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Hureptjlepeuuaouubre a<fl<j>eKTbi n nepexo!liiOM H3nyqenuu B6mr3H 

nopora H3ny'leHHH BaBrmona-LJepeHKOBa. V 

B pa6ore nonpo6uo npoauamr3HpOBaHbi cBoilcrna nepexonnm'O u3nyqe

HHH, B03HHKBIOIUel'O npH nepeCe'leHI!H 3BpHlKellHOii 'IBCTHUeii rpalll!Ubl B8-

KYYM-Dp03p8'1Hb!H nuaneKrpKK, 'ITO no3nonuno BbiHBHTb IIHTep~lepeHUHOHHhle 
9<j>4>eKTbl Me>l<!ly nepCXOilHblM II 'lepeHKOBCKHM H3lly'lelli!SIMII B 'IIICTOM BH!le. 

BbmnneH ueo6LI'IIlblil Bllll yrnoBoro pacnpe.neneHHH KBaHTOB nepexoll!IOro 

a3ny'leHu H ( pacnpeaeneuue c M unu MY MOM), B03HuKaromero B6nu3H nopora 

K3lly'leHHH BaBnnona-LJepenKona 11 uanpaBnennoro B npo3pa'lnyro cpcny. 

Xon nonnoi\ IIHTeHCIIBHOCTH nH BcnenCTBHe ll8llii'IIISI MHHIIMYMOB B yrnOBb!X 

paCIIpellelleHHSIX KB8HTOB n11 IIMCeT TBKlKe OC06GilllOCTb B llOIIOporOBOii o6-

llBCTH (nOllHBSI HHTCIICHBHOCTb yMellbWaeTCSI C pOCTOM y ). 00K838110, 'ITO 

9TOT 9<j>tjleKT MOlKCT 6b!Tb 06'bSICIICII TOllbKO C llpHBllG'IeHHeM H3liY'IellHSI OT 

3apH.na-K3o6pall<eHHH. CyMMapnoe nepexoanoe H3ny'lei!He, •Hcnymennoa B cpe

ne 'IBCTI!UCH C {1 > 0-l. eCTb pe3yl!bTaT HHTep<j>epCHUHII TpeX BHI10B <I3ny'le

HRil: nepeXOilHOI'O OT '18CT11Ubl, rn6p111lll01'0 OT '18CTHUbl H nepeXOilllOI'O 

(ra6pHilHOI'O) OT 'IBCTIIUbl-11306p&>l<eHKSI. 

npenpHHT 061>ellKHeHHOI'O HHCTHTyTa ll!lapHblX HCCflallOB8HI!li, fiy6na 1978 

Zrelov V.P., Ru~i~ka J. P2 - 11963 

Interference Effects in Transition Radiation Near 
the Threshold of Vavilov-Chercnkov Radiation. V 

The properties of transition radiation (TR) originating in 
charged particle crossing the vacuum-transparent dielectdc bounda
ry has been analysed in detuil. This made it possible to observe 
the interference effect between the transition and Cherenkov radia
tions in a pure form. An unusual kind of the quantum angular 
distribution of TR (a distribution with a minimum) arising near the 
threshold of Vavilov-Cherenkov radiation and directed to a transpa
rent medium has been observed. The shape of the tot."\l TR inten
sity due to the presence of minima in the angular distributions of 
TR has also a peculiarity in the prethreshold region (the total 
intensity is decreased with increasing y l It is shown that this 
effect can be explained only on studying the radiation from the 
charge-image. The summed TR emitted in a medium by n. particle 
with {J>n-1 is a result of U1e interference of three radiations: TR 
from a particle, HR from a particle and TR (hybrid) from a particle

image. 
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1. BBEJ{EHHE 

llpose.n.euuoe B pa6ore 111 * paccMorpeu&e csoiicrs 
nepexo.n.uoro H3ny'leHHJI, B03HH.KaiOIJ.(ero ua nnoci<oii rpau&
ue Mer ann (Ni) - .IJ.H3ne.KTPH.K (SiO 2 - nnasneuublii .KBapu), 
no.Ka3ano, 'ITO B npo3paquoii cpe.n.e csoiicrsa nepexo.n.uoro 
H3ny'leHHJI /npH c.KopocTJIX qacTHU f3 > n -l I HMeiOT r&6-
PH.IJ.Hblii xapa.Krep, o6ycnosneHHblii uano~eu&eM o6bi'IHoro 
nepexo.n.uoro H3ny'leHHJI H H3ny'leHHJI Bas&nosa-qepeu.Kosa. 
B roii ~e pa6ore 11/ 6blno o6pall(eHo BHHMaHHe ua cHnbHOe 
B3aHMOBnHJIHHe )l,H3ne.KTpH'IeC.KHX xapa.KTepHCTH.K rpaHH'Ia· 
ll(HX cpe)l, Ha CBOHCTBa nepeXO)l,HOrO H rH6pH)l.HOro H3ny'leHHH 
B HHX. 

,lJ,nJI TOrO, 'IT06bl BbiJIBHTb CBOHCTBa rH B 'IBCTOM BH)l,e, 
B HaCTOJIIJ.(eH pa6oTe 6blnH paCC'IHTaBbl xapa.KTepHCTB.KH 
.Ka.K nepexo.n.uoro H3nyqeuHJI /llH/, Ta.K H rH6p&.n.uoro &3-
ny'leHHJI ;rH/, B03HB.KaiOJ.UHX ua rpau&ue sa.KyyM - npo-
3pa'1Hblii )l.H3ne.KTpH.K. 

* llpe)l.bi.IJ.YIUHe paOOTbl H3 3TOH cepHH ony6nB.KOBaHbl B: 
I- Nucl. Instr. a1d Meth.,1969, 74, pp.6l-69. OHJIH, P2-4058, ,[J,y6ua, 

1968. II- Nucl. Instr. and Meth., 1975, 100, p. 513-525. 
OHJIH, 1> 1-7956, ,[J,y6ua, 1974. III - Nucl. Instr. and Meth., 
1978. 151, p.39&-403. OHJIH, P 1-10915, ,[J,y6ua, 1977. IV- OHJIH, 
P 1-11764, .Ilf68a, 1978. 
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II. HOPMAJI.bHOE IIA,[fEHHE qACTHr(bl 
HA FPAHHI.(Y BAKYYM- IIP03PAqHbiH 
,4H3JIEKTPHK I KBAPI(I 

1. H3Ay~eHue "enepe()" I e Keapt~el ()o nopoza 
eo3HUKHoeeHUR U3Ay~eHUR BaeuAoea-qepeHKoea 

YrnoBble pacnpe~eneHHJI nnoTHOCTH 3HeprHH H3ny'leHHJI 

MJI 'laCTHU.bl, ~BH>KyiiJ.eHCJI CO CKOpOCThiO {:3 H3 BaKyyMa 

(E l ~' 1) B KBapu. ({ 2 = E Si0
2 

) npH Ha6mo~eHHH H3lly'leHHJI 
B KBapu.e /T.e. "Bnepe~"/, pacc'IHTbiBanHcL no <llopMynaM, 

npHBe~eHHbiM B /2/ : 

3/4 d21 • e2 f3 2cos 2o <• 2- '1 l ., 2 2 
2 - __ z ___ z_l -----------1 x 

--- . 2 r--2- -
dndw rr

2
csm o. <•2v<•1-.2sin o.)i-•tli''2cosO.) 

