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SOEPHBINT CUHTE3 4 (1964)

«YHUBEPCAJIbHASI» HEYCTONMYMBOCTH B KAJIMEBOM ILJIA3SME*

H. C. BYYEJILHUKOBA

WUHCTUTYT SIOEPHON OU3MKU CUBUPCKOIo OTAEJEHUS
AKATEMHUU HAVK CCCP, HOBOCUBUPCK

B HeomHOpOAHOH MO NIOTHOCTH CHUIIBHOMOHM30BAHHOM KaJIMEBOH Ma3Me, HaXOAAMIEHCS B MarHMTHOM
none HanpsbkeHHocThio 600—1600 3, oOHapyxeusl konedanusa. Habmomaercs 3 —4 rapMOHMKU ¢ OCHOBHOI

yacroToir ~S5S—10 kru.

Kone6auus npenctaBnsior coboil a3MMyTanbHYIO BOJIHY, HMEIOLLYIO COCTABJISIOILYIO BAOJb MArHUTHOIO
nondA. Yacrora konebanuit 0OpPaTHO NPOMOPLMOHANBLHA HANPSXKEHHOCTH MAarHMTHOro mnons. Konebauus
HabnoparoTcs Kak B paspexentoit (n=108—10° cm~3), Tak M B TWIOTHOM mnasMe (n=1010—5x 101 cm—3).
Bo36yxneHue kose6aHuil He CBA3AHO C HAJIMYMEM JJIEKTPHYECKHX CJIOEB Ha rPaHMUE MJa3Mbl.

IToxazaHo, yTo HaGmomaeMble kKoneOaHus SBISIOTCA HPOABIEHMEM «YHMBEPCAIBLHOM» HEYCTONYMBOCTH

HEOOHOPOAHOH MO IJIOTHOCTH IINIa3MBL

Kax moka3saHo B psfe pabot (I —6), Bmia3me, HEOqHO-
PONHOH MO IUIOTHOCTH, IIPM HAJIWYMM MArHUTHOIO
mons (witi> 1, roe wi — MOHHAs LMKIOTPOHHAS
4acToTa, Ti — BpEeMHA MOH-HOHHBIX CTOJIKHOBEHMH)
BO3MOXHO BO30YX[EHHE «YHHBEPCAJHLHOM!Y» HEyCcTOMH-
yuBocTH. HeycToMYMBOCTS [IOJDKHA pa3BHBAThCA Kak
B pa3peXeHHOM, TaKk U B IIOTHOM ILIa3Me.

HeopmHopoanas mo 2 Ila3mMa HeycTOHYMBa K BO3-
Oyxnenuro BoJiH Tuna A (x) exp (twi—+ikyy+ik.2z) npu
ky > k2, T.e. BOJHH IOYTH HEPNEHIAUKYISIPDHBIX K Mar-
HUTHOMY HOJIIO, HO MMEIOIINX COCTaBJSAIOMYIO BIOJIb
noys. YacroTa pa3BHBarOIUMXCS KoJieOaHUM

wn s kycTn'leHn

3nech ki, ky — cocTaBisifolIMEe BOJHOBOTO BEKTOpA,
napajulefibHas M NepHeHOUKYJSpHAs MarHUTHOMY
moJito, 7' — TeMmepaTypa B 3HEPreTHUECKHX eTUHHALAX,
H — wMarHuTHOE MOJie, % — IUIOTHOCTDb ILIa3MEI,
n' — TpajiMeHT ILUIOTHOCTH.

ECTecTBEHHO, YTO B CllyYae OrPaHUYCHHOU MIIA3MBEI,
Korga ky ompenensieTcs MJIMHOM OKPYXXHOCTH ILIas-
MEHHOTO IMJIMHAPA, HOJDKHBI BO3OYXAATHCS TOJBKO
T€ YaCTOTHI, HJIA KOTOPHIX s A=2= R, roe A — miuHa
BOJHBI, R — paauyc IUIa3MEHHOTO IWIHHApA,
s—1,2....

WHKpeMeHT HapacTanus KojieGaHuil ISl Cilydast
8np/H2<m[M<L1, A> ri ¥ vi < wnlkz<ve VI pa3-
pexeHHO# mnasmsl [3, 6]

v &y (M| M)2 wi? ky? ri®lke, vi

3mech i — JapMOPOBCKHH pajiuyC HOHOB, vj, Ve —
TEIUIOBAast CKOPOCTb HOHOB M 3JICKTPOHOB COOTBET-
CTBEHHO, P — [HaBJICHHE IUIa3MBL

Hng mnoTHO# muasmel [6]

VR Wn[ s
rue
w;s = k2? we wi Telky?
@e — OJEKTPOHHAA LMKJIOTPOHHAS YACTOTA, Te —

BPEMSA IJIEKTPOH-UOHHBIX CTOJTKHOBEHHH.

* An English translation is available. To obtain a copy,
please write to the editor.

