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SEARCH FOR STANDARD HIGGS BOSON

AT SUPERCOLLIDERS
N.V.Krasnikov, V.A.Matveev

INR RAS, Moscow 117312

We review the standard Higgs boson physics and the search for standard Higgs boson at LEP
and LHC supercolliders.

Mel 11 em 0630p BOIIPOCOB, CBS3 HHBIX C (DM3MKOH CT HI PTHOTO 6030H XHITC U €ro MOMCKOM
H cynepkomn igep x LEP u LHC.

1. INTRODUCTION

This paper is devoted to the memory of our
teacher Nikolai Nikolaevich Bogoliubov whose
90th anniversary of the birth is celebrated

by the physical and mathematical community

The Standard Model which describes within an unprecedental scale of ener-
gies and distances the strong and electroweak interactions of elementary particles
relays on a few basic principles — the renormalizability, the gauge invariance
and the spontaneous breaking of the underlying gauge symmetry. The principle
of the renormalizability which is considered often as something lying beyond the
limits of experimental test is in fact one of the most important (if not the major)
ingredients of the quantum field theory.

The requirement of renormalizabilty which content and deep meaning were
uncovered in the fundamental textbook by N.N.Bogoliubov and D.V.Shirkov [1]
plays the central role in the construction and classification of the field theoretic
models. They split in general on two classes.

In the renormalizable models the ultraviolet divergences of the radiative cor-
rections are under mathematically rigorous control due to the famous Bogoliubov—
Parasiuk theorem [2]. These models which preserve their locality in all orders
of the perturbation theory are characterised by a finite number of relevant di-
mensionless coupling constants whose dependence on an arbitrary dimensional
normalization parameter is described by the renormalization group [1]. These
so-called «running» coupling constants depending on the model may have either
the asymptotic freedom behaviour at large momenta (as for non-Abelian gauge
theories) or like in quantum electrodynamics with an Abelian gauge symmetry
reveal the growth of the effective coupling constant in the ultraviolet region.
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The second class of field theoretical models — the nonrenormalizable models
have a very serious drawback which makes them useless for description of particle
interactions at the present level of knowledge. First of all, the nonrenormalizable
models have infinite number of divergent matrix elements which requires as a
consequence an introduction of an infinite number of interaction vertices and
dimensional coupling constants. What is more important the nonrenormalizable
theories are nonlocal and depend on the infinite number of unknown functions
[1,3]. This follows from the fact that the vertices of the nonrenormalizable models
contain an arbitrary high derivatives of the field operators. Thus the predictive
power of nonrenormalizable models is close to zero. An imaging world described
by such a theory seems to be extremely complicated unlike what we learn from
studying particle interactions and evolution of the Universe at least until the
present*.

The Weinberg—Salam model [4] of the electroweak interactions belongs to
the first class of the field theories. The major ingredient of this model which
experimental test is the target of the world-wide search programme is the presence
of the scalar multiplet with nontrivial vacuum condensate (the Higgs boson [5]).
The nonzero vacuum condensate does not affect the small distance behaviour of
particle interactions which allows one to solve the problem of mass generation for
vector W and Z bosons without conflict with the renormalizabilty of the theory.
The spontaneous breaking of the gauge symmetry in the Weinberg—Salam model
is a consequence of the degeneration of the ground state in the presence of the
boson condensate — in precise analogy with the theory of superfluidity [6].

In the Weinberg—Salam model a complex isodoublet scalar field is intro-
duced through self-interactions; this acquires nonvanishing vacuum expectation
value, breaking spontaneously the electroweak gauge group SU(2), ® U(1) to
the electromagnetic U (1) gy gauge group. The interactions of the gauge bosons
and fermions with the background field generate the masses of these particles.
One component of the scalar isodoublet Higgs field is not absorbed in the lon-
gitudinal components of the vector W and Z bosons, manifesting itself as the
physical Higgs particle h**. It should be stressed that the Higgs mechanism is the
only way to construct the renormalizable theory of the electroweak interactions.
Therefore the discovery of the single missing ingredient of the Weinberg—Salam
model — the Higgs boson will be in some sense the experimental «proof» of
the renormalizability of the electroweak interactions. There are no doubts that at
present the main supergoal in high energy experimental physics is the search for
the Higgs boson.

*However we should not ignore the fact that the distinction between renormalizable and non-
renormalizable theories is evident only within perturbation theory.
**Note that very often standard Higgs boson is denoted by capital letter H.
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In this paper we present an introduction to electroweak symmetry breaking
and Higgs boson physics for the Weinberg—Salam model (the Standard Model*).
The current experimental status of the Higgs boson searches and implications
for future experiments at the Large Hadron Collider (LHC) are discussed. We
don’t review the Higgs boson physics at eTe™ linear collider [7] and at muon
collider [8] because at present it is too far from reality. It should be noted that at
present common belief is that the Standard Model is not the whole story and at
the TeV scale new physics beyond the Standard Model exists. Namely, the most
popular scenario is the low energy broken supersymmetry with the O(1) TeV
sparticle masses [9]. In such scenario at least two Higgs boson doublets must
exist, so in addition to the standard (light) Higgs boson h there must exist scalar
charged Higgs boson H*, second neutral scalar Higgs boson H and axial scalar
Higgs boson A. For the most interesting case when the Higgs boson A is much
lighter than the additional Higgs bosons H, H*, A, we have the decoupling of the
heavy Higgs bosons and the interactions of the lightest Higgs boson with vector
bosons and fermions coincide up to power corrections with the Standard Model
interactions. Therefore even if new physics beyond the Standard Model exists at
TeV region with very big probability, the physics of the lightest Higgs boson is
described by the Standard Model. Note that there are several books and reviews
on the Higgs boson physics [10-18]. The peculiarity of this review is that we
give both theoretical aspects of the Higgs boson physics and experimental aspects
related to the search for the Higgs boson at LHC.

The organization of the paper is the following. In section 2 we describe the
Lagrangian of the Standard Model. In section 3 we give the main formulae for the
Higgs boson decay widths. In section 4 indirect bounds on the Higgs boson mass
are discussed. LEP1 and LEP2 Higgs boson mass bounds are given in section 5.
The Higgs boson production mechanisms and the main formulae for the cross
sections are described in section 6. In section 7 we discuss the possibilities to
discover Higgs boson at upgrated TEVATRON. In section 8 we give review of the
two main general purpose detectors at LHC (CMS and ATLAS). The perspectives
for the search for Higgs boson at LHC are described in section 9. Section 10
contains concluding remarks.

2. THE LAGRANGIAN OF THE STANDARD MODEL

The Standard Model (SM) is the renormalizable model of strong and elec-
troweak interactions. It has the gauge group SU(3). ® SU(2)r ® U(1) and the

*By the Standard Model we understand the electroweak Weinberg—Salam model plus quantum
chromodynamics.
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minimal Higgs structure consisting of one complex doublet of scalar particles.
The spontaneous electroweak symmetry breaking SU(3). ® SU(2)r @ U(1) —
SU(3). ® U(1)gar due to nonzero vacuum expectation value of the Higgs dou-
blet provides the simplest realization of the Higgs mechanism [5] which generates
masses for gauge W=, Z bosons and masses to quarks and leptons. In this ap-
proach, the Goldstone bosons are generated by dynamics of elementary scalar
fields and precisely one neutral Higgs scalar (the Higgs boson) remains in the
physical spectrum. The Lagrangian of the Standard Model consists of several
pieces:

Lws=Lym+Luvm+Lsg+Li+ Ly (D

Here Ly s is the Yang—Mills Lagrangian without matter fields

1 1 1
I3 124 R n/ 122 0 0 [
Ly = =3, (W)EY (W) = 2F" (WO F, (W?) = 2FL (G F(G),
(2)
where F., (W), F{,(G), F,.,(W?) are given by

F/j,l/(W) = aHWIj - al/W;ﬁ, + ngijngWf ’ (3)

o (W0) = 0, W) = 0, W, “)

F$(G) = 0,G% — 0,G + go f*Y° GG )

where W, W/ are the SU(2); ® U(1) gauge fields, G are the gluon fields
and €%, fabe are the structure constants of the SU(2)r and SU(3). gauge

groups. The Lagrangian Lpy s describes the Higgs doublet interaction with
SU(2);, ® U(1) gauge fields

Lygyy = (Dp,H)Y (D} H), (6)

where covariant derivatives are given by
.Y ot
Dry =0, — 291§W3 - 1923WZ ; (N

Dpgy = 0y 191—W,(37 ®)

Y
D%M =0, zgl—WO — zgg—WZ —igst"GY, 9)
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Y : java
D}, =0y — 291§WS —igat* G, . (10)

Here g1 is the U(1) gauge coupling constant, go and g3 are the SU(2); and
SU(3). gauge coupling constants, Y is the hypercharge determined by the relation
Q=% + %, o are the Pauli matrices, t* are SU(3) matrices in the fundamental

representation, H = gl is the Higgs SU(2); doublet with Y = 1. The
2

Lagrangian Lgy describing Higgs doublet self-interaction has the form
A
Lsg=—-Vo(H)=M?H'H — §(H+H)2, (11)
where HTH = Y. HH; and X is the Higgs self-coupling constant. The La-

grangian Ly describes the interaction of fermions with gauge fields. Fermions
constitute only doublets and singlets in SU(2), ® U(1)

Rl = €R, R2 = UR, Rd =TR, (12)

Ll(”) ,L2<”) ,Lg(”> : (13)
e/ L H/r T/)L

Rq]u - (qlu)Rv (qlu =U, Q2u = C, 3y = t); (14)

Ryia = (¢id)r, (qua=4d, @za =5, qza =), (15)

qiu
Lo = , 16
o (VIiQid>L (16)

where L and R denote left- and right-handed components of the spinors respec-
tively,

1+ Y5
2
and V7; is the Kobayashi-Maskawa matrix. The neutrinos are assumed to be left-

handed and massless. The Lagrangian Ly describes the interaction of fermions
with gauge fields and it has the form

(0 (17)

VR,I, =

3
Ly= Z[iikﬁLLk +iRLDRRy, + LD Lok +
k=1
+Z’quuD%quu + Z'qudD;I%qud] ) (18)

where D; = YDy, Dp = Y DRy, qu = 'y“DqL#, bqR = fy“D;Im. The

Lagrangian Ly, generates fermion mass terms. Supposing the neutrinos to be
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massless, the Yukawa interaction of the fermions with Higgs doublet has the form

3
Lyuk = — > _[huxLiH Ry + hag Loy H Rag, + bk Loy, (i0* H*) Rug] + hc.,

k=1
4 qIu
L, = .
o (CIId)

The potential term Vo(H) = —M2H*H + 3(HTH)? for M? > 0 gives rise to
the spontaneous symmetry breaking. The doublet H acquires the nonzero vacuum

expectation value
0
<H>=( . |, (20)
V2

19)

where v = 246 GeV. In the unitary gauge unphysical Goldstone massless fields
are absent and the Higgs doublet scalar field depends on the single physical scalar
field h(x) (Higgs boson field):

0
H@)<JL+MM>. 1)
V2T 2

Due to spontaneous gauge symmetry breaking gauge fields except gluon and
photon fields acquire masses. Diagonalization of mass matrix gives

1 1
Wy = %W; F W, Mw = 500, (22)
Zy = é(fhw‘?’ —p W), My = 1\/93 +giv (23)

n = L 3 - ’
g+ ! g 2
1
Ay = —==(1W;; + g2W})), Ma =0, (24)
45 + 91

where Wui, Z,, are charged and neutral electroweak boson fields, A, is photon
field. It is convenient to introduce rotation angle 6y, between (W3, W?) and
(Z, A) which is called Weinberg angle

g1

Vi +a

sin Oy = (25)
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Experimentally sin? @y ~ 0.23 [19]. The formula for the electric charge e has
the form

o= 9291 (26)

Vi +gi

At the tree level the Higgs boson mass is determined by the formula
mp = V2M = V). (27)

The Lagrangian Ly s describes the interaction of the Higgs boson field with
vector W- and Z-bosons. In the unitary gauge it reads

1 h 1 h
Luyy = 50"hduh + M3, (1 + ;)QWJW“ + 5M§(1 + ;)QZ“ZM. (28)
The Lagrangian Ly, is responsible for the fermion masses generation. In the

unitary gauge it can be written in the form

h. -
Lyuwe == my,(1+ =it (29)

where ; are the fermion(quark and lepton) fields.

3. INDIRECT HIGGS BOSON MASS BOUNDS

3.1. Tree-Level Unitarity. The Higgs boson has been introduced as a fun-
damental particle to render 2 - 2 scattering amplitudes (see Fig.1) involving
longitudinally polarized W bosons compatible with unitarity. In general parti-
cles must decouple from low energy spectrum if their mass grows indefinitely.
Therefore the Higgs boson mass must be bounded to restore unitarity in the
perturbation theory. The asymptotic tree-level formula for the elastic Wy W,
S-wave-scattering amplitude reads [20,21]

AT=OWL W, — W W) ~ _Grmi (30)
LW Wi Won
Partial wave unitarity implies that
|[A7]2 < [Im(AT)], (31)

(Re(A”)? < [Im(A”T)(1 — [Im(A7)))]. 32)
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w w
a
w
w w
w w [AVAVAVAVAVAVAVAVAVAVAVAV]
|
b - I
h 1
w w AVAVAVAVAVAVAVAVAVAVAVAY.

Fig. 1. Tree-level diagrams of elastic W W scattering: (a) pure gauge-boson dynamics,
and (b) Higgs boson exchange

As a consequence we find that

|Re(A”)] < <. (33)

N~

Hence [20,21],

m,2 < 272

LS G~ (850 GeV)?. (34)

The most stringent bound is obtained by performing a full coupled channel
analysis for the scattering of longitudinal gauge bosons into VVLJr Wi, ZrZr, Zrh
and hh. The largest eigenvalue of the amplitude matrix gives the most restrictive
bound

2<47T\/§

Mh = 3GFr

~ (700 GeV)?. (35)

However it should be noted that if m; > 700 GeV it means simply that per-
turbation theory is no longer reliable and in principle an account of higher or-
der corrections can restore unitarity. Lattice estimates give similar bound [22]
mp, < 700 GeV on the Higgs boson mass.

3.2. Vacuum Stability Bound. It is possible also to derive bounds on the
Higgs boson mass from the requirement of the absence of the Landau pole sin-
gularity for the effective Higgs self-coupling constant [23] and from the vacuum
stability requirement [24].

The idea of the derivation of the bound resulting from the requirement of the
absence of Landau pole singularities is the following [23]. Suppose the Standard
Model is valid up to the scale A. We require that the effective Higgs self-
coupling constant does not have Landau pole singularities up to the energies A.
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From this requirement we find an upper bound on the low energy Higgs self-
coupling constant \(m;) which determines the Higgs boson mass. Namely, the
renormalization group equations for the effective coupling constants in neglection
of all Yukawa coupling constants except top-quark Yukawa coupling constant in
one-loop approximation read

@93 _ o3 36
dt 7937 ( )
dgg_ 19 _3
i _(E)QQ ; (37)
dgy 41,
4 _ AL 38
d_ilt_(%_ 2_9_?]%_17?]%);} (39)
dt 2 4 12 /"
dX o i 3§ gt 9353 373
— =12\ (R2 - B2\ gt 2L A2 2 40
dt (A" (e 4 4) T 16)’ (40)
t= () In (/) (1)
~ Vg2 MWHIMZ)-

Here g3, g2 and gy are the SU(3)e, SU(2)y, and U(1) effective gauge couplings,
respectively, and h; is the effective top-quark Yukawa coupling constant. In our
concrete estimates we took mP%® = 175 GeV, as(myz) = 0.118, azk(myz) =

2
127.9, sin® Oy (mgz)=0.2337, a; = Z—;'T. From the requirement of the absence of

Landau pole singularity for the Higgs self-coupling constant X for the scales up to
A = (10%;10%;10%;10%;10'%; 10'2; 10'#) GeV (to be precise we require that at the

scale A the Higgs self-coupling constant is % < 1) we have found the upper
bound on the Higgs boson mass m; < (400;300; 240; 200; 180; 170; 160) GeV,
respectively.

The vacuum stability bound [24] comes from the requirement that the elec-
troweak minimum of the effective potential is the deepest one for |H| < A.
Remember that A is the scale up to which the Standard Model is assumed to
be valid. For |H| > v the mass terms in the effective potential are negligible
compared to the self-interaction term and the vacuum stability requirement means
that the Higgs self-interaction coupling is nonnegative A\(u) > 0 for the scales
1 < A. Suppose that at scales M > M, we have some supersymmetric exten-
sion of the Standard Model. It should be noted that the most popular at present
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is the minimal supersymmetric standard model (MSSM) [9] which predicts that
the effective Higgs self-coupling constant for the standard model at the scale of
supersymmetry breaking My = A has to obey the inequality

0< S‘(MS) = (gf(Ms) + gg(MS))(COS(QSO))Q/‘L < (gf(Ms) + g%(MS))/4(-42)

So the assumption that the standard Weinberg—Salam model originates from its
supersymmetric extension with the supersymmetry broken at scale Mg allows
us to obtain nontrivial information about the low energy effective Higgs self-
coupling constant in the effective potential V = —M2H+*H + %(H +H)? and
hence to obtain nontrivial information about the Higgs boson mass. It should
be noted that in nonminimal supersymmetric electroweak models, say in the
model with additional gauge singlet o, we have due to the koH;imsHy term
in the superpotential an additional term k?|Hqi72Ho|? in the potential and as a
consequence our boundary condition for the Higgs self-coupling constant has to
be modified, namely

ML) = S GR(M) + ML) cos’(2) + ZF(M,) sin*(20) > 0. (43)
The boundary condition (43) depends on unknown coupling constant k2(M,).
However it is very important to stress that for all nonminimal supersymmet-
ric models broken to standard Weinberg—Salam model at scale M the effective
Higgs self-coupling constant A\(M) is nonnegative which is a direct consequence
of the nonnegativity of the effective potential in supersymmetric models. There-
fore the vacuum stability requirement results naturally [25] if supersymmetry is
broken at some high scale M, and at lower scales the Weinberg—Salam model
is an effective theory. For the Weinberg—Salam model with boundary condition
(42) for the Higgs self-coupling constant (M) we have integrated numerically
renormalization group equations in two-loop approximation. Also we took into
account the one-loop correction to the Higgs boson mass (running Higgs boson
mass mp,(p) = /A(p)v does not coincide with pole Higgs boson mass). Our
results [25] for the Higgs boson mass my,(k, Ms, mf(’le) for different values of
M, and mP®'"® are presented in the Table. Here k = 0 corresponds to the bound-
ary condition X(Ms) = 0 (vacuum stability bound) and k£ = 1 corresponds to the
boundary condition A\(M,) = (g% + g3). So from the requirement that at some
high scale M, the MSSM is softly broken to the SM we find [25] that the Higgs
boson mass lies in the interval

mh(k = OaMsamgde) <mp < mh(k = 1;M87m$016)'
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Table. The dependence of the Higgs boson mass my, (k, M, mP°'°) on the values

of M., mP°" and k = 0, 1. Everything except k is in GeV

mf°1€ 165 | 165 | 170 | 170 | 175 | 175 | 180 | 180 | 185 | 185
k=0 | k=1 | k=0 | k=1 | k=0 | k=1 | k=0 | k=1 | k=0 | k=1
M, =10® | 69 111 | 74 114 | 78 117 | 83 120 | 88 123
s =10%°% | 81 117 | 86 120 | 92 124 | 98 128 | 104 | 132
= 10* 89 121 | 95 125 | 101 | 130 | 108 | 134 | 114 | 139
=10° 105 | 129 | 113 | 135 | 121 | 141 | 129 | 147 | 137 | 153
=108 112 | 132 | 120 | 138 | 129 | 147 | 138 | 152 | 146 | 159
=10 | 115 | 133 | 124 | 140 | 133 | 147 | 142 | 154 | 151 | 161
=10*? 117 | 134 | 126 | 141 | 136 | 147 | 145 | 154 | 154 | 161
=10 | 118 | 134 | 127 | 141 | 132 | 148 | 147 | 156 | 156 | 164
=10% | 118 | 134 | 128 | 141 | 138 | 148 | 148 | 156 | 158 | 164

o

@

W o

=zzzzz=x=

@

The accuracy in the determination of my, (k, M, mP*') is related mainly to

nonexact knowledge of a3(Myz) and it is estimated to be less than 3 GeV. For
instance, for mf()le =175 GeV and M, = 108 GeV we find that

129 GeV < my, < 147 GeV.

Note that in the MSSM the mass of the lightest Higgs boson is less than
my < My at tree-level. Radiative corrections can increase the mass of the
lightest Higgs boson [26] up to 120 GeV provided the sparticle masses are less
than 1 TeV. As it has been demonstrated in Refs.27, in the Standard Model
due to the vacuum stability condition the Higgs boson mass has to be heavier
than ~ 120 GeV*. It means that by the measurement of the Higgs boson mass
it would be possible to distinguish between SM and MSSM. In particular, the
observation of the Higgs boson at LEP2 with a mass less than 110 GeV will be
powerful nontrivial indication in favour of the existence of low energy broken
supersymmetry.

3.3. Higgs Boson Mass Bound from Electroweak Precision Data. Indirect
bound on the Higgs boson mass can be derived from the high-precision measure-
ments of electroweak observables at LEP and elsewhere. The Standard Model
is renormalizable only after including the top quark and the Higgs boson and as
a consequence the electroweak observables are sensitive to the masses of these
particles. The Fermi coupling can be rewritten as

GF 2o

— = [1+Arg + A Ary). 44
V2 sinQ(QHW)M%[ +Arq + Ari + Ar] “@4)

*Concrete details and rigorous statements are contained in [27].
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The A terms take into account the radiative corrections: Ar, describes the shift
in the effective electromagnetic coupling constant; Ar; takes into account the top
quark contribution. The Ar; denotes the Higgs boson contribution. This term
depends logarithmically [28] on the Higgs boson mass and at leading order it
reads

11GrME, m3 5 9 9
l - = Myy). 45
24\/57_[_ [Og(MI%V) 6]7 (mh > W) ( )

Although the sensitivity on the Higgs boson mass is only logarithmic, the in-
creasing precision in the measurement of the electroweak observables allows one
to derive constraints on the Higgs boson mass [29]

my, = 71775 £5 GeV. (46)

AT}L =

In other words it means that the Higgs boson should be relatively light with a
mass less than m;, < 220 GeV at 95% C.L. [29]. See, however, Ref. 30 where
it has been shown on the base of the scale factor fit that 95 percent confidence
level upper limit increases to as much as 750 GeV.

4. HIGGS BOSON DECAYS

The tree-level Higgs boson couplings to gauge bosons and fermions can be
deduced from the Lagrangian (28), (29). Of these, the hW W ~, hZZ and hyn)
are the most important for the phenomenology. The partial decay width into
fermion-antifermion pair is [31]

Gpm,ithc L 4m,i s
4m\/2 mj

where N, is the number of fermion colours. For m; < 2mys Higgs boson
decays mainly with (= 90 percent) probability into b quark-antiquark pair and
with ~ 5 percent probability into 7 lepton-antilepton pair. An account of higher
order QCD corrections can be effectively taken into account in formula (47) for
the Higgs boson decay into b quark-antiquark pair by the replacement of pole
b-quark mass in formula (47) by the effective b-quark mass my,(my). An account
of higher order corrections leads to the formula [32] (see Fig. 2)

D(h — yy) =

; (47)

3G2th _9

F(h — QQ) = 4\/§7T mQ(mh)[AQCD + At]v (48)
Agep =1+ 5-67@ + (35.94 — 1.36NF)(O‘S(:W )2 +

+161.14 — 25.77TNp + 0.259N1%)(@)3, (49)
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0 0 0
h - __ h —-- g h ——_
B g
0 0 0
0 0 —— 0
t g
ho--- g J—— 9 h---
_ g _
0 é g 0
0 0 0
g g
h - -- g B o--- h --- g
B g
0 2] ~g
Q 0

Fig. 2. Typical diagrams contributing to h — QQ at lowest order and one-, two- and
three-loop QCD

as(m 2 m2 1 m2(mp)
t h

for the Higgs boson decay width to @) = b, ¢ quarks in the M.S renormalization
scheme. The relation between the perturbative quark pole mass m¢ and the M.S
running quark mass mg(mg) has the form [33]

mq
1 + %O‘S(mQ) + KQ(O‘S(;’:‘Q))Q

™

m(mq) = (5D
where numerically K; =~ 10.9, K; ~ 12.4 and K. =~ 13.4. Electroweak cor-
rections to heavy quarks and lepton decays are rather small [34] (less than 2
percent).

Higgs boson with m; > 2My, will decay into pairs of gauge bosons (see
Fig.3) with the partial widths

=

3
Gpmh

4—day +3d2)(1—az)?, 53
647“/5( z 7)( z) (53)

T(h — 2°2°) =
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AM?2 aM?
W, Z where ay = mQW and ay = mQZ. The

electroweak correchtions have been chomputed
hoe in Refs.34. They are less than 5 percent in the
intermediate region. The QCD corrections to
the leading top mass corrections of O(Gpm?)
W,Z have been calculated in Refs.35.
In the heavy Higgs mass regime (2myz <
Fig. 3. Diagram contributing to h — < m,;, < 800 GeV), the Higgs boson decays
= VVIV=WU7] dominantly into gauge bosons. For example,
for m;, > 2my one can find that

Gpmi
8#\/5 .

The mf’L behaviour is a consequence of the longitudinal polarisation states of the
W and Z. As my, gets large, so does the coupling of h to the Goldstone bosons
which have been eaten by the W and Z. However, the Higgs boson decay width
to a pair of heavy quarks growth only linearly in the Higgs boson mass. Thus,
for the Higgs masses sufficiently above 2mz, the total Higgs boson width is well
approximated by ignoring the Higgs boson decay to ## and including only two
gauge boson modes. For heavy Higgs boson mass one can find that

L(h—WW™)~2l'(h— ZZ) ~ (54)

mp,
1TeV

For large Higgs boson mass higher order corrections due to the self-coupling of
the Higgs boson are relevant, namely [36]

Tiotar(h) =~ 0.48 TeV( )3, (55)

[(h—VV)=Tro(h— VV)[l + 2.8k + 62.0s%, (56)

2
where K = [ZE2 V= Z, V.
Below threshold the decays into off-shell gauge particles are important. The

decay width into single off-shell gauge boson has the form [37]

3GZ MEmy,  M?
D(h— VV*) =6y —L L 2 R(—Y), (57)

1673 m3

where Sy = 1, 67 = 15 — 2 sin® Oy + 22 sin® fy and
1 — 8x + 2022 3z —1
R(l’) = Sﬁ arccos(m)f

11—z PN 2

—7(2—1330—1—4730 )—5(1—6304—430 ) log(z), (58)
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2
T = % For Higgs boson mass slightly larger than the corresponding gauge
h

boson mass the decay widths into pairs of off-shell gauge bosons play important
role. The corresponding formulae can be found in Ref. 38.

It should be noted that there are
a number of important Higgs boson g
couplings which are absent at tree-
level but appear at one-loop level.
Among them the couplings of the t b
Higgs boson to two gluons and two
photons are extremely important for
the Higgs boson searches at supercol-
liders. One-loop induced Higgs cou- Fig. 4. Diagrams contributing to h — gg at
pling to two gluons is due to t-quark 1owest order
exchange in the loop (see Fig. 4) [39]
and it leads to an effective Lagrangian

g

Leff gQaé ghGa G 59
hag = 24mmyy (59)

for the interaction of the Higgs boson with gluons. At lowest order the partial
decay width is given by [39]

Tro(h — gg) = (;gj;z’l | ZA’L Q) (60)
() = Sl + (1L - 7)f ()], (61)

f(7) = arcsin® (\%) if 7>1, (62)
f(T):—i {ln (%) iW}Q if 7 < 1. (63)

2
The parameter 7 = 47':2@ is defined by the pole mass m¢ of the heavy quark in
h

the loop. For large quark mass A%(TQ) — 1. An account of the QCD radiative
corrections (see Fig.5) gives for m,QL < 4mg2 [40]

95 7 " (my)
™

I'(h — g9(q).9d39) = Tro[a™) (ma)][1 + (= — =Np)

T C
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q

g
t, b t b B
ho--- g  h--- 1
g g

Fig. 5. Typical diagrams contributing to the QCD corrections to h — gg

with Np = 5 light quark flavours. It appears that radiative corrections are very
large: the decay width is shifted by about (60-70) percent upwards in the most
interesting mass region 100 GeV < myj, < 500 GeV. Three-loop QCD corrections
have been calculated in the limit of a heavy top quark [41]. They are positive
and increase the full next leading order expression by 10 percent. Using the
low-energy theorems it is possible to calculate easily the electroweak O(GrM}?)
corrections to the leading order Higgs boson decay width into two gluons [42]

G M2

r(h =Tro(h 1+
(h—g9) =Tro(h — gg)| WD

I. (65)

Numerically they are negligible.

Also very important is the one-loop induced Higgs boson coupling to two
photons due to W and t-quark exchanges in the loop (see Fig.6). The partial
decay width can be written in the form

2,3
 Gra®my

I(h—7y) = m|zf:che?A;ﬁ(Tf)+A@V(Tw)|2, (66)
where
Al(r) =271+ (1= 7)f(1)], (67)
Al (1) = —[24 37+ 37(2 = 1) f(7)], (68)
T = 4sz , i = f,W and the function f(7) is determined by the formulae (62),

my,

(63). The W loop gives the dominant contribution in the intermediate Higgs
Y Y w Y
h--- t h--- w h---
Y Y Y

Fig. 6. Diagrams contributing to h — 7+ at lowest order
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boson mass range. Two-loop QCD corrections to the quark loops have been
calculated in [42]. QCD corrections rescale the lowest order by a factor that
depends on the ratio of the Higgs boson and quark masses

Ay () — Ay (rQ) x [L+ Ch(rg) =] (69)

with Cy, (1) — —1 for mj < 4mg. QCD corrections to the two photon Higgs
boson decay width numerically are not very big, of O(10) %. Electroweak
corrections are less than 1 % [43].

T'(H), GeV ]

102

10 ¢

101 E

1072 E

10-3 ! - * —
50 100 200 500 1000
My, GeV

10

102

50 200 500 1000
My, GeV

Fig. 7. (a) Total decay width (in GeV) of the SM Higgs boson as a function of its mass.
(b) Branching ratios of the dominant decay modes of the SM Higgs particle. All relevant
higher-order corrections are taken into account (Ref. 16) (H = h)



542 KRASNIKOV N.V., MATVEEV V.A.

5. HIGGS BOSON SEARCH AT LEP

The process that was used for the direct search for the Higgs boson at LEP1
was the Bjorken process [45]

ete” = Z — (Z* — ff)h. (70)

The differential decay width for the Z — (Z* — f f)h reaction normalized to
Z — ff decay is given by [46]

D(Z — (Z* — ff)h) B a (1_$+%+%)(JJ2—47‘2)1/2
I'(Z— ff)  4rrsin® Oy cos? Oy (x—1r2)2+ (Tz/Mz)? ’
(71

where x = 2E, /My and r = my, /My, the kinematical limits being 2r < z <
< 1—r2. The energy of the Higgs boson Ej, is related to the invariant mass of
the fermion pair M iF (i.e., the invariant mass of the virtual Z* boson)

2 2 _ a2
B — (M7 +mj, Mff). )
2M 5

The Bjorken process with the decay of the virtual Z boson to u™p~,ete™, v
pairs is used for the Higgs boson search. The decay of the Z* to quark-antiquark
pair is not useful due to large QCD background. The Higgs decay mode deter-
mines the Higgs signature in the detectors. Higgs bosons with low mass decay
into eTe™ and pTp~ pairs, for intermediate mass they decay into light hadrons
and 777~ pairs, and for high mass they decay mainly into a bb quark-antiquark
pair. The combined limit of the four LEP1 experiments (ALEPH, DELPHI, L3
and OPAL) on the Higgs boson mass is [47]

mp > 65.4 GeV, 95% C.L. (73)

At LEP2 with the total energy /s = 130 — 200 GeV the dominant Higgs pro-
duction process * is eTe™ — hZ («Higgs-strahlung» process). The corresponding
cross section at tree-level is given by [48]

Ta? N2 (N +12sM2)[1 + (1 — 4sin® Oy )?]
19252 sin Oy cos? Oy (s — M3)?

olete” = hZ) = ; 714

where A\ = (s —m? — M%)? — 4m? M%. One can see that for a fixed value of
my, the cross section is maximal for /s ~ myz + V2omy,.

*The ete™ — WW and eTe™ — ZZ fusions are still negligible at LEP2 energies
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There are important differences between the Higgs boson searches at LEP1
and LEP2. The signal-to-background ratio is much better at LEP2. The large
background rate at LEP1 required a very detailed simulation of detector effects
and rare background reactions. The dominant hadronic Higgs boson signature
(Z*h — qqqq) was useless at LEP1 due to large QCD background. While the
expected Higgs boson production at LEP1 involved a real Z decaying into a Higgs
boson and a virtual Z boson, at LEP2 the Higgs boson is produced in association
with an on-shell Z boson. This additional information about the final-state Z
boson gives rise to better Higgs boson mass reconstruction and greater sensitivity
for a Higgs boson signal due to better background rejection.

Final state particles in the analysed Higgs boson channels at LEP2 are

ete™ = (Z — qq,vv,ete  utu=, 7777 )(h — bb, 77 77). (75)
Thus the three typical signatures are:

(a) two b-jets + a charged lepton pair (Z — utu~(ete™), h — bb),

(b) two b-jets plus missing transverse energy (Z — v, h — bb),

(c) four jets with at least two b-jets or two 7-jets (Z — qg, h — bb or
(hZ — qqrtT7)).

The Standard Model background to these signatures is well known and it is
under control [48,49]. For example, the Higgs boson production cross section at
/s =189 GeV for mj, = 95 GeV is 0.18 pb, whereas the main background cross
sections are 98 pb (eTe™ — ¢q), 16 pb (eTe™ — WW), 0.62 pb (eTe™ — ZZ).

1998 LEP2 run with full energy /5 = 189 GeV and with L ~ 170 pb~ "/ exp
allowed one to deduce the following 95 % C.L. lower Higgs boson mass bounds
[50-54]

mp > 90.2 GeV (ALEPH),
mp > 95.2 GeV (DELPHI),
mp, > 95.3 GeV (L3),

my, > 91.0 GeV (OPAL).

Note that an additional account of 1999 data with integrated luminosities
29 fb~ ' and 69.5 fb~! at \/s = 191.6 GeV and /s = 195.6 GeV allowed the
ALEPH Collaboration to deduce the Higgs boson mass bound mp > 98.8 GeV
[55]. Recent preliminary combined limit of 4 LEP2 experiments with /s <
< 195.6 GeV [56] gives my > 102.6 GeV at 95% C.L.

LEP2 run with total energy /s = 200 GeV and with total luminosity L; =
=200 pb~ ! for each experiment will be able to discover standard Higgs boson
with a mass up to 107 GeV [57].
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6. HIGGS BOSON PRODUCTION AT HADRON SUPERCOLLIDERS

Typical processes that can be exploited to produce Higgs bosons in hadron
supercolliders are:

gluon fusion: gg — h,

WW, ZZ fusion: WrW~=,ZZ — h,

«Higgs-strahlung» off W, Z: qqW,Z — W, Z + h,

Higgs-bremsstrahlung off top: ¢, gg — tt + h.

Gluon fusion plays a dominant
role at the LHC throughout the entire
Higgs boson mass range of the SM

h  whereas the WW/ZZ fusion process
becomes increasingly important with
Higgs boson rising. The last two re-
actions are important only for light

Fig. 8. Diagram contributing to the formation Higgs boson masses.

of Higgs bosons in gluon-gluon collisions at The gluon-fusion mechanism [58]

lowest order (see Fig. 8)

pp— g9 — h (76)

is the dominant production mechanism of the Higgs boson at the LHC for Higgs
boson mass up to 1 TeV. The gluon coupling to the Higgs boson in the SM is
mediated by triangular loops of top and bottom quarks. The corresponding form
factor approaches a nonzero value for large loop-quark masses. At lowest order
the partonic cross section can be expressed by the gluonic width of the Higgs
boson

6ro(gg — h) = aomi.6(3 —m3), (77)

2 GFa
=_—Tro(h , 78
0= G2 rolh = 99) = 55 IZ (78)

aMZ . .
where 7 = TﬁQ’ § denotes the partonic system of mass energy squared and the
form factor Ag is determined by the formulae (62), (63). In the narrow-width
approximation hadronic cross section can be written in the form

dng

oro(pp — h+..) = ooTh—— . (79)

where 4L denotes gg luminosity of the pp collider with 7, = "f The QCD
correctlons to the gluon fusion process (see Fig.9) are essential [59]. They
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Fig. 9. Typical diagrams contributing to the virtual/real QCD corrections to gg — h

stabilize the theoretical predictions for the cross section when the renormalization
and factorisation scales are varied. Moreover, they are large and positive, thus
increasing the production cross section for Higgs bosons. The QCD corrections
consist of virtual corrections to the basic process gg — h and of real corrections
due to reactions gg — hg, qq — hq and qg — hg. The virtual corrections rescale
the lowest-order fusion cross section with a coefficient that depends only on the
ratios of the Higgs and quark masses. The next-to-leading order for the hadronic
cross section can be represented in the form [59]

o dL99
a(pp—>h+...):ao[1+0a7]rh ¥

+ Aogy + Aoy, + Aogg.  (80)

Th

The calculation has been performed [59] in the MS scheme. The mass Mg is
identified with the pole quark mass and the renormalization scale in «, and the
factorisation scale of the parton densities is fixed at the Higgs boson mass. The
coefficient C'(7¢) denotes the finite part of the virtual two-loop corrections. The
finite parts of the hard contributions from gluon radiation in gg scattering , gq
scattering and ¢ annihilation are presented in the form [59]

Lodqres oy
Aoy = / dr X —og[—2Pyg(2)logz + dge(z,79) +  (81)

. dr T
log(1 — 2)

+12[( 1=

—z[2—2z(1 - 2)]log(1 — 2)]],

! dqu Qg z z
Aoy, = / Z X —00[—§qu(z) log W +dgq(z,70)], (82)

) i
dLi% oy
quq:/T dry g X —00de(%,7q) (83)
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Fig. 10. K factors of the QCD-corrected gluon-fusion cross section o(pp — h + X) at
the LHC with c.m. energy /s = 14 TeV. The renormalization and factorisation scales
have been identified with the Higgs mass, and CTEQ4 parton densities have been adopted
(Ref. 16) (H = h)

where 2z = 7, /7 = m} /3, Py, and Py, are Altarelli-Parisi splitting functions. In
the heavy quark limit one can find that [59]

C(rg) — 7 + 5.5, (84)

dgg(2z,7Q) — —5.5(1 — 2), (85)

dgq(2,7Q) — §22 —(1-2)% (86)
32 )

deq(2,70) — 2—7(1 —2)% (87)

The size of the radiative corrections can be parametrised by defining the K
factor as K = onro/0oLo. The results of the calculations are presented in Fig. 10.
The virtual and the real corrections for the gg collisions are the most important,
they are large and positive. After including higher order QCD corrections the
dependence of the cross section on the renormalization and factorisation scales is
reduced from the level of O(1) to a level of about O(0.2).

The theoretical prediction for the Higgs boson production cross section is
presented in Fig. 11 for the LHC as a function of the Higgs boson mass. The
cross section decreases with increasing of the Higgs boson mass mainly due to
the decrease of gg partonic luminosity for large invariant masses.
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o(pp > H + X) [pb] w=M=My
Vs =14 TeV M,=175GeV |
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Fig. 11. The cross section for the production of Higgs bosons; three different sets of parton
densities are shown (CTEQ4M, MRS(R1) and GRV(’92)) (Ref. 16) (H = h)

The second important process for the Higgs ¢
boson production at the LHC is vector-boson

\
Y

fusion (see Fig.12), W*W’(ZZ) — h [60]. Wz

For large Higgs boson mass this mechanism be-

comes competitive to gluon fusion; for intermedi- =0 G --- - - i
ate masses the cross section is smaller by about an

order of magnitude. For large Higgs boson mass A

the W and Z bosons are predominantly longitudi-
nally polarised. At high energies, the equivalent > »

q
particle spectra of the longitudinal W, Z bosons
in quark beam have the form [16] Fig. 12. Diagram contributing to
qq — qqV*V* — qqh at lowest
GpM3, 1 —
S @)= SEE 2, 88y order
22?2 x
GrM?2 1—2
Z _ YFrMzrirq s 2 2 q\2
fi(x) = W (I3 = 2eqsin” Oy )" + (I3) ] ——, (89)

where x is the fraction of energy transferred from the quark to the W, Z boson in
the splitting process ¢ — g+ W/Z. The WW and ZZ luminosities are presented
in the form:

dLWW G2 M3 2 1
= CRrMw 1y AL PN (90)
drw 8t W W
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dL??  G2M} ,
T = s U 2eqsin®0w)? + (PN~ oD
' ' 2 147
—2e, sin? O ) + (1§ )*] - [2 — — — ZlogTs],
TZ TZ

2
where 7y = M;’V. Denoting the parton cross section for WW, ZZ — h by &g
with

60(VV — h) = ag6(1 —m3/35), (92)
gg — \/iﬂ'GF, (93)

the cross sections for the Higgs boson production in quark-quark and hadron-
hadron collisions are presented in the form [16]

dLVV
dTV

o(qq — qqh) = 00, (94)

1 qu ,
(qHVVHh / dTE qeqqhszs) (95)
2/5 /

«Higgs-strahlung» qg — V* — Vh
(V. = W,Z) (see Fig.13) is a very
important process for the search of
light Higgs boson at the TEVATRON
and LHC. Though the cross section is
smaller than for gluon fusion, leptonic
decays of electroweak vector bosons are
extremely useful to filter Higgs boson
signal from a huge background. The ¢ h
corresponding formulae for the cross
section are contained in [61].

The process gg,qq7 — tth (see
Fig. 14) is relevant for small Higgs bo-
son masses. The analytical expression for the parton cross section is quite in-
volved [62]. Note that Higgs boson bremsstrahlung off top quarks is an in-
teresting process for measurements of the fundamental htt Yukawa coupling.
The cross section o(pp — tth) is directly proportional to the square of this
coupling constant.

One can say that three classes of processes can be distinguished. The gluon
fusion of Higgs boson is a universal process, dominant over the entire Higgs
boson mass range. «Higgs-strahlung» of electroweak W, Z bosons or top quarks

Fig. 13. Diagram contributing to gg —
— V* — Vh at lowest order
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Fig. 14. Typical diagrams contributing to qgq/gg — htt at lowest order

o(pp - H + X) [pb]
Vs =14 TeV
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Fig. 15. Higgs production cross sections at the LHC for various production mechanisms as
a function of the Higgs mass. The full QCD-corrected results for the gluon fusion gg — h,
vector-boson fusion q¢ — V'V qq — hqq, vector-boson bremsstrahlung gg — V* — hV
and associated production gg, qG — htt, hbb are shown [16] (H = h)

is important for light Higgs boson. The WW/ZZ fusion channel, by con-
trast, becomes rather important in the upper part of the Higgs boson mass.
An overview of the production cross section for the Higgs boson at the LHC
is presented in Fig. 15.

7. SEARCH FOR THE HIGGS BOSON AT TEVATRON
It is expected [63,64] that upgraded Fermilab Tevatron (TEV22) will start

in the 2000 year with the full energy /s = 2 TeV, and the full luminosity for
each experiment during 3 years of exploitation will be L; = 2 fb~!. There are
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Fig. 16. Luminosity required as a function of Higgs mass to achieve different levels of
sensitivity to the standard-model Higgs boson. The upper curve corresponds to a 5 o
discovery, the middle to a 3 o signal and the lower to a 95% exclusion limit. These limits
require two experiments, Bayesian statistics are used to combine the channels and include
the improved sensitivity which would come from multivariate analysis techniques (Ref. 64)

also plans to increase luminosity to have L; = 30 fb~' (TEV33) by 2006. The
most interesting process for the search for standard Higgs boson at the Tevatron
is «Higgs-strahlung» off W, Z bosons q@g — W*/Z* — W/Z + h. For the Higgs
boson mass 100 GeV < my < 140 GeV the cross section is between 0.5 pb
and 0.1 pb. The QCD corrections for «Higgs-strahlung» coincide with those of
the Drell-Yan process and increase tree-level cross section approximately by 30
percent. The most promising signatures are

pp — (h — bb)(W — lv, jets) + anything, (96)
pp — (h — bb)(Z — 171~ ,vD) + anything. 97)

The bb decay of the Higgs boson adds powerful background rejection based on
b-tagging especially at low Higgs boson mass, below ~ 130 GeV where that de-
cay dominates. Other very promising signature [65] is the use of h — W*W* —
— Ivly decay mode with the dominant gluon-gluon Higgs boson fusion pro-
duction mechanism. The main conclusion of Ref.65 is that for an integrated
luminosity of 30 fb~! the Higgs boson signal should be observable at a 30 level
or better for the mass range 145 GeV < my < 180 GeV and for 95 % per-
cent confidence level exclusion, the mass reach is 135 GeV < my; < 190 GeV.
One can say that at TEV33 run with the full luminosity L, = 30 fb™" it would
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be possible to discover the Higgs boson at > 3¢ level at least with a mass up
to (180-190) GeV [63-65]. The Higgs boson discovery potential of Tevatron
Collider is shown in Fig.16.

8. LHC DETECTORS

The LHC (Large Hadron Collider) [66—69] which will be the biggest particle
accelerator complex ever built in the world will accelerate two proton beams with
the total energy /s = 14 TeV. At low luminosity stage (first two-three years
of operation) the luminosity is planned to be Liow = 103 cm~2s~! with total
luminosity Lot = 10* pb™! per year. At high luminosity stage the luminosity
is planned to be Lyign = 1034 cm~2s~! with total luminosity Lo = 10° pb™"
per year. The LHC will start to work in the 2005 year. There are planned to be
two big general purpose detectors at LHC CMS (Compact Muon Solenoid) and
ATLAS (A Toroidal LHC Apparatus).

The scientific program at the LHC consists in many goals [66-69]. One of the
most important tasks for the LHC is the quest for the origin of the spontaneous
symmetry-breaking mechanism in the electroweak sector of the SM. As it has
been mentioned before, all the renormalizable models of electroweak interactions
are based on the use of the gauge symmetry breaking. As a consequence of the
electroweak symmetry breaking and the renormalizability of the theory there must
be neutral scalar particle (Higgs boson) in the spectrum. So the discovery of the
Higgs boson will be the check of the spontaneous symmetry breaking and the
renormalizability of the theory and therefore there are no doubts that the Higgs
boson discovery is the supergoal number 1 for the LHC. The Higgs boson search
is therefore used as a first benchmark for the detector optimisation for both CMS
and ATLAS. For the SM Higgs boson, the detector has to be sensitive to the
following processes in order to cover the full mass range above the expected
LEP2 discovery limit of (105 — 110) GeV:

A. h — v mass range 90 GeV < mj < 150 GeV,

B. h — bb from Wh, Zh, tth using I*(I* = e* or u*)-tag and b-tagging in
the mass range 80 GeV < m; < 100 GeV,

C. h — ZZ* — 4l* for the mass range 130 GeV < my, < 2my,

D. h — ZZ — 41*,21*2v for the mass range my, > 2my,

E.h — WW,ZZ — I*v 2 jets, 21F 2 jets, using tagging of forward jets for
mp, up to 1 TeV.

In minimal supersymmetric extension of the standard model (MSSM) there
is a family of Higgs particles (H*,h, H and A). So in addition to the standard
Higgs boson signatures the MSSM Higgs searches are based on the following
processes:

F. A —7tt7= — euplus v's, or A — 777~ — [* plus hadrons plus /s,
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G. H* — 7%y from tt — HTWTbb and H* — 2 jets, using a [*- tag and
b-tagging.

The observable cross sections for most of those processes are small
(1-100) pb over a large part of the mass range. So it is necessary to work
at high luminosity and to maximise the detectable rates above backgrounds by
high-resolution measurements of electrons, muons and photons.

For the H* and A signatures in the case of the MSSM, high performance
detector capabilities are required in addition for the measurements which are
expected to be the best achieved at initial luminosities with a low level of over-
lapping events, namely secondary vertex detection for 7-leptons and b-quarks,
and high resolution calorimetry for jets and missing transverse energy FIiss.

The second supergoal of the LHC project is the supersymmetry discovery,
i.e., the detection of superparticles. Here the main signature are the missing
transverse energy events which are the consequence of undetected lightest stable
supersymmetric particles (LSP) predicted in supersymmetric models with R-parity
conservation. Therefore it is necessary to set stringent requirements for the her-
meticity and E}SS capability of the detector. Also the search for new physics
different from supersymmetry (new gauge bosons W' and Z', new Higgs bosons
with big Yukawa couplings, etc.) at LHC requires high resolution lepton mea-
surements and charge identification even in the pr range of a few TeV. Other
possible signature of new physics (compositeness) can be provided by very high
pr jet measurements. An important task of LHC is the study of b- and ¢-physics.
Even at low luminosities the LHC will be a high rate beauty and top quark factory.
The main emphasis in B-physics is the precise measurement of CP-violation in
the BY system and the determination of the Kobayashi-Maskawa angles. Besides
investigations of BB mixing in the BY system, rare B decays are also very im-
portant. Precise secondary vertex determination, full reconstruction of final states
with relatively low-pr particles, an example being B} — J/¥KY followed by
J/V — 1T~ and K% — 77—, and low-pr lepton first-level triggering capabil-
ity are all necessary. In addition to running as a proton-proton collider, LHC will
be used to collide heavy ions at a centre of mass energy 5.5 TeV per nucleon
pair. The formation of quark-gluon plasma in the heavy ion collisions is predicted
to be signalled by a strong suppression of T and Y’ production relative to Y
production when compared with pp collisions. The CMS and ATLAS detectors
will be used to detect low momentum muons produced in heavy ion collisions
and reconstruct Y-, T'- and T -meson production. Therefore the basic design
considerations for both ATLAS and CMS are the following:

1. very good electromagnetic calorimetry for electron and photon identifica-
tion and measurements,

2. good hermetic jet and missing Er-calorimetry,

3. efficient tracking at high luminosity for lepton momentum measurements,
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for b-quark tagging, and for enhanced electron and photon identification, as well
as tau and heavy-flavour vertexing and reconstruction capability of some B-decay
final states at lower luminosity,

4. stand-alone, precision, muon-momentum measurement up to the highest
luminosity, and very low-pr trigger capability at lower luminosity,

5. large acceptance in 7 coverage.

8.1. Brief Description of CMS Subdetectors [67] . The CMS detector con-
sists of inner detector (tracker), electromagnetic calorimeter, hadron calorimeter,
muon spectrometer and trigger. A schematic view of the CMS detector is shown
in Fig. 17.
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Fig. 17. Longitudinal view of the CMS detector

Tracker. The design goal of the central tracking system is to reconstruct
isolated high-pp tracks with an efficiency better than 95 percent, and high-pr
tracks within jets with an efficiency of better than 90 percent over the rapidity
|n] < 2.6. The momentum resolution required for isolated charged leptons in
the central rapidity region is ‘S:—TT = 0.1py (pr in TeV). This will allow the
measurement of the lepton charge up to pr = 2 TeV. It is also very important for
tracking system to perform efficient b- and 7-tagging. The tracker system consists
of silicon pixels, silicon and gas microstrip detectors (MSGS) which provide
precision momentum measurements and ensure efficient pattern of recognition
even at the highest luminosity. A silicon pixel detectors consist of two barrel
layers and three endcap layers and it is placed close to the beam pipe with the

tasks of:
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a. assisting in pattern recognition by providing two or three true space points
per track over the full rapidity range in the main tracker,

b. improving the impact parameter resolution for b-tagging,

c. allowing 3-dimensional vertex reconstruction by providing a much im-
proved Z-resolution in the barrel part.

The silicon microstrip detector is required to have a powerful vertex finding
capability in the transverse plane over a large momentum range for b-tagging and
heavy quark physics and must be able to distinguish different interaction vertices
at high luminosity. The CMS silicon microstrip detector is subdivided into barrel
and forward parts, meeting at || = 1.8(n = —1n(tan(§)), provided at least
3 measuring points on each track for |n| < 2.6. The microstrip gas chambers
provide a minimum of 7 hits for high-py tracks. The track finding efficiency
in the tracker is 98 percent for pr > 5 GeV. The charged particle momentum
resolution depends on the n and pr of charged particle and for pr = 100 GeV
and |n| < 1.75 it is around 2 percent. Impact parameter resolution also depends
on pr and n and for 10 GeV < pr < 100 GeV and |n| < 1.3 in transverse
plane it is around 100 gm. The b-tagging efficiency from #t decays is supposed
to be better than 30 percent. A significant impact parameter resolution can be
used to tag 7-leptons. It could be useful in searches such as SUSY Higgs
boson decays A, H,h — 77 — e + p + X(or [ + hadrons). These leptons
(hadrons) originate from secondary 7 vertices while in the backgrounds from
tt - Wb+Wb—e+p+ X and WW — e+ p+ X they originate from the
primary vertex. It is possible to have the efficiency for the signal ~ 50 percent
while for the background channels it is ~ 3 percent.

ECAL. The barrel part of the electromagnetic calorimeter covers the rapidity
intervals |n| < 1.56. The endcaps cover the intervals 1.65 < |n| < 2.61. The gaps
between the barrel and the endcaps are used to route the services of the tracker
and preshower detectors. The barrel granularity is 432 fold in ¢ and 108 x 2-fold
in 7. A very good intrinsic energy resolution given by

o 0.02 0.2

E- VB @ 0.005 @ i (98)
is assumed to be for electrons and photons with a PbW O, crystal ECAL. The
physics process that imposes the strictest performance requirements on the elec-
tromagnetic calorimeter is the intermediate mass Higgs boson decaying into two
photons. The main goal here is to obtain very good diphoton mass resolution.
The mass resolution has terms that depend on the resolution in energy (E7, Fs)
and the two-photon angular separation (6) and it is given by

oM 1 O, OFE, g9
-— =z S S ; 99
M 2| E " E " (tan(%) ©9)
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where @ denotes a quadratic sum, F is in GeV and 6 is in radians. For the Higgs
two-photon decay at LHC the angular term in the mass resolution can become
important, so it is necessary to measure the direction of the photons using the
information from the calorimeter alone. In the barrel region || < 1.56 angular
resolution is supposed to be gg < %. Estimates give the following diphoton

mass resolution for i — ~+ channel (m;, = 100 GeV):

§m~~ = 475 MeV (low luminosity L = 1033 em2s71),

dm.~ = 775 MeV (high luminosity L = 103* cm=2s71).

HCAL. The hadron calorimeter surrounds the electromagnetic calorimeter
and acts in conjunction with it to measure the energies and directions of particle
jets, and to provide hermetic coverage for measurement of the transverse energy.
The pseudorapidity range (|n| < 3) is covered by the barrel and endcap hadron
calorimeters which sit inside the 4T magnetic field of CMS solenoid. In the
central region around 7 = 0 a hadron shower ’tail catcher’ is installed outside
the solenoid coil to ensure adequate sampling depth. The active elements of
the barrel and endcap hadron calorimeter consist of plastic scintillator tiles with
wave length-shifting fibre readout. The pseudorapidity range (3.0 < n < 5.0)
is covered by a separate very forward calorimeter. The hadron calorimeter must
have good hermeticity, good transverse granularity, moderate energy resolution
and sufficient depth for hadron shower containment. The physics programme
requires good hadron resolution and segmentation to detect narrow states decaying
into pairs of jets. The dijet mass resolution includes contributions from physics
effects such as fragmentation as well as detector effects such as angular and
energy resolution. The energy resolution is assumed to be:

AE 06
i NG @ 0.03 (100)
for || < 1.5 and segmentation An x A® = 0.1 x 0.1.

The dijet mass resolution is approximately the following:

1. (10 — 15)% for 50 GeV < pr < 60 GeV and m;; = mz,

2. (5—10)% for 500 GeV < pr < 600 GeV and m;; = mg.

The expected energy resolution for jets in the very forward calorimeter is
parametrised by:

OF.

128401
Ejet \/ Ejet

The expected missing transverse energy resolution in the CMS detector with very
forward 2.5 < n < 4.7 coverage is

o _ 0.55 (102)

YE  JYE’

& (0.02 +0.01). (101)
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(E: in GeV). In the absence of the very forward calorimeter, the missing transverse
energy resolution would be nearly three times worse.

Muon system. At the LHC the effective detection of muons from Higgs
bosons, W, Z and tt decays requires coverage over a large rapidity interval.
Muons from pp collisions are expected to provide clean signatures for a wide
range of new physics processes. Many of these processes are expected to be
rare and will require the highest luminosity. The goal of the muon detector is to
identify these muons and to provide a precision measurement of their momenta
from a few GeV to a few TeV. The barrel detector covers the region || < 1.3.
The endcap detector covers the region 1.3 < || < 2.4. The muon detector should
fulfil three basic tasks: muon identification, trigger and momentum measurement.
The muon detector is placed behind ECAL and the coil. It consists of four
muon stations interleaved with the iron return yoke plates. The magnetic flux
in the iron provides the possibility of an independent momentum measurement.
The barrel muon detector is based on a system of 240 chambers of drift tubes
arranged in four concentric stations. In the endcap regions, the muon detector
comprises four muon stations. The muon detector has the following functionality
and performance:

1. geometric coverage: pseudorapidity coverage up to |n| = 2.4 with the
minimum possible acceptance loses due to gaps and dead areas,

2. transverse momentum resolution for the muon detector alone for
0<|n<2: % = 0.06 — 0.1 for ppr = 10 GeV, 0.07 — 0.2 for pr = 100 GeV
and 0.15 — 0.35 for pyr =1 TeV,

3. transverse momentum resolution after matching with central detector for
0 < |g <2: 22 = 0.005—001 for pp = 10 GeV, 0.015 — 0.05 for
pr = 100 GeV and 0.05 — 0.2 for pr = 1 TeV,

4.  charge assignment: correct at 99 percent confidence level up to
pr = 7 TeV for the full n coverage,

5. muon trigger: precise muon chambers and fast dedicated detectors provide
a trigger with pr thresholds from a few GeV up to 100 GeV.

Trigger. For the nominal LHC design luminosity 1034 cm~2s~!, an average
of 20 inelastic events occur every 25 ns, the beam crossing time interval. The
input rate of 10° interactions per second must be reduced by a factor of at least
107 to 100 Hz, which is the maximum rate that should be achieved for off-line
analysis. CMS reduces this rate in two steps. The Level-1 trigger system operates
on a subset of the data collected from each LHC crossing. The processing is dead
timeless and the decision to collect the full set of data relating to a given crossing
is taken after a fixed latency of 3 us. The maximum event rate which can
be accepted by the Level-2 trigger, which again considers a subset of data, is
100 kHz. The Level-1 trigger system comprises the front-end electronics which
generates trigger primitives at the detector and the Level-1 processing logic in the
electronic barracks, interconnected electrically and optically. The Level-2 trigger
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is provided by an online processor farm. After a Level-2 positive decision, the
remainder of the full crossing data is requested for further processing by this farm
for the final (Level-3) decision.

The benchmarks for the trigger selection correspond to the final states which
are not interesting in their own right, but typical of final states expected in new
physics processes. They correspond to inclusive triggers that must be highly
efficient for new physics signatures. The benchmarks are:

1) electrons from inclusive W bosons,

2) muons from inclusive W bosons,

3) jets at high py,

4) high-p; photons,

5) missing Er,

6) low-pr multi-leptons (for b-physics).

8.2. ATLAS Detector [68]. The design of the ATLAS detector is similar
to the CMS detector. It also consists of inner detector (tracker), electromagnetic
calorimeter, hadron calorimeter, muon spectrometer and trigger. Here we briefly
describe the main parameters of the ATLAS subdetectors. A schematic view of
the ATLAS detector is shown in Fig. 18.

Inner Detector. The main parameters of the ATLAS inner detector at high-
luminosity running are:

1. tracking coverage over the pseudorapidity range || < 2.5,

2. momentum resolution of % < 0.3 at pr = 500 GeV for |n| < 2 and no
worse than 50 percent for || = 2.5,

3. polar-angle resolution of < 2 mrad,

4. tracking efficiency of > 95% over the full coverage for isolated tracks
with pr > 5 GeV, with fake-track rates less than 1% of signal rates,

5. tracking efficiency of > 90 % for all tracks with pr > 1 GeV in a cone
AR < 0.25 around high-pr isolated track candidates, with less than 10 % of
such tracks being fakes; here, AR is defined as the separation of the particles in
pseudorapidity-azimuth space,

6. electron-finding efficiency (integrated over all pp, and including the trig-
ger efficiency) of > 90% for a second electron with pr > 0.5 GeV near
a high-pr candidate, in order to suppress photon-conversion and Dalitz-decay
backgrounds,

7. high-pr electron identification efficiency above 90 % both in the trigger
and in the full reconstruction, including the effects of bremsstrahlung in the
tracker material,

8. combined efficiency of the calorimeter and inner detector in excess of 85 %
for finding photons in the p7 ~ 60 GeV, with an electron rejection factor > 500
and with an isolated 7° rejection factor > 3,
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Fig. 18. Three-dimensional view of the ATLAS detector

9. tagging of b jets with an efficiency > 30 % at the highest luminosity, with
a rejection > 10 against non b-hadronic jets,

10. measurement of the z coordinate of primary vertices with at least four
charged tracks to better than 1 mm,

11. provision of LVL2 track trigger to select isolated tracks with pp >
> 20 GeV with an efficiency > 90 % and a fake track rate of < 10 %, in a cone
of AR < 0.25 around high-E7 e.m. calorimeter clusters.

For initial lower-luminosity running the additional important parameters are:

1. tagging of b jets with an efficiency above 30 %, with a rejection > 50
against non b-hadronic jets,

2. the ability to reconstruct secondary vertices from b and 7 decays and
charged tracks from primary vertices and from secondary decay vertices of short-
lived particles with > 95 % efficiency for pr > 0.5 GeV over the full coverage,

3. reconstruction and identification of electrons with pr > 1 GeV with an
efficiency > 70 %.



SEARCH FOR STANDARD HIGGS BOSON AT SUPERCOLLIDERS 559

ECAL. The energy resolution is of 52 = %@0.007 for || < 2.5. Diphoton
mass resolution is estimated to be 1.4 GeV for Higgs boson mass mj; = 100 GeV
for L = 1034 cm~2s~! (for CMS the diphoton mass resolution is 775 MeV).

HCAL. Jet energy resolution is of A—EP = % @ 0.03 for jets and a segmenta-
tion of Anpx A® = 0.1x0.1 for || < 3 and A—EP = LE @ 0.1 and a segmentation

of An x A® = 0.1 x 0.1 for very forward calorimeter 3 < |n| < 5.

Muon Spectrometer. The muon momentum resolution is of % =0.02(pr =
= 20 GeV), S22 = 0.02(pr = 100 GeV), 222 = 0.08(py = 1 TeV) for ] < 3.

Trigger. The ATLAS trigger is organised in three trigger levels (LVLI,
LVL2, LVL3). At LVLI, special-purpose processors act on reduced-granularity
data from a subset of the detectors. The LVL2 trigger uses full-granularity,
full-precision data from most of the detectors, but examines only regions of the
detector identified by LVLI as containing interesting information. At LVL3, the
full event data are used to make the final selection of events to be recorded for
off-line analysis. The LVLI trigger accepts data at the full LHC bunch-crossing
rate of 40 MHz (every 25 ns) and reduces them to 100 kHz. The LVL2 trigger
reduces the rate from up to 100 kHz after LVL1 to about 1 kHz. After an event
is accepted by the LVL2 trigger, the full data are sent to the LVL3 processors
which must achieve a data-storage rate of 10 — 100 MB/s by reducing the event
rate and/or the event size.

9. SEARCH FOR STANDARD HIGGS BOSON AT THE LHC

In this section we give mainly the results of the simulations on the search
for Higgs boson at CMS detector [67,70-86]. We don’t give the review of the
corresponding ATLAS simulations [68,87-96] on the Higgs boson search because
the results in terms of the significances coincide up to 30%. However sometimes
we compare the CMS and ATLAS Higgs boson discovery potentials.

9.1. The Search for h — 7. One of the most important reactions for the
search for Higgs boson at LHC is

pp—)(h—wyy)—l—..., (103)

which is the most promising one for the search for Higgs boson in the most
interesting region 100 GeV < my < 140 GeV.

The key features that enable CMS detector to obtain clear two-photon
mass peaks, significantly above background throughout the intermediate mass
range, are:

i. an electromagnetic calorimeter with an excellent energy resolution (this
requires calibration to high precision, which in turn requires a good inner tracking
system),
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ii. a large acceptance (the precision electromagnetic calorimetry extends to
|n| = 2.5), adequate neutral pion rejection and (at high luminosity) a good
measurement of photon direction. This requires fine lateral segmentation and
a preshower detector,

iii. use of powerful inner tracking system for isolation cuts.

The cross section (including factor K = 1.5) times branching has been
estimated to be o Br(h — ~v) = 76 fb (68 fb) for m;, = 110(130) GeV, the
uncertainty in the cross section calculation is (10-30) percent. The imposition
of cuts (|n] < 2.5, p > 40 GeV, p)? > 25 GeV) allows one to decrease
the background in a reasonable magnitude. The jet background is reduced by
imposing an isolation cut, which also reduces the bremsstrahlung background.
Photon is defined to be isolated if there is no charged track or electromagnetic
shower with a momentum greater than 2.5 GeV within a region AR < 0.3
around it. The photons from the decay of 7¥ of the relevant transverse momenta
are separated in the calorimeter by a lateral distance of the order of 1 cm. An
efficiency of 64 % was assumed for reconstruction of each photon (i.e., 41 %
per event). The crystal calorimeter was assumed to have an energy resolution
AE/E = 0.02/vE @ 0.005 @ 0.2/F in the barrel and AE/E = 0.05/VE®
@0.005 © 0.2/F in the endcap, where there is a preshower detector. At high
luminosity, a barrel preshower detector covers |n| < 1.1, resulting in a resolution
AE/E = 0.05/v/E®0.00530.2/E and an ability to measure the photon direction
with resolution Aax = 40 mrad/+/E in this region.

The background to the h — ~+ may be divided into 3 categories:

1. Prompt diphoton production from quark annihilation and gluon fusion
diagrams — irreducible background.

2. Prompt diphoton production from bremsstrahlung from the outgoing quark
line in the QCD Compton diagram.

3. Background from jets, where an electromagnetic energy deposit originates
from the decay of neutral hadrons in a jet from 1 jet + 1 prompt photon.

The signal significance o = \/A][VLB is estimated to be 6.60(90) for m; =

= 110(130) GeV and for low luminosity Lioy,; = 3-10* pb™" and 100(130) for
myp = 110(130) GeV and for high luminosity Lpigh: = 10° pb™'. The general
conclusion is that at 50 level it would be possible to discover Higgs boson*

*It should be noted that more correct definition of the significance in future experiments when we
know only the average number of signal Ng and background Ng events is S = /Ng + Ng—+/Ng
[97]. More appropriate characteristic for future experiments is the probability of the discovery, i.e.
the probability that future experiment will measure the number of events Ne,, such that the probability
that standard physics reproduces Ne, is less than 5.7 - 10~7 (5¢). For instance, for the standard
Higgs boson search with mj, = 110 GeV and for L = 3 - 10* pb—!(2-10* pb~1) the standard
significance is 6.6(5.4). At the language of the probabilities it means [97] that the CMS will discover
at > 50 the Higgs boson with the probability 96(73) percent.
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Fig. 19. (a) Background-subtracted 2y mass plot for 10°pb~! with signals at
mp = 90, 110, 130 and 150 GeV in PbWOy calorimeter (CMS). (b) Signal significance
contours for 10°pb~! taken at high luminosity (CMS) (H = h)

for 95 GeV < my < 145 GeV at low luminosity and at high luminosity the
corresponding Higgs boson mass discovery interval is 85 GeV < my, < 150 GeV
(see Fig. 19).

Comparison of the ATLAS and CMS discovery potential for the h — ~v
channel has been made in Ref.89. The ratio between the CMS and ATLAS
significances is determined by the formula

Soms  [Am(ATLAS) " - (CMS)
SatLas || Am(CMS) ~ €,(ATLAS)’

(104)

where A,,, the diphoton mass resolution, and e, the total photon efficiency
(trigger, identification, reconstruction), are detector dependent. In ATLAS and
CMS the photon identification efficiencies are 80% [68] and 71% [67] corre-
spondingly. However the diphoton mass resolution is better in CMS. According
to the Technical Proposals for m; = 110 GeV the diphoton mass resolutions are:

A, (CMS) = 0.54 GeV, A, (ATLAS) = 1.25 GeV (low luminosity),
A (CMS) = 0.87 GeV, A, (ATLAS) = 1.43 GeV (high luminosity).

The main conclusion of Ref.89 is that the discovery potential of the CMS
(in terms of o) is 10 % and 30 % better than ATLAS at high- and low-luminosity
stages correspondingly (for my = 110 GeV).
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9.2. Search for i — v in Association with High-F; Jets. The idea
to look for Higgs boson signal associated with a high-p; jet in the final state
was considered in Ref. 82, where the matrix elements of signal subprocesses
g9 — g+ h, g¢g — q+ h and qqg + h have been calculated analytically in the
leading order a3. One kind of reducible background comes from the reactions
99 — Y+9+4. 99 — 7+a+3G ¢ — v+4q(g)+4q (g) in the cases when the final
gluon or quark produces an energetic photon without further jet generation. Other
kind of reducible background comes from the subprocesses qg — v + ¢q,qqy + g
when the second photon is produced during the quark or gluon fragmentation
but this jet is still detected. Third kind of reducible background could come
from the pure QCD subprocesses 2 — 2 type, when both particles in the final
state are gluons and quarks. There is nonzero probability to get two separated and
energetic photons from the fragmentating of quarks and gluons. There are possible
coptributions frpm the following subprocesses: gg — ¢(q) + 9(q), 99 — g + q,
qq — q(g) +q (9)-

The typical set of cuts used to separate signal from background is [82]:

(Cl) Two photons are required with p; > 40 GeV, and ||, < 2.5 for
each photon.

(C2) Photons are isolated from each other by AR(~v1,72) > 0.3.

(C3) Jet has high transverse energy Eiet > 40 GeV and is centrally produced,
|7]jet| < 2.4.

(C4) Jet is isolated from the photons by AR(jet,y;) > 0.3 and
AR(jet,v2) > 0.3.

For the Higgs boson mass 100 GeV < M}, < 150 GeV and for an integrated
luminosity 10 fb~' this channel has dozens of signal events with a number
of background events only by a factor of 2-3 higher [82]. The significance
Ns/v/Np ~ 4.0;5.3 and 4.1 for M} = 100,120 and 140 GeV respectively,
indicating good prospects for discovery of the light Higgs boson at low LHC
luminosity. These results also imply that at high luminosity phase with year
luminosity of 10° pb~" LHC will give hundred of events with high p; associated
with hard jet with the signal significance ~ 15.

Note that recent study [92] of the signature vy + jets for ATLAS detector
confirms the main results of Ref. 82.

The possibility of searching for h — vy with > 2 large-Er jet also allows
one to improve signal/background ratio. There are several sources of such Higgs
+ jet events. One is the next-to-leading order corrections to gg — h with hard
gluons. Others are the associated production of tth, Wh, Zh and the WW and
Zh fusion mechanisms.

The cuts that provide optimal sensitivity are [73]:

i. Two isolated photons are required, with p;* > 40 GeV and p;* > 60 GeV,
In| < 2.5 and p;” > 50 GeV.
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ii. Number of jets > 2, Eiet > 40 GeV for the central jets (|n] < 2.4) and
Ei°t > 800 GeV for the forward ones (2.4 < || < 4.6).

iii. Photons are isolated with no charged or neutral particles with p; > 2 GeV
within a cone AR < 0.3 around each photon’s direction.

iiii. ~-jet isolation AR(y,jet) > 1.5 (to suppress the bremsstrahlung
contribution).

The calculations give encouraging results, namely for Lyjgn ¢ = 1.6- 105 pb*1
it would be possible to discover the Higgs boson for 70 GeV < mj, < 150 GeV
with > 7o signal significance. Note that the background is not only much smaller
in magnitude than in the inclusive h — ~~y search, but it is also peaked at higher
masses, away from the most difficult region m(yvy) < 90 GeV.

93. h — WHtW~ — [Tvi~v Signature. Recently it has been shown [83]
that the previously ignored signature pp — h — WTW = — [Tvl' 1/ provides
the Higgs boson discovery for the Higgs boson mass region between 155 GeV
and 180 GeV at the LHC. The proposed signature does not require extraordinary
detector performance and only requires a relatively low integrated luminosity of
about 5 fb™'.

The main background production reactions are

pp — (WHW =, WEZ° tt, WEt(b) + ...). (105)

The most important selection criteria for the enhancement of the signal over
the background are the following [83]:

1. Events which contain two isolated high-p; charged leptons, electrons or
muons, which are inconsistent with Z decays are selected. Both leptons should
have a pseudorapidity |n| of less than 2.4 and their p; should be larger than
25 GeV and 10 GeV respectively. The dilepton mass should be larger than
10 GeV and more than 5 GeV different from Z boson mass if the event consists
of ete™ or uTp~ pairs.

2. Background from t£ — bW bW~ and gb — Wtb — WbW (b) is reduced
by vetoing events which contain jets with p; of more than 20 GeV and || < 3.

3. Signal events from gluon-gluon scattering are more central than the
W+W = background from ¢q scattering. This criterium is essentially indepen-
dent of the mass. Therefore it is required that the polar angle of the reconstructed
dilepton momentum vector, with respect to the beam direction, is larger than 30
degrees and that the absolute value of the pseudorapidity difference of the leptons
is smaller than 1.25. As a result both leptons are found essentially within the
barrel region of the experiments with |n| < 1.5.

4. The WTW ™ spin correlations and the V — A structure of the W decays
result in a distinctive signature for W~ pairs produced in Higgs boson de-
cays. For Higgs boson mass close to 2 x My, the W boost is small and the
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opening angle between the two charged leptons in the plane transverse to the
beam direction is small.

The results of the analysis [83] demonstrate that this signature provides not
only the Higgs boson discovery channel for a mass range between
(155 — 180) GeV with S/B > 0.35 but also helps to establish a LHC Higgs
boson signal for masses between (120—500) GeV. Recent simulations study [84]
based on PYTHIA to generate events and CMSCIM calorimeter simulation for
the jet veto confirm qualitatively the results of Ref. 83. Numerically they give for
my, = 130 GeV 30 % lower efficiencies for the signal and DY background and
about a factor 2 higher overall efficiency for tt background [84].

Note that in Ref.98 the signature h — W W) — eTuFpRs in weak bo-
son fusion mechanism with forward jet tagging has been investigated*. The main
conclusion of Ref. 98 is that the use of this signature allows one to detect Higgs
boson in the (130 — 200) GeV range with a much better signal to background
ratio than inclusive signature h — e*pT pihis,

94. h — ZZ*(ZZ) — 4 Leptons. mj < 2myz Region. The channel
h — ZZ* — 41 is the most promising one to observe Higgs boson in the mass
range 130 GeV — 180 GeV. Below 2M the event rate is small and the back-
ground reduction more difficult, as one of the Z is off-mass shell. In this mass
region the width of the Higgs boson is small (I', < 1 GeV), and the observed
width is entirely determined by the instrumental mass resolution. The significance
of the signal is proportional to the four-lepton mass resolution (S = Ng/v/Ng)
and Np ~ oy, so the lepton energy/momentum resolution is of decisive
importance™*.

In the m;, < 2M, mass region, the main backgrounds are from t, Zbb
and ZZ*. The ZZ* background is irreducible and peaks sharply near the ZZ
threshold. The Zbb background cannot be reduced by a Z-mass cut, but it can be
suppressed by lepton isolation. The ¢f background can be reduced by a Z-mass
cut and by isolation cuts. The standard event cuts in CMS were chosen the
following [67]: one electron with p; > 20 GeV; one with p; > 15 GeV, and the
remaining two electrons with p; > 10 GeV, all within |n| < 2.5. For muons, the
corresponding p; cuts are 20, 10 and 5 GeV in the rapidity range || < 2.4. For
mp, = 130 GeV the overall (kinematic and geometrical) acceptance for the four-

*Other very interesting signature for the standard Higgs boson detection is h — 77 in weak
boson fusion. Results of recent paper [99] give some evidence that it would be possible to detect
standard Higgs boson in the mass range 120 — 140 GeV using this signature.

**Typical Higgs boson mass resolutions in this mass range are: o4, ~ 1 GeV, 04 = 1.5 GeV
(CMS) [67] and 04, ~ 1.6 GeV, 04 ~ 1.6 GeV (ATLAS) [68]. The comparison of the CMS and
ATLAS discovery potentials with h — ZZ* — 4 leptons based on the analyses presented in the
two Technical Proposals has been performed in [88]. The main conclusion of the Ref. 88 is that in
terms of significances ATLAS and CMS discovery potentials coincide up to 30%.
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electron channel is 22 % and for the four-muon channel 42 %. For mj, = 170 GeV
these acceptances increase to 38 % and 48 % respectively. To select h — ZZ*
events and suppress the large ¢f background, one of the ete™ or putpu~ pairs
was assumed to be within +£20 7 of the Z mass. There is a fraction of events
where both Z are off-shell. This effect results in a 24 % loss for m;, = 130 GeV,
decreasing to 12% for mj, = 170 GeV. The My cut reduces tt background by
a factor of 11 in the Z — p™p~ channel and by a factor of 5 in the Z — eTe™
channel. For two softer leptons, M (Il) > 12 GeV is also required. One can say
that for the region 130 GeV < my, < 180 GeV and for Lyjgh ¢ = 105 pb_1 CMS
will discover the Higgs boson with > 5¢ signal significance (see Fig. 20) except
narrow mass region around 170 GeV where ¢ x Br has a minimum due to the
opening of the h — WW channel and drop of the h — ZZ* branching ratio just
below the ZZ threshold. Note that the imposition of the additional cut on the
mass of the second (lighter) lepton pair to mgs < 76 GeV leads to a considerable
signal improvement in this critical region. At low luminosity L = 2-10* pb™!
Higgs boson can be discovered at CMS in the mass range m; = (130—150) GeV.

