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Pa6ota 1
SNEKTPOHHbINA anopn

Ilensv: 3axpennenue meopemuyeckux OCHO8 UIUKU INEKMPOHHO2O
0U00a, BKIOUAWUX NPUHYUNDBL NOTYYEeHUs, (OPMUPOBAHUS U YCKOpe-
HUA 91eKMPOHHO20 NOMOKA 8 YCKOPAIOUleM 3a3ope, a MaKdice GIUAHUS
COOCMBEHHO20 U BHEUIHE20 MASHUMHbBIX NOJel HA NPOX0XHCOeHUe deK-
MPOHHO20 MOKA 8 OUOOHOM NPOMENCYMKE.

OBHIUE MOJIOKEHUSA
1. OcHOBHBIE MOHATHSA

DJIeKTPOHHBINA IMOA — MajorabapUTHBIN JBYX3JIEKTPOJHBIN YCKO-
pUTENHL MPSIMOro JEHCTBHUS, B KOTOPOM OCYIIECTBIISIETCS YCKOpEHHE
3JIEKTPOHOB, KOTOPBIE SMUTHPYIOTCA C IMMOBEPXHOCTH KaTolla B PE3yIIb-
TaTe TePMO-, aBTORJIEKTPOHHOW WIJIM B3PHIBHOH 3MHCCHU. Y CKOPSIOIIEe
3JIEKTPOCTATHYECKOE II0JIE CO3AAETCS B MPOCTPAHCTBE MEXKIY IBYMS
anekTpomamu (karogoM — K u anomom — A). B xauecTBe HCTOUHHKA yC-
KOPSIOIIETO HAMPSHKEHUS MOTYT OBITH MCITOJIB30BaHbI BEICOKOBOJIBTHBIN
BBITIPSIMUTEIb, KACKaAHbIE TeHePaTOPHI, UMITYJIbCHBIN TpaHchopmaTop 1
T.J.

OHeprusi yCKOPEHHBIX 3JIEKTPOHOB OIPEENSIeTCsl pa3HOCTHIO TOTEH-
uasioB U Mex 1y aHOJHBIM M KaTOJHBIM 3JIEKTPOIaMu:

W=mc*+ eU, ¢ 1
I€ e — DJIEMEHTAPHBIN ANEKTPUUECKUI 3apsij, m — Macca MOKOS 3JeK-
TPOHA, ¢ — CKOPOCTh CBeTa. MaKCHUMallbHO JOCTIKAMAsi SHEPTUs MpU
3TOM ONPEAEIIAETCS EKTPUUECKOW MPOYHOCTHIO TUOJHON CHUCTEMBI U,
KaK NMpaBWJIO, HE TPEBBIMIAET BETUYNHY B HECKOJIBKO MaB.

Takue ycTpoiicTBa HaxOISAT NMPUMEHEHHE B CHUCTEMaxX WHKCKIUH
JIEKTPOHHBIX YCKOpUTENIEeH Ha CpeHHE U BBHICOKHE 3HEPIUH, JUIsl TeHe-
panyn KEeCTKOr0 PEeHTIC€HOBCKOTO H3JIy4eHHUs, CTePIIIN3aLNN OHOIOTH-
YEeCKHX OTXOJIOB, CHCTEMaX HAaKayK{d MOIIHBIX I'a30BBIX JIA3€POB, yCTa-
HOBKax Ui (JIyOpeCeHTHOI'O aHaIu3a COCTaBa BEIIECTBA U T.JI.

Jvon cunraercst KBa3UIJIOCKUM, €CITH BBITTOJIHSAETCS YCIOBHE!
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S>> d,
rjae S — IIoma s MOBEPXHOCTH JTUOJHBIX DIIEKTPOJIOB, d — PacCTOSHUE
MEXJTy aHOJIOM M KaToJI0M (IIMpHHA YCKOPSIOLIET0 3a30pa).

s mpoctoThl OyneM paccMaTpuBaTh AIIEKTPOHHBIC JUOJBI, pabo-
Tarolle B KBAa3HUCTAIIMOHAPHOM pPEXHUME, KOrlia XapakTepHOE BpeEMs
W3MCHCHIS HAIIPSDKCHUS HAa YCKOPSIONIEM 3a30P€ CYIIIECTBEHHO OO0JIbIIe
JJINTCIIBHOCTHU I/IMHyJ'Ibca TOKa yCKOpSIeMBIX SHGKTpOHOB. HpI/I 3TOM
JJINTCIIBHOCTH I/IMHynbca TOKa OOJDKHA, B CBOIO orlepem), GI)ITL CYII.ICCT-
BEHHO 0OJIBIIIE, YeM TPOJIETHOE BPEMsI JJIEKTPOHA B YCKOPSIOIIEM 3a30pe€.

