. Study on the Similarity of Gas Discharges at Low Pressure

AR iR

TSINGHUA UNIVERSITY PRESS



FEXZRFELRMCAS

R R

b x



mEE T

AR A DL B 00 S T AR R A R /N R R B T I R X
] Rt 45 A e, 5 0 4 35 0 L R e e T . A o SO A 5 6 B O L BB AL A

g o

o XA T A B AR AL A ) S A S ] R B AT T BF 5T

A% 30T A 8 S B 5 R AL R SC SR I B S B S % .

WAL &

AT, B EIE. 010-62782989 13701121933

B H &R 4% B (CIP) # 1

(B AU T A MR i AR P B 5 /A P 3. — Bt - T 4R K2 RAE . 2018
(R RFEMT LR ST
ISBN 978-7-302-45243-0

L. ®

e M. Off- M. O—=85 N. QO461

i [ fR A B 454 CIP 3048 4% 5 (2016) % 244059 &

REHE

HERIt:
RERR:
FAEENH

H AR AT -

ftFCH B3
r

BB
5%
A T 1
/A

T AR 2 AL

7] ik : http://www. tup. com. cn, http://www. wgbook. com
M db. JEEERERFEEIRE A % BB 4R 100084
B #l. 010-62770175 BF M. 010-62786544
BEEIEERSE: 010-62776969, c-service@ tup. tsinghua. edu. cn
BB R 010-62772015, zhiliang@ tup. tsinghua. edu. cn

s =TT RN 5 A R R

s A E R A S

: 155mm X 235mm N %%. 9 £ . 148 TF

: 2018 4F 6 H 5/ 1 b ED M. 2018 4F 6 H 551 WENR
: 89.00 JG

7 i G

071008-01



—RELTERE
BER—RAZATEFNTERLAEF)"

AABFRRAEFUREAES. RAZFE - RAALHER, A 48K
AR -—AA¥. ARBEREFR - RAAREENERH . Z-—HAFH
RE . ARATERNELEFFE. BEARFARETHATHNRFER KA
- AFAFREFOBRE REF-—NERXRNWALERATF. HELF
FAEAERIE L RE RUAALFRERRALZEFNH L L HRE
FH L AHERAE L AERAE.

FABHRHNEFREE LT ERTNRE

FARHEAFHHNERURP L RFHEFABREFAFE S
PRFENEREN. AEFFFRFHBER, KRBRT —FAFHFANE
M AHBEORZPAAFAGEAORF. BLARTFERFALITER
FAMAEREETEFREHNIER.

FEL T - BEX-—KEBRMEN FARERAE L, vk
RERXRFVHX. RENH L —ALRT 2000 FFMHRE o, 2 —
FEA. BITEREARREXBHEE FEFL AL RMEF AFER
FENRR. AREFXANBA(REIOFFTHE “HH, BE S5 L4, 8
TRAEER AMNBHFEFBEXARELNETAARIEL. BEHEHR
—FHEMRFFAEAT R2HL. RWEREMARTTLH —MASIES.
Ly REMKAFEFR L AT FRRKTUEHEFREAFFHI
P EXRFREOAE L EAFETHE¥RRFOETFALFAFRT
THXRIREARAHAANE. A REFAam AEHFER., TFHELY
BRAIGESEARBLEARK TN AR, LM EX A BRI ANEEZRTFE B
EAlEFMREANARERFEHNERZE LR,

O AXHEATOLWHEM, 2017412 H5H,



1 RRETSEMEBEBMEFRFR

MEEFIMEARERFAKAREZNNE, AL ATFEELE
WERNE FREANNERFRE A BALRAXRFARX EEEFRFH R
MERXEREXRT,EAN AN FERESN. EEBENR. ML LEERFF
AEBEHFANRERANESZP EFLEEBELELMBER, B+
EERFQWAEAMATRABR . ZFHF . RELHR NABEHIS, £X
HHBAREYBLNAFERRAH FAERBEHN TR AL £ 1K
WEABVEXEE MM L& AWK RBAARE.

