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2001, TOM 32, BBIII. 1

YK 539.1.01

ON ENERGY-MOMENTUM TENSORS

OF GRAVITATIONAL FIELD
A.LNikishov

P.N.Lebedev Institute of Physics, Russian Academy of Sciences, 117924 Moscow, Russia

The phenomenological approach to gravitation is discussed in which the 3-graviton interaction
is reduced to the interaction of each graviton with the energy-momentum tensor of two others.
If this is so, (and in general relativity this is not so), then the problem of choosing the correct
energy-momentum tensor comes to finding the right 3-graviton vertex. Several energy-momentum
«tensors» of gravitational field are considered and compared in the lowest approximation. Each of
them together with the energy-momentum tensor of point-like particles satisfies the conservation laws
when equations of motion of particles are the same as in general relativity. It is shown that in
Newtonian approximation the considered tensors differ one from the other in the way their energy
density is distributed between energy density of interaction (nonzero only at locations of particles) and
energy density of gravitational field. Starting from Lorentz invariance, the Lagrangians for spin-2,
mass-0 field are considered. They differ only by divergences. From these Lagrangians by Belinfante—
Rosenfeld procedure the energy-momentum tensors are built. Using each of these tensors in 3-graviton
vertex we obtain the corresponding metric of a Newtonian centre in G2 approximation. Only one
of these «field-theoretical» tensors (namely the half sum of Thirring tensor and the tensor obtained
from Lagrangian given by Misner, Thorne and Wheeler) leads to correct value of the perihelion shift.
This tensor does not coincide with Weinberg’s one (directly obtainable from Einstein equation) and
gives metric of a spherical body differing (in space part of metric in the first nonlinear approximation)
from Schwarzschild field in harmonic coordinates. As a result a relativistic particle in such field
must move not according to general relativity prescriptions. This approach puts the gravitational
energy-momentum tensor on the same footing as any other energy-momentum tensor.

O6cyxn ercst (heHOMEHONOTHYECKHI MONXO K TP BUT IIMH, NPU KOTOPOM B3 MMOJEHCTBUE Tpex
ID BUTOHOB CBOJUTCH K B3 MMONEHCTBHIO K XJOTO ID BUTOH C TEH30POM ®HEPIHH-HMITYJIbC JBYX
oct nbHBIX. Ecnu 310 T X (- B 00LIEl TeOpuH OTHOCHTENIBHOCTH 3TO HE T K), TO BOIIPOC O MNP BHILHOM
BBIOOPE TEH30p SHEPIUM-UMITYIIBC CBONUTCS K IIP BHIIBHOMY BBIOOPY TPEXTP BUTOHHON BEpIIHHBI.

P ccMOTpeHbl U cp BHEHBI HECKOIIBKO «TE€H30POB» 9HEPIUU-UMITYJIbC TP BUT LMOHHOTO TIONS B
HU3LIEM HeluHeiHoM npubmikennd. K Kbl U3 HUX BMeCTe C TEH30pOM SHEPIHM-UMITYIIbC TOYed-
HBIX 4 CTHUIL yAOBJIETBOPAET 3 KOH M COXP HEHHMd, KOTZ Yp BHEHM: JBUKEHHs 4 CTHIL Te XKe, YTO U B
ob1meil TeOpHH OTHOCHTENTBHOCTH.

ITok 3 HO, YTO B HHIOTOHOBCKOM MPUOTMXEHUH P CCMOTPEHHBIE TEH30PBI OTIMY IOTCA TeM, K K
IP BUT LHMOHH § IUIOTHOCTh ®HEPIUM IOAD 3/IeNeTCd H IUIOTHOCTh ®HEPIUH B3 MMOJEUCTBUs (OTIINY-
HYyIO OT HyJIsl TONBKO T M, Ileé €CTh 4 CTHUbI) M INIOTHOCTh ®HEPIMH IP BUT LHOHHOIO MO, (hUrypH-
PYIOLIYI0 C MOCTOSITENIBHO.

C HCroNb30B HUEM TOJIBKO JIOPEHLIEBCKOH MHB PU HTHOCTH P CCMOTPEHBI JI ID HXH HbI (OTJIU-
Y JOIIMECs H JIHBEPICHTHbIE WIEHbI) MO Ge3M CCOBBIX 4 cTHl cnuH 2. M3 9THX jarp HXHU HOB
meronoM bemund Hre-PoseHdensn ImonydeHbl TEH30phl 3HEPIUU-UMITYIbC . Mcronb3yd K Xublii n3
HUX B TPEXIP BUTOHHBIX BEPHIMH X, MOXHO H HTH COOTBETCTBYIOIIME METPUKH HBIOTOHOBCKOTO IIEH-
1p B G2-npubmmxenun. TolbKO OIMH U3 TOCTPOEHHBIX «TEOPETUKO-TIONEBBIX» TEH30POB ( HMEHHO
HOyCYyMM  TeH30p THpPPUHI M TEH30p , IIOJTyYEHHOrO M3 JI TP HXHU H , IpUBEJeHHOro Mu3HepoM,
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TopHOM 1 Yusiepom) NpUroieH Ul Ip BUJIBHOTO OIUC HUs NMPEUECCHU IEePHIeHs IUT HEThl. DTOT TeH-
30p HE COBII JI €T C TeH30poM B iiHOepr (HEmocpenCTBEHHO CIEAYIOIIUM M3 yp BHEHHs DUHIUTEHH )
U BeleT K MeTpHUKe c(hepuyeckoro Tesi , OTIMY IOWIeiicd B MPOCTP HCTBEHHOM Y CTH OT IUB PLILMIb-
JIOBCKOIl B I' pPMOHMYECKOH CHCTeMe KOOpIMH T. B pes3ynsT Te pesamusucmck A 4 CTUL JOIXH
IBUT ThCS B T KOM IIOJIE HH 4Ye, YeM MPEeJCK 3bIB eTcs oOLIell TeopHell OTHOCHTENbHOCTH.

B p ccM TpuB eMOM MNOJXOfie P BUT LIMOHHBIH TEH30p ®HEPIUM-UMITYJIbC HMMEET TOT XK€ CT TYC,
YTO M JI00OI IPYroil TeH30p 9HEPIrHHU-HMILYIIEC .

1. INTRODUCTION

General relativity is a complete, elegant, and self-consistent theory. Yet
there is a necessity of obtaining gravity by field-theoretical means starting from
flat spacetime, see, e.g., [1-4]. It is widely believed that on this way even
dropping the general covariance requirement we naturally get general relativity.
It is supposed that in the lowest nonlinear approximation this is demonstrated in
detail by Thirring [2]. Yet this conclusion cannot be drawn from [2], see Sec. 2.

The energy-momentum tensor of material fields in general relativity is ob-
tained from the corresponding one without gravitational field by equivalence prin-
ciple (comma goes to semicolon). This means that general covariance dictates the
form of vertices containing material fields. Even in this case other considerations
may lead to modifications. So conformal invariance leads to Chernikov—Tagirov
energy-momentum tensor [5]. Dropping general covariance gives more freedom
in choosing and rejecting vertices in phenomenological approach to gravitation.

Since the gravitational collapse is considered as the greatest crisis in physics
[6], the research into possible alternative theories acquire especial significance.
It is quite natural to make the first step and to consider the simplest processes
by utilizing vertices; the graviton propagator is known by analogy with electro-
dynamics.

In the lowest nonlinear approximation it is necessary to know only 3-graviton
vertex. We assume the simplest possibility: the source of graviton is the energy-
momentum tensor of two other gravitons. In higher approximations probably
other vertices will be needed. Along this path one can find out what theories are
possible without assuming general covariance and a priori restriction on vertices.
An important step in this direction was made by Thirring [1-2]. We continue
his investigation in the same approximation and restrict ourselves to point-like
classical particles as sources of gravitation. Mainly we are interested in the
simplest system consisting of a Newtonian center and test particle moving in its
field.

In general relativity classical particles move along geodesics in Riemannian
space. This is the incarnation of equivalence principle and it is more reliable
than specific equation determining the gravitational field [9]. As to the equation
determining gravitational field, it is possible to think that the phenomenological
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field-theoretical approach will lead to more complicated algorithm for getting the
field. An interesting possibility in this direction was pointed out by Schwin-
ger [10].

It is reasonable to believe together with Einstein that for some reason or
other the singular behaviour near the gravitational radius does not correspond to
reality, see §15 in A.Pais’s book [11] and Einstein paper [12]. At present the
Schwarzschild singularity is considered as fictitious by many researchers because
the geometry is nonsingular there. See however the text after (2.2.6) in [13] and
after Eq.(9.40) in [14], where they say convincingly about physical singularity.
By field-theoretical approach it is difficult to understand why in a finite system
the acceleration of a freely falling particle becomes unlimited when it nears the
horizon. Such a behaviour should be connected with the fact that according to
[15] the gravitational energy in vacuum outside the sphere of radius R goes to
—oo for R — rg. In conformity with this the energy of matter and gravitational
field inside the sphere of radius R goes to 400 in such a way that total energy
of spherical body is equal to its mass. But if a theory predicts that the absolute
value of field energy outside sphere of radius R might be greater than total energy
of a body, then the analogy with electrodynamics suggests that the concept of
external field becomes inapplicable [16]. The belief in general relativity in similar
circumstances is based upon the concept of nonlocalazability of gravitational
energy, see, e.g., §20.4 in [6]. What is more, general relativity does not need as
a rule the gravitational energy-momentum pseudotensor.

Yet for understandable reason there is a persistent desire to obtain the best
possible energy-momentum tensor in the framework of general relativity. For the
latest achievements in this field see the exellently written papers [17] and [18].

The situation changes drastically when we begin to construct gravity theory
starting from flat spacetime and assume that in 3-graviton vertex each graviton
interacts with energy-momentum tensor formed by two other gravitons. Then
the nonlinear correction to the motion of a test particle depends on the chosen
energy-momentum tensor. The latter is built from field Lagrangian, which is
not unique as one can add to it some divergence terms. This leads to different
energy-momentum tensors. They can give rise to gravitational energy densities,
which may have even different signs. The question of sign of energy density is
of interest by itself. Provided the sign turns out to be positive, one should expect
the weakening of gravitational interaction at r ~ r4 = 2G'M in comparison with
Newtonian one in order that the gravitational energy outside the sphere of radius
r were much less than the mass M of the centre. The possibility of decreasing
the interaction at small distances is suggested also by the behaviour of attraction
force between two bodies supported by Weyl’s strut, see, §35 in [19].

In order to understand in what way the various energy-momentum tensors
differ one from the other we consider the following tensors: Thirring’s [1, 2],
Landau-Lifshitz’s [16], Papapetrou—Weinberg’s [9] and tensor obtained from
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the Lagrangian given in Exercise 7.3 in [6]. The second and third tensors are
representatives of general relativity, the rest are built from Lagrangians of free
field of spin-2, mass-0 particles and symmetrized by the Belinfante—Rosenfeld
procedure, see §1 Ch.7 in [20].

In the considered approach it is suitable to subdivide the 3-graviton vertex into
three vertices in accordance with three possibilities for choosing two gravitons
out of three to form the energy-momentum tensor — the source for the third
graviton (see Sec.2). So three diagrams contribute to nonlinear correction to the
field. In contrast with this the energy-momentum tensor, figuring in the solution
of Einstein equation by iteration procedure, is so defined that the correction to
field is given simply by means of propagator, i.e., by one diagram only.

The main result of the paper is this: starting from quadratic Lagrangians
(differing by divergence terms) of spin-2, mass-0 particles, the energy-momen-
tum tensors are constructed by Belinfante—-Rosenfeld procedure. It turns out that
only certain combination of these tensors (used in 3-graviton vertex) is fitted for
correct description of perihelion shift. This combination does not coincide with
Papapetrou—Weinberg tensor.

The investigation of possibilities of phenomenological approach to gravita-
tion without use of general covariance seems to us very promising. Valuable
undertaking in this direction was made in [21].

Throughout the paper we use

Guv = Nuv + h;tl/) (1)

in Sections 2, 3, 5 n,, = diag(1,—1,—1,—1); in Sections 4, 6 and Appedix
N = diag (—1,1,1,1). In Sec.2 we use Thirring’s notation [2]; both greek and
latin indices run from O to 3.

The gravitational field is described by the symmetric tensor h,,, which
contains spin-2 and lower spins, see, e.g., [3]. The unnecessary spins (spin-1 and
one of spin-0) are excluded by Hilbert gauge:

0
ox?

_ 1
WYy = (WY = o h) =0, h=h%, hy

h. 2)

2. THIRRING’S ENERGY-MOMENTUM TENSOR

Thirring was the first who attempted to synthesize field-theoretical and geo-
metrical approaches to gravitation [1,2]. He tried to do several important things.
First, to demonstrate that in the lowest nonlinear approximation the graviton inter-
acts with something physically important, namely with energy-momentum tensor
of gravitational field. Second, that this energy-momentum tensor can be built by
field-theoretical methods starting from flat spacetime. Finally, he wanted to show
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that his field-theoretical approach can be naturally brought in line with general
relativity. Yet Nature seems resists implementing Thirring final wish. To show
this we consider Thirring’s paper in some detail.

One way to obtain Thirring’s tensor is to start from general relativity La-
grangian \/—gR. If we remove terms with second derivatives of g, into diver-
gence terms and drop the latter, we get the function

G(z) =g (T, 17, —T7 T2 ), (3)

Ut vo uv- TO
see [16, 18]. Retaining in it only quadratic in h,, terms we get

1
G(z) = Z[h,wiw"vA — 2R AP 2R, P Y — hoah?. (3a)

This is equivalent to Thirring’s Lagrangian [2]

fo1
L= [0 = 20 ™ + 20, MY — 297, (4)

Here
Y = —hu/2f, b =1,", f*=8rG, G=6.67-10"%cm?/g-sec’. (5)

Thirring considers (4) as a Lagrangian of field of spin-2 massless particles.
Using 1), instead of h,, is justified because then the analogy with electro-
dynamics becomes more close: v, is analogous to vector-potential A, and has
the same dimensionality, M +/G has the dimensionality of electromagnetic charge.
We note that the Lagrangian (4) exactly corresponds to Schwinger’s Lagrangian
[10], who uses the notation 7, = diag (—1,1,1,1) and 2h§§h = —hgl, = —hu.
The canonical energy-momentum tensor following from (4), has the form

! 1 !
TS — SOW’(SSOHV”Y _ _(p,é(p,’v _ 290“1/’69071,,# _ 77’76 L

2

Fo1 1 )

L= 5[<puu,w““ — 5%@* — 20,20, (6)
_ 1 -

Puv = u)p,l/ = l/},uu - §7qu1/)7 1/} = 1/10' . (7)

Using ¢, instead of 1),,,, is handy as many expressions become more compact
and the consequences of imposition of Hilbert gauge more clear.

Now we look for ¢,, generated by energy-momentum tensor of a static
point-like mass (Newtonian center)

M
le: M(S(X)(SMO(SVO. (8)
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The solution of linearized Einstein equation with the source (8) is [2]

_ M _
Puv = _hm//2f = m%o@o, h;w = 4¢6;w(5u0a (9)
satisfying Hilbert condition (2). For one Newtonian centre ¢ = —GM/r. For
several centres m
=-G S 10
¢ Z P (10)
In terms of
_ 3 Y
hp,u = hp,u - in#uhv h=h, ; (11)
we have
huw =260, h=hs" =—4¢ = —h. (12)
The energy density of field (9) is positive
f 00 1 2
=—=(Vo¢)“. 13
T = (Vo) (13)
f

As any canonical tensor of field of particles with nonzero spin, the tensor 77°
ought to be supplemented to symmetric one by the spin part (see [16]):

f
g8 =7 4 e, (14)
For Newtonian centre Thirring obtains

b

S 1 78
= *E(Véf))%yo&so, = 5 G

(V)?3ys. (15)

900

So in this case is negative

00 = (Vo (16)

Turning now to conservation laws of total energy-momentum we remind first
how matters stand in general relativity. There the energy-momentum tensor of

p
point-like particles T#" is connected with its counterpart in special relativity 7+
by the relation, see (33.4), (33.5) and (106.4) in [16]:

P d
Vg TH=TH = Zmau“u”d—jé(x —X4(t)), w! =dz"/ds, (17)
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g is determinant of g,,. In terms of 7/ the conservation laws are (see (96.1)
in [16])

1
T = [T (e ) = 5P T (18)
We shall see below that 77 h,,, can be interpreted as (part of) interaction energy-
momentum tensor.
As is known the equation of motion of particles in general relativity
d?ak
ds?

+ T u™u) =0 (19)

is contained in conservation laws. Indeed from

72 jk;j :72 jk,j + Fan 72 e anj 72 m = 0, (20)

P
taking into account that from definition of 7" 7% in (17)

p . 1 _3 . 1 . ; 1
T =50 (9 T+ (=) 2T, T, = 3gdm (2
we get _ '
7% j+T5,T™ =0. (22)
This is equivalent to (19), because [9]
jm dp™
ek :ZW (x — X4 (2)). (23)

Going back to field-theoretical approach, we rewrite the equation of motion of
particles (19) in the lowest approximation
dut  d*z* 1
i §hag’”u“uﬂ — h“aﬂuo‘uﬁ. (24)

Just at such movement of particles the divergence of total energy-momentum
ought to be zero, and inversely, from zero divergence follows Eq.(24). From
(23) and (24) we find

1
T = Ehaﬁv%aﬁ — 1 T, (25)

This agrees with (22) and (18) in considered approximation. With the same
accuracy this can be rewritten as

1
(T +T7h,°%) = ihag"s?""ﬁ. (26)
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Using linearized Einstein equation for ¢,
1 _
SD,UJJ,)\A - 57’;/,11907)\)\ - 90)\1/,;1,)\ - 90)\;1,,1//\ = fT,va
_ 1 "
Tltl/ = 7’[;“/ - 577HI/T7 7= 7:7 ) (27)
we get
f § 3,0 1 Saf 1 Sraf
T v K2 f(lp ’ Taﬁ = —5]7,@6’ T = —Ehaﬁ7 T . (28)
Addind (26) and (28) we see that the total energy-momentum tensor is con-

served. Spin part of energy-momentum tensor is conserved by itself and does not
contribute to conservation laws:

T =0. (29)
So from (26) and (28) it follows that the conserved tensor contains in itself
the interaction tensor [2] .
T — T, 5, (30)
But it is not symmetric. In order to understand the reason we have to

consider the properties of ji 7 in detail despite the fact that it does not take
part in conservation laws written in the form of Eqgs. (26) and (28). According to
known rules [2,20] we have

7 ik — _ ik P A L (31)
g oL i i S
FI = Das _(‘Pkanﬁ_@ankﬁ)a L=L. (32)
af,j

The antisymmetric part of (31) is contained only in the last term. For it we have

_pivi (9L ko (9L iy 9L koo 0L
F™ = (&pa%)’iw a (&pakﬂ-)f ot a%jyiw i a%kﬂ_so i
(33)
The first two terms on the right-hand side symmetrize the interaction tensor, the
last two terms symmetrize the canonical one.

It is not seen directly from (6) and (31) that field energy-momentum tensor
67° in (14) is symmetric. This agrees with the fact that the proof of symmetry
utilizes the Euler-Lagrange equations for field which is considered as free [20].
We are interested in interacting field. So using linearized Einstein equation (27)
with source, we get

oL oL : _ _ )
( ) .goka— ( ) _(‘Oja:f(Taj@ka_Tak@ja):

8gaaj,i asﬁak,i
= f(TY9YF, — T, = %(T"‘khja —T%nk,). (34)
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In the last equation we use the connection between ,,,, and h,,,,, see (5). Substi-
tuting in (30) v — 4,9 — k, we see that the sum of (30) and (34) is symmetric.
This result retains if we start from another Lagrangian differing from Thirring’s
one in (6) by divergence because the linearized equation remains the same.

S .
One should take into account however that the symmetric part of 7 7% can
also contain terms of interaction type. So for the Lagrangian in (6) similarly to
(34) we find

—FI* = FM = [fT = 200" + fIT 0" 0 + T ¢ o] +
+2(@Z]’ai90ka + @kz’ai@ja) + QQﬁja chkai (saaz,jsak . s0041,1690] z) o
—2(¢"™M 0t + PPN ) + 208 i (35)

s .
As a result we get for 7 7%

S . .. . . .
T Jjk _— 2[“01] e (P 4 (ptk e 90 ) _ (P ,wz@ + (‘0]0( % k L (pjk,ai(pza _
—p? gl i+ Ml o ] — 290"“90 ai +2fT7¢F . (36)

I,
Here last but one term, added to 7" 7%, makes it symmetric. The last term can be
rewritten in terms of A, in the form, see (9) and (11), (30),

. 1 int . 1 __.
—T7%(he* — 5%’%) =74 57ﬂ’“h. (37)

int . .
So the symmetrization of 7 7* in (30) is reduced to its replacement by %T]kh.
This tensor is nonzero only where particles are present. For Newtonian centres
the corresponding energy density

1
570% = —27%% (38)

int
is positive (contrary to our intuition and) contrary to 7 °° in (30), see (12) and
(10), where h and ¢ are given for Newtonian centres.

We note that the use of linearized Einstein Eq. (27) in the expression for f“ gk
leads to that Eq. (29) is satisfied only with considered accuracy. The presence of
interaction energy-momentum tensor means the appearance of such vertex: the
energy-momentum tensor of matter together with one of gravitons serves as a
source for other graviton, see Fig. 1.

Now we note that Belinfante—Rosenfeld procedure leads to the appearance in
gravitational energy-momentum tensor terms with second derivatives.

Thirring assumes that his tensor 87° (see (14), (6), (31)) is an analog of
energy-momentum tensor figuring in the r.h.s. of Einstein equation when iteration
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procedure is used. In other words the nonlinear correction to field is given only
by diagram (a) in Fig. 2. On this figure the short straight line has only conditional
meaning: it represents the source of gravitons, namely the
energy-momentum tensor built of two gravitons (real or virtual)
shown in Fig.2 as joining the ends of this line. The graviton
emerging from the middle of straight line is emitted or absorbed
by this source. On diagram (a) the energy-momentum tensor
is build from gravitons of Newtonian centre. On diagrams (b)
and (c) one of the virtual gravitons of Newtonian centre interact
with energy-momentum tensor of two other gravitons. All three
diagrams in Fig.2 correspond to one Feynman diagram obtained
momentum ten. PY contracting the short straight line to a point.

sor and graviton The contribution to nonlinear correction for field from dia-
is a source for gram (a) is easy to obtain. Indeed, from (14), (6) and (15) we
another graviton have

. ;o 1 0j .
ij = T]k = R <¢,j¢),k - %k(vqb)Q) ) ]ak = 1a273' (39)

Fig. 1. The sec-
ond rank ten-
sor formed from
matter energy-

Using now the field equation in Hilbert gauge with 6# from (16) and (39)

Op = —167GO*, O= — — V2 (40)

(a) (b) (©)

Fig. 2. 3-graviton vertex. Short straight line serves only to distinguish the roles of
participating gravitons: energy-momentum tensor is formed from two gravitons joining
the straight line at its ends, this energy-momentum tensor serves as a source for graviton
emerging from the middle of the straight line. Crosses represent external field sources

we find

202 M
G4 ziak, qs:fG—, ik=1,2,3. (41)
T

R0 — _742, Rib = _
r

Here easily verifiable relations

ik 20 Axtzk
4 T 4

V2 , Vis == (42)

r6 r

r r
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were used. The obtained h*" satisfies Hilbert condition. Going over to h,, =
hHv — ;n#yh, we find the following nonlinear corrections

€XT;T 3(5,‘
hoo = —46%, hi = ~GEMP (=7 + =),

(43)

(2)
Index 2 in A ., indicating the order of correction in powers of G, is dropped
for brevity.
Finally from (12) and (43) we have

. i 1,k
0% = goodt? — (1 — 2 + 36 by — g2 LRI AT

; (44)
7"2
goo =1+ 2¢ — 4¢°. (45)

The transition to spherical coordinates is given by the relations

i 7.k
Sapdaida® = dr? + r?(d6? + sin® dp?), M = (dr)?.

Why the nonlinear correction in (45) turns out to be negative? It will appear
later on that it is caused solely by the source (15), see Egs. (95) and (93a). The
sources (8) and (15) have different signs, but the corresponding fields have the
same sign. The answer is simple. The correction in (45) is only a small (and
negative) part. The larger and positive part goes for converting initially bare mass
in Newtonian potential into a dressed one, see Eq. (A9). Now the negative sign
of correction is clear: the mass of Newtonian centre at infinitely large distance
appears as M, but at finite distance the test particle feels a greater mass and
greater attraction, because (15) is negative.

The nonlinear correction —4¢? in ggg in (45) is of special interest for us. The
correct value necessary to explain the perihelion shift is +2¢2. The shortest way
to see this is to use the method described in §101 in [16]. We write in spherical
coordinates

ds* = A(r)dt* — B(r)dr? — C(r)(d6* + sin? 0dp?).
The solution to Hamilton—Jacobi equation has the form

1/2

&2 J?
S=-Et+Jo+ S (r), Sp(r)= /B r 0 dr

aw "o

Here £ and J are constants.
For nonrelativistic particle £ = m + &', &£ < m, and the main terms in
square bracket in the expression for .S, are cancelled out:

1/A(r) — 1~ —2¢(1 — ¢),
where we have assumed that A(r) = 1+ 2¢ + 2¢2.
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So we have to retain in A~1(r) terms of order ¢, butin B(r) and 72C(r)~!
only terms of order ¢: B(r) = r=2C(r) = 1 — 2¢. Thus

B)(AM)™ ~ 1) ~ (1 - 20)20(1 - 6) ~ ~20(1 - 36) = 2 4 7.

The leading term o< —2 in S, is

2,2
7L(J2 B 3m rg)
72 2 7
As explained in [16], the expansion
2,2 2,2
S,.(JQ B 3m Tg) 5.2 — 3mrg 95,

2 2 9J?

directly leads to correct perihelion shift.
In general the motion of a particle is described by equations (cf. §4 in Ch.8
in [9])

dp B(r) (dr 2 J? I
Cgr =7AD: T (E) T T Am - (45a)

For nonrelativistic particle only the third term on the Lh.s. of second equation in
(45a) does not contain small factor of order v2. So it requires more accurate ap-
proximation. For relativistic particle A(r), B(r) and % ought to be considered
in the same approximation.

Now taking into account all 3 diagrams of Fig.2 we get instead of (44) (see
Appendix for more details and pay attention to difference in metric signature
there)

igd
ds? = (1+ 20 + 462)dt? — (1 — 2¢ + 962)(dx)? + 13¢2%dxldxﬂ. (45b)

As the nonlinear correction to ggg is twice as much as necessary, Thirring tensor
alone is insufficient.

We note here that Thirring obtained from his tensor the necessary correction.
Yet his result is objectionable as he used illdefined gauge

2772
2y L GEME
4r2

see Eq.(83) in [2]. Namely the source of A fall of too slowly for large r and the
integral defining A, see (A8), diverges for large r’.

In the next two Sections we shall see how energy-momentum «tensors» of
general relativity differ from Thirring’s tensor.
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3. LANDAU-LIFSHITZ PSEUDOTENSOR OF ENERGY-MOMENTUM

This pseudotensor in the sense and approximation considered here is a tensor.
In the lowest approximation with the help of relation

i hyo i i ik _ T
V=99 & (L4 )" = b~ — B (46)
we get from Eq. (96.9) in [16]

. 1 I o _ _ L _ . _
tzk — e [th’lhhn’m _ hd,lhkm,rm _ hkm,phmp,z _ hzm,phmp,k + hzm,phk”nm_i_

1o R A 1.
+§h”‘“hm’k —~ Zh"h’k + nlk(§hmn7ph””v” + gh " ham = JhpgmhT]. (A7)

Comparison with canonical tensor (6) shows that it is connected with ¢** by the
relation

. f . . _
tzk =T ik + sz, h/zk _ *2]“901%;
. 1 e o —a - N
ik [htk,lhln,n _ htl’lhknm _ hkn,phnp,z 4 hm,phknm]. (48)

~ 167G

From (14) we see that now in place of T * stands F™*. But T ** was a
conserved quantity, see (29). So F'* should rather play the role of interaction
energy-momentum tensor. Indeed, taking into account that in the considered
approximation A, satisfies the linearized Einstein equation

Bop 37 = Njpn? — Rjnp? + Maphgr’?” = —167G Ty, (49)
we find )
ij,j _ Bkn,ir];”_ _ hkn,iTm_ . §h,zzk (50)
Now we check that coservation laws [16]
9 Py i
o (=T + %)) =0 (51)

are fulfilled. From (48), (28) and (50) we have

. 1.. p 1. .
tlk’i _ *gh“bklfiq + hkn,u];”_ o ih,tr];k' (52)
For matter energy-momentum tensor from (17) we get

P i hy i
(=) T =V=gT*~ 1+ )T*, —g=1+h (53)
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From here 1
D . _
(™) =T+ ShaT™, (54)
the terms of order h? being dropped. Now it follows from (25), (52) and (54)
that (51) is fulfilled. As is seen from (53) here, too, there is a tensor, which is
nonzero only where particles are located. Surprisingly it coincides with Thirring’s
interaction tensor, see (37) and text below it.
P . . . int . .

Although —g jﬂ ik 4 ¢k differs from Thirring’s 74 T * 4 ¢ for
Newtonian centres they coincide, see Egs. (16) and (39).

Now we turn to Newtonian approximation. According to Problem 1 in §106
in [16] the energy density of gravitational field in this approximation is given by

jf“ 99 in (13), (10). But there is also energy density of interaction p¢, where p
is density of particles. Using Poisson equation V2¢ = 47Gpu and ignoring the
problems connected with point-like nature of particles, we can write (utilizing
integration by parts)

/ ppdV = — / ﬁ(v@s)?dv (55)

The density in the integrand on the r.h.s. contains now not only the energy
density of interaction, but also the proper energy density of particle’s self-field.
The density on the Lh.s. is nonzero only at particle locations, the density on the
r.h.s. is nonzero where the field is nonzero. The integration by parts deprive us the
possibility to retain the previous physical meaning of integrand. If nevertheless
we do this, then adding to (13) the energy density in the r.h.s. of (55) we get the
effective gravitational energy density in Newtonian approximation

1 2
*%(V@ : (56)

To bring this in agreement with t°° we ought, according to a foot-note in [16],

take into account the contribution from (—g) 7" %°. Let us do it. For t°0 we have

00 _ 7L 2
= SFG(V@ ; (57)

where ¢ is the potential of Newtonian centres. Now

P h
(=) T = v=gT® = T"(1+ 5) ~ T" = 20, (58)

see (12). The sought for agreement will be reached only after we rewrite a la
Thirring [2] 7° in terms of observables. From (17)

.T/'O
700 _ Zmacfi—sé(x ~ xa(1)). (59)
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In the presence of gravitational field
ds® = goodt®(1 — v?). (60)
Here v? is physical velocity, see §88 in [16]. Hence

da® 1 1 h
o ~ -0 2« (61)
ds Vool —v2)  V1—2? 2

Thus after going over to the observable velocity we obtain the term

_hoo
2

detached from 7°°. Equation (12) was used to get the r.h.s. Together with
corresponding term in (58) this leads to

p=—bp (62)

3 2
5 (Vo). (63)
where arrow corresponds to going over in (55) from integrand on the Lh.s. to the
integrand on r.h.s. Now the sum of (57) and (63) gives the expected (56).

The consideration of Newtonian approximation makes the following point of
view very enticing: The energy density of an isolated point-like particle should be
positive; Hilbert gauge exclude the unnecessary spins and then positivity seems
quite natural, because the presence of virtual gravitons should not make the energy
density negative. The attraction is described by interaction energy density and
so the latter must be negative. Neither Thirring tensor nor Landau-Lifshitz one
satisfies this requirement. The MTW tensor does. Unfortunately I failed to fit
this idea into existing approach to gravitation.

Using LL tensor in 3-graviton vertex we get from diagram (a) in Fig. 2 the
same contribution as in the case of Thirring tensor. The contribution from all 3
diagrams of Fig.2 leads to

—3up =

ds® = (1 +2¢ + 4¢*)dt* — (1 — 2¢ + T¢*)(dx)? + 7¢2%dmidaﬂ’. (63a)

4. PAPAPETROU-WEINBERG ENERGY-MOMENTUM TENSOR

Einstein equation can be recast in such a way that gravitational energy-
momentum «tensor» can be easily identified in coordinate system that goes over
to Minkowski system at large distances from gravitating bodies [9]. In the lowest
approximation this tensor has the form, see Eq. (7.6.14) in [9])

1 1

1 1 1 o (1 2 2 1,2 1,2
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In this Section we use Weinberg notation:

N = diag (—1,1,1,1), guw = N + b, hpw = h}f{, = —plhir = fhﬁf
(65)
Greek indices run from O to 3; latin ones, from 1 to 3. R,(},,’Q) is Ricci tensor in
the first and second approximation in powers of h,,. The indices are raised and
lowered with 7),,,,. In terms of BW we get

1~ o 7 o 7 o 1 ., o 1o 1 o
RELIV) = i(huu,a - ha',u,v - ha’u,p, ) - Znuuh,a 5 R(l) = —h* N7 ih,a 5
66)
(2) 1 LAV, 7 7 A 1 A7 2N
R;m = §h [huu,nA+th,uA*h/\u,nu*hun,u/\]*Z(h uh,n/\‘i’hn h“u,,) -+
1- - - - 1 - - -
7R+ By = By = ) = GO+ B ) +
1,0 1 1. 1 1 v 1,0 1,0
+h/7 (ghun,cr - Zhna,u - Zh,ucr,n) + ih U,V(h w,K + h N
- 1- - . 1- - 1. -
,hw{ a) + §hna,/\(hu/\’a o hua,)\) o Zha)\,nhg/\,u + gh,uh,ﬁ +

1oy - 1-- 1., - 1- -
i TR R = Ghh> + R o B = Sh o), (67)

_ _ 1- _ _ 1- _
R(Q) — hl)\v(hm/,ka)\ o ihuk,ag) + humyhm{ﬁ o §huo_7yh,0' +

1- - 3. - 1-- 1- -
g AN — S ARETN — SRR o+ Zh RO, 68
+2 A 1 lmox > kA T g (68)

For Newtonian centre from (9)-(12) we obtain

h/;U/ = _BT = _4¢6;t051/07 hul/ = _hT = _2¢5uw

(24 v

h=h0" =n" = —4¢ = —h. (69)

Nonzero components of t,, are

3

too = —%(V@Q =

3GM? GM? _
~ g bk = W(miwg — 14z"z"). (70)

In Hilbert gauge from equation

V2h,, = —167Gt,, (71)
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we find, cf. with (40), (42),

- 3G2M?

2 7 2 Qxifck
hoo = o 3¢°, hipy = —TG"M*——. (72)

It is easy to check that (72) satisfies the Hilbert condition (2). In terms of A,
we have )
50k xixk

1), (73)

In the expressions (71)-(73) h,, is nonlinear correction.
On the other hand, in harmonic coordinates the Schwarzschild solution has
the form [9]

hoo = —2¢°, hi = G*M?(

14+¢ y ik

1-¢

—dr? = ———dt* + (1 — ¢)*(dx)* + —— ¢* ——da'dz". 74
7= T (1 0)d)?  g datat . (T4)
So in the considered approximation this gives
goo = —(1+ 26 + 2¢?), (75)
TiTk

gir = (1= 20)0ik + ¢°(0ur + )- (76)
From (69) we have hét) = —2¢, from (73) hégo) = —2¢?, and there is agreement
with (75). As to the nonlinear correction for g;, in (73) it differs from the one in
(76) by a gauge. Really, subtracting from h;; in (73) the nonlinear part of (76),
we find

r2

B BTiky _gcepr2n, 4 Ag), A= D (77)

)
7«2

i.e., a gauge.

Going back to tgp in (70), we note that this density is negative and does not
coincide with any density of other tensors. At the same time the equation of mo-
tion of particles is contained in the conservation laws of total energy-momentum
tensor. We shall check it in considered approximation. For gravitational part the
calculations give

1 1
% = —hY o T 4 ShgTH = STy — BT, (18)

The energy-momentum tensor for particles, figuring in conservation laws, has a
rather complicated form by construction [9]

p p
TR nltgnHTgaagTﬂ T af M huaTom hﬁaT(xu ~
1
z‘Z“”—§h2“”+h”a2m+h"a2““. (79)
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From here with the considered accuracy

THH,H :13 pmﬁ T h”a,mTom + hHO{,HTau + hHaTaM,H- (80)

So
1 1
(T”K t;uc),ﬁ jg HH,K §hl)07u']’pg hHO“KTom §h/7o.’z"/t0'. (81)

Further from (53) we get

) 1
T 1 o THE She T (82)

Taking into account (25) we see that the r.h.s. of (81) is zero.

Now we turn to Newtonian approximation. Terms of interaction tensor are
contained in both 7/ (three last terms in the r.h.s. of (79)) and in ¢,,.. From
(64), (66)—(68), using (49), which preserve its form in the notation of this Section,
we find the following terms of interaction tensor contained in #,,.:

1-

T

1 - 1-
—§h,mT — N (W Ty — ZhT) —3

From here and the first equation in (70) we get in Newtonian approximation

3

SFG(V@Q — 6¢Tgo. (83)

too =

Here ¢ is the same as in (10). From (79) and (53) we get in this approximation
1
700 = (—g) 2T 4 2h%T% ~ T°(1 — 31) = 2hooT™ = T+ 66T, (84)

Thus in Newtonian approximation the interaction terms in the sum of (83) and (84)
are cancelled out. The agreement with Newtonian approximation (56) is achieved
in the same way as for Landau-Lifshitz tensor: 7°° on the r.h.s. of (84) detaches
term (62), which is equivalent (in accordance with (63)) to 1= (V¢)?. Together
with the first term on the r.h.s. of (83) this gives (56).

Weinberg shows in detail that his energy-momentum tensor has all required
characteristics. But this tensor does not help us to find energy-momentum ten-
sor of two gravitons as represented by straight line on diagrams of Fig.2. By
construction Weinberg’s tensor gives the gravitational field only via diagram (a)
in Fig.2. The field-theoretical description tells us that test particle is not quite
passive. It does not simply follow the command «move along geodesic» but itself
takes part in the creation of field in which it moves, see Fig.2(b, c). From this
viewpoint one can expect that, e.g., photon and graviton scatter differently on
Newtonian centre as only in the latter case all three diagrams of Fig. 2 contribute.
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5. MISNER-THORNE-WHEELER ENERGY-MOMENTUM TENSOR

In this Section it is handy for us to use again Thirring’s notation. Up to
divergence terms the Lagrangian (6) may be rewritten as [6]

1 V. 1 174
L= Soung" A Zs@,w’k — Pt O™ (85)

The corresponding canonical energy-momentum tensor

fon_ 0L

= —as@u‘y .(p“l’vk _ n]k£ (86)
5]

acquires the form

T = Tj’“*%nj’“f VELES @“””“%u’jf%w”“cp’j%cpj””“cpw’” T =-T=2L.

(87)
Spin part is given by (31)—(32) with substitution L — L. We dwell on differences
from Thirring’s tensor. In symmetric in jk tensor

itk | pkii — ((pozi,j _ (paaﬁnﬁ)@ka + ((pai,k _ (paaﬁnki)spja _
7290’i0'70_90kj + (290050'70_77]% _ S0()ék,j _ S00(]‘,/&‘)80140[ + ong,o'soij + sDjo"o_saik (88)

there are no derivatives over x'. This means that in divergence F7%* ; + F*iJ ;
there are no terms of interaction tensor. In antisymmetric in jk tensor

Fiki = (poki _ 00 pikyoi ke iy (000 il etk 0T ik

(89)
such terms are present. Hence, using linearized Einstein equation (27) in the
expression for F™*J ; we get

—FM = f(T%0 = TH7a) + 9% (¢ = ¢Fa?). (90)
Terms with f together with (30) give symmetric interaction tensor in accordance

.
with (34). Other two terms on the r.h.s. of (90) supplement 7 7% to symmetric
one, see (87). So we get

. . s . . 1 . . . ..
@ik —p ik ik — (puwk%wd _ §¢’k80’] _ (pjom_(pzk _ (pkoms@m _
*Saai’jcpka,i o @ai’k@ja,i + (cpaj,ki + sDozk,ji)saia + 2901'071_0_90]'19 +
+2¢7 5o ;= 2077 LR 4 (R 4 TR oo —

—27R (0 oot a) i — L+ F(T0 0 — THT ). O1)
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From (91) and (30), using the relation between ¢,,,, and EW in (9), and taking
into account (34), we find

1
327G
_(hidfk 4 hoikhi pogk . 4 pakj \ji pic  pik pic pki . _
(R IR i 4+ RO R o 5) + (RO9%; 4+ R¥5I )R o + 2R 5 RI% + 2R h"I

gk ik

_ T _. _. _ _
[AHV* R, 0 — ih”“hﬂ — (W7 gih™ + hF7 ,ihiT)—

72}3]’070%]91'71_ 4 (Eak,j 4 Eaj,k)ﬁag,a _ 277]'16(}_1040’0%/1'0()’2_ _ n]k£]+

1 . .
+3(TF ho? +Tha"), (92)
1 1. - 1; - TouT
L= oS hu A = TRl =y MY 5. (93)

It is easy to verify that total energy-momentum tensor consisting of (17) and (92)
is conserved. The canonical part of MTW tensor in Hilbert gauge has the form

f 1 - - 1- -
Y6 _ w6 o By N N
327rG{h P 2h h
o7y 1 FNTIZON 1 AT Y6 1 YO
—n |:§hul/7)\h = Zh7 h7)\]} =77 — 57’] T. (930/)

For Newtonian centres this expression coincides with Thirring’s one, see Eq. (6).

As noted earlier the nonlocal part of 25“ #¥ is zero for Newtonian centres.
For these centres from (92) and (9), (12) we have
int 1

9()0+ T 00 _

(V6P + 206, p = T (94)

For this system the MTW Lagrangian (93) coincides with Thirring’s one. The
same is true for canonical energy-momentum tensors, see (6) and (86)—(87), but
spin parts are different. It follows from (91) and (87) that for Newtonian centres
MTW spin part contributes only to interaction tensor, while Thirring’s spin part
contributes also to pure field part, see (15).

We note now that in the Hilbert gauge for static case (for Newtonian centres)
the linearized Einstein equation can be written as

V2h), = =V?h}, = —167GT,,, (95)

see (A12) below. As is seen from (93a) for this system Tpg = 0, i.e., there is no
contribution to hgg from diagrams of Fig. 2.

Comparing MTW and Thirring tensors in Newtonian approximation we see
that addition of divergence terms to Lagrangian leads to the change in subdivision
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of energy density between purely field part and interaction part. Using (61)—
(63) we obtain from (94) the effective gravitational energy density in Newtonian
approximation given in (56).

Returning now to contributions from diagrams of Fig.2 we find that diagram
(a) leads to

7
r

ds? = (1+ 2¢)dt — (1 — 2 — ¢2)(dx)? — ¢2ijdxidxj. (96)

Contribution from all 3 diagrams of Fig. 2 is represented in the expression

ds® = (1 +2¢)dt* — (1 — 2¢ — 5¢?)(dx)* — 9(;52%@%1} (97)

6. DISCUSSION

We have assumed in this paper that in 3-graviton vertex each graviton inter-
acts with gravitational energy-momentum tensor formed from two other gravitons.
But in general relativity the 3-graviton vertex is given by cubic in h,, terms in
function G(z), see Eq.(3). Correcting a misprint in [22] one finds that these
terms are given by @, :

1 1 1
Q0 = 35— {Molhap b = Shap ah® = hag®W? + Shah?] +

+hap AP o — 2hy0 ghe™® + 21y, 5he™P + (e + Roa )W —
—2h00 0P + (hya'®hg + hoa “h ) — hyhg + 2hyg oh®P 5 —
—2(hany gh®? g + hga,sh™® )} (98)

There are no reasons to expect that (), is conserved energy-momentum
tensor. Moreover it does not contain second derivatives and we know that the
only conserved energy-momentum tensor with this property is Landau-Lifshitz
tensor [16]. Yet (98) does not coincide with LL tensor. This is confirmed also
by the fact that (98) leads to general relativity result (73), while LL tensor leads
to (63a).

We note now somewhat unexpected fact: the half sum of LL and MTW
tensors reproduces general relativity result (76). On the other hand, the half sum
of Thirring tensor and MTW tensor gives

zJ

ds® = (14 2¢ + 2¢%)dt* — (1 — 26 + 2¢%)(dx)* + 2¢2%dmidmj. (99)

This is half sum of (45b) and (97). In such space-time a relativistic particle
moves differently (in G2 approximation) from what is expected according general
relativity.
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Thus, assuming that in 3-graviton vertex each graviton interacts with energy-
momentum tensor (built by field-theoretical means) of two other gravitons, we
cannot reproduce general relativity results even in this lowest nonlinear approx-
imation. If, on the one hand, Nature chooses the 3-graviton vertex as assumed
here, then the gravitational energy-momentum tensor is specified (in considered
approximation) by the correct choice of 3-graviton vertex.

7. CONCLUDING REMARKS

Though general covariance was not assumed, the gauge invariance is of
course retained [2,10]. For this reason the weak gravitational waves in flat space
are described as in general relativity. All considered tensors give the same
energy-momentum tensor for the plane gravitational wave. There are no a priori
reasons to believe that field-theoretical approach will give the same result as
general relativity. It seems that there is still much to be done to synthesize the
geometrical and field-theoretical aspects of gravitations.

I wish to thank V.L.Ritus, [.V.Tyutin, and S.L.Lebedev for useful discussions
and D.E.Ivanov for collaboration in evaluating the contribution from diagrams
(b) and (c) in Fig.2. I am also grateful to V.N.Pervushin for careful reading the
manuscript and suggestions to improve it.

8. APPENDIX

Using 7, = diag(—1,1,1,1) we give here some details of calculating A, .
We utilize the expression

hyw = /d4:c’DWM (x — 2" )tP7 (o)), (A1)

where graviton propagator

D,uupo(x - l‘l) = P,uupo’-DJr(x - Z/)’ (A2)
i d3p
D - i : _ 0 + A
(@)= o [ e iex =), (43)
1
Pouvpe = §(nupnw + Mo Mvp — MuwNpo )- (A4)

The polarization factor P, . satisfies the relations

v ]‘ I 'R
" Puvpe = tpe — §npgt =tlpoy PuvpeT?” =T,
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v o v 1 LY Fuv

U Pupa T = 4Ty = ST = T, = P Ty (A5)

The scalar factor D (z) has the representation

1 ) 1
D =—6(2?) = =—5—5— A6
@) = 120467 = G (46)
and possesses the property
1

o dr 1
Di(x—¥,7) = 5= N -
/dT +(x—x',7) (2#)2/ (x—x)2—712+ie An|x —x/| )

— 00

For spherically symmetric body we have to deal with integrals of the kind

(') =

1 a3z’
dt'Ds e~ plr') = 1 [ /
/ 4m \/x’2+x272x~x’

= l/ dr’r’2p(7"’)+/ dr'r’ p(r'). (A8)
rJo r

By the way it is seen from here that the derivative of Newtonian potential over r
is determined only by the mass inside sphere of radius r. Assuming in (A8) that
p =z, we get

112 / / !0 /
+ r = _—— . A9
/ dr'r p(?” ) g dn p(? ) C 5 B} ( )

Hence the divergent part at small 7' appears only in the term, which is absorbed
by mass renormalization.
So the source (13) generates the field

hoo = 1677G/d4x'D+(ac — 2 )Too(2') = —¢*. (A10)
The arrow shows that the divergent part is included in mass renormalization. The

r.h.s. of (A10) can be obtained also from the solution of wave equation derived
2
from (A10) by action of the operator 92 = V2 — 2 and taking into account that

1 2
~0?’Dy(x — ') = d(x — '), VQT—Q =7 (A11)

We note also that

hyw = 167TG/d4x'D+(x — 2T (2). (A12)
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Now we shall indicate how to obtain the contribution from diagram (b) in Fig. 2.
(The diagram (c) contributes as much as (b) and diagram of Fig. 1 is irrelevant
to finding terms in g,,.) First of all we remark that some terms in energy-
momentum tensor are not symmetric in h forming the tensor. Such terms ought
to be symmetrized. For example the third term on the r.h.s. of (36) should be
rewritten as

_Q@Qﬁ,aﬁ()o'yé = _@aﬁ,aﬂ()o'yé - (P'yG(Paﬁ,aﬂ- (A13)

This is important because the left ¢ will always be considered (for the case
of diagram (b)) as «contained» in propagator and the right ¢ as originating
from Newtonian centre. Moreover the second term in the r.h.s. of (A13) may
be dropped as ¢ coming from Newtonian centre satisfies Hilbert condition (2).
Rewritten in terms of h (see (7) and (5)) the first term on the r.h.s. of (A13) has
the form

1
327G

1 1 1
—0* g0 = [0 apha0 = 5hia®hoo = 510h™ ash+ moh.a®h].
(A14)
Now we consider the contribution from the first term in the r.h.s. of (Al14).

Dropping temporarily the constant factor we have to evaluate the integral
[ @5 1Dppla = )b @), (415)
The last h represents the graviton of Newtonian centre. This graviton interacts

with the source, given by first term in the r.h.s. of (A14). Using (A2), (A4) and
(69) we come to integrals

Iul/ = _/Clélml[l)‘f'(m - x,)]7lw¢2(‘x,)’

/ 3Dy (z — o)) o F (') = —F(a). (A16)

The first equation in (All) was used in the last equation in (A16). The first
integral in (A16) is treated as follows. Integrating by parts we get

o= [ #1040~ 1),20)0, 0" (17)

As ¢(z) is independent of 2%, v = 0 does not contribute. For the same reason
1 = 0 also does not contribute. Indeed for u = 0 we integrate over a’ % and get
the factor

Dy(x—a')[F2 =0,
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see (A6). Thus we replace i and v by 7,5 = 1,2, 3. Integrating (A17) over 2’0

we obtain
G*M?* [ 4 ,( O 1 9 1\1

Here we have used (A7) and expression for ¢, see text before Eq.(10). Now
writing

101 10 1

ozt 29z 2

and again integrating by parts we find

G?M? 1 0? 1
T = — & _9 2 A20
! 4 / v |x — x'| 9z"' 927 1* (420)

(A19)

Using relations

- L L -
(%2) = 2y BT G (—23” +5ﬂ) (421)
\tJ

A 6 4 r2

and again twice integrating by parts we get

G2 M? ) 2z i 1
Iij=— ' | —2——+ =L | V? =
I 47 / r ( 4 + 2 \ x — x/|

izl 6
+

i
7“2

— G2 M2 (—2 ) = 6;;0% — 21,05 (A22)

rd

Finally restoring all factors we find that the contribution from the first term
in (Al4) is
— 41,0 + 81, (A23)

The divergent integral

J— / &' D (z — ') (V2(x'))d(a'),

appearing in some terms, is cancelled out in final result.
At last we show how to obtain the finite part of the integral
B 1 32z — x’25ij
/6
(A24)

Jij = /d4m'D+(m—m')qb,ij(x')é(x’) = GQMQ/

dr |x — x| r
Utilizing relation
r28;; — 3xta

VQIZ'j(QC) = 7“6

G*M?,
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and (cf. (42))

o2 <§x2:c] B 5ij) _ dij 3xtad
4 rt 472

4 r6
we find that the finite part of I;; is

3 0ij
26,05 — L g?. (425)

The essential part of this Appendix machinery is checked up by obtaining the
expression (73) starting from (98). Calculation of ggp can be made by much
easier method suggested by Schwinger, see [10] and [21]. This method uses more
fully Hilbert condition and it is helpful for controlling some of our calculation.
For example it is clear from this method that (A13) does not contribute to hgg.
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Finding the eigenstates of the total Hamiltonian H or its diagonalization is the important problem
of quantum physics. However, in relativistic quantum field theory (RQFT) its complete and exact
solution is possible for a few simple models only. Unitary transformations (UT’s) considered in this
survey do not diagonalize H, but convert H into a form which enables us to find approximately some
H eigenstates. During the last years there have appeared many papers devoted to physical applications
of such UT’s. Our aim is to present a systematic and self-sufficient exposition of the UT method. The
two general kinds of UT’s are pointed out, distinct variations of each kind being possible. We consider
in detail the problem of finding the simplest H eigenstates for interacting mesons and nucleons using
the so—called «clothing» UT and Okubo’s UT. These UT’s allow us to suggest definite approaches
to the problem of two-particle (deuteron-like) bound states in RQFT. The approaches are shown to
yield the same two-nucleon quasipotentials in the first nonvanishing approximation. We demonstrate
how the particle mass renormalization can be fulfilled in the framework of the «clothing» procedure.
Besides the UT of the Hamiltonian we discuss the accompanying UT of the Lorentz boost generators.

B :kHOIT Ipo6ieMoii KB HTOBOM (PU3MKY SBISETCS H XOXIEHHEe COOCTBEHHBIX COCTOSIHHI ITOJHOTO
I MWIBTOHM H H WM ero au rol jau3 uus. B pendrusucrckoil kB HroBoil Teopun nons (PKTIT)
HOJIHOE U TOYHOE PEelleHHe dTOH 3 JI YU BO3MOXHO TOJIBKO VIS HEMHOTHX HPOCTHIX Mogjeneil. P cem -
TpHUB eMble B 0030pe yHHT pHble npeoOp 308 Hus (YII) He mu ron ymmsyor H, onu mpusomar H k
BHJLY, [O3BOJISIOIIEMY MPHOTMXEHHO H HTH TOIBKO HEKOTOpble COOCTBEHHBIC COCTOSIHHS U 3H YEHUST
H. 3 mnocnegnuie rojsl MOSBWIOCE MHOTO p 60T 1O (hH3MYecKUM NpuioxeHus M T kux YII. B o63ope
I HO CHCTeM THdecKoe u3noxeHue mMeton YII. Yk 3bB forcsg OB I BHBIX B YII ¢ BO3MOXHBIMH
B PU IMSAMH K XHOro BHX . JleT JIBHO P ¢CM TPHB eTcs 3 O 4 H XOXIEHHS IPOCTEHIINX COOCTBEH-
HBIX COCTOSIHUI H JUIsl I0K BCKOTO B3 MMOJEHUCTBUSI HYKJIOHOB M ME30HOB C IIOMOLIBIO T K H 3bIB €MOr0O
«oges tomero» YIT u YII Oky6o. Dr1u npeobp 30B HHUs MO3BOJISIOT NMPEIOKUTh IB IMOAXOA K perlie-
HHIO IIPOOJIEMBI IBYXY CTHYHBIX (XeHTPOHONOZOOHBIX) B3 HHBIX cocrosHuil B PKTII. Ilox 3 Ho, 4TO
9TU HOAXOMb! B IEPBOM HMPHONIKEHHUH 1 10T OAUH KOBBbIE NBYXHYKJIOHHBIE KB 3UIIOTEHLH JIbL JleMOH-
CTpUpYeTCs, K K C IOMOILBI0 «OfeB towuiero» YII ocylecTsisercs NepeHOPMUPOBK M CChl Y CTHLIbL.
Kpome YII r muibTonn H o6cyxn ercss YII reHep TOpOB JIOPEHLIEBCKHX OYCTOB.

1. INTRODUCTION

The so-called unitary transformation (UT) method has the same age as the
quantum theory itself. Its first applications for constructing Hermitian effective
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interactions (HEI) can be found in [1] and [2] (in this connection, see a review
article [3] where the different perturbation expansions of HEI were discussed). In
quantum field theory the first considerations using the UT method were given by
Wentzel [4] and Heitler [5].

A number of the schemes for reduction of the exact eigenvalue problem to
the model-space problem via the various UT’s were put forward in 50’s ([6-8])
during the extensive development of the meson theory of nuclear forces (see, e.g.,
[9]). Owing to the work [10] this approach has proved to be very useful in studies
of electromagnetic (e.m.) interactions with nuclei for nonmesonic channels (in
particular, when constructing the effective operators of meson exchange currents
(see, e.g., [11], surveys [12,13] and refs. therein).

Along with this guideline the UT method was used for the formulations of
RQFT in terms of physical or «clothed» particles ([14-18], see also our talks at
the recent conferences [19] and [20]).

By using the Okubo UT the authors of [21] constructed effective generators
for the Poincaré algebra, acting on nucleonic degrees of freedom only. It was
made in the framework of perturbation theory for a simple model of «spinless»
nucleons exchanging scalar mesons. Therefore, we have an instructive example
of how some noncommuting Hermitian operators can be reduced by one and the
same UT to Okubo’s block form.

Late 80’s and 90’s have brought a renewed interest to this area. First of
all, we mean applications [22,23] of the UT method to a covariant treatment
of the two-body bound-state problem (cf. [24]). The corresponding transformed
Hamiltonian and boost operators do not couple (in the second order in meson-
nucleon coupling constants) the nucleon (no-meson) subspace with its complement
in the full Fock space of hadron states. In the work [25] the same method has
been employed to derive the effective nucleon-nucleon and nucleon—antinucleon
interactions starting from a field Hamiltonian with the exchange of 7, p, w and,
o mesons. Then, within the Hartree approximation, these effective interactions
have been introduced for describing the saturation properties of nuclear matter.
Note also recent explorations [26,27] of the hard—core problem in the theory of
nuclear forces.

In papers [28,29] some extensions of the UT method have been suggested for
constructing effective current operators in the theory of photomeson processes on
nuclei (see also Ref.30 where one can find the calculations of the four structure
functions for pion electroproduction on the deuteron near threshold). Recently,
the UT method has been used [31] for deriving effective two-particle one-meson
exchange potentials in the instant and front forms of relativistic quantum me-
chanics. At last, with the aid of a modification of the method the authors of [32]
have proposed a meson-exchange model for 7N scattering and yN-7N reaction.
Certainly, one may say that nowadays the UT method has survived its second
birth.
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This review is focused upon an application of UT’s in RQFT and aimed at
an approximate treatment of the physical vacuum, the observable one-particle and
two-particle bound and scattering states. These states have a common feature,
viz., they do not change in time. The simplest example is the state without
observable particles, i.e., the physical vacuum. Other examples give free particles
with a definite four-momentum (elementary particles, atoms and nuclei in their
ground states).

Our point of departure is that such states should be eigenvectors of a Hamil-
tonian H, which are stationary. In the context, the «bare» states, i.e., eigenvectors
of a free part Hy of the total Hamiltonian H, are inappropriate for theoretical
description of the physical objects. Firstly, they change in time although the
possible transitions to other states are virtual and can be considered undetectable
because of their small probabilities. Secondly, Hy has no eigenvectors which
would correspond to bound states (e.g., the hydrogen atom or the deuteron).

From this postulate there follows such a definition for a bound state of
the deuteron-type in RQFT: it should be described by a proper eigenvector
of the total Hamiltonian of the theory. In other words, the deuteron prob-
lem should be reduced to an exact or approximate solution of the H eigen-
value problem. There are various approaches to this problem, viz., within the
Bethe—Salpeter formalism, via its three-dimensional versions, etc. (see, e.g.,
[33,34] and refs. therein). However, the links between the respective «wave-
functions» (for instance, the Bethe—Salpeter amplitudes for bound states) and
the exact or approximate H eigenvectors are very sophisticated. According to
our postulate similar links in the framework of the approach developed below
are much more direct and transparent (see Sec.4). In addition, the description
of particle scattering can be reduced to calculation of the relevant scattering
wavefunctions.

The reasons for employing just RQFT when describing bound and scattering
states are well known. Being not satisfied with the multitude of disconnected phe-
nomenological explanations we strive for a unified description of Nature. RQFT’s
are the best known candidates for unified theories. Firstly, they give a qualita-
tive and natural consideration of particle creation and destruction. Secondly,
local RQFT’s ensure in a sense the relativistic causality unlike phenomenological
approaches.

General idea of constructing the UT’s in question can be formulated in the
following way.

Any UT of H can be considered as a transformation expressing the H-matrix
determined with respect to a new basis in the Hilbert (Fock) space of a given
physical system through the H-matrix with respect to the old basis in the same
space (details see in Sec. 6). Normally, the latter is composed of eigenvectors (the
«bare» states) of the free part Hy in the partition H = Hy+ V', where V represents
the interaction between the fields involved. In general, the new H-matrix turns
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out to be more complicated. For example, in the case with Yukawa coupling
V ~ [9(x)75%(x)p(x)dx, that conserves the baryon number and may change
the meson number merely by unit, nonzero elements of the initial H-matrix are
either diagonal, or near diagonal (e.g., they can be of the (N’ | H | 7w N)-kind).
In a new representation for this matrix all its elements can be nonzero (e.g., along
with the aforementioned elements one can meet the elements (N'N' | H | NN)),
('N'"|H|7N), (N'| H|nwN), and the others in which the meson number
can be arbitrarily altered*). The elements (N'N’ | H | NN) contribute to the
NN scattering even in the first order of perturbation theory. Of course, there
are other elements of the transformed H-matrix, which contribute to the NN
scattering as well, but in higher orders.

Let us impose the following constraint upon the transformation associated
with the basis change: in the new H-matrix the NN interaction should be
described only through the elements (N'N' | H | NN), i.e., all the other elements
which could contribute to the NN scattering should be zero. This means that the
H-matrix must be reduced to a block diagonal form where specific off-diagonal
blocks consist of zero elements (other clarifications can be found in Sec. 6). This
requirement (the Okubo condition [7]) can be replaced by the other constraints,
more flexible and easier realizable.

Our aim is to present a systematic exposition of the UT method. A main
attention within the method is paid to the two approaches, viz., the clothing
procedure and the blockdiagonalization after Okubo. We strive for a self-sufficient
presentation which may be understood without referring to original papers. As a
rule, we avoid to point out mistakes and obscurities in the latter (but sometimes
allow ourselves to note their tacit assumptions).

This review is organized as follows.

In Sec.2 we consider the problem of obtaining the simplest H eigenstates.
The lowest H eigenstate () can be juxtaposed to the state without observable
particles (the physical vacuum). Further, we seek one-particle-like ' eigenstates
which have «bare» partners (e.g., in the case of the interacting pion and nucleon
fields the «bare» one-meson af (k)€ and one-nucleon bf(p)€ states, Qg being
the «bare» vacuum). These H eigenstates may be called «clothed» [14] because
meson-nucleon interaction is taken into account when constructing such states.
At this point, instead of the usual «bare» creation-destruction operators af(k),
a(k), ... we introduce the «clothed» operators a.f(k), a.(k), ..., so that the
physical one-meson state is described by the vector a.f(k)Q.

While finding the above H eigenstates one has to determine a «clothing» UT
such that the transformed Hamiltonian does not contain the interaction terms which

*In order to distinguish the matrix elements with respect to the new basis we employ round
brackets.
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correspond to some virtual energy-nonconserving processes (e.g., N — 7NN,
7 — NN). These terms are called «bad».

As one might expect the mass of the clothed particle turns out to be unequal
to the respective bare mass. The related problem of mass renormalization is
explored in Subsec.2.5.

The clothing transformation of the Hamiltonian results in its representation
through the clothed creation—destruction operators. A basic task of Sec. 3 is to in-
vestigate how transformed generators of the Lorentz boosts depend on the clothed
operators. We show that the bad terms can be removed via the same clothing
transformation simultaneously from the total Hamiltonian and these generators. A
consequence of such reduction is that the «clothed» vacuum €2 remains invariant
under Lorentz transformations (unlike the bare vacuum ()y) while the clothed
one-particle states have the proper transformation properties (in particular, their
momenta being suitably changed).

Along with the clothed one-particle states the total Hamiltonian can have
one-particle-like states (e.g., bound states of the deuteron-type) without any bare
partners. In Sec.4 within our clothing procedure we suggest an approximate
way of finding such states. The resulting bound-state equations resemble the
Schroedinger equation for stationary states in nonrelativistic quantum mechan-
ics, where the usual potentials are replaced by the interactions between clothed
particles (the quasi-potentials). Explicit analytical expressions for the model
nucleon-nucleon and meson-nucleon quasipotentials are given in Subsec.4.3.

In Sec.5 we discuss some modifications and extensions of the clothing
approach.

Section 6 starts with a definition of the similarity transformation H —
U-'HU (U~! = U") as a transformation of the matrix (n’ | H | n) (determined
with respect to a set of orthonormal vectors | n)) into the matrix (v | H | v) with
respect to another basis | v).

The Okubo condition on U and the corresponding decoupling equation from
[7] are presented in Subsec.6.2.

Two operator kinds of the Okubo UT are considered in the framework of
the Okubo approach using the new particle creation—destruction operators which
correspond to the clothed operators determined in Sec.2. This allows us to
establish the relation to the clothing procedure and its modifications (cf. Secs.2
and 5).

Some original results of this work are summarized in Sec. 7.

More technical details and some auxiliary calculations are referred to Ap-
pendix A. Appendix B is devoted to some mathematical aspects related to the
UT method. We suggest an algebraic approach which enables one to treat the
clothing UT as an element of an algebra lacking any operator representation. At
last, Appendix C exemplifies an explicit solution of Okubo’s decoupling equation
for a simplified field model.
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2. CLOTHED PARTICLES IN QUANTUM FIELD THEORY

The notion of clothed particles will be considered using the following model:
a spinor (fermion) field 1 interacts with a neutral pseudoscalar meson field ¢ by
means of the Yukawa coupling. The model Hamiltonian is H = Hy + V/, where

H():/J)(x)[fz"yv + mo]d)(x)der%/ [7r2 (x)+(Vo(x))? + po?¢? (x)] dx,
(2.1)

V= ig / P51 (x)p(x)dx. (2.2)

For simplicity, we do not employ a more refined form of H properly symmetrized
in the fields involved (see, e.g., [15,37]). This model has much in common with
more realistic models for the interacting fields (e.g., the nucleon isodoublet (p,n)
interacting with the meson isotriplet (7 +, 7%, 77).

The Hamiltonian can be expressed in terms of bare destruction (creation)
operators a(k) (af(k)), b(p,r) (bf(p,r)) and d(p,r) (d'(p,r)) of the meson,
the fermion and the antifermion (see Eqgs. (2.8) and (2.16)). Here k and p denote
the momenta; r is the spin index. An exact definition of the bare operators
which we use will be given in Subsec.2.2. In what follows, the set of all these
operators is denoted by a symbol a, while a,, is used for one of them. The state
without bare particles €2y and the bare one-particle states af(k) Qo, bf(p,r) Qo
and d'(p,r) Qo are not H eigenvectors.

2.1. Clothed Particle Operators and States. Now, we introduce new de-
struction (creation) operators

ac(k)(ac' (k)), be(p,7)(bf(p,7)) and de(p,7)(d"(p,7)) Vk,p,r  (2.3)

with the following properties:
i) The physical vacuum (the H lowest eigenstate) must coincide with a new
no-particle state {2, i.e., the state that obeys the equations

ac(k) | Q) =be(p,r) | Q) =dc(p,r) | Q) =0 Vk,p,r, (2.4)
QQ)=1.

ii) New one-particle states acT(k)Q, etc., are H eigenstates as well.

iii) The spectrum of indices that enumerate the new operators must be the
same as that for the bare ones (this requirement has been used when writing
Eq.(2.3)).

iv) The new operators satisfy the same commutation rules as their bare
partners do. For instance,

[ac(k)a aCT(k,)] = 6(k - k,) )
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{be(p,r), b (P',7")} = {dc(p,7), dT (p',7")} = 6rd(k — ) . (2.5)

Following [14,15] we shall call clothed the new operators and states. Note
that the name is sometimes used in a sense which differs from that defined by the
points i) — iv).

As one can see, the problem of clothing is equivalent to determination of
some H eigenvectors. In fact, the property iii) means that we do not pretend to
find all H eigenstates which are one-particle-like. For example, H may have a
deuteron-like eigenstate with a mass < 2m, where m is the nucleon mass. No
bare one-particle state corresponds to such a state. Now we intend to find only
those one-particle-like eigenstates of H which have bare partners.

One should stress that the clothing problem may turn out to be unsolvable.
A solvability condition will be pointed out in Subsec.2.4. Note also that the
properties i) — iv) can be supplemented by some physical constraints which will
be discussed in Sec. 3, but are not needed here.

Some clothing procedures have been realized within simple field models (see,
e.g., [14,15,17]). In the paper, we use a kind of perturbation theory developed
in [5,16] and [18]. It can be applied to any field theory to yield an approximate
solution of the problem.

2.2. Bare Particles with Physical Masses. By definition, the bare one-fermion
eigenstate | p,r)o of the operator Hp, being simultaneously the eigenstate of
total momentum P, belongs to the Hj eigenvalue Eg = +/p%2+mo2. Let us
consider an H eigenstate | p,r) for which | p,r)o is a zeroth approximation
(ZA). Perturbation theory shows that the corresponding H eigenvalue E, differs
from EJ. In the relativistic case the function Ej, must be of the form /p? + m?
where m is the mass of an observed free fermion. We shall call it physical mass.
Analogously, one can argue appearance of the meson physical mass p which
differs from the trial mass fg.

So, we expect that the physical fermion and meson masses m and p arise in
a natural manner when finding H eigenvalues which correspond to the clothed
one-particle states.

Such an introduction of the masses m and p can be used to divide the total
Hamiltonian into the new free part Hr and the new interaction H;. Namely, let
us rewrite H = Hy +V as H = Hp + Hj, where

He = [ G60l-ivV 4 mlpedx+ 5 [ [0 + (600 + #2?(x)] dx

2
(2.6)
Hr =V + (mo —m) /@(x)l/f(x)dx + %(NO2 - uz)/ ¢*(x)dx =V + Mien .
2.7)

The decomposition H = Hp + H7 is the well-known trick (see, e.g., [15]),
but this is not necessary for our clothing program: all the following results can be
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obtained without the introduction of the mass counterterms M,.,*. However, it
simplifies the program realization. In other words, the separation H = Hp + H;
may be justified not ab initio but post factum.

The operator Hr can be brought to the «diagonal» form**

He = [ wal(Qadics [ Ep 30 (p.r)b(p, )+ (p.r)(p. )l (23)
by means of the standard expansions

¢(x)::(2ﬂ)‘3/2J/(2wk)*1/ﬂﬁ(k)AfaTC—kﬂexp(ikx)dk, (2.9)
ﬂ(x)::—4(2w)*&gt/kwk/2f/2hdk)——aTQ—kﬂexp(ikx)dk, (2.10)

w(x):(Qw)_3/2/(m/Ep)1/2 Z[u(p, r)b(p,r)+v(—p,r)d (—k,r)]exp (ipx)dp,

(2.11)
where u(p,r) and v(p,r) are the Dirac spinors, which satisfy the conventional
equations (j —m)u(p,r) =0 and (f +m)v(p,r) = 0 with = Ep7° — py. In
these formulae Ep, = /p? + m? and wx = /k? + p2.

2.3. The Unitary Transformation. The operators (2.3) are the corner-stone
of the clothing procedure. Our aim is to find clothed operators which should
satisfy the requirements i)-iv). Now, the symbol a will be used for set (2.3),
with «, being one operator of the set (cf. @ and a,). In order to implement the
properties iii) and iv), we suppose that the clothed operators « are related to bare
ones a via a unitary transformation

ap, =Wia,W, Wiw=wwif=1, (2.12)

where W is a function of all the bare operators a. Therefore, Eq. (2.12) represents
ap as a function (functional) of a.

Note that W is the same function of either clothed or bare operators (see
[14]). Indeed, if f(x) is a polynomial or a series of x, the relation f(a) =
Wt(a)f(a)W(a) follows from Eq.(2.12). Replacing f(«) by W leads to

W(a) = WHa)W(a)W(a) = W(a) , (2.13)

*A simple example of the calculation of radiative correction to particle «bare» mass can be
found in App. C.
**Nonessential c-number terms are henceforth omitted.
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i.e., to the above statement. Hence, the operator a,, when expressed in terms of
«, is given by
ap = W(a) ap Wi(a) . (2.14)

Unitarity of W is automatically ensured if W is represented as the exponential
of an antihermitian operator R: W = expR. For a given R, the r.h.s. of Eq. (2.14)
can be evaluated with the help of

e*Be™* = B+[A,B] + %[A, (A, B]] + %[A, [A,[A, B]] + ... (2.15)

and the commutation rules (2.5).
In the context, the total Hamiltonian can be written as H = H(a) = Hp+H],
where Hp(a) is determined by Eq.(2.8) and Hr = V(a) + Myen(a) with *

Via) = —2 /dp’ dp dk

Y

. m
(2rBp Ep) 12
x{a(p'r")ysu(pr) o' (p'r")b(pr) +
+ a(p'r" )yso(—pr) 0T (p'r)d (—pr) + o(=p'r")ysu(pr) d(—p'r')b(pr) +

+ 0(=p'r" )ysv(—pr) d(—p'r")d' (—=pr)} [a(k) +a' (k)] . (2.16)
By using Eq. (2.14), one can replace the bare operators by the clothed ones
H(a) = HW(a)aWT(a)) = K(a) . (2.17)

The operator K () represents the same Hamiltonian, but it has another depen-
dence on its argument « compared to H(a). K(«) can be found as follows.
First, Eq. (2.17) can be written as

K(a) =W(a)H(a)W(a) . (2.18)
Second, putting W («) = exp R(«) and using Eq. (2.15) we have

H=K(a)=el [Hp +Hf) e ' =

— Hp(a)+Hi(0)+[R, He]+[R, H]H%[R, R, HF]H%[R, (R, H]]+... (2.19)

Eq. (2.19) gives a practical recipe for the K («) calculation: at the beginning one
replaces a by « in the initial expression H (@) and then calculates W (a) H (o)W ()
using Egs. (2.15) and (2.5). The above transition H(a) — H(«) generates a
new operator H(«) as compared to H(a), but Egs. (2.17) and (2.18) show

*In cumbersome formulae summations over the dummy spin indices are sometimes omitted.
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that W (a)H (a)WT(a) turns out to be equal to the original total Hamiltonian
(cf. [35]).

We would like to stress that the transformation W HW T under consideration
should not be understood here as W (a)H (a)WT(a). The latter would be a new
operator H'(a), which, in general, does not coincide with H. For a detailed
discussion of different unitary transformations, see Sec. 6.

2.4. Elimination of «Bad» Terms. The next step is to fulfil the requirements
i) — ii). If we want the no-clothed-particle state {2 and clothed one-particle states
to be H eigenvectors, the r.h.s. of Eq. (2.19) must not contain some undesirable
terms. Particularly, K (a) must not contain the b.'d.a. —type terms because
they would give rise to the ffm states*, when acting on €2, and K (a)$2 could not
be proportional to 2. Similarly, beTbea.T converts a one-fermion state b, into a
fm state. But just terms of this kind enter into the operator V' («) which occurs in
the r.h.s. of Eq. (2.19). In this connection, recall that Hr (o) = V(&) + Myen (@),
where V() is derived from V' (a), see Eq. (2.16), by means of the replacement
a— .

As we have argued above, the terms

betbeact, beld.fae, betdtact, dedetact (2.20)

in V(a) do not allow the clothed no-particle and one-particle states to be H
eigenvectors. The remaining terms in V' («) are Hermitian conjugate of (2.20).
We shall call «bad» all these terms. The contribution b.d.Ta." will be called
the «bad» term of the class [3.0]: it is a product of three creation operators with
destruction operators not included. The other three terms in (2.20) belong to the
class [2.1]: two creation operators and one destruction operator.

The interaction H includes also the mass counterterm M., (see Eq. (2.7)).
The latter contains bad terms of the class [2.0] (see, e.g., Eq.(2.27)). The
self-energy correction to the particle mass can be represented by a series which
starts with the terms of the g?-order (see Eq.(2.31)). S0, Men(a) ~ g* while
V(a) ~ g'.

Let us eliminate from K () the bad terms of the g'-order. For this purpose
we choose such R that

V+[R,Hr] =0. (2.21)

One readily verifies that Eq. (2.21) cannot be satisfied until R(«) is linear or
bilinear in «. To meet the equation, R(«) must be a three-operator, e.g., have
the structure of V(). Then, the commutator [R, Hr] will also be three-operator
expression since Hp () is the two-operator*.

*With a transparent abbreviation ffm for a «fermion-antifermion-meson».
*Note that the commutator of the m-operator term and n-operator one yields a (m + n — 2)-
operator contribution.
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Let us assume that the antihermitian R(«) contains the bad terms of the same
kind as V() is. Namely, we put R(a) = R — R, where (cf. Eq.(2.16))

R = /dp’ dp dk > _{RY,(p'r';pr)be (0, 7")be(p,7) +

ry

RS, (pr s pr)be (0, ) det (—p, 1) + RE (01 pr)de(—p', 7 )be (p, 1)+
+ R, (p'r';pr)de(—p', 7" )d. T (—=p,7)} ac(k) . (2.22)

The c-number coefficients Ri‘j (i,7 = 1,2) are to be derived from Eq. (2.21), see
Appendix A. We find that the solution exists if y < 2m. This condition has a
clear physical meaning, viz., the meson can decay into the ff-pair if ;1 > 2m, and,
therefore, one-meson state cannot be stable, i.e., it cannot be an H eigenvector.
Once [R, Hp| = =V, Eq. (2.19) can be rewritten as

K(a) = Hp(a) + Myen(@) + %[R, V] + [R, Myen] + %[R, R, V]| + ... (2.23)

Thus we have removed from K («) all the bad terms of the g!-order.

However, the r.h.s. of Eq.(2.23) embodies other bad terms of the g2- and
higher orders. For example, [R, V] contains the terms g2b.'d.Ta."a.! of the class
[4.0], which do not destroy the physical vacuum € (our evaluation of [R, V] is
given in Appendix A). In addition, we find in [R, V] the terms ¢2b.'d.Ta.ta.
of the class [3.1], which neither destroy a.TQ, nor retain it with a multiplicative
factor. These and similar bad terms can be eliminated in a way analogous to the
described above via one more transformation

ap = Wa(a)a, Wil (a) (2.24)

where Wy = exp R4 and Ry is an expression of the g?-order, which consists of
the above bad four-operator terms. This R4 should be such that [Ry, Hr] would
cancel the latter terms.

Note also terms of the classes [2.0] and [1.1], which are present in M (see
Eq. (2.27)), and similar terms, which appear after normal ordering of [R, V] (see
Appendix A). The bad terms of the class [2.0] must be removed from K («) as
well. We shall show in Subsec. 2.5 how they may be cancelled under a condition
that relates the physical masses with the input parameters mg, p1o and g.

Further, the double commutator [R, [R, V]] in Eq. (2.23) is composed of five-
operator terms (cf. the footnote on page 41), and there are bad terms among them.
In particular, after reshuffling the operators into normal order, new three-operator
bad terms occur. However, they are of the g3-order. This type of bad terms can
also be found in [R, M. The subsequent unitary transformation makes it possible
to remove all bad terms of the g3-order.
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Along the guideline, one may eliminate from the Hamiltonian the bad terms
of increasing orders in the coupling constant g. It is assumed that in the limit the
requirements i) and ii), which are equivalent to the absence of bad terms in K,
will be fulfilled.

Finally, if our clothing procedure were perfect, the resulting representation
K of the total Hamiltonian would possess the property

K(o)| k), = Hp(a)| k), = wi| k), (2.25)

with | k), = a.'(k)$2 . In other words, the new interaction term K (a) = K (a)—
Hp(a) would satisfy the equation K;(a)| k), = 0. Analogous equations will
hold for the physical vacuum 2 and the clothed one-fermion and one-antifermion
states.

2.5. Particle Mass Renormalization. The cancellation of the bad two-
operator terms in K («) will be demonstrated for those of them which are bilinear
in meson operators a. and aCT. The latter originate, first of all, from the meson
mass counterterm

Mmes—_ 0 _/J /¢ (2.26)

Indeed, substituting the expansion (2.9) for ¢(x) into Eq. (2.26), we obtain

Moo = [0 0900009 + (K K) + (9l (-Rldk

4wk
(2.27)
As shown in Appendix A, terms of the same operator structure occur in K («)
after normal ordering of the commutator [R, V] from Eq.(2.23):

t
/ k 20,1 (K)ac (k) + ac(k)ac(—k) + a.f(k)a.f(—k)]dk | (2.28)
Wk
where tx is determined by Eq. (A.20).
Now, we see that the sum of (2.27) and (2.28) gets equal to zero if

po? — p? = 4ty or  p? = pe® + 4ty . (2.29)

Here the quantity ¢, must not depend on k along with ;2 (cf. our argumentation
in Subsec. 2.2). Unfortunately, this independence is not automatically provided in
the Schroedinger picture that we use throughout. The integral that determines ty
(see Eq. (A.20)) is quadratically divergent and one needs to overcome the trouble
(e.g., by introducing a cutoff factor). So, special efforts are required to yield the
proof of independence (see, e.g., [5], Ch.6).

In the same way, the fermion mass counterterm

Meorm = (mo — m)/zﬁ(x)w(x)dx (2.30)
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cancels, under a proper condition, all the terms bilinear in the fermion operators,
which arise from %[R, V] as a result of normal ordering.

Up to now we have considered the bilinear terms of the g2-order. Normal
ordering of the six-operator and other terms of K («) gives bad two-operator terms
of the g*- and higher orders. To eliminate them we suppose that 6p% = po? — 2
and 0m = mg — m may be expanded in the series

02 =" g (0p)m, Im=Y_ g*"(dm)an. (2.31)
n=1 n=1

Let us assume that (64?)2 and (6m)z are used to remove the two-operator terms of
the g2-order as described above. Then, the terms (§u2); and (6m)4 are destined
to cancel two-operator terms of the g*-order, and so on.

2.6. Some Remarks. So, the transformation realized by W = exp R fulfills
an incomplete clothing, viz., it removes bad terms of the least order in g. The
no-particle Q and one-particle states b.'Q, d.TQ and a.fQ constructed at this
stage are merely approximate H eigenvectors.

We shall confine ourselves to the consideration of this transformation only
while discussing the bound state problem like the deuteron (Sec.4). Even this
simplest application of our approach turns out to be rather cumbersome.

This section has been aimed to show how the unitary transformations of
the original Hamiltonian for a system of interacting fields can be regarded as
the introduction of new creation (destruction) operators instead of the initial
«bare» ones. These new operators and corresponding one-particle states occurring
at the first stage of the clothing procedure may be called «partially clothed».
We juxtapose the one-particle states to the observable particles (say, pion and
nucleon).

Let us note that the clothed states (operators) are not the in(out)-states
(operators) of RQFT (see, e.g., [15], Ch.17). Indeed, the two-particle in-
states a;, ' (k1)ain (ko) are H eigenstates while the two-particle clothed states
act(ki)a.t(k2)$2 do not (simple models with noninteracting particles are the ev-
ident exception). Within the in(out)-formalism it is supposed that H has the
following eigenstates, viz., no-particle state (physical vacuum), states with one
in-particle, two-, three-, etc., these states being analogous to the corresponding
Hj eigenstates. Meanwhile, the clothing formalism needs not such a supposition:
one can find explicit expression for no- and one-particle clothed states in terms
of bare states (using formulae of this section under the condition p < 2m). In
addition, the in(out)-formalism does not consider two-particle states which have
no Hj bare partners, e.g., an in-state describing the deuteron. In the clothing
formalism the problem of deuteron-like states is subject to further investigation
(see Sec.4).
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3. GENERATORS FOR SPACE TRANSLATIONS AND SPACE-TIME
ROTATIONS WITHIN THE CLOTHING PROCEDURE

In the previous section we have expressed the total Hamiltonian H in terms
of the clothed operators. H is the time translation generator of the Poincaré
group. Here we shall discuss how the rest of the group generators (total linear
and angular momenta, and generators of Lorentz boosts) depend upon the clothed
operators. This will allow us to formulate the transformation properties of the
clothed no-particle and one-particle states under the Lorentz boosts. First of
all, let us consider various constraints imposed on clothing transformations by
the general symmetries in RQFT and those which are specific for a given field
model.

3.1. Total Momenta and Other Motion Integrals in Terms of Clothed
Operators. Similar to the determination of the total Hamiltonian H as a function
K () of the clothed operators o we can obtain the expression P.(«) for the total
linear momentum P (cf. Eq. (2.17)):

P(a) = P(W(a)aWT(a)) = W(a)P(a)W(a) = Pe(a) . (3.1)

One can show that W PWT is simply equal to P. Indeed, this is equivalent to
WP = PW that follows, in its turn, from [R, P] = 0 (remind that W = exp R).
The validity of the latter can be verified using Eq.(2.22), (A.1), (A.2) and the
well-known expression of the total linear momentum in terms of the creation
(destruction) operators

P = [ (Radk+ [ p3 0 (pr)b(p.1) +d! (b r)ip, D (32)

(see, e.g., Eq.(7.33) in [15]). Alternatively, one can take the representation (A.4)
for R and use the equation [P, V] = 0 that holds because of the invariance of V'
with respect to space translations.

So, we have found that P.(a) = P(«). This means that P is the same
function of the clothed operators as of the bare ones.

Analogous statements are valid for the total angular momentum M ™ and the
baryon (fermion) number operator B = [¢T(x)y(x)dx. This means that the
clothed states €2, a.'Q, b.7Q, and d.TQ have the following properties: a) they
are eigenvectors of P; b) they are transformed under space rotations in the same
manner as the relevant bare states do; c) they possess definite B values.

Instead of verifying the properties [R, P| = [R, M| = [R,B] = 0 with
the solution R of the equation [R,Hr] +V = 0 one may consider them as

*The field-theoretical formula for the generator can be found in [38](Ch.11), see also Subsec. 3.2.
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some new requirements supplementary to those listed in Subsec.2.1 as i) — iv).
These requirements would result in definite restrictions on the coefficients in-
volved in the expansion (2.22) for R. For example, it follows from [R, P] = 0
that Rz‘J (p’r’; pr) must have the form 6(p + k — p’)r,f‘j (p’r’;pr). The equa-
tion [R, M] = 0 means that RY;(p’r’; pr) must depend on rotationally invariant
combinations of its arguments. Besides, the condition [R, B] = 0 prevents R
to be dependent on terms of the b.fd,- kind (we eliminate such terms from the
beginning assuming the form (2.22) for R).

One may add to these restrictions those which are consequences of the fol-
lowing requirements: clothed operators and clothed one-particle states must have
the same transformation properties with respect to space inversion, time reversal
and charge conjugation as their bare partners.

Let us stress that all the constraints are exact whereas the equation [R, Hp|+
V' = 0 considered in Subsec. 2.4 is merely approximate one. However, its solution
has all the properties in question since the interaction V' commutes with P, M,
B, etc. (see Eq.(A.4)).

3.2. Transformations of Bare Operators and States under Lorentz Boosts.
A distinctive feature of the conventional relativistic dynamics («instant» form
after Dirac [39] ) is that the generators N = (N! N2 N3) of the Lorentz boost
A = exp(iBN)** contain interaction terms while the linear P = (P!, P?, P3) and
angular M = (M, M2, M?) momenta are determined by the same expressions
as for free fields.

In order to see this explicitly let us resort to the Lagrangian formalism where
the quantities of fundamental importance are the energy-momentum density tensor
T (z) and the angular momentum density tensor M (z)*** (see, e.g., Ch.11
in [38]). By definition, P* = (H,P) = [T%(z)dx, M7 = €j M*, and
NI = MY, where M" = [ M%¥(z)dx. According to the Noether theorem
all the ten operators are time independent, i.e., they are the motion integrals. In
other words, they can be evaluated at ¢ = 0, i.e., they can be expressed through
field operators in the Schrédinger picture.

The corresponding representation of N depends on the form of 7+ (z) (non-
symmetrized or symmetrized*), that is utilized. Here we shall use the nonsym-

**Here 3 = Bn, n = % and th(3 = v, where v is the velocity of a reference frame moving

along the n direction. In this paper we use the system of units in which the light velocity c is equal
to unity.

***Greek labels run the values 0,1,2,3.

*The symmetrized form with the Belinfante ansatz [36] for Lorentz boosts has been employed
in our talks [19,20]. Another application of the form can be found in a covariant description of
electromagnetic interactions with nuclei [40].
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metrized form (see Eqgs. (13.45) and (13.47) in [38]), which leads to
N =Ny — /xV(x)dx + Nren , (3.3)

where N is the free part of N:

NF = Nferm + Nmes ’ (34)

Nferm = — /xﬁ)(x)[fi'yv + m]y(x)dx + % /z/;(x)'yd)(x)dx, (3.5)

1

Nines = _5 /X [WQ(X) + (V¢(X))2 + u2¢2 (X)} dx . (36)

In accordance with the particle mass renormalization described in Subsec.2.5 we
have separated the contribution to N from meson and fermion mass counterterms
(cf. Egs. (2.26) and (2.30)):

Noon = Nites + NI (8.7)

1
Niew = =5 (no® —#) /X¢>2(X)dx7 (38)
N = —(mo = ) [ GG (39)

Now, to express the generators through the creation (destruction) operators
let us take the expansions (2.9)—(2.11) and employ the relation

/:cjexp (igx)dx = fi(27r)3%5(q).

