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« pnysicel model baged on 1-D Poxker-Flsiick equation with inclusion of
the effect of runaway fer lower hybrld currern: drive is presented, An account
of numericel scneme which eliows for sclution ¢f the =zinetic equation for

arbitrary srnape of the spectrum (witk inclusion of the narasitic wing) and

strong electric *field is riven. The effec! of the =inctiric field on the

driven curreat is investigated. The resuiis demons’ - - «ntrong dependence
of the driven current megnitude on the power conia.. lr “he chort wave-

lensth (SV) part of the spectrum. “he snape of the 3 par: strengly infiu-
ences ine driven current radial orofile, The possible role c¢f rcnlineer
generrtion of tiird harmonic waves due to the pexderomotive densgsity modulat-

ave been obteined

o8

ior at the plasme edge is discussed., A1l asumerical rezuits

for -7 tocrxamak peremeters,

T} TiF0w LICTION
#or fusion eprilcs . *, non-induc* 2 curven® drive nruvides an
atLrs ve optidn oi ~ = nary tokamair, Up *o date, the test results

have heen obtained in lower tybrid curient drive experiments, However,
resultz ar? not yet fully unaerstood. The kxey izz. 3 how

electirons intersct with high phase velocitly waves =g o redicte

theory of grill, te produce driven currents of ma;nitudes
experiments., The role of tre electris Tield (wrich ig irnitially present in
“hmically created viszrms and, in most casesz, does not vanish during i
current drive) s not yet fully specified, ficwever, come estimates have

teen rmeée /1/ shovwiuag stronz dependence of the curren: d4rive efficiency

on the toroidal cieciric field., The hirii-density limit on 1H”7 has not heen
satisfacioed?y explsined either, hile it is now reperal’y w.oreced that the
oririnal quasilinecar {theory /2/, /3/ is releven* (ng irédicnted by meassu-
rin;s tue surrent drive efficiency ete.), in asgolute walues, the *theoreiirai
predicviors do uot meecer the experiment«l resvlts 17 - [f-ear U weve gpectun

/if i oerployeds T [ it dn cwovns Lo o srnll Soveltoo ol xd power
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centained in shoit vavelength part cof gpectrum can account for the observed

order-of-magnitude discrepancies.

Some of this opened questions are investigated in the present paper,

@ PHYS1CAL 0DEL

The ch#ice of the physical model of LHCD was subject to the requirement
of its usability within a 1-D radial transport code. The model is therefore
oire-dimensicnal both in space and in velocity. All quantities are averaged
over coaxial toroidal magnetic surfaces. On the reasons given in /6/,
quasilinear approximation is used. It is supposed that @ 2 G\ yee, where
@ is the applied rf field frequency and %m is the maximum lower hybrid
tfreqaency in the plasma voiume. O this condition (;enerelly valid in IHCD
experiments), the propagzation of LH waves can be fairly well described in

terms of perpendicular group velocity, 'U'g- s

2
W W (4
(]) %" _ e =,

where &, ( N,) is the parzllel wave nunber (refraction index) of an indivi-
. dual Li mode, and Wpe is the plasme frequency "'). Transieat eflecis
connected w;ith i..e wave propagation are ne;lacted as their characteristic
time ~v @/Vgr is much less tuan the characieristic times of lne chanse of

macroscopic plasma parameters (skin time, enerpy confinement time).

The space distribution of the rf field energy is therefore solved for
in quasi-steady approximation. However, in velocity space, the tranzient
offects (connected with the finite time of the quasilinear plateau formation
and of the response of the electron distribution to the change in the
parallel electric field E. due to the driven current generatior) are
respected fenomenologically, introduecing relaxation times. Beyond this, the
1~D kinetic equation is also solved in quasi~steady approximation.

Jelativistic effects axre neglected.

Eoth l,>() and &y, <G are admitted, ilowever, in what follows, only t.>c
(iece Wy>0) i8 considered; for Ry<0 ( My<(), the same results are valid

with the sifn of L' reverged,

+) ior~tracini method is not eniployeds



@ SINGTIC »QUATICLH POR SLECTHRONS
In the steady state approximation, ihe 1-0 Foliier-Flanclt equation with

quasilinear and E.-terms reads /7/

22241 2 Je 23f.
{2) a’l".ﬂ} av' mc %% ‘V. (’V.f + 1‘": a’vu = O.

Hare, Qq, is the quasilincar diffusion coefficient

) Te2 ?
(3) =
Oq. €o Me? (&)pez h’.'.l w‘l( /ﬂ.-(dl’lr,
2 + Zff
WQ‘ is the spectrel energy density, _F-y_ vIL is whe effective collision

frequency of resonant electrons,

4"&4-:1

An A is the Coulomd logarithm. The coefficien: @y siiculd represent the
scattering of elections in perpendicular veloeity, M . Its value can be
inferrgd from 2«5 computér gim:lations btut, being rougsily the only adjustable
pareieter in Bq. 2, 1t can elso serve as a4 means to fii the experima-ial
iztae rom 2-D simmlntions, Tor ch = 1, follows the value OQy= 2,2, iJor

zf_ﬂ: = 1.9, Qy 2 2.7, - usually take OQy= 2.5 + 5.

veiine, for simpii - v, the eollision dilfusion cnefficient

) S (m) = 222 ) R

meegraling £q. 2 {rom Py to a certair #p we obtain ¢

%f'gu-(%‘-gc) + ‘n(&E"b % Ya (Vs ) 11’;.) =
%eE- fo(we) + -Zld%‘l 94(46)('%&(%) + % ’352-/'.-45)

knote A, M| (0 < V<L M) the lower and the upper bounds of the resoncnt
reglo, Choosing M in uq. 6 sufficiently above t}.e upper bound #fp, the
second term of R.H.3. can be neglected (iue to [#] =3 depandence of Wy or M%)

without cignificantly affpecting the valu:: of {».(v.) for MLV .

- £iret term on ReH.S. of Lge o i1u nejglisibic only L7 _‘-(ﬁ) decre~
ascs for M> My frst enousue Thic fe the caze when E' Y  {ithe elecireus
are decelerated), or E. < ( but IE.I is very small., e goluticn of iqe 6

tren reads /8/, ci. also /1/
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“ ’
(0w = h(ﬂmnp(-!"f"(‘"h)d”n )

where

ﬁ[l + [(2"74‘)/0-v] Ya (%) %
g (%) + B (v)

8) )=

If the increase of ithe number of electrons contained In the resonant
region due io the quasilinear plateau formation is nezligiiols cruparsl e
ihe nunber of bulk slectross:, il iz natural Lo pul M= Y , o fl(q) =

= fw(m) R f.g teing the of uudiswurbed ﬂq,- ) discriputionr Tunctiole

The critical velociiy 4% , for .‘hich the collisional dreg just equals

-~

the accelerating force cf the parallel =lectric field E. s in dufined Ly
L
9 - A b By (w)ng

Ir £ G is stronz enougii, 80 tlhiste £ il iz obvice 1y iusossible
< b4 ~ ’ -
to chuose M zo that the cenaliion f.(ﬁ)‘f.(q) in geticTic: Tor f!}’.)ﬁ ’
f. dacereceses sloudy (the ruamviey resion), and the well-im:ovm preblem of
the divergence ol in¢ steady-sictc solution (7) occurs,
To overcome thy LifCic:liiry, vre St oo™ ail telene 00 Lie o gvhIzh

iz no more nezlizidie) rwist be retelued, Jncving

- (L/me) £,
(o) Q) By (o) + D7)

we obtain Zrom (0) iie cqualiown
(11) _g%.' + f(.;) ;'(.'l) - Q(".) S-("’o) ’
whic™ hes a soiulion
e
PV | (e T { f“‘"‘-
(12) fo(m) s 4[ [(?ﬂ;)lme + ) Q) filw) o ® aw)’ | -

Jere, *iie tounder; cc..ditloan

o )*
ic vsed {iece wxwellinn 73ve of falMg) w4 My a 0 is sssumed). Thconi.

= % in (12), [a(®)ic cbinis <,


http://di.-ii.-iea

(%) (ZIE )ime o rp(%')#’. [ IQ('"E’“' I ) o,

This, inserted in (12), yields finally

.
* -
() - (35 ) Jpand | Q) 2 &
(14) () =(35% |2 Me 2 ° 1+ Ty o 7
4 (134 T - f"Q(q’h' L plTde’
0

Coniporing the result with the expression (7) for ¥a = 0, it is seen that

tho gecond term in the bracket of (14) represents the runaway correction.

The solution (14) has to be evaluated numerically. The numerical
scheme is described in Section 5.

. L WAVES PiQP¢GATION, POWER ABSORPTION AND THE DRIVEN CURREKT EVALUATION

Under conditions given in Sect. 2, the space distribution of the rf
spectral energy density W*_ is described by the equation

(15) ;;;(Mfrwt) = W

where ‘l’ is given by (i), and the decrement 271 of the mode & is

(16) 24 = -@9- (i‘?-\ oh

&/ v.--%-

Simple iategrstion ol uqe. 15 yields

1) Wg(x) = _!'r;:T.) W, (a) uf( S—ﬂ-—dﬂ-)

vhere %(l) is the cpectral energy density of the pf field at the plasma
boundary (A =Q).

Given the pover spectral function f(ll.) at A=Q& ,

Lm.) =1,

and %he totel inpui sower P(u s VAt 2espect inui

{16) P(!I." II ov,,w‘,db,d.s , S s 2%a - 2XR,
LR



we can Tind for the speciral energy density Wg(r=ra)

- ce 4 4 ¢
(18} wﬁ‘""/ @ I Vem oRat Vo —EO(';) Pon

R being the major radius. iiote that % win .

Solving Zge (11) with % = 0y ie8e in ihe absgence of rf field, r<
undisturbed distribution Ifunction ;ﬂ is obtained., The driven current

density can te then determined as

(20) M(a,)--.n.f (}.(m)-{-o(v.)) n, o, .

The integraiion is penomed from( Q’°) to Ay (both nranc}ves ofi tne spectrumy.
However, the ccomtribution to H from outside the resonant region is signifi-

cant only for strong electric fielda ‘texn runaway is pronounced.

The absorbed power density f“‘ is

(21)  fos(X) = L (-21;) W (2) ok, .

dMrect application of (21) ip computation is difficult as it requires very
fine space mesh (at lower eneryy densities, single modes mey be demped on
very short distances). It is more convenient to determine the deposited
power by the difference of the rf energy fluxes on adjacent me;netic surfeces

(cf. expression (18)), °*

@ NULERICAL SCHEME

The basis of the model consists in the solution (14) of the jdnetic
equation, The solution is to be evaluated in cach space poin‘: and in eech
time step, and an effective me-hod has to be developed for the purnose.
In the first place, 1% is convenient to intioduce dimensionless variables

(22) Wy = V/Vre s za:q_[] A %, Ne = ‘_*"%’

where

3 /)
4 A 2 nA ]
L s




As Wy is e function of @, M& is a function of 7. A mesh in AR will
be introduced later on in which Ol., is piece-vrise constant; in what follows,
the subscript g, is therefore elapsed. For further references, note that QL
represents the strength of the rf field, |26l is proportional to |E.| .

@) mwn P /(gmd), pawnv Telgl/nm,.
In the notation (22), the cxpression (14) can be rewriten as
| f(v')du'
A r;.(v)dnr I- Lq(w‘u o 0
(25) fa(meag) = (;%)’m.,b°
1- P Ll P i o/

where now Ws=#4; /¥ , and
£ 2
26404 + 4 2¢
GO pom) = qurTT N G T2
Az Q)= f('lf)- 2"’/(1"”-& 1) , end
T’Mu') -up(-i':f(v.')dr.')dv.' - 4- uwp (- Ff(w)dv.') ’
~ ] “,

we finally obtain from (25)

o o’
{ [ g e [renae’) 2wtar
21 (%) (:xrc me i ..
1+ r‘w’u ‘,q,({f"'"“') 2o’

It can be shown /9/ that the distribution function fy defined by (27) is
monotonously decreasing even if Ve <% . The solution (7) for decelerating
or weakly nccelerating Eg; in terms of W, 2€ and 1 reads

(28) S-(mmr.) '(#TT)& e axp (- ?f(v’) w'} )

Before proceeding to the evaluation of the intecrals entering (27) and
(28), it is nesessery to introduce a nesh in Wy ., The only condition
imposed on the mesh is that 1 (or Vi) can be rezarded as constant
beiween each two neighbouring mesh points Wie et
U=w, €W,  ipeeese L V= "

NAR)= A , = const., for Wy €(wy_q9 )y i = 1y ees il

(29)
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Agsuning 1 = const. in ( &, 4 ), define

(30a) I(ay8) « t‘»(mr) o
o

~ {300) J(a#) = I -,.-l%m— LI(Q'V) 2w dwr

and denote
(31) | PR} (TR AP CARTRA D

Then we have for L(ﬂ'.) at corresponding mesh pointa w,,

2 fy = fegn)

from (27) for 26 % -v',

+§:\. [ J“P(g,‘li)]
’? [JJ"‘F(E‘ I&)]

and from (28) for 26 -w,’ .
(34) i Mep (- 32.4I5)’

where M - (me/(2XTe)*? me

(33) i =

This way, the problem simplifies to tne determination of the aget of
integrals Ii’ Ji'

Explicitly, we have from (30a) and (26)

5) I(a#) = I 3—%’,;1— 2w dar .

The integration yields
2
ow 160 - (6] o OB an

and in limit cases,

: . . 4
(36b) .g.:;o ICa,$) I(a.b)/t o 2 dn —4-:41;

(36) dim I(a,6) = €(8%-a") + (¢*-a*)
q-o

To ottain the latter linmit on'computer, an approximote formula valid for
1&' <« 4 heo to be uged,



B ) -
(36d) I(o..#)/?,«‘ > (#-08) + (e-3)(4*-aY).
The evaluation of 3@, )which enters the expression (33) is more

complicated. Note that the expression is computed only for € <€ 0, therefore,
in what follows, (- 2€ - ) > O, Using the substitution

7 X = --’%fz(h avt)
and denoting

(38) zu-—z;l%(a‘qa‘)- l;--,%(“qﬁ’)'

(39) d= “%‘(" 'Z,.%)’

the expression (30b) with (36a) for I(a,w) gets the form

Xa

X
4 X -4
(41) '%"’a‘;d!“' x de .

In terms o the incomplete gamma function

(42) f(o(-.L) = i[t {"'4# , Red >0,

wn  Jla#) - ‘ﬁxz“ o [ 7 %) - 1‘(¢.xa)] :

Vespite the fact that the incomplete gamma functionsg are usually not
contained in standard mathematical program libraries, expression (43) can
be effectively used for numerical evaluation ’of the distribution function
at high end intermediate rf power densities as shown in section 6.

By using (36d) in (30b), an expression of J (O.,'G) for weak rf fields
( 'laz &4 ) can be obtained. Another way is to expand logarithm in (40)
- 2
) Mk oa Kifa 4 K-k
Xa Xa\ 2 Xq )
which is valid for

(45) la-Xq 4 or equivalentl "[( b’-az) « 1
J xa « -~ q LERTLY 4 S qa’ ‘

yfe arrive at



| e 2
o b, X _2 -
CONN (¥ --:T 2 [ctar - V > m Py ¢(q

wiaere

fgr - 22X m-2€a-14
Vala-n Ye(a- of-20)
2 2

- - -2€- -
et P g+ o [T 4

{47a)

and where the error funciiou ¢2(2) . is definced as
ey @(z) = (2/1%) ofc"‘ ot .
oxpressions (46, (47) are valid also fou "[ ~» L as cculd be verified by
using (36c) in (30b), The case ﬂl £ 0 occurs when the rf field is abzenti
the riT undisturbed distrivuiion function f.g is, in the regime of sgtrong
accelerating E. , always conputed by voing (46).

The condiiion (45) car ve Tulfilled either Tov 1’24( 1 3 52> ot ),
(weak rf field), cr Tor (402- o.’- ) & 1/"1 i Cine mesh in veloeity

space). The upper limit oa nl iz therclore imrnoscd indejendenily by demand-

ing 72(;;{-2[-11)' be renl, ieCe, o nsubility of (40), "!' £ 1 is required.