2. DMHCCHOHHBbIE HCTOYHUKH IJIEKTPOHOB

B kadecTBe 3MHUTTEpa BIIEKTPOHOB HaWMOOJIbIIEE PACTIPOCTPAHEHUE
MOJIyYWJIA TEPMOKATO/bL, HCIIOJIb3YIOIINE SIBJICHHE TEPMOIJICKTPOHHOM
svuccuu. CyTh 3TOTO SIBICHUS 3aKIIOYAeTCS B TOM, YTO IIPH HarpeBa-
HUM TBEPJIOTO Tela JJEKTPOHBI, KWHETUYECKasi SHEPTUsl KOTOPhIX Mpe-
BBHIINIAET PabOTy BBIXOJA, BBUICTAIOT C €0 MOBEPXHOCTH B CBOOOIHOE
MPOCTPaHCTBO. [IpH 3TOM 3MUCCHOHHBIH TOK SABISCTCS (PYHKIMEH TeM-
repaTypsl 1 onpenensercs popmynoit Praapmcona—/[pmmena [1]:

j=8.1013exp[—9], ( 2
0
_kT T

e 11600
sHepreTudeckon mkane (3B); k — mocrosiHHast bonmbimana, T’ — Temrie-
paTypa karona no mkane Kensuna.

B cnaboTouHbIX quomax il HAyYHOTO, IIPOMBIIUIEHHOTO M APYTHX
MIPUMEHEHUH, KaK MPaBUiIo, UCTIOIB3YIOTCS KaTOMbl C TIPSAMBIM U KOCBEH-
HBIM HakajioM (3JIEKTPOHHOJIy4YEeBbIC TPYyOKH, TazopaspsiiHble MpuOOpHl,
3JIEKTPOHHBIE JIAMIIbI, HH)KEKTOPBI JIEKTPOHHBIX YCKOPHUTENEH U T.1.).

B nepBoM ciyyae xaTtoj NpencTaBiseT co00i apXuMenoBy WU Ou-
buIpHyIO crupaik, Yepe3 KOTOPYIO MPOIyCKAeTCs INEKTPUIECKUN TOK
C BBIJICJIEHHEM OOJBIIOr0 KOJHWYECTBA Teljia COrjacHo 3akoHy Jlxo-
ynsi—Jlenna. IIpy 3TOM NOBEPXHOCTH CHUPAIN B pe3yjbTaTe Harpepa

rac o — pa60Ta BbIXOJa4, — TeMIeparypa Katoaa 1o

HauMHAET SMUTHPOBATH AJIEKTPOHBI B COOTBETCTBHU ¢ (opmyoit (¢ 2).
Bo BTOpOM Cciyyae SMUTTEpOM 3JIEKTPOHOB SIBISETCS HEKass KOHCTPYK-
sl U3 TEPMOYCTOMYMBOIO MaTepuana ¢ Manoil paboToil BeIX0Aa, KOTO-



pasi HEMOCPEACTBEHHO MNPWJIEraeT K SJIEMEHTY HaKalMBaHHUs (KaTo[ C
KOCBEHHBIM HAKaJIOM).

B Hacrosmiee BpeMsi B psifie ANEKTPOPHUIMUECKHX YCTAHOBOK HC-
MOJB3YIOT KaTOJbl C HATPEBOM €r0 MOBEPXHOCTH MOIIHBIM H3TyYCHHUEM
nazepa. Takue KaToAbl MOTYT padoTaTh B UMITYJIBCHO- IEPHOAMYECKOM
pexuMe.

