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NONPERTURBATIVE EFFECTS IN QCD
AT FINITE TEMPERATURE AND DENSITY
C.D.Roberts

Physics Division 203, Argonne National Laboratory,
Argonne IL 60439-4843, USA

These lecture notes illustrate the application of Dyson — Schwinger equations in QCD. The
extensive body of work at zero temperature and chemical potential is represented by a selection of
contemporary studies that focus on solving the Bethe — Salpeter equation, deriving an exact mass for-
mula in QCD that describes light and heavy pseudoscalar mesons simultaneously, and the calculation
of the electromagnetic pion form factor and the vector meson electroproduction cross sections. These
applications emphasise the qualitative importance of the momentum-dependent dressing of elementary
Schwinger functions in QCD, which provides a unifying connection between disparate phenomena.
They provide a solid foundation for an extension of the approach to nonzero temperature and chemi-
cal potential. The essential, formal elements of this application are described and four contemporary
studies employed to exemplify the method and its efficacy. They study the demarcation of the phase
boundary for deconfinement and chiral symmetry restoration, the calculation of bulk thermodynamic
properties of the quark-gluon plasma and the response of 7- and p-meson observables to 7' and
p. Along the way a continuum order parameter for deconfinement is introduced, an anticorrelation
between the response of masses and decay constants to 7" and their response to p elucidated, and
a (T, p)-mirroring of the slow approach of bulk thermodynamic quantities to their ultrarelativistic
limit highlighted. These effects too are tied to the momentum-dependent dressing of the elementary
Schwinger functions.

B p Gore nok 3 HO mpumenenue yp BHewuii [ iicon — Llunrep B KXI. Bonbin s 9 ctb 06-
30p TOCBSLIEH  M3/I0XKEHHIO COBPEMEHHOTO IMOAXOH , OCHOB HHOTO H  PEIIeHHHd Yyp BHEHUS
Bere — Conmurep , BOCHPOM3BOMAIIEr0 TOYHBIE M ccoBble (hopmynsl KXJI, OMHCHIB Iompe OJHO-
BPEMEHHO K K JIeTKHe, T K U TSKeNble IICeBIOCK JISPHBIE ME3OHBI M BBIUHCIICHHS 9I€KTPOM THUTHOTO
thopMcp KTOp NHOH ¥ CEYEeHHS DIIEKTPOPOXKICHUS BEKTOPHBIX ME30OHOB IIPU HYJIEBOW TeMmIlep Type H
XUMHYECKOM ITIOTEHLH Jie. DTU UCCIIeNoB HUs, KOTOpble OOBEIUHSIOT T KUe D 3HbIe SBICHHS, K YecT-
BEHHO YK 3bIB 0T H B XHOCTb HMITYJIbCHOIl 3 BUCHMOCTH ONETBIX ®JIeMeHT pPHbIX (pyHKIwil [IIBuHrep
B KXJI. OHu obecnieyuB 10T MPOYHYIO OCHOBY I OOOOLIEHHS P CCM TPUB €MOTO MOAXOH H  CIly-
9 [ HEHyJIeBOIl TeMIep Typbl U XUMHYECKOro noTeHIw J1 . CyIecTBEHHO, YTO ONKC Hbl (pOPM JIbHBIE
9JIEMEHTBI HCIIOJIb3yeMOro IIOAXOX M NPHBEJCHbI YeThlpe MpUMep B K YECTBE WUIIOCTP LIMH METON
u ero apdexkruBHOCTH. C MX NOMOLIBIO U3y4 €TCS IP HUI[ () 30BOrO mepexoj s JeKOH( WHMEHT
U BOCCT HOBIICHHS! KUP JIBHOH CHMMETPHH, BBIYUCIISETCS H GOp TEPMOIMH MUYECKUX CBOICTB KB K-
[JIIOOHHOM TUT 3MBI U 3 BUCHMOCTb 7r- U p-ME30OHHBIX H O/ioj eMbiX OT 1" ft. AH JIOTHYHBIM 00p 30M
BBEJICHBl HENPEPBIBHBI I p METp MOPSAAK I JEKOH( HHMEHT , HTUKOPpPEISILMsS MEeXIy 3 BHCH-
MOCTBIO M CC W KOHCT HT p ¢ g ot T u ux ke 3 Bucumoctbio oT p u (T, w)-3 BUCHMOCTD s
M JIBIX U YIBTP PETSTUBUCTCKUX 3H YEHHIl TEPMOIMH MHYECKHMX BelIWYMH. P ccMoTpeHHble 2¢hheKThI
T KX€ Orp HHYUB IOTCS VIMITYJIbCHOIl 3 BHCHMOCTBIO OJETHIX ®JIeMeHT pHbIX (hyHkumii IIIBuHrep .
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1. INTRODUCTION

In this article I describe the application of Dyson — Schwinger equations
(DSEs) to QCD at finite temperature, 7', and quark chemical potential, . It is
not a pedagogical introduction, as this can be found in recent reviews [1,2]. The
goal instead is to illustrate how contemporary studies at (7' = 0, = 0) can be
used as a foundation and springboard for the application of DSEs at finite 7" and
1, and to describe some of these applications and their results.

The DSEs provide a nonperturbative, Poincaré invariant, continuum approach
to solving quantum field theories. They are an infinite tower of coupled integral
equations, with the equation for a particular n-point function involving at least
one m > n-point function. A tractable problem is only obtained if one truncates
the system, and historically this has provided an impediment to the application of
DSEs: a priori it can be difficult to judge whether a particular truncation scheme
will yield qualitatively or quantitatively reliable results for the quantity sought.
As integral equations, the analysis of observables using DSEs rapidly becomes
a numerical problem and hence a critical evaluation of truncation schemes often
requires, or is at least simplified, by easy access to high-speed computers.* With
such tools now commonplace, this evaluation can be pursued fruitfully.

The development of efficacious truncation schemes is not a purely numerical
task, and neither is it always obviously systematic. For some, this last point
diminishes the appeal of the approach. However, with growing community in-
volvement and interest, the qualitatively robust results and intuitive understanding
that the DSEs can provide is becoming clear. Indeed, someone familiar with the
application of DSEs in the late-70s and early-80s might be surprised with the
progress that has been made. It is now clear [3,4] that truncations which preserve
the global symmetries of a theory; for example, chiral symmetry in QCD, are
relatively easy to define and implement and, while it is more difficult to preserve
local gauge symmetries, much progress has been made with Abelian theories [5]
and more is being learnt about non-Abelian ones.

The simplest truncation scheme for the DSEs is the weak-coupling expansion.
Using this systematic procedure it is readily established that the DSEs contain
perturbation theory, in the sense that for any given theory the weak-coupling
expansion of the equations generates all the diagrams of perturbation theory.
Hence, at the very least, the DSEs can be used as a generating tool for perturbation
theory, and in this application they are an essential element in the proof of the
renormalisability of a quantum field theory. This feature also places a constraint
on other truncation schemes; i.e., the scheme must ensure that perturbative results

*The human and computational resources required are still modest compared with those con-
sumed in contemporary numerical simulations of lattice-QCD.
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are recovered in that domain on which a weak-coupling expansion is known to
be valid.

The most important feature of the DSEs is the antithesis of this weak-coupling
expansion: the DSEs are intrinsically nonperturbative. They can be derived
directly from the generating functional of a quantum field theory and at no stage
in this derivation is a DSE represented as a sum of diagrams in perturbation theory.
Hence their solution contains information that is not present in perturbation theory.
They are ideal for the study of dynamical chiral symmetry breaking* (DCSB) and
confinement in QCD, and of hadronic bound state structure and properties. In
this application they provide a means of elucidating identifiable signatures of the
quark-gluon substructure of hadrons.

Their intrinsically nonperturbative nature also makes them well suited to
studying QCD at finite-7" and p, where the characteristics of the phase transition
to a quark-gluon plasma are a primary subject. The order of the transition, the
critical exponents, and the response of bound states to changes in these intensive
variables: all must be elucidated. The latter is of particular importance because
there lies the signals that will identify the formation of the plasma and hence
guide the current and future experimental searches.

There is a significant overlap between contemporary DSE studies and numer-
ical simulations of lattice-QCD. Of particular importance is that both admit the
simultaneous study of DCSB and confinement, the absence of which defines the
plasma. The DSEs provide an adjunct to lattice simulations. They are a means
of checking them, and the simulations can provide input into the development
and constraint of DSE truncations. A truncation that is accurate on the com-
mon domain can be used to extrapolate into that domain presently inaccessible to
lattice-simulations, such as finite chemical potential and the T- and p-dependence
of hadron properties.

2. ESSENTIAL ELEMENTS OF THE DSEs

In this section I summarise some of the results upon which much of the
successful DSE phenomenology is founded. Before doing so it is important to
specify that I employ an Euclidean metric throughout. For real 4-vectors, a, b:

4
a-b:=a,b,0, = Z a;b;, O

i=1

*Historically, the DSE for a fermion propagator has found widespread use in the study of
dynamical symmetry breaking; for example, it is the “gap equation” that describes Cooper-pairing in
an ordinary superconductor.
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and hence a spacelike vector, (), has Q? > 0. The Dirac matrices satisfy
= s W} =26 )

and 5 := —7Y1727374-

My point of view is that the Euclidean formulation is primary; i.e., a field
theory should be defined in Euclidean space, where the propagators and vertices
are properly called “n-point Schwinger functions”. This is the perspective adopted
in constructive field theory and, at least as a pragmatic artifice, by practitioners of
lattice-QCD. If the field theory is well-defined, it is completely specified once all
its Schwinger functions are known. Analytic continuation in the Euclidean-time
variable yields the Wightman functions and, following appropriate time-ordering,
the Minkowski space propagators. Additional details and discussion can be found
in Sec. 2.3 of Ref.1.

It is important because the analytic structure of nonperturbatively dressed
Schwinger functions need not be the same as that of their free-particle seeds.
Hence, a priori one cannot know the analytic properties of the integrand in a
DSE and any rotation of the integration contours, as in a “Wick rotation”, is
plagued by uncertainty: there may be poles or branch cuts, etc., that cannot be
anticipated from the free-particle form of the Schwinger functions involved. This
is manifest in the fact that the transcription rules:

Configuration Space Momentum Space
M E M E
. / d*a™ — —i/ d*z” L. / d*kM — z/ d* Kk
2. 9 — in®.0F 2. F — —in® kP
3.A — —ixF . AP 3. kugt — —kF . qF
4. A,B* — —AF.BF 4. kyat — —kP 2P,

are valid at every order in perturbation theory; i.e., the correct Minkowski space
integral for a given diagram in perturbation theory is obtained by applying these
transcription rules to the Euclidean integral. However, for skeleton diagrams; i.e.,
those in which each line and vertex represents a fully dressed n-point function,
this cannot be guaranteed.

2.1. Gluon Propagator. In Landau gauge the two-point, dressed-gluon
Schwinger function, or dressed-gluon propagator, has the form

) 7  kuky G(R?) o g°
9 Du(k) = <5W L2 ) k2 G(k%) == 1—|—H(k2)’ G)
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Fig. 1. DSE for the gluon vacuum polarisation and propagator: solid line — quark; spring
— gluon; dotted-line — ghost. The open circles are irreducible vertices. As indicated,
the quark loop acts to screen the charge, as in QED, while the gluon loop opposes this,
antiscreening the charge and enhancing the interaction

150 T T
= !
\
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\
L ‘.‘.
10.0 4
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\
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Perturbative
1-loop
0.0 | T T T P |
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Fig. 2. G(k?)/k? from a solution [6] of the gluon DSE (dash-dot line) compared with
the one-loop perturbative result (dashed line) and a fit (solid line) obtained following the
method of Ref.7; i.e., by requiring that the gluon propagator lead, via the quark DSE, to
a good description of a range of hadron observables
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where TI(k?) is the gluon vacuum polarisation, which contains all the dynamical
information about gluon propagation. This propagator satisfies the DSE illustrated
in Fig. 1 (a nonlinear integral equation). As already stated, a weak-coupling
expansion of this DSE reproduces perturbation theory. Using this one sees directly
that in the one-loop expression for the running coupling constant:

12
as(?) = a : )
(11N, — 2N;)In (q2 /A%QCD)

the “11N.” comes from the charge-antiscreening gluon loop and the “2N;” from
the charge-screening fermion loop, which illustrates how the non-Abelian structure
of QCD is responsible for asymptotic freedom and suggests that confinement is
related to the importance of gluon self-interactions.

Studies of the gluon DSE have been reported by many authors [1] with the
conclusion that, if the ghost-loop is unimportant, then the charge-antiscreening
3-gluon vertex dominates and, relative to the free gauge boson propagator, the
dressed gluon propagator is significantly enhanced in the vicinity of k2 = 0. The
enhancement persists to k2 ~ 1 —2 GeV?Z, where a perturbative analysis becomes
quantitatively reliable. In the neighbourhood of k% = 0 the enhancement can be
represented [6] as a regularisation of 1/ k* as a distribution, which is illustrated
in Fig. 2. As I will elucidate, a dressed-gluon propagator with the illustrated
enhancement at k2 ~ 0 generates confinement and DCSB without fine-tuning.

2.2. Quark Propagator. In a covariant gauge the two-point, dressed-quark
Schwinger function, or dressed-quark propagator, can be written in a number of
equivalent forms

1
BT ”

1
T AP + BOY) —iy-poy(p?) + os(p°) . (©6)

Y (p) is the dressed-quark self-energy, which satisfies a nonlinear integral equa-
tion: the quark DSE (depicted in Fig. 3)

X(p) = (Z2 — 1)iy-p+ Zsmpm+

a

A
A
42 [ Dl - D5 nS@rEa), ™
q

where I'%(g; p) is the renormalised dressed-quark-gluon vertex, my,y, is the A-
dependent current-quark bare mass that appears in the Lagrangian and
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qu .= [*d*q/(2)* represents mne-
monically a translationally-invariant
regularisation of the integral, with A
the regularisation mass-scale. The fi- >O>' =
nal stage of any calculation is to re- O
move the regularisation by taking the S

limit A — oo. The quark-gluon-ver-

tex and quark wave function renor- Fig. 3. DSE for the dressed-quark self-energy.
malisation constants, Zl(,u2, A2) and The kernel of this equation is constructed

Zo( M2> A2), depend on the renormali- frOI.n the dressed-gluon propagator (D —
sation point, i, and the regularisation spring) and the dressed-quark-gluon vertex (I"

mass-scale. as does the mass renor- — °Peh circle). One of the vertices is bare
malisation’ constant 7 (Nz A2) . (labelled by <) as required to avoid over-
m bl A

s D

r

i
Zo(i, A) 71 Za (122, A2). T
One can define a quark mass-
function: %)
B(p
M(p?) = ()
W= 1)

and, as depicted in Fig. 4, solving the quark DSE using a dressed-gluon prop-
agator that behaves as illustrated in Fig. 2 and a dressed-quark-gluon vertex,
', (p, q), that does not exhibit particle-like singularities at (p — ¢)* = 0,* yields a
quark mass-function that mirrors the infrared enhancement of the dressed-gluon
propagator. The results in Fig. 4 were obtained [7] with the current-quark masses:

my, ;= 3.7MeV, mi =82MeV, mi =0.59GeV, my =2.0GeV, (9)

at a renormalisation point of p ~ 20GeV. Applying the one-loop evolution
formula, Eq. (39), these masses correspond to:

m;f;" =55MeV, mlGV =130MeV,

(10)
mlGeV =1.0GeV, mi%V =34GeV

and although it is obvious from Fig. 4 that the one-loop formula does not describe
correctly the momentum evolution of the mass-function down to p? = 1GeV?,
the values in Eq. (10) provide a useful and meaningful comparison with the values
quoted conventionally.

*A particle-like singularity is one of the form (P2)~%, o € (0,1]. In this case one can write
a spectral decomposition for the vertex in which the spectral densities are non-negative. This is
impossible if &« > 1. a = 1 is the ideal case of an isolated, d-function singularity in the spectral
densities and hence an isolated, free-particle pole. « € (0, 1) corresponds to an accumulation, at the
particle pole, of branch points associated with multiparticle production.
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Fig. 4. Dressed-quark mass-function obtained in solving the quark DSE using the dressed-
gluon propagator of Ref.7

The quark DSE was also solved in the chiral limit, which in QCD is obtained
by setting the Lagrangian current-quark bare mass to zero [7]. From the figure
one observes immediately that the mass-function is nonzero even in this case.
That is DCSB: a momentum-dependent quark mass generated dynamically in the
absence of any term in the action that breaks chiral symmetry explicitly. This
entails a nonzero value for the quark condensate in the chiral limit. The fact that
M (p?) # 0 in the chiral limit is independent of the details of the dressed-gluon
propagator in Fig. 2; they only affect the magnitude of M (p?).

Figure 4 illustrates that for light quarks (u, d and s) there are two distinct
domains: perturbative and nonperturbative. In the perturbative domain the mag-
nitude of the quark mass-function is governed by the explicit chiral symmetry
breaking mass-scale; i.e., the current-quark mass. For p? < 1GeV? the mass-
function rises sharply. This is the nonperturbative domain where the magnitude
of M (p2) is determined by the DCSB mechanism; i.e., the enhancement in the
dressed-gluon propagator. This emphasises again that DCSB is more than just
a nonzero value of the quark condensate in the chiral limit! The boundary, at
p? ~ 1GeV?, is that point where the enhancement in the dressed-gluon propagator
becomes significant.
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The solution of p? = M?(p?) defines an Euclidean constituent-quark mass,
MZ¥* For a given quark flavour, the ratio M JZE /m’; is a single, quantitative
measure of the importance of the DCSB mechanism in modifying the quark’s
propagation characteristics. As illustrated in Eq. (11), obtained using the dressed-
gluon propagator in Ref.7,

flavour |w/d| s | ¢ | b | ¢t
M \150\10‘2.3‘1.4‘%1

M yn20 GeV

(1)

this ratio provides for a natural classification of quarks as either light or heavy.
For light quarks the ratio is characteristically 10-100 while for heavy quarks it
is only 1—2 [8]. The values of this ratio signal the existence of a characteristic
mass-scale associated with DCSB, which I will denote by M, . For p? > 0 the
propagation characteristics of a flavour with m’; < M, are altered significantly
by the DCSB mechanism, while for flavours with m’; > M, it is irrelevant, and
explicit chiral symmetry breaking dominates. It is apparent from the figure that
MX ~ 0.2GeV ~ AQCD-

The effect that the enhancement of the dressed-gluon propagator has on the
light-quark mass-function is fundamental in QCD and can be identified as the
source of many observable phenomena. Further, that this enhancement little
affects heavy-quark propagation characteristics at spacelike-p? provides for many
simplifications in the study of heavy-meson observables [9].

2.3. Confinement. One aspect of confinement is the absence of quark and
gluon production thresholds in colour-singlet-to-singlet S-matrix amplitudes. This
is manifest if, for example, the quark-loop illustrated in Fig. 5, which describes
[10] the diffractive, Pomeron-induced v — p transition, does not have pinch
singularities associated with poles at real-p® in the quark propagators. This is
ensured if the dressed-quark and -gluon propagators do not have a Lehmann
representation.

What is a Lehmann representation?

Consider the 2-point free-scalar Schwinger function:

1

AR = ——— . 12
() = 55— (12)
One can write
> plo)
A(z) = — 1
(2) /0 do ==, (13)

*In my Euclidean metric a true quark mass-pole exhibits itself as a real-p? solution of
p? + M?2(p?) = 0. This is absent in the solutions of the quark DSE illustrated in Fig. 4, which
is a manifestation of confinement, as discussed in Sec. 2.3.
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Fig. 5. Illustration of the diffractive electroproduction of a vector meson: e N — e~ 'Np
with the transition from photon to vector meson proceeding via a quark loop. The shaded
region represents [10] a Pomeron-exchange mechanism

where in this case the spectral density is

1 ) N 2
p(z) = 30 11_% [A(—z —ie) — A(—z + i€)] = 6(m” — ), (14)
which is non-negative. This is a Lehmann representation: each scalar function
necessary to completely specify the Schwinger function has a spectral decomposi-
tion in which the spectral densities are non-negative. Only those functions whose
poles or branch points lie at timelike, real-k? have a Lehmann representation.
The existence of a Lehmann representation for a dressed-particle propagator is
necessary if the construction of asymptotic “in” and “out” states for the associated
quanta is to proceed; i.e., it is necessary if these quanta are to propagate to a
“detector”. In its absence there are no asymptotic states with the quantum numbers
of the field whose propagation characteristics are described by the Schwinger
function. Structurally, the nonexistence of a Lehmann representation for the
dressed-propagators of elementary fields ensures the absence of pinch singularities
in loops, such as that illustrated in Fig. 5, and hence the absence of quark and
gluon production thresholds.
This mechanism can be generalised and applied to coloured bound states, such
as colour-antitriplet quark-quark composites (diquarks). In this case a study [3]
of the 4-point quark-quark scattering matrix shows that it does not have a spectral
decomposition with non-negative spectral densities and hence there are no diquark
bound states. The same argument that demonstrates this absence of diquarks in
the spectrum of SU(N, = 3) also proves [4] that in SU (N, = 2) the “baryons”,
which are necessarily diquarks in this theory, are degenerate with the mesons.
The infrared-enhanced dressed-gluon propagators illustrated in Fig. 2 do not
have a Lehmann representation. Using forms like this in the kernel of the quark
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is
7 =
ir ir
______ = - K
<
is

Fig. 6. Homogeneous Bethe — Salpeter equation for a quark-antiquark bound state: I' is
the solution, the Bethe — Salpeter amplitude, S is the dressed-quark propagator and K is
the dressed-quark-antiquark scattering kernel

DSE yields automatically a dressed-quark 2-point function that does not have a
Lehmann representation. In this sense confinement breeds confinement, without
fine-tuning.

2.4. Hadrons: Bound States. In QCD the observed hadrons are composites
of the elementary quanta: mesons of a quark and antiquark, and baryons of
three quarks. Their masses, electromagnetic charge radii and other properties can
be understood in terms of their substructure by studying covariant bound state
equations: the Bethe — Salpeter equation (BSE) for mesons and the covariant
Fadde’ev equation for baryons.

As a two-body problem, the mesons have been studied most extensively.
Their internal structure is described by the Bethe — Salpeter amplitude, which
is obtained as a solution of the homogeneous BSE, illustrated in Fig. 6. For a
pseudoscalar bound state the amplitude has the form

Ty (k; P) = THys |iEy (k; P) + - PFy(k; P) +

+~-kk-PGg(k;P)+ ou ku P, Hu(k; P)| (15)

where, if the constituents have equal current-quark masses, the scalar functions
E, F, G, and H are even under k- P — —k - P. In Eq. (15), T is a
flavour matrix that determines the mesonic channel under consideration; e.g.,
TE" = (1/2) (\* +iA3), with {V,j = 1...8} the Gell-Mann matrices. The
important new element in the BSE is K, the fully-amputated, quark-antiquark
scattering kernel: by definition it does not contain quark-antiquark to single
gauge-boson annihilation diagrams, such as would describe the leptonic decay of
the pion, nor diagrams that become disconnected by cutting one quark and one
antiquark line.

K has a skeleton expansion in terms of the elementary, dressed-particle
Schwinger functions; e.g., the dressed-quark and -gluon propagators. The first
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<«— (1) - Ladder
/ (2) — Beyond Ladder

I X I

Fig. 7. First two sets of contributions to a systematic expansion of the quark-antiquark
scattering kernel. In this expansion, the propagators are dressed but the vertices are bare

two orders in one systematic expansion are depicted in Fig. 7. This particular
expansion [3], in concert with its analogue for the kernel in the quark DSE,
provides a means of constructing a kernel that, order-by-order in the number of
vertices, ensures the preservation of vector and axial-vector Ward — Takahashi
identities. This is particularly important in QCD where the Goldstone boson
nature of the pion must be understood as a consequence of its internal structure.

To proceed with a study of meson properties, one chooses a truncation for
K. The homogeneous BSE is then fully specified as a linear integral equation,
which is straightforward to solve, yielding the bound state mass and amplitude.
The “ladder” truncation of K combined with the “rainbow” truncation of the
quark DSE (I', — <, in Fig. 3) is the simplest and most often used. The
expansion of Fig. 7 allows one to understand why this Ward — Takahashi identity
preserving truncation is accurate for flavour-nonsinglet pseudoscalar and vector
mesons: there are cancellations between the higher-order diagrams. And also
why it provides a poor approximation in the study of scalar mesons, where the
higher-order terms do not cancel, and for flavour-singlet mesons where it omits
timelike gluon exchange diagrams.

3. A QCD MASS FORMULA

The chiral-limit axial-vector Ward — Takahashi identity (AV-WTI)

—iP,I's, (k; P) :Sil(kJr)’Ys? +’Y57371(k7)? (16)

where S := diag(Sy, Sq,...), is the statement of chiral-current conservation in
massless QCD. It relates the divergence of the inhomogeneous axial-vector vertex,
Ffﬁ(k; P), to a sum of dressed-quark propagators. The vertex is the solution of
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Fig. 8. DSE for the axial-vector vertex. The driving term is the bare vertex: iysy,

the DSE depicted in Fig. 8, which involves the quark-antiquark scattering kernel,
K. 1t is therefore not surprising that in order to preserve this identity when
truncating the DSEs the choice of K and the vertex, I',, in the quark DSE, are
tied together. The divergence PMI‘%(k; P) is a pseudoscalar and hence contains
information about pseudoscalar mesons; i.e., Goldstone modes.

3.1. Dynamical Chiral Symmetry Breaking and Goldstone’s Theorem. In
the chiral-limit, the axial-vector vertex has the form [7]

TH
I‘gt(k; P) = - Vs | YuFr(k; P) + v - kk,Gr(k; P) — o ky Hr(k; P) | +

~ P
+TE (b P) + fu B3 Lu (ki P), (17)
where: Fr, Gr, Hg, and IN‘& are regular as P? — 0; Pufgi(k;P) ~ O(P?);
Ty (k; P) is the pseudoscalar Bethe — Salpeter amplitude in Eq. (15); and the
residue of the pseudoscalar pole in the axial-vector vertex is fz, the leptonic
decay constant:

A
fubu=2 [ o [(@") o S@ota@P)S@)] . as)
q

with the trace over colour, Dirac and flavour indices. This expression is exact:
the dependence of Z5 on the renormalisation point, regularisation mass-scale and
gauge parameter is just that necessary to ensure that the left-hand-side, fg, is
independent of all these things.

It now follows from the chiral-limit AV-WTI that

fuEn(k;0) = B(K), (19)
Fr(k;0) +2 fuFu(k;0) = A(k?), (20)
Gr(k;0) +2 fuGu(k;0) = 24'(K%), 1)
Hr(k;0)+2 fpHp(k;0) = 0, (22)
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where A(k?) and B(k?) are the solutions of the quark DSE in the chiral limit.
As emphasised in Sec. 2.2, the appearance of a B(k?) # 0 solution of the quark
DSE in the chiral limit signals DCSB. It is an intrinsically nonperturbative ef-
fect: in perturbation theory B(k?) o rh, the renormalisation-point independent
current-quark mass, and hence vanishes in the chiral limit. Equations (17) and
(19)-(22) show that when chiral symmetry is dynamically broken: 1) the homo-
geneous, flavour-nonsinglet, pseudoscalar BSE has a massless, P? = 0, solution;
2) the Bethe — Salpeter amplitude for the massless bound state has a term pro-
portional to 75 alone, with the momentum-dependence of Ex(k;0) completely
determined by that of the scalar part of the quark self energy, in addition to terms
proportional to other pseudoscalar Dirac structures, Fr, Gg, and Hpy, that are
nonzero in general; and 3) the axial-vector vertex, I‘gt(k;P), is dominated by
the pseudoscalar bound state pole for P? ~ 0. The converse is also true.

Hence, in the chiral limit, the pion is a massless composite of a quark and an
antiquark, each of which has an effective mass M E 450 MeV. With a dressed-
gluon propagator of the type depicted in Fig. 2, this occurs without fine-tuning.

3.2. Nonzero Quark Masses: A Mass Formula. When the current-quark
masses are nonzero, the AV-WTI is modified:

H 1 TH TH 1
—iP, L5, (k; P) =S~ (k+)757 + 7573_ (k-)—
— My T3 (k; P) = T8 (k; P) M, , (23)

where: M,y = diag(m/,ml;,m#,...) is the current-quark mass matrix. In this
case both the axial-vector and the pseudoscalar vertices have a pseudoscalar pole:
ie.,

TH
If(k;P) = 7 (v FH (k; P) +~ - kk,GE (k; P) — 0, ky HE (k; P)] +
. P
+T2 (k; P)+ fyg =L Tu(k; P), (24)
S5u P2 + m%{
and
H

T
L5k P) = =5 [i€R (ks P) + - PFg (k; P) + v kk - PG (k; P) +

+ 0 ky Py M (ks P)| + i Ty (k; P), (25)

P24+ m?,
with: EF, FE, FH GH, GH HE K #HE, and fé}ﬁ regular as P2 — —m? and

P, T (k; P) ~ O(P?). The AV-WTI entails [7] that

fami =rg My, My = tfaavour [M(#) {TH, (TH)tH , (26)
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where fg is given by Eq. (18), with massive quark propagators in this case, and
the residue of the pole in the pseudoscalar vertex is

A
irg = Z4/ %tr [(TH)t'yg,S(qu)I‘H(q;P)S(q,) . 27
q

The renormalisation constant Z; on the right-hand side depends on the gauge
parameter, the regularisation mass-scale and the renormalisation point. This de-
pendence is exactly that required to ensure that: 1) rpy is finite in the limit
A — o0; 2) ry is gauge-parameter independent; and 3) the right-hand side of
Eq. (26) is renormalisation point independent. This is obvious at one-loop order,
especially in Landau-gauge where Z5 = 1 and hence Z4 = Z,,.

Equation (26) is a mass formula for flavour-octet pseudoscalar mesons that
is valid independent of the magnitude of the current-quark masses of meson’s
constituents. For small current-quark masses, using Eqs. (15) and (19)—(22),
Eq. (27) yields

1 A
=g, )= 2t A N, / tbirac [Saco(@)] . (28)

where the superscript “0” denotes that the quantity is evaluated in the chiral limit
and (gq)?,, as defined here, is the chiral limit vacuum quark condensate, which is
renormalisation-point dependent but independent of the gauge parameter and the
regularisation mass-scale. Hence Eq. (25) is the statement that in the chiral limit
the residue of the bound state pole in the flavour-nonsinglet pseudoscalar vertex
is (— (30)%)/ 9,

Now one obtains immediately from Egs. (26) and (28)
famz = — [ml +mij] (@g), + O (1hg) , (29)

Feemicr = = [mi +m{] (qa)u + O (mg) , (30)
which exemplify what is commonly known as the Gell-Mann—-Oakes—Renner re-

lation. The primary result, Eq. (26), is valid independent of the magnitude of 7,
and can be rewritten in the form

fami = —(qa)}} M, (31)

where I have introduced the notation
A
_ 1 t
— (@)} = farg = fHZ4/ Str [(TH) 75S8(q+ )T (g; P)S(g-)| , (32)
q
which defines an in-meson condensate. This emphasises that, for nonzero current-

quark masses, Eq. (26) does not involve a difference of vacuum massive-quark
condensates; a phenomenological assumption often employed.
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As elucidated elsewhere [11], Eq. (26) has another important corollary: it
predicts that the mass of a heavy pseudoscalar meson rises linearly with the
current-quark mass of its heavy constituent(s). Model calculations [8] show that
this linear evolution is dominant at ~ 27, in agreement with experiment where
the mass of the K, D, and B mesons lie precisely on the same straight line.

In Eq. (26) one therefore has a single mass formula, exact in QCD, that
provides a unified understanding of light- and heavy-meson masses.

4. AN ILLUSTRATIVE MODEL

I have already made use of a model [7] in illustrating some of the robust
results of DSE studies. To further elucidate the method I will describe that model
in more detail. For the kernel of the quark DSE it employs the analogue of the
lowest-order BSE kernel in Fig. 7:

a

A
A
Z1/ gQDW(pffJ)gws(Q)Fﬁ(q,p)%

q
A 2\ pf A? A?
o [0 - 0" D - 05 S @ (33
q
This is the “rainbow” approximation, in which the specification of the model is
complete once a form is chosen for the “effective coupling” G (k?).
A choice for G(k?) can be motivated by observing that at large-Q? := (p—q)?
in an asymptotically free theory the quark-antiquark scattering kernel satisfies

9> (1) Dy (p — @) [To(p+,q1)S (q4)] x [S(q-)Ti(g—,p-)] =

a a

A A
=47 a(Q*) DI (p — q) [7% Sfree(q+)] X {Sf’ee(q—) 7%} , (39
where P is the total momentum of the quark-antiquark pair, p4 := p+ npP and
p— :=p— (1 —np)P with 0 < n < 1. Choosing a truncation of K in which
this right-hand side is identified with the lowest order contribution in Fig. 7 then
consistency with the AV-WTI requires

G(Q?) :=4ra(Q?). (35)

Thus the form of G(Q?) at large-Q? is fixed by that of the running coupling
constant. This Ansatz is often described as the “Abelian approximation” because
the left- and right-hand sides are equal in QED. In QCD, equality between the
two sides of Eq. (35) cannot be obtained easily by a selective resummation of
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diagrams. As reviewed in Ref.1, Egs. (5.1) to (5.8), it can only be achieved
by enforcing equality between the renormalisation constants for the ghost-gluon
vertex and ghost wave function: Zl = 23.

The explicit form of the Ansatz employed in Ref.7 is

k2 e
% = 8m' D3’ (k) + —- Dk?e /4"
4r iicil F(k?), (36)

tin |:7’ n (1 n k?/AgCD)Q}

with F(k?) = [1 — exp(—k?/[4m7])]/k* and 7 = € — 1Ny = 4 and Aglp =
0.234 GeV.

The qualitative features of Eq. (36) are clear. The first term is an integrable
infrared singularity [12] and the second is a finite-width approximation to 6*(k),
normalised such that it has the same [d*k as the first term. In this way the
infrared singularity is split into the sum of a zero-width and a finite-width piece.
The last term in Eq. (36) is proportional to «(k?)/k? at large spacelike-k? and has
no singularity on the real-k2 axis. Gluon confinement is manifest since G(k?)/k?
doesn’t have a Lehmann representation.

4.1. Solving the Quark DSE. There are ostensibly three parameters in Eq. (36):
D, w and my. However, in the numerical studies the values w =
= 0.3GeV(= 1/[.66fm]) and m; = 0.5GeV(= 1/[.39fm]) were fixed, and
only D and the renormalised u/d- and s-current-quark masses varied in order to
satisfy the goal of a good description of low-energy 7- and K-meson properties.
This was achieved with

D =0.781 GeV?, mh g =374MeV, ml =825MeV ,  (37)

at u ~ 20GeV, which is large enough to be in the perturbative domain. The
effective coupling obtained is depicted in Fig. 9.
Using Eqgs. (33), (36), (37), and the renormalisation boundary condition

Sp) 7 o, =iy pHmb, (38)

P
the quark DSE, Eq. (7), is completely specified and can be solved by iteration.
The chiral limit in QCD is unambiguously defined by 7 = 0. In this case
there is no perturbative contribution to the scalar piece of the quark self energy,
B(p?, 4?): in fact, there is no scalar, mass-like divergence in the perturbative
calculation of the self energy. It follows that Z2(u?, A?) mpm(A%) = 0,VA and,
from Eq. (38), that there is no subtraction in the equation for B(p?, u?). In terms
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Fig. 9. Ansatz for G(k*)/k? employed in Ref.7. “B&P” labels a solution [6] of the gluon
DSE, which is presented for comparison, as is the one-loop running coupling in QCD

of the renormalised current-quark mass the existence of DCSB means that, in the
chiral limit, M (u?) ~ O(1/p?), up to In p2-corrections.*

Figure 10 depicts the renormalised dressed-quark mass function, M (p?),
obtained by solving the quark DSE using the parameters in Eq. (37), and in the
chiral limit. It is a complement to Fig. 4 because it highlights the qualitative
difference between the behaviour of M (p?) in the chiral limit and in the presence
of explicit chiral symmetry breaking. In the latter case

arge— 2 7 12
M (p?) fargep m2 — {1+ two loop} , Ym = 57— (39)
(31 [+2=]) 33— 2N,
2 A2
QCD
However, in the chiral limit the ultraviolet behaviour is given by

arge—p? 2 2 —{(gq)°

M( 2)1 g: p T Tm ( <qq> ) — , (40)
PorGels])) T
p 2 A(2QcD

where (gq) is the renormalisation-point-independent vacuum quark condensate.

*This is a model-independent statement; i.e., it is true in any study that preserves the one-loop
renormalisation group behaviour of QCD.
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Fig. 10. The renormalised dressed-quark mass function, M (p?), obtained in solving the
quark DSE using the parameters in Eq. (37): u/d-quark (solid line); s-quark (long-dashed
line); and chiral limit (dashed line). The renormalisation point is p ~ 20GeV. The
intersection of the line M?(p®) = p® (dotted line) with each curve defines the Euclidean
constituent-quark mass, M7

Analysing the chiral limit solution yields
—(qq)° = (0.227 GeV)?, (41)

which is a reliable means of determining (gq)° because corrections to Eq. (40)
are suppressed by powers of Agqp/u’.

Equation (28) defines the renormalisation-point-dependent vacuum quark con-
densate

=10 —
- <qq>H|M:19GeV =

A
= (Ahm Z4(/1,, A) Nc/ tI'Dirac [Sm_o(l])]) = (0275 GGV)S s
—00 q

n=19 GeV

(42)
the calculated result. It is straightforward to establish explicitly that m* ((jg)ﬁ =
constant, independent of x4, and hence

m* (qq)% = m (qq)°, (43)

which unambiguously defines the renormalisation-point-independent current-quark
masses. From this and Eqgs. (37), (41) and (42) one obtains the values of these
masses appropriate to this model

Tyyq = 6.60 MeV, 1hy = 147 MeV . (44)
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Using the one-loop evolution in Eq. (39) these values yield mﬁ Ja = 3.2MeV
and mY = 72MeV, which are within ~ 10% of the actual values in Eq. (37).
This indicates that higher-loop corrections to the one-loop formulae, which are
present in the solution of the integral equation as made evident by A(p?, u?) # 1
in Landau gauge, provide contributions of < 10% at p? = u2. The higher-loop
contributions decrease with increasing p?.

From the renormalisation-point-invariant product in Eq. (43) one obtains

(@@l ,_y oy = (n[1/Aqep])™ (79)° = (0.241GeV)?.  (45)

This result can be compared directly with the value of the quark condensate
employed in contemporary phenomenological studies: [13] (0.236+0.008 GeV)3.
Increasing w — 1.5w in G(k?) raises the calculated value in Eq. (45) by ~ 10%,
a weak sensitivity.

After this discussion of the vacuum quark condensate it is straightforward to
determine the accuracy of Egs. (29) and (30). Using experimental values on the
left-hand side, one finds:

(0.0924 x 0.1385)% = (0.113 GeV)* cf. (0.111 GeV)* = 2x0.0055 x 0.24* (46)

(0.113 x 0.495)% = (0.237 GeV)* cf. (0.206 GeV)* = (0.0055 + 0.13) x 0.24%

(47)
which indicates that O(rh?)-corrections begin to become important at current-
quark masses near that of the s-quark, as demonstrated further in Ref.8.

4.2. Solving the Pseudoscalar Meson BSE. The model quark DSE de-
scribed above employs the rainbow truncation. Following Fig. 7 the consistent
Ward — Takahashi identity preserving truncation of the quark-antiquark scatter-
ing kernel is the ladder approximation:

Aa )\(l
KittekP) = -0 - 0 D —0) () (w) o @)
tr su

in which case the explicit form of Fig. 6 is

A a a
Lt P)+ [ 0((k = ) DR (k - )5 380 Lan(as P)S(a-) 5 =0,

' (49)
Having an Ansatz for G(k?), S(q) in Eq. (49) follows by solving the quark DSE.
The kernel of the BSE is then completely specified and solving the equation for
'y (k; P) and the bound state mass is a straightforward numerical problem. Then,
with D, (k), S(p) and I'g(k; P), the calculation of other observables such as:
the leptonic decay constant, fzr; meson charge radius, rz; and electromagnetic
form factor, Fiy(Q?); etc., is possible.
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The general form of the solution of Eq. (49) is given in Eq. (15), where
the scalar functions depend on the variables k? and k - P and are labelled by
the eigenvalue P2. From this it is clear that the integrand in Eq. (49) depends
on the scalars: k2, k-q, ¢ q- P, and P?, which takes a fixed-value at the
solution; i.e., at each value of P2 the kernel is a function of four, independent
variables. Solving Eq. (49) can therefore require large-scale computing resources,
especially since there are four, independent scalar functions in the general form
of the solution.

Two different solution techniques can be employed. In one procedure, which
I will label: (A), the scalar functions are treated directly as dependent on two,
independent variables: E(k2 k- P; P?), etc. This requires straightforward, mul-
tidimensional integration at every iteration. Storing the multidimensional kernel
requires a large amount of computer memory but the iteration proceeds quickly.

An adjunct, which I will label: (B), employs a Chebyshev decomposition
procedure. It is implemented by writing

Nmax
E(k* k- P; P?) ~ Z B(k?; P?) Us(cos B) (50)
=0

with similar expansions for F, G:=k-PG and H, where k- P := cos BV k2 P2
and {U;(z);i = 0,...,00} are Chebyshev polynomials of the second kind, or-
thonormalised according to:

1
1

™

This procedure requires a large amount of time to set up the kernel but does not
require large amounts of computer memory.
In Tables 1 and 2 I list values of the dimensionless ratio
(qg)f My

Ry i= — ————. 52
A value of Ry = 1 means that Eq. (26) is satisfied and hence so is the AV-WTL*
Looking at the tabulated values of R it is clear that the scalar function H is not
quantitatively important, with the AV-WTI being satisfied numerically with the
retention of F, F' and G in the pseudoscalar meson Bethe — Salpeter amplitude.
The values of Ry, and the other tabulated quantities, highlight the importance

*It illustrates that the pseudoscalar-meson pole in the axial-vector vertex is related to the
pseudoscalar-meson pole in the pseudoscalar vertex in the manner elucidated above. A finite value in
the chiral limit emphasises that m% x My as Mg — 0.
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Table 1. Calculated values of the properties of light, pseudoscalar mesons composed of
a quark and antiquark of equal-mass. The mass (my® = 0.1385) and decay constant
(f7® = 0.0924) are in GeV, R y is dimensionless. With the exception of the calculations
that retain only the zeroth Chebyshev moment, labelled by “U, only”, the results are
independent of the momentum partitioning parameter, 7p, in Eq. (34).

All amplitudes ™ chiral limit S5

My f7r RH mo fO RH Mss S5 RH
Method (A) 0.1385  0.0924 1.01 | 0.0 0.0898 1.00 | 0.685 0.129 1.00
Up only 0.136  0.0999 095 [ 0.0 0.0972 094 | 0.675 0.137 0.95
Up and U; 0.1385 0.0925 1.00 | 0.0 0.0898 1.00 | 0.685 0.129 1.00
E only
Method (A) 0.105  0.0667 1.82 | 0.0 0.0649 1.81 | 0.512 0.092 1.68
Up only 0.105  0.0667 1.82 | 0.0 0.0649 1.81 | 0513 0.092 1.69
E, F
Method (A) 0.136  0.0992 095 | 0.0 0.0965 095 | 0.677 0.137 095
Up only 0.136  0.0992 095 | 0.0 0.0965 0.95 | 0.678 0.138 0.95
E.F.G
Method (A) 0.140  0.0917 1.01 | 0.0 0.0891 1.00 | 0.688 0.128 1.01
Up only 0.136  0.0992 095 [ 0.0 0.0965 095 | 0.678 0.138 0.95
Up and U; 0.140  0.0917 1.01 | 0.0 0.0891 1.00 | 0.689 0.128 1.0l

of F and G: F is the most important of these functions but G nevertheless
provides a significant contribution, particularly for bound states of unequal-mass
constituents.

From Tables 1 and 2, and Egs. (31), (32), (37), and (45), one calculates

—(a9) =1 Gev *<‘?Q>§:1Gev =951 Gev
(0.245GeV)?  (0.284GeV)?  (0.317 GeV)?

showing that, for light pseudoscalars, the “in-meson condensate” I have defined
increases with increasing bound state mass; as does the leptonic decay constant,
fr.* Both of these trends are modified as one moves into the heavy-quark
domain: 7<(jq>f —const. and fyg — 0 as My — oo.

Figure 11 depicts the scalar functions in the Bethe — Salpeter amplitude
obtained as solutions of Eq. (49), focusing on the zeroth Chebyshev moment of
each function, which is obtained via

(33)

By (k?) := %/W dB sin® BUy(cos B) Eg (k* k - P; P?), (54)
0

*(7(tjq>ff )/ fm is the residue of the bound state pole in the pseudoscalar vertex, just as fgr
is the residue of the bound state pole in the axial-vector vertex. As expected, (Gq)

(@93

T ~
p=1GevV ™

u=1GeV’
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Table 2. Calculated properties of the K meson for various values of the momentum
partitioning parameter, np; “—” means that no bound state solution exists in this
case. The mass (m% " = 0.496) and decay constant (f;;” = 0.113) are in GeV, Rk is
dimensionless

All amplitudes np = 0.50 np = 0.25 np = 0.00

mg K Rk | mi K Rk | mi fxk Rk
Method (A) 0.497  0.109 1.01 0.497  0.109 1.01 0.497  0.109 1.01
Up only 0.469 0.117 096 | 0482 0.117 095 | 0475 0.113 1.02
Up and Uy 0.500 0.111 1.00 | 0.497 0.109 1.01 0.498 0.110 1.00
Uop, Uy and Uz | 0.497 0.109 1.01 | 0.497 0.109 1.01 0.496  0.109 1.01
E only
Method (A) 0.430  0.079 1.55 | 0.430 0.079 1.55 | 0.429 0.076 1.55
Up only 0.380 0.077 1.54 | 0.401 0.076 1.51 0.415 0.073 1.55
Up and Uy 0.439  0.089 1.52 | 0430 0.078 1.55 | 0431 0.076 1.57

Up, Uy and Uz | 0430 0.078 1.55 | 0430 0.078 1.55 | 0427 0.076 1.55
E, F

Method (A) 0587 0.7 0.79 | 0557 0.14 086 | 0533 0.11 094
Up only 0505 0.12 082 | 0518 011 0.86 | 0512 011 0.96
Up and Uy - - - 1055 014 086 | 0537 012 094
Uo, Uy and Us | 0583  0.16 0.79 | 0557 0.14 086 | 0532 0.12 093
E,F,G

Method (A) 0.500 0.108 1.0l | 0.500 0.108 1.01 | 0500 0.108 1.01
Uo only 0471 0.116 096 | 0484 0.116 095 | 0477 0.112 1.02
U and Uy 0504 0.110 1.00 | 0500 0.108 1.01 | 0,502 0.109 1.00

Up, Uy and U3 | 0500 0.108 1.01 | 0.500 0.108 1.01 | 0499 0.108 1.01

and similarly for F', G [G‘ for the K meson] and H. I note that: the momentum-
space width of °Ey (k?) increases as the current-quark mass of the bound state
constituents increases; °Fyr (k* = 0) decreases with increasing current-quark mass
but that °Fyy (k?) is still larger at k% > 0.5 GeV? for bound states of higher mass;
G (k2) [°Gk (k)] behaves similarly; and the same is true for Hy (k; P) but it
is uniformly small in magnitude thereby explaining its quantitative insignificance.

Figure 12 depicts the large-k? behaviour of the scalar functions in the
pseudoscalar Bethe — Salpeter amplitude. The momentum dependence of °E; (k?)
at large-k? is identical to that of the chiral-limit quark mass function, M (p?) in
Eq. (40), [14] and characterises the form of the quark-quark interaction in the
ultraviolet. Figure 12 elucidates that this is also true of °Fy(k?), k2 %Gy (k?)
[k2 %Gk (k?) for the K meson] and k2 °Hy (k2). Each of these functions reaches
its ultraviolet limit by k? ~ 10 GeV?, which is very-much-less-than the renormal-
isation point, u? = 361 GeV2. As I will illustrate below, this result has important
implications for the behaviour of pseudoscalar meson form factors.

A direct verification of Egs. (19)—(22) is possible in this concrete model.
Consider the inhomogeneous axial-vector vertex equation, Fig. 8, in the ladder
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Fig. 11. The zeroth Chebyshev moment of the scalar functions in the mesons’ Bethe —
Salpeter amplitude: chiral limit (dotted line); = meson (solid line); K meson (long-dashed
line); and fictitious, s bound state (dashed line). For ease of comparison the amplitudes
are all rescaled so that °Eg(k* = 0) = 1

truncation:
H

T
I (k;P) = Z2757u7—

a a

A A A
- [0k - o) Dl - ) ST G IS . (59)
q

From the homogeneous BSE one already has the equations satisfied by Ey (k;0),
Fr(k;0), Gu(k;0), and Hg(k;0). To proceed, one substitutes Eq. (17) for
I‘gfﬂ(k; P) in Eq. (55). Using the coupled equations for Eg(k;0), etc., one can
identify and eliminate each of the pole terms associated with the pseudoscalar
bound state. [That the homogeneous BSE is linear in the Bethe — Salpeter
amplitude allows this.] That yields a system of coupled equations for Fr(k;0),
Gr(k;0), and Hg(k;0), which can be solved without complication. [The factor
of Z, automatically ensures that Fr(k? = p?; P = 0) = 1.] The realisation of



NONPERTURBATIVE EFFECTS IN QCD 561

1072 ' '
9
.Oo
AN
00
[
°%
()
- (5)
1073 °3 3
W > E
e N E
\~\\~\\ °°o
NN o
~ ~
S N
\\\\
1074 F N E
X T~
\\\ \\\
\\\\\\
105k \\\\\ 4
Nl . k
\\* o ]
X |
SO
10—6 Ll " " PR R | " " PR S S
10' 102 103
K2,GeV?
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the first two identities, Egs. (19) and (20), is illustrated in Fig. 13. The remaining
two identities, Egs. (21) and (22), are realised in a similar fashion.

5. ADDITIONAL PHENOMENOLOGICAL APPLICATIONS

In the model illustration of Sec. 4 an algebraic Ansatz was developed for
the dressed-gluon propagator based on the qualitative behaviour of solutions of
the gluon DSE. From this basic beginning, I illustrated how one can proceed
to calculate hadronic observables. A number of qualitatively significant features
emerged, among them DCSB and confinement, all of which are related to the
strong momentum dependence of the quark mass function, Eq. (8), in the infrared.

That last observation suggests an alternative phenomenological approach:
develop an algebraic Ansatz for the dressed-quark propagator. This is not as
fundamental as the approach in Sec. 4 because many, apparently distinct features
of the dressed-quark propagator are encoded in a few parameters of the Ansatz
for the dressed-gluon propagator; modelling the dressed-quark propagator directly
requires additional parameters to describe correlated effects. However, it has a
significant merit: with an algebraic as opposed to a numerical representation of
the dressed-quark propagator it is possible to study scattering observables more
quickly and easily. The approach can yield quantitatively reliable results provided
the Ansatz exhibits those essential qualitative features manifest in a direct solu-
tion of the quark DSE using a realistic Ansatz for the dressed-gluon propagator.
Further, in allowing a rapid analysis of a broad range of observable phenomena,
it provides a means of exploring the hypothesis that the bulk of hadronic phe-
nomena are simply a manifestation of the nonperturbative, momentum-dependent
dressing of the elementary Schwinger functions in QCD.

A simple and widely used model is [15]

7s(&) = 2mF (2(€ +m?)) + F(b1 E)F (b3 &) (bo + b2F(e€)) ,  (56)

2(€ +m?) — 1 4 e 267

ov(§) = 2E T M2 ;

(57)

with 55(&) := Aos(p?), av(€) = N2 oy (p?), where p? = A\2¢, X is a mass-
scale, and F(y) := [1 — exp(—y)]/y. This five-parameter form, where m is
the current-quark mass, combines the effects of confinement * and DCSB with

*The representation of S(p) as an entire function is motivated by the algebraic solutions of
Eq. (7) in Refs.16,17.
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free-particle behaviour at large, spacelike p?*. Applying Eq. (28) in this case:

i . 3 M
), = Jm Z4(”2’M2)4_772/0 ds 5 0% (s), (58)
2 b
o 3 b (59)

AZcp 472 bybg
and the pion mass is given by
my fz =2m(79)7 Gev - (60)

In Sec.4.1 we saw that when all the components of I'; are retained, Eq. (60)
yields an approximation to the pion mass found in a solution of the Bethe —
Salpeter equation that is accurate to 2%.

The model has been used for both u/d- and s-quark propagators with the
difference between flavours manifest in bf # bg/ ¢ b3 # bg/ 4 and m, # m, /d:
the first allows for a difference between the K and 7 in-meson condensates
and the second for MEF # M f/ 4» and all three are phenomenological constraints
observed in the previous section. As emphasised above, in a solution of the quark
DSE using an Ansatz for the dressed-gluon propagator, the parameters in Eq. (56)
are correlated and one can anticipate this crudely when fitting them.

5.1. Pion Electromagnetic Form Factor. The renormalised impulse approx-
imation to the electromagnetic pion form factor is [15]

(p1+p2)u Fr(q®) == Au(p1,p2) =

2NC d4k B
= N? W trp[Gr(k; —p2)S (ki) X
A7 (kg by =) S (ki) G (k — q/2;p1) S(k—_)], o

kap :=k+ ap1/2+ Bq/2 and py := py + g, illustrated in Fig. 14. Here G, (k; P)
is the pion Bethe — Salpeter amplitude normalised such that E(0;0) = B(0)
in the chiral limit, in which case the consistent canonical normalisation of the

*At large-p%: oy (p?) ~ 1/p? and og(p?) ~ m/p?. Therefore the parametrisation does
not incorporate the additional Inp2-suppression characteristic of QCD: it corresponds to vym — 1
in Eq. (40). It is a useful but not necessary simplification, which introduces model artefacts that
are easily identified and accounted for. & = 0.01 is introduced only to decouple the large- and
intermediate-p? domains.
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Impulse Approximation
T

T (k; P+

S(k,. = k+q/2 + Pl2)

Sk__)

\

r,u(k++a k_.)

T~

7 L (k—q/2;—-P)
P

Fig. 14. Impulse approximation to Fy(q?): S labels the dressed-quark propagator; I'x, the
pion Bethe — Salpeter amplitudes; and I';,, the dressed-quark-photon vertex

Bethe — Salpeter amplitude is

A
209 N2 Py = / {tr [%(qu)%gi(q;P)S(q)} 62
q Iz

e [0 - PIS(aos e P |
I
where G, (q; —P)* := C~1 G, (—q; —P) C with C = ~y274, the charge conjugation
matrix, and X¢ denotes the matrix transpose of X.

Given S and Egs. (19)-(22), what form does the Bethe — Salpeter amplitude
take?

In Sec. 4.2 we saw that the zeroth Chebyshev moments of the pion Bethe —
Salpeter amplitude provided results for m, and f. that were indistinguishable
from those obtained with the full solution. Also H, ~ 0 and hence it was
quantitatively unimportant in the calculation of m, and f,. These results are not
specific to that particular model; in the latter case because the right-hand side of
Eq. (22) is zero and hence in general there is no “seed” term for H,. We also
saw that at large-k2, independent of assumptions about the form of K, one has

0 a(k2)

EQ(k*; P?) o —@(1}1&77 (63)
and that the same is true of FQ(k?; P?), k* GY(k?; P?), and k? HO(k?; P?). This

makes manifest the “hard-gluon” contribution to Fw(qQ) in Eq. (61). In addition,
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in an asymptotically free theory, one has [7]
KGR (k? P?) = 27 (K% P?), K 2 My, (64)

with Myvy := 10 AQCD-
These observations, combined with Egs. (19)-(22), motivate a model for G:

Er(k; P) = Bo(k?) (65)

with Fy(k; P) = E(k; P)/(110 fr), G(k; P) = 2F(k;p)/[k* + M2, and
H,(k; P) = 0. The relative magnitude of these functions at large k2 is chosen to
reproduce the numerical results in Fig. 12.

The final element in Eq. (61) is I‘Z(pl, p2), the renormalised, dressed-quark-
photon vertex, and it is because this vertex must satisfy the vector Ward — Ta-
kahashi identity:

(pr — p2)u il (p1,p2) = S~ (p1) — S ' (p2), (66)

that (p1 — p2)u Apu(p1, p2) = 0 and no renormalisation constants appear explicitly
in Eq. (61). I‘Z(pl,pg) has been much studied [5] and, although its exact form
remains unknown, its robust qualitative features have been elucidated so that a
phenomenologically efficacious Ansatz has emerged [18]

T (p,q) =154, ¢°) Y +

+(+qu BW'(IH-Q) Aa(p*,q%) +AB(p2,q2)}, (67)
Si(0% %) = 5 LF0?) + F(@D)], Ar(p®,q?) = w, (68)

where f = A, B. A feature of Eq. (67) is that the vertex is completely determined
by the renormalised dressed-quark propagator. In Landau gauge the quantitative
effect of modifications, such as that canvassed in Ref.19, is small and can be
compensated for by small changes in the parameters that characterise a given
model study [20].

The model parameters were determined [15] by optimising a least-squares fit
to fr, 7r and (gq)$ q.v» and a selection of pion form factor data on the domain
q? € [0,4] GeV2. The procedure does not yield a unique parameter set with, for
example, the two sets:

A(GeV) m bo by b2 bs
A 0473 0.0127 0.329 1.51 0.429 0.430, (69)
B 0484 0.0125 0.314 1.63 0.445 0.405,
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Table 3. Comparison between the calculated values of low-energy pion observables
and experiment or, in the case of (—(7q)%cev)'/® and m, /d» the values estimated
using other theoretical tools. Each set in Eq. ( 69) yields the same calculated values.
Aqcp = 0.234 GeV

Calculated Experiment
fr 0.092 GeV 0.092
(—(@0)9 gov)'/®  0.236 0.236 & 0.008 [13]
My /d 0.006 0.008 £ 0.004 [21]
My 0.1387 0.1385
T 0.55 fm 0.663 + 0.006 [22]
Trfr 0.25 (dimensionless)  0.310 £ 0.003

providing equally good fits, as illustrated in Table 3. There is a domain of
parameter sets that satisfy the fitting criterion and they are distinguished only by
the calculated magnitude of the pion form factor at large-g>. The two sets in
Eq. (37) delimit reasonable boundaries and illustrate the model dependence in the
result. In the chiral limit: f2 = 0.090 GeV.

The quark propagator obtained with these parameter values is pointwise little
different to that obtained in Ref.23. One gauge of this is the value of the Euclidean
constituent quark mass. Here Mf/d = 0.32 GeV, whereas Mfd = 0.30GeV in
Ref.23. It is also qualitatively similar to the numerical solution described in
Sec. 4.1 [7], where Mf/d = 0.56 GeV. Indeed, the results are not sensitive to
details of the fitting function: fitting with different confining, algebraic forms
yields S(p) that is pointwise little changed, and the same results for observables.
The earlier parametrisation [23] has been applied more widely, as reviewed in
Ref.24, and Table 4 summarises the results.

In the calculations fr, is 20% too small. This discrepancy cannot be reduced
in impulse approximation because the nonanalytic contributions to the dressed-
quark-photon vertex associated with -7 rescattering and the tail of the p-meson
resonance are ignored [29]. It can only be eliminated if these contributions
are included. This identifies a constraint on realistic, impulse approximation
calculations: they should not reproduce the experimental value of f,r, to better
than ~ 20%, otherwise the model employed has unphysical degrees-of-freedom.

The pion form factor calculated [15] using Eqgs. (56) and (57) with (69)
is compared with available data in Figs. 15 and 16. It is also compared with
the result obtained in Ref.23, wherein the calculation is identical except that the
pseudovector components of the pion were neglected. Figure 15 shows a small,
systematic discrepancy between the calculations and the data at low ¢2, which is
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Table 4. Summary of results obtained using the parametrisation of S(p) introduced
in Ref.23, which differs little from that specified by Eqs. (56) and (57). aﬂ are mw-T
scattering lengths, whose experimental values are discussed in Ref.28, and F>" (4m2)
is the value of the yw — 77 transition form factor at the softest point kinematically
accessible. The citations for the calculated results specify the article in which the
annotated study is described. The “experimental” values of the current-quark masses
and the quark condensate are estimates made using other theoretical tools: see Table 3

Calculated “Experiment”
fr 0.0924 GeV 0.0924 + 0.001
fx 0.113 0.113 =+ 0.001
my 0.139 0.138
my 0.494 0.494
mAe o 0.0045 0.008
md e 0.113 0.1 ~03
—(Qq>1% Gevz 0247 0.236 + 0.008
ot 0.55 fm 0.663 % 0.006
Tt 0.49 [25] 0.583 + 0.041
20 -0.020 fm?2 -0.054 £ 0.026
IOy 0.50 [23] (dimensionless) 0.504 £ 0.019
F37(4m2) 1.04 [26] 1 (Anomaly)
ad 0.19 [27] 0.26 + 0.05
a2 -0.054 -0.028 £ 0.012
2a9 — 5a2 0.65 0.66 % 0.12
al 0.038 0.038 =+ 0.002
a9 0.0017 0.0017 =+ 0.0003
a? -0.00029
fr/fx 1.22 1.22 4 0.01
Pt /Tt 0.87 0.88 & 0.06

due to the underestimate of r, in impulse approximation*. The results obtained
with or without the pseudovector components of the pion Bethe — Salpeter ampli-
tude are quantitatively the same, which indicates that the pseudoscalar component,
FE, is dominant in this domain.

*Just as in the present calculation, frrr = 0.25 in Ref.23. However, the mass-scale is fixed
so that fr = 0.084, which is why this result appears to agree better with the data at small-g%: 7 is
larger.
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Fig. 15. Calculated pion form factor compared with data at small ¢>. The data are
from Refs.22 (crosses) and 30 (circles). The solid line is the result obtained when the
pseudovector components of the pion Bethe — Salpeter amplitude are included; the dashed-
line, when they are neglected [23]. On the scale of this figure, both parameter sets in
Eq. (69) yield the same calculated result

The increasing uncertainty in the experimental data at intermediate ¢ is
apparent in Fig. 16, as is the difference between the results calculated with or
without the pseudovector components of the pion Bethe — Salpeter amplitude.
These components provide the dominant contribution to Fj(q?) at large pion
energy because of the multiplicative factors: «- P and -k k- P, which contribute
an additional power of ¢? in the numerator of those terms involving F?2, FG,
and G? relative to those proportional to E. Using the method of Ref.23 and the
model-independent asymptotic behaviour indicated by Eq. (63) one finds

a(g?) (—{a0)p)”
q? =
i.e., ¢?Fr(q?) ~ const., up to calculable In g-corrections. If the pseudovector

components of I'; are neglected, the additional numerator factor of ¢ is missing
and one obtains [23] ¢*F,(q?) ~ const.

Fr(q®) (70)
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Fig. 16. Calculated pion form factor compared with the largest ¢> data available: dia-
monds — Ref.30; and circles — Ref.31. The solid lines are the results obtained when the
pseudovector components of the pion Bethe — Salpeter amplitude are included (lower line
— set A in Eq. (69); upper line — set B), the dashed-line when they are neglected [23]

With this model the behaviour identified in Eq. (70) becomes apparent at
q®> 2 2 M2, This is the domain on which the asymptotic behaviour indicated
by Eq. (63) is manifest. The calculated results, obtained with the two sets of
parameters in Eq. (37), illustrate the model dependent uncertainty:

Fr(@®)| 201015 gev> ~ 0-12 — 0.19 GeV?. (71)

It arises primarily because the model allows for a change in one parameter to be
compensated by a change in another. In this example: b > b5 but b8 + b5 =
by + by; and b) b5 = bBBE, which allows an equally good fit to low-energy
properties but alters the intermediate-g* behaviour of Fi(¢?). As emphasised, in
a solution of Eq. (7) these coefficients of the 1/p* and 1/p% terms are correlated
and such compensations cannot occur.
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As a comparison, evaluating the leading-order perturbative-QCD result with
the asymptotic quark distribution amplitude: ¢.s(z) := /3 fr 2(1 — ), yields

*Fr(¢®) = 16 7f2 a(q?) ~ 0.15GeV?, (72)

assuming a value of a(g? ~ 10 GeV?) ~ 0.3. However, the perturbative analy-
sis neglects the anomalous dimension accompanying condensate formation; e.g.,
Egs. (19)-(22) are not satisfied in Ref.32.

5.2. Electroproduction of Vector Mesons. There is an extensive body of
literature describing Pomeron phenomenology, all derived from the observation
that the total cross section in high-energy scattering: p-p, p-p, 7+-p, v-p, etc.,
is forward-peaked and rises slowly with +/s. This is illustrated [21] in Fig. 17
and can be described [10] by a Pomeron-exchange model of the quark-nucleon
interaction with the following features:

1. The quark-Pomeron coupling is ¢* (pg)F{qu(pl), where I',, := B¢y, with
By a flavour-dependent coupling constant. It is the only flavour-dependence in
the interaction.

2. The Pomeron “propagator” is characterised by a Regge trajectory:

G(s,t) := (aps)*0 Tt (73)

with g > 0, which ensures the increase with s, and the Pomeron-nucleon cou-
pling is 38, F1(t), where Fy(t) is the Dirac form factor of the proton.

3. The interaction is used in impulse approximation so that, for example, the
wN — mN interaction is completely described by

(P; pamy | Ten s nn |g; prms) :=
= A/J(q7 P) 35u/d Fl (t) G(Sv t) am’s (p2)7uums (pl) ) (74)
where u,, (p1) is a nucleon spinor and A, (q, P) := 2Aj(q, P) + 2Ag(q, P) with

A (g, P) =

= Nctrp /%Su(k—-l-)FW(kO—)Sd(k——)fW(k)Su(k++)ﬁfi7u (75)

describing the interaction of the Pomeron with the f-quark in the pion. The
parameters: 3¢, ao, o, in this model were fixed [10] by requiring a good
description of 7N and K N scattering, and this is achieved with

Buja =235GeV™>, B, =150GeV >, ag=0.10, a3 =0.33GeV 2.
(76)
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Fig. 17. Total and elastic cross sections for p-p and p-p scattering. The slow increase of
the total cross section with /s at high energy is obvious.

In the diffractive regime the process e~ p — e~ 'p' V, where V = p, ¢, 1,
is also expected to proceed via soft-Pomeron exchange and the model introduced
above can be applied directly. The matrix element is

(pama; k| Ju|lpima) =

= QBft/Al/k (Q7 k) Eip(k') GP (0)2, t) 3ﬁuF1 (t) a(p2)’7l/u(p1) ) (77)
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Fig. 18. p-meson electroproduction matrix element. @* := —(q — P/2 + p1)?, where p1

is the momentum of the struck nucleon

depicted in Fig. 18, where the vP — p transition form factor is

d*k
tMV/\(Q7P) = 3eg /W tr{S(k—i— %P) X

XT3 (k+ 5Pk —q+ P)S(k— q+ L P) % S(k— 3 P) Va(k; fp)} . (78)

The unknown quantity in Eq. (78) is the vector meson Bethe — Salpeter ampli-
tude, V, (k; —P). In the absence of a solution of the associated Bethe — Salpeter
equation, an oft used and phenomenologically efficacious procedure [24] is to
parametrise the amplitude in a manner similar to that employed for the pion in
Sec. 5.1:

PV’y-P 1 _k2/q2 Cy
V,(k; P) = (v — fov g 2 4 79
0P = (oot B ) A e O

where Ny is fixed via the canonical normalisation condition: clearly, P-V (k; P) =
0. The parameters are

a(GeV) b(GeV) ¢
p 040 0.008 125.0
¢ 0.45 0.6 0.3
G 1.10 0.0 0.0

(80)

which were fixed [10] by requiring the fit to the dimensionless coupling constants
in Eq. (81).

Jo—sete= YGpontn— Yopsetem YpsKKE YGyp—ete—
Theory 4.6 6.8 12.7 3.9 11.5 (81)
Experiment 5.0 6.1 129 4.6 11.5
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Fig. 19. p-meson electroproduction cross section at W = 15 GeV: solid line — calculated
result; long-dashed line — result if m, /4 — 10, /q; dash-dot line — result if M., /g —
— 25, q =~ ms. The data are: circles — Ref.33; squares — Ref.34; triangles — Ref.35

The experimental values of the decay constants were calculated from the widths
in Ref.21, and the fit is acceptable given the simplicity of the Ansatz for V,,
which includes only one of the eight scalar functions necessary to completely
specify a vector meson bound state. At this point there are no free parameters in
the calculation of the electroproduction cross sections.

Figure 19 depicts the QQ%-dependence of the p-meson electroproduction cross
section and the magnitude is a prediction. There is complete agreement on
the entire range of accessible @2, with the large Q? behaviour [10]: 1/Q%,
which becomes evident at Q% ~ 1-2GeV?2. Below that point the nonperturbative
character of the dressed-quark propagator dominates the evolution of the cross
section. It is important to observe the prediction that, the larger the current-quark
mass of the constituents, the larger the value of Q2 at which the asymptotic
behaviour is manifest.

The calculated ¢-meson electroproduction cross section is depicted in Fig. 20.
It is in excellent agreement with Refs.36 and 37, which used a nucleon target, as
opposed to Ref.35, which averaged over variety of nuclear targets. As could be
anticipated from Fig. 19, the onset of the asymptotic 1/Q* behaviour is pushed
to larger-Q? for the ¢-meson because the current-quark mass of the constituents,
the s-quark, is larger. In calculating the ¥-meson electroproduction cross section
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Fig. 20. ¢-meson electroproduction cross section at W = 70 GeV: solid line; the dashed
line is the p-meson result for comparison. The data are: triangles — Ref.35; circles —
Ref.36; squares — Ref.37
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Fig. 21. 1-meson electroproduction cross section at W = 100 GeV: solid line; the dashed
line is the p-meson result at W = 15 GeV for comparison. The data are from Refs.38,39

a very simple form was used for the c-quark propagator:

Se(k) = % (—iy - k+me) F(1 + k*/m2) (82)
with m. = 1.2GeV (~ m] GeV in Eq. (10)). This and the simple form of the
1p-meson Bethe — Salpeter amplitude anticipate the successful application of
DSEs to heavy-meson observables [9]. The calculated cross section is depicted in
Fig. 21. The striking prediction, confirmed by recent data, is that although two-
orders of magnitude smaller than the p-meson cross section at the photoproduction
point, the ¥-meson cross section is equal to that of the W = 100 GeV, p-meson
cross section at Q% = 15GeV?2. This is because the large c-quark mass shifts the
onset of the asymptotic 1/Q*-behaviour to larger-Q2.
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6. FINITE TEMPERATURE AND CHEMICAL POTENTIAL

As we have seen, at zero temperature and chemical potential the low-energy
and small-¢g? behaviour of QCD is characterised by confinement and DCSB. The
internal scale that marks the boundary between small and large energy in QCD
is My ~ Aqcp. As the energy and/or momentum transfer increases, QCD is
characterised by asymptotic freedom; i.e., the coupling evolves

as(Q*,T = 0 = ) C25°0 (83)
and quarks and gluons behave as weakly interacting, massless particles in high-
energy and/or large-Q? processes.

The study of QCD at finite temperature and baryon number density proceeds
via the introduction of the intensive variables: temperature, 7'; and quark chem-
ical potential, u. These are additional mass-scales, with which the coupling can
run and hence, for T > Aqcp and/or g > Agep, as(Q? = 0,T,u) ~ 0. It
follows that at finite temperature and/or baryon number density there is a phase of
QCD in which quarks and gluons are weakly interacting, irrespective of the mo-
mentum transfer [40]; i.e., a quark-gluon plasma. Such a phase of matter existed
approximately one microsecond after the big-bang. In this phase confinement and
DCSB are absent and the nature of the strong interaction spectrum is qualitatively
different. The contemporary expectation for the position of the phase boundary
in the (u, T')-plane is illustrated in Fig. 22.
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Fig. 22. The anticipated quark-gluon phase boundary in the (un,T)-plane. “HG” —
hadron gas, “QGP” — quark-gluon plasma. The nucleon chemical potential: pn = 3u;
i.e., three-times the quark chemical potential. “SPS” and “AGS” mark the points in the
plane that is the estimate of these facilities explore.
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The path followed in the transition to the plasma is important because it
determines some observational consequences of the plasma’s existence. For ex-
ample [41], the time-scale for the expansion of the early universe: ~ 107%s, is
large compared with the natural time-scale in QCD: 1/Aqcp ~ 1fm/c ~ 107235,
hence thermal equilibrium is maintained throughout the QCD transition. There-
fore, if the transition is second-order, the ratio B :=baryon-number/entropy,
remains unchanged from that value attained at an earlier stage in the universe’s
evolution. However, a first-order transition would be accompanied by a large
increase in entropy density and therefore a reduction in B after the transition.
Hence the order of the QCD transition constrains the mechanism for baryon num-
ber generation in models describing the formation of the universe, since with a
second-order transition this mechanism is only required to produce the presently
observed value of B and need not allow for dilution. In the absence of quarks,
QCD has a first-order deconfinement transition, and with three or four mass-
less quarks a first-order chiral symmetry restoration transition is expected [41].
A current, primary question is: what happens in the realistic case of two light
quark flavours?

Nonperturbative methods are necessary to study the phase transition, which
is characterised by qualitative changes in order parameters such as the quark
condensate. One widely used approach is the numerical simulation of finite tem-
perature lattice-QCD, with the first simulations in the early eighties and extensive
efforts since then [42]. Here I focus on the application of DSEs. This is a new
usage and much remains to be learnt: these are exploratory studies. One goal is to
develop DSE models of QCD at finite-7" and p (QCDg) that can be used to check
the results of numerical simulations, and be constrained by them. These models
can then be employed to extrapolate into that domain presently inaccessible to
lattice studies, such as finite chemical potential and the effects of 7" and u on
bound state properties, the latter of which are expected to provide the signatures
of quark-gluon plasma formation in relativistic heavy ion collisions.

Before discussing details it is interesting to provide a human scale for the
temperatures and densities involved. The natural scale in QCD is Aqcp ~
200 MeV and temperatures of this order of magnitude will be necessary to cre-
ate the plasma. Aqcp ~ 10'°x room-temperature! It represents a temperature
on the astrophysical and cosmological scale. Nuclear matter density
po ~ 3 x 10 g/cm3 = 0.16 N/fm3 and this is more than 10'3x the density
of solid lead! The density at the core of a neutron star is expected to be approxi-
mately 4 pg [43] and it is densities on this order that are anticipated to be required
for plasma formation.

The expectation of the existence of a new phase of matter, the quark-gluon
plasma, has led to the construction of a Relativistic Heavy lon Collider (RHIC)
at Brookhaven National Laboratory. Construction is to be completed in 1999. It
will use counter-circulating, colliding 100 A GeV '97Au beams to generate a total
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Fig. 23. Mass spectra for inclusive e™-e™ pairs in 450 GeV p-Be collisions showing

the data and various contributions from hadron decays. The shaded region indicates the
systematic error on the summed contributions [45]

centre-of-mass energy of ~ 40 TeV, in an effort to produce an equilibrated quark-
gluon plasma. It is anticipated to approach the quark-gluon plasma via a low
baryon density route. Contemporary, fixed target experiments at the Brookhaven-
AGS and CERN-SpS explore a high baryon density environment at much lower
centre-of-mass energies. These experiments are crucial in developing the ex-
pertise necessary for operating detectors under RHIC conditions but they are not
expected to “discover” the plasma. The CERN-SpS experiments have nevertheless
produced some interesting results.

One example is the “NA45-CERES” experiment [44], which studies e™-e™
pair production in heavy ion collisions. e® pairs leave the interaction region
without interacting strongly and hence they are a probe of the early stages of the
interaction. In Fig. 23 I illustrate the dilepton spectrum obtained in high-energy
p-Be collisions. It is well described by known hadron decays. The same is
true of p—Au collisions. However, this is not the case in S-Au collisions, as
illustrated in Fig. 24. There the known hadron decays describe the data only for
Mee < 300MeV, which is the region dominated by 7° Dalitz decays. At higher
energies the shape of the spectrum is different and shows a strong enhancement
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Fig. 24. Mass spectra for inclusive e™-e™ pairs in 200GeV S-Au collisions showing

the data and various contributions from hadron decays. The shaded region indicates the
systematic error on the summed contributions [45]

in the dilepton yield. Integrating over the region 0.2 < m.. < 1.5GeV the
enhancement factor is
5.0 £ 0.7stat. £ 2.0 syst. (84)

The enhancement persists in Pb—Au collisions [44]. What explanation can be
offered?

One model calculation [46] shows that this enhancement can be explained by
a medium-induced reduction of the p-meson’s mass; another [47], that it follows
from an increase in the p-meson’s width. A decrease in the p-meson’s mass
is consistent with the QCD sum rules analysis of Ref.48 but inconsistent with
that of Ref.49, which employs a more complex phenomenological model for the
in-medium spectral density used in matching the two sides of the sum rule. In
Ref.49 there is no shift in the p-meson mass but a significant increase in its width.
The consistency between Refs.47 and 49 is not surprising since, in contrast to
Ref.48, they both rely heavily on effective Lagrangians with elementary hadron
degrees-of-freedom. These are possibilities that can be explored using DSEs,
which focusing on dressed-quark and -gluon degrees of freedom is an approach
most akin to Ref.48. A first attempt [50], summarised in Sec. 7.6, predicts a
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15% suppression of m, at nuclear matter density but employs a model that is
inadequate to address IT'),.

6.1. Notes on Field Theory. Equilibrium statistical field theory can be under-
stood by analogy with equilibrium statistical mechanics. For a particle moving in
a potential V' the density matrix is given by the path integral

plw,a'; T = 1/8) =

/::)ﬁ_)j Dz(7) exp {_ /Oﬁ dr |:%mx'(7')2 — V(x(r))]} 7 (85)

where the underlined term is just the Lagrangian. All of the thermodynamic
information about this system can be obtained from the partition function

Z(T) = /V dx p(z,z,T); (86)

for example, the pressure P = T'ln Z(T)/V and the baryon density p? =
(1/3)0P/0u.

The equilibrium thermodynamics of a quantum field theory is also completely
specified by a partition function, or generating functional. In the particular case
of a self-interacting scalar field this is given by the functional integral:

B
Z[T] = / M.+ 0 DO(E,7) exp ( /0 dr / d3x£E(m;¢>> ,87)

where £ (z; ¢) is the Euclidean Lagrangian density describing the interaction of
¢(Z,7), whose boundary conditions are periodic:

P&, 7=0) = ¢(Z,7=0). (88)
The boundary conditions for fermions are antiperiodic:
P(@,7=0) ==&, 7=0). (89)

This difference in boundary conditions is the reason for the difference between the
Matsubara frequencies of fermions and bosons and hence why fermions acquire
a screening mass at finite temperature.

It is immediately obvious that the O(4) invariance of the Euclidean theory
is lost: at finite temperature (and/or chemical potential) the theory exhibits only
an O(3) symmetry corresponding to spatial rotations and translations. This is
why the formalism, necessarily used in lattice simulations, is only applicable to
equilibrium systems — there is no generator of translations in time. One also
notes from Eq. (87) that as 7" — oo one dimension disappears completely and
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hence the corresponding (d — 1)-dimensional theory is a candidate to describe the
infinite-temperature limit of a d-dimensional theory.
The finite temperature, free fermion Lagrangian density is

Lhee i) = 9@ 7) (704720, +m) (@) (90)

Introducing a Fourier decomposition:

(#7)=T Z / (P, wp )P TN 1)

antiperiodicity entails that the fermion Matsubara frequencies are
wn=02n+1)7T,neZ (92)

and the free fermion action is

Sg [, (B, wn) (17 - P+ ivawn +m) (B, wn) -
93)
From this one identifies the finite temperature, free fermion propagator
1
S(p) = . (94)

WP+ iyawn +m
Analogous arguments, using the periodic boundary conditions, lead to an
identification of the free boson propagator
1

= 95
FET g+ o

D(p, Qn) =

where €2, = 2nnT. Having obtained the free particle propagators one can
proceed to define a perturbation theory. As an example, in massless ¢* theory
the one-loop correction to the ¢ propagator is

xT Z /%392“1)'2 (96)

n=—oo

The sum can be evaluated:

> 1 1 1
T —5 = 7 = + T—independent piece, (97)
2 Q+1[p? P exp(|P]/T) — 1

to yield the Bose-Einstein factor. This is a source of problems: for large temper-

atures
1 T

exp(|p]/T) —1  |p]
and one can thereby encounter additional infrared divergences.

(98)
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These are particularly serious in QCD. To illustrate this [51] consider an
(£+1)-gluon-loop diagram and focus on the n = 0 mode, which obviously yields
the dominant infrared behaviour. The estimate is made easier if one neglects the
tensor structure and notes that: from the vertices there is a factor of g% p%; the
loop-sum-integral gives (T IPQE[O,T] d®p)**1; and the propagators, (p? +m?)~3¢,
where m is a possible, dynamically generated mass-scale. A little thought and
calculation shows that the net order of a given diagram in perturbation theory is

{=1,2 (=3 (>4 99
922 T4 g6 T4 ln(T/m) gﬁ T4 [gQT/m]€_3. ( )
Clearly, if m = 0 the diagrams are infrared divergent for £ > 2. The divergences
may cancel when all diagrams of a given order are summed but that is difficult
to verify. Suppose instead that the mass-scale m ~ g T', as does the Debye mass
in QED, then no problem arises: at each order above ¢ = 3 the diagrams are
suppressed by powers of the coupling and a self-consistent calculation of the
mass-scale is straightforward. This underlies the successful application of the
method of “hard thermal loops” [52]. However, suppose that m ~ ¢27', which
is the next possibility. In this case every diagram above ¢ = 2 contributes with
the same strength: g%, which presents a serious impediment to the application of
perturbation theory!
The introduction of a quark chemical potential modifies Eq. (93):

SﬁE[lﬁvw]Free =
=7y s () (7 5+ ;. 100

so that even the free Dirac operator is not hermitian and hence the QCD ac-
tion is necessarily complex. As such it does not specify a probability measure,
which precludes the straightforward application of Monte-Carlo methods in the
evaluation of the partition function. However, the application of DSEs remains
straightforward. The propagators and vertices are complex, so twice as many
functions are required to represent them but otherwise there are no complications.
Thus they provide a nonperturbative means of exploring this domain, which is
presently inaccessible in lattice simulations.

6.2. Some Lattice Results. Since the early eighties, as one branch of the
extensive application of lattice methods in many areas of QCD, Monte-Carlo
simulations have been used to estimate the finite temperature QCD partition func-
tion [53]. These studies have contributed considerably to the current understand-
ing of the nature of the quark-gluon plasma. Due to the persistent limitation
of computational power many analyses have focused on the pure gauge sector,
which exhibits a first-order deconfinement transition at a critical temperature of
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Fig. 25. Energy density and pressure for 2-light-flavour QCD on lattices with four temporal
lattice sites, from Ref.58

TCN =0 ~ 270 MeV [54]. In studying the chiral transition this commonly used
quenched approximation is inadequate because the details depend sensitively on
the number of active (light) flavours. It is therefore necessary to include the
fermion determinant.

That is even more important when p # 0 because the Dirac operator is not
hermitian and thus the fermion determinant acquires an explicit imaginary part, in
addition to those terms associated with axial anomalies. The QCD action being
complex entails that the study of finite density is significantly more difficult than
that of finite temperature. Simulations that ignore the fermion determinant at
u # 0 encounter a forbidden region, which begins at y = m, /2 [55], and since
m, — 0 in the chiral limit this is a serious limitation, preventing a reliable study
of chiral symmetry restoration. The phase of the fermion determinant is essential
in eliminating this artefact [56].

QCD with dynamical quarks is a contemporary focus and for two flavours
of light quarks the theory appears [57] to exhibit a second-order transition at
a critical temperature TCN /=% ~ 150 MeV. This is illustrated in Fig. 25, which
shows a rapid change in the energy density in a small region around 150 MeV.
For three or more light quark flavours the continuum theory is expected to have
a first order chiral symmetry restoration transition.

The quark condensate is an order parameter for chiral symmetry breaking,
with its nonzero value at T' = 0 responsible for the pion mass being proportional
to the square-root of the light current-quark masses. Its behaviour near the
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Fig. 26. Chiral condensate calculated [57] using staggered fermions and normalised to its
zero temperature value. Only the Ny = O results are extrapolated to zero quark mass

critical temperature is depicted in Fig. 26, and the rapid, qualitative change with
increasing T’ is easily apparent. Very important is that, independent of the number
of light-quark flavours, the condensate is unchanged for T < 0.9T,. It suggests
that hadron properties are insensitive to 7" until very near the phase boundary.
The simulations with dynamical fermions are still preliminary, and many
uncertainties remain. For example, a review [59] of recent results obtained with
larger lattices and lighter quarks reports a significant lattice-volume-dependence
for the critical exponents of the two light-flavour chiral symmetry restoration
transition: the transition may even be first order! This might be an artefact
of introducing lighter dynamical quarks, which drive the simulations to stronger
coupling. The order of the transition with three and four flavours also remains
unclear. With these uncertainties it is apparent that the lattice study of the phase
transition will require further, even more computer-intensive simulations.

7. DSEs AT FINITE 7' AND p

The contemporary application of DSEs at finite temperature and chemical
potential is a straightforward extension of the 7' = 0 = p studies. The direct
approach is to develop a finite-T" extension of the Ansatz for the dressed-gluon
propagator. The quark DSE can then be solved and, having the dressed-quark
and -gluon propagators, the response of bound states to increases in 1" and p
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can be studied. As a nonperturbative approach that allows the simultaneous
study of DCSB and confinement, the DSEs have a significant overlap with lattice
simulations: each quantity that can be estimated using lattice simulations can also
be calculated using the DSEs. This means they can be used to check the lattice
simulations, and importantly, that lattice simulations can be used to constrain their
model-dependent aspects. Once agreement is obtained on the common domain,
the DSEs can be used to explore phenomena presently inaccessible to lattice
simulations.

7.1. Quark DSE. The renormalised dressed-quark propagator at finite-(7", 1)
has the general form

1

S(p,& = === — — — 101
Po0) = =5 AG o) + i onCB.6r) + B, on) (101)

= —iy-poa(p, o) — ivawroc(p, &) + o (P, @), (102)

where @y, := wy + iu. The complex scalar functions: A(p, k), B(p,&r) and
C(p, &) satisfy:

f(ﬁ?‘;jk)* = ‘7:(13’7&71671)7 (103)
F = A, B,C, and although not explicitly indicated they are functions only of

|7|? and &3.
The DSE for the renormalised dressed-quark propagator is

STNp,on) = Z34 iV - P+ Zo (iya On + mbm) + X' (5, &%), (104)

where Zﬁ“ and Z> are renormalisation constants, myp,, is the bare mass, and the
regularised self energy is

X(p, or) = Y - PEY (P, Or) + 174 Ok B (P, Or) + X (P, Ox) 5 (105)

=2y

with

A
4 o oo~ ~ 1 -~ Y~ o~
= / 3 9° D (P — @, @ — &0) 3 tr [PryuS(, @)1 (q, 650, @k)] - (106)
L
where Py := —(Z{'/p*)iv - p, Pp := Z1, Pc := —(Z1/@x)iva, Z3i* and Zy are
vertex renormalisation constants, and flAq =TY72 f A %. This last is
a mnemonic to represent a translationally invariant regularisation of the integral
with A the regularisation mass scale.

In Eq. (106) the Landau-gauge, finite-(7', 1) dressed-gluon propagator has
the form

9*Dy (5,Q) = PL, (5, Q) Ap(p,Q) + PL,(9) Ac(p, ), (107)
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where
T 0; pand/or v =4,
Pu@) = 5, - PPi 1923 (108)
p2
= PuPv T
PL(BQ) = 0w — —=gt——PLO) pv=1,...,4. (109)
g g Zizl PaPa #

A “Debye-mass” for the gluon appears as a T-dependent contribution to Ap.
In renormalising we require that

1> ~ =0 PN .
STHE,G0) |y an 2 = 17 B+ iyawo + m, (110)

PPHot=

where ( is the renormalisation point and m% is the renormalised current-quark
mass. This entails that the renormalisation constants are:

23 A% = 1= XU(,00) (52 cp e (111)
Zo(¢ 8% = 1- Se@oo)lie e s (112)
my = Zompm + S50 @052 e (113)

and yields the renormalised self energies:
oo oo S\ u=0
f(pa Wk) = 5.7: + Ef}‘(p7 Wk) - Ef?—'(pa w0)|ﬁ§"2+@g:<2 ) (114)

where F = A, B, C; €4 = 1= £c and £ = m$,.