PROGRALIIING COUNSIDIRATIONHE

The expressions {33), (34) can bc eacily al oiithmized; ine details
will be described elsewviiere, licre, o0.ly ine cheice or the mesh and tac

evaluation of integrals 3(0,4) ig Jdiccugsed,

ihe only condition imposed on thc mesh (2v) is that 0[ i¢ conatant
between each two nei;hbourins points. /'l = consat, implics W£= congte,
or, accordin; {o (19), G(Nu) (V] 1/N. » While thic devendence cor hardly
be expcctied in all the range of N. s thie approximation can e nade

uninportant by choosin: the mesh f{ine enough,

Jeecuuge ’W’. = U /’V‘n is gependent on the temperatuice (viiich io
spoce and tine-dopendeunt), the choice off ¢ mech fixed in Mg is morce conve-
uienie Ay the diptribuiior function in expecied to be either flatb (with if
or zunoviey) or exponerntinlly swoll (rdtlouw’ bolh ri and ruuevay) in the

bigh velocivy =0 dio ., 1t puens to ve wisor Yo choose w mesh ore denpe on



the low velocity side. On the basis of this argunentis, a mesh equidistant
in Ny 1is employed,

e
W. = i = 1, eoe N’
(49) \hwl Roma < (17) alg )

where AWy = (Mymax - Wqmin ) /(N-1). The mesh is introduced only in the
resonant region (qr, = ¢/Namex ) % =/ I".;.‘) « Hote that outside the
resonant region(s), the value of  § (%) can be determined at any %% from
analyticel formlae, as ﬂl £ 0,

The most general expression for the integrals J(ﬁ,ﬂ is given by (43).
Its practical value is, however, limited to cases when the incomplete gapuma
functions can be easily evaluated, viz., if the infinite sum /10/

o n
-X o x
50y Fl&k) =2 "k ,‘Z_o & (&+1)... (Lt m)

can be used, While there exist some asymptotic representations of- 7" (e, x).
their usability is to be discussed in (q,ze) (instead of ( o, X )) plane,
and they do not seem to cover any significant part of it. On the contrary,
the expression of 7(0,4)in terms of error functions (46) covers a signifi-
cant part of ( dl »2€ ) plane (cf. Fige 1, region FUN); in c-sases with strong
electric field ( |€] ® 0.1) end high normalized velocities AU , it can be
used for nl values reaching to 1 (region FUNX in Fig. 1). In cases when
neither the first (denoted by SUM) nor the secori way are passable, the
intezral J{a,4) is computed by definition (40), using a standard 12-point
GBaussian quadrature (denoted in Pig. 1 by G12), This region is quite narrow,
Wote that the choice 4+ 0'2_ in Pige. 1 corresponds to rather crude mesh,

@ NULERICAL RESULTS

A computer code has been developed based upon the ahove model, using
the results of the foregoing enalysis, It can be used on three complexity
levels: i) The simplest version consists in evaluation of the distribution
functiong f.(‘l’.) and f-o(ﬁ) in a horogenenous plasue and for a prescribed
Il epectium (local model)es ii) Using the former procedure in each space
point (characterized by local values M), Te®r) , Eqr)s and Wi.(")
a8 determined by the weve energy density transport equation), radial profiles

of the driven current and of the absorbed power density can be obtained,
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i1 nemosencoud plaosma, characicriscd by cleciron temperature Tec .
deraity Meo and effective ion charge Zeff , subjust to the electric field
Ew

namen plasne paremeters, the inpui ri power and on the bounds ci the gpectrum

, Lne devendences of the shape of the distribution funciion fu on the

e studied. Rectangular spectrum depicted in Fig. 2 wes only considered,

!
03+
(6) fig. 2. Rectangular
”L (7) crectra of LH waves.
- @69
i J (D )
o1 '
!
!
0 1 ! i i
0 2 4 [ 8 10  -A,

Misse 3 - 5 snow the dependence of the shape of f" on the electric
fieid E., (for two valura ol the electron temperature Teo ), on the injected

rT power Pin and on toh the upper and the lower bounds of the spectrum,
1

respectively. illote tha. Ty = 0.15 Vm~’' corresponds to U‘“P 2 1V in
1-7 tokamaie Lhe specir:: :.icrgy density Wt was computed as if the indicated
rf power Pm entered the homogeneous plasma through the surface of T~7

tokamak at A = Q.

Lain conclusicns to be drawn from the plctures are:

1) “he electric field modifies boti the level and the shape of the quasi-
linear plateau. vecelereting E, ( Ey € 0) lowers tue level of the plateau
(conaistent with /1/) and, simulianeously ennances the decrease of ihe
platesu laf, /av.l on whe hirsh veloclity side. As a consequence, the magnitude
of the driven current (mnin contribution to which comes from fast electrons)
ghould Jdecrease with E.<0 even more than predicted in /1/ (where only the
lovwerin;, of the plateau level f,(v;) at 1.’7' ig congidered), On the contrary,
the shaorbed power is pronsriional to Ifaf. /o, |, anc tle two noned effects
are corpelin;;. inhanced atsorpilon on the long wavelength (i) side of

spoectra cal be expectud here.
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for E, =0 and Ey =% (.1
vt Spectrum (%) of Mig. 2,
MNeo = 6::10181!1-3, Ty = 1,
Ay = 5 2nd Tee = SUL i
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Accéleratim E, { Ea>0C) vcig comirarywise {i,2. il zuises the leved
of the plaican and straightens it)e Howcier, ike raise ol the plateau level
witn E. is less than ir the former case due to ri conhancement of runaway
(whicl: leads to s-.('!’i) < Swo () ). liorcovewr, at stronger E5, fwo
tecomes nor-negligivie in the driven current definition (20), and I"f may

fall dowr with further increasing E. » a3 shown luter.

It can be expected from Fige 3 that Eg# G wmay be uceful in suppressi:
the effeci of the parcsitic Lrauch of the spectrum but haraiy can account
Tor the cbserved orders—-cf-ne nitude discrepancies between the corputied and

the experimental values of the driven currerni /i2/.

ii) Strong accelerating clectric field suppresss~ She dependence of I,‘
on the long—wm.relength bound of spectra due to the r.: .way. (Strons dependence

of I* on tune short-wavelength (SW) bound of spectra is well known).

iii) Already a rather weak rf field (cf. Pige 4) con significantly
affect tiie decrease of ’\ with l'., « A neglect of a few percents of tne
total rI power contained in the SW part of spectra can lead {o order-of-
-nagnitude discrepancies in the driven current evaluation, This fact - :s

poito:tcd oui zlready ir /16/, and recently confirmed oy 2-U computation /5/.

. 5 J —— Nyl 17__ 13

(9
]ﬁ Fig. 5. The dependence of the
"""" shape of §n (%) /melio™" % "c]
AF L N 21 ] on the bounds of the spectrun
Tl at different values of Ey
P O J @nlicr. 42 in vm~'). Rull linos

correspond to the spectrum (%),
daghed lines to spectrum (3-9) .

A d
and dotted lines to spectrum (8)
of Fig. 2. Uy = 200 ki other
d e parameters arc the same £s in
: PiZn 4o
s} '
v '
' e KL AT RL VIR PR
1]
2r '
..................... .. o0
| R °
(1] A % i i i L 1 "
2 -4 -6 -8 10 -2 -H# 16 -4 -0

n— ﬂ[m’m‘-f]
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‘Pige 6. The total absorbed power FPobs (a) and the tctal driven current I
(b) as a function of E, for spectra (9) and (3-9) ¢ Fige. 2, the inpui .
‘power P = 200 kW, Me()= Mgy (1 - (A/@)D), Te(n) =Tes (1 - (/1))
-Mep = 611018111'3, Teo = 900 eV, Zeff = 1, Qy= 5, The curves I were computed’
for comparison by use of only the simpler formmle (7) throughout.

Pows [4W=~3)

Bigs 7. Radial profiles j.‘ () and
faes(t) for curve (9) of Pig. 6 at
chosen values of Ej (as indicated).

(see Plz. 8). The strong increase of Im’ with Eq £ o0.C1 vn~! 18 much
reduced at higher E. due to rf enhancement of runaway and to the growing
influence of flo o Note that Eg X 0,05 nearly compensates, if I"’ is
concerned, the missing L7 part ( IN...;.,I = 3 for spectrum (3~9) and Il.m| =
= 1,7 for spectrum (9) ).

For E.Z 0 and ?bl = 200 kW, the profiles of M and H correspond
to the profile of the iemperature, However, due to the enhanced sbgorption

of LV modes for £,<€0, some part of the spectrum becomes fuily ebsorbed



it €. Tie tutal powen, abaorbeu
irom individual modes Wy,

Roe () = AXIR § Fats(w,0) ke,

whexe h(l.n) is the density
of power sbsorbed Irom the mcde N
at the space point & . Mltiple
passes of LK waves are not
considered, The parameters are the
same as in Pigs. 6and 7. & is
indicated in Vz~1,

(sze Pi.. 8)e 4s a consequerce, the faost increase of {\abs and ﬁ toward

tic plasma centre is terminzied (2t Axi.ia), see Pig, 7.

In the case of FL . G,the rf speciiul energy density near the Sd end of

specira is su:fficient not io set fully ataorbed (see Pig, 8), Tiis is & ra-e

Fig., 9, The dependence of

I.’ and b‘ on Eg and
Y’ -aos 00 [ ar ey on the short-wavelength
bound Ngmes (as indicated
ctf. Plc. 2). '
»)
Pin = 2004w
Teo s 30 ¢r

Aeg s 6 IO"JI"’

-1

» 7
_ﬁ-ﬂ/"' e AT S

P, -0.0% 0.0 oos or . Elve]



‘case; usually, INggeu! decreases towarc the plasma centre. The driven current
strongly depends on MNgmgx (see Piz. 9), and, therefore, the driven current
profile is essentially determined by the shape of the SW part of spectra )
(besides of the temperature and density profiles and the total input power).
The role of 57 part of spectrum in iHACD is discussed in more detail in /13/.

Here, only one practically important exarple is given. A real spectrum
(cf. Pig. 12) usually consists of mein lobes and secondary lcbes. Pig. 11
gives (for the spectrum depicted in Piz. 10) the dependences of Iﬁ nndh
on: the power coantained in the 5W part of spectrum and on the degrce in which
this part is separated from the main (I8) lobe., It is seen that if the two
parts are separated and there is no strong accelerating Eq to bridge the
spectral gap, the effect of the presence of the IW part (obvious for fg= 1
in Pig. 11) is suppressed. Prequently, this is the case of tae parasitis
wing of the spectra which urive:. the counter current. Prom another point
of vie.., the existence of thc sap in the spectra often helps to choosge

wore convenicni “ouncs of spectrz for numerical calculations (lower Nygmey )

Mﬂ Pige. 10, Spectrum
a3k eoqos of to n
#ith a
[} o It models a main
?i‘-') lobe plus a se-
4, - A condary (S7) lobe
azk - G which are cor.nected
y :{for s >
s & 81
P y - N - 0 ful]lg = 0 sepa-
a 3 z B reted fron each other,
”/, ’ /: ’(
0 PR wdsorx IR TN
0 2 4 6 L] 0 -A

The use of modei spectra such as rfig. 10 18 convenient in that it
facilitates scalin;, studies but any simmlation of real experiments requires
real gpecira be used, as the resulis are sensitive to tneir examct shape,
Pige 12 ghows the spectrum computed from liuear theory ("linear specirum™)

for tie ©=7 three-vmva_ uide grill /16/.

Zeceuse the gelfconsisient simulation of LHCD (in the frare of a trans-
port code) is rather time-consuming (several hours of Ci¥U per run on IBk/370)

the_linear specirum Fige 12 ez uirct uced in 1-u computations with plasma



Pig. 1. The
depe.-dence of
Rue ana Iy

on the power
content in tke .
S¥ pert {(in 5 of"
Porn ) and oo the
dogree ia which
the Sd part is
sepaiated froo
the main L@ looe.
Spectrum Pig.10
and the same
paraseters as ir
Piz, 6.

parameters fixed, to obtain parametric dependences of I.‘ » Be € ﬁ(ﬂ,
fads(r) ) on tie plasma parameters end ihc input power. The dependences of
I* and % on E. y tosether with the effect of the parasitic wing of

the spcctrum, are discusgsed e.;» in /13/.

Fi_.. 13 shows ihe depcindence of 1.,’ and u on the input power ﬁ,
for reasonuble values of C. {botl. branches of tze spectrum are involved).
Tre curve I* (?5;) for E, = U (i sustained current) saturates at moderate
power levalg, It wioui: nen: Jion Jire 15 "ot there isy, for a jdven spectrva,
o ommxitun eorrant dwb ene ue soniodned, repardless of thne power input or,

inrarnnlys Jere Lo ogn o unier lindt o0 the Jlnsma curgant I' for which
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Pig. 12, LH spectrum
of the P-7 three- _'
asl -waveguide-grill as

computed by using
the linear theory
/18/. Phasing A¢

o 1m°. v~= mo“
ca ',
o S — i e
-® -5 -0 ¢ 5 o
#,
Rylaa] a) beOSi4
EE'Q 130 The depen-

dence of In' (a)
and ¥bs (b) on the
input power % for
the spectrum Pige.12
for indicated values
of Eq (Vu"'), Mg=
6x10'¢a™3, T = 900
eV, Yuoff = 1.5 and
Oy = 5. The dashed-
~dot lines see text
Pe 22.




Eg =0¢( Ug’ = 0) is obtainatle. However, as the absorbed po.rer Popg is
far frorn setratien at the inpui power levels considered, tite increase in ?4.'»

shiovlsd esuis it the incicise of Tg an:s, cussequently, of [4. .

e gesued~-GaoT Ye in M. 13 ig constiucted provided thot the total
plasimo cuz-ant I' = 125 Lh is ¥epi constant, ard that iii» only paremeter

Lot rooporas e tle Jriven enrrent zeaeration is tie electric {ield, Beforxe
the r’ sulce, Ef)= Eo = Go1 v gg supposedj cfiex the skin tine, Ey=

= ( Ip~ I*(E‘))/ fp . i wesulil. dependence I\}(’h) ic qualitatively
Wdesaile ol the nejlec’ ol the jowes boiznce) in nood agreement wiih experi-
zenss /12/. Tne corregponuing efficicncy L’./?‘u is plotted in Fi_. 13b
(dosied-doi), uand nea ¢ stroagly prozounced maximur: at low ?u 15 k3).
However, at {his power levels, ihe nbsorbed rf power cannot compensate for
the decrease of Joule ncatiig, and the neoessity of considering the power

balance is obvious,

One more pointto be mentioned in Pig., 13 is the regative driven current
I‘f predicted by the model rfor strong electric field ( €4 R 0.1 va~') and
low power levels ( ¥y £ 30 k). This fact is not comnected with the para-
sitic wing of the spectrum (its effect is strongly suppressed at this values
of E. )e liegative I.’ is obtained if the critical velocity 4 1z lower
then the lower vound of the esonant region. In this cese, rf ficld pumps
the eleccirons out of ihe resonant re;ion but does not enhance the pumpin of”
ibe electrons from below of Mg . s a >onsequence, f.(’.) natches f..(v.)
rather at the unper than at the Lower csd of the resorant re_ion, }.(q’ R
fwo(#) , ard the quasilinear plateau lies mostlr telow of the rf undicturbed
aigtritution function. Thc existence of such effrct hos to be verdfied by

2= calculations (or oxperimentally).

Selfconciztent 1-D model

The LHC) code described i:: tiie foresoin:: sections wao couzled to the
transpert code tilefly <escribed in /19/., To obtain radial profiles of plasma
permseters close to tlioge encountered in T-7 experiments /12/, suitable
trarspori coefficleiitad vere chogens The branaport ccde was first run without
1T unti) & steady state wus achiceved (oimic rezime). Then {¢= 0) rf wag
switchca oa. The puise lengtn vae vcually 50 as, the input power ,bl' 10 =

- 20f . .6l /12/)0
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Mge 14 Temporal
evolution of the

loop voltage Uw ’
the central tempera=-
ture Tep =Te (n = 0,
the total driven
current Iq» and the

absorbed power ’Gh o

Qy = 5, Y = 40 k¥,
pulse length Ty =
50 ms, Me = 5.24x
x1018m_3, Te = 11.3
ns, IP= 125 k4,

Yeft = 1.5,

#irst, the value of Qy had to be adjusted. At Mg = 5x10'°m™>, the

best asreement of the computed In.f with the experimental value I:;P =
-IP(AU(q/Uﬁ,) was obtained for a,.- 5 (this is why the value had been used

in the roregoing non~selfconsistent cornputations).