Then, e.g., we find

. / 2
NI =L /aT(k’)a(k) e FRETIE 0 50 padak (3.10)

mes ) —wk/ o Ok
or T( ) (
J _1 da' (k e Oa k) ,
Nmes - 2 /wk[ ki a(k) a (k) Ok ]dk . (310)
Simultaneously, we get (cf. Eq.(2.16))
N} = —/ij(x)dx =
—iig/d’d dkLié( +k—p)x
= (27’(’)3/2 p ap (2WkEp’Ep)1/2 okJ b p
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x{a(p'r")ysu(pr) o' (p'r")b(pr) +
+ a(p'r)ysv(—pr) b1 (p'r")d (—pr) + O(=p'r)ysu(pr) d(—p'r")b(pr) —
— o(=p'r")ysv(—pr) d' (—pr)d(—p'r')} [a(k) + o' (k)] (3.11)

with the Yukawa interaction density V' (x) (see Eq. (2.2)).
These formulae enable one to perform directly transformations of the bare

operators and states under the Lorentz boosts. In particular, in the infinitesimal
case with | 47 |< 1 (j = 1,2,3) one has

AQo = exp [iB(Np + Nj + Npen) Q0 =~
~ [1 4 iB(N; + Nien)|Q0 ~ (1 4 i8N, | (3.12)
where we took advantage of the relation
Npo =0, (3.13)

and omit terms of the order higher than g'.

Equation (3.12) means that the bare vacuum is not invariant with respect to
A, viz., AQy # Qy. A moving observer «sees» Ay as the superposition of
no-particle state {29, N N states, etc.

Similarly, bare one-particle states (e.g., a'(k)$2) are not transformed with
respect to A as in the free case where along with Eq. (3.13) one has the property*

ei'@NFaT(k)e_iﬂNF =al(Lk) . (3.14)

In Eq. (3.14) L denotes a pure Lorentz transformation («boost») with the matrix:

u Uj
L=[L!] = , (3.15)
SRR

where u* = (u°, u) = (chf3,nshf3) is the four-velocity vector. The boost con-
verts the four-momentum % = (w, k) into ¥ = Lk = (wi, k').

We have Aaf(k)Qy = anf(k)AQo with the transformed meson operator
arf(k) = Aaf(k)AT. For an infinitesimal boost the operator

ant(k) = ePNat (£)e= PN ~ at (k) + i8Nmes, al (k)] + iB[Nz, a' (k)] (3.16)

*Under the discussion it is convenient to proceed with the operators a(k) which obey the
covariant commutation relation [a(k), af (k")] = wid(k — k') (cf., e.g., Eq. (7.23) in [15]). In the
framework of our consideration it is equivalent to replacement of a(k) by a(k)/,/wk. It is true for
the respective clothed operators, so that, for instance, the first of the relations (2.5) should be replaced
by [ac(k), act (k)] = wid(k — k).
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contains bare fermion operators due to the last («interaction») term in the r.h.s.
of the equation. By using Eq.(3.10") one can see that the two first terms yield

at(k) — 3 %wk ~ af(wx — Bk, k — wiB) that coincides with the operator
aT(Lk:) in Eq. (3.14) for the infinitesimal L.

Now, taking into account Egs. (3.12) and (3.16), one can ascertain that the
transformed state Aa'(k)Qq is composed of the one-meson state af(k')Qy with
the properly changed momentum k’ = k — w3 and the states | ff) and | f frr)
containing fermions.

3.3. Boost Generators for Clothed Particles. Elimination of Bad Terms.
It is reasonable to anticipate that the physical vacuum {2 and clothed one-particle
states (e.g., a.'(k)Q) should be, respectively, the no-clothed-particle state and
clothed one-particle states from the point of view of a moving observer. More
exactly, they should meet the relations

AQ =0 (3.17)
and
Aa.f(k)Q = a.f(Lk)Q . (3.18)

The previous experience of handling with Egs.(3.12) and (3.16) prompts that
these conditions could be provided (at least, approximately) if we shall manage to
remove bad terms from N (in practice, some of them) while expressing it through
the clothed operators. In this connection, let us write down

N =N(a) = WN(@)W' = B(a) = ™) [Np () + Ny () + Noca(a)Je ) =

=Np +N; + [R,Np]+ [R,N;] + ... (3.19)

(cf. Eq.(2.19)) and then remove from the r.h.s. of (3.19) all the bad terms of the
g'-order by requiring that

[NL,R] = NJ = — /ij(x)dx (j=1,2,3). (3.20)

Now, we want to show that Eqs. (3.20) will automatically hold if R satisfies
the condition (2.21). For this purpose, one can use the representation (A.4) for
such R:

R=—i lim dte*“/V(x)dx , (A.4)
0

e—0t

where V(z) = V(x,t) = er'V(x)e "rt is the interaction operator in the
Dirac picture. Being a scalar, it is transformed as

ei'@NFV(a:)e_i'BNF =V (Lz) (3.21)



UNITARY TRANSFORMATIONS IN QUANTUM FIELD THEORY 49

under the Lorentz boost L determined by the matrix (3.15). Note that one
can directly verify the validity of Eq. (3.21) in case when N is the Schroedinger
operator (as it does in Eq. (3.19)) while V' (z) being any Lorentz invariant operator
in the Dirac picture.

In order to exploit this property note that

0

1 i3 N} —iB8" N
[NF)R] = aﬂl [ ﬁ FR ﬁ F]‘ﬁlz() (322)
or taking into account firstly Eq. (A.4) and then Eq. (3.21),
1 2 t
[Ny, R] = —Elir(r)l+ 5111T0 3—51/ dte /V(Lx)dx. (3.23)
For the infinitesimal boost we have
V(Lz) = V(x — Bt,t — Bx) = V(z' — g't, 2% 2t — g*at) (3.24)
and
[N}, R] = — lim Oodte—“/ lim 2 V(z' = B4, 2% 23t — plat)dx =
£ e—0+ Jo gi—0 O3T T
e 0 0
= eli%l+ dte™ " /(—t%V(x, t) — IIEV(X,t))dx =
:m& acdx/ xt)dt+/ tdt—ﬁt/—thdx}.
(3.25)

One can show (cf., the proof of the relation (A.4)) that the first term in the
square brackets yields — [ 2!V (x)dx. At the same time the second term is equal
to zero since the operator V(x,t) (more exactly, its matrix elements) vanishes at
2! = fo00. So, we get the desirable relation (3.20) with j = 1 (the cases j = 2,3
are analogous).

So, the transformation W = exp R eliminates simultaneously the three-
operator terms ~ g' both from the total Hamiltonian K («) and from the boost
generators B(«). One should emphasize that the proof is valid for any Lorentz
scalar function V(x,t). Specific expressions for Ny have not been required as
well since all we have needed is Eq. (3.21).

After this elimination of bad terms we get by analogy to Eq. (2.23),

B(a) = Np(a) + Nen(a) + %[R,NI] + [R,Nyen] + %[R, [R,N]] + ... (3.26)

We shall not exemplify separate interaction terms in the r.h.s. of this equation
since their structure repeats that for the corresponding contributions to K («) (cf.,
e.g., Egs.(3.11) and (2.16)).
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4. EQUATIONS FOR BOUND AND SCATTERING STATES IN RQFT

The clothed one-particle states are eigenstates of the total Hamiltonian H
according to their definitions (see Subsec.2.1). There may be other H eigenstates
which describe physical systems resembling one-particle states, viz., the states
with discrete values of the system mass that may be defined as the system energy
in the rest frame of reference (scattering states belong to continuous values of the
mass).

First of all, we keep in mind the simplest bound states similar to the hydrogen
atom or the deuteron. In the non-relativistic approach the wavefunction of such
two-body state is the product of a function that describes the system as a whole
and other function being dependent on the internal variables (for instance, the
relative momentum p = %(pl — p2) for two identical particles). Therefore, the
centre-of-mass motion is separated from the internal motion. It is not the case for
any relativistic model which satisfies the Poincaré algebra. In fact, the coupling
between the internal and centre-of-mass motions is inherent to relativistic theories
of interacting particles (see, e.g., the papers [22,23] where within simple field
models the two-body bound states are studied in a moving reference frame).

For the Yukawa model the corresponding states may be fermion—fermion
states (deuteron-like), meson-fermion ones, etc. Of course, we are not able
to find the exact Hamiltonian eigenstates, except some exactly solvable models
(see [14]). However, within the clothing procedure in question one can suggest
reasonable approximations to this problem.

4.1. New Zeroth Approximation for the Total Hamiltonian K. Our ap-
proach is based on the choice of an appropriate zeroth approximation (ZA) to the
total Hamiltonian expressed through the clothed operators, i.e., the operator K
determined by Eq. (2.17). Since its free part Ko = Hp(a) has no deuteron-like
eigenstates, we shall try to take

Kza :KnggQKf) (4.1)

by adding to the two-operator (one-body) contribution

K, = /wkacT(k)ac(k)dk—i—

+ / EP Z[bcT(p7 T)bc(p7 T) + dcT(pa ’I")dc(p, T)]dp = Kﬂ' + KN (42)

the four-operator (two-body) contributions of the g?-order which arise from the
commutator 3[R, V] = £[Rs, V] in the r.h.s. of Eq. (2.23). This commutator is
evaluated in Appendix A. Doing so, we obtain the decomposition

Ky = ¢?K?Y = K(NN — NN)+ K(NN — NN) + K(NN — NN)+
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+K(nN — aN)+ K(aN — 7wN) + K(rm — NN) + K(NN — 7w) (4.3)

with the separate interactions between the different clothed particles. They are dis-
played (very schematically) in Fig. 1 where the graph (a) represents the nucleon—
nucleon interaction

K(NN — NN) = Z/dp'ldpédpldpgx

r,r’

XVNN(pllvrlla pévré;pla 1, p2vr2)bCT(pI17Tll)bCT(pl2a ré)bc(pla rl)bc(p% r2)

(4.4)
while the pion—nucleon interaction
K(nN —aN)=>Y_ / dk’dp’ dkdp x
XVﬂ'N (k/a p/a T/; ka p; T)aCT(k/)bCT(plv T./)ac(k)bc(pa T) (45)
is displayed by the graph (c).
K,=
N N’ N N’ T rE' n s
BSOSO RSCH
N N’ N N’ N N N N’
(@) (®) (© (@)
N b T N N N'
()« (2
N ron NN N

(e) ) (€]

Fig. 1. Schematic representation of separate contributions to the effective operator Kj:
a) chrbchchs b) dCTdCTdCdCs C) chrachcaa d) chrachdcam 6) bchchacaaﬂ achachchs
g) b'dedebe

Explicit expressions for the coefficients V. and Vyny will be given in the
next Subsecs. Here, however, one should note that all these terms of K f)

describe only real processes such as N4+ N — N+ N, 1+ N — 7w+ N, etc.
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The bad terms of [R3, V] are not included in Kz 4 for the reasons discussed in
Subsecs.2.4 and 2.5. For example, the terms of the kind [4.0] (e.g., bidiptdt
and b'dTaa’) and [3.1] (e.g., bTd!bTb and btd'aa) must be removed during our
clothing procedure via the transformation W, = expRy4 (see Eq. (2.24)). Recall
that [Ry4, K3] must cancel these bad terms.

In its turn, the transformation Wy (see Eq. (2.23) for K)

WK (o )WaT = Wa(Ka(a!) + %[Rg(a’), V(a')] 4 ) Wit =

= Ka(o!) + 3[Rs(@'), V(@) + [Ra Ko] + S [Ras [Ro, VI + . (46)

brings in the Hamiltonian new four-operator terms in addition to those mentioned
above, see Eq. (4.3). Here, [R3, V], denotes the four-operator part of [Rs, V]*.
After the normal ordering, the double commutator [R4, [R3, V],] yields new four-
operator interactions in the total Hamiltonian. However, they are of the g*-order
whereas the interaction terms which we have included in K 4 are of the g2-order.
So, the latter are not altered by Wj. They exhaust all the interaction terms of the
g2-order, which remain in Kz 4.

We hope that K4 eigenstates are good approximations to exact K eigen-
states. The former should be found nonperturbatively (e.g., by means of numerical
methods). Five-operator and more complicated interaction terms can be taken into
account via perturbation theory recipes.

4.2. Meson-Nucleon Eigenstates of K74 and Pion-Nucleon Quasipotential.
The operator Kz 4 has an important property: it conserves the total number of
clothed particles. In particular, Kz 4 transforms clothed two-particle states (e.g.,
of the NN or mN types) to two-particle ones. Moreover, the Fock subspace of
all the clothed states can be divided into several sectors (the NN sector, the m/N
sector, etc.) such that Kz 4 leaves each of them to be invariant, i.e., for any state
vector ® of such sector Kz 4P belongs to the same sector.

Let us show in the simplest case of the m/N sector that the property just
mentioned allows us to reduce the eigenstate equation K7 ,®F = E®F to the
related Schroedinger equation of the particle-number-conserving quantum me-
chanics. For this purpose we seek ®F as the following superposition of the 7N
sector states a.b.10,

@%:Z/mm%®nmﬂmﬂwm. (47)

*The two-operator terms of [R3, V] are supposed to be cancelled with the respective mass
counter terms.
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In the mN sector Kz4 is equal to K + Ky + K(m#N — 7N) because the rest
terms of K74 give zero when acting on CIDEN. Thus, the equation KZACIDEN =
E®E, reduces to

[K,+ Kx + K(rN — 7N)|®Z, = EoE, . (4.8)

Taking the scalar products of both the parts of (4.8) with (a.(k)b.t(p, ) |,
we get the relevant equation for @£y (k; p, r),

(E—wi—Ep) @7y (kip,7) = Z/dk'dp'VwN(k,p,r;k',p'ﬂ“')@fzv(k';p',r')-

(4.9)

The kernel V. of this integral equation is determined by Eq. (4.5) (an
explicit expression for it is given below). This kernel can be called a quasi-
potential: in the coordinate representation it may depend not only on the particle
coordinates but on their derivatives as well. In our opinion, a popular name
«effective Hamiltonian» is inappropriate for Kz 4. When one deals with an
effective Hamiltonian one has to argue that its eigenvalues and eigenvectors
coincide (at least, approximately) with those of an original Hamiltonian. In the
framework of our approach we do not need such a proof since we believe that
Kz, is in a sense a major part of the total Hamiltonian H and, therefore, the
above approximate coincidence is provided.

The solutions of Eq. (4.9), which belong to a discrete spectrum (if it ex-
ists), describe m/N bound states. As emphasized above, the solutions should
be found nonperturbatively. Continuous 7/N-mass values correspond to 7IN-
scattering states. The respective S-matrix elements may be evaluated either ex-
actly by using numerical methods of solving the Lippmann—Schwinger equation
for the T-matrix with the interaction K (7N — 7N) (see, e.g., [41]), or approxi-
mately in the framework of old—fashioned noncovariant perturbation theory (see,
e.g., Ch.1 in [42] or Ch.11 in [15]).

To obtain the explicit expression for K (7N — wN), one needs to seper-
ate out the a.'b.fa.b.-kind terms of the commutators [R, V'] and [R, V] (see
Eq. (A.14))

K(WN - ,/TN) = % : {[RavT]wN + [Rv VT]LN} =

1
— —§/dk2dp2dk1dp1><

X{[szaRkl]n(PQTz; pir1) + [V7R, RR2]L (pors; P17“1)} X

xac! (ka)be! (P2, r2)ac(ki)be(p1,71) (4.10)
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12 N o Py Py e S P2
(@) (b)

Fig. 2. The g*-order Feynman diagrams for 7N scattering: a) the s-pole graph; b) the
u-pole graph

where the symbol : : denotes the normal ordering®.

This result has been obtained in [18] (cf. Eq.(A.7) therein). The cor-
responding coefficients V;n(k',p’,7’;k,p,r) that determine the pion-nucleon
quasi-potential (see Eq. (4.5)) are equal to

(acT (K)be"(p', 1) | K(7N — 7N) | ac(k)be(p, 7)S2) - (4.11)

They can be represented in the following covariant (Feynman-like) form

2

g
(27)?

d(ka+p2—ki—p1)

Vﬂ'N(k2;p2;r2;k1ap17T1) =

1 m
2Vwk2wk1 Eszm

xu(p2,72)4 5 sz Hatm it +m}+

1 1 1
"3 [lj2—lf1 +m+Z/1—]¢2+m] }U(Phﬁ) (4.12)

(see also Appendix in [32]).

In order to comment this expression, let us consider the Feynman graphs in
Fig. 2 for the S-matrix elements of 7NV scattering. According to Feynman rules
the four-momentum of the internal nucleon line in graph 2,a equals either the sum
k1 + py of the incoming four-momenta or the sum ks + po of the outgoing four-
momenta. These sums are equal due to the energy and momentum conservation,
viz., the S-matrix contains the multiplier

O(k2 +p2 — k1 —p1) = 0(wk, + Ep, —wk, — Ep, )0(ka +p2 —ki —p1). (4.13)

Therefore, the Feynman propagator corresponding to the internal line can be
written either as (K1 + g1 +m)~! or as (K2 + g2 +m) L. In the case of quasi-
potential the energy conservation is not assumed (only the total three-momentun is
conserved) and hence k; +p; is not necessarily equal to k2+p2. The representation
(4.12) shows that V,;n includes the contribution associated with graph 2,a and

*Henceforth summation over the dummy spin indices is implied.
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it can be obtained if we juxtapose to the internal nucleon line the half-sum

1 1 1
2 | ¥otpatm + Ei+pi+m |°

In the case of S-matrix we juxtapose to the internal line in graph 2,b either the
propagator (o — K1 +m)~! or (J1 — K2 +m)~L. In the case of quasipotential
p1 — ko # po — ki1, in general, and the half-sum of these propagators does
correspond to the internal line (it is the second half-sum in the curly brackets in
the r.h.s. of Eq. (4.12)).

It follows from these observations that multiplying V;x by the factor
—2m10(wk, + Fp, — wk, — Ep,) we shall obtain the S-matrix elements for 7N
scattering in the g2-order.

So, we have seen that the r.h.s. of Eq.(4.12) resembles the Feynman
amplitudes being different from them in the two respects: i) the multiplier
d(ka + p2 — k1 — p1) is substituted instead of (4.13); ii) the above Feynman
propagators are replaced by the corresponding half-sums.

4.3. Clothed Nucleon—-Nucleon Eigenstates and Nucleon-Nucleon Quasipo-
tential. Now, we consider the Kz 4 eigenstates which belong to the NN sector,
being superpositions of the kind,

Oyy = Z/dpldPQ(I)NN(Pl,7“1;P277“2)bcT(P1,T1)bcT(P2,T2)Q . (4.14)

A subset of such states with a definite momentum P is determined by Eq. (4.14)
with the coefficients @y (1;2) ~ d(p1 + p2 — P)*. Obviously, Kza®nn is
the state vector of the same sector. In fact, the operators K, K(nN — 7N),
K(nrN — nN), K(NN — NN), K(rm — NN), and K(NN — 7r) involved
in Kz do not contribute to Kz4Pny (see Egs.(4.1) and (4.3)), and we find
that Kz 4 is reduced to the operator Ky + K(NN — NN). So, the eigenvalue
equation K74 ®% = E®% yields the equation

[Ky + K(NN — NN)|®% = BEo% (4.15)

in the sector.

The corresponding equation for ®% \(1;2) (see Eq.(4.14)) can be derived
from Eq.(4.15) by taking scalar products of both the parts of the latter with
(bt (p1,7m1)be (P2, 72)2 |. Doing so, we get

(E_Em _Epz)q)%N(Plﬂ“l;P%TQ) =

=/dp’ldp’gVNN(pl,m,pg,rz;p’l,r’l,p’w’g)¢ﬁzv(p’1ﬂ“’1;p’g,7“’2) (4.16)

*Here and sometimes below we use the evident abbreviations, viz., 1 = (p1,71), etc.
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with the properly symmetrized interaction (the quasipotential)
X/ ! ol 1 ! ol ’oq1
VNN(l,Q;l ,2 ) = —5 [VNN(l,Q;l ,2 ) —VNN(LQ;Q ,1 ) —

—VNN(2,1;1I,2/) +VNN(2,1;2171I)] (417)

for the two clothed nucleons.
The two-body operator K(NN — NN) (see Eq.(4.4)) is generated by the
second term in the curly brackets of Eq. (A.14) and its H.c.:

K(NN — NN) = % : {[R, Vilvn +[R, VTHVN} : (4.18)

One should note that the coefficients Vy n(1,2;1,2') in Eq. (4.4) are not in
the one-to-one correspondence with K (NN — NN), viz., they can be changed
without altering the latter. For instance, the property

b(1)b(2) = —b(2)b(1) (4.19)

enables one to replace Viyn(1,2;1,2) in Eq. (4.4) by —Vin(1,2;2/,1'), and so
on.

Moreover, the operator K(NN — NN) remains unaltered when adding to
Vnn arbitrary functions Sp,(1,2;1’,2') or Sg(1,2;1’,2") which are symmetrical
under the transpositions 1 «<» 2 or 1’ « 2/, respectively. The above-mentioned
replacement Vyn(1,2;17,2") — —Vyn(1,2;2',1’) is equivalent to the replace-
ment

Vn(1,2;1,2) = Van (1,2:1,2) + Sgr(1,2;1,2) (4.20)

with Sp(1,2;1',2") = —Vyn(1,2;1,2") — Vyn(1,2;2/,17).

A distinctive feature of the coefficient (4.17) is its invariance with respect to
the transformation (4.20) with arbitrary Sg.

After these notations, we write down one of the possible expressions for
Vi, that can be obtained using Eq. (4.18),

1 1 1
VNN 1,2;1’,2/ :——/dk + X
( ) 2 Epl — Ep'l — Wk E},I2 — Ep2 — Wk

< Vi (prry; ATV (Para; phrh) - (4.21)

The respective quasipotential is

2 2

> g / / m
Van(1,2;1,2) = — ~d(p1 + P2 — P] — P5) X
( ) (27r)‘3 ( ! 2 2\/Ep1Ep2Ep1/Epz/
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Fig. 3. The one-pion-exchange Feynman diagrams for NN scattering

xu(lmu(r)%{ ot }u@)%u@')

(p1 —p1)2 =2 (p2 —ph)? — p?
—(12). (4.22)

Expression (4.22) is the NN part of an one-boson-exchange interaction derived
via the Okubo transformation method in [25] (cf. [43]). The potential Van
consists of the direct term written explicitly and the exchange term (1 < 2). In
order to obtain the latter one needs to replace pi,r; by p2,r2 and po,ry by
P1,71 in the former.

As has been pointed out in [25]*, a distinctive feature of the potential is the
appearance of a covariant (Feynman-like) «propagator»

1 1 1
- + , 4.23
2{(1)’1 —p1)? —p? (p’g—pz)Q—/ﬂ} (4.23)

where p = (Ep, p) is the nucleon four-momentum. On the energy shell, that is,
when

E; = By, + By, = Epy + Epy = By, (4.24)

the r.h.s. of Eq.(4.23) becomes the genuine Feynman propagator which appears
when evaluating the S-matrix for NN scattering in the g?-order. The respective
graphs are displayed in Fig. 3. Like V; the quasipotential V5 can be associated
with these Feynman graphs being different from the corresponding Feynman
amplitude in the two respects, viz., f/N ~ does not contain 6(Epl +Ep, — Epfl —
Ey, ), and «propagator» (4.23) now corresponds to the internal meson line in
graph 3,a. A more extended analysis of this observation has been given in [25].

In conclusion, one should note that all the quasipotentials are nonlocal since
the vertices and propagators in Egs.(4.12) and (4.22) are dependent not only
on the relative three-momenta involved but also on their total three-momentum.
They include the nonstatic (recoil) effects in all orders of the so-called c% expan-
sion [44].

*There one can find another representation of the nucleon-nucleon quasipotential, which resem-
bles the expressions of old-fashioned perturbation theory (see, e.g., Ch. 13 in [15]).
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4.4. Other Clothed Eigenstates of Meson-Fermion System. Up to now we
have focused upon the clothed 7N and NN states. Let us discuss other clothed
states.

If we start with the same «zeroth» approximation to the total Hamiltonian,
our description of clothed 7N and NN states will be very similar to that given
for TN and NN states. Actually, it is the case where one has to deal with the
charge-conjugated states. Here, we mean the nucleon—antinucleon conjugation.

A different situation holds in the case of clothed fermion—antifermion and
two-meson states. In fact, the operator K f) contains the interactions K (7w <
NN). Therefore, superpositions of the 77 states a.'a.’2 and the NN states
b.fd .10 taken separately cannot be K74 eigenvectors. So, one has to consider
the eigenstates of a mixed kind,

P = /dkldkgq)ﬂ-ﬂ-(kl;kg)acT(kl)acT(kg)Q—F

+/dplqu’NN(Plﬂ“l;P277“2)bcT(P1a7"1)dcT(P2a7"2)9- (4.25)

Calculation of the scalar products of Kz4® = E® with {(a.7a.Q | and
(bCTdcTQ | leads to a set of coupled equations for the coefficients @, and P 5.
Of course, one may obtain separate equations for each of them. Thereat, the
eigenvalue equation for @ 5 5 will involve some terms of the g*-order. Obviously,
to be consistent they should be disregarded within the ZA considered.

In the analogous manner one can study the eigenvalue problem for clothed
three-nucleon and more complicated states. However, handling with K74, we
enter into the 3/N-problem only with the two-body interaction K(NN — NN). It
would be interesting to take into account the three-body (six-operator) interactions
(irreducible to two-body ones) that are present in the total Hamiltonian K starting
from the term [R,[R,[R, V]]] ~ g* not explicitly written in Eq. (2.23).

5. POSSIBLE MODIFICATIONS OF THE CLOTHING APPROACH

5.1. Heitler’s Unitary Transformation. The «clothing» in Sec.2 has been
realized in the framework of the Schrodinger picture, the «bare» and «clothed»
operators being the Schrodinger ones. Heitler in his book [5] discussed the
corresponding UT’s in the framework of the interaction picture. To establish
the relation with Heitler’s approach we shall derive Heitler’s equation (which
determines his UT) starting from our equation (2.19) of Sec.2:

W(a)[Hr(a) + Hi(@)]W'(a) = K(a) = Ko(a) + Ki(a).  (5.1)

Remind that the free part Ko(a) of the total Hamiltonian K («) (expressed in
terms of the clothed operators «) is equal to Hp(a), Hp(a) being given by
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Eq. (2.6) in which bare operators a,b, and d are replaced by the clothed ones
ac, b, and d.. Now, let us write Eq. (5.1) in terms of interaction picture operators
defined, e.g., as

ap(t) = e'Bol@ty o= iKo(@)t, (5.2)

For this purpose multiply both parts of Eq.(5.1) by exp (iKot) from the left and
by exp (—iKyt) from the right and use the notation

A(t) = ot A(a)e ot = A(etFolqe™ oty = A(a(t)).
Then we obtain,
W(t)[Hp(t) + Hi ()W (t) = Ko(t) + K1 (t). (5.3)

Multiply both parts of this equation by W7 (#) from the left and use Wi =1
and Ko(t) = Hp(t) (see above). We get

[HF (), WH(t)] = —Hi ()W (t) + W) Kr(D). (5-4)

The Lh.s. of this equation is equal to fz‘%WT (t) (see, e.g., Eq.(11.52) in [15]).
So, we find,

Hi(H)WT(t) — z’%W*(t) = W) K (t). (5.5)

This equation coincides with Heitler’s equation written in [5] (Ch.4, between
Egs. (15.6) and (15.71)). The relation of Heitler’s notations and ours is

S=w' K=K; H=H);.

So, Heitler’s basic equation is equivalent to our Eq.(2.19) or (5.1). But his
goal differs from the goal of «clothing». He requires that K; must not contain
interaction terms which give rise to virtual processes. By definition, the latter can
proceed in spite of the inequality of energies of the initial and final states (here
«energy» means an eigenvalue of the free part of the total Hamiltonian). Our
bad terms also lead to virtual processes (e.g.,  — 7NN or N — N) but there
are many other virtual processes not generated by bad terms (e.g., 7w — NN or
mN — N at low initial energies).

Of course, Heitler’s requirement can be imposed also in the Schroedinger
picture and this has been done by Sato et al. [32,35].

5.2. Heitler—Sato Approach Versus the Clothing One. We shall show here
that under a condition all bad terms produce virtual processes. As there are many
virtual processes which are not induced by bad terms, one may state that the
Heitler—Sato condition is stronger than the bad terms elimination requirement.

Let us remind the exact definition of bad terms. They are either two-,
three-, ... operator terms which contain only creation operators (and do not
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contain destruction operators) or three-, four-, ... operators containing only one
destruction operator. We call bad also the terms which are Hermitian conjugated
to the above-mentioned. Using the notion of the class defined in Sec.2 one may
define the bad terms as terms of the class [n,0] and [n,1], » > 2 and their
H.c. Note that two-operator terms of the kind af(k)a(k) are not attached to the
bad ones.

Bad interaction terms are responsible for the processes

no particles < 2,3,... particles

one-particle < 2,3,... particles. (5.6)

This property also may be considered as the bad terms definition. The processes
(5.6) will be called bad below.

Let us prove the Statement: All bad processes are virtual ones under a
condition on the masses of interacting particles. Indeed, energy is evidently not
conserved in the bad process «vacuum — several particles»: the initial energy is
zero while the final state energy cannot be less than the sum of the final masses.
Further, consider the bad process a; — a1 + a2 + ..., in which the particle a;
with the mass m; converts into particles with masses m1,ms,.... In the particle
a; rest frame the initial energy is m;. The energy is not conserved trivially if sum
of the masses X;m; of the final particles exceeds m;. The energy is conserved if
m; > ¥;m; and final particles possess nonzero momenta. The set of inequalities
m; < X;m;, V; is the very Statement condition on the particle masses.

In the Yukawa model the bad processes N — N7, N — NNN, N — N,
etc., are certainly virtual, the process 1 — NN being virtual if 4 < 2m. Under
this condition all the bad processes generated with the Yukawa model are virtual.

Let us consider the simplest virtual processes of the Yukawa model which
are of the order g', namely Q@ — NN, N — N7, m — NN (if 4 < 2m). They
coincide with the (simplest) bad processes of the order g'. The corresponding
three-operator interaction terms are of the order g' and can be removed by the
unitary operator W = exp R, where R is a three-operator expression of the order
g' (see Sec.2).

6. THE OKUBO BLOCK-DIAGONALIZATION METHOD

Here, following [7] we regard the UT H — Hy = U THU that makes the
Hamiltonian H (generally speaking, an Hermitian operator) block-diagonal (cf.
our brief discussion in Introduction). After the transformation the primary H
eigenvalue problem is reduced to the diagonalization of separate neardiagonal
blocks of Hy.

It is well known that the transformation H — Hy can be interpreted either
as the connection between the two matrices of one and the same operator H with
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respect to the different orthonormal bases, or as the relationship between the two
operators H and Hy unitarily connected via the operator U. We shall start from
the first point of view.

6.1. UT as Change of Basis. Let H,,, = (n/|H|n)(Vn/,n) be the H
matrix with respect to a complete set of orthonormal vectors |n) and H,., =
(V'|H|v) (Vv',v) represents H in another orthonormal basis |v). The indices
n(v) can take on discrete or/and continuous values. One has (see, e.g., [45],
Ch.l)

Hyy = (V' [H|v) = S, (v |0y (0 | HI) () (6.1)

where S,, denotes a sum or/and an integral over n.
The r.h.s. of Eq.(6.1) can be written as the matrix product

SurSu (Ui HyrnUny = (UTHU) 1 (6.2)
where we have introduced the notation U,,,, = (n|v). Then
(U = Uy = (/)" = (/).
The transition matrix U is unitary in the following sense:
(UTU)yr, =Sy (VIn)(n|v) = 6,1, (6.3a)

and
(UUNY i =8, (0 |v)(v|n) = (n/|n) = 6, (6.3)

Recall that all these basis vectors are orthonormal.
Whenever U is given one can express |v) in terms of |n),

|V) =S, |n> nv - (6'4)

One should point out that the spectrum of indices n enumerating the vectors
|n) needs not to be identical to the spectrum of indices v enumerating |v).
For example, let us consider the Hamiltonian H,s of one-dimensional quantum
oscillator, whose matrix in the coordinate representation can be made diagonal by
using the Hermite functions v, (x) (v =0,1,2,...):

(| Hyolv) /dx /dxw | Hos) o(z) ~ 6w (6.5)

(cf. Eqgs.(6.1)—(6.2)). In this case the transition matrix (x|v) = t,(z) is not
«square» because its columns (rows) are enumerated by the integer (continu-
ous) numbers. Such a matrix can be called rectangular. Note that in a finite-
dimensional space the transition matrix always is square. This exemplifies that
one cannot, in general, diagonalize H by means of a square matrix.
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In this connection, one should note that the diagonalization scheme considered
by Okubo and exposed below is not aimed at a perfect solution of H-eigenvalue
problem. Rather, it sets a more humble task, viz., to find (approximately) some
of its eigenvalues and eigenvectors. Okubo [7] suggested a realization of the
scheme via a square matrix U.

6.2. Block-Diagonalization in Matrix Form. In accordance with [7] we
require that the  matrix in the new basis

H,, = U HU),., (6.6)

should have the block-diagonal form,

Ky 0
gy = K = [ En
UtHU = K < o K > (6.7)

with the two blocks K1; and Ko the meaning of which will be clarified a little
later. This requirement must determine the matrix U that in its turn enables one
to construct the new basis vectors |v) (see Eq. (6.4)).

Now, following Okubo, we shall confine ourselves to finding such a square
matrix U that |v) = U |n). In other words, it is assumed that one can set an
one-to-one correspondence between the indices n and v.

First of all, let us turn to the definition of K;;. It is a block of the matrix
K with elements that are enumerated by indices v; (or m;) which belong to a
subset of all v (or n) values. The Ko elements are enumerated by the remaining
v values denoted through v». Let us give examples of the v choice.

One may take one value of v as vq, viz., the index of the vacuum state.
Hence, K7, has one element. If we are able to find U which leads to Eq. (6.7)
then we can construct a normalized H eigenstate, namely the physical vacuum
|0) = Sy, |n) Uno. After this step we consider the block Koo as a starting matrix
for the subsequent block-diagonalization, viz., to introduce a new set of v} (e.g.,
let 1 be indices of the one-particle Hp eigenstates), to find a new U’. At the
next stage one can enumerate elements of the recurrent block 11 by indices of
two-particle states, e.g., the states «two nucleons, no mesons» (this is Okubo’s
example, see Sec.2 in [7]). One more choice of Kj; will be discussed in
Subsec. 6.5.

The option of v; or ny allows one to divide H into the four blocks: Hij
with elements (n}|H|n1), Hao (elements (nh|H|nz2)), Hio (elements (ni|H|nz)),
and Hyy = Hio'. The matrix U can be represented analogously. Keeping this in
mind the L.h.s. of Eq. (6.7) can be rewritten as the product of matrices composed
of the blocks described above (see, e.g., Ch. 0.7 in [47] and Ch. 1.6 in [48]),

Ut Un' Hi1 Hip Un U \_( Ku 0 (6.7")
Upa' Usof Hyy  Hao Ui Us 0 Ky ) V7
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One can consider Eq. (6.7") as the equation for U. Okubo suggested to seek
its solution in the class of unitary matrices of the kind (see Note underneath)

U= Un Uz ) _ (I + ATA)"2  —Af(I, 4+ AAD) 2 (6.5)
Usi Uz Al + ATA)~2 (I, + AAT) 2 A

where I (I3) is the unit matrix for the subset of indices nj(nz), and A is an

rectangular matrix with elements A,,,,, of the Us; kind, which should be deter-
mined. Under this convention the unit matrix for the full set of indices has the

block structure
(L 0
(50, 09

AIl = IQA =A 5 (610@)

and we have the properties

[ATA, ] =0 . (6.10b)

The matrices AT A (of the Uy, kind) and AA (of the Us, kind) are square,
hermitian and positively definite, so that the square roots \/I; + ATA and
/Iy + AA" can be defined (see, e.g., Ch. 5.8 in [45]). It is readily verified
that the r.h.s. of (6.8) meets left unitarity UT U = 1. Other unitarity condition
UU' = 1 can be proved by means of equality Af(ATA) = f(AAT)A that is valid
if f(z) is a polynomial or a series of x.

The requirement for block-diagonalization, K21 = 0 (or K12 = 0), gives the
equation

H21+H22A7AH11 7AH12A:0 (611)

for A determination. This equation is equivalent to the condition (13) from [7].
Equation (6.11) is nonlinear and it can be solved exactly only in a few simple
cases (see Sec.6 in [7] and Appendix C). For realistic field models one has to
develop a perturbative method in order to find A (see Subsec. 6.5).
Note. Generally speaking, the left unitarity for a matrix U with the non-
singular block Uy; enables to express blocks U;;(¢,j = 1,2) through the matrix
A such that Us; = AUj; and blocks S1; = S7 and Syo = So of an arbitrary

matrix S,
(S 0
s=(% &)

with S;7S; = I; and So1 Sy = I, (cf. Egs. (10) in [7]). The corresponding matrix
Uokubo (i-€., its representation after Okubo) can be written as the product US =
Uokubo Where U is given by (6.8). However, since the UT via S conserves the
block-diagonal structure of K it is sufficient to consider only the form (6.8). Of
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course, Okubo’s representation is not the most general form for unitary matrices.
The simplest exception is the 2 X 2 matrix

0 1
(o)
6.3. Block-Diagonalization with Projection Operators. Here the UT H' =
Ut HU is interpreted as a relation between the different operators H and H'*,
where U is a unitary operator. By definition, the operator is a linear one-to-one
mapping of a Hilbert space H onto itself, i.e., an isomorphism of H. In particular,

it transforms the orthonormal basis vectors |n) € H into the vectors |n) = U|n)
of other orthonormal basis € H. Therefore, we can write

(n'|H'In) = (0'|UTHU|n) = (n'|H|n) , (6.12)

Eq. (6.12) sets up close links of H' = U'HU with the UT considered in
Subsecs. 6.1 and 6.2.

One can deal with H' = UTHU in the same manner as in Subsec.6.2
introducing matrices of H, U, HT with respect to a basis |n) and representing
them in a block form, Eq. (6.7’). But one can realize the Hamiltonian block-
diagonalization without reference to any basis on . We shall introduce (cf. [7])
the projection operators 77 and 772 = 1 — 17 onto a subspace H; C H and its
complement Hsy such that H = H; @ Ho*. Mathematically strict definitions of
projection operators and their properties in a Hilbert space can be found in [46]
(Ch.2). Of great importance for us is the property

MMk = MM = dii- (6.13)

(i,k =1,2).

Then, for any operator O in H one can write

O=(m+m)O(m+m)= Y 09, (6.14)
i,j=1,2
where -
O =n; On; (6.15)
with . - '
n; OM = 6;,0% 0%y = OM5; . (6.16)

*Unlike the UT K = W H W in Subsec. 2.3 that represents the same operator H.
*Of course, the particular option of 1 depends on the nature of the problem (see Appendix C
and Subsec. 6.5).
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In terms of such decompositions the product of the two operators A =
>.i;AY and B =}, BY can be written as

AB=Y A9B*, (6.17)
ijk
so that . o
(AB)* =>"A9B* . (6.18)
J
By using the rule we find
H =UHU = Y (U™ HU* (6.19a)
imjk
H = (U™HIU* . (6.19b)
imjk

Remind that the projectors 7; are hermitian , i.e., n;t = 7;.

One can set an one-to-one correspondence between the operators H* and
the matrix blocks H;; introduced in Subsec.6.2. Actually, each operator H
(i,j = 1,2) acts in the full Hilbert space H but its matrix with respect to the
basis {|n)} has merely one nonzero block H;; with the three remaining blocks
being zero. Analogous relation takes place between U% and Uj;.

Further, the operators U in Eqs. (6.19) can be expressed through an arbitrary
operator A of the kind 21, i.e., A = 7m2.An;. For instance, one can write (cf.
Eq. (6.8))

Ut = AU™ = A1+ AtA) 7 = A1+ ATA) 2 (6.20)
Okubo’s requirement for decoupling the two subspaces H; and H, means
that it must be H'*' =0 or according to Eq. (6.19a)
> (UH*HIU =o. (6.21)
J
It leads to the nonlinear equation for .4

no{H + [H, A] — AHA}n, = 0. (6.22)

As a matter of fact, it is the same equation as Eq. (6.11), viz., one may consider the
latter as the record of Eq. (6.22) for the only nonzero block A of the operator A.

The solution of Eq. (6.22), if it exists (cf. the discussion in [21] ), yields the
Hermitian operator

H' = (1+ ATA) "2 (1 + ADH(1 + A) (1 + ATA) 271, (6.23)
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The resultant operator H’ given by Egs.(6.19) (see also Eq.(6.23)) has
a block diagonal structure that simplifies determination of its eigenvalues and
eigenvectors. However, H' # H and therefore H’ eigenvectors are not H eigen-
vectors. Recall that our UT is aimed at solving the H eigenvector problem (at
least, its partial solution). But if we have succeeded in finding H' t eigenvec-
tors one can easily get the corresponding H eigenvectors. Actually, if we have
H'YW, = BT, (U1 € Hy), then ¥, is also H' eigenvector,

H'U, = (H'" + H*)U, = EV,. (6.24)
It follows from Ut H UV, = E¥, that UV, is H eigenvector,
HUY, =FEUVY,. (6.25)

The obtained relation between H' and H eigenvectors can be represented in
another form. Let us expand the H' eigenvector in the basis vectors |n),

|lI/1> = Sn|n>cn-

The corresponding H eigenvector UV; has the same expansion coefficients c,,
with respect to the other basis |n) = Uln),

UV, =S, Uln)c, = Sy|n)ep. (6.26)

Exact solutions of the decoupling equation (6.22) can be derived for a few
simple cases (see, e.g., Sec.6 in [7]). One of them is the so-called scalar field
model (see Ch. 12 in [15]). The respective solution is very instructive having
many attributes of more realistic field models. It is given in Appendix C.

6.4. New Creation—Destruction Operators within the UT Method. Com-
parison with the Clothing Procedure. As before (see Sec.2) we consider that
the original field Hamiltonian H is a function (functional) of the bare creation—
destruction operators. We denote their set by the same symbol a, a,, being one of
them. Moreover, one may assume that the unitary operator U also is a function
of a. Then, H' = U'HU may be written as

H'(a) = U'(a)H(a)U(a). (6.27)

In order to compare the Okubo approach and the clothing procedure devel-
oped in Sec. 2 let us introduce the set a of new creation—destruction operators
(with the denotation @, for one of them) defined as

a, =V(a)a,Vi(a) Vp, (6.28)

" a, = Vi(a)a,V(a) , (6.29)
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where V(a) = V(a) # 1 is an arbitrary unitary operator (not necessarily coinci-
dent with U(a)).
Applying the UT V to both the sides of Eq.(6.27), we have

V(a)H'(a) Vi(a) = H'(a) = U'(a) H(a) U(a). (6.30)

Further, by means of (6.29) the total Hamiltonian can be expressed (cf. the
derivation of Eq. (2.17)) in terms of the new operators a,

H(a)=H(V'(a)aV(a))=Vi(a) H(a)V(a). (6.31)

One should stress that the operators H'(a) and H(a) are different from H’(a)
and H(a), respectively, if V' # 1. However, if V' = U, then H’(a) turns out
to be equal to the starting Hamiltonian H(a). Actually, in this case the r.h.s of
Eq. (6.31) gets to be equal to H'(a) in accordance with Eq. (6.30), so that

H(a) = H'(@) = Ut@@)H(a)U (a). (6.31")

The option V' = U = W gives rise to the clothed operators @ = o = WiaWW
(see Subsec.2.3), and then H'(a) = K(a) = WH(a)WT.

Thus, our consideration shows how the UT H — H’ = UTHU can be
reduced to a transformation of clothing type. Of course, there are distinctions
between the Okubo approach and the procedure shown in Sec.2. They are
due to those purposes which are inherent to each of them. We shall return to
this point in Subsec.6.6. However, let us note here that although the operator
Uokubo(a) determined by solving the decoupling equation (6.22) and the operator
Uclothing(@) = W(a) are different functions of a one cannot d priori exclude a
resemblance or even the perfect coincidence of some approximations to them.

Note one more definition of a by the relations

(n'|apn) = (n'| ap|n) Vn',n,p, (6.32)

where |n) = U |n) (cf. the beginning of Subsec.6.3). In particular, Eq.(6.32)
means that the matrix elements of the new meson destruction operator a(k) with
respect to the new vectors |n) are equal to the corresponding matrix elements of
the bare meson destruction operator a(k) with respect to the old vectors |n). It
is clear that this definition with U = U (a) is equivalent to (6.28).

6.5. Perturbative Construction of Okubo’s Unitary Transformation. Elim-
ination of Mesonic Degrees of Freedom. Here we present the approximate so-
lution of Okubo’s equation and determination of the block H’ ' that have been
given in [25]. Just as in that paper let us consider the system of fermions (nucle-
ons) and mesons (pions) with Yukawa-type interaction linear in the meson field
(see Sec.2). In this model the basis states |n) are enumerated by the two indices
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|n) = |mf), viz., m(f) enumerates the meson (fermion) states, |0,,f) being the
state without mesons (the NN contents may be arbitrary). In accordance with
the Okubo idea we decompose the full space H of meson-nucleon states into two
subspaces (sectors), namely, the fermion (nucleon) sector H which is composed
of no-meson states, being spanned onto the subset | 0,,f), and its orthogonal
complement Hcomp that consists of the states with nonzero meson number. The
projection operator 7; into Hp * can be constructed as

By definition,
4 a(k) | Omf) =0 Vfk, (6.34)
and therefore
a(k)m =ma'(k) = 0. (6.35)
The operator of interest H’ " has the following matrix structure (cf. the note
after Egs. (6.19)): ,
a1 Hiyp 0
H W = ( 00 > , (6.36)
where the block H{; consists of the elements (0, " | H' | 0, f), V', f. At the
same time the matrix 122 0 0
H™ = ( 0 H, ) (6.37)

contains the elements (m'f’ | H' | mf), Vm' # 0,,, # m , Vf', f. For brevity,
henceforth the index 0,, of the no-meson state will be replaced by 0.

In order to simplify the subsequent equations let us separate the matrix of
any operator O that acts in H = Ho B Hcomp into the subblocks [Oy,/] such that

Ol prp = (m' 1 O | mf), (6.38)

So, the elements of these subblocks are marked by the fermionic indices f. The
subblocks can be called fermionic. The block Hy; coincides with [Hg], etc. The
rectangular matrix A, which determines U in Eq. (6.8), consists of the subblocks
[Apo] with m’ # 0, i.e., the submatrices [Ayo] with m’ = k for one-meson states
marked by the momentum k, the submatrices [Ak,k,.0] with m’ = (kiko) for
two-meson states, and so on.
Now, the key equation H' = UTHU can be rewritten as the set of equations
for the subblocks [U,im],
[H,

W

] = Sm’Sm[UTu"m’][Hm"m][Unm] ) vﬂlvﬂ ) (639)

where p runs the same values as m does.

*In [25] the letter P has been used instead of 7.
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In their turn the subblocks in question may be considered as the matrices
of operators which act onto fermionic degrees of freedom. Such operators have
been represented in [25] as functions of the bare creation—destruction operators
but fermion ones only. Let us denote the set of them by the symbol f Then,
one can write, e.g.,

[Unm (D] g = (m S U | mf). (6.40)

Similarly we introduce the operators H/ , ( f ) (Hpprn ( f )) which correspond to
[Hrln’m]([Hm”m])'

Under such convention the relation H' = UTHU can be reduced to a hybrid
form being expressed in terms of the functions of f and the matrix elements with
respect to the meson states,

10 (F) = S S U i (F) Hor i (F) U (). (6.41)

Such representation of the operators turns out to be convenient when finding
approximate solutions of Eq.(6.22) which can be rewritten as

m{Hr + [Hp, Al + [H;, A — AH; A} =0 (6.42)

since ’172HF771 =0.
We consider its approximate solution assuming

A=AO £ AW AOC) L g0 AD ~ gt (6.43)

The contribution A is absent since with interaction switched off (¢ — 0) the
Hamiltonian H = Hp is already block-diagonal. In this connection, remind
that Hy = V + M,en, where the mass counterterms M;en = Mterm + Mmes are
determined by Eq. (2.7).
Such A = AM turns into zero only those terms of Eq.(6.42) which are of
the g'-order, i.e.,
e ((Hp, A|+V)m =0. (6.44)

One can consider Eq.(6.44) as a relaxed form of Okubo’s constraint H’ 1=
(or Eq. (6.42)), which may be imposed instead of the latter.
Using the commutativity of Hr and 7, let us rewrite Eq. (6.44) as

[Hr, Al + 2V =0. (6.45)

This equation is of the same type as Eq. (2.21) for the operator R, viz., [Hp, R] —
V' = 0, whose solution is given in App. A. Therefore, taking into account formula
(A.4) we find,

o0

A=1lim [ V2 (t)exp (—et)dt . (6.46)

e—0+

0
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For interaction V' linear in the meson field we have A,,o(f) = 0 if the index
m corresponds to two-, three-, ... meson states. Let us consider the nonzero
subblock Ay, i.e., the subblock with elements (kf’ | A | Of). With the help of
the representation (A.9) for the interaction V' and relation

(a'(K)Q | af (K, 1) | Q) = 6(k — k') exp wwit

we obtain .
Aa(f) =2 tim [Via(FO) el +dtlde,  (647)
with .
Vio (1)) = FI())V (1) (6.48)

where f(t) = exp {ZHFferm(f)t} fexp |:7ZHFferm(f)ti| is the subset of the fermion

operators in the interaction picture. We imply the division Hrp = Hpmes(h) +
Hpserm( f) into the mesonic and nucleonic parts (see Eq.(2.8)), m being the
subset of the meson operators a(k) and a'(k) Vk. For notations F' and V% see
App. A.

At the same time the (k0) subblock of the operator R = R — R determined
by Egs.(A.4) and (A.9) is

Ruo(f) = =2 Jim [ Vio(f(1)) exp o(wic + 1€)f] dt. (6.49)
0

Comparing Egs. (6.47) and (6.49), we get the solution for Ay,
Ao = —Ryo = Rfxo = FIRM'F (6.50)

in a compact form.

Here, we do not intend to write down explicit expressions for these subblocks
in terms of the fermion creation (destruction) operators. The respective result for
ASO) ( f ) with some extension to other Yukawa-type meson-nucleon couplings can
be found in [25] (see Eqs. (17)—(18) therein).

After all, in order to derive an approximation to the operator H’ " let us
employ the expansion of (14 ATA)~2 in the powers of AT A ~ g2,

(1+ATA) 2 ~1— —ATA (6.51)
Then, we obtain from Eq. (6.23) the expression

H" =y {H+ATH+HA+ %AT[H,A] [H, ATl A}m + O(g*) , (6.52)

1
2
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from which and condition (6.22) for A it follows that
N A 1
H'™ = Hpgerm(Fm + My, (D + 5m{ATH + HAYm +0(g") . (6.53)

or neglecting the terms of order g*,

,11

. . 1
H = HFferm(f)nl + Mferm(f)nl + 5771{./4(1”‘/ + VA(I)}nl (654)

(cf. Eq.(15) of [25]). When deriving Eq. (6.53) we have used the equation

mHn = HFferm(f)m + Mf(er)m(f)nl +0(g") ,

whereas the change from (6.53) to (6.54) is based upon the properties
n2Hi = MG ()m + 12V + O(g"),

mHns = n M, ()12 + m Va2 + O(g*),

and the fact that
MM (m) An = O(g*)

mV Ay =mVAYn +0(g") ,

for V linear in the meson field.
The corresponding subblock Hj, can be expressed through the subblocks
Axo and Vio,

H{l = HFferm(f) Mf(jrm f /{A]L Ok VkO + H.c. }dk =

HFferm(f) + M(2)

ferm

1
+5 /{FTRkF - F1VKF 4 H.c.}dk, (6.55)

where we have employed Eq. (6.50) and Eq. (6.48) at ¢ = 0 and their H.c.

6.6. Clothing Procedure vs. Okubo Approach. Let us discuss in detail com-
mon and distinctive features of the two kinds of UT. Partly, we have concerned
this subject in Subsec. 6.4 (see also App. C).

The Okubo and clothing approaches differ in their goals. The UT by Okubo
is aimed at to nullify the nondiagonal blocks H}, and Hj, of the transformed
Hamiltonian. The clothing and akin approaches (see Sec.5) require that some
undesirable operator terms («bad» or «virtual») must be absent in the transformed
Hamiltonian.

In the context it is worthwile to mention Nishijima’s modification [9]
of the Okubo idea. Instead of Eq.(6.8) he used the representation
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U = ...exp(152) exp (151), similar to that employed within the clothing ap-
proach. But Hermitian operators S,, (n = 1,2,3,...) are to implement Okubo’s
requirement, viz., the operator S,, must remove Ks; matrix elements of the
g™-order (instead of removing some bad terms ~ g").

No wonder different approaches give, in general, different resulting trans-
formed Hamiltonians. Nevertheless, we want to show that both the approaches
can give some coincident results (even for the realistic field model), being realized
approximately (in a perturbative way). In particular, effective quasipotentials of
the g2-order for nucleon-nucleon interaction turn out to be the same.

Before comparing the resulting Hamiltonians we must remind that Okubo’s
H'’ (see Subsec. 6.5) does not coincide with the starting Hamiltonian H whereas
the operator K of the clothing approach does. H' can be considered as a function
of bare operators a while K depends on clothed ones a. However, we have shown
in Subsec. 6.4 that H coincides with the operator H'(a) which depends upon new
destruction—creation operators @ = UaU in the same manner as H’ depends on a.
So, H'(a) and K represent the same operator and can be compared to each other.
Let us recall, however, that @ may not coincide with clothed operators «, and
H'’ and K may not be the same function of their arguments. In what follows we
imply that H' means H'(a) and H7, is a function of fermion destruction-creation
operators f=UfU".

Now, we can prove the statement: Hj, given by Eq.(6.55) coincides with
the fermionic part of K + Mr(gg + %[R, V] (see Eq.(2.23)), i.e., with

1
Kiorm = K rtorm + M3 4 (fermionic part of E[R’ V] . (6.56)

ferm

More exactly, H{; and Kfem are the same function of their arguments
(fermionic operators f and f,, respectively). Indeed, the last term in Eq.(6.56)
is that part of %[R, V] ~ g% which depends only on fermionic operators. We
calculate 1[R, V] in App.A. Its fermionic part (denoted below as F P) is contained
in 3[R, V%] + H.c., for [R, V'] see the last term in the r.h.s. of Eq. (A.14). We
have

1
FP=: /[FTR“F -FTV7KF { Heldk . (6.57)

Comparing this expression with the r.h.s. of Eq.(6.55), we arrive to the above
Statement.

The fermion mass counterterm Mf(fr)m in Egs. (6.55) or (6.56) must cancel
two-operator fermionic contributions which arise after normal ordering of F'P
(see Subsec.2.5). One should note that there are no other such terms in %[R, V.
So, we may omit Mf(fr)m from (6.55) or (6.56) provided F'P is replaced by the
normally ordered counterpart : F'P : of (6.57).
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Let us mention that similar evaluation of Ml(fe)s (cf. Subsec.(2.5)) would
take additional efforts within Okubo’s approach (see Note at the end of this
subsection).

Of course, we may explicitly express F'P given by Eq. (6.57) through b, d, bf,
and d' opening the abbreviations accepted for FTVXF and FTRXR in App. A
(we omit here the symbol tilde or the subscript ¢ when handling with the fermion
operators). Such representation shows that : F'P : contains «bad» terms of the
kind bTdtbTdt, bTdTbTb and bTdTdTd. As stressed in Subsec.2.4, they should be
eliminated from K via the clothing transformation W,. Such terms are also
unpleasant within Okubo’s approach, viz., they prevent the no-fermion state 2f
and one-fermion ones b7} and d'Q; to be Hj, eigenvectors along with two-
fermion states of the kind (4.14).

In other words, the problem of finding Hj, eigenvectors is not essentially
easier than that for the starting Hamiltonian. In the spirit of Okubo’s approach the
elimination of «bad» terms can be implemented by performing UT of Hj; such
that the transformed sub-Hamiltonian (H;,) = U’TH/,U’ would not contain
matrix elements corresponding to the processes {2y — two pairs, N — N +
pair, etc. The relevant projector 1} may project on states without pairs.

As argued in Sec. 4, these additional transformations Wy or U’ do not alter
the remaining «good» four-fermionic pieces of : F'P : which are of the g2-order
(see, e.g., Eq. (4.18)).

So we obtain from Hj; or Kfem the same expression Hpferm + G @ FP
where G : F'P : is a «good» part of : F'P :. Using the notations of Sec.4 (see
Eqgs. (4.1)—(4.3)), it may be written as (K z4)ferm OF

Koo + K(NN — NN)+ K(NN — NN) + K(NN — NN) . (6.58)

The no-fermion, one-fermion and two-fermion deuteron-like eigenvectors of this
operator give some approximations to the corresponding H eigenvectors.

Note. The zeroth approximation operator Kz 4 considered in Sec.4 enables
us to find also approximations to H eigenvectors which describe one-meson states
and meson—nucleon bound and scattering states. In the Okubo—Korchin—Shebeko
approach exposed in Subsec.6.5 one should use for this purpose the submatrix
H/,. However, the latter embodies, in general, undesirable matrix elements which
correspond to the processes one-meson — other states (e.g., two meson + pair),
etc. In order to simplify the finding of H eigenvectors under discussion one
needs additional Okubo’s transformation of the kind (Hb,)" = U'H},U such that
(H%5) would have no undesirable matrix elements.

7. CONCLUSIONS

A considerable part of this work is devoted to development of the UT method
using the so-called clothing procedure in RQFT. This procedure has two aspects.
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On the one hand, we express with its aid a total Hamiltonian H for interacting
fields in terms of the new operators which correspond to the creation (destruction)
of clothed particles. The latter possess, by definition, the properties of observed
(physical) particles and are as a matter of fact «quasiparticles» within our ap-
proach, if one draws a parallel with the method of canonical transformations in
quantum theory (see, e.g., [55], §§52, 84 ). On the other hand, such representa-
tion for H, being implemented partially or perfectly, enables us to formulate an
approach to solution of the H eigenvalue problem.

We have discussed in detail various UT of H in Sec.6. In this connection,
we distinguish two kinds of UT’s destined for approximate determination of H
eigenstates. Both may be deduced from the relation between the Hamiltonian H
matrices with respect to two different sets of basis vectors.

The first kind may be written as H' = U f HU, where H is the input Hamil-
tonian which is subject to UT, the transformed operator H' being not equal to

the input one. However, H eigenstates can be obtained from those of H’ using
U (see Subsec. 6.3).

The second kind is determined as H = UTI}U U = WT). Now, the
transformed Hamiltonian is the input one, but differently represented, while the
operator H =# H is related to H in a simple way. These kinds of UT’s are used
in literature but authors sometimes overlook that H' eigenstates do not coincide
with those of H.

Applying either of such UT’s one may impose different constraints on the
form of the transformed Hamiltonian that leads to the definite recipes for con-
structing the corresponding unitary operators. We have shown the resemblances
and distinctions of some known applications of the UT method: the clothing
procedure, the approach by Heitler and Sato, and Okubo’s block-diagonalization
(Secs. 5 and 6). One should note that in all applications the unitary operator U is
determined approximately (with the exception of simple models).

Our consideration of the problem of bound and scattering states differs from
akin approaches (cf., [9,35]) with the following distinctive feature. Our inter-
actions between clothed particles (as an illustration, the 7/N and NN quasipo-
tentials) are parts of a single operator Kz 4 which can be regarded as a zeroth
approximation to the total Hamiltonian. If the NN system is considered, then
Kz 4 generates the NN Hamiltonian, whereas for the 7N system Kz 4 gives rise
to the 7N Hamiltonian. This makes clear the relation of the eigenstates of such
Hamiltonian to the eigenstates of the original field Hamiltonian: the former are
some approximations to the latter.

One should point out that nonlocal properties of these quasipotentials have
a relativistic origin. In this context, we would like to note a growing interest
in similar relativistic effects in the modern theories of nuclear forces (see, e.g.,
[56,57] and refs. therein). We show how the mass renormalization program is
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realized within the approach developed here. The transformed Hamiltonian when
expressed in terms of clothed operators turns out to be dependent on renormalized
(physical) masses and not bare ones. Some tricks shown in App. A can be useful
in future calculations of the radiative corrections (renormalizations) to bare (trial)
masses for field models with a cutoff in the momentum representation.

We prove that clothing UT’s remove the undesired («bad») terms simultane-
ously from the Hamiltonian and the generators of Lorentz boosts. Our proof is
valid for any RQFT model (see Sec. 3).

Our three-dimensional formalism is covariant in that sense that we give
definite prescriptions for the transformation properties of the clothed states with
respect to the Lorentz boosts.

With the help of a simple example, we demonstrate in App. B that the clothing
transformation W of Sec.2 may happen to be implemented not by a unitary
operator in its usual mathematical sense. We argue that 1¥ ought to be understood
as an element of some algebra (lacking any operator representation), being unitary
in an algebraic sense.

At last, we show in App.C original tricks and results concerning a nonper-
turbative solution of Okubo’s decoupling equation.

We believe that the concept of clothed particles and the approach exposed
here can be applied to different areas of the nuclear physics: from the theory of
nuclear structure to description of nuclear reactions including the processes with
meson production.
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APPENDIX A

Three-Operator Clothing Transformation for the Yukawa Model. Four-
Operator Interactions between Clothed Particles and Their Normal Ordering.
The defining equations for the Yukawa model are given in Sec.2. We use through-
out this article notations of [38] assuming, in particular, 'yl = YoY% (B =

0,1,2,3), ¢ = ¢", 75 = 7°7y'727% =] and 42 = 1.

Al. Three-operator clothing transformation W = expR, see Sec.2.4, can
be found by solving the equation [R, Hr| + V = 0. The antihermitian operator
R is assumed to be of the form R = R — R with R given by Eq. (2.22). The
commutator [R, Hr] can be directly evaluated by using the commutation relations
(2.5). Then we obtain the equations for the coefficients R;; involved in R, see
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Eq. (2.22). Their solutions are

RY (p'r';pr) = VE(0'7';pr)/(Ep — Ep — wi)
RY,(p'r';pr) = VE(p'';pr)/(Ep + Ep — wi) (A1)
RE,(p'r';pr) = Vi (p'r';pr)/(—Ep — Ep — wi) '

RY,(p'r';pr) = V5 (p'r';pr)/(—Ep + Ep — wy) -

Here we have used the notations

VE(p'r';pr) VE(p'r;pr) } g m /
7 ’ = , 5(p+k—
[ Vai(p'r'spr) Vas(p'rspr) (27)3/2 | /2w By By (o +k—pi)x
a(p, ') ysu(p, ) w(p’, ') y50(=p,7) ] e
“lo 0 =V ;pr) - A2
[U( su(p,r)  o(p’, 7" )ysv(—p,T) (p'r’;pr) (A.2)

Egs. (A.1) have meaning if the denominators in their r.h.s. are not zero (note
that p+k —p’ = 0 according to (A.2)). One can show that this is the case under

the condition < 2m . (A.3)

The physical sense of this condition is discussed in Subsec.2.4.
Alternatively, the solution R of Eq. (2.21) can be represented as

oo

R=—i lim V(t)e <'dt (A.4)
e—0+ 0

where V() = exp (iHpt)Vexp (—iHpt) is the interaction operator in the Dirac
picture. Obviously, V'(¢) is determined by Eq.(2.16) where the operators a.(k),
be(p,7) and d.(p, ) are replaced by a.(k)exp (—iwkt), be(p,r)exp (—iEpt) and
de(p, )exp (—iEpt), respectively. Therefore, the evaluation of R is reduced to
integrals of the kind

/ ellatielt qp— 1 (A.5)
0 T +1€e

where x is any of the denominators in (A.1) and € > 0 *. The limit £ — 0+ in
Eq. (A.4) exists, and it is finite if the inequality (A.3) takes place, i.e., if = # 0.
This evaluation of R shows readily that the solution given by Eq. (A.4) coincides
with that determined by Eqs. (A.1). Also, one can directly verify that (A.4) meets
Eq.(2.21). In fact, we have

oo

[R, Hp] = —i lim e “'[V(t), Hp] dt =
e—0+ 0

* According to the prescription given by Eq.(A.4) the positive parameter € should be put equal
to zero at the end of the calculations.
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o 0
1- et . .
——EII(I)IA e —tV(t)dt = =V (A.6)

The last equality follows (under the condition ;1 < 2m) if one calculates %V(t)
and then integrates with the help of (A.5). We use the form (A.4) in Sec.3 when
constructing the Lorentz boosts in terms of the clothed operators.

A2. Evaluation of [R,V] is a tedious exercise that can be simplified with
the aid of a more compact notation. Indeed, expressions (2.16) and (2.22) for V'
and R contain the identical operator structure, viz.,

bi(p, )XY (7 pr)be(p.7) + bi(D, 7 ) XTo(p'r s pr)di(—p, 7)+

+ de(—p', ) X5 (p'r:pr)be(p. 1) + de(—p',7') X% (p'r' pr)dl(—p,7)
(A7)
with definite c-number coefficients X}; (1,7 =1,2).
Now, let us rewrite (A.7) as a matrix product

XK (v pr) X¥ (p’r"pr)} < be(p, ) >
bT /,T/ ’ de(— /,7"/ 11 ) 12 ) c\tD
olw atorn [ ke | (e

= Fip', /)X p'r;pr)F(p,7) , (A.8)

where along with the 2 x 2 matrix X¥ composed of the coefficients Xlkj (cf.

Eq. (A.2)) we have introduced the operator column F' and row Ft,

o) = (B0 ) ) = 0, dlp )

The subsequent operations become even more concise after adopting the
convention

/dp’ /dp ZFT(p’,r’)Xk(p’r’;pr)F(p,r) = FTxkp . (A.8)
r'r
Under these notations, Egs. (2.16) and (2.22) look as

V= /dk FYVEFE [ac(k) + af (—k)] =

- / dk FIVEFa (k) + He = V4V, (A.9)

R:/dk FTR¥Fa.(k) — He. = R—R,

where H.c. means taking the Hermitian conjugate of the first terms. Note that
(Vi = vk,
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A3 After these preliminaries, we have
R,V]=[R—-RIV]=[R,V]+[VI,Rl| = [R,V] + H.ec. (A.10)

Keeping this in mind, it is sufficient to evaluate
[R,V]=[R,V]+[R,V]. (A.11)

By using the definitions from (A.9) and carrying out straightforward operator
algebra, we obtain step by step

R,V] = / dk, / dky [FTRME, FTVE F] a.(k))ac (ko) =

_ / dk, / dks FT[RS VK] Fag (k) )ac(ks) | (A.12)

where in accordance with Eq. (A.8")
FiRs VP = [dp' [dp 3P V05 pr) Flpar)
and it is implied that
(RS, V) (p'r's pr) =
= / dg Y[R (p'r';qs)V* (gs;pr) — V¥ (p'r';q5) R (gs;pr)] - (A.13)
B

In the above calculations it has been convenient to employ the identity
[AB,CD] = A{B,C}D - {A,C}BD — C{D,A}B + CA{D, B}

for four operators A, B, C, and D.
Further, after applying another useful relation

[AB,CD] = A[B,C|D + [A,C|DB + AC[B, D] + C|A, D|B
a similar derivation for [R, V1] results in

R, V1] = / dk; / dky {FT[R*, VK] Fal (ko) ac (ki )+

+0(ky — ko) FTRM F . Fly ke py | (A.14)

Now, we see that the g2-order commutator [R, V] brings in the total Hamil-
tonian K, see Eq. (2.23), the interaction terms which describe the following real
physical processes:
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a) the 7 — f f creation and the ff — 77 annihilation from [R,V)] (see Eq.
(A.12)) and its H.c.;

b) the nf — nf, nf — nf, ff — ff, ff — ff and ff — ff scatterings
from [R, V'] and its H.c. (see (A.14)).

In addition to these contributions, [R, V] contains interactions, which have
nonvanishing matrix elements between the vacuum () and two-particle states
(e.g., those responsible for the virtual process 2 — m7), and between ) and
four-particle states (e.g., for transitions  — 77 f f). There are also interactions
responsible for the transitions: one particle — three particles and one particle —
one particle. Except the latter, all these terms are «bad», i.e., they hinder €2 and
one-particle states to be K eigenstates.

For example, let us consider the term d.d}a.a. which enters in [R, V]. It has
nonzero matrix element (2 | d.diaca. | 7m) that becomes evident after normal
ordering,

dc(—p',T’)dl(—p,r)ac(kl)ac(kg) =

= —dl(—p,7)de(—P',7")ac (ki )ac(ks) + 8., 8(p" — P) ac(ki)ac(ks) -

This illustration shows that normal ordering is a constructive tool in the framework
of our clothing procedure. As in many applications of the method of second
quantization (e.g., in field theories of the evolution operator or the S-matrix),
this operation enables us to classify the separate contributions to the original
Hamiltonian at every stage of the clothing procedure.

A4. Now, we shall discuss in detail the origin of two-operator meson terms
which stem from the commutator [R,V]. They are essential elements in our
treatment of the particle mass renormalization (see Sec.2.5). These terms appear
after reshuffling the operators of the expressions F'[RK1 VK2]Fa.(k;)ac(ks)
(see Eq. (A.12)) and FT[R¥ VK] Fal(ky)ac(k;) (see Eq. (A.14)) into normal
order.

In the first case, it touches upon the terms of the dd'-kind and leads to

FIRK vk p = FTRK VK| p: 4 Te[RK VK], | (A.15)

where

Tr[Rkl,Vk2]22 = /dp Z[Rklvvk2]22(l)7"§pr) ) (A.16)

[Rkl ; Vk2]22 (p'r'spr) =

= [ da 3 S (R (s as VS (asipr) - VE (05 as) S (asipr) |
J s

(A.17)
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The trace Tr is evaluated using the properties of the y-matrices and Dirac spinors.
We find with the solutions (A.1)

t
Te[RM, VE2]y, = 2%5(@ +ks) | (A.18)
k

2 2
g m
t=—2— [dp —2—
k 4(27r)5/ P By

5 {Sp A_(-p)A_(p—k)]  Sp[A_(-p)Ai(p+Kk) n

Ep + wk + Ep—k Ep + wk — Ep—k
Sp[A_(-p)A_(p—k Sp[A_(—p)AiL(— k
L SpA-(p)A-(p-K)]  Sp[A-(-p)A(-p+ )]} (A.19)
Epfwk+Ep,k Epfwkap,k

with the notations A4 (A_) for the projection operators onto the nucleon positive
(negative)-energy states:

_ *qg+m

- 2m

As(q)

While deriving Eq. (A.19), we have taken into account that

> o(ps)Ov(ps) = =Sp{A_(p)O} ,

S

where O is a combination of ~y-matrices.

Of course, one can collect the similar terms with the same numerators in the
r.h.s. of Eq. (A.19) ( e.g., the first term with the third one inside the curly brack-
ets). However, we prefer other continuation that enables us to get immediately
an explicitly covariant form of fy.

First of all, we find

Sp[A_(—p)A_(p—k)] = EpLp k + Pﬂ'lgp —k) +m? 7

EpEp—k -p-(p—k)— m?
m2 '

Sp[A-(=p)A+(—p+ k)| =

Substituting these expressions into (A.19) and uniting therein the first term
with the second one and the third term with the fourth one it can be shown that

2
g dp p_k pk
th=—— | — A2
k 2(2m)3 / Ep {/ﬂ +2p_k + 2 — 2pkz} ’ (A.20a)

or

9’ dp 't
k= 5. /E_p {1 Tk - u4} (4:200)
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with p_ = (Ep,—p) , p = (Ep,p) and k = (w, k).
Since this integral is a Lorentz—scalar, one can write

2 2

g dp 1%
k=tkeo= ——— [ — {14+ —F"— A21
e=teeo = 555 | B 1 a5 ) (A2

or

arctan

2 2
tkg_{th% p e

472

1, - YA —— ] } . (A22)

where the integrals

2
x
I = | —=dx
0
and
oo

I - / dx

R
are, respectively, quadratically and logarithmically divergent.

Now, the resulting contribution to [R, V] which is of the aca.-kind can be
written as

t, _ % 0 (—
2/dk1 /dkg 5(k1+k2)w—ac(k1)ac(k2)—Q/dk (K)ac(—K) .

k. wk
(A.23)
The commutator [R, V] includes also the Hermitian conjugate of [R,V]. There-
fore, we obtain from [R,V] + H.c. the following “bad” two-operator meson
contribution:

2 / dk t—k{ac(k)ac(—k) +al(k)al(-k)} . (A.24)
Wk

In the case of FT[RX', V%] Faf(ky)ac (ki) (see the beginning of this subsection)
after normal ordering of the ddf-kind terms one has to deal with
T]r[Rk1 , V‘k2]22 that differs from Eq. (A.16) only by the replacement ko — —ko.
Therefore, we obtain from [R, V'] the following expression bilinear in the meson
operators:
2 / dk 2 qf (K)ag (k) . (A.25)
Wk

The same expression stems from the H.c. of [R, V].

Finally, uniting all these results one can write the entire contribution from
£[R,V] to K(a), which is bilinear in the meson operators,

/dk i—l:({QaI(k)ac(k) + ac(k)ac(—k) 4+ ai(k)ai(_k)} ) (A.26)
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APPENDIX B

Mathematical Aspects of the Clothing UT. By way of a simple example
we shall show that W used in the framework of «clothing» approach (see Sec. 2)
may happen to be not a unitary operator in the usual sense: unitary operator
transforms vectors of a Hilbert space into vectors of the same space, the scalar
products being conserved. We argue that W need not be such an operator, viz.,
the clothing program can be described using an algebraic language as if W is
an element of some algebra, being unitary in an algebraic sense. Our example
shows that such W can have a representation by an operator that transforms
vectors of a Hilbert space Hjy into vectors of another Hilbert space H which
is orthogonal to Hy. In general, the operator representation of W turns out to
be unnecessary because W is not used in calculations of probability amplitudes,
expectation values and other quantities which have physical interpretation. We
note that «clothing» allows us to choose a proper Hilbert space for field model
with the total Hamiltonian H = Hy + Hj. This space usually is different from
the space spanned on Hj eigenvectors.

B1. The clothing program can explicitly be carried out in the following
model. The scalar (meson) field ¢(z) interacts with a fixed (external) source, the
Hamiltonian being H = HJ* + g [ ¢(x) f(x)dx, where H{"® is the free meson
Hamiltonian (see Eq.(2.1)). The Hamiltonian can be represented as

H= / Wat (k)a(k)dk + / W2[o(k) a(k) + v* (k) a (k)] dk (B.1)
with
v(k) = ﬁﬂm,
'/T(.Uk

where w) = \/k2 4 ;2. The Fourier transform f(k) of the source function f(x)
is a constant if the source is point-like: f(x) ~ §(x).

In accordance with the recipe (A.4) we find the corresponding clothing trans-
formation W = exp R = W(a.) = W (a) with its generator

R= /’u(k)[aJr (k) — a(k)]dk. (B.2)
When deriving this expression, it is convenient to exploit the relation
ezH(’)“esta(k)e—zH(’)“est _ e—zwﬂta(k).

For brevity, we suppose that the form factor v(k) is real (v*(k) = v(k)).
Further, one can verify that

a(k) = Wa (k)W = a.(k) — v(k) (B.3)
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and
H = K(a.) = /wlo(aTc(k)ac(k) -L, (B.4)

where L = [v(k)?dk is the c-number that shifts the H spectrum.

Thus, this transformation W not only removes from H the «bad» terms
(linear in a and a') but it reduces the primary eigenvalue problem to a very
simple one. In our model K (a.) does not contain interaction terms: clothed
particles (mesons) turn out to be free.

Now, we are interested in the clothed no-particle state, i.e., the vector €2 such
that

a.(k) =0, Vk (B.5)
with
Q) =1.
One can show that the vector WT(a)Qo obeys the condition (B.5). In fact,
ac(K)WT(a)Qo = Wia(k)Qy = 0. (B.6)

So, one can put Q = W(a)Qy, ie.,

Q= exp (-~ [ o(k)al () - a0} =

=exp(—L/2)exp{— /v(k)aT(k)dk}QO. (B.7)
Here, we have used the Hausdorff-Weyl formula,
eATB _ oAgB—1/2[A,B] (B.8)
for the two operators A and B such that [A, B] commutes with A and B.
Equation (B.7) represents the «clothed» vacuum (2 as the superposition of

«bare» states
Q(), (JJJr (kl)Q(), (JJJr (kl) (JJJr (kg)Q(), e (Bg)

Expansions similar to (B.7) can be written for «clothed» one-particle state o' (k)
as well as for all vectors of the kind

Wial(ky)...at(k,)Q = ate(ky)...at (ko) WTQo , (B.10)

each of them being the H eigenvector.
The states (B.9) are the H eigenvectors and they form the basis of the Fock
(Hilbert) space Hy. The set

Q, aTc(kl)Q, aTC(kl)aTC(kg)Q,.. . (Bll)
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of the H eigenvectors is the basis of the Hilbert space which we shall call H.
We see that in our model with the cutoff function v(k) which decreases rapidly
enough to yield a finite normalization factor exp(—L/2), the space H can be
spanned onto the vectors (B.9).

It is not the case in the model with a «soft» form factor v(k). Indeed, if
L = oo (this occurs, e.g., for the point-like source), then we obtain the zero values
for all WTQq projections on the vectors (B.9). Moreover, all vectors (B.10) are
orthogonal to Hg if L = co. We may conclude that all vectors (B.11) are zero if
Hy is assumed to be the complete space of states. The operator W1 transforms all
‘Ho vectors into the zero one and therefore cannot be called the unitary operator
because the latter, by definition, must transform vectors from 7, into vectors
from Hy and conserve the scalar product in the space.

Note that in the case with L. — oo there are different ways for calculating
the scalar product (2 | Q) = (WTQy | WiQu). On the one hand, putting
L = oo in Eq.(B.7), we obtain WtQo = 0 once Hy is complete. Therefore,
(W1Qo | W) = 0. On the other hand, calculating at first (2 | Q) at finite
L, we obtain unity for any L, i.e., such limit of (W'Qy | WTQg) as L — oo is
unity™.

B2. So, in the case L = oo the standard approach that is relied upon the
initial Hilbert space H, does not allow one to find H eigenstates (B.11). The
situation was clarified by Van Hove [49]. He considered H as an operator in the
space constructed as the infinite product of the Hilbert spaces for the oscillators
wial(k)a(k) (Van Hove assumes that k runs discrete values). This extended
space is not a Hilbertian one, but it can be decomposed into a direct sum of
mutually orthogonal Hilbert spaces, H being one of them (e.g., see [50-52]).

By using this space Van Hove has proved that the H eigenvector which
belongs to the least H eigenvalue (it coincides with the no-particle state {2 because
of Eq. (B.4)) has unit norm and is orthogonal to H,. Moreover, all H eigenvectors
(B.11) are orthogonal to Hg. The vectors (B.11) form the basis of another Hilbert
space which is orthogonal to Hy. We have called it H above.

Of course, the model under discussion is too simplified and the resulting
theory is equivalent to the free one, viz., H contains no interaction terms after
«clothing» (see Eq. (B.4)). But it enables us to suspect that in nontrivial cases
the total Hamiltonian eigenvectors may happen to be orthogonal to the initial
Hilbert space Hy, i.e., «bare» states space or space of the eigenvectors of the
free part Hy of the total Hamiltonian. On this ground one may cast doubt about
validity of the usual quantum postulate that H as well as other observables can be

*In the context, we find in [15] (Ch. XII) that (Q | ) = oo at L = oo. It follows from the
supposition made therein that the projection o) = (Q0 | Q) is not zero at L = co. However, this
supposition is wrong (see Eq. (B.7) and Van Hove paper [49]).
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defined initially as operators in Hy. One can also anticipate that the «clothing»
transformation may not be unitary operator in Hj.

B3. In order to avoid the troubles described above we suggest the following
algebraic approach to the quantum field theory. We consider all the operators
occurred in quantum field theory as elements of an algebra, devoid of operator
representation. This means that ab initio we do not introduce the notion of
vectors, describing states of the physical system. In this algebra besides the
addition and multiplication of elements an operation of involution } is defined,
which corresponds to the Hermitian conjugation in the operator language (see,
e.g., [531(§1.5) and [54](Ch. III)). The algebra contains A’ along with the
element A. All elements of the algebra (in particular, the Hamiltonian) can be
expressed in terms of some basic algebraic elements. In the case of Yukawa
model the latter are

a(k),aT(k),b(p,?“),bT(p,r),d(p,r),dT(p,r) vk, p, . (B.12)

The multiplication operation is noncommutative: AB may not be equal to BA.
The commutators [A, B] for basic elements are assumed to be known (see, e.g.,
Eq. (2.3)), then the commutators of any two elements can be calculated.

The «clothing» program can be formulated and realized using this algebraic
language. For example, the requirements i) and ii) from Sec.2 can be replaced
by equivalent ones: the Hamiltonian H when expressed in terms of new basic
elements oy, (instead of the starting elements denoted as a,, in Sec. 2) must not
contain «bad» terms (see Subsec.2.4). The elements o, and a, are connected
by the isomorphic transformation o, = Wa,W, W being a unitary element of
the algebra, i.e., such that WIW = WWT = 1. Let us stress that Wa, W
is calculated using purely algebraic means, namely commutation relations and
Eq. (2.15).

Of course, our theory must provide numbers, which can be compared with
experimental data (cross sections, expectation values, etc.). In quantum mechanics
this is accomplished by means of the realization of the above algebraic elements
as operators in a vector space. We define the space as follows.

After «clothing» we introduce the additional notion of a state {2 (cyclic state)
such that

ac(k)Q = bc(pv T.)Q = dc(pv T.)Q =0 Vka p,7.

This state coincides with the H eigenstate corresponding to the least H eigenvalue.
We assume that the observable no-particle state is described by 2. By assumption
observable one-particle states are described by the states

aTC(k)Q) bTC(pa’r)Qa dTC(p7T)Q
The vectors

atelky)...a’o(ky,)Q, bTe(p1,71) .- 0T e(Prs7n)Q, ... (n>2)
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can be chosen as the remaining basic vectors of our Hilbert space H. Using the
vectors one can calculate quantities of physical interest in the usual manner.

One may say that one of the goals of the «clothing» is to select a Hilbert space
which would be suitable for the given field Hamiltonian H. The first-quantized
quantum mechanics uses only one universal Hilbert space for different Hamilto-
nians, the second-quantized theory needs distinct spaces for different interactions
(e.g., for different values of the coupling constant g).

The approach described above needs not initial space Hy. We need not to
consider W as an operator in a space. Algebraically W is defined as a unitary
element of the described algebra. Besides W the algebra has other elements
which need not operator realization, the free part Hy of the total Hamiltonian
being the example.

APPENDIX C

The UT Method in Scalar Field Model. In order to illustrate the key points
of clothing and Okubo’s approaches let us consider another exactly solvable model
[4,15] in which a neutral scalar field is coupled with spinless fermions whose
energy is independent of momentum. The model Hamiltonian is H = Hy + V,

Hy =mg B(0) + /wkcﬁ(k)a(k)dk7 wg = VK24 p? (C.1)
_ w a c 2 oy f(k?)
V= g/ k [B(k)a(k) + H.c.] h(k?)dk, h(k®)= T (C.2)

with
B(k) = / bt (p + k) b(p)dp = B (k) ,

where a(k) and b(p) are the destruction operators for bosons and fermions,
respectively, which meet the usual commutation rules (cf. Eqgs. (2.5)):

[a(k),a’(K)] =6(k — k') , (C.3a)

{b(p), bT(p")} = d(p — P') - (C.3b)
The translational invariance of the Hamiltonian provides the momentum conser-
vation. The cut-off factor f(z) is assumed to fall off rapidly enough for large x
to make finite all the integrals that occur in the theory.

C1. Again the clothing transformation of this Hamiltonian can be found in

a closed form (cf. App. B). Indeed, calculating the respective integral (A.4) and
noticing that

[B(k),B(k)]=0 V k, k', (C4)
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we get
R= fg/[B(k)a(k) —He] h(k?) dk = g(XT - X) (C.5)

with
X = /h(k2)B(k)a(k)dk )

Further, it is useful to keep in mind the following formulae
(X, X = /hQ(kQ)B(k)BT(k)dk (C.6)

and
[Xa [XvXT]] =0, (07)
whence due to Eq. (B.8) the transformation of interest can be written as

2
W = exp[g(XT = X)] = exp (9XT) exp(~gX) exp(~L[X, X)) . (C3)
Now, by using the relation (cf. Eq.(B.3))

a’(k) = Wac(k)WT = ac(k) - gh(k2)BTc(k) ) (Cg)

where the boson-type operator

B9 = [ ¥le(p +10 be(p)dp (C.10)

commutes with W = W(a,b) = W(ac, b.) (see Eq. (C.4)), one can show that

H = H(a,b) = K (ac, be) = WH(ac, be) Wt =

= moB.(0) + / wica' o(k)ac (K)dk — g2 / wich?(k?)Bf o (k) Be(k)dk . (C.11)

Reshuffling the fermion operators in normal order in the r.h.s. of Eq. (C.11) we
obtain

/ wih?(k*) BT (k) B.(k)dk = B.(0) / wih?(k*)dk—

- / wich? (k2)dk / dp / dp’ be(p + k) b1e(p') be(p) be(p +K) -

The first term in the r.h.s. of this equation has the same structure as mgB.(0)
in Eq. (C.11) and gives the radiative correction (renormalization) to the bare
fermion mass my,

m =mg — g* /wkhQ(kQ)dk . (C.12)
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S0, H = K(ae,bo) = Ky + K7 |, (C.13)

Ky =mB.(0) + /wkaTc(k)aC(k)dk = Kterm + Kboson (C.14)
Ki= [ ax [ axuloo) olo(e) Vallx = x| velo) e(x) . (C.15)

V(| x|) = —g? / weh?(k?)e™dk | (C.16)

where in agreement with the secondary quantization prescriptions we have intro-
duced the v.-field for clothed fermions in the Schrédinger picture assuming

te(x) ePXdp,  {he(x), 9l c(x)} = 0(x - x).

1
= W/bc@)

Therefore, Vy;(] X |) can be considered as a two-fermion interaction potential.
One should point out that the new interaction Hamiltonian K; expressed
through clothed operators no longer contains any self-interaction and leads merely
to an interaction between pairs of fermions.
The K eigenvectors

Q, aTc(kl)Qv ch(Pl)Q7 aTc(kl)aTc(kQ)Qa ch(P1)ch(P2)Q7 aTc(k1)ch(P2)Q7 R
(C.17)
with the running element

Qe(ky ... ks pr...ps)=alc(ky)...al (k)b e(p1) ... bl e(ps)Q (r,5=1,2,...)
(C.18)
form a basis (see App. B).
Another basis can be composed of bare vacuum 2y and vectors

Q()(kl . kr; P1-.. ps):aT(kl) e aT(kr)bT(pl) e bT(pS)QQ (7", S:]., 2, e ),
(C.19)
i.e., of the H eigenstates.
Note also that in the given model, due to the absence of f f-processes, the vacuum
Q) for the coupled fields coincides (to an accuracy of a phase factor) with the
vacuum () for the free fields. In the context, with the help of Eq. (C.9) we find,

at(k)Q = af (k) = al (k) , (C.20)

i.e., the bare and clothed one-boson states are the same.
As to the clothed one-fermion states bf.(p)(2, they are complex superpositions
of vectors (C.19) with one fermion and a complicated boson configurations (a
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boson cloud surrounding the fermion). This follows directly from the explicit
expression for

bie(p) = Wbl (p)W = /f(p —p)bi(p)dp’ , (C.21)

g [ & e (= [ exp ik (0100 - 0l (-10) B ik

The factor F(q) characterizes a boson distribution in the cloud. In the free case
(with g = 0) F(q) = d(q).

C2. It follows from Egs. (C.13)—(C.15) that clothed mesons do not interact
with nucleons, they are free. In particular, no-meson states cannot pass in states
with one, two, etc., mesons. This means that K (a.,b.) possesses the property
of the operator H' = UTHU obtained from H via Okubo’s transformation con-
sidered in Subsec.6.5, viz., H{; = H}; = 0. In other words, H' has vanishing
matrix elements between the no-meson states and one-, two-, ... meson states.
This property of K (ac,b.) is specific for the given simple model. In general, the
clothing UT permits K to contain such nondiagonal terms that are responsible for
the process NN — NN.

Since the model clothing UT W fulfills Okubo’s requirement it is interesting
to compare the block structure of W' with that described in Subsecs. 6.2 and 6.3
for Okubo’s UT. To do it in a compact form one may calculate separate blocks
of WT decomposition of the type determined by Eq. (6.14). In the context,
recall that Okubo’s UT can be represented by a function U(a,b) of bare creation
(destruction) operators. W can also be given by a function VVT(a7 b) of the bare
operators since W (ac,b.) = W(a,b) (cf. Eq. (2.13)). Therefore, for Okubo-like
decomposition of W one may use the projector 7; onto bare no-meson states.