130, cut,
tracker isol., all leptons:
- (R=0.2;p;>2.5GeV),
8, (IP/O) <3
S 80 =
Il
£ B 7
p 60
- — —
L
> — —
S
S 40 .
2 - tt+2Zbb+22* -
o
a 20 “L—Jl \ :
0 L 1LJ I I I L - L “"1” 7‘1 i »1 el
100 120 140 160 180 200
M(41F), GeV

Fig. 20. The four-lepton mass distributions for b — ZZ* — 4I* in CMS, superimposed
on the total background, for m;, = 130, 150 and 170 GeV with 10°pb~! (H = h)

h — ZZ — 4l. For 180 GeV < myj, < 800 GeV, this signature is considered
to be the most reliable one for the Higgs boson discovery at LHC, since the
expected signal rates are large and the background is small. The main background
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Fig. 21. The four-lepton mass distributions for h — ZZ — 41 in CMS, superimposed on
the ZZ continuum background, for m; = 300 GeV with 2 - 104pb_1 (a) and for mj, =
=500 GeV with 10°pb™" (b); \/s = 14 TeV (H = h)

to the h — ZZ — 4l* process is the irreducible ZZ production from qg — ZZ
and gg — ZZ. The tt and Zbb backgrounds are small and reducible by a Z-mass
cut. The typical cuts are the following [76,77]:

1. One electron with pr > 20 GeV, one with pr > 15 GeV, and the
remaining two electrons with pp > 10 GeV, all within |n| < 2.5.

2. For muons the corresponding pr cuts are 20, 10 and 5 GeV, and the
rapidity coverage is |n| < 2.4.

3. To avoid any residual tf background a cut on the Z mass by m;+;- =
=my + 40z, with 07 = 3 GeV is used.

The use of the above determined cuts allows one to detect the Higgs boson
at > 50 level up to ~ 400 GeV at 10* pb~! and up to my ~ 650 GeV
at 10° pb_1 [77] (see Fig.21). As it has been demonstrated in Ref.77 the
imposition of the additional cut p%l + p? > myzz/1.4 allows one to extend the
CMS discovery potential up to 650 GeV(3 - 10* pb™'), 750 GeV(10° pb™'),
850 GeV(3-10° pb™1).

Similar results have been obtained for ATLAS [91].

9.5. The Use of the Signature pp — v+ Lepton. The Wh — lvy + X and
tth — lyy + X final states are other promising signature for the Higgs boson
search. The production cross section is smaller than the inclusive h — 7~ by
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a factor of ~ 30. However the isolated hard lepton from the W and ¢ decays
allows one to obtain a strong background reduction and to indicate the primary
vertex at any luminosity.

Typical choice of cuts is the following [67,72]:

1. pf* > 40 GeV,p;? > 20 GeV, transverse momentum cuts for photons,

2. pi > 20 GeV, transverse momentum cuts for electron (or muon),

3. el < 2.4, m| < 2.4, rapidity cuts for both photons and electron
(or muon),

4. AR(y1,72) > 0.3, AR(v,1) > 0.3, isolation cuts for photon or photon-
lepton pair.

Here AR = /d¢? + dy? is the separation between two particles in the
¢—y plane. The main background comes from the reactions pp — vy + tt,
pp — vq(q + e*v), pp — g + eFv with a gluon jet misidentified as a photon,
pp — v + ete” with an electron misidentified as a photon, pp — y~bb with a b
quark misidentified as an electron.

The main conclusion is that for an integrated luminosity 165fb~" in both
channels pp — Wh and pp — tth in the two-photon invariant mass interval
M, — 1 GeV < M,, < M, +1 GeV there are ~ 100 signal events for
My, = 120 GeV and ~ 20 irreducible background events if the photon transverse
momentum cuts are 20 GeV. If the photon transverse momentum cuts are taken
to be 40 GeV there are ~ 50 signal events and 1 — 2 background events. Higgs
peak can be observed practically free from the background. However in the
low luminosity regime the reaction pp — 7 + lepton is able to produce only
4 — 5 clean signal events. So only in the high luminosity phase it allows one
to make an important cross-checking if the Higgs signal has shown up before in
pp — h + ... — v+ ... classical signature.

9.6. The Use of Channels h — WW — llvv, h - WW — lvjj and
h — ZZ — lljj. The channel hh — [lvv has a six times larger branching than
h — 41%. The main background comes from ZZ, ZW, tt and Z + jets. The
chosen cuts are the following [67]:

1. E™iss > 100 GeV.

2. Two isolated leptons are required, with p; > 20 GeV, || < 1.8 and
pit > 60 GeV.

3. |MZ — Mlll <6 GeV.

4. No other isolated leptons with p; > 6 GeV.

5. No central jets with F; > 150 GeV.

6. No jets back-to-back with leptons (cosine of the angle between the mo-
mentum of the lepton pair and sum of the momenta of the jets is > —0.8).

7. E™iss vector back-to-back with the lepton pair (cosine of the angle in the
transverse plane between the two-lepton momentum and the missing transverse
momentum < 0.8).
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Fig. 24. Expected observability of the Standard Model Higgs as a function on my in CMS
with 10°pb~! (Ref.79) (H = h)

The conclusion [67,86] is that using this mode it would be possible to
discover Higgs boson in the interval 400 GeV < my < (800 — 900) GeV (see
Figs. 22, 23).

The channels h — WW — lvjj and h — ZZ — lljj are important in the
mp, ~ 1 TeV mass range, where the large W, Z — ¢g branching ratios must be
used. Also high lepton pairs with my ~ My for h — ZZ or a high-p; lepton
pair plus large ES for h — W W must be used. In addition, two hard jets from
the hadronic decays of Z/W with m;; ~ M,y are required. The backgrounds
are: Z + jets, ZW, WW, tt, WW, WZ. For m; ~ 1 TeV the Higgs boson
is very broad (I'y, &~ 0.5 TeV and WW/ZZ fusion mechanism represents about
50 percent of the total production cross section), therefore forward-region signa-
ture is essential. The appropriate cuts are the following:

i. Emiss > 150 GeV, pl > 150 GeV, p/¥ > 300 GeV for h — WW, or
pl > 50 GeV, p? > 50 GeV, pZ > 150 GeV, |mz — my| < 10 GeV for
h— ZZ.

ii. |mj; —mw,z| <15 GeV for the central jet pair.

iii. EgEt > 10 GeV, Bt > 400 GeV, || > 2.4 for the two forward
tagging jets.
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Fig. 25. Expected observability of the Standard Model Higgs as a function on myg in CMS
with 3-10*pb~! and with 10*pb™! (Ref.79) (H = h)

The main conclusion [67,78] is that the use of the reactions h — WW —
— lvjj and h — ZZ — lljj allows one to discover the heavy Higgs boson with
a mass up to 1 TeV for Lyig ¢ = 10° pb™ .

9.7. Summary. The most reliable signatures for the search for the Higgs
boson at LHC are the following:

1. h = yyorh— yy+ jets.

2. h— ZZ*, 27 — 4 1%,

3. h—WHW— = Itvi~ v,

4. h— ZZ,WW — v, lljj, lvjj.

Figures 24, 25 show the expected CMS discovery potential of the standard
Higgs boson as a function of my, for integrated luminosities of 10° pb~' and
3-10%* pb™*. For L = 10° pb~' CMS is able to discover the Higgs boson at
> 50 level for the entire mass region (95 GeV-1 TeV). For low luminosity stage
with L = 3-10° pb~! CMS is able to discover Higgs boson with a mass up to
~ 600 GeV.
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10. CONCLUSION

There are no doubts that at present the supergoal number one of the ex-
perimental high energy physics is the search for the Higgs boson — the last
nondiscovered cornerstone of the Standard Model. At present the LEP2 experi-
mental bound on the Higgs boson mass is m; > 102.6 GeV. In a year, LEP2
will be able to discover the Higgs boson or to increase a lower bound up to
(105 — 110) GeV. LHC is able to discover the Higgs boson with a mass up to
1 TeV and to check its basic properties. The experimental Higgs boson discovery
will be triumph of the idea of the renormalizability (in some sense it will be
the «experimental proof» of the renormalizabilty of the electroweak interactions)
which mathematical cornerstone is the famous Bogoliubov—Parasiuk theorem. At
any rate after LHC we will know the basic mechanism (Higgs boson or something
more exotic?) of the electroweak symmetry breaking.

We thank our colleagues from INR theoretical department for useful dis-
cussions. We are indebted to S.I.Bityukov for his help in preparation of the
manuscript. The research described in this publication has been supported by
RFFI grants 99-02-16956 and 99-01-00091.
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A chiral Lagrangian containing, besides the usual meson fields, their first radial excitations
is constructed. The Lagrangian is derived by bosonization of a Nambu—Jona-Lasinio (NJL) type
quark model with separable nonlocal interactions. The nonlocality is described by form factors
corresponding to 3-dimensional excited state wave functions. The spontaneous breaking of chiral
symmetry is governed by the standard NJL gap equations. A simple SU(2) x SU(2) version of the
model is used to demonstrate all low-energy theorems to hold valid in the chiral limit.

A more realistic U(3) x U(3) model with ’t Hooft interaction is constructed to describe the
mass spectrum of excited scalar, pseudoscalar, and vector mesons. On the basis of global chiral
symmetry, we use the same form factors for the scalar and pseudoscalar mesons. Having fixed the
form factor parameters by masses of pseudoscalar mesons, we predict the mass spectrum of scalar
mesons. This allows us to interpret experimentally observed scalar, pseudoscalar, and vector meson
states as members of quark-antiquark nonets. It is shown that the ag(1450), K (1430), fo(1370),
f7(1710) scalar meson states are the first radial excitations of the ground states: ao(980), K (960),
f0(400 — 1200), fo(980). The weak decay constants Fr, F./, F, Fy and the main strong decay
widths of the scalar, pseudoscalar, and vector meson nonets are calculated.

IocTpoeH Kup JbHOM J1 TP HXHU H, COIEPX M KpoMme OOBIYHBIX ME30HHBIX MOJICH UX IepBble
p au jbHble BO30yxjeHud. JI rp HXM H nomydyeH GO30HM3 LMEH KB pPKOBOil Mouenu tun H mOy—
Hon -J1 3urno (HWJI) ¢ cenm p GenbHBIM HENOK JBbHBIM B3 UMopeiicTBHeM. Hellok JIBHOCTb OIHCHI-
B ercsi (hopM( KTOp MH, COOTBETCTBYIOIIMMH TPEXMEPHBIM BOJHOBBIM (DYHKLMSIM BO30YXKIEHHBIX Me-
30HOB. CIHIOHT HHOE H pyLIEHHME KUpP JIbHOH CHMMETpUM OIlpejensercs yp BHEHWeM H wienb. H
npocrom npumepe SU(2) x SU(2)-Bepcun 3TON MOIEIN HPOJEMOHCTPHPOB HO BBIIIOJIHEHHE BCEX
HU3KO3HEPreTHYEeCKUX TEOPEM B KUP JIbHOM IIpesele.

Uit OIKC HHUS CHEKTP M CC BO3GYXICHHBIX CK JISIPHBIX, IICEBIOCK JIIPHBIX M BEKTOPHBIX Me30-
HOB moctpoeH Goree pe muctidd st U(3) x U(3)-momens ¢ B3 mmoneiictBueM 1T Xodr . B cuy
D100 JIBHOH KHp JIBHOH CHMMETPHH, MBI WCIIONb3yeM OIMH KOBble (opMcp KTOpbl IS CK JISIPHBIX
¥ TICEBNOCK JIPHBIX Me30HOB. PuKcHpys I p MeTpbl opMd KTOPOB IO M CC M IICEBIOCK JIIPHBIX
ME30HOB, MBI IPECK 3bIB €M CIIEKTP M CC CK JIIPHBIX ME30HOB. DTO MO3BOISET H M HHTEPIIPETH-
POB Tb BKCIEPHMEHT JIBHO H OJIIOX eMble CK JIPHBIC, IICEBIOCK JIIPHBIE ME3OHHBIC COCTOSHHS K K
4IeHbl KB PK- HTHKB PKOBBIX HOHETOB. ITOK 3 HO, YTO CK JIIPHBIE ME3OHHBIE COCTOSHIE ag(1450),
K (1430), fo(1370), f7(1710) sBisioTcs NepBBIMU P XU JIHBIME BO30YXXIEHHSIMI OCHOBHBIX COCTO-
sHnit ag (980), K (960), fo(400 — 1200), fo(980). BbruaucineHs KOHCT HTHI ¢/ GbIX p CIf 0B Fr,
F./, Fr, Fy/ ¥ UPHHBI OCHOBHBIX CWIBHBIX P CII OB CK JIAPHBIX, [ICEBIOCK JIAPHBIX M BEKTOPHBIX
HOHETOB ME30HOB.
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1. INTRODUCTION

The investigation of radial excitations of the scalar, pseudoscalar, and vector
meson nonets is of great interest in the hadronic physics. So far, there are
questions connected with the experimental and theoretical description of radial
excitations of scalar and pseudoscalar mesons. For instance, the experimental
data on the excited states of kaons [1] are rare and not reliable enough. There
are also problems with interpretation of the experimental data on the scalar and
1, 7’ mesons. Several years ago, attempts were undertaken to consider the state
1’ (1440) as a glueball [2], however, the authors in [2] came to conclusion that
this state is rather a radial excitation of 7'(958).

There is an analogous problem with interpretation of the scalar states f(1500)
and fp(1710). Moreover, the experimental status of the lightest scalar isoscalar
singlet meson remains unclear. In some papers, the resonance f,(1370) was
considered as a member of the ground nonet [3,4], and until 1998 the resonance
f0(400 — 1200) was not included into the summary tables of PDG review™ [1].

One will find a problem of the same sort in the case of K5. The strange meson
K (1430) seems too heavy to be the ground state: 1 GeV is more characteristic
of the ground meson states (see [35,6]).

Anticipating the results of our review we would like to note that some of
these problems were solved in a number of our works which resulted in the
present work. From our calculations, for example, we concluded that the states
1(1295) and n(1440) can be considered as radial excitations of the ground states
n and n’. The estimates of their strong decay widths also confirm our conclusion.
Let us note that these meson states are essentially mixed. Our calculations also
showed that we can interpret the scalar states fo(1370), ag(1450), fo(1710), and
K (1430) as the first radial excitations of fy(400 — 1200), a0(980), f(980), and
K (960).

A theoretical description of radially excited pions poses some interesting
challenges. The physics of the ground states of mesons (pions) is completely
governed by the spontaneous breaking of chiral symmetry (SBCS). A convenient
way to derive the properties of soft pions is the use of an effective Lagrangian
based on a nonlinear or linear realization of chiral symmetry [7]. When attempting
to introduce higher resonances to extend the effective Lagrangian description
to higher energies, one must ensure that the introduction of new degrees of
freedom does not spoil the low-energy theorems for pions which are universal
consequences of chiral symmetry.

Attempts to describe heavier analogs of the pion, vector mesons, and 7, 7’
mesons as the radial excitations of well-known ground meson states were made

*However, in earlier editions of PDG the light o state could still be found; it was excluded later.
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by authors in [2] within the framework of the nonlocal 3 P, potential quark model.
This approach was based on nonrelativistic and relativistic quantum mechanics
where mesons are treated as bound gg systems.

A useful guideline in the construction of effective meson Lagrangians is the
Nambu—Jona-Lasinio (NJL) model that describes SBCS at the quark level with a
four-fermion interaction [8—11]. The bosonization of this model and the derivative
expansion of the resulting fermion determinant reproduce the Lagrangian of the
linear sigma model that embodies the physics of soft pions as well as higher—
derivative terms. With appropriate couplings the model allows one to derive also
a Lagrangian for vector and axial-vector mesons. This gives not only the correct
structure of terms of the Lagrangian as required by chiral symmetry, but also
quantitative predictions for the coefficients, such as Fy, Fik, gx, gp, etc.

One may, therefore, hope that a suitable generalization of the NJL model can
provide means for deriving an effective Lagrangian including also the
excited mesons.

When extending the NJL model to describe radial excitations of mesons, one
has to introduce nonlocal (finite-range) four-fermion interactions. Many nonlocal
generalizations of the NJL model were proposed, by using either covariant—
Euclidean [12] or instantaneous (potential-type) [13, 14] effective quark inter-
actions. These models generally require bilocal meson fields for bosonization,
which makes it difficult to perform a consistent derivative expansion leading to
an effective Lagrangian.

A simple alternative is to use separable quark interactions. There is a number
of advantages of working with that scheme. First, separable interactions can be
bosonized by introducing local meson fields, just as the usual NJL model. One
can thus derive an effective meson Lagrangian directly in terms of local fields and
their derivatives. Second, separable interactions allow one to introduce a limited
number of excited states and only in a given channel.

An interesting method for describing excited meson states in this approxi-
mation was proposed in [15]. The authors suggested to consider SBCS in the
vicinity of a polycritical point where either all or some of the coupling constants at
four-fermion vertices exhibit critical behavior; the critical values of the coupling
constants are given by solutions of a set of mass-gap equations. They selected
a minimal type of separable four-quark interaction which is most important for
the process of SBCS. In this model the form factors are chosen as orthogonal
functions, so there is a freedom in their choice up to an arbitrary rotation. All
calculations are made in the Euclidean space, by using the approximation of
large N. and log A where A is the ultra-violet cut-off in the model. An interest-
ing result of this approach is that for an arbitrary choice of coupling constants
in the vicinity of polycritical point there are multiple solutions with a different
critical behavior. Therefore, a problem appears — which of the solutions is
realized in nature.
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Another advantage of the separable interaction is that it can be defined in
Minkowski space in a 3-dimensional (yet covariant) way, with form factors de-
pending only on a part of the quark—antiquark relative momentum transverse to
the meson momentum [14, 16, 17]. This is essential for a correct description
of excited states, since it ensures the absence of spurious relative—time excita-
tions [18]. Finally, as we have shown [17], the form factors defining the separable
interaction can be chosen so that the gap equation of the generalized NJL model
coincides with the one of the usual NJL model, whose solution is a constant
(momentum—independent) dynamic quark mass. Thus, in this approach it is pos-
sible to describe radially excited mesons above the usual NJL vacuum. Aside
from the technical simplification, the latter means that the separable generalization
contains all the successful quantitative results of the usual NJL model.

Our paper consists of five Sections. In the second Section, we illustrate our
method on the basis of a simple SU(2) x SU(2) model. Here we prepare grounds
for the choice of the form factors to be used in a more realistic model. It will be
shown that we can choose these form factors such that the gap equation conserves
its conventional form and has a solution corresponding to a constant constituent
quark mass. The quark condensate also does not change after the inclusion of
excited states into the model, because the tadpole associated with the excited
scalar field is equal to zero (the quark loop with the one excited scalar vertex,
vertex with a form factor).

In this Section, we derive an effective chiral Lagrangian describing 7 and 7/
mesons from a generalized NJL model with separable interactions. In Subsec-
tion 2.1, we introduce the effective quark interaction in the separable approx-
imation and describe its bosonization. We discuss the choice of form factors
necessary to describe excited states. In Subsection 2.2, we solve the gap equation
defining the vacuum, derive the effective Lagrangian of the 0~ meson fields, and
perform the diagonalization leading to the physical 7 and 7’ states. The effective
Lagrangian describes the vanishing of the 7 mass (decoupling of the Goldstone
boson) in the chiral limit, while 7’ remains massive. In Subsection 2.3, we derive
the axial vector current of the effective Lagrangian using the Gell-Mann—Levy
method and obtain a generalization of the PCAC formula which includes the
contribution of 7’ to the axial current. The leptonic decay constants of the 7w and
7' mesons, F, and F,/, are discussed in Subsection 2.4. It is shown that F/
vanishes in the chiral limit as expected. In Subsection 2.5, we fix the parameters
of the model and evaluate the ratio F,//F, as a function of the 7’ mass.

In the third Section, we use the method demonstrated in Section 2 for a real-
istic description of radially excited states of the scalar, pseudoscalar, and vector
meson nonets where ’t Hooft interaction is included in addition to conventional
chirally symmetric four-quark vertices. This allows us to solve the so-called
U4 (1) problem and describe the masses of ground and excited states of the 7 and
7’ mesons.
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We take account of the connections of the scalar and vector coupling con-
stants which appeared in this model and an additional renormalization of the
pseudoscalar fields connected with the pseudoscalar—axial-vector transitions. For
simplicity, we suppose that the masses of u and d quarks are equal to each other
and take into account only the mass difference between (u, d) and s quarks
(m,, and mg). Then, we have in this model six basic parameters: m,, ms, A3
(3-dimensional cut-off parameter), G and Gy (four-quark coupling constants for
the scalar—pseudoscalar coupling (G) and for the vector—axial-vector coupling
(Gy)) and constant K characterizing the 't Hooft interaction. To define these pa-
rameters, we use the experimental values: the pion decay constant F; = 93 MeV,
the p-meson decay constant g, ~ 6.14 (g%/(47r) =~ 3), the pion mass M, =~
~ 140 MeV, p-meson mass M, = 770 MeV, the kaon mass Mg ~ 495 MeV,
and the mass difference of the 1 and 7’ mesons. Using these six parameters, we
can describe the masses of four ground meson nonets (pseudoscalar, vector, scalar,
and axial-vector) and all the meson coupling constants of strong interactions of
mesons with each other and with quarks.

For the investigation of excited states of the mesons it is necessary to consider
nonlocal four-quark interactions. In Section 3, it is shown that for the description
of excited states of the scalar, pseudoscalar, and vector meson nonets we have
to use seven different form factors in the effective four-quark interactions. Each
form factor contains only one free (external) parameter. There are also slope
(internal) parameters which are to be fixed by the condition of preserving gap
equations in the standard form (see Section 2). We use the same form factors for
the scalar and pseudoscalar mesons, which is required by chiral symmetry. This
allows us to predict masses of the excited scalar mesons.

In Subsection 3.1, we introduce the effective quark interaction in the separa-
ble approximation with 't Hooft terms and describe its bosonization. We discuss
the choice of the form factors necessary to describe excited states of the scalar,
pseudoscalar, and vector meson nonets. In Subsection 3.2, we derive the effec-
tive Lagrangian for the ground and excited states of the strange and isovector
scalar and pseudoscalar mesons, and perform the diagonalization leading to the
physical ground and excited meson states. In Subsection 3.3, we diagonalize the
Lagrangian for the isoscalar, scalar and pseudoscalar (ground and excited) mesons
and take into account singlet-octet mixing. In Subsection 3.4, we consider vector
mesons. In Subsection 3.5, we fix the parameters of the model and evaluate the
masses of the ground and excited meson states and the weak decay constants F,
F., Fg, and Fi.

In Section 4, we calculate strong decay widths of excited states of the scalar,
pseudoscalar, and vector mesons and compare them with experimental data. In
Subsection 4.1, we consider decays of the first radial excitations of 7, p, and w
meson states. Decays of strange mesons are calculated in Subsection 4.2. Then,
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in Subsection 4.3, we calculate decay widths of the scalar mesons. Finally, the de-
cay widths of excited 1 and 7' mesons are estimated in Subsection 4.4.

In Section 5 (Conclusion), we briefly discuss our results, give interpretation of
the members of meson nonets, and foresee ways of further developing our model.

In Appendix A, we collected some lengthy formulae defining the free part
of the effective Lagrangian for isoscalar, scalar and pseudoscalar mesons. In
Appendix B, we displayed in detail some instructive calculations of strong decay
widths of mesons.

2. SU(2) x SU(2) MODEL

2.1. Nambu-Jona-Lasinio Model with Separable Interactions. In this Sec-
tion, we construct an SU(2) x SU(2) NJL-like chiral quark model with quark
interaction of the separable type to describe the ground and first radially excited
states of pions and o mesons. Although, a realistic description of the meson
physics requires consideration of a U(3) x U(3) version (which we will do in
the next Section), we find it instructive to show the basic principles of the model
with this simple case. The content of the section corresponds to Ref. 17.

In the usual NJL model, SBCS is described by a local (current—current)
effective quark interaction. The model is defined by the action

S0 = [ deie) (9 - m®) vi) + S 1)
Sue = 5 [ dolin(@in(@) + i3(e)i3(0), @

where j, - (x) denote, respectively, the scalar—isoscalar and pseudoscalar—isovector
currents of the quark fields (SU(2) flavor),

Jo () = (@) (x), Jn (@) = P(@)ins A (x). 3)

The model can be bosonized in a standard way by representing the 4-fermion
interaction as a Gaussian functional integral over scalar and pseudoscalar meson
fields [8-11]. Since the interaction, Eq.(2), represents a product of two local
currents, the bosonization is achieved through local meson fields. The effective
meson action obtained by integration over quark fields is thus expressed in terms
of local meson fields. By expanding the quark determinant in derivatives of the
local meson fields, one then derives the chiral meson Lagrangian.

The NJL interaction, Eq. (2), describes only ground-state mesons. To include
excited states, one has to introduce effective quark interactions with a finite range.
In general, such interactions require bilocal meson fields for bosonization [12,14].
A possibility to avoid this complication is to use a separable interaction that is still
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of current—current form, Eq. (2), but allows for nonlocal vertices (form factors)
in the definition of quark currents, Eq. (3),

- G N
S = 5 [0 nslalieslo) 4 @) 0] @
=1
Joilx) = /d4$1/d4$2 V(1) Fpi(@; 1, 22) 0 (22), (5)
joe) = / d'a, / Qs (o) F2 (3 21, 22)(22). ©)

Here, Fy i(2;21,%2), Fif j(z;21,72), i = 1,... N, denote a set of nonlocal scalar
and pseudoscalar fermion vertices (in general, momentum— and spin—dependent)
to be specified below. Upon bosonization Eq. (4) leads to the action

Shos[t), Y3 01,1, .. .oN, TN] =

/d4:cl/d:cg1/):cl [u?xz m®) §(z1 — x2) +

/d4xz 0i(2)Foi(x; 1, 22) + 7f () Fy s (w501, 22) ) | p(22) —

N
—% /d‘%; (o7 (z) + 782 (x)). (7)

It describes a system of local meson fields, o;(z),n%(x), i = 1,...N, which
interact with quarks through nonlocal vertices. We emphasize that these fields
are not yet to be associated with physical particles (o,0”’,...,m, 7, ...); physical
fields will be obtained after determining the vacuum and diagonalizing the meson
effective action.

To define the vertices of Egs. (5) and (6), we pass to the momentum repre-
sentation. Because of the translational invariance, the vertices can be represented

as
d*P
Foi(z;x1,22) = /(27)4 X

X/%expi B(PM)(%—:HH%<P"€)(””_“)] FoalbiE): - ®

and similarly for F¢,(z;z1,72). Here k and P denote, respectively, the rel-
ative and total momentum of a quark—antiquark pair. We take the vertices to
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depend only on the component of the relative momentum transverse to the total
momentum,
P-k

F, i(k|P) = Fy,(kL|P), etc., ki = k- ?P. )
Here, P is assumed to be time-like, P2 > 0. Equation (9) is a covariant general-
ization of the condition that the quark—meson interaction is instantaneuos in the
rest frame of the meson (i.e., the frame in which P = (). Equation (9) ensures
the absence of spurious relative—time excitations and thus leads to a consistent
description of excited states® [18]. In particular, this framework allows us to
use 3-dimensional «excited state» wave functions to model the form factors for
radially excited mesons.

The simplest chirally invariant interaction describing scalar and pseudoscalar
mesons is defined by spin—independent vertices 1 and ¢y5\%, respectively. We
want to include ground state mesons and their first radial excitation (N = 2), and
therefore take

Fyj(ki|P) 1
F2(kL|P) ivse [ (As = [kL]) fi(kL), (10)

c(1+d|kL?), k1| = \/—k2. (1)

The step function, ©(As — |k |), is nothing else than a covariant general-
ization of the usual 3-momentum cutoff of the NJL model in the meson rest
frame [14]. The form factor f(k,) has for d < —Aj;? the form of an excited
state wave function, with a node in the interval 0 < |k1| < As. Equations (10)
and (11) are the first two terms in a series of polynomials in k2 ; inclusion of
higher excited states would require polynomials of higher degree. Note that the
normalization of the form factor f(k,), the constant ¢, determines the overall
strength of the coupling of the oo and 7o fields to quarks relative to the usual
NIJL coupling of 71 and 0.

We remark that the most general vertex could also include spin—dependent
structures, P and +5/, which in the terminology of the NJL model correspond
to the induced vector and axial vector component of o and 7 (0—p and 7A;
mixing), respectively. These structures should be considered if vector mesons are
included. Furthermore, there could be structures ¥ ,, P¥ 1 and vsk 1, vsP¥ 1,

filkl) =1, fa(kL)

*In bilocal field theory, this requirement is usually imposed in the form of the so-called Markov—
Yukawa condition of covariant instantaneity of the bound state amplitude [14]. An interaction of the
transverse form, Eq.(9), automatically leads to meson amplitudes satisfying the Markov—Yukawa
condition.
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respectively, which describe bound states with orbital angular momentum L = 1.
We shall not consider these components here.

With the form factors defined by Egs.(10) and (11), the bosonized action,
Eq. (7), in the momentum representation takes the form

e ) (F =) (k) +

Shos[t, ¥; 01,71, 09, 2] =/

+3 J oy | oyt 5P [os(P) 5w (P gk e~ 5 P)-

_LZ LPAL (0j(=P)o;(P) + m§ (= P)7§(P)) . (12)
2G = (2m)

Here it is understood that a cutoff in the 3-dimensional transverse momentum is
applied to the k integral, as defined by the step function of Eq. (10).

2.2. Effective Lagrangian for = and 7’ Mesons. We now want to derive
the effective Lagrangian describing physical m and 7’ mesons. Integrating over
the fermion fields in Eq.(12), one obtains the effective action of the oy, and
g2, T2 ﬁelds,

1 d'z 2 a?2 2 a?2
Wloy,m,00,m] = BTe W(Uﬁrﬁ +o5+m°) —

2
— N, Trlog i@ —m® 4> (0 +insA\"7) f | .(13)

J=1

This expression is understood as a shorthand notation for expanding in the meson
fields. In particular, we want to derive the free part of the effective action for the
71 and 7o fields,

w = wO W(Q), (14)
(2) 1 d'pP - a ab b
w = 3 W Z L (P)Kij (P)ﬂj(P)’ (3)
i,j=1

where we restrict ourselves to timelike momenta, P? > 0. Before expanding
in the m; and mo fields, we must determine the vacuum, i.e., the mean scalar
field that arises in the dynamic breaking of chiral symmetry. The mean—field
approximation corresponds to the leading order of the 1/N. expansion. The



RADIALLY EXCITED SCALAR, PSEUDOSCALAR, AND VECTOR MESON NONETS 585

mean field is determined by the set of equations

4
we fz‘thr/ (dk ! A~ 0, 16
A-

oo L2 —mO +oy +oof(k) G
oW . d*k flky) 02
— = —iN.t — = 0. 17
0oy ! r/,\3(27r)4k—m0+01+02f(1ﬂ) G 0. a7

Due to the transverse definition of the interaction, Eq. (9), the mean field inside
a meson depends in a trivial way on the direction of the meson 4-momentum,
P. In the following we consider these equations in the rest frame where P =
=0,k; = (0,k) and A3 is the usual 3-momentum cutoff.

In general, the solution of Egs.(16) and (17) would have o2 # 0, in which
case the dynamically generated quark mass, —o; — o2f(k) + m°, becomes
momentum—dependent. However, if we choose the form factor, f(k), such that

4
k
,4m1{ = fiNCtr/ d'k_f(k) =
Ay (2m)1f —m
: d'k f(k)
= z4Ncm/A3 (2ﬂ)4m = 0, (18)
m = —o01 —l—mo,

then Egs. (16) and (17) admit a solution with oo = 0 and thus with a constant
quark mass, m = —o; +mP®. In this case, Eq.(16) reduces to the usual gap
equation of the NJL model,

d*k 1 md —m
—8ml; = —miN, = . 19
miq ma C/A3 (27T)4 k2 — m2 G ( )

Obviously, the condition, Eq.(18), can be fulfilled by choosing an appropriate
value of the parameter d defining the «excited state » form factor, Eq. (11), for
given values of A3 and m. Equation (18) expresses the invariance of the usual
NJL vacuum, o7 = const., with respect to variations in the direction of 0. In
the following, we shall consider the vacuum as defined by Egs.(18) and (19),
i.e., we work with the usual NJL vacuum. We emphasize that this choice is
a matter of convenience, not of principle. The qualitative results below could
equivalently be obtained with a different choice of form factors; however, in this
case one should re-derive all vacuum and ground-state meson properties with
the momentum—dependent quark mass. Preserving of the NJL vacuum makes
formulas below much more transparent and allows us to take the parameters fixed
in the old NJL model.
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Fig. 1. The quark loop contribution to the quadratic form K;;(P), Eq. (94), of the effective
action for 71 and w2 fields. Solid lines denote the NJL quark propagator. The m; field
couples to quarks through a local vertex; the w2 field, through the form factor, f(k.),
marked by letter f

With the mean field determined by Egs. (18) and (19), we now expand the
action to quadratic order in the fields 7w and mo. The quadratic form K,fjb(P),
Eq. (15), is obtained as

K (P) = 6" K;;(P),

ivsfi| —9

d*k 1 . 1
[ Y5 fi ija-

' 1
Kij(P) = —iN. tr /1\3 @m* [k +3P-m k—3pP—m 20)

A graphical representation of the loop integrals in Eq. (20) is given in Fig. 1. The
integral is evaluated by expanding in the meson field momentum, P. To order
P2, one obtains

Ku(P) = Zi(P*—M7),  Kxn(P) = Zy(P*—Mj3)
Ki3(P) = Ku(P) = \/Z,Z,TP? 1)
where
Zy = AL,  Zy = ALl (22)
2 1 1 m’
M2 = z7'(-8I -1 = 23
1 1 ( 8 1+G ) Zlev ( )
M} = zyY-8ilf 4G, (24)
r = S (25)

NV
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Here, I,,, I}, and I}/ denote the usual loop integrals arising in the momentum
expansion of the NJL quark determinant, but now with zero, one or two factors
f(k1), Eq.(11), in the numerator. We may evaluate them in the rest frame,

ki = (0,k),
_ d4k f )--f (k)
= _iN, / myers (26)

The evaluation of these integrals with a 3-momentum cut-off is described, e.g., in
Ref. 19. The integral over kg is taken by contour integration, and the remaining
3-dimensional integral is regularized by the cut-off. Only the divergent parts are
kept; all finite parts are dropped. We point out that the momentum expansion
of the quark loop integrals, Eq.(20), is an essential part of this approach. The
NJL model is understood here as a model only for the lowest coefficients of the
momentum expansion of the quark loop, but not its full momentum dependence
(singularities, etc.).

Note that a mixing between the 7, and mo fields occurs only in the kinetic
((’)(PQ)) terms of Eq. (21), but not in the mass terms. This is a direct consequence
of the definition of vacuum by Egs. (18) and (19), which ensures that the quark
loop with one form factor has no P?—independent part. The «softness» of the
71— mixing causes the 7, field to decouple as P? — 0. This property is crucial
for the appearance of a Goldstone boson in the chiral limit.

To determine the physical - and 7’-meson states, we have to diagonalize the
quadratic part of the action, Eq. (15). If one knew the full momentum dependence
of the quadratic form, Eq. (21), the masses of physical states would be given as
zeros of the determinant of the quadratic form,

det K;;(P?) =0, P2 = M2 M?2. (27)

This would be equivalent to the usual Bethe—Salpeter (on-shell) description of
bound states: the matrix K;;(P?) is diagonalized independently of the respective
mass shells, P2 = Mﬁ, Mﬁ, [13,20,21]. In our approach, however, we know the
quadratic form, Eq.(21), only as an expansion in P2 at P? = 0. It is clear that
the determination of the masses according to Eq. (27) would be incompatible with
the momentum expansion, as the determinant involves O(P?) terms neglected
in Eq.(21). To be consistent with the P? expansion, we must diagonalize the
kinetic term and the mass term in Eq. (15) simultaneously, with a P2-independent
transformation of the fields. Let us write Eq.(21) in the matrix form

(B = Z VZ1Z;T 2 ZiM2 0 ,
(P7) = VZ1ZsT Z B oz |
142 2 2 2
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The transformation that diagonalizes both the matrices here separately is given by

cos ¢ My sing
Z a — a a
VAN —ZWW + _M1 _Zﬂ/ﬂ ,
M, sin o p (29)
sin cos
Z a — 1 a _ la
Ve My VZ, Zo
where
M, M2\
tan2¢ = 2I'— (1 — — 30
an 2 M2< ) (30)
M? M
Z. = c052q§+ﬁ%sin2¢+2f‘ﬁ:cos¢sinq§, 31
M? M.
gt = coquﬁ—l—ﬁ%sinQd)—QFﬁj Cos ¢ sin ¢. 32)

In terms of the new fields, m, 7, the quadratic part of the action, Eq. (15), reads

W@ — %/% [Wa(ip)(pQ — M2)7%(P) + 7' “(—P)(P? — Mz/)ﬂla(p)} .
(33)

Here,
M? M2
Mﬁ:Z—l, M2 = 22/' (34)

The fields 7 and 7’ can thus be associated with physical particles.

Let us now consider the chiral limit, i.e., a vanishing current quark mass,
m® — 0. From Egs. (22)—(25) we see that this is equivalent to letting M — 0.
(Here and in the following, when discussing the dependence of quantities on the
current quark mass, m®, we keep the constituent quark mass fixed and assume
the coupling constant, G, to be changed in accordance with m", such that the gap
equation, Eq.(19), remains fulfilled exactly. In this way, the loop integrals and
Eq. (18) remain unaffected by changes of the current quark mass.) Expanding
Egs. (34) in M? o mP, one finds

M? = M; + O(mi), (35)
M2 M?2
M2 = 2_ 11 4+ 2= MY . 36

Thus, in the chiral limit the effective Lagrangian, Eq.(33), indeed describes a
massless Goldstone pion, 7, and a massive particle, 7/. Furthermore, in the chiral
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limit the transformation of the fields, Eq. (29), becomes

M? T M?
VA = (1) e e (1 0Ty )
2 - 2

\ Zomy = %127#’ — #W’a 37
27 M22 /1 — F2 °
At M? = 0 one observes that 7w has only a component along 7;. This is

a consequence of the fact that the m;—my coupling in the original Lagrangian,
Eq. (21), is of order P2. We remark that, although we have chosen to work with
the particular choice of excited—state form factor, Eq. (18), the occurrence of a
Goldstone boson in the chiral limit in Eq. (13) is general and does not depend on
this choice. This may easily be established by using the general gap equations,
Egs. (16) and (17), together with Eq. (20).

2.3. The Axial Current. To describe the leptonic decays of the 7 and =’
mesons, we need the axial current operator. Since our effective action contains,
besides the pion, a field describing an «excited state» with the same quantum
numbers, it is clear that the axial current of our model is, in general, not carried
exclusively by the 7 field, and is thus not given by the standard PCAC formula.
Thus, we must determine the conserved axial current of our model, including the
contribution of 7/, from first principles.

In general, the construction of the conserved current in a theory with nonlocal
(momentum—dependent) interactions is a difficult task. This problem has been
studied extensively in the framework of the Bethe—Salpeter equation [22] and
various 3-dimensional reductions of it such as the quasipotential and the on-shell
reduction [23]. In these approaches, the derivation of the current is achieved
by «gauging» all possible momentum dependences of the interaction through
minimal substitution, a rather cumbersome procedure in practice. In contrast, in
a Lagrangian field theory, a simple method exists to derive conserved currents,
the so—called Gell-Mann and Levy method [24], based on the Noether theorem.
In this approach, the current is obtained as the variation of the Lagrangian with
respect to the derivative of a space—time dependent symmetry transformation of
the fields. We now show that a suitable generalization of this technique can be
employed to derive the conserved axial current of our model with quark—meson
form factors depending on the transverse momentum.

To derive the axial current, we start at the quark level. The isovector axial
current is the Noether current corresponding to infinitesimal chiral rotations of
the quark fields,

bla) — <1 - %m) b(a). (38)
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Following the usual procedure, we consider the parameter of this transformation
to be space-time dependent, ¢ = £%(x). However, this dependence should not be
completely arbitrary. To describe the decays of 7 and 7' mesons, it is sufficient
to know the component of the axial current parallel to the meson 4-momentum,
P. Tt is easy to see that this component is obtained from chiral rotations whose
parameter depends only on the longitudinal part of the coordinate

z-P
VP

since 9,e%(z)|) o< P,. In other words, transformations of the form Eq.(39)
describe a transfer of the longitudinal momentum to the meson, but not of the
transverse momentum. This has an important consequence that the chiral trans-
formation does not change the direction of transversality of the meson—quark
interaction, cf. Eq.(9). When passing to the bosonized representation, Eq. (7),
the transformation of the 71,01 and 7, o9 fields induced by Egs. (38) and (39)
is therefore of the form

e'(x) — e(xy), (39)

ni(@) — mi@) +

oi(w) — oilz) - (1=1,2) (40)

e (x
e*(x
This follows from the fact that, for a fixed direction of P, the vertex, Eq.(9),
describes an instantaneous interaction in x| Thus, the special chiral rotation,
Eq. (39), does not mix the components of meson fields coupled to quarks with
different form factors.

With the transformation of the chiral fields given by Egs. (40), the construc-
tion of the axial current proceeds exactly as in the usual linear sigma model. We
write the variation of the effective action, Eq. (13), in the momentum representa-
tion,

d4Q a a
oW = [ (@)D*(Q), (41)
where £4(Q) = £%(Q))6®®(Q_.) is the Fourier transform of the transformation,

Eq. (39), and D%(Q) is a function of the fields o;,m;,i = 1,...2, given in the
form of a quark loop integral,

d‘%[ 1

D*(Q) = —iN. tr/(2ﬂ)4 F—m

I P S S
k=50 -—m F+50-—m
x(m}(Q) + f(kL)m5(Q)). 42)
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nlxau——— +n1xau -

Fig. 2. The axial current of 71 and 7o fields, Eq.(44), as it follows from the Noether
theorem. The cross denotes a local axial current of quark fields to which 7 and 7 fields
couple through quark loops. The notation is the same as in Fig. 1

Here we have used that o5 = 0 in the vacuum, Eq. (18). Expanding now in the
momentum (), making use of Eq. (18) and the gap equation, Eq. (19), and setting

o1 = —m (it is sufficient to consider the symmetric limit, m® = 0), we get
DYQ) = —Q*m[1hni(Q)+4{n3(Q)]
- —Q’m {lef(Q) + \/21221%;(@)} . (43)

The fact that D*(Q?) is proportional to Q? is a consequence of the chiral sym-
metry of the effective action, Eq.(13). Due to this property, D*(Q?) can be
regarded as the divergence of a conserved current,

45(Q) = Qum | Z1m1(Q) + Vi Zm5 Q)] (44)

Equation (44) is the conserved axial current of our model. It is of the usual
«PCAC» form, but contains also a contribution of the 7 field. The above
derivation was rather formal. However, the result can be understood in simple
terms, as is shown in Fig.2. Both the 7 and 7o fields couple to the local axial
current of the quark field through quark loops; the o field enters the loop with
a form factor, f(k,). The necessity to pull out a factor of the meson field
momentum (derivative) means that only the O(P?) parts of the loop integrals,
I, and I7, survive, cf. Eq. (26). Chiral symmetry ensures that the corresponding
diagrams for the divergence of the current have no P2-independent part.

The results of this Subsection are an example for the technical simplifications
of working with separable quark interactions. The fact that they can be bosonized
by local meson fields makes it possible to apply methods of local field theory,
such as the Noether theorem, to the meson effective action. Furthermore, we note
that the covariant (transverse) definition of the 3-dimensional quark interaction,
Eqg. (9), is crucial for obtaining a consistent axial current. In particular, with this
formulation there is no ambiguity with different definitions of the pion decay
constant like with noncovariant 3-dimensional interactions [13].

2.4. The Weak Decay Constants of m and 7' Mesons. We now use the axial
current derived in the previous Subsection to evaluate the weak decay constants
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of physical = and n’ mesons. They are defined by the matrix element of the
divergence of the axial current between meson states and vacuum,

(0o A |%) = MZF.%, (45)
(00" A%|n") = MZ Frd™. (46)

In terms of the physical fields, m and 7/, the axial current takes the form

M2
A% = Pymn/Zy (wa + I'yv1 -T2 M}”m) + O(M}). (47)

Here, we substituted the transformation of the fields, Eq. (37), into Eq. (44). The
decay constants of the physical 7 and 7’ states are thus given by

F. = VZim + O(M}), (48)
M2
Fo = /ZymT 1—F2M12 + O(MY). (49)

2

The corrections to F; for excited states are of order Mﬁ. Thus, within our
accuracy, F}; is identical with the value obtained by the usual NJL model, v/Z;m,
which follows from the Goldberger—Treiman relation at the quark level [8]. On
the other hand, the 7’'-decay constant vanishes in the chiral limit m® ~ MZ — 0,
as expected. We stress that for this property to hold, it is essential to consider
the full axial current, Eq. (44), including the contribution of the w2 component.
As can be seen from Eqgs. (37) and (44), the standard PCAC formula Afj o< O,
would lead to a nonvanishing result for F, in the chiral limit.

The ratio of the 7'~ to w-decay constants can directly be expressed in terms
of the physical 7 and n’ masses. From Egs.(48) and (49) one obtains, using
Egs. (35) and (36),

Fr M? r M2
T =TV1-T2— = —— —~. 50
F, M2 V1I=T2 M? (50)

This is precisely the dependence derived from current algebra considerations in
the general «extended PCAC» framework [25]. We note that the same behavior
of F in the chiral limit is found in models describing chiral symmetry breaking
by nonlocal interactions [13,20].

The effective Lagrangian in a compact way illustrates different consequences
of axial current conservation for the pion and its excited state. Both matrix
elements of 9, A", Eq.(45) and Eq.(46), must vanish for m® — 0. The pion
matrix element, Eq. (45), does so by Mﬁ — 0, with F}; remaining finite, while
for the excited pion matrix element the opposite takes place, F» — 0 with M,
remaining finite.
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2.5. Numerical Estimates and Conclusions. We can now numerically es-
timate the excited pion decay constant, Fy/, in this model. We take the value
of the constituent quark mass m = 300 MeV and fix the 3-momentum cut-off
at A3 = 671 MeV by fitting the normal pion decay constant F; = 93 MeV
in the chiral limit, as in the usual NJL model without excited states, cf. [19].
With these parameters one obtains the standard value of the quark condensate,
(Gq) = —(253MeV)?, and G = 0.82m~2 = 9.1 GeV 2, m® = 5.1 MeV. With
the constituent quark mass and cut-off fixed, we can determine the parameter d of
the «excited-state» form factor, Eq.(11), from the condition Eq.(18). We find*
d = —183A;% = —4.06 GeV 2, corresponding to a form factor f(k,) with a
radial node in the range 0 < |k | < As. With this value we determine the ;-2
mixing coefficient, I', Eq. (25), as

I =0.41. (51)

Note that I" is independent of the normalization of the form factor f(k,), Eq. (11).
In fact, the parameter c enters only into the mass of the 7’ meson, cf. Egs. (24) and
(36); we should not determine its value since the result can directly be expressed
in terms of M. Thus, Eq. (50) gives

F M2
= 0.45—L-. 52
Fw i (52)
For the standard value of the 7’ mass, M, = 1300 MeV, this comes to

Fr» = 0.48 MeV. The excited pion leptonic decay constant is thus very small,
which is a consequence of chiral symmetry. Note that, as opposed to the quali-
tative results discussed above, the numerical values here depend on the choice of
form factor, (see Eq. (18)), and should thus be regarded as a rough estimate.

We remark that the numerical values of the ratio F,//F, obtained here are
comparable to those found in chirally symmetric potential models [20]. However,
models describing chiral symmetry breaking by a vector-type confining potential
(linear or oscillator) usually underestimate the normal pion decay constant by an
order of magnitude [13]. Such models should include a short-range interaction
(NJL-type) which is mostly responsible for chiral symmetry breaking.

The small value of Fj. does not imply a small width of the «’ resonance,
since it can decay hadronically, e.g., into 37 or pm. Such hadronic decays will
be investigated in Section 4.

In conclusion, we outlined a simple framework for including radial excita-
tions in an effective Lagrangian description of mesons. The Lagrangian obtained

*All parameters will be different when in Section 3 we consider a realistic version of this model.
However, the ratio d/A3 will be near 2 (its limit as A — oo) and change slightly.
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by bosonization of an NJL model with separable interactions exhibits all qual-
itative properties expected on general grounds: a Goldstone pion with a finite
decay constant, and a massive «excited state» with a vanishing decay constant in
the chiral limit. Our model shows in a simple way how chiral symmetry pro-
tects the pion from modifications by excited states, which in turn influences the
excited states’ contribution to the axial current. These features are general and
do not depend on a particular choice of the quark—-meson form factor. Further-
more, they are preserved if the derivative expansion of the quark loop is carried
to higher orders.

In the investigations described here we strictly kept to an effective Lagrangian
approach, where the coupling constants and field transformations are defined at
zero momentum. We have no way to check the quantitative reliability of this
approximation for radially excited states in the region of ~ 1 GeV, i.e., to estimate
the momentum dependence of the coupling constants, within the present model.
(For a general discussion of the range of applicability of effective Lagrangians,
see [26].) This question can be addressed to generalizations of the NJL model
with quark confinement, which in principle allow both a zero-momentum and
an on-shell description of bound states. Recently, first steps were undertaken to
investigate the full momentum dependence of correlation functions in an approach
of that kind [27].

3. U(3) x U(3) MODEL

3.1.U(3) xU(3) Chiral Lagrangian with Excited Meson States and ’t Hooft
Interaction. This Section is devoted to a realistic U(3) x U(3) version of the
NJL model with nonlocal four-quark interaction (see Refs. 28, 29, 30).

We use a nonlocal separable four-quark interaction of the current—current
form which admits nonlocal vertices (form factors) in the quark currents and a
pure local six-quark °t Hooft interaction [31,32]:

L(q,q) = / &'z q(z)(id — m°)q(x) + L) + £, (53)
G 9 N
£ = 5 [ate 30 S8 @5 + @) la)] -
a=1 1=1
GV 9 N
= A STl @ @)+ @) (@), 54
a=1 1=1
£ = —K[det[q(1+5)g) + det [q(1 — 75)q]], (55)

where Ei(:ft) is the U(3) x U(3) chirally symmetric four-quark interaction La-

grangian and £i(§2 contains the symmetry breaking ’t Hooft terms. Here, m0 is
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om0 — di 0 110 100V (10 ~ 10 ; ;
the current quark mass matrix m” = diag(my,, my, m,) (my ~ my) and ji;; with

U = (S, P,V, A) denotes the scalar, pseudoscalar, vector, and axial-vector quark
currents

JSpyi() = /d4$1d4$2 4(x1)Fg py (w321, 22)q(22), (56)

j3(2)7i($) = /d4$1d4$2 §($1)F$’(5)7i($;$17$2)Q($2), (57)

where F§p ;(x;21,32) are the scalar (pseudoscalar) and F‘C}’(g)yi(x; x1,x2) the
vector and axial-vector nonlocal quark vertices. The index a = 1,...,9 denotes
the basis elements 7 of U(3) flavor group. Our choice is slightly different from
the Gell-Mann A matrices

1 0 0
T = )\'L' (Z = 17 ---37)5 8 = (\/5)‘0 + )‘8)/\/§ = 010 ’
000
00 O
To=(-do+V2X)/V3=| 0 0 0 |, (58)
0 0 —V2

but this choice is more convenient when a singlet—octet mixing appears due to
the ’t Hooft terms.

In the original formulation of the NJL model with 't Hooft interaction, the
’t Hooft terms are represented by six-fermion vertices. In this form the Lagrangian
is not ready for the bosonization procedure we should proceed to. An appropriate
way to circumvent this drawback is to come to an equivalent form of the quark
Lagrangian that contains only four-quark vertices as it was done, e.g., in Refs. 4,
31. Therein, the effective four-quark interaction is deduced by integrating out a
quark loop at each six-quark vertex. Thus, from £i(§2 the four-quark part £i(§2
acquires an additional contribution which in the one-loop approximation looks as
follows:

LY = 4K / d4x{2msh(ms) [(@(z)irsmq(2))? — (q(x)"q(x))?]

7
+ > muIi(ma) [(@(2)insmq(x))” — (q(z) ()]
a=4

+msli(ms) [(a(x)m8q(2))* — (a()ivsT q())?]
~2v2m, 11 (my) [(a(2)7%a(2))(@(2)m°q())

—(q(@)irs7q(2))(@(@)irs (@) } (59)
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In our model the 't Hooft interaction is local with respect to its instantaneous
origin. Finally, we have *

Lg.q) = /d4m<x><z’a—m‘>>q<x>+

9 9
4 /szz $ 380 (@)7% 1 (@) + G5k (@), (@)] +

GV 9 N
= S [t S Sl @t ) 5 L@ @) (60

where

¢ =6 =6 =G +aKm.L(m,),

G =6 =cH =6 =G+ 4Km I (m.),

G = GT4Km.L(ms), G =G,

G(i) G(i) +4V2Km, I, (my),

Gap = (a#b, a,b=1,...,7). (61)

The model thus formulated can be bosonized in a standard way by introducing
auxiliary boson fields of (x), ¢¢(x), V/*(x), A’ () with quantum numbers of the
quark currents jg( P)J.(x) and jf}’(i),i, and then integrating over the quark degrees
of freedom. The result is a meson effective Lagrangian which, after all, is a
functional of scalar, pseudoscalar, vector, and axial-vector meson fields. In the
case of an ordinary (local) NJL model, this procedure would give us the well-
known linear realization of the chiral Lagrangian. When original four-quark
vertices of the separable type contain form factors, the bosonization gives rise
to a meson effective Lagrangian for the ground state and a number (in general
infinite) of radially excited meson fields. These fields have the same quantum
numbers and therefore should be interpreted as «radial» excitations.

The effective four-quark representation of the Lagrangian with 't Hooft in-
teraction requires careful treatment. It is not equivalent to the original form in

*It should be noted that SBCS is already taken into account in the effective four-fermion
vertices. Therefore, the effective four-fermion Lagrangian is no longer chirally invariant. However,
in its original form the chiral invariance is present if we exclude 't Hooft terms. This fact has some
consequences which we use later, for instance, we choose the same form factors both for scalars and
pseudoscalars.
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all aspects. For example, the gap equations derived from the effective four-quark
form of the Lagrangian do not reproduce those obtained from the original form
(with six-quark vertices). A kind of double counting takes place here, which
leads to wrong gap equations (for a correct derivation of gap equations, see [31]).
But for the mass spectra and meson—meson coupling constants in the one-loop
approximation, everything works well.

In the one-loop approximation, the bosonized Lagrangian has the following
form:

Lbos(qv q;0,¢, ‘/7 A) = /d4£C1 /d412 q(xl) |:(Za:v2 - mO) 5(1.1 - 12) +

/d4xZZ( VFg i (zy21,02) + @ (2) B (2521, 02) +

=1 a=1

—i—Va (z)F ! (g x17x2)+A ( )FAZ(x xl,xg))]q(xg) _

—Z / d'a |5 ((60), ottt + (6) ettt ) -

s (@) + ()] (62)

This Lagrangian describes a system of local meson fields, o (x), ¢%(x),
Vo (x), AP"(x), i = 1,...N, which interact with quarks through nonlocal
vertices. These fields are not yet to be associated with physical particles, to
be obtained after determining the vacuum and diagonalizing the meson effective
Lagrangian.

In general, the model admits as many excited states as one wishes. But
for a realistic description of very heavy mesons (2 GeV and more) the model
seems not reliable because it is constructed for low energies. So we intended
here to consider a minimal version of the model, restricting ourselves to N = 2,
which is necessary for the description of ground states and first radial excitations
of mesons.

To describe the ground and first radially excited states of mesons, we take
the form factors in the momentum representation as follows:

Fg (k) =1fs;  Fp; =112 (63)
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Foli(k) =110 f,,  Fyl =710 f4 (64)
6121 fia= 1K) =cf (1+dak?), (65)

where U = (o, ¢, V, A). Here, we consider the form factors in the rest frame of
mesons (see Section 2). After bosonization in the one-loop approximation, we
get

LbOS(Uv 90; Va A) -

- zb; Jate|5 (60 atwotio) + (69 vttt -

1
2Gy

i [t 56 (@30 + (@) -

(Vi (2))? + (ASH(@)*) | -
( )

(3 + (a37w)")] -
2 9
DD (0 @+ Vi AT ) f7a - (66)

j=1a=1

1
iTrln [1 + F—m

At the beginning of this Section, we have already mentioned that there is a
danger of double counting when deriving gap equations. The double counting
surely takes place if one tries to obtain the gap equations by naively varying the
Lagrangian (66) over of. However, correct equations for o§ can be obtained in
this way. It is due to the fact that the ’t Hooft interaction is local.

The gap equations for of can be deduced from the Dyson—Schwinger equa-
tion. We will not discuss the details of finding its solution but refer the reader,
e.g., to paper [31]. Here we present just the result that is a slight modification of
the equations obtained in Ref. 31.

0 _ (=) fuu 8
my = my[l = 8Ggg (I (mu) + 1™ (ma) f7)], (67)

u

mg = my[l—8G (I (ms) + I{* (m.) £3)]. (68)

S

There m? and m, (a = u,d, s) are the current and constituent quark masses,
respectively. The difference between Egs. (67),(68) and those given in Ref. 31 is
the presence of I{ (my,), tadpoles with form factors absent in local NJL.

The constituent quark masses appear, as usual, due to nonzero vacuum ex-
pectations of o¢, according to the equations

(68)0 = mg — My, (69)0 = mg — M. (69)
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We use them in the gap equations for excited meson states. The fields 6 require
redefinition which consists in subtracting their vacuum expectation values:

o =a% — (5%, o? =52 —(a%). (70)

Now we stop discussing the gap equations for the ground fields and turn
our attention to those for radially excited meson states. As it was said above,
the correct gap equations for radially excited meson states can be obtained by
calculating the first derivative of Lagrangian (66) with respect to ¢, which gives

Ly i [ EF I (k) (o) _
<(50“21 >() = Nc t //\3 (271')4 (% —m4+ <0"27’>0Tafa(k)) G 0. (71)

This equation always admits the trivial solution (¢§) = 0. Despite the fact that
nontrivial solutions are possible, we assume that the vacuum expectations for
radially excited meson states are equal to zero and therefore do not change the
quark condensate. Thus, we obtain the condition

v [ AR 09
Netr || G T 7

Equation (72) is written in the matrix form. In the isotopic symmetry, Eq. (72)
gives two conditions on the form factors f%(k) which can be written in our
notation as follows:

e (my) = 0, (73)
=(my) = o. (74)

These conditions essentially simplify the calculation of the meson mass spectra.
In particular, they provide a diagonal form for the (¢¢)? and (p¢)? mass terms of
the meson Lagrangian, however, not for all contributions. To ensure that no terms
like o{o§ or ¢fy§ for strange mesons come from the one-loop quark integrals,
we must impose, in addition to Egs. (73) and (74), another condition

1 (ma) + I{* (my) = 0. )

Conditions (73), (74), and (75) provide orthogonality of the ground (¢ = 1) and
excited (¢ = 2) meson states in the low energy limit P2 — 0 (see Section 2)
when ¢f become Goldstone bosons.

Now let us remind how we fix the basic parameters in the usual NJL model
without excited states of mesons [10].

To obtain correct coefficients of kinetic terms of mesons in the quark-one-
loop approximation, we have to make the renormalization of the meson fields

) g ) g )
Oq = ggo—;,n Pa = gg@ﬁa Vaft = %Valh”’ Ag - 7‘/"4577; (76)



600 VOLKOV M.K., YUDICHEV V.L.

where

g2 = [4ly(mi,m;)] "2,

Ba(me;my) = it [ 24 1 an
P )= e | o (mE — RR)(m? — k)
g = Vg3 (78)

After taking account of the pseudoscalar—axial-vector transitions (¢, — A,), the
additional renormalization of the pseudoscalar fields

1

9y = Za > gg, (79)

appears, where Z, = 1 — 67713/M§1 ~ 0.7 for pions. (M,, = 1.23 GeV is the
mass of the axial-vector a; meson, [1], m, = 280 MeV (see below and [10]).
We assume that Z, ~ Z ~ 0.7 for any a.

After these renormalizations the part of the Lagrangian describing the ground
states of mesons takes the form

1 Cy— _
L(o,¢. V. A) = =5 (G )5 03950000 + () g0l paton)

a2
-l (V24 A2) —iN, Tr In |i§ —m+
2Gy
9
+ Z a . a 9{1/ Vi Ak a 80
%%+%%%+7Ww+%%a)77 (80)
a=1

for simplicity we omitted the index r of meson fields.
Lagrangian (80) in the one-loop approximation results in the following ex-
pressions for the meson masses [10]

1 g2 mY 1
M? =¢2|— —8JI = Jdr v R 1
m = Ir [GW 8 l(mu)] Grmy' n AZ I (my,my,)’ ®1)
1 _
M = gk | e~ () + Rom)| + 27 m
1
9k = (82)

AZ I (my, ms)’

G.=G,  Gx=a, (83)
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MS(;) = 921“, ((G(+))8_81 - SIl(m'u)) )
Mg = g2 (6D —8L(m.)). (84)
M = gnon (GG, (85)
1 + + + + +
M, = 3 [Még) M) OIS - Mz F a0 R| L @6
2

g 3 Iy (my, my,)
M2 — p_ M2 — M2 ) ]7
P 4Gy 8GyIy(my,my,) ¥ P Ia(mg,ms)’ &7

I Uy u

Mz, — el ma) 30 e (88)

P ]2 (mu, ms) 2
Now let us fix our basic parameters. For that we use six experimental values
[8,10,32]:

1) The pion decay constant F; = 93 MeV.

2) The p-meson decay constant g, ~ 6.14. Then from the Goldberger—
Treiman identity we obtain
my, = Frgr (89)

and from Egs. (78) and (79) we get

g
Ip — 279 =980 MeV. (90)

T = ) My 3
9= oz V62
From Eqgs. (77) and (78) we can obtain (see [19])

Iy (my,my) = A3 =1.03 GeV. 91)

292’

3) M, =135 MeV, the Eq. (81) gives G.

4) M, =770 MeV, the Eq. (82) gives Gy.

Mg =495 MeV,
2

Mn’ o Mr?

Then the masses of 7, ', K*, o, and scalar mesons can be calculated with
a satisfactory accuracy (see [32]).

We can calculate the values of Fx and all the coupling constants of strong
interactions of scalar, pseudoscalar, vector, and axial-vector mesons with each
other and with quarks, and describe the main decays of these mesons (see [10,32]).

Further, when the radial excitations are included, the parameters will be
shifted because of changing the mass formulae. However, m, and Az will be the
same as they are now. Their numerical values will be calculated in Subsec.3.5.

5) fix K and ms.
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3.2. The Masses of Isovector and Strange Scalar and Pseudoscalar Mesons
(Ground and Excited States). After bosonization, the part of Lagrangian (66)
describing the isovector and strange scalar and pseudoscalar mesons takes the
form

2 * 2 2 2
ap,1 K T K7

L K} K K Ko)= ——— — L _ i
(a(),la 0,1,71,481,00,2, 1Lq 2,72, 2) 2Ga0 GKS‘ 2G7T GK

1
2G(%2+2( 0, 2) +7T§+2K22)_
1 702
—iN.Trln 1+iaim;;ra [0 +ivsei] f7] (92)

where o and ¢} are the scalar and pseudoscalar fields:

3
Y (05 =ap ;= (ad ;) + 205 a4,
a=1
7
a — x 2 7 * * * —
Z(Uj )? =2K5,;" = 2(K; 7]’)0(K0 )+ 2(Kg )T (K 5) 7,
a=4

3
(@) = w2 = (a)? + 2mf
a=1
7
a2 — 972 _ 67070 ot e~
> (#9)? =2K; = 2K)K}) + 2K K .
a=4
As to the coupling constants G, they will be defined later (see Subsec. 5 and

(61)).
The free part of Lagrangian (92) has the following form

2 7
1 a a a
‘6(2 0-90 522 O'ZJ U +¢K¢L](P)(pj)7 (93)
i,j=1a=1
where the coefficients K7, ..(P) are given by

. S O
Kop)3(P) = =03 [G(:F) * E} B

—iN,Tr / d'k 1 role f“—r"(“’) ¢ (94)
A QK+ P/2—m ¥F—-P/2-m /
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r? =1, 1% =1i7ys, (95)
mg=my (a=1,..,7); my =my, (a=1,..,3); my =m, (a=4,..,7),
(96)

with m, and m, being the constituent quark masses and [ being defined in
(65). Integral (94) is evaluated by expanding in the meson field momentum P.
To order P2, one obtains

Koy (P) = Z3 1 (P? = (mg £ m@)? — MZaipa) 1),
K&y 02(P) = Z3 ) o(P? = (mg £ m@)? — MZaya) 5),
Kg(g;),u(P) = K;(cp),Ql(P) = ’Yg(g;)(PQ - (mZ imZ')Q)a 97
where
Z2, =4y, Z8,=41y'%, 0 =4I]", (98)
28, =Z7%,,  Zb,=1Z%, =28 (99)
and
a — 1 a a
Miips = T | i =0 + 1] . 00
—_ 1 a a
Mga(tp”),Q = (Zy(p)2) ! [5 —a(r{’ (mZ)JFI{f (mZ/))]- (101)

The factor Z here ap})ears due to ™ — a transitions [8,10,28] (see Subsec. 3.1),
and the integrals I contain form factors:

—iNe fa( ) Ja(k)
I (ma, me)) = Z—/ Ak . (102)
? COEemt Ja, o ((mg)? = k) (mg)? — k2)
After the renormalization of the scalar fields
ai" Zg i S ZZ,M? (103)

the part of Lagrangian (93) that describes the scalar and pseudoscalar mesons
takes the form

1
Eg?)) = 3 (P2 —4m? — M30,1) a(2),1 + Ly (P2 - 4mi) a0,100,2
1
+ 5 (PP = dmi = Mg o) ag s, (104)
2 1
Eg(?; = 5(]32 _ (mu + ms)Q_M?(&I) KO 1+

T (P? = (my +mg)?) K§ 1 KG 2+

1
5 (P2 mu b mo)? = M) Ki%, (105)

+ o+
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1 1
£e = 3 (P? = M2,) m} + T P?mims + 3 (P? = M2,)m3, (106)
1 1
cg§> = 5(P? —M,Q(’I) K24 T P*K K, +5 (P? - M,%,Q) K2, (107)
where
Ifa
[po = —=2 Tpe = Z 2T ,a. (108)

S .
\/ LI

After the transformations of the meson fields

0 = cos(0,q — b5,)08" — co8(05,a + 00 )05,
6* = sin(lo,q —09,)08" —sin(0sq + 67 ,)05", (109)
e* = cos(fgp,a — ogoa,a)SD(ln —cos(0p,a + 93,(1)5037}
" = sin(0pa —0) )@ —sin(0,.q + 02 )5 (110)

Lagrangians (104), (105), (106), and (107) assume the diagonal form:

1 1

L) = (PP = M) af+ 5 (P° — M)ag, (11
1 o 1 .

Ly = (P = M) K% + 5(P = MK, (112)
1 1

L = S(P?= M) 7+ 5(P* = MY)#, (113)
1 1 .

L = (PP =Mg) K*+ 5(P* - MK, (114)

Here we have
1
2 2 2
M(ag,flg) = 2 |:Ma0,1 + Mao,Qi

(1-1I%,)
i\/(Mgm1 - M2 )2+ (2Ma0,1Ma072Fa0)2} +4m, (115)
M? S S | 7 S V' S
(Kg,f(g) - 2(1 — F2 ) Ki,1 K§,2
Kg

:I:\/(MIQ((,;’1 — ‘MIQ(E;’Q)2 + (QMKS,IMK§,2FK8)2:| + (M +my)?, (116)
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1
2 _ 2 2
M(W’ff) - 2(1 — Fgr) |:M7r,1 + Mw,2 =+
= \/(Mﬁ,l = Mz,)? + (2Mw,1Mw,2Fw)2}, (117)
1
M2 7{M2 MR+
(KEK) — 2(1-T%) K1 K,2
£ O3, - ME L)+ <2MK,1MK,2FK>2], (118)
and , ,
tan290(<p) a= % —1 [Mza(@a)fl B Mza(wa)’2‘| ’
’ L) Moyt Mza (o) 2
205 (¢),0 = 205(p),0 + T, (119)

, T+ Do
sin6,) o = \/%. (120)

The caret symbol stands for the first radial excitations of mesons. Transforma-
tions (109) and (110) express the «physical» fields o, ¢, &, and ¢ through the
«bare» ones 0", 7" and for calculations these equations must be inverted. For
practical use, we collect the values of coefficients in the inverted equations for
the scalar and pseudoscalar fields in Table 1.

For the weak decay constants of pions and kaons we obtain

Fr = 2myu\/ZIz(my)cos(0, — 602), (121)
Fo = 2my/ZI(my)sin(0, — 62), (122)
FK = (mu + ms) ZI2(mu7 ms) COS(GK - 9?{); (123)
Frr = (my +ms)/ ZIs(my, ms)sin(0x — 6%). (124)

Table 1. The mixing coefficients for the ground and first radially excited states of scalar
and pseudoscalar isovector and strange mesons. The caret symbol marks the excited
states

ag ao Ké‘ K(’;
ao,1 | 0.87 | 0.82 Kg1 | 083 0.89
ap,2 | 0.22 | —1.17 5.2 1028 | —1.11
™ T K K
w1 | 1.00 | 0.54 K; | 0.96 | 0.56
w2 | 0.01 | —1.14 Ko | 0.09 | —1.11
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In the chiral limit we have 6, = 69 and

szﬂ7 FK:mu—i_ms? (125)
gr 29K

Fﬂ./ = FK/ = 0, gﬂ. = (ZIF)_I/27 gK = (ZIK)_I/2- (126)

As one can see from these formulae, in the chiral limit we obtain the Goldberger—
Treiman identities for the coupling constants g, and gx. The matrix elements
of divergences of the axial currents between meson states and vacuum (PCAC
relations) are

(010" Ast|p) = MZF, 6, (127)

(00" A%|¢") = M2 F 6. (128)

These axial currents are conserved in the chiral limit because their divergences
equal zero, according to low-energy theorems.

3.3. The Masses of Isoscalar Mesons (the Ground and Excited States). The
free part of the effective Lagrangian for isoscalar scalar and pseudoscalar mesons
after bosonization is as follows

9
1
‘CISObC U (;0 _5 E [ G( ) ba +§0 (G(+)) b(pl -
a,b=8

1 o 2 2
—ﬁaz_s[w;l) +(v)’] -

—i Trln 1+, ZZT o + st e (129)

a=8 j=1
where (G(¥))~1 is the inverse of G(¥):
(G =Gl /D), <G<¢ ol = (Ot =~ pE
(GF)ag = Gyg’ /DT = GG — (GR))

From (129), in the one-loop approximation, one obtains the free part of the
effective Lagrangian

2 9
L? (5, ) %Z > (ki Pyl + ikl P)g) . a3y

%,7=1 a,b=8

The definition of K La(;j]) ; 18 given in Appendix A.
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Table 2. The mixing coefficients for isoscalar meson states
-~ / ~1

n Ui n Ui
©§]071] 062 [ —0.32 | 0.56
5| 011 | —0.87 | —0.48 | —0.54
) | 062 | 0.19 | 0.56 | —0.67
5 | 0.06 | —0.66 | 0.30 | 0.82
o 6 fo fo
§1-098] —0.66 | 0.10 | 0.17
81 0.02 | 1.15 | 0.26 | —0.17
oy | 027 | —0.09|0.82]| 0.71
5 ] —0.03 | —0.21 | 0.22 | —1.08

After the renormalization of both the scalar and pseudoscalar fields, analogous
to (103), we come to the Lagrangian that can be represented in the form slightly
different from that of (131). It is convenient to introduce 4-vectors of «bare» fields

Y= (o}, 08", 07",037), @ =(p}", 57,00 0"). (132)

Thus, we have

L2 (2, )

l\.’)l»—l

4
Z (ZiKs.ij (P)Ej + ®:Kg i (P)®;), (133)

where we introduced new functions Kyx(4),i; (P) (see Appendix A). The index r
marks renormalized fields.

Up to this moment we have four pseudoscalar and four scalar meson states
which are the octet and nonet singlets. Mesons of the same parity have the
same quantum numbers and, therefore, they are expected to be mixed. In our
model the mixing is represented by 4 x 4 matrices R°(¥) which transform the
«bare» fields 687, a?7, ©87, and )" entering into the 4-vectors ¥ and @ into
the «physical» ones o, &, fo, fo , 1, 7', 7, and )’ represented as components of
the vectors 2,5, and Ppp:

Son = (0,6, fo, fo)s  Ppn =m0 ) (134)
The transformation R(¥) is linear and nonorthogonal:
Soh = R°S, @, = RO, (135)

In terms of «physical» fields the free part of the effective Lagrangian is of the
conventional form and the coefficients of matrices R°(¥) give the mixing of the
uu and 5s components, with and without form factors.

Because of complexity of the procedure of diagonalization for the matrices
of dimensions greater than 2, there are no such simple formulae as, e.g., (109).
Hence, we do not implement it analytically but use numerical methods to obtain
matrix elements (see Table 2).
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3.4. The Effective Lagrangian for the Ground and Excited States of Vector
Mesons. The free part of the effective Lagrangian (66) describing the ground and
excited states of vector mesons has the form

LBV Z ZV“" P)R{™(P)V™(P), (136)
i,j=1a=1
where
3
SV = (A 4 2p et (VR (V)2 = 2B
a=1

(V)2 4+ (V)2 = 2K (V2 = (]2, (V)P = (ef)? (137)

K2

and 5
R (P) = — G—"J/ e
d*k 1 1
— i N tr /A @n)i [F+1p - mg’y“ff’v—% “1p- mz/’v”ff’v . (138)
To order P2, one obtains
RYY = WP — PRPY - g ()],
RS = Wi [P?g"™ — P*P" — g"(M3)?),
Rif" = RY"=7"[P%g" — P'P" - §<m:; —mg)*g"]. (139)
Here 8 g g
wi=cg, Wy =it gt =21, (140)
(LY = (WiGy) ™+ 5 (mg —m)?, (41
() = (WiGy) ™+ 5 mg —miy)” (142)
After renormalization of the meson fields
Vi = W Ve (143)

we obtain the Lagrangians

1
LE)Q) _ 75 I:(g;UJPQ _ prpv 7gul/M31) p;ltpll/ +

+ 20, (g" P? — P*PY) pii py + (9" P? — P*P* — g" M?,) phps],  (144)
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1 Ly
LY =—5 [(¢"P? = PP — " MZ,) ¢l +
+ 2T, (9" P? — P*P") gl + (9" P? — PHPY — g" M2 ) phoh], (145)

1 3 * *U
Ligh =3 KgWP2 — PHPY — ghv <§(mg —m%)? + M,Qq>) KK +

3 *
+20 g+ (9“”132 e 9’W§(mg — mg,)Q) KMK3Y+

+ (gWP2 — PHPY — gt (g(m; —my)® + Mi)) K;“K;V} . (146)

Here
3 3
Mo = ey MR S )
3 3
Mo = STy Mo T S i Grem)
3 3
R oy D ) M G () "
1§ (m;,myj) (148)

\/Ié’(mz‘, m;) 7% (mi, m;)
After transformations of the vector meson fields, similar to Egs.(110) for the

pseudoscalar mesons, Lagrangians (144), (145), (146) take the diagonal form

1
Ly gu = =5 [(@"P? = PP = MJ VOV +
+(g" P? — PFPY — M2, VoV, (149)

where V% and V are physical ground and excited states of vector mesons

1
2 _ 2 2
My = 5o (M2 4+ M2, % /(M2 = M2)? + 2M,, M, T,)?]
= M2, (150)
1
2 2 2
Mo = 5T M2, + M2, F \ (M2, — M2,)? + (2M,, M., T,)?)
(151)
1
2 _ 2 2 2 2
My k= 30712 [MK; + M7, +3A%(1-T%.) F

¢\/(M]2q — MZ.)?+ (2Mp; MK;FK*PJ . (152)
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3.5. Numerical Estimates. In our model we have six basic parameters (see
Subsection 3.1): the masses of the constituent u(d) and s quarks, m, = m,4 and
mg, the cut-off parameter Az, two four-quark coupling constants (one for the
scalar and pseudoscalar channels, G, and the other for the vector and axial-vector
channels, Gy ) and the 't Hooft coupling constant K. We fixed these parameters
with the help of input parameters: the pion decay constant F; = 93 MeV, the
p-meson decay constant g, = 6.14 (decay p — 2m)*, the masses of pion, kaon,
p-meson, and the mass difference of 7 and 7’ mesons. Using mass formulae
given in previous subsections of this Section, we obtain numerical estimates of
these parameters:

my, = 280 MeV, mg =405 MeV, A3z3=1.03 GeV,

G=314 GeV2 Gy =12 GeV 2 K =61 GeV > (153)

When excited meson states are introduced, a set of additional parameters related
to the form factors appears in our model: the slope parameters d,, and the
external parameters cgq. The slope parameters d, are fixed by special conditions
(see Egs.(73), (74), (75)) from which we obtain: d,, = —1.78 GeV ™2, dys =
—1.76 GerQ, dss = —1.73 GeV 2. As it was mentioned earlier, we assume
here that d,, dys, and dss do not depend on parity and spin of mesons.

The parameters cZ; ") are fitted by masses of excited pseudoscalar and
vector mesons, cp;° = 1.44, CZ;:’IV"’fO = 1.5, cngS = 1.59, cQ;”/"’va = 1.66,
0. =1.33, ¢5X” = 1.6, ¢¥, = 1.41. These parameters characterize how stronger
the quark currents with form factors attract each other than those without form
factors. We use the same parameters for the scalar and pseudoscalar mesons
(global chiral symmetry). This allows us to predict the masses of ground and
excited states of scalar mesons. The result is represented in Table 3 together with
experimental values.

We also calculate the angles 6, and 6°:

0, =59.48° 6% =59.12°, Ox = 60.2°,

0% =57.13°, 6,=81.8°, =815

O+ = 84.7°, 6%, =59.14°, 0, = 68.4°, (154)
00, =57.13°, 0, =T2.0°, 69 =61.5°

Or; = T4.0° 0% = 60.0°.