In Fige 14, temporal evolution of the loop voltage, central electron

tempers ture, I‘f and Rpc ic depicted for a typical run. Note that both Ing

and Pm reach quasistationary values at times comparable to the energy

confinenent time while the loop voltage evolves more slowly (on the time

scale of the skin time), The total plasma current ic lkept constant. The valw
of —IP(‘*WIU”'?) (used in experiaents to determine I:_;P ) is by a fecto:
of two lowver than L’f « This is connected with the cooling of the plasma at

I‘f generatiion ( 7@; does not compensate for the decrease oi the ohmic

heating), and, hence, both the plasma resistivity and the electric field

proportional to the residual ok'uc current increase, iiot included in the

model is the reduction of ihe

mals at iiiCi.

ihe two c¢ffects

registivity due to the genexration of suprather-

are competing; however, tliey cannot be expectec

to exacily cancel each cthers. Tie exporimeatally neasurced value (AWW") ['

seema to ne, therelorc, only a roush cetimation of Ia_f .

In coriputations, one vmy to obtoin nod o recenent Letwcen the vniues

oi -Ip(A“h/(h)ond Ia.’ ige Lo tale into account ronlinear modification or
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a)

the linear spectrunn. At leasi
in ?-7 experiments where the r:
pulse length is comparable to
or even less than the sidu time,
a flat or hollow profile of the
driven current density leads to
E.(r=a) < E, (re0) and
the loop voltagze drop is more
pronounced. Such cace is shown
in Pige 19 where the linear
spectrum Fis. 12 was modified
by talkdng into account the non-
linear gemeration of the third
space harmonic due to the ponde~
ronotive density modulation at
the plasma edje., Penomenolozicel
nodel, bagsed on the regsults of
/16/ whieh were extrapolated ic
higher rf power levels is in

nore detail described in /14/.

An interesting feuture of
Mige 15 ia the evolution of the

total current density 7| (b);

. after a few miliseconds (sece

also /14/), the necessary condi-

Pige 15, Redial profiles of Te
4 » 4Gu, and Egat dirferent
times (indicated in ms) for
spectrum Pig., 12 nonlinearliy
modified (the power contained

in the SW part of spectrum was
raiged from 3.3 to 7.5 % of ¥n)s
Pin = 40 kWi, ay = 5,Ycff = 1.5,
L - 2.7x10%%073, 3D stebility
is not checked; pulse length
11. = 50 me,
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tion /2G/ for LilD mtability dq./’.o; > O becomes violuted. This may be
connecied with the disruptious of curreat at LIiCD observed in some experiments
/21/. Note that in the present sirmlation, the LD stability is not checked,

0T e

azxd the temporal of the discharge in Mz. 15 is not disturbed,

There are indications that the inclusion of nonlinear effects at the
nlasua edge nmay improve the agreement between simulation and experiments,
BeLey Mge 16 showic the dependence of LHCU-relevant parameters on the input
novier ?m 3 T™Mge 17 displays the radial profiles of TQ(I-) , ﬁf (l) and E|(l)
in a ouasistationary phase (after several energy confinement timesj the skin

process is nol yet completed), The experimental curve in Pig. 16c, taken from

Teo [ev] Q)
1000 e
\ 2.5
5 ! Fig. 16. The dependence
300 + of Te(a=0) (a), the
power absgorbed from the
rf field Faps and the
0 povier transferred from
7 50 0 757 the magnetic field

75qiﬁ. (b), ond of [&
(¢) on the inpu’ power
Pin , for indicated
values of the 1line
averaged density Ale
(16%%u™3), Dashed line
in (¢) is fitted 1o the
oxperimental date /12/.
z.# = 1.5, Ip = 125x4
Qy = 5, g = 7.6 (tor
Me = 2.5) and Te =
10,2 (for Me= 5).
Ly[fl] c) For the case Mg= 2,5,

gee Mipe 17
ml
50+
FoR S
o 7 77 750
0 0 " o Pin kW]
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/12/ for Mg = 4x10'%n™3 shouid
lie between the two computed
curves for 'M_c, = 245 and 5

x 10%80™3, 4c the thirc harmo-
nic power ?“)V'F«)]”
saturation of P can ve
expected already at moderate
levels of the first harmonic
power ’“)= Pin . The inclus-
ion of nonlinear wodification
should therefore make the
dependence Ilf (®n) wore steep
at low values of T (cf. /14/).
The deperdence I,\‘,(a-c) (see,
€eite /15/) is expected to
improve 1an thne same vay, "ieoo -

problems are being stvdied 1ov/e,

¥ige 17. Htadial profiles of the
electron temperature Tg, y the
driven curre.t density 4.’ and
the electric field By for the
case 2,5 (Mg = 2.-’5x1t1&’1‘.z"") or
Pir, 18; ihe inpui pouer Ra =

= G, 1C, 20, 40, und €0 =J

(as indicated),
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POWER STECTRA O THE NEW GRILLS FOR THE T-7 TOKAMAK
J. Preinhaelter

In this paper we summerize the results of the power gpectrum computati-
ons forthe new four waveguide grills which should be installed at T~7 tokammsk
in Moscow. The o0ld three waveguide grill (see [1] ) which was fed by the
magnetron working at 915 MHz is not able to realize neither plasmms heating
nor current drive at the higher plasma densities, To operate in a dense

‘plasm the new klystrons having frequency 2.45 GHz are prepared, The old
three waveguide grill under-slows waves of this frequency and cannot be
used for the effective lower-hybrid current drive. It was suggested to use
two four waveguide grills in a tandem for this purpose, The first grill
having the width of waveguides equal to 14 mm should transmit the main
power from the generator to a plasma., The second grill having the width

of waveguides equal to 7 mm should transmit a small part of the power
containing, however, highly slowed waves, A schematic sketch of the section

through these four waveguide grills 1s givem in Fig, 1.

Nsurf
Nerit
X

| =4
Ix
|
plasma |
LX\\\\LL\\\\\\:%\\\\\A\\\\\ 4
W 30mm
2 Qe
_.Im 25mm
14 26mm
mm
7
2mm
f=2.45GHz

g, 1, Schematic sketch of the gection throu the mouth of the grills.
The z-axis is purallel to the toroidal magnetic field.
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The computation of the power spre ra 1s couplicated ty an ohscure

effect of the highly corrugated inner wall of the vacuum chamber, In ouxr

cese the depth of grooves L 1s equal tc one farth of ithe vacuum waveleng.i

and the apprevimete theory (sece [2] ) replacing the effect of the wall

corrugations by the effective wall impedance Z cannct be usec (}2]=]-itzhg/

_’w

»

). The power spectrum of the four waveguide grill is : ', however

too much sensitive tc the effect of the surrounding bellows., Thus ii zages

sense to compute ihe gpectra of our grills placed in a smooth wr.1_,

done with the help of standard theory (see [3], [4] ). Thus we Zo not sive

(’ | il . '
P(N,)| | ;%0 .
i |
0. i
{120
|
2 L1,
1E
¥\ heor
., o1 |}
& e
\ J\'t TP\
- 157 EL‘ ™ 4 W\ T e .
-1 -8 2 0 2 8 N, 12

Flg., 2., Normalized spectral power density of the four waveguide griil vs Ii

z
The width of waveguides is equal to 74 mm and nsurf=0‘ Por ‘he phmse’
shift A¢ = 0% the total reflection coefficient n.=18 %, the reflec-—

ted power iy disiributed among the waveguides as (2 %, 3 %, 3 %, (%)

the phase ghifts between iacldent and reflected vaves are (-780, .5

A )

860, 124°) and the porer gpectrum directionality 3=3,57.

Tor &P =120 + p,=21%, (1%, 5%, 19%, M%), (-43°, &5°, 4, 9°°),

D= U- 420

For AQ =180° R =26%, (~0%, 13%, 13%,~0%), (1°

0 . ; O
T S A R 15 )’

5= O



full account of ihe thecry but ve only gurmarize the assgumption which we use,
In the tehoretical medel! we assume turt the hei~ht of the waveguides is
infinite in the y-direction and we adopt the slab geometry with the x-azis
parallel to tne edze nlasnma density sredient, e auppose that the field in
the waveguides can be expressed as 8 sunm of iransverse magnetic modes with
only L‘x, 'ZZ and Hy ¢ilferent from zero. .Je teke the density profile for
linear angé rneglect coupling between fast and slow waves in a plasma. Then

the plasma surface impedance can be expressed by the aid of the aAiry fun-
tions (see e.:. [5] ): . 1 2
ctions (s [ ] :;,,'5 A'l(dr) . ,"1 //flf‘< /,
" luns\" P
Loteona™ Ai(w) +iBilw)
Al () +(BY (w) )
-5 (- 2% )

" Rend

£ .
”3 ' Xof. surf.

Tk ke > 1

™

o3

02

log

7
\ '/
-12 -8 0

Fig, 3, Game &s i, 2, only nsurf=50 Bopqte )
tor @ =00 ¢ p,.=33%, (63, 8, 6%, 13%), (~154°, 166°, 162°, 162°),

D= C’u/!'u
Tor AP =120°: wy=2%, (4%, 5%, ¥, 68), (-161°, 143°, 134°, 161°),

D=130.3

Wor A¢ =180%: R,=14%, (5%, 2%, 2%, 5%), (173°, 117°, 117°, 173°),

o= (],



2 2 dn
Here v, = ((1 =k /W GV, v < (2nl -1y 393§ p e 2,

$;cr1t dx

The effect of the finite plasma surface density on 2 is taken into an

plasma

account by the factor (1 -ng /n . ).

In Pigs. 2 - 5 we collect the results of the power spectrum computetions
of our 2grills placed into a smooth wall. The qgantity P(N-z) denote the norma-
lized spectral power density and it holds fP(Nz)sz = 1. Here Nz is the
parallel refraciive index (Nz = kz/kv). Ve s;x‘;pose that the amplitudes of
the incident waves are same in all waveguides. The degrees written at curves
corregpond to the phase ghift A¢ between the incident waves in the adjacent

waveguides, In the figure captations Rt denotes the total power reflection

P(N;)

120’
\/ '
.",\ .."J 180°
,< AP i \
N -8 4 8 12

Fig., 4. Jeme as ¥Fig, 2, only the width of waveguides is equal to 7 mm,
For A¢ =900 H Rt=26%’ (3%, 6%’ 7%, 10%)’ (’270, 460, 3201 680)1

o= 0-56:
tor & @ =120°; R =42%, (4,4%, 11.5%, 20%, 65), (-2°, 46%, 16°, 35°),
o= 6,42,

Por AP =180 2, =48%, (5%, 19%, 19%, 5%), (24°, 17°, 17°, 24°),

iy = @,
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Iu ire first oerenctlesis ive the éistribuiion of

e vellecied power amec.i” The Seporele

ve;uides anrd the numbers in the

seco~: paieninesis corresgpond io the piace snifts between the incident and

reTlected —eves in vave uides, }r ané 31 represent those paris oi the

ret powe i1 & plasma wiiich propaszte to the right and left, respectively.

Tre directionality of power spectrur o is delTined as o = (Pr - P.,)/(?r + rl).

In all compuictions we assurm: that the density sradient is equal to

[ T, .
311!"'1‘cr 3 thus J.N i,

. <

“ne spectrz correspondin; 1o the £rill assambled frox ke trosder wave-
iides are collected i Jiis, / ané 3. vomparing fig. 2 with ®g., 3 we can
deduce inot tlie grousth of ..e plasmn surrace density Rgurr SUPPTesses under-
-giowed vieves and enhances short wvaves in spectrum, At small phase shifts

Ya ¢ tie srowth of O rr sringg ahout the increase of reflectiviiy tecause
many urder-slowed waves are present in he gpectrum, On tiie contrary the

rowth of LY diminizh the refiec-ion gt iarge A\’b vecansge short weves

3
o]
ot
’e
g
<+
]

can ensily penec into = dense plssma. as n o Orows the directionality

surt he
s decrecases, The tnial efficiency of the eurrent drive depends gtron’ iy

on tre cetailed form of spectrum (c.:. the jeps in the spectrunm) and D givee
only c ude inforiation about this cue-tity. Iz the intesestin.; case of

[396 = 120° the cnanges of Ngus have a smell effect on :the spectrun and tiie
refliectivity, only the reilected power i3 distributed more everly emor; titie

vaveruides at higher Aquri®

e
Py

Tiie gpectra of the grill mede {icm the narrow waveguides shows simillax

-y

)

dependence o1 n {see Pig, 4 end 5). Decause the raxima in the spectra

surf

are row ghifted Lo ;reater Tz the drop of the reflectivity witn Ogirf b

more gtrikinc,

To estimnate the effect of the wall cor-ugation oa the ¢rill snectrn
e incovrporatea lis into the calculetion z2s a set of grooves with rectansu-

lar crogs-section, In *;, 1 we depicted three such grooves on each cide

- o~

of the gril”, Ve sclved the problem of the .rdiation from this structure

congisting from ter alerenvs (gee [”J ). Tor the grill with the hroader

wave-videg \ra resvs oo nce pregerted io

2

f, "he dime 3iong of

srooves
and tre wnlln meiweer Lhen used i computation are given in i;. 1, I we
[oTs Lo ICRATCHNNCS W 3 5 M Lof e men tholotho effecl of tie jroovaen on the

aprct o (8 vrot fen imporiant, Do roin chawacleristics of sueniin are

e et only the vefleetivii o ove ond e directionelity decreonses
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Fig. 5. Same as Pig, 2, oaly the width of waveguides is equal to 7 mm and

Bourt = %0 Dorgge

Por A@=90° : R.=13%, (1%, %, 2%, T%), (-138°, 133°, 14°, 137°),
5 =0,5

Por AP =120%: & =10%, (1%, 4%, 2%, %), (-139°, 101°, 62°, 1:4°),
o= 0,36,

Por A@ =180°: R,=10%, (1%, 4%, 4%, 1%), (131°, 60°, 60°, 131°),
D=4,

in comparison with case of a smooth wall., There are some differentes in

the detailed form of spectra (see ¢.g. the case of A @ = 180°) but the
general shape is conserved, It seems that ‘hree pasive elements on each
side of grill are sufficient to imitate the effect of the wall corrugation -
~ the power level in the outer grooves forms 1% of that in the grooves
nearest to the grill (see slso [6]). The papers [2] ena [6] predict smoh
more important change of spectra for the two waveguide grill but the effect
of the wall corrugation decreases when the number of waveguides in the grill

grovg,



N

-12

iz, £, HBormalized spectral pover deasity of the Tour waveguiGe 7rill havin-
three grooves on each side vg I, The width of =maveguides i~ eq:al

-~
3

to 14 mm, the dimensions of grooves are siven in Fig. i and

Ngurp = G.

ror A@ = %° - 4=2%%, (%, 3%, 2%, 19%), (-1c7°, 115°, €1°, 131°),
D= C.4,

ror AP =120° : =268, (1%, 7%, 12%, 68), (-69°, %°, 3°°, 104°),
D= C.38,

Por 8@ =160° ; R, =308, (1%, 14%, 14%, 1%), (124°, 33°, 35°, 124%),

v = 0.
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DANSAHME YIOZA PESOHAHCHEX WACTML BA I'ZHEPAIDME
TOKA HI' BOXHAMK

Bo#inexoasun X.A., Napanz B.B., Nepesepees I'.B.
ANNOTAING

B pafoTe NCCASXOBARE PABNCENOCTS 3PHEEXTUBEOCTN FOBOPANEN TOXR OT
dopuu cuexTpa HI' poan. Heligess onTumsassfs opws caexrpa. [loxasamo, %70
MCEOZMSOBONNG REONTEMALLEKX CHEXTPOB HPABOINT K YBOANYEEND ROTeps OHCTPEX
YACTA & SEAYNTOABNONY CEARGENP 3PJOXTHNBROCTN MeBSPARNK TOEAR, ITOT? NEXBERRSN
00MCESe? OTANGRe GOAMBANCTSS COBPONCNIEME SECHCPESONTOB OF cCYRecTaymmel

reopnxs.

