd Kaxmoro KOHKPETHOIO spa MHOXECTBO
Pa3MYHBIX OJHOYACTHYHBIX (PYHKLIMH B JETEPMHHAHTE ONpEeNnseTcd COOTBETCT-
Bylo1Iell obonoyeunoll KoH(urypauueid. HecOMHEHHBIM JTOCTOMHCTBOM MHOTO-
yacTMYHON (DyHKLMH, 3aNKMCaHHOMN B Buie AerepmuHanra Cnatepa, sBISETCS aB-
TOMAaTHYECKOE BBIIIOJHEHHE B Hell (yHmaMeHTaTbHOrO npuHuuna [laynu u Bo3-
MOXHOCTh OTAEJIEHHS KOOpAMHATHl LEHTPAa MacC CHCTEMbl HYKJIOHOB, 4YTO
MO3BOJISIET TPAaKTOBAaTh MOMENb Kak TpPaHCISLHOHHO-HHBapHaHTHYyw. s pac-
CMaTpPUBaEMBIX 3IeChb KOHKPETHHIX 000/04edHbIX KOH(Urypauuidi pyHKUHH-1e-
TEPMHHAHTHl XapaKTepu3ywrcs onpenesieHHoit SU(3)-cumMerpueit HEHTPOHHBIX
Y MPOTOHHBIX NMOACUCTEM C KBAHTOBBIMHU YUCJIaMH BUIA ()»p ,00u (ln , 0), onHako

TIpY TOM HEHTPOH-TIPOTOHHAS CHCTEMa B IeJoM He obnagmaer onpeneieHHOH
SU(3)-cuMMmeTpueii, W, CliellOBaTEIbHO, KBaHTOBBlE 4Yucia (A, ) HE SBASIOTCH
UHTerpanaMu JBuxeHus. KpoMe Toro, B 3TUX COCTOSIHUSIX HE UMEIOT ONpEeNesieH-
HOTO 3HaYeHMsl MOJIHBIH MOMEHT CHCTEMBI L M ero npoekuus M Ha BHELIHIOW OCh
KBAaHTOBaHMI.

H3BecTtHO, onHako [12], yto gerepmunant CnsTepa, COCTaBRIEHHBIH U3 OJHO-
yacTHYHBIX (DYHKUUHA, FBISETCS NPOM3BOAAIIEH (PYHKIMEH, «reHepupylomeii»
COCTOSIHHS |(7\., W) LM ) ¢ HeoOGXxoauMpIMH B paccMaTpUBaeMOW MOJEIH KBaHTO-
BBIMM  uucinaMud. s ofosioyeyHblx — KOHUIypauuid C  aKCHaIbHO-
CMMMETPUYHBIMU HEHTPOHHBIMU W NPOTOHHBIMHM INOACHCTEMAaMH MPOU3BONSAILIAs
(byHK1MS 3aBUCHT OT ABYX €AMHHYHBIX BEKTOPOB U =W, U V=V, T.e. OT YeThIpeX
HE3aBHCHMBIX I1apaMeTpoB.

B kauectBe HOBOro naGopa napamerpos BeiGepeM TpH yria Diiepa o, [, v,
3aJal0lUe OPHEHTALMI0 B IPOCTPAHCTBE «BHYTPEHHEH» CHCTEMBI KOOPAMHAT,
MOCTPOEHHOI Ha BEKTOpax U M V, a Takxke Mnapamerp f=cos 9, rie 8 — yron
MEX[y HaIpaBICHUSMH BEKTOPOB U M v. O603HauYWM Yepe3 r — MHOXECTBO
nepeMeHHbiX {r;, r,, ...,r,}, OT KOTOPBIX 3aBUCST BOJNHOBblE (YHKLHMH S1pa,

€ — coBokynHocTs napaMetpoB {0, P, v, 6}. Tora pasnoxeHue NpPOTOH-HEHT-
ponHoii npoussopdamell ¢yHkuun ¥(r, ) no COCTOSHHAM C OMNpeaeTeHHON
(A, B)-cuMMeTpHeil U OTpENeSiCHHBIM 3HAUSHHEM MOMEHTAa MOXHO 3allHcaTh B
ClieylolleM BUpe:
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W0, Q) =3 Xl w LM ) (O, ) LM | ). (2.3)
Ap) LM
@Oynkuuw (A, W) LM TQ), 3aBUCSIIYI0 OT KOJUIEKTHBHBIX IMHAMHUYECKUX
nepeMeHHEIX ¢, B, v, 6, Gynem HasbiBath «oGpazom» dyrkumuu (r| (A, W) LM ),
3aBUCAIIEH OT KOOPAMHAT OTAEbHBIX HYKIOHOB. «O6pas» comepXur B cebe Ty
4acTh MH(OPMALMK OPUTHHANA, KOTOPasi KACASTCS AMHAMUMKH BAIEHTHBIX HYKJIO-
HOB B paMKax MOJE/H IBYX aKCHAIBHBIX poTaTopos. IIpoctpaHcTBO, B KOTOpOM
onpezeseHsl 06pasbl, HasbiBaeTcs npocTpaHcTBoM ®oka — Baprmana [11]. Ipe-
obpasoBanue (yHKImil BIedeT 3a co6oii mpeobpa3oBaHue OIIEpaTOpOB, U, CJIENO0-
BATEJILHO, HEOOXOMMMO COPMYIUPOBATH NPABUIIO, O3BOJISIOIIEE KAXIOMY Olle-
patopy CTaBuTb B COOTBETCTBHE HEKMH 00pa3s, NefcTBywowIMii Ha yHKLUUH,
3aBUCALIME OT NEPEMEHHBIX Q.
A Oneparop F(C) Gymem HasbBaTh MO ONpeNeneHHIO 06pPa3zoM oneparopa
F(r), eciu TOXAECTBEHHO BBINOJHSETCS ClIEAyIONIEe paBeHCTBo

¥, L F@) %0, @) = (¥, ) | Fo) | w0, Q) (2.4)

e ckoOKH 03HA4awT HHTCTPUPOBAHUE 110 KOOpPAWHATaM I T, .y T H

2 A
CYMMHDOBaHHE MO CHHH-H30CAWHOBBIM MEPEMEHHBIM HYKJIOHOB, a (DYHKIHS
¥(r, Q) cosnauaer ¢ npoussoasued dynkuueir ¥(r, Q) ¢ Tounoctso 10 ¢op-
MalbHOro nepeo6o3navenns Q —» ). YnpocTHM HanmMCaHHe MaTeMaTHYECKHX
BBIDAXCHHH, 3aMEHMB 00O3Ha4YCHHE COBOKYNHOCTH KBaHTOBBIX  4MCeln
{(A, w) LM} oxnoii 6yksoit N. Pasencrso (2.3) [IPUMET NPU STOM CJIEAYIOLIHiL
MPOCTOU BMI:

P(r, Q)= (r INY(N|Q. 2.5)
Hcnons3ys »10 BRHIpaXeHHEe, a TakXe YYMThIBasx OPTOHOPMHPOBAaHHOCTH

yHK LM (r|(ku) LM) (xpatko (rIN )), 3allMuIeM 3HAYeHHe HHTerpana mepe-
KPBITUS NMPOU3BOAAIINX UHBapuaHTOB ‘W(r, Q) u ¥(r, Q):

Js(W(r,fz)l\v(r,n)>=22<ﬁ!1v>8,N<N|Q>='Z<Ez|1v><1v|sz>. 2.6)

OtMeTnM, 4TO HHTErpa nepexpmma J 3anuceiBaercs B BUAe GUHAPHON CyMMBI
06pa3oB OPTOHOPMUPOBAHHBIX (DYHKLMIA (rl(?» wy LM ).

[TpeoGpasyem Teneps JieByio M NpPaBylo YacTH COOTHOLIEHHUS (2.4) c yuerom
pasnoxenus (2.5):

¥, | For) ¥, @)y = ZZF' QINy (NI Q) Q2.7

e Fy, -— MaTpuuHble 3JIeMEeHTH onepaTopa F(r) Ha COCTOSHHSIX
rloww Lmy;
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(P, D F@) ', Q) = FQ) (¥(r, O | 2, Q) = FQ) Y @IV )V Q)=
<

=Y @IN)YWNVIFQ|Q =3 3 F, @IV )N . 2.8)
N N N

B pasencrse (2.8) F,, npencraBnsior coGoi Ko3(dHUUHEHTb pa3noXeHHs

pe3ynbTara AeHCTBHs oneparopa ﬁ‘(Q) Ha (N | Q) no dpysxuusm (N | Q):

FQ N |Q)=3 F, N|). 2.9)
N

H3 pasencts (2.7) u (2.8), c yuetom (2.4), cnenyer

Fyn=Fyy- (2.10)

Ha ocHoBe TTOJIYYEHHBIX COOTHOLLIEHUH ONCPCYHCIIUM TENEPb CXEMATHYECKH
MOCJIEAOBATENBHOCTD ICACTBUH IS TMTOCTPOCHHA HMCKOMBIX (byHKl.lHﬁ H, NIPpH HE-
06XOJ.IHMOCTH, caejiaeM COOTBETCTBYKOLUIHE KOMMEHTApHH.

1. PaccmatpuBas KOOpAMHAThl BEKTOPOB U M V B KauyeCTBe I€HEPATOPHBIX
napameTpoB, nocrpouMm oneparop Kasumupa sroporo nopsaka rpynmsi SU(3)
NPOTOH-HEUTPOHHOM CHCTEMBI. TaK KaK IHHAMHYECKHMH NMepeMeHHbIMH MOIE/IH
ABJIAIOTCA BEJIHYHHBI 1, O, P, ¥, To u onepatop Ka3suMHpa [0/IXEH BbIpaxaThCs
4yepe3 9TH NepeMeHHbIE.

2. Tax xaK KBaHTOBbIE YHCNa L ¥ M SBIAIOTCS MHTErpaiaMd OBHUXEHHS, TO
cobcreenHble QyHKuMM oneparopa Kasumupa GyneM HCKaTh B BHIE IPOHM3BE-
neHus QYHKLHMH, 3aBUCALIEH OT nepeMeHHOM ¢ =cos 0, u D-dbyHkuun Burhepa:

{(A, W) KLM| Q)= F(s) D;M(OL, B, 7). Mockonbky cobcTBeHHBIE 3HAYEHHs ONepa-

topa Kasumupa rpynnet SU(3) u3BecTHbI, TO HaXOXIEHHE SBHOTO BHAA DyHKLMH
F(t) cBOmMTCA K PELICHHIO BIOHE OMNpeReNeHHoro auggepeHIHaTbHOrO ypas-
HeHus BTOporo mnopsgka. Haxoxnenue coOcTBeHHbIX ¢hyHKUMI omeparopa
Kasumupa n ananus ux cBoicTB GYIyT pacCMOTpPEeHBI HHXE.

3. HUckomsle ¢yHKIMH (12., w) LM | Q) TIONYYUM B BHIE JIHHEHHON KOMOM-
Hauuu ynxumi (A, ) KLM | Q) cymmupoBaHuem no xBaHToBoMy umcay K. Ko-
9¢HUMEHTDI JIHHEHHOH KOMOMHALIUM [IPH 9TOM HaXOMATCS U3 JOMOMHHUTENBHOTO
TpebGoBanus, yTo6bl HCKOMas pyHKLHs GbUta cCOOCTBEHHON (hyHKUMEN onepaTopa
baprmana — Mommnckoro. CnenoBaTeNlbHO, 3TOT ONEPaTop TaKxe HeOGXOMUMO
NOCTPOUTh B NEPEMEHHBIX t, O, P, ¥.

OrMernM, OfHAKO, YTO HOPMUPOBKA HalileHHOH TakuM 06pa3oM (yHKUHH
OCTaeTCs HeomnpeleneHHoil. bBomee Toro, camo mnoHsTHE HOPMHPOBAHHOI
(GyHKUMM B paccMaTpUBaeMOM Ciiydae TpefyeT yTOYHeHHs, MOCKONbKY HE OIpe-



NOCTPOEHHE BFA3MCHBIX ®YHKLMHN SITEPHOM MOJENU 343

AC/IEHO MOHATHE CKAIAPHOIO MpOM3BeAeHUS (DYHKUMIA, 3aBUCAMMX OT nepeMeH-
HBIX O, B, 7, L.

®ynkuun (A, 1) LM | Q) 6ynem cuyuTaTh IPABUILHO HOPMHPOBAHHBIMU (HJTH
POCTO  «HOPMUPOBAHHBIMH» ), €C/IM MATPHUHBIE BJIEMEHTHI NPEOGPA30BAHHBIX
oneparopos F(L2) Ha 3THX (YHKUMSX COBNAJAIOT C MATPUYHBIMH SIEMEHTAMH
oneparopos F(r) Ha COOTBETCTBYIOLIHX pyHxuMsax-opurnanax (rl(?»u) LM ),
HOPMHPOBAHHEIX Ha €AMHHULY. [10X MATPUYHBIMU BIEMEHTaMH NPeoOPa3OBaHHBIX
ONEpaTopoB B NAaHHOM ONPE/EICHUH CICAYET NOHMMATh KO3((PULMEHTH Pa3io-
Xenus Fy,. B coorHowenun (2.9). Takum obpasom, B OCHOBY MOHSTHS

HOPMHPOBKH BOJIHOBBIX (PYHKIMIA, 3ABUCSILHX OT KOJIEKTHBHBIX HEPEMEHHBIX
o, B, v, t, nonoxeHo pasedctso (2.10). Orciopa ciemyer, uto st MONYy4YeHUs
HOPMHMPOBaHHBIX (PYHKUMIl HyXHO BBIYHCIMTH MHTErpan HEPEKPBITHS TIPOU3BO-
AsMx (pyHKuMit U NpencTaBuTh ero B BHIe OMHapHO# NUHEHHOW KOMOHHALMuU
(2.6). Pynkuuu (A, u) LM | ) B 9TOM pasnoxeHuu ITOJTy4aKTCsd aBTOMATHYECKH
HOPMKPOBAaHHbIMU. 3aMETHM, YTO NPH YMHOXEHHH OIHOBPEMEHHO BCEX
ynxknuit ((A, p) LM|£22 Ha OMH M TOT X€ YHUCIOBOH MHOXUTENb 3HAYEHUS
MATPU'IHBIX DIEMEHTOB F'y,\, HE U3MEHAITCS (CM. paBeHCTBO (2.8)). DTo 03HAva-

T, HTO YUCIOBOH MHOXMTENb, C KOTOPbIM 3alUCHIBAETCS MPOM3BOASIIAS
(byHKuMSA, He UMEET NPUHLMUITHANBHOIO 3HAYEHUS.,

PaccmoTtpum  Teneps mpouenypy Bbuucienus UHTETpana IMepeKkpbiTHs
¥(r, Q|‘P(r, Q)). Chopmyanpyem psn yTBepxkieHHil, KOTOpHIE HE TPeOYIT J0-
Ka3aTe/bCTB BCIIEACTBUE CBOEH OYEBUIHOCTH.

1. Hnurerpan nepekpertus (¥(r, ﬁl‘l’(r, Q)) st cucTeMBl U3 A HYKJIOHOB
MOXHO TIpEACTaBUTE C TOYHOCTBIO IO MOCTOSHHONO MHOXMTENS B BHIE OMpe-
Aenurens Matpuubl A X A. DneMeHTaMH 9TOH MaTpMLBl SBISIOTCS UHTETPAIbI
nepekprIThs (CKalspHBIE NPOU3BENCHUS) ONHOYACTUYHBIX tbyakumit Buga (2.1)
una (2.2).

2. Hurerpansl nepekpeITMS JBYX OXHOYACTHYHBIX thyHKUHMH ¢ pasHbBIMH
CHMH-U30CNUHOBBIMH KBAHTOBBIMH YHMC/IaMU PaBHbI HYJIIO.

3. MHTerpansl nepekphiTHs AByX OXHOYACTHYHBIX (hyHKLMH, OTHOCAWMXCS K
pasHbIM 060JI0UKaM, PaBHB HYIIO.

4. VnTerpansl mepexphITHS OXHOYACTHUHBIX (yHKLMH M3 OXHOM M TOH Xe
0607104KH, BOOGIE TOBOPS, HE PaBHBI HYJTIO.

5. Hurerpan mnepekpsiTus (‘I‘(r,fll‘l’(r, Q)) MOXHO NpeCTaBUTh B BUjE
TIPOM3BE/ICHUS AHATIOTHYHBIX HHTEIPAIOB MEPEKPBITHS ISt OTAENbHBIX 060I0UeK,
IPHYEM COMHOXHTEIH 3TOr0 MPOM3BEACHMS, OTHOCALIMECS K 3aMKHYTBIM 0060-
JIOYKaM, SBIISIIOTCS KOHCTAHTaMH.

6. Ilna BCAKOM OTHENBbHO B3SITOH 060NM0YKY HHTErpai NepekphiTUs pacnaja-
CTCH Ha COMHOXMTENH, KaX/Iblii U3 KOTOPBIX XapaKTepPU3YeTcs ONpeacieHHbIM
3HAYEHUEM CHMHH-H30CIUHOBOTO COCTONHHS HYKJIOHA.
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[ycrts 3amaHa HeKoTopas KOH(Urypauus CHCTEMbI HYKJIOHOB. Inst
BhIUMCIIeHHs uHTerpana nepekpoitus (¥(r, Q | Y(r, )) HyXHO MOCNENOBATENBHO
BBIMOJIHUTD CJIEAYI0IMe OeHCTBHS:

a) BrigenuTh OHOYACTHYHBIE COCTOAHUS, OTHOCAUINECd K OTAC/IIbHBIM HE3a-
MIONTHEHHBIM 000JIOUKaM (B KOHKPETHBIX MMPpUMEpPaAX, MPUBCACHHBIX BBIIIC, B Kax-
JIOM sape uMeeTcsa OdHa He3anoJIHCHHas 060.]'10‘{](3).

6) B Kaxnoii He3anoJMHEHHOH 060/0YKe BBIACIUTD IPYNIBI OAHOYACTHIHMIX
(yHKUMIl C ONMHAKOBOH CMTUH-H30CNHHOBOH 4acThIO.

B) JIns Kax{o#l rpynnsl COCTAaBUTh OMpPEENUTENIH W3 HMHTErpalnoB nepe-
KPBITHS COOTBETCTBYIOLUMX OJHOYACTHYHBIX (PYHKIMH.

F) HCPCMHO)KMTB MOJIYYEHHbIE TaKHUM NYTEM OnpeaeiuTeIn.

B  nopsaoke — WUNOCTPAallMM  BBIYMCIIHM  MHTErpal  MEpeKphiTHs

, 35Ti. Bee

yeThipe OJHOYACTHYHbIE (DYHKUMHM BHELIHEH 000/104KH B KaXAOM M3 3THX SIep
OTINMAITCS APYr OT [PYra CHMH-M3OCNHHOBBIMM KBAaHTOBBIMM UYMCIaMH. Ko-
OpAMHATHBIE YaCTH ITUX YHKUME UMEIOT CeqyoIHi BUA (CM. 2.1)u (2.2)) (8
fanbHEIlEM B TEKCTE BEKTOPB Wy, Us, V,, V3 HE BCTPEYAIOTCH, MOSTOMY AId

(‘P(r,ﬁl‘l’(r, Q)) ans koHUIypauuii HyKIOHOB B #1pax iBe, %gNe

YNPOLUEHHs BMECTO U, ¥ v, OyleM nucath U U V):

2
e T e
r 2q1 \ 3/2 1

q,'n
1 - 5
YO, (v 1) = H, (v )& /2, (2.2)
1 1/2‘11 1372 !
q,'®
me ¢,=1 ans sapa iBe’ q,=2 mis nge W g, =3 s ;‘;Ti. MpuHsB BO

BHMMaHHE pEKOMEHJauuH, COPMYTHPOBAHHBIE BBIIE, MCKOMBIH HMHTErpan
NIEPEKPHITHS MOXHO 3alMCaTh B CIIEAYIOLIEM BHIE:

(D [¥0, D) = (¥ g I \Pf,‘l?o,(,)f[(‘i'g"jo,o | ‘Pf,?(,,@]z, @.11)

rae ‘I’Ell())o " ‘I’(qz())o FIONY4alOTCA U3 COOTBETCTBYIOIIMX (yHKUMHA p

2 o ~ = .
W@ samenoii u wa # w v Ha v. HaiineM 3HaueHHe MHTErpana NepeKphITHs
OJIHOYACTHYHBIX (DYHKLMH

+ o0
- . 1 _ 2 22
<‘P§1?0,0|‘P511?0,0>=mj Il H, @ r)Hy @ e T dvdy do=
1' -— o0
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=—2q_3/3jJ.J-H ((u-wyx+..)e @+ ”)dxdde‘
1

+ oo
—_1—. o~ ql —xl _ =~ q|
B quqI! 3/2 (u-u) I_IwIqu(x) qu(x) e X dx=(u-u)

OTMETHM, 4TO BBIYHCJEHHS HHTerpala ynoOHO TNPOBOAMTL B CHCTEME KO-
OpAMHAT, OCb X KOTOpOi HamnpaBieHa BiojAb BekTopa u,. [lo ananoruu

3aMuylleM WHTerpan nepekpbTHs hyHKLHH ‘I‘(Z) 00 Y ‘I‘Elz)o o
O 0

%7 2
(lyflz:o,()l\y( )0 y=(v- v)

[NoxcTaBuB HaleHHble 3HAYEHUss UHTErpaloB nepekpbitvs B (2.11), nmonyyum

~ - 2qx - 2q1
(Y P, Q)= -B) ' (v V)
j2808 %4

-wXv-9> wa SBe

CFC, ) ¥, @) ={ @ DD TN
@ ®%v-H® i 3T

OTMETHM, YTO B MOJETH ABYX aKCHaIbHBIX POTAaTOPOB B caMoM oOIIEeM ciy-
yae MHTErpal NEepeKpbITHS UMEET BHI

~ - n n
~y 1 ~2
(Yo, QY Q)= 8) '(v )
TaKHM 06pa30M, HHTel“paH neperblTHﬂ ABJIAECTCA OIIHOPOLIHblM MNOJIUHOMOM
CTECINIEHHU n1 MO KOMIIOHEHTaM BCKTOpa U U CTECIICHH n2 110 KOMIIOHEHTAM BEK-

TOpa V.

3. TEHEPATOPBI MOJIEIHN SU(3) x SU(3)

Kak ynomuHajioch Bblllle, Mbl OrPaHHYMBAEMCS CIy4aeM, KOINa WHOIECKCHI
HENpPHBOIMMBIX NpefcTasaeHuid rpynmsl SU(3) Kaxaoil U3 OByX NMOICUCTEM HMe-
0T BUA: (7»”, K,) =(n;, 0); (Kp,up)=(n2, 0). Kaxknoe u3 3TUX HENPUBOLUMBIX
IPEICTaBIEHUI MOXHO peali30BaTh HAa TEH3OPHBIX NPOH3BEACHUSIX BEKTOPOB U
uv:
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uxux...xu A HCpBOﬁ MOACUCTEMBI,
-
n, pas

VXV X...XV s BTOpOﬁ NOACHCTEMBI.
_

n, pa3

Ipsamoe mpounssenenne (n;, 0) X (n,, 0) conepxuT BCE HENPUBOAMMBIE MpE-

crapnenus SU(3), umeolue HHASKCH CUMMETPHM:

(ANE (n + n,=2m,m), m=0,1,2,.., n,.

[ycTs 3amana mekaproBa CHCTeMa KOOPAMHAT, KOTOPYIO B NaibHeilmeM 6y-
IeM HasblBaTh «/J1a00PATOPHOI» WM «HENOOBUXAHOI» cucteMoil. Illects KoMMO-
HEHT {X|, Y|, Z; X5, ¥y, Z,} BEKTOPOB W M V B 3TOH CHCTeME NPUMEM B KayecTBe
UCXOJHBIX TeHEPATOPHMIX NapaMeTPOB W OOBIUHBIM 0OPa3OM CBAXEM C HUMH re-
Heparopsl rpynnel SU(3) mis Kaxgol U3 ABYX IOACUCTEM. B panbHeiieM Haps-
[y C OeKapTOBBIMH KOOPIHHATAMU BEKTOPOB U U V GyIyT HCIONB30BATHCS U HX
chepryeckie KOMIOHEHTBI: {u, 91, P55, 62, (p2}.

W3 nexapToBRIX M C(hepPUUYECKUX TeHEPaTOPHBIX MapaMeTpoB MOXHO o6pas3o-
BaTh DasIMYHble MX KOMOMHALMYM, MMEIUHEe TOT WIM MHOH cmbica. Tak,
HanpuMmep, yroia 6 Mexiy BEeKTOpaMy U M V CBS3aH C BEJUYHHAMH 8, 9, 6,,
¢, CIEeNYIOLHM PABEHCTBOM:

cos 8 =sin 8, sin 8, cos (@, — @) +cos B, cos B, 3.1

[locTponM mpy Momowy BEKTOPOB U M V, cienyd [1—3], «cobcTeeHHyo»
WIH «TIOABUKHYIO» HPAMOYTOJIBHYI0 CHCTEMY KOOPAMHAT ¢ OpTaMH

_ nl+n2 B Ilz—-n1 l’l1)<Il2

€= n +n,|’ €= n2+nll’ &= n xn,|’
rae

__u _V
METalr R

KomnoHeHTbl BEKTOPOB U 1 V B COGCTBEHHOI CHCTeMe 3anmuuyTcs B Clemy-
I0LIeM BHAE!

u:{§1»§2’0}» V={n1,n2’0},

0 0
§1=uc05~, N, =vcos >,

2 2
E_,2=—usin"g, n2=vsing. (3.2)
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Benuuuner E_,l, &2, M, M, Pa3syMeercs, MOXHO BbIPa3UTh 4epe3 cpepuueckue
KOMIIOHEHTHI U, 91, P v, 92, @,, €CIIH HCIOIb30BaTh COOTHOLIEHHE (3.1).

Opnemaumo MOABUXHOM (CO6CTBCHHOﬁ) CUCTEMbl KOOpAHWHAT OTHOCHUTEJIbHO
na60paTopH01‘i CHUCTEMbBbI MOXHO 3aJlaTb ManHLICI‘/‘l MMOBOPOTOB, 3JIEMEHTBHI KOTO-
pOi/i UMEIOT CMBICJT HAaNpapagOmINX KOCHMHYCOB!:

d,=(@-e) :_]_e (sin 8, cos @, +sin 8, cos @,),

2 el
Ccos 2

le = (j . el) =‘—1—*6 (sin 91 sin (pl + sin 92 sin (Pz),

2cos§

1
d3] =(k- el) =779 (cos 61 + cos 62),

2 cos 5
d,=@1-e)= S (—sin 6, cos @, +sin B, cos @,),
2sin o
2
dyy=(0-e)= 0 (—sin 6, sin @, +sin 6, sin @),
2sin <
2
dy,=(k-e)) = (—cos 8, +cos 6,),
2sine -
sin 5
d;=(i-e))= sirll P (sin 8, sin @, cos 8, —cos 6, sin 8, sin @,),

dy;=(j- &)= ﬁ (cos 8, sin 6, cos ¢, —sin 8, cos @, cos 6,),

1 . . .
dy;=(k-e= snesin 6] sin 8, sin (¢, — ¢,).

[IpupasHuBas a/1eMEHTHI MaTpHLbI OBOPOTOB, BbIpaxeHHble yepes 0, @,
6,, ¢,, COOTBETCTBYIOILIMM 37IEMEHTaM, 3afMCAHHBIM Yepe3 yrisl Ditnepa o, B, ¥

[13] 1 yunrbiBas cooTHOmen e (3.1), MOXHO YCTAHOBUTb CBSA3b MEXIY NEPEMEH-
neiMd {8, 9, 0,, @,}, ¢ omnoit croponsl, u {6, o, B, ¥} — c apyroit. Takum
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o0pasoM, B JasbHeiiieM Mbl OyIeM HCIONB30BaTh CIERYIOLINE 9KBUBAJICHTHBIE
COBOKYITHOCTH HE3aBHCHUMBIX NMEPEMEHHBIX:

xl u u

N 0, v

z (0] 0

xl PR, v‘ o1, (3.3)
2

Yy 6, B

2 ¢, ¥

B nocneanem cronbue B (3.3) aBHEIM 00pa30oM BblIEJIEHbI JUHAMHUUYECKHE Nepe-
MenHble 0, O, B, Y KO/JIEKTUBHBIX [BUXEHHH B sOpax B paMKax paccMarpuBa-
eMOH HaMM MOJEJH.

OzHoit u3 HamMX 3ajlay B JaHHOU paboTe sBNSETCS NOCTPOESHHE Oomeparopa
Baprmana — MoiudHckoro B nepeMenssix 0, o, B, v. st aToro npensapuress-
HO 3amuiIeM rerepatopsi rpymnmsl SU(3) Bo BHyTpeHHeH cucTeMe KOOpAUHAT Kak
VT KaXIOW U3 TOACUCTEM, TakK W JUIsl Bceil cucTeMbl B LienoM. Brie (3.2) yxe
ObUIM 3anucaHbi J€KapTOBB KOOPAHHATHI ?;l. M T); BEKTOPOB U M V BO BHYTPEHHEH

CHUCTEME, U, CIENOBATENIBHO, ISl MOCTPOCHUS rcncpaTopOB Ipymis HeoOXOTUMO
a . Tak xaK —- d SIBJISIIOT-
a§ ag;

Cd KOMIIOHEHTaMH OIi€paropa Habna B MOABUXHOU CUCTEME KOOpAMHAT, TO HX

TENEPH 3anucaTh BhIPpaXEHUA NI MPOU3BOAHBIX —=¢—

9 _(2 2 3
MOXHO BbIPA3HUTh 4YE€PE€3 COOTBETCTBYIOIHUE KOMIIOHEHTHI X S
P P y M {Bx , azl}

9TOr0 BEKTOpa B HﬂGOpﬁTOpHOﬁ CHUCTEME NIPU NNOMOIU MaTPHUbI TOBOPOTOB:

)
—=)d,. —;, = ; 3.4
2;4 li axgl) z 2i 5 (1) ag Z (1) (3.4)

AHaJIOTUYHO
d 9 d d d d
s—=2d . —;: m—=2d.—; z—=2d.—>. (34)
anl 214 1i axl('z) anz \% 2i ax§2) an3 zlt 3i Bxl(.z)
Pasencrsa (3.4) u (3.4") coBMecTHO ¢ cooTHOIIEHHEM (3.2) NO3BOJISIIOT Bbi-
d )
pa3uTh NMPOU3BONHEIE E u T B IEpeMeHHbIX i, v, 0, o, B, v. Cuenas Heo6-
i

i
XOOUMBIC BBIKJIAAKH, IIOJTYYUM
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-a——cosg‘i—lsing- i+1M
%, T2 0u u 2 [ae 2 3]’
O _ 02 1 83 1
38, T2 U [a9+2M3)’
1/ 1 1 (3.4")
a§3_2u[sin9M1+cos§M2]’

2 2
i— osg-—+lsin§' ——a—+lM
m, 2w 2[ 0" 2 3)’
o _ .0 9 1 6/ 9 1
m, 2w v [ ae+2M3J’
d 1 1 1
an3—2v[—smgM1+cong2J,

2 2

rae Ml’ Mz’ M3, ¢ TOYHOCTHI0 A0 MHOXHTENSA [ (MHUMOH €IMHULBI), €CTh Ore-

paTopsl HpOCKLII/Iﬁ MOMEHTA BCEH CHCTEMBI Ha TMOABUXKHBIE OCH KOoOpauHar, 1
OHU ONpEeaesaoTCa CJ'ICJIyIOHil/IMI/I PaBCHCTBaMH:

M=t i_g i+n —a——n 9 ——siny- 2
! 208, 35, 2on, 3om, op’
_ (e 0 g 0 3 3 \__ .9

M,=~1 & 3, & 353“‘3 an, ™ an, |- T 8>

NP R IV B I
Mo Side, TR T, T, oy

3anumem TEINEepp BCE FCHEPATOPBl TPYINbI, CBI3aHHbIE C BEKTOPDOM U, B
TMOABUXHOM CHCTEME KOOpOHWHAaT :

9 _ ZQ, i_ .6 6ro 1
§la§1-—cos 243, s1nzcos2[ae+2M3J,

i__ 8 Q _a__ 28(0 1
&laﬁz_ sin 5 cos > U= cos 2(89+2M3J’

J 1 1 0
§la§3—2M2+zctg2Ml,
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) 2 6 9 28 9. 1

E"Zaﬁl— sin > cos 7 - us - +sin” 5 (89+2M3j’
o0 _.28 9 (9,1

@28& sin” w5+ sin 5 cos o (89+2M3j’
d 1 1. 9 v

ézag =Mty My

&’;a—gv_ggaé &3?—0

AHQJIOTHYHO MOXHO 3anucars reHepaTopbl, CBA3aHHbIE C BEKTOPOM V.

d d
Ou4eBUaHO, YTO BbIpAXEHHUS VIS TeHEPaTOPOB niﬁ MOXHO MOJYUHTb U3 E,l. 'a’f
; .

topmaibHO 3ameHOl u — v, 6 = — 0.

4. OIIEPATOP KA3UMHPA G,

Oneparop Kasumupa G, sIBISETCH KBaAPaTH4HOH CKAIPHOH CBEPTKOH re-

HeparopoB A =y 8 o rpynnel SU3) (mubo rpynnst U(3)): G, =A; A .
a j 1 a oo

Hamwa 6nuxaitmuas 3amaua coctodT B TOM, uToObl npeobpa3sosarh oneparop
Ka3umupa OT aeKapTOBbIX KOMNOHEHT {u;, V;} BEKTOPOB U H V K ANHAMUUYECKHM

nepemenHbiM {0, o, B, v}. [lns aToro caenaeM HEKOTOPble NpPeqBapUTEIbHBIE NIpe-

o6pazoBaHusi:
9, a3y, 3, @
Gz‘(“aj i 9w, J[18u+vlav]
LB, 0 B 2 0. 3, 2
=4 auj 4 au “i au Yj av iavj “; aui Vi ij. Y avi' ‘

lpoctoit KoMMyTauued OMnepaTopoB INEpPBOE C/laraéMoe B MpaBOM 4acTH
paBeHCTBa (4.1) MOXHO npeobpa3oBath clieyloiuM 06pa3om:

2 2
9 9 9 ) d d
5= +2u. =—=|u=-|+2u=-. 4.2
“ au Y o, i aui i Ju, du du “.2)
Hamomnum, 4To B paccmanuBaeMoﬁ 3afaye Bce OmnepaTopsl (BKJiovas onepa-
10p G,) ONpefe/NeHbl B NPOCTPAHCTBE ORHOPOAHBIX TOJHHOMOB CTEeNeHH

nl +n2 N0 KOMIIOHCHTaAM BCKTOPOB U W V, rle n1 — CyMMa roxasaresnei cre-
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[IEHEeil KOMIIOHEHT BEKTOpa u, n2 — TO XC caMo€ Il BEKTOpa V. Takue
ad a9
MIOJIMHOMBI SBASIOTCH COOCTBEHHBIMH (byHKHHﬂMPI oneparopos uj ou =u 9 H
, u
1]

)
Vl.g“EV_a— ¢ cOoGCTBEHHBIMH JHAYCHHUSIMHU nl u n2 COOTBETCTBEHHO. Cne,r.(osa—
V. vV
l

TeNBHO, B (4.1) oneparop (4.2) MOXHO 3aMEHHTb €r0 COGCTBEHHBIM 3HAYCHUEM:

3 9
U Buj u; aui —-nl(n1 +2),

H aHAJIOTHYHO

v; .871 Vi g,— = n2(n2 +2).
Hanee, ’

d 3 2/(3d 32
(o)

2,0 _ 260 D o o
“i auj Vi avl._uiauj avi Vi =(u-V)(v-VH n,.

U=V, = —u,
lavi J auj 'aul.

Bhinonuus ananoruuHsie npeo6pasoBaHus B CJEHyIOLIEM CTaraeMoM BHIpa-
Xenus (4.1), nonyuum

*a—=(v-V")(u~ Vv)—nz.

V. T u.
idv, Jou,
J l
IIpaBylo yacTh MmoC/NEAHEro PpaBeHCTBA MOXHO 3aMMCATh HHAYeE:
0 J Jd 9 d d v u
VoA U =U V. =uU | v.-0., l=—=- V)V -V =-n. .
Loy, Jaui J ’avjauj J[avj i UJaui ( X )

CrnenoBatensHo, B paccMaTpHBaeMoM IPOCTPAaHCTBE bynkumii  KoMMyTaTop

oneparopos (u- V") u (v- V¥ PaBEH MPOCTO PA3HOCTH YHMCEN K, U N,:

1 2
(- V"), (v- V] =n, —n, 4.3)

Takum oGpasom, oneparop Kasumupa MOXHO NPEACTABUTH OXHMM 3 crneny-
IOLIMX BBIPAXEHHIA:

Gy =2(u- V*)(v- V) + 1 +ny(n, + 1),

Gy =2(v- V) u- V") +nl+n,(n +1), 4.4

Gy=(u- V)V V) + (V- V(@ V")t + 1)+ nyn, + 1).

B nanbheitiiem GyneM HCHONB30BaTh TPETHIO NpuBeieHHy0 3ech GopMy
oneparopa G,, CAMMETPHYHYIO OTHOCHTEJIBHO NIEPECTAHOBKU U U V.
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[puxuMas BO BHUMaHHe cooTHowenus [13]:

Jd i d i
Vu_nu au—u[nquu]’ Vv_nv av—v[HVXIv]’
u v )
rae nu = nv =—,a lu H lv — Ooneparopnl OpﬁﬂTaanOFO yrJI0BOTO MOMEHTA,
u v

NEHCTBYIOLIHE HA MEPEMEHHDIE U U V), , npeoGpasyeM CKaIIpHbIE NPOU3BEAECHHUS
-V)yun(v: v,
Jd .u Jd .u
- V)=u@, n)z-—it @, x| )=z -iT(n,xnl1)=
@ T,
dv v v

tie t=cos9, a lv(3) 0603HaueHa NpPOEKUHsi Oleparopa yrioBOro MomeHTa I Ha

TPETHI0 OCb MOABHXHOMN (BHYTPEHHEH) CHCTEMbl KOOPAHHAT.
JeitcTBys aHaOrM4HbLIM 00pa30OM, MOMYYHUM

! (v-V)=tv-a—+il\jl—t21(3).
u du u u

CrnegosaresibHO,
- V)v-V)= WAL O] | PRC L O E
u v v v ou u u
=n1(n2+1)r2-in,\ll—z7lv(3%+i(n2+1)z\l1—171,f3)+
V1 =12 1ON1 =219 4.5)

- V- V) =nn + De2 =it + DeNT=12 1P iy 1= 17 101 +

+V1 =12 lu(3)\/1 12 lv(3).

[Mony4uuMm Tenepsb sABHBbIH BHA ONEPaTOPOB lu(3) i lv(3).
OueBMIHO, 3TH ONEepaTopsl MOXHO NPEACTaBUTh B BHIE
o1, .1®.,0_1; 703
L, —2L3+lu A —2L3+lv ,
e L, — mpoexuusi MOJHOTO MOMEHTA Ha TPETHIO OCh BHYTPEHHEH CHCTEMBI
KOOpAMHAT, & lu(3) " lv(3) — IPOEKLHMH HAa Ty X€ OChb MOMEHTOB «BHYTpPEHHE-

ro» ABHXCHHA HOACHCTEM.
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Cpa3p Mexny CTENeHSMH CBOGOIBI @, M ¢, HBYX 4

NMOACUCTEM C IEpPEMCHHBIMHU 6, ¢, XapakTepuisy-
JOLLIMMH TIOJIOXEHHE BCEH CHCTEMBI B LIETIOM

Tak kak B paCCManHBaCMOﬁ MOZEenu UMeETCs TOJMBKO OJiHa CTeMneHb cBobo-

Abl — 3] BHYTPEHHEINO ABUXCHHA, TO, OUYEBHIHO,
O li+ a .ol __ 9
u 2 3y b 29 a0 |
rge ¢ — HEKOTOpad KOHCTAHTA. 3HayeHHe ITOH KOHCTAHTbI MOXHO HaWTH,

pacCMOTPEB CBA3b MEXNY CTENEHAMH CBO6011!>I (pl H (PZ NMOACHCTEM H MEPEMEH-

HbBIMH O M Y B MPOCTOM cCiiy4yae ABHXEHHS OTHOCHTENIBHO (PUKCHPOBAHHOH OCH
(cM. PHCYHOK):

_y_ 8 _1
(91_7_2 Y“z((p]+(p2)
_ 80T ol
P =Y+5 0=0,-9,
(O __; 9 __ (33 2\ (ld 23
u 99, dy d¢, 06 0, ) 29y 99 ]
G__; 90 __ (1o 0
L= 39, [ 2y % )
Taxum 00pa3oM, U3 MOCeqHEro paBeHCTBa CJeAYET, YTO KOHCTaHTa ¢ =—1.
a_ 9 __y7a
YyuteiBasg, 4TO 30" —sin——— 3(cos 9) —-N1-t¢ 3% OKOHYATeJIbHO IIO-
JIYYHM

G__;(10 —29). ,®__.(ld _ 790
1 ’(237“11 ’zat]’ 1 [2ay 1—t at]' (4.6)

[ToncraBus (4.6) B (4.5), 3anuiieM HMCKOMOE BhIpaXeHHe s OMeparopa
Kasumupa G,:
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2
G,=2(1 t)za +2(n, +ny l)t(l—tz)éa—t+(n2—n1)t\/l—tz%—
1 2 82 2 2
—5 (=125 =2mn)(1 =12+ (n) + )"+ 2(n, + 1), A7

e

-5. COBCTBEHHBIE ®YHKIIMH OIIEPATOPA KA3HUMHPA G,

PaccmoTpum 3aauy HaxoxaeHns GyHKIMH @(f, o, B, ), KOTOpas 3aBHCHT OT
BCEX YEThIPEX MHUHAMMYECKHX IIEPEMEHHBIX MOIENH M SBNAETCS COOCTBEHHOM
(byHKuMel Kak oneparopa KBapaTa yIJIOBOIO MOMEHTa W €ro MpOeKLHi Ha
BHEIUHIOO U BHYTPEHHIOW OCH, Tak u omeparopa Kasumupa G,. Bynem nckats

pellleHHe 9TOH 3aJayl B BUIE

o, o, B, 1) =(t) Dy (ct, B, ).

Heszasucumo ot Bribopa y(f) dyskuus o(f, o, B, y) xapakrepusyeTcss KBaHTO-
BbiMU uncnamu K, L, M. [Ing Toro 4ro6bl 3TH yHKUMM Npeobpa3oBHBAIUC MO
HENPUBOOUMOMY fpelcrasneHuto rpynnsl SU(3), HeoOxomumo, 4TOOB OHM
Obuln cobCTBEHHBIMH (pyHKLHAMH onepatopa Kasumupa G,. CobcrBeHnble

3HAYCHUA g2 oneparopa G2 HM3BCCTHBI H IIPOCTO BBIpAXAKTCA 4Yepe3 UHIECKCHI

(A, W) HenpuBOaMMBIX npencTasnenuii rpynnsl SU(3) (mu6o rpynmer U(3)) [15]:
8, =22+ 20+ 217 + 20+ 240
B paccmarpuBaemoil Hamn Mozenu A =n, +n, —2m, |l =m, Cle10BATENbHO,
8, = (1, +ny)’ = 2(m—1)(n, + n, — m).
3amerum, uyto D- tpyHKuym BurHepa sBnsiorcs coOCTBEHHBIMH (DYHKLUHAMH
OnepaTopoB = aY -? BXORAIMX B G, MOCKONBKY 3aBUCHMOCTh D-(yHKiuii
OT NEPEMEHHOH Y ONPEAENSIETCS MHOXHTEIEM e' KY Taxum obpa3oM, 3amaua

HAXOXIEHUS COOCTBEHHbIX (yHKuuil omeparopa Kasumupa cBOaMTCS K
peleHno 06bIKHOBEHHOTO MuhepeHIHANbHOIO ypaBHEHHsT BTOPOTO MOPSIKA:

2
22 d%y 2, dy
a-t dt2+(n1+n2—1)t(1—t)dt+

+[(1K2— nlnzj(l —t%—i %K(nl— ny) N1 -2+ m(n+ ny—m+ 1)} =001
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PaccmoTpum cBoiicTBa cumMerpuu ypaBHeHHUs (5.1). OTMeTuM, BO-NEPBHIX,
4yT0 npH 3HayeHud K =0 OHO He M3MeHseTCs NPH NEePEeCTaHOBKE MECTaMH Mapa-
METpOB 1, U n,. B obwemM xe ciydae K # 0 3T0 ypaBHeHUe SIBJIsieTCS KOMIUIEKC-
HbIM, 1 OHO HHBapUaHTHO OTHOCHTE/IPHO OJXHOBPEMEHHOTO MpHUMEHEeHHs JIo0oii
napel U3 CNIEAYIOMHKX TPEX ONepalluii: IepecTaHOBKH 71, ¢ n,; 3amenbl K — — K;
orepaury KOMIUIEKCHOTO COMpPSIXEHHS.

Cnenas B (5.1) nogcraHoBKY

Y6y =(1 - 2" 2 uq), (5.2)

3anMileM ypaBHEHHE OTHOCHTEJIBHO HOBOH MCKOMOH (pyHKUMH u(?):

2
2.d“u _ du
¢! t)—dt2+(N1+N2 l)t——dt+
T2 nn —ilkv - N =2 =0 5.3
+[4 AN | 2_12 ( 1- 2) I]—tz u(t)_ > (5.3)

roe N1=n1—m, N2=n -m.

2

Bce coobpaxeHus, BbICKa3aHHbIE BbIllIE 1O 110BOAY CUMMETPUM YPaBHEHHS
(5.1), cipaBeuiuBbl ¥ Wist ypasHeHus (5.3), €C/IM MO OTHOUIEHHIO K HEMY BMECTO
MEPECTAHOBKH N, ¢ N, HCIOJb30BaTh ONEPALUIO N1 o N2.

l'lepenmncm nocjieaHee ypasHeHUeE, 3aMEHHUB B HEM N] H N2 Ha LUECJTIOYHUCIICH-

HblE napameprl7»=N1+N2=nl+n2—-2mu g=N;=N,=n —ny
(1—:2)‘—11‘5+(7L—1):4‘i+
dt’z dt
12, 2 427, t ,
+—| K" +q - A - 2Kg—— |u(t)=0. (5.3)
4| KPa o |

HCHOCPCRCTBCHHO H3 MOJY4E€HHOro ypaBHEHMUs CIIEAYET €r0 WHBApHaHTHOCTbH
OTHOCHTE/IPHO NEPECTAaHOBKH MECTaMH NapaMeTpoB Ku q.

PaccMOTpHM BHauane peuieHue ypaBHeHus (5.3) B HEKOTOPBIX YACTHBIX CITy-
qasx.

Pemenne ypasuenus (5.3) npu (ny =n,). Mycrs N,;=N,=N (umu, 94r0 TO

Xe camoe, n; =n, = n). Toraa nocne BBe€HHs HOBO HE3aBUCUMOMN NEPeMEeHHOM

x=1%u savenn K =21 MOIY4UM

d? du N%2-1?

au f1_q_ du N7-17 =
x(1 — x) dx2+{2 a N)x]dx @ =0, (5.4)



356 JOLIEHKO H.C., ®PUIHIIINOB I'.®.

Ouesunno, (5.4) npeacraenger co6oil runepreoMeTpuuecKoe ypaBHEHHE, Ka-
HOHMYecKasd ¢hopMa KOTOpPOro 0OBIYHO 3aMUCHIBAETCS B BHIE

2
x(l—x)d—Z+[y—(a+B+1)x]d—u—(x[3u=0. (5.5)
dx dx

Ecnu Y He paBHO LIEIOMY YHCIIY, TO B Ka4€CTBE ABYX JIMHEHHO HE3aBUCHMBIX
peweHui ypaBHeHHi (5.5) MOXHO BbIOpaTh yHKUMHU

w@=Fo B, %%, w@=x"TFo-y+1,B-v+1,2-72),

rne F(a, B, v, z) — runepreomerpuyeckas yHKuus.
Comocrasiisis xoapuunentsl ypasnenuit (5.4) u (5.5), onpenenum 3Ha-
4yeHUs mapameTpos o, B, v B (5.4):

0(__N—l__n—m—l B_“N+l___n-—m+l _
T2 TT e PETT Ty OF

N |—

CnenosaresibHO, JMHEHHO HE3aBHCUMBIMM pELICHUSMH ypaBHeHHs (5.4)
ABAAIOTCH (DYHKLHH

u, (1) =F[

_n—m——l _n—m+l 1 2
2 ’ 2 2 ’

_ n-m-I-1 n-m+I[-1 3 »
uz(t)—tF[ 2 R 5 ,2,t j

B paccMaTpuBaeMoil MoOIeNnM MHTEpeC MpPEACTAaBNSioT TOABKO TE U3
pelueHui, KOTOphbie IBNAITCA MOJMHOMAMH KOHEYHOH CTeleHd 1o f, npudeM [
JOJIXKHO U3MEHATHCS B CHEAYIOIIUX Mpeaenax:

—(n—m)<I<n-m, ecnu | — UeNI0OE YUCIIO TOM XE YETHOCTH, YTO U N — m,

—(n-m—-1)<I<n-m-1, ecniu yeTHOCTH [ OTIIMYAETCA OT YETHOCTH 1 — M.

Takum 00pasoM, HCKOMBIMM pelieHHsSMH YypaBHeHus (5.1), ¢ ydeTom

MHoxwurens (1 — tz)m/ 2, BBIIETIEHHOTO B (5.2), ABNMI0TCA cnepyloume (PyHKLIMH:

¥ =" =

(1__tz)m/zF(_n—72n—l,_n—r2n+l,%;tz , ECITH 1 — m — [ ueTHoe, (5.6)
(l—tz)m/th(—n—mz_l_1,—n_m;l_1,%;t2],ecnnn—m—-lﬂequHoe.

3aMeTuM, YTO BCIEACTBUE CHUMMETPUH THIIEPreOMETPMYECKON (DyHKIMH
F(a, B, v; 7) OTHOCHTENIBHO MEPECTAHOBKH O ¢ B chyHKums \|f;“m(t) HEe U3MEHHTCA
npH 3aMeHe [ — — |,
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[lepenvmem Tteneps (5.6), nepeiins oT BeawduH n, m, [ K CTaHIAPTHBIM
uHaekcam (A, W), xapakrepusyioummM SU(3)-cumMmerpuio, u napamerpy K =21 :

(l—tz)”/zF —k%[(,—}\'-'_K, ;tZJ,eCme

1

2
L 2w/2 _X—K—Z A—K+2 3.2 A-K
(1-12) F( ; eyt | eom S

3

HCYETHOE.

Ilpn uxcupoBaHHBIX 3HAYEHHSIX HHEEKCOB (A, L) COBOKYMHOCTb thyHxuumit
w;}’”(t) C PasIM4HBIMU JONYCTUMbIMH 3HaYeHHssMM K MOXHO paccMaTpuBaTh B

KauecTse MynbTHIIIETa C 3ananHOd SU(3)-cummerpueit. Benuuuna K, npunnmas
TONBKO YeTHbie 3HayeHus (K = 2[), uamensercs B npemenax — A < K < A. Takum
obpasoM, npu 3amanHoM A umeercs A+ 1 cymkumii. OTMeTHM, OHAKO, YTO B

paccMaTpHBaeMOM cilydae 1, = n, = n hyHKUnu \y;‘( H cosnanaror ¢ \p&’K“ . Cnego-

' A y
BaTE€JIbHO, HMEETCA BCEro 5‘+1 pasnu4IHBIX (p}’HKllI/lPl. I/IHBapHaHTHOCTb

byHxumi \V;‘(’ H(t) orHocuTenBHO 3aMensl K — ~ K HETOCPENCTBEHHO CNEAYET U3

MHBAapUAHTHOCTH YpaBHEHHs (5.4) OTHOCUTENBHO 3aMeHH! | — — [ U u3 Toro ¢hak-
Ta, YTO 3TO YpaBHEHHME IIpH 3amaHHOM N u ! (uu, 9TO TO Xe caMoe, NpH 3alaH-
HEIX A ¥ K) MMeeT eQMHCTBEHHOE NOJMHOMHANbHOE peleHne. B obiem ciyyae

A, )
ny # n, GyHKUHK Yy Hu \I&K” He COBMNANAIOT, B 4eM Mbl yOeAUMCS HUXeE.

Pemenne ypasuenns (5.3) npu n,#n,u K=0,K=+1. Ilpu n, #n, napa-
Metp A= ny+n,=2m=N, + N, NpUHUMAET YeTHbIE 3HAYEHHs, eCIIU YUCIIa n; u
n, (Mnm, YTO TO Xe camoe, Nl H N2) OIMHAKOBOH 4yeTHOCTH. B ®TOM ciywae K,
M3MeHsisICh B mpemenax — A < K <A, NpUHUMaeT YeTHble 3HAYeHMs. Ipu K=0

. 2
ypasHenue (5.3) 3aMeHOH £ “ = x CBOOUTCS K THIIEPreOMETPUYECKOMY YPABHEHHIO

Ny A
(5.5) ¢ napamerpamu o = — = B == Y=g CnenosarensHo, IByMs JIMHEI-

HO HE3aBUCUMBIMH PELICHUSMH 3TOTO ypaBHEeHHA GydyT (hyHKLHM
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rie, KaK U Bhllle, yepes F(a, B, ¥, z) o6o3HayeHa runepreoMeTpuueckas QyHk-
uus. OT6Hpas M3 ABYX MONYYEHHBIX pElIeHHH AWb (QYHKLUHM, SBISOLIHECS
KOHEYHBIMH TOJHHOMaMH N0 MepeMeHHON ¢, 3anuiueM Bui pysxuui y(f):

y@®=
n-m n,—m
(1—-t2)'"/2F(—— 12 , = 22 ,%;tzJ,ecnnnl—mnnz—mquHble,
(l—tz)m/th(—n—';_l,n_r;_l,%;tzj,ecnunl—mnnfmHequHble.

Mepenumem aTy GYHKUMIO, HCMONB3YS BMECTO Ny, N,, M NApaMETPhI AUHg

¥ =y o) =

(l—tz)"/zF _%1’_2"_5_‘1,%”2 ,ecnux—;—q YETHbIE,
(1—‘tz)”/sz[—}”—g_z,-—x_g_z,%;tz],ecnu}"—;—q HEYETHbIE.

lpu ¢puKCHpOBaHHBIX 3HAYEHHSX N, M n, MApaMeTp ¢ TaKXe OCTaercd
HEU3MEHHBIM (B 4YacTHOCTH, NMpH n =n,=n, q=0), B TO BpeMs KaKk A MOXeT
NPUHUMATD 3HAYECHHA

X=nl+n2;nl+n2—2;...;1 wim 0.

CoBOKYNHOCTb (hYHKLIH# ql;"" npH (PUKCHPOBAHHOM 3HAYEHHH NapaMeTPOB

(A, 1), HO C Ppa3IMYHBIMH 3HAaYEHHAMHM ¢, MOXHO pacCMaTpUBaTh Kak
MynbrHiUier ¢ onpeneneHHol SU(3)-cummerpueii. [lapamerp g npuHUMaeT 3Ha-
yeHus: q=A; A—2; ... ; —A+2; —A — Bcero A+ 1 3HaueHHil, NpU 3ITOM

yHkHH ‘I’:’ H cosnapaior ¢ wﬁlu. HanomHuM, 4TO ceifyac Mbl paccMaTpHBaeM

cnyyaii, korna K=0.
O6paTuM BHUMaHHWe elle Ha TO O06CTOATENBCTBO, YTO \u:"” NOJNY4alTCs U3

aHAIOTHYHBIX hyHKHUH \lf?} * dhopmanbHbiM nepeobo3nauenneM K — g. DTo cBi-

3aHO € TeM, YTO ypaBHeHHe (5.3”) B pacCMOTpPEHHBIX ABYX 4acTHBIX Clydasx UMe-
€T OfMH M TOT Xe€ BHH, C TOYHOCTBIO O 3aMeHbl K Ha g.

Hakonen, 3anuineM peuienue ypasHeHus (5.3) ewe 11 OOQHOTO 4aCTHOrO
cnyyas, korna N, u N, — 4ucia pasHoil YeTHOCTH M npu 3ToM K = 1. Henocpen-
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CTBEHHOH NPOBEPKOH MOXHO YOEZHTHCS B TOM, UTO IIPH N, =n,—m yeTHoM u

N, =n, —m He4yeTHOM ypaBHenuO (5.3) YAOBJIETBOPSET Cleyouas (pyHKIus:

N, N,-1
y(t)=(1—t2)’"/2{F[ 71,— 22 % ](\/1+t+i\/1—t)+
N1_2 2" 3
+N1tF[-——2——,-— 5yt ](\/—_——z\ll_—_)J

6. PELIEHUE YPABHEHMUS (5.3)
IIPH ITIPOU3BOJIBHBIX 3HAYEHHUAX K

HAns HaxoxneHus peleHus ypasHenus (5.3) NIpY  NIPOM3BOJIBHBIX  1O-
NYCTUMBIX 3Ha4YeHHsX K chenaeM B HeM 3aMeHy HE3aBUCHMOH TepeMeHHOi
t=cos 0:

d *u
——2_(N1+N2)Ctg9d—9+
1 2 .1
+|:ZK —-NN +1—K(N -—N)Ctge]u=0. 6.1)

ITpeo6bpasyem ypasnenue (6. l) 3amenuB u(6) HoBo# (ynkuueii w(6), onpene-
JIIEMOH PaBEHCTBOM:

BN — K
() = w@) e 17 (6.2)
[Tocne nogcranosku (6.2) B (6.1) HONYYHM
2 . dw
-—+[z(2N1 - K-\, +N2)ctg6:|ge-—
- { N,(N, +N,)) - KN, +ictg 8 [NI(N1 +N,) - KN2 ] } w=0. (6.3)

Iocne BBeneHus HOBOM He3aBUCHMOIH MEPEMEHHOI z = e~ 29 (6.3) npunumaer
BHJ

2
z(l—z)d_w+1[(2+K N; + N,) + (3N, +N, - K- 2)z:|dw+
dz dz

1
+ 3 NEK =N ~N) w=0. (6.4)



360 JOLEHKO H.C., PWIHIIIOB TI'.P.

Jlerko Bugers, uto (6.4) sBNgEeTCd THUIEPreOMETPUYECKHMM YPaBHEHHEM,
pelieHHe KOTOPOro B BHIE MNOJIMHOMAa KOHEUHOW CTENEHHM IO Z MOXHO
3anucarth B CIEAYIOLEM BHIE:!

N, +N,-K N, -N,-K

2 a 2

W(Z)=F[—N1,— +1;z |. 6.5)

Cnyuaii, Korga napaMeTp Y runepreometpuueckoil dynkuuu F(o, B, v; 2) pa-
BeH Hy/10 JHMGO UENOMy OTpHUATENbHOMY uHcay, sBisercss ocobbiM. IlycTs
y=1-s, rne s — HarypansHoe 4yucno. Torna penieHHeM rurepreoMerpuyec-
Koro ypaBHeHus Oyner dyHkuus [14]:

w@) =2 Flo+m, p+m 1 +m2).
CnegoBaTenbHO, B HallleM Clyuae

N, +N,+K N -N,-K
w(z)=z(N1_Nz_K)/2F[—-N2,— ! 2 , ! 2 +1;z],

2 2
€C/IH Nl_Nz"K>0'

IMoncTasnss nojayyeHHsie Boipaxenus B (6.2) U Bo3Bpalasch K nepeMeHHON 6,
HOJTYYHM

’

N, +N,-K N, -N,-K ) ieN - KA
Floy - 27% T TR e | JONSED
1 2 2
ecnu N - N,-K<0,
N, +N,+K N,-N, +K ) iO(N_+ KA
F[—Nz,—l . - +1;e"2"]e'(2 g

eclu Nl_Nz"K>0'

u(0) = (6.6)

BeipaxeHus B npaBoil yacTu (6.6) npu NOMOIUM H3BECTHBIX COOTHOLUEHHH
[14] moxHO mnpeoOpasoBath TakuM oOpasom, uytobbl npu O =0 runepreo-
MeTpuyecKkue (PyHKUMH PaBHSUINCH EQHHHLIE:

F[_le——l—zz—.7—N1—N2;l_e_tze}e’(l )9 (663)
u(0) =
©) N, +N2+K —i2g | BN+ K1)

F —Nz,———z’—,—Nl—-Nz;l—e e 2 . (6.66)

HecMmorps Ha BHeluHee pa3iiuuue, Boipaxenus (6.6a) u (6.66) mpeacrasnsior
OOHY U Ty Xe (YHKLHIO, B YeM MOXHO Jierko yOemuThcs, NpUHHUMaAs BO
BHUMaHHE M3BECTHOE TOXIECTBO
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Fo, B, =(1-2""*"PFry-o,y-B v 2.
3aMeTUM, YTO eciu N1 U N2 — YHcna OQMHAKOBOH (MPOTHBOMOJIOXHOI)

4EeTHOCTH, TOo napamerp K B (6.6a), (6.66) MOXeT MpUHHUMATh TOJNLKO YETHbHIE
(TONPKO HEueTHBIE) 3HAUEHHs B Npeaenax — (N +N))SK<N +N,

Bosspamasce x Bbipaxenuto (5.2), 3anuiueM tenepb COGCTBEHHYIO (PyHKLMIO
onepatopa Kasumupa ¢ dukcuposanubiM 3HaueHuem K:

N, +N,-K ) 0N —~ K)
F(_Nl’_ ! 22 ,"Nl—-Nz;l—e—'zeJel(l 2,
Ve = sin” 8 { win 6.7)
N +N,+K . iO(N + K~
F(—Nz,————l 22 s =Ny =Ny —e"’ze]c'( ),

7. OIEPATOP BAPTMAHA — MOIIHAHCKOIO

MNon oneparopom Baprmana — Mowmnckoro (BM) GynemM noHuMaTh cka-
JISIPHYI0 CBEPTKY F€HEPATOPOB, OMPEAEHIEMYI0 PABEHCTBOM:

Q=L.A. L., (7.1)
i Ij ]
raec L -— onepaTop NOJIHOI'O MOMEHTA, T.€. CyMMa MOMCHTOB HIBYX IMOACHCTEM
L=1I"+"V, a A.=u Vi+y V', . (12
iy [ [ |
rie V — oneparop HaGna. B panbHeiiweM B onpeaesieHHH onepatropa bBM

OynyT cnenaHbl HEKOTOPbie YTOYHEHHs i TOTO, YTOObI MPUBECTH €r0 B COOT-
BETCTBHE C @HAJIOTMYHBIM OfpelesieHHeM, HCIOoNb3yeMbIM B KHure [15].
Moncrasnss (7.2) B (7.1) U yuuThiBas, 4TO

@ w=0, @ v=0, V“1%=0 u (V"1 =0, (1.3)
nonyunm Q = (u - 1) 1% V*) + (v- 1) (1*- V).

Ilpunumas Bo BHMManue Toxaectsa (7.3), oneparopsi 1“ u 1” B npapoii yacTu
JaHHOrO paBeHCTBA MOXHO 3aMEHHTb ONEPAaTOPOM MOJIHOTO MoMeHTa L:

Q=(- L)L V¥ + (v L)L V. (7.4)
[epenuuiem (7.4), caenas nopcranoeky L = iM:
-Q=@-MM VH+(r¥ -M)M- V. (7.5)

Bblpa3PIM CKaJIApHbIE NPDOHU3BEACHHS B MOCAEIHEM PaBEHCTBE 4€pe3 KOMIIOHEH~
Tbl BEKTOPOB BO BH}’TpeHHeﬁ CUCTEME KOOpAMHAT:
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(u-M)=ucosQM —usingM

2 " 2 Mo

(v-M)=vcong1+vsin—g—M2,
(M-V")lea%l+Mza—2;+M3£;+8, (7.5)
M -V)=M i+M i+M —Q—+6.

1 'anl 2 3112 3 an3

Hanuune no6GaBOYHBIX ciiaraeMbix O B MOCTEJHHMX ABYX PaBEHCTBAX CBS3aHO
c TeM, 4TO omeparopsi M He KOMMYTHDYIOT ¢ MaTpHllaMu TpeoOpa3oBaHUS K
BHYTPEHHEH CUCTEME KOOpAMHAT. B NMpOMEXyTOUYHBIX BBIKJIQIKaX 3TH CllaracMble
HOKa OIYCTHUM, HX BKJIah Oy#eT yYyTeH HUXe IIPU 3allUCH OKOHYATE/IbHOIO BhIpa-
XeHus s oneparopa bBM.

9 2
[Tonctarum B 7.5’) 3HaYEHHS DIPOU3BOAHBIX = U =— B MEPEMEHHBIX
3, P

om;
{o, B, v, 6, u, v} (3.4”) u nepenuiem (7.5) B cleqyoLUeM BUeE:
Q:-{(n +n )[cosng2+sin29M2]+

17 7 M 5 My

1 . . J
+ 5 (ny = ny) sin © (M, M, + M)M,) + sin & = M} -MD)+

.20 20
+ [ sin ) M2M1M3 -~ COoSs ) M1M2M3 )+ M1M3M2 - 1‘/12M3M1 } . (1.6)

- BHoBp cpmemaeM 3ameHy M =-iL, cos8=1f u BMecrto oneparopos
Ll, L2, L3 BBE/IEM OIEpaTophbl L+ = L1 + lLZ, L = L1 - 1L2, L0 = L3. [punumas
BO BHUMaHHWE M3BECTHbIE KOMMYTAI[HOHHBIE COOTHOLLIEHMS W1 NPOEKLUii MOMEH-
Ta Ha BHYTPEHHHUE OCH: [Li’ Lj] = - ieijk Lk’ MONY4YUM

1 1
Q:(nl+n2)[zz(L§+LE)+EL2—Lg)]+

1 1
+1Z(n1—n2)\j1—t2 (Li—LE)+5(1—t2)%(L§—LE)+

1
+Z[t(Lf—LE)+2L0]LO+L2—2L§+y. (1.7)

B npaBoii yacTH mocjeqHEro paBeHCTBa Y NMpeicTaBiseT coboi MOINpasky,
npusoasuyo (7.7) B coorsercrBue ¢ oneparopoM BM B xnure [15]. IIpu Heno-
CPEACTBEHHOM HaXOX[ICHMM 3TOH MOMNpPaBKH HYXHO ydecth, uTo B [15] cnen
(mmyp) reHeparopos Aij paBeH HyJII0, H B onepatope BM Heckonpko MHaye, yem
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B (2.1), 3amucaHbl cOMHOXuTEnM: £ = A L L Kpome Toro, HyxHo y4ecTb

TOMPaBKy O, YIIOMMHABLIYIOCS BBILLE.

OzHako Y MOXHO HalTH MHaYe (TIOCKOJIbKY €CThb BCE OCHOBAHMSI CYMTATh, YTO
OHa MMeeT MPOCTOM BHJ), 3 UMEHHO MOAGOPOM TAKOIO Y, PH KOTOPOM COOCTBEH-
Hbi€ 3HaYeHHs oneparopa (7.8) npu HUXailuKMX 3HaYeHUIX L COBNAmaloT ¢ COOTBET-
CTBYIOLUMMH COOCTBEHHBIMH 3HauYeHHsIMH onepatopa BM B [15].

OxoHuare/bHOe BblpaxeHue oneparopa Baprmana — MolMHCKOrO npes-
CTaBMM B BHJIE€ CYMMBbI TPEX ONEpaTopoB: £ = R +R_+R) e

%[(n +nt+in =) N1 —1242(1 -t )a ] thL

+0

R ][(n +n,) t(n 2)V1—t+2(1—t)a}L —4tLL

-"4

1 1 1 7.8
RO=[g(nl+n2)+5:|L2—-5(n1+n2+3)L§. (7.8)

Basucubie ¢ynkuuM, Ha KOTOpbIX B JanbHeilleM GyayT BbIYHCISTbCS
MaTpUYHbIE BJIEMEHTbl ONEPATOPOB, ABNAIOTCS COOCTBEHHBIMH (DYHKUMAMH Ole-
paropa Kasumupa u npeacrasisiior co6oil nponssenenns D-pyHkuuii Burnepa u
yHKUMM Q. (t), 3aBUCALIME TONBKO OT NepeMenHO ! (cM. (6.7)). DyHKLUHH

RG] DAIJK SABJISIOTCS COOCTBEHHBIMH (DYHKLMSMH OnepaTopa R
Ro DL =[[L Wresn-1 3K 2 DL
0Px(DD) . = 6 (n+n,y) + > (L+1)- ) (n+n, +3) Qi) D)y

. L "
Oneparopsi R_w R_, npu ux nedcTBun Ha (yHKLMM @x(t) Dy, M3MEHSIOT

KBaHTOBOE 4HC/IO K Ha [IBE €qUHHLBL,
R+ (pK(t) DM = const @, _ 2(t) MK 9

R_ CR U] DMK = const @ . ,(f) DMK+ 9 (7.9)

8. MATPUYHBIE BDJIEMEHTHI
OHEPATOPA BAPTMAHA — MOIIMHCKOI'O
Briuncium Matpuunbie anemenTsl oneparopa Baprmana — MoMWMHCKOro Ha
byHKLHAX @ 4(F) DAI,I‘K. YuutbiBad, 4T0 D-pyHKUMM SBAFIOTCS COGCTBEHHBIMMU
tynkuusiMu oneparopa L, onepatoper R + B (7.9) MoxHO 3anucars B (akropu-

30BaHHOM BHJIEC:
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1,25 _ 123
R,=7 LR, R =7LR,
rae
R,=(n +n,+K)t+in,—n) N1 -1242( - aﬁ
Ro=(n +ny—K)t—iny—n) N1 =124 201 -1 )a
HIIH
R, = 0—sin®|i 2 9
. =(n, +n,+K) cos 8 —sin i(n, - 2)+ 30

=(n1+n2—K)§0s6+sin9{i(nl—n2)—2%]

B paneneiimeM dyHKIWH, 3aBUCALIHE TOJBKO OT MEPEMEHHOH ! U OTBeva-
I0LKe OnpesieJIeHHOMY 3HaueHuo K, TaM, rae sTo uenecoobpasto, 6ynem o6o3Ha-
4aTh KpaTKo |k ), a D- -byHKUHH — |LK 3

Tax xak omeparopel R, u R_ npu peiicTsun Ha QyHKUMH |k ) M3MEHAIOT

3Ha4Y€HUE napamerpa K Ha nBe eqMHUILIbL:

RIKY=c |K-2),
RIKY=c)|K+2), (8.1)

TO JUId KaX[goro JAHHOTO 3Hay€HUs KBAHTOBOIO 4ucia L COBOKYMHOCTH
MaTpUYHBIX 3JIEMEHTOB onepatopa BM ofpasyer (npu L < max {A, u})
TPEXAUAroHalbHYK Marpuny pasmepHoctd (L + 1) X (L + 1), rae Ha miaBHOM
AMaroHATH HaXONATCH MaTPHYHBIC BIEMEHTH oneparopa R, a Ha iByx no6ou-

HBIX JMaroHaisX — MAaTPUYHbe DIEMEHTH onepatopoB R u R_. OueBuaHo

TIPH 3TOM, YTO OTJIMYHbIE OT HYJs MAaTPUYHBIE BJIEMEHTHI MMOCIEAHUX ABYX Olle-
paropoB MOXHO NPEACTaBUTh B (DAKTOPH3OBAHHOM BHUJE:

(R+)=%(LK—2|Li|LK)(K—2|I~€+|K)

1 ~ .
(R_>=Z<LK+2|LE|LK)(K+2|R_|K>. (8.2)
BriuKcileHne MaTPUYHBIX 3TIEMEHTOB ONEPaTOpPOB R o k_ CBOAMTCS K onpe-
AeTIeHHUI0 Ko3(hpHIMEeHTOB € M ¢, B cootHowenusx (8.1). Insa HaxoxaeHus no-

CJICAHHUX OOCTATOYHO CPAaBHHUTH IECPBLIC WICHBI PA3NIOKCHHUS B Psif IO CTENEHAM
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0 B neBOHl M mpaBoOil yacTax paBeHCTB (8.1). YuuTeiBas, uTo NpH Manbix 3Ha-
4eHusx 0

~ d
R+=(n1+n2+K)—26£+...,
~ d
R_=(n1+n2—K)—26£+...,

n3 (8.1) momyuum

[(n1+n2+K)-29-a%}6m=019m,

[(n1+n2—1<)—29%]9’"=c29”‘.
Orcioma cnenyer
K-2|RIK)=n +ny+K—2m=N +N,+K=A+K
K+2|R Ky =n +ny~K—2m=N +N,-K=A-K

an/IHI/IMaﬂ BO BHHMAHHE W3BECTHHIE 3HAYEHHS MaTPHYHBIX 3JIEMEHTOB
JICCTHHUYHBIX Ooneparopos L , 3alIMIIeM:

(K 2|2l y=[L+K) T+ Kk - 1) L-K+1)L-K+27"72

(K +2|L2|LK )= [(L-K) L - K- 1) (L + K + ) (L+K+2)/2

JnaroHaneHele MaTpUUHbIE STEMEHTHI oneparopa BM maxomircs npocro,
TaK KaK (QYHKUUU Pr(®) DA%K ABNAITCH COOCTBEHHBIMU (DYHKLIHSMH oneparopa
R, 3annmem okoHyaTesnbHBIE BRIpaXeHus s MAaTpHYHBIX BJIEMEHTOB ONEeparo-
pa Baprmana — MomuHckoro :

Klalk)y=
(K+2|R_|K)=i(k—K) [ ~KXL-K-1)L+K+ 1)L+K + 2)]'/2
= (K'ROIK)=[é(X+2u)+%JL(L+1)~%(k+2p+3)K2

(K—21R+|K)=i(7»+K) [L+ KL+ K- 1)L - K+ 1)LK +2)'/2
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B xauecTse mpumepa npuseseM Tabn1.2 MaTpHYHBIX 9JIEMEHTOB OlepaTopa
Q s HeyeTHHIX 3HaueHMH A ¥ MomeHta L =1. B »TOoM ciiyuae K MOXeT
npuHMMaTh 3HaueHus 1 u — 1.

Ta6nuna 2. MarpuyHbie ieMeHTH! omneparopa {2 s momenra L =1

K=1 K=-1
K =1 1 1+l(7»+2) l(k+1)
- 2| 73 " 2
K=-1 l(}»+1) _1 1+l(k+2)
= 2 1 #

TIpusenem Takxke B Tabi. 3 MarpUuHBIe IEMEHTHI onepaTopa {2 s YETHBIX
3HaueHUH A M MoMeHTa L = 2. B 3T0M ciyyae K MOXeT NpUHHMATh 3Ha4YeHUA 2,
Ou-—2.

Tabnuma 3. MarpuuHbie 3/IeMeHTbI oneparopa €
- pam MoMeHTAa L =2 (A 4eTHbIe)

K=2 K=0 K=-2
K=2 —(A+2u+3) \[%_k 0
K=0 \/%—(mz) A+2u+3 \/%_(Mz)
K=-2 0 \/%_)\, -A+2nu+3)

9. COBCTBEHHBIE ®YHKIIHM H COBCTBEHHBIE 3HAYEHHSA
OIIEPATOPA BAPITMAHA — MOIIIHHCKOI'O

Ipouenypy HaxoxneHHs COGCTBEHHBIX 3HAYEHHH H COOCTBEHHBIX (PyHKUHMH
onepatopa BM noapo6HO paccMOTPHM Ha YaCTHOM NpHMepe, Korga L = 2, npu
L < max {A, n}. IIpu uetHoM A coGerBennylo (pyHkuuio onepatopa BM cnenyer
HCKaTh B BHAE JIMHEHHOM cyneprno3niuu pyHKIHH CO BCEMH JAONMYCTHMBIMHU 3Ha-
yeHUsIMH yHcia K:

lw=c,lk=00D},+C,lk=2 D}, +C_,lk=-2)D}, _,, ©OD
IpH 9TOM 3amadya CBOXUTCH K Haxdxneﬂmo KO3 PHUMEHTOB CyNepHno3HLUU
Cyp C,, C_,. Tak Kak MaTpU4HBIC BJIEMEHTH ONEpaTopa BM Ha ¢ynkuusx c
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3aJaHHBIMM 3Ha4eHUsAMHU K HaigeHsl (cM. Tabi1.3), TO COOCTBEHHBbIE 3HAYEHUS U
cobcTBeHHble (YHKUMHM HaxOmsTCd OOBIYHBIM METOOOM QHArOHAIH3aLHU
MaTpPHLBI.

OGo3HauuM  coOCTBEeHHBIE 3HaYeHUs oneparopa BM u 3anumem cexynsp-
HOE YpaBHEHHUE JUISl HaXOXIEHHS STUX BEJIMYUH:

—-A+p+3)-o Vék 0
2
\/%(x+2) A+2p+3) -0 \l%(x+2) =0.
V%k, ~-(A+p+3)-

AnreGpanueckoe ypaBHEHHE TPEThEH CTENEeHH, NPENCTABIEHHOE B BUIE ONpe-
menutens, GakTOPU3yeTcs, U BCHENCTBHE 3TOr0 €ro KOPHH HAXOHUATCS MPOCTO:

—(A+p+3); m23=i\/(2x+u+3)2+3p(u+2).

IToxcraBnss, kak oObIYHO, ®; B CHCTEMy OZHODOAHBIX YPaBHEHHH, HaXOMHM
HCKOMBIE KO9th(ULIHEHTBI Cy €,y C_ 2

A C.; W =®

G=¢C A+2p) + o 0 i = P23

BEVES
-2~ 2
B toM cnyyae, ecnmu o, = =—(A+2u+3), To CG=0uC ,=-C,. B
JalbpHeeM, ecnu C,=0 mne paswo Hymo, To c¢ynkuun (9.1) Gymem
HOPMHUPOBaTh Tak, 4To6sl C = 1. Takum 06pa3oM, co6cTBeHHbIE (DYHKIMHU One-
paTopa BM umeroT cienyromuii Bug:

lw), = lk=2) D}, - |k =-2) D},

27
PR Y E B S _
I‘l’)2)3— 1K_0>DM0+ 2 (x+2u)+(o23[lK_2> + |K— 2) 2]
HCPCHHH.ICM BbIpaXE€HHE B npaBoﬁ 4aCTH paBEHCTBA 4epe3 Cl)yHKIIHI/I
2 1 2 2 2 2 )
Dy =75 Pyp + Dy _p) u Dy \/—( =Dy L)

vy = 1K, )Dyf, + + Ik, Dy

A
A+2u+3)+w,, [|K2+ Mo+ *

lv, 0= |k = 0D} +3 + |k, )0},

B nocnegnem PaBEHCTBE BBEACHBI CICAYIOIIHE 0003HaYeH Hs:
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K, Y=L (lk=2+Ik=-2) ulKk, y=1(lk=2)- [K=-2)
2+/ 7 9 - - ) u 2-/" 9 - - :
Ipu | = 0 u YeTHBIX A BOJIHOBbIE DYHKLMH MMEIOT CIEAYIOLMI BUL:
2
ly), = lk=0)D 0+T(X+2) (1K, ) Dy + + 1K, ) Dy

lwy, = |K=0) D = V3 [IK,, ) Dy, + |K, ) Dy ]

Ecnun A HeuetHoe (T.€. €CiU n, ¥ n, — uucna NPOTHUBOMONIOXHON YETHOCTH),

TO COBOKYMHOCTb MaTPHYHBIX 3J1eMEHTOB onepatopa BM [ 3a1aHHOro 4eTHOro
3HaueHMs MOMeHTa L (3T0 MOXeT GbiTh TOJILKO B TOM Ciydae, ecnu | # 0) oGpa-
3yer Marpuuy pasmepHoctd L x L. Tlpu L = 2 senuunnHa K MOXeT NMpUHUMATh
ToNbKO ABa 3HaueHus: K = +1. B tabn. 4 npuBeneHsl MaTpUYHbIE JICMEHTHI.

Ta6nuua. 4 MarpruHbie 3j1eMeHTbI omeparopa
ama L =2 (A Hedernble, p # 0)

K=1 K=-1
K =1 l()~+2u+3) é()»+1)
2 2
3 1
K=-1 5(k+1) -2-(7u+2u+3)

Pemas cexynspHOe ypaBHeHWe, Haigem cOOCTBEHHbIE 3HAau€HUs oneparopa
BaprmaHa — MoLIHHCKOrO:

o, =20+ +3, 0, =-A+H.