/1/ 

(1-/3 vC·cosO -/3 2·• -13 £,~n 20 l·sin21J +{3fl J,-.cosoj(, -• ·Sin% l 
I 

y2 yz2z12 z zyz2 yl2 z2 
X j t 

[(1-f3 ,;-;-
2 

·cosO l2-f3 2,
2
cos2o ][1-/3 r;:;

2
cosO -fl v(,

1
_, sin21J)) y y z z y yz 2 z 

2.J. 224 2 2 
d I 2 e f3yf3 .cos o, cos a. 
dndcu = ,2.c.silf!Oz 

X /2/ 

( ) 3/4 
·2-·1 . '2 2 

xi I, 
(v'(< C' z8i~.)+Y• 2·cosOJ{( 1-f3yY' 2·costt,.J2-{3z2' 2cosil1 ][ 1-f3y•./<2cosOY -fl.v'(, c::finlbJJ 

r~e 

«l= sinl.ldOdrp; f3y=f3·sinY,; f3.=f3cosy,; cosO,=-siniJcos¢; 

cos01 = sinl.lsin¢; cosO.= coso. 

Ha puc. 1 noKa3aHbl yrnoBLie pacnpe~eneHHJI nepexo~-

1 
HOrO H3lly'leHHJI B KBapu.e ~llJI pa3llH'IHhiX y (y = -~~~~.::-::::) 

\} 1--{12 
HH>Ke nopora B03HHKHOBeHHJI H3ny'leHHJI BaBHnoBa- qepeHKO
Ba B KBapu.e (y ,_- 1,336). llpH Bhi'IHClleHHH yrnOBhiX pacnpe

~eneHHH, npHBe~eHHLIX Ha 3TOM pHCYHKe, ~H3neKTpH'IecKaJI 

4 

10-4 

d2 W; 
LogdD2d~ 

10-7 

1 o-s r 

~
. ~ 

"' "'\ 
f3 

~"' 4 

3 

1 

; I ,J I) I I I I i • 

oo 20° 40° 60° 80° 8 2 

Puc. 1. YzAoe&~e pacnpeOeAeHUR KeaHmoe nepexoOHozo u3-
Ay~eHUR e Keapt~e lm. e. ''enepe() "I OAR pa3AU~Hb1X y u 
zpaHUllbl eaKyyM- Keapf#. 1 - y , 1.01; 2 - y =- 1,1 ; 3 -
y=1.2;4- y-1.3. 

npOHHU.aeMOCTh r S O 3aDHCLIBanaCh B BH~e E s·o ~a-ib , 
2 2 1 2 2 

1
2 r~e a n (1 ~K ), b 2Kn . A 3aBHCHMOCTh noKa3aTenJI 

npenoMneHHJI KBapu.a (SiO 
2

) OT ~llHHhl BOllHbl HMena TaKOH 

>Ke BH~, KaK B npe~LI~yiiJ.eii pa6oTe i2/ 06palD.aeT Ha ce6Jl 

BHHMaHHe He06hi'IHbiH BH~ yrnOBhiX pacnpe~eneHHH llJ1 
npH y ~ 1,2 H y = 1,3, HMeiOIIJ.HX rny60KHe MHHHMYMhl 

B o6naCTH yrnOB (J '~ 33° H (J = 42° - 43° COOTBeTCTBeHHO, 

a TaK>Ke Heo6LI'IHbiH BH~ yrnoBbiX pacnpe~eneHHH npH 6o

nee HH3KHX y ( y ~ 1. 1, y - 1.01), qero He Ha6nro~anocL 
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pam.we npu pac<JeTax yrnoBLIX pacnpe,IJ,eJieHuii IIH B sa

KyyMe /eM., HanpuMep, pac<JeTLI yrnoBLIX pacnpe,IJ,eJieHuii 

IIH, ucny~eHHoro B Bll;KYYMe "snepe,IJ," u "HaJa.D." .D.JI.H rpa
HH~Ll BaKyyM - Ni I 1~3/ /. 

KaK BH,IJ,HO H3 <ilopMyJI /1/ H /2/, 3TH MHHHMYMLI /B CJiy

qae HopMaJILHoro na,IJ,eHHJI qacTH~LI, tjJ ,= 0 I MoryT BOJHu

KaTL TOJILKO llpH o6pa~eHHH B HYJIL 'lHCJIHTeJieH 3THX <ilop

MYJI, T .e. npu 

11 - ( {3 2-- {3 J;.-_--(--sin 2-;-~--- I = 0, 
2 2 min 

OTKy,IJ,a 

2 cos () . 
min 

= 1- _!_ + il:..- {3 
2
( 2 )

2 

{ 2 ___ {3_2 ___ • 
1'2 

/3/ 

/4/ 

3aBHCHMOCTL yrna nepeMe~eHH.H MHHHMyMa () . OT 
min 

y, onpe,IJ,eJI.HeMa.H I 4/, noKaJaHa Ha puc. 2. 
KaK llOKa3aHO HH)I(e, HaJIH'lHe MHHHMYMOB B yrJIOBLIX 

pacnpe,IJ,eJieHH.HX HMeeT MeCTO ,!J,JI.H H3Jiy'leHH.H He TOJILKO 

B Cpe,IJ,e, HO H B BaKyyMe, 'ITO CJie,IJ,yeT TaK)I(e H3 nepBOHa

qaJILHLIX <ilopMyJI ruH36ypra-~paHKa *, B 'lHCJIHTeJie KOTO-

PLIX CO,D,ep)I(HTCJI CK06Ka (1-{3 2+{3yn 2_ sin 2()), 06pa~aJO~a.HC.H 

B HYJIL npH {3 = { (fn-2~- si~20-~ fn-2·:~-:-~~~20). 
HaJIH'lHe OCTpLIX MHHHMYMOB B yrJIOBLIX pacnpe,IJ,eJie

HHJIX nepeXO,IJ,HOrO H3Jiy'leHHJI, lieCOMHeHHO, CBH,IJ,eTeJILCTBY" 

eT o6 HHTeP<llepeH~HOHHLIX 3~eKTax. KaK noKaJaHo B pa-

6oTe /1/, npu CKOpOCTJIX <JaCTH~ {3 ·, D - 1 HMeeT MeCTO 

HHTeP<llepeH~H.H HJJiy<JeHHH Basunosa- qepeHKoBa u nepe

XO,IJ,HOrO. B 3TOH CB.H3H B03HHKaeT BOnpoc: KaKHe BH,IJ,Ll 

H3JIY'leHHH HHTep<ilepupyJOT, eCJIH CKOpOCTL 'laCTH~Ll, nepe

ceKaJO~eH rpauu~y BaKyyM-KBap~, He npeBLiwaeT nopora 

BOJHHKHOBeHHJI HJny'leHHJI Basunosa- qepeHKosa (y = 1,336), 
T.e. eCJIH HMeeTCJI TOJILKO O,!J,HO nepeXO,IJ,HOe H3J1y<JeHHe? 

)J,JIJI TOrO, 'IT06Ll llOHJITL llpH'lHHY B03HHKHOBeHHJI BLIWe

npHBe,IJ,eHHLIX HHTeP<ilepeH~HOHHLIX 3~eKTOB, BOCllOJIL3yeM· 

CJI <ilopMyJiaMH nepeXO,lJ,HOrO H3J1y'leHHJI, BLIBe,lJ,eHHLIMH Ha 

*ruuJ6ypr B.JI. ~pauK H.M. JK3T~. 1946, 16, c.l. 
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Puc. 2. 3aeucUMOCIIIb yzAa nepeMeflleHU.R emin (y) jcnAow
HU.R KpU6U.R/ U 3Q6UCUMOC111b yzAa "ucnycKUHU.R •• U3Ay'leHU.R 
BaeuAoea- lJepeHKoea ()* 0111 cKopoc111u fJ* jnyHKIIIUpHa.R Kpu
ea.R/. C111peAKOU noKa3aH nopoz 'lepeHKoecKozo U3Ay'leHU.R. 

