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B pabote mpuBeneHBI SKCIEPUMEHTAIBHBIC U TEOPETHUYSCKUE HMCCICIOBAHUS BOJTHOBBIX MPO-
[IECCOB B MPOJIONTOBATHIX CTPYKTypaX 3apspKEHHBIX dacTull 0e3 JlebaeBckoro 3xpaHupyromiero GoHa.
st uccnemoBaHus ObUT CO3/IaH DKCIEPUMEHTANBHBIN CTEH, BKIFOUYAIONMINN B Ce0Sl yCTPOHCTBO IS
3apsAAKHU 4acTull U yCTpOﬁCTBO JUIA UX 3aXBara. B SKCIICPUMCHTAaX MCIOJIb30BAJIMCh YaCTUIIbI OKCHJIA
AITIOMUHUS, KOTOpBIE MPEABAPUTEIHFHO HHXKEKTUPOBAIUCH B YCTPOMCTBO IS UX 3apsAKH, TIE OHU,
MIPOXOJIS TIOJT JEHCTBHEM CHIIBI TSKECTH 00JIaCTh KOPOHHOTO Pas3psaa, MPUOOPETATH TTOIO0KHUTEIHHBIN
3apsa. [locie 3Toro 4acTUIlsl U OcaXJanuch B JIOBYIIKY [layms, rae mpoucxoans ux 3axBart, yaepka-
HUe U (POPMUPOBAHUE MPOJOJITOBATEIX KYJIOHOBCKUX CTPYKTYp. s yaepkaHus 4acTHIl B JIOBYIIKE Y
OJTHOTO W3 €€ TOPIIOB OBUI YCTAaHOBJIEH KOJIBIIEBOHM SJIEKTPOJ, Ha KOTOPBIM MOJABAICS MOCTOSTHHBIH
ANEKTPUYECKHUI MMOTEHIIMAN TOTO K€ 3HaKa, YTO M 3HAaK 3apsija 4acThIl. Y IPYroro TopIa JIOBYIIKH
YaCTUIBI YICPKUBAIHCH C mOMoOIIbio 3ddexkTuBHON cuibl [anonoBa—Mwiiepa, BO3HUKAOIIEH
BCJIE/ICTBHE TIEPEMEHHOTO 3JIEKTPUIECKOTO MOJIsA. Y 3TOTO TOPIA B 3KCIIEPUMEHTE MPOUCXOAMIIO Ca-
MOBO30YK/IeHIE YeAMHEHHOW BOJHBI, KOTOpasi ABUTalach BIOJb KyJOHOBCKON CTPYKTYpHI O€3 3aTy-
xaHus. [Ipu npuOIMmKeHNH K KOJIBIIEBOMY AJIEKTPOIY MM CBOOOTHOMY TOPIY JIOBYIIKH BOJHA OTpa-
JKaJIach U JBUTalach B OOpaTHOM HAIPaBIECHUM C TOH K€ CKOPOCTHIO. bblila AKCIIEPUMEHTAIILHO OIpe-
JIeJIeHa CKOPOCTh BOJHEL. [loMHMO 3TOTO OBLITa TEOPETHYECKU OlleHEHa CKOPOCTh BOJHBI B CTPYKTYpe
MPU CIENYIOUIMX JOMYIICHHUSX: KYyJIOHOBCKAsi CTPYKTYpa paccMaTpUBAETCs B MPHOIMKEHUH CILIONI-
HOHM cpefbl, CHIIBI BSI3KOTO TPEHMSI B pacdeTax HE YUUTBIBAIOTCS, IUIOTHOCTH CTPYKTYpHI Ha BCEH ee
JUTMHE TIOCTOSIHHA, CKOPOCTh BOJHBI COBIIAJAaeT CO CKOPOCTHIO 3ByKa. TeopeTndyecku OleHeHHas! CKO-
POCTB BOITHBI B CTPYKTYpe Ka4eCTBEHHO COBIIaJIa C HKCIIEPUMEHTAIbHBIMH PE3YyIbTaTaMHu.

KittoueBsle ClioBa: KyIoHOSCKUe cmpyKmypbl, nosywka Tlayns, 36yKoevle 80JIHblL, CAMOBO30YiC-
oaioujuecst 60JIHbL.