CootsercTBylolie coGcTBeHHble (PyHK1MH onepatopa BM B paccMarpusae-

MOM CJIydyae UMEIOT CIeAyomMi BHAL:

ly), = [k=1yD% + |k=-1)D% _ =2 (lK +|k,_) D}
1 M1 M-

1+) M1+ M1-

lw), = lk=1y D} - |k=-1)D},_ =2 (IK,) D}y,_+ |K,_) D}y,
©.2)
Kaxk BuaHO n3 paBeHCTB (9.2), K09(p(UIINEHTD! CYNEPNO3HLHN B PaCCMaTpHUBa-
€MOM YACTHOM Cjly4ae He 3aBHCAT OT A M L. ‘
OYHKIUH |k =0), |k 04 s | ) |K1+) H |K ) s KakaeiX KOHKpeT-
HBIX 3HaueHuit N, N,, m, K MOXHO JIETKO 3amucaTh B SBHOM BUJe, UCNO/b3Ysd

seipaxeHus (7.9). IIpuseneM B Tabn.5 BUm 9THX (PYHKUMH NPH HMXallIKMX 3Ha-
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yenusix uucen N, u N,. Tak Kak Bce tpyHKLMH |K) ¢ m # 0 comepxaT OOHH U

2 : ]
TOT Xe MHoXurens (1 — ¢ )'"/ 2 10 ms KpaTKOCTH 3TOT MHOXHTENb NPH 3aHCH
dynkumii 6ymem omyckars. YuTeM, YTO NMpH YETHBIX A 4eTHOCTb uncen Ny u N,

OIMHAKOBA, MPH HEYETHBIX — Pa3NM4Ha, MOCKONbKY 3TH YHMC/IA CBA3aHbl PaBeH-
CTBOM A = N, +N,.

Tabnuua 5. @yHKIMH |k =0), |K2+ D |K2_ )y |K1+) u IK_1>
LN HEKOTOPHIX 3Hadenmit N, u N,

A yeTHOE
N, uerHoe lk=0)=1, |K2+)=t; |K2_):[\/1—t2
N,=0
N, =1 |K=0)=1 |k, )=1; |k, y=0
N, =
N =2 1
N'_ IK:O)=§(1+2t2); Ky, Y =1 |k, y=0
)=
PO | 2. _ 1 4 2.
N =4 |K—O)—5(1+4t ); |K2+)_151[1+”t ]
Ny = |k, =—iT1§(1+4t2)V1——t2
Ny =3 |k =0)=1 1Ky ) =21 +12) |k, y=itiNT-12
Ny=1 172 2
N, = oy =3 2, _1 2 _
N |K—0)—5t(1+3t ] Ky =5 a+a? |k, y=0
A HeyeTHoe
N, HeueTHOe _ 1 - .1 —
N,—0 |K1+)—W\ll+t, IK1_>_1\/2—V1 !
Ny=2 |k ):L(1+2t)\11+t' |k, y=—i ! (1 =-204V1-1;
Ny=1 173 ’ - 2 ’

CobcTeenHbie 3HaYyeHHs1 1 cobcTBeHHble PyHKUMM oneparopa BM s 3Ha-
yenuii momenta L =0, 1, 2 u 3 npusegens! B Ta6mn.6.
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Ta6muua 6. CoGcrBeHHbIE 3HAYeHMs M coOCTBeHHbIe (PYHKHMH oIieparopa
Baprmana — MommMHCKOro Ui 3HaveHHd MomeHta L =0,1,2H3

Mowmenr| CobcTBeHHbIe 3HaYeHUs oneparopa

CobcrBennble pyHKUMH onepaTopa BM

bM
L=0 w=0 |\P>= |K=O>
_lr=op!
m=1+%(l+2u) )= |k =0) Dl
L=1
m=—[]+%(2k+u)] ¥ = [K;_) Dy, + 1Ky, ) Dy
(0=%(7»‘H) Iy = |K1+>Dzlm+Jr |K1—>D1lm~
0=2A+1+3 Wy = |k, ) D%, + IK,_)D,ZW_
w=-A+p lwy=|k,_)D2%,, + |K,) D3
L=2 o =— (A +2u+3) lwy = |k, ) D2, + |K,, ) D%,
= + VQAH3)43p(+2) Ve A y
2 A+20+3)+wy,
x (1), ) Dy, + 1Ky ) D)
w; =0 )= |K,_) D}, + 1K, ) D}y
W3 =A+2u+3% Wy = |k =0y D, +
+ 2 }»\/—13-
+ V(+2p4+3)2+15A(+2) 2oL UK, ) Dl + 1K, ) DYy ]
L=3 ’
Wy s=—Qh+p+3) % lwy = |k,_)D3,, + |K,)D3_ +

+ % VO+8+9)2+15(A-1)(A+3)

VIS5 - 1)
S5 +2u+3)+ 20,5

X[|K3—>D?M3++ |K3+>D13w3—]

Wey=A-pt

+ % VIM8u+152415(=1)(A+3)

lw) = |k, ) D3, + 1K) DYy +
VI5 - 1)
500+ 2+ 3) + 200 5

X [ Ky, ) D3, + 1Ky ) D3y ]

B xauectBe mpumepa mpuseneM B TaOu.7 u 8 sBHBIA BuI COOCTBEHHBIX
tynkumii oneparopa BM B ciydae L =2 u L = 3 111 HEKOTOPBIX KOHKPETHBIX
3HaueHui A, . 3aMeTuM, uTo npu U = 0 YeTHOCTH YKCHA A JOMTXHA COBNAZATh C

YeTHOCThIO L.
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Ta6mmua 7. CobGcrBenHble ¢yHKumM oneparopa Baprmana — MoumHcKoro
B SBHOM BHJe JUIi MoMeHTa L =2

CobcrBeHHbIe 3HaueHns CobcrBennble dyHKIMU oneparopa BM npu L = 2
3HAYEHHd W, A, Ny, N,
oneparopa BM

0w=2A+3 H=0 N,=0 | 5 1 N
A = N, detH. W>=DM0+-\/—3’:=N1+2X

x(tD2M2++iV1—t2D,2m_]

—(@A+3) |p=0 N,=0 |\P>=D§,0—\f”(z02 +1V1-IZD}W)

L = N, yerH. i
w=2A+3=7 s 1 )
p=0 N, =1 ]\P>"’DMO+W3_DM2+
—_(2x7+3)= A=2 Ny=1 |W) = D%, — V3 D,
w=2A+3=11 1 2
weo N=a| =30+ 2DDh s s D,
w=—(2A+3)= |[A=4 N,=2 1
=(_” ) 2 W) =5 (1+2%) D}y - V3 1D,
0=2A+3=15 3 2 V3
H=0 N, = |‘*’)=§t(1+-3—t2JD,2m)+§Z(1+4¢2)Dﬁn+
A=6 N,=3
=— 2\ +3) = 2 2 V3
=(‘15 ) l‘i’>=% [1+§x2]D§40—-—(1+4z2)DM2+
k=1 N =1 lwy=v2 N1 -12 D2,
BIGRE R PYSE S VANEY B
+3)=-7 2
W=1 N =2 |9y =V2[i(1 -+ D2, +1 N1 =12 D2
A=2 Ny=
® = VQA+H+3)2+ |‘}')=(1—12)[tD,2W+ 213 %42+]
3p(p+2) = V105 =2 N =1 9 + 105

p=2
A=2 N,=1
105 2
|\y>=(1'_t2)l:tD%40+TDM2+:I

- l‘v>—(1—t2>x
H=2 N, =2 X[D%m*" 2710 Dy, +i 1_tzDMz—)}
A=2 N, =

_ 2 Np=0 W)= (1 - 12)x

203 .
x[D,ZWO+9_ TG (D3, +iN1 —tZDMz_)}
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Ta6muua 8. CobGcreennbie ¢yHKuuMH omnepatopa baprMana — MommMHCKOTO B

siBHoM BHae min L =3

CoGcrBeHHble | 3Ha4YeHHS Cobcteennbie dyHKIMU oneparopa BM npu L = 3
3HaYeHUs W, A, Ny, N,
oneparopa bM
p=1N,=1 Y PE) 3 V3
Ne2 N =1 lwy =1 -1 Do + 275 Dins
®, =20 s
p=1N,=0 _ N3 -~
o Nf=2 |W)y =1 -2 D340+2V5—[’D13\42++’ 1—t2D13‘42_}
p=1N,=1 Nrwry V5
¥y =1 - D3, — 1= D3
A=2 N, =1 ) 1 a0 — 73 Ve
=—6 p=1N,=0 _ 7] V5 .
107} X—2N2—2 ¥y =1 -¢2 Dilo—%-[t%%ﬂ\ll—zzDﬁﬂ_}
= =
p=1N,=0 l\{/):\h—z?[113342_+i\11—t21),{,2+]
A=2 N, =
=0
p=0 N, =1 1‘P)=V1—t2D3M2_
A=2 N, =1
L=0 N, = ) = {(NT+1 D} +iNT=1 D}y, |+
A=3 N, =3
1 +7% {Qt—1)NT+ 1D}y +i2t+ DN = tD3p5. }
w,=0 0
§-31sz ! ‘}’=%{(2t+1)Vl+tD13m_+i(2t—1)\/1—tD?m+}+
= 1:
+\[%{\Jl+tD§m_+i\ll—tDi43+}
R=0 N, = W) = {(VT+7 D} +iNT =1 D}y, } +
A=3 N, =3
w5 =18 ! +@{(2t—1)\/1+tD13m_+i(2t+1)\/1—tD},,3+}
H=0 Ny=1| ¥={Qt+ )T +:D},_ +iQ@t-1)N1-1D},, }-
A=3 N =2 ~15(NT+1 D}, +iN1 -1 D}, )
H=0 Nz'-O 3 , 3 \/1—5
¥y = (v V1 -
A=3 N, = Wy = (VT +1 D}, +iV1 tDMl_}+————7=3(6i it
Wg7 = X {2t - N1+t D}y, +i2t+ 1)N1 =1 D3y}
=3(1 £41)
=0 Ny=1| W= {@+D)N1+tD} +iQ-D)N1-1D} }+
A=3 N, = V15

+Eg—i—\‘/—4—‘l'5{\ll+t013m++i\ll-—t0%ﬁ_}




INNOCTPOEHHE BA3HUCHBIX ®YHKIHN SIEPHON MOIEIU 373

10. IPEOBPA30OBAHHE BOJHOBBIX OYHKIIHI
IIPH IIOBOPOTE CHCTEMBI KOOPIUHAT
H OTBOP «DIUIMOTOBCKHUX COCTOSHHIi»

BriGpannas Hamu (13 coobpaxenuii yno6ersa) B HacTOSIEH pabore cucre-
Ma KOOpAMHAT OTIHMYACTCH OT CHUCTEMBI, BRIOpaHHOI panee DunuoroM [9]. Cre-
AOBATEIBHO, IS COMOCTAaBICHUs MONYYEHHBIX HAMH COOGCTBEHHBIX (hyHKLMIL
oneparopa BM ¢ ¢ynkuusmMu Dannora HyXHO NpeaBapHTENTBHO npeobpa3oBaTh
9TH (yHKUHMH OT OJHOI CHCTEMBI KOOPIHHAT K JIpYrou.

[lepexon OT MHOTOBCKOI CHCTEMBI KOOpAMHAT K Hamieil CHCTeMe ocy-
LIECTBIIAETCS Pe0Gpa3oBaHUEM OPTOB, 3aJAILIUX HATIPARICHHE OCEH, 110 cXeMe:

€ €y €, €, € —> e, CIOCHSAYIOWUM NOBOPOTOM BOKPYr HOBOH OCH Z

Ha yron 8 /2. Ecnu marpuuy, npeo6pasyiouyio AEKapTOBBI KOMIIOHEHTHI BEKTOPA
NP NEpEXOfe OT «THIBAOBAHHOW» BIUIMOTOBCKOM CHCTEMBl KOODAMHAT K
HETUJIBAOBAHHOH, 0003HAYNTH

N Op Oy Oy
D=0y Oy Oy,
Ojp O3y Oy

TO MEpeXoA OT TH/IBIOBAHHOW 9/UIMOTOBCKOH K Halledl cucTeMe KOOpAMHAT
OCYILECTBIIIETCS MATPHLIEH

] .8 .0 6
O(l3 COS > - (X.12 sin 5 - (X13 sin ) bl (112 CcoS ) oc13
Ao 8 0 .0 6
= (X23 COS ) - 0(.22 sin ) - 0523 sSin ) - 0(22 CcoS > a23
.8 .0 08
0(.33 COS ) OC32 sin ) bl (X33 sin ) 32 COS ) 0C33
Hepexo;[ oT HCTPUIB,HOBaHHOf;I 3JJIMOTOBCKOM CUCTEMBI K Hallueu CUCTEME KO-
’ . T 0
OpAMHAT MOXHO 3a1aTh TaKXe Tpems yriamu Diiepa =T, f§ = — 2 Y= 5

CJIEAOBATEJIbHO, npeoﬁpa3OBaHue COCTOSIHUM C onpenesieHHbIM MOMEHTOM L Ipu

272
PaccMOTpUM ~ HECKOJIBKO ~ KOHKDETHBIX  TIPHMEDOB npeobpa3oBaHus
SJUIMOTOBCKMX (PYHKUHMH IIPM NEPEXOfe OT MCXOMHOM (SI/UTHOTOBCKOM) CHCTEMBI
" KOOpAMHAT K Hallleif CHCTeMe.

IIpumep 1. Tlyers (A, W)=(A, 0) u A = N, N, =0. Torana unrerpan nepe-

. L n 0
9TOM OyIeT OCYIIECTRIATECS NP MOMOIIM (hyHKLIMI Burnepa D™ =, .

~n ~ N
KpbiTHst (U - u) ! (V- V) 2 0pu ero npeacTaBieHHH B BUIE CYIepIo3HLMU Bbipa-
KEHUH C ONpENE/NeHHbIM 3HaYeHHeM KBaHTOBbIX umcen (A, W) Gymer cozepxarp
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~N ~.N N
enqMHCTBeHHOE criaraeMoe (u - 1) . Tak kak (u - ) ! = (cos ) ! He 3aBUCHUT OT
YIJIOB OL M Y, TO €r0 MOXHO MpPEeACTaBUTh B Buie Cymmbl D-¢hyHkumii Buruepa ¢
HyJIEBBIMU 3HAYEHHSIMU NMPOEKLHUA MOMEHTA:

~N
@ ) '=Y,C, D,

Hpeucmsmm Dg() B BUOAC CYMMBbI ﬂpOHBBeHeHHﬁ TWJIBAOBaHHbIX H HECTHUJIBAOBAH-

HBIX COCTOSIHHIA: D 2 D (Q) Dt O(Q) MPUXOAHUM K BBIBOAY, YTO MCKOMas

3JIJIHOTOBCKas (byHKl.IPlﬂ C TOYHOCTBHIO IO HOPMHPOBOYHOrO MHOXHTCIIS paBHA

Dyyol€:

[Ipeo6pa3sosanue 31O PYHKUMH K HallEH CHUCTEME KOOPAHUHAT OCYLIECTRIIS-
€TCsl M0 CXeMe:

Dk (@) = (LM | D(o, B, v |20) —» @M | Dicx, B, D‘( n-%2 ]IL0> -

L n 0
=Y Db (o B, y)leO[n,-—E,E). 10.1)
K
Ipu L = 1 310 npeo6pa3opaHHe UMEET BUI

(Q)_)T ci9/2p] L@ - T -ie/lel”_l(Q)=

= 31-2- NT+7 D}y, (@) + NT—1 Dy, ().

IIpaBast yacTb NMOC/IEAHEr0 PAaBEHCTBA COBMANAET C ONHON M3 yHKUMH, npuse-
IEHHBbIX Bhille B Tabn.8.

Ipumep 2. Mycts L=2,N, =0, u=0n A — uerHoe. Torna cooTBeTCTBY-

lomee npeoﬁpaaonaﬂne 3JTHOTOBCKOH (YHKLMM OCYLIECTBISETCH IO CXeEMe

Z D}2(S) D},(Q):

D

D2(@) - 3, D2 (e, B, Y) Dio( m -7,
K

+iN1-12D%, 7). (10.2)

IMonyuennas ¢yHKUMS TaKXe COBHamaeT ¢ ORHOH U3 hyHKUMI K3 Tabn.8.

=—1 — 3 [D?

M 2+
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Ipumep 3. 3anuwem napy ynkumit ¢ L =2, A = M, 3a0aHHBIX B SJIJIMOTOB-
CKOH cHCTeMe KOOpIMHAT:

V3 2 1 o 1
\P1=7DM —'EDM2+, \P2=E

2 N3
Dy + 5 Doy

Ilpu mepexone k Hamieil cucteMe KOOpAMHAT D12WO npeobpaszyercs B COOT-

BercTBuH ¢ (10.2), a npeo6paszosanue Djzm_

+ MOXHO HaWTH, MOJIb3yACh OOIUM

npasuiiom (10.1):

2 2 2 3,2 , 1 2 A/ 2,2
DM2+_DM2+DM-2—)\/;_DM0+\/2_[tDM2++l 1 -1t Dy 1.

CneposarenbHo, yHKLNE ¥, u ‘¥, npeoGpasyores k Buy

, N3 0 | ] .1/ 22
‘Pl—>‘P1 =——2 DM0+5[tDM2++’ 1—1¢ DM2—]’

, 1 9o V3 2 . 2.2
‘{’2—>‘I12—5DM0+—2 [tDM2++z 1—~1¢ DM2~]'

0
IIpeoGpasoBanue cucTeMsr KOOpAMHAT Ge3 MOBOPOTA HA Yrou - PaBHO3Hau-

HO npeobpa3oBaHUI0 OPTOB

e e, e > —e, e, e, (10.3)
Ipu atom pyHkumn ¥ u ‘Pz B HOBOW CHCTEME KOOPIAMHAT 3alUIIYTCS B BU/E
i " 3 o 1.2 ]
¥ - =“[7DM ‘EDM2+J="T1’
w_Llro N3 o5
Y, —)\PZ“ZDM0+7DM2+"\P2'

Ilosicaum nonyyenusiit pesynsrar. Ilpu A = L BeIpaxeHue oc;”3 oclu1 HMHBapHaHT-

HO OTHOCHTeIBHO npeoGpasosanus (10.3). [lockonbky oc;‘3 OLI”I packiiagbiBaeT-

Ci B psll, Kaxmbld WIEH KOTOPOro MpeicTaBisieT coboil npousBeneHHe
byHKMH THTIA ‘I‘l 1700} ‘1’2 Ha TakHe Xe (PYHKUHMH (KOMILIEKCHO-COMpPSXEH-

HBIE) TUJIBAOBAHHBIX IIEPEMEHHBIX, TO MHBAPMAHTHOCTD JIEBOH YacTH paBeHCTBa
BIIeYeT 3a COOOH WHBAPHAHTHOCTH ero mpasoit yactu. ClieqoBaTeNBHO, npu
npeoGpaszoBanuu koopauuat (10.3) dyHKUu# ¥ ou ‘I’Z He usMmensitored. [pu

9TOM, OOHAKO, HOMYCKaeTCd H3MeHEeHHUEe 3HaKa (byHKI_lI/IH, BCICACTBHEC 6uHap-
HOCTH YKa3aHHOIO pa3jiOXEHUs.
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11. 3AKJIIOYEHHUE

TakuM 00pa3oM, 3agady NOCTPOeHHs Ga3uCHBIX (PYHKLMH MOAEnu HABYX
pOTaTOpPOB W3 MPOW3BENEHMH ONHOYACTMYHBIX (PYHKUHMH rapMOHMYECKOro
OCLIWJLTATOPA YIaeTcs HOBECTH 10 KOHIA M B npocTpaHcTee Poka — Baprmana
npeacTaBuTh 9TH (YHKUMM B SBHOM BHIE, BBIPA3HB HMX 4Yepe3 ruIepreo-
MeTpuueckue GyHKLMH, ceprueckne dyHkurn Burnepa u coOCTBEHHBIE BEKTO-
pbl MaTpuubl onepatopa baprMana — MouMHCKOrO. BrluucieHne MaTpU4HbIX
3/leMEHTOB pa¥IMYHBIX ONepatopoB B npoctpanctse QPoka — baprmana
CBOOMTCS K TNPOCTOH PEKYPPEHTHOH mnpouexype s FHIEPreoMeTpUuECKUX
dynxuuit ¥ dyHkuni Burnepa.
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In reactions of heavy ions with heavy target nuclei, different multiplicities of heavy
fragments are observed in the exit channel. These multiplicities have been found to vary
between 2 and 5. The heavy reaction fragments can be recorded in Solid State Nuclear
Track Detectors (SSNTD) in the form of latent damage trails which can be etched and
studied using an optical microscope. Each nuclear interaction can be investigated
individually by measuring geometrical parameters of the correlated tracks. Based on the
method of kinematical analysis first introduced in 1979, one can quantitatively ‘determine
the properties characterising a nuclear reaction such as masses, energies, angles and other
parameters. This method allowed the fifst exclusive investigation of heavy ion induced
nuclear interactions with high multiplicities. The bulk of the reactions have been found as
being due to sequential or multiple sequential fission. The reaction cross sections have been
measured directly as well as derived from the elastic scattering data using semiquantal
models. The present report reviews the results, obtained using SSNTDs in the study of
heavy ion reactions and the analysis of reactions performed by the method of kinematical
analysis. Also new and unpublished results are presented.

Bo B3anMOEHCTBHAX YCKOPEHHBIX TAXKENBIX HOHOB C MHUILUEHAMH — TSXKENbIMH SApaMH
B BBIXOZHOM KaHasie ObUTH 3aperdcTpHpOBaHbl MHOTOparMeHTHbIe coObITHS; HabonaeMoe
4yucino (hparMeHTOB BapbHpoBaiock oT 2 o 5. Tsxensle (parMeHThl PErHCTPUPYIOTCA B
TBEPAOTEJIBHBIX TPeKOBHIX AetekTopax saep (TTISI) B Buae NPOTAXEHHBIX Y3KHX TPEKOB,
KOTOpbIE MOTYT GbITh IPOTPARICHBI M 3aTeM H3MEpeHHI 1o MHKpockonoMm. Kaxnoe saepHoe
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B3aUMOJEHCTBUE MOXET ObITh AETANBHO HMCCIENOBAHO MyTEM H3MEPEHHS IeOMETPHYECKHX
NapamMeTpoB KOPPEIMPOBaHHBIX TPeKoB. OCHOBBIBAACH HAa METONE KMHEMAaTHYECKOTo
aHa113a, NpeUIoXeHHOro ewe B 1979 r., MOXHO IeTaTbHO OHpPENeTHTh [TapaMETPhI SIEPHO-
ro B3aUMOJEHCTBUS, TaKUE KaK MACCHI, SHEPIWH, YIVIbI BbUIeTa (hparMeHToB H Ap. DTOT
METON1 BIiEpBble 06ECIeYNBAET AETATBHOE HCCIENOBAHUE SAEPHEIX B3aUMONEHCTBUI ¢ TSKe-
JIBIMM HOHAaMH C HCITYCKaHUEM HECKONBKHUX (hparMeHToB. Kak GbUT0 yeTaHOBIEHO, OCHOBHAS
RO B3aUMOJEHCTBUH 0OyClOBNEHa KacKalHbIM fAelieHHeM spep. IlomepeuHble cedeHMs
SANEPHBIX peakuni 6bUM M3MEPEHHl HEOCPEICTBEHHO, TGO TIOMYYEHb! IO IAHHBIM YIIPYTO-
TO pacCesHUs C UCIyCKaHHUEM TOJIyKOIHIeCTBeHHOM Momenu. Hacrosimas pabora npencras-
nseT 0630p pe3y/bTaToB MCCEN0BaHMI MHOTO(PArMEHTHBIX B3AHMONEHCTBUH B PEaKLUIX C
TSOKEJIBIMH MOHAMM M 2HAIM3a 3THX B3aUMOJCHCTBUI METOAOM KMHEMAaTHUYECKOrO aHaJIH3a.
3pech npeacTasneHbl Haubonee HOBbIE, a TAKXKE HEOMyONMKOBaHHbIE PE3yNbTaThHL.

1. INTRODUCTION

The history of using insulating materials as particle detectors can be traced
back to the late 50s. In 1958, D.A.Young [1] set the stage for the introduction
of a new and versatile detection system, by optically observing the fission
fragment tracks in LiF after chemical etching of the crystal. In the succeeding
year, Silk and Barnes [2] reported that the radiation damage caused by fission
fragments in mica is directly observable as thin long tracks when viewed
through transmission electron microscope. The enlargement of these tracks by
chemical etching in the case of mica was discovered by Price and Walker [3]
who were unaware of the similar work done by D.A.Young. During 60s, the
team of Fleischer, Price and Walker [4] greatly extended the scope of track
detection methods. They demonstrated the generality of track formation
mechanism due to any heavily ionizing radiation by observing tracks in a
variety of insulators, including crystals, glasses and plastics. In each case, the
chemicals used and conditions applied for etching could be optimized for the
best revelation of tracks. In 1975, when the classical treatise [5] by these
authors appeared in print, the field of Solid State Nuclear Track Detector
(SSNTD) research was firmly established and its use had sprawled over dozens
of fields in natural sciences, ranging from Archaeology to Geology,
Astrophysics and Nuclear Physics. Another book [6] on the subject appeared a
decade later, while the most recent monograph relevant to technological
applications was published in 1990 [7]. The wide ranging interests of research
and usage of SSNTDs can be better gauged by referring to the proceedings [8]
of biannual conferences held on the subject since early 60s.

In this article we confine ourselves to the discussion of heavy ion reaction
studies conducted by using SSNTDs. The physics of heavy ions has witnessed
enormous growth in the preceding years. New reaction modes like subthreshold
fusion, deep-inelastic scattering and quasi-fission have been identified. The
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multifarious aspects of heavy ion reactions have been dealt with
comprehensively in the seven volumes of «Treatise on Heavy Ion Science» [9].

The fields of heavy ion physics and SSNTDs crossed their paths rather
early in their formative years. The earliest report appeared in 1963 in which
Price et al. [10] presented results on the observation of three heavy fragments
regarded as the evidence of the so-called ternary fission, following the reactions
Ar + Bi, U. They used mica and phosphate glass as their detector materials. A
few years later, Fleischer et al. [11] more strongly suggested that the
observation of three correlated tracks in ThSiO, crystal is due to ternary fission

following the reaction (10 MeV/u) *0Ar + 232Th. Similar work was reported by
Perelygin et al. [12] for the reactions (230—380 MeV) Ar + Au, Bi, Th. The
study of track systematics of binary and ternary events was continued by
different groups [13—22] in the following years. During the course of this
work, events of higher multiplicity were observed. In fact the proof of heavy
ion reactions leading to four [14], five [21] and six [22] heavy reaction products
in the exit channel was first provided by using SSNTD technique. In most of
these studies, mica and special glasses (ZnP metaphosphate) were used as
detectors. These early investigations had limited aims. The main emphasis was
to prove experimentally the existence of a nuclear reaction mechanism which
leads to more than two heavy fragments in the exit channel. An important result
from these studies was that the probability of high multiplicity in the exit
channel increases with increasing masses of the reaction partners. (The presence
of light particles such as n, p, d, o, etc., is not considered in this context). The
interpretation of the basic reaction mechanism was, at the best, purely
qualitative. In the absence of quantitative spectroscopic results, the conclusions
drawn were sometimes erroneous, €.g., the observation of three heavy fragments
was interpreted by Fleischer et al. {11] as the ternary fission of a compound
nucleus, however, more detailed investigations of heavy ion reactions later on
showed that the fusion of very heavy nuclei at energies around 10 MeV/u
resulting in the formation of compound nucleus (with its complete momentum
transfer) is unlikely. For nuclei with A > 40 and incident energy 1—3 MeV/u
above the Coulomb barrier, the dominant reaction channel is of dissipative
nature [23]. This reaction process called «deep inelastic scattering» is charac-
terized by the conversion of a significant amount of injection energy to the
internal excitation energy with relatively insignificant mass exchange. Thus the
projectile and target, by and large, preserve their identity. The excited
projectile-like or target-like nucleus or both of them may undergo normal
fission as a second reaction step giving rise to three or four heavy fragments.
This possibility of sequential process was first discussed by Karamian et al. [24]

using the counter detectors in the study of 22Ne and *°Ar induced reactions on
Au, Bi, Th and U. Apart from the interpretation of Refs.[11,24], alternative
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reaction mechanisms were also suggested by other groups, e.g., multifragment
break-up with consecutive fusion of two fragments [25], fast break-up in
nuclear or Coulomb field [26], etc. Most of these concepts were applied in a
qualitative sense to the multiparticle events observed with SSNTDs [27].

The early attempts to derive quantitative information with track detection .
system were based on theoretical velocity-range relations, e.g., Ait-Salem et al.

[28] used the track data of fission fragments in the reaction naty (ny, Hto derive

masses and energies. Remy et al. [29] determined masses and energies of
reaction products, produced by high energy protons incident on different heavy
target elements. Debeauvais and Tripier [30] studied, in the same manner, two-
pronged events using deuterons as projectiles. The work of Strassbourg group
[31] is based on the parameterization of theoretical velocity-range relation for
certain detector materials, using o-particle ranges as reference. In this external
calibration it is assumed that the behaviour of highly disturbed reaction
products and detector material used for reaction studies would be identical with
the projectile and detector material employed for calibration.

A completely different and more satisfactory method of calibration was
evolved at Marburg [21] which can be designated as internal calibration. In this
method, the entire set of exclusive data measured in a kinematically complete
manner is used for the purpose of calibrating an empirical velocity-range
relation for heavy fragments in the exit channel of heavy ion induced nuclear
reactions. In this way the three-dimensional geometrical measurements of
correlated tracks allow the determination of velocity vectros for all the
fragments ensuing from the point of interaction. A complete kinematical
analysis of multipronged events, therefore, becomes feasible in a simple and
inexpensive manner with SSNTDs. The essential formalism of this method is
discussed in sections IV.2.2. and IV.2.3. of the present review. It was first
introduced and applied to the following heavy ion reactions [21],

(1535 MeV) 2%%pb + "U  [Mica detectors],
(1785 MeV) 23U +™U  [Mica detectors].

It provided the first direct proof of the occurrence of sequential fission
leading to three, four and five particles in the exit channel of a heavy ion
reaction. A detailed description of the analysis and results for the reaction,

(806 MeV) 3%Kr + "™U [Mica detectors] have been published [32]. In that
report the details of the method were given and kinematical analysis was fully
expounded. Through a detailed analysis it was found possible to establish the
sequential fission process as the major reaction mode. Also the masses, energies
and centre-of-mass angles in the first as well as in the second reaction step were
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determined. The use of this method was significantly broadened by later
applications to reactions [33,34,35]

(2149 MeV) 238U + "™y [Glass detectors],
(2149 MeV) 233U + "  [Mica detectors],
(1050 MeV) ¥Kr+"™U [Mica detectors].

In the last of the above reactions, some non-equilibrium effects, not
observed at the lower energy of 806 MeV were noted.

Obviously the same multifragment reaction can be studied in an exclusive
experiment and analysed in a kinematically complete manner by using modern
electronic detectors, fast coincidences and associated computers. In recent past,
there has been impressive progress in the development [36—39] and use [40—
43] of electronic detectors with nearly 4w angular coverage. However, the
SSNTDs offer a marked advantage in being simple and inexpensive yet well
suited for registering high multiplilcity events. The data is inherently exclusive
and can be analysed off-line, since the tracks are usually permanent under
ordinary laboratory conditions. The portability of track detectors and minimal
requirement of instrumentation (i.e., inexpensive chemicals, ordinary optical
microscopes, etc.) mean that their use may be open to many laboratories of the
world. There are some disadvantages of this method as well. The principal
limitation is the number of analysed events which is usually rather limited
owing to the manual nature of measurements. This obviously affects the
statistical significance of results. The wider use of automatic image analysis
systems is expected to overcome this shortcoming. Also at present the
uncertainties in the measurement of individual tracks cannot be neglected and
must be taken into account in the error analysis.

The experimental technique of registering the heavy ion reaction products
and revealing their tracks has been applied to a large variety of projectile-target
combinations interacting at different energies [21,32—35,44—64].

The present review summarizes most of this work and gives additionally
some unpublished data.

2. TRACK FORMATION AND REGISTRATION PROPERTIES

The formation of tracks in solid state track detectors is very similar for
protons, alpha particles and heavy ions and can be understood in terms of the
«ion-explosion-spike» model [65]. The impinging positively charged ion loses
its kinetic energy predominantly by the interaction with free and bound
electrons within the absorbing medium. The dominant process is the ionization
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INCIDENT BEAM Fig. 1. «Sensitive» and «insensitive» angular
e intervals within an SSNTD. Tracks within
the «critical» angular interval are not
registered at all, or they can be measured
only with relatively large uncertainties [46]

DETECTOR SURFACE

INSENSITIVE
REA OF THE
DETECTOR

BEAM DIRECTION
NORMAL TO THE
DETECTOR SURFACE

of K- or L-shell electrons. When the energy of the impinging ion is very low,
nuclear stopping becomes important [66]. Details of the track formation depend
on a variety of parameters, such as mass, ionization state and velocity of the
incident ion, and the ionization potential of the absorbing material. Along the
- particle path a cylindrical zone is generated (50 to 100 A° in diameter) filled
with positive ions. The positive ions repel each other, and consequently the
density of the absorbing material is reduced in this region. This density
reduction along the latent track has been directly observed by low-energy
neutron scattering. The latent track has an increased chemical reactivity. A
suitable etching medium can dissolve this region. The etching velocity along the
track is higher than for the unirradiated material. This leads to an irreversible
enlargment. The resultant track can be observed directly with an optical
microscope.

It is important that a particle enters the detector at a certain angle with
respect to its surface and that the actual track length exceeds a few um,
otherwise it will not be revealed after etching. Such a limitation in the
registration of tracks is shown schematically in Fig.1. The typical critical angle
@C with respect to detector surface, for which the tracks are not observable, has

the range ©_ < (3-10)°. Furthermore only particles heavier than a critical mass
m, are registered in an SSNTD. The SSNTD technique therefore discriminates

against light particles even at very high intensities. Details of the registration
thresholds may be found in Ref.[S]. Typical values for my are as follows: for

mica my = 30 u [14], for metaphosphate glass my = 16 u [56]. Important for the

kinematical analysis of nuclear reactions is that the formation of latent tracks
and their etching is isotropic. Exceptions are the critical angles mentioned
above. The isotropic track registration properties of glass and mica were shown
experimentally in Ref.[56] and Ref.[57], respectively.
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3. EXPERIMENTAL
3.1. The Technique

In the investigation of heavy ion reactions with mica and glass track
detectors, the registration of events can be performed in the so-called 2n- and
4n-geometry technique [14]. In the 4n-geometry the sandwich technique is
available. In this technique the target is sandwiched between two sheets of the
detector material. The sandwich technique is particularly useful at higher
bombarding energies, e.g., E > 750 MeV/u. A simple and very useful method in
the study of heavy ion reactions up to bombarding energies of E, , <50 MeV/u

is the 2m-technique [27]: The target material is vacuum deposited (1—

1.5 mg/cmz) onto annealed mica foils or highly polished glasses [12]. Such
targets are irradiated perpendicular to their surfaces with typical fluences of

about 10° heavy ions/cm?. Fluence and target thickness are optimized as regards
the amount of registered events, energy loss of the projectile in the target,
spurious overlap of tracks and statistics of reaction products. In our work, the
exposures have been carried out at the following heavy ion accelerators:

1. LINAC in Manchester (England),

2. ALICE in Orsay (France),

3. UNILAC in GSI, Darmstadt (Germany).

After the irradiation the target Target
material is dissolved off in HNO3 or (~lmg1cm2) Detector
f

aqua regia. Afterwards, the solid

state nuclear track detector is P—— Projectile
] Track

properly etched so as to reveal the

fragment tracks [12,14,33]. Then

the sample is ready for being

studied with the help of an optical

O lons/cm”) Heavy lons

. .. ~ // Nuclear Three-Pronged
microscope. The sensitive angular Event
range is typically 5° < O),p <85°.
For light projectiles of high energy o 2
and for heavy targets this restricted
2n-geometry in the lab is nearly Nuclear Two - Pronged
7 Event

equal to a 2m-geometry in the

Fig. 2. Schematic representation of the 7 Coulomb Scattering
2n-geometry used in SSNTD heavy ion \
studies, together with the representation

of some typical track configurations [14] 7
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. Fig. 3. Microphotographs showing
tracks of projectiles (black dots) and
(a) two-, (b) three-, and (d) four-
pronged events, respectively, as seen
in the plane perpendicular to the
beam (forward hemisphere). Also
shown are typical examples of
«indirect» (c) three- and (e) four-
pronged events. Here, at least one
fragment for each multipronged
event is scattered into the backward
hemisphere, and is thus missing in
the forward 27m-geometry [32]

centre-of-mass (c.m.) system. With increasing mass and energy of the
impinging heavy ions the experimental 2m-geometry in the lab approaches
effectively a 4m-geometry in the c.m. system. Particularly interesting in this
regard are experiments using the so-called inverted kinematics, i.e., heavy
projectile on light targets [55]. The experimental set-up and some observed
track correlations are shown in Fig.2.

Typical patterns of multiprong events are shown as microscopic pictures in
Fig.3. Microphotographs of nuclear reactions leading to four-pronged events
(glass detectors) and five-pronged events (mica detectors) are shown in Fig.4.
Tracks of impinging heavy ions which pass through the target without
interaction are observable as dark spots in these figures. Multipronged events
generated by nuclear reactions in the target layer and observed in the solid state
track detectors underneath can easily be recognized as such, as the common
origin of all correlated tracks is in the target outside the SSNTD itself. Due to
the restricted 2n-geometry and the registration threshold of the detector, we
sometimes miss the detection of fragments. Therefore, the true multiplicity of
a multiprong events can be higher than the observed number of correlated tracks
in a particular reaction. Typical examples of such so-called «indirect events» are

shown in Figs.3c and 3e.
For the quoted target layer thickness and heavy ion fluence, the density of

two pronged events is typically of the order of 107! events/mm?. The stochastic
overlap of genuine two-pronged events into an apparant four-pronged event is
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Fig. 4. The same as Fig. 3 but for four-pronged and
five-pronged events [21]

smaller than 10_4. We can, therefore,
disregard  the  artificial overlap  of
multipronged events.

The three-dimensional coordinates of
correlated tracks due to multifragment
interaction are measured using an optical
microscope [27]. The fluence of primary
heavy ions is directly determined by counting
the dots as seen in Figs.3 and 4. The weight
of the target material is determined with a
microbalance by weighing the sample before
and after depositing the target layer. In this 25 pm

—
way, our technique allows the direct
determination of absolute interaction cross-
sections. .

The number of multipronged events and their three-dimensional coordinates
are the experimental raw data. Their analysis will allow us to determine the
masses, energies, momenta of the reaction products and the angles between
individual fragment tracks and their mutual kinematical correlations. On the
basis of this data one can obtain information concerning the reaction
mechanism.
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Fig. 5. Distribution of (a) scattering angles (lab) and (b) track lengths of correlated
fragments in the two-body exit channel 84Kr +"™U at E,, =806 MeV. Note the
experimental cut-off at forward angles [32]
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As a typical example for track lengths and scattering angles distribution, in
Fig.5 the respective distributions in the case of colinear two-pronged events

from the interaction (806 MeV) ¥*Kr + ™U are shown. (Colinearity within a
plane normal to the beam is due to momentum conservation). In Fig.5 we can
clearly differentiate the pair of tracks due to elastic scattering: short tracks
(Fig.5b) with 0, ~ 75° due to target like uranium ions and long tracks with

elab ~ 20° (Fig.5a) due to the projectile-like krypton ions.

.2. Uncertainties

The uncertainties within the experimental raw data are due to several
reasons, e.g.,

1. Inaccuracies in the measurements of individual tracks.

2. Uncertainties due to straggling effects in ranges and angles.

3. Uncertainties due to the limited experimental geometry (2r).

4. Registration thresholds (e.g., A > 30 u for mica).

For experiments performed so far the following quantitative uncertainties
have been reported:

1. The total interaction cross-section can be determined within uncertainties
of about 13%. Only very rare events, say five-pronged events, are reported with
a larger uncertainty due to their limited statistical occurrence.

2. The uncertainties in the projectile fluence determination are usually
about 8%. The uncertainties in target thickness are determined to be about 6%.
The statistical uncertainties in the determination of a certain category of
multipronged events (multiplicity) is typically smaller than 5% when more than
400 events have been observed.

3. The uncertainty in the determination of track lengths is + 1.5 um (stand-
ard deviation) and that of angles is +2.5° (standard deviation). These
uncertainties are typical for this type of work using an optical microscope. The
track measurements in mica are somewhat more accurate than in glass. Certain
classes of events, in particular those having ranges smaller than 5um, are
associated with untypical large uncertainties. A detailed description of possible
experimental uncertainties can be found in Refs.[27,68].

The uncertainties due to range or angular straggling effects are, in general,
small compared to the uncertainties in the optical microscope measurements.

Sometimes, in multipronged events we observe one very flat and short
track. Calculations presented later show that these fragments were emitted
backward in the c.m. system. Such tracks can barely be measured or calculated
with any reasonable degree of accuracy.

Further systematic uncertainties will be described in due course in the
following chapters.
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4. RESULTS AND CALCULATIONS

4.1. Investigated Heavy Ion Reactions and Observed Number
of Multipronged Events

The heavy ion reactions investigated so far are listed in Table 1 [21,32—35,
48,55,58,62—64]. The different projectile target combinations with incident
energy (lab system) and the observed and analysed 2,3,4 and 5-pronged events
are presented in this table. The event numbers are divided into three classes:
Class I refers to the total events of a particular reaction channel. We are here
dealing with the total number of registered and counted events. These events
will be used for evaluation of the total (absolute) cross-section and for the
differential angular distribution (elastic scattering). Class II refers to that subset
which was measured completely (all spherical coordinates). Not all the events
were suitable for a detailed quantitative analysis. Some of the events had to be
rejected because of unusually large measurement errors (e.g., very shallow
tracks, very steep tracks, failures in target or in detector, and the tracks with
end-points in the incident channel of a projectile particle). The events subject to
quantitative analysis are desigpated as class Il events.

4.2. Kinematical Analysis of Multipronged Events

4.2.1. Completeness. A reaction with N (spinless) particles in the final
channel is completely determined by N individual momenta and N individual
masses. These 4N variables reduce to 4(N — 1) kinematically independent
variables via momentum conservation and (cylindrical) symmetry around the
beam axis (unpolarized beam).

The three-dimensional coordinates of coincident multitrack events provide
4, 8, 11 and 14 independent quantities for the 2-pronged, 3-pronged, 4-pronged
or 5-pronged events, respectively. These independent experimental raw data are
the track lengths and the track angles between the tracks and the beam axis, and
the track angles between the tracks in the plane perpendicular to the beam.
These experimental data are kinematically complete for the 2-pronged and the
3-pronged events. For the 4-pronged events one kinematic quantity is missing,
for the 5-pronged events two kinematic quantities are missing. The kinematics
of the 4-pronged and 5-pronged events can, therefore, be analysed only with
additional assumptions. A realistic assumption is the conservation of the total
mass for the 4-pronged events, and in addition to this, the parametric input of
one sum of the masses of two arbitrary fragments for the 5-pronged events. By
this procedure one missing kinematic variable of the 4-pronged and two missing
kinematic variables for the 5-pronged events can be generated and a complete
kinematic analysis can be carried out [21,32].
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The momentum conservation does not put any constraints on the specific
type of interaction between the particles participating in the nuclear reaction.
The kinematic completeness implicitly assumes an unpolarized beam as given
by the experimental set-up and the neglect of spin-orbit interactions of the
reaction products. The mass conservation implies that all the reaction products
have been detected. Thus, in particular, due to the finite detection threshold and
the restricted solid angle, certain constraints arise in the methodology for the
analysis of the 4- and 5-pronged channels.

4.2.2. Conversion of track parameters into fragment masses and energies.
Experimental investigations, semiempirical methods, and theoretical
considerations [4,67—72] show that a relation of the form,

v, =V, (Ri’mi’Zi) (1)
exists between the range R; and the velocity v, of the track producing particle

i (for a given solid stopping medium). Here m; and Z, are the mass and the

charge of the i-th particle, respectively. For practical purposes, the form
frequently used is [73—75],

R,=k -v] with k =k (m,Z) ()

with ’v’ as a free parameter. For not too high velocities, Lindhard et al. [66]
have shown that v =1 in the above equation if the electronic stopping is the
dominant process.

The charge dependence of k;, according to [66] is given by,

k=20 fom, My /11 + 2,/ D7 PP/, 3)

where Z and M are the mean charge and mass of the atoms of the stopping
medium. There exist arguments in the literature [76—80], that the value of
k, for different particles fluctuates around the value given by eq.(3). The

reasons for these fluctuations can be attributed to the effects caused by the
atomic shell structure.

For our purposes it is, however, important to note that the explicit depend-
ence on the charge of the track producing particles for constant mass m, and

1/6

given stopping medium is extremely weak (~ Z; 7). A genuine test of the

charge dependence of ranges of different isotopes is very difficult due to
" practical reasons. Possible variations are often hidden by experimental
uncertainties. This is all the more true in the present investigations of highly
perturbed fragments issuing from heavy ion reactions and the limited accuracy
in the measurement of their ranges. Neglecting the explicit weak charge depend-
ence in the subsequent analysis, we therefore use,
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v, =v; (R, ml.). “

To every track ¢, we can assign a range R, (i.e., its length) and a direction
El. Using equation (4) and the requirement of momentum conservation, it
follows that

2 my, (R,m)e =P, Q)
i=1
where P, is the total momentum and N is the multiplicity of the event under
consideration.
The kinematic method of track analysis is based on the solution of the

system of equations (5), event by event, where the general analytical form
v(R, m) used in Refs.[21,32,35] is,

2 4
R m) =3, X, m'RY. (6)
=0 v=0
The coefficients Cyy are determined by an internal calibration procedure

discussed later. With measured R; and Zi, given total momentum ;m and given
coefficients Cuyt the system of eqs.(5) is solvable for the unknown masses
m,. In a second step, these values are used in eq.(6) for the measured values
of R‘., and each velocity v, is determined. Then from the measured directions,
’e_,., the velocity vectors '17,. of the particles are known, and therewith all

relevant kinematic "quantities like kinetic energies, momenta, relative
momenta of particles in different reference systems, etc.
For 4-pronged events, in addition to eq.(5) a subsidiary condition is
imposed, i.e.,
4
z m.=mp+ mny, ©)
i=1
where m, and m._. are the projectile and target masses respectively.

For 5-pronged events, a further condition is required. In the present work,
the sum of masses of two arbitrary fragments to be held fixed, is used as a
constraint for intermediate masses, i.e.,

m, + m=mg; =m (m chosen as a free parameter). (8)
This relation is taken as a trial value of mij' With such an additional

constraint the coupled equations (5) and (6) are solvable and again all the
relevant kinematical variables can be obtained. The resulting kinematical
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variables depend (parameterically) on the initial (trial) value m . By varying

this trial value within physically reasonable limits and changing the ten
possibilities of grouping five fragments into pairs (ij) (kim), one and only one
solution of eqs.(5) and (6) was found for all the analysed 5-pronged events.
This solution is characterized by the fact that all the computed masses are
positive (ml. >0forall i,i=1,2,3,4,5)and are larger than the registration

threshold of the detector, e.g., 30 u for mica or 16 u for glass.

Since light particles are not registered in the solid state track detectors,
therefore, no experimental information is available on them. Consequently these
cannot be explicitly incorporated in the analysis. On the other hand, it is
obvious that the initially well defined kinematic relations between the primary
fragments might be perturbed for the secondary fragments after the emission of
light particles (for details see Ref.{32]).

Two questions arise in this connection. Firstly, Eq.(5) is based on absolute
momentum conservation, whereas the secondary fragments fullfil this condition
only approximately. Secondly, the track data is related to the secondary
fragments, however, the masses of the primary fragments are of interest to us.
In Ref.[32] it was shown that the kinematic determination of fragment masses
and fragment momenta from the velocities of the secondary fragments and the
total incident momentum provides, to a good approximation, the masses of the
primary reaction products before the emission of the light particles. The relative
error in the computed masses, in a first approximation, is given by:

dm/Am =~ (e/e+1) (1 +0.5n + (Am /m)),
with e=my/'/v.,, n=my”/v/. )

Here 0m denotes the difference between the computed mass m, and the true

(primary) mass and Am is the difference between the primary and the
secondary mass; vi’ and vl.” are the first and the second partial derivatives of

the velocity W(R, m) (eq.(6)) with respect to the mass. The difference &m
vanishes for mass independent velocity range relations. Velocity-range
relations are, in general, only weakly dependent on the mass. For the actual
velocity-range relationship (eq.(6)), it turns out [32] to be € = 107}, n=l.
The dm is, therefore, an order of magnitude smaller than Am.

Further, the conclusion that &m is a positive quantity, (i.e., € < 0) is of
interest. The algorithm described above, therefore, somewhat overestimates the
primary masses.

The reasons for the validity of the above procedure for kinematic track
analysis for all practical purposes, are two-fold. Firstly, the light particles (e.g.,
n, p, etc.) are emitted isotropically in the fragments c.m. system (evaporation).
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ENERGY - RANGE RELATION
- IN GLASS

This has been verified for heavy ion
reactions, from deep-inelastic to
quasi-inelastic reactions [81].
] Secondly, although the primary and
the secondary fragments have
different masses, they have the same
mean velocities. Because of the weak
dependence of the velocity-range
relationship on mass, the differences
in the ranges are small for fragments
with equal velocities. A necessary
pre-requisite is, however, that the
spectrometry is based on velocity
measurements and not energy meas-
urements [82].

Although the isotropic
evaporation of light particles does not

84Kr
132xe

60

® O »

ZOBPb
238U

E (MeV/u)

Fig. 6. Empirically determined ranges in
ZnP-glass detectors for a variety of heavy
jons. The ranges are shown as a function of
energy per nucleon. The line shown is a
mass-independent x2-fit to the experimental
data [56]

decisively influence the kinematic
spectrometry, yet it leads to a further
broadening of the resulting mass,
momentum and energy distributions.
The mean values remain preserved,

but the dispersions increase. The

inherent dispersion is small for

fragments with high velocities, as is the case with most of the investigated
heavy ion reactions.

4.2.3. Velocity range relation and its calibration. Velocity-range relations
can be determined by independent measurements. They are also obtainable
through internal calibration. Both of these methods have been applied in
Refs.[21,32—35,58]. The internal calibration has turned out to be the preferred
method.

4.2.3.1. Independent calibration. From independent investigations the
velocity-range data are known for different heavy ion systems at different
energies [56,68,83—86]. In addition, extrapolations are available on the basis of
semiempirical and theoretical models [31,69,87—89].

Figures 6 and 7 show the experimental values of ranges at different
energies for glass and mica detectors, respectively. Figure 7 also shows the
predictions of Northcliffe and Schilling [69] for a chosen ion mass. Bragg’s
additivity theorem was applied in the calculations of the semiempirical curve for
mica as the stopping medium [69,90]. Bragg’s theorem relates the stopping
power of a compound to its individual constituents. The elements-given in
Ref.[69] have been incorporated in accordance with the detector composition.
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Fig. 7. Empirically determined ranges in mica Fig. 8. Mass-yield curve for fission
(muscovite) detectors for a variety of heavy ions fragments from thermal neutron induced
as a function of their velocity in the lab system. fission of 235U, The SSNTD-data were
The line drawn is based on Northcliffe and converted with the help of a mass-inde-
Schilling’s [69] tabulations for !38Xe. The pendent velocity-range relation. The

experimental data are taken from [68] uncerta!nt}es quoted are due to statistical
uncertainties

Also considered is the factor that heavy ions with velocities above a critical
threshold do not produce etchable disturbances in glass or mica. The semi-
empirical ranges calculated from Table 1 are thus corrected for their etchable
component. Because of only few ‘measured points and due to experimental
uncertainty, it is impossible to reliably evaluate the eventual mass-dependence
by such independent calibration. Further, it can be seen that the semiempirical
ranges reproduce the experimental data only in a limited manner. The semi-
empirical data of Northcliffe-Schilling have to be corrected by about 13% to
20%. This is well known for other stopping media [91]. In this situation it
seems reasonable to restrict oneself to mass-independent velocity range

relations, which might be extracted by a Xz-fit to the measured ranges.
235

U (n,
Fig.8. It was obtained with the help of kinematic conversion of track parameters
and a mass independent velocity-range relation. Also shown in Fig.3 are the

experimental fragment mass distributions (dashed curve) which have been
extracted by radiochemical methods [92].

The mass distribution of fission fragments from /) is shown in
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10° | y Fig. 9. Fission fragment mass yield curve
—=—~— RADIOCHEMICAL for thermal neutron induced fission of ™'U,
mTD:'OC;E:"%L FOLDED obtained by a conversion of the track data
; m | based upon mass dependent velocity-range
10 N A relation. The dashed line corresponds to
/5 radiochemical data. The solid line refers to
) ﬁi the radiochemical data which are modified
35 10° A ‘ ] ‘U by the experimental uncertainty of this work
z- il AR W (0,,=7 u) [32]
> f \ ] il
1 1 \
” ! ]
10 1 T : :
! | ;' ", The SSNTD experimental mass
f R ! distribution  is  narrower  than
162 1 NH i radiochemical data. Also, the mass-

60 80 100 120 140 160 180 mayximum of the lighter fragments of
FRAGMENT MASS (u) the track data is displaced towards the
mass-maximum of heavier fragments,

when compared to the radiochemical data. Both trends are unreasonabie. In fact
the track data contain experimental errors as well as further uncertainties from
angular, energy and range straggling. The neutron evaporation also leads to a
further dispersion in the track data. The track data thus should have yielded
significantly broader distributions than the ones from the radiochemical data.

Since the xz-distribution measured radiochemically may be regarded as the
exact one, it, therefore, follows that the mass independence of the energy-range
relation is an inadmissible simplification. Similar effects, namely, too narrow
distributions and systematic displacements of light fragments towards the
heavier mass peak are also known from other spectrometric fission fragment
investigations with solid state track detectors and mass independent velocity
range relationships [93]. Too narrow distributions and systematic shifts of
heavy and light particle channels have been likewise observed in the heavy ion

reaction (1535 MeV) 2%8pb + " for the 3-particle and 4-particle channel [56],
if the analysis is performed by means of a mass-independent energy-range
relation.

4.2.3.2. Mass-dependent internal calibration. Figures 9 and 10 show
the mass distribution and the total kinetic energy distribution, when a mass-de-
pendent optimized velocity-range relation is employed for the situation dis-
cussed with respect to Fig.8. The broken curve in Fig.9 corresponds to the
above mentioned radiochemical data. The solid curve arises from the folding of
the radiochemical data with a mass uncertainty of 6, =7 u. The broken curve

in Fig.10 refers to counter experiments [94]. The solid curve is a least-square
fit through the track detector data under the assumption of a linear dependence
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Fig.. 10. Distribution of total | S S e m— T P ——
fission fragment energies versus 220F ENERGY RELEASE IN THERMAL 1
mass split. Conversion of track 200k NEUTRON INDUCED FISSION

data is based upon the mass de-
pendent velocity-range curve. The
dashed line refers to counter 160
experiments [94], whereas the 140}
solid line is the regression line to 120 .
the data assuming a linear depend- Ly 4y L

ence on the mass split [32] . 70 80 90 100 {0 120 i130 140 150 160
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Fig. 11. Correlation plot of
individual fragment masses with ’\:
respect to their energies for elastic 2
scattering  in  the reaction @
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of fragment energies on the
mass ratio between the
lighter and the heavier
fission products.

The coefficients of the
mass-dependent velocity-range relation are obtained by a suitable choice of the
coefficients in eq.(6) based on an optimal fit to the light and heavy mass peaks
as well as the mean kinetic energy of the fission fragments. Figures 9 and 10
demonstrate that by this kind of internal calibration, fission fragment tracks can
be analysed consistently and converted into fragment masses and fragment
energies.

-4
Lol 4 lIllllll

[ 10 100
TKEL (MeV) YIELD (/%)

kol LU

An analysis of the two particle channel in heavy ion reactions, fitting of the
coefficients found from U(n, /) to the projectile and target mass as well as to

the elastic line in heavy ion scattering yields, in general, optimal velocity-range
relations for all interesting masses, energies and ranges. Figures 11 and 12
demonstrate the adequacy and internal consistency of these procedures.
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Fig. 12. Correlation plot for the masses of two-body exit chan-
nel and the TKEL. The data corresponds to elastic (+ quasi-
elastic) binary events and is uncorrected for experimental
uncertainties. The masses and energies were calculated using
an optimized mass dependent velocity-range curve (see
Fig. 15) [96]

For the 2-particle and 3-particle channels, the mass conservation

N

> m=mp+m,, (N=2,3) (10)

i=1
(m,, = projectile mass, m, = target mass) is not used in the calibration.
Consequently, a further check is provided by the comparison between the
calculated sum of fragment masses and the total mass of projectile and target.
This is demonstrated for the reaction (1785 MeV) *3*U +™'U (2- and
3-particle channel) in Fig.13. The agreement between the calculated and

expected values is satisfactory. Refs.[21,33,45,54] arrive at the same
conclusions.
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range curve of this work for some selected
320 400 480 560 640 .. X
TOTAL MASS(u) nuclef with directly measured data.. Fc?r the
nuclei 8¥Kr and 238U there are also indicated
Fig. 13. Distribution of the sum of the upper limits (Vg and vy , respectively)
fragment masses in the 2-particle and for the theoretically predicted region of
3-particle exit channel for the reaction velocity-proportional stopping [32] ’
(1785 MeV) 28U +MU. The distri-
butions are Gaussian with mean value
476 u and standard deviations ©,,, =17.2 u
(2-particle exit channel) and G5, =354 u

(3-particle exit channel)

Typical velocity-range relations found from internal calibration are shown
in Figs.14 and 15 for mica detectors. Also shown in Fig.14 is the upper
theoretical limit for the region of proportionality between velocity and range.
One can see that this region is narrower than that predicted. This is particularly
valid for very heavy ions (A > 200 u). The velocity range relation obtained by
Qureshi et al. [35] (Fig.15) in the case of (1050 MeV) Kr + U reaction observed
with mica detectors was also compared with the calculations based on Benton

- and Henke’s [87] theoretical model.

The velocity-range relations so found are calibration polynomials. They are
valid only within their well-defined limits. They represent the best curves for
the investigated track length distributions, ‘special detectors, etching conditions

< and particular track producing particles. These are, therefore, not suitable for
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Fig. 15. Empirical velocity-range curves obtained after
performing internal calibration. For comparison the calculations
based on Ref. [87] are also shown. The regions of curves which
are most sensitive for fitting projectile and target masses are
indicated by horizontal bars with arrows [35]

extrapolations beyond their respective limits. Experience showed that for every
new experiment and for each new track detector at hand, a new internal
calibration had to be carried out.

4.2.4. Error analysis and data selection. The largest (relative) errors in the
ascertained physical quantities arise from the lighter fragments and from
fragments with very short tracks. This is a particular characteristic of the
kinematic track analysis.

The uncertainties have been ascertained with different methods. The
influence of the measurement uncertainties has been simulated by Monte Carlo
methods as follows: Within the experimental uncertainties the track lengths and
track angles are varied for randomly selected multiprong events. In this way,
new data sets are generated event-by-event in the form of distributions. Their
half-widths are a measure for the experimental error. Figure 16, e.g., shows
such a statistically generated distribution for the 4-pronged event in (806 MeV)

84Kr + My,
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In the kinematic analysis of 10° ' . " '

multipronged events there are also 806 Mev) Zkr + "“’U_,ml mymym,]
further errors besides the measure-
ment errors. Most important are the

-~
I
inaccuracies because of straggling, & 0|
evaporation of light particles, errors . |
. . . . . o
in calibration and differences in
etching procedures and etching g &

behaviour.

An estimation of the influences
of all of these errors can be ob-
tained from the width.of .the elastic "5“0 IZlaO iéo !.}0 IQ‘O =0
peak (Q-value, projectile . mass, FRAGMENT MASS (u)
target mass) and from the width of

the sum of the fragment masses in

Fig. 16. Errors in the prefission masses of the
the 2-pronged and 3-pronged observed four-pronged event in (806 MeV)
channel. Such distributions are 84 | nary 6 obtained by a Monte-Carlo

shown in Figs.11 and 12. simulation of the inaccuracy in the track-length

It turns out that the distribution ~ and track-angle measurements [32]
of total fragment mass in the 3-pron-
ged channel is significantly broader than that in the 2-pronged channel. This
behaviour has been found in all the reactions. It can be traced back to the
increasing number of independent quantities to be measured with increasing
multiplicity of the reaction. If it is assumed that the errors of the individually
measured quantities enter with equal weight into the final quantities then, to
first order, the uncertainties scale as the square root of the number of inde-
pendent variables. On the average, a relative error of 3.3% (standard deviation)
can be deduced per degree of freedom for the determination of masses. It varies
from 2.0% to 4.6%, depending on the reaction under investigation and the
applied detector.

The actual analysis in Refs.[21,32—35,58] as well as in this work is
restricted to events whose sum of the fragment masses in the exit channel was
within two standard deviations of the expectation value. For the 4-pronged and
5-pronged events a condition was imposed that the evaluated masses of the
fragments are above the registration threshold of the detector. The subset III of
Table 1 refers to this restricted set. In Ref.[34] the selection was based on an
additional criterion. Only those events were analysed in detail, for which the
relevant kinematic variables allowed the conclusion of a sequential process.
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4.3. Total and Pértial Reaction Cross-Sections

A list of measured total reaction cross-sections and partial reaction cross-
sections for individual multiplicities is given in Table 2. These have been
calculated according to the equation .

G, =R,/ @A, (11)

where R, are the number of events of i-th multiplicity observed per unit

surface area, A is the number of target nuclei per surface area and @ is the
fluence of incident ions.

The 2-particle exit channel has only been included for inelastic events with
TKEL > 100 MeV. The experimental total reaction cross-section is the sum of
the partial reaction cross-sections for 2-, 3-, 4- and 5-particle channels. The
quoted uncertainties include the statistical uncertainty as well as the errors in
the measurement of fluence and number of target nuclei. Typical relative errors
in these measurements are about 10%. The so-called «indirect» events with

n-particles observed have been included in the (n + 1) class. 05; /9 is the total
reactiori cross-section, based on the experimentally observed quarter-point angle
61/ and calculated according to Frahn'’s Fresnel-Model [97]. The
uncertainties in Gg /M are strictly those due to statistical uncertainties and

uncertainties in the experimental determination of quarter-point angle. The total
error could be possibly larger due to the difficulties in separating elastic and
quasi-elastic events experimentally.

The 2n detector geometry used in this work has an obvious limitation:
When we observe n fragments in one interaction, there could have been
(n + x) fragments in reality with x fragments emitted in the backward direction.
Therefore, we consider only those events with n observed fragments as being
due to the n-particle exit channels when these events are amenable to kinematic
analysis for relevant multiplicity. Other cases are considered as «not been
analysed kinematically». Therefore, the values given in Table 2 are lower limits
for high multiplicities (i.e, n=4 and (n=15) and upper limits for low
multiplicities (i.e., n = 2 and n = 3).
~ As is shown in Table 2, the sum of the partial cross-sections for 3-, 4- and
5-particle exit channels agrees fairly well with the total interaction cross-section

determined independently via the quarter point angle 69 This is a reassuring
experimental result.

Experimentally determined total interaction cross-sections can also be
compared with theoretical calculations, based on the optical model or the
«sharp-cut-off» model by Blair [98]. This gives an independent check on the
reliability of the results obtained so far. The most detailed calculations have



KINEMATICAL ANALYSIS OF HEAVY ION REACTIONS 401

‘1Ie 18 pajesnsaAuL J0u — — :[1e13p ut pajednsaaut Jou — (g) ‘9j3ue jurod-1o)zenb pue SuLaneds onsea jo dioy ayp yim paurwsiop

'uono9s-55013 Uonoral [RIUSWLAAXS [€10) — (i, /0 (*0 pue "o o Co jo wns) uondes-sso1o uonoral [BULWILIAAXS 103 — ¥o

[8s] 0TF06 | OTTFOLLL | OSE F 088¢ — 00L F 088% | OLS F OVLY | Mweut Ngez (AN SL6€E)
lsy] g¢ 0TLI 006 ) ) 0L92 Meu + Ngez (ASIN 08€T)
[8¢] 01 F ¥1 0YZT ¥ 0€81 | OLI ¥ 01T1 — OvT ¥ 008T | 06€ F 0S0¢ | [heut Ngez (AN 6V17)
[g€] 9F6 OvZ ¥ 0181 | OVI T OL11 — 0L6T 08¢ F0€6T | [heut Ngez (AP 6117)
[8t] LF 01 OIT F0S8 | 0I ¥ 086 — 0TI + 091 | 0STF 081 | [hew+ Ngez (AN S8LT)
[s¢] — @ @ @ 08LT €] oz + Nger (AN 08€7)
[ssl - @ @ @ 0062 L@ Wit + Ngez (A 08€T)
[s¢l — 4] ®© © 0L6Z @ OHgor + Ngez (A9 08€T)
fral — OLF 00T | OEt 0011 4] 05T ¥ 0591 ) Mieu + Adgoz (AP SECT)
lev] — (4] (2) ) ) () Qdieu + Adgoz (AW 6£6T)
(sel — 9F9I1 8LT F S81¢ — Ol1 F68€E | T8TF 10TE | Mwu+ Dy (AW 0501)
fzel ILFET | OVEFSETT | SEFOST | 06T F089T | 06€ FOIYT | Mwut Dlyg (AW 908)
1oy o Yo €0 [2%) ®/ _«o 1) uonoraYy
SUOI}3S-SS0I) UoNded [ented pue [ejo] ‘7 Ijqe]



402 GOTTSCHALK P.A., VATER P.,, BRANDT R. ET AL.

been carried out, in this respect, for the systems, (2380 MeV) 238U + ]65Ho,

1974y and 2%Bi [55]. In the optical model calculations, conventional Woods-
Saxon parameterization according to Thomas [99] with rj = 1.28 fm as radius

parameter for the nuclear potential V), was used. The interaction parameter
R
calculated using additionally the proximity and droplet-model as follows
[10Q0,101]: (P = projectile, T = target)

R /fm = 08425 (Cp, + Cp) +4.49, (12)

¢ and the interaction barrier B,  in the «sharp-cut-off> model were

C,=r,(1-1/1),
r./fm =128 A]/% - 0.76 + 0.86A />,
- 2
B /MeV =(Z,Z,¢*/R_ ~0.1024y exp(2.7 - £) /0.7176),  (13)

y=11.959 [C, CT/(CP +CPHT - 17826 {1 - 2(Z, + ZT)/(AP + AT)}Z],
£ =449 - 0.1575 (Cp+ C)).

The experimental and theoretical results are shown in Table 3. The results
obtained by different models agree reasonably well with each other. Addi-
tionally, the experimental and theoretical values agree also fairly well con-
sidering the experimental uncertainties. It may, however, be noted that in
Table 3 the experimental cross-sections are systematically somewhat smaller
than those calculated. We do not put too much emphasis on this difference
since it might be due to inherent limitations of the experimental 2n-geometry

Table 3. Comparison of experimental and theoretical reaction cross-sections

Reaction o/ (mb) oB4ir (mb) o' (mb)
28 + 1651 2970 3360 3220
(2380 MeV)
B8y 4 197Au 2900 3320 3200
(2380 MeV)
28y 4 2098 2780 3320 3210
(2380 MeV)
o/ — total experimental reaction cross-section determined through elastic

scattering quarter-point angle; G,%""i‘ —- reaction cross-section, calculated with the help of

the sharp-cut-off model {Blair); {)"’RP‘ — reaction cross-section, calculated with the help of
the optical model
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Fig. 17. Angular distribution in the elastic
scattering for the reaction (2380 MeV) -
238 4 165Ho. The ratio of differential cross-
sections between observed and Rutherford 1OF }
scattering is given. The deviation for
0, m. <25° is due to inherent technical biases of
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the 2n-geometry technique. The lines drawn are
according to Fresnel-model (see text). Only
statistical uncertainties are given [55]
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LABN B e o a2

01 }
technique, as pointed out earlier. In
particular, if elastic as well as quasi- s
elastic binary events are counted as \
being due to elastic scattering, then one \\

overestimates 8!/ and calculates 0'01_, T T G-
consequently too low a value for the SCATTERING ANGLE (8¢ )
cross-section o(!/¥. Consequently one

obtains also too low a value for Op which involves the sum of all observed

multipronged events (n =2, 3, 4 and 5).

4.4. Elastic Scattering and Reaction Parameters

A typical angular distribution for two-pronged events due to elastic
scattering is shown in Fig.17. The ratio of the experimental differential cross-
section divided by the calculated Rutherford cross-section as a function of the

scattering angle is shown for the reaction (2380 MeV) 2385 + 'Ho. Similar
results have been obtained for other systems [55]. The quoted experimental
uncertainties are strictly statistical. As mentioned earlier, the inclusion of quasi-
elastic events could have introduced a systematic error. We defined all binary
events as being due to elastic scattering, when Am/m = 7% and AE/E = 4.5%
within elastic reaction kinematics. Figure 17 is based on absolute values for
differential cross-sections since the total target thickness and the total heavy ion
fluence are directly measured. Technical reasons are responsible for the
underestimation of elastic scattering for 8_ < 25° For uranium induced

reactions, in the angular range 25 <8,,,<50°% one observes rather pure

Rutherford scattering; here we are in the domain of rather large impact
parameters between target and projectile. For the scattering angle 0 em > 20° for

uranium projectile one observes directly the onset of inelastic interactions at
small impact parameters resulting in a decrease of the observed ratio (Fig.17).
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50 — . . . . .
' ' ’ o st Fig. 18. Distribution of Galilean invariant
[ }(@08Mev) Kre U=mmmf v =1y, — vl for (i,j=1,2,3) in the 3-par-
40 i T . . .
5 ticle exit channel for the reactions
H ~=- All permutations i,} = {,2,3

- — Only correlated fission (806 MeV) 84Kr+U. The histograms

fragments B

show all three possible combinations of
correlated pairs (ij) together with the third
particle (k). For each event we could find
at least one combination of (ij)k with (ij)
in the limits of v; = (0.23 £ 0.6)fm/107233 s

(shaded area) [32]

NUMBER
3 8
T

(o] 0.l 0.2 0.3 0.4 0.5 c.6

19,-9,1 ttm 710%s)

The exact details of this decrease are obviously due to the special characteristics
of the specific nuclear interaction.
It is of considerable interest to determine accurately the angle, called

quarter-point angle o/ 4), at which the experimental differential elastic
scattering cross-section is 1/4 of the elastic differential Rutherford cross-section.
Based on the model described in Ref.[98], one can correlate this experimental

6/ with the reaction parameter R, , the grazing angular momentum lgr and

the total reaction cross-section Or [102—106].

4.5. Evidence for Sequential Fission

4.5.1. Correlated fragment pairs and their characteristic velocities.
Sequential interactions in nuclear reactions leading to more than two particles
in the exit channel have significant resonances for certain kinematical variables
[107]. Let us denote two outgoing particles by i and j having masses m; and

m, . A resonance in the Galilean invariant,
2 _|= _=|2
V=1, vjl (14)
at

v, = 317 (15)

describes a quasi-bound intermediate state whose decay energy Eij is given by
E =i g (16)

voo2(m + mj) i
The resonance is well defined if the lifetime of the intermediate state is
sufficiently long. The decay of the intermediate state can be influenced by



KINEMATICAL ANALYSIS OF HEAVY ION REACTIONS 405

. [85°95°SH €€ 1] (o—®) sa1pms JuaIayyIp 24y Joj siseq Judas-£q
-JUSAD UO UMOYS SIe SIINSAT Y, "SUONBUIGUIOD Sa1y) [[e o) [Suueyd 11X3 Jponted-4 oy ur (Pez1=790C) Ay
sjuowdely om) Kreyuowo(dwos o1 Jo Jey) jsureSe syuswely om) Jo f JueLreAUL UBI[I[RD) JO uoNNqIIsI(Y “6] ‘S

0 ( (sujwd)fip
(suywd) A (su/wd) A ALID013A 3AILVI3Y
oY 77 g0 L 9% vy vl 9 S % ¢ 7
G Pl
.I_ 13 i 1) 1 ] ”o r T 1 1 1 i 1 1 ] >l _l 1 i 1 I u
- - -8 0 °® ° . . s T4 N
. - S M aoo \coc . v ...”l _w_
- s.tw- I.Q.N | I:. vm.o .o Q.tﬂ so-s.m“.o . lm -
- ... 1 = } m.NHA HM H....M.wo........ e m
s v s T hEEsn... 78
B Mo. 2° N O 78 B 3 o &% "00 ¢ =
.lo“cﬁao- . . 3 W -.a'o*‘noo. =<
- e A S F sea | SR {ILE RN IR -
> ...m......\c . og 2 B ooy 8 L = x
~ . ~au\ e LN ‘e -
. [ - 49 o
s ¥.,.£..2. 1 o o
v Sl i - . o n+n (ASW6LIZ) S WA W e® . 3
A L ]
N+N (ASWOBEZ) hv.. - [ SN T N G| | N+N (AN 6DI2) o4 W
n~ i | } | } { 1 | | i -
(s._ot1up) ﬁmotec_; ALIDOT3A 3AILVI3Y
590  “Cgro SZ0 80 9€0 %20
T T 0 F A0
LT ... . re g f ©o ]
RN % . < [ ] <
R o Jpeae = [ (-] - x
L. . ....a.~ .m......" M.\.u. : ) ....W;-& SZ°0 = : (] o. . 70 =
R A 3 s ] 3
LA s sco 3 [ ee - ] 3,
- . Ty iy = [=X] o b O,
Sl 2y N R r N
s ....Mm...”v:«EnEaE ‘Wa- ~* %0 &
q ‘S nen(AswesLnST0 g ]
(8 S NeniAsKgs, : N+qd (AW €6
b L ey




406 GOTTSCHALK P.A., VATER P.,, BRANDT R. ET AL.

other particles, resulting in the broadening of this resonance, in a shift of its
position, and in non-trivial angular correlations of the outgoing products of
the intermediate state. _

Typical distributions of the experimental velocity differences Vij for

reaction products in the three-particle and four—pérticle exit channel are shown
in Figs.18 and 19, respectively. Here we have integrated all other variables.
Figure 18 shows the velocity differences Vij o for different combinations to

couple the pair [ij] with a third particle [k] in the three-particle exit channel.
Figure 19 shows different possibilities to couple two pairs [ij], [kI] in four-
particle exit channel. Corresponding to various combinatorial possibilities we
obtain three results for each event displayed collectively in Fig.18 for three-
pronged events and in Fig.19 for four-pronged events. For three-pronged events
we have a pair Vi Vik and Vig - For four-pronged events Vij VETSUS Vi, vy versus

Vii and v, versus Vik is plotted. In Figs.18 and 19 one can observe a striking

concentration of point near the following value for relative velocity between
two fragments:

v, =0.23 fm/ 1023 . ¢))

It is important to note that for each multiprong event one observed pairs of
fragments with a velocity difference in the range of

v, = (0.23 £ 0.06) fm/ 10723 s, (18)

In four pronged events we could always find exactly one combination
[if1, [kI] which fitted the condition of eq.(18). This well-defined cluster can be
seen in Fig.19. The other combinations give a wide scatter of points, clearly
separated from this cluster.

For three-pronged events one could find at least one combination [i], (k]

according to equation (18). Moreover, in about 80% of all cases we have one

—~23

uniquely determined combination for vij=0.23 fm/107°" s, while all other

combinations differ significantly from this value. In about 20% of events we
could observe two different combinations, e.g., [ij], [k] and [ik], [j], which
satisfied eq.(18). Such a lack of uniqueness could also be observed if the two-
dimensional representation was converted into a one-dimensional repre-
sentation. The maximum is well observed for three pronged events at

_ _23 . C g
1.1.—0.23 fm /107" s appearing significantly above the broad background

distribution. Due to this background it is possible in 20% of all cases to find
more than one combination according to eq.(18).

The mean relative velocity observed in the fission of 25y with thermal
neutrons [108] has a value:
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v =024 fm/107 s, (19)

This value is nearly independent of the fragment mass ratio ml./mj between
fission fragments. It changes by 2% when going from symmetric to
asymmetric fission. The natural dispersion in Vi for a fixed mass ratio is
0.005 fm/10_23 s. The value Vi (eq.(19)) is additionally nearly independent
of the mass (mij) and charge (Zij) of the fissioning fragment and in particular
(and surprisingly) also independent of the excitation energy E_. According to

the literature [92,108,109] the following values are to be expected,
v;;= (024 £ 0.04) fm/ 107235 (20)
for 140 u < m;; < 300 u; 0 MeV < E <100 MeV and 1.0 < ml./mj < 1.5.

The analysis of velocity differences of various multifragment channels in
all investigated heavy ion reactions strongly indicates the sequential nature of
the reaction mechanism. In the first step of a binary interaction, two excited
ions are produced; one or both of these subsequently undergo fission in the
second step of the reaction, resulting in 3 or 4 final fragments. In the case of
five-pronged events one of the heavy fragments of the second step decays
further sequentially. Denoting the projectile and target masses by mp and m,

respectively, the sequential nature of multifragment events is thus given as
follows:

3-pronged events: iy + m,—— mf +my Ist Step
m; + m; 2nd Step

- * *
4-pronged events: Mp+ Mp——> M +m, Ist Step
(mi + mj) m, + ml) 2nd Step

* *
5-pronged events: my +m,— Mt My, 1st Step

*
(m, + mj) (m, + m, ) 2nd Step

k
(ml +m ) 3rd Step.

The fission Q values of the intermediate fissioning nuclei agree well with
the semiempirical correlation of Viola [109]. The experimentally determined
Q-values deviate between + (4-25)% from those expected theoretically. The
observation of correlations in the velocity difference Vij between the reaction

products could be confirmed by electronic methods for the three particle exit
channel in the reaction (1785 MeV) U + U and some lighter reaction systems
[110,111]. To our knowledge, the occurrence of multiple sequential fission in
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Fig. 21. Distribution of the yield for the «in-plane» -80  -30 30 S0
angle, the relative velocity v;; of correlated pairs of Y- pLan (DEGREE)

fission fragments, and of the asymmetry of the mass-

split in fission as a function of the «in-plane» angle for the reaction (2149 MeV)
238U + U giving 3 and 4 particles in the exit channel. Again the «dips» in the yield at +60°
and -30° are due to technical reasons. Only statistical uncertainties are given [58]

heavy ion induced reactions leading to four or five heavy fragments in the exit
channel has not been investigated so far by other methods.

4.5.2. Independence of the second reaction step for sequential fission
process. In case of fast fission of a primary reaction product in the presence of
the Coulomb field of the second binary reaction product, one would expect an
anisotropic angular distribution in the scattering plane defined by vectors in the
direction of movement of the two primary reaction products [112]. The in-plane
angle is defined in Fig.20. The investigation or analysis of the in-plane angular
distribution of correlated fission fragments could reveal such effects. However,
experimentally it was found, that the in-plane angular distribution is isotropic
within the moving c.m. system of the primary reaction products, as shown in
Fig.21 (top). The observed modulation in the experimental in-plane distribution
is purely technical in nature and has no physical basis. This is due to the
presence of fission fragments with flight directions parallel or perpendicular to
the detector surface which consequently remain undetected (see, e.g., Fig.1).
Our method is not accurate enough to allow a detailed study of the influence of
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Fig. 22. Distribution of the «out-of- 105 236 230 ™ T T
plane» angle (defined in Fig. 20) for Ut U—em+m, +my+m,
fission fragments from the reaction ook E,gp 1785 MeV p—
(1785 MeV) 238U + U — 4-particles % . S
(outlined histogram). The dashed g} £~ | Losots

of - pf
3

histogram gives a reconstructed, i.e.,

1
corrected distribution, as the 2n- j:
geometry used is less sensitive in its 3 60 "E o
registration efficiency for certain W >
>
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geometrical configurations [48] ¥ (i2)
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=— EXPERIMENT

the nuclear or Coulomb field of
one primary reaction product on
the fission configuration of the ] ‘ ) 1 .
other primary reaction product. ) 5 30 45 60 75 90

The mass ratio distribution OUT - OF - PLANE ANGLE (y)
m’./mj for fission fragments and

the distribution of velocity differences are independent of the fission direction
as shown in Fig.21 (rest). The out-of-plane angular distribution of fission
fragments in the four particle exit channel is shown in Fig.22. (The definition
of the out-of-plane angle is given in Fig.20). Obviously, there are no nontrivial
correlations between the out-of-plane angles for both fission fragment pairs.
The distribution is consistent with the product of both angular distributions.
This gives an additional hint that the second reaction step is independent from
the first reaction step. Nontrivial correlations for systems lighter than U + U
have been observed. Here it was indeed observed, that fission during the second
reaction step still occurs in the presence of the first reaction partner [33]. How-
ever, these nontrivial correlations have also not been observed in the interaction

of (1785 MeV) B8y 4+ "y, using complex electronic counter systems [110].
This result from counter experiment is confirmed by the present work based on
the SSNTD technique for three and four particles in the exit channel for the
interaction U + U up to energies of 2149 MeV (Ejap)- At higher bombarding

energies a complete analysis of the system U + U is still lacking.