OCHOBe /TeOpHH H306pa)l(eHHH H npHBe,IJ,eHHLIMH B pa6o

TaXl 4-6 • 
HanpuMep, cornacuo pa6oTe ~paHKa /5/ cneKTpanL

uaJI llJIOTHOCTL 3HeprHH nepeXO,lJ,HOrO H3J1y'leHHJI B Tenec

HOM yrne dQ /B BaKyyMe/ ,IJ,aeTCJI BLlpa)l(eHHeM, CO,lJ,ep-

)l(a~HM TpH qneHa: 

d21 II e 2{32 . 2 
-- = --- SID () \a 
d{l dc.tl 471 c 1 

f II . 12 + a 2 r" - a 3-;-- , /5/ 

r.IJ;e () - yron Me)l(,lJ,y HanpasneHHeM HOpMaJIH H ucny~eH

HLIM KBaHTOM nepeXO,lJ,HOrO H3J1y'leHHJI, V - CKOpOCTL qac

TH:ULI, e - ee 3apJI,lJ,, C - CKOpOCTL CBeTa B BaKyyMe, 

r 
1 

H f - K03~H~HeHTLI ~peHeJIJI ,lJ,JIJI OTpa)l(eHHLIX H 
I II 

npenOMJieHHLIX BOJIH COOTBeTCTBeHHO, D - llOKa3aTeJ1L 
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npenoMneHHB cpe,D,bl, a 
1 

, a 
2 

, a 
3 

- HHTep!llepeHU.HOHHhie 
MHO:>KHTenH ,D,llJI H3lly'leHHJI B BaKyyMe, KOTOpble paBHbi: 

a 
1 

1 

1- (3 coso' 

1 
a = ---------

2 
1 + (3 cosO 

1 
a3 

1- (3 v n2-sin 20 

/6/ 

qneHbi, BXO,IJ,BIIJ.He B Bhipa:>KeHHe /5/, 06bl'IHO HHTep
npeTHpyffiTCJI cne.D.YIDIUHM o6pa3oM: a 1 ecTh aMnnu
Ty,D,a DOllJI 'laCTHU.bi, ,D,BH:>KYIUeHCJI B BaKyyMe H BHe3aDHO 
OCTaHOBHBIIIeHCJI Ha rpaHHU.e cpe,D,bl; a,, r , - aMDllHTy,D,a 
DOllJI 3lleKTpH'IeCKOro H306pa:>KeHHJI 'laCT~U.~, ,D,BH:>KYIIJ.eHCJI 
H3 rny6HHbi cpe,D,bl H ocTaHasnusaromeucB Ha rpaHuu.e 

f II 
cpe,D,a - BaKyyM; a ----- - aMnnHTy,D,a nonB 'laCTHU.hi, 

3 II 

Ha'laBUieH CBOe ,D,BH:>KeHHe OT rpaHHU.hl B TOT :>Ke MOMeHT 
speMeHH B rny6h cpe,D,bl. 

)J.nB uaiiiero cny'laB, T. e. npu paccMoTpeHHH nepexo,D,
uoro uJny'leHHB B cpe,D,e, !llopMyna /5/ npHHHMaeT BH.D.: 

2 II 2 2 2 
d I e (3 ·n . 201 , , , , f, I /7/ 

------ = ---:----- • Sin a +a .r 1:- a · 11 • n , 
dUdw 4rr2c 1 2 · 3 

r,D,e HHTep!llepeHU.HOHHble MHO:>KHTellH ,D,llJI H3lly'leHHJI B cpe
,D,e "snepe,D," a '

1 
, a~ , a '

3 
Bbipa:>KaroTcB cne.D.YIOIUHM o6-

pa3oM: 

8 

a ,1 
1 

1 ~ (3n cosO 

1 
a = ----------

2 1 + (3n cosO 

a' = 1 3 - ------ ---

1-(3y1-n 2sin 2o 

/8/ 

a K03$$HU.HeHTbi ~peHellB ,D,llJI H3lly'leHHJI, pacnpOCTpaHBID
IUerOCJI H3 cpe,D,bl B BaKyyM, paBHhl 

r' 
cosO-· n \/ 1- n 2sin 20 
-~----------------

cosO +- n v/ 1- n2 sin 20 

/9/ 

2n cosO 
f ' = -----------

cosO+ n v 1- n2 sin 2o 

HeTpy.D.HO noKaJaTh, 'ITO, no,D,cTaBnBB /8/ H /9/ B /7/, 
nony'IHM !llopMyny 

2 II 2 2 2 2 3 12 d I e (3 cos f) (n - 1)-n ' 2 
----- = ---------- 1------------------------1 X 

77 2c sin 20 . n 2 v' -1-=---.;- 2sin 2 e- t n cos 0 dQ dru 

xl 
( 1- (3 2n 2 -· (3 v' 1-·. n 2sin%)sin 

20 
----------------------------------------- I 2, /10/ 

(1-(3 2n 2cos
2
{))(1-f3v!1- n

2 
sin

2
0) 

KOTOpaB JIBllJieTCJI 'laCTHbiM cnyqaeM !llopMyllbi /1/ ,D,llJI 
~' ~ 0 u cosna,D,aeT c !llopMynou Tep- MuKaenBHa 17 /npu ( 1 oo 1. 

TaKHM o6pa3oM, ua ocHoBaHHH !llopMynhi /7 I cyMMapuoe 
nepexo,D,Hoe nJnyqeuue B cpe,D,e pa36usaeTcB Ha TPH qacTH 

, , , , f' C aMDllHTy,D,aMH a 1 , a 2 · r 
11 

H a 3· II · n, KOTOphie 
BJaHMHO HHTep!llepHpyroT, 'ITO H npHBO,D,HT K o6pa30BaHHffi 

MHHHMYMOB, DO,D,06HbiX npHBe,D,eHHhiM Ha pUC. J. 
3aBHCHMOCTH OT ,D,ellhHbiX COCTaBllJIIOIIJ.HX peanhHbiX 'laC

TeH aMllllHTY.D. , BXO,D,JIIIJ.HX llO,D, MO.D.Yllh B Bblpa:>KeHHe /5/, 
OT yrna Ha6nro,D,eHHH 0 ,D,llH y -~ 1,2 /CKOpOCTh 'laCTHU.hl 
HH:>Ke nopora B03HHKHOBeHHH uJny'leHHH Basunosa-qepeu
KOBa/ npe,ll,CTaBneHbi Ha pUC. 3, H3 KOTOpOrO BH,D,HO, 'ITO 
B yrnOBOH 3aBHCHMOCTH 'llleHa a 2 · r 11 · SinO HMeeTCH 
rny6oKHH MHHHMYM npu yrne 0 = 43°. B6nH3H yrnoB 0 .,., 30°H 
0 = 52° aMllllHTY.D.bi a1sinO H a 3 · f 11 · n· sinO TO'IHO paBHbi 
,D,pyr ,D,pyry /Ha pUC. 3 OHH nepeceKaffiTCH/, HO HMeffiT 
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10° 

o<;Sin~ 
~r,·Sin~ 

O(·n.f. Sin 9 
3 • 2 

10-1 

10-2 

10-3 

. //-\ 
I \ 

I. ' I I 
I I 
I I 
1 I 
I I 
I I I 

I 
I 
I 

-1 

\ / 
\ / 

)\ 
/ \ £,=1 
I ~'i 
I \ ~3 I I 
I \ 

2 

I 
I 
I 
I 
I 

1~ 
~.-.. -..-,,.-r-

• 20· 4o· so· eo· 82 
Puc. 3. YzAoea.re 3aeucuMocJtu oiiOeAbHbiX cocmaeAJIIOJIIUX 
peaAbHbiX 'lacmeu aMnAumyo o6111ezo ea.rpaJICeHUJI OAJI UHIIIeH
cueHocJtu IIH "enepeo" /eM. ea.rpaJICeHue /5.1/ OAJI cAy'laJI 
U3Ay'leHUJI 8 Si02 npu Y"' 1,2/. 1 - a tSin02 ; 
2- a

2
rpsin0

2
; 3- a 3 n~sin02 • 

pa3Hble JHaKH, 6naro.napJI 'leMy MHHHMYM qneHa a 
2

• r 
11

. sinO 
OT'IeTnHBO npoJIBnJieTCJI. Bee oco6eHHOCTH B noae.neHHH 

'IJleHa a 2 · r 11 ·Sin8 o6ycnoaneHbl CJIO:>KHOH 3aBHCHMOCTblO 

K03c)cllH:UHeHTa OTpa:>KeHHJI cl>peHeJIJI r II OT yrna 0. 
ConocTaaneHHe pacnpe.neneHHJI Ha puc. 3 H KpHBOH .nn• 

y = 1, 2, llpHBe)J.eHHOH Ha puc. 1, ll03BOJIJieT llOHJITb npH'IHHY 

06pa30BaHHB He06bl'IHOrO MHHHMyMa. 