We consider it expedient to give the values of angles because they will be used
in the next Section when the calculation of strong decays of the ground and first
radially excited states of the 7 and p meson will be treated in detail. However,

*Here, we used the relation g, = \/Egg together with the Goldberger—Treiman relation g, =
=m/Fr = Z*1/2gg to fix the parameters m, and As.
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Table 3. The model masses of mesons, MeV

GR | EXC GR(Exp.) [1] EXC(Exp.) [1]
M, | 530 | 1330 400-1200 1200-1500
My, | 1070 | 1600 980410 171245
Ma, | 830 | 1500 983.4-£0.9 1474419
Mg | 960 | 1500 905450 [5] 1429412
M, 140 | 1300 | 139.56995--0.00035 1300100
My | 490 | 1300 |  497.672+0.031 1460(?)
M, 520 | 1280 547.3040.12 1297.842.8
M, | 910 | 1470 957.784-0.14 1440-1470
M, 770 | 1470 770.00.8 1465425
M, | 1019 | 1682 | 1019.41340.008 168020
My~ | 887 | 1479 891.59-0.24 1412+12

the mixing coefficients for m, K, ag, and K defined by these angles have
been displayed in Table 1. The mixing coefficients for 7, 7', o, and fy are
given in Table 2.

Having fixed all parameters in our model, we can predict the masses of 7, 7,
K¢, and ¢ mesons and all masses of the ground and first radially excited scalar
meson states. We also calculate the weak decay constants for the pion and kaon
(both for the ground and excited states):

F, =93 MeV, F, =057 MeV, (155)

Fg =116, F,=108 MeV, Fg =33 MeV. (156)

Moreover, now we are able to estimate all strong coupling constants for the
mesons considered in this paper. In the next Section we calculate some of these
constants that define the strong decay processes of ground states and first radial
excitations of the scalar, pseudoscalar, and vector meson nonets.

4. STRONG DECAYS OF MESONS

4.1. Decays p — 2w, 7 — pm, 7w’ — om,p' — 2w, p — wr and W — pm.

In this section we calculate the widths of main decays of scalar, pseudoscalar,

and vector meson nonets (for Subsec. 4.1 see Refs. 33, for Subsec. 4.2 Ref. 34,

for Subsecs. 4.3 and 4.4 see Ref.30) through triangle quark diagrams. When

calculating these diagrams, we keep the least possible dependence on external

momenta: squared for the anomaly-type graphs and linear for other types. We
omit the higher order momentum dependence.
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We start with the decay p — 27. The amplitude describing this decay has
the form

Tyny =i %” eiji (pj — pr)” plint, (157)

where p; ;. are pion momenta and €;;;; is antisymmetric tensor. Using the value
ap, = gg/(47r) ~ 3 (g, =~ 6.1) of Refs. 8, 9, 10, 11 we obtain for the decay width

_ 9% 2 2\3/2
T e (M2 — 4 M2)*? ~ 151.5 MeV. (158)
The experimental value is [1]
T, or = 150.74+ 1.2 MeV. (159)

Now let us calculate this amplitude in our model with the excited states of
mesons. To this end, we rewrite the amplitude 7},_.2, in the form

Tp—>27r =1 Cp—2m €ijk (pj _pk)u pf/ﬂ-jﬂ-ka (160)

and calculate the factor c,_, in the new model. Using Eqs. (103), (110) and
(143) we can find the following expressions for meson fields m; and p; from the
Lagrangian (66) expressed in terms of the physical states 7, 7’ and p, p’

sin(0r + 09)m — cos(6, + 62)n’

1 =

V' Z1 sin 269 ’

T = sin(fr — 92)# —' cos(fr — 9707)71_/7 (161)
V' Z sin 269

py = Sl + 60— cos(d, +07)¢f

sin292«/8/3 I

in(0, — 09)p — cos(9, — 69)'
P2 — Sln( P p)p COS( P p)p 7 (162)

sin29;0ﬂ/8/3 Igff;

or, using the values Iy = 0.04,12{]; = 0.0244, and 6, 69, 6, and 69 from
Egs. (154), we obtain*

__ 0878740487 0.00617 7
YT 088y T 0887 ]
p1 = (0.744p+ 0.931p') g,/2, p2 = (048 p—1.445 o) g,/2.  (163)

*Analogous formulae are obtained for the w meson.
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Fig. 3. Triangle diagrams describing decays of a p meson. Each letter in a diagram
indicates the presence of a form factor at a vertex

The decay p — 27 is described by the quark triangle diagrams with the vertices
p1(m}+2mima+73) and pa(m?+2mime+73) (see Fig. 3). Using Egs. (161), (162)
and (163), we arrive at the factor* c, .o

Cpo2m = Cpy—2r + Cpp—ar = 0.975 g,,/2, (164)
. _ sin(6, + 69) y
PR in? 209 sin 2609 V8/3 I
x[(sin(0x + 60°))% + 2sin(0, + 0°) sin(0, — 62T+
sin(6, + 67)

sin292 V8/3 I

f
[(sin(@,r +69))? I—2+

+(sin(f, — 6°

W))Q = sin? 292] = =0.745 g, /2,

sin(6, — 6)

Cp2—>271' =
sin? 2609 sin 292 1/8/3 Ifo;

1f Vetti
2sin(0r + 02) sin(f, — 09) —=2— + + (sin(6, — 02))* 2| = 0.227 g, /2.

7]
/1, 13! I

I

+

(165)

7* Taking account of the m — a1 transitions on external pion lines, we obtain additional factors
Z (Z) in the numerators of our triangle diagrams which cancel corresponding factors in Z; (see
Eqgs. (22), (161) and Ref. 10). Therefore, in future we shall ignore the factors Z (Z) in Z;.
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Here we used the values IJ = 0.0185, IJ7 = 0.0289, I/ = 0.0224 and the
equation I'; = —co0s262 (it can easily be derived from Eq. (120)). Then the
decay width p — 27 is equal to

T)or ~ 149 MeV. (166)
In the limit f = 0 (0, = 69,0, = 09) from Egs. (165) one finds
Cp—2r = Cpy—21 = 9;;/2, Cpy—2m = 0. (167)

Now let us consider the decay @' — pm. The amplitude of this decay is of
the form

TY e = Crmspr €55k (D5 +D1)" plmimh, (168)

where
Crn'—pr = Cn'—pi7 + Cr! —por- (169)

Then for ¢/, » We obtain

2 . .
Cr'pim = (m 200)2 [—sin(@, + 602) cos(Or + 02) — sin20, T —

— sin(0; — 02) cos(0, — 0%) =
= —sin 26, cos 202 + sin 20, cos 20° = 0] x

sin(f, + 67)
_ 2= 170
% sin 292 90/ 0, 70

2

f 17
2
Cr/ s poe =
- (sin 209)2

I
[ sin(fx 4 6°) cos(f + 6°) 7 sin 26, —=2
2

I I

. 0 0 Igff sin(f, — 92) I
sin(6, — 0)) cos(0, — 0)) 117 S0 200 117 9p/2 =—0.573 g,/2.
(171)
For the decay width 7’ — pm we get
2,
Doipn = ——=0 (Mo, My, M) & 220 MeV, (172)

47rM7?T’,M3

where

(My, My, My) = \/ M} + Mg + M7 — 2(MZMZ + MEMZ + MZM3).
(173)
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The decay ©' — o is calculated in a similar way as 7} — aom (see Subsec. 4.4).
Here, we need the mixing coefficients for the scalar meson given in Table 2. We
omit details and obtain

'z on = 80 MeV, (174)

therefore, the total width is estimated as
[ ~ 300 MeV. (175)
This value is in agreement with the experimental data [1]
IS = 200 — 600 MeV. (176)
For the decay p’ — 27 we arrive in our model at the result
Iy _or =22 MeV. 177)

Most of our results are in agreement with the results of the relativized potential
quark model with the 3F, mechanism of meson decays [2].

To conclude this Subsection, we calculate the decay widths of processes
p' — wrm and W’ — pm. These decays go through anomalous triangle quark loop
diagrams. The amplitude of the decay p’ — wm takes the form

3o,y
T in = =g €7 4opo, (178)
™

where ¢ and p are momenta of the w and p’ meson, respectively. The factor
Cp'—wr 18 similar to the factors c¢,_.or and cr/_,r in the previous equations and
arises from the four triangle quark diagrams with vertices 1 (p1w1 + powi +
p1ws + paws) *. Using the estimate

Cpm = —0.3, (179)

we obtain for the decay width

3 O,y Cp 2 E
Tyon = L0 9T ) (M, M, M)? ~ 75 MeV. 1
P 2w M3, ( 87 F, ) (Mpr, Moy, Mr)" % 75 MeV. (180)

For the decay w’ — pm we have the relation

Fw/ﬂpw ~ 3 ]-—‘pl*w.)ﬂ‘ (181)

*We neglect the diagrams with vertices 72, because their contribution to the ground state of the
pion is very small (see Eq. (163)).
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leading to the estimate

Lo pr = 225 MeV. (182)
The experimental values are [35]
I‘fffimr =0.21 I‘Z‘?t =65.1 £ 12.6 MeV (183)
and [1]
I‘z)fipw =174 £+ 60 MeV. (184)

Finally, let us quote the ratio of the decay widths p’ — wm and p’ — 27

Tyon
—P2T 0.3, (185)

]-—‘plﬂwﬂ'

which is to be compared with the experimental value 0.32 (see [35]).

Thus, we can see that all our estimates are in satisfactory agreement with
experimental data.

Our calculations have shown that the main decay of the p meson, p — 2,
changes very little after including the excited meson states into the NJL model.
The main part of this decay (75%) comes from the p vertex without the form
factor, whereas the remaining 25% of the decay are due to the p vertex with the
form factor. As a result, the new coupling constant g, turns out to be very close
to the former value.

For the decay © — pm we meet an opposite situation. Here the channel
connected with the p vertex without the form factor is closed because the states
m and 7’ are orthogonal to each other, and the total decay width of " — pm is
defined by the channel going through the p vertex with the form factor. As a
result, we obtain the quoted value that satisfies experimental data [1]. The decay
7w — o gives a noticeable correction to the total decay width of 7/, These results
disagree with the results obtained in the relativized version of the 3F-potential
model [2] in the subject of the 7' — om decay mode.

For the decay p’ — 27 we obtain strong compensation of the contributions
from the two channels, related to p vertices with and without form factors, and
the corresponding decay width is equal to 22 MeV. This value is very close to
the result of Ref. 2.

It should be emphasized that the decays p’ — wm and w’ — pm belonging to a
different class of quark loop diagrams («anomaly diagrams») are also satisfactorily
described by our model.

4.2. The Decays of Strange Mesons (Vectors and Pseudoscalars). In the
framework of our model, the decay modes of excited mesons are represented
by triangle diagrams with form factors. A total set of diagrams similar to those
in Fig.3 can be represented as one graph: a triangle with shaded angles (see
Fig.4). Every vertex in such diagrams is momentum-dependent and includes
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77777 Secondary
particle 1
Decaying 1
particle
q
77777 Secondary
particle 2

Fig. 4. Diagrams describing meson decays of the 1 — 2 type

form factors defined in Subsection 3.1. For the strange vector and pseudoscalar
mesons being decaying, each black shaded vertex with a pseudoscalar meson is
implied to contain the following linear combination for the ground state:

- 1 sin(f, +60%)  sin(f, — 0°)
a = = = = , 186
/ sin 269 [ NVA * zZ3 Ja (186)
and for an excited state,
- —1 | cos(fs+6%)  cos(f, —6°)
_ 187
a Sin 292 /_Zf' + /_Zg fa ’ ( )

where 6, and 0° are the angles defined in Subsection 3.5 (see Egs. (119), (120),
and (154)) and f, is one of the form factors defined in Subsection 3.1 (see
Eq. (65)). For vector meson vertices, we have the same linear combinations
except that Z¢ are to be replaced by W, (140), and the related angles and form
factor parameters must be chosen.

Now we can calculate the decay widths of excited mesons. Let us start with

the process K * _ K*m. The corresponding amplitude, Tl’z,H o has the form
T, e = Ok i€ D0, (188)

where p and ¢ are momenta of the K * and K* mesons, respectively, and
Jp+ _ g+r 15 the (dimensional) coupling constant that follows from the com-
bination of one-loop integrals

SLQ (Tzolfice Frc= fr) = T1alfice Fic- fa)) - (189)

Jrev! sy =
K —Kem m2 —m
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In Eq. (189) we introduced a functional defined on functions f(k) in the
momentum representation:

N £(k)dik
Tnamlf) = =55 /A (e — K2 (s — B2 (190)

This is an alternative to integrals Ig /" which we thought better to introduce for
a growing number of «physical» form factors.
We omit the intermediate calculation here. For the decay constant g ./, jox
we find
Gper o jen 4 GeV ! (191)

and the decay width is as follows:

2

Grenl _gen )
Ui o = B ET (N pewr, My, My )2 ~ 90 MeV. 192
K* —K*m 327TM?(*, ( K=y IVLK=, ) 90 eV (9)

The lower limit for this value coming from experiment is ~ 91 &9 MeV [1].

A similar calculation has to be performed for the rest of the K + decay modes
under consideration. The coupling constant gx+_ f, is derived in the same way
as in (189), with the only difference that f. and fx- are to be replaced by f,

174

and fx. The corresponding amplitude, T%%, ,» takes the form

124

TK*/HKp = gK*’—»eruyaﬁpOéqﬁ7 (193)

where p and q are momenta of K *" and K mesons, respectively, and

8m

I+ —Kp = FSmQ (jQ,O[f;(*fop] - jl,l[ﬁ(*fop]) . (194)

The corresponding decay width is

2
T gK*/—>Kp ®
*/ =
Ko =Kp ™ 327 M3,

(Mg, My, M,)2. (195)
For the parameters given in Subsection 3.5 one has
Ik —r, 3GV Tru o ~20MeV. (196)

From experiment, the upper limit for this process is I'’5,

The process K * — K is described by the amplitude

) <16 £1.5 MeV.

1% _ -gK*/—>K7r L
Tl g, = 1B (g = ), (197)
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where p and ¢ are momenta of m and K. The coupling constant gy./_, . is
obtained by calculating the one-loop integral

I —xen = AT [ Fic fic fr) 2 (198)
and the decay width is

_ g?(*’_,Kﬂ.q)(MK*’; MK; Mﬂ')d
K 64w M,

Ty ~ 20 MeV. (199)

The experimental value is 15 + 5 MeV [1].
The mesons with hidden strangeness (') are treated in the same way as K* .

We consider two decay modes: ¢’ — KK* and ¢/ — KK. Their amplitudes
are

Th ke = Go—kK-€*"pags, (200)

Here, p and ¢ are momenta of the K and K* mesons. The related coupling
constants are

&m

Jp' — KK FZnQ (Jo2[ffrc- fx] = Tialf,fre-fi]),  (202)
9o—rrx = 4Tl Ik K] (203)

Thus, the decay widths are estimated as
Py ki =90MeV, T, gr =~ 10MeV. (204)

Unfortunately, there are no reliable experimental data on the partial decay widths
for ¢/ — KK* and ¢/ — KK except the total width of ¢’ being estimated as
150+ 50 MeV [1]. However, the dominance of the process ¢’ — K K* observed
is in agreement with our result.

Following the scheme outlined in the previous calculations, we first estimate
the K’ — K*m and K’ — K p decay widths. Their amplitudes are

T]l;”_>K*ﬂ— = Z‘QK/HK*w(pJFQ)#; (205)
T]%'-»Kp = ZgK’—»Kp(p+ q)“7 (206)

here p is the momentum of K’, ¢ is the momentum of 7 (K). The coupling
constants are

9x'—kn = AT ficfr-Tx)s  9x—kp = 4T 1 frc [ [0l (207)
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Fig. 5. Diagrams describing the decay K’ — K.

By calculating the integrals in the above formulae we have g/ x+r =~ —1.4 and
9x’'—Kp ~ —1.2. The decay widths thereby are

Tk ier ~100 MeV, Tgix,~50 MeV. (208)

These processes have been observed in experiment and the decay widths are * [1]

Dl gen ~ 109 MeV, TP .~ 34 MeV. (209)

The remaining decay K’ — K into three particles requires more compli-
cated calculations. In this case, one must consider a box diagram, Fig.5,a, and
two types of diagrams, Fig. 5,b, with intermediate o and K resonances. The di-
agrams for resonance channels are approximated by the relativistic Breit—-Wigner
function. The integration over the kinematically relevant range in the phase space
for final states gives

'k~ knr ~ 1MeV. (210)

4.3. Strong Decays of Scalar Mesons. The ground and excited states of
scalar mesons fy, ag, and K decay mostly into pairs of pseudoscalar mesons.

They can easily be related to Zg( o) introduced at the beginning of our paper.

All amplitudes that describe processes of the type 0 — @12 can be divided
into two parts:

*The accuracy of measurements carried out for the decays of K’ is not given in [1].
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iN,
O Sk

o g Tm K B sl 4 Ksm + K )
n e R = (ke p)B)mE — (k= p2)?)

. e
=m0 (=) J G e e

= mC[Iy(m,p1,p2) — p1 - palz(m,p1,p2)] = TW + 7@, (211)

Here C = 4¢,9,,9,, and p;, po are momenta of pseudoscalar mesons. We
rewrite the amplitude 7T, _.,,,, in another form

_ Is(m)
Tois ~ AmZ /2 {1 — 1 pa } , 212
P1p2 9o P1-p2 IQ(m) ( )

1
prpa =5 (M7= Mg, — MZ,). (213)

We assumed here that the I5/I; ratio slowly changes with the momentum in com-
parison with the factor p; - po, therefore, we ignore their momentum dependence
in (212). With this assumption we are going to obtain just a qualitative picture
for decays of the excited scalar mesons.

In Egs.(211) and (212), we omitted the contributions from the diagrams
that include form factors at vertices. The whole set of diagrams consists of
those containing zero, one, two, and three form factors. To obtain the complete
amplitude, one must sum up all contributions.

After these general comments, let us consider the decays of ag(1450),
f0(1370), f;(1710), and K;(1430). First, we estimate the decay width of the
process ag — nm, taking the mixing coefficients from Tables 1 and 2 (see Ap-
pendix B for details). The result is

T 02 GeV, TP ~35 GeV, (214)
iy mm ~ 160 MeV. (215)

From this calculation one can see that 7(1) <« T2 and the amplitude is
dominated by its second part, 7(?), that is momentum—dependent. The first part
is small because the diagrams with different numbers of form factors cancel
each other. As a consequence, in all processes where an excited scalar meson
decays into a pair of ground pseudoscalar states, the second part of the amplitude
determines the rate of the process.
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For the decay ag — 7’ we obtain the amplitudes

1) ~ (2) ~
Toy—my = 0.8 GeV, T30 ~3 GeV, (216)
and the decay width
Dag—my ~ 36 MeV. (217)

The decay of a¢ into kaons is described by the amplitudes T}, x+x- and

T, goro Which, in accordance with our scheme, can again be divided into two
parts: T and T (see Appendix B for details):
W ~0.2 Gev, T ~2.1 GeV (218)
ao—K+K- "~ Y v tag—mK+tE- T4
and the decay width is
Tep—kr = F&0—>K+K* + Fdoﬁf(oKo ~ 100 MeV. (219)

Qualitatively, our results do not contradict the experimental data
Fg([’)t =265+13 MeV, BR(ay — KK): BR(ay — 7)) = 0.88+£0.23. (220)

The decay widths of radial excitations of scalar isoscalar mesons are estimated in
the same way as shown above:

N 550 MGV(M{f =13 GGV)
Fommn { 460 MeV(M; = 1.25 GeV), ey
[ 24 MeV(M, = 1.3 GeV)
Fomm =~ { 15 MeV(M, =1.25 GeV), e
| 6 MeV(M, =13 GeV)
Fomor ™ { 5 MeV (M, =1.25 GeV), .
Is oxx ~5 MeV, 224)
Ik;—k= ~ 300 MeV. (229

The heaviest scalar isoscalar meson in our model has the mass 1600 MeV
(see Table 3) to be associated with an experimentally found meson state. From
experimental data [1], we find two possible candidates for the role of a member of
the radially excited meson nonet: f,(1500) and fo(1710). The extra meson state
can be explained by possible mixing of members of the gg meson nonets with a
gluon bound state, the glueball. Indeed, on the mass scale, both meson states lie
in the region where the hypothetical glueball state is expected to exist. So far as
we did not include the glueball into our model (however, we are going to do this
in our further works), the picture is not complete. Nevertheless, we are free to
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make a hypothesis concerning the contents of f,(1500) and f;(1710). We expect
that one of these states is mostly a quarkonium with just a negligible admixture
of the glueball state whereas the other is essentially mixed with the glueball. The
mass splitting that always appears when two or more states mix with each other
will ether increase or decrease the mass of a quarkonium, depending on the mass
of a «bare» (unmixed) glueball state either being smaller or greater than the mass
of the quarkonium. After mixing we expect to find the gg bound state with the
mass 1500 MeV or 1710 MeV.

To decide which of them is the quarkonium with a small content of a glueball
state, associated with the radial excitation of f,(980), we estimate its decay widths
for two cases: first for the mass 1710 MeV quarkonium

Ty ari0)—ar 3 MeV, Ttar10)—29 40 MeV,

~ ~ 226
Thanom = 42 MV,  Thomnerx ~ 24 Mev, 2
and then for the mass 1500 MeV quarkonium
Ttas00)—2r = 3 MeV, Ctas00—2n =~ 20 MeV, (227)
FfU(ISOO)‘”Tr]l ~ 10 MeV, Ff0(1500)~>KK ~ 20 MeV.

The decays of fy(1500) and fo(1710) into oo are negligible, so we disregard
them. From the experimental data we have:

it =200 — 500 MeV, It =133+14 MeV,

I'Plis00) = 112+ 10 MeV. (228)

Thus, we can see that in the case of f;(1500) being a gq state there is a deficit in
the decay widths whereas for f;(1710) the result is close to experiment. From
this we conclude that the meson f;(1710) better suits for the role of a member
of the @g nonets as a radially excited partner for f;(980) and the meson state
f0(1370) as the first radial excitation of f(400 — 1200). As to fp(1500), the Gg
model works bad for it. This gives us the idea that f;(1500) is essentially mixed
with the glueball state which significantly contributes to its decay width. Our
interpretation of fo(1500) and fo(1710) is in agreement with other approaches
where similar conclusions were made by the K-matrix method [36] and QCD
sum rules [37].

The strong decay widths of ground states of scalar mesons were calculated in
paper [32] in the framework of the standard NJL model with ’t Hooft interaction
where it was shown that a strange scalar meson state with a mass about 960 MeV
decays into K7 with the rate

3 (mums

2
T ke (060) s Ko = : (M-, My, My) ~ 360 MeV. (22
K (960)—K Z?TM?(S SR ) (Mg, M ) = 360 MeV. (229)
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Table 4. 7(1295) and 7(1440) decay modes

aom no nrmw KK KK* ot
n(1295) | 3 MeV | 30 MeV | 4 MeV | 5 MeV — 48 MeV
n(1440) | 10 MeV | 3 MeV | 6 MeV | 26 MeV | 70 keV | 45 MeV

By comparing this result with the analysis of phase shifts given in [5] where
an evidence for existence of a scalar strange meson with the mass equal to
905 £ 50 MeV and decay width 545+ 170 MeV is shown, we identify the state
K} (960) as a member of the ground scalar meson nonet. The state K5(1430) is
thereby its first radial excitation.

4.4. Strong Decays of 1(1295) and 7(1440). The mesons 7(1295) and
17(1440) have common decay modes: aom, N, 7(77T)s_ wave, K K, moreover,
the heavier pseudoscalar 1(1440) decays also into K K*. For the processes with
two secondary particles, the calculations of decay widths are done in the same way
as shown in the previous Subsection, by calculating the corresponding triangle
diagrams.

Let us consider the decay 7 — agm. The corresponding amplitude is of the
same form as given in (211) for decays of the type ¢ — ¢y. It can also be
divided into two parts 1) and T7® which in our approximation are constant
and momentum—dependent in the sense explained in the previous Subsection (see
(212) and the text below):

7  ~03 Gev, TP, ~—1 GeV. (230)

n—agm nN—aogm

Therefore, the decay width is
Iisaor =3 MeV. (231)

The decay 1) — 7(77)s—wave is nothing else than the decay 7 — no —
N(77)s—wave Where we have the o meson in the final state decaying then into
pions in the S wave. We simply calculate 7 — no, with o as a decay product.

The calculation of decay widths for the rest of the decay modes with two
particles in the final state is similar and the result is given in Table 4.

The decay 77/ — K K* differs from the other modes due to the strange vector
meson among the decay products. In this case we have

Ty k- = 4m +p2)“([gugxgmlz(mu,ms)+---]—

\/é[gnggK* I2(mu; ms) + .. ]) ) (232)
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Fig. 6. Diagrams describing the decay  — nmm. The black box stands for the sum of
«box» diagrams represented by one-loop quark graphs with four meson vertices. The
rest of the diagrams is a set of pole graphs with o, fo, and ao scalar resonances. The
diagram with ag is to be taken into account for two channels (due to the exchange of pions
momenta). There are analogous contributions from radially excited resonances

where p; is the momentum of 7’; po, the momentum of K; and dots stand for
the terms with form factors (not displayed here). These two parts are of the same
order of magnitude and differ in sign and therefore cancel each other, which
reduces the decay width up to tens of keV:

When there are three particles in the final state, poles appear in amplitudes,
related to intermediate scalar resonances. As is well known from 77 scattering,
these diagrams can play a crucial role in the description of such processes. So,
in addition to the «box» diagram we take account of the diagrams with poles
provided by o, fo, and ag resonances (see Fig. 6). Here we neglect the momentum
dependence in the box diagram approximating it by a constant. The amplitude is
thereby

ConfiConn + CfonfiClomm

Thoprr =B . :
e —’—MgfsszaF(7 M]%OfsszfOFfo—’—

CagnimCagnm CaphnCaonm .
ted 234
TMZ 1My Tay T ME —u— Mg T, | R (23D
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where B is given by the «box » diagram:

2
B=12 <%) Z7YRi Ry + .. ] (235)

T

where dots stand for the contribution from diagrams with form factors, and R;; are
taken from Table 2 (for n and 7). The coefficients c,,,, represent the amplitudes
describing decays of a scalar to a couple of pseudoscalars; the calculation of
them was discussed in the previous Subsection. In general, they are momentum-—
dependent.

The kinematic invariants s, ¢, and u are Mandelstam variables: s = (p,, +
Pra)? t = Py + pry )% u = (py + pra).

The «excited» terms are contributions from excited scalar resonances of a
structure similar to that for the ground states. The decay widths of processes
7} — nrw and 7/ — nmw are thereby

Tiprr =4 MeV, Tjper ~ 6 MeV. (236)

For the processes 7 — K K7 and i/ — KK we approximate their decay
widths by neglecting the pole-diagram contribution because it turns out that the
box» is dominant here. The result is given in Table 4.

Unfortunately, the branching ratios for different decay modes of 7(1295) and
1(1440) are not well known from experiment; so one can only find their total
decay widths

= e s p = — e 5
Pt g5 = 53+£6 MeV, D90, =50—80 MeV (237)

which is in satisfactory agreement with our results.

Strong and electromagnetic decays of the ground states of 7 and 7/ mesons
were investigated within the framework of the standard NJL model in [9,10] and
we do not consider them here.

5. CONCLUSION

Let us summarize and discuss main features of the nonlocal NJL model
proposed here and basic results obtained in our work.

A simple generalization of the NJL model to a nonlocal four-quark interaction
of the separable type was suggested to describe first radial excitations of the
scalar, pseudoscalar, and vector mesons. The nonlocality was introduced into
quark currents by means of simple form factors, while preserving the local form
of the ground and excited meson states. On the one hand, form factors can
be written in a relativistic invariant form. On the other hand, the form factor
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parameters can be chosen so that the gap equations keep the conventional form,
which leads to constant constituent quark masses and quark condensates. As a
result, all low energy theorems are fulfilled in our model in the chiral limit (see
Section 2). Therefore, the introduction of excited meson states does not destroy
those attractive features which the NJL model is characteristic of.

The model contains six basic and seven additional form factor parameters.
The basic ones are defined like in the standard (local) NJL model. They are the
quark masses m,, = mg, ms, the cut-off parameter A3, and three quark coupling
constants G, Gy, K. To determine them, we used six input quantities: Fr, g,
My, Mg, M,, and the mass difference M7 —Ms/. Then, we predicted the masses
of n, ', K}, ¢ mesons and also the masses of the scalar and axial-vector meson
nonets. The weak decay constant Fx and all strong coupling meson constants
are calculated.

Upon the excited meson states are included, a great number of form factors
appears in the model. They are necessary to describe radial excitations of the
three meson nonets: scalar, pseudoscalar and vector. Each form factor contains
two parameters: the external parameter cgq characterizing to what extent the
interaction of excited states is stronger than that of the ground ones and the
internal (slope) parameter dy, determining the shape of the wave function of an
excited meson state.

We give an unambiguous definition of the slope parameters for scalar mesons
from the condition that the excited states do not contribute to quark condensates.
Then, we assume the slope parameters to be the same for any sort of meson
fields. Moreover, in favor of the global chiral symmetry, we put the scalar meson
form factors equal to the pseudoscalar meson ones. As a result, only seven
independent parameters are left: cT,, cX CZ;:’/, cggﬁl, chw, 0533, c?,. They are
fixed by masses of radially excited pseudoscalar and vector mesons. When this
procedure is completed, we are able to predict the masses of scalar mesons and
identify them with experimentally observed meson states.

The major results obtained in our work are:

1) A nonlocal chiral quark model with a quark interaction of the separable
type was developed to describe the ground and first radially excited states
of mesons represented by local fields. In this model, the quark condensate
and gap equations are conserved in the standard form, and all low-energy
theorems are fulfilled.

2) In a realistic U(3) x U(3) version of the model, the U4 (1) problem is
solved by introducing the ’t Hooft interaction. The mixing of pseudoscalar
isoscalar meson states, the ground 7, 7/, and the radially excited 7, 7}/, due
to the 't Hooft interaction, was taken into account.

3) In the framework of the proposed model, a satisfactory description of the
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masses of ground and first radially excited pseudoscalar and vector meson
states was obtained.

4) The mass spectrum for scalar meson nonets (ground and first radially ex-
cited) is predicted on the basis of the proposed model and with the assump-
tion on the form factors, based on the global chiral symmetry, that the form
factors for scalar mesons are the same as for the pseudoscalars ones.

5) The members of quark—antiquark nonets, whose physics the proposed model
is intended to describe, are identified with twenty seven physically observed
scalar, pseudoscalar, and vector meson states.

6) The weak decay constants F/, F, and F/ are estimated.

7) The widths of main strong decays of radially excited scalar, pseudoscalar,
and vector meson nonets are estimated. The results are in satisfactory
agreement with experimental data.

Let us make some comments on the identification of the meson nonets’
members. While it seems clear how to identify the members of pseudoscalar
and vector meson nonets, the scalar mesons require more words to say. From
our calculations we come to the following interpretation of fo(1370), f;(1710),
ap(1470), K;(1430) mesons: we consider them as the first radial excitations of
the ground states fp(400 — 1200), f5(980), ap(980), and K;(960) *.

In this picture, however, no place is reserved for the f;(1500) meson. To
include it, we need an additional meson state in our model that is not a bound
dq system (there is no vacancy in the considered multiplets) but rather it is a
bound colorless gluon state [38]. There are many reasons that the state fo(1500)
is essentially mixed with a glueball [36,37]. However, in this paper we did not
take the glueball into account. Therefore, we cannot say how much it can affect
gq-meson states. However, we are going to tackle this problem in our further
work. In the present paper, we obtain a bound quark—antiquark state with the
mass about 1600 MeV, so we have to decide which of the observed meson states,
f0(1500) or f;(1710), is to be associated with this member of the nonet of the
radially excited scalar mesons in our model. We have chosen f;(1710). The
reason for this choice is based both upon the results obtained in Refs.36, 37 and
on our estimates of the decay widths discussed in Section 4.

Concerning the ground state a((980), in the framework of our quark—antiquark
model, we have a mass deficit for this meson, 830 MeV instead of 980 MeV.

*The light strange scalar of a mass about 900 MeV is not included into the summary tables
of PDG [1]. However, there are evidences from the phase shift analysis [5] that a state (known as
%(900)) with the mass 950 MeV does exist.
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We suspect that the deficit is caused by four-quark component in this state which
we did not take into account [39,40].

In conclusion, we would like to outline further steps to improve our model.
First of all, a glueball state can be included into the effective Lagrangian. This will
allow us to correct the description of the scalar states f,(980), fo(1370), fo(1710)
and include f(1500) (presumed to be essentially mixed with a glueball) into the
whole picture. The mixing of all the states will play an important role in this case.
By now, we took account only of the mixing among f,(400 — 1200), f,(980),
fo(1370), fo(1710) and among 7, 7', 7, 7’. Nevertheless, our investigation
revealed that the meson states 7(1300), n(1470), fo(1370), ag(1470), fo(1710),
K} (1430) are the first radial excitations of 7(590), 7(950), fo(400 — 1200),
ap(980), f0(980), K (960).

Second, the absence of quark confinement is still a common flaw of NJL-like
models with a local quark interaction. There are several approaches suggested to
find a solution of this problem. Among them there are various potential models,
models where the pole in the quark propagator is excluded [41], etc. We are going
to continue to work with our own approach which was suggested in Ref. 42.
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Appendix

A. COEFFICIENTS OF THE FREE PART OF THE EFFECTIVE
LAGRANGIAN FOR SCALAR ISOSCALAR MESONS

The functions Kc[ra(’ﬁ]) i introduced in Subsec. 3 of Sec. 4 (131) are defined
as follows
[a,a] _ a 2 a 2 2
KJ(¢)711(P) - ZO'(LP),I(P - (mq + mg’) - MO’“(LP“),I))
KU o (P) = Z8,) o(P? = (md £m3)? — M2y ),
RS (P = K4 ,(P) Ve (P2 = (m@ £m&)?),  (238)
[8,9] 098] ()t
KJ(@),II(P) - Kcr(tp),ll(P) - (G )89 )
8,9 9,8 8,9
Kt[f(w])JQ(P) = Kc[r(tp]),12(P) = KL(¢]),21(P) =0,
98] _ 8,9] _ pl9.8] _
Ko(g)21(P) K (0),00(P) = K () 55(P) =0,
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where the «bare» meson masses are

M2 (w)I* 28 1<G(:F) 88 *SII(mu))v
M39(¢9),1 o’(cp) ) ( (GF)gq — 8Il(ms))
MZs sy 2 = (Zg(4) 2) ( —81{7( mu)> , (239)

_ 1
Mgg(wg),Q = (Zg(cp),2) ! (5 - Sjlff(ms)) .

In the case of isoscalar mesons it is convenient to combine the scalar and
pseudoscalar fields into 4-vectors

= (8 01 087), E= (01" 05", 01", a3"), (240)

and introduce 4 x 4 matrix functions Ky ) i;, instead of old Kc[ra(ﬁ]) i where
indices ¢, 7 run from 1 through 4. This allows us to rewrite the free part of the
effective Lagrangian which then, with the meson fields renormalized, looks as
follows

l\:))—‘

4
LA, ®) == Z (%iKs,ij(P)Y; + ®:Ks 15 (P)®;) (241)

and the functions Ky g ;; are

Ks@) 11 (P) = P? — (my £my,)? - Mgs(sagxl’

Ks@)22(P) = P?—(mytmu)? — M s o,

Ks@)s3(P) = P?—(ms£mg)® = MZ 01,

Ks@)aa(P) = P?—(ms£my)® — M0, (242)
Ks@),12(P) = Ks@)21(P) =Tg, () (P? = (my £my)?),
Ks(),34(P) Ksy@),43(P) = Lo () (P = (ms £ my)?),
Ks@)13(P) = Ks@)s1(P) = (28( )1 Zc?’(Lp),Q)_l/Q(G(:F))ggl

Now, to transform (241) to the conventional form, one should just diagonalize a
4-dimensional matrix, which is better to do numerically.

B. THE CALCULATION OF THE AMPLITUDES FOR DECAYS
OF THE EXCITED SCALAR MESON ag

Here we collect some instructive formulae that display a part of the details
of calculations made in this work. Let us demonstrate how the amplitude of the
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decay a9 — nm is obtained. The mixing coefficients are taken from Table 1.
Moreover, the diagrams where pion vertices contain form factors are neglected
because, as one can see from Table 1, their contribution is significantly reduced:

. Ia(my)
7 — 4l ge. 07177122
ag—nm Fﬂ— IQ(mu)
%
_ (1.17 0712712 .82 0.11) 2 (1) _
Ig(mu)lgff(mu)
Iff u
- 1.17-0.11%} ~0.2 GeV, (243)
I37 (my,
. I3(my)
7@ = oMupr2 _ a2 208207121223 )
ag—nm Fﬂ— ( ao n 71") IQ(mu)
I (my,
- (1.17-0.712*1/2 70.82~0.11) 3 () f
IQ(mu)Igf(mu)
ot (m,
_ 1.17-0.11%} ~3.5 CGeV. (244)
I37 (my,
The decay width thereby is
Ty |2
Lo om = [Tao—nal*
].67TM&50

X/ MA + M+ M —2(M2 M2+ M2 M2+ MZM2) ~ 160 MeV.  (245)

Here Ip(my) = 0.04, Il (m,) = 0.014c, IJ'(m,) = 0.015¢% Is(m,) =
= 0.11 GeV ™2, Ig(mu) = 0.07c GeV_Q,Igf(mu) = 0.06¢> GeV™? and ¢
is the external form factor parameter factored out and cancelled in the ratios of
integrals.

For the decay into strange mesons we obtain (see Fig. 1)

N,
Th—rx+x- =Ck (— ' ) X

1672

« [aylelna ks st + st X 8]
(m2 = k)% — (k= p0)P) (% — (k — p2)?)

~ 20k {(ms + my)Ia(my) — Aly(my, ms)—
—[ms(MZ, — 2Mf) — 2A0%] I3 (may,ms) } (246)
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where A = mgz — m,, and

. Ne d*k
B = ~igss | e O
The coefficient Cx absorbs the Yukawa coupling constants and some structure
coefficients. The integral Is(m,,ms) is defined by (102). This is only the part
of the amplitude without form factors. The complete amplitude of this process is
a sum of contributions which contain also the integrals Ig I and I:{ -/ with form
factors. Thus, the amplitude is

Tipmr+i- =T + T3, (248)
W = %{(ms +my)-0.13—A-0.21} ~ 0.2 GeV, (249)
K
7@ = Tut e o (M2 - 2M2) —2A%] -1 GeV2} ~ 23 GeV, (250)

2Fk
Fr =12F.

The decay width therefore is evaluated to be

FaOHKJrK* = FdOHROKO ~ 50 MeV. (251)
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 3

YAK 519.72;539.12

CUrHAN, JAHHbIE N UHOOPMALUNA

B PN3NHECKNX NSMEPEHWNAX
C.I'b cun o3ze

H y4HO-nccnenoB TeNbCKUA MHCTUTYT saepHoin dusnkn MIY, Mocks

B o630pe p ccM TpuB F0TCS BOHPOCHI TONMY4eHHs WH(OPM UMK O (PU3NYECKUX SABIECHUSX. Boib-
o€ BHUM HHE YHEJIEHO H JIM3y MpoLecC OTOOp XeHHs — K K BO3NEHCTBHUIO M BOCHPUSTHIO CHIH -
JIOB, T K U HX HOCIeIyIoIeld JUCKpeTH3 Iud. Mcxons u3 nH(OpM IIMOHHBIX IOPOTOBBIX U MpPENebHbIX
COOTHOIIEHUH 0OCYK eTcsi BOSMOXH 51 ()OPM U I P METpPbl CUTH JIOB B IPOLIECC X B3 HMOJEHCTBHS
B MHKPOMUpE.

ITocKOnbKy BOCIIPUHMM €MBblIil CUTH JI IIPHHLMIIK JIBHO HETOYHO OIPEMENeH, MoK 3 HO, K K IOJIy-
YUTh OCHOBHbBIE COOTHOILIEHHsI O KOIMYECTBE I HHBIX M CONEPXK IIelcs B HUX MH(OPM LMK H OCHOBE
« H JIN3 LEIbIX YHCEl», He NMpHOer s K KJI CCHYECKHM M TeM THYECKHM IMOHSTHSM OECKOHEYHO M -
JIBIX U OECKOHEYHBIX Imporenyp. Kp TKo p ccMOTpeHbI OCHOBHBIE NP KTHYECKHE IPUEMBI KOXUPOB HIIS
UHGOPM 1IHU.

The problems of information getting about the physical phenomena are described. The analysis
of a signal affecting from a source side and signal sensing from receiver side is the first point
analysed in detail, the second one is the signal discretization rules. The «micro»-signal parameters
and their possible shape in the microcosm are discussed as it follows from the so-called «threshold»
and «up-limit» boundary informatics relations.

It is shown how to get the main equations for the amount of data and information they contain
basing on the analysis of «integer variables» (without using formal mathematics infinitesimal values
and infinite procedures).

The main practical methods of data conversion (coding) to the information are described shortly.

BBEIEHUE

IToHATHS ®HTPONUU, CUTH 1 U MHGOPM LHUM JOCT TOYHO I BHO H3BECTHBI,
MOAPOOHO WCCTIEIOB HbI M OMHC HBI B OoJbimoM umcie myommk mmit [1-35]. Ilo-
npoOyeM, OfiH KO, MPOBECTH HEOOJIBIION 3KCIIEPUMEHT U TNPEUIOXHUTh YUT TEJII0
OTBETUTh H CJIEYIOIINE MTPOCTHIE BOIPOCHI:

1) Uacdopm 1us, K K U3BECTHO, U3MepseTcs B «Kycouk X» — out x: 1,2,3,...;
MOXET JI1 KOJIMYECTBO MH(MOPM MM, MOJIyd eMOe IPH OJHOM H3MEpEHHH, ObITh
MHOTO MeHbIe 1 6ur ?

2) MoxXeT 71 B COBOKYITHOCTH P BHOMEPHO P CHpEIeTIeHHBIX (P BHOBEPOST-
HBIX) OTCUETOB COJEPXK ThCS NPEHEOPEXUMO M JI0€ KOJHMYECTBO UH(OPM LUH?

3) MoxHO 1M B pe JIbHOM BpPEMEHH Iiepel Th IO JIMHUHM CBS3M CHUTH JI C
MOJIOCOI Y CTOT CYIIECTBEHHO OOJIbLICH, YeM IOJIOC MPOIYCK HUS JTMHUM?
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4) YBenUuuTCS JIM KOJMYECTBO MH(POPM MM, €CIH B TEKCTE COOOIIEHHUS CITy-
9 WHBIM 0Op 30M IEpPecT BUTh OYKBBI MECT MH, T.€. IPEBP THUTh €ro B IIym?

3H YUTETbH S OO OUIMOOYHBIX OTBETOB «HET», I IOMUXCA OOBIYHO H 3TU
BOIIPOCHI, 3 CT BJISIET 3 OyM ThCS, TOYEMY BO3HHMK IOT MOAOOHBIE HETOYHOCTH U
OHMOKH (  CIHCOK TECTOBBIX BOIIPOCOB JIETKO MPOJOJIKUTE), KOTI pPedb 3 XOIUT
06 nH(popM 1MU. MOXHO YK 3 Th H CIIeqyOII{e TIPHYUHBL:

) p 30poc HHOCTb CBEAEHHMI, K C IOIIUXCS HH(OPM LIMOHHBIX K TErOpHii, 1O
P 3JIMYHBIM €CTECTBEHHBIM AUCLUIUINH M (TEOPHs CBS3U, CT THCTHYECK o (PU3HUK ,
KB HTOB f M€X HUK U T.J.), B PE3YyJbT TE€ YEro y 3 HHTEPECOB HHOIO, HO IIPO-
theccHOH JIBHO Y3KO OPHEHTHPOB HHOTO YMT Tesisl He BhIp O ThIB ercsi H Gop Io-
HATHIHA, 00J1 I I0LIEro HeoOXOMUMOM H Y JIBHOU ITOJIHOTOI;

6) CJIOXHBIH, ¢ TPOMO3IKOH M TeM THKOH $3bIK OMUC HUS (4eM OCOOEHHO
Tpell T OTEYECTBEHHbIE W3]l HUS), NPU3B HHBIA CO3J Th WIIIO3UI CTPOTOCTH H3-
JIOXEHHs, IO CYLIECTBY, U CTHBIX BOIIPOCOB (H IpUMEp, TOJIBKO CT LIMOH PHOIO
MOBEJICHHs] MOJIENIEl), OTp HUYEHHO [EKB THBIX IIPOLECC M pe JIBHOIO MUP ;

B) HEIIp BOMEPHBI MEPEHOC U CTHBIX CYXJIeHUH H Oosiee oOLIMe MOI0KeHHs,
BO3HUK IOIIMH K K CIEACTBHE MEPBbIX IBYX MPUUHH.

Lempio H crosmeit p 60TH ObUTO Xell HHe OOOOIIMTH M TEpH JI, COmEpX -
LIMICS B JIUTEP Type, U [ Th IO BO3MOXHOCTH IIOJIHOE, IIPOCTOE U MOCIENOB -
TEJIbHOE U3JI0XKEHUE TEOPETHYECKUX 3 KOHOMEPHOCTEH MOTyYEeHHS HU3MEpPUTENb-
HOU MH(OPM LUK B siiepHOl ¢usrke. HecMoTpss H  GONBIIYI0 UCTOPHIO, 1 JIEKO
He BCe B 3TOW 00/ CTH H IIJIO CBoe p 3pemeHue. H mpumep, 10 CHX MOP HESCHO,
4TO MPEJCT BISET U3 ceOs CUTH JI B MUKPOMHUpE. 3JIeCh CIeN H MOMBITK XOTs ObI
Y CTHYHO OCBETUTbH NMOZOOHBIE BOIPOCH! U NPHUBJICYh BHUM HHUE K UX PEIICHHUIO.

AH 5U3 JUTEp TYypHBIX HUCTOYHMKOB UMeT T KX€ LElb — IOK 3 Th OCHOB-
Hble UH(OPM LIUOHHBIE TOJIOXEHHUI U CBI3U MEXIy HUMH C TeX CTOPOH, KOTOpbIE
OOBIYHO OCT I0TCSl B TEHH; BCJIEACTBUE DTOTO IMPUHATHIH CIIOCOO W3IOXEHUS H,
9 CTHYHO, TEPMUHOJIOTHS HE BCErd COBII [ 0T C TP IUIMOHHBIMHU.

OTrMyuTeNbHbIE YepThl U NOHATHA HHPOPM THKH. MMeeTcs onpeneneHHOe
CXOJICTBO MEXIY M TeM THUKOH U MH(pOpM THKOW. Ecu OCT JIbHBIE €CTECTBEHHBIE
H YKH UMEIOT IIPEIMETHO ONpe/eeHHbIe 00/ CTH MCCIIeoB HUM ((PM3UK , XUMHUS,

CTPOHOMMSI), TO M TeM TUK M WUH(OPM THUK BBIP X IOT OOILIME YUCIICHHbIE U
JIOTMYECKHE 3 KOHOMEPHOCTH B SBICHUSAX NPHUPOAbI U HEATETbHOCTH YENOBEK .
P 3Hunm Mmexmy HMMH, OfH KO, B TOM, YTO €CJIM M T€M THUYECKHE MOJEIU B 3H -
YHUTETIBHON Mepe YMO3PUTEIbHBI (OHM He 00513 HBI pPe JIBHO CYIIECTBOB Tb), TO WH-
¢opM LIMOHHBIE MOJEU CTPOATCS «IIO Ip BWJI M» pe JpHOoromup . T K, no p T
KJI CCUYECKOTO M TeM THUYECKOro H JM3 O 3upyercss H TOHATHH OECKOHEYHO
M JIOH BEJIMYUHBI U IIPOLEAYPE <«IIPEAEIbHOIO IMEPEXON », KON TO WIH HHOE
omnpeneneHye (H MpUMep, UPP LMOH JIPHOTO YHUCH ) BBOAUTCS K K YCT H BIIUB I0-
Imieecs 3H YEHHE OIpeseNnsiomell (GyHKIMH H OecKOHedHOM uucie (6eCKOHEYHO
M JIbIX) I TOB. B 3TOM «yMeHHH 00p I ThCA ¢ GECKOHEYHOCTSIMI» M COCTOUT, IO
cnoB M Ily HK pe, MOTYIIECTBO M T€M THKH.
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Puc. 1. Cura 1K K oToOp XeHHe pe JIbHO NPOMCXOJILINX HPOLIECCOB WM SBICHUN: ) CHT-
H J IpU H JHYAU IIyMOB; 0) (HIBTP LM IIyM B CHUTH JIeé MEIJIEHHBIM PErdcTp TOPOM
(unTerpupytorcs 20 NpeabIIyIUX 3H YE€HUIN); ¢) UCXOMH S M TeM THYeCK s (yHKIus y(T);
2) IMCKPEeTH30B HH s Jlormdeck s pynkuus S(L)

WHdopMm THK XKe U3H Y JIBHO UMEET JeJIO0 JIUIIb C OTP HUYEHHBIMH U IPUH-
UK JIBHO HETOYHO OINpEeIeleHHBIMU BEeIMYMH MU. [IpuBeneM mpocToil mpumep:
BCErJ HMewnyecs (Ho, KOHEUHO, JOIyCTHUMBIE MO BEIMYMHE) MOrPEIIHOCTH BBI-
YHCJIEHUI H KOMIIBIOTEPE HE BIUAIOT H CYLIHOCTb IOITYYEHHOTO PE3YyNbT T .

AH 5oroBoe 0TOOp XEHHE TOrO WJIM WHOTO MPOLECC WM SBIECHHSI B P€ Ib-
HOM M CIIT O€ BpeMEHU MOXHO H 3B Th CHTH JIOM WIHM (PyHKLHEH OTOOp KEeHUs.
ITonsaTHe cUrH 1 TOAP 3yMEB €T ONpeleIeHHYI0 MPOLeAypy BO3AENUCTBUSI CO CTO-
POHBI UCTOYHUK U IPOLELYPY BOCIPUATHS CO CTOPOHBI IPUEMHUK HH(OPM IHH.
BocnpunuMm eMblil curH J1 (cM.pHc.l) HHKOLJ TOYHO HE COOTBETCTBYET CHUTH Iy
UCTOYHUK B CUITy Pl TIPHYMH:

1) HECOOTBETCTBUE X P KTEPUCTUK IPUEMHHUK U MCTOYHUK (H IpUMEp, CUI-
H J UCTOYHHMK MOXET HECTH rop 310 Oojbllie HH(OPM MU, YeM CIIOCOOEH BOC-
HNPUHATD IPUEMHUK);

2) 1 Xe IpU ONTUM JIbBHOM COINI COB HUM X P KTEPHCTUK Y CTh CHUIH JI
«p cxomyercs H obecriedeHre» MpoLecc BOCHPUSITHUS;
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3) mporecc BO3NEUCTBUS CUTH J1 4 CTO ObIB €T HE U30JUPOB HHBIM OT JPYTHX
Cllyd HHBIX IIO OTHOLIEHUIO K HEMY IIPOLECCOB (T.€. IIyMOB);

4) ¢ M HCTOYHHK, OCOOCHHO B MHUKPOMHPE, MOXET NPUBHOCUTH BHYTPEHHIOIO
HEOIPENEIEHHOCTh (BHYTPEHHUI LIyM), KOTOP 1 «P 3MBIB €T» BOCIIDUHHUM €MBII
CHUTH JI.

[MpuHUMNK JIBH S JONYCTHUMOCTB p 30pOC CHUTH JIOB jien eT (cM. puc.1,2) Bo3-
MOXHOU MpPOLIENYpY JUCKPETU3 LIUH, T.€. BBeJAeHHs (PUKCHPOB HHbBIX, O 30BBIX CO-
CTOSIHUH (PyHKIIMM OTOOp KEHHs, OTCTOSAIIMX APYT OT APYr H MHTEPB JIbI, CO-
MOCT BUMBIE C BeJMYMHON P 30poc . IToCKOMBKY yK 3 HHBIE MHTEPB JIbI UMEIOT
OIpenesieHHbIe P 3MEpbl, YUCIO COCTOSHUM pPryMeHT (hPYHKIUM M C MOM (PyHK-
UMM OTOOp XeHHsl OK 3bIB eTCsl KOHeuHbIM. Orp HUYEHHOCTb YHCJ COCTOSHHA
MO3BOJIIET BBECTH YK 3 Tellb H K KIO€ M3 HHUX, T.e. KoJ coctosuus. H ubosee
®KOHOMHYH §I CHCTEM YK 3 TeJeldl H Bech H OOp COCTOSIHMII CTPOHMTCS IO Ape-
BOBUJIHOMY, UEP PXUYECKOMY IPHHLUILY [OCIEN0B TEIBHOIO JEIIEHUd H TPYIIIEL,
MOATPYNIBl M T.O., B PE3yIbT Te Yero JUIMH YK 3 Telsl eCTh Jior pucM oOIero
yucn  cocrosiHuid. [lonydeHHOe JUCKpeTHOe OTOOp KeHUE BBIIAIIUT K K H 6op
3H KOB, Y IlIe BCEro LU(POBBIX, KOTOpPBIE IMPUHATO H 3bIB Th I HHBIMH (M3Mepe-
HUS, 9KCIIEPUMEHT ).

Kozsl cocTosHMIA, TOBTOPSIOUIMXCS U IIe APYTHX, 3 HUM [OT OCHOBHOW 00beM
B I HHbIX. [IpUHIMO MUHUMYM YCIJIHA — «KJI A4 ONUXe TO, YTO HYXHO U -
11e» — MOJCK 3bIB €T, YTO I COKP IIeHUs o0Iiero o6beM JI HHBIX H JIO:

) UCIIOJIb30B Th H 4 JIBHOE 3H HHUE WM 3H HHUE, IPHOOPETeHHOE B Mpolecce
BOCIIPUATHS, [UI BBIIEJICHUS MHTEHCUBHO MOBTOPSIOIIUXCA COCTOSHUIA;

6) MCHONB30B Th KOABI MEPEMEHHOM JUTMHBI — MEHbILIeH 11 Oosiee MHTEH-
CUBHO MOBTOPAIOIINUXCA COCTOSHUM WM BBOAUTh M KPOCBHI — IPYIIIBI IOBTOPSIO-
IIUXCSI COYET HUI COCTOSTHUM.

JocTrXuUMBIA B TIpeene KOjJ MHHUM JIbHO BO3MOXHOIO OOBbEM W SIBIISETCS WH-
dopm 1uei.

KonmnuectBo nHpoOpM LUU Np KTUYECKH COBI [ €T C KOIMYECTBOM [ HHBIX
(M KCUM JIbHO) B JBYX CJIy4 4X:

1) npu KOpOTKOI nepen 4Ye U IOJHOM OTCYTCTBUU H Y JIBHOTO 3H HHS O P C-
MIpe/IeIeHUH COCTOSIHUH IO TeMITy MX ITOBTOPEHHMS;

2) IpHU MOIHOCTBIO CIyd HHOM U p BHOMEPHOM P CIIPEIENIEHHH COCTOSHUI,
T.€. B IIyMe (OTBET H YETBEPTHIH BOIPOC B H 4 JIE BBEJECHUS).

Ecnu p cnpenenenne cocTosHUI p BHOMEPHOE, HO HE CIIyd WHOE, TO KOJIMYECTBO
MH(OPM LM MOXET OBITh M JIBIM (OTBET H BTOPOH BOIIPOC), MOCKOJBKY HH(OP-
M 1M SIBJISI€TCS MEPON HEOXMUJI HHOCTU cocTossHui. K K BUIMM, noHITHE HHGOP-
M 1uH (pHc.2) SBIFETCS CIOXHBIM U OXB ThIB €T LETYI0 LEM0YKY IPOMEXYTOYHBIX
noHgtuit. K X 1Mok 3 HO H puUC.2, OHO MPUMEHMMO K K CPEICTBO OTOOp XeHHs
MOBEJCHHS P 3JMYHBIX IPUPOJHBIX OOBEKTOB. DTHM XK€ 3 KOHOMEPHOCTIM IOTYH-
HEHBI M IIPOLieCChl H OJIIOJICHNS], PETUCTP LIUH, IIOCKOJIBKY B HUX LIEJIEH TP BJIEHHO
UCTIONIB3YIOTCSl CBOMCTB IMPUPOAHBIX B3 MMopeicTBuil. H xoHen, uH(GOpM LHOH-
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PEAJIbHBI MUP
1

OTob6pakeHue, CUTHAI

Huckperuzanus,
JlaHHBIE
OrpaHuU4eHHOCTh
9HCIIA COCTOSTHUM Hauanbroe
3HaHUE Hcxnrouenne
IIOBTOPOB Hepapxus
rpynn
Nudopmarus
BsaumojeiicTBHe Habmonenue, Ilepenaua u xpanenue
perucTpanus cBeJeHUI
Enunnunoe MHoXecTBEeHHOE

Puc. 2. CTpykTyp mpeacT BIeHUH, BXOIAIINX B MOHATHE HH(OPM U

Hble 3 KOHOMEPHOCTH HCIOJIB3YIOTCA B CO3I B €MBIX YEJIOBEKOM CHUCTEM X Iepe-
I Y4 U Xp HEHUS CBEICHUU U 3H HMUII.

[Tocne mpuBeneHHOTO BbIlIe Kp TKOrO MepevyHs WHMOPM LUOHHBIX MOHATUIN
P CCMOTPHM K XIO€ U3 HHUX W CBI3M MeXIy HUMH Oolee mogpoOHO.

1. CUTHAJIL, EI'O ITIOPOI'OBAA U ITPEJEJBHAS ITIOCTOAHHLBIE

OO6cyxn emple HUXe MOJI0XKEHHs O 3UPYIOTCS H CleIyloInX oommx uHgop-
M LIMOHHBIX MPUHIMII X:

1) OOBEKTH H IIEro MUP BOCIHPUHUM €MblI (perucTpHpyeMsbl) mid H Omon -
Tens W IpYyr VI APYr , TMO3TOMY MX B3 HMOIEHCTBHE MOXHO HpeNcT BUTh, K K
mporiecc OOMEH CHUTH JI MU,

2) mpouecc B3 UMOAEHCTBHS BCErJ IPOMCXOOUT ¢ 0OMEHOM KOHEYHOro KO-
JIMYEeCTB HMH(MOPM IHH.

YcnoBua KoHeyHocTH MH(MOPM IIUM B CUTH Je. YK 3 HHbIE IPUHIUIBI TOJI-
P 3yYMEB IOT H JMYHE y K XJIOTO HPUPOIHOTO SIBJICHUS ONPEIEICHHBIX TOPOTOBBIX
U TpenenbHBIX orp HuueHuil [36]. T K, Korog MBI Y3H €M B Pe3yJbT T€ OIBIT
(OTCYeT ), YTO MHTEPECYIOII s H C TOYUK H «OONbIIOM» UHTEpB Jie AY JIeXUT
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B Tpenen X HeOosbIoro MHTEpB 1 Ay, TO NpHOOpeT eMoe H MU KOJIUYECTBO
uHpopM 1uu [20]

I <log(AY/Ay). (1

Koneunocts Konuuects utpopm uuu (1) tpebyer, uroobt AY He Obu1  Goblie
HeKoToporo mpeaen , Ay He ObUI MeHbIE HEKOTOPOrO HOPOT , 3 1 B €MOro
KOHKPETHBIMH YCJIOBHSIMH H3MEPEHUSI.

Hcxomst u3 (1) HETPYHHO MOHSTH, YTO MPOU3BOIBH s (PYHKUHUS y(X) MOXKET
HECTH «TPUXJbl OECKOHEUYHOEe» KOJIMYECTBO MH(OPM LHH, TTOCKOIBKY

1) m106 s ee TOUK MOXKET NMPUHUM Th OecKoHeyHoe 3H deHue (AY — 00);

2) K X1 g To4dk He umeeT p 3mep (Ay — 0);

3) H 1060M KOHEYHOM MHTEpB Jie Ax COIepPXKUTCI OECKOHEYHOE KOJIUYECTBO
TOYEK.

3 I AuMCs BOIPOCOM: K KHE OTp HMYEHHS HEOOXOAMMO H JIOXHUTh H M -
TeM TUYECKYIl (PyHKIHIO y(Z), €ClM MBI XOTHM HPEACT BUTh €€ K K Pe JIbHBIi
curt 1?7 [l Toro 4ytoObl 0TOOP X Th pe JIbHBIN CHUTH J1, PyHKUWMs y(2) HOKH
UMETD IpejielIbHOe OTp HUYEHHE [0 MIUTUTYAe (BBITEK €T U3 IIEPBOrO MyHKT ):

AY < +/Rs (2

" YAOBJICTBOPATH IMOPOroBOMY OIp HUYCHHIO (BI)IT@K oaeMy U3 BTOPOro U Tpe-
TBETO HyHKTOB)I

AzAy > /Qs, 3)

3nech Rg U (Qs — TpelenbH s U MOPOroB s MHPOPM LIMOHHBIE MTOCTOSHHBIE CHTI-
H I .

Eme ogHo orp HuueHue ciaefyeT U3 ¢ MOH IPUPOIBI CUTH J1 — IepEMEHHbIE
T U Y MOTYT UMETh C MYI0 P 3JIMYHYI0O P 3MEPHOCTb M (PU3MYECKHIl CMBICI, HO
00513 TeNTbHO BBITIOJIHEHUE CJIEYIOIIErO YCIOBUS: KB JAp T (PYHKLUH, YMHOXKEHHBIN
H TpUp IIEHHWE PryMEHT , IOJDKEH ObITh P BEeH M3MEHEHMIO DHEPrHU CUTH JI :

dE = y%dz. 4)

Cwmbicn popM JIbBHO BBEIEHHBIX B (2), (3) KB Op THBIX KOPHEH U COCTOUT B TOM,
4TO MH(OPM LIMOHHBIE HOCTOSIHHBIE R 1 () CBA3 HBI C BEJIMYMH MU 3HEPTUH (C 3/2).

U3 (2), (3) cnenyer, 4TO MOJHBIN Nepen J 3H 4eHud pyHkuuu AY 3 HUM er
MUHMM JIBHBIA U KOHEYHBIM UHTEPB JI 3H YEHUH PryMEHT :

AJJ‘min > V QS/RS- (5)

Dro ycrnoBue 3 I €T WH(POPM HUOHHO OOOCHOB HHYIO CIWHHUIY IUTUHBI, O3H U -
IOIYI0, YTO H HWHTEPB J1 X, MEHbUIUX ALy, AT JIU MOBejleHuS (PYHKIIMU He
SBJISIIOTCS OTPENEIUMBIMU M HE HECYT MO9TOMY HUK KOM MH(OPM LHUU.
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BBuy p crpoctp HEHHOCTH CHMTH J 1O ocH  Ocrucc (5) Mbl OyaeM Iosb30-
B ThCS IIOHSTHEM €I0 CIEKTp , BBOJS CIISAYIOLIe 0003H YeHMs: X — HEPeMEHH s,
00p TH 4 x 1o p 3mepHoctH ([x] = [1/2]); G(x) — cuexTp JbH s INIOTHOCTh M-
wntyast cure o1 . Torn ycrosue (5) 03H 4 eT Orp HHYEHHOCTb IIMPHHBI CHEKTP
curd a1 (mo x).

DYHKIMOH JbH A CXEM PperucTpupyomero npuoop . K xuplii pe jibHbI
tpuznueckuii mpubOp 0651 I eT CBOWCTBOM Orp HUYEHHOCTH OBICTPOINEUCTBUS, T.€.
HE MOXET pe TMpOB Tb H CKOJIb YTOAHO KOPOTKUII CHUIH JI. OUeBHIHO T KXe,
YTO WIS PETUCTP LUM CUTH J1 OOBEKT JOJDKEH IOIYYUTh OT HETO ONpEIeIeHHYIO
aHepruio. [loaToMy cyTh nmpouecc MoOXHO oToOp 3uth [37,38] ¢ nomorpio 0606-
IIEHHON (DYHKIIMOH JIbHOM CXeMbl, TIOK 3 HHOM H puc.3 U BKIIOY IOIIEH IB
MPUHIMITN JIBHBIX Y311 :

1) dunbTp (MpOIyCcK Teab) HUXKXHUX I' PMOHUK CHUTH JI , OTP X IOIIMNA UHEp-
IIMOHHOCTH TIPHOOP ;

2) y3en «(yHKIHOH JIbHOTO MpeoOp 30B HHs», TPEOYIOIIMI NOCTYIUIEHUS OTIpe-
JIeIEHHOM dHeprud H ero BXo (B IpOCTeiileM ciayd e, MOK 3 HHOM H puc. 3,
9TO AMCKPUMUH TOP H JIMYUS WIX OTCYTCTBHS CUTH JI ).

a

D S

1
Ainﬁ Sout

xR X Ep E
Ain
6
X X X

Puc. 3. JleiictBue peructp Top : ) (pyHKLHMOH JIBH S CX€M , COCTOSL] 4 U3 (PUIIBTP HMXK-
HHUX I PMOHUK X < XR M 9JIEMEHT IpeoOp 30B HUS HEPIUH CUTH JI B BBIXOIHYIO BEITH-
YUHY (ZMCKPUMHUH TOp ); 6) MeX HH3M 3 IEpXKKH cp O TBIB HUSI — (PHJIBTP PETUCTP TOP
WUHTETPUPYET BXOMHOM (CTYyIEHY ThIi) CUTH JI, 007 CTh ®Hepruu, tpebyromeiics ¢yHKIHO-
H JIbHOMY IpeoOp 30B TeJo, 3 MITPUXOB H , KOHEIl 3 IITPUXOB HHOW 30HBI €CTh MOMEHT
cp © TBIB HHSI PETUCTP TOP
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OTHolIeHne HEeoOXOOMMON BXOAHOW ®Hepruu Fpr K I0J0CE IMpPOIYCK HHS
pwsTp XR:

Qr = FEr/Xxr (6)

ecTh MH(OPM LIMOHH 51 TOPOrOB s IMOCTOsHH 51 mpubop . B [37] mok 3 HO, uTO
JUISL TOTO, YTOOBI CHUTH JI C MOPOTOBBIM I p MeTpoM Qs = Egszg (3) BOCIpUHH-
M JIcsd, HeOOXOIUMO, IIOMHMO OYeBUIHOTO Fg > ER, BhINIOTHEHHE 00513 TEITHHOTO
YCIIOBHA

Qs > Qr. @)

IMocTosiHH s (Qr ompenenseT He TOJBKO MHHHUM JIBHBIA MOPOT PErucTp IHH, HO
U TIpUp MICHHE DHEPTHH CUTH JI , KOTOpPOe MOXET OBITh 3 PEerncTpupoB HO. [Ipy-
TUMH CIIOB MU, TIOPOTOBOE yCIIOBHe (6) ompenensdeT p 3pelieHrue W3MepUTEITbHOTO
npubop .

CoorHomenue Buj (6) Obuto mosydeHo IeiizeHOeprom [24] npu H jm3e
npoOieMbl JOCTHXUMOTO p 3pelieHus npubop (Mukpockon [eiizeHOepr ); um
ObUTO TOK 3 HO, YTO MUHHM JIbHOH NPHUPOIHON BEMMYMHOW U1 (Jr B CIy4 €
BIIEKTPOM THHUTHBIX CHTH JIOB SIBJISETCS MOCTOSHH 4 [l HK .

JIOCTUTHYTBIN B H CTOSIIEE BPeMs M CCOBBII TEXHOIOTUYECKUN YPOBEHB IIPO-
W3BOJICTB , H NMPUMEP, dJIEKTPOHHBIX KOMIIOHEHTOB MOXHO OX p KTepU30B Th K K
«OJIUH BOJIT — OJIMH MWUIM MIIEP — OIH H HOCEKYHI », YTO H ~ 13 ;mecdaTuy-
HBIX MOPSAKOB BbIlle MOCTOSHHOM [Tn HK . MoxHO yK 3 Tb [39] H HeKkoTOpbIe
TEeXHUYECKHE CIICACTBUS CYIIECTBOB HUS MH(OPM IIHOHHOTO MOPOT :

1) appexT «ryasHUsS» MO BPEMEHM BBIXOIHOIO HMITYJIbC PErucTp TOp IpHU
W3MEHEHUHM MIUIUTYIBI CTYIIEHY TOTO BXOJHOTO CUTH J1 (CM. puC. 3,0);

2) 00513 TEBHOCTD CYIIECTBOB HHS HEKOTOPOTO KOHEYHOI'O MEPEKPBITHS CHUI-
H JIOB JUI1 H 4 J1 BbIIEJICHUS UX COBIT JEHUS.

[Toporooe cooTHOIIEHHE HEOoNpeneaTuMocTd (6), XOTS OHO M MOJIYYCHO IS
U3MEpUTEBHOTO MPHOOp , UMeeT rop 300 OoJiee MIMPOKHUIT CMBICT K K 0000IIeH-
Hoe ycioBue BocmpusaTud. [losToMy 1 jiee Mbl OyoeM H 3bIB Th PETHCTP TOPOM
J11000# 00BhEKT, 00JT 1T FOIIHA CITIOCOOHOCTBIO BOCIIPHSTHS.

IIpenct Bienue nmpoctoro curd J ¢yHkuueil orcueroB. Cxem , MpUBEICH-
H 9 H puc.3, I eT BO3MOXHOCTh CIET Th 3 KITIOUeHHE 00 ONTHM JIbHOH (hopme
CHUTH J1 : OH JAOJIXEH UMETh TUIOCKUH CIIEKTP I' PMOHHUK (COBIT I IOIIHI 10 IHPUHE
¢ xr). Kpome Toro, curt 5 JOIKeH UMETh MHHUM JIbHYIO ®HTPOITHIO, T.6. M K-
CUM JIbHYIO YIOPSIOUEHHOCTD, [l Yero BCe €ro I' PMOHUKH JOJIKHBI COBI 1 Th
(cxomuThesl) «rop0d MU» CHHYCOWJ B OfHOU Touke. MYHKIUS BUIT sin(x) / T, ylo-
BJIETBOPSION] I 9TUM YCJIOBUSIM, H 3bIB €TCSl B MH(POPM THKe (PyHKIIMEH OTCUETOB
[23], oH mMeeT KOJOKOJIOOOp 3HBIA BUO W MOK 3 H H puc.4,6. B 1 npHeii-
meM MbI OymeM H 3bIB Th CUTH JI TOTOOHOM (hOpMBI TPOCTBIM, UMeS B BHAIY, UTO
BO3MOXHBI CUTH JIbI C 60JIee CJIOXKHBIM CIIEKTPOM.
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D A
F OX4 t

Puc. 4. CnexTpsl 4 CTOT: ) IIMPOKOIIOJOCHOIO M Y3KOIOJIOCHOIO CHUHYCOUJ JIBHBIX II -
KeToB (IIMPHH CIEKTP Y3KOIOIOCHOTO I KeT B 5 p 3 MEHbIIE HeCyleid 4 CTOTHI, ero
CHEKTp JIbH $ IUIOTHOCTb IJIs1 H IVISIHOCTU YBEIMYEH B 5 p 3); 6) IIHMPOKOIOIOCHBIH IT -
KeT — (hyHKUMSI OTCYeTOB Sin (27x)/27x; 6) IHUPOKOIIONOCHBIIA M y3KOIOJIOCHBII I KEThI
B yMeHbIIeHHOM B 10 p 3 M cmuT Ge BpemeHH

Hexkotopsie cBoiicTB  ¢yHKIIUM 0TCYeTOB. DYHKIMSI OTCUETOB SABISETCA LIH-
POKOIIOJIOCHBIM (CHEKTP H YHH eTCSl C HyJIeBOW I' pPMOHUKH — puc.4, ) 1T KeTOM
KocuHycoun (Wi c¢ 3upoB HHBIX cHHycomm). OH MoOXeT OBITh MPEACT BJICH B
CIIEIyIOIEeM BUJIE:

¢(x) = Alsin (2nAxx)/(2rAxx)], (8)

e A — MmmTyn (yHKIMM OTCYETOB (BBICOT €€ LIEHTp JIbHOro nuk ). I see x
MOHUM €TCd K K LEHTpP JIbH £ (HECyLl {) T PMOHUK CHEKTp , IMEIOLIETO IUPUHY
Ax: x = Ax/2, cm. puc.4, ,6.

X p KTepHCTHUYECK S IIMPUH LEHTpP JBHOro muk (puc.4,0) cBI3 H C LIH-
PHUHOI clieKTp (PyHKLUH OTCYETOB:

Az =1/Ax; )
€ro MHJH/ITyZ[ CBsI3 H CO CHGKTp JIPHOHM IUTIOTHOCTBIO MHJH/ITyZ[I)I G:

A =2GAy. (10)
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DHeprus 0 KeT CHUHYCOWJ MOXET ObITh NMPEICT BJCH ABYMS CIIOCOO MH:

E = A’Axz/2 = RAz/2, (1D)
FE =2G%*Ax = 2QAx; (12)

9TO O3H 4 €T, YTO JId (byHKLII/II/I OTCUYECTOB
E = AG. (13)

K X BumuM, MOpOroB $ U MpeAesbH S MOCTOSHHBIE IPOCTOTO CUTH J1 HUMEIOT Clie-
JyIOIIUNA CMBICT: R — MOK 3 TeJdb COAepX HMS DHEPTHM B «EAUHHLIE P 3Mep »
(11); @ — MoK 3 TeNb CONEepX HHUS SHEPIUH B «eIUHHMIIE CIIeKTp » (12).

Ipup BHaB (11) u (12) ¢ yuerom (9), HeTpynHO momyuuts [37] cBA3p MexXay
MOPOTOBBIM M TIPEIEIbHBIM 1T P METP MU B (DYHKIIMH OTCYETOB:

R =Q/(Ax/2)?, (14)

nepexomauyo B (5) wist AZmin = Az/2. W3 (11) npsamo crenyer, 4yto 0606-
IIIEHHOE TIPENETbHOE COOTHOIIEHHE TIPH OIMKMC HUM CHUTH JT  (PYHKIMEH OTCYETOB
NPUHUM €T CJIEAYIOIINIA BUI:

EAX = Rmax/Q- (15)

0600611eHHOE TTOporoBoe cooTHorneHue u3 (9) u (12) BeIp X ercs CIASHYIIINM
00p 30M:

EAz = 2Qmin. (16)

P 3/0KeHHe CJIOKHBIX CHTH JIOB H MpocTbie. 13 coo0p XeHHil KOHEYHO-
CTH DHEPIUM CIICKTP JIbH 4 INIOTHOCTH ITPOU3BOJILHOT'O CUTH JI B 06.)'[ CTU HUKHUX
I' PMOHHK JOJIXH OBITh OIp HHYEH HEKOTOpOil BenmuuHoi — G,. B 001 ctn
BBICIIKX I PMOHMK CIIEKTP OAMHOYHOIO MPOHM3BOIBHOIO CHTH JI SIBIIETCS BGECKO-
HeuHbM [23], HO U3 Tex ke coo0p XeHHl KOHEYHOCTH SHEPrUU OH JOJIKCH OBITh
orp HuueH runep6onoii. Torx :

G(X) <Gp- AXm/X; (17)

rie AY,, — IHPUH CHOEKTP CHIH JI C IUIOTHOCTBIO MIUTUTYIBI ~ G.p,.

Ilnowy op curH 1, T.e. ero WHTErp J (YyCpelIHEHUEe C y4eToM 3H K ), Bce-
i p BH (G — CIEKTp JIbHOM IUIOTHOCTH MIUTUTYIBI €r0 HYJIEBOW I' PMOHHMKHU
[23]. KB ap T crieKTp JIbHOM INIOTHOCTU ()5 MOXHO H 3B Tb JISHCTBHEM IIPOCTOTO
CUTH J1 (eclu CUTH J siBnigercss (PyHKIMeW BpeMEHU, TO KB Jp T CHEKTp JIbHOMU
IUIOTHOCTA MIUIMTYAbl UMEET P 3MEPHOCTh BEJIMYUHBI, H 3bIB €MOH B MEX HHKE
«geiictBuem»). Cremyer oOp TUTh 0co00e BHUM HHE H TO, YTO IOPOTOB 5 WH-
thopM LHMOHH $ MOCTOSIHH o ()R €cTh nopor aedcTBust curd a1 (6).
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Puc. 5. Ilpenct Bienue nocTosHHOI GyHKUUU (IIPIMOYTOIBHOTO CUTH J1 ) C IOMOMIBIO HH-
terp 1 Dypre u ynkuuit orcyerop KoTenpHUKOB ; JI€B 5 KOJIOHK — CHEKTP Y CTOT Hps-
MOYrosbHO# (pyHKLmH (MMeet BUX sin (x)/x) B p clumpsieMoM 1o 3 KoHy 1/2, 1, 2, 3, 4,...
CIIEKTp JIBHOM [M II 30HE, IIOK 3 H T KXe IUIOCKMi CIeKTp (yHKuuu orcyeroB (QQ — 0
IpH BO3p CT HUM €€ HOMEp ); CPelHssd KOMOHK — IpejacT Bienue Pypbe; mp B 4 KO-
JIOHK — TIpeACT BieHne KOTEeNbHHKOB ; p 3HHMIL MEXIy HCXOOHBIM (IPSMOYTOJIBHBIM)
U «BOCIIPUHATHIM» ( IIPOKCUMHPYIOIIUM) CUTH J1 MH HOK 3BIB €T U I 30H BO3MOXKHBIX
HOINOPOTOBBIX OTKJIOHEHUi (DyHKIUH OTOOp KeHUs

oporosoe orp Huuenue 1o G2 (12) 1 er yciaosue 06pe3 HUS CIIEKTP IIPOM3-
BOJIBHOTO CHUTH JI (5) M Mepy HOTPELIHOCTH IIPH BBIP XEHUU MOCIENHETO CyMMOM
IPOCTBHIX CUTH JI0B. BOCTIpUHATEIN CUTH 11 (C 3 BEAOMO OTp HHUYEHHBIM CIHEKTPOM)
p 31 T ercd H NpPOCThie M TeM TUYECKH TOYHO cOIll cHO TeopeMme KorenpHH-
KoB [23]. Ing nmpuMep H puC.S TOK 3 H Cepusl p 3JI0XKEHUH MPSIMOYTroJbHOTO
UMITyIbC H (PYHKIIMU OTCYETOB C IOCJIEOB TEIbHO P CIIMPSIOMIENHCS IIUPUHON
CHEKTP M yYMEHBII IoIeiics MOoporoBoi MoCTOsIHHOW. YeM MeHsme (), TeM TOY-
Hee COBOKYITHOCTb IPOCTHIX CHTH JIOB ONMUCHIB eT ¢yHkimo y(x). B mpenmere
npu @ — 0 (Ax — 00) UH(OPM LIMOHHOE ONKC HUE COBM J €T C M TeM THYe-
ckuM. IlocnenHee MMeeT SBHY H JIOTUIO C YTBEPXKJIEHHEM, BIEPBbIE BBICK 3 H-
HbM [In HKOM [40], uro pu h — 0 KB HTOBO-MEX HHMYECKOE OIUC HUE MPUBOIUT
K (pOpMyTT M KJI CCHYECKOI (PU3MKHU.