In studying confinement one cannot assume that the analytic structure of a
dressed propagator is the same as that of the free particle propagator: it must be
determined dynamically. Indeed, one knows that the Py := (P, & )-dependence
of A and C is qualitatively important since it can conspire with that of B to
eliminate free-particle poles in the dressed-quark propagator [17]. In this case
the propagator does not have a Lehmann representation so that, in general, the
Matsubara sum cannot be evaluated analytically. More importantly, it either
complicates or precludes a real-time formulation of the finite temperature theory,
which makes the study of nonequilibrium thermodynamics a very challenging
problem. In addition, as we will see, this pi-dependence of A and C can be
a crucial factor in determining the behaviour of bulk thermodynamic quantities
such as the pressure and entropy; being responsible for these quantities reaching
their respective Stefan — -Boltzmann limits only for very large values of 7' and
p. It is therefore important in any DSE study to retain A(py) and C(pg), and
their dependence on py.
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7.2. Phase Transitions and Order Parameters. Phase transitions are char-
acterised by the behaviour of an order parameter, (X), the expectation value
of an operator. In the ordered phase of a system: (X) # 0, whereas in the
disordered phase (X) = 0. A phase transition is first-order if (X) — 0 discontin-
uously, whereas it is second-order if (X) — 0 continuously. For a second-order
transition, the length-scale associated with correlations in the system diverges as
(X) — 0 and one can define a set of critical exponents that characterise the
behaviour of certain macroscopic properties at the transition point. For example,
in a system that is ferromagnetic for temperatures less than some critical value,
T., the magnetisation, M, is an order parameter and in the absence of an external
magnetic field M oc (T, — T)P for T ~ T, where (3 is the critical exponent. At
T = T, the behaviour of the magnetisation in the presence of an external field,
h — 0%, defines another critical exponent, §: M oc h(}/9). In a system that can
be described by mean field theory these critical exponents are

MF =05, SMF —30. (115)

The problem is that it can be difficult to identify the order parameter relevant to
the discussion of a phase transition.

One order parameter for the chiral symmetry restoration transition is well
known — it is the quark condensate, defined via the renormalised dressed-quark
propagator [7]:

(e = N tim 2i(G.1) [ e

- = _ 4\S, — ~ ~ ~ ~ )

H Lo [P Ao(P)? +FCo(Pr)? + Bo(pr)?
(116)

for each massless quark flavour, where the subscript “0” denotes that the scalar

functions: Ag, By, Cy, are obtained as solutions of Eq. (104) in the chiral limit.

The functions have an implicit (-dependence. An equivalent order parameter is
X :=ReBy(p'=0,&0), (117)

which was used in Refs.60-62. Thus the zeroth Matsubara mode determines the
character of the chiral phase transition, a conjecture explored in Ref.63.

What is an order parameter for deconfinement?

In Sec.2.3 I observed that the analytic properties of Schwinger functions
play an important role in confinement. For illustrative simplicity, set 4 = 0, the
generalisation to p # 0 is not difficult, and consider

<1 2 [*™ ,
ABo(va:O) = T Z ArT ;/0 dpp Sln(pm)aBo(pawn) (118)
T ~ ,n
= o > AL (x). (119)
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Fig. 27. —E(t) := In A(¢) in QED3. Here the analogue of the mass-function is E'(t)
and the difference between the unconfined theory: “+”, and the confining theories is
unmistakable

For a free fermion of mass M, o, (p,wn) = M/(w? + p? + M?) and
A (z) = M e o VertM? (120)

the n = 0 term dominates the sum. In this case the “mass-function”

d

M(x;T) = %(—ln|A%O(x)D:\/772T2+M2. (121)

The most important observation is that for a free particle M (z,T') has a
fixed, real value, which identifies the mass-pole in the propagator. It also exhibits
the fermion “screening mass” = w7, which becomes important for T ~ M /x. In
the context of dynamical mass generation: M ~ M¥. Since ME,, ~ 450 MeV
one anticipates that finite-71" effects will become important at 7' ~ 150 MeV (or
finite p effects at u ~ 450 MeV). For a boson of mass My, M (x;T) = Mj: there
is no screening mass.



588 ROBERTS C.D.

How does A°(x) behave if the dressed-propagator does not have a Lehmann
representation? An example [64] is

2 2 2
pr+Q+ M
D(p, Q) = n 122
(p, Q) (p2+Q%+M2)2+4b4’ (122)
which has complex conjugate poles. In this case
A (z) = e ™M cos[ba]; (123)

i.e., the Schwinger function oscillates and the mass-function has singularities,
which is an unambiguous signal for the absence of a Lehmann representation and
hence confinement!

An order parameter for confinement is now obvious [65]. Denote the posi-
tion of the first zero in A% (x) by rg', which is inversely proportional to the
distance of the poles from the real axis. Define ko := 1/r3", then ko x b and
deconfinement is observed if, for some T' = T, ko(T.) = 0: at this point thermal
fluctuations have overwhelmed the confinement scale-parameter and the poles
have migrated to the real-axis. This criterion generalises easily to the case of
w7 0 and to situations in which the dressed-propagator has an essential singular-
ity rather than complex conjugate poles. It is also valid for both light and heavy
quarks.

An analogue of this criterion, with

1 [ . R
Alt) : / dps e o5(p= 0,p4) , (124)

:% -

has been used to very good effect in an analysis [66] of QED3 at T' = 0. QED3 is
confining in quenched approximation but not when massless fermions are allowed
to influence the propagation of the photon. In that case complete charge screening
is possible. Confinement is recovered in the theory if the fermion in the photon
vacuum polarisation loop is massive. This application is summarised in Fig.27.
7.3. Ilustration at (7" # 0, = 0). As a first example I summarise a
study [60] that uses a one-parameter, model dressed-gluon propagator. This
parameter, m;, is a mass-scale that marks the boundary between the perturba-
tive and nonperturbative domains, and its value, m; = 0.69 GeV, was fixed in
T = 0 studies [67]. The extension of the model to finite-1" involves no additional
parameters and is defined with: Ap(p, Q) := D(p,Q;mp) and Ag(p,Q) =
= D(p,Q;0);
1 — o[-(P*+2%+m?)/(4m})]

D(p,m) = 37 |7 m280,6°(p) + , (125)

p2+92+m2
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where m3 = (8/3)n*T? is the perturbatively evaluated “Debye-mass”*. The

quark DSE was solved using the rainbow approximation

Ly(q,wi;p,wi) = Yp - (126)

I have discussed this truncation in Secs. 2.4 and 4, and here only note that in
T = 0 studies it has proven to be reliable in Landau gauge; i.e., at this level an
efficacious phenomenology with a more sophisticated vertex Ansatz only requires
a small quantitative modification of the parameters that characterise the small-k>
behaviour of the dressed-gluon propagator [65]. Using this truncation, mutually
consistent constraints are Z{* = Z4' and Z; = Z».

The quark DSE was solved numerically with m% =1.1MeV, ( =9.47GeV.
The T = 0 fitting of m; and mpg ensured a best y2-fit to a range of pion
observables, yielding

fr=1924 my = 139.5 re Ny =0.24 G0y = 0.45
(924+0.3)  (138.3+£0.5)  (0.31£0.004)  (0.50 = 0.02)
ad =0.16 a2 = —0.041 al =0.028 ad = 0.0022
(0.214+0.02) (—0.040 +0.003) (0.038 = 0.002) (0.0017 = 0.0003)
(127)

with the experimental values listed in parentheses**. The finite-7T" study repro-
duces these results to within 6% at T' = 5 MeV, using the finite-T" generalisations
of the formulae in Ref.67:

m3 N7 = (m (49)¢)x (128)
A
cd..(m, (G9))n = SNC/ By (0B, — By [wjog +p°04 +03]) ,
k,p
which vanishes linearly with m%; the canonical normalisation constant is
A
N2 = 2Nc/ B§ {03 — 2 [wiocol + pPoac!y + ool (129)
k,p

—29? ([} (0008 = (00)%) + p? (0404 — (01)%) + 080 — (05)*])}

*The influence of the Debye-mass on finite-7" observables is qualitatively unimportant, even in
the vicinity of the chiral symmetry restoration transition. The ratio of the coefficients in the two terms
in Eq. (125) is such that the long-range effects associated with dq 1,63 (p) are completely cancelled at
short-distances; i.e., for \5\2 mf < 1.

**In Sec. 5.1 I discussed why 7N = 0.25 in impulse approximation. The m-7 scattering
lengths fitted in Ref.67 were taken from Ref.68.
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Fig. 28. The order parameters for chiral symmetry restoration (X (7"), diamonds) and
deconfinement (ko(7"), circles) both vanish at 7. = 150 MeV. The parameters for the
fitted curves are presented in Table 5

with o3 = dop(p?,wi)/Op?, etc.; and the pion decay constant is obtained from
A 2
fule = AN [ Bo {oaon+ 5P (0hon —oaok)} . (130
P

Equations (128)—(130) were derived under the assumption that I'; = iy5By.
Some of the limitations of this assumption were discussed in Secs. 4.2 and 5.1,
and they are considered further in Ref.7. It is quantitatively unreliable near the
transition temperature, however, the qualitative behaviour of N, and f; is the
same, see Table 5. Only after these studies were completed was it understood
that N, provides the best approximation to the leptonic decay constant when
T'y = 1v5Bp is assumed.

The calculated T-dependence of the chiral symmetry and deconfinement order
parameters is depicted in Fig. 28. The curves in the figure, fitted on T €
[120, 150] MeV, are of the form « (1 — T/T.)? with T, ~ 150 MeV and a, 3
given in Table 5. The transitions are coincident and second-order with Sx = B,
within errors: ~ 10%. This estimate of Sy is not a mean field value and it agrees
with a lattice estimate [69]: 52 = 0.30+0.08. It has been argued [41] that two-
light-flavour QCD is in the universality class of the N = 4 Heisenberg magnet,
for which 8% = 0.38 4 0.01 and both the DSE and lattice results are broadly
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Table 5. Parameters characterising the behaviour of the listed quantities, fitted to
a (1 —T/T.)?, near T. = 150 MeV

a B

X 1.1 GeV 0.33

Ko 0.16 GeV 0.30

N2 (0.18 GeV)? 1.1

frNx (0.15 GeV)>? 0.93

(mr(dq)) (0.15 GeV)* 0.92

Mr 0.12 GeV -0.11

fr 0.12 GeV 0.36

[ ]
200.0 - e
(J
(]
[ ]
160.0 - m_, MeV o 1
: °
® 000000000 0o g000° °®
120.0 - 4
80.0" ¢000000 00 o0 o..,“ 4
*
S MeV .
40.0 - ’0.‘ 4
3
00 1 1 1
0.0 50.0 100.0 150.0
T, MeV

Fig. 29. Temperature dependence of the pion mass (m,(T"), circles) and pion weak-decay
constant (f~(T), diamonds)

consistent with this value. However, neither of these estimates of ( survives
more exhaustive study [59,70], and the most recent analyses [70,71] suggest that
in DSE models whose long-range part is described by the regularised singularity
in Eq. (125) the chiral symmetry restoration transition at finite-7" is described by
a mean-field value of (.

The behaviour of pion observables calculated from Egs.(128)—(130) is de-
picted in Fig.29. f, and m, are weakly sensitive to T for 7' < 0.7T:, and
this is also seen in lattice simulations; e.g., the quark condensate in Fig. 26
and f. in Fig. 30. However, as T approaches T:¥, the mass eigenvalue in the
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Fig. 30. Temperature dependence of the pion weak-decay constant on a 32% x 8 lattice [57]

pion Bethe — Salpeter equation moves to increasingly larger values, as thermal
fluctuations overwhelm attraction in the channel, until at 7" = TCX there is no so-
lution and fr — 0. This means that the pion-pole contribution to the four-point,
quark-antiquark correlation function disappears; i.e., there is no quark-antiquark
pseudoscalar bound state for 7 > T*. That may have important consequences
for a wide range of physical observables [72], if borne out by improved studies;
e.g., such T-dependence for f. and m, would lead to a 20% reduction in the
7 — pv, decay widths at T~ 0.9 T,

7.4. Complementary study at (7' = 0, u # 0). The finite-u behaviour of the
same model [67] has also been explored [62]. The dressed-gluon propagator has
the simple form [67]

Kok \ G(k2)
¢*Du (k) = <5W— . ) 22 , (131)
12 1 _ o—lk?/(4m3)]
g(kz ) %T? [47r2m§54(k) n eT . (132)

and the rainbow approximation is used again. Neither the dressed propagator
nor vertex have explicit u-dependence, which can arise through quark vacuum
polarisation insertions. As such they may be inadequate at large values of u,
particularly near any critical chemical potential. However, in the absence of
finite-p studies of these quantities, the exploration of such models is useful, and
one can assess the results obtained in the light of existing experiments and related
theoretical studies.
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The renormalised dressed-quark propagator is

S(p) == —i7 - Poa(pl) — vawy) oc(p) + o) (133)

where py,) := (P, W), With wy,) := p4 + ip. The quark DSE and the renormal-
isation conditions are similar to those discussed in the previous section, and the
equation has two qualitatively distinct solutions: a chirally symmetric Wigner—
Weyl mode, characterised by By = 0; and a confining Nambu—Goldstone mode,
characterised by By # 0.

To explore the possibility of a phase transition one calculates the relative
stability of the different phases, which is measured by the difference in pressure
between them. The pressure is obtained directly from the partition function, 2Z: it
is the sum of all vacuum-to-vacuum transition amplitudes. In “stationary phase”
approximation, the partition function is given by the tree-level auxiliary-field
effective action [73] and the pressure is:

P[S] = %mz - % {Tan [%5*1] — ST [ES]} . (134)
It is a functional of S(p,;). In the absence of interactions ¥ = 0 and Eq. (134)
yields the free fermion partition function. [Additive gluon contributions cancel
in the pressure difference and are neglected.] The contribution of hadrons and
hadron-like correlations to the partition function are neglected in Eq. (134). At
the level of approximation consistent with Eq. (134) these terms are an additive
contribution that can be estimated using the hadronisation techniques of Ref.74.
After a proper normalisation of the partition function; i.e., subtraction of the
vacuum contribution, they are the only contributions to the partition function in
the confinement domain. They are easy to calculate and are considered no further
here as they are not a significant influence on the position of the phase boundary.

The pressure difference is

| P2 A5 +wi C8 + BY

A
1 [u]
B(u) :== / In = =
o D0 { PPA + w2, C3
51 (040 = 3a0) + Wy (00, = 5¢,) | + (135)

which defines a p-dependent “bag constant” [75]. In Eq. (135), Aand C represent
the solution of Eq.(104) obtained when By = 0; i.e., when DCSB is absent. This
solution exists for all p. B(u) is plotted in Fig. 31. It is positive when the Nambu~—
Goldstone phase is dynamically favoured; i.e., has the highest pressure, and
becomes negative when the Wigner pressure becomes larger. The critical chemical
potential is the zero of B(u); i.e., u. = 375MeV. This abrupt switch from the
Nambu-Goldstone to the Wigner—Weyl phase signals a first order transition.
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Fig. 31. B(p) from (135); B(p) > 0 marks the domain of confinement and dynamical
chiral symmetry breaking. The zero of B(u) is pe = 375 MeV. B(0) = (0.104 GeV)*,
which can be compared with the value ~ (0.145 GeV)* commonly used in bag-like models
of hadrons [74]

The order parameter for chiral symmetry restoration is that given in Eq. (117),
while the confinement order parameter at (7' = 0, u # 0) is derived from

1 [ . -
Ag(T): / dps e o, (p'=0,w) , (136)

:% N

an analogue of Eq. (118). For a free, massive fermion op(p' = 0,w)) =
M /(wf ;+M?). This function has poles at pj = —(M =£p)?, which are associated
with the p-induced offset of the particle and antiparticle zero-point energies, and

Ag(r) = 5™ M=WTHM - p), (137)

which is positive-definite and monotonically decreasing. In contrast, as observed
above, for a Schwinger function with complex-conjugate p?-poles, Ag(7) has
zeros at 7 > 0.

The p-dependence of the order parameters for chiral symmetry restoration and
deconfinement is depicted in Fig. 32. The chiral order parameter increases with
increasing chemical potential up to ., with X (p.)/X(0) &~ 1.2, whereas k() is
insensitive to increasing p. At p, they both drop immediately and discontinuously
to zero, as expected of a first-order phase transition. The increase of the chiral
order parameter with y is a necessary consequence of the momentum dependence
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Fig. 32. The order parameters for chiral symmetry restoration [X’, diamonds] and decon-
finement [k, circles]. p. = 375 MeV.

of the scalar piece of the quark self energy, B(py,)), as is easily seen in Ref. 61
and in Secs. 7.5 and 7.6. The vacuum quark condensate behaves in qualitatively
the same manner as X.

The behaviour of m, and f, is illustrated in Fig. 33. One observes that
although the chiral order parameter increases with p, m, decreases slowly as p
increases. This slow fall continues until p =~ 0.7 p., when my(p)/mx(0) = 0.94.
At this point m, begins to increase although, for p < pe, m,(u) does not ex-
ceed m,(0). This precludes pion condensation, in qualitative agreement with
Ref.76. The behaviour of m, results from mutually compensating increases in
<m§%((jq)4>7r and N2. This is a manifestation of the manner in which dynami-
cal chiral symmetry breaking protects pseudoscalar meson masses against rapid
changes with pu. The pion leptonic decay constant is insensitive to the chemical
potential until p & 0.7 p., when it increases sharply so that f(u.)/f=(r=0) =
~ 1.25. The relative insensitivity of m, and f, to changes in u, until very near
e, mirrors the behaviour of these observables at finite-7' [60]. For example, it
leads only to a 14% increase in the m — uvr decay width at p ~ 0.9 u.. The
universal scaling conjecture of Ref.77 is inconsistent with the anticorrelation we
observe between the u-dependence of f, and m..

Comparing the p-dependence of f, and m, with their T-dependence, one
observes an anticorrelation; e.g., at 4 = 0, f falls continuously to zero as T is
increased towards T, =~ 150 MeV [60]. This too is a necessary consequence of the
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Fig. 33. Chemical potential dependence of the pion mass [m, circles] and pion leptonic
decay constant [ fr, diamonds]

momentum-dependence of the quark self-energy. In calculating these observables
the natural dimension is mass-squared, and their behaviour at finite 7" and p is
determined by Re(w?,) ~ [7*T? — p?], where the T-dependence arises from
the introduction of the fermion Matsubara frequency: py — (2n + 1)77T. Hence
when such a quantity decreases with 7" it will increase with p, and vice-versa.
This is elucidated in Secs. 7.5 and 7.6, and in Ref.50.

The confined-quark vacuum consists of quark-antiquark pairs correlated in a
scalar condensate. Increasing p increases the scalar density: (—(gq)). This result
is an expected consequence of confinement, which entails that each additional
quark must be locally paired with an antiquark thereby increasing the density of
condensate pairs as g is increased. For this reason, as long as p < p., there
is no excess of particles over antiparticles in the vacuum and hence the baryon
number density remains zero [61]; i.e., p}?d =0, Yu < pe. This is just the
statement that quark-antiquark pairs confined in the condensate do not contribute
to the baryon number density.

The quark pressure, P“*d[,u], can be calculated [61], see Sec. 7.5, and one
finds that after deconfinement it increases rapidly, as the condensate “breaks-up”,
and an excess of quarks over antiquarks develops. The baryon-number density,
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pgrd = (1/3)0P%+4 /9y, also increases rapidly, with

Pt (=~ 2u.) ~ 3 po, (138)
where po = 0.16 fm™* is the equilibrium density of nuclear matter. For compari-
son, the central core density expected in a 1.4 M neutron star is 3.6-4.1 pg [43].
Finally, at p ~ 5p., the quark pressure saturates the ultrarelativistic limit:
Putd = ;*/(27?), and there is a simple relation between baryon-density and
chemical-potential:

. 1243
P (W) = 5 T Vi 2 e, (139)

so that p}gF*dF(E)uc) ~ 350 po. Thus the quark pressure in the deconfined domain
overwhelms any finite, additive contribution of hadrons to the equation of state,
which anticipating this was neglected in Ref.62. This discussion suggests that a
quark-gluon plasma may be present in the core of dense neutron stars.

7.5. Simultaneous study of (7" # 0,u # 0). This is the most difficult
problem and the most complete study [61] to date employs a simple Ansatz for
the dressed-gluon propagator:

2
97 Dy (B, ) = <5W - ﬁ) 2n® Lo d*(p),  (140)
which exhibits the infrared enhancement suggested by Ref.6. As an infrared-
dominant model that does not represent well the behaviour of D, (p, ;) away
from |7|? + Q2 ~ 0, some model-dependent artefacts arise. However, there is
significant merit in its simplicity and, since the artefacts are easily identified, the
model remains useful as a means of elucidating many of the qualitative features
of more sophisticated Ansdtze.

With this model, using the rainbow approximation, the QCDZ gap equation,
or DSE for the dressed-quark propagator, is [3]

1,5 1,5 ~ 1 oo~
STHE,wk) = So (B, 0r) + 7% S (7, @) - (141)

A simplicity inherent in Eq. (140) is now apparent: it allows the reduction of
an integral equation to an algebraic equation, in whose solution many of the
qualitative features of more sophisticated models are manifest, as will become
clear. In terms of the scalar functions introduced in Eq. (101), Eq. (141) reads

n’m? = B +mB® + (4p; — n? —m?) B> —m (20 + m® + 45}) B, (142)

2B(pr)

= T B (143)
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Of particular interest is the chiral limit, m = 0. In this case Eq. (142) reduces
to a quadratic equation for B(py), which has two qualitatively distinct solutions.
The “Nambu—Goldstone” solution, for which

2 42 oy _ 1
B(p) = {OV” P, Reliy) <3 (144)

otherwise

,,]2
2, Re(p?) < T
1

o2 (145)
(1 +.4/1+ ~—2> , otherwise,
2 D,

describes a phase of this model in which: 1) chiral symmetry is dynamically
broken, because one has a nonzero quark mass-function, B(py), in the absence
of a current-quark mass; and 2) the dressed-quarks are confined, because the
propagator described by these functions does not have a Lehmann representation.
The alternative “Wigner” solution, for which

B(pr) =0, C’(ﬁk)Z%(l—h/l—FQﬁL;) ) (146)

describes a phase of the model in which chiral symmetry is not broken and the
dressed-quarks are not confined.

With these two “phases”, characterised by qualitatively different, momentum-
dependent modifications of the quark propagator, this model can be used to
explore chiral symmetry restoration and deconfinement, and elucidate aspects of
the method in such studies.

In this model the relative stability of the different phases is measured by a
(T, p)-dependent “bag constant” [75],

B(T,u) = P[Snc]— P[Sw], (147)

where Snyg means Eq. (101) obtained from Eq. (144) and Sy, Eq. (101) obtained
from Eq. (146). As above, B(T, ) > 0 indicates the stability of the confined
(Nambu-Goldstone) phase and hence the phase boundary is specified by that
curve in the (7', u)-plane for which

B(T,u) = 0. (148)

In the chiral limit
B(T,p) =

= lmax pA
T ! 1
=n*2N,N;— / d 2{Re 257 Re< >ln -20-2},
U 12 ; oy (2p7) o) |p7C(21)?]
(149)
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Fig. 34. B(T, p) from Eq. (149); B(T, 1) > 0 marks the confinement domain. The scale
is set by B(0,0) = (0.10271)* = (0.109 GeV)*; n = 1.06 GeV [12]

with: T =T/n, i = (1/1; lmas is the largest value of [ for which & < i—i—ﬂQ
and this also specifies w; A =af —of, pr = (0 +ig). B(T,p) is
depicted in Fig. 34 and the critical line in Fig. 35. The deconfinement and chiral
symmetry restoration transitions are coincident.

For ;4 = 0 the transition is second order and the critical temperature is
TO = 0.1597n, which using the value of 7 = 1.06 GeV obtained by fitting the 7
and p masses [12] corresponds to T = 0.170 GeV. This is only 12% larger than
the value obtained in Sec. 7.3, [60], and the order of the transition is the same.
However, in the present case the critical exponent is 8 = 0.5. For any p # 0
the transition is first-order, as revealed by close scrutiny of Fig. 34. For T' =0
the critical chemical potential is u2 = 0.3 GeV, which is ~ 30% smaller than the
result in Sec. 7.4 [62]. One notes from Fig. 35 that u.(7T) is insensitive to T
until 7'~ 0.3 7. The discontinuity in the order parameters vanishes as y — 0.

In the deconfinement domain, illustrated clearly in Fig. 35, the quarks con-
tribute an amount

T <~ [ R 1
P[Sw] = n*2N.N; = / dyy® {In )ﬂQﬁ%C(@)2) —1+Re|—
¢ 2 ; 0 C(ﬁl)
(150)
to the pressure, which must be renormalised to zero on the phase boundary. Just

as for free fermions, this expression is formally divergent and one must isolate and

max®
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Fig. 35. The phase boundary in the (T, i)-plane obtained from (148) and (149). The
“structure” in this curve, apparent for small-7’, is an artefact of the inadequate representa-
tion of the quark-quark interaction in the ultraviolet by Eq. (140)

define the active, temperature-dependent contribution. This is difficult because, in
general, C (p1) is only known numerically and hence it is not possible to evaluate
P[Sw] analytically. A method for the numerical evaluation of Eq. (150) was
developed in Ref.61.

Consider the derivative of the integrand in Eq. (150):

) LT w=w? (y+ i) 20(p) — 1 dC(pr)
_Z{ T[(yﬁ)2+@?+(y+ﬁ)2+@?]+Re< (p)?  dT )}

(151)
In the absence of interactions C(p;) = 1, the second term is zero and

2 ¢ i)’ +m? 1 d [ely)
?Z |: +wl + (y+M) s 2:| ﬁ{7+1(6(y))}7 (152)

l
ﬁ)} . (153)

where in this case e(y) = y and

7(¢) = In [1 + exp (CT?/_‘)] t o {1 e (C

’ﬂl‘ +
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Fig. 36. k(y, z), which describes the nonperturbative modification of the free particle
dispersion law, for it = 0,0.3,0.6. By assumption, it is independent of 1T’

Appropriately inserting Eq. (152) for the parenthesised term in Eq. (150), and
neglecting T-independent terms one obtains,

T oo
Plsi = ot NNy [ ayytz) (154)
= n*N.N 1 ﬂ4+27r2ﬂ2T2+17r4T4 (155)
' 1on2 15 ’

which is the massless free particle pressure.

To proceed in the general case, the assumption is made [61] that the nontrivial
momentum dependence of C'(f;), which is manifest in all DSE-models of QCDZ,
acts primarily to modify the usual massless, free particle dispersion law. One
evaluates the sum on the right-hand side of (151) numerically and uses the form
on the right-hand side of Eq. (152) to fit a modified, T-independent dispersion
law, e(y, i) = y + k(y, i), to the numerical results. The existence of a k(y, i)
that provides a good x2-fit on the deconfinement domain is understood as an
a posteriori justification of the assumption. In Ref.61 the relative error between
the fit and the numerical results is < 10% on the entire 7-domain.

The calculated form of x(y, 1) is depicted in Fig. 36; it only depends weakly
on zi. The form indicates a persistence of nonperturbative effects into the domain
of deconfinement, evident in the nontrivial momentum dependence of C' (1) and
its slow evolution to the asymptotic value C(p;) = 1. The effect of this is to
generate a mass-scale in the massless dispersion law: x(0,0) =~ 0.6 ~ 2/i%. This
mass-scale is unrelated to the chiral-symmetry order parameter, X in Eq. (117),
and is a qualitatively new feature of the study. For ji > 510 the explicit mass-
scale introduced by the chemical potential overwhelms the dynamically generated
scale.
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Fig. 37. The quark pressure, P,(T,[i), normalised to the free, massless (or Ultra-
Relativistic) result, Eq. (155)

Using this result, Eq. (150) becomes

T e o]
PlSw] = NNy [ duy? Tiety. ). (156)
0
and the quark pressure in this DSE-model of QCD;*’: is

Py(T, p) = 6(D){P[Sw] — P[Swllop} (157)

where D is the domain marked “Deconfined” in Fig. 35, (D) is a step function,
equal to one for (T,u) € D, and P[Sw]|,p indicates the evaluation of this
expression on the boundary of D, as defined by the intersection of a straight-line
from the origin in the (7, u)-plane to the argument-value. It is plotted in Fig. 37,
which illustrates clearly that in this model the free particle (Stefan—Boltzmann)
limit is reached at large values of T and fi. The approach to this limit is slow,
however. For example, at T ~ 0.3 ~ 279, or i ~ 1.0 ~ 312, Eq. (157) is
only 50% of the free particle pressure, Eq. (155). A qualitatively similar result is
observed in numerical simulations of lattice-QCD actions at finite-7" [42]. This
feature results from the slow approach to zero with y of x(y, i), illustrated in
Fig. 36, and emphasises the persistence of the momentum dependent modifications
of the quark propagator.

With the definition and calculation of the pressure, P, (T, 1), all the remaining
bulk thermodynamic quantities that characterise the model can be calculated. As
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Fig. 38. The “interaction measure”, A(T, i), normalised to the free, massless result for
the pressure, Eq. (155)

an example the “interaction measure”: A := e¢ — 3P, where ¢ is the energy
density, is plotted in Fig. 38. It is zero for an ideal gas, hence the name: A
measures the interaction-induced deviation from ideal gas behaviour. This figure
provides a very clear indication of the persistence of nonperturbative effects into
the deconfinement domain, with a g = 0 maximum of A ~ 0.2 P[Sy] at T ~ 27T,
and a T = 0 maximum of A ~ 0.3 P[Sy] at p =~ 3p.. Both Figs. 37 and 38
indicate that there is a “mirroring” of finite-7" behaviour in the p-dependence of
the bulk thermodynamic quantities.

7.6. m and p properties. The model discussed in the last section has been
used [50] to study the (7', u)-dependence of w and p properties, and to elucidate
other features of the models described above that employ a more sophisticated
Ansatz for the dressed-gluon propagator. In these applications its simplicity is
particularly helpful.

To begin, consider the vacuum quark condensate, which in this model is

Imax A
—(gg) = n® T > ! dyy*Re (/3 —y2—a7):  (158)
2 —~ Jo 4 Ll

for T =0=p, (—{qq)) =n3/(807%) = (0.11n)3. In Fig. 39 one observes that
(—(q@q)) decreases with T' but increases with increasing p, up to a critical value of
te(T) when it drops discontinuously to zero. These results are in qualitative and
semiquantitative agreement with the (7' = 0, # 0) and (T # 0, = 0) studies
described in Secs. 7.3 and 7.4. The increase with u is also qualitatively identical
to that observed in a random matrix theory with the global symmetries of the
QCD partition function [78]. (—(gq)) must increase with p in the confinement
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Fig. 39. The quark condensate, Eq. (158), as a function of y for a range of values of T". In
all existing studies, in which the quark mass function has a realistic momentum dependence,
it increases with p and decreases with T'. At the critical chemical potential, u.(T'), (—(gq))
drops discontinuously to zero, as expected of a first-order transition. For p = 0 it falls
continuously to zero, exhibiting a second-order transition at Tc(u = 0) = 0.16 7.

domain because confinement entails that each additional quark must be locally-
paired with an antiquark, thereby increasing the density of condensate pairs. This
vacuum rearrangement is manifest in the behaviour of the necessarily-momentum-
dependent scalar part of the quark self energy, B(py). In this model Eqs. (128)-
(130) yield very simple expressions in the chiral limit; for example*,

Lo, —
16N, - w= A} _ . 8-
2= nQTCTEj?l(Hw?—w?—EA%). (159)
=0

Characteristic in Eq. (159) is the combination p? — w?, which entails that, what-
ever change f. undergoes as 7 is increased, the opposite occurs as p is increased.
Without calculation, Eq. (159) indicates that f,; will decrease with T' and increase
with p. This provides a simple elucidation of the results described above. Fig-
ure 40 illustrates this behaviour for m # 0. The (T, 1)-dependence of m., from
Eq. (128), is also depicted in Fig. 40. It is insensitive to changes in p and
only increases slowly with 7', until 7" is very near the critical temperature. As in
Sec. 7.4, this insensitivity is the result of mutually cancelling increases in (m Gq)-

*This is the expression for N2 from Eq. (129), which provides a better approximation to the
pion leptonic decay constant than Eq. (130) when one assumes I'r (p; P) = ivy5 Bo(p?).
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Fig. 40. The pion mass, Eq. (128), and weak decay constant, Eq. (129), as a function
of p for a range of values of T. m, falls slowly and uniformly with p [m.(T =
0, pe) = 0.95m(T = 0, = 0)] but increases with 7. Such a decrease is imperceptible
if the ordinate has the range in Fig. 41. f. increases with p and decreases with T
[fr(T =0, pc) = 151 f(T = 0, p = 0)]

and fr, and is a feature of studies that preserve the momentum-dependence of
the confined, dressed-quark degrees of freedom in bound states.

With n = 1.37GeV and m = 30MeV, one obtains f, = 92MeV and
my = 140MeV at T' = 0 = u. That large values of n and m are required
is a quantitative consequence of the inadequacy of Eq. (140) in the ultraviolet:
the large-p? behaviour of the scalar part of the dressed-quark self energy is
incorrect. This defect is remedied easily [7] without qualitative changes to the
results presented here [71].

p-meson properties are more difficult to study: one must solve the vector-
meson Bethe — Salpeter equation directly. As described above, the ladder trunca-
tion of the kernel in the inhomogeneous axial-vector vertex equation and the rain-
bow truncation of the quark DSE form an AV-WTI identity preserving pair [3].
It follows that the ladder BSE is accurate for flavour-nonsinglet pseudoscalar and
vector bound states of equal-mass quarks because of a cancellation in these chan-
nels between diagrams of higher order in the systematic expansion illustrated in
Fig. 7.

A ladder BSE using the 7' = 0 limit of Eq. (140) was introduced in Ref.12.
It has one notable pathology: the bound state mass is determined only upon the
additional specification that the constituents have zero relative momentum. That
specification leads to a conflict with Egs. (19)-(22), which follow from the AV-
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Fig. 41. M,y and m, as a function of i for T = 0,0.1. On the scale of this figure, m
is insensitive to this variation of 7". The current-quark mass is m = 0.011 7, which for
n = 1.06 GeV yields M,. = 770MeV and m, = 140MeV at T =0 =p

WTI, and is an artefact of implementing the delta-function limit discontinuously;
i.e., these identities are manifest for any finite-width representation of the delta-
function, as this width is reduced continuously to zero. In other respects this
ladder BSE provides a useful qualitative and semi-quantitative tool for analysing
features of the pseudoscalar and vector meson masses. For example, Goldstone’s
theorem is manifest, in that the 7 is massless in the chiral limit, and also mfr rises
linearly with the current-quark mass. Further, there is a naturally large splitting
between m, and m,, which decreases slowly with the current-quark mass.

To illustrate this and determine the response of m, to increasing 7" and u,
the BSE of Ref.12 was generalised [50] to finite-(7, i) as

2
~ 5 ~ 15 ~ 5 ~ 15
Ca (Pi Pr) = = Re {3 S(i + 3P Dot (553 P2) S(Bi = 3 P) v} 5 (160)

where P, := (]3, Q). The bound state mass is obtained by considering P, and,
in ladder truncation, the p- and w-mesons are degenerate.
The 7 equation admits the solution

Tr(Po) =75 (i1 +7 - Pbs) (161)

and yields the mass plotted in Fig. 41. The mass behaves in qualitatively the
same manner as m, in Fig. 40, from Eq. (128), as required if Eq. (160) is to
provide a reliable guide. In particular, it vanishes in the chiral limit.
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For the p-meson there are two components: one longitudinal and one trans-
verse to P. The solution of the BSE has the form

Ya O+

Fp: ﬁ—%ﬁ’?ﬁ ep_ y (162)
7|

where 0, labels the longitudinal and 6,_ the transverse solution. The eigenvalue

equation obtained from Eq. (160) for the bound state mass, M, is

2

n 1 1 1

~ Re {as(w§+ — TM2) - {iw& - ZMgi} ov (Wi, — ZMgi)Q} ~1.
(163)

The equation for the transverse component is obtained with [—wg, — EMP{] in
(163). Using the chiral-limit solutions, Eq. (144), one obtains immediately that

M,i = %nQ, independent of T and p. (164)
This is the T" = 0 = p result of Ref.12. Even for nonzero current-quark mass,
M,_ changes by less than 1% as T" and p are increased from zero toward their
critical values. Its insensitivity is consistent with the absence of a constant mass-
shift in the transverse polarisation tensor for a gauge-boson.
For the longitudinal component one obtains in the chiral limit:

1
My, = o0’ —4(p® —=°T%). (165)

The characteristic combination [u? — 7272] again indicates the anticorrelation
between the response of M, to T" and its response to u, and, like a gauge-boson
Debye mass, that M7, rises linearly with T for 4 = 0. The m # 0 solution of
Eq. (163) for the longitudinal component is plotted in Fig. 41. As signalled by
Eq. (165), M, increases with increasing 1" and decreases as 1 increases™.

I stated that contributions from skeleton diagrams not included in the ladder
truncation of the vector meson BSE do not alter the calculated mass significantly
because of cancellations between these higher order terms [3]. This is illustrated
explicitly in two calculations: Ref.79, which shows that the p — 7 — p
contribution to the real part of the p self energy; i.e., the 7-7 induced mass-shift,
is only —3%; and Ref.80, which shows, for example, that the contribution to
the w-meson mass of the w — 3m-loop is negligible. Therefore, ignoring such

*There is a 25% difference between the value of 7 required to obtain the 7' = 0 = p values of
mq and fr, from Eq. (128) and Eq. (129), and that required to give M4+ = 0.77 GeV. This is a
measure of the quantitative accuracy of this algebraic model.
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contributions does not introduce uncertainty into estimates of the vector meson
mass based on Eq. (160).

Equation (163) can also be applied to the ¢-meson. The transverse component
is insensitive to 7" and p, and the behaviour of the longitudinal mass, Mgy, is
qualitatively the same as that of the p-meson: it increases with 7" and decreases
with p. Using n = 1.06 GeV, the model yields Myt = 1.02GeV for m; =
180MeV at T' =0 = p.

In a 2-flavour, free-quark gas at 7' = 0 the baryon number density is pp =
2113 /(372), by which gauge nuclear matter density, pg = 0.16 fm 3, corresponds
to 1 = po = 260 MeV = 0.245 7. At this chemical potential the algebraic model
yields

Mp_;,_ (/,Lo) ~ 075M/J+(M = O) y (166)
Mgy (po) =~ 0.85Mgy(n=0). (167)

The study summarised in Sec. 7.4 [62], indicates that a better representation of the
ultraviolet behaviour of the dressed-gluon propagator expands the horizontal scale
in Fig. 41, with the critical chemical potential increased by 25%. This suggests
that a more realistic estimate is obtained by evaluating the mass at u{ = 0.2017,
which yields

M,y (uy) =~ 0.85M,4(pn=0), (168)
My (o) =~ 0.90Myi(p=0); (169)

a small, quantitative modification. The difference between Egs. (166) and (168),
and that between Egs. (167) and (169), is a measure of the theoretical uncertainty
in the estimates in each case. This reduction in the vector meson masses is
quantitatively consistent with that calculated in Ref.48 and conjectured in Ref.81.
At the critical chemical potential for T = 0, M, ~ 0.65M,, (¢ = 0) and

This simple model of QCDE preserves the momentum-dependence of gluon
and quark dressing, which is an important qualitative feature of more sophisti-
cated studies. Its simplicity means that many of the consequences of that dressing
can be demonstrated algebraically. For example, it elucidates the origin of an
anticorrelation, found for a range of quantities, between their response to increas-
ing T and that to increasing pu.

Both (—(gq)) and fr decrease with T and increase with g, and this ensures
that m, is insensitive to increasing p and/or 7" until very near the edge of the
domain of confinement and DCSB. The mass of the transverse component of
the vector meson is insensitive to T' and p while the mass of the longitudinal
component increases with increasing 7' but decreases with increasing p. This
behaviour is opposite to that observed for (—(Gq)) and f, and hence the scaling
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law conjectured in Ref.81 is inconsistent with this calculation, as it is with others
of this type.

This study has two primary limitations. First, the width of the vector mesons
cannot be calculated because the solution of Eq. (160) does not provide a re-
alistic Bethe — Salpeter amplitude. Second, the calculation of meson-photon
observables at T' = 0 = p only became possible with the determination [5] of the
form of the dressed-quark-photon vertex. Its generalisation to nonzero-(7, ) is
a necessary precursor to the study of these processes.

8. CLOSING REMARKS

These lecture notes illustrate the contemporary application of
Dyson — Schwinger equations to the analysis of observable strong interaction
phenomena, highlighting the positive aspects and successes. Many recent, inter-
esting studies have been neglected; a calculation of the electric dipole moment
of the p-meson [82] and an exploration of 1-r’ mixing [83] among them. How-
ever, a simple enquiry of “http://xxx.lanl.gov/find/hep-ph” with the keywords:
“Dyson — Schwinger” or “Schwinger — Dyson”, will provide a guide to other
current research.

In all phenomenological applications, modelling is involved, in particular, of
the behaviour of the dressed Schwinger functions in the infrared. [The ultraviolet
behaviour is fixed because of the connection with perturbation theory.] This
is tied to the need to make truncations in order to define a tractable problem.
Questions will always be asked regarding the fidelity of the modelling. The
answers can only come slowly as, for example, more is learnt about the constraints
that Ward Identities and Slavnov — Taylor identities in the theory can provide.
That approach has been particularly fruitful in QED [5], and already in the
development of a systematic truncation procedure for the kernel of the quark DSE
and meson BSE [3,4]. In the meantime, and as is common, phenomenological
applications provide a key to understanding which elements of the approach need
improvement: one must push and prod to find the weak links.
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The review of the light-front formulation of the quasi-potential approach in quantum field theory
for bound state and scattering problems is given.

O0630p MOCBAIIEH NPHMEHEHNI0 KB 3UIIOTEHIM JIBHOH (DOPMYIHPOBKHM TEOPUM IO H  HyIb-
IJTOCKOCTH VISl ONKC HUs TIPOLECCOB P CCESHMS C Y4 CTUEM CBsi3 HHBIX COCTOSHUM.

1. INTRODUCTION

The most general information about two- and many-body systems in quantum
field theory is contained in the corresponding many-time Green functions, which
are related to each other by function equations. In some conditions from these
equations one can obtain equations for two-body bound state and scattering prob-
lems (Bethe—Salpeter-type equations [1]). The dependence of the Bethe—Salpeter
amplitude (wave function) on the relative time of two particles leads to the fact
that it contains the information on bound state and on the states, which have
nothing to do with bound states as well. «Electron today and proton tomorrow»
do not form the bound state — hydrogen atom. Similar difficulties arise in the
case of many-body systems.

A regular method for excluding the relative time, based on the two-time Green
functions has been developed in Ref. 2, where relativistic three-dimensional equa-
tions for bound state and scattering problems were derived. These equations are
known as quasi-potential equations, because of their similarity with the corre-
sponding equations of quantum mechanics. For quasi-potential wave functions
the boundary conditions corresponding to bound state and scattering problems
can be imposed. Relativistically covariant form of these equations for two- and
many-body systems is given in Ref. 3. Similar equation for two particles in the
Hamiltonian formulation of quantum field theory has been derived in Ref. 4.
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With the development of quark models and the study of structure of particles
and nuclei at high momentum transfer it turned out to be convenient the light-front
form of quasi-potential equations [5].

In this approach the relativistic composite system with the total 4-momentum
P is described by means of the quasi-potential wave function @P([w(i),p(j)]),
where the «longitudinal motion» of constituents is parametrized by means of the
scale-invariant variables . ,

20 — p((f) +P§l)
Py+P3’
where pff) (u =0,1,2,3 is the Lorentz index) and P, are the individual 4-mo-
mentum of the ¢-th constituent and the total 4-momentum of the system, respec-
tively. Variables x(Y) are ratios of the light-front variables. In terms of these
variables the wave function of the composite system reflects, in particular, the
dependence of the internal motion of constituents on the total momentum of the
system. Square brackets in the argument of the wave function ®, denote the set

of the variables z(¥) and pf) which satisfy the conditions

N _ N
Zx(l) =1; 0<z® <1, Zpﬂf) =P,.
i=1 i=1

The review is organized as follows:

Section 2 is devoted to the formulation of the light-front formalism for
composite systems. Equations for bound states and scattering problems are given.
It is shown how equations of this approach are related to or differ from the
equation obtained in the framework of the old-fashioned perturbation theory in
the infinite momentum frame. Spectral and projective properties of the «two-time»
Green functions are studied.

Section 3 deals with the method of constructing of relativistic elastic form
factors and scattering amplitudes of composite systems in the light-front formal-
ism. A general expression for the matrix element of the current of composite
system in terms of relativistic wave functions and the generalized vertex operator
fu is given. The electromagnetic form factor for a system, consisting of two or
arbitrary number of constituents is presented in the impulse approximation.

Problems of the interaction of relativistic composite systems are also dis-
cussed in this section. The scattering amplitude is expressed in a general form,
using relativistic wave functions and the transition operator. The constituent
interchange mechanism is considered.

Section 4 is devoted to the study of deep inelastic form factors of composite
systems. Like the case of elastic form factors, a general expression for the deep
inelastic tensor W,,,,, in terms of the relativistic wave functions are the generalized
two-photon vertex IN‘,“, is given. The explicit form of the structure functions W;
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and vW5 in the lowest order in the electromagnetic interaction is presented. It is
shown that if the transverse motion of quarks is taken into account, the Bjorken
scaling is violated and the structure functions become the square of the momentum
transfer dependent.

In Section 5 inclusive hadron-hadron processes are considered. General
representations for the inclusive cross sections in terms of the light-front wave
functions are given. Approximations are treated which lead to the quark-parton
description of these processes.

Note, that the review is based mainly on the results obtained in the Dubna
school. Other forms of light-front dynamics and appropriate lists of references
can be found in a number of original and review papers (see, e.g., [6—15]).

2. LIGHT-FRONT FORMULATION OF BOUND STATE AND
SCATTERING PROBLEMS

Light-front variables have been introduced by Dirac [16] with the aim to con-
struct the quantum theory with commutation relations on the light-front hyperplane
(instead of traditionally used ¢ = 0 hyperplane). In this section, following Ref.
2 equations for bound state and scattering problems in light-front variables are
derived.

2.1. Equation for the Two-Body Bound State Wave Function. Consider the
Bethe—Salpeter amplitude (wave function)

XP.a = (0T (¢1(x1)d2(x2))|P, ) = e ¥ xpa(z). 2.1

Here |P, ) is the state vector with total 4-momentum P and quantum num-
bers a, X = (x1 + z2)/2 is the centre of mass coordinate, P = p; + po. Define
the relative coordinate and momentum

T=a1—w p= 2.2)
and introduce the light-front variables
ot
ri=—"—, pr=poEps, Pr=PEPs (2.3)

Introduce then the Fourier transform xpo(p) = xpa(p—,p+,p.L) of the
Bethe—Salpeter amplitude

%

XPa(P) = xPa(P—,p+,PL) = /d4pe_ Prxpa(p) =

1 .
2 / dpydp_dp e ' Pro-tPoTiTPaxLy g (p) 2.4
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and define the light-front quasi-potential wave function [2,5]:

o

Upo(ps,pP1) = /dp—XP,a(pﬂmePL)- (2.5

— 00

It can be shown that the function ®p,(p+,p1) depends on the values of
the Bethe—Salpeter amplitude on the light-front hyperplane xy + 23 = 0. In fact,
using the definition (2.5) and the Fourier transformation (2.4) we get:

Upo(psr,pL) =

2 .
=3 /d:chd:c,dxj_5(:c+)e_l(p+’”*+p*”+_pLxL)Xp,a(:c+,:c,,xJ_). (2.6)

(2)

Consider now the two-particle Green function
G(x17x2;x/17x/2) - G(X - X’;{E,IE,) =
(01T (¢1(21)$2(x2)d] ()¢5 (25))]0) = 2.7)
1 . ’ . ’o
dPdvd I —iP(X—-X")—i(pz—p'x )G P: .
—(277)3/ pdp’e (Psp,p')

Here the total and relative 4-momenta and 4-coordinates in the initial and
final states are introduced

pL—p o+

P=pitp, p=—p X="0" o=n-m 28
A~ ’ /

P = p} + p, p’=p12p2, X’z%, o =a—ah. (2.9

Define the Fourier transform of the «two-time» quasi-potential Green func-
tion

G(P;p+,p1;p 4P 1) = /dp—deG(P;p,p’)- (2.10)
—00

For free particles we have

—6@W(p—p')

G(O)(P;Z%pl) = {(% +p)2 —m%Jrie} [(g 7p)2 ,mg +i€}-

@2.11)
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Performing the integration according to the definition (2.10), we obtain
GO(P;py,pi;py,pl) =

4mid(py — p'+)0P (pL — P’ )0(2)0(1 — ) -
P+.T(1 — 1‘) [PQ + P2 _ (P/2+p)3 +m} _ (P/2+p)% —m%:| -
L

x 1—z

(2.12)

GO (P;py,pL)d(ps — )P (P — D).

In this expression the variable z is introduced in the following way

I p+
= — 4+ —. 2.13
z=g + P, (2.13)

It is obvious that when the variable x varies in the limits
0<z<l, (2.14)

the variable p varies in the interval (—P4 /2, P, /2).
Define now the inverse operator by the relation

/ dp’i/dpl@‘l(P;m,pl;p’i,pl) X (2.15)
—P,/2
xG(P;pf, o0 L) = d(ps — P3P (L — D).

Introduce the interaction kernel V (quasi-potential) [2]:

G N (P;ps,piip,pL) = GO (Pipy,pL)x

1
x3(p+ =)0 (p1L = PL) = =V(Pips,pLsp), PL). (2.16)

After simple transformations the equation for the quasi-potential wave
function

(I)P,oz(x7 pl) = P_;,_.’E(l - x)\I/P,a(p-‘rv PL) (217)
takes the form [5]:

pL+(1/2-2)P ) +mi (pL+(1/2—x)P1)*+m3
x 1—=z

sz(
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1
dx’
X®pa(z,pL) = /m /dPlV(PmePL;p'Jﬂpl)‘I’P,a@',Pl)-
0
(2.18)

The equation obtained gives the wave function of a bound state in an arbitrary
Lorentz reference frame. Comparing it with the equation in the frame where
P, = 0 we get the transformation property for the wave function from the
arbitrary frame to the frame, in which the total transverse momentum of
two-particle bound state is equal to zero:

‘bp(l‘,pl)Z(przo(w,pL-i-(l/Q—l‘)PL). (2.19)

The case of spin particles is considered in Ref. 17.

2.2. Equation for the Scattering Amplitude and Relation to the Equation
in the Infinite Momentum Frame. Derive now the equation for the two-body
scattering amplitude. Definition of the scattering amplitude T' (P;p,p’) in the
4-dimensional covariant Bethe—Salpeter formalism looks as follows:

G(P;p,p') = GO (P;p,p')+

Jr/d4p//d4p///G(O) (P;p,p")T(P;p”,p”’)G(O) (P;p'",p') _ (2.20)
GO(P;p)s™ (p - p') + GO (P;p)T(P;p,p)GO(P;p).
Define the quantity T'(P;p4,p.;p.,p, ) by the similar expression [2]:
q y + +:P1) by p

G(P;p4,pi;0y,p1) = GO P;pi,p1)d(ps — )8 (pL — P )+

GO (P;ps,p)T(P;ps, p1i P, GO (P, pL). (22D
Integrating (2.20) according to (2.10) we get:
G =GO 4 gOTGO), (2.22)
Comapring formulae (2.22) and (2.21) we obtain:
T = GO-1.GgOTGO . GO-1, (2.23)
It can be shown that on the mass shell the following equality holds

T=T. (2.24)
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Derive now the equation for the amplitude T. Using the definition (2.16) we
get the equation for the Fourier transform of the «two-time» Green function

G =G0 +GOVG. (2.25)

In (2.25) the multiplication is understood as a three-dimensional intergation over
the corresponding variables x and p. Comparing (2.25) and (2.21) one can see
that

TGO =va& (2.26)
from which the equation for scattering amplitude T follows:
T=V+VGOT. (2.27)

In the frame, where total transverse momentum is zero P = 0, the explicit
form of the equation (2.27) looks as follows:

T(P;z,pi;2',p ) = V(P;z,pi;a',p) )+
1 ~
/ (;iw”m, /dplV(P;w,m;w”,p’i)T(P;w”,p’iw’,pl)_ (2.28)
0

1 / 2 "2 2 2
x ) |:m1+pi + m12+p///l P2 e
—x

!

In a number of papers (see, e.g., [18-21]) composite systems have been
described on the basis of the so-called old-fashioned perturbation theory in the
infinite momentum frame, which has been used by Weinberg [22] in the rela-
tivistic quantum field theory. Equation (2.28) reproduces in the lowest order of
perturbation theory the equation from [22] and at the same time contains the
regular method of constructing the interaction kernel in the higher orders of per-
turbation theory. We will not discuss this point here, but recall that as in the
canonical three-dimensional approach [2] there exist two methods of constructing
of the interaction kernel (by means of the «two-time» Green function and by
means of the scattering amplitude on the mass-shell).

The method of the constructing of the interaction kernel in lowest and high
orders in perturbation theory can be used, for instance, for the relativistic general-
ization of one- or multi-boson exchange potentials to describe the nuclear forces.
For the review of quark aspects of nuclear forces see, e.g., [23].

We note, however, that three exists one substantional difference between
the equation derived here and equation of Ref. 22. In the light-front approach
the equation is written in an arbitrary Lorentz frame and «longitudinal motion»
of constituents is parametrized in terms of scale invariant and Lorentz invari-
ant (under the transformations of reference frames along the z-axis) variable
x = (P/2+ p)4+/P4. In the infinite momentum frame «longitudinal motion» is
parametrized in terms of the variable x = (P/2 + p)s/Ps, which is not Lorentz
invariant.
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2.3. Equation for the Many-Body Bound State Wave Function. Formalism
developed can be extended to the case of IV relativistic interacting particles.
The way of this extention can be seen if instead of the variable z, defined by
the relative momentum, two variables (1) and :c(Q), defined by the individual
momenta of particles

20 = %, i=1,2 (2.29)

are used. The variables z(?) vary in the interval 0 < z(?) < 1.
Define the Fourier transform of the many-body Bethe—Salpeter amplitude
(wave function)

xpa([e]) = (OIT(¢1(2)) b2 (2)..on (2| P )

by the following relation

5™ ( Zp”> xpa([p™]) /Hd“x“ eXp[ Zp” (’)1 xpa([z]),
(2.30)

where
PP =p®, . pM™: 0] = wgl) ()

Here we have ascribed the Lorentz index p to the 4-coordinates :c,(f) in
order to distinguish them from the scale-invariant variables x(¥), which will be
introduced later.

Introduce the light, front variables

(&) 4 ()
i i i x +z
Py =Pyt P, pY =p +p{;, 2 =20 =73 5 K (2.31)

N .
and integrate (2.30) over [] dp(f). We obtain

=1
N
25 (P =S pl ) 6@ Upo(p?, p?
o j 2 p pal(lpy,p)’]) =
=1

N N
¥ [Tt e [@Z 0 pﬁxi”)] X)),
=1

i=1
(2.32)
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The function ¥ p,a([pS:),pS_)]) is related to the Bethe-Salpeter amplitude in the
following way:

0 N
Upo (P, p]) /Hd ”5< Zp”) xp.a(p?)). (2.33)

=1
Introduce now the Fourier transform of the «two-time» Green function

(P [erapL] [p+ 7p ]):

-/ Hdp“)dp“>6(P——Zp“>>6<P —Zp”) P (o).
=1 i=1
(2.34)

The function G(P; [p'?]; [p(?']) is defined by the Fourier transformation

G([2); [20]) = OIT(1(2D)...on (M)} (&)t (2 ))]0) =

N
(27)~ /Hd4 @) g4p ()’ exp [ Z(p(i)x(i) p(i)'x(i)')] X (2.35)
i=1

=1
xG(P; [p@]; [p™]).
For the case of free particles we have
N _ -,
| ' iN .H 5@ (pl) — p()")
GO V) 7)) = 5 : (2.36)
(p(l)Q _ m(1)2 + Z€)

:12

=1

Integrating both sides of (2.36) according to the definition (2.34) and omitting
the d-function corresponding to the total 4-momentum consevation, we get

GO Y, P ) =

N ) Y ) N N , :
(20N @r)" ! [T 3¢ = p{ )0 e —pi") TT 001 — )

1=1

N N () _(Hp )2 (4)2
N—1 . 9 P~z 1)%24+m
PY [T =® (P2 -3 5

i=1 i=1

(2.37)
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GOP: . pY) H<S 5@ e p¢).

The variables z(?) are defined in the following way:
.y N. (2.38)

Thus, the function GO (P; [p\”, p)]) is defined under the conditions:
N
e =15, 0<a® <1y, Zpl)*PJ_. (2.39)
3 i=1
Introduce now the inverse operator G~! by means of the relation

Py oy

/H /Hdp“ P Y, e Y Y )%
0 =1

N
<GP p L e ) = [T - p )@ e, p0)  2.40)

=1

and define the interaction kernel V:

G 8 pYL Y e = GO Y, p s Y, p ) -

S @ N )
5 (P+ - ;“ ) 52 (PL - ; Py ) o
- (20)N (2mi)N -1 v(e; [, p P e ). 241

The equation for the wave function

Opo(z?,p) = PN~ 1]_[:17“ Up . (p,p)) (2.42)

=1
looks as follows [24]:
N

(p(i) —zOP )2 4+ m®’ a G
PP 2 Opo(z?,p) =

i=1
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. /

1 N
/de), (1—Zwl)>/Hdpl)52)< —Zpgf)l)X (2.43)
0 i=1

=1

<V (P; [, p T Y p P @b (2, p1]).

The formalism developed can be used for the treatment of a wide class of
elementary particle and nuclear physics problems.

2.4. Spectral and Projective Properties of the Two-Time Green Functions.
The Green function for IV interacting particles in the light-front quantum field
theory is defined as a vacuum expectation value of the «chronologically» ordered
Heisenberg field operators [25]:

G([zP]; [=)']) = 01T (1 (aP) .. on (D)o (xV)).by (D)) 0).
(2.44)

Define now the «two-time» Green function:

G(X4: [ x L X 2 x ) = G D | Lol vy,

LD (N _
+ +
(2.45)
It is convenient to introduce the operators
AD = a2 oo,
Al = n ™)t () v o, (2.46)
and rewrite the «two-time» Green function as follows:
G([=): [2()']) = OIT (A PD A=) ])l0) =
= (X1 — X" 1) {0l A([= DD A=) ])]0) + (2.47)

H0(X'5 = X4 )(0[ A=) ]) A(2(])]0).

The signs + are chosen depending on the number of fermion field operators in

A(lD
([zu"])-

In what follows we will obtain the spectral representation for the Green
function (2.47). Using the expansion in the complete set of physical states |n),
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translation invariance property and the Fourier representation for # function the
expression (2.47) can be rewritten as:

G20 [20']) = G(Xy — X745 29, xP); 29 %)) =

o0 o0
= / dP_ exp™-(X+=X"4) / dz x (2.48)
—0o0 0

o[ 7@ ) a0 ) 1)
P_ —z+ie P_+2z—ie ’

Spectral functions o; and o9 are expressed via the three-dimensional light-front
wave functions:

o1 (2 [x(i),x(i)]' [w(i)" XY)']) _

N

- Za — PN, (12D %) T (27, x0T, (2.49)

@,X(i)]. [w(f) 7XY) ) =

oa(z; [z
= 26 = PG ([ x P71, <)), (2.50)

Vo (29, x)) = (01A((0, 2, x 7)) jm) =

= (0[1p1 (0,27, x()..pn (0,2, x (VY m), (2.51)
Tom (2, x 1)) = (m|A(0,2" ")) 0), (2.52)

Upo (27, x]) = (m]A([0, 2, x7))0), (2.53)
Tpno([z?, x17) = (0]A([0, 22, x () m). (2.54)

Summation in Egs. (2.49), (2.50) is understood as the integration over 4-
momentum P(™(P{™ > 0; P > 0) under the condition P(™* > 0 and
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the summation over other quantum numbers on which the given physical state
|m) can be dependent.
Define the Fourier transforms of the spectral functions:

o12(z [0 x ) [ x 1) = Dap ) dp ap x

N
< oxp {-izupw ~ o) — (o ) >]} . s
=1

xo12(z ¢, 0 Y 0D

From this definition and Egs.(2.51-(2.54) for wave functions one obtains:

o1 (z [, ) Y P )) =

271' (9. \1—4N 25 P(m) ([psi 7p(j ])\Ijom( Ei) ,P(j) ]), (256)

( [p-i-apL] [p+ ?P ])

- (zw)ﬁ S0z = P o (0 p N o (0 00, @57)

where o
U0 (27, x 1)) =

mo(P,p]), (258)

N
/Hdp Dap exp l iy [P —pPx])|
=1

U (29, %)) =

(P, p1). (259

N N
= /H dpg:)dp(j) exp lz Z[(pﬁi)x(_l) — p(j)x(j))
i=1

=1

We will show now that the functions oy 2(z; [p+ ,pl ] [p+ ,pl ]) possess
the following properties:

( [erapL] [er 7p ]):O (2.60)
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if even one of the variables pg),pgﬁ)l < 0 and

aa(z [p¢, p P [, 1)) = 0 2.61)

if even one of the variables pgf , pgf > 0.
Let us show first the validity of (2.60). Consider for this purpose the Fourier
transform of the light-front wave function

N
U o ( Sﬁ,pl) 3N/Hd:c l)dx ) exp |"LZ @@ _ (j)x(j))] X
1

1=

x (0|41 (0, (1)) N (0, (N)7XS_N) Im) =

(27)3N - 32‘Sp+ ™) /de(l dx exp ZZ 2@~ pf x(i))] X
=2

(011 (0)|ma) (ma 1ha (22, x ) .py (), x (V) ). (2.62)

Taking into account that p(ml) > 0, it is evident that \Ilom([p+ ,pj)]) if pg_l) < 0.

@) we will use the

In order to show the validity of this statement for arbltrary o
light-front commutation properties of the fields wl( Ty ) and locate on the first

place arbitrary operator ¢i(ac,(f)):

Vom((p?pY)) = s 326 Y =)
N ) ) N ) ) ) )
x/de@dx<j> xexp [i Y ({2 — pPx)| x (2.63)
i i
Jj=1 j=1
% (041 (0)ma) (ma i1 (22, x )i (287 x T i (@D, x T ).

Taking into account that for physical states piml) > 0, we see that
Tom(py,p"]) =0 (2.64)

if even one of p(l < 0.
In a similar way one can show that

Tno([p, p]) = 0 (2.65)
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if even one of pg) > 0.
Taking into account (2.64) and (2.65) one can see the validity of Eqs. (2.60)
and (2.61).

Define now the Fourier transform of the «two-time» Green function:

Gy = X452, x P 2, xP)) = Dapdp ap x

xexp{iP (X, — 722 D@ _ pWxy— (2.66)

- W —p P x]} GPos e Y B )):
Inserting (2.55) and (2.66) into (2.48) one obtains:

/dzl (20,0 Y e ) - o2 (z Y, p P 0, p )

P_ —z+ie P_+z—ie

(2.67)
Here o1 = 0 if even one of pgf) or pgf)/ is less than zero, oo = 0 of even one of
p$> or p$>' is bigger than zero.

Spectral representation (2.67) is an analogue of the spectral representation of
the «two-time» Green function [3] with respect to total energy. Here, however, an
essential difference between the upper and lower parts of the light cone is realized
which is characteristic for the light-front quantum field theory. «Retarded» part of

the Green function (first term) determines completely the behaviour of the Green

function for positive pQ p(l) , «advanced» part (second term) determines the

behaviour of the Green function for negative pi) P j) .

Taking into account the definition of spectral densities and translation invari-
ance property of wave functions one can obtain the spectral representation of the
«two-time» Green function with respect to P2 [25]:

o0

a2, pl, ] Y pl /ds méfif;’m ]), (2.68)

0

where
o(s: [, p7 ) p1]) =
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N
=ao1(s: [, V% Y YD) [T 0000 ) + (2.69)
=1
:FUZ( [p-i-apL] + 7pL H9 ))7

a1 (s; [P, PP Y PP ]) =

= i(2m)*N - 1ZP 5(s = P W0 (0 0P Tom (P 01D, (270)

( [p_,_,pL][p_,_ 7Pl ]):
. — 2 % )71\ T, % %
= i(2m) "N Y7 Pyd(s = P (p p D o0 R 27D
Taking into account the momentum conservation
N N N N
DEED D DL DL am
i=1 i=1 i=1 i=1

one can rewrite the «two-time» Green function as follows:

(P2 [p-i-apL] [p+ ?P ])

N ) N N N ) N N
- (Zpgp _ Zpgp ) 5@ (Z p{’ — > p” ) X (2.73)
i=1 i=1 i=1 i=1

<G(P; [p7, V%L Y PP Nicr v 1.

Let us show now that the Green function (2.73) depends on its variables in a
special manner:

(P2 =2G(P Y, p V% b, p])

= SpG(P; [z, p) — 20P ], [z p{) — 2P ))SH. (2.74)

Sp and S;l are the known transformation matrices acting on spin indices. For
scalar particles Sp = 1.
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The fact that the Green function depends only on the scaling variables (%)
and ("’ is the consequence of the invariance of the Green function under the
rotations in the (xo, z3)-plane:

— $\G(Aa A 2D D) el At xSt (2.75)

The matrix Sy acts on the spin indices. Remind that an arbitrary 4-vector
A(A4, A_, A ) is transformed according to:

Ay =My, A 2TA D A A (2.76)

under the rotations in the (zg, z3)-plane.

The property (2.75) is preserved for «two-time» Green function. As a result

the Fourier transform is a homogeneous function of the variables Py, pi), pgﬁ) :

é(P_,PJ,.,PL, [pgi)vpﬁf)] [p$) ’p(l) ])

— N2V28, (P3P P L Y p UL el S (2.77)

From (2.77) it follows that G depends only on the scaling variables z(*) and 2@,
Consider the Lorentz transformation which is given by the 2-vector u :

1
Ap AL A A_+ul Al + 5A+ui;Al — A +Ayu;. (2.78)

The Green function is invariant under these transformations. For the Fourier
transform of the «two-time» Green function it follows that:

G(PQ,PJ_ [ (i) p(l)] [m(z ’p(j) ]) _
_ o Ape @) @ ()
Su, G(P*,P1 + Pyui;[z',p)’ +pyuyl;x
x[ac(l) ,pﬁf +p u 1)Sa; L (2.79)

Choosing u; = l;—i one obtains the formula (2.74).
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3. RELATIVISTIC ELASTIC FORM FACTORS AND SCATTERING
AMPLITUDES FOR COMPOSITE SYSTEMS

3.1. Formulation of the Method. The reaction of a composite systems on a
weak external perturbation corresponding to the local field A(z) is described in
quantum field theory by the expression [26,27]:

<P,a|5j—fk)|P',ﬁ> laco = (2m)*4 (P — P' — k)(P,alJ(0)| P, 3).  (3.1)

Here J(x) is the local current of the system

08

T@) =53

ST, (3.2)

|P, o) and | P’, 3) are the state vectors of composite particles with momenta P and
P’ and the sets of additional quantum numbers « and (3, respectively, normalized
in a relativistically invariant manner

(P,a|P', 3) = 2Py(27)36®) (P — P'). (3.3)

Below we suggest a method of constructing relativistically covariant form
factors of composite systems in terms of light-front wave functions.

Consider first the case of two-particle system. Introduce the quantity R
defined by the vacuum expectation value of the chronologically ordered product

of Heisenberg field operators of scalar particles ¢;(z;) and the same local current
J(z):

R(z1, 22,27, 25) = (0T (¢1(21)¢2(22) T (0)¢y (2)3 (25)|0) =

= (2m)~1¢ / d*pd*podp) diply x (3.4)

2

xexp | =iy (pja; — pjz}) | R(py,pa;py,ph).
j=1

Introducing, as above, relative 4-coordinates and 4-momenta

1+ T + xf
X = 1; 2 r=axq — T X':%, T =) — xh;
p1— D2 P} — Pt
P=pitpy p=—5—; P'=pi+p; p’=712 2, (3.5)
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we rewrite expression (3.4) in the form

R(X,z: X' 2') = (2n)~ 10 / d*Pd*pd* P'd*p’ x

x exp|—i(PX — P'X' +px — p'2’)|R(P,p; P, p'). (3.6)
As is known [28], the quantity R can be presented in the form
R =GI'G (3.7)

or in the detailed form

R(X,x;XI,Z‘I) — /d4X”d4$”d4X”1d4w”IG(X _ )(II;:E"T;II)><

XF(XN,.’EH;XN,,.’EN,)G(X"/ _ X/;xlll,xl)- (38)

In the momentum space we get
R(P,p; P',p') = / d'p"d*p"' G(P,p,p")T(P,p"; P',p"")G(P';p",p'). (3.9)

Here G is two-particle Green function of fields ¢;(x;) and the vertex function I'
is the sum of all two-particle irreducible diagrams for the 5-poin Green function

(3.6) (see Fig.1).
1- -7 -

Fig. 1.

Passing to the «two-time» description in terms of light-front variables we
define the quantity

“+ 00
R(P;ps,p1; Plip,p) = /dp-dp’_R(P,p;P’,p')- (3.10)

The quantity R can be presented in the form

R=GIG @3.11)
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or in the detailed form

P, /2 PL/2
R(P;ps+,p; Py, p)) = /dp /dp /dp”’/ %
—P,/2 ~P/
xG(P;py,pLi 0/, P OT(PpL 507, P X (3.12)

XG(PI7pI4I»17le_”7p+7pJ_)

Here T is the vertex integral operator. Let us show that the quantity I defines
the form factor of composite system. Starting from the spectral properties [29] of
the 5-point Green function (3.10), it is possible to show that the quantity R has
the pole singularities near the points corresponding to the masses M, and Mg of
composite system:
R(P;py,p1; Pisply,p')) =
P2 — M2 P — M}

Upa(ps, L) (Pl J(0)[P', BT, (0, D))

o [i(27T) ] (P2 — Mg); (P,Q _ Mg)

(3.13)

On the other hand, taking into account the pole singularities of the two-particle
«two-time» Green function

G(P;p4,p1; Piply,ply) =
( 29+]£)2LH Mp2+ Pl) (3.14)
o i(27‘(’)4 \IJP,a(er?pJ-)\IjJIg,a(lerapl)
P?— M2 )
We find from (3.12): 3
R(P;p+,p1; P'iply,p) =
Upo(Py, P )OS, (PP
= [i(2m)*2— (2+ é) Pf( i 2 (3.15)
(P _Ma);(Q _Mﬁ)
P /2 PL/2
/ dp /dp / dpll//dp/l/
—P./2 —Py/

" n /11

XU} (0L, P )Tas(Psp/ s Plip!, ) U p s(p, P,
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where

oz . (3.16)

P'2=M2
B

Tos(P;ps+,pi; PhppL) = D(Pips, P Php.plL)

Comparing equations (3.13) and (3.15) we get the following expression for the
matrix element of the local current J:

P./2
(P,a]J(0)|P', ) = /dp+/dm / dp+/dpL><

—Py/2 -PL/
XU} (01, PL)Tap(Psps,pL; Psply 0 )P 50y, D). (3.17)

Equations (3.15) and (3.17) give an exact expression for vertex operator of the
composite system

faﬁ(P;pJﬂpJ—;Pl;pi{-apl) =

P/2 PL/2
= lim / dp”} / dp’| / dp"! / "%
P25M2
P’2—>J\/12 —Py/2 —-Py/
G (P er?pJ_ap +7pJ_)[GFG](P er,pJ_,P,,lelr,,le_”) (318)

xG N (Pspl,plspl, Pl
in terms of 4- and 5-point Green functions G and I'. Using the perturbation theory
methods for these functions one can construct the coupling constant expansion
for the vertex function of composite system.
3.2. Elastic Form Factor in the Impulse Ap-
proximation. To demonstrate this method we
consider the so-called impulse approximation for S‘
the vertex operator I, which corresponds to the
limit of «weakly bound» (noninteracting) parti-
cles (see Fig.2).
For the vertex operator corresponding to the Fig. 2.
conserved vector current we find
f‘u = fﬁ) + Fé(;zv

(3.19)

By = [GO][GOTY,GONGO] (3.20)
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where
PO — 9V (s A (O N A el O N e 321
in = (27) ei(pi +pi)u (p] pj)[ j (pj)] |l7$j' (3.21)
Here
2
GO(pr,ps) = GO ()G (p2) =2 [[2 - mD) ™Y, (3.22)
i=1
2
/ / . 2 _
GO, ) = G )G ) =2 T[] -mDH™ (323)
i=1

are two-particle Green functions for free particles with masses m; and charges
e;. Then for the invariant form factor of the composite system defined by the
relation

(P,alJ,(0)|P',8) = (P + P),F(A%); A=P—-P (3.24)
in the reference frame, in which
P =P, (P-P)V=A"=-A%=—-(P,-P|) (3.25)

we have

F(A%) = ei(227r) /w(ldi 2) /dPL‘I’PL:O(%pL +(1-2)AL)

®p, —o(z,p1) + similar term with es. (3.26)

Note that construction of relativistic form factors of composite systems in
other versions of relativistic description of bound states is considered, e.g., in
Refs. 29-31.

3.3. Relativistic Form Factor for the Many-Body System. Let’s construct
now the form factor for the relativistic many-body system in terms of the many-
body light-front wave functions ®p ([, p(j)]). Consider, as in the case of two
constituents, the quantity R, which is defined by the vacuum expectation value
of the chronologically ordered product of the Heisenberg field operators ¢; (:cff))
and the local current J(z)

R([z(); [)]) =

= (0|7 (¢1(zD)...on (z V)T (0)¢f (2D)...0k (2 V)))]0) = (3.27)
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N N

= (2m)~ / [1d*p?d*p™ exp [—iZ(p(“w(") =) R([pD]; [p]).
=1 =1

The quantity R can be presented in the form

R=GIG. (3.28)

Multiplication in (3.28) has to be understood as an integration over the 4-co-

ordinates of particles. G is the many-body Green function of the fields ¢; (:cff))
and the vertex function I' is defined by the sum of the irreducible diagrams of
the (2N + 1)-point function (3.27).

Proceeding now to the light-front description we introduce the quantity

R([P(l),PL l; [p+ ,pL ]) by the relation

R, p% ", p]) =

Hdp’)d“ %( Zp”) ( —Zp@') R([p); ()

(3.29)

8\8

and write it in the form
R = GIG. (3.30)
Multiplication in Eq. (3.30) has to be understood in the operator sense:

P+N

N N N
5 [Tt (= 5) [ L5 (- 3200
i=1 i=1 i=1

AY e " PB4, 0 [P 1) (3.31)

From the spectral properties of the function G it follows that R possesses the
double pole singularities
R(pY p %)) =

, Vea(p PY D al )P, B (P P )
(P2 MQ) (P/Q Mg)

= [j(2m) ] (3.32)
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in the vicinity of the points, where N-particle system forms the bound states with
masses M, and Mg and sets of other quantum numbers o and 3, respectively.

On the other hand, knowing the pole singularities of the Green function one
can reduce the Eq. (3.32) to the form

R, p % ), pl0]) =

Upa(p, pNTE (0 p0])

& [j(27)4)?
= [i(2r)] (P 225 (P - 0D
P+N 1" N N/ l/
ST () [T (2307 ) o

(3.33)

Py

N
s (S e (o)
=1

0

<0E (1Y P Dlas (0 L Y o DL S P )
Comparing (3.32) with (3.33) we get the following expression for the matrix
element of the bound state current:

(P,alJ(0)|F", ) =

Py N N ) N ) N )
/ H <P+ -3 p$>> / [T ap!6® (Pl - Zp<j>> x  (3.34)
0 1=1 =1 =1 =1

Py N N N N
d (1)/5 P — (@)’ d (1)15(2) P — (@)
H Py D [1 vt L= opl ) x
i=1 i=1 i=1 i=1

xw;a<[p+ DD as (Y, 00 0 D DT (Y, p ).

The vertex operator I',g can be constructed, using, for instance, perturbation
theory methods of quantum field theory. Phenomenological vertex operators can
also be used. Here we consider the so-called «impulse approximation». In this
case we obtain:

N
(P,alJ,(0)[P',8) = > (P,alJ,(0)|P',B), (3.35)
k=1
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where, for instance

(P,alJ (0P, B), = (Py + P/ )Fi(~A%) =

1N
(2)
_ Z@m)en(Py + Py /de (3.36)
0

(20)N+1(2)N -1 paley 2

N N . N
) (1 — Zﬂ“) /Hdpgf)(?@) (Zp?) X
i=1 i=1 i—1

X(I)FL 0.7 (i),PY) _«T(i)AL]i;&k’w(k)apf)-f—

+(1—2®™)A)®p, —o ([, p)).

Taking into account the normalization condition for the wave functions for A ;=0
we get:

N
F(A?=0)= ey (3.37)
k=1

Thus, the form factor at zero momentum transfer is normalized to the total
charge of the system. Note, that problems of normalization of three-dimensional
relativistic wave function have been considered in Ref. 32.

3.4. Scattering of Relativistic Composite Systems. Experimental study of
high energy processes during the last decades revealed a number of scaling prop-
erties of observable quantities. Many of these properties can be understood on the
basis of the composite quark parton structure of elementary particles. In particu-
lar, the asymptotic scaling property of differential cross section of hadron-hadron
scattering

% I SiNf(cos 0s), (3.38)
where N is integer number, can be explained in the framework of dimensional
analysis and the assumption on three-quark structure of baryons and quark anti-
quark structure of mesons (quark counting rules) [33,34].

In connection with the development of composite models of elementary parti-
cles a problem of the description of their interactions becomes of special interest.
Study of interactions of relativistic composite systems is important also in con-
nection with current and future experiments with beams of relativistic nuclei.
Here we outline a method for the treatment of problems of that kind [35]. Below
we present a description of the scattering of two composite particles. It will be
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shown that some simple assumption on the hadron interactions in the scattering
process allows one to reproduce the results of quark counting rules.
Consider the eight-point Green function G:

i / / AN
G($1,$2,$37$47351795273537354) =

= (01T (¢1(x1)¢2(22)P3(23)Pa(wa) b1 (2) 3 ()85 (w5) 4 (2))]0) =

/Hd“pzd“pl exp [—ZZ PiTi — P ]

XG(p1,p2, 3, P43 P, P D5, Py) =

_ [(27{_)4]78 / d4P(12)d4p(12)d4P(34)d4p(34)d4P/(12)d4p/(12)d4px(34)d4p/(34) %
(3.39)
x exp[—i(P12) X (12) 4 p(4) x B4 4 5(12)5(12) 4 (34 5,(34) _
_pr12) x(12) | pr(34) x(34) tp /(12) (12) '(34)w’(34))]x
><G( (12) P(34) p(34) P/(12) /(12) P/(34) /(34)).

In (3.39) the momenta P(12),p(12), PGy pe4), pr2) y(2) prY) B34 e i
troduced according to the following equations

P2 = P +P27P(12) = 1%7]3(34) Dp3 +p4ap(34) 2 p4
12 12 — s 34 34 p's—p
P/( ) :p/1 +p/2 p/( ) _ 2 P1 — P2 Pl( ) p,3 +p'4,p’( ) _P3 . 4

(3.40)

Passing now to the «two-time» description, we introduce the light-front vari-
ables and define the quantity

G(PO2)pU2p02) G B0, pr12)/(12),02), pr(ad) /(34) (3a))

7+7pL 5 7p+7pj_; 7p+7pj_
- / dp™? dp®H ap' ) ap Y« (3.41)
—0o0

XG(P(IQ),p(m),P(34),p(34); P/(12),p1(12),P/(34),p/(34))_
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Introduce now the quantity M by the relation:

G(P(u),p(u),P(34),p(34); P'(12),p'(12),P'(34),p'(34)) _

_ /al4p(12)”d4p(34)”al4p(12)”’al4p(34)”’><

X Gra (P12 p(12) p(27") Gy, (PG pBY [(3D") (3.42)

xM(P(12),p(12)”;P(34),p(34)”;P'(12),P(12)W;P(34),P(34)m)><
><G12(P'(12),p(12)m,p(12)/)G34(P'(34),p(34) ’p(34)’) = (G12G54) M (G12Gia).

The quantity G can be presented in the form (here and in what follows we omit
the arguments which are related to the relative momenta and this will not cause
any misunderstanding):

"

G«(P(IQ) P(34) P/(12) Pl(34)):

_ élg(P(IQ))G34(P(34))M(P(IQ), pBY, P’(m),P’(34))C¥12(P’(12))G34(P’(34)).
(3.43)

The multiplication in the (3.43) has to be understood in the following sense

P /2 PEY /2
AB = / dp$2> / dpf’4) /dp(llQ)/dpf'4)x
—PU 2 —P®Y 2
) A(.., p12, pU p0Y, pPNY BT, pU; pTY, Y, ) (3.44)

and dots correspond to the set of other arguments the operators A and B can
depend on.

Knowing the pole singularities of the two-particle Green functions élz, G’g4
one can show that in the vicinity of these poles the function G looks as follows:

é(P(12),P(34),P/(12),Pl(34)) o~

\1112(p(12))\1,34(P(34))\I,;FQ(P/(lz))\I,;4(P,(34)) )
(P12 — M2,)(PGBY* — M§4)(P’(12)2 _ M122)(P’(34)2 — 2
(3.45)

> [i(2r)*)"
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X\I/;FQ(P(IQ))W§4(P(34))M(P(12),P(34),P'(m),P’(34))\I/12(P’(12))\Il§4(P’(34)).

Here B B B
Migsq = lim Gy (PU2)Gy (PBY).

P(12)2~>M%2,P(34)2~>M§4
1(12)2 2 pr(34)2 2
pr2)% 5 m2, PO M2,

-G12G34/MG12G34(P(12), P(34), PI(IQ),P,(34)) . CNv'l_Ql(P'(u))égj(P'(M)),
(3.46)

M2, M2, M'},, M';, are the masses of corresponding states.
From the equations (3.43) and (3.45) we get the following expression for the
scattering amplitude

T(P(12), P(34), P'(12),P’(34)) _ \IIB(P(IQ))\I/;;(P(M))X

XM(P(12)7P(12)’PI(IQ),P/(12))\IJIQ(P/(12))\IJ§4(PI(34)). (347)

Eq. (3.47) gives a general expression for the scattering amplitude in the case of
scattering of composite particles. The detailed form of the scattering amplitude
depends on the interaction mechanism in the intermediate state and on a specific
form of the wave functions of the scattered objects.

3.5. Constituent Interchange Mechanism. Considering ><
the constituent interchange mechanism (Fig.3) one gets the
following expression for the scattering amplitude R

/ d Fig. 3.
- v +(12) (u)
T = o .
2(2m)3 / z2(1 —x)? / P1Pp “o(z,pL — A+
0

+(1—2)AD) 2L (2, p1)x

x[M2, 4+ M2, — S(z,p, +2AD — (1 —2)AM) = S(z,p )] x  (3.48)

XcI)S?:OCLPJ. - IAT))CI)S?:O(J:7PJ- + (1 - IE)A(E)),

where A(f) = —t, A(f) = —u.
Here the notation has been introduced
mi+pi  mi+pl
+
1—=x T

S(z,pl) = (3.49)
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and the following properties of wave functions
(I)(«TaPL) :(b(wa _pl)v(I)(wapL) = ¢(1_wapL) (350)

have been used.
Let us choose now the wave function of the composite particles in the form

on(z)
(I)N x7pl):77N:A7B7CaD (351)
( St Y
A, B and C, D denote the hadrons before and after the scattering and correspond-
ing powers, respectively.
Inserting the wave functions (3.51) into the Eq. (3.48) for the scattering
amplitude one gets in the asymptotic region

~ 1 1+2\ 9 /1-2\""

T e ( ) < > f(2), (3.52)

|t‘_>oosA+C+D—1 2 2
where
1
/d517¢A (z)pc(z )¢D( ) {(1—x)21+z+x21_z}><
) 1—$21 z+w21+2} 2 2
x[x(1 — x)|ATBTOTD=3,=20(1 _ g)=2D, (3.53)

~ -1 -
05(@) = — [ dpL®%(z,pL)x(l —2)] P
(2m)
z = cos¥s, where Us is the scattering angle in the c.m.s.
—t g(l —2), —u g(l +2).

Eq.(3.53) is in close connection with the results of quark counting rules [33,34,36].

4. DEEP INELASTIC FORM FACTORS OF COMPOSITE SYSTEMS

The great interest to deep inelastic interaction processes is caused by the
possibility of studying the internal structure of hadrons and nuclei experimentally
and checking different theoretical models based on the assumptions about com-
posite nature of strongly interacting particles. The main part of experimentally
observed properties of these processes (in particular, the scale properties of struc-
ture functions) have been explained in the framework of composite quark-parton
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models of hadrons, in which hadron is considered as a bound state of some par-
allelly moving pointlike constituents. Interaction between constituents and their
transverse motion inside hadron is neglected [37,38].

More precise measurements in wider range of kinematic variables have led
to the observation of deviations from exact scale invariance in the behaviour
of structure functions [39-41]. Attempts were made to explain these deviations
on the kinematical (search for new scale-invariant variables [42]) and dynamical
(taking into account chromodynamical corrections [43]) basis. Quark-parton pic-
ture of the deep inelastic scattering in the quasi-potential approach can be found
in Ref. 44.

Here we incorporate the transverse motion of constituents in the composite
system, which leads to the violation of Bjorken scaling of structure functions.

4.1. Construction of the Tensor W,,. Consider the quantity R, which is
defined by the vacuum expectation value of the chronologically ordered product
of the Heisenberg field operators (bi(ac,(f)) and local currents J,, and J,:

R ([2)); [2)]; 2) =
= (0| (¢1(21)... o5 () J,u(2) T (0085 (2.6 (2 V)))]0) =

N N
_ (27T)73N/Hd4p(i)d4p(i)' exp [iZ(p(i)m(i) ,p(i)'m(i)') X 4.1)
i=1

i=1

xRy ([pP]; [P)'); 2).

Here [ac,(f)], [ac,(f)/], [p,(f)], [p,(f)l] are the sets of corresponding 4-vectors. The quan-
tity R, can be presented as (see Fig.4)

R, =GT,,G,

where G is the N-particle Green function of fields (bi(mg)) and «two-photon»
vertex function I',,, is defined by the sum of the irreducible diagrams with 2.V 4-2

points (legs).
9 W]

R |- —

v s

r

nv

Fig. 4.
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Introduce now the three-dimensional quantity RW equating all acgf) = x4

and a:fi)/ =/, in (4.1)

R (@, 29, x0a, [2 %) 2) =

= (0T (¢ (24,27, x)..on (zy, 2™, x(M) T, (2) 0, (0) %

x¢f @y, XDk @y, a™ <M ))j0) = (4.2)
2 [ ] H ap? ) dp ) B (B Y B )%

N
X exp li(erP -2\ Pl)—i Z(pgf)x(_l) — pgf)x(_l)) +1 Z(psz) 2 p ()
— :

Fourier transforms of R, and RW are related to each other in the following
way:

o0
R0 0 i2) = [ a5
1 =1

X(P_—Zp(i)> ( Zp“)R (PP P T2).  @3)

Single out now the contribution of N-particle bound states in the matrix
element (4.3) expressing the T-product via f-functions and using the compliteness
of physical states:

R (9, p0%: 0 p1V); 2) =

e ([, (P, ol T(Ju(2)1,(0) [P, 3y ¥ (b} p 1))

=~ [5(271)4?
= [i(2m)?] TR

. 44

Finally, we get the following expression for the matrix element of 7-product
of currents:

(P,alT(Ju(2)J,(0))|P', B) =

P+ N N N\ N N/ //
/Hdp(l) 5 <P+ _ Zpsz) ) /H dpgf) 52) ( Zp(l ) «
=1 =1

4.5)
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Py Ny N
:/Hder) 5 (P’ Zp ) /Hdp@'"(s(?) (P’ Zp“ ) X
0

i=1 i=1

< P D (0 o 1 0 B )W () 0.

Fourier transform of this matrix element defined the amplitude of virtual
Compton scattering of photon with space-like 4-momentum ¢, on the hadron

with 4-momentum P,;:

Ty (P.q) =i / 04242 (P, o|T(J,(2).,(0))| P, o) =

P N 1" N NI N NI N N\
0 i=1 i=1 i=1

Hd @ (P’ Zp“ ) /Hd O 52 ( Zp )> x

(i)///

xh(pY, pl? ])/d“zelquw( OF P O p s 2)x

\

(1 ///

<@ (p7" pP")).