10 

llpu y BbiWe nopora B03HHKHOBeHHB HJJiy'leHHB Baau

noaa- qepeHKoBa xapaKTep KPHBhlX, HJo6pa:>KeHHblX Ha puc. 3, 
CymeCTBeHHO H3MeHBeTCB H llpHo6peTaeT BH)J., npe)J.CTaB

neHHblH Ha puc. 4. CpaBHHBaB pucyHKU 3 H 4, MO:>KHO JaMe

THTb, 'ITO 3aBHCHMOCTb aMllJIHTY)J.bi nepeXO)J.HOrO H3Jiyqe

HHB a
1 

· sin8
2 

npeTepnena pa3pb1B, o6pa3yB 6onbwoil 

MaKCHMyM, COOTBeTCTBYIDmHH yrny HCllYCKaHHB H3Jiy'leHHB 

Baaunoaa-qepeHKOBa. TaKHM o6pa3oM, K nepexo.nHoMy HJ

nyqeHHlO )J.06aBHJ10Cb qepeHKOBCKOe H o6pa30BaJIOCb rH6-

10
1 

ot,-5in 9z 
o£pSin92 

~n·f-Sin92 
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Puc. 4. To JICe, 'lmo u Ha puc. 3, HO OAJI y = Z7.5, m.e. OAJI 
y e~>rrue nopoza eo3HUKHoeeHUJI U3Ay'leHUJI BaeuAoea- fJe
peHKoea. 
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pu.u.Hoe B3Jiy'leHBe /rH, eM. pa6oTy /t/ I, npouecc o6pa3o

Ba.HBJI KOTOpOrO TenepL YTO'IHBJICJI: rB6pH,II,HOe B3Jiy'leHBe 

ecTL cyMMa B3Jiy'leHBJI Basunosa-qepeHKOBa. H Toi 'laCTH 

nepeXO,IJ,HOrO B3Jiy'leHHJI ,KOTOpOe 6LIJIO BCDyll{eHO B cpe,11,y. 

Yrnosa11 3aBBCBMOCTL a 
2

• r 
11 

sinO npu y = 27,5 no 

~OpMe npaKTB'IeCKB He H3MeHHJiaCL, a He3Ha'IHTeJILHO B3· 

MeHanacL JIHWL senH'IHHa :noi aMn.liJI'ty.u.w. 

llpeTepnena cyll{eCTBeHHoe H3Meueaae TaiOKe nesa11 

BeTBL (8 < 42,5°) aMDJIHTY.II.LI a 3 -n.f 
11

• sinO, a npasa11 ee 

BeTBL OCTaJiaCL 6e 3 H3MeHeHHB. H3 3TOrO cne.u.yeT, 'ITO 

nepeXO,IJ,HOe H3Jiy'leHHe DpH BLICOKHX y, HCDyJ.QeHHOe "Bne • 

pe,IJ," B cpe,11,y B OCHOBHOM npe,IJ,CTaBJIJieT co6oi H3Jiy'leHHe, 

HCDyll{eHHOe B "BaKyyMe" B DpOHHKWee B cpe,11,y. 3TO CBH· 

.u.eTeJILCTByeT, KCTaTH, o .U.OMHHHPYIOII.{ei ponH 'laCTH nepe

xo.u.aoro B3Jiy'leHHJI, KOTOpoe B03HHKaeT B BaKyyMe Ha rpa

HHI.{e BaKyyM • ,IJ,H3JieKTPHK. 

BH.U. 3aBHCHMOCTeu peanLHLIX qacTeu 3THX *e aMnnu

TY.II. .U.JIJI B3Jiy'leHHJI na3a,IJ, B "cpe.u.e" noKa3aH ua puc. 5 u 6. 
HecMoTpJI Ha TO, 'ITO ace oco6euaocTH llH B cpe.u.e, 

OTMe'leHHLie BLIWe, HaXO~JIT CBOe 06"LJICHeHHe Ha OCHOBe 

BHTep~epeHI.{HOHHLIX 34Kl>eKTOB H pa36HeHHJI 06ll{eH ~OPMYJILI 
nepexo.u.Horo H3Jiy'leHHJI Ha cnaraeMwe /8/, npe.u.cTaanHeT 

BHTepec H HHOH DO,IJ,XO,IJ, K 06bJICHeHHIO MHHBMYMOB, npe,11,

CTaBJieHHLIX Ha puc. J /H ,ll,pyrHX OC06eHHOCTeH llH/, CBJI· 

3aHHLIH C pacwHpeHHeM ~YHKI.{HH 3apJI,IJ,OB-B306pa*eHHH. 

MLI XOTBM npHDHCa TL 3apJI,IJ,aM- H306pa*eHHJIM He TOJILKO 

ponL HCTO'IHHKOB llH, HO H H3Jiy'leHHJI BaBHJIOBa- qepeHKO
sa. 

B caMOM .u.ene, no caMoH norHKe sse.u.eHHJI 3apH.u.os

H3o6pa*eHHH, OHH ,IJ,BBraiOTCJI CO CKOpOCT JIMH OT 0 ,11,0 {3*= {3 . 
Ecnu f3 swwe nopora HcnycKaHHJI H3Jiy'leHHJI BaaHnosa

qepeHKOBa, TO H {3'' BLIWe nopora. il03TOMy npaBOMepHO 

rOBOpHTL He TOJILKO 0 nepeXO,IJ,HOM B3Jiy'leHHH 3apJI,IJ,a· 

H306pa*eHHJI, HO H 0 ero 'lepeHKOBCKOM, a TaK*e rH6· 

pB,IJ,HOM B3JI)''IeHHJIX. DOJiee TOrO, CBJI3h Me*~Y CKOpOCTJIMH 

3apJI,IJ,a (3 H 3apii,IJ,a- 11306pa*eiiHJI (3* He JIBJIJieTCJI TaKOH 

DpOCTOH. KaK BnepBLie DOKa3aJI lla~OMOB /61,{3 H {3* CBJI· 

3aHLI 3aBHCHMOCThiO 

(3 *= __ (! _____ _ 
\/i-;rJ2-(3 2n2 ___ . /11/ 
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Puc. 5. To JKe, <~mo u Ha puc. 3, 110 OA.R cAy<~a.R ucnycKaHU.R 
U3Ay'leHU.R "Ha3ao" I e Keap!J/ OA.R y = 1, 2. 

Tor.u.a 3aBHCHMOCTL yrna ucnycKaHHJI H3Jiy'leHHJI BaaHnosa-

4epeuKosa oT 3apH.u.a-u3o6pa*eHHJI 6y.u.eT pasHa 

1 
cosO" = ------ , /12/ 

nf3* 
u noporosoe ycnoaue npuMeT BH.U. n (3* 2: 1. 

C y'leTOM /11/ CKOpOCTh peaJILHOrO 3apH,II,a, llpH KOTO· 

pou 3apH.u.·uJo6pa*eHHe 6y.u.eT .u.aaaTL H3Jiy'leHHe Baau

noaa-4epenKoBa, pasHa 

f3. 0 = -==--=--~--=--· 
yi2n2- 1 

/13/ 
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JJ 

q1 

Puc. 6. To JK:e, t~mo u Ha puc. 3, HO 0/I.R Cllyt~a.R ucnycKa
HU.R U311Yt~eHU.R "Ha3a0" /e K6UPI.#/ 0/I.R y ~c 27 ,5. 