BREJENME

Oxnum m mafiCozee NE)CHEXTEBELX Cn0oCO60R GesNEAYKIUXONNOI HNOARSpRANNS
CTANUONAPNOID ~ e B TOKAMAKE SBASETCS METON, ocmonsmmsl ma mcnoassosamxn
EERRECROPRANMX BOAR (/= ubh',/ K~ W pj ). IpERIAREAILESA BOSWORNOCTE
opanenesns HI' poam A48 remepanss TOES DOATOEAGER DPAAOM SKCHEPMMENTOD
[1 - 3]. PesyasTets IKCOE uNeNTOS, COBNSSAS, B OCEOBEOM, C DPCACKASAENANMN
TeODNN, NNEDT R EEKOTOple OCOCEEMOCTM. TAK, B0 BCOX sKChmepumemTax 3{fen-
THBROCTS C@NEPANNE TONA ¢ RNOMGAMD HI NOZN CYSeCTRONMO RENE TEOPSTNYSCKOrO
npesess [4]. Bosmoamoe 0OMCHENME 2TONY PACXORICKED SAKADNSETCE B TOM,

370 b padore [4 ]nn ouenza ogrEMaAbuok QPEXTABNOCTN eNEPALNR TOKE,
OpesNOAALraAS, SITO BCS BROSNNES P DAGSMY ROEROCTS BU mCPOYRMEKS moraomsercs
PESONARCHUNE JECTELANE, T,8. NCOGAMSYETCH ANA remNepanus Toxa, B peassmux
IXCHep MNEGHTAX TANAS CHTYAUNE [EAIHIYETCS NG BCErsS, BOSEOREN CAYY3N, KOPAR
%acTh BPROANNOR NONOCTM ANCCHNIPYST B NIAIME B PEIYyALTOTE, BANPENED, CTOAK-
ROBETGAMNOrO SOTYXANNA,

ApyroRk 0COGSEROCTHD INCNODNMENTOD ABASETCA BUXOZ NA CTENKX OYYKS
MICOKOPNSPIAYMMX JACKTPOROD., ANOMAILNME yXOX BMCTPMX SOCTAN MOZET ONTh
misnen nx guddysnefi » xoopanmarEom npocTPeNCcTRe, caasaxxofi ¢ xsasusnmelmuy -
B38RNOSeRCTRNGN S8GQIUL C BOANANE B HEOANOPOANOR niaswe [5]. Yeer aroro
NEXSHNSMO TAKEe MOEET B PRae CAYUGeD CYMSCTBORNO CENSNTD 00)EXTHBMOCTD
rese)anus roxs. Toxwu ofpasocu, uexs SARHOR PACOTM -~ PNSCENTH, KXAN BINSDT

H8 2] 5eKTEBROCTS CeHEDBUNARN TOKS DASARYANG KBNASM NOTepd BY oMeprax m
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OCUCTPEX YGCTHLN, B BA OCHOBG TAKOrO ARAANIA BNODATM ONTEMAILHYD CXOMY
remepanmm.

B §1 ojopumyaspopasa cucrema ypammemunll, onucumamsxx bpsaxmoxelicrame
saexrponos ¢ HI' poamaus. Bounpoc 0 subope onrmsaasuol dopME CHexXTPE BOAR
ob6cynsmercn B §2. B §8 npunesemu umcaenmue pacuery 3dPeXTEBROCTH IeEepanus
TOES C YUOTOM YXORA GHCTDAX YECTEN X OOCYRASEeTCS BOODPOC O DOAN BTOrO MeX&-
EESMA B DASANUENX ANGEASORAX DADANETPOR LNAAMM X BBOXNMEX BOAN, NCROXMY-

OMAX P IKCOEPNMERTAX.

§1. CMCTEMA YPABHEHMA

Axs roro, yrobM marzsguel NPOASMORCTDNPOBATHL POAL YRNOMARYTHX BMI6
adfexron, peccmMorpEM npocrelimait cayuat oamopoamoft, orpamuvemsuof no 7
( ¥ £ @ ) nassw, nomemenmmok B NOCTORHHOS MATENTHO® DOXE B, (E ] ;a).
Byaes cumrars, UFO B OTYy NASIMY C DOMONDD BNEENEro NCTOUHMEA BBOAsTCS HP

BOZWM, YACTOTS X BOAEOBOA BERTOP KOTOPNX CBSSAHN IRCHEPCHONHMM COOTHOmOEMEM

w= woe K, 1K K S K, $H (1)
- -
K .
rae F‘- (4xe rze/m) k” -,-‘?"I— _t_yﬂ.s w K Woe  ypammense (1)
NOAyueRo » NPeANOAROREHMEX, wTO w”« wh- "Z' M YacTOTA W JAAlexa

OF YACTOTE EMRNIO FuOPMAHOro pesomamca W,, , B 9TUX YCAOBUSX, KOK
OPABNAO, ¥ NPOBOASTCH IACHEPMMERTN NO reHePALNN TOKS).

Axs canocorzacopamNoro ouxcexss ssamsogeficrsus HI' soas ¢ naasmol
GYASN KCOOALSOBATH CTOLMORADKYD CACTeMY XBASNAMEHeRHuXx ypaBserxR, xoTopas

P NCHOABSYOMMX OPEAIOEERNSX MOEGT GMTH SANNCEES CASLYMPUS O0pAsON:

‘)':;77(%)( %‘. )/1 (” (2)

a3 PO g )

w" Ky

W (3)
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A( 1- Z;)- s¢pexrupmas sacrore crosxzomessd

rae V= v

'l— 4

p = 4 X e Ng
no 3,,3 Ve"
ONCTpEX BAGKTPOROB ¢ ocHOBHOR xomnomeHnTol naasw, P‘ - COGETPARLESS YASAb-
H@S MOWHOCTL BRoRuMMX HI' BoaH, YAOBEETBODSODNAN YCAOBNE EOPDMNDOBRN: P =

= f P‘ dx, P - poauas yleAbBAK MOMHOCTH HI’ soan, & xo9dduumenr xsasmanmel-
nolk aupdysus CBSS8AH CO COEKTPARLHOR NAOTHOCTHLD SHEPruN BOAN WK cooTmoume-

2
Dy ;,,,w,, /w;i(w-d'v)dﬁ, (4)

B oasomepsoM xmHeTMyecxoM ypasHenum (2) nepmulk uzes npeacreamaser
co60oX auneapusonaumiilt unrerpaz croaxmopenndi (xax noxasauo B padore [6],
yuyeT ABYMEPHOCTH CTOAKHOBEHMR DPMBOAKT K yPeauuenuDd $PPEeXTABEOCTN reNGpPANME
Toxa B 5/(2+ 1" ) pas). BropoRk gaes » (2) onncupaseT xpasmanmelinoe Psaumo-
JellcTBue pPESOBAHCHMX 9AEKTPOHOB C BOAHOK B meoimopoauoll naasue. Ypanmense
(3) yunrsnaeT saryxaiuue HI BOoZH mo wexanusuy Jlannay 4 HepeSOHARCHOE SBTY-
XeHMe 28 CYeT 3AEKTPOHHOMOHHMX CToaxsoBennl.

[lpexse ueM nepexoiuTh X pemensp cucremm (2) - (3), obGcyamau npenean
npuMeHxMocTd BMOpannoR maum mMogeax. Kax yme rosopusoch pure, xpasuismelimuit
ulem B ypasseuun (2) yuurusaer AN(dySUD DESONANCHNX WACTND NO PARANYCY &
cuer ux mpeifa B MONOMAGALHOM NOXe BOXNM E g  CO CXOPOCTHD Vz - 220 .

* z'
= 1L ; « Hume 6ymer cuurarb, uro cmex?p HI BOOH moO K, CuumeTpug RNk
(]

(x TaxoR CHMMeTPMSALMK MOT'YT NPNBOANTbL K&K TOpPOMZALbEME 2(dexTs [7 - 9],
TAK ¥ pasANYEMNe HeaxseRuue nponeccs TuOna paccesuus HI' Boam ua QuyxTysrmaux
NAOTHOCTM [9] M HAGADASKIALCS BO MEOIMMX SKcnepuMenTax “beepuas” seycrofian-
BOCTH [10]). Yuer Taxolf cumMeTpuM CymecTBeNNO ynpompmeT ypassenme (2), cmoam
ero X YPABESHMD C POAKEASuMMHCS nepemenHumM, HooToMy Hume mi GyZxem MOASAN-
posaTh addexT YXOAA MS NAGSMM PESORARCHMX YACTKI, NCHOABSYR NpPNOIMEeNMOe

PABEHCTBO:

3 ;1, (+ ) 2 LR 2 - [2Df 4R,

rne d’(—::-)‘—z—rw,:“ .

Taxnx o6pasom, B gasbnefimen 6yned KCONOAbPOBSTh KMHETHMYECKO® ypanneuxe

(2) p Buge:

.‘7‘,( )(V/ * —£)+ W/dﬁﬂ(v)-/dﬁabfv)/so 5)

rhe yJAeH, NPONOPUMOBAABHME oK NOSBOAAGT B PAMKAX MOACAM OAMOPOANOR nAESMM

YUeCTb YXOR M3 CACTeMH OMCTDMX YaCTHL,



Opeanoaomenue o cummerpud HI' BOAH no “0 Mo8BOASET TAKEE He YUNTHBATH
Spelidonne addexTh B ypaBseRau (3). CaenyeT noaYepKHYTb, YTO B pacCMaTpu-
~ paeMo?t HaMH cdTyauun, xorpa HI' BoaHN B0osbymIamTcs BHELHMM MCTONHMKOM, npen-
NOZOEEHMO O CHMMMETPMM COEKTPA He CTOAb KPUTMYHO, ka(, ckaxedM, B sajavax
0 BaAsAHMM ppelidobBux BoaH HA Rudysur naaamu, rae umMeRHO npelioBue addexTH
¥ NpPMBOAAT K BoslyxieHMD xoaebanu#t (cu,, HANpKMep, [11]).

Ilpu sHBOZEe ypBBHeHMH (3) MCNOALBOBAJNOCH NpEeRNOAOKeHuMe O TOM, yrto HI
BOJIHH 34TYXADT AMLbL 88 CyeT BsAuMogelflcTBUS C peSOHAHCHHNM 2JEKTPOHAMM
(asaryxaHue JlaHO8y) K 88 CYET 2JeKTPOHHO-KOBHMX CTOoaKHOBeHuRA. B axcnepumen-
Tax no reHepamguu Toka HI' PoaHAMM KOHUEHTpAUMS NAasMH DOof0upaeTca TAK, YUTOOH
pe8sOHARCHO® B3AMMOJeACTBMEe BOAHM C MOHAMM OMAO NMpeHeOpexNMO MAAO ( W/ ;;
(IK,V; Woe )1/2), noaTomy B (3) Be yureHo saTyxaHue BOAH Ha MOHEX.
BooGme roBopsi, B pealbHHX CHCTeMax 88MeTHYD pOZb B LOrAOmMeHMHM dHepruu BY
BOJR MOTYT HrpaThb ¥ Apyrue MexaHusumu (Hanpusep, norepu BU sHepruwm npu
OTpaxeHMM OT CTOHKM KaMeph HTA. HaveCTBOHHO MX pOAb MOXHO YUECTb HaMeHeHKeM
(3) yacTOTH HepesOHAHCHOrO BATYXAHMA UL . K, HakoHen, cucTema (3), (%)
He yuurTHBAeT uaMeHouus ¢opuH cpextpa HI' BOAH no Mepe MX IpOXORIeHME BrayGhb
naasMi aa cuyer TopouzaabHhx addexToB. ITOT BOmpoC TpelbyeT CNEUMAALHOTO
paccMoTpeHMus, 8aeCb Mi MONeM JAMILL YKA88AThH, 4YTO poAb 8Toro addexra maaa
B Tex CAyyafx, KOrje BOAHM 8aTyXanT 88 OAMH HPOXOA MO yCTAHOBKe (Takas

CHTYyaLus, COBUAMMOMY, GyZeT DEAAMBOBMBATHCH B PeaKTOpAax ) au6o B cayuae

NAASMN MBXOA OAOTHOCTM NP BHOOAHEHRKM HepABeHC TB& ZJ” £ <1 (€= % ,
4 - eanac yCTOAUMBOCTH HA rpAHKLE NAB3MH). 4
Ypapuenus (3), (b) c eanansofi BeanunHoR wwmnestenuu fl, ¥ TeMnepaTypu
T naasmMu o6pasyerT 8AMKHYTYD CUCTeMy KBasuXxHeRAHHX ypaBHeHuhA. QA8 BHuuCAeHME
OAOTHOCTK TOXA j' » 9¢dexTUBHOCTH reHepan UMK 7 M MOIQHOCTK PD y norao-

4aeMofi pesOBAHCHWMM YACTHIAM4, B TAKEE MOWHOCTX, KOTOPYD YHOCHT pesoBaHCHME

YACTHUN, 3HMXOAR M3 paspaja, MCONOAbLBOBAAMCH CAEAyDWAe BMpPANEHKA:

sze/v(f-/n)dv
7-(27[3)'1/’/?

¢ 2 - J J (6)
7;=V/ —’Z——V/dx*g,—};D(v);—VédV

v

A -/ -%lz/d;: «D(v) fv

A
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raie fH = —-{2!—- e V/Ve_ MOKCBEAXOBCKAs (YHKOUS pacnpeleieHds .
% v

§2. BHBOP ONTMMAJBHOR $OPMH CIEKTPA HI' BOJNH

OnTUMAAbHHM C TOYKA 8peHMd reHepalitd TOKA ABASETCS CHEKTP BOXH, NOBBOZL-
Kii moAyuMTh MaKCuMaabHEE TOK Npu MuHAMAXbHOR saTpavesuoll momHoCTM MCTOW-
HUKS. BuHRcHiMM, YeM onpejeasercs Takol CnexTp, €CAK MEXAHMBM AKIMAEJIBHOrO
YX048 GHCTPHX YBCTHL OTCyTCTBYeT ( ok =0). Mo@HOCTH BBOAMMMX BOAH pacnpe-
LEeASeTCH CAeLYywuMM 00pasoM: YacThb MOWHOCTH E'D HOTAOMBETCH DESOHAHCEMMU
yacTMuaMu B pesyibTrare 3aTyxaHus JaH.ay, T.e. KAeT BA YCKODEHME 3JE€KTPOHOB
4, 3HAYWT, HA IeHepalWo TOKA, oCrTaBmafcis wacrTh P - EP TPaATHTCA HA HATpEB
OCHOBHON KOMOOHEHTH P pesyAbTaTe HEPE3OHAHCHOTO SATYXGENS BoaH. OnTuMambHni
cayyBik COOTREeTCTBYEeT TOMYy, YTO BCH MOMHNCTh NOCAOMAETCHS PESOHOHCHLMM YATTh-
nadum (ap M P), T.e. AeKpeMeHT CTOAKHOBUTEABHOrO 3ATYXAHMA CYWECTBEHHO
MeHble OeKkpeMeHTa 3aryxaHus Janzay. [IpeReSperas uleHOM ﬂL “Qt B ypanHesuu
(3) moayusm ua pemeHMS CHUCTeMw KBasduAuHelHwx ypasaenuk (3), (0) caeaymnee
BHpAXeHMEe LA CIEKTPeAbHON MOWHOCTM KCTOYHMKE, HeoOXORuMOR Ix8 mosnepmEAHMS

naraTo Ha SJGKTDOHHOﬁ ¢yHkiuy . pacripenesenus.