4.6. The Inelastic Two-Particle Exit Channel
in the Reaction (806 MeV) 3%Kr + "ty

4.6.1. Energy and mass distribution. The total kinetic energy loss (TKEL)
in a nuclear reaction is defined as the difference of kinetic energy in the exit
channel as compared to that in the entrance channel, both measured in the c.m
system. We define deep-inelastic events as the events with ITKEL| > 120 MeV.
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T y y ¥ ; ¥ T Fig. 23. Primary mass yield
(B0O6 MeV) Kr + U_,{ma m, curve of the first reaction
m, m, my 4 step in the three-body exit

i i channel for (806 MeV)
h \ 1 ¥Kr+"™WU integrated over
\ angles and energies. Pre-fis-
“ sion fragments and surviv-
{ ing reaction products are de-
-4, noted by open and full dots,
[ ST respectively. The light dash-
ed curves refer to the distri-
4 butions after corrections for
%) the experimental uncert-

; 'a//:‘,: P 0\ ainties (Am/m = 8%). Also
80 160 240 displayed by the hatched

FRAGMENT MASS (u) histogram is the mass

distribution of the deep-

inelastic component (TKEL > 120 MeV) in the two-body channel (after corrections) [32]

2-PRONGED EVENTS
(TKEL > 120 MeV)

Most of the inelastic events have TKEL > 250 MeV. We can calculate the
Coulomb barrier for this reaction with Rim = 14.0 fm to be Ecoul = 340 MeV.

For the interaction of (806 MeV) 3#Kr + "™U the c.m energy is E_ =596 MeV.

By comparing these energies we notice that in deep-inelastic two particle events
nearly complete damping has occurred for the available energy of the incoming

84Kr ions. The kinetic energy of the fragments in the final channel is essentially
determined by mutual Coulomb repulsion. It is typical for these reactions that
we observe occasionally even larger values for TKEL [23].

Reaction products close to the projectile and target mass show nearly no
energy loss. On the other hand, fragments due to deep-inelastic interactions are
coupled to greater mass transfer. This mass transfer goes from the heavy partner
(uranium) to the light partner (krypton). The mass distribution of deep-inelastic
fragments shows two maxima at A =195 and A = 118, Fig.23 (2-pronged
events). After correction for experimental uncertainties both peaks have widths
of about 45 u (FWHM). For this correction we assumed the same experimental
mass resolution in both the inelastic and elastic channels.

Radiochemical studies of the system Kr + U indicated a very strong maxi-
mum at A = 195 («Gold finger») [113], having a rather narrow width of only
about 18 u (FWHM). This is contrary to the results of our work. Our peak is
rather broad. Futhermore, this peak, in the two-body channel, resembles very
much the mass distribution of heavy primary fragments (Ist reaction step) in
three-particle exit channel, (e.g., see Fig.23). The heavy mass peak around
A = 195 in the two-body exit channel should thus be interpreted as being due to
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those primary fragments which, after a deep inelastic collision, survive sub-
sequent decay. Therefore, a particular reaction mode which leads to «Gold
finger» need not be postulated. Furthermore, it is to be noted that we worked
with a very precise and high Kr energy and the above-mentioned radiochemistry
work was done for lower energies down to the Coulomb barrier. Therefore this
discrepancy shall not be overemphasized. Additionally, the work by Lucas et al.
[114], based again on radiochemical techniques, indicated that the «Gold
finger» and its narrow distribution is an experimental artefact. Lucas et al. also
used a very thin target (equivalent to a very well defined and high value of jon
energy) and determined the mass distribution of binary reaction products. The
maximum of higher mass in this distribuiton was near A = 195 and its width
was broad as observed in our work. Lucas et al. [114] speculated that angular
momentum induced fission should produce predominantly fragments with
195 < A < 238. For increasing angular momentum in the incoming reaction
channel a shift of the maximum in the mass yield curve down to A = 195 was
expected. However, due to our higher bombarding energies we should have
expected a narrow mass distribution compared to the results of Lucas et al. who
used a much lower bombarding energy. As we observe a rather broad
experimental mass distribution we cannot support the speculation of Ref. [114].

Another theoretical calculation based on dynamical fragmentation model

was carried out by Gupta [115] for the reaction ®*Kr + 238U, The collision
process was described in mass-asymmetry coordinate using time-dependent
Schrédinger equation. The Hamiltonian for the problem was constructed by
making use of results derived from classical orbit equations, cranking model
and BCS-formalism. He concluded that Kr + U reaction at various energies is a

peripheral collision with reaction times of the order of 6-1072 . Such reactions
are characterized in general by low energy damping and only a few nucleon
transfer. However, some specific partial waves in a narrow angular momentum
window allow for a considerable mass transfer and energy loss. The mass
transfer was found to take place from heavier to lighter partner of the reaction
[115]. Further the cross-section for binary process is much smaller than higher
multiplicities. These results are in qualitative agreement with our experiments.

4.6.2. Angular distribution. The angular distribution in the c.m. system for
deep-inelastic 2-pronged events is shown in Fig.24 (open circles). This
distribution was obtained after integrating over all other variables. A strong

decrease of projectile-like fragments at 8. ., <25°and for target-like recoils at
ec.m > 155° is exclusively due to technical limitations of our 2m-geometry. The
distribution in Fig.24 is weakly focussed near the Quarter point angle

9£.1n<4)=47°. We do not observe a strong decrease towards larger angles.
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A
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~ e .
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shows that compound nuclear reactions
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Lecm (DEGREE) angles, as calculated in Ref.[25]. The

present experimental data do not indicate

this feature. However, one should not overlook that our 2m-geometry is not well

suited experimentally to study particularly these forward and backward peaked

angular effects. In Fig.24, it is seen that the deep-inelastic two-pronged events

(open circles) and sequential fission (closed circles) show a very similar angular
distribution.

The angular distribution classification for heavy ion reactions introduced by
Galin [116] is based on a modified Sommerfeld parameter,

n=Z,Z./hv, (21)

where Z,, and Z,. are the electric charges of projectile and target nucleus,

respectively, v’ is the relative velocity between target and projectile at the
peak of the interaction barrier. For low values of the parameter n (" < 200)
the angular distributions in the case of inelastic events are comparatively

broad with a maximum exceeding Ggl I(l Y. For medium values of 1’
(200 < 1" < 250), the angular distribution peaks in forward direction and near

the quarter-point angle with equal intensity. For higher values (M’ > 250) the
differential cross-section is strongly focussed near the quarter-point angle.

For the reaction (806 MeV) 84k + maty we calculate the modified Sommer-
feld parameter 1" to be equal to 260. This value is similar to 1’ = 304 for the
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reaction (686 MeV) 3%Kr + Mty [117]. Therefore we observe in both reactions
rather similar angular distributions. In our experiment, the observed angular
distribution and focusing of projectile-like fragments near quarter-point angle,
strongly support the view that deep-inelastic scattering takes place for grazing
collision with large mass transfer [115].

4.7. The Three-Particle Exit Channel

4.7.1. Kinematical ambiguities. It has been mentioned earlier that in about
20% of all three-pronged events, the pair of fragments resulting from fission
could not be uniquely identified in the case of reactions induced by uranium and
lead ions on uranium target nuclei. The three-pronged events observed in the

interaction (806 MeV) $4gr + " had an even higher contribution of about
35% events giving two possible pairs of fragments associated with sequential
fission. This means that the track configurations allow two out of three possible
combinatorial possibilities to group two fragments as a pair and a third particle

as a spectator: (if) k. The relative velocity window Vi = 0.23 £ 0.06 fm / 10723

could be observed for two such combinations in each of the above-mentioned
20% of the three-pronged events.

Whenever we observed only one kinematically acceptable solution we
observed predominantly a forward scattering of projectile-like fragments and
the symmetric fission of the target-like heavy partner. This has to be expected
as we know that all excited nuclei or nuclei lighter than uranium fission
predominantly symmetrically. Therefore, in the kinematical analysis of
reactions induced by Kr and Pb jons we use an additional criterion that
projectile-like fragments are scattered forward in the first reaction step when-
ever a non-unique situation arises with respect to relative velocitites.

For the reaction U + U this last mentioned criterion cannot be applied. Here
in the case of non-uniqueness, we selected such combinations which provided
the best agreement between theoretical and empirical fission Q-values.

4.7.2. Energy and mass distributions in the fisrt reaction step. The energy
and mass distribution was studied for several reactions using the present method
of analysis. In the following, these reactions are discussed individually.

(1) (806 MeV) 3*Kr + Pty

The mass distribution in the first reaction step of the sequential process is
“shown in Fig.23. The light component has its maximum at 78 u while the peak
of heavy component is at 244 u. The heavy component of the first interaction
step decays consecutively by sequential fission. After experimental corrections,
one observes a narrow mass distribution having a width of 24 y (FWHM). As
in the case of inelastic two particle exit channel here also we observe a wide
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spectrum of Q-values ranging from quasielastic interactions (TKEL = 0 MeV) up
to deep-inelastic interactions.

This reaction is typical for heavy ion reactions. The two-fragment exit
channel is in principle very similar to the three-particle exit channel; the only
new feature in the latter case being the sequential decay of its heavy reaction
partner, particularly for the reaction partners with only small mass transfer.

(2) (1050 MeV) ¥Kr + "*U

As compared to reaction (1) above, here the injection energy is increased
from 256 to 436 MeV. The first-step masses were fitted in terms of Gaussian
distributions, as shown in Fig.25. The projectile-like mass is centered at 103 u
whereas the pre-fission mass distribution has its peak at 219 u. The reason for
the enhanced central value of projectile-like mass is discussed in detail in
Ref.[35]). Another difference observed here with respect to the reaction (1) is the
increased widths of mass distributions (e.g., from 24 u to 33 u for the projectile-
like fragment).

(3) (1535 MeV) 2%8pb + "'U

The maxima in the mass distributions of the two components in the first
reaction step are shifted towards greater asymmetry as in (806 MeV)

84Kr + "'U. The light component has its maximum at about 200 u and does not
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Fig. 26. Mass distribution of sﬁrviving i0 . ; T T
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undergo any further decay. The maximum of the heavy component is at about
250 u. These intermediate heavy nuclei decay in a second reaction step.

(4) (1785 MeV) 238y + "ty

In this case the distribution of both fragments in the first reaction step is
symmetrical around A =238 u. The width of distribution is 28 u including
experimental uncertainties. Unfolding this distribution into the surviving and
decaying components yields the following results: The mass distribution of the
non-fissioning component (Fig.26) has its maximum at 225 u and its intensity
decreases very steeply towards heavier masses. As we know from radiochemical
data, one observes practically no nuclei with masses exceeding 238 in this
reaction. Therefore «surviving fragments» with masses A > 238 u are artifacts
due to our mass resolution of 6 = 20 u. The heavy prefission component peaks
at 250 u. A slow decrease in the mass distribution of the heavy fragment
indicates a considerable mass transfer in the first interaction step. This is a
physically significant result. The system U + U was studied at 1785 MeV by
several groups using counter technique [102,103]. They found the centroid in
the light and surviving component at Z ~ 86-88. This agrees fairly well with
our experimental value at A = 225,
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In Fig.26 we also compare our experimental mass distribution with the one
calculated theoretically [118]. The agreement is good. Furthermore it agrees
with radiochemical data [119]. We do not observe any shell effects in the mass
distribution.

The reaction energy of the first step has its maximum at TKEL = 0 MeV,
indicating quasi-elastic scattering as the predominant process. This is rather
surprising as we have observed considerable mass transfer in the same
interaction. However several counter experiments confirin that in the interaction
U + U, not too far from the Coulomb barrier, one observes comparably large
mass transfers together with the rather small energy dissipation [102,111].

In summary, the reaction is quasi-elastic with considerable mass transfer
yielding a broad symmetric mass distribution in the first reaction step. All heavy
partners with A > 238 in the first interaction step decay in a second sequential
fission step. The light fragments survive by about 50% [see also Table 2].

(5) (2149 MeV) and (2380 MeV) 23y + My

The mass and energy distributions of the first interaction step in the
3-particle exit channel are rather similar at 1785, 2149 and 2380 MeV. How-
ever, we observe a larger energy dissipation at the higher bombarding energies.
The intermediate mass distribution is always symmetrical around A = 238, the
surviving light component is always centered around A =225 and the
intermediate heavy component around A = 250. The mass distribution of the
intermediate masses is broader at 2149 MeV with 6 =31 u as compared to

0‘(3)= 20u at 1785 MeV (Fig.26). The same features can also be seen at
Emb = 2380 MeV. Furthermore, at 2380 MeV, a quasi-elastic component with

centroid at A =238 u and a broad shoulder towards lighter fragments can be
observed, as far as the surviving fragments are concerned. With increasing
energy dissipation, the asymmetry in the first reaction step is increasing.

The average total kinetic energy loss ((TKEL)) is equal to 150 MeV and
(184 £ 55) MeV in (2149 MeV) 28U + "U as measured with glass and mica
detectors, respectively. Thus the total kinetic energy loss is significantly larger

as compared to (1785 MeV) 28U + "'U. The quoted value of (TKEL) is an
average over all observed 3-pronged events.

4.7.3. The distribution of scattering angle [c.m. system] in the first
interaction step

(1) (806 MeV) ¥¥Kr + "U

The angular distribution in the first reaction step for three-pronged and
inelastic two-pronged events has been discussed earlier in section 4.6.2. These
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angular distributions are rather similar in both cases as is seen in Fig.24. A peak
near quarter-point angle is strongly suggestive of deep-inelastic process.

(2) (1050 MeV) 3*Kr + "y

The analysis of two-pronged events (elastic + quasi-elastic) yielded the
value of quarter-point angle as 684.4) =(33.5 £ 0.5)°. There was a significant

fraction of three-pronged events which involved the first-step scattering angle
close to this value (elab ~ 24.9°) and having low TKEL. These events are clearly

either due to quasi-elastic or deep-inelastic process since the initial asymmetry
is almost preserved for the first reaction step. Events exhibiting the largest
TKEL could be due to quasi-fission type reaction. Such events are characterized
by a mass flow from heavier to lighter reaction partner and the scattering angle
of projectile-like fragment much greater than the quarter-point angle. (For
details see Ref.[35]).

(3) (1535 MeV) 2%pp + "y

The angular distribution for the projectile-like reaction products of the fisrt
interaction step is concentrated around the quarter point angle (@1(;1)/4) = 46°),

indicating the predominantly quasi-elastic character for this interaction.

(4) (1785 MeV and 2149 MeV) 238y + Mty

The distribution of scattering angles (c.m. system) for the two intermediate
fragments produced in 1785 MeV reaction is centered around 90° as ‘expected
for such a symmetric system. The width of this distribution is 40° (FWHM).
The missing of small or negative” angles demonstrates the influence of the
strong repulsive Coulomb force. A very similar angular distribution has been
observed for the quasi-elastic events in a one-particle inclusive experiment
using counter technique in the same reaction at 1766 MeV [120].

4.7.4. Mass distribution for individual fragments in the three-particle exit
channel

(1) (806 MeV) ¥Kr + "y

For all 3-pronged events of this reaction, a correlation plot between
individual final masses and their corresponding energies (TKEL) is shown in
Fig.27. Each event contributes three points on the scatter plot: the projectile-like
fragment is shown as a filled triangle whereas both fission fragments are plotted
as open circles after integrating over all angles. The total kinetic energy loss in
the first interaction step shows a broad range of events originating from quasi-
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Fig. 27. Final mass distribution of the three-pronged events in (806 MeV)
84K r + matyJ integrated over angles as a function of the total kinetic energy loss (TKEL)
in the first reaction step. Correlated fission fragment pairs are shown by open dots,
whereas the uncorrelated spectator is referred to by the full triangle. No corrections due
to experimental uncertainties have been employed [32]

elastic to deep-inelastic process. Detailed investigations have shown that the
mass drift as well as the width of fission mass yield curve, increase with
increasing energy dissipation. The fission fragments mass yield curve for events
with large TKEL is centred around A = 120 u. For a very low TKEL, say below
100 MeV, we observe an asymmetric fission fragment mass yield curve with
maxima at 100 u and 140 u, as known from the studies of low energy fission.

(2) (1535 MeV) 2%8pp + "ty

The distributions of individual masses in the three-particle exit channel of
this reaction are similar to Fig.27: one observes projectile-like fragments as well
as light and heavy fission fragments, centered around 100 u and 150 u. The
asymmetric fission mass distribution indicates a low excitation energy of the
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intermediate system. This confirms the quasi elastic nature of the firs
interaction step. i

(3) (1785 MeV and 2149 MeV) 238y + "ty

As stated in Chap.4.7.2, the surviving light component is always centered
around A =225 u, and the intermediate heavy component (which undergoes
fission) peaks at A = 250 u. At 1785 MeV, it can be seen frcm the mass yield
curve that the asymmetric character of fission is still preserved. At the higher
bombarding energy one can no longer see any obvious structure in the mass
distribution of the final fragments. This mass yield curve is symmetric around
A =125 u. Defolding this distribution into the light and heavy fission fragments
yields 105 u and 145 u (glass detector, Ref.[46]) and 97 u and 153 u ( mica
detector, Ref.[58]), respectively.

Altogether, the reaction U + U is characterized by an increasing inelasticity
when the bombarding energy increases.

4.8. The Four-Particle Exit Channel

4.8.1. Energy and mass distribution in the first interaction step

(1) (806 MeV) ¥Kr + "ty

The first ever four-pronged event found in heavy ion interactions was
observed in this reaction. There was only one direct event detected which was
analysed kinematically in detil. On the basis of this analysis, the reaction could
be characterized as sequential fission process with the first step mass splitting
given by,

(84) +(238) - (132 7) + (190 £7); TKEL = (202 + 42) MeV. (22)

The quoted errors are based on Monte Carlo simulation method discussed
in section 4.2.4. It is important to note that the intermediate fragments formed
in the first reaction step involve a drastic mass transfer alongwith a considerable

loss of energy. It shows that one can go from 238U down to mass 190 (i.e., Au
nucleus) in such a reaction.

(2) (1050 MeV) 3Kr + "ty

It is noticeable here that the first step again involved a large mass drift of
40—60 u towards symmetry and a kinetic energy loss which is 50—80% of the
entrance channel c.m. energy, along with a scattering angle well above the
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quarter point angle. These conditions strongly suggest the occurrence of quasi-
fission phenomenon in the first step of the reaction.

(3) (1535 MeV) 2%8pp + "y

Here all four-pronged events could be explained in terms of sequential
fission process. The mass distributions of the intermediate reaction products in
the first interaction step are shown in Fig.28. The light and heavy intermediate
fragments have been unfolded. These are centered at A = 205 u and A = 241 u,
respectively. The project-like and target-like intermediate fragments can be
clearly distinguished. Any statistically significant conclusions about mass drift
or mass diffusion cannot, however, be drawn from our data.

The average energy loss in the first reaction step has been found to be
(TKEL) =250 MeV. The four-particle exit channel in (1535 MeV)

208pp 4+ MUy is thus characterized as deep-inelastic process, in contrast to the
quasi-elastic character of the three-particle exit channel. This finding is
statistically significant.

(4) (1785 MeV and 2149 MeV) 233U + "y

The mass distribution and the total kinetic energy loss in the first
interaction step at 1785 MeV exhibit no statistically significant difference be-
tween 3-particle and 4-particle exit channels. Both reaction channels are
predominantly quasi-elastic. Obviously, the primary mass distribution is
symmetrical around A = 238 u.

Increasing the energy to 2149 MeV, the mass distribution in the first
interaction step in 4-particle exit channel becomes narrower as compared to the
3-particle exit channel.
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As shown in Fig.29, the ratio of the differential cross-sections at
2149 MeV, : .

do, do,/d (TKEL)
do, TREL) =55 T (TREL) 3

decreases at first with increasing total kinetic energy loss. This was expected
initially. However, for ever increasing TKEL we observe an increase in this
ratio. Consequently there are more 3-pronged events at the highest TKEL.
This effect was first observerd in Ref.[58]. The interpretation of this
observation could be as follows: In the three-particle exit channel of U + U
one selects with increasing energy loss those intermediate products which are
coupled to the largest mass transfer observed in this reaction. One of those
intermediate products has become sufficiently light so as to become stable
against subsequent fission.

4.8.2. Mass distribution of individual fragments in the four-particle exit
channel

(1) (806 MeV) 34Kr + "ty

Our calculations showed that the single four-pronged event observed in this
reaction is caused by the following decay chain

SKr + ™Y - (132 £ 7)* + (190 + 7)* st reaction step
(86 £'10), 46+ 15) (143 + 8), 477 2nd reaction step.

The uncertainties quoted above were calculated using the Monte Carlo
simulation method.
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The experimental fission Q-values of the intermediate fragments agreed
fairly well with the empirical values expected from Viola systematics [109] for
ordinary fission, i.e.,

QP = (51£13) MeV; QTP = 68 MeV, 24)
Qi = (118 £ 12) MeV;  Q 50F = 124 MeV. - (25)

It is certainly premature to derive any definite conclusions from this single
event. Nevertheless, it is interesting to note the rather asymmetrical mass split of
both intermediate products. It might be useful to recall that very light nuclei should
split asymmetrically near the so-called Businaro-Gallone point [121,122].

(2) (1785 MeV, 2149 MeV and 2380 MeV) 238U + "™'U

In Fig.30 the correlation of individual fragment masses and total kinetic
energy loss in the first interaction step is shown event-by-event for four-
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Fig. 30. Final fragment masses in the reaction (1785 MeV) 238U + U as a function of the
total kinetic energy loss, (TKEL) in the first interaction step. The results are uncorrected
for uncertainties in the mass- and energy determination
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pronged events observed at 1785 MeV. The data have not been corrected for
experimental uncertainties. We observe a broad spectrum in the TKEL centered
around TKEL = 0 MeV. This indicates predominantly quasi-elastic interactions
at 1785 MeV bombarding energy, resembling the quasi-elastic character of the
reaction as seen in the 3-body channel. The resulting mass yield curve shows an
indication of an asymmetrical mass split. It resembles the well-known mass
yield curve for the fission fragments of uranium at small excitation energies.
At the higher bombarding energy of 2149 MeV the resulting mass yield
curve is symmetrical. It is well centered around A = 120 u with a width of
©,, = 33 u (corrected for experimental uncertainties). The distribution is similar

to the one observed in the three-particle exit channel.

At the even higher energy of 2380 MeV, we observe similar distributions,
only with a lower statistical significance. The mass yield curve is again centered
around A = 120 u and the fission g-value is 169 MeV, just as expected for the
fission of an uranium-like nucleus. -

4.8.3. Angular distribution of fission fragments. In Fig.31 the out-of-plane
angular distribution of final fragments in the four-particle exit channel for the
reaction (1785 MeV) B8y 4 "4 s shown (for the definition of the out-of-
plane angle see Fig.20). The distribution of fission fragments is strongly
focussed within the «scattering plane», defined by the momentum vectors of the
two reaction products after their first interaction step. Due to our limited

10
Jy=30h ;

Fig. 31. «Out-of-plane» angular distri- 2 E = 40 MeV }
bution of fission fragments for the &0 * A
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excitation energy E, =40 MeV, angular (1785 MeV) U+ U-=mm,mym,
momentum  window GjS 10 . The sz 310 415 FJO 715
calculations are based on the assumption " (DEGREE)

of complete polarization (J = M) [21] OUT OF PLANE



424 GOTTSCHALK P.A., VATER P, BRANDT R. ET AL.

registration efficiency within the in—geometry SSNTD-Technique we lose about

30% of all events, in particular close to y_  ~ 90°.

The lines drawn in Fig.31 show the results of theoretical model
calculations. Assuming completely polarized intermediate nuclei, we calculated
the angular distribution as fOllOWS'

‘ J 2
WY, = Z pW) 2 p&) {1D] w012+ D) w017}, @0
J=-K
where p(J) and p(K) are suitable distribution functions for angular momentum
J and its projection on the symmetry axis of the fissioning nucleus. DJJK are

the wave functions of a symmetrically deformed spinning top.

The model assumes symmetrically deformed fissioning nuclei. It is,
furthermore, based on level densities, deformation parameters and moments-of-
inertia of an excited charged-liquid-drop rotating at the saddle-point
deformation with all intrinsic degrees of freedom in thermal equilibrium. In the
calculations we used as pre-fission mass, A = 238 and a level density parameter

a= A/10 (MeV ). Angular momentum dependent equilibrium deformations,
moments-of-inertia, and fission barriers were taken from Ref.[123].

The best fit to the experimental data could be obtained using as mean
excitation energy of the fissioning nucleus (E Y = 40 MeV and average angular

momentum (J) =30 h, having a width of ¢, <10 h. This average angular

momentum is somewhat lower than that calculated with the «sticking» model.
For this sticking model the angular momentum can be estimated as

J= 7 o= =74 h. The width of the K-values, as obtained by calculations, varied

between 10 & and 14 h. This is the same order of magnitude, as has been used
empirically for uranium-like nuclei previously [92].

We obtained qualitatively the same results for the reactions (1535 MeV)
Pb + U, (2149 MeV) U + U and (2380 MeV) U + U. In each case, we observed
a strong focussing of fission events within the reaction plane.

4.9. The Five-Particle Exit Channel

This very rare decay process occurring in heavy ion reactions can be
studied with the SSNTD-technique. So far, roughly two dozen five-pronged
events have been observed in U+ U interactions at different bombarding
energies. Only two of these events have been completely analysed, one at
1785 MeV and the other at 2149 MeV (see Table 1). For the lower bombarding
energy (1785 MeV) we obtained three different sets of physically reasonable
solutions, as shown in Fig.32. All solutions are compatible with a multiple
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Fig. 32. Schematic representation of the
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sequential decay process taking place in three distinct reaction steps. The
solution with the best agreement between experimental and Viola-type fission
Q-value systematics [109] is given as follows:

(1785 MeV) 238 + 238 —> 258" + 218" Ist Step
.*/l l\‘

(154" + 104); (143 + 75) 2nd Step

120 + 34 3rd Step.

The experimental fission Q-values of the intermediate reaction products
154 u and 218 u are Q)54 = 84 MeV and Q3= 169 MeV. As can be seen in

Fig.32, the agreement between the experimental and empirical Q-values is quite
remarkable. This shall, however, not be overemphasized. We determined the
relative uncertainties in the nuclear masses to be approximately + 15 u and in
the Q-values to be AE/F =20%. Here we used again Monte Carlo simulation
calculation. The energy damping in the first interaction step could be calculated
only approximately due to the experimental uncertainties in the track
parameters: TKEL (first step) = (200 £ 100) MeV. This indicates that the

relative kinetic energy in the entrance channel, E . —E. ., =165 MeV, has

been almost completely damped in this interaction.

The analysis of the five-pronged event observed at 2149 MeV confirms the
sequential reaction mechanism. This event could be analysed as follows:
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(2149 MeV) 238 + 238 ——273" + 203" 1st Step
165"+ (108 + 12); (1‘4(6?10)\#(57 +10) 2nd Step
(131 mi 13) 3rd Step
with
Q0% = (127 £ 18) MeV and Q7P = 138 MeV,
0,58 = (84 £26) MeV and Q55" =98 MeV.

The TKEL (first interaction step) = (490 % 6‘0) MeV, which is to be
compared with (E, = —-E_ ,)=250 MeV.

C

Both five-pronged events are thus attributable to the multiple sequential
fission process where in the first interaction step two excited primary fragments
are formed as a result of binary deep-inelastic interaction. The first step is
characterized by complete energy damping and considerable mass transfer
(~ 20-30 u). In the second step the lighter of the two primary fragments
undergoes subsequent single fission whereas the heavier fragment fissions
sequentially in steps 2 and 3.

The mass asymmetry is remarkable. The asymmetry value has been
determined for both events and seems to increase with increasing sequential
reaction steps.

(1785 MeV): 1(258) = 0.194, n(218) = 0.312, n(154) = 0.558,
(2149 MeV): n(273) = 0.216, 7(203) = 0.438, 1(166) = 0.590.

CONCLUSION

The investigation of heavy ion induced nuclear reactions with a high
multiplicity in the exit channel using the SSNTD (Solid-State-Nuclear-Track
Detectors) has opened an interesting research field. A simple and effective
method has been introduced to extract from the experimentally observed track
parameters the inherent physical parameters, such as masses, Q-values and
energies. This method is basically exclusive. Kinematically complete
spectroscopic information on the intermediate and final reaction products could
be obtained for the 2-, 3-, 4- and S5-pronged events. Also the reaction

mechanism could be identified. The kinematical analysis was applied to a

number of heavy ion induced nuclear reactions mostly with "3y as the target.

Using this technique it was shown for the first time by direct experimental
evidence that heavy ion interactions leading to 3, 4 or 5 particles in the exit
channel are sequential in nature. From the measured lengths and the directions
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of correlated tracks, it could be inferred that the high multiplicity reactions are
consistent with a binary first reaction step followed by a sequential fission of
one or both of the two primary reactions products. Within our experimental
uncertainty, no final state interactions between the fragments could be
determined, i.e., all our data are cohsistent with a reaction pattern where the
primary products escape the range of their initial nuclear interaction prior to a
decay via sequential fission process. This interpretation has been confirmed
with other experimental techniques and is now generally accepted.
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FAMWJIbTOHOB MNOAxoA
B TEOPUN KOHOEHCUPOBAHHbIX CPE/,
CO CNOHTAHHO HAPYLLUEHHOWM
CUMMETPUEN

A. A Hcaes, M.F0.Kosanesckuii, C.B.ITenemmuncruil

HaunoHanbHbI Hay4HbIi UEeHTP «XapLKOBCKWUiA GU3NKO-TEXHUUECKIT UHCTUTYTY,
' Xapbkos, YkpavHa

Ha ocHoBe raMumbsToHOBa (hopManusMa PaccMOTpeHa IMHAMHKA KOHACHCHPOBAHHBIX
CPEA CO CIIOHTAaHHO HapyllleHHo# cummerpueil. CopMyanposan MeTon TIOJIy4EHHS CKO-
6ok IlyaccoHa nMHAMMYECKHX MepeMeHHBIX, OCHOBAHHEI Ha 3aJlaHUH KMHEMaTHYECKOi
4acTH JIarpaHXHuaHa M MHTEPIPETALMH BHEHHTETPAILHBIX WICHOB B Bapyaluu OeHCTBUS
Kak TeHepaTopoB KaHOHHYECKUX NpeobpasoBanuii. H3yuens nuddepeHumatsube 3aKo-
Hbl COXDAaHCHMS, CBA32HHBIC C PasMUYHBIMH CHMMETDHAMM TaMHIbTOHHAHA CHCTEMDL.
PaccMoTpeHs! IpUMephl KaHOHHYECKHX TpeobpasoBaHui, HIPAIOUIMX BaXHylo (u3HYec-
KYI0 poiib, H HOJIYYEHBI UX TEHEPaTOPhl. YCTaHOBNEHA CBA3b FAMIIBTOHOBA U JarpaHxe-
Ba TOAXONOB. B KayecTBe KOHKPETHBIX (DH3HYECKHX OGBEKTOB B o630ope u3yyena
AUHAMHMKA XHAKAX H KBAaHTOBBIX KPHCTANIOB, MHOTOMOAPELIETOHBIX MarHeTHKOB,
CBEPXTEKYUYHX XHAKOCTEH (4He, 3He~B), HEMAaTHYECKHX 3JIaCTOMEPOB.

On the base of Hamiltonian formalism dynamics of condenced media with
spontaneously broken symmetry is considered. The method for derivation of dynamic
variables’Poisson brackets, based on the setting the Lagrangian kinematic part and
interpretation of outside integral terms in the action variation as generators of canonical
transformations, is formulated. Differential conservation laws, connected with different
system Hamiltonian symmetry properties, have been studied. Examples of canonical
transformations playing important physical role are considered and their generators are
received. The connection between Hamiltonian and Lagrangian approaches is found. In
the review as examples of specific physical objects the dynamics of liquid and quantum
crystals, multisublattice magnetics, superfluid liquids (*He, 3He—B), nematic elastomers
is studied.
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BBEJIEHUE

B Hacrosiiiee BpeMsi raMWJIBTOHOB (hopManusM sBrseTcst 9((eKTHBHBIM Me-
TOLOM TIOCTPOEHUS HENUHEHHBIX JMHAMUYECKUX YPaBHEHHH MIJIs pasjIiuHbIX
¢usnyeckux cucreM. I'aMWJIBTOHOB NOAXOM ChIIPan BAXHEWIIYIO POJIb MPH CO3-
JaHUW KBaHTOBOM MexaHukH [1,2] u xBaHToBO# Teopuu nons [3—5]. OH Takxe
HallleJ1 LIMPOKO€E NPUMEHEHHE B TEOPHH TOUHO MHTErPUPYEMBIX cHcTeM [6—8] u
NpU MOCTPOEHHH TEOPHH BO3MYLIEHMH I Cc1ab0BO3MYILEHHBIX HEJMHEHHBIX
YpaBHEHHIi, KOrga B KayecTBE HYNeBOro NpHONMxeHHs (PUIYPUPYET TOUHO HH-
terpupyeMas 3anava [9]. B nocnenneM cinyuae 3peKTUBHO HCTIOJBb3YETCH METON
ycpenHeHus, npemioxeHHsiil B paGorax [10,11], a Takxke uges o6 uepapxuu
NPOCTPAHCTBEHHO-BPEMEHHbBIX MaciiTaboB, KOTOPBIE JIEXAT B OCHOBE COBPEMEH-
HO#M KMHeTHYeckod Teopuu [12]. TaMUNBETOHOB MOAXON NO3BOJSET MCCIIEAOBATD
IMHAMHMKY KaK KJIACCHYECKHMX KOHICHCHPOBAHHBIX Cpell, TaKk W MaKpPOCKOITH-
YeCKMX KBAHTOBBIX OObeKTOB. Il KJIaCCMYECKHX KOHAEHCHPOBAHHBIX Cpel ra-
MUIIBTOHOB ¢hopMaiu3M paspabarbiBaeTcs JUIA HOPMalbHBIX Xuakoctei [13,14],
tBepabix Ten [15—17], xuokux kpucramos [18—20). Ykazanusit nogxon pns
KBAHTOBBIX KOHJIEHCHPOBAHHBIX Cpell MPHUMEHSICS K CBEPXTEKYYUM XHAKOCTIM
[21—24], marneTtukaM [25—27], kBauTOBBIM KpHCcTaLiaM [28].

OCHOBONOJIATAWILYIO POJib B TAMWIBTOHOBOM NMOAXONE MIPAET ONpENEeHHE
cko6ok IMyaccona (CIT) nuHaMu4eckux nepeMeHHbiX. B cnyyae kongeHcupoBaH-
Heix cpen CI1 guHaMMyecKMX MEpeMEHHBIX, B OTIHYHE OT OOBIYHBIX MeXa-
HMUYECKMX CHCTEM, HMEIT HETPUBHAIbHYIO CTPYKTypy. [lns HopmanbHbIX
(pU3HYECKHX CHUCTEM COKPALEHHOE ONHCAHWE HA THMAPOAMHAMHYECKOM 3Tarne
3BOJIIOLIMH CTPOMTCS Ha OCHOBE IMJIOTHOCTEH aIIMTHBHBIX MHTErpasios JABHXEHHUH,
CII xoropsix xopowo H3BecTHH. [IpH ONMHCaHHMH CHCTEM CO CMOHTAHHO Hapy-
LWIEHHOW CMMMeETpHe# BBOOATCS NOMOMHHUTEIbHbBIE MMIPOIHHAMHYECKHE MapameT-
Pbl, KOTOpBIE HE CBSI3aHbl C 3aKOHAaMH COXpaHeHHs, a o0ycloBlIeHbl YKa3aHHOMH
HapyweHHou cummerpueit. [Tocrpoenne CIT a8 3THX nepeMeHHbIX (KaK C MIoT-
HOCTSMH alllMTHBHBIX MHTETPATIOB ABMXEHHS, TaK H Mexay coboit) U mpeacTas-
JIIET OCHOBHYIO Npo6remy.

B [16] CII BbiBOOWIMCH Ha OCHOBE PacCMOTPEHHMs BapHauHMi MepeMEHHbIX
npy npeoOpa3oBaHUSAX TPYINIB, COOTBETCTBYIOIIMX HApPYIIEHHOH CHUMMETPHH
cuctemsl. B pspge ciyuaes CII BpIBOAMINCH MyTEM 3aMEHBl KOMMYTaTOpOB, KOTO-
pble BHIUMCHATUCH B KBaHTOBOH MexaHuke, Ha CII. B npemuiaraemom mogxone
ocHoBonojarawuyilo pons npu nonydeHun CIT urpaer cTpykrypa KMHemarHuec-
KO 4acTHl JeilcTBus (WM JlarpaHXMaHa); KWHEMaTHYeCcKas 4acTh ONpelensercs
KaK 4acTh, COAepXamuas JHHEHHBIM M ONHOPOAHBIM 00pa3oM BpeMeHHbIe
NPON3BOIHBIE OT AHHAMUYECKHX MEepeMeHHbIX. MBI OKa3biBaeM, Kak MOTyT 6bITh
nonydersl CI1 mns nepeMeHHBIX pa3IMYHBIX (DU3NYECKHX CHUCTEM, UCXOOd U3
npeo0pa3oBaHui, OCTaBIAIOIIHX HHBApDHAHTHOH KHHEMAaTHYeCKyld 4acTb
perctBus. Ilpu 9TOM BHEHMHTErpaibHBIE WICHBl B BapUalUH LCHCTBUS MHTEp-
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NPETHPYIOTCS KaK reHeparopsl 3THX npeobpasoBanuit. CylIECTBEHHBIM MOMEH-
TOM pa3sBHBAEMOTO MOAXOAA ABMAETCS BBENEHUE JOHOTHHUTEbHBIX HIPOIHAMH-
YECKUX TEPEMEHHBIX B TEPMHMHAX BEJIMYMH, CONDSKEHHBIX [IOTHOCTSM
AIIUTHBHBIX WHTErPANIOB IBHXKEHHS. st BBIACHEHMS! CTPYKTYpbl KMHEMaTHYec-
KOii YaCTH JlarpaHXHuaHa BaXHyIO pojib HUrpaer NIOCTPOEHHUE ONEPATOPOB TPaHC-
JAUMA M UX IUIOTHOCTEH JUIS PasiudHbIX (DU3MYECKUX NOJIEid, turypupyowmx s
JEUCTBUH.

Ha ocHoBe pa3sutoro nogxoma paccMoTpenbl KJIaCCHYECKHE CIIOLIHbIC cpe-
Abl (TEOPHs YNPYrOCTH, THAPOAMHAMHKA, pSij thas xunkux xpucramuios, He-
MaTHYECKHE 32/1aCTOMEpPbl), & TaKXKe MarHUTOYIOPANOYEHHblEe M CBEPXTEKYyuHe
cuctemsl [29].

B ciyuae knaccuueckux CIIOWHBIX Cpesi, YCTAHOBMB [l HHX airebpy CI1
AMHAMHYECKHX NMEPEMEHHBIX, Mbl BCAKHH pa3 [T OMUCaHWA PaccMaTpPHBAEMOro
(bu3MYECKOrO COCTOSHUS BbIZENseM U3 9TON obwiel anrebpbl 3aMKHYTbIE MOANI-
reOpbl MEpeMEHHbIX JaHHON CHCTEMBL. 3aMKHYyTas AMHAMMKA noJjiyJaercs 1pH
STOM B NpPEANOIIOXEHHUH, YTO NEPEMEHHBIE, He BXOASILME B 0aanrebpy, SBisior-
Cs UMKIMYECKMMH (raMHiIbTOHHaH H He 3aBUCHT OT TakMX NepemeHHbix). DTo
NO3BOMAET HA €AMHOH OCHOBE MPOC/EAUTh, KAK MOTYT ObITh HONYYEHbI H3BECT-
HbIE ypPABHEHUS TEOPHM YNPYTrOCTH, THAPOAMHAMHKH, IMHAMHKH XHIKOKPHUCTA-
Ji4eckux ¢as u3 o6LMX ypaBHEHUH TUHAMHKH CIUIOWIHAIX cpen.

[Ipy u3yuenuu MarHUTOYNOPANOYEHHBIX CHCTEM HaiifieHa o6ias anrebpa
CII, cooTBeTCTBYIOLIAs MATHETHKY C MOJHBIM HApyLIEHHeM CUMMETPHH OTHO-
CHTENIEHO CIMHOBBIX BpAIIEHHH, W B KauecTse nonanreGp shienenst CIT nepe-
MEHHBIX, OMHCBHIBAIOLIMX OAHOOCHBIH CMUPATIbHBIH MarHeTHK W aHTHdeppomar-
HeTHK. Takke nokasaHo, Kak, MCXOAs M3 BHIPAXEHHS IS KHHEMATHYECKOI
4acTH IEHCTBHS B TEPMHHAX 060GLIEHHbIX KOOPAMHAT H HMIIY/IbCOB, MdryT 6bITH
nonydenst CIT w1s nepeMeHHbIX KBaapynoabHOro Maretuka. Janee paccMoTpe-
Ha JIHHAMHMKA MarHUTOYNPYTHX Cpell, B YHCIO AMHAMMYECKHX repeMEHHBIX KOTO-
PBIX BXOIAT KaK NEPEMEHHbIE, COOTBETCTBYIOLIME CIUIOLIHBIM CpPEJaM, TaK M
NepeMeHHbIe, COOTBETCTBYIOLLME MArHETH3MY.

Ilpu usyuyenun cucrem ¢ napywmennoii ga3zopoii WHBADHAHTHOCTBIO HaMH

4
PacCMOTpEHbI Cyyal KBaHTOBOIO KpHCTalla, CBepXTekyunx ¢as ~He, 3He—B, a
TAKXKe IPOU3BECH y4€T CIMHOBBIX CTeneHel cBo6oabl B ypaBHEHHIX AUHAMHKH
KBAHTOBOTO KPHCTA/LIA (KBAHTOBBIE CIIHHOBBIE KPUCTALIBI).

[lonuepxHeM, 4TO BKIIIOUEHHE NONIOTHUTENBHBIX TEPMOAMHAMUYECKHX napa-
METPOB, HE CBA3AHHBIX C 3aKOHAMM COXpaHeHHs (IapaMeTpOB MOPSAAKa), B HOJ-
HYI0 CHCTEMY HENMHEHHBIX TIMAPONMHAMHYECKHX ypDaBHEHWil He SBIseTcs
TPMBHAIBHOH 3amavedl. [Ins paccMOTpeHMs 5THX  3ajau  Mbl MCHOJIb3yeM
FaMUJILTOHOB TIOAXOXA, KOTOPBIK TO3BONSAET Ge3 nmorepu (PU3HYEcKOH SCHOCTH
TIOC/IENOBATE/ILHO 110JTyYaTh Ge3AMCCHNIATHBHBIC YDABHEHUS TMIPOJMHAMUKH, aB-
TOMATHYECKH yIUTHIBAIOLIME TpeOyeMble CBOHCTBA CHMMETPUH aMH/IBTOHHUAHA, a
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TAKX€ HaXOOHUTh IUIOTHOCTH TNOTOKOB AIJIHTUBHBIX MHTETPAIOB JBUXEHHUS B
TEPMHUHAX TUIOTHOCTEH aIIMTHBHBIX HWHTErpaioB ABMXeHHs. OCTaHOBUMCS
TENnepb Ha OCHOBAaX Pa3BHBaeMOro popmaiusma.

1. OCHOBbI ®OPMAJIN3MA

'anJICTaBHM JlarpaHXuaH CHUCTEMBI B BUOE

L=L,(9,§) - H) = | d*F (x; ¢) ¢,(x) - H(o), (1.1)
rae Lk(\(p, () — KHMHemaTHYecKas 4acTh JiarpaHXHaHa, H(¢) — raMuwibTOHHAH,
F (x O(x’)) — HEKOTOpPHIH (YHKUHOHAI AMHAMMYECKHMX MePEMEHHBIX CNEI
PaccMoTpuM  GeckoHeuHO Manbie NpeoOpasOBaHUS MOJEBBIX MePEMEHHBIX
Py x):

Q% 1) > @ (x, ) =@ (x, 1) + 8¢ (x, 1) (1.2)
(Mb1 He OyneM faree sIBHO BHINMCHIBATD APTYMEHT ! B JUHAMUYECKUX MEpEMEH-

t
2

HBIX U MX Bapuauusix). Bapuanus neiicTaug W=J-Ldt, obycnopneHnas npeot-

t
1

pasoBaHusmu (1.2), uMeeT BULL

W =Gl(t,, ¢) - G(t,, §) +
t

+jdt | d3x’8(pﬂ(x)[fd g (s X5 9) §g(2) - &p

l

= )] (1.3)

rae

GFE(x’; ¢) OF )
&Pa(x) S(PB(X’)

G(t. @) = [ a’xF(x, ) 89,(0); Joplts X3 @) =

W3 npuHOMna cTayMoOHapHOro REHCTBUS CIIEAYeT, YTO YpaBHEHMS I/ KOMIIO-
HEHT Mosid @ (X) HMEIOT BUX

dH
()

3necs obpaTtHast MaTpuila J(;Bl (x,-x") onpeyesiera papeHCTBOM

o 0 =]a ] CESF e (1.4)

Ja*x_ XV (&, X' = 8g8x— ).
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B cuny antucummerpuu J B(Jc x’) OTHOCHTENBHO MEPECTAHOBKH O <> 3,
x > x’ Marpuua Jaﬁ(x, x) ABNAETCS HEBBIPOXAEHHOH TOJBLKO B CIy4ae YETHOro

YHUCJIa NEPEMEHHBIX (pa(x).
Onpenenum CI1 npou3sBosbHbIX HYHKUMOHAIOB A M B nuHaMuueckux nepe-
MEHHBIX @ (X) paBeHCTBOM
s, ' ) OB
5 ( ) Lo X5 D50 )
Torna ypaBnenus asnxenus (1.4) npUMyT raMHIbTOHOB BUJ
¢, = {0 (), H}. (1.6)

W3 onpepenenus (1.5), ¢ yuerom (1.3), cnenyet, yto CIl nmpoH3BOJIBHBIX
hyHKLHOHANOB A ¥ B yAOBNETBOPAIOT COOTHOUICHUSIM

{A, B} =— (B, A}, {AB, C} =A{B, C} + B{(A, C}

)= [ dxady 22— (1.5)

H ToxaecTBy SIxobu
{A, {B, C}} +{B, {C,A}} +{C, {A,B}} =0.
[locnenxee cnipaBeinBo B cuily paBeHCTBa
SJaB((P) Y(q)) G
89,0 " Bg,() * &pﬁ(x)
OTMeTHM, 4TO raMHIBTOHOBA MEXAHHKA B MPOM3BOJIBHbIX nepeMeHHbIX s
CHCTEM C KOHEUHbIM YHCIIOM cTeneHei cBobonpl uzydanace IMaynu [30] (cM. Tak-

xe [31]), rae, B wactHocTH, Gbuin nonyyennt CI1, aHanoruuteie (1.5).
PaccmoTpuM koneuHble npeo6pa3opanus

P (X) = 0, (1) = (x; G(x")). (1.7)

IpeobpasoBanus (1.7) Ha3bIBAIOTCH KAHOHHYECKMMM, €C/IM BBIMOJIHEHO YC-
JIoBHE

[d*F (9 80,0 - [ a*F_(x; ¢ 50 2 (x) = 30(¢). (1.8)

3pech Q(¢Q) — HEKOTOPbIH (YHKIMOHAT AHHAMHYECKHX NEPEMEHHBIX @,
3aBUCALLMHA OT CTPYKTYPhl KaHOHHYECKMX npeobpa3oBaHuii. Tak Kak COOTHO-
meHue (1.8) sKBUBATEHTHO paBeHCTBY

50

8¢, (x))
o9 = Fae 0= 5 By, 00 520

3¢ (x)

(1.9)
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TO, C y4eToM (OpMYJIbI

¥o &
805,(x) S9g(x)  BPp(x') 5, (x)’

NpEeICTaBUM YCIIOBHE KAHOHMYHOCTH B BHIE
89, '(x,) 8¢, (x,)
3¢, (x) 8(pB(x')

B cnydae GeckoHeuHO Mansix npeoGpazoBaHMil

Ty X' @) = [a%xa’x, I 0. (110)

Po(X) = @y (x) = P (x) + B¢ (x; O(x))

coornomenue (1.9) npunumaer Bug

, , , 6G
[ a3 o X5 0) 39p(x) S’ G= 8Q+Jd3xFa(x, ) 8¢, (x),
unu, ¢ yuerom (1.5),
8¢, (0 = {¢ (%), G}, (1.11)

rie G — renepartop 6€CKOHEYHO MaslblX KaHOHMYECKMX NpeoOpasoBanuii. He-
TPyIHO npoBepuTh, 4T0 CII (1.5) MHBapHAHTHBI OTHOCHUTENEHO KAHOHHYECKHX
npeobpasosannii (1.7), (1.10).

PaccMmotpum Teneps npeo6pasoanust (1.7), ocraBnsonme WHBAPUAHTHOM
KUHEMaTHYeCKYI0 4acTh JarpaHxvana. Takue npeoOpa30BaHUs YAOBJIETBOPSIOT
COOTHOILUEHUIO

S(pé ;)

3 4 7 ’ ’

F (x;0)=|d xFp(x;

ot 9) = [ s 9) 80,9

#, cortacHo (1.9), asnsiorcs KaHoHHYecKHMH ¢ O(@) = const. JIns 6ecKOHEYHO
Majibix npeobpa3oBaHuii mocnenHee paBeHcTBO 3anumerca B Buge (1.11) ¢ re-

HEpPaTopoM G=Id3xFa(x; ()] 8(pa(x), omnpexenseMbiM dopmynoii (1.3). Huarep-
npeTauys BHEHHTErPATLHEIX WIEHOB B BapHallMM AEHCTBHS Kak TeHEpaTOpOB
GecKOHeYHO Masbix npeobpa3oBaHMii Ui KBAHTOBOTO Ciyuyas BIEpBEE Obula
npuseneHa LlIsunarepom [3].

PacumpeHne paccMOTPeHHOTO KJlacCa BApMALMH MOXET ObITh JHOCTHTHYTO
NpuOaBjIeHHEM K JIarpaHXHaHy MOJNHOM NPOM3BOAHOH MO BPEMEHH OT po-
u3BONbHOTO (hyHKuMOHANa X(¢). CooTBeTCTBYIOIIEE ypaBHEHHE I PACLIMPEH-
HOT'O KJlacca BapHaLlUii UMeeT BUJl

3, , n__ 0 3., 8x(9) ,
[ a4, 9) B0 =551 [G+Id Y o) 5(pB(x)J.
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st KOHeYHBIX npeobpasosanwuii (1.7) YCJIOBM€ WHBAPUAHTHOCTH KHMHEMaTHU4e-
CKOH 4acTH JlarpaHXHaHa C y4eToMm HeoInpese/IeHHOCTH B BhiGope L:

’_ 3 8( ) o
Lo>L=L+[d x—m&pa(x) e

3anUIIETCd B BHIE

3¢y (s ) N Syl

3 4 s 7 _p ’ &((p) ( )

F (x;0)=)d°xX'F(x; + - . (1.12)

o5 0= Fys ) 80, 59,00 30,0

Ipeobpazosanus (1.7), (1.12) sBns0TCS KAHOHUYECKUMHU C 0 =59 - x().
B pamkax ramunsToHOBa momxoma MOTYT OBITH MPOCTO chOpMYTHPOBaHBI

audepeHIManbHbIe 3aKOHBI COXpaHEHUs, CBA3AHHBIC C PA3NUYHBIMH CBOMCT-

BaMH  CHMMETPUM TaMMIbTOHMAHA. YpaBHEHMS IBUKEHHS s IUIOTHOCTH

NPOU3BOIbHOM (PHU3HYECKOH BEJIMYHHbBL A = J d 3xa()c) MOXET GBITh NpeCTaBIeHO
B BHIE
a(x) ={a(x), H} = (A, &(x)} - V,a,(x), (1.13)

roe
1
a@ =[x [arat+ i), - (1 - ).
"0

Ecnu Benuuuna A ects remeparop G Tpynnbl CHMMETPUM TaMHJIbTOHHAHA, TO
ypasHenue (1.13) umeer Bun aucdepeHuranbHOrO 3aKoHa COXpaHeHUs (cM.
uuxe). Ilpu aToM cam renepatop G He 3aBucHT OT BpeMenH. [leiicTBuTensHo,

G={G,H}=-{H,G) =-8H, (1.14)

rne 8H — Bapuanus FaMUJIbTOHMAHA, 0OycloBleHHas NpeoGpa3oBaHUAMM
(1.11). Orciona, ecnu 8H=0, To u G =0.

Ionaras B dopmyne (1.13) a(x) = p(x), toe p(x) — IVIOTHOCTS BELLECTBA, U
CYHTAd, YTO

(M6} =0, M=[dpe),
nonydumM U epeHUHanbHbIil 3aKOH COXPaHEHHS MIOTHOCTH MAcCH:
1
PO ==V, @, j=]d Svx JanMp+ a0y, e (1- X)), (1.15)

0
3nech jk — IUIOTHOCTb NOTOKa MAacCChl.

Ecnu a(x) =T,(x), e T(X) — IIOTHOCTL MMNYJbCA, ¥ MIOTHOCTS 9HEPTUHU

YIOBIETBOPSIET YCIOBHIO TPAHCIAUMOHHOMN HHBAPpHAHTHOCTHU:



-438 HCAEB A.A., KOBAJIEBCKMH M.I0., IEJIETMUHCKH C.B.

(P, e@) =V,e), P;=[dm,
to u3 (1.13) nonyuynm aucddepeHuHaTbHbI 3aKOH COXPaHEHUsT UMITYJIbCA!
T'ti(x) == th,'k(x)a

! (1.16)
() =— (x) 8, + | d3xx) [dh (m(x+20), €G- (1 - A0},
0

3nech t;, — TEH30p HATAXEHUH.

IMonoxum B (1.13) a(x) = sa(x), rae sa(x) — MmIOTHOCTb cniuHa. Ecnu Beinon-

HAEeTCA YC/IIOBHE BpaﬂlaTCHbHOﬁ HHBApPHUAHTHOCTH TJIOTHOCTH SHEPrHH OTHOCH-
TECJIBHO CITHHOBBIX Bpameﬂnﬁ

(5,600} =0, S, =]dxs (),
to opmyna (1.13) NPHBOAKT K 3aKOHY COXPAHEHHI!
5500 == Vg,
! (1.17)
J® =] d%%x [ dhs (x+ 02, e - (1 - DX)).
0

3nech j(lk — IJIOTHOCTb MOTOKA CIIHHA.

TpH a(x) = €(x) u3 (1.13) nonyuum nuddepeHUHANbHBIA 3aKOH COXpPaHEHHs
SHEpPIruH:

&x) = "qu %),

e, ! (1.18)
qk(x)=—2—fd x, | dMe@+0), e(x - (1 - M),
0

roe qk — INIOTHOCTBH IMOTOKa 9HEPTHUH.

2. JHHAMHUKA KIJACCHYECKHX CIUIOHIHBIX CPEX

IepeiinemM XK pacCMOTpEHMIO TUHAMHMKH CIUTomHBIX cpen [32]. B tepmunuax
JNIarpaHXeBBIX NEpPeMeHHbIX &, IONOXEHHe YaCTHLbI CPeabl XapaKTepu3yercs

yHKIMAMI xk(ﬁ, f) (1arpaHXeBb KOOPAUHATHI E_,i MOXHO pacCMaTpuBaTh KaK Ko-
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OpAMHATBI YaCTHUBl B HAYAIBHOM MOJIOXEHHH, COOTBETCTBYIOLIEM HeJle-
(pOpMI/IpOBaHHOMy COCTOFIHI/HO). 3anumem JlarpaHXWaH CUCTEMbI B BUAE

L=~ [a%%@), @.1)

ox
tie £(§) =¢ E(&),ég — IUIOTHOCTh SHEPIHH, SBJIAOWAACT (DYHKLHOHATIOM

ox.
IPOHU3BOAHBIX a*gi . Lk — KHHEeMaTuvyeckas 4acTh HanaH)KI/IaHa.'
j
L=]d%L,®. £,®=10i@ 22
" Ei(g) — NUIOTHOCTb MMIIYJbCa B JIATPAHXKEBBIX TTEPEMEHHbIX.

lepeiinem B Bboipaxenun (2.2) m0d IUIOTHOCTH KHMHEMAaTUYEeCKOH 4YacTu
L (8 x vilnepoBbiM nepeMeHHbIM X, Hns aTOoro BBemeM BekTOp cMewmeHus

4acTHI CIUTOLIHOH cpenst:
xl.(t) = &i + ul.(x, 1. 2.3)
3aMeuas, 4To
bij (%) X, = 1 (x), bij )= Sij - Vj ux), (2.4)
NpeacTaBUM INIOTHOCTh KHHEMATHYECKOH YAaCTH JlarpaHXuaHa B BUAeE

L = ) bl.'jl(x) i, (), (2.5)

e T (x) = Ei(i) —— IUIOTHOCTb MMITYJIbCa B SHIIEPOBBIX MepeMeHHbIX. C

%
dx ‘
HCITONB30BAHUEM MAaHHOM KHHEMATUYECKOH YacTH MoryT 6biTh mosyuenst CIT
JUTS TIEpEMEHHBIX u(x), m(x). Ham, xpome Toro, s thopMynupoBkH ypaBHeHus

anuabaTuyHOCTH TMoHamobsrcs CII, colepxalie IIOTHOCTh SHTPONUHM G(X).
Hns naxoxnenus stux CII UEPEHHIIeM KMHEMATHYECKYIO YaCTh JIarpaHXHaHa
B BHIE

L 0=p;x) ; (x) = o(x) Y(x), (2.6)

rac
p; (%) = (m(x) = 60V, yx) b ).

Ilepemennas y(x), koTopas sBsercs CONpPAXEHHOH K NEPEMEHHOM O(x), BBe-
AiCHa B KMHEMATHYECKYIO YacTh JarpaHkuaHa opMaibHo u NIPH HalUCaHUU
YPaBHEHMH NBUXEHUs OyleT CUMTATBCH UHKIHYECKOH (ramunsronnan H He
3aBUCHT OT ). [IpoucxoxaeHue BTOPOro cnaraeMoro B dopmyrne (2.6) gocra-
TOYHO HpO3pavHO, B TO BpeMs KaK CTPYKTYpa BeJHYMHbI p; Tpebyer nosc-
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HeHUd. 3aMeTHM, YTO TJIOTHOCTb MMITyJibCa ni(x) B (2.5) cBs#3aHa C TpaHC-
NSUUAMH B IPOCTPAHCTBE MEPEMEHHDIX U (X), T (x). [Tpu BBeIeHHH HOBBIX Tepe-
MEHHBIX O(X), Y(x) TINIOTHOCTH UMITyNbCA ni(x) CBsi3aHa yXe C TPaHC/ISAUUSIMU B
MOJIHOM NMPOCTPAHCTBE NMEPEMEHHBIX ui(x), 1ti(x), o(x), Y(x) 1 MOXeT ObITh Mpex-
CTaBjieHa B BHIE
T(x) = 0 (x) + 70 (),

rae n:(x) — IUIOTHOCTb MMITYJIbCa, CBS3aHHAs C TPAHC/ISLUMAMU B IIPOCTPAHCTBE
TONBKO MEPEMEHHBIX ui(x), ni(x), a n?(x) — C TpaHCHSILUMAMHU B [POCTPAHCTBE

o(x), y(x). Bennyuna n?(x), kak Oyner BUAHO nanee, paBHa

%) = ()Y, y()
(aTy popMyIty Serko npenyranars, 3aMeTHB, 4TO BEJIHYHHBI y(x) u —O(x) aBns-
oTcs 0606LWEHHBIMH KOOPAMHATaMH W umnynbcamu). TlosToMy MiOTHOCTDH
umnysbca n:(x), CBS3aHHAd C TPAHCHAUMAMM B NPOCTPAHCTBE TNEPEMEHHbIX
ui(x), ni(x), HMEET BUJ
T, (x) = 7, (x) = SV, W),
OTKYAa M C/lefyeT CTPYKTypa BEJMUHHBI p; B (2.6). lNpusesennsie coobpaxeHus

HOCST TOJIbKO HABOASLUMIE XapaKTep W He SBIsTCS cTporumMu. OTMETHM, UTO,
B COOTBETCTBUM C oOwmuM topmanusmom, ans Haxoxaenus CI1 ocHOBHbIX
JMHAMHYECKHX MepeMeHHbIX Heo6xoanmo Gbuto Gbi HalTH 0OpaTHYI0 MaTpHily

J;Bl. OmHaKo Mbi MOCTYNHUM HHaue W OyaeM NpUAepXKHUBATHCA cnenywoueit cxe-
mbl. TIpexne Bcero, HaiineM Kakue-nu60 6ecKOHEUHO Majible KaHOHHMYECKHE
npeobGpa3oBaHus &pa(x; @), OCTaBIAOIME WHBAPUAHTHOH KHHEMATHUECKYIO
yacTh narpaHxuana. 3Has, C O[IHOH CTOPOHBI, MX SABHBII BUI, & ¢ ApPYroi cro-
POHBI, TPEACTABISS oo o, B BUIE (1.11)
89,0 = (9,(x), G}
C reHepaTopoM
G =] d>xF (x ¢) 80,()
(MBI NpHAEpXUBaEMCs 31ech 06mUX obOo3HAYCHMH U 1N ynobcTBa eue pas

BEIIUCHIBaEM (OpMyJibl IEPBOTO pasjienia), HETPYAHO, CPaBHMBAs JIEBYIO M Mpa-

Bylo dactd opmyasi (1.11), naittu CII pasiMyHBIX IHHAMHUYECKHX Mepe-
MEHHBIX.

B 4acTHOCTH, JIETKO BHIETh, YTO BapHalMH

8p,x) =800 =0, ) =F®, Y =xw) @7
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(rme dynkuuu fl.(x), X(X) He 3aBHUCAT OT ui(x), pi(x), o(x), Y(x)) ocraBasOT

MHBapUAaHTHOH KMHEMATHYECKYK 4acTh jarpanxuana (2.6). Ipeacrapnss ux B
BUJIE

8p,() = (p0), G), du@) = (ux), G),

do(x) = {o(x), G}, dy(x) = {y(x), G}, (2.8)
rne G — reneparop npeo6pa3osanuii (2.7), paBHbIi
G=[dxp, () £(x) - o) 703N, (2.9)
n3 (2.8), (2.9) nosyuum CII:
(x), p; (&)} =8, 8(x=x), (00, (X)) =8x-x)  (2.10)

(MBI BBITIMCBIBaEM TOJIBKO HeTpuBHaibhbie CI1). Temepb Moryr GuiTh Halgenbl
CIT du3nueckux nepeMeHHbIX u(x), nl.(x), o(x), y(x). Kak nerko ybeaurscs, u3

¢opmyn
(70, Y&} = {7 (x), 6(x)} =0,
rae
(1) = M) = )V, W(x) = p, (1) by, (x),
cnenyT hopMyns
{m(x), 6(x)} == 0V, 8(x - x), {m(x), y(x)} =V, y(x) 8x-x). (2.11)
C yyetom (2.10), ans BenuuuH n?({) = o(x)V, y(x) nmeem
{m00, T(x)} = 1PV, 8(x — X') = ()Y, 8(x — x).
Otciona u u3 Gopmynsl
(p,(x), p(x)} =0
MOy 4nM
{m (0, ()} = TV, 8(x - x) = (x)V, 8(x - x). (2.12)
TMepBoe U3 cooTHowenuii (2.10) NPUBOAMT K PaBeHCTBY
{i, (), T ()} = b, () 8(x - X). (2.13)

@opmynbt (2.10)—(2.13) onpepensior cucremy HerpusManpHpix CIT KoHTH-
HyyMa:
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{o(x), y(x)} =8(x - x"), ({m(x),6(x)}=-0x)V,8(x-x),
{0, W&} =V, y(x) 8x - x),  {u(x), m(x")} = by (x) 8(x — x),
{m(0), &)} =T ()V,/8(x —x') — ()Y, 8(x - x'). (2.14)

VYuTeM Temeps, UTO, €CIIM P — IUIOTHOCTh BEIIECTBA, OTHECEHHAS K EIUHULIE
HeneopMupoBanHoro obbemMa, TO HCTHHHAS TUIOTHOCTH P omnpenensetcs Gop-
MyNo#i

p=pdet (bij ). (2.15)

[Ipunumas Bo BHuManue (2.13), (2.15), naitzem CII nepeMenHbIX p(x), ni(x):

{m(x), p(x)} = p(x)Vi'S(x ~x'). (2.16)

[epeiineM K ypaBHEHHUsIM OMHAMHKHU CIUIOWIHOH cpenbl. ['aMunbTOHMaH pac-
cMaTpUBaeMoil cuCTeMbl B OOLIEeM ciiyyae UMeeT BUI

H-= J d>x g(x), €(x) =¢g(x; o(x"), Tci(x'), bij x").

3necs €(x) — IUIOTHOCTb SHEPIHM B SIVIEPOBBIX NEPEMEHHBIX, SBJSIOMIAsCA
(pyHKIMOHANIOM BENTHYUH O(X), (%), bij (x) (nepemMennas Y — HUKJIUYECKas) U

CBA3aHHAS C IUIOTHOCTBIO DHEPTMH B JIaTPaHXEBBIX NEPEMEHHBIX (OPMYIIOi
%
e(x) = €(G).
=] 5] =@

OTMETHM, YTO B CHJTY CBOWCTBA WHBAPHAHTHOCTH &(X) OTHOCHTENBHO TPAHC-
JIILMIA JiarpaHXeBbIX KOOpaMHAT (KoTopoe OymeT npennonarathCs B JalbHEM-
meM, cM. (3.12), (3.14)) mIOTHOCTD SHEPTUU £(X) 3aBHCUT HE OT CAMHX BEJTHYUH
u,(x), a TONBKO OT HX IIPOM3BOLHBIX aui / axj, WIH, 9TO TO X€ CaMoe, OT BEJIMYUH

bij (x). MosTomy ymoGHO B KauecTBe OUHAMHUYECKHUX [EPEMEHHBIX, HapAgy C
OCTaJIbHBIMH, BbIOpaTh HETOCPEICTBEHHO BEIHYMHBI bij (x). Ux nenynesas CII c

IUIOTHOCTBIO UMITY/IbCa T (X) paBHa

{ by; (), Mx)) == b (x)V, 8(x = ). (2.17)

Hcnonesys CIT (2.14), (2.17), nonyuyuM ypaBHEHHWS OWHAMUKM CIUIOLIHOMN
cpenpl B BUIIE

= v [ (e o8 e
6 ==Y, ot &tt_m} by ==V ( by () 5o ()]
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T(x) =~ n )V

SH SH
o (D) v ( (%) 7, (1) ]"

(x)V _OH OH (2.18)
Sb ()
Kak mpaBuiio, B TEOpHM CIJIOMIHBIX CPEJl BMECTO BTOPOrO ypaBHeHus B (2.18)
3aMUCBhIBAIOT YpaBHEHHE HEMOCPEACTBEHHO Ul BEKTOPA CMeLIeHUs

. OH

ux)=->b.. (x) .

i ij 81tj (x)

Ecan npeianonoXuTbh, YTO raMHJIBTOHMAH CHMCTEMbI 0051a1aeT CBOHCTBOM
rajinjieeBCKOil MHBADUAHTHOCTH

, ()
H=Hy+ Vb)), Hy=[d’ 200" (2.19)

T0 U3 (2.18) nonyuum

. n{x) . 7, (x)
S5(x)=-V, [ o(x) J b, () ==Y, (b,.j () +—— J

p(x)

px)
_ () . (x) X% v (2.:20)
oy W - T,
M= e Vi, oot

Ecnu nyioTHOCT SHeprdu B3auMOpeHcTBUs v(X) (V=Jd3xv(x)) 3aBUCHUT OT

BEJTHYHH b(x), O(x) TonbK0 nokansHo: v(x) = v(b(x), 0(x)), TO I NOCHELHErO U3
ypasHenuii (2.20) umeeMm ’

. ov v
- .__.L i v
= ijij, tl.j o +bk‘ ab +( v+(5a ]SU‘ (2.21)

B nanbHeiimiem Ham noHago6UTCS CBOHCTBO HHBapUAHTHOCTH raMHJIbTOHHAHaA
CIJIOMIHOM Cpe€abl OTHOCHTEJIBHO BpalﬂCHHﬁ, KOTOpO€ MbI 3allHLIEM B BUIE

(L, () =g, x kag("), £,=]d’e, 5 n . (2.22)

3. INOOEPEHIUAJIBHBIE 3AKOHBI COXPAHEHUA

PaccMOTpHUM  HU3MYeCcKyl0 MHTEprpeTalvio HEKOTOPbIX NpeoOpa3oBaHMmil,
OCTaBJIAIOIIMX HHBAPHAaHTHON KMHEMATHYECKyld YacTh Jarpamxmana. IlycTs
xi—)xi’le.'(x) €CTb MPOM3BOJIPHOE KOHe4yHoe mpeobpa3zoBanue, MpH KOTOPOM

BEKTOP CMEIUCHHA npeo6pa3yeTc;1 o 3aKony
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ufx, ) - ui'(x', n=ulx, 1)+ xi' - x 3.1

(3ak0H (3.1) COOTBETCTBYET CMEILEHHIO YACTULBI C JIarpaHXeBOH KOOpAUHATOM
§, M3 ToukM X, B Touky x). Tak Kak iti’(x’, n=ufx, 0 (byuxkuun x/(x) ne

3aBUCAT OT ) H

L axs
b,-j () =b;(x) axj’

(cM. (2.4), (3.1)), TO MIOTHOCTP KHHEMATHYECKOH YaCTH JlarpaHXUaHa MOXeT
ObITh 3alliCaHa B BUIE

4

rne Mbl onpeaenanjin 3aKoH npeoGpa3OBaHuﬂ IJIOTHOCTH HUMIIYJIbCA

ox
ox’

m(x) > m/(x) = ' T () (3.2)

U BeTUYUH Y(x), O(x):

VO > VE =W, o) - 0@ =] 2 | oo (33)

TakuM 00pa3oM, uToOBl KHMHEMATHYECKas 4YacTh L, narpanxuana Gbina
MHBapHaHTHAa OTHOCUTEIPHO KOHEYHBIX MpeoOpa3oBaHMA xi—>xlf =xlf(x). B

HOBBIX TEpPeMeHHbIX st L, umeem

L=[d%(p 00) w () - () () =

=[5 0 i ) - 00 W), (3.4)

roe

P} ()= (M () = TV, W) b/ ().
U3 (3.4) cnepyer, 4TO BapHaLUH AHHAMHYECKHUX MEPEMEHHBIX ui(x), ni(x),
Y(x), O(x) mpu GECKOHEYHO MalbIX TNpPeo6pa3oBaHUAX x; ——)x; =x;+ (%),
‘xi(x)' << 1, pomxHs! OBITH ONpeneneHbl paBeHCTBAMHU

SﬂX) =f’(x) _f(-x)9 f= {ui > TCi » ¥, G}o (35)

Ipunumas Bo BHUManue (3.1)—(3.3), s Bapuanmii (3.5) nonyuum

Buy(x) =b;; (X) x; (1), dW() ==, ()V,; y(x), 30(x) ==V (x,(x) o)),
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57 = -V, (4, (9 1) — 7, (9, , ). (3.6)

OTH BapHaLMM, OCTABJIAIONME HWHBAPMAHTHOM KMHEMATHYECKYI0 YacTh
ynxunu Jlarpanxa, SBISIOTCH, CONIAcCHO o6uIei TEOpHH, GECKOHEYHO MATBIMHU
KaHOHMYECKMMH Mpeobpa3oBaHUsIMH, FeHePaTop KOTOPHIX PaBeH

G= J d>xm (x) b;jl(x) Su, (x) = I d>xm(x) 24,00 (3.7)

Pacemotpum npeo6pasosanus (3.6) npu X; = const:
6ui(x) =X Xka ui(x)’ dy(x) =~ X,'(x)vi y(x),
do(x) =~ x;(0V, o(x), dm (x) =~ X; (x)Vj T(x). (3.8)

Bapuanuu (3.8) coOTBETCTBYIOT 6ECKOHEUHO MaJIbIM TPAHCIALMAM SIIEPOBBIX
KoopauHar 8x, =, €, =0 (c yuerom cssu € =X, — u(x)) c reHeparopom

G=yP,. P,=]d%mn . (3.9)
H3 (3.8), (3.9) naiinem
8e(x) = {£(x). G} =—x,V, &(x), (3.10)

M, cnemosaTenbHo, OH = §( f dx £(x))=0. IlosroMy BenMuuHA P,, cornacho

(1.14), aBnseTcs HHTErpaloM IBHUKEHHS U MOXET HHTEPIIPETUPOBATECA KaK
umnynsc cpenst. C yuerom (1.14), (3.10) auddepenunansusiii 3aKon coxpa-
HEHUs IUId MJIOTHOCTH UMNyjibca cpeasl umeet Bug (1.16). Ecnu raMunbsronuan
cHCTeMbl 00TanaeT raluieeBCKoii HHBAPHAHTHOCTBIO (CM. (2.19)), 10 mns Tew-
30pa HaTAXeHUH t;, MONy4nM

t,=t0+¢ to———nink
= e =T

1 (3.11)
=) 8, + [ a¥x] [ dMm e+ ), vix— (1 =),
0

PaccmoTpuM Teneps GecKoHeuHO Maltbie npeobpazoBanus (2.7) c Jf;=const
x =0:

Sui(x) =f,, dyx) =0, 57tl.(x) =0, do(x)=0. (3.12)
Tak KaK x; = éi +u(x), T0 9TUM Npeo6pa3oBaHHAM OTBEYAIOT TPAHCISLUM JIar-

PaHXEBBIX KOOPAHHAT 8§i=—fi(8xl.=0). I'enepaTop npeoGpazosanuii (3.12)

HMEET BUI
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G =fiRi , R,. = j d 3Jcpl.(x), pl.(x) = Tt;(x) bﬁl(x), (3.13)
[Mockoneky mis npeobpazosanuii (3.12)
de(x) = {&(x), G} =0,

H, cnenoBarenbHo, OH =0, To BenUYHHA Rl. B BoipaxeHuu (3.13) ang reneparo-
pa TPaHC/ALMIA JlarpaHXKeBbIX KOODAHHAT SBJIAETCS HHTErpajoM [IBUXKEHUS.
CoorsercTByolui quddepenHanbHbii 3aKOH COXPaHEHHS UMEET BHJL

P,'(x) = "Vk 6,-)‘(35),

(3.14)
8,00 =] a%x, Idx{p(x+xx') e(x— (1 - W),

DTOT 3aKOH COXpaHEHUs MOXHO Ha3BaTh 3aKOHOM COXpaHeHMs 00600111eHHOTO
umnyjisca (cM. (2.6)). fToxaxem, 4TO 3aKOH COXpaHEHHH, CBSI3aHHBIN C TpaHC-
NAUMSMH  JIaTPAHXEBbLIX [EPEMEHHbIX, NPHBOAMT K IOHATHIO HMIYNbCa
KBa3HYaCTHLL. [TycTh cpeaa COREPXHT PacCEUBAKOILHI LEHTP, UMNYTIBC KOTOPO-

ro 0603Ha‘lHM q;- B 3TOM cnyuae BesiMuMHA P Idxn (x) coxpaHsTbcs He 6y-
IeT, a CoxpaHseTcs BeaWuMHa P,+g, (Tak KaK raMubTOHMaH WHBAapHAHTCH

OTHOCHTEJIbHO OJHOBPEMEHHOrO CIHBHra 9HIEpOBbIX KOOPAMHAT M KOOpAHMHAT
yacTusl). MHBapHaHTHOCTs Xe TraMHJIbTOHHaHAa MO OTHOWEHMI0 K TpaHC-
JIAUMSAM JIarpaHXeBbIX NepeMeHHbIX 6yner hopMyIHpOBATECS B MPEXHEM BHIE.
TosTomy BennuuHa R; GyneT MHTErpanoM ABHXEHHUS. [pencraBuM ee B BUIE

R=P,-P, P=]d3k0), kx)=-m0)—d—.

1 i i

BcnenctBue coxpaHeHus BENMYMHBI R; MPHXOAMM K COOTHOLIEHHIO P 73

a Tak Kak P +q =0, To q +’P 0. TlosTomy BenuuuHa P, KBaapaTHuHas 1o

JIMHAMMYECKMM TIEPEMEHHBIM 1 (X), ni(x), MOXET HWHTEpPIPETHPOBATLCH KakK

MMIyNbC KBazuyacTHL. (MOXHO NOKa3aTh, YTO NMPH KBAHTOBAHUM M3y4aeMOH Me-
XaHUYECKOH CHCTEMBI BEMYHHA ) IIPEBpAIIAeTCs B ONEPATOp HMIlybca ¢ono-

HOB: ch (k)c (k)). TakuM 0Opa3oM, H3MEHEHHE HMIYJIbCA Cpelbl COBMa-

oaet ¢ H3MCHCHHCM CYMMapHOTO HMIIyibca KBasH4yacTHU. 3ameuasd, 4TO
pi(x) =7t:(x) - ki(x), U yuutbiBas opmynet (3.11), (3.14), Haxonum

k(x)=-V, 6,0,
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€ IUIOTHOCTh IOTOKa HMIIyJIbCa KBa3nW4yacTHIL] Gik ONpenensaeTcss COOTHO-

IICHHUEM
1
040 =—2() 8, + [ d¥x] [dMk e+ ), e(e— (1 -2 x)).
0

H3 (3.8), (3.12) cnenyer, uto reneparopom npeo6Gpa3oBaHuil TpaHCISLMIA
Sui(x) == Xka ui(x), 511',1-(16) == kak n,'(x),
dy(x) =~ kak Y(x), OSo(x)=- kak o(x)

AHHAMHYECKUX MEpeMEeHHBIX ui, TCl., Y, O, paccMaTpUBAeMbIX KakK I10JIEBbIC

NEpEMEHHbIe, ABJIFETCAd BenWyuHa K= X,-Jd?’Xk,-(x)- IMostoMy ummynsc

KBa3H4aCTHL COBHANAET C IOJIEBLIM HMIIYJIBCOM.

4. YIIPYI'OCTbh. TUAPOTUHAMUKA

PaccMotpum Teneps, Kak MOryT GBITH ITOSyYEHDI YPaBHEHMS] TEOPUH yMpy-
rocTH M3 o6lMX AMHAMHMYECKUX ypaBHeHwmii (2.20), (2.21) cnowHoi cpepgr.
IIpeanonoxenne 06 MHBAPMAHTHOCTH TaMHJIBTOHMAHA CHCTEMBI OTHOCHTEIBHO
NPOM3BONBHBIX BpAlIEHUH pelieTku (cM. (2.22)) NpUBOAMT K TOMY, YTO IUIOT-
HOCTb 9HEPrMM B3aMUMOLEHCTBUMS OyIeT 3aBHCETH OT BIIONHE ONpPENEEHHBIX
KOMOMHALMH MaTpuilbl bij. Iockonbky mpu Bpamienusix Tena npeo6pasyiorcs
KOOpAMHATBl  X;, COOTBETCTBYIOIUME IOOXKEHUIM YacTHU Cpedsl B  fe-
(hOPMUPOBAHHOM COCTOSIHUH, a JIArPAHKEBbI KOOPIUHATHI §k OCTaIOTCSl HEU3MEH-

HbBIMH, TO B Ka4Y€CTBE HHBApHaAHTOB MOrYyT OBITH BbIGpaHbl BEJTHYHHBI

&%
U—axk axk~ ik = jk

Takum oGpasom, v(x)=v(Kij (x)), 1, xak cnepcTeue o6wMx ypaBHenuit (2.20),

(2.21), nony4uM ypaBHeHHS DBHXEHHS B Cilyyae ynpyrou cpepsi:

) T, : L
0=_Vi O'E s bik=_vk(bijp ,

. ., 0 d
_ = 4 _ ov
T, = Vjtij, tij 0 +2bmibljaKml+( v+oacj8ij.

4.1)
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.