Takum 06pa3oM HHKpEMEHT HapacTaHHA Koyiebanuit
o0paTHO IPOUOPLUOHANEH K, ANA MANbIX ¥ k.2 mis
OONBLINX IUIOTHOCTEM, OTKYIA ClIeAyeT, UTO Hanboee
BEPOSITHA packayka IJIMHHBIX BOJIH.

B omicaHHOM HHXe 3KcHepHMeHTe Oblia oOHapy-
’KeHa HEYCTONYMBOCTb HEOJHOPOJHOH HO IJIOTHOCTH
CHJIbHOHOHM30BaHHO# KaJMeBOH IUIa3Mbl, HAXOHs-
mefics B MarsuTHOM Tnojie. HeycroiymBocTh mposiB-
JIsJIach B BO30YXIEHNM KojebaHUi C 4acCTOTaMH Iiep-
BOII TapMOHHKH IOPSAKA HECKOJBKHX KHJIOTEpLL.
Bo3byxnaemass BoJIHA mpeAcTaBiisieT coboit Oery-
YO BOJIHY ITO a3UMYTYy ¢ A~ 271 R U CcTOA4yl0 BOJIHY
mo ocu ¢ A2~ L (L — pmnvea cuctembr). Konebanus
TaKoro e Tuna ObUTH 0OHapyXeHbl HEJaBHO B padbo-
Tax 7—9.

Kannepas minasma ob6pa3yercs: IpU MOBEPXHOCTHOM
WOHHM3AIMA IyYKa HEHTPaJbHEIX aTOMOB KajHs Ha
BOJIbpaMOBOH MIIACTHHE, HATPETON O TEMIIEPATYPEI
~2000° K. HarpeB OCYIECTBIISETCA JJIEKTPOHHOM
60oMOapaupoOBKOIi.

MarnuTHoe IoJie HAmpaBjIeHO BIOJb OCH YCTa-
HOBKH. IIpenesnst uamerenus mois 0— 1600 3; HeomHO-
POAHOCTh MOJISI IO OCH He HpeBbimaer 3%, mo asu-
myty 0,1%. ‘

IInasma mmeer BUJ UMJIMHOpa OUaMeTpoM 2 B=
=4 cM, nymHOM L= 36 cM, OFpaHHY€HHOI0 10 TOpIaM
HATPETHIMH BOJb(GpaMOBBIMHU ILTacTHHaMH. O6e mia-
CTHHBI 3a3eMIIeHbl. [IIOTHOCTD MNa3MBl MaKCHMAJTbHA
Ha OCH M majaer mo pamuycy. Ilpu r= R nnoTHOCTB
MPaKTHIECKH PaBHA HYJIO. IITOTHOCTD ILIa3MEBI MOXET
MeHAThCS B mpenenax 108—5x 101 em—3,

Ocratoynoe pasienne 5X 1077—5x 10~ Topp.
Ilpu 3TOM crenednr uonusamuu ast n=108—10°% cm—3
cocraBmster 1—109%, mas n=101°—10" cM~3 6onblue
20—40%. Bo Bcex ciayyasx mia3My MOXHO CYUHTAaTh
CHJIbHOMOHH30BAaHHOM, T.K. JaXe JJIS CTENeHH HOHH-
3anud 1%, 4YHCIO 3JIEKTPOH-WMOHHBIX CTOJIKHOBEHMI
TIPEBOCXOMIUT YUCHIO CTOJIKHOBEHUI 3IEKTPOH-HEHTpa
Ha [Ba HOpsAKa.

H3mepende IUIOTHOCTH HPOM3BOJMTCS JABOMHBIM
30HIOM, TIPOKaJIMOPOBAHHBIM C IIOMOILUBIO 8 MM-HMH-
TepdepomeTpa. 30HI MOXET HmepeMEIIaThCA IO OCH
Ha paccrosHue 27 MM H Do paauycy. Konebanus
H3MEPAIOTCS C IOMOIUBIO 3TOro Xe IIOABHUXHOTO
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Puc. 1

Cxema YCTaHOBKM. 1 — KaTylIKM MarHMTHOro nons; 2 — BOJAb(paMoOBble IUIACTMHBI; 3 — wmcmaputens; 4 — noa-

BIDKHOM 30HA; 5 — BBICOKOYACTOTHBIE 30HABI, 6 — pymopHble aHTeHHbl, I—1V — OAMHOYHBIE 30HILL

30HJa M HECKOJIbKHX HeMOABWXKHEIX (puc. 1). M3mepe-
HUEe KoJieOaHWHi NPOU3BONUTCA B peXHMeE IUIaBa-
IOILETO 30HJA.

