
In the above derivation of the quasilinear equa­
tion (16), collisions playa key role by enabling the 
ion distribution function to relax with respect to 
the gyrophase and ovel' the magnetic surface during 
a time much shorter than the quasilinear relaxation 
time. 

The fundamental equations (15) and (16) derived 
above are also valid for tokamaks with a noncircular 
cross section. In this case, r is the magnetic sur­
face and 1} is the poloidal angle, measured along the 
magnetic surface in the plam: I; = const and defined 
by ds = qRd1} , where ds is the arc length along a 
magnetic line of force. 
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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
sityand temperature gradients (drift waves), and 
perpendicular electric fields (Kelvin-Helmholtz and 
the current convective instability). Due to the dom­
inance of the VE = K x B/B2 convective nonlinearity 
the system reduces to one, two or three p. d. e. 's 
with the Poisson bracket or vector nonlinearity, 

[~,fl = z· \I~ x \If (1) 

where K = --11<1> and f is the density, pressure, or 
charge density-vorticity (11 2 <1». 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 VI = g2 x Ilh/f, where f = 20 sinS and H = 
Ho + h is the depth of the fluid. Rotating fluid ex­
periments l

-
3 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. 

COMPOSITE WAVE-VORTEX FIELD 
AND THE TRAPPING CONDITION 

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

N. 

'P = L'Pi(x - Xj,Y - Yi ~ tLjt) + L'Pk'(t)eik
.
x (2) 

~I k 

where there are Nv vortices with speed ui, radius 
r vi , and amplitude QJi v, and a spectrum of ¢k w un-
localized waves (kk=o w :.: 0). 

The dominant feature of the vortex component 
in Eq. (2) is its ability to trap a disturbance which 
could, withol! t the nonlinearity of Eq. C 1), radiate 
a wake of linear waves wk2.. The condition for the 
formation of the vortex is that the characteristic 
rotation frequency \leCk) = k'vE in the vortex of 
scale ki = IT/2R o, wher'e Ro is its radius, is faster 
than the characteristic time freqljency for the dis­
persive wave prop3gation. 

562 SOy. J. Plasma Phys. 1618). August 1990 0360-0343/901080562-06 $04.00 S 1991 American Institute of Physics 562 



I 
I 
I 

I 
! 

For the Rossby-drift wav~ equation 5 

( 
2 2) alP alP [ 2 2 J I-p.'7l. 7ft+Vday-'P,P.'7'P =0 (3) 

the condition follows upon balancing the wave dis­
persion from 1/ 1

2 a t cP with the nonlinearity [cp, 1/ 2 cp 1 . 
When the characteristic frequencies 

ky Vd ky 
WI.: = ---+ ---. 

1 + ki p~ 1 + ki 

ckr ky <Pk k k flECk) = --+ 'r 'y'Pk • 
B 

(4) 

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

R flECk) ~ k T (e<Pk) = kr'~k > I (5) 
E = ~ - r n Te T', 

is necessary for the formation of a vortex of scale 
kl - lT/2Ro. For the model equation (3), condition 
(5) can be made exact by use of the well-known 
Larichev-Reznik 6 dipole vortex solutions. From the 
properties of the dipole vortiees 7 the condition (5) 
becomes 

C<p~it = (CTe) 'P'i:it = 1.28 vd TO 

B eB 
in the usual plasllla regime, where vde = cTe/eBrn 
is the electron diamagnetic drift speed and r n- 1 = 
-d In n/dr. 

On the other hand, simulations for a variety 
of systems show that condition (5) gives the transi­
tion amplitudf: for a qualitative change in behavior 
of a localized initial disturbance. Figure 1 shows 
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FIG. 1. Comparison of the propagation of (a) the Linear and 
(b) the nonlinear Gaussian initial perturbation cP = A expo 

(-I:"/r'o ) for ro = 6ps' 
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an example of the propagation of a single monopole 
of radius r 0 = 6ps for the two conditions R E « 1 in 
the left column showing the rapid wave dispersion, 
and for RE - 10 in the right column showing no wave 
dispersion. Clearly, the trapping of the radiation 
wake given by R E > 1 is of fundamen tal physical 
importance. 

EFFECT OF BACKGROUND INHOMOGENEITIES 

Now, in the presence of strong inhomogeneities 
the situation becomes more complicated. The most 
importan t inhomogenei ty for drift waves is the cou­
pling to the ion-acoustic wave by magnetic shear. 
Meiss and Horton 7 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 RE> 1 and r 0 < xj, wher·e 
Xi is the point where w = kyu = k" (xi)cs ' the radia­
tion damping of the vortex energy Es(u, Adp) is 
given by 

( 1 Vd)-1/2 (2L'IU- Ud\) -- exp ----
U Tn 1-'d 

(6) 

More recently, the problem of the electron tem­
perature gradient Te(x) has been reexamined. Pet­
viashvili 8 shows that the indllsion of a temperature 
gradient l"Je = d In Te/d In ne introduces the KdV or 
scalar nonlinearity acpacplay with a = r'lePs/rn« 1 in­
to Eq. (3). As we s,how in Fig. 2 from the work 
of Su et al.9 the effect of this term is to change the 
velocities of the positive (anticyclone) and negative 
(cyclone) parts of the dipole vortex to 

a:1)"m/ 
U = Vd + -- (anticyclonic lobe) , 

3')' 
a:1)"m/ 

U = t'd - 3? (cyclonic lobe) , 
(7 ) 

which causes the dipole to split into two monopoles 
in time 

.::.t = 3{To/a:IYdp/. where ')' = 1.5946 . (8) 

A similar result is reported by Mikhailovskaya.1 0 

Recently, Horihata and Sata ll and Lakhin et 
al.12 point out that the full drive wave equation with 
temperature gradient 

is required to preserve Ertel's theorem. Here T(x) 
Te(x)/Te(xv) an~ a(x) = (lIT2)(dT/dx). A tem­
perature profile T(x) such as exp (-ex) 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-temper-a­
ture side of the vortex. A simulation showing this 
effect is shown in Fig. 3 for c = 0.05. The situa­
tion is similar to the shear ciamping pl'oulem of !\!eiss 
and Horton 7 and Su et al.? in thst the ':oPex core 
is coupled to a radiative Wake which. in the case 
of '1e ;:: 0; extends only into the high-temperature 
side of the drift-wave vortex. Here the radiative 
wake is a drift wave ~hereas with magnetic shear 
the wake is an ion -acous tic WG. ve train. 
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FIG. 2. Effect of a small KdV nonlinearity in splitting apart the dipole vortex solution. 
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FIG. 3. Effect of background inhomogeneity from tempera­
ture gradient that produces a small KdV nonlinearity in th~ 
equation. 