3
ﬂ:ﬁﬂé_’)&.f.y va 2 (7)
w / K

/Aa Bupamenua (7) BMAHO, YTO "ONTvMAALHHA" LAR reHepanum TOKE CHeKTp
BOJAH LOJXEH YAOBACTBOPATL LBYM YCJXOBMUAM. Bo-nepBhXx, BeAMyMHA Px Koaxna

BO3PACTATbL MPONOPUMOHANBHO $A30BOH CKOpOCTH BOAMM. IlpM Goaee GHCTPOM BO2~
w

)cnexrpa,
) Keooin
B KOTODPO# CTOAKHOBUTENbHOE 3ATyXaHMe NpeBMmAeT saryxanue Jamjgay, a, sHauur,

»
pacranuu Gyner cymecrsosaTb obaacts V < %’ < Vz ,(Yg"

COOTBETCTBYKWAR YACTb MOUHOCTK AMCCHNMpPYeTCE 88 cYeT CToaKkHoBenullk OCEOBMOHA
M8CCH JAEKTPOHOB C WOHAMM KM OKasHBaeTcs GecnoaesHolk nAs coajaMMs TOKA,
Ecau xe B naaame (OpMMpyeTCs CHeKTp BOAH, pacTyusl smersemnHes, deM no ¢op-
Myae (7), nan cnajesumi, TO CTOAKHOBMTEJbHOE BATYXBHNE ROMUHMDYET B MesaeBuOA
4YacTy CrexkTpa, & B OHCTPO uacTu, %OTRE 3aTyx8HMe JAHARY K ArpaeT rAABHYD
Poab, HO YpPOBeHb MOUHOCTK HelOCTATOUEH AAA OGpasOBAHMA RAATO Ha GYMKUNM
pacnpegeseHusi. [l[py aTOM reHepupyesmuif TOK He AOCTHMraeT MAKCKMAIbHOR BeAMUINHN.
HaJokeHHEe COOCpAXEeHUA NOKABHBAKT, YTO BAA HCCAELOBAHNAS BAMAHMUA GOpMM

cnextpa HI' BOAH HA XapaKTepuCTHKKM TeHepALMM TOKA YROGHO BHOPATH MOJeAD:



s
viv , <
a‘v)={6( ) sV e, (8)

‘. VLV, ks Vv>OY

Hocrosanas C onpeneaseTCs N8 YCAOBUS ROPMEDOBKM

%

efn at - ff 0 22 4

OnrTumaxbHOR ¢opMe cnexTpa COOTBETCTBYGT L =1,

Bupaxenue (7) HakzaguNBaeT TAKEEe OrPAEAYCHENS N8 NOARYD BBOANMYD MOIHOCTS.
Reflc TBNTOABLHO, NPEANOXOXUN, YTO PK ANV, r.e. B (8) L = 1, x ma dyuxgun

pacnpeexeExs o6pasoBRaioch xpaskiNnelimoe naaTo; TOrza npasas uACTD (7)
Imv,v e e V‘/ e
w V7 i, :

llpeBMmesMe 2TOro yposHE, Ke yBeAuWuuBas rewepupyemufi TOX, NpNBeIeT K HArpesy

ACCTNraeT MAXCKMAALHOI'O BOBMORHOIO SBAYOHUA

OcBOBHOR XOMNONENTM NX8SMM, T.6. K CRUREHMD 9(PexTMBEOCTH remepanun. Ipx
yMeHbmEHNN BBOAUMOR MOMHOCTK COOTBETCTBGRHO yMeHMMINTCS remepupyemufi ToOK,
3¢PexPMBHOCTS reRepaNKK TOKA KSMENRNTCE HeSHAYUTOALHO.
B ABYX mpejeAbHNX CAYHAEX MOXHO DOAYYNTH SEGANTHYECKOE DOmMeENEe CiCTOMM
xpaguaurelnux ypepmenult (3), (5) u oneHxu BEIMYMEM ODXOTHOCTH TOKA:
a) Bca aHeprus POAHK NOriomAaeTCE PESOHAHCHMMM SAGKTPORAMN. B oTOM cayuae
NexPeMsHT CTOAKHOBKTEILHOT'O SATYXAHNMS EAMHOrO MEEMIe LeXpeMeNTA SATYXANUS
Janaay m B ypabHeRux (3) uM MomHO npeseSpeub. Cucress ypasmenul (3), (5)

C yueTOM ypapBeHus (8) Torpm CBOAMTCS K OANOMY YPABHEHNMD

: -
oﬂv(v‘)(vf ;’gé) av/d:::re L)LJ’o (10)

Ve

peLeHke KXOTOPOro AaeT CAGAYNEee BlpaxoHue XS OAOTHOCTN TOXA:

(1) eP -;‘
[x,,1,)= Ve /J(x,,x,)-e 27 (x,,x,) (11)
133 Le]
rRe X =Xy , L#1

ey, plrgs{ | E Y (x,0)- [g'e¥
X =iy, AlX,x) ti/n), iet Zé’ 4

6) YacTs axepruu BOAHMH C 0OAbLMMKA (A3UBMMM CKOPOCTSMA NOrIOWAETCH BA CUET

cToAKHOBHTEAbHOrO 2aTyxanus ( L D> 1). B eTom cayyase B o6aacTK



*

ViEVv <,

B o6aacTa V'S v £ YL ¢YHKLAR paclipeleAeHns YROBXETBOPSAET YpaBHEeHMD

-

obpasyeTcs OAaTO ( f (v) = f (V‘) = con:/_ ), &

. »
(i0). CLMBag pelLeHMS CUCTeMH KBABMJiHEAHWX ypaBHEeHMHA B Touke V ’

NMOAY4YU M BhpaxeHue LM [JIOTHOCTW TOKA B Buue

3z
(2) oy ePlxg-x**) -X""j vy en,d [ r7 %
§ xd=g X Zmive ALRY ﬁ'fm@( e(l)E)

»
TAS TOYKa X cnpenenseTcs U3 paBeHCTBA AEKPEMEHTOB 3JIATYXBHAUS!

2 x4 Vi P L
=-VEwx"e™ (—Zx'-'- 72—e7-‘—0:-(x'~2x'3;_ (x,,x’))> (13)

Takum 06;@soM, BipakeH#s (11) »u (12), copaBerauBHEe B WMPOKOM [uARNA30HE
KCIIONbBYyeMHX B JKCHepuMMeHTax napamerpoB naaami u HC BoaH, Moryr GuTh WCmOJAb
30BAHN OJ& CUEeHKK NAOTHOCTHM TOK&.

PeayabTaTh UMCAEHHHX PACYETOB NOATBEPKIAKT BHBOX O CyimleCTBOBAHWM
ONTUMAABHOID CHEKTpa. 34eCb W B Crelyslied naparpape YMCAEHHOE MHTerpKpoBaHKe
CyC TeMH KBA3/ANMHeNHNX YpPABHeHud NMPOBOAMAOCHL IOJAA YCTEHOBKA C NAGpAMETpPaMH:

12 -3 7
cM T, f = 1 I'ln.

Peay)rb’ra'm UACAEHHOT0 pacyeT’ BA#AHMA JOPME CIEKTp& HA BE€JIMYMHY reHe-

@ =3C cu, R =130 cx, B, =30 klc, M = 2.10

o
PHPYEMOro TOKA NpelAcTaBAeHHM HA puC. 1 (CIUOLHHMM AMHUAMEK). J4eCh Xe A
CpABEeHXS NYHKTHDHOX JAnHKed NpuUBe.eHA 3@BHCUMOCTb 3PPEKTMBHOCTHM CeHepsal My

Teop
, NoayueHHas B padore [4}. Orauume 3¢PeKTHBHOCTM OT MAKCH~

TOK& Z
" Teop "
MAZAbHO BO3MOXHOM ( 7 ) RAs OoCTpHX CHEKTPOB CBA3AHO C DPOCTOM [LOJ.i
HEpPrus BOJAHN, MOCJAOLAEMOi B PEayAbTATe CTOAKHOBUTEALHOTO IATYXAHUR, YTO
IOATBEPXAQETCSH XOOOM 38BACHMOCTH Pj, /P (L), noxeawsamgeit, kexas foag
9Hepruy BOJHW PACXOAYeTCH HEA reHep8LKD TOKA, /1A OUEHKM AAOTHOCTH TOKSE
B aTOoM cayuae (npwu L > 1) woxro ucnoabaosers topmyxy (12). Kax yme orTme-
yagoch BHLe, yMeHbleHue maoTHoCTA Toka npu L < 1 cBAsaHo ¢ Tem, uTo npu
AAHHOM YPOBHe BBOIMMOCTM MOIHOCTM Clajamue CNeKTpa He MOryT o6pasoBaTh
/ 3
naato Ha ¢yHxuuu pacnpeseaends ( D <K 1?0 (Ve V) ). B aToM cayyae uAOT-
HOCTb TOK& MOXHO OLSHAUTL N0 JopMyle (11}, Cwelenne MAKCHMYMA KPUBOR 7 (L)
BIPABO OTHOCHUTEJLHU TOUKHK L. = 1 CBS3aHO C KCHNOJb3IOBAKMEM CMEKTpa C Chidb-
HHM NMPOAOAbLHNM 3aMenicHueM VG m/pé ), B o6aA8CTH KOTOPOro BCeraa
D&V (vlv)
ot’e ¥ naaTo He ofpaayercsd.

CpanHeHde NOAYUEHHHX YMCAGHHO dHAuenull 2 C IKCNEePUMEHTOM [1]



HOK8AMBAET, YTO A8 NABSMH c Temneparypolk T % 500 sl axcmepumeHnrTaxbsoe
8HAYEHUE '2 COOTBETCTBYET pACYETHOMY AAS CHEKTPOB ¢ L = 3. C pocrom
TeMmepaTypd COOTBETCTBME MEXRY UMCICHHWMM DesyAbTATAMM ¥ SKCOEDMMEHTOM

gabxnIpeTcE A28 Goaee OCTpux cmexrpoB (npxk T ~ 1 k3B L = 4).

§3. BJMAHUME YXOLA PESOHAHCHHX YACTAL
HA 39%EKT/BHOCTL I'EHEPAIMM TOKA

PaccMOTpUM, KAK UBMEHMTCH 3¢¢eNTMBHOCTb EHEDALMN TOKA NpX MAXNYMM
ONMCAKHOrC BMlie MEeX8HMSMA NOTepb OGMCTPHX YacTER. OueBMIHO, 4TO 8ro posb
Hau6oXee CYIECTBERHA ILAA BEONTUMABAbHMX CHEKTPOE C L> 1, nockoanky
B 9TOM CAyw@e M8-2a CAB60T0 BATYXBHMS YBEAMUYABBETCHE MAOTHOCTH JHEPrUN
koae6anuli, npuBoAsSIASE K GHNCTPOMY BMHXOLZY WACTKML 43 CHCTeMM. PeayabrarTi
YHCAEHHOTO MONEAMPDOBAHMSA BAMAHMG MEXAHKMIM8 YXox8 HA 3¢deXTHBHOCTH reHepamuM
TOK& B SABMCUMOCTH OT ¢OpMH CNeKTpa NpMBeLeHHW HA pUC. 2 4 OOATPEPERAKT aATO
Npeanoxenue. [loaromy naabHelnue Goxee NOAPOGHHE pACRETH ONPOBENEHH C L =5
(¥TO0 HauGoAee COOTBETCTBYET JIKCOEDMMEeHTAALHHM YCAOBUAM, HANpUMED, AAS PLT).
Wia puc. 2 caepyeT Takme, u€TO Npu L £ 1 u jgesEot wommocTu P & 200 kBr
MEX8HASM AHOMANLHEX NOTEPb YACTUL NPAKTHYECKM He BAMSET H8 IeHePANUE TOKAa
M AR OLeHKM BEeSUUYKHH J/ MOXHO moaba3oBaThbcs dopmyaoi (11).

YxeH, cooTBeTCTBYwiyit# 8BHOMABALHOMY YXOAY 48CTHL, B KMHETHKUYECKOM YPABNEHMK

‘,(fov PTJ/‘z (zpm L D> 1 ocuosmo#t BRaag B yX04 qacTal BEBOCHT T2
o6sacTh pe3OHAHCHOA 20HH, rze o6pasyerTcs NJAaTo, TAK 4YTO W/K ~ e/l)‘, ).
CrenoBaTesbHO, CKOPOCTh YXOLB YACTHY 3BBHCHT OT MOUHOCTM BOAH 4 TeMNEpPATYDH
nAasMH. 3T& S8BHCUMOCTH MCCAELOBAAACH YHCAEHHO M L:23YAbTATH [PehCTABAGHH
Ha puc. 3, 4 (cHeanyerT mOJHEPKHYTb, WTO B PEAAbLHMX IKClepUMMeHTAX BBOLMMAS
MOMHOCTL ¥ TeMMepaTypa NAAIMNE B3AMMOCBS38HM - 3TA& CBR3b 6yneT OGCYRIATHCSH
Hume),

Kax caegyer ua puc. 3, ¢ pocrom mowsocTs BY BOAH pacTer foas dHepruu,
KOTOpYD YHOCST De3OH8BHCHME YAcTHUM, BHXOJA M3 CUCTEMM, CAEAOBABTEABHO,
addpexTHBHOCTb reHepauuu Toka nagaer. Tak, npx T &2 500 9B yme zas BBoAAMOR
MomgHocT P~ 100 kET 2¢jexTUBHOCTL reHepaumM TOKA nas8eT Ha 40%, 8 naa
P A~ 600 k3BT - nourn B 3 pasa. [lpy KCNOAL20BAHMM BOAH C ONTUMABALHEM
cnexTpoM ( L - 1) Henuume MexaHusMa MOTepb GNCTPHX HACTUL NPAKTHYECKH

He CHuEAET 3{teKTMBHOCTb CeHepPALMKX TOKA,



fa pxc. 4 npudejleHA 38BUCKMOCTb CTelleHM BAMAHMUS MeXaHHM3Ma yXxoga KACTRY
Ha2 ’Z B 34BMCAMOCTMA OT TesmnepaTypu oasaumu, Kax cxenyer ma (3) ¢ pocTom
TeMIepaTyDd YMEHbI8e TCA YaCTOTA 3AeKTPOHHO-AOHHEX coyaapeHud, 4TO ODUBORUT
K YMeHblLeHMi MOTAOLEHUS IHepray kosebGaHuA, A8, IHAUMT, K YBEXLUEHMO CKOPOCTH
Apeita Vz - AAf EOJH C I[IOK83aTeJeM chiekTpa L - S5 4 smomMocTbE P = 200 ubr
HA/AKYMe AHOMAZLHOID YyX0J18 4YacTUly OrpAHKYKBAET POCT NAOTHOCTM TOK8 MNpPHU
T A 800 38. GILEeXTKBHOCTL CeHepAlik TOKA C POCTOM TENNEDATYLH NAABMA YMEHb-
LaeTcs.

Tcuum 06pagaom, Ha YCTAKOBKe TUna ?LT SHOMBAbLBEE YXOQn yacTMy MOXeT
CyIeCTBEHHO MOBAMSTL H8 3¢JeKTMEHOCTb reHepandd TOKE8. OneHuM KBLECTBEHHO
FOAb 2Toro 3¢¢exTa B APYyruX YCTAHOBKAX. A8 OLeHKX TEMOEpATypM NAQ3MM BOC-
NoJsib3yeMcs ypasBHeHuMeM CANBHCR JHE T UM

3 drl _p_ 3 %l

2 di 2 T
rze sHepreTuuecKOoe BPEMA XM3HM T'! = 0,2.10-17 a‘lle (aakaropHuit
CKO4&M.HC) o B CTAUAOHB,HOM COCTOSHMA TesleparTypa NAQIMN NPONOPIMOHAXBHE

. - 2
BBOLAMOA YAeAbHOR soumocTs T ~ Py o UTo6H coxpaHuTb HeM3MeHHWM KOIO(KIUMEHT

a8n8cs yCTOAYMBOCTH sa B‘,/R BO = can.r/, HYXHO, 4TOON remepmpyemufl Tok
Fa .
GHA 1pONOPUKIHAAEH I’V 2 //? . Lockoabny 2¢dexTuBHOCTbL reHepaumus Tokae HI
7 ~ 1‘ ] I’)‘ ”e
BOJSHAMK —— — —  —— TO YieAbHAS MOWHOCThb PN N == . Crenens
r P ong '’ 4 e at AR

BAMSHMA MOX8HM3MA yXOI& HA 3(¢eKTHBHOCTL reHelaLMM TOKA r NPONOpPUUOKAALEA
J 3
OTHOLeHUD PV a(.P/(V, Ve /V,_ ) K N{M HEONTHUMBABHOM CHeKTpe, ROT I8

W~ P /l)o , MoAyuaeM:
&

r ~ al/i (14)

#a (14) caeayer, uro aas ycrauosku ALCATOR -C napawerp }© Goaee

dew Wa MOpaAok Suibie Napaerpa Y Zas PLT , caeacreomareabo, mas
3TOA yCTBHOBKM DBCCMATPMBAEMHN Mexawusu MoTeph OKAsNBAET ropasfo 6osee
cuabHOe BAMAHME KA 3$QeKTUBHOCTL Terepauiuu Toxa, OCOGEHHO B peXuMax ¢ GOAbLWOR

MAOTHOCTHE (YTO KOCBEHHO NOATBEpPRABETCH HB 3XCRepMMeHTe).