CKopocTh {3 0 npu n > 1 acer.IJ.a MeHLWe noporoaoii cKo
pocTH ucnycKaHHH H3nyqeuux Baaunoaa-qepeHKoaa peanL
HhiM 3apH.IJ.OM ({3 > 1/n) Ha aenuquuy 

------
1 2n2- 1 - n ~{3 = {3 - {3 = _'{ __________ • 

0 --------
n,!2n2-1 o 

1141 

,D.nx nSiO = 1,47 I.IJ.nH A= 4000 A I ~{3 = 0,131. 3aaucu-
MOCTh yfna ucnycKaHHH 8*({3 *) cornacuo 1121 6y,IJ,eT 
HMeTh BH,IJ,, npe,IJ,CTaBJieHHhiH Ha pUC. 2lnyHI<THpHaH KpHBaHI, 
H3 KOTOpOrO BH,II,HO, qTo ,II,O nopora B03HHI<HOBeHHH H3nyqe
HHB: Baaunoaa- qepeHI<oaa OT peanLHoii qacTH~bl oua 6nH3I<a 
I< JaaucuMocTu I 41, T. e. I< Toil JaBHCHMOCTH, I<OTopax 
Onpe,IJ,enHeT llOJIO)KeHHe HHTepl}lepeH~HOHHbiX MHHHMYMOB. 

14 

0TMeTHM, qTo Ha B03MO)KH0CTh "Hcnyci<aHHH" 3apH,II,OM" 
H3o6pa)KeHHeM HJnyqeuux Baaunoaa- qepeHI<oaa yi<a3biBan 
a caoe apeMx Ilal}loMoB I 61 

3To coana,IJ,euue uaao.IJ.HT ua MhiCnh o TOM, qTo noxa
neuue MHHHMyMa I puc. 11 a yrnoaoM pacnpe,IJ,eneHHH IIH 
MO)KHO HHTepnpeTHpOBaTh, I<ai< "ucnyci<aHHe" H3nyqeHHH 
Baaunoaa- qepeHI<OBa oT 3apx,IJ,a-uJo6pa)KeHHH. 

B CBH3H c TeM, qTo HH)Ke a pa6oTe oco6eHHOCTH IIH 
B npo3paquoii cpe,IJ,e qacTo CBH3hiBaiOTCB: c H3nyqeuueM 
Baaunoaa-qepeui<oaa oT Japx,IJ,a-uJo6pa)KeHHH, Mhl xoTenu 
6hl H3JIO)KHTh HaWy TOqi<y 3peHHH Ha pOJih 3apH,II,OB" H306pa
)KeHHH B paCCMOTpeHHOM npo~ecce. 

Ilpu no,IJ,neTe I< rpauu~e pa3,IJ,ena aai<yyM- cpe,IJ,a qacTH~a 
CBOHM 3nei<Tpuqeci<HM noneM nonxpuJyeT aTOMhl cpe,IJ,hl. 
CMell{eHHB: aToMHhiX 3JieKTpouoa a cTopouy qacTH~hl c no
JIO)KHTenhHhiM 3apB:,II,OM IHJIH B o6paTHYIO CTOpOHY OT qac
TH~hl C OTpH~aTeJihHbiM 3apH,II,OMI MOryT C03,IJ,aBaTh B 
cpe,IJ,e nonxpu3a~uro, coana,IJ,aroll{yro c Toil, I<OTopax HMena 
6bl MeCTO OT BCTpequoro ,II,BH)KeHHB: qacTH~hl C npOTHBOllO • 
JIO)I{HhiM 3apB:,II,OM H CO CI<OpOCThiO BbiWe nopora H3nyqeHHH 
Baaunoaa- qepeuKoaa, T. e. peai<~Hx cpe.IJ.hl ua npu6nH)Keuue 
qacTH~bl npoxanxeTcx I<ai< HMHTa~ux npo~ecca B03HHI<Ho
aeuux HJnyqeuux Baaunoaa- qepeHI<OBa. Tai<HM o6pa3oM, 
3TOT 31}11}1ei<T MO)KeT 6b1Th HHTepnpeTHpOBaH Kai< OTBeTHOe 
I<orepeHTHoe H3nyqeuue cpe.IJ.bl ua BOJMyll{eHHe oT nons 

qacTH~hl. 

Teneph npo,IJ,oJI)KHM onucauue caoiicTB HJnyqeuux, ua-
6JIIO,IJ,aawerocx B cpe,IJ,e npu uopManLHOM na,IJ,eHHH qacTH~bl, 
,IJ,BH)Kyll{eBCB: CO CI<OpOCThiO HH)Ke nopora B03HHI<HOBeHHH 
HJnyqeuux Baaunoaa- qepeui<oaa, uo ,IJ,JIH HJnyqeuux B cpe

,IJ,e "uaJa,IJ,". 
BH.IJ. yrnoBbiX pacnpe,IJ,eneuuii I<BaHTOB nepexo,IJ,Horo H3" 

nyqeuux ,IJ,nH rpaHH~hl Si0 2 -aai<yyM, ucnyiQeHHblX "HaJa,IJ,", 
T.e. B Si0

2
, ,IJ,nx paJnuqHbiX y noi<a3aH ua puc. 7, r,IJ,e 

Tal< )Ke, I<ai< H Ha pUC. 1, OTqeTJIHBO BH,II,Hbl HHTepq,epeH
~OHHble MHHHMYMhl. B OT nuque OT cnyqag Bai<yyM- cpe,IJ,a 
IHJJiyqeHHe "Bnepe.IJ."I 3TH MHHHMYMhl B03HHI<aiOT cpa3y 
B o6nacTH 6onhWHX yrnoa H c yaenuqeuueM y nepeMe
ll{aiOTCH B cTopouy MeHhWHX yrnoa, cne,IJ,yH JaBHCHMOCTH, 
npuae,IJ,euuoii ua puc. 2 I cna,IJ,aJOil{aH qacTh I<puaoiil. Tai<HM 
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jJ 

Puc. 7. Buo Y2/I08blx pacnpeoe/leHuii K8aHmo8 IIH, ucnyiJieH
HbiX "Ha3ao" /m.e. 8 SiO 2 I O/IJI pa3/IU<JHbiX y 1 -
yd,l; 2- y=l.2; 3-y -1,25: 4- yol,30;5-y 1.35. 

o6pa30M, Mhl BH,nHM, 'ITO xapaKTephl H3MeHeHHJI CKOpOCTH 

3apJI_na- H306pa)l(eHHJI B 3aBHCHMOCTH OT CKOpOCTH '!aCTHUhl 

pa3JIH'!Hhl ,nJIJI CJiy'laJI BJieTa '!aCTHUhl H ee BhlJieTa. 

0TMeTHM TaK)I(e, 'ITO Ha KpHBOH 5 3TOrO pHCYHKa eme He 

BH,neH IIHK H3Jiy'!eHHJI BaBHJIOBa- qepeHKOBa HeCMOTpJI Ha 

TO, 'ITO y = 1.35 BhliUe Yllop. : 1.336 ,nnJJ: SiO 2-

16 

I 
I 

' I 

2. C8oiicm8a U3/ly<JeHuii "8nepeo" u "Ha3ao" 
/Ha6/110aaeMbiX 8 cpeoej npu cKopocmJix <JacmUflbl 
8b1Uie nopoza. 803HUKH08eHUJI U3/ly<JeHUJI 
Ba8U/I08a- lJepeHK08a 

Ha puc. 8 rrpuae,neHhi yrnoBhie pacrrpe.neneHHJI KBaH

TOB rrepexo.nuoro HJJiy'leHHJI, ucrrymeHHhlX B cpe,ny /T.e. 

B SiO 2 /"arrepe.n", ua rpaHHUe aaKyyM - Si0 2 rrpu .nayx 

JHa'!eHHJIX y : y 1.4; 1,5; a Ha puc. 9- TO )l(e ,nnJI rpa

HHUhi Si0 2 -aaKyyM /T.e. B cpe.ne ,nnJI cny'laJI "uaJa.n"/. 

