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The coalescence and scattering properties of monopolar and dipolar drift wave-Rossby wave vortices are used
to formulate a turbulence theory with coherent structures and non-Gaussian statistics. The plasma transport
arises from both the vortex-vortex interactions and the wave turbulence. The condition for a fluctuation to
form a vortex is given by a trapping condition, and the vortex formed is shown to be less sensitive to

background inhomogeneities than the linear fluctuations.

Low-frequency convective structures in magne-
tized plasmas arise from the driving forces of den-
sity and temperature gradients (drift waves), and
perpendicular electric fields (Kelvin—Helmholtz and
the current convective instability). Due to the dom-
inance of the VE = E x B/B2 convective nonlinearity
the system reduces to one, two or three p.d.e.'s
with the Poisson bracket or vector nonlinearity,

(8, f]=2-V® x Vf (1)

where E = --v¢ and f is the density, pressure, or
charge density-vorticity (v2¢). Many examples of
these reduced plasma equations with their deriva-
tions and vortex solutions are now in the literature.

. Slow motions (quasigeostrophic motions) in shal-
low, rotating fluids are dominated by the same con-
vective nonlinearity (1) with the horizontal flow
velocity ¥, = gx x Vh/f, where f = 20sing and H =
Ho + h is the depth of the fluid. Rotating fluid ex-
periments!~? and computer simulations* reveal the
physical significance of the formation of vortices and
their propagation, coalescence, and dissociation.
These large-scale, coherent processes have a direct
impact on the efficient transport of fluid or plasma
properties.
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COMPOSITE WAVE-VORTEX FIELD
AND THE TRAPPING CONDITION

There are two idealized regimes for the solu-
tions of such convective p.d.e.'st coherent vortex
solutions and weakly correlated turbulent fluctua-
tions. Computer simulations and rotating water tank
experiments show that the solutions contain both
components

Ny |
o= oz -z y =y = wt) + 3 pp(t)e*x (2)
’ k

i=1

where there are Ny vortices with speed uj, radius
ry;» and amplitude ¢;{V, and a spectrum of ¢x" un-

localized waves (kk=¢ W = 0).

The dominant feature of the vortex component
in Eq. (2) is its ability to trap a disturbance which
could, without the nonlinearity of Eq. (1), radiate
a wake of linear waves wy. The condition for the
formation of the vortex is that the characteristic
rotation frequency fe(K) = K'VE in the vortex of
scale k; = n/2R,, where R, is its radius, is faster
than the characteristic time frequency for the dis-
persive wave propagation.
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For the Rossby-drift wave equation®

Oy Oy
2 2 292 1 —
(l—p,Vl)gg+vdb—y—[¢p,p,Vkﬁ]—0 (3)
the condition follows upon balancing the wave dis-
persion from v,23;9 with the nonlinearity [¢, v?¢].
When the characteristic frequencies

— kyvd —— ky ) [&],
“kE T R 2 1442 -
ko k, @ c “
Qz(k) = ELBLE__'IC’ ky, ok > {E]

are used, the condition on the dissipationless E x B
Reynolds number Rp given by

Qg(k) & forn (.@5) = kyox > 1 (5)
Wy Tc ’
is necessary for the formation of a vortex of scale
k; ~ /2R, . For the model equation (3), condition
(5) can be made exact by use of the well-known
Larichev—Reznik® dipole vortex solutions. From the
properties of the dipole vortices’ the condition (5)
becomes

.t .
C@g:l _ (ﬂ) (pznt — 128 V4 To
B eB

in the usual plasma regime, where vge = cTo/eBrpy
is the electron diamagnetic drift speed and rg' =
~d In n/dr.

On the other hand, simulations for a variety
of systems show that condition (5) gives the transi-
tion amplitude for a qualitative change in behavior
of a localized initial disturbance. Figure 1 shows

E:‘

20 ™ Y T T T ~T T T T T
{a) Linear (b) Nonlinear

10F t=0 t=0 7

of ¢ | ¢

-10 — et — ;

ol T74 | 14 1

= t=8 t=8
Ps 10F T @ 4
O+ R T ~ b
-10 i + + + + + —+ + +
t=24 t=24
30f + .
0. 1 ® |
:“‘I:"_,-‘,
o)y N T §
O ' \:i‘_-;’/ + .
- | O y ul 4 —L A L i ~l 2 L
-20 0 20 -20 0 20
X
Ps

FIG. 1. Comparison of the propagation of (a) the linear and
(b} the nonlinear Gaussian initial perturbation ¢ = Aexp’
(—r?/r¥ ) for ry, = épg.
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an example of the propagation of a single monopole
of radius r, = 6pg for the two conditions Rg « 1 in
the left column showing the rapid wave dispersion,
and for Rg ~ 10 in the right column showing no wave
dispersion. Clearly, the trapping of the radiation
wake given by Rg > 1 is of fundamental physical
importance.

EFFECT OF BACKGROUND INHOMOGENEITIES

Now, in the presence of strong inhomogeneities
the situation becomes more complicated. The most
important inhomogeneity for drift waves is the cou-
pling to the ion-acoustic wave by magnetic shear.
Meiss and Horton’ show that the trapping condition
allows the vortex to reduce the shear-induced radia-
tive damping of the drift wave. By an asymptotic
matching of the exterior dipole vortex solution to
the linear ion-acoustic waves it was shown in Ref.

7 that for a vortex with Rg> 1 and r, < xi, where
x; is the point where w = kyu = kj(xi)eg, the radia-
tion damping of the vortex energy Eg(u, Adp) is

given by
u - l’d‘)
- .
RN ()

More recently, the problem of the electron tem-
perature gradient To(x) has been reexamined. Pet-
viashvili® shows that the inclusion of a temperature
gradient ng = d In Tg/d In ng introduces the KdV or
scalar nonlinearity «¢d¢/3y with ¢ = ngpg/rp < 1 in-
to Eq. (3). As we show in Fig. 2 from the work
of Su et al® the effect of this term is to change the
velocities of the positive (anticyclone) and negative
(cyclone) parts of the dipole vortex to

dE,  wL. L2 Tn (1 vd>—1/2 ( 2L,
dt 4 “*L, u P T

u=uvy+ ﬂLp—"‘—' (anticyclonic lobe) ,
el )
u=ury— —37—’"— (cyclonic lobe) ,

which causes the dipole to split into two monopoles
in time '

At = 3vro/alpap|, where v = 1.5946 . (81)