SAKLEYiHy: B

Takum 00pasoM, Npv BEOOpE ONTHUMAABHHX C TOUKM 3PEHMA TeHEPAUKK TOKE
NapAMeTHOB b BONH HYRHO yYUTHBATL cAesymiee. [IpAs pe@8abHax ypoBuax BY mou~

HOCT. 9}, ¢cKTABHOCTL C2HALALMYA TOKS 3ABUCKHT OT JOPKH CMEKTPa BBORMMEX BOAH.



[z noayueNMMs MAOKCHMAALHOrO TOK& Opk ¢uxcuposanmoll wommocrs EHyaEO RCOOABIO-
BaTh CHeKTp ¢ NOKAsaTexeM L = 1 . CunmeBNe mAOTHOCTN Tuka RIS COEXTDOR
c L > 1 o6nscRSeTCS HAANUNEM HEpPESOHANCHMX MEXANNSMOB SATYXANNS BOANM
(manpuMep, CTOAKHOBMTEALHOrO saryxamus). I[Ipx L< 1 apdexruBmoces nanmer
M3-38 YBEAUNEHNS B OYyuYXe JOAM MeAAeHHMX (CMABHOCTORXMOBNTEABNMX) 3XEKTPOEOB.
BangBue QHOMSBABHOr'O YXOI8 GACTNI, CBESANNOro C Mx panMaxbmim apefidom
B NoZe BOAEM, OK83MBAETCA MMENMAAbNNM OpN WCOOAbIOBAMNNM cnexrpos ¢ L = 1
opx Vv (2 4 3) Vo =mec L< 1 opu V; ¥V, . C pocrou moxasareas cmexrpa
L saxsENe aEOMAILEMX HOTEPs E& remepansn Toxa pacrer. Poas eroro
MEXSHNSMA NOTEePb pacTeT C POCTOM BBOANMOR MOmMHOCTN N TeMOGPATYDM NXASME,
OpUBOAS K Cymec TBeHHOMY YMeRbleHMD 3¢ OXTNBHGCCTN IeNepAnMN TOKS NPH RCOOLbL-
8OBAHMM HEONTMMAAbMMX CHEKTPOB, & TAXEEe B YCAOBMSX 20s86yxpenns "peepmolt”

seycroliyupocru.
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Lol B ZECUREAR

38BACUMICT, ISLCKTUBHOCTMA FeHEpALHM TOKAE Q # 050, MOLEOCTH,

noracaeMsl peatyaucHEMN YACTHIAM: P) /P ot nokesaTtess cnextpa L
AAS TMAA3uu ¢ TeMmleraTysoi T = 380 2D. MoapiocTh BBOAMMMBIL 3CAH
~ c
P =200 kBr, V; = Ve , v, =V = 5
1 (hj(w,, /w‘e) )

IIYHKTHMPHOX AuHMed OL03HAYEEA S&BMCMMICTD zfﬂr (L} » cooTaercT-
Byugas paboTe [41
3aBMC MMOCTL OTHOLEHAR 3;;6!’“&830{."1‘1 FeHEeDALMR TOKA G- HAAUYAX
MEXSHKBMA NOTELb OHCTPHX uACT:U K 3$$eXTHBHOCTH FEBeC2iAx TOK2
mpu A = O oT pokssaTesA® clexrpa L IpK BBOAWMMOA MOIHO - TH

~
P =200 x3r. V; = Vo , Vo=V . Kpmpas 1 cocTeeTcTByeT

2HAUEHNMD TeMnepatypd nsasus T = 30C 2B, xpueea 2 - T = 13.0 sZ.

38BHCUMOCTL OTHOL PHMS 77 o = 0} OP MOGHOCTM il 5244 P Op#
T=50009m, V,=V , V,=V s coextpa ¢ L = : (enaco-
HAS AMHRS) 4 A5 L =1 \BYRKTMDHBA JAMHMHA). 38DBUC AMOCTL MG IHOCTH,
YHOCUMOX pPEBOHAHCHuMA NACTALOMMA, BNXOIAIMMK K8 NAA3ME, D oT
MOIHOCTM BOAH P Z. A CreKTpa ¢ L = Se
38BMCHMOCTD NJACTHICTA TOKA J} # OTHOLEHME ’Z /lz (e = 2) or
remneparyps Niaamy fgx P = dwo k31, L =5, Vy = Vg ,

‘{L = 7 « GYHKTH_HAS KDABAS COOTBETCTBYeT 3&3ACKMCCTH J T,

B OTCYTC?BME MEXAHMBMA ¥Xx0.:8 CHC TPHX YACTHI (o = 0).
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»PHCTHTYT ATOMEOHE B2 T M4 WM. x.3. ny-uatices

ASTAOB 1., cyaa .

~HCTUTYT {AIRKE ORos¥k ik KIP

SIS T 8
I TIczesHeE BpeMS HA [SIe TOKBMAKCE [;], [2] . . 1;-BegemEx aRCcHepE-

¥=HTx, 3 X3Ti-mX Cpofo3 rasa, C¢ocasside ¥ DIIRepR9Z4c TOKA JCYREeC TBARANCH

C OOMSLEI TDOZ5XQ BHCOKIYUACTITHEX METOSC3. LOCKOAcKy 34 METI I C03 JOERN
SE83ME £ TEHZDATNML TOKA HE TPeYLT BEGEHEIC BAXpPeSOIs IXSNTT-AIECUCIT nmoxs,
O MONES ;ACUUTEDATH BA COBSARLE M BALPELNBHOE OOLZiesEAHAS GIG3ME B TOXK&~
MaKsx T#na T-7, rze CBedrxOfoBOJSLAS TOPO4LISAbHAR DOMITHA IC3BOXEET NIXNYNTH
CTHRIMSHB_HO@ ILOZCAbHOEe MATRATHOE I0Xe€.

CoHAM 43 ZAxS5Clee JGLErP4IHAHENX 5 HACTIElce BLeMR CHACISSBE <o AMKS
T2CTIKIBSN TIaGME 3 T.  :4AKe SBASETCHA #XSHALIAIME TA3A C OUMOIBEL I BOiH.
Lpouec: 06pB3cRAHMR TSt i C OOMOTHE 3L SOAH MCCAESOBAACE 5 plie KaK Teope-
TAYCCKMX TAK 4 IKCIerRMoH “~AbHAMX DAGOT [3], [4]. lips TEOFETAYECKOM 2BCCMIT-
CEeHMM 3TS4d CTOEMM RS CAX .:op iAJeINOA8rasoCh, YTO BpPeMS EMIHK YACTML B A83Me
MPLLCAZETCE AX 3e[ TMKOALHMM JPeAsOM, CREISHHMM C HBAXWLMEeM HECKOMI@HCNDOBAH-

o eB,a R
HOM SAXOHHOX CHAM, l‘ =_Cz_ . 3HEAgSeH e = ~T"SOHHOX TemnepaTy.m,
0Xy4eHHOE B peayAbTaTe YUNCAOMEOLO MOAeAMPOBAHME R8iaABHOA CTAMMK 06paao-~
BBHMR TX82MM ¢ yuBTOoM COMOBCKMX HOTEepb GACTNI, OKAIMBAETCR CyRECTBEHEO
3sLe 3KCO2PUMeHTasbHOrO . dasKuyde ITOro pacirORGeHMS TOBODMT O TOM,
YTO B DeBAbHOM CAYule bpeMs BW2HM UACTML B T CuCTewe CywecC TBOHHO MeHbLE
BEAMYM bl 7; . o .a8dTe [6] OpeLNOAOREeH MEeXBUWIM, NOIBOARLIUAR OoNpegeaANMThH
X8pANTeDHOE BLeMd EM3EK YACTNL NP4 GECTOKOBOM YIEDEAHMM X3 BHATMIA DPABMO~
BEC4S NAAIMSHHOTO LHYPA OfP 4 BAARUMA BE.THXIADHOIO MATHUTHOrO OOAL lgf .
Pe3yxbTaTH UMCAGHHOrO MOLEAKPOBAHMSE HBUYBALHOZ CTALAAM C TAKKMN MOTepPIME
XOpOL.0 COTAACYLTCHS C IKCMEeSAMEOHTOM. 3 JAHHOX paboTe aTOT MEXABHAIM MCCAe JOBAH

loAce 0ApIOHO K8K IKCHEDAMEHTSAbHO, TAK M TEIDETKYECKA.



§i. HocTasuBxa M pe3yasTaTH IKCOEpNMEsTA

3 s8HHOM TA;ArpaG¢e ONMCAHM IXCOcPMMERTM 00 GeINEAYKINORHOMY CTApTYy
paazize 3 Tokamaxe I-7. CcHoBuke napaMeTp aroll ycramosxm: Bosbuoi n maxuk
POIMFCH K8MEDH CJOOTBETCTHeHLO R =12 cu, a = 35 CM, OPOACABROEG MArENT-
o€ noae .Bo =z 3 1.

A8 AGHAME PECOCOMMEETOB GMAA COIQANM 486 BMCOKONAC TOTEAME CHCTOMM.
OLZBAa 23 2TEX CECTeM O eASASHAYeEA AAS woNEsanus rase mé l-ofk rapsmommxe
JXSATPOLKOTO-NURAOTPORNOro pe3os8nca (3UP) u COCTOMT N3 ABYX IEPOTPOHEMX
TeEEeD8TOR0B, pAGOTALRNX Ba JacroTe f = 64 [ru. DNXOiSAS MOIEOCTL KAXZOrO
CAPOTEOKA COCTARASCT BEAKYUHY Paq 20 <00 xBr OpM AZRTEALHOCTH EMOYAbLCA
a2 lo. wc. {Ipux aros HU%F MOJWOCTH CHPOTPOHOB NSAYHAETCE B BALE IAGKTPOMAI-
BATHOZ 50XHN C Doxspmaauuell, cooTmercays.aeX obuxmopenuoR Boame B naasme.
MOGHOCTH OT CEPOTPOHOB OO CPepX;A3MeDENM URAMNAPRYECKMM BOANOBOIAM AMAMET-
pou ¢ ©J MM BBOAMASCH B kaMepy TOXKSMAKA Yepes ropuaouraspmsl narpycox.
S 37O0M BOZENOBOAH GMAK ODUCHTEPORAHM RS UGHTD xasepu (puc. 1). Ha sagmell
CTeHKe KAMEDM HALPOTHB BOAHOBOZO0B paCOoABraxcs npeolGpaloBaTedb MOL, TPANC~
S0DMN; Y. Tt BOPMPAbLHO MAafA.Ree HA HEro MIAyJYEeHEEe C OOWKHOBEHHOA OOASpNISE-
naei, coorpercrayuNel HeoCWXHOBOHHOR BosMe. QTpamlmMOoe HIAYNEHNO NpemMmy-—
[eC TBOHHO PACOPOCTPBHAAOCH M5 yrAOM 00° x ManpanEeMED TOPONIAZLHOrO MAr-
EMTHOCO OOAS.

Bropas cECTesa NpeLNAIEAYAXACH AL BBOSA B NAs3IMY Bmapernbpu Mol BoaEM
X Gpexcrapassa Co60d pex8tTky N2 TPEX CHAIMPOBAHHMX BOAHOBGL06 ("rpmaa™),
XOTOpAd 28N0UTMBAAACH OT MALHMATPOMNOro reseparopa. PaGouas yacToTa marserpo-
8a cocrapisaa f = S0C Mry, BEXOZHAR MOIMOCTb - P 10 1 Mur.

Ha nepsod CTAAMK IKCMEDUMEHTOR 448 CO238HNS NEAMAE B TOKMMAK BBOAMAACH
TOAbLXO OJlP-mogBOocTL, BeAuuuEa XoTOpOR g‘{ = 1p0 xBr. 3mavemsue TOPOUIBAM~
ROro MArRATHOrO ilOAS B ITUX IKCOEDPUMEHTBX CuAo B‘r = 2,3 T. lips sTOM 20Ha
Jl[F maxognuaach ma Oocs xsmepu. Hanyck rasa (.«12) Cux muaoyascemi. Buxpesas
o0MaTKA TOKaMIXKA (GMEA SAMKHYTA HEKOPOTKO.

[pu mmgoxuuu AP-MONEOCTH B NaMeépe TOKAMAKS OpOKCXOAWZa IiPexTuBEAS
HOMMIBIME ra3a. BpeMedHOHd X044 aAeKTPOHHON KOBUEeHTPAMMM 7—le (puc. 2),
KoTOpas KaMepsaach ¢ nowmombr (ili-MHTep,epOoMeTps, MOKA3ABA, YTO NACAe fepe-
XOAMOTO Npoyecca, AAMTEALHOCToL — <20 MC, YCTAHABSKBAETCS npiMepro MOCTO~
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fiHHOe Lo XoHua CZ34 “MOyALCA 2HAYeHKe ﬂe =<9 3.1&)1 cn'a. Mougioc Ty

a07TeLh, CelKCTPHpyeMas 60/L0MeTPOM, 3 TeyeHBKe MNepexomHoro npouecca peaxo



a. “&L4 3T SE8LTHAS 71 = .0 BT A 3nTed CHMNEZACY L0 PEAMUMHA
T a2 yrUeMOOMEl cHCE CTRLrM. 18 CTHOOMToBEHOR WHTSECHBHOCTM AxnHME

R 2 Y o oL o 27 2 vy TaM - - ,

M7 o--ac R xS, = 447 A B yoTL CTAfKK rAapsza duaa onpene~
Gwd3 I 0HHun (SMILIATYRS, PASHEE o0 + 3U so. Seaduwda T, Ssia OpUMepHO

A4LBSEITI SRSKTLOIMETDS DeTAC TPMpUPR2MLCE S-HTTOHOBCKOS K3AydYeH4e C aHepTMel

5 MECK I2A0 K32, A208KTEERE COEKTD ATCOIMC A3AY:¢HME, NoLyyYeHma? sa 30 paa-

CIHOsDEMSHHES 2 36023scABieM NAA3ME TP, SBELSHMZ CLS-MOUHOCTK A TOKGMSAKEe
30CTH.IKST TIDCAZA2AbHEN TUE /A U4 CAMOMHIZKUZA HA 0CXS.L8 TO-2, IMOMYyMLe
SLeASGUDIMMA 24 uEL[<SXEBMAS O0C6XU L3 TLEICTLEACHE B ;47 . 4. Lui0 OoGHE8pYXeHo,
3 22 4YKHE 4 HALZAZ2RGcAMe TIDCARAALHOTO TIXKA 3&B~ . T OO[EDaYHOrO MArHMT-

E30. D.08. 9TOT pe3dySisxTaT 2KA3sd #Ha puc., S. Hek
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42 DUCyHKe, MHpH

AOMzEAvHKL GHOKS BELTHHSILHITO MBIBLTHGD

TopOKiaabval TiKk TAKKe MEeHEeT

LBKCAMEIZE .S SHAYS2HME TOK8 S 2 uTReTOS ok aH3a4ens: B = 10 Ic

Lo = 4,7 KA. s.2MeDEBME TCHA d8 L4s8l0a0M)7 [I2KB8334K, 4HTO

3 KOHUS 3&CE€;HK€HT&£5HOZ KAMOSHMA Hzils TL0:32& .24 CUDaAHMY2=K -

FAIS G LR LALOE C© SSHIBLUMeHHOZ MEEEKUAZ. s oal MOEHGCTH. HI MOmso ©Th
Linranieas 10 KGT. -7OM TUPOTL IHENS ©HUTATIP ¥ CHMCTeMa BOJAOYN eHus
daMe Eenduk Zoad -, SHA HB8UYHAAM 4L .TETL JILHOBD2MeHHI., 3 [e€ayAbTATE
Goilis TOAYUSHS GeC Tl - e HWME DEAPAIMOrT TIKZL 32 BpeME v MT TOK
ZCTTATAL BeAXYMHN JlL L% (CN. 2Mc. €. TBKOS BRAMNLAZ TOKA MPEBHLAS 2

YoOSeHb, TpZ KOTOGT WM = .iueMe JOfMpyeTCd BpagaTeAbHOe NpeodpasacBaHMe

METHATHIT S Ol .