mEEMMANRLERELEREENRR

MEtAEFERAERZEM . EHEBRE . FERA HAWEF EE
W B R Bk A M A Kt R

FRAENEA BEFERHAH. BLEEIFRFLNESL D
B ZEaxXxTERpal, ROBRRxFR IO E. R AR IER.EER
BEAAEMARR. 192946 A3 . EXEAFEFK T EE £
Ho_AEZR EERENAALARCALNEH EXBEBTERX
RERAR, AAEFER OB ARELRT THE L PEFH.“54
ZER RAMTAE: REZ ¥R RARTT AL HwH, 8 &
ZRB.FTFRGEREMEAR = ATAL"ZEH T —LEFHFOR
BiEH. PEFANEFR XEFRXAGZERHANERAZLR . EFHZ
R —RLF"OREREEFSTR BT RO LN LB . HEHE
AHWEmE. AN GU BIZEH A BERA"REXRE T, FH 4
HH M FERRR.

ENRYEZREBEAIRTAECE 20 L B0 FRUXMEFAY
MIKFERARN O S L FEYE FERY “BABRZRFZIHEER
EXWER AL ETRBAFRNOA - EA B A 658 # k2 05 LA
BT RN BRI RENA R, FAR L0 0HEEFE R,
bEmBHRPEE, HLAERIRANRTENSH, . ERARETHX,
B T Bk 8 55 AT A 09 AR 2 B

HAMELE - R BBEFEAN B A0 BE 7R, EHHM
HERENATTHRACT R THENR. HAEBEHNKZ EEBA
ARFEZFEFANHI . CRRNERLEER T AFEN - ERF
B, 2001 £, XEFAEELLTFRT —H"FAEE - £ HF G Hit
M HA L ERFRAAF HRAATHEARE. ZREHE . AXEH



—RBLTEZBFRI-ARFATEFNESE(RALRF) Il

R BEHRFAGKFMRATRENRAEEFE T REATH B E R
FEARG MAEEENERLAERNE L AEFTE AR 2.
HATHLATE HAREBEN SR E N DT ESRE T, AT #&
BEERBEFANBE KRAFEZRER ERF LN & o F &
N HERFEWVBFLARFEARE  BFLEEETRFLFHAREA
ER¥MANFRAAMEEELFZAR G E, RFHLESEEEHT 21
B EEHEITAENAREICERRIMERURERABES 5 2T,
R RS EEE « B3 (Barry Sharpless) & 2013 4 11 F & i
s gt E R TR EFEANREEHORZRZ, EEZTER
AR REFENFELHTRE FRAENEHF ERANETARARE
BERERTEHANFLFEANRBT IR B LARE ZEEIHBH TR
fofeh . HAMARBEERN - EREAFAAHEEBE A—FF
WM AR B TR, ZEEEN T E AR\ AR B E
AsbHELFHNBELEF LG "XAL TN IARAGE N EFAARYN
HEemEs.

REEIEEFREABRTHRLAMMNELEHEER

— AT AR T EH AWK TES, FEMRLTENETRR,
EHHEELAE LB L ARTNENT T F.

EH L AE#BTE S RBERL L2 RIR . MEEMNEFHEALS AN
WHEBH. pRENEREZ EXRZBIAUFHAEXR. T 0T
SRBFLENFRBR. FEXFAEZRA S F XN AT EWEA L, T 2016
ERBLTETRLTABE T H-FRHA NAERNERL X2 KB RHE
TAEHRBRAEHFAUAFERS T LERBRAUR FLTFTRE R FFE
AWHER. (EEAZ G IR-FHHLHAEZ)VABT S MM RES
BT RELORAFRA . AHAETTAENREREFEK,

EHTARFHAMARAAT T ARLASFE.ZEFEHMHER
FEARBH AL BN, BLERARENRAXBETHF.EULE
5 ERFNBME AW ARTF R, HEAFN 2009 FFHREHR
WEAERHFERTREALEMAFELZR AHRFR—H 2% %8 #
BHEAM LA, AFRFREBHAFTASHERELR T HHRH
HEAVBEHERTUR LB SR LA L EAANREFINFTFERTRERR
FMEFFE, FEMIRIE GERKK.