Eciu nioTHOCTH 3HEPTrUM B3aUMOMEHCTBHS 3aBHCHT TOJIKO OT ILUIOTHOCTH
p(x), KoTOpas cBA3aHa C MHBApHAHTAMHU Kl.j COOTHOLIEHHEM

p=p det (b;)=p Vdet (K,)

(p — nnoTHOCTH HedeOPMUPOBAHHOW CpeRbl), TO U3 YPaBHEHHH JIBHUXKEHHA
ynpyroi cpensl nmojayyuM oObIYHBIE yPaBHEHHS WAEATbHOH I'MAPOAMHAMMKH

. . n,‘
p+V, m =0, c=—Vi(o— ,

p
. n, 42
==Vt h= +p 8,
rae
_ Ov . _0v_
p—pap+o'ac V. 4.3)

VYpasHenus (4.2) moryT ObITh TakKXe HENOCPENCTBEHHO BbIBENEHbI Ha OCHOBE
anre6pst CI1 nepemennsix p, T, ¢ (cm. (2.12), (2.16) u nepryio dopMmyny B

(2.11)), xkotopas sBnsetcs nopanrebpoi anrebpsr (2.14) nepeMeHHBIX cIUIOWI-
Hoit cpembl. [ns nonydsenus (4.3) 3aMeTHM, YTO, KaK M3BECTHO H3 Tep-
MOAHHAMUKM, p=—® (0 — MNJOTHOCTb TEPMOAWHAMHYECKOro MOTEHLHANa
I'u66ca). B cucreMe oTcuera, ABHXYLIEHACS BMECTE C XHUIKOCTHIO, CHPABEATIUBO
TEepMOIHHAMHUYECKOE PAaBEHCTBO

=%(—m+s—up) “4.4)

(L — XxUMHUYECKHil MOoTeHUHan). YUUThiBasg, YTO

do =1 (de — pdp),

NOJTY4HM

u=(2%
WP s
OTKyAa, ucrnons3ys (4.4), npugem K ¢opmyne (4.3). Ecnu HaiineHo peuieHue
ypaBHeHuii (4.2) 11 nepeMEHHBIX P, T, G, TO 3aBUCHMOCTD I1EPEMEHHOM u; OT

BpEMEHH MOXET ObITH BOCCTAHOBJIEHA 110 HW3BECTHOH 3aBUCHMOCTH OT BpEMEHH
BECJIMUMH P, ﬂkl

=

i

S
© LA
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5. XKHIKHE KPHUCTAJUIBI

B nannoM paspene Gymer mokasamo, kak MoryT 6brtb nosnyuenst CIT mis
AMHAMHYECKHX  NIEPEMEHHBIX, OMHMCBHIBAIOMIMX. COCTOSHME padTHYHBIX tas
XMIKUX KpUCTaioB [32]. TIpu 9ToM Mbi 6yaeM HCXOXHUTD U3 anreb6psi CIT (2.14),
(2.17), naiigennoii npu PacCMOTPEHUH CILIOUIHBIX Cpe.

5.1. Hemarnueckne xuakue KpHETaLmbl. B HemaTHueckoii dase xumkux
KPHCTAUIOB TIPOMCXOMUT CHOHTAaHHOE HApyWIEHHE BPAIIATENBHOH HHBAPHAHT-
HOCTH, NO3TOMY, Hapslly C AMHAMUYECKMMH NEPEMEHHBIMH, ONMCHIBAIOIUMH CO-
CTOSHHE H3O0TPONMHOH XHAKOCTH, — TUIOTHOCTBIO MAacChl P, IIOTHOCTBIO HUMITYJIb-
ca T, IWIOTHOCTBIO BHTPONUK O, HEOOXOAUMO PACCMOTPETH TaKXeE JIONOTHUTENb-

HBIA NapaMerp — eIHHUYHBIN BEKTOP I (AMPEKTOP), CBA3aHHBIN C HapylIeHUeM
BPALLATENLHOH CHMMETPHH. PaccMOTPUM BE BOIMOXHOCTH BBEICHMS CANIHUHO-
IO BEKTOPA, OQHA H3 KOTOPbIX COOTBETCTBYET HEMATHKY C MONEKY/IaMH CTEpXKHe-
06pasnoi opmbl, npyras — HEMATHKY C AHCKOOOPa3HBIMHU MOJIEKYTaMH.

Ilyctb yacTHub cpens cocrosT u3 Mosiekyn crepxneobpastoii opmer. To-
12 B COCTOAHHH PaBHOBECHS MOXHO 3a1aTh HEKOTOPOE CEMEIICTBO JIMHMIA, Kaca-
TE/IbHbIE K KOTOPbIM B KaXAOH TOYKE COBIAiAIOT C HanpasieHHeM CTEpXHEN.
[ycTs .’;,. = §i(oc) — NapaMeTpUYeCKHe ypaBHEHHUsS! ONHOH M3 JIMHKIA 3TOrO ceMeii-

crea. Torna HanpasneHHe CTepXHEH B Kaxaoil Touke XapaKTEPHU3YETCs BEKTO-

i
POM C KoOpauMHaTaMu do =% Npu nedopmaumnn cpenbi npoucxomut usme-
HEHHE HalpaBlIeHHH MOJIEKYIl, U, C/IEA0BaTebHO, NEQOPMUPYIOTCS U THHUH Ce-
menictea.  [lycrs X;=x(0) — HOBblE napamMeTpHYeCKHe ypaBHEHUS yxe

PacCMOTpEHHOH /MHMM ceMeiicTBa nocne aedopmaunu. Torma HanpasyieHHe

CTEpXHEN B KaxmoH ToYKe nocje AeopMaLMK  XapaKTepu3yeTcs BEKTOPOM
dx’.
Ziazb,.. YyuteiBas, uro xi=xl.(§), MIETKO BHETh, YTO BEKTOPHI a; W bl. CBSI3aHBI

COOTHOLUEHHEM

b.=ba.,
! v

rae bijzaﬁi/axj (cM. (2.3), (2.4)). Otciona crenyer, 4TO eqMHHYHBL BEKTOP,
CBSI3aHHBIH C HANpABIEHUEM CTEPXHEH, MOXET ObiTh BBEIEH topmynoi
_ 1 1
m=5 bi~bij a,. (5.1)
3gech @; — HEKOTOPHIii NOCTOSHHBIH BEKTOP. Hcnonesys onpenenenue bij (cMm.

(2.4)) u CII (2.17), nerko Haiitu ciaenyiouwue CIH:
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{m(x), b, (x)}—S(x x)V b_l(x) 8 b (x)V S8(x — x'). (5.2)

U3 (5.2) cnenyer CII mns mepeMeHHbIX ni(x), ni(x):
{m(x), n ()} =8(x—x)V, " x) - 8;'17(x’) n (x)V; 8(x - x"),
Sé(x) =8, —n ) n (). (5.3)
Ckobk# (5.3), Hapsany co ckobkaMu
m), o)) == 0@V, 8- %), (7, P} = p()V; 3(x ),
{m ), m; @} = T, )V 8(x —x) - ni(x’)Vj d(x — x), (5.4)

obpa3yioT anreOpy NepeMeHHBIX HEMaTHKa CO CTEPXHEOOpa3HBIMH MOJIEKY-
namMu (MBI BeITUCHIBaeM Tonbko HetpuBHansHble CIT). [ToguepkHeM, 4TO HUCXO-
ad u3 criocoGa BBeeHUs BeNUYUH P(x), nl.(x) (cMm. (2.15), (5.1)) cnenyer, uTO

sTa airebpa saBigercs noganrebpoil anredpsr (2.14), (2.17) auHaMHYeCKHX
nepeMeHHB X crutomuoi cpeasl. Menonezys CIT (5.3), (5.4) u npepnonaras,
YTO IUIOTHOCTh 3HEPrHMH CHCTEMBI MMeeT BHA &(x) = €(0(x), p(x), m(x), n(x),
Vn(x)), nojaydynM ITUHAMUYECKHE YpaBHEHUS HEMAaTHKa C WICAIbHBIMH CTEPX-
HeoOpa3ubiMu Monexkynamu (cM. Takxe [20]):

. Tr',' .
0=—Vi{c;], p=-V, T

. nk 1.
ni=—[B—Vk n+n, 8 vV _pj_ (5.5)

: Wi 3 0
f=-V.t,, t,=pd + 'pk+Vl.nj Y _”ks;;[a_:_vlagen )
k7 J L7
Ecnun Bocmonb3oBaThcs ycioBHeM (2.22) BpamiatesapbHOH HWHBapHaHTHOCTH
IJIOTHOCTH ®HEpPruM €(x), KOTOpOoe B JAHHOM cllyuyae MpelCTaBlIseTcsi COOTHO-
IIECHHEM
oe de

€4 —a n +

Vn+

%
¥ o V " ]:0, (5.6)

TO JIEFKO BHUAECTH, UTO AUBEPIrECHLHIO Vk ik MOXHO IMPEACTAaBUTh B BUAE OHUBEP-

FEHUHUH OT CIEAYIOUIEIO ABHO CUMMETPUYHOI0 TEH30pa tik:

TC'N
th p81k+ o LS (gkan + 8 Vi M) —

im " k

1 1
=5 it mh) + 5V, (g, + 8y ik~ 8-
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3neco

T e T n,J ij -

ik J k7
PaccMOTpuM Tenepb HeMaTHK, COCTOSLIHI W3 auckoobpasubix Mojekyn. Ha-
NpaBICHUE UX OPUEHTALUMN 3a0aeTCs E€AMHMYHBIM BEKTOpPOM Hopmanu. Ecin
BBECTH CEMEHCTBO MOBEPXHOCTEH, KacaTe/ibHble TUIOCKOCTH K KOTOPBIM B Kax-
JIO¥ TOYKE COBIAAAIOT C TIOCKOCTSMM AMCKOB, TO, KaK CIEyeT U3 Npeablaylle-
IO paccMOTpEeHHs, 1Ba HEKO/UIMHEAPHbIX BEKTOpa d, , f,, onpeiensiomux nomo-

ES [ Je de 5L

XKEHHE IIOCKOCTH, MOTYT ObITh MPENCTABIEHBI B BUIE dl. = b,,_jlmj fl = b;,,lnj , TIe
m;, N, — HEKOTOPbIe NMOCTOSAHHbIC HEKONIHHEAPHbIE BEKTOPHI, ONPENEAI0LIHe
MONIOXECHHE MJIOCKOCTH B HEAe(hOPMUPOBAHHOM COCTOSIHMM. Toraa BeKTOp
HOpDM@IM K  [UIOCKOCTH, HATAHYTOH Ha  BEKTOpHI di, fl paBeH
;= lk 8§k/axl.s lkbki , e lk =(m X n)k, H, CJIElOBATENBHO, EIHHHUHBIH BEKTOP
HOpMaJIH K NJIOCKOCTH AMCKOOGpa3HOi MoJeKysbl onpeaensieTcs GhopMyioi
fli =2 ¢, = lkbki . 5.7)
3nech lk — NIPOMW3BOJIbHBIA MOCTOAHHBIH BEKTOD, ONPEAEAIOLIKI HanpaBleHHe

OUPEKTOpa B Heneqaopmuposanuom COCTOAHHUH. I/ICIIOJH)B}'SI onpenencHue I’l’. H

ckobku (2.17), ans nepemenupIx ni(x), ni(x) nojayuum cnepyiowue CIT:

{m(x), " (X)) =8(x - x')Vl. ", (x) + Sj;((x') nl.(x')Vl'( 3(x — x'). (5.8)

CIl (5.4), (5.8) obpasyior anreGpy AMHAMHYECKHX MEPEMEHHBIX HEMATHKA C
AMCKOOOpa3HbIMH MOJIEKY/IaMH, M 3Ta anrebpa siBisercs noganrebpoit anreGpol
(2.14), (2.17) AMHAMHYECKHX MEPEMEHHBIX CIUIOLIHOM cpeabl. OTMETHM, 4TO 00€e
ckobku (5.3), (5.8) Gbutn Haiigens B [18] Ha OCHOBE MCIONB3OBAHMS 3aKOHOB
npeo6pa3oBaH1s KOHTPa- ¥ KOBAPHAHTHBIX BEKTOPOB MpPH Tpancasuusax. Ipen-
nonaras onaAte, 4ro €(x) =&(0(x), p(x), w(x), n(x), Vna(x)), nonyunm
AMHAMHYECKHE YPAaBHEHHs HEMATHKa ¢ AMCKOOOPa3HBIMU MOJIEKY/IaMH B BHIE

T,
G=—Vi[(5;l], p=_vknka
T kL
iL:—(—kaJn.-—nkS%V.—k,
p 1 gy o] p

- _ T ot 1( 0 de \ (5.9
e TPt *Vi”javknj+”i5/k[anj" lavlnj]'
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YuuThiBas YCJIOBHE BpallaTeJbHOW WHBAPHMAHTHOCTH % &(X), KOTOpoe
3anuceiBaeTcs B npexHeMm Bupe (5.6), mpeobpaszyeM IUBEpPreHLHMIO Vk t, K

OUBEPreHUHUU OT CIEAYIIIEro sBHO CUMMETPHYHOIO TEH30pa tik:

nnk

=pd, +~~6—+ (gkan +g n,)+

tmk

1 1
+o iy mh) + 5V (G, + 8~ 8 ™ i)

OTMeTuM, YTO NN HEMAardka 4YacTh NJIOTHOCTH 3HEPruH, CBA3aHHas ¢
3aBUCHMMOCTHIO OT EIMHMYHOrO BeKTOpa n u obsanalonias CBOHCTBOM Bpaiia-
TeJIbHOU WHBAPHAHTHOCTH, MOXeT ObITh 3anucaHa B Buge [33]:

e(n)——K(V n) + = Kz(nrotn) +;K3(nV n) (5.10)
JUIss HEMaTHKOB, COCTOALIMX M3 JUCKOOOPa3HBIX MOJEKYN, KaK clelyeT H3
onpejeneHus (5.7), WHBapHMaHT NIOtN PaBEeH HYJMIO, H, CIEHOBATENBHO, IS
paccMarpuBaeMoro criocofa BBEISHHS 1 3TO cllaraeMoe JOJXHO ObTh omylie-
Ho. CooTtHoweHne nrotn={_{ COBMECTHO ¢ ypaBHEHUIMM IBUXeHus (5.9) mns
BEKTOpa N, TaK KaK K3 HUX CHERYET, 4TO

(%

. .
w=-V. —w7+2wnn.V.—]; w=mnrotn.
o Jrama i

5.2. ipyruae THIbI XKHAKOKPHCTALTHYeCKoro ynopagodenns. Kparko ocra-
HOBHUMCS Ha BONpPOCE OMNHCAHHs HAMHAMHMKH JAPYrMX BO3MOXHBIX JKHIKO-
KPUCTAUIHYECKUX COCTOSIHHH.

B xonectepuueckoii aze XUAKUX KPUCTAUIOB €€ MaKpOCKONHYecKas rpym-
Ma CHUMMETpUH He comepxur wunsepcuu. CIOHTAHHOE HapyIICHHE TpaHC-
JIIMOHHOH M BpAlLATEIbHON CHMMETPHM COCTOSTHHS paBHOBECHS NPUBOMUT K
CIIUPATBPHOMY YHOPSAOYEHHUIO AUPEKTOpa B OCHOBHOM coctrosHud {33]. B coor-
BeTcTBUM ¢ [20] munaMuKa XOJIECTEpMKOB aHANOTMYHA XUHAMHMKE HEMATHKOB,
OTIMYME TMpOSABISETCS B CTPYKTYPE pavlIOKEHHd ILIOTHOCTH 3JHEPrdu 1o
IpaiMeHTaM JMpeKTOpa. B Cully CKa3aHHOrO Bbillle IUIOTHOCTh OHEPIUH
XOJIECTEpUKA MOXET COIEpXaTh HeueTHsie Mo V crnaraemeie.

B cMekTHdecKMX KMAKHX KPHCTAUIAX HapylIeHAa TPaHCASUHOHHAas
MHBAapUaHTHOCTh BAOJL OAHOro u3 Hanpasneuud [33]. Cornacuo [19] mig
CMEeKTHKa B HabOp TFHIPONVHAMHYECKUX BEIMYHH BXOMHT BMECTO NHMPEKTOpA
cMexTuuecKad nepemernas W(x). Msi olipenenum CMEKTHYECKYH MepeMeHHYIo
W(x) dopmynoit W(x) = m; §j (x), tne m; — MPOU3BONBHLI TOCTOSHHBIH BEKTOP,
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0 G (X) — JlarpaHxeBa KOOpAWHATa YacCTHI[ C efpl. YuuteiBas (2.3) u TO, 4YTO
y p P p

bij = Vj §i, u3 (2.13) HaiigeM cko6Ky

{nk(X), &i(x,)} = 8(x - -X/)Vk éi . (5.11)

Ortciona, copaunsas o6e yactu (5.11) ¢ BekTOpoM m, , HOIy4uM

(), W)} = 8(x — x)V, W(x). (5.12)

Anrebpa (5.4), (5.12) sBnserca OCHOBOH st MIOCTPOCHUST JIUHAMHKH
CMEKTHKA. DTO MOCTPOCHUE BIOJIHE AHANOIHYHO PACCMOTPEHHOMY WIS citydas
HEMaTHKa, Il HEOOXOAMMO JHUIb YYECTh, YTO IUIOTHOCTh BHEPIHH SBISETCS
byHkunei Vl.W: £(x) = &(o(x), p(x), T(x), VW(x)).

MMcKkoTHYecKHe XUIKHE KPUCTALIBI XapaKTepU3yIOTC CIIOHTAHHBIM Hapy-
LICHHEM CHUMMETPHM B JABYX HampamleHusx. MMeTcs NBe mOMOJHUTENbHBbIE
TEpeMeHHbIe Wa (00=1, 2), cBi3aHHBIE C TPAHCISLHOHHOM MHBAapUaHTHOCTHIO,

KOTOpbl€ MBI BBEIEM COIVIACHO (hopMylie Wa(x)=m:.x §i(x) (cp. co cayyaem

cmekruka). CII mrorHocTd umMmynsca T(x) C BENMYHHOI W, (x) nmeet Bun

{m (), Wa(x')} = §(x — x')ViWa(x). (5.13)

HanbHeiilee NoCTpoeHMe ypaBHEHHIl TUAPOZMHAMUKM JUCKOTHKA npo-
BOAMTCH Ha OCHOBe amrebpel (5.4), (5.13) mo cxeMe, HAIOKEHHOH g He-
MaTHKOB, C y4€TOM TOro, 4To &(x) = &(G(x), p(x), n(x), VWa(x)). OtMerum, urto

KaK Juist CMCKTHKA, TaK U Ui JMCKOTHKa anre6pel (5.4), (5.12) u (5.4), (5.13),
COOTBETCTBEHHO, ABAIOTCH NMOAAIreOpamMyu IMHAMHYECKHMX MEPEMEHHbBIX CILTONI-
HOii Cpejibl. 3aMKHYTas JMHAMHMKA JUIS TIEPEMEHHBIX CMEKTMKA MITH JIHCKOTHKA,
KaK M BO BCEX PaCCMOTPEHHBIX paHee Cilydasx, MOMydaeTcss M3 obIero ciydyas
AVMHAMHKH CIUIOLIHON CPENbI, €CJIM CYHTATH HEPEMEHHBIE, HE BXOALUUE B MONAT-
re6py, LUKIHYECKHMH.

5.3. Hemarnueckue anacToMepsl. 31ech Ml paccMOTPUM HEKOTOpBIE 0CO-
OeHHOCTM JMHAMHMKH HEMAaTHYECKHX XMIKOKPHCTALTHYECKHX 2J1aCTOMEpOB,
CHUHTE3WpOBaHHbIX B Havaine 80-x rogos [34]. B mocnennee Bpems HHTEpeC X
HUM 3HaYUTENIBHO BO3poC [35,36] 6naroaaps HOBBIM BO3MOXHOCTSM B MX DKC-
TICPUMEHTANLHOM rony4deHnH [37,38]. HemaTuyecKue 31acTOMEph XapaKTepu3y-
I0TCH  CIIOHTAHHBIM HAPYIICHHEM BpALIATEIbHOH CHMMETPHH M CHMMETPHH
. OTHOCHTENIBHO MNPOCTPAHCTBEHHBIX TpaHCAmMid. C  9TUMM  HapylIEHHBIMU
CUMMETDHUSMH  CBA3AHbI JOMOHUTEIIBHBIE TMAPONMHAMUYECKHE MEPEMEHHBIE:
AMPEKTOp n; (KaK B HEMATHYECKHX XHMIKHX KPUCTA/IAX) M BEKTOP CMELIEHHS

u; (KaK B KPUCTA/UTHYECKUX TBEPABIX Tenax). OU3NYECKH TOT takT, 4yTo BeKTOp

CMCIUCHHUA 4BJISIETCS JUHAMHYECKOH HCpCMCHHOﬁ, COOTBETCTBYET TOMY, YTO B He-
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MaTHYECKHX 371aCTOMEPAX CYLIECTBYET HEKOTOpass pelieTKa M3 TMOTHMEPHBIX Lie-
nouek, obsnamamuias B rUAPOIUHAMHYECKOM mpenene (Mpd ® — 0) KOHEYHBIM
monpyneMm casura. [is Toro ytoObl IUpeKTOp ObUT XOpOILO OnpenesieHHOH
rMIPOAUHAMUYECKOH MNepeMeHHO, HeoGX0oauMo, 4YToOBl CpelHee pacCTOSHUE
MeXIy y31aMH COCEIHHX LienoyeK ObUIo JOCTATOUHO GONMBIINM, H, COOTBETCTBEH-
HO, CBSI3b MEXIY Liernoykamu cyaboii.

[pennonaras, YTO raMWIbTOHHAH CHUCTEMbI HHBAPUAHTEH OTHOCHTENIbHO
OAHOPOIOHBIX MOBOPOTOB (M, CJENOBATENIbHO, 3aBUCUMOCTb IJIOTHOCTH 3HEPTHU
OT BEKTOPa CMELUEHHUs UIET TOJILKO Yepe3 MOCPEeACTBO BESHUHUH K,.j, cM. pasn.4),
NpeJICTaBUM €ro B BUIE )

|43 _n
H=[d%ew), e=s+ v n, Vo K. (5.14)

Anre6pa CI1 guHamMHuecKHX NepeMEHHBIX CHCTeMBl MOXeT ObITh BBIMHCAHA Ha
OCHOBE yXe HahaeHHbX cKobok (2.14), (2.16), (5.3), (5.8) u umeer BUA

{r(x), 6(x')} == 0(x)V, 8(x — x'),
{bij (x), nk(x’)} =— bik(x')Vj 3(x — x%), (5.15)

(m(D, P} =PIV} 3(x - x),
{m(x), nk(x')} = nk(x)V’i 8(x —x") — ni(x’)Vk 8(x — x"),
(m(x), () = 8(x = XYV, . () - 83 @) n (X)W, 8(x—x), (5.152)

(M), 1, ()} =8(x=x)V; n, (x) + sjlk @) n(x)V; 8(x-x).  (5.156)

Ckobxu (5.15a) cooTBeTCTBYIOT CTepXHeOOpa3HbIM HEMATHUECKHM 3J1aCTO-
MepaM, ckKoOku (5.156) — muckooOpa3HbIM. YpaBHEHHS HHU3KOYACTOTHOM

JMHAMHMKH, COOTBETCTBYWOIIHE hyHKuUHOHany 3Hepruu (5.14) u CIT (5.15), ume-
10T BUJI

. L2 . i ]
o=—Vi o; , bik=—Vk b..p , p=—ank,

. _ _L Y
T = Vj’ij’ 1= p8 + ) +2bm'leaK +t (n) (5.16)
s T,
. Tk L Wi
"i‘_[p Vk]ni+nk8iijp, (5.16a)
T T
- __k 1 k
ni———[ > VkJni—nkﬁu V] b (5.166)

3nech
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~ 1 .
W =758, Vi, +8, Vin)F
1 1
Tyl n )+ 5V, (yn, +gn ~g,.n ~ B>

M BEPXHHI 3HaK OTBEYAET CTepPXHEOOPASHBIM MOJIeKYJIaM, HUXHUM — JUCKO-
06pasHbIM. Konkpernas CTPYKTypa dyHKUMOHATA SHEPTUU
v =v(0, n;, Vj n,, Kij ), KOTOpbI# UMEET JOCTATOUHO TPOMO3IKUI BUA, IPHBELE-

Ha B [36].

6. MATHETUK C IIOJIHBIM HAPYIIIEHUEM CHMMETPHH
OTHOCHUTEJIBHO CHHHOBBIX BPAIIIEHUII

B nanHom u mocnenpyomem pasienax Ml OCTAaHOBHMCS Ha H3yYEeHHU
MariUTOyNOPSMOYEHHBIX CHCTEM C HApYIIEHHOH CHMMETPUEH OTHOCHUTENBHO
CMUHOBBIX BpaweHui. Ciydali NOJIHOTO HAPYIIEHHS] CHMMETPHH OTHOCHTENbHO
CIIMHOBBIX BPAIIEHMH B MACHUTHBIX CPENaX BIEPBBIE PACCMaTpPUBAICS B [39].
JluHeiinbie TUHAMUYECKHE ypaBHEHUS LI TAKHX CHCTEM nontydenst B [40,41], a
HX HenuHeiiHoe 0606wenue 1aHO B paMKkax Metoa eHOMEHONOIHYECKHX Jiar-
paHXuaHOB B [25,42], a TakXe B raMuIbTOHOBOM nogxonge B [16, 27]. Ananus
BOSMOXHBIX CNIEKTPOB CIIHHOBBIX BOJIH IIpoBeeH B [25,41,42] 6e3 yuera npouec-
COB pelaKcallid W B MPEIINONOXEHHH, YTO COCTOSHHE PABHOBECHS MATHHUTHBIX
CHCTEM SBJISETCS TPAHCIALHOHHO-UHBADHAHTHBIM.

Jnst afeKBaTHOTO ONMCAHMS TEPMOIMHAMHKM M KMHETHKH CHCTEM CO CIIOH-
TaHHO HAPYLICHHOH CHMMETpHell HEOGXOAMMO BBECTH B TEOPMIO AOMONHUTEIb-
HBIC TEPMOIMHAMHYECKHE NapaMeTpPhl, KOTOPbIE HE CBA3aHBI C 3aKOHAMM COXpa-
HEHHs, a 06YCIIOBTEHB! (PU3UYECKON NPUPOION asbl HCCJIEyEMOTO COCTOSIHUSI.
Hssectno [43], 4T0 B ciyyae CHCTeM C MOJHBIM CIIOHTAHHBIM HapylieHHeM
CUMMCTPHH  OTHOCHTE/IBHO CIMHOBBIX BpAINEHMH STHMH JUHAMHYECKHMU
BE/IMMMHAMH ABIAIOTCS YITBI OBOPOTA @, OCYUIECTBISIOUIAE N1aPaMETPH3ALHMIO

TPYNIBl TPEXMEPHBIX BpPAIEHHH CHHHOBOrO IIPOCTPAHCTBA, MM CBA3aHHAS C
HHMH BEIECTBEHHAd MaTpULa M0BOpoTa a(®) (ad = 1, 31eck U nanee nox 3HAKOM
~ TIOHUMACTCH Onepauus TPaHCIOHUPOBAHMS), KOTOpAs B SKCIOHEHIHATbHOM
napaMeTpU3aLii UMEET BUJ

a() = exp (-€9), (E(P)aB = EOCBY(pY . (6.1)
C Mmatpunei noBopota a(@) conocrapasoTca npaBas ©, W jeBas ®  Audce-

penunaneHbie opmel Kaprana, onpenengeMbie cooTHOMEHUSIMU

1 1
O = ) eaﬁyamvk Ay B = 5 Eaﬂya)‘yvk A - 6.2)
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Iinst monyuenns anre6Gpst CIT nuHaMM4eCKHX MEPEMEHHBIX MarHeTHKa 3anuiieM
KMHEMaTU4ECKYI0 YacTh JlarpaHXuaHa B BUIC

L=]d% L 0 £,0=-50 0, 6.3)
rie o, — Jjesas ¢opma KapraHa, cBs3aHHas ¢ BpEMEHHOH NPOU3BOAHOM:

o, = 2 aﬁ y(aa) % -

Haiinem kaxkue-nu60 npeoOpa3oBaHusi, OCTaBis0IiHE KHHEMATHIECKYIO 1acTh
unBapuaHTHOH. C 3TOM LENbI0 PaCCMOTPHM BapHallH SaaB MaTpHULbl MOBOPO-

Ta, U KOTOPBIX COXPAHSIETCA YCIOBHE OPTOTOHATBHOCTH aa=1:
daa +a da=0,
Tak Kak BapHalHH SamB onpeaensoTcs TpeMs GECKOHEYHO MATBIMHM MapaMeT-

paMH (Hanpumep, BapHalUKsIMH YITOB @ B topmyne (6.1)), To B KauecTBe 3TUX

napaMeTpoB MOXHO NPHHATH BENHYHHBI

RaB=a(w SauB , R=-R.
Bapuauus nesoit ¢opmel Kaprana wis npeoGpasoaHuii
da=aR 6.4)
paBHa
. 1
Sma=Ra+(me)a, R(l:EE(lBYRYB' (6.5)

PaccMoTpuM He 3aBucsiuue oT BpemenH (R =0) sapuauun (6.5), u, Hapsny ¢
HMMH, npeoOpa30BaHust MIOTHOCTH CIIHHA:

=@xR),, 85, =(sxR) . (6.6)

3akoH npeoGpa3oBaHUs IUIOTHOCTU CMHHA OMPECTIEH TaKUM o6pa3oM, 4ToObI
KHHEMaTHYecKas YacTh jlarpaHxuaHa Obila HHBAPUAHTHA OTHOCHMTENBHO AaH-
HOTO KJiacca BapHaluH, 8Lk=0.

'enepaTop npcoGpa3oaa}mﬁ (6.4), (6.6), cornacHo ob1ueil TEOpHH, paBeH
— 3
G=—= 2 uﬁYJd XS (x)a (x)Sauﬁ(x) _[d x5, (R (%)
IIpeacraBuM KaHoHHdeckue npeoGpasosanus (6.4), (6.6) B Bune
80,50 = lagg(e), G}, B, () = 15,00 G). 6.7)

Bripaxas Bapuauuu da, Os uepes BeluuuHy R:

8ays == AoalopRys  85q =EqpypRy
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U CpaBHMBad JIEBYIO U MpaBylo dactu ¢opmyn (6.7), B cuiy npou3BOJILHOCTH
R, naiinem CII:

{aaﬁ(x), sy(x’)} = aap(x) EPﬁY S8(x — x), {sa(x), sﬁ(x')} = EGB Ysy(x) 8(x—x"). (6.8)

Ins nonyyenus CII {aaB(x), auv(x’)} BOCIIOJIb3YEMCSl 3KCIIOHEHUHANIbHOW napa-

meTpusaumeil (6.1) marpuubl TOBOPOTa W, BBIMHCIAS NPOM3BOAHYIO d B
BEJIMYHHE O, MPEICTABUM IUIOTHOCTH KHHEMATHYECKON 4aCTH JlarpaHkXuana B

BHIE
. 1 da_
L (x)=8x¢,x), g =- 2 (XBYYOL[ a(p)\ lm (6.9)
Hapsny ¢ (6.9) paccMOTpHM TakKXe MIOTHOCTb KUHEMATHUECKOI yacTH
L70)=-9,(x) §,() (6.10)

(Beipaxenue (6.10) ornuuaercs or (6.9) nonHoit Mpou3BoaHOH MO BpeMeHH
((px'gk)). PaccmoTtpum Bapuanuuu

8([’;\(_/‘7) =0, ng(x) = Xx(x) (6.11)
(byHKUMH ), HE 3aBUCAT OT @, &), OCTABISAIOUIAE KMHEMATHYECKYI0 4acTb
MHBapuaHTHOH. Bapuauusim (6.11) coorBercTByeT reHeparop
G=-[d ¢ (x)x (.

ITockonbky

39, = {9,(x), G} =0,

TO OTCHOAA NOJYYHUM

(0,0, 9, ()} =0
M3 atoit hopmynsi, ¢ yuerom (6.1), cnenyer, uto

{aaB(x), auv(x')} =0. (6.12)
CooTHollueHHe x)\(x)= {gx(x), G} aBTOMaTHYecKH BbiNOJHseTcs B cuity (6.8) u
onpenenenus (6.9) BenUYHHEI 8-

Cucrema CII (6.8), (6.12) obpazyer asireOpy i NepeMeHHbIX MarHeTHKa C
NOJIHBIM HAPYIIEHHEM CHMMETPHH OTHOCHTENbHO CHMHOBBIX BpallleHHWH — TUI0T-
HOCTH CITMHA S (X) ¥ MaTPHLIbl IOBOPOTa aaB(x).

PaccMOTpHM Tenepp BONPOC O NOCTPOSHHU FEHEPATOpa HPOCTPAHCTBEHHBIX
TPAaHCHALUUA B IPOCTPAHCTBE NEPEMEHHbIX 5%, aaB(x). It KoHeYHbIX 1peod-

pa3oBaHUH
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X = x'=x(x)

OIpeNe/IUM 3aKOH IMpeobpa3oBaHus JUHAMHYECKHX NEPEMEHHBIX 5 (X), aaﬁ(x)

TaK, 4TOOBI KMHEMaTHYecKas 4acTb JlarpaHXuaHa OCTaBalaCh HHBApUAHTHOIA,
Ly (s(x), a()) = L (s(x), a(x")):

S, (X) = s(; )= ' aaj:, 5 () aaﬁ(x) - a(;ﬁ x)= aaB(x)D (6.13)

HeiicTBurensHo, U3 (6.13) CJIENyeT, 4TO
» m(xﬂ(x) - (D(;B )= maﬁ(x)’
U TIODTOMY
Lo=-[d%s] () o) ()=~ [ S5, () @ (3). (6.14)

CornacHo (6.14), Bapuanuu MHAMHYECKHX NEpEeMEHHBIX §, a nMpu GECKOHEYHOo
MajibiX mpeobGpa3oBaHHaX X, X = X+ le.(x) OOJXHBI  OBITH  ONpesmeneHsl

paBeHCTBaMu
Ssa(x) =5, (¥) ~ 5,0, da 5= aO’tB (x) - aaB(x). (6.15)
C yuetom (6.13), nnst Bapuanuii (6.15) MOJTYy4UM
Ssa(x) = —Vk(sa(x) Sxk(X)), 5aaﬁ(x) =— Sxk(x)Vk aaB(x). (6.16)
I'eneparop npeoGpasosanuii (6.16) umeer sun

G=- % fupy [a%xs @ 8a). 5 = [a%s ) ) 85,00,

HITH

3.8 S _ :
G=[dmw o, w=s0,. (6.17)
Bennyuna nlsc(x), Oupelie/igiomas reHepaTop NPOCTPAHCTBEHHBIX TPAHCAILHH B

IPOCTPAHCTBE NMEPEMEHHDBIX §,d , UMEET CMBICH IUIOTHOCTH HMIIY/IbCA MArHO-
HOB. [lockonbKy Uit KaHOHMYECKHMX TpeoGpa3oBaHHmii COPABEANTUBO MPENCTAB-
JeHue

854() = {5400, G),  8ag(x) = {a,4(x), G),

TO, HOACTaBAA CloA BBIPaXeHUs Ui BapHaumii (6.16), ¢ yuerom NPOU3BOJIb-
HOCTH (PYHKHHUI dx (x), monyunm CII:

{3500, MG} = 5,()V 8(x - x7),

{aaB(x), 1r;c(x’)} =—8(x — XV, aaﬁ(x). (6.18)
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Hns waxoxnenus CII {m(x), ﬂfl"(j'c)} 3anuileM Bapualuio JieBoi ¢opmbl Kapra-

Ha npu npeo6pasoBanuax (6.16). Us onpenenenus (6.2) cienyer, uto
Smak(x) =— 8xl(x)Vl O, (x) = (’)al(x)vk le(x). (6.19)
Orciona, npuH¥Mas BO BHUMaHMe BbIpaXEeHHE I ni, MOY4UM
57t‘1:(x) =- n‘lv(x)Vk B (x) - Vl(n‘;((x) dx (x)).
Ilpencrasnas, ¢ npyroii cTopoHs, BapHaLHI0 BTCZ B BUze

80 = (1(), G}, G = [ d % wi(n) 8x,(x) (6.20)

W CpaBHHUBasd JICBYIO M NpaBylo YacTH opmyns (6.20), B cuny NPOU3BOJIBHOCTH
hyukuuii Sxi(x), Haiigem CIT:

{n;(x), m(x)} = n‘[v(x)V}: O(x ~—x') — nz(x')V[ S(x ~ x'). (6.21)

Kak cnenyer u3 (6.21), CIl anst nnotHocTH UMIy/IbCA MarHOHOB MMEIOT CTaH-
DapTHbId BUA (cM.(2.12)).

[InotHocTs Hepruu paccMaTpuBaeMmoil MarHHTHON CHCTeMb B ofwem cny-
uae npencrapnser coboil PyHKUHOHAN CIHHOBLIX MAOTHOCTEH 5,(%X) u oproro-

HaNbHOH MaTpHubl IOBopoTa a(x):
&(x) = g(x, s(x), a(x')). (6.22)

YpasHeHus apuxenus, coorsercTyolne CII (6.8), (6.12) u dynkunonanbho-
My BbIpaxXeHH10 (6.22), 3anuchiBaloTCs B BHie

s =€ —SHs +—8i] a a.=a ¢, (6.23)
o aﬁv[ss Y 8a, Y| ToBpT Toap pPy g ‘
p B Y
U ABIAI0TCS 0606leHneM ypaBHeHUs JNanpay — Jlunua Ha MarHuTHble

CHCTEMBbI C MOJIHBIM CIMTOHTAHHBbIM HapyumeHueM CUMMETPHH. Kak CJIeayer us

(6.23), B obwem cnyuae BenuumHa $? e coxpansiercss. OTMETHM, 4YTO U3 al-
re6pst (6.8), (6.12) Moxer 6biTh BbigesieHa noganre6pa CIT TonbKO CIIMHOBBIX
NMEPEMEHHBIX s (X), YTO COOTBETCTBYET paccMoTperunio deppoMarHeTika. 3am-

KHYTas OMHAMUKA VIS [EPEMEHHBIX S, TONY4aeTcst B NPEAINONIOXEHUH, YTO
FaMUJIbTOHHAH CHCTEMBI HE 3aBHCHT OT MaTpHLbl OBOPOTA g CDopmynupOB-
Ka raMHIBTOHOBA MOAXOAA TONBKO IS TEPEMEHHbIX s, 0e3 npusneuenus
MaTpHLl OBOPOTA aaB((p), HEBO3MOXHA, TaK KaK B 3TOM CJlyyac YHCIO He-

3aBUCUMBIX THHAMUYECKUX [EPEMEHHBIX Sa ABAAETCA HEYETHBIM.



460 UCAEB A.A., KOBAJIEBCKHH M.IO., ITEJIETMHAHCKHN C.B.

3anuuieM Teneph ypaBHEHUs AMHAMUKH B JIOKaIbHO# (popMe (B OTIHYME OT
ypasuenwmii (6.23) B HesoKabHO# (bopme). Mbr OyieM mpeanosarath, 4To WIOT-
HOCTb SHEPIUM sBNseTcss (PyHKUMeil BeTudMH s, a, Va WM, 4TO TO Xe camoe,

(hyHKUMEH BENMYMH S, d, O

&(x; s(x), a(x)) = &(s(x), a(x), ®,(x)). (6.24)
Kpome TOro, MoCKOJIBKY OCHOBHBIE B3aMMOJEHCTBHS B CUCTEME HOCHT oOMeH-
HbIH XapakTep, OyleM CuYMTaTh, YTO IUIOTHOCT JHEPIWH HHBAPUAHTHA
OTHOCHUTENIBHO OJHOPOIHBIX BPALICHHI B CHIMHOBOM MpPOCTPAHCTBE, OMMCHIBAC-
MbIX Matpuuei b: -

£(x; bs(x"), a(x")b) = &(x; s(x"), a(x")). (6.25)

U3 dopmynsl (6.25) caenyer, 4To

&s, o, ,a) = glas,aw,, 1) =&(s, @), (6.26)

e s=as, ®=a0, . Ipunumas Bo sauManue (6.2), (6.8), (6.12), nomyunm

‘COOTHOILHCHHUA

{540, @)} = ag @IV 8x =), {540 5500} =0,
NPHBOASAIINE K CBONCTBY MHBADHAHTHOCTH BEJUYUH S, O, OTHOCHTENLHO IO~
GabHBIX MOBOPOTOB:

(8, 0 D) = (Spp 5500} =0,

YTO COOTBETCTBYET CBOMCTBY MHBapMaHTHOCTH IIIOTHOCTHU 3Hepruu (6.26):
(5 6@} =0, S, =]a%s 0. (6.27)

®opmyna (6.27) mosBonsier 3anucarth AuddepeHUHaTbHBIA 3aKOH COXpa-
HEHMs IUIOTHOCTH CIIMHA sa(x) g Bune (1.17). Beuucnssa CI1 B (1.17), ¢ ucnons-
30BanueM (6.24), (6.8), (6.12), 11 IIOTHOCTH TIOTOKA CIIMHA j,, TONYYMM

s
ok
JuddepeHInaTbHBIA 3aKOH COXPAHEHUs SHEPrMHM PAacCMATPHBAEMOi CHCTe-

mbl umeeT Buf (1.18). Briuncnenne CII B (1.18) npusogyt K ciedylo1ueMy Bbipa-
XEHMIO U IUIOTHOCTH MOTOKA YHEPTHH:

g = Je  de
= —
ds, 00,
Panee Mbl NOJYUWIH BbIpaXeHUe [l reneparopa 6eCKOHEYHO MaIbIX Mpo-

CTpaHCTBEHHBIX TpaHcisumi (6.16). U3 dopmyn (6.16), (6.19) cnenyer ycnosue
TPAHCASIMOHHON HHBAPHAHTHOCTH IUIOTHOCTH SHEPTHU!
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(P e@} =V, e, P,=]dxs 0.

Otciofa uis IUIOTHOCTH UMITYJIbCA MAarHOHOB ﬂ?;c nonyuuM auddepeHnanbHbli

3akoH coxpanenus (1.16). Boiuncnenue CII npuBOOUT K BhIpaXeHHIO
= Je 5 4+ Je
k= 7| €% g, [Pkt Pui je
o
3neck f;, — MIOTHOCTH TMOTOKA MMITY/IbCAa MArHOHOB (TEH30P HATSXEHMU).

Takum 06pa30M, AUHaAMUYECKHUE YpABHCHHUA I MarHcTHKOB CO CIIOHTAHHO
Hapymeﬂﬂoﬁ CHMMCTpHeﬁ B WIMHHOBOJIHOBOM CJ1y4ac UMEIOT BUL

o€ . o€

5. ==V, ——  a.=a g, =—.
o k ’ o
amak af p pﬂvasY

Otciona u u3 (6.24) cnenyer opmyna

2
kasa 0w,

YTO HAXOAUTCd B COOTBETCTBMH C BBIPAXEGHMEM JUIS IUIOTHOCTH [OTOKA
BHEPIUi ¢,.

B cuny onpegenenns mioTHOCTH 3Hepruu (6.26) nenecoo6pa3Ho B KayecTse
HE3aBHCHMbIX [IEPEMEHHBIX BHIGPATs BEAMUHMHBI 5 , ®,. Torna

_y 9& _oe a =g 9e
k95, 0w, ‘0BT amf’pﬁaiy’

.o 0e % d (6.28)
fo=Vig o, tiab| B35 T g0 |

W3 ypaBHenus OBUXeHHMS id Matpunsl a B (6.28) ciemyer ypaBHeHHE

JABUXCHHUA IJIsE BENUYHUHBI k'

Je 3
D=V s TEapy Oy, - (6.29)

o =Y
Ypasuenus (6.28) onpenendiotT AMHAMHUYECKHE CBOICTBA cHUCTEMBI B nipeHeOpe-
KCHHM JMCCHUNIATHBHBIMH IIPOHECCAaMH H  ONMUCBHIBAKT HH3KO0YaCTOTHYIO
AWHAMHUKY MHOTONOAPEICTOYHOr0O MarHeTuka ¢ 0GMEHHBIM B3aUMOAEHCTBUEM,
KOIa IIPH JOCTaTOuHO OOBIINX BpemeHax Onaromaps cuibHOMY oOMeHy
opMHpylOTCS XeCTKHE KOMIUIEKCHl CIIMHOB, KOTOpHIE NpPAaKTHYECKH He je-
q)OpMI/IpyIOTCﬂ U OpUEHTalUHA KOTOPHIX 3anacTcAa Manl/IHeﬁ MOBOpOTAa a.
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7. OOJHOOCHBIH ‘CIIMPAJIbHBIA MATHETHK

PaCCMOTpHM cnyqaﬁ OAHOOCHOI'0 CIIHpaIbHOIO MarHeTHKa, Koraa IioTHOCTh

9HEpPruM Kak (t)yHKLlHﬂ BEKTOpa CnHHa _.Sa H BEJIMYHMHBI i HMECT BUO

8_8(1(1—(1 o @) = &, pk) 7.1
rae la — €IWHHUYHBIA BEKTOP CNIOHTAHHON «aHU3OTPONUM», HE 3aBUCALLUMI OT

KOOpAMHAT U BpeMeHH (MOJYEPKHEM, YTO MIOTHOCTb 3Hepruu (7.1) mo-npex-
HEMY MHBapMaHTHAa OTHOCHMTENbHO CHWHOBBIX  BpaileHMil). Aunrebpa
IMHAMHYECKHX TIEPEMEHHBIX — KOMHOHEHTB! CMIHHA § BAOJb OCH aHH30TPONUHU
W BEKTOpA CMIMPAIN P, — MOXET ObITh MonyyeHa, ¢ yuetoM onpeaenenus (7.1),

n3 Gonee obuieil anrebGpsl EpEMEHHBIX S Ot

(5,00, 85D} = = €5 5,80 =2, {0, (), @)} =0
{540, 0, (1)} = &5 @, (x) 8x = x) + 8,5V 8(x — x)
H nMeet Bun
{s(, PN} = Vi 8(x = x), {s(x), s(x)} = {p(x), px)} = 0.

Idna Benu4yuH 8, p» cornacHo (6.28), (6.29), cnpaBeaIMBbl ypaBHEHHs

ABHXKCHHUA

oe . de
-V, o, p,=-V, 3 (7.2)

1 1
nOﬂCquHble 3Ha4YCHHUA CITHHA E(l H q)Oprl KapTaHa [Q)) L onpeaesieMoie co-

OTHOILUCHUAMH

=5l +st

_ _ 1
s o , O, = lapk +
YAOBJETBOPSAIOT YPAaBHCHHUAM BHUOA |

ael

= Eapyy 35 k-

1 ae Wt 0E
Caprly| 5B 35 + Dk 3p, ]

Hcrons3ys orpaHudenus, Hanaraemble Ha ¢opmbl Kaprana ®_, cooTHo-

menussMH Maypepa — KapraHa

\% V. ®

k Lo ~ z—akzeaﬁYQBk Oy

HETPpYAHO NOJYYHTH PABCHCTBa
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— 1o
Vep =V, P = Eopy Ly O ;5

i 1 Lo 1 1 _
Vk —a—)yi - Vi ka - (877» - ly l?») 87»043 Dok 9[31‘ + 'c“(xB'y (@—(xk lﬁp it —@Bi lap k) . (1.3)

Jlerko BUAETH, YTO MOC/IE/IHEE COOTHOWEHHE CONEPKUT TPUEHATBHOE pelieHue
c_o;;, = 0, Bcneacteue yero ycnosue (7.3) ais BekTOpa cnupanu p, npuobperaer

BUJI
rot p = 0.

Jns nonepeyHoit KOMIOHEHTH CNIUHA EJ(; CHpaBeUTUBO YpAaBHEHHE JBUXEHUS

:v‘L l s‘l'-a—8

%0 Copy by £p 35 - 74

Jlnneapusauusa ypasuenwuii (7.2), (7.4) okono PaBHOBECHBIX 3HAYEHUH § = so,
P = pg HPUBOOHUT K ABYM TOJACTOYHOBCKHM [44]:

o’e e o
©,(k) = k, 9,05 + 2 3, o, k; k,

. . 2 de ¥
M OJHOH aKTUBALMOHHOH " =| = | MomaMm.

as

8. AHTUDEPPOMATHETHK

PaccMoTpuM Teneps ciyyait [45], Korma 3aBHCMMOCTb OT MaTpuibl IOBOPOTA
dyp B TAMUIIBTOHUAHE CHCTEMBI CONEPXKHTCS TOJNBKO MOCPEACTBOM KOMGMHAIMH

—lﬁaﬁa =1, Qﬁ — HEKOTOPBIH TMOCTOSHHBII BEKTOD):

€= g(s,, -lﬁaﬁa) = &5y, L) (8.1)
BekTop anTHeppomarneTuma l, W MIoTHOCTH crMHa $, ABIAIOTCS TeMH

OCHOBHBIMH NTHHaMMYECKMMH MEPEMEHHBIMH, B TEPMHUHAX KOTOPBIX CTPOHTCS
THApOAMHaMUYeCKast (HH3KOYACTOTHasA) TeopHus anTUdeppoMarkeTika. Anre6-
Pa NepeMeHHEIX 5, la MOXeT OBITh MOJTyd4eHa, ¢ yueTom onpenesenus (8.1), us

Gonee obueit anrebpoi (6.8), (6.12) MepEMEHHBIX opr Sq M MMEET BU
{550, 55} = ¢ 5,(%) 8(x — x'),
(5,00, Ip))} = £, 1(3) 8x — ¥,
{1,(x), lﬁ(X')} =0. (8.2)

afy
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IMonaras B (1.6) mociaegoBaTEIbHO (pa(x)=sa(x) u (pa(x)=la(x), MOTYyYUM

YpaBHEHUs IBUXEHHs IS CHMHA S M BEKTOpA aHTH(EppOMarHeTHsma l, B

8H 8H ]
aﬁv[ Ss 61 J

BHIC

p 7 O

. SH, (8.3)

Eapy S—SB Y

HnrerpupoBanne ypaBHeHHH (8.3) 3HAUMTENBHO YNPOLIAETCS B JUIMHHOBOJIHO-
BOM [Npelesie, KOraa MPOCTPaHCTBEHHbIE HEOQHOPOAHOCTH AMHAMMYECKHX
nepeMeHHbIX Manbl. OTMETHM, Y4TO MPH MnonydeHun anrebper (8.2) Mbl cuuTANH
BEKTOp aHTH(eppOMarHeTH3Ma BEKTOPOM MPOM3BOABHOH JiMHbL. Takoe OrH-
caHHe 9KBHBAIEHTHO ONMMCAHHUIO aHTH(eppOMarHeTuka B TEpMUHAX €HHHYHO-
ro BeKTopa [ , ecilM CYMTATh, YTO (PYHKLHOHAT SHEPTHM CHCTEMBI 3aBUCHT OT

I, TONBKO IOCPEACTBOM OTHOLICHHS la/l. B panbHeiimieM mbl Gyaem Bcromy
3
ABHO npeanonarate [ eJMHUYHBIM BEKTOPOM, 1(12 = 1. TIlpn 3TOM, MOCKOJIbKY
2 .
BeTHYHHA la apnsercs uHterpasioM asuxenus, CI1 (8.2) coxpausior cBoi BHA

W Iid ciydas lm2 = 1. Cuuras, 4T0 MJOTHOCTh DHEPrUU sABNseTCE (yHKUHEN
BeJIMUUH S, la, Vkl WIH, 4YTO TO Xe caMoe, YHKUHEH BEIHYHH
o la, vakE_eaBle kly

&(x, s(x), I(x")) = &(s(x), I(x), v;(x)),

NOJMyYuM OMHAMHYECKHE ypaBHEHHS B JIOKaibHO#M ¢opme. B cuny Ttoro, uto
BapHALMH BEJMYMH [, v, HE ABJSIOTCA HEIABHCHUMBIMH:

18, =0, 18V + ak&a 0,
thukcupyem npousBoaHBIE _aaja_, a—?)g— (a — mnpou3sBonbHas tyHkuus

o
s, 1, vk) JOTIOJIHMTENbHBIMH TpeOOBaHUAMH

da da
ha =% ey =0
[0
C yuetom aroro u ¢ yuetom ¢opmyn (1.17), (1.18) npencraBum AuHaMH4YECKHE
ypaBHeHusl aHTH(EppOMarHeTiKa B JUIMHHOBOJIHOBOM MpeEJeNne B BUIE
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Jde . Je  de : oe

sa=—Vkavak, £€=— Vkas a—vw:, l GBYE)BI' (84)

Orciopa cnenyer, 4To

og
oBy s
B
[lonunas cucrema ypasnenuit (8.4) onpenenserT AMHAMHUYECKHE CBOWCTBA aHTH-
(eppoMarHeTHKOB B TpPEHEOPEXEHMH AUCCHIIATHBHBIMU NPOLECCAMH. YpaB-
HeHns (8.4) NOMYCKAKT CUpaibHble PElleHus, IS KOTOPhIX 3aBUCHMOCTD OT
KOOpAMHAT W BPEMEHH BENUYHH § (X), la(x) onpegenseTcs GopMmyiaMu

. Jg
Ver =~ (5(,5 - lalﬁ) \ a—sﬁ +€

sx, ) =sa(x, 1), Ix, 1) =la(x, 1), (8.5)
rae S, 1 — HeKoTopbie MOCTOSHHbIE BEKTODHI, H MATPULA a(X, 1) UMEET B
a(x, f) = exp &(px — h1) b. (8.6)

3pech

- hn, = 98
Eov = eu).v s any = as) ’

n, — ENHHHYHBIH BEKTOP U b — NpOM3BO/IbHAS MATPHLA 1I0BOPOTA, HE 3aBUCS-
iasd OT KOOpAHHAT M Bpemenu. Beanuuna p, B (8.6) umeer cMbici BekTOpa
cniupand. M3 ypasnenuii (8.4) nonyuum orpaHMuyeHHMs Ha He3aBHCHMblE 3Ha-

YyeHUd yL,v o
pk—a—a—(xk

€ n ls (n’—a-e— - ae =0
apv v —p\ }»ag}\ pkagpk :

OTMETHM, YTO WIS CIUPATBHBIX pewennii (8.5), (8.6)

Vor = dapVp = Bop — Ly 1) ngpy-

lO

s

JInneapusauns ypasHenuii (8.4) BONM3M COCTOSIHMS paBHOBeCHS l,=

p, =0, s, = 0 NpMBOAMT K CNEKTPYy CIMHOBBIX BOJH [45]:

. 2
2 22 2 Lat(a de

~lalp) 35 95 2%

4TO COBMAJACT C PE3YJbTATOM paboThl [46].
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9. MATHETHK C KBAJIPYIIOJIBHBIM IMAPAMETPOM IIOPAIKA

B aTom pasacjic Mbl IIOKaXeM, Kak, UCXO0Ad U3 CTAHOapTHOrO BBIPAXEHM

1Sl IEUCTBUS
t

2
3 .
w=[ar|d%(c @ a, @ - He, a) ©.1)
of Ba

tl
(CaB, Oyg — MAMHAMHYECKHE NEPEMCHHEIC, H — raMuibTOHHMAH), MOXHO
NOCTPOUTh HHUHAMHKY MaFHHTOyHOpﬂHO‘{CHHBIX CUCTEM C KBaJIpYyItOJIbHbIM
napaMeTpoM [MOpsiAKa, CBS3aB (OPMasibHble NMHAMHYECKHE IepEeMEHHbIE

caﬁ(x),,aaﬁ(x) ¢ U3NYECKUMH JMHAMHYECKHMH [EPEMEHHBIMH, KOTOpPbIE

UCIOJIB3YIOTC B Teopun MarHeTusma [47]. B ortnuuue oT npensimyuiero pac-
cMoTpenud, B (9.1) mon marpuuei a,p MOHUMAETCS MaTpPULA MPOU3BOJILHOTO

addunnoro npeobpasosanmnsi. CMsicn ynorpebieHHs OHOIO M TOro Xe 0603-
HaueHus OyHeT sceH M3 JalbHeiiuero u3noxeHus. Mcnons3ys M3BeCTHBIE BbI-
paxenus s CI1 tuHaMuYecKuX NepeMEHHbIX d, C:

(@300, @, () = (@), €, (X)) =0,
(@50, €, (X)) = 85,80, 80x = 1), ©.2)
MoxHo Haiitu CII A (bI/I3I/I‘lCCKI/IX AUHAMHUYECKHUX NMEPEMEHHBIX KBaApPYIOJib-

HOro MarHeTtuka.

[onyanm mpensaputensio GOpMyNBl, CBA3BIBAOLINE AMHAMUYECKME Mepe-
MEHHbIE @, ¢ ¢ TUHAMHWYECKUMH NEPEMEHHBIMH, UMEIOLIMMH HEMOCPENCTBEHHbI
dusndeckuii cMpici. BBejeM CIIMH CHCTEMBI KaK [eHEPATOpP OJHOPOMHBIX BECKO-
HEYHO MaJIbIX BpAILEHK, XapaKTepU3yeMbIX YIJIOM S(pa. Tak Kak npu rmoBopore,

OIUCBIBAEMOM ManHHeﬁ b, MaTpHlbl @ U C npeoGpa3y10TCﬂ COITIaCHO PaBEHCT-
BaM

a—d=ab, ¢c—c =bc

(HpH 9TUX HpCOGp?BOBaHI/IHX ocTraercs HHBapHaHTHOﬁ KUHEMATHYECCKad 41acTh
t

2

neiicteus W, = J- dt f d% CuB(x) dﬁa(x)), To, mnonaras b=1+¢, € =
t
1

=€,y 3¢,, nony4um

SaaB =g Yﬁvaoq(éS(pv, Sca[i = vtxvcvﬁ&pv‘ 9.3)

Jlerko BugeTs, yTo Bapuauuu (9.3) npeacTaBuMbl B BHOC



FAMUWIBTOHOB T10XO[ B TEOPUH 467
8a4(1) = lagg®). Gl Boyp(®) = o). G,

mé
_ 3
G =80, I d xeaﬁfw(x) avﬁ(x),
€CTh TeHepaTop npeobpazoBanuii (9.3). 3anuckiBas ero B BuE
G =8¢, [ d3xs (),
A1 TIOTHOCTH CNIMHA S (X) MOMYYHM BBIDaXEHHE

sa(x) = eaBYcW(x) avﬁ(x). 9.4)

B nanbueiimem Ham yno6uo 6yner BBecTH TEH30P g q:

gaﬁ = cavavﬁ. 9.5)

Toraa nnoTHOCTH cnMHa Bhipaxaercs uepes aHTHCHUMMETPHYHYIO 4acTh Bop’

a l
So(X) = Eopy 8130, 8y, = (8, — 8- (9.6)

B cBow ouepens, kak crenyer uz (9.6), AHTHCHMMETPHYHAd 4acTb TEeH30pa
8 ORHO3HAYHO ONPENENAETCH MIOTHOCTHIO ClHHA

a __1
8o = 7 3 Eupyly:
O6o3Hayas

; 1
8ap =fop “8ap =75 Bup * 8pe: 9.7)

3anvueMm

- 1
Sop =Jup = 3 Eapyy:
Taknm 06pasoM, B KauecTBe AMHAMUYECKUX MEPEMEHHBIX CHCTEM HeoOxoxumo
BbLIOpaTh MJIOTHOCTH CMHHA 5,(x), Marpuuy aaB(x) NIPOU3BOJILHBIX apPUHHBIX
npeo6pa3oBaHUil, a Takxe CHMMETPHYHYIO MaTpHULLY faﬁ(x) (B nanbHeieM Mbl
BbISICHUM, 4TO MaTpuua faB ABJIAETCS MaTpUUed KBagpyMONbHOIO MOMEHTA).
YuursiBas npeactasnenue (9.5) Marpuuel 8ap M copmynsr (9.2), nerko mo-

JY4MTb CREAYIOUYI anre6bpy mwis nepeMeHHbIX aaB(x), gaﬁ(x):

(ag(0), £,,()) = 8,40 (x) 8x — x),
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{84p(): 8@} = (84, () B, — £, 8,) Blx — ). 9.8)

IlepemeHHbIE sa(x), faﬂ(x) CBSA3aHbI C MEPEMEHHBIMH gaﬁ(x) COOTHOLUEHHSIMU

(9.6), (9.7). Orcroga u n3 (9.8) Haiigem CII mns gMHAMHYECKHX MEPEMEHHBIX

sa(x), aaB(x) uf aﬁ(x):

{faﬁ(x)’fuv(x’)}z (e O, + €O + €40, + €

oy Br T TPy Byv o oyt BV) 5.(x) &(x — x7),

{s,), fﬁy(x’)} €qpp Sy f @) + Eg fB p(x)) 3(x - x),
{s,(), sB(x’)} = eaBYsy(x) o(x — x), 9.9)

(), 5,00} = 800 8 = XD, {20, @, (@)} =0

@+ 5 (9.10)

(a0 )} =5 @ () 8(x = x).

Buorv pvon

Hepsbie Tpu Gopmysst (9.9) onpedensioT noanredpy AMHaMUYECKUX nepe-
MEHHBIX S, f. IIpuBenem (usuuecky HHTEpHpeTaLuio sToi noganre6pl. C 9T0M

HeNbI0 3aMEHHMM, COTJIaCHO OOIINM npaBHIIaM KBAHTOBOH MEXaHMKH, JUHAMH-
YeCKHe MEepEeMEHHBIE S, faﬁ Ha OTEepPaTOpHI sa, faﬁ u CII {..., ...} Ha KOMMYyTa-

TOPBI % [..., ...]. Torna coornomenud (9.9) npuMyT BUI

g Fyy 0] = 7 CoB + EppaBins + EpBay + EryBp) 5,00 806 = 1),

15,80 o (0] = i o) + B Fp) 86 = %)

5,(6) 8(x = x).

[5,, (%), QB(x’)]' = iggg, 5

Jlerko nmpou3BeCcTH pealu3aluio 3TOH aJIrerbI Ha s3blK€ CIHHOBBIX MAaTpPHII,

T =
COOTBETCTBYIOLIUX CHUHY § = 1 ((sa)uv auv) a UIMEHHO

A _lfan An 2 n
fop=73 [sasﬁ + 3580 =3 8yt ] ©.11)
A
Tak KaK oneparop fyg MpeACTaBIzeT coboli oneparop KBagpynonbHOTO MO-

menTa (cM. [48]), TO, HCXOad U3 BTOrO, Ml OyIeM CYUTATh BETMIUHY fa[i B ¢op-

mynax (9.9) Marpuueii KBampymOJIbHOIO MOMEHTa CIMHA S =1, npuyem
Sp faﬁ = fyq = 0 (cooTHOWEHNE Joo = 0 coBMecTHO ¢ nopanredpoii (9.9)). Hc-
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none3ys CIT (9.9). nony4um ypaBHeHUS THHAMUKH U1 BEJUYMH § o faﬁ (xBagpy-

TMOJILHBIA MarHeTuK):

OH

50 = agp Fuo® 57 TR

OCBYS () (x)+28

1 O8H
fup® =5 T, Gt * B 5,0 +

oH
* Caiplap®) T Eoyp S ) 8s,(0) °

W3 obweit anre6pst (9.9), (9.10) MOXHO BHIREAUTS nopanrebpy IMHaMUYECKUX
nepeMeHHbIX a4p Sa (BeTMYHMHEL faﬁ B 3Ty nopanrebpy He BXOAST), KOTopas

COBMECTHA C JOTIONHUTE/IbHBIM yc0BHeM ad = 1. Dra nomanre6pa onpenensier
HU3KOYaCTOTHYIO THHAMHKY MHOTOTIOAPEILETOYHOr0 MarHeTuka (cM. pasn.6).
OtMeTHM, YTO KBaHTOBO-MEXaHWYeCKas JMHAMHKA KBagpyNOIbHOTO Mar-
HETHKa €O COMHOM s = 1 usyyanacw B [49,50]. Opnako Tam paccMarpusanacs
ML THHAMUKA YHCTHIX COCTOSHUH B TEPMUHAX YETHIPEX HE3aBUCHMBIX Mepe-
MEHHBIX. MBI Xe 1 ONUCaHWs AMHAMUKH KBaJPyIOJbHOTO MArHETHKA, C yde-
TOM npeactagienus (9.11), ncnonpsyem nonHei HaGOP CPENHUX OT BOCHMHU Ofle-
paTopos sa, faﬁ’ cocrasnsiomwux anredbpy Jlu SU(3). Bro comacyercs ¢ 9hciom

[EPEMEHHBIX, UCIIONB30BaHHBIX B [51] npu M3yuenuM OCHOBHOrO COCTOSHHS U
CMEKTPAa MAarHeTHKa ¢ OXHOMOHHOH aHH30TPONHEN [/ cliUHA § = 1.

10. CBsI3b TAMHJIBTOHOBA U JIATPAHXEBA ®OPMAJIM3MA

Kak yxe ormeyanoce paHee, nMHaMMYECKHe YPABHEHHS A1l MATHUTHBIX
CHCTEM C IIOJIHbIM CTIOHTAHHBIM HAapyHIEHHEM CUMMETPUM OTHOCHUTEBHO CIIMHO-
BbIX BpAIICHHH (POPMYJIHPOBATHCH C MCIOJIB30BAHHEM MONENBHBIX (DEHOMEHO-
JIOTHYECKMX JlarpaHxkuaHoB [25,42]. B jaHHOM pasjiesie Mbl MOJyYMM ypaBHEHHS
AMHAMHKM TaKHMX CMCTEM B JIarPaHXKEBOM IOAXOAE B OOLIEM BHIE, HE UCIIONB3Ys
KaKUX-TMOO MOJIEBbHBIX TIPEATIONOXEHHUIA.

JlarpaHxeB MOAXOA Ype3BBYAiiHO ynOOeH NpH (OPMYIMPOBKE CBOMCTB
CUMMETPUHM CHCTeMBbl. BBOIs B paccMOTpeHHME Ty WM MHYI CHMMETPHIO, NO-
" JIy4UM B SBHOM BHIE WHTETPAIBl ABUKEHHS VI PACCMATPHBAEMBIX MATHUTHBIX
CHCTEM.

DyHKuMs Jlarpanka MarHUTHBIX CHCTEM C TIOJIHBIM HAPYILEHHEM CUMMETpPUH
OTHOCHTE/ILHO CIIMHOBBIX BPAIUEHHIi SBISETCS (DYHUHOHATIOM MarTpULbl [I0BOPO-
Ta a, a Takxe opm Kaprana o, R
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L=[dx'L (a(x), o), 0,x). (10.1)

B o6MenHOM npubanxenuu miotHocTs (yHkumu Jlarpanka £ MHBapHaHTHa
OTHOCHTE/IbHO MPaBBIX OAHOPOAHBIX NOBOPOTOB B CIIMHOBOM MPOCTPAHCTBE

L (o, ®,,a) = L (wb, o,b, ab), (10.2)
rie b — npou3sBonbHas Marpuua nosopota. Ilonaras b = a, umeem
L=L@o.)=LO o).

BBeieM B paccMOTpeHHE BEJIHYHHY R, CBi3aHHYyI0O C Bapuauued MaTpHLbI

NoBOpoOTa da COOTHOLIEHHEM
1 ~
R, = 2 EGBfY(aaa)YB'

Bapuaunu dopm Kaprana 8(_0(1, 890(1( B TEPMHHAX BBEJAECHHOH BETUYMHBI HMEIOT
B ) .
8%=Ra+(gxg_q)u, 8@ak=Vk§a+(Bxgk)a. (10.3)
: 1,
C yuetom (10.3) 3anuiuem nonHyw BapHauuio aeiicTus W = J Ldt :

t

2
oL oL 3 oL oL
+ | a d3xR [O)X—) +(m X—J -~ -V, ——
,Il J —“[ o) | TH ao_»ka or 0w, K dw,

IMonaras 6t =0 u &z(t)lt = 8a(t)lt = 0, ¥3 NPHHIHKNA CTALMOHAPHOrO AEHCT-
1 2

BHS TOJYYUM ypaBHEHHs JIarpamKa:

0 oL oL oL oL
—————+V—=(gx——] + o, xXT— | . (10.4)
o 90, k9w, %0 Jq [ £ ooy ]u
B6HH3H peaJIbHOFO ABUXECHHUI CUCTEMBI BapHaumi ﬂeﬁCTBHﬂ HMEET BUL
_ . .3 oL
W =G(1,) - Git),” G = | d% ( R, S0t L8t ] . (10.5)

PaccMoTpum GeckoHeuHo Masible npeo6pa3oBanusi, CBSI3aHHBIE C BPEMEHHBIMU
TpaHcnauusMu. B stom ciysae W =0 (tak Kak L He 3aBHCHT SBHO OT Bpe-
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MeHu f) u R =-—w 8. TIlostomy u3 (10.5) ciemyeT 3akoH COXpaHeHHs

SHEPTUH
H=Jd3x[ L+w ~—] [ a¥ew). (10.6)

IIpy  GeckoHeyHO MalBIX MPOCTPAHCTBEHHBIX — TpaHCAIUUAX OW = 0,

R, = - O Sxk. CooTBETCTBYIOMIMI MHTErpal MBUXEHUS — HUMIYJIbC P, —

HMECT BHUI

oL

——demaka

PaccmoTpuM  Geckoneuno Mankle  cinHOBble  BpameHus. [lpu  3TOM
da Y}‘=ayp£pm&pc u R, =—aa‘38(pﬁ. CooTBeTcTByIOIIAs  COXPaHAOLIAICS

BEJIMYMHA — CHHH S B TepMuHax (ynkumy Jlarpanxa uMeer Bug
3 oLl
oL
ow

Beuny coornomenns (10.6), WIOTHOCTh BHEPIHM € CBA3aHA C IUIOTHOCTHIO
tynkuun Jlarpanxa paBeHCTBOM

8(31 w, , a) ==L ((D(S, (Dk)’ (Dk’ a) - sawa(sv (Dk)a

OTKyHa CJIeayioT (opMyJIbt

JeN L, () __(aL ) _,
B ()]

[Tostomy ypasnenus (10.4) sKBHBaJeHTHBI CHCTEME YpaBHEHMi

io—ae Je _vy o€
of af~ppr ask v S T k 3(0
NOJTYYCHHBIX paHee B paMKax aMHJIbTOHOBa MOAXOAA.

[Ipu GeCKOHEYHO ManbIX JIEBBIX CIIMHOBBIX BPALIEHUSIX 8a B = Eop qu) o%up H
R,=- 8(p Ecmu ¢yskums JlarpaH:ka OZHOBPEMEHHO MHBApMAHTHA OTHO-
CUTEJIPHO ITPABBIX M JIEBBIX CIIMHOBBIX BpauleHHii, To, coracko (10.2) u coorHo-

IMEHUA
L (o, 0, a) = L (b, bw,, ba),

HMEET MECTO PABCHCTBO
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B

H B paccmanuBaeMOﬁ MarHuTHO#N cucTeMe, NMOMHMO CIIMHa Sa, COXpaHsSETCA

TaKXe BeJIMYMHA
oL
o e 10)
—o

B KauecTBe KOHKPETHOro MNpuMepa (HEHOMEHONOTHYECKOro JlarpaHxXHaHa
MAarHUTHbIX CHUCTEM C TMOJIHBIM CAIOHTAHHBIM HApyLWICHHEM CHMMETPHH TNpHBE-
neM narpamkuaﬂ npemioxeHHbli B pabore [25]:

L= (a 13% O +2b, @ = gy gy Oy By — 2y O),
rae aaB, ba, C(!i, Bk, (Xk — HEKOTOpbIC q)CHOMCHOJIOFH‘lCCKHe NOCTOAHHDIC.

KOHKpeTHas CTPYKTypa 3TMX MOCTOSHHBIX, COOTBETCTBYMOILAs Pa3iHYHbIM
MardHuTHBIM cpedaM, rnpusefeHa B [42].

11. MATHHUTOYIIPYTHE CHCTEMbI

B pasn. 1—5 mm paccmotpenu anre6py CI1 nepeMeHHBIX KJ1acCHYECKOH
CIUIOLIHOH Cpebl M, B KauecTBe YacTHbIX CiyyaeB, mopanre6pel 3To# 0OLiei
anre6pbl, a TaKXe COOTBETCTBYIOILYI0 3TMM CKOOKaMm OMHAMHKY. AHaIOrHYHOE
PaccMOTpeHHe TpOBENEHO B pa3n.6—9 g psga MarHMTOYNOPAAOUEHHBIX
cucteM. B mannoMm pazgene GyayT H3ydeHbl MarHMUTOYNPYrHe CUCTEMBI, B HHCIIO
IWHAMHYECKHX TEPEMEHHBIX KOTOPBIX BXOAAT KaK I€peMeHHble, COOTBETCTBY-
IOIIIHE CIUIOLIHBIM CpelaM (ui(x), ni(x), o(x), Y(x)), TaKk M MEpPEMEHHbIE, COOTBET-

CTBYIOLLIHE MarHETU3MY (sa(x), aaB(x)).

anJICTaBPlM [UIOTHOCTh KHHEMATHYECKOH 4acTH JlarpaHxuvaHa B BUIE
£ ) = 1) b (iefx) = 0) W) = 5,(x) @, (0, (11.1)

roe

n-—n—oV\v S P -

Ins dopmynnt (11.1) MoryT OBITH caenaHsl Te Xe MOSCHEHHs, YTO U s ¢op-
myns (2.6). UMenno nocnennee cnaraemoe B (11.1) npexcrasnser coboii oT-
HOCTb KMHEMATHJYECKOM YacTH JlarpaHxkKUaHa JuIs MarHUTHBIX cucteM. CooTseT-
CTBEHHO MJIOTHOCTb MMIIYJbCA T, SBNSETCA TEHEPATOPOM MPOCTPAHCTBEHHBIX

TPaHCISUMHA B MPOCTPAHCTBE MEPEMEHHBIX U, , T, O, Y, Sy, dq, MIOTHOCTH

°
uMnybca T =GOV, Y — B NPOCTPAHCTBE NEPEMEHHBIX O, Y M IJIOTHOCTH
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HMIIyJibCa 11:;v = 5,0 ; — B IPOCTPAHCTBE NEPEMEHHBIX S am]3 (eM. (6.17)).

HOSTOM}’ NJIOTHOCTh UMINYJIbCaA, CBSI3aHHasA C TPpaHC/IAUUAMHU B IPOCTPAHCTBE
NEPEMEHHBIX u’., nl., HUMEET BUA

Y=m - oV )
T =T =0V, ¥ = 5,0

OTKyna W CleyeT CTPYKTypa MJIOTHOCTH KMHeMmaruyeckoi yactu (11.1). dns
nonydenus CII nepeMenHbiX MarHMTOYNpPYroil cpeabl MepenuieM MIOTHOCTb
KMHEMaTHYECKOH YacTH narpaHxuaHa B BHJE

L0 =p; () i, () = 6(x) Yx) = 5,(0) 0, (),
roe

| -1
p;= (ni - Gvi Y = 540 bij = njbi/ ’ (H-2)

Torna, paccmarpusas Bapuanuu (2.7), (6.4), (6.6), ocTaBnsOLHME KHHEMATHYC-
CKYyI0 4HacTp JarpakXuana MHBapuaHTHOMH, Haiinem CIT (2.10), (6.8), (6.12), &
KOTOpBIX Teneps 0GOOMEHHbIH HUMITYNbC p; onpenensercs copmynoit (11.2).

U3 dopmyn
(70, W)} = (1] (x), 0)) = {7/ (0), 5()) = (1(x), a&)) =0
u CII (6.18) cnenyior coornowenus (2.11) u CI
(70, @)} = 8x = x) V, ag(x),
{m,(x), sa(x’)} == 5,(%) Vl. S(x — x).
B cBow ouepens, u3 popmyn
P, p; @)} =0,
(), nb(x)) = m(x) V; 8(x — x') /() V, 8(x - x), b= (o, s)

Hainem CII (2.12). O6beaunss NOJyYEeHHbIE Pe3yNbTaThl BMECTE, 3aMUIIEM ajl-
re6bpy CII nuHamuueckux NEPEMEHHBIX MarHUTOYNPYrOH Cpeasl B BUIE

{m(x), o(x)} = - 6(x) V, 3(x - x), {m,(), W)} = 8(x — x) V, w(x),
{o(x), y(x)} = 8(x - x'), {u 0, ©(x)} = b, (x) 8(x - x),
{n(x), T (x)} = Trk(x)V; O(x — x') — ni(x')Vk S(x — x),

{m(x), aaB(X')} =8(x-x)V, a,5(%),

{m0, 5, (N} == 5,0 V. 8(x - x),

{5, (), SB(X')} = EO‘BYYY(X) d(x - x),

{55, ag () = ¢ ) 8(x — x) (11.3)

a
ayp Bp
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(3mecy BBIMMCaHbl TOJIbKO HeTpuBuaibHbie CII). Kak u B ciiyyae CIUIOLIHBIX
cpex, nepeMmeHHas W OymeT cuumTaThesd UMKIMYeckol. Ilpenmonaras, 4To
raMUJIbTOHHAH CHUCTEMbl HWHBApPUAHTEH OTHOCHUTEIBHO IPOCTPAHCTBEHHBIX
TpPaHCASL U, IPEICTaBUM €r0 B BHIE

H=[dY(), e =e@x o), X, by (), 56, agg(¥)).  (11.4)

YpaBHeHus ABUXEHHs MJI MEPEMEHHBIX MarHUTOYIPYroil Cpedsl, COOTBETCTBY-
wmue (11.3), (11.4), umeroT Bupg

6(x) ==V, [ o(x) % ] ux)==b; ) S?:% )
i J

. OH OH
T(x)=—T, (x)Vl 8 ( ) Vj[ﬂ:i(x) Wﬁnj ) ] (x)V 8b ( ) o)V, =~ So0)

0H = OH

$aVi 85,0 Ba gD 50

V.a B(x)

_ SH OH _OH
sa(X) = _Vi [Sa(x) 8ni(X) ]+ 8(1[37( 6SB(JC) S'Y(x) ﬂ( X) Gpy (X)

OH (11.5)

izaﬁ(x) V. aaﬁ(x) + aap(x) EoBY 55 (1) (x)

_OH
Sn( )
Crpyktypa ypaBHenuit (11.5) 3HauMTeNBHO ympoulaeTcs B IJIHHHOBOJIHOBOM
npezese, Korga NpoCTPaHCTBEHHbIE HEOAHOPOIHOCTH JHHAMHYECKUX NIEPEMEH-
HeIX Maibl. CyuTasd, YTO MJIOTHOCTh HEPTUM SBAsETCS (PYHKLHMEH BEINYMH O,
T, bik’ S Gapp Vk Top (w1y, 4TO TO XK€ camoe, He Vaaﬁ, a sieBoil opMmbl
Kaprana mak)’ MOJIyYMM JMHAMHUYECKHE ypaBHEHUs B JoKanbHOU dopme. Ecnu
NpEeaNOa0XHUTh, YTO IUIOTHOCTh SHEprud obnagaeT CBOHCTBOM MHBapHaHT-
HOCTH OTHOCHUTEJIPHO CIIMHOBBIX BpallleHUI, {Sa’ &(x)} =0, To MBI TOTYyYUM

mudepeHIaNbHBIH 3aKOH COXpPaHEHHs IUIOTHOCTH CIIMHA 5,(*) ¢ morokom
Jqpe OnpenensembiM opmynoi (1.17). Beruncnenne CII 8 (1.17) naer

5=V j o jo=s OB O
TV kok kK
a o aank acoak

(11.6)

HuddepeHunanpHplii - 338KOH COXPAaHEHUS IUIOTHOCTH DHEPrMM HMEET BUJ
(1.18). Ha ocHoge anre6pnt (11.3) naitgem

e=-V e ca—8+n£+ o
e UTon | ©90 T Mo, " e gs
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de_( de O Oe Je (11.7)
*acouk[asa“’w ani] i 9b,, o,

Hakoneu, ecnm nnornocrs SHepruM €(x) obnagaet CBOWCTBOM TpaHc-
JISUMOHHOI HHBAPHAHTHOCTH, {Pi , €(x)} ='Vl. £(x), TO OTCIOAa MOTYYHM IHcpe-

PCHUHATBHBIH 3aKOH COXPaHEHHS MIOTHOCTH ummnynsca (1.16). Brluucnenue
CII npusoaur x CIIEAyIOEMY PE3yNIbTaTy:

T.=-V, ¢ t, = 8+n£+m —ai+ de

iT Tkt =P oy i o, % 9o, jiabjk’
_ 0g Jg de (11.8)
P O S M Sy

3nech !;, — TEH30D HaTAXeHHii.