A similar result is reported by Mikhailovskaya.l®

Recently, Horihata and Sato!! and Lakhin et
al.’? point out that the full drive wave eguation with
temperature gradient

1 _ 2 a_tp_l (9(,9 6‘»’ 2
(f(z) v) 5 T g, e, e Vi =0

is required to preserve Ertel's theorem. Here T(x) =
To(x)/Te(xy) and a(x) = (1/T2)(dT/dx). A tem-
perature profile T(x) such as exp (—cx) introduces

a turning point on the low-temperature side of the
vortex, which reflects the wave energy into a wake
of standing drifts propagating into the high-tempera-
ture side of the vortex. A simulation showing this
effect is shown in Fig. 3 for ¢ = 0.05. The situa-
tion is similar to the shear damping problem of Meiss
and Horton? and Su et al.? in thar the vorfex core
is coupled to a radiative wake which, in the case

of ng = 0, extends only into the high-temperature
side of the drift-wave vortex. Here the radiative
wake is a drift wave whereas with magnetic shear
the wake is an ion-acoustic wave train.
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FIG. 2. Effect of a small KdV nonlinearity in splitting apart the dipole vortex solution.
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20+ i \\\\\ 4 E-*-V Vn-{-nv V_O (10)
10} 4 and
, dv ,
7, Of - E:—V(w}—vxﬂ (11)
"OL 7 where U = e¢/m or gh(x, y, t). If we introduce
Vi the ordering that ¢ = w/Q ~ v/L@ <« 1, the E < B
“20m SNy ey ] or geostrophic flow velocity is v = 2" x vU/2 and the
. Q‘"\\‘\‘ \\,f\ W N inertial acceleration is given as v = -0~ 3(d/dt)vU.
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5 7 {y <-30)]
0 /\[\M (A 10 Ertel's theorem follows from (12) by taking the 2 =
\IVU | \ A 2z component and neglecting the parallel compres-
-0k U 4 o ] A sion Vyvy that gives coupling to ion-accustic waves.
o From (12) we have
-20 -1
-0 0 4 -4 O 40 i(Q“'“”:):t) (13)
x/ps Y/Ps AN A ak
FIG. 3. Effect of background inhomogeneity from tempera- where dy = 3¢ + (c/B)[$ ] as defined in Eq. {1;.
ture gradient that produces a small KdV nonlinearity in the Using wy = (c/B)?2¢, 0 = eB/mec and

equation.

INSTABILITY, DISSIPATION, AND
THE TURBULENT SPECTRUM

We now consider the case ol the dissipative ef-
fects and the turbulent wave spectrum.

564
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The funda-

n = \N(x)expled/T.(r)) (14)

one easily recovers the model equations (3) and (9).
We introduce the dispersion scalc 0g2 = ¢2m{Te(x,)/
e2B2 at the temperature local to the vort2x and

write @ + w, = (1 + g9 ) with 9= e#/Te(x:).

Due to Eq. (13), the dissipationless system possesses
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an. infinite number of integral invariants which
raises the question of integrability. Zakharov and
Schulman!? show that additional constraints on the
linear wave spectrum wk'L are required for integra-
bility; we conclude that the drift wave system is
nonintegrable.

The stationary solutions of Eq. (13) with ¢(X,
y — ut) satisfy

{g—zu:‘ Vi;—;-{-wz]:f) (15)

found by expanding Eqg. (14) as n(x, y, t) = N(1 +
¢ — vg(x) om Eq/ (13).

Now in the actual plasma the electrons suffer
dissipation either through collisions or through Lan-
dau resonances. Taking the electron dissipation
into account!* modifies both the linear and non-
linear parts of the drift wave system. We write
(@ + doler + V’)@%) = N(L+LMe  (16)

eV

.

e =

where L™ is the anti-Hermitian operator of strength
8§,. Using Eq. (18) in Eq. (13), we obtain the fol-
lowing dissipative drift wave equation:

r Op(z.y,t) + Udég

ot dy (17)
90 0, . Qf__a_ - 4, —
+ [5—5&-(&9) =5 ax(ﬁv) +vVip=10,

where £ =1 - v2 + L% and v is the jon-ion colli-
sional viscosity. Balancing the wave growth yi =
Uy L¥ (k) = k28, (k;2 — ¢,) with the nonlinearity
shows that the amplitudes first increase with §, but
then saturate near the mixing length level as §, be-
comes larger. Figure 4 shows the turbulent steady

¢ (x,y,t=700) Ag¢p=27

—

W /7~
21
4

=, =
\,§\ =

75
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state for §, = 1/4, ¢, = -1/4, and v = 0.15. These
vortices have rotation rates Qg(k) greater than the
linear wave frequencies wy, and thus they behave
as a gas of vortices rather than as linear, disper-
sive waves. The dissipative Reynolds number

Ren = vgLA = (2)(176)/0.15) = 2.3-103, the kur-
tosis is <¢“>/<¢2>? = 6, and the skewness is near
zero. The dissipationless E xB Reynolds number
Eq. (5) is Rg = 2.

Negative ¢, represents the dissipative trapped
electron mode which is a prime candidate for the
turbulence measure in tokamaks. For these §,,
c;, v parameter values, ypzx = 0.0163 a1 k= (0,
0.71) and ypjp = —0.472 at k = (1.5, #£1.5),

The wavenumber spectrum for Fig. 4 is shown
in Fig. 5 and is seen to be similar to that of the
drift wave vortex gas considered by Meiss and Hor-
ton.”»!® The normalization in Fig. 5 is that the
total energy is E = I kyE(ky) = ):E(ky) = 25.8.
The ky spectrum is monotonic decreasing while the
ky spectrum has a weak maximum well below the
growth rate maximum. The enstrophy is U = 2.1
and k = (U/E)'/2 = 0.28. -

For comparison we show the weak turbulence
spectrum computed with the highly idealized model
given by Novakovskii et al.!® in which to the Hase-
gawa—-Mima equation (3) is added Y(K)¢k with the
values Y(K) = 0 for 0.4 < |k| < 0.8 (inertial range),
v(K) = +0.005 for 0.35 s |k| < 0.4 (generation
range), and Y(K) = -0,005 elsewhere. In addition,
only the range kpg s 1 is used and the approxima-
tion ky? » kg2 is made. Under these conditions,
Fig. 6 shows that the spectral indices W(ky, ky) =
W, /kyMXk MY, with my = 4.1 and my = 1.5 close
to the theoretical results of my = 4 and my = 3/2,
are obtained. When we allow k, - ky, however,

o FIG. 4. Stream function (electrostatic potential) in the’
‘9] quasi-steady turbulent state showing the mixture of co-
.&‘i herent structures and wave fluctuations.