Henbr -yHKus orcyeros. denbt -pynkims Jup x  [41] MoxeT ObiTh ipen-
CT BJIeH K K (yHKIMS OTCYETOB (8) C HEOIp HMYEHHO P CTYLLEH LIMPUHON CIeK-
Tp . OcobeHHOCTh JIenbT -(pyHKIMH dUp K , K K M3BECTHO, B TOM, YTO €€ IUIO-
I JIb [IPUP BHHB eTCsl eduHHLEe. M3 ycnoBus HOpMUPOBKU B dhopmyste st O (x)
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TIOSIBIIACTCA 06p TH 4 CHCKTp JIbH 4 IIIOTHOCTH MHJH/ITy):[bI:
on(x) = ¢(z)/G, mpu Ay — oo, (18)
TOIJ,
Ex=A/G, A— . (19)

Hensr -Qynkimu 6(x), He HOPMHUPOB HHbIE H EIUHHUILY, MOTYT OBITh MOAP 3-
JEJIEHbl [0 BEJIMYMHE NCUCTBUS H MOANOPOTOBBIE U H ANOPOrOBBIE NI KOHKPET-
HOTO PerucTp Top . XOTS OOMHOYH $ IMOANOPOTOB $ AENbT -(PYHKIMS M HUMEeT
6eckoneunywo aHepruio (13), oH He BOCHIpUHHMM eTcsi peructp TopoM. H nmopo-
TOB 4 JeNbT -(PyHKLHUS «TepseT» B (PUIbTpe perucTp Top (puc.3) Bce BepxHUE
I PMOHUKHM (U CBA3 HHYIO C HUMH 9HEPIUIO) U BO3NEHCTBYET H PErucTp TOop K K
cHrH 11 KoHewyHO# sHepruu (12) mporskennoctsio Axp = 1/Axg.

IITym, ero neficTBHe U MHTEHCHMBHOCTb. (DyHKIMSA OTOOp XEHWS, MPUHUAM -
0L S CIyd IHBIE 3H Y€HMd, C TOUKH 3PEHUS TEOPUU CHUIH JIOB ABISIETCS LIYMOM.
M TeM TUYeCKHU «OeNblii» — CIEKTp JIbHO HEOrp HUYEHHBIH IIyM — MOXET ObITh
IPEACT BJIEH K K COBOKYIHOCTD AENbT -(hyHKLMIA, CJIyd HHO p CHpEIeSICHHBIX 110
ocu X [23]. Torm m p MeTp MH IIyM SBIFIOTCS ACUCTBHE OOp 3YIOIIUX €ro
IeNbT -(pyHKIMIl ¥ CpeiHss MHTEHCUBHOCTD MX MOSBICHHS H HWHTEpB Jie Azpg.

Ecnu nenpT -(yHKUIUH MOSIBISIOTCS JOCT TOYHO PENKO, TO PErHCTp TOp Cp -
6 TBIB €T H K XJYIO M3 HUX B OTAEIbHOCTH (MpoOoBoii mym [1]), mubo He cp 6 -
TBIB €T BOBCE, KOl [JebT -(PyHKLUHU MOANOpPOrossle. [IpuMepoM H OIOPOroBOro
JIpOOHOTO LIyM SIBSIETCS BBIXOAHOH 1yM PDY.

Ecnu ke myM MHTEHCHBHBIN (CpeqHMII MHTEPB J1 MEXIY AENbT -(DyHKLHAMU
MHOTO MeHbIle AT R), TO Ul PETUCTP TOP OH HPENCT BJISET COO0H HENpephIBHYIO
KPUBYIO, SIBJISIOIIYIOCS CyMMON OruO [OIIMX (PUIBTPOB HHBIX JAENbT -(PYHKLUIL.
MrHOBeHHOE 3H Y€HHE MIUTUTYAbl HEIIPEPHIBHOIO LIIyM P CIpeesieHo Mo 3 KOHY
I' ycc [17]. TennoBoii IIyM B 3JIEKTPOHHBIX KOMIIOHEHT X [2] gBsieTCS UHTEH-
cuBHBIM IIyMOM. OH H JIOPOrOBBId, IOCKOJIBKY HMOCTOSHH g BOCIIPHATHUS 3JI€K-
TPOHHOTO PETHCTP TOP MOXET OBITh el H JOCT TOYHO M Jioii (H yposHe 106 A
u Huxe). H nporus, HenpepbiBHBII TEIUIOBOM LIyM ABUXKEHHS MOJIEKYJ BO3IYX
ABNAETCA VIS YeJIOBEYECKOro yX TOANOPOroBbIM (IIopor Bocrpuatus ~ 10 h).

Ecnu peiicTBre yM HE H MHOTO HUXE MOPOT , TO UIMEETCS 3H YUTENbH ¢ Be-
POSTHOCTD PETUCTP LIUU €ro MAKOB K K Apo6oBoro myMm [18]. Dtu muku obp 3y-
I0TCS IIPU CIIyd WHBIX H JIOXEHHIX HECKOJBKUX (QHIBTPOB HHBIX JEJBT -(QyHKLUI
Ipyr H Jpyr , ¥ UX CYMM pHOE AEUCTBHE MOXKET CT Tb BBIIIE MOPOT BOCIPUSITHS.
T KM LIyMOM $BNIS€TCS TEIUIOBOE JBIDKEHME MOJIEKYI I 3 WIM XHIKOCTH Ui
OpOYHOBCKHX U CTHII.

W, B KoHen, ecnu IIyM HMEET BECHM BBICOKYI0O MHTEHCHUBHOCTB, TO J XK€
IIPU MOAIIOPOrOBOM JEWCTBHU AJIS PETUCTP TOP OH SBJSETCA CUTH JIOM Ip KTH-
YeCKH MOCTOSHHOH BEJTMYUHBI, T.K. B CHIy BECbM BBICOKOIl MHOXECTBEHHOCTH
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H JIOXEHHH (PUIBTPOB HHBIX JeJbT -(PYHKLUHUI I' YCCOBCKHMII p 30poc CyMM pHOU

MIUTMTYABI CT HOBHTCS BECBM M JIbIM. IIprMepoM TOMy SIBIISIETCSI MOCTOSHHBIH
AIIEKTPHUYECKUil TOK. DpekT crm XKuB HUA myM (cM. puc. 1, ,6) mposBigercs
TeM CHJIbHEe, YeM yXe CIeKTp npomnyck Hus peructp top Axg. Eciam obp 3yio-
1€ BHICOKOMHTEHCHUBHBIHN IIyM HeIbT -(hYHKIUH IBYIOJISIPHBI (€TO MHTETP JIbHOE
BO3EWCTBHE P BHO HYJIIO), TO MEJICHHBI PETUCTP TOP Ip KTUYECKH HE BOCIIPH-
HUM €T T KOU LIyM.

Curn 11 B MUKpoMHpe. B K1 ccuyeckoM M KpOMHUPE MOXKHO HOTY4YHTh NP K-
THYECKH OECKOHEYHOe KOJIMYECTBO CHTH JIOB 00 0O0BEKTe WIM OT OOBEKT , He
W3MEHSS BHAUMBIM OOp 30M €ro CyIIHOCTH. DTO CBA3 HO C TeM, 4TO HMH(OPM -
LMOHH $ TIOPOTOB $1 MOCTOSIHH s NPEANON I eTcd OecCKOHEYHO (IpeHeOpexuMo)
M JIOH.

B Muxpommpe, K K M3BECTHO, HEJTb3s MOIY4YNTh CBEICHUH O U CTHIE, HE H3Me-
HHB CYyIIECTBEHHO ee cocTosgHud. C rmo3unmii ”HOPM THKH MCTHHHO 3JIEMEHT p-
HON MOXHO H 3B Th U CTHILy, €CJIH OH SIBJSIETCS HOCUTENIEM IIOPOTOBOTO CUTH I
0 ¢ MOH cebe W Juisl BOCHPUATHS (PEerucTp 1MU) HEOOXOIMM , B U CTHOCTH, BCS
ee sHeprusd. SICHO, 4TO K HAUI T MH B BTy K TErOPHUIO SBJISIOTCS MpPEeXIe BCEro
9 CTHILBI — MEPEHOCUYHKH MoJiel, H nmpuMep (POTOHBI.

Heo6pr4HOCTh TOPOTOBOrO MUKPOCHUTH JI COCTOUT B TOM, YTO ero )opM He
MOXeT OBITh IPSMO HOATBEPXKAEH OKCIIEPUMEHTOM, MO0 JUI U3MEPEeHMS! MILTH-
Tyl ero (IOCNeNoB TEeNbHBIX) U CTel TPeOyITCS UHCTPYMEHTHI C HENOCTUXUMOM
MOANIOPOTOBON YyBCTBUTEIBHOCTBIO.

K kue ¢u3nyeckue BeIMYHHBI ABIAIOTCA (J- 1 R-moctosHHbIMEH. Du3mye-
CKH{ BEIMYMHOH Yy siBnsiercs (4) KOpeHb KB AP THHIH M3 INIOTHOCTU 3HEpruu F,
BEJIMYMHON = MOTYT OBITh KOOPAWH T 7 WM BpeMd t.

KoopauH te o6p THO BoimHOBoe uucino k; B »Toi 1 pe (c sHeprueil) R-
MOCTOSIHHYIO TIpeleIbHONM KOOPAMH THOHM IUIOTHOCTH ®HEPrHUH MbI OyneM 00O03H -
4 Tb yepe3 D (d B MUKpOMEpE), TOPOTOBYIO (-TIOCTOSHHYIO, IMEIOIIYIO P 3Mep-
HocThb [E - 7], MbI GymeM 0003H 4 Tb uepe3 B (b B Mukpomupe).

Bpemenu oOp TH 4 cTOT w; 310ech R-NMOCTOSHH S IMEET P 3MEPHOCTh MOLI-
Hoctu P,  @Q-nocrosiHHOl sBisercs nedicteue H (h B MUKpoMupe). 3 METUM,
410 kK M w B OTIIMYHE OT )X SIBISIOTCS KPYTOBBIMH CHEKTP JIbHBIMU ITEPEMEHHBIMH
(k, w— 27mY).

IMocroguusle B 1 D cBS3 HBI TOIBKO C IPOCTP HCTBEHHON KOOPAUH TOIf; 3TO
03H 4 €T, 4TO noporosoe yciosue (16) u npenenbHoe (15) TOMXKHBI CYIIECTBOB Th
JUIS CT THYECKUX (PU3NYECKUX SBIEHUIl.

B nBruXeHMn KOOpAMH T ¥ BpeMs IPHOOpET 0T B3 MMHYIO CBSI3b 4epe3 CKO-
poctb: U = r/t, COOTBETCTBEHHO, MOSIBISICTCS. B3 UMOCBSI3b MEXIY YIOMSIHYTHIMU
I p MU Ip HuUYHBIX noctosiHEbx: H = B/U u P = DU, rtorx

B/H = P/D=U. (20)
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Jpyrumu cioB MM, CT UMOH pHBIE B, D-m Ker cunycoun (8) B (p BHOMEPHOM)
IBIXeHuu npuobpetr et H- u P-noctosHabie. C Opyroil CTOPOHBI, BOITHOBOM I -
KeT U3H 9 JIbHO O0J I €T BCeMH YeTHIPbMS I'pP HUIHBIMH ITOCTOSHHBIMH.

U3 gerpipex Benmuuud D, B, P, H B X 4ecTBe M3BECTHBIX MpPEACITbHBIX HIH
MOPOTOBBIX KOHCT HT YBEPEHHO MOXHO VK 3 Th TOJBKO IMMOCTICOHIOD — 3TO IO-
crosiud s IIm HK A, TlpenenpH s pU3HUYECK S BEIUYMH — CKOPOCTh CBET C HE
BXOJIUT MPSIMO B YKCJIO TP HUYHBIX HH(OPM LHUOHHBIX HMOCTOSHHBIX; OXH KO (hop-
Mya (20) mok 3bIB €T, YTO MpPU 3 1 HHBIX /L U d OH OIpenessieT M KCUM JIbHO
BO3MOXHBIE BEIMYUHBI b U P:

b = he, 21
P = de. (22)

IHocrosiHHbIE LIEHTP JIbHO-CHMMETPHUYHOro nojisfA. JI1d wullocTp MU TpH-
BEIEHHBIX BBIIIE MOMOXEHUH p ccMoTpuM [37], K K MOTYT BBIIIIAETh IOPOTOBbIE
U TpefesbHble MOCTOSHHBIE B 3 KOH X HrploToH u KysoH , T.e. B LIEHTp JIbHO-
CUMMETPHYHOM I10JIe BUJ

F =/, (23)

31eCh ¢, — OOOOLIEHHBI 3 Psfl, KOTOPOMY COOTBETCTBYIOT IOJIEB I M cC M
(T.e. sHeprus E,, = mc?) u K1 ccudecKuit p auyc 7, = q2,/En. Tlpenensn g
KOHLIEHTP LU ®HEPIrUH IONd M, COOTBETCTBEHHO, MpeNebH S MH(MOPM LIUOHH S
MOCTOSHH :

dm = B /tm = B2, /¢2,. (24)

@opm 11bHO D uUMeeT p 3MEepHOCTH CWIbL, IIOCKONBKY [E/r] = [AE /Ar], mostomy
MIpesieNibH ¢ MOCTOSHH 5 (24) YHCIIEHHO COBII [l €T C KJI CCHYECKHUMU BEIMYUH MU
Mpe/ie]IbHOM CUJIbl, H NPUMEP, TP BUT LIMOHHOTO WM 3jieKTpuueckoro noneil. T k,
ISt 97eKTpoH de = 4,6 Dx/M [37].

B cBoro ouepens, u3 (14) uMeeM Juid CHEKTP JIBHON IUIOTHOCTH 3HEPTHU:

bn = B = @2, (25)

Cp BHEB 4 (25) u (21), HETPYAHO 3 METHTh, YTO BENMIMH b €CTh KB AP T M K-
CUM JIBHO BO3MOXHOIO 3H 4eHHUs 0OOOIIEHHOro 3 psl .

OrHolenue by, /c, uMemmiee p 3MepHOCTb IeiicTBUs (21), s ®IEKTPOH ,
H TpUMep, MONy4 eTcs p BHbIM ah, rie o = 1/137 — HOCTOSHH $I TOHKOIA
cTpykTyphl [41]. K K u3BeCTHO, NpH JBUXEHUH H MEpPBOH OpOHTE TOM BO-
JIOPOI CKOPOCTh 3JEKTPOH H HOOJNBII I M P BH «c; 3TO 03H 4 eT (20), uro
JEUCTBHE €ro dJIEKTPHUUYECKOM M CCBI P BHO IocTodHHOU Il HK , T.e. moporosoi
MIOCTOSIHHOM B MUKPOMHUPE.
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MuKpOCHTH J K K ycpeaHeHHe P cIpelelIeHHOCTH 4 cTtunbl. K K 370 HU
CTp HHO, HO (PM3MK MHKPOMHUp , ONEpUPYS MOHATUEM CHUTH JI , 10 CHUX IIOp HE
BBIp OOT JI CpPEACTB IUIs €ro omuc Hus. B pe3ynapT Te SBIEHMS MUKPOMHUD OIH-
CBIB IOTCSI OOBIYHO JIMIIb B TEPMUH X «I0» M «IOCIE», HCKIII0Y 5 C M MpOLecc
B3 HUMOJCWUCTBUS 3JIEMEHT PHBIX Y CTHUIL.

[TpuHUMIK JIBHO# TPYJHOCTBIO SIBIISIETCS BHIP XEHUE Yepe3 CUIH JI1 CBoeoOp 3-
HOCTH «IIOBEIACHUS» MHUKPOY CTUIBI — SBJIAACH JIOK JIM30B HHBIM «TOYEYHBIM»
00BEKTOM, OH SIBHO HE H XOTHUTCS B OOHOI Touke mpocTp HCTB [41]. Bo-mepBbix,
OH JBHXETCA HEe IO OJNHOMY, II0 HEKOH COBOKYHMHOCTH IIyT€il B OKPECTHOCTU
KJI CCUYECKOH Tp eKTOpHUU. BO-BTOpBIX, I P HOKC JBHOCTh B KJI CCUYECKOM IIO-
HUM HUM JBMIKGHUS MPOSBISETCS B TOM, YTO 4 CTHL K K OBl OJHOBPEMEHHO
MPOXOJUT IO K XIOMY W3 ®TUX IyTeH, T.e. B M CIUT Oe BpeMeHH H O eMbIX
MHKPOIIPOLIECCOB OH «MTHOBEHHO» P CIIpEfieSieH 110 HUM. B-TpeTpux, 8T MTHO-
BEHH S IPOCTP HCTBEHH S P CIIPENEICHHOCTh HEOAHOPOOH — OrMO oIl g p C-
IpefIeIeHNs YMEHBII €TC 110  MIUTUTYAE MO0 Mepe YI JIEHHs OT TOYKU KJI CCHhYe-
CKOIO MOJIOXEHUS Y CTULBL. M TeM THYECKH NMPOCTP HCTBEHHYIO p CIIpelesieH-
HOCTb MUKPOY CTHUIIBI MOXHO CYHMT Th CT THCTHYECKHMM IPOLIECCOM U OTOOp 3HTh
ee C TIOMOIIbI0 )-()YHKIWHN TUIOTHOCTBIO P CIIpedeIeHus BepodTHocTH [41]. Dt
IUIOTHOCTh BEPOSATHOCTH HE H3MEPSAETCA HEMOCPEICTBEHHO, B TOM YHCJIE H3-3
UHTEHCHBHOCTHOIO X P KTEp P CIpPENENCHUd: B TEUCHHE Pe€ JIbBHOTO BPEMEHH H3-
MEpEeHHUs MUKPOY CTHIl «YCIIeeT HOOBIB Th» B K XJIOM U3 IOJIOKEHHUH MO MHOTY
p 3. BecbM BBICOK 51 MHOXECTBEHHOCTDH (POPM JIbHOM CT THUCTHUKH JOJIKH IPUBO-
JIMTh K BBICOKOM TOYHOCTH 3 JI HHs OTHO IOIIEH p CHpenescHUs K XIOH 4 CTHIIBI
B OTJIEJIBHOCTH (IEHCTBUTEIBHO, 1)-(DyHKIMS 3 JI €T BEJIMYMHBI BEpOSTHOCTEH C
M Te€M THYECKOH TOYHOCTBIO).

B p 6ore [37] BBICK 3 HO MPEAINOIOXEHHE, YTO JIOK JIbH s (B X P KTEPHUCTH-
YEeCKOM CMBICIIE) U MHTEHCHUBHOCTH S P CHPENeSIeHHOCTh MUKPOY CTHIBI MOXET
BOCIIPMHUM ThCd K K €IMHOE WHTEIPHPOB HHOE Liesioe, T.e. K K CUIH JI O H JIH-
YUH 4 CTHLBI, HOCUTEIEM KOTOPOTO CIyXUT OH C M . B aToM ciyq e:

1) cpenHss sHEprus ABMKEHHS MHKPOY CTHLBI JOJIKH HMETh ONpENETIeHHOE
P cIpenenieHue B MPOCTP HCTBE-BpeMEHM (4eM, COOCTBEHHO, U SIBJISIETCS] CHTH JI);

2) ua¢opM LHUOHHON MOPOTrOBOH MOCTOSHHON (K K B CT THKE, T K U B JAUH -
MHKe) JIOJIKH SBIISThCA CHEKTpP JIbH $ IUNIOTHOCTh 3Hepruu (12), mis MUKpOCHI-
H JI 9TO O3H 4 €T, 4YTO [TOPOrOBOW BEIMYHMHOM SBIIETC €ro JeiiCTBHE;

3) uH(hOPM LHMOHHOW NpENEebHON MOCTOSHHOW JOJIKHO 4BJIATHCSA OIp HHUYE-
HUE H MIumTyay curd Ja (11), T.e. npenesn JTMHEHHON IJIOTHOCTH ®HEPTUU MU-
KpOY CTHIIBI.

HeusmepumocTts (hOpMBI MOPOTOBOTO MUKPOCUTH J HE O3H Y €T, 4YTO IOo-
CIIe[HsIS MOXET OBbITh IPOU3BOJIBHOM, T.K. C U3MEHEHHeM (pOpMbI (TIpH COXp He-
HUM SHEPTHH) MEHAIOTCA K K MOPOTOBBIE, T K U NPEAeNbHbIE MOCTOIHHBIE. DOpM
CUTH 1 JOJIKH COOTBETCTBOB Thb BO3MOXHOMY M KCHMyMY JIEHCTBUS M B IIPO-
CTEHIIeM CITyd € MOXKET OMHCHIB ThCsl (PYHKIIMEH OTCUETOB.
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IITym B Mukpomupe. K x u3BecTHo [41], X p KTepUCTHKH MHUKPOY CTHLEI (B
Y CTHOCTH, €¢ DHEPIHs) He SBJIIIOTCS CT OWIbHBIMH BEIMYWH MH, IIOIBEPKEHBI
Cyd HHBIM (IIYKTY LMGM, T.. IIyMy. B KyyM, K K IpOCTp HCTBO Al P CIpPO-
CTpP HEHHUSl CUTH JIOB, UIMEET HEKOTOPYIO, XOTd U I JIEKYI0, H JIOTHIO C T 30M, B
KOTOPOM P CIPOCTpP HSIOTCSl 3BYKOBble KoJyieO Hus, Hecymue uHpopMm muio. [ 3
00J1 /I eT olpe/IeIeHHON [IIyMOBOM ®Heprue (TeIyIOBOro JABHXEHHS MOJIEKY), B -
KYyM — HEKOTOpPOH «HYJeBoii» dHeprueil [41], koTop s QuyKTyupyeT. AKYCTH-
YecKUil IIyM He SBseTcs OenbM (ero CHeKTp W DHeprus KOHEYHbI), OCKOJIBKY
00p 3ymommue ero AeabT -(yHKIHUH UMEI0T KOHEYHOEe X P KTEPHUCTHYECKOe BpeMs,
CBSI3 HHOE C P 3MEpP MU MOJIEKYJ, U KOHEUHBIN CPEIHUI NIEPUOJ NOSABIICHUS (Cpel-
HUI NIepHOJ CTOJIKHOBEHMSI MOJIeKys). BenencTBue nmocnenero r 3 o0 1 €T Ko-
HEYHOM IMOJIOCOM Y CTOT MPOITYyCK HHS CUTH JIOB, BBIP X IOLIEHCS, B U4 CTHOCTH, B
JUCIIEPCUMN «BBICOKOY CTOTHBIX» YJBTP 3BYKOBBIX BOJIH.

B H crosmee BpeMs «IIyM B KyyM » IPHUHATO CIAT Th OEJIBIM (YTO C TIO3UIIHIA
HH(GOPM THKH M JIOBEPOSATHO), €ro «HYIEeBYI0 DHepruio» OeckoHeuHoi [41]. B
00CYX]l €MBIX TEPMHUH X IIYM (3JIEKTPOM THUTHOTO) B KyyM , BHAWMO, SIBJISETCS
MOANIOPOTOBBIM U CPEIHEHHTEHCUBHBIM, B MOJIb3Y YE€ro TOBOPUT ciedyrolee: 1) mo-
POXI €Mble UM BHUPTY JIbHBIE Y CTHUIIBI HE SIBJISIOTCS PErHCTPUPYEMBIMH, 2) HEIO-
CpeACTBeHHO H Omofl eMble B KyyMHbIe a(hexTsl [41,42], T Kue, K K «IpOX HHE»
BIEKTPOH ( H JIOT OPOYHOBCKOTO ABUXKEHUS), SIBIAIOTCS IOCT TOYHO CII OBIMH U
PEeOKUMU.

INocTrosiHH # cIJ1 KUB HUA LIYMOB B MHUKpoMupe. XOTs IIYyM MOXET OBbITh
MPEJCT BJACH CIIyd WHOW KOMOUH IIMEH CHIH JIOB, B JI JIbHCHIIIEM TEPMHH «CHI-
H JI», K K 3TO OOBIYHO MPHHATO, MBI OylleM HUCIOJB30B Th I (PYHKIUH OTOOp -
2KEHUS YIOPALOUYEHHBIX MTPOLIECCOB U SBIEHUN. MBI yXe rOBOPUIIH, YTO CIJT XKHB -
HHUE IIyM PErucTp TOPOM OYHET TeM CHiIbHee, YeM OOJIbIlle BpeMEHH OH P CXOOyeT
H KT M3MEpEHHs, COOTBETCTBEHHO, TEM MEHbIIe Oy/leT MOrpelIHOCTh H3MEPEHUS.
M TeM THUYECKH DTO 3 HHCHIB €TCs CIEAYIOIINUM 00p 30M:

AErAtr = Qr. (26)

CootHomienne (26), korn (Qr = h, €CTb HE YTO MHOE, K K COOTHOIIEHHE
HeornpeaeneHHocT Teiizenbepr [24,40-42]. CoBIl ieHUE MOPOT HEOMpeesIcH-
HocTH (26) 1 mopor peructp Iwu (6) O3H U €T, YTO U3BICUCHUE YIOPSTOUYCHHBIX
CBEICHUI CT HOBUTCS BO3MOXHBIM, K K TOJIBKO CHUTH JIbI H YHMH IOT BBIIEIISTHCH
H ¢oHe mymoB. H moporoBoM ypoBHE MHUKPOCHTH J1 SBISETCS TOBOJNBHO «3 -
LIyMJIEHHBIM», BCJIEACTBUE YE€r0 OJHOKP THBIE M3MEPEHUs He NMPHUBOMIT K OIpele-
JIeHHOMY pe3yabsT Ty. OIH KO MHOXECTBEHHBIE M3MEPEHHUS MO3BOJISIOT BBIIEIUTH
CHTH JI U3 IIyMOB, TI03TOMY MOHO T'OBOPHUTH JOCT TOYHO OIpPEIEIeHHO 00 ycpen-
HEHHBIX I P METP X MHKPOCHTH JI , B TOM YHCJIe ¥ O ero ¢opme.

IToporoBble AMH MH4YecKHMe IOCTOSIHHbIEe CHTH J . B cmyd e cBobGojpHOrO
JBUXEHHUS I P METPbl IOPOrOBOTO BOJHOBOIO I KeT (8) JMOMKHBI COOTBETCTBO-
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B Th UMIIYIbCY p U KHHETHYECKOH Hepruu Ei 3IeMEHT pHOM 4 CTHLBL. 3 MH-
mieM YK 3 HHble COOTBETCTBHS [37] K K uyepe3 HECyllyl 4 CTOTYy, T K M 4Yepe3
wuputy crektp () (9) mit (PU3MYECKUX MPOCTP HCTBEHHBIX M BPEMEHHBIX
nepeMeHHbIX. Torx

p = hk = hAk/2 = Ap, 27)

nocKoJbky he = b (21), To, BBond Ep = pc, 9Ty 1 py TOXAECTBEHHBIX yp BHEHHI
MOXHO 3 THC Th B BUIE

Ep = bk = bAk/2 = AEp; (28)
KpOM€ TOTO,
Ex = hw = hAw/2 = AEk. (29)

31ech MOPOToBhIe MOCTOSHHBIE b U h — «KpyroBeie» (MOAeTICHHbIE H 27). DHep-
TUs ¥ UMITYNeC B (27)—(29) 4BN4I0TCS MOPOTrOBBIMU BEIMYMH MU, TO3TOMY UX IpH-
p LleHHe p BHO C MOW BEJTHMYUHE, YTO U OMNpENeswIo ux (popMmy 3 MHUCH.

K x BujmuMm, crip B OT 3H K ToxnectB B (27) u (29) oK 3bIB I0TCS COOTHO-
menus [eiizenbepr , ciaeB uMeem coortHorneHusd ae bpoitng u [In vk [40,41].
U Te, n npyrue 3mech BBIp X 0T ITOPOrOBOE YCJIOBHE, 3 MHC HHOE B OJHOM CIIy-
Y € 4yepe3 Hecyllylo 4 CTOTy, BO BTOpPOM — 4Yepe3 IIMpHHY cnekTp . H nuuune
JIByX Yp BHEHHUH CBS3 HO C TeM, YTO Y BOJIHOBOrO I KeT (8) mOKXHO OBITh aBE
MOPOTOBBIX MOCTOSHHBIX BU (12) — mpocTp HCTBEeHH 4 (28) u BpeMeHH 4 (29).

IMockonsky cootHomenus IIn HK —ne Bpoiins npsiMo CBS3 HBI C WIMHON U
Y CTOTOH 1)-BOJIHBI, TO TOJy4Y €TCS, YTO MOCIEOHSSI COOTBETCTBYET HECYLIEH I p-
MOHHKE B CIIEKTpPE ®HEPIUM MHKpPOY CTHLBI. JpyrMMH CIIOB MU, ®HEprus (IBH-
’KEHUS) MUKPOY CTHLIBI COCPEJOTOYEH B OCHOBHOM H HHTEPB Jie, P BHOM JUIMHE
1-BonHBl.  Ecnu 3TO T K, TO MOpPOroBble U TpelesibHble Orp HUYEHUS MHUKPO-
CUTH J1 JOJIKHBI B TOW WIM MHOH (hOopMe BXOAWTH B BOJTHOBOE yp BHEHHE JUIS
1p-BonHbI [37].

Iloporoe s ¢opm yp BHeHHus Aid 1V-pyHKIUU. OYEBUAHO, UTO MPH ITEpeMe-
IIEHUH MHUKPOCHTH J1 B IPOCTP HCTBE-BPEMEHHU ABUXKEHHE Hecylled I' pMOHHKHU
€ro CIeKTp , COOTBETCTBEHHO, U t)-BOJIHBI, JIOJIXKHO OIHUCHIB ThCS OOBIYHBIM BOJI-
HOBBIM yYp BHEHHEM:

15 (0% /0r?) — t4(0%/0t%) = 0, (30)

e rs, ts — X p KTepUCTHYECKHE (KPYrOBble) I P METPbl MUKPOCUTH J1 , HMEH-

HO: IIUPUH LEHTP JIbHOTO MUK (PyHKIMHU OTCUYETOB 10 IPOCTP HCTBEHHOH U Bpe-

MEHHON KOOPAMH T M, T KXe€ JUIMH | NEPHOJ 1)-BOMHBI (MOJeJIeHHbIE H 277).
O61ee pemienue yp BHeHus (30) Ui 1)-BOJTHBI UMEET BHUI

P(r,t) = expli{(r/rs) — (t/ts)}]. €29
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Puc. 6. 3 BHCUMOCTh X p KTEPHUCTHYECKHX P 3MEPOB BOIHOBOTO IT KE€T DHEPTHU JBUKEHUS
rs U tg (B- 1 H-THHIA COOTBETCTBEHHO) OT MOJTHOH ®HEPIHH MHUKPOY CTHUIIBI

Benuuunel g U tg JOXHBI MOAYUHSITHCS OMKMC HHBIM BBIIIE MOPOTOBBIM U TIpe-
JIEJIBHBIM OTP HUYCHUSIM, MIOCKOJIBKY KOJIMYECTBO MH(OPM MU B CUTH Jie TOJIKHO
OBITh KOHEUHBIM.

IIpu MOPOroBBIX OTp HUYECHUSIX BEJIMYHMHBI T's U tg MOTYT OBITh B3SThI B COOT-
BercTBuu ¢ (28) u (29):

r¢ =1/k=0b/Ep, (32)
ts =1/w=h/Er, (33)

e Er B obmiem ciayd e [42] ectb cyMM KHMHETUYECKOW W MOTEHLM JIbHOH dHEp-
TU{ 4 CTULBL.

B p Gore [37] nmok 3 HO, YTO MO Kp HHEH Mepe MWId 3 MKHYTOH CHUCTEMBI
(E = const) yp BHenue (30) ¢ m p merp Mu (32), (33) mepexomuT B yp BHEHHUE
[lIpeauHrep B HEpeNATUBHCTCKOW OO CTH.

Vp Buenue (30) momyck er p 3ueneHue nepemenusix: (v, t) = o(r)f(t). B
[37] ok 3 HO T KXe, 4TO ¢T UMOH pH 4 ¢opMm (30), umeronn g BUj

15 (8%0/0r*) + ¢ =0, (34)

Ui Tg, ONpENessieMOro U3 MOpPOroBOro cooTHoumeHus (32), coBm A €T cO CT -
LMOH pHOW (popmoii yp BHeHus KneiltH —Iopnon [42], T.e. I eT, H mpumep,
HEOOXOIUMbIE PEIITUBUCTCKHE TIONP BKH JUIsl KB HTOB HHBIX BEJIUUUH DHEPTUM U
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umiynsc . Ciaenos tenbHO, yp BHeHHE (30) MOXET CIyXuTh 0000IIECHHEM yp B-
Henuil penunrep u KneiltH —Iopnon .

AcumnToTsl Ui 3 BUcHMocTeil rg, tg(E). H puc.6 mok 3 H BUm 3 BH-
cumoctell s U tg or E (rp ¢puUKu COBMEULIEHbI; CUUT €Tcd, 4To ¢ = 1; 1 Jiee
COBMEIIICHHbIE BEIMYMHbI MMUIIYTCS Yepe3 3 ITyl0). BumaHo, 4rto B 006CyXa eMoii
HOpOroBoii 00J1 cTH (CJIeB ) KpuBble g, tg(F) UMeT aBe cuMITOTHL: 1) Bep-
TUK JIbHYIO TipsiMyto nipu E = E,,, tie rg, tg — 00; 2) NOpPOroBylo rurepboiy
r,t = (b, h)/E, K xoropoil cTpemsitcsa obe Kpusble ipu E >> F,,. Bropoe
O3H 4 €T, YTO MOPOToBble OIp HUYEHHUS (H CIHEKTP JIbHYIO IUIOTHOCTh ®HEPIUH)
rs W tg 00p THO IPOIOPLMOH JIbHBI MOJIHOM 8HEpruu: rg, tg > const/ E.

[IpenenbHble Orp HUYEHUS €CTh OTp HUYEHUS H JIMHEHHYIO IUIOTHOCTh 3HEp-
ruu: E/(rg, tg) < const. DTO 03H Y €T, YTO 3 BUCUMOCTH rg, tg(F) HOTKHBI
CT HOBHUTBCS TPSIMO IMPOIMOPLMOH JIBHBIMH ®HEPIUH, T.€. NPENENbH S CHMITOT
€CTh NIPSAM $, BBIXOHAIL S U3 H 4 J1 KoopauH T. K K BUAHO u3 puc.6 (cmp B ),
IIPU BXOJIe B OOJT CTh IPEJIeSIbHBIX OTP HUYEHUH CIIEAyeT OXHA Th YIIMPEHHS 30HBI
p crpeneneHUs] SHEPIrUM MUKPOCUTH J M, COOTBETCTBEHHO, [UIMHBI U MEpPUOX
1-BonHbl. Bosee nmogpoOHble cBeneHus: 00 3TOM MOXHO H MTH B [37].

2. JMCKPETHU3ALINA 1 BUJIbBI IIOBTOPOB B ®YHKIINN
OTOBPAKEHUS

W3 (5) cnenyer, 4TO perucTp TOp «00pe3 eT» BBICIINE I' PMOHHMKH CIIEKTp
(T.e. TIPUBOAUT CHIEKTP B COOTBETCTBHE C YCIOBUSIMH TeopeMbl KOTelbHHKOB ,
puc.5) 1 BbIENseT KOHEYHOE KOJMYECTBO MH(OPM LIMH, I XK€ €CIIU CUTH JI «M -
TeM THYeCKHil». MOXHO CK 3 Tb, YTO PETUCTP TOP BMECTO OECKOHEYHOTO MHO-
KECTB BHPTY JIbHBIX M TeM THYECKUX (PYHKIIHI{, KOTOPbIE MOTYT CYIIECTBOB Th B
Kopunope Az#Ay, oTIUY 4Ch HEP 3TMYUMBIMHE IPHOOPOM JET JISIMU, BOCIIPUHH-
M €T HeKyl 000OIIeHHYI, 6 30BYIO JIOTHYECKYIO (PYHKIIHIO.

IMomuepkHeM, 4TO MH(MOPM LMOHH S AUCKPETH3 LS OCYIIECTBISETCS HE 3
CUeT HEeJIMHEHHOCTH (TI0 BXOMY), BCJIEACTBHE BHEPrO-CIEKTP JIbHBIX OIP HUYECHHHA
(BXOIHOE YCTPOHCTBO PErucTp TOp H pHC.3 IHHEHHO U UMEeT HyNIeBOW Mopor
M0  MIUTUTYIIE).

Iony4yenue x HHBIX. P ccMOTpHUM, K K HIPOUCXOAUT BblIeNeHHe 6 30BBIX CO-
CTOSIHUH JIOTMYEeCKOH (pyHKLMM OTOOp XeHUs U K KUM OOp 30M MM CT BUTCS B
COOTBeTCTBUE (POPM JIBHBIH H OOp «OMO3H B TENBHBIX 3H KOB» — KOJIOB.

Huckperu3 nms coctoaHui. [Tondarue KonuyecTs MHGOPM UM OCHOB HO H
3 MeHe (0TOOp KEHWH) HEMpephiBHOH M TeM THueckoil ¢yHkuun y(z) (puc. 1,6)
JUCKpeTHOH (1tormueckoit) ynkuueii s(l) (puc.l,e) ¢ A1 1 30HOM 3H YEHHI

L=AX/Az,
S = (AY/Ay)?. (35)
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3nece AX, AY — mnpepensl usMeHeHus prymeHT U ¢yHkumu, Az, Ay —
MOPOTOBBIE BEIMYMHBI U LI T MPHUP LIEHHS PIryMeHT W (PYHKLUWH, ONpenessieMble
u3 ycnosus (5).

B TexHHKe U CTO MCHOJIB3YIOT JIMHEIHHYIO K JIy HE I10 ®HEPIUH, [0 MILUIH-
Tye, TOrx

S = AY/Ay. (36)

3H yeHue Az MOXET ONpeNesAThCs IIUPHHON CIIEKTP CHIH JI HCTOYHHK ,
Ay — ypoBHEM IIyM H BXOIE MPHEMHHUK .

B Guonornyeckux cucreM X (pyHKLUsS OTOOp XEeHUs, K K Ip BHJIO, JIOT pH-
Mmudeck 5 (3 KoH ®exnep —Bebep [32]):

S = In(AY/Ay), 37)

YTO CBSI3 HO C HEOOXOAMMOCTBIO MMETh OOJBIION AWH MHUYECKHU W I 30H OTO-
Op XEeHUs IPHU CP BHHUTEJIHHO HEBBICOKOM P 3pEIIEHUU (DTOM Xe Leld OIYUHEHO
BBEJICHUE YHCEN C «IUT B IOLIEH» 3 MATOH B KoMIbioTep X). Jlor pucmumueck g
3 BUCHMOCTb (37) HOCTUT eTcsl KOO0 BBEIECHHEM B PETHCTP TOP HEJTHHEHHOIO Y3
(B3 MMOIEHCTBHE «MOIIOTOYK » M «H KOB JIbHH» B yX€), THOO 3 CYET OTPHUIl TEelb-
HOU 00p THOM CBS3M (COKp IIeHHWEe U MeTp 3p YK I 3 TIPH POCTe CYMM PHOM
OCBEIIIEHHOCTH).

B mo6oM ciyda e (cM. puc. 1,2) mepeMenHbIe [ 1 s 00p 3YIOT JIOTHYECKOe (JIHC-
KpeTHoe) Tnone 6e3p 3MEepHBIX BETMYMH. 3H YeHHE MMOPOTrOBOM MMOCTOSHHOW H  JI0-
TMYECKOM M0JIE P BHO €IUHUYHOMY KB Jp TY; BEJIMUUH MPENesIbHOM NOCTOSHHON
p BH S. Ind K KIOro 3H 4YeHUd | Joruueck s (YyHKIMsS MOXET NMPUHATH JT1000e
u3 S COCTOSIHUI, MO3TOMY 00IIee KOTMYECTBO BO3MOXHBIX JIOTHUSCKUX (PYHKIIMI
(B pU HTOB MOBEJEHHs) H JIOTMYECKOM Mojle cocT BageT ST. Dro 03H u er, uTo
€CJIM BBICTPOUTH BCE BO3MOXKHBIE JIOTHYecKre (PYHKLMUU OPYTr 3 JPYroM BIOJIb OCH
L, TO cO clenyromiero mojis B pu HTHI MOBEACHUSI HEMHHYEMO H YHYT ITOBTOPSATHCS.

Koaupos Hue cocrosumii. K xmoMy 13 .S COCTOSHHI MOXHO ITOCT BUTH B CO-
OTBETCTBUE 3H KOBBI YK 3 Tellb, UMEIOLIUI TO X€ YUCJIO COCTOSHUL. 3H KOBBIH
VK 3 Telb, B OTIMYHE OT CHMBOJIBHOTO YK 3 TeJd, OCOJIOTHO HE CBS3 H C COHIep-
K HHEM M IPUPOION K XKIOT0 COCTOSHHA (MMOHATHE CeM HTUYeCKON MH(pOPM LUH
[33] He obcyxkn ercs B I HHOM p Gote).

MOXHO COCT BUTh YK 3 Telb U3 S 3H KOB, IPSMO (JIMHEHHO) COIOCT BUB
3H KM U COCTOAHHUS Apyr apyry. Torm s yK 3 HHS OJHOTO WIM HECKOJBKHX
COCTOSHUH (M HEyK 3 HHUS OCT JIbHBIX) JOCT TOYHO BCETO JByX B PU HTOB 3H KOB.
IonyyeHHbId KOm (METKH H JIMHMMA U3 S s4YeeK) MOXHO H 3B Th JIMHEHHBIM,
OH NO3BOJISIET KOAUPOB Th MHOTO3H YHbIE (DyHKLMH (T.€. SHTPOIHUIO, KOTOP 5 HE
o0cyXxn eTca B H cTosmedl p 6ore). B K decTBe Opyroro mpenesbHOTO CIyd S
MOXHO B34Th YK 3 Te€jb, BKJIIOY IOINMI BCEro OAMH 3H K, HO TOLA IOCTEeIHUI
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C M JOJIXeH uMeTh S B PU HTOB, 4TO IpH OOJBIIOM S JIeN €T UX p CIO3H B HUE
3 TPYOHUTENIBHBIM (KUT HCK I MMCHMEHHOCTBD).

ITpu umcne 3H KOB B YK 3 Telle g M HEOOIBILIOM YHCIIEe UX B PH HTOB v o01ee
KOJIMYECTBO KOMOUH LIMif 3H KOB (YK 3 TeJiei) OJKHO OBITh P BHO YHCIY COCTO-
sauit: v9 = S. CjenoB TenbHO, NIMH Koi ( 3TO YKCIIO 3H KOB B YK 3 Teje)
orp HuueH BenuuuHO¥ log, (S). K noseienuto jor pugm B (1) MOXHO IPHIATH 1
no-gapyromy. MoXHO p 30MTh KOAMPYEMbIE COCTOSIHHSI H TPYIIIBI U3 ¥ COCTOSIHUIA,
B K XJIOU IpyIiie KOOMPOB HUE BBHIMOIHIETCS OXHOTHITHO 110 MIPUHLMITY JINHEHHOTO
COOTBETCTBHUS COCTOSTHHSI B PU HTY 3H K ; 3 TeM K XXAble ¥ TPyHN OOBEOUHSIOTCS
B H ATPYIMIBI, IPOLEAyp KOAMPOB HUS IpyHm B H Arpymme T xke. Ilpouecc mpo-
JOIX eTcsd 10 TeX Mop, MOK He OCT HeTcd OgH cymeprpynn . Mep pxudeck 4
JPEBOBUIH 4 CTPYKTYp , CTPOSII $cd B T KOM IpoLiecce H A COCTOSHHUSIMH, MOK -
3H H puc.7, (miv=2,5 =64). K K HeTpynHO MOHATH, poLuecc Tpedyer
log,,(S) 1 roB Wi MOCTPOCHHS IEPEeB YK 3 Tejeil H BCE COCTOSHHSL.

Konupos Hue ¢yHkmmmu oto0p KeHus. Bepremcs Temepp K 4nClly B pU H-
TOB pe JIM3 UM Jorudeckux ynkumii s(1), koropoe p BHo SE. B3ss jor pucwm
SL, nomyunm M KcHM JTbHOE KOMMYECTBO MH(OPM IHH B OXHO3H YHOM (hyHKIMHU
H JIOTHYECKOM II0JIe:

Imax(sv L) =L logv(s); (38)

¢hopM JTBHO OHO 3 BHCHUT OT OCHOB HHUSl CHUCTEMbI CUHCJICHHS (OCHOB HMA JIOT -
pucm ). Ecnu v = 10, To KOIU4ecTBO MHGOPM LM HU3MepseTcs B OUT X; €Cld
v=2—T0 B OUT X; ecnu v=2,718...=e—T0 B H T X. B mocienHem ciyd e
Wep pXUYecK s AUCKPETH S CTPYKTYP 3H KOB B YK 3 TeJie SIBJISIETCS CKPHITOM, 10-
CKOJIbKY B OCHOB HHH JIOT pU(M v Ipom3BefeH (opM JIBHBIH M TeM THYECKHMA
Mepexojl OT LeNBIX YHcel K Upp LMOH JbHBIM. T KoOil mepexon AOMyCTHM Ui
(pyHKLIMIA OTOOP KEHUiA ¢ Ype3BbIY WHO OOJIBIIUM YHCIIOM COCTOSHUE (COCTOSHMS
MOJIEKYJI BT 3€, TOMOB TBepaoro tein u T.J1.). K Kk a31o cnien Ho B (1), T K U 1 Jiee
MBI He OyeM YK 3bIB Th OCHOB HHE JIOT PU(M T M, IJle 3TO HECYIECTBEHHO.

Ormernm, gto dopmyn (38) mpsamo crenyer u3 (1), nockomeky log (S) ects
KOJIMYECTBO MH(OPM LM H K XKIOM II re 1mo L.

HHTerpupoB Hue HENoYKM oTc4eToB. XOTd S U SIBIIETCS QUCKPETH30B HHOU
NepeMEeHHON, HUYTO HE 3 Mpell €T CYUT Th AUCKPETHbIe WMHTEpPB Jibl As Ieu-
MBIMH, T.€. 001 I IOLUIMMH MOHSTHEM ITHHBI. K XIIbIil M3 MEpBUYHBIX UHTEPB JIOB
As; = AS/S moxHo p 36uth eme H S u creii: Asy = AS/S?, 1.e. moncocro-
sauuid. ViMed 1B ypoBHS p 30ueHus AS, Mbl MOXEM €IMHOBPEMEHHO YK 3 Tb JB
MOCIIENIOB TEJIbHBIX OTCYeT . M TeM TH4yecKu npoueccy apodienus AS u oObenu-
HEHUs OTCYETOB HeT mpezen , U opmyn (38) Moxer ObITh 3 NIHC H B BHIE

Inax(S, L) = (L/C) log,(S°), (39)

rme C' — KOIMYeCTBO MHTETPUPOB HHBIX oTcueToB B memouke (C' < L). dop-
Myl (39) H DISOHO TOK 3bIB €T, YTO COCTOSHUS (WM MIUTUTYH ) U OTCYUETHI



CHUT'HAJL, JAHHBIE 1 UTHOOPMALIMA 655

Puc. 7. Kopupyromyue nepesbs, MOK 3bIB IOMNE CTPYKTYPY YK 3 Tellel: ) JIOTHYECKHe CO-
CTOSHUS (I HHBIE) — JIepeBO KOJOB P BHOM JUIMHBI; 0) KOJIUYECTBO 3 PETUCTPHPOB HHBIX
COCTOSHHH (MH(OPM IHS) — «KOCOE» AEPEBO (BEPUIMHBI U CTHBIX JEPEBBEB COCTOSHUM
MIOMEYEHBI KPYyXK MH)

(I/UH/I JJIHH ) HCOKBUB JICHTHBI IJI IPEACT BJICHUA I/IHq)OpM ouu: €Cjin BTOPbIC
MCHAKTCA HPOIOPUHUOH JIBHO, TO IIEPBbIE — OKCIIOHEHIU JIbHO IIPU U3MEHCHUUN
€€ KOJIMYECTB .
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TexHuYecKu Mpejies MHTETPUPOB HUIO OTCYETOB JOCTHI €TCSl JOBOJIBHO Obl-
CTPO M3-3 BKCIOHEHIM JIBHOTO POCT 4YHCI P 30MEHUH M Orp HUYEHHOCTH P 3-
peleHus [IyM MH, OZH KO ®TO He O3H 4 eT, 4ro C' BCera [OJKHO P BHSTHCS
equnune. H mpumep, ecnu B TeJIeBU3MOHHOM YEepHO-0EIOM CHUTH Jie JOCT TOYHO
8 rp I uMii IpKOCTH, TO DTO O3H Y €T, YTO €ro IOJIOC Y CTOT MOXET ObITh CYy-
xeH BC =3p3,ecid I p Typ CHoco6H mneped B Th 8% = 512 rp 1 uwmii
CUrH 1 (OTBET H TPETHil BOIIPOC BBEICHUS).

Boinenenue ungopm muu. K x Bugum, monH g JuiiH  Koxm  (32) cBg3 H
C LIEJIOYNCIICHHON JUIMHON WHTEPB J IOBTOPEHUs (DYHKIMH (IO OCH OTCYETOB).
Bropoii comHOXUTENH B (hopmyse (38) OTp X €T CPEeAHIOn UTMHY UHTEpB J IO-
BTOpPEHHs cOocTOsiHUN B (yHKumsix s(I) mpu L >> S. OmH Ko p crpesesieHue
UHTEHCHBHOCTEH TOSIBJICHHS COCTOSIHUI B K XIOW KOHKpeTHOU (pyHKumu s(1) u3
ST BO3MOXHBIX — MHIMBHIY JbHO, B KP MHMX CIyd X OHO MOXeT OBITh K K
P BHOMEpPHBIM, T K M BBIPOXICHHBIM (BCE COCTOSHMSI OfMH KOBbI). P 300p HHBII
H MU MeX HHU3M KOAUPOB HHUS I HHBIX HUK K HE YYUTHIB €T P 3JIUYUSI B UHTEH-
CHUBHOCTSX COCTOsIHMI. [l Xe IUIs MOJTHOTro UHTerpupoB Hus otcyeroB (C' = L) B
(39) noct TOYHO 3H Th TOJBKO S ¥ L, 4TOOHI e1ie 0 H 4 J1 HU3MEpEeHHid IPOBECTU
p 36uenue AS H ST p BHBIX u cTeil.

Koaupos Hue MHTEpB JIOB NMOBTOPEHHS COCTOAHMUM. /[ y4eT HWHTEHCUB-
HOCTHU TOSIBIICHUSI COCTOSIHUE IpOLecC KOIMPOB HUS MH(MOPM LUK HOJIXKEH ObITh
JIONIOJTHEH MPOLEAypOil 3 TOMUH HHS KOJMUYECTB yXKe 3 PErHCTPUPOB HHBIX COCTO-
STHUI.

Ecnu mepen H 4 oM u3MepeHMH Mbl He 00N 1 €M IIpeB PHUTEIBHBIM 3H -
HHUEM O IIOBEICHUU UCXOOHOH (YHKUMH y(Z), TO TOTH CIeAyeT HPEAIIONOXUTh
(cM. puc.7, ), 94TO BCe BO3MOXHBIC COCTOSIHUS (PyHKUHE OTOOp Xenus s(l) p B-
HOBEPOSITHBL. DTO OyleT COOTBETCTBOB Th IEPBUYHOMY P 30MEHHI0 KOJOBOIO WH-
TepB 1 AS H S p BHBIX 4 creil. Torn KonuuecTBO WHGOPM LIUH, IPUOPH
comepx miefica B Qynkumu s(1), ecth

I5(0) = log (), (40)

OHO OTp X €T H WIe H Y JIbHOEe 3H HUE O YUCJIe COCTOSHUH S.

[Monyuus orcuer, p 300beM Asy H Bropom m re [25] H (S + 1) 4 creit, H
TperbeM p 300beM Asy H (S + 2) 4 creil u T.J1., IpHYEM K XKJI0€ TOJyYeHHOE B
PE3yJBT Te M3MEpEeHHs COCTOsSHUE OyneM OOBeIUHATH C OMHOMMEHHBIMH. B mrore
MbI OyzieM TIOJTyd Th BCETJ Te Xe .S OTPe3KOBH K XKJIOM 3T Iie, HO P 3HOM JUIHHBI,
MPOMOPLMOH JIbHOW KOJIWYECTBY MOSBIEHHHA K XIOr0 COCTOSHHUS Iumoc 1. BToT
nporecc (g S = 4) WuTCTpUpyeTcs puc. 8.

Ecmu x koe-nmubo u3 S COCTOSHMIA BIEpBBIC MOSBISACTCA H ONpeNeeHHOM
m re mo L, To comn cHO YK 3 HHOW Moaenu (1) oHO OymeT HecTH ciedylolee
KOJIMYECTBO UH(OPM LIUH:

Is(1) = log[(S + L1)/1], (41)
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a-- T d™~-
0,40 =="2 b — : 4 0,45
0,408 F——i —l — ey 0425
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6
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0,25 ——T——+— 0,5
0,40 H-—+H 0,45
0,408 hit 0,425
0,4104 W 0,4177

Puc. 8. ApI/IdpMCTI/I‘ICCK g MOICJ/Ib IOCIIEAO0B TEJIbHOIO P 30MeHuUs CAUMHHUYHOI'O0 KOIOBOI'O
OTpPE3K M TEM THUYECKOU YHMCIIOBOM OCH H UHTEPB JIbl, OTBEY IOLIUE BCEM BO3MOXHBIM
MOCJIEIOB TEIBHOCTAIM IOSIBIEHMS COCTOSIHUIA: ) Y CTHBIA KOJOBBIH HUHTEPB J1 K XKAOTO
CJIEAYIOIETO COCTOAHUA M CHIT 61/IpOB H K OTPE3KY €IUHUYHOU JIJTUHBI (pe JIbHBIC ITOJIOXKE-
HU Kp €B UHTEPB JI YK 3 HbI YUCJI MU CJIEB U CIIp B ); 6) P€ JIbHBIC JIMHBI U ITO0JI0XKEHUS
KOJOBBIX UHTEPB JIOB H M TEM TUYECKOW OCH JJII MOCTEN0B TEIbHOCTU b-c-b-b

me Ly — HOMep I T' , H KOTOPOM BIIEpPBbBIE ITOSIBUIIOCH J HHOE COCTOSIHHE.
K x BumHO U3 (41), yeM mo3xe H ocu L TOSBISETCS B HEpBBId p 3 K Koe-THOo
COCTOsIHHE, TeM Gorbliiee KOIHIeCTBO HH(OPM LK OHO HeceT (cM. Kpubie (1)
H puc.9).

Korn 970 Xe cocTosiHMe NOSBIISIETCS BTOPHYHO, TO oOlIee KOJTUYeCTBO KOJI0-
BBIX OTPE3KOB p BHO (S + L), IINPUH CyMM PHOTO OTPE3K JUISl 3TOTO COCTOSHHMS
IBOHH s (oTHOIIeHHE yncen ecTh (S+ Lo)/2), u 06e COCT BISIOLIME P BHOIP BHBI
[0 KOJIMYECTBY MH(OPM IIMH, ITO3TOMY

Is(2) = 2 log[(S + L»)/2]. 42)

P CCyXI 4 I JIEC IO H JIOTUH, MOJYYUM, YTO JJId BCETO UHTEPB JI L xomnuyecTBO
UH(OPM LIUH, COIEPXK ILeecsl B OIHOM U3 S COCTOSHUIL:

Is(N) = Ns log (S + L)/Ns], Ns > 1, (43)

rme Ng — KOJHMYEeCTBO MMOBTOPEHHI A HHOTO COCTOSHHS H uHTepB je L. ®dop-
Myn (43) npu L >> S coBm a er ¢ Ki ccudeckoir copmysoi IlleHHOH
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Puc. 9. KomuuectBo MHGOPM LUK IIPU CIUIOIIHBIX [OBTOP X OZHOIO COCTOSIHHS B JIOTH-
geckoil (yHkuun o1o6p xenust; Is(T) — xomuyectBo HHGOPM LMK H OMMH LI T 110 L,
I(T) — cymm pHOe KOMHMYECTBO HH(OPM [MH, MPH YHCIE COCTOSHHNA oT 2 mo 16;
Is(1) — xonnuecTBO MH(OPM LUK HPH MEPBOM HOSBICHUM COCTOSHUS H OIpPeIe/IeHHOM
m re no L

(B KOTOpOI OTCYTCTBYeT .S), HO, B OTJIMYHE OT IMOCJICOHEH, YIUTHIB €T IPOILECcC
yCT HOBJIEHHUS p crpenernenus cocrosiauii N (.S).

P cocMoTpuM, K K BBIISAUT OMKC HHBIA BBIIIE MPOIECC YUeT MPEObIIYIINX
COCTOSIHUH H HUep PXHYECKOM JepeBe — cM. puc.7,6. Byaem cumt Tb, 4TO T K
Xe, K K H puc. 8, nmmeercs 4 COCTOSHUS U MOIy4yeHO 64 otcuer , mpudeM N, =
=32, N, =16, N, = Ng = 8 (cM. p 3rp HMYeHus H puc.7,6). H a1 rpynn mu
COCTOSIHUH @,b,c,d MOXHO TIOCTPOUTH 4 CTHBIE UEP PXUYECKUE JEPEBbS, BBICOT
ux Oymer TeM Oombime, yeM Ooliee MHTEHCHBHO TO WIH WHOE cocTosHue. Torn
IUTMH YK 3 TeJd H COCTOsSHHE OymeT p BH KOJUYECTBY CTYIEHEHl OT BEpIIMHEI
MIOJTHOTO JIEpeB 10 BEpIIUHBI U CTHOTO, T.€. TeM KOpode, YeM HHTEHCUBHEe I HHOE
COCTOSIHUE; 9TO U OTp X eT opmyn (43).

I Toro 4TOOBl H WTH MOJTHOE KOJIMYECTBO WH(OPM LUHU, COAEPX INeicd B
s(1), HeOOXOMMMO MPOCYMMHPOB Th (43) MO BCEM COCTOSIHHSIM:

=7 (L/Ls)log[{(S/L) + 1} Ls], (44)

S
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rne Lg = L/Ng — cpenHsist JUIMH WHTEPB J1 [OBTOPEHHs] KOHKPETHOTO COCTOSI-
HUS B KOHKpeTHO# (yHkuunu s(l).

I[pu L >> S nossneHue omgHOTO U3 S COCTOSHUN COXEPXKUT B CPETHEM KO-
nudecTBo uH(opM 1mu, p BHoe log (Lg). Ecim ycr HOBUBLIEeCsS p CIpeeieHre
cocTostHUi p BHOMepHO (Lg = S), TO KOJUYECTBO MH(OPM IIMH M KCHM JIbHO U
p BHO (38).

IMonyueHHy0 (POPMY/Ty HETPYIHO OOOOIIUTE H CIIyd i, KOLJ P CIpeae/ieHHe
COCTOSIHUM M3BECTHO MPHOPH; IS 3TOTO H IO BKJIIOYUTH IPUOPHBIE 3H YEHUS
i oteHKd L 1 Ng K K 1 T eMble B YHCIIHTENb U 3H MEeH Tellb Apodu B (43), B
Pe3ybT Te MOTyIUM

I=> (L/Ls)log (Lo + L)/{(Lo/Lso) + (L/Ls)}], (45)
S

e Lo — cyMM pHOE KOJIMYEeCTBO OTCUETOB 10 [l HHOM cepuu uaMepeHuit, Lgy —
CPEIHUIl UHTEPB JI1 MOBTOPEHUS COCTOSIHUS B 3THX cepuax. OueBHAHO, YTO IpH-
OpHO K XJI0€ COCTOSIHHE HeceT KoauuecTBo uHpopM wud, p BHoe log (Lsp). Ot-
HomieHue Lo/L MOXHO CYMT Th JOBEPUTEIIHHBIM BECOM MPEIB PHUTEIBHOIO 3H HHUS
U MEpoil TOro, H CKOJIbKO p crpexneieHne N (S) MOXET U3MEHHTBCS B MpoOLEcce
n3meperuit. OTveTnM, uto popmyssl (40)—(45) OCHOB HBI H « H JIU3€ LIENbIX YH-
cell», HEH H Jn3e «OECKOHEYHO M JIBIX» U He TPEeOYIOT BBEICHUSI M TEM THYe-
CKOTO TOHSTHS BEPOSITHOCTH MOSIBIICHHs COCTOsIHUI Pg &~ 1/Lg, onpeneneHHoro
[34] mpu L — o0 MUIIb 719 CT IWOH PHBIX p CHpeneSeHHN.

HenpepsiBHb1ii 1OBTOP cocrosguuil. [Ipowtoctpupyem p 3Huy mMexny (43)
u K1 ccuyecko ¢opmynoit llennon [4] 1 npumepe [38], Korg H HEKOTOPOM
y4 ctKe (mo L) moBTOpSieTCs OMHO M TO Xe 3H ueHHe (PyHKIUH S = const, TOr
K K JIO ?TOro 1 r Bce S 3H YeHHd (pyHKUMHM ObUIM p BHOBEPOSITHBIMU (€CiH
MOBTOPEHUS MAYT ¢ ¢ MOTo H 4 1 L, To 310 (40) mpenmon 1 ercs).

Ecnn B dyHKIMM 0TOOP XKEHHsl MMOBTOPSETCS OJHO M TO XK€ COCTOSHHE, 3TO
O3H Y €T, YTO H Y CTHOM KOJIOBOM HHTepB Jie As; CYMM PHBIH OTPE30K, COOT-
BETCTBYIOLIHUI 3TOMY COCTOSIHHIO, [IOCTEIIEHHO H YHET «BBITECHSATb» BCE OCT JIbHBIE
(cM. puc. 8), npubaMK sch MO MH(GOPM THBHOCTH K Hymo. W3 (43) HerpynHo mo-
JIy4uTh (QOPMYJTY IUISl KOJMUYECTB WH(OPM LUK NPH MOBTOPEHHH OIHOTO U3 S
COCTOSIHUI:

Is(T) =T log[($ +T)/T), T > 1, (46)

rae I’ — KOJMYECTBO CILIOIIHBIX TOBTOPOB.

I'p duk dynkumu Is(T) nok 3 HH puc.9 i p 3HpIX S. B mpexene (yer -
HOBUBILIHMICS TIPOLIECC) KOJIMYECTBO MH(OPM LMK H K KIOM LI I'e p BHO HYIIIO,
K K 9T0 u creayer u3 ¢popmyibl [enHoH , HO obuiee KOIMYecTBO HH(POPM LUK
U3-3 H Y JIBHOTO MEePEXOAHOr0 IPOLECC SIBHO HEHyIeBOE (CM. HMHTErp JIbHbIE
kpusble (1) H puc.9).



660 BACHIIAI3E C.I.

M Kpo- u MuUKpococTosiHus. Eciin H jm3upoB T noseneHue (yHkumii s(1),
BXOJIAIIUX B MOJHOE MHOXECTBO pe nu3 il ST, To Bo MHOrMX M3 HEX OGH py-
KHUTCS TIOBTOPEHUE COYeT HHi coCTOsiHMIL. [IoBTOpsSeMOCTh coueT HMil COCTOSIHUM
OYEBUIHBIM OOp 30M CBS3 H C HOBTOPSIEMOCTBIO COCTOSIHHI, KOTOpHIE B HEe BXO-
n41. OOH KO B CHIY YHNOPSAOYEHHOCTH (IPEICK 3YEMOCTH) MOCIENOB TEIbHOCTH
COCTOSIHUI BHYTPU K XKOOro CJICAYIOIEro COYET HUA O HHOIO BUJA KOJIHUYECTBO
MHGOPM LUK TOHMX €TCcs CUiIbHee, 4yeM 3To cienyeT u3 (43). [lelicTBUTENTBHO,
IUIs OTIMC HMS ITOBTOPSIOIIETOCS COYET HUSI COCTOSHUE JOCT TOYHO ONHUC Th €T0 B
MEpBbIA p 3, 3 TeM YK 3bIB Tb JIMIIb ( KT €ro IOSIBICHUS:

IC:[(S,C)-‘,-NC 10g[(S+1+L)/(NCC)], 47

3pech C' — IIIMH  cOYeT HUS COCTOSHMH, N¢ — KOJMYECTBO €ro MOSBICHUM.

IToBTOpsieM S LEMOYK COCTOSHHH MOXET P CCM TPUB ThCSI K K JIOTIOJHH-
TEJIbHOE M KPOCOCTOSHHE M MOXeET ObITh 100 BJICHO K H Y JIBHO W3BECTHOMY H -
6opy cocrosiamii S (cMm. (S + 1) B ¢opmyie (47)). K xmoe M KpococTosiHue
BHOCHUT He ofiiH, (' OTpe3KOB B KOAOBBI MHTEPB JI, B COOTBETCTBHU CO CBOEH
IJTMHOW (3H MEH Tesb Ipu jior pucme B (47)), T.e. B C' p 3 KTHBHEE «BBITECHICT»
OJIMHOYHBIE COCTOSIHUS H Y CTHOM KOJOBOM HHTEPB JIe.

M Kpoc K K 0ObeUHHUTEIb TOBTOPSIOIIEICS ETTOYKH COCTOSIHUIT 9KBUB JICH-
TEeH MOHSATHIO HOANPOrP MMBI (0OOBEIMHEHUE TTOBTOPSIOIIEHCS LETIOYKHU AeHCTBHIN)
B JITOPUTMUYECKOM $I3bIKE Iporp MMupoB Hus. [loBTOpsiommecs M KpococTos-
HHS, K K M HOIIPOrP MMBI, MOTYT, B CBOIO O4Yepelb, OOBEAUHATHCS B M KPOCHI
Golee BHICOKOTO YpOBHSI Uep PXHHU (CM. pHC. 2).

H xomoBoM mepese, MOK 3 HHOM H pHC.7, M KpOchl 0Op 3ylOTCI H €ro
HIDKHHUX BETBSIX — 9TO IPYIIIbI COCTOSHUIN, OObEIMHEHHBIE TIOCPEACTBOM 4 CTHBIX
JiepeBbeB. 3H g CTPOEHHE Y CTHOTO JIEpPeB , JOCT TOYHO YK 3BIB Th JIUIIb H €ro
BEPLINHY, COKP I S MMOJHBIM YK 3 TeNlb H BBICOTY U CTHOTO JIEPEB .

H rsgaHsIM IprMEpOM HMCHONB30B HUSI M KPOCOB SIBJISIETCS TIEped 4 TEKCT .
MoxHo mepel B Th TEKCT, K XIblid p 3 p 30UB s nepen 4y OYyKBBI H TOYKH, P C-
MOJIOXEHHUE KOTOPhIX OTOOp X €T ee H uepT Hue. SICHO, 4To B T KOW mnepen 4e
«p 30HeHHs» OynyT 4 cTo MOBTOPsAThCs. CyLIECTBEHHO BBITOJHEE ONPEAEIUTh M -
KpOCHI H 4epT Hui OyKB (B pu HT mipudT ) B Bujle H 60p TOYeK 3 p Hee (Ipea-
B PHUTENIbHOE 3H HHUE) WIHM B H 4 Jie repel 4 (00y4 eMOCTb), 3 TeM YK 3bIB Tb
JIMIIb H B PU HT M KPOC OYKBBI.

K xnoe cocrosHue, NOIy4eHHOE MpU AUCKPeTU3 LuM (35), MOXET OK 3 ThCS
M KpocoM. Ecnu morn3uts nopor Bocipustus (), TO, cCKopee Bcero, OOH pyXurcs,
YTO K XKJI0€ COCTOSHHE P 3EMUTCS H PsI MUKPOCOCTOSIHUM, CKPBITBIX H ITPEJIbl-
JyLLIeM YPOBHE BOCHIPHUSTHS.

HNudopm mua Kk K Mep X oruyHocTd mnoBegeHuda. H puc.10 u puc. 11
TIpeICT BIeHb AB npumep GyHkuuii u3 H 6op ST, nmeromux p BHOMepHOE
p chopejesieHre COCTOSHUU WM M KpococTosHud H uHTepB je L. K 3 joch
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I(L)

L

Puc. 10. JIok 113 1M COCTOSHMI JIOTMYECKOM (PyHKIMU: ) IPUMEp JIOK JIM3 LM B 30H X
Z x K 1pu ob1eM p BHOMEPHOM D CHpEleJIeHUH COCTOSIHHUI; 6) KOJIMYECTBO MH(OPM LUK
H W r o L npu nogoOHOM p clpeneseHuu

ObI, YTO I HUX JOJKH ObITh puMeHuM opmyn (39) wnm, 1o Xp HHell Mepe,
(43). HerpynHo 3 METHUTb, OOH KO, YTO 3TH (DYHKLIMH HE YAOBJIETBOPSIOT B IMIOJIHON
Mepe TpeOOB HHUIO HEINpEeICK 3yeMOCTH (Cyd HHOCTH) MOBENEHHSI: IepB 5 — IO
OCH COCTOSIHHIA S, BTOp $1 — IO OCH OTCUYeTOB L.

JIok U3 uMsA COCTOSIHHMIA. B pe JIbHBIX HUCXOMHBIX (PYHKUMSX y(x) B CHIy
CH I IOIIEro X p KTep HX CHEKTp pe3KHue HeOonpIline W3MEHEHHS COCTOSHMI
MPOUCXOIAT TOp 310 Y IIle, YeM M3MEHEHHUS B MOJHOM I I 30HE (MIPOMCXOLIIIIE
IUT BHO). DTO O3H 9 €T, YTO 3H ueHus (PpyHKumii s(1), K K IIp BUIIO, JIOK JIU3YIOTCS
H JOCT TOYHO NMPOTSKEHHBIX y4 CTK X K B cp BHHTEIBHO M JIBIX O0J CTSX 3H -
yeHuil ¢yHku Z (cM. puc. 10, B K yecTBe mpuMep ).

CoOCTBEHHO, MBI YX€ BTOPOI P 3 TOBOPUM O JIOK Jjiu3 nuu. CH 4 1 U3 oOuiei
CpenHed, p BHOMEPHOI 10 S K PTUHBI NOBEJAEHHs BCEX BO3MOXHBIX JIOTHYECKUX
(yHKIIMIA OTOOp KEHUS MBI BBIIETMIN K KOy (DYHKIHMIO MO €€ WHAWBHAY JIb-
HOMY noBesieHuIo (44). Ceilu ¢ Mbl XOTUM BBIIEJUTh B K KO0 (DYHKUUM y4 CTKHU
«UHAMBHAY JIBHOTO» CT IIMOH PHOTO IOBEIEHHs] B HEKOTOPOil 30He Z < S.
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1A
M

L

Puc. 11. IIpuMepsl HUKIMYECKUX MOBTOPOB ( ,6), IPH KOTOPBIX COCTOSHHS P BHOMEPHO
p cIIpesesneHbl; ¢) KoauyecTBo HHGpopM Luu (B 6UT X) H 1l T 1o L

®opmyiy (43) MOXHO p CHOPOCTP HUTb H CJIy4 i JIOK JIbHO BbIIEJICHHOW HMH-
TEHCUBHOCTH B 30HE COCTOSHHiIl. B 3TOM Clyd € «BBITECHSIOUIMMHI» OCT JIBHBIX
OynyT Z p BHBIX KOIOBBIX OTPE3KOB, TOTI JUIsl BCEHl 30HBI:

I(Z,K) =Y Nzlog[(S+K)/Ng], Nz > 1. (48)
Z

Cpennsisi BenuyuH KojudecTB uH(oOpM v H K xuom w re [(Z, K)/K =
= log (Z) npu p BHOMepHOM p crpexnesiennu Ni(Z) = K/Z (K >> Z). Como-
ct BUB (48) ¢ (43), HETPYAHO BUAETDH, YTO HET P 3HUIIBI B IIP BUJI X OINpeesIeHuUs
CpeIHero ycT HOBMBILIETOCS KOJMMYECTB HMH(MOPM LUK VI MOJHOTO O I 30H
3H 4YeHWH (yHKIMH S WIM WIA €ro 94 CTH Z, 3 HCKJIIOYEHHEeM TOro, YTO CyIIe-
CTBYET OIIpeJleJICHHbIH MepexoaHblil mpouecc oT S K Z COCTOSHUSIM IIPH BXOJE B
«30HY» (110 3H KOM Jior pucpMm B (48) croutr S, He Z).

KonupoB HUE JIOK JIM30B HHBIX BETUYMH MOXHO P CCM TPHB Th K K Iepe-
XOI OT MX OCOJIIOTHOrO 3H YeHWs K OTHOCHUTEJbHBIM. Ilogp 3ymeB ercsi, 4To
CIOBUI TOYKH OTCYET NPHBOAUT K CYIIECTBEHHO MEHBIIUM 3H YEHHSIM OTKJIOHE-
HUH (PyHKIMHA OTOOp KEHHs, T.. YCTP HSET HMOBTOPSIEMOCTh 3H KOB B CT PIIMX
P 3PSO X YK 3 Telisl. DTO I eT KJII0Y K P CIIO3H B HUIO 30H JIOK JIM3 LMU: €CIIH
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YK 3 HUE CIBUI TOYKHM OTCYET U P 3PAAHOCTH JIOK JIBHOTO YK 3 Tefsl, T KXe
nocrnenymolee yK 3 HAE OTCUETOB B H JIM3UPYEMON cepul TpeOyeT CyIeCTBEHHO
MEHBILIETO YUCII 3H KOB, YEM IIPU COXP HEHHH II0O JIBHOTO YK 3 Tellsl, TO mepen
H MU SBHBIM «JIOK JI».

BooObuie roBops, ecnu 30H JIOK JIM3 LUH JOCT TOYHO NPOIOJIKHUTENBH , TO
MOBBILIEHHE UHTEHCUBHOCTU OTp HUYEHHOW TPYIIIBI COCTOSHUI MOCTENIEHHO IPO-
SBUTCA U B popmysie (44), HO H TNpPeojoIeHHe «H KOIUIEHHOIO P CIIpeleSICHUs»
NpepIIyIIuX OTCYeToB (45) morpedyercs J0CT TOYHO OOIBIIOE YHCIIO II TOB.

Huknnyeckoe MoBTOpeHyne cOCTOAHUM. [IpyU HUKINYECKOM MOBTOPEHHU CO-
CTOSIHUH WX P crpeneneHue p BHOMepHO: Lg = S, HO K XIblid LUK 0Op 3yer
M KPOCOCTOSIHHE, ITOBTOPSIOIIEECs] HEMPEPBIBHO.

H puc.11, ,6 npusegeHsl NpuMepsl HENPEPBIBHOTO MOBTOP M KPOCOCTOS-
HUH, 3 HUM IOIIUX BECh AW I1 30H COCTOSAHMI (Z = S = 8), T.e. H YMH IOIIErOCs
nukinaeckoro npouecc (L = NoK). KonumuecTBo HHGOPM LIUU IS OTIUC HUS
MepBOro «Koyed Husi» p BHO 8 -3 = 24 6ut (JieBoe ¢ r emoe (48)). KonuuectBo
MH(OPM LMK H YCT HOBJICHHE MOBTOPSIOIIErocs MpoLIecc CcocT BiseT ~ 12 6ur
(cm. kpuByto [(T) ma S = 21 puc.9). B ycr HOBHBIIEMCs pexume (pH TI0O60M
BHE Kone® HMif) KOJINYecTBO MH(GOPM LM H K XIOM LI re Mo L p BHO HYJIIO,
xotd u3 opmynbl (43), T K Xe, K K u3 opmynsl IllenHoH , umMeem 3 Out/mr 1
qu1s puc. 11 (popM JBHO COCTOSHUS P BHOMEPHO P CIIpElesICHBI).

HiMeHHO B CHJTy CBOMCTB JIOK JIM3 IIMU MBI M30€T JIM B I HHOM p 60Te ompe-
JeleHNs KOIMNYecTB WH(OPM LUH 4Yepe3 M TeM THYECKOe MOHITHE BEPOSTHOCTH
COCTOSIHUH, TIOCKOJIBKY OHO 6€3p 37IMYHO YCPEIHSET JIOK JIbHO BbIIEICHHbIE U M-
KJIMYECKHE TOBTOPBI COCTOSHUIA.

3. IPAKTHYECKHE ITPUEMbI KOANPOBAHUA HHO®OPMAILINN

I'mcrorp MM 1 KoaudecTBo HH(GoOpM M. Cpejii MHOXECTB PErucTpupye-
MBIX COOBITHIA JINIITh HEOOJIBII S X U CTh IPEACT BIIIET HHTEpPEC I SKCIIEPUMEH-
T TOop . OTHUM W3 cIOCOOOB BBIICIICHHS HCKOMBIX COOBITHI SBJISETCS MOCTPOCHHE
TUCTOTP MM, T.e. P CHpeIeNeHUs UHTEHCUBHOCTEH TOSBIEHHS TeX WM UHBIX CO-
CTOSIHUN U3MEpSEeMBIX I P METPOB.

B ructorp mMMe 4YHCIIO KOJIOHOK P BHO S, BBICOT K XIOOH KOIOHKH Ng,
CyMM BceX BBICOT — L mid O HHoro m p MeTp . [losToMy K XI S KOJOHK
TUCTOTP MMBI CONPSKEH C OIMpPENETIeHHBIM KOIMIeCTBOM HH(OPM IIUH JUTS OIpe-
JIEIEHHOTO COCTOSTHUS, BBITEK IOIIUM U3 yp BHEHUS (43).