INSTABILITY, DISSIPATION, AND 
THE TURBULENT SPECTRUM 

We now consider the case or the dissipative ef­
fects and the turbulent v-,'ave spectrum. The funda-
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mental equations for both the rLtating fluid and the 
magnetized plasma are 

on . ot + v . V n + n V . v = 0 (10) 

and 

dv "[' -=-\ '+vxD 
dt 

(11 ) 

where U = e<l>lm or ghrx, y, t). If we introduce 
the ordering that E: = wiD - v/L0. <!:: 1, the E < B 
or geostl'ophic flow velocity is v = z" x 'lUI':! and the 
inertial acceleration is given as v.!? = -\1- 2 (dl dt) vU. 
The rotational part of Eq. (11) wIth w = 'il < v yields 

(! + v . V) (D + w) = -(D + wJ(v· v) + (D + w)· \v 

(12 ) 
I dn = (D + wl- - + (n + w)· \v. 
11 dt 

Ertel IS theorem follows from (12) by taking the :: = 
0. z component and neglecting the parallel compt'es­
sion VI/va that gives coupling to ion-acoustic wanes. 
From (12) we have 

d (12+...;=\ - --}==O. 
dt n. 

where d t = at + (c/B)C~,J as defined in EC[. (I;. 
Using LDZ = (c/B )72¢, ,~ = eB/mc and 

n = S(x)exp(t't>/Te(.r)l (14) 

one easily recovers the model equations (3) and (9). 
We introduce the dispersion sca!.:: ;>s~ = C2111iTe(x,11 
e 2 B2 at the temperature local to the vort"x and 
write 0. + Wz = 0.(1 + Ps"l/" ) with qJ = e:f;/Te(x:). 
Due to Eq. (13), thE' disl"ipationless system possesses 
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an infinite number of integral invar'iants which 
raises the question of integrability. Zakharov and 
Schulman 13 show that additional constraints on the 
linear wa,'?' spectrum wk'l. are required for integra­
bility; we conclude that the drift wave system is 
nonin tegrable. 

The statiunary solutions of Eq. (13) with cp(x, 
y - ut) satisfy 

[<.p-llX, 'Vi,,:-p+u-ix] =0 (15) 

found by expanding Eq. (14) as n(x, y, t) = N(l + 
cP - vd(x) am Eq/ (13). 

Now in the actw'll plasma the electrons suffer 
dissipation either thrnugh collisions or through Lan­
dau resonances. Taking the electron dissipation 
in to account 14 modifies both the linear and non­
linear parts of the drift wave system. We write 

e,V ( 2 O<P) '( ah) n p = --r: <P + bo{ CI + 'V' ) uy = ,'I 1 + I: y (16) 

where .cah is t.he anti-Hermitian operator of strength 
00' Using Eq. (16) in Eq. (13), we obtain the fol­
lowing dissipative drift wave equation: 

r Oy ( X • ,If, t ) Oy 
L..- at + U-i oy (17) 

+ [Oy ~(.cy) _ ~y ~(.cy)] + V'V'4y = 0 • ax oy ayax 
where .c =' 1 - \7 2 + .cah and v is the ion-ion colli­
sional viscosity. Balancing the wave growth Yk '" 
--w*.cahCk) '" ky200 (k1

2 - c l ) witb the nonlinearity 
shows that the amplitudes first increase with 00 but 
then sat,lrate near the mixing length level as 00 be­
comes larger. Figure 4 shows the turbulent steady 

Y 
Ps 

¢ ( X, y, t = 700) 

75 

-75 -25 

C;Nj I Ol".,,? Ph,/<; 16181 AUQust 1990 

25 

state for 00 = 1/4, c I = -1/4, and 'J = 0.15. These 
vortices have rotation rates fleCk) greater than the 
linear wave frequencies wk, and thus they behave 
as a gas of vortices rather than as linear, disper­
sive wayes. The dissipative Reynolds number 
Ren = vEL/v '" (2)(176)/0.15) = 2.3'103 , the kur­
tosis is <cp4>/<cp2>2 '" 6, and the skewness is near 
zero. The dissipationless E x B Reynolds number 
Eq. (5) is R E " 2. 

Negative c I represents thE! dissipative trapped 
electron mode which is a prime candidate for the 
tll rbulence measure in tokamaks. For these 00, 
c l • v parameter values, Yrnax = 0.0163 at k= (0, 
0.71) and Ymin = -0.472 at k = (±1.5, ±1.5). 

The wavenumbel' 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. 7 , 15 The normalization in Fig. 5 is that the 
total energy is E ~ l: kxE(k?C) = l: E(ky) = 2~. O. 
The kx speClrum IS monotonIc decreasmg while the 
ky spectrum has a weak maximum well below the 
growth rate maximum. The enstrophy is U = 2.1 
and k = (U/E)1/2 = 0.28. 

For comparison we show the weak turbulence 
spectrum computed with the highly idealized model 
given by Novakovskii et al. 16 in which to the Hase­
gav"a-Mima equation (3) is added y(k}CPk with the 
values y(k) = a for 0.4 < I kl < 0.8 (inertial range), 
y(k) = +0,005 for 0.35 s; Ikl s; 0.4 (generation 
range), and y (k) = -0. 005 elsewhere. In addition, 
only the range lq,p s ~ 1 is used and the approxima­
tion kx 2 :t> ky2 is made. Under these coneJitions, 
Fig. 6 shows that the spectral indices W(kx ' ky) = 
Wo/kxmXkymy, with mx = 4.1 and my = 1.5 close 
to the theoretical results of mx = 4 and mv = 3/2, 
are obtained. When we allow k z - ky, however, 

75 

FIG. 4. Stream function (electrostatic potential) in the' 
quasi-steady turbulent state showing the mixture of co­
herent structures and wave fluctuations. 
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FIG. 5. One-directional energy spectra E(kx) 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(kx) 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 mx " my" 4 in the same inertial range 
for this weak turbulence model. 

TURBULENT TRANSPORT AND CONCLUSIONS 

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

2 2 
.Vu7rro 2 ro (18) f = -- = rrnuro = "2" 

P L:::Ly r;) 
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where rij = (TTnv r 1 I 2 is the average distance be­
tween the vortices. For Fig. 4 the vortex line den­
sity nv = 0.0021 Ps2 and the packing fraction is fp = 
0.2-0.3. Treating the vortices as independent ex­
cept during collisions whp.r·e they move acrnss the 
magnetic field with a step on the order of !!.x - ro 
and as statistically independent of the wave fluctua­
tion component, we arrive at the diffusion coeffi­
cient 4 

(19 ) 

where the first term in Eq. (19) arises from the 
vortex-vortex collisions ano the second term from 
the turbulent_wave fluctua!ions tar.en at the mlxmg 
length limit ecp/te _= a.1/2(>"x/rn) and with spatial 
correlation length Ax' 

For systems with fp;;; 1 and large-scale vortices 
ro ::I> Ax, the vortf'x-vortex.induced diffusion can 
dominate the wave transport. For small f the diffu­
sion (19) reduces to the mixing length vaPue usual 
for drift wave turbulence theory. . 

In addition to the vortex-vortex diffusion, the 
vortices themselves enhance the background diffu­
sion Do from the fundamental collisional or molecu­
lar diffusivity. The quantity Do may also include 
a small-scale (such as ::;Pi or cl wpe) turbulence com­
ponent. Theory and simulations of the vorcex en­
hancement 17 of the background diffusivity 0 c gi';es 
the effect D* 

( 
Cq») 1/2 

D. = 1.06 Do -t (20) 

where c<!>v/B = CcTe/8B) ¢v is the amplitude (;f the 
square array of vortices given by q, v sin (kxx) cos . 
(kyY). The enhancement arises froTl. 'the fast diffu­
sion across the steep boundary layer gradhmt 1 hat 
arises when ('Ie(k) ;;.> k12Dn. The fD.::;t rr)tation 
('IeCk) 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 prod ucing 
transport is clearly recognized in the corresponding 
atmospheric and oceanographic systems. 
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XOPTOH B., CY X. H., MOPPHCOH (P. )J}K. 