R
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FIG. 5. One-directional energy spectra E(ky) and E(ky) for

the turbulence in Fig. 5. The weak anisotropy, low-k energy
containing region and the high-k inverse cascade region

are shown.
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FIG. 6. One-directional energy spectra E(k,) and E(ky) computed
following the reduced turbulence model in Ref. 16 and which
contains a large anisotropy and the artificially constructed
inertial (Y% = 0) regions. The growing, damped, and
neutral k-modes are shown by +, —, and O.

we obtain my = 4 in the same inertial range
for this weak turgulence model.

TURBULENT TRANSPORT AND CONCLUSIONS

We are presently analyzing the transport from
the drift waves as a gas of colliding vortices with
number density ny = vaLy and packing fraction

.V,_,W'T‘g 2 ro
= =7n 7‘0 = 3 (18)
fe L:L, ’ 0
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where rj; = (mny) !/2 is the average distance be-
tween the vortices. For Fig. 4 the vortex line den-
sity ny = 0.002/ pg? and the packing fraction is fj, =
0.2-0.3. Treating the vortices as independent ex-
cept during collisions where they move across the
magnetic field with a step on the order of ax ~ r,
and as statistically independent of the wave fluctua-
tion component, we arrive at the diffusion coeffi-
cient *

ro ¢T. X cT.
rn B a .eB’

= fl— (19)
where the first term in Eq. (19) arises from the
vortex-vortex collisions and the second term from
the turbulent_wave fluctuations taken at the mixing
length limit e§/te = o'/2(Xy/rp) and with spatial
correlation length Ay.

For systems with f; <1 and large-scale vortices
r, ®» Ay, the vortex—vortex . induced diffusion can
dominate the wave transport. For small f, the diffu-
sion (19) reduces to the mixing length value usual
for drift wave turbulence theory.

In addition to the vortex-vortex diffusion, the
vortices themselves enhance the background diffu-
sion D, from the fundamental collisional or molecu-
lar diffusivity. The quantity D, may also include
a small-scale (such as <pj or c/ ’*’pe) turbulence com-
ponent. Theory and simulations of the vortex en-
hancement !’ of the background dlfoSIVlty D, gives
the effect D,

Dy =10 ( C‘I’) e

where cé/B = (cTe/eB)dy is the amplitude «f the
square array of vortices given by &y sin (kyx) cos -
(k y) The enhancement arises from the fast diffu-
smn across the steep boundary layer gradient that
arises when Qe(kK) > ¥k;2D,. The fast retation
fo(K) keeps the system well mixed within each vor-
tex or convective cell.

Thus, we find that the vortex contributions
to the anomalous transport process, typically neglec-
ted in the analysis of magnetic fusion systems,
should be considered as potentially effective trans-
port mechanism. The role of vortices in producing
transport is clearly recognized in the corresponding
atmospheric and oceanographic systems.
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XOPTOH B., CY X. H., MOPPHICOH ®. JI7K.

BHXPH NPEVI®OBBIX BOJH ¥ TYPBYJIEHTHLIVI ITEPEHOC

Ha ocHOBe CBOHCTB CHHAHUA W PACCESHHAS MOHOIONBELIX M HHNONbHBIX
BEXPpeil, cocToImux m3 Apeliosix BoMH Pocelm, pasmTa Teopuas TYPOyIeHT-
HOCTH KOTEPEeHTHHIX CTPYKRTYP ¢ HETAyCCOBOI crarmcTuroil. Ilepesoc B maas-
Me BO3HHKAET KAaK BCIeACTBHE B3amMONeiicTms Buxpedt, Tax m Oxaromapsa

. rypOymzerTEOcTH BoaH. O0pazoBaEgme BUXDA m3 QUyKTyaunmii Tpebyer BbLIOJ-
HEeHEOA YCIoBEI saxBara. Ilokasamo, 4To 06pasoBABIIMNCA BHXPhL MEHEE TyB-
cTBHTENEE K (POHOBOI HEOLHOPOZHOCTH, YeM JUWHEHHbIEe (DIYKTYaLuH.

HusrogacTorasie KOEBeKTHBEbIE CTPYKTYDPH B 3aMATHWIEHHON IIasMe BO3-
HAKATOT Omarogaps TpajmeHETaM ILUIOTHOCTE H TeMmeparypsl (mpefidosie
BONHEL), & TAKAKE IMOMEPEeUHEIM dMeKTpuIeckuM moaam (HeycroiamBocTh Hemsb-
BrEa — ['eBbMronbna ¥ TOKOKOHBEKTHBHAS HeycToRauwBocTh). IlockombKy B
mOZo0HBIX CAYUAAX TJIABHOH SBISETCS KOHBEKTUBHAM HEIHHEHHOCTH, CBA3AH-
Has ¢ apeidosoit cropoctsio Ve=c[E, B]/B?% To cmcrema cBOIETCS R OFHOMY,
OBYM HIH TPeM YPABHEHWAM B TACTHALIX IPOMSBOHEIX, COFEPIKAINHM CKOOKE
IlyaccoHa Il BeXTOPHYIO HEAMHEHHOCTD:

[O@, fl=e.[VO, V1], (1)

rme E=—V®, a f mpencraBmser co6o# IIOTHOCTH, HABIEHWE WIH IIOTHOCTH
sapana (V@) '. BrBog 1 BEXpeBsie PEIIeHHS HTHX YIIPOMIEHHLIX YDPABHCHMI,
OIECHIBAIOIEX IIA3My, HEOTHOKpPATHO o6cysmanmeb B amreparype. Hompexr-
THBHAA HeJMHeHHocTh (1) MOMEEMpYeT TakMe B MEIEHHHIX (KBa3ETe0CTDPO-
muecKEX) [BIKEHUAX MEIKOHN RUTKOCTH ¢ FOPE30HTANBHON CKOPOCTHIO Vi =
=g[e,, Vh1/f, rme f=2Qsin 0. Ilpm o1oM raybuna mupnrocrn pasga H=H +h.
W3 sxcmepmMeHToB ¢ Bpamalomeics umroctsio [1—3] m wmememmoro Mo-
menuposanus [4] BmpEO, wro mabmiogaeMas (PEBWUECKAs KAPTHHA BO MHOTOM
ompefenAercsa 06pa3oBaHreM BEXpeH, HX PACHPOCTPAHEHHEM, CIESIHIEM ¥ Pac~
mamoM. ' OTH KPyOHOMACIITAGHEIE KOTePeHTHLe [BIVKEHHS HeTOCPeACTBEHHO
BIEAIOT HA TPOMECCH MEPeH0Ca B MRUIKOCTH I WIA3Me.