CnexkTp kosieOaHWi aHAJM3MPYETCS € TOMOIUBIO
CEeJIEKTUBHOTO MHKpOBOJbTMETpa B6-2 ¢ uyBcTBU-
tenbHOCThIO 1 pB. Hagmo ormeruts, 4YTO MHKpO-
BOJIBTMETP MMEET HOBOJIBHO LUMPOKYIO IOJIOCY TpO-
nyckanus, pnpocruraromyto 209 oT u3MepseMoii
4acToThl Ha ypoBHe 0,7. Ilpu u3mepenuu casura ¢as
CHUTHAJI 30Ha IOAAETCS HA MHKPOBOJILTMETP, UCIIOJIb-
3yeMblif B KayecTBE YCHIIMTEJ, a 3aTeM Ha JIBYX-
JIy4eBON ocmuiuiorpad. '

B onucanHoii cuctemMe BOJIU3U HarpeToi IUTACTHHBI
00pa3zyeTcs HOHHBIH MITH 3JIEKTPOHHBII CJIOH B 3aBUCH-
MOCTH OT COOTHOLUECHHUS IOTOKA HEHTpaJIbHBIX aTo-
MOB, ONpENEJIAIONIEro NOTOK HOHOB, W TEMIEPaTyphl
NJIACTUHBI, ONPEAEISAIOIEH IIOTOK ANEKTPOHOB. MoOX-
HO IpeAmnojarath, YT0 Bo30yxaeHue KoyeOaHuil CBs-
3aHO C HaJMYMeM cjoeB. Toraa BO30yXIeHUE WIIH
XapakTep KoJjeOaHWi NOJDKHBI MEHATHCA IpH H3Me-
HeHuH cyiosl. Brina npoBeneHa TiaTenbHAasi IpOBEpka
BO30OYXIECHAS M XapakTepa KoyieOaHMH B pa3HBIX
pexumMax, ocoOEHHO TaKHX, KOTAa JOJDKEH 00pa3oBhI-
BaTbCs 3JIEKTPOHHBIN CJIOMH.

B pexumax, Korma EMeeTcs H3OBITOK 3JIEKTPOHOB,
NOTOK HOHOB CO CTEHKM paBeH NOTOKY HOHOB M3
NIa3Mbl ¥ CEAOBATENIHO IO TeMIlepaType CTEHKH U
IJIOTHOCTH ITa3MBI MOXHO OIIEHHTEH IIOTOK HOHOB Jj
U 3J1eKTpoHOB Je co creHkH. Ecmu J.>Ji, BOIU3M
CTEHKH NOJDKEH 00pa3oBaThCs 3JIEKTPOHHBIN CIIOH.

Ecnu Temepb yMeHbIUATH TEMIIEPATYpPy IUIACTHHEL,
He MeHAS IIOTOKa HEHTpasbHBIX (IVIOTHOCTH MJIa3MBI
IpY 3TOM HajaeT, XOTA IIOTOK HOHOB CO CTEHKH
OCTaeTcsl IMOCTOSIHHBIM), TO MBI JOJDKHBI IIONACTh B
pexuM, Koraa obpasyercss HOHHBIH cJoit. B TaGnume 1
TIpUBEICHBI XapaKTepHble OpuMepsl. B pexumax 1—4
Jef> Ji, T.€. HOJIXKEH CYIIECTBOBATH JJIEKTPOHHBIN CIIOMH.

TABJTHIIA 1. Hexomopsie xapakmepible npumepol

Temne- | ITorok uonoB | IToTok 3nex-
Ne r(Iln(;TgSS;)L patypa (n vif4) TPOHOB, Je
(°K) |(102cm2 cex1)|(104 cm—2 cex™1)

1 1 1800 2 8

2 10 2060 30 400

3 100 2060 300 400
4 800 2350 2000 10t

5 90 1750 200 5
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B pexume 5 JeasJi, yMEHbIIEHHE TeMIEPaTyphl NPH
TOM € IOTOKE HEHTpANbHBIX, YTO M B DPEXHUME 5,
NIpUBOAUT K TOMY, 4TO Je CTAHOBHTCH MeHbUIe Ji,
T.e. K epexoay B 00OJIaCTh MOHHOTO CJIOA.

Bo30yxaenue xoneGaHWii Ha0II0OaJIOCH BO BCEX
pexuMax, THII BOJHBI, MUANa30H 4acTOT Bo30Oyxmae-
MBIX KkoJieOaHuili He MEHSUIHCh. TakuM oO0pasoM,
MOJXHO YTBEPXAATh, YTO BO30YXIeHUE KOJIeOaHuil He
CBS3aHO C HAJUYMEM CJIO€B BOJIM3M TOBEPXHOCTH
HarpeToi ILIaCTHHBI.

Bo3byxaenue konebanuit HaOnrogaeTcss Kak B
miasme Manoi miotHoctn n=108—10° cm—3 (mnmHa
cBoGoaHOro npobera [> L), Tak ¥ B ILIOTHOM ILIa3Me

‘npu n=100—10"cm2® (I<L).

08f

(MB)

06

04F
3 214

02k 27,8

AMNANUTYA

I ] 1 I 1
10 20 30 40 50
YACTOTA (xru)

Puc.2 Crextp xonebanumit. n=2x 10° cM™3; H=1000 3.

TUnrYHBIA CrieKTp kosieOaHuii IpuBedeH Ha pHC. 2.
O6biuno Habnromaercs 3—4 rapmonuku. Yacrorta
TIEpBOM TapMOHHUKY JIEKAT B auamna3oHe 5—10 kri.