BIiIXPIiI ,n;PE:ti«l>OBbIX BOJIH II TYPBYJIEHTHbIll l1EPEHOC 

Ha OClIOBe CBOHCTB CJIJUIIIIIJI II paCCeJIlIIIJI MOlIOTIOJIblIbIX II IJ;IIIIOJIblIbIX 
BIIxpeH, COCTOJIII\IIX lIS .n;peilcPoBbIX BOJIlI POCC6II, pasBIITa TeOpIIJI Typ6YJIelIT­
lIOCTII 1wrepelITHblx CTPYKTYP C lIerayccoBoH cTaTIIcTIHWH. IlepeHoc B lIJIa3-
Me BOSHIIKaeT 1m!> BCJIe)ICTBIIe BsaII~w.n;eHCTBIIJI BlIxpeH, Tar, II 6JIaro.n;apJI 
Typ6YJIelITlIOCTII BOJIlI. 06paSOBalIIIe mrXPJI lIS cPJIYKTyaI\IIII Tpe6yel' BblTIOJI­
lIelIIIJI YCJIOBIIH saXBaTa. IIorm3ano, 'iTO 06paSOBaBIDIrHClI BlaXPb Menee 'IYB­
CTBIITeJIen l{ cPonoBoil: Heo.n;nopo.n;nOCl'II, 'IeM JIIIlIeHlIbre cPJIY1nyaI\IIII. 

HH3H'.0-qaCTOTHbIe KOHBeKTHBHbIe CTPYKTYPbI B 3aMarHH-qerrrro:o: ITJIa3Me B03-

HHKaroT 6JIarOp;apH rpap;HeHTaM IIJIOTHOCTVI H TeMIIepaTypbI (p;pe:O:<poBb1e 

BOJIHbI), a TaRlIte rrOIIepe-qHbIM 3JIeKTpH-qeC1HIM iIOJIHM (HeYCTo:o:-qHBOCTb KeJIb­

BHHa - reJIbMrOJIb:o;a H TOKOKOHBeKTHBHaH HeYCTO:O:'IHBOCTb). IIOCKOJIbKY B 

rrop;06Hb1X CJIy-qaHX rJIaBHO:O: HBJIHeTCH KOHBeKTVIBHaH HeJIHHe:O:HOCTb, CBHsaH­

HaH C p;pe:O:<pOBO:O: C1WPOCTbro V E=C [E, B] I B2, TO CUCTeMa CBOP;HTCH II'. OP;HOMY, 

P;BYM HJIH TpeM ypaBHeHHHM B -qaCTHbIX IIPOH3BOP;Hb1X, cop;ep'Ham;HM CK06II'.H 

IIyaccoHa-HJIH BeKTopHYro HeJIHHe:O:HOCTb: 

[ (D, f] =ez [V (D, V!J, (1) 

rp;e E=-V (D, a f IIpep;CTaBJIHeT c060:o: IIJIOTHOCTb, p;aBJIeHHe HJIH IIJIOTHOCTb 

3apHp;a (V 2(D) !. BbIBOP; VI Bl2fXpeBbIe perneHHH 3THX yrrpom;eHHbIx ypaBHeHH:O:, 

oIIucbIBarom;Hx IIJIa3MY, Heop;H01tpaTHo 06cYJItp;aJIHCb B JIHTepaType. KOHBeK­

THBHaH HeJIIifHe:O:HocTb (1) P;OMHHupyeT TaKJHe B Mep;JIeHHb1X (KBa3ureocTpo­

<pu-qecKux) p;BHmeHUHX MeJIItoi'r nUlp;KOCTH C ropH30HTaJIbHo:o: CKOPOCTbIO Vd= 
=g fez, V h ]It, rp;e j=2Q sin e. IIpH 3TOM rJIy6J!IHa ntHp;KOCTH paBHa H=Ho+h. 
1iI3 3KCIIepHMeHTOB C Bpam;arom;e:o:cH 'mup;KocTbro [1-3] H -qHCJIeHHOrO MO­

p;eJIHpOBaHHH [4] Bl2IP;HO, -qTO Ha6JIIop;aeMaH <pH3H-qecKaH HapTUHa BO MHorOM 

orrpep;eJIHeTCH 06pa30BaHHeM BHxpe:o:, ux pacIIpocTpaHeHHeM, CJIHHHUeM H pac­

rrap;OM. 'STU HpyrrHoMacrnTa6Hble KorepeHTHble p;BHmeHHH Herrocpep;CTBeHHO 

BJIHH10T Ha rrpo:o;eCCbI rrepeHoca B 'HUP;HOCTH H rrJIa3Me. 

Cpep;H perneHH:O: rrop;06HbIX ypaBHeHVI:O: MOntHO BbIp;eJIHTb p;Ba rrpep;eJIbHb1X 

CJIy-qaH: perYJIHpHbI:O: BUXpb H CJIa60KOppemlpOBaHHble Typ6YJIeHTHble qlJIYH­

Tya:O;HH. Ji[3 3:KCrrepHMeHTOB C Bpam;arom;e:O:CH BOP;O:O: H -qHCJIeHHOrO MOp;eJIHpO'­

BaHHH CJIep;yeT, -qTO 06m;ee perneHHe cop;epnUIT 06e 3TH HOMIIOHeHTbI: 

Nv 

<P= I:<P;V(x-x;; y-y;-u;t) + I: (P"W(t) exp (ikx) , (2) 
. i=l 

rp;e Nv - -qHCJIO mfxpeH co C1WpOCTHMH U;, pap;HycaMH rv; H aMrrJIHTyp;aMH cP;v, 

a CPh'" - crreKTp HeJIOHaJIH30BaHHbIX BOJIH «P;;~o =0). 
OCHOBHbIM CBO:O:CTBOM BH-XpeBOH COCTaBJIHIOm;e:o: BblpameHHH (2) HBJIHeTCH 

B03MOJKHOCTb 3aXBaTa B03Mym;eHH:O:, HOTOPbIe B OTCYTCTBHe HeJIHHeHHOcTH (1) 
H3JIy-qaJIH 61>1 cJIep; JIHHeHHb1X BOJIH (Dk

L
• Y CJIOBHe 06pa30BaHHH BEIXPH COCTOHT 

B TOM, -qTO xapaKTepHaH -qaCTOTa Bpam;eHHH QE(k) =kVE B BHxpe e k.l.~'Jt/2Ro, 

1 BeJIII'IIIlIY V2 (J) HaSbIBaIOT TaKme saBIIxpeHHOCTLIO. 
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PIIC. 1. CpaBIIeIllle npOn;eCCOB pacnpOCTpaIleIlHJI: a - JIIiIIIellIlOro H 6 - I1eJIHIIeMIIOro 
lIepBOIla'laJIbIlO rayccoBoro B08Mym;eIlHJI BH;o;a cp=A exp (-r2/ro2) npliI ro=6 p.; 1- t=O, 