Cpenm pewmenmit mOFoGHEIX YPaBHEHMI MOMKHO BEIIENUTH [Ba HIPENEIBHEBIX
cIygYas: PETYIAPHBIL BUXPH W cIaGOKOPPEImpOBAHHLIE TYpPOYIeHTHEIE (PIyX-
ryanmm. V3 5KCIEPEMEHTOB ¢ BPAm[AIoOMelcss BOXOH m THCICHHOTO MOTEIHPO-
BAHES CIeflyeT, aTo ofImee peImeHre COMEePsKUT 00e 9TH KOMIIOHEHTEHI:

Ny
o= Y0¥ (2—; y—yi—ud)+ Vs @i (1) exp (ikz), )
L i=i h

rie Ny — umeo Buxpeif o CROPOCTAME Ui, PASUyCAMIE T'v; @ aMILIATYHAME (:7,

a (p” — CIeKTD HeIOKATM30BAHELIX BOAHE (Qr—o=0).

OCHOBHBIM CBOMCTBOM BHXPEBOH cocTaBuaiomell Bhipaskenma (2) asusercs
BO3MOJKHOCTE 3aXBaTa BO3MYINEHHH, KOTOPEle B OTCYyTCTBHe HenmEeimocTm (1)
W3NYTAN’ 65 clIef] THHEAHBIX BOIH @,°. YcioBme 06Pa30BAHHSA BEXDPSA COCTOMT
B TOM, ITO XaparTepHas gacrora Bpamenus Qz (k) =kVz B smxpe ¢ k ~n/2R,,

! Benmuzry V2@ ma3rIBaioT TaKKe 3aBEXPEHHOCTHIO.
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Pmc. 1. CpaBmeHme IPONECCOB DACHPOCTDAHEHMS: & — JMHEHHOTO B 6 — HENUEEHEOTO
HePBOHAYANLHO IaycCOBOTO BosMymenus Bmma @=A exp (—r2/re?) mpa ro==6 p,; I — =0,
IT — ¢=4, III — ¢=8, IV — t=24
tie R, — pagmyc BUXps, HOIKHEA GHITH GOIbINe XapaKTePHOHR TacCTOTH ;c(né’n'ep'—

CHOHHOT0 PaCIpPOCTPAHEHU S BOJH.
Huas ypapmernus, oanIﬂBanm;ero ,z:pembOBHe BOJHBI ¥ BOJHSI Poecom [5]

—32V2—+V—— ,0:2V 2] =0, (3
(1—p .L)at ‘5 [, 0:*Vip]=0 (3)

yeaosme 00pasOBaHmA BHXDPS  OIpPeNelseTcs OANAHCOM AUCIIEDCEOHHOrO
V,20:¢ n menumeitmoro [, V@] wmemoB. BocmoirsoBasmnch BLIpasHeHUAME
I XapaKTePHLIX YacToT

=k, Vel (1+k *0*) >k, (11K, [cs/r,,] ,

Qr (k) =ck.k,® /B~ kikypr, [c 8/r,,]
TDOXYIMM, ITO I obpasopamms BEXpa ¢ k,~m/2R, GesgmccamaTuBHOE THCIO
Pettmonsnca Re=Qxz (k) /o HOIEEO YIOBIETBOPATH HEPABEHCTBY
Re=ky,(e®/T.) =k.0,>1. (5)
Ilns MONeNBHOTO YDABHEHHS (3) m m3BECTHBIX AWHOONBHLIX BHXPEBBIX pe-

mennit Jlapmaesa — Pesamra [6] yemosme (5)mosxer GBITh ChopMYIEPOBAHO
roumo. G y4eToMm CBOMCTB NUNONBHEIX BuXpedl B munasme [7] omo mpmEEMEer

BHJT »
C(Dmcr/B= (CTe/eB) (ph°'=1,2874r0,

(4)
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Pumc. 2. Bamarne mManoit KoB menmmefimocTE Ea pacuaj OUOONBLHOLO BHXPH: a — LCs/rn=0;
6 —2; ¢ —10; 2 — 100

rxe Vio=cT,/eBr, — cKOpOCTb [WAMATHUTHOTO Apeliha BSIEKTPOHOB, a Ip=
=—d In n/dr. _

UncneEHOe MOLEIWPOBAHEE MHOTHX CHCTEM HO3BONAET YTBEPIMKNATH, TTO
TpeGoBaEme (O) OmpeHelseT XapaKTePHOe 3HAYEHWE AMINHTYHEI, OPH KOTO-
POM IPOMCXONUT KAYECTBOHHOE H3MEHEHNE MOBEeHMsA IOKANM30BAHHOTO HAa-
JaILHOTO BO3MymeHus. Ha pumc. 1 mpuBefen IpmMep YeZEHEHHOTO MOHOIOIR
pagmyca r,=0p, Dusg IBYX ciy<aeB: B xeBoil momomke (Rp<1) mpomexomur
GricTpoe mucmepcuomEOe KpobierEme; B mpaBoil momomxe (Rz~10) numemepcus
me mposeaaercsa. OTcioma BHAHO, UTO YCIOBHE 3aXBaTa PagHamHOHHOTO CIefa
(Rz>1) nmeificTBETeNBsHO HrpaeT PyHIAMEHTAABHYIO POIE.

B mpucyTeTBEE CHXBHOE HEONHOPOLHOCTH CHTYAIMA CTAHOBHTCA 60Jee
crrosxmoil. CymiecTBeHHON HEOJHOPOMHOCTBIO Mis APeH(POBHIX BOJE SBILETCH
MATHHTHEI IOHp, obecmeumBalommii BsauMopeicrBme LpeidoBoR BONXHEI ©
HOHHO-3ByK0BO#. Meiice m Xoprou [7] mowasamm, TTo ycmoBHe 3aXBaTa I03-
BONAET BEXPI0 YMEHBIINTH PAafNAaMOHHOE BaTyXanwue, BLI3BBAHHOE IIHPOM.