P mxupor HH # rucrorp MM . HecMoTps H MHOroo0p 3ue hopM THCTO-
TP MM UX MOXHO CTPYNITHPOB Th IO THII M C OOWH KOBBIM OOIINM «KOJMUYECTBOM
HH(OPM LUH», €CIIH P CHOM T' Th COCTOSHHUS B TOpPSAKe YOBIB HUS WX HHTCH-
cuBHOCTHU. [IpuMephl T KUX p HXHUPOB HHBIX TMCTOTP MM INpHUBENeHbl H puc. 12.
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NS —1 [  NANF(A-B/Sq) 1~ — [~ 1~ ~ [Sp=max [=9,00 6ut a
] — 50=256 1=7,73 6uT
. S9=128 =6.74 GuT
] | So= 64 I=5.77 6uT
- So= 32, =483 6T

N e | Ng =|No/(1 +|5/Sg) S,=256 =893 6uT 6
] ——— 5o=128 /=884 6uT
] e S ey, ptl N IR S2= 64 I=8,716uT
i R R S m— I —— e e

N | Ng=|No/(1+5*5/5550) S,=256 /=8,836uT &
i I So=128 =8,47 6ut
. \_\”‘*«x__%______h““‘—%——_________ sS: 64 I=7,86 6uT
. e b | T ——{So=3z Lesrem
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N 4 —___| Ng=|Ng exp[-S*S/SgSp) =256 J=8.49 6ur O
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100 200 300 400 g
Puc. 12. KonuuectBo uH(OPM LMK MPH P 3HBIX BHI X P CIpPENeNeHUs COCTOSHHUI — B

P HXHMPOB HHBIX TUCTOTD MM X: ) JIMHEIHOe p clpeleneHne HHTEHCUBHOCTE; 6) p crpe-
JlelleHne 1o runepbone; ¢) KB Ap TUYH s TMHepOoN ; 2) p CIpeielieHHe MO 3KCHOHEHTE;
0) T yccoBo p crpenenenne. H rp ¢uk X yk 3 HBl X p KTEpHCTHYECK S MOCTOSHH 5 (M -
TEM THYECK $ €IMHUL JUIMHBI) U KOJIMYECTBO MH(OPM LIUH

THUNUYHBIME  MIUTMTYJHBIMHU P CIIPEAETICHUSIMU B SIepHOI (pU3MKe ABISIOTCS dKC-
MOHEHIU JibHOe (puc.12,2):

Ns(S) =1/exp(S/So) (49)
U T yccoBckoe (puc.12,0):
Ns(S) =1/ exp[(S/So)?]. (50)

H puc. 12 npenct BneHsl pe3yabT Thl YHCIEHHOTO MOJENUPOB HUS KOJIUYeE-
CTB MH(OPM LUK H OJHO M3MEPEHHUE IPHU P 3IMYHBIX P CHPENEIEHUIX MIUIH-
Tya (popM X P HXHUPOB HHBIX THCTOrp MM). BuiHO, 4TO KOIM4YecTBO UH(OPM -
MU ¢ 60 3 BUCHT OT BUI P CIIPEAENICHHs] M MOHIX €TCS NPUMEPHO BIBOE MPHU
(S/Sp) =2 20. M kcum JpHOE KoudecTBO HHPOPM LuH (38) «COmEepXKHUT» IIIOC-
K s TUCTOrp MM (IIOK 3 H IYHKTHpPOM H pHc.12, ). [TocKOJIbKY HCKOMbIE COOBI-
THS BBIIEIAIOTCS OOBIYHO K K MUK H THCTOTP MM€, Y HUX MEHbIe HH(OPM THB-
HOCTb, 4eM y (oH , obIee KOJM4ecTBO HH(OPM IIMU BCETJ HHMXKE KOIMYEeCTB
Il HHBIX, H OCHOBE KOTOPBIX IIOCTPOEH THCTOTP MM .
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Komnpeccusa x HHbIX. [loBTOpHM, YTO 1 HHBIE M3MEPEHUS IOYydY IOTCS B
pe3yJabT Te MPOLEAYPbl JUCKPETU3 LIMM CUTH J1 M KOAUPOB HUS COCTOSHUIL IO
thopmyn M (38), (39) Ge3 ydeTr MHTEHCHBHOCTH HX IOSBIICHHS B TEKYIIEH cepun
orcyeroB. [lomyueHne sKcnepUMeHT JIbBHOH MH(OPM LMU COOTBETCTBYET KOIUPO-
B HUI0 10 opmyiie (44). MHdopM mus MoXeT OBITh BBIIENIEH YXe MOCIe MOoJy-
YeHUS 1| HHBIX, DTOT MpoLecc MOIydyuI H 3B HUe Kommnpeccuu I HHbIX [30]. Tpu
OCHOBHBIX CIOCOO KOMIIPECCUH I HHBIX Kp TKO OOCYXJ IOTCSI HIXKE.

Koas1 X ¢dpMm H . K x70e cocTosiHue B I HHbIX KOOUPYETCS UHAUBUAY JIbHO
KOIOM IOCTOSIHHOU JUTMHBI (IIOJIHBIM JiepeBoM — puc.7, ). Eciu KopupoB Tb MH-
¢hopM 1HIO AT K KAOTO COCTOSIHUS, TO KO, B COOTBETCTBUU C (popmynoil (43),
JOJIKEH UMETh IIEPEMEHHYIO JUIMHY (UCIIOIb3YETC «KOCOe» JAEPEBO C NEPEMEHHOU
JUTUHOM BeTBEe — CM. KpyXKH H puc.7,6). CeMelcTBO KOIOB MEPEMEHHOM TUHBI
H 3bIB ercd kog Mu X (M H [5]. Beibop ITHH KOJOB MPOUCXOONT B PE3yNIbT Te

H JIU3 P HXUPOB HHOW THCTOTP MMBI COCTOSHHM.

ITpoGremoii py UCIIONB30B HAM KOZOB IEPEMEHHOI! JUIMHBI SBJISIETCS IOCe-
Jylollee p CIO3H B HUE KOJ KOHKPETHOIO OTCYEeT B OOLIeH IOJy4YeHHOU cepuu
3H KOB. DT mpobsieM MOXeT ObITh pellieH HEeCKOJIbKHMH CIIOCO0 MU:

1) BBemeHHEM 3H K «Ipobel» mpu v > 2 T K Xe, K K B OOBIYHOM TEKCTE;

2) K XnOplii KOHKDPETHBIH KOJ MOXET COAEpPX Tb BHYTPEHHUI YK 3 Tellb H
cBow JuHYy [38];

3) CTPYKTYp KOCOTO JepeB MOXeT ObITh 3 P Hee W3BECTH .

ITockompKy K XI0€ COCTOSIHUE KOIUPYeTCcd UHIUBUAY JIPHO U JUTHH K XKIOTO
KO JHCKpPETH , To HH(opM 1ud «mo X (M Hy» Bcerl Kp TH LEJIOMY YUCITY
(6ur, ouT,..). DTO M MOPOXA eT 3 ONMyXIeHHe, YTO IUCKPETHO U KOIHNYECTBO
uH(pOPM UM (CM. MEepBblii BoIpoc BBeneHUd). IIpoBeneHHBIN Bblllle H JIU3 SICHO
MOK 3bIB €T, YTO MH(OPM IS SIBJISETCS H JIOTOBOU (HENpPepBIBHOWM) BEMMYUHOM,

NPUHIMIY JIBHO JUCKPETHBIMU SIBJISIOTCS JIMIIb COCTOSHUS.

Korn cpennee KonnuectBo MHGOPM 1M (H 1 T 1o L) cylecTBeHHO Golblie
€IMHUIIBI, TO MOI00HOE OKPYIVIEHHE O LIEJIOTO HEe UrP €T CYIIECTBEHHOH pOJH H
np kTuke. OfH KO NpH M JIOM YHUCJIE€ COCTOSHUI WIM KOIJ OJHO U3 HUX J0-
muaupyer B S(L), «OWHOK OKPYIIEHHs» MOXET CT Th 3H 4MTelbHO#. Ecmu,
H NpuUMep, K Koe-TO cocTogHue nosropsaercd B 10 p 3 4 11e ocT JIBHBIX, TO KOJIH-
4ecTBO MH(OPM LUK [PH MOSIBICHUH 3TOrO COCTOsHUs ecth (44): log,(11/10) =
= 0,14 6ur. Torny ommOK OT UCIIOIB30B HHS WHAWBHAY JIBHBIX KOAOB M K -
KJIOrO COCTOAHUS (I XK€ €C/IM OHU NEPEMEHHOU [UIMHBI, U C MBI KOPOTKHI KOJ
— 9TO OJIMH 3H K) OyleT, K K MUHUMYM, 7-Kp THOML.

Konpl ¢ uHTErpUpOB HMEM cocTOAHMI. Ecnu Mpl XOTUM KOIUPOB Th HH(OP-
M Luo 6oliee TOYHO, HEOOXOAUMO HCIIOJIB30B Th MHTETPUPOB HHE COCTOSHHUH, T.€.
YBEJIMYUB Thb LIEMOYKY COCTOSHHIA, OMUCHIB €My KOIOM (PUKCHPOB HHOM UTHHBI.

Koow LZW. C MbIM MPOCTBIM SBJISIETCS KOIUPOB HUE MOBTOPSIOIIUXCS COYe-
T HUI COCTOSIHMIi, T.6 M KpPOCOB, 4TO pe ju3yercd B LZW-kon x [14]. Hnun
Kox LZW 06buHO ~ 12 GUT, YTO I €T BO3MOXHOCTh MMETh CJIIOB Pb €MKOCTHIO
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~ 4000 M KpocoB. DTo, K K Ip BUJIO, JOCT TOYHO I KOTUPOB HUS UH(OP-
M UM TPEAMETHO OPHEHTHPOB HHOro coobmeHws. Eciam mpeamerH s o6n cTh
W3BECTH 3 P HeEe, TO M «CJIOB Pb COKp IIEHHWI» MOXET OBITh COCT BJIEH 3 P Hee;
€CIIM HeT, TO BbIIeJIeHHe M KPOCOCTOSIHWII MZeT MpSIMO B Ipolecce [ NTUBHOTO
KOJIMPOB HUSI.

JuH  H NMU3UpyeMbIX Lenovyek cocrtosHuid B LZW-kox X 00biuHO He 60-
Jiee 4yerbipex (mpu OOMbIIeil mIMHE pe3Ko BO3p CT eT 00beM cioB ps). [loaromy
CIIOIIHBIE TTOBTOPBI COCTOSHUM KOOUPYIOTCS (CKUM I0TCS) HE 04eHb d((PeKTUBHO.
I xe ecnu cpen Tb nHy LZW-Kox mnepeMeHHOM (K K B MeTone X M H ),
TO CIUTOIIHOW TOBTOp OymeT A B Th He Menee 0,25 Out/mr r.

Apndmernyeckoe KoqupoB Hue. Mjes atoro cnoco6 KOAUPOB HHSI COCTOUT
B TOM, YTOOBI MOJICYUTBIB Th KOJIMYECTBO MH(OPM LU B K KIOM COCTOSIHUM WH-
JMBHLY JIbHO, HO MPEICT BJISTh UX MHTEIPUPOB HHBIM KOIOM OOJIBLION P 3psaHO-
cta (16-32 6ur ). Meron moacyer KONMMYECTB WH(MOPM WU OBUT OMUC H TPU
BbIBOLE (hopMyIbl (44), cM. puc.8.

K k BugHO M3 puc.8,0, K XIblil p 3 NpU HOSBJICHUH HOBOTO COCTOSTHMS WH-
TepB J1 As; epeMel] eTcs H HOBOE MECTO H IIOJTHOM KOJIOBOM OTpe3Ke M COKD -
I eTcs MO JUIMHE, TO3TOMY JUTS ero YK 3 Hud TpeOyeTcs YHMCIIO cO Bce Oobliei
TOYHOCTBIO, T.€. CO BCe OOJIBIINM KOJTMYECTBOM 3H KOB. Korm KommdyecTBo 3H KOB
B YHCIIe JOCTUT €T 16—32, MHTerpipoB HUE COCTOSHMI 3 BepII eTCS U H YUH eTcd
HOBBIH IIMKJT KOAUPOB HHUSI.

OcoOeHHOCTh PU(METHUECKOTO KOJUPOB HUS [25] B TOM, YTO HPH «BbITEC-
HEHUM» K KUM-JIMOO (4 Il MOBTOPSIOIIMMCS) COCTOSIHUEM OCT JIBHBIX H 4 CTHOM
KOJIOBOM HMHTEpB Jie BTOM THYECKH BO3pD CT €T OTHOCHTENbH o miuH As;. T -
KHM 00p 30M B «eIMHUIIE HH(POPM IUU» MOXET OBITh HHTETPUPOB HO JOCT TOYHO
6O0IbIIIOE YHUCIIO UHTEHCHUBHBIX COCTOSHUM.

HecmoTpst H p 3muume B JTOPUTM X BbIieNieHNS WHGOPM LIHH, BCE ONHC H-
HbIe CIIOCOOBI JI I0T CXOJHbIE Pe3Y/bT Thl KOMIIPECCHH — TEOPETUYECKH JOK 3 H
UX 9KBUB JIEHTHOCTH [30] 17151 HEBBIPOXAEHHOTO H 60p COCTOSIHHIA. DTO HETPYIHO
MOHATh: U3-3 OTp HUYEHHOCTH O I 30H (PYHKLUH OTOOp KEHUS BBIIEIIEHHOCTD
WHTEHCUBHOCTH T€X HJIM MHBIX COCTOSHHH HEM30€XHO MPUBOIWT K BBIIEJICHHOCTH
WHTEHCUBHOCTH KOPPEIALUA MEXIY 3THMH XK€ COCTOSHHSMH.

Komn ktu3 mms n HHbIX. Kof i HHOTO, XOTS OH U JUTHHHEE KOJ HH(OPM -
U — «UH(POKOA », 00 1 €T OJHUM HECOMHEHHBIM JJOCTOMHCTBOM: OH OTp X €T
MIUTUTYy CUTH J1 B TEKYIIEM OTCYETe U ODTOMY MPHUIOJEH JUIsl IPOBEICHUS BbI-
YHCIIeHUi npu 00p 60TKe pe3ynbT ToB. MH(MOKOD OTp X €T JIUIIb HHTEHCHBHOCTh
TOSIBJICHUS] COCTOSIHUS M €r0 K KBl P 3 He0OX0auMO NpeoOp 30BBIB Th B MILIH-
Tyny npu obp Gorke. Mmeercs, OH KO, IPOMEXYTOYH SI BO3MOXKHOCTb CHEN Th
Il HHbIe GoJiee KOMIT KTHBIMH, COXP HHUB €ClId He OCOJIOTHOE, TO OTHOCHUTEIbHOE
YKCIIEHHOE COOTBETCTBHE UX MIUIUTY/E CUTH J1 . MEeTO KOMIT KTH3 MU J HHBIX
[38] OCHOB H H CBOWCTBE JIOK JIM3 IIUM COCTOSIHUI, OOCYXJ BILIEMCS BBIIIE.
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S3bIK onmc HUA X HHbIX. K S COCTOAHHAM JI HHBIX MOXHO 100 BHUTH He-
6omnbIoe yuco (cK xeM 16) cocTosSHMI yIp BJIEHUS, C HOMOIIBI0 KOTOPBIX MOXHO
YK 3bIB Tb H CIOBUT TOYKH OTCYET , M3MEHEHHE P 3PSIAHOCTH I HHBIX W T.A. 14
K XI0H MogoOHOI Iponetypsl moTpedyeTcs: OT OJHOTO A0 TPeX KOAOB yIp BICHUS.

P 3paonocms (...). Ecnu BBeCTH ynp BJI€HHE P 3PSAHOCTBIO, TO €€ H 4 JIbH
BE/IMYMH MOXET OBITh OTHOCHUTESIBHO HEeOOJIbIIOoN, H mpuMmep, 8 6ur. CUMBOIOM
CMEHBI p 3pPSAHOCTH MOXET SBIAThCS HepBblil U3 16 KomoB ynp BieHHd. Bsemem
JUIsl yIOOCTB OINUC HUSL B TEKCTE €ro MHEMOHHYecKoe 0003H 4eHue, T.e. Oyuem
H 3bIB Th €0 «OTKPHIB IOWI $SICSI KPYIN s cCKOOK ». [lepen cKoOKO# HOKXHO H XO-
JWUTHCSl YUCTO-UACHTU(UK TOP, HOK 3bIB OIIEEe HOBYIO P 3PSTHOCTH [l HHBIX (CM.
3 rostoBoK). ITocne 3 KpbIB Iomieiicsi cKoOKH (BTOPOii KOJ yIp BJIEHHs) BOCCT H -
BIIUB €TCS MpexXHee 3H YEHHE P 3PSATHOCTH.

Vrp BieHue p 3pSAHOCTBIO () KTHYECKH ONpeiensieT «JIOK JI» — B H Y Jie Te-
KyIIei MK JIbl OTcueT (JIeB s MPOMU3BOJIBH S 4 CTh JIepeB YK 3 TeleiH puc.7, ).
OHO T KXe 3 JT eT p 3Mep 3TOro JIoK J 1o S, KOTOphIil p BeH 2", rae n — Be-
JUYUH P 3PSOHOCTH.

Jlok & {...}. ]I HHble, H XOmsIIMecs B (PUTYPHBIX CKOOK X (MHEMOKOIBI Clie-
IyIOLIEH 1 pbl KOJOB YIP BIEHHS), IPUH JUIEX T OAHOMY YPOBHIO ME€p PXHH 3H -
KOB, T.€. IMEIOT 00LIe CT piire p 3psipl. JIOrHyecKuM MICHTH(PHUK TOPOM JIO-
K J1 CIyXHUT LENOYK YK 3 TeJei, H YMH S C BEepIIMHBI KOJOBOTO JEpeB ; 4eM
Goubllie B Heil 3H KOB, TEM MeHbILe 30H JIOK J . H npumep, 3 much

100{000 010 101 111} (51)
9KBHUB JICHTH HpPAMOMY YK 3 HHIO CJICAYIOLIUX COCTOSIHUM:
100000 100010 100101 100111, (52)

BBIMIPBILI JIETKO P 3JIUYKM IO JUTUHE KOA0B. OTMETHM, 4TO BBIOOP U CIBHT JIO-
K ]I BCErJ OCYIIECTBISIOTCS «C TOYHOCTBIO» JO INUPUHBI 30HBL. BBICOT Hepes
onpenensdercd TeKyIUM YK 3 TeJIEM P 3pSOHOCTHU 7.

K K u npu mo6bIX CKOOK X, JOIYCTHM BIIOXEHHOCTb JIOK JIOB, T.€. CTEKOB 4
WIN Uep PXUYECK S CTPYKTYp .

M kpococmosanue $...;. CHMBOJBI ¢ MHEMOKOI MU «$» M «;» O3H 4 IOT H -
4 JIO U KOHELl OIpelelieHuss M KpococTosHud. llepen ynp BIgi0IUM CHUMBOJIOM
«$», NOTKEeH 3 MUCBHIB ThCS MACHTH(MPUK TOP M KPOCOCTOSTHHSI.

M kpoc @. CuMBOJ «@» TOK 3bIB €T, YTO JI HHbIE H HEKOTOPOM HUHTEpB Jie
L 3 MeHsI0TCS yXe W3BECTHBIM M KPOCOM; HIEHTU(PUK TOP MOCIEIHEro IOJXKEH
H XOAUThCH Iepen «@».

Lukn < ... >. Yucno nepen OTKPBIB OIIEHCs yIIIOBOM CKOOKOM MOK 3bIB €T
KOJIMYECTBO IOBTOPEHUIl J HHBIX, JIOK JIOB WJIM M KPOCOB, TOMEIIEHHBIX MEXIY
YIJIOBBIMH CKOOK MH.
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Cnucok KOM HJl yOp BJIEHHS HETPYIHO IMPOAOSIKUTH YK 3 HHEM IOBTOPSIO-
IMXCSl IPUP INEHWI MIUTUTYIbI, obmiero ci r emoro (casur ) u T.40. Bocer Ho-
BIICHHE MOJHOTO 3H Y€HMs MIUIUTYAbl BCETJ IPOMCXOAUT 3 OJHY OIep LU0
CYMMHpPOB HUS.

3AKITIOYEHHUE

[IpyHIMIOM JIBHBIM OTJIMYMEM «HMH(OPM LHOHHOTO H JIM3 » OT KJI CCHYe-
CKOI'O M TeM THYeCKOro H JM3 OeCKOHEYHO M JIbIX/OOJIbIINX BEJIUYUH SBILIETCS
UCXOIOHOE H JIOKEHHE Orp HUYeHHH «CHU3Y» — Az, Ay U «cBepxy» — AX,
AY H ONHCHIB eMble BEIMYMHbI. BepXHHe — mpelesbHble Orp HUYCHHS CBUIE-
TEJIbCTBYIOT O KOHEYHOCTH PECYPCOB «H P IIUB €MOCTH», HIKHHE — IIOPOTrOBBIC
Orp HMYEHHUS FOBOPAT O KOHEYHOU «IPOOUMOCTU» BEJIMYMH.

IToporoBsie orp HUYEHHS! TECHO CBS3 HBI C 3 KOHOMEPHOCTSIMH OTOOp KEHUS,
T.e. BO3[JEHCTBUS M BOCIPHATHUSA H JIOTOBBIX BEJIMYMH — CHUTH JI0B. CyIIHOCTbH
0TOOp KEHMS yCTOWYMBO Iepel eTcsd IPU HEKOTOPBIX OTKJIOHEHHAX MIUIUTY/BI
CHUIH J1 , OJI Tof pd 4eMy MOXHO BBECTH JUCKpeTHble O 30Bble COCTOSIHHUS, OT-
CTOSIIME APYr OT JIPYr H TMOPOTOBBIA «HHTEPB JI P IJTUYUMOCTU». WHTEpB 1
P 37TMYMMOCTH CYIIECTBYET M MO KOOPAWH THOH OCH (IIPOTSKEHHOCTH CHUTH JT ),
OH 4BIeTCd UH(OPM LIMOHHO OOOCHOB HHOM €IMHUIIEH JUIHHBI.

[MpuHIMIM JIBH S OTP HUYEHHOCTH BEIMYWH NPHUBOAUT K OTP HUYEHHOCTH B -
PU HTOB MOBEJIEHHS, T.C. BUIOB (PYHKIIMOH JIbHBIX 3 BHCUMOCTEi y() mOTOMY, 4TO
«IPOCTP HCTBO MOBEIEHUS» (PYHKIMU OTOOD KEHHS OK 3bIB €TCS JUCKPETHBIM U
koHeunsM: (AX/Az) x (AY/Ay).

JI HHBIE, K K H 6Op YK 3 Teleil H JUCKPETHbIE COCTOSIHUS, OINPENEISIOTCS
HE B INPOCTP HCTBE IOBEICHMS, B «IIPOCTP HCTBE KOMOHMH IIMA» COCTOSIHHIA:
(AX/Azx)xlog(AY/Ay). B cuny 21010 pryMent M ¢ M (PyHKLHSI OTOOP XKEHHS
He 9KBUB JICHTHBI C TOYKH 3pEHMs nepe 4u I HHbIX. Obliee KOMUIecTBO JI HHBIX
Orp HUYUB eTcsl I100 JIbHOH HOBTOPSIEMOCTHIO (DYHKIMI OTOOp KEHUs.

Hugopm nmst ects Mep JIOK JIBHOW p CIIPEeSIeHHOCTH 1 HHBIX. Tp ammm-
OHHO JIOK JI3yeTcs (BbIIEIIeTCS U3 0OIIero) MoBeieHNne OTAEIbHON (PYHKIUH OTO-
6p xenus. K k ObU10 1Mok 3 Ho, mnpu Gonpuimx AX noseneHue (PyHKUUH OTO-
Op KeHMS JIOK JIU3YeTCS U B OINPEeleleHHBIX 30H X, CYLIECTBEHHO MEHbIIUX, YeM
AX.

30HBI JIOK JIM3 UM C MU MOIYT COHEpX Tb JIOK JIbHbIE OOp 30B HHS WU
ABILATBCS 4 CTBIO JIOK JIM30B HHBIX CTPYKTYp OoJiee BBICOKOTO YPOBHS HEp PXHH.

Co000p 3HO ¢ NMOHATUEM 1 HHBIX U MH(OPM IMHU CYIIECTBYIOT AB OCHOBHBIX
BUJl KOIUPOB HHUS:

— KOJMPOB HUE COCTOSHMH, MU S-KOAUPOB HUE;

— KOJMPOB HUE UHTEHCUBHOCTHU IIOBTOPEHUMH, WM L-KOIMPOB HHUE.
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ITpu nepBoM crocobe KOAMPOB HHsl UTMH KOJA CBSI3 H TOJBKO C KOJIH-
yecTBOM (Jior pugpmom) cocrosHuid. Ilpn L-KOOMpoOB HUM CpemHdsd WIMH KOI
MOXeT ¢l 60 3 BHCETh OT OOINEro 4YmciI COCTOSHHM, MOCKOJBKY OH OIpeje-
JIIETCSl TOJNBKO KOJMYECTBOM HMHTEHCHBHBIX COCTOSHHN; IIMH L-Kom B CWIy
9TOro MeHbuie. IIp KTHYECKOH LEHHOCThIO S-KOIOB SBISETCS HX CBS3b C M-
IUTUTYI0OH OTOOP K €MOro CHIH J , YTO €N €T UX IMPHUIOJHBIMU JUISl POBEACHHS
BBIYMCJICHUM.

B memoMm cymiecTByeT 1OCT TOYHO OOJIBIIOE YHMCIIO K K THIOBBIX, T K U 4 CT-
HBIX IIPUEMOB, MOHUXK IOIIUX KOJIHYECTBO [ HHBIX C COXpP HEHHEM HX COHEPXK -
Hud. KommuectBo HH(OPM LIMU €CTh HEKUI MpenesbHbli MUHUMYM, TOCTHXXKUMBIM,
BUIUMO, JIMIIb B Wi Jie (K K OCOMIOTHBIN HYJIb TEMIIED TYpbI).

OCHOBBI NpeICT BAEHHUI O AUCKPETHOCTH — HUIes TOM PHOCTH K K OTp HU-
YEHHOCTHU JETUMOCTH; YTBEPXKIEHHUE O TOM, UYTO «MHPOM IIp BAT (LIENbIE) YUCIT »,
ObUIO 3 JIOXKEHO emle B ApeBHOCTH. K K MOK 3 HO BbllIe, oOCYyX[ BIIHecs IO-
porosble UH(OPM LUOHHBIE OTP HUYEHMS Je-(p KTO YUUTHIB I0TCA B yp BHEHHUAX
tpuzuku Mukpomup . OgH KO BTOpoe, Oojiee MpocToe MCXOOHOE MH(OPM LHOH-
HOE TOJI0XKEHHEe — Orp HUYEHHOCTh PECYpCOB M 3 MKHYTOCTb pe€ JIbHBIX SIBJICHUI
(cBa3p orp HHYEHHOCTH Ay ¢ orp HUYeHHOCThIo AY'), XOTd M OCO3H eTcs, HO,
H CKOJIBKO M3BECTHO, €Ille¢ HE H IIUIO CBOETO BBIP KEHUS B KOJMMYECTBEHHBIX COOT-
HoweHusAX. Teopusd MHGOPM UM, KOHEYHO, HE MOXET IOACK 3 Th KOHKPETHBIE
BENTUYMHBI (PU3MYECKUX IPEAENbHBIX IOCTOSHHBIX, HO B COCTOSHUHM YK 3 Tb H
BO3MOXHBIM X P KT€p OIp HUYEHMM.
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THERMODYNAMICS OF A CHIRAL EFFECTIVE
MODEL WITH AXIAL

AND TRACE ANOMALIES
B. Van den Bossche

Université de Liége, Institut de Physique B5, Sart Tilman, B-4000 Liége 1, Belgium

The Nambu-Jona-Lasinio (NJL) model with scale and axial U4 (1) anomalies is introduced
at finite temperature and density in the case of three flavors (u,d,s). It is then used to evaluate
condensates and thermodynamical functions (pressure, energy and entropy densities). We mainly
focus on analytical results.

Beomurcst mogens H mGy—Hon -JI 3urmo (HWJI) ¢ M cmr Guoit u keu abHOH Ug(l) HO-
M JIMSMH TIpU KOHEYHOI TeMIep Type M IUIOTHOCTH B CIIyd € TpeX poM ToB (u,d,s). 3 TeM oH
UCIIONb3YeTCs [/ BHIYUCIICHNS KOHIEHC TOB M TEPMOIMH MHYECKHX (DyHKIMiA (1 BICHUs, ITIOTHOCTH
9HEPIUM U DHTPONHUHU). B OCHOBHOM IpEJCT BIEHBl H JTUTUYECKHE PE3yTbT ThI.

1. INTRODUCTION

Quantum chromodynamics, the fundamental theory of strong interaction, is
defined through the Lagrangian [1]

oy 1 . _
Loop = (v 0, —m)q — 7 (FL,)* + 927" Aug, (1)
where ¢ is the quark field in flavor and color spaces (in the fundamental repre-
sentation) and g is the coupling constant. The quantity A, is a shortened notation
for the eight gluon fields (4, = Aj\? /2) in the adjoint representation. They
come into the Yang-Mills Lagrangian in the combination

F, = 0,A% — 0, A5 + gf** A AS, )

pv

which gives rise to an interaction term between gluons (three- and four-gluon
couplings), due to the non-Abelian structure of the theory. (The totally antisym-
metrical coefficients f@°¢ are the structure constants of SU(3).) This interaction,
with the fact that the coupling constant is high at low energy, prevents making
a perturbative analysis to describe hadronic matter. The understanding of this
physics requires putting QCD on a lattice or making use of effective model,
the latter being supposed to mimic the true theory in a given range of energy-—
momentum. In the low energy regime, chiral symmetry is believed to play the
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key role. In the following, we shall use a model which implement this symmetry:
the Nambu-Jona-Lasinio or NJL. model. This model was introduced some time
ago in the nucleon language [2,3]. With quark degrees of freedom, it has regain
new interest after the work of Volkov [4]. For three flavors in the scalar and
pseudoscalar sectors, it is described by the Lagrangian

(\)F
2

q9)° + (cii%%qﬂ 3)

Lnsr = q(i —m)q+ Gs Z[(‘j

=0

Although having short-comings such as the lack of renormalizability and of con-
finement, the model has the attractive features of being relativistically invariant
and respecting some of the symmetries of QCD (among them chiral symmetry,
in the case of vanishing quark masses) while being mathematically tractable due
to the locality property of the 4-quark interaction.

The NJL model has already been extensively studied by several groups.
We can only mention a few, our purpose being here to describe the scaled
version of the model*. A recent work has been done by Ripka*™ [6] in a book
which contains an in-depth analysis of regularization procedures and symmetry
conserving approximations; Klevansky [7] and Hatsuda and Kunihiro [8] give a
general introduction to NJL, both in the vacuum and at finite temperature and
density; Alkofer, Reinhardt and Weigel [9] mainly applied the model to discuss
baryons as chiral solitons, as also done by Goeke and collaborators [10]; Bijnens
[11] discusses chiral perturbation theory within NJL; Alkofer, Ebert, Reinhardt
and Volkov [12, 13] hadronize the NJL model (both mesons and baryons); Vogl
and Weise [14] and Weise [15] review several of the above-mentioned topics:
bosonization and hadronization, finite density and temperature effects. Finally,
a scaled NJL model in the same spirit as the one introduced here has been
investigated in [16—18].

In the following, we shall study a modification of the Lagrangian (3) which
takes into account the scale and axial anomalies of QCD. The motivation to
proceed in this way is the following: the NJL model is taken into account
because it is believed that its (global) symmetries, that it shares with QCD, are a
key concept to understand the underlying strong theory. Being based on argument
symmetry, it seems then natural to supply the model with other symmetry related
physics: the anomaly one. Anomalies are symmetries of the classical action which
are no more symmetries of the quantum world. Replacing the QCD Lagrangian
by the NJL one, we have thrown away the scale and (strong) axial anomalies.
Since the NJL model is intended to be used mainly at the mean field level, these

*For more references (but still a nonexhaustive list), see [5].
**This book is not restricted to the NJL model.
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anomalies are introduced by hand by adding effective terms. In this way, quantum
effects can be taken into account at the level of a tree effective theory.

Following [19], we give first a resume of the symmetries relevant to QCD
and NJL, for three flavors of quark u,d, s.

A. Symmetries. In the following, we take the convention to denote by m the
current quark mass matrix diag(m.,,,mg4,ms), and by ¢ the vector representing
quarks in the flavor space ¢ =diag(qu, qd,qs). The indicated transformations
leave the action invariant under certain circumstances that we specify.

o Global gauge symmetry: NJL is globally color invariant: color enters only
through the number N, of each quark flavor.

e Scale symmetry:

z, — Aty

Al — AAY,
g — A¥2q,

is exact, at the level of the classical action, in the limit of vanishing current quark

mass m = 0. However, this symmetry is broken by quantum effects.

e Vector U(1)y symmetry or Baryonic number conservation: ¢ — exp(ia)q.

e Quark number conservation: ¢; — exp(ic;)g; (i = u,d,s): each flavor
has its own conserved number.

e Axial U(1)4 symmetry: ¢ — exp(iysa)q is exact, at the level of the
classical Lagrangian, in the limit of vanishing current quark mass m = 0. This
symmetry is broken by quantum effects, which explains why it is not seen in the
spectrum of physical states.

e Isospin symmetry:

q= (Z) —exp(ittag)q, a=1,..,3.

Isospin symmetry is exact in the limit where light quark masses are equal m,, =
mg (7, are the Pauli matrices).
e Vector SU(3)y symmetry:

u A
g=|d | — exp(igaa%,)q , a=1,..8.
s

Isospin symmetry can be generalized to the three-flavor case and explains why
the hadrons are approximately ordered into multiplets.
o Axial SU(2)4 and SU(3)4 symmetries:

u
Aa
g=| d | wepliTai)g, a=1..8 (SUQ)a: A = Ta).
S
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This symmetry is exact as long as m,, = mq = ms = 0. It is however not seen in
the spectrum. Since axial transformations alter the parity that is associated with a
state, a manifestation of SU(2,3) 4 in nature would require that each isospin (or
SU(3)y) multiplet be accompanied by a mirror multiplet of opposite parity. In
the same way, since we do not observe opposite parity partners to all hadrons, the
U(1)a symmetry cannot be realized directly by QCD. While the axial SU(3)4
symmetry is realized in the Goldstone mode through the dynamical breaking of
chiral symmetry, U(1)4 is never realized, being completely broken by quantum
effects (the anomaly).

e Chiral symmetry: vector and axial SU(3) symmetries can be combined to

realize transformations on the left and right parts of the quarks (¢r = 1$—2’75q):
L

SU3)y @ SU(3)a « SU(3)r ® SU(3)r,

where
)\a a .)\a a
SU@B)L = q — exp(z;aL)qL, SUBB)r = qr — exp(z;aR)qR.

Under chiral symmetry, left-handed and right-handed quarks transform indepen-
dently. This symmetry is broken by the quark mass matrix m. Apart from this
explicit breaking, chiral symmetry is also spontaneously broken down to SU(3)y .

As mentioned above, a symmetry can be manifested in several ways.

e [t may remain exact.

e It may be explicitly broken (this is the case of isospin symmetry in the
limit m,, # mg).

e It may be hidden. It is an invariance of the action but not of the ground
state: the symmetry is not seen in the spectrum of physical states. Two types of
mechanisms [19] are possible: the symmetry can be spontaneously broken (such
as the SU(2) 1, symmetry in electroweak interactions), or dynamically broken (due
to self interactions of the considered fields) as for chiral SU(2,3);, ® SU(2,3)r
symmetry in QCD. In the latter case, there exists a composite order parameter
which, in the case of dynamical chiral symmetry breaking, is often chosen as the
quark condensate, although other order parameters are possible.

In the following, we shall use the term «spontaneous symmetry breaking» to
describe both cases of hidden symmetry, making the distinction when appropriate.

The Goldstone theorem is intimately related to the notion of hidden sym-
metry and states that if a theory has a continuous symmetry of the Lagrangian
which is not a symmetry of the vacuum, there must exist one or more massless
(Goldstone) bosons. Goldstone theorem and the dynamical breaking of chiral
symmetry explain the small pseudoscalar nonet mass (7o, 7+, Ko, Ko, 7,7’), but
for the ' which is too heavy.
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The breaking of chiral symmetry can be summarized by
SUB)L®SUB)r = SU(3)y.

e The symmetry may have an anomaly, as for the axial U(1)4 and scale
symmetries of QCD. Even if the quark masses are vanishing, the divergence of
the corresponding current is nonvanishing. For the axial U(1) symmetry, we get
(F is the dual of F, Bqcp is the Callan-Symanzik S-function of QCD and 7y, is
the mass anomalous dimension)

A0 A0 \/§ g2 -
(g s — 2id 0 hd a FMV, 4
(7, (e q) = 2igysm 91 5352 wta 4)
while the scale anomaly leads to

Np

altJH = eﬁ = (1 + 'Ym) Zqimiqi + ﬁ;;l) FguFtiw' 5)
=1

The strong axial anomaly (4) is believed to give its high mass to the 1’ particle
compared to the other members of the pseudoscalar nonet.

B. Effective Action. The Lagrangian (3) is used at tree level. If we want this
order to implement the full quantum aspects of QCD, it is necessary to supplement
it with a term which, while still invariant under the true symmetries of QCD, has
to break the axial U(1)4 and scale invariances. Axial U(1)4 anomaly can be
related to the formation of instantons [20-22] and yields anomalous contributions
to the n and 1’ masses. A ’t Hooft determinant is often taken to mimic the
anomaly, althought other forms can be chosen (see [20,21,23-26]). We shall
use here the simplest approach, consisting in just adding a mass term a?£n3 (see
Eq. (11)) for the pseudoscalar singlet 7 particle, with & the parameter modelizing
the anomaly.

Figure 1 shows the modification of the 1 and 7’ mass when the £ parameter
is varied. It is clear that, removing it, the 17 has the same mass as the pion, while
the r’ is similar, but with the strange quark instead of the up.

As for the axial anomaly, the effect of the trace anomaly has to be
added by hand.

Several steps are necessary in order to construct the modified NJL model in
the perspective of the symmetries and anomalies as described above. In view of
the way of treating the axial anomaly (mass term for the 7)), it is better to work
on the bosonized version of the model* which leads to the partition function

Znon = / Dy exp (—Lug) ©)

*Hadronization techniques are reviewed in [27,28] and [12, 13].
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with* [29-31]

2
L = =T+ m =W+ + [de S @)
Ya = (04,7a), a=0,...,8 (m = 10,78 = 18), (8)
Fa = ( a7275)\5) a—o (9)

TrO

tr/ (z|O|z) | /d%—/ dT/d3 (10)

where tr is the trace w.r.t. internal d.o.f. (Dirac, color, flavor), 8 = 1/T is the
inverse temperature, W, = (—idiag(py, ptd, tis), 0,0,0) and € is the volume of
the system.

Masses

0.5

Fig. 1. m, n’ mass variation as a function of the £ axial anomaly parameter

As mentioned above, the axial anomaly is introduced through a mass term
for the 7o particle. The scale invariance and anomaly, on the other hand, can be
included in the effective action in a similar way, through the introduction of a
dilaton field y of scale dimension 1 (see for example [32,33]). For details and
more references, the reader is referred to [5,34]. Although it is questionable [35]
to use the dilaton field as an order parameter associated with gluon confinement,

*The Euclidean space is used from now on.
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we shall adopt this point of view as in the works [36,37]. Finally, the effective
action defining the scaled NJL model is

2
Ig = —Trpy In(—i@ + m® 4 oIy — W)+ /d4x%x2cp§

+d4xa—2§22182ﬁ4lx—474—4 11
2x7fo+2(ux)+16xn(xé) X" —xg) ) ¢ (D)

which takes into account axial and scale anomalies, and where a cut-off A has
been included in the functional trace in order to take into account the lack of
renormalizability*.

The main contribution to the partition function comes from the point which
minimizes the effective action. Mathematically, this corresponds to finding the
saddle point approximation to the path integral while, physically, it corresponds
to a maximization of the pressure. In the present model, such an extremal-
ity condition leads to gap equations (or Dyson—-Schwinger equations) for the
constituent quark masses similar to that of the usual NJL model, but for a
x dependence:

GQXE (Mu - mu) = 8NCMU9M11,167N11,7 (12)
a’x? (Mg —my) = 8N Mg, g, (13)

with

1 1 )
M. = —= E - a— 1=1u,s,
9M;, B, BQ - k',sz MiQ

-,

and k} = (ko —ipi, k), ko = (2n + 1), the odd Matsubara frequencies being
related to the anti-commutating nature of the fermions.

Moreover, there is a new equation, corresponding to the extremality condi-
tion for the dilaton field (this latter equation also contains the constituent quark
masses):

*The cut-off breaks scale invariance. Supplementing it with a dilaton field, as described in [38],
allows to restore it.
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a? 02 my\> MO ms \
p{ﬁ [Mu (-5) 50 30)

o 0]
(AXO)Q“I‘MS 8m ) N(:/;4
x o [(Ax0)? + 11%] ¢
Xo
a? m S Vs ms )2
— _ M2 1 _ s 1 _ S
exp{ [ o) ()
2Ncéx4
2 2 8 4
[(Ax)” + 02 e
X — [(AXS) + M, } . (14)
Xs

In the 2-degenerate flavor case, we then have two coupled equations: one is the
gap Equation (12), while the other is (14) without the strange content. Since they
are nonlinear, we can expect different results compared to a pure NJL model.
And indeed, we have different results: according to the set of parameters, we can
have a second or first order phase transition (restoration of chiral symmetry) w.r.t.
the temperature, at zero density. The usual NJL model only allows a second order
phase transition. When a third quark with a different mass is added, such as the
strange quark, we have one more gap equation and the behaviour can be even
more complicated: noncoincident second order phase transition for both quarks,
or coincident first order, or noncoincident first order, or a first transition for one
species while the other feels a second order phase transition. It is clear that in
such a complicated situation, working with the gap equations, coming from a
derivative condition, can be a very hard task and it is useful to turn to a global
condition, looking directly at the great potential (or the pressure).

2. THERMODYNAMICS

In the previous section, we have described the scaled NJL model. This sec-
tion gathers results at finite temperature. We shall focus on analytical results for
the thermodynamics. We shall then show our numerical results concerning the
condensates and the thermodynamics in Section3. We shall take parameters not
necessarily in agreement with experiment but usefull to illustrate the meaning of
some proposition. From this point of view, the NJL model is a very interesting
toy model.

QCD has two phase transitions: a deconfinement transition corresponding
to going from a hadronic gas to a quark-gluon plasma, and a transition leading
to a phase where the chiral symmetry is restored. Lattice calculations [39,40]
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suggest that these two transitions coincide. In a purely gluonic theory, the (lattice)
transition is of first order (for N, = 3). However, when quarks are introduced,
the order of the transition depends on the number of light flavors. With Ny = 3
massless flavors, QCD has a first order chiral transition, not connected to the
pure gluonic one. When the mass of the quarks is varied, the two first order
transitions are separated by a region in which there is a crossover. According to
the type of calculations — Wilson fermions [41] or staggered (Kogut—Susskind)
fermions [42] — QCD (m,, = mg ~ 10 MeV, ms ~ 200 MeV) appears to be in
the first order region, or in the crossover region, respectively. It is then presently
unclear which case occurs and we have the freedom to play with the parameters
in such a way as to allow for both types of transitions*.

The deconfining transition is hard to study in existing models, although such
models have been designed, e.g., [48]. However, chiral symmetry breaking and
its restoration can be studied in effective models. Both deconfinement and chiral
symmetry restoration transitions are seen to be coincident on the lattice. In
the following, we shall take the point of view that the study of the chiral phase
transition can shed light on the deconfining transition. We shall also take the point
of view that gluon confinement is linked to the gluon condensate x, although
this hypothesis is questionable [35,49].

There is a constraint between the quark and gluon condensates, which shows
up into the form of three coupled equations for the three condensates, see
Egs. (12)-(14). We can then get, according to the strength of this constraint,
a first order transition (discontinuous passage from one phase to the other, see
Fig.2) or a second order transition (continuous transition from one phase to the
other, see Fig.3). (The pictures are shown in Section 3.) The analytical results
given in this section have been discussed in [34,50]. As already stated we work
at the mean field level. The groups of Rostock [51,52], Heildelberg [53-55] and
Nikolov et al. [56] go beyond this approximation, studying the first 1/N, cor-
rections and showing that they are not negligible at low temperature and density
(because pions are almost massless).

A. Pressure, Energy Density, Entropy Density, Bag Constant. In this
section we want to understand the equilibrium properties of a strongly interacting
matter, i.e., determine the relations associated to the thermodynamics of a hot and
dense system. The system is modelized by an effective action of the NJL type
(free massive constituent quarks) with a dilaton field included**, Eq. (11). In a
grand-canonical system, the partition function is given by

*Note that the distinction between pure gauge deconfinement and light quark chiral phase
transition is of prime importance: the energy scales are different. Pure gauge transitions occur at
a temperature of about 260 MeV while, with two light flavors, the critical temperature is around
150 MeV [39,40,43-45], or even as low as 140 MeV according to [46,47].

**For the thermodynamics of a scaled linear sigma model, see [57] and references therein
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Z = exp(—49), (15)

where 2 is the thermodynamical potential (or grand potential). We exclusively
consider a system in equilibrium: all the descriptions (micro-canonical, canonical,
grand-canonical) are equivalent. However the grand-canonical description is the
easiest. In the canonical formalism, the basic quantity is the Helmholtz free energy
and the independent variables are the temperature, the pressure and the densities
(one for each chemical potential). Since phase transitions occur at a constant
chemical potential, and not at a constant density, it has always to be checked if a
lower energy solution, obtained by separating the system into subsystems, exists
[58]. Working in the grand-canonical formalism, where the independent variables
are the temperature, the pressure and the chemical potentials, there is a direct
access to the solutions corresponding to the minimum of the thermodynamical
potential. Equation (15) leads to the identification

L = BS2. (16)
Since [58,59]
dQ = —SdT — PdQY — p;dp; (i = u,d, s), 17
we get
o«
P=—|(— . 18
(aQ>T7ui ( )
This implies
10In(2) }
= — . (19)
6 aQ T,pi

Physically, the pressure is not an absolute quantity. We have to consider it with
respect to a reference system which is chosen to be the (nonperturbative) vacuum,
of pressure Py. Defining P — Py = P’ and replacing P’ by P, we then have

1 6ln(Z/ZO)}
P=—-—— . 20
ﬂ aQ Topi ( )

Subtracting the vacuum, the lowest order of the action is

:ﬁ(¢37Xs) = SH(MuaMst) =
I3, 5y (M, Mg, Xs) + Iy aoy (M, Mo, Xs) = Iy oy (M), MY, X0). (21)
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The first term is the Fermi part, which does not need being regularized,

I(Su,ﬁ) (Mu,MSWXs) = - Z az/ k/’2dk’

x {m (14 exp -0 (, w—)}) +1n (1+ exp [~ (B~ m)}, 22)

where* E; = \/k? + , and a, = 2,as = 1, while the Dirac part (T' = u = 0)
has to be regularized and is given by

3 D o

I(SO,OO) (Mua Ms7Xs) - 1(50700)(]\437 MS?XO) = —ﬁﬂ{

Z us
Av.)? + M2 Av.)? + M2
" [(Axs)“ln ((AX6;2 +Mz)2 _Mi41n( X?wj; ;
Xo0)  + M; i
2 02
04 (AXO) +MZ
+M; IH—M.OQ

- (%(AXS)4 - %(AXO)4) + ((MiAXs)2 - (MJ)AXO)Q)]

b? a?
+ |0 =) (g5 + o + )
_ a’x3 7_27‘1960 021 _ Mo
Zaz< M;? (1 z) 1 M (1 M()))

ZUS

b2 S\
—Xiln X : (23)
16 X0
With the action (21), Eq. (20) gives
1 aI (MuvMS)XS)

P = ] B ; (24)
which leads to 1
"="5 L0u,m) (Muy My, x5)+
+ 13y 0y (M Mg, Xs) = Iy o0y (M, M, x0) | - (25)

*When no confusion is possible between the 4-momentum k and the 3-momentum E, we use
the notation k for |k|.
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The physical meaning of this equation is that the grand potential is an extensive
quantity:

Q=—-PQ. (26)

Mathematically, the mean field approximation corresponds to finding the mini-
mum of the action. Equation (26) shows the physics attached to this condition:
the system chooses the phase where the pressure is a maximum.

Quark densities can be evaluated from (17) and are given by

o0 1 alsﬁ) N, /°° ,
= — [ — =_—— L) =—-—— k* (niy —mn;—) dk, 27
r (3%)19 B ( Op; ™ Jo (et ) @n

where

1
- Ltexp[B(B; £ )]

i+ (28)
If we work in the isospin limit (m, = mg) for a symmetric matter (p, = pq), it
is clear that p,, = pq.

The entropy density can also be evaluated from (17) and is given by

S 1 0 s
S=E5 =g (15%) 18,5y (Mu, My, Xs) - (29)
Only the Fermi part appears in this formula since this is the only one which
depends upon temperature. When 7" — 0 the entropy density s goes to zero, in
agreement with the third principle of thermodynamics.

Finally, the internal energy is given by [58,59]

0 0
E=Q+T 0= 11 = — 0=
+ S+/hpt (+ﬁ86 ulaﬂi)
0 1 0
= - ot I: My, M, Xs)- 30

This gives the energy density

€

E 1/0 1 0 s
5 = 0 (5 70 Hn O M)

1
o [ O Ve~ oy (U202 30)] - 3D

Like the pressure, the energy density is a relative quantity: (31) gives the density
energy of the system w.r.t. the vacuum energy.
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B. Bag Constant B. Following [47,60], we write

P = Rdeal gas B (ﬁa Mo s Ns) ; (32)
€ = CEideal gas T B (ﬂv Hus ,us) ) (33)
Ts = Pel gas T Eideal gas — i, (34)
with
Pieal gas — _I(s#,ﬁ) (MU,MS,XS) =
1 S /BQ
N, < k4
= a; — (n; + n;— dk, 35
1 0 1 0 ;
€ideal gas — Q (3_5 - Buzm) ](é#,ﬁ) (My, Ms, xs)
- N > a-/ookQE-(n- +n_)dk (36)
7T2 ol 7 0 7 1+ 71— )

being quantities relative to a massive free quark system. The interaction measure,
which is an indication of nonperturbative effects, is

N, 5 [ K2
e-3P=4B+ ; a; M A 7 (niy +mn;_) dk. (37)
In Egs. (32) and (33), we have defined a temperature and density dependent
(through M,,, My, xs) bag constant™ B. It depends on the Dirac contribution (23)
to the pressure:

1
BQ

The definition (38) is different from [30,37,54,61] because two new effects are
implemented: i) we take into account the explicit breaking of chiral symmetry
(even if m, = 0, we have ms # 0: the strange quark contribution can be
nonnegligible); ii) as already stated, Eq. (38) takes into account the effects of the
gluons. Moreover, (38) conceptually differs from the definition [54] where the
bag constant is zero in the chirally restored phase. Finally, it is different from the
bag constant B’ introduced in [29,31,38]. In these references, it is only obtained

B (ﬂauumus) = {I(SO,oo) (MuvMSaXS) - I(SO,oo) (MBaM;)aXO)} . (38)

*In [47,60], there is no glueball: the bag constant is purely chiral. Our bag constant is then a
generalization of these references.
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at zero temperature and density, through the definition of B’, being identical to
the energy difference between the perturbative vacuum and the true vacuum®.

In the perturbative vacuum, the chiral symmetry is restored and the gluon
condensate vanishes. Then, according to [29],

1 X , 1
B = B_Q {I(é(),oo) (0,0,0) — ](C(),oo) (Mgv Msoa XO)} = 1_6m2GLX(2)7 (39)

with m%,; = b*x2. In SU(3), implementing ms = 0 in the definition of the
perturbative vacuum makes no sense. However, we shall see that the value of
B'Y* is not so far from that of B/4 (38) (for T >>) so that the use of (39)
in [29,31,38] is verified a posteriori. This remark also applies for the effect of
xs which does not go down to zero.

Note that in [61], the authors study both the chiral symmetry restoration and
the effects of the gluon condensate. They however define two bag constants, one
associated to the restoration of scale symmetry, the other to the restoration of
chiral symmetry.

C. High Temperature Zero Density Limit (I" > 7;). In a phase where
chiral symmetry is restored — in this section, we mean the phase where the
constituent quark mass goes to the current quark mass (M; = m;, ¢ = u, s) even
if we are not in the chiral limit — we have m,/T < 1: a high temperature
expansion in mg/T is possible [50,62,63]. Calculations are lengthy and left to
Appendix A. We work at zero density. Our results are a generalization of the
latter references where only a limited number of terms in the m /T expansion
have been retained while we are able to give here the full expansion, involving
only elementary functions. Note that to describe the results in Section 3, the first
four terms will be enough (T" > T, with T, the critical temperature) so that we
only keep them in the following. For the pressure, we get

7 N.m N.m* m
~ T4 2 clltg c s
Pigea gas ~ T (@Ncﬁ — Eﬁ — S?T_Z T
N. (3 m?
Al —2y) 2+ 40
T 16w <2 7> i T )’ (40)

where ~ is the Euler constant™*.

*One can also take the equivalent definition of considering it only through the glueball La-
grangian (decoupling between the glueball and the other fields). We have B = i < Oup >=
= fox' = fom

**In [54], the massless free quark limit is unreachable, by construction: the d3k regularization
introduces a cut-off A for each Fermi or ideal gas quantity. These quantities, for example Pigey| gas.
behave then at high temperature as A /T, decreasing to zero. This drawback is not present in this work,
where we have chosen a d*k regularization for the vacuum while the Fermi part is not regularized.



THERMODYNAMICS OF A CHIRAL EFFECTIVE MODEL 685

Note that the case of finite chemical potentials is much more complex and, to
our knowledge, has never been treated to all orders in the fermionic case. (In the
bosonic case, the constraint p; < M; (not present in the fermionic case) allows a
high temperature expansion (m;/T and u;/T < 1) to all orders [64-66].)

Above T, the bag constant B is temperature independent and writes

1 ;
B = 69 { 0,00) (O msaXC) I(S(),oo) (MgaMs,OaXO)}7 (41)

where x. is the gluon condensate above T,. Note that, for any set of parameters
(M2, x0), we could not get x. = 0. In our model there is never a complete
gluon deconfinement. This is related to the fact that gluons are only poorly
incorporated in our formalism (we have no explicit temperature dependence of
the gluon condensate since the modeling of the gluon anomaly is through a
temperature independent potential (see last term of Eq. (11)); we also do not have
the right number of gluonic d.o.f.).
The energy density is given by (31), so that

Eideal gas = (126 gg@ , (42)
i.e., using (16) and (26),
St g = = 5759t ). (43)
With (40), the high temperature, zero density, expansion gives (Appendix A)

7 N, m?
~ T4 2 c s
Eideal gas ~ T (_Ncﬂ'

20 1277
N, mg Mg N, 1 m4
+ 8’/T2 ﬁln T + ]_6’/T2 <2’)/+ _> T4 + > . (44)
Finally, (16) and (26) applied to (29) lead to
0
s = (1 - 5%) 5Pideal gas (45)
or, equivalently, to
0
= _ﬂQ ﬂ Peal gas — a_TRdeal gas- (46)

The high temperature, zero density, expansion of the entropy density is then
(Appendix A)

s 4 47
15 6 T2 ' 8x2 T4 “7)

The results (40), (44) and (47) are used in Section 3.

N.m2 N, m?
TS%T4(7N7T Ses | Ne M )
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D. Low Temperature Zero Density Limit. To simplify the discussion, we
limit ourselves to the zero density case. If MS is of the order of 400 MeV, the low
temperature expansion (see Appendix A) is valid up to 7" =~ 100 MeV. Indeed,
masses and condensates are not varying within this range of temperatures, see
Section 3, and the expansion parameters 3M,, and M, are then large enough —
we have at worst SM,, ~ 4 — to allow a stationary phase expansion of (35):

4Ncﬁ_5/2

W Z aiMf/Qe_ﬁMi + corrections, (48)

i1=u,s

Rdeal gas ~

where a, = 2,a;, = 1. To get the corrections®, it is better to work with (35)
written in terms of Ko, of which the asymptotic behavior is well known. The
method is explained in Appendix A which also contains the low temperature zero
density expansion of the energy and entropy densities.

The results relative to this section are given in Section 3B. They necessitate
the knowledge of the behavior of the condensates as a function of temperature,
given in Section 3A.

3. RESULTS

We show the variation as a function of temperature of the quark and gluon
condensates in Section 3A. We then discuss the results relative to the thermody-
namics in Section 3B.

A. Condensates. The quark and gluon condensates are given by

(i) = ﬁ%gﬁj (M, My, xs) =

— f%ﬁxﬁ (My —my) = —ANMyugur, 8,1 (49)
(5s) = ﬂ%gﬁf (Mu, My, Xs) =

- _%Cfxﬁ (M —my) = —AN Mg, g, (50)

and by Eq. (14). The constituent quark masses M,, and M, used in these equations
come from the gap equations (12), (13). When m, = 0, M, = 0 is always a
solution of (12), so that it has to be checked if it corresponds to a greater pressure.

*Corrections to (48) are negligible only if 3M; 2 40. However their number is limited for
BM; as low as 4. In Appendix A, we quantitatively discuss the importance of these corrections with
respect to the value of GM;.
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We define a second order transition to be a transition for which the slope of the
pressure as a function of the external parameters 7', u is continuous (this includes
both true second order transitions and crossovers); otherwise it is said to be of the
first order. Different behaviors show up according to the chosen set of (model)
parameters and to the external (temperature and density) parameters: we can have
two first order transitions, coincident or not, or two second order transitions. We
can also have a second order transition for one species of quark while the other
experiences a first order transition.

M? =600 MeV, y,= 125 MeV

1.2 r— -~~~ T~ T T T ]
 A-scaling %/ %o ]
1_ / 7
L a ]
0.8 [ é A .
0.6 B ]
L 0 ]
0'4. Mu/Mu\ J
02f 1
I c b 1
n n n n 1 n n L n 1 L n L n 1 L n L ]
0 50 100 150 } 1 200
T, MeV Ttransition TC
P, GeV*
0.015 ————————F——————————————
[ A4-scaling
o.o1f ? ]
0.005 s
o_ 4
0005l
0 50 100 150 200

T, MeV
Fig. 2. Up constituent quark mass transition (with m, 7 0)
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A discontinuous slope for the pressure means a discontinuous condensate:
there is a mass gap. This is illustrated in Fig. 2.

Since the pressure at point A is identical to the pressure at point D, the
transition takes place between these two points. Only the region from B to C is
unstable: there is metastability between A and B and between C and D.

Note that looking graphically at the pressure to find the transition point is
manageable only in the two degenerate flavor model at zero density or tempera-
ture. In that case, the strategy is the following. Given M, the corresponding X s
can be extracted from Eq. (14) with the strange quark contribution removed (two-
flavor case). We can then use this couple (M., xs) to extract the corresponding
temperature from the gap equation, Eq. (12). There is only one solution. (Should
we have fixed the temperature, we should have to solve two coupled equations
(12),(14) with the problem that, for a first order transition, several solutions are
possible.) We then get the ABCD curve of Fig.2(a). To get the transition point
it is then enough to look at the pressure, Fig. 2(b).

Of course, as soon as more variables (., tts, M) are introduced, this strategy
is not anymore of interest. We have to solve the full set of coupled equations
(12)—(14) as a function of chemical potentials and temperature. Because of
possible first order transitions, several local extrema of the pressure show up so
that it is necessary to use a numerical algorithm searching for global extrema.
In our work [50], we used the simulated annealing algorithm that we adapted
from [67].

In order to save place, we restrict ourselves to two sets of parameters:

(i) MP° =300 MeV, yo =80 MeV, (51)
(i) MO =600 MeV, xo = 125 MeV. (52)

Figure 3 is for the set (51) and corresponds to a second order phase transition w.r.t.
the temperature for vanishing chemical potentials. It is similar to results obtained
in the two-flavor case [29,31]. The choice M, = 350 MeV, xo = 450 MeV
would almost corresponds to a pure NJL model with a critical temperature of
T. ~ 193 MeV. The gluon condensate is almost flat, so that the quark and
gluon condensates are almost uncoupled. In contrast, the choice (51) leads to
a greater coupling between condensates and the critical temperature is lowered
(T. =~ 150 MeV in the chiral limit*, see Fig.4). Such a low temperature is in
agreement with lattice results [40,45-47].

Working in the three-flavor version of the model, these two pictures show
also the strange quark condensate, for which we can make two remarks:

e < 55 > decreases slower than < wu >, in agreement with [68]. This can
be traced back to the greater constituent strange quark mass compared to the up

*The two-flavor case leads to a critical temperature of 140 MeV.
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M? =300 MeV, 7,= 80 MeV

T T T T T T T T T T T T T T T T T
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Fig. 3. Quark and gluon condensates as a function of temperature for the parameters
M2 = 300 MeV, xo = 80 MeV*

quark which, in turn, is a consequence of a greater current strange quark mass
compared to the up one**. Note however that our results show a faster decrease
of < 5s > with temperature than in [69];

e Because of the coupling between the condensates, the gluon condensate at
the transition, X, is smaller than in the two-flavor case. For the set (51), we
have x.(SU(2)) = 0.8 while Fig. 3 shows x.(SU(3)) =~ 0.6.

Figure 5 is the analogue of Fig.3 for the set of parameters (52). This set
allows one to get a first order phase transition [29,38]. The coupling between
quark and gluon condensates is so strong that all the condensates undergo the
transition together. At zero density, the above analysis shows that:

e We can reproduce both first and second order phase transitions. A first
order transition is typically an effect due to the gluon condensate which then does
not show up in pure NJL models;

e A low critical temperature, as low as 140 MeV, can be reproduced. This
is clearly related to the coupling between quark and gluon condensates. Pure

*Pictures 3,5-8 are reprinted from
e Nuclear Physics A582, M.Jaminon, B. Van den Bossche, «SU(3) Scaled Effective Lagrangians for
a Hot and Strange System», p.517-567, Copyright 1995.
e Nuclear Physics A582, M.Jaminon, B. Van den Bossche, «Phase Transition and Thermodynamics
of a Hot and Dense System in a Scaled NJL Model», p,515-538, Copyright 1996
with permission from Elsevier Science.

**Note that, in the two-flavor limit, where M, ms — oo, we have < §s > / < §s >o= 1.
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M? =300 MeV, 3,=80 MeV

1.2 T T T T ——
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Fig. 4. Quark and gluon condensates as a function of temperature for the parameters
MS = 300 MeV, xo = 80 MeV in the light quark chiral limit m, = mq = 0 MeV

NJL models are then unable to reproduce such a low temperature: they cannot
go below 7. ~ 190 MeV. In fact, it can be shown from the gap Equation (12)
that the critical temperature is given by (for a second order phase transition in

the two-flavor case)
3 Axe 8r2a2 \ /2
n- 3 (i) (53

According to this equation, scaled models allow (for second order transitions) a
reduction of the critical temperature in the ratio x./xo compared to a pure NJL
model;

e The coupling between quark and gluon condensates is mainly driven by the
value of the vacuum gluon condensate xo. With large xo, the coupling is weak
while the coupling becomes more and more important as we decrease xo. The
quark or gluon condensate can then be considered as the order parameter for the
phase transition.

It should however not be forgotten that all the above analysis is performed
without vector mesons. Without them, our results show that high values of the
gluon condensate are needed to get a transition above the normal nuclear matter
density pg, see Fig.5 of [31].

Although the scaled models are not able to reproduce a transition above the
normal nuclear density for a small value of the gluon condensate (which leads to
a low critical temperature), it does not mean that they are inefficient. Indeed, it
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is well known that vector mesons make the vacuum stiffer against the restoration
of chiral symmetry [71,72]. Including these mesons will then correct what seems
to be, at first sight, a drawback of the model.

M? =600 MeV, 3,= 125 MeV

1.2 e
A-scaling

1 ]
[ /%0 ]
0.8} 4
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0.4} (55)/(58), \ ]
0.2f .
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0 0.05 0.1 0.15 0.2 0.25 0.3
T, GeV

Fig. 5. Quark and gluon condensates as a function of temperature for the parameters
M2 =600 MeV, xo = 125 MeV

B. Thermodynamics. In this section, we present results relative to the
pressure (equation of state), the energy density and the entropy density that we
have adapted from [34,50]. Because we would like to emphasize some points
relative to fits, we first take the somehow unusual way to present these quantities
as a function of T* (pressure, energy density) or 7 (entropy density). This
allows us to separate curves corresponding to different parameters. Once these
results will have been presented, we shall redraw some of our results in the usual
way (pressure or energy density or 7' times the entropy density, over 7%, as a
function of T), allowing us to make a more direct comparison with the general
shape of these quantities as obtained in lattice calculations. Pressure, energy and
entropy densities are obtained from (25), (31), and (29), respectively. The general
behavior of these quantities can be understood (at vanishing density) from Eqgs.
(32)—(34) with asymptotic behaviors given in Appendix A and summarized in
Sections 2C and 2D.

Pressure. The behavior of the pressure is shown in Fig. 6(a) for a vanishing
density. As the strange quark mass mg is different from zero, the behavior of the
pressure above 7. is not the usual 7% law: in addition to the bag constant (41)
which is taken into account through the decomposition (32), the massive free gas
part has the temperature expansion (40).



692 VAN DEN BOSSCHE B.
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Fig. 6. Pressure as a function of 7 for the set of parameters (51,52) for pin, = ptq = pts =
=0 MeV (a); for py, = pqg = pns = 250 MeV (b)

Figure 6(a) shows also the linear fit in 7% which is valid in the phase where
the chiral symmetry is restored:

P~340T*—-1.195103 (54)
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for the set (51), and
P~ 340 T*—2.097 1073 (55)

for the set (52). Note that the coefficient of T is not equal to the coefficient
7TN.72 /60 (=3.454) of the term T in the expansion (40). Because of the limited
range of temperatures investigated in Fig. 6, the corrective terms to the factor T
in the expansion (40) change the apparent slope, and the constant term in (54)
cannot be identified with the bag constant B. When a fit is realized with all
the terms* of the expansion (40), plus a constant C' to adjust, this one equals
CY/* ~ 179 MeV for the set (51) and C''/* ~ 207 MeV for the set (52).
These values are close to BY/* ~ 183 MeV (set (51)) and BY* ~ 209 MeV
(set (52)) obtained from a direct calculation of the exact bag constant (41). This
shows the consistency of our numerical results and the fast convergence of the
expansion (40), even if the expanding parameter ms/T is not so small! Note
also that the numerical values of B'/* extracted from the exact bag constant (41)
or extracted from the fits are not so far from B’'/* given by the approximate
Equation (39). The latter is valid if we ignore the coupling between the quark and
gluon condensates, and gives B4 = 161 MeV (set (51)) and B'Y* =201 MeV
(set (52)). This justifies a posteriori the introduction of the approximate bag
constant (39) in the references [29,30,38]**.

This discussion shows that it could be quite dangerous to extract numerical
values from fits: one could be tempted to identify the bag constant from the
constant term in (54) and (55). The above analysis shows clearly that it would
be wrong.

Beyond the transition, the behavior of the pressure versus temperature de-
pends on the order of the transition. For the set (52), 5M; (i = u, s) remains quite
large, so that the T" behavior is described in a first approximation by (48). How-
ever, a careful analysis shows that this expansion is not well suited for GM, < 20,
or even for M, < 40, and that the expansion (A35) should be used instead. The
exponential behavior e=#M: is however still correct. For the set (51), the phase
transition is of second order so that M,, is progressively decreasing. This implies
that the expansion (A35) cannot be used over the whole range T' < T, and, even
more, that it is too crude to describe this behavior. We have however found that
the expansion (A34), with the sum limited to n = 1 and n = 2, is well suited for
temperatures below 100 MeV.

*By all the terms we mean the terms which are included in (40). Indeed the precision is
sufficient and we do not have to take into account more terms defined in (A32).

**It should however be stressed that it is better to work with the exact expression since an error
in B1/4 is amplified when going to B.
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Note that for an analysis based on the 1/N, expansion [51,53-55,74], it has
been shown that the pions give the largest contribution to the thermodynamical
quantities at low temperature®. In the chiral limit where the pions are massless,
their behavior is in 7, which effectively shows they have a bigger contribution
than (48) based on the high constituent quark mass. This is an example where
the 1/N, approach to the lowest order is not valid (see [6]).

The above analysis shows that an important ingredient is not included: indeed,
the T* obtained for Peq gas does not contain the gluonic d.o.f., as indicated
previously. In the chiral limit, we should have

2
Pcal gas = % {2Ng n gNCNfzx} T4 ~ 52 T, (56)
with Ny = 8 if N, = 3.

Although the gluon condensate is in part due to these gluonic d.o.f., gluons do
not contribute to the thermodynamics. To take into account the thermodynamics
of a purely gluonic system, we should add to the Lagrangian (11) a temperature
dependent potential V, (T"). This has for example been noticed in [37,77,78].
The choice of this potential should be such that it leads to the behavior (56).

Figure 6(b) is the analogue of figure 6(a) for the choice u,, = ps = 250 MeV.
These values correspond to a strong coupling between the condensates < @u >
and < ss > for the set (52), and to a weak coupling for the set (51). With a
chemical potential, there is no possible 7' linear fit. This can be seen considering
the chiral limit (m, = mgq = ms = 0) of (32) with (35). This leads to

7 ot Ne o Nept

P= 60Nc7r T + 5 1 T° 4 = B. 57)
Because m # 0, Eq.(57) has to be modified. Figure 6(b) shows that the T* part
is not modified compared to (57), while the 72 part is slightly smaller. Once
again, this shows that one has to be very careful when making fits. The coefficient
of the T term is not identical to the one of (54): the supplementary terms in
(40), and terms coming from the chemical potential, have a repercussion upon all
the terms of the fit.

Energy. The behavior of the energy density versus temperature, as given
by (33) and (36), is represented in Fig.7. At high temperature and for vanishing
density, the whole expansion (A37) can be restricted to the first four terms (44),
which perfectly describe the curves above the chiral transition. For the sets (51)
and (52), we get the linear T fits

€~ 10.271 T* 4+ 0.877 1073 (58)

*This is in agreement with the results [75] based on chiral perturbation theory [76].
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Fig. 7. Energy density as a function of T for the set of parameters (51,52) for pi, = pg =
= us = 0 MeV (a); for p, = pa = ps = 250 MeV (b)

and
£~ 10.269 T* +1.620 1073, (59)

respectively.

It is useful to stress once more the difficulties one encounters to extract
meaningful information form fits such as (58) and (59), since the constant terms
in (58) and (59) are not the opposite of (54) and (55), while the exact Egs. (32)
and (33) show clearly that they should. In fact, all the terms from the expansion
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(44) contribute to the determination of the coefficients of the fits in the restricted
range of temperatures investigated.

The expansion (44) is perfectly adequate since a fit from its different terms
plus a constant C' to be adjusted gives C'/* ~ 182 MeV for the set (51) and
CY/4 2 208 MeV for the set (52), in excellent agreement with the results obtained
from the behavior of the pressure. Figure 7 shows that the order of the transition
and the nature of the coupling (strong or weak) between the quark condensates
are very well visualized with the help of the energy density curves: there is a
jump at T if the transition is of first order, while there is a change of slope quite
visible if it is a true* second order transition.

This is the case for the set (51), see Fig.4: the transition is of second order
for the up quarks while the strange quarks feel a first order transition. There
is then a change of the slope of £(T') at T,. and an energy jump at T, see
Fig. 7(a).

The behavior below the transition can be understood from Eq. (A39), with
the same restrictions as in the case of the pressure, for the corresponding set of
parameters.

Figure 7(b) is the analogue of Figure 7(a) for p, = ps = 250 MeV. Chemical
potentials introduce a 72 dependence in the simpler case of chiral limit. We have,
with 4 = piy = s,

7 3 pt

20 4NC 2 + B. (60)
This equation comes from (36) or, more directly, from (31) together with (16)
and (26). Figure 7(b) shows also that having mg different from zero does not
affect too much the second term of (60), and introduces a constant supplementary
term. All the remarks concerning the fits are also valid here.

Entropy. For a massless free quark gas, the entropy density behaves like
T3. Since the strange current quark mass does not vanish, the high temperature
expansion has correcting terms. Equations (34), (40) and (44) give the first three
terms of T's (temperature times the entropy density) in powers of T2, leading to
Eq. (47). The complete expansion is given by (A43).

Figure 8(a) shows that Eq. (47) can be approached by a linear expression in
T3 in the given range of temperatures:

s/~ 13.839 T3 —0.912 1072, (61)

3

€= NC7T2T4 + §N5M2T2 +

and
s~/ 13.868 T3 —0.136 1071, (62)

for the set of parameters (51) and (52), respectively.

*We mean a transition which is not a crossover, i.e., we are in the chiral limit.
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Fig. 8. Entropy density as a function of 72 for a set of parameters (51,52) for pu, = pg =
= us = 0 MeV (a); for p, = pa = ps = 250 MeV (b)

Although the numerical results seem to fit exactly the relation (29), the T
coefficients of (61) and (62) do not correspond to the combination of Egs. (54),
(55), (58), (59). This remark confirms once more what we claimed in the pressure
and energy density case: it is dangerous to extract information from fits if we
do not take care of possible corrections. In our case, fits in 7% (for pressure
and energy) and in T2 (for entropy) do not help to get the bag constant or the
number of excited d.o.f. The more complete forms (40), (44), and (47) have to
be considered.
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The behavior of the entropy below the chiral transition can be understood
using (A45) with the same warning as in the pressure case, for the corresponding
set of parameters.

Figure 8(b) shows the entropy behavior for nonvanishing chemical potentials.
Using Eqgs. (34), (57), and (60), and the density (27) in the limit where all masses
are vanishing

_ NCNS 2
p=D_pi= g+ Nepl?, (63)
we get
Ts= 175 N.mT* + NepT?, (64)

which has to be modified in order to take into account the finite value of mg. It
is worth noticing that m, only slightly affects the T2 term of (64).

As a conclusion to these results, we can mention that, above the chiral
transition, all the d.o.f. of the model are excited. However the vanishing mass
limit of QCD is not reached for two reasons [70]:

e The gluon d.o.f. are not included at high temperature. A temperature and
density dependent potential V, (T, 1) should be taken into account;

e The strange quark mass is not negligible. We need going to very high
temperatures in order that the lowest term in 7% subsists in the expansion m /7.

We should also notice that the 1/N. corrections in references [51,53-55,
74] show that the low temperature thermodynamics is driven by pion motion,
pions being much lighter than the constituent quark mass. Since the quark loop
contribution takes into account thermal excitations of quarks with mass M >
300 MeV (whose probability is reduced by the Boltzmann factors exp(—GM)),
the low temperature thermal excitations are completely dominated by the almost
massless pions. To obtain the effects of pions in our results, we should integrate
over the meson fields in the path integral formalism, which is however beyond
the scope of this paper.

Even with the above-mentioned limitations, the scaled NJL models have
important new features: some gluonic effects are included through the gluon
condensate x which couples the up and strange quark condensates. Thanks to
this coupling, our model allows simultaneous transitions for the up and strange
sectors (strong coupling), even though they tend to remain uncoupled for high
chemical potentials. The coupling then allows first order transitions as a function
of temperature while, within a pure NJL, they are always of the second order*
(e.g. [8,79)).

*The pure NJL model does, however, allow first order transitions w.r.t. density, e.g. [7].
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C. Comparison with Lattice QCD. To make a comparison with lattice
QCD?, it can be advantageous to normalize P, €, T's and the interaction measure
(¢ —3P) to T*. The interaction measure gives the nonperturbative contribution
to the thermodynamics: it vanishes in the Stefan—Boltzmann limit. It is also
interesting to plot 3P and ¢ in the same picture to see how sharp is the increase
of the corresponding thermodynamical function. The origin of the coefficient
3 in front of P compared to € comes from the coincidence of their respective
asymptotic 7% behavior (see the comparison between Eq. (40) and Eq. (44)). In
the same spirit, one can normalize the entropy density by a factor 3/4 (see
Eq. (47)). In this way, 3P, ¢ and 3sT/4 have the same asymptotic value
7N,.m2 /20, which is a direct consequence of the number of d.o.f. which enters
the model. Note that the quantities we examine are relative to the quarks. In our
simplified model, the glueball only enters through the bag constant.

12— T - —
b A-scaling 3
10

E/T*

(3/4)S/T3

6 3 3
af
: (E-3P)/T*
2§
0 1 2 3 4 5

Fig. 9. Pressure, energy density, entropy density and interaction measure for a set of
parameters (51,52) M2 = 300 MeV (a); for xo = 80 MeV

In Fig. 9 we show both the pressure and the energy and entropy densities of
the A-scaling NJL model versus T'/T, (T. = 150 MeV) for the set of parameters
51 (MS = 300 MeV, xo = 80 MeV), with m,, = 0. Here, we have taken the
critical temperature corresponding to the chiral symmetry restoration connected
to the up quarks.