II - t=4, III - t=8, IV - t=24 

rp;e Ro - pap;lIyc mrxPJI, p;OJr'lIma 6:&rT:& 6oJI:&me x~paKTepHOH LIaCTOT:&r AIICrrep-
CIIOHHoro pacIIpoCTpaHeHIIJI BOJIH. ' ' 

,UJIJI ypaBHeHIIJI, oIIlIc:&marom;ero p;peH<I>on:&re BOJIHbI II BOJIH:&r POCC61I [5] 

( 2" 2) 8cp +' 8cp [ 2"2] , (3) i-po V.L -- V d-- cp, p. V cp =0, 
at 8y 

YCJIOBlIe o6paSOBaHlIJI BIIXPJI OIIpep;eJIJIeTCJI 6aJIaHCOM p;lIcIIepclIoHHoro 
V .L 20t'CP II HeJIIIHeHHOro [cp, yo 2cp] LIJIeHOB. BOCIIOJI:&soBaBIIIlIc:& B:&rpafI~eHIIHMII 
,ll;JIJI xapaRTepH:&rx LIaCTOT 

ffi,,=ky Vdl (1 +k.L2p. 2) -+-ky/ (i +k.L2
), [c.1f ,;;] , 

QE(k)=ck",k/DhIB-+-kxkycp", [c.lrn} , 
(4) 

IIQJIYLIIIM, LITO P;JIJI o6paSOBaHI2£JI BIIXpJI C k.L"''Jt/2Ro 6eS,ll;lIcclIIIaTIIBHoe LIIICJIO 
PeHHOJI:&,ll;ca RE==QE (k) 10),. ,ll;omRHO yp;OBJIeTBOpJIT:& HepaBeHcTBY 

RE=k",rn (e(J)ITe ) .:....kxcp,.>1. (5) 

,UJIJI MOp;eJI:&Horo ypaBHeHIIJI (3) II IISBeCTH:&rx P;IIIIOJI:&H:&rx BlIxpeB:&rx pe­

meHI2[H JIaplILIeBa - PesHIIRa [6] YCJIOBlIe (5) MOfI~eT 6:&rT:& C<I>0PMYJIlIpOBaHo 

TOLIHO. C y-qeTOM CBOHCTB ,ll;IIIIOJI:&H:&rx BlIxpeH B IIJIaSMe [7] OHO IIplIHIIMaeT 

BlIP; 
cIDmcrlB= (cTeleB) cp"cr=1,28VdrO, 
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PRC. 2. BJIRJIHRe MaJIOH Rp;B HeJIRHeHHOcTR Ha pacnap; p;IInOJII.HOrO BRXP!I: a - tc./rn =0,; 
6 - 2; B - 10; a - iOn 

rp;e Va=cTe/eBrn - CIWPOCT:b p;JiIaMarHJiITHOrO p;peHtPa 9JIeKTpOHoB,' a f,,= 
=-dInn/dr. 

tIJiICJIeHHOe MOp;eJIJiIpOBamre MHOrJiIX CHCTeM lI03BOJIHeT YTBepJI{,n;aT:b, 'ITO 

Tpe60BaHHe (5) OlIpe,n;eJIHeT xapaRTepHoe 3Ha'IeHJiIe aMlIJIHTy,n;Lr, lIpn: ROTO­

POM lIpOJiICXO,n;MT Ra'IeCTBeHHoe JiI3MeHeHJiIe lIOBep;eHJiIH JIORaJIJiI30BaHHoro Ha­

'IaJILHOrO B03Mym;eHJiIH. Ha pJiIC. 1 lIpn:Be,n;eH lIpJiIMep ye,n;HHeHHoro MOHOlIOJIlI 

pa,n;JiIyca ro=6p. ,n;JIH ,n;ByX CJIY'IaeB: B JIeBOH ROJIOHRe (RE~1) lIPOn:CXO,n;JiIT 

6bIcTpoe p;HClIepCHOHHoe p;p06JIeHHe; B lIpaBoH rWJIOHrW (RE~10) ,n;n:ClIepCJiIH 

He lIpOHBJIHeTCH. OTcro,n;a BHP;HO, 'ITO YCJIOBHe saXBaTa pap;Han;IIOHHoro CJIep;a 

(RE > 1) p;eHCTBJiITeJI:bHO HrpaeT tPYHp;aMeHTaJILHYro POJI:b. 

B lIPHCYTCTBJiIJiI CHJf:bHOii: Heop;HopOP;HOCTH CHTyRJJ;:rm CTaHOBJiITCH 60JIee 

CJIOJRHOH. Cym;ecTBeHHoH Heop;HopOP;HOCTbro P;JIH p;peHtP0BLrx BOJIH HBJIHeTCH 

MarHJiITHLIH mJiIp, 06eClIe'Il'IBarom;HH B3aJ!IMOp;eHCTBHe ,n;peHcpoBoH BOJIHJ:.I C 

HOHHO-3BYROBOH. MeHcc JiI XOPTOH [7] lIor{aSaJIJiI, 'ITO YCJIOBJiIe 3aXBaTa lI03-

BOJIHeT BHxpro YMeH:bmHTL pap;Han;JiIOHHOe 3aTyxauHe, BLI3BaHHoe mHpOM. 

B [7] lIpn: lIOMOm;n: aCJiIMlITOTH'IeCROrO lIepexop;a OT BHemHero P;HlIOJI:bHOr0 

BHxpeBoro pemeHJiIH I{ JIJiIHeHHbIM JiIOHHo-3ByrwBLrM BOJIHaM lIOr{a3aHO, 'ITO ,n;JIH 

BJiIXPH C RE>1 n: 7'O<Xi, rp;e Xi OlIpe,n;eJIHeTCH COOTHOmeHJiIeM w=kyLL=kll (Xi) c., 
pa,n;Han;JiIOHIIOe 3aTyxaHHe :meprJiIH BHXPH Es(u, AdP) p;aeTcH BblpaiKeHJiIeM 

dE. 'JtLcr" z( Vd
)-'" [2L·lu IJ -=---AdP 1-- exp -- --1 . 

dt 4L. u r" Vd 
(6) 

HeCROJILI{O lI03'iKe 6Lr,lIH 3aHOBO HCCJIe,n;OBaHbI BOlIPOC:bI, CBHsaHHLre C rpap;JiIeH­

TOM 9JIeltTpOHHOH TeMlIepaTYPLr To (x). IIeTBHamBHJIH lIORa3aJI [8], 'ITO BRJIIO~ 
'IeHJiIe TeMlIepaTypHoro rpap;HeHTa YJo=.d In Teld In no BBOP;HT B ypaBHeH12Ie (3) 
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PRC. 3. BJIRJIHHe WOHOBOH HeoAHopoAHOCTH, CBJISaHHOH C rpa­
AReHTOM TeMlIepaTypLI, IWTOPLIM AaeT MaJIYIO, RAB neJIlmeil:­
HOCTL n ypaBHenRR BRXPJI; q) (x, y, t=60), ~ q)=4; CTpeJlIwil: 

OTMe'lerra I{H:JILBaTeprraJI BOJIlIa (y<-31) 