Ecnu NJIOTHOCTD SHEPruu e(x) HE 3aBUCUT OT MaTpHLbI MoBOpoTa auB, TO

YpaBHeHHs nBuxeHus (11.6)—(11.8) cosmagaior c COOTBETCTBYIOLIMUMH ypaB-
HEHUAMH NBUXeHHS B [52], ecnu B nociennnx npenebpeyus BausHUEM 9J1eKTpO-
MarHMTHbIX Mosei. ’

Hns nnorHocTH OHCPrHH, MHBAPHAHTHOH OTHOCHTENBHO CITMHOBbIX Bpa-
LIEHUH, HMeeM (cM. (6.26)):

e(..., s, w ,a)=¢(.,s, _u_)k)

(MBI BbIMTUCBIBAEM 3aBHCHMOCTD TOJBKO OT TNEPEMEHHBIX, KOTOpbl€ MEHSIOTCH
Nnpu paccMaTpHBaeMbIx npeoﬁpaaoaauuﬂx), H 103TOMY uenecooﬁpaaﬂq B Kaye-
CTBE HE3aBHUCHUMBIX NEPEMEHHbBIX BblﬁpaTb NpaBbI€ BEJIMYHHbI s, Qk' Toma, HC-

nons3ys CIT (11.3), nonyuum YPaBHCHHA TMHAMHMKH MarHUTOYNpYyroi cpensl B
ATMHHOBOTHOBOM [pefesie B BUe

e v (g8) . %, %k, %
o= Vk[oank]’ T = Vk[paik+niank+9aiag)ak+bﬁabjk]’

: Je og de o1 og
b,.=-V, | b — , § ==V |s 3+t |+¢ Sg 5+ W, |,
ik k [ ij anj ] ~a k [-a ank Jm J aﬁy[—ﬁ 357 =Bk 897k J

b =y [9€ 9t de - de (11.9)
Do = Vk[aga+9‘llanlJ+€aﬁygﬁk(agy+9’ﬂanl]’

rae

p=—e+o£+n E+s O
= dc " "tom, " la s,
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— nasnenne. IMonuag cucrema ypasHenuit (11.9) onpenensier nuHamuyecKue
CBOIICTBAa MarHUTOYIPYTOil Cpefbl B MpeHeOpeXeHuH AMCCHUIIATUBHBIMM I1pO-
LecCaMH.

12. KBAHTOBBIII KPUCTAJLI

- JIo cuX mOp MBI paccMaTpUBAIM HOpManbHble CHCTEMBI. Teneps Mbl nepei-
IEM K M3YYCHHIO CBEPXTEKYYMX CHUCTEM, JUIS KOTOPBIX PaBHOBECHOE COCTOSHHE
SBJIIETCS. COCTOSIHMEM CO CIIOHTAHHO HAPYIIEHHOW CHMMETDHEH OTHOCHTESIBHO
¢azoBbix npeobpasoBanuil. BHavajge Mbl pacCMOTPHUM IIONyYeHHE anrebpet CI1
NepeMEHHBIX KBAHTOBOIO KPUCTAIIA, 3aTe€M W3 3TOH anreOpsl BbIIEIMM fOjajl-

re6py, OTBEYAIOILYI0 CBEPXTEKY4EMY *He. Hanee MbI y4TeM BIMSHHE CHIHHOBBIX
creneHeil cBOOOABI ¥ ONMINEM JMHAMMKY KBAHTOBOIO CIMHOBOIO KpHCTajlla, B
OCHOBHOM COCTOSSHHH KOTOPOTG HapyHIEHbI MHBAPHAHTHOCTH OTHOCHTENIBHO
CMVMHOBBIX BpAILEHHH, a TakKe TPAHCIAHHOHHAsA M (a30Bas WHBAPMAHTHOCTH.
3pech B KadecTse noganretpnt Oyner soytesera anrebpa CI1 nepemennbix CBepx-
TEKy4ero 3He-B.

PaccMOTpUM KBaHTOBBIH KpUCTami. SIBIEHME CBEPXTEKYYeCTH KBAHTOBOIO
kpucTamia [53] cB3aHO ¢ BO3MOXHOCTBIO JBX BWIOB ABHXeHHs. [lepBbiii u3
HHUX — JBHXEHHE y3IOB PELIETKH, XapaKTepHOe 1 TBEPAOFO Tella, BTOPOH THII
— NEpeHOC MACChl KBa3MYACTHLIAMM NPH HEMOIBHXHbIX y371aX PEIUIETKM, XapakK-
TepHBI 1A cBepxTeKydei XuakocTd. Jluneldnbie ypaBHeHUs! IMHAMUKH KBAHTO-
BOTO KpHCTania B (peHOMEHONOrHYeckoM roaxone Obuin mosydens B [53], ux
HeMHeitHoMy 06006menuIo nocesmensl paborsl [54,55]. Mbl nonyuum HestuHei-
Hbl€ YPaBHEHUS JUHAMMKH KBaHTOBOTO KPHUCTa/Ia, OCHOBBIBA’CH HAa FaMIIBTOHO-
BOM NOJAXOJE.

[lepeMeHHBIMM, ONKCHIBAIOLINMH HapylieHHe (a3’oBOM M TPAHCISALMOHHOM
HHBAPMAHTHOCTH DPABHOBECHOTO COCTOSHMS KBaHTOBOrO KpUCTallla, ABISIOTCA
cBepxTeKyuast (asa ¢(x) M BEKTOp CMeEUIEHHs y3JIOB PELIETKH u,(x) B KOHpury-

pauMoHHOM npocTtpaHcTse. [109TOMY IVIOTHOCTh BHEpPruu €(x) B obuiem ciydae
npencTaeiser co6oii (PyHKUHOHAT NMEPEeMEHHBIX: CBEpXTeKyded assl ¢(x), Bek-
TOpa CMEIEHHs M [UIOTHOCTEH SHTPONMH O(x), Macchl P(x), UMIyibca T(x):

£(x) = £(x; O(x), p¥), T (X, O, w(x). (12.1)

[Monyuum Tenepp CII guHaMUYECKHX MEPEMEHHBIX CHCTEMbl. IIpenBapurenbHO
caenaem cneayiomee 3amevanue. Kak u3sectHo [56], B MeXaHUKE CIUIOIIHBIX
Cpel mepeMeHHble P(x) u ui(x) HE SBNSIOTCS HE3aBUCHUMBIMH, a CBA3aHBI COOT-

HOIICHHUEM

p=pdet]| 8, V,ull, (12.2)
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e P — IUIOTHOCTb Hene)OPMHPOBAHHOTO BewecTBa. OXHAKO, MOCKOJIbKY MBI
paccMaTpuBaeM KBaHTOBO-KPUCTA/LINYECKYI0 a3y, VIl KOTOPOi YUCIO aTo-
MOB M YHCJIO Y3/I0B pelIeTKH He cosnamawT [53], mepemenusie p(x) u u(x)

AOJOKHBI  PACCMATPUBATBCH KAaK HE3aBUCHMBbIC, UIS KOTOPBIX COOTHOIIEHHE
(12.2) yxe ne Bmmonusiercs. Iostomy u CII mis oTvx MEPEMEHHBIX TaKXe
TOJIKHBI 3a1aBaThCsl HE3aBUCHMO.

3anuueM MIOTHOCTh KHHEMATHYECKOH YaCTH JIarpaHXHaHa B BHJE

£ 0 =7 b, () = 0() V) - p() G0, (12.3)

rae
T =7~ oV, y(x) - pV. 0.

Beipaxenne (12.3) cTpouTCcs aHanOrHYHO TOMY, KaK 9TO JEJaeTcs B cnyvae
KJIaCCHYECKUX CIUIOMIHBIX Cpem (CM. MOSICHEHHE K BKMIOYEHMIO CJIAraeMoro
oy). Hmenno mocnexuee ciaraemoe B (12.3) npencrasnser coGoii yuer

BJIMSIHUS CBEPXTEKYYECTH; COOTBETCTBEHHO, B IJIOTHOCTH MMIY/bCa n?, CBsI3aH-
HOH C MPOCTPAHCTBEHHBIMH TPAHCIIAUHAMU B IPOCTPAHCTBE MEPEMEHHBIX u,
T., HEOOGXONMMO BBIYECTh ZONONHHUTENBHO ClATaeMoe PV, 0. Ilna nonyuenus
CIl, Tak Xe, KaK M JIsl KIACCHYECKHX CIUIOUIHBIX CPEll, HyXHO PAacCMOTPETH
Bapuaumu (2.7) ¢ 0OOOIIEHHBIM UMIYALCOM pjzn?b;jl H, Hapsily ¢ HUMM,

BapUalHH
Sp(x) =0, 80(x)=g(x).
DTHM BapHallusIM COOTBETCTBYET reHEpaTop
G=[d*p,f,- o1 - pg).

TlponsBons nanpHeiIMe BHIYMCIEHNS, AHATOTUYHBIE BBIMMCICHHSIM B pasi.2,
npugem K cienyoweil anrebpe CIT nepeMeHHBIX KBAHTOBOTO KPHCTaa:

(M0, (@) == By =V, @) 8 ~x),  {m(x), 6x)} = - 6V, 8(x - ),
(M0, PN} == PV, 8(x = %), (M), 9(x')} = 8(x = x)V, 6(v),
(M), Y@} =8(x = x)V, ¥(x),  {0(0), W(x)} = (p(), 6(x)} = 8x — x'),
{m(0), M)} = m OV} 8(x — x') = 1)V, 8(x - x'). (12.4)

Ilepemennast W Bclofty manee GymeT CUMTAaThCA UMKIHYECKON. OTMETHM, 4TO, B
CHIly CBOHCTBA MHBADHAHTHOCTH £(X) OTHOCHTENBHO NIOGANbHBIX (a30BbIX
npeo6pa3oBaHuil U HPOCTPAHCTBEHHBIX TPAHCIALHMIA, [UIOTHOCTH sHeprum €(x)



478 HCAEB A.A., KOBAJIEBCKHM M.I0., HIEJJETMUHCKH C B.

N
3aBUCHT HE OT CaMHX BEIMYHH §(x), ui(x), a TONBKO OT HX TPOU3BOIHBIX

Vi o=p;, Vk u; (WK, B MOCIIEAHEM Cly4ae, OT BEJIMYHH bik = Sik - Vk u):

£(x) = £(x, ), P(X), T, (), p(x), b)), (12.5)

BekTop p uMeeT cMbIci cBepxTeKydero umnyisca. [Tosromy yrobHo B Kauectse
AMHAMHYECKHUX TEPEMEHHBIX, HApsdy C OCTaIbHBIMH TEpPEMEHHBIMH, BBIOpATh
HETOCPEACTBEHHO BEIMUHMHBL P, H bik' Hcnonesys CII (12.4), nonyuum Heso-

KaJIbHbI€ THHAMHYECKHE YpAaBHEHHS KBAHTOBOI'O KpHCTalja B BUAC

SH Y . OH  8H
(o) o)

81t 5pk
o ov g BH o BHY LS BH o BH
=" Vise T Visn, Vf[ i 5. ] PVisp ~PiVisp, " PuVi s,
. 6H OoH : oH (12.6)
pi=_v[ 18n+8p]’ by =-v [b’lgn—J

CrpykTypa ypaBHeHuii (12.6) 3HAaYHTENbHO YNPOMIAETCS B AJIHHHOBOJIHOBOM
npejene, Koraa NpocTpaHCTBEHHbIE HEOOHOPOAHOCTH AMHAMHYECKHUX MepPEMeH-
HBIX Manbl. CumTas, YTO MJIOTHOCTb SHEPTHH siBNseTCH (PYHKUMEH BEJIMYHH O,
P, TP, bik’ 3anylieM JHHaMHYECKHE YpaBHEHHs B NOKanbHOM ¢opme. Boc-

MOJIb3YEMCsl Il 3TOTO pe3yiabTaraMH mNepBoro pasgena. [is [JIOTHOCTH
SHEpPrHH, YAoBneTBOpswoleid ycnosuw {M,e(x)} =0, Jd3x p(x), nomyuyum

auddepeHUHaNbHBIA 3aKOH cOXpaHeHHs mioTHocTH Maccesl (1.15). Hcnonb3ys
(12.4), nig nMIOTHOCTH MOTOKAa MacChl jk HaiaeM

de | de
p&n apk

Boiuncnenne CIT B (1.16), (1.18) npuBOAKT K CIEAYIOIMM BhIPAXEHUSIM IS
TUIOTHOCTEH MOTOKOB HEPIMH ¢, H UMIIY/IbCa !

(12.7)

ik *

=£ ae ae”g o€ ae+ 0 de Ot

% ank( 3 P lan,J apk[ap ”ian,.] i 3b,, o’
e de ., ode de _ de 0e (12.8)

Ly p61k+"zan +p 'apk+bﬂab p= “"ao*“lan,*pap'

Takum 06pa30M, YPaBHCHHSA JHHAMUKH KBAHTOBBIX KPHUCTA/IJIOB B IJIMHHOBOJI-
HOBOM mnpeaeine UMEKT BUJ
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. de - 0de | Je
"“Vk["ank} p——Vk[p ]

+
am,  dp,

. oe o€ 0g
ni=—Vk[p8ik+1t.—+pl.—~+b< *—J,

iom, dp, i abjk
. Je  de . oe (12.9)
(T IS AR

DTH ypaBHEHMs COBNANAKT C ypaBHEHHAMH, MOJIyYEHHBIMH paHee (eHOoMe-
HOJIOTHYECKHM ItyTeM B [54] U Ha ocHOBe MHKPOCKONHUYECKOro noaxoaa B [55].

Ormetn™, uto opmynst (12.8) wis mwioTHOCTEH MOTOKOR MOryT ObITh
. 3anucaHbl B KOMNAKTHOH OpMe, €ciIH BBECTH IJIOTHOCTD TEPMOAMHAMHYECKOTO
' noreHuuana

w=Y §a~0, a=(0,i,4); § =¢(, T, ), (12.10)

rae Ya — TCPMOIAUMHAMHYECKHE CHJIbI, OIIPpEAEJICHHBIE COITIACHO PaBEHCTBam

e _1 9 Y xe_ Y

—= =—-—, =——. (12.11)
00 Y,” om Y,” adp Y,
W3 dopmyn (12.10), (12.11) CJIENYET, YTO
L)
¥ "
a

H, TaK KaK ® = a)(Ya, p;» bik)’ BTOpO€ Hayajlo TEPMOOUHAMMKY MMEET BMI

L0 o 10)

do = CadYa+a—pidpi+%dbik . (12.12)
C yuerom (12.8), (12.12) npeacraBuM IIOTHOCTH MOTOKOB B BUJIE
a To 9P 9%, 0 ik 9Ya Yo

3necop ‘:Oquk’ CikEtik’ C4k =J,- HMHaMuKa NIOTHOCTEH aIIMTHBHBIX MHTErpa-

JI0B IBUXKCHHUS M MapaMETPOB, ONHCHIBAIIIAX HAPYIIEHHYIO CUMMETPHIO, OTIpe-
Aengercd, cornacuo (12.9), (12.13), ypaBHeHusIMU

. Y, +Y,p, Y,
- =y, | AT h = i
%="Velbur 2=V, Y b=V, by |-
0 0
C HEeJIbI0 HHTEpNIpeTaliuu TEPMOOUHAMMYECKHUX CHJI Ya 3aluuIeM OCHOBHOE TEP-

MOIMHAMHYECKOE TOXIECTBO VIS [UIOTHOCTH BHEPTHHU € = £(G, p, T Py bik):
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de=Tdo+pdp +vdx +§'°“—dp.+—aidb (12.14)
KTk api i ab
rne T — TeMneparypa, b — XMMHYECKHH MOTEHLHa, vV, — HOpMaibHasd CKO-

pocts. U3 (12.11), (12.14) cnenyer, 410

T=

<=
~

MycTs paccmaTpuBaemas cucTeMa oOnamaeT CBOHCTBOM — ralMJIeeBCKOH
uHBapMaHTHOCTH. Torga TEpMOAMHAMHYECKUH MOTEHLMAT (O 3aBUCHT JIMILIDb OT
cllenylomwux KoMGuHaumii TepMonuHaMudeckux cun ¥ [55]:

=Y, Y, Y], by

L2 (12.15)

Yo =¥ °2m

, Py
o Yk=Yk+YO—';, Y =Y +Ykpk

C yueroM (12.15) mnst naOTHOCTEH MOTOKOB MOJYYHUM BbIPAXCHHA

. 30)+Pk o0
Tk maY' maY”
Lo o PPde Pide ¥ %0 +f7La
kY, ikt T, oy, maY’ Y, oY, Y, b’
q _ bt Y 30 ]_bf,Y,_a_m_ (12.16)

®opmynsl (12.16) coBnagalT C aHATOTHYHBIMH BHIPAXEHUIMH B [55].

13. CBEPXTEKYUYHI1 “He

B paBHOBECHOM COCTOSIHHH CBEPXTEKYYero “He HapymieHa a3oBas
MHBAPHAHTHOCTh. IIIOTHOCTh ®HEpPrHM €(x) sBNgeTCs (PYHKUHOHAIOM IUIOTHO-
cTeil BHTpONUK O(x), Macchl P(X), MMIYJIbCA T(x) M CBEPXTEKYUEH tazsr P(x):

£(x) = &(x; o(x), p(x'), T,(x"), O(x")). (13.1)

AnreGpa IMHAMHYECKHX NEPEMEHHBIX CBEPXTEKY4ero *He obpasyer nopanre6-

py anre6pni (12.4) mepeMeHHBIX KBaHTOBOTO KpHMCTalIa U onpenensercs ¢op-
MyJ1aMHu:
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(M), 6(x)} == 6()V, 8(x—x),  {mx), p¥)) == PV, 3(x — ¥,
(10, 00} = 80x = X)WV, 0(), {7, W)} = 8(x - x)V, y(),

{o(x), y(x)} = {p(x), 6(x")} = 8(x - x"),
{m(x0), M ()} =7, (V] 8(x — x) - T,(x)V, 8(x - x). (13.2)

HpHBe}lCM 31€Ch MHTEPNPETALHI0 BEJITUUHUH xi H ul. , BBEICHHBIX BO BTOpPOM pas-
acnie. HOCKOHbe TaM pe€ys mJia o HOpMaJ]bHOﬁ CHUCTEME, TO BECJIUYHUHBI Xl. H l/t’.
HMEJ/IH COOTBETCTBEHHO CMBICI BﬁHCPOBle KOOpIAHWHAT U BEKTOpa CMeLUeHUs

4
yacTHL cpensl. B cnyyae ceepxrekydero “He Tpebyercs cuenarh nosicielime, K
KaKoH KOMIIOHEHTEe OTHOCATCH 3TH nepemeHHbie. [Ipexie Bcero, HopMaibhas
CKOpOCTH onpeaensercs GHopMynoi

SH
Sni(x) ’

v(x) = (13.3)

YpaBHeHHe ABHXKEHHS JUI BEKTOPA CMEIUEHMS GbUIO HOJIy4EHO HaMM paHee
(cMm. (2.18)), u, ¢ yuetom (13.3), oHO uMeeT BuUI

L}izbij V- (13.4)
Onpenennm dynkumio x = x(&, t) HesABHLIM 06pa30M C NOMOLLBIO paBeHCTBa
x(& =8 +u(x@E 0, 0. (13.5)

Huddepenunposanne obenx uacreii hopmynst (13.5) no BpEMEHH NPHBOAUT K
COOTHOUIEHH KD

N uizbij X (13.6)
Orciona, cpaBHuBas pasenctsa (13.4) u (13.6), MOJIYYUM
bijx;=byv;.
H, Cllel0BaTeNbHO,
X.=v. .
A

Takum obpa3oMm, 3akiioyaem, 4ro QyHKLHS xl.(i, f), KOoTOpas onpeesercs co-
otHoweHueM (13.5), u Benwuuna u; MPEeACTaBIA0T COGOH, COOTBETCTBEHHO,

BﬁHCpOBy KOOpAHWHATy H BEKTOD CMCIUEHHUS YacTUll HOpMElJIbHOﬁ KOMITIOHEHTBI.

Ecnu nepemMenHas  — muknnueckas, TO JOKaIbHble ypaBHEHMs JUHAMMKH,
cootsercrryromue CIT (13.2), umeror Bug
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. Je . Jde | Ot
6=—Vk[o~—), p=-V [p +—]

on,  dp,

. Jg Je . de  0e (13.7)
T'CA:—Vk[pGik'i‘n-T‘i'p.““—], pi=_vi[pj_87t;+$J’

rac
e+0£+n—a—€~ g8
PEmET 0% Mo, TP op

— [aBICHHE U p; = Vi ¢ — cBEpXTeKyuuH I/IMHyIIbC.

OtMmeTuM cnenyioliee UHTepecHOe OOCTOATENbCTBO. ECHM  IIOTHOCTD
SHEPrUM €(X) CONEPXHUT 3aBHCHMOCTb OT INEPEMEHHOI Y, TO B NpPaBOi 4YacTH
YPaBHEHUs] [BUXEHMS JUIS TUIOTHOCTH BHTPONMM MNOSBISETCS HOIOJHUTENbHBII
usieH. JIelCTBUTENBHO, B MPEAIOIOKEHUH, UTO

e(x; ..., W(x)) =¢€(..., Vy(x)),

H, CJICAOBATEIIbHO,

OH Je
Sy koV,y’
MOJIYYUM
. as Je
G=-V [ Bn av \ J

Bropoii 4unen B ckoOKax MoxeT ObITh HE CBSI3aH C JBUXEHHEM HOPMAabHOM
KOMIIOHEHTBI, M B BBIPAXEGHHH I IUIOTHOCTH IIOTOKA OBHTPONMH, Kak
CNEICTBUE, NOABNAETCH cilaraeMoe, 00yC/IOBIEHHOE CBEPXTEKYYUM IBUXEHHUEM.

14. KBAHTOBBII1 CIIMHOBBIII KPUCTAJLI

an pacCMOTPCHHH NUHAMHWKH KBAHTOBBIX KPHUCTAUJIOB Mbl HE YYHUTHIBAIU
BJIUSIHUE CIIMHOBBIX CTEINeHen CBO60}IH, YTO MOXET OBITh CYHIECTBCHHBIM 1

KBaHTOBOTO Teepuoro -He. Hmes B BHJlY, YTO B CBEPXTEKYYMX XHAKHUX (hazax

3 .

He umeer MecTo CriOHTaHHOE HapylIeHHe CHMMETPUM OTHOCHTENBHO OIHOPOJ-
HBIX CIIMHOBBIX BpalleHHWi, MBI PACCMOTPMM CJIy4ail IIOJTHOTO HapyIIeHHs CIUHO-
BOM MHBAPHAHTHOCTH (MapameTp, ONMHCHIBAIOLIMI TAKOE HAapyIIEHHE, — BEIIECT-

BEHHas MaTtpulia MOBOPOTA), YTO COOTBETCTBYeT B-chase 3He. MnbiMu CIIOBaMH,
Mbl PACCMOTPUM KBAHTOBBI CHHHOBBIA KPHUCTAI, B PABHOBECHOM COCTOSIHHM
KOTOPOIO OJHOBPEMEHHO HapylleHbl (ha3oBasi, TPAHCIALHMOHHAS M CHHHOBAS
WHBapuaHTHOCTH [28].
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B ciyyae, eciu B OCHOBHOM COCTOSHMM HE NPOMCXOAMT MOJNHOFO Hapy-
WICHHS CHMMETPUH OTHOCHUTENIBHO CIIMHOBBIX BPAlEHHii, TO CIIMHOBAs AMHAMMKA
KBaHTOBOTO KpHCTa/lla OMUCHIBAETCS B TEPMHMHAX TONBKO MIOTHOCTH CIMHA B
paMKax XOpOIIO M3BECTHOrO ypaBHeHus Jlangay — Jludwmuua ¢ Kou-
BEKLIMOHHBIM uJieHOM [52].

HyMHaMHYECKNMU NEPEMEHHBIMH KBAaHTOBOTO CIIMHOBONO KPUCTALIA C Hapy-
LIIEHHOH CHMMETpPUEH OTHOCHTENBHO CIIMHOBBIX BpALLEHHH SBISIOTCS TUIOTHOCTH
SHTPONHUU G(X), Macchl P(x), UMIy/bCA T(x) u cnuna 5,(*), @ TaKxe OpTOroHasb-

Hag Marpuvua MoBopoTa aaﬂ(x), cBepxrekyyas aza O(x) v BekTOp CMelleHMS
u’.(x). [TosTomy muoTHOCTb dHepruu £(x) B 06Liem ciyyae npeacrasisiet coboii

(hyHKLMOHAN 3TUX NEPEMEHHBIX:

8(9) = (x; 6(x'), Px'), T(¥), (¥, aog(X), O), (). (14.1)

[I10THOCTL KMHEMATHYECKOii 4YacTH JlarpaHxHaHa KBaHTOBOIO CITHHOBOIO
KpuCTalia 3anucsisaercs B Buge (cM. (6.3), (12.3))

L,(0)=m( b,-_jl(x)itj () = 6(x) W(x) - p(x) O(x) - 50 0 (),  (142)
roe
nfzn.—oV.\y—pV‘q)—s @, -

[lnoTHocTH KMHeMaTHYecKOi yacTH narpanxuana (14.2) cooTse: TCTBYET cneuy—
towast anirebpa CI1 AHHAMHYECKUX MEpeMEeHHbIX:

{ni(x), uk(-x,)} == (5,']( - V,’ uk(X)) S(X - xl)9 {Tti(x), \U(X’)} = Vi \V(X) S(X —)C’),
{m,(x), 6(x)} = - 60V, 8(x - X)), {m(x), p(x')} = —P()V, 8(x - x),
{m(x0), s,(x)} == 5,0V, 8(x - x),  {m(x), o)} =8(x = x)V, aga(%),

{m(x0), T (x")} = T ()V; O(x —x) - n’.(x')Vk 8(x — x'), (14.3)

{m(x), d(x")} = 6(x —xHV, 000, {p(x), 6(x)} = {o(x), y(x)} = 8(x — x),
{5,(), sB(x')} = EQBYYY(x) S(x - x), {sa(x), aﬁy(x’)} =g, YBaBP(x) O(x — x).

OTMeTHM, YTO B CWJly CBOIiCTBa HHBAPHAHTHOCTH €(X) OTHOCUTENIBHO M106asIb-
HBIX ()a30BBIX NPEOGPA30BaHUIT M NPOCTPAHCTBEHHBIX TPAHCASALMH MITOTHOCTD
SHEpPrMH €(X) 3aBUCHT HE OT CaMMX BEJMUMH O(x), ul.(x), a TOJIBKO OT X
npousBoHbx  V,0=p., V. 4, (umM, B nociegHem ciyuae, OT BeTMYMH
by =8y = Viup:
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e(x) = £0x; OX), PUY), T, 3, (), 3@, &), By, (14.4)

BekTop p MMEET CMBIC/I CBEPXTeKy4ero umiyibca. [1oaroMy ynoOHO B KauecTse
JAMHAMHUYECKHX MEPEMEHHBIX, HApsAy C OCTAIbHBIMU NEPEMEHHBIMH, BbHIOpaTh
HEIOCPEICTBEHHO BEUYUHBI p, U bik' Hcnonpsys CIT (14.3) u obee

(pynkuuoHanbHOEe BbhipaxeHue (14.4), nmonyuynM HeIOKaJbHblEe TUHAMHYECKHE
ypaBHEHHs KBAHTOBOTO CITMHOBOrO KPHUCTa/lla B BUJE:

6(x)=—Vk[c§TH], b= V[ oH SH]
k

Sn op,
oH 6H oH 0H
=i Vitn Vj[ni anjj—savi ot
oH oH OH SH
+ % Vt af " pvl SP lV] 8_ kth 5b
. oH SH  oH (14.5)
S0 = Vi(saﬁniJ+saBY(8sﬁsY+8a Ba ]

a TakXe ypaBHEHHS [UId TapaMeTpOB, OINHUCHIBAINMX  HAPYIIEHHYIO
CUMMETPHIO!

‘ ~—8—HV +a € o

Yap =" 5m i %™ op 0By s
. SH OH . SH (14.6)
pi_—V(JSn Sp} bik__vk(bij&rj]'

IpuBenennsle ypasHenus qunamuku (14.5), (14.6) u obiuee pyHKIHOHATIBHOE
BhIpaXeHHe IS INIOTHOCTH Hepruu (14.4) onuchBalOT HEPABHOBECHbIE CBOM-
CTBa KBAaHTOBOTO CIIMHOBOTO KPHCTaLla C IPOM3BOJBHBIM XapaKTepOM MpOCT-
paHCTBEHHBIX HeomHoponHocTeld. CuuTasd, YTO IMJIOTHOCTh 3HEPTUU SBIAETCH
¢yHkuMen BUaa

£(x) = £(0(x), PX), TR), (1), by(x), 5,(0), O (X)), (14.7)

MOJIyYUM IMHAMUYECKHUE YpaBHEHMs B JoKanbHOH (hopme. Mcronesys dopmy-
ael (1.15)—(1.18), misd MAOTHOCTEH MOTOKOB MACCH, CIHHA, SHEPIUU WU
UMILyJIbCa HaHAeM

de Ot . 0e 0t

= pa‘n: Bpk ok = Sa 3 +80)ak’
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i[ Je 887 de an as(ae aEJ

% am | 90 Pop T Mom, e ds, " ap, | 9p TPiam,
de [ de 0g Je de (14.8)
*amak[asa“““’w anl.] %6, on,"
Ly p8ik+1t—a€—+ 9 _oe b de

. p; + . +0.——,
tom,  Tidp, = o 0w, i abjk

oe og o€

oe
PE-E+OZ + Mo~ +pap aas&

3necy p — nawsienne. IMonaras, 4To WIOTHOCTH SHEPIUH NO-TNIPEXHEMY YIOB-
JIETBOPAET CBOHCTBY BpalaTeNbHOM HHBAPMAHTHOCTH (6.25) B CHHMHOBOM npo-
CTPaHCTBe, HMeeM

a(...,s,u)k,a)=e( as,aw, , 1) =¢(.. ' 5, 0).

H03TOMy uenecoo6pa3Ho B KaYC€CTBE HE3aBHCHUMBIX MIEPEMECHHBIX BbI6paTb, Ha-
paAy € OCTaIbHBIMH, BETUUHUHBI S, Qk Toma, BBIMHCIIAA IIIOTHOCTHU MMOTOKOB B

HOBbIX HEPEMEHHbIX C Mcronb3oBanuem anrebper CIT (14.3), nomyuum ypaB-
HEHMS IMHAMHUKM KBAHTOBBIX CIMHOBBIX KPHCTA/LIOB B [UIMHHOBOJHOBOM IIpe-

ACJIC B BUE
. o - Je Ot
oo i)

X Oy
. e, O, %k 3
T = Vk [p 81k+ us +p; apk + O, aﬁ’ak bﬂ abjk J
de Ot 3 de (14.9)
- Vk[ia om, " 0 J %M[ﬁﬁ asv+_ﬁk 0y, ]

rae

W ypaBHCHUS OJIA napaMeTpoOB, ONUCHIBAIOLIUX HapyHIeHHYIO CUMMETPHIO:

- de | ot
aaB“eapY[as on. —-Yl]apﬁ’
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i’,-=‘V,~[P-ae ae] b, = V[b @J (14.10)

jom.  dp jom

Cnencreuem ypasHenuit (14.9), (14.10) ssnsercs auddepeHUnaNbHbIi 3aKOH
COXpaHeHHs [UIOTHOCTH 3HEPrUu:

g=-V gt 0£+ % o %L Oe ) 08 (e, OEN,

- k[ank[ 30 TP op T Mo, Ty, ] apk[a "ian,.J
0 (0t o€ JE 0Ot
T [8s 9ou'an,.] buab an] (14.1)

Ins  XOMMNaKTHOM 3anmMCH  IJIOTHOCTel TnoTokoB (14.8) BBeneM Tep-
MOAMHAMHUYECKHI MOTEHUHAT W:

w=Y -0, a=(0i04); {=(@€mn,s,p) (14.12)
e Ya — TEpPMOAHHAMHYECKHE CHIIbI, onpeaenseMslie opmynamu

oe 1 o0e _ Y, de _ Yo 0g _ Y,

Z=_, =t ==t =2 (14.13)
6 Y0 om Y, 9, Y0 op Y,

(=-w/ YO_ norenuuan I'n66ca). C yuerom (14.12), (14.13) umeem

)
y =%
a

e

QU

H BTOPO€ Havyaano TCPpMOAHHAMUKH 14 NOTECHUHANA () 3allMChIBAETCA B BUIC

0w B L0) 0]
do=¢ dY, +a dp. +8b db, «* 30 do, (14.14)

U3 (14.8), (14.14) cnenyer, utoO

{ ,=—s ot ———— S

k=Y, Y, T op oY, Y, b, oY, Y,
L) iYa-"Ylmal (14.15)
dw , dY, Y,

JunamMyuKa MIOTHOCTEH afJUTHBHBIX MHTEIPAIOB ABHXCHHUS Qa ¥ MapaMeTpos,

OMHUCBHIBAIOIIMX HApPYIICHHYI CHMMETPHIO, ONPEACNSETCS YPaBHEHHIMH

Y iy

. . Y, +Y p . _)jL
6= Vi Car> pi=Vi[ . J by = V[b J
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Agp = Y, (YV 0B ~ EapyYy Gop):

C uensio UHTEpIpETaUusd TEPMOAUHAMHYECKHX CHII Ya 3anuuIeM OCHOBHOE

TEPMOAMHAMHUYECKOE TOXAECTBO IS IJIOTHOCTH QHEPIrUH

de:Tdo'+udp+vkdnk+hadsa+%dpi+-aab—8db1k+aag doy, . (14.16)
4

3nech ha — noaMarnu4uBaromee noine. M3 (14.13), (14.16) nonyuum

T=

o=
!

Ilycre  paccmarpuBaemas cucTema ofnagaeT CBOMCTBOM — ajlHJIeeBCKOI
MHBAapHaHTHOCTH. Torma TepMoOOMHAMHYECKMI DOTEHLMAN ® 3aBMCHUT JIHIIb OT
CIIenyoInX KOMOHHANHE TEPMOIHHAMHYECKHX CHIT Y [55]:

u)=co(Y0’,Yk’, Y’ by ®,),

ik’
, , Pr , , jl
Yo=Yy Y[ =WYoo Yo=Y, Y/ =Y+Yp+v,2

3amMmeyas, 4To

o _Yo o0 Pl ldo o . dw
op, " m or; [Y Yo Jay" or; " Pigy)

HaiIeM BbIpaXeHHs NS IVIOTHOCTEH MOTOKOB

1 do Pk 0w . Y 9w

1
elo) koo 1
"oy, T mar) YT Ty o Ty,

L0
d

® PPy 9w P; 0o kaco O
t=——8, +—— =g — 20 ,+—
=Y, %" w9y, T m oy T Y, or:

_a_+Zza_w
Jm Y, ob

q =—Mn _ﬁ -y 20 b Y, d0 Ya+Y1‘°a1 )
k mYO k Y02 I oy l, YOZ abj Y02 am(lk

IIpy 9TOM BTOpO# 3aKOH TEPMOAMHAMHKH 3aMULIETCS B BHIC

) 64 Y, Y,
1 Jdw 1 dwo
Tdo = ds+——d1t +—ds + = dp~——d -5 =7 db, .
Y, Y, ¥, Y, do, Pox Y, ob, ik
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15. CBEPXTEKYYHil 3He-B

B ciyyae ceepxrekyueit B-cassi 3He HPOUCXOOUT CMOHTAHHOE HapyllleHUe
CHMMETPHUH OTHOCHTENBHO (ha30BbIX MPeoOpa3oBaHMil M CIMHOBBIX BPALICHH.
ITapamMeTpamMu, OMKMCBHIBAIOWIAMH 3TO HapyIIEHMe, CIIyXaT CBepxTeKydyas (asa
O(x) ¥ opTOroHajibHas MaTpulia NOBOPOTa aaB(x). COOTBETCTBEHHO, IUIOTHOCTh

9HEpTHH sBisgeTcsd PyHKUMOHAIOM BHIA
£(x) = &(x; O(x), (), T(x'), O(x), $4(X), arg(x))- (15.1)

CIl AMHaMHYECKUX MEPEMEHHBIX CBepXTeKyueil B-daspl *He obpasyloT nogai-
re6py anreGpsi (14.3) CI1 kBaHTOBOro CNHHOBOrO KpucTamia. i HUX MMeeM

(00, W) = 8x = x)V, W),

(M), 6(x)) == o)V, 8 - ¥),  (m ), p(x)} == p(x)V, 8(x =),
(1,00, 540} == 5,00V, 8x =), {1 (3), a0} = 8(x = X)V; aq(x),
(&), 0()) =8(x=x)V, 0, {p(), 8} = {6(), ¥(x)} = 8(x ~ x),
(5400, 5500} = B s, (0) 8x =), {540, @ (X)) =00 (x) Bz = ),

{m(x), T (X)) = TV, 8x — x) = 1)V, 8(x - x). (15.2)

B cuny moGanpHoi ¢pa3oBOil WHBAapHAHTHOCTH 3aBMCHMOCTh TUIOTHOCTH
sHeprun (15.1) or ¢a3bl G(x) BHIPaXaeTcss TONLKO MOCPEACTBOM BETHUHHDI
piEV,. ¢. HenoxanpHele ypaBHeHHs OHHAMHKH IS TUIOTHOCTEH ajIMTHBHBIX

HHTErpajoB ABUXECHHA CBEPXTEKYUYEro 3He——B HUMEIT BUI
. oH . 0H OH
ox)=-V,jo=— 1, p=-V, |p+% |
k[ om ] 7 8m Bpy

hi=—n.v.§@—v.(

Joidm,
J

OH OH OH
] i o i Ssa

nign-. -oV.—-s V.—+
f]

6H SH SH (15.3)
*Bagg 0™ PVisp P Vi

s ==V ss—H+8 6—Hs+8Ha
o i\ "o om, afy| §s, Y Sa., PY |’

B pB

a ypaBHEHUS [UId NapaMeTpPOB, ONMKCHIBAIONIMX HAPYIIEHHYI CHUMMETPHIO,
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q o= 8—HV € o

ap =" om, 14 ap * Yop Eppy 8.’
. o O®H &H (15.4)
Pi= i(plﬁn SpJ

B 1IMHHOBOJIHOBOM Npenene
£(x) = (0(x), P(X), T(x), P,(2), $4,(3), a8), O (D),

W TUIOTHOCTH MOTOKOB HHTErpanos ABuxeHus cornacHo (1.15)—(1.18) pasnbt

I T
=P or Top, Yk Tiagn Toe

JE [ Jde . de Je Je ] 0E [ae @]

W= om, | o0 TP op T Mo, T ous, |Top, | 3p T Fion,
de (08 de (15.5)
0w, [ ds,  %om ]

W =P, +m E+p ag+m.~@£—
t i lan lapk wawak

=—£+o—a~§+n§§+ §§ 8&
P= 30 " Miom, TP p T ouds,

Eciu nnoTHoOCTb SHEPriu HMHBApHAHTHA OTHOCHUTEJIBHO CIIHHOBBLIX BanleHHﬁ,
TO

-

e..., s, ®,, a)=¢(..,s, _@k). (15.6)

JloxanbeHble ypaBHEHHUS ABHXEHMUS IS cBepXTeKydeil B-chasbl 3He, COOTBETCT-
BYKOLIME IUIOTHOCTH 3Hepruu (15.6), umerT BUa

- e Je | 0t
o= Vk(cank]’ p= V( 87c aka

n=-V I pd +mn g +p, % Ly %
i k ik a lap _mao—)ak

de  de N\, . (% - de (15.7)
k| 2o, amak] aBY[—B os, " Bk agykj’

a ypaBHEHHUS I IIapaMeTpoOB, ONUCHIBAIOUIMX HapyLIECHHYIO CUMMETPHIO,
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. de . de
”aB"SapY[as on. -—Yl]apﬁ’

- de  de (15.8)

Vpasuenus (15.7), (15.8) coBnagaioT ¢ nmosydeHHbIMH paHee B pabote [43].

3AKITIOYEHHE

Takum o6pa3oMm, HaMH IOCTpOeH cHCTeMaTHYecKui Merton nonyuenus CII
JMHAMMYECKMX NEPEMEHHbBIX, OCHOBAHHBIA Ha 3aZaHUM KUHEMaTHYECKOW 4YacTh
JlarpaHXMaHa U HHTEPIpeTaluy BHEMHTETPAIbHBIX YICHOB B BAPUALMH NEHCTBUS
KaK [IeHEpaTOpOB KaHOHMuYecKuX mpeobpaszosanuii. Ilpu mocTpoeHuu Kiuhe-
MaTUYECKOH 4YacTH JarpaHXuaHa napaMeTphl NOpsSiKa OMNpPefeNsioTca B
TEPMUHAX BEIMYHH, COMPSKCHHMX IUIOTHOCTSM aIJUTHBHBIX WHTErPLIOB
ABUXEHUs. B paccMOTpeHHOM HaMM MOAXONE IUIOTHOCTh BHTPOIUH SBILETCS
JAMHAMUYECKOH TepeMeHHOH, YTo TpeGyeT BBEICHHS MOMOIHUTENILHOW COIpS-
XKEHHOI nepeMeHHOoN (mepeMeHHas ), KOTopas, OOHAKO, He BXOZHUT B ypaB-
HEHMs [IBMXXEHUsI BCIEACTBHE NPENINOOXEHUs 00 ee LMKIMYHOCTH. BaxHywo
poNb NpU HANMCAHWM KHHEMATH4YECKOH YacTH JlarpaHXHaHa Wrpaet omnpeje-
JIEHWE ONEPATOPOB MPOCTPAHCTBEHHOIO CABHIA, CBS3aHHBIX C pa3IMUHBIMU
(hM3UYECKHMH TONAMH, BXOIMILUNMH B JIarPaHXHaH, TAKUMH KaK SHTPOIMHIAHOE
noje, nona ¢a3 napamMeTpos nopsaka v T.1. Ha ocHoe pazsuroro nogxoga yna-
JIOCh PaccMOTPETh C €IMHOM TOYKH 3peHHs caMble pazHooGpasHble (pusnueckue
CHCTEMBI, HAYMHasg C KJIACCHYECKHX CIUIOIIHBIX Cpel M 3aKaHuWBas MakKpo-
CKONMHMYECKUMHU KBAHTOBBIMH 0OBEKTaMH (pa3inu4HbBle MArHUTOYHOPSAHOYEHHbIE
CHUCTEMBI, CBEPXTEKYYHE XMAKOCTH, KBAaHTOBble KpHUCTaLibl). OOIHOCTH pac-
CMOTpeHHs focTuraetcs 6narogaps Kak YHHBEPCATbHOCTH JAHHOTO (OpMasIu3ma,
TaK M MCHOJIb30BaHUIO npuema BbineneHus noganre6p CI1 muHaMuyeckux nepe-
MeHHBIX M3 Oonee oOmed aireOpbl ¢ AIbHEHIIMM MPEOIIONOXEHHEM O
UMKIIMYHOCTH TIEPEMEHHBIX, HE BXOLILMX B nopanre6py.

CITHUCOK JIMTEPATYPHI

1. Hupak II. — Ipurnuner kBaHTOBOM Mexanukd. M.: Hayka, 1979.
2. Tupak II. — Jleknuu no KBaHTOBO# MexaHuke. M..: Mup, 1968.

3. sunrep F0. — KsanToBad KMHEMaTHKa M AuHamuka. M.: Hayka, 1992;
Schwinger J. — Phys. Rev,, 1951, vol.82, p.914; Phys. Rev., 1953, vol.91, p.713.
4.Turman .M., Trorun U.B. — KaHoHMYecKOe KBaHTOBaHUE MOJeH CO CBY3IMH. M.:

Hayka, 1986.



TAMMWIBTOHOB IIOAXO[O B TEOPUH 491

5.Axnesep A.H., Ienermurckuii C.B. — Tlong ¥ ¢yHaaMeHTanbHble B3aHMONCHCTBHS.
Kues: Haykosa nymxa, 1986.

6.3axapoe B.E., Mankoe C.B., HosukoB C.II., [Turaesckmii JI.II. — Teopus conuro-
HOB. MeTon o6parHoii 3anaun. M.: Hayka, 1980.

7. Taxramxkan JLA., ®annees JI.JI. — I'aMuIbTOHOB MOOXON B TEOPHM CONHUTOHOB. M.:
Hayxka, 1986.
8.Ilepenomos A.M. — UHTErpHpyeMble CHCTEMBI KJIACCHYECKOM MEXaHHWKU M anrebpbl

JIn. M.: Hayka, 1990..

9.ly6posun B.A., Hosukos C.II. — YMH, 1989, 1.44, ¢.29.

10. Boromo6os H.H., Murponoasckuii F0.A. — AcHMOTOTHYECKHE METOIbl B TEOPHUH
HenuHe#HbIX Kone6Ganuil. M.: Hayka, 1974.

11. Yu3em k. — JluHeiiHble ¥ HeauHeiHble BosiHbl. M.: Mup, 1977.

12. BoromoGos H.H. — IIpo6neMsl IHHAMUYECKOH TEOPHH B CTaTHCTHYECKOM (hH3HMKE.
M.: Tocrexusnar, 1946.

13.J1am6 X. — Tunponunamuka. M.: Tocrexuspar, 1947.

14. ly6posun B.A., Hoeukos C.II. — JJAH CCCP, 1983, 1.270, Ne4.

15.Tonacreitn I — Knaccuueeckas mexanuka, M.: Hayka, 1975,

16. Dzyaloshinsky LE., Volovick G.E. — Ann. Phys., 1980, vol.125, p.67.

17. Bupuenxko H).I1., IMenermunckuit C.B. — B ¢6.: MpobGnembl pu3HuecKoil KMHETUKH
u dusuku TBepaoro tena. Kues: Haykosa nymka, 1990, ¢.63.

18. Bososuk I''E. — TMuceMa B X3T®, 1980, 1.31, ¢.297.

19. Bosiosuk [.E., Kau E.H. — X3T®, 1981, 1.81, ¢.240.

20.Kan E.H., JIedenes B.B. — [Iunamuka xugkux kpucraiios. M.: Hayka, 1988.

21.Leggett A.J. — Rev. Mod. Phys., 1975, vol.47, p.331.

22.Ilokposckuii BJI., Xanatuukop U.M. — Tucema B XXITD, 1976, 1.23, ¢.653.

23.J1ebenen B.B., Xanathukos H.M. — XDTd, 1978, 1.75, ¢.2312.

24.Bonosuk I'.E., Houenko B.C. (m1.) — XIT®, 1980, 1.78, c.132.

25.Boaxos I.B., XKexryxun A.A. — Hzs. AH CCCP. Cep. dusz., 1980, 1.44, ¢.1487.

26.Tono BJI. — X3T®, 1981, 1.81, ¢.942.

27. Kosanesckuiit ML.IO., ITenermuuckuii C.B., IHmuknu AJl. — YOX, 1991, T1.36,
c.245.

28.UcaeB A.A., Kosanesceuit M.FQ. — ®HT, 1994, 1.20, c.1125.

29.Isayev A.A., Kovalevsky M.Yu., Peletminsky S.V. —  Preprint of International
Centre for Theoretical Physics, 1994, 1C/94/329, p.35.

30.Pauli W. — Nuovo Cim., 1953, vol.10, p.648.

31.bakaii A.C., Crenanosckuii FO.Il. — Anuabaruueckue unsapuantsl. Kues: Haykosa
aymka, 1981.

32.Isayev A.A., Kovalevsky M.Yu., Peletminsky S.V. — Mod. Phys. Lett. B, 1994,
vol.8, p.677.

33.le Ken I1.2K. — ®usuka Xuankux Kpucramios. M.: Mup, 1977.

34.Finkelmann H., Kock H.]J., Rehage G. — Makromol. Chem. Rap Commun., 1981,
vol.2, p.317.

35.Deeg F.W,, Diercksen K., Schwalb G. et al. — Phys. Rev. B, 1991, vol.44, p.2830.

36.Brand H.R., Pleiner H. — Physica A, 1994, vol.208, p.359.

37.Kupfer J., Finkelmann H. — Makromol. Chem. Rap. Commun., 1991, vol.12,
p.7117.



492 MCAEB A.A., KOBAJIEBCKHH M.IO., TIEJJETMUHCKHUH C.B.

38.Legge C.H., Davis F.J., Mitchell G.R. — J. Phys. II (France), 1991, vol.1, p.1253.

39.Bonkos JI.B., XKentyxun A.A., Banox FO.II. — OTT, 1971, .13, c.1668.

40. Halperin B.L., Saslow W.M. — Phys. Rev. B, 1977, vol.16, p.2154.

41.Saslow W.M. — Phys. Rev. B, 1980, vol.22, p.1174.

42. Aanpees A.®., Mapuenko B.. — Y®H, 1980, 1.130, c.39.

43.Maki K. — Phys. Rev. B, 1975, vol.11, p.4264.

44.Kosanesckuit MLIO., ITenermunckuii C.B., Poxkos A.A. — TM®, 1988, 1.75, c.85.

45.Hcaes A.A., Kosanerckuiit MLIO., Ienermunckuit C.B. — TM®, 1993, 1.95, c.58.

46. Halperin B.L, Hohenberg P.C. — Phys. Rev., 1969, vol.188, p.898.

47.Hcaes A.A., Kopanesckuii M.IO., Henervuucknii C.B. — MM, 1994, 1.77, ¢.20.

48.Tanpay JIJ., Tudmmun E.M. — Ksantosas Mexannka. M.: Hayka, 1989.

49. Ocrposcknii B.C. — XIT®, 1986, 1.91, ¢.1690.

50.JIoxTeB B.M., Octposckuii B.C. — ®HT, 1994, 1.20, ¢.983.

51.Onydpuepa @.I1. — XKDTD, 1984, 1.86, c.1691.

52. Axuesep A.W., Bapraxtap B.I'., Hesermunckuit C.B. — Criurossie Boubl. M. Ha-
yKa, 1967.

53. Annpees A.D., Tudmmy UM, — XKITD, 1969, 1.56, c. 2057.

54.Saslow W.M. — Phys. Rev. B, 1977, vol.15, p.173.

55.J1aspunenxko H.M., Ienermunckniit C.B. — TM®, 1986, 1.66, c.314.

56. Tanpay JLI., Tucpummn EMM. — Teopus ynpyrocti. M.: Hayka, 1987.



" «®U3HKA 3JIEMEHTAPHBIX YACTHL H ATOMHOI'O A1PA»
1996, TOM 27, BbII1.2

YAK 541.41;
543.422;
546.294-31

TEXHOJIOTMYECKUN MONMOP®U3M
ANCHNEPCHBIX AMOP®HbLIX KPEMHE3EMOB:
HEYIMNPYITOE PACCEAHME HEMTPOHOB
HA KOJIEBJIIOWWMXCA ATOMAX
N KOMIBbIOTEPHOE MOAENMPOBAHUNE

E.®.llleka, H.B.Mapkuues

Poccuiickuit yausepcuteT apyx6e Hapoaoe, Mocksa
H.Hamxkaney*, B.[l.Xasprouenko**
OGbearHeHHbI MHCTUTYT SAEPHBIX Uccnenosanwii, Jy6Ha

B o63ope cucremarusupylorcs pesyliisTarhl BHOOPOGHOTO MCCISNOBAHUS KONEBATETBHBIX
CHIEKTPOB PAfia MPOMBILUIEHHBIX aMOPGHBIX BEICOKOMMCHEPCHBIX KPEMHE3EMOB (a3pOCHII,
CHJIMKAre/lb, a3POre/ib) C IIOMOLLBI0 HEYIIPYTOrO paccestHus HeHTpoHoB. O6CyXNa0TCs 06Ha-
PYXEHHOE ABIEHHE TEXHOIOTMYECKOTO NOMMMOPGI3MA M PE3Y/ILTAaThl KBAHTOBO-XHMHUYECKO-
TO MOLENMPOBAHHSA CTPYKTYP H KO/NEGATEIbHBIX CIIEKTPOB COOTBETCTBYIOIINX HOTUMOPQHBIX
MoIU(HKALIHA.

The results concerning the vibrational spectra for a set of commercial amorphous highly
disperse silicas (aerosil, silica gel and aerogel), studied in details by inelastic neutron
scattering, are reviewed. The observed phenomenon of a technological polymorphism as
well as quantum chemical modelling of the structure and vibrational spectra of the related
polymorphic modifications are discussed.

1. BBEIEHHE

Kiacc XHMHYECKUX BELIECTB, U3BECTHBIX MOI OOLIMM HA3BAHHEM <KDEMHe-
3eMbl», OOBEAMHSIOMMI KaK NPHPOIHBIE BEWECTBA — OT KBApUA M KPHCTOGa-
~JIATa 10 MONYAPAaroleHHbIX KaMHEH, TaK W HCKYCCTBEHHbIE — OT KBapIEeBOro

*IocToanumiit anpec: MHCTHTYT snepHOil du3MKH uM. X Hesonuuyansckoro, 31-342 Kpakos,
TMonewa

**TlocTosuneti apec: MHCTHTYT XuMuM nopepxuocTy HauHoHanbHO# akaneMun HayK YKpauHBI,
252028, Kues, Ykpauna
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i
N

CTEKJIa IO a3POTeisi, B CBOEM OCHOBAHHM MMeET MPOCTEeHIIEe COEAUHEHHE: OKCUTL
xpemuus (Si0,) [1]. CemeiicTBo aMOp(HBIX BHICOKOAUCTIEPCHBIX KPEMHE3EMOB,

BKJIIOYAIOLLEE a3POCHIIBI, adPOCHIIOreNM, CHUIIMKAresu, MOPUCThIE CTEKJIa, CHIIO-
XPOMBI U asporesiv, BXOOMT B HETO KaK COCTaBHast 4acTh [2,3].

BaXHOCTb BBICOKOAMCIIEPCHBIX KPEMHE3eMOB IS XHMHH M XHMHYECKOM
TEXHOJIOFUK TPYAHO NepeoueHuTb. OHU B GOJBIIMX KOJTHYECTBAX MCMONb3YIOTCS
B XMMHYECKOW MPOMBIIIEHHOCTH KaK aacopOEHThI, HaNOMHUTEIN U Pa3pPbIXIH-
tend [4]. KpeMHe3zeMbl M3BECTHb OJHOBPEMEHHO KakK JIeKapcTBa M KaK YCHJIH-
Tenu GHONOrHYECKOM aKTHBHOCTH BELIECTB M JIEKAPCTB, @ TaKXe KaK XeMOcop-
6eHTbl, KOHCEPBAHTHI I XHBLIX BAKIHMH H T.A. MX MHOroyuciieHHsie npume-
HeHus 0asMpylOTCS Ha YHHUKAIBHOH TNOBEPXHOCTHOM aKTMBHOCTH, HpHpOAa
KOTOPO# MHTEHCHBHO M3y4aeTcs B TeYEHHE JUIMTENbHOro BpemeHH [5,6].

HccnenoBaHuaM IHCIEPCHBIX KPEMHE3EMOB MTOCBSAILEHO OTPOMHOE KOJTHYeCT-
B0 paboT. [IOBONBLHO MTHTENbHOE BPEMS OHM TIPOBONMIIMCH, IJIABHBIM 00pa3soM,
SMIMPUYECKMMH XUMHYECKUMHM METOLaMM, W Juuib B KoHue 60-x rogos Haua-
JI0Ch TPUMEHEHHE CNEKTPOMETPHYECKUX MeTooB — Konebartensioi UK- n KP-
cnextpockonuu [7—13] u cnekrpockonun AMP (cm. 0630p B [14]). OnHako
KaK W3-3a CIIOXHOCTEN KCIEPUMEHTAIBHOTO XApaKTepa, Tak ¥ H3-3a TpYAHOCTeN
B HHTEPJIpETalUH MONYYEHHBbIX JAHHBIX PE3YJIbTaThbi SABJSAIOTCS BO MHOFOM Kaue-
CTBEHHBIMH, YTO 3aTPYIAHSET MCIONB30BAHHE ONTHYECKOiH KosebaTe/ibHOH Crek-
TPOCKOIMHUH il CTPYKTYPHO-KOMIMO3WUHOHHOIO M3y4€HUS DTHX BELLIECTB.

B oTiuuMe OT ONTHYECKOH, HeHTpOHHas KojebaresbHas CIEKTPOCKOMHS
JOCTHIVIA B nocjeguue roasl [15,16] 3HaynTensHOrO nporpecca B 9TOM Hanpas-
nenuu Onarogaps BO3MOXHOCTH YBEPEHHOTO BbIIENIEHHS 4YacTed cnekrpa, cooT-
BETCTBYIOLIMX OINpedeeHHBIM CTPYKTYPHBIM (PparMeHTaM CHCTEMBI, B TOM UYHCie
1 nosepxHocTH. [locliefiHee JOCTHXEHHE ClefyeT OTMETHTh 0C000, MOCKOJIbKY
XOpOIIO H3BECTHO, YTO HEYNpyroe paccesHue Teriosbix Heiirponos (HPH) s
obeM cnydae aBiaseTcs OOBEMHBIM METONOM HCCIENOBaHHS M3-3a Gonbuioi

cpeaHeii wiMHbl cBOGOFHOTO npobera HEWTPOHOB B cpefie (NopsaKa 1072 m) [17].
OnHaKo eciiM yAesibHas TMOBEPXHOCTb YBEJHMYMBAETCH, KaK 3TO HMEET MECTO B
Cllydae BHICOKOIHMCIIEPCHBIX BEILECTB, M €CIIH MOBEPXHOCTb 06pa3lia NOKphITa BO-
IOPONOCOAEPXALIMMH BeLIECTBaMH (41pa NpoTHA 061a1al0T HCKIIOYHTEIBHO Bbi-
COKHM CEYeHHEM paccesHHs HEHTPOHOB M aMIUIMTYAAa MX CMELIEHHH MpPH KoJie-
6anusX BeNMKa), TO BKJAl PacCesHHs Ha MOBEPXHOCTHBIX KOneOaHMSX CyILECT-
BeHHO YyBenuuuBaerca. Ilpu 3ToM cuTyauus OnaronpusTHa He TOJBKO A
BOINOPOAOCOAEPXAIKX ancopOeHTOB, HO U IS KonebaHHi MOMIOXKH B PE3yib-
tate «a(dexrta Bcaguuka» [18,19]. IncnepcHeie KpeMHE3EMbl YIOB/IETBOPSIOT
000HUM TNpPUBENCHHBIM YCJIOBHSM, [I0O9TOMY NPUMEHEHHE K HUM CIIEKTPOCKOIMH
HPH oka3anocek upe3BpluaifHO ycrieliHbM. B pesynsTarte npoBeneHHs CEpHH Le-
JICHANpaBJIeHHO CIUIAHUPOBAHHHX 9KcnepuMmeHToB [20—29] ymanoce onpene-
JIUTH CTEKTPHl KoneGanuil 00beMa, UM OCTOBa, pala MpPENCTaBUTeNed 3THUX Be-
HIECTB W KOJIeOaHW# MOBEPXHOCTHBIX 30H. Pe3sysbrarhl, NONydYeHHbIe W1 CEpHU
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Pa3IUYHBIX NIPOMBILUICHHBIX KPEMHE3EMOB, OKa3aIyMCh NMPUHLHUIHAILHO 3HAYM-
MbIMH. BbUIO NOKa3aHO, YTO HCCIIENOBAHHBIM KPEMHE3eMaM COOTBETCTBOBAIH Ha-
CTOJIBKO pa3IMuHble KojeGaTeNbHble CIIEKTPhl OCTOBOB M TOBEPXHOCTHBIX 30H,
YTO BO3HHMKJIA HEOOXOAMMOCTh OTHECTH 3TH BELIECT3a K NPHUHLMIIUAIBHO pas-
JIMYHBIM CTPYKTYPHBIM 0OpaszoBanusaM [30—32]. Tak 6sUI0 CEKTpPanbHO 06HA-
PYXCHO sBIICHHE, NONyYMBIUEE HA3BaHHWE TEXHOJOrMYECKOro MNOJIUMOpPGhH3Ma
[30]. OHoO nem10 B OCHOBY HOBOTO, AITOPUTMUYECKOIO IOAXOAA K BHIYMCITHTE b-
HOMY MOIENMpOBaHHIO H3y4eHHBIX Bemects [30—32]. Dro Monenuposanue,
NPOBEJICHHOE Ha ypOBHE Hanbollee COBPEMEHHBIX KBAHTOBO-XMMHYECKHUX METO-
noB [33—35], no3BONMIIO MOCTPOUTb MORENH CTPYKTYP, OOBSICHAIOIIME TOBEIC-
HHE KONeGaTe/IbHbIX CIIEKTPOB PA3TMYHbIX THIOB KPEMHE3EMOB, H YCTAaHOBHTH
OIHO3HAYHYIO CBS3b MEXIY 9TUM SBJICHHEM U PA3IMYMAMU XUMHYECKMX TEXHO-
JIOTHH, UCIIONB3YEMBIX JUISl MOJIy4eHHs NPOYKTOB. Bepudukauus nmoaxona 6suia
OCYWIECTBICHA YCTIELIHbIM CPABHEHUEM PACUYETHHIX H 9KCTIEPHMEHTATBHBIX KOJIe-
GaTesIbHBIX CHIEKTPOB, M3MEPSEMBIX C momowpio HPH.

Lenbio HacTosimero 0630pa sBNAETCH CHCTEMATH3ALMs TIONYYEHHBIX PE3yiib-
TATOB U Cnoco6oB ux 06paloTKH, HANpaBICHHAS HA BHISRICHHE H BBIPAbOTKY
TNOAXO/a K H3YYEHHIO CNIEHH(UYECKOTO SIBJIEHHS TEXHOIOTMYECKOTO MONMMOp-
tusma. Bynyun BrepBbie THIATENBHO HCC/ICAOBAHHBIM JUIS JUCMEPCHBIX KpeMHe-
3EMOB, 3TO SBJIEHUE OKA3AIOCh OJHMM M3 OTNHMYMTENBHBIX MPHU3HAKOB HAHOPA3-
MEpHBHIX MaTepHAIOB MpakTH4ecKk JoGoro xmacca [36], B CBA3M C uyeM ero
NOHUMaHKE ABJIAETCS OHHM U3 OnpefeNnsomux (HakTopoB CO3MAHHT OCHOBHBIX
MaTepuaioB Gnuxaitmero Gyxyuiero.

2. OBIIAA XAPAKTEPUCTHKA
TUCIIEPCHBIX KPEMHE3EMOB

2.1. Crpykrypnsie cBoiicta u UK-normomenne. M3sectno, yto Jaucrepc-
Hble aMOp(HBIE KPEMHE3EMBI I10JIY4al0TCS IIPH KOHSHCALIUU NOJTMMEpPH3aLUH,
CONMPOBOXMAIOIIEH MMAPONMU3 TETPAraloreHOB KPEMHHS, MX OPTOOPraHHYECKMX
3¢upos u coneil kKpemHueBol Kucnotst [1]. [Monumepusanus npusogut K obpa-
30BaHuI0 cunokcaHoBbiX (SiOSi) uenoyex u HemaHapHBIX [UKJIOB C pasIMYHbIM
YACIIOM YJIEHOB. YTIaKOBBIBAsICh B POCTPAHCTBE, 9TH LENOYKH M LIMKIIBI 06pasy-
10T OGBEMHYI0 CTPYKTYPY (PO, MM OCTOB) KpeMHe3eMa. DTH Xe LeNOuYKH H
IMKITBI (POPMHUPYIOT €ro MOBEPXHOCTh. BalleHTHBIE CBA3M OBEPXHOCTHBIX ATOMOB
KPEMHHs HaCHIIECHBI NPH 3TOM JIHIIB C BHYTPEHHEH CTOPOHBI IMOBEPXHOCTH.
- Ameercs «u36BITOK BaIEHTHOCTH» Ha BHELUHEH CTOPOHE, KOTOPbIH HachlLiaercs
B TIPHCYTCTBHH MOJIEKYJI BOJbI ITYTEM IPHCOEAMHEHHS THIPOKCHIBHBIX TPYIIN pa3-
MYHOH KOH(UIypauyuu. BosHUKAIOIHE aKTHBHBIE LEHTPHI OBEPXHOCTH OXOTHO
ancopOMpyIOT BOTY, BCIGACTBHE YEro BOKPYT TBEPHOIO CHIOKCAHOBOIO sfpa BO3-
HUKAeT XapakTepHast 0GONOYKa, COCTOAMAs M3 TMAPOKCHIIBHBIX IPYII M aicop-
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‘@; 6UpOBaHHOW  BOEBL.  DTOT
. 6 m®i B3IV HAa CTPYKTYpY amopd-

R P HBIX AMCIIEPCHBIX KpEMHe3e-
MOB HIOXEH B XOPOLIO H3-
BeCTHON MoHorpacduu Aiije-
pa [1]. 3a roae!, npomeaume
CO [OHS ee TMOSBICHUd, He-
CMOTpSl Ha pellleHHe MHOIMX
-0 @-Si o - H ' yacTHBX npobneM (cM. mo-
cnegnue MoHorpaduu [4,5]),
3TOT B3IVISIA HE mperepnen Cy-

Puc.1. Cxemarnyeckoe NpeNCTaBICHHE O CTPYKType

aMOp(HOrO KpeMHeseMa: a) CHIaHOMbHbie Tpynmbi, —LECTBEHHBIX M3MEHCHUU.
6) CWIaHOMONIbHAA TPYINA, 6) CWIAHTPHOJIbHAd Tpyll- Tak, Ha puc.l nokasaHa
na, 2) rPynIsl, CBA3aHHbIE BONOPOAHON CBA3LIO CTPYKTYpHasd Cxema aucnepc-

HOrO KpeMHe3eMa, NpUHHMAaB-

IAsCs [0 YMOJNYaHHIO NpH-
TOIHO# A/ NPOMYKTa J06Oro NPOUCXOXAeHHUs eule Tpu roaa Hasan. Ha sroit
CXeMe CWJIOKCAHOBasl LIENOYKa MPEeACTaBlseT MOBEPXHOCTHbIA CJIOH aTOMOB
OCHOBBL! PparMeHThl €€ pa3BeTBICHHUS BryOb MMHTHPYIOT Pa3BUTHE OOBEMHON
cTpyKTypbl. HeHachllienHHble CBA3M MOBEPXHOCTHBIX aTOMOB KPEMHHs 3aKpbIThI
MMIPOKCUIIBHBIMM TPYyMNaMH, TMPH 3TOM KaK YHCJIO TPYNN, NPUXOMSAIMXCA Ha
OIMH aTOM KPEMHHs, TaK M MX pacrnpeieseHHe Mo MOBEPXHOCTH, B 061IEM, YETKO
He onpeaeneHo. HapyxHbiil cloil NpUBESEHHOTO CTPYKTYpHOTO hparMeHTa 3aHu-
MaloT MOJIEKY/Ibl ancopOMpOBaHHON BOABI, MOJNOXEHHE KOTOPBIX OTHOCHTENbHO
TNIOBEPXHOCTHBIX [PYMI TaKXKe MMOKA3aHO B 3HAYMTENLHON Mepe npoussoibHO. I1o
CYTH, B MPHBEJEHHON MOLE/NN HAIIAAHO MPEACTABIEHO TO NMOHUMAHHE aTOMHOM
CTPYKTYphl 06beMa M TIOBEPXHOCTH IHCIIEPCHONO KpeMHe3eMa, KOTOpOe CIIOXH-
70ch Ha ocHOBe u3ydenus ux MUK-crnekTpos noroumennus.

IMonbITKK HcwlenoBaHusA KosebaTebHBIX CHEKTPOB AHCMIEPCHBIX KpEMHe3e-
MOB MeTofaMH onTtHdyeckoil cnekrpockonuu (MK-nomomenuwe u orpaxenue,
HapYIIEHHOE [OJIHOE BHYTPEHHEE OTpaXeHHe, KOMOWHALMOHHOE paccesiHHe)
NpeANPUHUMATHCE HEOMHOKpaTHO [7—13]. OgHako M3-32 OYEHb CHIBLHOTIO NO-

[JIOLEHUS CHJIOKCaHOBOM Martpuupl [37] uccnenoBaHus ObUIH cOCpefOTOYEHbI

miaBHBIM oOpa3oM B obnactu 3000 + 4000 M, B KOTOpOH HaxOmATCH 4acTOThI

BAJICHTHBIX KoJieOaHHil MMAPOKCUIIBHBIX Ipynn M Boapl. IlonyyenHeie pesynbra-
THl, laX€ B COYETAHMHU C JEATEPO-NPOTHEBHIM OOMEHOM, AAIOT NPOTHBOPEYUBYIO
KapTuHy (cM. [11,13]) 1 ocTalOTCd HANONOBMHY KaYECTBEHHBIMH, YTO BHOHO U3
06061EeHHON KapTHHbL, TpeacTaBieHHoi B Tabn.l. Kak crenyer u3 Tabnuusl, Ha

OCHOBaHHH JaHHbIX B obnacru 3000 + 4000 oM™ ! YCTAHOBHThH paziituyHe MEXIY,

HalpuMep, adpOCUIOM, CWIHKAarelaeM W asporesieM NPaKTUYECKH HEBO3MOXHO.
Yro xe kacaercs Hambojiee  CTPYKTYpHO-UYBCTBHUTENIBHBIX  obnacteit
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Tabnuna 1. Yacrorsl monoc norioweHMs KoneSaHmil
CBOGOIHBIX TMAPOKCHIBHBIX TPYII KpeMHE3eMOB,
06paloTaHHbIX IIpH BBICOKHX Temmepatypax [13]

O6pasen Yactorsl, cm ! Hnrepnperauns
t°,C{ OH OD
HNopucroe 550 4540 CocrasHoe KosieGanue BaleHTHBIX KOJie-
CTEKJIO GaHuit cBOGOIHBIX MMIPOKCHABHBIX TPy
B SiOH u BaneHTHsIX Kone6anuii SiO
750 4550 CocrapHoe KoneGaHue BaleHTHBIX 1
AehopMaUMOHHBIX KosiebaHHil cBOBOHBIX
THAPOKCHIbHBIX Tpynn B SiIOH
Asporens 700 4520 3363 CocraBroe Konebanue BaleHTHBIX
1 BHETUIOCKOCTHBIX AehOPMAaLHOHHBIX
Konebanui CBOGOMHbBIX MHAPOKCHIBHBIX
rpynn B SiOH u SiOD
HMopucroe 750 3850 2840 | Cocrasnoe konebanuce aedopMalHotHbIx
CTEeKJI0 KoneGanui cBOBOAHBIX IHIPOKCHIBHBIX
rpytn B SiOH u SiOD u sanenTHbIX
Konebanuit 8 Si04
550 3749 2761 BanentHbie konebanus cBoBoHbIX
rUapoxcuibHeIX rpynit B SiOH u SiOD
600 3740 | 2760
Cunukarens 400 3749 2761
940 3748
500 | 3740
Aspocun 940 3750
500 3748
Asporenb 700 3750 | 2740
Aspocun 450 3743
400 | 3737 | 2755
400 3747 | 2760
Cunnkarens 400 | 3500 BanentHble koneGaHus ruapoKCHIBHBIX
rpyrt B Si(OH),
Mopucroe 400 2000 KoM6unaumonnbie U 06epToHHbIE
CTEKJIO 1870 KosiebaHug 0cTOBa KpeMHe3eMa
Asporens 600 1635
Cunukarens 400 950 Hedopmaunonsie Konebanus B SiOH
WK BaneHTHbIe Konebanus rpynnsi OH
OTHOCHTENBHO Si
400 870 Hedopmauronusie konebanus B SIOH
Asporens 700 770 603 | BremtockocTHble feOPMALHOHHEIE
xonebanus B SiIOH
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0 + 400 cM™' u 500 + 1000 CM"I, TO HepBas MOMHOCTbIO 3aKkpbita B MK-cnekr-
pax IorJIoLeHHEM CUJIOKCAHOBOrO 0Obema, a Bropas IO TOH Xe MpPUYHHE HCCIie-
noBaHa mioxo [37—39]. Mmeromasca uncgopmaims 06 aToit obmacty W3BIEKaeT-
csl rMaBHBIM 00pa3oM M3 aHallu3a COCTABHBIX YacTOT.

OcHOBHBIE 3aK/II0YEHMs, CHEJaHHbBle Ha OCHOBaHMM uccnenoBanus MK-no-
DJIOIEHUS, CBOISITCS K CIEAYIOILEMY.

1. CxoacTBO NOBeeHUs Pa3IUYHBIX JIUCIIEPCHBIX KPEMHE3eMOB B psze 6a3o0-
BbIX peakuuit [1-—5] no3Bosser NpeanosioKuTh nogobue CTPYKTYp HMX MOBEPX-
HOCTEi, BC/IEACTBUE Yero UCCNeOBaHUsS B OCHOBHOM HPOBOMSTCS HA PazIMUYHBIX
obpa3siax aspocuiia Kak Hauboliee XUMUYIECKH YHUCTOTO KpeMHe3eMa.,

2. Bcneacreue COCPEAOTOUCHUA UCC/IEJIOBAHUM ITTaBHBIM o6pa30M B obnactu

1 ..
3000 + 4000 cM ~ OCHOBHBIMH OOBEKTAMH WM3YUEHMS SIBASIOTCS TMAPOKCHIIBHBIH
MIOKPOB U ancopOUpOBaHHAS BOZA.

3. HOBerHOCTb aspocuiia paBHOMEPHO MOKpPbITA CAJTAHOJIBHBIMU TpynnamMu

C WIOTHOCTEID ~ 4,6 Tp./ HM2, 9YTO COOTBETCTBYET CPEAHEMY PACCTOSHUIO MEXIy
Humu 0,7 M [5]. CywecTsoBaHve CHUNAHOUOJBHBIX TPYNIT HE OCHApUBAETCH,
OIHAKO UX KOJHYECTBO TI0 HAHHBIM PAa3HYHBIX aBTOPOB Kojebnercs ot 4 1o
40% [5,14]. CunaHTpHOJBHBIE TPYNIBl HA MOBEPXHOCTH a3pOCHIia B OOBIYHBIX
ycnoBusX He oGHapyxusatorcs [40].

4. CucreMa azncopOar/momioxKKa B cliydyae BOJa/KPEMHE3eM COCTOMT M3 IBYX
NapTHEPOB: CUIIAHOJIBHOM TPYIIIBI U MOJIEKYJIBI BOABL. PacxoXaeHust Mexay aBTo-
paMH CBOIMTCS K BOMPOCY O THUIE B3aWMOAEHCTBHS MeXHy maptHepamu. HacTs
ABTOPOB CKJIOHSETCS K KOOPIAMHALMOHHOH NpHpoae LEHTPOB aucopOLUU BOMIbI
[6], mpyrue monaramT, 4TO MOJIEKYJia BOIbI CBA3bIBAETCS C TMIPOKCHIIbHBIM LIEH-
TPOM MOCPEICTBOM BOZOPOOHOM CBsi3n. M3 paboT HemaBHEro BpeMeHM, NOCBS-
LIEHHBIX 3TOMY BONPOCY, CHelyeT BbIIeJUTh uccienoBauus [14,41,42], B xoTO-
pBIX JAeNaeTcs MONBITKAa OOBSCHUTh MEXaHU3M ancopOLMM BOObl Ha OCHOBaHHH
MCCJICOBAHUS JUHAMUKH AEHTEpO-POTHEBOr0 OOMeHa B MMAPOKCUIBHBIX TPYII-
nax ¢ MOMOIIBIC KOHTPOJIE MHTEHCUBHOCTH nonoc nomtowenus rpynn OH u OD

(cootBercTBeHHO 3749 n 2761 CM—I). Ha ocHOBanMM 9TUX HcCremoBaHHE caena-
HO [Ba BbIBOZA: 1) agcopOrus BOABI MAET Ha TMAPOKCHIBHBIX IPYyHNax U 2) Ha
MOBEPXHOCTH adpOCHJIa €CTh YYAaCTKM C CYIIECTBEHHO pa3jIMuYHOM CKOPOCTHIO
aacopOLUY BORbI, T.e. MMEIOTCS THAPOKCHIIBHBIE TIPYMNIbl CYHIECTBEHHO pas-
JMYHOH CTPYKTyphl. B pabore [43] aHamoruunsie BBIBOXBI CHAEfaHbi HAa OCHO-
_BaHWH pAacyETOB METOAOM MOJIEKYIApHOH AWHAaMHUKH. PaznuuHbie BO3MOXHbBiE
HOJIOKEHHS aficoOpOMPOBAaHHOM Ha KpeMHe3eMe BOjIbI H300paxeHbl Ha puc.2.

B nenom uccnepopanus MIK-norsoinesns Tak U He Jald OTBeTa Ha Cledy-
IOLIHE OCHOBHBIE BOMPOCH XMMMH JMCIIEPCHBIX KPEMHE3EMOB:

— HAacKO/IBKO OJIMHAKOBO CTPOEHME fApa Pa3fIMYHBIX [POMBILITEHHBIX
¢hopM amMOpHBIX TUCTIEPCHBIX KPEMHE3EMOB;
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Puc.2. CxeMaTH4eCKO€ NpeNCcTaBIEHHE O ONOXe-
HUM a/ICOPGHPOBAHHEIX MOJEKY BOABI Ha TOBEPX-
HOCTH aMopdHOro XpeMHeseMa [6]: a) Boxna, cBs-
3aHHas BOAOPOINHOW CBA3bI0, O) BONA, KOOPAMHH-
poBaHHas! B yuc-TIONOXEHHH, ¢)  BoHa,
KOOPAMHHMPOBAHHAS B MPAHC-TIONOXEHHH

- — KaK (OpMHpYeTCs MX MOBEPXHOCTb M KAKOBO pacrpeielieHHe Ha Heid
TMAPOKCHUJIBHBIX [PYII;

— KaKOBbI YC/IOBHA CYLLECTBOBAHHUSA Ha MOBEPXHOCTH CHJIAHOJIBHBIX, CHJ1aH-~
AHOJIbHBIX U CHJIAHTPHOJIBHBIX rpynmn;

— KaKOBbl MEXaHH3Mbl aJCOPOLUH Pa3NHUYHBIX BEUIECTB W, B NMEPBYI Oye-
penib, BOAb! HA MOBEPXHOCTH 3THX MPOAYKTOB.

370 OGCTOATENLCTBO 3aCTABHIIO MCKATh HOBBIE MYTH JUCKPHUMHUHHPOBAHUS
BewecTB. DQEKTHBHBIM CHEKTPATbHBIM METOLOM SIBUIIOCH Heynpyroe paccesi-
HHE HEHTPOHOB. DTOT METOM NO3BOJIMII IEPEHECTH CIEKTPATbHbIE HCCIIEN0BAHHS

kone6atenbHOro cnextpa B o6nacts 0 + 1500 cM™, rae nexar HanGonee CTpyK-
TYPHO-4yBCTBHTENbHbIE Ae(OPMALIHOHHBIE, TOPCHOHHBIE M KPYTHJIbHbIE KOJeOa-
HHsl THAPOKCHIILHBIX IPYMI, BOAbI M CHJIOKCAHOBOIO OCTOBA, M MOCTABUTh BOMPOC
O MOJNYYEHHH KoneBaTenbHbBIX CMIEKTPOB OTAENbHbIX CTPYKTYPHBIX KOMIIOHEHTOB
KaXxJ0ro KpeMHeseMHoro o6pasua.