*Because lattice QCD has only turned recently towards finite density, see e.g. [80], we restrict
ourselves to py, = s = 0.
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Several interesting points have to be mentioned. One expects from lattice
studies, e.g., [39,40,45], that the thermodynamical quantities are almost vanishing
below T, then increasing. This increase is very sharp for € and T's, while the
pressure approaches the Stefan—Boltzmann limit very slowly. Lattice calculations
show also that £/7 has a peak* just above T, then approaching its asymptotic
value from above. Finally, they also show that e —3P # 0 above T,. Our results,
summarized in Fig. 9, show that the model is in qualitative agreement with lattice
results. The quantitative difference can be understood in the following way:
lattice calculations show a rapid variation of the entropy density in a narrow
region of T' (= 10 MeV), which is traced back to the liberation of quarks and
gluons. It seems then quite trivial to relate this fast increase to the confinement-
deconfinement properties, which are not included in our model. This is clearly
seen in the entropy density calculated with our model where the entropy is already
increasing (although not as fast as near 1) for T as low as 0.27,. Once this
entropy curve is understood, the general behavior of P and € can also be deduced,
see, e.g., [81]. It is explicitly shown in that reference that, starting with a sharp
entropy density, the energy density has a peak, and that the pressure increase
above T, is low. In fact, would the entropy be approximated by a step, we
should have the exact result

P(T) T.\*
Pon(T) ™ 1- <?> ; (65)

which gives P/Psp = 50% (90%) for T/T,. = 1.2 (1.8), independently of the
details of the model. Since we are far from a step for the entropy, P/T* has
an even weaker T' dependence. This is shown in the general model for the
entropy [81] and is confirmed by our particular model. On the same ground, it
can also be shown that the interaction measure (¢ — 3P)/T*, given in Eq. (37),
has a peak above T..

We have seen that the general behavior can be understood from the analysis
of [81] which, together with the lack of confinement of our model, explains the
quantitative disagreement between lattice gauge calculations and scaled NJL ones.
However, our figure shows nice features not discussed extensively in the literature.
If we concentrate on the energy density, it is clear that the peak has its slope
broken in two places. These broken slope points coincide with the temperature
where the chiral symmetry is restored. Since the current up quark mass is zero,
the transition corresponding to the up quarks has no tail (see Fig.4), leading to
the first slope discontinuity while, because the transition of the strange quarks is
of first order, there is in fact a jump in the energy density. Since this jump is
small, it looks like a discontinuous slope. To get a nice peak, one then has to

*This is not the case for a pure gauge theory.
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consider only crossovers (second order transition with nonvanishing current quark
masses). Note also that a gap in energy only transforms into a change of slope
for the pressure, while a change of slope in the energy plot is almost invisible
in the pressure. It is evident that the energy density is the adequate quantity to
be investigated in order to have insights on the order of the transition, and for
extracting the critical temperature®.

Figure 10 illustrates that the broken peak of Figure 9 is due to the combined
effect of a second order phase transition for the up quarks (in the chiral limit
m, = 0) and a weak first order transition for the strange quarks. We have taken
the set of parameters (MY = M? = 400 MeV, xo = 350 MeV). In that case,
there is only one critical temperature, and the transition is of second order, with
the critical temperature given precisely by Eq. (53).

12 T T T T T ]
t A-scaling 3

10 f
: E/T*

8 F 3/4)SIT?
E 4 3
[ 3PIT

6¢ E
st
] (E-3P)/T*

0 1 2 3 4 5

Fig. 10. Pressure, energy density, entropy density and interaction measure for a set of
parameters (51,52) M2 = M2 = 400 MeV (a); for xo = 350 MeV

All we have said for the energy density remains valid for the interaction
measure (two peaks in Fig.9 which, with m, # 0 and a second order transition
for the strange quarks, would lead to a single peak). This gives, in the limit
of three degenerate flavors, the interaction measure of Fig. 10. Note that, in the
chiral limit, the interaction measure just gives 4B/ T* (for T > T.), B being the
bag constant, see Eq. (37).

*This information can of course be obtained from the reconstruction of the quark condensates.
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4. CONCLUSIONS

In this contribution, we have introduced a modified version of the Nambu—
Jona-Lasinio model which takes into account the axial and scale anomalies of
QCD. The model is not renormalizable, nor has it the confinement property.
However, it has the dynamical breaking of chiral symmetry included and we have
worked with the hypothesis that its restoration at high temperature and density is
equivalent to studying the confinement-deconfinement phase transition.

We have mainly focused on analytical results for thermodynamical functions
and have shown that working with different flavors introduce typical behavior for
these functions.
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Appendix A
HIGH AND LOW TEMPERATURE EXPANSION OF
THERMODYNAMICAL FUNCTIONS

1. Pressure. For a vanishing chemical potential, Eq. (35) reads

N, <k 1 k1
Pacal gas =27—512 | ——55-dk —————dky. (Al
deal gas = S92 { A Ey 1+ ePbu JrA Es 14 efP: } (A0

Only one of these terms has to be analyzed. We define

3/2
2N, ) < (y2 -1
Piea gas(5> = WM? hm/ )
1

e—0

(y

et (A2)
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where the infinitesimal quantity € will allow one to regularize the summation that
will be encountered in the following. Expanding, we get

o

1 im (71)n+167n5 / <y2 . 1)3/2€7nMsﬁydy,
1

37r S50
n=1

-Pideal gas( )
(A3)

which can be expressed in terms of the modified Bessel function of order two [82]

2N, . = n+1 —; K2 (nMéﬁ)
Rdealgas(s) - 7r26 s ;1_}1'%2(71) " e TL2M352 ’ (Ad)

This series has also been investigated in [29]. Because of the fast decrease due
to the 1/n? factor and because of the asymptotic behavior of K, it can be
numerically more advantageous to use (A4) than (A3).

a. High Temperature Zero Density Expansion. The converging factor ¢
in (A3) and (A4) is necessary to obtain nondiverging quantities in the high
temperature expansion. In such an expansion, only the first two terms are finite.
Following [82],

= k+ 1 w(k+3) bz
kz:: sy (I) ~In 2l (2),
(A5)

Ky (2) =222 (1

\_/
OO|>—‘

where 9 is the Digamma function (defined as dInI'(z)/dz with I'(z) the Euler
Gamma function) [82],

n 1
Yn+1) =7+ ; o with $(1) ==, (AG)

and where I5(z) is the other modified Bessel function of order two [82]

Z 0 2 k
oISl w

In (A6), ~ is the Euler constant.

The logarithm In(z) in K3(z) implies a singularity at the origin. There is no
Taylor expansion around it. This problem, and the way to circumvent it through
the converging factor, has been established in [62] for a fermionic gas (only the
first few terms of the expansion are given) and in [64—66] for a bosonic case
where a full expansion, valid also at nonzero density, has been given.
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Combining (AS) and (A7), we obtain
2 22 22\ & 1 22 F
= 1- 2 z z
()( 4)+(4),§k!(k+2)l(4) :

y B (¢(k+1)+¢(k+3))ln<§)} (A8)

This leads to

N i N 1 2 1
Paan() = S8 {3 0" i (i —3)

n=1

1 o n —ne 1 (nMSﬁ)Q ’
t2 2 e k!(k+2)!( 1 ) g

x B (Y(k+1) + ¢k +3)) —In ((”LQM)] } (A9)

The first two terms are easy to determine and coincide with the two nondiverging
terms from the Taylor expansion around M, = 0. They give

2N o o
{M454Z g MWZ . } (A10)

They are tabulated in [82] and can be expressed through the use of the Riemann
zeta function™

]_ 0 71 n+1
&) =151 > ( n) ., Re(2)>0 (A11)
n=1
¢(=2m) =0, m=1,2,..., (A12)

22m717.r2m |BQm|

, with m=1,2,... and B the Bernoulli numbers,

(A13)

*For Re(z) < 0 which we shall need in the following, a converging factor e~ "¢ is needed.
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which leads to

N
LNCWQT“ — —SM*T2
180 12

The contribution of the term k& = 0 is rewritten in the form

4m2 778 2

e—0 2
n=1

S}

ZNCM“{ i 2 S_1) e (00) + v — D)) -

(A14)

2

(A15)

(A16)

n=1
Using
(oo}
lim 37 (1) e 0t = (1 - 217)((~2),
n=1
we have
4 i(fl)"ﬂe*mnz = i(fl)”ﬂe*mnz lnn = 4 (1 =2"%)¢(-2)),
dz n=1 n=1 dz

which leads to

o

(A17)

S (=1)"emm it Inn = —(In2)2'7((—2) — (1 - 2'7)¢'(—2), (A1)

n=1

where ('(—z) = ££¢(2)}__.
¢(0) is obtained from

—ne

oo
1
S yrtee = S = —5 when £ =0, (A19)
n=1

14 ene
while ¢’(0) is given in [82]
, 1
¢'(0) = —=1In27.
2
With (A19) and (A20), (A15) gives

2NCM41{1.1

oeigd 55 (v +em -2 - Tn
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We still need the £ > 0 terms of the expansion. With (A16) and (A18), they
are

2N, . —  (M,p)* 1 M3

x (1 —2"F2R)¢(—2k) 4 (In2)2' T2k ¢(—2k) + (1 — 21+2’“)§’(2k)} } (A22)

Equation (A6) implies
(1) = -, (A23)
3
1/)(3) = =7+ 5;
so that (A12), (A14), (A21), (A22) lead to

7 N,

Pieal gas(s) = 1—80NC7T2T — EMQTQ—F
N, 3 N, M3
M —2y+ 2 ) - S Mt (=X
+167T2 ° ( Py + 2> 87T2 ° " < ™ ) +
M2 (1 — 212k ¢/ (—2k). A24
27r2 Zkl kz+2 l4k )¢ (—2k) (A24)

It is clear that the converging factor has regularized the summation™ of the
expansion. Note from (A24) that the separation into a logarithmic term and a
constant one is arbitrary: one can always write In(aM;s0) = In(M,3) + Ina (a
being a dimensionless constant) and put Ina into the constant term. This has
some importance for the interpretation of the high temperature results.

To write (A24) into a form involving only elementary functions, we still need
to know ¢'(—2k)(k > 1), i

(o]
21 (= Z 1) Hle e 2k Inn, (A25)
because of (A18) and (A12). Using [82]

21=*T(2)¢(2) cos (%Z) = 7%¢(1 - 2) (A26)

*Summations of this kind are called Euler sums [83].
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and
iy
T()0(1 - z) = et (A27)
we have
21*ZSmZ;Z) C(2) cos (%) = 7 T(1 - 2)C(1 — 2), (A28)
so that
. — (_1\ko—2k—1_—2k
lim Sin(m)g(z) = (—1)*2 7 2KD(1 + 2k)C(1 + 2K). (A29)
With
(o)== T2 vany, (a0

lim —
z——2k sin(mz)

0  mcos(—2rk)
we finally obtain

¢(—2k) = %(—1)’9(277)*2%(1 + 2k)¢(1 + 2k). (A31)

Equation (A24) is then rewritten into the form

7 N,
— N.m?T* — 2 M2T%+
180 12

N 3\ Ne o . (M
T 1gr2 s (_27+ 5) ~ g (T *

Pigeal gas(s) =

NC 4 - (MSﬁ)Qk 142k 1 k —2k
o5 M ; mu — ot )5 (=D 2m) 7T (L + 26)C(1 + 2K),

(A32)

which only necessitates the evaluation of known functions.

b. Low Temperature Zero Density Expansion. We can search for a low
temperature expansion, 3 — oo, starting from (Al) or (A4). The last one is
better suited because of the well known asymptotic expansion of Ko [84]

432 — 1 (44%2 —1)(4i®> - 9)
8z 21(82)2

Ki(z) = 16_2{1 +

2z

(44° —1)(4i* — 9) (44 — 25) + } (A33)

31(82)3



708 VAN DEN BOSSCHE B.

Combining (A4) and (A33), we have

2_]\7 " 1)n+t T M,
Peal gas( ) ~ Z nQMQﬁQ \/Ee v

15 15-7 15.7.(,9)
{1 " SnMsf3 " 21(8nM,3)2 * 31(8nM, )3 + } (A34)

When ( is large, we are in the chirally broken phase where the quark masses
are the constituent masses. Since the expanding parameter is SM;, i = u, s, the
approximation (A34) becomes better as SM; is increased. In Section 3, it is
shown that the mass variation is low for 7' < 100 MeV. For a constituent quark
mass of about 400 MeV (at T' = 0) BM; is, at least, 4. The expansion (A34)
is then perfectly justified. In that case, the first term n = 1 is enough and the
pressure is

ANL2 ) s ar

Pieal gas(s) ~ (27r)3/2 e
15 15-7 15-7-(-9)
{1+ SM.G T 21’ 5)° + SIEALA) +} (A35)

We have checked that for the set of parameters (MY = 300, xo = 80) MeV (see
Section 3) this expansion is not well suited. In that case, the second term n = 2
in (A34), as well as the three corrections to «1» for both n = 1 and n = 2, are
necessary to reproduce results valid up to 100 MeV.

c. Finite Density, Zero Temperature. For finite density at vanishing temper-
ature, Eq. (35) can be exactly integrated. We have n;y = 0, n;— = 0(u; — E;)
and p; = ,/kz2 + M2, where kp, is the Fermi momentum of the ith flavor, so

70

that N A
N, s k
Pigeal gas(s) = ﬁ . dk E =
N, kr, 5 Mf M;l kr, + ps
32{kF {4“8_ g Frs = —grIn| == } - (A3

2. Energy Density. a. High Temperature Zero Density Expansion. The com-
bining of Egs. (43), (A32) immediately gives

v
60

N. 1\ N, M,
M2y + = In|—=)—
T Tom? S<7+2)+87r2 5n<7r)

N,
€ideal gas(s) = —Nrc’/TQT4 - 1_2CM3T2+
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e M 6 2k
M Z 0 (2k 4+ 1)(1 — 21+2F) x

27‘(‘2 k+2) '4k

1
X §(fl)k(27r)_2kf(1 + 2k)¢(1 + 2k). (A37)
b. Low Temperature Zero Density Expansion. Equation (43) is not well-
suited because it would imply taking the derivative of a truncated series (see
Eq. (A34)). It is better to search for the expansion of the exact solution in terms

of the modified Bessel function obtained in [50]

2N n K (nMsﬁ)
Eideal gas(s) = 3Peal gas( s) + Z(*l) +1W- (A38)

n=1

Its low temperature asymptotic expansion is obtained from Eq. (A34) for the first
term and from Eq. (A33) with ¢ = 1 [84] for the second one. We then have

n+1 pre
4 Z e—nMSﬂ
nQMQB2 2nM,[3

><{1+ 15 157 +15~7~(9)+}
SnMﬁ '(SnMﬁ)2 3(8nM,B3)3

Eideal gas( )

2N n+1 m o—nM:p

nM B\ 2nMp3

5 3.(=5)  3.(=5)-(=21)
{1 Y T A R T TG

+} (A39)

Once again we can limit ourselves to n = 1 or n = 1,2, depending upon the
chosen set of parameters (M2, xo). However the first two or three corrections to
«1» are necessary.

c. Finite Density, Zero Temperature. As for the pressure, Eq. (36) can be
exactly integrated. It is however more judicious to use the vanishing nature of
the entropy at 7' = 0 in order to get (Eq. (34)),

€ideal gas = — Lideal gas + HiPi, (A40)
where p; is given by Eq. (27), i.e.,
Ne 4
%1210 pi = 55k, (A41)

Using (A36), (A40) and (A41), we obtain

ch,,MQ MY (kg + s
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3. Entropy Density. a. High Temperature Zero Density Expansion. The use
of Eqgs. (46), (A32) gives

7 . N, N,
= —N.7°T% — =S M2T ¢
s(s) = ggNem 6 it g

4 - M 2k 142k
22 ﬁzk'kmuﬂck(l_Q )x

x = (—=1)*(27) 72FT(1 4 2k)¢(1 + 2k). (A43)

|~

b. Low Temperature Zero Density Expansion. We can obtain this expansion
starting from Eq. (34) with p; = 0:

5(3) = ﬁ(Pideal gas(s) + €ideal gas(s))7 (A44)

so that, using Eqs. (A34), (A39), we have

2N, v 1)+t T M.
s(s)%élﬁﬂ Zn2M262 2nM66 nMe P %

L 15, 157 15.7(9)
8nM,3 = 2!(8nM;3)2 = 3!(8nMsB)3 T

2NC n+1 ]. iy —nM,3
T 2 U i\ 2 ¢ x
3 3.(=5)  3-(=5)-(—21)
1 ...p. (A45
{ MY T YA R T T TG I A

Once again we can limit ourselves to n = 1 or n = 1,2, depending upon the
chosen set of parameters (MY, xo). However the first two or three corrections to
«1» are necessary.

c. Finite Density, Zero Temperature. It is clear that
s(s) =0, (A46)

in agreement with the third principle of thermodynamics.
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«DPU3UKA DJIIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2000, TOM 31, BbIII. 3

YIK 621.384.664

TEXHUKA MONAPU30OBAHHbBLIX MULLIEEHEN
10.@.Kucenees

OObeaAVHEHHBI MHCTUTYT SAEPHbIX UCCNenoB Hui, [yoH

Cnen H 0630p p 3BHTHS TEXHHUKH TBEPIBIX MUIICHEH C NMOISIPU30B HHBIMH SIp MH B TIOCIIEIHHE
rogel. B 0630pe p ccMOTpeHbl OCHOBHBIE OCOOEHHOCTH TMOMAPU3 LMK SIEP METOAOM JIUH MHYECKOTo
OXJI XIeHHs, TeXHHK W3MEpeHHs IOJpu3 LuU simep co ciuH Mu [ = 1/2 u I = 1, sgepHoe
M THHTHOE CBEpPXHU3ITydeHne U 3QeKT u CTOTHOI MOMY/IAINHN, YCUIUB OMIHIl TONAPU3 L0 MUIIEHEH.
OO6CyX]] 10TCS HOBbIE MEPCHEKTUBBI B CO3[] HUM TOHKUX MHIIEHEH M MX BO3MOXHOE NMPUMEHEHHE UL
HOJIAPU3 LMK P JMO KTHBHBIX siIep.

The development of the polarized target technique during the last years is reviewed: the main
features of nuclear polarization by the dynamic cooling method, the polarization measurement of
nuclei with spins 7 = 1 and I = 1/2, the nuclear magnetic superradiance, the effect of frequency
modulating microwave that considerably improves nuclear polarization. New prospects of designing
thin targets and their possible application for radioactive nuclei polarization are discussed.

BBEIEHUE

[Monsgpu3oB HHBIE MHIIEHH HOSBUIUCH B 60-X rog X K K MHCTPYMEHT I HC-
CIIEIOB HUS CIIMHOBBIX B3 UMOJEHCTBHI B ®KCHEPUMEHT X IO P CCEIHHIO Y CTHUL]
H BBIBECHHBIX NMy4yk X yckoputeineil [1]. Ilo mepe p 3BUTHUS YCKOPHUTENbHOMN
TEXHUKM U TIOBBILIEHHS ®HEPTUM ITyYKOB KCIIOJIB30B HHME MUIIEHEH IO3BOIMIO
MPUCTYNUTHh K HCCJIEIOB HUIO CIMHOBOM CTPYKTYpBI HYKJIOHOB B IPOLIECC X INIy-
OOKOHEYIIPYroro p ccesHus MOIIPU30B HHBIX JienToHOB [2, 3]. Illupokoe mpu-
MeHEeHHE OHM TMOJYYWIH B HEHTpPOHHOU ¢u3uke [4—-6] u (pusnuKe TBepooOro Tenl
IPU M3YYEHUU SIEPHOTO M THUTHOTO YHOPSNOYEHUS U «IICEBIOM THETU3M » [7].
LlenTp nbHYIO ponb B p 3p O0TKE MeX HH3MOB MHOJSPHU3 LMW CHITP JIM KJI CCUYe-
ckue p 6otbl A.OBepx yzep [8], A.A6p r M , K.Ixeddpuc , b.H.ITlposoropos ,
M.A . Koxymnep , JI.JI.Bynmsunu, M.bopruau, B.A. Al pkuH U Ap., LUTUpPYe-
MBIE 110 MEpe M3MOXEHHUs B I HHOM o0630pe. [lepBble MOISIpH30B HHbBIE TPOTOHHBIC
MHIIEHH, p 60YMM BEIECTBOM KOTOPBIX CIIYXKHIM KPHUCT JUIOTHUAD ThI, H NPUMED
J HT H-M THHeBblid HUTP T (LMN), ObUIN BHEIPEHbI B TEXHUKY (PU3UUECKOTO DKC-
MEpPUMEHT Mp KTHYECKU OJHOBPEMEHHO B HECKOJIBKUX HHCTUTYT X (cM. [9]). Me-
X HU3M Tonsipu3 uuu siep B LMN, H 3B HHBbII conua-a¢ekToM, 0OyCIOBIeH H -
JIMYUEM II PHBIX BJIEKTPOH-SJEPHBIX CIIMH-CIIUHOBBIX B3 MMOAEHCTBUI. DTOT Me-
X HU3M OK 3BIB €TCS BecbM 9((EeKTUBHBIM B KPHUCT JUI1 X, IO3BOJIAA B IIOJIE MO-
pank 2 Tin u npu renueBbIX TeMIep Typ X AOCTUT Thb MOJSPU3 MU MPOTOHOB
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+70%. BMmecre ¢ TeM HU3K $I KOHUEHTD LS MPOTOHOB M H JIMYHE MOCTOPOH-
Hux guep B LMN ycrnoxHuIo (poHOBbIE yCIIOBHA B 3KCHEPUMEHT X II0 P CCESTHHIO
9 CTHL, YTO 00YyCIOBWIO P 3p OOTKy Oosiee 3(h(hEeKTUBHBIX CIUPTOBBIX MHUIIE-
Heil. MomHoe p 3BUTHE TEXHHMK IOJSIPU30B HHBIX MHIIEHEH IOMY4WII IIOCJIe
npemtoxenus: Jlougonom, Kin pkom u Meno3oii [10] HOBOro MeTon MOJIydeHUst
CBEPXHHM3KHX TEMIIEP Typ, KOTOPBIi BriepBble ObUT pe Ju30B H B OOBbEIUHEHHOM
uHcTHTyTe siiepHbix uccnenoB Huil B dyone B.C.Her HoBbiM, H.C.BopucobsiM 1
M.KOJIubyprom [11]. B 70-X rom X WHTEHCHBHBI IOWCK HOBBIX ITOJIMMEPHBIX
M TepH JIOB MHLIEHEH NPHUBEN K CO3Jl HUIO IEPBBIX IPOTOTHIIOB, 3 TeM U p 6o-
YUX B PU HTOB MOJISIPU30B HHBIX MUIIIEHEH HOBOTO, 3 MOpOXeHHOro Tui [12-16].
ITpu cBepxHm3kux Temmep Typ X mopsaak 0,2 K yn moce nocturayts noutu 100%
MOJISIPU3 LMW IIPOTOHOB 0OOMX 3H KOB B POl HAHOJIE, 9THJICHINIMKOJIE, OyT HOJIE.
DKCIEepUMEHT JIbHBIE U TEOPETHYECKHE HCCIENO0B HUS IUH MUYECKOH IOJSPH3 -
LMY [TO3BOJIMJIA YCT HOBUTH, YTO B CIIUPTOBBIX M TPHUIl X «p OOT eT» Gosnee Mor-
HBII, 4eM conua-3MeKT, MeX HU3M MNOJApU3 LHU, H 3B HHBIA JUH MUYECKHUM
oxn xknenueM [17-20]. JuH MudyecKoe OXJ XIeHHe 00YCIOBIEHO KOJICKTUBHBIM
B3 UMOJCUCTBUEM BJIEKTPOHHOU CIIMH-CIIMHOBOWM CUCTEMBI C SJIp MHU; 3T MOJIEIb
P cCMOTpeH B 1 HHOM o030ope. B TexHHWueckoM IUT He, 1O Mepe MOBbILICHUS
TpeOOB HUH K I P METP M MHIIEHEH B ®KCHEPHMEHTE, yI JIOCh c(HOPMHPOB Th
OITUM JIbHBII MOAXOM K MU3MEPEHHIO AIE€PHOI MONApPU3 MU, OCHOBY KOTOPOTO CO-
CT BIISIET JIMBEPIYJILCKHI Q-METp C XOpOoLIo NpOoOUPOB HHOM TEXHUKOH p cyer
KOPPEKTUPYIOIIUX MONpP BOK. DKCIEPHUMEHTHI C HOBBIMU M TE€PH J1 MU MO3BOJIUIN
OOH PYXHTb M IPHUCTYIHUTh K HCCIIENOB HUIO HOBBIX TBEPHOTEIbHBIX 3((eKTOB
(dmepHOE M THHTHOE CBEPXM3IIy4€HHE, Y CTOTH 51 MOIYJIALMA), KOTOpble HE0OX0-
IMMO TIOHUM Th TpH p 60Te ¢ MUINEHSMH. BpUIM NMpOBEnEHBI yCIIEIIHbIE OIbBITHI
B H IIp BJICHMU CO3[ HUS TOHKHMX MHIIEHEH g 3KCIEPUMEHTOB C HU3KO3HEpre-
TUYECKUMH MYYK MH, ¥ H METHJIOCh HOBOE H Ip BJIEHHE B CO31 HUH MOJSIPU30-
B HHBIX CIMHTWLIATOpOB [21]. Tlpm co3m HUM MUINEHEel MHOTHe TeXHHYecKue
PEe3yJIbT ThI, METOABI P CYET M OIBIT P OOTHI MyOIMKOB JINCh B IIPENPUHT X HIIH
BHYTPEHHUX OTYET X MHCTUTYTOB U HE OBUTH OOOOIIEHBI C €AMHON TOYKHU 3PEHUS.
OueBHIHO, YTO JOCTIKEHUS MOCIEIHUX JIET HyXI I0Tcs B 0030pe, MOJIe3HOM K K
IUISl CTYAEHTOB, T K U JUISl 9KCIIEPUMEHT TOPOB, p OOT [omHUX B 007 CTH HOJISIPU-
30B HHBIX MulneHed. CTpyKTyp OOJNBIIUHCTB p OOT MO MHIIEHSIM B OCHOBHOM
CBOIMTCS K OIMC HUI0O KPHOTEHHOTO OOOpYHOB HHS, H CO3Jl HHE KOTOPOro, K K
Ip BWIO, TIPUXOOUTCS OONBIION 00beM p 00T. B Hem BHO omyOMIUKOB HHOM 00-
3ope [22] u p 6ore SMC-komn 60op mun CERN [30] 3 TpoHyT Gosee mupoxuit
Kpyr' BOIIPOCOB, 4 CTHYHO BOCIOJHSIOIIMNA HEJOCT TOK JIMUTEP TYpPHl B TOM H -
Ip BJICHHH. 3JIeCh MbI IOMBIT JHUCh Oojee KOHKPETHO P CCMOTPETh TEXHUYECKHE
npo06JieMbl, He OTHOCSIIMECS K KPHOTEHUKE, KOTOphIe, H H II B3IVISAL, OK XYTCS
MOJIE3HBIMH JUTS TIP KTHYECKOH p OOTHI C MUIIICHIMH.
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1. HOJIAPU3AIUA ATEP METOAOM ITNHAMHYECKOI'O
OXJTTAXKIEHUA

B auanexTpuK X NMPU CBEPXHU3KUX TEMIIEP TYP X BpeMEH pell KC LM gaep-
HBIX CITHHOB JIOCTHT IOT COTEH M OoJiee U COB. SlnepHbIe CIIMHBI OK 3bIB IOTCS P K-
THYECKH M30JIMPOB HHBIMU OT PEIIETKH, II03TOMY MX cIMHOB o Temnep Typ (1%)
MOXeT OBbITh CYLIECTBEHHO M3MEHEH I10 Cp BHEHHIO C TEMIlep TYpOH peleTKH
(Tp). Meromapl MONMSpHU3 LUH, MPH KOTOPbIX 1, #* Ty, H 3bIB IOTCS JUH MHYe-
CKMMH, UX CyTh B KOHEUHOM UTOIe CBOAUTCA K Iepel Y€ BBHICOKOM MOISIpU3 IIUU
BNIEKTPOHHBIX CIIMHOB I P M T'HUTHOH NPHMECH SIIEPHBIM M THUTHBIM MOMEHT M
[7, 9]. H noMHHM Kp TKO colepX HUE METOH HOJIIpU3 LMU g1ep, H 3B HHOTO
«IMH MUYecKUM oxJ xpaeHuem» (JO) [17, 18, 23, 24], KoTOpBIi OK 3 JICS H U-
6onee ah(PeKTUBHBIM B CIIMPTOBBIX MOJISIPU30B HHBIX MHUIIeHsX [15, 16]. g ero
pe M3 1IMU B M TEpH JI MUIIEHH, IIyTeM P CTBOpeHUs, Judy3un win oOrydeHusl,
BBOIIT I1 P M THUTHYIO NIPUMECH (Kp MEPCOBCKHE LEHTPHI [7]) ¢ KOHLEHTp Luen
nopsaak N, ~ 102 cm™3. Monekynbl IpUMECH COIEPXK T HECII PEHHbIE 3IIEK-
tpousl (S = 1/2), KOTOpBIE B IIOCTOSHHOM M THUTHOM I10j1e H( U IpH TeMIep -
Type 1o MOISIPU3YIOTCS A0 BEIUYHHBI [9]

lys Ho
P, =100% - th | ——— 1
s % ( Ty ) 1)
e h — moctosHH o IIm HK , s — THPOM THUTHOE OTHOLICHHE B3IIEKTPOHOB,
k — mnoctoguH 4 Boneum H . Ilpu Hy = 2,5 Tn u Ty = = 0,3 K nonapus -

st Py = 99,997%. Ilpu Tex Xe yCIOBUSX B COOTBETCTBHH C (popmysioit (1)
CIIMHBI POTOHOB (MHIEKC p) MOIIPU3YIOTCS TONBKO 10 Benuduusl P, = 0,85%,
IIOCKOJIBKY Vs/7Yp = 656. DHeprust s1eKTPOHHBIX CIIMHOB CKJI [bIB €TCS M3 HX
3eeM HOBCKOTO B3 mMojeicTBus ¢ mojieM Hy || z, roe z — Ooch KB HTOB HUS, U
CIIMH-CIIMHOBOIO B3 mMojeiicTeusa [19]:

H=H.+H° +H,, )

riae I:IZ = FWSHO,SA'Z — ofep TOp 3eeM HOBCKOW DHEPTHH CIHHOB, ﬁgs — CeKy-
JIIPH 9 4 CTh CIUH-CIIMHOBBIX B3 UMOJEUCTBUM, KOTOP 1 KOMMYTHUPYET C 3€eM -
HOBCKHM BKJI oM, 1 H ! — WIeH, OTBETCTBEHHBI 3 B3 UMOJEHCTBHE MEXILy H,
u H 0 . B XHOIi 0COGEHHOCTBIO BEIECTB, KOTOPBIE HCTIONB3YIOTCS s TTOTydeHUs
BBICOKOH IOJIIPU3 LUH, SIBJISETCS IPUMEPHOE P BEHCTBO JIOK JIBHBIX U CTOT 3JI€K-
TPOHHBIX CIIUHOB U SEPHOM 3eeM HOBCKOH 4 CTOTHI, T.e. YsHoc = wy = yrHp
[24], e crekTp JIOK JIBHBIX 4 CTOT mpocTtup ercsd oT 0 no ~ 300 MI'u. Bcenen-
CTBHE DTOTO CYIIECTBYET CUJIbH S CBSI3b MEXJIY PE3€PBY POM CIHH-CIIMHOBBIX B3 H-
MOIEHCTBUN M SiepHON CIMHOBOM cucteMoii. I[locienHee 03H 4 €T, YTO CHMH-
CIIMHOBBII PE3epBY P U SIEPH 5 3€€M HOBCK § MOACHUCTEM «PE30OHUPYIOT» JIPYT C
JPYroM, TO €CTh H XOJSATCS B TECHOM TEIUIOBOM KOHT KT€ U, B KOHEYHOM HUTOTe,
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npuoOpeT 10T OfHY U Ty Xe Temrep Typy 1ss = 717 He3 BUCHMO OT COPT saep-
HBIX criHOB. [log OVH MHYECKUM OXJI XACHHEeM IMMOHHAM 0T MeTOI MONSpH3 LU
saep MyTeM WX B3 UMOICHUCTBHS C pe3epBy POM CIHH-CIIMHOBBIX B3 MMOJCHCTBUIA
[17, 24]. B n mpHelimeM I POCTOTHI MBI OymeM 1o r Tb 1gs = 17, 9TO TO-
3BOJIUT HE P CCM TPUB Th TOHKHE d(PEKThl B 2JIEKTPOHHON CIIMHOBOI cUCTeMe,
CBSI3 HHbBIE C H JIMYUEM SJIep, U CKOHIICHTPUPOB ThCd H T BHBIX npuHImn x JO.

B cunbHOM M THUTHOM T10Jie, KOTJ 3€eM HOBCK S DHEPrHs JIeKTPOHHBIX CIU-
HOB 3H YHTENIFHO IMPEBOCXOAUT DHEPTHI0 CIHH-CIMHOBBIX B3 UMONCHCTBHI, 00e
BIIEKTPOHHBIE MMOICUCTEMBI SBIISIOTCS KB 3MHE3 BHCHIMBIMH, TIO3TOMY TSI UX OIIH-
C HHMs HeOOXOAMMO BBEJICHHE IBYX, B OOINEM CIIy4 € p 3HBIX Temmep Typ T.o u
Tss, U M TPUIl IUIOTHOCTU UMeeT BUI [23]:

1 thS’z IAJO
~ t E— _ _ V= _ SS 3
pt) = 5 exp "o || ©)
e > — HOPMHPOBOYH § KOHCT HT , wog = 7YsHp — 7 PMOpPOBCK S 4 CTOT

QJIEKTPOHHBIX CIUHOB. X p KTEPHBIH BPEMEHHOl M cIIT O YCT HOBIIEGHHSI BHY-
TPEHHETO P BHOBECHS B CIIMH-CIIMHOBOM CHCTEME 3H YUTENBHO Kopode (= 107° ¢),
YeM B 3eeM HOBCKOii moxcucteMe (=~ 107! ¢), oH cB43 H ¢ B3 UMHBIME «crHII-
thnom»-nepexox MU MeXIy COCEIHHMU CIIMH MU, KOTOpPBIE HE M3MEHIIOT DHEPIUU
cuctempl. Eciu wgs — 4 CTOT MpeLeccHd CIUHOB B JIOK JIbHOM mosne Higc,
06yCJIOBJICHHOM CIIUH-CIIMHOBBIMU B3 MMOJIEUCTBUSMHU, TO YCIOBHE Wy >> Wgs
Jlell eT HEeBO3MOXHBIM PE30H HCHBIi 0OMeH sHeprueii mexuyH, u HY,. B neii-
CTBUTEJIPHOCTU HECEKYJISIPHBIIA WieH H s B (2), onyweHHslit B dopmyine (3), BbI-
P BHUB €T CIIMHOBBIE TEMIIEP TypBI IOJACHCTEM, T K YTO 3 BpeMs 2JIeKTPOHHOM
CIMH-PELIETOYHOW pesl KC UMM B OOOMX IOACUCTEM X YCT H BIUB €TCS OIUH -
KoB 5 Temnep Typ 1.0 = Tss = 1o, p BH o TeMmmep Type peueTku. B atom
COCTOSIHUU I:ISS B (3) He Urp er HUK KOH pOoJIM M 3THM YJIEHOM MOXHO IIpe-
HeOpedb, MOCKOMBKY Wy >> Wss; T.€. CHHMHOB S CHCTEM OIIpelieJieH 3 J HUeM
OIHOH TeMIlep TYpBL.

Jns momnspu3 LuM sifep HeoOXOAMMO OXJI JUTh PE3EPBY P CIIMH-CIMHOBBIX
B3 uMojieiicTBUi. OXJI XJIeHHEe TOCTUr eTcsl OOIy4eHHEM BJIEKTPOHHBIX CIHMHOB
H MUKDPOBOITHOBOH Y CTOTE w, BOTM3M 71 PMOPOBCKOW Y CTOTHI wp. K XIplif
KT IOIVIOIIEHNS! CIIMHOBOM CHCTEMOH KB HT BHELIHEro Iojisd fuw MOXHO p c-
CM TPHUB Th K K IIOCTYIUIEHHE B 3€eM HOBCKYI0 IOJICHCTEMY KB HT Hwg ¢ Of-
HOBPEMEHHOU Iiepel 4ell «ocT TK » fi(wp — wp) B CIUH-CIIMHOBBIH pe3epBy p;
npu (wp —wp) < 0 KB HT 9Hepruu Fi(wy — wp) U3BIEK €TCS U3 CIHH-CIHHOBOIO
pesepBy p [24]. C dopM JbHON TOYKH 3peHUs! U1 BbIIEJIEHUS UHTETP JIOB JBU-
KeHus B (2) NP H JIMYUU MIEPEMEHHOTO IOJs HEOOXOAUMO 100 BHUThH B3 HMOMICH-
crBue 2hy, H1 S, cos (wpt) M UCKITIOUUTH BPEMEHHYIO 3 BUCHMOCTb B I' MIJIBTOHH-
HE IyTeM IPHUMEHEHHd CT HJI PTHOH MpOLedypsl MEPEXol BO Bp I IOLIYIOCA C
4 CTOTOH wj;, BOKPYT OCH Z CUCTEMY KOODAMH T. DT NPOLEAYp COBEPLIEHHO H -
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JIOTMYH BBEJICHUIO KPYTOBBIX AU TP MM IIPH P CCMOTPEHHH IEPEMEHHBIX TOKOB U
H NPSKEHUH B 3JIEKTPOTEXHHUKE, C TOH JIMIIb P 3HULEH, YTO 34€Ch 3TO Mpeodp 30-
B HHUE NPHUMEHSETCS K M TPUYHBIM BEMYMH M. ECli MIUIMTYZ MHKpPOBOJIHOBOTO
nonst H; << Hijoe, K K 3TO IIp KTUYECKH U ecTh B TexHuke AIIS, To HoBoe cocTo-
SIHHE CIIMHOBOU CHCTEeMbI OyneT NpUOIMXKXEHHO OIKCBIB ThCS M TPHULIEH INIOTHOCTH

[23, 24]:

1 h(W() — wp)S'Z . Hgs

Aro t) =5 - ’
Prot (1) 5 exXp kT, T

“)

HO yXe c apyroii temnep Typou (71%), omnpenereHHON BO Bp LI IOLIEHCS CUCTEME
KoopauH T. OTMETHM, YTO IpHU MEPEXOfe BO B LI IOIIYIOCA BOKPYI OCH 2 CH-
CTeMy KOOpIMH T 4JIeH ﬁsos B M TpHULE IUIOTHOCTH OCT eTcd 0e3 M3MeHeHHsd, T K
K K OH KOMMYTUDYET C OIIep TOPOM HOBOPOT CHCTeMbI KoopauH T. HeTpynHo BU-
IeThb, YTO B HOBOIl CHCTEeMe KOOPIMH T X P KTepH 1 4 CTOT |wo — wp| = s Hioc
3eeM HOBCKOTO B3 MMOJEHCTBHS CABHI €TCS B OOJI CTb JIOK JIBHBIX 4 CTOT BJIEK-
TPOHHBIX CIIMHOB, TO €CTbh IMOSBIISIETCS BO3MOXHOCTh PE30H HCHOTO OOMEH MEXIy
3eeM HOBCKOM ¥ CIHH-CIHHOBOI moncucteM Mu ¢ tengeHuuei |Tgs| — |T,|. Te-
nepp B TEIUIOBOM p BHOBecuH 1gs = T, IpUUEM HOBYIO BEIMYHHY 155 HETPYOHO
OLIEHUTb, €CJIH Y4ECTb, YTO IIPH HECTPOTO PE30H HCHOM H CBILLEHUM 3JIEKTPOHHBIX
CIMHOB UX IOJIIPU3 LU HE JOJIKH CYyHIECTBEHHO MeHAThcA. 11oaTOMy, Cp BHHB £
(3) u (4), nmeem [23]:

hwo ~ h(wo - wp)
2T,  2kT,

5)

otkyn T, = To(wo — wp)/wo, T X K K T = Tp. B 3 BUCUMOCTH OT COOTHO-
IIEHHS Y CTOT Wy U Wy, 3H K T, MOXET OBITh MONOXKUTETbHBIM MIIH OTPHI] TENlb-
HbIM. CIIOCOOHOCTD «II€Pep CNPENENATh» MOMIOMEHHbIH KB HT hw, MEXIY IByMs
CIIMHOBBIMU IIOJCHCTEM MH 3 BUCHT OT P CCTpOHKH A(wp — wp) 4 CTOTHI IION
[0 OTHOILEHHIO K J PMOPOBCKOH Y CTOTE, KOHLEHTP LIUHM CIIUHOB, BETMYUHBI UX
M THUTHBIX MOMEHTOB U T. [., TO €CTh OT TOrO, K K CKOHCTPYHPOB H , K K 00JIy-
9 eTCS U H CKOJIBKO CHJIBHO 3JIEKTPOHH § CIIMHOB $ CUCTEM CBS3 H C PEIeTKOI.
BunHo, 4TO 3eeM HOBCK 4 CUCTEM IOJ AE€HCTBHEM MHUKPOBOJHOBOTO MOJISI CT HO-
BUTCS «XOJIOAWIBHUKOM» WIHM «H IPEB TelleM» (B 3 BUCHMOCTH OT 3H K Y CTOT-
HOIl p CCTpOIKM) pe3epBy p CHUH-CIIMHOBBIX B3 MMOIEHCTBUI, KOTOPBIHA TENEeph
Croco0OeH MOJSIPHU30B Th SAEPHbIE CIIMHBL. YTOOBI OLIEHUTH 3H YEHUE ONTHM JIbHOW
P CCTPOUKH |wo — wp|, 0OecrednB oLeid M KCUM JbHOE OXJI XKICHHE CIIMHOBOM
CHCTEMBI, HEOOXOINMO Y4EeCTh B3 MMOJEHCTBHE CIIMHOBON CHCTEMBI C PEIIETKOM.
Kunernyeckue yp BHEHMS, ONMCHIB IOIIME MOBEACHNE CITMHOBOW CHCTEMBI B IPH-
OMIDKeHUH IOCT TOYHO BBICOKHX Temriep Typ peuterku (1y > 3 K, B mone 2,5 To),
ObLIH BIEepBble Moy4eHsl [IpoBoTopoBbiM [25, 26] u Hocat ero ums. Crenys p -
6ore [17], umeem:
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d 1 1 A1 1 1 1
(e dd) g
dt T, T.o woTss Tst \Tz0 1o
d 1 A? 1wy 1 1 1 1
=W (R ) - — (e ), @)
dt Tss Wi Tss A Tz() Tdl Tss ﬂ)
e A = (wp —wp), W(A) = 7y2H?g(A), g(A) — dynkims GopMBl p BHO-
BECHOI JINHUK TOMNIOLIEHHS, Ty, Tq, — BPEMEH CIIMH-PELIETOYHOM PENl KC LUK

3eeM HOBCKOM M CIIUH-CIIUHOBOU mojcucteM. Cuctem (6), (7) umeer BUI yp BHe-
HUH TEIIOOOMEH MeXJy CIMHOBBIMH PE3epBY P MM C TOH JIMIIb P 3HULEH, YTO
POJIb OOBIYHBIX TEMIIEp Typ WIp IOT WHBEPCHbIC CIIMHOBBIC TeMmriep Typbl. [leii-
CTBUTEJIBHO, NIepBble wiieHbl B (6), (7) ONUCHIB IOT MPOLIECC OXJ XAEHUS CIUH-
CIIMHOBOI'O PE3EPBY P , BTOPble — CIIMH-PELIETOYHYIO pel KC LHUI0 ¢ TeHACHLUUEen
T.0, Tss — Tp. CT 1MOH pHOE pelieHue MojydeHo B [24]:

_ _ WruA2w:?
T> ,1 L, =_T 1 ﬂ ss , 8
( ss )ét 0 A1 + W(Tsl +leA2w5_52) (8)

_ _ 1+ WrgA2w 2
(ToD)st = Ty ! — ©)

1+ W(rg + TdZAQWS_SQ) .

Ilpr CHUITBHOM H CHINIEHWH, YCIOBHSI KOTOporo umeor Bum 2Wr7g >> 1 m
2W T A% (wes) ™2 >> 1, u3 (8) u (9) cemyer

2 —1
-1\ _ -1y Y _ 4190 Tsl Wis
(T =~ 2 = -1 2 (14 22%2) a0

Cornt cHo (10) Temmep Typ CHMH-CIIMHOBOTO pe3epBY P B 3 BUCHMOCTH OT
4 CTOTHOH P CCTPOMKU HUMEET <«IUCIIEPCUOHHBIM» BUI, IIPUYEM M KCUM JIbHOE
OXJI XIEHUE JOCTHUT €TCd IPU p CCTPOUKE, p BHOMI

Arnax ==+ —— Wss- (11)
Tdl

It oueHKH 3(hPeKT OXJ KICHHsS CHHH-CIIHHOBOM CHUCTEMbI HpUMeM A .. ~
~ 1/2
~ (Mg) / , TIC

+oo
M,y = /g(5)52d5 (12)

— 00

€CTh BTOPOIl MOMEHT JIMHUM nomiouienud, tory u3 (10) cnenyer [24]:
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T
Tss max

wo wo
= —— = —. 13
2A max 2v/ Mo (13

P 6otocnoco6HOCTh crcTeMbl (8)—(9) MOXHO OLUCHHUTh H mpuMepe 1-OyT HOM .
MIupun nuHumn DIIP B mogoGHOTO pojx TBEPABIX AMBICKTPUK X C I P M THHUT-

T),4

103

102

10!
10
6,5

100 F o

101

101 100 2 4
Temneparypa, K

Puc. 1. 3 BucuMocTh BpeMeHM CIIUH-
PEIIETOYHOH pell KC LU IPOTOHOB B
HPOI HAUOIE OT TEeMIIEP TYPHl B P 3-
JIMYHBIX nosix Ho [27]

HBIMH 00 BK MH 0053 H cJ1 60l HH30TpO-
mn (91 — g))/g = 4107 anekrpon-
Horo g-¢ xrop [23] u cocr Bider mnpu-
mepHo 2(Ms)Y/? = 27 -4 - 108 T, otkyn
TEOpPETUYECKOe YCUIICHHE P BHO

T _wo T U007 gy

Tos  20pmax  4-108 7 14
YTO J €T Ip BWIbHYI OLEHKY 3KCIIEpUMEH-
T JIbHOW BEIMYMHBl YCUJIEHHUS MOJSAPU3 LU
npu Temnep Typ X Beime 1 K.

K K yxe ormed 5ocek, 11 p c4eT MoO-
JSIpU3 UMM HEOOXOAUMO IIPUpP BHATH TEMIIe-
P Typy snep, He3 BHCHMO OT HX COpT , K
TeMIIep Type ®IEeKTPOHHOTO CIHH-CIIMHOBOTO
pesepBy p . C M mo cebe ¢ KT ycT HOBJie-
HUS €JUHOU CIIMHOBOM TEMIIEp TYpbl P 3HBIX
SAEPHBIX CIHMHOB CIYXHUT MICHTH(HUK TOPOM
mex HusM 1O [20, 23, 24], xorm Mex -
Hu3M 1O ycT HOBJIEH, TO MOJISIPU3 IUIO JIIO-
ObIX silep B M TEpH Jie MOXHO P CCUHUT Tb
no ¢opmyrne Bpumaosn (101), ucnons3ys
W3BECTHYIO CIIMHOBYIO TEMIIEp TYypy siiep Of-
HOTO COpT .

B np xrtuke AII4, K K np BWIo, npume-
HAOTCd Temriep Typsl Huxe 1 K, npu xoro-
PhIX NpUOIHMXEHHe BBICOKHX TEMIlEp Typ He
p 6ot et u mpenpinym 9 oueHK (13) M K-
CHM JIBHOTO YCHJICHUS CT HOBHTCSI HEBEPHOM.
H puc.1 H npumepe npon HAMON TOK -
3 HO MOBE/IEHHE BPEMEH CIIHUH-PELIeTOYHON

pel KCc UM B 3 BUCHMOCTH OT NOJ U Temrnep Typsl [27]. HetpynHo Buumets, 4yto
nepexoj B 00J1 CTh CBEPXHU3KUX TEMIEpP TYpP COIPOBOXJ €TCS 3H YUTENbHBIM PO-
CTOM BpEMEH AEePHOI CIIUH-PELIETOYHON pell KC LM, YTO BbI3BIB €T yMEHBLICHUE
«yTeUKH» TMOJISIPU3 LK. B Teopuu ke OTK 3 OT BBICOKOTEMIIEpP TYPHOTO NMpHOIIH-
KEHM BeleT K HEJIMHEMHBIM MHTEIp JIbHBIM YP BHEHUSIM, KOTOPBIE YCIIOXHSAIOT
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p cuersl, HO u jononHsiorT K pruny IS psgoM B kHbix noppoOGHoctei. [TepBoe
pelieHye 3 1 4M yi JIOCh nonydyuTbh boprunu [28]; ero yp BHEHHE JAET JIBHO IPO-
H JIM3UPOB HO M CP BHMB €TCS C 9KCIIEPUMEHTOM B p 60T X [23, 24]. Vp BHeHue
Boprunu ynoBIeTBOPUTENIBHO ONHKCHIB €T 9KCIIEPUMEHT JIbHBIE [ HHBIE, HO C HC-
M0JI30B HHUEM (PEHOMEHOIOTMYECKOro I p METp , HMMEHHO (p KTOp «yTEUKH»
MOJISIPU3 MM, YYUTHIB IOLIETO BIUSHHUE CIIMH-PELIETOYHON pesl KC LU H BeJIH-
YUHY M KCHM JIbHOH monsipu3 LuH. Bosee cTporoe perieHue np KTHYECKH OJIHO-
BpeMerHo Obuto Tonydeno JIJI.Byumsumu, H.I1.Twopr m3e u A.A.Jl BUTYIH HU
[29]; B & npHeiweM g Kp TKOCTH uUX Teoputo H 30BeM BITl. Corn cHO Teo-
puu BI'J] ct 1MoH pH 4 criuHOB o Temnep Typ 1ss ONpenesnseTcs UHTErp JIbHbIM
yp BHEHHEM

/ L(w)p(w)(wo +w — wp)g(w)dw = 0, (15)

rne g(w) ommceB er (popmy DIIP-nmunuu (04eBHAHO, YTO ¢(w) HE HYXKI €Tcs B
HOopMupoBKe), L(w) — MeuieHH s (PyHKIUS 9 CTOTHI, OIMCHIB IOLI s IPOLECC
OIHO(OHOHHOM CITMH-PEIIeTOYHO pe K¢ uuH, PyHKuus ¢(w) cBi3 H ¢ Tss U
Ty crenyoluM yp BHEHUEM:

€xXp ((WSO + w)Br — (wso + w — wp)ﬂs) -1
exp (7(‘*}5() +w— Wp)ﬂs) + 1

p(w) = , (16)

rne B, = h/(kTy), Bs = h/(kTss) — UHBEpCHBIE TEMIIEP TYPBI PELICTKH H CIIMH-
CIIMHOBOM CHUCTEMBI COOTBETCTBEHHO, W), — 4 CTOT mnojsgpusylomero CBY-nons.
Ecnu mpunste L(w) mocrosHuOM B mpenen X DIIP-nmunnu, to yp BHenue (15)
yIpory ercs:

/ p(w)(wo + w — wp)g(w) dw = 0. a7

Wurerpupys (17) no xoutypy DIIP-muHMM, HETPYOHO ONPENENHUTh P BHOBECHYIO
Temnep Typy Tss B 3 BUCHMOCTH OT P ccTpoiiKH A = (wg —wp). Honr g x -
nee Tss = T, tne Tt — Temnep Typ SIEpHBIX CIIMHOB, JIETKO H UTH SIEPHYIO
nossipu3 waw. B ciayyd e mporonos (I = 1/2) umeem

h’YIHo)

1
2kTss (18)

P[:th(

Vp BHenue (17) He BKJIIOY €T K KUX-TMOO MOATOHOYHBIX II P METPOB, HOITOMY
OHO MO3BOJISIET NMPEJCK 3 Th 3 BUCHMOCTB IOJIIPU3 LM OT MOJA U TEMIEP TypHI B
nge npHOH Mogenu J1O. T Kue OLeHKH MOTYT OK 3 ThCA IOJIE3HBIMH IIPU IOMCKE
OITHUM JIBHOM TEXHOJIOTUM U3IOTOBJICHUS HOBBIX M TEPU JIOB MULIEHEH, I109TOMY
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MBI YHCIIEHHO MPOMHTErpupoB U (17) ¢ HCIOIB30B HUEM I YCCOBCKOW (DOPMBI
SIP-nmunun:

(A) = # e (A_Q) (19)
N = Vamn, TP\ 2az

cn p MeTpoM Ag = 27-1,5-10°8 T, PesynsT o1 p cuer Ty = T7 NpeiCT BIEHHI
H pHUC.2 Juld Tpex X p KTepHbIX Temnep Typ pemetrku 1o = 1,0;0,5 u 0,25 K,
KOTOpbIE MOJTyd IOTCS IIPU H K YKE MOJISIPU3 LUK B KPHOCT T X WUCI PUTEIHHOTO
tun ¢ *He, *He u peppuxep Top x p creopenus *He/*He coorserctsenHo. Pe-
IIEHHE TIOK 3BIB €T POCT M KCHM JIBHOH HONSpHU3 LMK MPOTOHOB MPU MOHWXEHUU
TeMIIep TYpPBI peLIeTKH, COOTBeTCTBEHHO 50, 75 1 97%, 4TO XOPOIIO OTP X €T XOA
JIY4YIIUX 3KCIIEPUMEHT JIbHBIE [ HHBIX, JOCTUTHYTHIX B NIPOIN HAWoie W OyT HoIe.
Bugno, yto ¢ nonmxenueMm 1j, ontum JibH o p ccrpoilk CBY-u cTOTHI caBur -
erca ot nentp DIIP-TMHME; 8T P CCTPOHK Temephb He coBm 1 eT ¢ (My)'/2.
B sKcnepyMeHT X C IpoON HIMOJIOM M OYT HOJIOM T KO CHBHI T KXe HMeeT
MECTO, HO OH MEHbILIEe P CYETHBIX 1 HHBIX H pHC.2 HU3-3  HHU30TPONMU ¢-
¢ KTOp , KOTOp 1 HE YYUTHIB JI Cb B IIPOJET HHBIX H MU P CYET X.

T

S8

800

600

400

200

0 0,5 1 1,5 2 2,5
(0g — mp)/(\EAO)

Puc. 2. 3 Bucumocts 1/Tss ot oTHOCHTENBHOMU p ccrpoiiku CBY-u crotsl ot ueHrp DIIP-
maHud (wo = 27 - 7 - 1010 I, Ao = 27 - 1,5 - 108 I'm). IlonmoxwurtenbH S NPOTOHH 4
nonsipu3 wus (18) P, = th(0, 0024/Tss), e Tss = 17

Jlns Gonee OeT THHOTO MOHWAM HUS OByXTemmep TypHOI Konuernuuu 1O p c-
CMOTPHM BIIMSTHHE TEMIIEp TYpbl CIIUH-CIIMHOBOTO pPe3epBy p H (OpMy I' yCCOB-
ckoil DIIP-nuHUM 1 p M THUTHBIX LIEHTPOB B YCJIOBUSX CHUJIBHOIO H CBHILLEHMS.
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P/P,

1/T. =970 K~!

ss—

Puc. 3. ®opm BIIP-nunuu, corn cHo teopuu BIMl, mpu Tpex Temmep Typ X pelIETKU:
1, 0,5 u 0,25 K. P cuer BbIIOMHEH NpU P CCTPOMK X H ChIL IOILEro IOJS, KOTOpbIE
H PpHC.2 COOTBETCTBYIOT M KCHMYM M 0Gp THbIX Temrep Typ 1/Tss, rie wqg — 4 CTOT
JEeTeKTUPYIOIIETO MOJs

Ipennonoxum, uro CBY-u cTOT H ChHII IOMIETO MOJISI COOTBETCTBYET (PUKCUPO-
B HHOIl p ccTpoiike 0, = (wo — wp)/(V24A¢), opM mnuHEM neTeKTHpYeTCS
cI1 OBIM HEeH CBHII OIIUM MHUKPOBOJHOBBIM TIOJIEM C U CTOTOU wy, KOTOP S U3Me-
HieTcad BOMHM3M wg. MOIIHOCTH, TOINIONI eM S CIIMHOBOM CHCTEMOW H 4 CTOTe
wq, p BH [29]:

555010 \/iAo

P = Pyexp (—02) th 5 o

(0p —da)| (20)

e 64 = (wo — wq)/(v/2A¢) — HOPMHpPOB HH 5 p CCTPOHK U CTOTHI AETEKTH-
pymoiero moiast u Py — MOIIHOCTh IOIVIOIIEHNS! H Pe30H HCHOHM 4 crtoTe. MEI
BBIIIOJIHWIIA P CYEeT 3 BUCHUMOCTH P/ Py utst TpeX MUHUM JIBHBIX TEMIIep Typ CITHH-
CIIMHOBOTO pe3epBy p , uMmeHHo: 1/T,s = 250, 500 u 970 K~!, koropsie H
puc.2 poctur Tcd mpu Temmep Typ X pewmetrkd 1y = 1,0, 0,5 u 0,25 K coot-
BeTCTBeHHO. 1 K knoil T ObLT B3IT ONTHUM JIBH SI P CCTPOHK ,, COOTBET-
CTBYIOLI 5 M KCHM JIbHOH OOp THOM CIIMHOBOIl Temmep Type H puc.2. Pesyns-
T Thl P CUET MPEACT BIeHbl H puc.3. BuaHo, uro xpus g DIIP-noromenus
CIIBUT €TCSl B CTOPOHY, HPOTUBOIIOJIOXHYI0 TOYKE MPHIOXEHUS H ChILI IOLIETO
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nomns. CymectByer o061 CTh MHIYUMPOB HHOTO W3IIy4eHHMs, OIpenesseM s yClo-
BUEM [355(0p — 0q) < 0. W3 puc.3 BumHO, 4TO MpH OOJBLIMX P CCTPOMK X H -
CBILUEHHE H KpPBUIbSX JIMHUU NOYTH He BiausgeT H ¢opmy DIIP-nmunuu, cneno-
B TEJIbHO, P BHOBECH $ ®JIEKTPOHH S IOJISIPU3 LU NP KTHYECKH HEe W3MEHsSeTcs
npu BkiModyeHnH CBY-nosisd, 4yTo U MOCIYXWJIO OCHOB HUEM NPHP BHATh M TPHULIBI
wioTHOCTH (3) 1 (4) MpH TOTyYEHUH OLEHKH (5) YCUIeHUS SIEPHOUN TOSIPU3 [IHHU.

2. I3BMEPEHHE SAJIEPHOM MOJISAPU3AIIMN MUIITEHEN

H uGonee TouHOE OIpEle/ieHHE SIEPHOM TOJIAPU3 MM BBIIOJIHIETCS WUHTE-
Ip JIBHBIM METOJOM, T.e. HHTETPUPOB HHeM JMHHH Tormomenns X (w). Merox
OCHOB H H cooTtHomenuu [30]:

ohl [
= 5 5o / X' (W) dw, (21)
g N
0

e [Ny — SIIEepHBId M THETOH, ] — cIiH, ¢ — g-¢ KTOp HcclenyeMbIX suep u
N — ux KoHUeHTp 1wmsl. [/ u3MepeHus saepHOU MoisIpu3 UUU OOBIYHO HCIIOJb-
3yeTcd nocienoB TenbHbl Q-metp [31, 32]. IpuemHslilt 1 Tyuk Q-MeTp MOK 3 H
H pHC.4 M IpeAcT BisieT co00i K TYIIKY, IOTPYKEHHYIO B M TepPH JI MUILIEHHU, KO-
TOp 1 MHOYKTHUBHO CBSI3 H C M THATHBIMH MOMEHT MM sigep. MMmex Hc XK TymIKu
p BeH

Z1, =r+iwLo(l + nx(w)), (22)

rie w = 27V, ¥ — 4 CTOT P AUOY CTOTHOTO FeHEp TOp , ) — ¢ KTOp 3 MOJHE-
HUS K TYIIKA M TEPH JIOM, 7, Lo — CONpPOTHBIIEHHE U UHAYKTUBHOCTH K TYLIKH
npu xy = 0. @yakuws x(w) = x'(w) — ix”(w) sBNsETCS SAEPHOI BOCIPHUM-

r Ry C 1

I;,<_

1 I 7

N

~

— — e

Puc. 4. Ipuemuslii rubpunssiii Koutyp Q-merp , rae ¢ — KO KCHU JIbHBIA K Oenb, s —
M Tepu 1 mutuend, L, r, Rg, C' — aneMeHTsl KOHTYp (CM. TEKCT)

YHBOCTBIO M TEpH JI ; €e pe JbH S 4 CTh H 3bIB €TCH IHCIEPCHCH, MHUM S —
noryomiendeM. TUTYHbIe (PYHKIMK TOTNIOIIEHNS U AUCIEPCHH IPOTOHOB IMpea-
CT BleHbl H puc.S5. CurdH g H BbIxoje Q-MeTp MNPOMOPIMOH JIeH MOIJIOUIEHHMIO.



TEXHUKA TIOJIIPU30BAHHBIX MUILIEHEU 725

KOHCT HT NpPOMOPIMOH JIBHOCTU H XOAUTCS K JIMOPOBKO# PHOOP MO T K H 3bI-
B eMoMy TE (thermal equilibrium)-cura 1y ot simep ¢ W3BeCTHOH momsipu3 Iuei. B
M THUTHOM nornie 2,5 Ti u npu temriep Type okono 1 K TunudHsle BpeMeH CIHH-
pelIeToYHOl pen K¢ uuu mpotoHoB (I = 1/2) B M Tepu J1 X MHUIIEHEH COCT B-
nsitoT MeHee 10 MUHYT, II09TOMY CITHHOB S TEMIIEp TYp Sep IOCT TOYHO OBICTPO
IIPUHUM €T TeMIIEp Typy XJI 10 IreHT MulieHu. B pesynsr te TE-nomapus unuio
qaaep JIerko p ccuuT Tb no ¢opmyne bpuwwtosH (101), prymeHT Mu KOTOpOi
SBJIAIOTCS BEJIMYMH M THHUTHOIO IOJI M U3BECTH o Temmep Typ MuiueHd. IIp k-
THUYECKOE 3H 4YeHue popMyiel (21) 3 K09 eTcd B BO3MOXHOCTH €€ HCIONb30B -

HUS JUIs K JTMOPOBKM YyBCTBHTEIBHOCTH Q-METp , KOTJ P BHOBECHBIH TEILIOBOMA
CUTH JI CIMHOB H XOIUTCA 3

MOPOrOM 4yBCTBUTEJIBHOCTHU IIPH-
emHoil mm p Typs [30, 33]. B
TBEPABIX JUAICKTPUUECKUX M -
TEepHU JT X TPU HU3KUX TeMIIe-
P Typ X IS SiIep CO CIUHOM
I > 1/2 nomobu s cuty -
1M SIBJISIETCS CKOpPee MP BUIIOM,
yeM HCKJodeHueM. H mpumep,
MIPU ONpeNeSieHU! MOJISIPU3 IIHH
donosex sauep N B mwvu u-
Hoi muiienn (NHgs), ux uHTeH-
CHUBHOCTb OK 3bIB €Tcs Oojiee

P4-BocnipuuMuYnBOCTH

YyeM H [B TOpPSAK MeEHbIIe, 0,2 ]

YyeM IMPOTOHHBIX CHUHOB [33]. . . ,:= . .

B T Koif cuTy MM HyXHO W3- 106,2 106,4 106,6 106,8
MEPUTh UHTEHCUBHOCTH MPOTOH- Yacrora, Mt

HOTO CUTH J1 C U3BECTHOH IIO-
JIIpU3 LMEl, HO B CHUXEHHOM Puc. 5. ®OpMBI JIMHUI IIPOTOHHBIX CHUTH JIOB IOIJIO-
noJsie, Ucnosb3ysd Q-merp, uame- wenus (/) u qucnepcuu (2) B 6yr Hone [42]
AN THTEHCUBHOCTD CUTH -
JIOB OT siep 30T . [lone CHUX eTcsd u3-3 MeHbIero g-¢ KTop 30T : gy =
= 0,4038 no cp BHEHMIO C NPOTOH MU g, = 2,793. Ornomenue Py u P,
nosisipu3 1uu 13 (21) p Buo [30]:

Py gpINN, AN

R AR (23)
P, 9% I, NN A,

me A = [ x"(w)dw, N, = 3Ny. Ioxcr Bisis 9TH KOHCT HTHI B (23), momy-
0
yum [33]: Ax

Py~ 28722 P, (24)
AP
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rie A,, Ay — TIOLI I¥ MOA KPHBOIl MOIVIOLIEHUS POTOHHOTO U 30THOTO CHI-
H JI0B cooTBeTCcTBeHHO. T K K K P, U A, Ipeamnosn I 10TCI U3BECTHBIMH, TO H
OCHOB HUM (24) WHTErp JIBHBI METOJ CT HOBHUTCS JOCTYHNHBIM M IUISI W3MEPEHHS
YCHJICHHOH TOJISIPU3 LUHM siiep 30T Oe3 M3MEpEeHHus ero p BHOBECHBIX CHUTH JIOB.
X p KTepH $ MOrPENIHOCTh K JTMOPOBKHU cocT Bister +2,5%.

2.1. BrimloyeHne KO KCH JIbHOTO K Oelsl B IpUeMHbIA KOHTYp Q-merp . B
HHU3KOTEMIep TYPHBIX OKCIEPUMEHT X TMpPHEMH s K TYIIK  CBSI3bIB €TCsi C
Q-MeTpoM KO KCH JIbHBIM K OereM. OOp 3yercd THOPHAHBIN MPHEMHBIA KOIed -
TEeNbHBI KOHTYp (pHC.4), KOTOPBIH CONEPXKUT IEMEHTHI LEMH C COCPENOTOUYCH-
HBIMH U P CHpelelieHHbIMH 1 p MeTp mu [31]. BBemenue k Oens B mpuUeMHBIH
KOHTYp OK 3bIB €T CHJIbHOE BIMSHHE H YYBCTBHUTEIBHOCTH NPHOOpP , MODTOMY
H OCHOB HMHU p 60T [34-36] MBI IpHBeNEeM SHEPreTUUECKHUIA P CUET TMOPUIHOTO
KOHTYp . CXeM [MOCI/IelOB TelIbHOTO KOHTYp U 00O03H YeHHMS NpPEACT BIIEHbI H
puc.4. 3pech 1 — COIPOTUBIICHNE K TYIIKH, [y — YYHUTBIB €T Iepej 4y MOII-
HOCTH BO BXOJHYIO LIeTlb YCWIIMTENS W 1moTepu B KoHueHc Tope (C). HumykTus-
Hoctb L = Lo(1 + nx), tie Lo — HEBO3MYIIEHH S WUHIyKTHMBHOCTh K TYLIKH
u S — M tepu 7 muiieHd. [Ipu p cuere pe3oH HCHOIl Y CTOTBHI KOHTYp OyneM
npeHeOper Th BIMSHUEM CONPOTHBIEHUN 1 U Ry. MHIyKTHBHOCTH L( (hOpM JIBHO
MOHO 3 MEHHUTh 3KBHB JICHTHBIM OTPE3KOM (DPUKTHBHOTO K OeJisi, BXOOHOE COIpO-
THUBJIEHHE KOTOPOro p BHO iwLg. Ecim K Genb p 30MKHYT H KOHIE, TO IHH {7
T KOTO OTpPe3K [JOJKH OBITh p BH

wL() =p- tg ([361), (25)

e 3 = €'/2w/c, ¢ — cKOpOCTb CBET B B KyyMe, € — OTHOCHTEJbH s JINBIEK-
TPUYECK S TPOHUIl €MOCTb HM30JISITOp K Oens, p — BOIIHOBOE COIPOTHBJICHHUE
(PUKTHBHOIO OTpe3K JIMHWUHM, KOTOpPOE I HPOCTOTHI BhIOEpEM p BHBIM BOJIHO-
BOMY COIPOTHBIICHHIO p€ JIbHO IPHCYTCTBYIOLIEro K Oens. UKTHBHBIA OTpe30K
JTuHAA {1, 3 MEHSIONINNA WHIYKTUBHOCTD, W Pe JIbHBIH K Oenb minHoM ¢ 00p 3yI0T
BIEKTPUYECKYIO JTUHUIO 00IIel INTUHOMN £+ {1, HUHIYKTHBHOE BXOIHOE COMPOTHBIIC-
HHE KOTOPOW NPU PE30H HCe JOJIKHO OBITh P BHO €MKOCTHOMY COIPOTHBJICHUIO
KOHIEHC TOp H CTPOMKH, OTCIOA C y4deroM (25) mojyd ercs Tp HCLEHIEHTHOE
yp BHeHHe 11 OECKOHEYHOro H 60p Ppe30H HCHBIX Y CTOT KOHTYp ¢ K Gerem
1 wlo + ptg (66)

— =wle = ptg B+ )] =

; (26)
wC 1- wTLO tg (8€)

rie L, — 9KBUB JIEHTH 51 HHIyKTUBHOCTB K GeJIsl C MOAKIIIOYEHHOM K TYIIKOH Lo,
KOTOp 1 «pe3oHupyer» ¢ eMkocThio C. KomneG TenbHbIil KOHTYp 00p 3yercs, KOr-
I TIpH JuihHe K Gesist £+ £1 ero BXOIHOE COMPOTHBIICHHUE SIBJSCTCS WHIYKTHBHBIM,
To ectb npu yenosun S(0+ £1) —n < w/2 wn B¢ = 7n, tie n = (0,1,2,...)
€CTh YMCIIO TMOJIYBOJIH, YKJI ABIB IOIMMXCS H jutnHe ¢. BujgHo, 4To H 4 cTOT X
nopsiak  Heckonmbkux MIT otpesok k Genst £ < A/4 (n = 0) MOXHO 106G BUTD K



TEXHUKA TIOJIIPU30BAHHBIX MUILIEHEU 727

K TYLIKE, COXpP Hss MHAYKTHBHBIA X p KTep ux obiero conporusieHus. H 6o-
Jlee BBICOKUX Y CTOT X, K K IIp BWJIO, HCIIOJIB3YIOT PE30H HCHBIE OTPEe3KH K Oers
gnuHoit 3¢ = 7n. H NOMHUM OCHOBHBIE COOTHOILIEHHWS B IIPOCTOM IIOCTIEHOB -
TeTbHOM KOHTYype 6e3 k Genst (¢ = 0). B3 umopeiicTBue co CIMH MH H3MEHSET
UMITe]l HC K TYIIKH, KOTOPBIN B COOTBETCTBUM C popMynoit (22) p BeH

Zp =71+ nwLox” +iwLo(1+ ny). 27

IIycTh KOHTYp H CTPOEH B PE30H HC U MIUIUTYI IepeMeHHOro Tok B HeM (I)
MOJICPXUB €TCI HEM3MEHHOM U JIOCT TOYHO M JIOH, YTOOBI CO31 B e€MOe K TYIII-
KOH 10Jie He p 3pyll JIO SJePHYI0 BOCIIPUUMYUBOCTh. IIpH pe3oH Hce MOUIHOCTD
(P,), p cceuB eM $ B 7, U MOIIIHOCTb JIUCCUT THBHBIX MOTEPH B CTUHOBOM crcTeMe
(Ps), COOTBETCTBEHHO, P BHEI

P, = lrﬂ, P, = lnx”wLOIQ. (28)
2 2
Orrowenne Ps/P, GyneM H 3bIB Th UyBCTBUTENBHOCTBIO ((n—0), KOTOP s BBIP -
XK eTcsd LENOYKOM XOPOUIO U3BECTHBIX COOTHOLLEHUM
(=0 = % = % _ ATt v, (29)
r 0 r r
rie Qo = wLo/r — no6potHocTh KOHTYP U Ar, AQ) — 0003H 4 10T H3MEHEHHs
COOTBETCTBYIOIIUX I p MeTpoB. [To-Bugumomy, dopmyn (29) BrepBble MOIy4eH
Pobunconom [37]. K x »T0 cnenyer u3 (29), npu ci 60M BO3MYIIEHHH OIS
K TYIIKH H MPSXEHHE H KOHType OyoeT M3MeHsThCs mporopuuon jpHo X, H -
nuune jucnepern ' B (27) NPUBENET K CHBUIY PE30H HCHOM 4 CTOTBI KOHTYp H
BENTUYUHY
Aenmn) (30)
371eCh Wy — PE30H HCH 51 4 CTOT KOHTYp . O6 cootHomenus (29) u (30) crp -
BEUIMBBI M JUIS 11 P JUIEJBHOIO KOHTYp . 3 MeTuM, uto B cucteme CI'C Bocnpu-
UMYUBOCTb JIOJXH ObITh YMHOXeH H 4m. bBe3 x Oens cucteM 1 p MeTpoB
(Lo, r,C) onpenenser Bce IEKTPUYECKUE CBOWCTB KOHTYp ; 4e€pe3 HUX BBIP X -
I0TCSl BCE JpYrHe NMPOM3BOJHBIE I P METPhL: JIOOPOTHOCTh, ®KBHB JIEHTHOE CONPO-
THBJIEHUE, P CCTPOMK , Y CTOTH S X P KTEPUCTUK , KOTOpblE HUXE MOITy4EHbI U
I 00IIero ciayd s TMOPHAHOTO KOHTYP .
Bkiiouenne K Oernst K YECTBEHHO MEHSET MpPEeIbIIyLIHi p CYeT, O3TOMY P C-
CMOTpUM ero Oosiee MoAPOOHO. 3 BHCHMOCTh TOK B K Oejie OT IJIMHBI Terephb
nMeet Buj [38]:

Iz)=1 [1 - WTLO tg (ﬁx)} cos (Bx), (31)
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me 0 < z < ¢ — UIMH , OTCYMTBHIB €M S OT JIEBOrO H puc.4 KOHI[ K Oes.
BiusiHue 3 Tyx Hus B K Gene H p cupepesienue I (x) mpuBegeT K KB Ap THYHBIM
HOMp BK M K YyBCTBHTEIBHOCTH, KOTOPBIMH ISl IIPOCTOTHI OymeM MpeHeOper Tb.
[pu pe3oH HCe ®HEPrus, 3 I CEHH $1 B M THUTHOM 1ojie (N,,), p BH OHEpruH,
3 I CEHHOM B alIeKTpHYecKoM roste KoHmeHe Top (V). C y4eroMm K TYWIKH H
K Oemns uMeeM
¢
1 QJLl
wN,, = 5 wLol? + - I?(x)dz, (32)
0

rie Ly — TOTrOHH s1 MHAYKTUBHOCTH K Oessi. Mcnonp3ys (31), monyd em

wN,, = gLoAIQ cos?(3), (33)

e A = 1+130(1+tg%(30)) (“Tfﬂ + w§0)+% (wﬁo — “Tf[)) tg (B¢). DHepruio
M THHUTHOI'O ITOJII MOXKHO T K2K€ BbIPp 3UTb U UE€PE3 9KBUB JICHTHYIO HHAYKTUBHOCTDH

L. w3 yp BHeHust (26) u tok [(¢) = I; H BXOOHOM KOHIE K Gernst, el 3 MiC Th

1

wNp, )

WL I35, (34)
re 0 — I p METp p CHPEHeNeHHOCTH, KOTOPBIil YYHUTHIB €T 3 BUCUMOCTDb 3 I -
CEHHOW HEepPruu OT KOHKPETHOrO p CHpeleseHus TOK Baojb K Oems. HMcnonb3ys
topmyset (26), (31) u (33), HeTpyOHO H WTH CBsI3b MeXay 0 U A B yp BHEHHSIX
(33), (34):
A
5= - : (35)
(1+ 4 te(80)) (1 <Lotg(80))

B npocrom koHtype 6e3 k Genst £ = 0, § = A = 1, nosromy L, = Lg. s
p cuyer IOOpOTHOCTH MMOPHIHOIO KOHTYP

wNp, wo
Q PE 2Aw ( )
OCT €TCsl TOJIBKO OIpPENEUTh Ps; — MOLIHOCTh CyMM PHBIX HOTEPh B KOHTYPE.
Bes yuer 3 Tyx Hus B K Oelle MOIIHOCTh noTepb (P]) p BH
1 1 1 r 1
P = 511230 + §I2r = 5112 Ro + = 51121?,1,

(1 — “’Tfo tg([%))2 cos?(00)
(37
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rae Tok [ Gbut mpeoGp 30B H mo dopmyne (31), ¢ yaerom rtoro, uto I(¢) = I;.
Jist uncro Geryieil BOHbBI B K Oelle MOrOHHOE CONPOTHBIIEHHE IIOTEPh P BHO 2¢:p,
rie « [Ho/M] — moctosHH 4 3 TyX HUS K Oend. B H mem cioyd e Tok B K Oerne
p cmpezerner mo 3 Kony (31); ¢ yderom sroro p crpexernenus K P; HeoO6xoaumo
100 BUTH MOTEPU B KO KCH JIbHOM K Oene. MiMeem [34]

1
Ps = 512313 cos?(B¢), (38)
rae
wLg ? wlLo (wlLo p
B=(1-""tg(pe¢ =+ =) k. 39
(1-=wen) + 52 (e )b o9

Koadduuuent ki Beraucisercsd mno gopmyre
ki = al cos™2(j0). (40)
OKOHY TeTTbHO AOOPOTHOCTDh THOPHAHOTO KOHTYpP P BH

wNp  wo _ wlo A
P 2Aw Ry B’

Q= (41)
roe 2Aw — MOJIOC TPOIYCK HUsl TMOPUOHOTO KOHTYp . B 4 crHOCTH, (hopmyrn
(41) mo3BomnsieT onpeneuTh YyCpeOHEHHOE 3 TyX HHe K Oelns, KOrj ero TeMiep -
TYP B KPHOCT T€ U3MEHSETCS OT KOMH THOH JIO Temiiep Typbl MuiieHd. [Toa 1 s
K Genb KOpoTKo3 MKHYTHIM (Lo — 0) win p 30MkHyTBIM (Lo — 00) H KOHIE,
T KXe BbIOHD s ero miuHy n\/2, nomya em u3 (41) @ = 3/(2«) npu npousBoib-
HOM n. YCpemHEeHHOe 3 TyX Hue K Oeis CBI3 HO C ero IOJOCOU IPOIYCK HHS
(2Av), H ypoBHE \/2 OT 3H YeHMS €ro MMl HC TP PE3OH HCE, MPOCTHIM
COOTHOILIEHHEM

a=0,01ve(2Av) [a =Hn/™M, Av = MIu. (42)

Ecmu v = 0, T0 u3 dopmysst (41) oGpOTHOCTH KOHTYp € K GereM JUTHHOM nA/2

P BH
wLO L+ % (ng + )

w
Ry 1+WR_L00 (_Lerﬁo) ky

Lo
P

Q=

(43)

UJL[)

Hpyrum criocobom a1 opmyn O6bu1 monyder B [39]. Ilpu uamMeHeHMH YpOBH
reiuss B KPUOCT Te MUIICHM H3MEHSETCS p CIpelesicHHe TeMIlep Typhl MO ero
JUTHHE,  CJIeJIOB TENbHO, W KO3((HIUEHT k1, YTO MOXET INPUBECTH K IOIpell-
HOCTSIM TIpU M3MEpEeHHH MOodpu3 Iuu. YToOBI W30 BUTHCSI OT DTOTO HEXEN Telb-
HOTO SIBJICHUS, p CHpeleSieHre TeMIlep TYpHI BIONb K Oems (PUKCUPYIOT MPUBI3KON
K Oelis K TeMIep TYPHO-CT OWJIbHBIM TOYK M B KPHOCT Te.
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Bkiouenue K Gelist Ip M THYSCKU H3MEHSET YyBCTBUTEIBHOCTh, KOTOP S Te-
nepb umeer Bun [34]:

P, 1+ tg2 (B¢ wLo 1+ tg?(B¢
Clz_:nXNQ g(ﬂ):nxu 0 g(ﬂ)

- A 44
Py, A R B ’ Sl

e Ps onpenensetcs o dopmyie (28). @opmyn  (44) 060611 et opmyiy (29)
H CIy4 i rTuOPHIHOTO KOHTYp C K OefieM MPOU3BOJIbHOM IyTHHBI. CHBUT 4 CTOTHI
H CTPOUKH THOPHIHOTO KOHTYp p BeH [34]:

2(w — W()) 1 + th (ﬂé)

= Y . (45)

wo A

®Dopmynn  (45) crepyeT U3 OOIIEro BBIP XEHMs JUIS CIBUT PE30H HCHOM 4 CTOTHI
CIIOXHBIX pE30H HCHBIX K0Jie® TeJIbHBIX CHCTeM, MoiydeHHOro B [40]. DKBuUB -
JIEHTHOE COIPOTHBJICHHE MOCICIOB TEIbHOTO TMOPUIHOTO KOHTYP P BHO

wl,
Q-

Jns cp BHeHMS TpuBeneM (DOPMyITy 3KBHB JICHTHOTO COIIPOTHBJICHUS I1 P JUIENb-
HOTO THOPUIHOTO KOHTYP

re =36 (46)

wl,
5

ITo moBOAY I P JUIENBHOTO THOPHAHOTO KOHTYP CIEAYET CAeN Th CIIeyrliee 06-
1iee 3 Meu Hue. MOIIHOCTh KTHBHBIX [IOTEPh U YCIIOBHE PE30H HC HE 3 BHCST OT
I P JUIEJIBHOTO HJIM MOCTIEN0B TENBHOIO CMOCO0 IMPUCOEIMHEHUS KOHIEHC TOP
C u puc.4. IlosToMy B JTHHEHHOM OPUOIMKEHUH T10 SIEPHOM BOCIPUUMYUBOCTH
4yBCTBUTENIBHOCTD, PE30H HCH $1 Y CTOT M €€ CABMI JIUCIEPCHOHHOU KOMIIOHEH-
TOI OMH KOBBI K K JUIS I P JUIEJIBHOIO, T K Y JJIs [OCJIENO0B TEIBHOIO KOHTYD .
BOim3u pe3oH HC  CONPOTHBIEHHE [OCIEN0B TENBHOTO (Zs) M I P JUIETBHOTO
(Z),) KOHTYPOB P BHEI

Re:Q

(47)

Z.=r, <1+¢2QM>, Zp( R (48)

2 =)

[TpuBeneHHsle (HOPMYITBI MONE3HBI V11 OLEHKH BIMSHHS K O€Nisl H YyBCTBUTEIIb-
HOCTh Q-METp , OHHU MO3BOJISIIOT P CCYUT Th PE30H HCHBIE U CTOTHI CIOXHOM KO-
ne6 TenbHO# cucteMbl. MIMEHHO H ®THX 4 CTOT X (26) mpH BBICOKOM OTpHII -
TEJIPHOM MONSPHU3 LMK MUILEHU H OJIIOA eTCs T K H 3bIB €MO€ SIIepPHOE CBEpXHU3-
myyenue. [Ipumep p cyeT 4YyBCTBHTEIBHOCTH IPHUBENCH B IPUIOXEHHH 1.
HeobxonuMo oTMETHTH B XHOE OOCTOSITENIBCTBO, CBSI3 HHOE C NP KTHYECKUM
UCTIOJIb30B HUEM 9KBHB JIGHTHOH cXeMbl (pUC.4) H BBICOKHX Y CTOT X HOPSOK
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200 MI'u. Ecnm MeXBHUTKOB 9 €MKOCTb K TYIIKH CT HOBUTCS NPHMEPHO P BHOM
eMKOCTH KOHIEHC TOp H CTPOWKH KOHTYp , TO, K K HETPyAHO BHAETh, K Oeib
Tp HcopMmupyeT K BXomy Q-MeTp He HMHIYKTHBHOE, 9KBUB JIGHTHOE COIIPO-
THUBJIGHHUE 1T P JIUIEJIBHOTO KOHTYP , COCT BJIEHHOTO M3 MHAYKTUBHOCTH U I P 3WT-
HOH €MKOCTH. DTO p AUK JIbHBIM OOp 30M MEHSET H 3H YEHHE DIIEMEHTOB CXEMBI
W MIPUBOJUT K NPOOJieM M, KOTOpbIe P CCM TPHB JINCh H KoH(epeHuuu [41].