§2. YuCcineHHOR: MOLEA/ADOBAHME IKCIIED.MEHTE

PACCMGTE UM, K8K [iL2ACKGLiLT MOHKIBUKS Hed TLAABHOTO 838 C 3SQL8HHHM
IHAUCHKEM KOHLEHT, 2 idd ﬂo s TOMemM8HHITO B TOKAMAK C OO0JbiiMM PAAUYCOM
R , MAAHY a4 & A TOPO¥ .AfibHuM UATHATHHM DOSCM jBo . ilon
geAcradeM UL, 3LEHM 3 OGJACTY LAKAOTLOHHOICO pEe3OHPHCA w =»¢ue’ Mpouc-
LOIAT O6pA20BAHME SHCTPHEXA 2JALKTLOHOB © JdHeylues HOpA.IKA HECKOABKAX Kal.
OTH# PACKT,.OHs T2 6T TH0s JBe.Tuik 30 U7 AJHUBALMM HRATPRABHOIO raaa M
2TOALH EaHAR 2 XKOAOOHYUMKM DACKTROHIMA. AptLAlOJOKKM, UTS BpPeMH ¥y IieDMAHUR
ThHAX GOCTHL B CROTEME 00XblLe BpeMeHd MX TODMOXEHUH, T.7. BCA BHIOAABLAsN. R

v cHAHCHLA 30He aMe. Trus nepesaBiou nZ Y TLOHHODE KOME JHUHT: NA83MH. 32IKLELEM
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CTayMOHapHOe ypapHeHMe 6aaanca cua, geflcTBywuux H8 DAasMeHuMi wuyp B Ha-

npasaeRuM GoanLoro pajuyca (ocr x, cCM. puc. 7)

My, 2?:”47:--1[;2'])( (1)

rage M - macca KOHOB, M1 - koHUeBTpanui i T - TemmepaTypa naasmu, Y -
rUAPONMHAMMYECKAR CKOPOCTb. llepmBult uied B ypabHeBMm (1) onmcuBseT GBEORHYL
MOLYy, CBE38HHYK C BeOLHOPOJHOCTED NPOAOALHONG MArEMTHOrQ noxs B,.

»n3 ypaBHesBus (1) cxenyer, WTO OpM OTCYTCTBMK TOoxa ( f = ) nox
meficrTeuem GamoHHOR CMAN DPOMCXOLMT BHAET NASMEH BA CTEHKY CO CKOPOCTML
aByka, CoOTBeTCTBYNOS® BpeMd XUSHM T: —24‘-—’—'1- OXBANBASTCR HKY-

s T¢07;
TOXHO M8ALM, YTO HAXOJAMTCS B NPOTHROPEUUN C IXCOGDMMERTOM K YXa8SuBaeT Ha
CyneC TBOBSHME MeXaHMIMA, oleCHeuMBawlero papHOBecue, T.e. OOGpan@wlero
B HyAb npaByb YacTh (1).

Onsa 43 BO8SMOBHOCTe# Coa34auUME PEBROBECMM NAB88MEEHOrO WHYPS& BA HAYAAM-
HOK CrTaimy cPs8aHa C HAKMYMEM BEPTMKSADHOrO MATANTHOrO HOAf. B 2TOM cayuae
pasnexenue 28pLA0D, BMIBAHHOE TOPOMIAXbLHNM LpeldoM, GyaeT XOMneBCMpPOBATLCSE
cracik Asmepa .CL/” B_L « icnozpays cmBsfab NonepeusHoro MArHWTHOrO NOAs,
NpOHMKAKLOEero B MNAA3IMY BJ_ C MpONOAbMHM TOKOM Yepes ypabHeHume Makcpeaaa,

MORHO MNpeACTABMTbL ypaBHeHie (1) B Buge
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‘7“’-_”_7'--_4_9_’1 (2)
Mr vV S " 2 "IT ox

roe BHyTPeHHee MATHATHOE nose BJ cBs3aso co ckopoctso Vy ypaBHenuew

2B bxa
ax-‘- = 3 Vi ﬁ.L (3)

2
ne
( 0= 'm—Ve— -~ COUTLEPOBCKAS PALKTPONPOBOAKOCTL NAA3MM).
]

Yro6x MOAHOCTHD ONKCATH MOBeheHME NASIMM HA HAYAsbHOR cTamuu, Cienyer

aonoanurs ypasseuug (2) ~ (3) ypasHesusuum sHeproSasasnca:

Inl T,

._‘_?_;_!_._—,(np-ne) he<6'tf>'¢—; (4)
3 Inelvs P 3 2l o on vy 5
R 7x Yy 2 op u{”l C(”" ﬂ.)< 7



roe {Gv' D ~ COY@Hw ! «OHM3&LnK HEx 7. 340B OMEeKTpOHAM, D ~ [OJHAR BBOAHA-
MES MOLHCCTBE CUli BOJH; 30HS 3IHEPIrOBHILACHWX pACIHOAONSEU 5 UvHTpe NAS3MEHHOrO
LHYpa P 7;

| it 0

~ BV 2RM

(cM. puc, 1); 57 =§- é—r—- - BpeMfi, JNpede.JueMie MpuliibAuMi TOTEpHAMK
L

qacTul Co BE:)'KOBOYMx CKOPQCTbik (e&CJhai nonepeydHoe Ma8rHWTHOE I10Je He IIDOHMKAET

B NA83My, T.e. 13i. = C, 2TOT BYA AOTegb OTCYTCTBYET, vaaﬂ - noTeHuMarn

MOHMBRLMUN,

Taxum o6pa3ou, ypabueHus (&) - 5) ofpasys .BMKHYTYR CUCTeMy ypaBHeHuh

T - -
¢ rpamuuHnMu ycaoBuamn /- =n, 7/ =1 Vv =y B =B
X=0 x=0 ? x=2 ¢ Xea Lo

XKQTOpas pecafach YMCJAEHH) C KCIOJAb3OBSHAEM mapaMeTi. s joTaHOoBkKi T-7.

PaccMQTpUM KAYECTBEHHO FaBACHMOCTb MALAMETROE . M HG CT&AMM MOBH~
@8UMi OT BeJMUYMHHN bHELHero MONepeyHIrd MArBUTHOLO MU . 3 HeyasbHLHA

MOMEHT BpeMeH) [OCJe BKJAKYEHMA KCTOYHMKA Ul EBOJH B PESOHAHCH.)! O00A3CTH
06paaysTCS BHCOKOPHEPreTHYECKMe JIeKTDOHh. BWCTpHIA POCT X TeMilepaTypn

npusei8T K pocTy gaBJaeHKS nASIME B 3TO{l 06RACTH ¥ NOYTK [OJHOMy BHTECHEHMw

Rig > ] N o
MArHUTHOrO 1NMOJ4 2 g Y . HloTepu wacTuy B 3TOM CAyuae OYAYT
!
du, _ e
onpe,a;e.nﬂrbcs ABUXKEHMEM UX HADYNY [ chOpeH_HeM dt ~ 'N—R“' e ey

CKOPOCTb MX yXo0J18 OyieT pacT4 BAOAb paiiyca, MPUEBOIA K yMeHBLEHWR 1. 1:H0CTH,

JTOT YyYACTOK XapaKTepu: . TCS HMABKUM IHAYEHMEM IJAOTHOCTA NaLAME ¥ BHCOKOR

oy ﬂerv 10 "cm-d, TA e o

. 13, -3 . -
TeMnepaTypoit (Tak, npa ¥ v .2.107Tcwm # 3= 28
~ puc. 8). [lo Mepe pachy{s¢ ""AHEHKA NYUCK OHCTPHEX JAEKTpOHuS OXJAKI8ETCH,
YTO NPUBOJMT K yMeHbUe®wW: _uBRAEHMA I4A3MH, 8, AHAYUT, —~ K DOCTY MATHUTHL[O
noasi. C pocToM no.as ysennquaaewgﬁ poab LuydysLOHHNX IIOTE€pb YaACTHL
U cinT
€O CKOpOCThD S
P 2 " R B
Yxon gacTuy GyAeT ONpefeiAiTbCH OAHOBpEMEeHHO TUIUUVIMHAMMUCCKUMM #
AxPd yanoHHuMY NOTEpAMM A0 Tex Mop, no%P B HEKOTODO! TOUKe X; , He Oyxner
nl _ | JB]
BUMOJHATECH PABEHCTBL ~5~ = <=7 —x5— oGpauawiiee B HyAb [I1paByK 4&CTb
R 4% Ix
ypaBHenus (<). B nmasnHeitiem nps X > X, , noTepu 6YLYT MUMETH TOABKO Ouc~
Jyamonuuii xapakrep ( U5, = v; ). llepexon OT ruRpOZMHAMUYECKUX [MOTEpPb
K RMGPYyaMOHHEN CONPOBOXAAETCH OWCTDHWM pPOCTOM mIoTHacTu, llpu X » X,
IIOTHOCTL cJAerka pacTYT BjLOJE PALMYCa, TeMlepaTypl NOYTH He MeHAETCSH.
C poCTOM BHEmLHEro MArHUTHOI'C NOJAd JB.LO paLkaNbHLE [1PI{MUAKM NAOTHOC TH
X TeMnepaTYypH NJIA2MH MEeHH.TCi. llp4 LOCTATO4HO GOJbBLUX BHAYEHUAX B,o HH
TLAKKUE [10Je fl0YTY MOKHCCTHK NPOHLKAET B TABBKY. ..pU 2TOM yXe B Pe3OHaHCHOM

30H@ OHO HACTCABLKO BeNKKO, YTO CKOPOCThL yX0.0 UAC TUY HOCKHT LMdyanmOoHHH!



xapaKkTep, YTO UDMBOJIMT K NASBHOA 3ABMCAMOCTH fle n 'B_L OT paguyce
(puc. 9).
C pocTOM BHETHEro NONEpPeYHOrO MArEWTHOrO NoXs pacT8T M cpenHsSs no
paiMycy maaTHocTh wacTuy (puc. 10), Teumeparypa OpM4 2TOM yMeHblLaercid. Tak,
» _ 5 lo13 -3
8CJAM4 NAOTHOCTh HeATPAABHOrO raaa B CTALUMOHADHOM COCTOSHMM M, = <. cu
TO MBKCAMAAbHAS NJOTHOCTL OAA3MH, KOTOPYw MONHO YAepxaTh HOJeM B.I. = 10 I'e

coCTaBJAsSeT 0,6.1013 cn.a

ha puc. 1l npegcrasneHa 38BUCHMMOCTbL TOPOMABALHOrO TOKA, BOBHAKALLEID
B Mua3aMe fp, KOHM3ALKM C NOMOLbL Gl BOAH OT BeAMYMHN BHELHErO MArHATHOrO

noas B g, KOTOpuA Ompe.eASeTCS MO {opMyae

I, =22 (3, 3)
z 27 L0 i
iloka AoAe He NPOHMKAET B NAA3MY 4O UEHTPA 3TA 38BKCUMOCTbL MMeeT JAuBedHult
XapaKkrTep lé'vjsxo' MakchMysd TOKA& COBNaJgeT C NPOHMKHOBEH4EM MArHATHOIO
NnoAs LO LUEHTpPA M NepexoLoM K PeEMMy C y epaaHuMeM BO Bceld uOAACTH M3 Mbi.
~BJAbHEALMA pocT B.LD NpUBOIMT K YMEHbieHak TOKA.
lia puc., 11 caemyer Takie, yTO GoJee OCTpPHA MAKCHMYM TOK& COOTBETCTBYyeT
MeHbleMy 3HAYeHAX M1, , Npu ITOM IHAUEHMH rze(x,) T(X,) B MOMEHT NepexoJa
OT FUAPOAMHBMUNECKKX TNOTepb k IATOYIMOHHAM OKAaWBAeTCs Goabue. [loaTomy
B pexuMax C OGOnbLuM PPAZIKEHTOM LOBACHKA B TOYKe X, He00oAblL Oe YEeXiiYcHMe
MACHATHOPU M0JA# B UeHTpe NPAKTUYECKKH He MeHfeT XapakTep paALKMAAbHOrO pac-
npe ieieHus 727‘ y 8 3HBYMT K NOAA B nigaMe, TOK xe P4 3ITOM N3 8€T.
C yBesnyeHUMEM KOHUeHTpALUuM HeAATpasbHOra rasa 720 38BKC MMOC TB '].(JQLO)

#MeeT 6oAece MAQBHHA MAKCAMYM,

SAKICILHME

Taknu oGpasoM, B iAHHOK pa6OTe JIKCLEPLMEHTANLHO M TEOPETHYECKM MCCAe-
ZOBAJOCH NoBeleHUS MAA3MEHHOrO WHYPA HA CTAAUM MOHABALMW [838 C [OMOUbK
9l BoaH. lioKA32HO, 4TO BOBHMKHOBE@HXE TOPOMLAALHOrO TOKA CBASAHO C yCJAOBMEM
paBHOBECUA NAS3MEHHOrO LHypa MpK HAAMUMWK HEOOABLON Bep THKAAbHOR KOMNOHEHTH
MACHETHOTO MoJAfS. PeayJbTaTh UMCJIeHHHNX pacy8TOER, BHMNOJAHEHHWX HA OCHOBE
Ape 10KeHHKOA MOLEAM KAUECTBEHHO COPAABCYLTCH C IKCMNEPUMEHTANbHUEMA JAHHEMM,
{lepphe akCnepuMedTH MO reHepayuii Toka Wl BosHaMu B NMJa9sMe, CO31apa-
eMoii 3a culT .Jonmaaums rasa Gl BosHAMiM, MOKAR38AA BOBMOXHOCTD HO3OYX G6HUS
TOKA, BeAMYKHE KOTOPOro LOCTATOYHA LA |OPMHPOBAHWA BPALATCIBHOIO Mpeodpa=-
30B2H48. DO3MONHOCTb ..AJMbHeKlLero Hapauusasus Toka HI BoaHaMs Guaa nokasana

8 NPeJALYLAX IKCMEePUMCHTAX .
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DOAMMC s K Pr.C¥HKAN

Puc. 1. Cucrema Bpoga CBY4 MomuHocTK HA olP.

Puce <o Bpemenno# xon cpefLselt 3AeKTPIHHOA KOHUuHTpaussn T2, , w3MepReMui
00 UeHTpanbHofl XOplAe, ¥ MHTEHCABHOCTM CBeYcHWMS CIeKT AlbHOA
RUHKK D/g. P-?@ = 16v 37, T, = 200 Mc.
Puc. 3. CnekTp PEeHTreHOBCKOrO M3JAYyuYeHKH M3 UEHTPAAbHNX oOaacTell [iN83MeH-
HOro U'HYF8 M 3532KTYMBHAS TeMIeparTyss 7;¢¢, "ropauuk" 3s-K” 1B,
Puc. 4. OCuuMAROrpaMME TOKS 1' v HANpSHKeHUs L5Ki48 IpM LoHAZALAL [
ua OLiP. B, £ C.
Punc. 6. OCHUAAOrPaMK:: TIKB, HOAYUEHHOrO TN_.M JILHOBLEMEHH M il IpYeRUM iy
m Hl cucrem.
Puc. 7. Cucrera Koop.iiu., NpuHsTag B paculrax.
Puc, 8. PagungaabHee Mpo,ufs NAOTHOCT. f48dMad 2 (Kpkeas 1), TeMoeps . .4
T (xkprB8s <) & NOMepeyHOro MA{H.JTHOIO MoJg4 3 (Kpumag 3, Np«
moudocTs P = 100 kidr u naoTHoc Tk HekhTpai.n .o rasa N = 2oiv o
Puc, ®. Pajvanbyhe NpoimaAu NAOTHOCTH NJA83MH fZ , TeviepaTypu T 4 donepeu-

HOro MArHATHOrO noJad p n/asMe B, 418 ABYX aHavenawt B e u

rJ

10
B,o = 10 lc.

Puc. 10, 3aBucuMOoCTHM CPAHKX N[O pALMYCY IHABUEHMA KOHUGHTpALUs 4 TeMIepa-

TYpM fA83MW OT BHEWHErO MATHMTHOCO OUAR fp4 AAQGTHOCT. HelTpaib-

Hora rasa Ac = 2.10%9 w3,

Puc, 11, 32BMCMMOCTH TOKA NABAMH OT BHelU HeCO MATHATHOIO NOJH i1,M A@ =
= 0 1nl3 =3 i3 =3 )
= 2.10 CcM (kpusas 1), AQ = 10 cu < \(Kpupad 2) #u A& =

C,S.lola cu™3 (kpunas 3),
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OPEBAPAT cApkibie JAMiUAHASR [0 NPOcKTY od CACT=ME
AAfi ICHEPuMEHTOB HA YCTAHODHE T-7 M0 BEIaMLYHIaCHHOMY 5O ePEAHNL
TOKA

Jarxos #., HKonegxa B.
AGI YCAR :

Kncxop A.5.

nA: am. A.b. Kypusromsa

Dse zemne

3 Teqemnme nepmoas 196C - 19584 r. Guau NpoBeseHN IXCHEpPENEETH [1] [2] [3]
[4], B pesyaAbTATE XOTODIX OME NOAYQeN PSA BAREMX De3XLTATOB K&K N0 OSesumxyx-
QNOEROMY OOAXCPEAEED N FeHOPAUMN TOKA EMEESIRGDMINMMN BOANAMN, TOK N 0O EO-
rpeBy NA83Mk B TOKAMARAX C ONCMOmBE SMcOxouacrorHoR (BH) mommocTn B EEmEe-
rubGpuguon (HI') xmanasome wacror.