2.2. TIpuMeHeHHe CNEKTPOCKONIMH HEYNPYroro paccesHus HeHTPOHOB K
MCC/IEIOBAaHHI0 KoaebaTenbHbIX crekTpoB. Crektpockonus HPH smnsercs
CPaBHUTE/ILHO HOBBIM METOJOM HCCIIENOBAHHA NOBEPXHOCTH. [lepBOHauanbHO
MCC/IEN0BaHUs C MOMOLUBIO yrpyroro (audpakuus) U Heynpyroro (kone6aresn-
Has CMEKTPOCKONHSA) paccesHus HedTponoB [17,44] GbulM OpMEHTHpPOBaHBI Ha
H3ydeHHe OOBEMHBIX XapaKTePHUCTHK, MOCKONbKY H3-3a BBICOKOi NPOHHUKAILE
CrI0COGHOCTH HEHTPOHA BK/IAX MOBEPXHOCTHBIX aTOMOB B CHEKTp paccesiHUs Ha
obpasue 6bu1 HeouyTuMo Man. OXHAKO, KaK 6bLI0 CKA3aHO BO BBEJIEHUH, CUTYa-
LUs CTaHOBUTCS Gosee 6.1aronpusTHON ISt BHICOKOTMCIIEPCHBIX 06pa3uoB, 4To
H GbUTO MOATBEPK/IEHO Ha NPUMeEpE AMCHEPCHBIX KPEMHE3EMOB. Ipu uccneno-
Banun HPH ot atux o6pasnos B nosnoii Mepe nposBuMch OCHOBHbIE IIpeuMy-
LUECTBA HEHTPOHHOM CHIEKTPOCKOMKH: YyBCTBUTENLHOCTh K IPOTHEBBIM AnpaM u
K M3OTONHOMY 3aMCIICHUIO NPOTHH — HelTepuit, OTCYTCTBHE NMpaBul ot6opa
TpH NEpeNaie SHEPrHH, BOBIEYEHHOCTh B NPOLIECC PACCESHUS LIMPOKOTO CIIEKT-
pa KosneGaTe/IbHbIX COCTOSIHMI 1 Ip.
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NHTEHCUBHOCTL paccesHun

NHTEHCUBHOCTL PaccesHud

50 ‘1(‘)0 - l1éO‘ — MNepepanHan aHeprus, mabB
MNepepaHHast aHeprus, mabB
Puc.4. Cnextpsi HPH or cunukarens
Puc.3. Cnektpsi HPH or cuinkarens Spherisorb S20W, 15 K [45] npu pas-
Gasil1200, 15 K [45] mpn pavumamoii ~ JWHHOM Bnaxuoct: 1) 3%; 2) 2%; 3) 1%;
pnaxsoctu: 1) 13%; 2) 4%; 3) Bbicymen- 4) Bricymiernsiit ipu 110° obpasen
ueii npu 150°C obpasen

OnHa M3 NEpBIX PE3YNbTATUBHBIX paGoT MO H3y4eHHIO KoyeOaHuil BOMBI,
ancopOMpOBaHHO Ha TOBEPXHOCTH KpeMmHe3ema, Obuia BHINOHEHA B 1981 r.
[45]. [TpeautecTByIOIIME HCCIIEOBAHUS 1964—1975 rr. [46—48], nocBsamieHHbIE
Toil Xe npobieme, GbUTH MPOBEIEHb [IPH KOMHATHOH TeMrepatype, 4TO orpa-
HUYMBAIO BO3MOXHOCTH M3ydeHHs HW3KOYACTOTHBIX KonebGarenbHpix MOA. B
pa6ote [45] Gbun M3yueHs 1Ba 00pa3lia KPEMHE3EMOB (cwmxarenn) TIpH TeMIie-
paType 15 K: Gasil1200 (pacuerssiii guamerp mop 21 A, ynem,ﬂax MOBEPXHOCTh

850 M / r) u Spherisorb S20W (cooTsercTBenno 89 Aun232wm / r). OCHOBHBIM
pe3y/IbTaTOM paboThl SBUIOCH YCTAHOBJIEHHE OTJIMYMS CIEKTPa KoneGaHui BOIbI
B I0paX CHIMKaresieil OT crekTpa KoneGaHuil 06pMHOTO Jbaa (CM. puc.3 u 4)n

BO3pACTaHHE CIBUIA MAKCHMyMa CIIEKTpa, PacmojioxenHoro Ha 640 M), B

s

HHU3KO04YaCTOTHYIO obnacthb npu nepexoje or CUIMKaresd C MaJIbIM JHAMETPOM
op K CHJIMKarejx ¢ MECHbIIWM pasMepoM Top. TaK, n3 pl/lC.3 BHJHO, 4YTO IIpH
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MaKCHMaJIbHOM BJIAXKHOCTH
obpa3ua raBHBIA MUK CHEKT-
pa NpakTUYECKH COBMANAET C
OCHOBHOH TOJIOCOii B CIIEKTpe
npaa HZO’ NoJIOXKEeHHE KOTO-

1Ty

PSS I

pOH MOKa3aHO BEPTHKATIbHOM
WITPUXOBOH JIMHKUEH. TTpu BoI-
cymuBaHud obpa3ua 1moimo-
KEHHe 3TOTO MHKa B CIIEKTpe
CHJIMKAresisl CABHIAETCsl B HU3-
KOYacCTOTHYI0 oOnactb. AHa- .
sornuHbiil adext Habimoga- 0 100 120 140
eTcs Ipu nepexone K obpasiy MepenaxHan aHeprus, maB

C MEHBIIMM pa3MepoM [op.
It ofcyxmeHust npu4MH Ta-
Koro casura Osuta mpeanoxe-
Ha MOIENs agcopOLUM BOIbI
Ha COCEJIHUX MOBEPXHOCTHBIX THAPOKCWIBHBIX TPYINIAX, ONHAKO 3Ta MOJIENb
UMella OYeHb KaYEeCTBEHHBIH Xapakrep.

Ceuenne paccesHns (npouss. en.)
N
1]

Puc.5. Cnexrpet HPH ot npna: 1) nem B mopucrom
crexne Vycor glass [56]; 2) rekcaronanbnbiii nex [57]

bruto Taxxe ycraHoBneHo, 4TO CBOHCTBA BOIb B OBG/IACTH KOHTAaKTa C IO-
BEPXHOCThIO CYNIECTBEHHO OTIMYAIOTCH OT €€ CBOWCTB B 00beMe. Tak, BOIM3U
NIOBEPXHOCTH KPEMHE3eMa H3MEHSeTCs IUIOTHOCTh BOmbl [49], Koadduument
aupdysun [50] u ee Baskocts [51,52]. Usyyenne aucbpakuuu [52—55] nokasa-
JIo, 4TO BOJA B IOpax WMEET CTPYKTypy Jbja KyOuueckod mopucukauuu Ic;
OOBIYHBIN JIe[ MPH TAKMX Xe YCIOBHAX TpPeICTaBIseT co60il IeKCaroHaIbHbIH
kpucta1 Th. Bror adpdexT obbsicHsercs H3MeHeHHeM CTPYKTYPhl BOAbl BOIH3M
MOBEPXHOCTH KPEMHE3EMa, ONHAKO OOBICHEHHS OCTAIOTCS Ka4eCTBEHHBIMHU, OCO-
GEHHO C y4eTOM BBICKA3aHHOTO B [56] 3ameuaHust 0 pamMuusiX B CTPYKType IO-
BEPXHOCTH CaMUX KpeMHe3eMOB. B Toif Xe paboTe Ha OCHOBaHWM MOIENBHBIX
pacueToB M dKcrepuMeHTta npd temneparype 15 K Ha obpasue crekna mapku
Vycor glass (Gopocomepxkaiuue cTeksia) co cpesHuM auameTpoMm mop 30 A u

ylaensHO# nosepxHocTbio 180 Ve /T TOKAa3aHo, YTO B CHCTEME KpEMHe3eM/BOia
HE CYIIECTBYET YETKOM MOBEPXHOCTH pa3jieia B BULE CJIOEB PasHOM IUIOTHOCTH.
Bricka3aHo TakXe IPEANoNoXeHHE O TOM, YTO Ha CAMOM Jielie CTPYKTypa JIbia B
CJIOSIX, HCIHBITBIBAIOLIMX CHIBHOE BIHSHHE [OBEPXHOCTH, He BIIOJHE
KPUCTAUIMYECKAs, a TOR00HA CTPYKType XHAKOH BOIEI, Tae GONbLIOE YUCIO BO-
" [IOpOAHBIX CBsi3el pasoppaHO. Ha ocHOBaHMH cpaBHEHHS KoneGarenbHbIX CIEKT-
pOB amcopObUpOBaHHOM Ha CTEKIaX BOABl CO CIEKTpaMd OOLUHOTO nbaa [57],
KOTOpbl€ OKa3aJIUCh JOCTATOYHO ONM3KUMHU (CM. puUC.5), 6bul cAenaH BBIBOX O
TOM, 4TO BOAA B nopax Vycor glass NpHCYTCTBYET B OBYX BUAAaX: B BUIE O0OBEM-
HOM BOJIbI U B BHAIE BOJbI, ANCOPOHPOBAHHON Ha CTEHKaX MOP. DTO 3aKmoyYeHHe
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Puc.6. Cnextpsi HPH Bogmsl, an-
copOupOBaHHOM Ha CTEHKax Mop B
nopucToM crtekiie Vycor glass
[56]: 1) BslcylieHHbIN o06pa3zen
ocraTouHoil 10%-Ho# BIaXHOCTH,
2) pa3sHOCTHBIA CreKTp «obpasen
100%-Hoii BI1aXXHOCTH — reKcaro-
HaJIBHBIN JIea»
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CeueHne paccesHus (Npouss. en.)
]

noaTBepxaaercs OONMBIINM CXOACTBOM Pa3sHOCTHOIO CIEKTPA «BO3MYILIHO-CYXOH
oOpa3sen, — nen» M CHexrpa «BhicymeHHoro obpasua» (cMm. puc.6). Ha ocho-
BaHWM 3TOTO CXOACTBA aBTOpbl [S6] BHIABMHYNH [MIIOTE3y O HAIMYMH KBa3u-
cBobogHo#i Bompl B nopax. OnHako B pa0oTe NpUBEASHBI JIHILbL KadeCTBEHHbBIE
coobpaXeHHs OTHOCHTEJIBHO BEJIMUMHBI BKJIafa CIEKTpa Jibaa B crekTp obpasua
crexna 100%-Hoil BIaXHOCTH.

W3 nocnegnux pabot B obsacth xonebareabHOH CNEKTPOCKOMUH MOBEPX-
HOCTH ¢ nmpuMeHeHneM HPH MoXHO oTMeTHTh HCCefOBaHHs KPEMHE3EMOB, 110-
BEPXHOCTb KOTOpHIX Obula MOau(pHUMpPOBaHA paiTHYHBIMU OPraHMYECKUMH CO-
equHenusMu [58], nosepxHocTHBIX KoneGaHHit nerkoro Bogopoaa, ancopOu-
poBaHHOrO Ha Hukesne [59] u Monubmene [60], xonebGaHuit BOObI U aMMOHHS,
ancopOMpoBaHHBIX Ha OKCHIAX MapraHua 4 UHMpKOHHs [61], konebarenbHbIX
CHEeKTPOB KBapLeBOro crekia [62], npHpoaHbIX KPEMHE3eMHbIX MHHEPAIOB THMA
ueonura [63] u onana [64]. Bonpwoit uuki pabor mocBslieH U3yyeHHio Koneba-
TENBHBIX CHEKTPOB pavIH4YHbIX Momutukauuit nspa [65—76]. OtmenbHo cinenyer
BbIAENUTH LUK paboT [77—~81], B KOTOphIX M3ydanHuch (ppakTaibHbie BO3OYX-
JEHHUS B asporeine.

W3 npusenenHoro o63opa BuaHo, yto HPH no3sonser, B npuHLMne, CTaBUTh
BOMpoc 00 M3y4EeHHWH MOBEPXHOCTH QUCTIEPCHBIX KpeMHe3eMoB. OniHako HemocTa-
TOK CHUCTEMAaTHYECKHX 3IKCNEPUMEHTANbHBIX CIEKTPOCKOMHYECKHX HCCIel0Ba-
HMii, OTCYTCTBHE ITOCTAHOBKH 3aJayd O BBIAEJIEHHH MOBEPXHOCTHOH COCTaBISAIO-
mei KonebaHuil U3 obLero crnekTpa He NMPUBETIH Ha 3TOM 3Tane K NpakTHYeCKU
BaXHbIM pe3ysbTaraMm. 3ajaua O JUCKPUMHHHPOBAHHUU PaXNTUUHBIX KPEMHE3EMOB
B 3HAUYMTENBHONH CTeNeHH pelieHa B cepuu pabor [20—29], npeanpuHATHIX CO
CHELUATBHOH ULEbI0 CUCTEMATHYECKOro H3y4eHHs KonebaTelbHbIX CHEKTPOB
OINpefie/IeHHBIM 00pa3oM MPUIOTORIEHHBIX OOpa3LoB Pa3zTHYHBIX IHCIEPCHBIX
KpeMHe3eMoB. B HHX nogpoOHO paccMOTpeHa aqgUTHBHAS KOMMO3MIIMOHHAas
MOJefb AMCIEPCHOTO KPEMHE3EMa, YTOUHEHbI MOHATHUS OCTOBa (sapa), THMApPO-
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KCHIIBHOH U BOmHOH o6onouek. TIpemtoxen u o6ocHOBaH Pa3sHOCTHO-KOppeJis-
UMOHHBIH METOJ ONpeIeNeH!s CEKTPOB KOMIIOHEHTOB CIOXHOH CHCTEMBI M3
OKCIIEPUMEHTATILHO M3MEPEHHBIX CNIEKTPOB HA OCHOBE MOCTYNIATA O HEKOPPEIIH-
POBAHHOCTH CNEKTPOB HE3aBUCHMBIX CHCTeM. B pasgenax 3—S5 M310XeHb
OCHOBHBIE 3Tallbl 3TOTO MCCIENOBAHMS, NMPHUBEAIEr0 K YCTAHOBIEHHIO HOBOTO
THNA (HOPMUPOBaHUA NOTMMOPGHBIX MOTM(PHKAUM — TEeXHONOrHYECKOro
nonumopcusma. B crenyiommux pasgenax 6 u 7 npusegeHsi PE3ynbTaThl BHIYHUC-
JIMTENIBHOTO MOAE/IMPOBAHUS, HANPABJICHHOIO HA MOHUMAHME BTOrO ABJIEHUS Ha
aTOMHOM YPOBHE.

3. METOIHUKA M3MEPEHUI
H OBPABOTKH CHEKTPOB HPH

3.1. Ilepeuunas obGpaGorka cmekTpoB. KoneGarenphas CHEKTPOCKOMHS
HPH ocHoBana Ha TOM, 4TO TeILIOBBIE HEHUTPOHBI, NONaslIMe B HCCIIeTyeMbli
obpa3sel, MOIYyT nepenaTh YacTh CBOeil BHEPruM Ha BO30yXJIeHHE HEKOTOPOH KO-
nebaTebHOH MOIB! B BEWIECTBE MM MOIIOTUTH 3TO BO30yXzeHHe, npuobperas
COOTBETCTBYIOLYI0O IHEPIHIO, TEM CaMBIM pacceuBasCh Heynpyro. Mismenenue
OHEPrMM HEHTPOHa MOXeT ObTh 3a(MKCHPOBAHO pA3MUHBIMH  CIIOCOGAMK
[17,44]. Paccesnue cnenyiomero HeiiTpoHa NIPOHUCXOIUT HE3aBUCHMO OT MPEbI-
RYWEIo ¢ BO30YXXIEHHEM/IIOMNIOIIEHHEM TOH Xe MM UHOM KOJeGaTellbHOl MOJBbI,
B PE3yJIbTaTe YEro MOXHO MOMYYHTh KoneGaTeNbHBIH CIIEKTP H3y4aeMoro o6pas-
13, W3MEpss WHTEHCUBHOCTh PaccesiHUst HEWTPOHOB HPH CKaHUPOBAHWH BeNH-
YMHBI NEPENAHHON/MONYYEHHOH HEHTPOHOM SHEPTHH.

B aKkcnepumentansHOM MeTofe onpenesneHus NIOTepH BHEPTUH HEHTpOHA Mo
BPEMCHU MPOINETa, ABJIAIONIETOCS OCHOBHbIM MeTofoM uaMepenns HPH Ha Brbico-
Konoro4HoM péakrope HBP-2 OGhexMHEHHOro MHCTHTYTAa SIEPHBIX HCCIle-
nosanuii B Jly6ue [82], cnexrp HPH npencrasnser coGoit (cM., Hanpumep, [83])
ynk Um0

Nt = bty [ [ [ dE, dE ar FE,, E, ty ) Oy, E, 6, ), 1)

rae
F(Ey, E, 1), 1) = A(E), E, 1, 1) p(Ey, 1) n(E;) O(E). 2)
3mech N(to) —— YHMCII0 HEHTPOHOB, NPHUINENIIMX HA AHATM3ATOp 3a BPEMEHHOM
WHTEpBa Ato K MOMEHTY BPEMEHH f,,, O'(EO, E, ¢, T) onuceiBaeT 3aKoH pacces-
HUS Ha gapax (EO ¥ E — SHepruu nagaruiero u paccesHHOro HEUTPOHOB, O —
yron paccesgnus, T — TteMneparypa), F(E,, E, !y 1) — annaparuas QyHkuus

npn6opa, BKJIIOUaooniasi B cebs QHEPreTHYeckoe pacipeneicHue naganiux U
pacCeaHHbIX HCﬁTpOHOB H YCIIOBHE BPEMEHHOM CHHXPOHH3aLUU. HOHCpC‘{HOC
CE€YECHUE pacCesiHUuA HeﬁTpOHOB OB OGI_HGM CJIydae OMUCHIBaeTCs CyMMOﬁ
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o, T) = 6@, T) + s"P(w, T) + o™ (,T), (3)

roe ungexcol (1), (mph) n (mpl) COOTBETCTBYIOT Npoueccam 01HO(OHOHHOIO,
MHOTO()OHOHHOrO ¥ MHOTOKPATHOI'O paccesHus.
Ceuende 0qHOQOHOHHOTO HEKOTEPEHTHOIO PaccessHUs MMEET BHA

2__HK
0-(1)(0) o, T) = Z _d_SH’_ = k E.IQJ}. z (b*."‘)z exp (- 2Wi) ™)
T ~ do dQ  k, 2Mw = ! 1 —exp (- io/kT) ! ’
1 1
PR J‘ | Al |2 (0 -
G =57 X ) da 1AL " &(o — ofg). @)
i .
]
3nech Gi""((o) — B3BellieHHasd Ha KBagparax amIUIMTyd CMEWEeHM# (-ro sapa

IOTHOCTb KOJefaTesibHbIX COCTOSHHMII BemecTsa [83,84], k0 u k — BOJIHOBBIE

BEKTOPbl MAJAIOLIEro W PaccessHHOrO HEHTPOHOB, Q — ux pa3HOCTS, b;"‘ —
aMIUIMTYa HEKONEPEHTHOIO PAcCEsHUs Ha i-M sApe (3HaueHus CeyeHHii pacces-
U Ha gnpax, BXOMSLIAX B COCTAaB KPEMHE3EMOB, NpHBeNeHb! B Tabn.2), Mi —
macca i-ro sanpa, W, — dakrop Nebas — Bannepa, Aj. —- BEKTOp CMEIEHHS
i-ro sapa, OTBEYaIoIMii j-H xonebatenbHOil Moae, i = EO — E — nepenanHas

sHeprus. Bennuuna
G = Y, (™) G"™ ) )
i

Ta6nmuua 2. IMoaHble cedeHus paccesHHA ~— Ha3blBaeTCHd NBAXIBI amMnaumyoHo-

HelirpoHoB [17] 6836€UIEHHOU NAOMHOCMbIO COCMOA-

nuii (ABIIC). UMeHHO 3Ta BeEnu-

Arom/BelLiecTBO TlonHoe ceueHue Y{HAa MOXET ObITh MOJNyyeHa U3
paccesHHA*, o’ 6 sKcnepuMeHTalbHOro crnekrtpa (1)

H 81,5 B pe3ynbTare pelleHds oOpaTHOH
D 7,6 3aHayd Mpy YCIOBHH, 4YTO CIEKTP
o 424 paccesnuss obycnosnen oaHodo-
Si 2,2 HOHHBIMH Tpoueccamu. Oguako,
OH 85,74 KaK M3BECTHO, 3amaud Ha obpar-
oD 11,84 HYI0 CBEpPTKY B oOLIieM ciydyae He
H20 167,24 MOJAAIOTCS PEWIEHUIO, T03TOMY B
D0 19,44 npakTaKe dKcrnepumenta no HPH
Si0, 10,68 aHanoroM TouyHOH ¢yHkuuu G(w)

*g? oTpelieNIeTcs CyMMOH BEIMYMH -CeYeHHH ABIACTCA HECKOALKO 3arpy6neHHaﬂ
ANEPHOrO KOTEPEHTHOIO M HEKOFEPEHTHOIO pacces- dyskuus G(w), onpenenseMas Kak
HUl Ha S/pe n-ro THIa. [82]:
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~ N (((w))
Glw) = t . (6)
D(t(w), E(w)) - K(o, T)
3pecy O(H(w), E(w)) — npeoGpa3opanHas annapaTHas (yHKLMS CrieKTpOMeT-
pa, a dynkuus K(w, 7) umeeT Bug
' Kk ﬂlQl?‘ exp (- 2W)

k, 20 1 -exp(-ho/kT)

Ko, T) = (M
U JIETKO BBIYMCIISIETCS, €C/IM U3BECTHA YrnoBas KOHGUIypauus sKcnepuMenTa.
[IpuBomuMbIE HUXe ceKTPhl N(f) NOMy4eHbl Ha BPEMANPONETHOM CHEKTPO-
merpe obpatHoii reomerpuu KICOT-1M Bbicokonotousoro peakropa MBP-2 B
OMAH [82]. Bce criexTpbl HOPMHUPOBaHBI HA OJMHAKOBOE UMCIIO PACCEHBAIOLLNX
anep (Ha 100 r BewecTBa) ¥ OAMHAKOBOE BPeMsi H3MEPeHHs. DTO MO3BOJISET NPOBO-
AUTb KOJIHYECTBEHHbI CPAaBHHTENBHBIN AHATH3 NOJTYYEHHBIX crexTpos. Huskas
TEMMEpaTypa ABJIs/1ach JOCTATOUHBIM OCHOBAHHEM JJIs NPEANOIOXENHS O Ipeob-
Nanalolen ponu B cnektpax N(f) ogHOOHOHHBIX NpPOUECCOB paccesuus [84],
4TO NO3BONMUIIO Oonpeneste HCKoMble cnekTpsl ABIIC B coorsetctBum ¢ (6).
3.2. HaGop aucnepcHbix KpeMHeseMoB. O6CyXnaeMblil LMKJ HCCIIEQ0BalHiA
ObUl BBINONHEH [UIS TPEX MPOMBILUIEHHBIX MPOLYKTOB BbICOKOLHCIIEPCHOTO

KpeMmHe3eMa: aspocuna Mapku A380 (ymenbhas noeepxHocts 380 MZ/I‘),
cunvkareneit CI'100 u CI'20 (cpeanuii auametp nop 100 1 20 A coorsercTsen-

HO) W asporens AI'200 (nnothocts 200 KF/M3). B coorsercTBHM ¢ OCHOBHOI
MOZIE/IbI0, COMIaCHO KOTOPO# AUCNEPCHblE KpeMHE3eMBl JII0O0I0 IIPOUCX OXKAEHHUS
NMPeACTaB/IsAIT COG0H TPEXKOMMOHEHTHYIO CHCTEMY, COCTOSILYIO W3 KPEMHE3eM-
HOTO OCTOBA, 'MAPOKCHIBLHON M ruapartHoil o6osiodek [1], GbuiM NPUIOTOBIEHDI
00pa3subl, OTIHYAKILHECS NAPUMATbHBIM BKJIAIOM 3THX KOMIIOHEHTOB.  Kaxblii
M3 MCCE0BAHHBIX KpeMHe3eMOB Obll NpeNCTawieH OQHOTHIHBIM HabopoM
06pa3uos. -

Bo3odywno-cyxum obpasyom HaseaH ucxommslii obpasell, MOJIy4EHHBIN Kak
KOHEYHBIA NPOAYKT COOTBETCTBYIOUIEH TEXHONOTMYECKOH LEMOYKH M XPaHHB-
WHACS HA OTKPBITOM BO3lyXe MPH KOMHATHOH TeMMNepaType M IpH COOTBETCT-
BylOLIeH BIaXHOCTH. CNeKTp 6030ywHo-cyxoeo obpasua B nanbHeiilieM Gyaer
o6osnauarscs Sp (V.

Boicywennoim obpasyom na3san NMpoyKT, NOJYYEHHBIH CYIIKON 8030YWiHO-
cyxozo obpa3sua Ha BO3JyXe MPH ONPENeseHHOH TS KaXIOro KpeMHe3eMa TeM-
neparype. CriekTp svicyuennozo obpasua Gyner o6o3nadarbes Sp @

Heumepuposannoim obpasyom Hassan obpasell, NONyYESHHBIH B pesynbrare
Mpouenypsl AeHTepOOCMeHa, COCTOAILEH M3 MOCNEA0BATENBHONO BICYIIMBAHHS
o0pasua B 3aKPHITOM COCYAE C MOCHEAYIOLIMM OXJIAXIEHHEM B napax TSXeIOoH
BOABI, LHMKJI CYIIKA — OXJaxX[eHHe MOBTOPANICA HECKONbKO pas. CrekTp meii-

TEPUPOBAaHHOTO 00pasua Gyner 0603HaYaThCs B JanbHEIEM Sp )
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Habop cniexrpos {Sp (i)} npejcrasisger co6oi OCHOBY [UTst OJIY4EHHS CIIEKT-
POB OTHE/BHBIX KOMIIOHEHTOB KPEMHE3EMOB C MCIOJb30BaHHEM Pa3HOCTHO-KOP-
peNSLHOHHOrO METOa Pa3iioXeHHs MCXOIHBIX cCnekTpoB [85].

3.3. IlocTpoenue 6a3nca cneKTpa Ca0xKHOM cucTeMbl. Kpurepuii HyaeBoro
K03 pHIHeHTa IHHEeHHOH Koppenanun. B ocHOBe n06oro MeToda pasioxeHus
CMEKTpa CJIOXHOW CHUCTEMBl Ha CTIIEKTPbl COCTABISIOIMX €€ KOMIIOHEHTOB JIEXHT

QUIMTUBHAs MOJIENb, COITIACHO KOTOPOMH MOJHEIA CIIEKTP CHCTeMBI Sp 0 moxer
OBITh MPEICTABJICH B BUIIE CYMMbI CIIEKTPOB:

m
(- W

SpV =3 kP sp, . ®)

i=1
3necs kg’) — BECOBBIC MHOXHTEJM CIIEKTPOB, NPOU3BEACHHE kl(.’) Sp; mpencras-
nser coboll napyuansHuii cnekmp i-TO KOMIOHEHTa B CYMMapHOM COCTABHOM
criektpe Sp 0, J HYMEDYET HE3aBHCUMBIE CHEKTPbl HCCIIEAyeMOH CHUCTEMBI,
OTHOCSI{KECS K €€ MOOH(UKALUAM, OTIHYAOIUMMCA NMapLUUaTbHBIM BKJIALOM

KOMMOHeHTOB. CaMH CIEeKTpHI Spi Ha3bIBAIOTCH OA3UCHBIMU.

Xopowo H3BECTHB! [Ba HPENENbHBIX Ciy4yasd, B KOTOPHX OBUIO IMOJYYEHO

peIleHde O Pa3IoKEeHUH COCTaBHOIrO crekTpa Sp 0 B TIEPBOM, KOTOPBI MOXHO
Ha3BaTh CIIy4aeM NOAHO20 HAGOpa 6A3UCHBIX CNeKmpOog, BCe OA3UCHBIE CTIEKTpPHI
Sp; W3BECTHBI, M TIOPAAOK CHCTEMbI UCXOAHBIX ypasHenuil (8) n = 1. Pemenue

3aa4d COCTOMUT B HAXOXIEHHH K03(pPHUHEHTOB k?). Haunyyuium penienuem

0OBIYHO MOJNIaraeTcst Takoe, KOTOPOe OTBeYaeT YCJAOBUI0 MUHMMyMa (PyHKIIMOHA-
J1a HeBs3KH [86]
m

N

D=3 180 %) - X, kP Sp 1%, ©)
r i=1

rne CyMMHUpOBaAHHE BCHECTCH T10 N TOUYKaM CIIEKTpa. OcHoBaHHBH Ha 3TOM KpH-

TEPHHU METOM XOPOIIO U3BECTEH KaK METOA HAaUMEHBbIIHUX KBaaparTosB. B xauecr-

BE€ CIICKTPOB Spi MOTYT HCIIOJIb30BAaThCA KaK 3KCIIEPHMEHTAJILHO HU3MEPECHHBIC

CIEKTpbl, TaK M MOJE/bHblE (DYHKUMH THIA 3KCIIOHEHT, ayCCHAHOB, JIOPEH-
uuaHos ¥ Ap. [86]. OnpenenseMbIMH mapaMeTpaMH pPa3iOXeHUs SABIAIOTCH

BECOBBIE MHOXHTEH kl(.i) U MapaMeTpbl MOAENBHBIX (PYHKUMIA.

Bo Bropom cnyuae, unn ciydae HoHO20 HABOPA 6€COBHLX MHOXUMEEl, BCe
K03 pHLIHEHTHI kgj) U3BECTHBI, TTOPINOK CUCTEMbl UCXOOHBIX YPaBHEHHH n = m
U ONpefeNieHuI0 NoiexaT Oa3ucHbie CHEeKTPbI Sp;. Cucrema (8) ceomutcs K

CHCTEME JIMHEHHBIX alreOpanvyecKuX ypaBHEHHWH, ¥ OCHOBHOM npoﬁnemou ee
pewieHus sengercda npobnema onpexeneHuoctr [87,88].
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B npouecce o6paGorku cnextpos ABIIC JUCIIEPCHBIX KPEMHE3eMOB 3ajaua
O PpaslioKEHHUH CYyMMapHOIO CIIEKTPa Ha CNEKTPbl OCTOBA, TMAPOKCHIBHOINO i
BOIHOrO KOMIIOHEHTOB BO3HHMKJIA €CTECTBEHHBIM 00pazoM. C MaTeMaTHyecKoii
TOYKH 3PEHHsl OHa OTHOCHMNIACh K 33[a4aM Ha Pa3ioXeHHe COCTABHOIO CHeKTpa,
KOraa Hu GasuCHBIE CTEKTPHI, HY OTBEYAIOLIHE UM BECOBBIC thakTopsl He Gbunn
M3BECTHBI B NIOJIHOH Mepe. [Uist peluenus 3a1auu B 3TOM ciyyae Gbil PeIOKeH
Pa3HOCTHO-KOppEISLIMOHHbIA MeTOx [85], 3akniouaowuiicss B nocTpoeHuu pusu-
YECKH 3HaYyMMoro Gasuca {Spl. } cHcTeMbl 10 cxeMe THHEHRHOI anrebpsi:

n
= () gp B =
Spi—ZKj SpV i=1,2,...,m, (10)
i=1
B NPEANONOXEHHH OTCYTCTBMS JIMHEHHOH KOPPEMSILMKM MeXay OGa3sMCHbIMH
cnektpamu Sp,. D10 TpeboBanue copMyaHpOBaHO Kak Kkpumepui Hya€6020

KO3 Ppuyuenma xopperayuu 6azucCHbIX cnektpos (kpurepuit HKK), sBasio-
LMIACS aHAIOTOM YCTIOBHS OPTOrOHAIBHOCTH H-MEpPHbIX BeKTOpOB. MHBIMU CllO-
BaAMH, €CAU COCMAGNRIOUWUE CAOXKHYIO CUCMEMY KOMHOHEHNbL MOXHO CHUMAMb
He3aBUCMBLMU, MO BA3UCHBIE CREKMPbL IMUX KOMNOHERMOS He KOPPEeIUpOSans.
MexOy coboi. Ucnonib3ys BeIpaXeHUe IS BTOPOrO MOMEHTA CTaHOAPTHBIX OT-
KJIOHEHHH BYX (pu3Mueckux BennuuH [86], NErko MONYYMTh MaTeMaTHUECKOe
BbIPaXeHHE 3TOT0. KPUTEPHUS B BUIE
N

2. (Sp() = 5p) [Sp(r) - Sp)

,
r= ‘\/ m ~ - , (11)
2. 189 = Sp)* 3. 1Sp(n) - Sp,1°
r r
1 Y ]
rae S, i=NZSPi(r) SIBNISETCA CpelHed nuHWel cnektpa, a N onpemenser
r

YHMCJIO TOYEK B CHEKTpE. YCJI0BHE PABEHCTBA [ HY/IO O3HAYaeT PaBEHCTBO HYJIIO
yucnutens 8 (11), yto ycnosHo o6o3HavaeTcs Kak

C(Spi, Spk) =0. (12)

Jlerko nokasats, 4to ypasnenue (12) CNpPaBEMIMBO He TOJIBKO JUIsl Maphl CrekK-
TPOB Spi M Sp,, HO M U1 MX JIMHEHHBIX KOMGMHALMI THNA

m
C(Sp,, Xk, Spy) =0, (13)
SZ i
HJIH
C(Sp; +Sp;, Y, k Sp)=0. (14)

s il
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IpakTuueckoe ucnosns3opanne kpurepus HKK HaumHaercs ¢ HaxoXxneHus
npocTeiimeii nuHeiHo# KomOuHauny (10) s BeIpaXeHUs JIEBOro nmapTHepa B

(14), B npenene — npocroi pasHoctu DSp W = Sp 0 Sp 0" Bror pa3HoCT-
HbIii CNEKTP JOJKeH NpaBWbHO nepenasath opmy aubo cnekrpa Sp;, 6o
CYMMbI CIIEKTPOB Sp; + Sp;, T.€. ONpPEAENATh UX C TOYHOCTbIO A0 MOCTOSHHOIO
muoxurensi. Torna npasbiii naptaep B (14) Moxer ObITh MPEACTABICH KakK OCTa-
TouHblil crnextp RSP i = Sp O g Ui DSp 4 ,), roe a W R napamerp,
o6ecnieunBaOIMil OTCYTCTBHE KOppeNslMd Mexmy cnektpamu RSp Win y
DSp U g topme (14).

Pewas ypasHeHue (14) oTHOCHTENBHO 8 G ,), MOJIy4aeM MCKOMYIO BEJIMYMHY

9TOro napaMeTpa N

Y, D3p U0y - 5p Py
a0 =

, . (15)
Y, (0Sp ¥y
.
e Dép W= DSp U DSp 4 ,), a §p 0= Sp 0 _ S_p 0, [Mpsmoii nuHUe
CBEpXy OTMeueHbl CpeiHue NMuHuM ciekTpos (cM. (11)). Cnextp ao(w psp i)

npeacTaBiseT co6oil Uiy 6asMCHBIA CHEKTP Sp;, WIH CYyMMY Ga3uUCHBIX CIEKT-
pos Sp,+Sp,. B To xe Bpema ocrarounsii cmextp R,Sp Ui = gp O -
- ao(’” )pSp W onmuceiBaer ocTaTouHyl0 KOMOMHALMIO 6a3HCHBIX CIIEKTPOB,

sxomsmux B Sp ¥, nocne Bpumranms ms wero cuexTpa aO(”J )pSp U, Tos-

TOpSisl 3Ty MPOUEAYPY M CKaHUPYsl [0 HHAEKCAM j U j’, MOXKHO ONpPEEIUTh BCIO
COBOKYIMHOCTh Ga3UCHBIX CIEKTPOB {Spi }. Dror Meron Obl yCHEIIHO NpUMe-

HEH ) MojiyueHUs] Ga3MCHBIX CIIEKTPOB a’3pOCMIa, CHUIIMKarejs W aspores
[25—2T7].

4. KOJEBATEJIBHBIE CHEKTPbI JUCHEPCHBIX KPEMHE3EMOB

4.1. Aspocun. a) O6pasyn u ucxoOuvie cnekmpusi. Bosdywno-cyxoii oGpasen
aspocuna A380 npexcrasinser coGoil MOPOWIOK, COCTOSIME U3 MabIX cepu-

yeCKMX 4acTUll ¢ YHelbHOH MoBepxHOcThio 380 Ve /1. CpenHuil pa3Mep 4acTHIl
COIIACHO W3MEpPEHHsM MAIOYIVIOBOTO paccesiHHs PeHTIeHOBCKHMX Jydei (SAXS)
cocrasasier 150 A [19]. Hocne narpesanus 3Toro o6pasua Ha BO3yXe B TEUEHHE
6 uacos npu Temneparype 750°C Gbun nomyden goicywennoii A380. B cBomw
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O4€pe/ib, BHICYLICHHBIH 00pasel GbUT HOABEPTHYT W30TOMHOMY 3aMEILEHHI0 aTO-
MOB NPOTHs B TMAPOKCUIBHON M BOIHOH 0600uKax aroMamu jeifTepus cornac-
HO CJIEAYIOIIEH cxeMe:

HarpeBaHHe Ha BO3yXe OXJIAXJEHHE B TIapax TAXKEJIOM BOMbI
750°C, 4 gaca I A0 KOMHATHOH TeMIleparypbl

HarpeBaHue Ha BO3yXe . OXJTaX[EHME B Mapax TAXEIOH BOIBI
750°C, 4 yaca A0 KOMHATHOM TeMIIepaTypbl

HarpeBaHHe Ha BO3yXe OXJIAXHEHHE B Mapax TSKeNOi BOIbI
750°C, 4 yaca 24 yaca 0 KOMHATHOil TEMINEparypbl -

B pesynbrate Gbun nonmysen Oeiimepuposanneiii obpasen A380. CoBokyn-
HOCTh 3THX TPeX 00pa3sloB COCTaBWIa ceMelcTBo aspocuiaa A380. Bpewmsiipo-
nernbie cnektpel HPH o6pasuos aroro cemeiictsa coBMecTHO cO cnekTpamu
ABIIC, nonyyennsiMu B cootBercTBuu ¢ (6), NpuBeIeHsl Ha puc.7. B monon-
HCHHE K CNICKTPaM TPeX yKa3aHHBIX Bbile OOPa3llOB HA PUCYHKE MPHBENCHHI
N(?) n ABIIC cnexTphbl cTekNa, IONTY4EHHOIO CrIEKAaHHEM aspocwia. DTH CIeKT-
Pbl, B ONIPEACTICHHOM CMBICIIE, SBIISIOTCS PENEPHBIMH, MPEACTABIISIOLIMMH CIIEKTP
0GBbeMHBIX KONTeOaHNi IUI0THOYNAKOBAHHOTO KpeMHe3eMa (CM. pasn.5 n.l).

6) Basucnvie cnexmpbi komnonenmos aspocuna. PaccMoTpuM MoCTaHOBKY
3ala4M O Pa3TOXKEHMH MCXOAHBIX CHEKTpoB. CHEKTphl KOMIIOHEHTOB a3poCHia
00pasyioT TPOiiKy Ga3UCHBIX CMIEKTPOB {Sp; }, tne mupekcw i = 1, 2, 3 orseyaror

CIEKTpaM BOIHOH O60H0‘<IKPI,*OH-O6OJIO'—XKH H KPEMHE3EMHOIo OCTOBa COOTBET-
cTBeHHO. Ecnu (bI/I3I/l'~leCKPIﬁ CMBICTT 6a3uCcHOTO CIIEKTpa SPS AOCTAaTO4YHO sICEH, TO

Ha JBYX IIEPBBIX CHEKTpax CJIEAyeT OCTAHOBUThCS moapoOHee. ITomMumo Koje-
GaHuit BOXBI U THAPOKCHIIBHBIX TPYIIN, B HHX €CTECTBEHHBIM 06pa3oM BKJII0YAIOT-
Cst KosneGaHusi TPYNN aTOMOB, C KOTODHIMH 3TH BBIIENICHHBIE CHCTEMbI B3aHMO-
nedcTByoT. Tak, B cnekTp KoneGaHWil TMAPaTHOH OGONOYKM HONXHBI OBITH
BKJIIOYEHBI KONEOaHHs CBA3aHHOTO C Hell KPeMHMI-KMCIIOPOIHOTO LIEHTpa COOT-
BETCTBYIOIIETO cocTaBa. YMCII0 TaKMX LEHTPOB, B3aMMOAEHCTBYIOIIHX C BOMOIA,
KaK M3BeCTHO [1,5], HAMHOTO MeHbIIIE NONHOIO YHC/IA THIPOKCUILHBIX IPYII Ha
TIOBEPXHOCTH AaXE B YCJOBUAX IOJIHOTO HACHIIEHHS MOBEPXHOCTH ancopOupo-
BaHHOH Bono#. Ocraommecs cBo6onHbIE TPYNIB 06PA3YIOT THAPOKCHIIBHYIO 060-
nouky. Konebanust sTMX rpynm cocTamisioT OCHOBY KojeGaTenbHOro CIeKTpa
TAPOKCHIBHON 000moukH. OHAKO B JOMOJHEHHE K 3TOMY 3aMeTHBIH BKIaj
B 9TOT KO/eGarenbHbldl CIEKTP BHOCAT KONEGAaHHS MOBEPXHOCTHBIX ATOMOB
KpEMHHs U KUCJI0OPOJia KPEMHE3EMHOIO OCTOBA, OYYBCTBIISEMBIE YYaCTBYIOIUMHU
- B COOTBETCTBYIOIIMX KONEOATENbHBIX ABUXKEHHSIX ATOMaMM BOJAOPOHA THIPO-
KCHMJIPHBIX TPYNI BCJCACTBHE XOPOIIO M3BECTHOTO «achthexTa Beamnuka» [18,19].

Hopmuposanusie Ha 100 r macchl sKcnepUMeHTaIbHBIE cnektpsl ABIIC uc-

XOJIHOTO M MOAH(MUMPOBAHHEIX a3pOCKIIOoB 06pasyloT HaGop {Sp (j)((o)}, B KOTO-
PoM 3HadeHns j = 1, 2, 3 cOOTBETCTBYIOT ClleKTpaM 6030yuro-cyxozo A380, goi-
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cywennozo A380 u delimepuposannozo A380. Ecnu nepeo60o3HaunTh napuuaib-
HblE€ CIIEKTPHl 8030ywtHO-cyxoz0 obpa3ua Kak GasucHble, To cucrema (8) Gymer
BBIDISAETH CJIEAYIOLIUM 06pa3oM:

ssP= s+ SO+ s,
Sp @ = o, 5pD + o, 5pi) + o, 5pY, (16)
S0 ® = B,5p) + B,Sp) + B,

5000 ¢ a

en.)

HutencusnocTs paccesuns (np
N
[8a]
C
C

250
g <200}
)
a. |
£ 150
© |
= 100
m
<

50

0 500 1000 1500
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Puc.7. DxcnepuMenTanbHbie KoneGaTenbHbie CIIEKTphl ceMeiicTsa
aspocuiia A380, 10K {20]: 1) eo30ymno-cyxoii o6pasel, 2) ssicy-
wennblii 06pasen, 3) delimepuposannsii 06pasew, 4) aspocursroe
CTEKNIO; a — epemanponemusie cnexmpor HPH, 6 — criekrpsl
ABIIC
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IIpexne yeM MpUCTYnmaTh K MOCTPOEHHIO 3TOro Gasvca, HEOSXOAMMO omnpe-
AEUTH COOTHOLIEHHS Mexy Kosddunuentamu cucrems! (16), 3HaHHE KOTOPBIX
TO3BOJISIET ONTHMH3HPOBATh MOCTPOCHHE DPA3HOCTHBIX creKTpoB B (14). Pac-
CMOTpHM 3Ty NpOLENYpY Ha mpuMepe aspocuia. IlapameTpsr oty 1 [33 onpenensi-

I0TCA TEM €CTECTBECHHBIM O6CT05[TCIIBCTBOM, 49To l'lapIII/IaHBHI)Iﬁ CIIEKTP KpEMHE-
3€MHOI0 OCTOBA OJMHAKOB JIs1 BCEX 06pa3u03, T.C.

P = o $p = B,Sp), wmn oy =1 m By=1. (17a)

W3 nureparypHbIX HaHHBIX U3BECTHO [1], YTO NpU BHICYLINBAHUM a3POCHIIA NIPH
750°C ¢ ero moBepXHOCTH MOJIHOCTBIO yJamsieTcsl ajcopbUpoBaHHAs BOJA W
4acTh IMAPOKCHIBHBIX TPYNN, TaKUM 00pa3oM, YCTaHABIMBAIOTCS JIBA CIIEAYIO-
IUX COOTHOLICHHS:

o =0 wu a2<1. ' (176)

Becossie BKJIadbl MapHHUa/IbHbIX CIICKTPOB BOIbI U I‘l/I)lpOKCI/IJIbH()ﬁ 000J104KH B

cnekTp deiimepuposannozo obpasua Sp ) gomxusl GrTE MHOrO MenbIIe exu-
HMILBI, IOCKOJIbKY HHTEHCHBHOCTh PACCESHUS HA HEM, BCIEACTBHE OUEHb CHIIb-
HOrO NOJaBleHUS PacCesHUs Ha BONOPOMHBIX AAPaxX, HAMHOIO HUXE HHTCH-
CHBHOCTH pacCesHus Ha 6030yWwHO-CyXoM obpasue, 4ToO -clegyeT u3 puc.7.
Takum obpazom,

By<<l m B, << 1. (178)

W3BecTHO Takxe [1], 4To MpoueHTHOE ComepKaHKe 3aMEMIEHHBIX B PE3YIbTATE
AelirepoobMeHa aTOMOB B BOOHOW M TMAPOKCHJIBHOR OBONIOYKAaX C JOCTATOY-
HOH CTENEHBI0 TOUHOCTH OAMHAKOBO, MMOBTOMY

B, =B,=8 (17r)

Hrak, Ha koadduuuenTs cucremsl ypasHenuii (16) Hanaralorcs cnemyiomme
YCIIOBUS:

a, =1, 0<B1<1,

B3= 1, 0<B2< 1, (18)
a1=0’ B1=32=ﬁ.

oc2<1,

B coortsercTBuM ¢ cooTHomenusmu (18) cucrema ocHOBHBIX ypaBHeHuii (16)
npeobpasyercs K BULY
Sp M _ Sp(l) + Sp(l) + Sp(l)

Sp @ = o,SpsY + SpiY, (19)
Sp @ = sp{D + pspll) + spih.

Ilocmpoenue 6asuca. Tlpu HCIIONB30BaHMM Pa3HOCTHO-KOPPENSLHOHHOIO
METOAA Pa3NOXEHUs! CMEKTPA MHOTOKOMIIOHEHTHOH CHCTeMbI BO3MOXeH HaGop
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BAapHAHTOB, Olpele/sdeMbIX BHOOPOM NepBOHAYaNbHOIO Pa3sHOCTHOIO CNeKTpa B
(14). Kak nokasano B [25—27], npu 3TOM C JOCTaTOYHO XOpOLIEH TOYHOCTBIO
NOCTHraeTcs OOWH ‘M TOT XK€ KOHEUHbI pe3ynprar. PaccMOTpUM B KayecTBe
NpUMepa OfMH U3 TaKuX BapHaHTOB. [IoCTPOMM NepBUYHBIA PA3HOCTHBIN CHIEKTP
B BUIIE

DSp D=5 _g5p B (20)

OH sBNsieTCs JIMHeHOH KoMOGuHalueld 6a3uCHBIX CIIEKTPOB Sp1 u sz U B CO-

orBercTBuH ¢ (19) umeer BUA

Dsp ¥ = (1 - B) [sp}" - sp3 1. 1)
IMocTpouM ocTaTO4HBIA CNEKTP
RSp (113 _ Sp (1) _ 5013 DSp (13) (22)
n norpeGyeM, 4ToGsl OH He OBl KOpPENHpPOBaH CO CHEKTPOM DSp(13), T.€.
yTOoOBI BHINIONHLTOCH ycnoBue (14) B BHae
C(RSp M3, pgp 13 =0, (23)
]
B urore nonyyaeM CHeKTphbl
113 1
R,Sp as - Spg ),
CootseTcTBYOIHKA KOdDDULHEHT ag”) onpenensercs ypasHenueM (15).
PaccMOTpHM Teneps pasHOCTHBIH CHEKTP
DSp @V = 5p @ — sp(1. (25)

CornacHo (19) on paBeH a2Sp“), T.e. npelcrasisier coboil mapLHanbHbIHA
CIIEKTP THAPOKCHIbHOH 060/104KH B criekTpe gucyuwienHozo A380. Mcnonb3ys
NIOJIyYeHHble Pa3HOCTHBIE CHEKTPHI 80(113) DSp a3 DSp (21), NOCTPOMM OCTa-
TOYHBIH CIEKTP

RDSp = a{!*¥psp 13 — 3 @Vpgp @V (26)

u norpebyem BoinonHenud ycnouii HKK Mexmy 8THM CIEKTPOM M CHEKTPOM
DSp @D g puge
C(RDSp, DSp @) = 0. 7

Omnpenenus 80(21) B cootsercTBuHM ¢ (15), nomyyaeM

a®Vpsp @V = sp u R DSp = sp!P. (28)
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Puc.8. BasucHsie cnektpnt ABIIC koMnouenton aspocuna A380, 10K [25]: a) cymmap-

HBIH CIIEKTP §030yuiHo-cyxo20 06pasiia; 6) 0cTos, §) MIpoOKCHiIbHas obonouka, ) aacop-
61poBaHHas Boma

Takum o6pasoM, Gasuc cuctemst (19) nocrpoex. Ha puc.8 npusenen cnextp
ABIIC 6030ywno-cyxoe0 o6pasua aspocuna cOBMECTHO cO CHEKTpaMH Tpex
ero komnoHentos [25]. Kak 6suio ycranosnexo axcnepumemanbiio [24],
MCXOOHBIE CNIEKTPBl §030YWHO-CYXUX a3POCHIIOB C PA3HOH BeIHYHHOI yAellb-
HO# NOBEPXHOCTH (M pa3Mmepa 4acTHl) ¢ XOpOWEH TOYHOCTBIO OJMHAKOBBI, TaK
4TO MOCTPOEHHbIE Ga3UCHbIE CMIEKTPBI OTHOCATCA KO BCEMY KJ1aCCy a9pOCHIIOB.

4.2. Cunukarenn. a) Obpasysi u ucxoomsie cnexkmpbi. B obcyxnaeMom
uHKIIe paboT GbUTH MCCIIenoBaHbl CIEKTPhl KoseGanuii ABYX CEMEHCTB CHIIMKare-
JIed, TMPOMCXOASWMNX M3 MCXOHBIX MPOMbILIEHHbBIX obpasuos Mapku KCM-T'
(KYCKOBO#i MEJIKOMOPHCTHIH IPaHyTHPOBAHHBIN) NpOM3BOICTBa MeHaeneeBckoro
XHM3aBOJa W XapaKTEPU3YIOUIMXCS Pa3IHYHBIM Pa3MepoM Mop, a uMeHHOo 20 u
100 4 (CI'20 u CT'100 coorsercTBenH0). CeMeiicTBO KaXJI0ro U3 CHJIMKarejei
BKJTIOYa10 B ce0si Tpu obpasua [26]:

J =1, 6030ywuno-cyxoii MCXOmHBIA NPOMbILUIEHHbI obpasew, xpaHsmuiics
NpH KOMHATHOH TeMIepaType u OGbIYHOI BIAKHOCTH,

J =2, evicymennsiii 06paselt, nonydeHHbii B3 HCXOTHOTO CYWKOH Ha Bo3Iyxe
B TeueHHe 72 4acos npu temneparype 135°C;
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Puc.9. DxcnepuMeHTanbHble KoebaTe/IbHble CIIEKTPEI CEMENCTBA
cwukarens CI20, 10K [20]: 1) soz0ywro-cyxoi obpasew, 2) 6ol-
cywennbii obpasel, 3) deiimepupogannuiii 0bpasel; a — BpeMs-
nponerssie cnekrpst HPH, 6 — cnextper ABIIC

J = 3, Oelimepuposannuiii 06pasell, NONYyYEHHbIH M3 HCXOQHOTO B pe3yjabrare
TPEXKPATHOTO UMKIHpOBaHMA CywlKu npu 135°C ¢ nocieyomuM BolIepXH-
BaHUEM B T€UEHHE CYTOK B Mapax TSXKeJod BOObl DM KOMHATHOHM TeMIlepaType.

JOTIONHUTETBHO ObUI HMCCIENOBAH CHEKTP ObCMPOIAMOPOKEHHOT 6000l
(Huxe 6/3amopoxeHnda 600a), HeOOXONUMBIH IS CPaBHUTENBHOTO aHalu3a
CHeKTpa BOJHOTO KOMIIOHEHTA.

Cuextpsl HPH o6pasuos cemeiictsa cunukarens CI'20 u cooTseTcTBylOILME
M cniektpsl ABIIC, monyueHHsle B COOTBETCTBHU C (6), mpuBENeHbl Ha pHUC.9.
Ananoruyssle criekTpbl 00pasios cemeiictsa cunukarens CI'100 npusenens Ha
puc.10.
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Puc.10. To xe, yTo U Ha pHc.9, Ho a1 cunukarens CI'100 [20]

6) basuchsie cnexmpy. komnorenmos cunukazened. Tpouenypa nosy4eHus
Ga3nCHBIX CIEKTPOB CHIMKareneil aHAIOTHYHA ONMCAHHOMN BbIlIE SIS aspocuia ¢
TOH JIMIIb Pa3sHULEH, YTO BC/IEACTBME HECKONBKO HHBIX COOTHOIICHHI MeEXIy
Koa(puureHTaMu cucTeMb! (16) OCHOBHAs CHCTeMa ypaBHEHHil HMeET B [26]:

1 1 1 1
oV = o0+ s+ spld),
Sp @ = o spil + spil) + spih, (29)
8= B 55" + Byl + 5y
Ha puc.11 u 12 npencrasienst cnextpsi 6030YUHO-CYXuX 00pa3LOB COBMECT-

HO C GA3HCHBIMU CIIEKTPaMH MX KoMIoHeHTos. ITpu CPaBHEHMH PHCYHKOB 00pa-
W@I0T Ha CeOst BHMMaHHE B¢ OCOBEHHOCTH MOMyUeHHbIX CrexTpoB. Bo-nepsbix,
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Pruc.11. Basucubie cnektpnl ABIIC kommonentos cuiukarens CI20, 10K [26]: a) cym-
MapHEIN CNEKTP 6030ywiHo-cyx020 06pasua; 6) OCTOB, 6) THIPOKCWIbHAsS 000/I0YKa,
2) BOAHBIA KOMIIOHEHT
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Puc.12. To xe, uro u Ha puc.11, Ho oa cwwmkarens CI'100 [26]
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Puc.13. Basucubie criekTpsl ABIIC BOOHBIX KOMIIOHEHTOB CHITH-
xareneii, 10K [26]: 1) cunukarens CI20, 2) cumukarens CI'100,
3) 6bicTpO3aMOpOXEHHAS BONA; @ — BONHBIE KOMIIOHEHTHI, 6 —
ancopbupoBaHHas Boza

Oa3uCHBIC CHEKTPBl MCCNIEXOBAHHBIX 00pasloB CHJIMKareneil CyIECTBEHHO
pa3iuyHel. DTO OOCTOATENBCTBO, OTHECEHHOE K ILIOXOM BOCIIPOU3BOIUMOCTH
CIIEKTPOB MOIVIOIIEHUs CHIIMKAresnel, OblIo OTMEYEHO M Npu u3ydeHuu ux MK-
nornouwenus [8,11,12). Kak Gyner nokasaHo B 1.7.2, 3T0 pa3IdyMe HE CBI3aHO
C pasMyMeM B YHCIICHHOM MapaMeTpe, ONMCHIBAIOLIEM Pa3Mepsl MOp, HO Ompe-
" AeNSETCH HCKITIOUMTENbHOM JIaOUIBHOCTBIO CTPYKTYphl CHIIMKareseii. BenencTeue
Hero BOCIPOM3BOAMMOCTD CIIEKTPOB IIPH NEPEXOIE OT OXHOrO 0Gpa3la CHIHKa-
el K ApyromMy OKa3bIBaeTCsi MPAKTUYECKH NMPHHLIMIMANBHO HEBO3MOXHOI.
Bropas ocobGeHHOCTh KacaeTcs 6a3vCHBIX CIIEKTPOB BOAHBIX 000JI0YEK.
B orimune or aspocuna ¢ mmo6ynspuoii CTPYKTYpPOH B IOPHCTBIX CTPYKTYpax
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cuIMKaresieil Boa MOXET He TOJbKO ancopOupoBaThCsi, HO M YAEPXHBATHCI B
kBa3sMcBOOODHOM BHie. I105TOMY, XapakTepu3ys BOOHBIH KOMIIOHEHT 3TOrO Be-
wecTsa, 6yaer 6onee TouHbIM rOBOpUTh 06 yaepxusaemoil Boge. Ha puc.13 npu-
BeneHsl 6asuchbie cnektpbt ABIIC BogHbsIx KOMroHeHToB cuiukarenei CI20 u
CI'100 coBMECTHO CO CNEKTPOM 6/3amopoxeHHol 600bi. HecMOTps Ha XOpOLLIO
3aMeTHOE pa3/inuhe CHEKTPOB BOAHBIX KOMIOHEHTOB 06oux 06pasuos obpaiiaer
Ha cebs BHHMaHME 3HAUUTENbHOE NMOno6He 06OUX CIIEKTPOB CHEKTPY 6/3amopo-
*keHHoit 600bi. CTONb OYEBHUIHOE CXOACTBO, KOTOpOe HabNIIOAanoch W APYIMMHU
apTopaMu [45,56] (cM. n.2.2, puc.3—S5), MOATBEPXKAAET NPHBEAEHHOE BhIILIE 3a-
KJII0YEHHE O HATHYHMH B NOPAaX CHJIMKAress BOABI JBYX THIOB: ancopOMpOBaHHOH
Ha BHYTPEHHEH NMOBEPXHOCTH NOP H KBa3UCBOOOMHOM.

B COOTBETCTBMH C 3TOH TOUKOH 3peHust Obuio mpeanonoxeHo [26], uro
Ga3ucHble cniekTpsl 1 1 2 Ha puc.13,a 9BA410TCS COCTABHBIMU U COCTOST U3 CIEK-
TpoB ancopGupoBaHHON ¥ KBa3ucBoGoaHoi Boawl. Torna nabnonaemoe pasnuune
cnexTpos Boabl B cunaukarensx CI20 u CI'100 monyuaer KauyecTBeHHOe 0GbAC-
Henue. B MenkonopuctoM cunukarene CI'20 Boast Gonbiie, okono 16 BecoBbix
NPOLIEHTOB (M3BECTHO, YTO YEM MeHblle Mopa, TeM GONbLIE BOMbl YAEPXHUBAETCS
B HEl BGJIEACTBHE YBEJIHUEHHS CUJ1 MOBEPXHOCTHOrO HaTsaxeHus [1]), u ocHOB-
Hyl0 4acTb ee cocTaeisdeT KsasuceoOonHas Boga. MmeHHO moaTomy cnektp
ABIIC BoaHoro kommnosenta CI'20 B aTtom ciyyae CTOJIb NOXOX Ha CMEKTp
6/3amopoxenrot soasl. B cunukarene CI'100 u3-3a 6onpuiero pasmepa nop Bo-
Ibl YIEPXHBAeTCs MeHbliie (OKOJIO 5 BECOBBIX MPOLEHTOB), H NOITOMY B €€ CrieK-
tpe ABIIC mpoctynaer npakTHYeCKHM MOJHOCTbIO 3aMaCKMPOBAHHBIA B MIEPBOM
cnydyae cnekTp angcopbupoBanHOi Boapt*. Ha OcHOBE 3TOro KauecTBEHHOrO
aHanK3a MpH KUCIOJIb30BaHUM PAa3HOCTHO-KOPPEJISILIMOHHOrO METOAA Pa3jloXEHHs
CHEKTPOB CIIOXHOM CHCTEMb! GbUIH MOMyYeHbl Pa3fe/ibHO CHEKTPhl 060HX THIOB
soibl. TIpu 3TOM mpeanosiaranocs, 4To KBasucBoOoAHad Bofa W ancopbupoBaH-
Has BOJa MPOCTPAaHCTBEHHO pa3sfeieHsbl. [Tox ancopbuposaHHOil BOAOH, KaKk H B
CIy4ae aspociuiia, MoApa3yMeBaTHCh CIOXHbBIE CTPYKTypHble 06pa3oBaHus, BKITIO-
YalolMe MOJIEKY/bl BOABI, B3aHMOMEHCTBYIOIIHE ¢ LieHTpaMH ancopbuuu. [lona-
ral0Ch TAKXe, YTO CUCTEMbI BHYTPEHHHX KOODAHHAT afcopbHpOBaHHON H KBa3H-
cBOOOIHOM BOOHI HE3ABUCHMBI, TAaK YTO UX KonebaTesbHble CIIEKTPhl HE HOJIXHBI
ObITH CKOpPpPEIMPOBaHBI, ECJIM HE NPUHUMATh BO BHUMaHHE NTOXHYI0 KOPPEIALHMIO,
BBI3BAHHYIO CJTy4aiiHHIM COBIAJEHHEM 4acTOT KonebaTenbHbIX MOL.

Mpouexypa pa3noxeHus: HCXOAHBIX Ga3UCHBIX CIIEKTPOB BOAHBIX KOMITOHEH-

TOB 3aKJlloyanachk B cienywueM [26]. B coorsercteuu ¢ (16) MOXHO COCTaBUTb
CHCTEMY ypaBHEHHI

* AHAJIOTMYHOE 3aKJIIOYCHHE CHENTAHO aBTopamu pabotst [45], cM. puc.3 u 4.
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Sp V@) = Spy@)+  Sp,(w),
Sp D) = 0 5p, (@) + 0, Spy(@), (30)
Sp D) = B Sp,(),
Tle MHIEKC j HyMEepYeT HCXOIHBIE CTIEKTPHl B CIEAYIOLIEM MOPSAKE:
J =1, 6asucHsiii cniektp ABIIC BomHo#i 06onouku Sp(ll) cunukarens CI'20
(xpuBas 1 Ha puc.13,a);
J =2, 6asucusiii ciekrp ABIIC somHo#l 060104KU Sp(ll) cumukarens CI'100

(xpuBas 2 Ha puc.13,a);

J=3, cnektp ABIIC 1 rpamma 6/3amoposxennoii BOmbI (xpuBas 3 Ha
puc.13,a).

Sp; u Sp, B (30) 0603Haual0T Ga3uCHBIE CHEKTPHI KBA3HCBOGONHON 1 ajicop-

OMpOBaHHOH BOJBI, KOTOpPbIE MONATAIOTCS OZMHAKOBBIMU B OGOHMX CHIMKATE/IsIX.
Ha ocHosannu pabor [55,56], yreepxpmaoumx, uyto cnektpst HPH cBoGomHoro
7bla ¥ JIba B NOpax MNPaKTUYECKH COXPAHAOTCH, GbUIO NPEANOIOXKEHO, 4TO

cnexTp Konebanuit ceoGoxHoi Bogsl Sp ) omnpeaenser ¢hopMy 6a3HCHOIO CNEKT-
pa Sp;.
Ecnu noctpouts 1Ba pasHOCTHHIX CHEKTpa

DSp (13 = gp (0 _ 5 13g, ®)

DSp @) = 5p @ _ 5 0Ig, ®) 31

1 norpe6oBath BhimosnHeHus kpurepus HKK B Buge

cosp P, sp )=,

(32)
cosp ™, sp@) =0,

TO, pemias 3TH YpaBHEHHs, MOXHO ONpedesMTh B coorBeTcTBMH ¢ (15) Ko-
shunneHTH ao(m n a0(23) H TIONYYUTh CIEKTPbI 80(13)Sp (3)=Sp2(1) u

a0(23)8p (3)=Sp2(2)’. DTH cneKTphl mpuBeeHsl Ha puc.13,6. Ouu oxkasanucek

TPaKTHYECKH TOXACCTBEHHBIMM. B Ta6i1.3 npuseneHo npoueHtHoe comepxka-
HHe cBoOOxHOM (nCB) H aficopOUpOBAHHOI (naﬂ) BOJBI B UCCJIEIOBAHHBIX 00pa3-

. 1
nax CujIMKaresieu, COOTBETCTBYIOIIIHE 3HAYECHUSIM KOBCbePIHI/ICHTOB aO( 3)14

a0(23) B ypaBHeHusax kputepus HKK (32).

Onnako cam ¢akT ogunakoBocTH crexrpos ABIIC ancopOHpPOBaHHOMN BOIBI
B 00OMX CHJIMKArensx Kaxercsl YIMBUTEbHBIM Ha (hOHe GONBIIOro pasnuuus
ABYX IPYrHX WX OasuCHBIX CreKTpoB. [To-BHAMMOMY, B OCHOBE 3TOTO thakra
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Ta6nauua 3. IlpoueHTHOE coaepxaHue JIEXUT KOHKYPEHIMs ABYX HpOLeEc-
B CHIMKATeJfX KBasHCBOGONHOH COB: 0Opa3OBaHMs «KAIUIM» KBa3H-
W ancopbuposannoil BoxbI [26] cBOGONHOI BOmB M ancopOuuu.
OuesumHo, uTo cpemd  Habopa
O6pasen Nes Nan KPEeMHHWI-THIPOKCHIBHBIX  LEHTPOB
Cunukarens CI20 14,0 3,7 TpEX THIIOB (OT CUJIAHOJIBHOTO 10
CHJIAHTPUOJIBHOTO), (OPMHUPYIOLIMX
TUOPOKCHIBHYI0 00OJIOYKY CHIMKa-
reas u obecneuymBaoMX ancopo-
LMIO BOMbI, JIMIID ONMH LIEHTP MOXET 0Ka3aThCs KOHKYPEHTOCHOCOOHBIM (MHaue
BOJa He cobupanach 6bi B Kamix). ECTECTBEHHO, YTO 3TOT LEHTP OAMH M TOT Xe
y KaXJOro W3 CHIMKarenei, pacronaraiomux nojHsiM Habopom, uto u obyc-
NIOBNMBaeT oaMHaKoBocTh cnexTpos ABIIC ancopbupoBaHHO# Ha HeM Boabi. Kak
Gyner nokasano B m.7.2, 370 OOBACHEHHE TOJy4yaeT OGOCHOBaHHOE MOATBEPX-
JeHHe B NpOLECcce KBaHTOBO-XHMHYECKOTO MOMENHPOBAHHS MOAESIbHBIX CTPYK-
TYp CHIHMKaresen.

Cunukareas CI'100 1,8 1,3

4.3. Asporesns. a) O6pasyw u ucxodnsie cnekmpbi. Yiccnenosannbiii o6pasewt
asporess AT200 {27] npencrasnsn co6ou MOHOJINTHBIH KYCOK TBEPAOrO BEIECT-

Ba C MaccoBoii miuorHoctsio 200 kr/ M . XpanuBuiuiics Ha Bosgyxe obpasel
SBJIIETCS UCXOIHBIM 8030YUIHO-CYXUM. STOT obpasen ObU1 MOABEPIHYT CYWIKE Ha
Bo3nyxe npu Temneparype 100°C B teyeHue 7 CyTOK, B pe3ysprare 4ero Gbin
TOJIyYeH gbicyuiennniii o6paseu. B aTom o6paslie, B CBOI ouepens, Obul npou3se-
men wm3oronueliit H — D o6men. O6pasen BbiaepxuBaics B TeueHue 12 vacos
npu 100°C B armocdepHBIX YCJIOBHAX H 3aTeM MOMELIAICS B 9KCHKATOp, e
BHIIEPXHUBAICS B TedeHHe 12 yacoB B mapax Tsxenoi Boabl. Llukn 61 nosTopex
CO BpEMEHEM BhIIEpXHBaHus Ha 060OMX 3Tamax 6 4acos, B pe3y/braTe 4Yero Obul
nonyyeH Oeiimepuposarnnsiii 06pasen. Bpemsanponerrsie cnektpsl HPH cemeiict-
Ba yKa3aHHbiXx 06pa3uoB asporens W coorsercTByiomue cnektpsi ABIIC, nomny-
YeHHble B COOTBETCTBHMMU C (6), mpuBedeHsl Ha pHc.l4.

6) BasucHvie cnexmpbi KOMNOHEHMOE aspozens. B otnuuue OT aspocuia M
CWJIMKAaresjiei XUMHs MMOBEPXHOCTM a’3poreiid 3HAUMTENbHO MEHEe HCCieoBaHa.
T[lepBoHavasbHble CyXIEHHs O CTPYKType NMOBEPXHOCTH asporess Obuiv chenaHsl
HA OCHOBE aHAIM3a XMMHKO-TEXHOJIOTHYECKOro mpolecca ero nonydyenus. B co-
OTBETCTBHH CO CXeMoO# 3Toro mpouecca [3] OCHOBHBIM KOMIIOHEHTOM OCTOBa
avporesiei aBIAETCI CWIOKCAHOBas LENOYKa, a NIaBHbIH BKJIAL B BOAOPOAOCOAEP-
XKAUIyl0 TIOBEPXHOCTHYI0 30HY BHOCAT THIPOKCHIIBHBIE TPYMIIbI, YBEIHYEHHE
9HCIIa KOTOPBIX CONPOBOXAAET POCT JUTHHBI MOJHMEPHOH LENOYKH. DTH [Pyl
NpU3BaHbl KOMIIEHCHPOBaTh CBOGOIHBIE BANEHTHOCTH aTOMOB KPEMHHS CHIIOKCa-
HOBOTO KapKaca LIeTIOYKH.

V U301MpPOBaHHBIX LENOYEeK KAaXIbiii aTOM KPEMHHS CWIOKCaHOBOIO KapKaca
CBS3aH C ABYMs THAPOKCHMJIBHBIME rpynrnamu. TakuM oOpa3oM, obpasymomiadcs
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Puc.14. DxcnepumeHTanbHble KoneGatenbhble CNEKTPbI ceMeicT-
Ba asporens AI200, 10K [27]: 1) eosdywro-cyxoit obpazel,
2) evcywennoui obpaseu, 3) deiimepuposannbui obpasew; a —
BpemsnponetHole cnektpel HPH, 6 — cnekrpsr ABIIC

NOJIMMEpHasl CTPYKTypa NpEACTaBisieT cO00H UeNouKy CHIAHIMOBHBIX TPYIIIL.
Ecan xe uenouku nonapeo cumsaiorcs, o6pa3ys JIEHTY, TO aTOMbl KPEMHHMS
3TOH JIEHTBI CBA3BIBAIOTCA YK€ TOJBKO C OQHOH TMAPOKCHIbHOM IPYNIOI; UHBIMHU
ClIOBaMH, BHELIHMMH THIPOKCHIIBHBIMH LEHTPAMH SBISIOTCS cumanonbl. [peano-
JlaraeTcs, 4TO NpH reneobpa3oBaHMH MPOMCXOAHT WMEHHO TaKoii npouecc
ciurMBaHus [3].

Hamuune Ha mNOBEPXHOCTH KPEMHE3EMHOr0 OCTOBA CUIAHOMbHBIX WM
CHIJIAHAMOTIBHBIX TPYIIN OGBIMHO NPUBOMMT B aTMOCCEPHBIX YCIOBUSIX K ajicop6-
iy Bozbl. CylecTBoBatue ancopOHpOBaHHON BOB HA MOBEPXHOCTH a3poreJis
TIOATBEPAKIALTCA MACC-CIEKTPOMETPHIECKUM HCCIIENOBAHHEM ITPOXYKTOB, 1ECOp-
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Puc.15. Basuchsie cniektpsl ABITC xomnonenTos asporenst AI200, 10K [27]: a) cymmap-
HBI CTIEKTP 6030ywiHO-cyxo20 06pa3iia; 6) OCTOB, 6) TMAPOKCHIIEHAS 0060/104Ka, 2) ancop-
6upoBaHHas Boda

GUPYIOLIMXCS C ero noBepxHocTH npu HarpeBaHud Jo 100—150°C [3]. O6 aTom
X€ TOBOPUT M aHAIN3 MPHUBEIEHHBIX Ha puc.14 komebaTenbHBIX cReKTpoB. Kak
BUMIHO M3 PMCYHKA, IIPH BBICYIIMBAHUM 0Opasla B YCIOBHSX, OTBEYAIOIUX Npe-
UMYLIECTBEHHOM aecopOUMH BOIbL, CHEKTP ero KojeGaHHii CyIeCTBEHHO BHIO-
U3MEHSETCS M €ro MHTEerpajibHas MHTEHCHBHOCTb YMEHBINAETCS MOYTH BIBOE.
OnHOBpeMEHHO ¢ 3TUM cpaBHenue cnektpos ABIIC BHyTpH cemeiicTBa 06pasLoB
AT200 nokasbiBaer, YTO BoiepXuBaHHe HcxogHoro obpasua AI200 B mapax
TSIKETOW BOXBI MOYTH BTPOE IOHWXKAeT MHTEHCHBHOCTh crekrpa. I[locneanee
HabJioleHHe HeMmOCPEACTBEHHO CBUIETEIBCTBYET O TOM, UYTO MOBEPXHOCTHAS 30-
HA 6030YWHO-CYX020 a3pOresis CONCPXKUT 3HAYMTEIBHOE KOJIMYECTBO ATOMOB
BOLOPOAA, MOCKOJIBKY M30TONMHBIH OOMEH COCPENOTOYEeH, B OCHOBHOM, B 3TOH
30He. [IpyruM noarBepXIeHHEM HaJIMYMs BOJbl B [IOBEPXHOCTHON 30HE asporend
MOXHO CYMTATh 3HAUUTENBHOE Pa3MBITHE CTPYKTYPHI CIEKTpPa NpH NOBbILLEHHH
temneparypbl [27], nomobHoe HaOMIONEHHOMY IJiSl CHEKTPOB 6030YUHO-CYXUX
00pasios aspocuna W cuinukarens [22], xoTopoe cBsa3biBaeTcs ¢ oberyeHueM
1 dy3Hd BObl MO MOBEPXHOCTH NP POCTE TEMIEPATYPBHI.

Takum 06pa3oM, TOBEpXHOCTHAS 30HA 8030YULHO-CYX020 ADPOTEIIA CONEPKUT
I'MIPOKCUIIBHbIE TPYNNBl U ancopOupoBaHHyio Bofy. BeaeacTsue 3Toro asporens
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10 aHAIOTHH C APYTUMH IHCTIEPCHBIMH KPEMHE3EMAMH SBJISETCS TPEXKOMITOHEHT-
HOHM CHCTEMOM, COCTOSILLEH MX KPEMHE3eMHOTO OCTOBA, THAPOKCHJIBHOIO U BOJ-
HOro KOMITOHEHTOB.

CoorHomenne K0aphHUMEHTOB B CHCTeMe ypasHenui (16), onuceiBaloleii
TPY SKCNEPUMEHTATIbHBIX CHEKTpa oOpa3suoB asporens, OKa3aloch MOMHOCTBIO
AQHAJIOTHYHBIM COOTHOIUEHMSAM [VIsl CHIUKArene, u No3TOMY cuctema (29) apnsi-
ercss 6a30Boii 1 s asporens. [TonHOCTbIO NOBTOPSSt NPOUENYPY, ONUCAHHYIO B
n.4.2 wis cUmMKaresns, MOXHO MONYYMTh Habop GasucHBIX cnekTpoB asporess,
KOTOpbIE TIpHBEACHBI Ha PHC.15 COBMECTHO CO CNEKTPOM 6030yutHO-Cyx020
obpasua. I1pu paccmoTpenun cnekTpos ofpawaer Ha cebsi BHUMaHUE UX SPKO
BblpaXeHHasd «KBasMMOJEKynspHas» cTpykTypa. UTto Kacaercs cnekTpa koseba-
HUH OCTOBA, TO €ero cTpyKTypa Gonee XapakTepHa uis NOJIKMEPOB, YeM JUIS TUIOT-
HO ynakoBaHHOTO aMOp(HOro Teepaoro rena (cM., Hanpumep, [89]). D1o corna-
CyeTcs ¢ LUEMOYeHHOH MOJEIIbI0 OCTOBA adporeis, ABIAIOLIEHCS CIIENCTBHEM Clie-
UHHYECKUX NPOLECCOB MOTHMEPH3ALMH H KOHICHCALHH [IPH [TOJIy4eHHH DTOrO
Aucniepcroro kpemtesema [90]. Y3kononocHocts crnekTpos agcopbupoBaHHOi
BOZbl  CBUNETEJLCTBYET, C OAHOH CTOPOHbI, O OTCYTCTBMM KOJUIEKTMBHOIO
B3aUMONEHCTBHS MEXIy MOJIEKYNaMH M, C HPYroii CTOPOHBI, 006 OXHOTHITHOCTH
OPMEHTALIHH UX MOCalKK Ha MoBepXxHOCTH. [locnentee, B CBOW ouepe/s, FOBOPHT
06 onpeneneHHOM yHU(OPMH3IME LEHTPOB 1copOUMH M O JOCTAaTOYHON pa3iie-
CEHHOCTH 3THX LEHTPOB B MPOCTPAHCTRE.

5. CPABHUTEIBbHBIA AHAJIM3 KOJIEBATEJBLHBIX CIIEKTPOB
JTHCHEPCHBIX KPEMHE3EMOB H UX KOMIIOHEHTOB

5.1. KonebaTenbHble CrieKTPhI KPeMHEIEMHBIX OCTOBOB. BasucHbie cnekr-
Pbl KOJIEOaHHIt OCTOBOB HCC/IENOBAHHBIX KPEMHE3EMOB npuBeneHsl Ha puc.16. B
AOMOIHECHHE K 3THM CIIEKTpaM Ha puc.16,a (kpusas 2) npuseseH CIEKTp KoJle-
OaHuii cTeksa, MONYYEHHOrO CriexaHHeM aspocusia A380. M3 pucynka BugHo,
4TO CMEKTPbl OCTOBOB BCEX BELIECTB, HECOMHEHHO, HMEIOT OOLIMI PUCYHOK M
MOXOXH Ha CNEKTP CTeK/a, MPEeACTaBNAOWHA CHEKTP OObeMHbIX KojeGaHuii
TUIOTHOYIIAaKOBAaHHOIO KpPEMHE3eMa, B TOM CMbIC/IE, YTO KaX/blii U3 HUX COCTOMT
H3 YETHIPEX TM0JI0C, PACTIONOXEHHBIX B OfIHUX H TeX XK€ CIeKTPalbHbIX 06/IaCcTsX.
BMecte ¢ Tem naGniopaiotcs Kak 3HaumTenpHbie pasnnuMs Mexay creKTpamu
PasTH4HBIX JUCTIEPCHBIX KPEMHE3EMOB, TaK M OT/IMYMS MX OT CIEKTpa CTeKJIa.
DTO KacaeTCsl pacnpene/eHHss MHTEHCHBHOCTH B KAXIOM H3 CIEKTpOB, T.e. (hop-
Mbl CNIEKTPa M abCOMIOTHBIX MHTEHCHBHOCTEH KaXIOLO M3 HHX. Haun6osee
GH30K K CIEKTPY CTeKJIa cnekTp KoneGanuii 0cToBa aspocuna. Haubonee panex
OT HEro CHeKTp Konebauuii asporens. O6pawaer Ha cebs ocobeHHoe BHHMaHue
TOT (aKT, 9TO CHEKTPHl OCTOBOB AByX HCCnepoBaHHbIX cunukareneit CI'100 u
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CI'20 ¢ pasnuuHbIM cpenHuM pasmepom nop (100 u 20 A) cymecrsenno pasnsr-
ca mexny coboil.

AHanus pasnuuuii, HaGmojaeMbix B GOpME CNEKTPOB, ygo6HO HauaTh C
KpaTKOro ONMCAHMs CIEKTpa CTekyia. B 9TOM CHEKTpe OTHETIMBO BBIIE/IAIOTCA

yethipe mojsiocsl B obnactax 0 + 200 oM} (1), 200+ 500 o] (2), 500 +
+950 oM (3) u 950 + 1300 em™! (4). B COOTBETCTBMM C AHAIU30M CIEKTpa
xoneGanuit ceoGonroro nosna SiO, [6] u kpucTania O-kBapua [91] ocHoBHOM

BKag B o6macts 2 BHOCHT nedhOpMalMOHHBIE KoJieOaHus, CBA3aHHbIE C U3Me-
HeHueM yrina O-Si-O. B obnacrax 3 u 4 Takylo posib BRINOMHAOT CHMMETPUYHbBIC
¥ HECUMMETpHUYHbIe BaleHTHbIe Konebanus cBasu Si-O. Pacuer KoneBGaTeIpHOro
CcreKTpa pana GoMbUIKMX MOIENbHBIX KIIaCTEPOB MOKasbiBaeT (CM. 11.7.1), 4To 310
OTHeceHHe MOXET OBITh PaclpOCTPaHeHO W Ha aMopgHble CTPYKTypsl. B coot-
BETCTBMH C pacueToM obyacTs 1 KoneGatenbHOTO CleKTpa 0cToBa (POPMUPYETCs
Kone6aTe bHBIMA MOZAMM TPAHCISALMOHHOTO [BMXCHHS aroMoB W jetop-
MALMOHHBIMU KONeGaHusIMK, CBI3AHHBIMM ¢ M3MeHeHueM yrios Si-O-Si. OrtHe-
CeHHne yacToT B obuacTsix 2-——4 cormnacyercs ¢ NpUBCACSHHBIM BBILIE.

Aspocunsroe cmexno u aspocun. Kax yxe roBopwiocs, CIIEKTPE! 3TOH Maphbi
(cM. puc.16,a) naubonee nogo6Hsl. AHAJIOPMYHOE ABJIeHUe OBUIO OTMEUEHO W B
cnextpax MK-nomtomenns [39]. BroT ¢akt ¢ HECOMHEHHOCTbIO CBUNETENIBCTBY-
eT O TOM, YTO CTPYKTYpa OCTOBa aspOCHJIA SBISETCA IUIOTHOYNakoBaHHOH. B
cnexrpax ABIIC crekna nabmiogaercs 3aMETHOE NMPEBBIIEHHE WHTEHCHBHOCTH

Hag crekTpom aspocwia B obnactax 0 + 220 u 560 + 1500 e TTogpobupiit
aHa/IM3 Pa3sHOCTHOrO CHEKTpa B 3TOH O6JacTH MO3BOMMII NMPEATIONOXUTH [25],
4YTO 9Ta PasHOCTs OGYCNIOB/EHA HAIMUHEM B CTEKIIE, B OTIMYHME OT «abCOMOTHO
cyxoro» (MO OMpeNeNeHHIo) OCTOBa aspOCHiIA, HEOONbLIMX KOTHYECTB ll-
copGupoBaHHOil BOmbl. [UIsi KOJMYECTBEHHOTO OObSICHEHMs HAbMofaeMOH pas-
Hoct gocratouno 0,3—0,5 BecoBbIX HPOLEHTOR BOAb™. BO3MOXHOCTb CyImIeCT-
BOBaHMS TaKMX KOJMYECTB BOABI B CTEKNE ITOATBEPXKIAETCH PSIOM XMMHYECKHMX
CBUIETEIBCTB [6].