10-2 

10-3 

10-4 

d2W; 
logdS22dA 

10-5 

10-6 

I 

I I I 
II\ 

\I 
\ 

-r----r~~-

~---1 
-~-

o· 2o· 4o· so· so· e 
2 

Puc. 8. Y2/I08ble pacnpeoeAeHUJI K8aHmoe IIH, ucnyUieHHbiX 
8 Keapfl /m. e. "8nepeo "/ Ha zpaHuije eaKYYM - Si02 npu 
08YX 3HQ<JeHUJIX y. J - y ~ 1,4; 2 - y = 1,5 . 
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Puc. 9. To JtCe, ~•o u Ha puc. 8, HO OA.If cAy~a.~~ U3Ay~eHU.If 
"Ha3aO" u opyzux y. 1 - y = 1, 4; 2 - y ~ 1, 7 ; 3 - y = 2. 

OcTpble MaKCHMYMbl Ha 3THX pHcyHKax ecTL nHKH H3nyqe

HHJI BasHnosa-llepeHKOBa /TO'IHee, rH6pH,IJ,Horo H3nyqe

HHJI/. HHTepeCHO OTMeTHTb, 'ITO 3TH DHKH C ysenH'IeHHeM 

y nepeMe~aiOTCJI B CTOpOHY 6onbWHX yrnoB B COOTBeT

CTBHH C 3aKOHOM cosO= 1/j3·n, DOCTeneHHO npOXO,IJ,JI BeCb 

rny60KHB HHTep4JepeH:UHOHHbiB MHHHMYM, KOTOpbiB ,IJ,nJI 3THX 

y DO'ITH "HeDO,IJ,BH)KeH". 3TO OC06eHHO 3aMeTHO Ha pUC. 9. 
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I 

B cnyqae H3ny'leHHJI "snepe.u." /T .e. B SiO 
2 

I npH 

BbiCOKHX y DHK rH6pH,IJ,HOrO H3ny'leHHJI, KaK 3TO BH,IJ,HO 

H3 puc. 10, nepeMei.QaeTCJI ,IJ,O npe,IJ,enbHOrO yrna (Jnpe):l. ;-!42"' 
/.u.mi Si0 2 /. Ha'IHHaJI npHMepHo c y ~ 5 B yrnosoM pac

npe.u.eneHHH DOJIBnJieTCJI HOBbiB llHK, KOTOpbiB C ysenHqe

HHeM y pacTeT no senH'IHHe H nepeMewaeTcR no e K Ha

rrpasneHHIO CKOpOCTH 'laCTHUbl. B HeM HeTpy,IJ,HO OII03HaTb 

IIHK "'IHCTOrO" nepeXO,IJ,HOrO H3ny'leHHJI /HaiiOMHHM, 'ITO 

MaKCHMYM rrepeXO,IJ,HOrO H3ny'leHHJI IIpH BbiCOKHX y Be,IJ,eT 

10-1 

10-2 

6 

10-3-Jtm~\ ~5 
d2W- ,, II\ \ \ \ "--- ~4 

log 2 

d02d). J// \ N \ ----.::::::...3 

1a-4i I \ \ \\ ~2 

1 

1 a-s , ~~~~~~~~,,--,,~!Lc~,~'~>,'--~•~r·--T•-----•· 
• 2o· 40" so· so· e 

2 

Puc. 10. To JtCe, ~1110 u Ha puc. 8, HO OA.If e&rcoKux y . 
1 - y = 1,35; 2 - y = 1, 5; 3 - y = 2; 4 - y = 5 ; 6 - y = 27' 5 . 
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ce6jJ KaK -- y - 1 1. Cne,IJ,yeT J,IJ,ecL JaMeTHTb, qTo ,IJ,JijJ cny

qajJ rpaHHIJ,bl Ni- Si0 2 npu pacqeTax yrnoBblX pacnpe

,IJ,CJICHHH nHK nepeXO,II,HOrO H3JiyqeHHjJ B KBapD,e B o6JiaCTH 
'1/ 

MaJiblX yrnoa H BblCOKHX y He npojJBJijJCTCjJ ' . 

3TO CllJ,C pa3 no,IJ,TBCp:>K,IJ,aeT BblBO,IJ,, C,IJ,eJiaHHbiH B 3TOH 

:>KC pa6oTe, 0 CHJibHOM BJIHjJHHH BTOpOH cpe,II,bl C f 1 ~ 1 Ha 

CBOHCTBa rll B nepBOH cpe,IJ,e C f 2 . 

3. IIepexocmoe U3Ay'leHue 8 npo3pa'lHoil cpeoe 
C 8biCOKUM nOKQ3QmeAeM npeAOMAeHUJI 

/n = 2,4 - aAMa3/ 

B CBjJJH c TeM, qTo aMnJIHTY.IJ.bl none& nepexo,IJ,uoro 

H3JiyqeHHjJ OT JapjJ,IJ,a H ero H306pa:>KeHHjJ npOTHBOnOJIO:>KHbl 

no 3HaKy, HMeCT MeCTO, KaK 3TO y:>Ke OTMeqaJIOCb BbiJlle, 

,IJ,eCTPYKTHBHajJ HHTep«iJepeHU,HjJ. O,IJ,HaKO npu yrnax e. 6onb

lllHX yrna nonuoro BHyTpeHHero l>Tpa:>KeHHjJ fF". ,IJ,OJI)I(HO 

npOHCXO,II,HTb H3MeHeHHe 4Ja3bl nepeXO,II,HOrO H3JiyqeHHjJ OT 

3ap.R,IJ,a-H306pa:>KeHH.II B COOTBeTCTBHH C «iJopMyJiaMH <l>peue

JI.II. 3TO H3MeHeHHe 4Ja3bl nepeXO,II,HOrO H3JiyqeHH.II BH,II,HO y:>Ke 

Ha pUC. 1 IKpHBa.ll ,IJ,JI.II y 1.01/. .[J,ecTpyKTHBHa.ll HH

Tep«iJepeHIJ,H.II 3,IJ,eCb npOHCXO,II,HT ,II,O yrna fJ - 42"', BbiJlle KO-

TOpOrO nepeXO,II,HOe H3JiyqeHHe OT Jap.R,IJ,a- H306pa:>KeHH.II 

CKJia,IJ,blBaeTC.II C nepeXO,II,HblM H3JiyqeHHeM OT peaJibHOrO 

3ap.R,IJ,a, B pe3yJibTaTe qero o6pa3yeTC.II He06blqHOrO BH,IJ,a 

nHK lcpe3aHHbiH CO CTOpOHbl MaJibiX yrnoal. 

C yaenuqeuueM noKaJaTenH npenoMneuu.R, uanpuMep 

,IJ,O n ~ 2,4 I anMa3 - C* I. yron nonuoro auyTpeuuero 

OTpa:>KeHHjJ yMCHblllaeTC.II (sin f)* c 1/n), n03TOMY paCillH

p.ReTC.II o6naCTb yrJIOB, 60JiblllHX yrna fJ". qTO no3BOJI.IIeT 

6onee oTqeTJIHBO Bbl.IIBHTb nOJIO:>KHTeJibHYlO HHTep«iJepeHIJ,HlO. 