B [7] mpE DOMOINE ACKMOTOTHIECKOrO MEPeX0jid OT BHEINHETo KIIOJILHOTO
BUXPEBOTO PelleHHsl K JUHEHHFIM HOHHO-3BYKOBEIM BONHAM MOKA32HO, ITO I
Buxps ¢ Rz>1 7 ry<<a;, rjie &; OUPENeIACTCA COOTHOIIEHTEM ©=/,u=1F;(Z:)c,,
pamuamuonHoe saryxaHwe sHeprmm Buxps L, (u, Agp) Maerca BhIpasKenmem

dEs ﬂLcrn 2( Vd)—.b ’[ 2Ls u ’]
- A\ 1 ~ ) e |7 111. (6)

dt 4L,

HecrombKo mosse GbIIE 3aHOBO MCCAELOBAHEI BOIPOCHI, CBABAHHEEE ¢ PPAfHeH-
rom paexrporuoit Temmeparypst T, (z). Ilersnamsuan morasax [8], wro BIIO-
TeHEe TeMIeparypHoro rpagmenra 1.=dIn T./d1n n. sBBogur B ypasuenme (3)
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Pmc. 3. Bumaawe (hoHOBOI HeONHOPOZHOCTH, CBABAHHOI ¢ Tpa-

OAeHTOM TeMIepaTyphl, KOTOPLIil fmaer manyio HpB menmmeii-

HOCThL B ypasEHeHEM Bmxpd; O(z, y, (=00), AD=4; crpenxoit
oTMeueHa KWIbBATepHAS BoxHa (y<<—31)

BenumefnocTs Tuma KiB (mim cxaaspmylo memmmelimocTs) aipdQ/dy, o=
=00,/T»<1. Pucymor 2 m3 [9] mamiocrpmpyer BIuAHEE 5TOTO UIEHA, OTBET-
CTBEHHOTO 3a HECOBIAJEHHE CKOPOCTEH MONOKUTEJbHON (AHTHNUKIOHA) W OT-
PHTATeNBHON (IUKIIOHA) COCTABIAIOIMUY AUHOJIHHOrO BHXPS;

u=Vito|pn|/3y (amrummxmon),

o , (7
u=Vi—a|pn| /3y (umrio=m),

roe  7==1,5946. B pesyxbrare mpOUCXOMNT PACIielNICHHMe HUIOXA HA ABA MO-
HOIOJIA 34 BpeMA
At=3yro/ou| Pap] . ‘ (8)

Amagormumkii pesyrsrar moxysen Mumxaitmosexoir [10].

B mepasamx paGorax Xopmxaro m Garo [11] m Jlaxwma m gp. [12] oTme-
YEeHO, YTO HIA COXPAHEHIS TEOPEMEI OPTess yPAaBHEHMe A APedi(PoBEIX BOIH
cJIelyeT 3alECHIBATE ¢ YICTOM IPANMOHTA TEMIIEPATyPEL

{4 1 . z)aq) Lo i

(77" )5+ Teta@n F—lg, o1 ©
Bnecs T (z)=T.(z)/T.(zv) u o(z)=(dT/dz)/T* Dro ypaBHeEEme yHOBIETBO-
paer TpeGoBaHEAM TeopeMsl Jpreng. Temmeparypmsii mpogmas T (z) smemo-
HEHIUAIBHEOrO THLA, eXP(—CcZ), IPUBOAAT K MOABICHIIO HA HE3KOTEMIEpPaTyp-
HOI CTOPOHE .BHXDS TOUKRH HOBOPOTA, TPAHCHOPMEPYIOMEH HHeprHI0 BOXHEI B
CIef W3 CTOATHX ApelihoB, TAHYIUXCSA B BEICOKOTEMIEPATYDHYIO TaCTh BAXDA.
PesyanpTarsl UHCIEHHOr0 Momeamposaums ororo sdderra mpm C=0,05 moxa-
3amsr Ha pue. 3. CuTyanus 3mech Takag ke, Ak m B paGorax Me#icca m Xop-
roma [7] u Cy m mp. [9] o saryxammm, BEIBBAHHOM IIHPOM: NP0 BEXPA CIel-
JeHO ¢ PAfUaNUOHHBIM CI6JOM, KOTOPLIH mpum M,=0 TAHeTCS TONBKO B CTO-
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POHY BRICOKOTeMIEpaTypmoil obnacT Buxpsa. [Ipm sToM clel cOCTOMT m3 mpei-
«pOBBIX BOJNH, B TO BPEMs KaK B CIyYae MATHUTHOTO IIAPA OH ABJIAETCA HOH-
HO-3BYKOBBIM.

OGcynum Temeps muccunarmBuble 3PQerTsr m TyPOYNeHTHBIR CIEKTD BOJH.
Bpamaomascs sREIROCTE B 38MAarENTeHEAS TIIA3Ma OMECHIBAIOTCA CIISIYIOMT-

ME YPaBHCHUAME:
On/dt+div nV=0, (10)
oV/ot=—VU+[V, Q], (11)

rie U= (e®/m nau gh(z, y, t)). lpu mamoctm mapamerpa e=wn/Q~V/LQ<K1
TeocTpomueckas CRODPOCTh, cBssammas ¢ [F, B] npeiidom, mpemcrasisercs

B BUTE
V= [eza \% U] /97
A CKOPOCTD TIONAPH3AEOREOTO Apetiha aeTcsa BEIpaKeEmeM

V,=—Q-*dVU/ds.