According to optical theorem the tensor W,,,,, which defines the hadronic part
of deep inelastic lepton-hadron scattering cross section is related to the imaginary
part of the amplitude of the zero angle virtual Compton scattering in the following

way:
W (Pg) =) / d*2e'* (P, a|T(J,(2)J,(0))|P,a) = %ImT,ﬂ,(P, q).

4.7)
Taking into account the current conservation, the tensor W,,,, can be expressed
via two invariant structure functions Wi, and Wj:

quqv
Wuu(Pv Q) = <_gul/ + /;—2> Wl(q27V)+

1 Pq Pq 2
+m (Pu - FQLL) (Pl/_ ?Qu) WQ(q 71/)7

where Mv = Pq, M is the hadron mass.
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Thus, using Eqs. (4.6)—(4.8) one can express the structure functions of deep
inelastic lepton-hadron scattering in terms of the light-front many-body wave
functions, describing the internal motion of partons inside hadron, and the «two-
photon» vertex function:

Eup pk 0 i) = [ e o p i) =

P+ N N/ N N/ N N/
:/d‘lzel‘?Z/Hdp(ﬁ) ) <P+ —Zp(*l) )/Hdp(j) 62 x (4.8)
0 i=1 =1

N
/ Hdp(z ( Zp(z ) /Hdpf)/”(;(z) ( Zp z)”’> %
=1

(P, e Y e )

*[GTw (Y, p" " pP )%

<GP e Y )
4.2. Lowest Order in the Electromagnetic Interaction. The «two-photon»
vertex operator I',,,, can be constructed using methods of perturbation theory and
expandmg the functions G~' and

RW = GI‘WG in the series in cou- ’
pling constant. In the lowest order 5 g j 3
two types of diagrams, shown in Fig.5 ¢ 4 5

contribute to f‘&ol,) .

Assuming that the partons consti-
tuting hadron are on mass shell and @ b
neglecting small terms of the order of
P — Z( @2 4 0 )/p(]) we ob-

j=1

Fig. 5.

tain that diagrams of type b) do not contribute to f‘&ol,) . Summing the contribution
of all diagrams of type a), inserting into the expression (4.6) for virtual Compton
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scattering amplitude and extracting the imaginary part we obtain for the structure

functions Wy and Ws:
N , N
dx® .
_ E (1)
117w 0 (1 _71:1: ) X

1

(3

2 1 /
Wl(q 7V) = 8(47T)N_1/
0

N N
/Hdp(i)5(2) (PL - ZP&”) @5 (2@, )2
=1

N o 2 ~(i) P\2
- M 2p\Y P , .
% E : € [w — (4m®? — q2)} 8(q% +2p9¢), (4.9a)
i=1

20 [ 3P = 2]

2 / dz al i
vWa(q*,v) = 8(4) 1—1/2/q /H:c (1;m()>x

0 =1

/ Hdp%@ (m - Zp?) 1B, (2, p)? x
=1

Y[ e [3(My+ 25 P)?
— M2(1 -2 /q?)

= — = )| 5+ 200 ) (1)

Here 5" is the momentum of parton on the mass shell p(¥ =

(ORINGL
_ (Pl tm (1)
= ) y Dy PL
Py

For further consideration we proceed to the frame, where the virtual photon
and hadron are moving along the z axis:

P = (P*7P+7OJ_)7 q= (qfanmOJ_)'

In this frame
(4)* (4)2
P L +m
()
and J-function in (4.9) can be rewritten in the form:

20 P = 20 M2 +

2 . .
Ly [P+ m® Q¢ — )

2 (1)) = Z
0(q” +2p'q) = 55 e & (4.10)
Here we have introduced the variables Q% = —¢? and
2
fo I _ Q , 4.11)

Py~ M+ 71 Q)
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Scaling properties of structure functions with respect of variable £ are dis-
cussed in several papers [5S0-53]. The Nachtman variable ¢ is the generalization
of the usual Bjorken variable zp taking into account the hadron mass and is
related to xp by following relation:

g 2B (4.12)

1+ 1+4M$B

If one neglects the masses and transverse momenta of partons (m(9? <<
Q? p(j)Q << Q?), the é-function takes the form

§
Q2
Then the structure function W3 vanishes and for the structure function vWo we
obtain
MQ®  (Q¥/€* - M)
2(4m)N-1€ (Q2/€2 + M?)?

PN ) N
/H %5 (1 _ Zx(i)> x (4.13)
0 =1

=1

5(2pq — Q%) = =58(z - ¢).

VW2(Q27§) -

ot (£ oot -
In the asymptotic limit (v, Q% >> M?, zp is ﬁxed) the variable ¢ coincides

with the Bjorken variable zp and we obtain that the structure function vWs, is
scale invariant with respect to the variable zg:

M:c dz® N
vWa(zp) = B /H NG (1 Z;,N)) X
i=1

N N N
/ [[ap!s® (Z pi”) @p (=D, pYNP D 26D —2p).  (4.14)
=1 =1 =1

Assuming that the interaction kernel does not depend on the total energy and
using the explicit expression for the Green function of N free particles we obtain
the following sum rule:

1 N

vWa(xp)
/ﬁd:@ =) el (4.15)

0 =1
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4.3. Model Parametrisation of the Wave Function. Consider now the case,
when the hadron consists of two constituents. This case corresponds to meson,
which consists of quark and antiquark. We will neglect contributions of gluons
and quark-antiquark sea. Expressions for structure functions in the case N = 2
have the form:

1
2 4 2
e] +e5 dz

Wi@%0) = L2 [ [ap pr(ep. )
% [sz(g;f) m2:| 5 [pi +m2 _ Q2m(£$2§)] ’

1
At @UE-M [ de
(@) = TR s [ [pujenpn)Px

a

<[P g2 o] (w1 4 - LD )

Here we assume that masses of constituents are equal to each other m®) =
m® =m.
In (4.16) the limit of integration over z is defined from the §-function:

a§<1+ 1+4Q£22>. 4.17)

Neglecting masses and transverse momenta of quarks we obtain that the
structure function Wy, vanishes and the structure function vW, takes the following
form:

(el +e3)MQ* Q%/€ — M?
8me2(1-¢) (Q*/& + M?)

If we choose the following parametrization for wave function ® p

VW (Q2€) = ! /dpucbp(s,pl)l? .18)

2 2 —-n
Bp(z,pL)=C [% — a] (4.19)
for the structure function vWy we get
2 o _ (el +el)MQ* Q%/& — M? [ € 9 e
@ = T (Qr/e T AP (2 U (- O L

(4.20)



LIGHT-FRONT FORMALISM IN THE QUASI-POTENTIAL 649

In the Bjorken limit (Q? >> m?, £ — xp) for n = 1 we obtain [45]:

xB(l — I‘B)

B rp— 4.21)

€2+€2
vWa(zs) = 2 MICP—

5. INCLUSIVE PROCESSES IN LIGHT-FRONT FORMALISM

Inclusive processes which have been proposed by Logunov and collaborators
[46] are in effective tool to study the hadron structure at high energy. Conse-
quences of a number of theoretical models have been formulated in this way.
Majority of experiments in the relativistic nuclear physics (in particular, experi-
ments on the cumulative production predicted by Baldin [47]) are also inclusive.

In this section expressions for inclusive cross sections in terms of the light-
front quasi-potential wave functions are given [48].

5.1. Some Preliminary Relations. Let us construct the scattering amplitudes
of the multiparticle production processes. «Two-time» N-particle Green function
obeys the following equation:

GO — G 4 G G, (5.1)

Here V(™) is the interaction kernel for N particles which can be constructed
by the perturbation expansion.

If the total Hamiltonian processes one particles states with quantum num-
bers of (N — k) and k particles of the initial state and ki,...kps particles of
the final state the Green function possesses the poles with respect to the vari-

E \?2 N _ 2 ke N\ 2
ables P2 = <;p(’)> , P3 = '—%117(1) , P? = (Z:lp(’)> sy P3p =
2

N .

S p® | . In the vicinity of these poles it is of the form:
i=N—kq—
—ko...kpr_1

G(P; [p); [p]) =

~ Xl(p(i)” _._’p(kl)’ ._.XM(p(N—kl—...—kM)’) ._.,p(N)/)

)
1(P? - M2 + i)

x (5.2)

<.
—

X T(P17 7PM7 PA7 PB)XA(p(1)7 "'7p(k))>23(p(k+1)7 ap(N))
(P3 — M3 +ie) (P — M3 + ie) '
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T is the scattering amplitude corresponding to the process: A+B — 1+2+...+M.

The «two-time» Green function has the following pole structure in the vicinity

of corresponding poles:

X

M (P; [P, p P Y, p]) = [2(2m)P )N M x

Oy ([p W T (0 Y NTEA(PY, p DT, p))

Define transition operators M, ;

1:,(1)2 +M(i)

M

M p(? +M©?
i—A,B
(5.3)

(),

N N
G = GIMI)5CYY + R,

where G&N) is the Green functions which take into account interactions only
inside the subsystems. « denotes the final states.

5.2. Production of Leading Hadrons with Large Transverse Momenta.

Taking into account expression for Green functions one obtains the expression
for the transition amplitude of the inclusive process A + B — C + X with the
leading hadron C' (assume that hadron C' coincides with hadron A, or it is its
excited state)

T(AB — C) = [2(2r)N M1 x

C c c
=1 i=1

i=1
i=1 i=1

A+B N
% H da@dp') 4,6 <A+ - Zp l)> " (AL - ZP@) X
i=1

<B+ - Zp“ ) (BL - Z p’ ) (5.4)

xTe(p, p D Masc (PP, P 1¢, a0, pV]) x

xTa(pY, pDTs (Y, p)).
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Here by A, B, C' we denote hadrons A, B, C and the same time the number
of elementary constituents inside them and their 4-momenta;
(@)’ (@) ()
L0 =P g0 P e Pr

qS:), qﬁ_) are components of 4-momenta of the constituents of undetected hadrons.
Let us assume that the states A and C' occur in the same sybsystem of M
constituents and use pairwise approximation for the transition operator M4pc.

This is presented schematically in the Fig.6.

” i i
M Mypc ~2
j ; i=1 g Sj %

Fig. 6.

M;p is the transition operator corresponding to the collision of the i-th
constituent of hadron A with hadron B.
In this approximation the transition amplitude (5.4) takes the form:

T(AB — C) = [2(2r)N M1 x

C C . c c y
X Z/Hda@x(i)czp(j)& (1 - Zwm) 5@ (Z p® ) y
i=1Y i=1 =1

i=1

xUo(x a ),pﬁ_l) sWA .2, (1- w(i))Al; sl x(c),pﬁ_c) — w(C)AL) X

(5.5)
= 1 [ )"
<@ a2, p ) (B; Y 21 Y YD),
where: () = pg)/AJr,
P =pP +a20/a; p =p +2DA,; A=C-4
P = a0y p0" = pl) +2®A L, (5.6)

T;p is the inelastic amplitude of the scattering of i-th constituent of hadron A
with hadron B.
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For the following we recall the calculations of the electromagnetic form
factors of composite systems. Rewrite the expression for the electromagnetic
form factor in the impulse approximation in the form:

— Zei/dei(")(m, (1-2)AL), t=(P—P)*=-A,)

where the quantity Si(") is defined as:

1
S (z,(1-2)AL) = / m(k) 1—z— Z ™ | x
0

k#i k;él

/H dP(k)5<Z (k)> T ([2®), pl — s WA Jpsiw, pP 4+ (1-2)A 1) %

1
(5.7
x 2™ ([z®, p)).
Taking into account the normalization condition for wave functions one can
obtain the following normalization condition for Si("):

1
Z/Si(")(m,m)dx =1. (5.8)
i

In the case when the interaction of the i-th constituent of hadron A with hadron
B is effectively local [49] the transition amplitude T'(AB — C) in the Eq. (5.5)
takes the form:

T(AB — C) = Zfl (AL)T5, (59)

where
1

@) = [ 50,0 - 0a0)0),
0

The function ¢(x) characterizes the local interaction vertex and in the case
of the exchange of vectors particles (gluons), for instance, ¢(x) = z. In this case
Eq. (5.9) takes the form:

T(AB — C) ZF (A )Tz, (5.10)
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where > F; (A1) = Fa(A) is the form factor of particle A, T;p is the transition

1
amplitude.
For the inclusive cross section one obtains:

AB A zB—>z+x
Ed7—> Z F2(t)

i — (&, ). (5.11)

Here s’, t/, u' are the Mandelstam invariant variables for the subprocess.

5.3. Production of Hadron Systems
with Large Transverse Momenta. Con-
sider now the possibility when the tran-
sition operator takes into account inter-
action between some systems of con-
stituents of hadrons A and B. Schemati-
cally this process is presented in Fig.7.

Let us assume that the wave func- Fig. 7.
tion of the hadron A contains « + ¢ con-
stituents, the wave function of hadron B contains 3+¢' constituents and v = £+¢'.
In this approximation the transition amplitude takes the form:

T(A, B; p), p0); b, o [k, k1)) =

= [2(27)] a+6+'y I/Hd @)’ dk(l H dz®’ dk(l

1=0+1
a (i) B (1)
XHpinJr Mg (B km] K K07 x
=1 A+ i=1 i=1,...,7y i=1,. ,%y

o i)’ i)’ i)’ i)’ o % % i)’ i)’
<O e Y RO (Y, e k)
i=1,...,0 i=0+1,...,y i=1,...,c i=1,...,0

@y o
2 = By A =100
Y UBL i=041,.,

M 4/ is the transition operator of two interacting subsystems A’ and B’. Let
us connect the transition operator M 4/ with the transition operator M 4/p/—,c' p-
corresponding to inelastic «two-body» scattering (Fig.8). Here G¢+ and Gp- are
the Green functions of the subsystems C’ and D’.
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Using spectral properties of the Green functions G¢» and Gp- and restricting
to the «one-particle» contributions one can represent the operator M4/ p: in the
form:

O 10 (14 k9’ ey
Afo([’u N S D=Ren) 1= I] +x
i=1,. ’y i= 1, ,7 i=1 " =541 T

<oy kL)) Yo (k) KUT) Hdm " [ e ad
i=1,...,6 i=041,. Py

< Wor (kY K)o (R K ) Magon (R KT R kD)),
i=1,..., i=0+1,...,y i=1,...y i=1,. 0y
(i)’/ -
where ()" = (i])fff [Cry i=1,00
kY /Dy, i=0+1,..,0.

This approximation corresponds to the pole contribution in the spectral rep-
resentation for the Green functions of A’, B/, C’, D’ states and switching off the
interactions with (A — A’) and (B — B’) subsystems. In the same approximation
the wave functions ¥4 and ¥y can be represented in the form:

a+/4 3 [ i)’ 7))’
v pU% Y kP ~

i=1,...a i=1,...,0

~ (A /A D w4 (P, W ae (K K,

i=1,...a i=1,..4

where ¥ A@/([kgf)/,kﬁf)’]) is the usual light-front wave function of the system A’,

i=1,...¢
\I/AA/([pS:),pY)]) is defined as:
i=1,...a

1=1,...a =1

Can(py,p))3 <A+ — Ay - 2p$>> 6@ (Al ~AL - Zxa@) =
=1
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e e
= / [T da®ax? exp[ > P2 —pPx )| (A () b ()| 4).
i=1 i=1

(5.12)
It is seen from the definition that W44 is the «one-time vertex function».
Schematically the approximations made can be represented in the form (Fig.9).

Fig. 9.

Corresponding expression for the scattering amplitude takes the form:

7(4, B; [p}, pP% ), p s [k k) =

1=1,...a i=1,...0 1=1,...y

5 (2) o (7,)
kY kY
= [2(2m)] e 2[2(2m)] Y2 || || -

1=0+1

x e ([, kY ]\IID/[kSZ),ka)])x

i=1,...,0 i=1,...y

5—1 = N -l N .,
x { / H dz " dk? de(” k" H dz®' ak() %

) Won (B kD195 1D kD ) Margop (B k7 6D k0 %
= 17 ,5 i= 5+1, ,’y

X W ap (K, K ]‘I’B'(w—e)[ksz),k(j)])}‘I’AA/( O kD@ Y p0 )%
i=1,...0 i=L041,...y i=1,...a i=L041,...y

(2)

et B
xHiH (5.13)

i=1 =1

’G
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where

Nea kaj) JA' L i=1,..¢
KB i =41,y

L0 _kéf) /Oy i=1,..,8
KD i =641,y

The exppression in paranthesis in Eq. (5.14) is by the definition the scattering
amplitude of the process A’B’ — C’D’. Finally for the scattering amplitude we
obtain: L _ _
T(A, B; [p@,p(”] Py P R k) =
i=1,. i=1,...,0 i=1,...,7y

) k(l Y k_(,:)

= [2(2m)?] AT 2H X
i=1 + i=0+1 D/+
Vo (kY kP10 p kY k)
i=1,...,6 i=6+1,...,v
o« pP) Lopl
xT(A'B' — ' D’) can il [ [
X\IJAA/([])+ 7pJ_ ]\IIBB’[p—i- 7pJ_ ]) (514)
1=1,. 1,...,8

Thus the transition amplitude is expressed through the scattering amplitude
T(A’'B’ — C'D’) of constituents which in particular, can be quarks. This
mechanism corresponds to the production of jets.

Constructing the inclusive cross section of the process AB — ¢(C') we obtain:

do(Ab — c(C))
Ec 1C ;C, Z /dxdpLdm dpL k L (Cpma’)

7 ’ C(C)
xp4 (z,pL — AL, a)ph (2/,p —2'B'L,8)2"p¢ (2, kL —2"CL,y)x
A2 —a B?2- Cc? —
+ G 7y

x|T(A'B' — C'D')|?5 {

1
(s P — k2 — A” — B'?)| dadBdy. (5.15)
Jr
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Here s’ = za's; t' = Jt; v = gf—,',u Summation is performed over all possible
intermediate states A’, B’, C’. The functions pﬁ/, pgl, pgl are related to the
squares of the corresponding wave functions.

Neglecting all the terms in the argument of J-function as compared to (s’ +
t' + '), and taking into account that transverse momenta in the functions p are
limited, in the limit of high energies (s — o0) and large momentum transvers
(t/s — const, u/s — const) one obtains:

do(AB — ¢(C s zx' 4 / o
E(;% = - /dwdm'dw"ﬁpﬁ (z)pB (ac/)pC,C)(w')x

do
x@(s',t',u')é(surturu'). (5.16)
In the case, when A’, B’, C’, D' are quark states, corresponding quantities pﬁ/,
pg/ go over to the corresponding quark distribution functions and % goes over
to the quark-quark elastic cross section. Let us write finally the relation of quark

distribution functions p4 to the light-front quasi-potential wave function:

N 2
N-1 i i i _ N-1 i i
ATV, pU) [ d=@apt = 2(2m)?)¥ 2 eV (Y, p))] %
i=2,..,N ;o i=2,...,N
N ) N ) N )
XAy Hm(i)dm(i)dp(j)5 Ay — Zpg:) s A — Zp(j) . (5.17)
1=2 1=2 1=2
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YAK 539.17

IOVATHOCTUKA CBEPXIMJIOTHOM MATEPUN
B YJIbTPAPEJTATUBUCTCKNX CTOJIKHOBEHUAX
ALEP
H.Il.Jloxmun, JI.U.C poues , A.M.CHueupes

H y4yHO-nccnenoB TenbCKUA MHCTUTYT saepHon dusmnku, MY, Mocks

B o630pe p ccM TPHUB I0TCS CIIOCOOBI PETHCTP LUK U OHpeieIeHNs OCHOBHBIX I P METPOB CBEPX-
IUVIOTHOH JPOHHOH M TepuH, oOp 3yloLleiics B YIbTp PEIATHBUCTCKUX CTOJIKHOBEHHSX sumep. O6cy-
I I0TCS BOIIPOCHI, CBSI3 HHBIE C KB PK- JPOHHBIM () 30BBIM HEPEXONOM U YCIOBUSAMH €r0 pe JIU3 LHH,

H JIU3UPYIOTCA P 3/IUMYHBIE HOAXONBI IS OMHC HUS 3BOJIOLUH SIPO-SNIEPHBIX COYH PEHHIl: MHKPO-
ckonuyeckue revep Topsl MonTe-K piio u rufpoguH MUYecKre MOeNd. P ccM TpUB I0TCS OCHOBHBbIE
TECTBI, IPEUT I' eMble UL 9KCIEPHMEHT JIBHOTO H3Y4eHHs CBOUCTB SZIEPHOI M TepHH, H XOIsIencs
B 9KCTpEeM JIbHBIX YCIOBHSX. [IpHBOIATCS BO3MOXHBIE MHTEPIPET LIMH OCOOEHHOCTEH, H G0N eMbIX
B 9KCIIEPHUMEHT X IO PEIATHBUCTCKUM CTOJIKHOBEHMSM suep H HAelcTBylomux yckopuremsix (AGS,
SPS), 1m0 cp BHEHMIO C COOTBETCTBYIOIUMMH JIPOH- APOHHBIMH COYJ PEHHAMM: YIIUPEHHsS HMITYJIbC-
HBIX CIIEKTPOB JPOHOB, MOBBIIIEHHOIO BBIXOX JIUICNTOHOB HEOOJBIINX M CC, YCUJIEHHOTO POXICHHSI
CTp HHBIX Y CTHL, NOJ BiIeHus Bbixof W-pe3oH HCOB M jp. OOCYXm I0TCS HEpPCIEKTHBbI OymyLIHX
skcnepuMeHToB H kot igep x RHIC u LHC.

Bonbiroe BHUM HHE yuensercs “XKeCTKUM” TecT M, J IOWUM WH(OPM LU0 O p HHUX CT IUX
9BOJIIOLUK “TOpsYeil” CUIBHOB3 MMOIEUCTBYIOLIEH M Tepuu. H OCHOBE MOJENbHBIX HPEACT BIEHWI

H JU3UpyloTcs 3(peKThl, 0OKUL eMble B PE3yJIbT T€ IMPOXOXKACHUS KECTKHX CTPYH LBETO3 PSKEHHBIX
I PTOHOB Yepe3 IUIOTHYIO CPeily, U OINpPEeleNsoTcd I P METPhl CPElibl, BIUSIOLIME B MEPBYI0 OYepelb
H H3MEHEHHe X P KTePUCTUK CTPYHl M BO3MOXHOCTH HX DKCIEPHMEHT JIbHOTO OOH pyxenus. OOcy-
KI ercsd T KXe Bonpoc MaeHTU(UK umu xectkux KXJI-cTpyil B CTOJIKHOBEHMSX TSXKENBIX MOHOB H
¢hoHe GONBIIMX CT TUCTUYECKUX (DIIYKTY LMl HOTOK MONEPeYHOH 9HEPruu, 00yCIOBICHHBIX OOJBIIOH
MHOXKECTBEHHOCTBIO BTOPUYHBIX U CTHLL.

We provide an overview of the possibilities for the detection and determination of main pa-
rameters of hadronic superdense matter, created in ultrarelativistic collisions of nuclei. We discuss
the problems related with quark-hadron transition and conditions for it to take place, and analyze the
different approaches to the description of nucleus-nucleus collision evolution: microscopical Monte
Carlo generators and hydrodynamical models. The main observables, that have been proposed for
the experimental study of nuclear matter properties under extremal conditions, are considered. We
present the possible interpretations of peculiarities being observed in relativistic nuclei collisions
experiments at existing accelerators (AGS, SPS), as compared to hadron-hadron collisions: hadron
momentum spectra “broadening”, enhanced production of low mass dileptons, strangeness enhance-
ment, W-resonances suppression etc. The prospects for future experiments at colliders RHIC and
LHC are discussed.

Much attention is paid to “hard” probes, which carry information about the early stages of
the "hot” strong interacting matter evolution. Basing on model concepts we analyze the effects
expected as a result of hard parton jet passing through the dense matter and determine the medium
parameters, which primarily influence on the change in jet characteristics and the possibility of their
experimental observation. The problem is also discussed of hard QCD-jets recognition in heavy ion
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collisions against the background of statistical fluctuation of the transverse energy flux due to a huge
multiplicity of secondary particles.

1. BBEIEHUE

DKCHEepUMEHT JIbHOE HCCIIEIOB HUE YJABTP PEIATUBUCTCKUX CTOJIKHOBEHHI
aaep H JEHCTBYIOIIMX W IUT HUPYEMBIX YCKOPHTENIAX TSKeNblX HOHOB [1] mpe-
JOCT BJIF€T YHHK JIbHYI0O BO3MOXHOCTb U3y4€HUs CBOMCTB CHJIBHOB3 HMOJEHCTBY-
IOIEH M TEPUU C T KOW BBICOKOH IUTOTHOCTBIO HEPIHU, IIPA KOTOPOH OXUJI €TCH
JOCTHKEHUE JeKOH( HHMEHT JAPOHHOH M Tepuu (OAHO M3 OCHOBHBIX INPEACK -
3 HUM CT TUCTUYECKOW KB HTOBOM xpomonuH mMuku (KX]II) mig cucrem ¢ goct -
TOYHO BBICOKOW TeMIep TYpOW WM IUIOTHOCTBIO 6 PHOHHOTrO 3 psiji ) U 00p 30-
B HHE I' 3  CHMITOTHYECKH CBOOOJHBIX KB PKOB U IJIIOOHOB — T K H 3BIB €MOM
kB pK-ooHHOM 11 3Mbl (KITI), B KOTOpo#l B cuily KOJUIEKTHBHBIX 3(peKTOB
9Kp HHUpPYETCs LIBETOBOE B3 UMOJEHCTBUE MeXIy I pToH MU [2-7]. Ecnu npu Huz-
KHX dHeprusx (He Oojiee IECATKOB U COTeH M3B) sSIpo MOXET p ¢CM TPHB ThCs
K K CHUCTeM HYKJIOHOB, MIOJUYMHSIONINXCS 3 KOH M HEpeIITHBUCTCKOM KB HTOBOM
MeX HUKH, TO B 00JI CTH OTHOCHUTEIBHBIX CKOPOCTEH simep, OIMM3KUX K CKOPOCTH
CBET ¢, B K 4eCTBE COCT BIIOIIUX Y CTUL] SJEPHOW M TEpUHM H YMH 10T IIPO-
SBJIATBCS KB PKU U ITIIOOHBI, JUH MUK B3 UMOJEWCTBHI KOTOPBIX OINpPENENIeTcs
yp BHenusamu KX]I [8,9].

C M ¢ kT U Bo3MOXHbIe cueH puu o0p 30B Husi KITI B pensTUBUCTCKUX
SAPO-SIAEPHBIX COYA PEHHSX SIBISIOTCS MPEAMETOM H YYHBIX AUCKYccuil. B mobom
Cllyd € Ipu Tp HCOPM LUM 3H YUTENILHOM U CTU DHEPIUM CT JIKMB IOLIUXCH 91ep
B DHEPIUI0 KOHCTHUTYEHTOB ~TEPM JIM30B HHOI~ CHCTEMBI 3TOH ®HEPIUH HOIKHO
XB TUTh st 00p 30B Hug KITI B 10CT TOYHO GONBIIKX (10 OTHOIIEHHIO K X P K-
TEPHBIM JIPOHHBIM M CIIT 6 M) 00BeM X, KOIJ OOCYXJIEHHE TCOPETUYECKHUX U
®KCIEPUMEHT JIbHBIX IpobsieM ee 00H pyxeHus nmeet cMbici [10]. MoxHo Bbize-
JIUTb TPU OCHOBHBIX H IIp BJIEHUS B OIUC HUU JUH MUKH PEIITUBUCTCKHMX CTOJIK-
HOBEHMH f1ep: THAPOAUH MUYECKUU IOOXOJ, MOIEIU KB PK-ITIIOOHHBIX CTPYH U
I pTOHHBIE K CK AHbIe Moaeiau. CoIl CHO MepBOMY MHOXECTBEHHOE POXKICHHE
Y CTHUI[ IPOUCXOIUT B MOMEHT MEPEKPBITHS S/iep, H 4 JIBHOE COCTOSHHE KOTOPBIX
B CHCTEME LIEHTP M CC HpeAcT BiIsgeT coOOH AB JIOPEHL-CX ThIX JHUCK , IIOC-
KOCTH KOTOPBIX IEPIEHIUKYIIPHBI OCU CTOJKHOBEHUS. [I JIbHEWmMiA X p KTep
IPOCTP HCTBEHHO-BPEMEHHOH 3BOMIOLMH P CLIMPSIOMIENHCS CUCTEMBI POXIEHHBIX
Y CTHI] OIpeieNisieTcd B COOTBETCTBUH C ypP BHEHUSIMH PENIITUBUCTCKON THAPOIM-
H MuKk#. CTpyHHBIE MOJIENIA MIPEAION T 10T, YTO B MOMEHT CONPUKOCHOBEHHS aep
MPOUCXOIAT MHTEHCHBHbIE KB PK-IJIIOOHHbIE OOMEHBI, NpUBOAMLIME K 0Op 30B -
HUIO BO30YXIEHHBIX KB PK-IJIIOOHHBIX CTPYH, KOTOpBIE 3 TEM B3 UMOJAEHCTBYIOT
JpYr C OpYrOM U p CH I I0TCd H BTOPUYHBIE JAPOHBI. B I PTOHHBIX K CK HHBIX

29

MOJIeNIIX CT JIKUB IOUIMECcS SAp P CCM TPUB I0TCA K K 1B 00N K ” KB PKOB U
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[JTFOOHOB, B3 HUMOJIEUCTBHE KOTOPBIX MPHUBOIMT K P 3BUTHIO MHTEHCHUBHOTO KB PK-
DIIOOHHOTO K CK JI C €ro MOC/EAYIoIIed JPOHU3 Huei™.

Tp IUIMOHHO P 3IEISIOT B OOJ CTH KHHEM TUYECKHX IepeMEHHbIX, 3 HH-
M €MbIX Y CTHIl MU, OOp 30B BUIMMHUCS B SIPO-SJIEPHOM B3 UMOJIEHCTBHU: IIEH-
TP JIbHYIO 007 CTh GbICTPOT (00J CTh MHOHHU3 LIUM), B KOTOPOM OXHJI €TCS M K-
CHM JIbH $ TEMIIEp TYp W MHHUM JIbH $1 (B UIe JIbHOM CIIy4 € — HYJIeB $1) IUI0T-
HOCTh © PHOHHOTO 3 psil , ¥ OOJ CTh OBICTPOT (Pp TMEHT IIUM, [IEe MOXET J0-
CTHT ThCS BBICOK sI IUIOTHOCTh O PHOHHOTO 3 PsiJi IO CP BHEHUIO C OOBIYHBIM
SIIEPHBIM BELIECTBOM. B ®KCIEPUMEHT X IO PESISITUBHCTCKUM COYJ PEHHSIM TsKe-
JIBIX MOHOB () KTHYECKU IMPEIIPUHUM €TCS MOMBITK BOCCO3 HUSL B J1 GOp TOp-
HBIX YCJIOBHSIX M TEPHUH, KOTOp s, B COOTBETCTBUU C COBPEMEHHBIMH KOCMOJIO-
TMYECKUMH TPEICT BIIEHUSIMH, CYIIECTBOB J1 B IEPBble MUKPOCEKYHJIbI SBOJTIOIIUN

99

“ropsyei” u ”6e30 puoHHOI” BceneHHol (B TeYeHHe BpeMEHH ¢ IIPU TEMITEP Type
6
T ~ —151192 MoB, npeBbllll 0LIIENR KPUTUYECKYIO TEMIIEP TYPY KB PK- JPOHHOIO ¢ -

30Boro nepexoa 1. ~ 200 MsB [11]), T KXe, NpeanonaoXuTeIbHO, H MO3IHUX
CT JUgX MCH peHus ~depHbIX 1pip” [12]. B To Xe Bpems ycioBus, HeOOXOIUMBbIE
I (DOPMUPOB HUS JPYrOro MPeesIbHOrO CBEPXIUIOTHOTO COCTOSHHA — ~XOIIO[-
HOII” KB PKOBOH M TEpHH, MOTYT HOCTHI ThCd B HEAP X HEUTPOHHBIX 3Be3x [13].
He uckimodeHo T KXe, YTO C MU TOMHBIE SIp SBISIOTCA IeTepod 3HBIMU CH-
CTEM MU U B CBOEM COCT BE& MOMHUMO HYKJIOHOB COIEPX T ~K MeJbKU~ ~XOJoj-
Hoi” KI'TI B MECT X CHJIBHOTO MpEBBILICHUS (PIIYKTY LM SNEPHOM IITOTHOCTU H I
ee cpegHUM 3H yeHueM [14,15]. B 4 CTHOCTH, H OCHOBE 3TOW WJIed H XOHAT
oObsicHeHHe TpefcK 3 HHble A.M.B JIMHBIM M OTKPBITHIE 3KCIIEPUMEHT JIbHO H
cuHXpo( 30TpoHe B JlyOHe KyMYJSTHBHBIE NMPOLECCHl — POXJIEHHE BTOPHYHBIX
Y CTHLl H sjIpe 3 Tpelen MU KMHEM THYeCKH JOCTYIHOI 00JI CTH MpHU COyA pe-
HHU C OTHMM CBOOOIHBIM HYKJTOHOM [15-17].

EcTecTBeHHBIM HCTOYHMKOM BBICOKO®HEPIMYHBIX Sfiep SBISETCS NEPBUYHOE
KOCMHMYECKOe U3JTydeHHUe, IPU U3y4eHUH CBOMCTB KOTOPOTO T KXKe BO3HHMK €T BO-
npoc o Bo3MoxHocTH 06p 30B Hus KITI [18]. B u crHOCTH, B ®MYyITbCHOHHOM
akcnepumente H 6 jutoH X JACEE peructpupoB suck coObITHS ¢ ” HOM JIBHO™
BBICOKOW MHOXECTBEHHOCTBIO U CPEIHHM IONEPEYHBIM HMIIYyJIbCOM BTOPHYHBIX
Y CTHUI[, HE COIJI CyIIIHEeCcd C MPEeACK 3 HUSIMU TP IUIMOHHBIX MOJENed Msr-
KUX JIDOHHBIX B3 MMOJEWUCTBUM M BKCTP MOJSLUUEH HU3KODHEPreTHUYEeCKUX J H-
HbiX [19,20]. T KXe BBICK 3bIB JIUCh IPEIIOIOKEHHUS, YTO IK30TUIECKHE COOBITUS
tun  “Lent Bp” [21,22], H Omion BiIuecs MpU MPOXOXACHUH IEPBHIHOTO KOCMHU-
YEeCKOro M3JIydeHHus yepe3 3eMHyI0 TMocepy, MOryT OBbITh CBS3 HbI ¢ (DOPMUPO-
B HueM KITI npu cTONKHOBEHNMM KOCMHUUYECKOMN U CTHLBI C SIAPOM TMOC(EpBI, T K

*Boree nogpo6HO MOJIENH SAPO-SINEPHBIX B3 MMOIEIHCTBUIA MPH BBICOKUX BHEPIUX 0OCYXI HOTCS
BO BTOPOM p 3JIEJIE.
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K K B pe3y/IbT T€ JPOHW3 LMK KB PKOBOI M TEpHU BO3MOXHO OOp 30B HHE T K
H 3BIB €MOTO “JI€30pUEHTUPOB HHOTO KUP JIBHOTO KOHAEHC T ~ ¢ CHMMETPUYHBIM
BBIXOJOM 3 PSKEHHBIX U HEUTpP JIbHBIX MUOHOB [23,24]. OmH KO CIMIIKOM M -
JIBIA IOTOK KOCMMYECKHX JTydeii pH BHICOKHX aHepruax F > 106 TeB 3 Tpymnser
MPOBEJICHUE CUCTEM TUYECKOTO H JIM3 T KOTo pox ~ HOM JbHBIX” coObiThil. B
TO X€ BpeMsl, IIOCKOJIBKY SIp SBJISIOTCS B KHOM COCT BHOW 4 CThIO KOCMHYECKHUX
JIydel, U1 OMMUC HHSA MX MPOXOXAEHHS Yepe3 MEX3BE3HYI0 cpeny U TMmoctepy
B KHBI OCOOEHHOCTH SIPO-SIEPHBIX B3 MMONEHCTBHI, M MOIYY e€Mble H YCKOpH-
TeJNAX I HHbIE MOTYT CIIyXHUTb ONOPOM Ul MHTEPIPET LMW PE3YIbT TOB 9KCIIEPH-
MEHTOB C KOCMHYECKUMH JIyd MH.

BriepBble myuku pensTUBUCTCKUX siep npu sHepruu E = 1 + 4 I'sB/Hykion
6buH rostydens! B 1970 rogy v cuaxpod 3otpone OUSIN. B nmocnenyroriem sp
OBITM YCKOPEHBI 10 BHICOKMX BHEPIUl M B APYIUX SAEPHBIX LEHTP X, B 4 CTHOCTH,
H yckopurendax AGS B BpykxeiiBeHcKoil H muoH IbHOU 71 60p Topmu (BHJT)
CILLIA (sneprust mydk E = 1115 ['5B/HyKJ0H, 9KBUB JIEHTH I 9HEPIHA B C.ILM.
Vs ~ 4,5+5,5 TeB/uyknon) u SPS 8 LIEPH (F = 160 + 200 I'sB/HykioH,
/s ~ 18 + 20 TsB/HyksoH). MOIIHBIM CPEICTBOM HU3ydEHHs CBOWCTB ~TOPS-
4yell” W CBEPXIUIOTHOW SIEPHOM M TepHH B H MOOJiee ®KCTPEM JIbHBIX YCIIOBHSAX
JOJIKHBI CT Th O30 B eMble Koyl Huepsl Tskenbix noHoB RHIC B BHIT (sHeprus
B C.ILM. CT JIKHB IOIIUXCS y4koB /s = 200 [eB/uykmon) [25] u LHC B HEPH
(v/s = 6 TeB/uykiion) [26]. Otmerum, 4to B H crosiuiee Bpemst B OUSIU H
yckopurene “HyKnoTpoH” B cO4eT HUM C CUHXPO( 30TPOHOM BEHyTCS HCCIENOB -
HHsl OCOOEHHOCTEH SIPO-SIEPHBIX B3 MMOJEHCTBUI 1pu Oojiee HU3KUX DHEPrUsiX
(E < 6 I'sB/HyKIIOH): KyMy/ISTHBHBIX IPOLIECCOB, CIIMHOBBIX 3(h(heKTOB, CBOWCTB
BO30YXIEHHBIX MYITbTHO PHOHHBIX KJI CTEPOB, TUIEPIAEP, MET CT OWIBHBIX SAEp-
HBIX COCTOSIHMM M 1p. [27], H JIU3 KOTOPBHIX BBIXOAUT 3 P MKHU J| HHOTo 0030p .

OcCOoOeHHOCTBIO, OTJIMY IOIIEi CTONKHOBEHMSI TSIXKENBIX sylep MPH BBICOKUX
DHEPIUsAX OT COOTBETCTBYIOIIUX IPOH- IPOHHBIX COYI PEHUH, FBISIETCS BO3MOXK-
HOCTb TeHEep IWH CBEPXIUIOTHOH M TepHH B 00beM X, KOTOpBIE IO OTHOLIEHHUIO K
X P KT€PHBIM JAPOHHBIM M CIIT O M SIBISIIOTCS KB 3MM KPOCKOIMHMYECKHMH, 4YTO,
ecru cnepoB Th unesM [eizenbepr [28], @epmu [29], [Tomep mHuyk [30] u JI H-
oy [31], OTKpBIB €T MPUHLUNU JIBHBIM MyTh JUId NPHUMEHEHUS TEPMOAWH MUKH
CWIBHBIX B3 MMOJEHCTBUH (CM., H mpumep, 0030p [32]).

Yp BHEHHE COCTOSHMS KB PK-INIIOOHHOM cHCTeMbl O 3upyercss H (yHI MeH-
T JbHOM J Tp HxXH He KX]I

Ny
1 5 (. A”
LQCD:ZZFIZ,F@H +Z¢(zy“8u—g'y”A27—mf> P, )
=1
e UHIeKC f TpoOer eT Mo BCEM BO3MOXHBIM KB PKOBBIM POM T M u, d, s, ¢ U

)Z[p., U HE 6CHCBO [JIDOHHOE I10JI€ 3 J €TCd B BUJC
Ff, = 0,A% — 0,A% + g fapc AD AC. 2)
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[TpoBenenue HenepTypO THUBHBIX YUCICHHBIX p cueTOB MeTogoM MonTte-K p-

JI0 B PEIIETOYHOH K JTMOPOBOYHOI TEOpHM OCHOB HO H  IIPOKCHM MU Herpe-
PBIBHOTO IIPOCTP HCTB -BPEMEHH JUCKPETHOU COBOKYIMHOCTBIO TOYEK — PELIETKOM
U BBIYHCIIEHUM CPEJHHUX (CT THCTUYECKOH CyMMBI M JPYTMX TEPMOAMH MUYECKHX
(pyHKIMIT) IO KB HTOBBIM (DIYKTY LIMSIM IIOJIEH, p CIIPEAETICHHBIX 110 MHOTHM Y3-
71 M pewietku [33]. B H cTosiee Bpemd ynydllleHHe MEPBOH 4 JIbHBIX JITOPUTMOB
H pSly C CYLIECTBEHHBIM POCTOM KOMITBIOTEPHBIX BO3MOXHOCTEH HPUBETO K 3 -
METHOMY IPOTPEcCy B MCCIIENOB HUAX, CBA3 HHBIX C OIpEIESICHHEM I P METPOB
KB PK- JIDOHHOTO ¢p 30BOrO IEepexoi U yCIoBUsIMH ero pe ju3 uuu [34]. Ilo-
Clle[IHUe Pe3yNbT Thl K JUOpoBouHOU SU(3)-Teopun B HMPUOIMKEHUH B JICHTHBIX
KB PKOB (T.e. 06€3 y4eT poXIeHHs M3 B KyyM AWH MHYECKUX KB PKOB — BHp-
Ty NbHBIX ¢@-T1 p) H pemetke ¢ N, = 322 y3n mMu B npoctp HcTee U N, = 12
Y371 MH BO BpeMeHH [35] yK 3bIB 10T H 3H YeHHe KPUTUYECKOU TeMriep Typol 1, =~
~ 265 MbsB, HIXe KOTOpoil CBOOOIH s ®HEPrHsl M30JIMPOB HHOTO KB pK Oecko-
HEYH , BBIIIe — KOHEYH , T.€. KB PKOBBII KOH( IHMEHT H pyII €TCd B BBICOKO-
TeMmIep TYpHOM ¢ 3e. B To Xe BpeMsd 11 p MeTp MOPSAK KHUP JIbHOW CUMMETPUU
(cummetpuu 1 p HXH H KX]I OTHOCUTEIBHO MPeodp 30B HU, MEHSIOIIMX YeT-
HOCTb) — KB PKOBBIl KOHIeHC T < 1) > oTimmdeH oT Hyns npu T' = 0, Kora
CIOHT HHOE H pyIIEHHE KHUp JIbHOM CHUMMETPUU INPHBOJUT K JAUH MUYECKOH re-
HEp LIMM M CC KB PKOB MOPSIK HECKONBKMX coTeH MaB/c?, u ymeHbun ercs ¢
poctoM Temnep Typsl. Kup JjibH S CUMMETpHs BOCCT H BJIMB €TCS IPHU TEMIIEp -
Type, 6;M3KoM K Temriep Type aekoH(p HHMeHT [34], Tchiral ~ Te. B aTOM cityd e
BCIIE/ICTBHE BEKTOPHOTO X P KTep B3 MMOAEHCTBUS KB PKOB C INIIOOH MM MOXHO
He3 BHCHMO Bp III Tb JIEBBIC U NP BbIE COCT BIISIOLIME ITOJIel 6e3M CCOBBIX u-, d-
U S-KB PKOB, YTO COITI cyeTcd ¢ pe3yiabT T MU Teopuu BosmyweHuin KX mpu
BBICOKHUX TEMIIep Typ X, B P MK X KOTOpPOIl KMp JIbH  CUMMETpPHUS HE H PYyLIEH .
3H YUTEIbHBIN NP KTUYECKUN HMHTEpeC MPEACT BISIET BOIPOC O BHUAE KB pK-
JAPOHHOrO ( 30BOrO MEpPEXof : B CIIyd €, €cM Hepexoi IepBoro poja , KB pK-
[NIOOHH S U JPOHH 4 M TEPUU MOIYT COCYLIECTBOB Th B CMEII HHOH ¢ 3e mpu
KPUTHYECKOH Temnep Type 1. DOBONBHO JONTrOE BpeMs, TOTA K K Iepexoj BTO-
POro pox MPOHUCXOIMUT OBICTPO, T.€. CTENEHb BIMSIHUI CMEIl HHOW ¢ 3Bl H 3KCIle-
PUMEHT JIbHO H OJI0J eMble X p KTEpHCTHKH KOHEYHOIO COCTOSHHS (H IpuUMep,
CHEKTp ~TepM JIbHBIX IUJIENTOHOB U (POTOHOB B PENSTUBUCTCKUX CTOINKHOBEHHIX
sfiep) B 9THX OBYX CIIyd sIX OyAeT CyLIeCTBEHHO p 31mu4 Thes. Pemieroun s SU(3)-
Teopusi 6e3 OWH MHYECKMX KB PKOB IPEACK 3bIB €T KB PK- JPOHHBII () 30BBIi
nepexoj MepBoro pox . BkiloueHne OIUH MHYECKUX KB PKOB IPUBOAUT K CyIlIe-
CTBEHHOMY CHIZKEHUIO KpUTHYecKO# Temmep Typsl 10 1, ~ 140 MsB (pemetk
163 x 4 npu Hynesoii 6 puoHHOIl MIoTHOCTH 1y = 0 [36]). Bun ¢ 30Boro me-
pexox TpeOyeT B 9TOM CJIyd € JI JIbHEHIIero MpOsSICHEHMsI: VISl YUCT  KTUBHBIX
KB PKOBBIX pOM TOB Ny > 3 mepexoj MOXeT OBITh IIEPBOTO POX , B TO Bpems
K K JUIi MEHbLIEro uuci Ny CyLIECTBYIOT yK 3 HHS H IIEPEXOH BTOPOIO POJ .
3 BHCHUMOCTb IUIOTHOCTH 3HEPTHM OT TeMIIEp TYPBI, B34T I u3 [36], mpeacT BieH
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Puc. 1. 3 BucHMOCTD OTHOIIEHMS IUIOTHOCTH ®HEPITHH € K YETBEPTOH CTENEHH TeMIep -
typet T* or T'/T.. [36] mia Ny = 4 KTUBHBIX KB PKOBBIX pOM TOB. TOueuHble M CILIOLI-
Hble KPUBBIE IIOK 3bIB IOT PE3yNIBT Thl P 3HBIX JITOPHTMOB p cYeT €. BepXHHUM KpHBBIM
COOTBETCTBYIOT OOnbIIMe 3H YeHHs M cc KB pkoB, m = 0,47; HIKHUM — MEHbIIHE,
m = 0,27. TOpU30HT JIbHbBIE JINHUU TIPEJCT BIAIOT PE3yNbT T UIL UIE JIBHOTO I' 3 IIPU
perieToyHoM 1 p Merpe N = 4 U B KOHTHUHY JIbHOM npenene (N, — 0o)

H puc.l 11g Ny = 4 B cp BHEHHHU CO CIIyd €M MJie JIbHOTO I' 3 npu N, = 4
Y371 X PeIIeTKH BO BPEMEHU M B KOHTHHY JIbHOM mipenene (N, — oo).
B XHBII pe3ynbT T 3 KJIIOY €TCS B TOM, YTO K K B CIIyd € C JUH MHYECKUMU

KB PK MU, T K U B YACTO INIIOOHHOM IIT 3M€ P 3HUL] B PE3yNbT Te Ul INIOTHOCTU
SHEPIUM IO CP BHEHHUIO C W JIbHBIM I 30M He mpeBbi eT 15% mpu temmep Type
T > 2T,, T.e. npubIUXKEHHEe KB 3HMUJAC JILHOTO CJ1 OOB3 UMOICHCTBYIOIIEIO T 3
KB PKOB U IJIIOOHOB SBIFETCS XOPOIIEH MOJENbI KB PK-IMIOOHHOW IUT 3MBI IPU
BBICOKMX TEMIIEP Typ X. B TO Xe BpeMsl CBOMCTB KB PK-IJIIOOHHOM ILUT 3Mbl WIH

APOHHOTO T 3 IIpU TeMIlep Type Mopsiak Kputudeckod 1’ ~ T, cymecTBeHHO
OTJIMY IOTCS OT CBOWCTB HJIE JIBHBIX CHCTEM U ONPENENSAITCI X P KTEpOM Hemep-
TypO THBHBIX B3 MMOJIEHCTBUI BOIU3M KPUTHIECKOM TOYKU KB PK- JIPOHHOTO ¢ -
30BOro rnepexon . [Ipu aToM B XHYI0 pOJib MOTYT UIP Tb IpeanepexonHbie (uyk-
Ty IIMOHHBIE 3(heKThl, NMPUBOLIINE K KOHEUYHOU BEPOSTHOCTU (POPMUPOB HUSA
KB PK-IJIIOOHHOW IIT 3MBI IIpH TeMIlep Type HuXe Kputmieckoil 7' < T, wmm

JPOHHBIX KJ1 crepos mipu 1 > T¢ [32].

2. MOJIEJIA SIIPO-AJAEPHBIX B3AUMOJIEMCTBHI

2.1. Muxpockonuyeckue Mopeau. C TOYKHM 3peHHs] NPUMEHUMOCTH K 4ecT-
BEHHBIX BBIBOJOB PELIETOYHBIX TEOPUI K JUH MHKE KB PK- IPOHHBIX () 30BBIX
MepeX0/I0B, KOTOPbIE MOTYT OBITH PE€ JIM30B Hbl B DKCIIEPUMEHT X H YCKOpHTE-
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JIIX, B KHBIM BJISETCS BOIPOC O C MOW BO3MOXKHOCTHU JOCTUXKEHHUS P BHOBECHOTO
(c TOUKM 3peHHsd TEPMOAMH MUKH) COCTOSHUS CHCTEMOH BTOPUYHBIX I PTOHOB,
TEHEPUPYEMBIX B IIPOLECCE YIBTP PEATHBUCTCKOIO SAPO-SIJEPHOrO COYH PEHHS.
B mnpuHnune, oTBeT H 3TOT BONPOC MOIYT I Tb MHUKPOCKOIHYECKUE MOLEIU
Monre-K pio (T X H 3bIB eMble ’TeHep TOpbl COOBITHII”), OCHOB HHbIE JIMOO H
nepTypO THUBHBIX P CYeT X I PTOHHBIX K cK OB (PCM [37,38]), nmubo H cTpyH-
Hoii ¢eHomenonornu (HIJING [39], FRITIOF [40], VENUS [41], QGSM [42],
DPM [43] u op.).

Onuc HUe IUH MHUKU PEJITUBUCTCKUX SIEPHBIX CTOJIKHOBEHUN M3 IEPBBIX
npuHuunos KXJI orp HUYEHO, K K IIp BWJIO, BBIYACIEHUEM CBOWCTB XECTKUX IIPO-
LIECCOB I1 PTOH-Il PTOHHOTO P CCEsSHHs, MAYIIUX H M JIBIX P CCTOSHHSIX (C 6O0Jb-
IIAMH TIeped 4 MU HMIYJIbC ). B TO Xe BpeMs OCHOBHYIO 4 CTh JPOHHBIX ce-
YEHUIl IpU 9HEPrusX AEWCTBYIOLIMX YyCKOpUTeneu Tsxenbix HoHoB (AGS, SPS)
COCT BJISIOT MAYHIME C M JIBIMU TIepe] Y MU IOIEePEYHOr0 UMILYJIbC MSATKHE IIPO-
neccel. IToaTOMy I1 KONMYECTBEHHOIO H JIM3 SOPO-AiEPHBIX B3 MMOAEUCTBUI
IPH BBICOKHMX DHEPrusix p 3p OOT H psijl (PEeHOMEHOJNIOTMYECKUX Mojesel, KOTo-
pbie coiepxX T OOJbIIOE KOJIMYECTBO II P METPOB, MOAOUP €MBIX M3 Cp BHEHHS
pe3yJbT TOB JJIi OCHOBHBIX X P KTEPUCTHK JpPOH- APOHHBIX, IPOH-SIEPHBIX U
SAOpO-AIEPHBIX B3 UMOIEHMCTBUHA (K K, H IIPUMEpP, CEYEHUsd p 3JIUYHBIX K H JIOB
pe Kuuii, p clpefereHue M0 MHOXECTBEHHOCTH U HHKIIIO3UBHBIE CHEKTPBI BTO-
PUYHBIX U CTHI) C UMEIOIIUMUCS A HHBIMU H YCKOPUTENSAX U B 3KCIHEPUMEHT X C
KOCMHYECKUMH JTyd MH.

ITpu p 3p GoTKe Mojeseill, ONMUCHIB IOMIUX APOHHBIE COCTOSHUSI U MSTKHUE

JPOHHBIE U SEpHBIE B3 UMOIEWUCTBHS, IIUPOKO HCIONb3YyeTCd CTPYHH Sl KOHLEI-
1M, BBITEK I0II 51 M3 mccienoB Hus cBoilctB KX]I B HemepTypO THBHOW 001 -
ctu GonpMx p ccTosiHui [44]. OCHOBHBIM OOBEKTOM T KHMX MOJesIel SBJs-
eTCsl KJI CCHYECK $ PEeNIITUBHCTCK I CTPYH , NPEACT BISIIOLL 1 COOOM ABYXMep-
HYyI0 IIOBEPXHOCTb B UETBIPEXMEPHOM MPOCTP HCcTBe MHHKOBCKOro, “H TsXeHue”
KOTOpOIii OIpefesnsdeT HEepPruio0 CBA3M JPOHHOIO COCTOSHUA. B MoMmeHT compu-
KOCHOBEHUS SJep B PE3ylbT T€ OTAEIbHBIX HEYIPYIUX HYKJIOH-HYKJIOHHBIX B3 -
MUMOAEHCTBHUI POUCXOAAT MHTEHCHBHbBIE KB PK-IIIOOHHBIE OOMEHDI, PUBOLIIIIIE
K 00Op 30B HUI0O KB PK-INIIOOHHBIX CTPYH C MX IIOCIEIYIOIIMM BO30YyXJEeHUEM U
p CIl 1OM H  JPOHBI B COOTBETCTBHM C 3 JIOXKEHHBIMH (DEHOMEHOJIOTMYECKIMHU
¢byHKIMAMA Gp TMEHT 1M (MX I P METPBI MOAOUP I0TCA U3 CP BHeHUs ¢ et e -
U pp-I HHbIMH). [Ipu 3TOM cedyeHUS OTHENBHBIX IPOLIECCOB BBIYMCIAIOTCH, K K
Ip BWIO, B MPUOMIKCHUN C KB 3MPUKOH JIPHON IMOMEPOHHOH I p METpU3 Imeit
HYKJIOH-HYKJIOHHOM MIUTUTYIBI p ccesHud [45—48].

Cy1iecTByeT BO3MOXHOCTD BKJIIOUEHHS P 3HOTO pOA  KOJUIEKTUBHBIX 3(phek-
TOB B CTPYHHBIE MOJENHU JUI1 COINl COB HHS IOMYY €MBIX Pe3ylbT TOB C 3KCIIe-
PUIMEHT JIbHBIMH 1l HHBIMH. B 4 cTHOCTH, eciy ObIcTpble Y CTHILBI (DOPMUPYIOTCS
BHE SIIp -MHIICHH U AP -CH PSA , TO MEIEHHBIE U CTHIIBI MOTYT 0Op 30BBIB ThCH
BHYTPH SIp U, B3 UMOIEHCTBYS C HYKJIOH MHU-CIIEKT TOP MU, HHULHMPOB Tb P 3-
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BUTHE “XOJIOJHOTO” BHYTPHUAAEPHOIO K CK [l , y4€T KOTOPOIrO B HEKOTOPHIX CTPYH-
Heix Mozendx (VENUS, DPM) npuBogur K YBEIMYEHHI0O MHOXECTBEHHOCTU B
0011 cTax ObIcTpOT (hbp I'MEHT LM MHIIEHH WIA My4K U YBETHYEHHUIO OTHOCH-
TENbHOM JIOJIM CTP HHBIX 4 cTUU. B TO Xe Bpems ’ropsyee” K CK OUPOB HHUE,
COOTBETCTBYIOILIEE B3 MMOJEHCTBUIO MEXIY POXICHHBIMH U CTHUL[ MU, MOXET IpH-
BOJUTH K HEKOTOPBIM M3MEHEHUSIM B UMITYJIbCHOM P CIPEIETICHHH IPOHOB M MX
COCT BE B LIEHTP JIbHOW OOJI CTH OBICTPOT, MPH ONPENETeHHbIX YCIOBHSIX TPHBOJIS
CUCTEMY B TE€pM JIbHOE MIIM XHUMHYEeCKoe p BHoOBecHe [49].

JpyruMu  KOJUIEKTHBHBIME 3(pheKT MM, HPUBOIIALIMMH K Oojiee KeCTKOMY
CHEKTpPY BTOPUYHBIX JAPOHOB IO MOMEPEYHOMY UMITYJIECY U HOBBIIIIEHHOMY BBIXOAY
CTp HHBIX Y CTHLI, SBISIOTCSA B3 MMOJAEHCTBUE (OTT JIKUB HUE WIH CIHMSHUE) CTPYH
(QGSM [50] u DPM [51]) 1 ux KOJIEKTUBHOE U3Ty4yeHHe — MOJIEb ~OTHEHHBIX
kpekepoB” (FRITIOF [49]). K cox nenuto, Teopus IOK He J €T ONHO3H 4-
HOTO OTBET H BOINPOC, K KMM HUMEHHO 00p 30M B3 UMOJAEHCTBHE CTPYH MOXET
OBITh KOPPEKTHO BKJTIOYEHO B CYIIECTBYIOIINE MOZIEIH, XOTS HEOOXOMUMOCTD yJeT
9THX 9((eKTOB NPU BBICOKOM IIOTHOCTH YUCI CTPYH (U, CIIEOB TENBHO, UX IIe-
PEKPBITHH B IONEPEYHON IUIOCKOCTH U 1O OBICTPOTE) B YJIBTP PENSITUBUCTCKUX
CTOJIKHOBEHMSIX TSKEJIBIX sifiep NPEACT BIISIETCS] OUEBUIHOM.

[pu sHeprusx Koyt inepos (/s > 100 ['sB) 3 MeTHBIN BKI 1 B POPMUPOB -
HHE KOHEYHOTO JIPOHHOTO COCTOSIHUSI BHOCSIT XXECTKHE U TOJTyXKECTKHE MPOLECCH
Il PTOH-Il PTOHHOTO P cCesHus ¢ meped 4eil ummyabe Q2 > 1 (I'sB/c)? (MHoro
6ompiie M cmt 6Horo m p mMerp KXII A ~ 200 MsB), koTtopble BKJIIOY IOTCS
B CTPYHHbIE MOJEIH MO0 B P MK X PEIKMOHHOTO ®UKOH JILHOTO (pOpM JIM3M C
obmenoM “xectkumu” momepoH mMu (VENUS, QGSM), m6o ¢ 106 BIieHHEM BbI-
yucieHHoro B neptyp6 tuBHONW KXJI MHKITIO3MBHOTO ceueHns oOp 30B HHUS JBYX
KECTKMX CTPYH B OTIENbHOM HYKJIOH-HYKJIOHHOM cyOcTtonkHoBeHHH (FRITIOF,
HIJING). VBenuueHue 9HEpruM CT JIKHB IOLIMXCS IIyYKOB IPHBOAUT K OBICTpPOMY
pPOCTy cedeHHs XecTKHX mpoueccoB [39, 52], KoTopble I 0T BKJI A HPUMEPHO
B TOJIOBUHY IIOTIEPEYHON B3HEPruM (BBIAEISIEMON B IEPNEHAUKYISIPHOM OTHOCH-
TETBHO OCH CTOJIKHOBEHHMS SI€p H NP BIEHHH) B COYJI PEHMSIX TSIKEbIX HOHOB
npu sueprusx RHIC (/s ~ 200 T'sB/uykiion) u Gonee 80% npu sueprusx LHC
(v/s ~ 6 ToB/uykion) [53]. B To Xe BpeMs MATrKHE TPOLECCH ¢ M JIOH Mepe-
1 deil ummynbe Q2 ~ A? MOTyT 4 CTHYHO WM HONHOCTBIO MOM BJIATHCS BCIE-
CTBHE KP HUPOBKH I[BETOBOTO B3 MMOJIEHCTBUS B IUTOTHOH I PTOHHOH M TepHH,
¢popMupyeMoOii U3 CUCTEMbl MUHUCTPYl H C MbIX P HHHUX CT AMAX pe Kuuu [54].
T xum 00p 30M, mpu sHepruix LHC H cTyn er cBoero pox cMepTh MATKOU”
¢pu3uky, Korm , K K OXHI eTcs, XeCTKHe U IMOJYXEeCTKHE IMPOLECChl P CCeSHUSA
OylyT 1 B Th OIpEIesISIOIIMI BKJ 1 B POPMHUPOB HUE H Y JIHOTO COCTOSTHMS [55].
ITpuMeHUMOCTD CTPYHHOU (DEHOMEHOJIOTHH ~MSTKHX' TPOLIECCOB B 3TOM CIIyY €,
1o Kp iHeil Mepe H P HHEeH, ’O0 JAPOHMU3 LHUOHHOW’ CT JUU pe KLMHU, BBI3bIB €T
OTIpesieNieHHblE COMHEHHMs, M 60Jiee TIP BOMEPHBIM ITOXOIOM IPH OYEeHb BBICOKHX
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DHEPIUsAX MPEeCT BISIETCS MOAETUPOB HHE DBOMIOLMU [T PTOHHBIX K CK JIOB B P M-
K X Teopuu Bo3myuieHuit KX]I [56].

IT pronH gk ck aH 4 Monens (PCM) p ccM TpHB €T CT JIKUB IOIIHECS SIp
K KB ~001 K ” B JICHTHBIX M MOPCKHX KB PKOB U INTIOOHOB, KOTOPbIE MTPOXOASIT
JPYT 4epe3 ApYyr U MepTypO THBHO B3 MMOIEWCTBYIOT, IPHUBOII CHCTEMY K COCTO-
SHUIO JIOK JIBHOTO TE€pM JIbHOTO P BHOBeCHd. B K uyecTBe MpUMeEp p CCMOTPHUM
p Gory rermep Top Monte-K prno snpo-snepusix B3 umoneiictsuii PCM, p 3p -
6ot nuoro K.I'eitrepom [37,38,57]. Mopeiib COCTOUT M3 TPEX OCHOBHBIX OJIOKOB.

1) 3 1 Hue H 4 NbHOU KOH(UTYp IIMHU SOPO-SAEPHOM CUCTEMBI, T.€. ONIpeaee-
HHUE BBIXO H 4 JIbHBIX POM TOB KB PKOB, HMITyJIbCHOTO W MPOCTP HCTBEHHOTO
p crpeneneHus 1 pToHOB. IIpy ®TOM B XHyI0 poiib B mporecce (popMHPOB HUA
H Y JIBHOTO COCTOSIHUSI Urp eT 3((eKT saepHOH 9Kp HUPOBKH, H Omion BIIWiics
B 9KCIIEPUMEHT X MO IITyOOKOHEYNpyroMy p ccesiHuio [58], KOTOpbIi HPHUBOIUT
K MomucuKk IuM ("H CBHIEHHUIO”) I PTOHHBIX CTPYKTYPHBIX (PYHKIMI HYKJIOH B
anpe: f(x, Q%) < AfP(x,Q*) mis 3H yeHWil yHOCHMOil M PTOHOM JOTH M-
nynee = < 0,1. K gectBeHHOe 0OBscHEHHE I HHOTO 3(h(eKT NPHBOAUTCSH, K K
Ip BWIO, H 43bIKE ~"NEPEKPBIB IOIIUXCS I PTOHOB” (CM., H mpuMmep, [55]): ecnu
IPONOJIBH Sl IIMH BOJHBI 1T pTOH ~ 1/(xp) (p — WUMIYJIbC HYKJIOH ) IPEBbI-
I eT MPOIOJBHBIA P 3Mep HYKIIOH B SAPE ~ 27, My, /p, 9KP HUPOB HHE JOJIKHO
H Omon Thest ipu S 1/(2myry,) ~ 0,1 1 yeunue Thes ¢ ymeHblieHdneM . T K
K K HE CYIIECTBYET CTPOTHX OJHO3H YHBIX TEOPETHYECKMX MNPEICK 3 HUH O KOH-
KPETHOM BHIE MOAW(UIMPOB HHBIX CTPYKTYPHBIX (DyHKIHMH HYKJIIOH B SApE, TO
B MOJEJSX OHHU 3 JI I0TCS (PEHOMEHOJIOTMYECKHM IIyTEM H OCHOBE IIIPOKCHM -
UM UMEIOIIUXCA DKCIIEPUMEHT JIBHBIX [T HHBIX 110 JAPOH-SAEPHBIM COYI PEHUSM.
Crout, ofiH KO, OTMETUTh, YTO B JIUTEp Type IMOCIeAHEee BpeMsl KTHBHO P 3BU-
B IOTCS TPEACT BIEHHS O CTPYKTYPHBIX (DYHKIHUSX SOep K K COBOKYITHOCTH KB H-
TOBBIX (DIYKTY LMH H (POHE KJI CCHUECKMX IVIIOOHHBIX nojed Sur — Mwwic ,
TeHEPUPYEMBIX ABMXYIIMMECS CO CKOPOCTSMH, OJIM3KHMMH K CKOPOCTH CBET ,
q@-n p mu (cM., H Tpumep, 0630p [59]).

2) MonenupoB HUe NPOCTP HCTBEHHO-BPEMEHHOH dBOMIOLMU I PTOHHOIO K C-
K JI , OCHOB HHO€ H NepTypO THUBHBIX P CUET X BJIEMEHT PHbIX KTOB I PTOH-
I PTOHHOTO P CCESHHUS M BKIIIOY IOIee p 3BUTHE MPOCTP HCTBEHHO- U BPEMEHU-
MOTOOHBIX “ITUBHEW” OT P CCESHHBIX I PTOHOB. M TeM THYECKH 3 I U CBOIOUTCS
K PELIeHUI0 KHHETHYECKOTO Yp BHEHUS

{% - v%} F,(p,r,t) = Z Ci(p,r,t), 3)
K2

Tjle OJIHOY CTHYH 51 pyHKIMs p cripenenenus Fy, (p,r,t)d>pd>r — cpennee uncio
I PTOHOB TUIl @ B MPOCTP HCTBEHHOM 00beMe d°T B OKPECTHOCTH TOYKH I' M B
VIMITYJIbCHOM 00BbeMe d>p B OKPECTHOCTH P B MOMEHT BPEMEHH t; CKOPOCTh V =

= p/+/p? +m2; C;(p,r,t) — HMHTErp J CTOIKHOBEHHUIi $-r0 MpoLecc , B KO-



TUATHOCTHUKA CBEPXIIIIOTHOU MATEPUU 669

SIN

4,54

4
bt T . B, by o {2 TR &

3,54

2,5

H ;)

1,0 1,5 2,0 2,5 3,0
t, hm

1 i

Puc. 2. 3 BUCHMOCTb OTHOIIEHHS SHTPOIMHU CHCTeMbl S K MHOXECTBEHHOCTU II PTOHOB
N B UEHTp JIbHOH 0011 cTU GBICTPOT OT BpeMeHH, BbrunciaeHH 1 B PCM i 1eHTp JbHBIX
COYI peHHil Au—AuU IIpH P 3THYHBIX SHEPTHSX CT JIKMB IOLIUMXCS MYyYKOB /s [37]: (O) —
200, (o) — 1000, (A) — 2000, (&) — 4000, (V) — 6300 A-I'-B

TOPOM M 3 JIOXEeH TNepTypd THBH s IMH MUK . 3 metuM, uto FQ(p,r,to) mpen-
CT BJIIeT cOOOM CTPYKTYpHYIO (DyHKLHIO T PTOHOB THII @ B H 9 JIBHBI MOMEHT
t = to, KOTOp s ®BOJIIOLIMOHUPYET C TEYEHUEM BPEMEHM II0 MEpPE P 3BUTHUA K C-
K I .

3) ®@opMHpOB HHUE KOHEYHOrO JPOHHOTO COCTOSHHS B HENepTypO TUBHOM
pexume KXJI, BBIOTHEHHOE B P MK X (P€HOMEHOJIOTUYECKOH KJI CTep- APOHU3 -
LOHHOW CXEMBI: M3 I PTOHOB B KOHEYHOM COCTOSIHUM (pOpMUPYIOTCS GecLBETHbIE
KJI CTephl, U TPOUCXOMUT HE3 BHCUM s (pp TMEHT 1M K XJIOTo KJI CTep H pe-
30H HCBI, p CH [ IOLUUECS BIIOCJIEACTBUM H KOHEYHbIE JpOHBI [57].

K ck mH g Mogmenb MpeacK 3bIB €T JOCT TOYHO OBICTPYIO TEPM JIH3 IIHIO TITIO-
OHHOM M TEpHH B LIEHTP JIbHOU OOJ CTH OBICTPOT B COYI PEHHIX TSKEIBIX SIep,
00yCITOBJICHHYI0 KOMOWH IIMell WHINBUAY JIbHBIX I PTOH-TI PTOHHBIX P CCESTHUN U
IJIIOOHHOM P M LMei 11 PTOHOB: NPEJICK 3bIB €MOE BpeMs TE€PM JIU3 LU Teq CO-
ct Biser 0,5+ 1 m/c g RHIC u 0,1 + 0,5 ¢m/c nna LHC [37,38,53,55,60].
B x yecTBe WITIOCTp I H pHC.2 TPEACT BICH 3 BUCHUMOCTh OTHOIICHHS 3H-
TPOIUH CHUCTEMBI S K MHOXECTBEHHOCTH I PTOHOB N B IIEHTp JIbHOH 001 -
cTH OBICTPOT OT BpeMeHH, BhraHCIeHH g B PCM [id HEeHTp JbHBIX COYA pPeHUi
Au—Au 1Ipu p IMYHBIX BHEPIHSAX CT JIKUB IOLIMXCS MydKoB +/s [37]. U3 puc.2
BUJIHO, YTO yCT HOBHBLIMECS 3H YeHus S/N (T > Teq) ONMU3KH K PE3yIbT T M LI
Hjie JILHOTO T 3 0e3M CCOBBIX KB PKOB M ITOOHOB (S/N )ideal (P 3HHIL COCT BIISI-
er menee 10% s sueprun RHIC /s = 200A- I'sB u yMeHbII eTcst ¢ pOCTOM +/S).
P crpenerneHue DIIOOHOB II0 HOLEPEYHOMY UMITYIIbCYy G(pr, T = Toq) XOPOIIO II-
MPOKCUMHPYETCS PEIITUBUCTCKUM OOJIBIIM HOBCKUM P CIIPElIeJICHUEM, B TO BpeMs
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K K CUJIbHBIN MOTOK B H IIP BJICHUH OCH CT JIKUB IOIIUXCS gAep NPUBOAUT K KO-
JI0OKOo0Op 3HOI” hopme p crpenenenus 1o 6eictpore G(Y, T = Teq):

Glypr,m=7)=Go [ dnexp[-Pooshy-n], @

rne T(7) — Temmep Typ , OLeHKH KOTOpoii coct Bisitor 0,3 + 0,5 I%B mis
RHIC u 0,8 + 1 I'sB gna LHC. MeHsbiee cedeHne p CCeIHUS U MEHBII S Be-
POSITHOCTh T'€HEep LM KB PKOB B II PTOHHOM JIMBHE NPHBOAUT K TOMY, YTO HX
YHCIO B H 4 JIBHOH IUT 3M€ MHOTO MEHbIIE ~p BHOBECHOIO’ 3H 4YeHHd (CLEH -
puil ropgyeil” IIIOOHHOW IUT 3MbI cM. B [61], Ny ~ (), u XUMHYECKU P BHO-
BECH 5 KB PK-IVIIOOHH § IUT 3M MOXeT C()OPMHPOB ThCd HE p HBIIIE, YeM yepe3
HECKOJIBKO (pM/C WK BOOOIIE HEe CDOPMHUPOB ThCs MEpel OXJI KICHUEM CHUCTEMbI
IO KPUTHYECKOH TeMmep Typel 1. U H 49 JIOM [pPOHHU3 LUH. 3 METHM, 4TO Y4eT
Boiciumx mopsinkoB KXII-miporeccoB tun 2 — 2 + (n > 1) MOXET HECKOJIBKO
YCKOPHUTH HpolLiecc TepM JIu3 MU [62], HO BOMPOC O BO3MOXHOCTH JOCTIKECHUS
CHUCTEMOH I PTOHOB XMMHYECKOIO P BHOBECHS BCE XK€ OCT €TCd OTKPBITBIM [ Xe
B CTOJIKHOBEHHUSX C MBIX TSXKENbIX MOHOB IPU M KCUM JbHBIX 3Hepruax LHC.

OTMeTUM T KXe APYroil MHTEPECHBbI CHEKT, CBS3 HHBIH C BO3MOXHOH He-
TOMOTEHHOCTBIO H Y JIbHBIX YCITOBUiIl (DOPMHUPOB HHS I PTOHHOM M TEPHUU: P 3BU-
THE I PTOHHBIX K CK JIOB MOXET IPUBOJUTH K OOBIINM (UIYKTY LHSM JIOK JIbHOM
IUIOTHOCTU dHepruu (’ropsvuM IEITH M”) U 00p 30B HHUIO TypOy/IeHTHOCTEH KOJ-
JIEKTUBHOTO MOTOK (” JIPOHHBIX BYJK HOB”), KOTOpbIE MOTYT H OJIIOA ThCS K K
HEeCT TUCTHYeckKue (IyKTy MM B KOHEUHOM p CIpelesieHUd IpOHOB [63].

OO6meit pobieMoil KJT CCHYECKUX K CK JHBIX MOJIEJel SBISeTCS TPYAHOCTb
KOPPEKTHOTO BKJIIOYEHHS B HHMX KB HTOBBIX KOT€PEHTHBIX 3(pheKTOB, KOTOpbIE
MOTYT OK 3bIB Th CYILECTBEHHOE BIMSHHE H IPOCTP HCTBEHHO-BPEMEHHYIO 3BO-
mourio M Tepur [60]. B 4 cTHOCTH, y4eT KOHEYHOTO BpeMeHH (pOPMUPOB HUS U3-
JIy4E€HHBIX IIIOOHOB JOJIXKEH NMPHBOIUTH K AECTPYKTUBHON MHTEP(EPEHIINH MEXIy
P 37IMYHBIMM MIUIUTYA MU P CCESHHS I IJIIOOHOB C BpeMeHeM (popMHPOB HUS
OosnpIe TUHBI cBOOOIHOTO Tpobder H 4 JikHOro 1 proH (KXII- H sor adext
JI vo y — IMomep nHuyk — Murn 1 B KB]JI [64]). [Heno, ogH KO, B TOM, UYTO
UHTEpGEPEHINI MTPOUCXOAUT MEXAY MIUIUTYA MH, B KOTOPBIX H Y JIBHBIM I p-
TOH UMEET P 3JIMYHbIe BUPTY JIbHOCTH: BPEMEHHUIIONOOHYI0 B KOHEYHOM COCTOSIHUM
(p AM 1Ms MOCIe OYEPeHOro KT P CCEHMS) M MPOCTP HCTBEHHOMNOIOOHYIO B H -
Y JIBHOM COCTOSIHUMM (P I IMs IOCJIe MPEeJIIecTBYOIEero KT p ccesHus). B to
Ke BpeMs B Iponecce Mozuenupos Hus MoHTte-K pio p 3BUTHS K CK A T PTOH
JIOJIKEH BCerJ OCT B ThCsl BDEMEHHUIIONOOHBIM MeXIy JIByMs p ccesHusmu. Tp nu-
LIMOHHBIM MTOAXOAOM K PEIICHHUIO I HHOTO BOIPOC SIBISIETCS OTHECEHUE TITIOOHHOM
P O LUK K K BH 9 JBHOM, T K U B KOHEYHOM COCTOSHHU K OfIHOMY KTy P ccesd-
HUS, U UHTep(EepeHIMOHHBIH 3(pheKT YIUTHIB €TCS IPH 3TOM ITyTeM MOOU(UK -
LMY CIIEKTP ~TOPMO3HBIX~ IJIIOOHOB; HO BOIPOC O JIOCT TOYHOM 0OOCHOB HHOCTH
T KOH MPOLEIypsl OCT €TCS OTKPBITHIM.
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B 3 xJroueHHe OTMETHM, YTO J€T JIbHOE MOJETHUPOB HUE P 3BUTHUS I PTOHHBIX
K CK JIOB HpeiCT BIIeT cOOOH BECbM TPYJOEMKYIO 3 J 4y, TpeOyIIylo 3H 4Yu-
TEJIBHBIX KOMITBIOTEPHBIX YCHJIMHA U OOJBIIOr0 KOJMYECTB M LIMHHOTO BPEMEHH.
Ecnu B H crosumx skcnepumeHT X B CERN H  yckopurene SPS B LeHTp jbHBIX
ctonkHoBeHHIX Pb—Pb peructpupyercs okomno 700 3 pskeHHBIX ApPOHOB [65],
TO NPEICK 3 HUA P 3NIMYHbIX Mojeneidl MoHrte-K pio i MHOXECTBEHHOCTH BTO-
PUYHBIX Y CTHI[ B COYH PEHHUSIX TSAXKEIBIX MOHOB COCT BJISIOT yX€ OT HECKOJIb-
Kux Thicad npu dHeprusix RHIC 1o HecKoJbKHMX JIECATKOB TBHICSY IIPU DHEPTHIX
LHC [1]. OwueBugHO, 4TO B T KMX YCIOBHSX TPYAHO IMOCTPOUTH IP BUJIBHYIO
MHKPOCKOIMYECKYIO TEOPUIO SAPO-SAIEPHBIX B3 UMOIACHCTBUM, MPEeICcK 3 HUS KOTO-
poii B JT0OOM ciTyd € OyAayT HOCHTh MOJE/IbHO-3 BHCHUMBIA X p KTep. Bo3MoXHO,
H OINpelesieHHOM 3T T1e ObLI0 ObI 1IeJIecoo0p 3HO MEPEeiTH OT P CCMOTPEHUS BCEX
JeT Jied OWH MHKH SIEpHBIX CTOJKHOBEHHH K M KPOCKOIMYECKOMY H JIM3Y pe-

KW ¥ BBIIETIEHUIO M3 ®KCHEPHUMEHT T KHUX M KPOI P METPOB, K K yp BHEHHE
COCTOSIHUSI CHJIPHOB3 MMOIEHCTBYIOIIEH M TEpHM, ®HTPOIHMS, TEMIEp Typ U Ap.
K k, Moxer ObITh, HeCKONBbKO 00p 3HO ¢k 3 J1 E.B.IIypsk BO BCTyHHMTENbHON
peun H cosem HuM KB pkoB a4 M Tepus’90”: “B03MOXHO, KB PK-IJIFOOHH 4
IUT 3M H CTOJIBKO TPOINE NPOTOH , H CKOJBKO OIMNC HUE HPOLECCOB TEYEHHs
BOZIBI B TpyOe WM ee KWIEHHS yp BHEHMEM COCTOSIHUS IPOILIE P CYET  MIUIH-
Tyael p ccesHus Mosekyast HoO 7 [10].

2.2. M KpockonuyecKue Mofejd. B ocHOBE M KPOCKONMYECKOTO MOAX0A K
ONUC HUIO JIUH MUKH SEPHBIX pe KUHUH JIeKHUT KOHLENIU KOJUIEKTHBHOIO JIBH-
KEHUS CUIBHOB3 MMOJEHMCTBYIOIIEH M TepUH, MOTYUHSIOIErocs 3 KOH M pessaTH-
BUCTCKON ruapoauH Muku [4,31,66], Korm Mbl MOXEM JIOK JIbHO ONpEIeIHUTh
ITOTHOCTH dHepruu €(x) u sHTponuu s(x), A Brenue p(x), Temnep Typy 1'(z),
T KXe 4-CKopocTb U, (x) K K (DYHKIUM KOOPIHH T &. 3 KOH COXP HEHHS TEH30p
SHEPIUU-UMITYJIbC

™" = (e + p)ur'u” — g"p (5)
(3mecw gM¥ = diag(+, —, —, —) — MeTpHYECKHUil TeH30p) 3 MHIIETCS B BUIE
8, T = 0. ©)

HCHOJ’[b3y$I TEPMOJANH MHUYCCKHE TOXKIACCTB

_

=T =
E+p s, S aT

@)

(XMMMYECKMI NOTEHLM JI Ul IPOCTOTHI IOJI T €TCS 30ECh P BHBIM HYNIO), Yp B-
HeHns (6) MOXHO TIepernuc Th B BUIE

(Wfu” — ¢")0,(InT) + utd,u” =0, (8)

Ou(sut) =0, 9)
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U M0 OTIpeJIeICHHIO
wut =1, (10)

BMmecre ¢ yp BHeHuweM coctosHus p = p(e) yp Baenus (8)—(10) obp -
3yI0T 3 MKHYTYIO CHCTEMY, W3 KOTOpOH, B NpPWUHLMUIIE, MOXHO OIPEIETHUTh JIO-
K JIbHYI0 Temnep Typy 1’ u 4-cKOpocTb U, TpPU 3 J HUM TP HUYHBIX M H Y JIb-
HBIX YCIIOBHH, BBIOOp KOTOPHIX OOBIYHO IMKTYETCS THIIOM CHMMETPHH 3 J YH.
OnH KO mpsMOe pelleHHe THAPOAWH MUYECKMX yp BHEHHUH B U CTHBIX IIPOU3-
BogHbIX (8)—(10) s KB PK-TIIOOHHOW XHUAKOCTH C ¢ 30BBIM IEPEXOJOM BO3-
MOXHO JIMIOb ISl ONPEAENICHHOrO THIl H Y JIBHBIX YCJIOBHi, W, K K I BHIIO,
OHO TIPUBOAUT K JOBOJIBHO CIIOXHBIM KOMITBIOTEPHBIM p cdeT M. [lostomy mpu
WCCIIEIOB HUHM 3BOJIIOIUU M TepuH, (POPMUPYEMON B CUMMETPHYHBIX YIBTP pesi-
TUBUCTCKHX COYH PEHMsIX siiep, KOTI eCThb BbIIEJICHHOE H NP BJEHUE, H uboliee
IIMPOKO HCIOJIB3YEeTCs OJHOMEPH 1 CKEHIHMHIOB S TMAPOOMH MHK , OIMCHIB IO-
Il 4 JOPEHL-UHB PU HTHOE JABMXEHHE M TEpPHM BJIOJb OCH CTOJKHOBEHHUS: MpU
JIOPEHI-MHB DU HTHBIX H Y JIBHBIX YCIOBHSIX THAPOOWH MHYECKHE Yp BHEHHS CO-
Xp HSIOT 3TOT THI CUMMETPHK ™. B CKeMnMHroBoil rufipoauH MHUKe (QOpMUPOB HHE
4 CTHUL] IIPOUCXOIUT H THIEPIOBEPXHOCTH OIMH KOBOI'O COOCTBEHHOTO BpEMEHU
T = Vt? — 22, Bce TEPMOJUH MHMYECKHE BEJIMYMHBI HE 3 BUCAT OT MPOCTP H-
CTBEHHOU OBICTPOTHI 1) = %ln f_ri [67]. H puc.3 mox 3 Hbl OCHOBHbBIE 3T IIbI
0o0p 30B HHS M NMPOCTP HCTBEHHO-BPEMEHHOW ®BONIOLMHM M TEPUH B PESTUBHCT-
CKOM SIPO-SAEPHOM COYJl PEHHH B CKEWJIMHIOBOM TMAPOIMH MuKe ((pOpMHPOB -
Hue u p cumpenne KITI, kB pk- IpOHHBIA ¢ 30BbIH NEpexol, p CUIMPEHHE U
P CIl I JPOHHOM XHUIKOCTH), ONpeje/ieHHe BPEMEHHOro M T 6 K KIOro u3
KOTOPBIX HPEICT BiIsIeT COOOH JIOBOJBHO CIOXHYIO 9KCIIEPUMEHT JIBHYIO 3 I Y.

IIpu cKeHNIUHroBoM 3H YeHUHU 4-CKOPOCTU

an

Up

1
= \/ﬁ{t,o, O,Z}

u3 yp BHeHus (9) omnpenesnsercs MIOTHOCTb SHTPOIUU

s(r) = =———, (12)

B TO BpeMsl K K yp BHeHuio (8) ymoeierBopsier 06 s yHkuust T = (1), mis
H XOXIEHHs KOTOpoil TpeOyeTcsd 3 I HHE yp BHEHHWs COCTOSHUS. B 4 cTtHOCTH,
ISl YIBTP PEIITHBICTCKOTO Yp BHEHHSI COCTOSIHHSL p = £/3, KOTOpOe, K K Clie-
JyeT U3 PEeLIeTOYHBIX P CUYETOB, ABysieTcsl XxopommM npubmkennem it KITI npu

*Bonee TOro, ¥ B TPEXMEPHOM IWITHHIPUYECKH-CUMMETPUIHOM CIIy4 € LEHTp JbH s 001 CTh
JKUIKOCTH, O KOTOPOII He JIoIIeN (hpOHT BOJIHBI P 3PEXKEHYIs], JBIKETCS B COOTBETCTBUH C OHOMEPHBIM
CKEHMIMHI-pelleHneM, eClii CKeHIMHT 3 J| eTcd K K H 4 JIbHOe ycioBue [67].
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t

Puc. 3. CxeM THYecK S K PTHH OCHOBHBIX ®T HOB 00D 30B HHs U 9BOJIIOLMH M TEpPHU B pe-
JIITUBUCTCKOM SIIPO-SIEPHOM COYIl PEHHHU B CKEIJTMHIOBOM THAPOAUH MHKE: COOCTBEHHOMY
BPEMEHHU To COOTBETCTBYeT MoMeHT chopmupoB Hug KITI, 7, — H 9 710 KB pPK- JPOHHOTO
¢ 30BOro nmepexon (cmem HH ¢ 3 ), Tp, — 3 BEpLIEHHUE CMeIl HHOH ¢ 3bI, Tf — p cl 1
JPOHHOM XUIKOCTH (”BBIMOpP XKHB HUE’)

BBICOKHUX Temnep Typ X 1> T, (cMm. puc.l), momydum:
T:JB(E)US, (13)
T
W BpeMs XHU3HH CHUCTEMBI, OXJ XI IOIEeHcs 10 Temrep Typol 1., MOXeT ObITh
onpegeneHo K K 7, = 70(To/Te)?.

IIpocTOT CKeWIHHI-pelIeHns] NTpPUBOAUT K BO3MOXHOCTH P CCMOTPEHHUS H
€ro OCHOBE IMH MUKH KB PK- JIPOHHBIX (p 30BBIX IEPEXOIOB B SIEPHBIX COYI pe-
HUgX [68] ¢ ncnonp30B HUEM Moend “MemmKoB” [69]. B aToMm ciyd e p crumpenue
KMAKOCTH OIIPEIeIIIeTCsl TPOJOIBHBIM IIOTOKOM OOJBILIONO YHCII TEPM JIBHBIX HC-
TOYHUKOB (T K H 3bIB eMbIX ¢ iiepOoiioB”), K XUl M3 KOTOPBIX MPENCT BISET
coboii npu T > T, KB 3ume JbHBIA KB PK-IJIIOOHHBIH T 3:

1
%z%#+m,%=?ﬂtﬂm
4 3 2

21
Sp = gopT , Op = %gp, gp = 16 + ?Nf, (14)

npu T < T, — wzie JbHBIA T' 3 6€3M CCOBBIX ITHOHOB!

4 2

1
en = o T, pp = gUhT4, sp = gUhT3, Oh = 359h 9h = 3. (15)

[Ipu NOBBIIIIEHUN TeMITep TYpPhI BBIIIE KPUTUIECKOH 1 BieHHe “MemK ~ By (3H -
YeHUe KOTOPOro OIpelensdeTcs M3 YCIOBHS P BEHCTB JI BJIGHUH I PTOHHOW U
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IpOHHOI M Tepuu B cMern HHoU ¢ 3¢ p,(T.) = pp(T:)) Oymer He B COCTOSHHU
yIepXKUB Th KB PKH U IJTIOOHBI B CBSI3 HHOM COCTOSIHHH.