B macrosmee Bpems ¢ nomMomso HI' BOAR Hmojsepma4BanTCS TOXKN 0 400 xa B Te-

&
YeHNe BpeMeHN /1l Cex 4 ROCTUIrEYTA BeaANULHA 2(dexTNBEOCTN q = 0.2 3.; apn
ImAYenNK izg = 10'3 cw™3. axcoepmmentu [2] [e] [7], B XOTOPMX A8 HFGLOS

HelTPAALHOrO resé m NOCAGAYNEEro HADARMBANNS TOKS KCOOABIOBAINCH COBMECTHO
C3% BOARN B OMANA30HE YACTOT IACKTPOHHOrO UKKATPOHHOIrO peadnalca (ECR) » BY
POANM, NONG3ABAM, YTO HAUALLAAN CTAANN DAIPRLA TOKEE MOEET GMNTHL OCYWEC PRACHA
6e34BAYXIMOHANN CROCOCOM.

TaxuM 0GpaaoM, COsJAHMEe NABIMN K eHepaARMS HEOGXOANMMX MO BeAMYUNHE
POIPAAHEX TOKOB MOEET OMTb OCYLeCTBAEHA C DOMOWBD TOABKO BHCOKIYAC TOTEHMX
noxek #, caenoBaTEAbHO, DPMEONNMAZLHO BOSMORHO CO3:uiike craguomepuno gelicrey-
uped yCcTAMOBXM TADA TOKAMAK.

Hayuuaa ¢ 1981 roam, ua ycramonxe T-7 pejyrcs ucciemopdnns ssanmogelic roxs
naague ¢ HI' poanaMK NO Oporpause, COBMeCTHO paspaborarHOR .81 UCAH x 3AI AH
CCCP mm. n.B. Kypuarosa. [ipu 2TomM MAD um. sv.i. KypusTosa npegocrasua ycre-
sopxy T-7 u CBY remeparTop ¢ cacremod nuranus, 8 UGl UCAH oGecneyns o60pyao-
BAKNA LA cucTemM BY BEONA BMeCTe C HEOOXOQMMMMM MIMEPMTEALHEM 4 NMATHOCTM-
YOeCKNM KOMOAEXCAMM,

B pamxax aToft nporpamus OsA« OpOoBedeHM TPHX 2XCNEPUMEHTABALHEE KAMNARKM,
B pe3yabrTaTe KOTOpMX OMAL MOK828HO, YTO fipa pafoveR wyacrore J( = 916 MP
4 YPOBHSX BBOAsMOR MouwHOCTH Paq Z0 100 xsT 8 Tegenwe I = 0,1 cex. yaalrcs

¢ nomompo HI BOAH NMOLACPEABATH B NAB3Me TOKM 10U - 200 K& npH CpeiHux IHaue-~



HZEX JAENTTOHHON XOHIEHTPALdM ﬂ-; = {2~26). 1012 w3, A8 aaabuelxero
$B32LTix 3ITAX p30OT \yBeAWueums NpeAeabusx Inauenal ﬂ-e Ao < -3 . 1013 cu°3
% BMIALTYS TOKOB, Nejexol Ha xBasacraunonapuufii « cregmomaprull pexmam) Tpe-
6yeTCE D1 CacTema ¢ Glaee BucONOZ paloyed yacrorod. [.X. B mecrosmee Bpems
£83:860TAHA CTAILOHA_HO sedCTBYLI4e TeHepaTOorm C yacrovrod { = 2.4% ry,
TO PA3YMHO KCLOXbAaT3ATh 2T4 CeBepaTopa B npoexrupyemod BY cucreme.

P2a-asoTxy uHoBod 3Y cucTems edecoo6pa3duo pecrk coemecTHO A GTAH x
#AJ AR CI(P wM. w.3. Ry 4W&TOBS B PAMXAX UeAeBOR NPOrpSMMAM CPPER YYACTHUKOB

CJ3 no yn;2aafemoMy Te_MOf.e_HOMYy CKHTedy.

GCHOBHMe TpeSJBAHus X pY cicreme

i. DY CKHCTeMA, XHEEKTA.YLJRS MCOHOCTbL B ,juanagome HI' SacCTOT B NA83My YCTANOBKN
I-7, 4AMeeT pa6OuyD YACTOTy <,4: ['ri #« QOANE& PAGOTAETL B IBYX pemdMax.,
2. peaaM " ALHHOMO"™ WMOYABCA, As iu Cex, YypOBeHb DY MOMBOCTH Psq a0

430 xBT.

6. pem.iM CTAUMOHADHNA C ypoBHeM MO {HOCTH PBq 100-20v xsrT.

2. AAS XCOETUMEHTOB MO M0 JiepRARND ¥ reHEDANUAM TOKROB OfpM NBPAMEeTPAX NXAIMM

f}; - PIT 13c.-3 , 31. = 2,2 T 43 ycaosmsi JOCTYOHOCTM CAEAyeT, uTO

PEAUNUMHA MFOJOALHOrO 3JaMelNeHAS LOARHA YiIOBAGTBOJATbL YCAOBMS M, D 1.¢€.
Tekuu o6;830M, 3hOAHe NouexmAeNo, €CA4 MAKC, CNEeXTPAAbHON MAOTHOCTH HA
cpeae BOAHOBOJIHON CudCTEME N, = 4 - 4,5 T.x. B npoygecce akcnepiMeHra
TpeOyeTCS AIMEHEHAC BeAANUHM N, y 34 cacrema goamma dMeTb YCTPOACTBA AR
peryaspoBxs OTHOC«TeabHOro Capura {aa AY B BOAHOBOMNAX, NpM 3ITOM pery-
Auponka Af OCYLeCTBARETCH B CUCTeMe BO30YR.CHNR KAMCTPOHOB CO CTOPOHM
MBAOrO YPOBHS MOUHOCTH.

3. IMArgoCTHYecKHe yCTpoliicTBa, pACNOAOEEHHNE B DY CMC TeMe, NOXEHM o6ecmeuKkBaTh

ReoGXONKMMA KOHTPOAD BEAMUKH.

4. Heo6x04uMa 28BUATA KAUCTPOHHMX CEeHEepPpBTOPOE OT Neperpysxs u Nnpoboes.

JNUCaHKEe L4 cuCTeMM

ACXO3R M3 TPpeOOBAH#A HB BOAOYR..EHAC 3AMELNEHHMX BOAH C 1,5(”.( 6, N9
Y8CTOTH XAMCTPOHHRX CeHeZATOpuB f = £,4L I'ry x BEXO4HOA MOUHOCTM OZHOTO
KAACTPOHO MORHO MDElNORATH MPuHUANASJALHYK CXeMy NAauupyemod B4 cucrem,

KOTOpAs J43o0pameHa Ha puc- 1.



378 cuCTeu8 COCTOXT M3 CACRYLMMX 4ACTed:

1. cucTemd BO30YNM.eHNS KAMCTDPOHHEX IeHe &TOPOB;

<. YeTHpex CTALAOHADHO PaSOTANIMX KAMCTDOHOB, HMCAO KAMCTDPOHOB OnpeLneasercs
BeaAKyYsHOR OoGgeld MOJHOCTH, KOTOpYK HeOoOGXOLMMO MHEEXTHDOISBATL B NAASMY;

3. CuCTeMM NAHAIKIALMUN MOJHOCTH OT FeHe_ ATODA K BAKYYMHOK YacCTu4 BOAHOBOLHOR
AQHTEHHN ;

4. rpaais (BARYYMBAS, BAXOLHAS YACTh BOAHOBOHOZ @HTEHHH).

CxcTema BOCYRZeHNS BxaAryaer B ceCs reseparTop onopHo#d wacrors <,45 Ira,
SAABNIKM PACMEHTOM KOTOPOro SBASETCS EBAPHEB.A OCHMAASTOP ¢ NOCRELyDEM YMHO-
XeHHeM YSCTOTH HA NOZYOPOBOAHRKOBEX JAEMEHTAX. BiMXOsHAR MOUHOCThH reHeparopa

20 1 pr. YacTora HA BMXOJEe KOHTPOANPYETCH JAEKTPOHHAM YSCTOTOMETPOM. BuxojBas
MOMHEOCTH ME@HEpPATOPA NocTynaeT HA BXOJL YCuXdTeAs HA JIBEB. BwX0ojHAS MOMHOCTD
ycuaurean (20 20 BT) MOAYAXDYETCS MO BMAAATYLE C MOMOLbK PIN -msoxce.

38 MOAYAATOPOM IO.lm!OC'rb p83JeaseTCs M ODOCTYNAeT B YeTHpe KAHAZA (COOTBETSTBEHHO
YNCAY KAMCTPOHOB). Ha BaXxOfe KAZAOrO KAHAAA CTOAT }A30BPALATEAL M MEXBHKHYECKuH
ATTEeHDATOF, GTO NOSBOASET PEeryaAXpopaTh OTHOCHTEAbHYD 83y 4 ypoBeHb MOWHOCTH.
B neapHellneM Yepesd LUMPKYASTOpDH MOIHOCTH DOCTyn8eT HA BXOAHWE KROHTYDH KAKCTPO-
BOB, KOTOpHe iMeDT YCuIeRAE 2 50 a6.

Beawguna BXOLSHOR MOUHOCTA KAUCTPOHOB KOHTPOAAPYETCH C NOMOIBbE HANDABAEHHKX

OTBETBKTEeAER K KQAMOPOBIHHEX JMOLOB.

Kax noxasas omuT paGoTH C MOWHHMM KAMCTPOHAMM HENpPEepHBHOTO nefCTBMA HA ux
Blxoje (98 BHXO/AHEM OXHOM) HeoO6XOOuMO WHeTd [ - ofpaanhit usrul BOAKOBO g8
(xoxeH0) ¢ OTOUYBCTBMTEALHMM OBTUMKOM, KOTOPHE B cAyyae mpoboeB BHKALYAET
9209 MORYASTOP BXOZHYL MOWMHOCTb. 38 KOJAEHOM, HA DACCTOAGMM, ONpelesfeMOM
JpoBHeM pDACCERHHMNX MArHATHHX MOaek OT KXaTylek KAUCTPOHOB, YCTAHABAMBAWTCSH
OKDKYASTODH, 3ammangue KAMCTPOHHW OT OTpamessOA MOGHOCTM n obecCHneyMpaise
HeoOxozumoe HCB. Jonycrumoe HCB ma BMX0A48 KAACTPOHA He AOAXHO DPEBHLATH
seguuuey 1,2 4 1,3. OT UMPKYAATOPOB K IPUAAY MOWHOCTL MNOABOLMTCS MELHAMM
BOAHOBO gBMN ( l A 10 M), xoropue_fo,ncoe,nunamca K FPMARY C MNOMOWLBL CHMMETPHY-
HaX Y -coenunenutt B naockocru M . Negen Y -coeannennsuu Jacnoaaraurcs
PAKYYMHO NAOTHAME KepaMuyeCKsMe OKHA, B K8yeCTBe KOTOphX MOMHO xCIIOJbB3OBATH
BHXOOHME OKHE8 KAMCTPOHHOI'O reHepaTopa. KOHTPoAb ypuoBHA NAJjawigei # oTpameHol
MOWHOCTA OCYWECTBARGTCA HANDABSCHHMMK OTBETHMTONAM., ¥ KAAMCPODAHMNMM NMOZAMM

Ro paxkyymnOR pasBasku. HanpasieHHOCTbL oTPeTBuTeseli He MeHee 35 [6.



BAKYYMHAS YACTb FpuAAS K300PBRERA HA pHC. <. OHA COCTOMT 48 ABYX pS40B BOAHO-
BOXMUB, B KAXAOM PAAY MO WeThje BOAHOBOAA8. $a8a BOAHOBOAOB, pACHOAOREHHAX
ApYT HBA ASyrom OJAHBKOBA, YTO LOCTArAETCH NPUMEHEHMEM CNMMETDMYHHX Y -paa-
peTBAeHUA. AByXpAIHAs KOHCTPYKUMS NMpPUMEHAETCH C leAbN MabemaTh BOIHMKHOBEH4R
BMCLMX MOJ OGOAbRMX AMNAHTYZ. YWHCAO BOXHOBOLOP B KAXIOM PSAY &k reoMeTpuyeckue
pa3aMeps KBRJOr0 BOAHOBOAA (CM. pMC. 2) OnpeJeasDT paAcNpejeXeHME cneKTparbHoR
OAOTHOCTY B BABMCMMOCTM OT BEAMYAHN NPOROABHOIO 8SaMELACHNS N” HB cpese
rpsasa.

AAf YCTPBHEHKS BTOPMYHO-3MMUCCOMHHMX pPA3PAJOB YACTbH BOJHOBOJOB, KOTODaSN
HAXOLMTCA B MArHMTHOM OOJAe H < 0,1 T, aanocansercda padoyus raaos (Hampu-
Me- w, ) RO J8BAEHMA s 1 aTM. 3T YACTH OTIEASieTCH OT paAcCkpuBA rpuaza
BAKYYMHO NAOTHOR KepamuKoit Afz 03 TOAUMHOR 5 = /\ /2, rpe J\ = QAUH8 BOJHH
B BOAHOBOJ€, BAMOAHSEMOM KepoMuKoA. KepaMuka JOAXKE OAATLCS K MeHHEM BOJAHOBO-
48M TBepAWM NMpuooeM. B MecTe cnas TOAMUHA CTEHKM ME.HOrO BOJHOBOJ8 yYMEHbLeHA
Ha JOAW MaaAuMeTpa. YAacTh rpsaaxa, KoTopas DACNOJAOXKEHS 88 KepaMMKoR OaAuxe
K naaase, MBrOTOBASETCS 48 Hepmapecged CTAAM KAK, BOBMONHO, HepxaBenmas CTalib
6ydeT NOKpKTA CAGEM HAMMAEHHOrO Tt ’ Au ’ Be u T.5. Ha packpuse rpuaxa
yCTAHABAMBADTCA MArHATHhNe 30HAM AAs KoHTpoas O f » 8 POAU3U Cpesa BOAHOBO-
IOB - TMOZBWUEHEE 3JeKTPMyeckie aoHaw # CBY mHreplepoMerp ga8 onmpejseaeHHs
PeANYMHH DAEKTPOHHO! KOHLEHTpALUM ﬂe B nepupepuitiol nizasme. BuxogmHas uacTe
rpuiaa nporpesaeTcs [0 TeMnepaTypd T = 250°%C.,

B saksaoueHue OTMETMM, HTO LIS CO34AHMA padoyero NpoeKkTa BY cucTeu:H
Heo0X01uMMO YTOYHMTb PAR BONPOCOB:

1. paccyurerps cnexTps rpuia8 ¥ NOCTPOMTb RUCMEepCHOHHHe KpuBue HIT Boan
B nJassue; ‘

<. NpoPeCTH pACYET DPACCeSHHEX NoJAel MArHMTHOA CHCTeMh TOKAMAKA C LEAbK
OonpeneAeHUss 00ABCTH 2AEKTPOHHOTO LMKAOTPOHHOIrO PEIOHAHCA;

3. paapaboTaTh MEeTOuM NAaiKKn KepaMuKs#s U MOKPHTHA CTEHOK BOAHOBOZOBD

TOHKKMA CAOAMM MATEPAAAOB, BTOPUYHAS INEKTPOHHASA SMMMCCUA KOTOpPMX J( i.
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