TIpmmenns omepammio rot K geBoii m mpasoil wacrsam ypasHeEus (11) m o6o-
BEAYNB ®=r0ot V, moayTmm

(0/0H+V V) (Q+0) =— (Q+6)div V+((@+6) V) V=
=(Q+o)dn/ndi+ ((2+e) V)V, (12)

Teopenma Oprens crenyer uz (12), ecam momoxurs Q=Qe, n npeEeGpeTs mpo-
JOXbHOH cxmmMaeMmocrsio V, V), RoTOpas maeT 3amelIeHne ¢ MOHHO-3BYKOBLIMM
Boxuamu. Ilpm srom (12) maer

d((R+w,)/n)/di=0, (13)
rre, cormaceo (1), d,;=08,+(¢/B) [D,...]. Ilonaras
w,=(¢/B) V*®, Q=eB/mc
(14)
m n=N(X)exp(e®/T.(X)),

" JIeTRO BOCHpOm3BOHEM Mopenbusle ypasuenus (3) m (9). Bregem mucmepcmos-
wei mMacmral p.i=c’mT.(z,)/e’B?, roe Temueparypa GepeTcs B TOYKe HAXOMK-
JeHEs BUXpA, I npencrasmM Q+w, B Bume Q+wo,.=Q(1+p*V2), rme @=e®/
[Te(z,). B cury (13) GesgmccumatuBEAs CcumeTeMa O6GIafaeT GECKOHETHEIM
HaGOpPOM HMHTETPalloB NBIMKEHHS, MO3TOMY BO3HIKAET BOIPOC 06 WETErpPHpYe-
MOCTH »Toii cucrTeMsl. 3axapos u Illyaeman [13] mowasamm, 4To [ua WHTErpH-
pyeMoctn Tpefyercd HalmoKeHWe TONOIHNTEIbHBIX YCIOBHH HA CIERTD JUHEH-
HLIX BOIH O, TI0ITOMY CIMTAEM CHCTEMY, OIMECHIBAIOMYI0 HpelihoBrie BOMHEL,
HEWHTeTPEPYeMOH.

Cranpomapmsie pemenus ¢(z, y—ut) ypasmemma (13) ymoBmersopsaioT

.COOTHOHICHMIO
[o—uz, V_ 2p—q+Vz2]=0, (15)

monydgenEOMY mofcramosxoir B (13) pasmosmenus ssipamenus (14) n(z, y,
t)=N (1+o—Vaz).

B peanbmo#f mmasMe SIEKTPOHBI MCHEBITHIBAIOT AWCCHOANMIO OXATOLAPS
CTOMKEOBEHHAM X Ha Pe30HAHCAX JIamfay. Yuer AUCCHTANEYT HA HIERTPOHAX
MommdEIEpyeT Kax IXHEAHYIO, TaK ¥ HEIWHEHHYIO COCTABIAIONIUE CHECTEMEI,
onmesBalomeil ApeiipoBsIe BOIHLL.

3amuimmeM BHPAMKEHEE AU DIEKTPOHHOR IIOTHOCTH B BUJE

eN o0 .
im0 AVIT) N (W Le, (19)

e

e L., — QETEIPMEATOB OLIEPaTop, CBABAHHEIL ¢ neficrsmeM cmusl §,. Ilocme
moncramokm (16) B (13) DomyumM ciegylomee NTHCCHUATHBHOE ypPaBHEHHE
711 ApeidoBEIX BOMH:

\ t 9 L
Eﬂ(—%y_’l-l' Va;%Jf[@,chHvV"fFO’ (4D
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Puc. 4 VsommEnz QyExmmi Toka '(MEKTDOCTATHUECKOTO IOTEHNEANA) IS KBASHYCTOHR-
9uBOr0 TyPGyNEHTHOTO COCTOAHES, B KOTOPOM COCYHISCTBYIOT KOT@DEHTHEIE CTPYKTYDEL X
BosrHOBHIe' Puyrryanuw, ©(z, y, t==700), AO=27

rie [=1—V?*+L,, a v — HOH-MOHHEAs CTOIKHOBHETENbHAS BA3KocTh, CpaBHeHme
EHKPEMEHTa BOXHLL Yy=—0«Lan (k) 22k, (£ >—c,) 1 BedmEeHHLIX YIEHOB IO~
KasBIBAET, 9T0 BHAYAIE AMILIHTYIA pacrer ¢ yBeamuenmem O, HO MU HajibHel-
meM pocre 8, HACTyIAeT HACHIUIeHWEe BOJIUBM YPOBHs IepeMeINuBAHUSL Mac-
mrraGos. Ha puc. 4 moxaszama TypGymneHTHAS cTaquoHAPHAS CTafusa npu Oo="/s
7 v=0,15. Yacrorst Bpamenus Buxpeii Q. (k) 3Hech cylIeCTBeHEHO GONbINe Ta-
CTOT IWHEHHBIX BOME @;°, H, TaKUM 00pasoM, CKOpee MOKIO TOBOPHTEH O rase
BEXpel, deM 0 NEHEHHBIX NUCIEPrEpyIoIIzX BOJAHAX. [mccuIaTnBHOe WHCIO
Petironbaca Re,=VzL/v=2-176/0,15=2,3-10°, a <q*>/<@*>*~6 u mcraxkaerca
okonmo myna. Besgmecmnarusmoe ameno Peitmonspca paBuo Rpa22.

Orpmnarensasiii mapamerp C; OpeRCTaBiAeT NUCCHIATHBHYI0 MOXY HA 3a-
IePTHIX JIEKTPOHAX, KOTOPAs SBIAETCA OCHOBHBIM KAHAHAATOM, OTBETCTBEH-
HHIM 3a YpOBeHEL TypPOYZIEHTHOCTH B ToKamame. g HMpuBEeEHHBIX 3HAYCHUE
mapamerpos &y, C; m v HMeeM Ymax=0,0163 mpm k=(0; 0,71) 7 Ymimn=—0,472
mpm k= (=%1,5; +=1,5).

CHexTp BOJHOBBIX THCEN, COOTBETCTBYOIIME pHC. 4, HOKASaE HA PHC. 5.
On moxom Ha cmexTp rasa smxpelt mpehgosrix Bomm Meficca mw Xoproma [7,
14, 15] . Pucynox 5 COOTBETCTBYET HOPMEUDPOBKE, IPH KOTOPOM MONHAS HHEPIUT

E =’Z_:,E<k,c)=§_:J E (k,)=25,6.
Ty By

CrexTp MOHOTOEHO cmamaeT xar Gymumus k, m uveer crabulii MaxCHMyM, pac-
TOJIOEHHEIA CYIIECTBeHHO HUe MAKCHMyMa WEKpeMenTa Kax (Pymwomm k.
dmcrpodun pasaa U=2,1, a k= (U/E)"=0,28.