Yrnoable pacnpe,IJ,eneHH.II KBaHTOB nepexo,IJ,uoro HJJiyqe

HH.II, ucnyllJ,eHHble "anepe,IJ,", T .e. a anMa3, ,IJ,JI.II rpaHHD.bl 

aaKyyM- anMa3, npuae,IJ,eHbl ua puc. 11. Ha 3TOM pucyHKe, 

Bo-nepBblX, BH,IJ,eH OTqeTJIHBblH nHK nepeXO,II,HOrO H3Jiyqe

HH.II OT peaJibHOH qaCTHIJ,bl B o6naCTH MaJiblX yrJIOB (f) -1/y). 
Bo-aTopblx, no,IJ, yrnoM fJ-63" BblCTynaeT nHK ru6pH,IJ,Horo 

HJJiyqeHHjJ - TaK:>Ke oT peanLHOH qacTHIJ.bl. Me:>K.IJ.Y 3THMH 

nHKaMH BH,IJ,eH TpCTHH, He60JiblllOH nHK, KOTOpbiH npe,II,CTaB

JI.IIeT C060H qaCTb MaKCHMyMa ru6pH,II,HOrO H3JiyqeHH.II OT 

20 

Ef1 

6 

5 

\~II '4 2 - 11 I I \ 
~ 
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~ 10-5 

1 

· 2o· 40" so· ao· e2 
Puc. 11. YZA08ble pacnpeoeAeHUJI K8aHmo8 IIH, ucnyJIIeHHbiX 
"8nepeo" 8 cpeoy c 8biCOKUM n /aAMa3 - C* /,OAJI pa3-
Hblx y. 1 - y = 1,0 1; 2 - y ~ 1. 1 ; 3 - y ~ 1. 2 ; 4 - y = 2, 4 ; 
5 - y = 3 ; 6 - y -~ 10. 

3ap.R,IJ,a-uJo6pa:>KeHHjJ, KOTopoe npoHHTep«iJepupoaano no

JIO:>KHTeJibHblM o6pa30M C H3JiyqeHHCM OT peaJibHOH qaCTH

IJ,bl. 

BH.IJ. yrnoablx pacnpe,IJ,eneuuu KBaHTOB fill, ucnyllJ,eHHblX 

"uaJa,IJ," ua rpauuue anMaJ-BaKyyM IT.e. a anMaJI ,IJ,JijJ 

y~3 npe,IJ,CTaBJICH Ha puc. 12. 0TMCTHM, qTo B 3TOM CJiy

qae nHK "qucToro" fill, KOTOpblH ,II,OJI)I(eH 6b1Tb no,IJ, yrJIOM 

f)~ 10° IKaK OH BH,IJ,eH Ha puc. 11 npH TOM :>KC y/, OT-
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Puc. 12. To JKe, ~mo u Ha puc. 11, HO OA.R cAy~a.R U3Ay~e
HUJI "Ha3aO" npu y = 3. 

cyTCTByeT, 6naroAapg qeMy H DHK OT nonO*HTenbHOH HH

Teptl>epeHU:HH BblCTynaeT 6onee OT'IeTnHBO. 

II I. CBOHCTBA H3JIYqEHH.H B BAKYYME 
AJI.H HOPMAJibHOTO llAAEHH.H qACTHabi 
HA TPAHHaY KBAPa-BAKYYM 

3TOT cnyqaH npH HH3KHX y npeACTaBneH Ha pUC. 13, 
H3 KOTOporo BHAHO, 'ITO AO y = 1,16 yrnOBble pacnpeAene-
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Puc. 13. YzAoebJe pacnpeoeAeHUJI KeaHmoe IIH e eaKyyMe 
OAJI zpaHU14bl Keap14- eaKYYM /m. e. ucnyJ~~eHHbiX "enepeo "I 
npu oonopozoebJX y. 1 - y = 1, 16; 2 - y = 1,14; 3 - y = 1,12; 
4 - y =o 1,18; 5 - y = 1,20 • 

HHfi lUi HMeiOT 06bl'IHblH BHA C WHpOI<HM Mai<CHMYMOM 01<0-
no (} ;;; 60°. C yaenH'IeHMeM y noJIBnHeTcJI Tal<*e rny6oi<HH 

MHHBMYM, nepeMeiD;aiOIUHHCfi B CTOpOHy 6onbWHX yrnOB (} • 

Ilono*eHBe 3TOrO MBHBMyMa B yrnOBOM pacnpeAeneHHB 
nepeXOAHOrO B3ny'leHBfi B Bai<yyMe C y'leTOM npenOMneHBfi 

Ha rpaHBU:e Bai<yyM-I<Bapu;, COBllaAaeT C llOnO)I(eHBeM MH

HBMyMa ru6pBAHOrO B3ny'leHBfi OT 3apJIAa-B306pa)l(eHBJI 
B cpeAe /eM. I<PBBhle AnJI y= 1,2 Ha puc. 1 u 13/. 
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Coana,IJ,eHHe MHHHMYMOB B aaKyyMe u B cpe.D.e I c yqe

TOM npenoMneHHX/ yKaJblBaeT Ha 06I.Qyl0 npH'IHHY HX BOJHHK

HOBeHHJI: HCTO'IHHKOM HX HBnHeTCH Japg,I),-HJ06pa~e

HHe. 
06pai.QaeT Ha ce6H BHHMaHHe TO, 'ITO 'IHCllO KBaHTOB 

IIH no.D. aceMH yrnaMH, Ha'IHHaH c y 1, 19, He yaenuqu

aaeTcH C pOCTOM y /KaK 06bl'IHO, 3TO HMeeT MeCTO ,l],llH 

IIH/, a, uao6opoT, yMeHhwaeTcH. 3Ta auoManug TaK ~e 

xopowo BH,IJ,Ha B no'Be.D.eHHH nonuoii HHTeHcHBHOCTH IIH a 

JaBHCHMOCTH OT y /eM. pUC. 14/. 
Ilpu npeBhiWeHHH nopora HJny'ieHHH Baaunoaa- qepeHKO

Ba H3 KBap.u.a BhiXO,IJ,HT UHK rH, HCllhiTaBWero npenoMneHHe 

/eM. KpHBYIO ,IJ,nH y 1,4 I. C ,l],anhHeiiwuM pocTOM y nuK 

YXO,I],HT B o6naCTh 60llhWHX yrnOB, H llpH y 5 OH y~e HC

qeJaeT /ucnblThiBaeT nonuoe BHyTpeuuee oTpa~euue/. C no

cne,IJ,yiOI.QHM pOCTOM y yaenH'IHBaeTCH TOllhKO llHK "'IHCTO

ro" IIH. 
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Puc. 14. 3a8UCUMOCmb om y noAHOU UHmeHCU8HOcmu rH, 
ucny1J4eHHozo "8nepeo" /m. e. 8 8aKyyM/ Ha zpaHUI.#e K8apf#-
8aKyyM. 
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3TOT ~e llHK OT'IeTnHBO BH,I],eH H B yrnOBOMpacnpe,IJ,ene

HHH IIH "uaJa.D.", T.e. B BaKyyM /puc. 16/. 0TcyTCTBHe 
nuKa H3ny'ieHHH Baaunoaa-qepeHKOBa B 3TOM cny'lae no

HHTHO /'lepeHKOBCKOe H3ny'leHHe HanpaBneHO Bnepe,l],, B 
rny6h cpe.D.bl/. 

Ilpu BblCOKHX y I puc. 15/ MHHHMYMbl a cooTBeTCTBHH 
co cnnowuoii Kpuaoii, npuBe,IJ,eHHoii Ha puc. 2, ucqeJaiOT. 