IIpy ®TOM KOJUIEKTHBHBIM IOTOK B IIONIEPEYHOM (OTHOCUTEIBHO OCHU CTOJIK-
HOBEHM4 $ep) H NP BJICHUHU I MOXET P CCM TPUB ThCS K K HEKOTOP £ MOMpP BK
H (pOHE CHIIBHOTO IPOJIOIBHOTO ABMXEHUS M Tepuu. UncneHHoe penieHne ruapo-
IUH Mudeckux yp BHeHM (8)—(10) i TpeXMEpPHOro p CLIMPEHUs HIE JIbHOM
WJTMHAPUYECKU-CHMMETPIYHOM KB PK-INIIOOHHOW XHIKOCTH MOATBEPXKI €T 3Ty
K pruny [70]: weHTp JbHOE T TO | 1) [< Mo — ¢s In (7/70) u r < Ry — ¢c5(7 —10),
T.e. 0O CTh, 0 KOTOPOW He JouIen (hPOHT BOJHBI P 3PEXKEHHUS, OIHUCHIB €TCH
OIHOMEPHBIM CKEHIMHT-pELIeHHEM, eCIIN CKEIIMHT 3 11 eTcs K K H 4 JIbHOE YCIIO-
BUe (19 U Ry — H 4 JIbH § IIUPUH TPOJOIBHOTO M IONEPEYHOro IUT TO COOT-
BETCTBEHHO, ¢5 = +/dp/de — ckopocTs 3ByK ). OOH KO B CIy4 € (POPMHPOB HHS
JIONTOXUBYILETO COCTOSHUS B SIPO-IAEPHOM COYA PEHUH MOINEpEeYHOe p CLIHMpe-
HHE MOXET MIP Th CYLIECTBEHHYIO pPOJib H 0oJjiee MO3AHUX CT IUSX APOHHU3 LU
1 “BBIMOp XUB HUS” JAPOHOB, M €r0 MOJAENBHBIN y4deT SBISeTCd BIOJIHE KTy Jb-
HOM1 3 I 4ell.

OQHUM M3 P CHPOCTP HEHHBIX METOIOB IPHOIMXEHHOTO PEIlIeHUs] TpeXMep-
HBIX TMAPOAWH MHYECKUX yp BHEHHUH SBISETCS yCpeAHEHHE TEPMOAMH MHUYECKHX
BEJIMYUH 1O p AU JbHOMY (id cgepudeckoil cummerpuu [71]) unu nomepeu-
HOMY (W1 UWIHHIPUYECKON cumMeTpum [72-76]) H mp BieHH0. B pe3ympT Te
IPUMEHEHHs 3TOW IMpOLEeayphl yp BHEHUS B 4 CTHBIX IMPOU3BOAHBIX CBOIITCA K
OOBIKHOBEHHBIM JH(pepeH JIbHBIM yp BHeHUSM. [Ipu aTOM, K K TIp BHIIO, TEp-
MOJIMH MHYECKHe BEIWYMHBI 1101 T IOTCS OAHOPOIHBIMH B MOIIEPEYHOM H IIp BIIe-
HHH, T.e. (0 KTHYECKH HCIIONB3YIOTCS HEKOTOPhIe X CPEIHHE 3H YEHMs, YTO J €T
BO3MOXHOCTb HCIIOJIB30B Th T KH€ MOJIEIH I OTHOCUTENBFHO POCTOTO BBIYHCIIE-
HUS MHTETP JIBHBIX X P KTEPUCTHK pe KIMHU (H NpHUMep, HHTEHCUBHOCTH U3JTyde-
HUs (DOTOHOB U JMJICHITOHOB U3 BCEro 00BbEM P CIIUPSIOUICHCS M TEpHH, JPOH-
HBIX CIIEKTPOB, PHEPreTUYECKHUX IOTEPh KECTKUX I PTOHOB B cpexne). Bpemenem
”BKJIIOYEHHUS” MOINEPEYHOr0 P CIUUPEHUS! Ty, B OTOM CIyY € MOXHO CUUT Thb, H -
IpUMep, MOMEHT, KOl B IONEpPEeYHOEe JIBIKEHHE BOBIEK €TCS MOJOBHH 00BeM
KMAKOCTH B COOTBETCTBHM C YHCJICHHBIM PELICHHEM Yp BHEHUH peNSITHBHCTCKON
TUAPOJAMH MHUKH CO CKEWIMHTOBBIM H 4 JIbHBIM YCJIIOBUEM IpU T = 7y [76], T.e.:

Rov2-1
n#¥m+—£l;—ﬂ

cs V2

B o61mem ciyd e nporiib KOJUIEKTUBHOM CKOPOCTH XUIKOCTH, 3 KJIIOUEHHOM
B LIUIMHIPE NEPeMEHHOro a(peKTUBHOro p auyc R(T), B IOMEPEYHOM H TIp -
BIIEHUU I MOXET OBbITh I P METPHU30B H B BUIE

)

(16)
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(’runp Biamyeckoe npubamxkenue”). [Ipu »TOM H  p 3HBIX 3T I X 9BOJIOLMU
KB PK-IJIIOOHHOW KHMAKOCTH TOYHOMY PEIICHHIO THIPOAMH MUYECKHUX Yp BHEHHH
C IWIMHIPHMYECKOH CHUMMETPHEHl MOXET COOTBETCTBOB Th P 3JIMYH S I P METPH-
3 1Ms npomiId MonepedyHoil cKopocTu. B 4 crHocth, cimyd it n» = 1 cooTBerT-
CTBYET PELICHUI0 HEPETATUBHCTCKOIO Yp BHEHHS HENPEPhIBHOCTH C OTHOPOIHOMN
IUTOTHOCTBIO U MOXET CJIYXHTh XOPOLIMM NPHOJIMKEHUEM MPU HE CIIHMIIKOM BbI-
COKHX MOMepPeuHbIX cKopocTsx [73,75,76]. 3 MeTuM, 4yTo BBIOOp I p METp 7. He
BIUSIET H (DyHKIMOH JIBHYIO 3 BHCHMOCTh OCHOBHBIX X P KTEPHUCTHK OT BpPEMEHH
(H mpuMmep, TemIiep Typbl, 3(h(PEeKTUBHOIO p ANYC WM JOIU I PTOHHOH M TEpHH
B CMeIl HHOH ¢ 3€) C TOYHOCTHIO IO MOCTOSIHHOTO YUCIIEHHOTO KO3((PHUIIMEHT .

B ciyu e popmupos Hus BeicokoTemriep TypHoro (1o > T.) H 4 JIBHOTO CO-
CTOSIHMS KOJUIEKTHUBHOE IOMNEpPEeyHOoe JBILKEHHE MOXET UIP Th B XHYK pOJb BO
BpeMsl CMell HHOH ¢ 3bI, IPUBOAS K 3H YMTEIBHOMY YMEHBIICHUIO MPOIOIIKH-
TETBHOCTH KB PK- IPOHHOTO () 30BOTO MEPEXOH MEPBOTO MOPSAK II0 Cp BHEHHUIO
C OIHOMEpPHBIM CKeInuHr-pemienueM [76]. CneacTBueM 3TOro MOXET CT Thb CY-
IIIECTBEHHOE YMEHBIIIEHHE BKJI 1 CMeIl HHOH ¢ 3bI (IT0 Cp BHEHUIO C H 4 JIbHBIM
BeIcOKOTeMIiep TypHbIM coctogHueM KITI) B popMUpOB HUE HEKOTOPBIX 3KCIIe-
PUIMEHT JIBHO PErMCTPUPYeMBIX X P KTEPUCTHK pe KIMH, K K, H IIPUMEp, CIEKTp
”TepM JIbHBIX OUJIENTOHOB M (POTOHOB, U3IIy4 €MbIX H IPOTSKEHUH BCEU 3BO-
JIIOUUY CUIBHOB3 UMOAEHCTBYIOLENH M Tepuu [77].

JIpyruM HHTEPECHBIM SIBIIEHHEM, CBS3 HHBIM C CYIIECTBOB HHEM CUIIBHOTO
KOJIJIEKTUBHOTO MOTOK  JIPOHHON M TEpUHU B IMONEPEYHOM H Ip BICHUH, MOXET
CT Th X P KTE€pHOE ’BBINOJ XKHUB HUE’ P7-CHEKTP TIXKEIBIX IPOHOB (CYyIIECT-
BEHHO HESKCIIOHEHIM JIbHBI PEXHM) B OO CTH IONEPEYHBIX OBICTPOT MAPOH ,
HE MPEBbIII IOMUX 3H YEHHS KOIUIEKTUBHOM ITONEPEYHON OBICTPOTHI XHIAKOCTH
Yr: pr $m sinhY®* (1.e. B 061 CTH JOMHHHPOB HHSl KOJJIEKTHBHOTIO TIOIe-
pedYHoro IBHXEHUs H 1 “TepM JibHbIM) [75]. H Omiomenue T Koro 3¢ekT B
OylyIIMX DKCHEPUMEHT X H KOJUI HIep X TSKeIbIX MOHOB MOIVIO Obl KOCBEHHO
CBHZICTEIIECTBOB Th O (DOPMHPOB HHM BBICOKOTEMIIED TYPHOTO COCTOSHHMS H H -
Y JIBHOW CT AWM pe KUHWH.

Hepenko BBoAUTCS HOHSATHE “BA3KOCTH KB PK-IIIIOOHHOW XMAKOCTH, H JIH-
qyrue KOTOpPOW MPUBOAUT K TMOSBICHHIO JOTOJHHUTEIBHOIO HEJTMHEHHOro 4WieH B
TUIPOIUH MHYECKOM Yp BHEHHUHM JUIA 3BOJIIOIMU cpelsl. B ciyd e omxHOMepHOro
MPOMOJIBHOTO P CIIUPEHHUS BI3KOW KB PK-IIIOOHHOH XHAKOCTH yp BHEHHE 3BOJIIO-
nuu nMeet Bua [78-81]:

de n E+p X

- — 2 =0 18
dr T T2 ’ (18)

rjie TMOCNeIHUN HEeTVHEeWHBIA YlieH, H PYII IOMUNA CKEWIUHT, COIAEPXKHUT KO-
tutment x(7) = 4n(7r)/3 + ((7); n 1 { — Kod(PPULHEHTBI TOBEPXHOCTHON
1 0OBEMHOH BI3KOCTH COOTBETCTBEHHO, KOTOPBIE MOTYT OBITh OLIEHEHBI B P M-
K X PEeIATHUBUCTCKONH KUHETUYECKOH TEOPUM K K IEPBBbIA NOPIJOK OTKIOHEHUS
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OT JIOK JIBHOI'O TEPM JIBHOI'O p BHOBECH:A B BbBICOKOTEMIIED TYPHOM l'lpI/l6.J'[l/I)KeHl/Il/I

T > T, [78-81]:

C,T3
¢ 3 eKTUBHOI TEPM JIBHOH KOHCT HTOM CBSI3U:
12
ot = il (20)

* (33 —2Ny)In(4T/T.)*

Ouenxu 1 p merp C, p 3mmy rorea or C = 0,06 (C;, = 0,35) B [79] no
Cp,=0,34(C, =1,4)B [81] mta Ny =0 (Ny = 3).

OTMeTuM, 4YTO HerepTypO THBHBI H JIM3 PE3yJbT TOB PELUETOYHBIX K JIH-
OpoBouHbIX Teopuii [82,83] yK 3bIB €T H BO3MOXHOCTb CHJIIBHOTO BO3p CT HUS
K03((pUIMEHTOB BA3KOCTH BOIM3M KPUTHUECKOW TEMIEp TYpHl KB PK- JPOHHOTO
¢ 3oBoro nepexox 1" ~ T, MO cp BHEHHUIO C BHICOKOTEMIIEP TYPHBIM MPUOIIIKE-
HueM (19).

DpdeKT BIA3KOCTH, MPUBOALIIMNA K HEKOTOPOMY 3 MEIUIEHHIO OCTBIB HUS
KB PK-ITIOOHHOM XUIKOCTU U YBEIMYECHHUIO €€ BPEMEHHU XHM3HU 10 CP BHEHHUIO C
OJHOMEPHBIM CKeHnuHr-pemieHreM (13), MoXeT Urp Th B XHYIO pOJIb IPU HCCIIe-
JIOB HUM IPOLIECCOB, YYBCTBUTENIBHBIX, [T BHBIM OOp 30M, K p HHEH I PTOHHOH
IVH MHKE, K K, H IIPUMEp, Nepep CCeSHHE XKECTKUX CTPyH B IUIOTHOH M TepuH,
U 3TOT Bompoc OyneT oOCyX1 ThCA B P 34.5 H CTOSIIEro 0630p .

3. ’MATKHUE” TECTBI ILNIOTHOM MATEPUH
B YIBTPAPEIIATUBUCTCKUX COYIAPEHUSAX AJTEP

3.1. CnekTpsl ApOHOB. MIMITyiibCHBIE CIIEKTPHI KOHEYHBIX JPOHOB P CCM T-
PUB I0TCA K K B XHBII MHCTPYMEHT M3y4eHHUS CBOMCTB IPOHHOH M TepHH, op-
MHpPYEMOM B SPO-SIEPHBIX B3 UMOIEHCTBHAX IPU BBICOKHX 3HEPIHAX, B U CTHO-
CTH, CTENIEHU €€ TepM JIM3 MU U KOJUIEKTUBHBIX MOTOKOBBIX 3GeKToB [72,75,
84-89]. B cBa3u ¢ Tem, 4TO (hOPMUPOB HUE ~HAOJITOXKUBYIIETO” (IO CP BHEHHIO
C X p KTepHbIM BpeMeHeM Ti, (16)) BBICOKOTEMIIEp TYPHOIO COCTOSTHHS HOJIKHO
MPUBOAUTH K 3 METHOMY MOIEPEYHOMY P CUIMPEHMIO H MO3JHHUX CT AUSAX 3BO-
JIIOLIMK CHCTEMBI, 3H YUTETIBHBIA HHTEpEC MPEACT BIISeT HM3ydyeHHEe KOJIEKTHUBHBIX
MOTOKOB B MOMNEPEYHOM (OTHOCUTEIBHO OCH CTOJKHOBEHHS Sep) H Ip BIICHHH.

B rupponyuH MHUYECKOH MOJENH CIIEKTp KOHEUHBIX JIPOHOB 3 [ €TCS B BUIE
CYIEPIO3ULHIH TEPM JIBHOIO P CIpENeseHHs U KOJUIEKTUBHOIO IBIKEeHHs [84]:

d®*N
B = [ @) pis, @1
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C MHB pu HTHOMU (pyHKuueil p crpenenenus bose — DitHmreitn (Pepmu — [du-
pP X ):

g u“(m)pu
. _ W A\Y)P
z,p) = e T -1 22
pu ¥ uf — 4-UMIyIbC APOH U JIOK JIBH S 4-CKOPOCTh KHIKOCTH COOTBET-
CTBEHHO, g}, — YHCIO JPOHHBIX CTelleHell cBoOoabl. HHTErpupoB HHE IIPOBO-

JUTCS 10 TUIEPIOBEPXHOCTU O C TeMIIep Typod p CI I  IPOHHOH XUAKOCTH
(T K H 3bIB eM 5 TeMnep Typ “BbIMOp XuB HuS") T = T, KOTOp 5 MOXET OBITh
OTIpesieSieH  IPU YCJIOBHHM ITPEBBIIIECHNUS JUTHHBI CBOOOJHOrO pober  JIpoH  (TIpH-
OMIKeHHO 00p THO NMPONOPLIMOH JIBHOM TeMIlep Type) H A TeOMETPUYECKHM p 3-
MEpPOM CHCTEMBI.

3 MeTHM, 4TO MpeAroIoXeHne 00 OMHOMOMEHTHOM ~“BBIMOP KHWB HHH~ HPO-
HOB B HEKOTODBIH (DMKCHPOB HHBIII MOMEHT COOCTBEHHOIO BPEMEHM Tf SBIAETCH,
BEPOSITHEE BCEro, CIMIIKOM HIE JU3UPOB HHBIM, U B JICHCTBUTENBHOCTH HUMEET
MECTO IIOCTENEHHBI p CH A JPOHHOH XHUIKOCTH, ~p 3M 3 HHBI® B IpPOCTP H-
ctBe u Bpemenu [90]. Kpome Toro, T K K K Ce4eHUS B3 UMOIEHCTBHA IPOHOB
( cremoB TeNbHO, W JUIMHBI CBOOOTHOTO MpobGer B JPOHHOH M TEpHH) P 3HOTO
THI P 37AWY I0TCS, TO BIIOJTHE BO3MOXKHBIM ITIPEACT BISIETCS M COOTBETCTBYIOLIEE
p 37U4YMe B 3H YEHHHU TeMIep Typhl “BBIMOpP XuB HHA~ [87].

P ccMoTpuM OCHOBHBIE X P KTE€pHbIE OCOOEHHOCTH CIIEKTPOB JIPOHOB B pe-
JIATUBUCTCKUX LEHTP JIBHBIX CTOJIKHOBEHMSX TSXEJbIX auep H yckopurenax AGS
npu sHeprusax 11 < 15 I'eB/uykion (Si—Al, Si—Au, Au—Au u ap.) [91-94] u
SPS npu saeprusix 160 + 200 I's3B/aykmnon (S—S, S—Pb, Pb—Pb u ap.) [65,95-
101] mo cp BHEHMIO C COOTBETCTBYIOIIMMH JIPOH- IPOHHBIMHU COYIl PEHUSIMHU.

P cnpeoenenue no npooonvrnoii 6vicmpome. ViMeeT MecTo “KOIOKOIO00p 3-
Hoe” p CIpeleneHde APOHOB Mo HponoibHoil Osictpore B CLIM dN/dyyy, mm-
PUH KOTOPOTO CYIIECTBEHHO OoJblie, YeM H ONIIog eTcs B COOTBETCTBYHIOIIMX
HYKJIOH-HYKJIOHHBIX COYH PEHUSX M OXMHJA eTcd U1 M30TPOIHOIO TEepPM JIBHOTO
p crpeneneHuss bompM H , 9TO YK 3BIB €T H H JIMYHE CHJIBHOIO IMPOIOIBHOTO
KOJIJIEKTUBHOTO ABUXKEHHUS JPOHHOM M TEpHH BIOJIb OCH CTOJIKHOBEHUS s1ep (CM.
puc.4, B3aTeiid u3 p 6oter [102]). Ilpu »TOM cpedHss KOJUIEKTUBH s MPOXOIb-
H 9 cKOopocTh < 3 > ci 60 yBENMYHMB €TCSI C POCTOM M CCBI CT JIKUB FOIIMXCS
saep (o Si u S 10 Pb u Au) u CylmecTBeHHO — C POCTOM DHEPTUU IMYYKOB,
or < B >= 0,5 (AGS, Au—Au) 0o < §; >= 0,75 (SPS, Pb—Pb). Hure-
PECHO, UTO p CIIpeesieHHe IPOTOHOB, POXACHHBIX B LEHTP JIBHBIX SAPO-SIIEPHBIX
coyn penusix npu sHeprusix AGS u SPS, T xxe uMeeT "KB 3UIUI TO” B LUEHTP Jib-
HO# 001 ctu GsicTpoT B CLIM, YTO CBHIETENBCTBYET O 3H YHUTEIBHONH TOPMO3HOU
CIOCOOHOCTH TSKENbIX SiIep B L HHOM U I1 30HE SHEPIHuil.

P cnpeodenenue no nonepeurnomy umnynscy (nonepeunoii m cce). P cipenene-
HUE JIPOHOB IO TOMEPEYHON M cce m;ldN/me (mr = /p% + m?) B Gob-
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dNldy dNI/dy
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Puc. 4. CnexTpbsl JpPOHOB IO IPOAOJIBHON OBICTPOTE B C.ILM. CT JIKUB IOIIUXCSH Slep
IUTSL UEHTP JIbHBIX coyn penuii: ) Au—Au npu sueprun AGS 11 A -T'sB, skcriepuMeHTb
E866 [92], E877 [93] u E891 [94]; 6) Pb—Pb npu suepruu SPS 158 A - I'sB, sxcnepumeHT
NA49 [65]. ITpuxoBble KpUBble — COOTBETCTBYIOIIUE P CIPENETIEHUs Ul H30TPOIHOIO
TepM JIBHOTO MCTOUHMK 1pu Temnep Type 1' = 0,13 I'sB ( ) mmu T = 0,16 I'sB (6),
CIUTOIIHbIE — JUISl IPOOJIBHO P CLIMPSIOLIErocs co cpefHei ckopoctbio F; = 0,5 () win
61 = 0,75 (6) ucrounux [102]
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Haxkson 7, I'»B
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Puc. 5. H xion T crieKTp  IPOHOB MO MOMEPEYHON M cce K K (PyHKIMSI M CChl JPOH B
p — p (A), uentp npubix S—S (M) u Pb—Pb (e) cronknosenunsax npu suepruu SPS [100]

LIMHCTBE CITy4d €B XOpPOILIO MIPOKCHUMUPYETCA 9KCIIOHEHIH JIbHOH 3 BUCHMOCTBIO,
OIH KO H OJII0J eTcsl TIOBBILICHHbIN BBIXOJ IMMOHOB B OOJI CTH M JIBIX IOIEped-
HBIX M c¢c mr —m < 200 MaB 1o c¢p BHEHHIO C COOTBETCTBYIOLIUMHU HYKJIOH-
HYKJIOHHBIMHU 11 HHbIMH IIpu 3Hepruax AGS u SPS, npuuem aekT npossisgercs
B OOJBIIEH CTETIeHH VISl OTPHUI] TEJIBHO 3 PsDKeHHBIX MHOHOB. H mbonee momyssip-
HBIM OOBSICHEHHEM 1 HHOTO 3()(PeKT SBIAIOTCS BIUSHUE P CII I pe30H HCoB [87]
(x K, H mpumep, pg — 7, w — wta%7 T wm A — N77), T KxXe Kylo-
HOBCKOE B3 MMOJEIHCTBHE NMHOHOB C CONMYTCTBYIOLIMMHU mpoToH mu [103]. B 1o
K€ BpeMs PpEerucTpHpyeTcsl MOBBIIIEHHBIN BBIXOJ JPOHOB BCEX THIIOB B IIEH-
TP JIBHBIX SIPO-SJEPHBIX CTOJIKHOBEHUSX IO CP BHEHUIO C COOTBETCTBYIOILIUMH
HYKJIOH-HYKJIOHHBIMH COYJl PEHUSIMH B OOJI CTH OOJBIIMX MOMEPEYHBIX HMILYJIb-
coB pr > 1 I'9B, u aT10T 3hpeKT Oosee IpKO BHIP KEH VI C MBIX TSXENbIX SIep,
YTO BIIOJIHE COIVI CYeTCS C NPEOI0XEHHEM O CYLECTBOB HHUH MONEPEYHOro Mo-
TOK JApOHHOH M TepuH. Ilpu 3TOM 3KCHEpHMEHT JBHBIH (P KT POCT CpPEIHEro
MONEPEYHOTO UMIYJIbC APOH C YBEIWYEHHEM €r0 M CChl B CTOJIKHOBEHUSX SAep
npu sHepruax AGS u SPS (cMm., H npumep, [102, 104] u puc.5 [100]) v xomur
€CTECTBEHHOE U INPOCTOE OOBSICHEHHE B TMIPOAMH MHYEcKOi monenu [4], xorg
H3MeHeHHe UMIyib¢ Apr(r) OpPOH CM CCOif m 3 CYeT HOMEePeYHOro JABHKEHHS
9JIEMEHT KHIKOCTH B TOYKE I' MOXHO 3 IHC Tb B BUume Apr(r) = m sinh Yr(r),
rie Y7 — KOJUISKTUBH $ IONEpevH s ObICTPOT .

B cB43u C BO3MOXHOCTBIO JIBTEPH THBHOW HHTEpPIPET MU ~YIIUPEHUs
Mp-COEKTP  IPOHOB B PENIATUBUCTCKUX COYH PEHHUSIX TAXKENbIX Saep MO Cp B-
HEHHUIO C COOTBETCTBYIOIIUMHU HYKJIOH-HYKJIOHHBIMH CTOJIKHOBEHUSMHU HPEICT -
BIII€T UHTEPEC IBYXKOMIIOHEHTH S MOJENb MPOAOJIBHO P CIIUPAIOIIErocs UCTOY-
HUK [86], B KOTOpOii MOMUMO 067 CTH “BBIMOP XUB HHsI” JPOHBI W3Iyd HOTCS
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U3 CMEII HHOU () 3bI ¢ X P KTEPHBIM UMITYJIbCOM, ONPEeSIOIIMCI KPUTUIECKON
TeMIlep Typoil KB pK- OpoHHOrO (p 30Boro mepexon 7., T.e. H KJIOH “XBOCT ~
CHEKTP B 3TOM CJIyd € HpsIMO P BeH .. YHOMSHEM T KXe IpPeTOKECHHYI0 He-
I BHO IPOCTYIO MOJEINb CIyd WHBIX ONyXm HUH H 4 JIBHOIO COCTOSIHUSI TE€PM JIb-
HBIX "¢ HepOosIOB”, B p MK X KOTOPOH BBIYMCIISIOTCS €IUHBIM 00Op 30M CIIEKTpBI
JAPOHOB B MPOTOH-SJIEPHBIX W SAPO-SIEPHBIX COYIl peHusIX Oe3 yder mnoreped-
HOrO KOJUIEKTUBHOrO ABuxXeHus [89]. JI HH s MoJeNlb MMEET BCETO JIMIIb OJUH
I p MeTp §, ONpEeeSIONIUN U3MEHEHHE MOTIepeYHON GhIcTpOThl ¢ iepbon ” 3
OHO H Y JIbHOE HYKJIOH-HYKJIOHHOE cyOCTOJKHOBeHHMe. I1 p MeTp & M3BleK ercs
U3 JpOH-AfepHBIX 1 HHbBIX. OmH KO Mopens [89] He MOXeT OIHOBPEMEHHO BOC-
MIPOM3BECTH CHEKTPHl MHOHOB, K OHOB U IPOTOHOB C OAWH KOBBIMH 3H YEHHUIMU
“ymupeHus” § ¥ Temiep Typsl “BeIMOp XuB Hus® Ty ams coyn peHmii A — A
(A =S, Pb) [100].

JleT JMBHBIA H JIU3 CYIIECTBYIOIUUX [ HHBIX IIO CIIEKTP M JPOHOB IIPU 9HEp-
run CERN-SPS 200 I'»B/aykmon (sxcnepumentst WAS80 [95], HELIOS [96],
NA35 [97]) B p MK X TpeXMepHO! PeNATUBUCTCKOMN I'MAPOIUH MHUKHU C JOIMOJIHH-
TEJTbHBIMHU MPEANONIOXEHUSIMU O CBOMCTB X KOH() HHMEHT OBl BBIIIOJIHEH, H TIPH-

dNldy
o
AR RN RN RN L

YT T

1/PydNIdP, (TaB/c)2

Ty

e b e b b b ey by b s

0 0,2 04 06 0,8 1 1,2 14 16 1.8
Py, TeB/c

Puc. 6. P cnpenenenue 1o npoposibHOi GHICTPOTE Yym B C.ILM. CT JIKUB Iommxcs sep ( );
pr-p crupenenenue (2 < yiabp < 3) (6) OTPULL TEJIBHO 3 PAXKEHHBIX [IMOHOB B THAPOAUH MHU-
YeCcKOil MOENH C HONepeYHbIM p cuimpendeM [75] u 1 HHble skcnepuMeHT NA35 S + S
200A- I'sB [97]. Lltpuxos 4 rucrorp MM cootsercTByer pe3yiasT T M FRITIOF_7.02
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Mep, B p 6ote [88]. IIpu 3ToM 1 HHbIC OBUTHA OMUC HBI C H Y JIBHBIMHU YCJIOBUSIMH,
cootBercTByomuMu opmupos Huro KITI npu Temmep Type Tp ~ 170200 MaB
JUIS UEHTP JIbHBIX coyl peHuii mydkoB S u O u muiueHeil ot Al o Pb (3H yenus
APYTHX 11 p MeTpoB: To = 1 dm/c, T, = 160 MeB, Ty = m, = 140 MsB). Ilpo-
BeJeHHBIN B p 60Te [105] H M3 NpelB pUTENTbHBIX 1 HHBIX MO CIIEKTP M JPOHOB
BO B3 uMojeicTBusix Pb—Pb nipu snepruu 158 A -I9B (skcnepument NA49 [65])
T KXe€ YK 3bIB €T H BO3MOXHOCTb MX ONMC HHS B TMIPOIUH MHYECKOHW MOJIENH C
Y4€TOM H 9 JIbHOTO (DOPMUPOB HHS KB PK-IIIOOHHOH ¢ 3BI.

B p 6ote [75] B p MK X HpPOCTOM MOIETH y4eT TOMEPEYHOrO p CITUPEHUS
KB PK-IJITDOHHOH XHIKOCTH C (p 30BbIM HEPEXOIOM ObUIO MOK 3 HO, YTO HUMEI0-
IMecs 1 HHbIe MOTYT OBITh COIVT COB HbI ¢ ()OPMHUPOB HUEM CMENI HHOM ¢ 3bI H
H 4 JIbHOH cT auu pe kxuuu npu Ty = T, = 160 M3B. B x dyectBe mpumep
H puc.6 NMpUBEAEHO ONMWC HUE JI HHBIX IO CHEKTP M OTPHI] TEIBHO 3 DSXKEH-
HBIX ITHOHOB B LIGHTP JIBHBIX CTOJKHOBEHMSIX S + S sKkcrepumeHT NA35 [97]
TWAPOAMH MHUYECKOW Mogenbio [75] ¢ I p METp MM “BBIMOP XUB HUS~® — TEM-
nep typoii Ty = 140 MeB u cpenHeil KONIEKTUBHOMH IHOIEPEYHOH CKOPOCTBIO
< Br >=0,38. [Iyns WUIIOCTp MU B XKHOCTH YYeT KOJUIEKTHBHBIX 3(h(heKTOB H
PHCYHKE TIPEACT BIICHBI T KXE€ PE3ylIbT Thl P CYET COOTBETCTBYIOLIMX CIIEKTPOB,
BBIITIOJTHEHHOTO C ITOMOIIBIO JIyHIOBCKOH Mojesii MoHTe-K piio KB pK-INTIOOHHBIX
ctpyn FRITIOF_7.02 [40] B npuOnMKeHHH HE3 BUCHMBIX HYKJIOH-HYKJIOHHBIX
cyocronkHoBeHuit. Bupno, uyto FRITIOF_7.02 mnpeack 3biB eT Oonee MSITKUI
Pr-CHEKTp JPOHOB, YeM 3TO H OJIO eTCs B DKCHEPHMEHTE, 4TO IPHBEJIO K
HEOOXOIMMOCTH BKJIIOUEHHUS! B MOJIE/b JONOJHHUTENbHBIX KOJUIEKTUBHBIX d(heK-
TOB, T KMX K K ~Topsdee” K CK AMPOB HHE JAPOHOB M KOJUIEKTUBHOE M3JIydeHHUE
cTpyH [49]. 3 Merum, 4TO T KOro poj 9(MdeKTel K K p 3 U MOIYT IPEICT B-
JIATh cO00 MHUKPOCKOITMYECKYIO Pe JIU3 LU0 KOJUIEKTUBHBIX IMONEPEYHbIX MOTO-
KOB CWJIbHOB3 MMOJIEHCTBYIOUIEH M TEpHUU.

B XHO, OIH KO, OTMETUTh, YTO TEPM JIU30B HH 9 CHUCTEM , DBOJIIOLIMOHUPYA
BO BPEMEHM, HE "HIOMHHUT O CBOEM IpelblIylleM ¢ 30BOM COCTOSIHUHU, U PErU-
CTPHpYEMO€e B pe JIbHOM 9KCIIEpUMEHTe KOHEYHOe [IPOHHOE COCTOSHHE He HeceT
NPSIMOI M OJHO3H YHOW MH(OPM LIUM O H Y JIBHBIX YCJIOBUAX (DOPMUPOB HHS M -
TEpUH, OTP X 5 CBOIICTB CHCTEMBI H CT JUM “BBIMOpP XuB HHA . [losToMy cyrie-
cTByeT OOJIBIION H OOp p 3HOTO POJ H Y JIbHBIX YCIIOBHM, KOTOPBIE B P MK X TeX
WU MHBIX MOJENIEH MOTYT OBITh COIYI COB HbBI C ®KCIIEPUMEHT JIbHBIMU J HHBIMU
M0 WUMIIYJIbCHBIM CIIEKTP M JPOHOB B SIIPO-SIEPHBIX COYA peHusx. B 9 cTHO-
CTH, JOIOJIHUTEIPHOE BKJIIOYEHHE POXIEHUS W P CII I PE30H HCOB B pe KLHH
H psoy C y4eTOM INPOAOJBHOIO KOJJIEKTHBHOIO P CIIMPEHHS JPOHHOM M TepUHU
MI03BOJISIET ONMHUC Th MP KTUYECKH BCE UMEIOINUECS 1 HHBIE IO CIIEKTP M JIPOHOB
npu sHeprusix SPS B p MK X mpoctoii “tepM JbHOI” Monenu [87] Ge3 mpeniono-
KeHUI 0 (hOPMHUPOB HUM KB PK-IJIIOOHHOW MJIM CMEIIl HHOW ¢ 36l H H Y JIBHOM
3T ne pe Kuuu. M3MepeHust JpOHHBIX CIIEKTPOB B ®KCIIEPUMEHT X H Oymymmx
Koyt iaep X Tsxenbix noHoB (STAR [106], PHOBOS [107], BRAHMS [108]
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RHIC u ALICE [109] H LHC) Moryt obecrieduTh H € JeT JIbHOU MH(OPM IHeit
0 KOJUIEKTHBHBIX 3((eKT X B CUCTEM X 4 CTHIl C MHOXECTBEHHOCTBIO B HECSITKH
W COTHH P 3 BBIIIE, YEM JOCTHUT €TCS H COBPEMEHHBIX YCKOPHUTEISIX.

Heyxu cmuunsie koppesayuy. Tp TUIMOHHBIM HHCTPYMEHTOM IIOMYYCHUS UH-
thopM LMK O MPOCTP HCTBEHHO-BPEMEHHBIX P 3Mep X O0J CTH MCTOYHHMK Y CTHIL
B JIPOH- JPOHHBIX, JPOH-AACPHBIX U SIPO-IACPHBIX B3 UMOICHUCTBUSAX SBIAETCS
JIByXY CTUYH 5 MHTepepoMeTpus uaeHTUuHsIX 4 ctull [110-112], uges ucnosns-
30B HHMSl KOTOPOH IPOUCXOAWT W3 3KCIIEPUMEHTOB 10 M3MEPEHHI0 IeOMeTphye-
CKOTO p 3Mep 3BE31 C IOMOLIbI0 HHTepepoMeTpun (hOTOHOB. B oTimume or

CTPOHOMUYECKHMX U3MEPEHHUI CO CT IIMOH PHBIM HCTOYHUKOM, B SIEPHOM (hU3NKe
KOPPENALMOHHBI H JIM3 ONpeaeisdeT He reOMEeTPUYEeCKUid p 3Mep HCTOYHUK ,
T K H 3bIB €MYI0 “TIPOCTP HCTBEHHO-BPEMEHHYI0 O0JI CTh TOMOT€HHOCTH”, U3 KO-
TOPOHM HCITyCK IOTCSI 4 CTHUIBI ¢ OMU3KUMHU 3H YEHHSMH HMIYJIbC . DTO MPHUBOAUT
K TOMY, 4TO (T K K K [UISl P CIIUPSIONIErocs NCTOYHUK CYLIECTBYET 3 BUCHMOCTh
UMIIYJIbC Y CTHLBI OT TOUYKU ~BBIMOP XMB HHUS) U3MEpPSEMblil ’p OUYyC FOMOIEH-
HOCTH™ CYILECTBEHHO 3 BHUCHT OT MMIyJbc 1 psl U ctur [90,113-117].

Hrnesd MeTon COCTOMT B U3MEPEHUH JBYXY CTHYHOI KOPPETSILUOHHON (PyHK-
812078
<n>2 d°N/(dp3dp3)

C =
7 <n(n—1)> d®N/dp*d®N/dp3

=14+\| Fip % (23)

Tle 7 — MHOXECTBEHHOCTb 4 cTHll, d°N/dp; u d° N/(dp3dp3) — onno- u nByx-
4 CTHYHbIE MHKIIO3UBHBIE P CHIpefenienns, Fiz =< exp (iqi27k) >p; o — Gypbe-
00p 3 MCTOYHMK , p; — 4-MMIy/IbC 4 CTHUIBI, A — I P METp, CTPeMSIIMiAcS K
JIMHUIIE ISl TIOMTHOCTBIO X OTUYHOTO MCTOYHHMK .

JJ1s MCTOYHUK Y CTHIL C T YCCOBCKMM P CIIpE/Ie/IEHHEM IIOTHOCTH IO IPOCT-
P HCTBEHHO-BPEMEHHBIM KOODIMH T M MCIIONb3yl0T OOBIMHO CT HI PTHYIO I p -
METPU3 LU0 KOPPEJISAMOHHOI (hyHKIMHU

Co=1+4Xexp |— Z Rij%q]‘ ) 24)

i,7=l,0,s

e q = P1— P2 — BEKTOP OTHOCUTEIBHOIO UMITYJIbC JABYX Y CTHII, IPUYEM q] —
MPOEKIUS BEKTOP g H H Ip BJICHHE OCH My4YK (YYBCTBHUTEIBH K IPOIOIBHOMY
P 3Mepy HCTOYHUK ), o — H H IIp BJICHHE BJOJb CyMM PHOTO IIONEPEYHOrO
uMiyasc 1 pel 9 ctul K (4yBCTBUTENbH K BPEMEHHM XH3HM HCTOYHHUK ), (s
— H H Ip BIeHHE, NEePHEHAUKYISIPHOE IBYM MpEbIIyllUM (YyBCTBUTEIBH K
MONIEPEYHOMY P 3Mepy MCTOYHHK ).

CymiecTByeT T KXe Apyr 4 (opM I p MeTpU3 LM KOPPEIILUOHHON (PyHK-
uuu (put A1 — Kouun — Ilogropenxoro [118,119]):

Cy =1+ Xexp |[~Ruq. — By (aF - (*)) - (B3 + B}) (a- U], 29
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me 2 =g¢+q% ¢ =a-K/vm2+K?2, K=Kz +K, = (p1+p2)/2 u
4-ckopoctb ucTounuK ¢ nponoinbHoil Komiorentoit U (K) = v(K) (1,0, 0, v(K)),
v = (1 — v?)~Y/2. IpeumymecTBoM I HHOI 11 p METPU3 LU FBIAETCA TO, UTO
OH HE 3 BHUCHUT OT IMPOOIBHOW CKOPOCTH MCTOYHUK , U U3MEpEHHe I P METPOB
R (K) =< y* >'2, R(K) ~< 2% >1/2 u Ry(K) ~< t* >1/2 1 er npsamoe
3H yeHHe 3(P(eKTUBHBIX MONEPEYHOro P AUYC , IPOIOJIBHOIO P 3Mep U BpPEMEHHU
KM3HU UCTOYHHK COOTBETCTBEHHO. B 4 CTHOCTH, B ClIyd € OTCYTCTBHA IOIeped-
HOTO p CINUPEHHUS WUCTOYHUK TIONEepeYHbId p muyc R He JOMXeH 3 BHUCETh OT
MOMEPEYHON M cChl T pBl 49 ctull Mp = «/K% +m?2 (Mr -CKEWIHHI), B TO
BpeMsl K K H JIMYKE MONEePeyHOro MOTOK JIOJIKHO MPUBOAUTH K YMEHbIIEHHIO 1|
¢ poctoM M7 [114,116,117].

H H crosumii MOMEHT UMEIOTCSI MHOTOYHCIICHHBIE DKCIIEPUMEHT JIbHbIC JI H-
HBIE TI0 KOPPETISIMOHHBIM (PYHKIMSIM IIHOHOB U K OHOB B SIIPO-SACPHBIX COYI pe-
Hugx npu sHeprusx AGS u SPS (e, H mpumep, [120]), mogpoOHBIA H JTU3 KOTO-
PBIX BBIXOOUT 3 P MKH H Irero o63op . OTMETHM JIUIIb, YTO UMEIOIIHEeCs I HHbIC
COITI CYIOTCS C MOJEINBIO MPOOJIBHO P CIUIUPSIOIIErocs UCTOYHUK , 3H YeHHd 3¢-
(beKTHBHBIX morepedHoro p auyc R, = \/R? + RZ u nponosnsHoro p 3mep R;
KOTOPOTO COM3MEPHMBI OPYT C APYTOM U YBEIMUYHB IOTCS C POCTOM p OUYC H Jie-
T tomero sap Ry [121,122]: Ry ~ R; > Ra. Ilpu 3ToM K OHBI U3IyY IOTCS
u3 Gosiee IIOTHBIX U “ropsunx’ 067 creil, yeM muoHsl, R < R, 9TO YK 3BIB €T
H Oojiee p HHee “BHIMOpP XHB HHME’ K OHOB BCIICICTBUE MX MEHBIIETO CEYCHUS
B3 MMOJICHCTBUS B JIPOHHOW M TEPHH; B TO K€ BPeMs I p MeTp “X OTHYHOCTH A
3 METHO OTJIMY €TCSl OT €AMHUIbI, U €ro 3H YeHHEe HECKOJIbKO OOJIbIIE I K OHOB,
YeM I THOHOB, A\x > A, UTO, BEPOSATHO, SBISETCS CICACTBHEM BIUSHHS IOJ-
TOXHUBYIIMX PE30H HCOB H (POPMHPOB HUE KOHEYHOTO MHOHHOTO M, B MEHBIIECH
CTeNneHu, K OHHOro cocrosaus [123].

HHTepecHbIM ®KCHEPUMEHT JIbHBIM () KTOM MpEICT BisieTcsd H OJiog emoe
¢ 6oe H pywmieHue Mp-CKEWIMHT IONEpeYyHoro p auyc [ HMCTOYHUK IHO-
HOB, B U CTHOCTH, B cTOJIKHOBeHUsIX Pb—Pb H SPS (skcnepument NA49 [124]),
YTO COINI CYeTcs ¢ MpeacK 3 HUeM T Koro a(eKkT B CIyd € CYIIeCTBOB HHS IO-
MEPEeYHOr0 KOJUIEKTHBHOTO ABUXEHUS ApPOHHOU M Tepum [114,116,117].

ITomuepkHeM, OH KO, YTO H JM3 T KOr0 poi KOPPENSILUOHHBIX 3(hheKTOB
SIBJISIETCS] IOCT TOYHO TOHKHMM HCCIIE/IOB HUEM, IIPU KOTOPOM HEOOXOAUMO YUHTHI-
B Th BKJI J BCEX BO3MOXHBIX 3(p(heKTOB B 00T CTH M IIBIX HUMITYIIbCOB. MBI yXe
VIIOMSHYJIH O BO3MOXHOM BIUSHHUH P CII T PE30H HCOB, IMPUBOAIIIEM K ~CM -
3bIB HUIO” 0OIIeil KOppeNIuHOHHONW K PTHHBI, B TOM YHCIe W K 1 OOMYy H py-
mieHuto Mp-ckednuur . [IpyruM B XHBIM 2(pheKTOM, BIUSIOIIMM H TOBEICHUE
KOPPENSLUOHHBIX (DYHKIIMI B 00 CTHU M JIBIX OTHOCHTEJIBHBIX UMITYJIBCOB ¢, SIBJISI-
eTcd KYJIOHOBCKOE B3 MMOJEHCTBHE 4 CTHILl, KOTOPOE YYUTHIB €TCS MPOCTEUIINM
00p 30M OOBIYHO BBEJCHHEM IIONpP BKH, T K H 3bIB eMoro ¢ krop [ MoB —
KB Ip T OTHOCHTEIbHOU KYJIIOHOBCKOW BOJIHOBOH (DYHKIMH T PbI MHOHOB MpU
HYJICBOM TPOCTpP HCTBEHHOM p 3perueHuu [125], XoTs psn TeopeTndeckux p 60t
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ObUT TIOCBSAIEH p 3p O0TKe Oojiee KOPPEKTHOTO JITOPUTM Y4YeT KYJIOHOBCKHX
morp BOK, H mpumep, [114,126-128]. HeydeT KyJIOHOBCKOTO B3 MMOAEHCTBUS
BO3MOXEH JIMIIb NPY MPOBEACHUN H JIM3 KOPPEISHMOHHBIX 3(pPeKTOB JUIs Heil-
TP JBHBIX OO30HOB, T KHX, K K IpsIMbIe (DOTOHBI, HO NP KTHYECKOE OCYLIECTBIIE-
HHE T KOr0 HCCIeIOB HH4, K K Ip BUIO, NPEICT BISETCS M JIONPOXYKTHUBHBIM
BCJIEACTBUE OOJBIIOrO (POH OT p CH J  JOPOHOB, TN Ty — <yy. Elle omHou
npoOsieMoii IBYX4 CTUYHON WHTEp(EpPOMETPHUU SIBISIETCS OTCYTCTBHE H JEXKHBIX
JITOPUTMOB, MO3BOJIAIOIINX KOPPEKTHO P CCYMTHIB Th MHOTOY CTHYHBIE KOPPENs-
roHHble (yHKIMH [129, 130], BIMsgHHE KOTOPHIX H OOILIyI0 KOPPETILHOHHYIO
K PTUHY B IUIOTHBIX JPOHHBIX CUCTEM X, OCOOEHHO IPH BHEPrUsIX OymyIIUX KO-
a1 #inepoB RHIC u LHC, MoxXeT OBbITh 3H YUTEJBHBIM, €CIIH HE ONPEIeISIOIIIM.

3.2. CnekTpsl jienToHOB U (oToHOB. Ved nentoHHOM U (POTOHHON O THO-
CTUKH P BHOBECHOU SIIEPHOM M TEPHUH B MPOLECC X MHOXECTBEHHOTO POXICHHUS
6bu1 BriepBble ByBUHYT E.JI.MeitnGeprom [131] 13 TeM p 3BUT B GOJIBIIOM YH-
cie p 6ot( [73,77,132-138] u ap.). B oTiiMune OT IPOHOB JICITOHBI U (POTOHBI,
HE HCIBITBIB S CHJIBHOTO B3 MMOJIEUCTBHUS, MOTYT IOYTU CBOOOAHO POXI ThCS U
MOKHJI Th SJIEPHYIO M TEPHIO H TPOTSKEHHU BCEX BT OB ee dBOIONUH. [Ipu aTOM
CHEKTPbI TePM JIbHBIX (DOTOHOB W II P JIENTOHOB (JIUJIENTOHOB) BECHbM YYBCTBH-
TEJIbHBl K TEMIIEP Type CPEJbl, YTO CO3J €T BO3MOXHOCTh M3MEPEHUS H 4 JIbHOH
TEMIIEpP TYpbl U IPYTHX TEPMOOUH MHYECKHX X P KTEPHUCTUK CHUCTEMBI, T KXe
MCCIIE[IOB HUS NMPOCTP HCTBEHHO-BPEMEHHOTO P 3BUTHS JMH MHYECKHX IPOLIECCOB
B YJIBTP PEISATUBUCTCKHUX CTOJIKHOBEHHSX SJIEP C [MOMOIIBI0 OMUCCHU (DOTOHOB U
JIMJIENITOHOB.

3neck Mbl He OylieM OCT H BJIMB ThCSIH H JIN3€ COBPEMEHHBIX METO/IOB P C-
YeT MpPSMbIX CIIEKTPOB AWIENITOHOB M (POTOHOB, KOTOPbIE OAPOOHO P CCM TpH-
B JIKCh, H TpuMep, B 0630pe [139]. B GonbiumHcTBe p GOT BBIXOJ HU3KODHEpIre-
TUYHBIX (POTOHOB (pr < 2 ['9B/c) 1 qUIENTOHOB HEOOJNBIIUX UHB PU HTHBIX M CC
Mz = \/(E} + E2) — (p? + p3) < 2—4 TB/c? Bbluncnsercs B MATKOBOIHO-
BoM mpubnuxenun [140] u uHTErpHpyeTCs MO BCEM MPOCTP HCTBEHHO-BPEMEHHOM
SBOJIIOLUH "ropsiueii” M Tepud. [lepeyrcnM JIUIb OCHOBHbIE OCOOEHHOCTH Me-
X HH3MOB Te€HEp LMH JIeNToH-nenTonnsix n p {71~ (I = e, p) u PoTOHOB 7y B
SAPO-SAEPHBIX B3 MMOJCHUCTBUSIX.

H wubonee mHTEpecyomyM H C 34€Ch CIyd €M IPEACT BIsieTcsl (pOpMHPOB -
HHE KB PK-IJIIOOHHOM WIIM CMeIl HHOW () 36 B SAPO-SIAEPHOM COYH PEHHH, KO-
Il MHTEHCHBHOE MW3JIy4eHHE IWICNTOHOB IPOMCXOOHUT B PE3YIbT Te IMpPOLEcC

HHUTWISLMM KB PK- HTUKB PKOBBIX I P @ — ptp~™,  usnyyeHue ¢OTOHOB
— B pe3ylbT T€ HHUIWIALMH ¢¢ — ¢y U MATKOrO KOMIITOHOBCKOTO P CCESHMSA
qg — q7y. 3 MeTHM, YTO IIOMUMO TP JULHMOHHOTO OOBEMHOTO MEX HU3M U3Iyde-
HUS JAWIETITOHOB U (POTOHOB H TP HHILE ~TOpsSuel” cpedbl MOXKET BO3HUK Tb U3-
JIyYeHHe M THHUTHO-TOPMO3HOTO THII , OOYCIIOBJIEHHOE B3 MMOJEHCTBHEM KB PKOB
C KOJUICKTUBHBIM IIBETOBBIM I10JIeM, 00eCIieuuB 0IMUM HX yiaepx Hue [135,136].
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ITpu »TOM 1711 KB PK-IIIOOHHBIX cUcTeM ¢ p 3mep mu ~ 1 = 10 ¢m, o6p 30B -
HHE KOTOPBIX OXMHJ €TCS B YIBTP PEIATUBUCTCKHUX CTOJKHOBEHHUSIX SIep, T KOe
”HOBEPXHOCTHOE” W3JIydeHHE 0 WHTEHCHBHOCTH CpP BHHUMO C OOBEMHBIM MEX -
HU3MOM U X p KTepusyeTcs mid munuHapudecku-cummerpuynoid KITI Gombimoit
CTETIEHBIO MOJISIPU3 LUK (POTOHOB U H JIMUHEM YITIOBOM CHUMMETPHUH JIENTOHHBIX
I p B INIOCKOCTH, NEPHEHAUKYIIPHONW CyMM PHOMY MMIYJbcy I pbl. Ilpomueccst
MHOH-TIMOHHON M K OH-K OHHO#M HHurwiauuw, 7tn~ = [TlI"u KTK— — [T,

T KX€ P CCedHUSl TUIl TP — 77y B 'TOpsued” HPOHHOH ¢ 3¢ T KXKE BHOCHT
BKJI J B CIIEKTP JHWIECNTOHOB M (POTOHOB COOTBETCTBEHHO, BEIMYHMH KOTOPOTO
orpenensaeTcs TeMrnep Typoil JpPOHHOIOT 3 .

Kpome TernoBbIX TUIENTOHOB U (POTOHOB CYILECTBEHHBIH BKJI JI, ONpeNessio-
IIMI UHTEHCUBHOCTD U3JTy4eHHs1 B OO CTU M JIBIX TIOIIEPEYHBIX MMITYJILCOB (hOTO-
HOB g7 M HeGompmmx M cc munentoHoB M < 0,5 I'eB/c?, 1 10T 1 IUTHEBCKHE
p o mbl T, N, w M T, N — 1T 17y, w — IT17 7. H nosmHux cr ausx sso-
JIIOLMH JIPOHHON CHCTEMBI IMEET MECTO IPSIMON P CI J Pe30H HCOB pp, w, P,
( npu sHeprusax Komn ipepos u Y)H 1 py [T1™, 1 rowmmii BKJI 1 B 061 CTh M CC
JWJICTITOHOB, ONU3KHIA K M cce Pe30H HC . BounbInoil BKJI a B crekTp (pOTOHOB
Jl €T 9IeKTPOM THUTHBII P CIT 1 HEWTp JIbHBIX MHOHOB 70 — Y7, B TO BpeMs K K
BIIMSHHE HEeKOPPETHPOB HHOTO P CI 1 TTMOHOB M K oHOB 7+, K+ — yu* + v (7)
H CIIEKTp JWIECNTOHOB OyIeT CyIIeCTBEHHBIM TOJIBKO IMPH OYEeHb OOJBIINX 3H Ye-
HHUSX MHOXECTBEHHOCTH BTOPHYHBIX Y CTHUI] B CTOJIKHOBEHHSX TSAXKEJbIX Aep Ipu
aHeprusix RHIC u, oco6enno, LHC. [TonynenToHHblil p ¢l A1 p Y PMUPOB HHBIX

JIPOHOB DD — It~ ( Tpu 2Heprugx Kol WiepoB U BB) JI €T OCHOBHOI BKJI [T
B IPOMEXYTOYHYI0 00N CTh M cC CNeKTp muientonoB 1,5 < M < 2 5 I'esB/c?.

H konen, mnpomeccsl H 9 JIBHOTO XECTKOTO p CCeIHHI THII qg — q7,
qq — gy v poxaenue n p Open — S gg — 11—, npoucxondumue H ¢ Moii
P HHEW Hep BHOBECHOM CT MU 3BOJIIOLUHU SIPO-SAEPHOTO COYJA PEHHUS B pe3yJib-
T T€ OTHEIbHBIX XECTKHX HYKJIOH-HYKJIOHHBIX P CCESHHI, JOMUHHUPYIOT B OOJI CTH
6ompmmx qr ¢oroHoB u M > 4 T 9B/c? TUIENTOHOB COOTBETCTBEHHO.

T kuM 0o0Op 30M, VI H JEKHOW M THOCTHUKU H Y JIBHOTO T€PM JIM30B HHOTO
COCTOSIHUSI HEOOXOAUMO MAEHTU(UIMPOB Th TEIIOBBIE AWIETITOHBI M (DOTOHBI H
thoHe p cm o pe30H HCOB, HEKOPPEIMPOB HHOTO P CII A  JIPOHOB U KECTKHX
KXII-nporieccoB B HEKOTOPOM ~OKHE” WHB PH HTHBIX M CC CHEKTp IWIEHTOHOB
U TIOTIEPEYHbIX MMITYJILCOB (DOTOHOB.

H36BITOK I p JIEITOHOB IO CP BHEHMIO C OXMJ €MBIM 3H YEHHEM OT H3BECT-
HBIX HETEIUIOBBIX MCTOYHHKOB, JI IOIINX COOTBETCTBYIOIIUHA BKJI 1 B IPOH- JIPOH-
Hble U JPOH-SIEPHBIE COYI peHMs, H OJIIOf JICS B psijie DKCIIEPUMEHTOB IO CTOJIK-
HoBeHusM spuep ¢ sHeprueil 200A-IB u  yckoputene SPS B LIEPH. B T 611.1
IPENCT BIEHB! BEJTMYMHBl OTHOUIEHUS MHTEHCUBHOCTU M3TYyYE€HHBIX JUICTITOHOB K
MIX OXMI €MOMY 3H YEHHIO B 00JI CTH MHB pU HTHBIX M cc 1,5 < M < 2,5 I'sB/c?
mg ptp~ m0,2 < M < 1,5 TeB/c? ang ete™ B LEHTp JIBHBIX COYI PEHHAX
auep. BungHo, uro H OiioA eMblil M30BITOK JWICNITOHOB JIEXHT 3 Mpeaes MU
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T omun 1. OTHOLIEHNS UHTEHCUBHOCTH M3JIyYEHHBIX AWIENTOHOB F K HX OXKHUJ eMoMYy
3H 4eHHMIO B 061 ctuM cc 1,5 < M < 2, 5TsB/c® mma ™ m 0,2 < M < 1,5 I'aB/c?

s ete™
DKCHepuMeHT Cucrem JTUIEenTOHBI "U36bTOK” E CcplIK
NA38 S—-U wtp~ 1,3 £ 0,1 [141]
HELIOS-3 S—W utp~ 2,4 £ 0,4 [142]
NA50 Pb—Pb utp~ 2,0 £ 0,1 [143]
CERES S—Au ete~ 50 + 2,7 [144)
CERES/NA45 Pb — Au ete~ 4,7 & 4,6 [145]
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Puc. 7. Criektp M cc e e™ -1 p B cronKHOBeHHaX a) p— Au npu 450 IsB, p, > 50 MaB/c
u 60) S— Au npu 200 A- I'»B, p; > 200 MaB/c (skcriepument CERES) B cp BHeHuu ¢
BKJI IOM OT [JPOHHHIX P cIl 10B [144]

CT THCTMYECKHX M CHCTEM THYECKHMX omMOOK. B K yecTBe mpumep H puc.7 mo-
K 3 H CIIEKTP M CC 9JIEKTPOH-IIO3UTPOHHBIX II P B CTOJIKHOBEHUAX p—Au mIpu
450 TeB u S—Au (ekcnepument CERES) B cp BHEHUM C p 3JIUYHBIMH BKI -
I MU OT JpOHHBIX p ci 10B [144]. HHTepecHbIM (p KTOM NpPHU 3TOM SBJISIETCS
TO, YTO POCT MHOXECTBEHHOCTH €T e™-I p ¢ yBeJMYeHHEeM IIOJIHON MHOXECTBEH-
HOCTH 3 psiKeHHbIX 4 ctull dNT /dy B 91po-aepHbIX COYl PeHHsIX GIIKe K KB -
JIp TUYHOH 3 BUCHUMOCTH, COIJI CYIOILEWCd C MEX HHU3MOM TE€pPM JIbHOW P OU LUHU
13 ropsyell” m PTOHHOW WIM JPOHHOM M TepuUW (MHTEHCUBHOCTb HHUTWISLIUU
MPOIMOPLMOH JIbH YHUCIY I P 4 CTUL — HTUY ctul [146]), yeM K JIMHEHHOMH,
KOTOp $ OXHUJI €TCS B Pe3ylbT T€ IPOHHBIX P CII JIOB.
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3 MeTuM, OOH KO, YTO XOTS BBEICHHE JOMOJHHUTEIBHOTO MEX HHM3M HU3Iy-
YEeHUs JWIENTOHOB U3 JOJNTOXUBYILEH KB PK-IJIIOOHHOH IUT 3MBI WIIM CMELI HHOU
¢ 3b1 mpu Temmep Type nopagk 160 MsB [147] 3 MeTHO yimydm eT ONUC HUE
9KCIEPUMEHT JIBHBIX [ HHBIX, IIOJIHOCTBIO COINI COB Th PE3yIbT Tl P CYETOB C
H OJII0J eMbIM M30BITKOM I P MIOOHOB M ®JIEKTPOHOB BO BCEM JIM I 30HE MHB pH-

HTHBIX M CC BC€ XXe He yI eTcd. B CBI3M ¢ 3TUM NPENCT BIFeT 3H YUTESbHbIH
HUHTEpeC BO3MOXHOCTh MOAM(HK IIMU CBOICTB BEKTOPHBIX ME30HOB B ILIOTHOM
M TEpHH: I JEHUE M CChl U YBEIMYEHUE HIMPHHBI P CI J C POCTOM IUIOTHO-
cTi O PHOHHOTO 3 psii W YBEIWYEHHEM TEMIIEp TYPbl, CBI3 HHOE C 4 CTUYHBIM
BOCCT HOBJIEHHWEM KHp JbHOH cummerpuu [148,149]. B u crHOCTH, y4eT Moau-
(UK MU M CCHI p-,w- U 7)-ME30HOB B COOTBETCTBHHU C PE3YyJAbT T MU NP BWI CYMM
KX [149] no3gossieT omuc Th CHEKTp €T e~ -1 p B SIpo-A1epHBIX COYJl PEHMSX
0e3 MpUBJIEYCHUS MeX HU3M TepM JIbHOU p au muu [150].

B To Xe BpeMs u3MepeHHs CHEKTPOB (POTOHOB B CTOJIKHOBEHMAX TSXKEJIBIX
sSAep He I I0T IOK OCHOB HHMH TOBOPHTh 00 OOH DYXEHHH NPSIMBIX TETUIOBBIX
thoToHOB: He H OJI0] JIOCh M3OBITK (POTOHOB IO CP BHEHHUIO C OXHJ €MBIM 3H -
YeHHEM OT JPOHHBIX P ¢l 10B H ypoBHe 10%-il cucTeM THYECKOM OIIUOKU B
skcriepumente CERES [144] (S—Au) B 11 11 30He 0,4 < g7 < 2 ['3B/c u B aKc-
nepumente HELIOS-2 [151] (O—W, S—W) B ou 1 30ne 0,1 < gr < 1,5 I3B/c;
¢t GbIii u36sITOK poToHoB 5% B 0611 ctH 0,5 < g7 < 2,5 ['sB/c nexur B mpene-
1 x 5,8%-i1 cucreM Tuyeckoi ommOKu B skcrepumente WAS0 [152] (S—Au).
IIpu 3TOM MHOXECTBEHHOCTb (DOTOHOB p CTET JIMHEHHO C IMOJHOH MHOXECTBEH-
HOCTBIO, YTO BIIOJIHE COIMl CYETCS CO CT HA PTHBIMM MEX HU3M MH JIPOHHBIX
p cII J0B.

MoxHo H gedrtbcd, yto Oymymue skcnepuMenThl PHENIX [153] uw ALICE
[109] 1 xomn itnep x RHIC u LHC 1 Ayt 1OMOMHUTENbHYIO HHGOPM LU0 O Me-
X HU3M X TeHep LU IWIENTOHOB U (DOTOHOB B SAIPO-SAEPHBIX B3 MUMOAEHCTBUSX.
OcCHOBHO# TPOO6JIEMOl, BO3HUK IOIIEH IPHU IOMCKE NPSIMBIX AWIIENTOHOB U (ho-
TOHOB OT KB PK-IJIIOOHHOW IIT 3MBI B ®TOM CIIyd €, SIBJIsgeTcd OoJbIION (POH OT
HEKOpPETUpOB HHOTO P CH A  JIPOHOB, OOYCITOBJIEHHBI OTPOMHOM MHOXKECTBEH-
HOCTBIO U CTHI B coObITHH. PerneHue 3 ;1 4u 1o BiIeHHS T KOro ()OH OTHOCH-
TEJIbHO DJIEKTPOM THUTHBIX CHUTH JIOB (10 ypoBHs < 0,1%) mpeact Bisiercs BO3-
MOKHBIM TIPH YCJIOBUHM COYET HMS P 3MUYHBIX THIIOB JETEKTOPOB [UIS JOCTHXKEHUS
C MOH TII TeJbHOH MIEHTU(UK LUU TPEKOB U CTHILL.

3.3. PoxneHue cTp HHBIX 4 CTHIl. B XHBIM clleICTBHEM JOCTHIXEHHUS [e-
KOH( WHMEHT SIEepHON M TEpUU SBJSETCA BO3MOXHOCTb YCUJIEHHOTO POXIEHHS

JIPOHOB, COAEPX INMX CTp HHbIe KB pKu [154,155]. B cnyd e dopmupoB HuA
KITI BBIXOA CTp HHBIX OPOHOB HOJIXKEH JOCTUT Thb M KCHM JIBHO BO3MOXHOTO
3H YEeHHUs, T K K K $-KB PKOB $I COCT BJISIIOLI $1 I 3MbI OBICTPO HPUXOAUT B CO-
CTOSIHHE XMMUYECKOIO P BHOBECHU: B PE3YJbT T€ MHTEHCHBHBIX IIIOOH-IJIIOOHHBIX
B3 UMOJCWCTBUU, gg — S5, B TO BpeMsd K K IPH HEHYJIeBOU 6 PHOHHOHN IUTOTHO-
CTH JIeTKMe HTHKB PKM @ M d JOJKHBI TOA BAATbCA B CWTy HpuHImm 1T ymm.
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B XuMHYEeCKH p BHOBECHOM JIPOHHOM I' 3¢ OTHOLIEHUE MHOXECTBEHHOCTH CTp H-
HBIX M HECTP HHBIX 4 CTHUI] JOJDKHO ONpENeNiThCs JIMIIb OTHOIICHHEM HX M CC
— H mpuMmep, K OHBl OyIyT “TepM JIbHO” TIOA BIEHBI IO Cp BHEHUIO C ITHOH -
mu B exp (mg/Ty)/ exp (ma/Ty) p 3, Te. K¥/7F ~ 0,2 npu Ty ~ my,
(~ 140 M=sB).

0,3 [ B W30BITOK CTp HHBIX U CTHUIl B CTOJIKHOBE-

w + +- HUAX TSXKENBIX SIep IO Cp BHEHHMIO C COOT-

2020 4 BETCTBYIOIIMMHU [JPOH- JPOHHBIMHU COYI PEHH-

E_ | R SMH H OJIION JICA B psijie DKCICPUMEHTOB H

%’01_ | yckopurenax AGS (u3 mocnegHuX pesyibT -

5 TOB ynoMmsineM 1T HHble E866 [92], E877 [93],

o 7 E891 [94]) u SPS (NA36 [156], WAS85 [157],

o ® a1 WA94 [158], WA97 [99], NA44 [100],

0.1 0.5 1.0 50 10 NA49 [65]) ma K, A, A, E, E, Q- u Q-

Kumner. sneprus nyuka, =B 6 . S —
PHUOHOB; T KX€& H )

Puc. 8. Jomi monHoil smeprum, BBIXOJI ()-ME30HOB IO OTHOIIEHHWIO K p U W B

akcriepumente NA38 [168]. Vxe npu snep-
KoTOp 5 rusix AGS OTHOILEHUS BBIXOL CTpP HHBIX U
HECTp HHBIX U CTHIl B SOPO-SACPHBIX B3 UMO-

BBIIC/ISIEMOM B LHEHTP JIbHBIX SAAPO-
SAAEPHBIX  COyd pEHHUIX,
YHOCUTCA BCEMU CTP HHBIMU Y CTHU-

I MH, K K (OyHKIUS KHHETHIECKOU
SHEPIMU B C.LLM. CT JIKUB IOLIUXCS
HYKJI0OHOB [104]. TpeyronbHuKU
COOTBETCTBYIOT HYKJIOH-HYKJIOHHBIM
B3 MMOJEHCTBUSAM, KPYXKKU — B3 U-

JIEeUCTBUIX ONMM3KH K MX “TepM JIbHbIM~ 3H -
YEHUSIM, YTO CBHIETENIBCTBYET O BO3MOXHOM
JNOCTIKEHUH CHUCTEMON [IPOHOB XMMHYECKOTO
p BHOBecus B aToM ciyd e [102]. H puc.8 no-
K 3 H JI0Jd HOJIHOW BBIAESIEMOI B LEHTP Jlb-

MogeicTBiAM Jierkux  siep (A;+
+A; = Si+ Al, S+ S), kB Op THI
— B3 UMOJEHCTBHUSM TSIKETIBIX SIEp
(Ap + Ap, = Au+ Au, Pb + Pb)

HBIX SIPO-IAEPHBIX COYI PEHUSIX DHEPIHH, KO-
TOp S YHOCUTCSA BCEMH CTP HHBIMH Y CTHUI] MU
(A + Ay = Si+AlL S+S u Ap, + Ap =
= Au+ Au, Pb+ Pb) [104]. Bugso, uro
yXe IpU SHEpPrusiX B CHCTEMe IIEHTp M cC
CT JIKUB IOLIMXCSL HYKJIIOHOB /s > 2 I®B o yHOCHMOI CTp HHBIMH 4 CTH-
Il MU 3HEPIUH 3H YHUTEJIBHO BBIIIE B SAPO-SAEPHBIX, YeM B HYKJIOH-HYKJIOHHBIX
CTOJIKHOBEHHSIX.

B TO Xe BpeMsl 3KCIEPUMEHTHI MO MOUCKY MET CT OWIBHOH CTp HHOH M Te-
pu (CTp HHBIE “SAp ~ ¢ KB HTOBBIM 4HciioM S > 1, 6 pHOHHBIM 4nciiom B > 1,
oTHomeHnueM 3 paa K M cce | Z | /M < 0,1 (IeB/c?)™! u BpemeneM xusuu
nopagk  10~% ¢, poxueHne KOTOpHIX B ciiyd e opmupos Hus KITI npeack 3bi-
B eTcd psytoM Mojenedt [161-164]) E878 [165], E864 [166] 1 AGS u NAS52 [167]
H SPS nox He 1 JU MOJOXHUTEIbHBIX PE3YJbT TOB.

OTMmeTuM, YTO H H CTOSIIMH MOMEHT HET OCHOB HHM [UIS OfHO3H YHOH WH-
TepHpeT LU YCHJIEHHOTO POXIECHHUS CTP HHBIX U CTHIl B PEISITHBUCTCKUX CTOJIK-
HOBEeHUX sinep K K curd 1 ¢opmupoB Hust KITI, T X K K IMOBBILIEHHbIN BbIXOJ
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GOJIBIIIMHCTB CTP HHBIX U CTUI[ MOXET OBITh COIJI COB H C PE3yJIbT T MH JPOH-
HBIX K CK AHbIX Mogenel [49,159,160], B KOTOpbIX BTOPUYHBIE B3 HUMOIEHCTBUS
MEXJy POXICHHBIMH OPOH MH HPUBOAIT CHUCTEMY K COCTOSHHIO TepM JIBHOTO U
XFMHYECKOTO p BHOBecHs (H mpumep, 3 cdeT pe Kuwmid tun 7w — KK wm
7N — K¥, KA u np.). OmH Ko Te Xe MOJIeNId CT JIKUB I0TCS C HEKOTOPBIMH
TPYAHOCTSIMH TIPU OIKMC HHWHM BBIXOI CTP HHBIX HTHO proHOB. Kpome Toro, cko-
pocTb pOPMUPOB HUS CTP HHBIX U CTHII B JIPOHHOM I' 3€ CYIIECTBEHHO HUXE, YeM
B KITI, u cCOOTBETCTBEHHO JUTS JOCTHXEHHS XHMHUYECKOTO p BHOBECHS B IPOH-
HOM T 3¢ Tpebyercs rop 3m0 Oosplne BpeMeHH. MOXHO H AEAThCA, UYTO MPUPON
MOBBIIIEHHOTO BBIXOJI CTP HHBIX U CTHUIL B SAPO-SJEPHBIX COYJl PEHUSX IO CP BHE-
HHIO C COOTBETCTBYIOIIIMMH JPOH- JPOHHBIMH CTOJIKHOBEHHUSIMH OyleT MpOsICHEH
B HOBBIX 3KcmepuMeHT X H kosul inep x RHIC u LHC.

4. ” KECTKHE” TECTBI ILNIOTHOI MATEPUH
B YIBTPAPEIIATUBUCTCKHUX COYIAPEHUSX AEP.
I. TAXKEJIBIE KBAPKOHHNHU

4.1. ®eHOMEHOJIOTUSA POKIEHHSA KB PKOHHEB B SE€PHBIX CTOJIKHOBEHHSX.
B nocnegHue rogsl MHTEHCUBHO M3Y4 I0TCA T K H 3bIB €Mble ~KECTKHUE’ TEeCThl
CBEPXIUIOTHOM SIIEPHONM M TepUU — TIXKeJble KB PKOHUU U XECTKHe I PTOHHbBIE
CTpyH, KOTOpbIE, HE SIBJISACh U CTHIO TEPM JIU30B HHOW CHCTEMbI, HeCyT MHGOP-
M IIMI0 O P HHUX CT OUgIX ee »Bomouuu. [Ipenck 3bIB eMoe Moj BIeHUE BBIXOM
W-pe30H HCOB B PETHBUCTCKUX SAPO-SIOCPHBIX COYI PEHHSX B CIyd € (popMu-
pos Hus KITI mepBoH 4 JbHO OBUIO OCHOB HO H TPOCTOW M Kp CHBOW Hiee,
YTO CBSI3 HHOE COCTOSHHE CC-Tl pbl HE MOXET CYIIeCTBOB Th, KOTH IJIMH IIBe-
TOBOH 3Kp HUPOBKH B IUT 3M€ 7p MEHBIIE, YeM P JUYC CBS3 HHOTO COCTOSHMS

<rd S1/2 [169,170]. B mocnenHee BpeMs IIMPOKO P CCM TPUB €TCSA T KXKe IH-
H MUYECKMI MEX HH3M JUCCOLUU LMY KB PKOHHEB B PE3y/JbT TE€ UX CTOJKHOBEHUI
C COIYTCTBYIOILMMH (T.€. ABMIKYLIMMHCS C T KOH Xe MPOIOJIbHOM OBICTPOTON) IITI0-
oH Mu [171-173]. CeueHue p CIICIUIEHUS 4 PMOHUSI C DHEPrHEH CBSI3U €y IJII00-
HOM C UMITYJIbCOM pg MOXET OBITh OLIEHEHO B COOTBETCTBUM ¢ (hpopmyroit [171]:

or (32\2 (m \Y? 1 (p,/ew — 1)3/2
ng):?(?) (a) e g</pf/s@>3 ’ 20

e me — M CC c-KB PK . X p KTEpH § Iepel U HUMIYIbC B CIyd € JUCCOLH -
uuu B KI'TI npu temnep Type 1’ mpUMEpHO p BH CpEAHEMY HUMITYJIbCY ~TepM Jib-
HOro” mmooH < pg >7~ 3T, u yxe wia T' = 200 MeB nonyunm < pg >72
~ 0,6 B — mopsink  sHeprum ces3u J/ U, ejw == 0,64 I'sB, uro moct TOYHO
ISl p CIIEIUICHUS CBSI3 HHOTO COCTOsIHUA. B poHHOM T 3e mpu Temmep type 1’
CpemHuil umMnyiabc IpoH < pp >7~~ 31, p clpeneneHue ~KecTKHX ITIIOOHOB
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B IHOHE (T = py/py, — 1) nmeer Bug g(x) ~ 0,5(1 — )3, T.e. cpeaHuii uMIysIBHC
”KOH() WHMHUPOB HHOTrO” INIIOOH COCT BIAET < pg >p~=< pp > /5~ 3T/5, uto
HegocT TouHo Wi auccour uun J/ W npu T' < 1 T9B. B 1o ke Bpemst HeGobImoe
3H yeHue sHeprud cBs3u U/-pe3oH HC ey ~ 0,06 ['sB npuBomut K TOMY, 4TO OH
MOXET P CIUEIUIIThCA K K B I PTOHHOHM, T K U B JPOHHOI “ropsyeii” M TepHHU.

ITomumo auccoun tmu B KITI i  IpOHHOM T 3€ B KHBIM MEX HU3MOM I10-
I BIICHHS BBIXOJl TSDKEINBIX KB PKOHMEB SIBIISIETCS MPEIpe30H HCHOE IOIVIOIIEHNE
B ”XOJIOMHOM~ SIIEpHOM M TEpHH, KOTOpPOE IONIXKHO IPOSBIATBCS yX€ B JPOH-
SIepHbIX B3 uMmomneicTsusax [174,175]. BepostHocTs “BeikuB Hu W-pe30H HCOB
B p — A-cTonKHOBeHMsIX S B p MK X Mofeiu I1 yoep — CHUTEHKO onpenessercs
BBIp XeHueM (cM., H mipumep, [174,176]):

[e9)
Sg}l = TpAsT _ /dzb dz pa(b,z) exp {(A 1)/ dz'pa(b, z')aabs],

Aopnow
(27)
Iie pa — CT HI pTHOe p crpeseseHue saepHol mioTHoctu Bync — C KcoH ,
Oabs — CeueHHe nornomeHnsd ¥ B S1epHOM BelLIeCTBEe, HHTETPUPOB HUE MPOBO-

JIUTCS IO TPUIIETIBHOMY I P METPY b H JIeT I0Iero mpoTOH M TOYKE POXACHHS 2z
Mpeape30H HCHOTO COCTOSHUS cC. [lomydeHHOE myTeM cp BHEHHS C SKCIIepUMEH-
T JIBHBIMU J HHbIMH 110 p — A-B3 umogeiicteusMm (A = C, Al, Cu, Ca, Fe, W, U)
npu sHeprusx H Jiet romero npotoH 200 (NA38, [177]), 450 (NA38/NAS1, [177,
178]) u 800 I'sB (E772, [179]) ceuenue noromeHust J/ U COCT BISIET Tabs =
=7,34+0,6 M6 ¢ x?/d.f. ~ 1,4 [176], uTO NPUMEPHO H MOPSJIOK BBILIE, YEM
NpeacK 3 HUS I CEeYEeHUs MOIVIOIEHHs] CHHITIETHOTO COCTOSTHMS CC, MOJTydeHHbIe
H ocHose np Bui cymm KXJI [171,180]. Kpome Toro, nocrosiHHOe (B mpejien X
omubku) orHoirenue Boixon J/U u U mug p 3nmusbix simep A yK 3bIB €T H
OIIMH KOBOE CEYEeHHE UX IMOIVIOLICHUS B SIEPHOM BELIECTBE, XOTI P 3H S DHEPIrus
CB3U (PU3NYECKUX 4 PMOHHEB JOXKH ObUT Obl MPUBOAUTH K 3 METHOMY OTJIH-
YUI0 B CTENEHH WX MoJ BiIeHUsA. IIpUYnMHON T KOro p CXOXAEHHd SBIFETCS TO,
4TO B ceyeHHe poxueHus W-pe3oH HCOB IIPU BBICOKHMX DHEPIHAX CYIIECTBEHHBIN
BKJI J 1 0T NIPEeJpe30H HCHbIE OKTETHbIE COCTOAHUS cC— g [181], u 3TOT ¢p KT XO-
POIIIO COII CyeTcs C MOCIEIHUMH JI HHBIMH IO PP-CTOIKHOBEHHUSIM dKCIEPHMEHT
CDF 1 T13B TpoHe [182]. Bonploe ceyeHue MOINIOMIEHUS! Y PMOHUEB B ~XOJIOJ-
HOM™ SIIEPHOM BEIIECTBE M €ro oauH KoBoe 3H venue i J/ ¥ u U/ sgpnsrorcs
CIIEICTBHEM IIPEAPE30H HCHOTO MONIOLICHUS COCTOSHUS IBETOBOTO OKTET CC — g.

JleiicTBUTENBbHO, POXAECHUE U PMOHMS B PE3yNlbT T€ CIUSHUS 11 PbI I PTOHOB
(Ipy BBICOKUX 3HEPIUSAX IPEUMYLIECTBEHHO IVIIOOHOB) B CC-11 pPbl (CM., H IIpU-
Mep, [183]) mpoucXomuT mp KTUYECKH MTHOBEHHO H3-3 OOJIBIION M CCBI C-KB PK :
B CHCTEMe TIOKOS cC-TI pbl BpeMst (popMHpoB Hud T, =~ (2m.)~! =~ 0,07 cm/c.
OnH KO cC-11 ppl pOXA I0TCS, BOOOIIE TOBOpS, B IIBETOBOM COCTOSIHUH, M JUIS
HEATp M3 UMK UBeT U (POPMUPOB HHS CHHIJIETHOTO cc-coctositus J/ ¥ wiu U/
TpebyeTcst yxke 3H uuresabHO Oomnbiuee Bpems ~ 0,3 dm/c [184]. T xum ob6p -
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30M, MPHU M JIBIX MOMEPEYHbIX HUMITYIbC X TMPEIPe30H HCHOE COCTOSHHE Y PMO-
HUS TIpeACT BisieT coboil B TeueHue nepsbix 0,3 ¢m/c B OCHOBHOM CBS3 HHOE
COCTOSIHME IIBETOBOTO OKTET C¢C C MATKMM KOJUIMHE PHBIM IJIIOOHOM, OOecIiedn-
B IOIIKUM LIBETOBYIO HEMTp JIBHOCTb cC — g-cUCTeMbl B HesoM. s sHepruii SPS
SJIPO TIPEJACT BIISIET COOOM JIOPEHL-CX ThIi BIOJIb OCH CTOJIKHOBEHHUS JUCK TOJI-
muHOi 1 — 2 ¢m, u cnyerd 0,5 + 1 ¢m/c GONBIIUHCTBO HYKJIOHOB MPOJIETUT
MHMO OOp 30B BIIErocs 4 PMOHMS, ~yBHJIEB” JIMIIb IPEAPE30H HCHOE COCTOSIHUE;
tpuznueckoe cunrieTHoe cocrosiHue W hopMHUpyeTcs BHE SAP B JOCTHXUMOW KH-
HEeM THYecKou 00n ctu B p — A-cronkHoBenusix (zp > 0). Ilpenck 3bIB emoe
CeYeHUe TOITIOIEeHHsS OKTETHOTO COCTOSIHUSI ¢C — g B XOJIOHOM™ SIIEPHOM Bellle-
CTBE COCT BJSIET Tapbs =~ 6 — 7 MO [184], 4TO H XOAUTCS B IIOJTHOM COOTBETCTBUU C
HUMEIOIIMMHUCS DKCIIEPUMEHT JIbHBIMU 1 HHBIMU. [IpsMoe M3MepeHue CeueHHs Tabs
it (PU3UIECKOrO CHHIIETHOTO cocTositusl J /U BO3MOXKHO B 9KCIEPUMEHTE, KOII
40pO H JIET €T H MNOKOAIIUICA MPOTOH, U B JOCTHXUMOI B 9TOM CIIy4 € KHHe-
M THYecKod obn ctu xp < —0,5 MemIeHHble B CHCTEME MOKOd Sip Y PMOHHUH
Mp KTUYECKHU He JIOJIXHBI MOIJION ThCs B SAepHON M Tepuu [176].

B CTOJIKHOBEHHMSIX ABYX s€p BBIXOJI KB PKOHHEB MOXeT OBbITh M3MEpPEeH K K
(pyHKIMS TIGHTpP JIBHOCTH CTOJIKHOBEHHS, U BEPOSTHOCTD “BbIXHB HuA~ W-pe3oH H-
coB B A — B-coyl peHusx npu (PUKCHPOB HHOM IPHULEIBHOM I p MeTpe b uMeer
Bug [174,176]:

dSS}g(b) o 1 dUAB_>\1/ o

d2b o ABUNN%\I/ dzb B
= /dQSdZdZ/pA(S,Z)pB(b —s,2')Sa(z,8)SB(7,s), (28)
e Sa(z,s) = eXp[—(A -1) fzoo dzApA(s,zA)aabs] U H JIOTUYHO i
Sp(2',8); s onpezesser MOMOXEHUE TOYKH POXIEHHS CC-TT Pl B ILIOCKOCTH, Tep-
IEHIUKYISIPHON OCH CTONKHOBEHHS SIEP, Zz U 2z — MPOJIONbHbIE KOOPIMH ThI

BTOU TOYKHU BHYTpHU s0p A u B cooTBeTCTBeHHO. [ TOro 4TO0BI OMYYHTh HOP-
MHpPOB HHOE P CIIpe/ieJIeHUE BEPOSTHOCTH ~BBIKHMB HHUS’, MBI JOJKHBI ITOIEIHTh
[dSS}g(b)/d%] H [dSS}B(b; Oabs = O)/de}.

3 MeTHM, YTO 3KCHEPUMEHT JIbHOE OIpejiesieHre LIEHTP JIbHOCTH B3 UMOMEH-
CTBMS IPOM3BOIUTCS, K K NP BWJIO, C MOMOIIBIO K JJOPUMETPHYECKUX U3MEPEHUI
BBIJIEJIEHHOH B COOBITHH IOIEpPEeYHOH sHepriuu Er, yBenndyeHHe KOTOpOi Koppe-
JIMPOB HO C YMEHBIIEHHUEM INPHLETIBHOTO IT p MeTp b.

Il uuble mo poxpenuio J/W-pe3oH HCOB (MECHTU(HIMPYEMBIX K K IHKH B
criektpe 110 aheKTUBHON M cce ut ™ -1 p) B AApO-AIEpHBIX B3 UMOJEHCTBUAX
npu sHeprun CERN-SPS 200 I'sB/HykJI0OH cOIlT CYIOTCS CO CT HI PTHBIM CLEH -
pUeM Tpeape30H HCHOTO IMOMIONIeHUs! B “XOJIOAHOM™ SIIEPHOM BEIECTBE BIUIOThH
no coyn penuit S—U (NA38, [177,185,186]); omH KO Hem BHO 3 PETHCTPUPOB HO

HOM JIbHO cwibHOe nortouierue J/ U (B mpegen x 10 ¢T HI PTHBIX OTKIOHEHUI
OT CT HA PTHOTO CleH pusi) B coya peHusix Pb—Pb npu sHeprun 158 I'sB/HyKioH
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T o 2. BepostHocts ’Boikue Husi” J/U B A — B-coyn peHusix S

exp

S, (177,187

(1 HHbIE JJIA BCeX HEYNMPYrHX B3 HUMOJEICTBHI1) B CP BHEHHH C Pe3ylIbT T MH MOJEIH
npeApe30H HCHOIO NMOIJIOLIEeHUs S?}w (-1 (28)) c ceueHueM o,ps = 7,310, 6 M0 [176]

Cucrem S;’;E’p S?}\P

O—-Cu 0,57 + 0,06 0,63 + 0,02
O-U 0,53 + 0,05 0,52 + 0,03
S—-U 0,46 + 0,05 0,49 + 0,03
Pb—Pb 0,27 £+ 0,02 0,39 + 0,03

B aKkcriepuMente NAS0 [187] (ecm. T 6:1.2 [176] u puc.9 [186]), KoTopoe ycuiu-
B €TCA C POCTOM IIEHTD JIBHOCTH IPOXOAUMOTO I POU ¢C B SOCPHOM BEIECTBE
CTOJIKHOBEHHS W MOXET OBITh HHTEPIPETHPOB HO K K PE3ylbT T (POPMHUPOB -
Hus KITI [176,188,189].3 MeTuMm, 4yTO 3KCIIEPUMEHT JIbH S HOPMHUPOBK  BBIXOJL

102
%
— T Jry
) e .
= .
§ .
= 104Fx
- L
§ ++ Y’
<t }
4 T
= 17 {+*
5 Sl
0 2 4 6 8 10 12 14
L, dm

Puc. 9. Ceuenne poxnenus J/U u
U Bp— A-u A — B-coyn peHusix
K K (yHKUUS CpEIHEero p CCros-
HUS L, TpoOXomuMoro m poil c¢C B
sepHoM Bemectse (L = (3/4)x
x{Ra(A—-1)/A+Rp(B—-1)/B}
IUIS  LEHTp JIbHBIX CTOJIKHOBEHH
U YMEHBII €TCSI C POCTOM I P MeT-
p yap b). Iarp Touexk S—U
u Pb—Pb cootrBercTBYyIOT p 31HY-
HbIM 3H 4yeHusiM b. IlpsiMble Ju-
HHHM COOTBETCTBYIOT eXpP(—pTabsL)
C poaps = 0,088 v [186]

Y PMOHMEB MPOBOIII Cb H CEYEHHE ~Helo-
Il BJISIEMOTO” MpOLeCC — POXKIECHHUS XKECTKUX
MIOOHHBIX I p [pemta — S (qg — pp™),
KOTOpOE TIPOIOPLHOH JIbHO YHCITy OMH PHBIX
HYKJIOH-HYKJIOHHBIX CYOCTOJIKHOBEHHUH B SIIPO-
SJIEPHOM B3 MUMOJIEHCTBIY, 0ap v /0RY
oR¥ = ABoL¥. B To xe Bpemss ” HOM Jib-
Hoe” momtomenue VU/-pe3od HC H G0 eTcs
yXe B cTomkHOBeHHsIXx S—U M ycwnuB ercs B
coyn penusix Pb—Pb.