Cunukazenu. B Ga3uCHBIX CHEKTPax OCTOBOB CHIMKaresel (cM. puc.16,6 u
6) MO-TIPEXHEMY OTYEeT/INBO BhyIesiorcss obnactu 1—4. Onnako obpamaer Ha
ceOs BHMMAHHME CYHIECTBEHHAs [EpecTpOMKA CIiEKTPOB U yBEIMYEHHE HX
MHTEHCHBHOCTH 10 CPABHEHMIO CO CIIEKTPOM a3pochiia. [7aBHO# 0COGEHHOCTHIO
BTHX CIIEKTPOB, KaK CKa3aHO BBILIE, AB/IAETCS WX Pa3fuyuue Jisd PasHBIX CHIMKA-
reneil. B naubonsiueil creneHn OHO Nposeisiercd B obnactax 1 u 2, orBeva-

*T[OCTATOYHOCTS CTONb MATIOTO KOJMYECTEa BOLbI i 0OBSCHeHH o4t 50%-Horo stekra B
cnextpax ABIIC Ha puc.16,a 06ycnoBieHa HCKIOUMTENBHO BbICOKOH YYBCTBHTCIBHOCTHI) MHTCHCHB-
noct HPH K HATMuMI0 aTOMOB BOROPOA BCACACTBMC GOMLUICH aMIIATY/b! PAcCessHus HEHTPOHOB Ha
aToOMax MpOTHSL.
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Puc.16. BasucHbie criekTpsl Ko-
7e6aHUi  OCTOBOB IMCHIEPCHBIX
KpemuesemoB, T =10 K [28]:
a) aspocun A380 (1) u crexio
(2); 6, 6) cumukarenu CI'100 u
CI20 cootsercrBenHo, 2) aspo-
rens AI'200

oKX  gedopMaHOHHBIM
KoJjieOaHMsAM, CBSI3aHHBIM C
u3MeHeHueM ymioB Si-O-Si
u O-Si-O. BT u3MeHeHus
MOXHO IOHSTb, €CIIU TIPed-
NOJIOXHTH, YTO B CHJIMKAre-
JISIX CYIIECTBYET JOCTATOYHO
LIHPOKOE  pachpeesieHHe
BO3MOXHBIX yrioB Si-O-Si u
O-8i-0 u 4ro npu nepexone
OT oaHoro obpasua K gpyro-
My ¢opMa 3TOrO pacmnpesne-
NieHust Meusiercss. MaMenenus
B 0651acT! aehOpMALMOHHBIX
koj1e06aHHii CONpPOBOXIAIOT-
Cd  3HAYUTENBHBIMM H3Me-
HEHUSIMHU U B obsactax 3 u
4  BaJIeHTHBIX . KonebGaHuii
ceaseit Si-O. CoBoKynmHOCTS
9THX  (DaKTOB  MO3BOJISAET
CHeNaTh 3aKII0YEHHe O pai-
JMYMH  CTPYKTYD MCCIENO-
BaHHBIX CHIHKarejel Mexay
coO0OH W O 3HAYUTETHHOM
OTJIMYUM HX CTPYKTyp OT
IUI0THOYNMaKOBAaHHOM.
Aspozens. TaBHOi oco-
GEHHOCTHI0 GAa3MCHOTO CIIEKT-
pa KoneGanuii ocToBa aspo-
renig (cM. puc.16,2) sensercs
€ro Y3KONOJIOCHAsd «KBa3H-
MOJIEKY/IApHas» CTPYKTYpa,
B CBA3M C YeM OH momobeH
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crnieKTpy KonebGaHuil FOMHMEPOB [3%9]. B TO Xe BpeMs y3KOMOJIOCHas CTPYKTypa
GasucHoro cnekrpa B obnactax 1 u 2 cBumerenscTByeT 00 y3KHUX pacnpenerne-
HUsX aeOpMaliMOHHBIX MOJ B 00NacTH U3MEHEHHIl YITIOB B KPEMHHIA-KUCIIOPO-
HbIX TeTpa’apax, 4YTO, B CBOK OYepeldb, TOBOPUT O KBAa3UPErylIspHOH CTPYKType
sewtectsa. CreqoBaTesbHO, OCTOB a3poresis NpeacTaBiaseT coOOH HOBBIA BHI
CTPYKTYphbl B IOMONHEHHE K CTPYKTYypaM adpoCuiia M CHIIMKareneil.

TakuM 00pa3oMm, cpaBHUTEsbHbi aHaTH3 Oa3UCHBIX CMEKTPOB KonebaHHH
OCTOBOB HCCJIEIOBAaHHBIX KPEMHE3eMOB MO3BOJI CAENaTh HECOMHEHHbIH BBIBOX
0 KaYeCTBEHHOM Pa3/IMYMH CTPYKTYP MCCNEJOBaHHBIX BELIECTB, TEM CaMbIM CBU-
AETENbCTBYS! O HATMYHK HECKONBbKUX NONMUMOPGHBIX MOOUGUKALUMH OUCEPCHO-
ro amopHoro kpemHesema. Painune OCTOBHBIX CTPYKTYp NOBIIEKNO 3a c060ii U
paznuyue B CTPYKTYpe NMOBEPXHOCTHBIX 30H HCCIEAOBAHHBIX BELLIECTB.

5.2. CnekTpsl KoeGaHHH I'MAPOKCIIBHBIX KOMIIOHeHTOB. basucHble cnek-
Tpbl KonebaHUil THIPOKCHIABHBIX KOMITOHEHTOB ofcyxnaeMoro Habopa aucnepc-
HbIX KpeMHe3eMOoB MnpuBedeHbl Ha puc.17. Bo Bcex cmekTpax, HecMOTps Ha
3HaYMTENIbHbIE Pa3fHYUs MEXAY HUMH, MOXHO BBIIEIHTh XapakTepHble U o01Lue

s HUX aBe obnactu xosebanuit 0 + 380 em™! (1) v 700 + 1100 em™! (2).
Painuust crieKTpoB MOXHO OOBICHHTB, TaKHM 00pa3oM, paliuHeM CTPYKTYp B
aTux obnacTsax, a TakXe BEJHYHMHONW MHTEHCHMBHOCTH HENpPEpPHIBHOIO ClleKTpa-
NOUIOXKH W aGCONIIOTHOW MHTEHCHBHOCTBIO.

B coorsercTBuM ¢ npUBOAMMBIMM HHXE B 11.7.]1 pe3ynbraTraMu pacyera crek-
Tpa KonebaHUH KiiacTepoB, B KosebaresbHble MOJbI, OTBEYAIOLIHE BbIAEIEHHbIM
obnactaM 1 W 2, NpedMyILEeCTBEHHbIH BKJIAl BHOCAT TOPCHOHHble KoneGaHus
rpynnet OH orHocurensHo ces3u Si-OH (obnacts 1) m nedopmanHoHHble Kosle-
6aHus aToit cBa3u (oOnacth 2). TperbUM CTPYKTYPHBIM 3/IeMEHTOM Ga3sHUCHBIX
CNEKTPOB T’MAPOKCHJIBHBIX KOMITOHEHTOB SIBJSIOTCS OYYBCTBJIEHHbIE TMIPOKCHIIb-
HBIMH rpynnamH (ToYHee, aTOMaMH MPOTHS 3THX IPYyMN) KosjeGaHus NOBEpXHOCT-
HBIX aTOMOB KpEMHe3eMHOro sapa. B ocHoBe storo agdexrta ouyscTBaEHHS
JEXUT yXe ynoMHuHaBudiics panee «3¢dext BcamHuka» [18,19], 3akinioualo-
muMics B cieqyoieM. ATOMbI NPOTH, CBI3aHHbIE C aTOMaMH KHCI0poaa ruapo-
KCHJIBHBIX FPYIII, y4acTBYIOT U B APYFHX KoneOaTesbHbIX MOIaX, OMHCHIBAIOLIMX,
Hanpumep, gedopmauuio ymos Si-O-Si u O-Si-O, BaneHTHbie U aedopMalHOH-
Hple Konebanus csseil ‘Si-O W T.1. M3-3a aHOMaIbHO BBICOKOi 4yBCTBHTEJIb-
HOCTH HEHTPOHHOIO pacCestHHd K aToMaM MpPOTHS NMPOMCXOAMT OUYyBCTBJIEHHE
TIOBEPXHOCTHBIX KosiebaHuii ocToBa, B CBA3U ¢ 4eM B cnekrpax ABIIC rugpo-
KCHJIBHBIX KOMIIOHEHTOB KPEMHE3EMOB BO3HMKAET COOTBETCTBYIOLIAS MMOMIOXKA,
6mm3Kast o cBoel (popMe K CHEKTpaM, NOKa3aHHbIM Ha puc.16. KonunuectsenHo
aTOT 3(phexT paccMaTpuBaeTcs Huxe B 1.7.1.

Y3KONoJ0CHOCTh CHEKTPOB KoNeOaHWi rHIpOKCHIBHBIX KOMIIOHEHTOB a’po-
cuna u asporens B obnacti 1 roBoput 06 onpegeneHHON OXHOPOOIHOCTH OpHEH-
raunii rpynn OH OTHOCHTENIBHO CBSI3BIBAIOLIMX MX aTOMOB KpeMuusa. M3 sToro
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Puc.17. Ba3ucHble CIEKTPH KO-
neb6aHHi T'MAPOKCHIBHBIX KOM-
TIOHEHTOB JMCIIEPCHBIX KPEMHe-
semoB, T =10 K [28]: a) aspo-
cun A380, 6, 6) cunukarenu
CI'100 u CI'20 cooTBeTcTBEHHO,
2) asporens AT200

XK€ MOXHO CHENaTh BhIBOJ O
TIPEUMYILECTBEHHO  OIHOM
TUIIE TMAPOKCHIIBHBIX TPYIIN
Ha MOBEPXHOCTH 00OMX Be-
ecTs. D10 HabmoAeHUE CO-
IJIacyercd C pe3y/bTaTaMu
UCCJICIOBAaHMH  CTPYKTYPHI
TMIPOKCUIIBHOTO  MOKPOBa
aspocuna [S5], B pesynsbrare
KOTOPHIX OBUIO yCTaHOBNe-
HO, uto 80—85% nosepx-
HOCTHBIX  THAPOKCHJIBHBIX
Ipynn SBIFIOTCS CHIAHONb-
HeIMH.  Bauzoctsb
MUKOB B CIIEKTPax aspocHna
Y asporeis Mo IOJOXEHHIO
B ILKAJIE YacTOT U 110 opme
MO3BOJSIET  MPENIIONOXHTD,
YTO ¥ Ha NOBEPXHOCTH aspo-
refis IIaBHYIO POJb HIPaloT
CHJIAHOJIBHbIE [PYIIIILL.

B ominume oT ciekTpos
TMAPOKCH/IBHBIX KOMIIOHEH-
TOB a9pOCHIAa M a3porend,
CIEKTPBl KOJeGaHui STHX
KOMIIOHEHTOB B CHJIMKare-
agX  obnajaioT  CIIOXHOM
CTpYKTYpoH B obnactu 1 u
HWHTEHCUBHbIM, XOPOLIO BbI-
paXeHHBIM TIMKOM B 06-
nactu 2. Ilpu cpaBHeHHn ux
MexXay coboil omsaTe o6pa-
maer Ha cebsd BHHMaHHE
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pasNuuMe CHEKTPOB KoseOaHWil THAPOKCHIBHBIX KOMIIOHEHTOB pa3sHbIx 06pas-
uoB. Cnexkrp TMApPOKCHAbHBIX Kosebanuit B cunuxarene CI20  Basoe
unTeHcuBHee crnekTtpa cuiaukarens CI'100. OcHoBHbIE CTPYKTYpHbIE OTAMYMS
cocpenorouensl B obnacti 1. Mx MoxHO cdopMynMpoBath Kak nepepacnpene-
JIeHME€ MHTEHCHBHOCTH MEXAY TpeMsl XapaKTepHCTHUYECKMMH MUKAMH Ha 4acTto-

tax 80, 230 u 380 CM_I, Ha0MoJaIMMHUC B 000X CIIEKTpPaX U OTMEUYEHHBIMH
Ha puc.17,6 u 6 crpenkamu. IlonoxeHue nepBoro mnuka COBMAfAeT C MONO-
X€eHHEM TUKOB B CIIEKTpax KosieOaHuil aspocuiia U asporess.

Kauectsennoe oGbsicieHne HabmiogaeMbiM OCOOEHHOCTIM CHEKTPOB KoJle-
6aHuii TMOPOKCHIBLHBIX KOMIOHEHTOB CHJIMKarejiell OBLUIO [aHO Ha OCHOBE
aHaIM3a BO3MOXHOM CTPYKTYphl TMAPOKCHIIBHOW 00O0JI0YKH KpemHe3eMoB [28].
I'MapOKCHIIbHBIE KOMIOHEHTBI 3THX BeleCTB MOTYT ObITh 00pa3oBaHbl KPEMHH-
TMAPOKCHIBHBIMH TpynnamH Tpex Tunos: cwiaHonsHod (OH),, cunanauonbHoi

(OH), u cunantpuonshoii (OH),. Bee atu rpynmi obnagaT 6IU3KUMH MO Yac-

tore pedopMauonHsiMu KoneGanusamu cea3u Si-OH [5]. TloaTomy B cnekTpax
KosnebaHHii THIPOKCHIILHOrO KOMIOHEHTa 1060ro coctasa JOMXKHA NPUCYTCTBO-

-1
BaTh mojioca B obmactu 1000 cm °, uro HabnmogaeTca B cnekTpax Ha puc.17.
O6paiuaer Ha cebs1 BHUMaHHE TOT (PaKT, YTO B CMIEKTPax CUIMKaresiei arta nojo-
ca BblpaxeHa ropasio spue, YeM B CIIEKTPax aspoCHia M asporess.

KoneGarenpHbiii CHEKTp I'MAPOKCHIBHOIO KOMITOHEHTa aspocCHuJla sABIACTCA,
Mo CyleCcTBYy, CIIEKTPOM KoJjieOaHui CHNaHOMbHBIX rpymii. OTHYyHe 3TOro Crek-
Tpa OT CHieKTpa KonebaHui THAPOKCHJIBHBIX KOMMOHEHTOB CHJIHKaresnei Moxer
PacLlECHHBATECA KaK CBUACTENILCTBO TOrO, YTO CHJIAHOJIBHBIC I'PYNIibl, €CJIH OHH H
HaJTUYECTBYIOT B 'MAPOKCHWILHOM KOMITIOHEHTE CHJIHKarejs (0 4Y€M, BO3MOXHO,
NOBOPHUT MNPHUCYTCTBHE B CIIEKTpax CWIMKarenem mnHkKa ¢ MaKCHMYMOM [IpH

80 CM_I), BCE XE HE SIBISIOTCS OCHOBHBIM 371eMeHTOM. Takum obpasoM, cienyer
clenath BbIBOL O TOM, 4TO B (POPMHPOBAaHMHU TFHAPOKCHIIBHBIX KOMIOHEHTOB
CHJIMKAresei JOJIXHbI y4acTBOBATh CHIAHAMONbHBIE W CHIIAHTPHOJIBHBIE TPYIIIIBI.
O BO3MOXHOM HAJIHYMH TAaKUX [PYII B PhIXJIOH CTPYKTYpe CHIIMKAress yXe cCo-
obwanoce panee [40].

TakuM 06pa3oM, rHIPOKCHIIbHBIA KOMIOHEHT CU/IMKaress obpa3yeTcs COBO-
KYyITHOCTBIO Pa3HBIX KPEMHHH-KMCIIOPOAHBIX IPYII, BecOBble (haKTOpPbI KOTOPBIX
3aBUCSAT OT CTPYKTYPH KPEMHE3EMHOro OcToBa. BciieAcTBME 3TOro paiiiMyue
CTPYKTYpP KpeMHe3eMHbIX OCTOBOB 000MX cuiuKarened, 4ro 6bUI0 YCTaHOBJIEHO
B NpEebIAyLIEM pasfielie, ONMpeiesieT U pa3iniie CTPYKTYP THAPOKCHIbHBIX KOM-
TIIOHEHTOB. DTO pPa3TMYME MOXHO ONKCATh KaK TepepacnpeiesieHHe BECOBbIX

(hakTOpPOB KPEMHUII-KHUCIOPOAHBIX TPYNIN PavIM4YHbIX THIOB NpPH NEPEXOHE OT
OOHOIO CHMJIMKAresst K Jpyromy.

5.3. CnekTpsl Konedanuil agcopouposannoii soabl. Ha puc.18 npencras-
JieHbl Ga3HuCHBIE CIIEKTPHI xonedaHui BOIHBIX KOMIIOHCHTOB a3pOCHIIa U a’dporens,
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Puc.18. Ba3ucHele criekTphl KO-
nebaHuil BOIHBIX KOMIIOHEHTOB
IMCTIEPCHBIX KpeMHe3eMoB, T =
=10 K [28]: a) aspocun A380,
6, 6) cuukareny CI'20 u CI'100
COOTBETCTBEHHO, 2) asporenb
AT200

NPEACTaBISIOMUX  CIEKTPHI
ancopOUpOBaHHOH BOXBI, W
CMEeKTpbl  BOABI,  alcop-
OMpOBaHHOH Ha cuIHKare-
JsIX, 9KCTparupoBaHHbie (CM.
n.4.2) u3 0a3suCHBIX CIEKT-
POB MX BOAHBIX KOMIOHEH-
TOB [26].

Kak nmnoka3ssiBaior pe-
3yNbTaThl MMOCJIEAHET0 KBaH-
TOBO-XMMHYECKOIO pacyeTa
B3aMMONCHCTBHS  BOOB  C
M30/IMPOBAHHBIM CHJIAHOJb-
HbIM uneHrpom [92], xapak-
Tep KonebaresibHbIX MOJ CY-
IIECTBEHHO MEHSeTCs INpH
M3MEHEHUH YMClla MNPHCO-
eIUHSEMBIX K LIEHTpPY MoJie-
Kyn Boipl. B cnyuae oam-
HOYHOM MOJIEKYJIbI CMIEKTPbI
KojebaHuil  KOOpAMHHMPO-
BAHHOH aTOMOM KpEMHHs
monekynsl [93] u Moneky-
Jibl, CBS3aHHOH C LIEHTPOM
BOJOPONHOH CBsI3bI0, SIPKO
xapakTepucTHuHbl.  Korga
4HCII0 NPHUCOEAHHIEMBIX
MOJIEKyT AOCTUraeT ILUEeCTH,
TO CyMMAapHblil CIEKTP NpHU-
ofperaeT 4epThi, CBOHCTBEH-
Hble 00OMM yKa3aHHbIM Bbl-
e  XapaKTepHCTHYECKHUM
cnekrtpaM. IIpu sToM, oaua-

AMINUTYOHO—B3BellleHHas IIJIOTHOCTH COCTOSIHUL
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KO, B COOTBETCTBUH C aHAJIM30M KoiebarenbHbiX Mo [92] ancopOIHOHHBIA KOM-
IWIeKC Konebiercs Kak equHOe Lienoe, B KOTOPOM CTPYKTYPHO BbIAe/sieMble KO-
OpAMHUPOBAHHBIE U BOXOPOIHO-CBA3aHHbBIE MOJIEKY/IbI TUHAMHUYECKH He pa3fiuya-
orcsi. OTchliad yuTaTens 3a JETATIMH 9TOro aHanusa B [92], Huxe g npocro-
THI M3JI0XEHUS MCIOJIB3YyeM XapaKTepUCTHYHOCTh KoJeDaTeNbHbIX CIEKTPOB
OOWHOYHBIX MOJIEKYJT BOHOB! U Ka4€CTBEHHOrO OIMCAHHUS CHEKTPAIbHBIX OCO-
GeHHoOCTeil B criekTpax Ha puc.18.

B npuBefeHHBIX CHEKTPaX MOXHO BBUIGTUTh TPH CIEKTPaIbHbIX HHTEpBasa.

B HH3KO4ACTOTHON o6macTu 0 + 350 cM™' (1) pacronaralTcsi 4aCTOThI BaJIEHT-
HpIx konebanuit rpymn Si...OH,, TopcnouHsie Konebanus 3THX rpynn u aedop-

MAallUOHHBLIE KoJiebaHus BOHOPOIXHBIX CBA3EH B3aHMOHBﬁCTByK)IHMX MOJIEKYIT

Boapl. O6macTh cpegaux yactort 350 + 850 om! (2) xapaxTepu3yeTcst HHTEHCHUB-
HBIM CTPYKTYPHBIM MUKOM W 0OYCJIOBIIEHA IJIABHEIM 00pa3oM Hed)opMalliOHHbIMH
KoJIeOaHHAMM BOZOPOIHBIX CBSI3eH. DTOT MUK SIBIAETCH OCHOBHBIM CTPYKTYPHBIM
3JIEMEHTOM B crieKTpe OplcTpo3aMopoxeHHOH Bomb! (cM. puc.13,a). Bricokovac-

torHas obnacts cnekrpa 850—1200 om! COHEPXAKHT JiBa ITHKA, KOTOPHIE CBA3aHbI
¢ nedopMalMOHHBIMU KoNebaHUSIMH KOOPJHHMPOBAHHOH aTOMOM KpEMHHs
MOJIEKYJIbl BOJIbl M fiehopMalMoHHbIMU KonebaHusMu cBs3u Si-OH rpynmsi, Ko-
TOpas BXOMHT B LEHTP ancopOLuu.

Ha ocHoBe mpuBeJeHHOT0 OTHeceHus KojieGaTenbHbiX MO ObLI MPOU3BENEH |
CTPYKTYPHO-JIMHAMUYECKUH aHaMu3 ancopOuUpOBaHHON BOIBl B HCCIICHOBAHHBIX
kpeMHeseMmax [28]. CnekTp agcopOupoBaHHOI BOBI HA a3pOCHIIE TOJIYYWI CBOE
‘00bICHEHHE B NPEOrNONOXeHWH, 4TO amcopOLUsS BOABI HA €ro MOBEPXHOCTH
HOCHMT KOJUIEKTUBHBII XapakKTep ¢O CTOPOHBI MOJIEKYN BOJbI, T.€. MOJIEKY/IbI BOIbI
obpazylor B rnpouecce ancopOLMM «KBa3MKAaIUIIO» HAa CHIAHOJIBHOM LIEHTpE
[24,28,92]. DTo npennonoxeHue NOTHOCTBIO TIOATBEPXKIAETCS pacueTaMul paBHO-
BECHBIX KOH(UIypallHidi MOJEKYJ BOXbl Ha OOJIBIIUX KJIaCTepax, MOLETHUPYIOUIMX
CTPYKTYypy aspocuna (cM. 1m.7.1).

CnekTp ancopbupoBaHHOH BOjB B cuiMkarene (puc.18,6 u ) cymecrseH-
HbIM 00pa3oM OTJIMYAETCSt OT CIIEKTpa BOMABI B aspocuiie. DToT GakT CBUAETENb-
CTBYET O TOM, YTO MPHUPOIA HEHTPOB, OTBETCTBEHHBIX 3a afCOPOLUI0 BOJB B BTHX
KpEMHEe3eMax, pa3iM4yHa, YTO HaXOJNUTCH B NOJHOM COIVIACHU C BBHIBOIOM, Cle-
NaHHBIM B nipeabiaymieM paszene. Ha ocHose ananusa criexTpa agcop6upoBaHHO#
BOJIbI B CUJIMKArese ¢ TOYKM 3peHHs OTHECEHMS 4acTOTHhIX obnacreidi 1—3 [28]
ObUTH cHenaHbl crepylolume 3akaodenus. Kak v B ciiysae aspocuna, ancopOuus
BOJbl B CHJIMKaresie NPOUCXOAUT KOJIIEKTHBHO, MOCKOJBKY JOMMHHPYIOUIMM B
crnexTpe Konebanuil sBnsiercst AByropGeiii Uk B obsactu 2. ®opma ®TOro nuka
nongobHa ¢opMe AHATOTHYHOTO IiMKa B CHEKTpe OhICTPO3aMOPOXEHHOH BOJbI
(cM. puc.13,a), 0flHAKO NHK CIBHHYT B HU3KOUACTOTHYIO 0BIacTh M HMEET Ipyroe
COOTHOLIEHHE HHTEHCHBHOCTEH] €r0 COCTARIAIOIINX. DTO MOXeT OBITh €CTECTBEH-
HBIM CJIEICTBHEM CBSI3BIBAHUS «Kall/lM» BOABI C afcOpOLMOHHBIM LeHTpom. H3
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CpaBHEHHUs CIICKTPOB a,ucop6nposaHH017l BOZBI HA a3pOCHIIE U CHJIMKarese BHUOHO,
4YTO TaKO€ CBdI3bIBaHUE Kallli B cjlydae CHIIMKaress cna6ee, 4YeM B Ciyude
aspocwuiia. B CIIEKXTpe aﬂCOp6HpOBaHHOﬁ Ha CHJIMKaresie BOIbI OTCYTCTBYET MUK

npu 900 cm~, uro YKa3bIBa€T Ha NPAKTHYECKOE OTCYTCTBUE KOOPAMHALUOHHO-
CBSI3aHHOH BOMIBI HA €r0 MOBEPXHOCTH. Bosbluas LMpHHA nHKa B o6aacTu 1, Kak
M B Clly4ae aspOCHiIa, CBUIETE/LCTBYET O KOJUIEKTHBHOM XapakTepe ancopouuu
BOibl. OTMeueHHbIH pakee YUMBHTENbHBIH (hakT COBnageHus CIIEKTPOB afcop-
OMpoBaHHON BOAb WIS 06OMX CHIMKareneil NOJIy4aeT B CBA3H C HPOBEAEHHBIM
BBILIC AHAIM30OM, a TaKXe aHAIU30M CTPYKTYPhl IMAPOKCHIBHBIX 0B60I04eK
CHJIMKaresied, ecrecTBenHoe obbsicHeHHe. [TOCKONbKY, KaK MOKa3aHo B npenbiay-
LieM pasiesnie, 3TH 06OIOYKH COCTOAT U3 HAaGopa Tpex KPeMHHIi-THAPOKCHITbHBIX
rpynn, a umenHo (OH),, (OH), n (OH)3, TO MOJIEKYJIA BOAbI B3aUMOJEHCTBYET C

KaXJIOH M3 BTHX TPYNN HE3aBMUCHMbIM 06pa3oM, B CBA3M C YeM BO3ZHMKAET MX
KOHKYpEHLHS 110 OTHOWIEHHIO K ancopbuuu Bombl. B Takux ycinoBusx noGexmaer
«CuJIbHEHlas», OTBEYaIoLIas B JaHHOM Clyyae HauGOJIbIIEH SHEPrHM CBA3M MO-
Jlekyn BoAbl ¢ uentpoM. [locKonbKy 3Ta CiibHeiIuas rpynnupoBKa sBIsercs
OfIHOH M3 TPeX, yKa3aHHbIX BbIllle, TO OHA OJIXHA GbITh OMHOI M TOH Xe KaK JyIs
cunukarens CI'100, Tak u ana cunukarens Cr20. Takum obpasom, cnexTpht an-
COpOHPOBAHHOMN BOABI HOMXHb GbITh OXMHAKOBLIMM JUIS 0GOMX CHIlMKaresieH, a
MX paslniue CBOAMTCA TONIBKO K Pa3fiUUMI0 MX abCOMOTHBIX MHTEHCHBHOCTEN,
4TO CBA3AHO C NO/IEH CENEKTHPOBAHHBIX TaKMM 06Pa3soM LEHTPOB ancopOumuu Ha
MOBEPXHOCTH CWIHKarenei.

Cnexktp ABIIC ancopGupoBanHoii Ha asporene BOmbi (puc.18,2) pasurens-
HbIM 00pa30M OTIIMYAETCS OT NPUBEAEHHbIX Bbillle cnekTpos. B nepsyio ouepens,
C/I€AyeT KOHCTaTHpOBaTb OTCYTCTBME B 3TOM CHEKTPE XOPOIUO BhIPAXEHHOrO
HHTEHCHBHOIO nHKa B 0011aCTH 2, YTO FOBOPHT O CYLIECTBEHHOM CHHXEHHH
HC/1a BONOPOAHBIX CBA3EH MEXIY MOJIEKYIaMH BOJbI HA IOBEPXHOCTH a3pOreJis.
[ostomy npeanonoxunu B [28], yto cnoii aucopOHPOBaHHON BOIBI B 9TOM CIly-
Yae o0pasyeTcs He KarluisiMH, KaK B Clyyae aspocuia u CHJIMKaress, a npeumy-
LUECTBEHHO H30JIMPOBAHHBIMH MOJIEKY/IaMH. BTO 3aK/II0YeHHe MOATBEPXIAeTCs
TaKXe SApPKO BbIPAXEHHOH CTPYKTYPHOCTBIO CIIEKTpa KoneGaHUil B HH3KOYACTOT-
HOi o6nacTH 1, BUI KOTOPOH XapakTepeH WSl NOKATH3OBAHHBIX WHAHBUIYATh-
HBIX COCTOSHMH. [TosoxeHHe MaKCUMyMOB MUKOB B 3TOH 06G1acTH GIH3KO, TeM
HE MEHEE, K MONOXCHUI0 MAKCHMYMOB MUKOB B CreKTpe aspocuwia (puc.18,a).
DTO rOBOPHT O TOM, YTO IJIABHBIM LIEHTPOM aICOPOLIMH BOMBI B asporesie SBIseT-
¢4 CHlaHONIBHAs TPYyNMNa, YTO HAXOAMTCS B IOJIHOM COOTBETCTBHH C BBHIBOJAMMU
MpelbIAyIIero pasaena. D10 3aK/0YeHHe MOXET MOATBEPAMTh M HATMYHE MaK-

cumyma nipu 900 eml g cnexrpe. OH MeHee APKO BbIPaXeH M0 CPaBHEHHIO CO
CMEKTPOM BOJBI B a3pOCHJIe, HO HAOMIOAAETCS HOCTATOYHO HAajeXHO. [10 MHEHKIO
aBTOpOB [28], M3MeHEHHe COOTHOLIEHHS HWHTEHCHBHOCTEH B MaKCUMyMax B
CMEKTpax BOABL B STHX NIBYX a®pOKPEMHE3eMax OTPAXAeT NPHHLMIHANBHO pa3-
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HblIi XapakTep ancopOLUMM B HHX: KOJUIEKTHBHBIA B Ciydyae adpocuia H
MHIMBHAYaNbHBIA B Ciiyyae asporend. [locneanee 3akyoueHHe Kaxercs BIOJIHE
eCTECTBEHHDBIM, €C/TH BCIIOMHHUTb, 4TO B CJIydae aspocHia agcopOuys MPOUCXOMHT
Ha cBOGOOHON BHELIHEH MOBEPXHOCTH MaibiX yacTull. CTepHyeckue Npensrcr-
BUs g oOpa3oBaHUsl Karuid MOTYT ONPENENSThCS IUIOTHOCTBIO CHIJIAHOJIBHBIX
Tpynn Ha MOBepXHOCTH. Kak yCTaHOBJIEHO IKCNEPUMEHTATBHO, 3Ta MIOTHOCTh
TAKOBA, YTO COOTBETCTBYET CPENHEMY PACCTOSHHUIO MEXIY CHJIAHOJBHBIMHM LIEHT-
pamu 7 A [6]. Droro paccTosHus KOCTaTO4YHO W (POPMMPOBaHMsS Ha H30MIH-
POBAHHOM CHJIAHOJILHOM LEHTPE KBA3UKAILIM, COCTOSILIEN U3 HECKOJBKMX MOJe-
KyJ1 BOIbl. B IPOTHBOIONIOXHOCTE 9TOMY aKTHBHas I0BEPXHOCTDb a®poreis sBisi-
ercs BHyTpeHHei [3], B CBSI3H ¢ 4eM npu oOpa3oBaHMM KBa3HKAIUIM BO3pacTaeT
pOJib CTEPHYECKHX MPENSTCTBUM.

TpecTaB/ieHHBIH Bbllle CPABHUTENbHBIH aHaiu3 Ga3UCHBIX CNEKTPOB KOM-
NOHEHTOB HCCIIENOBAHHBIX IUCTIEPCHBIX KPEMHE3EMOB, HECMOTPS Ha €r0 KayecrT-
BEHHBIIl XapaKTep, MO3BONWINA HAACKHO YCTAHOBMTH TOT (PakT, YTO a3POCHIIEL,
CUIVKarelM ¥ asporejid CleXyeT paccMaTpUBaTh Kak NPUHLHIHANBHO pasiud-
HBlE CTPYKTypHble oOpa3sosaHus. [IpH 3TOM BaXHO OTMETHTB, YTO 3TH Pasjv4usi
PaCIpPOCTPaHSIOTCS KaK Ha 0OBEMHBIE, OCTOBHBIE, CTPYKTYPBI, TaK U Ha CTPYKTY-
Pbl IOBEPXHOCTHBIX 30H 3THX BelecTB. [10CKONBKY paccMaTpUBaeMble BELIECTBA
OTIMYAIOTCS JIMIOb TEXHOJOTHEH TNPOM3BOACTBA, HabsofaeMast CTPYKTypHas
BAPHUAHTHOCTh MPEJCTABNSET COGON SBICHUE MEXHONOZULECKO2O0 NOIUMOPPUIMA
B aMOp(HOM IUCHEPCHOM KpPEMHE3EME.

6. TEXHOJIOTMYECKHAN NMOJUMOPOH3IM
N KIACCH®OUKAIIUS JHUCIIEPCHBIX
AMOP®HBIX KPEMHE3EMOB

YcraHoBneHHe (akTa HaIM4Us TEXHOJIOTHYECKOro monumopdusma B cpene
aMOp(HBIX JMCIEPCHBIX KPEMHE3EMOB BaXHO Kak camMo mo cefe, Tak W Kak
OCHOBA ISl COBEPIIEHHO HOBOFO MOAXO/A K MOCTAHOBKE 3a1aye O BbIYUCIHUTENb-
HOM MOJEIMpPOBaHUM STHX BeliecTB. JIns BRIPaGOTKM ITOrO MOAXOAA MOHA0-
ounock Kiaccuuuuposarh 0OHapyXeHHble MogubuKauny, chopMyTHpOBaB s
Kaxmoil X HUX Habop OTIMYUTENBHBIX NPHU3HAKOB W BBENd ONpEHCICHHBIE
yuCyeHHble Kiaccu(HUKaLOHHbIE napamMeTpsl [32]. Bty nporpammy yaanoch Bbl-
NOJIHUTb, UCIIONB3Yd OCHOBHBIE KPHUCTALIOXMMHYECKHE KPHUTEPHH, NPELTOXKEH-
Hoie Jlubay [94].

6.1. OcHOBBI KPHCTA/UIOXUMHHM CHIHKaTOB. B dynnamenransHom Ttpyae
®.JTubay [94] Obuio MOKa3aHO, YTO CHIMKATHI B Gombieil cTeneHH, YyeM Jiobas
Apyras Tpynna XMMHYECKHX COeIMHEeHHi (32 MCKIIIOYEHMEM OPraHHYeCKHX CO-
eNUHCHUII YIIepoaa), XapaKTepH3YIOTCS YPE3BbIYAMHO BHICOKOH BapHuabesnb-
HOCTBIO XUMHYECKHMX M CTPYKTYpHBIX CBOMCTB. BMmecte c TeM B pesynbraTe
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aHanuza okono 1000 coemuHeHui OBUIO YCTAHOBIEHO, YTO, HECMOTPS Ha 3TO
00CTOATENBCTBO, CHIIMKATH MOTYT OBITH pa3aesieHbl Ha HeGOosbINoe YHCIIO Kilac-
COB H IOJKJIAaCCOB B COOTBETCTBMHM C KilacCH(uKalieil, OCHOBAaHHOH Ha HECKOJIb-
KHMX CJEeQyIOLMX AOCTaTOYHO MPOCTHIX KPUCTALIOXMMHYECKUX TPUHLIMIIAX.

1. TTockonbKy BO BCEX HCC/IEOBAaHHBIX CIJIMKaTax Hanbosiee MpoYHOi sBs-
etcs cB3b Si-O, To OCHOBHBIM (DPAarMEHTOM, OINpPERENAIOINM CTPYKTYPY CHJIMKa-
Ta, SBJISIETCA MOJIUBIP [SiOn], a THUII CTPYKTYPHI OINpeaessaeTcs TeMu criocobamu,
KOTOPBIMH 3TH IOJIM3JPHI CBA3aHbI MeXy cOOOH.

2. Koopmunauuonnoe uucio kpemHus (KY) B coeguHeHMSIX KpeMHUsi C
obweit dopmynoii M Si A, n cBazsimu Si-A—M UMeeT TEHAEHUHIO K YBEIMYEHHIO

KY > 4, u Tem cuiibHee, YeM BbILIE SJIEKTPOOTPHLATENFHOCTD OJIMXKANIINX coce-
aeit — aromoB A. Kucnopox umeeT NpoMeXyTOYHOE 3HaAYSHUE IEKTPOOTpHLa-
TENBHOCTH U MOXET BXOAUTh Kak B TeTpasapel SiO,, Tak u B okTadaps SiOg.
Terpasaps! npegnoytutensHee. Tak, u3 874 uccienoBaHHBIX CWJIMKATOB JIHILG B
16 o6HapyXeHbl OKTadJIPUYECKHUE AHUOHBI.

3. Terpaonpet [SiO,] ceaseiBaloTCs APYr C APYroM 4aiie BCEro uepes

BEpUIMHBI, a He peGpa WM rpaHu.
4. OpuH aTOM KHCIIOpOIa MCXeT NnpuHamiexats He Oosee YeM ABYM TeTpa-
apaM [Si04].

5. nd maHHOTO CHJIMKAaTHOTO aHHOHA pa3sHOCTh AS MEXOy 3HAYeHHSIMHU §
BCex TeTpadpos [SiO,] (me s — 4MCHO COWIEHEHHUH, T.e. KOIIMYECTBO aTOMOB

KHCJIOpOla B TETpadape [Si04], 00beAMHEHHBIX C ApyruMH TeTpasapamu [SiO 4]),

HUMEET TCHACHIUIO K YMEHbIICHHIO.

6. IInuHbl cBA3e€H M BAJIEHTHBIE YIJIBI OTKJIOHSIOTCS KaK MOXHO MEHbLUE OT
CpeIHMX 3HAYEeHMH:

dSi-0) = 1,62 A,  ( yron (O-Si-0)) = 109,47°,
(yron (Si-0-Si)) = 140°.

DTH mecTh NpaBWiI HE ABIFAIOTCH 3aKOHAMM HPHPOIB!, U M3BECTHBI HCKIIIOUEHUS
u3 HUX [94], HO TeM He MeHee HapyLIEHHe ®THUX IpaBuJl B GONBIIMHCTBE CIy-
JaeB 9HEPreTHYECKH HEBHITOAHO H MO3TOMY MAaJIOBEPOSTHO.

Jins onucanud cnoco6oB CBA3M TETPadAPOB [Si04] Mexay coboii B cuiuka-

Tax BBeJleH pa napameTpos. He nepeuncnss Bcex, OCTaHOBUMCS Ha BaXKHBIX JUls
JIbHEHLIEr0, a UMEHHO pasmepHocmu W Kpamuocmu. Pa3MepHOCTh CHIIMKArT-
HBIX TETPa3’APHUYECKHMX CTPYKTYp D XapakTepu3yeT THII YMAaKOBKHU B MCXOOHBIX
CTPYKTYPHBIX €IMHULAX U UMeeT 3HaueHus D =0, 1, 2, 3. Tak, uzoaupoBaHHbIE
Terpasapsl [SiO,], a TakXe H30NMpOBaHHbIE KOJNBUEBBIE W HEKOJIbLEBbIE (hpar-

MEHTHI MMEWT pasMepHocts D = 0. lng n3omupoBaHHpIX Lernouek D = 1, miga
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Tabnuua 4. XumuuecKas HOMEHKJIaTypa CWIHKaToB [94]

Pa3zmepHocTb Kparnocts M
D 1 2 3

0 OnurocuaxKaThl MoHOCHIHKATBI Hucunukarsl Tpucunukarst

0 Huknocunukarsl | MoHOLMKIIO- Juuuknocwivkatsl | TpULMKIOCHIMKATHI
CHJIMKATBI

1 Monucuiaukarb Monononu- JMnonuCcuINKaTel Tpunonucuiykarsl
CHJINKATBI

2 ®unnocunukarsel | MoHodumto- Hudunnocunuxatel | Tpudumiocunukarsl
CHJIMKATBI

3 TexTOCHIHKATHI TekTocHAHKATHI

M301MpOBaHHBIX cnoes D = 2 u g Kapkacos D = 3 [94]. KpatHocts M xapak-
Tepu3yeT o6pa3oBaHHE KPATHBIX TETPAdAPHUYECKHUX CTPYKTYp € TOH Xe camoii
PasMEPHOCTBIO, YTO U MCXOAHBIE CTPYKTYPHbIE EAHHHLIBI (H30JIHPOBaHHbIE TETPaA-
aapsl [SiO,], n3oanHpoBaHHbie LETIOYKH, H30JIMPOBAHHBIE KOJIbLIA M H30JIMPOBaH-

HbI€ CJIOH).

B cooTBETCTBHM CO 3HAUEHHAMH 3THX MapaMeTPOB BBOAHTCS OCHOBHas HO-
MEHKJIaTypa CWIMKAaToB, npeiacTasieHHas B Tabn.4. Cuiukarel ¢ M30JMPOBaH-
HBIMM TeTpasgpamu (OHHMM, ABYMS, TPEMS) OTHOCATCS K OAUZOCUAUKAMAM.
CunMKarsl, aHHOHBI KOTOPBIX MpeicTaBnsioT coO0H KOJibLA, COCTOAILHE H3 TeT-
pasapos [SiO4], Ha3bIBAIOTCA Yukaocunuxamamu. B 3aBUCUMOCTH OT TOro, co-

JepXar JIH OHW H30/IMPOBaHHbIE WIM OBOHHbBIE KOJbLA WM Gosbliee YUCIO KO-
Jel, K MX Ha3BaHHIO npubaBnsercs NpUCTaBKa MOHO-, Ou- U T.4. CTPYKTypl,
COICpXalllHe CHIMKAaTHbIE LIENOYKH, Ha3biBalOTC noaucuaukamamu. OHU MOryT
Jajnee noapasieNiaThCd HAa MOHONOAUCUAUKAMS! C W30JIHPOBAHHBIMHU LIEMIOYKaMH,
OUNOAUCURUKAMbL C ABOHHBIMH LIETIOYKAMHU, WK JIEHTaMH, U T.J1. QUIIOCUAUKA-
mei, 06pa3oBaHHbIE CAOAMH TETPAsLpOB [SiO,], ananoruunbiM oGpaszom MOryT

Janee TNOOPasAenaTbCs Ha MOHO- W Ouguanocunukamsi. CHIUKATBI C TPEXMep-
HBIM KapKacoM Tetpasapos [SiO,] Ha3biBaloTCs mexmocunukamamu.

BO3MOXHOCTb pacnpeie/IeHHs CHIMKATOB IO NOAKJIACCaM MPHBEAEHHOM Bbl-
e KjaccH(UKALUH ONpeesisieTcst BbIMOTHEHHEM OOILEro npuxyuna sKOHOMUY-
Hocmu (NAapCUMOHHMM), KOTOPBI Npennonaraer, Yro Wl 3aJaHHOro COCTaBa
CHCTEMA CTPEMMTCS MMETh MHHHMAIBHO BO3MOXHOE YHMCJIO I€OMETPUYECKH W
XMMHMYECKH pasnuyaimmxcs rpynn [94].

6.2. Kiaccupukanus JHCHEPCHBIX KPeMHEe3eMOB B COOTBETCTBHH C KPHC-
TAUIOXMMHEH CHIMKATOB. [IpHBeneHHbie BhIIE OCHOBHbIE KPHCTAL/IOXMMHYEC-
KUe MpaBWia He COAepXaT B cefe HHUYEro Creuu(pMYHOr0 UMEHHO I KPHC-
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TaJTAYECKOM CTPYKTYPHI, TOSTOMY €CTECTBEHHO MPEANOI0XUTD, YTO OHH BBIIOJI-
HAIOTCA ¥ B Cilydae aMOpdHBIX CTpyKTyp [32].

B npupone Hen3BECTHB KPHCTALTHYECKHE CHIIMKATBl CO CMELIAHHOH pa3-
MEPHOCTBIO H MYJBTHIUIETHOCTBIO. DTO XK€, HO-BUAUMOMY, CJIEHYET OXHIATh U
M1 aMoppHOro cocrosHus. Benencrsue sToro amopdHbie CTPYKTYphl Takxe
MOXHO KJTaCCH(PUUUPOBATh B COOTBETCTBHH C Tabn.4. Cnetuduueckoii ocobeH-
HOCTRIO MCCIICJOBAHHBIX BEIIECTB OKasancs TOT (hakT, YTO YCTAHOBJIEHHE KJlac-
CH(PUKAIHOHHONH MOIBI I KaXAOrO M3 HHUX OKAa3aloCh BO3MOXHBIM npu
aHa/IM3e TEXHOJIOTHYECKOM NpOLEAyphl HX mojydenus [32].

JucnepcHbie KpeMHE3eMbl MOJY4alTCs B yCIOBUSX OOHOBPEMEHHOT'O MpPOTE-
KaHUs U KOHKYPEHLMH ABYX MPOLECCOB: TMAPOIM3A HCXOMHOIO MPONyKTa, NpH-
BOISLIETO K 06pa3’oBaHUI0 KPEMHEKHUCIOPOMHBIX TETPASIPOB, cogepXalMx OT
OIHOH OO YETHIPEX MMAPOKCHIIBHBIX IPYI, M MOCHEAyIIIEH MOTHKOHIEHCAUNU
aiX bparmenTos [1—3]. B pesynerare monuxoHIeHCALIUM obpasyeTcs 3apombii
Oymywmeii CTpYKTYpbl KOHEYHOTO TPOLYKTA: YaCTHLBI a’pocuiia, 3018 CHIIMKare-
T, MEMENHTA KalHWUIAPHON CTPYKTYph! asporens. TexHONOrHueckne npouenypsi
OT/IMYAI0TCA HCXOAHBIMH MPOAYKTaMH, TOJBEPralolllUMUCS THIPONU3Y, CPEloi,
B KOTOPOH OCYHIECTBNAIOTCSA STU NPOLECCH], BHEMIHUMH YCIOBHSIMU (remnepary-
pa, JaBlieHUE U T.1.).

Aspocun. Tlpu TONyYeHUH aspOCHIAa TMAPOIM3Y MOZBEPTAETCS YETHIPEX-
XJIOPUCTBIH KPEMHHH, CaM FHAPO/IN3 OCYIIECTBASETCS B KMCIOPOTHO-BOXOPOA-
HOM [UIaMeHH NpH arMocdepHOM [OaBIEHWHM M Temmeparype okoio 2000 K.
B pesynsrare rugposnuza, MpoTeKaoLEro B COOTBETCTBHH C PeaKiHeil

SiCl, + 4H,0 = 4HCI + Si(OH),,

00pasyeTcs OpPTOCHIHKATHAst KMCIIOTa, NPOMYKTOM ITOMMKOHAEHCALUH KOTOpO#
u sipsercs aspocuit. CchopmuposanHsie B 061aCTH ma3Mbl TBeprodasHbie 3a-
POIBILIM BHIHOCATCS M3 STOH 30HBI M, NONafas B XOJOAHYIO 30HY, 06pasyioT
Gonee KpymHble arioMepaTkl, KOTOpble MPEACTABAAT COGOM NpaKTHYeCKH
uieanbuble ChepuIecKHe 4acTHUbl amMopdHoro Kpemuesema. Ilpouecc momu-
KOHJCHCAllK, 00pa3oBaHHs 3apONBILEH M MX aIOMEPHPOBAHMS BO MHOTHMX
4epTax CXO[eH C IMPOLECCOM MOAYYEHHS MATBIX 4aCTHIl MeTalios [95].

Cunuxazens. Cunukaresb 06BIYHO TIOJIY4AETCS M3 BOXHBIX PacTBOpPOB CHJIK-
KaTOB IIEJIOYHBIX METAUIOB B IPUCYTCTBUU KHcoTh [2]. H3BecTHO, 4TO MCHONb-
3yeMBIE CUJIMKATBI yK€ B HCXOJHOM COCTOSIHHM COMEpXar LEMO4YKH TETpasapoB
[SiO4], KOTOPbHIE, HECOMHEHHO, SBJIIOTCS 3aroTOBKaMH Gynyliel TBepAOTEIbHOI

crpykTypsl. CyTh nmpoLecca MOXHO NpPEACTaBUTh HA OCHOBE Clenyomen ynpo-
LLIECHHOM CXEMBI:
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B BOOHOM pacTBOpe MPOMCXOAMT THAPOJIU3 CHIIMKATa METalla, B Pe3yjbrare
KOTOpOro o6pa3ylTcs LUeno4kH TeTpasapos [SiO,] pasHOii LIKHEL, B KOTOPBIX

KaX/Iblil aTOM KPEMHHs CBsi3aH C ABYMS MMApOKcHIamH. U3BECTHO, YTO B YCIO-
BHAX BBICOKOil KOHLEHTpalMH TakHe LEeNOYKH JIErKO 3aMblKaloTcs, oOpasys
UMKJIbl C Pa3iMuHBIM YHCIIOM arOMOB KpeMHHMs. ['Mapokcui-anMoH cnocobeu
paspbiBath cBA3b Si-O-Si, oObenunsoIlyio cocenHue TETpPasapsl, TaK YTO B
pacTBOpe CO BpeMeHeM YCTaHaBJIMBAETCs AMHAMHUYECKOE PAaBHOBECHE Npouec-
coB obpa3oBaHMs W paspyiueHus UHKJOB. [list caBura paBHOBECHS B MNOJIb3Y
NOJMKOHAEHCAU UM B pacTBop BeoauTca Kuciota. [1pu 3TOM npouecc paspyue-
HHMS LIMKJIOB NMPAaKTHYECKH MpEeKpallaeTcs, U B CPele MAET aKTHBHBIA npouecce
obpa3oBaHHMs LUMKJIOB H WX CIHAHUS Apyr ¢ gpyroM. O6biyHO npouecc nep-
BHYHOIO THAPOJIM3a WAET HE O KOHLA, TaK YTO B LMKJIAX COXPAHATCS OTPH-
uare/ibHble MOHBI KHCJIOPOMA, YAepXHBalolnHe BOMM3H LKA CONbBATHPOBAH-
HBlE MOJIOXUTENbHBIE HOHB MeTaia. Kak ycraHosneHo [2], Hannuue nogob-
HBIX COJIbBATHPOBAHHBIX HOHOB HWIPaeT OMNpele/AUy0 pOJb B Hpouecce
crabunusanus rend.

Aspozens. OCHOBOH TEXHOJIOTHYECKOrO NMPOLECCa NPOMBIILIIEHHOTO H3rOTOB-
JIEHWs 3TOrO MpOMYKTAa SBJSETCH KATalM3MpOBaHHbIH MO0 KHCIOTOMH, 6o
LIE/I0YBI0 THAPOJIM3 TETPa3THIOPTOCHIIHKATA [Si(OCHZCH3) ] (TBOC) [90]:

Si (OCH,CH,), + nH,0 — (RO),SiOH + mCH,;CH,0H.

IMonyyeHHbIil B pe3y/bTaTe 3TOH peaklMH «HCXOMHbIH CHIAHOM» MOXeT ObITh
CIIOXHOTO COCTaBa B 3aBUCHMOCTH OT COCTaBa R, KOTOpbI MoxXeT ObiTh 1160
atomoMm Bogopoaa H, nubo sTunpHON rpynnoi CZHS‘ OnHoBpeMeHHO ¢ mpo-

HECCOM ruaponu3a NpPoOUCXoIUT KOHACHCAIHI 06pa30}3a8umxcx «CHJIAHOJIOB»,
3aBepuaroniasics 06pa3OBaHHCM CHJIMKATHOI'O NMOJIHUMEpa IO CXEMeE:

(RO)3SiOH + OH™ —— (RO)3SiO™ + H20,

(RO)3Si0™ + (RO)3SiOH ——> (RO)3SiOSi(RO)3 + OH ™.
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PoCT nonuMepHoil LENOYKH KOHTPOIHPYETCs KOHLEHTpauusMu Boasl, TDOC u
pH pacteopa. [Ipn Karanu3MpoBaHHBIX KHCIOTON nponeccax obpasyoTcs, Kak
NpaBWJIO, KOPOTKHE UenoykH. Ecnu karanusatopom seisercs mwenoyb, TO Le-
NOYKH NONy4yalTcs iuHHee. TIpy coeJMHEHUH U B3aUMHOM CLUMBAHUM LIENO-
yeK obpasyeTcs reib.

Takum 00pa3oM, aHaIM3 TEXHOMOTHYECKUX MPOLECCOB MOJy4eHHs padjivu-
HBIX [HUCHEPCHBIX KPEMHE3eMOB MMOKa3blBAET, YTO CTPYKTYpHblE (DparMeHTsl,
thopmupyiolMe CTPYKTYpy Oyayllero mpoaykTa, BO BCeX Tpex Clydasx COBEp-
IIEHHO pa3nnyHbl. Tak, B Cllydae aspocuiia O4EBUAHO, YTO NpU 06pa3oBanuu ero
HaCTHLL pealu3yeTcs «PUHUMI TUTOTHOH ynakoBKu» Terpasapos [SiO,] B obme-

me. B coorBercTBuM ¢ knaccuukauneii JinGay [94] pasmepnocTs nomnyuaemoii
CTPYKTYpbl paBHa D = 3, ¥ N0 aHANOIHy ¢ TEKTOCUIMKATAMH a3pocHil Gbll OTHO-
CEH K amop@HuimM mekmoxkpemueseman [32].

B cnyuae cunukareseii OCHOBY HMX CTPYKTYpPhl COCTaRISIIOT KOJbLEBbIE
CTPYKTYphl JOCTaTOYHO NPOM3BOIBLHOTO COCTABA, PAa3MEPHOCTb KOTOphix D = 0,
BCJIEACTBHE YETO OHM ObIAN OTHECEHBI K AMOPPHBIM YUKAOKDEMHEIEMAM, AHAIIO-
IMYHBIM LMKJIOCHIHKaTaM [32].

OCHOBHBIM CTPYKTYPHbIM 3JIEMEHTOM KapKaca a3poresis sRIsIOTCS LelOYKH.
B aTOM cCiiyyae pasMepHOCTb.€ro CTpyKTyphl OKasbiBaeTcs pasHoii D =1, B
pesyabTate uyero oH Obln KJIACCH(PUUMPOBAH KaK aMOP@HBUL HOAUKDEMHEIEM,
AaHAJIOTMYHBIA Monucunukaram [32].

Takum 00pa3oM, TeXHONOrMYECKUMH NOIMMOPGHBIMH (BOPMaMH IMCTIepC-
HbIX KPEMHE3EMOCB SBIIOTCS aMOP(HbIE TEKTO-, UHKJIO- H NOJIUMOAH(UKALUH.
DTH NPEACTAB/EHUs NIEMNIH B OCHOBY KAaueCTBEHHOTO aIrOPUTMa, KOTOPbIA Gbill
UCNOJIb30BAH MPU KOHCTPYHPOBAHWH MOMENBHBIX CTPYKTYp aMop(iibix KpemHe-
3emoB [32]. ’

-

7. BBIMUCIHTEIBHOE MOAEJIHPOBAHHE
HCXOIHBIX CTPYKTYP AMOP®HBIX KPEMHE3EMOB

B Teuenue mocieAHHX HECKONBKHMX JIET aKTHBHO pa3pabarbiBaiach KOHLUEI-
UM BbIYHUCITHTENILHOTO MOAC/IHPOBAHHS MHOrOATOMHBIX CHCTEM, MO3BOMAIOIAsT B
HauboJIblIEH CTENeHH MPUGIN3UTECA K ONUCAHMIO CBOMCTB PEaIbHBIX HAHOMa-
tepuaios [15,31,36]. OcHoBy 3TOM KOHUENUMH COCTABISET COBMECTHBIH CIIEKT-
PIbHBIH 3KCTIEPUMEHT, BKJIIOYAIOMHI B ce0st CBA3aHHble 0OPATHOMH CBSI3bI0 BbI-
YHCTUTENIPHBIH M peasibHBIN 3KCepuMeHThl. [IpoLiece MogennpoBaHus paccMmar-
pHUBaeTcd Kak CHHTETHYECKad 3ahava, ycnex peuleHHd KOTOpOH OINpelesercs
ONTHM@IbHBIM BbIOOPOM YeThIpeX ee OCHOBHBIX KOMIIOHEHTOB, a WMEHHO:
) K6AHMOBO-XUMUNECKO20 Memodd pactema MHOTOATOMHAIX KJIaCTEPOB HAHO-
METPOBOIO pasMepa; 6) chocoba peanusayuu euuucieruii Ha JOCTYITHBIX MOIL-
HbIX  GBICTPOLEHCTBYIOIMX KOMMbBIOTEpPaX; B) CIMPYKHYPHO-14Y8CMEUMENbHOZO
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DKCHEPUMEHMANbHO20 Memoda i TPOBEPKH HNPABWIBHOCTH TOIYYEHHBIX
PE3YNIbTATOB U T) AOeKEAMHO20 5KCHEPUMEHMANbHO20 00bekma, 0becreynBalo-
HIEro YCTaHOBJEHHE OOpaTHOW CBS3W MEXIy pacueTaMHU W pealbHbIM 3KCIEepH-
MEHTOM.

HeoOxomuMocTs OnepuUpoBaHHs ¢ KJacTepaMd HAaHOMETPOBOTO pa3Mepa
HPUBOIUT K €CTECTBEHHOMY BBIBOAY B I1OJIB3y OHHOTO M3 KBAaHTOBO-XHMHYECKHX
MOJIYODMIUPUYECKHUX METONCB. B mocienHue ropbl HaMeTWscS CYLIECTBEHHbIH
nporpecc B 9Tod obOnactu Onarogapd Kak CTHMY/IUPYIOIIMM paboTaM ILKOJIBI
M.[pioapa [96], Tak ¥ pa3paboTke HOBBIX METOJNOB pacueTa WM HOBBIX BEpCHil
yXe CyIecTByoUuX. K yMcny nocnegHux cieayeT OTHECTH aBTOPCKHE KOMILIEK-
Chl IIPOTPaMM MO BbIYMCHMTENBHOH XMMUM B.A.3aena, ocHOBaHHBIE Ha METOHAX
MNDG, MNDO/H, AM1 (sp-6asuc) (CLUSTER-Z1) [97] u NDDO (spd-6a3uc)
(CLUSTER-Z2) [98]. Dru XOMIUIEKCH peasin3oBaHbl B (popme, KoTopas obec-
NEYMUBACT BBICOKYIO TOUHOCTH PACUETa MHOTOATOMHBIX CHCTEM [IPH CPABHUTENBHO
HeOONBLIMX 3aTparax BHIUMCIIHTENBHOTO BpeMeHH. MHCTATMPOBAHHBIE HA Mep-
conanbHbie Komnbioteps kinacca PC AT 486/Pentium u SUN SPARCstation,
OHH TO3BOJIMIIM OCYLIECTBUTE 33 KOPOTKOE BPEMs pacyeThbl pasHooOpa3HbIX MHO-
rOaTOMHBIX KJIACTEPOB HAHOMETPOBOTO pa3Mepa TaKMX CHCTEM, KaK KPEMHE3eM,
HUTPUI KPEMHUsI, HUKE/Ib, ATIOMUHMH M Ap. (KpaTkuil 0630p pe3ysibTaToB CM.
B [36]).

[MonyyeHue pacyeTHBIX JaHHBIX, OMHAKO, caMo Nno cebe elle He peliaeT 3a-
Jady O BHIUMCIIMTENBHOM MOISAHPOBAHUH, TAK KAK BO3HUKAET BaXHBIi BOMPOC O
COOTBETCTBHUM 3TUX HAHHBIX (PHINKO-XUMHYECKOH peailbHOocTH. HaHOMeTpOBbie
KJlacTepbl, KOTOpblE HUCIONB3YIOTCS B KauecTBE MOIEIH, HE UMEIOT MOJIEKYJsp-
HBIX AHAJIOrOB, MPENCTaBIAIOT coboil «Bellb B cebe», POXIEHHYIO Hameil dau-
Tasueil B Mepy 31paBOro CMbICIA ¥ cTeneHH BooOpaxkennd. B cuny sTux obcrod-
TEJILCTB OCHOBHAs XapaKTepUCTHKA MONEKYASPHOH CHCTEMBI — SHEPIUs CBA3U U
Jpyrie VHTErpanbHbie XapaKTEPUCTUKH CTAHOBSTCS JIMILB ONHCATETIBHBIMH BEJiM-
YMHAMM U He MOryT ObIThH NMOIBEPTHYTH DKCIEPUMEHTAIbHOW nposepke. Benen-
CTBUE DTOTO JIMIIb KoOneOareabHbie CNEKTPHl, KOTOPhIE NPEHMYLIECTBEHHO OITH-
CBHIBAIOTCS KOPOTKOAEHCTBYIOLIUM B3aUMOJEHCTBHEM, NPEACTABIAIOTCS MMEHHO
TEeM CBOHCTBOM CHCTEMBI, [0 OTHOLIEHHIO K KOTOPOMY KJlacTepHoe npubnuxe-
HHE SBISAETCS AOCTATOYHO TOYHBIM. C TOYKHM 3peHHs] YUCICHHOTO 3KCIEPHMEHTA
MOZIEJIUPOBAaHUE [IOBEPXHOCTH HE OTIHYaeTcd OT MOAENMPOBAHUS OCTOBHOH
cTpyKTyphl. OnHako TpeGosanus 0OpaTHOH CBA3M C peasbHBIM 3KCHEPHMEHTOM
Ha ypOBHE MCCeHOBaHUs KosieOaTeNnbHbIX CHEKTPOB BHIIBUTAT 3ajiayy Bribopa
9KCHEPUMEHTATFHOTO 00BEKTa, MAKCUMATbHO NPUOIIMKEHHOI0 K MOIEIMPYEMbIM
KnactepaM. UMeHHO TIO3TOMY ISt MPOBEPKH Pe3yIbTaTOB, MOJYICHHBIX B XO€
YHUCJICHHOIO MOMEIMPOBAHHS aNCOpPOLMOHHBIX CBOHCTE ITOBEPXHOCTH HUKEJIs
[19,99,100], kpemHesema [32—35] u uurpuna kpemuus [101] B kauecTBe CBsi-
3YIOLIET0 DKCIIEPUMEHTAIBHOTO MapameTpa, ObUIH UCIONIB30BaHBI KOJeGaTeNbHbIE
CMEKTPhl COOTBETCTBYIOLIMX HAHOPA3MEPHbIX MOAM(UKAIMIT DTUX BELIECTB.
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I[Ipu mocTanoBKke 3a7a4M BBIYHCIMTENLHOrO MOIETMPOBAHUS GONBIIOTO Kilac-
Tepa BO3HHUKAET Ka4yeCTBEHHO HoBad npobiema BBIGOpa MyTH MOOENUPOBaHMS
MCXOIHON CTPYKTYphl. Xopouo u3secTHo [102], yto B GosbIUMHCTBE clyyaes
XHMHYECKHE B3aUMONEHUCTBUS SBJIFIOTCS KOPOTKOZEHCTBYIOIUMH, B CBA3U C YeM
CTPYKTYPHBIC BJIEMEHTBI, Pa3leJCHHbIE PACCTOSHHSIMH, IPEBBILIAIOLIMMH UTHHbI
XUMHYECKUX CBsA3ei, MPaKTHYECKH HE BIMSIOT APYr Ha Apyra. BeneacTue atoro
BO3HHMKAET ONACHOCTh «HE YralaTh» MECTO W Halpas/ieHHe Pa3BUTHS CTPYKTYpbI.
ITonoxenue yacto ycyry6nsercs TeM 0GCTOSITENBCTBOM, YTO HEXECTKHE CTPYKTY-
PBl, K KOTOPBIM, B YaCTHOCTH, OTHOCSTCA CTPYKTYpPbl KpeMHe3eMa, XapaKTepH3y-
10Tcsi HAGOPOM GAM3KO PACIIONOXKEHHBIX MHHHMYMOB Ha MOBEPXHOCTH MOJIHOM
oHepruv. OJHHM M3 BbIXOJOB M3 3ITOFO IOJIOXEHHS SBISAETCH ANTOPUTMHUHOE
monenuposanue. CyTh 3TOro 1104X0f4a 3aKJIOYAeTcs B IOCTPOEHHH HCXOLHOM
CTPYKTYphl KJIACTE€pa C MPUMEHEHHMEM ONPEIENIEHHOr0 AIrOpUTMa, OCHOBAHHOIO
Ha «CBHIETENBCTBE O NNPOUCXOXICHHH» COOTBETCTBYIOILErO MPOAYKTA, COAEPXa-
Wwero Habop OTIMYMTENBHBIX NIPU3HAKOB, CBOHCTBEHHBIX TONBKO 3TOMY NPOLYKTY
[103]. MMenno sToT nopxon GbL1 MCIONB30BAH NPH MOAENMPOBAHHH CTPYKTYP
AUCNEPCHOHHBIX KpeMHe3eMoB [32—35]. OcHOBy ero cocTaBuio anropuTMH3H-
POBaHHOE NPENCTAB/ICHHE O TEXHOJIOTHYECKOM MONHMOP(PU3ME 3THX BELLECTB.

7.1. BoIYHCIHTEIBHOE MOJEHPOBAHKE a3pPOCHIA. BhiuncaurensHoe mose-
NMpOBaHHE CTPYKTYDhi M ancopOUMOHHBIX CBOHCTB aspocuna [33] cocrosno w3
CJIENYIOLNX 3TAMNOB:

1) KOHCTPYHPOBaHHE MCXOIHBIX CTPYKTYP MHOTOATOMHbIX KJACTEPOB HaHO-
METPOBOTO pa3Mepa;

2) BBIYMCIIMTENbHOE MOIENHPOBAHHE CTPYKTYPbl CKOHCTPYMPOBAHHbIX KJlac-
TEPOB C MOMOLLIbIO NOYSMIMPHYECKHX KBAHTOBO-XMMHYECKHX METOJIOB;

3) BBIYMCIIHTENIBHOE MOEIHPOBaHHE afCcOPOLIMOHHBIX CBOMCTB HCCIENOBAH-
HBIX KJIaCTEpPOB 110 OTHOLUEHHIO K MOJIEKY/1aM BOJIbI;

4) pacueT aBax/bl aMIUTHTYIHO-B3BELIEHHOM MIOTHOCTH KOJIEGATEIbHBIX COC-
TOSHMH KJIaCTEpOB W CNIEKTPOB HEYNPYIOro PacCesiHUs HEHTPOHOB C TOCHEyIo-
LM CPAaBHEHHEM PAaCCUMTAHHBIX W BKCIIEPUMEHTANBHO M3MEPEHHBIX CIIEKTPOB.

a) Hcxoonwe cmpykmypubie modenu. TIpHcTynas K KOHCTPYMPOBAHHIO HC-
XOMHBIX KJ1ACTEPOB, MOJME3HO BBECTH TMOHATHS MalOro, CPeHEro M GOJbIIOro
KJIaCTEPOB, COMNAcoBaB WX C OCHOBHBIMM NPENCTaBICHHSIMU O KPHCTAIIOXHMH-
YECKHX (parMeHTax W THIOM HX YNAaKOBKH B COOTBETCTBUHM C NPHHALIEXHOCTHIO
M3y4aeMOH CTPYKTYPbl K OINpEIENEHHOMY CTPYKTYypHOMY Kiaccy. OCHOBHBIM
CTPYKTYPHBIM (DPArMEHTOM CHIIHKATOB W KPEMHE3EMOB SBIISETCS KPEMHHIi-KHC-
nopoanbli Terpasap [SiO,). MMeHHO 3TOT TeTpasap u paccMarpuBaeTcs 0GbIYHO

NpH BLIMMCITMTENIBHOM MOJETIMPOBAHUM KPEMHE3EMHbIX CHCTEM (CM., HampuMep,
[6,93,104,105]). OnHako B CBeTe MHOrOBapHaHTHOCTH CTPYKTYpP AMCIEPCHBIX
KPEMHE3EMOB 3TOT MOAEJIBHHIH KJIACTEP COBEPIUEHHO HENOCTATOYEH IS OfH-
CaHus UX CBOHCTB. [109TOMy npy BHIYHCITMTENHHOM MONENMPOBAHMHM 3TOTO Ce-



540 IIIEKA E.®., MAPKHUYEB W.B., HATKAHEL H. U [IP.

.‘*i’ [ ] [ ]
o . (=
o B . fa o 2t LY & B
> ® & ? fk‘_z ; * ] (o"\
b b Y
T B D A
- 8 A

Puc.19. Manbie LUKIBl KPEMHEKHCIOPOOHBIX TeTpasapoB Sinc (AM1) [33]. Hucno n
o603HaYaeT umucno aToMoB Kpemuus B umkiie: 1) Sin3c (18); 2) Sidc (24); 3) Sidc
(30); 4) Si6c (36). B ckobkax yka3aH METO[ pacyeTa M HPHBENECHBI YHC/IA aTOMOB B
knactepe. A 1 B — 1Be npoexuuu (cM. Texcr)

MelCTBa BeecTs ObUTH CAENaHbl ClieLiMabHbIE ONpENE/IEHHs: BBEICHO MOHATHE
Manozo Kiacmepa Kak CTPYKTYPHOH Mofeny neprdepuilHol (HMXe IOBEPXHOCT-
HOM) (PYHKIMOHAIBHON IPYINIbL; OHATUHE KAACMEPA CPEOHUX PA3MEPOE, ONHUCHI-
BAIOILEr0 YNAaKOBKY MAlbIX KJacTepoB B COOTBETCTBHM C KiacCH(HKauuen
CTPYKTYpbl W TpPAaBHIBHO IEPEdaloIero paclpenesieHue aTOMOB GAUKHEZO
nopAdKa; NOHATHE GObUO20 KAacmepa, B UICAIbHOM BapHaHTe NpeIHa3Hayal-
merocst Ui oto0paxeHus: MpaBUIbHOH 0ObeMHOM CTPYKTYphHl BEILIECTBA K pac-
npenefieHus (PyHKLHOHABHBIX IPYIN Ha €ro MOBEPXHOCTH. PeanbHoe comepxa-
HUE 3TH MPEACTaBIeHHs NPHOOPETAIT NPUMEHUTENBHO K KaXIOMYy H3y4aeMOMY
00beKTy.

IMockosbKy aspocuil mpencTapiaseT coboil aMopHblii TEKTOKpEMHE3EM, TO
KJ1acTephl, MONETHMPYIOIIHE CTPYKTYPY €r0 OCTOBA, MOJIKHB MMETh KapKacCHYH0
IUIOTHOYIaKOBAHHYIO CTPYKTYpY. M3BECTHO, YTO IIOTHOYIAKOBAHHBIE KPUCTAI-
JIMYECKHE CTPYKTYPBl KPEMHE3eMa COLEpPXKAT LMKIbl CHIOKCAHOBBIX LEMOYeK C
HeOOMBIIUM UMCIIOM UJIEHOB: YeThIpeXwieHHbie LMKIB B KBapue [106] wu
wecthueHnsle B kpucrobamure [107] u rpuaumure {108].

CIpyKTypHbie MOHEAM WHAMBMAYATBHBIX MAaiblX LMKJIOB NPUBEACHBI Ha
puc.19. Ouu noityyessl B pe3yibTate HOJIHOH onTuMusauuu 1o merony AMI
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C NOMOLIBI0 KBAHTOBO-XMMHUYECKHX TIPO-
rpaMm komiuiekca CLUSTER-Z1 [33].
DTH M BCe MOCNENyIOUIMe PacyeThl MPO-
U3BEleHbl HAa MEPCOHANBHBIX KOMIBIOTE-
pax tuna PC AT 386/387-33 u 486-66.
Knacrepel npeacraeneHsl B ABYyX Mpoek-
UMSX TaKMM 00pa3oM, 4TO «BHI CBEPXY»
(A) oTBeyaeT MX MaKCHMAIBHOMY pasMe-
Py, a «BUI cO0Ky» (B) — MUHUMABHOMY.

Obpamaer Ha cefs BHUMAHHE TO
06CTOSTENBCTBO, YTO, XOTS JIMIIb B KJ1ac-
Tepe Si3 aTOMBI KpeMHHUs JieXar CTporo
B OIHOH IUTOCKOCTH, M B OCTalIBHBIX KJI1ac-
Tepax KpeMHHWEBBle LMKIIBI OJU3KH X
IWI0CKUM. B oTnuune or Hux Gonbuine
LUMKJIBl, C YHMCIOM aTOMOB KPEMHHH,
GosbmuM 6, 0OMANAKT SBHO BHIPAXKEH-
HOH HEIUIOCKOMH CTpyKTypo# (cM. puc.27
u 1.7.2). Bermencrsre 9TOrc CraHoBMTCA
OYEBUIHBIM, UYTO «(haceTHPOBAHHbIE»
rpand OOBEMHOH MIOTHOH CTPYKTYpHI
YROOHO CTPOMTH JIMIlL C MOMOLIBIO Ma-
JIBIX «XKECTKHX» LUKJIOB, IpPeACTaBIEH-
HeIX Ha puc.19. Crpykrypa, mocrpoeH-
Hasl C MIOMOIIBI0 OOJBLINX HHKJIOB, HEM3-
Gexno Oymer Gonee pobixyoil. Takum
obpazoM, Mogesbilo OGBEMHOH CTPYK-
Typhl aspocuiia GyayT HOJMSIPHI, FPaHK
KOTOPBIX 06pa30BaHbl MAIbIMH LIWKJIAMH.
IIpy mOCTpOEHHH MOJEIbHBIX CTPYKTYp

Puc.20. Knacrepl IU10THOyIaKoBaHHOI
crpykrypel (AM1) [33]: a) Sil0 (54);
6) Si18 (90); ) Si24 (118)

npeanoytende GbUIO OTAAHO IUECTHYIEHHBIM IIMKJIaM-TeKCaroHaM, BCIIEICTBHE
TOrO, YTO 3aPOABINIM YACTHIl a3POCHIa 06pa3yloTCs MpH BHICOKOM TeMImeparype,
1IpH KOTOPOW Goriee ycTOHUMBA KpHCTA/UIHUECKas CTPYKTypa B-kpuctobamura [33].

Bbi6Op rekcaroHHOro MOTHBA MO3BONWJI NPETOKUTH JOCTATOYHO MPOCTOl
ITOPUTM IOCIIEOBATE/IBHOTO HAPAIMBAHUS Pa3Mepa MOLE/IBHOIO KJiacTepa, KO-

TOPBIN MOXHO NpPENCTaBUTb (hOPMYJION

Si6c +4nSi+6mSi, rne n=1,2,3 um=1,2,3... npu n> 3.

DTOT AITOPHTM COOTBETCTBYET TAKOMY Pa3BHTHIO CTPYKTYphl KJlacTepa, KOrxa
f00aBIeHNE NEPBBIX YETHIPEX AaTOMOB KPeMHHs K 6a3oBOMY rekcaromy Si6c
CONPOBOXAACTCS 00pa3oBaHHEM TPEX HOBBIX [€KCATOHOB, ABASIOLIMXCS TPAHs-
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MM 3aMKHYTOW 4YeThIpeXrpaHHOH (purypsi.

e HobasiieHne Kaxmoi cieayloleld rpynnsl
' ‘. U3 YETHIPEX aTOMOB KPEMHHS NPUBOOUT K
o6pa3oBaHHI0 TpeX HOBBIX pebep, Mo Ko-

q ‘ .%\e‘ TOPBIM MPOMCXOOUT 00pa3oBaHHE ABYX HO-

‘ BBIX TpaHel, TaKk 4YTO 4YEeThIPEXFPaHHbIN
]

’lo kiacrep Sil0 npespaiaercs B IIECTH-
( .a. rpaHsblii knacrep Sil4, 1wecTHrpaHHbIN
m kJyactep Sil4 — B BocbMUrpaHHslii Sil8 u
4 & ® @ T.a. Knactep npu sTOM pacrer BUIMDS.

Ins ero pa3euTHs BOIyOh, HayWHaAs C
n=3, CTpPyKTypa MOXET HapallHBaThCs
nobaBneHveM ILECTH aTrOMOB KpEMHMS.
Cosokynhocth Kiacrepo Sil0O, Sil8 wu

Puc.21. Knacrep Sill (60) (AM1),
MOZENUPYIOILH i CHJIAHTPHONBHYIO
rpynny B MIOTHOYNAKOBaHHOH CTPYK-

Type [33] Si24, nonydeHHBIX B pe3ylabTaTe NpHUMe-
HEHMd STOr0 &IrOpUTMa, [pHBEAEHA Ha
puc.20.

6) Ananus MoodensHolx cmpykmyp aspocuaa. Ecny nepsblil wieH 3TOro psaa
MOXHO DTHECTHM K KJIACTEPaM CPENHEro pasMepa, TO fBa TOCTEAHHX KJacTepa
OTHOCATCS yXe K KJjaccy 6osblIMX. AHAIM3 HX CTPYKTYpPBI MOKa3bIBacT, YTO Bbl-
OpaHHBIH aIrOPHTM HapallUBaHMd pa3Mepa Kjacrepa He TOJbKO Mepenaer
00BEMHYIO CTPYKTYPY BELIECTBA, HO M TI03BOJISET BHISBUTH TEHACHLMIO pacrpeie-
seHust QYHKUMOHABHBIX TPYII Ha ero nosepxHocTH. B uccnenyemom obbekte
umu sBisiores cwianonbibie (OH), n cunanauonsrsie (OH), rpynmei. Ilo mepe

yBEJIMYEHHUs] pa3Mepa KjlacTtepa CHIaHAHOJMbHbBIE IPYINbI, MOHOMOMBHO MPHCYTCT-
ByIOLIME B M30JIMPOBAHHBIX LMKJIax (cM. puc.19), mocTeneHHo 3aMewanTCs
CHNIAHONBHBIMH U OTTECHAIOTCS Ha nepudepuio. Kak Bunto u3 puc.20, B 3aMk-
HYTBIX [UIOTHOYNAKOBAHHbIX CTPYKTypax HET CHJIAHTPHOJIBHBIX Ipynn. DTH rpyn-
Mbl BO3HHKAIOT JIMLIb MPH CBOEOOpPa3HOM BETBJIEHHH CTPYKTYPHI, YTO TMOKa3aHO
Ha puc.2] Ha mpuMepe ONTUMH3IMPOBAHHON CTPYKTYph! Kiactepa Sill. OcHoBoi
IUIsl 3TOro Kijiactepa Obula ONTHUMHU3MpPOBaHHasA CTpPyKTypa kiactepa Sil0, npen-
craBneHHas Ha puc.20.