Jpyroil pacnpocTpaHEHHbIH THII 3JIEKTPOHHOTO 3MHUTTEpa OCHOBAaH
Ha SBJICHUU aBTOYJIEKTPOHHOW 3MHccHU. B aToM ciyuae ucnyckaHue
3JIEKTPOHOB TBEPABIM TEJIOM IPOUCXOAUT B PE3yJbTaTe MOHIKEHUS I10-
TEHUHUAJIBHOTO Oaphepa Mo AeHCTBUEM BHELIHETO 3JIEKTPUIECKOTO OIS,

Cornacao teopun Paynepa—Hoptreiima [2] mIIOTHOCTh TOKa aBTO-
3JIEKTPOHHOM AMHUCCHH OTIPEIEIISETCS CICAYIOIINM BBIPAKCHUEM:

: 9 143/2
0.5)=1,5510°E exp _%

3,62-10°E"
XEg —

> -5(0), (3

rac

e(x) = 0,95 — 1,03x7, s(0) =

ecnu 0 < 1,20*. B npoTHBHOM ciTydae

* b

s(0) =1,16exp| 0,3 1(99

1
0* = 4,89-10""E® 2 — Temmeparypa mnBepcuu; E — HANPSKEHHOCTH
AIEKTPUYECKOTO MO Ha IOBEPXHOCTH MeTaluta; @ — paboTa BEIXO/a.

Ha moBepxHocTH Karona, Jake XOpomio oOpaOOTaHHOM, Bcernaa
WMEIOTCS BBICTYITBI BBICOTOM / ~ 1 MKM CO CpeIHHUM CTaTHCTHYECKUM
paanycoM KpuBu3HH a ~ 0,1 MmxMm. KoHIIleHTpaIus ux B 3aBUCUIMOCTH OT
CTETIEHH TOJMPOBKH TOBEPXHOCTH MOXET COCTaBJSTH BEJIWYHUHY
n~(10*+10%) M [3]. Koo DHIHEHT yCHICHHUS SIeKTPHUECKOTO OIS Ha
Takux 0Opa30BaHMSX 32 CUET HEOJHOPOTHOCTH MOBEPXHOCTH METajiia
MOJKET COCTaBIIATh Beamduny & ~ (10+107) [2].



IIpu sToM
E=52.
d

Ecnu npuHsTh, 94TO r€OMETPHUYECKOM (HOPMON MHUKPOHEOIHOPOIHO-
CTH SIBIISICTCS IMJIMHAP BBICOTOU [/ cOo chepuueckoil BepIimHOU paauny-
COM @, TO JUIs apaMeTpa & OyJeT UMETh MECTO CJICIYOIIast OIICHKA:

6z1+i.
a

Onenku o ¢opmyiie (7.3) moka3aiu, 4TO NMPH HATPSKCHHSIX 10
1 MB ImJI0THOCTH TOKOB Ha 3TUX MUKPOHEOIHOPOIHOCTSIX MOTYT JIOCTH-
rath 3Ha4eHui, npesbimaromux 10> A/m”. TIpi TaKuX [UIOTHOCTSIX TOKA
MPOUCXOJMT Pa3orpeB, MJIABJICHUE, UCTIAPCHUE U TIPEBPAICHUE B TIa3-
My Tella MUKPOHEOIHOPOJHOCTH 32 OYCHb Mallbie BPEMEHA, KOTOPHIS
MOJKHO OILICHUTh BPEMECHEM HarpeBa JI0 TeMIIepaTyphl IIaBIeHUs — O, ,
C MOMOIIBIO CISAYIONIETO YPaBHEHUSI, BHITCKAIONIETO U3 YPABHCHHUS Te-
TUIONPOBOIHOCTH U 3aKoHa Jlxxoyis — Jlenna:
2 . 2
AR AL (4
o0 ox- e o)
rIe P, Y ¥ A — COOTBETCTBEHHO YJAEIbHBIC TNIOTHOCTh, TEMIIOEMKOCTh U
TEILIONPOBOJHOCTh MAaTe€pHana KaToAa, j,, — INIOTHOCTh TOKAa aBTOAJIEK-
TPOHHOM 3MHuCCUH, 6(0) — ero ynenbHas IPOBOJIUMOCTh, ONpeeseMast
¢ IoMoIIbI0 GopMyJis [4]:

k ,
; ()
aed
Go — IPOBOAMMOCTh MaTepHaja KaroJa IpH KOMHAaTHOW TeMIepaType;
0L — TeMIIepaTypHbIi KOAQQHUIIMEHT CONPOTUBIICHUSI.
I"'panuuHbie yCcrnoBUsl s 3TOM KpaeBou 3a7a4i UMEIOT BUJL;
00(0,7) ~ 00(L,t) _ Ae ,
=0, =——q(1), (6
Ox Ox k
rae ¢(f) — MIOTHOCTh MOTOKA TEIJIOBOM SHEPTHH, BHITEKAIOIIEH U3 MUK-
poocTpHsi B 00bEM CIUIOIIHOTO KaTo/ia, a HadallbHOe