Briia npoBepeHa 3aBUCUMOCTb YaCTOThI KoJieGaHuii
OT MarduTHOro moiisi. Vi3MepeHusi mpoBOAUIIMCH TIPU
mIoTHOCTAX 25X 10° eM~3. Beuto oGuapyxeHo, 4TO
B 9TOM OMana3oHe IJIOTHOCTh JJIa3MBI U €€ paclpe-
IefieHHe IO paauycy He 3aBHCAT OT MAarHATHOTO
moJjisi, T.e. »'/n U ky ocraroTcs mocTOsHHBIMH. Haii-
IEHO, YTO TPH 3TUX YCIOBUAX YaCTOTa MeHseTcs
OOpaTHO TNPONOPLMOHANBHO MArHMUTHOMY IIOJIIO
(puc. 3).

VI3Mepsiiicst CABUY TI0 a3MMYTY C TIOMOLUbIO YeTBIPEX
HEMOIBIKHBIX 30HIOB, PACHOJIOXEHHBIX MOX YIJIOM
90° apyr K Apyry, M HOABUXHOTO 30HHA, JEeJIMBILIETO
YIoJ1 MEXAy HEIOABHXHBIMHU IIOII0JIAM. 30H/IbI PacHo-
JIarajiuch Ha OKPYXHOCTHM AuameTpoM 3 cM (puc. 1).
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2-Af1

YACTOTA (xry)

1-AR

0 1 Il
500 1000 1500

MAFHUTHOE MOME (3)
Puc. 3 3aBUCMMOCTh 4acTOTHI KOJIEOaHMH OT MArHMTHOTO

nons. n=3x 10° cM~3,

Brino nokasaHo, yTo Habnromaercs Geryuias BojHa
¢ A=a=2n R, /2 n a/3 a4 Tpex rapMOHHK COOT-
BETCTBEHHO.

TABJTHI[A 2. Habaodaembie coguzy 043 2ap MOHUK

3oHOb! 3oHawbt 3oHIb! 3ounst I u
‘-Igf:c;ra Iunll Twulll ITulv MOABHXHOM
u (90°) (180°) (45°) 30H1
8,2 /2 T /2 /4
16,5 b 0 w /2
25 w2 T /2 3r/4

B tabiune 2 nmpuBeeHB! HAGMOOABILMECS COBUIH
¢ba3z Ay nng pa3sHbIX rapMoHHUK, B Tabmuue 3 oxu-
maemele dp nns A=a, a/2, a/3. Ciegyer OTMETUTH,
YTO MPHU M3MEPEHUM HEMONBUXHBIMU 30HAaMU Ap=
=2m, 3%, 3n/2 HeoTymuumsl oT Ap=0, &, /2 cooT-
BETCTBEHHO.

TABJTHI[A 3. Oxcudaemoie cosuzu faz 014 2apMoHUK

HJ’]"Ha erH MexXxnay 30HOaMH
BOJTH! 90° 180° | 270° 45°
a - /2 . ™ /2 /4
aj2 m 2n m /2
af3 32 3n 32 In/4

Bce u3MepeHHs] TPOBOAMIINCH C IIOMOLIBIO IHJIHH-
JpHYeCKHX 30HAOB auamerpoM 0,5 MM, IuHOM
5—6 MM. MOXHO OXHIATh, YTO TaKHe 30HALI HE
PETUCTPUPYIOT KOPOTKHME BOJIHBI C HJIMHOM BOJIHBI
nopsiAka pasMepoB 30HAA. [ NpoBEPKHU 3TOTO Npe-
TMOJIOXeHHsT OBUI HCTONB30BAH 30HH JMAMETPOM
0,08 MM u gunoit 0,7 mm. Hukakux HOBBIX 3ddexTon
oOHapyxeHO He OBUTIO, OTKyHa CIEQYyeT, YTO eCjd
KOpOTKHME BOJIHBI M BO30YXKIAalOTCA, TO IJHMHA HX
MeHbIe Wi nopanka 0,08 mm.

Ilpu npBWXEHWH 30HAA BAOJb OCH cABHra as
obHapyxeHO He ObUIO, ClleqOBaTENbHO Oeryineit
BOJIHBI HET. AMIUIMTYJA KoJiebaHWil MEHsAeTCs BIOJb
OCH U MMEET MAaKCHUMYyM IOCepeIuHe, YTO yKa3bIBaeT
Ha CylIECTBOBaHUE CTOs4ell BOJHEI ¢ /2~ L (puc. 4).

YHUBEPCAJIbHBIE HEYCTOMYMUBOCTH

AMNAUTYOA (MB)
T

1 1

1 ! 1 1 " -
0 0 100 200 300 ﬂ

OCEBOE PACCTORHUE, Z (mm)

Puc. 4 PacmpeneneHde aMIUIMTYAbl XoieOaHuii o ocH. n=
=10 cM~%; H=1000 3.