In order to carry out the comparison with a solution of the corresponding
decoupling equation (6.22) (see C.3 below) we shall find the operator A?! de-
fined by

F(q) =

Wi = A2yttt (C.22)
It determines the basic element 42! of Okubo’s UT (see, for instance, Egs. (6.8)
and (6.20)).
We have

2
11
Wi =mWin =nexp (—gXT) exp (—‘% [X,XT]) exp (gX)m =

— exp (9; [X,XT]> ", (C.23)

2

2
W = Win = mexp (—gXT) exp (% [X,XT]> m =
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= exp (—gXT)mwi', (C.24)
While deriving these formulae we have used the property
ac(k)m =mat.(k) =0, Vk (C.25)
and its consequence
exp (9 X)m =m = m exp (=g XT). (C.26)
We also have taken into account the relation
[X,XT] m=m [X,XT] . (C.27)
It follows from (C.23) and (C.24) that
AP =maexp (—gXT)m = (exp (—gXT) — 1) . (C.28)

Note that we have managed to find the operator 42! in an explicit form without
solving Eq. (C.22).

Unitarity relations for the Okubo-type blocks U = (W) (i, j = 1,2) with
U21 — A21U11

UM+ AU = UM (14 AT (14 A2 U =0, (C29)

U'? = Ay (C.30)

and
U211+ A2 AU = 1y (C.31)

can directly be verified. For instance, we get step by step,
AU =1y (1~ exp (—gX))exp [9(X — XT)] 2 =
12
= mexp [g(X — X1 m—mexp (—gX)exp [g(X — XT)]ny =W~ =U",

(C.32)
since in accordance with Eq. (C.27)

2
mexp (—gX)exp [g(X — XT)| nz =nrexp (—gXT) exp (% [X,Xﬂ) Ny =

7
= 1)1 €Xp <? [XaXW>7I2 =0,

and
UQQT(l +A21A21‘L)U22 = U2y2 4 g2ty o
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=mpexp [g(XT— X)]nexp [g(X — XT)] no+
“+1n2 exp [g(XJr - X)] M exp [g(X — XT)] N = neWWhny, =n,  (C.33)
Q.E.D.
C3. Let us try to solve Okubo equation (6.22) for this model Hamiltonian.

It is of great interest to attain some experience in handling with similar nonlinear
equations. We prefer to start with the equation equivalent to Eq. (6.22) :

772{[H0, Jl] +VJ—-AIV J1}771 =0 (C34)

for the operator J; = (1 + .A?Y)n; (cf. Eq. (29) in [7]).
One should point out the properties

mJi=m, (C.35a)
and the condition

Further, introducing the interaction picture operators O,
O(t) = exp (1Hot)O exp (—tHot) ,

and noticing that n; (¢) = 1, one can get the Riccati-type differential equation for
J1(t) (cf. Eq. 31)in [7]),

d
up— Ji(t)m = nAV(6)J1(t) = 1OV () 1(t) . (C.37)
In the scalar model we have
V(t) = g/wk [Bf(k)a'(k,t) + H.c.] h(k*)dk (C.38)
with
a(k,t) = a(k) exp (—wwit) ,
so that
[a(k,t),al (K, )] = §(k — k') exp [—wwx (t —t')]. (C.39)
Trying to solve Eq. (C.37), one should note the relation
d
Vit) = o [XT(t) — X(t)} , (C.40)

where

X(t) = /h(kQ)B(k)a(k,t)dk :
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Now, applying the Lagrange method well known in the theory of ordinary
differential equations (see, e.g., [58], §1.6) let us search a solution of Eq. (C.37)
in the form

J1(t) = exp [fg XT(t)] G(t) , (C.41)
where in accordance with Egs. (C.35)—(C.36) we have
mG(t) =m , (C.42a)
G(t)(1 —m) =0. (C.42Db)
Differentiating (C.41) and taking into account that
iXT(t) X)) =0
dt Y b}

we find

%Jl(t) =—g (%XT(t)) exp [ngT(t)] G(t) + exp [ngT(t)] %G(t) .

Substitution of this expression into Eq.(C.37) enables us to remove in the
r.hs. of this equation not the linear term V' (¢).Ji(t) as a whole but its part
—zg%XT(t)Jl(t) (see Eq. (C.40)). So, we get the following equation for the
operator function G(t) ,

nzexp [—g XT(1)] %G(t)ﬂl =

—gmexp [~9 XT(0) (X0 + 9| X0 X0 y60m -

d d
—gnzexp [—g XT(t)] G(t)ym { XM +9 [Xf(t), aX(t)] }G(t)m . (C43)
At the point we have used the properties 1y exp [—g X T(t)] =ny and 1y %XT (t)=0
and the relation

exp [oX1(0)] X Wexp [9X1(0] = LX)+ 9| X0, X0

that follows from Egs. (2.15) and (C.4).
Further, we have

{Xf(t), %X(t)} = z/wkhQ(kQ)BT(k)B(k)dk =C.
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In other words, this time independent commutator acts merely on the fermionic
degrees of freedom. Note that C' commutes with the projector 7;.
Equation (C.43) can be satisfied if we put

d d d
ZG() = 915X (1) + gCYG() — 9GO S X (1) +9CHGE) . (C44)
It may be shown that one of its possible solutions is
G1(t) =m. (C.45)

It is evident that G (¢) meets necessary requirements (C.42).
The corresponding operator .J1 (t) = exp [—g XT(t)] m yields

AP (t) = {exp [—g XT(t)] — 1} , (C.46)

that is equivalent at ¢ = 0 to the result (C.28).
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«DPU3UKA DJIEMEHTAPHBIX YACTHL H ATOMHOI'O AIPA»
2001, TOM 32, BBIII. 1

YK 621.384.63

HYKNNOTPOH — HOBAA TEXHOJIOI N4
CBEPXMPOBOAALEN MATHUTHOW CUCTEMbI

CNHXPOTPOHA
A.A.CmupHos

OObeAVHEHHbI NMHCTUTYT SAEPHbIX UCCNenoB HuiA, [y6H

B 0630pe npuBOAATCA OCHOBHBIE PE3y/IbT Thl MMOHEPCKMX P OOT, BBHITOTHEHHHBIX B repuon ¢ 1978
no 1999 r. H OCHOBE NpPENJIOKEHHBIX BTOPOM TEXHMYECKUX PELICHUi, W I HHBIE, NOTy4eHHbIE IIPU
HCIIBIT HUM HOBBIX II0 TUITY MOJeNeil CBEpXIPOBOIAIIMX 3JIEMEHTOB M THUTHOI ONTHKU CHHXPOTPOHOB,
OIpENENMBIINX NP KTHYECKYI0 BO3MOXHOCTH CO3J HUS HYKJIOTPOH — IiepBoro B Poccun neiicTsyro-
IIEro CBEPXMPOBOIAIIErO YCKOPHTENA JUId MOMy4eHHs MyuyKOB PENATHBHCTCKHX SIEp C ®HEpruei 1o
6 I'sB/nyxiion. HoB s TeXHOIOTHS, WCIONB30B HH i B HYKJIOTPOHE, pell eT MpoGieMy MpHHIMIN-

JILHOTO YNPOIUEHHS KOHCTPYKLMI CBEPXIPOBONALIMX M T'HMTHBIX CHUCTEM YCKOpHUTENeH M K H JIOB
TP HCIIOPTUPOBKH 4 CTHI, YACIIEBIAET UX CTOMMOCTb M CO3 €T yqoOCTB IpH 9KCIUTy T IHUH.

Fundamental results obtained on the basis of the author’s novel technical solutions in 1978-1999
are described. Experimental data on the tests of a new type of superconducting magnets for particle
accelerators are given. The elements of the synchrotron magnetic optics have determined practical
opportunity of constructing the Nuclotron, which is the first operating superconducting accelerator
in Russia. This accelerator is intended to provide beams relativistic particles with energies up to
6 GeV/n. The new technology used in the Nuclotron allows one to cardinally simplify the design
of superconducting magnet systems of accelerators and channels for particle transportation. The new
magnets are very easy-to-use and have a low cost.

1. BBEIJEHHE. OBIIIAS XAPAKTEPUCTHUKA PABOT

IpennpunsaT s ¢ H 4 1 70-X roioB MOAEPHU3 LU CUHXPO( 30TPOH B 3H -
YUTEIbHON CTENeHU pelll H MHOTHE TOjbl MpobiieMy cO3 HHUsS COOCTBEHHOM
6 31 OUSIN juis mpoBesieHUs! (PU3UYECKUX BKCIIEPUMEHTOB B 001 CTH (PH3UKU
BBICOKHX 3HEPIH.

Co31 HHE CHCTEMbI MEUVICHHOTO BBIBOJ , YCKOPEHHE YHHK JIBHBIX ITy4KOB pe-
JIITUBUCTCKUX sifep ¢ sHeprueid 4 I'sB/HyKJIOH, MONApH30B HHBIX NEHTPOHOB U
MOHOXPOM THYECKHUX HEHTPOHOB, COOPYXEHHE HOBOTO 3KCHEPUMEHT JIBHOTO I -
BIWJIBOH C P 3BETBJICHHOW CHUCTEMOH K H JIOB TP HCIHOPTHPOBKM 4 CTHIl CO3I JIU
XOpOIINe MPEANOChUIKY T MpOoBeieHUd (PyHI MEHT JIbHBIX HMCCIENOB HUMl Ui
¢uzukoB crp H-yu ctHuL OUSH.

B JI 6op Topun Bbicokmx aHepruii OUSM monm pykoBOACTBOM K JeMHUK
A.M.Bb niuH p 3BHB eTcd HOBOE H YYHOE H Ip BIEHHE — PENIITUBUCTCK 4 Slep-
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H 9 (PU3UK , TO CTh (PM3MUK SBJICHUI, B KOTOPBIX B XXHYIO POJIb UIP IOT MHOTO-
© pPHOHHBIE CHCTEMBI, JBUXKYIINECS CO CKOPOCTSIMH, OIM3KUMHU K CKOPOCTH CBET ,
(pu3MK MHOXECTBEHHBIX IPOLIECCOB, B KOTOPBIX HE TOJNBKO B KOHEYHOM, HO U B
H Y JIbHOM COCTOSHUM (3 POXIEHHE pe KLUH) IIPUCYTCTBYIOT MHOTO 4 CTHII U Jp.
OnmHUM U3 B XHEHIIUX PEe3ylbT TOB 3TUX HCCIEIOB HUH H CHHXpPO( 30TpOHE
OUSIU sBUIOCH YCT HOBJIEHHE TP HUIL 001 CTH ®HEPIUM NpeleibHON (Pp IMEHT -
UM siep, Jex mei B npenena X 3,5 ['sB/HykioH, onpenensiomeil H 4 IO CUM-
HNTOTHYECKOTO PEXUM U BO3MOXHOCTHU HCCIIENOB HUS KB PK-ITIIOOHHBIX CTEIEHEN
cBo6onp! B sap X [1]. OgH KO B MEepCreKTHUBe p 3BUTHE 3TOTO H TP BIEHHS OBUIO
Obl HEBO3MOXXHO 0e3 yJIy4llIeHHs BPEMEHHBIX U IIPOCTP HCTBEHHBIX X P KTEPUCTUK
BBIBEJICHHBIX ITy4KOB, ITOBBIILIEHHS ®HEPIMU U MHTEHCUBHOCTH YCKOPEHHBIX SIEp,
YCKOPEHHUSI CPEIIHUX U TsKeNbIX sinep. H cuHXpod 30TpoHE 3TO ObLIO HEocylle-
CTBUMO BBHJY LIEJIOTO P €ro KOHCTPYKTHUBHBIX OCOOEHHOCTEH.

B H 4 5ie 70-X TrogoB BO MHOTHX HCCIIENOB TEJIBCKUX LIEHTP X MHp , 3 HHUM -
IOLIUXCS U3y4eHUEM BONPOCOB (DyHI MEHT JILHOW (DU3UKU TOMHOIO SIp H CTPO-
€HHeM SIEepHOH M TEepHH, Y4eHbIe-yCKOPUTEIBIIUKN BCTYIMIM B COPEBHOB HUE
[0 CO3[ HUIO HOBBIX TEXHOJIOTMH Ul BHEOPEHHS TEXHUKH CBEPXIPOBOIMMOCTH
B OCHOBHBIE IPHOOPHI (PU3MIECKOTO BKCHEPHUMEHT — YCKOPHTEIH 3 PSKEHHBIX
4 cTul. B 3TOi roHKe MHXeHephl U ydyeHble 13 H nnoH nbpHOMN 71 60p TOpHH HM.
®epmu (CIIA) nepBpIMU MOCTPOWIU U 3 IYCTWIM CBEPXIPOBOISILYI0 M THUTHYIO
CHCTEMY CUHXPOTPOHHOro Tun «T®B TpOH» B TOHHENE UMEIILIETOCs «TEILIOro»
yckoputend H 3Hepruto 500 I'sB, ucnonbp3yemMoro B 3ToM NMpoeKTe K K MpeaycKo-
putens (MHXEKTOp), U YIBOWJIM KOHEUHYI0 ®HEpPIUI0 YCKOPSEMBIX NPOTOHOB [0
1 TeB. CpepXnpoBOAdIIME M THHUTBI 3TOTO YCKOPUTENSd B HECKOIBKO MOJEPHU-
3UPOB HHOM BHJE C XOJIOAHBIM M THHUTOIIPOBOIOM OBUTH NPHMEHEHBI B MPOEKT X
JPYTHX YCKOpUTEsel U MOJMYyYWIN H 3B HUe M THUTOB Tull «cos 6» (YHK, DESY
HERA, LHC, SSC, RHIC).

M KcuM JbH  BeTMYMH HHAYKIMUA M THUTHOTO IOJIS B ®THX M THHUT X (B 3 -
BUCHMOCTH OT TEMIIEp Typbl KPHOCT THPOB HH4) JIEXUT B U I 30HE 3,5 + 8 T
ITone B HUX chopMmupyeTCsd C MOMOLIBI0 MHOTOBUTKOBOH, K K IIp BHJIO, JBYXCIIOM-
HOH OOMOTKH W3 CBEpXIPOBOIALIErO K Oes THII «IUIOCK $I CKPYTK », CXK TOH
6 HI XHUPYIOIIUMHU BOPOTHHK MH U OKPYKEHHOH IIMXTOB HHBIM M THUTHBIM 9KP -
HOM. JIBYXCIIOWH s OOMOTK THII «CT JUOH» M3TOT BJIMB €TCS H NPELU3HOHHOM
000pyNOB HMH, €€ T€OMETPUYECKHE P 3MEpPhl ONPENeII0T OTHOPOIHOCT M THUT-
HOTO IO B HepType M THHUT . KpHocT THpOB HHME OCYIIECTBIIETCS MOTOKOM
KUIKOrO TrelHs BHYTPH TeJIUEBOTO COCYN C M THHUT MH, T KX€ INOTOKOM JBYX-
¢ 3HOrO Tenmus I OXJI XAEHHSl DTOro COCyl . BUTKOB § »ieKTpou3onsuus 00-
MOTKH H XOAWUTCS H IIyTH TEIUIOBOTO MOTOK OT CBEPXMPOBOAHUK K TENHI0, YTO
IPUBOAUT K OOJIBLION Jerp 1 UM KPUTUYECKOTO TOK B M THUTE MPU OOJIBIIUX
CKOPOCTSX HM3MEHEHHd M THHUTHOro Inojs B HeM. OXJI XIEeHUE M THHUTOB OCyIle-
CTBIISIETCA IIOCIIEN0B TENBHO, 3 TP Thl BDEMEHH H 3 XOJI XUB HUE M THUTHOMH CH-
CTEeMbI OT KOMH THO#1 10 p Goueii Temriep Typbl U3MePSIIOTCS HEIeNsIMU.
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T kuM 00p 30M, BMECTe C KPUOCT TOM, IOJIBECKOIl (ONOp MH) M IeJTHEBBIM
COCYIIOM CO3]l H Ype3BbIY WHO CJIOXH £ 110 TEXHOJOTMU U3rOTOBJIEHHS, HOPOIO-
CTOALI 1 M MET JJIOEMK S KOHCTPYKLMs KPUOT€HHO-M THUTHOW CHCTEMBI C OYE€Hb
CIIOXHOW CHCTEMOI1 B Ky LIMM SHEPIUU B B PHUIHBIX PEXUM X.

B nepuon ¢ 1973 no 1975 rr. 8 IBD® OUAUN 1o uaumm tue A.M.B maun
T KXE H 4 JI Cb P 3p OOTK CBEpPXIIPOBOIIIIETO XeCTKO(OKYCUPYIOLIETO YCKOPHU-
TeNd PeNATUBUCTCKUX Silep — HYKJIOTPOH — C OPHEHTHPOBKOW H CBEpPXIIPOBO-
JAIIMe M THUTBI C M KCHM JIBHBIMH YPOBHSIMH moneil ~ 5 Ta tun  «cos 0» mns
3 MEHBI CHHXPO® 30TpOH .

T Kxoil B pu HT 3 MeHbI BBUAY 3((PeKT «3 MOPOXKEHHBIX TOKOB» B CBEPXIIPO-
BOJISIIIMX M THUT X TpeOyeT BBEACHHMS «TEIIoro» OyCTepHOro K CK J s obecre-
YEHUS YCIOBHI HOPM JIBHOI'O MHXEKTHUPOB HUS dAep B CBEPXIIPOBOASIIEE KOJBLIO
C OTHOCUTEJIBHO K YECTBEHHBIM M THHUTHBIM IIOJIEM U IOCIEAYIOLIUM YCKOPEHUEM
qa1ep 10 KoHeuHoH sHepruu 12 + 15 I'eB/nykiion [2].

P Goumii nmuki Oyctep Npenrnos r Jics IIUTETBHOCThIO 1 ¢, ®HEPIus ycKo-
peHHbIX sep B TeroM Kombie 500 MaB/HykioH (Gosiee Mo3aHUWiA B pH HT C
nukInaHocThio 3 I u aHeprueit 800 MaB).

D10 OBUT HEONp B HHO JOPOTOM IPOEKT, HE YUMTHIB IOIMH (DHH HCOBbIE
Bo3MoxHocTH JIBD u OUAU, ¢ p cueToM H U3rOTOBJIIEHUE M THUTHOM CHCTEMBI
HYKJIOTPOH B IPOMBIIIEHHOCTH, C YPE3BbIY WHO CJIOKHOM TEXHOJIOTHEN M3rOTO-
BJICHUSI CBEPXIIPOBOISLIMX M THUTOB U, B OOLIEM, HE pelll BLIMI JO KOHILl 3 J 4y
CYIIECTBEHHOTO P 3BUTHSI YCKOPUTEIHHOTO KoMiuiekc JIBD, oTBey romero mpo-
THO3MPYEMOMY YPOBHIO APYTHX MHPOBBIX LIEHTPOB U MEPCIEKTUBHBIM MIPOIP MM M
thusnyeckux uccnenos HuUil.

ITo sroii mpuuune B nepuon 1975-1979 rr. 8 JIBOD OUAU H 4 nuck mno-
WCKHU HOBO# KOHULENUMH HYKJIOTPOH M MOSBHJIOCH H ITIp BieHHe, O 3upyromieecs
H TIPOCTBIX B H3TOTOBJICHUH, HEIOPOTHX CBEPXIPOBOIIIIUX M THUTHBIX CHUCTEM
JUIS CHHXPOTPOHOB C ypOBHsMH moniedl 1,8 +— 2 Tn B ruOpugHOM B P HTE, IO

H JIOTUM C «TEIUIbIM» B DU HTOM, MMEIOIINX (PeppOM THUTHBIH M THHTOIIPOBOL
C TIOJTIIOC MU, (POPMHUPYIOIIMMHI HEOOXOAUMYI0 KOH(HIYp LHIO MOJI, ¥ CBEPXIIPO-
BOZSIIIYI0 OOMOTKY BO30YXXHEHMS, TMOJMYYUBLIMX H 3B HHE€ — M THHUTBHl TUI HY-
KJIOTPOH, OPUEHTHUPOB HHBIX H CEpHUIHOE H3rOTOBJIEHHE B YCIOBUAX ONBITHOrO
npousBozacts  OUSIH.

B nepuox 1980-1983 rIT. co3m 10TCS U BCECTOPOHHE MCCIENYIOTCS IIE€PBbIE
00p 31bI THOPUIHBIX ITOJTHOM CIUT OHBIX JHIIOIBHBIX M THUTOB HYKJIOTPOH C 00-
MOTKO# U3 p 3p 60T HHOro B JIB® TpyOu TOro cepxmpoBomsimero K Oems mid
p OOTHI B UMITYJIbCHBIX M THHTHBIX MOJISX.

H ocHoBe momyd4eHHBIX HpPU HCHBIT HUAX 3THX M THUTOB ]I HHBIX CHEN HO
yOenurebHoe 000CHOB HUE BO3MOXXHOCTH CO3[l HHsl OJHOK CK JHOTO HYKJIOTPOH
C KOHEYHO! ®Heprueil ycKopeHHsIX suep ~ 6 [3B/HykioH, p 60T omero ¢ 4 cro-
Toi nukupoB Hug 0, 51T, B aToM B pu HTe H TepBOM CT JUM MOJAEPHU3 LHU
YCKOPUTEIFHOTO KOMILJIEKC HYKJIOTPOHY OTBOIUTCS POJIb OCHOBHOT'O HHCTPYMEHT
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B IIPOBEICHUH (PU3NUECKUX DKCIEPHUMEHTOB, H BTOPOM — 100 BisieTcs (hyHKIMS
WHXEKTOp I YCKOpHTeNs ¢ Oomee BBICOKOH ®HEpruei yCKOpsSeMbIX siiep.

JIns BBIXOA B CHMITOTHYECKYI0 OO CThb ®HEPIUil PENSTUBHCTCKHUX SAEp
(31 ymrenpHO BbImie 6 [9B) HEOOXOMMMO CYIIECTBEHHOE p 3BUTHE YCKOPHUTENb-
Horo Komiiekc JIBD, oTBeu oI1ero NporHo3upyeMoMy YPOBHIO APYTHX MHPOBBIX
LEHTPOB U MEePCHEeKTHUBHBIM MPOrp MM M (PU3MYECKUX HCCIEOB HU.

OneHk (UH HCOBBIX U MPOU3BOACTBEHHBIX Bo3MOXHocTeil OMSM mok 3bI-
B €T, YTO pe jpHOU mepcnekTuBoi Mt OUSM B 4 ctm co3m HHMS COOCTBEHHOM
®KCHEPUMEHT JIbHOH O 30BOHM YCT HOBKHU SBISETCS CO3[ HHE CBEPXIPOBOISIIEIO
YCKOPHUTE/IPHOTO KOMIUIEKC — CYINEpPHYKJIOTPOH C 3HEprueil yCKopsieMbIX suaep
~ 60 I'sB/Hyki1. H M rHUT X HOBoro Tum [3].

IIp KTHYecK s LEHHOCTb Pe3yJbT TOB P 3p OOTOK W HCCIIENOB HHUH IpPU CO-
31 HUU OBICTPOLMKIIMPYIOIIUX CBEPXITPOBOIIIINX M THUTOB H OCHOBE TPYOY TOrO
CBEPXIIPOBOAHUK COCTOUT B TOM, 4TO 3 BepIl fomiei ¢ 30if aTuX p 60T CT JIo co-
31 HHE HOBOTO THUIl CBEPXIPOBOMAIIECH M THUTHOH CUCTEMBI — YCKODHUTENS pe-
JIATUBUCTCKUX S1ep HYKJIOTPOH , 3 myuieHHoro B JIBD OUSHN B 1993 r., nepBoro
JEUCTBYIOIIETO CBEPXIPOBOAALLErO ycKoputensd B Poccuu.

B cootBercTBUM ¢ mporp MMoii co3n HUS HYKJIOTpoH B JI Gop Topmm BbI-
cokux sHepruii OMSIM BropoM 0030p OBUTO NMPEWIOXKEHO KOPEHHBIM 00p 30M
YIPOCTHTh KPHOTEHHO-M THHUTHYIO CHCTEMY OTOTO YCKOPHTEIS, BBEId B €€ KOH-
CTPYKLMIO 3JIEMEHTbl M THUTHOW ONTHKH HOBOTO TUII C TPyOdY TOil CBEpXIPOBO-
Jsuieii 0OMOTKOH M € M THUTOIIPOBOI MM TP AMLHMOHHBIX «TEIUIBIX» M THHTHBIX
cucTeM, o0 JI I0MIKX LETbIM PSIOM HEOCIIOPUMBIX IpeumyliecTB. s npoBepKu
HOBOW KOHLIETIMH OBbUT CO31 H MOAENBHBIA UMITYJICHBII JUIOIBHBIA M THUT THII
«OKOHH 1 P M » C OOMOTKOH M3 TpyOuY TOro CBEPXNPOBOJHHMK C LUPKYISLHOH-
HOW cucTeMOM OxJ XpaeHud, noayuuBminii H 38 Hue LICH-1 (uMpKyrIsauuOHHBIN
CBEPXITPOBOIAIINN TUMONb) [4].

VYcrnemHple UCOBIT HUS NIEPBOM MOJIENH, MPOBEICHHbIE UCCIEN0B HUS 110 OIpe-
JEJIEHUIO OCHOBHBIX X P KTEPUCTHK H IIUIM CBOE MPOJOJIKEeHUE B rpoekTe «Co3x -
HHE TIOJTHOM CIUT OHBIX 3JIEMEHTOB M THHTHOH CHCTEMbI HYKJIOTPOH H OCHOBE
M THHUTOB C XEJIE3HBIM SIPMOM M OOMOTKOH M3 TPyOd TOTO CBEPXIPOBOAHHK ».

IMeps s ouepens npoext (1981-1985 rr.) npexycm TpuB 1 p 3p OOTKY KOH-
CTPYKLIMM M TEXHOJIOTMM H3IOTOBJIEHUS TPYOU TOrO CBEpXIIPOBOIALIEro K Oes
It p 60THI B UMITYJIbCHBIX M THUTHBIX TTOJISIX, CO3[ HHE MOJTHOM CIIT OHOro Mo-
jgensHoro M rHut jpunonsHoro tvn LCJI-2, n3MepeHne OCHOBHBIX I P METpOB,
oInpejeseHle SHEPreTHUECKUX NOTEPh M YCJIOBUM KPHOCT THPOB HUA [5].

Brop s ouepenp MpoeKT MpeaycM TPHUB J1 P 3p OOTKY IUT THBIX JHUIOJb-
HBIX M KB JIPYIIOJIBHBIX M THUTOB HYKJIOTPOH , MOIYJIBHON KPUOTEHHO-M T'HUTHOIA
CHCTEMBI HYKJIOTPOH , OTp OOTKY TEXHOJIOTUM CEPUIHOrO MPOU3BOICTB U HCIIbI-
T HUM.

KoneuHnoii rienpio Bropoit ouepenu (1985-1988) mpoext O6pu1 ombITH 5 cOOp-
K U UCIBIT HUS CYNEpIepHol KPHOTEHHO-M THUTHOH CHCTEMbl HYKJIOTPOH JUIS
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NPOBEPKH B p OOYMX YCIOBUSIX NPHUHATBIX KOHCTPYKTOPCKHMX PEIeHUH, OKOHY -
TETPHOTO MOATBEPKIECHHUS BO3MOXHOCTH YCTOHYMBOIO I P JIUIETBHOTO KPHOCT TH-
POB HHUSI MHOTHX M THHTOB LMPKYIISILIMOHHBIM CIIOCOOOM, OIpeiesieHne HeoOXou-
MBIX 1 HHBIX I IPOSKTUPOB HUSI CXEMBI 3B Ky IIMM ®HEPIHU U3 HYKJIOTPOH .

B 1986 r. Obul yrBepXjeH NpPOEKT «PEeKOHCTPYKLUS M THUTHOH CHCTEMBI
CHUHXPO( 30TPOH H CBEpPXIPOBOMSAIIYI0 — HYKJIOTPOH» (TOM 2, p Goumii mpo-
ext PII-02-02, p 3men «M rHUTH 4 cucteM . CHCTEM ®IEeKTPONUT HUS»), IPEay-
CM TPHB IOLIMH CO3]l HHWE HYKJIOTPOH . ABTOp 0030p OBUI H yYHO-TEXHHYECKUM
pyKoBoauTeneM p OOT IO CO3. HHIO M pe JIN3 IIUU 3TUX MPOEKTOB, MPOBENCHUS
UCCIIEIOB HUU U UCIIBIT HHM, HETIOCPEACTBEHHBIM P 3p OOTYMKOM OCHOBHBIX KOH-
LENTY JIbHBIX I10JIOXEHUI, KOHCTPYKTUBHBIX PELICHUN U TEXHOJIOTHM.

B nepuox ¢ 1988 mo 1992 rr. GbuiM 3 IyIIEHbl B CEPUI0, W3TOTOBIIEHBI U
MPOLUTH KOMIUIEKCHbIe HCTBIT HUS Bce 100 mumospHBIX M 66 KB IPYIOJIBHBIX
KPHOTEHHO-M THUTHBIX Mogyinei. B cesp e 1990 r. ycnemHo mpoBeleHbl KOM-
IUIEKCHBIE MCHBIT HUS LEMOYKH M3 16 KPUOTEHHO-M THHUTHBIX MOMYIEH.

3 Xon XWB HHE LEeMOoYKH U3 12 TUMONbHBIX U 4 KB JAPYINOJIBHBIX M THUTOB OT
KOMH THOH 1O TelHeBON TeMIep Typhl OCYLIECTBIISIOCH C MOMOIIBI0 YCT HOBKHU
KI'Y-1600/4,5 npu cpemHeM 3H YEHHMH P CXOHI TelMsl 4epe3 K XIObI M THHUT
~ 0,45 r/c n gmanock okono 17 4 coB. B mpouecce HCHBIT HUI WHULAUPO-
B JIOCh HECKOJIBKO JIECSTKOB MEPEXOI0B, OTK 30B B CHCTEME 3 ILIWTHI U 3B Ky LU
SHEPruu He H O] JI0Ch.

OOMOTKHY M THUTOB BO3Bp LI JIUCh B CBEPXIIPOBOJIAILEE COCTOSHUE MEHEe YeM
yepe3 5 MHUHYT I10Cje NepexoioB. M THUTHI BO30YXI JINCh HENPEPHIBHHIMU HM-
MyJbC MU TOK TPEYTOJbHOM (DOPMBI C MIUTUTYIOH 6 KA, JIMTEIBHOCTBIO H P -
CcT HUA U cn g 1o 1,55 ¢ ¥ nepuosoM ciaefoB HUS UMILYIbCOB 3,5 C B TeYEHUE
192 4 coB (~ 2 - 10° nuxios BO30yXjeHus). Ileper 1o 1 BIGHUS MEXIy MUT -
IOIIUM M OTBOISIIMM TeJIUEBBIMH KOJUIEKTOP MH MOMIEPXKUB Jics p BHBIM 9 KII .
ITpu 3ToM M ccoBoe I pocofepX HHUe Ieflus B OTBOILLEM KOJUIEKTope ~ 1, ero
temrep Typ 4,5 K. Kpuoct TipoB HHEe U p 60T M THHTOB ObUIH CT OWIIBHBIMH.
Kone6 Hmii p cxon Trenws B I p JUIGIBHBIX OXJI XI IOIIMX K H JI X He H OIo-
I Joch. P GOT M THHUTOB OCT B JI Cb CT OWJIBHOH M TPH 3H YHUTEIBHBIX OTKJIO-
HEHMSX I P METPOB KPUOCT THPOB HUS OT MX HOMHUH JIbHBIX 3H yeHui. [lepem 1
Il BIICHMSI MEXy IUT IOIIUM U OTBOJSIIUM KOJUIEKTOP MU ObUT CHUXeH B 1,5 p 3
(mo 6 xII ). IIpu aTOM U3 K H JIOB IS OXJ1 XKIOEHHS IPM M THUTOB BBIXOIWJI Ile-
perpetslii 1 p ¢ Temnep Typoil ot 5,1 no 7,8 K, coorBercTBeHHO, 1 K H J1 €
H MMEHBLINM U H HOOJIBIINM THAP BIMYECKUM CONPOTHBICHHEM.

[MepBblii KB Ap HT KPUOT€HHO-M THUTHOM CHCTEMbI HYKJIOTPOH ObUI YCT HO-
BIIEH B TYHHENIE YCKOPHTENS U IMpOIIEeN TeCTOBble HCIBIT HUS B ¢heBp e 1992 r.
IMorpe6oB stock 84 4 ¢ Juis 3 X0 XKMB HUS 28 IUIOJIbHBIX U 11 KB OpymHosib-
HBIX KPUOTE€HHO-M THHUTHBIX MOJIYJed OT KOMH THOH [0 TelHeBOH TeMmIiep TYypbl.
Kpunoct THpoB Hue M THHTOB ObUTO cT OWIBHBIM. [l BlIeHHE B B KYyMHOH K Mepe
yckopurens ~ 1-1077 1T .
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MOHT X KPHOTEHHO-M THUTHOW CHCTEMbI HYKJIOTPOH B TYHHeJe ObLT 3 Bep-

nieH B aHB pe 1993 r.,

B M pre 1993 r. mpoBeieH NepBHIil ce HC ee p OOTHI.

Cw™m pr 1993 r. npoBenero 17 ce HCOB p GOTHI HYKJIOTPOH OOIIEH MPOIOJI-
kutenbHOCThI0 3400 4 COB, U3 HUX H MNpPOBEJEHHE (PUBNYECKUX DKCIEPHUMEHTOB
C MyYK MM HYKJIOTPOH , B3 MMOAEHCTBYIOIIMMH C BHYTPEHHHMH MHIIEHSIMH B B -
KYyMHOH K Mepe YCKOpHTess, ObUT0 3 Tp YeHo mpumepHo 65 + 70 % BpemeHw.
B 16-M u 17-M ce HC X IPOBONWIMCH P GOTHI MO OTJI JKE MEIIEHHOIO BBIBOI
My4yK W3 HYKJIOTPOH B DKCIIEPUMEHT JIbHBIA I BUJIbOH M CT BHJIUCH IEPBbIE DKC-

INEPUMECHTBI H BbIBEACHHOM ITy4KE.

B, xI'c
12,0

9,0

6,0

3,0 {1

1500

3000

T, mc

4500 6000

Puc. 1. OcHOBHBIE 1T P METpPbl M T'HHTHOIO IIMKJ HYKJIOTPOH B H JI JIOYHOM C€ HCE P -
6orer: B =12 xI'c, T' = 10 Mc, Bmax = 12 kI'c, nepuox mukn 10 ¢, dB/dt = 5 kl'c/c

H puc.1 mnpuseneHbl OCHOBHBIE
I p METPbl M THUTHOTO IMKJ HYKJIO-
TPOH B OJHOM M3 H JI JIOYHBIX CE H-
coB p 6orer: By — 1p (puk omop-
HOM (DyHKIMM WHIYKUUH M THUTHOTO
TOJISL IUNOJIBHBIX M THUTOB; B — 1p -
(uk M3MeHEeHHs! HHAYKUUH M THUTHOTO
MOMs JUNONBHBIX M rHUTOB; (g —
rp UK W3MEHeHHs TIp AUEHT KB -
JPYIOJIbHBIX M THUTOB (IepOKyCHpYIO-
umx); Up — KOHTPOJIBH S K PTHH U3-
MEHEHHUSI BBIXOIHOTO H TPSKEHUS CH-
CTEMbl IUT HHUS [UIIOJBHBIX M THH-
TOB; Uy — BBIXOIHOE H NPSAXEHUE CH-
CTEMbl IUT HUS KB JPYIOJBbHBIX M TI-

Puc. 2. O6ummii BUI M THUTHOH CHCTEMBI
cuaxpod 3otpon OWSIU u momyns aumnosns-

HOIro M T'HHUT KPUOTE€HHO-M THUTHOU CH-
CTEMbI HYKJIOTPOH
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uutoB; G4/B — u3MeHeHHe KO3(P(MUIMEHT OTHOIUCHWS TP JUEHT B JIMH3 X
K WHAYKIMH M THUTHOTO IIOJI B JUIONSX (P B S IIK JI M ciIT GOB).

Puc. 3. OOmii BU KOJIbL KPUOTEHHO-M THUTHOW CHCTEMbI HYKJIOTPOH B p #OHE K H JI
UHXEKLIUH

I MCTOYHMK TIMT HHS KB JPYHOJBHBIX M THHTOB B K YeCTBE ONOPHOM
(yHKIMM MCIONB3yeTCs CUTH J1 W3MEHEHWS HHIYKLUM M THUTHOIO IOJNA B W3-
MEpHUTEIbHOM JIUITOJIBHOM M rHUTe — MU (cM. puc. 27).

JIJ1g H INISOHOTO Cp BHEHUS H PUC. 2 IPUBOAUTCA OOIIMIA BUI M THUTHOU CH-
creMbl cuHXpo( 30TpoH OMSAM M KpHOTEeHHO-M THUTHOTO MOAYIS AUIOJIBHOTO
M THHT HYKJOTPOH , H pHC.3 — OOLIMil BI KOJBL HYKJIOTPOH B TYHHEJE, CO-
3]l HHOTO B COOTBETCTBHH C IT H MU MOJEPHHU3 LIMU YCKOPHUTEIBHOTO KOMIUIEKC
JIBD OUsIN [6,7].

2. MOJEJBHbBII CBEPXIIPOBOJAIINN TUITOIb IICO-1

O6mmwmit Bux 1 KoHcrpykuust M THUT LICI-1 nok 3 Hbl H puc.4. OCHOBHBIM
CHJIOBBIM BJIEMEHTOM KOHCTPYKLMHU JHUIOJS TUI «OKOHH S P M » CIIyXHT Xe-
JIe3HOe ApMO. SIPMO COCTOUT U3 IABYX CUMMETPHYHBIX Y CTEd, M3TOTOBJICHHBIX W3
IIT MIIOB HHBIX IUT CTUH 3JIEKTPOTEXHUUYECKOM T MU M pKH D-330A TOIIUHOMN
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0,5 MM, ABYX TOPLEBBIX H KJ HOK MU IBYX MPOIOJIBHBIX YIOJKOB U3 CT JU M PKHU
CT-3, coeqMHEHHBIX C MOMOIIBIO 3JIEKTPOCB POYHBIX IIBOB B €IMHYI KOHCTPYK-
LIMIO TTOJIYSIPM .

425

AN W~

Puc. 4. Koncrpykums M raur  LICH-1: 1 — MenpxuopoB 4 TpyoK , 2 — CBEPXIPOBOISLINIA
nposol, 3 — 6 HI X U3 CTEKJIONEHThl, 4 — MEXBHUTKOB § M30/LUd, 5 — IIPOCT BK U3
TEKCTOJIUT , 6 — MOJIYIpMO, 7 — 3MEEBHUK JUI OXJI XKJIEHHS ApM , § — I101yOOMOTKI

OOMOTK BBINOJIHEH M3 TPYOU TOTO K O€ssl, U3rOTOBIEHHOTO IyTeM H BHBKH
CBEPXIPOBOMSIINX IPOBOIOB H TPYOKY M3 MENBXHOP AU MeTpoM H X 0,5 MM,
NpeaB PUTETbHO OONTyXEHHBIX, 3 TeM NPOIYIIEHHBIX Yepe3 B HHY C P CILU1 BJICH-
HBIM TIPHUITOEM, coliepX IuM 95 % onoB u 5 % cepebp .

OCHOBHBIE /I HHBIE CBEPXIIPOBOJIILIEH OOMOTKH U I P METPbl M THHUT IIpUBE-
gensl B T 611.1 [4]. KprHocT TMPOB HHE M THUT OCYIIECTBIISJIOCH IIOTOKOM JIBYX-
¢ 3HOrO TenMsg ¢ M p METpP MU: M ccoBoe I pocoiepx Hue 0,1 <+ 1, ynenbHbIl
M ccoBblif p cxom 50 <+ 350 Kr/mM2-c, M KcUM TbH 4 Temnep Typ 4,3 + 4,7 K.

[Mony4yeHHbIe HU3KKE 3H YEHMs JeTp 1 MU KPUTHYECKOTO TOK IPH OOJIBIINX
CKOPOCTSIX M3MEHEHHMsI MOoJisl U OONbIINX dHepreTudeckux norepsx (I./Iy =~ 0, 9;
B = 3,5 Tn/c; P = 15 Br) YK 3bIB 0T H XOPOILIUE YCJIOBUS OXJI XAEHUd. DTO
MOATBEPKI €TCs TeM, YTO He H OJIIOJ JIOCh 3 BUCHMOCTH JIeTp J LMK KpHUTHYe-
CKOro TOK B M THUTE OT YAEIBHOTO M CCOBOTO P CXOI U I pocomepX HUS B
reJIMM B IIMPOKOM AU I 30HE U3MEHEHMS 3TUX I p METpoB. TPEHUPOBK M THHT
He H Omrom 1 cb. B mpormecce mccnenos Huil ocymiectsisiioch 6omee 100 me-
PEXONOB M THUT U3 CBEPXIPOBOIILIETO B HOPM JIBHOE COCTOSHUE U 15 HUKIIOB
OTEIUIEHU] U OXJI XJICHU.

OdeHb yCHEIIHbI U OOK 3 TelIbHBbIH sKcrmepuMeHT H M rHHTe LICI-1 6bUI
NPOBEJICH MPU P 3HEJIEHUU MUT HUS MOTyOOMOTOK ABYMSI I P JUIENIBHBIMH I1OTO-
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T 6muxy 1. OcHoBHbIe T p MeTpbI cBepxnpoBoasamero M raur IICH-1
Aneptyp , MM 55 x 55
JIMMH  XEeNe3Horo sipM , MM 328
Yuciao BUTKOB B OOMOTKE 16
Wunykrusnocts, MI'H 0,15
Ilmma x Oeis1 B OOMOTKE, M 16
Buemnmii 1u Metp K Genst, MM 6,5
Yucno mposonos 0,5 MM B K Oerne 31
CBepXIpOBOTHUK cmun B /HT-50/
Yucio cBepXNpOBOAAIIUX HUTEH B IIPOBOJE 1045
1 MeTp CBEpPXIPOBOAAIIUX HUTEH, MKM 10
OTHOLIeHHEe CeYeHUl MeId U CBEPXIPOBOAHUK B mpoBoxe 1,39
III r cKpyTKH IIPOBOIOB, MM 47
I r ckpyTku HuUTEH, MM 3
M Tepu 1 TpybKku K Gens METbXHOP
IMpumnoii 95 %Sn+5 % Ag
Kpurnueckuii Tok npu temnep type 4,4 K, A 7380
M kcuM apHOe none, Tn 2,37

K MH JIBYX(p 3HOro reius Ipu HCKYCCTBEHHO CO3[J B €MBIX P 3JIMYHBIX TMAP BIIH-
YeCKUX CONPOTHUBICHHUSIX MOJTyOOMOTOK, OTJIMY IOLIMXCS JIO JIBYX P 3, U OOJIBIIUX
TEIUTOBBIX H Ipy3K X B 20 BT, CHUM €MBIX I POXHIKOCTHBIMH IOTOK MM Teus C
M CCOBBIM N pocojaepxk Huem 1o 0,7 [8].

ITosydeHHBI 3KCIEPUMEHT JIBHBIA M TE€pH JI IIPU CO3[ HUM U UCHBIT HUAX
HCIO-1 mox 3bIB €T MPUHLMIN JIBHYI0O BO3MOXHOCTh OCYIIECTBJICHHUS KPUOCT TH-
POB HHUSI UMIYIBCHO p OOT IOIIMX CBEPXHNPOBOMSAIINX M THUTOB C IOMOIIBIO IT -
P JUIETBHBIX II POXUIKOCTHBIX TOTOKOB TeJIUs.

H 3roii Mogenu yn 10Ch OK 3 Th, YTO T KOI THUI CBEPXIPOBOASAIINX M THH-
TOB MOXET p OOT Th C 4 CTOTOH HMOBTOPEHHMS! LIUKIJIOB BO30yXaeHus, p BHOH 1 I'm
U BBILIE.

IT aub1ii cBepxmpoBogauMii K Oenp mMeeT OONBIIyI0 KECTKOCTh U HE TO-
JIEH JUIl W3TOTOBIICHHS OOMOTOK C HEOONBIUIMMH P IWYC MM M3ru0  (TOpsiak
15+20 MM), T K K K IIpY II T€ TP HCIOHUPOB HUSA ~ 50 MM OJIOBSIHHBIN NPUIION
HE yJIepXUB €T CBEPXIPOBOJIILIYIO IPOBOIOKY B MECT X M3ru0 , U H pyll ercs
TEIUIOBOH KOHT KT MEXJy TPYOKOH OXJ1 KIEHHS M CBEPXIPOBOISALIMMHU IPOBO-
JIOYHBIMH XWJI MH K Oes.

IT auwbrit cBepxnpoBoadLIMi K Gelib uMeeT OoJIbLINe TEIUTIOBbIIEIeHUs (KOooTe-
P THBHBIE MOTEPH) MpH p OOTE B UMITYJIbCHBIX M THUTHBIX Mosix. Mccnenos Hus
MOK 3 JIU HeoOXOAMMOCTh p 3p OOTKM HOBOW KOHCTPYKLMH CBEpPXIPOBOSIIEIO
K Oess Uil GBICTPOLIMKIIMPYIOIIUX M THUTOB.
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3. CBEPXITPOBOJIAIIAN TPYBYATHII KABEID IS
BBICTPOIIUKIINPYIOIIINX MATHHUTOB HYKJIOTPOHA

CBepXIpoBOISIIUN K OejIb JUId U3rOTOBJICHHS OOMOTOK BO30YXKICHUS M THH-
TOB HYKJIOTPOH IIPOEKTHPOB JICS UCXOJS M3 HIKECIIEAYIOINX TpeOOB HU: HOMH-
H JIbHBIA p Ooumil Tok 6,0 KA; KpuTHYecKuil TOK K Oensd B mone 2,5 T He Hirke
6,8 KA; p 60dee H MpsSKeHHE W3OIIUOHHOTO TMOKPHITHA 2,5 KB, MUHUM JTbHBII
p auyc m3ru6 18 + 20 MM; XOpolI S MeX HHUYECK s NPOYHOCTh W3OJSALUH IPH
TeMIep Type XHIKOIO Iellusl U CIOCOOHOCTh BBIIEPXKUB Th OOJIBIIUE P AU LIUOH-
HbIe H TPY3KH (CyMM pPH $ TIOIJIOLIEHH $ JO3 3 BpeMsl MOJHOM XHM3HHU MPHHST
p BHO# ~ 5-10° I'p).

ITpu p 60TE B M3MEHSIOIUXCS M THUTHBIX MOJISIX, H PSITY C BETMYMHOU KPUTH-
YeCKOro TOK , OIpEesSomed X p KTEPUCTUKOI CBEPXIIPOBOASILETO K Oelst CT -
HOBUTCS BEJIMYUH MOTEPh PHEPIUU B HEM.

B ob6meM ciayd e B M3MEHSIOMEMCS M THUTHOM I0JIe BO3HHK IOT CIIEYyIOLIIe
BUJBI TIOTEPh SHEPTHH B CBEPXIPOBOMSIINX K Oesx:

1) ructepe3ucHble MOTEPU B CBEPXIPOBOIIIINX BOJIOKH X IMPOBOJIOK;

2) motepu, BbI3B HHbIE COOCTBEHHBIM M THHTHBIM IIOJIEM ITPOBOJIOK;

3) Koomep THBHbIE MOTEPU B KOMIO3HUIMOHHBIX IPOBOJIOK X;

4) BUXpEeBblE MOTEPU B IPOBOJIOYHON CTPyKType (K Oesie), BbI3B HHbIE HHILY-
LIMPOB HHBIMH TOK MH MEXIy MPOBOJIOK MH.

Tpu nepBbIX BUO MOTEPh IPH HUMITYJIbCHOM p OOTE ONpemensioTcs I p Me-
TP MH HCIONb3yeMbIX MPOMBIIIICHHBIX KOMIIO3UIIMOHHBIX MPOBOJIOK, ITPUMEHSe-
MBIX JUISl CKPYTOK B K 0€jib, X p KT€POM HM3MEHEHHUS TOK BO30YXIeHus (Tp HC-
MOPTHOTO TOK ) M BHEIIHEro M THUTHOTO MO, B KOTOPOM H XOAUTCS CBEpPXIIPO-
BOJIHHIK.

B yerBepToM cityd e moTepu B K Oeie MOTYT CYyIIECTBEHHO MEHSATHCS IyTeM
U3MEHEHHS ero KOHCTPYKLIUH.

OCHOBHBIMU KOHCTPYKLIMOHHBIMU I P METP MH, KOTOpBIE BJIUSIOT H BHXpe-
BbIE IIOTEPU B TP HCIIOHHMPOB HHOM K Oese, SBISIOTCA LI I' TP HCIIOHUPOB HHS
CKPY4YHMB €MBIX IIPOBOJIOK W BEIMYMH IIONIEPEYHOIO CONPOTHBIECHHS K Oemns, ¢
YBEJIMYEHUEM KOTOPOTO B OINpPEIE/ICHHBIX MPEIeN X BUXPEBbIE MOTEPH MOTYT ObITh
3H YUTEJIBHO CHUXEHBI.

JInst yBenM4YeHus MONEepPEeYHOro COIPOTUBIICHUS B I SIHBIX CKPYTK X M K Oe-
JISIX TIPUMEHSIIOTCS [UTSl 1T MIKM BBICOKOOMHBIE CIUT BBI, B HEIl STHBIX — NPOM3BOIAT
P 3O€NeHHe CBePXITPOBOIIIMX MPOBOJIOK H3OJSLHOHHBIMA M TEPH J1 MU B BHUIC
OKCHUIHBIX IJICHOK, U3OJISILMOHHBIX J1 KOB U Jp.

B cooTBeTcTBUM C MPUHATBIMH KOHIEMIUSIMU COOPYXEHHS M THUTHOW CH-
CTEMbI HYKJIOTPOH  BTOpOM ObUT p 3p 60T H HOB S KOHCTPYKLHS CBEpPXIIPO-
BOZSIIIEro Tpyou Toro K Oens, O 3uMpymI sici B CBOEM H3TOTOBJICHHH H CT H-
Il PTHBIE, BBIITYCK €Mbl€ IPOMBIIIUIEHHOCTHI0 KOMIOHEHThI: MEJIbXHOPOBYIO TPYyOKY
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MHX Mu-30-11 (I'OCT 492-23) nu metpoM 5 X 0,5 MM, CBEPXIIPOBOJISIIYIO IIPO-
BoJIOKyY ¢ MenHoi M Tpunei Tun CKHT-0,5-1045-0,42 mu merpom 0,5 MM, ume-
forryio 1045 cBepXIpoBomduX HUTEH qu MeTpoM 10 MKM U3 HHOOHMMA-THT HOBOTO

ct B HT-50, xoadpunineHT 3 NOMHEHUS MPOBOJIOKH CBEPXIPOBOTHUKOM P BEH
0,42 [9].

Puc. 5. KOHCTpyKIIMSI M OCHOBHBIE I p METphl TPyOY TOro CBEpXIPOBOSINEro K Oerns
IUIsI OOMOTOK M THHUTOB HYKJIOTpoH : 1 MeTp NbTi-uuteit 10 Mxwm; uucio nureir 1045;
OI T TBUCT HHUTEH 5 MM; II T Tp HCIIOHHPOB HUS MPOBOJIOK 47 MM; YHCIO HPOBOJIOK 31;
] — MenbXuopoB g TPYOK U METpOM 5 MM, 2 — CBEPXIIPOBOMSIINI POBOI I METPOM
0,5 MM, 3 — 6 HI X U3 HUXPOMOBOU MPOBOJIOKH, 4 — MOJMUMHUAH 4 JIEHT (K MTOH), 5 —
CTEKJIOJICHT , IPOMUT HH § 3MOKCHIHBIM KOMIT YHIOM, 6 — SHOKCHIHBIA KOMIT YHI

KoHncTpykunst cBepxnpoBogsiiero K Oenst i HYKJIOTPOH NpPUBEAEH H
puc.5. TexHONOTHS €ro M3rOTOBIEHMS 3 KJIIOY €TCs B CJIEAYIOLIEM: C ITOMOLIBIO
H BUBOYHOM M IIMHBI H TPYOKY H M ThIB eTcsl 31 CBEpXIPOBOJIIL I IIPOBOJIOK
CHHp JIBHO C III TOM TP HCIIOHMPOB HMA 47 MM; Iepei H BUBKOH IPOBOJIOKU B
€MHOM TIpoliecce C H MOTKOH H MeJIbXHOPOBYIO TPYOKY H HOCHTCS CJIOH ®IOK-
CUJHOTO KOMII YHJI — TE€PMOpE KTHBHOIO CBA3ymoiero toamuHon 0, 10, 15 mm.

IIposeneHHble UCCIENOB HUA MOK 3 JIM, YTO H WIYYHIMM KOMII YHIOM SBJIf-
eTcd TepMOpe KTHBHOE CBA3YIOILEE, COCTOANLIEE U3 CIENYIUX KOMIIOHEHTOB!

—cmon DI-22 u DJ-16 B cootnorrerun 60 : 40 % — 100 BecOBBIX U CTEI;

— otBepaurenb MTT®A u N30 MIT®A B cootnomenuu 30 : 70 % — 80
BECOBBIX U CTEH;

— nonuMmeTwicuioke HOBbIM K yuyk CKT-20 — 23 BecoBbIX U CTH;

— H TOJHUTENb (1 TONWT (MTOPOIIOK U3 ApobieHoi cimoapl) — 50 BeCOBBIX
9 CTEH.

Tyt npenoTBp LIEHHS OTCIOCHUS CBEPXITPOBOIALICH POBOJIOKH OT TPYOKH (B
npouecce U3rud HUS H M Jible P JUYChl P M3rOTOBIEHHMHM OOMOTKH) H CBEpX-
MPOBOJAIIYI0 MPOBOJIOKY K O€lsi H M ThIB €TCS TONEPEYHBbIil 6 HI X W3 HUXPO-
MOBOH npoBojoku 11 MeTtpoM 0,2 MM ¢ m rom 0,3 MM U 3 TeM H M ThHIB €TcCd
JIEHTOUHOE M30JISLIMOHHOE MOKPBITHE.
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H3019110HHOE TTOKPBITHE CBEPXITPOBOIALIETO K et BBIOUD JIOCh U3 P CUET
P AM OHMOHHOH CTOMKOCTH, 0becredeHrs HeoOXOAUMOro CpOK  CITyKOBbI, TEXHOJIO-
TUYHOCTHU TIPU M3TOTOBJICHUH, MEX HMYECKOH M dieKTpuueckoil npoynoctH [10].

W3zomnsuus cBepXIpoBOILIEero K Oelsi COCTOUT UX YEThIPEX CJI0EB MOJTUMMHUJI-
HoOW miieHKH (1B ciod ¢ 50 %-HbIM HepekpsITHeM) TONIMHOM 40 MKM K XAbIi
(B8 cymme 160 MKM) W IBYX CJIOEB CTEKJIONEHTH TOMmIuHONH 0,1 MM, OOMWIBHO
IPOINUT HHOH BBIIENPUBENCHHBIM TEPMOPE KTHBHBIM SMOKCUIHBIM KOMII YHIOM
¢ 100 BKOH CHUIIMKOHOBOTO K y4yK , KOTOP $ BBOAWTCS JUISl OIVIOIEHUS DHEPTUH,
nepes B MO OT 4 CTHIL 3IIOKCUIHOM CMOJIBL K U CTHUIl M K Y4yK , BO3HMK IOIIEH
m/JIx

BCJICACTBUE H PYIUEHUS MHUKDOCTPYKTYPBL W, ————
CM™ IUKJI

KOMII YHA B MECT X KOHLCHTP LHUU 60JIb-

LIMX MEX HUYECKUX H IPSIXEHUH. 150 I

[TpoBeneHHble McCIIENOB HUS IIOK 3 JIH,
YTO HCIIOJIb30B HHE T KOrO0 KOMIT YHA IIpH-
BOJUT K PE3KOMY YMEHBIICHUIO 3(pheKT Tpe- 100 17 A
HUPOBKH M TIO3BOJISET IIPH [IEPBOM BO30YXIe-
HUM M THHUT TIOJYYHUTh BEJTMYMHY KPHUTHUE- 50
CKOTO TOK , OJIM3KYI0 K M KCHUM JIbHOH. KoM-
n yua p 3p 6or H U.E.K pnyHuHoii. . . . . .

BuxpeBsie Koonep THBHBIE IOTEPU B K -
6ee HOBOH KOHCTPYKLMH TIPH CKOPOCTSIX

M3MeHeHHs M rHuTHoro mons B = 4 Ti/c
mp KTHYECKH OTCYTCTBYIOT, OOIIME TEeIUIo-
Bble TIOTEPU OMPEAENSIIOTCS TONBKO X P K-
TEPUCTUK MM TMPUMEHSEMbIX CBEPXIPOBOJIS-
[IUX MPOBOJIOK.

H puc.6 i p 3HbIX 00p 3110B CBEpX-
npoBojduiero Tpyou toro Kk Oenisi npuBe-
IeHbl Ppe3yNbT Thl HCCIENOB HHH 3 BUCH-
MOCTH 9SHEpruH MOTeph (TEeIUTOBbIICITCHHIN)
OT CKOPOCTH HM3MEHEHHS M THUTHOTO IIOJI,
MIPOHM3BIB OINEr0 CBEPXIIPOBOMASIIMIA K OeIb

[11].

ITepsbIii 06p 3e1 HOBOTO CBEPXIPOBOIA-

Puc. 6. 3 BucumocTb 3HEpPruu Io-
Tepb OT CKOPOCTH H3MEHEHMS MO
i TpyO4 THIX OOp 3L0B CBEpPXIIPO-
BoJAIIero K Genst HyKJIOTpOH : [ —
11 00p 310 , IPOI SHHOTO OJIOBSHHO-
cepeOpsHBIM TIpHIIOeM, 2 — JUIT
My4K M30JIUPOB HHBIX CBEPXIIPOBOMS-
IIUX TPOBOJOB, HMHUTHPYIOLUIUX IPO-
Bog B Tpyou ToM K Gene (31 mpo-
BONT), 3 — U1 KOHCTPYKIMHU K el ¢
6 HJ >KOM M3 HUXPOMOBOI1 IIPOBOJIOKH
(BBIOp H JUIA M THHTOB HYKJIOTPOH )

mero K Oens ObUT MCHBIT H B COCT Be OO BOYHOrO BUTK C P AUYC MU H3rub
18 mm, p 3memenHoro B 3 3ope M rHuT LICH-1. Burtok coemunsics mocieno-
B TEJIbHO C OOMOTKOH M THHUT IO ®JIEKTPUYECKOW IeNH M 10 K H JIy OXJI XIe-
Hud. Ilpu 3TOM HM3yd 11 Cb CTENEHb Aerp A MU KPUTHYECKOTO TOK B KOPOTKOM
o0p 31e K 6ensd B 3 BUCHMOCTH OT CKOPOCTH M3MEHEHHS IOJd B TEPType M TI-
HHUT , KOTOp 1 NIpUBEAeH H pHuc. 7.
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LI,

100

P~

0,9

0 2 4 6 8 10
B, Tn/c

Puc. 7. 3 BUCHMOCTb CTENEHH Ae-
Ip I UMM KPUTHYECKOTO TOK B
00p 3ue K Oens HOBOH KOHCTPYK-
UM OT CKOPOCTH W3MEHEHHS M T-

It Toro 4ToObl ONpENeIuTh 3TY 3 BUCH-
MOCTb, 00p 3e1 ObUT M3rOTOBJIEH W3 CBEPXIIPO-
BOZSIIIMX IPOBOAOB, MMEKINUX OoJjiee HU3KOE
3H YeHHE KPUTHYECKON INIOTHOCTH TOK B M TI-
HUTHOM 110J1e 10 2 Ti 1o cp BHEHHIO ¢ KPUTH-
4eCKOM IUIOTHOCTBIO TOK B CBEPXIPOBOSAIINX
MpoBOA X K Oesii OOMOTKH M THHT .

B 3 kjoueHue MOXHO OTMETHTh, YTO
P CCM TpPHUB €M 9 KOHCTPYKLHS CBEPXIIPOBO-
Juiero K Oesist OTBeY €T MOCT BJICHHBIM 3 I -
9 M, TEXHOJIOTUYH M HPOCT B U3TOTOBJICHUH,
YTO MO3BOJIWIIO clienl Th B JIBD Bech cBepxmpo-
BOASIIMI K Oellb 11 M THUTOB HYKIJIOTPOH
(oxomo 12 km).

HUTHOTO IO B IepType IUIIONI
1pH BO30YXIEHUH ero 0OMOTKH HUM-
HyIIbC MH TOK TPEYTOJIBHOM (hOpMEI
6e3 I y3 MeXIy UMILYIIbC MH

[Mosy4eHHbIe 9KCIEPUMEHT JIbHBIC X P K-
TePUCTHKU IO3BOJSIOT [ET Th P CYETHYIO
OIIEHKY B3HEpPreTMYecKUX IMOTeph B OOMOTK X
M THHUTOB HYKJIOTPOH [Id P 3HBIX PEXUMOB
p GoThI.

4. MOJIEJILHBIN CBEPXITPOBOJIAIIAN IMOTHOMA CIIITABHBINI
JUITOJb IICIO-2

Jlyist oTp GOTKHM TEXHOJIOTUM M3TOTOBJIEHHS JAUIIOIBHBIX M THUTOB C OOMOTKOM
U3 CBEPXIIPOBOJILETO TPyOU TOro K Oensi HOBOM KOHCTPYKLMH, OLEHKH 3 TP T
H UX IPOM3BOICTBO U IOJyYeHHE 3KCHEPUMEHT JIbHBIX X P KTepUCTUK B 1981—
1983 rr. 6611 co3x H nomHOM ciuT OHBIN qumonbHbIA M rHAT LIC/I-2 1 poBexeHbI
WCHBIT HUA ABYX MOIM(UK LUH 3TOro M THUT [5].

KoHCTpyKLIMSl M THUT TpUBEA€H H pHC.8, OCHOBHbIE X P KTEPUCTHKH —
BT Om.2.

M THHUT COCTOMT W3 JABYX CHUMMETPHUYHBIX Y CT€il IO H JIOTUM C M THHUTOM
LCHO-1, otiuure — 1000BbIe U CTU MOTYOOMOTOK OTOrHYTHl H 90° 1O OTHOIIIe-
HUIO K MEJM HHOM IUTOCKOCTU M THUT . [' © PUTHI IIUXTOB HHOT'O XEJI€3HOTO SIpM
1400 x 256 x 166 MM, p 3mMep nepTypsl 90 X 42 MM. JIByXciI0HH 5 cemnoobp 3H 5
06MOTK (8), cocTosI S U3 OByX CUMMETPHYHBIX U CTEH, CONEPXKHT JBEH III Tb
BUTKOB M3 TPYOY TOTrO CBEpPXIpOBOsIIero K Oens, onuc HHOro B p 34.3. Ilocie
YCT HOBKH IOJYOOMOTOK B SIpMO OHM (hUKCUpYIOTCs ¢ nomolnsio 6ontos (3). Ye-
TBHIPE CT JIbHBIX OOJAT AU MeTpoM 8 MM, yCT HoBieHHbIe dyepe3 300 MM 1o juinHe
M THUT (Bcero 16 60JTOB), MOATATHB 0T OOMOTKY K JKEJIE3HOMY SIpMy 4depe3 H30-
JIUpYyoIIne NPoKJI OKU (7). M THHUT yCT HOBJIEH B TOPH30HT JIBHOM LIMJIMHIpPUYE-
CKOM KPHOCT T€ H OJHOU orope (6), p CHOJOXEHHOH Mo HeHTpy (cM. puc. 8, ).
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Puc. 8. ) KommonoBk M ruutr LCH-2 B kpuocT Te: I — B KyyMHbI KOXYX, 2 —
3MeeBUK UL OXJI KAEHHMS spM , 3 — 6ounT, 4 — Xele3Hoe IpMo, 5 — TeIIOBOM KOHT KT,
6 — omop M THUT , 7 — MPOKI IK , 8 — CBepXmpoBOmIl s OOMOTK , 9 — omop
30THOTO 9Kp H , /0 — 30THBIN 2Kp H. 6) O6wmwmii Bug M taut LCI-2

Kpuoct THpOB HHE NOJIyOOMOTOK M THUT OCYLIECTBIISIIOCH TIOTOKOM JBYX-
¢ 3HOrO renus co ciegyOIIUMHU 11 P METP MH: M CCOBO€ I pocoiepx Hue 0 -
1; ynesbHbIl M ccoBblii p cxom 12 + 260 Kr/mM2-c, M KCHM JIbH s TemIriep Typ
4,5-5 K.

Kpurnueckuit Tok B M rHute npu temnep type 4,5 K coct Bun 6 kA. T -
KO€ 3H YeHHe KPUTHYECKOIO TOK LIEJMKOM H IMOJHOCTBIO OTPENEIMIOCh HU3KUM
3H YEeHHEM KPUTHYECKOrO TOK MPOBOJIOKH, N3 KOTOPOM OBUT COET H CBEPXIIPOBO-

EINAA K O€llb TOr0 M THUT .

M rHUT BO30OYXI JICd HETPEPhIBHBIMU HMITYIbC MH TOK B COOTBETCTBHHU C
rp (ukom, mpeacT BIeHHBIM H puc.9. OOmye TEeIIoBbIIeTICHUS B M THUTE (9HEP-
reTHyeckue MOTepu U CT TUYECKMH Tertonpurok) cocT Bwik 42 Brt. Ct Thue-
CKMI TEIUIONPUTOK K M THHUTY, BKJIIOY 9 U TEIUIONPHUTOK IO OIOpe, COCT BHJI
3,3 Br. TemnonpuTok K peryaupyomuM BeHTwIsM 0,8 X 2 = 1,6 Br.

Tl CHUXKEHUS SHEPIreTHYECKUX MOTeph B IIMXTOB HHOM M THHUTOIPOBOJIE €r0
KOHCTPYKLMS ObUI M3MEHEH : M3 SpM ObUIM UCKIIIOYEHBI CT JIbHbIE IUT CTHUHBI
TonuUHON 14 MM, p cnoi T Buuecs yepe3 K xkapie 300 MM 110 [UIMHE M THUT , B
KOTOPBIX ObUIM IPOZIEN HbI OTBEPCTHS ISl OONTOB | 1T 3bI U1 AET Jied KpeIyIeHUs
o6moTku. O6p MIIIoIINe KOHCTPYKLMH M THUTOIPOBOA TOPIIEBBIE H KJI JKU U
YroJKW OBUTH CHET Hbl U3 HEPX BEloUIed CT JIU.

B momuurmipos HHOM M THHUTe LICI-2M 00MOTK TpPOCTO 3 KIJI ABIB €TCS B
M THHUTOIPOBOJ M 3 XHUM €TCS IOJIOCHBIMU TTOBEPXHOCTSIMU SIpMa M THHUT .

Jlst Gomee KeCcTKOro 3 KpeIUIeHWSI M THUT B KPUOCT Te ObUT IPUMEHEH Jpy-
roif croco6 ero (pPUKCHpOB HHS B MPOCTP HCTBE — C MOMOINBI0 8 P CTEKEK MO
LEHTPY KPUOCT T (COBMeIIeHHE oceil).
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T 6J'IPI]_I 2. OcHOBHBIE X P KTE€PpUCTHKHU MOAECJIBHOIO IOJITHOM CHIT OHOro JAUIIOJIBHOTO

M rHuT Hykiaorpon HCI-2M

Anepryp M THHUT , MM 92 x 42
®dusnyeck g JJIMH M THUT , MM 1486

P 3Mephl Xenne3Horo gpM , MM 1400 x 256 x 166
M cc M THHT , KT 360
Yucino BUTKOB OOMOTKH 12
WunyktusHoCTh, MI'H 0,635
Ilua K Oend B OOMOTKE, M 45

T Metp TpyOKku K Gens (MeIbXHOPOBOii), MM 5x0,5
Yucno CII-nposonos @0,5 mm, HT-5 31

UYucno CII-Huteii B npoBone 1045

n metp CII-Huteii, MKM 10
Buemnuii 1u MeTp K Gens ¢ u3osLuei, MM ~ 7
Kputnueckuit Tok M rautr npu 1T’ = 4,4 K, A 6470

3 1 ceHH g sHeprud, kKIx 13,3
CyMM pH s MHTETp JIbH $I OTHOCHUTENIBH $I HEOTHOPOJHOCTD

M THHUTHOTO IIOJIS B MepType H ypoBHe B =2 Tn 4,1-1074

OOGIMii TEIUTONPUTOK K TeJIUI0 B M THUTE NpH p 6oTe B Tp Iie-
LUEBUTHOM [UKIIE C TeproaoM 2 ¢,Bmax =2 Tnu B =4 Tn/c, Br 11

10 = 5500 A
(B = 1,83 T)

B~ 5,2 Ta/c

BO30Y-
KIEHUS M THUT W BpEMEHHbIE
0 p METpPbl UK

Puc. 9. I'p ¢pux Tok

HccnenoB HUS MOAUGDUIIUPOB HHOU KOHCTPYK-
o M tHaT  LCI-2M nox 3 Ju: TEIIOBBIIEIIEHUS
B M THUTEe Npu p 60Te B LUKIE 1O Ip PUKY TOK
(puc.9) ymenpmmmuch H 10 Bt (c 42 no 32 Br),
CT TUYECKMI TEIUIONPHUTOK K M rHuty 1,5 BT, Kpu-
TUYECKUH TOK B M THUTE Ipu Temmep type 4,35 K
p BeH 6470 A.

M rHHT ycTOHYMBO p OOT JI MpH YMEHBIICHUH
p cxon remusa go 0,40 r/c, mpu 3TOM I pocojep-
X HHe [OTOK TeNusl H BbIXOHE U3 OOMOTKH COCT -
BISUIO ~ 1, H BBIXOOE U3 K H JI OXJI XICHUS

M THHUTOINPOBOJ BBIXOIWII IEPErpeTsiii m p ¢ Temiep Typoii 6,8 K.

Pe3ynbT ThI HCCIEOB HUM ®HEPreTHYECKUX MOTEPh B M THUTE (0OLIME U B XKe-
JIE3HOM gpMe) VIS IBYX CKOpPOCTEH W3MEHEHHS M THUTHOIO IOJIS MPH P 3THYHBIX
BPEMEHHBIX I P METp X IUT TO TOK MpHBeAeHs H puc. 10.

YucreHHOE NPOBEPOYHOE MOJETUPOB HUE IIOJII CBEPXIPOBOJAIIETO JUIIONS
HCO-2 u H 143 HENMHEHWHBIX 9(¢EeKTOB C LENb0 ONTHUMU3 LMW KOHCTPYKLHUN
M THHT B COOTBETCTBHU C TpeOOB HMSIMHU, CBSI3 HHBIMH C H CBIIIIEHHEM XKEJIEe3HOTO
SpM M BIUSHUEM P 3MEPOB U3OJSLIMOHHBIX MPOKJ JOK MEXJy OOMOTKOM U M T-
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P, Bt

15

10

Puc. 10. Dueprernueckue notepu P B M THATE B 3 BUCHUMOCTH OT JUTHTETIBHOCTH T TP -
MNEeLUEeBHIHBIX UMITYJIbCOB TOK €ro BO30YXIEeHHs IPH HEU3MEHHBIX CKOPOCTIX M3MEHEHHs
ojisl B MepType B = 4,1 Tn/c. InuTenpHOCTh I TO TOK H ypoBHE 5580 A m3MeHs-
1 cb B mpouecce dKcrepruMeHT . CIUTONIH o JIMHUS — 9HEepreTHYecKre IMOTepH B M THHUTE.
IIyHKTUpPH £ JMHUS — 9HEpreTuyeckue NoTepy B KeJe3HOM SpMe M THHUT

HHUTOIPOBOAOM (KOPITYCH 1 U30JISILMs1) U BJIMSHUEM JIOOOBBIX 4 CTEH, IPOBOJIUIIUCH
H OCHOBE METOJ OOBEMHBIX HHTEIP JIbHBIX YP BHEHHMI U METOJ COIPSKEHHBIX
rp aueHtoB no nporp MM M MAGSYS, POISCR, POISON [12].

5. KOHIEIITYAJIbHBIE ITIPEUMYIIIECTBA CBEPXITPOBOJAIIINX
MATHUTOB NUPKVJIAIMOHHOI'O THITIA

BhINonHeHHBIH MK p 60T MO MOJEIUPOB HHUIO U HCCIIENOB HUSIM HOBOTO
TUII M THUTOB MO3BOJIKI B yciaoBusx JIBD OUSU p 3p 6OT Th MPOEKT U CO31 Th
nepBblii B Poccun peicTByolIuil CBEpXNPOBOAAIUUN CUHXPOTPOH, OCHOB HHBIN
H MHHHU TIOPHBIX 9KOHOMUYHBIX CBEPXIPOBOLIIIMX M THUT X HOBOTO THII — C
KEJIE3HBIM SIPMOM M OOMOTKOHN BO30YXJIEHHS M3 TPyOU TOTO CBEPXIIPOBOISIIETO
K Oensd, p 3p 60T HHOTO Ul UMITYJICHOTO PEXHM P OOTHI.

OCHOBHbIE KOHLIENITY JIbHBIC MIPEUMYLIECTB U HOBU3H M THUTHOI CHCTEMBI
HYKJIOTPOH COCTOAT B CJIEAYIOLIEM:

1. M THHTH $ CHCTeM HYKJIOTPOH CHOCOOH p 6OT Th C U CTOTOU MOBTOpE-
HUS LUKJI0B yckopeHus 10 0, 5+ 1 I' npu coOoTBETCTBYIOLIEN MOIIHOCTH I'€JIMEBbIX
pedprxep TOPOB M MCTOYHHMKOB 3JIEKTPOIHUT HUSI, YTO OCOOEHHO B XHO VISl I10-
BBILICHUS CpeIHE NHTEHCUBHOCTU YCKOPEHHBIX IIyYKOB YCKOPUTENd, T KXe€ IpU
p Gore B OycTepHBIX peXHM X B IpoLecce J JIbHEHIIed MOAEpHH3 LUK YCKOPH-
TeNbHOro KoMmiuieke JIBD.
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2. TIpHHAT 9 KOHCTPYKLMS M THUTHOH CHUCTEMBI MO3BOJISIET HCIIONB30B Th B
K YecTBe XJI JI0 TeHT JBYX( 3HBIH Ielnii, 9TO B HECKOJBKO P 3 CHIX €T P CXOf
IPOK YMB €MOIO Yepe3 M THUTHYI0 CHCTEMY rejlid U YIpoLl €T B LEJIOM CHCTEMY
KpPUOTEHHOTO obecrieueHns] HyKIOTpoH . Cp BHUTENBHO M JIO€ KOJIMYECTBO IeITHs
B M THUTHOH cHCTeMe YCKOPHUTENIS U BBICOKOE 3H UYEHHE JOIYCK €MOro [ BICHUS
B €€ OXJI XJI I0IIMX K H JI X 0OECIeuuB 0T CHCTeMe BBICOKYI 0e30I CHOCTh B

B PHUHBIX PEXHUM X IPHU OBICTPBIX OTEIUICHHSIX.

3. M rHUTH s CHCTEeM H OCHOBE M THHUTOB C TPYOU TOI OOMOTKOIl HE NMeeT
TeJINEBOTO COCYH .

D10 00CTOATENHCTBO MPUBOIKUT K YHPOLICHHUIO LIEJIOro Psil  Y3JI0B U KPUOTEH-
HO-M THUTHOM CHCTEMBbl YCKOPHTEINSl B LIEJIOM: OOJerd er JOCTylm K M THHUT M,
JIMH3 M M JIp. YCTPOWCTB M, P CHOJIOKEHHBIM BHYTPH P 300pHOT0 B KYyMHOT'O KO-
KyX ; HCKIIIOY €T BO3MOXKHOCTD ITOSBJIEHHS TeJIUEBBIX TeUell B B KyyMHOH K Mepe
yckopurens. CTEeHKHM HOHOIIPOBOI P 3HENIAIOT CBEpXINIyOOKUI B KyyM B K Mepe
107 — 10~ Topp M B KyyM B M30JALMOHHOM HPOCTP HCTBE KPUOCT THOM CH-
crembl opaak 1076 — 10~7 Topp.

4. B TpyOY TO#l cBepXIpOBOIAIIEH OOMOTKE M THHTOB HYKJIOTPOH IIOTOK
TEIUT , BbI3B HHBIN €€ MMITYJIbCHBIM BO30YXXIEHHEM, H CBOEM IyTH K KpPHO TCHTY
He BCTpedY €T BUTKOBOH M KOPITyCHOH M3osumu oOMoTKH. IlosTomy 1 ke Obl-
CTPOLIMPKYJIUPYIOUIMHA M THUT U3 TPYOU TOTO CBEPXNPOBOJHMK MOXHO CHEN Th
C BBICOKOH 3JIeKTPUYECKON MPOYHOCTBI. DTO MPEUMYINECTBO — 3 JIOT DKCILTY-

T LIMOHHOI H JEXHOCTH, OCOOEHHO Ipu p OOTe B p M LMOHHBIX YCIOBUSIX, U
MO3BOJISET JeT Th OOMOTKY OTAENBHO OT M THUTONPOBO C XECTKHMH JOITyCK MU
H TeOMEeTpUYECKHe P 3Mephl  OONBIION MEX HHYECKOW MPOYHOCTHIO.

5. Bauny 60mbioii (12 KA/cM?) KOHCTPYKTUBHOI INTOTHOCTH TOK B CBEPX-
NpoBoJsLIel OOMOTKE €€ IeOMEeTpHYecKHe P 3Mepbl BO MHOIO P 3 MEHbILIE MO
CP BHEHHMIO C PE3MCTHBHBIME OOMOTK MH «TEILIBIX» M THHTOB. B pe3ynbT Te cBepx-
[IPOBOJAIIMNA M THUT I10 MET JJIOEMKOCTH II0JIyd €TCS B ~ O P 3 MEHbILIE 110 Cp B-
HEHHIO C «TEIUIBIM» M THUTOM, UMEIOIIUM T Kyl Xe IepTypy.

6. B HykmoTpoHe obecrieynB €TCSl BBICOK 51 OMHOPOZHOCTh M THHTHOTO HOJIS
B p Ooueil meprype M THHTOB (COOTBETCTBEHHO, IP JHEHT IO B JIMH3 X) B
TMIOJIHOM JIMH MHYECKOM U I1 30He TOKOB B030yxkzaeHus ot 0,1 jo 6 KA, 4ro mo-
3BOJISIET MHXKEKTHPOB Th B KOJIBLIO YCKOPUTENS HU3KOHEPreTHYHbIE IMy4YKU daep
(5 M»B/ayxnon) u3 JIY-20. CoopyxeHHe HyKJIOTPOH H 0 3¢ «Oe3Xene3HbIX»
TP JULOMOHHBIX M THHUTOB THI «COS f» 1moTpeboB 10 Obl JOpOrocTosImeil peKoH-
CTPYKLIMY WHXEKLIUOHHOTO KOMIUIEKC JUISl MOBBIIIEHHS] SHEPIUN MHXKEKTUPYEMBIX
qaep BCJEICTBHE BBICOKOTO YPOBHS B 3THX M THHT X «3 MOPOXEHHBIX IMONIEi».
HnutenpHOCTD T TO ot ot 0,1 o 10 c.

7. M rHHTHI C TPYOU TOI CBEPXIPOBOSIIEH OOMOTKOI Ype3BbIY HHO IPOCTBI
[0 KOHCTPYKLIUY, TEXHOJIOTUYHEI U JEUIEBEl B M3TOTOBIEHUH. Bee aT0 mo3sonmio
U3rOTOBUTh KPUOTEHHO-M THUTHYIO CUCTEMY HYKJIOTpoH cwil Mu JIBD u OmnbiT-
Horo npousBoacTs OWSIM ¢ ucrnonp3oB HUEM HMMEIOLIETOCS I PK CT HKOB U B
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HECKOJIBKO P 3 YMEHBUIUTh 3 TP THl H M3TOTOBJIEHHE 110 CP BHEHHUIO C B PH HTOM
MIPOMBIIUIEHHOTO W3TOTOBIICHMSI.

8. Co3x HHME CBEpXIIPOBOIIILIETO YCKOPHUTENS — HYKJIOTPOH IPOXOAWIIO B
P MK X HpOEKT IO 3 MEHE M THUTHOU cucreMbl cuHXpod 3oTrpoH OUAHN H
CBEPXIIPOBOJSIIYIO.

ITonH 4 pe nu3 M4 TOrO MPOEKT MO3BOIUT CHU3UTh B HECKOJBKO P 3 3 -
TP Thl H 3JIEKTPOIHEPIHIO MPH p OOTE HOBOTO YCKOPUTEIFHOTO KOMIUIEKC (He
CUMT 513 TP T H OBJICKTPOIUT HHE K H JIOB TP HCIIOPTHPOBKH U CTHII).

6. OCHOBHBIE ITAPAMETPbI MATHUTHOI CUCTEMBI
HYKJIOTPOHA

OKOHY TeJbH $ KOHLIENIMSI HYKJIOTPOH ObUT BBIp OOT H TOCJIE BCECTOPOH-
HHX HCCIIeIOB HUil p GOTHI MOJIESIbHBIX 0Op 3L0B M THUTOB HOBOTO TMI B 1983 .
[13]. IIpu p 3p GOTKE CTPYKTYPHOIO MOCTPOCHUS M THUTHOU CHCTEMBI YCKOPH-
TeNs ¢ KecTKOH (hOKYCHPOBKOM ITydyK OBUIN y4TEHBI HUXECITEAYIOIINE YCIOBHS:

) COOTBETCTBHE OCHOBHBIX I P METPOB YCKOPHUTENS HOCT BJICHHBIM (hU3HMUe-
CKMM 3 T U M: M KCHM JIbH $ DHEPIUs Sep C OTHOIICHUEM 3 psll K M CCOBOMY
amcny /A = 0,5; E = 6 'sB/HyK/I0H;

6) p 3MeLICHUEe M THUTHOW CHUCTEMbI HYKJIOTPOH B MMEIOIIEMCS KOJIbLIEBOM
TyHHelle BOKPYr pyHn MeHT cuHxpog 30TpoH OHSAUN B LOKOIBHOM BT Xe 31 -
HHS YCKOPHTEJIS;

B) HCIIOJIB30B HME H H Y JIBHOI CT IUM 9KCIUTYy T LM HYKJIOTPOH HHXEK-
LOHHOTO KOMIUIEKC CHHXpO( 30TpoH H O 3¢ ynuHeiHoro yckopurens JIY-20
¢ sHeprueil HXeKuuu syiep S MaB/HYKIIOH; 1U1s1 YCKOPEHUS TSKENbIX siiep Heoo-
XOOVMO D 3BHTHE MHXEKLHOHHOTO KOMIUIEKC ;

I) ®KOHOMHYHOCTb, 3 KJII0Y IOMI $ICSI B MHHHUM JIbHBIX 3 TP T X H COOpY-
’KEHHE M THUTHOW CHCTEMBl YCKOPHTEJS M IOCIIEIYOIIYI0 9KCIUTYy T IUI0 HYKIIO-
TPOH ;

JI) UCTONB30B HUE HYKJIOTPOH K K B (PM3MYECKOM 3IKCIEPUMEHTE, T K U B
K 4ecTBe OYCTEpHOIo K CK J| B COCT BE CYNEpPHYKJIOTPOH , MOJyYEHHE P CTSXKEK
BBIBEJJCHHBIX ITy4KOB 10 10 c;

€) IPUMEHEHHUE TPOCTHIX M TEXHOJIOTHYHBIX KOHCTPYKIWH 31IEMEHTOB M THHUT-
HOH ONTHKH W YCTPOMCTB MX KPHUOCT THPOB HHUS C BO3MOXHOCTBIO M3TOTOBIIECHHS
B ycrnoBuax OmsiTHOro nmpoussojacts OWSIU;

X) BBICOK $I H JIEXHOCTh B p 0OTe, HPOCTOT B B®KCIULY T LUH, JIETK s JIO-
CTYITHOCTh KO BCEM YCTPOICTB M M THHTHOH CHCTEMbBI U XOPOII s PEMOHTOCIIO-
COOHOCTb.

P 3Mepel uMeromerocss KOJbLEBOIO TyHHENS! y OCHOB HHs (DYHI MEHT CHH-
xpo¢ 3otpon JIBD OUAU (BHEwIHSIS CTOPOH ) MO3BOJIWIN P 3MECTUTH B LIOKOJIb-
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HOM 9T XK€ KOPIIyC YCKOPUTEJb C NEPUMETPOM ~ 251 M U 4MCIIOM CyNEpIIEpUO-
JIOB, Kp THbIM 4. Il H p crosnioxkeHus HyKJIOTPOH HpuBeAeH H puc. 11.

H3yyeHue p 3MUYHBIX B PU HTOB CTPYKTYPHl M THUTHOW CHCTEMBI HYKJIOTPOH

C LeNBI0 ONTHMHU3 IIMM MEepTypbl M THH-
TOB IIPU 3 | HHBIX II P METP X UHXEKTUPY-
€MOro M BBIBOAMMOIO ITy4K , O0OecredeHus
YCTOHYMBOIO MPOLIECC YCKOPEHHS 4 CTHIL
H MPOTSKEHUU BCEro YCKOPUTEIBHOTO LU-
KJI TpH OTCYTCTBUH CTPYKTYpPHBIX Ppe30-
H HCOB, OIIPENEIEeHU BO3MOXHOCTH P 3Me-
HIEHUS YCKOPAIOIIUX CT HLUH, YCTPOHCTB
MEIJIEHHOTO BBIBOJ , CHCTEMBI KOPPEKIHU
M THUTHOTO TOJI, YCTPOMCTB OU THOCTHUKU
Puc. 11. Cxem p cnomoxenuss cu- Y9K HIP. TPHBEJIO K BEIGOPY HUKECTIEY-
cTeM HYKITOTpoH : JIY — muHeifHbii IOHIETO H HOOJIEe ONTHM JIBHOTO B PH HT .
yckopuTens-uHxekrop, MB1 u MB2 — BriOp HH 9 M THHTH 4 CTPYKTyp CO-
H Tp BJICHUA K H JIOB MEIJIEHHOTO BBI-  cTopT M3 § CymeprnepuoioB, B K XAbIH U3
sont , BB — Gpictpuiit seson, MIT — -y groppx xomsr 3 peryisipHbIX NepHox
I/IHCpJ'[eKTOpHLICUHJ'I ctunsl, OC — anek- i ®OJO 1 OUH MEPHOM, He COTEPX -
TPOCT THYeCcKUi centyM, MJI — M raur . .
71 MGeprcot , YM — yn pHbiii M rHuT LWl JUIOBHEIX M THUTOB (6onprmoi -
HEeUHbIH TpoMexXyToK) [2]. CxeMmbl ABYX TH-
OB NIEPHOJOB HYKJIOTPOH MpPHUBEIEHHl H
puc. 12. PerynspHslii neproy BKJIIOU eT B ce0sl (pOKyCHPYIOILYI0 U J1epOKyCHpYIO-
LIyI0 KB JAPYIOJIbHBIC JIMH3bI, YETHIPE AWMOJBHBIX M THUT U JIB M JIBIX CBOOOI-
HBIX IPOMEXYTK , NPEJH 3H YEHHBIX IJII P 3MEIIEHUS MYJIbTUIIONBHBIX KOPpeK-
TOPOB U YCTPOMCTB AU THOCTHKH ITyYK .

