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The PR-1 device is the wide-aperture source of homogeneous plasma. It is using for plasma processing of big diameter
samples such as parts of HF antenna and elements of vessel of fusion devices. The paper presented deals with investiga-
tion of HF field pattern of the operation regime with external magnetic field. It is shown that the HF fields penetrate
into the plasma volume better as compared with the case when magnetic field is turned off. So the plasma flow of

greater density could be generated.
PACS: 52.35.Hr

INTRODUCTION

The device PR-1 represents the wide-aperture homo-
geneous plasma source intended for processing of the pat-
tern in diameter more than 30 cm. It can be the compo-
nent of the high-frequency (HF) antenna of the thermonu-
clear traps, elements of the chambers coating of the instal-
lations etc. The theoretical and experimental research of
the plasma creation in this installation by HF fields with
frequency f=13.56 MHz was carried out earlier [1,2] in
operational modes without external magnetic field. The
presence of the solenoid allows to carry out the experi-
ments with external axial magnetic field B about 100 Gs.
The present activity is devoted to investigation the influ-
ence of the external magnetic field value on the HF field
spatial distribution in device volume. It is allows to make
the conclusion about uniformity of spatial distribution of
HF field in the plasma and about the possibility of using
the external magnetic field for regimes of the work of the
device PR-1 with greater plasma density.

The framework of the device PR-1 is the metal cylin-
der of radius @ = 22.5 ¢m and altitude / < a. The dielec-

tric plate (I) with width & and permittivity € ; is stacked

on the cylinder bottom and separates the antenna from the
chamber bottom. The antenna is covered with dielectric

plate (II) with width /%~ gand permittivity €.
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Fig. 1. The cross-section of the device PR-1 along the
cylindrical chamber axis. The antenna is located between
dielectric plate (I) and (Il). The plasma occupies the re-
gion (IIl), 1 — the solenoid for creating the external mag-
netic field
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The plasma is formed in region (III), having the alti-
tude I-h along the chamber axis (axes Z in further consid-
eration). Accordingly the experiment [2], the plasma in
the region (III) is uniform. Therefore at the further consid-
eration will be used the model of the homogeneous plas-
ma cylinder.

THE BASIC EQUATIONS
Let us to study the spatial distribution of HF fields ex-
ited by the generator with frequency f=13.56 MHz. We
accept that the external magnetic field value is equal to
100 Gs. In this case the field frequency ©@ = 27T f* located
in interval @ g < ® << 0., where © gy is low hybrid
frequency, @ .. is electron cyclotron frequency. In an ef-

fective range of pressure of

p= 501072+ 7010 *Topp) the

Veff <<V <<@ (Ve is the effective collisions frequen-

neutral gas (

inequalities

cy of electrons with ions, V, is the frequency of elastic
collisions of electrons with atoms) are executed. There-
fore we neglected the collisions in plasma permittivity

tensor. The components of the tensor permittivity are:
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where @ pi and ¥ pe are the ions and electrons plasma

frequencies. We assume that the relation of a HF of fields
to azimuth coordinate 9 looks like €xp(im) and from

axial coordinate z is eXP(k|z) | where K| is longitudinal

component of the wave vector in relation to the external
magnetic field. From the Maxwell equations can be ob-
tained the system of related equations described the be-
haviour of the HF fields in plasma
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(N = kc/w ). The solutions of this system are
B. = BZ,(Nypx) and E. = CZ,(Nysx). Here Z,(x)
are the cylindrical functions that are finite at x= 0,
x=rw/c. By an index F is denote the smaller on abso-
lute value and index S is denote the greater radial index of
refraction, which are determined by equation:
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We will to note the oscillations with Ng the as F-mode,

and the oscillation with Ng as S-mode.
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Fig.2. The dependence of radial refraction
parameters N :2 of the F-mode and S-mode on N||2

As can see from fig.2 depending on NH2 one of modes

can be surface (on radius), and second propagating (zone
I, IV); both modes can be propagating on radius (zone II),
or surface (zone III). Thus each of modes has all three
components (r, j, z) both magnetic and electrical field. As

E, ~Zm(x) , and E¢ ~a Zm(x) tp Z’m(x) (
Z,(x) = dZ,,(x)/dx ), the fulfillment of the boundary con-
ditions on the device lateral £ |r:a =0 and E|., =0

is possible only for a superposition of modes. Let's write
E. of the F-modes as E, = kp0B,/0z and B, of the S-
modes as B, = kgl E,/0z . The obvious kind of the fac-

tors kr and kg can be easy finding from equations (1).