Log d2W2-
d~dA 

7 

6 

5 

3 

• 2o· 4o· so· so· e2 
Puc. 15. Y2A08ble pacnpeOeAeHWI K8aHm08 IIH u rH, uc
ny1J4eHHbiX 8 8aKyyM /m.e. "8nepeo"/ Ha zpaHul#e SiO 

2 
-

80KYYM 0/I.R pa3HbiX y. 1 - y = 1,3; 2- y ~ 1.4; 3 - y = 1,7; 
4 - y = 2,0; 5 - y = 5; 6 - y .o 10; 7 - y = Z7, 5. 
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Puc. 16. YzAo6oe pacnpeoeAeHue K6aH1/I06 IIH, ucnycKae
.MblX "Ha3ao" jm.e. 6 6aKyyM/ Ha zpaHUfle 6aKYYM- Si0 2 
'IQCI/IUfiU.MU C pa3Hbl.MU y . 1 - y = 1,1; 2 - y ~ 1,3; 
3- y = 2,0; 4 - y = 5; 5- y = lQ; 6 - y = 27,5 

CBOHCTBA "IIH" H •-rH" H3JIY'lEHHH 
IIPH HAKJIOHHOM IIA,4EHHH lJACT~JJ 
HA TPAHHI.{Y Si0 2 -BAKYYM /BAKYYM- Si0 2 / 

06wHe l}lopMynLI /1/ H /2/ ,IJ;aiOT B03MO:>KHOCTb paCC'IH
TaTb CBOHCTBa llH H rH B cpe,~:~;e npB pa3HLIX yrnax na,~:~;e-
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Puc. 17. YzAo6oe pacnpeoeAeHue K6aHIII06 IIH 6 Si0
2 

, 
ucnycKae.MblX Ha zpaHUfle 6aKyy.M - Si0

2 
-.acmulla.Mu 

npu pa3HblX yzAax na~eHU.R 1/1 OA.R y = 1.~. 1 - 1/1 = 5° ; 
2 - 1/J = 10° ; 3 - 1/J = 25 , 01/IC'Iell YZAa 1/J Ha 31/lO.M pucyHKe 
6eoellc.R no npa6oii -.ac111u ocu 0 

2 
• 

HHJI r/J. Ha puc.17 noKa3aHLI yrnoaLre pacnpe,~:~;eneHHJI lUI 
a Si0 2 npa 1/J = 5°, 10°H 25°,1J;nJI y = 1.2 /,~:~;nJI cpaaaeHHJI 
CM. KPHBYIO ,IJ;nJI r/J=0° Ha puc.1/. MHHHMYMLI Ha 3TOM pacya· 
Ke COOTBeTCTBYIOT ra6pH,li;HOMy Hlny'leHHIO OT 3apJI,IJ;a· 
H306pa:>KeHHJI, OTpa:>KeHHOMy OT rpaHHULI Si0

2 
-aaKyyM 

a cpe,~:~;y H ,~:~;ecTpyKTHBHO npoHHTeJ>4lepapoaaaweMy c Hlny
'leHHeM OT peam.aoro 3apJI,IJ;a. flo nono:>KeHHIO MHHHMYMOB 
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OTHOCHTeDLHO BeKTOpa CKOpOCTH ~aCTHUW MO*HO npH6nH-
3HTellhHO onpe~eDHTh HanpaBDeHHe CKOpOCTH 3apg~a-H30-
6pa*eHHg. TaK, rny6oKHH MHHHMYM npH e :o.· 28° cooT
oeTcToyeT npaBOH BeTBH rH /eCDH CMOTpeTL no Hanpao
neHHIO CKOpOCTH 3apg~a-H306pa*eHHg/, a ~pyrOH MHHHMYM 
npH e:; 32"- ero neooil oeTBH I eM. KPHBYIO ~ng 1/J 5" /. 

HHTepecHo npocne~HTL ~e$opMaUHIO yrnoooro pacnpe
~eneHHR llH c H3MeHeHHeM yr na HaKnoHa t/1 I puc. 17/. 
C yoenH~eHHeM 1/J rny6oKHe MHHHMYMLI A H B c6nH*aiOT
cg, a ueHTpanLHLIH MHHHMYM C cne~yeT 3a ~aCTHUeH. 

10-4 

d2 W; 
log dQ2d). 

1 a·7 

2 

1 1 o-s 

e ao· so· 40" 20· o·. 20· 40" so· ao· e 
2 2 

Puc. 18. To JKe, <~mo u Ha puc. 17, HO OIIJi yz11o6 1/J, 25'; 
1 - 1/J ~ 32c ; 2 - 1/J = ~u. 
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Puc. 19. To JKe, <~mo u Ha puc. 17, HO OAR 6o/l&wux yz11o6 tjJ. 
1 - t/1 ~ 40° ; 2 - t/1 55'-' ; 3 - t/1 •.. 70 °. 

llpH 1/J • 22° MHHHMYM C Y*e CDHBaeTcg C MHHHMYMOM B , 
06pa3yR npaBWH MHHHMyMD. C ~aJILHeHWHM yoeJIH~eHHeM 1/J 
MHHHMYM D noCTeneHHO HC~e3aeT /CM. puc. 18 H 19/. 

B 3aKniO~eHHe OTMeTHM, ~To npH y ~ 1,2rny6oKHil MH
HHMYM nogongeTcg no~ yrJIOM (j = 32° npH HOpMaJILHOM 
na~eHHH ~acTHUW. Tor~a Ka3anocL 6w, ~To ecnH Hanpa
BHTb ~aCTHUY no~ yrJIOM tj; " 32"'. TO MHHHMYM O~HOH H3 
BeTBeil ~Ofl*eH 6biTh npH e ~ 0°. O~HaKo, KaK noKa3w
BaiOT pac~eTW, 3TOrO He npOHCXO~HT, MHHHMYM nogongeT
cg npH (j ~8°. 3TO rOBOpHT 0 TOM, ~TO "TpaeKTOpHg" 
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3apx.D;a-u3o6pa:>KeHHX B cpe.D;e ue xanxeTcx 3epKanLHblM 
oTo6pa:>KeHHeM TpaeKTOPHH peanLuoro 3apx.D;a, .IJ;BH:>Ky~ero
CX B BaKyyMe, H cy~eCTBeHHO 3aBHCHT OT xapaKTepHCTHK 
cpe.D;bl, cKopocTH peanLuoro 3ap.II.D;a H yrna BXO.IJ;a qacTHIJ,hi 
B cpe.D;y. 

Bb/BO)J,bl 

1. Bnepable noKa3auo, 'ITO npH aneTe qacTHIJ,hl B npo-
3pa'IHhiH .IJ;H3neKTpHK yrnOBble pacnpe.D;eneHHX KBaHTOB fil1, 
HClly~eHHbiX B Cpe.D;y, HMeiOT OC06eHHOCTH B BH.IJ;e rny60KHX 
HHTep<llepeHIJ,HOHHbiX MHHHMYMOB. 

2. Bblxaneuuble oco6euuocTH llH B03HHKaiOT B Y3Koii 
o6naCTH 3HeprHH 'laCTHIJ,bl B6nH3H nopora B03HHKHOBeHH.II 
H3nyqenH.II Baaunoaa-qepenKoBa. 

3. B 3TOH anoManLHoii o6nacTH 3Hepruii oKononoporo
Bblii HHTep<llepeHIJ,HOHHblH 3<ll<ileKT npOXBn.lleTCX TaK:>Ke B BH.IJ;e 
MHHHMyMa B 3aBHCHMOCTH llOnHOH HHTeHCHBHOCTH OT y . 

4. 3TH OC06eHHOCTH MOryT 6b1Th HHTepnpeTHpOBaHbl 
Ha OCHOBe .IJ;BYX llO.IJ;XO.IJ;OB: 

a/ KaK pe3ynbTaT HHTep<llepeHIJ,HOHHbiX 3<ll<ileKTOB OT 
H3nyqeuuii peanLnoro 3ap.II.D;a H 3apx.D;a-H3o6pa:>Keuux; 

6/ KaK OTBeTuoe KorepenTnoe H3nyqeuue cpe.D;hl ua 
B03My~eHHe, HaBO.IJ;HMOe 3neKTpH'IeCKHM noneM 'laCTHIJ,hl, 
npu6nu:>Ka10~eii:c.11 K rpaHHIJ,e pa3.IJ;ena, KoTopoe HMHTHpyeT 
H3ny'leHHe BaaHnoaa- qepeHKOBa oT 3ap.II.D;a-H3o6pa:>KeHH.II, 
.IJ;BH:>Ky~eroc.ll HaBcTpeqy peanLuoB: qacTHIJ,e. 

B 3aKnJO'IeHHe 6naro.D;apHM 
H A.ll.Ko63eBa 3a none3Hhle 
HaCTOX~eH pa60Tbl. 
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