It CBEpXIPOBOMSIIMX M THUTHBIX CHCTEM C LIENbI0 yMEHbIICHHs OOIueit
M CChI OXJI XJI €MBIX M THUTOB OYEHb B XHO OINTHMH3UDPOB Th P 3Mepbl p Ooueii
nepTypbl M THUTOB. [10aTOMY JUIst TOTO, UTOOBI BH Y Ji€ LMK YCKOPEHUS UHXKEK-
THUPYEMBIi Iy4OK OrH0 JI BHIBOJHBIC YCTPOHCTB — BIIEKTPOCT THYECKHUIl CEITyM,
M THUTH JI MOEpTCOH , Tlepes JIMHEHHBIM NTPOMEXYTKOM, I7le OHH P CIIOJIOXKEHHBI,
U II0CJIE HEro YCT H BJIUB 10TCA 110 AB JAMIIONS C P CIUUPEHHON I'OPU30HT JIbHOU
NepTypoil. DTU M THHUTHI MOAIMUTHIB I0TCA H H 4 JIBHOM 3T Il€ YCKOPEHHS CO-
OTBETCTBYIOILIUMHU 110 H IIP BJICHUIO JOIOJHUTEIBHBIMUA TOK MU II0 OTHOILLEHUIO K
o0IeMy TOKY JHUIMOJIBHBIX M THHTOB, YTOOBI CO3/1 Th B P HOHE BBIBOJAHOTO IPOMeE-
KYTK JIOK JIbHOE CMelIeHHe OpOUTHI.
B aToM ci1yd € B OCT JIBHBIX JUIIOJSAX KOJIBL HYKJIOTPOH , K K IIOK 3bIB IOT
P CYETBl, TOPU3OHT JIBHBI P 3MEp NEPTYpPbl MOXHO YMEHBIUUTH A0 3H YEHUS
90 MM, p CCYHT HHOTO C YYETOM YCJIOBHI MHXEKLHHU M MPOLECC YCKOPEHHS.
OnH KO, ucxonsd W3 TpeOOB HUH K OTHOPOZHOCTH MOid B p Oovel 4 cTH
HepTyphl IUNONEH U KB JIpyHoJiei, ObUTH NPUHSATHI CIESIYIOIIIe eINHbIe TOPU30H-
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Puc. 12. CxeMbl AByX THIIOB TMEPHONOB YCKOPHUTENA: ) 9(ppeKTUBHbIE MIHUHBI, 6) UIHH
M THUTONPOBOX , 6) ¢u3udecK g WIMH M rHUTa (D u JI — KB ApynosbHble JUH3b, M —
JUMOJIBHBIE M THUTHI)

T JIbHbIE U BEPTUK JIbHBIE P 3MEpbl IIEPTYP 9JIEMEHTOB M T'HUTHOW ONTHUKHU HY-
KJIOTPOH : JUI AUIOJBHBIX M THUTOB 110 X 56 MM, 11 KB JIPYIOJIBHBIX M THUTOB
120 x 63 mm.

OCHOBHBIE Il P METPbl M THUTHOIH CUCTEMBbI HyKJIOTPOH IpUBEAEHHI B T O 3.

OnHUM U3 HENPEMEHHBIX yCIIOBUI YCTONUUBOM JUH MHKH IIydK B XecTKOogo-
KYCHPYIOLIEM CHHXPOTPOHE M YMEHBIIECHUS IOTePh Y CTULl IIPH YCKOPEHUU SBJId-
eTcst coOIIoIeHNe JOCT TOYHO CTPOTHX JOIMYCKOB H OJHOPOIHOCTh M THHTHOTO
I0JI1 B IUIIOJIBHBIX M THUT X U I'P JUEHT B KB APYIOJIBHBIX JIMH3 X PETYJsIPHOU
CTPYKTYpBI B IIpefieT X p 6oueil 061 CTH TepTypbl M THUTOB BO BCEM IUH MHYE-
CKOM JU 1 30H€ U3MEHEHHd NOJd IPU YCKOPEHHHU, H YHMH I C MOMEHT WHXEK-
nuu. Kpome 3 1 HHBIX JOIMYCKOB H HHTETp JIbHBIE MOTPEIIHOCTH OJHOPOAHOCTH
10 JUIMHE M THUTHBIX ®J€MEHTOB, HEOOXOIMMO BBUIEPK Th B mpeded X ~ 1074
p 36pock! athpeKTHBHBIX JUIMH aumnoneil 1 1073 — KB Apymnosei, HONOXeHus Me-
1 HHOH IUIOCKOCTH B JUIIOJIAX U COBII JEHHE M T'HUTHOU U F€OMETPUYECKUX OCEH
KB Jpynond. HOmyckd H MOrPEeIHOCTH M THHTHOIO IOJISI CTPYKTYPHBIX 2JIEMEH-
TOB (IUIOJIEH U KB JIPYIOJeil) HyKJIOTPOH H Jp., P CCYUT HHBIE HUCXOIS U3 JOIy-
CTUMBIX BEJIMYMH UCK XEHHS OpOUTBI, CIBUTOB Y CTOT OET TPOHHBIX Koyied HHii
U UX PE30H HCOB, MPHBEIEHBI B T OI1. 4.

P cyer momyckoB H MOTPENIHOCTH M THUTHOTO IO OBUIM IPOBEIECHBI
B.A.Mux iinossiM U ap. I[Ipu cepuiiHOM H3rOTOBJIEHHUH OAWH KOBBIX M THUTOB
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T 6mmy 3. OcHOBHBIE IT P METPBI M THUTHOH CHCTEMbI HYKJIOTPOH

1. OOwmue 1 HHBIE

DHeprus UHXKeKUUH, MaB/HykioH
Bueprus sgep ¢ ¢/A = 0,5 mpu B = 2,08 Tu, ['sB/aykimon
IpOTOHOB, I'sB
Iepumerp, M
M KCHM JIbH $I HHTEHCHBHOCTb (KyJTOHOBCKHiA penen), A/q> 9 cr./iuKi
JIMUTEeNbHOCTh MHXEKLUHU, MKC
JIMUTeNbHOCTh MEIUIEHHOTO BbIBOJ, (1T TO IOJIS), C
i 1 30H ®HEpruil MeyieHHOro BeIBOL , ['9B/HYyKiI0H
Kpurnueck g sneprud, I'sB
Y cror wwkioB p 60ThL, 1
2. CTpyKTyp U M THUTHbIE 3JIEMEHTBI

Konuuectso cyneprnepuosnos
KonuuectBo nepuonos tun  @OI0O
Y crothl 6eT TPOHHBIX Koieb Huii
Konu4ecTBO AUITONBHBIX M THHUTOB
KB JPYNOJIBbHbIX JIUH3
WHaykius B JUMOMBHBIX M THUT X IPU MHXeKUuH, T
M KCUM JIbH s, Tn
I'p auent B nuu3 x @ npu uHxexuuu, Tn/m
M KCHUM JIbHBIH, Ti/M
I'p nuent B nmuu3 x [ npu uHxekuuu, Tin/m
M KCHUM JIbHBIH, T/M
P muyc XpuBU3HBI B AUNONBHBIX M THUT X, M
C I'UTT B JUIOJBHBIX M THUT X, MM
Anepryp Iunosiei, Mm
Aneptyp KB Jpynoiseil, MM

12,8
251,52
5. 10t
5+ 8
0,1 +10
0,2=6

mo 0,25 =1

8

32

6,75

48 x 2
32 %2
0,0455
2,0830
0,761
34,892
—0,752
—34,456
22

5,8

56 x 110
63 x 120

nosie B HUX OyHeT OTJINY ThCS APYr OT APYr BCJISACTBUE CIIEAYIOIIUX IPUYMH:
— omMOKH B TEOMETPHYECKHX P 3Mep X OKH (H BCEX YPOBHAX HOJISI) H
BHEIIHUX P 3MEPOB M THHUTONPOBOI (H BBICOKMX YPOBHSAX MHAYKLMHU MOJ HPU

H CBHILIEHUU CEPIEUHUK );

— omubKH B TCOMETPUYCCKUX P 3MEP X JUIMHBI M THUTOIIPOBOX |
— P 3JMYH 4 INIOTHOCTb YII KOBOK IV CTUH B M T'HHUTOIPOBOIC (HpMe);
— P 3JIMYH 4 M THUTH 4 IPOHULl €MOCTb OTHCJIbHBIX IV CTUH M THHUTOIIPO-

BOX ;

— Hep BHOMEpPH S YKJI JIK BUTKOB B OCHOBHOH OOMOTKe BO30YyXICHU;
— p 30pOC OCT TOYHBIX MOJIEH B KeJIE3HBIX M THHUTOMPOBOI X IOCIE H M T-

HUYUB HUS (BIMSHHE H YpPOBHE IOJIe WHXEKLHUH).
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T 6mmy 4. JomycKHM H MOTPEIIHOCTH M THUTHOTO TOJIA CTPYKTYPHBIX M THUTOB W JINH3
HYKJIOTPOH M UX NPOCTP HCTBEHHOE MOJIOKeHHe

3H 4eHue
Tun HeaMHENRHOCTU Cr T. X p KTep. M ruut JIuns
P 36poc ahpeKTUBHBIX TITHH cp. KB Ip. 5.1074 1073
TouHOCTb ONpesesieHust YII HOBOPOT
Meli HHOH IJIOCKOCTH BOKPYT cp. KB 1p. 1074 107*
MPOJOIBHON OCH ®JIEMEHT
Kocoit kB gpymosns cpenHee HE BBIYUCIIAIOCH —
(2-9 T PMOHHUK ) cp. KB Jp. 1074 107*
[psamoii cexcTymnomnb cpenHee 5.1074 3-107*
(3-9 T PMOHUK ) Cp. KB JIp. 4-107* 1073
Kocoii cekcrynons cpenHee He BBIYHCISUIOCH —
(3-4 T pMOHEK ) cp. KB Ip. 3-1073 3-1073
IIpamoit oxTynosns cpenHee 5.107* 1073
(4-49 T PMOHFK ) cp. KB Ip. 3.107* 5-107%
Kocoii oktymomns cpenHee He BBIYHCIISUIOCH —
(4-9 T PMOHUK ) cp. KB JIp. 3-107* 5-107*
[Ipsmble MyTbTHIIONH BBICIIETO cpenHee 3.107* 3-107%
nopsagk  (5—10-4 r pMOHHKH)
TouHoCTb ONpesiesIeHust KOOPIAUH T
M THHTHOH OCH 0,05 MM

HPI/IMS‘{ Hue. OTHOCUTENBH s TIOrpe€IIHOCTb M THUTHOT'O ITOJIA P CCYUTBHIB JI CbH P AUYC R=40mmM.

W3 BelIECK 3 HHOTO CIIEAYyeT, YTO VIS CO3[ HUS XOpOIIeid M THUTHOH CH-
CTEMbl CHHXPOTPOHHOTO THII OYEHb B XHO HE TOIBKO P 3p OOT Th OTBEY I0-
I1y10 TpeGOB HUSIM KOHCTPYKLIMIO M THUTOB, HO M P 3p OOT Th COOTBETCTBYIOLIYIO
TEXHOJIOTHIO CEpUHHOIO M3rOTOBJIEHHS, YTOOBI MOTYYUTh M THHUTBHI C JOCT TOYHO
UJIEHTUYHBIMU X P KTEPUCTHK MHU.

B nporuecce uccnenos HU OAHOPOIHOCTH M THUTHOTO IIOJISL B IIEPTYpe MO-
JETbHBIX M THUTOB, T KX€ IIPH CEPHIHOM H3TOTOBICHUH MPOBOAMIICS KOHTPOIb
I p METPOB M THUTHOTO IIOJIS1 B M3TOTOBIISIEMBIX BJIEMEHT X M THUTHOH CHCTEMBI
HYKJIOTPOH .

[Tpn KOHTpOJIE MUCIIONB30B JICS HHAYKINOHHBIA METOX N3MEPEHHUH C MOMOIIBIO
I' PMOHMYECKHX K TymeK. OH OCHOB HH P 370XeHHH B psijg Pypse H BeeHHOI B
K Tymke DJIC, nponopLUuoH JIbHOI KOMIIOHEHTE BeKTOp By IpU p 3HBIX YIJIOBBIX
MOJIOXKEHUAX K TYIIKH B TEpPType TeCTUpyeMOro M rHut [28].

[TpunATHIA crioco® omuc HUS ABYXMEPHOTO M THHTHOTO TOJS 3 KIIIOY €TCs
B €ro mpeacT BieHHu 4epe3 psax Pypse B MUIMHIPHMYECKOH cHcTeMe KOOpIOMH T
7,0,z (umu gepe3 psax Teisiop B MPSIMOYrONBHOW CHCTEME KOOPAMH T I,Y, Z).
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Torn CcoOOTBETCTBYIOLIME yp BHEHHs MPHOOPET 10T BHJ

oS] n—1
By = Z Byt . [by, cos (nB) + a,sim(nd)],
n—1 Tref

o n—1
B, = Z Biet [L] [bpsin(nd) — an,cos(nd)]
n=1

Tref
WA
oo
Bref
. . - \n—1
By +iBx = g — (bn — dan)(z +iy)" 7,
n—1 'ref
rme By — 3UMYT JIbH S COCT BIFIOII 1, B, — p O JbH S COCT BJIJIONI S BEeK-
TOp IO BOKPYT OCH CHMMETPHH, 12 — HOMEP I' PMOHHKH TOJIS, T'ref — P IOHYC
MpUBENCHUS, Brof — BEJMYHUH  MIUTUTYIBl OCHOBHOH COCT BJISIOIICH MO M TI-
HAUT H P Jdyce npuBeneHus (B CIyd € JUNoNs Bief = Bi, JUId KB JPYIOJs
Byt = By = Gr, tne G — 1p muedr momns), b, U a, — KOI(PPUIHEHTH

COOTHOIICHUS MIUTUTYA HOPM JIBHBIX M KOCBHIX I' PMOHHMYECKHX COCT BIISIOLINX
M THHTHOTO IIOJII H P JAUYCE I = Tpof K OCHOBHOH COCT BIISIIOIIEH.

s Gomee TII TETBHOTO W3YYEHHS P CCM TPHB IOT TpexMmepHoe moie. Ho-
CT TOYHO 3H Th 3H YE€HHE WHTETrp JI TIOJI BAOJb MPOJOJBHOM OCH M THUT 2 U
2hheKTHBHYIO JUIMHY 30HBI JE€HCTBHA COCT BIIIOLIUMX IOJA H Y CTULBI lypgp. TO-
[ yp BHEHHUS MPHOOPET 10T BHJ

o0 e8] n—1
/ Bpdz = Z Biyet {L} [b) cos (nf) + a;sin (nh)],
. el ref

ref

P 0o n—1
r
T = g re »si .
/ B.dz = Pt B £ |: :| [bnSID (n@) a,,cos (n@)]

nIn
o0

T n—
/Bydz-i—i/Bxdz =3 Bn_efl b —iaX]) [z —iy]" ",
T

n=1 'ref

rae a;, = anlapg> b5, = bnlogp. M3 1 HHBIX 1O M THUTHBIM U3MEPEHHAM C OOMb-
IO TOYHOCTHIO MOXKHO OIPEIETUTh 3H YEHHsS I PMOHHYECKUX KOd(P(UIIMEHTOB
Gy U by, BO BCEM 1M II 30HE TOKOB BO30YXJIEHHS M IO HUM BBIYUCIHUTH BCE I P -
METPBI M THHTHOTO TOJIs, HEOOXOMMMBIE JUTS CO3 HUSL K YECTBEHHBIX DIIEMEHTOB
M THHTHOU CHCTeMbI ycKopurens. K K Mp BHITO, ONMpENENSIOTCS CIEAYIOIne I -
P METpBIL:
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) JUIA AUIIOJIBHBIX M T'HHUTOB:

LIEHTp JIBHOE TIONE By = By(z = 0) = Bietbr,
UHTETP JIBHOE II0JIe BL = f Bydz = Byetb],
a(pheKTHBH o JUTHH L,, = BL/By,

. _ [ Badx _ a
yroji H KJIOH MEIUu HHOU IUTOCKOCTHU AH = fo dz = bt

MYJIbTUIIOJBHBIE COCT BJIAIOLINC:

HOpM JIbHBIE ba, b3, by, ...b3, b3, b ...
KOChIe a2,03,G4...05, a5, a}...

6) JUTd KB JPYIOJBHBIX JIHH3:

Ip OUEHT MOJIsl B LEHTPE JIMH3BI Go = Zgz = %::bg,

UHTETp JIBHBIA TP JUEHT I10JIs GL= | Zgz dz = %::b;,
9¢eKTUBH § JTUH JIUH3BI L,, = GL/Gy,

CMEIIIeHHE OCH Ay = [ Bydz/GL = a3 /b3,

Az = [ B,dz/GL = b} /b3,
f dde *
Af = L= % _ 9

yrojd H KJIOH JIMH3bI = Ser = W
MYJIBTHIIONIBHBIE COCT BIISIOLIME:

HOpM JIbHBIE b3, ba, bs,...n...b5, b}, b,
KOCBIC a3,0G4,05..1...05, A}, GF.

HeoO6xomuMocTh B ®TUX JI HHBIX ONpEAeNeH WX KECTKOIl B3 UMOCBSI3bIO Ye-
pe3 JAUH MUKY JIBHXKEHHS 4 CTUIl U I P METPbl IyYK B IPOLIECCE YCKOPEHHs C
OINTHM JIbHOW p GOoTOM co31 B emoro yckoputend. T K, H HCK XeHHE OpOUTEHI
BIUSIOT UHTEPB Jibl p 36poc < ABL > u < Af > B IUNOJbHBIX M THHUT X,

T kKXe < Az > U1 < Az > B M THUTHBIX JIUH3 X.

P 3mepbl oru6 rormieli mydk onpeaensoTcs UHTepB J1 Mu p 30poc < AGL >
u < A6 > B KB IPYHOJBHBIX JIMH3 X, MYJIBTHIIONU BBICIIMX IOPSIIKOB (CHCTE-
M THYECKHMe W CJyd HHbIe) BBI3BIB IOT HENIMHEHHbIE pe30H HChl. [lonpoOHbie pe-
3yJIbT THI M T€M THYECKOH 00p OOTKH JI HHBIX O CIIEKTpPE I' PMOHHK IO TECTOBBIM
M3MEPEHMSIM M THUTHOTO I1OJISI M THUTOB HYKJIOTPOH U NPEB PHUTEIbHBIC OLCHKH
BIIMSIHUS P JIBHBIX MOTPELIHOCTEH MOJS H 11 P METPhl HUPKYIUPYIOMIEro MydK
MOK 3 JIM, YTO K YECTBO IOJISI B M THUT X COOTBETCTBYET TPeOOB HUSM YCTOHYM-
BOCTH OET TPOHHOIO JBUXEHMSI Y CTHUIl B YCKOPHTEJE, M 3TO MOATBEPIMIOCH H
1p KTUKE IpH 3 Mmycke yckopurend [14].

Kpome BBITIONTHEHNS! KECTKHX JOIYCKOB H OJXHOPOJHOCTh M THUTHOTO HOJISI
B BJIEMEHT X M T'HUTHOW ONTHKH YCKOPHTENS M Ip., CYLIECTBEHHBIM 00p 30M H
JIMH MHKE JIBHXKEHHs Iy4K B K Mepe YCKOPHTENS CK 3bIB €TCS TOYHOCTb IIpO-
CTp HCTBEHHOW YCT HOBKHM M THHUTOB B KOJIbLIE.

ITockosbKy MpU CO31 HUM M THUTHOM CHUCTEMbI HE BCErJ [0 LIEJIOMY pSIIy
00CTOSATENBCTB Y/l €TCSI BBIIOIHUTH BCE HEOOXOMMBIE YPE3BbIY HHO BBICOKHE Tpe-
60B HUA, TO JUI1 KOPPEKTUPOBKH OPOWTHI B M THUTHOH CHCTeMe HYKJIOTPOH B
M JIBIX JIMHEHHBIX IPOMEXYTK X B €AMHOM OJIOKE C KB APYIOJbHBIMU M THUT MU
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P crosoxeHo 28 CBEpXIPOBOIIIIUX MYyJIbTUIONBHBIX KoppekTopoB (MIIK) ¢ 3 u
4 tin Mu 06MOTOK B K XmoM. B MIIK Bxomar aumosbHbIe (TIpSMble W KOCHIE),
KB IPYHOJIbHBIE (TIPSMbIE U KOChIE), CEKCTYIONbHBIE (TIPSMbIE), OKTYIOJIbHBIC (TIPsI-
MbIe) OOMOTKH B p 3MHYHBIX codeT HUAX. K Xm g oOMOTK wMeeT WHAWBHUIY Jib-
HOE DJIEKTPOIUT HHe, KOCBEHHOe OXJ XjeHue [15].

7. TANOJbHBIIA MATHUT. KOHCTPYKIIAS U OCHOBHBIE
XAPAKTEPUCTHUKH

M THHUT HYKJIOTPOH wHMeeT p 300pHYI0 KOHCTPYKIUI. OCHOBHBIM CHIIOBBIM
BIIEMEHTOM KOHCTPYKIIMA M THHUT CIYXHUT XeJie3HOe SpPMO, KOTOPOe BOCIIPHHHU-
M €T OUH MHYECKHe YCWIHS, BO3HHK IOIIHME TPH HUMITYITbCHOM BO30YXICHUU 00-
MOTKU M THUT . HpMO COCTOHUT U3 JABYX CI/IMMeTpl/I'-IHle q CTCI?I, COCTBIKOB HHBIX
C TOMOIIIBI0 GOITOBBIX coeauHeHuid (puc. 13, 14).

JIUnoNbHBIIH MarHuT KBaapynosabHblii MaruuT

OxJaxxaronias
TpyOKa

Kenesnoe sipmo

200

318

CaepxnpoBoasmas
oOMOTKa

BricokoBakyymHas
KaMmepa

JIByxda3Hblii renuit

MenbxuopoBas TpyOka ;
CBepXnpoBOAALINIA IIPOBOA

Puc. 13. I' 6 purHBIE p 3MepBI CTPYKTYPHBIX 3IEMEHTOB M THUTHOW CHCTEMBI HyKJIOTPOH

[omysapmo aunonsg H OUp eTcd W3 INT MIIOB HHBIX IUT CTHH JINCTOBOU BJIEK-
TPOTeXHUYEeCKOi ¢T U M pku D-330 tommuuoit 0,5 mM. ITo kp M 1 KeT p c-
MOJI T I0TCS TOPILEBbIE T CTUHBI TOMIIUHOM 25 MM U3 ¢T u M pku CT-3, U3roto-
BIICHHBIC 10 P 3Mep M IIT MIIOB HHBIX IUT CTUH W 0Op OOT HHbIEe H (ppe3epHOM
CT HKE IO BCEM IUTOCKOCTSIM.

st cO6opku mojIysspM ObUT p 3p OOT H CIelM JIbHBIA CT meib. IIIuXToB H-
HBIH I KET C TOPLEBBIMH II CTUH MU COOHp €TCS H TOYHO M3TOTOBJICHHOH H -
Mp BISIONMIEH CT mefid. 3 TeM H T KeT H KJI JbIB I0TCS B TPOMOJBHBIX YTOJIK
u3 cr mu M pku Crt-3, y KOTOpPBIX TpenB pUTENbHO 00p 60T HBI H  (pesep-
HOM CT HKE€ BHYTPEHHUE M BHEIIHUE TUIOCKOCTH. H K XJIbIii YroJoK CBUHIIOBO-
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50 kH

Puc. 14. ) O6wwmii BuO CBEPXIPOBOIAIIETO JUIOIBHOTO M THUT HYKIIOTPOH ; 6) CBEpX-
NPOBOSII 5 OOMOTK BO30OYXIEHHs; 6) cXeM COOpPKH HOJNYIpM M THHT H CT Ieje

OJIOBSIHHBIM TIPUIIOEM H T sSIHBI MeJHble TPYOKHW i MeTpoM 12 x 1 MM, mpemH -
3H YEeHHbIE U OXJI XJIEHUS XEeNe3HOro SpM U OTBOJA TeIUT , BOBHUK IOIEro B
M THUTOIIPOBOJE IMOA IEHCTBUEM BUXPEBBIX TOKOB. YTOJIKM IOIKHUM IOTCS C IO-
MOIIBIO CIIEIM JIbHBIX CTPYOLMH K IIMXTOB HHOMY II KeTy IO cxeme pHc. 14,6 ¢
OTHOBPEMEHHBIM CX THEM I KET uepe3 TOpIEeBbIe IIEKU B MPOJOJIBLHOM H TP BIle-
HUU ¢ KOHTposupyeMbiM ycunueM 50 kH. 3 Tem m KeT, yrojKu ¥ TOpLEBbIe MIeKU
COEJIMHSIOTCS MPEPHIBUCTHIMU 3JICKTPOCB POYHBIMH IIIB MU B COOTBETCTBHH CO COO-
POYHBIMH YEpPTE€X MU U K YrOJK M IPUB PUB IOTCS COEIUHUTEIbHbIE (PJI HUBI U
YIOKH 711 KPEIUIEHUS! KPOHIUTEHHOB MOABECKH M THUTOB B KPUOCT T€.

[Tocne cHATHUS MOMYSIpM CO CT TeJisl €r0 PUXTOB JIM, MPOBEU MPEJIB PUTENb-
HyI0 00p O0TKY H (ppe3epHOM CT HKE M (PHHHUIIHYIO JOBOOKY JO OKOHY TENTbHBIX
P 3MEPOB BHYTPEHHEIO OKH 4pM C TOYHOCTBIO 10 BbicoTe 0,01 MM U 1o mmpuHe
0,05 MM H 1UIMGOB JIBHOM CT HKE B COOTBETCTBUM C 3 J HHBIMU JOIYCK MH,
MOJBEPT JIMCh NUTH(POBKE T KXe IUIOCKOCTH P 3b€M M THUTOIIPOBOA U O 30BbIe
MMOBEPXHOCTH.

3 TeM OB TOMydpM ObUTH cOOp HBI B SOUHBI M THHTOIPOBOMI U CHET HBI
K JTUOpPOB HHBIE OTBEPCTHS IMON INTH(MPTHL. 3 Bepil eTcs MeX HOoOp OOTK ore-
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p uueil ¢pe3epoB HHSl TOPLEBBIX IMOBEPXHOCTEl COOp HHOrO M THUTONPOBOA C
JOBOJKOH p 3MEpP M THHUTOIPOBOJ IO JUIMHE ¢ TOYHOCTBIO 0,1 MM.

20

LS B N

._.
(=}
TTT T

W
T

il

2
oo

Puc.

HUTOB HYKJIOTPOH

7,2

7,6
1

Kp? K

koo

A

15. P cnpenenenue duch
CBEPXIIPOBOIAILUX JUIIOJIBHBIX M T-

IO BCJIMYHHE

KPUTHYECKOTO TOK (CepuiiHoe u3-
TOTOBJICHUE)

JIByxpsiiH 51 cemioo0Op 3H 1 OOMOTK — CO-
CTOMT U3 JIByX CUMMETPHYHBIX 110 OTHOILEHHUIO
K MEIU HHOH IUIOCKOCTH IOJyOOMOTOK, H M -
TBHIB €MBIX OTHENIPHO H JBYX HICHTUYHBIX II -
GJIOHHBIX TPUCIIOCOOIEHUIX M COSANHSIOIIIXCS
B efuHyl0 (opMy mocie H MOTKH (puc. 14,6).
H o00MOTKy H HOcuTCd cioit oOmed Kop-
IIyCHOW H30JIALIMK U3 CTEKJIOJEHTH! TOJLIUHOU
0,1 MM, TTpOIIUT HHOH 3MOKCHAHBIM KOMII YH-
aoM. M Tompko mocse ®Toro oOMOTK — 00XH-
M ercs 10 (PUKCHPOB HHBIX P 3MEPOB C TOYHO-
cthio 10 0,05 mm.

Jns monuMepu3 UM 3MOKCHAHOTO KOM-
0o yHI OOMOTK H 1 GIIOHHOM HpucrocoOie-
HHUU TIPOXOIUT TEpMOOOp OGOTKY IO CIIELH Jib-
HOMY IIJT BHOMY I'P (PHMKY MOXBEM U CI 1 TeM-
mep Typhel BO BpeMeHH. M KCHM JIbH S TemIle-
p typ mnommmepu3 mun 180 °C ¢ Tpexu coBoit

BBIIEPXKKOI. Bcero 6pu10 M3roToBIeHO MO T KOU TexHonoruu 6osee 100 M rHUTOB.

T 6mmy 5. TokoBble 3 BUCHMOCTH CTPYKTYPHBIX DJIEMEHTOB M THHTHOH CHCTEMBI HY-
KJOTpPOH , rae W — sHeprus my4yk , By — MHAYKIUA B 3 30pe QUIOJILHOIO M THMT ,
Ly — »¢¢eKTHBH # JUIMH JMIOJIBHOTO M THUT , G; — TP AMEHT M THUTHOIO IOJIS
KB JPYNOJBHOIO M THUT , Ly — 3(eKTHBH f JJIMH KB JAPYNOJbHOIO M T'HHUT

I,A | W, MoeB/uyknon | By, Tn | Ly, M | Gy, Ti/m | Ly, M
640 261,8 0,2267 | 1,4193 3,8832 0,4419
1280 829,1 0,4538 1,4200 7,7523 0,4413
1920 1499.,9 0,6818 1,4198 11,6078 0,4412
2560 2207,5 0,9097 | 1,4191 15,4599 | 0,4411
3200 2930,9 1,1373 1,4175 19,2827 0,4407
3840 3660,5 1,3641 1,4145 23,0486 0,4402
4480 43789 1,5858 | 1,4094 | 26,6726 | 0,4381
5120 5056,7 1,7942 | 1,4036 30,1355 0,4378
5760 5665,3 1,9806 | 1,3972 33,1397 0,4352
6400 6102,6 2,1145 | 1,3954 | 35,1752 | 0,4333

IIpu 1 copTU3 LUK BCE M THUTHI IPOLLIN TECTOBBIE UCTIBIT HHUS JUIS ONPENEICHUL
KPUTUYECKOIO TOK U 3 MEp HHTEIP JIbHBIX HEJIMHEMHOCTEN 101 B LIEPTYpE IpU
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p 6oTe B HMKIE CO CKOPOCTBIO MOIXbEM U CI 1 TIOJIS B =2 Tu/c npu oomIei

JUIUTCJIBHOCTU LUK , P BHOM 2 C.

E}, I'>B/myxnon
1 2 3 4 5 6

E,;, IsB/ayxnon

LM’ MM T T T T T T )LM, I'c/A { ? ? i‘ % ?
1419 3,55
1415 3,50
1411 3.45
1407
4
1403 3:40
1399 3,35
1395 1 1 1 1 1 1 1 L s 0 L L L 1 1 L L L
640 1920 3200 4480 5760 640 1920 3200 4480 5760
LA LA
Puc. 16. 3 Bucumoctsb cpenneii appektus- Puc. 17. 3 BUCHMOCTh Tmepen TOYHOM

HOM JUIMHBI JUIIOJIBHBIX M THUTOB HYKJIO-
TPOH OT TOK U KUHETUYECKOM QHEpruu

HOH HOH

prHKIII/II/I HAUIIOJIBHBIX M THUTOB HYKJIO-
TPOH OT TOK H KUHETHYECKOM OHEpPIruu

H puc. 15 npuseneHo p crpenesieHHe YUCI JUIOIBHBIX M THUTOB HYKJIO-
TPOH B 3 BUCHUMOCTHU OT JOCTUTHYTBIX IIPH TPEHUPOBKE M KCUM JIbHBIX 3H YEHUU

KPUTHYECKOTO TOK .

B 1 61.5 1 HBI 3 BUCUMOCTU CpEIHHX
3H YEHWH MHIYKUMH M THUTHOTO TONS U
9¢pheKTUBHOMN JJTUHBI AUIONIEH OT TOK ITH-
T HU4 B 1 11 30He 640 < 6400 A.

H puc. 16, 17 npuBeieH 3 BUCHUMOCTb
a¢ekTUBHON JUTHMHBI Ly U TIepea TOYHOM
(byHkUMM A, Aunoneil oT TOK Bo30yXie-
Hud. CI L KpUBBIX H BBICOKMX MHAYKLIMSIX
o0yciioBiieH 3(pheKTOM H CHILEHUS Xeme3-
HBIX M THUTOINPOBOJIOB AWIIOJNBHBIX M THH-
TOB.

Pe3ynbT ThI U3MEPEHUNI
MOK 3 JIM, YTO CPEIHEKB Op TUYHBIA P 3-
Opoc adpdexTuBHbIX LHH aunonei (L)
MPEBBILI €T CHCTEM THYEeCKOoe 3H 4eHHe L,
He Gonee ueM H 2,6 MM,  ()\,) < 8-1073
B 11 1 30He TOKOB oT 0 1o 6,4 KA.

M THHUTHBIX

H puc. 18 npuseneHo p cropexpenenue
HOPM JIM30B HHOIO K TOKY 5,12 KA uHTErp

50

40 u
m
o
&
=
; 30
=
o
£ 20
8 L
=N
=
5 10 L

0 |

0,485 0,490 0,495 0,500

[BdL/I, Tn- M/KA

Puc. 18. P cmpenenenne HoOpM Jm30-

B HHOTO HHTETP JI OIS JHUIIOIBHOTO
M THUT HYKJIOTPOH , X P KTepusyo-
mee MAEHTUYHOCTh HM3TOTOBJIEHUS M I-
HHUTOB

JIbHOTO 3H Y€HHUSI OCHOBHOM KOMIIO-

HEHTHI UHAYKIIUM M THUTHOTO TIOJISl B JUIMOJISIX HYKJIOTPOH : f BdL/I (Tn-m/kA).
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ITomyueHHBIE pe3yabT ThI CBUAETEIBCTBYIOT O JOCT TOYHO XOPOLIEH TOUHOCTH
W3TOTOBIICHUS AUTOJNEH B ITPOJOJIBHBIX U MONEPEYHBIX M3MEPEHUSX.

OreHK TMOMOXEHUS MeW HHOW IUTOCKOCTH M THHUTOB IIOK 3BIB €T, YTO YIOJI
ee OTKJIOHEHMs OT reOMeTPUYEcKOil TIIOCKOCTH He TpeBbint et 3,7 - 1074 p .

OcCHOBHOE BIMSHUE H AWH MHUKY Iy4K OK 3bIB IOT CUCTEM THYECKHE HeJlu-
HeiiHOCTH ¢ . = 2,4,6 (cM. puc. 19.) P 30poc MHTErp JBbHBIX 3H YEHHIl OCT -
TOYHBIX M THHUTHBIX MOJIEH B AWMONSIX IO OTHOLIGHHIO K YPOBHIO IOJS IIPU HH-
XeKinu He npeBblc A Boer/ Bunx < 1073 nociie Bo36yXIeHHs M THUTOB TOKOM
6500 A. Tlpu p 3M THUYMB HHUA M THHTOB OOp THBIM TOKOM 650 A OCT TOYHOE
MojIe YMEHBII eTcd IMPUMEpHO H mopsaok [16-18].

E,, I'sB/uyxnon

1 2 3 4 5 6
75 T T T T T T

60
(AB/B)¥-" .10

15
640 1920 3200 4480 5760
LA

Puc. 19. 3 BucuMOCTb CUCTEM THYECKHX HEONHOPOAHOCTEH I10JI JUIONBHBIX (2M, 4M, 6M)
U KB JIpynosbHbIX (57, 971, 1371) M THUTOB HYKJIOTPOH OT TOK U KHHETUYECKOH SHEPIUM
H p aumyce R = 40 MM (1300p XeHHe I' pPMOHUK IO U3 P 37I0XeHUs B pan Teitmop )

8. KBAJIPYITIOJIBHBIN MATHUT. KOHCTPYKITUS 1 OCHOBHBIE
XAPAKTEPUCTHUKH

ITpn BBIOOpE 2IIEMEHTOB M THUTHOW CHUCTEMBI HYKJIOTPOH P CCM TPHB JIUChH
JIBE OCHOBHBIE KOHCTPYKIIMH JIMH3 (KB JAPYHOJBHBIX M THUTOB) PETY/ISPHOIO IIe-
pHOX : OOH W3 HUX CHUMMETPUYH I, C SBHO BBIP XEHHBIMHU IOIIOC MH, JAPYT £
MpAMOYTOJibH 4, TUN JIUH3bI 11 HOBckoro. K X1 g p ccM TpUB J1 Cb B K YECTBE
p Gouei, YUCIEHHBIM METOIOM UCCJICHOB JIUCh €€ X P KTEPUCTHKH U 10 HUM T1OJ-
6up Jsics H nboee onTUM JIBHBIN B pu HT [19]. 31ech ke ciemyer 3 METHTh, 4TO
B KOHEYHOM HTOT€ M3-3 CIIOKHOCTH HW3TOTOBIICHMS! CBEPXIIPOBOIALINX OOMOTOK B
quH3 X Tin [1 HOBCKOro mpearodreHue 6pU10 OTI HO B PU HTY JIMH3BI C SIBHO BbI-



HYKJIOTPOH — HOBAS TEXHOJIOTUA 125

P XeHHbIMHU 1oytoc M. OCHOBHBIE I P METPHI CTPYKTYPHBIX CBEPXIPOBOISIIUX
KB JIPYIOJIBHBIX M THUTOB HYKJIOTPOH TIPHBEIEHHI B T O11. 6.

T 6mmy 6. OcHoBHble T P MeTpbI cTPYKTYPHBIX CII-M T'HHUTOB HYKJIOTPOH

IT p merpol umnosnp KB npymnons

M cc , xr 500 200

Konduryp ums sipm Oxonn 51 | T'unepGonuyeckue
p M ITOJTIOCHI

Jnmua  gpM (IO Xenesy), MM 1370 430

®dusnyeck g IJIUH , MM 1462 450

Anepryp (ropus./BepTuK.), MM 110 x 55 120 x 63

Yucio BUTKOB B OOMOTKE 2x8 4x5

Ilma CII-x 6ems B 0OMOTKE, M 62 24

M kcuMm 7pH g HHAYKOUS (ipu 6 KA), Tn 1,98 —

M KcuM JbHBIH Tp JueHT nons (npu 5,6 KA), Tn/m — 33,4

HunykTusHoCTh, MI'H 1,1 0,44

3 n ceHH # aHeprud, KJx 19,8 6,9

IIMH MHYECKUE TEIUIOBbIIEICHUS

npu B = 2 Tu/c; Bmin = 0;

Bmax =2 T, f = 0,5 T'u, Bt 21 —

IIMH MHYECKHE TEIUIOBBIICIIEHHUS

npu G = 33,4 Tn/M-c; Gmin = 0;

Gmax = 33,4 Ta/m; f = 0,5 T, Bt — 12

Cr THYecKue TeIIONpUTOKH, BT 6,6 5.2

B Kk uecTBe HCXOAHBIX I P METPOB
IUIs UCCJICOB HHMU JIMH3 Op Jicd M KCH-
M JIBHO HEOOXOIMMBIH TP AWEHT JIMH3BI
G = 35 Tn/M npu M KCHM JIBHOM P -
boueM Toke He Ooiee 6 KA u -
thextuBHOl anune He Gonee Lopp =
42,5 c¢M B COOTBETCTBUM C JUIMHOM
M JIOTO JIMHEHHOTO TIPOMEXYTK  pery-
JIAPHOM M THUTHOM CTPYKTYpBl HYKJIO-
TPOH .

H puc. 13 npencr BieHo mnomeped-
HOE CceuyeHHe KB JAPYNOJIBHOIO M THHUT
HyKJIOTPOH C MOJIOC MU THrepbonuye-
CKOH (hOpMBI B OKOHY TEIBHOU KOHCTPYK-
OUH. SIpMO JIMH3BI COCTOHUT M3 4YETBIpEX
CUMMETPHUYHBIX Y CTEM.

20

0 | r{—l |_| |

6,0 64 68

72 7,6 8,082
1 - KA

K]

Puc. 20. P cmpenenenue ymcia cBepx-
MPOBOMSINNX KB APYHOJIBHBIX M THHTOB

HYKJIOTPOH IO B
TOK

CJINYUHE KPUTHYECKOI'o
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JI1s1 cepuiHOIO IPOU3BOACTB M THUTOIPOBOJOB JIMH3 PErYJIAPHOM M THUTHOU
CTPYKTYPBI HYKJIOTPOH OBUIM W3TOTOBIEHBI BBICOKOTOYHBIE T MIIbl. [l cThHEI
¢ HeoOXOoMMO KOH(UTYp IHEH MOJII0C INT MIOB JIMCh U3 3JIEKTPOTEXHUIECKOH

ct 1 M pku D-330 A TommuumHoil 0,5

MM.

Mo = nmormm c gumosieM 1/4 M THATONPOBOA COOUP JI Chb U3 IIT MIIOB HHBIX
IUT CTHH, KOTOpPBIE C TIOMOIIBIO MTPOIOTBHBIX (ST HIEBBIX H K JOK U TOPIEBBIX

25

]
(=4

—
W

—
(=}

KonanuecTBo nnH3

]

L

r
o

2,64 2,68
IGdL/I, Tn/xA

0
2,60

2,72

Puc. 21. P cripenenenue HOpM JHM30B H-
HOTO MHTErp 1 [P JIMEHT
JPYHOIBHOTO M THHT HYKJIOTPOH

IIoJId KB -

U1 CTUH U3 CT JIM TOJIIMHON 20 MM 3JieK-
TPOCB PKOH COEOVHSITUCh B €IMHYI0 KOH-
CTPYKILIMIO TOMIOC . M THUTONPOBOJ JIMH3BI
¢ moMouIblo GONTOBBIX (T HUEBBIX COEIH-
HeHUid cobup Jics U3 4 TOMI0COB H  KPYrI-
JIoO H mp BIdOUIed. 3 TeM H TOK pHOM
CT HKe 00p © THIB JIMCh TOPLEBBIC IIOBEPX-
HOCTH TIOJIIOCOB, JOBOAK HPOAOJIBHOIO P 3-
MEp M THHUTONPOBOA OCYIIECTBISI Cb C
tou”Hocteio 10 0,05 mm. K x u B 1u-
1oJjie, MOJTHOCTBI0O cOOp HH s OOMOTK BO3-
OyXmeHWs, H MOT HH 1 H TOYHBIX II -
OJIOHHBIX YCTPOMCTB X, UMeIoml S BHUI Oe-
JMYbell KIeTKH, repen cOOpKOi JIMH3BI 3 -
KJI JIbIB JI Cb B II 3bl IOJIOCOB M 3 XKHM -
J Chb TOCIEIHUMH B CTPOro (PUKCUPOB H-
HOM TIOJIOXEHHU.

WudopM 1ust 0 X p KTEPUCTUK X KB -

JPYIOJIbHBIX M THUTOB HYKJIOTPOH TpuBeneH H puc.19-23 m BT 61.6 [16,17].

E,, I'>B/myknon

1 2 3 4 5 6

LJ'I’MM T T T T T T
441
439+
437+
435+

433 1 1 1 1 1 1 1 1

640 1920 3200 4480 5760

LA

Puc. 22. 3 Bucumocts cpenneil addex-
THUBHOH JUIMHBI KB JPYIOJBHBIX M THH-
TOB HYKJIOTPOH OT TOK W KHHETHYECKOIl
DHEPIUM HOH

Ey, IsB/nyxion

ApnTc/Aem 1 2 3 4 5 6
T T T T T T
0,600
0,575
0’550 L 1 L 1 L 1 L 1
640 1920 3200 4480 5760
LA
Puc. 23. 3 BucuMOCTh miepel TOUHOMH

(byHKIMU KB JIPYIOJIBHBIX M THUTOB HY-
KJIOTPOH OT TOK M KMHETHYECKOU dHep-
TMU OH
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9. KPUOTEHHO-MATHUTHBII MOAYJIb U TEXHOJOIUSA CBOPKH
KPUOTEHHO-MATHUTOM CHCTEMBI

KoHuemnms KpuoreHHO-M THUTHOW CHUCTEMbI YCKOPHUTEIIS OCTPOSH H  Clie-
IYIOLIUX TOJOXCHUSX:

— cUcTeM CoOHp eTcs U3 OMH KOBBIX KPUOTEHHO-M THHTHBIX MOJYJICH Tpex
BUJIOB, COOTBETCTBEHHO, Ml JUIIONBHBIX, (POKYCHPYIOLIMX U JIe(OKYCHPYIOILIUX
M THHUTOB, OOMOTKH KOTOPBIX COSAMHEHBI MOCIIEIOB TEJILHO B TPU DIIEKTPUYECKHUE
Lerny;

— obmotKk B030yxeHus: CII-M THUTOB BBINOJHSIETCS U3 TPYOY TOTO CBEPX-
NPOBOJIHUK C HU3KUM 3H YEHHEM JMH MUYECKUX TEIUIOBBLIEICHUN U XOPOLIMMHU
YCIIOBHSIMU OXJI KIEHHUS;

— KPHOCT THPOB HHE M THHUT OCYLIECTBJISIETCS OTOKOM JBYX() 3HOTO rejus
B M I 30He W3MeHeHus I pocojepxX Hug ot 0 o 1;

— K H JIbl OXJI XIOEHHS BCEX MOJYJEH IMOIKIIOUEHBI I P JUIENBHO K IHT I0-
IIeMy U OTBOIALIEMY IeJTUEBbIM KOJUIEKTOP M;

— CHCTeM ¥MeeT BBICOKYIO H JEXHOCTb, IPOCTOTY M MHUHHUM JIbHBIC 3 TP TbI
H COOpYXEHHE M 9KCIUTY T LHI0, XOPOLIYI0 PEMOHTOCIIOCOOHOCTb.

Puc. 24. CxeM KpHOI€HHO-M T'HUTHOTO MOIy/Id: I — cWib(oH; 2 — re/ueBble KOJIeK-
TOpBl; 3 — TEIUIOBOM 3Kp H; 4 — B KyyMH 4 K Mep ; 5 — MydT ; 6 — sdpmo; 7 —
TpyOOIIPOBOI C XUIOKUM 30TOM; 8 — B KyyMHBId KOXyX; 9 — T1ar ; /0 — CII-x Genp
DIIEKTPUYECKOH CBS3M M THUTOB; [] — TeroBoi MocT; /12 — oOMOTK ; 13 — TpyOK s
OXJI XHeHUd IpM ; 14 — cynepusossiuud; /5 — MoAcT BK ; 16 — JAOMKp T

CxeM KpHUOTEHHO-M THHUTHOTO MOIYJS IpEACT BAeH H puc.24. M rHur
3 KpeIuieH B KPUOCT T€ H BOCBMU TSI X (9) T KUM 00p 30M, 4TO HOCIE €ro
OXJI XIEHUS OT KOMH THOH TeMIlep TYpbl 1O TeJHEeBOH MOJIOXEHHe B MpOCTp H-
CTBE ONTHYECKOM OCH M THHT He n3MeHsercd. K o0ouM Topu M B KyyMHOTO
KOXyX (8) ¢ moMompi0 H KHAHBIX (O HIEB HMPUCOSTUHEHBl TMOKUEe CUIh(OH-
Hble areMeHTHl (/). H xumHO# (i Hell Mo3BOJISeT MOBOP YUB Th MOMYJIb BOKPYT
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NPONOJIbHOM Ocu. ['MOKMe 37IeMEeHTHI I 10T BO3MOXHOCTH IIPH IOCTUPOBKE Iepe-
Mell Th COCEJHUE MOIY/IH JPYr OTHOCHUTENBHO APYT H HEOOXOAUMYIO BEJIMUYHHY.
Monynp ycT H BIUB €TCI H TOACT BKY (/5), MMEIOIIyI0 MPUCHOCOONICHHE I
IOCTHPOBKU. B KyyMHBIE KOXYXH MOIY/S COSOUHSIOTCS MEXIy COOOH C MOMOIIBIO
P 3beMHBIX MY(T (5), 0OecreyrB IOLUIMX TOCTYII K COSIMHEHUSIM DIIEKTPUUECKUX U
KPUOTEHHBIX KOMMYHUK Ui, NI p Type I O THOCTHUKU MYy4YK , P CHOJOXKEH-
HBIM B M JIBIX MPOMEXYTK X MEXIy M THUT MU. K XIbIif MOIy/b Mepea yCT HOB-
KOW H KOJBLE YCKOPHUTENS MPOXOMUT KOMIUIEKCHYIO IPOBEPKY (THAP BIMYECKOE
COIIPOTHUBJIEHHE, BJIEKTPUUYECK S MPOYHOCTb, M THUTHBIE M3MEPEHHUd U JAp.) H
CHely JIbHBIX CTEHI X.

ITpu cO6opKe KPUOTEHHO-M THUTHOW CHUCTEMbI HYKJIOTPOH C IIOMOLIBIO P 3-
OGOpHBIX B KYYMHBIX COEIMHEHUH CTBHIKYIOTCS (CM. pHc. 24, 26) reyreBble KOJUIeK-
TOpHI (2), TpyOOIIPOBOIbI C KUIAKAM 30TOM (7), B KyyMH I K Mep (4) U p 3beM-
Hble My(THI (5) B KYyMHOIO KOXYX COCEIHUX MOIYJEH.

2 He xy=0
/ 3 RWAWAWAWAT— m AWAVAVAV || AWAWAYI [|
X, =035

Xy = 0,9 He

Puc. 25. CxeM »1eKTpHUYECKIX U TeJIMEBBIX KOMMYHHK IIMH KPUOT€HHO-M THHUTHBIX MOJIY-
neil: ] — NUT 10U KOJUIEKTop; 2 — TPYOK JUTs OXJI XJIeHHUS KOJUIeKTop ; 3 — MeT JI-
JIOKep MHUYECK $I DJIEKTPOU3OJISILIMOHH 51 TPYOK ; 4 — TpYOK U1 OXJI XKISHHUS XKelle3HOro
IpM ; 5 — OOMOTK KB APYNoOJsd; 6 — OTBOMIIIUN KOJJIEKTOp; 7 — OOMOTK JAWTIONS;
O, F, D — CII-k 6enp »MeKTpUYECKON CBSI3H, COOTBETCTBEHHO, OTKJIOHSIOIIUX, (DOKYCH-
pylomux u aedokycupyionmux M rauToB; O — o6p THBIA K 6ejlb JMIOABHBIX M THHTOB;
1, T2 — CpemHee 3H YeHHe M CCOBOTO I pOCOAEPX HHUS B MOTOKE Tesi H BBIXOIE W3
K H JIOB, COOTBETCTBEHHO, OOMOTKM W TPYOKH WIS OXJI XIOCHUS SIPM ; To — M CCOBOE
II pOCOJEpX HUE B IUT IOIIEM KOJUIEKTOpe
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3937 |
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, B 4 2 = 2
Puc. 26. MonynsH g cOOpK IOJyHEepUOJ M THHUTHOW CHUCTEMBbI HYKJIOTPOH : I — Ko-
KyX B KYyMHBI JUIOJIBHOTO M THUT ; 2 — KOXYX MOHT XHbIHi; 3 — KOMIIEHC TOp 4-
ropoBslii; 4 — KOXYX B KyyMHBIH KB JDYIONBHOH JIMH3BI; 5 — YCT HOBOYH S P M
JIUH3BI; 6 — TOACT BK JIMH3BI; 7/ — KOMIEHC TOp 3-roposblii; 8 — MOMKp T; 9 —
YCT HOBOYH S p M gaunonsd; /0 — moict BK aumnons; // — I0CTUPOBOYHOE MPHUCIOCO-

OleHue

ToxoBBOABI

Puc. 27. DnekTpuyeck g CXeM COEIUHEHUS IPYNI M THUTOB HYKJIOTPOH : M — numons-
HBII M THUT (48 X 2 mT.); @ — KB APYMOIbHBIN (oKycupylomuii M rHUT (16 X 2 mwrt.); [ —
KB JpYNosbHbIi gedokycupyromuii M THUT (16 X 2 mit.); MM — numnoneHele U KB APYyHOIb-
HbIe N3MEpPUTEIbHBIE M THUTHI (BHE KOINIbLL ycKoputens); Tx — TupucTopHbIil Kimou; MIT1,
HII2 — uCTOYHMKM NUT HUS JUIIOJIBHBIX U KB APYNOIbHBIX M rHUTOB; MII3 — ncroynuk
p 36 1 HC TOKOB rpynn M rHuToB @ u I
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B Kk X10M Mojysie, TOMUMO 3JIEKTPOLENH COOCTBEHHOIO M THHT , UMEIOTCS
TP H3WTHbBIE K O€NM 3IeKTPUIECKOil CBI3M M THUTOB APYIUX Ipymm (cM. puc. 25).
JI1d 37eKTPUYECKOro COENMHEHHS COCETHHX MOMyledl B K XKIOM IPOMEXYyTKe
MEXIy M THUT MM BBIIONHSIOTCS YeThIpe 3IeKTpudecKux cm g Tpyod teix CII-
K Oeneil. B mect x cni 51 CII-k Geseii yn jisieTcs M30JSLIMOHHOE TIOKPBITHE U O H-
Il KH 9 HUXPOMOB £ MPOBOJIOK . 3 TEM OTOJIEHHbIE Y4 CTKM ABYX COBMECTHO CIIO-
xeHnpix CII-k Geneit H JjuinHe mopsak 150 MM IUIOTHO OOM THIB IOTCSI CBEPX-
MPOBOAAIIEH MPOBOJIOKOW (TIPEB PHUTENBHO CIUTIONMIEHHOH mo 0,2 MM u o0my-
’KEHHOH), 00XHM IOTCS B KOHAYKTOPE M 3 JIUB I0TCS P CIUT BIEHHBIM OJIOBSHHO-
CBHMHIIOBBIM nipurioeM. [Ipu aTom Bce renuesbie K H bl CII-k Geneii Momyns co-
eMHEeHBl Yepe3 TPyOd Thle Kep MUYECKHE H30JITOPhI MOCIENOB TEIbHO C rellue-
BBIMH KOJIJIEKTOP MU 3TOrO MOJAYJIS U NMPOBEPEHBl H TE€PMETUYHOCTh H CTEHIE.

T K S TEXHOJIOTHS COeUHEHH MOJIYJEl MO3BOJIET C BBICOKOM CTENEeHbIO Be-
POATHOCTH UCKJIIOYHMTH TeJIUEeBbIe TEYH B B KyyMHOE IPOCTP HCTBO, OKPYX IOIIee
M THUTHI 10 YCT HOBKH B KOJIBLIO yCKOpHTens. Il Opr HU3 UM «TEIUIOro» JIU-
HEWHOTO MTPOMEXYTK KPHUOT€HHO-M THHTH 5 CHCTEM HYKJIOTPOH p 30MT H IB
MOJIYKOJIBI , UMEIOLIMX P 3/eNbHbIe H30JSIIMOHHbIE B KYYMHbIE OOBEMBI.

[MpyuHIMIN JIBH S MEKTPUYECK 51 CXEM COEAMHEHMS M THUTOB U JIMH3 HY-
KJIOTPOH TmpuBeneH H puc. 27. O6MOTKM BO30YXIEHHS M T'HHUTOB U JIUH3 CO-
€IMHEHBI B JIBe 3JIEKTPUYECKHE LeNU U 4epe3 TOKOBBOABI M THPUCTOPHBIE KITIOUU
Tx moacoeauHeHbl K UCTOYHUK M anekTponuT Husg MII1, UI12. Cunobie TOKO-
BBIC LIETIM BBITIOTHEHB! OU(WISIPHO, YTOOBI HE BBI3BIB Th P CCESHHBIX M T'HUTHBIX
noneil. Tok p 36 1 HC Tpu BO30yXAeHHH (DOKYCHPYIOIINX U Ie(hOKyCHPYIOIINX
KB JIDYNOJIbHBIX M THUTOB €031 eTcsl uctounukom UII3 [27].

OOGIuid BUI KPHOTEHHO-M THUTHBIX MOZYJEH JUIIONBHOTO U KB APYIIOJIBHOTO
M THUT HYKJIOTPOH I~puBedeHsl H puc.28 u 29 [20].

Puc. 28. OGwwmii Bug Moxy:ns aunonsHoro  Puc. 29. O6umii BUx MOAYNIs KB IPYIOJb-
M THHT HOTO M THUT
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10. KPUOCTATHPOBAHHUE MATHUTOB

B LUPKYIALMOHHBIX CUCTEM X KPUOCT TUPOB HUS CBEPXIIPOBOIALIMX M TI'HU-
TOB OOJIBLIOE 3H YEHHWE UMEET BONPOC: 4YTO MPENIIOYTHUTEbHEE HUCIIOJIb30B Th B
K 4ecTBE KPHO T€HT — XHUIOKUN rejiuid Wi OByxX¢ 3HbIA (I POXUIKOCTHBIN) MO-
ToK? B 1mosp3y KpHocT THpOB HUS OBYyX( 3HBIM TelleM TOBOPHT cliiefymomee. Bo-
HEPBBIX, IPU OJWH KOBOU TEMIIEp Type KpUOCT TUPOB HUS DHT JIBIIUSA KPHO TEHT
H BXOIe B OOBEKT B CJIy4 € OfHO() 3HOIO Iejius JOJKH OBbITh HUXE, YeM B CIIy-
9 e AByX( 3HOro. BO-BTOpPBHIX, M CCOBBIIf p CXOH KPHO TeHT , MPOK YUB €MOTO
4yepe3 0OBEKT C (PUKCHPOB HHBIM TEILUIOBBIIEJICHHEM, B CIIyd € OZHO( 3HOIO Te-
s Gostble, 4eM B ciyd e OByx¢ 3Horo renus. [Ipumyem 3t p 3HUII Tem Oosplie,
4yeMm OoJIblIe JIOMYCK €MOe IT POCOAepX HUe B ABYX( 3HOM IOTOKE, U IPH JIOITy-
CTUMOM II POCOAEPXK HUU T = 1 M CCOBBbIE P CXOHbl MOIYT OTJIMY ThCA H IIO-
psaok u Gonee. B-TpeTbux, B Cilyd € KpPUOCT THPOB HUS MOTOKOM JIBYX( 3HOTO
refiusl CyLIECTBEHHO BbIIIE YCTOWYMBOCTh CBEPXIPOBOIALIMX OOMOTOK K BO3JIEii-
CTBUI0O H HHX HUMIIYJIbCHBIX TEIUIOBBIX H TPY30K OOJIBIION MOLIHOCTH, H NPUMED,
U3-3 P IU LIMOHHOTO P 30IPEB

00MOTOK, O0OYCITOBJICHHOTO IIOTe- 1 2 3 4
PSIMU U CTHII [IPH YCKOPEHHUHU U BbI- \ Z= 6
BOIIC. ) [V 5

an
[

OnmH KO K MOMEHTY BpEeMEeHU
p 3p OOTKM TEpBBIX MOJAEIBHBIX
M THUTOB HYKJIOTPOH CYIIECTBO-

%
Z

-

B BIIWN O9KCIIEPUMEHT JIBHBIA M - N,
- N\,
TEpH J1 MO H3YYEHHIO THAPOLUH N Z
MUKH I POXUAKOCTHOTO IIOTOK it Y
3 4\6\5

rejaust ObLT €IIC HEAOCT TOYCH 1A

TOTO, 4TOGBI YK 3 Th OOJ CTh IO- Puc. 30. CxeM KpHOIEHHBIX CHCTEM HYKJIO-

MyCTUMBIX 3H YEHMH 11 P METPOB ppoy : | — B KyyMHBIl KOXYX; 2 — TEIUIOBOIA
HOTOK (11 POCOAEPXK HHUE, YIC/Ib- »Kp H; 3 — NUT IOUIMIA KOJUIEKTOP XUIKOIO re-
HBIi M CCOBBIM P CXOI, HENOIPEB nus; 4 — OTBOASALIMIA KOJUIEKTOp Trenus; 5 —
H BXOIC, HMIIYJIbCH s TEIUIOB A JIMIIOJIBHBINA M THUT, 6 — KB APYIIOJIbH 4 JIMH3 |
H IPy3K U T.J.), obecrieuus lomux / — pedpuxep TOp

H JEeXHOe KPHOCT TUPOB HUE.

INocne cepun vccnenoB HUM yCIIOBHI KPUOCT THPOB HHA H MOJIEJIBHBIX M I-
HHUT X B K YecTBe KpHUO TeHT ObUT BBIOp H I POXHAKOCTHBIM MOTOK reims. H
BBIOOD IBYX() 3HOTO reiud OK 3 JIO BJIMSHUE U TO, YTO U1 M THUTOB HYKJIOTPOH
OCHOBH $1 TEIUIOB $1 H IPYy3K IPUXOOHUTCS HE H OOMOTKY, H XeJIe3HOE SIpPMO.
IIpu M ccoBoM I pocojiepX HUU H BbIXOJe U3 M THUT x2 = 0,9 (cM. puc.25)
Il pocofiepX HHe H BbIxome U3 ooMoTku x1 = 0,35. DTOT ¢ KT mo3BOMISET j0-
MYCTHTh 3H YHUTEJIBHBIN P 30pOC B 3H YEHHUSX TP BIMYECKOTO CONPOTHBIICHHS U
TEIUIOBOM H TIPY3KM OXJI XI IOUIMX K H JOB M THUTOB OT MX CPEOHUX 3H YCHMH
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JUI1 BceX M THUTOB yckoputend. CxeM KpHOCT THPOB HUS M THHUTOB HYKJIO-
TpoH mpuseneH H puc. 30. CocTHIKOB HHBIE MEXAY COOO KPHOCT ThI MOAYJIEH
o0p 3YyIOT OfMH, OOIIWHA WIA K XIOW IOJIOBUHBI KOJbBI YCKOPHUTENs KPHOCT T.
BuyTpu B KyyMHOro KOXyx (/) KpHOCT T P CIIOJIOXKEH TEIUIOBOH 3Kp H (2), nu-
T 1ommid (3) 1 oTBOIAUIMIA (4) reiueBble KOJJIEKTOPhI, K KOTOPBIM I P JUIETBHO
MOJKJIIOUEHBl M THUTHL (5), (6). Kumkuii requit u3 pedprxep TOp IOCTYI €T
B MUT IOIIUN KOJUIEKTOP KPHOCT T IOJOBUHBI KONIBI[ YCKOPUTENS U p clperne-
JISIeTCsl 10 OXJI X IOIIMM K H JI M OTHEJIbHBIX Momysieid. B x xmom momyne (cm.
puc.25) T pOXHMAKOCTHBIA MOTOK TeNIUs TOCIEA0B TEIBHO MPOXOAUT OXJ X[ I0-
IMe K H JIbl CBEPXIPOBOIIIIMX K Oesieil ®JeKTPUYECKOl CBS3U COCENHUX M THH-
TOB, OOMOTKY M THUT U IIOCJI€ OXJI XJICHUS MUT IOLIEro KOJUIEKTOP U KeJIe3HOro
ApM M THUT IIOCTYIl €T B OTBOAALLME KosuiekTop. Ilo mepe mpoxoxieHus X -
H JIOB MOJyJed M CHSATHS TEIUIOBOM H TPY3KHM M CCOBOE II POCOAEPXK HHUE Teius
Mmendgercd oT 0 H Bxoze B Moxyib 10 ~ 0,9 (B cpefHeM U1 Bcex MOIyJIEH MOoJo-
BUHBI KOJIBIl ) H BBIXOAE M3 Hero. Temmep Typ MNOTOK TIeius, MOCTYN IOLIETO B
OTBOJSILIUI KOIJIEKTOP, KOHTPOJIUPYETCS TEPMOMETPOM U X P KTEPH3YET YCIOBUSI
OXJI XIEHUS M THHT .

MuHUM JTbHOE BpeMsl OXJI XAEHHS B ce HC X p 00Thl 80-TOHHOH KPHOTEHHO-
M THUTHOU cuctembl HykjaoTpoH oT 300 mo 4,5 K cocr Buno 72 4y ¢ . Kpuo-
CT THPOB HHUE M THHUTOB YCTOWYMBO OOECIIEUUB €TCS JIBYMs TeJIMEBBIMU pedprike-
p Top Mu oOieil npousBoauTenbHOCThIO 3,2 KBT H ypoBHe 4,5 K (Tpermii —
pe3epBHbI), p 60T OMmMUMH T p JUIETBHO [6,7].

11. HCCIIEAOBAHUE, PASPABOTKA U CO3JAHUE CUCTEMbI
DBAKYAIIUA DHEPTUU U3 CBEPXIIPOBOJAIIEN MATHUTHOM
CHCTEMBI HYKJIOTPOHA B ABAPUHMHBIX PEXKHMAX

IMepexon CBepXMpOBOAIIECH OOMOTKM M THHUTOB B PE3UCTUBHOE COCTOSIHUE
MOXeT ObITh BbI3B H YXYIIICHHEM YCIOBHU KPHOCT TUPOB HHUsI, IPEBbILICHUEM [0~
IyCTHMOI'O 3H Y€HHS! TOK B OOMOTKE, JIOK JIbHBIM H I'PEBOM CBEPXIIPOBOJSILETO
K Oenast OOMOTKM W3-3 P JW LUOHHBIX IOTE€Pb W LEJIOro psii JAPYruX IMPUYHH.
IMpu aTOM B OOMOTKE BO3HHMK €T JIOK JIbHBIH y4 CTOK C KTHBHBIM COIPOTHUBIIE-
HHEM, H KOTOPOM BBIJIE/ISIETCS DHEPIUs B BUJIE JIKOYIEB TEIUT OT MPOTEK HHs
TOK BO30YXXIEHHsS M THUTHOU chcTeMbl. i IPeNoTBp LIEHHs HeperpeB U p 3-
PYLICHHUS CBEPXIPOBOSIIEro K Geyisi 0OMOTKH HEOOXOIUMO OBICTPO CHHU3HTH JIO
HYJIs TOK BO30yXjeHus M THUT . H ubosiee MpOCThIM CIIOCOOOM SIBISIETCS I' IIIEHHE
TOJISl TIPU BBIC K€ DHEPTMU H BHEIIHee KTHUBHOE CONPOTHUBJIEHHE. DTOT Criocob
COCTOHUT B OTKJTIIOUEHUU UCTOYHUK BIIEKTPONUT HUs (3 MBIK HUS BXOJHBIX IIEMei
U TepeBOjil UCTOYHUK IUT HUS B UHBEPTOPHBIA pexkuM p OOTbI) U BBEICHUH B
Ielb TOK BO30YXIEHHs] CBEPXIIPOBOSIIUX M THUTOB KTHUBHOTO CONPOTHBIICHHUS
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(BHEIIHEro) I LIEHHUd MoJid. Yp BHEHHUE Ul T KOW LEeNu UMEET BUJ
Ldi/dt + i[Rswew + Rum(t)] = 0,

rme L — cyMM pH S MHIYKTHBHOCTH LETOYKH CBEPXIPOBOMIIINAX M THHUTOB, § —
TOK BO30YXIEHHS M THUTOB H MOMEHT IOSIBICHHS HOPM JIBHOHM 30HBI, Ry,; —
IMH MHYECKOEe COIPOTHBIICHUE Y4 CTK CBEPXIIPOBOMSIIETO K Oelis, Iepele/Iiero
B PE3UCTUBHOE COCTOSIHUE, Rypey; — COMPOTHUBIICHUE 9B KY 1M dHEPTHHU (T IIEHUS
TIOJI).

T K XK K Ryyewy > Ry ( KTUBHOE BHEIIHEE COMPOTHBICHUE BHIOHD eTcs
T K, 4TOOBI CONPOTHBIIEHHE Y4 CTK C HOPM JIbHOM 30HOM cocT Bistto 3 =+ 5% or
Rgyem), TO €r0 BETUYUH B OCHOBHOM U OTIpeJieNiIeT X P KTep dKCIOHEHIM JIbHOTO
CI ] TOK U BpeMs BBIBOJ DHEPruu W3 cucteMbl. [Ipu 3TOM HEOOX0AUMO BHIOpP Th
BENTUYUHY Ryyeyy T KOUM, YTOOBI P 30TpeB K Oejisi B MeCTe MOSBJICHUS HOPM JIbHOM
30HBI He TIPUBOIII K €r0 p 3PYIICHHIO U YTOOBI H MPSXKEHUI H P 3HBIX Y4 CTK X
3JIEKTPOLENN M THUT HE IPEBbILI JIK JOIMYCTUMBIX BEIHYUH.

C 1esnpio onpesielieHns 3 BUCUMOCTU TeMIIEp TYpPbl P 30TPEB  CBEPXIPOBOS-
iero K Genst B p HOHe HOPM JIBHOM 30HBI OT M KCHM JIbHOW BEIUYMHBI H TpsiKe-
HHS 9B Ky LIMM DHEPTMU H B PUMHOM M THHUTE (4 = Ryyen?) ObUIM MPOBEICHBI
HCCTIeNOB HUS U BBIp OOT HBI peKOMEHI IIHH.

HccnenoB HUS NpoBOAWIIMCE H OAMHOYHOM M THUTE U H LUT THOM JMIIOJNb-
HOM M THHUTE HYKJIOTPOH IIPU HCIBIT HUSX OKT HT M THUTHOH CHUCTEMBI YCKO-
puTesisl B 1enu, coctosiiei u3 12 aumnoneit u 4 KB OpyrnoJield, COSJUHEHHBIX B
enuHyto uens [21].

v
-.ll.-_( =C
111 112 13 114 15 I16 117 118
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100[ 390 {100 120 [100[ 390 [10Q

Puc. 31. CxeM »KcnepuMeHT : Y3 — YCTpOMCTBO 3 MycK TUpUCTOpP , H3 — HOpM JIbH 4
30H , V — tupucrop, Ru — H rpes Tenp, C — eMKocTHBI H komutens, 11118 —
MOTEHLU JIBHBIE OTBOJbI

CxeM ®KcrmepuMeHT npuBefeH H puc. 31. [IpeaB puTenbHO 3 psSXKEHHBI
KOHJIEHC TOp C MOMOIIBI0 THPUCTOP TIOAKIIIOY €TCSl K H TPEB TEJIi0, P CIIOJIOXKEH-
HOMY HEIOCPEICTBEHHO H CBEpXIIPOBOIALIEM K Oese (BCKPHIT H3OJIALMS) BHY-
TPEHHEro BUTK OOMOTKM BO30YXJEHHS AUIOIBHOTO M THHUT . Ilo 06e cTOpOHbI
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OT H IpPeB Tels H OMNpEIeIEHHOM P CCTOSHUHM P CHOJ T JIUCh MOTEHIM JIbHBIE
oTBOIbl. OT TEIUIOBOTO UMILYyIbC H IPEB TEN 3 POXJH JI Cb HOPM JIbH f 30H ,
KOTOp 51 P CHPOCTP HI Ch BHOJb K Oensl, IpU 3TOM TOK BO30OYXIEHHS M THHUT
COCT BJISUT HOMHH JIbHYIO BeTMYMHY 6 KA. Ilo ocuwyutorp MM M H TNpSXEHHH C
MOTEHIIX JIbHBIX KOHILIOB, (hopMe TOK U HWHIYKTHBHOH COCT BJAIOLICH H Ipsxke-
HUS H M THHUTE ObUIM OIpEIesIeHBI:

— CKOpOCTb P CIIPOCTP HEHHUS HOPM JIbHOM 30HBI B OOMOTKE JUIIONS, KOTO-
p 4 He 3 BHCEI OT H IIp BJIEHUS NPOK YKH FENHS U COCT BWI [JI 3H YEHHU TOK
B obMmoTKe 3,5 U 6 XA, coorBercTBeHHO, 10, 15 u 20 M/c (TOYHOCTH M3MEpEHUI
+5%);

— 3 BUCHMOCTH Temriep Typbl p 3orpeB CII-k Gelii H pe3UCTHBHOM y4 CTKE
IIPU Mepexofie U3 CBEPXIPOBOAALIETO B HOPM JIbHOE COCTOSHUE OT BEIWYMHBI H -
NpPSIKEHUS H M THUTE B MOMEHT H 4 J1 9B Ky uuu sHepruu: 38,8 B — 170 K;
28,8 B — 285 K; 23,2 B — 450 K.

ITonmyueHHble B 9KCIIEPUMEHTE [ HHBIE MO3BOJIWIN CAEN Th BHIBOJ O TOM, YTO
s obecrieyeHus] d((HEKTUBHONW 3 LIMTHI HEOOXOAUMO, YTOOBI H NpSDKEHUHE H
OJHOM M THUTE B MOMEHT H 4 J1 3B Ky Imu Obuio ~ 40 B u ~ 4 kB H Bceit
LENH JUMONIBHBIX M THUTOB.

B 1973 r. BTOpOoM OBUI TIPEIJIOKEH CXEM HMIIYJbCHOTO (hOPCHUPOB HHS
M THUTHOIO TOJS Ui ABYX®T MHOro yckopeHus guep [22,23]. OH mnociyxui
MIPOTOTHIIOM CXEMBI 3B Ky I[MM 3HEPrMU M THUTOB HYKJIOTPOH IIyTeM 3 MEHBI
JMOTHOIO KJII04 H THUPHUCTOPHBII.

IIpuHIMIN JIBH 9 CXeM CHCTEMBI ®B Ky IIMU ®HEPTHMU M THUTHOTO IOJIS IH-
MOJIBHBIX M THHTOB HYKJIOTPOH IIpUBENEH H puc. 32.

B ar0il cxeme mpu p 60Te MMITYIBECHBIX KOMMYT LHMOHHBIX HCTOYHHMKOB KU
U BO BpeMs 9B Ky LUM 3HEPTrHUM IOTEHLH JIbl P 3MUYHBIX y4 CTKOB LENU M I-
HUTOB OTHOCHUTEJIBHO «3eMiIM» He mpesbill 10T £500 B mpu ToKe 3B Ky LUHU
6 KA.

ITpu HOpM JBHOM p GOTE C H 4 JIOM IUKIT P OOTHI YCKOPHTENS BKIIIOY IOTCS
ISITh TUPUCTOPHBIX Kimoueil Ty, 0Op 3ys KOHTyp TOK B030OyxneHus [y (it Hus)
M THHUTOB OT IJI BHOU CHCTEMBI (DOPMHPOB HHMS M THHTHOTO LUK YCKOPHTENA
CII. Tlpu »B Ky UMM DHEPTUM 10 KOM HJie OT J TYUKOB OOH PYXKEHHs IMepexon
CBEPXIPOBOIAIIUX M THUTOB B PE3UCTUBHOE COCTOSIHUE BKJIIOY IOTCS KOMMYT IH-
onnele TupHcTOopbl KT matu ucrounuxos KH, nmopkiiou 4 mnpens pUTENBHO 3 ps-
XeHHbIe 0T ncTOYHUKOB 3U Kounmenc Topueie 6 T pen C x tupuctopabiM Ty. H -
YUH eTcs OBICTPBIN Ipolecc KOMMYT LUH (IECITKH MUKPOCEKYHI) TOK W3 THUDH-
cTopHbIX Kitoyeld Ty B KonngeHc topueie 6 T peu C. Ilpu u3MeHeHUH OIS PHOCTH
H NpsSKeHUs H KOHJEHC TOpHBIX 6 T pesx C TOK M THUTOB M KOMMYTUpYeTCs U3
KOHIEHC TOPHBIX O T peil B LIeNM CONPOTHBICHUS I' [IEHHs Nois Ry yepe3 ANOJIbI
JI. H 4unH ercd B puiiH 4 B Ky LU HEPIMU U 9KCIIOHEHUU JIBHBIA CI I TOK
¢ nocrosHuoi Bpemeru L/R; = 0,18 ¢ (cM. H puc. 32 9KBHB JICHTHYIO CXEMY
9B Ky LM 3HEPrHU U3 LENH AUMONBHBIX M THUTOB HYKJIOTPOH ).
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Puc. 32. Cxem 9B Ky IIMM ®HEpIUU M3 IUIIOIBHBIX M THUTOB HYKJIOTPOH U €€ 9KBHB -
JIeHTH 4 cxeM : Tx — tupuctopusiil kmoy; I — nuon; 3 — 3 psaHbiil uCTOUHUK; M —
LEeNOoYK JUMONbHBIX M THUTOB (24 M rHUT ); KW — UMITy/IbCHBII UCTOYHUK KOMMYT LU
ToK ; K3 — TupucropHslii KOpoTKo3 MbIK Telb; KT — KomMMyT nponssii tipucrop; C —
KOMMYT LJMOHH f eMKOCTh; L — npoccenp; Rr — CONpOTUBIIEHUE I' IIEeHUs [0JIs

DB Ky LU SHEPTUM M3 KB IPYIOJIBHBIX M THUTOB OCYIIECTBIISIETCS C MOMO-
IIBIO BYX TUPUCTOPHBIX KIIOUEH, T K K K CYMM PH § 3 II CEHH 5 ®HEpIusl B JIMH-
3 X IPUMEPHO B YEThIpe p 3 MeHblIe (CM. puc.27).

H puc.33 u306p XKeH 3 BHCUMOCTb OT
BPEMEHU KTHBHOM COCT BILAIOLIEH H mpsxe- U,BA
HUs HOPM IJIbHOM 30HBI B OOMOTKE IHIIONb-
HOTO M THHUT , IOJYYEHH S W3 J HHBIX BBI-
IICNPUBE/ICHHOTO ®KCIIEPIMEHT MPH TOKE H
MOMEHT H 4 J1 3B Ky IIMH, p BHOM 6 KA.

JIng npenoTBp LUEHUS B PUMHOIO P 3- L
PYIICHHS CBEepXIPOBOAAIIETro K Oems 00- 0 100
MOTKH OT IeperpeB HeoOXOIUMO K K MOXHO
p HbBIIIE 3 (13I/IKCI/IPOB Th MOMEHT Hepexoﬂ Puc. 33. 3 BHUCUMOCTH OT BpEMEHU
M THUT B PE3UCTHBHOE cocTosHue. C oToi HU3MEHEHMT KTUBHOH COCT BIAIOIIEH
LIebI0 C MeCT CI i OGMOTOK M THHTOB Bpl- H TPSKCHUS PE3UCTHBHOI 30HbI B 00-
BOJATCA TMOTEHIH JIbHbIE MPOBOJHUKH depe3 o e PKCTCPHMEHT JILHOTO M THHT
pesuctopel 500 OM (@1 mpenoTBp IUEHUS MX NEPEeXUr HUS MPU 3 MBIK HUM).
K kK mox 3 HO H puc.34, K HIM MOAKIIIOY IOTCS BXOIHBIC IIEMH I TYMKOB 00-
H pYXEeHHUS HOPM JIbHOH ¢ 3bI, 00p 3ys MOCTOBYIO cxeMmy. IIpu mosiBieHHH HOp-
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M JIbHOH 30HBI B OGMOTKC OJHOI'O U3 M THHUTOB B U I'OH JIU MOCT IIOABIIAKTCI
CHTH JIBl P CCOIJI COB HHUSI, KOTOPbIE YCHIHMB IOTCSI U MPeo0p 3YITCS B KOM Hi-
HBI CHIH J1 M BKJIIOY IOT CXEMY 9B Ky LUH dHepruu. sl OTCTPOUKH OT MoMex B
Il TYUKE MPEIyCMOTPEH  MIUIUTYIH S U BPEMEHH S cenekims. s BKITIOUeHus
3 AT OPOXOIIT CHUTH JIbl H BXOJE [ TYMKOB, UMeIIUe MIUUTyny 6onee 50 MB
U JUTUTEIbHOCTE Oontee 3 Mc (ypoBeHb momex g0 20-30 mB).
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Puc. 34. Briok-cxeM 1 TYUK OOH pyXeHHs MEpPEeXOi M THHUT B PE3WCTHBHOE COCTOSHUE
(11 IBYX M THUTOB)

CucreMoil T KHX A TYUKOB OXB TbIB IOTCA BCE CBEPXIIPOBOAAIINEC M THUTHI U
COCAMHUTECIIBHBIC K Genu B LECIHU OT TOKOBBOJ 0O TOKOBBOJ . Hmeercsa BTOp 4 CU-
CTEM T K H 3bIB €MbLIX «T'PYHIIOBBIX O TYHUKOB», B KOTOPBLIX IUI€CYHU MOCT COCTOAT
13 HECKOJIBKUX M T'HHUTOB.

12. IPUMEHEHUE MOIUOUITUPOBAHHOI'O TPYBYATOI'O
CBEPXITPOBOJISIIEIO KABEJIS B DJIEMEHTAX MATHUTHOI
OIITHKH KAHAJIOB TPAHCIIOPTUPOBKH YACTHI]

K K M3BeCTHO, YCKOPHUTEIbHO-H KONMTENIbHbIE KOMIUIEKCHI HUMEIT P 3BET-
BIIGHHYIO CUCTEMY K H JIOB TP HCIIOPTHUPOBKHU 4 cTull. IIpu omHOBpeMeHHOM Ipo-
BeleHU! H CcHHXpod 30TpoHe OUSM B 0qHOM YCKOpPUTEIBHOM LUKJIE HECKONb-
KHUX (pU3NUECKUX DKCHEPHMEHTOB MOTpeOIeHe SHEPruy CHUCTEM MU 3JIEKTPOIH-
T HH4 3JIEMEHTOB M T'HUTHOH ONTHUKM K H JIOB M3 CETH JEN €TCS COM3MEPUMbIM



HYKJIOTPOH — HOBAS TEXHOJIOTUA 137

C TOTpeOJieHHeM BDHEPrud COOCTBEHHO YCKOPHTENeM M JOXOAUT JIO BENYUHBI
8 + 10 MBT notpebnsiemMoii MOLTHOCTH. AKTY JIbH g HOTPEOHOCTh B JIECATKHU P 3
CHM3UTD BIIEKTPONOTpeOIeHNE MPUBET K HEOOXOOMMOCTH P CCMOTPEHHS BOIIPOC
O p CIIMPEHUH 00 CTH NMPUMEHEHHUS M THUTOB THI «HYKJIOTPOH» C TPYOU THIMH
CBEPXIPOBOMSAIIUMUA OOMOTK MH, HPOCTBIX B M3TOTOBJIEHHHU, YIOOHBIX B DKCILTY -
T MU U JELIEBBIX [0 CTOUMOCTH.

OnH Ko GOJIBLION TOK BO30YXIECHUS OTAENBHO 3 IHUTHIB €MBbIX M T'HUTOB B K -
H J X 9KOHOMHYECKH HeBbIrofeH. MHAMBHLy JIbH 4 MOOCTPOMK TOKOB BO30YXIle-
HHS MHOXECTB 3JIEMEHTOB M THHTHOI ONTHKH K H JIOB NpUBET ObI K BBEICHUIO
GOIBIIOr0 KOJIMYECTB CHIBHOTOYHBIX TOKOBBOIOB, IS OXJI XJIEHUS! KOTOPBIX I10-
TpebytoTcs GosblKe KpuoreHHble MOIIHOCTU. C MM M THHUTBI, BO30YXJI eMble 110-
CTOSIHHBIM TOKOM, IIp KTHYECKU HE BBIIENSIOT Telio. Heo6X0auMo TOIbKO CHSTDH
X7 IO TEHTOM CT THYECKHE TEIUIONPUTOKH MO TOABECK M, OIMOP M OT TEIUIOBOM
P A OWMU W P AW LHUOHHOTO P 30TPEB ITy4KOM, KOTOpBIE B CyMME 3H YHTEIIBHO
MEHbIIIE TEIUTOBBIIEICHNI B CHJIBHOTOYHBIX TOKOBBOA X. ONBIT MCCIEIOB HUA pe-
XHUMOB p OOTHI IEPBBIX 0Op 3LI0B M THUTOB C HEOONBIINMU TOK MH BO30YXIEHHS
¢ 0OMOTK MH U3 CBEpPXIPOBOJSIIEro K Oelst TpyO4 TOro TUI H IpPUMEpE CBEpX-
MPOBOJAIIET0 MH(IEKTOPHOTO CENTyM-M THUT HYKJIOTPOH TIOK 3 JI 3KOHOMHYE-
CKYI0 9(p(peKTUBHOCTh U EPCHEKTUBHOCTD IPUMEHEHUS 3TUX YCTPOUCTB [24]. s
0OMOTOK 3TOr0 M THHUT OBII U3TOTOBJIEH CBEPXIIPOBOLILINI TPyOd ThIH K Oeib B
MOAU(UIIIPOB HHOM B PH HTE.

Hcnionb3yemblii CBepXITpOBOAAIIMA K O6eb umen au Metp 0,5 mm, 2970 cBepx-
MPOBOMAIINX HUTEH W3 HUOOWI-TUT HOBOro cmwt B HT-50 nu mMetpom 6 MKM, C
II TOM TBUCT 4-6 MM, ObII HOKPHIT P IM IIMOHHO CTOWKHM H3OJISILIMOHHBIM JI -
koM «Mmun mp» (BO3MOXH IOTOJHUTENBH S XJIOMY TOOYyM XH s m3omsums). B
€IMHOM TEXHOJIOTMYECKOM Ipoliecce H TOBEPXHOCTh M30JIMPOB HHOHM MEIbXHO-
pOBOI TPYOKM H HOCHIJICS CJIOH TepMOpe KTUBHOTO SMOKCHIHOIO KOMIT YHI U C
1 rom 40 MM H BUB JHch 30 CBEpXMPOBOIIIIUX IPOBOJOB M OOH K IPOHOB S
jgeck ToimmuHOW 0,5 MM; H CBEPXIPOBOIIIYIO IIPOBOJIOKY 3 T€M H HOCHIIOCH
M30JILMOHHOE MOKPBITHE U3 TOJUUMHUAHON IJIEHKH MMPHHON 20 MM U TOJIIIHON
40 MxM B ommH cnoit ¢ 50 % mepekpeitieM. K K U B CT HI PTHOM TpyOod TOM
K Oesie 118 M THUTOB HYKJIOTPOH , ¥ C TOH Xe LeJIblo, B MOCIEYyIOLIel ornep uu
H BUB JICSl IONIEPEYHBIN O HJ X M3 HUXPOMOBOIO MPOBOJ (B JPYTMX YCTPOMCTB X
NPUMEHSUTMCh K TIPOHOB $1 JIECK , HUTKH).

3 K HYMB JIOCh M3TOTOBJICHHE TPyOUY TOro K Oens H HECEHHEM JIByXCJIOHHOTO
MOKPBITHS CTEKJIOJICHTHI, TPOIIUT HHOHM ®MOKCHIHBIM KOMI yHIOM. M3roTtoenenue
10-BUTKOBOM Cea1000p 3HOH OOMOTKH CENTYM-M THHT OCYIIECTBIISIIOCH IO TeX-
HOJIOTMU W3TOTOBIIEHHS! OOMOTOK IIT THBIX M THHTOB HYKJIOTPOH H LI OJIOHHBIX
YCTPOMCTB X. BbIBOjHBIE KOHIBI K Oesisi OOMOTKM CBOOMJIMCH BMECTE, U 3 TeM
npoBoA B K Oene 0OMOTKHM COEIMHSUINCH ITOCIIEAOB TEIBHO PO SHHOW CKpYT-
koit (ITOC-60), 06p 3ys 300-BUTKOBYI0 OOMOTKY BO30YXIEHHS C HOMHUH JIbHBIM
TokoM 200 + 250 A. Ilpu sTOM mpoBOg H Y 1 U KOHIl T KOW MHOTOBHUT-
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KOBOM OOMOTKH P 3HEJISUTMCh K MPOHOBOM JIECKOM, 3 JIOXEHHOH B K Oeie mpu
€ro M3rOTOBJICHUH (MEXIy HUMH H MOOJbIIee H NMpsLKeHHe NMPU B Ky UM dHEp-
TUn).

JInd OXJ1 XJeHHs CBEpXMPOBOIIIIUX MPOBOIOB B MECT X CI 9 CKPYTK H -
M THIB JI Cb H H30JIUPOB HHYIO MOJMUMHUIHOW JIEHTO TPYOKY OXJI XIEHUI K -
6emsd U MpUXHUM JI Ch M30JIIIHAOHHBIM JIECHTOYHBIM TOKpBITHEM (puc. 35, ). B aToit
KOHCTPYKIIMM OOMOTKH CBEpPXITPOBOISIINE TOKOHECYIIHNE MPOBOI OXJ XM IOTCH
KOCBEHHO 4epe3 M3OJIALHOHHBIE MOKPHITHA. T K K K NpH BO30YXIEHUU ITOCTOSH-
HBIM TOKOM BHXPEBbIE TEIUIOBBIICTICHUSI B CBEPXIPOBOIHUKE NP KTHYECKU OTCYT-
CTBYIOT, KOCBEHHBII CII0COO KPUOCT TUPOB HHSI OK 3 JICS BIIOJIHE MPUEMIIEMBIM.
Heo06s13 TenbHO W MpUMEHEHUE MENIKOAUCIIEPCHBIX CBEPXIPOBOISIINX ITPOBOJIOB B
KOHCTPYKIIMH K OeJs M MEeNbXHOPOBOM TPYOKH, NMPEANoYTHTENIbHEe MPUMEHEHHUE
MEIHOH, C TONIMIMHON CTeHKHM ~ 1 MM. B 3TOif KOHCTpyKUMH M THHT TpyOK
K Oess Juld NPOK UKW Tesusl BJIEKTPUYECKH H30JIMPOB H OT CBEPXIPOBOISIINX
MpOBOAIOB. M3 Hee MOXHO Opr HH30B Th H MOMEHT 3B Ky LIUH DHEPTUH dJEKTPU-
YeCcKyl0 Liellb, B KOTOPOW p BHOMEPHO IO JUIMHE K Oellsi MOXHO P CCeiTh BCIO
3 I CEHHYI0 ®HEPIHI0 M THUTHOTO ITOJIS IyTeM OBICTPON KOMMYT IIMH TOK B Men-
HyI0 TpyOKy (puc. 35,6).