@opMupoB HUE “ropsyero”’ IeKoH( MHH-
MHPOB HHOTO COCTOSHHUS MOXET MPOU30HTU B
pe3yapT T€ MHOTOKpP THBIX HEYNpYruX B3 U-
MOIEHCTBUN MeXIy ~’p HEHbIMU~ HYKJIOH MU
(HYKJIOH MH-Y4 CTHHK MH), ITI03TOMY YyHOOHO
BBECTH IOHATHE ~TUIOTHOCTH B3 MMOJEH-
cruii” [176] k = N./N,, > 0,5, tie N, u N,
— YHCIIO HYKJIOH-HYKJIOHHBIX CYOCTOJIKHOBE-
HUI U ’p HEHBIX  HYKJIOHOB COOTBETCTBEHHO.
IIpu atoM < = 0,5 WA p — p-coyn peHUii,
0,5 < k <1 mg p— A-coyn peHuil, U K
MoxeT ObITh Oombire 1 Tompko mist A — B-
COyI PEHUuil, KOrJ CYIIECTBYeT YBEJIHYHB lO-
Il 4Cd C LEHTP JIBHOCTBIO CTOIKHOBEHHS Be-
POSITHOCTb Iiepep ccessHUsl ~’p HEHbIX HYKJIO-
HOB. Torm fexoH(p HHMEHT MOXET HOCTH-
I ThCS NPH HEKOTOPOM KPUTHYECKOM 3H 4Ye-
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XL}

HuH K. = k(b 8.) (S — p amyc ropﬂqen 0071 ¢t 1pu (PUKCHPOB HHOM b),
¥ MOMM(UIMPOE HH S BEPOSTHOCTh ~BHUKMB Hus® W MOXeT OBITh 3 IMMC H B
BUJIE

S9°¢(b)/Sca(b) = [1 — fu(b)], (29)

Ijie 1o 94 PMOHHWEB BHYTPH ~TOpsiueil” oOJI CTH MO Cp BHEHHIO C HOJHBIM O0B-
€MOM B3 UMOJIEHCTBUS P BH

Sec 00
fq,(b):/o dQSNC(b,s)Sm(b,s)//O d*sN.(b,s)Sai(b,s).  (30)

OrnenuB emoe B p 60Te [176] KpUTHYECKOE 3H YEHHUE K. =~ 2,9 I CTOJIKHOBSHUI
Pb—Pb 1 er xoporuee cort cue ¢ 3KCIIEPUMEHT JIBHBIMH I HHBIMU 10 POXIEHHIO
J/¥, T K Xe, K K U OlleHHB eM s B p Oore [189] mioTHOCTh 9HEpruu B ~ropsi-
yeil” ¢ 3e e, ~ 3,4 I'sB/pM3, 31 yenue KoTOpoil GIM3KO K MPEICK 3bIB EMOMY
pewerounoit KXJI 3H 4eHUI0 KpUTHYECKOM IJIOTHOCTU 3HEPTUU KB PK- JPOHHOTO
¢ 30Boro nepexon [35,36].

Xots uHTepHnper Lyt ~” HOM JIbHOro” moj BieHus Boixox J/¥ B coyn pe-
Husax Pb—Pb x k pesynsT T popmupos Husg KITI npenct Bngercs BIOSHE NP B-
JOTIOIOOHOM, TeM He MeHee yXe Npelyl T 10TCS JIbTepPH TUBHbIE OOBSICHEHUS I H-
HOrO gBeHns 3 cueT ¥ —h-niepep CCesHUN H COMYTCTBYIOIIUX IpoH X, h+¥ —
— D+ D + X, 6e3 JONONHUTENHOIO MPEINONOKEeHHs O pe JIU3 LUK CLEH pus
nekoHd iHMenT [190,191]. H 4 JpH 4 IJIOTHOCTh JOPOHHOTO T 3 T KXe€ OIpe-
JeTsieTCsl YUCTIOM ~p HeHBIX HYKJIOHOB:

€29

wn(b, ) = Ny [M} ,

d?s
rie N; — cpeaHee YUCI0 APOHOB, POXIEHHBIX K XIbIM ~’p HEHBIM~ HYKJIOHOM.

Torn BepodTHOCTh "BBIKMB HHMA” W B JIPOHHOM T 3€, UCIIBITHIB IOLIEM KB 3UOM-
HOMEpPHOE CKEWIMHIOBOE P CUIMpEHHUE, 3 IHUILIETCd B BUjE

[ d*sexp[—voy_pnpIn (ng/ng)] | d2bd2 s(0s)
sh ) (32)
fd2 d2bd21 b 8;0abs = 0)

Il Oy_p — CEYEHHEe P CINCeIUIEHHS 4 PMOHHS COIYTCTBYIOLIMMH [POH MH, U
— cpenHsad ckopocTh ¥ OTHOCHUTENIBHO JPOHOB, My — KOHEYH S IUIOTHOCTb
JIPOHHOTO I 3 H CT OUM ~“BBIMOP KUB HUA .

B p 6ore [190] S—U u Pb—Pb 1 Huble 10 poxuenuio J/U GbUIH OIMIC HbI
eIUHBIM 00p 30M B MOJEJIH COINYTCTBYIOIUMX JPOHOB C CEYEHHSIMH IOTJIOIIECHHS
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9 b4 9 b4 J/\IiiN
B ”XOIIONHOM” SJIEPHOM BELIECTBE U B ’TOpA4eM” JPOHHOM T 3€ O] o~
J/Y—h J/¥—N
~ 4,8 MO u G'di/s = QUa,js /3 ~ 3,2 MG COOTBEeTCTBEHHO. XOTs 3H YeHHUE

J/W—N
CEUCHUA NPEAPE30H HCHOTO IOITIOMICHUA Uab/s B OTOM CJIy4d € MPEACT BIIA-

€TCsl HECKOJIbKO 3 HMXEHHBIM I10 Cp BHEHHIO C JIydlmiuM (pUTOM p — A-I HHBIX
7,3 M0 [176], Gompire OMUOKN DKCIEPUMEHT OCT BIISIOT BO3MOXHOCTh U I
YN _ 4 8 6.

JleT 7IpHOE HMCCIENOB HHME MeX HM3M auccoud nuud W-pe3oH HCOB B JIPOH-
HOM T 3€, YIUTHIB olee BeposiTHocTH mepexomoB J/¥ + 7 — U/ + X u U +
7 — J/¥ + X, Gbuto BeimoaHeHO B p Gote [191]. Jlydiuee ommc Hue I HHBIX
no poxuennto J/¥ u U B IPOH-AIEPHBIX U SIPO-ANEPHBIX B3 UMOJEHCTBHSIX,
BKJTI04 I Pb—Pb, GBUIO JOCTHIHYTO C KCIIOJIb30B HHUEM CEYEHHUI IMOIIOMICHUS
Oabs = 4,1 MO, ad‘]i/sql_h = 0,4 M0, az;_h = 2,6 MO, T KXe CeYeHUU ITe-
pexonoB ¢7/¥=Y = 0,1 M6 u 0¥ 7/Y = 0,65 M6.

B cB43M ¢ HEOHO3H YHOCTHIO UHTEPIPET LUH UMEIOIIUXCS 3KCIIEPUMEHT Jib-
HBIX [I HHBIX [0 POXJEHHIO Y PMOHHUEB B SIPO-SIEPHBIX B3 UMOJCHCTBUAX BO3HU-
K €T HeOOXOAMMOCTh P CCMOTPEHMS JOIOJHHUTENBHBIX X P KTEPUCTHK, YyBCTBHU-
TEeJBHBIX K P HHEH JUH MuKe pe Kuumil. B 4 crHocTH, B p Gote [192] mpemn T -
eTcsl NCCIIEZIOB Th P CIIPEAENICHHE U PMOHHMEB IO TMONEPEYHOMY UMITYJIbCY, CPERHEE
3H YEHHE KOTOPOrO IOJIKHO YBEJIMYMB ThCS C POCTOM BBIIEISIEMOM B COOBITHSIX
nonepeyHoil sHeprun Er (Wnu ¢ yMeHbLIeHWeM I p MeTp ya p b) B CT HA pT-
HOW MOJIeNU MpeIpe30H HCHOTO MOIVIOMIEHUS U, H YMH S C HEKOTOPOIo KpUTHYe-
CKoro 3H 4eHus Ep, m n b B ’ropsueil’” mekoH( iHHMupOB HHOU cpeme. T Koro
X p KTEpHOr0 U3MEHEHUs B MOBENECHHHM CPEIHEro IOMepevyHOro mmiyinse J/ W
K K ¢yHKuun E7 He H Oniog Jioch (B mpesiesl X OMMOOK) B CTOJIKHOBEHUSX sijiep
BIUIOTH 10 S — U, nogoOHblid Xe H JIU3 CIIeKTP Y PMOHHUEB, OOp 30B BIIMXCS B
coyn penusx Pb—Pb, mok eme TOJBKO MPOBOAUTCS. B J1000M cliyd e 3KcIe-
PUMEHT JIbHO H OJI0A emMoe ~ HOM JIbHOe” TOH BieHHe poxnaeHus Y-pe3oH HCOB
NpeNCT BISEeTCS WHTPUTYIOIINM SIBIICHHEM, IPHPOAY KOTOPOTO B MOIHOW Mepe
TOJIBKO NPEACTOUT BBIICHUTS.

4.2. DKCHepuMeHT JibHbIe MepcreKTUuBbl. 11 6ollee TSKENbIX CHCTEM (bb)
NOI0OHBIN 9(h(PeKT MoJ BICHHS! B CBEPXIUIOTHON CHJIBHOB3 MMOJIEHCTBYIOICH M -
TEpUH OXHJ eTcsl MpH OoJiee BHICOKUX TEMIIEp TYP X, YeM I (cC), HOCTHXEHHUE
KOTOPBIX OXMJI €TCSl B LEHTP JIbHBIX COYI PEHHSIX TKEIbIX HOHOB H OymyIux
komt #imep x RHIC u LHC. Ilpu atom crenenb mox Biaenus Y-, Y- u T"-pe-
30H HCOB, UMEIOIIMX P 3HBIE P JIHMYCHl CBSI3 HHOTO COCTOSHUS M ®HEPIUIO CBSI3H,
Oyzmet p 3mu4 ThC. Permctp mus mon BneHus Y-pe30H HCOB B IUTOTHOH M TepHH
ABJAETCS OJHOM M3 OCHOBHBIX 3 1 4 (pM3MYECKON MPOrp MMBI N0 CTOJKHOBEHUSIM
TSXENbIX MOHOB B aKcrepuMente CMS uH  komn inepe LHC [193].

Komn kTHbBII MIoOHHBIH coneHony (CMS) gBisgeTcsd oqHUM U3 ABYX HETEKTO-
POB, TIPEITIOXKEHHBIX MEPBOH Y JIHO IS I BHOM nenu pp-nporp MMmel H LHC
— MOHUCK XMITCOBCKOro 0030H [26]. B CBs3M ¢ 3TUM ACTEKTOP ONTHMHU3HPYETCS
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JUI TOYHOTO HU3MEpPEeHMS X P KTEpUCTHUK BBHICOKODHEPTHYHBIX MIOOHOB, (POTOHOB,
BJIEKTPOHOB U IPOHHBIX CTPYi, YTO 1 €T BO3MOXHOCTh HUCCIIEIOB HUS ~XECTKHX~
tectoB KITI B CTOMTKHOBEHHSX TSXEIbIX HOHOB. OTIMYNTENBHONH OCOOEHHOCTHIO
ycr HOBKH CMS sBiseTcd H JIMYMe MEJIKOTP HYJINPOB HHBIX 3JIEKTPOM THHUTHOTO
U JPOHHOIO K JIOPUMETPOB, IOMEILIEHHBIX B CUIBHOE COJICHOMJ JIbHO€ M THHT-
Hoe nosie B = 4 Tn. Lentp nbH 5 6 ppen-4 CTh HOKPHIB €T AW IT 30H OBICTPOT
| 7 |< 1,5. DkcrnepumeHT JbHO Y-pe30H HChI MICHTU(PUUMPYIOTCS K K [UKH B
cnekTpe 1o 3((eKTUBHOM M cce MIOOHHBIX I P (HCIIONB3yeTcs K H JI p CH 1
YT — ptp™). T kum o6p 30M, IS H IEXHON PETUCTP MM M TOYHOTO HU3MEPE-
HHUS X P KTepUCTHK Y-pe30H HCOB HEOOXOIMMO pELIMTh MpPOoOIeMy p CIO3H B -
HUS MIOOHHBIX TPEKOB IPH OXHUJI €MOMW IUI LEHTP JIBHBIX COYH PEHUH TIXENIbIX
quep CWIBHOH 3 Ipy3Ke IeTeKTopoB Tpekep . B cinyd e CMS uMmmynasc MIOOH Mo-
KeT ObITh M3MEpEH B LIEHTP JIBHOM TpeKepe NEeTeKTOp H P CCTOSHHM He Oosee
1,3 M 10 BEpILIMHBI B3 UMOAEHCTBHSA. 3 TEM MIOOHBI IIPOXOLIT Yepe3 K JIOPHUMETPEI
U PErUCTPHUPYIOTCS B MIOOHHBIX K MEp X B AU II 30He ObicTpoT | 1) |< 2,6. Ilo-
IIEPEYHBIN MMITYJIbC MIOOH MOXET OBbITh OINpE/elieH B 3TOM CIIyd € C TOYHOCTBIO
< 1% B M rautHOM nonie 4 Ta [193].

OntuMu3 Ul JITOPUTM  JTUMIOOHHOW PEKOHCTPYKIIMM OCHOB H H TIOHCKE
KPUTEPHEB, KOTOPBIE TIO3BOJIMIIN OBI TTOJTyd Th M KCHM JIBHOE KOJIMYECTBO JIMMIO0-
HOB OT p ¢l 1 Y M B TO Xe BpeMsi M KCHM JIbHO BO3MOXHBIM OOp 30M I10J] BUTh
(poH OT HEKOPPETUPOB HHBIX I P MIOOHOB OT P CI A IHOHOB U K OHOB, I BIIMX
OTKJIUKM B MIOOHHBIX CT HUHUSAX. OD((EeKTUBHOCTh BOCCT HOBJIEHHUS 3 BUCUT OT
MHOXECTBEHHOCTH BTOPUYHBIX 4 CTHL: OT 66% I M KCHM JIBHOH MHOXECTBEH-
HOCTH, COOTBETCTBYIOIIEH IIEHTD JIbHOMY B3 mMozeiicTeuio Pb—Pb, 1o 90% mms
MHOXECTBEHHOCTH B TpU p 3 MeHblIeil. [Ipu aToM 3¢h(heKTUBHOCTh BOCCT HOBIIE-
HHSI JJUMIOOHOB OT (POHOBBIX COOBITMI B LIECTb P 3 MEHbILIE M NP KTUYECKU He
3 BHCHT OT MHOXecTBeHHOCTH. OTHOIIeHHe CUTH J1 K (pOHY mpHu H ubojee “mec-
CHUMHCTHYHBIX” OLEHK X cedyeHHs poxpeHus T M M KCHUM JIbHOM MHOXECTBEH-
HOCTH He HuXxe 7% U yBeJIHMYHB €TCs C yMEHbIIeHHeM MHOXecTBeHHoctd [193],
YTO 1 €T BO3MOXHOCTh PErHCTp IWH Y-pe30H HCOB M HCCJIENOB HHS X CBOICTB
B CBS3U C TOHCKOM CHUTH JIOB (DOPMHMPOB HHS CBEPXIUIOTHOM M TepUH B SAPO-
saepHbix B3 umoneicteuax H LHC.

5.”KECTKHE” TECTBI ILNIOTHOI MATEPUH
B YIBTPAPEIATUBUCTCKHUX COYIJAPEHUSAX SANEP.
II. ATPOHHBIE CTPYU

5.1. Ilepep ccedHue XKeCTKHX I PTOHHBIX CTPYH B IUIOTHOI M Tepuu. H -
Py € TOH BICHHEM TSXKeNbIX KB PKOHHEB OIHHM W3 MPOLECCOB, KOTOPBIA MOT
OBl I Th MH(OPM LMIO O C MBIX P HHHUX CT JUSX DBOJIOLMH CBEPXIUIOTHOU M Te-
puu, 00p 3YIOLIEHCS B YIBTP PESITUBUCTCKUX CTOJIKHOBEHUSX SIEp IPU DHEPIUSX
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ko imepoB RHIC u LHC, gBngercs MpoxoxaeHHe yepe3 Hee XKECTKUX CTpyi
LBETO3 PSAXEHHBIX I PTOHOB, POXIECHUE I P KOTOPBIX IPOMCXOAUT B C MOM H -
9 Jie mporece coya peHust (Trorm ~ 1/pr < 0,01 dm/c) B pe3yabT Te OTAETbHBIX
KECTKHX HYKJIOH-HYKJIOHHBIX (II PTOH-II PTOHHBIX) p ccesdHuil. T Kue cTpyH mpo-
XOMIT yepe3 IUIOTHYI0 I PTOHHYI0O M Tepuio, (hOpMHUPYEMYI0O W3 CHCTEMbl MHHU-
CTpyii B Tedenue Gonpiero M cit 6 Bpemenu (> 0,1 ¢m/c) [37,38,53-55,60],
U B3 UMOJEHCTBYIOT C KOHCTUTYEHT MU Cpelbl, U3MEHSS B Pe3y/bT T€ JOIOIHH-
TENIbHBIX TIEpEP CCEIHUIl CBOU IEPBOH Y JIbHBIE CBOWCTB .

ITone3HpIM OOGCTOATENBCTBOM IIPU 3TOM SBISETCS TO, YTO POXAEHHE XKeCT-
KUX JIPOHHBIX CTPyii B ®KCIEPUMEHT X MO ete™ - HHUrMIALUMM, B ep-, pp- U
PP-B3 UMOJIEUCTBUAX H KOJUI HIEp X — JIOCT TOYHO XOPOLIO H3yYEHHOE SBJie-
HUE, KOTOpOe SBWIOCh H MIOHBIM TecToM Teopuu BosmyuieHud KX]I, monrsep-
IMB H OIbITE CIIp BEIJIMBOCTh MHOTHX €e MpeacK 3 Huil* (cM., H mpumep, o0-
30psl [194,195]). Momuduk s CBOWCTB XKECTKUX CTPYH, 0Op 30B HHBIX B SIIPO-
SIEepPHBIX CTOJIKHOBEHHSIX, IO CP BHEHHIO C COOTBETCTBYIOIIUMU JPOH- IPOHHBIMH
COYJIl PEHUSIMH CBHIETEIBCTBOB JI Obl O crierupuyeckux sSaepHbIX d¢ekT X, B
4 CTHOCTH, O Iiepep ccesHuu CTpyid B cpere. T KuM oOp 30M, MOUCK BO3MOX-
HBIX MHCTPYMEHTOB M3Y4EHHUS CBOMCTB CBEPXIUIOTHOW M TEpUH MPUBOOHUT K HEOO-
XOIUMOCTHU BBIBIEHUS X P KTEPUCTHK II PTOHHBIX CTPYH, YyBCTBHUTENIBHBIX K €€
I p METP M H X p KTepy MPOCTP HCTBEHHO-BPEMEHHOM 9BOJIIOLUU.

H puc.10 cxem THYHO MOK 3 H TEOMETPHUS 3 A YU O MPOXOXKACHUH I PBI
KECTKMX I PTOHHBIX CTPYH 4epe3 LITHHIPUYECKU-CUMMETPUYHYIO IUIOTHYIO M -
Tepuio, 0Op 30B HHE KOTOPOH OXHJ €TCSl B LIEHTP JIbHBIX YIBTP PESTUBHUCTCKUX
A — A-coyx penunsx. IT p XecTKuX CTpyil LBETO3 PSKEHHBIX I PTOHOB POXI -
eTcd B Pe3ylbT T€ OTAEIBHOIO XKECTKOIO HyKJIOH-HYKJIOHHOTO B3 MMOJEHCTBUS B
sepiurte P(R, ¢) (Rr — p CCTOSIHHE OT OCH CTOJIKHOBEHHS SIEp 2 10 BEPIIHHbI
P, ¢ — 3uMyT JIbHBIH yrojl, ONPEENAIOMA H NP BICHUE NIBHXEHUS CTPYH),
 — nomsipubiil yron (wis ph’ > pit, 6 ~ 7/2). B npocreiiiieii m pToHHOI Mo-
nenu 6e3 ydeT IJIFOOHHOHM p O LMW B H 4 JIBHOM COCTOSHHUM H 4 JIBHOE XECTKOe
P ccesHHUe MIPOUCXOOUT B INIOCKOCTU, U CTPYH KOPPEIHPOB HBI 10 3UMYT JIbHOMY
yry BbUIeT : @t 4 €2 — 7 MoXHO onpeenuTh HEKOMIUI H PHOCTb I Phbl
ctpyid K7 X K CyMMy NIPOEKIMH UMITYJIbCOB CTPYH H  OCh, NEPHEHIMKYJISIPHYIO
IUVIOCKOCTU H 4 JIBHOTO P CCEdHUs, U I M JIBIX K1 < qu'fﬂ’Q TOJIyYUM

Kr 2 0,5(p7" +pp°) sin (¢ + %), (33)

3 MeTHM, 4TO 3KCIEPHUMEHT JIbHO IUIOCKOCTh H Y JIPHOTO P CCESHHUS OIlpe-
Jensgercd K K IUIOCKOCTh, B KOTOpOW MHUHMM JIbH HEKOMIUT H pHocTh Kp. B

*KOppeKTHOe COIOCT BJIGHHE CBOMCTB CTPYHl H II PTOHHOM M JPOHHOM YPOBHSIX [O3BOJISET
MPOBECTH TUIOTE3 ~MATKOro 00eclBeYMB HMs”’, TPEANoN T 0Nl §, YTO JPOHM3 LM HE NPUBOIUT K
K YECTBEHHOH INEepecTpoiike p cHpelie]ieHns 4 CTHI B CTpye.
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Puc. 10. CxeM npoxox[eHHs XeCTKHX CTPyH uepe3 HUIMHIPHIECKU-CHMMETPUYHYIO TLTOT-
HyIO M TEpHIO: z — H P BIEHHE OCH CTOIKHOBeHus sigep, P (R, ¢) — BEpIIMH POXICHHUS
I pbl CTpyl: ) cpe3 z = 0, 6) MpoeKIMsA H IUIOCKOCTh H 4 JIbHOTO p ccequud. Crmom-
Hbl€ JIMHUU OTP HUYMB 0T 00 CTb, 3 HUM €MyI0 IUIOTHOH M TepHeil, IUTPUXOBble JTMHUK
HPEJACT BIAIOT NPOEKLHUIO H IUIOCKOCTh P CCESHMS MPSAMOM, I P JUIENBHOH OCH 2z M HpO-
XOJd1Iel yepe3 TOUKy, B KOTOPO CTpysl BBIXOIUT M3 CPENbI

p 6ote [196] BmepBbie HpeT T JIOCh KCIIOIB30B Th P CIPEIEICHUE MO HEKOM-
IUT H PHOCTH T PbI KECTKUX CTPYH K K Ju rHoctuueckoe cpeactso KITI: 6bu10
IOK 3 HO B IpocTeimeil Mogenu cepuyecKu-CUMMETPUYHOM I 3MBI, 4TO He-
KOMIUT H PHOCTb YyBCTBHUTEIIbH K MHOTOKP THOMY P CCESHHIO CTPYH H KOH-
CTUTYEHT X Cpejibl 1 MOXKET ObITh MPUMEHEH Ul M3MEpPEeHUs H 4 JIbHOM TeMIie-
p Typsl KITI. P crpeneneHus 1o HEKOMIUT H PHOCTH OLEHMB JIUChb T KXe VIS
CIlyd s Wje JIbHOW IPOMOJIbHO-p CIIUpsiIoIIeiics i1 3Mbl B p 6ote [197] u mis
clyd 1 gpoHHoro r 3 B [198]. B mocienHee BpeMs KTHBHO BEXyTCS IOUCKHU
CBSI3 HHBIX C HEKOMIUI H PHOCTBIO BEIMYMH, YyBCTBUTENIPHBIX K H U JIBHBIM I P -
MeTp M IUTOTHOM cpenpl [199,200] u k X p KTepy ee IpOoCTp HCTBEHHO-BPEMEHHOU
sposmoruu [201-203]. 3 MeTuM, OH KO, YTO M3BJeYeHHue WH(MOPM LU O CBOM-
CTB X BBICOKOTEMIIED TYPHOH Cpelpl U3 p CIpeleieHus] M0 HEeKOMIUT H PHOCTH
CTpyd B pe JIbHOM 3KCIEpUMEHTE CWIBHO 3 TPYJHEHO P 3HOTO pox (HOHOBBIMU
athpekT Mu. B 4 CTHOCTH, IIIOOHH 1 p IU LKA B H Y JIBHOM U KOHEYHOM COCTO-
SIHUAX, (PepMU-IBUXKEHIE HYKJIIOHOB B S[pe M KB PKOB B HYKJIOHE, IPOHH3 LU,
0COOEHHOCTH K JIODUMETPHU M JITOPUTM TOUCK CTPYyH OYyayT NPHUBOAUTH K JIO-
MOJTHUTENPHON HEKOMIUT H PHOCTH, KOTOP S MOXET CYIIECTBEHHO IIPEBBIII Th HE-
KOMIUT H PHOCTh, CBSI3 HHYIO C miepep ccesnueM [197-199], Bonpoc o H JieXHOM
BBIJIEJIEHNH KOTOPOH, T KM 0Op 30M, OCT €TCSl OTKPBITBIM.

Ipyrum uHTEpecHBIM 3((PEKTOM, OXHUI €MBIM NPH IMPOXOXKAECHHUH XKECTKOM
11 proHHou crpyu uepe3 KITI, aBngercd p 3BUTHE IUH MUYECKUX HEYCTOMUYMBO-
CTel B cpefie, KOTOPBIE JOJIKHBI IPUBOAUTH K IIPOCTP HCTBEHHO-HEOXHOPOIHOMY
P CIpeleseHuIo LIBETOBOIO 3 P4l U COMPOBOXI ThCS X P KTEPHBIM U3JIy4eHUEM
m1oHoB U ¢dotoHoB [204,205]. OnH KO BO3MOXHOCTb ®KCIIEPUMEHT JIBHOW peru-
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Puc. 11. ®eiiiM HOBCKME M TP MMBI [/I1 3JIEMEHT PHOTO KT P CCESHMs XECTKOro I p-
TOH C H Y JIbHOH sHeprueit £ >> mo ~ 31 B IWIOTHOH M Tepuu npu Temmep Type 1’
(Mo — X p KTepH s ®HEprus KOHCTUTYEHT Cpelbl) C YY4ETOM CTONKHOBUTEIBHBIX U U
P 1Y LHOHHBIX W 3HEPTETHYECKUX MOTEPD

CTp MU 3TOro 3(eKT B YAbTP PEIATUBUCTCKUX COYJ PEHHSIX SIep He MPejICT B-
JISIeTCSl OYEBUIHOIMA, BCIIEICTBIE O0MbLIMX (POHOBBIX 3(h(PeKTOB, 1 TpeOyeT I JIbHEe-
LIEr0 M3y4eHHs.

B >KHBIM BOIIPOCOM SBJISETCS HCCIEN0B HUE MEX HU3MOB 3HEPreTHYECKUX I0-
Tepb KECTKUX I PTOHOB B ~Topsueil” CHJIBHOB3 MMOJEWCTBYIOIEel M Tepur. Ilpu
3TOM CJIeyeT P 37M4 Th CTOIIKHOBUTENIbHbBIE IOTEPH, O0YCIIOBIIEHHbIE YIIPYTUM Ie-
pep ccesHueM XEeCTKOro I pTOH H KOHCTUTYeHT X cpenbl [202,203,206,207],
W p OV LUOHHBIE TOTEPH, CBSI3 HHBIE C HCIIyCK HHEM ~TOPMO3HBIX~ TJII0O-
HOB [208-216] (cM. puc.11). B p 6ot x [208] u [212] 6bUT0 BIiepBbie MPEIIOKEHO
UCIIONIB30B Th IOJ BJCHUE BBIXOA I P XECTKHX CTPYH U MOBBIIIEHHOE OTHOILE-
HHE BBIXO OJWHOYHBIX MOHOCTPYH K I P M CTpYH, COOTBETCTBEHHO, 0OYCIIOBIICH-
HbIe DHEPreTHUECKIUMH ITOTEPSIMH 1T PTOHOB B cpefie, K K Npu3H K (hOpMUPOB HHS
ceepxmtotHoro cocrossHusg KITI B coyn penmsix simep. Ilpu aToM yK 3bIB JIOCh H
BO3MOXXHOE M3MEHEHHEe MeX HM3M P U LHUOHHBIX IOTEpPh XECTKOrO I PTOH BO
BpeMd KB pK- IPOHHOTO (b 30BOrO MEpexon .

Eme ogHMM CyIIECTBEHHBIM CIIEACTBMEM HMHTEHCHUBHBIX NOTEPh DHEPIUHU C- U
b-KB pKOB B IUIOTHOH Cpefe MOXET CT Th MOIU(UK LU CHEKTpP IUICNTOHOB B
061 cTH MHB pH HTHBIX M cc 1,5 < M < 2,5 I'sB/c?: 1OMHHHPOB HuE BKT 1
OT TPSMBIX IWIENTOHOB M p ccedHusd Jpemma — SI[H H A BKJI JOM OT MOJy-
nenronoro p cn g DD (BB) — I11~, 06ycnoBieHHoe 10j BJIEHHEM BBIXOM
Y PMHpPOB HHBIX M GOTTOMHPOB HHbIX aponoB DD u BB [217,218].

XOTS INTIOOHH 51 p O LM SIBISeTcS BeChM  d((PEKTUBHBIM MEX HU3MOM DHEp-
reTHYecKuX MOTeph XEeCTKOro I pTOH B IUIOTHOM cpene [209-211], B cummnro-
THYeckoM pexume bere — T lTiiep He3 BUCHMBIX W3IyuyeHUil (BpeMeH op-
MUPOB HUSI U37Ty4 €MBIX ITIIOOHOB T§ MHOTO MEHbINE JUTHHBI CBOOOIHOTO mpober
KECTKOTO I PTOH A) “TOPMO3HBIE” TITIOOHBI HCIYCK IOTCS B Y3KOM KOHYyCE CTpPyH
6BH < \/mo/E (mg — TMIMYH 5 SHEprUs KOHCTUTYEHT CpEilbl), M €CIH H3-
MepSTbh DHEPIHI0 CTPYH, CYMMHUPYS DHEPIUI0 BCEX MAPOHOB B JOCT TOYHO LIMPO-
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xoMm Konyce > 0P 10 oCHOBH & U CTh BHEPIMM H U NHHOTO M PTOH MOXET
661Th BoccT HoBeH [209]. Omu ko B Henm BHEX p 60T x [213,214] 6bUTO TIO-
K 3 HO, YTO OTJINYUTENBHOH OCOOCHHOCTHIO BHEPIeTHYECKOro CHEKTP ~TOPMO3-
HbIX” TTI00HOB B KXJI-cpene sBnsieTcs X p KTEpHOE yIIUPeHNe KOHYC W3ITy4eHHs
(0" 2 \/mo/E), cB3 HHOE C JECTPYKTHBHOI HHTephepeHIreil MeXay p 3/1nd-
HBIMU MIUTUTYl MU P CCESHMS C YUYETOM I IP MM, COOTBETCTBYIOIIUX Iepep c-
CesTHUIO “TOpPMO3HBIX IT00HOB B M Tepuu (KXII- H nor acpdext JI Ha y — Ilo-
Mep HIUYyK — Murg 1 B KDJI [64]). B TO Xe BpeMs “TepM JbHbIE” U CTHIIBL,
YHPYTO TIPOB3 MMOJIEHCTBOB BILIHE C KECTKUM I PTOHOM, JIETST IIPEUMYIIIECTBEHHO
B H IIp BIIEHUW, OPTOTOH JILHOM H TIp BJIEHHIO JIBXKEHUS CTPYH, HO3TOMY OOJIb-
Il 4 94 CTh CTOJIKHOBUTEIBHBIX NOTEPh, B OTJIMYME OT P AU LIMOHHBIX, SIBIAETCS
”HEBOCCT HOBUMOH™~ C ®KCIIEPHMEHT JIbHOW TOYKH 3pEHUS.

OTMeTHM, YTO HENOCPEICTBEHHOE M3MEPEHNE DHEPreTHYECKUX MOTeph KecT-
KHX I PTOHOB B 3KCIIEPUMEHTE MOIJIO OBI I Th B JXHYIO HH(POPM LIHIO O MEX HH3ME
MHOTOKP THOTO p cCesHus 1BeT03 psekeHHoro oobekT B KXJI-cpenme. B cBs3m c
9THUM HECOMHEHHBI MHTEepeC MpeACT BJSEeT UCCIeIOB HUE He TONBKO ABYX- M MO-
HOCTPYWHBIX COOBITHI, HO M COOBITHIA, IIe T PTOHH 51 CTPYsl POXKI €TCsl BMECTe C
”HeToA BIsIeMOI” 4 CTUIEH, KOTOp 5, HE UCIBITBHIB 51 CHIIBHOTO B3 WMOIEHCTBHS,
MOXKET IOYTH CBOOOIHO MOKHA Th IUIOTHYIO M TEPUI0 H MPOTSKEHHUU BCEX 3T IOB
ee 9BOJIIOLINY, K K, H IpuMep, XecTkuil ¢oroH [219] (mpouecc tTun g+g — q+y
wm g +q — g+ ) wi Z%6030m [220] (¢+9g = ¢+ Z = ¢+ pt + p wm
q+q—9g+7Z — g+ put + p7). “TlomMedeHH 5 T KMM OOp 30M I PTOHH £
CTpys HCIBITBIB €T Iepep ccesHHe B IUIOTHOM M TEepHH, B TO BpeMs K K JIeTd-
II 51 B MPOTHUBOIOJIOXHOM H MNP BJICHWH ~HENOJ BJIIeM 57 4 CTUL PETHCTPHUPY-
eTcsl ¢ Hepruel, OJM3KON K H 4 JIBHOW ®HEPIHU CTPyH. 3 METHM, OOH KO, 4TO
M JIO€ CeueHHe T KHX MPOLEccoB (M0 Cp BHEHMIO C CEYEHHEM XKECTKOIo I PTOH-
I PTOHHOTO P ccesHust, TaIl  gg (94, 9q) — 99 (94, qq) ¥ 1p.), ONpeensoLIeecs
M JIOCTBIO KOHCT HTBI 3JIEKTPOM THUTHOTO B3 HUMOJCWUCTBHS, MOXET 3 TPYIHHUTH
3 [ 4y TOJMYYeHUS CT THCTHKH, HEOOXOMUMON I CHCTEM THYECKOro H JM3 H
OIHO3H YHOH MHTEpIpEeT LM J HHbIX.

B XHO OTMETHTH, YTO B CIIy4 € APOH- JPOHHBIX COYJ PEHHI TOJIBKO XKECT-
KHE I1 PTOH-II PTOHHBIE B3 UMOJEHCTBHSI C Iepe] Yed WUMITYJbC MHOro OoJblie
M cit 6Horo m p Merp KX A ~ 200 M»B Moryr ObITH p CCMOTpPEHBI B P M-
K X Teopuu Bo3myuienuii KXJI, B To BpeMd K K MSATKHE HenepTypO THBHbBIE B3 H-
MOJIECTBHSI OOBIYHO ONMHUCHIB IOTCS C TIOMOIIBI0 (heHOMEHOJIOTHUECKUX CTPYHHBIX
Mozeneii. OIIH KO B CBEpXIUIOTHOM KB PK-DTIOOHHO# cucTeme (n'/% > A, rie
n — IUIOTHOCTb YUCI Y CTHI), B KOTOPOH B CHUIy KOJUIEKTHBHBIX 3(h(heKTOB
9Kp HHpYeTcs IIBETOBOE B3 MMOJCHCTBHE, I PTOHBI MOJ T IOTCH CHUMIITOTHYECKU
CBOOOJHBIMH, YTO IMO3BOJISET P CCMOTPETh 3 1l 4y O P CCESHHUH XECTKOrOo I PTOH
B KITI B p MK X Teopun Bo3mymenunii KXJI [209,210]. Ilpu stom ne6 eBck 4
®Kp HHUPYIOII SIM CC [4p SBISETCS €CTECTBEHHBIM I P METPOM, PEryisipU3yIOIIuM
CeueHHe I PTOH-TI PTOHHOIO P CCEsHUS.
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5.2. MoaenbHbIil y4eT NoTeph 3HEPIHM XKeCTKOH I PTOHHOM CTPYH B P c-
IIUpAIOIIelicd IUIOTHOI M Tepud. B H crodmeM p 3mene Mel p CCMOTPHM IIpO-
CTYI0 KMHETHYecKyl Mozmens [197,202,203,216] yder sHepreTwdyeckux HoTepb
KECTKOU I PTOHHOW CTPYH B LMIMHIPUYECKH-CUMMETPHUYHON p CIOIUpSIOLIEics
IUIOTHOM M Tepuu. M3MeHeHue 4-UMITyIbC CTPYH B pe3yJabT Te €€ MHOTOKp T-
HOTO p CCesSHMS H JBIXKYLIMXCS C T KOH XXe INpOOJIbHOI OBICTPOTOH KOHCTH-
TYEHT X Cpeibl NPeNCT BisgeT cOOOW Pe3ysabT T YCPEIHEHHMS 10 BCEM BO3MOXKHBIM
BEPLIMH M POXIEHUSA CTPYH U IPOCTP HCTBEHHO-BPEMEHHOI 9BOJIOLUHU M TEPHU.
Cpennee uncio p ccessHUH < [Nygc > XKECTKOrO I PTOH CTpyH, oOp 30B HHOM
B LeHTp JibHOM AA-coyn peHun B 001 cTé ObICTPOT y ~ 0, BBIYMCIISIETCS MO

dopmyne
27'rd Ra TL
< Npge >= /%/dR'PA(R)/dTZaab(T) (1), (34)
0 0 To b

rie np — IVIOTHOCTh b-TO COPT KOHCTUTYEHTOB CPEIBI, 04 — CEYEHHE B3 UMO-
JEUCTBHS [T PTOH CTPYH @ C KOHCTUTYEHTOM b, To ¥ 71, (> To) — COOCTBEHHBIE
BpeMeH (POPMUPOB HHSL CPEbl U BBIXOJ CTPYH W3 CPEIbl COOTBETCTBEHHO, R —
P CCTOSIHHE OT OCU CTOJIKHOBEHHSI SIIEP Z [0 BEPIUHMHBI POXJIEHUS CTPYH, © —  3U-
MYT JIBHBIA yTOJI, ONPENE/SIONMI H TIp BICHHWE ABUXKEHUs CTpyd, R4 — p amyc
ct nkuB tomerocd aap (cM. puc.10). T K K K B H 4 JIbHOM XECTKOM I PTOH-
Il PTOHHOM P CCESHHMH Y4 CTBYIOT 1B HYyKJIOH , TO P CIPEAETIEHHE 110 BEPIIMHE
poxnenust 11 pul ctpyil Ps(R) o< T3(R), tue Ta(b) = A [dzpa(b, z) — dyHk-
sl ANEPHON TONIIMHBL. B CIIyd € M30TPOIHOrO p CIpENeNeH s IIOTHOCTU Hy-
KJIOHOB B SIIPE, YTO MOXET CIIYXHUTh XOPOLIUM TIPUOTHKEHAEM I [EHTP JIHHBIX
coyx penuii (mpochts B3 umoneiictsus ot (| b [< Ra) ~ 1), nomyunm

31 R?
PaR) =>—(1-2), R<R.. 35
0=y (15 ) R R G5)
Ecnu Mbl mpeHeOper eM MOMEpeYHbIM P CIIMPEHHEM Cpefbl H P HHHUX CT JHSIX
9BOJIIOLOHU, TO BpEMA BbIXOH 77, CTPYU U3 CPCIbI

= \/R% — R2sin® p — Rcos . (36)

B K uectBe MeTox peuleHHs, IO3BOJIMIOLIETO IIOJIyY Thb P CHPEAEIEHMS 110
JII0ObIM KMHEM THYECKUM X P KTEPUCTHUK M CTPYyH (M IpH HEOOXOOMMOCTH Y4H-
TBHIB Th 3(eKThH JPOHU3 IIMU, OCOOEHHOCTH K JIOPUMETPHU M JITOPUTM TIOHMCK
CTPYH, YTO B XKHO IPH M3yYCHUH JPOHHBIX CTPYH, H OO €MbIX B P& JIbHOM 3KC-
MEepUMEHTe), YIOOHO HCIIONBb30B Th YHCICHHOE MOIEIMPOB HUE CBOOOIHOTO MpO-
6er KecTKOro Il PTOH B Cpele BP MK X JIMHEWHOH KUHETHYECKOH TEOPUH, KOTI
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UHTEPB J1 MEXIy AByMs “yCHEIIHBIMU Tepep CCesHUSIMU l; = T;y1 — T; oIlpele-
JISIETCSl B COOTBETCTBHUU C INIOTHOCTHIO BEPOSTHOCTH:

7]

b /\*1(7'”1) -exp (— / /\*1(71- + s)ds), 37)
0

d_li:

rie o6p TH g cpemnss wmH  cBoboaHoro mpober A, 1(7) = Y oy (T)np (7).
b

Ecnu nmH  cBoOOmHOrO mpo0er 3H YUTENbHO MPEBBIN €T e0 eBCKUH p Amyc
[IBETOBOH 3Kp HHPOBKHU ,uBl B IUT 3M€ A > ygl, TO P CCESHUS MOXHO P CCM -
TPUB Th K K He3 BHUCHMBIE, U 3(P(PeKTUBHOE IIBETOBOE IOJIE€ MOXHO MIPOKCUMHU-
POB Th CT THYECKHUM J1e0 €BCKUM 9Kp HUPYIOLIMM roTeHud jom [210]. B atom
CIIyd € TOMUHUPYIOUIHIA BKJI 1 B u(pepeHiu JbHOE CeYeHUe P CCesHUs I PTOH
CTpyH C 3Heprueil £ H TepM JIBHBIX I PTOH X C ®Hepruei mg ~ 371 nmeer BUA

doa 2ma2(t)
dt T

; (38)

rne Cup = 9/4,1,4/9 n1g gg-, gg- U qg-p CCESTHUIA COOTBETCTBEHHO, { — KB Op T
nepen HHOro 4-mMmityibe , o (t) — Oerymn s koHeT HT cBsi3u KX

127
(33 —2Ny¢)In (¢t/A2?)

Qg =

(39)

ansg Ny KTUBHBIX KB DKOBBIX poM ToB, U A ~ 200 MaB — M ciur OHbIif IT P -
meTp KXJI. Ilpu 3TOM HHTErp JIbHOE CEYEHUE I PTOH-II PTOHHOIO P CCESHUA

mo(7)E /2
doap

o (40)

Oap = dt
(1)

peryisipu3upyercsi KB Ap TOM Je0 eBCKOM ®Kp HHPYIOILEH M CChl, KOTOP s MOXET
6biTh oueneH uist KITI B Husmem nopsiake teopun Bo3mymenuit KXIT [221]:

wh = 4AnatT?(1 4 Ns/6) (41)

C TepM JIbHOI KOHCT HTOM cBsi3u of = a5(1672) (20), 4T0 TOBONBHO GIM3KO K
Pe3y/IbT Ty PElIETOYHbIX BbruMcnenui [222] up ~ 2T mia Ny = 0 B BHICOKOTEM-
nep TypHou oon ctu T > T,.

CpenHuie sHEpreTHIecKre MOTepH 11 PTOH CTPYH B P CLIMPSIOIIESHCS LIMTHH/-
PUYECKH-CUMMETPUYHON IUIOTHOH M TEpHU MOTYT OBITh BBIYMUCIIEHBI K K CyMM
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BKJI JIOB CTOJIKHOBUTENIBHBIX M P U IIMOHHBIX MOTephb (cM. puc.11):

27 Ra
AB = / s / dR - PA(R) - AE(R, ), “2)
0 0
L dErad
AE(R,p) = / ar (Y ow) m) v + @], @)
T0 b

[Jie TEpM JIbHO-YCPEIHEHH s Mepei 4 SHEPruM I PTOH CTPYH KOHCTUTYEHTY Cpe-
Il C DHEPrUEH o B Pe3yJbT T€ OTACIBHOIO YIIPYroro mepep ccesHus v(7) npu
E > mgy ~ 3T oueHuB erca* K K

( )7< t o 1
T = 2mo = AT (T)ow (T

/ at 3% (44)

3T (T)E/2
) dt
2

p(7)

AH JIOTHYHBIE BBIP KEHHUS MOTYT OBITh 3 MUC HbI IS JIIOOOH yCpeaHsIeMol X p K-
TEPUCTHKHU CTPYyHU (K K, H MPUMep, HEKOMILUT H PHOCTb HJIHM Yrojl p CCESHUd), I
YHCIIEHHOTO BBIYMCIICHHUS! KOTOpOH HEoOXOOMMO 3 1 Th W3MEHEHHE dTOH X p K-
TEpUCTUKH 3 HMHAWBUIY JIbHBIA KT TEpep CCesHHsS U yp BHEHHS, OIKCHIB IOIIHE
MIPOCTP HCTBEHHO-BPEMEHHYIO 3BOJIIOLUIO CPEIpl.

3 MeTuM, 4TO Ui JIOCT TOYHO BBICOKHX H 4 JBHBIX Temmep Typ 1o > T.
MOXHO NpeHeOpeub BIUSIHUEM IIONEPEYHOr0 p CUIMPEHHsS M TepHUM H HWHTEH-
CUBHOCTb Iiepep ccesHus I pToHOB cTpyd [203] U p ccM TpUB Tb OIHOMEPHOE
OycT-MHB pU HTHOE JBHXEHHE KB PK-INIIOOHHOW XHAKOCTH. B aTOM ciyd e ctpys
MOKHA eT 007 CTh, 3 HUM €MYI0 IUIOTHOW M TepHel, nepex H 4 JIOM CMeIl HHOU
¢ 301 (71, S Tp), ¥ BBICOKOTEMIIED TypHOE MPUONIKEHNE TPeCT BIeTcs MpuMe-
HUMBIM. B CclieH puH ¢ y4eToM MONepeyHoro p CIIMPEHUs, YCKOPSIOIEro OCThIB -
HHUE ropga4yeil M Tepuu, B MPUHIMIE, BO3MOXH CUTY LU, KOTA CTPYS MPOXOAUT
4yepe3 cMell HHyI ¢ 3y, HO MHTEHCHBHOCTbH II€pep CCESHHS I PTOHOB CTPyH B
cpenie SIBJSIETCS CHIIBHO BO3p CT omieil (yHKIued Temnep Typsl 1 M ompeness-
eTCsl, IV BHBIM OOp 30M, C MbIMH D HHHUMH CT JWSIMHU ®BOJIIOLMH. BinsiHue H Hee
cmerl HHOM ¢ 3bl iput T = T, (1 Tem Gosiee ¢ 3bI JPOHHOTO T 3 ) IO CP BHEHUIO
¢ “ropstyeir” KI'TI mpencT BiseTcsS HE3H YUTEIbHBIM.

Brruncnennoe B p 6ote [202] p crpenenieHre CyMM PHBIX CTOIIKHOBHTEIBHBIX
HOTEPb BHEPIUM I Pbl gg-CTPYH C H Y JIbHOH aHepruei Fjery = etz = 100 I'3B,

*MBI 371eCh I IPOCTOTHL HE P CCM TPHB €M BO3MOXHOCTH CTOJKHOBHTENIBHBIX [OTEPh DHEPIUH
B PE3Y/IbT T€ MITKOrO B3 UMOJEHCTBHS II PTOHOB CTPYM ¢ KOJIEeKTUBHbIME Mox Mu KITI (nmomsipu-
3 1 11 3Mbl) [206,207], BKJIIOYEHHE KOTOPOIO HE BIMSET H K YECTBEHHbIE BBIBOIBI IPOBOAUMOIO
UCCIIe[IOB HHUS.
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0o0Op 30B HHBIX B ILEHTP JIbHOW 00-
a1 cta ObicTpoT Y3 = y2 = 0
B coyn peamsix Pb—Pb (R4 ~
~ 1,2 - (207)Y3 ¢wm), B BA3KOI
[IPOAIOJIBHO P cluupdmouieiica KB pK-
[JIIOOHHOM  XUIOKOCTU I P 37MHY-
HBIX 3H YEHUH 1 p METp BSI3KOCTH
C, npexcr BieHo H puc.12. Ilpu
®TOM H Y JIBHBIE YCIOBHSI (DOPMHPO-
B HUS IJIIOOHHO-M30BITOYHOI M Tepuu 0
(Ny ~ 0) B CTOJIKHOBEHHIX TIXKe-
aeix uoHoB (Pb—Pb) mnpu sHeprum
LHC (y/s ~ 6A T»B) Gbuil 3 1 HbI,
IUIsL ONPENENIEeHHOCTH, B COOTBETCTBUH
C HeJl BHUMH IepTypO THBHBIMH OLIECH-

0,04,
0,03/

0,02}

dP/dE,, T3B!

0,01} /

Puc. 12. P cnpenenenue cymMM pHBIX CTOJIK-
HOBUTEJIBHBIX ®HEPIeTUYECKUX HOTEPh I PbI
gg-cTpyll ¢ H 4 JIbHOI sHeprueil FEjet1 =

K MH, Cle]l HHbIMA B p 6ote [55] u
OCHOB HHBIMM H HCIIOJIb30B HUU HO-
BBIX CTPYKTYPHBIX (DYHKIIMIi U3 DKCIIe-
PHMEHTOB 10 ep-p CCEeSHUI0 H YCKO-
purene HERA [223, 224]: 719 ~

= FEjet2 = 100 I'sB npu p 31U4HBIX 3H -
yeHusx koapuument ssaskoctu Cp B Hpo-
nonpHO p cumpamomeiica KITI, 7o = 1 I'sB
[202]: C, = O (cruowH s juHuA), 0,06
(myHkTHpH ), 0,34 (IUTpUXOB $1)

~ 0,1 ¢m/c, Ty ~ 1 I'sB*. CtonkHo-

BUTEJIbHBIE TIOTEPU CKJ ABIB IOTCS He-

KOTE€PEHTHO B Pe3y/IbT T€ MHOTUX €JUHUYHBIX KTOB P CCESIHMS H KOHCTUTYEHT X
IJIOTHOW M TEPUH M NP KTHYECKH HE 3 BHCAT OT H Y JIbHOH BHEPIUM CTPyH Fjet
npu Ejer > T' (cM. yp.(44)), onpenendsach cBoMcTB MM cpenbl. H nnune Ba3koctn
MPUBOAUT K 3H YUTEIbHOMY 3 MemieHuto ocTeiB Hus KITI, cTpyq B aTOM ciyd e
MPOBOAUT OOJIbILIE BPEMEHH B C MBIX TOPSYHMX U IUIOTHBIX OOJ CTSX Cpelbl, U UH-
TEHCUBHOCTb Ilepep ccessHUs (KOTOP $ SIBJSETCS CUIIBHO BO3p CT oIl (pyHKIMel
TeMIep TYpbl) P CTET C yBEJIMUYECHHEM KO3((PHUIMEHT BI3KOCTH.

Bonee cioxHoli mpobneMoii SBIseTCs KOPPEKTHBINH Y4eT P I LHOHHBIX I10-
Tepb CTPyH, KOTOpBIE CYIIECTBEHHO 3 BHCSAT OT €€ YIIIOBOro p 3mep . B p 6o-
T X [213,214] 6bUT0 YK 3 HOH BO3MOXHOCTb CYILIECTBOB HHS TPEX CHMIITOTHYEC-
KHX PeXMMOB p AU IIMOHHBIX MOTeph B mpenene E — oco: pexum bere — I' #iT-
nep He3 BUCHMBIX m3nydenuii (dE/dx o p? npu 75 < ), pexum JI HI y —
[Tomep Huyk KorepeHTHOro mox BiaeHus (dE/dx o VE npu \ < Ty K TL)
u ¢ kropus uuoHHBIH pexuM (dE/dx o« E ¢ TOYHOCTBIO [0 JIOT pH(MIIe-

*Cnemyer UMeTh B By, YTO 9TH OLEHKH SBIISIOTCS JOBONIBHO NPUOIMKEHHBIMH H MOJEIBHO-
3 BUCHMBIMU. B 4 CTHOCTH, y4eT BBICIIMX IOPSIKOB IO Cvs TIPU BBIYMCIEHMH H Y JIHOH IUIOTHOCTH
9HEPIUM CHCTEMbl MHHUCTPYH, 3(peKT saepHOil 9Kp HHUPOBKM M HEONPENETEHHOCTH CTPYKTYPHBIX
cynkumit B 0671 cTH M JIBIX Ob€PKEHOBCKMX T MOTYT NPHBOIUTH K CYLIECTBEHHBIM B DU IMAM H 4 JIb-
HOii Temniep Typsl Tg.
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ckoro MHoxuTens In E mpu 75 > 71). Bo3MoxHOCTh pe M3 UM K KOro-nu6o
M3 CHUMITOTHYECKHX PEXHUMOB 3 BHCHUT OT Y CTOTBHI M3]Iyd €MOTO IIIOOH H OT
CBOICTB cpembl. KonmdecTBeHHOE HMCCIIEOB HUE YIIIOBOTO P CIIPEAENICHHS 4 C-
THUIl BHYTPH CTPYHM OCJIOXKHSIETCS TeM, YTO H P BJICHUE JIBIXKEHHS H3ITy4eHHOTO
[JTI0OH  SIBJISIETCS IUIOXO ONpefieisieMOl BeIMYUHON BCIEACTBHE KOTEPEHTHBIX 3(h-
dextoB B KXII-cpene [213]. K decTBeHHBI H U3 MOK 3bIB eT [216], yTo p au -
LOHHBIE TIOTEPH OYeHb “Y3KUX~ CTpYyH ¢/l 60 3 BUCAT OT CBOWMCTB CpeJibl, ONpere-
JIIOTCS, [T BHBIM OOp 30M, H 4 JIbHOW ®HEprHel CTPyH M MOTYT OBITh 3H UHMTEIIb-
HBIMU II0 CP BHEHHIO CO CTOJIKHOBHTEIBHBIMU HOTEPSIMU: AE,,q(Abjer — 0) ~
~ FEjot > AFEc. Ilpu 3TOM p AU IMOHHBIE MOTEPU CTPYH OBICTPO M I 0T C
YBEJIMYEHHEM €€ YIJIOBOTO p 3Mep M CT HOBATCS CP BHHUMBIMH CO CTOJIKHOBH-
TeNbHBIMY 1oTepsMu 1Ipu Abje; 2 5 — 10°.

”IupoKoyrioBble” NOTEPU SHEPIUU MOIYT HNPUBOIUTH K CYLIECTBEHHOMY IIO-
I BIICHMIO BBIXOJ II P XKECTKHX CTPYyH C MONEPEYHBIMH MMITYJIbC MM OOJIbIIE MO-
POTOBOTO 3H YeHHS Peyt, R (D71, pra > Peut), M MOBBIIEHHOMY OTHOLIEHUIO
BBIXOJl MOHOCTPYH R™°°(pr1 > Peut, P72 < Peut) K I P M CTPYH B LEHTD Jib-
HBIX A A-CTONKHOBEHHSIX:

RduEt (pTlapTQ > Peut, Y = 0) =

N'd‘ijet
d d d d e 45
/ yl/ vz /pcut o /pcm pT2Z dyldy2de1de2)AA’ 43)

Rililno(pTl > Peut; PT2 < Peut, Y = O) =

Peut delJet
d d d d 46
/ yl/ b2 /wt pTl/ pTQZ dy1dy2de1de2)AA’ (46)

[JIe YUCIIO IT P CTPYH TUI 4j C UMIIYJIbC MH P11, P72, OOpP 30B HHBIX B H Y JIBHBIX
KECTKHUX IMPOLECC X P CCEdHMd, ONpelendercsd K K

. o
AN d p
- ® o A0jj
T = dR - Pu( dp2 2 5y — prt
dy1dyz2dpr1dpr2 / / 4(R) / T a2 (pr1 — pr
+AE¢(907 R)) 5(pT2 —pr + AE] (7‘(’ -, }{))7 47)

Taa(b) = [d*sTa(s)Ta(b —s) — cr Ha PTH 5 QyHKUMS SAEPHOTO TEPEKPHI-
THS C HYJIEBBIM IIPULEIBHBIM 11 p MetpoM b = 0, do; /dp3. — nuddepeHun ib-
HOE CEYEHHE H Y JIBHOTO Il PTOH-N PTOHHOTO P CCESHUS B OTJAENHHOM HYKJIOH-
HYKJIOHHOM B3 MMOJEHCTBUH.
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3 MeTuM, 4TO Il TOro, 4ToOBl U30eX Th OMIMOOK, CBSI3 HHBIX C HOPMHPOB-
KOW CBETHMOCTHU KOIUT HIep MWId P 3HBIX Sfep, 9KCHEPUMEHT JIbHOE OIpeleTIeHUe
¢ KTop mox BiEHMS I p CTPYH MOXKET OBITh IPOM3BENCHO OTHOCUTEIBHO U3BECT-
HOTO CeYeHHs K KOoro-mubo “Hemoj BiseMoro” mporecc (KOTOpoe MpOMOpLHO-
H JIbHO YMCITy OMH PHBIX HYKJIOH-HYKJIOHHBIX COYI PEHHH B sIPO-sIEPHOM B3 M-
MOJIEHCTBUM), K K, H NPUMEpP, POXICHHE XKECTKUX MIOOHHBIX 1 p Hpemna—SIiAx
(q@ — pp~) um Z%(— ptp~) 6030H :

RYSE R = (o455 oiier) /(R 7 o7, (48)
B TO BpeMs K K omnpejieneHue oTHomenus R™Om°/RAUet ye rpebyer Kk Koii-mu6o
BHEIIIHEH HOPMHPOBKH.

5.3.Ilpupox  APOHHBIX CTPYil B YIBTP PEIATUBHCTCKUX COYJ PEHHAX AAep
M YKCIEPUMEHT JIbHbIe MEPCIEKTUBbL. H MOMHUM, 4TO C 9KCIEPUMEHT JIbHOU
TOYKH 3peHus CTpyq (jet) ompenensercs K K COBOKYIMHOCTb JIETAIINX B Y3KOM KO-
Hyce yIJIOB U CTHUII (IIPeHMYIIECTBEHHO IPOHOB), TOTEpPedHbIi uMmynase K| ; oT-
HOCHTEJIbHO OCH CTPYHM KOTOPBIX MHOTO MEHbIIIE COOTBETCTBYIOIIETO MTPOJOJILHOTO
umnynsc Ky, K1; < Kr;. Ot6op cTpyiHbIX COOBITUH, K K IIP BWIO, OCHOB H
npexje Bcero H TpeOoB HHUM, YTOOBI IOIEpeyH 51 DHEprus K crep (COBOKYII-
HOCTH CEIMEHTOB K JiopuMeTp ) Ejee = > E;sin6; Gbil  Gomblile HEKOTOPOIO

K3

nopor (cymMm Oepercsl 1O JIOK JIbHOMY BbIIEJICHHIO DHEPIrHU B SYEHK X K JIOpH-
MeTp i, ¥ 6; — TONSIPHBIIA Yrojl, OTCYUTHIB eMBIH OT H TP BJeHud nydk ). Ctpyu
OTIPEJIENISIIOTCS B PE3Y/IbT Te KOMOWH LU CUTH JIOB OT COCEIHMX S4YeeK K JIOpH-
METp , H YHH IOIUXCA C SYeHKH ¢ H MOONIbIIeH MONepedyHol SHepruedl u oTie-
JIEHHBIX OT Hee p ccrosHueM R = /(An? + Ag?), MEHbIINM, YeM p JUYC CTPYH
— 1 p MeTp Rjer [225]. 3 merum, uto B [226] Obln p ccMoTpeH Gonee oOmIMiA
WHB DU HTHBIA METOJ BBUIEIEHHS CTPYHHBIX COOBITHII B MPOCTP HCTBE OTHOCH-
TEJIbHBIX YETBIPEXMEPHBIX CKOPOCTEeH u; = p; /mi (p; 1 m; — COOTBETCTBEHHO
4-uMIIynbC ¢-i 4 CTULBI U €€ M CC ), KOTOPBIi, OOH KO, €Ile HE UCIIONIb30B JICA
IPU H JM3€ 3KCHEPUMEHT JIBHBIX J HHBIX B KOJUI HIEPHBIX KCHEPUMEHT X.
Hcnonp30B HUEe X p KTEPUCTUK CTPYH AT M3y4eHUS YCIOBHHA (POPMHUPOB -
HUS CBEPXIUIOTHOH M TepUH B P€ JILHOM BDKCIEPUMEHTE MO YIbTP PEISTHBUCT-
CKUM CTOJIKHOBEHUSIM TSXKEJIBIX SIEp CUIbHO 3 TPYAHEHO (DOHOM “JIOXHBIX CTPyH
— CT THUCTHYECKUX (UIYKTY LU MOTOK IIOTNEPEYHON 3HEPTUH, 0OYCIOBIEHHBIX
OTPOMHOM MHOXXECTBEHHOCTBIO BTOPUYHBIX U CTHI] B COOBITHH (IIPEICK 3 HUA P 3-
nuuHbIX Mojienieit Monte-K pio coct BistroT oT 3000 1o 8000 3 psKeHHBIX 4 CTHI
H eIUHHIY ObICTPOTHI B LIEHTp JIBHBIX coyl peHusx Pb—Pb g sneprun LHC
/s = 6A TsB). Bce s4eiiku K JTOPUMETP 3 MOJHEHBI B 3TOM CIIyd € (P 3MeEp
SYEWKH B MPOCTP HCTBe 1) — ¢ mopstak An X A¢ ~ 0,1 x 0, 1), 1 OTKIIUK K JI0-
pUMETp H MOTOK IONEPEYHOM 3HEPIriUH OONBIIOTO YUCI ~TEpPM JIBHBIX” 4 CTHII,
IOM I IOUIMX B JI HHYIO SUeiiKy, MOXET UMUTHPOB Th CHUTH JI OT OJHOM Y CTHIIBI
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¢ GompwiuM pr. B T KUX yclnoBugX Borpoc 00 MAEHTU(UK MU ~’UCTUHHBIX
KXJI-cTpyil OT KeCTKOro I PTOH-TI PTOHHOTO P CCesHUSI NpHOOpeT eT 0ocolyro
KTy JIBHOCTb JUI (PU3MYECKOU IPOrP MMBI MO CTOIKHOBEHHSAM TSXKEJIbIX HOHOB
H KOJUI UIep X.

Beienenne B ®KcnepuMeHTe CTpyH ¢ O4YeHb OOJIBIIMMU MONEPEYHBIMH HM-
MyJIbC MU MPUBOOUT K M JIOM BEPOSTHOCTU T KHX COOBITUH (IMIPUOIUXKEHHO Ohard
o 1/p% ). OmH KO M3-3 CHJIBHOTO YIOPSUIOYEHHs MMITYJIbCOB Y CTHIL BHY-
Tpu kecTkoi KX]I-cTpyu T Kue CTpyd MOXHO OTJIMYMTH OT ~TEPM JIbHBIX C1 -
6OKOpPENUpOB HHBIX CTPYH NPH MEHBIIMX 3H YEHHUSX I p MeTp oOpe3 Hus Mo
MONIEPEYHOMY UMITYJIbCY, U 3THM OOCTOSTEIbCTBOM MOXHO BOCIIONIB30B ThCS JUIS
ONTHMHU3 LUM JITOPUTM IIOUCK CTPYH B SpO-SIEPHBIX B3 UMopeucTBudXx. T K,
B p 6ore [227] H OCHOBe Cp BHHTE/IBHOTO H JIM3 CBOWCTB XecTkux KXII-cTpyii
U ”IOXHBIX” CT THCTUYECKUX CTPYH OBLIO YK 3 HO H CYLIECTBEHHbIC P 37IMYHS B
UX BHYTPEHHEH CTPYyKType:

1) p 3H 4 3 BUCUMOCTb MHOXECTBEHHOCTH U CTHI[ B CTpye < 7 > OT 9HEpPIrUH
CTpyH Fijes:

2]\/vc 1 Eert

<N >QcpX exp s n A2 (49)
B3
<n > (%) (1 —cosfy); (50)

2) p 3H 9 3 BUCHMOCTD IIOJIOXECHHS M KCUMYM B P CHpEIEJICHHUH MO JIOJIH
YHOCHMOTO U CTHLIEH CTPYH NPOMOJLHOIO UMIYNIbC 2z OT 3HEPIUU CTPYH Fjey:

i a0 = |5 (51)
je
3
Zmax T X <i> (1 —cos 00)*1; (52)
Ejet

3) P 3H 4 JUCIicpCud p CHPEACTICHUA 110 MHOXCECTBEHHOCTU 4 CTHUL B CTPYE,
D=,/(<n(n—1)— <n>2)/ <n>2

1 V3 )

D=z Dy="5. Ei» Q2 (53)
T \?
Dy x — ] (1 —cosép)1, (54)
Ejet

(MHIIEKCBI g U g OTHOCSTCS, COOTBETCTBEHHO, K INIIOOHHON M KB PKOBOU CTPYIM);
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4) p 3H 9 3 BUCHUMOCTb CPEIHETr0 HOIEPeYHOro umiyiasc < K| > oT Hep-
THH CTPYH Fjet:

E2,
< K1 >qopx —5, (55)
In =iet
A2
< K} >rx Ej,, (56)

e T — rteMnep Typ cHcTeMbl, §y — yrioBoil p 3mep crpyu, A ~ 200 MsB,
Q3 ~1TsB? N,=3,b= (11N, — 2Ny)/127.

[Ipu aTOM OTIHYUTETTBHBIE OCOOEHHOCTH ~TepM JIbHBIX U KX]I-cTpyil JOIKHBI
MIPOSIBIISITECS B CBOMCTB X PETHCTPUPYEMBIX IPOHHBIX CTPYH B YCIOBHSAX pE€ Jib-
HOrO 3KCIepUMeHT . B 4 cTHOCTH, B p GoTe [227] OBUTIO IMPOBEACHO MOJEIH-
POB HHE POXIEHHUSI U IETEKTHPOB HHS CTPYHl B YCIOBHIX MPOEKTHPYEMOIO DKC-
nepumeHT CMS H xomn iinepe LHC [193], y4uTsIB I0I€e M THUTHOE IIOJIE
B = 4 Tn, sHepreTnyeckoe p 3pelleHHe, Ip HYISILUI0 U TeOMETpPUYECKHE P 3-
Mepsl  JIPOHHOTO K JIODHUMETP , LIEHTP JIbHyI0 001 cTh ObicTpoT | 7 |< 1,5,

T KXe ONHC HUe ~TepM JbHOro” ()oH B LEHTP JIBHBIX coyd peHusx Pb—Pb
B P MK X THAPOIUH MHUYECKOM Mojenu (CpemHHil MOMepeyHbld UMITYJIbC ~Tep-
M JIbHBIX” JIDOHOB B ®TOM CiIyd € p BeH < pT >= 0,5 IsB m1d nuoHOB H
< p& >= 0,7 I'sB mng K OHOB, YTO JOBOJIBHO GJIM3KO K MPEACK 3 HHUSM TI P-
TOHHOHW K cK AHO# momenmu (PCM) [57] mid umeHTp JIBHBIX COYH PeHHH C MBIX
Tsxensix snep, A ~ 200, npu sneprud LHC; npu 2TOM K OHBI MOJ T JIUCH “~Tep-
M JIbHO” I10J BJICHHBIMH BCJIEACTBUE UX 0OJIe€ TAXKEIO0H M CCHI, Ki/ﬂ'i ~ 0,2).
3 METUM, YTO TPUITEPOM I UEHTP JIbHBIX COOBITHIA MOXET CITYyXHUTh OTOOP COOBI-
THI C M KCHM JIbHBIM BBIJIEJICHUEM ITONIEPEYHON SHEPIHU B LIEHTpP JIbHOH O pper-
4 ¢t K opuMeTpoB CMS, yBeniueHne KOTOpOi KOPPEInpoB HO C YMEHbIIEHHEM
mpwMerp yinp b

CoObITHSI MOIEIHMPOB JIMCh K K CYINEPIO3ULHS ~TepM JIbHOTO” COOBITHS U
KECTKOr0 I PTOH-TI PTOHHOTO P CCESHHUS, TEHEPUPYEMOIro C IOMOILBI0 MOJEIN
Monte-K prno npoH- nponHbIX B3 umopeictsuii PYTHIA [228] (c yuerom p 3-
BUTHS H 4 JIbHOTO XecTKoro KXJI-MMBHS M JIPOHW3 WU CTPYH B COOTBETCTBUHM C
JIYHIOBCKOM CTPYHHOH Mopesbio). IIpr 3TOM 4HCIIO H 4 JIBHBIX KECTKUX 1T PTOH-
I PTOHHBIX P CCEAHUM C dHEPTUEN F(hard) > FT B UEHTD JILHOM S1PO-AIEPHOM
CTOJIKHOBEHHHU BBIP X €TCS Yepe3 COOTBETCTBYIOIIEee HYK/IOH-HYKJIOHHOE CedeHHe
ag,‘;f (ET, /s = 6 TeB) (Bbrumcisiemoe B 1epryp6 tuHoi KXl ¢ momorpo
PYTHIA) B p MK X MOfeN He3 BUCHMBIX OMH PHBIX CyOCTOJKHOBEHHH K K

NI =o' Jol(c) ~ A%0iet /mRY, (57)

e Ra ~ 1,243 oM — p muyc smp u o8, (c) — Heynpyroe ceueHue LEHT-
p JbHOrO AA-B3 MMOIEUCTBUSI.
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[TpousBoaui cb BHIOOPK CTPYH C YIVIOBBIM P 3MEPOM KOHYC

Rjet = 07 59

IIPY 3TOM €CJI B COOBITHH H OJof JIock Gonee IBYX CTpPYi, TO MAECHTH(UK LN
I pBI CTPYH HPOUCXOAWI B COOTBETCTBHU C OTOOpPOM:

1) K1 cTep ¢ M KCUM JIbHOU IOINEPEYHOM 3HEpruew,

2) KJ cTep ¢ M KCHM JIbHOHM NpOoeKUHeil MOMepeyHoro MMIyJAbC H H Ip Bie-
HUE, IIPOTUBOIIOIOXHOE IIOIIEPEYHOMY UMILYJIbCY IIEPBOTO KJI CTEp , T.C.

Ep(jet1) = . max

Et(et2) = . max

Pgijer (Ef*> E)

1073 - R

50 60 70 80 90 100 110 120
E;, 5B

Puc. 13. Hurerp jbpHbIE BEPOSITHO-
CTH BBIXOL M pbl CTpyil B ~Tep-
M JbHBIX”  coObiTusix Pb—Pb B
6 ppen-u ctu CMS (Toukm), mrpu-
XOBbIE JIMHUM TNPEACT BIAIOT — II-
npokcuM nuio  ¢ynkumeir I' yec .
CriomH s KpuB s — BEPOATHOCTb
poxnmenua 1 pel  xecTkux KXJI-
CTpYH C HPOIOJIBHBIMU OBICTPOT MU
| Yjet1,2 |< 1,5 B coyn penusx Pb—
Pb, FEjet1,2 > Er [227]: 1 —
dN* /dy = 8000, 2 — dN* /dy =
= 3000

(Eri),

1,n

(ETi - cos(py + ¢ — 7). (58)

H puc.13 npenct BieHsl UHTErp JIbHBIE
BEPOSITHOCTH BBIXOA II PBI CTPYH B ~TepM Jib-
HBIX" coObITusIX Pb—Pb B 6 ppen-u ctu CMS
u poxneHusd n pel xectkux KXI-ctpyil ¢
IPONOBHBIME  OBICTPOT MU | Yjet1,2 |[< 1,5
B coyn perusix Pb—Pb mnpu sneprum LHC.
CyliecTBeHHOE p 37Mu4ue B (hopMe 3HEpreTH-
YECKOIo CHEKTpP ~TepM JIbHBIX (XOpouio -
npokcumupyercd pynkumeit I' ycc ) u KX]I-
cTpyi (cteneHH 1 FEp-3 BHCUMOCTB) I0O3BO-
JIeT “’p CHO3H B Th~ XKECTKHE IBYXCTpYIHBIE
COOBITUS B CITY4Y €, KOIJ BHEPreTHYecKue Io-
TEpH I PTOHOB CTPYU B Cpeie HE YUUTHIB [OT-
Csl, H YMH 9 C MUHHM JIbHOH ®HEPruu CTpyH
Em® ~ 100 IeB mm dN*/dy = 8000
u Em® ~ 85 I'sB wi dN*/dy = 3000.
Tonomnoruss TUMUYHOTO “KECTKOro” COOBITHS
Pb—Pb (dN*/dy = 8000) ¢ Er(hara)
= 100 I'sB B npocTp HCTBE 1) — ¢ K JIOpH-
mMerp CMS mok 3 H H puc.l4 (no Beprtu-
K JIBHOHM WIK JIe OTJIOXEH IONepeyH s 3Hep-
rus srgeiikn). OT6op TONBPKO OMHOYHBIX CTPYH
(MOHOCTpYi1) WIM BJIMSHHE NOTEpPh SHEPIHU
KECTKHUX I PTOHOB CTPyH B Cpele H BBIXOX
I p CTPyd MOXET NPUBOAUTH K 3 METHOMY
MOBBIINIEHUIO DHEPreTHYEeCKOro mopor ’p Cro-

31 B HU® KXII-cTpyil, HO 3(hpeKTHBHOE P 371eNeHHe ~TepM JIbHBIX U KECTKHX
b min

CTpYil BCe XKe OCT eTCsl BO3MOXHBIM Ipu mopore Ejg™ ~ 100 9B B ciyq e uc-

MOJIb30B HHS JOIOTHUTENIBHOTO KPUTEPHS, OIPENEIIEMOro p 3HOH 3 BUCUMOCTBIO

CPEIHETO NOIEPEYHOIO UMITYJIbC Y CTHILBI B CTPYe OT 3Hepruu Fie.. B u crHOCTH,
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Esl, ToB

25

20
15

| FETIENETE FNENE AN UNE ERNNE ANRT|

Puc. 14. Tononorusa TUNHYHOTO “XecTKOro” coObtust Pb—Pb ¢ Epnaray = 100 I'sB ( )
u QopM 1 pel cCTpyil TMocne yA neHus ~TepM JbHOro” ¢oH (6) B TNPOCTp HCT-
Be 11— K nopumerp CMS, nmo BepTUK JbHOW LIK JI€ OTIOXEH IONEPeyH s SHEeprus
saueiiku, dN* /dy = 8000

€CJIM MBI BBEJIEM CPEIHEB3BEIICHHBIN p auyc cTpyn < R > K K

<R>= ZRiO - Ei/Ejet, FEjet = ZEzw (59)

rme R;) — p ccrosHue MeXIy SYeHKOW CTPyH ¢ M IEHTPOM CTPYH B MPOCTp H-
cTBE 1) — ¢, TO 0TOOp CcTpyil ¢ < R > /Rjey < 0,5 mpUBENET K YA JICHUIO

~
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<R>/Rj€l
0,60

0’55;_.,.... .

0,50+
0,45+
0,40~

o,SSHL,‘
0.30} m_‘—\_:—\\,_L

N S SN B T R
100 140 180 220
E... I'sB

jets

Puc. 15. CpenneB3BelieHHbI p IUYC XKECTKOW (TUCTOIP MMBI) M ~T€pPM JIbHOM~ (TOYKM)
crpyn < R > (59) x x dyHKIUA MonepevHoil 3Heprun Fjet, dN* /dy = 8000 [227]

“noXHbIX” cTpyil ¢ Fjer 2 100 I'eB (cM. puc.15, dN* /dy = 8000). Ddext
nepep ccesHus I PTOHOB B Cpejie MPUBOAUT K HEKOTOPOMY ~YIIMPEHHUIO” CTPYyH,
HO OCHOBHOH BKJI JI B CyMM PHBII IIONEPEYHBII UMITYJIbC OTHOCUTENBHO OCH CTPyU
I eT H 4 JibHbIU KecTKuil KX]I-n1BeHb, U BBIBOJ O P 31IMYHOU BHYTPEHHEH CTpPYK-
Type “TepM JbHBIX” U KX]JI-CTpyil 1 BO3MOXHOCTH ONTHUMU3 MM H 3TOIl OCHOBE
JITOPUTM TIOUCK CTPYH B I HHOM CITyd € T KXe€ IPEACT BISETCS CIp BEIIMBBIM.

6. 3AKITIOYEHUE

3H YUTEeNbHBIN MpoOrpecc, AOCTUTHYTHIA B IOC/EAHEe BpeMs B MOJIETUPOB -
Huu KX]JI-cucteM H pelieTke, B 4 CTHOCTHU, C BKJIIOUEHUEM IUH MHYECKUX KB Pp-
KOB, TIO3BOJISIET C OOJIBLION CTENIeHbI0 YBEPEHHOCTH YTBEPX Tb, UTO JOCTHXEHHE
JEeKOH( MHMEHT JPOHHOH M TE€pPHU M BOCCT HOBJIEHUE KHP JIbHOH CUMMETPHH
JOIIKHO MMETh MECTO IPH AOCT TOYHO BBICOKHMX Temnep Typ X 1. ~ 200 MsB u
(vnn) mmotHocTsX 6 puoHHOro 3 psn . [Ipeamon r ercs, 4To yCioBHs Wi pe JIH-
3 OUM KB PK- JIPOHHOTO (p 30BOTO MEPEexoi , MMEBILIEro, COII CHO COBPEMEHHBIM
KOCMOJIOTHYECKUM MPEACT BJICHUSM, MECTO B IEPBbIe MUKPOCEKYHIBI 3BOJIIOLIUU
BcenenHoit, MOTYT OBITh IOCTHTHYTHI B PE3yJIBT T€ T€HEP LMW CHUIIBHOBO30YXIEH-
HOW M TEpPHH B BKCHEPUMEHT X IO YIbTP PENATHBUCTCKUM CTOIKHOBEHHSM GOep
H peiictBytomux (AGS, SPS) u nn nupyemsix (RHIC, LHC) yckopuTtensx.

B H crosiimem 0630pe MBI p CCMOTpPENIN OCHOBHBIE TECTHI, NPET T eMble JUIS
9KCIIEPUMEHT JIbHOTO M3Yy4EeHHUS CBOMCTB CBEPXIUIOTHOH siaepHOi M Tepuu. CTpyH-
Hble MUKpocKonuueckue Mogenn MoHTe-K pao I0BOJIBHO YCIEIIHO OIHKCHIB IOT
UMeIoIIUeCd I HHbIE TI0 CTOJIKHOBEHUSM TSKENbIX MOHOB, B U CTHOCTHU, P CIIpe-
JIeTIeHNs] IO MHOXXECTBEHHOCTH U MHKJIIO3UBHBIE CHEKTPbl BTOPHYHBIX [IPOHOB, B
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1M 1 30He sHepruil /s < 10 [eB/HYKIIOH, KO OCHOBHYIO 4 CTh JIPOHHBIX Ce-
YEHUI COCT BJIAIOT MATKHE Ipolecchl. IIpu 3TOM cOmT COB HHE C 9KCIIEPUMEHTOM
JOCTHUT €TCd IyTeM MOIM(HK LIMU CLEH pUs He3 BUCHMBIX HYKJIOH-HYKJIOHHBIX
CyOCTOJIKHOBEHHUI — BKJIIOYEHHEM P 3HOTO POl KOIUIEKTHUBHBIX 3(PEKTOB, T -
KHMX K K JIDOHHOE K CK JMpOB HUE M B3 MMOjeicTBue CTpyH. [Ipu sHeprusx Oy-
nymmx komut iaepos RHIC u LHC, xorn omnpenessonmii BKJI 1 B (JOPMUPOB -
HHE H Y JIBHOTO COCTOSIHMS BHOCAT XKECTKME U IOJyXECTKHE MPOLECcCH M PTOH-
I PTOHHOTO P CCESHMS C Mepel Yei WMITYJbC MHOro OoJjplle M cIuT OHOTo I -
p merp KXIJI, mp BOMEpHBIM MOAXOAOM K ONHC HUIO SAPO-SJEPHBIX B3 UMOJIEH-
CTBMI MPEACT BJSAETCS MOIETUPOB HUE I PTOHHBIX K CK JIOB B P MK X TEOPHHU
BosmymieHnii KXJI. K ck JHbIe MOjeNH MPeacK 3bIB 0T JOCT TOYHO OBICTPYIO
TEpM JIM3 IMIO [T PTOHHOW M TEPHH B LIEHTP JIbHOM 00J1 CTH OBICTPOT, OOH KO BO-
IPOC O BO3MOXHOCTH NOCTHXEHUS CUCTEMON XUMHUYECKOrO p BHOBECHUS OCT €TCH
OTKPBITHIM, U H HOOJIee BEPOSATHBIM CLEH pHEM MpencT BisgeTcd (GOpMHUPOB HHE
’ropgauyeil” TIIOOHHOHW IU1 3Mbl. [IeT JIbHO€ MOIETUPOB HUE P 3BUTHUS I PTOHHBIX
K CK JIOB IIPEICT BIsieT COOOH BECbM TPYHLOEMKYIO 3 Il 4y, TpeOyIOUlyl0 3H 4H-
TEJIbHBIX KOMIIBIOTEPHBIX YCUIIUI M GOJIBIIOrO KOJMYECTB CcyeTHOro Bpemenu. C
JpYroil CTOPOHBI, B CIIy4 €, KOIJ CHCTE€M JOCTHUT €T JIOK JIBHOTO TE€PM JIBHOIO
P BHOBecHsi, ee 1 JIbHEHII S ®BOJIIOLMS MOXET ObITh ONMC H B P MK X pENSTH-
BUCTCKOU I'HAPOAUH MHUKU. OTHOCUTENBHO MPOCTHIE M KPOCKONMYECKUE TUIPOIH-
H MUYECKHMe MOJIETH YCIHEUIHO BOCHPOM3BOIIT CYLIECTBYIOLIHE 3KCIEPHUMEHT JIb-
Hble 1 HHbIe Ipu 3Hepruax AGS u SPS u mmpoko mpuMeHSIoTCs I TeopeTude-
CKOro HCCJe[OB HUS (PU3MYECKUX IPOLECCOB B SAPO-IAEPHBIX B3 MMOAEHCTBHAX
npu Gosiee BBICOKHMX DHEPIUSX.

HmmynbcHble CIEKTphl JAPOHOB U [BYXY CTUYHBIE KOPPENALUU UIEHTUYHBIX
Y CTHUI[ HeCyT MH(OPM LIMIO O CBOMCTB X JPOHHOH M TE€pPUU H MO3AHUX CT AUSIX
”BBIMOP XMB HHMA~ , B 4 CTHOCTH, O CTENEHH €€ TepM JIM3 LHH, KOJUIEKTUBHBIX
MOTOKOBBIX 2((PEeKT X U HPOCTP HCTBEHHO-BPEMEHHBIX P 3M€p X O0JI CTH UCTOY-
HUK 4 cTull. MMelomuecs ®KCIIEpUMEHT JibHbIE 1 HHble (’yIIMpeHHe CIIEKTPOB
[0 Cp BHEHHIO C COOTBETCTBYIOIIUMHU JPOH- JPOHHBIMH COYH PEHHSIMH U 3 BH-
CUMOCTh ’p AMYC TOMOI€HHOCTH’ OT WMIIYJIbC I1 Pbl 4 CTHUU) YK 3bIB IOT H
JIOK JIBHYIO TE€pPM JIU3 IIMI0 JIPOHHOH M TEpPHU B IIEHTP JIbHBIX COYd PEHHIX Ti-
XKEeJBIX S/iep, CHIBHBIA MPOMOJIBHBII MMOTOK Y CTHIl BIOMb OCH CTOJKHOBEHHUS H,
BEPOSITHO, ¢ OBl IOTOK B IMOTIEPeYyHOM H mp BieHuu. H Omron eMbiii “u30bITOK”
JMIIENITOHOB HEOOJBIINX M CC MOXET OBITh MHTEPIIPETHPOB H K K PE3YyJabT T U3-
JIly4eHHd U3 KB PK-IIIOOHHOU (b 3bI WIM MOAU(UK LUK M CC M HMIHMPHH P CH [
BEKTOPHBIX ME30HOB B IVIOTHOW M TEPUH, CBA3 HHON C U CTUYHBIM BOCCT HOBIIE-
HHEM KHp JIbHOH CHUMMETPHUHU. YCHJICHHOE POXICHHE CTP HHBIX IPOHOB T KXe
COIJI CyeTCs C MPEroIoXEHHIMHI O IeKOH( HHMEHTEe U BOCCT HOBIIGHHM KHUD JIb-
HOH CHMMETPHH, XOTS MOXET OBITh OIHMC HO M B P MK X CT HI PTHBIX MOJeJel
JAPOHHBIX K CK J0B. MHTpPUryIOIINM SBIEHHEM IPEACT BIsieTcs H ONlog eMoe B
cronkHoBeHUsix Pb—Pb B akcnepumente NASO (SPS) n He corn cyromieecst co
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CT HI PTHOW MOJENbI0 MpeApe30H HCHOTO MOIVIOIEHUS B ~XONOAHOM™ SAepHOM
BEILIECTBE HOM JIbHOE MOJ BJeHHe BbIXOx W-pe3oH HCOB, NPUPOAY KOTOPOIO B
MOJTHOI Mepe elle TOJBKO MPEACTOUT BBIICHUTS.

B Oymymux akcnepument X H Kol igep X RHIC u LHC npencr Bnsercs
BECbM IMEPCHEKTHBHBIM HCIIOJIB30B HUE ~XKECTKUX~ TECTOB CBEPXIUIOTHOW M Te-
puH, Hecymux MHGOPM IMI0 O C MBIX P HHUX CT AuSX ee 3poiouuu. H pany c
MO/l BJICHUEM TsKeblX KB pKoHueB WU u Y, MpUMEpPOM T KOTO TeCT SBJISETCS
IIPOXOXJEHUE 4Yepe3 cpely XKECTKHX CTPYH LBETO3 PSXEHHBIX I PTOHOB, KOTO-
pBIE POXJI I0TCS B C MOM H Y JIe IIPOLECC COYH PEHHS B PE3yNlbT T€ OTHEIBHBIX
KECTKMX HYKJIOH-HYKJIOHHBIX P CCESHMI, IPOXOHAT 4epe3 IUIOTHYI0 M TEPUI0 U
B3 MMOJIEHCTBYIOT C €€ COIMYTCTBYIOIIMMH KOHCTUTYEHT MU, YTO NPHUBOIUT K PsIIy
HMHTEPECHBIX 2(PheKTOB: CTOJTKHOBUTEIBHBIM U P IU LHOHHBIM MOTEPSIM DHEPIUU
CTpyH, IIOJ BICHUIO BBIXOJ I P XECTKMX JPOHHBIX CTPYH U YBEIMYEHUIO BbI-
XOI MOHOCTPYH, HEKOMIUT H PHOCTH HMMITYJIbC I Pbl CTPYH, BO3OYXICHHUIO IH-
H MHYECKMX HEyCTOMYMBOCTEH B cpejie W ee Momspu3 Iuu. Pemenne nmpoOieMsl
uaeHTUUK un XecTkux KXII-ctpyit H ¢oHe “TOXHBIX” CTPyH — CT THUCTHYE-
cKUX (UIYKTY LIMid IIOTOK HONEPEYHOil HEPrur, 0OYyCIOBIEHHBIX OIPOMHOI MHO-
KECTBEHHOCTBIO BTOPUYHBIX 4 CTHUI] B COOBITHH, €7 €T, T KMM 00p 30M, BO3MOX-
HBIM HUCIOJIb30B HUE X P KTEPUCTUK CTPYH Ul U3y4eHHs yCIIOBUI (pOPMUPOB HUA
CBEPXIUIOTHOM M TEPUU B MPOEKTUPYEMBIX DKCIEPUMEHT X IO YIbTP PENSTHBUCT-
CKHMM CTOJIKHOBEHHUSIM TSIKENBIX daep.
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The article summarizes the current status of lattice investigations of Quantum Chromo Dynamics
at finite temperature. After a brief introduction into the formulation of QCD on the lattice and
into the treatment of lattice QCD in numerical simulations, the current knowledge about the critical
temperature of the transition from the hadron to the quark gluon plasma phase is presented. The status
of investigations of the nature of this transition is discussed. Moreover, analyses of the equation of
state in the high temperature phase as well as computations of the excitation spectrum at nonvanishing
temperature are presented.

B p Gote p ccM TpHB eTcsl COBpeMEHHOE COCTOSIHME pelieTouHbIX uccienos Huii KX]I mpu ko-
HeuHoIl Temnep Type. Ilocie o603peHust hopMyTMpoBKH U duciaeHHoro MoxenaupoB Hud KX v pe-
IIETKE P CCMOTPEHO COBPEMEHHOE TPEJCT BIEHHE O KPUTHYECKOH TeMIep Type Nepexon OT JAPOHHOM
¢ 381 K ¢ 3¢ KB PK-IIIIOOHHOI T 3MbI. OBCYXI €TCs COCTOSHHE MCCIIEIOB HUil MPHUPOMIBI 3TOTO Ie-
pexon . Kpome Toro, mpesicT BI€HBI K K H JIM3 yp BHEHHS COCTOAHHUSA B BBICOKOTEMIIEp TypHOIl ¢ 3e,
T K ¥ BBIYUCIICHNS CHEKTP BO30YXXIeHHil pU KOHEYHOI TeMrep Type.