I\ REETSEHSEMERR

ERAM L AR KT A EF N EHFRAHN AR, T EHAKEH
WTPE, BEHXARBAM T EF AU AN EERE M LAERS
RAEXXFHARFRAF LN S . FEKET 2014 F46] 4 T “H
R FE BENTURLHEFEMHRAAFARATER. FRFAKME. 3
FR HMEAESERERHY £712000 %37, %5 5 + 4 & 38000 % A
Ko “BAR"R#TFARAFHAFLEZANEREE, HFRXTRFNHEAR
A, BET2002£4 A TH LT ERE  WZHRAFECAL, FARERE
5, A AREHEESE AT 500 . HFET 18000 £33 KR &, WL #
AT WA TS HEHK . FHIB . AAXANER. FRARLHEL
AR R —RAETFERREGAERAR HL 0N L HBITFE
Fi. HET2201FRITARFERELAETE HMFLAANLEFEX
FARBRAEF ELRAERTHERARTER A LM,

EREFEAFETE R B —F THFRHAB N Z ST *
FRAR. KA FARLEZETFER LI RXATFLERAE S AN
HoURERELSHFRE., HRAEN 2015 FHALEFALXHTFFRRA
BRAELFAFELZRS . ¥ AR XA B FAFF AR EIELLEF M
AERLHTEX RFAERACATRFMERER T, A THER BN
FWERAE,

AHRBASEREI)RER MR —FAFHES, B LARFRE
WRARAFAFRERANEERZ. RNEFEEN . LA EHR L
AHTH RS AR ER . ERER . FTARMIARG RERFE, T
Wis —RAFWAAEFAAFTFNEE.

2 3
R FRK
20174 12 A5 H



MBF=

UEARBAAEFRAEINBLER T AAFREFAABRES N
BEAFRUAFAANELE , REXREBSNEZARB 2 RIFEKE
AAXBFRHEFTZE,

EHERBEIFARERNER . FEAFE 20 #4280 FRAWF 4,
RERXRFHLFE LEBRAERER . FHRAMLARTLE. ATHR
BETR T ERKNFARE, ER-—FTAFAHHERRENERAE, —
FAAARDEFRERUAFRE. RRESFBT-RIABLAEBERLA
EofTBeTE . HHELEBCER ARAF RAB L LNERNE,
BREFHARER A FAHRAB L EEFTE.

BEERRAWBINFRFRFAEANE BREFK, REKE, Al
ERFHHESFTHEALXART RN  ABRAAERFHNFAERR . BREA
XA R AHERFUFEAR. XERFR I FALR XA S . FRE
ABELAFRTENBRRNOEA . LRRBE L EZREHE AT A
AW &AL,

REAFNE-—RBRXH R ERFLEF T ENRAGFR L FM
WX, AT EMOIF B F T E BB S B ST
FERFEBRARFH L FMAXECH205F, FRHRUNKFELFM
BXRXTERREFHRRF AR I EMRXNAT. ATHBRF N
TEMRXRR ERHU B EFAXR ARG FAAR REBTEARRER
Bk EEAFFTFRERERERFHRECFHREILAEFNE L FM

RMEEAFHRE . BOMAFMEERBL L BHNT R EHK
BR FXEE IR XUEFFTAEALBREL TN RETXERHORF
FFRRRERES ZHEE. HEAELR S0 WK Y E A& 48 KK
BRXXPBNEETFRAEFHFARRBAGENGSF, A X FRFAAH
REFMEFHFARRNECRERRGBIER.



Vi REETSEHRBEMERR

Rt A E# 0% FA1, X 005 oy &+ 2600 50, A2 A5 5 2|k
X BAFGHHHECHES., RBREFNFLFEERRRRT —RAARS
WHRERR BT —ARFEFH HURRTHENERTAR. BB 2T
MABRRXECRE F&,. W oE4 EHHMEMRLX.