CBepXNnpOBOASIINI

TpyOuaThIi Kabenb
E& == H _ I,
—\V= = %g\ Cnasnnas

o CKpYyTKa

j—

| H Tpy6ka
0]

OXJTaXKJICHUA

CBepXxnpoBoasue ToxoBBOJ,
TpoBoJia Kabemns
(0oOMOTKa MarHuTa
OJTHOBHTKOBAs) CriagHHas
CKpYTKa

MN3onsunonnoe
MOKPBITHE

| He

Puc. 35. ) DiekTpuueck g cXeM COEIMHEHHUS CBEPXIPOBOIAIIMX MPOBOJOK K Oemnd 06-
MOTKHM M THUT K H JI TP HCHOPTUPOBKM Y CTHUI; 0) CXeM 3B Ky LMW sHepruu: I —
00MOTK B030yXmeHns M rHuT ; II — KOHTYp TOK B Ky Iuu; v — CONpOTHBIIEHHE
MenHO# Tpy6ku K 6enst; Tx — tupucropusiii kmod; CII — cucteM 3meKTpOIHUT HUS

OMBIT UCTIBIT HUM U yCHEIIH s 3KCIUTy T LS B c€ HC X p OOTHI HYKJIOTPOH
yOEIUTEIbHO MOATBEPAMIN COCTOSTENIBHOCTD P CCM TPUB €MBIX KOHCTPYKLIMHA M T-
HHUTOB, p OOT IOIIUX C MOCTOSHHBIMU TOK MH B030yxXaeHus. [lo aToMy npuHLMITY
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ObUTH CHEJT Hbl M WMCIIBIT HbI H CTEHJE KB JAPYIOJIbHBIC M CEKCTYIOJIbHBIC JIMH3BI
IUTSL CHCTEMBI MEUTEHHOTO BBIBOI IyYK U3 HYKJIOTPOH .

I BO3OyXIeHHs M THHTOB C MPUMEHEHHEM HOBOU TEXHOJIOTHH TPeOYIOTCH
UCTOYHHUKHU 3JIEKTPONUT HUSA M Joi MomHoctd ~ 1 kBT (5 B, 200 A). B cp B-
HEHUW C HUMH MCTOYHUKH MUT HUS M THUTOB U JIMH3 K H JIOB TP HCIOPTHPOBKHU
Y CTUIl OT CUHXPO(® 30TPOH K (PU3UYECKUM YCT HOBK M B DKCIEPUMEHT JIbHOM
n BuiboHe JIBD OUSUN umeror Beixomnasie MomHocT ~ 400 kBt (110 B, 4000 A,
25 mt.) u 220 kBt (220 B; 1000 A, 10 mrt.). OmsIT p 60THI M THATHOW CHCTEMBI
HYKJIOTPOH TIOK 3 JI, YTO I P JUIeTIbHOE KPHOCT THPOB HHE MHOTUX CBEPXIIPOBO-
JSIIUX M THUTOB HMPOK YHOTO THI OT COOPHBIX KOJIJIEKTOPOB MPOTSKEHHOCTHIO B
COTHU METPOB — BIIOJIHE OCYIIECTBUM S U TEXHUYECKHU peIl eM 513 11 9 .

HoB s TexHOIOTHS B KOpHE MEHSAET OAXOJ K dHEPIeTHKE K H JIOB TP HCIOP-
THUPOBKHU 4 CTHII YCKOPHUTEIHBIX KOMIUIEKCOB BBICOKHX U CBEPXBBICOKHX DHEPIHil.

ITo MHEHUIO U OLIEHK M BTOp , IIPEIUIOXEHHBI B PU HT CJT OOTOYHBIX CBEPX-
MPOBOISIIMX M THUTOB /Il K H JIOB TP HCIOPTUPOBKH Y CTHUIl B YCKOPHUTEIbHBIX
CBEPXIIPOBOIAIINX KOMIUIEKC X SIBJIIETCA BECbM IEPCHEKTHBHBIM M 3KOHOMHYE-
CKM 9(p(PEeKTUBHBIM.

13. 3AKVIIIOYEHUE

B JIBD OUAHU p 3p 60T H HOB s KOHLENIHS CBEPXIPOBOMIIICH M THUTHOM
CHCTEMBI JUISl YCKOpUTEJIeH CHHXPOTPOHHOTO THII H OCHOBE M THHTOB C M THH-
TONPOBOJ MU TP AWLHMOHHBIX «TEIUIBIX» KOHCTPYKLHUH, OTJINY FOLIMXCS HOBU3HON
UCTIOJIHEHHUs OOMOTKHM BO30YyXJeHHS M3 TPyOU TOTO CBEPXIPOBOMAIIEIO K Oed,
CHELH JIbHO CO3 HHOTO VIl p OOTHI B WMITYJBCHBIX M THUTHBIX Homsix. Koo-
CTPYKLMSI M THUTOB MO3BOJWJI TIPHMEHUTH BBITOMHBIA U 3(pheKTHBHBIA CIIOCOO
KpUOCT THPOB HMS, OCHOB HHBI H LMPKYITALUHU IBYX(p 3HOrO reius mo K H Iy
K Oesst OOMOTKM M TPYOK M OXJI XJIEHHS M THUTOIPOBOL .

HoB g TexHomorus B NMpUHLOHUIIE YNPOCTWI NpoOJIeMy HPUMEHEHHs CBEpX-
IIPOBOAUMOCTH B YyCKOPUTENIbHOI TEXHUKE, IPUBHECT B KOHCTPYKLHIO M THUTHOI
CHUCTEMBI 3JIEMEHTHl MUHM TIOPU3 LIMH, IIPOCTOTHI U3TOTOBJIEHHI M ®KCIUTYy T IH-
OHHOUN H JIEXKHOCTH, DKOHOMUYECKOH 2¢h(heKTUBHOCTH U JIp.

B XHBIM OTJIMYUTENBHBIM IPU3H KOM YCKOPHUTENS CO CBEPXIPOBOMAIIEH M I-
HHUTHOH CHCTEMOH HOBOTO THII SIBIISIETCSI €0 CIOCOOHOCTh p OOT Th C IJTUTEIIb-
HOCTBIO p 0OYero HUKJI TOPSAAK CEeKyHA M MMETh HVKHHMU Tpenen IUH MHde-
cKkoro p 604yero Au 1 30H M3MEHEHUS M THUTHOTO IOJIS MPU YCKOPEHHHU Y CTHIL
~ 0,02 Tn (MOHMXEHUE DHEPIUU MHXEKTHPYEMBIX 4 CTHII).

2. Bmepssie p 3p 60T H, UCCIIENOB H U pe JHM30B H B OOMOTK X M THHTOB
HYKJIOTPOH TpyOY ThIil CBEPXIIPOBOASINMI K O€llb H OCHOBE BBIIYCK €MBIX IpO-
MBILIJICHHOCTBIO KOMIIOHEHTOB, JUlsi p OOTHl B MMITYJIbCHBIX M THHUTHBIX IOJSIX C



140 CMHPHOB A.A.

M JIBIMU TETUIOBBIIETICHUIMH IIPU CKOPOCTAX W3MEHeHHd noid mopsak ~ 4 Tn/c,
¢ p maycoMm u3rud 10 20 M.

3. H © 3e m300peTeHHOrO TpyOdUY TOTO CBEPXIPOBOIAIIErO K Oernsd p 3p 6o-
T HBI, UCCTIEAOB HBI U PE JIN30B HBI B M THUTHOH CHCTeMe HYKJIOTPOH HOBBIE IO
TUILy CBEPXMPOBOAAIINE OTKJIOHSIIINE U (DOKYCHPYIOLIHE M THUTHI LUPKY/ISAIM-
OHHOTO THIT C M KCHM JIbHbIM nosieM Jio 1,8 + 2 Tu, p 60T iommue ¢ peKopaHou
LIUKJIMYHOCTBIO I cBepXxIpoBopdumx cucteM o 1 I'm. Konduryp nums u onHo-
POIHOCTh M THUTHOTO IIOJISI B HUX OmpenenseTcs (hopMOil MOM0COB M THUTOIPO-
BOA 1O H JIOTHUHU C «TEIUTBIMH» CHUCTEM MH.

4. H oCHOB HUM IPOBEIEHHBIX MCCJEIOB HUil p 3p OOT H M pe JIM30B H
MPOEKT KPHOT€HHO-M THUTHOW CHUCTEMBI YCKOPHUTENS PEISTHBUCTCKUX SIep —
HYKJIOTPOH , NPU3B HHOTO 3 MEHUTh CHHXPO( 30TPOH M CYIIECTBEHHBIM 0O0p -
30M MOIEPHU3UPOB Thb ycKopHTenbHyI0 6 3y OUSIH, mpexoct BUTH BO3MOXHOCTD
H COBPEMEHHOM YPOBHE NMPOBOAUTH (hH3MYECKUE DKCIEPUMEHTBHI.

5. OcymecTsieH BBOJ B ACHCTBHE HYKJIOTPOH — MEPBOTO CBEPXIPOBOSIIIETO
CHUHXPOTPOH , COOPYXEHHOTO H M JIOI O PUTHBIX CBEPXIPOBOMSIIMX M THHUT X
HOBOTO TUII € ()eppOM THUTHBIMH CEPAEYHHK MHU M TPYOY THIMH CBEPXIIPOBOJI-
muMua 0OMOTK M. IIpoBeneHo ceMH AIl T ce HCOB p OOTHI MO €ro H J AKE U
OCBOGHHMIO B (DPM3MYECKHX DKCIIEPUMEHT X C BHYTPEHHMMH TOHKHMH MHLICHSIMH U
H Ny4K X MEUICHHOTO BBIBOJ B ®KCIEPHMEHT JIbHBIH I BHJIBOH.

6. TlpoBemeHbl MCCIENOB HUS MPOLIECCOB OOp 30B HHUsS HOPM JILHOH 30HBI B
TpyOY TOM CBepXIIpoBoidlieM K Oesie 0OMOTOK HOBBIX M THUTOB IPU MEpeXofe
B PE3UCTHBHOE COCTOSIHHME. BBIOp HbI HEOOXOAUMMBIE IT P METPHI CXEMBI 9B KY-

UM ®HEPTMU U [ TYNKOB OOH PYXEHHS B M THUT X HYKJIOTPOH 3 POXICHUA
Pe3UCTUBHOM (HOPM JIbHOM) 30HBI. [IpemtoxeHsl, p 3p 60T HBI U pe JHM30B HBI
CUCTEMBl B PDUMHOH 9B Ky LIUM BHEPIUU U3 M T'HUTHOU CHUCTEMBI HYKJIOTPOH ,
KOMIUIEKC YCTPOWCTB Ji TYMKOB Iepexol U 0oToOp XeHus uHpopMm muu. P 3p -
60T H ¥ pe JM30B H OOLI 51 CXeM B3 UMOJEHCTBHS 3 IIUT M THUTHOW CHUCTEMBI
HYKJIOTPOH M CHCTEM B3JIEKTPOIUT HUS.

7. P3p 60T H W pe NU30B H CXEM COCOUHEHHWH dieKTpouenei (yHK-
LIOH JIbHBIX TPYII CBEPXIPOBOIIIINX M THUTOB HYKJIOTPOH . ChOopMYITHpPOB HEI
TpeOOB HHUS U MPEUIOKEHbl CXEMHBIE DPEIIEHMS! CHCTEM BJIEKTPOIUT HHSI TPYIII
M THUTOB HYKJIOTPOH . BbIp 60T HbI TpeGOB HU, JIOTMK 3 LIMT U KOHKPETHbIE
TEeXHHMYECKHE PEIICHMS M0 3 IIUT M, P JIN30B HHBIE B CUCTEM X BJIEKTPOIHT HUS
(pyHKLIMOH JIbHBIX TPYHII M THUTOB HYKJIOTPOH [25].

8. P 3p 6or H sKOHOMHYECKH 3(P(PEKTHBH S KOHIEMIHMSI W HEOOXOTUMBIC
IpU ee pe JIM3 LM TeXHUYeCKUe PeLIeHUs I CO3[ HUS CBEPXIIPOBOASIIMX dJie-
MEHTOB M THUTHOH ONTHKH U1 K H JIOB TP HCIIOPTHPOBKH Y CTHUI] YCKOpHTENen
C M JIBIMH TOCTOSIHHBIMH TOK MU B030yxkzaeHus: (~ 200 A) H OCHOBE KOHCTPYK-
MM M THUTOB HYKJIOTPOH . P 3p 60T H ¥ pe JM30B H KOHCTPYKUIHUS TpPyOu -
TOrO CBEPXIPOBOAIIETO K Oens ¢ 3JIeKTPUYECKH W30JMPOB HHBIMH CBEPXIIPOBO-
JSLIMMH TTPOBOI MU (IO THITy K Oellsi HyKJIOTPOH ), KOTOpbIE IPH U3rOTOBICHUU
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0OMOTKH COEIMHSIOTCS IOCTIENOB TEIbHO, OOp 3ys MHOTOBUTKOBYIO OOMOTKY M TI-
HUT . KoHCTpyKnusd pe mu30B H B UH(IEKTOPHOM CENTyM-M THHUTE HYKJIOTPOH
U BCIOMOTL TEJIbHBIX JIMH3 X YCTPOWCTB MEUIEHHOTO BBIBOA ITy4K U3 HYKJIO-
TPOH .

9. Hcronp30B HUE B KOHCTPYKIMHU BJIEKTPOM THHT CBEPXIIPOBOIIILIEH TPYyO-

Y TOH OOMOTKH IO3BOJISIET MEPEBECTH P OOUYIO TEMIIEp TYpy XKEIe3HOro sipM H

30THBII WM «<KOMH THBIH» YPOBEHb, TEIUIOM30JIMPOB B OOMOTKY OT XXeJie3 , U TeM
C MBIM 3H YUTEIBbHO CHH3UTH OOLIME TEIUIOBbIE MOTEPU U OXJI XJI eMYI0 M cCY H
yposre 4,5 K. 1o He3 BUCUMOI OlleHKe MEepUK HCKHUX CHelH JHUCTOB, 3 HUM I0-
mmxcd ¢ 1995 ron p 3p 60TKoif mpoToHHOro Koyt imep 2 x 100 TaB B H mwo-
H JIbHOU 11 60p TOpuu MM.PepMu, M THUTHI TUIl «HYKJIOTPOH » B 3TOM B pH HTE
SBIAIOTCS H M00JIee NepeceKTUBHBIMY 110 CP BHEHUIO C JPYTMMH KOHCTPYKIUSAMHU
[26].

B 3 ximoueHHe BTOP CYMT €T CBOMM IPHATHBIM JIOJITOM BBIP 3HUTh IIIyOOKYIO
NPU3H TEJIBHOCTH KOJUIET M 10 p 0OTe, KOTOpble H P 3JIMYHBIX 3T I X BBIIOJIHE-
HUS [IPOTP MMbI COOPYXEHHSI M THUTHOH CHCTEMbI HYKJIOTPOH U CHCTEM ee obec-
MEYCHUs] CBOMM TBOPYECKUM TPYIOM CIIOCOOCTBOB JIM BBIIIOJIHEHUIO 9TOW OIPOM-
HOH p OOTHI, 3 BEpIIMBIICHCS 3 MYCKOM MEPBOTO CBEPXIIPOBOMSILETO YCKOPUTES
penmsTuBUCTCKUX anep B Poccun B 1993 ropxy.
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HAYYHO-TEXHUYECKWE MPOBJIEMbl CO3AHNA
QNIEKTPOAOEPHbBIX YCTAHOBOK
ONA TPAHCMYTAUNN OOJTTOXKXUBYLLNX
PAOAVNOAKTMBHBLIX OTXOA0B U
OAHOBPEMEHHOIO NMPON3BOACTBA SHEPI A

(poccumckum onbiT)
A.C.I'ep cumos; I'.B.Kuceneg™™

FHU, P® «HCTUTYT TEOPETUHECKON N SKCMEPUMEHT NbHON PU3nkmn», Mocks

B 0630pe p cCMOTpeHBI H yYHBIE OCHOBBI SII€PHON TP HCMYT LUU JONTOXUBYIIUX P JHO KTUB-
HBIX OTXO/IOB TOMHOI{ IIPOMBILIEHHOCTH C HOMOLIBIO 3JIEKTPOSIEPHBIX YT HOBOK (DJIAY) mnpo H -
JIM3UPOB HBI HEKOTOpBIE MPOOIEMBI CO3[ HUS YCT HOBOK 3TOro TWUH . IIpuBeleHb! I HHBIE O pe3yib-
T T X KOHLENTY JIbHBIX MCCIIEIOB HUH P 3MMYHBIX B pU HTOB DJISIY, BBHINOIHEHHBIX B POCCHUICKUX
AepHbIX LHeHTp X. OOCyXnI I0TCS OCHOBHBIE H IIP BI€HUS H YYHO-HCCIIEIOB TEIbCKHX U KOHCTDYK-
TOPCKHX p 60T 10 OGOCHOB HHIO MPOEKT U CO3I HUIO AEMOHCTP LIMOHHOH YCT HOBKH.

The scientific base of nuclear transmutation for long-lived radioactive waste of atomic industry
with application of Accelerator Driven System is considered in current review. The problems on
creation of facilities of such kind were analysed. The results of conceptual investigations for different
versions of Accelerator Driven Systems carried out in Russian nuclear centres are presented. The
main directions of R&D on grounding of install tion’s design and creation of demonstration facility
are considered.

1. HAYYHBIE OCHOBBI SJAEPHOI TPAHCMYTAIIIU

1. BBegenme. ATOMH 5 ®HepreTWK cymiecTByeT B mupe Oomee 40 jer. 3
MEpUOJ ee CYIIECTBOB HHUS CT JIO OYEBHUIHO, YTO MPOU3BOACTBO DHEPTHH C MOMO-
LIbI0 TOMHBIX 31eKTpocT HuMi (ADC) gBIeTcsS Ol CHOM TEXHOJOTUEH, CBI3 H-
HOW ¢ H KoruleHHeM B pe kTtope ADC GOJIbIIOr0 KOJMUYECTB P IUO KTUBHOCTH,
KOTOpP S MOXET MOI CTh B OKPYX IOIIYIO Cpely NMPU HEMPEABUACHHBIX CUTY IIHSX.
[TosTOoMy [T BCeX CIIEIH JIFICTOB, MPHWY CTHBIX K p 3p OOTKE W OKCIUTY T IHU
ADC, mpobieM obecrieueHus p T HUOHHOW 0301 CHOCTH TOMHOM 9HEPTeTHKU

*e-mail: geras@vitepS.itep.ru
**e-mail: kiselev_g@vitep5.itep.ru
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U TPEANpUSTHHA SAEPHOTO TOIUIMBHOTO LUK TPOAOIXK €T OCT B ThCS NPHOPH-
TeTHOH. Jpyr § NPUHIMIIM JIBHO B XH 1 3 J 4 , KOTOP 4 HE PElIeH B IIOJIHOM
obbeme, — 3T0 6e30I CHOe JONTOBPEMEHHOE, B TEUEHHE MHOTHX THICSY JIET, 00p -
LIEHHE C JOJITOXHUBYIIMMHU P AMO KTUBHBIMU oTx0d MU (IPAO). Mmeercd 3 KoH
006 06p mienuu ¢ [JPAO u coortBercTByMOII 51 hefiep JIbH s MPOTP MM , OJH KO
NPENCTOUT CHe Th ellle 04eHb MHOro. TpeThbs pobsieM , TECHO CBSI3 HH 5 C YK -
3 HHBIMU BBIIE, — 3TO obecreuyeHne dKOHOMHUYHOTO NPOU3BOICTB TEIUIOBOW U
anekTpuyeckod sHeprud H ADC. Oct HOBUMCS 31€Ch JIMLIb H OOHOW U3 JIb-
TEepH THBHBIX TeXHONOTHi 00p meHud ¢ IPAO TOMHOU ®HEpreTWKH, HWMEHHO
SJIEPHOM TP HCMYT LIMH, B YKclle H MOosiee KTy JIbHBIX H YUYHO-TEXHHYECKHX 3 -
I 4, B PELICHUH KOTOPOH NPHHUM IOT Y4 CTHE OOJIBIIOE YUCIIO POCCUHCKHUX U
3 pyOeXHBIX OpPI HH3 LHi.

Hccnenos Husd, NpoBeleHHBIE B MOCIEAHUE IATh JIET B P 3JIUYHBIX SOEPHBIX
neHTp x Poccuu m gpyrux cTp H, yK 3bIB 10T H IPUHLUINN JbHYIO BO3MOXHOCTb
yanutoxenus [JPAO B morok X HEHTpoH X. B TexHuueckoii autep Type 3TOT
Croco0 TOJy4WsT H 3B HUE «sSJEpH s TP HCMYyT uumsi». KoHuenrty JibHble Hccie-
JIOB HUS CBHUIETEJbCTBYIOT O IMEPCIEKTUBHOCTH 3JIEKTPOSIEPHOro crocobd Ipo-
W3BOACTB HEUTpoHOB mid Tp HemyT mmm [JPAO. DTOT crmocob 3 KIod ercsd B
WCTIONIb30B HUM TOAKPUTHYECKOTO pe KTOp (H 3bIB €MOro OJ1 HKETOM) C BHELI-
HUM HCTOYHUKOM HEHTPOHOB B BHJE HEUTPOHONPOU3BOAAIICH MUIIEHU U YCKO-
puUTENS IPOTOHOB. B pOCCUIICKON TEXHUYECKOH JIMTEP Type 3TOT TUIl YCT HOBOK
H 3bIB 10T 2JIEKTpOsiiepHbIMH ycT HOBK MU (DJIAY), B 3 pybexHoit — Accelerator
Driven System (ADS).

B 00630pe HUCIOIp30B HBI MHOTOYMCIIEHHBIE IMyOJMK LMW POCCHUICKHX CIe-
LM JIACTOB, T KXe MpoekT «[Iporp MMblI mccienoB HHI 3IEKTPOSAEPHBIX CH-
creM MuH tom Poccun», NONrOTOBIEHHBIM NpeacT BUTEIMH MuH ToM Poc-
cuiickoii @exep LM, TOCYd PCTBEHHBIX H y4HBIX LeHTpoB UTO®, BHUUDD,
®BH, BHUWHM, AU PAH, ITUA®, OUsN, HITO BHUITUDT, MPTU, MUDU,
OKBM, T xxeH yyHoil ccouu uuu «Cocubl» (Munck, benopyccus) u Mexuy-
H POAHOTO H Yy4yHO-TexHuueckoro wentp (MHTL) mnom pykoBoucTBoM
O.B.IlIsenoB u H.C.P GorHoB [1]. B 3H 4uTenpHOH cTeneHd OBUIM T KXE HC-
MIOJIB30B HBI PE3YJIbT ThI UCCIEAOB HUI POCCUICKUX CIIELH JIHCTOB, BHIITOJIHEHHBIX
H ocHoBe Tp HTOB MHTL (mpoektsr Ne 17, 157 u ap.). Tem, KTo UHTEpecyeTcs
Pe3yIbT T MH POCCHICKHX M 3 PYOEXHBIX HCCIEHOB HHH IO BIIEKTPOSAECPHON Te-
M THKE, MOXHO INOPEKOMEH/I0B Tb UTOroBblii oTueT MAT'ATD [2], T KXe Tpyusl
MHOTOYHCIICHHBIX POCCHHUCKHX M 3 PyOEXHBIX MEXIYH POIOHBIX KOH(hepeHLMH H
ceMuH poB (cM., H mpumep, [3]). I Kp TKOCTH B TeKCTe 0030p He MPHUBOXIATCS
IONIHBIE H MMEHOB HHUS SIIEPHBIX LEHTpOB, H mpumep, BmMecto [HIl PO UTDD
yK 3b1B ercsd UTODD u 1.1

2. Kia ccuduk nms p IHO0 KTHBHBIX OTXONOB TOMHOI JHepreTHKuH. B
H 4 jJe 0030p cieayeT I Th OIpeNeTeHNE MOHATHS «pP IO KTHBHBIE OTXOJBI»
(PAO). D10 HE0OXOmUMO clel Th, T.K. B TEXHHYECKOM JIUTEP Type W, 0COOEHHO,
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B CPEJICTB X M CCOBOM MH(OPM LIMM UMEIOTCS P 3JIMYHBIE TONKOB HUA. B CT -
The 3 cpemep JBHOTO 3 KOH 00 TOMHOU ®HEprud yK 3 HO [4]: «P ouo KTUBHBIC
OTXOIbl — SAEPHBIE M TEpU JIbl M P OWO KTHBHBIE BEIIECTB , 1 JIbHEMHIIee Hc-
MIOJTb30B HHE KOTOPHIX HE MPENyCcM TPHUB €TCS».

ABTOpBI KOMMEHT pHs K YK 3 HHOMY 3 KOHy 00p LI 10T BHUM HHME H Ompefe-
JIEHUE OTXOIOB B p HHeM u3g Huu miocc pusi MATATD [5]: «Orxomsr — suep-
HBII M Tepu JI, H XOAJLIMIACA B KOHIEHTP LUIX WIH XHUMHYECKUX (OpM X, He
MO3BOJIIOIIMX SKOHOMUYHO MPOBOIUTH €TO BOCCT HOBJICHHE U MpPEIH 3H YCHHBII
ISt cOpoc ».

B H crodiiee BpeMs OCyLIECTBISETCS p AMOXMMHYECK $ mepep OOTK OTp -
6ot HHOTO simepHoro Towiue (OMAT) Bomo-BomdHBIX pe KTOpoB Tunl BBBP-440,
pe KTOpOB TOMHBIX IOOBOJHBIX JIONOK, pe KTOPOB H OBICTPBIX HEUTPOH X H
HCCIIEIOB TENbCKUX pe KTopoB. P mmoxummdeck s nepep 6otk OST pe xTopos
PBMK ne mpexycm TpuB ercsd. D10 03H 4 eT, 9yto OAT pe kropoB PEMK nHeob6-
XOOUMO OTHOCUTH K PAO.

I HHble 0 KonmuyectBe PAO B poccuiickoil TOMHOM NPOMBIILIEHHOCTH, B
H cTosIee BpeMs H XOIALIMXCS B MIOBEPXHOCTHBIX Xp HWIMII X, OIMyOJIMKOB HEI
MuH ToMoM (cM., H mipumep, [6]). Hnsa PAO, o6p 308 Bumxcs B OST suepHbix
pe KTOpOB, X p KTEPHO H JIMUUE T KUX CPeiHe- U JOJNTOXUBYILUX P JTHOHYKIHIOB-
npoxykTos Aenenust, K kK °Sr, ¥7Cs (T, = 30 zer), **Sm (87 zer), '2°Sn
(105 met), °Te (2,1 - 10° ner), 23Zr (1,5 - 106 ner), 3°Cs (2,3 - 10° ner), °7Pd
(6,5 - 10° ner), 12T (1,6 - 107 net). Csenenus o ComepX HHH OCHOBHBIX JOJITO-
KMBYIIUX MPOayKToB feneHud U KTuHUoB B OAT pe xropos BBOP u PEMK
MpejcT BieHsl B T O71. 1 [7].

T omun 1. Cogepx Hue TOJIrOXKHBYIIMX HPOAYKTOB AejeHHsA W KruHuaoB B OAT
pe kropo BBOP-1000 1 PEMK-1000 nmpu Bpemenu Boinepxkku 0,5 et (1/1)

Hykmun | BBOP | PBMK || Hykmun | BBBP | PEMK

Se 5,9 3,5 BNp 620 150
90gp 680 390 238py 126 69

937r 910 530 239py 5330 | 2630
9Tc 950 600 240py | 2420 | 2190
107pg 250 200 241py 1470 710

1269 22 15 242py 580 510

1291 220 140 241 Am 72 36
135 420 220 243 Am 120 74
187¢g 1460 900 2420 6,1 52
151gm 15 4,0 244Cm 46 8,1

ITpu ncronp30B HUM TUTYTOHUS B K 4yecTBe TOIIMB  DJISY Heobxomumo nMeTsb
B BUJlY, YTO 3 BpeMsd H XOXIEHHS H CKJI 1€ U30TONHBIN COCT B IUTyTOHUS MEHS-



146 TEPACHUMOB A.C., KMCEJIEB I'.B.

erca. 24'Pu p cn 1 erca B 24! Am, npu p cn je nocneaHero o6p 3yercs HeGOb-
moe Koaudecto23”Np; IIpM a--p CII jie M30TONOB IUTYyTOHUs 0Op 3yI0TCS M30TOIIbI
yp H (t1 BHBIM 06p 30Mm, 234U u3 23%Pu). B T 611.2 mpeicT BIeHB 1 HHEIE
110 U3MEHEHHUIO U30TOITHOTO COCT B 9HEPTETHYECKOTO IUTYTOHHMS, BHIIENEHHOTO U3
OAT BBBDP-1000 mpu TpexieTHe# BbIAEPXKE IOCE BBITPY3KH H3 pe KTOp , B
3 BUCHUMOCTH OT BpE€MEHHM IOCJIEIYIOIIero Xp HeHus H cKi 1e [8].

T 6muy 2. M cchbl H30TONOB YHEPTETHYECKOTO IUTYTOHUA M IPYTHX HYKJIWIOB B P cUeTe
H 11 OAT npu p 3HBIX CPOK X XpP HEHHU:A

Hyxnun | CsexesblieneHsslii Pu Xp Henue 20 ner Xp Henue 50 jer
r/t OAT % ot Pu r/t OAT | % or Pu | r/r OAT | % ot Pu
238py 130 1,3 111 1,21 87 1,0
239py 5520 55,4 5520 60,5 5520 63,3
240py 2420 243 2410 26,5 2410 27,6
Alpy 1300 13,1 496 5,44 117 1,3
242py 583 5,9 583 6,39 583 6,7
Bcero Pu | 9950 100 9120 100 8710 100
BTNp 0 0 14,5 0,16 61,8 0,71
241 Am 0 0 788 8,64 1120 12,9
U 0 0 27 0,30 62 0,72

B GospummHcTBEe cTp H (BKMIOY s PoccHio), B KOTOPBIX OCYLIECTBISETCS P -
JIMOXUMHYECK s mepep O0TK OTp OGOT BIIEro SIEpHOrO TOIUIMB , I BH S CTP -
Terust 00p meHus ¢ JPAO 3 K04 eTcs B Xp HEHMU HX B OTBEPXJIEHHOI (opme
B MOBEPXHOCTHBIX MOTWIBHHK X C J JIbBHEWIIMM T€OJIOTMYECKHM 3 XOPOHEHUEM.
B 4 ctHOCTH, eBpomeiickue cTp Hbl OOBEOUHSIOT CBOM YCHJIMS 110 CO3I HHIO IOA-
3eMHOro obrieeBponeiickoro xp Huwuin APAO. B To Xe BpeMs CYLIECTBYIOT BO3-
P XeHHd K K CIIelH JHMCTOB, T K U H CEJIeHUS IPOTUB OpT HU3 LIUU MOTWJIBHUKOB
U noa3eMHbIX 3 XxopoHeHuil JIPAO B KOHKpETHBIX perHoH X. Poccus He sBgercs
UCKIIIOYeHHeM. B aToil cBI3m corm cHO ¢emep JIbHOI Mporp MMme 1o 00p IIEHUIO
C p IMO KTUBHBIMH OTXOA MU M OTp OOT BIUMMH SIEPHBIMH M TEPH ]I MH, UX
UCTIONIb30B HUIO U 3 XOPOHEHUI0 H nepuod 1992-1995 1r. 1 H nepcrekTusy 1o
2005 r. [9] npexycMOTpeHO, H psijly C APYTUMHU  CIIEKT MH HUCCJISIOB Hus 6e3orn c-
Horo o0p menus ¢ JIPAO, usydenue u p 3p O0TK JIBTEPH THBHBIX TEXHOJIOTHIA,
H Np BJCHHBIX H cHikeHue Konudects [IPAO. OnHO# M3 T KMX JIBTEPH THB-
HBIX TEXHOJIOTHI1 MOXET SBIAThCA suepH g Tp HeMyT 1ud JPAO, 3 ximtou 1w sics
B IpeoOp 30B HUU JOJTOXHBYIIMX P JHOHYKJIMAOB B KOPOTKOXHBYIIHE WIH CT -
OWIbHBIE 1OJ] JAeHCTBUEM IIOTOK Y CTHLI.

3. H y4uHble 0CHOBBI SI€PHOI TP HCMYT ITHH

3.1. Cnocobut aoeproit mp Hcemym yuu. SnepH 4 tp Hemyt mua OPAO 3 -
KJII0Y eTCsl B MPeoOp 30B HUM JOJTOXUBYLUIMX P AUOHYKJIUIOB B KOPOTKOXKHBY-
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IYe WK CT OWIbHBIE HYKJIMIBI BCJISACTBUE MX B3 MMOIEUCTBUS C IOTOK MU 3 psi-
JKEHHBIX WM HEUTP JIBHBIX 4 CTHL. P 3HOOOp 3Me 3 pSXEHHBIX M HEHUTp JIbHBIX
Y CTHILl ONpEAeNseT P 3JIUYHbIe CrIOcOoOBl BO3AEHCTBHS H p AMOHyKiuasl. Hme-
eTcsl TMIPUHLIUIN JIbH 5 BO3MOXHOCTh B3 MMOJEHCTBUS TP HCMYTHPYEMBIX P IHO-
HYKJIMIOB C 3JIEKTPOH MU, IPOTOH MH, IEUTPOH MH U JPYTUMHU 3 PSIKEHHBIMU HO-
H MH, HEUTPOH MH, Yy-KB HT MU. H KoHerll, cymiecTByeT BO3MOXHOCTb MIOOHHOTO
K T Ju3 . P cCMOTpUM Kp TKO ®TH BO3MOXHOCTH, IIOCKOJIBKY OHU MOCTOSIHHO 00-
CYXI I0TCSl B H YJIHOH JIMTEp Type.

Dnexmponsi. Bcnenctsue M JIOCTH CEYEHHMH B3 MMOIECHUCTBHUS 3JIEKTPOHOB C
AP MU UX OpSMOE HCIONb30B HUE U1 TP HCMYT LIMU DHEPreTHYecKu Helene-
co00p 3HO, O3TOMY MMEIOIIUECS] MPEUIOKEHUS OCHOB Hbl H KOHBEPTHPOB HHUU
DHEPIUH 3JeKTPOHOB B (hoTOHBI. OOH KO cedeHus (oTOsSIepHbIX pe Kuuid (77, n) u
(7, p) MIMEIOT TTOPOTOBBIN X P KTEp M M JIbl 10 BenmnuuHe. Mmeercs smmb 001 cTh
TUr HTCKOro pe3oH Hc 20-25 MosB and nerkux sgep u 13—15 MaB s Taxensix
suep wupuHoil 3—4 MaB. Ouesku, cuen HHble B UTD®, cBUAETENBCTBYIOT O TOM,
4TO NpH sHepruu 1nekTpoHoB 100 MaB reHepupyercs oKomno OByX 7y-KB HTOB H
OJIMH BJIEKTPOH C BHEepruei, mpessiil el 8§ M»B, u3 HuX He GoJiee MOTOBUHBI
MMEIOT ®HEpPrud B 0OJ1 CTH THTI HTCKOro pe3oH Hc . Ilpm aToM B pe xumm (7, n)
reHepupyetcs B cpeaHeM 0,025 HEHTpOH H NepBUYHBIN 21eKTpOoH. Eciiu npuHATH
KIII sHeprerudeckoro pe ktop p BHbIM 0,3, KIII 37eKTpOHHOrO ycKOpUTENs ¢
sHeprueil 100 MaB p BHbIM 0,5 U BEIXOI T KOTO NPOAYKT JeneHus, K K 137Cs,
~ 0,06, TO OIEHKH TIOK 3bIB IOT, YTO JUTS TP HCMYT LM ofHoro sap 37Cs, mo-
Tpebyercst 3 Tp TUTh dHepruio 4000 MsB. B To ke BpeMs NpOM3BOICTBO SHEPTHU
B SIEPHOM pe KTOpe B p cueTe H 00p 30B Hue omHoro sup 27Cs cocT Biser
1000 M»B. DTu oLeHKH CBHIETEIHCTBYIOT 00 ®HEpreTHUecKoil Hea(peKTUBHO-
CTH MCIIOJIb30B HHUS BJIEKTPOHHBIX ITyYKOB WIS TP HCMYT LUM P JTHOHYKJIMAOB IpU
P CCM TpPHUB €MbIX 3HEPrUsiX 3JIeKTpoHOB. K H JIOTMYHOMY BBIBOAY NMPUXOAAT B-
topsl [10,11].

3 pasxennvie uonsvl. Ileps s OYEBUIH 51 BOBMOXHOCTH OTHOCHUTCS K IIps-
MOMY OOJTy4eHHUIO TP HCMYTHPYEMBIX P AWOHYKJIMIOB IMIOTOK MU 3 PSDKEHHBIX HO-
HOB. BriepBble 3TOT Bompoc p ccM TpuB J coTpyaHuk JIBD OUAN K. . Tosicros
JUI TP HCMYT LIMHM CTPOHLMS M LIe3Us B MOTOKE MPOTOHOB c 3Heprueit 600 MsB.
B pe3ynbT Te mpoBeNeHHbIX OLEHOK OH Cles J1 3 KII0YeHHE O HelesiecooOp 3HO-
CTH TIPSIMOTO B3 MIMOJEHCTBHSI IPOTOHOB C TP HCMYTHPYEMBIMH SIIP MU B CBSI3U C
OONBIIMMH SHEPTeTHIECKUMH 3 Tp T Mu [12].

Heitmponst. AH nu3upys (pu3nyecKuie MpoLecchl MPeBp LEHUS p AUOHYKIIM-
JIOB, MOXHO YK 3 Th H BO3MOXHOCTb CJIEAYIOIIUX SIEPHBIX pe KLU ¢ HEeHTpo-
H MU JUI 1eJei Tp HCMYT LUH:

— pe Kuuu (n,y) U pe KUUM IOCTEeOB TEIbHBIX MHOTOKP THBIX 3 XB TOB
HEWTPOHOB, BeAyIlHe K MPeoOp 30B HUIO P IMO KTUBHBIX SAEP B CT OMJIBHBIC HIIH
KOPOTKOXHBYIIME ITyTEM ITOCIIEAYIOIIEro 3JIeKTPOHHOTO WM TO3UTPOHHOIO P C-
I JI , ©30MEPHOTO MepexXod WIN JIEKTPOHHOTO 3 XB T ;
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— IOPOTOBBIE pe KUuH (1, p), (N, ¢), UTO MO3BOIIET P 3AEIUTh M TEPUHCKHE
U JOYEpHHE [P XUMUYECKHM IIyTEM;

— pe kuuu (n,2n), (n,xn) i1 HEUTPOHOB BBICOKHMX PHEPIUH U pe KUUU
nrybokoro p cmervienus (spallation reactions);

— pe Kumu aeiaeHus (n, f).

Wnes HEWTPOHHOU TP HCMYT LMK OCHOB H H TOM, YTO IpU OOJy4eHUH Heii-
TPOH MU P MO KTHBHBIH HYKJIMJ HPEBP I €TCd B HOBBIM, KOPOTKOXUBYIIUN WIN
cT O6unpHbIA Hykmua. OfH KO pe JIbHO MPOAYKTHI TP HCMYT LWH IPOJOIK 0T 00-
JIyd ThCS BMECTE C UCXOOHBIM TP HCMYTHUpPYeMbIM HyKJIHIoM. OHH, B CBOIO OYEpE/b,
3 XB TBIB IOT HEWTPOHBI U MPEBP I I0TCS B HOBbIE HYKJIUAbL. T KuUM 00p 30M, I10-
JIyd eTcd IeTOYK BHOBH 0Op 30B BIIUXCS HYKJIUIOB, IPHYEM HEKOTOPBIE M3 HUX
MOTYT OBITh p AMO KTUBHBIMHU C OOJIBIIMM TepuonoM moiyp ci 1 . K x np Buio,
T KWe HyKJIHIbI 00p 3YIOTCS W3 UCXOAHOTO TP HCMYTHPYEMOTO HYKJIHJ HOCpel-
CTBOM MHOTOKP THOTO 3 XB T HEHTPOHOB U OTHENSIOTCS OT HEro OONBIINM YH-
CIIOM IIPOMEXYTOYHBIX HYKJIMJIOB B LIENIOYKe MpeBp IeHuid. [losToMy H KoIuieHne
JOJITOKUBYIIUX IPOAYKTOB TP HCMYT IIMU HEJIMHEHHO 3 BHCUT OT BPEMEHHU 00JIy-
YEeHUS WIK OT BBITOP HHSA UCXOTHOTO TP HCMYTHPYEMOIo HyKJIujA . B H 4 jbpHOM
neproge oOIydeHHs, KOTOPBIH, BIPOYEM, MOXET OBITh ZOBOJIBHO IPOIOJIKHUTEIIh-
HBIM, UX H KOIUICHHE D CTET 3H YUTENbHO OBICTpee BpPEeMEHH OOIydeHHd. DTo
MO3BOJIIET OPr HU30B Th NPOLECC TP HCMYT LU T KUM OOp 30M, Y4TOOBI yMEHb-
IUTh OOp 30B HHUE JOJTOXHUBYLIMX IMPOOYKTOB TP HCMYT muu. st atoro oby-
YyeHHe HEUTPOH MH HeOOXOAUMO IMPOBOJUTH B HECKOJIBKO BT IIOB C IPOMEXKYTOY-
HBIMH XMMHYECKHMH Tiepep OOTK MU M M3BJICYEHHEM IPOAYKTOB TP HCMYT LIHH.

X p KTepHOH 0COOEHHOCTBIO YK 3 HHBIX BBILIE SIEPHBIX pe KLU JUIS Lienei
TP HCMYT LIMU SIBIII€TCA MHOTOCT JUIHOCTb IIPOLECCOB MPEBP INEHHS HYKIIUIOB
U UX MHOTOUYHMCJICHHBIE BETBJICHUS MPU B3 UMOICHWCTBMU 4 CTHIL C gAp M. I ke
B CIy4 € pe Kuuu jeneHusi (n, f), MO CyIIECTBY, HeJb3s TOBOPUTb 00 OIHOCT -
IUHHOM Ipoliecce YHUYTOXEHHUS, MOCKOJIbKY OCKOJIKM JEJIeHHs, OCT B SICh B 30HE
pe KUuW, IpoJoJIX 0T B3 MMOJAEHCTBOB Thb C MOTOK MU 4 crull. IIponecc Tp He-
MyT IIMM MOXET OBITh TPEXCT AMMHBIM: 3 XB T HEHTPOH M TEPHHCKHUM SAPOM
(epB £ ¢t amd), S-p cn I (WIX WHOH THII MpeBp LIeHUs) JOoYepHero sup (BTO-
P 4 CT aud), 3 XB T HEUTPOHOB IPOLYKT MU P CII I JOYEpHEro aap (Tperbd
ct gusg). OmH KO ®TOT mpolecc OyIeT YeThIPeXCT IMHHBIM, €ClTd JOYepHHN Mpo-
IyKT, BO-IIEPBBIX, MIMEET 3H UHUTEJIbHBIA MEPUOA MOIyp CH A U, BO-BTOPHIX, 00T -
I eT OOJBIINM CeYeHHEM 3 XB T HEWTpOHOB. B GomplIMHCTBE cilyd eB mporecc
TP HCMYT MU SBJETCS MHOTOCT JUIHBIM CO 3H YHUTENBHBIM YUCIIOM BETBJICHHI
AAEpHBIX pe Kuuil. B 3TOi CBA3M BO3HUK €T psI CIOXHBIX ONTHMHU3 IIMOHHBIX
3 1 4, H IpAMep, H MHMHUMYM BPEMEHHU YHUYTOXEHHS TP HCMYTHUPYEMOIO p IU-
OHYKJIMJL , WIM MUHHMYM IIpHMecedl MOOOYHBIX P JAMOHYKIIMIOB H BTOPOU WM
HOCNENYIUX CT OUAX MPOLECC , MUHUMYM D CXOI HEHUTPOHOB H YHHYTOXE-
HHE OJHOTO SIIp , YUCT TPOMEXYTOUYHBIX XUMHYECKUX Nepep OO0TOK 0OTydeHHBIX
MUILEHEN U T.I.
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3.2. X p kmepucmuku npoyecc mp Hcmym yuuIlpu PyHKIIMOHUPOB HUU
TOMHOW 3HEPreTHKH H KOIUIEHHE P JHO KTHUBHBIX OTXOIOB IPOWCXOAWT Herpe-

PBIBHO. YHHYTOXEHHE P JUO KTHBHBIX OTXOJOB MOXET IPOBOAUTECS B P 3HBIX
PEXHM X, B 3 BUCUMOCTH OT IIOCT BJIEHHBIX 3 1 4. OOHUM W3 BO3MOXHBIX ITOJ-
XOJIOB SIBJISETCS MPEACT BIEHHE O TP HCMYT LM K K O CPEACTBE YHUUTOXEHHS
OTXOJIOB, H KOIUIEHHBIX 3 BpEMs XHM3HU TOMHOW ®HEpreTHKH. [Ipu »TOM Tp Hc-
MyT LIMOHHBIE YCT HOBKH BKJIIOY IOTCS H 3 BEpUI IOIIEM BT M€ 30X TOMHOU
SHEPreTHKH M HE BIUAIOT H TIPOLECChl H KOIUIEHHS M Xp HEHMS OTXOHOB H
MPOMEXYTOUYHBIX 3T I X. CoIT CHO Apyromy IOgxomy, TP HCMYT LS TpeOyercs
MOCTOSIHHO, OJIHOBPEMEHHO C p 0OTOW TOMHOIl ®HepreTuku. B aToMm ciyd e oH
HEOOXOIMM JUISl CHMXEHHs OOLIEero YpOBHS IOCTOSHHO OOp 3YIOIUXCS OTXOMIOB
U 1 00JIerYeHusl YCJIOBUH MX Xp HEHHMSI.

IIpouecc Tp Hemyt num JPAO x p KTepusyercs CaeqylOLIMMH BEIMYUH MU:

1. CxopoCTh YHUUTOXEHHS HYKIUI A;, KOTOp 5 ONpelesseTcs IIOTHOCTHIO
MOTOK HEHUTPOHOB M 3(pheKTHBHBIM CEUCHHEM B3 MMOICHUCTBUS.

2. BTOpUYH s p IMO KTUBHOCTH, KOTOP 51 0Op 3yeTcsl B pe3yjbT T€ TP HCMY-
T uu JPAO.

3. P IMOTOKCHYHOCTH HYKJIMIOB O W IOCJE TP HCMYT LHUH.

4. Duepreruuyeckuil KIIJI npouecc , KOTOPBIii onpesienseTcs 3H YeHUeM DHep-
TUH, 3 TP YUB €MOM H YHHUYTOXEHHE OIHOIO SAp TP HCMYTHPYEMOTO HYKIHL ,
WY YHUCIIOM HEHTPOHOB, 3 TP YEHHBIX JUISl YHUUTOXEHHS! OHOTO SIp .

HccrnenoB HUe yOMSHYTHIX BBIIIE X P KTEPUCTHK IO3BOJISIET ONPEAEITUTD Te-
pEYCHb JIOJTOXUBYLIMX P AUOHYKIIUIOB, KOTOpPbIE LEIeCO00p 3HO TP HCMYTHUPO-
B Tb.

Kp TKmif H 7U3 yK 3 HHBIX X P KTEPUCTUK IPHBOAUTCS HUXKE.

1. CkopocTh yHMYTOXEHHUS TP HCMYTHUpyeMbix HykiaunoB A;. CkopocTb
TP HCMYT 1M P JUOHYKJIMA cOpT ¢ A; mpenct BiseT coOOW M0N0 siiep p -
JMOHYKJIMJL %, YHUUTOXEHHBIX B €IMHUILy BPEMEHU IPH OOJIyYeHUH HEUTPOH MH,
U onpegensgercs cooTHowenueM A; = ®,0;, rie $; — IWIOTHOCTb MOTOK HEHTPO-
HOB B MECTe P 3MEIIEHHS] MUILIEHU C P JUOHYKJIMAOM COPT 4, 0; — d(hpeKTnBHOE
MHKPOCKOIIMYECKOE CEYEHHE IOIVIOIIEHNS! HEWTPOHOB P AMOHYKJIMIOM COpPT .
CKOpOCTh pe KLMH TP HCMYT LUH 1e7eco00p 3HO Cp BHHUB Th CO CKOPOCTBIO P -
JMO KTHBHOTO P CH J . DTO B XHO, H npumMep, 1ipu p ccmotpenun 20Sr u 135Cs,
I71s1 KOTOPBIX MPH JOCTHXHUMBIX TIOTOK X HEHTPOHOB CKOPOCTh pe KIUH TP HCMY-
T WU MEHbIIEe JTUO0 HECYIECTBEHHO OOJbIIe CKOPOCTH €CTECTBEHHOTO P CII [ .
Jns adeKTHBHONM TP HCMYT LMK CKOPOCTh pe KIMH TP HCMYT LIMM JOJKH Cy-
[IECTBEHHO NPEBBILI Th CKOPOCTb P CII | TP HCMYTHPYEMOIO HYKJIHJ .

OO611 5 KTUBHOCTH MPOIYKTOB JENEHHs] B TeUeHHE NEepPBbIX HECKOJIBKUX CO-
Ten ner onpenenderca nykaua mu 2°Sr m 37Cs [13]. Tlo ouenk M [14], ana
p Hemyt uu 2°Sr co ckopocThio, p BHOI ckopoctu p cn g (1) /2 = 28,8 1er),
Tpebyercst HeiiTpoHHbIil notok 7 - 1016 cm™2.c~1. B arom ciyu e «mepuon mo-
JIYYHUUTOXEHHUSI» OyleT BIBOE MeHbIle, YeM MepHoj Ioiyp cm 1 , T.e. 15 Jjer.
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It 6os1ee OBICTPOro YHHUYTOXKEHHUS MOTPeOyroTCsl Golee BHICOKUE MIIOTHOCTH I0-
tok (cBbmme 10'7 em~2.¢c™!). II Xe eclH T KHe IUVIOTHOCTU IIOTOK MOLIH GBI
noctur Thes B DJIAY, M J10BeposITHO, 4TO 3TO OymeT 9KOHOMHYECKH OTp BI HHO.

Ina 37Cs (T} /2 = 30 met) H JOTWYH S IUIOTHOCTb TIOTOK HEHTPOHOB CO-
cr Buger 5 - 1015 em™2.¢c71. X0oT OH JNOCTHXHMM B COBPEMEHHBIX Pe KTOp X, B
T.4. B DIIAY, nenecoobp 3HocTh oTaebHoro (6e3 “°Sr) yuuuroxenus 37Cs co-
MHUTENbH . [II1 T KUX P OTUOHYKJIMIOB, K K 4, 937y 99Tc, 107pq, 1265y, 1297
135Cs, 11Sm, mnoTHOCTh MOTOK HeWTpoHOB, p BH 4 10 cM~2-c~! u menslne,

ABJFETCS AOCT TOYHOM Ad uX 3((PeKTUBHOTO YHUUTOXECHHUS.

C apyroii CTOPOHBI, MO CKOPOCTBIO TP HCMYT LIMM MOXHO IOHHUM Thb T KXe€
MIPOU3BOUTEIBHOCT IPOIIECC TP HCMYT LIMM B KOHKPETHOH YCT HOBKE, KOTOp £
3 BHCHUT OT CKOPOCTH pe KIMU TP HCMYT LMK M OT BO3MOXHOHM 3 TPY3KH TP HCMY-
THUPYEMBIX HYKIH0B. [IpoM3BOANTENBEHOCTh TP HCMYT WM Iierecoo0p 3HO cp B-
HUB Tb C IPOM3BOAUTEIBFHOCTHIO H KOIUIEHNS] COOTBETCTBYIOIIMX HYKJINIOB B 9HEP-
reTyeckoM pe KTope. COOTHOIIEHHE 3TUX BEIUYMH MOXET CIYXHUTh KpUTEpHEM
9(pheKTUBHOCTU TP HCMYT LIMOHHOH YCT HOBKH.

2. BTopwuH g p OMO KTUBHOCTH MpH Tp HCMyT muu. I[Ipomecc renep mum
HEHTPOHOB JUIA TP HCMYT LIUU CONPOBOXI €TCsS MOTpeOSieHHEM 3JIeKTPOSHEPIUn
U3 BHEIIHETO MCTOYHUK JUIS MUT HHUS YCKOpHTENsd. ECIM CYMT Thb, YTO 3T JIEK-
TpodHeprud Bolp 6 THIB ercss ADC, TOrm HEHUTPOHBI MPOU3BOMATCS B PE3YiIbT Te
pe Kuum OeJieHus sSuepHOro TommB B pe Ktope ADC, Korop s obecreunB er
AIEKTpOCcH OXeHue yckopurensd. Kpome Toro, smepHsle pe KUWH, CO3[ IOIIHE
HEUTPOHBI, MPOUCXOIIT T KXe B O HKere ¢ Moit DJISY. Crnenos TensHO, npo-
[eCC TP HCMYT LIUH, T.e. MPOIECC YHUYTOXEHUS ONHOW EIMHHUIIBI P IUO KTHB-
HOCTH, CONPOBOXJ eTcs oOp 30B HueM npojaykToB aenenus (1), T.e. BropuuHoii
p oo xKTtuBHOCTUA. T K¥MM 00Op 30M, BTOPHYH $ P IHO KTHUBHOCTH €CTh KTHUBHOCTD
JOJNTOXUBYIIUX MPOAYKTOB AETEeHUSI, 00p 3YIOIIUXCS B Pe3yybT Te MPOU3BOACTB
HEHTPOHOB I Tp HCMYT Iuu. H ubosiee 3H YUMBIMH M3 BTOPUYHBIX MPOIYKTOB
JIeNIeHUs] ¢ TOYKM 3peHUs] P AMO KTUBHOCTU SIBJISIOTCS 908r u 137Cs. B 1 61.3
MPEJCT BJCHBI 3H YeHHMs KTUBHOCTH (); YHHUYTOX eMbIX OcHOBHBIX IIII, comep-
Xk muxcsd B 1 T OAT BBDP-1000, U coOTBETCTBYIOLLUME 3H YEHUS BTOPUYHON

KTHBHOCTH Q; ¥ [14]. DTH I HHbIE [IOK 3BIB 0T, YTO €CIIU OTP HUYUTBCS TP HC-
MyT mueii H ubonee 3H 4MMBIX oco6o monroxusymmx “9Tc u 121, To o6p 3yro-
1 §CS BTOPUYH S P AMO KTUBHOCTH coCT BisieT 10-12 % OT UCXOmHOM p JUO K-
TUBHOCTH, 06YCJIOBIICHHOI, B ocHOBHOM, “°Sr n 137Cs.

3. P OMOTOKCHMYHOCTb. P IMOTOKCHYHOCTB, K K M KTHBHOCTb, OTHOCHTCH
K p OM LUOHHBIM X p KTepUCTHK M. C TOUKH 3peHMs KOJOTMYECKON OI CHOCTHU
OH sBiseTcs Oojee NPeACT BUTENbHOH BEUYMHOW, YeM P OHO KTHBHOCTH, I1O-
CKOJIbKY YYUTBIB €T BO3IEUCTBHUE U3IIy4EHUd KOHKPETHBIX HYK/IMIOB H 4YEJIOBEK .
P muorokcmynocts RT; 1 HHOTO KOIWYECTB OJHOTO HYKJIHI ¢ — 3TO KOJIM4e-
CTBO BOIbI HJIM BO3IyX , HEOOXOOMMOe U1 p 30 BIIEHUS] UIMEIOIIETrocsl KOJIMYeCTB
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T 6mmy 3. Bropuyd s p AMO KTHBHOCTh MNPH YHHYTOXKEHWM HYKINIoB u3 1 T
oTp 60T HHOro AaepHoro Towms BBDOP-1000

VHUYTOX eMblil HyKJTHI Qi:, Ku/t Q'ZTOP, Ku/t
90gr 9,4-10* 2-10*
187¢g 13- 10* 4,8-10*
1519m 405 2.10*
99T¢ 16,2 2.10%
Bzr 2.3 2-10*
9Se 0,41 165
135Cg 0,486
107pq 0,13
1291 0,039 5-10°
Bcero 22.4-10° | 13,5-10*
Tomeko "°Se, P°Tc, 1°7Pd, 12°1 2,5-10%

HYKJIMI 10 NPEeAeSIbHO JOMYCTUMOW KOHLEHTD LIMH:
RT; = A;/IITIA;,

e A; — KTUBHOCTb P AUOHYKIUI , [I/JA; — €ro mpeienbHO JOMYCTHUM S KTHB-
HOCTb P OHOHYKJIHA COPT ¢ B BO3/yX€ MJIM BOJE COIVI CHO ACHCTBYIOIIUM HOPM M
P AY OMOHHOH 06e30l CHOCTH.

I'm BHyI0 p OMOOHOJIOTMYECKYI0 OIl CHOCTh MPEACT BISIOT MOJTOXHBYILHE
Tp HCyp HoBble ayieMeHThl (TYD) ¢ GonpIIMM NEepHoONOM MOJyp CH I , YTO Wi-
JIIOCTPUPYETCS 3H YEHUSIMU OTHOCHTENIbHOU p JuoToKcuuHocTu RT; (T 6.4 [15],
31 yenme RT; ma 23°Pu npusuM etca p BHbIM 1). H uGonsiuyio p ¥ [UOHHYIO
on cHocth B mepsbie 100 mer (cm. T 611.4) mpenct Basior 232U, 244Cm, 238Pu,
241Am u 241Pu.

Yepes 1000 jeT IpoMCXOIUT HEKOTOpoe Mepep crpenenenue: 241 Pu, 241 Am,
240py, 244Cm BRIXOEAT H IEpBOE MECTO C TOUKHM 3pEHHS P AU [HOHHOM
OIl CHOCTH.

4. DHepretnyeck 4 3(h(PeKTUBHOCT Mpouecc Tp HCMYT HUH. COBEpPLIEHHO
OYEBUIHO, YTO dHEprus, norpedmsem q npu yaunuroxenun JPAO, nomxH ObITh
3H YHTEJIbHO MEHBIIIEe PHEPTHH, BEIp 6 ThIB eMoil ADC. COIll CHO HCCIEIOB HUSM,
BinoHeHHbIM B MU®H, npouiecc Tp Hemyt 1w [1]1 adhdpekTrBeH, eciu sHeprus,
notpebiiieM s I TP HCMYT IIMH, COCT BisieT oKono 30 % OT BEeTUYUHBI, BBIP -
6ot HHOII ADC [16]. Ilorpebnenue sHepruu npu Tp HemyT nuu IPAO MoXHO
OTIPEIENTUTh TOJIBKO Iocie p 3p OOTKM KOHKpeTHOH KoHcTpykumu DJIY. Ilo-
3TOMY T KYyI0 X p KTEPHCTHKY, K K R; — p CXOi HEHTPOHOB, HEOOXOAMUMBIX JUIS
YHUYTOXEHUS OJHOTO SIp %, MOXHO MHCIIOJIB30B Th JUISl OLIEHKH MOTpebIeHus
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T omun 4. U3MeHenne otHocuTebHOI p auorokcumunoctd TYD w3 OSIT BBDP-1000
B 3 BHCHMOCTH OT BPEMEHHU XpP HEHHs

Hyxmun ¢ | 179, neT Bpema xp Henus, jiet
10 [ 100 | 1000 | 10000
238py 87,7 233 | 110 | 03 1,5
239py 2,444 1 1 0,97 | 0,75
240py 5,56+3 36 | 36 | 33 1,3
24lpy 14,4 45 56 13 0,02
242py 3,745 | 0,05 | 0,05 | 0,05 | 0,05
BTNp 2,1+6 | 0,02 | 0,02 | 0,02 | 0,02
241 Am 432 63 54 13 0,02
243 Am 737 33 | 33 3,1 1,8
244Cm 18,1 600 | 20 3,3 1,3

QHEPTrUM H KOHIIENTY JIbHOU CT nuu ucciaeno Hust DJIAY. U3 pesynbT TOB p c-
yetoB R; [14] cnemyet, uTo amsg Tp HCMYT Huu omHoro aap  “3Zr m '1Sm Tpe-
Oyercd 3 Tp TuTh oT 150 m0 250 HEUTPOHOB COOTBETCTBEHHO. DTO O3H U €T, UTO
UX YHHITOXEHHE B HEMTPOHHOM MOTOKe Hea(h(heKTHBHO C IHEPTETUIECKON TOUKU
3peHUSL.

3.3. Tp ncmym yua npooykmoé Oenenud. IIpobaem T1p Hemyt mum JPAO
MOXeT ObITh p 30€JI€H H [IBE HE3 BHCHMBIC 3 Jl YHM: TP HCMYT LU NPOXYKTOB
JeJIEHUS] U TP HCMYT LM TP HCyp HOBBIX a1emMeHToB (Np, Pu, Am, Cm).

Tp HCMYT LU MPOMYKTOB AEJIEHUS OCYLLECTBIISIETCS B TEIJIOBOM CIIEKTPE HEll-
TPOHOB, B OCHOBHOM, 3 CYeT pe KUuu (n,7y), T.e. Ip KTUYECKH Oe3 BblIETCHHS
9Hepruu. Eciau ¢T BUTH 3 1 4y Tp HCMYTHPOB Thb BCE JOJITOXUBYILUME HYKJIMJBI,
npuBe/ieHHbIe B T 071. 1, H KOIUIEHHbIE B TOMHOH ®HEpreTHKe, BMECTe C HUMHU
o0Ilyd Thb M CT OWJIbHBIE M30TOIBI TeX XK€ XUMHUYECKHX BJIEMEHTOB, TO MOIIHOCTb
TP HCMYT LIMOHHBIX YCT HOBOK COCT BUT 3 METHYIO JOIIO OT MOIIHOCTH TOMHOM
9HEepreTUkU. Eciu e orp HUYMTBhCSA TP HCMYT IMeil H nbosiee 3H YUMBIX HYKIIU-
JIOB U IIOCT BUThH 3 JI 4y IOJIEPKUB Th KOJIMYECTBO OTUX HYKJIMIOB H CT LIUO-
H PHOM, OCT TOYHO HM3KOM YPOBHE, TO MOXHO OLIEHHUTh HEOOXOOUMbIE X P KTe-
PUCTUKH TP HCMYT LIMOHHOU 3J€KTPOSIEPHON YCT HOBKHU.

K x ycr HoBneno B [14], HeoOXomwMoe OTHOIICHWE IUIOTHOCTEH MOTOKOB
HEHTPOHOB B TP HCMYT LHUOHHBIX YCT HOBK X ®P7 M dHEPreTHYecKWx pe KTop X
® onpenensercs BoIp XEHUEM

O B oPr + A

®p  a(f—yR)F o®p
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rie
1—exp[—(0c®p + NT]

F(T) = (c®p +NT

T — Bpewms obnydenusi tervosblensiomei coopku (TBC) B aHepreTnyeckux pe-
KTOp X, y — BbIX0o# 1 HHoro IIJl H OpHO jeleHHe, 0 U A — €ro CeyeHue
W TIOCTOSIHH 51 p ¢l A . BennuuH [ ecTh YUCIO HEUTPOHOB, MCIONB3YEMbIX JUIS
TP HCMYT IIMH, B P CYeTe H OJHO JeJeHHE SIEPHOTO TOIUIMB TP HCMYT LHOH-
HOTO pe KTop . R — p cXOm HEHTPOHOB H TP HCMYT LIMIO OJHOTO SAp 1 HHOTO
HYKJIMA . BeanmunmH o« MoK 3bIB €T, BO CKOJBKO P 3 CHHX €TCd CT LIMOH pHOE
KOJIMYECTBO JI HHOTO MPOAYKT JIeJICHUS B PE3YyJbT T€ p OOTHI TP HCMYT LIMOHHOW
YCT HOBKH I10 CP BHEHHIO CO CPEIHUM KOJIMYECTBOM B BBITPYX €MOM TOIUTUBE BCEX
SHEPreTHYeCKUX pe KTOpoB 06e3 Tp HCMYT LUH. 3 METUM, 4To 0e3 Tp HCMYT MU
KOJIMYECTBO [l HHOTO HyKJIMI OyIeT H K IUTMB ThCS C K XJIOW BBITpy3Koil. Ilpu
o = 1 CT OMOH pPHOE KOJIMYECTBO JI HHOTO HYKJIMJ B PE3YIbT Te TP HCMYT LIMU
OK 3BbIB €TC P BHBIM €ro KOJIMYECTBY B OJHOKD THOU BBITPY3KE DHEPreTUYECKHX
pe KTOpOB, IIPU ¢ = 2 — BJBOE MEHBIIIE.

OTHOIIEHHE MOIIIHOCTH TP HCMYT IIMOHHOH yCT HOBKHU W7 K MOIIHOCTH 3HEp-
reTudyeckux pe kKtopoB Wg p BHO

WT o yR

Wg B-yR
B r 61.5 mpusenens! 3 4yeHus Pp/Pp W11 OCHOBHBIX MOJITOXHUBYIIMX HYKITH-
IOB — MPOAYKTOB AelieHud 1pu 5 = 0,8 U IJIOTHOCTH NOTOK HEHTPOHOB B dHEp-

retuyeckux pe ktop X ®x = 1013 em~2.c~! npu Bpemenu k. Mn Hum T' = 3 rox .
B T 6.6 npuBenens! 31 yenus Wr/Wig.

T omu 5. 36 yenna O /Pg

Hyxmun 4 a=1 a=2
R=1|R=2|R=1] R=2
9Se 32 32 16 16
90gr 2,643 | 2,843 | 1,343 | 1,443
997¢ 13 14 6,4 6,9
107pg 48 48 24 24
1291 60 62 30 31
135 58 64 29 32
137¢g 2,144 | 2344 | 1,1+4 | 12+4

H OCHOB HMM [l HHBIX T 6J1.5 M 6 MOXHO ClleNl Th 3 KJIHOUeHHE 00 YCIOBHAX
Tp HemyT 1mu ocHoHEIX IIII. B u crrocth, 20Sr, '37Cs TpeGyioT aKcTpeM JbHO
BBICOKHX MOTOKOB HeiTpoHOB. P ccMoTpum mpumeps! Tp Hemyt tun 2°Te u 1291,
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T omu 6. 31 yenns Wr /Wi

Hykmupn | R=1| R=2 Hykmupg | R=1| R=2

"5Se 5,6-4 | 1,1-3 1297 9,7-3 | 2,0-2
90gr 8,0-2 | 0,174 135Cg 8,9-2 | 0,20
997¢ 8,3-2 | 0,18 187¢g 8,4-2 | 0,184
07pq | 1,8-3 | 3,6-3

H uboliee B XHBIX C TOYKHU 3PEHHS] HEOOXOIMMOCTH YHUYTOXEHHUS JOJITOXHUBYIIUX
ITA. OHu MoK 3bIB 10T, YTO MPU IIYOOKOW TP HCMYT LMH MOTYT OOp 30BBIB ThHCH
HOBbIE JOJNTOXUBYILUE P AUO KTHUBHBIE HYKJIUIHI [8].

[pu Tp Hemyt um 29Tc HENOYK TPeBp IEHHI PU MOCIEN0B TENBHOM MO-
IJIOIEHUN HEUTPOHOB BHOBb OOp 3YIOIIMMMUCS HYKJIUI MH UMEET BHJ

99Tc (20/340) °Ru (5/11) 191Ru (3/100) 192Ru (1/4) °3Rh (145/1100)

104pqd (0,6/16) 195Pd (20/98) 19°Pd (0,3/6) 1°7Pd (2/90),
I7le B CKOOK X IpHBEIEHBI NPHOIILKEHHbBIE 3H YEHMS! TEIUIOBBIX CEYEHHUIl U pe3o-
H HCHBIX UHTErp JIOB pe Kuuid (n,7y). P cm bl KOPOTKOXHUBYIIMX MPOMEXKYTOU-
HBIX HYKJIMJIOB HE TOK 3 Hbl. IIepBOH 4 JIbHO B MHILIEHHU IPUCYTCTBYET TOJIBKO
9Tc. B npouecce 06/1ydeHus, MPU 8-Kp THOM 3 XB Te HEHTPOH 06p 3yeTcs 101-
roxupymmii Hykmua °7Pd ¢ nepuogom monyp cn 1 6,5 - 10° ner. Oct nbHble
YK 3 HHbIE H CXeMe IPOMEXYTOYHbIE HYKJIMIBI CT OMJIbHBI.

B T 611.7 mpencT BieHbl I HHbIE 1O H KOIUIEHHIO HYKJIMIOB K KOHIYYy TP HC-
MyT LUK B CHEKTPE BBICOKOIOTOYHOIO TsiXesnoBogHoro 6m Hker DJISY nmo 100-
KpP THOTO yMeHbIleHus Komuuects “*Tc. M3 8TMX 1 HHBIX BHIHO, YTO OCHOBHBIM
NPOAYKTOM TP HCMYT LIUH SIBJISIIOTCS CT OMJIbHBIE M30TOIBI PYTEHUS, KOHIEHTp -
uus o6p 308 Burerocs ponroxusymero '7Pd m 1 .

B 1 651.8 npencT BaeHo KonumdecTBo gonroxusymero °Pd, H K miuB ome-
roca B pe3ynsT Te 100-kp THOi Tp HemyT mum “9Tc mpu p 3HOM YMCIE TIpOMe-
KYTOYHBIX XMMHYECKHX Iepep O0TOK 0oO/yd eMOW MHILIEHH C M3BIEYEHHEM Ipo-
IyKTOB TP HCMYT LIMH.

DTH 1 HHBIE MOK 3bIB 10T, 4TO H Korenue '°"Pd cymecTBEHHO CHHX eTcs
NPU IPOMEXYTOUYHBIX XUMUUECKHX riepep 60Tk X. OxH Ko 1 xe 6e3 nepep 60TKH
xonuyectso 97Pd xp iine M 10, u ipu Tp HemyT wum Y2Te MokHO 06oiiTHCh Ge3
IIPOMEXYTOYHBIX XUMUYECKHX mepep Gorok. ITpu Tp Hemyr mum 1291 memoux
MIOCIIEIOB TEJBHBIX IPEBP LICHUH MMEET BUJ

1291 (27/36) 139Xe (26/14) 131Xe (85/900) 32Xe (0,5/46) 133Cs (29/440)
134Cs (140/54) 135Cs (9/62) Ba.

31ech He TOK 3 Hbl mpeBp wieHus 271 (MPOMeXYTOuHble CT GUIbHBIE HY-
kel 128Te, 128Xe, 129Xe), HecymecTBEHHO BIMSIOIME H TP HCMYT LU0, B
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ucxoaHoil Mummenu npucyreryet 291, 1 kxe 271 B konuuectse 22 % OT UCXOJI-

noro 21 (ana OST pe krop BBDP-1000). Ipu 7-Kp THOM 3 XB Te HEHTPOH B
1291 06p 3yerca ponroxusymmii 35Cs ¢ mepuogom nomyp cn g 2,3-10° ner. Tlpu
Il JIbHEHIIEM 3 XB Te HEHTPOHOB OH NPEBP I €TCS B CT GHIIbHBIE U30TOIBI 6 pHs.
[pomexyrounslii Hykaun 23Cs p 1Mo KTUBHBIA, ¢ mepuogom nomyp ci 1 2,06
JeT OH mpeBp 11 eTcs B 6 puit. OCT JbHble HYKIMABl H CXeMe IIpeBp ILieHHil
CT OuIbHBIE.

T omun 7. Yuceno saaep HyKIMAOB Mocjie TP HCMYT MM TeXHENHs B P c4eTe H OIHO
ucxoxHoe axpo “OTe

99TC 100Ru 101Ru 102Ru 103Rh 104Pd 105Pd 106Pd 1O7Pd

9,2-3 | 0,65 0,21 0,12 | 7,64 | 50-3 | 1,54 | 7,25 | 7,77

T 6mun 8. Yucno aaep '°’Pd B KOHIE Tp HCMYT MM B P cYeTe H OJHO HMCXOXHOE
aapo *°Tc mpu p 3HOM YHCIIe MPOMEIKYTOYHBIX XHUMHUECKHX Tepep GOTOK

Yucno nepep 6otok | Be3 mepep 60oTok 1 2

Yucno smep ‘°7Pd 7,1-7 6,5-9 | 5,5-10

B T 6.9 npenct BieHbl 1 HHbIE 110 H KOIUIEHHI0 HYKJIMJIOB K KOHIY TP HC-
MyT 1 ioxn a0 100-Kp THOTO yMEHBIIEHHS KOJIUYECTB 1291, Y3 »THX 1 HHBIX
BUJIHO, YTO OCHOBHBIM HMPOAYKTOM Tp HCMYT Luu spistercs 32Xe. Tlpu sToM
06p 30B HMe JONroxusyiero 3°Cs cylecTBeHHO.

T omun 9. Uncno agep HYKINAOB MOCHe TP HCMYT MM HOO B P cYeTe H OIHO
ucxoauoe axpo 2°1

1271 128Te 128Xe 129Xe 1291 130)(e 131Xe 132Xe 133Cs 134Cs 135Cs

9,7-310,014 | 0,1 |0,015]0,0103| 0,086 | 0,015 | 0,90 | 0,011 | 4,1-3 | 0,024

B 1 611. 10 npeicT BIEHO KOMMYECTBO AOAroxuByliero 3°Cs, H K IUMB Io-
merocst B pe3ynbT Te 100-Kp THOi Tp HemyT tuum 291 pu p 3HOM umcTIEe mpome-
KYTOUHBIX XMMHYECKHUX Iepep O0TOK 00yd eMOi MHIIEHH C M3BJIEUEHUEM Hpo-
JIyKTOB TP HCMYT LIMH.

O6p 308 Hue Honroxusyiero 3°Cs 82,3 p 3 NpeBblll €T KOJUYECTBO OCT B-
werocst mocne Tp HemyT tmn 291, TIpoBeneHHe JByX MPOMEXYTOUHBIX XMMHYE-
CKHX Tlepep GOTOK yMEHbII eT KOJMYeCTBO H Komupiierocs 13°Cs B 12 p 3, mocine
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T 6mun  10. Yucno agxep >°Cs B KoHIE TP HCMYT MM B P cyeTe H OJHO HCXOJHOE
anpo '2°I mpu p 3HOM YHCIIe IPOMEIKYTOUHBIX XHMHYECKHX Tiepep 0OTOK

Yucno nepep 6otok | Be3 mepep 6oTok 1 2 3

Yucno smep 2°Cs 0,024 0,006 | 0,002 | 6,5-4

Tpex mepep 60Tok — B 40 p 3. DTH I HHBIE TMOK 3bIB 0T, YTO MPH TP HCMYT -
min 12°1 npoBefienye MPOMEXYTOYHBIX XUMUYECKHX Hepep GOTOK Lenecoobp 3HO.
JOTIOTHUTETPHBIM TOBOIOM B MOJIBb3y HMPOBEACHHS MPOMEXYTOUHBIX XUMHIECKUX
nepep OOTOK SIBJII€TCS HEOOXOMUMOCTD JIOTPY3KH HOBBIX KOJIMYECTB TP HCMYTHPY-
€MOro HYKJIHMJ , ITOCKOJIbKY OOJIydeHHe ITyOOKO BBITOpPEBIIEH MHUIIEHH OK 3bIB -
€TCSl HEAOCT TOYHO 3(h(PEKTUBHBIM.

3.4. Tp nemym yusa mp ucyp Hoewix saemenmos (Np, Pu, Am, Cm). Bsibop

YCJIOBUM TP HCMYT LIUU TP HCYp HOBBIX aymeMeHToB (TYD) gBnsercss MpUHIMITU-
JIBHBIM, TIOCKOJIbKY HEOOXOIMMO OIPE/IeIUTh, K KYI0 pe KTOPHYIO YCT HOBKY Clle-

IyeT p 3p O THIB Th B IEpBYIO odepenb. Ip HcMyT must TYD 3 BHCHUT OT CIIEKTp
HEWTPOHOB U OCYIIECTBIISIETCS 3 CYeT pe Kumid (n, f) ¢ BbleneHneM N30bITOYHBIX
HEHTPOHOB U BHEPIUHU, KOTOP I, B MPUHIMIIE, MOXET IOJIE3HO HCIOB30B ThCA.
Cxkopoctps H komienus: TYD B OAT suepretnueckoro pe ktop BBDP-1000 co-
cT BisieT npumepHo 25 kr/rop-I'Bt(s) (kpome H30TONOB ILTYTOHHUS), YTO COOT-
BercTByeT 6,3 - 10%° anep. Ilpum uX Tp HCMYT UMM B TEIUIOBOM CIEKTpE OymyT
0oOp 30BBIB ThCS 3H YHUTENbHBIC KOJIWYECTB HOBBIX TP HCYp HOBBIX HYKJIWJIOB, U
NpOLIECC TP HCMYT LMU OK XETCS BEChbM JUIMTENBHBIM U TPEOYIOLUIMM 3 METHBIX
3 TP T HEUTpOoHOB. P cueTHbIe nccienos Hud, nposejeHHble B DU, cBunerens-
CTBYIOT O NPENIIOYTUTEIBHON PO OBICTPBIX pe KTOPOB I TP HcMyT uuu TYD
M0 Cp BHEHUIO C TEIUIOBBIMU p€ KTOp MH U OJ HKET MU C OTHOCHTEJIBHO HH3KUM
MIOTOKOM TEIUIOBbIX HEUTpoHOB [17]. C aTuM 3 KitoueHueM creuu juctos ®OU
CIIe/lyeT COITT CHUThCA.

B x uectBe nepsoro a1 1 B UTD® mnpoBenu p cueTsl U3MEHEHUS KTHB-
HocTH () M p amorokcwyHoctH TYD mo Bome RT; mpu uX oONy4eHHH B TsIKe-
JIOBOJXHOM p€ KTOpE C P 3MMUHBIME YPOBHSMU HEHTpoHHOTo moTok 10'4, 1015,
1016 cm~2.c™!. Bl p ccMOTpeH TAXKeTOBOMHBI G HKET ¢ TerIoBOil MOLIHO-
ctpio 1000 MBT ¢ 3 rpy3koil opyXeHHOro IJIyTOHUSI B K YeCTBE SIEPHOTO TOII-
JuB 10 TUly KTUBHOH 30HBI pe KTop CANDU ¢ HeKOTOpbIMU MOJU(UK LHUIMU
[18,19]. B p cuer X HpPHUHUM JIOCh P 3JIMYHOE BPeM: BBIIEPXKKU TOIUIMB IEPE]
3 Ipy3Koil 17 U nocie BBITPY3KHU U3 pe KTOp 15. PesynpT ThI 9TOro McclnenoB HUA
MpeJCT BJeHbI B T 671. 11-13.

W3 v 61.11 u 12 BugHO, YTO TpPU OOJIYYCHHUH B TSKETOBOTHOM OJ1 HKETE
DJIS1Y ¢ HU3KUMH U CPEIHUMHU IMMOTOK MM HEHTPOHOB KTHMBHOCTh U P AUOTOK-
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CUYHOCTb BBITPYKEHHOI'O IUTyTOHUS BBIIIE P AMOTOKCUYHOCTH CBEXE3 IPYKEHHOIO
IUTyTOHNEBOTO TOIUTUB . CllelyeT OTMETHTbh, YTO 3TOT PE3yJIbT T HOCHT OOLIMH X -
P KTep M OTHOCHTCS K JII0OOMY THIy pe KTOp WM 61 HKeT H TeIUIOBBIX HEil-
TpoH X. MMmed B Bujy 3 A 4y CO3[ HUS HOBBIX, IIEPCIIEKTHBHBIX TUIIOB ®KOJIOTH-
YECKU YUCTBIX SAEPHO-DHEPIeTUYECKUX YCT HOBOK, IIPEIH 3H YEHHBIX U TP HC-
Myt muu JIPAO, HEOOXOIUMO YYHUTBIB Th BTOT (PYHJI MEHT JIbHBI PE3yJIbT T.

T 6mmy  11. OGnyyeHne OpyKeHHOr0 IUTYTOHHSI B HH3KOIOTOYHOM TSZKEIOBOTHOM
01 HKete DJIAY mpu 71 = 1> = 30 yer

3 rpy3k 3 60 ;er Brirpysk

Hyxmun G, xr Q, Ku RT;, »® G, xr Q, Ku RT;, »°
238py — — — 0,03 585 2,34+8
239py 54540 | 3,39+6 | 1,54+12 | 9708 | 6,02+5 | 2,74+11
240py 2584 | 5,87+5 | 2,67+11 | 12160 | 2,76+6 | 1,26+12
24lpy 287 | 2,96+7 | 2,7+11 537 | 5,54+7 | 5,04+11
242py — — — 682 | 2,6843 | 1,1249

Pu Bcero | 57411 | 3,36+7 | 2,08+12 | 23087 | 5,88+7 | 2,04+12
241 Am — — — 10,3 | 3,54+4 | 1,86+10
242m A — — — 0,12 | 1,3143 | 5,94+8
243 Am — — — 14,1 | 2,82+3 | 1,2849

Am Bcero — — — 25 3,95+4 | 2,04+10
242Cm . - - _ _ _
243Cm — — — 0,002 82 3,28+7
244Cm — — — 0,21 1,6844 | 4,66+9
245Cm — — — 0,003 0,6 3,5845
246Cm — — — 0,0003 0,11 6,36+4

Cm Bcero — — — 0,2 1,68+4 4,69+9
Bcero 57411 | 3,36+7 | 2,08+12 | 23112 | 5,88+7 | 2,06+12

Kopotko-

KUBYLIMX 2,96+7 2,7+11 5,54+7 | 5,09+11
Homnro-

KUBYIIUX 4,0+6 1,81+12 3,446 1,55+12

Kpome Toro, B UTD® u MUODH, B ToM uncie u B p MK X npoekt MHTI]
Ne 17, 6bU1 TpOBeleH Ccepusl p CYETHBIX MCCIENOB HUiA 10 Cp BHEHUIO d(heK-
TUBHOCTU TP HCMYT Lu TYD B p 3MUYHBIX pe KTOPHBIX yCT HOBK X [20, 21].

C ar0ii 11€N1bI0, H TIpuMep, B p 6ote [21] ObUI0 IPOBEAEHO Cp BHEHUE YCIIOBHIA
Tp HemyT 1mu TYD B TerosoM pe ktope BBOP-1000 ¢ m10THOCTBIO IOTOK  HEM-
tponos ® = 5-10'3 em~2.¢ ™1, Gricrpom pe ktope BH-800 ¢ ® = 5-1015 em~2.¢ ™1
Y TOMOTEHHOM TsXeI0BogHOM 011 Hkete DJIAY YTA ¢ mioTHOCTBIO HOTOK  TEIUIO-
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T omun  12. AKTHBHOCTh OPYKEHHOTO IUTYyTOHHS B OTHOCUTEIBHBIX €HHHIl X IPU MHO-
TOKP THBIX HUKJI X OOJIydeHHS M P 3JUYHBIX IOTOK X HEMTPOHOB (MPOAOIKHTEIbHOCTD
OTHOTO UKI oomydeHus 0,264 jer)

Howmep IT10THOCTD NOTOK HEUTPOHOB, em 2.7t

IUKIT 1,14 - 10* 1,14 - 10*° 1,14 -10'6

o6y- Bpems BblIEpKKH, JIET

YyeHUus 0 15 30 0 15 30 0 15 30
0 1 1 1 1 1 1 1 1 1
1 322 | 192 | 129 | 7.3 39 | 24 2,0 1,1 0,643
2 52,2 | 34,8 | 26,6 | 148 | 82 | 4,6 | 0,032 | 0,0211 | 0,015
3 5,2 39,2 |1 322 | 17,7 |1 99 | 5,6 | 0,004 | 0,004 | 0,004
4 492 | 36,1 | 30,9 | 16,3 | 9,2 | 5,2 | 0,002 0,002 | 0,002
5 40,1 | 29,8 | 26,1 | 132 | 74 | 4,2 — — —
6 31,0 | 23,0 | 204 | 9,8 5,5 | 3,1 — — —
7 235 | 172 | 152 | 70 | 40 | 2,2 — — —
8 17,8 | 12,6 | 11,0 | 4,8 2,7 11,5 — — —
9 14,0 9,5 8,0 3,3 1,8 | 1,0 — — —
10 11,6 | 7,5 6,0 2,2 1,2 | 0,7 — — —

T omun 13. P 1MOTOKCHYHOCTh OPYKEHHOTO TUIYyTOHHS 0 BOJE B OTHOCHTEIbHbBIX €IH-
HHL X NPU MHOTOKP THBIX HHKJI X OOJIy4eHHS U P 3IMYHBIX OTOK X HEHTPOHOB (IpoO-
JOJKUTETHHOCTh OHOTO UK 00aydenus (0,264 yer)

Homep [I10THOCTh MOTOK HEHTPOHOB, em 27!

LUK 1,14 -10™ 1,14 -10%° 1,14 - 106

o0y- Bpewms Bbiiepxku, et

qeHus 0 15 | 30 0 15 | 30 0 15 30
0 1 1 1 1 1 1 1 1 1
1 146 | 151 | 153 | 83 | 50 | 33 | 27 1,53 | 0,89
2 40,9 | 41,3 | 41,6 | 19,4 | 10,9 | 6,2 | 0,054 | 0,04 | 0,032
3 56,1 | 56,0 | 56,2 | 23,5 | 133 | 7,5 | 0,012 | 0,012 | 0,012
4 57,7 | 56,9 | 56,9 | 21,7 | 123 | 7,0 | 0,007 | 0,007 | 0,007
5 51,2 | 49,9 | 49,7 | 17,5 | 99 | 5,6 | 0,004 | 0,004 | 0,004
6 41,9 | 40,0 | 39,6 | 13,1 | 7.4 | 42 — — —
7 32,7 1 30,5 | 298| 93 | 53 | 3.0 — — —
8 252 | 226 | 215 | 64 | 3,7 | 21 — — —
9 198 | 16,7 | 154 | 44 | 25 | 14 — — —
10 163 | 12,8 | 11,0 | 29 | 1,7 | 096 | — — —
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BbIX HeiiTpoHoB ® = 5 - 10'° cM~2.c™!. P ccMOTpeHbI IB B pU HT HOMMUTKH

MII QMMM KTHHUJ MU 3TUX YCT HOBOK: 39,2 m 83 kr/I'Bt(s). OmpeneneHs
ClleqyloIlie X p KTePUCTHUKU: BpeMsl BBIXOI B P BHOBECHOE COCTOSIHHE, KOT[
CKOPOCTH H KOIUIEHUd U YHHYTOXeHHd TYD cp BHUB 10Tcd, 3 Tpy3Kk TYD u 3H -
YeHUS P AMOTOKCUYHOCTU B P BHOBECHOM COCTOSHHM, BpeMs T, IO HCTEYCHHU
KOTOpPOTO P AMOTOKCHUYHOCTh, H KOIUIEHH $I B Xp HWIMIIE, CP BHUB €TCI C P -
JUOTOKCUYHOCTBI0 TYD B p BHOBECHOM COCTOSIHMU. Pe3y/ibT ThI 3TOTO Cp BHEHMS
MIPE/ICT BJICHBI B T O:1. 14.

W3 T 611. 14 BUHO, YTO BpeMsl BBIXOA B CT LMOH PHOE COCTOSHHME, KO
YHUUYTOX €M g TOKCHYHOCTb TYD cp BHUB €TCd ¢ TOKCUYHOCTBIO CBEXHX TYD,
coct Biger 50, 40 u 0,5 7er uId TEIIOBOTO M OBICTPOTO pe KTOPOB M YCT HOBKHU
YTA coOoTBETCTBEHHO. P ccMOTpeHHbIe YCT HOBKM H YHYT YHMYTOX Thb H KOII-
sienuble TYD B 3 BUCUMOCTH OT BeJUUMHBI IoAnuTKH ciycts 400-170 set moce
H Y J 3KCIUTy T IIHM JUTS TEIUIOBOTO pe Ktop , 400-200 jet — st ObICTPOTO pe-

kTop m4-2rox — gna DJIAAY YTA. H oCHOB HMU ®THX pe3ylbT TOB, T KXe

Pe3y/bT TOB P CUETOB, NIPEACT Bi€HHBIX B [18—20], MOXHO cien Tb 3 KJIIOYEHHE O
MPEUMYILECTB X HCIONb30B HUSI BHICOKOW IUIOTHOCTH MOTOK TEIUIOBBIX HEUTPO-
HoB 10'° cm~2.c~! u Bbime st acpcekTUBHOIM Tp HeMyT tuu TYD.

T 6mu 14. Cp BHeHue 3¢¢)eKTHBHOCTH P 3JIHYHBIX AEPHO-?HEPreTHYECKUX YCT HO-
BOK

Pe xtop H |Pe ktop H | BJIAY YTA c romoren-
Tumn ycr HOBKH TEIUIOBBIX | OBICTPBIX HBIM KUIKOTOILIHB-
HEUTPOH X | HEUTPOH X HBIM O] HKETOM
HeliTpoHHbIii HOTOK, cM ™ 2-¢ ™! 5.10"% 5-10'° 5-10'°
[Monmutk TYD, xr/T'Bt(3) 39,21 83 |39,2| 83 39,2 83
Bpems Beixox B p BHOBecHe, JIET 50 50 40 40 0,5 0,5
P BuoBecH g M cc TYD, xr/I'Bt(a) | 700 | 2280 | 880 | 2100 13 60
P BHOBECH S p JIMOTOKCHYHOCTh
o Boje, JI/KT 20 1,9 [2,5] 22 2,7 2,3
P BHOBECH S p IMOTOKCHYHOCTh
o Boje, J1/I'Bt(3) 141 43 (22| 4,7 0,035 0,14
Bpewmsa 7, ner 250 | 170 | 400 | 200 4 2

B pe3ynpT Te NMpOBEAEHHBIX P CUETOB YCT HOBJIEHO CIIEAYIOLIEE.