1. INTRODUCTION

The transition from hadronic matter to a new state of matter, the quark gluon
plasma, at some finite temperature 7, is a phenomenon which is governed by
long range interactions. As such, its understanding requires a nonperturbative
treatment of QCD. Due to the asymptotic freedom of QCD which predicts that
the temperature dependent coupling ¢(7") vanishes in the limit 7' — oo, at very
high temperatures one expects only weakly interacting gas of quarks and gluons.
However, it is not clear at which value of the temperature one may apply pertur-
bation theory reliably. This holds, in particular, in the temperature regime which
can be accessed by the forthcoming heavy ion collision experiments at RHIC and
LHC. Moreover, finite temperature perturbative calculations are usually plagued
by infrared divergencies which seem to be curable only nonperturbatively. Thus,
nonperturbative analyses of QCD are also requested in order to obtain information
on the properties of the plasma phase.

*Lectures presented at the “Research Workshop on Deconfinement at Finite Temperature and
Density”, Dubna, Russia, October 1-29, 1997
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The lattice approach to QCD distinguishes itself from other nonperturbative
treatments by the principal absence of any approximation to QCD. Of course, due
to the ever present limitations of computational power to evaluate the QCD path
integral numerically, systematic errors of lattice QCD arise from the necessary
constraints on the lattice volume, the finite lattice spacing a and the quark mass.
In particular, since the computations which take into account virtual quark loops
are very time consuming, many lattice analyses have been carried out in the pure
gauge sector of QCD, the quenched approximation. This has delivered nontrivial
results as the pure glue system is confining and chiral symmetry breaking. In
particular, bulk properties of gluons at finite temperature can be regarded as being
solved: the system has a well-established first-order transition [1], the equation
of state is known in the continuum limit [2], and the critical temperature in the
continuum limit has been determined with only a few percent uncertainty [3,4].
Clearly, more detailed questions like, e.g., the nature of excitations in the plasma
deserve further work, also in the quenched approximation. Yet, the emphasis
of recent research has shifted towards studies of full QCD including staggered
as well as Wilson quarks. These studies have not yet reached the quality of
quenched simulations. In particular, the quark masses could not yet be tuned
to their physical values. Moreover, at the moment these studies are carried out
at considerably larger lattice spacings for technical reasons. Therefore, with the
standard discretizations, extrapolations to the continuum limit (vanishing lattice
spacing) will be more difficult than in the quenched case. Thus, the search for
improved actions has received much attention recently also in the context of finite
temperature QCD.

These lectures attempt to summarize the current status of knowledge in finite
temperature lattice QCD and the current developments to improve on these re-
sults. In section 2 a short introduction into lattice techniques is given. Section 3
summarizes estimates of the critical temperature. In section 4 the present status
of knowledge about the nature of the chiral transition is discussed. Section 5 de-
scribes studies of energy density and pressure at high temperature while section 6
reviews some results on screening lengths and masses. Conclusions are given in
section 7.

2. LATTICE SIMULATIONS

The partition function Z(V,T) of a generic Quantum Field Theory with
elementary fields ® in a given spatial volume V' at temperature 7" is given by the
path integral

Z(V,T) = /D<I> e 52(VT), (1)
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Here Sg is the Euclidean action, which defines the field theory in terms of a
4-dimensional integral over the Lagrangian, £,

1/T
Sp(V,T) = /0 dt /V d*zL(D). )

The Lagrangian depends only on the fundamental fields ®(¢,Z) and a set of
coupling constants. The temperature and volume of a thermodynamic system
enter through the restriction of the fundamental fields to a finite (3+1)-dimensional
region of space-time. In particular, the temperature enters by restricting the
Euclidean time interval to the range ¢ € [0,1/7] and by demanding periodic
(antiperiodic) boundary conditions for bosonic (fermionic) fields in this direction.
Thermodynamic quantities can then be obtained as derivatives of the partition
function. For instance, the energy density and the pressure are given by
2

e:TvaiTan, p:T%an. 3)

The quantum field theory, defined formally by the above relations, can be
regularized by introducing a discrete space-time lattice with a finite lattice spacing
a. This spacing acts as a coordinate cut-off which has to be removed at the end,
i.e., the continuum limit @ — 0 has to be taken. On the lattice, the number of
degrees of freedom is reduced to a large but finite set. This gives a well defined
statistical interpretation to the path integral and to most observables of interest,
which can be viewed as expectation values calculated in a statistical ensemble
with Boltzmann weights exp(—Sg).

On a 4-dimensional space-time lattice with a lattice spacing a, the fields ®(z)
are restricted to the discrete set of points, (z9,Z) — na = (noa, nia, n2a,n3a).
Accordingly, ®(z) gets replaced by ¢(n) and the measure in the path integral
D becomes [ [, d¢(n). The partition function of this system reads

Z(V,T) = / [T dé(n)e 52D, “

where the temperature of a lattice of size N, x N2 is determined by the temporal
extent, T' = 1/N,a, and the spatial volume is given by V = (N,a)3.

The crucial step in formulating a lattice regularized quantum field theory
is the proper discretization of the Euclidean action, Sg. This can be achieved
in a straightforward way for a scalar field theory by discretizing the integral in
Eq. (2) and replacing derivatives of fields by finite differences. The action of the
¢*-theory for instance, may be discretized as

/d% {% 3 (0,8(2))* + %mQCIJQ(x) + %@4(:5)} =

"
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3
LY {—i S dlmatn + ) + 5 (m* + )6 m) + %¢4(”)} ’
n:(no,“,’ng) n=0 '
®)

with (i denoting the unit vector pointing to neighbouring sites in a 4-dimensional
lattice, m being the particle mass and g the coupling constant.

In the case of a gauge theory the discretization is not at all so obvious. In
fact, it is important to choose a discretization such that the basic symmetries of
the continuum action are preserved. This is not always possible as, e.g., for
fermionic theories. However, the most important step clearly is to construct a
discretized action which preserves local gauge invariance [5].

Gauge fields mediate the interactions between matter. It is thus suggestive
to introduce them as variables on the links (n, 1) of the lattice rather than on the
sites. Gauge fields, A,(z), can then be related to elements U,(n) of a gauge
group. In the case of an SU(N) gauge theory, the relation between U, (n) and
A, (x) is given by

na+jia

U,(n) = exp {—iga /n de, A, (w)} , ©)

where ¢ is the bare coupling constant. Expanding this relation in the lattice
spacing one can verify that the single plaquette action proposed by Wilson [5]

-y T

9 n;0<pu<r<3

a

- Qg_f > %RetrUM(n)Uu(n + U, (n+0)U,  (n) (7

n;0<pu<r<3

approximates the continuum action for the gauge fields up to terms of O(a?),
1
Sq = / d4a:§trF3V + 0(a?). (®)

In the continuum limit, ¢ — 0, these higher order corrections become irrelevant.

Wilson also suggested a discretization scheme for fermionic actions. While
it is easy to preserve local gauge invariance also in this case, it is not possible
to preserve all the chiral properties of fermionic actions. Fermion actions contain
only first derivatives of the fields. As a consequence, a straightforward discretiza-
tion, similar to the scalar case described in Eq. (5), leads to additional poles in
the lattice fermion propagator. In the continuum limit these additional poles will
give rise to 15 additional, unwanted fermion species rather than only the one we
started with. It could be shown [6] that this is a general phenomenon when in
addition to such elementary assumptions as locality, hermiticity and translational
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invariance also a continuous chiral symmetry of the action is required. There are
however certain loopholes. Wilson proposed a discretization scheme for fermi-
ons, in which a second-order derivative term is added to the naively discretized
fermion action Sg,

S = Zw (m)e(n + 1) — P(n + L)yU; (m)d(n)} +
+2 Z{w — P+ DU (n)e(n) — D)V ()p(n + 1)} ()

While the first term approximates the continuum action 9 (x)[0,, +ig A, ()] (x)+
O(a?), the second term is O(a) relative to the first one and becomes irrelevant in
the (naive) continuum limit. Its effect is that the 15 additional fermions acquire
a large mass of O(1/a), which diverges in the continuum limit, and thus would
decouple from the dynamics of the theory. However, chiral invariance of the
action is lost at finite lattice spacing and is to be recovered in the continuum
limit. Usually, including a mass term, Wilson’s fermion action is rewritten as

S =P(n)p(n)
*Hz{z/) (1= 7)Uu(m)(n + ) + B(n + 1) (1 +7,)U,  (n)(n)}. (10)

The hopplng parameter x contains the quark mass and, in the free case, is given
by k=1 =8+ 2mya.

Another approach is due to Kogut and Susskind [7]. By distributing four
components of the continuum spinor over different sites of the lattice it is possible
to reduce the number of additional species. If one introduces one staggered
fermion species on the lattice, the Kogut — Susskind or staggered lattice action
will lead to Np = 4 species of fermions in the continuum limit. Moreover it
preserves a global U(1) x U(1) chiral symmetry, i.e., an Abelian subgroup of
the continuum chiral symmetry. For studies of chiral symmetry breaking on the
lattice it is convenient to work with such a lattice action which preserves at least
part of the SU(Np) x SU(Np) chiral symmetry of the continuum action. The
staggered fermion action, obtained after a diagonalization in the Dirac indices,

becomes
S — ZX )x(). (11)

Here the fermion fields, x, ¥, are smgle—component anticommuting Grassmann
variables defined on the sites of the lattice and the fermion matrix M (n,l) is

given by
3

M(n,1) =Y Du(n,1) +md(n,1). (12)

n=0
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The hopping matrices D,,(n,!) mediate the nearest neighbour interactions and
have nonzero elements only for | = n =+ /i,

Dy, 1) = Smu(m)Uu(m)sn + 1) ~ U (03(n — D). (13)

The phase factors 7, (n) = (—1)"0*"+"u-1 for 4 > 0 and n9(n) = 1 are rem-
nants of the 7, matrices. Note that the fermion action in the Wilson discretization,
Eq. (9) can be written in a similar form with a slightly more complicated hopping
term which also carries spinor indices.

Finally, the partition function of QCD takes on the form

7= [ TLavto [ axtmaxny e 5o+, (14)

where for Wilson’s formulation the x fields are to be replaced by the i spinors.
As the fermionic part of the action is bilinear in the fields x(n), x(n), these can
be integrated out and the partition function can be represented in terms of bosonic
degrees of freedom only,

Z = /HdUW detM e9¢. (15)

n,p

In this form the partition function is well suited for numerical studies. A major
problem is, however, caused by the presence of the fermion determinant, which
in general cannot be calculated exactly. Algorithms for the numerical integration,
which circumvent the explicit calculation of this determinant, are thus required.

In the lattice regularization, the Feynman path integral, Eq. (4), becomes a
well-defined meaning as an ordinary integral. Because of the high dimensionality,
its numerical evaluation, however, is a formidable task. Imagine a lattice of just
10* lattice points, then Eq. (4) represents a 10* fold integral times the number
of internal degrees of freedom. Many field configurations {¢} will contribute to
the integral with rather small Boltzmann weights, exp{—S(¢)}, though. Thus an
efficient way to compute the integral would consist in generating a sequence of
field configurations {¢}(*) which are distributed according to this weight factor.
The expectation value of an observable O(¢) can then be approximated by the
ensemble average

M
(0@) = 73 016} ®). (16)
k=1

Such a series of field configurations is obtained by means of the so-called Markov
chains. Starting from some arbitrary initial configuration {$}(®) one generates,
one after the other, new sets of ¢ fields. Under certain conditions, the sets {(b}(k)
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will be distributed according to the equilibrium probability exp{—S(¢)}, once a
number of not-yet equilibrated initial configurations has been discarded.

It may suffice here to demonstrate the principles of this procedure by pre-
senting the prototype Metropolis algorithm [8]. It consists of two steps: site by
site (i) choose a trial update ¢’ according to some normalized probability distri-
bution Piiai(¢p = ¢') = Piriai(¢’ — ¢) and (ii) accept ¢’ with the conditional
probability

e—S(@)

=) (a7

Poccept = min ¢ 1
The trial distribution P;,.;,; must be chosen in such a way that the whole config-
uration space can be covered. The conditional accept probability Ppccept favors
configurations with lower action and thus higher Boltzmann weight but allows
also for configurations with a smaller Boltzmann weight to be included in the set.
This is necessary in order to account for the quantum fluctuations. Finally, the
algorithm satisfies detailed balance, (P = Piriai * Paccept)

e SDP(g = ¢f) = e SOP( 5 ¢), (18)
which is a sufficient condition for convergence to the equilibrium distribution.

As new configurations are calculated from previous ones, it is clear that sub-
sequent “snapshots” of the system are not statistically independent of each other.
In order to carry out a correct statistical error analysis it is therefore desirable to
step through configuration space rather quickly, minimizing the number of inter-
mediate configurations which have to be discarded because they do not provide
information independent of the previous state. The Metropolis algorithm is local
and can be implemented efficiently. However, either the new value ¢’ is close to
the old one, in which case the change in the action is small and its acceptance
is likely, or the new ¢’ is far from the old one. In the latter case the change in
the action is large, however, and the acceptance rate drops exponentially. Both
choices result in a slow exploration of configuration space. These autocorrelation
times between subsequent configurations can in general be decreased by using
algorithms which mix stochastic updatings with deterministic ones.

In the full theory, with dynamical fermions, one has to deal with the fermion
determinant, Eq. (15). Here, most simulations make use of the hybrid Monte
Carlo algorithm [9, 10]. As a prerequisit the determinant is re-expressed by a
path integral over pseudofermion fields, i.e., bosonic (commuting) fields which
interact via the inverse fermion matrix*,

det{D +m} = /H do(n)de* (n) exp{—¢*(D + m) ' ¢}. (19)

*As the fermion matrix is not positive definite, one first has to square the determinant in order to
obtain a regular Boltzmann weight factor. This minor complication will be neglected in the following.
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Because of the nonlocality of the inverse Dirac matrix, any local updating scheme
for the gauge fields in Eq. (15) would though require to recalculate the inverse
after each local change in the U’s. Alternatively, one could change a whole
gauge field configuration at once and then recalculate the inverse. However, with
ordinary, local updating procedures, the acceptance probability of a global change
would drop to zero very quickly with the lattice size. The hybrid Monte Carlo
algorithm solves this problem by deliberately preparing a new configuration for
a global accept/reject decision, Eq. (17). For this purpose one adds a quadratic
term to the action,

M= 23 ml(n) + So(U) + 6" (D +m) "6 (20)
n,u

which can be integrated out analytically and does not change expectation values.
This expression, Eq. (20), is now taken as a Hamiltonian, with 7, (n) being the
momenta conjugate to the gauge fields, from which the Hamiltonian equations of
motion® in a fictitious time 7 are derived [11],

d

EUH(H) = imu(n)Upu(n)
. d 0
zEwu(n) = Uu(n) (?Uu(n)%' (21)

By numerically integrating the Hamilton equations over some time interval the
whole of the gauge fields are evolved relatively fast through phase space. Since
Hamilton’s equations are energy conserving, H = const, the new values for the
gauge fields would be accepted with probability 1 if one could do the integra-
tion exactly. Discretization errors, however, cause slight violations of energy
conservation which are corrected for in a global Metropolis acceptance decision,
Eq. (17). By controlling the discretization step width dr one can keep the en-
ergy conservation violations small and maintain a large acceptance probability.
Finally, the molecular dynamics evolution, Eq. (21), is supplemented by random
refreshments of the momenta 7 and the pseudofermions ¢ in order to guarantee
ergodicity.

In simulations with dynamical fermions, by far the largest fraction of com-
puting time goes into repeatedly calculating the inverse of the Dirac matrix. For
that purpose, solvers which iteratively explore the Krylov space like, e.g., the con-
jugate gradient algorithm are used [12]. The numerical effort for the inversion

*Eq. (21) represents a slight modification of Hamilton’s equations in order to preserve the gauge
fields as elements of the gauge group.
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depends on the fermion mass via the condition number,

Almaz 1
||/\|| L 22)

where A denotes an eigenvalue of the Dirac matrix. This explains the high cost
of simulations with small fermion masses.

As the numerical effort required for the simulation of fermions is quite large,
many lattice investigations have been using the so-called quenched approximation.
This approximation amounts to setting the determinant equal to 1,

det{D + m} = exp [trlog(D + m)] =1 (23)

Expanding the exponent leads to

o

1
trlog(D +m) ~ > (—)*trD* < 0. (24)
k=0

The Dirac matrix D connects neighbouring lattice sites via a gauge link and in
a way describes the hopping of a fermion from one site to the next. Because
of the trace, only closed loops contribute in Eq. (24). Thus, the seemingly
crude quenched approximation amounts to neglecting virtual quark loops and
treats fermions as static degrees of freedom. Properties of the theory which
depend crucially on the fermion dynamics are thus not accessible by studies in
the quenched approximation. On the other hand, basic properties of QCD which
are dominated by the non-abelian gluon dynamics should and do survive the
approximation. Quenched studies therefore serve as important guides for many
nonperturbative aspects of the theory. Of course, the results have to be checked
by calculations in the full theory.

The statistical accuracy of computations notably in the quenched approxima-
tion has nowadays become so good that the major uncertainty of the results is the
systematic error arising from finite lattice spacings. There are attempts to reduce
this error by using the so-called improved actions. A detailed presentation of this
rather technical issue is beyond the scope of these lectures, yet it might be useful
to demonstrate some ideas.

Improved actions are targeted at reducing the deviations between the contin-
uum and the lattice action to higher orders in the lattice spacing. In principle, e.g.,
for a generic scalar action, this can be achieved by using better finite difference
approximants to the derivative. With

2
Si= 5o [da+ i)~ dle— Q)] = 9ub+ FOho+ Ola’)

2
S = -0l +30) ~ olz ~ 3)] = 0,0+ m o+ O (25
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one obtains )
g&:@@+omﬂ (26)

5.
and thus reduces the deviations from O(a?) to O(a?). Clearly, this procedure is
not unique and can be iterated towards increasingly better approximants. The price
to be paid are successively more extended lattice operators and correspondingly
more computational effort per lattice site. The same principle applies to gauge
fields although the generalization is perhaps not so immediate because gauge
invariance ought to be preserved. Here one adds larger loops to the simple
plaquette term, Eq. (7), in the simplest case

So~al =2 ~ s+ 0(a). @7)

The coefficients of the two loops have been adjusted at tree level so as to improve
the classical action. In the path integral, however, quantum corrections introduce
deviations of order a?¢g®™. In principle [13] these can be eliminated order by
order in perturbation theory. For on-shell quantities this program was carried
out at one-loop level [14]. However, lattice perturbation theory in the bare gauge
coupling is badly converging in the parameter range usually explored in numerical
studies. The bad convergence can be traced back to the expansion of the link
variable U,,, Eq. (6), in terms of the gauge potential A,

1
l@gl+mmh—§ffAﬂh“ (28)

The higher orders lead to vertices not present in continuum perturbation theory.
Their contributions are not small at gauge couplings of O(1). Moreover, they lead
to “tadpole” diagrams [15] which enhance O(a?g?") corrections to O(g?"). These
unwanted terms can partly be eliminated by the so-called tadpole improvement.
In this approach the link variables are renormalized by their mean field value
(which in the lowest nontrivial order is given by the tadpole contribution) and
the perturbative series is carried out in a renormalized coupling. It is however
a priori not known whether nonperturbative quantities are sufficiently improved
by this recipe.

Similar improvement programs have been suggested for fermion actions [16,
17]. This seems important in particular for the Wilson discretization which
deviates from the continuum action in O(a), compared to staggered fermions at
O(a?). Here, also a nonperturbative determination of the coefficients in the action
by requiring certain Ward identities to hold have been advocated [18] and are
being explored.

Finally, renormalization group ideas have been used to construct improved
actions [19]. Integrating out high momentum fluctuations leads to coarse grained
lattices and defines a renormalization group flow in a multidimensional parameter
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space. In principle one could thus derive a perfect action which at a given value
for the lattice spacing “sits” on the renormalized trajectory. In practice one has to
truncate the set of different lattice operators to some manageable number. Again,
this approach is also being used and tested.

3. CRITICAL TEMPERATURE

One of the basic quantities to be derived from finite temperature lattice QCD
is the value of the critical temperature. The critical temperature is obtained from
the location where a certain order parameter vanishes. In the case of the pure
SU(N) gauge theory this order parameter is the expectation value of the Polyakov
loop

1 X
(L) = (5tr [ Uo(no))- (29)

no=1

Below the phase transition its vanishing signals that the theory is invariant under
the center symmetry Z(N) of SU(N) : Uo(N;) — 2zUp(N;) with zeZ(N).
Above T, the finite value of (L) shows breakdown of that symmetry. Moreover,
the Polyakov loop is related to the free energy Fy of a single quark

(L) = exp(—F,/T) (30)

so that (L) = 0 below T is equivalent to an infinite F, i.e., one has confinement.
Above the transition, F, can be finite because of deconfinement, hence (L) # 0.

The fermionic part of the action breaks the center symmetry explicitly. Thus
the Polyakov loop is not an order parameter in the symmetry sense anymore. The
relation with the free energy still holds. However, in the chiral limit the QCD
Lagrangian is invariant under chiral flavor transformations. These symmetries
are spontaneously broken at 7' = 0 leading to a nonvanishing chiral condensate,
(%ﬁ) = 0, and to massless Goldstone bosons, the pions. At high temperature one
expects that the chiral invariance is restored indicated by (1)) — 0 at the critical
temperature.

Because on a finite lattice the Polyakov loop can tunnel through all different
Z(N) vacua one usually analyzes (|L|). In simulations with fermions one cannot
run at vanishing quark mass. Both leads to nonvanishing tails of the order
parameters in the “other” phase. Therefore, the corresponding susceptibilities
xr = {LI?) — (|L])? and x,m = ((¢2)?) — (¥2p)? are more sensitive to the
location of the critical temperature where they develop a peak.

In Fig.1 the Polyakov loop and the chiral condensate as well as the cor-
responding susceptibilities are plotted as a function of the coupling. The data
originates from a simulation with two flavors of dynamical staggered quarks.
Note that in principle the deconfinement and the chiral transition are two different



FINITE TEMPERATURE QCD ON THE LATTICE 731

03 ——————————F———————————0.6
70.5— T
0.2 - 10.4+ i
|03t
0.1F l0.2F
1ok |
L ¢ m,|T=0.08
0 ! 0 I
5.2 5.3 54 5.2 5.3 5.4
B B

Fig. 1. Polyakov loop and chiral condensate together with the corresponding susceptibilities
as a function of the coupling 3 = 6/g> from a simulation with two flavors of dynamical
staggered quarks

phenomena, yet, one observes the peaks in both susceptibilities (with fermions in
the fundamental color representation) at the same location.

Once the critical bare coupling is known, one needs to turn that value into
a physical number for the temperature. Recall that the temperature of a lattice is
given by the relation 7' = 1/(N,a(3)) where the lattice spacing is dependent on
the bare coupling 3 = 6/g% by dimensional transmutation. In order to vary 7" one
can change N, in discrete steps or tune a by varying 3. For each N one needs a
different value for a hence for 3 to tune to the same temperature. For a physical
value of T" or T, a physical number for the lattice spacing has to be known.
This is obtained by computing a quantity with nontrivial dimension like, e.g., a
hadron mass mp or the string tension ¢ on a lattice with the same bare coupling
but at T = 0. This yields these quantities in lattice units, e.g., 012 = ca?(f).
In ratios like T,./\/o = 1/(N-,/01a;) the lattice spacing drops out and the ratios
should become independent of a. Due to nonuniversal scaling, i.e., an observable-
dependent relation between a and 3 and due to lattice discretization effects these
ratios need not be constant however. To obtain continuum numbers one has to
extrapolate to a — 0.

Figure 2 summarizes the current status of analysis in the quenched approx-
imation. It shows the ratio T.//c for various actions where o is the string
tension extracted from the static quark potential at 7' = 0. For all data points
the value of the critical coupling has been extrapolated to its infinite (spatial)
volume limit at which then the string tension was determined. The lowest set
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Fig. 3. The critical temperature in units of the square root of the string tension for dynamical
fermions versus the square of the lattice spacing (for further explanations see text)

of data points originates from simulations with the standard Wilson gauge ac-
tion [2,4]. An extrapolation in the lattice spacing to the continuum limit gives
T./+/o = 0.630(5). The data is compared with results from simulations with a
variety of Symanzik-improved actions [4,21]. Note that in this particular ratio,
T./+/o, no strong cut-off dependence is seen in neither case. Also the continuum
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Fig. 4. The critical temperature in units of the square root of the string tension for dynamical
fermions plotted versus (Mps/My)?. The point at (Mps/My)? = 1 is the N, = 4
quenched value

extrapolations are in agreement with each other. Likewise, the results [3] from
Iwasaki’s RG-improved action are consistent with a constant behavior in a, but
they deliver a value of the critical temperature of T./\/oc = 0.656(4) which is
about 3% higher than the number from the standard action. Since the procedure
to extract the string tension has not been the same for the two numbers, one
might suspect that the difference in the quoted values for T, T, = 276(2)MeV
versus 266(2) MeV, is mainly due to differences in the analysis of the static quark
potential [22] rather than to differences in the improvement scheme.

The current situation with dynamical fermions is depicted in Fig.3. The plot
summarizes data from simulations with 2 flavors of quarks, staggered fermions
at N; = 4 and 6 [23,24] as well as improved Wilson fermions at N, = 4 [23],
plus Np = 4 staggered results obtained from N, = 4 lattices with an improved
action [25] in addition to an old number [26] from N, = 8 and a standard
action. Compared to the equivalent quenched plot, Figure 3 shows that the lattice
spacings at which T, has been determined so far are considerably larger than
in pure gauge theory simulations. Moreover, the investigations have not been
carried out at the physical quark masses. The arrow in Figure 3 indicates that at
fixed N, the transition takes place at larger lattice spacings when the quark mass
is decreased. Thus the critical temperature is decreasing when the quark mass is
lowered.

The same data is shown again in Fig.4 as a function of the pseudoscalar
Goldstone boson to vector meson mass ratio (Mpg /My )? which is proportional
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Fig. 5. The critical temperature in units of the vector meson mass for staggered fermions
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to the physical quark mass. Here now, at fixed N, smaller lattice spacings are
to the right of the figure. The N, = 4 staggered data indicate that T, over /o
tends to lower values as the quark mass decreases. The same trend is observed
for the Wilson improved results, although at larger (Mpg/My)? ratios. On the
other hand, the N, = 6 data point seems to indicate that, at a given quark mass,
decreasing of the lattice spacing increases T../+/c only slightly. At the moment,
one would therefore estimate a physical value for the critical temperature of
T./v/o< 04 or T, < 170 MeV.

The critical temperature has also been estimated from the ratio to the vector
meson mass. In this case one ought to go (close) to the chiral limit in order
to extract a physical number because the vector meson mass depends on the
quark mass. In the case of using the string tension to set the scale one might
argue that the string tension is considerably less affected by the quark mass.
Figure 5 shows T./My for Np = 2 staggered fermions [24,27-31], plotted as
function of (Mpg/My)?. As the quark mass is decreased this ratio rises. Recall
that the infinite quark mass, quenched data point corresponds to Mpg/My = 1
and T./My = 0. As the lattice spacing is decreased, T,./My stays remarkably
constant. Extrapolating the N, = 4 data to the chiral limit suggests a value of
T./My ~ 0.2 or T, ~ 150MeV. Note that this value disagrees somewhat with
the number extracted from the string tension.

The corresponding data for dynamical Wilson quarks [23,32-34] are given in
Fig.6. Although some unexpected crossover behavior at the critical temperature
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Fig. 6. The critical temperature in units of the vector meson mass for Wilson fermions
versus (MPS/MV)2

was observed with the standard Wilson fermion action, at least the results for
N, = 6 and 8 as well as the first data with improved Wilson fermions [23] are
not in disagreement with the staggered data.

In summary, studies with dynamical fermions consistently have lead to an
estimate of the critical temperature of order 150 MeV for 2 flavors so far. This
value is considerably lower than the quenched number of 7T, = 270(5)MeV.
Because of the relation 7' = 1/(aN;) of the temperature T to lattice spacing a and
temporal extent N, of the lattice, dynamical fermion simulations in the vicinity
of the transition are correspondingly, at a given N, carried out at considerably
larger lattice spacings.

4. PHASE TRANSITION

The studies presented in this section are aiming at establishing the order of
the transition to the plasma phase. A first order transition has discontinuities at the
“critical” temperature, e.g., a latent heat, and the two phases are coexisting at 7.
At a second order transition the correlation length and certain response functions
diverge while other quantities show a continuous behavior. These differences
lead to observable consequences in the cooling of the early universe as well as in
heavy ion collision experiments.

In the quenched approximation it has been clarified that the deconfinement
transition is of first order [1]. In the full theory the nature of the transition is a
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subject of active research. The most advanced studies so far have concentrated
on two flavors of light quarks as one is expecting that the restoration of chiral
symmetry is the important phenomenon also in the realistic case of two light, up
and down quarks plus the heavier strange quark.

4.1. Staggered Nr = 2: Critical Behavior. The theoretical expectations on
the scaling behavior of QCD at the chiral transition are based on the ¢ model in
three dimensions. For the case of two light flavors, if the transition is of second
order, it is expected to show scaling behavior with SU(2) x SU(2) ~ O(4)
exponents. On the other hand, if the anomalous U 4(1) symmetry were effectively
restored, the relevant symmetry group would be Uyx(1) x SU(2) x SU(2) ~
O(2) x O(4) and the transition could be of first order [35].

It has been attempted to analyze the critical behavior of two flavor staggered
QCD by studying the scaling behavior of various quantities and determining
critical exponents [36]. These scaling relations are derived from the scaling of
the singular part of the free energy density under an arbitrary change of scale b,

ft,h) = 7% InZ = b~ f(bYt,bY"h). (31)

Here, ¢ is the reduced temperature, ¢t = (T' — T.)/T., with T, as the critical
temperature in the chiral limit, and A is the symmetry breaking field, h = m/T.
In the vicinity of the critical point, thermodynamic quantities should be governed
by the thermal (y;) and the magnetic (yp) critical exponent. In the staggered
version of lattice regularized QCD, for the dimensionless couplings ¢t and h one
uses

= o0
9> 92(0)
h = maN;, 32)

where g.(0) denotes the critical coupling on a lattice with fixed temporal extent in
the limit of vanishing quark mass. At nonvanishing quark mass, a pseudo-critical
coupling g.(m) is defined as the location of a peak in, e.g., the Polyakov loop
susceptibility.

Quantities from which one can extract critical exponents are various suscep-
tibilities, in particular, the magnetic or chiral susceptibility

Xm = — —InZ (33)
— Om;
and the thermal susceptibility

T 92
= —— ———InZ. 4
Xt V;(?mia(l/T) . (34)
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Table. Critical exponents for O(2), O(4) and mean field (MF). The numerical 2 flavor
QCD results are given separately for each spatial lattice size, with upper values
denoting the JLQCD and the lower ones — the Bielefeld group numbers [40,41]

0(2) O(#) MF L=3 =12 L=16
zg 060 054 2/3 0.70(11) 0.74(6) 0.64(5)
0.63(6)
Zm 079 079 2/3 0.70(4) 0.998) 1.03(9)

0.84(5) 1.06(7) 0.93(8)
z 039 034 13 0475 0.81(9) 0.83(12)

0.63(7)  0.94(12) 0.85(12)

Assuming that the free energy is dominated by its singular part, Eq. (31) then
leads to the scaling predictions for the peak heights of the susceptibilities at the
line of pseudocritical couplings

X}r):ak ~ M
eak —
Xy ~ m 7, (35)

where the exponents are given by z,, =2 —1/yp and z; = (y: — 1)/yp + 1. The
pseudocritical line itself is expected to follow
6

gz(m)  g2(0)
with z4 = y¢/yn. The values of these exponents for various symmetries [37]
are given in the Table. At finite lattice spacing the exact chiral symmetry of
the staggered fermion action is U(1) ~ O(2). However, sufficiently close to the
continuum limit one expects O(4) exponents. The possibility of mean-field (MF)
exponents arbitrarily close to the transition has been raised by [38].

Earlier investigations of the exponents on small lattices (8% x 4) had observed
partial agreement with O(4) scaling [39]. These studies have been repeated on
larger spatial volumes, L = 12,16 by the JLQCD collaboration [40] and by the
Bielefeld group [41]. In addition to the quark mass values 0.02, 0.0375 and 0.075
in lattice units JLQCD also ran at m = 0.01. The volume dependence of the
chiral susceptibility at peak is shown in Fig.7, similar results are available for
the other quantities. For m > 0.02, the susceptibility rises when the volume is
increased from 83 to 123, but then stays approximately constant. Thus, a phase
transition does not occur in this mass range, in agreement with earlier claims [42].
At m = 0.01 the linear increase in the peak height as the volume is enlarged
continues up to L = 16. As such, this observation could suggest a first order
transition. JLQCD however have studied the volume dependence of a double-
peak structure in the distribution of the chiral order parameter and conclude that
a first order transition is likely to be absent [40].

+ ecm®s (36)
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Fig. 7. Volume dependence of the chiral susceptibility X,, at peak for two flavors of
staggered quarks

The quark mass dependence of xP2¥ is shown in Fig.8, expected scaling
behavior, Eq. (35). The resulting values for the critical exponents are also sum-
marized in the Table. For z4, within two standard deviations, agreement with all
three predictions is obtained. For the other two exponents, both groups consis-
tently observe a drastic change when the spatial extent is increased from L = 8 to
L = 12,16. While for the small volume the value for z,, is in rough agreement
with O(2) and O(4), the results from L = 12 and 16 do not agree with any of
the predicted numbers. Indeed, the observed value z,, ~ 1 would be expected
for a first order transition. The thermal exponent z; is larger than any of the
predictions for all volumes.

Another way to study the scaling behavior is to compute the (magnetic)
equation of state [43]

()R~ = G(th=1/P%), (37)

where the critical exponents 0 and 3§ are related to y; and yp as 1/ = 1/yp — 1
and 1/80 = yi/yn. The scaling function ¢ was determined from a parametrization
of O(4) simulation results [44] and is universal, except that two nonuniversal
normalization constants have to be adjusted. This has been done by the MILC
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Collaboration [45] for N, = 4,6,8 and 12. The results are shown in Fig.9.
While at N, = 4 the data for the larger quark masses and smaller volumes are
compatible with O(4), the new data at smaller quark masses and larger lattice
extent again show drastic disagreement. When N, is increased, thus going to
smaller lattice spacings, the agreement becomes increasingly better [45], but it
should be remarked that the data at N, = 12 originates from physical quark mass
values m/T ~ 0.1 which are of about the same size as the larger quark masses
used at N, = 4. Also, even at large spacing one would expect O(2) behavior
which is indistinguishable from O(4) with the current precision of the data.

At the moment there is no convincing explanation for these discrepancies at
hand. In view of the results presented in section 4.3 obtained with an improved
gauge action and Wilson fermions one might speculate that at strong coupling
and for the standard action the relation between the QCD parameters and the
thermodynamic variables, Eq. (32), as they enter the singular part of the free
energy is strongly distorted. More studies at weaker coupling or with improved
actions would be needed to solve this important question.
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4.2. U4(1) Restoration. The nature of the chiral transition for two flavors is
strongly affected by the realization of the U (1) symmetry [35]. This symmetry
is present in the classical continuum action but is destroyed by the famous triangle
anomaly. At very high temperatures topologically nontrivial configurations are
suppressed. This could lead to the effective restoration of the symmetry despite
the anomaly. For 2 light quark flavors the effective restoration of Ua(1) is
reflected in the degeneracy of the pion and the isovector-scalar ag(d) mass [46].
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Fig. 10. Masses of 7, ap and fo taken from the generalized susceptibilities, Eq. (38), for
two flavors of staggered quarks as a function of the coupling. The critical coupling is
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This degeneracy can also be detected by comparing generalized susceptibilities
defined via integrated propagators of a hadron H

tz/fawwwww~E%. (38)

The susceptibilities have been computed by various groups [41,47,48] and a
set of results is shown in Fig.10. At the critical temperature, 7 and f; become
(almost) degenerate reflecting SU 4(2) restoration while there remains a significant
difference between ag and 7 in the investigated temperature range.

These results were obtained at finite quark mass and need to be extrapolated
into the chiral limit. This was attempted in [47,48]. Figure 11 shows the latest
results by the Columbia group for the difference between 7 and ag,

o= [ da((n(a)! ) - (an(z)ah(0). (39)

If Uy(1) is restored this quantity should vanish in the chiral limit. In the con-
tinuum, the susceptibility w is expected to be an analytic and, for Np = 2, even
function in the quark mass. Indeed, fits with a quadratic m dependence work
and lead to a finite intercept in the chiral limit. However, the data look strikingly
linear and fitting them with a linear ansatz results in a vanishing of the suscep-
tibility at m = 0. At finite lattice spacing, due to zero-mode shifts and perhaps
also due to taking the square root of the determinant the approach towards the
chiral limit is not so clear however [48]. Therefore one should continue to study
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the quark mass dependence at even smaller quark masses as well as at smaller
lattice spacings.

The approach chosen in [49,50] is to determine screening masses. Above the
critical temperature, the difference between 7 and ag mass drops considerably,
but a nondegeneracy remains at finite quark mass, thus confirming the findings
originating from the analysis of the susceptibilities. In order to address the
problem of the chiral limit from a different angle, Ref. 50 also computed the
lowest eigenvalues A and corresponding eigenvectors ) of the fermion matrix
D. In the continuum, in the phase symmetric with respect to the axial SU(2),
the chiral limit of w is given by the zero-modes,

”%\’751[))\
Z A+ m (40)

In [50] it is then verified that w obtained from Eq. (39) is saturated by the
contribution from low eigenmodes at finite @ and m,. Thus it seems that the
continuum relation between the U4 (1) and the eigenmodes is satisfied on the
lattice. This supports that the vanishing of w when the chiral limit is carried out
at finite lattice spacing is caused by the absence of exact zero modes at finite a.
Taking the continuum limit prior to the chiral one would therefore presumably
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lead to nonvanishing w. In this manner the results of [50] indicate that the U4 (1)
symmetry is not restored at the chiral transition.

4.3. Wilson Fermions Nr = 2. Wilson’s discretization of the action for
fermions breaks chiral symmetry explicitly. Therefore, the value for the hopping
parameter x which corresponds to the chiral limit is shifted away from its free
field value k.(8 — o0) = 1/8 to a coupling constant dependent k() which has
to be tuned at each 3 value. At zero temperature one usually defines the chiral
limit by means of the pion mass which vanishes according to

m

3
—
—

p—— (41)

At sufficiently large temperatures this definition does not work anymore. For
instance, at fixed and large enough 3, when one lowers the quark mass by
increasing k, one reaches the transition to the plasma phase at which point the
pion mass starts to increase because in the plasma phase the pion ceases to be a
Goldstone particle and acquires a finite mass even in the limit of vanishing quark
mass.

This results in the phase diagram as shown in Fig.12, which has been clarified
by [51]. At finite N, the line x.(8) defined through the vanishing of the pion
mass starts off at 1/4 at § = 0 and extends to k. =~ 0.22 at about 3 ~ 4.0 where
it bends backwards again to the region of stronger couplings (see also [52]).
On the other hand, coming from the confined phase, at the thermal line r¢(5)

K
0.35 T . y : . .
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0.30 . low-temperature phase 1
parity-
broken
0.25 phase ] high-temperature phase 1
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p

Fig. 12. The finite temperature phase diagram in the (3, k) plane for standard Wilson
fermions [51]



744 LAERMANN E.

Scaling Analysis with O(4) Exponent
O(4) By = 1.356 y2/df = 0.71

40 ¥ T T T T
ob=1.6
ob=1.7
o Ez 1.8

3.0r ab=19
ab=20
vb=1.1
>b=12

£ ob=13
=
S 20
1.0+
0 1 1 I 1 1
20 1.0 0 1.0 2.0 3.0 4.0

LS

Fig. 13. The magnetic equation of state, Eq. (37), with two flavors of standard Wilson
fermions on improved glue [54]. The various symbols denote data obtained at different
values of the gauge coupling b = 6/g>

where the Polyakov loop develops a nonvanishing expectation value the pion
mass increases rapidly due to the approximate restoration of chiral symmetry.
Only in the region where the thermal line is close to «. does the theory have a
pion with a small mass. Thus, the chiral transition can only be explored in that
region. Unfortunately, this region is at strong coupling for N, = 4 and moves
towards smaller coupling only very slowly with increasing temporal extent of the
lattice [53], rendering a study of the transition in the vicinity of continuum physics
prohibitively expensive. For that reason and for the well-known pathologies [34]
several groups have started to work with improved actions.

In [54] the standard Wilson fermion action with RG-improved glue was
simulated. Qualitatively, the phase diagram is very similar to the standard one so
that small pion masses again are obtained in the vicinity of the finite temperature
ke cusp. In addition to the phase diagram the group has also investigated the
magnetic equation of state, Eq. (37). For Wilson fermions quark mass and chiral
order parameter have to be obtained from chiral Ward identities [55]. This
involves renormalization constants for which the lowest order perturbative values
have been used in [54]. The results are shown in Fig.13. The agreement with
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the O(4) scaling curve is remarkable. The analysis was carried out on lattices
of size 8% x 4 and with mainly not very small quark masses. It would be very
interesting to continue the investigation on larger lattices and with more data at
smaller quark masses.

4.4. More than 2 Flavors. The phase transition has also been studied for the
number of flavors differing from 2. Regarding the nature of the chiral transition,
for Nr > 3 and degenerate quark masses one expects first order in the continuum
limit [35].

Early results in the staggered discretization (for a summary see, e.g., [56])
indeed show a behavior which is consistent with this expectation. Recently, the
cases Ny = 3 and 4 with degenerate Wilson quarks have been studied in [57]. In
both cases the phase diagram is very similar to the one with 2 flavors, in particular
the x. line forms a cusp. At large quark masses, away from the cusp, one indeed
observes first order behavior. When the quark mass is lowered however, the
Np = 4 data show a weakening of first-order signals. For Ny = 3 it seems
that the first-order signal weakens when the discretization errors inherent to the
approximate algorithm one has to use in this case are decreased. Thus, for both
Nr = 3 and 4 Wilson quarks the order of the transition is still unclear.

The physically realistic case is the one of Ng = 2 + 1, meaning two flavors
with almost vanishing mass and a strange quark about 25 times heavier. In the
limit of a heavy strange quark the strange quark ceases to play a significant
role in the chiral transition and one is approaching the two flavor case, hence
expecting a second order transition. On the other hand, if up, down and strange
quarks become degenerate (and light) one would expect the Np = 3 transition
with supposedly first order. The transition’s nature thus depends crucially on the
quark masses. The physical value of the quark mass is not easy to determine
precisely in a lattice simulation. Moreover, running at about the physical value
for the two light quarks is at best possible at strong coupling so far. Therefore,
it is perhaps not too surprising that the two dedicated efforts to study the 2 + 1
case, [58,59], come to different conclusions. Ref. 58 is simulating staggered
quarks and suggest a crossover or second order behavior while in the simulation
with Wilson fermions [59] a first order behavior is favored. More work clearly
is needed here.

5. EQUATION OF STATE

A quantitative understanding of the equation of state of QCD is one of the
central goals in finite temperature field theory. The intuitive picture of the high
temperature phase of QCD behaving like a gas of weakly interacting quarks
and gluons is based on leading order perturbation theory. However, the well-
known infrared problems of QCD result in a poor convergence of the perturbative
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Fig. 14. The gluonic part of the energy density in the infinite temperature limit, computed
on lattices with finite temporal extent and normalized to the continuum Stefan — Boltzmann
value, for various gauge actions [65]

expansion of the thermodynamic potential even at temperatures very much higher
than T, [60].

Lattice calculations of energy density (¢), pressure (p) and other thermody-
namic variables at high temperature, on the other hand, are hampered by ultra-
violet cut-off effects. As these quantities receive substantial contributions from
high momentum modes ~ T the effects of finite lattice spacings can be large. For
instance, the energy density in the infinite temperature limit deviates considerably
from the continuum Stefan-Boltzmann value. For the pure gauge theory in the
standard Wilson discretization the corrections are

1+10 m 2+2 m 4+0( m 6) (42)
21 \ N; 5 \ IV, N- '
Recall that 7/N, = nTa. As can be seen from Fig.14 the corrections can be as

large as 50 % for N, = 4. On the other hand, the nonperturbative determination
of, e.g., the pressure makes use of the following formula [61]

G_ G
€ = €sB

g 6/9°
~ N / d(6/9™)(So — Sr), 3)
9o 6/92

I
T4

where Sy is the expectation value of the action at zero and St the same quantity
at finite temperature. From Eq. (43) it is clear that the signal decreases ~ 1/N2
with increasing N, i.e., decreasing a.

In order to determine quantitatively the size of the deviation of the energy
density or pressure from the ideal gas value an extrapolation to the continuum limit
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Fig. 15. The extrapolated continuum limit of energy density, entropy density and pressure
in the pure glue theory [2]. The dashed horizontal line shows the ideal gas limit. The
hatched vertical band indicates the size of the discontinuity in e/T4 (latent heat) at T¢, [62]

is mandatory. The result of such an extrapolation for the pure gauge theory [2]
is shown in Fig.15. The energy density rapidly rises to about 85 % of the ideal
gas value at 27, and then shows a rather slow increase which is consistent with
a logarithmic behavior as one would expect from a leading order perturbative
correction. The pressure rises much more slowly near 7, and even at T ~ 37T,
shows sizeable deviations from the ideal gas relation € = 3p.

As stated in section 2, improved actions aim at reducing the differences
between the continuum and lattice action due to finite lattice spacings. Since the
pressure is related to the action, Eq. (43), any improvement in the action will
reduce the finite lattice spacing effects on the high-momentum contribution to,
e.g., the pressure in the ideal gas limit. This is indicated in Fig.14, where the
analytical results in the infinite temperature limit for some improved actions are
compared with the standard action. As can be seen, by use of an improved action
the finite a corrections can be brought down to the level of a few per cent already
at temporal extents of N, = 4.

The improvement seems to work not only in the high temperature limit
but also already close to T.. Figure 16 summarizes the results of numerical
simulations of a variety of improved actions [67]. Although the lattice extent
in the temporal direction was only 4, the improved actions lead to values quite
close to the continuum extrapolation of the standard action results. This in
turn gives strong support to the continuum extrapolation presented above. Tree-
level improvement seems to be the leading effect, although one would have
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Fig. 16. The pressure in SU(3) pure gauge theory on lattices with N, = 4 for various
actions [67] indicated by the subscripts. The solid line shows the continuum extrapolation
obtained from the standard plaquette action. The dots result from a calculation with a
classical fixed point action on a lattice with N, = 3 [87]
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Fig. 17. Energy density and pressure from a simulation with the 2 flavor staggered standard
action. The results are extrapolated to the chiral limit by means of an O(4) ansatz. Fit
and data at the lowest quark mass ma = 0.0125 are also shown. The triplets of curves
represent the central value and the one standard deviation error [64]
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Fig. 18. The fermionic part of the energy density in the infinite temperature limit, computed
on lattices with finite temporal extent and normalized to the continuum Stefan — Boltzmann
value, for various staggered fermion actions [66]

expected that close to the transition infrared modes and their improvement would
be more important. Tadpole improvement has an effect though for the interface
tension [68].

The equation of state has also been investigated with dynamical quarks in
the staggered discretization. For two flavors the standard action was used on
lattices with temporal extent N, = 4 and 6 [63,64]. The data for the energy
density on the N, = 4 lattices showed an overshooting above the ideal gas limit
at temperatures just above 7,.. This bump is not present anymore in the newest
data for N, = 6 and at the smallest quark mass, Fig.17. The extrapolation to the
chiral limit shown in this figure does have a peak again but this effect is attributed
to an artefact of the extrapolation.

The extrapolation to the continuum limit, however, is difficult with the (fermi-
onic) standard action. The finite lattice spacing corrections in the high temperature

limit are large
465 (7 \° = \*
6(}; = ng [1 + m <F> + O(<F> )] (44)

and only very slowly decreasing with N, as can also be seen from Fig.18 [66].
This makes analyses based on improved actions even more desirable than in the
quenched case. Indeed, in the high temperature limit, the deviations from the
continuum Stefan — Boltzmann prediction can be brought down to the level of
less than 10 % at N.. = 4, Fig.18.
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Fig. 19. Energy density for 4 flavors of quarks, obtained from a calculation at N, = 4
with an improved action [25]. The upper two curves show the energy density at the given
quark masses, the lower set is obtained by neglecting the contribution to the energy density
which is proportional to the quark mass and vanishes in the chiral limit. The horizontal
lines give the ideal gas limit at /N = 4 and in the continuum limit

A first attempt to analyze bulk thermodynamic quantities in the vicinity of
T. by means of simulations with an improved fermion discretization scheme, the
Naik action, has been carried out in [25]. The results are shown in Fig.19.

At the moment, there are investigations under way which try to estimate the
effect of various improvement strategies on the restoration of flavor symmetry
[66,69-71]. It remains to be seen how much this can help to extract energy
density or pressure closer to the continuum limit at finite temperatures.

6. SCREENING LENGTHS AND MASSES

An important goal of analytical as well as lattice investigations has been to
understand the nature of excitations characterizing the structure of hot QCD in
the vicinity of the transition and in the plasma phase. At high temperature, due to
asymptotic freedom the effective coupling constant g(7') should become small and
one is lead to expect that the plasma consists of a gas of only weakly interacting
quarks and gluons. On the other hand, there are indications that even at high
temperatures the excitation spectrum might be more complicated in particular
because of nonperturbative effects in the chromomagnetic sector of QCD.
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The definition of a chromoelectric and a chromomagnetic mass beyond per-
turbation theory is somewhat ambiguous. A possible choice is to extract the
chromoelectric or Debye mass from the heavy quark potential. At the decon-
finement temperature the potential between heavy, nonrelativistic quarks changes
from a linear rising, confining form to a screened Coulombic behavior,

2

2
V(R) ~T <%> exp{—2m.R}, (45)

which is obtained from two-gluon exchange in resumed lowest order perturbation
theory. Here, m. denotes the Debye-mass, for which (lowest order) perturbation
theory predicts
Nc NF
0 =4 — 4+ — ¢T. 46
Meo 3 + 6 9 (46)
The (color averaged) heavy quark potential is obtained from Polyakov loop
correlations,
(L) L))
(L)?

with L(Z) being the Polyakov loop at spatial coordinates Z, see Eq. (29). Indeed,
the potential data [72] show the anticipated decrease in the linear rise, i.e. the
string tension decreases, when the critical temperature is approached from below,
see Fig. 20. Above T, screening ~ exp(—uR) clearly is observed. Moreover,
comparing the potentials at different temperatures, one can verify that the screen-
ing mass p depends on the temperature as p ~ 7. However, when analyzed
in detail, the data does not follow Egs. (45),(46) in so far neither the power 2
of the Coulomb term nor the prediction for the coefficient in the exponential is
observed. One might conclude that at the temperatures investigated the behavior
of the Polyakov loop correlations is not described properly by simple perturbation
theory.

For an alternative definition of the effective gluon masses at high temperature
one can refrain to the exponential decrease of a gluon-gluon correlation function.
That enables one to distinguish between the electric sector defined via

Vo (@) = —Tn , (47)

Ge(z) = (Ao(z)A0(0)) (48)
and the magnetic one (k = 1,2, 3)

where A, = 0,..,3 denotes the gluon field. The gluon correlation function is
gauge variant so that one has to fix to a definite gauge, usually the Landau gauge.
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Fig. 20. The heavy quark potential of the pure glue theory at various temperatures below
the phase transition and in the deconfined phase

The correlation functions (48),(49) have been analyzed in the simpler color
group SU(2) [73]. In the magnetic sector, a nonvanishing chromomagnetic gluon
mass with a temperature variation of m,,(T) ~ 0.5¢%(T)T was found. Such a
mass is widely expected and cures the well-known infrared problems of high
temperature perturbation theory at this order. If m,, is nonvanishing next-to-
leading order perturbation theory, then predicts [74] for the electric mass

N 6 2m 1
2 _ 2 ¢ _Z
m, =My (1 t95\/ 22 n F[ln - 2]), (50)

where meo denotes the leading term, Eq. (46). The results of [73] show that at
best at very high temperatures of O(10*T,) contact can be made with this predic-
tion, Fig. 21. In general, the data can be described by the formula /1.7¢(T)T
indicating that the screening mechanism is a highly nonperturbative effect even
at large temperatures.
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Fig. 21. The electric gluon mass in units of the temperature versus 7'/T. [73]. Squares
denote results from simulations with the standard Wilson action at two different lattice
volumes, the circles originate from a simulation with an improved action. The lines
represent analytic predictions at tree level, Eq. (46) (dashed) and at next-to-leading order,
Eq. (50) with a magnetic mass determined in the same simulation (dashed-dotted) or fit
results with an ansatz m. = const x g(T)T (solid) and an ansatz summarizing ad hoc
higher contributions to Eq. (50) (dotted)

A third definition for the (electric) screening mass is applied in [75]. Here
the Debye mass is extracted from the correlation of a gauge-invariant operator
[76] which is odd under the Euclidean equivalent of time reversal and charge
conjugation. Moreover, [75] apply dimensional reduction and simulate the 3rd
effective theory. Although the results quantitatively differ somewhat from those
of [73] the conclusion is the same in both cases.

Hadron correlation functions at high temperature but below the transition are
interesting for phenomenological reasons. For instance, a temperature dependent
p meson mass and width could perhaps explain the dilepton spectra found in
nucleus-nucleus collisions at high energy. Detailed lattice investigations (of spa-
tial correlators, see below) have been carried out in the quenched approximation
so far [77]. Based on the staggered fermion discretization, these studies show
that the investigated quantities remain unaffected by the temperature up to 7.
Some recent work with Wilson fermions confirms this observation, although at
one temperature value only so far [78]. As these analyses work in the quenched
approximation where the transition has been determined to be of first order, dy-
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namical quarks could alter that picture somewhat because in this case a continuous
transition is expected.

Correlation functions of operators with the quantum numbers of hadrons have,
in the plasma phase, been investigated in a variety of papers. Due to the limited
extent of the lattice in the temporal direction 0 < 2o < 1/T one cannot study the
correlations at large time separations which is what one would like to do in order
to isolate the contribution of the state with the lowest energy or mass. Therefore,
one usually focussed on the long distance behavior of spatial correlators

(H(2)H'(0)) ~ exp(—Msc2) 1)

which decay with the screening mass M. (For exceptions see [79,80].) These
screening masses would coincide with the masses if the zero temperature disper-
sion relation were applicable. In any case, the spatial correlators depend on the
same spectral density as the masses and thus deliver information about it. As
noted above, at sufficiently high temperature one expects that the plasma consists
of a gas of weakly interacting quarks and gluons. In this case, the spatial corre-
lation function should be described by the exchange of two (almost) free quarks.
Since quarks propagating in the spatial direction carry nonvanishing ‘“momenta”
of (2n+1)nT because they obey antiperiodic boundary conditions in the temporal
direction, the minimum contribution to the correlator is given by

Mye = Iy/m2 + (nT)? (52)

in the continuum limit, where [ = 2 for mesons and [ = 3 for baryons. Indeed,
lattice results [81] in the vector and axial vector channel as well as for baryonic
excitations are compatible with this expectation, see Fig. 22. However, the scalar
and pseudoscalar channels show substantial deviations. This might indicate the
existence of bound states as bosonic bound states would have vanishing Matsubara
frequencies and hence could have a lower screening mass. Also, one could have
substantial spin dependent interactions.

On the other hand, the spatial wave functions of the states contributing to
the spatial correlator, Eq. (51), were analyzed [82]. Here one finds the same
behavior as at zero temperature, an exponential decay which is not expected from
leading order perturbation theory and which suggests that the relevant hadronic
excitations are bound states also in the plasma phase, at least at temperatures just
above T,.. According to [83], this behavior could be explained by the fact that the
dimensionally reduced, 3-D effective theory and correspondingly spatial Wilson
loops in 3+1 dimensions [84] show confinement. Solving then a two-dimensional
Schrodinger equation with a potential which includes a temperature-dependent
(spatial) string tension leads to spatial wavefunctions

[(R)| ~ exp(—1/Tspar(T) 7T R/?) (53)
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Fig. 22. A representative set of hadronic screening masses [81] from a staggered 4 flavor
simulation. The masses are plotted versus the gauge coupling across the transition at
6/g* ~ 5.15. The lines to the left indicate the zero temperature values for the masses, the
lines to the right show the expectation for free quarks, p/7" = 27 and 37 for mesons and
baryons respectively, corrected for finite lattice effects

and to screening masses, which differ from Eq. (52) by terms of O(+/0spas(T)).
A quantitative test of this suggestion is not yet available though.

Finally, heavy quarks in the range m. < m < m; at temperatures around the
critical one have for the first time been investigated in [85]. The heavy quarks are
simulated by means of a nonrelativistic approximation to QCD [86], applied to
quenched configurations. The propagation of quarkonia states is followed in the
time direction. For that purpose, the investigation is carried out on anisotropic
lattices with a large anisotropy ratio £ = a,/a, = 4.65 in order to have enough
Matsubara frequencies. So far, the analysis was done for the 3S; ground and first
excited state. Below T, at about 0.87, no temperature effect was seen. At 1.27,
the propagator which is dominated by the ground state at large time separations
t from the source becomes flatter than the zero temperature propagator at large
t. This effect can be interpreted as a decrease in the mass by a small amount of
about 12 MeV at the lightest quark mass simulated. The effect becomes weaker
with increasing quark mass. The first excited state, projected on by the same trial
wave function as at 7' = 0, undergoes a larger change of about - 240 MeV at the
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charm quark mass. Thus, at least qualitatively, the results are in accord with the
expectations from a Debye-screened potential model, namely that smaller states
feel the screening less.

7. CONCLUSIONS

In these lectures, the current status of lattice investigations of QCD at finite
temperature has been reviewed. Bulk properties of the pure gluon system are
known to rather high precision. Thus, the emphasis of these studies recently has
shifted towards simulations of the full theory including dynamical fermions.

At currently accessible quark masses, these investigations have led to an
estimate for the critical temperature for 2 flavors of around 150 MeV. This number
is almost a factor of two smaller than the quenched value of 270(5) MeV. Thus,
at fixed temporal extent of the lattice, simulations of full QCD in the vicinity
of the critical temperature have to be carried out at considerably larger lattice
spacings than in the quenched case.

Analyses of the critical behavior at the chiral transition suggest a second
order transition. However, at present the estimates for the critical exponents are
in disagreement with theoretical expectations. This holds for simulations in the
staggered discretization of quarks while first results with Wilson fermions seem
to support the anticipated universality with O(4). Concerning the anomalous
axial U(1), at present it is not yet entirely clear whether or not this symmetry is
effectively restored at the chiral transition. Further studies at smaller quark mass
values are required to shed more light on these important issues.

In addition, lattice results of investigations of various screening lengths have
been presented. At temperatures which are accessible in present and future heavy
ion collision experiments the data consistently show sizable deviations from sim-
ple perturbative expectations. Nonperturbative effects therefore need to be taken
into account in the interesting temperature range.

This also holds for energy density and pressure. Moreover, analytic studies
of the infinite temperature limit of these quantities on finite lattices reveal dis-
cretization effects which are particularily large in the fermionic part of the energy
density if standard discretizations of the fermion action are used. This, together
with the observation of a small value of the critical temperature in two-flavor
QCD has stimulated activities to explore improved actions also in the context of
finite temperature studies.
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KPNOIMEHHbIE TEXHOJ1IOT NI
B CBEPXMNPOBOAALLEM YCKOPUTEJIE
PENATUBUCTCKNX AOEP —
HYKJIOTPOHE

H H Azanos

OO6beMHEHHBI MHCTUTYT 9AePHbIX UCCnenoBaHuii, JybHa

HyKJIOTPOH — TEpPBbI CHHXPOTPOH CO CBEPXIIPOBOJSIIMMH MarHUTAMH, CIICLHAIBHO
CO3JIaHHBIN ISl YCKOPEHHS SAEpP M TSDKEIIBIX HOHOB. DTOT yCKOPHUTEIb, MPeIHAa3HAYCHHBIN
JUISL TIOJTyYEHHMs! ITyYKOB PEIATHBUCTCKHUX YacTHILl ¢ dHepruei 1o 6 I'9B Ha HykioH, ObLT mMy-
IIEH B 9KCIUTyaTalUIO [IECTh JIeT Ha3aa B OObeIMHEHHOM HHCTUTYTE SJCPHBIX HCCIIEI0Ba-
Huii B JlyOHe.

KpuoreHnHas cucreMa HyKJIOTPOHA OCHOBaHA Ha TPEX I'eJIMEBBIX pedprkepaTopax, Kax-
JIbIH U3 KOTOPBIX MMEET HOMUHAJIBHYIO X0JI010Npou3BouTensHocTh 1600 BT pu Temnepa-
type 4,5 K. PedprxepaTopsl 0XakaatoT KOJIBIEBOH YCKOPHUTEINb ¢ IepuMeTpoM 251,5 M u
«xoJ10HOMW» Maccoit okos10 80 ToHH. KousbLo yckopUTelis COCTOUT U3 96 NUIOIBHBIX MarHu-
TOB AHHOM 1,5 M 1 64 kBaaApynonbHBIX MUH3 uHOH 0,45 M. MarautHOe nosie 10 2 Tia dpop-
MHPYETCS )KeJIS3HBIM CepICTHHKOM U OOMOTKON BO30YKAEHHS U3 TIOJIOTO CBEPXIIPOBOIHIKA,
BHYTpPHU KOTOPOTO Te4eT KUIKui renuii. Kpome Toro, umeercs 28 KOppeKTUPYIOIINX MarHu-
toB muuHoi 0,31 M ¢ 3 win 4 ThmamMu 0OMOTOK B KaKI0M, 12 OXJIa)KIaeMbIX TOKOBBOJOB C
TOKOM 6 KA, 234 TokoBBoza ¢ TOKOM 100 A /1 KOPPEKTUPYIOMIUX OOMOTOK, a TAKIKE OKOJIO
600 1aTYNKOB KPHOTEHHOH TEeMIIEpaTypBbI.

JlaH 0030p HOBBIX TEXHUYECKHX PEIICHUMH, BIICPBbIEC IPHMEHEHHBIX B IIPOCKTE KPUOTCH-
HO#1 CHCTEMBI HYKJIOTPOHA.

The Nuclotron is the first superconducting synchrotron intended for acceleration of high
energy nuclei and heavy ions. The accelerator designed to provide beams of relativistic parti-
cles with energies up to 6 GeV per nucleon, was put into operation six years ago at the Joint
Institute for Nuclear Research in Dubna near Moscow.

Cryogenic system of the Nuclotron includes three helium refrigerators. Each of them has
a nominal capacity of 1600 W at 4.5 K. These refrigerators cool the accelerator ring, which
has a perimeter of 251,5 m and a «cold» mass of about 80 tons. The ring of the Nuclotron
comprises 96 dipole magnets 1.5 m long and 64 quadrupole lenses 0.45 m long. The magnetic
field of about 2 T is formed with a «cold» iron yoke and a hollow superconductor with the
two-phase helium flows inside. There are 28 correctors 0.31 m long with 3 or 4 types of wind-
ings in each, twelve 6 kA helium-cooled current leads, 234 leads of 100 A current for correct-
ing windings, and also about 600 sensors of cryogenic temperatures.

The experience of using novel technical solutions in the design of the Nuclotron cryo-
genic system is described.
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BBEJIEHUE

IIpoekT pas3BuTHs 0a30BBIX yCTaHOBOK JlaGopaTopwu BBICOKHMX DSHEPTHN
OSSN mpeaycMaTpuBasl TOCIEI0OBATENbHOE CO3JaHWE HOBBIX YCKOPUTEIEH —
CIIMH, HYKJIOTPOH W CYNMEPHYKIOTPOH [1-3] — C HCMoNb30BaHMEM B HHUX Kak
OCHOBHBIX 3JIEMEHTOB MAarHUTOB CO CBEPXIIPOBOAAMIMMHU OOMOTKaMHM, OXJIa)Kaae-
MBIMH JI0 TEMIIEPATYPbI KHUJIKOTO Tenusl. Takne MarHUThI IO CPABHEHHIO C «TEILIbI-
MU, pabOTAIOUINMU TIPH TEMIIEPATYPE OKPYKAIOLIEH CPEbl, UMEIOT PsiJl IPEUMy-
LIECTB: BO-TIEPBBIX, 3HAUUTEILHOE YMEHBIICHNE KAIUTAIBHBIX 3aTPaT U METaJIO-
€MKOCTH; BO-BTOPBIX, CYIIECTBEHHOE CHI)KEHHE OSKCIUTyaTallHOHHBIX 3aTpar,
OCHOBHYIO JIOJIF0 KOTOPBIX OIPEAEISsIET Pacxos eKkTpo3neprun. Hemb3s He oTMe-
THUTb U MHOTOKPAaTHOE YMEHBIIIEHHE rabapuTOB MAarHUTHOM CHCTEMBI, TO3BOJISIO-
1I1e€ U3TOTOBUTH MIPAKTUYECKU BCE €€ IEMEHTHI Ha IPOCTOM CTAaHOUHOM 000pyII0-
BaHMU CPEJIHUX Pa3MepOB. DTO JIaeT BBICOKYIO TOYHOCTb U, B KOHEUHOM HUTOr€, XO-
poliee KauecTBO MAarHUTHOTO Ioiisl. bousblnoe 3HaueHHe MMEeT TaKkKe U BO3-
MOYKHOCTb M3TOTOBJICHHS TaKMX HEKPYNHOIa0apUTHBIX M3IEIHH B HHCTUTYTE, T.C.
6€e3 pa3MeIeHusI JOPOTOCTOSIINX 3aKa30B B IPOMBIIIICHHOCTH.

Hcnonp30BaHue CBEPXITPOBOANMOCTH CBSI3aHO C HEOOXOMMOCTBIO OXJIaXK/1aTh
YCKOPHTENh 10 BeChMa HM3KUX TemmepaTyp (oxomno 4,5 K), momydgaeMbIX TOIBKO
TIPY TOMOIIN KHUJKOTO Teus. st 3TOro HyKHBI CIIOKHBIE KPHOTEHHBIE CHCTEMBI
OOJBIIION XOJIOIOTPOU3BOAUTEIHHOCTH. OHH TPeOYIOT 3HAUUTENBHBIX KalUTAIIO-
BiIOKeHHH. Kak ToKa3asr OmbIT CTPOUTENBCTBA HYKIOTPOHA, KAITMTAIBHBIC 3aTPATHI
Ha CO3JIaHUe TaKMX KPHOTEHHBIX cHcTeM HocturaroT 30 % oOmmx 3aTpaT Ha yCKO-
purens. K ToMy ke COOTBETCTBYIOIee KPHOTEHHOE OOOpY/IOBAaHHE YaIlle BCETO
MIPOMBIIIUIEHHOCTBIO BBIITYCKAETCSI B BUAE €IMHUYHBIX, CMHCTBEHHBIX B CBOEM
poxe 06pa3ios. EcTecTBeHHO, UTO B OTCYTCTBHE CEPUITHOTO MPOMU3BOICTBA TPYIHO
JOCTHYBb YPOBHS pabOTHI IIOJ KITIOW»: ITOCTABIsIEeMOE 000py/IOBaHHE BO MHOTHX
citydasix TpeOyeT 3HaUNTEIbHBIX YCHIHHI 0 10paboTKe, JOBOJKE, HCCICOBAHHIO U
ONITUMHM3AINH PEKUMOB, a TAKXKE B3aMMOCOTIACOBAHHIO MAIINH U alllapaToB, MPHU-
o0peTaeMbIX y pa3INYHBIX 3aBOJ0B-M3rOTOBUTENECH. bonee Toro, BBUAY 3KOHOMH-
YEeCKOW M TEXHNIECKOHN 11e1eCco00pa3sHOCTH 3HAYNTENIbHAsI 9aCTh KPHOTEHHOTO 000-
pyZnoBaHUS pa3padaTbIBajIach M N3rOTABINBAIACE CBOMMHU CHIIAMHU.

B cBsi3u ¢ atum B Jlaboparopun Beicokux suepruit OVSIN TpanuimonHo pas-
BHBAJIOCH HAINIPABJICHUE 10 Pa3pabOTKe U HCCIICIOBAHUIO KPHOTEHHBIX TEXHOJIOTHI
MIPUMEHHUTENIFHO K CO3/1aBaEMbIM CBEPXIIPOBOSIIUM ycKopuTensiMm. YacTh moiy-
YEHHBIX PE3yJIbTaTOB M3JIOKEHA B HACTOSIIEM 0030pe. [J1aBHBII 13 HUX — co3/a-
HUE U 3aIlyCK KPUOT€HHOM CUCTEMBI HYKIOTpOHA [54—56] — mepBoro Ha TeppUToO-
pun Poccum m TpeTbero B MHUPOBOW INPAKTHUKE AECHCTBYIONIETO YCKOPUTEIS CO
CBEPXITPOBOASAIIMMHU MarHUTaMu: B ymcie Oonee paHHUX [26,31] U3BECTHBI JIHIIb
Tevatron (CILIA,1983) u HERA (I'epmanus, 1991).

HyknoTpoH, 0OCHOBHBIE MapaMeTpbl KOTOPOTO MPHUBEAEHB! B Ta0I. 1, mpeaHa-
3HAUCH JJIS1 YCKOPEHNUS TSDKEINBIX Sep W MHOTO3apsAHbIX HOHOB. OH COOpYKEH B
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JIBD OUSIMN B mepuon 1987—-1992 rr. IIpoexTHas sHEpTrHsl 3apsLKEHHBIX YaCTHIL C
OTHOLIEHUEM 3apsina K macce z/ A=1/2 cocraBnsier 6 ['3B/uyknon. [Tapamerpsr
YCKOPHTEIISl U mporpamma (pU3MYecKHX MCCIeJOBaHUH Ha HeM OBbLIM MpecTaBie-
HBI B [4,5].

Tadnunua 1. OcHoBHBIE IapaMeTPbl HYKJIOTPOHA

[IpoexTHast sHeprus yactui, I 5B/HyKI0H 6
[epumetp, M 251,5
MakcruMalibHOEe MarHuTHOE 1osie, T 2,0
3anacennast sueprus, MJx 2,35
Temmeparypa, K 4,5
OO0mmii cTaTHYeCcKuid TEIIONPUTOK, KBT 1,75
Junnamuueckoe terosbiaenenue npu 0,5 ', kBt 2,9
YacToTa NOBTOPEHUS LUKIOB, Il mo 1,0
CyMmMapHast «X0JI0JHas» Macca, T 80
Bpewmst oxnaxenns 1o pabodeil TeMneparypsl, 4 80

B cooTBeTcTBHU C IITaHAMU pa3BUTUS YCKOPUTEIbHOTO koMIiekca JIBD koinb-
110 HYKJIOTPOHA pa3MelLIeHO B IIOKOJILHOM dTaxke cuHxpodaszorpona (puc.l). Ilepu-
MeTp yckopurens cocrasiseT 251,5 M. Koabuo coctout us 96 noayropaMeTpoBbIX
JIUTIOJIBHBIX MarHuToB, 64 KBaJApyNoJbHbIX JUH3 JUIMHOU 10 0,45 M, 28 MyNbTH-
MOJBHBIX KoppekTopoB (0,31 M) ¢ Tpemst WM 4eThIpbMsI THIIAMU OOMOTOK B KaXK-
noMm. [Turanue OCHOBHBIX MarHUTOB U BBIBOJ| SHEPIUHU 0OecneynBaoT 12 TOKOBBO-
0B Ha 6 KA, OXJIaXKJaeMbIX XOJOJHBIMM Iapamu reiusi. TokoBBonsl Ha 100 A
(234 wr.) nuTaT KOppeKTHpYyIomue 0OMOTKH. KpoMe Toro, MMeroTcs criennalib-
HbIE YCTPONCTBA JJIs MHXKEKIUH My4YKa, YCKOPEHUs, TUarHOCTUKU U BbIBOAA. J{st
HU3MEpEHUs TEMIIEPATYpP MO MEPUMETPY KOJIbLIa yCTaHOBIEHO 0koso 600 xpuoreH-
HBIX TEPMOMETPOB.

JInst KprocTaTUpPOBaHUS KOJIbIIA YCKOPUTENSI OT CUCTEMBI KPHUOTEHHOTO obec-
ne4yeHus: Tpe0oBaIOCh BBIIOJIHEHHUE CIIEYIOUIMX YCIOBUI:

1) Xonomonpon3BOANTEIHHOCTE HA TETUEBOM TEMIIEPAaTypPHOM YPOBHE B pabo-
yeM pexxume ot 1750 mo 4620 BT, B TOM umcie:

a) KOMIIEHCcalus TEIUIONPUTOKOB U3 OKpyxkarolei cpeast 1750 Br;

0) KOMITeHCAIUs JUHAMHYECKHIX TeTUIoBBIAeneHui 1o 2870 BT mpu wactore

u3MeHenust Marautaoro mosst 0,5 T'o.

2) IlponsBoacTBo nomoaHUTENBHO 10 100 J1/4 KUIKOTO resusi, OTBOANMOrO M3
KpHoOCTaTa JUIsl OXJIaKACHUS TOKOBBOJIOB.

3) OxuaxxIeHue MarHUTHON CHCTEMBI BecoM 0KoJI0 80 TOHH OT TeMIIepaTyphl
okpykatomieit cpenst 1o 4,5 K 3a nepuon e 6oee 80—100 gacos.
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Puc.1. OGmuii BUJ CUCTEMBI KPHOTEHHOTO o0ecIieueH sl HyKJIoTpoHa: [ — cuHXpodaso-
TPOH; 2 — KOJIBLIO CBEPXIPOBOASALINX MAarHUTOB HYKJIOTPOHA; 3 — PECUBEPHI CKATOTO Ie-
TS, 4 — 37aHUE Ta3TONbACPHOI; 5 — KOMIIPECCOPHBIN LeX; 6 — OJIOKH OXJIaXKACHUS yCcTa-
HoBOK KI'V-1600/4,5; 7 — TaHK KHIKOIO Te€lIUs

1. OCOBEHHOCTHU KPUOCTATUPOBAHUA ’KUJAKUM I'EJIMEM
CBEPXITPOBOJAIINX MATTHUTOB HYKJIOTPOHA

KpuoreHHble cHCTEMBI OTBOAST TETIJIO, BBIACIAIOIIEECs] B 0OMOTKaxX CBEPXIIPO-
BOJISIIIIMX MarHUTOB ITPH N3MEHEHNH MarHUTHOTO TIOJISL ¥ TIPH TOPMOKEHHUH pacce-
SIHHBIX YCKOPEHHBIX YaCTHII, & TaKKe TEIUI0, IPUTEKAIOIee U3 OKPYKaloIIeH cpe-
JIbl Yepe3 TETIION30JISLNI0, TOKOBBO/BI, OTIOPEI U TIOJJBECKH.

Becpb komIuiekc npobieM, BO3HUKAIOMIMN HPU CO3JaHUM TOJOOHBIX CHUCTEM,
JIOTHYECKU pa3zenseTcs Ha aBe yacTu. OJHa U3 HUX CBA3aHA C CAMMM KpUOCTaTH-
PYEMBIM 00BEKTOM — CBEPXITPOBOASAIICH MATHUTHOM CHCTEMOM yckopuTens. J{py-
rasi — ¢ IPOU3BOJSIILUM XOJI0Z pedprKepaTopoMm.

B nepBoii vactu Hanbosee BaxHbI TaKUe MPOOIEMBI: pABHOMEPHOE pacmpee-
JICHWE HU3KOH TeMIIepaTyphl O IEPUMETPY, 3P (HEKTHUBHOCTD HCIIOIB30BaHMS XOJI0-
Ja (MUHUMH3AIHS TeIUIONPUTOKOB M TEIUTOBBICIICHHUIT), 6€30MaCHOCTh IBAKyaI[HH
SHEPTUM MAarHUTHOTO TMOJIS M aBapHHHOM MOpYM BaKyyMa B TEIJIOW30JIALIHOHHOM
KOKyxe. Bo Bropo# yacTu BakHbI HepreTuueckas 3ppekTHBHOCTh MOTy4eHHS XO-
70712, MHOTOPEKMMHOCTH, BBICOKHI YPOBEHB HAJICKHOCTH.

Crnenyer OTMETHTh, YTO Ka)KJO€ M3 IMEPEYUCICHHBIX YCIOBHH HAaXOIWTCS B
TEXHHUYECKUX MPOTHBOPEUMSIX ¢ ApyruMu. Hampumep, B MHTepecax MOBBIIICHUS



764 AT'AITOB H.H.

Ha/Ie’KHOCTHU MPUXOANUTCS OTKA3bIBATHCS OT HCIIONB30BaHUS Oosee 3(h(heKTHBHBIX
MOPIIHEBBIX MAIINH U IPUMEHSATh NMEIOIINE CPABHUTEIBHO HU3KHUH K.I1.JI. BUHTO-
BbIE KOMIIPECCOPBI W JIETAHACPHl TypOWHHOrO THUIMA, O€30MacHOCTb 3BAKyalluu
9HEepTruu TpedyeT OONIBIIETO KOJINYECTBA TOKOBBOIOB, @ 3TO CYIIECTBEHHO yBEIH-
YMBAET TETUIONPUTOKHU U T.1. [TloaTOMY 3a/1aua co31aHusI KpHOTEHHOM CHCTEMBI HY-
KJIOTPOHA COCTOSTIA HE TOJIBKO B TOM, YTOOBI MTPOJBUHYTHCS BIIEPE] B PEIICHUN
KaX/10H U3 TIEPEUNCICHHBIX IPOOJIEM, HO U JOCTUYb B CHCTEME B II€JIOM ONITHMAJIb-
HOT'O KOMITPOMHKCCA MEX/ly HUMH B PaMKaX CYIIECTBYIOIIEH TEXHUKO-9KOHOMUIE-
CKOM CUTYallUH.

[Tpn KpHOCTaTUPOBAHUH CBEPXMPOBOISIINX YCKOPUTENICH pa3innyaioT IBa
crioco0a 0TBOJIa TeTlIa:

1) TpasMIMOHHBIH METO/ KPUOCTATHPOBAHUS CBEPXIIPOBOASIINX MarHUTOB C
MOTPY’KEHUEM UX B KUISIUHI reauil. B cuabHO NPOTSKEHHBIX CUCTEMAX OH HENpH-
MEHUM: BBU]Ty UPE3BbIUANIHO MAJIOH TNIOTHOCTH JKUJKOTO T'eIUsl CTAHOBUTCS HEBO3-
MOKHBIM MOJIEPKUBATh €0 OJMHAKOBBIN YPOBEHb B Pa3HBIX TOUKaX KPUOCTaTa,
T.K. IO MEPUMETPY CHUCTEMBI BCET/Ia CYIIECTBYET HEKOTOPas Pa3HOCTb JaBJICHUIL.
OTOT C1OCOO MOXKHO HCHOJNB30BATh TOJNBKO JUISI CPABHUTEIBHO KOMITAKTHBIX CH-
CTEM.

2) Apyroii croco0, Mpu KOTOPOM TEILIO OTBOAUTCS IyTEM LUPKYJISIIHH KPHO-
arcéHra 1o pacroJIOKCHHBIM BHYTPH HWJIM OKOJIO 00MOTOK KaHaJlaM, IPUMCHACTCA
noBceMecTHO. Ero JononHuTeIbH0E NPEUMyYIIECTBO — CYLIECTBEHHOE YMEHbIIIE-
HHE KOJIMYECTBa Ienus, TPeOyIOIerocs M 3al0IHCHUS CUCTEMbl. DTO CHHMXKACT
OIMMaCHOCTD MOBBINICHUA AABJICHUA I'CJIMA IPHU CaMOIIPOMU3BOJIbHBIX MEPEX0JaxX Mar-
HHUTOB M3 CBEPXMIPOBOIAIIEIO B HOPMAJILHOE COCTOSIHUE U B CIyYasiX pa3srepMeTH-
3allU¥ TEMJIOU30IHPYIOIIEro BaKyyMHOIO KOKyXa.

[TpuHIMITHATBHO CYIIECTBYIOT IBE PA3HOBUIHOCTH LUPKYJISAIHOHHBIX CHCTEM
KPHOCTaTUPOBAHUS, OTIMYAIOIIUECs (a30BbIM COCTOSIHUEM KpHoareHra. B omHux
MOZIBOJL TEIUIA K IUPKYJINPYIOMEMY TE€JIHIO HE BBI3bIBACT (ha30BOTO IEpexona, B
JPYTHX 3TOT MPOLECC MPOUCXOIUT MPH KUIIEHUH NMAPOKHIKOCTHOTO MoTOKa. 1o co-
3[1aHNs] HyKJIOTPOHA HEOJAHOKPATHO BBICKA3bIBAINCH OTIACEHHS, YTO IIPH UCTIONb30-
BaHUHU JBYX()a3HOU MapOKUAKOCTHONH CMECH MOJKET BO3ZHHKATh HEYCTOIYHMBOCTD
peKMMa TEUCHHUsI, KOTOpasi XapaKTepU3yeTCs MyIbCUPYIONIMM U3MEHEHHUEM PacXo-
Jla KpHOAreHTa, ero AaBJICHUS U TEMIIEPATYPbI, MM OJOKHPOBAHNEM HEKOTOPBIX U3
rapajIeIbHbIX KaHAJIO0B «IapOBBIMU IPOOKaAMM.

W3-3a 9THX OmMaceHuii B ONMMCAHHBIX PaHEE CUCTEMaX CBEPXIPOBOJISIINX YCKO-
puTesel 0TBOJ TEIUIa OCYIIECTBISUIICS, KaK IIPaBHUIIO, K OAHO(PA3HOMY MOTOKY KH/I-
xoro renus. [TockonbKy Temmeparypa Takoro MoToKa IPH 3TOM BO3pacTaeT (OHa He
JIOJDKHA TTOBBIIIATECS O0JIee YeM Ha HECKOJIBKO JAECATHIX Ipaayca U3-3a CHIDKCHUS
KPUTHYECKOW TUIOTHOCTH TOKa B CBEPXMPOBOIAMINX OOMOTKAX), NMPUMEHSIOTCS
CreMalIbHBIE MEPHI IS €€ TIOHKEeHUS. HU3Ky10 TeMIiepaTypy nmoaiepKuBatoT Imy-
TEM TEIUI00OMEHa BHYTPH MAarHUTA MEKAY KUIKUM W KHUIIIIAM ABYX(a3HBIM re-
JMEM WJIH MOCJe KQKOH TPyIITbl MATHUTOB YCTaHABIMBAIOT TETNIOOOMEHHUKH.
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UYT0ObI HCKITIOYUTE MTPOMEKYTOUHBIN TETNTIOOOMEH U TeM CaMbIM 3HAYUTEIHHO
YOPOCTUTH CXEMY KPHOCTATUPOBAHUSA U KOHCTPYKIIMIO MArHUTHOM CUCTEMBI, MOXK-
HO TIPUMEHSTh MHOTOKPATHYIO IUPKYIISIUIO KUIKOTO TN MTOCPEACTBOM CIICIHU-
aJbHBIX HACOCOB. B ATOM HampaBieHUH U3BECTEH LENbIN psia padboT [6,7], B TOM 4u-
cie u Hale npeanokenue [8§—10] — ucnonb30BaTh B KaueCTBE HACOCA KUIKOTO re-
T cTpyiHBIe ammaparsl. OTHAKO CITOCO0 MHOTOKPATHON IUPKYJISAINH ITHPOKOM
MPAKTUYECKON peaiu3aluy He TONYyYHJl, BBHIY HEOOXOJMMOCTH CYyIIECTBEHHO
pacimmpsTh KaHAJIbl B MarHUTax BO N30€KaHUe 3HAYMTEIBHOTO POCTA THJIPaBIHYC-
CKOTO COMPOTHBIICHUS U3-32 YBEINUCHUS PACXO/IA.

Hamr aHanu3 BCEBO3MOXKHBIX BapUAaHTOB CXEM KPHOCTATHPOBAHUS IOKa3all,
YTO HMMEETCs PsAJ NPHYMH, 10 KOTOPBIM BCE-TAaKH IPEIIOYTHTEIbHEE OCYyIle-
CTBJIATH OTBOJ TeIIa HETOCPEACTBCHHO K KHUIsAmeMy rennto. Hambomee cymie-
CTBE€HHAsA U3 HUX — BO3MOXHOCTD MOJIYUYCHU MTPU MMPOUUX PABHBIX YCIOBUAX 60-
Jiee HU3KOW W PaBHOMEPHO PACIPENICIICHHON 110 MIEPUMETPY TEMIIepaTypbl MarHu-
ToB. Kpome Toro, BO3MOXKHBIC JIOKAJIIbHBIC TEIUIOBBIICICHUS B CIydae KHIISIIETO
rejiisi CPaBHUTEIBHO MEHEE OINAacHbI, T.K. TEMIIeparypa HE MOXET IOBBICUTHCS,
ITOKa HE UCTIAPUTCS BCS KHUIKOCTD.

VIMeHHO 13 3THX cO00paKeHHI TSt BHOBB CO31aBaeMbIX B JlabopaTopun BBICO-
kux 3nepruit OUSAN yckopureneit — monensHoro cunxporpona CIIMH u nykio-
TPOHA — OTJABAJIOCH MPEIIOYTCHNE KPUOCTATHPOBAHMIO ITyTEM OTBO/IA TEILIa He-
MOCPEJICTBEHHO K KHITANIeMy Tennio. KoHIenmus KpuocTaTupoBaHus IEPBOTO U3
HUX OCHOBBIBAJIACh HA MPUMEHEHHH «IIOTPYKHOT0» criocoba. OJHAKO yXkKe U MpH
co3nannu yckopuresnss CITUH crano sicHo, 4To ero 60-MeTpoBbIl MepuMeTp — Ipe-
JENBHBIA CIy4ail MpUMEHEHHUs Takoro crocoba [11], u B manpHeHeM s HyKiIo-
TPOHA, IMEIOIIETO epuMeTp Ooiee 250 MeTpoB, HEOOXOIMMO MIEPEHTH Ha IHUPKY-
JSIMOHHBIN Cc110C00. P JOTONHUTEIBHBIX SKCIEPUMEHTAIBHBIX HUCCIIEJOBAHHM,
KaK Ha OIMHOYHBIX MarHuTax [12], Tak u ¢ rpynmnamMu MarHuTOB, [TOKa3aJj, YTO Ola-
CCHHA, CBA3aHHBIC C IPUMCHCHUEM ITOTOKA KUIIAIIECTO I'eJIns, ObLIIH MMPECYBCINYCHBI.
Mexay TeM JOIMyCTHMOCTH MTOABOJA K MapOKUIKOCTHOMY MOTOKY CPAaBHUTEIBHO
0OJBIIIOTO KOTMYESCTBA TEIUIA MO3BOJISAET PE3KO YMEHBIITUTD KOJIMYECTBO TS, KO-
TOpPOE HEOOXOIUMO ITPOKAYHBATE Yepe3 MATHUTHYIO CUCTEMY, U, KaK CICICTBHUE, OT-
Ka3aTbCsl OT KAKUX OBl TO HU OBIJIO IPOMEKYTOUHBIX OXJIQIAUTEIICH 1 CIIeHaIbHbBIX
LUPKYJSIIMOHHBIX YCTPOUCTB. B pesynbrare Uit HyKJIOTpOHA, BIIEPBBIE [UIsi aHAJIO-
THYHBIX CHCTEM, ObLIT BRIOPAH CIIOCOO KPUOCTATUPOBAHKSI CBEPXIIPOBOIAIIMX Mar-
HUTOB MOCPEACTBOM LUPKYIISALNH MaPOKUIKOCTHOTO TOTOKA TEIIHS.

Oco0eHHOCTH paboThI IIPU TEIMEBBIX TEMIeparypax B CyLIECTBEHHOI Mepe
Y)KECTOYar0T TpeOOBaHHE BBICOKOW TEPMOIUHAMHYCCKON APexTHBHOCTH. [lei-
CTBUTEIBHO, TaXKe MIPH WACATFHOM IPOBEICHIH BCEX MPOIECCOB 3aTPaThl YHEPTHU
Ha IMOJIy4YeHHe X0JI0Ja JOCTATOYHO BeJHKH. Kak M3BeCTHO, MUHUMaIIbHBIE SHEPTO-
3aTparhl Ha CIUHUITY BEIPa0aTHIBAEMOTO XOJI0/1a OTPEACISIOTCS COOTHOIICHHEM
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e=[1-T, . /T|,

rae 7', . — TemIiepaTypa OKpysKarolen cpeipl; 7' — TeMIeparypa KpuocTaTupoBa-
HUSL.