HeJUIHeil:HoCTl> THlIa Kp;B (HmI Cl,aJIHpHYIO 1:IeJIH1:Ieil:1:IOCTl» acpfJfP/fJy, a= 
='I'}ep./rn«1. PHCY1:IOK 2 HS [9] HJIJIIOCTpHpyeT BJIHH1:IHe 8Toro lIJIe1:Ia, OTBeT­
CTBe1:I1:IOrO sa 1:IeCOBlIap;e1:IHe CKopocTeil: IIOJIOill:HTeJIl>1:IOU (a1:ITHD;HRJI01:Ia) H OT­
pHD;aTeJIB1:Ioil: (D;Hlm01:Ia) COCTaBJIHIOm;HXi p;HllOJIl>1:IOro BH!XPH: 

u= Vd+~/fPml/3y (a1:ITnD;HK.p:oH), 

Lt= Va-a/ fPm//3y (D;:~umoB), 
(7) 

rp;e y=1,5946. B peaym,TaTe lIPOHCXOp;:¥iT pacm;eriJIemie ,n;HlIOJIH 1:Ia p;Ba MO-
Ii:OIIOJIH aa BpeMH 

(8) 

A1:Ia~OrHlI1:I]:,ril: peaYJII,TaT IIOJIYlIe1:I MHXaUJIO)3CIWU [10]. 
B 1:Iep;aB1:IHX pa60Tax XopHxaTo H CaTo [11] H JIaXH1:Ia H p;p. [12] OTMe­

lIeHO, lITO P;JIH coxparrerrHH TeopeM:&l 8pTeJIJI ypaB1:IerrHe P;JIH ,n;peUqJOB:&IX )30JIIl 
CJIep;yeT aaIIHC:&IBaT:& C YlIeTOM rpap;HerrTa TeMlIepaTyp:&r: 

'(J:-- \7 2 )fJ fP +(Va+a(x)m)BfP -em \7 2m]-. 0. (9) 
T (x) Bt 't' By" 't'" .. 

3p;ecl> T(x)=To(x)/To(xv) H a(x)=(dT/dx)/T2
• 8TO ypaBrrerrHe yp;OBJIeTBO­

pJIeT Tpe60BarrHJIM TeopeM:&l 8pTeJIJI. TeMlIepaTyprr:&ru lIpOqJHJI:& l' (x) 8RClIO­
rrerrD;HaJI:&rroro THIIa, exp ( -ox), IIPHBOP;HT R IIOJIBJIeHHIO rra .1:IHaROTeMIIepaTYP­
rroil: CTOp01:IeBHXpJI TOlIl{H IIOBopOTa, TpaHCqJopMHpYIOm;eu 8rreprHIO BOJIrr:&r B 
CJIep; H3 CTOfIlIHX p;peUqJOB, THITym;HXCJI B B:&rCOIWTeMlIepaTyp1:IYIO lIaCTb BHXPJI. 
PeSYJIl>TaTbI lIHCJIerrrrOro Mop;emrpOBaHI1JI 3Toro 8qJqJer\Ta IIPH C=0,05 IIORa­
Sa1:I:&I 1:Ia pHC. 3. CHTyaD;HH ap;ec:& TaI\aH JI\e, I\al\ H B pa60Tax Meucca H Xop­
T01:Ia [7] H Cy H p;p. [9] 0 3aTyxa1:IHH, )3:&raBa1:I1:IOM IDHPOM: JIP;pO mzrXPJI CD;eII­
JIe1:IO C pa,n;HaD;H01:I1:I:&IM CJIep;OM, rWTopbIU IIPH 1']0=0 TJI1:IeTCH TOJI:&I\O B CTO-
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pOlly BI>ICOIWTeMnepaTypiiOM 06JIaCTH BHXpH. IIpH STOM CJIep; COCTOHT HS p;peii:­
I\fIOBl:'IX BOJIII, B TO BpeMH liaI{ B CJIY'Iae MarIIHTHoro mHpa OH HBJIHeTCH HOII­
llO-SBYIWBI>IM. 

06CYP;HM TenepI> p;HCCHnaTHBHI>Ie S<1><1>eI{TI>I H Typ6YJIeHTHI>Iii: cneKTp BOJIH. 
Bparn;aIOm;aHCH mHp;KOCTI> H saMarHH'IellHaH nJIaSMa OnHCI>IBaIOTCH CJIeP;YIOm;H­
MH ypaBHeHHHMH: 

8n/8Hdiv nV =0, 

av/at=-vu+[V, Q], 
,( 10) 

(11) 
rp;e U==(eCD/m HJIH gh(x, y, t». IIpH MaJIOCTH napaMeTpa 8=ffi/Q~v/u;a4:.1 
reocTpo<1>H'IeCKaH CIWPOCTb, CBHsaHHaH C [E, B] p;peii:<1>oM, npep;CTaBJIHeTCH 

V= ret, VU] /0., 
:a CKOPOCTI> nOJIHpHsa:O;HOHIIoro p;peii:<1>a p;aeTCH BI>IpaJ-I{eIIHeM 

V p=-Q-2dVU/dt. 

IIpHMeIIHB onepa:O;HIO rot K JIeBoii: H npaBoii: 'IaCTHM ypaBIIellHH (11) ]1[ 000-
:SIIa'IHB ro=rot V, nOJIy'IHM 

(8/8HVV) (Q+ro) =- (Q+ro )div V+«Q+ro) V) V= 

= (Q+ro )dn/ndt+ «Q+ro) V) V. 

'TeopeMa 8pTeJIH CJIep;yeT HS (12), eCJIH nOJIOJ-I{HTI> Q=Qez H npeHe6pe'II> npo­
,P;OJII>llOii: cmHMaeMOCTbIO V II VII, IWTopaH p;aeT sa:o;enJIeHHe C HOllHO-SBYKOBI>IMH 
J30JIIIaMH. II pH STOM (12) p;aeT 

d( (Q+ffiz)/n)/dt=O, (13) 

il'p;e, COrJIaCIIO (1), dt ==8t +(c/B) [CD, ..• ]. IIoJIaraH 

ffiz=(c/B) V2CD,' Q=eB/mc 

H n=N(X)exp(eCD/T.(X», 
(14) 

,;rrerKO BocnpOHSBOP;HM MOp;eJII>HI>Ie ypaBlleHHH (3) H (9). BBep;eM p;HcnepCHOll­
llI>Iii: MacmTa6 p.2==c2miT.(xo)/e2B2, rp;e TeMnepaTypa 6epeTcH B TO'IKe Haxom­
,p;eIIHH BHXPH, H npep;cTaBHM Q+ffi z B BHp;e Q+ffi z=Q(1+p.2\l2cp), rp;e cp==eCD/ 
/T. (xo). B CHJIY (13) 6esp;HccHnaTHBIIaH CHCTeMa o6JIap;aeT 6eCKOlle'IHbIM 
IIa60poM HHTerpaJIOB p;BHmeIIHH, nOSTOMY BOSHI,maeT Bonpoc 00 HiiTerpHpye­
MOCTH STOM CHCTeMbI. 3aXClpOB H lIIYJII>Maii [13] nOKasamr, 'ITO P;JIH HHTerpH­
pyeMocTH Tpe6yeTcH HaJIOmeIIHe p;OnOJIIIHTeJII>HI>IX YCJIOBHM Ha cneKTp JlJ!IHeE:­
HI>IX BOJIH ffikL, nOSToMY C'IHTaeM cHcTeMY, OnHCI>IBaIOm;yIO p;peii:<1>OBI>Ie BOJIHI>I, 
:neHHTerpHpyeMoii:. 