From conditions on a lateral wall can be obtained the fol-
lowing transcendental equation:
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values N||2q,q = 1,2...0 | which are excited in plasma.

The appropriate values of N7z and Nsg can be obtained

from equation (2). The obvious kind of the dependence of
the plasma fields on z is determined by boundary condi-

tions E,(V) =0 and Ey (”) =0 on the chamber back at

z=1. From them follows: E.~cos[N,(I-2)] (or

E, ~ch[Ny,(I- 2]y and B.~si[Nj,(I- 2] (or

B, ~sh[N)4(I- 2)]). Thus, the general solution for m-th
harmonics of the HF field in plasma can be written as

E,- 2 Cyeosl Ny (I~ )lkpyZy(Npgx)t Z,(NgyX)]  (4)
g1

Using (4), it is easy to receive expressions for a remaining

component electrical and magnetic field in plasma.

THE FEATURES OF THE ELECTROMAG-
NETIC FIELD DISTRIBUTION IN
MAGNETIZED PLASMA

For example let's analyze the excitation of HF fields
by surface charge with m=2. It is known that the solution
in dielectric represents the superposition of TM-waves

(Ezm = Z AiJm @jmsigexp(i Kjmsz)exp(im§ ) | B, = 0)
and TE-vjaves
(Bum * z Bt Jm@j'mpsgexp(i k"mpz)exp(imqﬁ ), E. = 0).
P
Here Jjs is the s-th root of a cylindrical functions of or-

der m, Jmp is p-th root of the derivative of cylindrical

functions of order m,
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In the case of the non-magnetized plasma the solution
have the same structure but in expression of 4| instead

£, 1- wlz,e /02 it is necessary to use ¢4 . Let suppose
that the surface charge on the antenna has such radial de-
pendence ~ /2 (jz,s r/a)

Thus in case of non-magnetized plasma the HF field
of TM-mode both in dielectric and plasma has the same
radial distribution. The TE-mode is not excited in this
case.

The external magnetic field completely changes the
situation. In order to find the HF field in plasma it is nec-
essary to fulfill the boundary conditions on interface of

dielectric (II)-plasma (110): EqEr = €3k,

Esir = Espir and By = By .
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Fig.3. The amplitudes of the spatial harmonics (n.u.) in

3

plasma with n, = 2.10%em™3 ; surface charge s = 5. The

harmonics of the curve F have N||2q > 0, ones of the

curve S correspond to N||2q < 0. The arrows are marked

position of the root with J2.5
It results in the infinite system of linear equations con-
cerning amplitudes Cy. We do not present its here be-

cause of its cumbersome. The amplitudes Cy were deter-
mined by numerical methods. Because the values of
Jrg = NEg/d' and Jsg = Nsg/d' are not equal j25 de-
termined the HF field radial structure in dielectric, the
spectrum of harmonics (fig. 3) is excited in plasma. For
these harmonics is B, # 0 . It results in appearance of the
TE-mode in dielectric due to continuity of the B, -com-

ponent on plasma-dielectric interface. Also, there is the
essential modification of the TM-mode field. As one can
see from fig. 4 the field of this mode increase in center of
the chamber and is decrease on its periphery.