BBenenune

Wnes 3axBara 4YacTHUIl BO3HUKIA B (U3MKE MOJIEKYJISPHBIX IIyYKOB U Macc-
cnexkTpoMeTpud. KBaspynonbHblii Macc-clieKTpoMeTp [1] MoXxkeT paccmaTpuBaThes Kak Iep-
BO€ MPAKTHYECKOE NMPUMEHEHHE 3JIEKTPOJIUHAMUYECKHX JIoByleK. IlepBas soBymika, pabo-
Talollas Ha MPHUHLUIE MTEPEMEHHBIX IEKTPUUECKUX MoJiel, Obuta onucana B 1955 roxny [1].
3axBaT 3apsOKCHHBIX YACTHUI[ B TAKOM THIIE JIOBYIIEK ObLT mpeacTtasieH B 1958 [1-4]. 3axsar
3apsDKEHHBIX YacTHIl B IMTOJAOOHOM THIIE JIOBYIIEK B HEMOJBM)KHOM ra3oBOW cpene Mpu HOp-
MaJIbHBIX YCIIOBUSAX OBLI M3y4eH B [5, 6]. MexxuacTuuHoe paccrosinne B KyJTOHOBCKUX CTPYK-
Typax B JInHeiHoi noByke [layns Obuto onpeneneno B [7, 8].

br110 00HapyKEeHO CyIIeCTBOBAaHWE HU3KOYACTOTHBIX KOJICOAHHMI U HeCTaOMILHOCTEH B
MBIJICBOM IJ1a3Me, KOTOpOE MPUBOIMIO K CaMOBO30YKIIEHHIO BOJHOBBIX mpoueccoB [9-13].
Ot 3PPexTsl pa3dyIuiIn HHTEpEC K TEOPETUYECKOMY H3YYEHHUIO BOJIHOBBIX IIPOLIECCOB B
MBLUIEBOH mazMe. B mporecce paboThl Haa JaHHOH 3amaueil HEOOXOAUMMO OBUIO PEIIHTh PSijI
po0JeM, TaKUX KakK MPaBWIBHBIA y4eT YIPYIMX U HEyNpyrux CTONKHOBeHHH. [lonbiTku co-
3/1aTh KMHETUYECKYI0 TeOpuio Obutu mpeanpuHsatel B [14, 15]. OnHako Ha TEKyIIMid MOMEHT
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HE CYIICCTBYET KOHCYHOTO pelIcHHs TaHHOW 3amaunr. CaMOBO30YKICHHE HHU3KOYACTOTHBIX
KOJIeOaHUH OBLIO M3YYCHO B CTPATE MOJOKHUTEIBHOTO CTOJIOA TICIOIIETO pa3psiaa MOCTOSIHHO-
ro Toka [9, 16].

B nmanHO# paboTe mpeacTaBICHbI SKCIIEPUMEHTAILHBIC U TEOPETUYCCKHE UCCIICIOBAHUS
BOJIHOBBIX IMPOLCCCOB B CTPYKTYPC 3aPAKCHHBIX YaCTHL, YACPKUBACMBIX B JIOBYIIIKC Haynsl.

Cxema 3kcnepuMeHTa

CxeMa 3KCIEepHMMEHTAIbHOW YCTAaHOBKM NpeZCTaBiIeHa Ha pUCyHKe 1. YcTaHOBKa co-
CTOsJIa U3 JIByX OCHOBHBIX MOJYJEH, PAacIONOKEHHBIX B ra30BoM TpakTe. Moaynbs ans ¢op-
MHUPOBaHMS KOPOHHOTO pa3psijia, MpeHA3HAYCHHBIN JJIs 3aps/IKA YaCTHILl, U MOJYJb JIOBYIIKH
[Tayns [17], rae mpoMCXOAMII MPOIECC 3aXBaTa 3apsHKEHHBIX YacTHIl, (GOPMUPOBAHHE KyJIO-
HOBCKOHM CTPYKTYpbI U BO30Yy>KJIeHHE BOJIHOBOrO rnpouecca. JloBymka [layns cocrosina u3 ye-
ThIpeX LWIUHAPUYECKUX MEeKTpoaoB (1 u 2 Ha puc. 1) paguycamu R; = 1,5 MM u JyirHaMu
Lyn=30 cm. Ha anexTpossl 1 1 2 T0BYIIKH [T0JIaBaIOCh NepeMeHHoe Hanpsbkenue Uy,sin(w?) u
Uysin(wt + 1), Uy, = 10 kB, f=2nw = 50 I'. Y 0AHOTO 13 TOPIIOB JOBYIIKH OB YCTAaHOBIICH
KOJIBLIEBOW 3JIEKTPOA 3, Ha KOTOPBIA MOAABAJICS MOCTOSHHBIN MOJIOKUTENBHBINA MOTEHIINA
AU=1 kB.