CTa:O;HOHapHI>Ie pemeHHH cp (x, y-ut) ypaBHeHHH (13) yp;OBJIeTBOpHIOT 
'COOTHomeIIHIO 

(15) 

nOJIY'IeIIIIOMY nop;cTaHoBKoH B (13) paSJIOJH:eIIJ.'IH BI>Ipa}KeHHH (14) n (x, Y, 
,t) =N (1 +cp-VdX). 

B peaJII>IIOH nJIaSMe SJIelnpOHI>I HCnI>ITbIBaIOT p;HCCFma:O;HIO oJIarOp;apH 
'CTommOBeHHHM HJIH Ha pe30HaHcax JIaHp;ay. Y'IeT p;HccHnaD;HH Ha SJIeKTpOIIax 
MOP;H<1>HD;HpyeT KaK JIHHeii:HYro, TaI{ H HeJIHHeHHYIO COCTaBJIHIOm;He CIICTeMI>I, 
.oIIHCI>IBarom;eii: p;peii:<1>oBT:>Ie BOJIHT:>I. 

3anHmeM BI>Ipa'meHHe P;JIH SJIeKTpoHHoii: nJIOTHOCTH B BHp;e 

(16) 

Tp;e Lah - aHTHspMHTOB onepaTOp, CBH3aHHI>Iii: C p;eMcTBHeM CHJIT:>I 60 , IIocJIe 
IIOp;CTaHOBKH (16) B (13) nOJIy'IHM CJIep;yrorn;ee p;HCCFITIaTHBHOe ypaBHellHe 
l\JIH p;peii:<1>oBI>IX BOJIll: 

Locp(x,y,t) + V/cp +[cp,Lcp]+vV~cp=O, (17) 
at 8y 
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PRC. 4. MSOJIlIHlIlI cpYHm:~lIH TOKa (SJI6KTpOCTaTlI"I6CKOrO nOT6HU;lIaJIa) p;mr rmaslIycToil:­
'IlIBOrO Typ6YJI6HTHOro COCTOJIHlIJI, B KOTOPOM cocyru;ecTBYIOT KorepeHTHbre cTpyrl:Typhl It 

BOJIHOBbm' cpJIyrl:TyaU;lIlI, (I)(x, y, t=700), ~(I)==2,7 

rp;e £==1-'-V 2+Lah, a v - HOH-HOHlIaJI CTOJIRHOBHTeJlbHaJI BJISROCTI>. CpaBHeHHe­
HHRpeMeHTa BOJIH:bI 'Y.,,=-(f).Lah(k)C:!./Cy260(k.l..2_Cl) H HemmerrHbIX 't[JIeHOB no­

RaSbIBaeT, 't[TO BHRtIaJIe aMrrJIHTyp;a paCTeT C YBeJIH't[eHHeM 60, HO npH p;aJIbHerr­

meM POCTS 60 HacTyrraeT HaC:bIII~emle B6mraH ypOBHJI nepeMemIIBaHIIJI Mac­

ni:Ta6oB~ Ha pHC. 4 nOI{aaaHa Typ6YJIeHTHaJI CTaIV1:OHapHaJI CTap;HJI npH 60=1/4 
Ei: v=0,15. qacTOT:bI Bpa~eHI1JI BJ<Ixpei1: Qo (k) ap;eCb cy~ecTBeHHO 6oJII,rne 't[a­

CTOT JIHHerrHbIX BOJIH (f)hL, H, TarnIM o6paaoM, CIwpee Monuro rOBopRTb 0 raa'e, 

BHxperr, 't[eM 0 JIHHei1:HbIX p;HcrreprHpyIO~HX BOJIHax. ,n;HccHrraTHBHoe 't[HCJIO 

PerrHOJIbp;Ca Ron=VELjv=2·176/0,15=2,3·10S, a <cp")!<cp2)2C:!.6 H HCImJRaeTCR 

OKOJIO .nYJIJI. Beap;IIccHrraTHBHoe't[HCJIO PerrHOJIbp;Ca paBHO REC:!.2. 
OTpH~aTeJIbHbIrr rrapaMeTp CI npep;CTaBJIJIeT p;HCCHnaTl!IBHYIOMOP;Y Ha aa­

nepTbIX 9JIeRTpOHax, ROTOpaJI JIBJIJIeTCJI OCHOBHbIM RaHp;Hp;aTOM, OTBeTCTBeH­

HbIM sa ypOBeHb Typ6YJIeHTHOCTH B TORaMaRe. ,n;JIJI rrpHBep;eHHbIX SHa't[eHIIH 

napaME)TpOB 60 , C1 H v linvreeM "(max=0,0163 rrpH k= (0; 0,71) H ,,(min=-0,472 
npH k=(±1,5; ±1,5). 

CrreRTp BOJIHOBbIX 't[HCeJI, cooTBeTcTBYIO~IIH pHC. 4, nOI{a3aH Ha pHC. 5,. 
OH noxo'm: Ha cneRTp rasa BHxpeH p;peH<p0BbIx BOJIH MeHcca H XopToHa [7, 
14, 15] . PHCYHOR 5 COOTBeTcTByeT HOpMHpOBRe, npH ROTOPOH nOJIHaJI 9HeprIIJI 

E = I:E(kx)=~ E(lcy) =25,6. 

CneRTp MOHOTOHHO cnap;aeT I{aR <PYHR~HJI k" H HMeeT CJIa6bIH MaRCHMYM, pac­

nOJIOlI{eHHbIH c~eCTBeHHO HHiHe MaI{CHMYMa HHI{peMeHTa ImI{ <PYHI{~HH ky. 
3HCTPO<pIIJI paBHa U=2,1, a k= (U/E) '''=0,28. 

,n;JIH cpaBHeHIIJI npHBep;eM TaImw cneHTp B CJIyr,rae CJIa60H Typ6YJreHTHO­

CTH, pacc't[HTaHHbIH no CHJIbHO Hp;eaJIHal2l.pOBaHHoH MOp;eJIH HOBaIwBcHHM H p;p~ 
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PliIC. 5. Op;HoMepHble :mepreTlI'IeCKliIe cneKTpbI E (1£",) H E (ley) P;JlJI Typ6y­
JIeHTHOCTliI, llOI\UsaHHO:0: Ha pHC. 4. BH;o;lIbI cJla6aJI aHliISOTpOlllIJI B <llIeprOCo­
;o;epmam;e:0: 'IaCTlI ClleI{Tpa (MaJIbIe 1£) H o6paTlIbI:0: KaCKap; llpH 60JIbilllIX k 

T 16]; K ypaBHeHHIO XaCel'aBbI - MHMbI p;06aBJIHeTCJI -qJIeH 'Y (k)cp (k), npH-qeM 

''Y(k)=O npH 0,4<lkl<0,8 (HHepn;HOHHblii HHTepBaJI), 'Y (k) =0,005 npH 0,35< 
< I kl <0,4 (HHTepBaJI B030ymp;eHHJI BOJIH), 'Y (k) =-0,005 BO BceII OCTaJIbHOII 

·o6JIaCTH. ItpoMe Toro, npep;nOJIal'aeTCJI, -qTO k.Lp.~1 H kx2~k/. PHCYHOK 6 no­

I{a3I>IBllieT, -qTO B ClTHX YC;:rOBHJIX 3Ha-qeHHJI cneKTpaJIbHblX HHp;eI{COB mx=4,1 
H my=1,5 B <p0pMYJIe W (kx, ky) = Wolk-;:xk;Y 6JIH3HH H TeopeTH-qeCHOMY pe~ 
3YJIbTaTY, p;aIOrn;eMy mx=4, my=1,5. ECJIH me p;onYCTHTb kxky, TO B MOp;eJIH 

:cJIa6oII Typ6YJIeHTHOCTH B TOM me HHepn;HOHHOM HHTepBaJIe IIOJIy-qaeM 
,mx I':::Jmy I':::J4. 