1. Cxur Hue TYD B sHepretudeckux pe krop x tun BBBDP-1000 u BH-800
MO3BOJIUT OCT HOBUTh H KOIUIEHHE MJI QX KTUHHAOB (TYD), HO CcyliecTBeHHO
(mpumepHO B 20 p 3) YBEIUYHUT P AUOTOKCHYHOCTH 00OIydeHHbIX TYD, uTo mpuse-
JIeT K JOJITOBPEMEHHOMY (H COTHH JIET) YBEIMYEHHUIO p JUOTOKCHYHOCTH TYD 1o
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Cp BHEHHUIO C MX UCXOJHOM P JUOTOKCHUYHOCTBHIO. B ®TOI CBA3U Ipouecc Tp He-
MyT mur TYD B 9THX pe KTOp X SBISETCA C DKOJIOTMYECKOHW TOYKHU 3pEHHS He-
MPUEMIIEMBIM.

2. Hong p auotokcuyHocTH TYD B CyMM pHOI JOJITOBPEMEHHOH p OHOTOK-
cuunocty OAT coct Bisget okoso 7 %. [1oaTomy 11 Xe MTHOBEHHOE YHUUTOXEHUE
TYD He cMOXeT CyLIECTBEHHO M3MEHHUTh OOLIYI0 CUTY LIMI0 C JOJITOBPEMEHHON
P AMOTOKCHYHOCTBIO OTp OOT HHOro spepHoro tomms . C y4eToM nMerouiencs
P OMOTOKCUYHOCTHU IUTYTOHUS, CKUr HUEe TYD B aHepreTHyeckux pe KTop X MpHU-
BEET K JIBYXKpP THOMY YBEJTHUYECHHUIO P JMOTOKCHYHOCTH OTP OOT HHOTO SIIEPHOTO
TOILIMB .

3. Bi rox ps BBICOKOMY IOTOKY TEIIOBBIX HEHTPOHOB TSXKETOBOIHBIN O H-
KeT X p KTepHu3yeTcs H UMeHbInel 3 rpy3koil TYD (npu onuH KOBOW MPOU3BOIM-
TENBHOCTH IO cXur Huo TYD), kotop s B 40 p 3 Mmensbie, yeM B BH-800, u B
100 p 3 menblue, yem B BBDP-1000.

4. HeoOGXOIMMOCTh Y CTOM XUMUYECKOH OYMCTKH KHIKOTO U TBEPIOTO TOII-
JIUB  BBICOKOIIOTOYHOTO 61 HKET OT MPOLYKTOB JiefieHusl Ipu p 60Te ¢ BHICOKHM
MOTOKOM HEWTPOHOB NPHUBOIUT K TOMY, YTO €XETONHBIA MOTOK P AUOTOKCUYHO-
CTH 4epe3 Xxumuueckyio nepep 6otky y DJIAY YTA B 20 u 30 p 3 Gosplue, yem
y BH-800 u BBBP-1000 coorsercTtenHo. P nuotokcuunocts 1 xr TYD u3 BhI-
COKOIIOTOYHOro O HKET IIoC/ie TpeXJIeTHe#l BbimepXKu Bbiire, yeM u3 BH-800
u BBDP-1000 B 1,5 1 2 p 3 COOTBETCTBEHHO, 4TO CBA3 HO C p cH oM 23®Np
B BBICOKOp JAMOTOKCHYHBIH 238Pu. DTH pe3ylabT Thl CBUIETENbCTBYIOT O HEOOXO-
JVMOCTH NPOJOIKEHHS P CUETHBIX MCCIENOB HUI 3((PEeKTUBHOCTH TP HCMYT LUH
TYD B p 3MMYHBIX SIEPHO-PHEPTETHYECKMX YCT HOBK X H Oojiee MO3HHUX CT -
X p 3p 6otku DJLAY, Korm CT HEeT OYSBHMIHOW TEXHUYECK s MX OCYIIECTBHU-
MOCTh U OyIyT OIpeleneHbl UX pe JIbHbIe I P METPhl U KOHCTPYKTHBHbBIE pelle-
HUgd. B TO Xe BpeMs OTCYTCTBHE H JIM3 OCHOBHBIX X P KTEPHCTHK Ipolecc
TP HCMYT IIMM MOXET NPHBECTH K HENp BWIBHOMY BBIOOPY THI W KOHCTPYKTHB-
HOW CXEMbI TP HCMYT LIMOHHOW YCT HOBKH, YTO MMEET MECTO B H CTOSILEE BpeMs
CpeIy POCCHUICKHX U 3 pYOEeXKHBIX UCCIIENOB TENeH.

2. KOHIEIITYAJIBHBIE HCCIEJOBAHUA DJIAY

1. Texumueckue TpeooB Hus K DJISLY. BDJIAY npencr Buser coboii HOBBII
KJI CC S/IEPHO-3HEPreTMYECKUX YCT HOBOK I TOMHOH ®HepreTwku 21 Bek , OH
COCTOHUT U3 YCKOPHUTENS 3 PSXKEHHBIX HOHOB, HEHTPOHONPOW3BOIAIICH MMHIIEHH,
MOJKPUTHYECKOTO pe KTOp (OJ1 HKET ) M P 3IMYHBIX BCIIOMOT TENBHBIX CHCTEM.

IIpoBojIs KOHIIENITY JIbHBIE UCCIICHOB HUs U p 3p 00TKy DILAY, nesiecoobp 3HO
PYKOBOZACTBOB ThCSl CIECAYIOLINMH KPUTEPUIMH M TPEOOB HUSIMH, C YYETOM OCHOB-
HBIX 3 JI 4, KOTOpbIe MOIyT peml Tb DJISAY, U, cOOTBETCTBEHHO, BO3MOXHBIX pe-
KMMOB 3KCIUTy T LU U TOIUTUBHBIX LIUKJIOB DJIAY.
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MOXHO yK 3 Th H TpH OCHOBHBIX H 3H ueHusi DJISIY u, cinenoB TenbHO, TpU
pEXUM OKCIUIy T UM C COOTBETCTBYIOLIUMU TOIUIMBHBIMM LUK MU: 1) Tp He-
MyT 1ugd JPAO ¢ nonyTHeIM IPOM3BOACTBOM 3HEPIUU; 2) NPOU3BOACTBO SHEPIHU;
3) MPOU3BOACTBO HOBBIX JEJSAIIMXCA BEMIECTB U P AUOHYKJIUIOB C BBICOKOU yJIElb-
HOM KTUBHOCTBIO.

H coBpemeHHOM 3T ne p 3BUTHS SIEpHON HEPIETHKU (€CIH MMETb B BHUIY
MHOTOYHCJICHHBIE OTEYECTBEHHBIE M 3 pyOexHble MyONMK IMH) HCIONIb30B HUE
DJIY mna tp HemyT muu IPAO, 1mo MHEHHIO BTOPOB, SBJISETCS NPHOPUTET-
HBIM IO CP BHEHHUIO C JAPYTMMH BO3MOXHOCTAMHU. ECITU NMpHU3H Th CHp BELIMBBIM
9TO YTBEpXKIEHHE, TO MOXHO C(OPMYJIUPOB Th NEPBHIA KPUTEpH: mpebyemcia
p 3p 6 moie mo DJIAY ¢ 6bicOKUM NOMOKOM MENNOBbIX HEUMPOHO8 6 Ol HKeme,
p euvim unu npesviut towum 105 cu=2-c71, ¢ npoussooumensrocmvio mp He-
MYM YUY, 3H HUMENbHO NPeebiul 1ujell CKopocns 00p 306 HUA D OUOHYKAUOOE 6
DHEp2emU4ecKux pe Kmop X.

DT0 03H U eT, YTO JOJKEeH P 3p 6 ThIB Thes HpoekT DIISIY co crnenyomumMu
MIPE/IB PUTETIBHBIMH IT P METP MHU:

sHeprusd npotoHos 0,8 = 1,5 I'9B;

TOK 1poToHoB 30 + 100 MA;

MOIIHOCTh HeHTpoHonpoussomiaeil muienu 30 + 100 MBT;

TEII0B s MoIHOCTh 61 HKer 1000 = 3000 MBT;

a(pheKTUBHBINA KO3(D(UIIEHT p 3MHOXEHHUs HeiiTpoHOB He MeHee 0,95;
IUIOTHOCTh MOTOK TEIUIOBBIX HEHUTPOHOB (1 = 5) - 1015 em™

VK 3 HHBIE I p METpHI ABIAIOTCA NPENB PUTEIBHBIMU, MOTYT KOPPEKTHUPO-
B Thcd B Ipouecce p 3p 60Tk DJIAY 1 oTHOCATCS K HECEKIIMOHUPOB HHBIM O H-
KeT M (O CEeKIIMOHMPOB HHBIX OJ1 HKET X CM. HHXe).

Bropoii kpurepuii oTHOCHTCS K p M IIMOHHOM Oe3omn cHoctH DJIAY s Toro
Meprol NEepCreKTHBHOTO P 3BUTHI TOMHOM ®HEPIeTHKH, KOTJ ®KOJOTHYECK o
YUCTOT SIEPHO-DHEPreTHYECKUX YCT HOBOK OYIET SBIISITbCS NMPUOPHUTETHOH. B
9TOM CMBICJIE MOXHO C(POPMYJIMPOB Th CIIEAYIOIINIA KPUTEPHUid P I HUOHHOU Ge-
3on cHoctu DJIAY: p ouomokcuunocms monaug u MuumieHell ¢ mp HCMYMupy-
eMbIMU D OUOHYKAUO MU noce eviepy3ku uz IJIAY 0onkn  6uvims cywecmeeHHo
MeHbUte P OUOMOKCUMHOCIIU 3 2DYK eMbIX M Mepu JI0G.

Kpome yK 3 HHBIX BbIIIE, MOXHO IPUBECTH psI OPYTMX KOHKPETHBIX Tpe-
60B Huil, cpopmymupoB HHbIX B PHILI «Kypu TOBCcKmii macruryr», HUKUDT, u
IPYTHX, B 4 CTHOCTH, U3 YHCI TeX, KOTopsle 00cyxn 1 K memuk B.M.Cy660oTnH
B [22]. HWmed B Bumy HeEOOXOIUMOCTh oOecredyeHus 6e30 CHOCTH, OH 00p -
TWI BHUM HUe H TpeOoB HuUd K BbIOOpY Teruionocutens DJIAY k K ogHoro us
B XHBIX BJIEMEHTOB OOeclieYeHUs H JeXHOW dKcIuty T nuu SIDY. B 3Tol cBs3u
B.U.Cy600THH CUHT €T, UTO «TEIUIOHOCUTETh MOXET ObITh XUMHUYECKUM DIIEMCH-
TOM, CIUI BOM, CMEChI0 XUMUYECKHX 3JIE€MEHTOB, HO HE XMMHYECKHUM COEJIIHe-
HHEM», M TOJ T €T, YTO BOX (JIerK S M TAXes $) U (PTOPUCTBIE COJM HE YIO-
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BIIETBOPSIIOT C(HOPMYIMPOB HHOMY MM KPHTEpPHI0 O€30I1 CHOCTH MEPCIEKTUBHBIX
SAIepHO-3HEPIreTUYECKHUX YCT HOBOK.

OueBupHO, 4TO TIpU p 3p 60TKe DJISY memecooOp 3HO HUCMOMB30B Th UMEIO-
LIMIACH MOJIOXUTENIbHBII OIBIT U TEXHUYECKHE MTOAXOMbI, IIPOBEPEHHBIE B TOMHOMI
oHepreTuke. 71 BHBI KpUTEPUI IIPU 9TOM COCTOUT B NOGblUUEHUU A0EPHOU U meX-
Huueckou b6e3on chocmu DJIAY no cp enenuio ¢ ADC.

H oT nme KoHUeNTy JIbHBIX MCCIIENOB HUil LiefiecooO0p 3HO p CCMOTPETh P 3-
JIMYHBIC B PH HTHI MHUIIEHEH M OJ HKETOB, OLEHUTh BO3MOXHOCTU HX D€ JIH3 -
LM, ONpEeINTh TEXHUIECKHEe W KOHOMHYECKHE X P KTEPHCTHKH JUIS BBIOOD
OIIHOTO M3 B PHU HTOB JUI J JIbHEHIIEH p 3p OOTKH C y4eTOM YK 3 HHBIX BbILIE
KpUTEpHEB.

2. KoHcrpykTuBH 4 cxem OJIAY. H nuune B mpuHIMIIN JIBHOH cXxeme
BJISIY yckopurens NpOTOHOB U HEWTPOHONPOM3BOMAINEH MHUIIEHU B K YECTBE
BHEIIHETO UCTOYHUK HEHUTPOHOB, KPOME TE€X HEUTPOHOB, KOTOPBIE POXJ IOTCH
B 071 HKeTe, IMO3BOJISIET PE JIN30B Th Psi HOBBIX IPHHIMITK JIBHBIX CBOWCTB U BO3-
MOXHOCTEH, KOTOPhIMU He OOJI Il 10T siepHble pe KTOpbl, p OOT Iomre B KpH-
TUYECKOM pexuMe. B mepByro odepensp, ciiefyeT OTMETUTDH IOBBILICHHE SISpHON
6e3011 CHOCTH BCIEACTBHE p OOTHI B MOAKPUTHYHOM pexume. DJIAY x p xrepu-
3yeTcsl p 3JMYHBIMU TIPOLECC MU HpeoOp 30B HUS ®HEPIUM B K XKIOM U3 YK -
3 HHBIX y3710B. B yckoputesne mpoucxogut mpeoOp 30B HHE ®HEPIHU 3HEPrOCETH
B ®HEPIHIO My4YK YCKOPEHHBIX MPOTOHOB. B MHUIIEHH 3HEprus mydyk IPOTOHOB
npeoOp 3yeTcs B ®HEPrHI0 P 3JIUYHBIX 4 CTUI] (HEHTPOHOB, ME30HOB U y-KB HTOB)
U TEIUIO, BBIAENAIOIIEECsS B MHUIUICHH. DHEPrusd BTOPUYHBIX Y CTHUL[ Y CTUYHO BBI-
JensdeTcsd B MUIIEHH, Y CTHYHO B ON HKeTe. B On HKeTe MpOMCXOIAT HpOLEecCh
S4IEepHOr0 B3 MMOAEUCTBUS BTOPUYHBIX 4 CTHUL C KOHCTPYKLIMOHHBIMH M JEJIIIU-
MHCS M TepH J1 MM Ol HKeT , BKJIIOY s JeneHue. K XIplii M3 THX HpPOLECCOB
X p KTepusyeTcd CBOMM KO3(h(PUIIEHTOM II0JIE3HOTO JEHCTBUS, MOBBILICHHE KO-
TOPOTO SIBIISIETCS 3 11 yeid p 3p 60TumMkKoB K Xjoro y3n BDJIAY. [Ipu coBpemeHHOM
ypoBHe gaepHoii TexHuku KIIJI yckoputens ¢ sHeprueil nporoHos 1 ['sB moxer
noctur Th 50 %. Ouenku mok 3bB 0T, 4yTo KII[I mpeoOp 30B HUS 2HEPrHU TIPO-
TOHOB B ®HEPIHI0 HEHTPOHOB U 7y-KB HTOB B MuIIeHH Oi3Kk0 K 90 % (nmpuMepHO
10 % mpuxogMTcs H DHEPrHI0 ME30HOB), B MojkputudeckoM 61 HKere 30-42 %
(B 3 BUCUMOCTH OT II P METPOB U BUJ TelwioHocuTend). K K IOK 3bIB 0T IIpo-
BEJICHHBIE HCCIIENOB HUS, UMEIOTCS NPUHIMIYU JIbHbIE BO3MOXHOCTH MOBBILICHUS
KII yk 3 HHBIX IPOLIECCOB.

Bo3MoxxHBI p 3HOOOp 3HBIE IPUHLUIN JIbHBIE cXeMbl DJISY:

— C TOPHM30HT JIbHBIM M BEPTHK JIbHBIM P CIIOJIOXEHHEM MHIIIEHH U OJ1 HKET ,

— C BEpPXHHMM M HIXXHHUM IOABOJOM ITyYK IPOTOHOB K MHIIEHH,

— C OIHUM MOJYJIeM, COCTOSIIIUM W3 MHIIEHH U O1 HKeT , 6e3 p 3nesieHus
Oy4K IIPOTOHOB, C IBYMd WIM HECKOIBKHUMHU MOXYISIMH, C P 3IEJIEHHUEM ITy4K
IPOTOHOB H JIB MM HECKOJIBKO ITy4KOB, K XIbII M3 KOTOPBIX B3 UMOIEHCTBYET
C OJIHOU MHUIEHBIO.
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Bo03MOXHO HCIIONIB30B HUE JTUHEHHBIX M KOJIBLIEBBIX yCKopuTeneil noHoB. H -
pUMep, B KOHUENTY JbHbIX HccnenoB HusIx UTOD u MPTHU p cem Tpus ercs
JIMHEWHBII YCKOPUTENb MIPOTOHOB, crier ucTel OMAW npenn r 10T npUMeHUTS B
cxeme DJISIY npoTOHHBINA OUKIOTPOH C P 3OETEHHBIMH OPOMT MH M M KCHM JIb-
HBIM 3H 4eHHeM ToK [0 10 MA.

B nmo6oM B pu HTe ¢ TOBOpoTOM NydkK H 90° mpuHimnu JbH s cxeM DJISIY
JOJIKH HMMETh HEKOTOPBIH CT HJI PTHBIA H GOpP TEXHOJOTUYECKOT0 000PYIOB HHSI.
HOJ‘[)KHI:I OBITH MpeayCMOTPEHBI CIICAY- I} ‘@
I0IIMEe YCTPOUCTB (cM. puc. 1): Eir)

— M THHTHI I TTOBOPOT IIy4K (61| [6]
npoToHOB H 90° (4),
— YCTPOMCTBO C LIENbI0 CHUXEHHS 2
9HEPrOBBIICIICHU B MHUIIEHH IO JOIIy- 3

CTUMOTO 3H 4eHHus (5), OCHOBHBIM H -

3H YeHHeM KOTOpPOro fBsfeTcd, H Ipu- y
Mep, p CUIMpEHHe AU MeTp Iy4K WU
CK HUPOB HHUE II0 IOBEPXHOCTU ITy4K
WIN p 3[e/leHHe My4dK H HECKOJIBKO
IMYYKOB C MEHBIIUM 3H YEHHEM TOK
HOHOB,

Puc. 1. Ilpunuunu nbH 9 cxem DJIAY: [ —
JIMHEHHBIA yCKOPUTEIb, 2 — HEUTPOHOIpPO-
A3BOMAIN 1 MUIeHp, 3 — O HKeT, 4 —
[MOBOPOTHBIE M THUTBI, 5 — YCTPOWCTBO

— JOBYWIK 11 pOB MeT T (6)  pug cHuXeHWS SHEPIOBBIIC/ICHNS B MUILICHH,
(B Cllyy € MCIIONIb30B HUS XMIKOM MM- 6 — JOBYIIK I pOB MeT JuI (B CIIyd € HC-
IIeHU 0e3 P 3IETUTESIbHON MeMOp HbI), MOJb30B HUS KUIKOH MMIIEHH 0e3 p 3le-

— cucteM (7) 01 BHIC KMB HMs JTMTENIBHON MeMOp HbI), 7 — CHCTEM Ul
DHEpPTUM ITyJK B B pI/IﬁHOM CIyd e BbIC XKWB HUA OSHEPIUU IIYIK B B PUUHOM
IIPU OTK 3€ IIOBOPOTHBIX M THUTOB w1 €
YCTPOUCTB  (5).

H psny ¢ sTumMu HeCT HI PTHBIMHU Y311 MU JOJIXHBI OBITh IIPETyCMOTPEHBI CH-
CTEMBI YIIp BIEHUS U 3 IIUTHI, OXJI XICHUSI U APYTHe MHOTOUYHMCIICHHBIE BCIIOMO-
I' TeJIbHbIE CUCTEMBI.

MuiieHb MOXeT ObITh TBEpHOH (H IpuMep, BOJIb(MP M, CBHHEL, yp H) WU
Xunkoi (H mpumep, Pb, Pb-Bi, p cr1 BieHHbIE (hTOPUCTBIE WIIH XTIOPUCTHIE COIH).

KoHcTpykus 61 HKeT , KOTOp s MpPEACT BisgeT coOoil H ubojee CIIOXHBIN
y3en DJISIY, MoXeT OTaMY ThCd MO BUIY TOIUIUB , TEINIOHOCUTENH, KOHCTPYK-
TUBHOI cxeMe U T.J. OCT HOBUMCA H YCTPOICTBE OTHENbHBIX y3110B DJIAY n
HEpEeIIEeHHbBIX MPoOIeM X.

3. KoHuenry JbHbIA NPOEKT JIMHEHHOTO yCKOpuUTes. JIMHeHHbI ycKopu-
tenb npotoHoB (JIVIT) misg DIIAY BeIOp H B CBsI3M ¢ HEOOXOIUMOCTBIO obecreye-
HUS BBICOKOIO 3H YEHUS TOK IIPOTOHOB C IIPOMEXYTOYHOH ®HEpPIrUel B Ipenen X
800 = 1500 MaB. [Ing pemeHud 3 I 4 1o Tp HCMYT Luu jponroxusymmx I u
TYD TpebyroTCcsS TOKM MPOTOHOB YK 3 HHOW 3Hepruu B uHTepB Jie 30 — 100 MA.
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KonuenTy npHbIE UccnenoB Hus, nmposeneHHbie B UTOD® u MPTHU, nok 3 7y, 4TO
UMEIOTCA TEXHUYECKHEe BO3MOXHOCTH co3] Huf JIVII c stumu 1 p MeTp MU Imydk
MIPOTOHOB. DTO OOBSICHSIETCS BHICOKMM YPOBHEM H YUYHBIX M TEXHHYECKHX P 3p -
60TOK POCCHICKHX CIIENH JIMCTOB B OO CTH YCKOPHUTEJIbHOW TEXHUKH, OCHOB H-
HBIX H HOBBIX METOJ X YCKOPEHMS 3 PAXEHHBIX 4 CTHII, B IIEpBYI0 odepensp, a-
(hexTe mpocTp HCTBEHHO-OAHOPOIHOM KB IpymnoibHOil okycuposku (RFQ, mpen-
noxennoit B.B.Bn mumupckum, U.M.K muunckum (UTD®) u B.A.TemisakoBbM
(UDBD)), nposepenHom B UTOD® u H 1meamemM MUpoKoe NpUMEHEHHE B COBpe-
MEHHBIX YCKOPUTENSX SNEPHBIX LEHTPOB B P 3HBIX CTP H X MHpP , T KXe€ H
BO3MOXHOCTH AOCTHXEHHUS HM3KUX 3H YEHHH MOTeph IMPOTOHOB IPH BBHICOKOH HX
IUIOTHOCTH B Iy4Ke.

" 80 k9B[  Hauanbuas 7-10 M5B [TIpomerxyrounas| 100 MaB OcHoBHas 1T5B
4acTh 4acTh 4acTh
Wnxekrop
Cexkuuu Masno3zazopHbie MHoro3a3opHble
RFQ pe30HaTOPbI pe30HATOpPhI
f=300 MI'y =600 unu 900 MI'y

Puc. 2. CprKTypH s1 CXeM CHJIbHOTOYHOIO JINHEHHOIO YCKOpUTETIA IIPOTOHOB

CoBpeMeHHBI B pu HT cTpyKTypHO# cxeMsl JIVII misg DJISIY ¢ Tokom u 3HEp-
rueil mpotoHoB 30 MA u 1 I'sB coorBercrBenHo, p 3p 60T HHOU B UTDD u
MPTH, npenct BreH H puc.2 [1,23]. JIVII nocTpoeH o OfHOK H JIBHOH CXeMe.
PexuM p 60TBI yCKOpHUTENs — HENPEPBIBHBIN, B OTJIMYHE OT CYIIECTBYIOIIUX MPO-
TOHHBIX YCKOPHTEIIEH, KOTOPBIE 9KCIULy THPYIOTCS B UMITYJIbCHOM PeXHMeE. Y CKO-
PUTENb COCTOUT U3 UHXKEKTOP , H 4 JIbHOU, IIPOMEXYTOYHON U OCHOBHOM Y CTEH.
B K uyecTBe MHXEKTOp TpelT I eTcd HCIONB30B Th AYOIUT 3MaTPOH HEIpephIB-
HOTO JIeHCTBUSI H OCHOBE p 3p OOT HHOro u uccienoB HHoro B UTD®D nporo-
THI KCTOYHUK C HEH K JIUB €MBIM IIOJIBIM K TOIOM, OCOOEHHOCTHIO KOTOPOTO
SBIISETCS NP KTUYECKU HEOrp HUYEHHBIH CPOK CITYXOBI.

OCHOBHOE H 3H Y€HHE H Y JIBHOW 4 CTH C BBICOKOW MHTEHCUBHOCTBIO ITy4K
npotoHoB (30 MA) u aneprueit jo 10 MaB 3 k04 eTcd B COITT COB HUU IMYYK
UHXEKTOp B IIECTMMEPHOM (p 30BOM IPOCTP HCTBE C IMPOMEXYTOYHOH Y CTBIO.
P muorexnuueck s 4 cror — 300 M1, ycT HOBNeHH s MowHOCTh BU-reHep To-
p — 500 kBr, notepu nyuk — 1 %.

B npoMeXXyTOYHOM 4 CTH IPEAIoN I €TCS UCIONb30B Th M JI03 30PHBIE CBEPX-
MPOBOIIINE PE30H TOPHI I ycKopeHud 4 ctul go 100 MaB Bmecto Tp auiu-
OHHBIX MHOT'03 30pHbIX JJIMHHBIX PE30H TOPOB, KOTOpbIE ObLIM IPEIyCMOTPEHBI B
NepBOH 4 JIbHBIX B pu HT X JIVII. DO mo3BONSET BHIOUP Th P CCTOSHHS MEXIY
LEHTP MU YCKOPSIOIIUX 3 30POB BHE 3 BUCUMOCTU OT CKOPOCTH Y CTHL, 3 CYET
Yero MINH CeKIMA MOXeT ObiTh cokp meH H 30-40%, T KXe HpoJoiX Tb
MpPOLIECC YCKOPEHHUS JI Ke TPH BBIXOJie U3 CTPOsI HEOOIIBIIOro KOJTMYECTB YCKOpsI-
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IOIIMX PE30H TOPOB WU TP KTOB MX HE3 BHCHUMOIO IMUT HHUS, OTIIOXKHB UX PEMOHT
JI0 T HOBOW OCT HOBKHU. B mpuHLuMIE, B MPOMEXYTOYHOI 4 CTH MOTYT OBITH HC-
MOJTb30B HBI IIWINHAPHYIECKHUE PE30H TOPHI C TPyOK MU Apeld .

T 6mmy  15. X p KTepHCTHKH TOJHOM CIOT GHOTO YCKOpHTeIsA ¢ KPHOT€HHBIMHU
Pe30H TOp MH

IT p metp Ternerii | CII, 5 MsB/m | CII,15 M3sB/m
OpuentupoBoud s e JIVIL, M 1000 400 135
KII pe3on Topos 0,4 1 1
KIIJI BY-renep TOpOB C IUT HHEM 0,65 0,65 0,65
BY-momHocTs, MBT 75 33 33
MomnocTts ot ceti, MBT 150 52 52
KIIO JIVIT 0,2 0,6 0,55
CTOUMOCTD YCKOPSIOILEH CHCTEMBI, 50 69 23
MITH JIOJI.

Croumocts BYU-reHep TOpoB ¢ IUT HUEM, 125 49,5 49,5
MITH JIOJI.

CTOMMOCTb HECT HI PTHOTO OOOpPYIOB HHS, 275 120 72
MJIH JIOJI.

IMonu g cromMocTs 060PYNOB HUA, 313 179 109
MITH JIOJT.

[Tonn s croumocts JIVII (co cTouMocThIO

CTPOMMOHT X ), MJIH JOJI. 437 233 142

B ocHoBHOI1 4 ctu g yckopeHus 4 ctun no 1 I'sB mpenycMmoTpeno wuc-
MOJIb30B Th MHOT'03 30pHBIE CBEPXIpPOBOsIUe pe3oH Topel. B MPTU p 3p 60-
T H MPOEKT MO P 3MEIIEHHI0 B K XIOM KPUOCT Te He MeHee JBYX PEe30H To-
POB, K XHblii M3 KOTOPBIX, B CBOIO OYepedb, COCTOUT U3 AEBATH YCKOPSIOIIUX
queeKk IUIMNTHIECKON (hopMbl. KOHCTPYKTUBHO CBEPXIPOBOMAIINE PE3OH TOPBI
MPEeIo T eTcs BBIIOJIHWTH M3 HHOOWS. IMH W OU METp OJHOTO pPe30H TOp
p BHBI 0,41-1,12 M u 29-26 cM cooTBeTCTBEHHO. MOXET OBITh JOCTUTHYT TEMIT
YCKOPEHUS H JUIMHE pe30H Top oT 5 10 15 MsB/M. Bo30yxeHre CBepXIIpOBO-
JIIUX PE30H TOPOB MPEAroNl I' eTcd OCYLIECTBUTh OT KJIUCTPOHHBIX YCHIIUTENeH
MomHocThio 1,2 MBT K Xpmpiid. B T 671. 15 mpuBeneHbl OCHOBHBIE p CUCTHBIC X -
p krepuctuku nosHoM cit 6Horo (1 I'sB, 30 MA) JIVII co cBepXnpoBOLSIIIIMH
YCKOPSIIOIIMMHU PE30H TOP MU B OCHOBHOH 4 cTH [23].

W3 T GnuLbl BUAHO, YTO MCIIOBb30B HHE KPUOTEHHOW YCKOPSIOIIEH CHCTEMBI
U BBICOKOIO TEMIT YCKOPEHUS MPUBOAUT K 3H UHUTEJIbHOMY CHUXKEHHUIO CTOMMOCTHU
JIVII no 142 MaH A0d. IO Cp BHEHUIO CO CTOMMOCTBIO «TEIUIOrO» YCKOPHTENIS
437 mnH gon. Ilpemt r eMoe TeXHHMYECKOE peIIeHHe IO KOHCTPYKTHBHOM cxeme
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JIVII oK XeT CyIIEeCTBEHHOE BJIMSHUE H TEXHUKO-9KOHOMHMYECKHE X P KTepu-
ctuku DJIAY.

4. IlpenyioxkeHus MO CO31 HHUIO MPOTOHHBIX MUKIOTPOHOB i DJISIY. H -
psioy ¢ TUHEHHBIMHM YCKOPHTEISMH, UMEIOTCS MpeutoXeHus cnenu mcros OSSN
M0 CO3]l HUIO MMPOTOHHBIX HMUKIJIOTPOHOB Jutst DJISLY ¢ sHeprueit 1o 1 [3B u M k-
CHM JIbHBIM 3H uyeHueM Tok 10 MA. Bnepsble 210 npeioxeHue O6bu10 copmy-
JupoB HO coTpyrHukoM JIBD OUMSU U.A.Illen essiM B 1981 1. [24]. Bnocnen-
CTBUM OH P 3p OOT JI IpeIOKEeHHe O LUKJIOTPOHHOM Komrutekce u3 10 Termsix
M30XPOHHBIX LUKJIOTPOHOB, CBEPXIIPOBOIILINX OyCTEPHOTO M OCHOBHOTO IMKIIO-
TPOHOB C P 3J/IeJICHHBIMU OPOUT MU, KOTOPbIHA MO3BOJISIET MOTYYUTh TOK ITPOTOHOB
B ju 1 30He oT 10 mo 100 MA [24]. Hpyroe mpemyioxenue coTpyaHukon JIAIT
OHAU oTHOCHTCS K IIMKJIOTPOHHOMY KoMmiuiekcy ¢ sHeprueil 800 MaB u TokoMm
npoToHOB 10 MA, KOTOpBIIl COCTOUT U3 TPEX OCHOBHBIX Yy3710B [24]:

— JIMHEWHOTo yCKOpUTENsl MIPOTOHOB ¢ 3Hepruei 7,5 MoaB;

— 4-CeKTOpPHOr0 M30XPOHHOTO IHKJIOTPOH , YCKOPSIOIIEro MpPOTOHBI O
60 Mb»sB;

— 8- unu 10-CeKTOPHOro M30XPOHHOTO LUKJIOTPOH , YCKOPSIIOLIETO POTOHBI
jgo 800 MsB.

MoIHOCTh BBIBENCHHOTO IMy9K IPOTOHOB COCT BigeT 8 MBT, morpebienue
®HEPrHuU M THUTHOH cucremoir 1 MBT.

P cuerneie uccnenoB Hus, nposedenHsie B JIBD u JIAIl OUAH, nok 3 nu,
YTO CYLIECTBYET TEXHHYECK 1 BO3MOXHOCTb CO3/l HH4 Mpe I' eMOro HUKJIOTPOH-
HOTO KOMIUIEKC ; BMECTE C TeM OHH MO3BOJIMIIA ONPENEIUTh MPOOIeMbl, KOTOpHIE
TpebyeTcsl peIiTh H TOCIIEAYIOIINX CT AUSIX P 3p OOTKH, B 4 CTHOCTH, IIpOOIeMy
100 % BeBOm myuk . Ilo MHeHmio BTOpOB, mpemtoxenne OUAU Tpebyer, BO-
MEepPBBIX, CP BHEHUS C JIMHEHHBIMM YCKOPUTESIMHU, BO-BTOPBIX, 3KCIEPHUMEHT JIb-
HOW MPOBEPKH, YTOOBI ONPENSTUTh P OOTOCIIOCOOHOCTh TPEXCTYIEHY TOW CXEMbI
LIUKJIOTPOHHOIO KOMIUIEKC .

5. HeiitpoHonpoussoaam g mumenb DJIAY. B nmepuox KoHumenTty JbHBIX
uccneno Huil DJISIY B Bemymmx simepHsIX HEeHTp X Poccum ObUTH p CCMOTpPEHSEI
P 37MYHBIC B PH HTBI KOHCTPYKTHUBHBIX CXeM HEHTPOHOIPOM3BOASIIINX MHIICHEH
DJIAY. O6muM npu3H KOM BCEX B PU HTOB SIBJISUT Cb BEPTHK JIbH S MX KOMIIO-
HOBK ¥ CUMMETPUYHOE P CIIOJIOXKEHHE B LIeHTpe 01 HKET , IOCKOJIbKY ObLIO MpH-
3H HO, YTO MOAOOHOE p 3MeLIeHHe MHIIEHEeH COOTBETCTBYET TP OMLIMOHHOM Bep-
THK JIbHOM KOMIIOHOBKE POCCHHCKHX SIEPHBIX pe KTOPOB, B OTJIMYHE, H NPUMEP,
OT IIPOMBIIITIEHHBIX MEPUK HCKHX M SHEPreTHUeCKHX K H JACKHX pe KTOPOB C
TOPU30HT JIBHBIM P crojoxeHueM. OfH KO Helb3s UCKII0Y Th MPUHLUIHN JIBHOM
BO3MOXHOCTU TOPH30HT JIBHOTO P 3MelleHHs MuiieHd B 61 nkere. Cpeau p 3-
p OOT HHBIX B pPU HTOB MHUILIEHEH WUMEIOTCS, IO CYLIECTBY, 1B KOHCTPYKTHBHBIX
p 3mmums. Bo-miepBhIX, Mpet T 0Tcs TBepble U XKUAKOMET JUIMYECKHEe MHILICHH.
B x yecTBe M Tepw 7 TBEpHOW MHILIEHH MOTYT WCIIONB30B ThCS T KHE M TEpH-

Jbl, K K OEpUIUIHi, T HT JI, BOJIb(P M, Yp H WIM CMECh yp H , IVIYTOHUS M TOPHUS



HAYYHO-TEXHHWYECKUE ITPOBJIEMbI CO3JAHUA 167

B BHjle TBaJ1a. JId MUIIEHe# 9Toro TMi He TpeOyeTcs p 3AeNUTeNbHONH MeMOp HbI
(0KHO) MeXay 00beM MH YCKOPHTENS M MHUILIEHH, YTO IO3BOJISIET NCKIIIOUUTh IIPO-
6meMy ee p AU LHMOHHOM CTOHKOCTH M HEPHOIMYECKOH 3 MeHbl. B K uecTBe M -
TEpH JIOB JUId MHULIEHU C XUIKHM TEIUIOHOCUTENEM IIPens I I0TCA CBHHEL, BTEK-
TUK CBUHEL-BUCMYT, PTOPUCTBIE COJIU P 3TUYHOTO COCT B C BKJIIOUCHHBIMH B HX
coct B gemsimmmucd M tepu 1 mu (TYD). [Ing Muiueneil aToro tunm Tpedyercs
p 3aenuTenbH 1 MeMOp H (OKHO) CO BCEMHU BBITEK IOIIUMH OTCIOJl MPOOJIEeM MH.

Bo-BTOpBIX, B 3 BUCHMOCTH OT BHIOOp TEIUIOHOCHTENS (HOCHTENS) BO3MOXKHBI
KOpITyCHbIE KOHCTPYKIIMH MHIIEHH M OJ1 HKET C P 3AEIUTENbHON CTEHKOH W3
KOHCTPYKLIMOHHOTO M TEpU J1 MeXIy HUMU U KOMOWHHMPOB HH $I COBMELICHH s
CXeM , B KOTOpOW MHIIIEHb M OJI HKET IMpPEeJACT BISAIOT co00il efuHblii 00beM, 6e3
P 30EeIUTEIbHOM CTEeHKM (MHTErp JibH I KOMIIOHOBK ). bosiee mpennoutuTensH
WHTETp JIbH 51 KOMIIOHOBK , T.K. OH IIO3BOJISICT YIYdYIINTh HEUTPOHHBIA O J1 HC
B CHCTeMe MHIIEHb—OJ HKET M MCKJIIOYHUTh IpoOJieMy p AW HHUOHHOH CTONKOCTH
M TE€pH 1 KOpIyC MHUILIEHH.

OcHOBHO#1 (hU3MYECKOil BETHUUHON, X p KTepusymolei a¢hpeKTHBHOCTh pe K-
Ui [TyOOKOHEyNpyroro p criervieHus (spallation reactions) B MUILIEHH, SBISETCS
BBIXOJ HEWTPOHOB H OJMH MPOTOH, YTO CIEAyeT YYHUTHIB Th IPH BHIOOpE KOH-
CTPYKTUBHOM CXEMBl U M TEpH JI MHINEHU. P CUETHOMY U 3KCIEPUMEHT JIbHOMY
OTIPEZIENICHNIO 3TOH BEIMYMHBI TIOCBSIIEHO 3H YUTEIBbHOE YUCIIO p 00T pOCCHIHCKUX
U 3 pyOeXHBIX HCCIIenoB Tenel (cM., H npumep, p 6otet MPTU (P.I'B cuibkoB),
OUAU, UTDD, DU u ap.). AH nu3 3TUX p OOT MO3BOJISET CAET Th 3 KJIIOUCHUE
0 Lenecoo0p 3HOCTH UCIIONB30B HUS TSXKEINBbIX dJIEMEHTOB B K YECTBE M TEpH JI
MHUILIEHH, H MPUMEP, CBUHIl , BUCMYT , BOIb(MP M , yp H , I KOTOPBIX BBIXOJ
HEWTPOHOB BBIIIE, YEM IS JIETKUX 3JIEMEHTOB, H IpuMep, 6epwuus. [lo o1 HHbIM
p Gortbl [25], BhimoNHEeHHO# B p MK X mpoekT MHTL] Ne 17, u3 H am3  pe3yinb-
T TOB ®KCIEPUMEHTOB U P CYETOB BHAHO, YTO P CUETHBIE J HHbIE 110 BBIXONY HEM-
TPOHOB B LIUIUHApUYEcKON MumeHu p 3mepoM 200x 600 MM mpH 3HEpPruu MpoTo-
HoB 0,8 I'eB coct Bmaror 17,7 png ceuny u 19,9 o Bonsp M . DTH pe3ynpT Th
HOATBEPXK] I0TCA MOCIEAHUMU 3KCIEPUMEHT JIbHbIMH I HHbIMH P.I'B cunbkoB :
17,8 HEUTpPOHOB H TPOTOH I CBUHI [26]. OOp mI eTcd T KXXe BHAM HHUE H
9KCIIEPUMEHT JIbHBII ¢ KT, 4TO pober NpoToHOB ¢ dHeprueit > 1 [9B B cBUHLIO-
BO muiIeHd JuInHONH 600 MM mpeBBIII eT ee [UTUHY [26], 4TO clemyeT yIUTHIB Th
npu p 3p OOTKe MPOEKT MUILIECHH.

IIpenct BUM HIXE B Kp TKOM HM3JIOXKEHHU PE3YJIbT Thl KOHLENTY JIbHBIX HC-
CIIelOB HUI KOHCTPYKTHBHBIX 0coOeHHOCTel Mumenei s DJIAY, BeIIONIHEHHBIX
POCCHUICKUMM CHELH JIUCT MU.

5.1. B pu Hmot muwenei, uzyuennvix ¢ UTHD.Crenn auctet UTDD ¢ mo-
CTOSTESIPHO U TNPH Y4 CTUU APYTHX OPr HU3 LU MPEemIOXWIM PAf P 3TUYHBIX
B DU HTOB HEHTPOHOIIPOU3BOAALIMX MUILeHeH i DJIAY

Bonvgpp moé a meepoog 3H A muuieHs KOHYCHOM (DOPMBI, p CHOJI T €M 5 B
HEHTPEe TAXKETOBOTHOrO OJ HKET , C OXJI XKICHUEM TSKEelIoW BOJOW i TOKOB
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npotoHoB Jio 30 MA [27]. P 3p 60TK KOHCTPYKTHUBHOW CXEMBbl BBIIIOJIHEH CIie-
uu et mu OKBM.

Csunyoe a meepood 3H A MuweHb B BUIE I PUKOB M JIOTO I METp , IU-
Ip BJIMYECKU B3BEIICHHBIX B 30HE B3 MMOIEWCTBHUS C IyYKOM IIPOTOHOB H IOPOM
TSIKEJIOBOIHOrO TeryioHocuTensd [28]. Bokpyr MHILIEHH MPeaycM TPHUB eTcs Oy-
thepH 4 30H B Buje cOs TAXKENOH Boabl TommuHOl 5070 cM g p 3pbIB  CBA3U
1o OBICTPBIM HEUTPOH M MEXIy MHIIEeHbI0 U 01 HKeToM. B OycepHyo 30HY MoO-
KT BBOAUTHCS MOITIOTHTENh HEUTPOHOB (60p WM I' JIONMHUIN) IS MPEKp LICHUS
LENHON pe KUMM B 61 HKeTe B B PUIHOM CITyd €. DTOT B PU HT HO3BOJISIET OTBE-
ct 62,7 MBT TennoBoil MOIIIHOCTH ISl yCKOPUTENS ¢ aHeprueit npotoHos 1 3B
u TokoM 100 MA. Mumens umeer i metp 500 MM u BbicoTy ciosg 2000 mmM,
KOHIIEHTP LU CBUHII B TaXenoi Bope nmpumepHo 0,3 mpu au MeTpe CBHHLOBBIX
cthep 5 mm.

YK 3 HH 5 CXeM MHUIICHH SBJSIETCS P 3BUTHEM IIPEUTOKEHUS CIELH JIMCTOB
pe kropHoro otaen WTD® mo wmHTErp JHHONH KOMIOHOBKE MHIICHH—OI HKET
CO CBHHLIOBBIM TEIUIOHOCHTENEM, HUPKYIUPYIOLINM CHU3Y BBEpX, U MUKpocep Mu
13 00€IHEHHOTo yp H B 000JIOYKE U3 MUPOJTUTUYECKOTO Ip PUT , TUIP BIMYECKH
B3BELICHHBIMH B 30HE B3 MMOIEHCTBHS C IyYKOM IPOTOHOB.

C6UHY0B0-8UCMYMOE A KUOK A MuuieHs MoIHOCTHIO 14,5 MBT, oxn xn e-
M 4 B IPOMEXYTOYHBIX TEIUIOOOMEHHUK X T kKxke Pb-Bi sBTekTukoii, p 3p 60T H-
H s copMecTHO ¢ OKB «I'uapomnpecc» [29].

Ceunyoso-éucmymosyio (Pb 44,5 % + Bi 55,5 %) mullieHb NpeioXuiiu cre-
1y auctel UTD® u MUDU [30], ee 0COOCHHOCTBIO SIBISIETCS H JIMYHE MEMOpP HBbI
(OKH ) KOHYCHO (hOpMBI M3 OEpHILIHS, P 3AENSIOMEH 00beMbl YCKOPHUTENS U MH-
mend. K kK yk 3B 10T BTOpHI [30], KOHyc000p 3H 4 (popM OKH B Mpenesl X MH-
IIEHH TO3BOJISIET, C OJHOH CTOPOHBI, IMOJIYYUTh P CIIPEIESICHHBIH 110 OcH O HKeT
HUCTOYHUK KOHBEPTHUPOB HHBIX HEUTPOHOB, C JPYyroil — yMEHBILUTH NPHUMEPHO B
5 p 3 ¢uioeHC OBICTPHIX HEHTPOHOB H KOHCTPYKTHUBHBIC DJIEMEHTHI MHIIECHH U
61 HKeT . OCHOBHBIE IT P METpPBI 3TOM MHIIEHH YK 3 HHBI B T 671. 16.

T 6muy 16. OcHOBHBIE T P MeTPbI CBUHIIOBO-BHCMYTOBOM MumieHH [30]

IT p meTpsl Bpunrl | B punr?2
Tok npotoHos npu eHeprun 1 I'eB, MA 111 166
KoagduimenT KoHBEpCcHH IPOTOHOB B HEUTPOHBI 29 29
TennoB 9 MonHOCTH MUllleHH, MBT 77 116
P X0l ®BTEKTHKHU JUTA OXJI KIEHUS MUINEHU, M° /4 200 200
M Kc. TeMIep Typ BHYTp. MoBepxHOCTH Be-koHyc , °C 600 680

T um 106 A MuuieHs B BEPTUK JIbBHOM HUCIIOJIHEHUH MOIIHOCTBIO 25 MBT, BbI-
MOJTHEHH § B BHjIe H 60p 15 IIOCKMX TOPHU3OHT JIBHBIX IMJIMHIAPUIECKUX JAUCKOB
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TomuuHON 30 MM K XJIbI, C BHYyTPEHHUMH K H JI MU JUI IPOXOJ TEIUIOHOCHUTENS
[31]. Mumens 661 p 3p 00T H I MOOKPUTUIECKOTO BOIO-BOASHOTO O HKET
[0 TUIly KTUBHOM 30HBI pe KTop BBDP (PWR).

5.2. Koncmpykyusa muuenu POU u OKE «l'uoponpecc».B ®OU ¢ yu cruem
OKB «['muponpecc» p 3p 60T Hbl OB KOHLENTY JIbHBIX MPOEKT KHAKHX MH-
nieHeil: co cBMHUOM H MomHocTh 10 MBT u co cm Bom Pb-Bi H MormmHOCTh
25 MBT npu sHepruu npotoHos 1 3B u Toke 25 MA. IlpenmyiiecTBoM XHi-
KOH MHIIEHH co cIul BoM Pb-Bi sBnsiercs H nune TEXHOJIOTUH, p 3p OOT HHOM
U OCBOCHHOM H pe KTOp X TOMHBIX MOOBOAHBIX JIOHOK. Hemoct Tkom Pb-Bi-
MHLICHH SBJsgeTcs 00p 30B HHe NonoHUA-210, HENOCT TKOM CBUHII SIBIISIETCS BbI-
coK g Temrep Typ Iul BieHus (okosio 327 °C) 1 BbICOKOE TEIUIOBOE P CIIUPEHUE.
Cepbe3Hoil pobaeMoll KHAKMX MHIIEHEeH IPH BBICOKMX 3H YEHMSIX TEIUIOBBIIE-
JIEHUS SBJISeTCS pereHep U (OYMCTK ) M TepH J MHMIIEHH OT 0Op 30B BLIMXCS
IPOLYKTOB SAEPHBIX Pe KILHI.

B H crogmee Bpemsa B ®OU npu yu ctun OKB «['mpponpece» ocymecTsmns-
eTcd CTeH/0B 5 nposepk Pb-Bi-mumenu (rp st MHTL).

5.3. Koncmpyxkyus muwenu BHUUT®.H ocnoe rp ot MHTL ocymie-
cTBIseTcsa p 3p OOTK TBepaod 3HOM mumneHd B Buge TBC OpicTporo pe Ktop
¢ 20 % pByoxkuchlo wid HUTpUI MU yp H [32]. IlepBoH 4 JIbHO B K YECTBE Te-
IUIOHOCHUTENS MHUIIEHH P CCM TPHB JIOCh OXJI XIEHUE CBUHIIOM WIH P CIU1 BJIEH-
HBIMHU COJISIMH, IT03IHEE BBIOpP JIM ®BTEKTHKY CBUHEL-BUCMYT. MOILIHOCTh MHUILIEHU
50 MBT.

AH 7U3 pe3yNbT TOB BBIIOTHEHHBIX KOHIIETITY JIBHBIX HCCIENOB HUIl CBUIE-
TEJIbCTBYET O MPEUMYILIECTB X HMCHOJIb30B HHSl CBUHLIOBO-BHUCMYTOBOI ®BTEKTUKH,
o0 11 IoIeil yIOBIEeTBOPUTEIBHBIMA SAEPHO-(PU3NUECKIMH U TEXHOJIOTHYECKIMHU
CBOWCTB MM C TOYKM 3PEHHS UCIIOJIb30B HUS €€ B K YeCTBE M TepH J1 HEUTpPOHO-
npou3Bojsieil MurieHH. Hem JT0B XHBIM 00CTOSITEICTBOM SIBIISIETCS] OCBOSHHOCTb
9TOTO BUJI TEIUIOHOCHUTENS B pe KTOP X TOMHBIX MOABOJHBIX JIONOK. OfH KO H
MYTH OCBOEHHS 3TOr0 M TepH J1 B MumIeHsx DJISIY mmeercs psanx npobiem:

— HeoOXOOUMOCTh HCIIONb30B HUS P 3/eJTUTENIbHOM MeMOp HbI (OKH ) MEXIy
00bEMOM MUILIIECHN U YCKOPHUTENIEM, UTO BEAET, BO-IIEPBBIX, K HEKOTOpOMY oci Oie-
HHIO M4K [POTOHOB, BO-BTOPBIX, K P M LHOHHOMY OXPYITYMB HUIO MeMOp HbI
W JUCT HIMOHHOH 3 MEHe Iociie BhIp OOTKH pecypc ;

— B3 HMOJICHCTBUE MYYK IIPOTOHOB BBICOKOW MHTEHCUBHOCTU C IIOBEPXHO-
CTBIO MUILICHU;

— B3 UMOJEHCTBHE MHUIIEHH U OJ1 HKET , 0COOEHHO KTHUBHBIX, IO THILY Ipen-
1 r embix BHUUTO;

— H3MEHEHHE M30TOIHOIO COCT B M KTHBHOCTH MHUIIEHH B Ipoliecce 3KC-
Ty T UMH U PAA OPYTUX.

[IpuBenem pe3yabT Thl U3y4eHHS KTHBHOCTH MuileHH [1,33].

— OCHOBHO# BKJI A B KTHBHOCTh Pb- m Pb-Bi-muineneil 1 10T HyKIUIH,
0o0p 30B HHBIE B pe KLMSIX IJIyOOKOro p cuieruieHust ( He M30TOIbI MTOJIOHHMS).
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— IlonHple KTHBHOCTM MUILIEHEH W3 CBUHLl W CBUHIl -BUCMYT OJIM3KH
MEXJIy cOOOii.

— JloMuHUpYOIIKI BKJI I B KTUBHOCTh MHUINEHEH OOYCIIOBIIEH pe KUUSIMH
[IyOOKOTO p CULICIUICHHS! B BBICOKO3®HEpreTndeckoi u crtu (> 20 MaB) neliTpon-
HOTO M MPOTOHHOTO CIIeKTPOB. IMEHHO B 3TOil 001 CTH HEOOXOMUM TII TEIbHBII

H JIU3 SAEPHBIX 1 HHBIX.

— BXJ3 1 B MOJHYI0 KTUBHOCTh MHUIIEHH IPOXYKTOB HEJICHUS COCT BIISET
10-15 %.

— H xomnenune TputHs NpuOIN3UTEIFHO OIUH KOBO BO BCEX MHIIEHSX, U €r0
BKJI 11 B TIOJIHYI0 KTHUBHOCTB COCT BisieT 50 % Juid CBHHLIOBOM MHILEHU B NEPUOL
BpeMeHd OT 3 o 30 neT U B 1B p 3 HUXE U1 CBHHLIOBO-BUCMYTOBOM MHIIIEHU
JUIS TOTO € BPEMEHHOI'O MHTEpB J .

HeobxomumMo oTMeTHTh, YTO (PU3NKO-XMMHYECKHE CIHEKTHI XKHAKOMET JUTH-
YEeCKMX U XUIKOTOIUIMBHBIX MHIIEHEH HM3y4eHbl HEHOCT TOYHO, H YTO 0Op THIIH
BHuUM Hue B.HM.Bonk u A.JO.B xpywun [34]. B ciayd e ucnonb3oB HUA YK 3 H-
HBIX TUIIOB HEWTPOHOIIPOM3BOISIINX MUILEHEH MoTpebyeTcsl MpoBeleHue 3H M-
TEJTBHOTO 00BbEM P CUYETHBIX U DKCIIEPUMEHT JIbHBIX P OOT.

6. KoHcrpykTiBHbIe cxeMmbl 01 HKeToB DJISIY. Bo3moxHO mpoBecTn KIT c-
cUUK IUI0 HOgKpHUTHYECKHX 671 HKeToB DJISIY mo crenyomuM Mpu3H K M:

— LEJIEBOMY H 3H YEHUIO U TOIUIUBHBIM LIUKJI M;

— BHIY TOIUIUB U MUIIEHHBIX M TEPHU JIOB;

— BHY TEIUIOHOCHUTENS U 3 MEUIUTENS;

— CHEKTPY U BEJTHMYHHE IUTOTHOCTH MOTOK HEWUTPOHOB;

— KOHCTPYKTUBHOMY HCIIOJTHEHUIO.

B mepBylo odepenp, IpH Cp BHEHWH p 37MUYHBIX B PU HTOB OJ1 HKETOB He-
00X0IMMO UMETh B BUIY IielieBoe H 3H ueHue DJISIY, yK 3 HHOE BbIlIe, KOTOpPOe
onpenenseT KOHCTPYKTUBHYIO CXeMy, PEXHM BOKCIUTy T LMK U TOIUTMBHBIN LUK
YCT HOBKHU. DTO 03H Y €T, YTO IPEXJe BCEro CleayeT ONpeesuTh MPUHLUIHN JIb-
HBle 0COOEHHOCTH U 5(pPeKTUBHOCTD Mporecc Tp HeMyT nuu JPAO mpu Beibope
KOHCTPYKTHBHOM CXeMbI O/ HKET B K YeCTBE NPUOPUTETHOH 3 1 um DJIAY.

OCHOBHBIM KJ1 CCU(PMK IIMOHHBIM IIPU3H KOM TBEPAOTOIUIUBHBIX OJ HKETOB
ABJISETCS UCTOJIb30B HHUE SEPHOrO TOIUIUB U MUIIEHHBIX TP HCMYTHPYEMBIX M -
TEpU JIOB B TBEPHOW ¢ 3€ B BUJIE TBIIbHON KOHCTPYKLUH C TEPMETUYHON 0060I10Y-
KOH, H npuMep, B Bulle crepxkHeid ¢ MOX-TOIIuBOM.

OCHOBHBIM KJI CCH(DUK LHOHHBIM IIPH3H KOM KHMAKOTOIUIMBHBIX OJ HKETOB
SBJIETCS UCIONB30B HUE TOIUIMBHOTO M MHUIIEHHOTO M TEpH JIOB B XUIKOH ¢ 3€,
H NpUMEp, B BHE BOIHBIX P CTBOPOB CoOJIel (HUTP THBIX) WM CYCHEH3Hii OO B
BHJE XMAKOCOJIEBBIX P CIUT BOB.

B K uyecTBe TEIIOHOCUTENS M 3 MEUTUTENS P CCM TPHUB JIMCh JIETK 4 U Td-
KeJl d BOX , TeJIUH, H TPUIl, CBUHEL, 9BTEKTUK CBHHEL-BUCMYT, P CIUT BIICHHBIE
COJH, T.e. TP KTUYECKH Bech H OOp M TEpH JIOB, KOTOPBIE MOTYT OBITh HUCIIOIB30-
B HbI B DJIAY.
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C TOYKM 3peHHs] KOHCTPYKTHMBHOI cXeMbl OJ HKET BO3MOXHBI K H JIBHO-
KOPIIYCH £ U KOPIIyCH 9 KOHCTPYKLUH.

AH nmu3 onmyOnMMKOB HHOM MH(OPM IIMU CBUIETENBCTBYET O TOM, YTO B Iie-
puox 1993—-1999 rr. B AnepHBIX H yYHO-UCCIIENOB TEIbCKUX LEHTp X Poccum mpo-
BOJIWJIOCH KOHLIENTY JIbHOE W3YYeHHE 3H YMTEJIBHOIO YUCJ B PH HTOB OJ HKETOB
DJISY. B p MK X H CTOSIIEH CT ThH HET BO3MOXHOCTHU IPUBECTH MTOAPOOHOE OMH-
C HHME M Pe3yJbT Thl P CUETHOIO HCCJIEOB HUS STHUX B PH HTOB, ITO3TOMY OIp -
HUYUMCS JIUIIb KP TKUM IIEPEUUCIIEHHEM 4 CTU 3THX B PH HTOB.

6.1. B pu nmul 621 HKkemog, uzyuernvie 6 UTIHD. IIpoBeeHbl KOHLENTY JIb-
HbIe p CYETHBIC HCCIIENOB HUS CIEAYIOIIMX B PU HTOB OJ HKETOB C TBEPABIM U
XMJIKUM TOIUTMBOM, JUIS KOTOPBIX OOIIUM SIBJISIETCSI, BO-TIEPBBIX, BEPTHK JIbH
KOMIIOHOBK , BO-BTOPBIX, P 3MEIICHHE HEHTPOHONPOU3BOAALICH MUIIEHU B ICH-
Tp JIBHOU Y CTH.

1. K H JIBHO-KOPILyCH 9 KOHCTPYKIHMS C TAXKEJIOU BOHOI B K 4YECTBE TEILIO-
HOCUTEN U 3 MEUINTENS B CIEMYIOINUX MOJU(HUK LHAX:

— IO THUIy KOHCTPYKLMI OTEYECTBEHHBIX TSAXKEIOBOIAHBIX pe KTOPOB U K-
TUBHOH 30HBI TAXenoBoaHoro pe ktop CANDU c p 31u4HBIME BUI MH TOIUIMB
(obor IIeHHbIH Yp H, OpyXeUHbII U HEPreTHUECKUH TUTyTOHUH, TOPHiA) ¥ MUIIe-
Heil B TBepoid ¢ 3e. [1 p MeTpsl oTHX B pu HTOB OJ HKET IIpUBEAEHHI B T Onuie
17 [19,27];

— XUIKOTOIUIUBHBIN TSKEJIOBOIHBINA 61 HKET C K H J MU-MOJYJISIMU, BHYTPH
KOTOPBIX OCYIIECTBISIETCS NMPUHYAUTEIbH S HUPKY/ISAIMS XKUIKOTO TOIUIMB B BUJIE
P CTBOp WM B3Becell B TAXKENOH BOJAE C IMOMOIIBIO CIEIH JBbHBIX BTOHOMHBIX
H COCOB, P CIIOJIOXEHHBIX B HUXHEH 4 CTH K XHoro momynd. K Xxmeii Momyib
WMeeT WHIWBHUIY JIbHBIC JIMHUU JUI1 OTOOp TOIUIMBHOH CMeCH IUISI OYHUCTKH OT
MpOIyKTOB neneHus [28];

— M0 TUMY KTUBHOM 30HBI JIETKOBOJHOTO pe kKTop BBDP, B KoTOpOM y1 -
seHo 7 TBC B ueHTpe KTHUBHOH 30HBI LIS P 3MELICHUS HEHTPOHOIPOU3BOIALIECH
MHUIIEHH, KOTOp g OTAeNeH OT O HKEeT KOJBLEBOH HWIHHAPUYIECKOH CTEeHKOH,
P CCUMT HHOU H J BJE€HHE NepBoro KoHryp [35].

2. KopnycH s KOHCTPYKLUS:

— [0 TUIy KTUBHOU 30HbI TsXenoBogHoro pe ktop CANDU c p cnt BiieH-
Hoit cospio ‘' LiF-BeF5-PuF, (77 %-22 %0—1 %) 1 TSIXKETOBOAHBIM 3 MEIJIUTEIIEM, B
KOTOpoM p ctBopeH *°Tc g momiepX HUs 3 1 HHOTO YPOBHS MOJKPUTHYHOCTH
[361;

— COBMEUIECHH 51 MUIIeHb — OJ1 HKeT ¢ Pb-Bi-sBTeKTHKOI B K 4ecTBe M Te-
pu J1 MullleHU U p ciul BieHHOU conblo NaF-ZrFs-PuF3; B K yectBe HOcuTens B
6 sHKere [37];

— TOMOTeHHBII OJ1 HKET C p CTBOPOM TOILIMB B Tsixenoi Boge DJISIY UTA ¢
BBICOKOI INTOTHOCTBIO TEIUIOBBIX HEMTPOHOB, KOTOpPYI0 000cHOB 11 b.P.Beprenscon
[38]. OmH u3 p ccMOTpeHHBIX MOIUGUK LUl oTHOcHUTCH K DJIAY ¢ nByms romo-
TeHHBIMU OJ1 HKET MU C OOCIHEHHBIM yp HOM B K 4eCTBe (DepTHIBHOTO M TEpH JI
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T omun 17. I1 p MeTpsI TAKeIOBOAHBIX 01 HKeToB DJISLY

IT p merpsl B pu ur B pu ur
HUTHD-OKEM | CANDU

TennoB g momHOCTH, MBT 1100 2064
DreKkTpryecK 5 MOITHOCTH, MBT 350 660
JI BieHue terioHocurens 1-ro koHTyp , MII 10
MoiHocTh My4k HNpoTOHOB, MBT 15
DHeprus npoToHoB, MaB 1000
KoadduumeHt Ko 0,97 0,95-0,96
[I10THOCTH MOTOK HEUTPOHOB (CpenHss), em 2.7t o 510
KomuuectBo x H 110B ¢ TBC 626 380
Komuuectso TB35108 B TBC 36 37
IImuH  KTUBHOM Y CTH TB®Ja, M 6 5,94
KoandecTBo K H JIOB ¢ MUIIEHIMH 54
Temmep Typ Temnonocurens H Bxoge B TBC, °C 270 266

H Bbixoge u3 TBC (cpenuss) 300 310
CKOpOCTb Tp HCMYT LMW TE€XHeLHs, KI/TOx 150

I7Is TIOJydeHUs IUTYTOHHMS (TIepBbIi 071 HKET), KOTOPHIH 3 IPyX €Tcsd BO BTOPOUH
671 HKET [Id IPOU3BOJICTB SHEPIUH.

3. CeKknMOHHPOB HHBIC O HKETEHI.

Kp Tk 4 ucropudeck 4 crp BK . e HEHTPOHHOIO YMHOXUTENS, BBICK -

3 HHyI0 BriepBeie 6osee 30 et H 3 1 JI.b.Bopcrom [40], mepBoH 9 JIBHO MpEATo-
JI T JIOCh UCIOJIb30B Th B CEKIIMOHHPOB HHBIX pe KTOPHBIX CHCTEM X C «3 II JIb-
HBIM» pe KTOPOM JUIsi NOiydeHHs: Oojiee BBHICOKOTO BBITOp HHUS TOIUIMB B IOA-
KPUTHYECKUX CEKLUIX U A MOyYeHHs MpPee/IbHO BHICOKMX IOTOKOB TEIUTOBBIX
He#iTpoHoB. B Poccuu ati Bompock Briepsbie Kp TKO p cemotpen B.I'.IlyboBckuit
(®3H) [41]. B 1958 r. mox pykosoactBoM A.W.Jleiimynckoro 8 DU 6b11 co-
OpYXeH 9KCIIEpUMEHT JIbHBII pe KTOp, B LEHTPE KOTOPOro H XOIMI Ch OBICTP 4
KpUTHYECK 9 COOPK , OKPYXEHH § CH PYXHM LWIMHIPUYECKUM DKP HOM M3 Me-
T JUIMYECKOTro yp H -238, BRIIONHSIOMIEro (hyHKIUI HedTpoHHOro BeHTWw1Id (HB),
BOKpPYT HEro p 3Mell J Cb INOJKPUTHYECK 4 yp H-BOAH ¢ PEIIETK C MPHUPOI-
HBIM yp HOM. 3 TeM HOed CEKLUHOHHPOB HH4 KTUBHOH 30HBI ¢ nomompio HB
ObUT H J0NTo 3 OBIT W BHOBb BO3POXAEH B CBI3U C p 3p OOTKOI HMMITYJIBCHBIX
SJIEPHBIX pe KTOPOB. 3H YMTEJbHBIA TEOPETUUECKHd BKJI 1 B p 3p OOTKY uueu
CEeKLIMOHUPOB HUS VI UMITYIbCHBIX Pe KTOPHBIX cucteM U DJIAY BHecnn co-
tpynauku BHUHD® non pykosouncteom B.d.Konecos . B p 6or x BHUUDD
ObUIO MOK 3 H TPHHIMIIK JIbH S BO3MOXHOCTH HMOBBIIIEHUS YPOBHS YMHOXEHHS
HEWTPOHOB MCTOYHHMK W CHIDKEHHUS TpeOOB HMI K TOKY IpOTOHOB B 5—10 p 3 s
CeKIIMOHUPOB HHOTrO OJI HKET C HENTYHHEBOHW 3 IPy3KOW B NepBo cexuuu [42].
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B nepuox KoHuenty JpHBIX ucciaenoB Huil DJISIY corpymnuku UTOD® u
MHU®U u3yd M KOHCTPYKIHIO CEKIIMOHHOTO MOAKPUTHYECKOro OJ HKEeT C Co-
cr BHBIM HB Mexmy cekumsMu, cocTOsIMM M3 Tomiowl tomei (K pbun 6op ,
K IMHUH WM JBYOKHCH HENTYHHS) M 3 MeUIAomeil (IIpocT s U TaXen s Box , Oe-
pwIHii, Tp (UT) U CTeil, Moo IOIIUM TeIIOBble HEUTPOHBI U 3 MEISIOUIIM
ObicTpbie HEHUTPOHBI [43,44]. B aTux p 60T X OBUIM P CCMOTPEHBI B MPUHIIMIIH-

JIBHBIX Bompoc . OJMH U3 HUX OTHOCHJICS K BO3MOXHOMY BBIMIPBIIIY B TOKE MpPO-
TOHOB ¥ YMHOXEHHIO HEHTPOHOB B 051 HKeTe. [[pyroii ObIT cBsI3 H ¢ obecrneyeHneM
6€e3011 CHOCTH CEKLIMOHMPOB HHBIX 01 HKeTOB. [IOK 3 HO, 4TO MCIONIB30B HHUE CO-
ct BHoro HB, B KOoTOpOoM UMeNn Cb OKMCHh HENTYHHS, A€T €T CEKLIMOHUPOB HHBIE
671 HKETHI IOJTHOCThIO O€30I1 CHBIMH IpU B pUHHBIX cUTy nusx. I[locnmenyromue
Teoperndeckue p 60tel B UTOD® u B Apyrux H Y4HBIX LEHTP X MO CEKLIHOHUPO-
B HHBIM 0671 HKeT M DJISY mox 3 i, 9TO BO3MOXKHBIN BBIUTPHIII B TOKE IPOTOHOB
COCT BHUT IPUMEPHO 2—5 P 3 11O Cp BHEHHIO C HECEKIIMOHUPOB HHBIM OJ1 HKETOM.
B 10 X)e Bpems B [45] ObUIO MOK 3 HO, YTO NPHMEHEHHE CEKIIMOHUPOB HHBIX
cucrem npu Kypp = 0,94—0,96 asngerca M 102thheKTUBHBIM B CBA3M C M JIOH
npenesbHON TEIUIOBO MOIIHOCTBIO OJ HKET U CpP BHUTENBHO HEOOJBLIMM BbI-
UTPHIIIEM B YMHOXKEHUHM HEUTPOHOB U 4YTO 3((eKT JBONHOrO YMHOXEHHS 3 METHO
npossndgercs npu Kypg = 0,98—0,99. T kum 00p 30M, 3TH, T KXKe€ Pe3y/lbT Tbl
p cueroB ObicTpoTerioBoro 61 HKeT DJISIY [46] cBUEETENBCTBYIOT O p CXOXJe-
HHUHU Pe3y/IbT TOB P CUETOB P 3JMYHBIX BTOPOB, YTO TPeOyeT DKCIIEPUMEHT JIbHOU
MIPOBEPKH.

Oct HOBUMCSl Gonee noppoOHO H  Kouuenimu DJISAY ¢ nByms cekumsimy,
KOTOp ¢ mpemt I ercd B H crosuiee Bpemss UTOD®D B K yecTBe OCHOBHOM HjeU
co3n Hus Oymymmx DJISY [1,46]: BHyTpeHHsSI ceKuus ¢ OBICTPBIM CIIEKTPOM
HEUTPOHOB, BHEIIHSS — C TEIUIOBBIM CIIEKTPOM. B ObicTpoil cekimu On HKeT
ucnosb3yeTcs Pb-Bi-sBTeKTUK C ecTecTBEHHOW LUPKYISIMENd B K YeCTBE TEIIo-
HocuTensl. B TemsioBoil cekumu O HKET , MpeNcT Bisdiolleil cobolf K H JIbHO-
KOPIIYCHYIO KOHCTPYKLIHIO, IPUMEHAETCS TSXKe 4 BOJ, B K YECTBE TEIUIOHOCHUTEIS
u 3 MemmmTend. B 000X ceKumsax 3 rpyxX ercs TOIUIMBO M3 CMECH OKCHIOB Pu
u Th; %9Tc, p cTBOpeHHBIl B TAXeNOi BOjie, UCMONB3YeTCA B K YECTBE KOMIEH-
c Top pe KTUBHOCTH. CEKLIMOHH 51 CTPYKTYp OJ1 HKET I103BOJIsIeT 0OeCevnuTh
o6muil KoahumenT yMHoxeHns HeUTpoHOB Kygp = 0,99 (npu Kyqq Temnosoit
cexuyy, p BHOM 0,95) u Tok npotoHoB 10 MA, npu oO1meil TemIoBoil MOIIHOCTH
BJIAY 2300 MBT. Dro nozsonser B TedeHune 30-j1eTHero nepuon p OOTHI yCT -
HOBKU YHUUYTOXHUTb 0KOJI0 25 T opyxeiiHoro Pu. Ilpu atom 10 T Th BoBnexk ercs
B TOIUTMBHBI LWKI ¢ H KomwieHueM 6 T 233U U ero p cXomoB HHMEM B KOJNM4e-
cTBe 4 T 11s pou3BoAcTB dHepruu. Okomo 3 T “9Tc MoXeT GbITh YHHUTOXEHO B
TEUeHUe MOJHOTO CPOK P OOTHI YCT HOBKH H TIOJHOM MOIIHOCTH. MOXeT OBbITh
TP HCMYTUPOB HO 2-3 T Am, €CclM OH HCHOJb3YyeTCd B K YECTBE BBHIFOD IOLIETO
MOITIOTUTENS B TEIUIOBOM O HKeETe.
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Jpyroii B pu HT CEKIHOHHPOB HHOro 07 HKeT MoinHocThio 2000 MBT(T)
o6u1 p ccmotpeH B UTD® u BHHUMHM H oOCHOBe HCHONB30B HUS TAXKEIOU
comun NaF(34 monb %)-PbF2 (66 momb %) (¢ Temmep Typoii 1t BieHus 498°C)
U C p 31IMYHBIMM TOIUIMBHBIMM LUKJI MU [38]. HccnegoB Hus m p METpoB 3TOU
YCT HOBKH MOIIHOCTBIO 2 I'BT (T) B p 3NMHMYHBIX TOIUIMBHBIX LUK X TOK 3 JIU
cliefyonee.

Inymonueesniii monauenwiti yuka. B tedenne 20-leTHero nepuop oOnyde-
HUS B TOIUTMBHBIA IIMKJI BOBJIEK eTcd OKosio 20 T ®HEpreTH4ecKoro IUTyTOHUS U
MII JIINX KTUHHUAOB. B pe3ynpT Te oOiydeHHs crop er okoio 14 T TaXembix
areMeHToB. KoadduimeHT Koupepcun miyToHus coct Bisger 80 %, mepuuus —
30 %. O6p 3yercst okoso 0,5 T M30TONOB Kiopus U MeHee 1,5 Kr Gonee cT pruux

KTUHHUIOB.

Luxkn mp Hemym yuu Henmynusa. B ron ps BOSMOXHOCTH CO3J HUSL CH-
CTEMBI C XECTKMM CHeKTPOM HeHTpoHoB 23"Np 4 CTUYHO HENMTCS B CHCTEME,
TIPOIYKT XK€ €ro 3 XB T 2°°Pu 061 1 €T B T KOM CIHEKTpe XOPOIIUMH JeJIAII1-
MUCSI CBOWCTB MH, 4TO OOYCITOBJIUB €T BBICOKYIO 3(h(peKTUBHOCTh UKJ . 3 40 ser
p GOTHI YCT HOBKM B peXuMe TP HCMyT LIUHU B TeueHue mepBbix 30 JIeT ¥ J0XH-
I HAS HYKJIMOB B TedeHHe mocienyommx 10 jer MOXHO YHHYTOXHUTh OKOJIO
25 T HenTyHus ¢ BbICOKUM Koadduuuentom konsepcun: 0,985. T xoe xonuue-
CTBO HENTYHHsI 00p 3yercs B cucteMe u3 40 JIErKOBOAHBIX Pe KTOPOB MOILHOCTBIO
1000 MBT (), p 60T romux B TeueHue 40 jer.

ILnymonuti-mopuesniii yuka. 3 40 et p 60T YCT HOBKH (B pexXHMe KOHBEp-
cuu B TeyeHue 30 J1eT) U JOXUT HUS HYKJIWJIOB B TeueHue 10 JieT, MOXHO BOBJIEYb
B TOIUIMBHBIN LIUKJI OKOJO 16 T TOopus ¢ KoadguuuenroMm Konsepcuu 0,77 u 19 T
®HEPreTHYEeCKOro IUTYyTOHUS, HENTYHUS U Mepulus ¢ Ko3(hHIHMEeHT MU KOHBEp-
cuu 0,7, 0,845, 0,23 coorBeTcTBeHHO. Byner yHuuToxXeHO 0K0MO 30 T TSKENbIX
BIIEMEHTOB.

Bo Bcex TOIUIMBHBIX LIMKJ X MOXHO HCIIONB30B Th T KXe€ JIETKO pe JIu3ye-
MYIO B XHAKOCOJIEBBIX CUCTEM X CXeMY BEIEHHS K MIT HUH yCT HOBKH C BBIBOIOM
n3 O HKET B Xp HIWIMIIE HYKJIMAOB Kiopus. B atom cimyu e oOp 3ymommuecs B
Xp HWIMILE B Pe3ylIbT Te p CH 10B Kiopus HykKauasl 2>SPu u 24°Pu menpepnisHo
BO3Bp I IOTCS B ON1 HKeT. B T KOH cXeMe BO3MOXHO B HECKOJBKO P 3 CHH3UTh
KTUBHOCTh XKHMAKOTO TOIUVIUB U CBECTH K MUHHUMYMY H KOIUIEHHE BBICIIHX K-
tuannoB (?*°Cm u 1.1.). OIH KO CyIIECTBEHHBIM HENOCT TKOM IIPE T eMoii
CHCTEMBI SBIISIETCS BBICOK §1 TEMIEp Typ IUT BJICHHUS COJIH.

6.2. B pu umwl O Hkemos, usyueHHvie 6 Kypu moeckom uncmumyme. B
PHL] KU1 uccrnenor au a8 B pu HT Oa HKeT i DJISIY.

— C 1Ban1 MU B Buie Mukpoctep tun pe ktop BTIP u remuesbiM Temno-
HocuteneM [47]. TomuBoM siBisieTcsl TPUPOAHBIA WM 00Or IIEHHBIH Yp H, B
K 4ecTBe (PepTUIIBHOTO M TEpH J HCIIONb3YeTCs ABYOKHCHh TOPHS C IUIOTHOCTHIO
towme ot 0,2 10 2 r/cM3. YpoBeHb MOJKPUTHYHOCTH OJ HKET H XOMMTCH B
npenen x ot 0,79-0,93.
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— JIByXCEKLIMOHHBIN OJ HKET C P CIUT BICHHBIMH (PTOPUCTBIMU COJISIMH THII
53NaF-41ZrF4-6XF, ( B mepsoii cexuun) u 69LiF-28BeF,-3XF3 (Bo BTOpOIt cex-
mun), rae X 0003H 4yeHsl Hykmael TYD [48]. B x decTBe BHEITHEr0 MCTOYHHK
HEUTPOHOB HCIOIIB3YETCS BJIEKTPOHHBIN YCKOPHTENb C IOCIEAYIOUINM KOHBEPTH-
POB HHEM 3JIeKTPOHOB B y-KB HTBI U 3 TeM 3 CYeT pe KUuH (Y, n) — B HEUTPOHBI.
ABTOpBI IIPEIVIOKEHUS YTBEPXK 0T, YTO MCIIOb30B HHUE JBYXCEKLIMOHHOTO OJI H-
KeT [ €T OCHOB HHE I ®HEpreTMYeCKH BBITOJHOTO HCIIONIB30B HUS 3IEKTPOH-
HOIO yCKOpHTeNs ¢ aHeprueil anekTpoHoB 100 MsB u Ttokom 1 A.

6.3. bn HKem H OCHOGe p CHJ GJeHHbIX coell, uzyuenHuiti 6 BHUUT® [32].
Crietn siictsl BHUMT® 13y4 10T BO3MOXHOCTD HUCIONB30B HUS P CIUT BIGHHOM
comu tun  67LiF-33BeFs, B cocT B KOTOpOro MoxeT ObITh BKITOUeHO 10 10 %
MOl yp H # 0 1 % wmon. miyroHus. B K decTBe 3 MeutuTens I HNOTydeHUS
TEIUIOBOTO CHEKTP HEHUTPOHOB B 011 HKeTe BBIOp H Ip ¢ur. i MeTp M BBICOT
671 HKeTa BBHIOp HBI P BHBIMH 5 W 5,5 M COOTBETCTBEHHO. TeIioB S MOIIHOCTh
p BH 500 MBT npu K,gq = 0,97.

Kpome npuBeneHHbIX 3/1eCh B PU HTOB CBOM COOCTBEHHBIE IPop OOTKM 61 H-
KetoB u DJIAY B nenmom BeimoaHsaau cneuu jguctel BHUUD®, ®D, HUKHUDT,
OKB «I'mgpompecc» OUSU, UDPBD, UAU, MUDPU, UATD.

7. Kp TRMii H JM3 Npel T eMbIX B PU HTOB MUINIEHel U 0J1 HKeToB. K -
YECTBEHHBII H JIU3 P CCM TPUB €MbIX B PU HTOB MHUILIeHeH u 01 HKeToB DJIAY
MO3BOJISIET OTMETHTH CIIEYIOIINe OCOOEHHOCTH, KOTOPBIE CIIENOB JIO Obl YYUTHIB Th
npu oTOope B pU HTOB IS HOCIEyIoIeid p 3p GOTKU MPOEKT JEMOHCTP LHOH-
HOW TP HCMYT LIMOHHOH ycT HOBKH. COBEpPIIEHHO OYEBHIHO, YTO MHOIOB PU HT-
HOCTB JIOIYCTHM TOJIBKO H CT JIMM KOHLENTY JIbHBIX HCCIIEIOB HUM C LEbio 000-
CHOB HHOTO BBIOOp OJHOTO WIH IBYX B PH HTOB IUIs MOCIEAyIOIIEeH p 3p OOTKH
neMoHcTp 1uoHHON DJISY. Ecnu p HXHUPOB Th NMPHOPUTETHOCTH HCIIONB30B HUA
Ipe/T T eMbIX B PU HTOB, UMeS B BUAY I BHYIO 3 1 uy DJIAAY — Tp HeMyT 1uio
JOPAQO, TO MOXHO YK 3 Th H CJIEIyIOIIUE TPUOPUTETHI.

1. Co3n Hue G HKETOB C BBICOKO INTIOTHOCTBIO IMTOTOK TEIUIOBBIX HEHUTPO-
HOB SIBIISIeTCS, K K OBUTO YK 3 HO B p 3a.1, mpuopureTHod 3 1 4yeidl. Hu omumn
U3 MPEUIOKEHHBIX B pu HTOB DJISIY He 0611 I €T IIOTHOCTHIO MOTOK TEIUTOBBIX
neiirponos > 10'° cm~2.c~!, kpome ycr HoBku UTA c romoreHHnIM 61 HKe-
ToM [38].

2. Co31 HHME CeKLMOHHMPOB HHBIX O/l HKETOB C COCT BHBIM HEHTPOHHBIM BEH-
THJIEM, TOCKONIBKY HMX HCIIONIB30B HUE MO3BONSET CHHU3UTH TPeOOB HUSI K TOKY
myyk npotoHoB. Cpean yK 3 HHBIX BBIIIE MMEETCS 10 Kp WHel mepe IsiTh p 3-
JINYHBIX B P HTOB CEKIMOHUPOB HHBIX OJ1 HKETOB.

3. P 3p OOTK COCT BHOW MHUIIIEHH — OJI HKET SBIISETCS B KHOH C TOYKH
3peHus YJIydIleHUs HEUTPOHHOro O J HC U ®KCIUIYy T LMOHHBIX X P KTEPUCTHK
DIIAY.

4. Taxen g BOO B K YECTBE TECIUIOHOCUTENS M 3 MEIJIUTENs OOecIieuuB eT
¢ Mble Jiydnie (pU3MYecKue X p KTEPUCTUKH TEIUIOBbIX OJ HKETOB, OOH KO OT-
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CYTCTBUE ee IpPOU3BOJACTB B Poccum, T KXXe WHTEHCUBHBIH p AuONU3 U 00p -
30B HHME TPUTHS IIPU BBICOKHMX IOTOK X HEHTPOHOB [e7 €T MpoOJieM THYHBIM €e
UCTIOJIb30B HHE.

5. Hcnonp3oB Hue (HTOPUCTBIX COJIEH K KETCs, H MEpBbId B3I, OYEHb
3 M HYMBBIM, OfIH KO OIBIT 3KCIUIy T LIMM HCCJIEIOB TenbcKoro pe ktrop MSR
(Ox-Pumx, CILIA) cBUIETENbCTBYET O H JIMYUM PNl 3H YUTETbHBIX HEJOCT TKOB,
HE TOBOpsl O TOM, 4TO B Poccuu Her onbIT p GOTHI C OTUMH COJISIMH.

6. [IpumMeHeHne TOIUIMB ¥ MHUIIEHEH B TBEPAOM ¢ 3¢ OIp HUYMB €T BPEM: €ro
p GoTbl B 011 HKeTe, TpeOyeT MHOTOKP THBIX LMKJIOB OOJyUeHHS, PETPOLIECCHHT
U pedp OpUK LIMHM, YTO CBSI3 HO C OINPEJESICHHBIMU IIOTEPSIMH M TEPH JIOB BO BpeMs
9THX IpoueccoB. Mcronb30B HUE XUIKOTO TOIUTUB  OoJiee MPEeAroYTUTENbHO, T.K.
HUMeeTCs BO3MOXHOCTh HENPEpPBHIBHON MOANUTKHU IESIUMUCT U TP HCMYTHUpYe-
MBIMH HYKJIMI MU ¥ BBIBOJ ITPOOYKTOB JeJICHUS M3 O HKET M, B CBS3M C 3THM,
obecriedeHns! TITyOOKOTO BBITOp HES TOINHB , Onm3koro K 100 %. OgH Ko H myTH
pe M3 MM TOMOTEHHOTO XHMAKOTOIUTMBHOTO 671 HKeT BJIAY ¢ BbicoKoil mioT-
HOCTBIO TIOTOK TEIJIOBBIX HEMTPOHOB MMEETCd MHOTO TEXHUYECKUX TPYIHOCTEH.

PestoMupys BbllIeCK 3 HHOE, MOXHO YTBEPXJA Thb, YTO CT JUS KOHLENTY Jib-
Horo uccnenos Hus DJISIY He OKOHYEH , NMOCKOJBKY H CErOJHSALIHUI [JeHb HE
BRIOp H KOHCTPYKIHMS BBICOKOMOTOYHOro 01 HKeT DJISIY mis Tp HOMyT mum
JOPAQO. B 10 ke Bpems B IpoeKkTe nporp Mmbl [1], B KOTOpPOH CKOHLIEHTPHUPO-
B HO MHEHHE IOJ BJISIONIEH 4 CTH H YYHOTO COOOLIECTB POCCHHCKUX SIEPHBIX
LIEHTPOB, 3 HuM toierocs DJISY, yk 3biB eTcs: «B K 4yecTBe 0OBEKTOB M3y4CHUS
H TepBble HECKOJIbKO JIET JICWCTBUS MPOTP MMbI MOTYT OBITh BBIOD HbBI TBEpPHIO-
TOIUTMBHBIE OJ1 HKETHl C KOMIIO3WIMSMHM H OCHOBE TOPHS U KMAKOTOIUIMBHBIC
671 HKEeTBl H P CIUT B X COJNei».

VK 3BIB €Tcd T KXKe, 4TO P CYETHble (PU3NYEeCKHe HCCIENOB HUS OJKHBI
BKJIIOY Th M3ydeHHe (PU3MKU OJ HKETOB C P 3JIMYHBIMH TOILUTMBHBIMU KOMITO3MIIH-
SIMH Y TIPOLIECCOB TP HCMYT MU B HUX. PHU3MK TOPUEBBIX OJ HKETOB BKJIIOY €T B
ce0si T KMe X p KTEPUCTHKH, K K P CIIpesiesieHNs] HeUTPOHHBIX TOJIeH 1 HEHTPOH-
HBIX (DYHKIIMOH JIOB, MX W3MEHEHHE B IpoIecce K MIT HHUH, KHHETUK ITOOKPUTH-
YECKHMX CHCTEM B IIT THBIX M TMIIOTETHYECKUX B PUHHBIX CUTY LHSX, DBOJIOLUS
W30TOMHOIO COCT B M KO®((PUIMEHT P 3MHOXEHHs, 0Op 30B HUE HOJTOXUBY-
IIUX p OTUOHYKJIMAOB B TOIUIMBE, TEIUIOHOCUTENE U KOHCTPYKIIMOHHBIX M T€pPH J1 X
67T HKETOB.

8. TommmsHble mMKAbI DJIAY. MoXHO yK 3 Th H TNPHUHIUIHN JIBHYIO BO3-
MOXHOCTb pe nu3 nuu B DJIAY cnenyromux Tommmsabix nukiios (TLT).

1. ¥p soseiit TL. B atom B pu Hre TLl B O HKETE MOXET HCIIOIB30B ThCS
p 314yHOE yp HOBOe TOIUTHBO: 90 % 00Or INEHHBIH yp H B BUIE ABYOKHCH, OCBO-
GonMBIINIiCS B Pe3ylbT T€ SIAEPHOTO P 30PYXEHHS, pereHEpUPOB HHbINA Yp H, IO-
JIy4eHHBIH TOCIIe UKIIOB MHOTOKP THOTO obmydeHus u iepep 60Ttku OAT c Brico-
KUM CcoiepK HUEM Yp H -232 u yp H -236. AKTuHUIBI U 1poayKThl gesnenus (I10)
MOTYT 3 TPYX ThCSl B OJ1 HKET B P 3JIMYHBIX KOMOUH LIUSIX U MPONOPIMSIX IS 1ie-
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Jeit Tp HeMyT tud. OOeqHeHHBIH yp H 6e3 BCIKUX Orp HUYEHUI 10 COlepX HHIO
yp H -235 MOXET 3 TPyX Tbcd B O HKET B peXHME MPOU3BOACTB ILTyTOHHSI.