Rt Aot E 1. MR 0¥ AR R, # P& F 0 B AR A o
W EENERBARS TEFAFR RO ERAM LT HHE. M AFHH
REOHMA, AR X AT THRN B R B EIARERFH . ATEMDN
R, EARARMT K,

REAFBEFRERSFR AR XN LERARLERZEAELNRARE
SEXREARS H2RXREM FXFLAFEHTFRARN, £ R X
ENWEFRNERAXHF. HEXBEREXNT TAEERWUFE
EHHLSFRERBGR DT HRRR SR L LN KA XFFTAEME
W AH

MEAFHEEN EEXNFFAAEEAFRNRATNER KRG E
BLERHFA,BHAR! ERFERXR EREMEBAXNEL FFUH
A 3 o ik HT B K B 5l A .

tafE B — AL A WX — A KF A FE R, £ RECER AR
REZFFRZENFAN, BERHLTFELNRFERER P ERERS

MEEEMETE %,
14

FRRXFHAERRK
201841 A5 H



FHFE

AERBRENFRCLEREI0F5T . RAEELN—HRERNELELN
R EHNFREEXREAANLE MG FRUREETRFNEA. K
BEREHFFENEBETRTAAARNERRF(RTF . EF LT . HAAS
HF AFEAE) XERARNCARAELHAEERFERBRALES
FHREEMEA. MERKBEKELFETRNANZL R ANAHTET #
FUBARESBIMREARG K EFE MEEN LB RSB AEAN K
EERTTHRN., Wi, AERLENENTRRZE—NRED &,

RtR e A MERR T HEA LA RAUERET B o <R
B LAEARKR)ZWERELAHT . XANMCRFHKERAMUN., XH
MHRESKRFTESBOREHBER. TEARNEDESE(WR T
T ERER RTFTERPERE)OEREHRAXR, SEAe AUt
FRAEAAEEWNERARXPEANE. L. FARAFHARETL N B
AE AN T URE BREREHT AREFRETHLEERN Y
B, HR EFAELEBARERAENRE KB B F Mo, 7T LA A
REGZEES TEXRNHAUALARJTER BARXGHLIRERSI#
A BAREREIRELR.

AMLRXHFAREFR#—FTRERAETRRAENEAMUE, K
REAARLEAXCRAREFIELRLENEA MR B AR LR XL
ABARTLAEARSROEFEEANMERBE AR AN, XELEX
BENZECAFUARCE: OFRAATIFAPRARN & F & E 7T U
ZARAU=fpd, d/r) NBC¥ LA T Fk kR o S Aok b A8 0
DA U=f(pd, E/p) RENth A F LM E#E U, =f(pd) R R #
REREHGRFFH—ANEH. B, ZREAXEMB Y RE 17



Vi REETSEREBAEBIERR

FRARGEN TG F. QRAMIE R THE X HOH 04N HRRXF
ETLAROARK e ARGERAMNTHEUKLR S, HE LR K, &

e BRPE _XERUARE (P TEERMIREU ST KL H
(/8

£ A
AEXFONIREEALFRRA
2016 4F 12 A



m B

Ak AR BB MR AR DR B F R P8R W
AR ARASTFRARTAAKEB N R ALY TN . AAE
ENERAENAME. ARXBLELRFHR HEEUFERL S H. KR
ETAGKEHMENELHX AT THR.ZEIEOT.

RIT-ERAER KL L L FE . MREZTE 10 °Pa, RET M
B R ABRAE AEEN B R AERIH AL, Rit T AR
B LMAEANKE SR EEATURA TRATENENTH bR,

EFRARKEIERFIBEr MREEFRRNEREAHT . AL
AAEAReG oA 5K d/r EAYT #E5Kd/R, KK ET A d
BABARHATTREATR REEFAANZRESFRIANMIRE &
BAEHNEIERE. FRATRAETHAGBERN“IX"ALR. LHRFKHE
HHEERARXA - ARKEHFAERRFEZAE LT F WA EEEKS
ERFAXRXAR X ZHARBKEEF A B URETRAELE R LK o=
fCE/p)REHN,

AR SR B R A, 3 = AR R ALY CF AT AR AR D
JLTHAMARAELREH#TTHREFTE. XL TRARFA—KEHEE
(R 2 RFER . BFTEABZIANRAXR.EREXA - LRAAN
LA MK RE L RBEEANFE podi=pod, B2 BN MUK R B E
R EAME,