06paTHMCJI Tenepb H aHaJIH3Y npOn;eCCOB nepeHoca, paCCMaTpHBaJI p;pefr­

'<pOBble BOJIHbl KaT{ l'a3 CTaJIKHBaIOrn;HXCJI BHxpefr C HOHn;eHTpan;Hefr nv=Nvl 
./LxLy H nJIOTHOCTbIO ynalwBlUI 

(18) 

r;o;e 1';/==1/ (:n;nv) 'I, onpep;eJIJIeT cpep;Hee paCCTOJIHHe Me'n{p;y BHXPJIMH. 

Ha pHC. 4 nv=0,002/p.2, jp=0,2-0,3. IIpep;noJIomHM, -qTO BHXPH H <pJIYKTya­

n;HOHHaH HOMnOHeHTa BOJIH CTaTHCTH-qeCI{Jil He3aBHCHMbl, a TaKme, -qTO B3aH­

Mop;eIIcTBHe BHxpefr MeJKp;y co6ofr npOHCXOP;HT TOJIbKO BO BpeMJI CTOJIHHOBe­

HHfr, B npon;ecce lWTOPblX OHH CMern;aIOTCJI nOnepel{ Mal'HHTHOl'O nOJIJI C xa­

pal{TepHbIM mal'OM !1x~1'o. B pe3YJIbTaTe nOJIy-qHM CJIep;yIOrn;ee BblpameHHe 

P;JIH KOCl<P<PHn;HeHTa P;H<P<PY3HH [4]: 

21'ocTe + a'AxcTe 
Dp=jp -- . 

l'meB 1'neB 
(19) 

IIepBbIII -qJIeH B (19) B03HHl{aeT 6JIarOp;apH CTOJIIUIOBeHHJIM BHxpefr Memp;y 

-co6ofr; BTOpOfr - 3a c-qeT <pJIYHTyan;HII, B3JITbIX B npep;eJIe P;JIHHbl nepeMemH-
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PIIC. 6. Op;ElOMepElble :mepreTH'leCI{JI6' 

cnen:TpbI E (lex) II E (lcy), B]',l'llICJIeR­

Rble no rrpep;JIOn.eRRoii B [16] MO)l;e­

JUl, IWTopaH cO)l;ep}RlIT OOJIl,myIO aRlI-

30Tpollmo II lIeII:YCC1'BeRRO BBe)l;eR­

Rble lIRepn;lIORRbIe lIRTepBaJIbI (''(It''''O) = 

1 - pacTYIn;lIe, 2 - 3aTyxaIOIn;lIe II 3 -
ReiiTpaJIbllble lC-MO)l;bI; mx= -4,06± 

±0,12; my=-1,51±0,02; tc.lrn= (5,0-
6,5) .1Q3 

BaHHH effJ/Te=a,"'(Ax/rn }, rp;e Ax HBJIHeTCH npocTpaHcTBeHHbiM ROppeJIHD;HOH­
HbIM MacmTa6oM. 

JI,JIH CHCTeM C jp;;:'1 H RPynHoMacmTa6HbIMH BHXPHMlT (rod>Ax) ,1J;HWWYSHH, 
06YCJIOBJIeHHaH CTOJIRHOBeHHHMlT Mem,1J;y BHXPHMH, Mo'iI{eT Ii:pe66JIa,1J;aTE) Hap; 
BOJIHOBbIM nepeHOCOM. B CJIy'Iae MaJIbIX jp P;H@WY3lTH (19) CBOP;HTCH R 06bI'I­
HOMY ,1J;JIH TeopHH p;peii:woBoH Typ6YJIeHTHOCTH 3Ira'IeHlTIO ,1J;JIHHbI nepeMenm­
BaHHH. 

B ,1J;OnOJIHeHHe R P;HWWYSHH,06ycJIOBJIeHHOH CTOJIRHOBeHHHMH mlxpeH, BHX­
PH caMH no ce6e YCHJIHBaroT WOHOBYro ,1J;HWWY3HIO Do, BbI3BaHHYro 3JIeMeHTap­
HbIMH CTOJIRHOBeHIIHMII, ROoWWIID;IIeHT ,1J;IICPCPYSHII Do MOrReT BRJIIO'IaTb B. ce6H 
MeJIR~MaCmTa6HYIO (HarrpHMep, C L~Pi H;.£H c/w;pq), Typ6YJIeHTHYIO ROMnoHeH;­
Ty. TeopHH H 'IHCJIeHHillepaC'IeTbI y.aeJ)::JiIlIeHIIH WOHOBOH ,1J;HWWY3HJI B npHc;VT­
CTBHII BHxpeH [17] ,n;aroTCJI9J:\yronl;e.e BbIpameHHe P;JIH owweRTHBHoro H03W-
WIID;IIeB;Ta P;lTWWYSHlT: ,',. '\ ; 

D.=1,06COocIDv/B);'/', (20) 

r,n;e cIDvfB= (cTefeB) ffJv -" aMnJIHTyp;a ~yMepHa:ro MaCClT.a8. 'BHxpeH,· sap;aBae-' 
Moro I! BHp;e IDv sin (k:o:X) cos' kyy. 'YB eJIH'IeHtIe p;ocTtIrae'rM SaC'IeT YCKop8ii:'ErOit 
,1J;IIWWYSIIII 'Iepe3 nOrpaHII'IHbIH CJIOH C peSl~lTM rpa,n;HeHToM, B03HIIRaIdrn;IIH 
npII Qe(k)d>kJ..2Do. BbIcTpoe Bparn;eHHecQe(k) o6eCrre'IHnae'r xopomee rrepe­
MemlTBaHlTeBHYTpII Ra'mp;oro BHXPH IIJIH R(jHBeI~THBH{jH 'Hi:feiiRH. 

TaRHM o6pasoM, nOI~asaHO, 'ITO BRJIap; BHXpsii B trpoIi;ecci.:i: aIiOMaidbHoro· 
nepeHoca (06bl'IHO 3TlTM BRJIap;OMnpeHe6peraJ):H rrpn; aHaJIH3e cHcTeM MarHHT­
Iiaro y,n;epmaHIIH) MOJI{eT (jRa3aT:bCHcYJ'o:eCTBe,HHbIM. POJIb BHxpeii B cosp;aHlIII 
nep(3Hoca OT'IeT.JIIIBO BII,1J;Ha B . COOTBeTcTByrom;HX .. aTMoccpepHbIX II' OReaHII'Ie-
CRIIX ClTC'l'eMax. . 