Hanpuwmep, mpu 7=4,5 K snepro3arparsl coctapisaioT 64 Bt Ha 1 Bt xomona.
C yueroM ke TMoKa erie 10BoIbHO HU3KOro (10-20 %) K.11.J. KPUOT€HHBIX Te€IMEBbIX
pedpmkepatopos onu nocturaioT 320-640 B1/Bt [13]. [Tomy4aTs 1 pacupenensiTh
XO0J10/1 HEOOXOIMMO OYE€Hb IKOHOMHO. UTOOBI CHU3UTH 3aTpaThl SHEPI MU, COBPEMEH-
HbIE KPHUOTEHHBIC YCTAHOBKH, KaK IPABHUIIO, CTPOSATCS W3 CIOXKHBIX KAaCKaJOB
TPEX-ISITH CTyNeHeW aauadaTHOro paclIMpeHus ra3a Ha pa3IMYHbIX TEeMIIepaTyp-
HBIX YpOBHSX. B OONBIIMHCTBE CciydaeB IMPOIECC ApoccenupoBaHus JIkoyms —
ToMcoHa Jy1st POU3BOACTBA X0JI0/1A B CTYIIEHN OKOHYATEIHOTO OXJIaKICHNS 3aMe-
HEH pacIIpeHeM B IeTaHaepe. B cBsi3u ¢ OOMBIIMMY 3aTpaTaMy Ha ITOTydeHHUE XO-
707 IpH pa3paboTKe AIEMEHTOB HYKIIOTpOHA OOJIBIIIOe BHUMAaHHE yAelIeHo 00phoe
C TEIUIONPUTOKAMH MO0 MOCTaM M OTIOpaMm, 10 TOKOBBOAAM, B TPyOOIpoBo1ax, TIia-
TCIBHO UCCJIICAOBAHbI TMHAMHNYCCKHEC TCIVIOBBIACICHUA B MAarHUTaX, BOSHUKAKOIIHNC
13-3a IEPEMEHHOr0 TOKa B 0OMOTKaX.

Bricokas 3¢ (eKTHBHOCTB JTOJDKHA OBITH OOCCIICUCHA HE B OHOM, a B pasiind-
HBIX Pe)KHMax paboThl KPHOTEHHOM cucTeMbl. M3-3a 60IIbI1I0#1 0XJ1aXk 1aeMOii MacChl
1 TIPOTSHDKEHHOCTH HYKJIOTPOHA €T0 OXJIAXKICHHUE JI0 pabounX TeMIeparyp Tpedyer
JOBOJIBHO MHOI'O BPEMECHMU. B XO0JI€ MYCKOBOI'0O Inepruoaa UCIoJb3yeTCd BECbMa HIn-
POKHH CHEKTp PEKMMOB: OXJIAXKICHUE, PEXKUM COKIIKEHUs Tenusi, pedprkeparop-
HBIN PEXUM U pa3IMuHble UX coueTanusi. Kpome Toro, B 3aBUCUMOCTH OT HACTPOM-
KM YCKOpHUTENs (SHEPTHH YaCTHI] U YaCTOTHI M3MEHEHHUSI TOKOB MarHuToB) TpeOyeT-
s pa3nuYHast X0JIOAOMPON3BOIUTEIFHOCTD. VccnenoBanne nepeMeHHBIX PeKIMOB
reJIMeBbIX pedprKepaTopoB BIIEPBBIE MPOBOAMIOCH HaMH B [14,15] u nocTossHHO
Pa3BUBAIOCH B XOJI€ CO3aHUs HYKIOTPOHA.

W3-3a GospIInX 3aTpart, CI0KHOCTH U TPYA0EMKOCTH ITPOLIECCOB BBOJIA B pabo-
YU PeKUM BCEH CHCTEMBI, B KAY€CTBE MAKCHUMAIBHOH 3a1auM, OBLTO OBl JKeaTelb-
HO ITOCTOSIHHO MOAJICPKUBATh HU3KHE TEMIIEpaTypbl BCEX AIIEMEHTOB YCKOPHUTEIIS.
Bo Besikom cityuae, pedprkepaTopHble YCTaHOBKH JI0JDKHBI 00J1a1aTh TAKUM ypPOB-
HEM HaJIeKHOCTH, KOTOPHIH 00ecrednBaeT HEMPEPHIBHOE MOAIEPKAaHIE padbodnx
TeMIlepaTyp MarHutTHoil cuctemsl He MeHee yeM 40005000 vacos B rogy. B ciy-
Yyae 0TKa30B KaKUX-TKM00 MAllIMH U allapaToB CUCTEMa KPUOT€HHOTo 00ecIieueHus!
JOJDKHA TIPEIyCMaTpUBaTh BOZMOXHOCTH X PEMOHTA MJIM 3aMEHBI 6€3 0CTaHOBKH
BCEro KoMIUIeKca. Takume BO3SMOKHOCTH JaeT MPUMEHEHHE B CHCTEME HEKOTOPOTO
3apaHee 3allaCeHHOIo0 KOJMYeCTBA JKUAKOTO TelIis WM €ro nojada oT MapajiesIbHO
pabotaromiero oKmkuTens reius. CoOTBETCTBYIOIINE 3TOMY CIIy4aro Tak Ha3bIBae-
MBIC «CaTeJUTUTHBIC» PEKUMBI PACCMOTPEHEI B [16].
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2. KPUOT'EHHAS CUCTEMA KOJIbBIIA HYKJIOTPOHA

OOuree mpeacTaBjJeHue O NMPUMHIMIHAJIBHON cxeMe KPHOCTATHPOBAHMA
yekopurenas [17-19] gaet puc.2. B 0CHOBY KpHOT€HHOM CHCTEMBI MOJIOKEHBI TPH
arperata oxnaxaeHus KI'Y-1600/4,5. Kaxaslii 13 HUX COCTOUT U3 TPEX I'a30BbIX
TypOonetanzepoB 71, 72 u T3, BaHHBI XUIKOTO a30Ta, ABYX- U TPEXITOTOYHBIX

U

13

12

Puc.2. [IpuHinnuanpHas cxeMa KPUOTCHHOW TeJIMeBON CUCTEMbI HYKIOTpOoHa: [/ — Baky-
YMHBIHI KOXKyX; 2 — TEIJI03alUTHBIN dKpaH; 3 — KOJUICKTOP IPSAMOro IIOTOKA; 4 — KOJLICK-
TOp 00paTHOTO MOTOKA; 5 — JAMIIONBHBII MarHuT; 6 — KBaAPYIOJIBHBIH MarHuT; 7 — mepe-
oxXJIafuTeNb; § — cemaparop; 9 — 6mok oxnaxaenus KI'Y-1600/4,5; 10 — rasronbjep;
11 — pecusep; /2 — nopuHeBoi komnpeccop 1BYB-45/150; 13 — Gnok ocyuiku; /4 —
nopuraeBoit komnpeccop 305HIT-20/30; /5 — nopuraeBoit komnpeccop 2I'M4-12/31; 16 —
6mox macioounctka MO-800; 17 — BuHTOBOMI Kommpeccop «Kackan-80/25»
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TEIUIO0OMEHHHKOB, MTAPOXKUAKOCTHOTO TypOoaeTanaepa 74 u cOOpHUKA KHUIKOTO
renust 00bemoM okosio 1000 1. Cokarhlil Tenuii 1mocjie KOMIIPECCOpPOB, PO
OYMCTKY OT Maclla M BJard, Ha BXOJE B KaXKIbld arperar OXJIaKACHUS
KI'V-1600/4,5 pa3genseTcs Ha IBE 9YaCTH, OJJHA U3 KOTOPBIX — TypOOAeTaH IS PHBIH
MOTOK ITOCJIe BEHTHJISI B7 paciuupsieTcs Mocie0BaTeIbHO B TpeX TypOoieTaniepax
¢ pasnenus 2,5 MlIla no 0,13 MIla. OcHOBHOM OTOK MOAAETCS YEPE3 BEHTUIb B6,
OXJIQXKJJACTCS 3a CUET TEIII000MEHA C 0OPaTHBIM TIOTOKOM T'E€JIHSI 1O TEMITEPaTypbl
5,5-8,5 K u pacmmupsiercs B MapoXKUIKOCTHOM TypOoAeTaHAepe C JaBJICHHUSA
2,5 MIla no 0,13-0,17 MIla. B ganpHelmieM ojHa 4aCTh OCHOBHOT'O IIOTOKA OTBO-
TUTCS B COOPHUK KUAKOTO renust (BeHTHIb B4), a apyras 9acTh (BeHTIIb B2) moa-
eTCs TI0 TETUIOM30JIMPOBAaHHOMY TPYOOIIPOBOIY B POMEXYTOUHEIH cemaparop (8),
MOCNIe OXJIAXKJCHHUS B KOTOPOM HampaBiisieTcs B KOJUIEKTOp (3) MpsAMOro MmoToka
KPHOCTaTHOH CHCTEMBI HYKJIOTPOHA.

Kaxmas u3 ayx ycranoBok KI'Y-1600/4,5 monmkmiodeHa K CBOEMy IMOTY-
kombIy. TpeTsst ycraHoBKa — pe3epBHas. OHa mpenHa3HaYeHa Ul PaOOTHI B 0XKH-
KHUTEJIBHOM PEXUME C TMOfadeh >KUAKOTO TeNUsl BEHTHIEM B3 10 Teron30Iupo-
BaHHOMY TPyOONPOBOAY B JTF00YI0 M3 yCTAaHOBOK, TOAKIIFOUCHHBIX HETIOCPEACTBEH-
HO K TIIONYKOJbIy YycKopuTens. Ilpm momade XHIOKOTO TEIHs OT pe3epBHON
KI'V-1600/4,5 xaxxmast 13 IBYX OCTABIITUXCS MOXET OBITh IIEpEeBeICHA B «CATEILINT-
HBII» pexXnM. ITO 00ecnednBaeT MPOJOIKEHUE IUPKYIALUN HEOOXOANMOTO KOJIH-
YeCTBa KMUAKOTO TeIHs Ha COOTBETCTBYIOIIEM ITOJTYKOJIbIIE HYKJIOTPOHA B TCUCHNE
OCTaHOBOK TypOO/IE€TaHIEPOB, BOZMO)KHBIX BCJICIICTBHE UX BBIXOAA U3 CTPOSI HIIH BO
BpeMs 3aMCEHBI 10 OPYrUM HpudnHaM. Kpome TOoro, MOAKIIOUCHHE pe3epBHON
KI'V-1600/4,5 obecrieunBaeT mpu HEOOXOOAUMOCTH IMOBBIIICHUE XOIOIOTPOHU3BO-
JUTEIBHOCTH BCEH CHCTEMBI B IIETIOM.

B xpuoreHHoil cuctemMe HyKJIOTPOHA 3aI€HCTBOBAHbI KOMIIPECCOPBI pa3iiny-
HBIX TUIIOB U Moandukannii. OCHOBOW CUCTEMbI KOMIIPUMHUPOBAHHUSI CITYKUT BHH-
TOBO¥ KOMIpeccopHslii arperar (/7 Ha puc.2) «Kackan- 80/25» mpousBojcTsa Ka-
3aHckoro ooseanneHuss AO «HUNTYPBOKOMIIPECCOP» [21]. {ns cTyneHda-
TOTO PErYJIUPOBAHUS PACXO/a CKATOrO TEJIHs U PE3ePBUPOBAHUS HCIIOJIB3YIOTCS
HOPIIHEBbIE KOMIIPECCOpbl MeHbIlei npousBomutenbHoctu: 305HIT-20/30 wu
2I'M4-12/31 (14 ), (15). 3akauka UCIAPUBILETOCS T'eJIMs B PECUBEPHI OCYIIECTBIIS-
eTcsi HeOOJIBIIMMHU MOPIIHEBBIMU KoMITpeccopamu 1BYB-45/150 (/2), ciocobHbI-
MU paboTaTh npu 60siee BBICOKOM JaBICHUU HA HAaTHETAHHUH.

OCHOBHBIC TEXHMYECKHE XapaKTEPUCTUKH IPUMEHIEMBIX KOMIIPECCOPOB
naHel B Ta0n. 2. K Hacrosmemy BpeMeHHM Ha KPHOTEHHOH CHCTEME HYKJIOTpOHA
ycTraHoBieH oguH arperaT «Kackan-80/25», BTopyio MamiHy IIaHHPYETCS BBECTH
B neiicteue B 2000 rony. CymMapHasi MpOU3BOAUTEILHOCTH KOMIIPECCOPOB, PaCIIo-
JIOKEHHBIX B MAIIHHHOM 3aJle HYKJIOTPOHa, £ICTaHOBneHHasI Mom3HOCT1> U Pacxon
OXJIaXKJAroIeH BoJbl cocTaBisaoT 12240 Hv /4, 2,6 MBT u 155 m° /4. ITocie Toro
Kak OyzieT 3a/IeliCTBOBaH BTOPOI arg)eraT «Kackan-80/25», 3T 3HAUCHHS YBEIHYAT-
cs1, COOTBETCTBEHHO, 0 17280 Hm’/u, 3,85 MBT 11 215 m/u.
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Taéauua 2. OCHOBHbIE TEXHHYECKHE XapAKTePUCTHKH KOMIIPECCOPOB
KPHOTEHHOIi CHCTEMbI HYKJIOTPOHA

XADAKTCPHCTHK «Kackan- 305HII- 2I'M- 1BYB-
baictep 80/25» 80/25 12/31 45/150

Komnmuectso, miT. 2 3 4 4

Tun Bunr. Tlopms. TTopms. ITopms.

[IpousBoauTEIEHOCTH (HpI;I 5040 1200 340 45

YCIIOBUSIX BCACBIBAHUS), M /4

Japiienne Harueranus, MIla 2,5 3,0 3,1 15,0

YcTaHOBIICHHASI MOIITHOCTh 2 % 630 200 160 2

DJIEKTPOJBUTATENS, KBT

Hanpsbiertne 6000 380 380 380

3JIeKTpoaBurarens, B

Uucno cTyneHel coxaTus 2 3 3 3

Yuciio 000poTOB KOMIIpeccopa, 2970 500 740 620

00./MUH

Pacxoj oxyaxaaronieid BOJbl, M /a 60 15 7,2 1,5

BunToBOI KOMIIpeccopHsIit arperat «Kackan-80/25» mMeeT Ha BBIXOAE CHCTE-
MY OYHCTKHM OT Macljia W BJIard, OCHOBHBIM 3JIEMEHTOM KOTOPOH sIBIISIeTCSl OJIOK
MO-800 (/6) mpouzBoactBa HITO «Kpuoreamam» [22]. OKoHUaTeNbHAS OUHUCTKA
OT IapOB MacJia OCYIIECTBISIETCS B 3TOM OJIOKE OCPEACTBOM JIBYX YrOJBHBIX aJi-
cop06epoB, KaXIbIil M3 KOTOPBIX PAacCUMTAH Ha IIUTEIHHOCTH paboTsr 2500 dacos.
[To ucreyeHnyn yka3aHHOTO BPEMEHH aJIcOPOEPHI MEPEKITIOUAIOTCS, M IPHUILIE/IINI B
HETOAHOCTb YTOJIb 3aMEHseTC HOBBIM. OYHCTKA OT BJIATU OCYIIECTBISIETCS B ABYX
LIEOJIUTOBBIX afcopdepax Ooxa MO-800. Kaxkiplii U3 HUX paccuuTaH Ha paboTy B
tedenue 10 cyTok, a 3aTeM nmoaBepraercs pereHepanui. O4ncTKa OT BIATH CKATOTO
reJIvsi, IOJy4aeMOoTro OT HOPIIHEBBIX KOMIIPECCOPOB, IPOU3BOIUTCS B TPEX Mapai-
JIeNBHO BKIIIOYECHHBIX O10Kax ocymiku (/3). Cucrema XpaHeHHs Ta3000pa3HOro re-
nust paccuntana Ha 6000 Hwm>. Ona cocrout u3 10 pecusepoB (/1) ¢ 00beMOM IO
20 M3 pabounm maBnenuem 3,0 MIla. Kpome Toro, MMEIOTCS TpH MaclIOHAIION-
HEHHBIX raszronpjepa (/0) ¢ oobemom no 20 M. OcHOBHas paboTa npou3BOIUTCS
TOJIBKO HA OJTHOM U3 HUX, [IBA JIPyTUX UCHONbB3YIOTCS ISl NCIIBITAHUI Ha TepMETHY-
HOCTB OTJICJIEHBIX KOMIIPECCOPOB IOCIIE UX PEMOHTA.

EcrecTBeHHO, paboTa C ra3rojibIepoM TAKOTO HEOOJIBIIOT0 00beMa Ha OIIHCHI-
BaeMO¥ JJOBOJILHO KPYITHOW CHCTEME KPHOT€HHOIo 00eCcIiedeHus Ha NIEPBOM dTare
BBI3BIBAJIA HEKOTOPBIE 3aTpyaHeHHs. OHAKO MBI HE TOCYUTAIH BO3MOKHBIM ITOWTH
10 TaKOMY IyTH, KaK, HallpuMep, Ha ycTaHOBKe « Tokamak-15», rie B aHaIOruuHON
mo MacmTady KPHOTeHHOW cucteMe [23] MCIONb30BaH MAaCIOHAIOIHEHHBIN ra3-
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roasaep oosemom 1000 M. Bo-mepBBIX, BechbMa 3HAYUTEIBHBI KalUTAIBHEIC 3a-
TPaThl KaK Ha TaKO€ YCTPONCTBO, TaK M Ha 3/1aHHE, TJ€ OHO JOJKHO Pa3MeEIaThes.
Bo-BTopsIX, Kak 310 otmedan [1.JI. Kanwma [24] eme B 1936 1. ipu onrcanuu ero
MIEPBOTO AECTaHJIEPHOTO OKMKUTEIS TENINs, BO3AYX Uepe3 Macyo ra3roypaepa ume-
eT BO3MOXHOCTH auPyHanpoBats B cuctemy. llpu 6opimom o6beMe ra3ronbie-
pa 3arpsiI3HEHNE TeIHsI BO3yXOM U3 OKPYXKAIOIIeH cpeJibl MOTIIO 0Ka3aThCs BECbMa
3HAYUTENEHBIMU. B HEKOTOPO# cTeneHn (hyHKIHIO Ia3roib/Iepa BBIOIHIET U MOA-
COCIMHEHHBIN K 00paTHOMY MOTOKY pecuBep eMKocThio 100 M, HCTIOTB3yEeMBIi B
MOMEHTHI 3arrycka arperata «Kackamg-80/25».

Ha puc.3 mokaszaH mjiaH pasMerieHuss o00py/IoBaHUsI CUCTEMbI KPHOT€HHOTO
obecrieueHust HyKJIOTpOHA. MalllMHbI U armapaTbl pacojararoTcs B TPEX KOpILy-
cax: B KOpIyce CHHXPO(ha30TpOHA HAa MMEBIIUXCS Y)KE IUIOMIA/IAX U B IBYX HOBBIX,
CIELUAILHO MOCTPOCHHBIX, — KOPITyCe KOMIPECCOPHOW U KOPITyCe ras3rojbJep-
HOH. YacTb 000py/IoBaHus pa3MelieHa Ha IPUIeraroliell K KopIycam TeppUTOpUH.
B wactHOCTH, BONN3K KOpITyca KOMITPECCOPHOI! pacrosaraercsi CucTeMa XpaHeHus!
U paszgaud Kuakoro azora (34) u (35), HemojaleKy YCTaHOBJIEHBI PECHUBEPHI
(21)—(30) nns xpaHeHus ra3000pa3HOTO reJusl.

KousibueBasi MarautokpuoctarHas cucrema [4,5,18,19]. Kak nokazano Ha
puc.2, KaKIbI N3 AUTOIBHBIX M KBAAPYHOIBHBIX MAarHUTOB ITUTAETCS JKUJIKAM Te-
JIMEM 13 KOJUIEKTOPa, MPOJIOKEHHOT0 M0 Beel UIMHE ycKopuTelsi. B pacyeTHoM pe-
JKMME U3 CBEPXIIPOBOISIIIETO KaOeIst TeJINiT BBIXOAMUT C MacCOBBIM ITapOCOACPIKAHH-
em [J0,35 1 manee oxiaxaaeT )KeIe3H0e IPMO COOTBETCTBYIOIIEr0 MarHuTa, Iocie
4ero ¢ napocojiepxkanueM 10 0,9 oTBOIUTCS B 0OpaTHBIN KOJUIEKTOP.

DJIeMEHTHl MAarHUTHOM ONTHUKU YCKOPHUTEIS, a TAKXKE I'€IIHEBbIC KOJUICKTOPHI
MIPSIMOTO ¥ 0OPAaTHOTO TTOTOKOB Pa3MEIICHBI B KOJIBIIEBOM KPHOCTATE, 00pazyeMoM
TOPU30HTAIBHBIMH [IMJIMHIPUYECKUMH YIacTKaMU W3 Hepxkaseromen cranu. Kpo-
Me TOTO, 110 BCEMY HEPUMETpPY KOJBIIEBOTO KPUOCTAaTa MMEETCS TEIUIO3alUTHBIN
9KpaH, OXJIAXKIaeMBbIi )KUAKUM a30ToM. LImmiuHgpudeckne y9acTKi UMEIOT JIUTHHBI,
COOTBETCTBYIOIINE [UINHAM MAarHUTOB, U B cOOpe 00pa3yroT eUHbIC MArHUTOKPHO-
CTaTHbIE OJIOKH, KOTOPBIE COSTUHSAIOTCSI MEXK/Ty COOOM MOCPEICTBOM CHITb(OHHBIX
pa3Bsa3ok. CTaTHUecKuil TETIIONPUTOK M3 OKPYXKAOUIEH cpelbl K MarHUTOKPHO-
CTaTHOMY OJIOKY TUTIONS cocTaBisieT 6,6 BT, kBagpymons — 5,8 Br.

B maranTokpuoctatHoM Oi0ke (puc.4) MarHWUT 3aKPEIIsieTCs] MOCPEICTBOM
BOCBMH TAT (9) Tak, 4TO MOCIE OXJIAXK/CHUS 10 pabodYHuX TeMIeparyp MOJIOKeHHE
€ro MarHUTHOW OCH B IPOCTPAHCTBE HE U3MeHseTcs. K TopiaM BaKyyMHOTO KOXKY-
xa (§) ¢ MOMOIIBIO HAKUIHBIX (MIAHIIEB, TO3BOJISIOMINX ITOBOPAYNBATh OJIOK BOKPYT
OCH, NIPUCOEANHEHBI THOKHE CHIIb(OHHBIE IEMEHTHI (/), KOTOpbIE Nal0T BO3MOX-
HOCTH B3aMMHOT'O MEPEMCIICHUA 6J'IOKOB, qTO HCO6XO,ZII/IMO JJI FOCTUPOBKH. Kon-
CTPYKIHS YCTAHABIMBAETCS HA MMEIOIIYI0 IOCTHPOBOYHOE MPHUCIIOCOOICHHE IO/
ctaBky (/5). BakyymHble KOXXKyXU OJIOKOB COEIMHSIIOTCS pa3beMHBIMH My(TaMu
(5). OHu obecneunBarOT AOCTYI K COCIUHEHHUSM DJEKTPUUYECKUX U KPUOTCHHBIX
KOMMYHHKAIUH, PaCIOI0KEHHBIM B KOPOTKUX IPOMEKYTKAX MEKIY MarHUTaMH.



KPUOTI'EHHBIE TEXHOJIOI'MM B CBEPXTIPOBOJISALIEM YCKOPUTEJIE 771

=

0 5 10 M

l

e
=

“am

°®
)
- [lyneroBas

Kopmyc 1

KOMIIPECCOPHOI 18

Kopmyc
rasroJibAepHoOL

O
L1 %_20

=]

T

Ornenenne <
BHHTOBBIX Ortnenene
KOMIIPECCOPOR . MOPLIHEBDIX .. _Q
KOMIIpECCOpPOy 33
19

Kopryc cuaxpodazorpona

Puc.3. Ilnan pa3MerieHuss OCHOBHOTO OOOPYIOBAaHUS KPHOT€HHON CHCTEMBI HYKJIOTPOHA:
1-3 — renuessie ycranoBku KI'Y1600/4,5; 4-5 — Gmoku ounctkun MO-800; 6 — cuioBsie
JNEKTPOTEXHUUECKUe mKa(bl; 7—9 — nopurHeBsle komnpeccopsl 3O5HIT-20/30; 10-13 —
nopurHeBsle kommpeccops! 2I'M4-12/31; 14—17 — 3akadHble HOPIIHEBBIC KOMIIPECCOPHI
1BYB-45/150; 18—19 — BuHTOBBIE KOMITpeccopHbIe arperatsl «Kackam-80/25»; 271-30 —
pecuBepBl XpaHEHUs CXKaToro ras3a; 3/—33 — rasronpaepsl; 34,35 — TaHKH KHUIKOTO a30Ta;
36,37 — pecuBepbl Ha 0OpaTHOM ITOTOKE; 38 — HACOCHI I MOAAYU OXJIAXKIAIOIIEel BOIBI;
39,40 — npOMEKYTOYHBIC CErapaTopbl KHUIKOTO refiust; 4/—43 — TpyOOoIpOBOIbI KUIKOTO
renusi; 44 — TaHK XKUJKOTO Iejlus

Wmeercst Tpu THIIAa MATHUTOKPUOCTATHBIX OJIOKOB: JAMIIOIBHBIX, (DOKYCHPYIO-
mux 1 AeoKycupyomux MaruutoB. Kaxplii OJI0K nepesi yCTaHOBKOH B KOJIBLIO
YCKOPUTENSI TIOABEPTHYT KOMIUIEKCHOW MpoBepke (ITMIpaBIMUECKOE COMpPOTHBIIE-
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Puc.4. MarHuTOKpHOCTATHBIN OIOK HYKJIOTpOHA: / — CHIB(OH; 2 — TeHeBbIe KOJIIEKTO-
PBI; 3 — TEIIOM30JIMPYIOMNiT 9KpaH; 4 — BaKyyMHas KaMepa HOHOIIPOBOAA; 5 — My(]Ta;
6 — XeJe3HOoe SIPMO; 7 — TpyOOIPOBOJ XKUAKOTO a30Ta; § — BaAKYyMHBIH KOXKyX; 9 — Tdra;
10 — cBepXmpOoBOSIIHI KaOellb 3MeKTPUYECKOil CBS3M MarHuToB; //— TEIUIOBOH MOCT;
12— obOmoTka; /3 — TpyOKa ISt OXJaKICHUS ApMa; [4 — Cynepu3oIsaust; /5 — NoAcTaB-
Ka; /6 — JoMKpat

HUE, AJIEKTPUUECKasi IPOYHOCTh, MATHUTHBIE U3MEPEHUS U Jp.) IPU TEMIIepaType
JKHMJIKOTO TeJINs Ha CIICIMAIbHBIX CTeHIax. B Xo/1e okoHYaTenbHOI cOOpKH KOJIbLa
MIPOU3BOAMIIACH CTHIKOBKA JIUIIb OFPAHUYEHHOTO KOJIMYECTBA 3JIEMEHTOB: relne-
BBIX KOJUIEKTOPOB (2), TpyOOITpoBO/a )KUAKOT0 a3oTa (7), BAKYYMHOH Kamepsl (4) u
pa3beMHBIX My QT (3).

Bce MarHUTBHI yCKOPUTENS COEAMHSIOTCS IO TPYNIIaM B TPU DIEKTPHUUECKHUE
nenu: B, BR — OTKJIOHSIONINE MarHATHL, F' — (okycupytronie u D — nedoxycu-
pyIomye MarHuThl. B kakaom G510ke TOMHMO JIEKTPUYECKON e COOCTBEHHOTO
MarHuTa MMEIOTCS TPAH3UTHBIE KaOCNM AIEKTPUUECKOHN CBSI3M MArHUTOB JPYTHX
rpymi (puc.5). 17 2IeKTpraeckoro COeAMHEHNUS COCETHUX OJI0KOB B KaXKIOM IIPO-
MEXYTKE MEXJly MarHUTaMH BBITTOJHSIOTCS YETHIPE CIasi CBEPXIPOBOISIINX Kabe-
neii. OueHb BayKHO, 9TO BCE I'eIIMEBbIC KaHAIIBI 0JIOKA COSTMHEHBI C T€JIMEBBIMHU KOJI-
JEKTOpaMH BHYTpPH OJIOKa, W 3TH COCAMHEHHs IPOBEPEHBI HA T€PMETHYHOCTH B
XOJIe TIPe/IBaPUTEIbHBIX TECTOBBIX HU3KOTEMIIEPATYPHBIX UCTbITaHUH. Takas Tex-
HOJIOTHSI MCKJIIOYAaeT TeJIMEeBhIE TEUH B OKPY’KaloOIee MAarHUTHI BaKyyMHOE IIPO-
CTPAHCTBO C OOJBIION CTEIICHBIO BEPOSTHOCTH.

Tax ke, kak 1 B ycranoBke CIIMH [3,32], B HyKJIOTpOHE HCIOJIB30BaHbI IPO-
CTBIE M SKOHOMHYHbIE MAarHUTHI THIA «JlyOHa», B KOTOPBIX 110Jie POPMHUPYETCS 110~
CPEACTBOM Kelle3HOro sipMa. OHM XapaKTepU3YIOTCS MHHUMANBHBIM PAaCXOJ0M
CBEPXITPOBOAHUKA, XOTSI U OTPAHWYEHBI 110 YCIOBUSM HACBIIICHHS XKeJIe3a BEJINIH-
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Puc.5. Cxema SNIEKTPUUYECKUX U TEIUEBBIX KOMMYHHKAIIMH MarHUTOKPHOCTATHBIX OJIOKOB!
1 — mmTaromuit KOJUIeKTop; 2 — TpyOKa AJIS OXJIaXKJSHUS KOJUIEKTOpa; 3 — MYIBTHIONb-
HBI KOPPEKTOp; 4 — MeTaJuIOKepaMHUecKas JIEKTPOU30JIIHOHHAs TpyOKa; 5 — TpyOka
JUTSL OXJIXKGHH S JKEJIE3HOTO0 sIpMa; 6 — 0OMOTKa KBaJAPYTOIs; 7 — OTBOJSIIUH KOJIEKTOP;
8 — 00MOTKa JMIIOJIS; X — MAcCOBOE MAPOCOACPIKAHHME IOTOKOB TeJIHs

HOW MHAYKIIUN MarHUTHOTO 1o (710 2,3 Ti). OCHOBHBIE 3JIEMEHTHI TAKUX MarHH-
TOB — CBEPXIPOBOJAMNIAT OOMOTKA U KeJIe3HOE sIPMO, 00eCTIeYNBAIOIee MarHNT-
HOE TI0JIE BBICOKOW OJHOPOJHOCTH M BOCIHPHHHUMAIOIIEE MAarHUTHBIC CHIIBI, JCii-
cTByromue Ha 0OMOTKy. OgHako B oTinuue oT ycraHoBku CITMH xoHcTpykums
MarHUTOB HYKJIOTPOHA IpelycMaTpUBAET KPUOCTATUPOBAHUE OOJIee MPOrpeccuB-
HBIM IUPKYJISIHOHHBIM crToco0oM. CBEpXTIpOBOSIINN KaOeslb CO31aH Ha OCHOBE
MEJIbXHOPOBOU TpyOKH nruamMeTpom 5x0,5 MM, BHYTpH KOTOPOH IUPKYJIHPYET Mapo-
JKUJIKOCTHBIN MTOTOK renus. Ha 3Ty TpyOKy crimpaibHO HAMOTAH CBEPXITPOBOISIIII
Kabenb, MPeNCTABISIONNH cO00H MEIHYI0 MPOBOJIOYHYIO MATPHUIY IHAMETPOM
0,5 MM, comepxxantyro BHyTpu 1045 TOHKHX HHOOWEBO-TUTAHOBBIX BOJIOKOH TOJ-
mrHO# 10 MM (prc.6). HOMUHANBHBIA TOK TAKOTO CBEPXIIPOBOJIAIIETO Kadems —
6 XA, Iepexo MarHUTOB B HOPMAJIBHOE COCTOSIHUE HAOIIIOAAETCsI TIPH TIoAade TOKa
oKko010 7,5 KA.
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Puc.6. KoncTpykuus cBepXmpoBOASILIETO
Ka0esst HyKJIOTpOHa: | — MEeJIbXHOpOoBast
TpyOKa; 2 — CBEpXIpPOBOJIIAs IPOBO-
JIOKA; 3 — HUXPOMOBAsI POBOJIOKA; 4 —
KaITOHOBAs JICHTA; 5 — CTEKJIOJICHTa

[lomepedHoe ceueHHE AWUMONBHBIX
MarHuTOB M KBaJPYyNOJIbHBIX JMH3 NIPHUBE-
JIeHO Ha puc.7. MarHUTH UMEIOT pa3bop-
HyI0 KOHCTpyKiuio. JKenesHoe sipmo jau-
TMOJIEH COCTOMT U3 JIBYX COCMHEHHBIX T10-
CpeACcTBOM  OONTOB  CHMMETPUYHBIX
yacTe, CMOHTHUPOBAHHBIX M3 IUIACTHH
JJEKTPOTEXHUUECKON CTaJd  TOJLIMHON
0,5 mm. XKexe3o xBaapymomneil umeer ye-
TBIpE CUMMETpHUYHbIC 4YacTH. OCHOBHBIE
XapaKTePUCTHKH MArHUTOB NPHBEICHBI B
tabn. 3. Ha puc.8 mpencrasiena 3aBucH-
MOCTbh CyMMBbI CTaTHYECKOTO TETUIONPUTO-
Ka W JUHAMHYECKUX TEIUIOBBIACICHUI
MIOJTHOTO KOJIBIIA OT pexknuMa padoThl yCKO-
purensa. IlorpeOHast XOJIOZONPOU3BOIM-
TEJILHOCTh U3MEHSETCSI OT BEJIMUNHBI CTa-
TH4yeckoro Terutonputoka (1750 BT) mpu

PEIKOM CIIeIOBaHWU UMITYJTHCOB TOKa B MarHuTax 110 4620 Bt mpu gactote 0,5 I'mI.
B [33] comepxxarcst mogpoOHbIe TaHHBIE MATHUTHBIX M3MEPEHUH AUTIONEeH 1

KBaz[pynoneﬁ HYKJIOTPOHA, pPaCCMOTPCH AJITOPUTM PACCTAHOBKH MAariuToOB C LICJIbIO

Ksanpynons

200

63
318

i

120
318

Puc.7. [lonepeunsie pa3pe3bl AUMOIBHOTO U KBAAPYMOIbHOTO MAarHUTOB: / — OXJIa)KAat0-
mast TpyOKa; 2 — jkese3Hoe IpMo; 3 — CBEPXIPOBOAAIIAs 00MOTKA; 4 — HOHOIIPOBOX; 5 —
IBYX(pa3HBIN Tesnid; 6 — MeIbXHOopOoBasi TpyOKa; 7 — CBEPXIPOBOSIINIT Kabesb
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YMCHBIICHHS UCKAXCHHUS 3aMKHYTOH OpOWTHI M3-3a pa3dpoca uX 3PPEKTUBHBIX
JUTnH. BO3MOXKHOCTH JaTbHEHIIIEr0 COBEPIICHCTBOBAHHS OIIMCAHHOTO THIIA MarHy-

TOB, YBEJIMUUBAIOIINE MATHUTHOE 10JI€ 10 BeauunH 3,55 Ti, npenioxeHsl B [34].

Ta6auua 3. OcHOBHBIE XapAKTEPHCTHKH MATHUTOB HYKJIOTPOHA

XapaKkTepuCTHKH Jlumons Ksanpynonn
KonuuectBo asieMeHTOB 96 64
Macca, kr 500 200
AmnepTtypa, MM 110 x 55 120 x 63
JlimHa Kene3Horo sipMa, MM 1370 430
dusznueckas JUIMHA, MM 1462 450
Yucno BUTKOB B 0OMOTKE 2x8 4x5
JlinHa cBepxnpoBosiero kabemnst B 00MOTKe, M 62 24
WNupykuus npyu HOMUHAIBHOM Toke 6 KA, Ti 1,98 —
I'paauenT npu HOMUHAIEHOM TOKE 5,6 KA, Ti/m — 33.4
3anmacenHas sHeprus, kJx 19,8 6,9
I[I/IHaMI/IqeiCKI/Ie TCIUIOBBIJICIICHHS B IIUKIIC 21 12

c vactorou 0,5 ', Bt

CraTHYeCKHUI TEIIONPHUTOK (IIPH HYJIEBOM TOKe), BT 6,6 5,2

5 T T T T
&
2 4T
<
[~
S st
[=
[
P
z 21
g Bmin=0
510 B=2T/ - 1/-“
& =2T/s
0 . , . :
0,1 0,2 0,3 0,4

YactoTa umMnynbcos, I'i

0,5

Puc.8. IToTpebHas X01010IPOU3BOAUTENIEHOCTE KPUOTEHHOM CHCTEMbI HyKJIOTPOHA B 3aBH-
CHMOCTH OT YaCTOTHI IIOBTOPEHUS UMITYJIbCOB TOKA B MAaTHUTAX
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CBepxnpoBoasiliue MyJIbTHIIOJILHbIE MATHUTBI VISl KOPPEKIMH OPOUTHI
yactun [63]. s obecrieueHuss KOPPEKIIMH OPOUTHI YaCTHIL B KOJIBIE HYKJIOTPOHA
CMOHTHPOBAHO 28 MYIJIBTHIIOJIBHBIX KOPPEKTOPOB € TPEMs WM YETHIPbMS TUITAMH

Tabnuna 4. OcHOBHbIE IapaMeTPbl
CBEPXIPOBOASIIIUX KOPPEKTHPYIOMHX

MATrHHTOB HYKJIOTPOHA

BryTtpensss TpyOka, MM 132
BryTpennuit tuameTp 0OMOTKH, MM 147
JliinHa 0OMOTKH, MM 310
MakcuManbHbIi pacueTHBIN TOK, A 100
O6MoTKHI D/S/O
MaxkcumainpHoe mmose, T 0,15/0,4/0,1
AMnep-BUTKH, KA 9/8,2/1,5

=LAl

fHe

00MOTOK B Kak7I0M. B cocTaBe
KOPPEKTOPOB B Pa3HBIX KOM-
OMHAIMAX HWMEIOTCS ITHITONb-
Hele (D), kBagpymnonbHEe (0),
cekcTymonpHbe (S) M OKTy-
nosibHBIE 00MOTKH (O). Kax-
J1ast M3 HUX 3aITUTHIBACTCS JICKT-
PUYECKIM TOKOM HE3aBHCHMO
or apyrux. Koppekrtopsl
CMOHTHPOBaHBI Ha 0a30BBIX
KBaJIpyHOJIBHBIX MarHUTAaX.
OCHOBHBIE  TTapaMeTPHI
MYJBTUTIOIBHBIX KOPPEKTOPOB
MpUBOAATCA B Tabm. 4, KOH-
CTPYKIHUS MOKa3aHa Ha puc.9.

al/M2:1/

M,

1
T
T
T

< los

Puc.9. KoHCTpyKLusS MyJIBTUIIONBHOIO KOPPEKTUPYIOIIEro MarHuTa: / — MOAIepKUBaAIO-
LU THIHHADP; 2 — 3MEEBUK € ABYX(a3HBIM refiieM; 3 — CBEPXIPOBOASIINE OOMOTKH; 4 —
JKETEe3HOE SAPMO, 5 — TEIUIOOOMEHHUK OXJIAKAEHHS JKeJIe3HOTro ApMa, 6 — ¢manen, 7 —

SJICKTPOU3OJISIUSA
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OOMOTKHM BBITTOJTHEHBI U3 CBEPXIPOBOSIICTO MpoBoaa auameTpom 0,5 MM B of-
HOM cioe. OHU MPONUTAHBI MOKCUIHBIM KOMIAYH/IOM U MPHUKIICCHBI K 3MEEBHUKY
(2), mo koTopoMy TIPOXOAUT ABYX(a3HbIi renuit mpu temmneparype 4,5 K. TpyOka
(2) mmametpom 5x0,5 MM mpumasHa K IHHAPY (/), U3TOTOBICHHOMY M3 HepKaBe-
tomieit cranu. OOMOTKH OKPYIKEHBI JKEJIE3HBIM SIPMOM U3 JINCTOBON 3JIEKTPOTEXHH-
yeckoi ctanu TommuHon 0,5 MM. JIHCTEI coefnHEHBI TyTeM cBapku. OXaxIeHue
KEJIE3HOTO SpMa OCYIIECTBIIETCS IOCPEACTBOM IPHUIMASHHON K HEMY MEIHON
TpyOKHu nuameTpom 6x1 MM.

ToxoBBoabI [45-47]. BBox 0OJBIINX [0 BEIWYHHE AIEKTPHUCCKUX TOKOB OT
paboTraromux IMpH TEeMIEpaType OKpY)Kalolleld Cpeibl MCTOYHHKOB NHUTAHHS B
OXJIAKaeMbl€ )KUIAKHM I'eJIHeM CBEPXITPOBOASIINE MAarHUThI — JOBOJILHO CIIOXKHAS
3aga4a. Yem OoJbllle IUIOMIA b CEYEHHUS] M MEHBIE JTMHA IPOBOJIHHUKA, TEM O0JIb-
11ee KOJIM4eCTBO TeIlIa IPUTEKaeT U3BHE B MArHUTOKPHOCTATHYI0 cucTeMy. OiHaKo
1 Ype3MepHOEe YMEHbIICHHUE IJIOMAN CEYECHHs MOXKET IPUBOAUTH K OOJIBIINM Te-
IUTONPUTOKaM M3-3a pa3orpeBa TOKOBBOJA IIPH IMPOXOKIACHUH SJIEKTPUYECKOTO
TOKa. 3a/1a4a CO3/[aHusI TOKOBBOJIOB COCTOUT B 00ECIICUEHNH UX CIIOCOOHOCTH IPO-
ITycKaTh TpeOyeMblil 3JIeKTPUYECKHI TOK ¢ MUHHMAJIbHBIMH 3aTpaTaMH XOJIOJa.
Juist ee perieHnst 0OBIYHO MTPUMEHSIOT OXJIaK1aeMble TOKOBBO/IBI, B KOTOPBIX OCHOB-
Hasl 4acTh JUKOYJIeBa TeIljla M TEIUIONPUTOKA U3 OKPY’KAIOIIEH cpe/ibl CHUMAETCS OT-
BOJMMBIM M3 KPUOCTaTa HU3KOTEMIIEPATYPHBIM [TOTOKOM HapOB I'elusl, HarpeBaro-
LIMMCS TIPH ITPOXOXKICHUH TOKOBBOJIA B HAIIPABJICHUH, IIPOTUBOIOIOKHOM ITOTOKY
terua. [Ipy onTUMu3aIuy 3aTpaT ClieyeT yUuThIBaTh, 4TO IPOM3BOACTBO B pedpH-
JKepaTope OXJIAXKJAIOIEeTO [TOTOKA, TaK JKe, KaK M IPOM3BOICTBO X0JI0/1a, CBSI3aHO CO
3HAUUTEJIbHBIMU JHEPreTHYecKuMH 3arparaMu. [losTomMy 3amada onTHMHU3ALMU
KOPPEKTHO MOKET OBITh pEIlIeHa TOJIBKO B TOM CIIydae, KOT/ia Ha €INHHILY TTO{BOH-
MOTO K MarHUTY 3JIEKTPUYECKOT0 TOKA PACXOAYETCs MUHUMaIIbHAsI SHEPTUs Ha IIPH-
BOJIE KPHOTEHHOTO pedprkeparopa.

B nureparype 1momoOHBIA MOAXON BCTpEUaeTcs peKo. ABTOPHI IyOIMKaIMi
OOBITHO OTPAHUYNBAIOTCS MUHUMH3ANNEH BETMIMHBI TETTIONPUTOKOB HA €ANHUILY
IEKTPUYECKOTO TOKA, a BEJlb DHEPro3arparkl, 00yCIOBICHHBIE TOJILKO BEJIMYNHON
TETUIONIPUTOKA, COCTABIISAIOT JIUIIB MAJYIO JIOTIO OOIINX 3aTpaTr Ha KPHOCTaTHPOBa-
HHUE TOKOBBOJA. B 3TOM CBSI3M TOJIE3HO ONpENENNTh, KAKUM €IUHBIM KPUTEPHEM
METOAMYECKH BEPHO MOKHO OXapaKTepH30BaTh dPPEKTUBHOCTH PabOTHI TOKOBBO-
na. Kak uzsectno [49], MuHnManbpHas pabora ojydeHus] eAMHUIIBI X0JI0/1a € q (k-
Ceprus X0JI0a) U )KUAKOTO TeIHS € < (9KCceprus MOToKa) BEIpaskaeTcs (opMyIIaMu:

e, =T,./T-1,

eg :i_iO.C _TO.C (S_SO.C )’

rae T, T, . — TemmepaTypa KpHOCTATHPOBAHMS U OKPYKAIOIIEH CPemsl; I, iy . —
yAeTbHAS SHTAJBIHS KUIKOTO TEIHsI M TeNHs MIPH IMapaMeTpax OKpYKaromei cpe-
IBL S, S, . — YAEIbHas SHTPOIHS KMIKOTO TeJIUs M TeJIUs IIPU IapaMeTpax OKpy-
JKAIOLIEH cpeabl.
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Jns renmus npu temmeparype 4,2 K 3TH BeIHMYUHBI COCTABISIOT e, = 70,4,
ey = 6805 Jx/r. O0mmme 3aTpaThl SKCEPTUH Ha TOKOBBOJ] OIPEACIISIOTCS KaK CyMMa
COCTAaBJIAIOIINX

E=Qeq +Geg ,

rie Q — TEIIONPUTOK B KPHOCTAT 110 TOKOBBOAY; G — pacxo/ reliusi, OTBOANMOTO
10 TOKOBBOJTY.

C y4eToM 3THX COCTaBIAIOMINX 3()(HEKTHBHOCTh TOKOBBO/IA XapaKTEPH3YETCs
BEJIMYMHOM e; =/ 3aTpaT 5KCEPTHMH Ha CIUMHUILY BBOIMMOTO JIEKTPHYECKOTO
Toka. O0ObIyHO 5Ta BeanunHa coctasisieT 0,35 + 0,5 B1/A.

Onepnpyﬂ BEJIMUMHON el-, JOCTAaTOYHO MPOCTO OMPEACINUTDL JOIMOJIHUTCIBHBIC
9HEPro3arpaThl Ha MPUBOJE T'eINEBOr0 pedpruKepaTopa, CBI3aHHbIE C 00CITyKUBA-
HHMEM TOKOBBONOB: A=e;I/ N, rue N — 5KcepreTH4ecKuil K.I.1. pedpukeparopa
(0,10 + 0,20). Hanpumep, eciu e; =0,48 B1/A, mpu BOCbMH OCHOBHBIX TOKOBBOJIAX

HYKJIOTPOHA JIJIsl TOKA B KXKJIOM M3 HUX 6 KA U pexuma pedprokeparopa ¢ K.I1.1.,
paBubiM 0,15, oHU cocTaBisAOT 0KoJio 154 KBT.

Ha mpaxTuke ans opram3anun 3QQEKTHBHOTO TETIOOOMEHA TOKOBEAYIIUX
yacTel ¢ OXJIAKIAIOUIMM T'a30M B KOHCTPYKIIMH TOKOBBOJIOB UCIIOJIB3YIOT OTUIETKH
13 TOHKOW MeAHOU mpoBosioku. OaHako B [48] mokazaHo, 4TO MPU YBETUUECHHHU I10-
BEPXHOCTH TEIUIOOOMEHA C IMOMOIIBI0 OIUICTOK YIJIUHSICTCS IyTh TOKA, KOTOPBII
HJET 3Ur3aroo0pa3Ho, U COOTBETCTBEHHO PACTYT JKOYJIEBHI oTepu. Takum oOpa-
30M, HEJOCTATKU W3BECTHBIX TOKOBBOJOB OBLIH OOYCIIOBJICHBI OJHOBPEMCHHBIM
BBITIOJTHCHUEM OIUICTKOW (DYHKITMI TOKOBEAYIIErO 3JICMECHTA U TCIIOOOMCHHUKA.
st yMEHBILIEHUS JIXKOYJAEBBIX MOTEPh aBTOPAMU IPEJITIOAKEHO UCIOIb30BaTh TOKO-
BEJYIIHE MEIHBIC UTACTUHBI, COCAMHCHHBIC 110 BCCH UTMHE CO CILTIONICHHBIME 00-
MOTKaMU. DJIEKTPUUYECKOE CONMPOTUBIICHUE IJIACTUH 3HAYUTENILHO MEHBIIE COMPO-
TUBJICHUS TIAKETA OIUICTOK, M OOJIbINAsl YaCTh TOKA MPOTEKACT 10 ITUM ILJIACTUHAM,
a OIUICTKH UCIOJIB3YIOTCS TOJIBKO [l HHTCHCU(DUKAIIUY TEII000OMEHa.

KoHcTpyknnss TpUMEHEHHOTO [UIsi HYKJIOTPOHa TOKOBBOJA IIOKa3aHa Ha
puc.10. TokoBemyIIue 3IEMEHTHI COCTOAT U3 JABYX MEIHBIX IMONOC (/) U YeTBIpex
CILTIOIIICHHBIX OIUIETOK (2), TOPIBI KOTOPHIX CBapeHHL. B pesymsraTe oOpasyercs
KOpoO, OXBATHIBAIOIIMN TEIUIOOOMEHHUK C VICIBHON TOBEPXHOCTBHIO OKOIIO
55 em>/em’. [TockonbKy cBapka TOPIIOB HE 00CCIICUNBACT HEOOXOIUMOM TepMETHY-
HOCTH JIJIs1 HAXO/SIILErocst O/ BAKYYMOM KPHOCTAaTa, TOKOBEAYIIHH 3JIEMEHT IoMe-
IICH B TOHKOCTCHHYIO TpyOy (3) U3 Hepkaperomiei ctanu. Hebompmoe oTBepeTre B
CTCHKE KOp0o0Oa MO3BOJISICT BRIPABHUBATH JIABIICHUE BHYTPHU U BHE KOpPOOa, uTo 0bec-
MEeYUBAET €0 LEJIOCTHOCTh P MOBBILIEHUH AaBiieHus. JonycTuMoe BHyTpeHHEee
JIaBJICHHE TOKOBBOJA cocTapisiet 2,5 Mlla.

DnexTpudeckue n30mATopsl (4)—(7) BBHIMOTHEHBI U3 KalpoiioHa. M301aTOpEI
MIPOBEPEHBI Ha AIEKTPHUECKYIO MPOYHOCTh B Bo3ayxe. Cyxoil H30IATOp BEIIEPKHU-
BaeT MocTossHHOE HanpsokeHue 20 kB, cMoueHHBIH Bomoit — 2,5 kB (uMeeTcs B BU-
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Puc.10. Korcrpykuus TokoBBoza: / — monoca MegHast; 2 — omierka; 3 — tpyba; 4—7 —
KalpoJIOHOBBIE AJICKTPOH30JIATOPBI, 8§ — TEINI0OOMEHHHK, 9 — HarpeBareib

Ay BO3MOXHOCTb 06p2130BaHI/I$I CHETOBOU I].Iy6LI B BerHeﬁ JaCTU TOKOBBOAA IpH
BBIXO/JI€ X0JIOAHOI'O remm).



780 AT'AIIOB H.H.

Jlst mpoBenieHns NCIIBITaHUH OT/ACTHHBIX MAaTHUTOB HA CTEHAAX M IS KOJIbIIA
YCKOpHTENsI OBUIO CO37aHO HECKOJIBKO MOAU(MUKAIIUI OMHCAHHOW KOHCTPYKITUH.
[TomyueHHbIe TapaMeTPHl TOKOBBOJOB NPUBEIEHBI B Ta0n. 5. OTaensHas 9acTh TO-
KOBBOJIOB HYKJIOTPOHA IpEIHA3HAYCHA JIMIIB JUII KPATKOBPEMECHHOM (HECKOJIBKO
CeKyHJI) pabOTHl B XO/€ PBaKyalldd PHEPTUHM MArHUTHOW CHUCTEMBI TPH TOTEpe
CBEPXIPOBOAMMOCTH. DTH TOKOBBOIEI [46], 00ccIieUrBarOIINE BRIBOJ] TOKA § KA 32
1-2 ¢, oTIMYaoTCsA MOHMKEHHBIM CTaTHYECKUM TEIUIOMPUTOKOM B KPHOCTAT.

Ta6auua S. OcHOBHBIE IapaMeTPbl TOKOBBO/10B

OnTHMANBHBINA TOK, KA 4,0 6,0 7,0 9,0
O dexTuBHAs qIHHA, MM 600 600 650 820
CeueHue TOKOBEYIIECTO HIICMEHTA, MM

Bepx 105 160 130 160
Hus 75 110 100 120

[onepeunsle pazMepsl TOKOHECYIETO 3JIEMEHTa
P P P i 20x 15 | 28x 15|27 %17 | 27 x22

(Bepx), MM

Pacxoj reus Ha oXJaXkJIeHUe TOKOBBOJA, I/C 0,2 0,3 ((;’3](1:) (%?Al)
TeruonpuTok Ha eAUHUITY TOKa, BT/KA 1,0 1,0 1,12 1,17
Temnonpurok 6e3 Toka, BT/kA 2.5 4,0 3,5 6,0
T'unpasnuueckoe conporusienue, klla 10 12 10 11
Pacxox sxceprum Ha €HHUIYY TOKA

(3¢ dexruBnOCTE), BT/A 0.41 0,41 0,51 0,48

OC00EeHHOCTh TOKOBBOZOB ISl MYJITUIIONIBHBIX KOPPEKTOPOB COCTOHT B TOM,
YTO B 3TOM CITydae OXJaXJCHHE MMOTOKOM Teiust He mpuMenseTcs [63]. OtBox Te-
1a ocymecTusercs Ha ypoBHe 80 K mocpeacTBoM TEMmIOBBIX MOCTOB K TEIIIOU30-
JTUPYIOIIEMY a30THOMY KpaHy KpHOCTaTa HyKIOTPOHA.

TepmomeTpust [S0-52,65]. B xone pa3BuTus paboT Mo CO31aHUI0 HYKIOTPOHA
noTpeOOBaIOCH OOJIBIIOEC KOJTMUYCCTBO TOUHBIX, HAJCIKHBIX, TOCTYIHBIX IO IICHE
TEPMOMETPOB, CIIOCOOHBIX paboTaTh B IIUPOKOM HHTEPBAJIE TEMIEpaTyp U MO BO3-
MOXXHOCTH HEC USMCHAIOIUX CBON XapaAKTEPUCTUKN B MATrHUTHBIX U paJHallMOHHBIX
noJisix. I10CKoJIBKY OT€4eCTBEHHBIX TEPMOMETPOB, B IIOJHOU MEPE YAOBIETBOPSIB-
HIMX 3TUM TPEOOBaHUSIM, HE CYIIECTBOBAIIO, OBUI IIPOBE/ICH IUKJ HCCIIEA0BATEIb-
CKHUX paboT 10 co3/1aHHI0 COOCTBEHHOI Oa3bl TepMoMeTpuu. B pesynbrare B kaue-
CTBE JIATYMKOB TEMIIEPATyphl OBbLIO NPE/ITIOKEHO UCTIONIb30BATh OTEYECTBEHHBIE pe-
suctopsl [53] tunma TBO (temmocrtoiikuii, Bmaroctoiikuii, oosemHusbIi). HMcce-
JIOBAHHS U OIBIT MPUMEHEHHsI B TEUCHHE OoJiee ACCSATH JIET MOKa3alu, YTO OCHOB-
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HBIC XapaKTEPUCTHKH MTPEVIOKCHHBIX TEPMOMETPOB HE XYXKE, UEM Yy 3apyOEHKHBIX
aHAJIOTOB, @ B OTHOILICHUH PabOYEro MHTEpBAIa TEMIEPATyp U CTAOMIBHOCTH UX
TIPEBOCXOJISIT.

Pesucrops! Tuna TBO, npeanazHadeHHbIE 17151 paOOTHI B 2JIEKTPOHHBIX YCTPOU-
CTBaX B IEMAX MOCTOSHHOTO U MEPEMEHHOT0 TOKA, a TAKXKE B UMITYJIbCHBIX PEXH-
Max, BBIIIYCKAIOTCSI IPOMBIIICHHOCTBIO C HOMUHAIIBHBIMH MOITHOCTSAMU OT 0,125
10 60 BT. CymecTBeHHBIE TOCTOMHCTBA ATHX PE3UCTOPOB COCTOAT B MaJIOW MHTYK-
THUBHOCTH, XOPOIIIEH IMEKTPUIECCKON 30N KOHCTPYKIIMU 1 BEICOKOH HaIeKHO-
ctu. s meneil Hu3KoTeMIepaTypHbBIX U3MEpEeHUI HanboIee MOAXOAAT PEe3UCTOPHI
¢ HomuHainom 0,125 Br, nmeronme MUHUMaNbHBIE pa3Mepbl. MakcuMaibHOE yno0-
CTBO CTHIKOBKM C W3MEPUTENBHOW CUCTEMOW HPH XOPOLIEH YyBCTBUTEIBHOCTU
o0ecreunBaroT Pe3UCTOPbl ¢ HOMUHAIBHBIM conpoTusieHuem 1000 Om.

Kak nokasano Ha puc. 11, pesuctop TBO-0,125 npencrariser co0oii cTepkeHb
HPSIMOYTOJILHOM (DOPMBI C 3aIIPeCCOBAHHbI-
MU 10 Topuam BeIBogamu (/). O6beMHas
TOKOTIPOBOASIIAS KOMIO3HIHUSA (2) TIpsMO-
YTOJIBHOTO CEUYEHHsI TEPMETHYHO 3alHIIe-
Ha KepaMHuueckoi o0osoukoi (3) u cioem
cTeknosManu (4) TonuuHoit 0,2 Mmm. Diek-
TPUYECKHE KOHTAKThI MEXKIY MPOBOISIICH
KOMTIO3UITHUEH (2) 1 MIaTHHOBBIMH BBIBOJIA-
MU (/) ocymiecTBIstoTCS myTeM auddy3uu
cepeOpSTHOTO MOPOIIKa () IIPU CIICKAHUH
MIPECCOBAHUM B IpoLEcce MPOU3BOACTBA,
MOATOMY OHU TEPMETHYHBI U UMCIOT MOBbI-  Puc.11. KoHcTpyKuust i pasMepsl KOMIIO-
IIeHHYI0 TpoyHoCTb. Tokompopomsmas ~SHTHOro pesucropa TBO-0,125: 1 —

IINIATUHOBBLIC BBIBO/IBI; 2 — TOKOIIPOBO-
KOMIOSHIAS COCTONT M3 MENKOUCIEPC-  0os oGremmas KOMIOSHIMS; 3 — Ke-
Hol (50-200 A) rasopoii caxu (3—5%), pamuueckas obomouka; 4 — CTEKIO-
GOPHO-CBUHIIOBOTO (DIIFOCA M KOPYHIOBOTO ~ 3Mallb; 5 — CepeOpsHbIA I0pOLIOK
MHUKpomnopoIka. Macca pe3ucropa cocra-

BisieT 0,075 . BenuuuHy ero TemiIoeMKOCTH IPH HU3KUX TEMIIEpaTypax MOXKHO
OTHCATh SMIUPUICCKON 3aBUCHMOCTHIO

C7=1070(0,997+1,707 ) [ln/r[K].

Ipu Temneparype 4,2 K ora Benmuuna cocrasiser 1,3007 i/r(K.

Conpotusnenue pesucropa TBO HeTHHEWHO pacTeT ¢ MOHMKCHUEM TeMITepa-
Typsl. 3aBucumMoctd R = f(7) TBO 1 9acTo mpuMeHSIEMBIX U U3MEPEHUS HIU3KUX
TEMIIEpaTyp Pe3ucTopoB GpUpMbI «AseH-bpeuiny aHaIOrnIHbL: B 000UX CITydasix
OHHU UMEIOT BHJ, OMM3KHi K Tunepoose. M3MeHeHne 1yBCTBUTEIBHOCTH PE3UCTO-
POB B 3aBUCHMOCTH OT U3MEPSEMOIl TEMIIEpaTyphl OKa3aHO B Ta0. 6.
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Taoauua 6. UyBcTBUTEABHOCTH pe3ncTopoB TBO u «Aminen-bpemnan», Om/K

Temneparypa, K 42 20,4 77,4 273 400
Pesuctop TBO (1000 Om) 714 26,5 3,8 0,8 0,5
«AmreH-bpemxmy (100 Om) 360 7,0 0,47 0,04 —

[TocKoNbKY MPOMBIIIUIEHHOCTH BBITyCKaeT pe3ucTopbl TBO ¢ OTKIOHEHUSMHI
OT HOMHMHAJIBHBIX CONPOTUBICHUH OT 5 10 20%, KaXkAbIi TepMoIpeoOpa3oBaTeb,
Co3/1aBaeMBbIil Ha UX OCHOBE, TPEOyeT MHIAMBHIYaTbHON TPagyupOBKHU. [ onmca-
HUSI pe3yJIbTaTOB IPAAyHPOBKH HUCTIONB3YETCS ypaBHEHHUE

T=YK,(Ry/R)",

rae ko> puuueHTs! K, MOIMHOMA OIIPEIEIIAI0TCS 110 KalTHOPOBOYHEIM JAaHHBIM Me-
TOJIOM HAaUMEHBIINX KBaJPaTOB, 0OBITHO R =1000 Om. {7151 MHTEPIOIALMH C 1I0-
IpemrHocThIo 1o Temrepatype 10 0,5% B unTepBaie 4,2 + 300 K nHeobxoumo 6path
CeMb KOA(PPHUIIMECHTOB TIOJTHHOMA.

Jns rpamynpoBku TepMomeTpoB B Jlaboparopuun BeicOkux sHepruit OMAN
CO3/IaH CHENHANBHBINA CTEH, N3MEPEHHS HAa KOTOPOM ITPOM3BOAATCS] OTHOBPEMEH-
HO [t maptun u3 20 Tepmonpeodpa3oBareneil. Mcmonp3yercs 4eTHIpeXmpoBOIHAS
cXeMa C NMUTaHHEeM MTOCTOSHHBIM M3MEPUTEIbHBIM TOKOM 10 MKA cO cTabHiIbHO-
CTBIO HE XYK€ 107°. Temrmepatypa KOHTPOIUPYETCS MO0 00pa3OBOMY FepMaHHEBO-
My tepmometpy TCI'-1 B nuanazone 4,2 + 30 K ¢ rognoctrro 0,02 K u B quanazone
30 + 273 K mo mnaruaoBomy Tepmometpy TCITH-3 ¢ Tounoctrio 0,05 K. [IponsBo-
JUTEIBHOCTh CTEHa U pa3pabOTaHHBIE TPOTPaMMBbI A1 00padOTKH MOITydaeMbIX
PE3yJIbTaTOB MO3BOJIMIM HE TOJIBKO OCHACTHUTH BCE CHCTEMBI HYKJIOTPOHA HEOOXO-
JVMOM TepMOMETpHEH, HO U MPEJOCTAaBUTh TEPMOMETPHI IS LIEJIOTO Psijia Uccie-
nmoBaHuH, Benynxcs B OV n MHOTHX Ipyrux opranu3amusx B Poccun.

3. OCHOBHBIE DJJEMEHTHI BHEITHEN KPUOTEHHOM CUCTEMBI

TlenneBsiii pedpuxeparop KI'Y-1600/4,5[20].  Kpuorennas  remueBast
yctanoBka KI'V-1600/4,5 crnpoexTupoBaHa MOCKOBCKAM oOwveamaernem HITO
«TenmiiMarn» 1o 3aKa3y ¥ ¢ ydyacTHEM crielaarcToB JlJaboparopun BEICOKHX SHEp-
ruit OUSU. TonoBHOW oOpasern, ucmbITaHus KoToporo Obutk HadaTel B 1980 T,
MIpeAHa3HAYAICs ISl KPHOCTATHPOBAHMSI CBEPXIIPOBO/ISIIETO MOJIEIIEHOTO CHHXPO-
tpoHa CIIVH u cxxmKeHns Tenust A HyKI pa3InIHbIX 3KCIIEPUMEHTAIBHBIX CTCH-
noB OUSIN, paboTaBImKX Kak TSI HCCICIOBAHUI CBEPXIIPOBOIIIINX MAarHUTOB B
paMKax MporpamMMbl CO3/1aHMs HYKJIOTPOHA, TakK M JUId APYTHX lieneid. Brocien-
CTBMHM Ha KPUOTEHHOM KOMIIJIEKCE HYKJIOTPOHA OBUIM CMOHTHPOBAHBI €IIIe TPH Ta-
KHE YCTaHOBKH.
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Arperar oxnaxaerus KI'Y-1600/4,5 Bxio9aeT mSTh OCHOBHBIX OJIOKOB
(puc.12), 3aKIIIOUYCHHBIX B COOCTBEHHBIE BaKyyMHBIE TEIION30IMPYIOMINE KOKYXH
W COCJMHEHHBIX C JPYTHMMHU MOCPEICTBOM TEIUIOM30JUPOBAHHBIX TPYOOIIPOBOIOB.
bnok (/) npencrasisier coO0H COCTOSIIYIO U3 IBYX- U TPEXITIOTOUHBIX BUTBIX TEIIO-
0OMEHHHKOB THPIISHAY, U3 COOTBETCTBYIOIIMX MECT KOTOPOH 110 PacIiojoKeHHOMY
B IICHTPE BAKyYMHOMY KOXKYXY OTXOJST TPH Mapbl TPyOOIIPOBOIOB BXOJa U BEIXO/A
renust TypOOJeTaHAepOB CTYIIEHH NPEIBAPUTEIBHOrO oXJaxkaeHus. TypOoxeran-
JepHbIH 010K (2) KOHCTPYKTUBHO pa3MelIeH B BepXHel qacTu Oimoka (/).

OuncTKa resust OT MPUMECEH IIPU TeMIepaType KUIKOTO a30Ta OCYIIeCTBISIET-
csl B IBYX Iepekitoyaroniuxcs omokax 3(/) u 3(2) ¢ pa3MelieHHbIMH B HUX YTOJIbHbBI-
MU azncopbepamu. Bo Bpems paboTsl oHOTO GJ10Ka BTOPOM HaXOTUTCS B Ipoliecce
pereneparun. OHa MPOU3BOAUTCS IPOTPEBOM IOPSYUM Ira30M U MOCIEIYIONIIM Ba-
KyyMHpoBaHHeM. AjicopOep ouncTku oT npumeceil Ne u H, ycraHoBiieH BHYTpH
6110ka cxxmkeHus (4). BosMoxHOCTEl ero pereHepauu B Xoz1e padoTHI HE Mpemy-

Puc.12. Cxema ycranoBku KI'V-1600/4,5: ] — ocHOBHOI OJIOK TEIIO0OMEHHHKOB; 2 —
TypOoneTanIepHbIN OII0K; 3 — OJI0KK 04UCTKH OT puMeceit N, it Oy; 4 — OIIOK COKMKEHUS;
5 — 670K MapoXKUIKOCTHOTO TypOoneTaHaepa
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CMaTpHUBAJIOCh: KaK IPaBHJIO, OHA OCYIIECTBIIACTCS HA TEIJION YCTaHOBKE IEpen
KQX/IBIM JUINTEIILHBIM CEaHCOM dKCIUTyaTannu. biok cxmxenus (4), Kpome Toro,
BKITIOYAET COOPHHK KUAKOTO refust 00beMoM okoio 1000 uTpoB, TerIooOMeHHH-
KU ¥ HU3KOTEMIIEpaTypHYIO apMaTypy YIpaBJIeHHs yCTAHOBKOM U pacrpeieeHus
YKHJIKOTO I'eJTust 110 ToTpeduTessiM. K 6J10Ky CKMKEHUS IIPUMbIKAET OJIOK ITapoXKu/-
KocTHOTO TypbOomeranaepa (3).

Kak u3BeCTHO, IpU KPHOCTATHPOBAHUU CBEPXIMPOBOMASIINX MArHUTHBIX CH-
CTEM TI'eJIueBbIe pedprrKkepaTopsl paboTalOT B TAKMX PEKUMAaX, KOTIa OJTHOBPEMEH-
HO C ITPOU3BOACTBOM XOJIOJIa JOTIOJIHUTEIHHO BEIPaOaThIBACTCS 1 HEKOTOPOE KOJIH-
YeCTBO YKUIAKOTO I'eJIHsI, KOTOPOE HEOOXOMMO JIJIsl 3aTI0JIHEHNST KPHOCTATOB M OXJIa-
XKJICHHUST TOKOBBOZOB. [loaTOMYy OBIIM SKCHEPHUMEHTAIBHO H3YYECHBI XapakTe-
puctukn ycranoBku KI'Y-1600/4,5 npu pabore B mo100HBIX KOMOMHHPOBAHHBIX
pexnuMax.

Meroanka n3MepeHuid COCTosIa B TOM, YTO MPU KaKOM-TO 3HaYE€HHH XOJIOJIO-
MPOU3BOAUTCIIBHOCTH, UMHUTUPYEMOM BCTPOCHHBLIM B CGOpHI/IK KHIKOTO rciindg
AJIEKTPOHATrpEeBATENIEM, H3MEPSIETCS KOJIMYECTBO CoKMKaeMoro renust. [ToixydeHHble
TaKUM 00pa3oM pe3ysbTaThl pecTaBiIeHbl Ha puc.13. JlaBnenue cxxaroro rasa Ha
BXOJI€ B YCTaHOBKY B IPOIIECCE U3MEPEHUI Mo IepKUBaIoch okoio 2,0 MIla, cym-
MapHas IPOU3BOJUTEIHLHOCTh KOMIIPECCOpoB cocTanmisia 3600 Hwv?/uac.

XapaxrepucTtuka (/) COOTBETCTBYET PEKUMaM C APOCCETUPOBAHUEM B CTyTIe-
HU OKOHYATEIBbHOTO OXJIaXJIeHMs. lIpu 3amMeHe apoccens Ha MapOKUAKOCTHBIN
Typboneranaep (kpuBas 2) XOJIOIOTIPOU3BOAUTEIHHOCTh CYIIECTBEHHO BO3pacTa-
eT: B 4ncTo pedprmrepaTtopaom pexxume — ¢ 1100 mo 1700 Bt, T.e. Gomee uem B
1,5 pa3za.

Jlist hopcupoBaHMs YCTaHOBKH B IPOCCEIIEHOM PEXHUME MOXKHO MOKJIIOYUTD
pe3epBHBIN KoMIpeccop (Kpuas 3), yBelIn4duB pacxon reius 1o 4800 Hwm/4. Xo-
JIOIOTIPOU3BOAMTEIILHOCTE IPU ATOM Bo3pacTaeT npumepHo Ha 400 BT, ogHako yBe-
JUYUBACTCS NaBJicHUE B cOopHHUKe xukoro reius ¢ 0,028 no 0,044 Mlla, yto mo-
BBIIIAET TEMIEpaTypy kpuocraruposanus Ha 0,13 K.

C npuMeHEeHHEeM MapoKUAKOCTHOTO JeTaH/epa MOPIITHEBOTO THUIA (KpUBast 4)
ycraHoBka KI'Y-1600/4,5 obnasaeT HECKOJIBKO OOJIBbILIEH XOIOAOIPOU3BOIUTEb-
HOCTBIO U DHEPTETHUCCKOW A(PPEKTUBHOCTHIO, YEM B Cliydac MapOXHUIKOCTHOTO
Typboneranaepa. OHako U3 cooOpakeHUH HaIeKHOCTH HAMH, KaK IPABUIIO0, OBLITH
HCTIONB30BaHbI TYPOOMAIITHHEI.

[TprBeeHHBIE BBIIIE XapAKTEPUCTHKH MTOJYUCHBI B PeXKUMaX, KOTa B CTYTICHH
MIPEABAPUTEIIBHOTO OXJIAKICHUS MCIIONB3YeTCs )KUAKUHA a30T. OcyniecTBUTh -
(exTHBHYIO paboTy Ha Pa3INYHBIX TOUYKAX XapaKTEPHCTHKH B OTCYTCTBHE KHKOTO
a30Ta B UKJIE JIOBOJILHO CIIOKHO. DTO 00YCIIOBICHO HEPETYINPYEMOCTBIO ITPOXOI-
HBIX CEUCHMH COIIOBBIX allllapaToB MOCIEIOBATEIBHO BKIIOUCHHBIX TypOO/IeTaH-
JIEpOB: MIPH TIEPEXOJIE OT OJHOTO PEXNMa K APYroMy TpeOyeTcst CyIeCTBEHHOE TIe-
pepacnpeneneHne MoTokoB. IlyTeM pacueTHOro aHaiaHM3a MEPEeMEHHBIX PEXKHMOB



KPMOT'EHHBIE TEXHOJIOI'MM B CBEPXTIPOBOALIEM YCKOPUTEJIE 785

2,01 : . - . ‘ , :
1,8
1,6
1.4
1,21
1,0

0,8
0,6} 4

0,4 i " L i n L 1
0 20 40 60 80 100 120 140

IIpousponcrpo xkxunkoro He. n/u

X0n10A0NpPOU3BOAUTENBHOCTE (J, KBT

Puc.13. Xapakrepuctuku ycranoBku KI'Y-1600/4,5 npu omHOBpeMEHHOM HPOU3BOJICTBE
xoJyofa Ha yposHe 4,5 K u xxujkoro renusi: / — pekuMBbl ¢ APOCCEIUPOBAHUEM B CTYIICHU
OKOHYATEIbHOTO OXJIXKICHUS; 2 — C PACHIUPEHHEM B TMapOXKHIKOCTHOM TypOoaeTaHAepe;
3 — apoccenbHbIe PeKIMBI ITPU MOBBIIIEHHOM PACXO/e CHKaTOTo Teusl (eThIpe KOMIIpec-
copa 305HI120/30); 4 — ¢ HOpIIHEBBIM MapOXXKUAKOCTHEIM A€TaHIEPOM

pedprkepaTopoB HallIEHBI U PeaIM30BaHbl TEXHMUECKHE PEIICHHS, KOTOPBIE I10-
3BOJIAT 3(p(peKTUBHO paboTaTh HAa 3HAUUTEIHHON YaCTH XapaKTEPUCTUKHU U Oe3 Io-
TpeOIeHUs )KUIKOTO a30Ta. MeToANYECKHEe OCHOBBI aHAIN3a MEPEMEHHBIX PEKH-
MOB | pe3ynbpTarhl pacuetoB st KI'Y-1600/4,5 paccMoTpeHBI HIXKE.

JlocTmkeHrne BEICOKON A(PPEKTUBHOCTH pepHKEpaTOPOB 00ECIICUCHO COBpPE-
MEHHBIM YPOBHEM pa3paboTOK TaKWX €r0 OCHOBHBIX 2JIEMEHTOB, Kak TypOomeTaH-
JIEphI U TETUIOOOMEHHAs armaparypa.

Typ6oneranneps! [35,39,58] ycranoBku KI'Y-1600/4,5 sBisitoTCS BBICOKO-
CKOPOCTHBIMU MaJIOPa3MEPHBIMU Typ6I/IHaMI/I, HE UMCIOIIIUMH aHAJIOTOB B MHpOBOﬁ
npaktuke. [IpoTounas 9acTe TypOOMAIINH C PaTHAIEHO-0CEBBIM pab0UNM KOJIECOM
HUMECT CICIHUANIbHYI0 TPOQUINPOBKY, 00CCICUMBAIOIIYIO BBICOKYIO 3(PQEKTHB-
HOCTb pacUINpeHus pabodero Tema.

KoncTpykTuBHO TypOomeTaHIeps! BRIIOTHECHEI [0 OMHOTHUITHOH cxeme. Pabo-
yee Koyieco TypOozeTaH/epa KOHCOJIbHO 3aKpEIICHO Ha BEPTHUKAIBHO PACIOJIO-
JKEHHOM BaJly, ONIMPAIOIEMCs Ha paJuaIbHbIN ra30CTaTHUYECKUNA U paualbHO-0Ce-
BOW TMIPOCTATUYECKUNM MACISHBIA NOJIIMIHUKYU. ["a30BbIi MOJIIMITHUK PACIIONO-
JKEH HEMOCPEACTBEHHO Yy pabodero Kojeca W XOpPOIIO TePMETHU3HPYET
HU3KOTEMITEPATYPHYIO MPOTOYHYIO YacTh OT MOMafgaHus mapoB macia. OH Majo-
YYBCTBUTEJICH K U3MCHCHHSIM TEMIICPATYPhI M BBIACISCT HE3HAYUTEIHHOE KOIHYC-
CTBO TEIUIOTHI TPEHUSI, YTO YMEHBIIAET TEIUIONPHUTOK K KPHOTEHHOW 4acTH TypOu-
HbI. BpIcOKast BUOPOYCTOHYHMBOCTE POTOPA B OCHOBHOM 00€CIIEUNBACTCS CIICLIHAIIb-
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HBIM THAPOCTaTHYECKUM  IOANINITHUKOM, B KOTOPOM B pabodeM pexume
NPOMCXO/IUT MHTEHCUBHOE 00pa30BaHKe AIMYJILCHH Macia, 6jaroaaps uemy cylie-
CTBEHHO CHUXAETCS MOMEHT CONPOTUBIICHUS BpallleHHIo poropa. ['mapocraruye-
CKHUH TOAIIMITHUK BOCIIPUHUMAET BCE PAJANAIBHBIC U OCEBBIE HATPY3KH CO CTOPOHEI
TypOuHBI. MOITHOCTB, pa3BUBaeMasi TYpOMHOW, pacXoayeTcs Ha TPEHHE B MOJ-
IIUITHAKAX ¥ HAarpeB Macia, DUPKYJSAIUI H OXJTKICHHE KOTOPOTO OCYIIECTBIISCT-
Csl TEPMETUYHON cHCTEMON Macio00ecedeHusI.

XouozHas ¥ TEIUIas YacTH TypOoeTaH iepa pas3iesieHbl Ha BaJly JBYyXCEKIIMOH-
HBIM JTaOWPUHTHBIM YIUIOTHEHUEM C TIPOMEKYTOUHON KaMepoid, peIHa3HAYCHHON
JUTS TIOJIBOJIA TEIUIOTO TeNNs O/ JaBICHUEM C IENbI0 CO3/TaHuUs JOTIOTHUTEIHHOTO
ra3oBoro 3arBopa. Pabouee Koneco M HampaBJAIOMIMIN ammapar, a Takke chucTeMa
MOZIBECKH POTOpA M HATPY304HOE YCTPOMCTBO BBIIIOJIHEHBI B €IMHOM OJIOKE — MO-
nyne. Tem caMbIM CYIIECTBEHHO YIPOIIEHA TEXHOJIOTHSI U3TOTOBJICHUSI KOHCTPYK-
[IUU; PEMOHT OCYIIECTBIISICTCS MMPOCTOM 3aMEHON MOIyist 6e3 HapyIIeHHs repMe-
TH3AIIIU BAKYYMHOTO TEIUIOM3OJISAIIOHHOTO KOXKYyXa.

brnaronapst onTuMaabHOMY BBIOOPY 3a30pOB B IOJIIUITHAKAX, JaBJICHUIO Mac-
Jla ¥ pacripeiesICHNI0 POTOPHBIX MACC Y/IAIOCh IIPH BECbMa BEICOKMX CKOPOCTSIX PO-
TOpa TOOUTHCS BpAIICHUS MPAKTHIECKH 0e3 mpereccuu. TypOuHbI criocoOHBI IITH-
TeIBHO paboTaTh MpH YacToTe BpamieHus potopa a0 300000 o6/muH. Paboune ga-
CTOTBI BPALICHUS CYIIECTBEHHO HIDKE, IIOATOMY TypOO/IeTaHIepbl 00J1aJal0T BBICO-
KoM Ha/Ie)KHOCTBIO PabOTbl M CIIOCOOHBI BBIIEPKHBATh CYILIECTBEHHBIC
MePErpy3KHU.

TypOuHHBIE CTYIIEHH CMOHTHPOBAHKI B BAKYYMHOM KOXKyX€e, KOTOPBIH 00BbeIn-
HEH C CHCTeMOH MUPKYIIANHN U OXJIAXKICHUSI Macyia B €IUWHBIN OJIOK — TypOoeTaH-
JIepHBbII arperar.

OcCo0BIM JOCTHXXEHUEM CIIEyeT CUUTATh CO3JaHHE YHHKAJIBHOTO IMapOXKHI-
KocTHOTO TypOomeTannepa [35]. Kak m3BecTHO, I TOBBIMICHUS YHEPTETHICCKOM
3¢ (eKTHUBHOCTH KPUOTEHHBIX pepIKepaTOpOB U OKIKHTENEH OOJbIIoe 3Haue-
HHE UMEET BO3MOYKHOCTh 3aMEHBI CBA3aHHOTO C OOJBIIMMHU MOTEPSIMH 3KCEPTHU
npornecca apoccenupoBanust Jxoynss — TomcoHa Ha Oosee COBEpLICHHBIH MPO-
mecc anuadbaTHOTO paciMpeHus B aeranaepe. B 1965 r. 3amena npoccernst Ha Jie-
TaHAep OblIa MpeIoKeHa W peaji30BaHA B LUKIEC BOMOPOTHOTO OXKIDKHUTENS B
OUSIN [36]. Ha renmreBoM OXIDKHTENE TaKyrO MojaepHu3anuio Brepsbie (1970 1)
ynanoch mpousBectu C.Komnuuzy [37], B uTOre MOBBICHBIIEMY MPOU3BOIUTEIb-
HOCTh YCTaHOBKHU B OKMKHTEIBHOM pexkume ¢ 60 mo 80 1/4, a B pedpmxeparop-
HOM — co 180 mo 250 Bt. B o6oux ciydasx OBUIM HCIOIH30BAHBEI JICTAHICPHI
TTOPIITHEBOTO THUTIA.

[ToprrHeBBIE AeTaHIEPHI BMECTO APOCCEIIS MPUMEHSITUCH U B IEPBOHAYATIEHOM
BapHaHTE rOJI0BHOTO 00pasiia pedpmxeparopa KI'Y-1600/4,5. Cnenyet OTMETHUTB,
YTO OBUIO JJOCTUTHYTO JIOBOJIEHO BbICOKOE (pHcC.13) mobimenne 3(h¢eKTHBHOCTH
(oxomo 70%) 1Mo CpaBHEHHUIO C APOCCETBHBIM PEXKUMOM.
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Mexnay tem ¢upma «3ymbuep» cooburmra (1980 r.) 06 ycmemrHoW 3aMeHe
npoccenupoBanus Jxoyist — ToMcoHa Ha paciMpeHue B TypOoieTaniepax cpasy
B HECKOJIbKUX TeJIUEBBIX cHcTeMax. ABTOp coobmienus [38] oTmeuan, uto Bo u30de-
YKaHNE TEXHUYECKHUX TPOOIIEM, KOTOPbIE MOTYT MPOSIBUTHCS HPU PACIIUPEHHUH I10-
TOKa B JIByX(ha3HOM MapoKUIKOCTHON 00JIaCTH, IPEANOYTUTEIbHEE OCYIIECTBIATh
paboTy TypOMHBI TOJBKO B OMHO(DA3HON 00JaCTH. DTO JTOCTHralioCh TEM, YTO Ha
BBIXOJIE JIETAH/IEPa YCTAHABIMBAJICS BEHTHJIb, MIOCPEACTBOM KOTOPOI'O JaBJICHUE
rmociie TypOOMAIIMHBI ToIepkuBaiock okono 0,25 MIla, T.e. 4yTh BHIIIE, YeM
KPUTHYECKOE JIaBJICHHE reyiusl. BripoueM, B XoJ1e 9KCIIepUMEHTOB OBIIH CITy4Yau, KO-
IJla BEHTHIb OBUT OTKPBIT CIIMIIKOM CHIIBHO, M JICTAH/IEP BXOIMI B TTAPOXKUAKOCT-
HyI0 o0sacTb. B TeueHne HENpOAOIKUTEIFHOTO BPEMEHH, KOTJla 3TO CIIy4asoch,
KaKHUX-JIM00 TpodIeM ¢ paboTOCITOCOOHOCTRIO TYPOUHBI HE BOSHHUKAIIO.

B 1985 1. MBI Taxk)ke MOMBITAIUCH 3aMEHUTD TTOPITHEBOM MAPOKUIKOCTHBIH Te-
nueBbli netanaep ycraHoBku KI'Y-1600/4,5 na nerannep TypounHoro tuma. Ha-
psiy ¢ mpoOieMol HaJeKHOCTH Takas MOJAEPHHU3AlMs 103BOJsUIA Pa3peliuTh U
3HAUUTEJbHbIC IKCILTyaTal[MOHHbIC TPYAHOCTH, BOSHUKAIOIINE B MOMEHTBI T10JIO-
MOK ITOPIIHEBBIX MalIWH: OJ00HBIE ClTydaH, KaK MPaBUIIO, BHI3bIBAIA PE3KOE IO~
BBILIICHUE JIaBJICHUS C)KATOrO ra3a Ha BXOJIE B YCTaHOBKY M, COOTBETCTBEHHO, Obl-
CTpO€ NOHIKEHNE YPOBHSI I'a3royibJiepa BIUIOTH J0 cpadaThlBaHMs KOHIEBBIX BbI-
KJIfoyarene, OJIOKMPYIOIIMX BO3MOXKHOE BCAChIBAHHME Macila M arMoc(epHOro
BO3/lyXa B IeJIMEBYI0 CUCTEMY U, BO M30€KaHNE aBapnH, OTKIIOYAIONINX Bce pabo-
TaloIMe KOMIIpeccopsl. B cilydae ke caMONpOM3BOJIBHOW OCTAHOBKHM MAIIWHBI
TYpOMHHOTO THIIa 3TO HENPUATHOE MOCIIEICTBIE OTCYTCTBYET: COILUIOBBIH ammapar
MIPOJOIDKACT MPOITYCKaTh HEOOXOAMMOE KOJUIECTBO TEHs, T.e. TypOWHA Kak ObI
cama IPEBPAIIACTCS B IPOCCEIb.

OneITHEIA 00paser] MapokKUIKOCTHOTO TeIHEeBOro TypOoaeTaHnaepa ObUT co-
3naH B HITO «I'enuitmanmy mo 3aka3zy OMSU u mpoxoani TOBOAKY U UCTIBITAHUS B
coCTaBe cHCTeMbl KpuoreHHoro obecreueHus ycranosku CITMH. Typboneranaep
ObuT paccunTaH Uil pedprxeparopHoro pexnma padorsl KI'V-1600/4,5 ¢ oxHo-
BPEMEHHBIM YaCTHYHBIM TTOJIyYSCHHEM MKHJIKOTO TeJINs U UMEIl CIEAYIOIINE TPOEKT-
HbIE IapaMeTpsbl: JaBieHue Ha Bxoae — 1,8 MIla, remneparypa Ha Bxoge — 5,2 K,
nmarieHnue Ha Beixone — 0,15 MIla, pacxon paboueit cpemsr — 2400 HM3/q, MOIII-
HOCTh — 0,85 KBT.

B nensix obecnieyeHnst OAHOTUITHOCTH PACHIMPUTENIBHBIX MAIINH, KOMIUIEKTY-
foumx ycraHoBkn KI'V-1600/4,5, renueBblii mapoXHIKOCTHBIH TypOoxeTaniep
OBUI BBITTOTHEH 110 TPUHINTIIHAIBHOM CXeMe, IPUHSITON paHee U ISl Ta30BbIX TypOo-
JIeTaH/IepOB IIPeBApUTEIBHOIO OXJaxaeHus. B TypOoneranjepe ucronb3oBaHa
LHEHTPOCTPEMHTENIbHASI pEaKTUBHAsI TYPOUHHAS CTYIEHb C PanalbHO-0CEBbIM IO~
JYOTKPBITBIM KojiecoM. HapyXHbI aumaMmeTrp kojeca 15 MM, gacToTa BpamieHHs
140000-180000 06/MuH, BRICOTA JIOTIATOK HAMpaBisAtomiero ammapara 0,5 MM.
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W3 puc.13 BugHOo, 4TO0 B pedprKepaTOpHOM pexuMe 3PPEKTHBHOCTH
KI'V-1600/4,5 ¢ mapoXUIKOCTHBIM TypOOIETaHIEPOM IO CPAaBHEHHIO C IPOCCETIEM
6onee uem Ha 50% Boimre. [TpuHIMITHATBEHO Ba’KHO, YTO, HECMOTPS Ha OTCYTCTBHUE
BO3MO)KHOCTEH peryaupoBaHMs MPOXOAHBIX CEYSHUI COIUIOBOTO ammapara Typoo-
netannepa, dpdexruBrHas pabora ycranoBku KI'V-1600/4,5 obecneunBaercs Ha
BCEX TOYKAX XapakTepucTuku. Takoit 3dekT «camoperynnpoBaHusm» MOTOKOB B
MIEPEMEHHBIX PeXUMaxX OOBACHIETCS TEM, YTO MPH MAKCUMAIBLHOM PAcXOJe Tens
yepe3 TypOuHy (pedprkepaTOpHBIi pekuM) OITHMANIbHAs TeMIIepaTypa Ha BXOJC
MuHUManbHa 1 coctapisier 5,2 K. IIpu mepexone K OXKMKUTETFHOMY PeXKUMY Tpe-
OyeMBbIii pacxof] Telns B CTYNEHN OKOHYATEIbHOTO OXJIAXJICHHS JOBOJIBHO CYIIe-
CTBEHHO YMEHBIIIAETCSI, HO 3TO KOMIIEHCHPYETCS POCTOM ONTHMAaIbHON TeMIIepary-
PBI Ha BXoe TypOOMAIIHHEI, TOCTHTAIONIeH B 3ToM cirydae 8,5 K. Dtot poct Tem-
nepaTypsl Ha BXOZAE CHI)KAET KOJIMYECTBO IepepadaThIBAEMOrO Telusi Kak pa3
HACTOJIBKO, YTOOBI 3(h(heKTHBHO mepepacpeAeTUTh TOTOKH.