Monynas KOpoHHOTo paspsiza (4 Ha pucyHKe 1) cocTosl M3 TpeX peleToK, pacroio-
JKEHHBIX Tonepek ra3oBoro tpakra [18]. KpaiiHue pemieTku coctosiu u3 6 3a3eMJIEHHBIX
3NEKTPOJOB ¢ paauycamu 1,5 mm. LleHTpanbHas pemieTka cocTosyia U3 5 BOJIB(PAMOBBIX
MeKTpo10B nuameTpom 70 MkMm. Ha Bosb)pamMoBbIe 37IEKTPOIBI TOIaBAJICS TTOCTOSIHHBIN 110~
JOXUTENbHBIM MoTeHMan 15 kB Tak, 4To cpeqHsst HANpPsYKEHHOCTb 3JIEKTPUUYECKOTO MO
cocrasisiia 10,5 kB/cm.

B skcnepruMeHTe MCIOIB30BaJICS MOPOLIOK YacTULl okcuaa amoMuHus Al,Os mioTHo-
CTBIO pp = 3990 KI/M® 1 CO CPEHHM AMAMETPOM YACTHI[ 2 MKM. HeHTpasnbHbIe YacTHI(bI
(5, puc. 1) MHXEKTHPOBAIUCH B MO/YJIb KOPOHHOTO pa3psijia, I7ie YaCTULbl TPUOOpETaIn T0-
JOKUTENbHBIN 3apsia. [locne dyero 3apsokeHHbIE YacTUllbl (6 Ha puc. 1) ocaxmanuch moa aAe-
CTBUEM CUJIBI TSDKECTH B JIOBYIIKY, T/ie Mpoucxoaun ux 3axsar (7 Ha puc. 1) [18]. [TocTosH-
HOE MOJIOKHUTEIBHOE 3JIEKTPUUECKOE I10JI€ KOJIBIEBOTO 3JIEKTPO/Ia MPEMITCTBOBAIO CTOKY Ya-
CTHIl B 00JIaCTh KOMMYTALIMU 3JIEKTPOAOB C CHJIOBBIMU HOJBOJAIIMMU IpoBojaamu. [pyroii
TOpELl JIOBYIIKH ObUT OTKPBIT, U TaM 3a CUET HEOJHOPOJHOCTH M IEPEMEHHOr0 XapakTepa
JJIEKTPUUYECKOTO TOJIi Ha 4YacTHULbl JeHCTByeT mnocTosiHHas cuia ['anmoHoBa—Muniepa,
HalpaBJieHHas K UEHTPY JOBYLIKH [19] u ynep:kuBaroiasi 4aCTUIIbI BHYTPH JIOBYILIKH.

BoJsiHOBOII nponece B KYJJOHOBCKOM CTPYKTYpe

3a cueT HAKa4YKU SHEPTUU B CTPYKTYPYy NEPEMEHHBIM 3JCKTPUUECKUM IOJIEM U Jei-
CTBUS TIOCTOSIHHOW CHJIBI Y TOPIIOB JIOBYIIKH B CTPYKTYpPE MPOUCXOIUIO CAaMOBO30YKIECHUE
BOJIHOBOTO TIpoliecca, MpeAcTaBlIeHHoro Ha puc. 2. Ha puc. 2a BoiHa qBUTanack oT cBoOO-
HOT'O KOHIIA JIOBYIIIKH K KOJBIIEBOMY AJIEKTPOAY. JJ0X0/Is TO A0 KOJBIEBOTO AJIEKTPOIA, TO JI0
TOPLIOB JIOBYIIIKH, BOJIHA OTpa)kajach U JBUTANach B OOpaTHOM HaIpPaBJICHUU C TOH K€ CKO-
poctbro. CkopocTh BOJHBI cocTaBsia 5,3+0,1 cm/c. benbie ropu3oHTaNbHBIE JIMHUN COOTBET-
CTBYIOT BHYTPEHHHUM MOBEPXHOCTSAM 3JIEKTPOIOB.
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Puc. 2. YenunenHast BoJIHa B CTPYKTYp€ 3apsKEHHBIX YaCTHII, yAEPKUBAEMbIX B JIMHEHHOU J10-
Bymike Ilayns. BomHa aBuraercst cieBa HampaBo IOCHE OTPaKEHHUS OT IMOTEHLMAIBHOTO Oapbepa
KOJIBIIEBOT'O AJIEKTPOAa

Teopernyeckasi OeHKAa CKOPOCTH BOJIHBI

Pacyet ckopoCTH BOJHBI B CTPYKTYpE OCIOXKHSIETCSI HEOOXOIUMOCThIO YdeTa HEpPaBHO-
MEPHOCTHU IJIOTHOCTH CTPYKTYpPBI, KyJIOHOBCKOTO MEXKYACTUYHOTO B3aUMOJEHCTBUS, JUCCH-
MalUY YHEPTUU TPH BSI3KOM TPEHUM MHUKPOYACTHUIl O cpeny. [loaTomy mis pacuera ckopoctu
BOJTHBI OBUTH MPUHSATHI CIACAYIONINE TOMYIIEHHS, KOTOPhIE TIO3BOJISIOT C/eNIaTh KaueCTBEHHBIC
OLICHKH: KYJIOHOBCKAsi CTPYKTypa pacCMaTpUBaeTCsl B MPUOIMKEHUH CILTOIIHON Cpefibl, CHUIIbI
BSI3KOT'O TPEHHUS B pacueTax HE YUUTBHIBAIOTCS, INIOTHOCTh CTPYKTYpPbl HA BCEH €€ JIJIMHE TO-
CTOSIHHA, CKOPOCTbh BOJIHBI COBIIAJIA€T CO CKOPOCTHIO 3BYKA.