.AB'J,'9PbI I!bIpamaIOT 6JIarOp;apHOCTI. JJII,JIeoHapp;y sa nOMOrn;Ii B BI.IllOJIHec.; 
HJ4II 'IIICJIeHHOrO MOp;eJIlTpOBaHIIH B 3TIIX IICCJIe,n;o.aaHIIHX. Pa60Ta BI.IllOJIHeHa 
no HOHTpaRTY M DE - FG 0,5-80ET-53088 C MlTHI1CTepcTBoM 8HepreTII'-' 
HII CIDA. 
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BEJIABHH M. M., JRIiIJIbD;OB B. A., KYl:IEPHEB 10. A., JIHXTEHIllTEftiI B. X., 

ITAHOB A. A., CIWBOPOAA A. A., ID,EPBAKOB A. r. 
HEllTPAJIbHAH HHJI\:EKQIIH B 3JIERTPOHHo-rOPH1IYIO I1JIA3MY 

B YCTAHOBRE orpA-4 

8RCIIepRMeHTaJlbHaH pa60Ta IIOCBHm;eHa IICCJIe]:lOBaRl!IIO C03]:1amm 8JIel,­
TpoHHO-rOpH'Ieii: IIJIa3MbI C IIOMOm;bIO :mel{TpOHHOro I1HlmOTpoHHoro pe30-

,HaHca B OTKPbIToii: JIOBymlw C MIIHHMYMOM B C IIOCJIe]:lYIOm;eii: Hei'ITpaJIbHoii: 
HHlKeKI(lIeii:. B lIepBoM pa3]:1eJIe o6cym]:laeTcH HOHH3aI1HOHHbIii: 6aJIaHC IIJIa3-
MbI 8JIeKTpOHHO-rOpH'Ieii: MHmeHH. I13MepeH TOI{, Tel,ym;Hii BgOJIb ocn: JIOBym­
RH, BbI3BaHHbIii: BBO]:lOM CBlI H3JIY'IeHHH C ogHoii: CTOPOHbI B]:IOJIb OCH. IIpo­
,]:IeMOHCTpHpOBaHO B03HHKHOBeHRe B OlIpe]:leJIeHHblX YCJIOBHHX ItHIIeTll'IeCIWll: 
HeYCTOH'IIDlOCTH, OrpaHH'lIDlaIOm;eii: POCT ]:IlIaMarIIIITIIoro ClIrHaJIa. Bo BTOPOM 
pa3]:1eJIe HCCJIe]:\yeTCJI HaKOIIJIeHHe rOpH'IHX HOHOB IIpH HIIlI,eI'I1HH II YCTa­
HOBJIeIIHe paclIpegeJIeHHH IIOTeHI1lIaJIa B]:IOJIb OCII, 06eClIe'IIIBaIOm;ero pa3JIH­
'IHe 8JIeKTpOIIHbIX TeMlIepaTYP B]:IOJIb CRJIOBbIX JIHIIIIii:. 

BBe~eHlle 

Y CTaHOBKa OfPA-4 npep;CTaBJUleT co6oii cBepxnpOBOp;JIm;llii rrpo6KoTPOH C 
:MllHllMYMOM B 6eiic6oJIbHOrO Tllna [1]. STa YCTaHOBl,a 6bIJIa cosp;aHa ~JIJI 
npOBep;eHllJI IPYHp;aMeHTaJIbHbIX IPMSlllIecKllx llCCJIep;OBaHllii n ITJlaSMe OTKPbI­

'TbIX JIOBymeK. IJ;eHTpaJIbHblii Bonpoc llCCJIep;OBaHllii COCTOJIJI B nOJIyqeHllll 
'IIJIOTHOii (~1013 CM-3) nJIaSMbI C rOpJIlIllMll llOHaMH (;meprlleii ~20 KsB) II 

'3JIeKTpOHaMll (TeMnepaTypoii ~1 KsB). ,1l;eJIo B TOM, lITO B 60JIbmllHCTBe npo­
Bep;eHHbIX SKcnepHMeHTOB C nJIOTHOii nJIasMoii B OTKpbIT:&IX JIOBymKa:x: TeMne­
paTypa SJIeI,TpOHOB 6:&IJIa HllSKa II orpaHHlIllBaJIa BpeMJI mllSHll IIJIaSM:&r. CJIO­

mllJIOC:& MHeHlle, lITO HllSI,aJI SJIeKTpOHHaJI TeMnepaTypa JIBJIJIeTCJI xapaKTep­
Hoii lIepToii OTKp:&IT:&IX cllCTeM, B:&IsBaHHoii xopomllM TenJIOB:&IM KOHTaKTOM C 

'Top:qaMll. He MeHee Ba'meH Bonpoc 0 cTa6HJIllsa:qllll llOHHO-:qHKJIOTPOHH:&IX 

HeycToiilIllBocTeii B YCJIOnllJIX 60JI:&mHx JIapMopOBCKllX pap;llYCOB HOHOB II rpa­
p;lleHTOB. 

B:&IcOKaJI SJIeKTpOHHaJl TeMnepaTypa o6ecnelIllBaJIaCb B HameM SKcnepll­
MeHTe MOm;HbIM cBepxB:&ICoKolIacToTH:&IM (CBq) HarpeBOM Ha lIaCTOTax SJIeK­

'TpOHHoro :qllKJIOTpOHHoro peSOHaHca (SIJ;P) C llCnOJI:&SOBaHlleM rllpOTpOHOB. 
OlIeBllp;HO, lITO Bce BonpOC:&I, CBJISaHH:&Ie C SIJ;P, nOnaJIll B nOJIe HamllX HC­

'CJIep;OBaHllii. 
C:qeHapllii COSp;aHllJI nJIaSM:&I, KaK npaBHJIO, 6:&IJI CJIep;yrom;HM: 6:&ICTP:&Iii 

HanYCK Bop;opop;a II CBt.I npo6oii, 06paSOBaHlle MllmeHHoii ;meKTpOHHO-rOpJIlIeii 

nJIaSM:&I, llHmeKl:J;llJI HeiiTpaJI:&H:&IX nyqKoB B MllmeH:&. fllPOTPOH:&I pa60TaJIll 
Bce BpeMJI llHmeKD;llH. ECTeCTBeHHO, lITO MHoro llCCJIep;OBaHllii 6:&IJIO nOCBJIm;e­
HO MllmeHHoii IIJIaSMe II ee onTHMllsaD;Hll [2-5]. 

B nepBoii lIaCTH HaCTOJIm;eii pa6oT:&I o6cymp;aroTCJI peSYJI:&TaT:&I ll3MepeHllii 
'HOHllsan;llOHHoro 6aJIaHCa ITJlaSM:&I MHmeHll C YlIeTOM sKpaHllpoBKll' rasa. 
3p;ecb me npllBOp;JITCJI HeKOTop:&Ie HOB:&Ie peSYJIbTaT:&I SKcnepllMeHTOB. Bo BTO­
poii 'IaCTH HCCJIep;yeTCJI HaKOnJIeHlle rOPJI~rrrx llOHOB npll llHmeKn;llll H yCTa­

HOBJIeHlle pacrrpep;eJIeHllJI rrOTeHD;llaJIa BP;OJIb OCll, o6ecrrelIllBarom;ero paSJIll­
"'Ille SJIeRTpOHH:&IX TeMrrepaTYP BP;OJIb CllJIOB:&IX JIllHllii. 
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