[Toxy4eHHBI HAMM TIOJOKUTEIBHBIH OMBIT MPUMEHEHUS MAPOXKUIKOCTHOTO
renueBoro TypOomeTanmepa Ha roioBHOM obOpasme KI'Y-1600/4,5 mosBommn B
JaTpHEHIINX paboTax Mo CO3/1aHHI0 HYKJIOTPOHA LEINKOM OTKa3aThCs OT paciiu-
PHUTEIBHBIX MAIIMH TTOPIIHEBOTO THUIIA, YTO CYIIECTBEHHO CKa3aJOCh HA IOBBIIIC-
HUM Ha/IKHOCTH BceW cucteMbl. JlmurenbHas paboTa rmokasaina abCoOMOTHOE OT-
CYTCTBHE KaKHX-JMOO TEXHHUYECKHX MPOOJIEeM, KOTOPHIX MOXKHO OBIJIO OXXKHIATh B
PeXMMax ¢ OKOHYAHHMEM IpoIlecca paclIMpeHus B AByX(a3HOW MapoKUAKOCTHON
obnacrn.

TennoodMenHas annaparypa [59] kpuorenHoi reJaueBou YCTaHOBKHU
KI'Y-1600/4,5 cocTouT N3 OpUTrHHAIBHBIX BHICOKOI((EKTUBHBIX BUTBIX TPYOUaThIX
TeII000MeHHUKOB. OHU BBITIOJHEHBI U3 MEHBIX TPYO MaJIOro AUaMeTpa, opeOpeH-
HBIX MEIHOW MpoBOJOKo¥. HamoTka TpyO MHOrocioiiHas, 0e3 IUCTaHIIMOHHBIX
MPOCTABOK MEX 1y ciosiMu. CriMpalibHO HAaBUTAs HA KAKAYIO TpyOy MeIHas TPOBO-
JI0Ka 00pa3yeT XOpoIIo 00TeKaeMyto GopMy OpeOpPCHHUS U SBJISICTCS HE TOJIBKO HH-
TeHCI/I(bI/IKaTOpOM TeHHOOGMCHa, HO U TUCTAHIITUOHHBIM 3JICMEHTOM MECKAY CIIO0AMU
TpyoO.

Takast KOHCTPYKITHS TIO3BOJISIET 00ECIIEUUTh MaJIblil SKBUBAJICHTHBIA THAMETP
MEXTPYOHOTO MPOCTPAHCTBA. DTH OCOOCHHOCTH TPEIONPEICISIOT BEICOKYIO KOM-
IMaKTHOCTH TGHHOOGMCHHI/IKOB. B KOHCTPYKIIUH TENJI000MEHHUKOB mpeayCcCMOTpCHA
HaBHBKa pr6 10 CHGHI/I&J’[BHOﬁ MCTOQUKE C IMIEPEMECHHBIMU 3HAYCHUAMUA IPOJO0JIb-
HOT'O M MONEPEYHOT0 1IaroB, YTo0 CBOAUT K MPCACIbHO MUHUMAJIbHBIM 3HAYCHUAM
HEpaBHOMEPHOCTb pacrpe/ielieHHs Ta30B M0 KaHaJlaM MEKXTPYyOHOTo POCTPaHCTBA
Y IIPOJIOJIbHYIO TEIUIOPOBOIHOCTD 110 AJIEMEHTaM KOHCTPYKIUH. briarogapst atomy
JIOCTUTACTCS BBICOKAs 3(PPEKTHBHOCTH TEIIIO0OMCHHHUKOB.

TerrooOMEeHHNKH OTIMYAIOTCSI BHICOKOIM Ha/Ie)KHOCTBIO B KPHOTEHHBIX yCJIO-
BHSX PabOTHI, MOCKOIBKY 00IaJaf0T CAaMOKOMITEHCAIIMEH TeMIIepaTypHBIX HaIps-
JKEHUI B IMPOKOM JIMara3oHe TeMIeparyp Onarogapsi eCTeCTBEHHOM e opMupye-
MOCTH BBIBOIOB KOHIIOB TPYO Ha KOJUIEKTOPBHI.
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B pedpmxrepatope KI'V-1600/4,5 Gonee necsTka KPUOTCHHBIX TETUIOOOMEH-
HHUKOB, HO X KOMITAKTHOCTb TTO3BOJISIET CBECTH KPUOTEHHBIE OJIOKH K CPaBHUTEb-
HO HEOOJIBIIUM pazMepaM.

BunroBoii komnpeccopHblii arperar «Kackan-80/25» [21,40-43]. OnbiTHas
9KCIUTyaTalysi  TOJOBHOTO  oOpasla KPUOTEHHOM  TeJMeBOM  yCTAaHOBKH
KI'V-1600/4,5 nokasana, 4To TJIaBHBIE TIPOOIEMBI ¢ HAICKHOCTHIO CBS3AHBI C TIPH-
MEHEHHEM KOMIPECCOPOB IOPIIHEBOTO THIIA, B KOTOPBIX UMEJIOCH OOJIBIIOE KOJIH-
4eCcTBO TPeOYIOIINX YacTO! 3aMEHbI M PEMOHTA BITYCKHBIX M BBIITYCKHBIX KJIAIIaHOB.
[TosTomy nanpHelIIee pa3BUTHE IIPUBEIIO K HEOOXOMMOCTH IIEpexo/1a Ha BHHTOBOE
KOMIIpECCOpHOE 000py0BaHHE.

I'enueBplli BUHTOBOWM MaclIO3allONIHEHHBIN KommpeccopHblil arperar «Kac-
kan-80/25» paspadoran B HI1O «Ka3zanpkommpeccopmani» MpUMEHHTENIBHO K CH-
CTeMEe KPHOI€HHOIO0 OO0ECleueHHs YCKOPUTEIbHO-HAKOIUTEIHHOTO KOMIUIEKCA
YHK [44], co3naBaBmerocst B IHCTHTYTE (DU3MKH BEICOKUX dHepruii B [IpoTBuHO.
J1 3TOr0 COOPY>KEHUS MPEANOIAragoch BEIIYCTUTh CEPUI0 TAKUX MAIIUH B KOJIU-
yecTBe 60 mT. B pamkax npoTokosia 0 COBMECTHOI HAy4YHO-UCCIIE0BATENIBCKON pa-
6ote mexry UOBD u OUSU ucnbiTaHus ¥ JOBOJIKA TOJIOBHOTO 00pasiia KOMITpec-
copaoro arperara «Kackan-80/25» npoBoauinacs B JIBD OUSIN. Yenosusmu mnpo-
TOKOJIa OblIa MPEeAyCMOTPEHA MOCIEAYIOmAs SKCIUTyaTalisl arperara B COCTaBe
KPUOTE€HHOI'0 KOMILJIEKCA HyKJIOTPOHA.

BunTOBO# KOMITpeccopHblit arperar «Kackan-80/25» — maiuHa BTOporo mno-
KOJICHUS OT€YECTBEHHBIX BHHTOBBIX MACJIO3aMOJHEHHBIX KOMIIPECCOPOB, UCIOIb-
3yeMbIX B KPHOT'€HHBIX YCTAHOBKAX JJIsl KOMIpUMupoBanus reaus [21]. B xpuoren-
HOM cucteMe ycTtaHoBKH «Tokamak-15» npumeHneH [23] KOMIIPECCOPHBIN arperar ¢
AQHAJIOTUYHBIMH IO MPOU3BOAUTEIHHOCTH MapaMeTPAMHU, COCTOSIININ U3 ABYX JIBYX-
cTyneH4arbix ycraHoBok «Kackan-40/16» u oqHoit noxxumaroreit mammabl «Kac-
Ka/1-6/16-25». B omnnune ot Hero «Kackan-80/25» BBINOIHEH B IBYXCTYIIEHYATOM
BapuaHTe C OJHUM MAacCJIOOTICIHUTENEeM M OOLIel MacloCUCTEMON KOMIIPECCOPOB
[IEPBOM U BTOPOH CTYIICHHU.

Arperat «Kackan-80/25» cOCTOUT U3 YETBIPEX OCHOBHBIX OJIOKOB: TIEPBOM CTY-
TIeHH, BTOPOH CTyIeHHU, OJIoKa MacIooXjaanuTenedl u Omoka ympasieHus. [leppas
CTYIEHb COAEPKUT J[Ba MApaJUIETbHO PAaOOTAIOIINX KOMIIPECCOpa, PUBOISIIIUXCS
B JICKCTBHE OJHUM 3JIEKTpOoABUTaTEIeM MOIHOCTHIO 0,63 MBT ¢ HanmpsbkeHueM
nutaHust 6 kB.

Bropast cTyneHbp COCTOMT M3 OJHOTO BHHTOBOTO KOMIIPECCOpa C 30JI0THUKO-
BBIM PETyJSTOPOM TPOU3BOAMTEIBFHOCTH, BEPTHKAIBHOTO MACIOOTICIUTENS U
IEKTPOJBHUTATEIIS C TEMH )K€ ITapaMeTpaMH, 4TO ¥ Ha TIepBOH CcTyneHu. B 6ok ma-
CJIOOXJTAJIUTENICH BXOIAT UYETHIPE MNPSIMOTOYHBIX TEIUNIOOOMEHHHKA C BOJSHBIM
oxnaxaeHueM. CHcTeMa aBTOMATHKH OCYIIECTBISICT ITOCTOSIHHBIH KOHTPOJIb
OCHOBHBIX ITapaMETPOB, 3AIUTY OT aBAPUHHBIX PEXKUMOB M aBTOMATHYECKOE TTOJI-
Jiep>KaHie HOMMHAJIBHOTO JaBJICHUS HarHETaHWs KOMITPECCOPOB IEPBOH CTYNEHU
(TIpOMEXXYTOYHOTO JTABJICHUA).
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VcnpiTanuss BUHTOBOTO KOMITpeccopHoro arperara «Kackan-80/25» mpoBoan-
JIUCH TI0 3aMKHYTOH cxeme (puc.14). Tpebyemoe naBieHne Ha BCACKIBAHUN TIEPBO
CTymeHu obecrieunBanock pecusepami (/0) odbumm odsemom okoso 160 v>. Tazo-
00pa3HbIi Tenuil U3 peCHBEPOB MOCTYIIACT B MEPBYIO CTYIICHB, TII€ CKHMMAETCS J10
nmasnenus 0,6—-0,7 MIla 1 OTHOBPEMEHHO OXJIQXKIACTCSI MACJIOM, BIPHICKIBAEMBIM
T10/T JaBJIGHHEM B IIOJIOCTh CKATHSL, @ 3aT€M — BO BTOPYIO CTYIEHb. 3/1€Ch MacJora-
30Basi CMECh C)KMMAETCs 10 KOHEYHBIX I1apaMeTPOB M MOCTYIAeT B MacIOOTICIIH-
Tenb (2). OTHeauBIINIACS a3 MPOXOTUT cenapaTop (3), KOHIIEBOH XOMOIMIEHUK (4)
1 4epe3 BeHTHIb BHOBB ITOCTYIIAET Ha BXOJ KOMIIpeccopa. Macio U3 MaclooTaeiH-
TEJIsI CIIMBAETCS B Macio0ak u uepe3 GuiasTp rpy0oit ouncTku (5) mocTynaer B Mac-
nooxmagutenu (9), rae oxnaxaaeTcs Bogoi. Ha mepByio cTymeHs Macio MmocTyIa-
eT, mpoiias xukiep (/3) U pa3aenuBIINCh HA JBE JIWHUHU: TIO OJHOW MAacJO BIPHIC-
KHBAeTCs HEIIOCPEICTBEHHO B KaMepy CIKATHsL, [0 BTOPOH JIMHUH, TPOHAS QUIIBTPEI
TOHKOW OYHCTKH (6), IOCTYIAeT Ha CMa3Ky MOAIINITHUKOB H CO3JaHHe MacsIHOTO
3aTBOpa B KOHIIEBOM YIIOTHEHUH. Bo BTOpYIO cTyleHb Macio momaercst mocpes-
CTBOM IIECTepeHYaToro Hacoca (&), TAe HaBIeHHE €ro IOBBIIIACTCA Ha
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Puc.14. [Ipunnunuanbaas cxema arperara «Kackana-80/25» u crenaa asns ucnbiTanuiit: [ —
KoMIIpeccop; 2 — MaclOoOTACeNUTeNb; 3 — cenaparop; 4 — KOHLEBOW XOJIOAWIBHUK; 5 —
¢unbTp Tpy0OOil OUMCTKH; 6 — (QUIBTP TOHKOI OYMCTKH IEPBOU CTYTEHH; 7 — (QHIBTP TOH-
KOM OYMCTKU BTOPOHl cTyleHH; § — LIeCTepeHYaThlil MacasAHbIH Hacoc; 9 — MaclooX/1aau-
Tenu; [0 — pecuBepsl Ha BcachlBaHUY; [/ — BaKyyMHBbIC JIOBYIIKH; /2 — HACOC BaKyyM-
HBIN; /3 — uKiep; /4 — KianaH nepenycKHoi
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0,4-0,5 MIla. B xamepy CkaTHsI Maciio BIIPBICKHBAETCS HETIOCPEICTBEHHO, a HA
CMa3Ky MOAIIMITHUKOB, 30J0THUKA M KOHIIEBOTO YIUIOTHEHHS — d4epe3 (GuiIbTp
TOHKOH OuuCTKH (7).

Baxyymubie Hacocs! (/2) u noBymku (//) mpenHa3HAUYEHBI IS TOCTAHOBKH
crenaa nox renuit. Kpome Toro, onn Becbma 3(h(heKTHBHO NCTIONB3YIOTCS MIPH TTOJI-
TOTOBKE CHCTEMBI K IYCKY /IS yIAJCHUs BIard M3 Maciia, KOTOPBIM 3aloIHICTCS
koMmnpeccop. st 3Toro B X0JI0AMIBHUKY (9) mogaeTcst ropsiyast BOJa, M LIUPKYIH-
pyloliee IpH BKJIIOYEHHOM Hacoce (&) Macio HarpeBaercs 10 TEeMIepaTyphbl
70-80 °C. [Ipu mocnenymomei oTkadke Biara 3aaep KuBaercs B Jopymike (/7), 3a-
JTUBaeMOH JKUAKUM a30ToM. Mapka mpuMeHseMoro Maciia — Typounnoe T-30.

T'onoBHO# 00pa3zer BUHTOBOTO KoMIipeccopHoro arperara «Kackana-80/25» xo-
pOIIO 3apeKOMEH I0BaT ceOsi B XOJI€ MCITIBITAHUH M TOCIEAYIONeH HHTCHCHBHON
JKCIUTyaTanuu. M30TepMudecKkuii K.11. /1., TOJy4EeHHBIN IPH JaBICHUU Ha BCAChIBa-
nuu 0,072-0,0875 MIla, cocrasun 0,52—0,55. 3amepbl HTYMOBBIX XapaKTEPUCTUK,
MIPOBEICHHBIE B TOUKAX HA PACCTOSAHUU | M OT arperara, HoKa3alu, 4T0 YPOBHU 3BY-
KOBOM MOII[HOCTH COCTaBIsgiOT He Oonee 81-102 nb. Tak, B TeueHHEe OQHOTO rojaa
arperar «Kackan-80/25» orpabGoTai Ui Hy1 KpHOTCHHOTO KOMITIEKCA HyKJIOTPO-
Ha okosio 5000 wacoB mpu mpousBozacTBe Oosiee 50 TIAHOBBIX BKIIOUYCHHUN M BBI-
KkimoueHui. [Ipu 5TOM He BBISIBIEHO HU OJHOTO Cllydas OTKA30B MJIM OTKIOHEHHS
rapaMeTpoB MalIMHBI OT HOpMBI. TakuMm oOpaszom, arperar «Kackan-80/25» cran
HE TOJIKO OCHOBOM KOMITPECCOPHOTO 00ECIIeueHHs] KpUOTEHHON CHCTEMBI HYKJIO-
TPOHA, HO U PEKOMEHI0BaH AJIsl CEpUITHOTO TPOU3BOICTBA U IPUMEHEHHUS B IPYTUX
KPYITHBIX KPHOTCHHBIX CHCTEMaX.

4. OITUMAJIbHBIE TAPAMETPBI KPUOTEHHON CUCTEMBI
IIPU PABOTE B PA3JIMYHbBIX PEXKIMAX

Oxu1a/eHue CBEPXNPOBOASIIINX MATHUTOB HYKJIOTPOHA /10 padoyeii TeM-
neparypsl [60,61]. [l onmucaHHBIX BBIIIE MATHUTOB HYKJIOTPOHA TPAKTHUCCKH
HET KaKUX-JTM00 OrpaHUYICHUH 110 BPEMEHH OXJIaKACHUSI B CBSI3U C TEMIIEPATYPHBI-
MU I'paINCHTaMH U HaNPSDKCHUSMH B KOHCTPYKIMAX. Bce OHM MpoXonmim nembITa-
HUS TIPY BPEMEHH OXJIaKICHHS 10 TeTHEeBBIX TemnepaTyp He 6omee 10 wacos. Ilo-
3TOMY OBUIO PEIIEHO OXJIaX/aTh BCIO MATHUTHYIO CHCTEMY YCKOPHUTEIS 32 MUHH-
MaJIbHO BO3MO)KHOE BpeMs. AHAIN3 MOKa3aJl, YT0 Haubosee MPHEeMIIEMO B HAIIEM
cinydae 80—100 gacoB. DTO peKOPIHO KOPOTKOE BPEMs OXJIAXKICHHS IO CPABHEHUIO
C aHAIOTHYHBIMU cucTeMami. [IpunsTas cxema (puc. 15) ncrons3yer NpuHYIUTENb-
HBIH MTOTOK Ta3000pa3HOTO TeNus, OXJIaXKIeHHBIH B ycTaHOBKax KI'Y-1600/4,5 mo-
CPEICTBOM HCIapeHHst 0koj10 80 M’ 3apaHee 3amaceHHOr0 KHIKOTO a30Ta.

[Tponecc oxnaxxaeHns peannusyercst 6e3 Kakoro-au0o JOMOIHUTEIFHOTO OCHA-
LICHUS: UCIIOJIB3YETCsl TOJIBKO IITaTHOE 00OpyIOBaHUE TEINEBBIX pedprrkeparo-
poB. [IpsiMoii 1 0OpaTHEII MOTOKU UMEIOT TE YK€ HATIPABJICHHUS, UYTO M IPHU OOBIIHOMN
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Puc.15. IlpuHuunuanbHble CXeMbl MEPEKIIOUeHNUN MTOTOKOB MPU OXJIaXKISHUHM KOJIbIA HYK-
JIOTpOHA 710 pabouell TeMIepaTypsbl

paboTe B HOMUHAIEHOM PEKUME, T.€. IPU KPHOCTATHPOBAHNN MAarHUTOB Ha TeJIHe-
BOM TeMIEpaTypHOM ypoBHE. OgHAKO YTOOBI YCKOPUTH OXJIaXKIEHUE, YCTAHOBKH
KI'V-1600/4,5 cHaO>xeHBI 0OBOJHBIMY JIMHUSMU, TIOKa3aHHBIME Ha puc.15. Kois-
110 YCKOPUTEIISt BBOJAUTCS B pabOUnid peXKUM B TPH dTama, KAKIOMY U3 KOTOPBIX CO-
OTBETCTBYET OJIHA M3 CXEM TOI'0 PHCYHKA.

Ha puc.16 mpuBeneHo pacmpeneneHie TeMIepaTyp MarHUTOB IO IEPUMETPY
KOJIbIIa B 3aBUCHUMOCTH OT BPEMCHU OXJIaXKICHUA. KaK BUIHO U3 pUCYHKaA, B pac-
CMaTpUBacMOM CITydac BpeMs BBOJa B PEKUM cocTaBmwio okoo 80 wacos. Ha
puc.17 mokazaHo, KaKk H3MEHSETCS TeMIepaTypa IMOTOKa TeJiis TI0 Mepe MPOXOoxKIe-
HUS Pa3HBIX TOUYCK BHYTPCHHUX KaHAJIOB MAarHuTOB: Ha BXOJ€, BBIXOAC U3 ITOJIOI0
CBEPXIPOBOISIIETO KaOelst U BBIXOJIE M3 TPYOKU OXJIAXKICHUS JKEIE3HOTO sipMa.

Pe:xuMBbl ¢ H30BITOYHBIM 00PATHBIM MOTOKOM («caTe/UIMTHBIE») [16]. [Tpu
KPUOCTATUPOBAHUH KPYIHBIX YCKOPUTENIEH CO CBEPXIPOBOMSIIAMHI MarHUTaMHU
MPEIMOYTCHNE HHOT/Ia OTHA0T KPUOTCHHBIM CUCTEMaM M3 PaBHOMEPHO PacIoio-
JKCHHBIX TI0 ICPUMETPY KOJIbIIa pehPHIKEPATOPOB C U30BITOUHBIM OOPaTHBIM ITOTO-
KOM — caresiiuToB [25,26]. OHu paboTaroT 3a CUeT JKUJIKOTO Tellusl, 0JIy4aeMoro
OT LIEHTPATBHOT'O OKHIKUTEJIS, UTO ITO3BOJISCT B KAXKIOM U3 TaKUX pePIKepaTopoB
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JIcBOC MOJTYKOJIBIO IpaBoc monykonpno

IMopankoBelit HOMEp
3JIEMEHTA KOJIbLA

Puc.16 Pacnpenenenue temreparyp MarHMTOB IO MEPUMETPY KOJIbLIa B 3aBUCUMOCTU OT
BPEMEHHU OXJIAXKACHHS

00OHTHCH MHUHUMYMOM OOOPYZOBAaHHUS B CTYINEHSX MPEIBAPUTEIBHOTO OXJIaX/ie-
HuA. B aTOM ciydae pedprkepaTop, damie BCEro COCTOSIIMUN TOIBKO U3 TEII000-
MEHHHKOB M COOPHHKA JKUJIKOTO TeJIns, 00J1alaeT BEICOKOH HAaJJeKHOCTBIO U HE Tpe-
OyeT oOcmyKUBaHMS, T.K. HAUMECHEE HaJIe)KHbBIE U TPEOYIOIIHe 00CITy)KUBaHUS dJIe-
MEHTBl KPHOTCHHOW CHCTEMBI COCPEIOTOYCHBI Ha IICHTPAJIBHOM OXKMKHTEIE.
BaxHo, 4TO mpHM 3TOM COXpaHSeTCsl BBICOKas TepMOAMHaMHU4ecKas 3(PQPeKTHB-
HOCTb: OJ1arojiapst TOMy, 4TO TeIJIOEMKOCTbh (IIPOM3BEACHUE PACX0/1a HA YACIbHYIO

80 40 0 40 80
[opsaaKoBEI HOMEp dAeMeHTa KOJblLa

Puc.17. TemnepaTypa oToka rejusi o Mepe MPOXOXKACHHS Pa3HbIX TOYEK BHYTPECHHUX Ka-
HAJIOB MAarHUTOB: Ha BXoJe (1), BEIXOZE U3 MOJIOTO CBEPXITPOBOIAIIETO Kabemst (2) U BBIX0Ie
13 TPYOKH OXJIQXKICHHS KeJIe3HOTo sipMa (3)



794 AT AIIOB H.H.

TETJIOEMKOCTh) 0OPATHOTO IMOTOKA BCET/1a HECKOJIBKO BBIIIE TEINIOEMKOCTH MPSIMO-
rO MOTOKA, CAMOCTOSITEIBHO YCTaHABIMBACTCSI HAanOoJIee ONTUMAaIbHOE pacipese-
JeHue temreparyp [62] B TemIooOMEeHHUKE, KOTAa Pa3HOCTh TEMIIEPATYP MEXKIY
[MOTOKaMHU M3MEHSETCs IPOIOPIMOHAIBHO TeMIIepaType 00paTHOIO MOTOKA.

Jlaxe ecny B HOMHHAJIBHOM peXnMme pedprkepaTop padoTaeT mo oObIMHOM
cxeme, Korja OOIIMi pacxol B NMPSIMOM IOTOKE OOJBINE WM PaBeH PacXomy B
00paTHOM TOTOKE, ITOJIE3HBIM OBIBACT €r0 MPUMEHEHNE U B CATEJUTUTHOM PEXHME.
Takast mOTPeOHOCTH BO3ZHHMKAET, HAIIPUMEP, KOT/IAa BBIXOIAT M3 CTPOS JETaHAEPhI
CTYTEHH MPEABAPUTEIFHOTO OXJIaKACHUS, a paboTy 10 KPHOCTAaTHPOBAHUIO OOBEK-
Ta HEOOXOIMMO IPOJIOKaTh. B 3TOM cilydae Mcmonb3yercs: 3apaHee 3araceHHbINH
KHUJIKUH TeNTUH MM e OH MOAJIMBACTCS OT MapajIeNIbHO PadOTAOMIETO Ha TOT JKe
00BeKT peprkeparopa. B wactHOCTH, Takoil criocod pe3epBUPOBAHNUS TIPELYCMOT-
PCH M CXeMOH KpHOCTAaTHPOBaHUS HYKJIOTpOHa (puc.2).

Bomnpocsr npuMeneHnst peprxepaTopoB ¢ U30BITOYHBIM 00pPaTHBIM TTOTOKOM
paccMaTpuBaIiCh MHOTHMH aBTopamu. [1oapoGHBIH TepMOIUHAMUYESCKUI aHAIN3
oryOnuKoBaH B [27], T/ie TPUBOASATCS CBEACHUS 00 ONTUMANIBHBIX TapaMeTpax ca-
TEJUTUTHBIX PepHKEPATOPOB, YACTBHBIX PacXogax dHEPTHU M HEOOXOAMMBIX IO-
BEPXHOCTSIX TEINI0O0OMEHHUKOB. O/IHAKO MOJYYEHHBIC 3/1€Ch JaHHBIC HENb3s CUH-
TaTh JOCTATOYHBIMHU B CHIIy TOTO, YTO B KAUECTBE OHOTO U3 KPUTEPHUEB IIPU COMO-
CTaBJICHUW DA3JIUYHBIX BapHAaHTOB BHIOWMpAJach MUHHMAJbHAs Pa3HOCTh TEM-
nepaTyp MeXx/ly HOTOKaMH B TEINIOOOMEHHUKE caTeiuInTa. Mexxay TeM Ipu ofuHa-
KOBOI MUHMMAaJILHOW Pa3HOCTH TeMIlepaTryp HeoOXoanMast MoOBEpXHOCTh TEII000-
MEHa CYIIECTBEHHO 3aBHUCHUT OT COOTHOMICHHS MOTOKOB B 3TOM TEMJIO0OMEHHHKE,
YBEIMYUBASCH TI0 MEPE YMEHBIICHHS KOJIMYECTBA HCIIOIb3YEMOTO YKUIKOTO TeIHsI.
ITosToMy paznuyHbIC BapHaHTHI TApaMETPOB M SHEPIEeTUUECKUX IMOKa3aTelel ca-
TEJUTMUTHBIX Pe(pIKepaTopoB MOXKHO KOPPEKTHO CPAaBHUBATH JIMILIB TOI/A, KOT/IA
Ka)JIOMy U3 HUX OyJIET COOTBETCTBOBATh OINHAKOBAsI MOBEPXHOCTH TEINIOOOMEHA.
Kpome Toro, 601b110# MPaKTHUECKUI HHTEPEC BHI3BIBACT aHAIM3 POCTA WK YXy/I-
MICHUS SHEPTeTHYeCKOi AP PEKTUBHOCTH OHOM M TOH K€ CaTeITUTHOH pedprrke-
paTropHOil yCTaHOBKM C M3MEHEHHEM ee peknma. Takum oOpa3om, HEOOXOJUMBIE
YCIIOBUSI METOMUECKH BEPHOTO COMOCTABICHUS BAPHAHTOB COONIONAIOTCS TOJIBKO
B TOM CJIydae, KOTJa B Ka4€CTBE MCXOAHBIX JAHHBIX B3SITHI KOA(QQHUINEHT TEIIONe-
penadn M MOBEpXHOCTH TEMI00OMeHa TeII000MEHHUKOB pedprokepaTopa. Taxoit
OAX0/1 3JI0XkKeH B [16]. B cBoeii paboTe 1o HacTpoiike peKMMOB KPUOTCHHON CH-
CTEMBI HYKJIOTPOHA MbI PyKOBOACTBOBAJINCH IOTYyYEHHBIMH 3/1€Ch JAHHBIMHU.

ITo 5THM aHHBIM UIS CATEJUTUTHOTO pedprrkeparopa, cxema KOTOporo Mmoka-
3aHa Ha puc.18, pacueTHble mapamMeTpsl mpuBoaarcsa Ha puc.19 u 20. Ilepsorit u3
HUX TTOKa3bIBACT 3aBUCUMOCTH pacxona g =G/ Q c)kaToro ra3a Ha €IMHHILY XOJI0J0-
NPOM3BOIUTEIBHOCTH OT OTHOCHUTEIBHOTO KOJIMYECTBA MOTPEOISIEMOrO YKHJIKOTO
renusi (0003HaYCHUS MaHBI Ha prc.18).
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B KauecTBe NCXOMHBIX TaHHBIX Temneparypa oxpyxaiomei cpeust
npusITo kF / Q=100 K™, rne kF vG A +0)G
— mpom3BeneHNnEe Kod(dunmeHTa 3\' 1,
TETUIONIEPE/Iauy 1 TIOBEPXHOCTH Te-
I000M€eHa TEIIIO0OMEHHUKA; TEM-
nepatypa OKpy’Karomeil cpesl
T3 =293 K; Temneparypa B ucHa- ] &2 Tpoccens
putene T, =4,4 K; napjeHue B T04- 3
ke (4) — 0,105 MITa.

Ha puc.20 mokasaHsl pesyns- Jeranmep ="
TaThl pacyeToB IO 3arparaM SHep-
T'MH Ha MOJIy4eHHE X0JI0/1a B caTedl-
auTHOM pedprxeparope. Kpome
MIPUHATHIX BBIIIE HCXOAHBIX JIaH-
HBIX, MbI TIOJIOKHIIN: aanadaTude- oG
CKMH K.II.J. TypOomeranaepa —
0,7, u30TepMHUUECKUH K.I1.]l. BAHTO-
Boro kommpeccopa — 0,5, skcepre-
THYECKUH K.II.JI. OXKVKHUTEIIS TeIns
— 0,15. Kak BUIHO U3 PHUCYHKA,
HUMEIOTCS. MUHUMYMBI SHEpPTreTHYE-
CKHUX 3aTpaT KaK IpU HUCIOJIb30Ba-
HHUH JIPOCCEJIs, TaK U B PEXKUMaAX C
TIAPOXKHUJIKOCTHBIM TypOO/eTaH/ 1e-
pom. [l ciydast ¢ qpoccennpoBa-
HHEM ONITUMAJIbHEIE TapaMeTPhI Pa0OTHI — JaBICHHE B MpsiMoM ToToke 1,2 MIla u
ko3¢ ¢unuent o= 10,5 %. OTu mapameTpsl CyIIECTBEHHO M3MEHSIOTCS IIPU HC-
MOJIB30BaHNUHU NAPOXKUIAKOCTHOTO JieTaHaepa. B 9ToM ciiydae oHM COCTaBIISIOT, CO-
OTBETCTBEHHO, 2,5 Mlla n 4-6 %. MuHHMYyMBI SHEPTETHIECKHUX 3aTPaT HOCST J0-
CTATOYHO ITOJIOTHH XapakTep. DTO MO3BOJISET IOJIyYaTh OJIM3KYIO K ONTUMAIbHOMY
3HaueHHIO AP PEKTUBHOCTH JJaKe B TEX CIIydasiX, KOraa cucreMa (QyHKIHOHHUPYET C
GoubIIMM pazdpocom mapamerpoB. Tak, B cXxeMe ¢ pacUIMPeHUEM B JIeTaHIepe 13-
MEHEHU BETMYMHEI O B ipenenax 3—8% wu masienus 1,5-2,5 MIla He mpuBOIAT K
60JIBIIOMY H3MEHEHUIO 0011el 3(h(PEKTUBHOCTH CHCTEMBI.

[To mauubM pric.19 u 20 1erko ONTUMU3NPOBATH MapaMeTPsl CUCTeMbl. OxHa-
KO /115l HYKJIOTPOHA HE0OXO0IMMO YUUTHIBATh OJTHO OTPaHUYEHHE: BEIMYNHA MacCo-
BOTO ITAPOCOAEPKAHMS Ha BBIXOJIE U3 MarHUTOB [0 YCJIOBUSM PaOOTHI HYKJIOTPOHA
orpanudeHa x5 90 %. Pacxon cixarToro raza Ha eIMHUILLY XOJOAOIPOU3BOAUTEIb-
HOCTH MOJKET OBITh OIpeeneH Kak g =1/ rxs =0,057 [FB_I%T_I], rae r — TeImiora

TennooOGMeHHHK

L =0

Hcnaputens

Puc.18. PacuerHas cxema careJuIMTHOro pedpu-
xeparopa: G — KOJIMYECTBO CXKATOIO rasa u3
KoMmpeccopa; (0 — XOJIOZOIPOU3BOAUTEIIb-
HOCTB; O — JIOJISI IOABOJIIMOTO SKHJIKOTO TS
OT Pacxo/ia CxKaToro rasa

mapooOpaszoBanus. Takum obpazom, eciu g < 0,057, mapocoaepaHue Ha BBIXOZC
13 MarHATOB OYZET NMPEBbIIIATh BEIUMIHHY, TPUHATYIO KaK MPEIEIHHO JOMYCTHMAsI.
O6nacTs, 1€ MapoCcoAEPKaHUE X5 BBILIE IPEIeILHOr0, OTMEUeHa Ha puc.19 cepriM
nBeToM. B mukie ¢ jerangepom, K COKaleHHUIo, Helb3s paboTaTh HEIOCPEACTBEH-
HO TIpH ONTHMAIbHBIX YCJOBHSAX, OJHAKO Ha TPaHULE pa3pelieHHOH obnacTu
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Puc.19. 3aBucumocts pacxona g = G/Q ¢Karoro rasa Ha CIUHUILY XOJIOA0MPOU3BOIUTEIIb-
HOCTH JJIsl Pa3JIMYHbIX JIaBICHUI B IPSIMOM IIOTOKE CAaTeJUIMTHOTO pedprkepaTopa

(@=3,6% nns 2,5 Mlla, 4,4 % nns 2,0 MIdau 5,5% ms 1,5 MIla) addextuBHOCT
JIUIIG HE3HAYUTEIEHO HIKE Olrarofapst TOMy, 4T0, KaK yKe 0TMEYalloch, MUHIMY-
MbI QHEPTEeTUYECKUX 3aTPAT HOCSAT IOCTATOYHO TOJIOTHIl XapaKkTep.

Bricokast sHeprerudeckas 3pGpeKTUBHOCTH MO3BOJISET YCICUIHO UCTIOIb30BATh
CaTeJUTUTHBIE PEKUMBI JUISI PEryIUPOBaHUs OOIIEH XOJI0M0MPOU3BOAUTEIILHOCTH
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Puc.20. YuenbHbIi pacxo SHEPTrUH B 3aBUCHMOCTH OT KOJIMUECTBA IOTPEOIIEMOro B caTell-
JUTHOM pedprKepaTope >KUAKOTO TeNlus Al Pa3IMYHbIX AaBICHHH B MPSIMOM ITOTOKE pe-

(dhpmkeparopa
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KPHOTEeHHOH cucTeMbl. Tak, BecbMa qacTo Tpedyercst paboTaTh B peXKUMax ¢ TOHH-
KeHHOH — 110 2,0 KBT — X05mo10mpon3BoauTenbHOCTRI0. OOBIYHO B TAKOW CHUTY-
aruu 3a7eiicTBoBaHO /Ba pedprokeparopa. [lepBerii paboTaeT B CBOEM HOMHHAb-
HOM PEXHME, OH OXJIaX/ACT MEPBOE MOIYKOJIBIO M AOTOJIHUTEIBHO MTPOU3BOANUT
KHUJIKUHN re’nid. XapakTepUCTUKN TAaKOTO «CMEIIAHHOTO» PEeXHUMa OBbLIN MPEJICTaB-
nensl Ha puc.13. Bropoit pedprkeparop, moaydaromuii KUIKANR TeTHil OT IepBo-
ro, paboTaeT B CaTEIUINTHOM PEXUME C JPOCCENIEM HIIH NMAPOKUAKOCTHBIM TypOo-
JIETaH/IEPOM.

B Teuenue Bcex ceaHcoB paboThI Ha (PU3NYECKNE SKCTIEPUMEHTHI U JUIsT HCCITe-
JIOBAaHWH COOCTBEHHO YCKOPHUTENS HA HYKJIOTPOHE MPAKTHUECKH HE OBIIIO IMTPOCTOECB
10 IPUYHHAM, CBSI3aHHBIM C KPHOTEHHOM cucTeMoii. OOBIYHO B pe3epBe UMEIOCh
JIOCTAaTOYHOE KOJIMYECTBO JKUIKOTO TeIUsl, YTOOBI MEPEKITIOUNTH JII000i n3 pedpu-
JKEpaToOpoOB B CATCIUINTHBIA PEXHUM M TPOAOIDKATH KPHOCTAaTUPOBAHUE KOJIBIA
YCKOPHUTENSI TPH OJHOBPEMEHHO MPOBOIUMBIX BOCCTAHOBHUTEIBHBIX WIIM pEria-
MEHTHBIX paboTax Ha AIEMEHTaX CUCTEMbI KPHOTEHHOTO 00ECIICUCHHSI.

XapakTepucTukn pedpukepaTopa npu KOMOMHHPOBAHHOM HPOU3BO/I-
cTBe X0J101a 1 :kuaKoro reaus [13-15]. KpuoreHHblil renueBslii pedpuxeparop
CO3/Ial0T Ha OCHOBE pacyeTa COOTBETCTBYIOLIETO TEPMOJMHAMUYECKOTO IHKJIA.
Ecnu ero mpeamnonaraercs MUCMOJIBb30BaTh B HECKONBKUX PA3IUYHBIX PEXKHUMaX, TO
AHAJIM3UPYIOT BCC BApUAHTHI UKJIA U IMTPOCKTUPOBAHUEC MPOAOJIKAIOT IO TOMY M3
HUX, KOTOpPBIA TpeOyeT HauOOoJblIeH TEerIonepeaolieil TOBEPXHOCTH TEII000-
MEHHHKOB. J|eiCTBUTEIILHBIN XK€ UK paO0ThI peprkepaTopa MOXKET CYIICCTBCH-
HO OTJINYAThCS OT PACYETHOT'O KaK BCIIEICTBHE OTKIOHEHUS (PaKTUYECKHX TTapaMeT-
POB MalllMH U armaparoB OT HIPUHATHIX B paCucTe, TaK U U3-3a W3MEHCHU M yCJ'IOBI/Iﬁ
pabotel moTpebutess. [Ipu KpHOCTATHPOBAHMU CBEPXIPOBOISIIAX MATHUTHBIX
CHCTEM relineBble peprkepaTopbl paboTaIOT B pa3IMYHbIX KOMOMHUPOBAHHBIX pe-
JKUMax, KOrJja OAHOBPEMEHHO C IPOU3BOICTBOM XOJIOAA OCYIIECTBIACTCS U CKIDKE-
HHUe renus. 3aBUCUMOCTh XOJIOJOTIPOU3BOAUTEIBHOCTH OT KOJIMYECTBA OJHOBpE-
MCHHO BLIpa6aTI>IBaeMOFO JKHUJKOI'O T'ejivd NPUHATO HA3bIBATh XapaKTepHCTHKOﬁ
pedpmxeparopa.

ITogoOHBIE XapaKTEPUCTUKN AAIOT HAMTISITHYIO METOJMUYECKYIO OCHOBY aHAJIU-
3a KPUOTEHHBIX CHCTEM, COCTOSIINX U3 pedprkepaTopa n KpHOCTAaTUPYEMOTo 00b-
exta. [lo HuM, HanpuMep, MOKHO OIPEACIUTh CKOPOCTh HAKOIUICHHS JKHIKOCTH
IPY 33JaHHOM TETIONPUTOKE U, CJIEOBATEIbHO, KOTMYECTBEHHO OLIEHUTH TY YacTh
ITyCKOBOTO MIEPHO/1a, KOTOPAsi COOTBETCTBYET BPEMEHH HAKOIUICHHUS HEOOXOAUMOTO
YPOBHS )KUAKOTO Tenus B KprocTare. [1o1e3H0 nenonb30BaHne XapakKTepUCTHK U B
CHCTEMaX C OXJIaK1aeMBIMH TOKOBBOJAMHU.

XapakTepuCTUKN pedprrkeparopa MOTYT OBITH ITOTYYEHBI KaK 3KCHEPHUMEH-
TaJBbHBIM, TaK ¥ pacueTHBIM IyTeM. Panee Ha puc.13 yxe MpUBOIUINCE SKCIIEPH-
MEHTAJIbHBIEC XapaKTEPUCTHKH, CHATHIE HAMH B XOZIC HCCIICIOBAHUS PEKUMOB KPHO-
rerHoil remueBor ycraHoBku KI'V-1600/4,5. Tlomydenne XapakTEpUCTHK ITyTEM
pacyeToB — JOBOJILHO CIOXKHAS 33J[a4a, HO HEOOXOMMOCTD €€ PEIICHUS MPOSIBIIS-
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eTcs, 110 KpaliHel Mepe, B IByX aclieKTax. Bo-1epBbIX, 3KCIEPUMEHTAIIBHOE U3yYe-
HHUE XapaKTEPUCTHK KPYMHBIX YCTAHOBOK CBS3aHO C OOJBIIMMH 3aTpaTaMU 3JI€K-
TPO3HEPTHH M APYTHMHU 3KCIUTyaTal[HOHHBIMHU 3aTpaTaMu. Bo-BTOpPBIX, 3TO eIUH-
CTBEHHOE CPEJICTBO U3YUEHUS B TEX CIyJasxX, KOT/Ia CCIIEyEMbIE PEKHMBI €Il HE
peaan30BaHbI HA IPAKTHKE.

Meroanka pacueTa pe;KUMOB pepHKEpaTOPOB OCHOBaHA HA COBMECTHOM pe-
LICHUHM YPaBHEHMUH TEIIONepenadn U SHEPreTUIecKoro OagaHca TEmI000MEHHH-
KoB [14].

Hwmxe npuBonsaTcst pacuetHsle naHHbe o padote KI'V-1600/4,5 B pesxnmax
6€3 KHJIKOTO a30Ta Ha Pa3JINYHBIX TOYKAX XapaKTEPUCTHKH, MOITyUYEHHbIC C IIEITBIO
MOCIIEIYIONIET0 Hanbosiee palMoHAIbHOTO MPOCKTUPOBaHUs TypOomamnH. Pac-
YyeTHasl cCXeMa IpHuBe/ieHa Ha puc.2]1. B xauecTBe MCXOMHBIX JTAaHHBIX HCIIOJIB30BA-
JUCHh TUIOIIAIM TOBEPXHOCTEH TemnoodMeHa TerutooomennnkoB KI'Y-1600/4,5,
K03((HUIIMEHTHI TeTTonepeIadd U THAPaBIIYIe-

G, G+ Gp= G Gy, CKOTO CONPOTHBIECHHS TEIIOOOMEHHUKOB IS
la 1 1b OCHOBHOI'O TIPOCKTHOI'O pEXHWMa, B KOTOPOM
r | IpU CyMMapHOW TPOW3BOAUTEIHHOCTH KOM-
2a 2 2b | Tpeccopos 3600 Hv>/u yCTaHOBKa 0e3 MCTIONb-
J §/ 30BaHUS KHUJIKOTO a30Ta OHOBPEMEHHO TOJDKHA
3a 3 3b npousBonuTh 1850 BT xomona na yposue 4,5 K
r t u 50 11/9 xuakoro renus. Pacxom c)kaToro reiust
6a 6 6b _qr npuHumancsa pasueiM 0,17 kr/c, naBnenue no-
| Zy cie xommpeccopoB — 2,5 Mlla, annabatHbiit
7a 7 7b K.IL.JI. Bcex TypbomeTannepoB — 0,65.
| | Ecnn npunare o6o3Hadenus: G, — KO-
8a 8 8b _[[I YECTBO CXKATOrO IeiHs, MOAABACMOTO M3 KOM-
l | npeccopa, G, — KOJIMYECTBO XKUJIKOTO IENus,
9a 9 9b BBIBOJIMMOTO M3 IHKIJIA, ) — XOJOIOTPOU3BO-
9 IUTENBHOCTD, ¢=0/G; — ynenbHas XONOMI0-
| | IPOU3BOIUTENBHOCTb, X=G /G; — CTeneHb
OKMIKEHUS, ONTUMHU3AINS TTapaMeTPOB CBOIHUT-
v 10a 10 Cs K OTPEIEIICHUIO MIPH 33JaHHOM 3HAYCHHUH X
MakcuMyMa (YHKOHH TpeX TEPeMEHHBIX
Ia q=f(Tyy, Ty I3y )s € Ty, Ty, Ty — TEMIIE-
paTypel CKaToro TeNHs Ha BXOAE B TypOoie-
0 ,__J 1y o, TaHACPHl CTYIEHHU MPEIBAPUTEIBHOTO OXJIAXK-
= [ JICHHSI.

PesynbraThl IpoBeAEHHBIX ONTUMHU3ALMOH-
HBIX PacyeToB JUIsl ciydyas IPUMEHEHMs Mapo-
JKHIKOCTHOTO eTaHjicpa IIPUBOJATCS Ha

xkeparopa KI'Y-1600/4,5 npu pa- A A Acp PHBOI
GoTe 6e3 MCIONb30BaHMs Kiakoro  PHC- 22,23 u 24. BuaHo, 4To Jaxe JUisl PUHS-
azoTa TBIX CPaBHUTENILHO HEBBICOKUX K.M.II. TypOoe-

Puc.21. Pacuernast cxema pedpu-
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q, KIx/xr
14

q, kIx/xr

12

10

Puc.22. PacuerHble XapakTepu-
crukn KI'V-1600/4,5 mpu pas-
JUYHBIX 3HAYCHUSX TEMIIEpaTy-
pet Ty, mepen TypOoaeTaHAepOM
[II cTyneHu mnpenBapuUTEILHOTO
OXJIAK/IEHHUS ¥ HCIIOIb30BAaHUU
MapOXXUAKOCTHOTO TypOomeTaH-
nepa ['V. OntumanbHble 3HaYSHUS
temneparyp Tgp= 50 K m
Ty, =140K

Puc.23. PacuerHble Xxapaxrepu-
crukn KI'V-1600/4,5 mpu pas-
JUYHBIX 3HAYEHUSX TEMIIepaTy-
pet T, Iepen TypOoaeTanIepoM
II crtymenu mpenBapuTeIbLHOTO
OXJIAK/IEHHUS ¥ WCIIOJIb30BaHUU
MapOXXUAKOCTHOTO TypOoaeTaH-
nepa I'V. OntumanbHble 3HAYSHUS
temneparyp Tgp= 19 K n
T, =140K

TaHJepoB AP PeKkTrBHAs padoTa 6e3 MoTpeOIICH S KUIKOTO a30Ta MOXKET OBITh J10-
CTUTHYTa BO BCEX TOYKAX XapaKTEPUCTUKU. B dmcro pedprmxepaTopHoM pexnme
pU MakKCUMaJbHOM 3HadeHuH ¢= 12,8 kJDK/Kr, XOJIOJONPOU3BOIUTEIHHOCTD
KI'Y-1600/4,5 cocraBnser Q=gG; =12,8x0,17 = 2,18 kBT. MakcumanbHOe 3Haue-
Hue x=0,1 COOTBETCTBYET MNPOU3BOJAUTEILHOCTH B OXXIKUTEIHBHOM PEXHME
G,=xG; =0,1x0,17=0,017 kr/c = 490 n/4.

O heKTHBHOCTD YyCTAaHOBKH ITPHU STOM JIOCTATOYHO BBICOKA. YIIEIIbHbIE 3aTpa-
ThI Ha NIOJIy4€HHE X0JI0JIa U )KUAKOTo resnst coctassat 306 Br/Br xonona npu 4,5 K
u 1,36 kBr/g Ha JsuTp XKUIKOCTH (NIPU M30TEPMHUYECKOM K.IL.J. KOMIIpeccopa
50% — ciy4ail BHHTOBOI MAIITHHBEI).

s IMOJIYUYCHHBIX PE3YJIbTATOB CJICAYCT, YTO TCMIIEPATypPbl BKJIOUCHUA JE€TaH-
JACPOB CTYNICHU NPEABAPUTCIILHOT'O OXJIAXKICHU S, 06ecneqHBafoume OINITUMAJIBHYIO
XapaKTepucTuKy, coctapisitor 140, 50 u 19 K. OHu npakTHyecku He 3aBUCSAT OT Be-
JWYHUHEI X, T.€. MPUOIM3UTENBHO OJMHAKOBBI KaK ISl YHCTO pedpHKEepaTOpHOTO,
TaK W JUIA  OXIKUTEIBHOTO peXnMmMoB. BOmmsm ontumyma  QyHKIns
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g, xIx/xr q= (T, T¢p Tgp ) MOCTATOUHO TIONOTA, H
JUTS TIOTy9eHUs 3((HEKTUBHBIX PEKUMOB MO-
JKeT OBITh BIOJIHE JIOIYCTUMO, €CITH MPOTOY-
HbIE YACTH BKJIIOYEHHBIX IIOCJIEI0BATEILHO
TypbonerannepoB Oyayr obecmedmBaTh
pacupe/erneHre TeMneparyp He 0ojee ueM
¢ 10%  Tounocteio: T,, =(140£20) K;
Tep =(5015)K; Ty, =(19£2) K.

Crnenyer OTMETHTh, YTO ONTHMAJbHBIC
sHadenus remneparyp 15, Ty, n Ty, ompe-
JICTICHHBIC JIJIsI CITydasi ¢ IPUMEHEHHEM Mapo-
JKHJIKOCTHOTO JIETaHJepa, OCTAIOTCS MTPAKTH-
0 0,02 0,06 0,1 UCCKM HCM3MCHHBIMH H B CIy4ae JPOCCENH-

x POBaHHsS B CTYIEHH OKOHYATEIHHOTO OXJIaX-
JIeHUs1. DTO CBHIETEIBCTBYET O TOM, UTO yKa-
3aHHBIC 3HAYEHUSI MOTYT OBbITh PEKOMEHI0BA-
HsX TeMeparypst Ty, Tepen Typ6o- HBI BHE 3aBHCHMOCTH HE TOJBKO OT KOJHYe-
neramnepom 1 crymenn mpempapu-  CTBA X BBIBOIMMOTO H3 IMKIIA KHIKOTO TeIHS,
TEJIBHOIO OXJIAXKIECHUS U UCII0JIH30Ba- HO W OT BEJIWYMHBI K.II.JI. TAPOKUAKOCTHOTO
HUM MapOKUIKOCTHOrO TypboieraH- —JeTanaepa. [Ipu apoccenupoBaHuu B CTyIie-
aepa IV. OnruMaibHblC 3HAYCHHS gy OKOHYATENPHOTO OXJNAKACHUS MAKCHU-
Temmeparyp Tg, =19 Ku Ty, =50 K MaabHO JIOCTIDKMMAsl — XOJIOJAOTIPOM3BOIH-
TEIBHOCTh COCTABIIACT JUIIb ¢ = 5,6 KJK/KT,
a ko3 dunument cxmrenns x= 0,08. Kak Bu-
JIIM, TIPU TIEPEX0/ie K APOCCEINPOBAHUIO HANOOIIEe CYIECTBEHHO CHIDKEHUE TTPO-
HU3BOAMUTEIBHOCTH ISl PePIDKEPATOPHOIO PEXKMMa, IMPU KOTOPOM HAMOOJIbIIAs
4acTh MOTOKA [TPOXOIMT 10 CTYIICHH OKOHYATEIHbHOTO OXJIAXKICHUS U, CIICI0BATCIIb-
HO, BCJIMKH TepMO}II/IHaMI/I‘-IeCKI/Ie HOTepI/I.

Puc.24. PacueTHbIe XapaKTEpPHCTUKU
KI'V-1600/4,5 npu pa3nu4HbIX 3HAYE-

BBuy HeperymupyeMoCTH COMIOBBIX alMapaToB ISl pa0OTHI B KaXK/I0H TOUKE
13 IPUBEJICHHBIX BBIIIE XapaKTEPUCTUK HEOOX0IMM CBOHM MHJIMBH Iy aIbHBIA KOMII-
JEKT U3 Tpex TypOomeranaepoB. Pacxox depes3 TypOHHY JKECTKO OIpENEIICH Ieo-
MeTpHUel MPOTOYHOM YacTW MAalIMHBI U IIapaMeTpaMH Ha BXOJE — JaBJICHHEM U
Temreparypoii. [IpubnmxeHHble 3aBUCUMOCTH AJIsl pacxoja Kak (QYHKIMH JaBie-
HUS ¥ TeMIIepaTyphl Ha BXoje npuBoaaTcs B [28,29]. Pesymsrarsr pacueToB ¢ yue-
TOM DTHUX OTPaHWYEHHH MMOKa3aHbl HA PUC.25 MTPUXOBBIMU JMHUSIMU (2). Kak Bu-
JVIM, B MAaKCIMyME€ 3TH KPUBBIE KaCalOTCsI ONTUMAIBHON XapaKTEPUCTHKH, HO CIIe-
Ba W crpaBa OT Hero 53((EKTHBHOCTb YCTAHOBKHM PE3KO CHIDKAeTCA. ITO
MIPOMCXOJUT ITIOTOMY, YTO IPH U3MEHEHNH X CTAHOBHUTCS PYrO ONTHMAaJIbHAS 101
ra3a, OTBOAMMOIO Ha JIETaHJAEPHI MPEIBAPUTEIBHOTO OXJaXKACHUS, a 3Ta ONTH-
MaJllbHast JI0JIsl He MOXKET OBITh 0OecrieueHa BBULY HeperynupyeMoctu TypouH. Ilo-
3TOMY MapaMeTpbl YCTAHOBKH OBICTPO YXOIAT OT ONTHMAJIBHBIX 3HAUYCHUH.
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IMoxHsITH sddpexruBrOCTE  §> KIK/KT
YCTaHOBKH TIpU paboTe ¢ OTHHUM 14 20 ‘ ' ' T
KOMILIEKTOM TypOOIETaHAEPOB HA 4o
JIOCTaTOYHO OOJBIIIOM YYaCTKE Xa-
PaKTEpUCTUKM MOXKHO IyTeM us3- 10
MEHEHUS KOJIMYECTBA CXKATOTO Te-
WS, TOCTYTIAIOIIETO Ha YCTAHOBKY
OT KOMIIPECCOPOB, B 3aBUCHUMOCTH g |
oT Tekymiero pexuma. Ha puc.25
TaKoif BAPUAHT MOKa3aH KpUBBIMH 4
(3). Ha cpenneii u3 Hux npu |
x= 0,01 xomngecTBO mepepadaThI-
BaeMoro rasa pasHo 0,22 xr/c, a 0
mpu x= 0,07 ymeHbIIEeHO 10
0,13 xr/c. Yka3aHHbIii c1oco0 Io-

Jy4€HHUs ONTHUMAJbHOM Xapakre- .

Puc.25. CpaBHenue ontuMmanbHO# (/) Xapaxre-
PUCTHKH,  BICPBBIC TNPOACMOH-  pycruku ycranosku KI'Y-1600/4,5 ¢ xapakrepu-
CTPUPOBAH Ha OTBITE C MOJOOHON  CTHKaMM Ui 3aJaHHBIX KOMILIEKTOB TypGose-

YCTaHOBKOM MEHBLIEro Macmitaba —TaHIEPOB IPH NOCTOSHHOM (2) M niepemMeHHoM (3)
B [57]. B KpI/IOFeHHOﬁ cucTemMe Hy_ pacxone rasa, Hepepa6aTI>IBaeMOF0 YCTaHOBKOU
KJIOTPOHA OH TMPUMEHHM J0CTa-

TOYHO MPOCTO, T.K. B KAYECTBE PE3EPBHOTO 0OOPYIOBAHHS CHCTEMA COJIEPHKHUT CEMb
CPaBHMTEJILHO HEGONBIIMX TOPIIHEBBIX KOMIPECCOPOB, TOCIEN0BATENLHOE MOJI-
KITIOYEHHE KOTOPBIX 06eCHednBAET BO3MOKHOCTE YPPEKTUBHO M B ITUPOKHX Mpe-
Jles1ax U3MEHATh TIPOM3BOIUTENLHOCT KOMIIPECCOPHOTO LEXa.

0 0,02 0,04 0,06 0,08 0,10
X

3AKJIIOYEHUE

[lepBoe oxia)kJIeHHWE TIOJTHOTO KOJbIa HYKJIOTPOHA ITOCIIEe COOPKU BCEX dJIe-
MEHTOB B TOHHEIIC ¥ KOMIUICKCHOH MPOBEPKH IMOACUCTEM OBLIO Hayato 17 mapra
1993 1. 3a 100 yacoB Ha Bcex dJeMeHTax ObLla JOCTUTHYTa TEMIEparypa OKOJIO
4,5 K, a BakyyMm B KaMepe YCKOPUTEINSI COCTABHII 10°—10710 Top.

Jlumonu 1 MarHuTHbBIC JTHMH3BI OBLTH 3allUTaHbI MOCTOSHHBIM TokoM 90 A. 3a-
TEM B BaKyyMHYIO KaMepy HYKJIOTPOHA ObLI HHKCKTHPOBAH ITyYOK ACUTPOHOB C
sHeprueit 5 M»B u Hadanack paboTa 1o npoBojaKe my4ka. 26 Mapra ObUIH 3aperu-
CTPHUPOBAHBI TMEPBbIC 0OOPOTHI MyYKa B KOJBIIC — 3Ta Jara OOIICMpU3HAHA KaK
JaTa BBOJIA B JICHCTBHE HOBOTO CBEPXIPOBOSIIETO YCKOPHUTENS TSKEIBIX SIIEp
[54-56].

YenemHomy 3amycky B mapte 1993 1. mpeniecTBoBasia TIIATEIHHO CIUIAHUPO-
BaHHAs W IIeJICHANpaBIeHHAs paboTa MO0 TECTHPOBAHUIO BCEX AIIEMEHTOB KOJBIlA
yckopurens. IIpu renmeBeIX TeMIiepaTypax Ha CIICHHANTbHO CO3MaHHBIX CTCHIAX
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ObUTM MCTIBITaHBl (MHOTJa HEOJHOKPATHO) BCE MAarHUTOKPHOCTATHBIE 3JIEMEHTHI:
96 nuNoONbHBIX, 56 KBaAPYMOIbHBIX, LEbIH Psii HECTAHIAPTHBIX JIEMEHTOB U TO-
KOBBOJIbI. [IpOoBEICHBI HCIIBITAHNS [IENOYEK MATHUTOB Pa3IWYHON JUIHHBL B des-
pasre 1990 r. Ha OTAECTHFHOM CTEHAE OBLT MCIBITAH PAA U3 12 MUMONBHBIX U 4 KBa-
JPYTOJNBHBIX MarHUTOB — OJHA BOCHbMAsi 4acTh IMOJTHOM MAarHUTHON CHCTEMBI
YCKOpHUTENsA. MarHUTHI BRIACPIKAITII 2000° uuKios BO30YX/IE€HUS C pabodInM TOKOM
6,5 KA. B deBpane 1992 r. y)xe Ha CBOeM MecTe B TOHHEJIE OB CMOHTHPOBAH Iep-
BBIN KBaIpaHT HYKJIOTPOHA, COCTOAIHMI 13 28 aumorneit u 11 kxBagpynoneit. [Tocie
OXJIQXKJCHHUS 0 paboueii TeMIepaTypbl B KBaAPAHT ObUT MHKEKTHPOBAH U IIPOBeE-
JICH TI0 BCEH JUTMHE MTy4YOK MOJISIPU30BAHHBIX AEHTPOHOB.

B Tedyenue BpeMeHH, NMPOMIEAIIETO MOCIE MEPBOTO 3allycKa IMOJHOTO KOJIbLa,
ceaHchl PabOThI HYKJIOTPOHA TPOBOIATCS peryisipHo. Ha aTHx ceaHcax KpHOTeH-
Has cucTeMa ObLTa 3ajeiicTBoBaHa B TeueHue Oonee 3000 gacoB. Kpome Toro, mo
3asBKaM JAPYTHX moTrpedutenei orpadborano okoio 5000 yacoB mpu TrogOBOM IPO-
M3BOJCTBE ZI0 | MIIH. TUTPOB kuaKoro rexus. [Ipu sToM He 3aKCHPOBaHO OTKa-
30B, IPUBOJMBIINX K MPOCTOI0 000PYIOBAHHS WM CPHIBY IIJIAHOBBIX PadOT.

ITonBoast uTor, HEOOXOAUMO CKa3aTh, YTO KPHUOTEHHAs CHUCTeMa HYKJIOTPOHA
MIPEACTaBIsAET COOON TOBOIBHO AEP3KHI MPOEKT ¢ OOJIBIINM KOJINIECTBOM paHEe
HE IPUMCHSBIINXCS TEXHUICCKUX HJICH M peleHnii. DTa cucTeMa OIMCHIBAETCS B
TAaKUX OCHOBHBIX TEPMUHAX, KaK «OBICTPOUNKIMPYIOIINE CBEPXITPOBOASIINE Mar-
HUTBI», KKPHOCTAaTUPOBAHUE ITOTOKOM IBYX(a3HOTO Treus», «BEChbMa KOPOTKOE
BpeMsi OXJIXIEHHS 10 pabodel TeMIeparypbly, «apajuiebHOe COSAMHEHHE BCEX
MarHUTOBY», «MapOKUAKOCTHBIC TypOOJETaHICPhI», «BHHTOBOH KOMIIPECCOp CO
CTETICHBIO TOBBILICHUS JaBleHNs Ooriee 25 B ABYX CTYNEHSIX». DTH TEXHHUUECKHUE
pemieHns [66] MO3BOIMIM CO3/1aTh HE TONBKO BecbMa 3(P(PEeKTHBHYIO U HaJISKHYIO
CHCTEMY, HO W C/IeaTh €€ HEOOBIYHO JICMICBO. DTO NMPHHIUIHAIBGHO BAXHO IS
OCYIIECTBUMOCTH OyIyHIMX ycKopuTened. BakHO HacTOJBbKO, YTO «HU3Kasi CTOU-
MOCTb» NPHUCYTCTBYET B CAMOM Ha3BaHUU OJJHOTO M3 TakuX npoekToB [30], paccuu-
TAHHOT'O Ha HMCIIONL30BaHHE KOJbLA JIUHOW O0Koio 1000 KM ¢ OTKIIOHSIOIIUMH
MarHUTaMH, CO3AaomMMu mojst MeHee 2 Tir. B kauecTBe mpoTOTHIIA TAKOTO MarHu-
Ta pacCMaTPHUBAIOTCS CBEPXIIPOBOISIIIE MarHUTHI THITA HYKJIOTpOHa [64].

ABTop OaromapeH 3a JOMOTHUTEIBHYIO OANCPKKY TaHHOH pabOTHI OTACIOM
(u3ukn MHOTOYaCTHYHBIX cucteM OMAH.
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PE®EPATHI CTATEH, IOMEIIEHHBIX B BBIITYCKE

VK 539.12.01

Henepryp6aTtusBnsie 3¢p¢extsl B KX/ npu KoHeuHOIi TemMnepaType H IVIOTHOCTH.
Pobepmc K./]. ®u3uka 31eMEHTApHBIX YaCTHUIl U aTOMHOro fapa, 1999, tom 30, Bbim.3,
c.537.

B pabore nokazano npumenenue ypaBHenuil Jlalicona—IlIsunrepa B KX/I. bonbmas
qacTh 0030pa MOCBSIIECHA U3JI0KEHUIO COBPEMEHHOTO I10/IX0/]a, OCHOBAHHOTO Ha PELICHUHU
ypaBHeHus bere—Conmurepa, BOCIPOU3BOAAIIET0 TOUuHble MaccoBbie popmynsl KX/I, omm-
CBIBAIOIINE OJHOBPEMEHHO KaK JIETKHE, TaK U TsXKeJIble ICeBI0CKAIAPHbIE ME30HBI, U Ha BbI-
YHCIICHHUH JIEKTPOMArHUTHOTO (opM(paKkTopa MHOHA U CEYCHUSI DIICKTPOPONKICHUS BEKTOP-
HBIX ME30HOB IIpU HYJIEBOW TeMIIepaType U XUMHYECKOM MOTEHIHaNe. DTU UCCIeI0BAHUS,
KOTOPBIC 06’]>eZII/IH5[}0T TAaKUE€ Pa3HbIC SABJICHWA, KAYECTBECHHO YKa3bIBalOT Ha Ba)XHOCTb UM-
MyJIbCHOM 3aBUCHMOCTH OJEThIX eMeHTapHbIX (yHkuuid [lIBunrepa B KX/I. Onu obecre-
YHBAIOT IIPOYHYIO OCHOBY JUIsl 0000IIEHHs pacCMaTPUBAEMOTO TI0/IX0/1a Ha CIIydail HeHyJIe-
BOM TEMIIEpATYypPbl U XUMUYECKOI'O IMOTEHIHAJIA. CyHJ,eCTBCHHO, YTO OIIMCaHbI (bOpMaIlebIe
OJIEMEHTBI UCIIOJIB3YEMOTO ITOAX0Aa U IMTPUBEJACHBI YETLIPE IPpUMEPA B Ka4Y€CTBE WIIIIOCTpPa-
K MeToa u ero apdexruBHocTH. C UX MOMOIIBIO H3yYaeTcst TpaHua (a3oBoro nepexoaa
JUTS IeKOH(aifHMEHTa U BOCCTAHOBIICHHSI KUPATbHON CHMMETPHH, BBIYUCIIICTCSA HAOOP Tep-
MOJHMHAMHUYCCKUX CBOMCTB KBapK—FH}OOHHOﬁ IJ1a3Mbl U 3aBUCUMOCTD TF U pmesoﬂme Ha-
OurofaeMbIx OT 7' 1 . AHAJOTHYHBIM 00pa30M BBEJICHBI HENPEPBIBHBIH MapaMeTp MopsiaKa
JUIsl IeKoH(baifHMeHTa, aHTHKOPPEISIINS MEXY 3aBUCHMOCTBIO MAacC M KOHCTAHT pacriajia
oT 7' 1 uX ke 3aBUCUMOCTBIO OT U ¥ (7, H)-3aBUCUMOCTb JJIS MQJIBIX U YIbTPAPEIATHBUCT-
CKHUX 3HAUCHMH TEPMOJMHAMHYECKHX BEJIMUUH. PaccMoTpenHble A (eKThl Takke OrpaHu-
YHUBAIOTCS] UMITYJIbCHON 3aBUCHMOCTBIO OJICTHIX AieMeHTapHbIX (yHkiwmii [IIBuHrepa.

Ta6n.5. Un.41. bubnuorp.:83.

VK 539.171.1

KpasunoreHuuanabHblii moxxon B ¢opmain3Me KBAHTOBO TeOpHM TOJsI HA
HYJb-TIOCKOCTH. [ apcesanuweunu B.P., Tasxeruose A.H. dusnka 371eMEHTapHBIX YaCTHUI]
W aToMHOTO si1pa, 1999, rom 30, BbIN.3, c.613.

B 0030pe 06cykaaercs psil IPHHIUITHAIBHBIX TPOOJIeM, KaCAIOIIMXCS OMUCAHHUS ITPO-
LIECCOB PACCESHUSI C YYACTHEM CBS3aHHBIX COCTOSIHUI B paMKaX KBa3UIIOTCHIUAIBHOM Pop-
MYJIMPOBKH TCOPUU TIOJISI HA HYJb-TUIOCKOCTH. OCHOBHOEC BHUMAaHHE YICJIICHO MTOCTPOCHUIO
YIPYTUX U HEYNPYTHX aMIUTUTYJ B TCPMUHAX BOJHOBBIX (YHKIHIA U oriepatopoB. [Tonpo6-
HO OIHCaHO MOCTPOCHHUE AEKTPOMATHUTHBIX POPM(DAKTOPOB CBSI3aHHBIX COCTOSHUIA, U 1O-
JYYCHBI PECTABICHUS JUTs TITyOOKOHEYNPYrux GopmdakTopoB. C MOMOIIBIO ATUX TPE-
CTaBJICHUI M3YYCHBI BONMPOCHI ACHMIITOTHYECKOTO MMOBEICHHS CCUYCHHU M TPUOIIIKCHUN,
MPUBOISIINX K KBAPK-TIAPTOHHOMN KapTHHE.

Wn.9. bubmmorp.: 49.

VK 539.17
JInarHocTuka CBepXILIOTHONH MAaTepUH B YJIAbTPapeaSITHBUCTCKHX CTOJKHOBEHHSIX
aaep. Jloxmun U.I1, Capviuesa JI.U., Chucupee A.M. ®u3uka 371€MEHTAPHBIX YaCTHUI] U
aToMHoro siapa, 1999, Tom 30, Bbin.3, ¢.660.

HccnenoBanne mpoIeccoB POXKACHUS YaCTHUIL B SIPO-SAEPHBIX B3aUMOJCHCTBUAX TIPH
BBICOKHX DHEPTHUAX MPEACTABISCTCS aKTyalbHOM MPOOIEMOi B CBA3U C BO3MOKHOCTBIO Te-
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Hepaluy CBEPXIUIOTHON MaTepun B 00beMax, KOTOPBIE SBISAIOTCS KBa3UMAKPOCKOITHUECKH-
MH MO OTHOIIEHUIO K XapaKTEePHBIM aAPOHHBIM MaciiTabaM. DTO OTKPBIBAET MyTh AN MPO-
BEPKH OCHOBHBIX INpencKkazaHuil cratuctudeckoit KX/I: kBapkoBoro nexoH¢paiiHMeHTa U
BOCCTAHOBJIEHUS KUPAIbHOH CUMMETPHH ATl CUCTEM C JOCTaTOYHO BBICOKOW TeMIepary-
Ppoii u (1K) MIOTHOCTHIO OapHOHHOTO 3apsaaa. B 0030pe paccMaTpuBaroTCs criocoObl peru-
CTpallUH U OMpE/ENeHHs OCHOBHBIX TApaMeTPOB CBEPXIUIOTHOH apOHHOI MaTepuu, oopa-
3yIOIEHCS B yIbTPAPETITUBICTCKIX CTOIKHOBEHHUSX Aep. Bo BBeneHnn o6cyxaatorcs 06-
e BONPOCHI, CBSI3aHHBIC C KBAPK-aJPOHHBIM (DAa30BBIM MEPEXOJOM H YCIOBHUSIMU €rO
peanu3anun (paHHsAs BeenenHas, MIOTHbIE HEHTPOHHBIE 3BE3/IbI, SK30THYECKUE COOBITHS B
9KCTMEPUMEHTaX C KOCMUYECKHMHU JIydaMH, YCKOPUTEIH YIbTPAPETATUBUCTCKHX SIEP).
Bropoit paszfgen MOCBSIIEH aHANU3y Pa3NUYHBIX TOAXOAOB AJS OMHCAHHSA 3BOIIOINU
ANPO-SEPHBIX COYJAPEHUIT: MUKPOCKOINYECKUX TeHepaTopoB MonTe-Kapio u Mmakpocko-
MHYECKUX THAPOANHAMUYECKHUX MoJieniel. B TpeTheM pazaerne paccMaTpUBAIOTCS «MITKHE»
TECTBI, IPeIaraeMple Il SKCIIEPUMEHTAILHOTO U3yUYEeHUs CBONCTB sIIEpHOI MaTepuu, Ha-
XOAAIIEHCs B 3KCTPEMATbHBIX YCIOBUAX: CIIEKTPHI aIpOHOB U 0030HHAs HHTEP(HEPOMETPHS,
CIIEKTPbI (JOTOHOB M AMIICTITOHOB, POXKICHHE CTPAHHBIX YACTHIL.

Bonbioe BHuManue YACITIACTCS <OKECTKHUM) T€CTaM, JarolIUuM l/IH(i)OpMaL[l/I}O O paHHUX
CTaJHAX 3BOIIOINH «TOPSUEi» CHIIbHOB3aHMOEHCTBYIOIEH MAaTEPHH: POKICHUH TSKEIBIX
KBapKOHHUEB (YETBEPTHIN pa3/iell) U afpOHHBIX CTpyH (IATHIH pas3aen). [IpuBoasTcs BO3MOX-
HBIE HHTEPIIPETAIIMN 0COOCHHOCTEH!, HaOII0JaeMBIX B DKCIIEPHMEHTAX MO PEJIITHBUCTCKUM
CTOJIKHOBEHMAM sJIep Ha JeicTByromux yckoputensax (AGS, SPS), no cpaBHeHHIO € COOT-
BETCTBYIOIIUMH AJPOH-aAPOHHBIMU COYJAPEHUSMH: YIIUPEHUS HMITYIbCHBIX CHEKTPOB
a/IpOHOB, MOBBIIIEHHOTO BBIXOZA JWJICIITOHOB HEOONBIINX MACC, YCHJICHHOTO POXKICHUS
CTpPaHHBIX YaCTHUII, ITOJaBICHUS BbIXoaa W-pe3oHancoB u ap. OOCyKIal0TCsl MePCIEKTUBBI
Oyaymux skcrepumenToB Ha kostaiaepax RHIC u LHC. Ha ocHOBe MOCIBHBIX MTPEACTa-
BJICHUH aHATM3UPYIOTCS 3(QGHEKTHI, BOSHUKAIONINE B PE3YIbTaTe MPOXOKACHHS KECTKUX
CTpyH IIBETO3apsDKEHHBIX IAPTOHOB dYepe3 IUIOTHYIO Cpely: HEKOMIUIAHAPHOCTh ITaphbl
CTpYH, BO30YyX/JICHHE TUHAMHUUCCKUX HEYCTOHUMBOCTEH B Cpejie, CTOJIKHOBUTEIILHEBIE H pa-
JUALOHHBIC ITIOTEPU SHEPI'UU CTPYH, IIOAABJICHUE BbIXOAa I1ap Cprﬁ 1 YBCJIMYCHUEC BbIXOda
MOHOCTpYy#H. OnpenensioTcst mapaMeTphl CPEAbl, BIUSIONINE B IEPBYIO OYepeb HA H3MEHE-
HHUE XapaKTEePUCTUK CTPYH U BOBMOXKHOCTB HX SKCIEPHMEHTAIBHOTO 00HapyxeHus. O0Cyx-
JIAIOTCSI TAKOKe BOIPOC MIeHTUGHKAMHK x)ecTKuX KX/I-cTpyil B CTOIIKHOBEHHSX TSKEIBIX
MOHOB Ha (oHE OOJNBUIMX CTATUCTUYECKUX (IIyKTyaluid MOTOKA MOIEePEYHON YHEPrHHu, 00-
YCIIOBJIEHHBIX OOJBIION MHOXKECTBEHHOCTHIO BTOPHUHBIX YaCTHII.

Ta6n.2. Wn 15. bubauorp.:228.

VIK 539.12.01

KX/I npu koHeuHO#i Temneparype Ha pewierke. Jlaepvann O. dusnka sneMeHTap-
HBIX YaCTHI M aTOMHOTO siapa, 1999, rom 30, B3, ¢.720.

B pabore paccmarpuBaeTcsi COBPEMEHHOE COCTOSHHE PEIICTOYHBIX HCCIIeJOBAHUI
KX/I npu xoneunoit remmneparype. [locie 0003peHust GopMyIHpOBKH M YHCICHHOTO MOJIC-
muposanus KXJI Ha perieTrke paccMOTPEHO COBPEMEHHOE IIPECTABICHUE O KPUTUUECKON
TeMIIepaType Iepexoaa oT aJpoHHOH (a3sl K (a3e KBapK-TIIIOOHHOH 1m1a3Mel. O0cyxaeTcs
COCTOSIHUE HCCIIeI0BaHUl pupo/s! 3Toro nepexona. Kpome toro, npeacraBieHsl Kak aHa-
JIM3 yPaBHEHMSI COCTOSIHHS B BEICOKOTEMIIEPATypPHOM (ha3e, TaK M BBIYHUCICHUS CIIEKTPa BO3-
Oy’)KICHUH NP KOHEYHOU TeMIIeparype.

Tab6n.1. Un.22. bubnmorp.: 87.
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VK 621.384.63; 537.312.62

KpHoreHHbIe TEXHOJIOTMH B CBEPXNPOBOASILIIEM YCKOPHTE/Ie PeJIITHBHCTCKUX siiep —
HYKJIOTPOHe. Aeanos H.H. ®u3uka 3neMeHTapHbIX YaCTHI U aTOMHOTO sA7apa, 1999, Tom 30,
BhIN.3, ¢.760.

CucreMa KpHOTEHHOTO 00ecnedeHns HyKJIOTPOHA OCHOBaHA Ha TPEX I'eIMEBBIX pedpu-
KepaTropax, KaxIblii M3 KOTOPBIX HMEET HOMUHAIBHYIO XOJOJOIPOM3BOJUTEIBHOCTD
1600 BT mpu temmneparype 4,5 K. Pedprxeparops! oxiaxaaroT KONbLEBOW yCKOPHUTENb C
nepumeTpoM 251,5 M u «xonoaHoi» Maccoit okono 80 ToHH. Koiblo yckopuTesst COCTOUT
n3 96 TUIOTBHBIX MATHUTOB ATUHOM 1,5 M 1 64 KBaapynoabHBIX JIUH3 1uHOM 0,45 M. Mar-
HuTHOE none 10 2,0 T popMupyeTcst JKene3HbIM CepIeuHIKOM i 0OMOTKOH BO30YXICHHUS
U3 T10JIOTO CBEPXIPOBOHUKA, BHYTPU KOTOPOTO TeUeT XUAKHUii reauit. Kpome Toro, nmeercs
28 xoppexTupyromux Marautos anuHoit 0,31 M ¢ 3 wnu 4 TumaMu 0OMOTOK B KaxaoM, 12
OXJIAXKTaeMbIX TOKOBBOJIOB C TOKOM 6 KA, 234 TokoBBozAa ¢ TokoM 100 A 1711 KOppEeKTHPYIO-
KX 00MOTOK, a Tarke 0kosto 600 1aTYNKOB KPUOTCHHOI TeMIeparyphl.

OTMe4eHO, YTO KPHOTEHHAs CHCTeMa HYKJIOTPOHA MPEACTABISACT cO0OH JOBOJIBHO
JIeP3KHH MTPOEKT ¢ GOIBIIMM KOJIMYECTBOM paHee He MPUMEHSBIINXCS TEXHUYECKUX UJIeH 1
peurenuit. CucTeMa ONUCHIBACTCS B TAKUX OCHOBHBIX TEPMUHAX, KaK «OBICTPOLMKIMPYIO-
e CBEPXIIPOBOASAIINE MArHUTBD), «KPHOCTATUPOBAHME IOTOKOM JBYX()DA3HOTO TEIHs»,
«BECbMa KOPOTKOE BPEMSl OXJIAX/ICHH 10 paboyeil TeMnepaTypbl», «IapaielnbHOe COeIH-
HEHHE BCEX MarHUTOBY, «IIAPOJKH/KOCTHBIE TypOOIeTaHIePhl», «BHHTOBOH KOMIIPECCOp CO
CTEIEHbIO MOBBIICHNS TaBIeHUs Ooiiee 25 B IBYX CTYIEHSIX».

JlaH 0030p HOBBIX TEXHHYECKHMX PELICHHMIl, BIIEPBbIC IPUMEHEHHBIX B IPOEKTE KPUO-
TeHHOW CHCTEMBI HyKJIOTPOHA.

Ta6n.6. Un.25. bubnuorp.: 66.
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K CBEJIEHUIO ABTOPOB

B xypraie «Pu3nka 31eMEHTapHBIX YaCTHI] U aTOMHOTO sizipa» (DYAS) neuararorcst 0630pbl 110
aKTyaJIbHBIM MTPOOJIeMaM TEOPETHYECKOH M 3KCIICPUMEHTAIbHON (DM3MKM 3IEMEHTapHBIX YaCTUIl
aTOMHOTO s/pa, MpobaeMaM CO3JaHHsl HOBBIX YCKOPHTEIBHBIX U 9KCIIEPUMEHTAJIBHBIX yCTaHOBOK, aB-
TOMAaTH3alUK 00pPabOTKH KCIEPHMEHTANbHBIX JAaHHbIX. CTaThby I1€4aTaloTCs HAa PYCCKOM M aHIVIHMM-
CKOM si3bIKaX. Pelakiius npocuT aBTOpoB NP HANPaBIECHUH CTaThU B MIEYaTh PyKOBOJICTBOBATLCS U3I10-
JKCHHBIMH HUIKE TTPaBUIIaAMH.

1. TexcT cTaThby DO/DKEH OBITH HAalleYaTaH Ha MAIIMHKE Yepe3 JBa HHTEPBaIa Ha OTHOU CTOpOHE
nucta (00s3aTebHO MPEACTAaBISIeTCS MEePBhI MAITMHONUCHBINA dk3eMmsp). [lomst ¢ oqHOH CTOPOHBI
JOJDKHBI OBITH HE yxkKe 3—4 cM, PyKOIHCHBIC BCTABKH HE JOIYCKAIOTCS. DK3EMIUIIpP CTaThbH JODKECH
BKJIIOYATh AHHOTALMH U HA3BaHUE HA PYCCKOM M aHIIMICKOM s3bIKaX, pedepaT Ha PYCCKOM S3bIKE,
VYK, cBenenus 06 aBropax: GpaMuins 1 HHUNUAIIH (Ha PyCCKOM U aHITMHCKOM SI3BIKAX ), Ha3BaHHE UH-
CTHTYTa, afpec U TenedoH. Bee cTpaHHIBI TeKcTa JOKHBI OBITH IPOHYMepoBaHEL. CTaTbs JODKHA
OBITH IIOJIIMCaHA BCEMH aBTOpaMU. TeKCT CTaThbH MOXKET OBITH HalleyaTaH Ha IPUHTEpPE C COONII0ICHIEM
TeX 7K€ MPaBUIL.

2. ®opMyIbl U 0003HAYCHUS JIOJKHBI OBITh BIIMCAHBI KPYITHO, YETKO, OT PyKH TEMHBIMU YEPHHU-
naMu (Jin0o HareyaTaHbl Ha IIPUHTEPE U 00s13aTENIbHO pa3MeueHbl). JKenareabHo HyMepoBaTh TOJIBKO T€
(opMyIIb, Ha KOTOPbIE UMEIOTCSI CChIIKU B TekcTe. Homep opMyiibl ykasbIBaeTCst CpaBa B KPYIIIbIX
ckoOkax. Ocoboe BHUMaHUE clielyeT 00paTUTh Ha aKKypaTHOE U300pakeHUE MHAECKCOB U IIOKa3aTeaeh
CTEIeHeH: HIDKHUE NHIEKCHl OTMEUalOTCs 3HAKOM MOHIDKSHHS N, BEPXHUE — 3HAKOM IOBbILICHH [1;
LITPUXU HEOOXOAMMO YETKO OTJIMYATh OT SAMHHIBI, @ SAMHHUIY — OT 3amsaToi. ClienyeT, 1o BO3MOX-
HOCTH, u30erath TPOMO3/JKHX 0003HAUYCHHUN M ympoiars Habop GopMmyi (HampuMmep, MPUMEHSs exp,
JIpo0b uepes KoCyro 4yepry).

Bo u36exanue HeOpa3syMeHHI H OIIHOOK CIIEyeT eIaTh ICHOE Pa3iIMiie MEeXK/Ty IIPOIHCHBIMHI
M CTPOUHBIMH OyKBaMH, ofinHaKoBbIMHE 110 HadepTanuto (Vuv, Unu, Wuw,Ouo,Kuk,Sus,Cuc,
Pup, Z uz), npomnucHble IOJYSPKHBAIOTCS OByMS YepTaMM CHHU3Y, CTPOYHBIC — IBYMs YepTaMu
cBepxy (Sus, Cu c). Heobxonumo aenars 4eTKoe pa3indue Mex 1y OykBamu e, /, O (60ubIoii) u o (Ma-
10it) u 0 (Hyaem), st yero OykBbl O M 0 OTMEUAIOT ABYMs YePTOYKAMU, @ HYJIb OCTaBILIIOT O€3 moxdep-
kuBaHus. ['pedeckne OyKBBI OTUYEPKUBAIOTCS KPACHBIM KapaHIAIIOM, BEKTOPBI — CHHUM, JHOO 3Ha-
KOM cHM3y uyepHWIaMu. He pekoMeH1yeTcst HCII0Ib30BaTh Uil 0003HAYEHHS BEIMUUH OyKBBI TOTH-
YEeCKOIo, PyKOIMCHOTO U IPYTHX MaJIOYHOTPEOMMBIX B )KYpPHAIBHBIX CTAThsX MIPU(PTOB, OTHAKO €CIIU
TaKyio OyKBY HEJIb3s 3aMEHHTH OYKBOH JIATHHCKOTO MITH IPEYeCKoro ajdasura, TO €¢ pa3MeyaroT Ipo-
CTBIM KapaHjamom (00BOAAT KpyKKoM). B cirydae, eciii HarnucaHue MOXXET BbI3BaTh COMHEHHE, HE0O0-
XOJIMMO Ha HOJISIX JIaTh MOSCHeHNE, Hanpumep, { — «a3era», § — «Kkcn», k — nar., K — pycck.

3. PUCYHKU IpPEACTABISAIOT HA OTJACJIBHBIX JIUCTAX 0ol Oymaru wim KajbKu C yKa3aHUEM Ha
00opoTe HOMEpa PUCYHKa U Ha3BaHUS CTaThbH. TOHOBbIE (GoTOrpaduu TOHKHBI ObITH MPEACTABICHBI B
JIBYX 9K3EMIUIIpax, Ha 000pOTe KapaHAalIoM yKa3aTh: «BEPX», «HU3». [paduKkn TOKHBI OBITH TIIA-
TEIBHO BBIMOIHEHBI TYIIBIO MM YCPHBIMH YCPHUIAMHU: HE PEKOMEH/IYCTCs 3arPOMOXKIATh PUCYHOK He-
HY)KHBIMH JICTQJISIMU: OOJBIIMHCTBO HAJAMHCEH BBIHOCUTCS B IOAIMCH, @ HA PUCYHKE 3aMCHSACTCS
uudpamu wim Oyksamu. JKenarenbHo, 4TOObI PUCYHKH OBLIM FOTOBBI K IPSMOMY PEHPOAYILIUPOBAHUIO.
IMoanucu K pUCyHKaM MPEIACTABISIOTCS HA OTACIBHBIX JIHCTAX.

4. TaGJ’II/IL{LI JIOJIKHBI OBITH HalleYaTaHbl HA OTACIBHBIX JIUCTAX, Kaxaasa Ta6J'H/[LIa JOJI)KHA UMETH
3aroJioBOK. Cnez{yeT YKa3beIBaTh €AUHUIIBI U3BMEPEHUS BEJINYNH B Ta6nm{ax‘

5. Cnucok auTepaTypbl IOMEIAETCS B KOHIIE cTaThbi. CCHUIKM B TEKCTE JAKOTCS ¢ YKa3aHUEM HO-
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