2. Inyronuessrit TL[. B atom B pu HTe TL] B 061 HKET MOXET 3 TPyX ThCA
IUTyTOHUEBOE TOIUIMBO C P 3JIMYHBIM M30TOIMHBIM COCT BOM. AKTHHUBI U I1]] MoryT
3 TpyX Thed B 61 HKer DJISIY juist ueneid Tp HCMYT 1IMH, B COCT BE€ WIH OTIEIBHO
OT IUTyTOHHEBOIO TOIUTUB .

3. ¥Yp H-TopueBsbIi 1 r1yToHUKA-TopHeBblid TLI. O6Or MWEHHbIH yp H WM ILTY-
TOHHI HCHOJB3YIOTCA B 9TUX B pi HT X TL K K dnepHOE TOIUIMBO, TOPUIi 3 TPyX -
erca B DJISIY Kk K pepTWIbHBIA M Tepu J1 U NPOM3BOACTB yp H -233. B atom
B pU HTe 00Op 3yeTcsl 3H YMTEIbHO MEHbIIee KOJUYECTBO AOJTOXMBYHMX TYD.
CrnenyeT OTMETHTB, YTO MYCK OJHOTO U3 MEPBBIX MPOMBIIIICHHBIX TAXETOBOJHBIX
pe KTopoB H KOMOUH Te «M sK» OBbUT OCYLIECTBJIEH B TOPHEBOM pEXHME.

4. Axtuangseii TL. B aToM B pu HTe KTHHHABI B P 3JTUYHBIX KOMOWH HHUSX
¢ [ moryr, B mpHHIMIE, HCIONB30B ThCS K K SIEPHOE TOIUIMBO B O HKeTe
BJISIY 1 oqHOBPEMEHHO Ul TP HCMYT LIUU.

P 3H000p 3ue peXuMOB p OOTHI U TOIUTUBHBIX IMKIIOB B DJISIY Tpebyer BbI-
p OOTKM OmpenesIeHHbIX TPUOPUTETOB, YTOOBI CKOHLEHTPUPOB Th UMEIOLIMECS He-
Gonpire (hUH HCOBBIC pecypchl H omHOM wid 1ByX H np BieHusx HUOKP. g
9TOM LIEJM H A0 IPOBECTH CUCTEMHBIE HCCIIENOB HU, KOTOPBIE 0 H CTOALIETO
BPEMEHH HE BBINOIHAINCh. K 4YecTBEHHO MPHOPUTETH B p 3p OOTKE TOIUTMBHBIX
uukIJIoB DJISIY MoryT ObITh OnpelerneHsl yxe Ternepb. H MBbICHIMIE IPUOPUTET, MO
MHEHHUIO BTOPOB, UMEET IUTyTOHMEeBBIH LUK DJIAY, rue miyToHuil UCTIoNb3yeTcs
K K SJIEpHOE TOIUIMBO. DTO OOBSICHSETCS H JIMYMEM 3H YUTENBbHOTO KOJIUYEeCTB
IUTyTOHHUS C BBICOKMM 3HEPIeTHYECKUM IOTEHIM JIOM M HEOOXOOMMOCTBIO MOATO-
TOBKHM TEXHOJIOTMYECKON O 3bI VI ero 0e30m CHOTO MCIOJIb30B HUS B K YECTBE
SJIEPHOTO TOIUIMB B Oynylield TOMHOM ®HepreTuke. [109TOMy peXuM Tp HCMYT -
LMY C BBIp OOTKOI 9HEPTHH U UCIIOJIB30B HUEM ILTyTOHHS, B KOTOPOM pe JIU3yeTcs
wryronueBbld TL ¢ xtuHua mu u [1J1 B K yecTBe M Tepu J1 MUILLIEHEH, IBJIIETCS
MIPUOPUTETHBIM TIPH IPOBEIECHUN TEPCIEKTHBHBIX p 3p OOTOK.

Bropoii npuopuTeT UMeeT, 10 MHEHUIO BTOPOB, IITyTOHUEBbIH TLI, B KOTOpOM
DJIAY »Kcmy THpyeTcs B peXuMe BbIp OOTKHM 3HEPIUM M IPOW3BOACTB  ILIYTO-
HUs U3 oOenHeHHoro yp H . C 9TUM MHEHHMEM MOTYT HE COIVl CHThCS B CBSI3H TEM,
YTO MMEeTCSl MPUHLUIN JIbH S BO3MOXHOCTb IPOU3BOJICTB OPYXEHHOIo ILTyTO-
Hug. OnH xo mpuopurer 3toro TLI oObsicHAETCS H TUUueM OOJBIINX KOJIMYECTB
00EJHEHHOTO Yp H H CKJ JI X SJIEpHBIX JiepX B, B ToM uncie B Poccun. Kon-
BEPTHPOB HHUE OOETHEHHOIO yp H B IUIYTOHHI IO3BOJIUT 3H YUTEIHHO yBEJIHMIHUTD
pecypchl U BHEpreTHYecKUil MOTEHLHM JI SIePHOrO TOIUIUB , MOCKOJBKY 3 I CBI
JIELIEBOrO TIPUPOIHOIo yp H OyayT ucuepn Hbl B Hex JiekoM OyamymieM. Bee He-
00XOIMMbIe TEXHOJIOTMU JUISl ®TOTO B PU HT , MPOBEPEHHbIC B MPOMBIILICHHOM
M cut Oe, nmerorcs. OmH KO B CIyd € pe JM3 LU 3TOTO B DU HT , IIPOTHB KO-
TOPOTO UMEIOTCS BO3P KEHHS IPEICT BUTENEH 3KOIOTHYECKUX IBUXKEHHUH, TpeOyeT
peuenud rpobnem Hep crpoctp Henus. B UTD® u MU®U B nporuenime ropl
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ObLT UCCIIeIOBaH Psiji TEXHUYECKUX PELICHHid 10 NpobiieMe Hep CIPOCTp HEHUs.
OpgHO M3 T KHMX pEIIeHMH 3 KJII0Y eTCS B COBMECTHOM OOJIy4eHUM IUTyTOHHS U
HENTYHHS, YTO BeAeT K 0Op 30B HUI0 23%Pu, H JMYME KOTOPOTO B OINpEE/IEH-
HOM CcOOTHOIIEHHH ¢ 239Pu HCKITIOY €T BO3MOXHOCTb CO3 HHS SZIEPHBIX 3 PSJIOB.
B 1O Xe BpeMs B IpoeKTe MPOrp MMBI [1] 3TOT pexuM HE p ccM TpuUB ercd,
MIPUOPUTETHBIM SIBJIETCS TOPUNA-TUTYTOHUEBBIN LIUKII.

ABTOpBI MPOEKT MpOorp MMbI [1] CYUT 10T, 4TO HCIIOIB30B HHE TOPUEBOIO
TOIUIUB B OJ1 HKET X BJIEKTPOSAEPHBIX YCT HOBOK, P OOT IOLIMX C BHEIIHUM HEH-
TPOHHBIM HCTOYHUKOM, MOXET 00ECIIeunTh pe U3 LU0 ¢ MOOOECIIEYHB OIIErocs
3 MKHYTOT'O TOpPUI-Yp HOBOTO (yp H-233) TOIUIMBHOTO LUKJ . [Ipu 3TOM MIyTOHUH
BoOOIIE He OyneT H p 6 THIB ThCs, HMMEIOIINECS W3JTUIIKU OPYXKEHHBIX Yp H H
IUIYTOHUS, T KX€ H KOIUICHHbIN DHEPreTHYeCKUi IITyTOHUH, OyIyT p LMOH JIbHO
UCTIONIBb30B HBI JUIS NEPEBOJ ANECPHOI SHEPreTUKU H TEIUIOBBIX HEMTPOH X H
¢ MoO0OecIeurB IOUIMHACS TOIUTUBOM 3 MKHYTBI TOPHUA-Yp HOBBIH (yp H-233) Tom-
JIUBHBIU LIUKJI. B 3 MKHYTOM TOpUIi-yp HOBOM TOIUIMBHOM LIMKJIE BO3MOXHO COXp -
HEHHe MPHUPOJHOIO YPOBHA JOJITOXMBYIIEH KTHMHUOHON - KTUBHOCTU. H psamy c
yp H-IUTyTOHHEBBIM TOIUITMBHBIM LMKJIOM OH MOXeT OBbITh 4pe3Bbld HHO 3hipek-
THUBHBIM TIPU PELICHUH CIEAYIOIINX B XHEHWIINX MpoOIeM SIepHOH 3HEepreTHKH
Oyaymero:

— YMEHbILEHHE KOJIMYECTB KTHHUIOB B OOJy4EHHOM SJIEPHOM TOILIMBE;

— HEp CIPOCTP HEHHUE P CLICIUIAIOIIUXCS M TEPU JIOB U SAEPHBIX TEXHOJIO-
rui;

— P 3YMHOE HCIIOJIb30B HHE BBICOKOOOOT INEHHBIX YpP H U IUTyTOHHS;

— Tp HCMYT I H p OOT HHBIX JOJTOXUBYLIIMX KTHHUIOB U 3HEpreTHye-
CKOTO IUTyTOHHS;

— yBenuyeHue 3(p(heKTUBHOCTH UCIIOIB30B HUS PECYPCOB SIEPHOIrO TOIUIUB ;

— moBbIIIeHHE 0e301 CHOCTH p OOTHI SAEPHOTO pe KTOp .

[MpuHIMIN JTBHONM OCOOEHHOCTHIO TOIUIMBHOTO LIMKJI SBJISIETCS H JIMYHME ABYX
JeTSIIUXcsd KTUHUAOB (IUTyTOHUH-TOPHII) B MEpBUYHOMN 3 Ipy3Ke M Tpex (IUIyTo-
HHUA-TOpHUI-yp H) B OTp OOT BuieM TorumBe. H jiune 1ByX 30H 61 HKET C HNpPUH-
MK JIBHO P 3JIMYHBIMU CBOMCTB MH IIO3BOJIAE€T CO3[ Th YHHUK JIBHBIH B PH HT
nepep OOTKM OTp OOT BIIEro TOIUIMB OBICTPOTO M TEIUIOBOTO OJI HKETOB M (hop-
MHUPOB HUS HOBBIX TOIUIUBHBIX 3 I'PY30K.

9. IIporp mm HHOKP pas 06ocHoB Hus DJIAY. Cozn Hue DIISY tpebyer
npoBefeHus OOJBIIOr0 00beM H YYHO-HCCIEOB TEIbCKUX M OIBITHO-KOHCTPYK-
topckux p 6ot (HUOKP), KoTopslii He ycTyn €T p 3p OOTK M, BBIIOJHEHHBIM IS
000CHOB Hus aHepretuueckux pe kropo. Otu HUOKP 3 kimou oTcs B npoene-
HUU P CYETHBIX M 3KCIIEPUMEHT JIbHBIX MCCIIEN0B HUM K K H JEHCTBYIOLIHNX, T K
H BHOBb CO3J B €MbIX YCT HOBK X. IIpuBenmeM 3gech B Kp TKOM M3I0XEHUU HH-
¢opm 1o o H wbosee B KHbIM HUOKP, pyKOBOACTBYACH IIpH 3TOM IEepedHEM
HUOKP, yx 3 aabiM B [1].
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9.1. Yckopumens. Ins co3n Husi Bbicokornorounoro JIVIT DJISIY tpebyercs
BBIITOJTHATH DS/l 9KCIIEPHMEHT JIBHBIX P OOT 10 0OOCHOB HHMIO IPEII I' €MBIX TeX-
HUYECKUX peIleHHd, KpoMe TeX, KOTopble Obutd yxe mpoBemneHsl B UTDD u
MPTH, 1 nbomnee B XHble U3 HUX YK 3 HBI HUXE.

1. P 3p 6GOTK , COOpyXeHHE M H3ydeHHE DKCIICPUMEHT JIbHOIO CHJIbHOTOY-
HOTO MHXEKTOP C HENpEephIBHBIM ITy4KOM NpOTOHOB 30 MA.

2. P 3p 6OTK W MCCIIENOB HME dKCIIEPUMEHT JIbHOI cexuu RFQ s Henpe-
PBIBHOTO peXuM p O0Tel. P cueTHble p GOTHI MO OWH MHUKE 4 CTHI] M 3JIEKTPO-
muH Muke RFQ-pe3on top . Mccnenos Hue B pu HTOB RFQ-cTpyKTypHl U cuctem
BY-nut Hug. KommeiotepHoe monenupos Hue RFQ.

3. P 3p GOTK , p CUeTHOE U BKCIIEPUMEHT JIbHOE HCCIIENOB HUE M ONTHUMU-
3 1M1 ONBITHBIX 0Op 3LOB pe30H TOPOB Npomexyro4yHoii u ctu JIVIL. P cuerHble
p GoThI MO (hU3MKe U BIEKTPOAUH MUKE pe30H TopoB. KommpioTepHOe Momenupo-
B HHe pe3oH TopoB. Co3[ HUE U UCCIENOB HUE DKCIIEPHMEHT JIBHBIX CBEPXIIPO-
BOJAIINX PE30H TOPOB IIPOMEXYTOYHOH 4 CTH.

4. P 3p 6OTK , M3y4eHHE W ONTHMH3 LM MHOIO3 30PHOTO CBEPXIIPOBOJIS-
IIEro Pe3oH TOp .

5. Co3x HHME H JEeXHBIX UCTOYHMKOB BYU-mut Hug MomuocThio Gomee 1 MBT
K Xmpid ¢ pecypcom p 6otsl 6omee 10000 u cos.

6. P 3p OOTK W CTEHHOB $ MPOBEPK TP KT TP HCIOPTHPOBKHU IIPOTOHOB, C
P 3deNeHHeM WIHM P CUIMPEHHEM ITy4K HpPU HEOOXOAUMOCTH.

7. P 3p OOTK | CO31 HHE OEMOHCTp IUOHHON DJISY ¢ TOKOM U 3Heprueii
poToHOB 3 MA u 1 3B cOOTBETCTBEHHO A1 MPOBEPKH OCHOBHBIX TEXHUYECKHX
PeLIeHN, B IIEPBYIO Ouepeb, BOSMOXKXHOCTH U H aexHocTu p 60Tsl JIVII B HEnpe-
PBIBHOM pexuMe, 1 000CHOB HHE 3 [l HHBIX IOTEph MydyK HpoToHOB. M3 3TOro
nepeyHs ciieqyeT o0p TUTh BHUM HHE H HEOOXOIMMOCTh PELIeHUs CIIEIYIIINUX
mpobsieM: 1) co3x HHe U BKCIIEPUMEHT JIbHOe 00OCHOB HHE OJIHO3 30PHBIX M MHO-
r03 30pHBIX CBEPXIPOBOIINX PE30H TOPOB, 2) p 3p OOTK H AEXHBIX MOIIHBIX
HUCTOYHUKOB BU-mUT HUS (KIHCTPOHOB) C BRICOKHUM pecypcoM p 0oThI, 3) obecre-
yenne Hu3koro (10~%) ypoBHs moTeps u cTHIL B polecce ycKopeHus, 4) u3ydeHue
X p KrepucTuk HenpepsiBHOro pexum JIVII u gp. Ilpu H nuumum 1ocT TOYHOTO
(puH HCHPOB HUS TH MPOOIEMbI MOTYT OBITH pPElICHbI B JOCT TOYHO KOPOTKOE
BpeMsl.

9.2. Heiimpononpou3eooauy A muutens. VIMeeTcd psall HEPELIEHHBIX H y4YHO-
TEXHUYECKHX 3 [ Y 110 CO3Jl HUI0 HEHTPOHONPOU3BOAALIEeH MUIIEHU. B aTOIl cBA3M
661 chopmyHpoB H mepedens cremyomux HUOKP [1].

— P 3BuTHE MeTONIOB p cueT ceueHuil «spallation»-pe Kimit B 0061 CTH Ipo-
MEXYTOUYHBIX 3Hepruil nporoHos 20 <+ 2000 MsB.

— HcciienoB HUE MeX HU3MOB SJEPHBIX pe KLMN C 9MUCCUEHN KJI CTEPOB, OT-
B€Y IOIUX 3 T 30H KOIUIEHWE U P IM LHOHHbIE MOBPEXICHUI B OKHE U MHIICHU.

— P 3BuTHE U cO310 HHE KOMIIBIOTEPHBIX IIPOTP MM p CYET MOJHOH U I p-
LM JIBHOM KTHUBHOCTH, OCT TOYHOI'O ®HEPrOBBIAEICHUS B M TEpU J1 X MUIICHU.
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— Co311 HHMe TECTHPOB HHBIX OUOIHOTEK OIIEHEHHBIX SICPHBIX 1 HHBIX O B3 -
HMMOJEUCTBUM IPOTOHOB U HEUTPOHOB ¢ 3HEeprusaMu 10 3 I'sB ¢ M Tepu 1 MU OKH
MHUIIIEHA, YCKOPUTENI U O HKeT .

— DKCHEpUMEHT JIbHbIE UCCJIENOB HUS P AW LUOHHOM CTOMKOCTH OKH MH-
LIEHHU.

— H p 60TK Npenu3noHHBIX ®KCIIEPUMEHT JIbHBIX A HHBIX, BKIIIOY S CIEdy-
IOIMe I HHblE: HEUTPOHHBIE M0JId H BHEIIHEW MOBEPXHOCTHU TOJICTBIX MHUILIEHEH
P 37IMYHOTO COCT B U T€OMETPHUU, MOJETUPYIOIIUX MUIIEHHBIH KOMIUIEKC dJIeK-
TPOSIICPHBIX YCT HOBOK; BBIXOIBI HYKJIMIOB, OOp 3YIOIIMXCS B TOHKUX MHIICHSIX,
00JIyd eMBIX MPOTOH MH OITHM JIbHBIX ®HEPIUU B p 3IIUYHBIX BPEMEHHBIX YCJIO-
BUSIX. DKCIEPUMEHT JIbHBIC ]I HHbIE HEOOXOOWMBI U1 TECTUPOB HUS TPOTP MM
p cuer ((pu3MYECKUX I P METPOB MHUIIEHEH UM KOHCTPYKLHMOHHBIX M TEPH JIOB
YCKOPHUTEIIEH.

— OrmpenesieHue TEIUIOTWAP BIWYECKUX U MPOYHOCTHBIX X P KTEPUCTUK MH-
LIEHEH C y4eTOM U3MEHEHUH MeX HUYECKUX CBOMCTB KOHCTPYKLIMOHHBIX M TEPHU-

JIOB B YCJIOBHSIX HEIPEPHIBHOTO OOJIyUeHHs MydK U Jp.

OueHb B XKHOH MpOOIEMOl, OTHOCSIIEHUCS K JXHUIKOCOJIEBBIM MHIIICHSIM,
T KXe K UHTETrp JIbHBIM KOHCTPYKIUSIM MHUIICHEH-0J1 HKETOB, SBJISETCS M3ydeHHe
(pU3UKO-XUMUYECKUX NPEBP LIEHUH, YTO NPEACT BISET, [0 CYLIECTBY, HOBOE H -
Ip BJIEHHE HCCENOB HUU B OON CTH SOCPHOW H YKH M TeXHUKH. HMmerommecs
npoOieMbl M TPYIHOCTH U3JIOKEHBI B psne MmyOonuk uuil (cM., H mpumep, [39]).

OnH KO OCHOBH S MpOOJeM — 3TO M KCHM JIbHO JOIYCTHUM $I MOIIHOCTb
MHIICHA U OCOOCHHOCTH B3 UMOICHCTBHS IHPOTOHOB C SIIP MM MHIICHH. DTOMH
mpobjeMe TOCBAIICHO 3H YHTENPHOE YHCIO P CYETHBIX M OKCIEPUMEHT JIbHBIX
WCCIIEIOB HUii, BBINOJIHEHHBIX B P 3JIMYHBbIX gaepHbIX HeHTp X Poccumn. Tem He
MeHee, MPENCTONT IPOBECTH PSA DKCIEPUMEHTOB, UTOOBI MOTYYUTh OTBETHl H
HHTepecymIie Bormpockl. K Bompoc M, TpeOymoluM SKCIIEPUMEHT JIbHOTO YTOY-
HEHUS U MPOBEPKH, OTHOCATCS, H MPUMEpP, T KHe: ONTHUM JIbHBIM I METp My4K
MIPOTOHOB U P CHpejiesieHre UX 10 MOBEPXHOCTH MUIIIEHH JUIS MOJTydeHUs JOMYCTU-
MOTO 3HEPIOBBIIEIICHUS, KOJIMYECTBO HEUTPOHOB H OOUH IPOTOH, COOTHOLIEHUE
MeXIy MOHU3 LUOHHBIMU IOTEPSIMU B H PYXHOM JIBYXC HTUMETPOBOM CJIO€ MH-
IIEHW W DHEProBblIeNIeHneM 3 cueT «spallation»-pe KIIMii, YUCIIO U P crpejene-
HHE POXJI IOIIUXCS [i-ME30HOB, P CIIpeIeCHUE U CIEKTP HEUTPOHOB IO 0OBEMY
MUIIIEHd U T.J. H HeKoTopble BOIPOCH MOXHO TOJYYUTh OTBEThI, HE JIOXUJ -
SIChb COOPYXEHHS AEMOHCTP LHOHHOM DJISY, BOCIONb30B BIIKMCH CYILECTBYIOLIUMHU
9KCIIEPUMEHT JIbHBIMUA BO3MOXKHOCTSIMH.

T xum 006p 30M, B K YecTBE Kp TKOTO 3 KJIFOUYCHHUS MOXKHO YK 3 Th H CIIEdy-
IoIKe MpoOJIeMBl MO CO3ll HUI0 MuMeHn st DJIAY:

— NPEAESbHO-IOMYCTUM S MOILUHOCTh M (PU3UYECKUE X P KTEPUCTUKH MHU-
IIeHH,

— (U3UKO-XMMUYECKHUE MPEBP LIEHUS U YPOBHU KTUBHOCTH B MUIIIEHH,
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— p I LUOHH 4 CTOMKOCTh M TEpH JIOB MHUILEHU U, B NIEPBYIO O4Yepelb, p 3-
JETUTEIbHON MeMOpP HBI IS KUIKOCOJEBBIX M KMAKOMET JUTMYECKHX MHIIECHEH.

9.3.  Iookpumuueckuit 6 Hkem. XOTS TOAKpUTHYECKWi On HKer DJIAY
IPEACT BIFET, MO CYIIECTBY, Pe KTOPHYIO CHCTEMY, UMEETCS psJ H Y4HO-TEXHH-
YeCcKHX 3 J 4, TpeOyIOUIMX 3H YUTEITbHOIO ®KCIEPUMEHT JIbHOrO 000CHOB Hus. K
HHM OTHOCSITCS CJIEyIOLIMe MPpoOIeMbl, KpOME YK 3 HHbIX BBIILE:

— H3yuenue coBMecTHON p GOTHI M B3 UMOAEHCTBUSI YCKOPUTEINS, MUIICHH U
MUILIEHU HPU HENPEPBIBHOM PEXMME 9KCIUTy T LIMU YCKOPHTEIN, B IEPBYI0 OYe-
pelb, U3ydeHHe IIPUHIMIIOB U (DyHKLIMOHUPOB HUS B PUMHOW 3 LIMTHI, UCCIIENO-
B HHE BO3MOXXHOCTH YCT HOBJIEHUSI 0Op THBIX CBsi3eid Mexjty 6510k Mu DJISY u jp.

— HccnenoB HEe p 3MHOX IOIIUX CBOWCTB OJI HKETOB, OIpEAEIeHHe ONTH-
M JIbHOTO 3H uYeHud K,g4¢ ¢ yueToMm 3(hheKToB pe KTUBHOCTH U 0OOCHOB HHe Oe-
3on cHoctu DJIAY.

— H3zyyeHne ceKIMOHUPOB HHBIX O HKETOB C COCT BHBIM HEHTPOHHBIM BEH-
THUIIEM.

— HccnenoB HUE X p KTEPUCTHK BBICOKOIIOTOYHBIX TEIUIOBBIX OJ1 HKETOB.

— H3yuenue (pU3UKO-XUMUYECKUX TPEBpP IIEHUH B OJ HKET X, OCOOEHHO B
KUIKOTOIUTUBHBIX M KHIKOCOJIEBBIX.

— P 3p 60TK ¥ HMcciienoB HUE TOIUIMBHBIX M MHUIIEHHBIX M TEpHU JIOB, B T.U.
KHIKOCOJIEBBIX KOMITO3ULIM.

— H3yuyeHue TOIUIMBHBIX LUKIOB DJIAY B 3 MKHYTOM 4€pHOM TOILUIMBHOM
LUKJI€ MEepCHEeKTHUBHOM TOMHOI ®HEPreTHKH, BKJIIOY S H KOIUIGHHE U YHUUTO-
XEHHe p JUO KTHBHOCTH U P JAMOTOKCHYHOCTH, DKCIpecc-liepep OOTKY TOIUTUB
MOCIIe OJHOKP THOTO M MHOTOKD THOTo oOmydenust B DJIAY, nuct HumoHHYIO pe-
¢ OpUK mWIO TOIIMB M MHIIEHEH, BO3MOXHOCTh MCIOJIB30B HUS «CYXHX» Me-
TONOB P JAUOXUMUYECKOi nepep 60Tku. OfH KO I BHBIM MOMEHTOM ITPOTP MMBI
HHOKP, npenycMoTpeHHbIM B [1], sBAsSeTCd O30 HUE OEMOHCTP LIMOHHOHM YCT -
HOBKH JIJTS1 U3Y4EHUS! OCHOBHBIX X P KTEPHCTHK Iporecc Tp HeMyT Luu u DJISY.
OtuM nepeureM 1 jeko He ucuepnsiB ercs HUOKP mo o6ocHOB HUI0 61 HKETOB
DIIAY.

9.4. Aoepubie O HHble u dKCnepumenm JbH A no0O0epxkk . B mpouecce KoH-
LEenTy JbHBIX ucciaeqoB Huil DJIAY BISIBUIIOCH OTCYTCTBUE MPELU3UOHHBIX SJep-
HBIX I HHBIX B 1 11 30He aHepruii 10 <2000 MaB mng nportonos u 10 + 30 MaB
U1l HEUTpoHOB. B mosicHenun Kk npoekty nporp Mmbl [1] yk 3 HO: «B H crog-
I1ee BpeMsl ®KCIIEPUMEHT JIbH I CUTY IIMSI C COCTOSTHHEM 3H HUH B 3TOH 001 CTH
Cp BHUM C CUTY LI NPHUMEPHO ISATHAECATIIETHEN 1 BHOCTH B (PU3MKE pe KTO-
POB: GOJIBIIMHCTBO KJTIOYEBBIX I P METPOB (OCHOBHBIE CEYEHHUS B3 MMOICHUCTBUS
HEUTPOHOB U IIPOTOHOB C SIP MU, YUCJIO HEUTPOHOB, CO3Jl B €MbIX B HEMTPOHO-
IPOM3BOIAIIEH MUIIEHH OTHUM MPOTOHOM, HEPreTUYecKHe CHEeKTpbl HEUTPOHOB
U3 MHUINEHH M HEKOTOpPbIE APYIHEe) U3BECTHBI C TOYHOCTbIO IpumepHO B 10 p 3
Xyxe Tpebyemoil. Tunm4HbEIl p 30pOoc ®KCHEPHMEHT JBHBIX PE3yJIbT TOB y P 3-
HBIX BTOPOB — 2-3 p 3, B OTAENBHBIX CIy4 94X U Oonbiie. [IpuMepHO TO Xe
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C MOE€ OTHOCHTCS K TpPEACK 3 TENbHOH cuiie OOJbUIMHCTB TEOPETHYECKUX MOJe-
JIell ¥ OCHOB HHBIX H HHX BBIYHMCIHTENBHBIX KOHOB. IIp KTHYeCKH OTCYTCTBYIOT
CKOJIBKO-HHOY/b ITOTHBIE (b HITBI OLIEHEHHBIX JI HHBIX. HeoOxomumoe KomM4ecTBo
I HHBIX (K K JJI9 M TEpH JIOB HEHUTPOHOINPOU3BONALINX MHUILEHEH, T K U KOH-
CTPYKLIMOHHBIX M 3 LIMTHBIX M TEpPH JIOB, T KXe JUIl TOIUIUB ) i OOJbLIOro
H 6Op NPOAYKTOB pe KLU W OYeHb LIMPOKOrO JU I 30H BHEPrUil HEe MOXeT
ObITh M3MEPEHO DKCIEpPUMEHT JIbHO. Cp BHHUTENIBHO H JEXHBIA P CUET 0 HEHX B-
HEero BpeMeHH ObLT BO3MOXeH MpH dHeprusax Boime 200 M»B, nHTeHCHBHOE P 3BH-
THE KOJIOB H 4 JIOCh B mocjenHue roasl. IlosroMy Heobxomumo Bep OOT Th Ipo-
[P MMy OIITUM JIbHBIX (II0 BPEMEHU U CPEINCTB M) M3MEPEHMI I'PYIIIbI OINOPHBIX
KOHCT HT. Co031 HHE MOIIHBIX HEHTPOHHBIX UCTOYHHKOB HOBOTO IOKOJIEHHS HE
TOJIBKO K PIUH JIBHO YJIYYIIUT KOJIWYECTBEHHOE COCTOSHME DKCIIEPHMEHT JIbHON
6 3Bl 1O SAEPHBIM [ HHBIM, HO M NIPUBEAET K MPUHLMUIN JIBHO B XHBIM PE3YJbT -
T M II0 MEX HH3MY SJEPHBIX Pe KMl IIPU IIPOMEXYTOYHBIX DHEPIUSAX U CBOICTB M
B030yXIEHHOU SICPHON M TEepHUI».

B cBsA3U C IpUBEJEHHON OLEHKOW COCTOSHMS JIeN 10 SAEPHBIM JI HHBIM IIpejl-
CT BJIIOTCS B XKHBIMU CJICAYIOIIME 3 [l YU: 1) NpONOKEHNUE YCUIHNI 110 P 3BUTHIO
TEOPETHYECKUX METOOB P CUET U OIEHKE SIepHBIX A HHBIX, c0o31 Hue O 3 smep-
HBIX [l HHBIX U P CYETHBIX KOJOB, 2) UCIONb30B HUE MHOTOYHMCIEHHBIX YCT HOBOK
U CTEHIOB, UMEIOIIUXCS B POCCUICKUX 4IEpPHBIX LEHTP X, 3) COOPYyXEHUE HO-
BBIX 3KCIEPHUMEHT JIbHBIX YCT HOBOK, KOHEYHO, IPH YCJIOBUU COOTBETCTBYIOILLETO
¢y HCupoB Hu4. [IpuBeneM Kp TKUil IepeueHb NMpeyT T eMBbIX dKCIEepUMEHTOB
H CYUIECTBYIOUIMX U MPOEKTHUPYEMBIX (PU3UUECKUX YCT HOBK X C IPOTOHHBIMH U
HEHTPOHHBIMU Iy4YK MM JUI NOITy4YeHUS gIepHbIX I HHbIX g DJIAY [1].

B UTD® ocHOBHOI1 ycT HOBKOM ISl U3MEPEHUS SIIEPHBIX I HHBIX [IPH IPOMeE-
KYTOYHBIX M BBICOKHX HEPIUSAX [TPOTOHOB SBJISETCS MPOTOHHBIN CHHXPOTPOH Y-10
C BBIBEICHHBIMH ITy4K MH: IEPBbI My4oK — UHTEpB J 3Hepruil 70 < 200 MaB,
tok 5 - 1010 ¢71; Bropoii mysok — unTeps n sHepruii 800 + 2600 MsB, Tok
1,5-10° ¢, H »tux myuk x GyayT MpoBeIeHbl M3MEPEHHS BHIXOIOB MPOLYKTOB
SAI0EepHbIX pe KUUI H TOHKUX U TOJCTBIX MHIIEHAX IO AEUCTBUEM IPOTOHOB C
sHepruei 10 < 2600 M3B.

H wumeromeiics B UTD® yct HOBKe «M KeT», p OOT IoIiell B pexXume Moj-
KpUTHYECKOW cOOpKHU, BEIOMOH NeUTepUi-TPUTHEBBHIM T'€HEp TOPOM HEHTPOHOB,
IUT HUPYETCA BBIIONHUTH IPELU3UOHHBIE OKCIHEPUMEHTBl C TAXKETOBOTHBIMU
235U-232Th omHOPOIHBIMM U CEKLMOHHUPOB HHBIMU DELIETK MM; C TSXKeJIOBOJI-
HbiMH 235U pereTk Mu, MOIETMPYIOIIMMH 071 HKET 2JIEKTPOSIEPHOIO TeHEP TOP
HeiirpoHoB UTDD.

B UTO® mnn HupyeTcs T KXe CO3 HHE 3JIEKTPOSIEPHOro reHep Top Heil-
TPOHOB B COCT BE CHJIBHOTOYHOTo yckopurens npotoHoB UCTPA-36 ¢ sneprueit
36 M»B u cpeganM TokoM 0,5 MA, GepH/UTHEBOW MUIIEHH W MOIKPUTHISCKOTO
OpicTpOTENIOBOrO 611 HKET ¢ Kypg = 0,95—0,98, p 3Mem eMoro B KopIyce Bbl-
BEJICHHOTO M3 3KCIUTy T LM TAXKEIOBOIHOIO pe KTOp .
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B P jueBoM HMHCTUTYTE TOTOBATCS U3MEPEHUS CEYEHMU JEJIEHUS P 3/ENIEH-
HBIX W30TOIIOB CBHMHI] M COCEIHHMX 3JIEMEHTOB T JUIMSI M BUCMYT B ®HEpreTH-
yeckoM a1 1 30He 20 + 200 MbsB, T KXE CEUEHUM JeJIeHUS TSIXKeJIbIX dJie-
mentoB ot 81Ta no 2**Am B gu nm 30ome 30 < 3000 MsB. [lna storo 6ymyt
UCIIOJIb30B ThCSl METOAMKH TOHKOIUIEHOYHBIX MPOOOIMHBIX CUETYMKOB U TPEKOBBIX
JIETEKTOPOB.

B I[INAI® ocHOBHOM YCT HOBKOU [Vl U3MEPEHUS SIEPHBIX I HHBIX IIPU IPOME-
KYTOUHBIX BHEPIUSIX SBJSETCS CHHXPOLMKIOTPOH C 3HEPrHell BBIBEICHHOIO IMy4K
1 I'sB U MHTEHCHBHOCTBIO MpOTOoHOB 6 - 10'2 ¢! (1 MkA). Hmeerca T Kxke
BO3MOXHOCTh OOJy4eHHs] MHIICHEHl H BHYTPEHHEM IydKe CHHXPOLMKIOTPOH C
B pu uueit sHepruu ot 10 no 1000 MaB u unrencusHocThio 3—5 MKA. H BHel-
HeM Iyuke cHHXpoUuKJIoTpoH [IMA®D umeercd ycT HOBK — TOJCT 9 CBHHLO-
B S MHILIEHb JUI1 U3MEPEHUS CEYCHUI JeNeHUs eCTECTBEHHOH CMeCH H30TOIOB
ceunn , 299Bi, 232Th, 233:235.238, 237Np, 239Pu or 200 mo 1000 MsB ¢ m -
rom 100 M3B u Ttounoctbio 5-10%, T KXe U1 UCCIENOB HUS HPOAYKTOB
SAI0EepHBIX pe KIMH p IUOXMMUYECKUM MeTOmOM. g u3ydeHus (PU3UYECKUX X -
P KTEpPUCTHK MMeIOTCS HEHTPOHHBIH BpemsnponeTHbiii crniektpomerp THEMC u
KPUCT JUT-OUp KIMOHHBIA CIIEKTPOMETP BBICOKOTO P 3pELICHUS AT U3MEpPEeHUs
~-CIIEKTPOB OOJIyd €MbIX [TPOTOH MU MUILIECHEH.

B OHAU npoBomsTCs MHOTOJIETHUE DKCIIEPUMEHT JIbHbIE M P CUETHBIE P -
GOTHI 1O IEKTPOSAEPHON TEM THKE, XOPOILIO M3BECTHbIE B POCCHHUCKUX H 3 pYy-
OEXXHBIX SUIEpHBIX LIEHTP X. B mocienHee Bpemsi 3TH p OOThl MHTEHCUUIIMPOB -
JIUCh, O YeM CBUIETENbCTBYIOT uMetomuecs nporp Mmvbel HUOKP. B u ctHOCTH, B
JIBD u3yy 10Tcs 3NMeKTPOSAEPHBIE MPOLECCH B TOHKUX U TOJCTBIX CBUHIIOBBIX U
yp HOBBIX MHIIEHSIX H Iy4K X IPOTOHOB M MOHOB C ®HEPIHSMH OT HECKOJIBKHX
coreH MaB 1o 10 I'sB/nykiion. H mnyuk x Oycrep WBP-30 nposomsitcs u3-
MEpeHUs HU3KO®HEpreTH4eckux ceueHuil. Kpome Toro, p 3p 6 ThIB €TCsl HPOEKT
DJIAY SAD (subcritical assembly in Dubna) H 6 3¢ My4k HPOTOHOB CYIIECTBY-
fomiero ¢ 30TpoH ¢ »Heprueit 660 M»B, CBUHIIOBON MHIIICHN U TIOIKPUTHIECKOTO
6n mvker H MOX (Pu+U)-ronuse ¢ Kypp =~ 0,95—0,97; nposeneHsl nepsbie
9KCIIEPUMEHTHI [UIS ONTHMHU3 MU I P METPOB MHIICHH.

B ®BH B 1995-1997 rr. npoBeneHsl U3MEPEHUS CEUEHUN NEEHHUS MJT JIINX
KTHHUIOB B JU I 30HE ®dHEpruii HeiTpoHoB oT 150 k3B mo 5 M»aB (mpoekt
MHTLI Ne 304). Mx 1 HUpYyeTCs p CIPOCTP HUTH B 001 cTh aHepruii 5--30 MaB
C HCIIONIB30B HHEM HOBBIX BO3MOXHOCTEH — MPOTOHHOIO U JEHTPOHHOTO MYYKOB
T HoeM OITI-15. P 6or OymeT BHIIOMHATBECS B coTpygauuectse ¢ BHUND O,
KOTOPBIN MPOMU3BEIET 3JIEKTPOM THUTHOE P 3/leJIeHHE M30TOMOB /IS H3TOTOBICHUS
MuIIeHel u3 241,242,243 Ay 243,244,245,246,247.248C ) pricoKoil 4MCTOTHL

H xowmmnekce kpurcreHny B®C-1 — mukporpon ®DU mn HupyroTcd je-
T JIbHBIE WCCJIENOB HMSl HEHTPOHHO-(IM3MYECKMX X P KTEPUCTHK KTHBHBIX 30H
JIBYyX TUNOB: 1) KOHGUryp mus ¢ ObICTPOW, OXJI XI €MOH CBUHLIOM ILTyTOHHA-
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yp HOBOW HHMTPUIHOW LIEHTpP JIbHOM TECTOBOi 30HOIi; 2) GBICTP S TECTOB S 30H ,
OKpYXEHH 5 B P 1M JIbHOM H NP BJICHWH NepH(EepHHHON TEeIUIOBOH WM 3IHTeE-
IUTOBOM 0OJ CTHIO.

B UAU PAH npenn r ercd co3n Tb JEMOHCTP LMOHHYIO YCT HOBKY JJISI MC-
CIIeJOB HU 3JIEKTPOSAEPHOrO Cocod Tp HCMYT LWH, MPOU3BOACTB BSHEPIHH U
H p OOTKU TPUTHS H OCHOBE CYIIECTBYIOIIEIO CHJIbHOTOYHOIO YCKOPHUTENS MpO-
TOHOB M MOHOB H™ ¢ mpoekTHbM TokoM 500 MKA u sHeprueir 500 + 600 MaB,
COCTOAIIETO U3 KOMIUIEKC HEUTPOHHBIX UCTOYHHKOB M IPOTSKEHHBIX MHIICHEN
(Pb-Bi , W u nip.)

B BHUUD® p 3p 6 THIB 10T ABYXCEKIMOHHBIA MOTKPUTHICCKHHA OJ HKET ¢
OJHOCTOPOHHEH HEUTPOHHOH CBA3bI0 3 CUET MCIOJIb30B HHUS B NEPBOU CEKLIUU
TOIUIMB M3 OKCUI HENTyHHUs-237 A1 MUHUMM3 LM TOK YycKoputend. duznude-
CKMH M KeT JABYXK CK JIHOTO ®HEPreTH4eckoro 6J HKeT NPEeIroa I' eTcs CO3d Tb
C UCIIOJIb30B HUEM JEHCTBYIOLET0 MOLIHOTO CUIBHOTOYHOIO JIMHEHHOTO YCKOPH-
Tend 1neKTpoHoB JIV-50 u kpuruueckoro creHy ABB-@ ¢ mopmenslo KTHBHOMI
30HBl M JIOT O PUTHOTO Tp HCIIOPTHOTO ®dHepreTmdyeckoro pe xrop ABB tun
BBP. Koncrpykuus KTuBHOH 30HBI ABB-® Momudumupyercs T KuM o0p 30M,
4TOObI BHYTPU MOXHO OBUIO P 3MECTUTH IOJAKPUTHUYECKYI0 CEKLHUI0 M3 OKCHI
HeNnTyHHq-237 W MUIIEHHOEe YCTPOICTBO, SBJSIOLIEECS TeHep TOPOM TOPMO3HOTO
U3IIy4eHUs U HEUTPOHOB.

P 3p 60TK ™ co30 HHE HOBBIX 3KCIIEPUMEHT IJIbHBIX YCT HOBOK IO 0OOCHO-
B Hut0 DJISIY motpebyroT 3H unTenbHbIX cpeacTB. Comt cHO 1 HHbIM [1], Heob-
xomumoe ¢huH Hcupos Hue p 6ot mo BJIAY coct Biser okono 6,6 MIH. J01. B
tedenue 1999-2001 rr.

10. TexHuko-3koHOMH4YEeCKHE OIleHKH. Ctoumocth DJISIY gBngeTcsd B XKHOU
X P KTEPUCTUKOIi, ONpeaeNsIomeil ee KOHKYPEHTOCIIOCOOHOCTD B MEPCIIEKTUBHON
cxeme p 3BUTUS TOMHOI sHepretuku. Ecnu DJIAY Gyner Uconb30B ThCS TOIBKO
s Tp Hemyt tuu JPAO, Tpom3BOICTBO 9HEPTUU OyOET SBIATHCS TOOOYHBIM, TO
CBEJIEHUS O K IUT JIOBJIIOXKEHUSIX U 3KCIUTYy T LIMOHHBIX X P KTEPUCTUK X IO3BO-
JIAT onpenenuTb p cxodbl H yHuutoxeHue [JIPAQO. Eciu OCHOBHBIM H 3H YEHUEM
DJISY OyseT NMpOU3BOACTBO DHEPTHM C HMOMYTHOH TP HCMYT LUEH, TO Tpebyercs
OMpEeeTUTh CTOMMOCTD EIUHMIIBI TPOU3BEICHHON Heprud. [Ipu 3TOM HEe0OXOTUMO
HUMETh B BHAY, YTO NOJIXHBI OBITH MPOBEACHBI CUCTEMHbBIE HCCIICIOB HHUS, IO3BO-
JIIOIIME TPOU3BOJUTh TEXHUKO-3KOHOMUYECKUE P CUEThl C YYETOM P CXOIOB H
Jpyrue Inepenelnsl sIepHOro TOIUIMBHOTO LMK , T KX€ 3 MEIICHUS 3JIeKTpHhye-
CKUX MOIIHOCTeN B ciyd e BHempeHus DJISIY B TomHyo sHepretuky. OmH KO
HOOOHBIX CUCTEMHBIX HCCIICNOB HH HE MPOBOAWIOCh. Kpome TOro, BbIOIHEH-
uele H cerogusamHui geup B HIIO BHUITUDT TeXHUKO-5KOHOMHYECKHE OLEHKH
OTHOCSTCS K equHUYHON DJISY, 11 KOTopoii He yYTeHbl UMELUE BO3MOXHOCTH
YIIy4IIeHuss HEUTPOHHOTO 6 J1 HC ¥ ®KCIUTYT IUOHHBIX X P KTEPHCTHUK, BBIIBIICH-
HbIE B MIEPHUOJI KOHIIETITY JIbHBIX UCCIIEIOB HUM, 3 CYET MCIOJIb30B HUS YCKOPHTE-
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Jiell ¢ KPUOTEHHBIMH PE30H TOP MU M CEKI[HOHHPOB HHBIX OJ HKETOB, YTO MOXET
BHECTH CYIIECTBCHHbIE KOPPEKTHUBBI B BHITIOJTHEHHBIC P CUETHI.

Corn CHO I HHbIM TeXHHUKO-3KOHOMUYecKuX uccienos Huii HIIO BHUIIUDT
it ABY B coct Be aByx DJISIY ¢ XUIKOTOIUTMBHBIMH O HKET MH MOMIYJIBHOM
KOHCTPYKLIUU, TpelioxeHHbIMU B UTD®, u ABYMSI «TEIUIBIMU» YCKOPUTETSIMU
MIPOTOHOB K IHUT JIOBJIOXKEHUS M 3KCIUTY T LIMOHHBIE P CXOIbl cocT BisA0T 3048,8
1 387,9 miH. mon. coorBercTBeHHO [49]. TIpn aTOM HEOOXOIUMO UMETH B BUIY, UTO
3 Tp Tl H coopyxeHue JIVII coct ot 1284,7 MIIH. [07., P CXOJ 9HEPIUU
H COOCTBEHHBIC HYXJbl — OKOJIO0 66 % OT mpousBeaeHHON sHepruu. M3 T 6. 15
BHJIHO, YTO P CXOJ ®HepruM H oajekTpocH Oxenue JIVII coct Bmsger 52 MBr,
YTO 3H YHTEJIFHO MEHbIe, yeM s «Termioro» JIVII (238 MBTt corn cHo [49,
c.48]). Ecnu yyecTb, UTO CTOUMOCTb OIHOTO YCKOPHTENS C KPUOT€HHBIMHU YCKO-
pSIIOIIUMU CTPYKTYp MU p BH ~ 200 MitH. goin. (T 6. 15), To oOmue K muT J1o-
BIIOXEHHUS MOTYT OBITh YMEHBIIIEHBl K K MUHHMYM 1O BeTMYMHBI ~ 2400 MJIH. JOJI.
Toabko 3 cueT JIVII. DT0 03H 4 er, 4yro oguH ONOK OyleT CTOMTh MPUMEPHO
1200 MJH. J0J1., YTO COMOCT BHMO CO CTOMMOCTBIO cOBpeMeHHBIX ADC. YMeHb-
I TCS T KXe 9KCIUIy T IMOHHBIE P CXOHBI 3 CYET 3H YHTEIFHOTO YBETHICHUSI
OTITyCK 9JICKTPOIHEPTHH BHEIITHAM ITOTPEOUTEIISIM.

Heo6XxonuMo MOAYEPKHYTh B KHOCTh CHCTEMHBIX TEXHHKO-3KOHOMHUYECKUX
uccienoB Huil o Mecte DJISIY B MmepcrneKTUBHOM cxeMe p 3BUTHS TOMHOM 2Hep-
FETHKU.

3AKIIIOYEHHUE

0630p cocTosiHus p OOT 110 CO3/ HHIO JIEKTPOSIIEPHBIX YCT HOBOK VISl TP HC-
MyT nuu IPAO u npou3BOICTB ®HEPTHH MO3BOJAET CIET Thb CJIEAYIOLINE BEIBOIDI.

1. MimeeTcd MpUHIMITK JIBH S BO3MOXHOCTh YMEHBILIEHHS KOJIUYECTB JIOJITO-
XKMBYLIMX P JUO KTHUBHBIX OTXOJIOB B TOMHOI ®HEepreTuke 1 0OOPOHHOH TOMHOM
MIPOMBIIIJIEHHOCTH C IMOMOIIBIO TIpoliecC TP HCMyT 1w B DJIAY.

2. KoHuenty npHOe H3y4yeHHE p 3NMUYHBIX CIEKToB DJISIY He 3 KOHYEHO
U JOJIKHO OBITh MpOAOKeHO. VIMeeTcsl psii HEpEelIeHHBIX H YYHO-TEXHMYECKHX
3 I 4 10 0OOCHOB HHIO OCHOBHBIX II P METPOB U KOHCTPYKTHUBHBIX cxeM DJIAY,

4yT0 TpeOyeT MpoBeeHNs (DyHI MEHT JIbHBIX HCCIENOB HUH U COOTBETCTBYIOLIMX
HHOKP.

3. YuuThIB 9 CIOXHOCTH mpobseMsl 6e3on cHoro obp mienus ¢ IPAO, Bo3-
MOXKHOCTb €€ peIlleHHs C UCTIONIb30B HUEeM Tp HCMyT LuH B DJISIY B K yecTBe Jb-
TepH THUBHOW TEXHOJIOTHH, LIeIecO00p 3HO OOp THUTh BHMM HHME MHH TOM H He-
00XOIMMOCTh BBIIEIEHHs] HEOOXOMMMOro (hMH HCHPOB HHS M KOOPIAMH IIMU 3TOU
JIeATeIbHOCTH.
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KOPPENALUMOHHBLIN METO4 HEBO3MYLLAIOLLLEN

OVNATHOCTUKKN NMYYKA MOHOB
A.C.Apmemos

OGbeaAVHEHHbI NHCTUTYT SAEPHbIX UCCNeaoB Hui, y6H

Onuc H MeTo[ HEeBO3MYL oLl IM FHOCTUKM Iy4K MOHOB H OCHOBE KOPPESALMOHHOIO H -
13 . Pu3nyecKoil OCHOBOI METO  SBJIS€TCs HCIONb30B HUE B3 HMONEHCTBHS IPEeHeOpeXUMO M JIOH
Y CTH MOHOB C 30HIUPYIOLIEH BHyTpEHHEW MHILIEHBIO, IIPH KOTOPOM POXI IOTCS BTOpPUYHBIE HH(Op-
M 1uoHHsle (MH) 4 cTuipl, UMerolne UIEHTUYHbINH CHEKTp 110 BEJIMYUHE U H 1P BIEHHI0 CKOPOCTU U
JOIYCK IOIIMe HX U30UD TEIbHYI0 PErHCTp LU0 6e3 Bo3uelcTBus H IydoK. [Ipu m3MepeHHU B3 HMHOM
KOPPENSLMOHHON (DYHKLMM MEXIy NOTOK MM 4 CTHL WIM (POTOHOB 30HIMPYIOLIEH MMILEHHU, ICEBIO-
cllyd HHO MOIYIMPOB HHOM BO BpeMeHH, W poxn lomuxcs H Heit MH-u ctun, perucrpupyeMmsix H
NPOJIETHOU O 3, ONpenesseTcss BpeMSIIPOJICTHBI CIIeKTp (p CIpeleeH)e 110 9HEePrhi) HOHOB B BbIjie-
JICHHOM H 1p BieHuH. OTHOCHUTENBHBIA H JIU3 3THX (DYHKLU NPU P 3IHYHBIX HOJIOXEHHSIX MHIICHH
B IIy4yKe U H IIp BeHHusX peructp 1uu MH-u cTuIl no3Bosser noiyuurs p Clpee/ieHue HOHOB B I1olIe-
peyHoM ¢ 30BoM npoctp Herse. [Ipo H JIM3MPOB Hbl OCHOBHBIE BJIEMEHTHI JU THOCTHYECKOIO YCTpPOU-
CTB U €r0 BO3MOXHOCTHU JUIS Pe JIM3 LHU HEBO3MYIL IOMUX KOPPEIALUOHHBIX U3MEPeHHI I P METPOB
My4K OTPUILL TEJIbHBIX (B Y CTHOCTH, H™) WM MOJOXUTENBHBIX MOJIEKYJISPHBIX HOHOB U3 UCTOYHUK ,
JOMycK IomMX (hOTOp CLIeIUIeHHe H 30HAupyoueil ¢oronHoi mumenu. HeobxonuMm s mms O rHo-
CTUKH MHIIEHb MOXeT ObITh CHOPMHPOB H IIPH HCIIOIB30B HUHM CTOX CTHYECKHU ITyJIbCHPYIOLIErO H3-
JIy4YeHUs HEKOTOPbIX TBEpPHOTENbHBIX J1 3epoB (H npumep, Nd:MAD') B pexume cBOOOIHOI IeHEp LMH.

A method of the nonperturbative diagnostics of an ion beam, using the correlation analysis, is
described in the review. The physical base of this method is the use of such an interaction between
a negligible part of ions and a probing internal target which generates secondary informative (IN)
particles having practically an identical spectrum in value and direction of the speed and allowing their
selective detection without an influence on the beam. By measuring the cross-correlation function
between a flux of particles or photons of a probing target, pseudorandomly modulated in time, and that
of IN-particles detected at the drift distance, the time-of-flight spectrum (energy distribution) of ions in
the chosen direction is determined. A relative analysis of these functions at various target positions in a
beam and directions of IN-particle detection, allows one to obtain the ion distribution in the transverse
phase-space. The principal elements of the diagnostic device and its potentialities for the realization
of nonperturbative correlation measurements of the beam parameters of negative (in particular, H™)
or positive molecular ions from a source, allowing their photodetachment on the probing target, are
analysed. The target needed for the diagnostics can be formed by using the stochastical pulsed
radiation from some crystal lasers (for example, Nd:YAG) in a free generation regime.

1. BBEAEHUE. KIIACCUYECKH BPEMSIIPOJETHBLIA METOJI 1
®AKTOP IICEBIOCIYYAMHOIO KOJTUPOBAHUSA B
JUATHOCTHKE ITYYKOB YACTHUI]

B coBpeMeHHBIX YCKOPUTENBHO-H KOIUTEIbHBIX KOMIUIEKC X B XKHOH 3 [ 4ei
ABJISETCS MOydeHHE ollep TUBHOI MH(MOPM LIUHU O X P KTEPUCTUK X IMy4K HEBO3-
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MyLI oM o6p 3oM. [log HEeBO3MYII IOIMMM METOA MHU JIM THOCTUKHM OOBIYHO
MOZIp 3yMEB I0TCSI T KM€ CIOCOOBI IMOJTydeHHs MH(OPM IMH, KOT BHOCHMBIMH
NIPY U3MEPEHUH BO3MYIIEHHUSMH ITy9K MOXHO IpeHeOpeds.

H wubornee p cripocTp HEHHBIM U TOYHBIM CHOCOOOM OCOJIIOTHOTO W3MEPEHHS
CKOPOCTH HEpeNATUBUCTCKUX 4 CTHIL siBnsgeTcd BpemsnposneTHsiit (BII). Cyts ero
3 KJII0Y €TCSl B TOM, YTO H y4 CTKE CBOOOAHOrO Apei Y CTHLl H HEKOTOPOM
P CCTOSHHUU APYT OT OPYr YCT H BJIMB IOTCH B JETEKTOP , KOTOPBIE PETUCTPU-
PYIOT MOMEHTBI NPOXOXIEHUS K XH0H 4 ctuubl. [lo u3MepeHHOMY UHTEpB Iy
BPEMEHHM MEXIy CUTH J1 MU JETEKTOPOB OIpENeNseTcd €€ CKOpPOCTb. [Ind uM-
IYJIIbCHOTO IIyYK H HOCEKYHIHOW JUIMTEIbHOCTH WIH CIPYHNIIMPOB HHOIO B KO-
porkue cryctku BII-criocob u3aMepeHuii pe ju3yeTcs I0CT TOYHO HpocTo. B aTom
CIIyd € U3MEpSETCS CPEIHsAs CKOPOCTb 4 CTHULl B CIyCTKE, IO YIIUPEHMIO CHUI-
H J CO BTOPOTO JAETEKTOP BO BPEMEHH OIpEAeNsieTcsl X p KTepHBIH p 30poc ux
ckopocreil. [Ipn HeGompimoM p 30poce CKOpOCTEH 4 CTHIl B CTYCTKE TOYHOCTb
U3MEPEHHSI CPENHEN CKOPOCTH NOCT TOYHO BelMK . JIId pe Jau3 LU HEBO3MYyLI -
0Ll M THOCTUKH B ®TOM CIIy4 € MOTYT HCIOJIB30B ThCS JIIOOblE NP KTHYECKH
[IPO3p 4YHBIE JUIA IIy4K JAETEKTOPbl KOPOTKUX MMIIYJIBCOB IIOTOK Y CTHII.

JIng 10CT TOYHO NMPOTSXKEHHBIX BO BPEMEHH HEPETUBUCTCKUX ITYYKOB KII C-
CUYECKUI BPEMSANPOJIETHBIA METOJ U3MEPEHUS P CIIPENEIeHNS 4 CTHUL B IIy4Ke 110
CKOPOCTSM OCHOB H H MOJY/ILIMU UX NOTOK BO BPEMEHHU, H IPUMEp, C MOMO-
LIBI0 JUMCK , B KOTOPOM BBIPE3 H Yy3K 5 LIEJIb, U PETUCTP LMU UHTEHCHUBHOCTHU
NPOLIEANIMX Y CTHL H MpPOJIETHOW O 3¢ BO BpeMeHH. MCIONB30B HUE OIHOILIE-
JIeBOro (3 BpeMs W3MEpeHMs) MpPEephIB Tels MO3BOJISIET HEMOCPEACTBEHHO peru-
ctpupos Tb BIl-cekTp myuk . B atoM ciyu e i yaydileHus p 3pelleHusd He-
00XOIMMO yBEJTMYMB Th IPOJIETHYIO O 3y, T KXX€ YMEHBII Tb IIPOCTP HCTBEHHbIE
P 3MEpHI LIENH JUCK -IPEPBIB TeJIs U NEPUOI €ro Bp LUeHUd. B cBia3u ¢ aTuM
OCHOBHBIM HEJIOCT TKOM KJI ccuueckoro BII-mMeTon au rHOCTUKM SBIIS€TCS P K-
TUYECKU TOJIH 4 TOTeps MyykK BO BpeMs M3MEpeHuil U M 1 4 3(p¢deKTUBHOCTD
H 60op wuH(OPM MU, NEPEHOCUMON MPOIIEAIINMHI Yepe3 Iienp 9 cTul Mu. [lo-
MHUMO 3TOrO, T K K K IIYMOB 1 KOMIIOHEHT PETHCTPUPYEMOIO CHIH JI OCT €TCd
Ip KTHYECKH HEM3MEHHOI, OTHOIIEHHE CUTH JI/IIyM IPU YIy4YIIEHHH P 3peLIeHUsd
pe3ko ymeHbl etcd. CUTy LU yXyAII eTcs IPU UCIOJIb30B HUM MHOTOAHMCKOBBIX
CeJIEKTOPOB CKOPOCTeid, TOCKOJIbKY B dToM ciyd e BIl-ciektp crpobupyercs c
MOMOIIBIO JOMOTHUTENBHBIX JUCKOB.

H36ex Tb 3H YUTENBHBIX IOTEPh KB 3WHENPEPBIBHOTO My4yK MpPU KJI cCHYe-
ckux BII-uzmepeHHsIX MOXHO IIpH IEpexofe OT MeX HUYECKOIo IpephiB Tes K
IIPEPBIB TEJIIO B BUIE BHYTPEHHEH MUILEHU, MOSBIIMIOLIEICI B IIydKe H KOPOTKUUI
IpOMEXYyTOK BpeMeHU. OH BBINOMHAET POjb LIETH VI 4 CTHUIl Iy4K , IPOB3 U-
MOJEUCTBOB BIUMX C MUILIEHBIO, U POX/ IOIIMXCSI H HEW BTOpUYHBIX 4 crull. Ilpu
1o100HOI MOJIepHU3 MU KJ1 ccrmdyeckoro BII-mMeTon B XH S pOJjIb OTBOAWTCS BbI-
60py moaxoxsmeil munieHn. OCHOBHBIM YCJIOBHEM B 3TOM CIIyd € sBisieTcs: obec-
[IEYEHUE OJHO3H YHOU cBA3UM BII-CIIeKTpOB IIyuK M MCIIOJIB3YEMBIX BTOPUYHBIX
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4 CTUL MPU MX M30MP TEJBHOW perucTp MU peTekrop Mu. [Ipumep Mu T Koro
HMOAXOX  ABJIAIOTCH: U3MEPEHHE DHEPreTHYECKOrO CHEKTP KOJUIEKTHBHO YCKOPEH-
HBIX IIPOTOHOB B ITy4Ke 2JI€KTPOHOB I10 BPEMEHH NIPOJIET HEUTPOHOB [1], Hcnoms-
30B HHE B K UeCTBE BTOPHYHBIX U CTHUI] YIIPYTOp CCESHHBIX MOHOB [2], BO30yXe-
HHE MOTOK HEUTP JIbHBIX Y CTHIL JI 3€PHBIM H3TydyeHHEM (METOA MEYEHBIX TO-
MOB WM MOJieKyi) [3,4], peructp 1ust HEWTp JIBHBIX Y CTHII TT0cje (hOTOOOIUpKU
My4K OTPHI] TeIbHbIX HOHOB s ero BII-nmu rHoctuxu [S] u ap. g dopmupo-
B HU HEOOXOAMMOM BHYTPEHHEH MHUILICHN W3 HEHTP JIbHBIX (3 PSKEHHBIX) U CTHIL
Wi (POTOHOB MOXKET OBITh HCIIONIB30B H ME€X HHYECKMH WM 3JIEKTPOM THUTHBIHA
NPEpPBIB Telb MO0 OBICTPOASHCTBYIONMI KYCTOOIITHYECKHUI HIIH BJIEKTPOOITHYE-
CKHUH 3 TBOP JI 36pHOTO M3JIy4eHHUs. B mociepHux ciuyd sSX MOXHO M30eX Th HEKO-
TOPBIX NP KTHYECKUX TPYIHOCTEH, CBSI3 HHBIX C CHHXPOHM3 LHEH MeX HMYECKHX
U 3JIEKTPOHHBIX KOMIIOHEHTOB O THOCTHYECKOH cucteMbl. OIH KO IpU M JIOU
BEPOATHOCTU B3 UMOJEWUCTBHS My4K C MHIIEHBIO MOJEPHU3UPOB HHbIA BII-meTon
noTpeOyeT 3H YUTENPHOTO yBEIWYEHHs BpeMeHH u3MepeHuil. Kpome Toro, T K 5
JM THOCTUK CT HOBHMTCS HEBO3MOXHOW TPH OONBIINX (DOHOBBIX 3 TPY3K X WIIH
IIyM X JIETEKTOpP BTOPHYHBIX 4 CTHL. B 4 CTHOCTH, I/I1 UCTOUHHKOB HOHOB Be-
POATHOCTb POXJAEHHS HCIIOJIb3YEMBIX BTOPUYHBIX U CTHLl H OCT TOYHOM T 3€ (7))
MOXeT ObITh BeCbM OO0JIpIIOi. B ®TOM CiIyd € celeKTHBHOE BBbIIENICHUE CHUTH JI
U3 MOTOK (POHOBBIX 4 CTHI B OOJ CTH JETEKTOP HEBO3MOXHO 00eCHedYnTh HU
IpU K KUX IUIOTHOCTSX MCHOJIb3yeMON BHYTPEHHEH MHILIEHH. DTO MMeeT MeCTO,
H NpuUMep, INpH IepeHoce IMpeIoKeHHoro B p 6ore [5] MopepHH3MPOB HHOTO
BII-MeTon HeBO3MyIL IOIUEW AWM T'HOCTUKHU IIy4K I10 HEUTP JIbHBIM BTOPUYHBIM
Y cTUIl M H HCcTOYHUKH noHoB H™ (1, ~ 0,2 + 0,4). IIpu aTOM HCIIONIB30B HHE
C MOTO IOTOK (DOHOBBIX HEUTP JIBHBIX Y CTHL T4 3 1 4 AU THOCTHKU T KOTO
My4K H TOBOPOTHBIX Y4 CTK X €r0 K H JI TP HCIIOPTHPOBKH COIPSKEHO CO
3H YUTEJIBHBIM UCK XEHHeM WH(OpPM LUH H3-3 IUIOXOH MPOCTP HCTBEHHOH JIO-
K JIM3 MU ee UCTOYHUK , T KXe BbICOKOU 3(h(heKTHBHOCTH 0OaupKH noHoB H™
6onee HU3KMX ®HEPTHH H OCT TOYHOM T 3¢ B YCKOPSIOIIEM IIPOMEXYTKE.

s yBenmmdenus >hpeKTUBHOCTH H 60p HWHGOPM LU B P CCM TPUB €MOM
METOAe O¥ THOCTUKM HeoOXOOUM Tepexoj K MHOIOLIEIEBOMY IpPEpBIB Telio, He
uck X tomeMmy BII-cekTp 3 Bpemd u3MepeHMid. B 4 CTHOCTH, ®TO BO3MOXHO
NpU MOIY/ISALMM Iy4K BO BPEMEHH, OJIM3KOW K (PU3UYECKH HEOCYIECTBUMOMY
6enomy 1iymy ( BTOKOPPENSLHOHH 1 (OYHKIMS p BH O-(yHKiumu). [Uis momyde-
HUg UHGOPM LUM O CHEKTPE C MHUHUM JIBHBIM UCK XEHUEM JITOPUTM MOAYIIALUN
JOJKEH COOTBETCTBOB Th T K H 3bIB €MOH ONTUM JIBHOW IICEBIOCIYY WHOW IIO-
CIIeIOB TENBPHOCTH, M KCUM JIBHOM 3 BpeMs HM3MepeHHd UIuTenbHocTd [6]. B
OTJINYME OT KJI CCHYECKOrO B PU HT MPSMBIX U3MEPEeHUH NpU MogoOHOH MOmy-
qgauuu BIl-criekTp my4yk ompenensercss B3 UMHOW KOPPEISIIMOHHON (hyHKIMeH
HOTOK Y CTUIl H JETEKTOPE W IOCIENO0B TEIbHOCTH MOAYIHPYIOLIAX UMITYIIECOB.
He3s BucuMO OT WIHMHBI 9TOH MOCIENOB TEIBHOCTH MPH KOPPEISALMOHHOM METOIE
MY4OK HE MPEPBIB €TCS HECKOJBKO JOJIbIIE TTOJIOBUHBI OOIIEro BpeMeHH H3Mepe-
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HUil. B pe3ynbT Te 3TOro MOTOK Y CTUIl H JAETEKTOpe NMp KTHYECKU He 3 BHUCHUT OT
JOCTUT €MOT0 BPEMEHHOIO P 3pEIIEHMs, YTO SBIIAETCS CYLIECTBEHHBIM JOCTOUH-
CTBOM JI HHOTO METOJl TI0 CPp BHEHMIO C KJI ccH4ecKNM. KoppemnaunoHHbI METOX
U3MEpPEHHS] DHEPIeTHYECKOrO CIIEKTP Y CTHL[ II0 BPEMEHH IPOJIET IPEIOXKEH
BTOp MU p 6ot [7,8]. B H ubosbluell cTeneHd OH IMOJy4YWI P 3BUTHE B HEW-
TPOHHOH ¢u3uke (cM., H mpumep, [7,9,10]). Ilpu >TOoM B 3KCHIEpPUMEHT X IO
HCCTIEJOB HUIO CTPYKTYPBI TBEPIOTO TENl C HCIOB30B HHEM INOTOK HEHUTPOHOB
LIMPOKO HCIOJB3YIOTCS BPEMSIIPOJIETHBIE CIIEKTPOMETPBI C ABYMs IICEBIOCIYY M-
HBIMH TIPEPBIB TENSIMU Tepe o0p 310M. B 3TOM cilyd € MOXHO cp 3y U3MepsTh
HEOOXOIMMBIil CIIEKTp B 3 BUCHMMOCTH OT IEPBUYHON DHEPrHH, COIEpPX Iueics B
Il [ I0IIEeM HOJIMXPOM THYECKOM HeUTpoHHOM myuke [9]. Ilo cp BHeHHIO C TEXHH-
KOH C OIHUM IpPEpbIB TejieM MPH 3TOM [IOINOJHUTENBFHO YIy4Il eTcCsl OTHOLICHHE
CUTH 1 K IyMmy. Eciau B mepBoM cilyd € HEKOPPEIHpOB HHBIA (DOH yMEHBUI -
erca B (N +1)/2 p 3, tne N — YHCIIO 97IEMEHTOB B LHUKIIE ICEBIOCITYY WHOMU
MOCNEN0B TEIbHOCTH MOLY/ISALMU IydK , TO IPU UCIONIB30B HUM JBYX IIPEPBIB Te-
Jiell OH JOMNOJHHUTEIBHO YMEHBINI €TCd BO CTOJIBKO P 3, CKOJIBKO 3HEPreTHUeCKUX
TPYNII H JIeT IOIUX 4 CTHULl HCIIONB3YeTCS OTHOBPEMEHHO. B ymomsaHyTOl BbIIIE
p GoTe oImMc H MpUMEp T KOTO CIIEKTPOMETP C ABYMS OJWH KOBBIMH ITOCIIE/IOB -
TEJIbHOCTSMU LIEIEl H IPEepbIB TESIX, HO CO CABUIOM IO ¢ 3€ WM C P 3JIUYHOU
Y CTOTOH MX Bp HieHus. [IpUMEHHMTENBPHO K MYYK M 4 CTHL M B 3 BHCUMOCTHU
OT UX THIl , T KX€ HEOOXOAUMOTO P 3pEeLIeHHs
F/F IIpU KOPPEIAUUOHHBIX u3MepeHusax BII-cmektp
LIMPOKO MCMONb3yeTcs K K anekTpuyeck s [11],

T K U MeX HUYeck f [12] momynsuus mydx .
B K uecTtBeHHOE Cp BHEHHE KOPPEIALMOHHOTO
u KJI ccuyeckoro BII-MeTonoB MOXHO IIpOBECTH
¢ noMmoripio puc.l (B3aroro u3 p 6otsl [9]). Ilpu
Fk/17" =2-2UIF DTOM 00JI CTH MPEUMYILECTB JI HHBIX METOJIOB P 3-
rp HUuMB fo1cs npamoii Fy, /F = 2(1-U/F), rue
Fj, — uucio coOpITHA, pETHCTPUPYEMBIX B K H JIe
k u mu3 top BII-cnexktp , U — cOOTBETCTBYIO-
e OHOBbIE COOBITHS, F = F;/N, F; — non-
UIF HOE YHUCIIO OTCYETOB (DYHKLUHU OTKJIMK B CHEKTpe,
N = T/At, T — neprox UMK IICEBIOCITYY W-
Puc. 1. O61 ctu npumenuMocTd  HOHM MOCIEIOB TeNbHOCTH, At — IIMH  ee dJle-
O0BMHOTO (A) M KOppensauMOH- MEHT BO BpeMeHU. HeTpymHo BuieTh, YTO IICEB-
HOTO (B) BpeMSIMPONIETHBIX METO-  JJOCTYY HHBINA HPEPBIB TEJIb IOTOK 9 CTHI] UMEET
AoB HECOMHEHHOE MPEUMYIIECTBO MpPHU BHICOKOM He-
KoppeaupoB HHOM ¢oHe, Korn Ki ccudeckuil BII-meron mp KTUYeCKd Hemnpu-
MeHuM. CrenyeT OTMETUTh, YTO B YK 3 HHBIX (POHOBBIX YCIIOBUSIX METOJ ICEB-
JOCIIyd WHBIX BO3MYILIEHHH BO BPEMEHHU SBIISIETCd BECbM IUIOJOTBOPHBIM W B
JIpYrux 007 CTSIX TEXHUKH (PU3MYECKOro dKCHEepUMEHT . B 4 cTHOCTH, M3Mepe-
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HHE B3 UMHOH KOPPEJSIUMOHHOW (DYHKIMU MEXIy BXOAHBIM BO3MYLIEHHEM M H3-
MepsieMbIM I p METPOM (H HpPUMEp, MOIIMHOCTBIO SIEPHOTO pe KTOp ) I €T HM-
MYyJIbCHYI MEPEXOAHYI0 X P KTEPUCTHKY M3y4 eMoil cucremsl (pe Ktop ) [13].
MoOXHO T KXe pe JU30B Th HEOOXOAUMYIO TICEBIOCITYY HHYI0 MOIYJSLHUIO BO Bpe-
MEHH HCIONb3YeMbIX B DKCHEPHUMEHTE BTOPHYHBIX HEHTpP JIbHBIX 4 CTUL (H MpH-
Mep, OBICTPBIX HEHTPOHOB) NPH POXJIEHUHM UX H MHIIEHH-KOHBEPTOpPE U CO-
OTBETCTBYIOLIEH SJIEKTPUYECKON MOIYISALUHM H JIET IOUMX 3 PSKEHHbIX Y CTHILL
(neitrponos) [14].

JIng 3 1 9 [OU THOCTUKH ITyd-
KOB MOXHO HCIIOJIb30B Th HE TOJIBKO
BpeMeHHYI0 Mony/sauuoo.  [Ipume- . 4 3
POM 3TOrO SBJISIOTCS MYJIBTHUILIEKC-
HbBIE YCTPOWCTB U1l U3MEPEHHUS P C-
NpefeseHui 3 PSKEHHBIX Y CTHIl B
MONIepeYyHOM () 30BOM IPOCTP HCTBE
(TIOTIEpPEeYHOro ®MHUTT HC ) M M THHT- 2
HOTO H JIU3 HX 3SHEPreTHYecKoro
cektp [15,16]. B srom cuy- | | | 3
9 € OCYHIECTBIIAETCSA IPOCTP HCTBEH- Yy
H g MOIY/SUus MOTOK  H JIM3HpYe- Nazzz] i 5
MBIX 4 CTHILl C UCIIOJIb30B HHEM IO- 1
JBUXHBIX IITOPOK, B KOTOPBIX MMe- / \ 4
I0TCSl BBIPE3bl M IIEPEMBIUKH, Ye- I A N N4
pexyrompecs 1Mo 3 KOHY IICEBIOCIY- Yz Vizg
4 WHOro KOogwpoB Hus. B 4 cTHO- 2
CTH, IIPU OINpeNesieHUH dHepreTude-
CKOTO CIEKTP HOHOB T KHE KOJIH-
pyloIIie M CKH MOTYT OBITh p CIIO- 5
JIOKEHBl H BXOJle M THUTHOTO H -
JIU3 TOP WIM H I JETEKTOpOM H -
cruy. B mepBoMm ciyd e 3H 4u-
TeNbHO oca Onsercd »dekT mo-

. Puc. 2. CxeM MyJbTUIUIEKCHOTO U3MEpUTENS
TOPOHHETO U HUS HEIyYKOBOMN
CTOPOHHETO H3ITyde CIyIKOBO IIONIEPEYHOro ®MUTT HC IyYyK HOHOB C ABYMS

HPUPOLEL, BO BTOpPOM — BKJI I HOZBIXKHBIMU IUTOPK MU: I M 2 — HeNOIBUX-
IyMOB JeTeKTOp . [l MONYYEHHS ppie okm st GeCHpEnsTCTBEHHOTO MPOXOXIE-
UH(GOPM LUU O P CIPEAeTIeHUd 9 -  yug OydyK H KOJUIEKTOp 5; 3 U 4 — IOIBUX-
CTUL B IIONEPEYHOM (p 30BOM IIPO- Hble WITOPKM

CTp HCTBE (3MUTT HCE IIy4K ) OJHO-

BPEMEHHO MCIIOIb3YIOTCA [BE IMOABUXHBIE IUTOPKHU, P CIIOJIOXEHHBIE H IPOJIET-
HOU 6 3¢ (cM. pmc.2). B xome u3MepeHHi HITOPKH TOCIIEAOB TENBHO MepeMe-
I IOT BAOJIb BBHIOD HHOTO H TIp BIEHWS H OIWMH 3JIEMEHT LUKJ IICEBROCIYyY K-
HOTo KOIMPOB HUs. I[Ipu K XH0il KOMOMH LIUM HPOCTP HCTBEHHOTO IMOJIOXEHHS
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LITOPOK U3MEPSIOT IIOCIEN0B TEIbHOCTh 3H YEHUH MHTEHCUBHOCTH Y CTH II [ 10-
LIEeTo Iy4K MOHOB, KOTOP f MPOUUT Yepe3 INEeNH IepBoi M BTOopoil mTopku. Ilo
Cp BHEHMIO C TP JULIMOHHBIM CIIOCOOOM B ®TOM CJIyd € 3H YHMTEIbHO COKp I -
eTcsl BpeMsl U3MEPEHNH 1 YBEJIMYMB €TCd MX TOYHOCTh. B 000MX p CCMOTpPEHHBIX
YCTPOMCTB X HEINOCPENCTBEHHO M3MEPSETCS HEKOTOPbIM AUCKPETHBIA UHTETP Jib-
HBIIT 00p 3 MccienyeMoil (PyHKIMOH JIBHOW 3 BUCHMOCTH. i TOro 4ToGbI MOJy-
4YeHHOU MH(OPM LM MPHUA Th TP AULHOHHYI0 (OPMY, ITOCIEIOB TEIbHOCTh 3THX
0o0p 30B moxsepr T 00p THOMY IpeoOp 30B Hu. [IpenMyiiecTB 1 HHBIX NpH-
60poB H A Tp OULUMOHHBIMH TEM BbIIIE, YeM OOJbILIE YMCIO JUCKPETHBIX TOUYEK
usMeperuid (IN). B COOTBETCTBUH C JIOTMKOW CBOEi p OOTHI I HHbIE JU THOCTH-
YeCKHe YCTPOMCTB OTHOCITCSH K KJI CCY P 3pYLI IOIIUX MY4YOK U, M3-3 HPOOJIEeMBbI
CO3/1 HHMSI TIEpEMbIUEK B LITOPK X, HE MOTYT ObITh HEMOCPEICTBEHHO MCIIOIB30B HEI
JUIS IIy4KOB BBICOKO®HEPIETUYECKHX MOHOB. TeM He MeHee B HEKOTOPBIX CIIyd fX,
H IpUMeEp, A1 pelnsdTUBUCTCKUX HoHOB H™ (cM. [17]), aTy TpynHOCTB, B IPUHLIUIIE,
MOXHO OOOMTH, €ClTi B K YECTBE BBIPE30B H IMOABICKHBIX INTOPK X B IyYKe HC-
MOJIB30B Th 30HAMPYIOLIE BHYTPEHHUE MHULIEHH ITPU U30MP TENIbHOM PErucTp LU
POXI IOLIMXCS H HHX DJIEKTPOHOB 001MpKH. [IpH 3TOM T KKe MOXHO 00eCIeUHTh
HEBO3MYIL IOMIMHA X P KTep Iu THOCTUKH. ONH KO, B OTJIMYUE OT KOPPEIALUOH-
Horo BII-mMeton w3Mepenuii, mogoOHbIe MOIEPHU3NPOB HHBIE YCTPOHCTB HEBO3-
MOXHO UCIOJIBb30B Th B YCIOBHAX MHTEHCUBHOIO HEKOPPEIHPOB HHOIO UCTOYHUK
UCIIOJIb3yeMBIX BTOPUYHBIX U CTHL, H TpUMep, NpH 2(peKTUBHOI 06MpKe HOHOB
H™ B ocr TouHOM T 3e.

¥Yn 4HOe codeT HUE NPeHeOPEeXHMO M JIbIX IOTEph MyYK IPH HCIIONb30B -
HUM TOHKOH BHYTPEHHEH MUIIEHH U BBICOKOH 2(pheKTUBHOCTU IOy4E€HHS HH-
¢hopM 1M O ero m p MeTp X NpPH ICEBROCTYdY HHOM MOMYISILMU JOCTUTHYTO B
NPEVIOKEHHOM U P 3BUTOM B p 60T X [18-22] KOppesIMOHHOM MeTojie HEeBO3-
MYIIl IOIIel i THOCTUKH mydk uoHoB (KMJIII). M3noxeHuio 1 HHOTO METOA U
MOCBALIEH H CTOALIMN 0030p.

2. PU3NYECKHE OCHOBbBI KOPPEIIAITMOHHOI'O METOJA
HEBO3MVYIIAIOIIEI TUATHOCTHKH ITYYKA

@duznueckoil OCHOBOH HEBO3MYI IOIIMX KOPPESIMOHHBIX m3Mepenuil BII-
CHEKTp My4yK SBISETCS MCIOJIB30B HHE T KOTO B3 UMOAEHCTBHS IPEHEOPEKIMO
M JIOH Y CTH MOHOB C BHYTPEHHEW MMIIEHbBIO, TP KOTOPOM POXI I0TCS BTOPHY-
HbIE Y CTHLBI, UMEIOIINE NP KTHYECKU UICHTHYHBIH CIIEKTp M JOIMYCK IOLIME UX
U30HMp TENBHYI0 PErHCTp 1Mo Oe3 BO3MeUCTBHSA H My4oK. I[Ipu TOM BBIOMp eTcst
T K S MUIIEHb, YTOOBI ee BIUSHUEM H MYy4OK MOXHO ObUIO mpeHeOpedb,  BbI-
Op HHBIC MH(OPM IHOHHBIE BTOopHyHble 4 cTuibl (MH-4 cTHiel) moBropsin Be-
JIMYMHY U H TP BJIEHHE CKOPOCTH IPOB3 MMOJEHCTBOB BIIMX MOHOB C TpeOyemoi
U1 U3MEPEHUI TOYHOCTBIO.
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H 1oBOpOTHBIX y4 CTK X K H JI Tp HCIOPTHPOBKHM Iydk B K yecrse MH-
Y CTHL[ MOTYT OBITh HCIIOJIb30B HBI TMPOAYKTHI P 3B JI WM Tepe3 PSOKH HOHOB
H 30HAUpYIOUIEH MHINEHH, NMOKHUJ IOLHe My4OK Np KTHYECKH 0e3 BO3MYIIEHHs
HnepeHocuMol MU MHGOPM 1UU. TOYHOCTH COOTBETCTBUS UX P CIpEleTeHus U
M3MEPSIeMOro B MydKe IO Belu4yuHe (B OTH. €l.) U H Ip BiIeHuio (B p 1) CKO-
POCTH MOHOB B HEPEIATUBUCTCKOM CJIyd € MOXET ObITh OLIEHEH BEelIMUYUHOW ~
2(M; /M) (pogp/MiE;)®°, tne ppo — npusenenn s M cc UH-4 ctuipi u oct B-
nielics 4 CTU MOH TIPH €ro p 3pYLUEHHU WM M CC 3JIEKTPOH IIpU Hepe3 paiKe;
M;, E;n M, —M cc MOH , ero sHeprud U M cc  MIH-u CTHLIBI COOTBETCTBEHHO.
3H YeHue €, NPUHUM €TCAd P BHBIM BHEPIMU CPOJCTB IIEPEHOCUMOIO 3JEKTPOH
(I¢) B none wnu B MH-u ctune (B ciyd € 3 XB T 3JIEKTPOH ) IpU Iepe3 pai-
HOM nponecce 6o sHeprun cpoacts MH-u cruier (I,) B HOHE TIpuU €ro p 3B Je
H KOpIycKyndpHoi MunieHu. CyIiecTBEHHOE yly4IleHHe TOYHOCTH COOTBETCTBUSA
P cIpeneneHuii MOXeT ObITh JOCTUTHYTO B CIyd € HOHOB, [UII KOTOPBIX MOXKHO
pe JU30B Tb OKOJIOIOPOIOBBI p 3B JI ¢ poxiaenueM HMH-4 ctun H  30HIMpYyO-
el my4ok (hOTOHHOM MHILIEHU. B 3TOM cilyd e [UIS Hemossipu30B HHOW MUIIEHU
HeoOXOIUMO TON T Tb €, R~ hw — I, THe hw — sHeprus GoToH B cucreme Io-
Koq HOH . IIpuBeeHHBIE TOYHOCTU COOTBETCTBUS P CIIPENETICHUI IOIy4eHBl U3

H 3 JucdepeHny JIbHBIX CEYEHUI Ul p 3JIUYHBIX THIIOB MOHOB, MUIIEHEH U
WH-u ctum, T KXe MpeicT BIeHHBIX B p Oote [23] pe3ynabT TOB.

H npsaMonuHeNHBIX y4 CTK X K H J1 TP HCHOPTUPOBKU Iy4yK , B CIy4 €
MOHOB, JIONYCK IOUIMX JI 3epHOE BO30YXJEeHHE, NPEICT BJISEeT UHTEPeC HEKOTO-
P 9 MOIEpHHU3 1M HCIONB30B HHOTO B p 00T X [3,4] Meron , Korg 30HAUPY-
IOIMIA JI 3€pHBIA JIyd p CLIEIUIieTcs H JB , OOMydY IOIIMX IYYOK B H Y JIBHOU
M KOHEYHOU TOYK X HposieTHOH O 3bl. IlepBhiii syd ciyXuT st (hOpMUPOB HHS
WH-u crui B BUIe BO30YXIEHHBIX HOHOB C JIOCT TOYHO OOJIBIINM BpeMEHEM KH3HH,

BTOPOW — il M30Mp TEJIbHOW PETUCTP LM MX HMOTOK H (DOHE MyYK IO BTO-
pUuHBIM (POTOH M CTUMYJIUPOB HHOU dryopecueHuuu. I[Ipu aToM H y4 cTKe pe-
TUCTP LMM MOXET ObITh MCIIOIBb30B H OTAEIBHBIM J1 3€pHBIN JIyd C OTVINY OIIeics
sHeprueil otoHoB g nepesox MH-4 cTHIl B Opyroe KB HTOBOE COCTOSHHE C
M JIBIM BpeMeHeM Xu3HH. M3-3 M JIOTO MMIyJbC IMOIVIONI eMbIX (DOTOHOB MpHU
UCIIOJIb30B HUM BO30YXJIEHHBIX MOHOB B K uyectBe MH-u ctum poctur ercs 3H -
YUTENBHO JIY4Il I TOYHOCTh COOTBeTCTBHUS BII-crieKTpoB, 4eM B p CCMOTPEHHOM
BBIIIE B PU HTE C P 3B JIOM WIH IIepe3 psOKOil HOHOB.