Takoe pacmpenejieHie aMIUTATYX Habmromaercss 1uis
BCeX FAPMOHHMK W IIPU MaJbIX U NpH OONBIINX IJIOT-
HocTAX. Craeayer oOpaTuTh BHHMaHWe, 4TO A/2,
MMO-BUAMMOMY, Heckosibko MeHbuie L (puc. 4). 310
ellle pa3 yKa3blBaeT Ha TO, YTO NPHCTEHOYHBINR CNOM
He WrpaeT poJid B BO3OyxaeHHM KosebaHuid.

Ilpn wu3MepeHuM pacmpeleNeHUus] aMIUIUTYX IO
panuycy OBUIO HalIEeHO, 9TO XapaKTep pacipeesIeHUst
MOXeET OBITh pa3JIMYHBIM JUIS pPa3HbIX TapMOHUK.
Habmopnamuce pacrpefeleHusi ¢ YHCIOM MaKCUMY-
MOB OT OJHOTIO OO YETBIPEX, Haubosee yacTto HabrO-
aeTcs pacmpefielleHHe C IBYMS MaKCHUMYMaMHu.

-

b

8]

mg 101

0 |

e

S 5S¢

I

6 F

E 1 1 1 a 1
-20 -10 0 10 20 30

f=9 kry
1+ 1-Af TAPMOHUKA

~ OfF /\\a_/\

@ 1 1 | 1 1 1

Z 20 10 0 10 20 30

<, 18,5

§I 2-AR

= 1k

=

E L L 1 I 1 1

<§( -20 -10 0 10 20 30

05F 28
Mﬂ
1 1 1 1 1 1
-20 -10 0 10 20 30
PAOWYC, r  (MM)

Puc. 5 Pacnpenenenve TIUIOTHOCTH MJa3Mbl M aMIUIMTYAbl
konebamwii 1o paamycy. n=38X 10® cm~%; H=1000 3.

®
XapakTepHblil IpUMep NMPUBEAEH Ha PHC. 5, HA 3TOM
K€ PHCYHKE TOKa3aHO XapaKTepHOE pacnpeaesieHue
TUIOTHOCTH N0 pamuycy.

Br1no HalieHo, YTO NPy N3MEHEHUH TIIIOTHOCTH HJIM
MAarHiTHOTO MHOJIi YaCTOTHl FapMOHHMK IUIABHO H3-
MEHSAIOTCA B IIpefenax 2—3 Kri, IpuyeM BUI pacipe-
IeJIeHUs. aMIUIMTYX no paamycy coxpassiercda. Ilocne
TEpPEXoia HEKOTOPBIX KPUTHYECKHUX IapaMeTpoB 4a-
CTOTBI CKaYKOM HM3MEHSIOTCA, OJHOBPEMEHHO H3Me-
HseTCs W paauajibHOE paclpenesieHHe aMILUTHTYNI.
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o 1-AR FAPMOHMKA
o 2-AR
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= 3
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= s
1
1 1
5 10

0

NNOTHOCTL (100 em)

Puc. 6 3aBuCMMOCTL aMIUIMTYIbl KOJIeOaHWl OT INIOTHOCTH.
H=1000 5.

Bruta cHATa 3aBUCAMOCTb aMILIMTYAB! KoJicOaHMi
OT IIOTHOCTH (pHC. 6). AMIUIMTYAA K0JiIeOaHuit pacTeT
C pPOCTOM ILIOTHOCTH, AOCTHraeT MakKCHMyMa IIpH
n=5—8x10%cM~® m 3areM mapaeT. XapakTep

3aBUCHMOCTH aMIUJIATYObl OT IIJIOTHOCTH OJUHAKOB

U1 BCEX TapMOHHK.

IIpoBeneHHbIE 3KCHEPUMEHTHI NOKA3BLIBAIOT, YTO
B030yxOenune HabaronaeMblXx KojieOaHWI He CBS3aHO
C HaJIMYHeM CJIOECB Ha HArpEThIX IJIACTHHAX.

YacToTel K0JIeOaHUH JIekaT B AMANA30HE, OIHCHI-
BaeMOM ¢opMmyJioit w=kycT'n'[eHn, n MeHIIOTCA
00paTHO NPOMOPIHOHAIEHO MATHUTHOMY IIOJIO. Jlek-
CTBUTEJILHO, €CJIH CYHTAaTh n'[n~ 1/ R, ky~27w/R, TO
g R=2cMm, T=2000°K u H=10003 mHaxogum
f=w[2nta5 Xrl, YTO COrIacyeTcs ¢ AKCHEPHMEHTOM.

IToka3zaHo, 4TO BO30yXHacMas BOJIHA SBJIAETCS
Geryiueii Mo a3uMyTy U HMEET COCTaBIISIOLIYIO BIOJb
MarHUTHOTO NOJisS. B myia3smMeHHOM LHIWHApE, OTpa-
HHYEHHOM C TOPIOB, 3Ta BOJIHA SABIIETCS crosveil. B
COOTBETCTBUHM C YCJIOBUEM MAKCHMMAaJIbHOCTH HHKpE-
MeHTa HabJironaeTcs Bo30yxaecHue Hanbosee NTMHHOR
BO3MOXHOI B cHCTeMe BOJHBL Pa3oBas CKOpPOCTh
BOJIHBI JIEXKHT MEXIY HOHHON U 3JIEKTPOHHOHR
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TEMJIOBEIMH ~ CKOPOCTSAIMHU.  JIGHCTBUTENBHO ¥pz=
2Lf~4x10° 8x10° m 1,2% 108 cM/cex mns mep-
BOMl — TpeTbell TapMOHHMK COOTBETCTBEHHO, ;A
9x10* cm/cex U ve 3 X 107 cM/cek.