Fig. 4. The radial structure of the HF field in dielectric
(n.u.) (#) is the case of magnetized plasma, () is the case
of non-magnetized plasma

These effects are stipulated by interaction of HF field
with magnetized plasma. Let's analyze distribution of a
HF of fields in plasma volume. As one can see from fig.
5,6 the HF field concentrated mainly in the central part of
plasma volume. Thus the field smoothly decreases from
the plasma-dielectric interface in the contrary to the case
of non-magnetized plasma. Such behavior HF field along
an axis Z is stipulated by excitation of considerable num-

ber of harmonics with NHZq <0 that dependent from z

proportionally cos[N, (7 - z)1.
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Fig.5. The distribution components E in plasma volume

at n, = 2.10°cm™3
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Fig.6. The distribution components E, in plasma volume

at n,=2.10°cm™>

CONCLUSION

The HF field pattern in the PR-1 device in operational
mode with an external magnetic field was studied. Con-
sidering the excitation of HF field by one azimuth and ra-
dial harmonics of a surface charge with frequency 13
MHz as the example, it was shown, that the presence of a
magnetic field changes the HF field pattern both in dielec-
tric, and in plasma. When the external magnetic field is
turned off, the HF fields of the antenna is strongly
screened by a surface charge on boundary dielectric -
plasma and sharply decrease in plasma along axis of the
device. The presence of a magnetic field results in more
uniform distribution of fields along Z-axis and focusing
them in center of plasma. Also, absolute value of of elec-
tric field considerably increases. The obtained qualitative
conclusions can be generalized on the case of superposi-
tion of azimuth and radial harmonics at calculations of the
actual antenna. So, the presence of an external magnetic
field will allow to proceed to operational modes of the de-
vice with greater plasma density.
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V.P.Olefir. Distribution of electromagnetic fields in

PO3IIOA1T BY ITOJIIB B IIJIA3MI YCTAHOBKM I1P-1 B MATHITHOMY ITOJIT
A.JLIpexos, M.O.A3apenxos, O.A.biztoxos, B.11.Onegip

VYcranoBka [1P-1 siBisie co000 MIMpOKOANEPTypHE HKEPENO OJHOPIAHOI IUIa3MH, K€ CKOHCTpYHOBaHE Uit 00poOKH
MIPUMIPHHKIB BEJIMKOIO JiaMeTpy, TaKUX SK eJIeMEeHTH KOHCTpyKuii BY aHTeH Ta CKiIaJoBi 4YaCTHHHM KaMepHu
TEPMOSIEPHUX YCTAHOBOK. B po0OTI 10CIIKEHO PO3MO/LT €JIeKTPOMArHITHHUX MOJIB B KaMepi YCTAaHOBKH, LIO IPALIOE
B PEXHUMI 3 30BHILIHIM MarHiTHUM 1ojieM. JloBeaeHo, mo B npoMy pexxumi BU nosist kpaiie NpoHUKAIOTh B I1a3My, HiXK
B pexuMi 06e3 MarHiTHOTO Nojsa. ToMy B peXrMi 3 30BHIIIHIM MarHiTHAM T0JI€M MOJKJIMBO CTBOPIOBATH MOTIK IUIa3MH 3
O1TBIIIOI0 T'yCTHHOIO.

PACHPEJIEJIEHUE BY ITOJIEM B IIJIASME YCTAHOBKH IP-1 B MATHUTHOM IOJIE
A.JIL I'pexos, H.A. Azapenxos, A.A. bustoxoe, B.Il. Onegup
VYcranoBka [1P-1 mpemna3sHaueHa mis 1ta3MeHHOH 00pabOTKH 0Opas3IoB OONBIIOTO AMAMETpa, TAKUX KaK 3JIEMEHTHI
KOHCTpYKIMY BY aHTEHH M 3J€MEHTHI KaMephl YCTAaHOBOK AJII MarHUTHOTO YAEpXKaHHs IU1a3Mbl. B paborte nposeneHo
n3ydeHue pacnpenencHus BY noseil B 00beMe YCTAaHOBKH B PEXXUME C BHEITHUM MarHUTHBIM mojieM. [TokasaHo, 4To B

OTOM cCJiy4ae BY nons JIydie IMpOHUKAroT B IJIa3My, UEM 0€e3 MarHUTHOTO T0JI. ITO MO3BOJIUT CO3aaBaTh IIJIA3BMCHHBIC
IIOTOKH OOJIBIIEH ITJIOTHOCTH.
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