JIng pe nu3 MM HEBO3MYIN IOIIEH U THOCTUKM Iy4K H OCHOBE 30HAMUPYIO-
el BHYTpeHHEH MUIIEHH U KOPPETSILHMOHHOTO H JIM3 HCIOJIB3YIOTCS TECTOBBIE
WH-u ctuupl. B upe npHOM ciiyd € MOA TECTOBBIMH IOJAP 3YMEB IOTCSA Y CTHULBI,

BTOKOPPEILALUOHH 5 (DYHKIUS NMOTOK KOTOPhIX W, (¢) IPOIOPLUOH JIbH IIepHu-
oMYecKoi d-pyHKUIuM (IICEBIOCTYY WUHBIA MTOTOK):

+oo +o0
RPP(t) = / Wy (7) W, (7 — t)dr = const - »_ 6(t — kT). (1)
k=—oc0

—00
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s poxnenus T kux MH-u ctun Heo6Xxoaumo (pOpPMHPOB Th «HUJIE JIbHYIO» MH-
IIeHb C ICEeBIOCITyY WHO MOAYIMPOB HHOM BO BpeMeHH MIOTHOCThIO Wy (t). IIpo-
CTp HCTBEHH $ JIOK JIM3 LU MHUIIEHU JOJDKH OBITh T KO, 9TOOBI, IPH HEU3MEH-
HOM 3 BpeMsd MU3MEPEHUs TOKE Iy4K MOHOB, IIOTOK POXJ IOUIMXCA H HEH 4 CTHUL
J€KB THO OTP X J1 OCOOEHHOCTU BPEMEHHOH MOIY/ISILUN MHIICHH:

U, (t) = const - Wy (1). (2)

[puBenenHslii KO3((PUIHUCHT TMPOMOPLIUOH JIBHOCTH OMpenesyieTcs MOTOKOM I -
I IOIIMX H MUIIEHb HOHOB U ceueHueM poxnaeHus TecToBbix MH-u crum. Hwm-
Oy/ITbCH S X p KTepuctuk h(t) mpometHo# 6 31 L OT MHUIIEHH IO AETEKTOP
OJIHO3H YHO CBsi3 H ¢ p cropeaenenuem UH-4 ctui o ckopoctsim V,, (6 = L/V},)
YUTH SHEPIHH M OIpPENessieT 3 BUCHMOCTb HX MOTOK [, (t) BO BpEMEHH H Y4 CTKe
JNETEKTUPOB HUS:

—+o0
fp(t) = / M), (t — T)dT + fi(2), (3)
0
rae fb(t) — IIOTOK CI)OHOBI)IX HNH-u cTun, 06p 3YIOIIUXCA TP B3 UMOACUCTBUU

MOHOB C KOMIIOHEHT MM OCT TouHOro r 3 . C ydyerom (2) u He3 BucumocTd W, n
f» TIOJIyY €M, YTO M3MepeHHe B3 MMHON KOPPEISIMOHHOM (DYHKIIUH MEX]Iy IOTO-
K MU 4 CTHIl WIid (POTOHOB «uje JibHOH» muiienn (V) u MH-u crtui B 061 cti
IeTeKTupoB Husl (f,) MO3BOMSAET BBINEIMTH MEPUOIUYECKU MOBTOPSIOIILYIOCS HM-
MYJIBCHYIO X p KTEpPHUCTHUKY rposetHoi 6 3b1 (BII-cekTp):

+o0 +oo
R (t) = / U, (1) fp(T — t)dT = const - / h(T)RPP(t + T)dT =
+oo
= const Z h(t — kT). (4)
k=0

B pe npHOM ciIyd € BHYTPEHHSS MHILUEHb U MOTOK POXI IOIIMXCA H Hell TecTo-
Boix MH-u cTUI HOJKHBI OBITH T KUMHU, YTOOBI CBEepTK h * RPP mp KTHYECKH He
m3Mensm  (pyakumio h(t). B cootBercTBuu ¢ [24] 9TO yclioBHE O3H Y €T, YTO Ie-
PHOOMYECKH TTOBTOPSIIOIIMIICS 3JIEMEHT BTOKOPPETILMOHHOW (DyHKIIMH CHUTH JI
U, (t) mOMKeH OpeacT BISATh cOOOM JOCT TOYHO Y3KYH) BO BPEMEHH KPHBYIO C
IHPHHOH A <K Tyax, 1€ h(t)= 0 npu | t |> Timax, €€ MepHOJ JOJIKEH YHOBIIE-
TBOPATH YCHOBUIO 1 > 2Ty, H Tp KTHUKE Ipu M3MEpeHHH B3 MMHOU Koppe-
JALUOHHON (DYHKIIMH BMECTO MOTOK f, HCIOJb3YeTcsl MPOMOPIMOH JIBHBIN eMy
curH 1 ot gerekrop MH-u ctum co cBonmMm cobcTBeHHBIM 1yMoM. Ipu mono6Hoi
3 MEHEe HEKOPPEJIMPOB HHOCTh 3TOTO IIyM C MHIIEHBIO OCT BIISIET HEM3MEHHBIM
BBIp XeHue (4).
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Honbl

| /= [IH- -dACTHIbL

, —_— : 3
2 (f —— ., (9 = fix € /

Puc. 3. CxeM HeBo3MyII IOIMUX KOPPETALHOHHBIX U3MEPEHHI I P METPOB Iy4K HOHOB
H IOBOPOTHOM y4 CTKe K H JI Tp Hcnopruposku. P crpenenenne o(Y')jy_gx Myuk
oImpefienaeTcs THCTOTp MMOH ¢ (q)|s—=fx MOTOK TecToBbIXx MH-u cTui H jerexTope

OGOoO0IIEeHreM P CCMOTPEHHOTO BBIIIE METOA HEBO3MYII IOLIEr0 W3MEPEHUsI
BII-criekTp sIBIsIeTCS HCIIOB30B HUE OJHOM MepeMenl [OIIeics], H IpuMep, BIOIb
ocu Y, mrb0 HECKOIbKUX (PUKCUPOB HHBIX U P 3HENCHHBIX APYT C OPYrOM B IIPO-
CTp HCTBE BHYTPEHHHMX MHIIeHel (cM. puc.3). DTo MO3BONLET IMPOBOIUTH HEBO3-
MyII[ IOIIHMe KOPPEJSIMOHHBIE M3MEPEHHS X P KTEPUCTHK IIyuyK B IONEPEYHOM
(Y,Y")-¢ 30Bom mpoctp uectBe (Y = dY/dZ). B 4 crHOCTH, IpH HCHOB30-
B HHUH 7 «HJ€ JIbHBIX» HUTCBUIHBIX BHYTPEHHHX MHIICHEH U 110 JICHTOYHBIX CH-
CTeM JEeTeKTHPOB HUs H K 3KIYI0 MHUIIEHb IOyd eM H jiorndnoe (4) M Tpud-
HOE COOTHOIIEHHE st n X m Koppemsauuid Mexny (yHkumsmu U () u fpq(t),

COOTBETCTBYIOIIMX S-i MulleHH (s = 1,...,n) U ¢- cUCTeMe JAECTEKTUPOB HUS
(g=1,...,m):
R"(t) = By, / hsq(T)REE(t + T)dr = Byg Z hog(t — KT). (5)

IIpu sToM mon r ercd, 4ro MOTOKM TecToBbIX MH-4 cThIl OT p 37IMYHBIX MUILe-
Hell He MepeKphlB I0TCI MeXIy co00i H yd4 CTKe JeTeKTUpoB Husl. MMIynbcH s
X p KTCPUCTHK IIPOJICTHOU O 3bI hsq(t) olpenernsier UX p cHpelesieHue 0 CKO-
POCTSM B BbIIIEJIEHHOM s — ¢ H 1ip BiieHun (pukcupoB Hbl Y u Y’). Ilpu Koppek-
TUPOBKE pe3yJabT TOB CBEPTKH K ofHOpoaHoM muiieHd (Vs = W;) U UCHONB30B -
HUM HOPMHPOBKH [ hgq(7)dT = 1 monyd em M tpuuy Bgg, KOTOp S OLpeiesier
p cropenenenne tectoBbix MH-u ctur (myuk ) B (Y, Y”')-¢d 30BOM mpocTp HCTBe.
B mpexnsiayiieM p 3aese MpoOBEJEHO K YECTBEHHOE CP BHEHHE KOPPENSLUOH-
HOro u ki1 ccuueckoro BII-mMeronos nu rHoctuku. Mcnosb3ysd mpeact BieHHbIE,
H mpumep, B p 60T x [9, 25-27] pe3ynbT Thl, NPOBEIEM HEKOTOPBIN KOIMYECTBEH-
HBII H JIU3 NIPUMEHUTETBHO K P CCM TPUB €MOMY METOLY HEBO3MYII IOIIUX KOP-
pensiunoHHbIX m3Mepenuii BII-ciektp myux . B cBs3u ¢ Tem, uto nponetH 51 6 3
ABJISETCS JTMHEHHOM CHUCTEeMOH, MpU MPOBEASHHM U3MEpeHuil o N JUCKpPeTHHIM
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K H J1 M BO BpeMeHH BbIp XkeHue (3) MOXKHO MpPEACT BUTh B M TPUYHOM BHIE:

N-1
folk) =Y hgWp(k —q) + fo(k); k=0,1,...,N — 1. (6)

q=0

C y4eToM TeopeMbl O BEIOOPKE 1 HHOE MPEACT BICHHE HE UCK X €T HH(OPM L0
o BIl-criekTpe NpH YCIOBUH, YTO BPEMEHHOH MHTEpPB JI IUCKPETHBIX M3MEpEHHIH
HCTIOJIb3yEMBIX BEJIMYMH HE MPEBOCXOOUT MOJIOBHHBI EPUOJ H HUBBICHICH I' pMO-
uuky yakimn U (t). B mpepnonoxeHud GHH PHOU (IIOCIEHOB TeIbHOCTh | 1
0) mceBnocmyd ifHONW MOOYISALMH IUIOTHOCTH BHYTPEHHEH MHIIEHH BO BPEMEHH U
Ip KTHYECKH MOCTOSHHOIO MoToK (oHOBbIX MH-4 ctHi B 00 cTu mereKkTupo-
B HUS CIIP BEIJIMBBI CIICAYIOIIE BBIP XKEHHS JUISl ONPEAEICHNS] BEJTMIUHBI CUTH JI
hj ¥ €ero MUHHMM JIbHOM JUCIIEPCUM B k-M K H Jie JUCKPETHBIX M3MEPEHUid X P K-
TEPUCTUKH ITPOJIETHOU 6 3bI 3 mepuoi 1’ MOIYISALUH MUILEHHU:

1 N—-1
hi+ = fi = ; bi—ie f(1);

N—-1
02(hk):ri2 pr(z‘)+N7b ; k=0,1,...,N — 1. (7)

1=0

Ipu 3TOM TIOJ T eTcd, uTo f, — cpemdee umciao ¢onossix MH-u cTHIl Bo Bpe-
MeHHOM WHTepB jie u3MepeHuit At = T/N H yd4 CTKe ACTEKTHPOB HUsl, I —
YUCIIO 3H YeHui 1 3 nepuoa MCHOJIb3yeMOH [UId MOAY/ISLUMHU IOCIEIOB TEJIbHO-
CTH a;, b; — 00Op TH s K HEl MOC/IeN0B TEIbHOCTh (Zi]\;l biai_r = Oro; k =
0,1,...,N —1). Hopmuposk BemuuuH hy B (7) omnpenensercd ITIOTHOCTBIO
MUILIEHY, UHTEHCUBHOCTBIO IIydK M ceueHHeM poxjeHus tectoBbix MH-u crum.
3H yenns 1 u O OUH PHOU TMOCJENOB TEJIBHOCTH @; COOTBETCTBYIOT H JIMYUIO U
OTCYTCTBUIO IIOJIHOCTBIO IIEPECEK IOLIEH IIyYOK BHYTPEHHEW MullleHU. JorosHu-
TEJIbHBIIl Cp BHUTEJIBHBIA H JIU3 MOXHO IPOBECTH C IMOMOILBI0 X P KTEPUCTUKH
(G, KoTop s ompeziensieTcsl K K OTHOLIGHHE BPEeMEH H3MEepeHMH I IOMydeHus
OJHH KOBOU CT THCTHYECKOW TOUYHOCTH B KJI CCHYECKOM U KoppensauuoHHoMm BII-
Mmerone. B ciyd e onTuM sibHON OMH PHOM IOCIENOB TENBHOCTH G;, MUHUMH3H-
pyIOILLEH BEJIMYMHY JUCIIEPCUH,

G~ 14+ 2R , (8)
2(1+2R/n)

e R = fb/fp, ?p = (1/N) ZZALBI fp(7). W3 BeIp xeHuit (7) u (8) BHAHO, YTO

KOppesIMOHHbIA MeTox m3Mepenus BIl-ciektp mnpeamodrutensHee npu O0b-

mux motok X ¢orosbeix UH-u crum (R > 1/2), Korg X p KTEpUCTHK IPOJIET-

HOU G 3bI BbIIEISETCS M3 (DOH , YMEHBIIEHHOTO H KO3((PULIMEHT, 3 BUCAIIUIN OT
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JUTHBI MOLY/IMPYIOILEH 1OCIEN0B TENbHOCTU. DTO MO3BOJISET IPEOOIETh OIp HHU-
YeHHE 110 BeJIMYMHE OTHOLIECHHUS CUTH JI/IIyM B HECKOJIBKO MOPSIIKOB U ITPOBOINTD
®KCHEPUMEHTHl B O€3H IEXHBIX I KII CCHUYECKOr0 METOA YCIOBHSAX (CM., H -
npumep, [9,28,29]). Ilpu 3ToM M KCUM JIbH 4 3(pheKTUBHOCTD KOPPEIALHNOHHBIX
mMepeHuil (Gmax ~ N/4) DOCTUTr €TCsl IPU JOMUHHPYIOLIHX (POHOBBIX YCIOBHUSIX,
korg 4R/N > 1.

[Tpenct BreHHbIE BBIIE Pe3yAbT ThI M IPOBEACHHBI H JIU3 TIOK 3BIB IOT, 4TO
IIPY UCIIOJIb30B HUM 3OHIMPYIOIIMX BHYTPEHHHX MHIIEHEH M KOPPESIHOHHOIO
METOJ H3MEpeHMS X P KTepUCTHUK MOTOK POXJ IOIMXCI H HUX TecToBbix MH-
9 CTHIl MOXHO pe JIU30B Th HEBO3MYII IOIIYIO AU THOCTHKY Iy4K HOHOB.

3. OCHOBHBIE DJIEMEHTHI JUATHOCTUYECKOI'O YCTPOICTBA

OCHOBHBIMU 3JIEMEHT MU YCTPOWCTB JUIA p€ JIU3 LUK P CCM TPHUB €MOTIO Me-
TOJ, KOPPEALMOHHBIX U3MEPEHUI I P METPOB ITy4K SBJISAIOTCSA: BHYTPEHHSS MH-
LIeHb C TICEBIOCTYY MHO MOJYIHPOB HHOW BO BPEMEHH IUIOTHOCTBIO, BBICOKOY -
CTOTH $I CUCTeM W30up TesbHOro naerekTupos Husg MH-u ctui u GpIcTponencTBy-
0L KOpPEIoMETp.

W3BecTHbIe cucTeMbl Mex Huueckoii [12,25], snekTpudeckoil [11] u anextpo-
ontuyeckoi [30] MoOmynsaUMU MOTOK Y CTUILl WIH (POTOHOB, IIMPOKO HCIIONb3Y-
emble Uid (POPMHUPOB HHUS MHUIIEHEH B TOMHOH M HEUTPOHHOH (pU3MKE HU3KHX
9HEepruil, K K Mp BWIO, HE MPHUIOAHBI VI OU FHOCTUKM MYYK HOHOB M3-3 He-
JIOCT TOYHO XOPOLIEr0 BPEMEHHOIo p 3pelieHus. B CBiI3H ¢ 3THM JUISI UOHOB C
BHYTPEHHEII TOMHON CTPYKTypoii npu poxiaeHuu tectoBbix MH-u ctuni v ¢oron-
HBIX MHUIIEHSAX MHPEJICT BIFeT MHTEpPEeC BO3MOXKHOCTh I'€Hep LM JI 3€PHOTO U3Iy-
YeHUS C ICEBJOCIyd WHON IMOCIEeIOB TEIbHOCTHIO BEChbM KOPOTKHMX BO BPEMEHHU
UMITYJIbCOB. BIM3KMI K CTOX CTUYECKOMY MOTOK (DOTOHOB BO3HMK €T IpH p OoTe
TBEPIOTENBHBIX J1 3€POB C OOJBIION IIMPHHOW JIMHUU TEPEX0], B MHOTOMOIOBOM
CT THUCTUYECKU HE3 BUCHUMOM peXuMe ycuieHus (cM., H npumep, [31]). B u cr-
HOCTH, K K TIOK 3 HO B p 00T X [32-34], T KOif peXuM HMeeT MeCTO B Ipeaet X
MUK CBOOOJHOI reHep LUM W3JIy4eHMs! MMITYJIbCHBIX JI 3¢€pOB H HOH X HEOIUM
B P 3JIMYHBIX TBEPIOTENbHBIX cpex X (A ~ 10600 A). ®opm oru6 romeii nmuk
MO3BOJISIET C IIOMOUIBIO 3JIEKTPOONTHYECKOTO 3 TBOP U CHUCTEMBI 1 ¢p ™ op-
MHUPOB Tb (DOTOHHYK MHUIIEHb IIUTENbHOCTBI0O ~ 100 = 1000 HC ¢ JOCT TOYHO
BBICOKOW U TIOCTOSSHHOI CpeJjHell MOIIHOCTBIO BO BpeMeHH. M3MepeHH s mupuH

BTOKODPENAINOHHOI (hyHKIMH u3dydenus, H npumep, Nd*3 : UAT 1 3ep B
T KOM pexume reHep uuu ouenus ercst BeamanHod A < 50 nc. IMopobn s ¢o-
TOHH s1 MUILEHb NPH OOOUPKE H Heil OTPUI TEJIbHBIX WIH P 3B Jie MOJOXUTEIb-
HBIX MOJIEKYIIIPHBIX HOHOB MOXET CITyXUTb 3(h(DeKTHUBHBIM F'€HEP TOPOM TECTOBBIX
HEUTpP JIBHBIX U CTHUL, MIO3BOJIAIONINM H3MEPATh JOCT TOYHO KOPOTKUE BO BPEMEHU
HMITY/TbCHBIE X P KTEPUCTHKH IposieTHo 6 3bl h(t). H OCHOBe cp BHHTEIHHOTO
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H JIU3 CHEKTpP JbHO-BPEMEHHBIX X P KTEPUCTHUK H3JIy4EeHHUS P 3JIUUHBIX Cpel C
WOH MM XpOM ¥ HEOJM B OJWH KOBBIX ®KCHEPHMEHT JIbHBIX YCJIOBHSIX B p O0Te
[35] npemioxen puznyeckuil MeX HHU3M BO3HMKHOBEHHUSI CTOX CTHYECKHUX IIyJIbC -
Ui Ipy cBOOOIHON reHep WU TBEPHOTEJbHBIX JI 3epoB. B cooTBeTcTBHU C HUM
Il HHBI ITpoliecC B H UOOJIbIICH CTENEeHH JOJKEeH MPOSBISATHCS JUISl HOHOB, HMEIO-
IIMX BHEIIHIOI p 604yl 000JI0YKY, YPOBHH KOTOPOH MOIABEPT IOTCS BO3ICHCTBUIO
BJIEKTPUYECKOTO MOl COOCTBEHHOTO JI 3€PHOTO M3Ty4eHHs BCISICTBHE JUH MUYe-
ckoro appext T px ( H JOrHIHO cUTY MU C 3d-000TOYKOH TPEXB JIEHTHOTO
HOH XpOM ). B ycrnoBusx ImpoCTp HCTBEHHO HEOJHOPOJHOIO IOJISI B KTUBHOM
cpelie, Co3l B €MOIO CTOSYEl BOJIHOM, IIPOCTP HCTBEHH $1 CTPYKTYpP KOTOpOM Me-
HSETCS B Mpoliecce TeHep LUH, AMH Mudeckuil adpdpext LT pKx HpUBOAUT K Bpe-
MEHHOH MOy sUnH KOd((ULUEHT YCHIEHHs KTHUBHOM Cpelbl U He3 TyX HOIIUM
MyJIbC LUSM MHTEHCHBHOCTH HM3aydeHHs. ONTUMU3 LU OTMEUEHHOTO PEXHM Tre-
Hep LWH U3IIy4eHHs P 3JIUYHBIX JI 3epOB C IEJIbI0 MOJTyYeHHS H nOoiee MOIIHBIX
1 ONM3KUX K TICEBAOCTYY HHOMY IOTOKOB (POTOHOB ((PU3NYECKH TeHep Top «bOe-
JIOTO» LIyM (DOTOHOB) SIBIISIETCS OCHOBHOHM 3 1 4Yell mpu p 3p OOTKe (hOTOHHBIX
MHIIEHeH I KOPPETSILMOHHOTO METOH HEeBO3MYI IOHIe U THOCTUKU ITy4K
HOHOB.
ITpu BII-u3MepeHuax ¢ perucTp Luei 3 psSKEeHHBIX WIN HEUTP JIBHBIX Y CTUII,

T KX€ B K YeCTBE YCWJINTENEH N300p XeHUS UX MOTOK IIHPOKO HCIONb3YIOTCS
P 3IMYHBIE JIETEKTOPHl H OCHOBE MUKPOK H JbHBIX 1 c¢TuH (MKII). Onu o6 -
I 10T JOCT TOYHO XOpoIueil a(pheKTUBHOCTHIO PETHCTP LUK Y CTHIL, BECBM M JIOM
CKOPOCTBIO CUET TEMHOBBIX UMITYJIbCOB, CJ1 OOW YYBCTBUTENBHOCTHIO K BHEILIHUM
M THHUTHBIM NOJNAM, T KX€ XOPOIIMMH JIMHEHHBIMU X P KT€PUCTHK MH IIPU BbI-
COKOM BPEMEHHOM M mpocTp HcTBeHHOM (20-+-50 Mxm) p 3pemenun [36]. Bpems
3 1 31bIB HUS OTKJIMK IUI CTUHBI H BXOJAHOH IOTOK U €e BpeMeHHOe p 3pe-
LIEHHE 3 BUCAT OT IMPWIOXEHHOIo H MNpSXEHHd, Id MeTp U IJIMHBI K H JIOB. B
9 CTHOCTH, JUI HCIIOJIB3yeMOi B p 60Te [37] U1 CTHHBI JOCTUTHYTHIC 3H YCHUS
3TUX X p KTepUCTHK cocT BT ~ 150 nc u < 100 nc coorBercTBeHHO. B X-
H g ocobenHocTs MKII cocTouT B TOM, 4TO OH MOXET HE3 BHCHUMO YMHOX Tb
BTOPHYHBIE 3JIEKTPOHBI OT 4 CTHILI, IOM J IOUIMX B P 3JIMYHBIE K H JIBI, B COYe-
T HUU C XOpOUIEH CT OMIBHOCTBIO €€ I p METPOB BO BpeMeHU. K HemocT TK M
Il HHBIX JI€TEKTOPOB MOXHO oTHecTH Gosbinoe (10100 Mc) BpeMs BocCcT HOBIIe-
HUA K H JI T0CJIe IPOXOXIEHHUS J1 BUHBI BTOPUYHBIX JIEKTPOHOB (CM., H MPHUMED,
[38]).

JIs MTUHEHHOTO YCWIIeHHS! TOTOK HEOOXOAMMO, 4TOOBI perncTpupyemsie 3
9TO BpeMs 4 CTULbI 1o 1 Jiu B K H Jbl MKII, 10cT TOYHO p 30€/I€HHBIE APYT OT
JIpYr B IPOCTP HCTBE U MOTOMY OOJ I IOIIME MPEeHeOPEeXUMO M JIOU 3 PsIOBOIL
CB3bl0. B aTOM ciiyu e obecrieuuB eTcsl He3 BUCHMOE YMHOXEHHE,  MIUIUTYA
BBIXOJHOTO MMITYJIbC CKJI ABIB €TCS M3 CyMMBI TOKOBBIX CHTH JIOB OOJIyd eMBIX
K H J0B. B pexume ycunenus Tok nporuecc (hOpMHPOB HHS J1 BUHBI BTOPUUHBIX
BIIEKTPOHOB B K H JI€ JIOJKEH IMPOXOIUTh B HEH CHIIIEHHOM peXume, I KO-
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TOPOTO X P KTEPHBI OTCYTCTBUE HEHYJIEBOIO M KCUMYM M MOHOTOHHBIA CII J B
P CIpeleseHu: M0 MIUTUTYI M OJHORJIEKTPOHHBIX UMITYJIBCOB.

W3 H nmu3 p 3MHYHBIX SKCIIEPUMEHT JIbHBIX p OOT U TEOpEeTHYECKUX MO-
JeTieil 1 BUHOOOp 30B HUS B K H JI X CJIEAyeT, YTO CTENeHb JOCT TOYHOTO MpO-
CTp HCTBEHHOTO p 3[eJIeHHs PETHCTPUPYEMBIX U CTHIl H BXOIE AETEKTOp 3 BH-
CUT OT p 3MepoB K H JioB U M Tepu 1 MKII, T KXe OT KOJIMYeCTB IUl CTUH
B cOOpKe, p CCTOSHHS M IPUJIOKEHHOTO H MpsKeHus Mexnay Humu. H mpumep,
B COOTBETCTBUHM CO CT THCTHYECKHM H MOOIiee BEpOSTHOW KOH(Uryp Luei Bo30y-
XKIOeHUS K H JIOB C TeKCaroH JIbHBIM P CIHOJOXEHHEM, MPU PEricTp LUH HOHOB
WM HEUTp ITbHBIX U CTHUI] C DHEprueil 0 HecKombkux MosB cbOopkoil u3 OByx
WU TPeX U1 CTUH 0e3 MPOMEXKYTKOB MEXIy HUMHU, HEOOXOIMMO 0OeCIIeunuTh npo-
CTp HCTBEHHOE P 3leJIeHHe, MPEBbILI Iollee U METpP TPYIIBl U3 TPeX WM CeMU
K H JIOB COOTBETCTBEHHO [39].

,_.
9
w
Coood il o
o

|\/|mu| T T T T T T TTAmp T T Ty T T 1 1 rom)
10713 10712 107" 1071 10° 10°% 1077 10°°
I, A
Puc. 4. 3 BUCUMOCTBH BBIXOJHOI'O TOK MI/IKpOK H JIbHOU IUT CTUHBI OT TOK II PIgm:0)110%0.¢
H Hee 2JIEKTPOHOB B CIIy4 € HENpepblBHOTO (/) W P 37IMYHON UIMTENIBHOCTH MMITYJIbCOB

(f = 0,5 I'n) nyux : Tuun= 5000 (2), 50 (3) u 10 (4) Mxc

VK 3 HHbIE BbIlIE (P KTOPHI ONPEIENIIOT M KCUM JIBHO JIONyCTUMBIE IIOTHO-
CTH MOTOK Y CTHUI[ H BXOJE HETEKTOD T|max [eM2.c71] ana obecnevenus mu-
HEWHOCTH ycuneHus oTaenbHoi uin coopku MKII B TOKOBOM pexXuMme AeTeKTHPO-
B HUS. B 9 cTHOCTH, U1 OLIEHKHM 1 HHOM BEJIMYMHBI TIPH PETUCTP LMW MMITYIIbC-
HBIX TIOTOKOB JUTUTEIBHOCTBIO 7 BO BPEMEHH MOXHO HCIIOJIb30B Th COOTHOLIECHHE

N|maxT ~ const, 9)

/1€ 3H YEHUE KOHCT HTHI OIIPENESISeTC TUIIOM PETUCTPUPYEMBIX U CTHLL, UX DHEP-
rueil 1 0COOEHHOCTIMH JeTeKTOp . [IpH ®TOM M KCUM JIbH 51 4 CTOT HWMIIYJIbCOB
oIpefenseTcs BpeMEHeM BOCCT HOBHTENIBHOIO Ipouecc B K H 1 X. Crp Bemiu-
BOCTb IIPUBEJEHHOIO COOTHOLIEHUS MOATBEPXKI €TCd MNPEICT BIEHHOW H puc.4
X p KTepHOH 3 BUcUMOCTbIO BbIxogHoro Tok MKII or Tok 1 a omux H Hee
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BIIEKTPOHOB NPH P 3MMYHOM UTUTENbHOCTH MMIYJAbc Iydk [22]. B skcmepu-
MEHTe TIOTOK 3JIEKTPOHOB C sHeprueil £, ~ 2 k3B ¢opMHUPOB JICd C MOMOIIBIO MO-
JEPHU3UPOB HHOW 3JIEKTPOHHO-TY4eBOH TPYOKHU, PErylnupoB Jics H K JIOM K TOJ
U u3Mepsica ¢ noMompio nunuHap @ p ged. [ig mon BiaeHUS BTOPUYHOU 3IIeK-
TPOHHOM 3MMCCHM HEIMOCPEICTBEHHO Mepel LWIMHIPOM H XOAWI Chb CETK IO
oTpun TeapHbIM noteHuu JoM (U, ~ —100 B). Ilpu mosyuyeHHH NMpuUBEIEHHBIX
3 BUCUMOCTEH CETK IEPUOAMYECKU 3 MEHAI Cb MUKPOK H JIBHOHM IUI CTUHOH C
H JIOTMYHBIM 110 BEIMYMHE TIOTEHLU JIOM BBIXOJHOI MOBEepXHOCTH. OTHOPOJHOCTD
U P 3Mephl Iy4K 3IEKTPOHOB MO cedeHHIo (=~ 30 MM?) M3MEpANUCh B KOHTPOIb-
HBIX ®KCIIEPUMEHT X CO CK HHMPOB HHMEM Iy4K I10 IUI CTHHY TOMY 3JIEKTPOLY C
oreepctueM (mu metp 0,8 M), yct H BB emoMy nepen MKII. Brip xenue (9)
U TPeiCT BIEHHble H puc.4d pesyasT Tl OTP X IOT TOT ¢ KT, YTO H CHILICHUE
MHKPOK H JIbHOH IUT CTHHBI OOYCJIOBIUB €TCSl HE TOKOM JI BUHBI B K H Jie, Iie-
peHocumbiM 3 psoM (cM. T Kxe [40]). Ilpu BoccT HOBJIEHMH YIJIOBOIO CIIEKTP
H JIeT I0IIMX Y CTUIl 10 UX HPOCTP HCTBEHHOMY D CIPENENIEHHI0O H JETEKTOpe
B OOILEM Cllyd € HeOOXOAUMO YYUTBIB Th YIJIOBYIO 3 BUCHMOCTH 3(p(heKTUBHOCTH
peructp tuu MKII. O6GbIYHO H KJIOH €€ K H JIOB T KOB, YTO Il HH S 3 BHCHUMOCTb
MMeeT NIMPOKUI M KCHUMYM B TIpefien X ~ £5° OTHOCHTEIIBHO HOPM JIH K ITOBEPX-
HOCTHU (CM., H nipumep, [41,42]), yTo BIOJIHE AOCT TOYHO NPU U3MEPEHUU YITIOBBIX
X p KTEpHUCTHK IIy4dK HOHOB.

JIng Toro 4ToObl BBIXOAHOW MOTOK BTOPUYHBIX 3JIEKTPOHOB MUHHMM JIBHO HC-
K X JI MPOCTP HCTBEHHOE P CIIpEie/ieHHe PErMCTPUPYEMBbIX 4 CTHI[ C OOJIBIIUM
YIJIOBBIM P 36pOCOM, HEOOXOIMMO HCIONB30B Th AETEKTOP B H CHILLIEHHOM pPeXHMe
thopmupoB HUA 71 BUHBI B p O0YMX K H JI X NPH NPEHEOPEXNMBIX B3 UMHOM BIIH-
SHUM ¥ BEpOSTHOCTH cp O THIB HUS OT ABYX M Oosee 4 cTHLl JUOO AETEKTOD,
o0I1 1 1o1uii chepudecKoil Wik LHWITHHAPUYECKOH MOBEPXHOCTHIO COOTBETCTBYIO-
et kpuu3Hsl [38,43].

g u3MepeHus B3 MMHON KOPPESILMOHHOM (PYHKIMH OBYX 3IEKTPUYECKHX
CUTH JIOB IIUPOKO HCIONB3YTCA P 3JIMYHBIE 3JEKTPOHHBIE KOPPEIOMETPHI (CM.,
H npumep, [44]). OmH KO BO3MOXHOCTH 3THX YCTPOHUCTB (fmax =~ 300 MI'm) mpu-
MEHHTENIBHO K CUTH J1 M OT JI€TEKTOPOB, PETUCTPUPYIOIIUX COOTBETCTBYIOIINE MO-
TOKHM 4 CTHUL WX (DOTOHOB, OIP HUYEHBI U3MEPEHHEM (PYHKLUH MPOJIETHON O 3bI
pu OOJBIIUX 3H YEHHUIX A U Tiax (A < Tmax), 9TO, K K TP BHJIO, HEIOCT TOYHO
JUIS 3 [ 4 I THOCTUKH IIYYKOB. bolee IMMpOKONONOCHBIH KOPPEIOMETp OIUC H,
H npumep, B p 6ote [45]. OH BBHIIONHEH H OCHOBE JIBYXJIYIEBOTO CTPOOHPYIO-
mero ocuiorp ¢ u p 60T eT B I¥ I 30HE Y CTOT ®IEKTPHYECKHX CHUTH JIOB
or 0 no 3 ITu. IIpu HeKOTOPOIl KOpPpEeKUMH YMEHBLICHHS MIUTUTYIBI [ HHBII
KOppEeJIOMETp MOXET ObITh UCIIOJBb30B H T KXe€ JUlsl Y3KOIOJIOCHBIX CHUTH JIOB CO
3H YHTENIbHO 0oliee BHICOKUMHU Y CTOT MH, BIUIOTh 10 ~ 17 I'Tu. DKBUB JIeHT-
H 9 BO BPEMEHH B3 UMH 51 KOPPENSIMOHH s (PYHKLMS CHTH JIOB M300p X eTcs H
9Kp He ocuWUIorp ¢ M K K H JIOTOBBI CUTH J1 MOXET BBIBOOUTBCA H C MO-
nucen Wi udpoBoil npeodp 308 Tenb. CIIOXHOCTH HCIIOIB30B HHS 1 HHOTO U
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MOIOOHBIX YCTPOWCTB JUIsl AW THOCTHKH 3 KIJIIOY €TCs MPEeXJe BCEro B BEChbM  [UTH-
tenbHOM (~100 ¢) BpemeHu H 60p © 00p OOTKH MOCTYII IomIeil HH(GOPM LUH.

JInd A1 THOCTMYECKOrO YCTPOICTB C HCIONB30B HUEM (POTOHHON BHYTpPEH-
Hell MUILEeHH, JUIs Olep TUBHOTO KOHTPOJIS ee I p MEeTpPOB, B H MOOJbLICH CTe-
MEHU TMOAXOMAIT P 37IMYHblE OBICTPOINEUCTBYIOIINE BTOKOPPEIOMETPHI JI 3€PHOIO
n3nydeHus (M., H mpumep, [46,47]). Ilpu BecbM BBICOKOI TOYHOCTH M3MEPEHUSI
(< 1 nc) oHM TO3BOJAIOT MOMYY Th HEOOXOMUMYI HWH(OpPM LU0 00 BTOKOppe-
JIIUMOHHOHN (PyHKIIMM MUIIEHHW 3 KOPOTKHH (IOPSAOK HECKOJIBKMX H HOCEKYHI)
MPOMEXYTOK BpeMeHU. [Ipy TOM HMeeTcsl BO3MOXHOCTh OTOOp X Th HOJyYeH-
HBIi pe3y/IbT T B pe JbHOM M CIUT Oe BpeMeHH, H mpumep, H ocuwuiorp e,
00 3 MUCHIB Th B PEXUME MEIJICHHOI0 CK HHMPOB HHUS B I MSTh MHUKPOKOM-
npoTep . B3 MMH 4 KOppensuuoHH s (QyHKLUS ONTUYECKOIO M BIIEKTPUYECKOTO
CHTH JIOB C W TI 30HOM 4 CTOT 10 ~ 4 I'Ti MoXeT OBITh M3MEpEH , H NpUMED,
C MOMOIIBI0 (POTOBIEKTPOHHOTO YMHOXUTENS H ocHoBe MKII, umeromero moxay-
JIMPYIOLIYIO CETKY HemocpeAcTBeHHO 3 oToK TomoM [48]. s 3 mup Hus ¢o-
TO3JIEKTPOHOB B OTCYTCTBUE JIEKTPUYECKOrO CUIH J1 CETK [JOKH H XOAUTHCA
HOJl HEKOTOPBIM OTPHIL TEJIbHBIM NOTEHLU JIOM. IIpn H J0XeHHu ONTHYECKOrO U
BIIEKTPUUYECKOrO CUTH JIOB BO BDEMEHU TIOTOK POXK] IOHIMXCH (POTOIEKTPOHOB MO-
n n er H MKII gng nocnenyromero ycuinenusi. OTHOCUTEIBHYIO 3 JEPXKKY MEXIY
CUTH J1 MH MOXHO pe JIM30B Tb IIyT€M HW3MEHEHHsS ONTUYECKOW UIHHBI CBETOBOTO
CUTH J1 TIO0 H JIOTUU C OTMEUYCHHBIMH BBIIIE JI 3€PHBIMH BTOKOpPpEIOMeTp MU. B
9TOM CIIyd € PerucTp LU B3 UMHOM KOPPEIUUOHHON (PYHKLHMH OCYIIECTBIISETCS
CUMTBHIB HUEM H KOIUIEHHOro 3 pax H Bbixoge MKII B 3 BUCUMOCTH OT BpeMeHU
3 JEPXKKH.

IIpoBeneHHBINI H JIU3 MOK 3bIB €T, YTO UCIIOJIB30B HUE P CCMOTPEHHBIX 3Jie-
MEHTOB yCTPOICTB  IO3BONMET PE€ JIM30B Th HEBO3MYI IOIMUI  KOHTPOIb
BIl-cnekTp mnydk wuoHOB. OgH KO HpH Mepexoje K MHOTOK H JIBHBIM H3Mepe-
HUSM BO3HHMK €T HEOOXOAMMOCTh B CO31 HMHM Oojiee KOMIT KTHBIX CHCTEM Koppe-
JIOMETPOB.

4. YCTPOHCTBO JJI1 HEBO3MYIIAIOIIEIO KOPPEJIAIIMOHHOIO
N3MEPEHUA ITAPAMETPOB IIYYKA B HCTOYHHUKE HA
INPUMEPE HOHOB H™

Coyer HUEe BCEX P CCMOTPEHHBIX BbILIE OCHOBHBIX 3JIEMEHTOB (BHYTPEHHSS
MUllIeHb, gereKTop MH-u cTun u Koppernomerp) ¢ UCIONb30B HUEM IIPU U3MeEpe-
HUSX K K (DOTOHHBIX, T K U 2JIEKTPUYECKHUX CUTH JIOB JOCTUTHYTO B NpPEIIOXeH-
HOM B [20-22] MHOTOK H JIbHOM YCTPOKCTBE JJI1 HEBO3MYIIl IOIIMX KOPPEIILNOH-
HBIX U3MEPEHUI 1 p METPOB My4K B UCTOYHHUKE H mpumepe noHoB H™. Cxem
YCTPOWCTB TMpeAcT BieH H puc.5. g yaydlieHus ONTUYECKUX X P KTEPUCTUK
NyykK M yMeHbLIeHWs 3 Opoc 1e3us B K H J TP HCHOPTHPOBKM MOHOB H™ H
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BBIXOJI€ MMOBEPXHOCTHO-IUI 3MEHHBIX UCTOYHHUKOB OOBIYHO Hcrmosb3yercs 90° mo-
BOPOTHBII M THHUT C MOK 3 TEJIeM CH I TOJS, p BHBIM eIMHHLE (CM., H TIPUMED,
[49]). 3ongupyroon 4 (POTOHH 4 MHINEHb C IICEBIOCIYyY WHOU IIOCIIENOB TEJlb-
HOCTBIO HIMITYJIbCOB BO BpPEMEHH (popMHpyeTcs B H 4 Jieé MOBOPOTHOTO y4 CTK
nyreM 11 (p TMHPOB HUs TONAPU30B HHOro mamydenuss or Nd*3 : UAT n 3ep
(\ &~ 10600 A) B pexume cBOOOIHOI reHep HUU. B 3 BUCUMOCTH OT BMHTT HC
U TONEPEYHBIX P 3MEPOB MYYK OH MOXET COCTOSTh M3 OJHOTO WM HECKOJIBKHX
HUTEBUAHBIX Jydeil (I}, s > 1). JIig KOHTpOId I p METPOB MHUIIEHH UCIIONb3Y-
1oTcs ietekTopsl DY (i1 BuHHBIE (hoToamonsl, cBeroguonHsie WK I13C-nuHelkn
B 3 BUCHUMOCTH OT KOHKPETHOTO UCIOJHEHHs1 ycTpoucTB ). IIpu HeoOxomumocTu
4 CThb JI 3€PHOTO M3JIy4eHHUs MOXET IOCTYNl Th B BTOKOppenoMerp A depes mo-
Jynposp uHoe 3epk 70 M. Tecrosbie Tombl HY poxa 1oTcst B pesyisT Te ¢o-
TOOOMUPKY 4 CTH MOHOB H™ M MOBTOPSIOT BeJM4MHY (B OTH.€[.) U H Ip BJICHHUE
(B p &) UX CKOPOCTH C TOUYHOCTBIO < § - 10’4E,;0’5, e I, — sHeprus noHOB (B
k3B) [23]. Ing redep umu g HHbIX MH-u cTHL B COOTBETCTBUM C  BTOKOPPEJISLM-
OHHOM (PYHKITHEH MHUIIIEHH HEOOXOAMMO, YTOOBI JUTMH OOJ CTH B3 MMOJICHCTBUS
MOHOB ¢ 3Heprueil ~ 20 kaB ne mpesbin 1 AV; 2~ 1072 cM. C yyeToM (hoHOBOro
K H J OOIMPKH MOHOB H KOMIIOHEHT X OCT TOYHOIO I' 3 Ppe3YJbTHUPYIOIINI 110-
TOK MH(OpM MOHHBIX TOoMOB HY H BXome mposeTHOi 6 3b1 L OLEHUB eTcs ¢
MOMOIIBIO BBIP KEHUS

Wo(t) = Wy(t) + 0, (1) ~ — LD

16
~ 16100 [3-10"%0_19 P, Li+

U(WO)P’Y(t) i| (10)

1,6 . 107190, . hW() . V; ’
rne I;(t) — rtok myuyk wuoHoB H™ [A], 0_19 — cpelHee ceyeHUe OOIMPKU
HOHOB H KOMIIOHEHT X OCT TOYHOro T 3 [cM2], Py [Topp] — & BneHue oct -

TOYHOTO T' 3 H Y4 cTKe L; [cM] oT chopmupyromeil mydok au ¢p IMBI UCTOY-
HUK 710 (POTOHHO# MuLIeHH, o(wy) — cedeHue HoTooOaMpKH HOoHOB H™ [em?],
P, (t) =3, Pys(t) — cymM pH 5 110 BCeM Jyd M MOILIHOCTb (DOTOHHON MMIICHH
B 00J1 CTH B3 MMOJIEHCTBUS C Iy4KOM HOHOB [BT], iy — sHeprus ¢oToHOB [9B],
Vi — ckopocts noHoB H™ [cM/c], a — momepeyHblil K IUIOCKOCTH Iiepecede-
HHUS My9KOB p 3Mep 007 CTH B3 UMOACHCTBHA (TIONI T €TCS, YTO OH COBII O €T C
MOTIEPEYHBIM P 3MEpOM IydK HOHOB) [cM]. [ToMUMO 3TOrO MOTOK , K K yX€ OTMe-
9 JIOCh B p 31. 1, H BXOJI JETEKTOpP MOTYT MOI JI Th HEMH(OPM ITUOHHBIE TOMBI
BOJIOPOI , POXI FOIIMECs B Pe3ybT Te 0OMUpKH MOHOB H™ Goiiee HU3KUX DHEp-
TUif H OCT TOYHOM T 3€ B YCKOPSIOIIEM IMPOMEXYTKe UCTOYHUMK . [lom r ¢, 4to
U1 H JU3UPYEMOTO UCTOYHUK IIy4K HOHOB H™ ¢ X p KTEpHBIMH I p METp MHU
E; =~ 20 xaB, I; ~ 2 MA, HOPM JIM30B HHBIM ®MUTT HCOM €y, ~ 5-1076 cM-p 1,
JUTMTENBHOCTBIO UMIyIbe 75 ~ 100 MKc, u cToToil f ~ 50 I'n, Py ~ 5-10~2 Topp,
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Puc. 5. Cxem ycTpOHCTB sl HEBO3MYII[ IOIIUX KOPPENSLMOHHBIX U3MEPEHUI IT P METPOB
nydk wuoHoB H™ B mcrounuxe

a~0,1 cmu Ly ~ 2 cM notok HenHgopm muonHbix Tomos H® nosponsger npo-
BOIMTb KOPPEIALMOHHbIE U3MepeHus npu otHowennd Wy, /W, &~ 10%, nomyd em

0-10
O'(W())

tie o_19 ~ 107 eom?, o(w,) = 3,5 - 10717 em? u hwy = 1,17 3B. Tpebyem 1
MOIIIHOCTh (POTOHHOM MHILIEHH B B PH HTE OJHOTO JIyd C IONEPEYHBIMH P 3Me-
pMu = 2-1072 x 1072 cM MoxXeT ObITh JAOCTUTHYT IpPM 14 (pp IMUPOB HUU
J1 3ePHOTO M3TydeHHs ¢ cedeHueM ~ 0,5 cM? U CpejiHeil MOIIHOCTBIO TIOCIEIO0B -
TENbHOCTH UMITYIbCOB P ~ P, (0,5/2-107%) ~ 850 kBr. Ck HMPOB HHE Jyd 110
MYYKY BIOJIb OcH Y (cM. pHC.5) B mpefes X BETUYUHBI a MPU MOCIEN0B TEeIbHBIX
M3MEpEeHMsIX 00ecrednB eTcs IMyTeM IepeMelneHus 3epk a1 Ms ¢ au ¢p r™oii ¢
MOMOIIBIO MTbE30KPHUCT JUT .

ITpu ¢opmupoB HuM mMydyk HOHOB H™ ¢ MCHONB30B HHMEM MHOTO HEPTYPHBIX
COTOBBIX CHCTEM (H HpHMep, Ul 3 I 4 YIp BISIEMOrO TEPMOSIEPHOTO CHHTE3 )
€ro TOK MOXeT cocT BIATh > 10 A mpu momepednoM cedenun > 20 cM? u
JUTUTEIBHOCTH MMIyasc ~ 1 Mc [49]. B »ToM ciyu e, npu equHOi H K 4Ke BbI-
CTPOEHHBIX B LIEMOYKY MO OCH Y KPHUCT JUTOB J1 3ep (mu metp 6 MM, [ = 100 mm),
MOXHO OHOBPEMEHHO (DOPMHUPOB Th HECKOJIBKO CT LHOH PHBIX U IOCT TOYHO XO-
pOIIO P 3/EJIEHHBIX B MPOCTP HCTBE (MHTEPB J ~ 6 MM) (POTOHHBIX MHIIEHEH C
nomepeyHsM cedeHueM ~ 1071 x 1072 cm (cM. puc.5,6). Tlpu sTOM HeobXomu-
M 4 JUIS U3MEpPeHHUI CPemHsIs MOLIHOCTD U3Ty4eHHs! OJHOTO KPUCT JUI B IIpefen X

P, ~5-107° hwo Py LyVia ~ 340 Br, (11)
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UMITYJIbC MUIIEHH OLEHHUB €TCs BEMUYUHOH P/y ~ 1 MBT (a ~ 0,6 cm). du-
TENbHOCTb UMITYJIC 3OHIMPYIOILENH MUILIEHH BLIOUD €Tcs p BHOH t., > tr +1., Te
t; — Bpems mposier TecToBbIXx ToMoB HY 1o merektop , t. — Bpems H Gop
UH(MOPM LIUU B KOPPEIOMETP X.

B3 umHbIE KOppensLuOHHbIE (yHKLIUH R;Yqo U3MEPSIOTCS MEXIy IOTOK MU
toroHOB ], OT s-ii HUTEBUAHON MHIUEHH (s = 1,...,7n) U COOTBETCTBYILIMNMH
€ll YCWICHHbIMH 3JIEKTPUYECKUMU CUTH J1 MU ng oT ¢-i 1 Meu (¢ = 1,...,m)

HOJHOI cucTeMbl aetektop Tomos HO (ng). Il »TOro B H MOOJbBIIEH CTe-
IIeHN IOAXOIAT KoppenoMeTphl (B,,) ¢ BpeMEHHEIM MHTETPHPOB HHEM H IIpU-
6op x ¢ 3 psaosoii cesa3pio (II3C) [50]. KoppenmoMeTp COCTOUT U3 MOIYJIATOP-
HOW M jeTeKTOopHOH nuHeek (cM. puc.5,6). [I3C-muueiik [ H ocHoBe GaAs,
B KOTOPOM K XKIbIi TPETHH BJIEKTPOX 3 TBOP IIOJYIPO3P YE€H, BBHIIOJIHAET POJIb
IPOCTP HCTBEHHOIO MOAYIATOP I 1 IOIIEd H Hee Y CTH JI 3€pHOrO H3Ilyde-
Hug. [lpuHLMD MOIYNALMU OCHOB H H 3(pdeKTe 3JIEeKTPONOITIOWEHU (POTOHOB
C JIMH MH BOJIH, HECKOJIbKO MPEBBIII IOIIMH JUIMHHOBOJIHOBYIO TP HHLY (A.)
COOCTBEHHOI'O IOIVIOIIEHUSI CBET B IIOJYIPOBOAHMKE: IOIVIOMICHHE YBEJIHMYHB -
€TCS C POCTOM IMPHIOXEHHOTO deKTpudecKoro nojs (agpext @p Hu —Kenapim
[51,52]). B 3 BUCHUMOCTH OT TE€XHOJIOTMH BBIP LUUB HHUA U CTEIIEHU OUUCTKH HJIS
GaAs A\, = 0,87 + 0,92 Mxm (cMm., H npumep, [53,54]). H crpykrypy moxn -
eTcs Tpexd 3HOe YIp BISIONIEee H NPSKEHNE, KOTOPOe C HEOOXOAUMON CKOPOCTHIO
poBoaUT BHOJb [13C-TMHENKU 3JIEKTPOHHbBIE 3 PSIOBbIE I KEThI ISOq, MOCTyN I0-
e H ee BXOH OT IeTeKTOp uepe3 p 3lenuTenbHyl eMKocTh Cgq. EMKocTh
obecrieunB eT TpebyeMoe Uil HOPM JIbHOW p GOTHI KoppelloMeTp oci OJieHue,
IIp KTHYECKH ITOCTOSHHOE 3 BpeMs U3MEpPEHHs CUTH J1 OT (POHOBBIX TOMOB BO-
jgopox . Ee ucnonp3oB HHe NPUBOAUT T KX€ K JONOJHUTEILHOMY YMEHBLIEHUIO
HEOOXOOUMOU CpejiHel MOIIMHOCTH (POTOHHOM MHMIIIEHU. [IpocTp HCTBEHHOE P C-
IIpesieNieHUe 3 PSI0B, COOTBETCTBYIOIEE AUCKPETHOMY BO BpEMEHH IIPEACT BJICHUIO
¢popMBI BXOJHOTO TOKOBOTO CHTH JI ng(t), U3MeHseT Kod(p(hUIMEHT MpPOMycK -
HUS sYeeK: yeM OoJplne 3 psj IMOA IOYNpO3p YHBIM 3 TBOPOM JIMHEWKH, TeM
BBIILIE INIPOITYyCK HHWE cBeT . MOAyIMpOB HHOE T KMM OOp 30M JI 3epHOE H3Iyde-
Hue 2 perucrpupyercs KpemMHueBoil [13C-nuneiikoii 3 ¢ JJIMHHOBOJIHOBOU TP HHU-
el moromenus Acjsi = 1,12 MkM. TIpocTp HCTBEHHOE p CIIPENENEHHE 3 DA ,
H KOIUICHHOTO B €€ S4YeiK X 3 BpeMs U3MepeHHsd, MIPEACT BISeT KOPPEISLIHOHHY0
thyrkuHIO RZ,;), KOTOPYIO MOXHO 3 TEM CYUT Tb M MEPEBECTH B M CIUT O BpeMeHH
IIPU U3BECTHOI CKOPOCTHU NEPEHOC 3 psAx  BIONb MopyndaropHoi [13C-nuHelkw.
JocTt ToYHO OOMBIIME MOTOKH IT [ IOIEro H MOXY/IATOP J1 3€PHOTO HM3IydeHHUS
I 10T BO3MOXHOCTh P OOT Th B BOJHOBOJHOM pEXHME, IPU KOTOPOM CBETOB S
BOJIH P CIPOCTP HAETCS MOJ 3JIEKTPOI MU 3 TBOPOB II P JUICNIFHO MX MTOBEPXHO-
cTi. B rox pd cylecTBEHHOMY YBEJIHMYEHUIO IYTH P CIIPOCTP HEHUS U3NTy4eHUS
B IIOJIIPOBOJIHUKE C 3JIEKTPUYECKUM IOJIEM T KOH peXUM P OOThI MOTYJISTOp-
Hoit [13C-nunelikn mo3BoigeT obecneduts 63Ky K 100 % rimyOuHy MOTYIISIIAN
BXOIHOro NMoToK poToHOB [50]. IIpu ®TOM MOXHO P CCUUTBIB Th H 3H YHUTENb-
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HBIIl IMH MMYECKUH OU 1 30H BCEro KOPpEJIOMETp J Xe B He OueHb OJIM3KOH K
HOPOroBoii 0651 cru mormotuenust (A — A.)/A. ~ 0,2.

JlomycTyM 4 3 BpeMs M3MEPEHUd SHEpPrusd I J IOUIET0 H MOIYJIATOP H3Iy-
YEHUS OTp HMYMB €TCS IEPEIOIHEHHEM OTIAENBHBIX JUeeK JETEKTOPHOM JIHHEHKN
HocuTensMu 3 psan (~ 5-10° e/su [54]), poXN IOMMMICS TIPH TIONIOMEHNH (hOTO-
HOB. BenuuuH 31O 3Hepruy, npuseieHH g B [50], cyIecTBEHHO MEHbILE HEPTUU
TIOCIIE/IOB TEJIBHOCTH UMITYJILCOB OT (POTOHHOM MULIEHH (I],), OI 1 foLIeii B MO-
IyTATOPHYIO JIMHEHKY IPH BOJHOBOZHOM peXuMme ee p OOTbl. DTO MO3BOJIET, B
MPUHLUIIE, TPOBOAUTD U3MEPEHUS P CIIPENEICHNS HOHOB 110 CKOPOCTAM (HEPIHUU)
3 BecbM KOpoTKoe BpeMd t. < 100 HC ¥ B HyXHBII MOMEHT B IIPEAE] X OLHOIO
UMITyIbC IYYK HMOHOB. B CBA3M C 3TUM ONTHUM JIBHO UMITYTbCHOE BKJIIOUEHHE JIe-
tektop TomoB HY H Bpems usMepeHwuii (f.) ¢ y4eToM 3 JepXKH BO BPeMEHH H
nponetHoii 6 3e. I[Ipu ucnons3zoB HUM gerekTop H ocHoBe MKII ¢ mogo6HBIM
UMITYJIbCHBIM ITUT HUEM JOCTUT €TCA T KXKe 3H UHUTEJIbHOE YBEIMYEeHUE JIMHEUHOrO
U I 30H TII0 MOTOKY PErHCTPUPYEMBIX U cTUL] (CM. BbIp XkeHue (9) u puc.4).

CunTthiB HHe ¥ 00p GOTK MONy4eHHOU ¢ JeTeKTopHbIX [13C-nuHeek uHPOP-
M UMM MOTYT OBITh OCYLIECTBJICHBl B MHTEPB JI X MEXIy BKIIOYEHHEM MUILICHU
WU WMITYJIbC MU Iy9K HOHOB. OnTHMHU3 LU p GOTHI KOPPEIOMETPOB B T KOM
pexume ocymiecTssgercs mogbopom yemnenud H MKII u koaduiinerTo otp -
’keHud (POTOHOB H TIONYNPO3P YHBIX 3epK 1 X M,q. TIpu KoM KTHOM yn KOBKe
KOPPEJIOMETPOB B €MHbII OJIOK OT/ENbHbIE IPYIIbI (H MPUMEp, 10 IIEpeMEeHHOH q)
WU BCE DTU 3ePK J1 MOTYT OBITh 3 MEHEHbI OHUM. Ij1s TOro 4TOObI CBECTH K MH-
HUMYMY 9(peKT BbIOEIUB HUS B MOAYJISITOPHOU JIMHEHKE, KOTOPBIHA 3 KIIIOY eTcd
B [IOTE€pPE MOIYIHPYIOLINX CBOMCTB IO MEpEe TOro, K K YCTPOICTBO MOABEPI €TCA
BO3ICUCTBHIO CBeT (CM., H mpuMep, [56]), HeOOXOAUMO HCIONB30B Th JOIMOTHH-
TeJIbHBII dJIeKTpoonTHYecKuii 3 TBop (DO) wist norokos dororos [J,. Ero pois
3 KJIIOY eTCs B MPOIMYCK HUU OTP XKEHHOTro oT My J1 3epHOro M3Iy4eHUusS H KOp-
PEIOMETPBI TOJIBKO B TEYEHUE HEOOXOAUMOTO T M3MEPEHUI HHTEPB JI BpEeMEHH
t. U CO COBUIOM H BEJIMYMHY {7, OT H 4 JI BKJII0OYeHUS (POTOHHOM MHIIEHU (HJId
cort coB Hus ¢ p 60Toil metektop ToMOB HY BO BpemeHn).

ITpn 1u rHOCTHKE GOJNiee MHTEHCHBHOIO IyYK , H IPUMEp, U3 MHOTO MEpPTyp-
HOTO MCTOYHHK , HOTOKH MH(OPM HUOHHBIX ToMoB HY MOryT GBITH 10CT TOYHO
Benmuk# (~ 1017 = 108  1/cm?-c), U HeT HeOOGXOAUMOCTH B MpPUMEHEHUH JIeTEeK-
Top H ocHoBe MKII. B »ToM ciiyd e MOXeT OBITh MCHONB30B H MPOCTOH MHO-
TOK H JIBHBIH KOJJIEKTOP, XOPOIIO 3 PEKOMEHIOB BIIUH ce0sl B 9KCHEPHMEHT X C
UHTEHCHBHBIMU ITy4K MM HEUTp JIbHBIX U CTHUI], CXeM KOTOPOIO MPEACT BIEH H
puc.6 [22]. Herektop p GOT €T BO BTOPHUYHO-DMHUCCHOHHOM pPEXHME C H3Mepe-
HHEM TOK OT yriepoaHbix HUTell. OHU YJI0XeHbI B K H JIbI KEp MHYECKOro H30-
JISITOP , IyOUH KOTOPBIX OOBIYHO B JIB -TPH P 3 TPEBOCXOOUT IIUPHHY. uH
K H JIOB BBIOMp €TCS ONTHM JIBHOW (H TpuMep, ~ 1 ¢M) VIl KOHKPETHBIX U3Mepe-
HUH. DJIEKTPOHBI BTOPUYHOM BMHUCCUU OT HUTEH Y/ BJIMB IOTCSl CETKOM, JieX el
H TOBEPXHOCTH K€p MHYECcKOro uzonarop . H mpsxeHue cMelleHUs H CETKY BbI-
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6up ercst T KuM (006b19HO U, ~ +100 B), uT06bI i TYUK p OOT J1 B H CHIIIEHHOM
peXKMe, KOTJl CHTH JIbl ¢ KOJUIEKTOPHBIX HUTEH HE MEHSIOTCS NpH [ JbHEHIIeM
yBenmdeHun U.. TOKOBBIH CHIH J1 OT KOJUIEKTOP TIIOCJE P 3AEIUTEIbHON eMKO-
ctu (~ 1075 + 107> A) u npsAMyl0 WIM MOC/IE TPEIB PUTETBHOIO YCHIEHHS B
TEUeHHE BBILICYNOMSHYTBIX BPEMEHHEIX BOPOT MOCTYI €T H COOTBETCTBYIOLIYIO
moayasitopuyto [13C-nuneiky.

Puc. 6. CXeM MHOIOK H JIBHOTO KOIUIEKTOPHOIO J€TEKTOp ObicTphix ToMoB H: [ —
CEeTK -JIOBYIIK [l BTOPHYHBIX 3JI€KTPOHOB, 2 — KOJJIEKTOPHBIE YITIEPOJHbIE HUTH, 3 —
Kep MHYECKHH H30/ITOp

IIp xTHYecKue BO3MOXHOCTH P CCMOTPEHHOTO KOPPEJIOMETP U BCETrO YCTPOU-
CTB B LIEJIOM I10 JIOCTAI €éMOM UM TOYHOCTH BII-Iu rHOCTUKHM onpenendrorcs pe-
JIM3yeMOW YIP BIMIOIIEH Y CTOTOM MOAYIATOPHOM JIMHEHKH, KOTOP S Ul IIpU-
6opoB H GaAs moxet npesocxomuts 1 I'Tix [56]. Ilpu p 60Te B T KOM pexnMme
JOCT TOYHO JeT JIbHO u3Mepsiercs h(t) ¢ Tmax > 10 He. C HCHONB30B HUEM
p 3yMHOIi nponetHoit 6 361 L ~ 102 cM TomoB H® 1 HHOe ycTpoiicTBO H03BO-
JIAeT U3MEPITh HEPreTUUecKoe p crpenesieHre HoHoB H™ co cpenneil aHepruei
E; = 20 x»B B mpezmen x p 36poc AE;/E; > +2%. Ymiosoe p 3pelieHue
ycTpoiicTs 1o Y’ (cM. puc.3) ompenmensercs MUPUHON J1 MeNei (KOJIEKTOPOB)
JETeKTOp U P CCTOSHHEM Mexny HuUMH. [Ipu NepHogMYHOCTH 3TOH CTPYKTYpbI
~ 0,4 MM noyd em p 3pemenne AY' ~ 4-10~% p 1. TouHOCTH COOTBETCTBUSA
p crnpenenenuii nono H™ u TectoBbix Tomos HY mo ymiy B ciiyu e ucrnonsso-
B HMS YIOMSHYTOH BbIIe (DOTOHHOM MHILEHH C IUTOCKOCTBIO TMONSPH3 LIUU BAOJb
ocu X coct Bager Y’ ~2-107° p &

5. HEPCIIEKTHBBI PA3BUTHUA METOJA

Omnuc HHbIE B OPEbIIyIINX P 3067 X METOA HEBO3MYII IOLIMX KOPPEISILHOH-
HBIX M3MEpPEHUI I P METPOB IIydK MOHOB U OIEp THUBHOE YCTPOMCTBO M €ro
pe M3 MU MOTYT H WTH MPUMEHEHHE B UCTOYHHK X HE TOJIBKO P CCMOTPEHHBIX
BBIILIE OTPHUL] TEeJbHBIX (B 4 cTHOCTH, H™ wimu D7), HO U psij MOMOXUTETbHBIX
MoJeKy/ISpHBIX HoHOB (1 Tipumep, Csi, KJ, NaJ, Xej, PbJ, Ned, Krj u mp.
[55]), momyck 1omux OTOp CIICIVIEHHME H P CCMOTPEHHOU (POTOHHON MUILEHHU.
@doTtop 3B J1 MOJIEKY/ISPHBIX HOHOB C O0JIbIIEH SHEPruei IMCcouy MU, T KUX, K K
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Hj, Hej, Ar, BHY, I, IBr" u ap., pe nusyercs, H npumep, NpH MCIIOMb30B -
HHUM BTOPOW I' PMOHHKH YHOMSHYTBIX B P 3MI.3 TBEpIOTEJbHBIX J1 3€pOB H HOH X
xpoM . [IpomBuxeHue B 061 cTb GOJBIIMX 110 CP BHEHUIO C MCTOYHHUK MH DHEp-
TMii MOHOB B H CTOSIIEe BPEMs OTp HMYEHO ObICTPOAEHCTBHEM CYIIECTBYIOIINX
U TMPEeLIOKEHHBIX MHOTOK H JIBHBIX KOPPEIOMETPOB ONTHYECKUX U 3JIeKTpUYe-
CKHUX CHUIH JIOB. B 4 CTHOCTH, TOYHOCTh U3MEpPEHUH p clpenenenus noHos H™ no
SHEPIUH, OLEHUB eM s BemuuHou 0 F; /E; ~ 2V;/(f- L), tne f — ynp susiront st
4 CTOT MOIyNATOpHOH muHeiiku, npu L ~ 3 - 10% cM, f = 10° T coct Bsger
~1%u~ 4% mna E;=1u 14 MaB coorBerctBeHHO. [Ipu 5TOM TeCTOBbIE TOMBI
HY noBropsIoT BeMMuMHYy (B OTH. €.) U H Mp BieHue (B P J) CKOPOCTH HOHOB C
tounoctamu < 3-107° (E;= 1 MaB) u < 7-107% (F;= 14 MaB) B 3 BucHMOCTH
OT H Ip BJIEHHS IUIOCKOCTH MOJISIpU3 LUHU (POTOHOB MulleHH. T KuM 00p 30M, B
I HHOM CIIyd4 € MOCJIeAyIoliee YMeHblueHre BeiuuuHbl 0 F; /E; CBSI3 HO TOJNBKO €
poctom L u f.

Cresiyet nmoa4epKHyTh, UTO B MOCIIEIHUE TOIbl BEAyTCS UHTEHCHBHbBIE P OOTHI
[0 coBepIeHCTBOB HUI0 Monyaupyomux [13C-nuneexk H ocHoBe GaAs ¢ Lenbo
MOBBIIIEHNS WX P O0dYeil 4 CTOTHI M IIIYOWHBI MOMYIALMM I A IOLIEr0 H3Jyde-
HU4. DTO MpeXIe BCEr0 OTHOCUTCA K UCIOJB30B HUIO MHOTOCIIOMHBIX CHCTEM,
T KX€ MeX HU3M OJIEKTPOIONIOEHH B T K H 3bIB €MbIX KB HTOBBIX M X WU
CBEPXPEIIETOYHBIX CTPYKTYP X, KOTOPBIN 3H YUTEIBHO CHUIbHEE P CCMOTPEHHOTO
Boiie appekr Dp Hu —Kemupimm  (cM. [56]). Heobxomumo T KXe yK 3 Thb H
HEKOTOpOE BO3MOXHOE p 3/IMuue B pe3yibT T X usMmepenuil BIl-criextp ¢ uc-
MOJIb30B HHEM B3 MMHOM KOPPEISHMUOHHON (DyHKLIIUU MEXIy IOTOKOM HH(GOPM -
LUUOHHBIX BTOPHYHBIX 4 CTHIl H JIETEKTOPE U P 3JIUYHBIMU X P KTEPUCTHYECKUMU
(pyHKLMSIMH UCTIONb3yeMO BHYTPEHHEW MUILEHHU, B OOLIEM CIIy4 € OTMEYEHHOE B
p 6ore [57]. H np KTHKe Wi X p KTEPUCTUKU MHUIIEHU OOBIYHO HCIIOJIb3YIOTCS
OB TUN (PyHKUMit: 1) onTHM JibH 1 OUH PH $ MOCIIENOB TEIBHOCTb NCEBIOCITY-
Y HHBIX MMITYJIbCOB, MOLYIUPYIOINUX MUILIEHb; 2) CUTH JIbI OT JETEKTOpP IOTOK
4 CTUL WK (POTOHOB MUILIEHH, IPOMOLYJIUPOB HHOU, H MPHUMEP, C IIOMOILBIO yIIO-
MSHYTOM BBIIIE MOCTIENOB TEIBHOCTH UMITYIECOB. B p CCMOTpPEHHOM B IpeIbIIy-
mieM p 3[eje ClIyd € [ HHOE p 3/IMYde He MMEET NPUHLUINU JIBHOTO 3H YeHWUsd,
T K K K X p KTepHOe MepTBOE BpeMs HCIOJIb3yeMbIX IeTeKTOPOB UH(OPM LIHUOH-
HBIX Y CTHL[ MHOTO MEHBILE OXHJ €MOU BEJIUMUUHBI Tiayx WIS (PYHKIMU OTKJIMK
nponeTHoi 6 3p1. K K oTMedeHo B p 6ote [22], A1 p CCMOTPEHHOTO BBIIIE B PH-
HT YCTPOWCTB CT IJMOH PHBIX KOPPEJSLMOHHBIX M3MEpEeHHil Oojee KTy JIBHO
IeT JIbHOE M3y4eHUe BO3MOXHOIO BIIMSHUSA HEKOTOPOro p 30poc  MIUIUTYJ J1 3ep-
HBIX UMITyTIbCOB MHILIEHU MPU CTOX CTHYECKOM X P KTepe MOSBICHHS UX BO Bpe-
MEHHM, T KX€ CYIIECTBYIOILEro CABUI BPEMEHHBIX MHTEPB JIOB (M3-3 3 NEPXKH
BO BpPEMEHHM H TIPOJIETHOH O 3€) 1o reHep LM PericTpUpyeMbIX HH(OPM LHOH-
HBIX 4 CTHUIl U HCIHOJIb30B HHUIO M3Iy4eHHs JUI1I KOPPEIOMETPOB, CP BHHMOIO IO
HNOPSIKY BETUUUHBI C BpEMEHEM U3MEPEHUIL.
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6. SAKITIOYEHUE

B 1 HHOM 0630pe BIiepBble BOEOMHO COOp HBI HPEIOXEHHI U p 3p OOTKH
BTOPp M €ro KOIUIer 110 HOBOMY METOAY HEBO3MYILL IOIIEH AU THOCTHKHU ITy4K
HOHOB C HCIIOJIB30B HHMEM KOPPEIALHMOHHOTO H Jiu3 . Bce OCHOBHBIE 2/IEMEHTHI
YCTPOICTB 14 pe JU3 LUU MeTox (11 3ep 1 hOpMHUPOB HHS 30HIUPYIOLIEH MU-
LIEHU B BHUJE ICEBNOCIYYd HHO MOIYIMPOB HHOTO BO BPEMEHHU IIOTOK (POTOHOB,
BBICOKOY CTOTH $I CHCTEM H30Hp TEIPHOIO JETEKTUPOB HHS 4 CTHUL] — HOCHTE-
Jeil nHGOPM IUU O X P KTEPUCTHK X MyYK W KOMIIOHEHTHI OBICTPONEHUCTBYIO-
LIET0 KOPPEJIOMETP ) U3BECTHBI B juTep Type. K XIplii U3 2JIEMEHTOB B OTHEIb-
HOCTH pe JIM30B H B psjie H YYHBIX LEHTPOB. [ HHbIE 3JIEeMEHTHI U (pU3HNUecKue
OCHOBBI METOJl BKCIEPUMEHT JIBHO HCCIIENOB JHCh T KXe Kouter Mu u3 CyxyMm-
CKOro (hpM3MKO-TEXHMYECKOTO MHCTUTYT W BTOpPOM. T KuM 00p 30M, HECMOTps
H TO, YTO NPEUIOXEHHOE YCTPOICTBO B LIEJIOM, K COX JIEHHIO, HE YJ JIOCh M3TOTO-
BUTb U UCIIBIT Th C UCTOYHUKOM HOHOB, 3KCIIEPUMEHT JIbH 4 pe JIU3 1M I HHOTro
METOJ AU THOCTHKHU HpO3p YHO NMPOCM TPUB eTci. B CBA3M ¢ 3TUM OCHOBHOI
3 1 4eil 0630p OBUIO JIET JIBHO O3H KOMHUTh YHMT TeJCH C M3JI0XKEHHBIM METOIOM
HEBO3MYIL IOLIEH O THOCTHKM MyYK , T KX€ IOK 3 Tb IPUHIMIMU JIBHYIO pe -

JIU3yEMOCTDb OIMC HHOTO AU THOCTHYECKOTO YCTPOICTB .

ABTOp H AeeTcs, 4TO 1 HHBI 0030p MOCITYXUT UMITYJIbCOM JUIS 1 JIbHEHIIEero
P 3BUTHS 3TOTO METOJ AU THOCTHKH B IPYIMX H YYHBIX LEHTP X MHpP , UCIOJb-
3yIOLIMX CWIBHOTOYHBIE IIyYKU MOHOB, B 4 cTHocTy, H™ (D ™).
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PE®EPATHI CTATEN, IOMEIIEHHBIX B BBIITYCKE

VK 539.1.01
O TeH30pax HePruM-uMMYJibCa TPABUTAUUOHHOIO moJsi. Huxuwos A.1M. ®uzuka sie-
MEHTapHBIX YaCTHI[ U aToMHoOro siapa, 2001, Tom 32, Beim. 1, c.5.

O6cyxnaercss GeHOMEHOIOTHYCSCKHI TOAXO0/T K TPAaBUTAIIUH, TPU KOTOPOM B3aHUMOJICH-
CTBHUE TpEeX I'PaBUTOHOB CBOJUTCS K B3aMMOJICHCTBUIO KaXKJIOTO IPaBUTOHA C TEH30POM
SHEPTHU-MMITYJIbCA JIBYX OCTalbHBIX. Eciu 310 Tak (a B 00IIel TCOPHUH OTHOCUTEIHLHOCTH
9TO HE TaK), TO BOIIPOC O NPABUIILHOM BBIOOPE TEH30pa DHEPIHU-UMITYJIbCA CBOAUTCS K IIpa-
BUJIBHOMY BBIOOPY TPEXTPABUTOHHOM BEPIIUHBI.

PaccMmoTpeHbl U cpaBHEHBI HECKOJIBKO «TEH30POBY» dHEPIHHU-UMITYJIbCA TPABUTAI[UOH-
HOTO IOJISi B HHU3IIEM HEIWHCHHOM MpHONmKeHnd. Kaxkaplii U3 HUX BMECTE C TEH30POM
3HepFl/II/I-I/IMl'IyHbC& TOYCYHBIX YAaCTHUILL y)lOB.]'IeTBOpHeT 3aKOHaM COXpaHCHI/Iﬂ, Korga ypaBHe—
HUS JIBHOKEHUS YaCTHUIL T€ )K€, YTO U B OOLICH TEOPHUU OTHOCUTEIILHOCTH.

[Toxa3aHo, 4TO B HBIOTOHOBCKOM NPHOJIMKEHUHN PACCMOTPEHHBIE TEH30PBI OTIANYAOTCS
TeM, KaKk TpaBUTALMOHHAs! IVIOTHOCTh 3HEPTUH IOAPa3AeIsIeTCs Ha IJIOTHOCTh SHEPTUH B3a-
UMOZCHUCTBUS (OTIMYHYIO OT HYJS TOJIBKO TaM, 1€ €CTh YaCTUIbl) U IUIOTHOCTH YHEPTUU
IPaBUTALMOHHOTO MOJIS, QUIYPUPYIOIIYIO CAMOCTOSTEIBHO.

C nCnonb30BaHUEM TOJIBKO JJOPEHLEBCKOM MHBAPUAHTHOCTH PACCMOTPEHBI JIaT PaHKH-
aHpl (OTIMYAIOIIMECS Ha JUBEPreHTHBIC YJICHBI) MO Oe3MacCOBBIX YACTHI[ CHHHA 2.
W3 stux narpanxuanoB MetogoM benunpante—Po3endenbaa monydeHsl TEH30PBI YHEP-
THH-UMITYJbca. Mcnomnp3ys KaxXIblid U3 HAX B TPEXTPABUTOHHBIX BEpIIMHAX, MOXXHO HAMTH
COOTBETCTBYIOILINE METPUKH HBIOTOHOBCKOTO IeHTpa B G “-npubmmkeHnd. Tonpko ofuH U3
MMOCTPOCHHBIX «TEOPETHKO-TMIOJIECBEIX» TEH30POB (2 UMEHHO TONyCyMMa TeH30pa TuppuHra
Y TEH30pa, [TOJyYSCHHOTO U3 JIaTpaHKuaHa, mpuBeneHHoro MusHepoM, TopHOM 1 Yimiepom)
MIPUTOJICH IS IPABIIIBHOTO OMUCAHUS PEIECCHH TIEPUTEINS IUTAHETHl. DTOT TEH30p HE CO-
BIIaJaeT C TeH30poM BaifHOepra (HemoCpeICTBEHHO CICAYIOIUM 13 YPaBHEHUST DHHINTEH-
HA) U BEIET K METPHUKE CHEPUUCCKOTO TeNa, OTIMYAIOUICHCS B MPOCTPAHCTBEHHOW 4acTH
OT IIBapUIIMIBIOBCKOI B TAPMOHHYECKON CUCTEMEe KOOpAWHAT. B pesynbrare peramugucm-
CKas 9acTHIA JOJDKHA IBUTATHCS B TAKOM I10JIC HHAYE, YEM MPECKa3bIBACTCS 00IIEH TeopH-
el OTHOCUTEILHOCTH.

B paccmarprBaeMoM 1oxo/ie TpaBUTAIIMOHHBIA TCH30P YJHEPTUH-UMITYIIECA HMEET TOT
JKE CTaTyC, 4TO U OO0 IPyroi TEH30p SHEPTUU-HMITYJIbCA.

Wn. 2. bubnworp.: 23.

VK 530.145; 539.1.01; 539.14.
YuurapHble npeodpa3oBaHusi B KBAHTOBOI TeOPHMH MOJISI M CBSI3AHHbIE COCTOSIHMSI.
Llebexo A.B., [Lupoxose M.M. ®u3uka 3neMEHTapHBIX YacTUI U aToMHOro siapa, 2001,
Tom 32, Bhim. 1, c.31.

BaxxHoli mpobi1eMoii KBAaHTOBOH (PU3HKU SIBISIETCS HAXOXKACHHE COOCTBEHHBIX COCTOSI-
HUH ITOJTHOTO FaMIIIBTOHUAHA /H WM €ro AWaroHamu3anus. B persTUBHCTCKONM KBaHTOBOI
teopun noist (PKTII) momHOE U TOYHOE pemieHne 3TOi 3aa4d BOSMOXKHO TOJBKO ISl He-
MHOTHUX IIPOCTHIX Mofenel. PaccmarpuBaemsle B 0030pe yHUTapHbIE peodpazosanus (YII)
HE INaroHaIu3yioT H, OHU PUBOIAT H K BUY, TO3BOJISAIOMIEMY MIPUONIMKEHHO HAUTH TOMb-
KO HEKOTOpPBIE COOCTBEHHBIE COCTOSTHHS 1 3HaYeHUs H. 3a mocaeaHne ToAbI TOSBUIIOCH MHO-
T0 paboT 1o pu3uIecKkuM nprroxkeHusIM Takux YII. B 0630ope naHo cuctemMaTndeckoe n3io-
skeHue Merona YII. VkaspiBaroTcs /1Ba maBHBIX Buaa YII ¢ BO3MOXKHBIMU BapUalUsIMU Ka-
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JKI0TO BuAa. JleTalbHO paccMaTpUBaeTCs 3a/ada HaXOXKICHUS IPOCTEHIINX COOCTBEHHBIX
cocTostHUM H 171 FOKaBCKOTO B3aMMOAEHCTBHUS HYKJIOHOB M ME30HOB C IIOMOIIBIO TaK HA3bI-
Baemoro «oxesatomero» YII u YII Oky6o. OTu npeoOpazoBaHus MO3BOISIOT HPEATIOKHATH
JIBA TTOJIX0/1a K PEIICHHUIO MPOOIEeMBI ABYXUYACTHYHBIX (IEHTPOHONONOOHBIX) CBA3aHHBIX CO-
crostHmid B PKTII. [TokazaHo, 9T0 3TH MOAXOABI B IEPBOM HMPUOIIKECHHHN TAI0T OIMHAKOBBIC
JIBYXHYKJIOHHBIE KBa3HUIIOTEHIMANEL. J[eMOHCTPHPYETCs, KaK C IIOMOIIBIO «OEBAIOIIECTO)»
VII ocymecTBisieTcst mepeHopMIpoBKa Macchl yactunbl. Kpome YII ramunsronnana oocy-
sxkpaercst YII remeparopoB JIopeHIIEBCKUX OYCTOB.
Wan. 3. bubnmorp.: 58.

VIK 621.384.63

Hykn10TpoH — HOBasi TeXHOJIOTHSI CBePXNPOBOAsileli MATHUTHON CHCTeMbl CHHXPO-
TpoHa. Cmupnos A.A. Pusnka 3nMeMEHTAPHBIX YaCTHI M aTroMHoro suapa, 2001, tom 32,
BhIN. 1, c.96.

B o6o3peBaemMoM 1mKie paboT, BBINONIHEHHOM B nepuon 1978—1998 rr., npuBonsrces
OCHOBHBIE Pe3yJIbTaThl HCCIICIOBAHUI 110 HOBBIM TEXHHYECKUM PELICHHSM, ONPEAEIHBIINM
IPaKTHYECKYI0 BO3MOXKHOCTh CO3/IaHUsI HyKJIOTPOHA — IIEPBOTO B MUPE CBEPXIIPOBOASIIIE-
r0 YCKOPUTENSA IS TIOJIyYCHUs IIyUYKOB PENATUBUCTCKUX SIED.

YHHKanbHas KPHOTEHHO-MarHUTHAs cUcTeMa 0a3upyeTcs Ha CBEPXIPOBOASIINX Mar-
HUTaxX, I10JIe B KOTOPHIX (hOpMHpPYETCs MONIOCAMH sIpMa M3 IEKTPOTEXHUUECKOH CTaiH,
a 00MOTKa B30y /ICHHS BBIIOJIHEHA U3 TPYOUaTOro CBEPXIpPOBOJIALIETo Kabelis 1 OXJIaXK 1a-
eTcs 1o paboueit Temneparyps! (4,5 K) npokauxoii AByx(a3HOTo resusi o BHyTPEHHAM Ka-
HaJlaM CBEPXIIPOBOASAIINX OOMOTOK MarHUTOB, MPUCOEIUHEHHBIX B Mapajlieib K IPSIMOMY
1 00paTHOMY TeJIMeBbIM KoJuIeKTOpaM. HoBast TEXHOJIOTHS KPUOTEHHO-MAarHUTHOM CUCTEMBI
obecre4ynBaeT: CiocOOHOCTb CBEPXIIPOBOAIIETO CHHXPOTPOHA paboTaTh IPH YacTOTe Clle-
JI0BaHMs LUKIOB 10 1 I'l1; pe3koe CHUMXKEHHE MacChl TelTusl, TPOKAaYMBAEMOT0 U HaXOASIIET0-
cs B cHCTEMEe, MaKCUMaJbHYI0 3 ()eKTUBHOCTE OXJIaXeHUs, 06€30IacHOCTb PabOoThI; yIpo-
IEHHE Y37I0B M 3KCILTyaTal[1 CBEPXIPOBOISIIEH MATHUTHOW CHCTEMBI; BBICOKOE KaueCTBO
MarHuTHOTO HOJS B ITUHAMHUYECKOM JAMamna3oHe WHAyKIui marHutHoro moss 001+18 Tn
U BBITIOJTHEHHE BCEX APYTHX TpeOOBaHMH, MPEIBABIAEMBIX K MATHUTHBIM CHCTEMaM yCKO-
puTenei BHICOKUX YHEPTUi.

CBepxmpoBosIas MArHUTHAs CHCTeMa HyKJIOTPOHA UMeeT nepumerp 251,5 M, oxna-
xnaemyro Maccy 80 TOHH, OHa BKJIIOYaeT B ce0s 96 MUMONbHBIX U 64 KBaApYyNOJbHBIX Mar-
Huta. [lepes ycTaHOBKON B KOJBLIO YCKOPUTENSI BCE MATHUTHI MIPOIILTH CTEHIOBBIE UCTIBITA-
HUS IPU MaKCUMAaJbHBIX pabouux Harpys3kax: Tok — g0 6500 A, kpyTH3Ha HapacTaHUS
nons 4,1 Tu/c, gactora cnenoBanus uukiaoB 1 I'm. C mapra 1993 . mposeneno 17 ceancos
paboTHl HYKJIOTPOHA 00MIel MPOMOIDKUTENFHOCTRI0 puMepHo 3500 yacoB. Bpems oxia-
sKaeHus konba yekopures ot 300 mo 4,5 K okono 3 cyrok. OxnaxkaeHue odecreunBaeTcs
IIByMS TTapajuleIbHO pabOTAIONIMMHA TEIHEBBIMU pedprkeparopaMu OOIIeH MOIIHOCTEHIO
3,2 kBT Ha ypoBHe 4,5 K. O dhekTHBHOCTS HOBOW TEXHOJIIOTUH MOATBEPIKICHA MPaKTHIC-
CKH. MexXTyHapoJHOE COTPYAHUYECTBO YUCHBIX YCIIEITHO OCBAaUBAET HYKJIOTPOH KaK IPH-
60p mu1st npoBeAeHUs GU3MIESCKUX HKCIICPUMEHTOB Ha BHYTPEHHHUX U BHEITHUX MUIICHSX.

HoBast TexHONOTHS, HCHIONB30BaHHASI B HYKJIOTPOHE, 00€CIIEYNBAET POCCUHCKUM yUe-
HBIM IPHOPUTET B pa3paboTKe U Peann3aui BEICOKOI((PEKTUBHBIX KPHOTEHHO-MAarHUTHBIX
CHCTeM YCKOpHTeNeH, pemraer mpoOiIeMy NPHHIMIHAIBHOTO YIPOIEHUS HPUMEHEHUS
CBEPXIIPOBOJUMOCTHU B YCKOPUTEIBHOH TexHUKe. CHCTEMBI THIIA «HYKIOTPOH», II0 HE3aBH-
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CHMOH OIIGHKE aMEPUKAaHCKUX CIENMAINCTOB, 3aHUMAIOIINXCS pa3paboTKoil mpoekTa mpo-
TOH-TIPOTOHHOTO KoJutaiiaepa Ha sHepruto 2x100 TaB, sBistorcs HaubGomnee mepcrek-
TUBHBIMU.

Tabn. 6. Mn. 35. bubmuorp.: 28.

YK 621.039.54

HayuHo-TexHu4yeckue npo0djieMbl CO31aHUS IEKTPOSICPHBIX YCTAHOBOK /UIs1 TPaHC-
MYTAIHH JOJT0KUBYIIHX PAIHOAKTHBHBIX 0TXO0/10B H O/JTHOBPEMEHHOI0 NPOU3BO/ICTBA
Hepruu (poccuiickuii onwIT). / epacumos A.C., Kucenes I B. ®u3uka sneMeHTapHbIX Ya-
ctul ¥ aroMHoro sipa, 2001, tom 32, Beim. 1, ¢.143.

B 0630pe paccMOTpeHBI HaydHBIE OCHOBHI SIEPHOI TPAHCMYTAINH JTOJITOXUBYIIUX pa-
JIMOAKTUBHBIX OTXO0B aTOMHOW MPOMBIIIIEHHOCTH € IOMOUIBIO 3JEKTPOSTICPHBIX YCTaHO-
Bok (DJIS1Y) n nmpoaHanM3upoBaHEl HEKOTOPBIE IPOOIEMBI CO3MAaHHs YCTAHOBOK STOTO THUIIA.
[IpuBeneHs! faHHBIC O pe3yNbTaTaX KOHIENTYAIbHBIX HCCICIOBAHNHN PA3IMYHBIX BAPUAHTOB
OJIA1Y, BHITOTHEHHBIX B POCCHUCKUX SJEPHBIX IeHTpax. OOCykKaroTcsi OCHOBHBIE Halpa-
BJICHUSI HAyYHO-UCCIIEIOBATEIbCKUX M KOHCTPYKTOPCKUX paboT Mo 000CHOBAHUIO NMPOEKTA
U CO3JaHHIO JIEMOHCTPAIIMOHHOW YCTAHOBKH, pa3pabOTaHHBIC B BEIYIIMX POCCHHCKHX
SIIEPHBIX LEHTPaX.

Tabn. 17. Un. 2. bubnuorp.: 49.

YK 539.17: 621.384.63
KoppensuuoHHbIii MeTO HeBO3MYLIAK01Ieli AMATHOCTHKH IIy4Ka HOHOB. Apmemos A.C.
®duznka MeMEeHTapHbIX YaCTUI] U aTOMHOTO si1pa, 2001, Tom 32, Beim. 1, ¢.189.

B 0630pe onmcan MeTo HEBO3MYIIAIONIEH ANAarHOCTHKHY ITyYKa HOHOB Ha OCHOBE KOP-
pesAuoHHOro aHanu3a. Pu3nyeckoil OCHOBOM JaHHOTO METOAA SIBJISAETCS UCIONb30BaHHE
TaKOTO B3aNMOJCHCTBHS MPEeHEOPEKMMO MATOH JaCTH HOHOB € 30HAUPYIOIIEi BHyTpeHHEH
MHILEHBIO, TPU KOTOPOM POXKJIat0TCs BropruyHble HHpopmanonHsie (MH) yactuis, nMero-
K¢ IPaKTUIEeCKU NACHTUYHBIN CIIEKTp 110 BEJIMYMHE U HAIIPABICHHUIO CKOPOCTHU U HOITyCKa-
IOIIME MX M30MpaTelIbHYI0 perucrpanunio 6e3 Bo3aeicTBus Ha my4ok. IIpu u3Mepenun B3a-
HUMHOH KOPPEISIIIMOHHON (YHKINH MEXIy NOTOKaMH YacTHI] MM (GOTOHOB 30HIUpYIOIIEit
MHULIEHH, IICEBIOCIYYallHO MOAYJIMPOBAaHHOM BO BPEMEHH, U POXKIAIOUMMUCS Ha HEH
WH-gacTuiamMu, perucTpupyeMbIMU Ha IPOJISTHOH 0ase, ompenenseTcs BpeMsIIpoIeTHBII
CHEKTp (pacHpeeNieHne 0 SHEPTHK) HOHOB B BBIJCICHHOM HampaBieHnH. OTHOCUTENbHBII
aHaIM3 ATUX QYHKIHHN IPH PA3INYHBIX HOJOKEHHUSIX MUIICHHU B ITy4YKe W HAallPaBICHHUSAX pe-
ructpanuu VMH-4qacTuil mo3BossieT MOMy4YnTh pacipeieeHne HOHOB B TONEpedHoM (a3o-
BOM IpocTpaHCTBe. [IpoaHann3npoBaHbl OCHOBHBIE 3JIEMEHTHI HarHOCTHYECKOTO yCTPOH-
CTBa ¥ €r0 BO3MOXXHOCTH JUIS Pean3alliy HEBO3MYIIAIOIINX KOPPEIAHOHHBIX H3MEPEHUI
MapaMeTpOB MyyYKa OTPULATENLHBIX (B YaCTHOCTH, H ™) MIIM MOJOKUTENBHBIX MOJIEKYJIAP-
HBIX HOHOB U3 HCTOYHHKA, OIYCKAOMMUX (oTopaciienienne Ha 30HaAUpyommei GpoToHHO
mumenu. Heobxoanmas At TMarHOCTUKU MUIIEHb MOXET OBITH C(HOPMUpPOBAHA MPU HC-
MOJIE30BaHUH CTOXACTHUECKH ITyJIbCUPYIOIIET0 M3TyYeHHs HEKOTOPBIX TBEPAOTENIBHBIX JIa-
3epoB (Hampumep, Nd:IAT") B pesxume cBOOOJHOM reHEepamuy.

Wn. 6. bubauorp.: 57.
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