TaxuM 00pa3om, onmucaHHBIE 3KCHEPUMEHTHI HOKa-
3BIBAKOT, YTO HaOJIoAaBIIAsACS HEYCTOHYMBOCTL MO-
KeT OBITh OTOXIECTBJICHA C «YHHBEPCAIBHOU» He-
YCTOHYHBOCTBIO HEOJHOPOAHON ILTA3MEI B MATHUTHOM
noJie.

Kax yxe rosopmiioch, kojnebaHHs TAKOTO K€ THNA
Habmromamuce B pabortax 7—9. ABTops! paGoThl 7
OPMILIH K BEIBOAY, 4TO BO30YXICHHE 3THX KOJIeOaHHi
CBSI3aHO C HAJU4YHMEM HOHHOTO CJOSl HA IOBEPXHOCTH
HAIrpeToii IIAaCTHHBI. [IpHYMHA TaKOro PacXOXIeHHS
C HAalUMMHK Pe3yabTaTAMU B HACTOSINEE BpeMS HE
HaXOJUT JOCTaTOYHOIO OOBACHEHHS.

Bripaxar OnaromaprHoctes A. A. I'aneeny, C. C.
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HeHKO ¥ B. H. 3ajiueBy 3a npoekTHpOBaHUE YCTAHOBKH,
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YCTAHOBKH.
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"UNIVERSAL" INSTABILITY OF A POTASSIUM PLASMA
N.S. Buchelnikova
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Siberian Department of the
USSR Academy of Sciences
Novosibirsk, USSR

Abstract

Oscillations werede tected in a highly-ionized potassium plasma in-
homogeneéus in density and located in a magnetic field of 6A8-160Q Oe.

3~-4 harmonics with a fundamental frequency of ~ 5-10 kHz were observed.

The oscillations were an azimuthal wave having a component along the
magnetie field. Oscillation frequency was inversely proportional to the
magnetic-field strength. Oscillations were observed in both a dilute
(n-= 168 - 107 cm-3) and a dense plasma ( n = 1019 5 X 10t cm*3).
Oscillation excitation was not related to the presence of electric

‘layers on the plasma boundary.

It was shown that the observed oscillatiens manifest the ™universal"

instability of a plasma inhomogeneous in density.

As has been shown in Refs. 1-6, "universal' instability can be ex-
C.,. . . . .
¢itéd in a plasma of inhomogeneous density, in the presence of a magnetic
field (0....... s where ... is the ion cyclotron frequency and ... the
time of ion-ion collisions). Such instability sheuld develop in both

dilute and dense plasmas.

A plasma inhomogeneous along the x-axis is unstable with respect to
the excitation Of waves Of the ty’pe 0000000000000 00s 00 for IR ;

in other words, waves almost perpendicular to the magnetic field but

(eont'd)
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having a component parallel to the field. The frequency of the oscilla-

tions is

(Kz and K_are wave vector components parallel and perpendicular to
the magnetic field, T is temperature in units of energy, H is the mag-
netic field, n 1s the density of the plasma and n' is the density gra-

dient).

Naturally, in a confined plasma, when Ky is determined by the circum-
ference of the plasma cylinder, only those freqQuencies should be excited
for which ........ , where ... is the wave length and R the radius of

the plasma cylinder, s = 1, 2 ... .

The oscillation growth rate for the cases ....6¢000¢ 5, +.e.o and

veveesssss for a dilute plasma is then /75, 6 7

( «.. is the Larmor radius of the ions, ... and ... the thermal velo-

city of i1cns and electrons respectively, and P the plasma pressure).

For a dense plasma we have /6 7

where

(... 1s the electron cyclotron frequency and ... the time of ion-electron

collisions).

Thus the oscillation growth™ rate is inversely proportional to ...
for low densitics and to ... for high densities, and it follews from this

that the build-up of long waves is most likely. -

In the experiment described below, instability was-detected in a
highly-ionizeéd potassium plasma of inhomogeneous density located in a
magnetic field. The instability was revealed by the excitation of oscilla-
tions, with first harmonic frequencies of the order of a few kilohertz.

The wave thus gxpitgq is‘g.pygyglling wave a2lon3y the azimuth, characterized
DY eoeseees 2nd a staﬁding wave along the axis characterized by .ecacee
( v.. is the length of the system). The authors of Refs. 7 - 9 discovered

®
oscillations of the same type not long ago.

(cont'd)
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The potassium plasma is formed at surface ionization of a beam of
neutral potassium atoms on a tungsten plate heated to a tempe rature of

~ 2000°k by electron bombardment.