0(,0) =293 % = o, ( 7)
e

5(0) = 0o (1 + a% 0)" = o,

C(bOpMyJ'II/IpOBaHHaSI KpacBas 3aJiada peuIacTCA TOJIBKO C IMPUMCHE-
HUEM COBPEMCHHBIX CPEACTB BBIYHCIIMTEIIPHON MaTeMaTHKU U KOMIIbIO-



TepHO# TexHWKHU. [loaTOMY AJIsi aHATMTHYECKOW OICHKM BPEMEHM Ha-
rpeBa MUKPOOCTpPHUS J0 TEMIIEpaTyphl TUIABJICHUS! YCPEAHUM YpaBHEHHUE
(7.4) o x Ha mpomexytke [0, 1] ¢ yuerom dopmynsl ( 5) u ycnoBuid
(7.6). B pesynbpTaTe MONy4YHM CIEAyIONIEE YpaBHEHUE 1T BPEMEHHOM
3aBUCHMOCTH CPEJHEH 110 MUKPOOCTPHIO TEMIIEPaTyphI:

. 2
d<0> Ju(KO>E) <>,

dt GoXP
AHanu3 3TOoro ypaBHEHHS IOKa3ajl, YTO BTOPOH WIEH B €ro MpaBoi
yacTH 0oJiee YeM Ha TOPSIOK MPEBHIIIAeT 10 BEIMYHWHE TEepPBbIA HWIEH.
[TosTomMy mpu TpOBENCHWH OIIEHOK IEPBBIM UYIEHOM MOXHO IpeHe0-
peub. B aTOM citydae nonydaercs nprONIMKEeHHAs! aHAJTUTUYECKas 3aBU-
CHUMOCTB CpEIHEH TeMmIiepaTrypsl OT BPEMEHH, €ClH B (QYHKIHH J,,(0,E)

- a0 (9

TEKyIIee 3HAUCHUE TEeMIIepaTyphl 3aMEHUTh €0 CPEAHUM 3HauYeHHEeM 0O
Ha y4acTke oT 0y 10 0,

<0(1)> = Ogexp @ ( 9

rac XapaKTepHoe BpeMH HapaCTaHI/ISI TeMHepaTprI
. A 2
t—q Jan(0,E) '
GoXP

C NOMOIIBIO 3THX BBIPAKEHUH MOXHO IPOBECTH OLIEHKY CBEpXY
BPEMEHHU HadaJla pa3pyLlEHUs] MUKPOOCTPHUSL:

o Ju BB (0,
GoXP 6,
Uro kacaercsl MPOLECCOB HCMApEHHs U 0Opa30BaHMsA IUIA3MBI, TO
OHHU MPOMCXOASAT MPAKTUYECKM MTHOBEHHO 10 CPaBHEHHUIO C HarpeBOM
MUKPOHEOIHOPOJHOCTH M HOCST B3pPBIBHOM XapakTep. B MoMeHT B3phI-
Ba JJIEKTPOHBI KaK OoJiee JIETKHe YacTHIIBI BblIeTaroT Buepea. [Ipu atom
WX KOHIEHTPALMsI HACTOJIBKO BENHKA, YTO MOBEPXHOCTH (poHTa 00pa-
30BaHHOW y/IapHON BOJHBI, PacIIMpPSIOIIEHCS B BaKyyM, MOXKET OTAa-
BaTh MPAKTHYECKH JTIOOYIO TUIOTHOCTH 3JIEKTPOHHOIO TOKa. B cmity atnx
00CTOSITEIBCTB POJUIICS TEPMUH B3PBIBHASI IMUCCHS 3JIEKTPOHOB.
3a BpeMeHa tq,~vm(‘v’” ?~10"c nepBoHauanbHOE 0OPA3OBAHKE U3 CO-
BOKYITHOCTH OTJIENIbHBIX JIOKAIM30BAaHHBIX TUIA3MEHHBIX (aKeJoB pac-

( 10)



TEKaeTCs 1O TOBEPXHOCTH MeTallia, o0pa3ys CIUIONIHOHN IUa3MeHHBIN
karon. B atoii popmyne v, 0003HAYAaET CKOPOCTh PaCIpPOCTPAHEHUS
yAapHOU BOJIHBI B BakyyM. OlieHKa 3TOro mapameTpa OyIeT cieiiaHa B
paznmene 4.