BARIAN A BELA D EREY P - F A FLE(p
RRALHE BRYTEBUSNE X FRBAE .5 - FR-ELET L
W, EHAANMEELRT TRSELRETIUAHEM KR o E LB d
BEGEER FRT AR ELKEMUEH P,

ERARTARMEHY(FAFR B-BOHLTHUIRFPEIEEK
B AN, T FAPREBR, 20T % R & REXRZ M
Y HET ILMAMK R AR AR BT N REEE A AR R



X REETSEBBEMETR

METEFFREELKELY R AT E, LT FAAMAELKERETIM
HUAME R EEE. X THE-RERFRT AR RMETIUAAHELIR
KON, 2T T REREBLEF R R AU P H,
EFAFRART AN EFREZBRA M TRIERF &K R AR
BRRGKEFRTEOT HEEAHEUXRX pd.=fU/pH)NE .

XA MM M E R LT WA s &R



Abstract

Similarity theory of gas discharge mainly deals with the difficulties
encountered in research of ultra-large or ultra-small scale discharge;
meanwhile it helps designing and predicting discharge properties of gas-
discharge device of different size, which has a vital theoretical and
applicative value. In this paper, some problems related to the low-
pressure gas discharge similarities were given an in-depth exploitation,
based on experimental study, numerical simulation and theoretical
analysis. The main work includes:

A low-pressure gas discharge experimental apparatus was constructed, in
which the ultimate vacuum was up to 107’ Pa. The appropriate power
supply. gas inlet and outlet path, pressure measurement, electrical
diagnosis and gas-discharge imaging system were established.
Geometrically similar gas gaps in different configurations were designed,
as well as the insulation tube. A type of ring electrode was designed for
current density measurement.

In experimental conditions of different air-gap lengths d, electrode
radius r and discharge-tube radius R, the “segregation” phenomenon of
Paschen’s curves was studied, by changing the field distribution parameter
d/r and the transverse diffusion parameter d/R, respectively. It was
proposed that the difference in electric field distribution is the primary
reason incurring separation of Paschen’s curves in the two gaps. The
“intersection” phenomenon of Paschen’s curves at low pressure was
investigated. Both the experimental results and numerical simulation
indicate that, in different gaps whose length is the same but electrode
radius is significantly different, the Paschen’s curves would cross over at
low pressure. Occurrence of this phenomenon can be explained by the

Townsend's breakdown criterion and the divergence of electron impact-
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ionization coefficient a= f(E/p).

Glow discharge in gaps of three different configurations (parallel
plane, rod-plane and rod-tube) was studied adopting a two-dimensional
fluid model. In each configuration, the ratios between physical quantities
(electric potential, electric field, electron density, ion density, etc.) of
two geometrically similar gaps were compared. The results showed that
the glow discharges in the two gaps are similar, as long as the scale-down
factor is relatively small and the reduced length relation meets the
condition p,d, = p,d,.

Two different physical models of glow discharge were established.
The forbidden processes, i. e. stepwise ionization, inelastic collision of
second kind (except Penning ionization), were included in one model,
whereas excluded in the other. The influence of forbidden processes on
similarity law of glow discharge was discussed, by comparing simulation
results in gaps with different scale-down factors.

Experimental research on similarity of glow discharge was carried out
in geometrically similar gaps of different configurations (parallel plane,
rod-plane). In the parallel plane gap, the effect of scale-down factor and
gas pressure on the voltage-ampere (VA) characteristic was analyzed, and
the pressure range where the same VA characteristic holds in geometrically
similar gaps was confirmed. The current densities of normal and abnormal
glow discharge were measured by using the dedicatedly designed ring
electrodes, and the current densities of glow discharge in geometrically
similar gaps were compared. For the rod-plane gap, the similarity of glow
discharge in different polarities was investigated, and the influence of
insulation shielding (on upper rod electrode) on similar discharge was
surveyed. As for the parallel-plane gap, by measuring the cathode fall
thickness of low-pressure abnormal glow discharge under different
experimental conditions, the influence of transverse diffusion of charged

particles on the similarity relation pd.= f (J/p*) was inspected.

Key words: Similar discharge; Similarity law; Geometrically similar

gaps; Paschen’s curve; Glow discharge
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