B Tabn.5 npuBegeHH YMCHEHHBIE XapaKTEPHCTHKH KJIaCTEpOB, OKa3biBa-
IolIMe JTHHAMUKY W3MEHEHHs COOTHOIIEHHS YHCI/Ia CHIAHOMBHBIX H CHIIAHAMOJIb-
HBIX TPYNN B KJacTepax IIOTHOYNAKOBaHHOH CTpPyKTypbl. M3 TaGnuusl BuaHO,
YTO B W30JIMPOBAHHBIX LMKIMYecKux Kiacrepax (OH), rpynm coscem ner. DtH

TPYIIBI NMOSABNAIOTCA JHLIb B KOMIIAKTHO CBS3aHHOI cTpyKType kiactepa SilO.
IIpu aTom coornomenue uncen (OH), n (OH), rpynn Bce ewe ocraetcs B nonb3y

CWIAHIHMOJIOB. DKCIEPUMEHTANIBHO XOPOLIO W3BECTHO, YTO B THAPOKCHIbHOM
obonouke yacTHibl aspocuiia Moxet 6siTh He 6onee 20% CWIAHAMONBHBIX TPYIII
[5]. Takum o6pa3om, COBEPLIEHHO OYEBHOHO, YTO HHU CaMHM CBOOOAHBIE LIUKJIBI,
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Tabnuua 5. KonmuecTBeHHbIE XapaKTepHCTHKM
MOJEeJIBHBIX KJIacTepoB aspocwia [33]

Knacrep Yucnao aromos Yucno rpynn Jluneinsiil pasmep, A
MoHOe , Si I 0 (OH); (OH), MHHHUM. | MaKCHM.
00719131
Si3c 12 3 3 — 3 3,57 6,62
Sidc 16 4 4 — 4 3,62 8,11
Si5c 20 5 5 — 5 3,65 9,00
Si6c 24 6 6 — 6 3,62 8,72
Si8c 32 8 8 — 8 5,60 11,34
Sil0c 40 10 10 — 10 5,18 13,07
Sil4c 56 14 14 —_ 14 5,18 15,71
O6BeMHEIE CTPYKTYDHI
Si10 54 10 12 4 6 8,57 11,16
Sil4 72 14 18 8 6 9,00 14,30
Sil§ 90 18 24 10 7 10,52 15,41
Si24 118 24 36 15 7 10,52 16,02

HH KOMIIQKTHBIE CTPYKTYPBl K3 HEOOJIBIIOTO YMCAA LMKIOB HE MOIYT OBITH
NPUEMJIEMOH MOJIENbIC CTPYKTYPhI YacTHLbl aspocuna. ITo Mepe pocra pa3mepa
KjlacTepa COOTHOIIEHHE TMAPOKCIILHBIX IPYNII MEHSETCS B TOJIb3Y CUIIAHOJOB
(cMm. knacrep Sil4 u manee) M MMeeT TEHIEHLIMI K pocty. BTOT poOCT MemjieH-
HBIH, OJHAKO OLEHKH MOKA3bIBAIOT, YTO NPH BHIGPAHHOM AITrOPHTME YBEJTHYEHUS
KiacTepa NMpH AOCTUXEHMH UM pasMepoB, COMOCTABUMBIX C 9KCIIEPUMEHTAb-
HbIMH 3HaueHusMu 100—200 A, orHomenue yuce (OH)1 U (OH)2 Ipyni MOXeT

HOCTHIHYTh 5—6 B MOJIb3Y MepBhiX. IIpH 3TOM M3 aHaIM3a MOLETBHBIX CTPYKTYp
BUIHO, YTO CHJIAHXHOJIBHbIE TPYNIbI GYIYT, B OCHOBHOM, CYUIECTBOBATh Ha Bep-
IIMHAX KOHUEBBIX peGep, T.e. HAa HEPEryIsipHOCTSX CTPYKTYphbl [IOBEPXHOCTH
pealbHOM YacTuubl. BBIABICHHAA TEHAEHUHS B M3MEHEHHH CTPYKTYpPBI THAPO-
KCUJIBHOH O0OJIOYKHM KJIaCTEpOB O3HAYaeT, YTO YAEIbHOE cofiepXaHue THAPO-
KCHJIPHBIX TDYII Ha MOBEPXHOCTH a3pocuiia AOJIKHO H3MEHSAThCS aHTHOATHO

BEJIMIMHE €ro yiesbHO# NOoBepXHOCTH (pamuycy), uTo H ObUIO 0OHapyXeHO KC-
nepuMeHTansHo [109].

IpeutokeHHbIit aNrOpUTM HapalMBaHKs KNacTepa, Ge3yClOBHO, He SRISeT-
Csl CNMHCTBEHHBIM, OH JIMIUb COOTBETCTBYET HaMGOJEe BEPOATHBIM CTPYKTypam
TUIOTHOYaKOBaHHOTO aMOP(HOTO KpeMHe3eMa, OTpaxas B NONHOH Mepe YeTbl-
PEXKpaTHYyI0 KOOPAMHALHIO aTOMOB KPEMHHS B IUIOTHOH CTPYKType, 06pa3oBaH-
HOH rexcaroHamy. [1o-BuaMMOMy, CBOCTBEHHaT aMOPHHOMY COCTOSHUIO Hepery-
JIAPHOCTE CTPYKTYPHI Ha MAKPOCKONMYECKUX PACCTOSHUSAX 0OYCIIOBIEHA TEM, YTO
B [UIOTHOM YMAaKOBKE aTOMOB COCEACTBYIOT YETHIPEX-, NSATH- M IIECTHLICHHbIE
Kbl OQHaKO NPHBEACHHBIE BhILIE COOBPAXEHUS O TEHICHIHHU pacnpeneneHus
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Puc.22. ®parment xnacrepa Sil8 (AMI1), nemonerpupy-
IOLIHIA Yepenylolieecs pacipefelieHHe «IyCThIX» M CBS3aH-
HBIX B CHJIQHOJBHBIN LIEHTP MOBEPXHOCTHBIX aTOMOB KPEM-
uus [33]

(bYHKLHOHATIBHBIX FPYMNI B pealbHOH YacTHLE OCTAKTCA CINPABEUIMBLIMU IS
IMKJIOB BCEX Pa3MepoB.

Knacrep Sil8 ¢ yyeToM BBIIIECKA3aHHOTO MOXET pacCMaTpUBaThCA KakK [10-
CTaTOYHO peasibHasi MOAeNb MOBEPXHOCTH YACTHLBI a3pocuiia. DTO KacaeTcs He
TOJNIBKO pacnpenesieHnsi THIPOKCWIBHBIX Ipynn, HO W (OPMHUPOBAHHs YCTAHOB-
JICHHO# 3KcnepuMeHTaIbHO# [5] yepenyiomieiics CTPYKTYpbl aTOMOB KPEMHHS, B
KOTOpOii aTOM KpeMHUs, HECYIMA THAPOKCHIIBHYIO IPYIINY, COCEACTBYET C «IyC-
THIM» aTOMOM, HE HMEIOLINM HEHACHILUEHHBIX CBA3EH B CTOPOHY OT MOBEPXHOCTH.
Ha puc.§2 npusefeH ¢parmeHT kiactepa Sil8, 1eMOHCTPHPYIOLIMI CKa3zaHHOE.
LleHTpanbHblii aTOM KPEMHHUS B HEM SBISETCS <MYCTBIM».

Ha ocHOBaHMM MONy4YEHHBIX PE3YJIbTATOB MOXHO MNpPENIOXKHUTb CENyIILHE
MOHEIH Maloro, cpegHero W OOMBIIOTO KJIAaCTEPOB MOAENBHBIX CTPYKTYp
aspocHIia.

OcHOBHO# ()YHKUHOHAILHOMN TPYNRoil HA MOBEPXHOCTH a3pOCHIIA, KaK clie-
OyeT u3 CTPYKTyp kyactepoB Sil8 u Si24, sminsercs H30/HPOBaHHas CWIAHOJb-
Has rpynna. BciencTeue 3TOro mpocteifieil MOAENbI0O MaJIOro KJjacTepa MOXET
6BITh KPEMHEKHMCIOPOMIHBIH TETPasAp, ONMPAIOLIMIACS Ha TPH aToMa KPEMHHS H
cogepxamuid ogHy rpynny OH. B3aumopeiicTBue 3TOro knacrepa ¢ BOgoOH pac-
CMaTpUBAIOCH B KauecTBe OCHOBHOH Mozxend B pa6orax [15,92,93,100,110]. Ilo-
JIy4EHHBIE MPH 3TOM PE3yNbTaThl YHOBJIETBOPHUTENIBHO COMIACYIOTCS C 9KCMEPH-
MEHTAIbHBIMH JaHHBIMH MO KoJieOaTeNbHBIM CEKTpaM BOMbI, ancopOHpOBaHHOMH
Ha MOBEPXHOCTH YaCTHI[ a3pOCHIA.

AHaNOrHyHbIA MaJblil KNacTep ¢ CHIAHAHONBHOMN IPYNIHMPOBKOH MOXET Clly-
XUTh MPOCTeiiliel MONENBIO M30/TMPOBAHHOM CHJIAHAMOILHON IPYNIbl HA NOBEPX-
HocTH aspocwna. Kax yxe rosopmsoch Bbillle, 3TH TPYIABl pacnosiaraioTcs Ha
HeperylIspHOCTIX CTPYKTYPHl M HX BKJal B BOXHBIA M TMOPOKCWIbHBIA KOMIIO-
HEHThl a3pOCHIA CPaBHUTENBHO HeBelIMK. CHIaHTPHOJIBHBIE TPYNNbI, KaK MOKa-
3aHO Bhime (cM. puc.21), Boobmie uyXabl MIOTHOYNIAKOBaHHOM CTPYKTYype aspo-
CHJIA, U, SBJSASCh BHEIIHMMH, ECTECTBEHHO, OHH KpPaWHEe HEYCTOHYHMBHL. B cooT-

BETCTBHM C ITHM HX HAWIMYHE HA IMNMOBEPXHOCTH YaCTHL ad3pOoCwWia Bpsad JIK
BO3MOXHO.
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MonenbHbiii knactep Sil0 suser coGoii npumep KflacTepa CpeHUX pas-
MEpOB, BOCIPOM3BOASLIETO YIAKOBKY MalbiX KJjacTepoB. MogenbHble KiacTephl
Sil8 u Si24 npencraensior coGoil Gosblive Kimactepsl, MOJeNupyloliue He
TOJIBKO OOBEMHYI0 YMaKOBKY B Sipe 4acCTHIIbl adPOCHIA, HO M OMHMCHIBAIOLLHE
pacnipefiesieHe rHAPOKCHIIBHBIX IPYIN Ha ee MOBePXHOCTH. [1o-BuIMMOMY, nasib-
Hellllee HapallHBaHMe pa3Mepa KjacTepa Bpsifl JIH LeecooGpasHo, MOCKOJIBKY
nosry4eHre Ka4eCTBEHHO HOBOH MHGOPMALMK MAIOBEPOSTHO BCJIEACTBUE MAIOro
pajMyca NEHCTBHS CHJI XHMHYECKOrO B3ammogmeiicTeus. [lpuBeseniibie Bbiuie
CTPYKTYpbl MCIMONb30BaHBl I pacyeTa KoneOaTeslbHbIX CHEKTPOB OCTOBA M
TWIPOKCHIILHOTO KOMIIOHEHTA a3pOCHNa, a TaKXe CNEeKTPOB ancopbupoBaniioi
Ha HUX BOjIbI.

6) Konebamenvnvie cnekmper ocmosa u 2udpokcunvrozo xomnonenma. Ha
puc.23 npeacTasiieHsl 9KCIEPUMEHTATBHBIA Ga3HCHbIi cnekTp ABIIC sipa aspo-
CHJIa COBMECTHO C JIBYMS pacuyeTHbIMM criekTpamu. Pacuethbie cuektpbl Gbutn
MOJTy4eHbl C MIOMOLIBI0 KOMILIEKCA NPOrpaMM 1o BBIYMC/IMTENLHON KoseGarens-
Hoii cnektpockonuu COSPECO [111]. Oauusie no CHJIOBOMY 110J110 OIlpejesieHbl
B Npouecce npoBENEHHOTO Bhlllie KBAHTOBO-XMMHUYECKOTO pacyeTa B LpHOiInKe-
HuM AMI pacuernoro komnnekca CLUSTER-ZI1. [lepBbiit 13 9THX cnekTpos
(cM. KpUBYIO 2) OTHOCHTCS K Ks1acTepy Sil8. Boiue YX€ IOBOPHIIOCH O TOM, YTO
9TOT KJACTEp MpEACTaBiseT cOO0H pealucTHUHYI0 MOJENs GObLIONo Knacrepa.
BMecTe ¢ TeM nosyuennbiii s Hero pacueTiplii CIIEKTP HACTOJbLKO CHJIBHO OT-
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Puc.23. KoneGarenpustit CIICKTD OCTOBa aspocuia: 1) sKcrepuMeHT,
T =10 K [25]; 2) pacuer s Ktactepa Sil8; 3) pacuer mis cMIOKCaHOBOI
uenoyky SilOch B nuukIMueckux IPaHUYHBIX ycrnoBusix [103]
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MyaeTca OT HKCHEePUMEHTAIBHOrO, YTO 3TOT (DAaKT, Ha IepBbIH B3MIAM, KaXeTcs
o0ecKypaxupamoluM. AHaIM3 NPUYNH HAOMIOJAEMOT0O HECOOTBETCTBHMS I03BO-
JIUN BBISBUTH COBEPILEHHO HOBYIO npobiemy. [leso B ToM, uTo mpeobnafaloniee
OONBLIMHCTBO aTOMOB KPEMHHs 3TOro KjiacTepa NpPH BHHUMATEIbHOM PacCMOT-
peHMH OKa3blBAlOTCS MOBEPXHOCTHBIMH, B CBA3M C YEM KMHEMATHYECKOE I0BE-
JEHHUE HTUX aTOMOB CYIIECTBEHHO OTIMYAETCS OT MNOBEJEHHS BHYTPEHHMX MpPU
TIOJIHOM COXPAHEHHU BEJIMYMH CWIOBBIX TMOCTOSHHBIX LI KaXmoil BEIOpaHHOM
napbl aroMoB. Jlist ycTpaHeHUs 3TOro KHHEMaTHYeckoro addekTa B paMKax pac-
CMaTpHBaeMbIX KJIaCTEPOB HEOOXOMMMO yBeHYEHHE Pa3Mepa KJlacTepa [I0YTH Ha
MOPSITOK, YTO AesaeT 060l YNCICHHBIH pacyeT COBEPUICHHO HEPEANUCTUUHBIM.
Bo3MOXeH, OIHAKO, APYroi MOAXON K pelleHHIo 3Toit npobneMel. PaccMarpuBas
CTPYKTYPY IUIOTHOYIIAaKOBAHHBIX KiacTepos Sil8 m Si24, MOXHO 3aMETHTb, YTO
OHM cocToAT M3 Habopa nenouek Si-O-Si, pacrnonoXeHHBIX HAKIOHHO K Oasuc-
HOM TUIOcKoCcTU* KinactepoB. Kaxpple TPM COCEIHHE HEHNOYKH B CEUCHMSX,
NapaUle/ibHBIX 9TOM TUIOCKOCTH, 00pa3yloT THIOBYI0 T€KCaroHHYIO CTPYKTYPY
IWIOTHOK ynakoBkKH. TakuM 00pa3oM, LEMNOYKa MOXET pacCMaTpUBarbCa Kak
TPaHCHSLMOHHO-9KBHBANEHTHAS CTPYKTYpHas eIMHHMUA, C HOMOLIbI KOTOPOH
MOXeT ObiTh BOccO3gaHa 0ObeMHas CTPyKTypa aspocunia. PesynbTaThl pacyera
K0Jy1e0aTeNIbHOro CNeKTpa, NpejcTasieHHble KpUBOi 3 Ha puc.23, COOTBETCTBYIOT
uenouke, cogepxauieil 10 aToMOB KpeMHHs [PH LIMKJIMUECKUX IPAHHYHBIX YC-
noBusix. CUloBble MOCTOSIHHBIE B 9TOH LEMOYKE TOMYYeHbl [EPEHECEHHEM [aH-
HbIX pacuera kiactepa Sil8. Kak BMAHO W3 pHUCYHKA, paCUETHHIH U 3KCIIEPUMEH-
TaJIbHBIA CIIEKTPH! XOPOILIO COIfacylTces Apyr ¢ apyroM. Mcknwouenue cocrasis-

er mnosioca npu 80 em™l. Dra nonoca obycnosneHa HecuHQa3HBIM
TPAHCHASLMOHHBIM [IBUXEHHEM KPEMHHI-KHCIOpPOmHbIX TeTpasapos. 1o Mepe
yBEIMUEHUS UIMHBL LIEMOYKH OHa paciieruisiercss Ha Bce OOosblIee YUCIO KOMIIO-
HEHTOB M €€ MaKCHMyM MOHWXAaeTcs, TaK YTO MpPH UYHCAE aTOMOB KPEMHUS B
HECKONIBKO JECATKOB OHA, HECOMEHHO, NPUMET BHJ, COOTBETCTBYIOLIMH 3KCIIe-
pumenty. O6pawaer - Ha ce6s BHUMaHHe [OJTHOE COOTBETCTBHE IOJOXEHUH
MaKCHMYMOB BCEX II0JIOC B PacyeTHOM Y 9KCHEPUMEHTAIBHOM CreKTpax. BTo
COBNAJEHUE MOJIyUEeHO Ha OCHOBE BHIXOMHBIX HaHHbIX KoMIuiekca CLUSTER-Z1
0e3 MCnoib30BaHus KAKUX-TUO0 KOPPEKTHPYOIIUX NapaMeTpOB.

Ha puc.24 npuBemeHbl 3KCNEpUMEHTaIbHBI U pacueTHble cnekTpsl ABIIC
JUIst TUIPOKCUIIBHOTO MOKpPOBa aspocuina. Kpusasd 2 COOTBETCTBYET NMPHUBEIEHHO-
My Bblllle Ha puc.23 cuekrpy s kiactepa Sil8, xoTopsiil, Kak 6pUI0 CKa3aHo,
npejcrasiser co0oil cuexkrp koneOaHHil MOBEPXHOCTHBIX artoMoB. Kpusas 3
npeacTaBiseT ChnekTp KoneGaHWH aTOMOB, CBA3aHHBIX C JECATHIO IPyNIaMH
(OH),, comepxawmmxcs B knacrepe Sil8. Kak 6sut0 ckazaHo B m.4.1, rugpo-

*BaejieHue TEpMHHA «BazsuCcHas [IOCKOCTb» B 9TOM ciryyae yCnoBHO. Ilon HUM noHMMaeTcd ce-
YCHMUE, BBIABIAHOLICE reKCaroHHblii OpHaMEHT CTPYKTYPH! BELIECTBA.
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Puc.24. KonebarenbHplii CriekTp TMAPOKCHIBHOIO NOKPOBA a3pocHia: 1) 3Kcrie-
pumMent, T = 10 K [25]; 2-4) pacuer: 2) ocTos-nosepxHocTh KiacTepa Sil8§,
3) mapokcHALHEIH MOKPOB Knactepa Sil8, 4) cymma (2) u (3) [103]

KCHJIbHas KommnoHeHTa criektpa ABIIC aspocuna gosxHa cocTosTh M3 CrieKTpa
KosieGaHHi rMAPOKCHIIBHBIX PYNIN M CEKTpa KoseGaHuil NOBEPXHOCTHBIX aTO-
MOB OCTOBA, CEHCHOM/IM3MPOBAHHBIX 3THMH THADOKCHIbLHBIMH TpYNNamMu B
pesynbrate «apdekra BcanHuKa». PeansHbiii cnektp ABIIC npencragnser co-
G0if COBOKYMHOCTb 3THX CNEKTPOB MpPH TMpPaBWIbHOM COOTHOLUEHWMH 4YHCIA
TMAPOKCHJIbHBIX TPYNIl M MOBEPXHOCTHBIX aTOMOB KpemHHUs. Kpusas 4 Ha puc.24
COOTBETCTBYET CYMMapHOMY CIEKTpy C cooTHoweHueMm 1:1. Kak BugHO u3
PHCYHKa, 3TOT CMIEKTP OY€Hb XOPOLIO COIIACYETCH C 3KCMEPUMEHTAIbHBIM,

Takum 06pa3om, npemnoxeHHas Moienb ILIOTHOYNAKOBAHHOMH CTPYKTYphi
aspocuna [33] MoxeT cUHTaTbCs JOKA3aHHOMN BCTEACTBUE €€ COOTBETCTBUS KOJe-
Gare/bHbIM CIIEKTPaM OCTOBA M IMAPOKCHIIBHOIO MOKPOBA YACTHIIL a3POCHIIA.

2) Komnosuyuonnas cmpykmypa u kone6amenvuuiii cnekmp adcopbuposan-
Holi 600bi. XOpOLIasi HajeXHOCTh PE3Y/IbTATOB MOAENMPOBAHUS CTPYKTYpPhI 4ac-
THLbl 83pOCHIa NO3BONIM/IA PacCMOTpeTh Gonee deTanbHo npobieMy ancopOuuu
Boabl Ha Helt [92]. Kak Gbuto ckasano Bbie, knactep Sil0 oTHOCHTCS K KiiacTe-
paM CpeIHEro pasmepa, NO3BOJIAILIMM BOCTIPOM3BECTH PeallbHOE CTPYKTYPHOE
COOTBETCTBHE U30/IMPOBAHHOMH (DYHKLHOHAIBHOMN I'PYNNbI M OCTOBA BellecTBa. Ha
PHC.25 NpesCTaB/ieHa MONHOCTHI0 ONTHMHU3HPOBAHHAs CTPYKTYpa 9TOro KjacTe-
pa, B3aUMOJIEHCTBYIOILIErO C WIECTHIO MOJIEKYIaMH BOIBL DTOT Pe3ysIbTaT Mojiy-
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yeH B npubnuxenun MNDO/H mnpor-
pammuoro xommiekca CLUSTER-Z1
[97], mockonpky Heob6xomumo ObLIO
KOPPEKTHO ydecTh oOpasyioliuecs BO-
nopopHeie cBsa3u. Iompo6GHoctu Mogpe-
JIMPOBAHHA B3aUMOACHCTBUS BOAb C
(pyHKLIMOHANBHBIMH TPYNNaMH TOBEpPX-
HOCTH a3pOCHJIa U3NOXEHB! B [92].
Monekyasl Bogsl  agcopbupymlorcs
Ha TMOBEPXHOCTH a3pOCHUNIa KOJUIEKTHB-
HbIM 00pa3oM, 4TO MOATBEPXIAET Bbi-
BOA, CHEJIaHHBI B pe3ynbTaTe KayecT-
BESHHOIO aHAIN3a 5KCIEPHMEHTAIBHOIO
creKkTpa ancopOHpOBaHHOW Ha adpo-
cwie Boget (cM. n.5.3). Tlpu stoM gse
HIepBble  MOJIEKYJIbl KOOPIUHHUPYIOTCS
aTOMOM KPEMHHS CHIJIAHONIBHOMN IPYIIIIb,
HACBIA] €T0 KOOPIUHALMOHHOE YHCIIO
1o wmectd. OcTajbHblE MOJIEKY/BI CBH-
3BIBAIOTCS C STUMH 0a30BBIMH BOIOPON-
HeiMH cBa3amu. Ha puc.26 npexcrasie-
Hbl 3KCIEPUMEHTAIBHBI M pacyeTHbIH
CIIeKTp afcopbupoBaHHOH Ha aspocuiie BoAbl. Kak U B mpeplaylux croekTpax,
pacyeTHble CIEKTPhl HE MOABEPTanyMCh AOMOMHUTENBHO! KOPPEKLHH 110 4acTOTe.

Puc.25. Knacrep SilOw6 (72) ¢ iecrsio
Monekynamu Bogel (MNDO/H) [103]

Kak BumHO U3 pHCyHKa, pacyeTHbIH M U3MEPEHHBIN CIIEKTPhl XOPOIIO COIJIa-
CYIOTCd B IMaBHBIX uepTax. [IpeBbillieHHe WHTEHCHBHOCTH 3KCHEPUMEHTATBHOTO
CMEKTpPa Haj PacyeTHBIM B BHICOKOYACTOTHOH 00JIaCTM MOXeT OBITH CBS3aHO C
(hakTOM NpHCYTCTBHS B SKCIEPHMEHTAIBHOM CIEKTpE BKJama AByX- M Oonee
MHOTO(OHOHHBIX COCTOSHMA. HenoctaToXK HMHTEHCHBHOCTH B HH3KOYAaCTOTHOM
o0nacTu CBsi3aH C TeM OOCTOSATENBCTBOM, YTO COCTaB afCOPOLMOHHBIX BOXHBIX
KOMIUIEKCOB Ha MNOBEPXHOCTH aspocuia rereporeHeH [92]. IlommMo weHTpOB,
COoiepXalMX IECTh MOJIEKY/I, UMEIOTCS LIEHTPHI C YHCIIOM MOJIEKY/ OT OTHO# IO
natd. Bompoc cornacoBaHMs pacyeTHBIX M 3KCHEPMMEHTAIBHBIX CIIEKTPOB,
TakUM 00pa3oM, BKJIIOYaeT NpobneMy OMpeNesleHHs: YUCIA STHX LEHTPOB. YIO0B-
JIETBOPUTEJIBHOE COIJIACHE CIIEKTPOB, NPHBEIEHHBIX Ha pHUC.26, TOBOPUT O TOM,
YTO B BO3MOXHOM MHOroo6pasuu agcOpOLMOHHBIX KOMIUIEKCOB HEHTP C IIECTHIO
MOJIEKYJIaMM BOAbl BHOCHT NPaKTHYECKU IJIABHBIN BKJIal.

B uesioM nomyyeHHoe xopotlee corlacie PacueTHbIX ¥ SKCIIEPUMEHTAILHBIX
6a3MCHBIX CIIEKTPOB KOMITOHEHTOB a3POCH/A C HECOMHEHHOCTBIO CBUIETENLCTBY-
€T 0 NPAaBOMEPHOCTH NPEACTABIEHHbIX Ha puc.20 Mozienei, ONMUCHIBAKIIMX IJIOT-
HOYNIAKOBaHHYI0 CTPYKTYPY aMOp(HOIo KpemHesema.
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Puc.26. KonebarenbHblii 100
CIIEKTD BOMbl, afCOpPOMpPOBaH-
HOM Ha aspocune: 1) skcme- H

]

pument, T=10K [25],
2) pacyer i Kiactepa
Si10w6 [103]
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7.2. BeryucuTeIbHOE MOZEIHPOBAHME CHIIMKareneit. Kak XOpOIIO U3BECT-
HO M3 MHOFOYHC/ICHHBIX JaHHBX [2] m Kak ObuI0 NOKa3aHO paHee, CHIHKaresb
OTHOCHMTCS K OIHOMY W3 HauboJlee HEMOHATHBIX BeluecTs. IIpHYHHA 3TOro Kpo-
€TCS B XOpOWIO M3BECTHOW M3MEHYHBOCTH €0 CBOMCTB. DTO OTHOCHTCH KaK K
TUIOXOH BOCIIPOM3BOAMMOCTH MPOAYKTA YK€ Ha CTaIMH €ro IOJY4EeHHs, TaK M K
M3MEHEHHIO €r0 CBOWCTB M MX YPE3BHYAHHON YYBCTBHTEIBHOCTH K M3MEHEHHIO
BHELIHKX YC/IOBMH B mpouecce HCNONb30Banus. I103TOMy MOXHO YTBEpXKIaTh,
UTO OCHOBHBIM CBOHCTBOM CHJIMKAresisi SBJIAETCH «TE€YCHHE» €ro CTPYKTYpPhl, TaK
YTO KaXIbid oOpasel] CHIMKAarend — 3TO HE OJHO U TO Xe ¢ukcuposannoe
CTPYKTYPHOE COCTOSHHE aMOP(HOr0 KpeMmHe3eMa, HO «MIHOBEHHBI CHHMOK»
B LCMH CTPYKTYPHBIX MNpeBpaumteHuil. Ha ocHOBaHuMHM BhIlecKa3aHHOTrO 3agaya
MOJETMPOBAHUS CTPYKTYPbI CHJIMKAres INpeACTaBIseTcs JOCTATOYHO HENpo-
CTOH, IOCKOJIbKY HEH3BECTHO, KAKOH UMEHHO «MIHOBEHHBIH CHUMOK» peasHOR
CTPYKTyphl ciiexyeT Bocnpoussectd. [1osTomy, mpucTynas K MORENTHPOBAHHIO
CTPYKTYPHBIX KJIacTepOB CUnKarens [34], aBrophl He craBwiu nepen co6oii 3a-
Aady BOCHPOM3BENCHHMS ONPENEICHHOH CTPYKTYPHOIl KOoH(urypauuu. Mx uenpio
OBLIO HANTH OTBETHI Ha CIIEAYIOLHE OCHOBHBIE BOIPOCHI, KOTOPBIE MOXHO CErof-
Hi afipecoBaTh CTPYKTYpe cunukarens [28].

1. Kax obpa3syiorcss nopsl cumkaress?

2. Or yero 3aBuCHT pasmep nop?

3. IloueMy xonebatenbHbie CIIEKTPHl OCTOBA H IMIPOKCHABHOH OGONOUKH
CHJIHKarens, KaK ObUIO II0Ka3aHO 9KCIIePUMMEHTAIBHO, 3aBUCAT OT pasmepa nop?

4. Uro coboil npencTapnsioT oGHapyXeHHbIE SKCHEPUMEHTATBLHO agcop6bu-
poBaHHas U KBasucBoOOAHas Boda B nopax?

5. Tloyemy KoneGatesbHbI CIIEKTP anCOPGHPOBAHHON BOIbI HE 3aBUCHT OT
pasmepa nop?

Kak ckasano B 1.6.2, B 0CHOBE CTPYKTYphI CHJIMKAreN-UHK/I0KpEMHE3EMA
JIEXAT LMKIIBL NeTI0YeK KPEMHEKHCIOPOAHBIX TETPAsAPOB PasHOro pasmepa. Bui-
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Puc.27. BonpliKe LMKIbI KPEMHEKHUCIOPOIHbIX TeTpasapos Sinc (AM1) [34]: 1) Si8
(48); 2) Sil0 (60); 3) Sil4 (84); A u b — nBe npoexuuH (CM. TEKCT)

710 OTMEYEHO, YTO pbIXJlad CTPYKTYpa, XapakTepHas IS CHJIMKAress, MOXeT
06pa3oBbIBATHCA JIMLIb HUKIIAMK focTaTo4HO Gonbuioro pasmepa. Ha puc.27 no-
Ka3aHbl CTPYKTYpHBIE MOZEIH HECKONBKHX Oonbluux uMkioB. HpeacrasnenHvie
CTPYKTYPbI ObUTH MEPBUYHO MOCTPOEHB H ONTHMH3HPOBAHBI B paMKax Nporpam-
Mbl MM2 [112], a 3aTeM [OMONHHUTE/BHO ONTHMHU3HPOBaHbl Mo Merony AMI ¢
MOMOILBI0 KOMIUIEKCA mporpamm BerudcautensHoit xumun CLUSTER-Z1 [97].
Kaxnpiii LMK/ TPEICTaBIeH B JBYX NPOEKLMAX TaKHM 06pa3oM, YTO «BH CBep-
Xy» (A) oTBeyaeT MX MaKCHMalbHOMY pa3Mepy, a «BHI c6oky» (B) — MHHH-
ManbHOMy. Kak BHIHO W3 PUCYHKa, MO Mepe YBE/IMUEHHMs pa3Mepa LMKIA ero
CTPYKTypa Bce Gosiee OTKIOHSETCH OT MAOCKOH. OIHOBPEMEHHO C 3TUM OTYeT-
JIMBO HaONMIOHAaeTCs 3aMeTHOE CTpPEMJIEHHE K «KJIETOYHOMY [EJIEHHIO» LIHKIIA
¢ o6pa3zoBaHMeM LHMKJIOB MEHBIIETO pasMepa.

IMockonbky OosbliMe LMKIB HEYCTOWYHMBBI M C TEPMOAWHAMHYECKOH, H
¢ MHKPOCKOMMYECKOH# TOYEK 3pPEeHHs, ECTECTBEHHO NPEINONOXUTh, YTo 06pa3o-
BaHHE CTPYKTYPHl CHJIMKAreJs MPOHCXOOUT MYTEM COEAMHEHMS LMKIJIOB Pa3sHOro
pasMepa Apyr ¢ apyrom. CreyeT OTMETHTb, YTO LMKJIBI JOJIXHBE OBIThH 1OCTATOY-
HO OOJNIBIIUMH, TaK KdaK KOHIEHCAlUd LIMKJIOB C YMCIOM arOMOB KPEMHHMsd, paB-
HbIM UYETHIPEM, IATH, MIECTH, NPUBOOUT K 06pa3soBaHHI0 IUIOTHOYNAKOBaHHBIX
CTPYKTYp THNa a3pocuiia Wik KBapuesoro crexia [33]. HecomMnenno, 4to 3TH
HeGosbIIMe UMKJIBI TAKXKE YJaCTBYIOT B (POPMHPOBAHMHM CTPYKTYpPBI CHUIIMKaress,
HO OHH HTPAIOT, CKOpEe BCETO, JIMLIb CBA3YIOLIYI0 POIlb.
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Kax BumHO u3 puc.27, Gonsiuue
UMKJIBL CHIBHO HCKOPEXEHBI, TaK YTO
JIerKo TpPENABHAETh, YTO MpH 0ObemMHe-
HUH, CKaXeM, OBYX TaKHX UHKJIOB OHH
MOTYT «CXJIOMHYyThCsi». OnHaKo, ecnu
BCIIOMHUTb, YTO 00pa3oBaHHe rejs Mmpo-
HCXOIOUT B MPUCYTCTBUH COJIBBATHPOBAH-
HBIX MOHOB ILEJIOYHOrO MeTalia, TO BO3-
HUKAeT €CTECTBEHHOE IPEANoIOXeHHE,
4TO IJIaBHasl POJIb MOHOB 3aKJIOYAaeTCs B
CTabunM3alMHd Takod CTpykTypel. Ha
puc.28 mnpexacrarieHa OIHA M3 BO3MOX-
HBIX CTPYKTYp, o6pasoBaHHasl AByMs LIUK-
JlaMM, cojepXawuMH 7 u 8 aroMosB
KpEMHHS KaxXIblH M HMEIUUMU JIBE
oflue CUIOKCAHOBBIE CBS3W. B MPOeK-  Puc.28. Knacrep Sil3dc (75), cocros-
UMK, NPEJICTABIEHHOH HAa PUCYHKE, XOPO-  IMii M3 IBYX MKI0B Si7c 1 Si8c (MM?2)
IO BUHO, YTO 3TH HHUKIBI oOpasylor [34]

«CTBOPKHM MOJIYPAaCKPBITOH PaKOBHHBI».

OueBHmHO, YTO HATHYHE CONbLBATUPOBAH-

HOrO MOHA BHYTPH 3TOM CTPYKTYpHI IIPEISTCTBYET €€ CXJIONBIBAHUIO U CIOCOBCT-
BYET PaCTSKeHHUK UMKI0B. Ha ocHOBe 5Toro GbUT chenaH €CTECTBEHHBIH Halb-
HEHUIMH War X NPeANoOXeHUI0 O TOM, YTO CHIIMKAreNh NMPEACTABNSET coGoil
TBEP/blil KapKac, UMEWIIHI CTPYKTYpPY, NOXOGHYI0 aXypHO# ceTKe, 06BONaKHBa-
fomel niaoxo Hanyrei (yrGonenbii My [34]. Slueiiku sTOrO Kapkaca, B OT/IH-
uHe OT (yTOONBHOrO MsIYa MM NPABHIIbHBIX 6aKMGOBHBIX CTPYKTYp THIIA Ceo ¥

C70, peacTaBisgoT coboii He HACAIBHBIC I'€KCa- M TEHTAaroHbl, a IBAJIOTCS He-

TUIOCKMMH LETOYEYHBIMM LHMKJIAMH KPEMHHMIA-KHCIIOPOAHBIX TETPA3APOB Pa3sHOro
pasmepa. HatsHyToCTh CTPYKTYphI BO BpeMsi cuHTe3a 06ecrieuHBaeTCsl CObBaTH-
POBAaHHBIMH MOHaMH (OJHHM WM HECKONBKHMH), TOC/E yaaleHHs KOTOPHIX
OCTAIOTCs MOPhl PA3HOTO pasMepa.

BaxHO oTMeTHTS, 4TO 06pa3’oBaHKe LMKIOB, HX CTHIKOBKA APYr C APYIOM M
o6pasoBaHHe KapKaca, OrPaHHYMBAIONIErO MOpPY, HECOMHEHHO, SBJSIOTCH CTATHC-
THYECKMMH NipoLieccamMi. ECTECTBEHHO, YTO OHM CHJIBHO NOABEPKEHbBI BIMSIHHIO
BHEUIHUX YC/I0BHH. Tak, HEKOTOpbIE UMKIIBI DU STOM MOTYT GBITh Pa3OMKHYTHI.
Hx uucno onpemensercs, B 4aCTHOCTH, KOHLEHTpAlHeH KHCIOTH. DTUM, MO-
BHIUMOMY, M OOBSCHSIETCS 3aTPYIHEHHOCTh BOCIPOU3BOAUMOCTH CTPYKTYP CHIIH-
Karejs, yNoMsAHyTas BblLE. B CBOIO O4Yepens, arperHpoBaHue Takux eMeHTap-
HBIX KapKacoB M0 IIPUHLIKITY IUIOTHOH YIaKOBKH, IPUMEHHMOMY K C(hepUUYecKUM
WM KBa3sMC(epuYECKUM vacTuuaM, Gyler npuBoauTh K 06pasoBanuio roGyisp-
HOii ME30CTPYKTYPHI, YTO M HabI0faeTcst 9KCrepUMEHTATBHO [2].
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B COOTBETCTBHH C BBILIEHIIOXEHHBIM HEpapXHsi KJacTepoB, OMHCHIBAIOLIMX
CTPYKTypy CWJIMKarens, NpPEICTaBlIseTcss Cilelyloilen. MaJibiMH  KJIaCTEPaMH,
MOZIETMPYIOIMMHU TlepUGepHiiHbie QyHKUHOHATIBHBIE TPYITIbI (B maHHOM ciyyae,
IMEPOKCUIIBHBIE [PYNMbI), SABISIOTCS 3aMKHYThIE W Pa3OMKHYTBIC HHKIMYECKHE
CTPYKTYypHI, cofepXaiuue 8 u 6onee aTOMOB KpEeMHHS, 2 TAKKE MECTa CThIKA ABYX
uukiioB. Kriactepamu cpeqHero pasmepa, BOCHPOM3BOIAIIMMHU YNAKOBKY MallbIX
KJ1aCTEpPOB M pacrpeje/ieHie aToMoB GJIMXHEro Mopsika, sBIsioTCs MONE/IbHEIC
CTPYKTYpbl THMMa MpPEICTABNEHHBIX Ha puc.27. OHM MOTYT paIUuaThCs THIOM
COENMHEHHi1, BKITIOYAIOIIMX OIMH, JBa W Gonee aTOMOB KpemHus. B kauecTse
KJIaCcTEpOB, OTOOpaXalolMX pacnpeieieHne aToMOB Ha GONIbLIMX PACCTOAHHUAX H
pacnipesie/iene (YHKLMOHAIBHBIX TPYINM, CJEyeT paccMaTphBath ¢pparMeHT
MOBEPXHOCTH KapKaca, COCTOSLIMH M3 ABYX-TPeX COU/ICHEHHH THINIA MPEACTaB-
JIeHHBIX Ha puc.27.

IMpemnaraeMas KOHUENLHS MOAENN CTPYKTYPHI CHIHKarcis He NpOTHBOpeE-
YMT M3BECTHBHIM MAKpPOCKOMMUYECKMM CBOMCTBAaM 9TOTO BelliecTa. Bonee Toro,
OHa MO3BOJSET YXe Ha KaueCTBEHHOM YPOBHE OOBACHUTH DAL MHKPOCKOMUHEC-
KHX CBOWMCTB, HE MONYYMBIUMX OOBACHEHHS MO CHX [Op, B TOM 4HCIE koneba-
TENBHBIX CMEKTPOB, NPEACTaBNeHHbIX B 1.4.2. M3 npuBedeHHbIX MOaeNed BUAHO,
4TO OCTDB CHJIMKArels MpeiCTaBiseT COGOH aXypHYIO CETKY, COCTOAILYIO M3 Lie-
HOYEeK CHJIOKCAHOBBIX CBsi3eil. Bonblias HIMPHHA Pa3MEPHOro pacnpefie/ieHus
LMKJIOB B 3TOH CTPYKType M ee JabWIbHOCTb OYEBHIHBI, M3 4YEro cielyer, B
YAaCTHOCTH, HECOMHEHHAs M3MEHUMBOCTb pacrnpefeseHns ae(opMalOHHbIX
yrnos Si-O-Si or ofpasua Kk o6pasiy, ¢ 4eM CBsi3aHbl OCHOBHbIC H3MCHEHU: B
nabonaeMbIx criekTpax ocrosa [26] (cM. puc.11).

THAPOKCHIIbHBIE KOMITOHEHTBI CHJIMKAre/ied B COOTBETCTBHH C nipeaJiaraeMom
MOZEJIBIO CTPYKTYphl (pOpMHpYIOTCS HaGOpOM TpeX KPeMHHH-THIPOKCHIIBHBIX
IPYNN, a WMEHHO CHJIAHAMOJIbHBIMU TPYNNaMu 3aMKHYTHIX LMKJIOB, CHJaH-
TPHMOJIBHBIMM TPYNNIaMM Ha KOHLAX PasOMKHYTHIX LMKJIOB W CHIIAHOJIBHBIMH
IPyNnaMu B MECTax CTHIKA LMKII0B. Takum 0Gpa3oM, TMIPOKCHIIbHbIE KOMITOHEH-
THI CHJIMKAreJisi IBJISIOTCS FeTEPOrEHHBIMH, a HX KosebaTesibtble CeKTpbl — COC-
TaBHBIMH. B CBS3M C STMM CHEKTph Oyayr 3aBHCETh OT YMCIa KpEeMHMid-
MMAPOKCHIBHBIX TPYNN paviMYHOro Tuna. B To Xe Bpems OYEBHAHO, HTO CO-
OTHOILEHHE YHMCEeJI 3THX IPYINl CTaTHCTHYECKHM paclpefeneHo B A0CTaTO4HO
GonbImIOi 06NacTH 3HAYEHHH M MoXeT OBbITh pPasjIMYHbIM Jaxe A pasHblX
pakumii IPOIYKTOB OJHOTO M TOTO Xe TEXHOJIOTHYECKOro LMK/Ia. ABTOPbI [34]
[OJIATAIOT, YTO HMEHHO C 3THM OBCTOSITENLCTBOM CBS3aHO paxiuue Haliionae-
MBIX CIIEKTPOB KoyeGanmii TMIPOKCHIBHBIX KOMIIOHEHTOB CHIIHKArelnen Crio0 u
CI'20, npepcrasieHHbIX Ha puc.12.

Yro KacaeTcs CriekTpa Konebanumii ancopGupoanHO#l Boabi (cM. puc.13,0),
TO €r0 MOCTOSHCTBO B YCJIOBHSX T€TEPOTCHHOCTH LEHTPOB ancopOUMH M KOHKY-
PEHIMH MEXJly HUMH OTpaxaeT TOT (pakT, YTO B 3TOH KOHKYPEHUMH B KaXIOM
o6pasie noGexnaeT OAUH U TOT Xe UeHTp. [I0CKO/IBKY TaKUM LHEHTPOM SBIIACTCS
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OflHA U3 TPEX BO3MOXHBIX KPEMHHI-THAPOKCHUIIBHBIX TPYIN, TO 9Ta rpynmna Oyaer
obeit ans Bcex obpasuos. B Giumxaiiinee BpeMs NPONOIXAIOLIMIACS BHIYMCIH-
TEJIbHBIA MPOLECC MO3BOJIMT BBIACHUTH, KaKas HMEHHO KPEMHMH-THIPOKCHIIbHAS
rpynna onpeaesseT ancopbuuio B cunukaresne. B oTavuse oT aspocuiia, B CTpyK-
Type CHJIMKareseil Kak OIMHAKOBbIE, TaK Y pa3lIMuHble KPEMHHUH-THAPOKCHIIbHBIE
IpYyMIbl pacnoiaraloTcs psgoM, B CBS3H C Y€M INpOCTEHlINe MaJible KIIacTephl,
MPEACTABNSI0LIME H30JIMPOBaHHbIC TPYNIbl B a3POCHIE, HE MOTYT pacCMaTpH-
BaThCs KaK MOAXOMsSIIKE CTPYKTYpHble Mogenn. HMeHHo nmostoMy B ciiyyae cuiu-
Karess B KayeCTBE MalbIX KJAaCTepOB CJeAyeT paccMaTpuUBaTh CaMH UMKIIbI MIIH
JIOCTaTOYHO MPOTSXEHHbIe (PparMeHTH! LIMKIIOB, a TAKXE MECTa MX COEAMHEHHS.

7.3. BeiunciurenbHOe MoAeIHpoBaHMe aspores. [lpocreiieit Monesblo
CTPYKTYPbl a3poressi-rnojIiKpeMHe3eMa SIRISeTCs LeNoYKa KPEMHEKHCIIOPOLHbIX
TeTpaspoB [32]. B Takoil Henouyke KaxXxasiil aTOM KPEMHMs CBsI3aH C IByMs aTo-
MaMH KHUCIOpoja CWIOKCAHOBOM LEMOYKH U C ABYMS T'MAPOKCH/IbHBIMH IDYIi-
namu. Takum 06pa3oM, OCHOBHOH (YMKUHOHAIBHOH TPYNMNoOi IMIPOKCHILHOIO
KOMMOHEHTA adporens, COCTOSILEro U3 U30JMPOBAHHBIX LENOUEK, J0MXHA ObITh
CWIaHAMONbHasA rpynnuposka. OIHAKO CPaBHUTEJIBHBIM AaHATH30M Ba3HCHBIX KO-
NebaTenbHbIX CMEKTPOB TMAPOKCHIBHBIX KOMIOHEHTOB Pa3fiHuHbIX IHCIIEPCHBIX
KpeMHe3eMoB (CcM. 1.5.2) ycTaHOBIEHO, YTO OCHOBHBIM 3JIEMEHTOM TMApO-
KCHJIBHOTO KOMIIOHEHTa asporels siBiseTcs cujianosibHas rpynma. Benenctsue

Puc.29. Jlentounniit kaacrep Si206 (MM2, 96) [35]: A) Bun ceepxy; B) sun
cboky
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Puc.30. Knacrep croika nent Sil2b (MM2, 63) [35]: A) sun ceepxy, b) Bun
cBoky

9TOTO eCTECTBEHHO NPEATNONOXHUTD, YTO a3poresis MpeacTassser coboii He MOHO-
NOJMKpeMHe3eM, 0Opa3oBaHHbIA OOUHOYHBIMM LeNOoYKaM#, HO AU- unu Gonee
CNOXHBIA TIONMKpeMHe3eM (cM. Kiaccudukanuio B [94]), cTpyKTypHbiMU par-
MEHTaMHd KOTOPOTo SBISIOTCS HBOWHbBIE WIM GoJjiee CIIOXHBIE I0JIOCHI-TIEHTHI.
Buy Gosbiioro o6beMa KamwuIsipHbIX MYCTOT Makpoobpasua TPyIHO MPEAro-
JIOXUTh, YTO OH COCTOMT W3 MHOTOLENOYEYHBIX JIEHT, TaK KaK IpU 9TOM €ro
IJIOTHOCTb JOMKHA Oblia G ObITH HOCTATOUHO BBICOKOH. CKopee BCEero, 4Mcio
LENoYeK B JieHTax Bpsd Jin npessimaer 2—3. OnHa M3 BO3MOXHBIX CTPYKTYP
TaKoro poma npuseneHa Ha puc.29. CTpykTypa umeer Hemockyio gopmy. Cre-
OIyeT fpu 3TOM 0OpaTUTh BHUMAaHHE Ha KBA3UPETYISIPHYIO CTPYKTYpYy sS4YeeK B
cpenteit yactd. OCHOBHBIM pa3sMEPHBIM [TapaMETPOM MOJEJIbHOIO KJIacTepa ABJis-
eTcs IUTMHA JIEHTHl W MO3TOMY I'DaHMLIa MEXJAY KJIACTEPOM CpEeJHETO pasMepa H
GOJBLIMM KJIACTEPOM JOCTATOYHO YycsaoBHA. OcOOBIM MECTOM CTPYKTYpHI SBIISIET-
ca cThiK Heckonpkux JeHT. Ha puc.30 npusefesa ogHa U3 BO3MOXHBIX MOJeJiel
TaKOTO CTHIKA, ONUCHIBaEMasi KJIaCTEPOM CPEIHETO pa3Mepa.

OCHOBHBIMH (PYHKLIMOHATIBHBIMU TPYNIIaMy Ha Nepugepuu JIEHTH SBJISIOTCS
cuiadosbl. TeM He MeHee U3 aHAIM3a MOIEIH CTPYKTYPbl adpOresist BUIHO, YTO
K/lactep, cofuepXalliiii U30JMPOBAHHYID CUIIAHOJIPHYIO IPYIIY M OKa3aBLIMHCSH
XOpOILIEH MOJENIbI0 CHJIAHOJIBHBIX [PYIIl a3pOCHIA, HE MOXET MOHEINpOBaTh
(hyHKLHOHIbHBIE IPYNITE asporens. [lepBoll MpUYHHON 3TOrO sABMAETCS TO 00-
CTOSITENIbCTBO, YTO, B OTJIMUKE OT aspoCHiIa, CHIIAHOJBHEIE TPYIIBI B asporese
PACIIONAraloTCs PAIOM, Ha PACCTOSHUH nopska 3,5 A, Tak uto B nponecce B3au-
MOIEUCTBHS LIENIOYKU-JICHTBI, HAlpUMep, C BOAOM OylyT NpUHHAMATh ydacTHe He-
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Puc.31. Mansiit kiacrep cTpykTyps asporens Si8h (MM2,
42) [35]: A) Bun ceepxy, B) Bun c6oky

CKOJIBKO rpynit. BTopoit npuunHoii sBIsSETCS CylIeCTBEHHOE OTJHYHE OCTOBHOI
LENOYEYHOI CTPYKTYPhl CHIIOKCAHOBBIX CBS3€H a9pOresis OT IIOTHOYNAKOBAHHOM
CTPYKTYpbl a3pocuia. BenencTsue 3Toro Maiblit Kiactep, HeoOXOMMMBIH, MO
MHEHHI0 aBTOpOB [35], anst MoaenupoBanus PYHKLHOHAILHBIX IPYIIT M PACCMOT-
PEHHUS B3aUMONEHCTBHSI a9pOreisi C BONOH, AOJIKEH UMETh JOCTATOYHO CIOXHYIO
cTpykTypy. OnHa M3 BO3MOXHBIX MOMEJieil TaKoro KjiacTepa NpeiCTaBieHa Ha
puc.31. -

[Ipencrabiientble MOnenbHbIE CTPYKTYPbI a3poresis XOPOILO COMIACYITCS C
OBITYIOLUIMMH NPENCTABIEHHIMH O ero cTpYKType [3], AeTanusupys Mx Ha aToM-
HOM ypoBHe. BMecTe ¢ TeM OHM N03BONISIOT OGBACHUTD OTIIMUYHTENBHYIO OCOGEH-
HOCTb KOJIeGATENbHbIX CMIEKTPOB €r0 KOMIOHEHTOB — MX Y3KOMOJIOCHOCTH. Ta-
KOH BHI CMEKTPOB, KaK M3BECTHO, [ACHCTBMTEIBHO XapaKTepeH Ui MONTUMEpPOB
[89], uTo ewe pa3 noATBEpPXOAET pasyMHOCTH NPEeACTaB/IEHHON, MO CYTH, IOJH-
MEpHOH MOJEIH 3TOr0 KpeMHe3eMa.

8. 3AKITIOYEHHUE

OcHOBHOe qJH3I/IKO—XI/IMHllCCKOC SABJICHHUE, PACCMOTPEHHOE BbILIE, ObUTO Ha-
3BaHO TEXHOJIOTHYCCKUM HOIIPIMOpCl)I/IElMOM. H 310 cnosocoueranue ABIIACTCSA HE
MpOCTO OaHbI0O MOOE HA HOBbIE TEPMHHBI, OHO 0Ka3ar0Ch HAOJHEHHBIM 00raThiM
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BHyTpeHHUM cMblciioM. TTonuMopdu3M aMOpgHBIX KPEMHE3EMOB HANEXHO ycTa-
HOBJIEH IO MX KOJeGaTelbHBIM CIIEKTPaM, SBIISIOIMMCS «OTeYaTKaMy ManbLUes»
cTpykTypsl BemecTBa. CaM (hakT CyIECTBOBAHUs TaKOro nojumopu3Ma JocTa-
TOYHO M3BECTEH [Uis JaGWIbHBIX cUCTeM. MOXHO Gbuto Gbl OTPaHWYHMTBCS ITOH
CCBUIKOH M TIONMBITAThCd KAYECTBEHHO ONMCATh HCCIICNOBAaHHBIC NUCIICPCHAIC
amop(Hble KPEMHE3eMbl 1O CTENEHH MX JIAGHIbHOCTH. Onnako ropasgo Gonee
NPOLYKTHBHBIM OKa3aiCs MyTh, OCHOBAHHBIA Ha CBOHCTBAX BELIECTBA, XapaKTep-
HbIX TOJIBKO JUISl HETO M MO3BOJSIOIIMX BBECTH XapaKTEPHBIA YMCIICHHBIA napa-
meTp (WIH TapaMeTpbl), ¢ MOMOIIBI KOTOPOro Gbuia 6Bl BO3MOXHa Ki1accuu-
Kauus u3ydaempix Bewects. Tak, B ciydae aMOP(HBIX BELIECTB C MOJIEKYIIpPHO#
CTPYKTYpOil ycriex B INOHHMAHHHM MOJIAMOP(HBIX MOA aMOpHOro COCTOSHUS
6bUT JOCTHTHYT Ha MyTH PacCMOTPEHMs STHX MOJ KaK COOTBETCTBYIOIIHMX ME30-
a3 XKHIKOKPUCTAUIAYECKOTO COCTOAHMS [113]. Knaccuduxauns amopgHbIX
a3 cpasy ke no3posiIa 06CyXIaTh KOHKPETHbIE CTPYKTYPHBIE MOMIENH BEILECT-
Ba. B paccMOTpEHHOM Clyyae AMCIEPCHBIX KPEMHE3EMOB TaKHM kiaccuduka-
LMOHHBIM TyTEBOIMTEIEM OKA3alach TEXHOJIOIHS HM3TOTOBICHHS MPOLYKTOB, a
kiacCH(UKAIUMOHHBIMA T1apaMeTpaMu — Pa3MepHOCTb W MyIBTHIIIETHOCTH
CTPYKTYp, OOpasylolMxcs MpU YNAKOBKE KPEMHHH-KHCIOPOAHBIX TETPAsIpOB
[SiO,]. YcraHoBneHHbBIE KJ1acCH(HKAIMOHHBIE CTPYKTYPHBIE MOJIBI MTO3BOJIMIIA HE

TOJIKO MO-HOBOMY B3IJISIHYTh HA Pa3HbIX ipecTaBuTeNel 9TOr0 BEILECTBA, HO U
NPEUTIOXUTh JOCTATOYHO OJIHO3HAYHBIA AITOPUTM MOJENMPOBAHMS COOTBETCTRY-
IOLMX CTPYKTYP.

JlpyriM yKa3aHHeM Ha IVIOfOTBOPHOCTb BBEACHHOH TEPMUHOIOMUH SABIACTCA
BO3MOXHOCTb ee 0606ieH s Ha BECh KJ1acC HAHOMATEPUANIOB, K KOTOPBIM OTHO-
CcSTCS M NIPENCTaBlieHHble BBl KpeMmHe3eMbl. XapakTepHo# YepToil 9THX Be-
LIECTB SARNSETCS 3HAYMTENBHBIA BKJIQJ B MX CTPYKTYPY NMOBEPXHOCTEH WM Ipa-
HUL pa3fena. DTo ke 06CTOATENBCTBO, B CBOK OUEPE/lb, /IE1aeT HaHOMATePHAIBI
MCKJTIIOYHTEIbHO YYBCTBUTEIPHBIMM K TEXHOJIOTUH U3TOTOBJIEHUS M YCIIOBHAM CO-
jfepxanusi. BcneacTsue 3T0r0, Kak XOpOLO H3BECTHO TEXHONOraM, XMMHYECKas
popMy/ia BelecTBa B ASHCTBUTENLHOCTH ONHCHIBACT CEMEHCTBO HAHOMPOIYKTOB.
C mpyroii CTOpPOHBI, YacCTO BO3HMKAeT CHUTyalHs, KOTHA HCCIENOBaTE/b ¢dyuna-
MeHTATbHBIX KBAaHTOBbIX 9()pEKTOB B HAHOMAaTepHaiax 4pe3BbIYAiHHO 03a604eH
«rpsA3pI0» Ha MOBEPXHOCTH ero obpasua. OHAKO 3Ta «Ips3b» Ha MOBEPXHOCTH U
rpaHUIaX pasfe/ia HaHOMATEPUAIOB XECTKO NOMYUHSAETCS 3aKOHaM XUMHUYECKOTO
B3aMMOJEHCTBAS M MOXeT ObTh HEEHTH(ULMPOBAHA WM [MpeicKa3aHa C
MOMOLIBI0 KOMIUIEKCHOTO MCCIIENOBAHUS TOIO X€ TEXHONOTMYECKOrO IOIMMOp-
¢usma. Takoii noaxox 61 YCIEWHO OCYUIECTBIIEH, HANPUMEp, B Clydae cemeii-
CTBa NOPOILIKOB HUTPUAA KPEMHHUS Pa3HOTO MPOMCXOXACHHS [101]. Ocoboe BHU-
MaHue ciefyeT OOpaTHTh Ha TO OOCTOSTENBCTBO, YTO B TAKOM KOMIUIEKCHOM
MoAX0Ie KBaHTOBO-XMMHUYECKOE MOIETHPOBAHUE MPEBPALIAETCA B aKTHBHOC BbI-
YUCIMTENbHOE AaToMOBeAeHHe M fipHobperaeT 3HayeHHE AHATUUPYIOLIETO
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MHCTPYMEHTa. DTO OCOOEHHO BAXHO B CBS3U C IPSAYLUMM HACTYIUIGHHEM 3Dl
HaHOTEXHOJIOTUH, MEPEeBOMAINEH MPUBLIYHBIA JUII HAC MHUD BEIUEH Ha ypOBEHb
MPaKTUYECKOIO0 aTOMOBEHACHHUSL.
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PE®EPATHI CTATEMH, IOMEIIEHHBIX B BBINTYCKE

VIIK 539.142, 539.144.3
H3ydenue KOJUIEKTHBHBIX TOKOB B S1paX. Muxaiiios U.H.,, Bpuancon II., Kanman @.
®u3MKa 21EMEHTAPHBIX YaCTHIL W aTOMHOTO Axpa, 1996, Tom.27, Bbimn.2, ¢.303.

OnucaH MOUCK CIIENOB BUXPEBOrO ABUXKEHHS ANEPHOM MATEPHH B AaHHBIX O CTPYKTYype
snpa. Takoe ABUXKEHHE He BIIMSET COBCEM MIIH BIHAET /1260 HA H3MEHEHHe A1EPHOIi hopMbI
u obbema. B ob3ope maercs knaccuuKauus TOKOB M MX napamerpu3auus, ynobuas ais
H3ydeHHs cdepuueckux H AecopMmupoBanHbix sgep. [enaercs o6obluenue KOHUEMLHH
3aBUCAIIETO OT BpeMeHH «TAS»-npeo6pa3’oBaHHs KOODAMHAT 3/1EMEHTOB KHUAKOCTH, npen-
JIOXEHHOE MOCNenoBaTe/IsMH PHMaHa B CBOMX MCCNENOBAHMIX TOKOB B KHMIAKMX Temax
SJLTUNTHYECKOMH hopMbl. M3yualoTcst cliefbl AMIIONBHOMO TOPOMAATLHONO ABHXEHHS B faH-
HBIX 00 2JIEKTPOMArHUTHBIX CBOHCTBAX COCTOSHMI POTALIMOHHBIX MOJIOC, BBICTPOEHHBIX Haj
KOMIEKTHBHBIMH OKTYTIONLHBIMH BO30YXNEHHSMH, M IIPHBOLAMTCS NIPHMED, YKA3bIBAIOLLMIA Ha
BaXHYIO0 PO/ib TaKOTO ABUXEHHSA. AHATH3HPYETCH NPEANONOKEHHE, COITIACHO KOTOPOMY BHX-
peBasd MoJia IBUXKEHHS C NMOCTOAHHOM 10 00bEMY LIMPKYNALHEH CKOPOCTH MOXET PAaccMaT-
PHBATLCA KAK HE3aBHCHMAs BETBb BO3CYXIEHHH. DTO HCCENOBAHME MO3BONAET MHTEpIpE-
THPOBaTh Al = 4 UCKaXeHHd cnekTpa cynepaeopMUpPOBAHHBIX (C.4.) TIOMOC. O6cyxnaercs
ILTEPHATHBHBIH MEXaHW3M IeHEPaLH NIEPHOMMUYECKHX HCKAaXeHHil CNCKTPa PoTaLMOHHBIX
TI0NI0C: BO3HHKHOBCHUC HEAKCHABHOW OKTYNObHOM AedopManuy, sui3BaHHOE GLICTPBIM
BpailicHueM. OTMeyaeTcs aHanorHs Mexiay Haluel MHTEpPRpPETALHCH HeoOBIYHBIX CBOMCTE
C.A. COCTOSHHH aTOMHBIX SJIED H HEQaBHMUMH OTKPBLITHAMH, CAETAHHBIMU C MOMOILbIO KBaH-
TOBBIX NPUGOPOB, HITOTOBNEHHBIX Ha 6a3e COBPEMEHHOH TEXHOMOMMM (ckBHaoB). [To aHa-
noruu obcyknaembie HaMi 3eKTbl MOTYT MMETh MECTO HE TONTBKO B aTOMHBIX A/1pax, HO
M B IPyTMX ME30CKOMHYECKHX CHCTEMaX.

Hn. 11. Bubanorp.: 35.

VIK 539.14 ’

Tlocrpoenne 6asmcHbix HyHKLMI A1epHOI MOXeTH JABYX poTaTopoB B npocrpancree Mo-
ka — bapmmana. Joyenko H.C., @urunnos I' ®. duinka 3JIEMEHTAPHBIX YacTHL M aTOM-
Horo aapa, 1996, tom.27, Buin.2, c.335.

Ha ocHoBe Mukpockonuueckoro nonxona saepHas MOzess OBYX aKCHIBHBIX POTATO-
POB HHTEpIpeTHpyeTcs Kak obobienue Mogenu SU(3) Dnnuora. Basuc nocnennei pacuiu-
psercs no 6asuca npamoro npoussenenus SU(3) x SU(3). B npocrpanctse ®oka — Bapr-
MaHa BbIpaxkeHus s oneparopa Kasumupa sroporo nopsaka rpynnsl SU(3) u oneparopa
Baprmana — MouumHcKoro nonyueHs! B iBHOM BUIe. BomHOBbIE dbyHKUHM MoOeTH, TakXe
3aMCAHHEIC B ABHOM BHIE, XapakTepusyiotcs SU(3)-cMMMETpHell HEHTPOHHBIX U MPOTOH-
HbIX mofcHcTeM, SU(3)-cumMeTpiel HeHTPOH-TIPOTOHHOM CHCTEMBI (a1pa) B LIENIOM, KBaH-
TOBbIMH YHCIIAMH MOMEHTa L H ero npoekuun M, a Takxe COGCTBEHHBIM 3HAYEHHEM omepa-
Topa Baprmana — Mountckoro. B 3aK/TOueHHH OTMeYaeTcss BO3MOXHOCTD paclIUpeHus
0071aCTH NPUMEHHUMOCTH TIOy4eHHOro Gasuca.

Ta6n.8. Un.1. Bu6nuorp.: 15.

VIK 539.1.05
KHHemaTH4eCKHi aHAIH3 S1ePHBIX peakiHii ¢ THKeIbIMH HOHAMH C MCHIOIb30BAHMEM
TBEPOTEILHBIX TPEKOBRIX NeTeKTOpoB. ['00dwank I1.A., ®amep A., Bpanwom P., Kype-
wu UE., Kxan X.A., Quonep I Gusuka SIEMEHTAPHBIX YaCTHIl M aTOMHOTO sapa, 1996,
ToM.27, Bhin.2, ¢.377.

Bo B3aMMOZICHCTBHSX YCKOPEHHBIX THXEMBIX HOHOB ¢ MULIEHIMH — TSKeJIbIMU anpamu
B BbIXOJIHOM KaH/Ie ObLIH 3apernHCTpUpoBatbl MHOrO(PArMEHTHBIE COGBITHS HABTIONAEMOE
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4ucno parMeHToB BapbUpoBatock OT 2 Ao 5. Tsxensie ¢parMeHTs PErucTpUpyloTCes B
TBEPHOTE/BHBIX TPEKOBBIX AETEKTOPAX slep B BHAE MPOTSXKEHHBIX Y3KMX TPEKOB, KOTOpbIE
MOTYT GbITh IPOTPABIEHE! K 3aTeM U3MEPEHB! 01l MUKpocKomioM. Kaxnoe siepHoe B3auMo-
IeficTBUE MOXET ObITh NETATHHO UCCIEAOBAHO IyTEM M3MEPEHHS FEOMETPHYECKHX MapaMeT-
POB KOppENUPOBaHHbIX TpeKoB. OCHOBHIBAACH HA METOAE KUHEMAaTHYECKOro aHanMsa, npea-
noxeHHoro eme B 1979 r., MOXHO NETATLHO ONPENEIMTh MMapaMeTphl SIEPHOTo B3aUMO-
IeHCTBUA, TAKHe KaK MACCHI, 9HEPTUH, YIVIbI BbUIETa (PParMEHTOB U JIp. DTOT METOX BIIEpBBIC
obecrieyuBacT IeTalbHOE MCCIENOBAHNE SAEPHBIX B3aUMONEHCTBUH C TAXENbIMH HOHAMH C
UCIyCKaHUEM HECKONBKUX (parMenToB. Kak GbUIO yCTAHOBIICHO, OCHOBHAs J0JiS B3aUMO-
JedcTBuil 0OyclOBieHA KacKagHbIM JjeneHHeM snep. IlomepevHbie cedeHMs sIEPHBIX
peakLuii 6bUIM U3MEpPEHbI HENOCPEACTBEHHO, MO0 MONYYEHb! N0 JaHHBIM YIIPYTOro pacce-
SHUS C WCIYCKAaHMEM MONyKoandecTBeHHON Mojienu. Hacroswas pabora mpeacrapiser
0630p Pe3yNBTATOB MCCIENOBAHHA MHOTO(ParMEHTHbIX B3AUMOMCHCTBHHA B peaKlMiX C Ti-
XKe/IBIMH HOHAMM M aHalW3a 9TUX B3aUMONEHCTBHH METOIOM KHWHEMATHYECKOro aHanusa.

3neck mpeicTaBneHbl Hanbonee HOBbIE, @ TAKXKE HEONyOIMKOBAHHBIE PE3y/IbTaThI.
Ta6n.3. Un.32. bubnuorp.: 123.

VIK 530.1; 530.145; 537.61

TaMWIBTOHOB MOAX0J B TEOPHH KOHJEHCHDPOBAHHBLIX Cpejl CO CIIOHTAHHO HAPYIIEHHOI
cumMeTpueil. Hcaes A.A., Kosanesckuii M.JO., Henemmunckui C.B. ®Pusnka aIeMEHTap-
HBIX YaCTHIL U aToMHOTO aapa, 1996, ToM.27, Bhin.2, c.431.

Ha ocHoBe rammisToHOBa (popMan3Ma PacCMOTpPEHa NWHAMHMKA KOHACHCHPOBAHHBIX
Cpell CO CIIOHTAHHO HapylleHHOH cumMerpueil. ChOpMYIHPOBAH METOA TIONYYeHHs CKOGOK
TyaccoHa AMHAMHUYECKHWX MEPEMEHHEIX, OCHOBAHHbIA Ha 3a1aHAH KHHEMAaTH4ecKoH YacTu
NarpaHXMaHa ¥ MHTEPIPETAUUY BHCHHTETPABHBIX YWIEHOB B BapHALMH ACHCTBHS KaK reHe-
PaToOpOB KaHOHHWYECKHX npeobpasoBanuii. Maydens! anddepeHiuanbibie 3aKOHbI COXpaHe-
HYSI, CBA3AHHbIE C Pa3THIHBIMM CHMMETPUAMH TAMIIBTOHMAHA CHCTEMBL. PacCMOTPEHLI HpH-
Mepbl KAHOHHYECKUX TIPeoOpa3oBaHUil, UTPAIOILUX BAXHYIO (PM3UYECKYIO POJIb, H NOTYYCHBI
HX TeHepaTophl. YCTaHOBIEHA CBSI3b IaMIUIGTOHOBA M JlarpaHXeBa MOAXONOB. B kauecrse
KOHKPETHBIX (PU3MUECKHX OOBEKTOB B 0030pe M3yyeHa AMHAMMKA XHAKHX M KBaHTOBBIX
. KPHMCT&LIIOB, MHOTOIIOAPEIIETOYHBIX MATHETHKOB, CBEPXTEKY4HX KHIKOCTEH (4He, 3He—B),
HEMaTHYECKUX 371aCTOMEPOB.

Bubnuorp.: 56.

VIK 541.41; 543.422; 546.294-31

TexHoNIOrHYeCKHi M0AMMOPGH3M IUCHEPCHBIX aMOPQHBIX KpEMHE3eMOB: Heymnpyroe
paccesiHie HeTPOHOB HA KOJIeO/IOIIMXCS aTOMAX U KOMIIBIOTEPHOE MOJIeJIHPOBAaHHE.
Llexa E.®., Mapkuues H.B., Hamxaney H., Xaspiouenxo B.J|. Pu3vKa 31eMEHTapHBIX
YacTHL 4 aTOMHOTO sapa, 1996, ToM.27, Bhin.2, ¢.493.

B 0630pe CHCTEMATH3MPOBAHBL PE3YIBTAaThl IOAPOGHOTO HCCENOBAHUS KONeOaTeNbHbIX
CIIEKTPOB pAlla NPOMBILUIEHHEIX aMOPGHEIX BLICOKOTUCTIEPCHBIX KPEMHE3EMOB (avpocul,
CHINKAresib, a3poreiib) C IOMOLIbIO HEYIPYroro paccesHus HeHTpoHoB. OBcyxaaloTes o6Ha-
PYXEHHOE SIB/IEHHE TEXHONOTHYECKOro NONuMOpgu3Ma U Pe3yNbTaThl KBAHTOBO-XMMUYECKO-
IO MONE/IMPOBAHHSA CTPYKTYP U KoneBGaTebHbIX CHEKTPOB COOTBETCTBYIOIMX NOTUMOPHbIX
MonuduKalui.

Ta6n.5. Un.31. Bubmuorp.: 113.
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K CBEIEHHIO ABTOPOB

B xypraite «(DH3MKa 3EMEHTAPHBIX YaCTHLl H aTOMHOTO f1pa» (DYAS) nevaraiorcs 0630phl MO
aKTyalbHbIM NPOOTEMaM TEOPETHYECKOH M BKCTIEPUMEHTANTBHOH (M3HKH 3JIEMEHTapHBIX YacTHI H
aTOMHOTO A1pa, Mpo6/ieMaM CO31aHUs HOBBIX YCKOPHTENBHBIX H 9KCIIEPUMEHTANLHBIX YCTAHOBOK, aBTO-
MaTH3aluMH 06pabOTKH 3KCIIEPUMEHTANbHBIX AaHHBIX. CTaThH MEeYaTaloTcs Ha PYCCKOM M aHDTHHCKOM
a3pIKax. Pejakius MpocHT aBTOPOB MPH HANPABIEHWM CTaThby B 11€YaTh PyKOBOJCTBOBAThCS M3NOXEH-
HBIMH HUXE NpPaBUIaMH.

" 1. TexcT craTsu JoiXeH GbiTh HaleyaTaH Ha MallMHKE 4Yepes [Ba MHTEPBaIa Ha OJHOH CTOPOHE
nucra (00s3aTeNIbHO MpPEACTaBISETC NEePBbI MAlUIMHONMUCHBIH 3K3eMIviap). [lons ¢ neBoit cTOpOHHI
HOXHBI OBITE HE YXe 3—4 CM, PYKONHCHbIE BCTABKH HE NOIYCKAIOTCA. DK3EMIUISp CTaThbH AOMXEH
BKJIIOYATh aHHOTALMM M Ha3BaHHE Ha PYCCKOM M aHIIMICKOM %3bIKax, pedepaT Ha PYCCKOM H3bIKE,
YIK, ceefeHus 06 aBropax: (hamivtis H HHHUIMQIB (H2 PYCCKOM M aHIVIMHCKOM S3bIKax), Ha3BaHHE
HHCTHTYTa, aapec U TeiieoH. Bee crpaHuuBI TekcTa KOJMXHB! OBITH MpoHyMepoBaHbl. CTaThs JOMXHA
GbITh NOANHCaHa BceMH aBTOpaMH. TeKCT CTaThi MOXeT GbITh HaleyaTaH Ha IPHHTEpe C COOMoNeHHEM
TEX Xe MpaBul.

2. ®opmynsl ¥ 0003HauYeHHA NOMXKHB OBITH BIUCAHBl KPYMHO, YETKO, OT PYKH TCMHBIMH
uyepHwiamMH (TG0 HanevaraHbl Ha TIPHHTEpe M 0o0d3aTenbHO pasMedeHbl). JKenaTeJBHO HYMEpoBaTh
TONBKO Te (OPMYITBI, HA KOTOPbIe MMEIOTCA CChUTKH B TekcTe. HoMmep copMynbl yKaskiBaeTcs cripasa B
Kpymisix ckobkax. OcoGoe BHHMaHHe cielyeT oOparuTh Ha aKKypaTHoe HM300paXeHHE MHIEKCOB U
roKasarenei CTeneHeH: HHXHHE MHACKCH OTMEYAlOTCH 3HAKOM MOHMXCHHS M, BEPXHHE — 3HAKOM
MOBBILLIEHHS U; LITPHXH HEOGXOAMMO YETKO OTIIMYATL OT eIMHHULIbI, a eAMHULY — OT 3ansToit. Crnenyer,
[0 BO3MOXHOCTH, H30erarh rpoMo3jikux o6o3HayeHuni ¥ ynpoiuars Habop dopMyn (HanpuMep, npuMe-
HAA eXxp, Apo6b Yepe3 KOCylo 4epTy).

Bo m36exanue HeopasyMenuii M OlMGOK CrielyeT fenaTb SCHOE paviMyHe MeXNy NpPONHCHBIMH
U CTPOYHBIMH OyKBaMM, OIMHaKOBbIMH 1o Havepranuio (VU v, Unuy, Wuw,Ouo,Kuk,Sus, C
uc, Pup, Zu z), npomucHbie NOIYCPKHBAIOT ABYMS YEPTaMH CHH3Y, CTPOUHBIE — ABYMS YEpTaMH
cepxy (S u 5, Cu T). Heobxonumo nenath YETKOE PavTHUHe MeXIy GykBamu ¢, [, O (Gonpoii) H 0
(mano#) u 0 (Hynem), 11a 4yero GYKBbI Q ¥ O OTMEYAIOT ABYMS YEPTOYKAMH, a HYIb OCTaBNSAIOT Oe3
nojyepkuBanus. [pedeckre GyKBBI MOTYEPKHBAIOT KPACHBIM KapaHNAILOM, BEKTOPH — CHHHM, JHGO |
3HAKOM LJ CHu3y yephwiamu. He pexomeHmyeTcs HCnOmb3oBath wis 0G03HayeHns BEIHYHH GyKBbI
FOTHYECKOr0, PyKOIMCHOTO H JIPYTMX MaloynoTpeOUMBbIX B XYPHIBHBIX CTaThiX IIPH(TOB, OXHAKO
ec/ii Takylo GyKBY Helb3d 3aMEHMTb GYKBOIt JIATHHCKOIO WIH rpedeckoro andasura, TO €€ pa3Mevalor
npocThiM KapaHpamoM (0OBOAST KPYyXKoM). B ciydae, ecnu HanmcaHHe MOXET BbI3BaTh COMHEHHE,
Heo6XOIMMO Ha MONSX JaTh NOACHeHHe, Hanpumep: { — «m3eTa», & — «kcu», k — nar., K — pycck.

3. PUCYHKH NpeiCTaBIAIOT Ha OTAENBHBIX JHCTax Gestoi GyMard WiH KalbKH C YKa3aHUEM Ha
060poTe HOMEpa PUCYHKa M HazBaHMs crathi. ToHOBbie doTorpaduu AOMXHBI GbITh MPEACTABNEHBI B
HBYX 9K3EMILISpax, Ha 060poTe XKapaHNAlIOM YKa3aTh: «BepX», «HH3». I'paduxu NOMXHH OBITH TIA-
TEJIbHO BHIMONIHEHb! TYIIBIO WIK YEPHBIMH YCPHWIAMH; HE PEKOMEHAYETCS 3arPOMOXIATh PHCYHOK He-
HYXHBIMH JICTaIIMH: GONBLIMHCTBO HAMITHCEA BBIHOCHTCH B IIOAIMCh, 2 Ha DHCYHKE 3aMeHsAeTCH
unppamu win Gyksamu. XKenarensHo, YToGB PHCYHKH GBUIH FOTOBBI K NPSMOMY PeNPONYLIAPOBAHHIO.
TMonmucH K pUCyHKaM NPEACTABISIOTCS Ha OTAENbHBIX JIHCTaX.

4. Ta6auusl goaxHbt ObITh HanieyaTaHsl Ha OTAEJIBHBIX JIMCTAX, Kaxaas TabauMua JOXHA HMETh
3aronoBok. CrieflyeT yKasbiBaTh ¢AMHHLbI H3MEPEHHS BEJIMYMH B TabAHIax.

5. Cnucok NMTepaTyphl OMENAETCH B KOHUE cTarbi. CCBUIKM B TEKCTE JAIOTCHA C yKa3aHUEM
HOMeEpa CCBUIKM Ha CTPOKE B KBQIpaTHBIX CKOOKax. B nuTepaTypHOil cChUIKE AOMXHBI GBITh YKa3aHbl:
Wi KHHI — aMITHH aBTOPOB, HHHLIKAMBI, Ha3BaHHe KHHUIH, FOPOJ, H3AATENBCTBO (WM OPraHH3aums),



TON M3/1aHH, TOM (4aCTb, [1aBa), UHTHPYEMasi CTPAHULA, €CITH HYKHO; Ul CTATeH — thamminm asto-
POB, HHHULHATBI, HA3BAHUE KYPHAIA, CEPHA, TON M3IAHUS, TOM (HOMED, BLIIYCK, ECIH 3TO HeOGX0AMMO),
nepBast CTpahuu@ ctathi. Ecin aBTopos Gonee msiT, TO yKasaTh TONBKO Nepsble TPH haMMIHHL.
Hanpuwmep: '
1.Jlesnos A.H., Caseibes M.B. — TIpynnoBble MeTOmbl HHTErPUPOBAHHSI HETUHEMHBIX
AHHAaMMYECKHX cucteM. M.: Hayka, 1985, ¢.208.
2.Tonen M. — Bonnosast ¢ysxums Bere: Tlep. ¢ ¢pann. M.: Mup, 1987.
3. Turbiner A.V. — Comm.Math.Phys., 1988, vol.118, p.467.
4. Yuisepmmze A.T. — DYAS, 1989, 1.20, BBIILS, ¢.1185.
5.Endo I, Kasai S., Harada M. et al. — Hirosima Univ. Preprint, HUPD-8607, 1986.
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Wapatenbckuit otaen OUAN roToBUT K BLIMYCKY KHUTY

f ‘,»;;5 H 3axapbeB .
VPOKM KBAHTOBOM MHTVMHMME

U3 KBAHTOBOM MexaHuki 0BbIYHO 3HaIOT Nb OAHY e€ M0JI0BUHY —
npsamyio 3agady. B nanHo KHure nulocTpupyioTes anropUTMbel 06paTHoOM
3aaaum (Kenaembix U3MEHEHUN. CNeKTPOB U AaHHbIX paccesHns). lNokasa-
HO, Kak Le¢opMMpoBaTh MOTEHUMAn, 4TOGbl CABUHYTH, OPOAUTE WM
YCTPaHUTL MPOM3BONbHBIF ypoBeHb SHeprum, He Tporas OCTallbHblX,
nepeMecTuTL JIoKanu3aumio OTAebHOro COCTOSIHNSA - B npocTpaHCcTee,
UBMEHUTb CKOPOCTL pacnaaa (LWMpuHy) KBasncraymnoHapHoro CoCcTosHmA
W faxe «CrpecTy GyHKUMIO PacCessH1s B CBS3aHHOE COCTOSHNE, 110Tpy-
KEHHOE B HEerpepbIBHbIA CrnexTp, n T.4. oka3aHs npocresimne n yHnsep-
CanbHble (KUPMUYUKUY Takux npeobpasoBaHnii. Ora kavecTBeHHas
Teopusl KBaHTOBOIO «yrnpaBJieHns» ONUPaeTCs Ha TOYHbIE PELUEHUS, KO-
TOPBIX Tenepb N3BECTHO BECYNCIEHHOE MHOXeCTBO (4acTo MonHbIe Habo-
pbi), N 0606LyaeTcsl Ha BOJIHbI Ha pelleTkax u B rnepuoanN4eckoM rnone
(3K30THKa yrpasieHns CreKkTpasbHbIMU 30HaMu) M Ha MHOroKaHasbHble
cucTemsl. [1py MUHUMAJIBHBIX yCUansx dntaresib ob6peTaer UHTyULMIO,
npenckasaresibHasi cuna KoTopoi (663 popMyn M KOMMbIOTEPOB) Bbl-
XOAWT 3@ paMKy TO4HbIX Modenei. Bnarofaps AOCTYHOCTY U3/I0XKEHNA u
HoBU3HE MaTepuana kHura 6yAeT nonesHa kak CTyAeHTam u acrpaHTam,
TakK v crneymnannicram.
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