The magnetic field, oriented along the axis of the system, can be
varied over a range of 0-16C0 Oe. Its inhomogeneity does not exceed 3%

along the axis or 90.1% along the azimuth.

The plasma forms a cylinder of diameter 2R = 4 cm and length ... = 36 cm
confined at the ends by heated tungsten plates. Both plates are grounded.
Plasma density is at a maximum on the axis and diminishes along the radius;
at ... = R it is virtually zero. The density of the plasma can vary from
10-8 to 5 x lO11 cm-3.

Residual pressure is 5 x 1077

-5x 10-6 torr. The degree of ionization
for n ~ 108 on™> is 1-10%, for n ~ 102 _ 10! more then 20-4C%. The
plasma may be regarded as highly ionized in all cases since even with a

1% degree of ionization the number of ion-electron collisions exceeds the

number of electr-on-neutral collisions by two orders of magnitude.

Density is measured with a double probe (calibrated by means of an
8 mm interferometer) which can be moved along the axis for a distance of
27 cm and along the radius., Oscillations are measured by means of this
movable probe and a number of stationary ones (Fig.l). Oscillation measure-

ment is carried out with a floating-probe system.

The oscillation spectrum is analysed by means cf a B6-2 selective micro-
voltmeter with a sensitivity of 1/uV. Note that the microvoltmeter has a
fairly wide pass band reaching 20% of the measured frequency at a 0,7 level.
In phase shift measurements, the signal from the probe is transmitted to the

microvoltmeter used as an amplifier, and thence to the double-beam oscillo-

graph.

In the system described here, an ion or electfon layér is formed ne-~
the heated plate; the type of layer formed depends on the relationship
between the flux of neutral atoms, which determines the ion flux, and the
temperature of the plate, which determines the electron flux. It can be
assumed that the excitation of oscillations is related to the presence of
these layers and, this being so, the excitation or the character of the

oscillations should change when the layer changes. We checked very care-

(cont'd)
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fully on the excitation and character of oscillations in different systems,

especially those in which an electron layer should be formed.

In systems having an electron excess, the ion flux from the wall is
equal to the ion flux from the plasma; consequently, from the temperature
of the wall and the density of the plasma, we can evzluate the flux of

ions Ji and electrons Je from the wall, If Je .o Ji, an electron layer

1
should be fcrmed near the wall.

1

If we then reduce the temperature of the plate without changing the flux
of neutral atoms (which means that plasma density falls while the ion flux
from the wall remains constant), we should get a system in which an ion
layer is formed. Some characteristic examples are showyn in Table 1. 1In

systems 1-4 Je oo Ji, i.e, there must be an electron layer.

1
Table 1
[lnoTHoCTs = density; Tenxneparypa = temperature;
[loroxk MoHoB = ion flux; CeK = sec;
[IoTOK 3MeKTPOHOB = electron flux,

In system 5 Je = J19 a temperature decrease for the same neutral flux as in
system 5 results in Jc becoming smaller than Ji, that is, in transition tn

the region of the ion layer.

Bxcitation of cscillations was observed in all the systems, and the
type of wave and the frequency range ~f the excited oscillations did not
change. It can therefore be affirmed that the excitation of oscillations
is not related to the presence of layers near the surface of the heated plate.
Excitation o>f oscillations can be observed in both low-density plasmas
where n ~ 108 - 109
plasmas where n ~ 1020 _ 101! cm-3 (eeee)e

on™> (length of free path ..... ) and high-density

A typical oscillation spectrum is shown in Fig. 2. Normally 3 to 4
harmonics are observed, and the frequency of the first harmonic lies within

a range of 5 - 10 kHz.

The relationship between the oscillation frequency and the magnetic
-3

field was tested, measurements being made at densities of ... 5 x 109 cm ~.

It was disclosed that in this range the density of the plasme and its

(cont'd)
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distribution along the radius are not dependent en the magnetic field,; i.e.
n'/n and Kv remain constant. It was found that under these conditions the

frequency varies inversely with the magnetic field (Fig.3).

The phase shift along the azimuth was measured by means of feur sta-
tionary probes placed at 900 to one anether and a movable probe bisecting
the angle between the stationary probes. The probes were located on a

circle having a diameter of 3 cm (Fig.l).

We observed a travelling wave having eceeceeses 5 a/2, and a/3 respect-

ively for the 3 harmonics.
Table 2

Observed phase shifts for harmenics.

yacrora frequency;

30HIB! I M II = probes I and II;

30HIB I ¥ noxBUXHON 30HA = Probe I and movable prebe.

Table 2 contains the observed phase shifts ... for the different
harmonics, and Table 3 the predicted ... for ... , a/2 and a/3. It
should be pointed &ut that in measurements with stationary probes,

® ¢ 0 0 9

eese and ... are indistinguishable from .¢... 3 ... and ... respectively.

Table 3

Anticipated phase shifts for harmonics.
InuHa BOJIHEI = wavelength;

Yroa Mexay 30HLZaMM = angle between probes.
All these measurements were made by means ef cylimdrical probes 8,5 mm

in diameter and 5-6 mm long. It seems reasonable to expect that such probes
would not register short waves having a wavelength of the order of the di-
mensions of the probe. 1In order to test this supposition we used a prebe
0.08 mm in diameter and 8.7 mm long. No new effects were discovered; it

follows from this that even if short waves are excited, their length is less
than, or ef the order of 0,68 mm.