Crnenyer 3aMeTUTh, YTO B KPYITHOTA0APUTHBIX YCTAHOBKAX HA TOKH
o 10° kA KCTIOJB3YIOT MHOTOOCTPUITHBIE UT0JIbYATHIE KATObI, C TOPIIA
KOTOPBIX OCYIIECTBIISIETCS B3pbIBHas 3Mwuccus. [lompoOHO Takue ycT-
policTBa onucaHsl B padore [5].

CyIIecTBYIOT U JIpyrue CrocoObl (OPpMHUPOBAHMS TIa3MEHHBIX Ka-
TooB. OIMH U3 HAX COCTOUT B 00pa30BaHWU JIA3E€PHOU IIIa3Mbl HA TIO-
BEPXHOCTU METaJUia B pe3yJibTare (JOKYCHPOBKH Ha Hee KOPOTKOTO Jia-
3epHOro MMITysbca [6]. B apyrom ciydae, Hampumep MpH HAJTUYUW Ha
KaToJie AUAIEKTPUIECKUX BKIFOUYCHUH, MIa3Ma MOXeT 00pa3oBBIBATHCS
33 CYST TAHTCHIIMATBHBIX JICKTPUUCCKUX TOJICH, BBHI3BIBAIOIIUX TPOOOI
TT0 TIOBEPXHOCTH AMAJIeKTprKa [3].

[IpyHIHUITHANEHBIM OTJIMYHEM IUIA3MEHHBIX KAaTOJOB OT TBEPJO-
TENBHBIX SBISETCS PABCHCTBO HYJIFO pa0OThI BBIX0/a AJICKTPOHA.

3. YckopeHue 3J1eKTPOHOB B 1M0/1€e

PaccmoTpum Hanbolree MHTEPECHBIN CITydaid PeIITUBHCTCKOTO JTHO-
Jla, B KOTOPOM HCITONIE3YETCS B3PBIBOIMUCCHOHHBIA Karon. llpu sTom
OTPaHUYUMCS CITy4aeM, KOTJia JHOJ pabdoTacT B KBa3HCTAI[MOHAPHOM
pexxnme. CxeMa Takoro Juoja MpecTaBieHa Ha puc. .1.

€=0 0= u

K IIazMa

0 A d x

Puc. 1. Cxema 371eKTpOHHOTO ANOJA C TIIA3MEHHBIM KaTOJ0M



TToTeHIMAaN BIEKTPUYECKOro MOJS B PACCMATPUBAEMOM KBA3HUILIO-
CKOM CTallMOHAPHOM HMOHHOM JIMOJE omperensercs ypaBuenueM Ilyac-
coHa [3]:

ik A ( 11)

IJie p — TWIOTHOCTH JCKTPHUECKOTO 3apsifia B yCKOPSIOMIEM 3a30pe, &) —
JIUDJIEKTPHYECKAs IPOHUIIAEMOCTh BaKyyMa.,

['pannvHbIC YCIOBHS ONPENEISIOTCS 3a/IaHHeM MMOTCHIAIOB Ha Ka-
TOJIC U aHOJIE:

o(h) =0, ¢(d) = U. ( 12)

[ManeHreM HaNpsHKCHUS HA yYacTKe, 3aHUMAeMOM ILIa3MOM, MOXKHO
MpeHedpeyb.

CHIIBHOTOYHBIE 3JICKTPOHHBIC JHOJBI pabOTAaIOT B PEIKHME HACHIIIIE-
HUS MO 3JCKTPOHHOMY TOKY, KOTJIa MOJIE TMPOCTPAHCTBEHHOTO 3apsia
BBIOPOILICHHBIX BIIEPEA DJIEKTPOHOB IOJHOCTBIO KOMIIEHCHPYET YCKO-
pstolee mose npu x = 4. Takum 06pa3om, cucreMa rpaHUYHBIX YCIIOBUH
(7.12) goroHSIETCSI €1I1e OTHUM:

do(h
don) _ o ( 13)
dx
I110THOCTD 3apsi]a MOKHO BBIPA3HTh Yepe3 SIICKTPOHHBINH TOK [ C
MOMOIIBIO CIEAYIOIIEH (HOPMYJIBL:

p=—en=—é, ( 14)

rZie Vv — CKOPOCTb DJIEKTPOHA, CBA3aHHAsI C MOTEHIIMAJIOM Yepe3 3aKOH
COXPaHCHUS SHEPTHU:
me? + e = me’y , (15

rue
1 v

y=——,P=— ( 16)
J1-p2 c

Otu (HOpPMYJIBI MO3BOJISIOT BHIPA3UTh CKOPOCTH AJICKTPOHOB U TO-
TEHIHAJT YePe3 OTHOCUTENBHYIO SJHEPTHUIO Y CIICAYIOUIUM 00pa3oMm:
2 2
A mc
v=cf=c—, op=—(-1).
v e