-~ Jns cpaBmemHa TpPHBEEM TAKKe CIEKTD B caywae craboli TypOyreHTHO-
CTH, PACCYNTAHHEEIR M0 CHABHO WAEAXm3upoBaHHOH Mofenr HOBAROBCKEM I Ap.
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Pme. 5. OgmoMepmble pHeprerTmueckme cuextpst E (k) w E(k,) mua Typby-
JeHTHOCTH, NOKA3AHAON Ha pHc. 4 Bupmuwsl cmafasd aEM30TPONEA B BHEPTOCO-
Jepxamell wacTE cmeKTpa (Mamere k) m obpaTHEIH Kackafy mpm Gombmumx

116]; = ypasmermio Xacerasst — Mumsr goGasasierca wies ¥ (k)@ (k), npmaeM
Y (k) =0 mpm 0,4<|%|<<0,8 (muepummommsi marepsan), y(k)=0,005 mpn 0,35<<
<|k|<0,4 (mmrepsam Boz0ymperus Bouu), Y (k)=—0,005 Bo BCe#t ocrampEOM
obmacru. Kpome roro, mpepmomnaraercs, aro k,p.<1 u k2>k}? Pucysor 6 mo-
Ka3bIBALT, UTO B ITUX YCIOBUAX SHAUEHMS CIIEKTPANBHBIX HHNEKCOB m,=4,1
o my=1,5 B popuyme W (ky, k,) = W[k, xkyy GIU3KE XK TEOPeTHmIeCKOMY pe-
ByABTATY, HAOmMeEMy m.,=4, m,=1,5. Ecam me momycrmrs K.k, TO B Mopjenm
cnaboil TYPOYIeHTHOCTH B TOM /Ke WHEPONHOHHOM WHTEDBAJe MIOIydaeM
me=m,~4.

O6patuMcsi Temeph K aHANHW3Y IIPOLECCOB IIEPEHOCA, PACCMATPHBAS Hpei-
«pOBBIE BONHLI KAK ras CTAIKUBAIOINWXCA BHXPeH ¢ KOHIeHTpaLmel ny=Ny/
JLzL, 7 TMIOTHOCTHIO YOAKOBKE

fp=Nv:l'l’,7'oz/LxLy=ﬂT'oznv=roz/7‘1‘j2, (18)

e ri°=1/(nny)" ompemenser cpemHee pACCTOAHEE MEKLY BUXPAME.
Ha pme. 4 ny=0,002/p:% f,=0,2—0,3. Ilpegmomosmus, aro Buxpw u QIYKTya-
TMOHHAS KOMIOHEHTA BOJH CTATHCTEIECKN HE3aBHCHMBIL, a TAKIKEe, TTO BBAH-
MopeiicrBme BEXpell MeKEYy cO00H TPOMCXONUT TONBKO BO BPEeMs CTONKHOBE-
HO, B OPOIEcce KOTOPHIX OHE CMeIIAIOTCA IOIepeX MArHHTHOTO IONS € Xa-
pakrTepEBIM ImaroM Az~r, B pesyIxprare ImOIYyIHM CJIemyIomee BBIPAKeHZE
s xoapdunmenra muddysum [4]:
,TocTe | ahcTe
»=/» T (19)
rmeB r.eB
Iepsoit winen B (19) BosEEKaer 6Grarogaps CTONIKHOBOHHAM BHXPEH MemIy
coboii; BTOpol — 3a cuer (QAYKRTyanmi, B3ATHIX B Ipefele [JEHEL IepPeMeIIn-
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-5 -2 '!;SL Pue. 6. OpHoMepHEIE >HEPreTEYECKEE
70 0~3 cuertpsl E (k) mw E(ky), BEUHCIEH-
‘ 70#6 L IJ L Ly, |Hemo npeposkenHoir B [16] Mome-
) w7k 7  7E, KOTOpAS CONePIKHUT GONBUIYI0 AH¥-
‘ zs 30TPOMMI0 T WNCKYCCTBEHHO BROJEH-
HEIe HHEPIHOHALIe HETePBAIEL (Yr==0):
E("'y) _ 1 — pacrymue, 2 — saTyXalomme u J —
P 0—3 R HeHTpANBHLIe  E-MORBI;  Miy= 4,06+

+0,12; my=—1,51%0,02; tes/rn= (50—

—\_~_/_/_ \ 6,5)-108
it

0

70_5514l1 l'_)‘llllLJ.J

1077 ) "Kylas . -1

pamna eQ/T.=a"(hr,), e A, ABIAETCA HPOCTPAHCTBEHHBIM KOPPEIALHEOH-
HBIM MacIiTaboM.

s cucrem ¢ f=1 m xpymaOoMacIrTabEEME BUXpAMEA (7e>A.) nuddysnd,
00YCIOBIEHHEAA CTONKHOBOHEAME MEMIy BUXDAME, MOMKET Ipeobramars HaL
BOJIHOBEIM IlepeHOoCcOM. B caygzae mansix f, nuddysua (19) cBopurea ® oOBIE-
HOMY st Teopum KpetipoBoit TYpOYIeHTHOCTH 3HAUCHHMIO AMMEEL IIePeMeIIn-
Bag@A.

B pomonmenme ¥ nuddysnm, 06ycroBICHEHON ¢TONKEOBEHMAMY BHXpeil, BEX-
pm camu 1o cebe ycmausawT QomoByo ruddysmio [y, BEBBAHHYIO dIeMEHTAD-
BEIME croiakEoBeHEAME. Hoaddunmerr guddysnu Dy mosmer Briowars B cebs
menroMacmmrabayo (mampmmep, ¢ L~p; BIL ¢/@p,) TYPOYICHTHYI0 KOMIOHEH-
Ty, Teopmz ¥ YHCHCHHbIE PACIeTH YBeITIeH s doropot muddysmu B mpECYT-
creud Buxpeir [17] mator cJIep;onmee BBIDAKEHNE ;Um atini)emuBHoro K09~
tI)mmeHTa muddysmm:

2

D106 Duc®vIBY, . (20)

LR

e ¢® /B (cT./eB) py ~ aMmInTyna ABYMEPHOTO MActmpa BEXDEH, sajlaBae-
moro B suae O sin (kyx)cos kyy. YBeauTerne JoCTATAGTEHA 32 CIeT YeROpEHHOMR
Angysmm wepes MOLPAHHTHLIA CIOH C PesKmM TPAfUeHTOM, BO3HIKAIOIIHIT
mpm Qq(k)>Fk,?D,. Bricrpoe spamenne Q. (k) ofecmewnsaer xopormee mmepe-
MeIIEBaHZe BHYTPH KAMIOr0 BUXPA WK KOHBEKTHBHOHN #TelKi.