(cont'd)
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When the probe was moved along the axis, no phase shift was detected;
consequently there is no travelling wave. The oscillation amplitude varies
along the axis and has its meximum in the middle, which suggests the exi-
stence of a standing wave with ....... (Fig.4) An amplitude distribution
of this kind is observed for all harmonics and at both low and high densi-
ties. It should be pointed out that ... is apparently somewhat smaller
than ... (Fig.4). This again suggests that the boundary layer plays no

part in the excitation of oscillations.

In measuring amplitude distribution elong the radius, it was found
that the character of the distributien can be different for different
harmonics. Distributions with from 1 to 4 maxima were observed, the most
common being that having 2 maxima. A typical example is given in Fig. 5,

where we also see the characteristic density distributien along the radius.

It was discovered that when the density or the magnetic field is
changed, the frequencies of the harmonics vary smoothly over a range of
2-3 kHz, and the radial amplitude distribution remains unchanged. After
transition of a certain number of critical parameters, the frequencies vary

abruptly and the radial amplitude distribution changes simultaneously.

Oscillation amplitudes were measured as a function of density (Fig.6).
The oscillation amplitude increases with density increase, reaches a maxi-

00 3

mum at n ~ 5 -8 x 1 cm ~, and then declines. The nature of the

amplitude-density relationship is the same for all harmonics.

These experiments show that the excitation of the observed oscillations

is not related to the presence ef layers on the heated plates.

The oscillation frequencies lie within a range described by the ex-
pression ... = K cT/eH n'/n and vary inversely with the magnetic field.
In fact, if it is assumed that n'/n ~1/Rand .+e.... , then for R = 2 cm,
T = 2000°K and H = 1000 Oe we find that ........... kHz, which is in

agreement with experimental results.

It was shown that the excited wave is a travelling wave along the
azimuth and has a component parallel to the magneéﬁc field. In the case®o®
a plasma cylinder confined at the ends, this is a standing wave. The longest
possible wave is excited in the system when-theﬂgﬁowth rate is atea maximum.
The phase velocity of the wave lies between the ion and electron thermal

velocities. In point of fact,; ceceesesscees 3 8 X 1O5 and 1.2 X 106cm/sec

(cont'd)
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for the first, second and third harmonics respectively, while .+..c.ev0.

4

9 x 107 om/sec and ....... 3 x 10! cm/sec.

Ia summary, then, the experiments described above show that the ob-
served instability may be described as a "universal" instability of an

inhomogeneous plasma in a2 magnetic field,

As we have already said, oscillations of the same kind were observed
in Refs. 7-9. The authors of Ref:.7 came to the conclusion that the exci-
tation of these oscillations was related to the presence of an ion layer
on the surface of the heated plate. So far, this disagreement with our

results cannot be plausibly explained.

I wish to thank A.A. Galeev, S.S. Moiseev, V.N, Oraevsky and R.Z.
Sagdeev for discussing these results with me; E.M. Smekotin for his help
in carrying owt the experiments; V.G. Filonenko and V.N. Zaitsey for the
design of the equipment; and V.V. Ramin and G.A. Novoseltsev for setting

up and adjusting the equipment.
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Figure Captions

Figure 1. Diagram of the apparatus. l- magnetic field coils;-2 £
tungsten plates; 3 - vaporizer; 4 - movable probe; 5 - high-frequency
probss; 6 - horn-type antennas; I-IV single probes.

Figure 2. Oscillation spectrum. n = .2 x 109 cm—3; H = 1000 Oe.

Call-out: ammnauryna (mMB) = amplitude (mv) yacrtora (kru) = frequency
(kHz ).
Figure 3. Dependence of oscillation frequency on the magnetic field.

n=3x 10 cm_3. Call-out: 4actoTa (Kruy) = frequency (kHz);

3-pA rapMoHuKa= 3rd harmonic ; 2-ag = 2nd, l-ag = 3re ;
mMarHuTHoe mnoje (8) = magnetic field (Qe). 10
Figure 4. Oscillation amplitude distribution along the axis. n = 1 x 10
cm ;- H = 1000 Oe. Call=out: ammauryna (MB) =-amplitude (mv);

oceBOe paccTosHue = axial distance.

Figure 5. Distribution of plasma density and oscillaticn amplitude z2long

the radius. n = 8 x 108 cm_’}; H = 1000 Oe. Call-out: amMiauTyna "( MB) =

amplitude (mv) , HJOTHOCTH = density ; KI'L = kHz ; paiuyc = radius.
Figure 6. Dependence of oscillation amplitude on density. H = 1000 Oe.
Call-out: ammauryna (MB)= amplitude (mv) ; 1-af rapmMoHuMKa = lst har-
monic ;j 2-af = 2nd ; 3-bA = 3rd; NJOTHOCTH = density.