2.2. JIusepnynsckuii Q-merp. IIp KTHyeck s OJIOK-CXeM TIOCIENOB Tellb-
Horo (yimBepiynbckoro) Q-metp [32] ¢ PSD-gerektopom (Phase Sensitive Detec-
tor) ok 3 H H puc.6. B p 60te [42] nmpuBeneHs! X p KTEpHbIC BETMYUHBI IT P -
METPOB MPHUEMHOI0 KOHTYp MPOTOHHOTO U JEHTPOHHOTO Q-METPOB U JET JIbHBII

H 13 ux p O0Thl. 31ech MBI 1 MM TOYHOE OIpe/e/ieHHe M3MepsIeMbIX BEIUYUH

7

) | - - -
4 . 1

Puc. 6. YuporueHH st cxem nuBepyibekoro Q-merp [32]. Ve — BY-renep top, A(w) —
BY-ycunurens, / — MUIIEHb C MPUEMHON K TYIIKOH, 2 — KO KCH JIbHBIA K Oeib, Rg —
TOKOBBII pe3nucTop, 3 — ¢ 30Bble JETEKTOPHI, 4 — peryaupyeMslid ¢ 30Bp Iy Teib, 5 —
90°-¢ 30Bp 1 Tenmb. [IyHKTHPOM 0GO3H YEHBI BIEMEHTHI CXEMBI, HEOGXOIUMBIE JUTSI PETH-
CTp LHHU AUCTIEPCHU

U clel eM Kp TKMil 0630p MOrPENIHOCTEH M3MEPEHHs MOJIAPU3 UM STHM [PH-
6opom. [l Kp TKOCTH BBedeM KOMIUIEKCHYI (yHKumio &(w) = nx(w) u yurem
BIMSIHUE LIYHTHPYIOLIErO ACHCTBUS TOKOBOIO PE3UCTOP W BXOMHOIO HMMIIEH HC
[PUEMHOTO YCWIIMTENSl H HMICA HC Pe30H HCHOro koHTyp Z(£). Brixomnoe
H npsxeHue Q-merp wumeet Bup [43]:

AVe  Z(§)

‘/ou = 5 7T e\
"7 Ra 1+pZ(€)

(49)
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e p = R% + RLG, R; — BXOJHOE CONPOTHBICHHE yCHIHTENS, KRG — TOKOBBIi
pesucrop u

i pPth(v0) + plr +iwL(1 + &)]
wCy ' p+[r+iwL(1+ )] th(v0)

(50)

B ar0it opmyne v = a+ i — KOMIUTEKCHBIN KO(Y(PHUIUEHT, (v — YCPEeTHEHH
MOCTOSIHH 4 3 TyX Husl, 3 — ¢ 30B g KOHCT HT . Ecnu 4 cror reHep Top u3-
MepsieTcsl JOCT TOYHO MEUIEHHO, T K, 4TOObI (hyHKIHs &(w) SBHO HEe 3 BHCEN OT
BpPEMEHHU, TO HOPMHPOB HHOE BBIXOJHOE H MNpsXKeHHe U3 yp BHeHHd (49) p BHO

Vour(§(w)) _ Zen(€w)) _ 1 Z(fWw))

AV Re  Rg 1+pZ(£(w))

= Set(§(w)) + iTerr(§(w))-
(51)

@DopM JIBHO MOXHO P CCMOTPETh T KXe P 3HOCTh JBYX UMIIEA HCOB, H3MEPEHHBIX
npu £ # 0 u € = 0; B Ip KTHKE 3T HPOLENyp H 3bIB €TCS «BBIYUT HUEM (POH ».

Hmeem
AVou() _ Voul&) = Voul€ =0) _ g v 4 i) =

AVg AV
2 i
:S(w)ﬂ'—”?{sffi)”g, (52)
™ W —w

w!

rJe UCIOoIb30B HO cooTHoueHue Kponur —Kp mepc u

S(w) = Seﬁ(g) - Seff(g - 0)7 (53)

T(w) = Ter(§) — Te(§ = 0). (54)

P 3HOCTh (52) MBI OyieM H 3bIB Th SIMP-CUrH JIOM, IIOCKOJIBKY €€ pe JIbH S 4 CTh
S(w) n MHEM 5 4 cTh T'(w) MOYTH HPONOPLMOH JIbHBI MHUMO# (LOITIOILEHHE) U
pe JBHOH (IUCHepcus) 4 CTIM SIepHON BOCIPUUMYHMBOCTU COOTBETCTBEHHO. IIpn
T KoM ompezenenun SIMP-cura 1 S(w) MOXeT OBITh MOJOXHUTEIBHON U OTPH-
Ll TEJIbHOM BEJIMYMHOM, K K P 3HOCTb [BYX HE3 BUCUMBIX M3MepeHMi. Hcronb3ys
dopmyist (49), (50) u (52), Beip 3uM AMP-cura 1 yepe3 umnen HC pe30H HCHOTO
koutyp Z(§):
AVZ)ut(C")) ‘/out(f) - ‘/out (g - 0) 1 Z(f) B Z(g - 0)

Ao - Ve SR Tz +pzie=0] O

W3 ¢opmynsl (55) BUAHO, YTO HEIUHEHHbIE UCK XEHUS BBIXOAHOTO CUTH J1 3 -
BUCAT OT KO3((PUIIMEHT P, TO €CTh BEIMYHMHBI UTYHTHPYIOLIUX Pe3UCTOpoB R; U
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Rg. B npuHOMIe, IpH TOYHOM ONpeaeeHrd X HEoOXOMUMO U3MEPEHHE T KKE
U X', VTS 9ero cXeM JIMBEPITYIbCKOro Q-MeTp HOJIKH OBITh JOMONTHEH BJIeMEH-
T MH, 0003H YCHHBIMH H pHC.6 MyHKTHPOM. [Ip KTHYECKH Xe MpEearOvHuT IOT
MOJIB30B THCS MPOCTBHIM B pH HTOM cXeMbl. Mwmeercd oOmI S 3 KOHOMEpPHOCTD,
otmedeHH s A.K.Cemeptsumucom (Y.K.Semertzidis), KoTop s omnpenenser BKJI I
JUCTIEPCUH U KB JIp THYHOTO MO MOIVIOUIEHHUIO WIEH B HHTETp JIbHYI0 MHTEHCUB-
HocTh curH 1 SIMP. Jlenio B TOM, 4TO IjIs JIE0G0H KoMIUIeKCHON pyHkimu V (€)
tun  (55) Bomm3u & = 0 crp BemMBO COOTHOIIEHHe [42, 44]:

Re (V(€) = V(0)) = a&’ +b¢" + (¢ — €7) +de’¢”. (56)

Kpome Toro, ais mo60ii KOMITIEKCHON (PYHKIINH, YIOBIETBOPSIONICH COOTHOIIIE-
HusM Kponur —Kp mepc , BbImonHseTcsd cooTHoueHue [44]:

oo

/ (€7 (w) — €%(w))dw = 0, 57)

0

B ciiyd e curH 1 cHMMETPUYHOM (hOPMBI TIEPBBIA U YETBEPTHIN WICHHI B Yp BHE-
HUH (56) SIBIAIOTCS HEYETHBIMU (PYHKIIMSAME Y CTOTHI M FicUe3 0T TP UHTETPHPO-
B HUM T K Xe, K K U TpeTuil wieH B (56), BcreacTeue cootHoenus (57). Ilocnen-
Hee YTBEpPXJIEHUE BBINOIHIETCS HEe CTPOro, T K K K Koa(duimeHTsl B opmysie
(56) 3 BHCAT OT 4 CTOTHl. MIMEHHO 3TH NMPUYHMHBI M OOBSCHIIOT M Jible OIMUOKH
U IIUPOKOE MpHUMEHEHHe WHTErp JIBHOTO METON TIpH M3MEPEeHUSIX MONSIpH3 L[UU
MHUIIEHEN.

2.3. X p KTepHbIe HCK K€HHS MPOTOHHBIX CIEKTPOB. UTOOBI MOK 3 Th X -
P KTepHbIEe UCK XeHHUS (POPMBI CHTH JI , TIPUBEAEM Pe3yNIbT ThI P CUYeT IO op-
Myl M (50), (55) [42], ucnionb3ys pyHKMIo noromienus [45]:

f()

{'w) =
1 + ‘w—gwg

(58)

2,5

Jucnepcus p ccuuThIB JI ¢b U3 cooTHowenusd Kpouur —Kp mepc 1mo jaroputmy
[46] (06e yHKIMM HOK 3 HbI H pHC.4). Pe3yabT Thl p cYeT MpeICT BJICHBI H

puc.7. 3 BUCUMOCTb 3H M€H Teiis popMysbl (55) OT BOCHPUUMYUBOCTH SIBIISIETCA
IJT BHOM NMPUYNHOHN MCK XeHWH ycwieHHbIX SIMP-curn nos, mybun Momynsiun
koTopbiX mpesblll €T 20%. K K W 0Xujg jJ0Ch, MIUIMTYN CHUTH J TpPH OTpU-
Il TeJILHOW MOJSpHU3 LMW OOJIbLIe, YeM IMpPU IHOJIOXKHUTENBHOW, MHTErp JI OT CHI-
H JI IIpU IOJOXUTEIbHOW MEHbIIE, YeM IIPU OTPULl TEJIbHOM nosisipu3 uuu. Ilpu
nomsipu3 1uu nopsak  90% u rirybune Mopynsinuu, goctur tomei 40%, oTHOLIe-
HHUE UHTETP JIOB 3THUX CHUTH JIOB P BHO 0,98, BONpeKH 3H YHUTENIBHBIM UCK KEHHIM
thopmbr munumit. [Ipyu oqHOM M TO Xe BEIWYMHE, HO P 3HBIX 3H K X MOJSPU3 LHH,
P CYeT W 3KCHEepUMEHT MOK 3bIB 0T yIupeHue 10 85 KI1l MpH MOI0XUTEeTbHON U
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cyxeHue opMbl TuHUU 10 53 K11 py OTpHILl TEeTBHOM MONSpPU3 LIUU; ECTECTBEH-
H S NOJYIUMPUH JHMHUU P BHT cb 70 KI'LL.

B npenpiiymux p cyer X MoJl I J10Ch, 4TO UHTErpupoB Hue AMP-curH 1 Be-
JIeTCS. OTHOCHUTENILHO U3BECTHOM O 30BOi inHMU. H Tp KTHKE Xe KpbUIbs CUTH JI
MOJTHOCTBIO TMPOMHUC Th HE Y1 eTcs, Mo-
9TOMY TOYHOE IOJIOXeHue O 30BOH Ju-
HUM HEW3BECTHO. AH JIM3 MOK 3BIB €T,
YTO MEHBII $ OMIMOK TIOMYdY €TCs MpH
CpeqHeM TOJIOXEeHHH O 30BOW JIMHHH,
KOl TpH MHTEIPUPOB HHUU JHCIIEPCHU-
OHHBI BKJI I H KpBUIBSIX B3 UMHO
KomreHcupyercs. C Lenbl0 yMeHblle-
HUS BIIASHMS HEMIOJIHOTO UHTErPHPOB -
HUS CUTH JI IIPU OTHOCHUTEJIBHBIX H3Me-
PEHHSIX CT P I0TCS TOYHO (QPUKCUPOB Thb
MOJIOKEHHWEe CHUTH J1 TI0 OTHOULICHHUIO K
P 3BEpTKE.

IToMuMO mepeyrcIeHHBIX MOrpel-
HOCTEH HeOoOXOIMMO UMETh B BUIY, UTO

S(v), oTH. ex.
1,0

0,5

0,0 I ke B mpenea X p 604ero au I 30H
106,2 106,4 106,6 106,8 .
Y CTOTHOW p 3BEPTKH, COCT BISIOLIETO
Hacrora, MI'n ob6praa0 500 K[, YYBCTBUTETHHOCTH
. Q-MeTp 3 BHCHUT OT Y CTOTBHI.
Puc. 7. Cp BHenue ¢opM JIMHHN YCUIIEH-

S IIpu p 60Te ¢ HIPOTOHHOH MHILIE-
Horo SIMP-curH n1 mojoxurtenbHol (/) u pup p

HUHBEPTUPOB HHOI'O CUTH JI OTPHUL] TEJBHOM
(2) nongpus uuit H BeIXO#e Q-MeTp 1pu
OIVH KOBOH IO MOXYTIO SAEPHOU IONSPH-
3 MU MUILEHU

HBIO U CTO BO3HHK eT HpobieM 0ob-
IIMX CUTH JIOB. 31€Ch IPUXOMUTCS CIIe-
II1 JIbBHBIM OOp 30M BBINOJIHSATh IIPU-
eMHyI0 K Tymky Q-meTp . P 3muunbie

thopMpI TPHEMHBIX K TYIIEK P CCMO-
Tpersl B p 6ote [30]. T M Xe mpuBemeH X p KTEPHBIA XOJI KOPPEKTHUPYIOIINX
mornp BoK Q-MeTp B 3 BUCHMOCTU OT BEJIMYHMHBI MONApu3 LUH. K TYIIKH, BBI-
MOJTHEHHBIE U3 TOHKOH NMPOBOJIOKH, K K P BHJIO, BBI3BIB 10T 3H YUTEJIBHOE P IU-
LMOHHOE P 3pYIIEHHE IOJISpPH3 LUK BOJIM3M BUTKOB W3-3 BBICOKOW IUIOTHOCTH
MOBEPXHOCTHBIX TOKOB; IO 3TOW NMPUYMHE MX CT P IOTCS M3TOTOBIATH M3 MET JI-
JIMYECKOH TPYOKH I¥ METPOM OKOIIO 2 MM.

3. UBMEPEHUE ITOJAPU3AIMUA ANAEP CO CIIMHOM [ =1
B cwpHOM M THUTHOM MOJIe CIIMHOB g cUcTeM ¢ [ = 1 nMeeT Tpu M THHUT-

HBIX IOAYPOBH:, 3 CEJICHHOCTU KOTOPBIX H€06XOI[I/IMO 3H Tb U IIOJIHOTO OHpeac-
JICHUA COCTOAHUA MUIICHU B OKCHEPHUMEHT X IO P CCEAHUIO U CTHUII. Ha Ip KTUKE
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BMECTO 3 CeJIEHHOCTel yIo0Hee UCIIOb30B Th MPOU3BOAHYIO CHCTEMY JIPYIUX TpeX
1 p MeTpoB. IlepBblil U3 HUX — IUIOTHOCTh OXJI KIEHHOTO M TEpHU JI , KOTOp 4
IIPY M3BECTHOM XMMHUYECKOM COCT BE ITO3BOJIIET P CCUUT Th KOJMYECTBO P 37IHY-
HBIX sjep B muineHd. OmpeneneHue IUIOTHOCTH M TEPH JI , OOBIYHO HCHOJB3Y-
€MOr0 B BHJIE OXJI XJIEHHBIX III PUKOB, NPEJACT BIseT coOOW HEMpOCTYIO 3 JI 4y,
TpeOyIIyl0 PUMEHEHUsT CIeld JbHOH MeTomuku [47]. [ Jiee, eclu CIIMHOB S
CHCTEM H XOJUTCS B TEPMHUYECKOM (OOJIBIIM HOBCKOM) P BHOBECHH, TO M3BECTHO
COOTHOIIEHHE 3 CEJICHHOCTEH IMoaypoBHEil — BTOpod 11 p MeTp. T KuMm 00p 30M,
IS TIOTHOTO P CYET CIMHOBOW CHUCTEMBI OCT €TCS M3MEPHTh €IMHCTBEHHYIO Be-
JIMYUHY — BEKTOPHYIO MOJISIPU3 LIUI0, KOTOP $ MO3BOJISIET ONPENeSUTh YHCICHHOE
3H YEHHE CIIMHOBOW TeMIlep TYphl U TEH30PHYIO MOJSpU3 Lui0 daep. Mbl p c-
CMOTPHUM SIIp [BYX THIIOB: JAEHTPOHBI B JeiiTepupoB HHOM Oyt Homie [47, 48],
npon Huuose [50] u aap 30T (**N) B mmu unoit mumuenu [30, 33]. B o6oux
M Tepu J X TEH30p IP OUEHT 3JIeKTPHIECKOro Mojsl o0l I eT KCH JIbHOH CHM-
METpHei, YTO B A JIpHEHIINX p cY4eT X OyleT MPEearion I ThCS MO yMOMY HHIO.
I'mpoM rHHTHOE OTHOIIEHHE IEUTPOHOB B 6,5 p 3 MEHbIIE NMPOTOHHOIO, OTJINY -
ercad u ¢popMm SIMP-nuHMM, T K YTO MPU OAWH KOBOM CIUHOBON KOHLIEHTpP LUK
WHTETp JIbH 5 MHTEHCHBHOCTD JICUTPOHHBIX CHIH JIOB OK 3bIB €TCS HPHUMEPHO B
100 p 3 Huxe. Tem He MeHee B IEMTPOHHBIX MHIIEHSX €IE YA eTCS BBITOIHUTD
TE-x nmubposky ¢ M soif norpemHoctsio [30, 49]. C mpyroil cTOpoHBI, BECEM
Tpy/IHbIE MTPOOIEMbl IPUXOMUTCS PEell Th MPU JETEKTUPOB HHUH JI Xe YCUJICHHBIX
B 300 p 3 curH JI0B OT fiep 30T B MMM 4YHOH Mmumenu [33].

B mummensx nHeGombmoro o6beM (10 + 20 cm®) [50] mondpus 1m0 4 CTO
OTIPEAIENSIIOT He M0 MHTErp JIbHOW MHTEHCHUBHOCTH, MeEHee TOYHBIM METOIOM —
mo cumMmerpun popmbel AMP-muaun. DtoT Meron He Tpebyer TE-K muOpoBKH,
HO IPEArnos T eT H JIMYHe BHYTPEHHEro p BHOBECHS B CIIMHOBOW CHCTEME U TOY-
Hoe Bocrpou3sBefeHue Gopmsl TuaMd. H  cumMeTpuio u ¢opMy JTMHUM CHUTH JT
CYLLECTBEHHO BIJIUSIOT KB JPYIOJIbHbIE B3 UMOIEHCTBHS, ITO9TOMY HUX POJb HE0O-
XOIOVMO YYHTHIB Th H PSIy C 3¢€M HOBCKHM B3 MMOICHUCTBHEM.

3.1. [longapu3 nHOHHBIE T P MeTPBI Aaep co cnmuHoM [ = 1. B M rHUTHOM
MoJIe ®HEPrusl K XJIOro W3 IOAYpOBHEH cnmHOBOW cucteMmbl (I = 1), ¢ ydeTom
KB IPYHOJBHOTO B3 UMOJEHCTBHUA, MOXeT OBbITh MpeACT BiIeH B Bume [S1]:

Ep = Eg — Eym + Eym?, (59)
rae m — M T'HUTHOE€ KB HTOBOE€ YMCIIO,
Ey = —2hvg(2cos?0 — 1), Ey = hup, By =2hvg(3cos?d —1).  (60)

3nech vp = ypHp/27 — UEHTp JIBH 51 94 CTOT CIEKTp , Yp — TMPOM THUTHOE
OTHOLIEHHE IEUTPOH , Vg = eq()/(8h), ¢ — KB OPYIOIbHbIA MOMEHT SIp B CM2,
() — 1 BHOE 3H YEHHE CUMMETPHYHOTO TeH30p Qs = 0%¢/0r,0x5 (9 —

MOTEHUH JI BJIEKTPUYECKOTO T0JIsl B KPHUCT JIIe), § — yroja MexXny H Ip BIEeHUEM
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M THHUTHOTO monst Hy u 1 BHOM ochlo TeH30p ()n3. B cucTeme i BHBIX oceit
HEHyJIeBble KOMIIOHEHTBI TEH30D 3 IHCBIB I0TCA B BUIE Q.. = Q, Q.. = Qyy =
= —@/2. B E; BKJIIOYEHBI BCE BKJI [bl B SHEPIHUIO B3 MMOIEHCTBHS, KOTOPHIE HE
3 BUCAT OT CIIHH . B cBOIO ouepenp, MONSIpU3 IUOHHBIE I P METPHI HE 3 BUCIT OT
Eo. B p 3ubix sp x cootHomenue Fs/E; Moxer Mensathes ot 1073 go 1072,
3 ceneHHOCTH ypoBHeil w(m) uMeroT ciaenyrommii i [51]:

le(l) = exp [7(E() — E1 + EQ)/,ICT],

le(—l) = exp [—(E0+E1 —|—E2)/k’T], (61)
Zl’LU(O) = exp [7E()/kT],
rae ' — CIuHOB g TeMuep Typ , Zl — CT THUCTHUYECK 1 CyYMM !

E
Zy = e Bo/kT [1 + 2 B2/KT oy (k—%)] . (62)

C nomomipio yp BHeHHI (60)—(62) momyu etcd cneayon] s ¢GopMya Ul HOIIpU-
3 LMW, YYUTHIB IOLI $ KB JAPYHOJIbHOE B3 MMoneicTeue [51]:

w0 ] |

Pr=i(z,y) = w(l) —w(=1) = Pi()

142+ (2ev — 1)th? (%)
(63)

BB
T YT RT

T = (64)
@opmyn  (63) Mo3BONIET OLEHUTh BIUSIHUE KB JAPYNOJBHOIO B3 UMOJEICTBHUSI H
BEJIMYMHY IOJIIpU3 LMU. BhIp XeHue B KB Ap THHIX CKOOK X B yp BHeHuH (63)
COCT BJISieT HeOOINbINYI0, HO CHMMETPHYHYIO MO 3H Ky HONSpH3 IMU MONpP BKY K
Py (x), xotop s 06braHO Menee ~ 3%. [Ipu HeGOMBUINX KB APYIIOIBHBIX B3 UMO-
JOeUCTBUAX, Korg Ey ~ 0, nomspus 1ys p cCUUTHIB eTcs Mo opmyrie

Pra) = 4th (%)

=2 65
3+th® (%) ©

UYUTOOBI CBA3 Th MOSIPU3 IHIO C T P METPOM, ONPEEIIIIONINAM CIIEKTP JIbHYI0 (hopMy
JIMHUM, BBOIUTCS cummerpus [52]:

(66)
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Hcnonb3yst cootHomenus (61), (62), HeTpynHo Bblp 3uTh R B Buue [S1]:

elz—y(0)) _ 1

R(0) = 1— o (@ty(®)

(67)
®opmyn (67) B T p METPUIECKOM BUJE BBIP X €T 3 BUCUMOCTh CHMMETPUHU OT
CIIMHOBOH Temmnep Typbl. B 4 ctHoM ciyu e Ep = 0, y = 0, oTcion monyd -
eTcst OpMyJT , OOBIYHO KMCIIOJIb3YeM s JUIL P CYET JCHTPOHHOU IOJSIPHU3 LUHU I10
CUMMETPHUH

R?*—1
P=——— —. 68
R+ R+1 (6%)
IIpu nynesoit nonsgpus uuu (I' — 00) CUMMETPHS CTPEMUTCS K Mpenesny
. 1—Ey/FE;
1 = —.
Am RO =0 /B 62)

Orrowenne F;/FEs onpenensiercs mo SIMP-criekTpy. B ciiyd e 1edTpoHOB cuM-
Metpud (69) ¢ Tounocteio 0,6% p BH eOWHUIE U, OY4eBHOHO, Fy = 0 gBmdeTcs
XOpOLIUM TIPUOJIHKEHHEM Ul p cdeT mondpu3 wuu. B ciyu e agep '“N B M-
MH YHOW MHIIEHH 3TO OTHOIIeHWe p BHO 1,46, u mpu p cuere CHMMETPHU He-
00XOIMMO YYUTHIB Th KB JPYNOJbHOE B3 MMojeicTBue. DOpM JIMHUM CIIEKTPOB
N 1 kxe GymeT oMy Thed OT DOPMBI AEHTPOHHBIX crieKTpos [30, 33].

3.2. Metoa p cuer mnoxapu3 nuu AeitpoHoB. Criektp IMP meliTpoHOB co-
CTOWT 13 BYX B3 UMHO [IEPEKPbIB towuxcs muauii J (x;) u J ~ (x;), cooTBEeTCTBY-
omux nepexot M m =41 m=0um =0 < m = —1. Teoperuueck = [53]
U 9KCIEPUMEHT JIbH 1 (popMbl JTUHMN B mpon Hiauone [54] mok 3 Hel H puc. 8.
T X K K UHTEHCUBHOCTb SIMP-11MHMM IPONIOPLMOH JIBH P 3HOCTU 3 CEJIIEHHOCTEH
M THHUTHBIX IOAypoBHeil ¢ Am = +1, TO OTHOIIEHWE UHTEHCHUBHOCTEH Iepexo-
JIOB COBI [ €T C ONpejeleHneM cuMmMmerpud o opmyne (66). Bosee toro, mpu

KCH JIbHOW CHMMETPHH TEOpPHS IPEJICK 3BIB €T 3e€PK JIbHYI0 CUMMETPHIO HOPMH-
POB HHBIX (hopM JuHUM niepexonos J T (x;) u J ™~ (x;) (em. dopmymst (75), (76)),
MO3TOMY OYIEM CUUT Tb, YTO OTHOIIECHHE MILTUTY/

+
R= M , (70)
J (i)
I€ T; — HOMEp K H J1 H JIM3 TOP , OTCUUTBIB €MBI OT LIEHTP JIbHOU (JI pMO-
POBCKOI1) 4 CTOTHI clieKTp . CyMM HHTEHCHBHOCTEH 00OMX IEPEX0/I0B COCT BIIIET
CHEKTp H OJII0J] €MOro CUTH JI

S(wi) = T (@) + T (w2), (71)
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J7(x), oTH. ex.

T
|
s | |
—7
|
1.5 \i\
1+
2 J—
0,57
0 ! I 1
-2 -1 0 1 2
x:2Av/vQ

Puc. 8. Teoperuueck 5 (/) ¥ 3KCEpUMEHT JIbH 4 (2) (opMBI TMHUI NOINIOMIEHHUS M THUT-
HOTO JUIIONBHOTO mepexon J () B mefiTepupoB HHOM IpOI Hiuoie [54]

[0 CHUMMETPUU KOTOPOIO OINpENESSeTCs MOJspUu3 LKs JEUTPOHOB. BBeneM BCIio-
Mor TenbHble cummerpuunyio C(z) u HrucumMerprudyo A(z) dyakuuu [54]:

[S(xi) + S(=zi)], Alw:) = 1[S(ﬂfi) = 5(=mi)]. (72)

C(x;) = 5

|~

Hcnonb3ys cootnomenus (70)—(72), HeTpyaHO BHIp 3uTh (yHKIMH JT depe3
¢yukunn A(z;) u C(x;). Umeem

JH(z;) = R+ 1)A(z;) + (R —1)C(x;)], (73)

R
il

T (1) = ﬁ[(Rf 1)C(:) — (R + 1)A(a:)). (74)
EnuHCTBEeHHON HEM3BECTHOM B 3THX Yp BHEHMSIX gBIseTcs I p MeTp R, 11 onpe-
JIeIeHHs] KOTOPOro He0OXOIMMO TPHBIIEYb JIOTOTHUTENbHYI0 HH(OPM 1IHIO O (PyHK-
maax J*. H npumep, R MOXHO p CCYUT Th TI0 TPEM CEUTOBBIM TOUK M CIIEKTD
[54], oTMedeHHBIM H pHc. 9, 4TOOBI MOMYYUTh H WIydlllee NMPUOIIKEHHE K Teo-
peruueckoii hopme JTHHUM nepexodoB [53]:

B

1—x

Jf(z) = , —2<x <1, (75)
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B
RVI+z’

rie B — HOpPMHpPOBOYH s KOHCT HT , © = (v — vp)/(2vg). PopMm cHekTpa
(76) mOK 3 H TYHKTHPOM H puC.8. B pe3yabT Te HEeCHOXHBIX JIreOp MYECKUX
npeoOp 30B Huil w3 yp BHeHuil (73), (74) momyd ercd monesH o opmyn [54]:

_ S(+1) - 5(0)/v2

S(-1) - 5(0)/v2
DT ¢GopMyNT TMO3BOJIIET P CCUUT Th CHUMMETPHIO JEUTPOHHOTO CHEKTP IO M-
IUTATYI M TpeX CEeIIOBBIX TOUEK, p CITOJIOXEHHEe KOTOPBIX MOK 3 HOH puc.9. II -

Jiee, UCTiomb3ys (68), JIerko oIpenesuTh HONSIPU3 NHUI0, U, H KOHEell, U3 yp BHEHHH
(73), (74) nony4uts popMy JTMHUU K KIOr0 M THUTHOTO AUIOJIBHOTO MEPEXon .

Jr(z) = “l<z<?2, (76)

(77)

S(x), oTH. ex.
S(-1)
2 -
S(+1)

1,5

1+

S(0)

0,5

0 1 | | | | ey

-2 -1 0 1 2
x= ZAV/VQ

Puc. 9. O603H 4yeHHe CEQIOBBIX TOUEK H [EHTPOHHOM CIIEKTpe, KOTOpBIE HCIOIb3yIOTCS
IIpU p cyere Mosspu3 uuu no copmyne (77)

B ompIT X [55, 56] ObUTO BBIIONHEHO Cp BHEHHE MOJSAPU3 IMU, W3MEPEHHOM
MO0 CHMMETPHU W HHTErp JIbHBIM METOHOM. IIpM BBICOKHMX 3H YEHHSX SOEpPHOU
NoJspu3 MU 00 METOA TIOK 3bIB I0T XOPOIIO COBMECTUMBIE 3H deHHs. OmH KO
npyu  GCONIOTHBIX BEJIMYMH X MOJISIpU3 1M MeHee 15-+-20%, K K 1Ip BUIIO, METOJIbI
Il 0T CYIIECTBEHHOE P CXOXJEHHE B OmNpelesieHUH Moysgpu3 Luu. Mbl BepHeMcd
K 3TOi mpobieMe, CBsI3 HHOM C yCT HOBJICHHEM TEIUIOBOTO P BHOBECHS B CITMHO-
BBIX CHCTEM X KB APYIIOJNBHBIX SIEp, W IOMBIT eMcs IITyOXe Hpo H JHM3UPOB Th
MIPUYHUHBI T KOTO P CXOXICHHUS.
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3.3. Honapu3z mua sgep '“N B MMu yHoil Mumenu. B mnpouecce auH -
MUYECKOM MOJSIpU3 UMM NpPOTOHOB B MMHU 4HOH muuienu (NHs) nossipusyrorcs
T KXe u sap 30T . [locnenHue coct BISOT HEOOBLION I p 3UTHBIN (POH K 3¢-
thekTy p ccesHMS U CTHIl H BONOpPOIE, /IS BBIYUT HHS KOTOPOTO HYXHO 3H Tb
nonsapus muio N, Hccnenos Hue Momspyu3 HUM Saep 30T SBISeTcd T KXe I10-
JIE3HOW WIUTIOCTP IHeld K BOMpoCy 00 yCT HOBJICHHU €IWHON CIHHOBOH TeMiie-
P TYpBl B CIIOXHBIX CIIMHOBBIX CHCTEM X, 0€3 P CCMOTpPEHHS! KOTOPOrO TPYHAHO
[P BWIBHO HHTEPIPETUPOB Th COCTOSIHHME CHUHOBOM cuctembl [33]. Tupom r-
HUTHOe OTHOIeHue aep N npumepHo B 2,5 p 3 MeHbIle, YeM y NeiiTPOHOB,
v~ /27 = 307,627 Tw/lc, 1O OTHOLIEHHIO K MPOTOHHOMY COCT BIISIET BCETO
YN /Yp = 0,07224. KoHCT HT KB IPYNOJBHOTO B3 MMOIEHUCTBHS CIIMHOB C IP -
JIMEHTOM 3JIeKTpuYecKoro nond B ¢opmyie (60) usmepsn cb mo crextpy SIMP-
CHrH 1 U cocT Bun 3 -vg = 1,185 10° T'w [33]. K K u B ciyu € HeliTpOHOB,
teopust [53] mpenck 3biB er 1B muk B crektpe SIMP npu 6 = 7/2 B hopmynn x
(60), T K YTO MUKW CUTH JIOB MPUXOIATCI H U CTOTHI

v =vn £ 3vq. (78)

H3mepenus npoponuiuck H 4 crore vy = 6,47 MI'u B nosne 2,1 Tn [33]. Benen-
CTBHE OTPOMHOTO KB JPYIIOJIbHOIO ymupeHus SIMP-nuHum B p 3yMHOM IM I 30HE
p 3Beptku Q-metp 300 xI't H 9 crore 6,47 MIl yn eTcd mepeKkphITh JIMIIb
YETBEPTh JUCT HLUUM MEXIy MUK MU CUTH JIOB, HIO3TOMY IS MOJIy4eHHs 0OOMX
o0l creil crieKTp BOJIM3M M KCHUMYMOB M THUTHOE IOJIEe MPUXOIUIOCH CABHI Th
noytd B 1,5 p 3 . AMIVIMTYIB! yCUJIEHHBIX CUTH JIOB OK 3 JIUCh CTOJIb M JIBIMHU II0
Cp BHEHHMIO C IIyM MH M apeiichoM O 30BOi JIMHHMHM, YTO MPUXOAWIOCH HCIIOIB30-
B Th TEXHUKY H KOIUICHUSI CUTH JIOB. MI3MepeHHble T KM 00p 30M 00JI CTHU CIIeK-
TpOB BOJIM3U NHMKOB, 11 YIOOCTB Cp BHEHHs, COBMELIEHB H oxHOM puc. 10 [57].
[upokwuii «ieic» H CKJIOH X CUTH JIOB CBSI3 H C peichoM ux 6 30BOH JIMHUH.
C uenpio 6ostee TOYHOTO OIPE/eNICHUs] TTOIOKEHUS O 30BOH JIMHUM MPUXOIUIOCH
CKJI JIBIB Th HECKOJIBKO CIIEKTPOB (TI0 ISITh CIIEKTPOB H pHc. 10), 9TOOH 3 TeM OT-
CUMT Tb yCcpeiHEHHy MImuTyny. Ilpu BelcokHX Temmep Typ X cummerpus (69)
crpemurcs K limy_,oo R(6 = 7/2) = 1,46 — npeneny, KOTOPbIid U OMpenesser
OTHOUIEHUE MIUIMTYJ CIEKTP IIpU HYJIEBOW BEKTOPHOM INOJISApU3 LIUU AECUTPO-
HOB. CiieioB TenpHO, popmyn (77), crp BEIMB 51 IIPU M JIOM KB JPYIOJbHOM
P CLICIVICHUH, HE MOXET OBITh B ®TOM CIIy4 € HCIIONb30B H I p CYET IOJs-
pu3 nuu 30T . MHTepecHO OTMETUTB, YTO OTHOLIEHHE MIUIUTYH IUKOB CUTH JIOB
TIONTOKHUTEBHON M OTPHIL TebHOM Mossapu3 wuii 14N cooTBeTCTByeT OTpHIl Telb-
HOMY 3H Ky F2 B copmyne (59). B pe3yasT Te H Iu3 ObUIO YCT HOBJICHO, YTO
COBII JIEHUE MOJISIPU3 UM, P CCUUT HHOU MO cuMMeTpuu (67), ¢ dKCIEepUMEH-
TOM HOCHT JIMIIb K YECTBEHHBIH X p Krep. [IpobmeM cBSI3 H C ycT HOBIEHHEM
P BHOBECHOW TeMIlep Typbhl B CIHMHOBOM cucTeMe. B p ccM TpuB eMoM ciyd e
P CCTOSHME MEXIY CUIH JIbHBIMU IUK MU 614 ~ 0,31y — T KOro xe mnopsik ,
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Puc. 10. O6n cru SIMP-ciektp 4N BGmmsm 0GOMX M KCHMYMOB, TOJyYEHHBIE IyTeM

capur  nonst Ho. Crextpet *N cieB  COOTBETCTBYIOT MONAPM3 MM TpoToHoB —92%,
cp B — mosspus umu +86%

YTO W 3€eM HOBCK S U CTOT sAep, IMO3TOMY Iepep CIIpesiesieHne CIUHOB 110 4 -
CTOTHOMY CIIEKTpPY JOJKHO M3MEHSITh MX 3eeM HOBCKYIO ®HEpruio. B XecTkoil pe-
IIeTKe M3MEHEHUE TOJIHOM HEepPriM CIHMHOB ONpelessaeTcs JIMHHBIMH BpeMeH MU
CIMH-PELIeTOYHOU penl K¢ uuu. Jpyrumu cioB Mu, H Omtox emble SIMP-criekTper
COOTBETCTBYIOT K KOH-TO NMEPEXOJHOH CT UM K YCT HOBJICHHUIO OOJBIIM HOBCKOTO
p crpeneneHus 3 ceneHHocTeid. OTMETHM, YTO pedb HAET O TeMIlep Typ X M Te-
pun =~ 0,2 K B ycnoBusx H K uku nongpus uuu CBY-nonem. bez CBY-nong
HOJISIPU3 LMSl 3 MOP XHUB €TCS U CKOJIbKO-HHOYAb 3 METH $l JIMH MUK B IIOBE-
JICHUH CHIH JIOB OTCYTCTBYyeT. B H pymieHu# GOJIbIIM HOBCKOTO P CIIpEeseHuUs
MOXHO yOemuThcs cieayromuM oop 30M. [Io  GCOMIOTHON BEeJIHMYHHE MOMP BK K
TONIIPU3 1M B KB JP THBIX CKOOK X popmyisl (63) meree +3%, u, ecnu ero mpe-
HeOpeub, cuuT 51 (OPMBI JIMHUK OOOHX TEPEXOH0B 3ePK JIbHO-CHMMETPHYHBIMH,
TO MHTETrp JIbH § MHTEHCUBHOCTb CUTH JI JIETKO OLICHHUB €TCS M0 MIUTUTYA M IH-

KoB [57]:

S— / () + I ()|dv = CLT* (7/2) + T~ (x/2)], (79)

rie C' — KX JMOpPOBOYH S KOHCT HT . JIeB S 4 CTb ®TOTO p BEHCTB IIPEACT BIISIET
co0O0l MHTErp JI O BCEMY CHEKTPY, KOTOPBIA B JI HHOM CJIyd € HEBO3MOXKHO OIpe-
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Puc. 11. Cp BHenne nporonHoii u “*N-nonspus umii, p ccunt HHbIX 10 dopmyre Bpu-
JII03H B IPEAIONIOXKEHNN P BEHCTB CIMHOBBIX TeMIep Typ (KMPH s JuHUA). DKCHepu-
MEHT JIbHBIE TOUKH — CYMMBI MILTUTY] ITMKOB B hopmyie (79)

JETUTh 9KCIIEPUMEHT JIbHO. IIp B 4 4 CTh BBIp X €T 3TOT MHTETP I 4epe3 MILIH-
TYIbI IUKOB, AOMYCK $ 3epK JIPHYI0 CUMMETpPHUIO (hOPMBI JIMHUN OOOUX NEPEXOI0B.
CyMMBI MIUTHTYJ IMKOB crieKTpoB 4N B (79), nomyueHHble OpU P 3IMYHOIL T110-
JIIpU3 LUK MPOTOHOB B MMH Ke, MOK 3 HBl H puc.ll; a1 HHblE H XOO4TCS B
XOpOIIEM COINI CHH C XOIOM IOJIIpU3 LUK, P CCYUT HHOM 1o ¢opmyne bpuro-
3H (101) mpu p BeHCTBE CIMHOBBIX TEMIIEp Typ MPOTOHOB W sijep 30T [33,
57]. EAMHCTBEHHBIM IMOATOHOYHBIM I P METpOM ciIyXuin KoHcT HT C' B ¢op-
myine (79). Xopoiiiee COBII JieHHE C DKCIIEPUMEHTOM IMOATBEPXKI €T LIEHTP JIbHYIO
KoHuenuuio 1O o p BEeHCTBE HEKOTOPOH YCPEOHEHHOW CIMHOBON TeMIep Typhl
qaaep 30T M TeMIep Typbl MPOTOHOB. IIpoBefeHHBI H JM3 H DISIHO MOK 3bI-
B €T, 4TO IpH p OOTE C MUIIEHIMH CIOXHBIX siep HEOOXOANMO KOHTPOIHUPOB Th
IpOLECC YCT HOBJICHHS P BHOBECUS B CIIMHOBOI CUCTEME, H MpPHUMED, ITyTEM CP B-
HEHUS MONApU3 LIMU, U3MEPEHHOH MHTETrp JIbHBIM METOIOM U [0 CHUMMETPHH.

4. MOIYJIAITUOHHOE YCWIEHUE SJIEPHOI MOJIAPA3AIIANA

4.1.49 crotH 1 (BpemeHH #) aucnepcusa npu UYM. BenmuuuH mnongpus mun
SIBJISIETCSl IVT BHBIM I1 P METPOM, OOecreuuB omuM 3eKTHBHOCTh NPUMEHEHHS
MHIIIEHH, TI03TOMY OOH pyxXeHHoe B [58, 59] 3H uuTenbHOe MOIY/ISILMOHHOE YCH-
JIeHUe NeUTPOHHOH MoJsapu3 1M B 1,7 p 3 , COMPOBOXI eMoe K TOMY Xe IpH-
MEPHO IBYKpP THBIM YMEHBIIEHUEM BPEMEHU H K YKH NOJIIPU3 LIUU, UIMEET B XXKHOE
3H 4YeHHe Ul TEXHUKU IOJIIPU30B HHBIX MuUIleHel. [Ipenpinymue vccienos HUs
T KXe NoK 3bIB i ycwienue AI1S npu u crorHoit Mopynsiimu (UM). H ubons-
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mee ycunenue oT 10 1o 20% p Hee ObUTO MoOMy4eHO BO ¢ropupoB HHbIX (fluori-
nated) ciiupTt X 1 npuseno K nosspusz uuu 80% [60]. Cuut j0Ch, YTO MOSIBIEHUE
T KuX 3((eKTOB HE BBIXOMUT 3 P MKH HPOCTEHINNX HPEINOI0XEHHH, 1 OHU He
HCCIIE/IOB JTUCH.
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Puc. 12. 3 BucuMOCTh MoONMOXHUTENbHOU (/, 3) U OTpHLl TenbHOU (2, 4) NEUTPOHHOM MOS-
pu3 nuu B OyT HOJIE OT BPEMEHHM IpU H K YKe C BBIKJIIOUeHHOH (/, 2) ¥ BKIIIoUeHHOU (3, 4)
4 ctoTHOH Monmynsinueii CBY-renep Top

B SMC-mumienu [61], H3rOTOBJICHHOW W3 JEHTEPUPOB HHOrO OYT HOJ
(C4DyOD) ¢ 5% nob BKOW TSIXKETOH BOABI M I P M THHTHBIM KOMIUIEKCOM
EDBA-CrtV ¢ xonuentp mmeii 7 - 1019 cm~3, ycunenue scppextusnoctu IS
JOCTUT Jioch 4 cToTHOU Monynauueid CBY-renep top H K uku (70 I'Tw) ¢ nesu-

nueit 30 Ml U MOAYISIMMOHHBIM TepuoaoM ~ 2 — 5 Mmc [62, 63]. H puc.12
MpUBEEH 3 BUCUMOCTD IOJISIPU3 LM OT BPEeMEHM MPH H K YKe C BKJIIOYEHHOH U
BeiiTioueHHO UM. [lpm BeikmodeHHON UM monspu3 mus ObICTPO CHUX J1 Chb K
3H 4YeHHI0, nomydeHHoMy 6e3 UYM. M KcuM JIbH 5 MONSpH3 LHs AOCTHT JI Chb IIPH
6onee HuzkoM yposae CBU-momHoctu 0, 05+ 0,2 MBT/r Mo cp BHeHMIO C H K -
Kol 6e3 UM, mpu 3TOM ONTHUM JIbHBIC Y CTOTBI H K YKU CABUI FOTCI OT IIEHTP
OI1P-nunun. Beuto ycr HoBrneHo, uto CBY-none B pe3oH Tope, MOoy4eHHOe MpU
MeUIEHHOM NpoxoxieHun DIIP-muHuu, copepXuT 60KOBbIE pe30H HCbI, KOTOPHIE
ucue3 T npu BkiawodeHHOM UM. H puc.13 1ok 3 H MHTEHCHUBHOCTb IOJISI B
PE30H TOpe, MOJMy4YeHH 51 OOIOMETPUYECKUM AETEKTOpoM. B K decTBe eTekTop

UCIIOJIb30B JICSl YTOJIbHBIN KOMIIO3ULIMOHHBINA pe3uctop «Speer-220». TexHuk 6o-
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Puc. 13. Bonomerpuueckue BIIP-cniektpsl B pe3oH Tope SMC-mullleHH C BKJIIOUEHHON
Q = 30 MI'u (/) u Beikimouennoir 2 = 0,1 MI'm (2) UM. Huxuuit cnekrp (3) mo-
K 3BIB €T AOINOJHUTENIHOE IOITIOIIEHNE, BBI3BIB IOINEE yCHICHHE SAepHOIl MOJISpU3 LHH.
CBY-mornocts 0,1 MB1/r, T, = 1 Mc, fo = 69,540 I'Tig

JIOMETPUUYECKUX M3MepeHuil onuc H B npuwioxenuud 2 [63]. Ilpu nomyyeHuu
CHEeKTpPOB LEHTp JbH 1 4 croT CBY-reHep Top MNOAAEPXUB J Cb HEU3MEHHON,

TOK M THUT U3MEHSICH MEJIKUMHM LI T MU, JOXHI 4Ch K XJBI p 3 p BHOBEC-
HBIX TOK 3 HUIl TepMOMETp , T K YTO H TOIy4eHHEe K KIOro CHEeKTp 3 TP 4U-
B JIOCh IO HECKOJIbKY U cOB. CriekTpbl 2 1 [ H puc. 13 CHATHI IpU €CTECTBEHHON
mmprHe crektp TeHep Top 0,1 MIp (6e3 mMomynmsmwm) W IpU AEBH LUK 9 -
crotel 30 MI'u (¢ Monynauuen) cooTBETCTBEHHO. X p 3HOCTB, IOK 3 HH 1 BHU3Y
H puc. 13, yK 3bIB €T H CYIIECTBEHHbI POCT I P M THUTHBIX MOTEPh H KpBI-
apsax nuHuM. H  puc. 14 mok 3 H 3 BHCHMOCTD JIOTIOJHUTENBHOIO MOINIOIEHHS
OT 4 CTOTBHI MOIY/IALMU TIPU YETHIPEX YPOBHSAX MHKPOBOJIHOBOW MomHocTd [30,
65]. BugHo, 9TO MpHU AOCT TOYHO JUTMHHBIX mepuon X Momyisamuu (1,) JomoTHH-
TEeJIbHOE IMONIOLIEHHE POl J €T, HO BMECTE C HUM HCY€3 €T U MOAYIISLUOHHOE
ycuienue nossapus uuu. T Kum oOp 30M, JOMOIHHUTETBHOE MOINIOMEHUE 3 BUCUT
OT CKOPOCTH M3MEHEHHUS 4 CTOTBl. DT CKOpOCTh MOSBISETCS B KB AP TUYHOM
[0 7 YieHe B P 3MOXEHHH B psg ¢ 30Boro caur ¢(t — 7) — ¢(t) mpu ompe-
JEJIEHUN 9HEPreTHYECKUX I P METPOB MHUKPOBOJIHOBOro mnojid. OTcion  criemyer,
YTO JOIMOJHUTEIBHOE MOTIOLIEHUE NP BKJIIIOYEHUH MOAYIIALUU CBA3 HO C IIpOLEC-
COM, KOTOPbIii UMEeT X P KTepHOe BpeMsl Koppessiun (7) MopaaK w72 ~ 27, Tje
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Puc. 14. 3 BHCHMOCTH JOTOTHUTEIBHOTO MOIIOMIEHHUS OT 4 CTOTHI Moxyssimu. Ludper H
rp UK X MOK 3bIB 10T OTHOCHTENbHYIO BenunHy nogsoguMoir CBY-mommaoct [65]

@ = dw/dt. JIns OUEHKN MOXHO NONOXHUTb & ~ /Ty, tie  ~ 27-4-10° Ty —
JeBU 1M 9 cTOTHl (cM. puc. 15). IIpu4nHON JOMONHUTENBHOTO HMOIVIOMIEHUS MO-
KeT OBITh MHUKPOCKONHYECK S HEOMHOPOMHOCTH JIOK JIBHBIX ITOJICH BIIEKTPOHHBIX
CIIHOB, BCJIEACTBHE Yero 6e3 4 cToTHoi Monymaiun CBY-mone B3 uMoneicTsyer
JIMIIb C HE3H YHUTEIbHOM TPYIION 3JIEKTPOHHBIX CITMHOB, H 3bIB €MbIX CIIHHOBBIMU
n ket Mu [24, 64]. Ecnu B K 4ecTBe 7 BBIOp Th mostydeHHoe [Toptrcom [64] X -
P KTepHOe BpeMs H CHIEHHs T ~ (T1745) /2, te 71 ~ 0,1 c u 74 ~ 107° ¢ —
TUNIMYHBIE BPEMEH CIUH-PEIIETOYHON W CIIMH-CIIMHOBOM pel KC IIMH CIIHOBBIX
I KETOB B M TepHu J X muweHd npu 7' < 0,5 K cooTBeTCTBEHHO, TO NEPUOL
MOMYJIALNHN, IPA KOTOPOM JIOJIKXHO H ONION ThCd CHIbHOE BiaMsgHue UM, momkeH
OBITH MEHEE

Q)
Thm < —Ti7ss =4 c, (80)
2T

YTO [0 HOPSAKY BENHMYHH COBI I T ¢ J HHbiMH H puc. 14 (1/T,, = 0,25).
T xum 06p 30M, JONOJIHHUTEBHOE IOIVIOIEHNe MOXET OBITh CBA3 HO C IIpoLec-
COM BOCCT HOBJIEHMS (H CBIIIEHMS) CIMHOBBIX II KETOB U, CJIEJOB TEJIBHO, MOXET
3 BHCETh OT 4 CTOTHOM (BpPEMEHHOH) IUCTIEPCUU BJIEKTPOHHON BOCIIPUUMYHBOCTH.

T Koii BbIBOJ, TEM He MeHee, He sABIieTcsa Oe3ylnpedHbM. [JedcTBUTENIbHO, X -
P KTEpHBIE BpEMEH H K YKH SJEPHOU IOJPU3 LUHM COCT BIIOT JECATKH MHHYT
U 3H YUTEJIbHO IPEBOCXOMIAT BPEMEH KpOocC-pell KC LM 3JIEKTPOHHBIX CIUHOB. B
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T KoM ciayd e DIIP-11HuS MOXeT p CCM TPHUB ThCd K K OJHOPOAHO YLIHPEHH 4,
YTO MOATBEPXKI €TCS H TP KTHKE CIIP BEAIMBOCTHIO LEHTP JIbHOW KOHLCTILUH JIU-
H MHYECKOI0 OXJI XIEHHS O p BEHCTBE CIIMHOBBIX TEMIIEP TYp P 3/IMYHBIX sifiep B
mumeHd. C 3Toil TOUKH 3peHus pojib CITMHOBBIX 1T KETOB HE SIBJIIETCS CYILECTBEH-
HOW JUT OOBSCHEHUS! MOIY/IALIMOHHOTO 3(PPeKT .

4.2. IIpocrp HerBeHH A aucnepeus UYM. C gpyroit croponsl, mmuH SMC-
mumiend (d = 600 mm) 6osee yem B 100 p 3 mpessin et juinHy BostHB CBY-m1oms
A~ 4 mm [61]. OneHKH MoK 3bIB IOT, YTO B 3TOM ciiyd ¢ UM MOXeT BIHATh
U H CTPYKTYpy MUKPOBOJIHOBOTO IOJISl B M TEpH Jie MHUIIECHH, KOTOpP 5 B 00ILEeM
CIIyd € 3 BHUCHT OT IPOCTP HCTBEHHO-BPEMEHHbIX NepeMeHHbIX (kr £+ wt). T xum
0o0p 30M, MOMHMO BPEMEHHO, MOXET BO3HHMK Th U d((EeKT HPOCTP HCTBEHHOM
IWCTIEPCUH, OTP X fouwid [66] «...3 BUCHMOCTh M KPOCKOIMHYECKHX CBOWCTB Be-
IIECTB OT MPOCTP HCTBEHHOW HEOTHOPOTHOCTH BJIEKTPOM THHUTHOTO ITOJIS».

ITosile B pe3oH TOpe MMIUEHU SBIIMETCA CYNEPIO3ULMEN I [ IOLEd U OTp -
KEHHOI OT CTEHOK pe30H TOp BOJH. B pe3ynabT Te 0Op 3ylOTCS CTOSYHME BOJIHBI
C IPOCTP HCTBEHHO HEOJHOPOAHBIM P CHpelesieHueM MHTEHCUBHOCTU moisd. Ilpu
MPOCTEHIIEM P CCMOTPEHHH OCHOBHOE IOIVIOIIEHHE CIIENYEeT OXHA Th B HEKOTO-
poit 061 cti £y < A\/4 BONMM3M M KCUMYMOB HMHTEHCHBHOCTeH Z; — /2 < z <
< z;+4o/2, tne i — HOMEp MyYHOCTEH M THUTHOM KOMITOHEHTHI [OJISI BIOJIb OCH
Z PE30H TOp , 3 9THMH IIpejies] MU IOIVIOIIEHHEM MOXHO MpeHeOpeub. M Te-
pu JibHOE yp BHeHMe Ui IU10cKoii TEM-BOsHBI, p CIIPOCTP HAIOLLENCH BIOJb OCU
Z, MOXHO TIpeICT BUThH B Buzie [63]:

B(2) = po |1+ x(w, H2) | H(z, 1), (81)

rme H u B — xowmmnekcHsle, 3 BUCSIINE OT BPEMEHHM BEKTOPHI H MPSIKEHHOCTH
1oJjis U M THATHOM MHOyKuuu. H ceiiienne B (81) y4MTBIB €TCS 3 BUCUMOCTBIO
BOCHPHUMMYHMBOCTH OT MHTEHCHUBHOCTH TOJI. B 3TOH Mojenu mpocTp HCTBEHHOE
p clpeneseHne MHTEHCUBHOCTH OIS BAOJb OCH 2 MOXHO 3 I Th (hopMyinoit [63]:

1
hih} = ihfe*Qd"@(“’)(l + cos [2(apz — ad)]), (82)

rie h; v h, — IWIOTHOCTH MIUTAUTY/ I JI IOLIEH U OTP XEHHOM BOJHBI, (vg U (@ —
MOCTOSIHH § P CIIPOCTP HEHMs H HeCylled wy U U4 CTOTe w COOTBETCTBEHHO, (§ —
IMOCTOSIHH 4 3 TYX HHA (3ZleCI) 0603H YEHUd o« U ﬁ OTJIMY I0TCA OT IPUHATBIX B
p 31.2):

2 ! ;
w Vew i
a—if= T pe= Yl XL (83)
c c 2 2
e ¢ = (egjto) "' — CKOPOCTb CBET B B KyyMe€ U €, — OTHOCHTEJIbH I IIH-

DIEKTPUYECK § MPOHUIL eMOCTb. [Ipu M3MEHEHUH 4 CTOThI MOJYJISILIUU IPOCTP H-
ctBeHH i cTpykTyp CBY-m0nis B MUIIIEHU MOXET U3MEHSTHCS K K M3-3 PE30H HC-
HOU 3 BHCUMOCTU IUCHEPCUHU, T K U TMOIVIOUIEHHS OT 4 CTOThI B copmyse (83).
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DT0 MOXET NPHUBECTH K 6osiee p BHOMEPHOMY H CHIIICHUIO M Tepd J1 MHILIEHU U
BBI3B Th POCT CPEIHEH MOJSIPH3 UK. 31EeCh MBI OTP HUYUMCS P CCMOTPEHHEM BIIH-
SIHUS JAUCHEPCHU H JONOJHUTEIbHOE moroweHue. B npunuune, dopmyny (82)
MOXKHO TIPHHSTH 3 HMCXOIHBIA MOCTYI T VISl CP BHEHHUS C ®KCIIEPUMEHT JIbHBIMH
I HHBIMHM, T K K K B CIIOXXHOM MHOTOMOJOBOM PE€30H TOpEe MHIIEHH HE BUJIHO
JpYyroro MmyTH Ul p 3yMHOTO p CYeT p clpeeieHus mois. B mpenmonoxeHnu
OBICTPON MOIYIISAILUM Y CTOTHI, TO ecTh 1;, << 1 ¢ B ¢opmysne (80), IIOTHOCTH
TMOIIIONI MO MOIIHOCTH Terepb OyIeT 3 BHCETb OT M3MEHEHHMS TIOCTOSHHOM P C-
npoctp Henus (Acq) mpu IeBU LUK 4 CTOTHI [63, 67]:

Q/2

1 —2d-B(w—w
Pon(off) = 5 ,LL()Wthn(off) cos? (dAaon(oﬁ)) / dw - e~ 24 A 0), (84)
—Q/2

rjle PryMEHT KOCHHYC OIpelessieTcs p CCTPOHKOW Y CTOTHI OTHOCHUTENIBHO LIeH-
Tp ODIIP-muaun. UHDekcs «on», «off» 0003H U 10T BKITIOUEHHYIO W BBIKITIOUCH-
Hylo UM cootercTBeHHO. MIHTErpMpoB HHE BBINOIHSAETCS MO BCEW IMOJOce Y -
CTOTHOTO CIeKTp TeHep Top . B mpenene d — O u h*Q — I Bolp xenue (84)
MePEXOAUT B OOBIYHOE Yp BHEHUE JUIsl INIOTHOCTHU TOIIIOL] €MOi MOIIHOCTH, CIIp -
BeUTUBOE MpH d << A:

Poniott) = i 5w, (85)

rie | — WHTEHCHBHOCTH OIS B Pe30H Tope. HeTpynHO BHmeTh, YTO I p M THHUT-
HOE ITOIVIOIIEHNE B ITTMHHON MUIIEHH UMEET JOIOJIHUTETbHBIN 9KCITOHEHIH JIbHBINA
4iIeH B MOIVIOMICHUH, 003 HHBI MEepeMelleHHI0 M KCUMyMOB WHTEHCHBHOCTEH
noind. T x x XK momomenue B (84) 3 BUCHUT OT AMCHEPCHM, TO P CCM TPHUB e-
M 51 MOJEJb MO3BOJISIET HE TOJIBKO OOBSICHUTH MOSIBJICHHUE OOKOBBIX C TEJUIUTOB B
CIEKTpe TIOINIOIIeHNs H pHc. 13, HO U mpenck 3 Tb ux yucio (n) [63]:

d-a(Hy) —d- a(Hyes) = verwolxX (w) — X' (wo)] d/(2¢) = nmw.  (86)

Hpunum 51 €, = 2, wo = 27 - 1019 T, d = 50 oM, A’ < [X/|max/2 = 4+ 1072,
noiayd eM n = 6; I HHble H pHc.13 NOK 3bIB 10T 4 WM 5 B3 UMHO Iiepe-
KpbIB Iomuxcd NukoB. H puc. 15 mok 3 HBI JONONHUTEIbHBIE NIOTEPU (pe JIBH 4
4y cTh yp BHeHud (84)) x kK ¢pynkumsa {2 npu T, = 2 Mc. ] HHbIE TOIYYCHBI
H 4 CTOTe, 00ecreuuB omeil M KCUMYM OTpPUIL TEJIbHOU SICPHOM IMOJISIPU3 LIUH.
CBOGOMHBIME I P METp MM IPH (PUTHPOB HUK OBUIA NMPOM3BOIH i 3 = 08/ 0w,
0003H Y 101l $ M3MEHEHHE TOINIOLIEHUS MEXIy M KCUMYMOM U MUHMMYMOM WH-
TEHCHUBHOCTH TIOJNS BJIOJb OCH 2z Pe30H Top , ()9 — HE3H YHMTEJbHBIH IOAro-
HOYHBIM 1T p METp, KOTOPBIA YIydll eT (PUTHPOB HHE NPH HEOOIBIION BEINYNHE
CBUY-mommoctu u Y”’h? — 11 p Merp, HopMupyiommii BxoaHyo CBU-MOIHOCT.
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Xopoliee COBI JIeHHE C DKCIIEPUMEHTOM IIPHU CAET HHBIX MPEIIONIOXEHUIX MOA-
TBEpXKI €T BO3MOXHOCTh 00H pyxeHus SMC-komn 6op mueir B CERN adekr
IPOCTP HCTBEHHOH NUCIEPCUU B M THUTHOM pe30H Hce. TeM He MeHee p cCcMo-
TPEHHBIE 3/1eCh MOIEIH MOMAYISIMOHHOTO 3(pheKT He HCUYEpIbIB 0T MCTHHHOM
npuponsl 00H pyxXeHHoro siBiaeHud. T K, I HHble, IPUBEICHHBIE B OTOM D 3JIeIe,
¢hopM JIBHO MOXHO P CCM TPUB Th K K YBEIMYECHHE SAEPHOI MONApU3 LUHU (T.€.
noBbitieHne crerieHd CBY-H chillleHUs M Tepu J1 ), HO TMPU MEHbIIeH MOJBOAU-
Moil CBY-MOLIHOCTU C BKJIIOYEHHOH Mopy/suueil 4 croTbl. HHTepecHO oTMe-
TUTh, YTO U T KO OOBSICHEHHE OK 3bIB €TCS BIIOJHE JOMYCTHUMBIM, €CIIH y4ecTb,
yro DIIP-nmuHMg (cM. puc. 3) UMeeT HHBEPTUPOB HHBINA Y4 CTOK MHIYLIMPOB HHOTO
YCUJIEHHS MPUIOXKEHHOIO IMOJIs.

B rexHuyeckom m1 He Gosomerpuydeckoe aeTekTupoB Hue CBY-moruHocTH B
PE30H TOpe, HCIIOIb3yeMOe B 3TOM 3KcrepuMeHTe [63], BrepBble MO3BOIIIIO U3Me-
PUTH KPUBYIO M THUTHOIO H CBHIIIEHHUS M TEPU JI MHILIEHH, KOTOP 4, I10 CyLIECTBY,
u ompezendeTr a¢peKTUBHOCTh HCIoab30B HUA CBY-MomHoCTH.

10

0 10 20 30
AMILTUTYA 4aCTOTHOHM Momymsiiuu, Mt

)IOHOJ'[HI/ITCJ'IBHOC TIIOTJIOIICHHUE, OTH. €.

Puc. 15. 3 BUCHMOCTh JONOJHUTETHHOTO MOTTOLICHUS MO ¢opmyne (84) OT MIUTHTYIBI
MOJIYSALUH 9 CTOTHL. DKCIEPHMEHT JIbHble TOYKM MOIy4eHbI NpH (PHKCHPOB HHOH I
K k10i kpuBoil CBY-MoILIHOCTH, KOTOP § U OINpeAeNseT TeMIep Typy M TepH J1 , IIpUBe-
JEHHYI0 Y KPUBBIX

JpyruM Mone3HbIM Ui NP KTUKU CIEACTBUEM CJeNT HHBIX 3KCIIEPUMEHTOB
SBJISIETCS BBIBOJ O TOM, YTO NPH MPOEKTUPOB HUM PE30H TOP MHUIIEHH CIeyeT
BCEMEPHO U30er Th WCIOJIb30B HUSI KOHCTPYKTHUBHBIX 3JIEMEHTOB, KOTOPhIE BHOCST
3 METHBIE AUBIIEKTPUIECKIE IIOTepH: M CCHUBHBIC I CTUKOBBIC KOHTEHHEPHI, K p-
K CBI K TYIIEK U TOMY IOOOOHBIE M TEepH JIbI, H TPyX IOIIHe K MEpy p CTBOPCHHS
IuaeKkTpuyeckumu nnorepsimu CBY-momHocTH.
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5. MATHUTHOE CBEPXU3JIYYEHUE

I'enep 1ms p OMOBOJH, CTUMYIHPOB HH s ¢J1 60 KTHBHOH Cpefoil ¢ OTpH-
Il TEJIbHO TOJIIPU30B HHBIMH SIEPHBIMU CITHH MU, U3Yy4 JI Cb IPH HCCIECAOB HUU
p OOTHI SIIEPHBIX CIIMHOBBIX TeHep TOpoB [53]; ee 0OBIYHO H 3bIB IOT TeHEp LMei
«M 3EpHOTrO» THIl . B M 3epHOM reHep Tope CIHHBI KOMIIEHCHPYIOT IIOTEPH B pe-
30H TOpE, HO €ro CBS3b CO CHMHOBOW CHCTEMOM CIIMIIKOM ci1 6 , 4ToOBI 06p 30-
B Th CAMHYIO CBI3 HHYIO KOlleO TenpHyI0 cucteMy. B p 6ot x [7, 68-70] Opu10
IOK 3 HO, YTO BBIIIE HEKOTOPOIO MOPOT IEpHON MOJIIpU3 LMK BO3HHK €T JIpy-
roif ceepxusnyd TenabHelid (CH) Tum reHep LU, MHTEHCUBHOCTb KOTOPOTO IIPO-
[IOPLIUOH JIbH KB JAp Ty SJE€pHO nossdpu3 nuu. T KO reHep TOp, B HEKOTOPOM
CMBICTIE, ABNIAeTcd H JjoroM ontudeckomy CH-n 3epy, XOTd U OTIIMY €TCS OT HEro
CrocoboM co3] HHUS MHBEPCHOW 3 CEIEHHOCTH M H JIMYHMEM PE30H TOp , KOTOPBIH
OCYLIECTBIISIET KOPPEJSALMIO U3Ty4eHUs! IPOCTP HCTBEHHO P 3JIEJNIEHHBIX SIE€PHBIX
M THUTHBIX MOMEHTOB. DHepretuueckyi Bo3MoxHocTh CH-reHep num 0OGOCHO-
B 11 BriomGepren u I1 yua [71]. @ iiH [72] npeayioXui H 3B Th HOBBIH HCTOYHHUK
KOT€PEHTHBIX P IHOBOJIH KOT€TPOHOM.

5.1. HccnenoB Hue p AHOY CTOTHOTO CBepxm3jaydeHHsA. B K uecTBe KTuB-
HOTO BeIecTB Mcnonb30B Jjicd npon Hauon (CsHgO2) — nueiekTpuk ¢ BBICOKOH
KOHLIEHTp el IPOTOHHBIX CIIMHOB U I p M THUTHOH npumechio CrtY', Heo6xo-
nrmvoit md nomyaenus AT15 [68]. B CERN [33] cupabie achdextst CU H Omion -
JIUCh B 001yueHHOM MMHU Ke ¢ F-nieHTp Mu. C 1enbio 60jiee MOJTHOrO OCBEIIECHHS
31ech coOp HbI [ HHbIe 0OOMX BO MHOTOM H JIOTHYHBIX ®KCIIEpUMEHTOB. M Te-
pU 1 MHIIEHU IMPHUIOTOBISETCA B BUIE 3 MOPOXEHHBIX LI PUKOB WIM TP HYI C
koa(dunuentom 3 nomHenus okosno 0,6. Ilpu Ty = 0,3 K B mone ~ 2,5 Tn
B mumeHn merogoM NI momya i cb (—70 + —90)% momsipus uus MpOTOHOB.
3 tem CBY-none BBIKIIIOY JIOCh, BCIEACTBHE YEro TEMIEp Typ K Mephl p CTBO-
peHud NoHUXK J1 Cb 10 ~ 50 MK, BpeMms AepHOl CIIMH-PELIETOYHOM pesl KC LUK
npesbiil 10 500 4 coB (cM. puc. 1). T KOB CT pTOB § CUTY LM U1 BCEX HUXeE
ONMC HHBIX 3KcnepuMeHToB o CH.

Bruto 06H pyxeno [68-70], 4To eciu, U3MEHSS IOJie M THHT , COBMECTUTD
J PMOPOBCKYIO Y CTOTY SIIEPHBIX CIIMHOB C PE30H HCHOW 4 CTOTOW I CCHBHOIO
K0J1e0 TENbHOTO KOHTYp , TO IIEPBOH Y JIbH s moysipu3 mus —85% ¢ Mompowus-
BOJIbHO PEBEPCHPYETCS U CT HOBUTCS MOJIOXUTENbHOM, poctur s 12 + 50%. B
3 BUCHUMOCTH OT BEJIMYUHBI H 4 JIBHOM MOJAPU3 MU U I P METPOB PE30H TOP
TeHep LU NMPOMCXOOUT JIMOO C pPeBepcoM, JIMOO COMPOBOXI €TCS 3H YHMTEIIbHBIM
MOHIKEHUEeM  OCOJIIOTHO# BeluuuHbl nossipu3 uuu. Ha puc. 16 wutoctpupyrores
o0 cIleH pus H NpUMepe NMPOTOHOB B MMM YHOW MHILIEHHU [57].

O1eHKY BO3MOXHOCTH BO3HMKHOBEHMS T'€HEp LIUM MOXHO BBINOJHHUTH, CP B-
HUB f NOTEPU B KOHTYPE C OTPHIL[ TEIBbHBIM COIPOTUBIEHHEM, KOTOPOE CIIUHOB £
cucteM BHOCHUT B KOHTyp nipu CH. [Ime MMH 4YHOI MUIIIEHH IPOTOHH S BOCIIPH-
UMYHUBOCTb P BH
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Puc. 16. B pesyasr Te CH cT pTOB s OTPHUL TENbH s MOMAPU3 LM (CreKTphl /, 2) mu6o

3H YHUTENIbHO YMeHbII eTcs (3), miubo HHBepTUpYeT 3H K (4). Pe3ynbT T 3 BHCHUT OT 1OOpOT-
HOCTH KOHTYp

X// ~

b0l 3

L(, )fff NHOEN _
Av Xo) = 2 Av By

7106106 Ty 5,4 - 1028 - 47 - 1077+ 5,05 - 10727

__Z = —0,47 87

2 4,7-104 I'y 2,6 T (87
e po = 4w - 10~7 — M IHHTH 51 TIOCTOSIHH I, N — SIEpHBIA M THETOH,
N — CIMHOB i KOHLEHTp 1us, p BH o 3,8 - 10%® cnun/mM® B npon nuuone u

5,4 -10% cnun/mM® B MMu ke u By — unaykuus M raut B T, Tlpumem peso-
H HCHylo 4 ctoTy 100 MI'u, unnyktusHocts L = 1077 I'n 1 ¢ KTOp 3 MONHeHus
1= 0,5, TOrN M THUTHBIE MOMEHTHI SIep BHOCIT B KOHTYP OTPHL TEIbHOE 9KBH-
B JIEHTHOE COIPOTHUBJICHUE

F=nx" -wL=-0,5-0,47-27-100-10°- 107" = —16 Om.  (88)

BenmuuuH ®TOro CONMpOTHBIIEHHS MO MOAYIIO H MHOTO IPEBBII €T COOCTBEHHbIE
MOTEpH B KOHTYpE, COCT Bisiionre oOobprdHo MeHee 1 Om. CremoB TenpHO, KTHB-
HOE BELECTBO MMIUEHU MOXET BbI3B Th P JUOY CTOTHYI IEHEp LUI0; HUXE Mbl
[IPOCJIENUM 3 €€ P 3BUTHEM.