TaxuM 06pasoM, IOKA3aHO, YTO BRIAL BHXPEll B HPONeceéhi aHOMAIBLHOTO
meperoca (06ErTHO 3THM BHIAKOM IpeHeGpEraid IR AHANE3E CECTEM MarmmT-
HOTO YAEDIAHHA) MOKeT ORA3aThes CymiecTBenHsM. Ponb suxpefi B cospamnm
ePeHoCca OTUETINBO BERHA B . COOTBGTGTByIOI]IE[X aTmoc(IJepHHx ' OReaHmYe-
CKIX CHCTEMAX.

ABTODEI BEIPaRaIoT 6JIa1‘0JJ[apHOCTB J'_[n JIeOHapJIy 34 ]IOMO]IJ;B B BEITOHE:
HUHW. YHCJIeHHOTO: MOJEAMPOBANES B TUX HMcclemoBammax. Pabora BHIToIHeHA
mo xomrpaxry Ne DE—FG 0,5- 80ET 53088 ¢ Muaucrepecrsom SJmeprern=
xm CIIA.
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HEUTPANBHAS HH/KEKIUSA B DJEKTPOHHO-TOPAYYIO ILTABMY
B YCTAHOBKE OT'PA-4

9RCcOepPEMEHTANEHAS Pab0oTa MOCBAIIEHA WCCISNOBAHEIO CO3TAHAA DIIOK-
TPOHHO-TOPAYEH NIABMBI ¢ LOMOINGI DIEKTPOHHOIO LUKIOTPOHHOIO Pe3o-
JHAHCA B OTKpLITOII JIOBYIIKE ¢ MUHHMYMOM B ¢ nocnenyxomen HelTpaIbEO
mEMeRIMed. B mepsoM paspene ofbcymIaeTes WOHUBALMOHREL famame mjyas-
‘MBI 3XEKTPOEHO-rOpATell MulreHn. V3MepeH TOX, TeXKYIIHI BOJb OCH JOBYII-
KM, BEI3BaEEEIE BBOKoM CBY uaiyuerms c onnoi‘[ CTOPOHBL BHOJNL 0CH. IIpo-
JIeMOHCTDEPOBAHO BOSHUKHOBEHHE B OIIPEMEIEHHLIX YCIOBHAX KEEETHYSCKON
HEYCTOHYHBOCTH, OTPAHMYMBAIOMEl POCT AMAMATHUTEOTO CHIHAJNA, Bo BTOpoM
pasfelle HecHeAyeTCA HAKOIIeHWE [OPAYHX HWOHOB IPH HEMKEKEEHE H YCTa~
HOBJGHWE paclpefiefleHNA MOTEHIUANA BROJL OCH, oGecneanaxomero pasnm-
9pe NeKTPOHHEIX TEMIOEPATYP BHONEL CEIOBLIX NTHHUH.

Baepnenne

Yeramosra OI'PA-4 mpepncraniser cofofi CBePXIPOBONAME TPOOKOTPOH ¢
‘MuEREMyMOM B 6Geificbonpmoro Tuma [1]. 9ra ycramoBka 0Onlmra cosma@a A
OpoBefeEns (PYHIAMEHTAASHEX (PU3HYECKHX MCCIAGNOBAHUI B IIasMe OTKPHI-
“THIX JOBYIIGK. IleATpambHEIH BONPOC HCCAEHOBAEWH COCTOAN B IOJIYIOHUH
quroTEOK (~10' cM~*) mmasmsr ¢ ropawmmm moEaMu (sEeprmeit ~20 ksB)
‘anexrporamu, (Temmeparypoit ~1 xsB). Jexo B ToM, 4TO B GONLMIMHCTBE PO~
BeJeHHELIX DKCIOPIMEHTOB ¢ IJIOTHON MIasMOM B OTKPBITHIX IOBYIIKAX TeMIle-
parypa saeKTPOHOB OblIA HEHBKA ¥ OTPAEMYMBANA BPeMa KmsHN mnasMmsl Cro-
JRUIOCH MHEHHE, UTO HUBKAA DIEKTPOHHAS TEMIepPATYpa SBIAETICS XapaKrep-
HOIl 9ePTOHl OTKPHITEIX CHCTEM, BHIBBAHHON XOPOMMM TEIJIOBEIM KOHTAKTOM C
‘ropmamu. He Memee BaeH Bompoc O crabUIm3aquy HOHHO-HEKIOTDOHHBIX
HeycTOHamBOCTeH B YCIOBUAX GONBIMIAX JAPMOPOBCKEX PANHIYCOB MOHOB I T'pa-
OUeHTOB.

Bricoraa »iexrpoHmas TeMmeparypa ofecmeurBamach B HAIeM JKCIepH-
‘MeHTe MOINHEIM cBepXBeicoxovacToraeiM (CGBU) marpesom ma wacrorTax pirex-
"TPOHHOTO THRIOTPoRHOro pesomamca (DIIP) ¢ memompsopamEmeM TrEPOTPOHOB.
Ouesmgno, 4T0 Bee BOmpocH., ceasamEsie ¢ JIIP, momamm B mone HAammX mc-
-CIeIOBAHLH.

Croemapmit cosmaEmsa IAA3MH, Kax TPABHIO, 6BIJI CIELYIOIAM: GHICTPEIR
mamyck Bomopona m CBY mpoGoit, 06pasoBaEne MUIISHHOR IERTPOHHEO-TODATIeH
MIa3Mbl, MHKOKOHA HEHTPAXBHBIX OYIKOB B MuIIeHb. ['mpoTpoHEI padoTanm
BCE BpeMS HEKeRIHH. ECTecTBeHHO, 970 MHOTO WCCIEHOBAHUE GHII0 HOCBAIIe-
"HO MUIIeHEHOH ImjasMe H ee onTuMmsanumm [2—5].

B mepsoit gacrn HacToameil paGoTH 06CYIKIAIOTCA PE3YIALTATEH H3Mepermi
‘MOHM3AIUOHKEOTO 6anamea WXASME MUIIeHN C YYeTOM JKPAHEDPOBKE rasa.
3necs e IPUBONATCA HEKOTOPHIE HOBbIE PE3YIBTATH DKCIEPHMEHTOB. Bo BTO-
PO¥ TacTHm MCCHeRYeTcs HAKOMIeHWe POPAYMX HOHOB IpH WHKEKIUN W ycTa-
HOBICHEE DPACIPEMSNCHNs IOTEHIHANa BAONL OCH, 00eCIeTYHBAIOIIEro PAasim-
g DIeKTPOHHEEBIX TeMIEPATYDP BLONH CHIOBLIX JIMHUH,
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