1
[Tpu 3amaHHBIX JOMYIIEHUAX CKOPOCTh BOJHBI ONHUCHIBACTCS ypaBHEHUEM V= |— ,

Bp
1dv

rae f=————, V, Pu p — o0beMm, 1aBIeHUE U IIIOTHOCTh CTPYKTYpPHL. 1 o1ieHKH d—V ac
T P ) PYKTYPBI. AP p

CMOTPHM JIBa CIIOS 3apsHKeHHBIX yacTHIl (puc. 3). [lycTs miommane ciaos S U paccTosTHUE MEX-
ny crosimu L (V' = LS). Cmemenue ciiost Ha Ax maeT u3MeHenue oorema Ha dV. B mpubmmke-
HUHM OJIHOCTOPOHHETO CXKATHs CTPYKTYPhl M3MECHEHHE JaBIICHHSI MOKET OBITh OIMCAHO ypaB-

HCHHUEM.
2

2
dpzdizl k.qz[N} —k-q* N ,
AN 2L 2(L - Ax)

rae N — KOIM4ecTBO 4acTull B 2-X closx (p = Nmy/LS).
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Puc. 3. Cxema qByX CIIOEB YaCTHUIL

ITpu Ax << L cxxumaemMocTb uMeeT BUa [ = U CKOPOCTb 3BYyKa:

kq>Sp*

v=\/I= kapS (M)
Bp 2m,

3apsj 4acTUIl IIOCNIE MPOXOKICHUA MOMYJII KOPOHHOTO Pa3psia COCTaBII ¢Gp ~ 10* e
[20]. CtpykTypa umena GopMy LUIMHAPA C IJIOMAbI0 ClIos S = 21, rae r — paauyc LWINH-
npa (nuametp nmiauHapa coctasisier 6,0+0,1 mm, puc. 2 6). Ckopocth BosHBI coryiacHo (1)
coctaBuna 5,6 + 0,2 cM/c, YTO KaYECTBEHHO COBMAAAET CO CKOPOCTHIO BOJIHBI, TIOTYUYEHHOU B
IKCIIEPUMEHTE.

BriBoa
DKCIepUMEHTaIBHO OBLII0 O0HAPYKEHO (POpMUPOBAHUE BOJHBI B CTPYKTYpE 3apsiKCH-
HBIX YaCTHII, 3aXBaYCHHOH B JIMHENHOU noBylIKe [layns. belna onpeneneHa CKOpOCTh BOJIHBI
B CTPYKTYyp€, KOTOpas COBIIaja ¢ TEOPETHUYECKU OLIEHEHHOW CKOPOCTBIO 3BYKa B CTPYKTypE B
NpUOJIMKEHUH CIIJIOUTHOM CpeJibl.
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Solitary wave pulse in structure of charged microparticles
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The paper presents the experimental and theoretical study on wave processes in the structures of
charged microparticles without Debye screening. For experimental study the setup that contained a
module for particle charging and a module for particle capturing was assembled. In experiments the
aluminum oxide particles were used. They were injected into the module for particle charging where
under the influence of gravity they passed through the corona discharge region getting positive charge.
Thereafter, the particles were deposited into the trap Paul, where they were captured and formed the
Coulomb structures of elongated shape. To prevent particle flowing out from the ends of the trap at
one end the ring electrode was installed at which constant electric potential was applied. At another
end (free end) of the trap particles were held by effective force, the so-called Gaponova-Miller force,
arising as a result of the electric field alterations. At this free end self-excitation of the solitary wave
took place, the wave moved along the structure without any decay. When approaching the end of the
trap with ring electrode of free end the wave reflected and moved in the opposite direction at the same
speed. Wave velocity has been experimentally determined. Besides, the wave speed was theoretically
estimated under next assumptions: the coulomb structure was considered as a continuous medium, vis-
cous forces were not included in the calculation, the density of the structure over its entire length was
constant and wave velocity coincided with the speed of sound. Theoretically estimated wave velocity
qualitatively coincided with the experimental results.

Keywords: coulomb structures, Paul trap, sound wave, self-excitation wave.
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