It v GiofieHus TeHep LUU B IPOCTOi K0Jie® TelbHbI KOHTYD, UHIYKTHBHO
CBSI3 HHBII C MUILIEHBIO, BKJIIOY JIC PE3UCTOP C HOMUH JioM MeHbie 1 Om. Cur-
H JI C 9TOr0 PE3UCTOp , NPOIOPLUOH JIbHBIM TOKY (IOMI0 B K TYyHIKE), IETEKTH-
POB JICd M 3 MUCHIB JICS LU(POBBIM OCLIIJUIOrP (OM, KOTOPBIH 3 MyCK Jicd HpU
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Puc. 17. Tlpu BbICOKOW H 4 JIBHOM MOJSIpU3 LUMU CH 4 1 Bo3HUK eT CH (I), 3 Tem MI-
umnynec (2). Ilpu HM3KOM MONMSAPU3 MU — TONBKO Tp BbIA uMmmynsc MI. Ilone Ho B
MPOLECCE OMBIT IUT BHO U3MEHSETCA

BO3HUKHOBEHUU I'€HEp LMK B KOHTYpe. Pe30H HCH 1 4 CTOT KOHTYp COCT B
21,5 MI'i, oH COOTBETCTBOB J1 MPOTOHHOMY pe3oH Hcy mpu Hy ~ 0,5 Tn,
JNOOPOTHOCTh B OXJI XJIEHHOM COCTOSHUH — OK0j10 500. DKCIepUMEHT BBIIOJ-
Hsica caexyoumMm obp 3oMm [68]. Tlome Hy au 6 THYECKH YMEHBII JIOCH OT
2,5 T, B KOTOPOM OCYLLECTBIIA Cb MOJAPU3 LM S1ep, 10 MOMEHT IIepecedeHns
JI PMOPOBCKOM 4 CTOTHI CIMHOB C P€30H HCHOM 4 cToToi KoHTyp (=~ 0,5 Tn).
B Xome ®»KcmepuMeEHTOB ObLIO YCT HOBJIEHO, YTO NPHU H 4 JIBHOW IOJSPH3 LHH
(=39 + —45) < P < —9% cucreM peTEKTHPYET OMMH MMIIYJIbC M 3€pHOIl re-
Hep i (MI) ¢ X p KTepHOi, IIHPOKOH MO Cp BHEHUIO C 15 IUTUTEIBHOCTHIO,
poctur tomei 0,3 ¢ (np Beid umnyiasc H puc. 17). Ilo mMepe poct Monynas H -
Y JIBHOH MOJApU3 LMK X P KTep u3iaydeHHs MeHdercd. CH 4 1 BO3HUK €T KO-
porkuii CU-umnysnbsc (JieBblid UMIIYJAbC H puc. 17), Bclien 3 KOTOPBIM C 3 JAEpPXK-
Kol uger MI. T xum oOp 30M, NpH BBICOKOM H 4 JIbHOW MOJISIPU3 IIMU 3 OIHH
LUK CHHKeHus: H(y MOXHO H Oyof Th IB p 3HBIX mpouecc — CH- u MI-
UMIYJBCHI, K K ®TO B IIEJIOM MOK 3 HO H puc. 17. Monynauus nong Hy monem
3BYKOBOW 4 CTOTBI BBI3BIB €T MIUIUTYIHYI0 MOOynauuo MI-uMmynec ¢ 4 cToTOi
Mopynupyouero nous. Ilpy yBenuyeHnd MIUIATYbI MOAYIHPYIOLIETO IOJIS IIPO-
uecc MI" MOXHO MHOTOKp THO HPEpbIB Th U BO30OHOBJIATH, 0Op 3ys «IpeOeHKY»
MTI-ummnynscoB. B npotusomnonoxHocTs 3ToMy CH-UMIyabC MOSBISETCS €AUHO-
XIbl, ¥ JUIl €ro MOBTOPEHUS HEoOXOOMMO BHOBb HOBTOPSITH H K YKy SAEpHOU
nosisipu3 uuu. H puc. 18 B p 3BepHyrom Buzie ok 3 H ¢opm CH-ummynsc ,
KOTOp $, B COOTBeTCTBHH C obmieil Teopueii CU [73], mmeer BUg

() o sch [M} | (89)

T
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e typ — BpeMs 3 JAEPXKH, T — JUIMTETIBHOCTb, X P KTEPU3YIOLI $ IIUPUHY HUM-
nyiasc . Pe3ynsT TeI TeopeTudeckux p cuetos 1o gopmyne (89), ¢purupos HHblE
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Puc. 18. Cp BHeHme 3KcHepH-
MeHT JibHOU hopmbl CH-umiynbcoB
(cruouIHbIe TUHUK) ¢ Teopuel [Iukke
(TOYyKW H KpMBBIX). JIIUTETBHOCTD
10 Mxc/K H 11

K Il HHBIM, TIOK 3 Hbl TOYK MH H 3TOM pH-
cyHke. YToObl TOMBI B M KPOCKOITHYECKH
OompmoM o0bEME CMOIIIM U3Iy4d Th KoOre-
PEHTHO, MepeXOIbl MEXIYy YPOBHIMHU TOJIXKHBI
OpoucxomuTh 3 Bpemsa 7 ~ 1/N, koro-
poe IOJKHO OBITh MEHbIIE BPEMEHH CIIHH-
criuHOBOU pen K¢ 1uu (7%). CnenoB TenbHO,
npu M THUTHOM CHU UTUTEIPHOCTh HUMITYJIBC
JNOJKH YMEHBII ThCS MPH MOBBIIICHUH MO~
pu3 muu. [ToCKONMBKY MOMH S ®HEprus, U3Iy-
Y eM 9 KOJUIEKTUBOM N CIIMHOB, OYE€BUJIHO,
ectb Nhyg, THe Vg — 4 CTOT TMepexol u
h — nocrosiiH g I HK , TO HHTEHCUBHOCTH
W3ITyICHUST

J o< Nhig/7. < N* (90)

JOIKH BKJIIOY Th WIEH, IPOIOPLUUOH JIbHBIH
KB p Ty sIepHOH mossipu3 uuu. Bee atn 00-
mue 3 KoHomepHoctu CH-mpouecc , npep-
cK 3 HHble [lUKKe, H OJIOf I0TCSI M B M THHT-
HoM CH. T K, c yBenm4yeHHeM H 4 JIbHOI Mo-
JSIpU3 LUM TIOABNISETCS I p Oommyeck s 3 -
BUCHMOCTb UHTEHCHBHOCTHU H3JIy4€HHs OT IIO-
JIIpU3 UM U COKp Il eTcd amurensHocTs CU
[68].

DKCHEpUMEHT IOK 3bIB €T, YTO JUIUTEIIb-
HOCTh MI-UMITynbC 3H YUTEIBHO MPEBBINI €T
K K BpeMd IONEepevHol pen Kc muM Is, T K
U BpeMsd IepecedeHus MOJIOCH IPOIyCK HUL
KOHTYp , YTO HETPYAHO P CCUMT Tb, 3H 4 CKO-
pocts u3MeHeHus noist Hy. IIpoucxomur «3 -
XB T» PE30H HCHOM Y CTOTBI KOHTYp CIIU-

HOBOU cucTteMoil [74], BciencTBue 4yero autenpHocth MIT p cTer ¢ yBenuue-
HUEM H 9 JIPHOW MOIIpU3 LUHU. B MPOTHBOMOIOKHOCTH 3TOMY mimuTenbHocTh CHU-
HUMITYJIbC YMEHBIII €TCS C POCTOM IOJIAPHU3 LIUH.
B no60ii cucteMe ¢ 00p THOI CBSI3b10, BKJTIOU 4, p 3yMeercs, u CHU-renep Top,
IUTST BO3OYXJICHHsI TeHep I[MKM HeOOXOOUMO BBIITOJTHEHHE HE TOJIBKO MILTHTYIHBIX
yCIOBHHA (MMETh BBICOKYIO OTPHII TEJIbHYIO MOJIIPH3 LHI0 U CIIHHOBYIO IIOTHOCTD
KTHBHOTO BEIECTB ), HO W BBIMOJTHEHHE () 30BBIX COOTHOIIEHHA, KOTOPBIE CBS-
3 HBI C H JIMYMEM JUCIEPCHH M KOMIUICKCHBIM X P KTEpOM MMIIeJ HC KOHTYp B
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mUpoKou nosoce 4 ctot. [lo aToit mpuunne npu H jguze CU yp BHenus biox
HEOOXOIMMO JOTIONHUTh WM BHAOM3MEHHUTh C y4€TOM KOMIUIEKCHOTO X P KTep
umIrel He KoHTyp . B p 6ot x [75, 76] cucrem yp BHeHuii Briox Oput1 momon-
HEH yp BHEHHEM s KojieO TeIbHOTro KOHTYP

dl,
dt

1 dd
. + = I.dt = ——— 1
+Rc+c/cdt —. 1)

L

e L, C' 1 R — WHAYKTUBHOCTh, EMKOCTh 1 KTHBHOE COIPOTHBJIICHHE KOHTYD
COOTBETCTBEHHO; I, — TOK B KoHTYype, ® = 110195, N.m, — NOTOK, HHAyHHpPYe-
MBIii CIIMH MM B K TYLIKE C IUTOL JIbI0 ONEPEYHOro CeYeH s S, 1 YHCIIOM BUTKOB
N., 1o — ¢ xrtop 3 nonueHud. Ilepexox ot Tok I, k momo H, B X TyLIKE BbI-
nosHsiics no gopmyne H, = N.I./¢, tne ¢ — mwiiH K Tymwkd. P ccM TpuB s
CH B monoce mporycKk HUS KOHTYpP , BTOpPHI p OOTHI [76] HMONMyImiIn H JTUTHYE-
CKHeE BBIP XEHHS Ul BPEMEHH 3 JIEpPXKKH, IIMTEIBHOCTH M MHTeHcHBHOCTH CU,
KOTOpPBIE H XOISTCS B XOPOLIEM COIVI CHM C JI HHbIMU 9KCIiepUMeHT . MHTepecHo
OTMETHTD, YTO O JI HC DHEPIUM «KOHTYP IUTIOC CIIMHOB SI CUCTEM » 3 BHCHUT OT
cymmel [76]:

d
I = ——(Wc + WZ), 92)

dt
me W, = rochg/Q — DHEprus, 3 I CeHH S B P JUOY CTOTHOM KOHTYpE;
W, = —ugnoVeHom, — 3eeM HOBCK s ®HEprusi CIHUHOB, V., — 00beM K TYIIKH
u I — uHTeHCUBHOCTh u3nydyeHus. T kum oOp 30M, CH-MHTEHCHUBHOCTH 3 BH-

CHT OT CyMM PHOW ®HEpPIHH «KOHTYp IUTIOC 3eeM HOBCK s cucteM ». ['eHep 1ms
NpencT BiseT coOOil M3TydeHHe 3eeM HOBCKOTO pe3epBy p 3 M Joe BpeMs 1o,
KOIJl TOMEpeYH S H M THHYEHHOCTh YXe He SBIIeTCS «XOpOLIel» IUH MUYECKON
[IEPEMEHHOM.

B Gonee mmpokoii mosioce 4 ctoT nosenenue CH-reHep TOp HCCIIENOB JIOCh
B p Gore [74]. Bputo MOK 3 HO, YTO TpPH CHIIFHOU CBSI3M CIIMHOB C KOHTYPOM
y ctor MI-renep uuu

wi = = wo + vkM, sin ¢ - cos ¢ (93)
MOXET CYLIECTBEHHO OTJIHMY ThCS OT J PMOPOBCKOH 4 CTOTHI (wp); P 3HOCTD 4 -
CTOT 3 BUCHUT OT () 30BOrO CABUI (p MEXIy H INPSKEHHEM U TOKOM (IIOJIEM K -
TYLIKH), KOTOPBIA COCT BJISET

¢ = arctg[(w1Ll — 1/w1C)/R]. (94)

B ombite [68] aToT cagur goctur 1 10° Tu. @opmyn (93) Gblm MojTydeH T KXe B
p 6ote [77]. Ecmu mone Hy HempepbIBHO B PbUPYETCS, TO TeHep WS JOKH H -
9 ThCS €I J0 COBMELUEHUS J1 PMOPOBCKOM 4 CTOTBI C PE30H HCHOU 4 CTOTOU
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KOHTYp , NOCKOJIBKY IHCIIEPCHS OTPULl TEAbHOM M THUTHOH BOCHPUHUMYHUBOCTH
CTPEMUTCS TIOACTPOHTH Y CTOTY KOHTYP K J PMOPOBCKOH 4 cToTe clHOB. CBHr
Y CTOTHI H CTPOHKHU KOJIeO TEebHOTO KOHTYp ompenendercs opmymnoit (30):

Wy — Wo 1
p !
- = —jWwoX -

wo 2

AnepHylo nucnepcuio B 3TOH Gopmyrne HeTpyaHo oreHuts no (87). Hcmonb3yd
I HHBIE I Tpon Hamon u moi T g X = x/, monyamm x' ~ 0,1. Ortciox ,
corit cHO (30), H u crote 21,5 MI'l cOBUr 4 CTOTHI H CTPOMKHU KOHTYpP JIOCTH-
rer 1 Ml T K K K 3H K JUciepcuu UHBepTUpYyeTcd B LeHTpe SAMP-nunuu, to
ylepX HHe Y CTOThl H CTPOHKHM KOHTYp OyleT MpoJoJIK ThCs U MOCIE Nepeceye-
HUS Pe30H HCHOM 4 CTOTHI KOHTYp , T.€. F€HEep LI MOXET JUTUTHCS B yIBOEHHOM
mojoce 4 croT mopsak 2 MIm. IloBblmieHre H 9 JBHOW MONSpH3 LUU OymeT
CHOCOOCTBOB Th P CIIMPEHHIO OO CTH 3 XB T 4 CTOTHI, IIO3TOMY IJTUTEIIBHOCTD
MI-uMnysbc , B MTOJTHOM COOTBETCTBUH C BKCIIEPHMEHTOM, P CTET NpPH YyBEIHde-
HUM OCOJIIOTHOH BENMYMHBI H Y JIbHOM IOJISIPU3 LIMM, BIUIOTH JO BO3HUKHOBE-
Hug CH, OIUTenbHOCTh M3yYeHHS 3H YHTESIBHO IMPEBOCXOMUT BpeMs Th. Yuer
KOMIIJIEKCHOTO X p KTep HMIeq HC KOHTyp H uccrenoB Hue CH mosBonunu
YTOYHHTH yclioBHe BO3HUKHOBeHHS MI' [53], KoTOopoe sBIsSeTcs HEOOXOIUMBIM
ycnosreM Bo3HuKHOBeHHs CU [74-76]:

1
Tr' < 5mQIM:| cos® o, M. <0,

e Tr — BpeMd p AU LMOHHOIO 3 TyX HHUS, ONpEleNIolee JUCCUIl TUBHBIE MO-
TEpU PHEPTUM B KOHTYype, () — NOOPOTHOCTh KOHTYp H M, — sijiepH 1 H M TI-
HHUYEHHOCTb. DTO ycrnoBHue 03H 4 eT, yTo MI" u CH HeBO3MOXHBI BHE MOIOCHI
HPOIYCK HUsI KOHTYP , Korm cos () — 0.
H wnbornee ecrecTBeHHO KOTEPEHTHBI U HEKOTEPEHTHBIH BKJI [IbI MOSBIISIOTCS
B MHKpocKonuyeckoi teopuu. T K, ucrons3yd meton Monre-K prmo, BTOps
[78] cmorm MomenupoB Tb ¢opmy JuHuu K K CH, T x u MI. Bonee Toro,
BTOpPBI 9TOW p GOTHl yrBepXka 10T, uto p 3ueinenne CH u MI, B npunuune,
HeJTb35 BBIIONHUTD, MOJIB3YSICh Yp BHEHUSMH BJOoX , B KOTOPHIX H M THHYEHHOCTh
BBICTYII €T K K KJI CCHYECKHI BEKTOP, TO €CTb KOTEPEHTHOCTb U3H Y JIBHO 3 -
JIOXEH B ®THX yp BHEHMsAX. JIeHCTBHUTENBHO, yp BHEHHS bBJIoX He comepx T
MH(MOPM LUH O TEIUIOBBIX IIYM X B PE30H TOPE, KOTOPble NPUXOMUTCA BBOIUTH B
9TH Yp BHEHHS B K 4eCTBE H 4 JIbHBIX YCJIOBHII I BOSHUKHOBeHUS reHep nuu. C
JPYroii CTOpOHbI, KB HTOBO-MeX HHuueckoe p ccMoTpenue apdekr 1 et CHU u Ge3
H CTPOEHHOIO PE30H TOp , YTO MPOTUBOPEYHUT OMBITY DKCIUTY T LUU MONIPU30-
B HHBIX MHIIECHEH, B KOTOPBIX O€3 p AMOY CTOTHOTO KOHTYP C MOIPOU3BOJIBHOTO
BO3HUKHOBEHHUS F'€HEP LU IIPH OTPHILl TEIBHOH MOJIPU3 LIUU SKCHEPUMEHT JIBHO
HOK He H 0101 JI0Ch.



TEXHUKA TIOJIIPU30OBAHHBIX MUILIEHEU 755

CH crioco6HO 1mpepB Tb 11 O THYECKUI peBepc MOJSIpU3 LM, KOTOPHIH B
TEXHHMKE MHIIEHEH BBIMOJIHICTCS C LEIbI0 YMEHBLIEHHUS CHCTEM THYECKHUX IOTper-
HOCTE TIpM M3MEPEHUH cl1 ObIX CeYeHH CIMH-CIMHOBBIX B3 MMogeiicTuil. [lpn
peBepce BEAYIIEro IOJIi M THHT OTPHIl TEIbH S IMOJIApH3 LM MHIIEHH 3 He-
CKOJIBKO JIECTKOB MUKPOCEKYHJI MOXET P 3PYLIMTBHCS WIH [l X€ HHBEPTUPOB ThCS
3 CYeT B3 UMOJCHCTBUS CIIMHOB C U3MEPHUTENBbHON K TyHIKO Q-MeTp . OT™MeTHM,
uro CH MoXHO H GII0J Th HE TOJNBKO [0 U3MEHEHHIO STIEPHOI MONSIPU3 LUMH, HO
U 10 PEe3KOMY IEeperpeBy HU3KOTEMIIEp TYpPHBIX TEPMOMETPOB P AWOY CTOTHBIM
noneM. AH JIn3, BBIIONHEHHBIA B M.2.1, TOK 3bIB €T, YTO T'MOPHAHBIH KOHTYp
Q-MeTp HMeeT MHOIO Pe30H HCHBIX Y CTOT, IMpPUYEM H3-3 CHJIBHOTO BIIHSHUS
K 0esnst 700pOTHOCTh KOHTYp JIOJKH BO3p CT Th C IOHHUXEHHUEM €ro pe3oH HC-
HOH 4 CTOThHI, T K 4TO O3 NpUMEHEHHs CIIEIU JIbHBIX MEp WUHOTJ HEBO3MOXHO
nox Buth CHU-notepu monspu3 nuu mpu pesepce moisd. H ubomnee addexTrBHOE
nox BiaeHue 3(P¢eKT JOCTUT eTcd C MOMOIIbI0 NCKYCCTBEHHOTO H PYIICHHS Of-
HOPOJHOCTH ITOCTOSTHHOTO MOJIS BEAYIEro M THUT , H TIPUMep, IyTeM H3MEeHEHHs
MOJISIPHOCTH TOK B KOPPEKTUPYIOIIUX K TYIIK X CBEPXIPOBOIIIIETO COIECHOUI
[30]. Mocne non Bnenuss CH notepu mnosispus Uuu NOpU peBepce 0ObIYHO COCT -
BIIIOT MeHee 0,3%.

6. HOBBIE ITPIIOKEHUS MOJAPU30BAHHBLIX MUIITEHEN

6.1. Ipyrue MeToAbl TUH MHM4YeCKOH moidapu3 muu. VMizmepeHue HHU30TpoO-
MU YIJIOBOTO P CIIpelesieHusl [3-y-u3llydeHHuid sBiseTcsd H nbojiee 4yBCTBUTEIIb-
HBIM METOJOM HCCJIEIOB HUS IOJSPU30B HHBIX SOEP M MX CBEPXTOHKUX B3 HMO-
neiictuid [79]. OOBIMHO HMcclienyeMble SAp HMIUI HTHPYIOT B (heppoM THHUTHBIE
M TPHLBI, B KOTOPBIX OHU MOJIAPU3YIOTCS 3 CYET 3H YUTEIbHOI BHYTPEHHEH HH-
aykiu (= 50 Ti) u oxn1 xaeHus 1o ceepxHuskux temnep 1yp (10-30 MK). B -
roJl psd BBICOKOM CKOPOCTH CIIMH-PELIETOYHOM pell KC LIMM B CIIMHOBOU CUCTEME
SAep YCT H BIMB ercsl O0JpIM HOBCKOE (P BHOBECHOE) P CIIpEAENICHHE C TeMIle-
P TypoHl pemeTKH, HO XECTK $ CBA3b CIHMHOB C pEIIETKOH B (heppOM THUTHBIX
M TpUIl X HE MO3BOJISIET 3 ACUCTBOB Th BECh PCEH JI U3BECTHBIX METOJOB HCCIIE-
JIOB HMS CIIMHOBBIX CHCTEM, H NpPHMEP, BO3MOXHOCTh U3MEHATH 3H K MX CIIMHOBOM
TEMIIEp TYpBI.

B omnmune ot eppoM THUTHBIX M TPHL, JUBIEKTPUKU [IPO3P YHBI VIS 2JIEK-
TPOM THMTHBIX MOJIEl, 110 Kp iiHell Mepe, BILIOTh 10 4 ctoT 101! T, uMeror mpe-
HeOpexXUMO CJ1 Oble BHyTpPEHHHUE JIOK JIbHblE M THMTHBIE Tond ~ 1073 Tn,  BbI-
COK s NPOTOHH § MOJIAPU3 LMs B HUX OOECIIEUUB €TCS IPH CP BHHUTEJIBHO JIETKO
JOCTIKMMBIX 3KCIEPHUMEHT JIbHBIX ycnoBuax: mnpu Temrep Type 0,2-0,5 K u B
OOBIYHOM M THUTHOM mone = 2,5 Tn. IIpHHIMITN JBHBIM OTIIMYHEM AWDICKTPH-
KOB OT (heppOM THHUTHBIX M TPHII SBJISIOTCS orpomHsbie, goctur romme 1000 u 60-
Jlee 4 COB BpeMEH CIIMH-PEIIeTOYHOI peln KC LHHU, T K YTO M THUTHBIE MOMEHTBI
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OK 3bIB I0TCS NP KTUYECKU M30JMPOB HHBIMU OT pelieTku. bi rog pst aToMy CT -
HOBSTCS BO3MOXHBIMHU CO3] HHE BBICOKOW BEKTOPHOW M TEH30PHOM MOJSIpU3 LUK
saaep, MPUTOTOBJICHHE HEOONBIIM HOBCKHUX 3 CEJICHHOCTEH CIIMHOBBIX COCTOSHHIMA
[23, 80] u 1 ke «(pOKYCHUPOBK » CIIMHOB B YUCTOE KB HTOBOE cocTosiHue [81].
MOXHO JIU WCIOJB30B Th 3TH MPEUMYILIECTB IS TOJSIPU3 MU PEOKUX P IHO-
KTHBHBIX SIep, UIMIUT HTHPOB HHBIX B MOJISIPU30B HHYyIO MuineHb? IIpobGiem He
OTp HUYMB €TCSl UCCJIENIOB HUEM C MHUX P JMO KTHUBHBIX sduep. SAnp ¢ u3BecTHOU
CXEMOH P CII I MOXHO IOIBIT ThCA HUCIOB30B Th JUId MU3YYEHUS KOJUIEKTHUBHBIX
3JIEKTPOHHBIX U B®JIEKTPOHHO-SAEPHBIX CHUH-CIIMHOBBIX B3 MUMOIEHCTBUI B KOH-
JNEHCUPOB HHBIX CPell X, JUIS U3MEPEHHs MOJISIPU3 MU OCHOBHBIX SIep MOJISIPU30-
B HHBIX MMIIICHEI.

MeTtoa «auH Mudeckoro oxiy xjaeHus» (JO), p ccMOTpeHHBIN B p 31. 1, He
SIBJIIETCSl €JUHCTBEHHOW BO3MOXHOCTBIO MOJISIPU30B Th AP . AH JIOTMUHBIA 3¢)-
(peKT TEemIoBOro KOHT KT BO3HUK €T, €CIM BMECTO 3JEKTPOHHBIX CIIMHOB HC-
M0JIb30B Tb IOJIIPU30B HHbIE NPOTOHHBbIE clUHBI [23, 80]. P 3nuume 3 kiou ercd
B TOM, YTO OOJIyUYEHHIO TIEPEMEHHBIM I0JIeM Terepb HeOOXOIUMO MOJABEPrHYTh He
9JIEKTPOHHBIE CIMHBI MPUMECHBIX LIEHTPOB, IMOJSIPU30B HHbIE MPOTOHBI B CHUJIb-
HOM M THHUTHOM TIOJIe H 9 CTOTe, OJIM3KO0# K MPOTOHHOU J PMOPOBCKOH U CTOTE
vy = ’ypHo/ 21 ~ 106 MI'n B mone 2,5 Tn). lupuH cnekTp SOepHBIX JIO-
K JIbHBIX NOJIEH COCT BIIAET JIecsATKM K[, IO3TOMY B MHTEPECYIOIIEM H C CIyd €
PEIKUX P OUO KTHBHBIX SJIEpP, P CTBOPEHHBIX B MOJSPU30B HHOW MHILIEHH, «pe-
30HUPYIOIIEH CUCTEMOI» MOTYT OK 3 ThCS KB JAPYIOJIbHBIE B3 UMOICHCTBUS Sep-
HBIX CIIMHOB C 2JIeKTPUUECKUM TojieM B M Tpule [80]. DHeprus KB IpyrnobHOTO
B3 UMOJEUCTBUS NPU KCH JIbHOH CUMMETPHUU MO A ercs opmysoin [23]:

(Ho) = hX(3J2 — J(J + 1)) = hX A,

X =vo(3 cos* ¥ — 1), (95)

oo 1@
@7 8hI(2] - 1)

rie vg, ¥ u J 00603H 4YeHHl T K Xe, K K U B ¢opmyn x (59), (60). B cucreme
IJ1 BHBIX OCEll HeHyJIeBble KOMIIOHEHThI TEH30p 3 IKCHIB IOTCS B Bume (cM. 1. 3.1):

sz = Q; QJ,J, = ny = _%- (96)
Hetpynuo Buners u3 opmyssl (95), 4To H3MEHEHNE SHEPTUM KB IPYIOIbHBIX B3 -
HUMOJICHCTBHIA BeeT K M3MEHCHUIO TEH30pPHOH mossapu3 1uu (A) WIH BBICTPOCH-
Hoctu [23]. H wmbomee mpocThiM I H JU3 SBISETCA CIyd il HYJIeBOH Bek-
TOPHOU MOJIIPU3 UMM KB IPYHOJIBHBIX SIEP, MOCKOJIBKY IIPU 3TOM 3 CEJIEHHOCTU
CT LIMOH PHBIX COCTOAHUH Aap ¢ (PUKCHUPOB HHBIMU NPOEKIMIMH CIIMHOB M H
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H Np BJCHHE M THUTHOTO IOJIS OMPEAENSITCS TONBKO KB JIPYIOJIBHBIM B3 MMO-
neiicteueM. B aToM ciyy € M TpULl IUTOTHOCTH uMeeT Buj [82]:

exp (—BHG" /h)
Pmm = 7 =

S exp(—BHY" /h)

m=—J

_ exp (=AX (3m* — J(J +1))) 97)

exp (=X J(J+1))+ 2%]: exp (=X (3m2 — J(J +1)))

rie Og = h/(kT) — MHBEPCH s CIIMHOB s TEMIIep Typ pe3epBy P KB JPYIIOJb-
HBIX B3 uMogeiicTuil. 3H K T onpexnensercs 3H KoM mpousseneHust P, (v —v ).
3 CENeHHOCTU Py, MPEACT BISIOT COOOW 3JIEMEHTHI CIIMHOBOW M TPHIIBI ILIOT-
HOCTH §fiep, KOTOp g B 1 HHOM CIIy4 € sBjsgercd I roH jpHOi. C ydetoMm (97)
BBICTPOEHHOCTb NPUHUM €T BUL [82]:

J
A= " pum(Bm® = J(J+1)) =

m=—J

6 i m?exp (—BX (3m? — J(J + 1)))
_ m=1 — J(J +1). (98)

exp (BXJ(J+1))+2 1exp (—BX(3m2 — J(J+1)))

M~

B 4 ctHoM cnyu e J = 1 a1 copMmyn ObUI TONy4eH U DKCHEPUMEHT JIbHO
nposepeH B [23]. B mpenene o4eHb HU3KUX IOJIOXKHUTENBHBIX TeMnep Typ T
w npn yr1 x 0 < 9 < arccos (37/2) Bwictpoennocts A — —J(J + 1), 10

eCTh BCE SOP H XOMIATCI B COCTOSHHM C Tpoekumed comH m = 0,  mpH
yo1 x arccos (371/2) < ¢ < 7/2 Benuuun A — J(2J — 1), u B aTOM CIy-
4 ¢ 3 CENCHHOCTH [eJISITCS MOPOBHY MeXy coctosHusMH m = J u m = —.J.

B mpenene o4yeHb HM3KHMX OTPHIl TENBHBIX TeMIEp Typ CHTY Ly OOp I eTcs.
Meron npeuioxeH U NpoBepeH H AelTpoH X [23, 80] m MoxXeT oK 3 ThCd IIO-
JIE3HBIM B Cllyd € HeOOJIbIIUX KB JPYIOJIbHBIX MOMEHTOB IOPSIK , KOLI Vg R
~ (v — vjo). BpeMeH MOJAPH3 LHH, HOCTHTHYTHIE 3THM METOIOM B DKCIEDPH-
MEHTE, COCT BJIFIOT HECKOJIBKO JECATKOB CEKYH/I, CIIMHOBBIE TEMIIEp Typbl — IO-
psnk  £10 mxK [23].

H3-3 TUNMYHO HM3KMX BEJIMYMH M THUTHBIX MOMEHTOB KB JAPYIOJIBHBIX Siep
BEJIMYMH TMOJSIPU3 IIMM U BpeMs H K YKHW NOISpH3 IMH, gocTur emsie npu [0,
MOTYT OK 3 ThCS HENPHUEMJIEMBIMH JUId HCCIIENOB HUS KOPOTKOXUBYLIHMX SIep.
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[TosTOoMy 3H yMTeNnpHOE YyCWJIEHHE MOISIPU3 LIMU, JOCTUrHYTOe B [33] MeTomom
KpOcC-pell KC LHH Afiep 30T ¢ MOJSPU30B HHBIMU IIPOTOH MU, IPEICT BIIAET CY-
LIECTBEHHOE MPOJBIXEHUE K MOBBIMICHUIO 9(h(heKTUBHOCTU MOJISAPU3 LIUU PEIKHX
saaep. Mues 3 K04 eTcsl B CIEOyOLMIEM: IyCTh ITOMHMO sfiep co cruHoM J > 1
M TPHILl COAEPXHUT P CIPOCTP HEHHBIE dAp , H MpUMEp, MOJSIPU30B HHBIE IPO-
ToHbI (J = 1/2), KOTOpBIE, BBH/Y GOJBLUIONO THPOM THUTHOTO OTHOLICHHS, HMEIOT
BBICOKYIO TEIUIOEMKOCTb CHMHOBOH cHcTeMbl. T K K K, B OTJIMYHE OT IPOTOH-
HBIX CIIMHOB, B3 UMOJEICTBUE KB IPYHNOJBHBIX SEP C PELIETKOH COXp HAETCd U B
HYJIEBOM M THHUTHOM IIOJIe, TO, TIOHUX 51 Hy, MOXHO COBMECTHTH J PMOPOBCKYIO
9 CTOTY MPOTOHOB C KB JPYIOJIBHBIM P CIIEIUIEHHEM saep co criuHoMm J > 1. B
MOMEHT IepeceyeHrs U CTOT MPOUCXOIUT KPOcC-pel KC LIMOHH $ Iepef 4 BBICO-
KOH MPOTOHHOW MOJISPHU3 LMW KB JPYIOJBbHBIM SIp M. DKCIIEPUMEHTHI ObUIN BbI-
monHeHsl H - MMu ke (NHs) [33]. B momne 0,056 T kB apymonbHOE p CHICTIICHHE
CT OWIbHBIX suep 30T 6vg = 2,4 MI| OK 3bIB €TC4 P BHBIM JI PMOPOBCKOI 4 -
CTOTE IPOTOHOB, MOTOMY B PE3YJbT TE€ KPOCC-peNl KC LUHU C NONSIPU30B HHBIMU
npotoH My aap *N joctur ot moutu 50% nonspus umu. Kpocc-pen ke mus
o0ecreyrB eT BBICOKYI0 CKOPOCTh MOJISIpU3 Iuu mopsaak  [83]:

Ao\ \
W = (y~/vu)? (T2Ch (iA—H)) ; (99)

tie Yv /Y ~ 71072 — OTHOLIEHHE SNEPHBIX TUPOM THHUTHBIX KOHCT HT, T =~
~ 107 ¢ — BpeMs MONEPEeYHOi pesl KC MM MPOTOHHBIX CIIMHOB, Ao — 4 CTOT-
H g p CCTPOHK MeXJay CIUH MM, Ay — MIUPUH HPOTOHHOH JiMHMH, £ ~ 1 —
cBoGomubli 1 p MeTp. Ionmr g Ay ~ Ap, momyd eMm W~ ~ 2 Mc, T.e. uc-
KJTIOYUTEIbHO KOPOTKOE BpeMs HOJISIpU3 IMH, 4TO ObUIO ObI BBITOJHO HCIIOJB30-
B Th B PEeXHME «on-line» WMIUI HT IWHU guep B MuiIeHb. [lomydeHHOe p crpe-
JieJIeHHe CITHHOB 10 M THUTHBIM TTOIYpPOBHSIM HE SIBIS€TCS OONBIIM HOBCKHMM, HO
OHO MOXET COXp HAThCS ITUTEIBHOE BPeMsl, «3 MOpP XUB ThCSI», OJ1 TOH P TOMY,
YTO M THUTHBIE TOAYPOBHU KB JIPYIOJIBHBIX Sep He SBISIOTCS 3KBHUIUCT HTHBIMU,
MO3TOMY TMPOLIECC YCT HOBIIEHHS BHYTPEHHEIO p BHOBECHS JOJXKEH 3 BHUCETh OT
JUIMHHBIX BpPEMEH CHHH-PELIETOYHON pel K¢ Iuu. TeopeTHyecku B T KHX CHCTe-
M X MOXHO «C(POKYCHUPOB Tb» CIIMHBI B UACTOE KB HTOBOE cocTosiHue [81].
SIBHBIM NPENMYINECTBOM JIMBIEKTPUIECKUX M TPHIL SBIsieTCs UX Gosee BbICO-
K 4 (= 0,2 K) temnep Typ peueTku, pu KOTOPOH COXp HIETCSd BO3MOXHOCTD
HOJIAPU3 LMK KB APYIOJBHBIX SJIEP, IO CP BHEHHIO C X P KTEPHBIMU TeMIIEp Ty-
P MH, HEOOXOIMMBIMHU B Cliyd € peppoM THUTHBIX M TpHL (= 0,02 K). IMocnen-
Hee CBA3 HO C TeM, YTO MOIIHOCTH pecppuxep Top p crBopenus “He B “He kB -
Jp TUYHO II JI €T ¢ Temrep Typoi, nosromy npu 0,2 K yx ercs obecrieuuts npu-
mepHO B 100 p 3 Gonee BBICOKYIO XOJIOIOIPOM3BOAUTENBHOCTE pedprxep Top ,
yem npu 0,02 K. H npumep [82], ecnu npeanonoxurs, YTO My4O0K ¢ UHTEHCHUB-
Hocteio 10° ¢! p auo kTuBHBIX snep c sHeprueil 10 MaB/HYKJIOH M M CCOBBIM
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9qUCIOM, p BHBIM 60, MOJHOCTBIO MOIVIOII €TCS B MOJSIPU30B HHOM MUIIEHH, TO
p cceus eM g MomHOCTh cocT BUT ~ 0,1 MBt. Ilpu temnep type ~ 0,2 K ato
BIIOJIHE JIONIYCTHM $I H TPY3K I pedprkep TOp P CTBOPEHHs CpegHedl Moml-
HOCTH, HO IIp KTHYECKH HEIOCTHXUM $ XojoponpomnssoautensHocTs mpu 0,02 K.
Otpurl TenbHBIM (@ KTOPOM IPU KpOCC-pesl KC LUOHHOHM MOJIIPU3 LMY SBISIETCS
HEOOXOIMMOCTh CHUXEeHHUS 1ol Hg, B pe3y/IbT Te 4ero MPOMCXOAUT yYMEHbIIe-
HHUE BPEMEHH SIepHON CIIMH-PELIeTOYHON pel KC IIHMH JI0 JecATKOB 4 coB. TeM He
MEHee 3TH BpeMeH OCT 0TCS ellle JOCT TOYHO JUIMHHBIMH I «on-line» mccre-
JIOB HUH B 00JI CTH KOPOTKOXHBYIIUX SZEP.

P ccmoTpeHHBIE METOIBI MOXKHO WCIONB30B Th M B CIyY € P AWO KTHUBHBIX
sAep, UMIUT HTUPOB HHBIX B IOJIAPH30B HHYIO MHIIEHb, €CJIM OHU BXOIIT B CO-
CT B OIM M THUTHBIX TOMOB WJIM KP MEPCOBCKHX [7] I p M THHUTHBIX LIEHTPOB.
CrnenyeT OTMETHTh, OOH KO, YTO MPUMEHUTETBHO K PEAKHM SAp M C M Hjed
meton MO, omup ol Scd H JUH MHUKY KOJUIEKTUBHBIX CIIMH-CITHHOBBIX B3 MMO-
JIEHUCTBUH, HyXJl €TCSl B TP KTUYECKOM IOATBEPKICHUH.

6.2. 5-p cn A monApu30B HHOTO AAp . [IpuMepoM BO3MOXHOW KOHKpPETHOM
pe nu3 MU 0OCYXJI eMOTr0 METOH SIBJISIETCS M3MEpEeHHe CIMHOBOW TEeMIIEp TYphl
MPOTOHOB (WJIN AEHTPOHOB) B IIPOIl HAMOJE C MPHUMECHIO I P M THUTHOTO HOH
CrtV. B 1 koii M TpuIle Ip KTHYECKH JOCTHTHYT TIOJISPH3 IS IPOTOHOB +£97%
[16] u peitrporoB +39% [50], 4TO COOTBETCTBYET EAMHON CIIUHOBON TEMIIED TYpe
+1,3 MK B none Hy = 2,7 Tn. [Ipu BBeIeHUH B M TPHUIy P AUO KTHBHBIX daep
BO3HUKHET HHU30TPOIHUS (3-WU3ITyd4eHHs, 3 BUCSII S TOJIBKO OT CIIMHOBOH TeMIle-
P TYpHI ®TUX gaep. B ciyd e p 3pemieHHbIX (-IepexomoB HU3OTPONHUS CBI3 H
UCKJTIOYUTENIPHO C HECOXP HEHHEM YETHOCTH B IPOILECC X, OOYCIIOBIEHHBIX CI -
6biM B3 uMoneiicteueM [84, 85]. Tlpu aToM yryioBoe p cripejiesieHue (3-3JIeKTPOHOB
HUMEET CTPYKTYpY

dN

— x~1+aP cos 0 (100)

ds2 ’
rme 6 — yrom MeXIy H Mp BJICHUEM BBUICT 3JEKTPOH (WIM MO3UTPOH ) U H -
Mp BJIEHUEM BHEIIHEro IoJis, P — cTeneHb Moisapu3 LUU gaep, KOTop $ omnpeje-
nsercs pyHkiumeid bpummosH

P = th — —cth | = — 101
27 ¢ { 27 <kT >] 27 ¢ {2J<k;T (10D
Ije ;. — M THUTHBIA MOMEHT s1p . P ccmorpum mpumep [86], B KoTopoM B

K YECTBE p JMO KTMBHOW NPUMECH MCIIOJB3YETCS M30TON 2P, BXOAAIMIA B MO-
nekyny PH3 u criocoOHBII B MUKPOKOJIMYECTB X P CTBOPSITBHCS B IPOI HIHOIIE.
IMepron nmomyp cm 1 coct Bister 14,5 nHeii, ero cnmH J = 1, CIMH KOHEYHOTO
a1p  $2S p BeH HyJIIO, 9HEPIHS P 3PEMIEHHOTO T MOB-TEJLIEPOBCKOTO [3-TIEpPeXon
1,7 MsB [87]. B arom ciyd e (v)/c = 0,835 u Bemuund a = —0,835. Ecin
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T =1,3 MK, Hy = 2,7 Tn, To B coorBerctBuu ¢ (101) monsipus 1w saep goc-
op P = —0,125. 3H K «MHHYC» CBSI3 H C OTPHI TEJIbHBIM 3H KOM M THHTHOTO
MomeHT  sitep $2P (= —0,252 [88]). T kum o6p 30M,

%%1—1—0,1005 0, (102)
CIIENIOB TEJIbHO, NIPU peBepce 3H K MOJSpU3 LUK p 3HUI B cuere Oyluer JOCTH-
r 6 20%. Ilpu p muo ktuBHOCTH npumecH 12 MKKu MuleH» Oyaer M3myd Tb
~ 4-10° 4 cr./c. KpeMHHUEBBIl «Temnblii» JETEKTOP AU METPOM 3 CM, P CIO-
JIOKEHHBIA H P ccTosgHuu 15 cM oT 06p 31 , Gyaer peructpupos Tb 103 co6./c.
Il 7ee Jerko COCuuT Tb, UTO I M3MepeHud Koapdpuuuent 0,1 B (102) ¢ Tou-
HoOCThI0 2% Tpebyercs 3 - 10° 0TCUeTOB, U, CIIEOB TEIbHO, H 60p COOLITHIA 3 Bep-
mmrted yepe3 300 c, mpu 3TOM B HCCIEAyEMYI0 MUILIEHb HOCT TOYHO BBECTH BCETO
e 5- 101 P MO KTUBHBIX MOJIEKYJ. B nmeficTBUTENbHOCTU IeTEKTOPHI [88], u3-
TOTOBJIEHHBIE TI0 IUT H PHOW TEXHOJIOTUHM C WMIUT HTUPOB HHBIM D-M-TIEPEXOIOM,
CHOCOOHBI p OOT Th U IIPU TEMIEP TYP X KPHOTEHHBIX ®Kp HOB IO Kp HHEi Mepe
g0 2 K, T K 4TO p ccTOSHHME OT MOJSIPH3yeMOro o0p 31 JI0 «OXJI JKICHHOIO»
KPEMHHUEBOI0 JIETEKTOP MOXHO COKP THUTh 10 1 CM, YTO IpUBEIET K MOBBILICHUIO
ckopoctu cuetr Oonee yeM B 200 p 3.

6.3. YrioB 1 Hu3oTponus ~y-u3nydeHus. Emne oguH BO3MOXHBIA IyTh H3-
MEpeHHus] CIIMHOBOW TeMIep TYphl 3 KJII0Y eTCSl B HCCIEOB HUU YIJIOBOW HH30-
TPONHUHU ~y-KB HTOB B K CK AHBIX [3-y-miepexoi X. B K uyecTBe p OMO KTHUBHOIA
NPUMECH CJIeyeT B3STh JOJTOXUBYLIME (- KTHBHbIC SIp C OTJIMYHBIM OT HYIIS
M THHTHBIM MoMeHToM (crmH J # 0). Bo3sMmeM supo 22Na [86], KoTopoe nmeert
nepuon monyp cn g 2,6 Toj , CIMH-YETHOCTh 37 U M THUTHBIA MOMEHT B SIEp-
HBIX M THETOH X p/pun = +1,75 [87]. B pesyapT Te I MOB-TE/UIEPOBCKOIO
BT -nepexon ¢ M KCUM JIbHOI 3Heprueil no3uTpoHoB 550 ksB (umu K-3 XB T )
06p 3yeTcs mpoMexyTouHoe aapo 22Ne co crmnom J' = 2. Ero mepuopn momy-
p cn o cocr Biusger 3,7 - 10712 ¢, T.e. BpeMs XU3HU OYEHb M JIO 110 CP BHEHHIO
C X P KTEpHBIM IIEPHOAOM JUISl CBEPXTOHKOIO P CIIEIUIEHWS TOMHBIX YPOBHEH.
Snpo 22Ne(2) msmyu et y-KB HTHI ¢ sHeprueii 1280 kaB u mepexogut B CT -
6unbHbI w3oton 22Ne ¢ HynessM crimHoM [87]. B p ccM Tpus emoii cuTy muu
VIJIOBOE P cIipefiesieHue y-KB HTOB ¢ aHeprueil 1280 k3B OoTHOCHTENTbHO M THUT-
HOTO TI0JI1 MOXET OBITh BBHIUKCIIEHO 10 hopmysie [82, 86]:

5 o5 +0%) ) sin? 0 (1 + cos? )+
W(‘Q)g 1,2 (2 2 2 2 20 2
5(pi7 +p1_1)(4 cos® 0 — 3 cos® 0 4 1) + 3pg, cos” O sin” 6§
(103)
npHIeM

2 3 3 1 @3
Péz) = P§s3) + 3 éz) 1_5/751)’
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2 2 @3 8 3. 1 @3
Pgl) = §P§2) + 1_5951) + 3P80)7
2 2 3 3 3 2 3
P = =piY + Zob + =04, (104)
5 5 5
2 1 @3 8 @3 2 3
p? = gﬂéo) + 1_5p(—i—1 + gp(_%—m
2 1 1 @3 3
9(7372 = qufl + gp(—%fQ + P(7§73a
roe
@ __°"" e (105)

& (—) . m=0,+1, £2, +3
z)

6

ux = 0,64H,/T, tne Hy 3 1 erca B T, crimioB s temmep typ B MK. K K
cnenyer u3 opmyn (103)—(105), u3MeHeHue 3H K CIMHOBOHM TEMIIEp Typbl IpU

4nw(0)

L[ x=+1,25

1,05 [ x==+1,00

x=20,5

1 [x=%0,25
0,95
0,9 [
0,85

1
0,2

0,4 0,6 0,8 1
cos (0)

Puc. 19. Yriosoe p cnpenenenre 2Na o dopmyste (103), HOpMHPOB HHOE H HM30TPOITHOE
P chpeneneHre HEMOMIPU30B HHBIX simep. 11 p metp x = 0,64 Ho/To ompemenser 3H K 1

CIIMHOBYIO TEMIIEP TYpY SIep

6ONIbIIM HOBCKOM P CIIpE[eJICHUH 3¢eM HOBCKMX YPOBHEH B M THUTHOM IIOJI€ HE
OyseT BIMSITH H BHJ YIVIOBOIO P CIIPEJEJICHUS y-U3Iy4eHHs] BBHJIY CHMMETPHU
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9TUX BBIP XEHUU OTHOCHUTENBHO 3 MEHBI Pppm < P—m—m. C IPYroil CTOPOHBI,
IIPU KB JAPYIOJIBHOM P CINEIUIEHHU YPOBHEH MHBEpCHA 3H K TEMIED TypHI, He-
COMHEHHO, M3MEHHUT yIJIoBoe p crpeneneHue [82], T K K K B Ipelesie OYeHb
HU3KHX CIIMHOBBIX TEMIIEp Typ OH BeleT K 3 MEeHe pjj + p_j_j < poo (cM.
KOMMeHT puu K dopmyiie (98)). T kum oOp 30M, HHBEpCHs 3H K CIIMHOBOI TeM-
nep Typbl MO3BOJISIET UCCIIENOB Th KB JIPYNOJIbHbIE B3 UMOJIEHCTBHSI HECT OWIIb-
HBIX SIep COBEPLIEHHO HOBBIM METOAOM, KOTOPBIH HEBO3MOXHO pe€ JIHM30B Th B
theppom rHuTHEIX M Tpul Xx. H puc. 19 npeacr BieHO HOPMUPOB HHOE YINIOBOE
p cupexpenenue, p ccuut HHoe o (103)-(105) [82].

[IpensgTcTBUEM K NP KTHYECKOMY HCIIONB30B HUIO METOH SBJSIETCS H JIMYHE
B pedpiKep TOpP X HECKOJBKHX CJIO€B MET JUIMYECKHX TEIJIOBBIX 3Kp HOB, I -
CTHKOBBIX WJIM KB PLEBBIX OKOH, OKPYX IOIIMX MHIIEHb, KOTOpPbIE MOIJIOLI IOT
MPOAYKTH p JHO KTUBHOTO P CII I H IMYTH K JeTeKTOpy. DT mpobiieM B3H 4H-
TEJIbHOU CTENEHH P 3pell eTcd IPUMEHEHHEM HOBOTO TUIl CBEPXTOHKOIN MUILIEHH,
OXJ1 XJ eMoii cBepXTeKyueii mienkoil “He. DKcepUMEHT 10 MONAPH3 MM HPO-
TOHOB B TOHKOH IOJIMSTUIICHOBOU IUIEHKE BBIIIOJIHEH B LIBell pckoM HMHcrutyTte
IT yna Leppep (PSI) [89]. B monmsTuneHoOBYIO IVIEHKY IyTeM Iucdy3un BBO-
IWJICS UMUHOKCHIBHBIN p WK 11 [14], mocie 4ero mieHK NpHOOpeT 7T CBETNIO-
PO30BYIO OKP CKy p MUK JI . 3 TeM IUIEHK IIOMell JI Cb B B KYyMHYyIO K Mepy U3
M TepH 1 C IUIOXOH TEIUIONPOBOJNHOCTBIO (CT MK cT). B 3Ty K Mepy ¢ IUleH-
KOii KOHJIEHCHPOB JIOCh HeGOIbIoe KouuecTBo “He, JOCT TOUHOe Ui cO31 Hus
cBepxTeKyueil mienku Tommuuoii 0,12 MkM. B cBoto ouepen, yepes mienky *He
OCYLIECTBIISIICA TEPMUUECKUN KOHT KT HCCIIEyeMOro M TepH J C OXJI XJIECHHbIM
mo 0,1 K MeIHBIM cTepxkHeM, MOaToMy cp 3y Hocie Komgenc muu ‘He B X -
Mepy BkoueHHe CBY-H K 4UKM BBI3BIB JIO PE3KHH POCT SOEpHOU MOIApU3 LHUU
B nonustwieHe g0 +44% (cm. puc.20). T kum o6p 30M, ObUIO JOK 3 HO, YTO
KOHBEKTUBH 5 TEIIONpPoBOIHOCTh *He OK 3bIB €Tcsl IOCT TOYHOI Ui OXJI KJe-
HUS TOHKHUX IOJIIPU30B HHBIX MULIeHeH. MCIosb30B HUE CBEPXTEKY4Yel ILUIEHKU
“He, B npuHIHIE, TO3BOJISET MOJSPU30B Th AP B TOHKOI repMETUYHOM J1H3IeK-
TpUYECKOi 000JI0UKE, P CIIOIOXEHHOW B B KyyMe H IydKe 4 CTHI] C IOCT TOYHO
HU3KOI MHTEHCUBHOCTBIO.

IIpoBeneHHBIll H JIU3 NPEAIos I' €T, YTO METOAbl JUH MUYECKOW OpPHUEHT -
uuu Oynyt «p 60T Tb» M B CIyd € pelkux syiep. Bompoc, T K jm 210, Tpebyer
9KCIEPUMEHT JIBHOTO HUCCIEN0B HUSA. ANPUOPU OCT I0TCA HEACHBIMU M Jpyrue
BOIIPOCHI, H IPUMEP: MOXHO JI OIpPENEINUTh IOHATHE CIHUHOBOM TEMIEp TyphI
ISl PefKUX saep, K K ObicTpo OyayT momspu3oB Thesl T Kue sap Meronom O,
€CITM UX MMIUT HT U4 OCYIUECTBJISETCS B MUIIEHb C MPEAB PUTEIBHO MONIPU30-
B HHBIMH NpoTOH MH? H Bce ®TH UM Apyrue BONpPOCH HEBO3MOXKHO H WTH OTBET,
HCIIOJIb3Ys METOIBI KJI ccuueckoro SAMP, BBujly Kp 1iHE HU3KOU 4yBCTBUTEIBHOCTU
MOCIIEIHETO.

ABTOp BBIp X €T ITyOOKYyI0 671 Tox pHOCTH BceM WieH M SMC-kosut 60p um
CERN B XKenese, COBMECTHO ¢ KOTOPbIMU H KpynHeiiueil B Mupe SMC-muriesu
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Puc. 20. lun Mudeck s Mojdpu3 LU IPOTOHOB B TOHKOH MOIMATUIIEHOBOH 1ieHKe. Kpu-
B 1 | — 6e3 ceepxTekyueii mienku “He, 2 — co cepXTeKyueil IIEHKOIl, 3 — CO CBepXTe-
Ky4ell IUIEHKOH, H YMH f C HyJIEBOH MONAPU3 UM, 4 — IIPU MOJIHOM 3 IOJHEHUH K MEpEHI
4

He

ObLTIH IOJTy4EeHBbl HEKOTOPBIE Pe3yJbT ThI I HHOro 0630p ; C.M wro, I1.X ytie u
b.bp Hary u3 Uucruryr Il.Illeppep B Lllopuxe 3 COTPYZHMYECTBO B HCCIENO-
B HMU TOHKHUX MOJISPH30B HHBIX IUIeHOK, A.D.Ilpynkortiany, A.C.ILymoBckomy u
B.M.IOK 710By 3 COTpYAHHYECTBO B HICCIIEAOB HUM cBepxm3nydeHns; B.JI.JTrobomu-
Iy 3 TOMOLIb B p 3p OOTKE METOH HCCJEeI0B HHS P AMO KTUBHBIX auep. Ocob s
npmsH TerabHOCTh D.Jler py (@p wHums) u JI.B.Ilukensaepy (IyOH ) 3 moNe3HbIe
JMCKYCCUH IO MPOOJIEM M HCIIONIB30B HUS MHIIeHeH, K JeMuky A.M.B nmuny 3
nouiepXKy B p 6ore u aupep M SMC-kosn 6op uuu: B.Xpio3y (V.W.Hughes) u3
Henbckoro ynusepcuter , P.Boccy (R.Voss, XKenes ), 'M mory (G.Mallot, T'ep-
M Hus) u T.Humaunkocku (T.Niinikoski) 3 mpekp CHyI0 Opr HHU3 IIMI0 COBMECT-
HOU p 60TBl B SMC-komt 6op mun CERN.

INPIJIOZKEHMUE 1

Jlng cp BHEHHMs OLEHHM 4yBCTBUTENbHOCTh '*N-Q-MeTp mnpu amun X K Gens
¢ < A4 wu = \/2. AcxonHbIMU BHIOEPEM CIIEAYIOIIKE [T P METPbI THOPHIHOIO
KoHTYp : v = 0,02 H/m, Ry = 100Mm, 7 =0,10M~ 0, Ly = 9,5-107 8T, C =
4-10719 @, u cror v =6,47-10° T, p = 50 OM™, ¢ = 3 - 10% m/c, \/e = 1,41.
Onpenenum (3 = 27vy/e/c = 0,191 p a-m~ L. To popmyne (25) H XOaUM JUTUHY
SKBHUB JIEHTHOIO OTpe3K K Oens £1 = 71 . arctg (2nvLp~t) = 0,403 m. U3
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yp BHeHus (26) onpesesisieM cyMM pHylo amuny: £+ (; = 371 arctg (m) =
= 4,65 m, otkyn ¢ = 4,25 M. Onpenensiem tg (30) = tg (0,191 - 4,25) = 1,05.
[o dopmyne (39) u xomum Bycy/4 = 1,74, mie 0pu p CYETE UCMONB30B HO
k1 = af cos™%(B0) = 0,085/0,474 = 0,179. Tlo dopmyre (39) H xomum
Byx/2 = 2,65, e i p cYET HUCMOJB30B H JUIMH  TOJyBOJTHOBOIO OTPE3K
{=16,4wm, gl =7, af = 0,02-16,4 = 0,329. B urore moryunM OTHOIICHHE
curH 0B Q-meTp ¢ K Genem mmHO#A ¢ < A/4 x curd ay Q-metp ¢ K GeieM
¢ =)\/2 o yp BHenuwo (44)

Coan/a
Co=x/2

Bi=r2 _ 5 q. 265 _

=[1+tg?*(B¢ == =

3,2, (I1.1)
TKKKBHIMUX pcyeT Xx Ry = Ry. T xum obp 30M, KOpOoTKHil K Oerp 110-
3BOJIIET MOBBICUTh MIUIMTYAY CUTH 1 B 3,2 p 3 . YBelWUeHHE CUTH J1 CBI3 HO
C p 3HBIM p CIpeleieHHeM TOK B K Oene; mpu £ < A/4 u £ = \/2 M xcumym
TOK B K Oene jmHON ¢ < A/4 OpuUxomutcs H K TYWIKY HHIyKTUBHOCTH, YTO H
obecrieunB et ycwienue SIMP-noronieHus no cp BHEHUIO ¢ TIOTEPSIMH B K OeJie.

NNPUIOZKEHHE 2

MoruHocTb Py, + iQipn, MOCTYII 1011 s B BOJIHOBOJ Y€pe3 MONepevHoe CeueHHe
IUT IOILEro BOJHOBOA Sy, p cxomyeTcd 1o TpeM K H 11 M [90]:

Pm+iQm%/dV~<Ea§t +H%—]:’>+ / dsS-(n-S), (I2.1)
\%4

Scav—=S¢

[ie NEpBbI MHTETP JI OMNUCHIB €T MOLIHOCTb, CBA3 HHYIO C JUBIEKTPUYECKHMU
U M THUTHBIMH CBOHCTB MU M Tepu 71 , S = (E x H)/2 — BekTop mioTHOCTH
[IOTOK 3HEPIUU U N — HOPM JIb K IIOBEPXHOCTH Pe30H TOp . BTOpoil unrerp i
6epeTcs 10 HOBEPXHOCTH PE30H TOP , UCKIIIOY S TOBEPXHOCTH MHUT IOIIETO BOJHO-
Box . [IpeHeOper s OTp KEHHOH OT pe30H TOpP MOIIHOCTBIO, OT/EJIMM M THHUTHBIC
norepu (FP,,) B MULIEHH OT II P 3UTHBIX NOTepPh (F,), KOTOphIE HE Y4 CTBYIOT B
MOJISIPU3 MU SIep:

1 0B
\4
P wame p 6011 [91] 1 K THOpOBOYHBIE HCOBIT HUS B p 60Te [63] MOK 3BIB 0T,

YTO IIPU HU3KUX TEMIIEp Typ X MOIIHOCTbD, IOITIOLL €M I TCpMOMETPOM Pbola €CTh

P]DO1 = const - (Téol - TIilIe)7 (H23)
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e Thol — TeMIiep TYp KOMIIO3MTHOTO YrOJIBHOTO TepMOMETp U Tie — TeM-
nep Typ XJ o redt . Eciu mpeanonoXxuTth, YTO MOIMHOCTh, MOIJIONI €M I Tep-
MOMETPOM, MPOMOPLHUOH JIbH OOIIEl MOIIHOCTH HEPE30H HCHBIX MOTEPb, TO €CTh
P, = Py,1, TO M THUTHOE NOIJIOLIEHHE P BHO

Py = P — P;D = P — const - (T}A)lol - Tée)' (H24)

OO6BIYHO MOIIHOCTD, IMOCTYIl OLI 4 B PE30H TOP, NOAACPXKUB CTCA HOCTOﬂHHOﬁ,
MMO9TOMY

Pryon — Proft = Ppoff — Ppon = const - (Tfﬁ — Tfn), (I12.5)

1€ MHICKChI «0n» U «off» 0003H 4 10T BKJIIOYEHHYIO U BBIKJIIOYCHHYIO UM coor-
BETCTBCHHO.
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PE®EPATHI CTATEM, IOMEIIEHHBIX B BBIITYCKE

VK 530.145
ouck cranaapTHOro 6030Ha Xurrca Ha cynepkosuiaiiaepax. Kpacnukoeé H.B., Mamee-
e6 B.A. ®u3uka seMeHTapHbIX YacTHIl U aToMHOro siapa, 2000, Tom 31, Bbin.3, ¢.525.
Jlaetcst 0630p mpobIeM, CBSI3aHHBIX ¢ (PU3UKON CTaHAapTHOTO 0030HA XHUITCA U €T
OMCKOM Ha cynepkotaiaepax LEP u LHC.
Tabn.1. Un.25. bubnuorp.: 99.

VK 539.12.01
PamnanbHo Bo30y:KIeHHBbIE CKATSIPHBIE, TICEBIOCKATSIPHBIE H BEKTOPHBIE HOHETHI Me-
30HOB B KHPAJIbHOIi KBapKoBo#i Moneau. Boakose M.K., [Oouues B.JI. dusnka sneMeH-
TapHBIX YaCTHIl U aTOMHOTO sipa, 2000, Tom 31, BeIN.3, ¢.576.

[TocTpoeH kupanbHBIN JarpaHXuaH, COAEPKAIINNA KpoMe OOBIYHBIX ME30HHBIX MOJIEH
UX TIepBbIE€ pajuanbHble BO30ykaeHHs. JlarpamxuaH moiydeH 6030HM3alMell KBapKoBOI
mozenu tuna Ham6y—Hona-Jlasuamo (HWUJI) ¢ cemapabenbHBIM HEIOKAIBLHBIM B3aUMOICH-
cTBueM. HemoxanpHOCTH omuchkiBaeTcs (hopM(paKTopaMu, COOTBETCTBYIOIIMMH TPEXMep-
HBIM BOJIHOBBIM (DyHKIUSIM BO30YKICHHBIX Me30HOB. CIIOHTaHHOE HapyIIeHHE KUPAIbHON
CHUMMETPHH OTIpejielisieTcs ypaBHEHHeM Ha 1meinb. Ha nmpoctom npumepe SU (2)xSU (2)-Bep-
CHH 3TOH MOJIEITH NMPOJIEMOHCTPUPOBAHO BBIMOHEHNE BCEX HU3KOIHEPTETHUECKUX TEOPEM B
KUpAJIBHOM HpeJere.

JL1st onmucaHus CrieKTpa Macc BO30YXKICHHBIX CKaJISIPHBIX, IICEBIOCKAISIPHBIX H BEKTOP-
HBIX ME30HOB MOCTpocHa Ooiyiee peamuctiuHas U (3)xU(3)-Monenb ¢ B3aUMOACHCTBHEM
't Xo¢ra. B crimy rmoGanbHOM KUpadbHON CHMMETPHH, MBI HCIIONIB3YeM OIMHAKOBEIE ()OPM-
(bakTOpBI JUIS CKATAPHBIX U NICEBIOCKAIAPHBIX Me30HOB. PuKkcHpys mapameTpsl Gpopmbak-
TOPOB [0 MaccaM ICEeBAOCKAISIPHBIX ME30HOB, MBI ITPEACKA3bIBACM CIEKTP MACC CKAJSIPHBIX
ME30HOB. DTO MO3BOJSIET HAM MHTEPIPETHPOBATh SKCIIEPUMEHTAIFHO HAONIONaeMbIe CKa-
JISIpHBIE, TICEBIOCKAISIPHbIE U BEKTOPHBIE ME30HHBIC COCTOSHUSI KaK WICHBI KBapK-aHTH-
KBapKOBBEIX HOHETOB. [ToKa3aHO, 4TO CKaPHBIC ME3OHHBIC COCTOSHUA a)(1450), K, ; (1430),

fo(1370), f ;(1710) siBisIFOTCS ICPBBIMU PAJNaIbHBIMU BO3OYKIACHHSIMH OCHOBHBIX COCTOSI-
Hui a,(980), Kg(960), £(400-1200), £,(980). BbraucieHsl KOHCTaHTbI cabblX pacnanos

F,Fry ,F , F. M IIAPHHBI OCHOBHBIX CUJIBHBIX PACTIa 0B CKAIIPHBIX, [ICEBAOCKAIPHBIX 1
BEKTOPHBIX HOHETOB ME30HOB.
Tab6n.4. n.6. Bubnuorp.: 40.

VK 519.72 + 539.12
CurnaJj, 1aHHble 1 HHGopManusa B pu3nyeckux uzmepenusx. bacunaosze C.I'. duzuka
3JIEMEHTAPHBIX YaCTHI U aTOMHOTO s1pa, 2000, Tom 31, BBIN.3, ¢.634.

B 0030pe paccMaTpuBarOTCs BOIPOCHI MOIy4eHHs HHPOPMALKU 0 GpU3NIECKUX SIBIIC-
HUsIX. Bonbinoe BHIMaHue yeneHo aHamu3y Ipolecca 0TOOpaKeHUsI — KaK BO3AEHCTBUIO
1 BOCIIPHATHIO CUTHAJIOB, TAK U X MOCIeaylomei nuckpern3anun. Mexons u3 nadpopmam-
OHHBIX NOPOTOBBIX M MPeeTbHBIX COOTHOIIEHUH 00CyXaaeTcss BO3MOXHast (hopMma U mapa-
METpPbI CUTHAJIOB B IIPOLIECCAaX B3aUMOJCHCTBHS B MUKPOMHPE.

[TockonbKy BOCIIpUHMMAEMbIH CUTHAJ IPUHIMIIKAIBHO HETOYHO ONpEAEIIeH, M0Ka3a-
HO, KaK IIOJIy9HTh OCHOBHEIE COOTHOIICHHS O KOJMYECTBE JaHHBIX U COJepIKalieiics B HUX
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uH(pOpPMAIUH Ha OCHOBE «aHAaJIKM3a [EJIbIX YUCEI», He Mprberast K KIaCCHYSCKHUM MaTeMaTH-
YECKUM TOHATHSIM OSCKOHEYHO MajbIX M OecKOHeuHbIX mpouenyp. Kpatko paccMOTpeHbI
OCHOBHBIC MPAKTHUECKUE MPUEMbI KOJUPOBAHUA HH()OPMAIIHH.

Wn.12. bubnuorp.: 42.

VK 539.12.01

TepmoanHaMuKa KHPaJbHOH 3()¢eKTUBHONH MoJeIH ¢ AKCHAJIBHOW U KOH(OPMHOI
anoManuaMu. Ban oen bow» b. ®u3uka 3MeMEHTapHBIX YaCTHIl U aTOMHOTO sijpa, 2000,
ToM 31, B3, ¢c.671.

Beoputcs monens Hamby—ona-Jlasuano (HWJI) ¢ macmrabHo# n akcuansHOU Uy(1)
aHOMaJIMSAMH IPY KOHEYHOM TeMIIepaType U MJIOTHOCTH B cIydae Tpex apomaros (u,d,s). 3a-
TEM OHA HCIMOJb3YeTCs IJIsl BBIYHMCICHHS KOHICHCATOB M TEPMOAWHAMHUYECKUX (YHKIMH
(maByieHHMs, ITIOTHOCTH SHEPTUH U SHTPONUH). B 0CHOBHOM IpenicTaBiIeHbl aHAINTHYECKHE
pe3yIBTaTEL.

Wn.10. Bubnuorp.:84.

YIK 621.384.664
Texnnka noJsipu3oBanHbIX MumeHeil. Kucenes 10.®. dusnka 3eMeHTapHBIX YaCTHI] U
aToMHOTO siapa, 2000, Tom 31, BeI.3, ¢.714.

B 0630pe aHanm3upyroTcs MOCIEAHUE AOCTHKEHHS B PA3BUTUH U MPUMEHEHUH TBEP-
JIBIX MUILEHEH C IIOJIIPU30BaHHBIMU saApaMu. [IpuBoauTCS onucanue METoOAa TMHAMHUYECKO-
IO OXJIAXKJICHUS U PACCUUTHIBAETCS yCUIICHUE SACPHON NOISPU3ALUY IPH CBEPXHU3KHUX TEM-
neparypax. M3noxkeHa TeXHUKA M3MEPEHUS NOJISIPU3ALMUU SAOCP CO CIIUHAMHU [ :1/2 uj=l
BBITIOJIHEH JIETaJIbHbIH PacyeT 4yBCTBUTEIBHOCTH (J-METpa ¢ THOPHIHBIM IPUEMHBIM KOH-
TypOM, JaH aHAJIU3 NOTPEHIHOCTEH M3MEPEHUs MOJAPHU3ALMU JIUBEPIYIbCKUM (J-METPOM.
Amnanu3upyercst mpobaemMa yCTaHOBJIEHHS TEMJIOBOTO PAaBHOBECHS B CIIMHOBBIX CHCTEMAax
KBaJpyHOJIbHBIX siiep. I[IpuBoOAATCS JaHHBIE IO MAarHUTHOMY CBepXusiaydeHuto. OmnucaH
s¢dexT YacTOTHOH MOAYISNNY, YCHINBAIONIMN TOJIsprU3aliio MunieHei. [lokazana cBs3b
9TOr0 3¢dexra Kak ¢ BPeMEHHOH (JacTOTHOIT), TaK M HPOCTPAHCTBEHHOW mucHepcHeit
CBY-nonst B MUIICHH.

OO6cyxJaroTcsl HOBBIE MEPCTIEKTUBEI B UCIIOIb30BAHUH IIPOTOHHOW MUILIEHHU IS OpH-
EHTAllUM CIIMHOB PaJMOAKTUBHBIX sjep. IIpyu Hamuuuu KBajpyHoibHOTO B3aUMOJEHCTBUSA
AHH30TPOIMS y-U3IIyIECHHs TaKKMX SAJCP 3aBHCHUT OT 3HAKA CIIMHOBOM Temmeparypsl. Ilpema-
raercs MCIOJIb30BaTh JUHAMUYECKYIO IMOJIIPU3ALMUIO A7 UCCIENOBAHUSA KBaJAPYIOIbHBIX
MOMEHTOB PaJUOAKTUBHBIX A€P B TOHKOW MPOTOHHOM MUIIEHH, OXJAXJaeMOH MIEHKON
cepxTexyuero ‘He. B paboTe pHBOAATCS TAHHBIC SKCTICPHMEHTAIBHBIX PAGOT, BBITOTHEH-
HBIX ¢ ydactueM aBropa B CERN (OKenesa), OUAU ([lyona), UDOBD (IIporBuno) u PSI
(Bunmuren, IBeiimapns).

Wn.20. bubnuorp.:91.
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K CBEJEHHIO ABTOPOB

B xyprane «®Pu3nka deMeHTapHBIX YaCTUI U aTOMHOTO siapa» (DUA ) meuararorcst 0030pEI 10
aKTyaJbHbIM HPOOIEMaM TEOPETHYECKOIl M KCICPUMEHTAIbHOH (PU3MKH >IEMEHTapHBIX YAaCTHI[ U
aTOMHOTO sipa, IPoOIeMaM CO3JaHUsI HOBBIX YCKOPUTENIBHBIX H OKCIIEPUMEHTAIBHBIX YCTAHOBOK, aB-
TOMAaTH3aIUU 00pabOTKH HKCIEPHMEHTAIbHBIX NaHHBIX. CTaTbU MedYaTaroTCsl Ha PyCCKOM H aHIVIUH-
CKOM si3bIKaX. Pefakiys npocuT aBTOpOB NPH HANPaBJIEHUH CTaThH B IIe4aTh PyKOBOJCTBOBATHCS U3JI0-
JKEHHBIMH HUJKE ITPABUIIAMHU.

1. TexcT cTaThy AOJKEH OBITH HallE4aTaH Ha MAlIMHKE Yepes3 JiBa MHTEPBasa Ha OJJHOM CTOpOHE
nucTa (00s3aTeIbHO PEACTABISIETCS EePBBI MAIIMHOMUCHBIN dK3eMIuLip). 1ot ¢ ogHON CTOPOHBI
JIOJDKHBI OBITH HE yKe 3—4 CM, PYKONHUCHbBIE BCTABKH HE JOIYCKAIOTCA. DK3EMIUIAP CTaThU JOJKECH
BKJIIOYATh aHHOTALMM M Ha3BaHUE Ha PYCCKOM M aHIVIMIICKOM sI3BIKaX, pedepaT Ha PyCCKOM S3bIKE,
YK, cBenenus 06 aBTopax: GpaMunIns 1 HHUNKAIB! (Ha PyCCKOM U aHITTMHCKOM SI3BbIKAX ), Ha3BaHHE UH-
CTUTYTa, azpec U TeneoH. Bee cTpaHUIBl TEKCTa JOIKHBI OBITh MpoHYMepoBaHbl. CTaThs JOJDKHA
OBITH OJIIMCaHA BCEMH aBTOpaMu. TeKCT cTaThbH MOXKET OBITH HalleyaTaH Ha IIPUHTEPE C COOII0CHIEM
TEX K€ MPABHIL.

2. ®opMynbl ¥ 0003HAUCHNUS TOJDKHEI OBITH BIHCAHEI KPYITHO, YSTKO, OT PyKH TEMHBIMH YSpHH-
namu (MO0 HareyaTaHbl Ha IPUHTEPE U 00s13aTENILHO pa3MedeHbl). JKenaTenbHo HyMepoBaTh TOJIBKO T€
(hopMyIIbl, Ha KOTOPbIE UMEIOTCS CChIIKH B TekcTe. Homep ¢hopMyiisl ykassiBaeTcs crpaBa B KPyIJIbIX
ckobkax. Ocoboe BHIMaHHE CllelyeT 00paTHTh Ha aKKypaTHOE H300paskeHUe HHACKCOB U II0Ka3aTeNnei
CTENCHEH: HIKHUE HHICKCHI OTMEYAIOTCs 3HAKOM TTOHIKCHHUS M, BEPXHUE — 3HAKOM IIOBBIIICHHS U}
IITPUXY HEOOXOAUMO YETKO OTIIMYATh OT CAMHHIBI, a SAMHUIY — OT 3amsaToi. Ciienyer, o BO3MOX-
HOCTH, H30eraTb TPOMO3JKHX 0003HAUCHUI U ympomaTs Habop (opMy:n (Hampumep, MPUMEHSS exp,
Ipo0Ob Yepe3 KOCyIo uepTy).

Bo u3bexanue HeropasyMEeHUH H OIIHOOK CIIAyeT AeNaTh ICHOE Pa3INIie MEXTy IPOITHCHBIMU
M CTPOUHBIMH OyKkBaMu, ogrHakoBbIMH 110 HayepTanuto (Vuv, Unu, Wuw,Ouno,Kuk,Sus,Cuc,
Pup,Z v z), nponucHble NOAYEPKHBAIOTCSA ABYMs YepPTaMH CHHU3Y, CTPOYHbIC — IBYMS YEpTaMH
cBepxy (S us, C u c). Heobxoaumo nenats 4eTkoe pazinuuue Mexay OykBamu e, /, O (6ombmioif) u o (Ma-
noi) u 0 (Hynem), Juist yero OykBbel O M 0 OTMEUAOT JIBYMsI YEPTOUYKAMH, a HyJIb OCTABJIAIOT 0€3 mox4ep-
kuBaHUs. ['pedeckne OyKBBI MOTUEPKUBAIOTCS KPACHBIM KapaHIAIIOM, BEKTOPHl — CHHHM, JTHOO 3Ha-
KOM cHu3y yepHUIaMu. He pekoMeHyeTcs HCIIoIb30BaTh AMlsi 0003HAYCHNUS BETHYKUH OYKBbBI TOTH-
YECKOro, PYKOITMCHOTO U JAPYTUX MaJIOyNOTPEOUMBIX B XKYPHAJIBHBIX CTAaThAX WIPU(PTOB, OJHAKO €CIIN
TaKylo OyKBY HElb3sl 3aMEHHTh OyKBOH JIATHHCKOTO HJIHM IPEeYecKoro andaBuTa, TO €¢ pa3MedaloT Ipo-
CTBIM KapaHJauoM (00BOAAT KpyXKKoM). B ciryuae, ecim HanmucaHue MOXET BbI3BaTh COMHEHHUE, HEOO-
XOJIMMO Ha TOJIAX JaTh MOSCHEHHE, HApUMep, { — «i3eray, & — «keu», k — nar., K — pycck.

3. PHCYHKH HPEACTABISIOT HA OTACIBHBIX JIUCTAaX Genoi OyMard MM KaldbKH C yKa3aHHEM Ha
000poTe HOMepa PUCYHKa M Ha3BaHUs cTaTbi. TOHOBEIE (oTOrpaduyl JOIKHBI OBITH NPEACTABICHbI B
JBYX JK3EMILLIpax, Ha 000pOTe KapaHAAIIOM YKa3aTh: «BEpX», «HU3». [padUKu JOMKHBI OBITH TIIA-
TEJIBHO BBINOIHEHBI TYIIBIO WM YEPHBIMH YSPHHUIIAMHU: HE PEKOMEH/IYETCs 3aTrPOMOXKIATh PUCYHOK He-
HYXXHBIMH JIeTaJsIMU: OOJBIIMHCTBO HAJINUCEH BBIHOCHTCS B IIOAINCH, @ HAa PHCYHKE 3aMEHSCTCS
uudpamu nnn Oykamu. JKenarenbHo, 4TOOBI PUCYHKH OBLIH TOTOBBI K IPSIMOMY PENPOAYLHPOBAHHIO.
TMoxnucy k pucyHKaM NpeCTABISAIOTCS HA OTAENbHBIX JIHCTaX.

4. Tabnuubl TOHKHBI OBITH HAllEYaTAHBl HA OTACIBHBIX JUCTAX, KAXKAast TAOIUIA JODKHA UMETh
3arosioBok. CiielyeT yKa3blBaTh €IMHUIbI M3MEPEHUS BEJIMYUH B TaOIMLAX.

5. CnuCcoK THUTepaTypsl IOMEMAeTcs! B KOHIE cTaTbi. CCBHUIKH B TEKCTE JAIOTCSA C YKa3aHHEM HO-
Mepa CChUIKH Ha CTPOKE B KBaJPATHBIX CKOOKaxX. B iuTepaTypHOii cChlIKe HOKHBI OBITh yKa3aHbI: IS
KHUT — (paMHJINH aBTOPOB, HHUNUAIIB, HA3BaHUE KHUTH, TOPOJI, H3JaTeIbCTBO (MIIH OPraHU3aIHsA), TO]



M3JaHHS, TOM (4acTb, TJ1aBa), MUTHPyeMas CTPaHHI[a, €CIH Hy>KHO; JUIs cTaTeil — (aMuiIny aBTopos,
WHUIHANIBI, Ha3BaHHE XypHAala, Cepus, TOA M3JaHUs, TOM (HOMEp, BBIMYCK, €CIHM 3TO HEOOXOIUMO),
HepBasi CTpaHuIa craTby. Eciii aBTOpOB Gostee MTH, TO yKa3aTh TOJIBKO IEPBbIC TPU GaMUIUH.
Hanpumep:
1.JIe3noB A.H., CaBesabeB M.B.— ['pynmoBbie MeTO/bl HHTEIPUPOBAHUS HEIMHEHHBIX AMHAMM-
yeckux cucteM. M.: Hayka, 1985, ¢.208.
2.I'omen M. — BonHosas ¢yukuus Bere: Ilep. ¢ ¢ppani. M.: Mup, 1987.
3. Turbiner A.V. — Comm. Math. Phys., 1988, v.118, p.467.
4.Ymsepuaze A.I. — DYAS, 1989, 1.20, Bbim.S5, c.1185.
5.Endo I., Kasai S., Harada M. et al. — Hirosima Univ. Preprint, HUPD-8607, 1986.

6. Penakuus noceliaer aBTopy oJjHy KOppeKkTypy. M3MeHeHus U JIOTIOJIHEHHs B TEKCTE U PUCYHKAX
He jpomyckaioTca. KoppekTypa ¢ HOIIHChIO aBTOpa U AaTOH ee MOAMICAHMS TOJDKHA OBITh BHICIAHA B
PENAKIHI0 B MUHUMAJIbHBIHA CPOK.
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