Ioxacrasmsist 3tu popmynel B ypaBHeHue ( 11) ¢ yuerom ( 12) u
BBOJIs1 O€3pa3MepHYyI0 HE3aBUCUMYIO TIEPEMEHHYIO
é_x—h
d—h’
HPUXOJIMM K cleayroneMy anpGpepeHranbHOMY YPaBHEHHUIO:
dzy_4nl (d—h)y vy

R A T ( 18)

_ 4negmc’

(17

rac

I =17 kA

e
— TOK AnbdeHa.

C yuerom (7 12), ( .13), ( 15) u ( 16) rpaHuYHBIC YCIOBHS IS
ypaBHeHus (© .18) 3anuCchIBAIOTCS CIEAYIOMIMM 00pa3oM:

YO =1,y=1+°Z ( 19
mc
dZ—S)= [ 20)

VYpasuenue (7.18) ymoOHO TpeACTaBUTH B BHJIE SKBUBAJICHTHON
CHUCTEMBbI JINHEWHBIX Tu(depeHIIUaTbHBIX YPABHEHHH MEPBOro MOPSIIKa:

AV
du_, I (d-h ¥

, S 21
dg I, S ly? -1
dy =u, ( 22)
e
C Ha4YaJIbHBIMU YCJIOBUSIMU:
y(0)=1, u(0)=0 (.23)
1 OTOIIOJIHUTEIIBbHBIM YCIIOBUEM IJIA PEKHUMaA HACBIIICHUA T1O00a
yy=1+< ( 24)
mc

Ocob6enHocts B ypaBHeHusx ( 13) u ( 16) mpu y = | cBs3ana c
NpeHeOPEeKEHNEM HaYaIbHBIM pacHpeielICHHeM JJIEKTPOHOB 110 CKOPO-
ctaM. [To3ToMy Ipy YMCIIEHHOM aHAJIN3e 3THX YPaBHEHUH CiIemayeT BBe-
CTH TONPABKY Ha pacrpelieieHHe 3JICKTPOHOB M0 HAaYaJbHBIM KHHETH-
YECKHUM SHEPTHSIM.

10



Uckimovast u3 ypaBuenwuii ( .21), ( 22) nepemeHHyto & myTeM nene-
HUS OIHOTO ypaBHEHHUS Ha ApPYyroe, NPUXOIUM K TU(PPepeHInATEHOMY
YPaBHEHHUIO TIEPBOTO TIOPSJIKA C PA3ICIAIONIMMUCS MIEPEMEHHBIMU U U Y

Jdu _, 1 (d=h)y? y

T— .
dy I, S ly? -1

WHTerpupys 310 ypaBHEHHE C HadaabHBIM ycioBueM u(1) = 0, mpuxo-

JIUM K BBIPQKEHHIO:
2
u’ =8Tc]](dSh)«/yz -1.
0

IToacrassisa B 3Ty dopmyiry ypaBHeHHe ( .22) u U3BIEKas U3 TOJY-
YEHHOT'O COOTHOIICHHUS KBaJPATHBIA KOPEHb, MPUXOAUM K CIEAYIOIIEMY
muddepeHIMaATbHOMY YPaBHEHHUIO, OMpEACIAoneMy TeMn Habopa
SHEPTUH IJIEKTPOHOM B JTUOJIC:

dy _snl
dg I,

( 25

1

i d h ) 2z
_1)\4
e ( 26)
S 2
[Mocnenyromiee HHTETPUPOBAHKUE ITOTO YPaBHEHHs C YUETOM YCIIO-
Bus (' 20) MpUBOIUT K BBEIPAKCHUIO, YCTAHABIIMBAIOIIEMY CBS3b MEKIY
3HAYCHHEM OTHOCUTEIBHOW SHEPTHH 3JICKTPOHA, SJICKTPOHHBIM TOKOM U

TEKyIIel OTHOCUTENIbHOM KOOPIUHATOM:

Sn—a(d h)= j ( 27)
Ly 1)“

Urtobb1 Gopmyna ( 27) MOrna CIyXKHUTh aImapaTroM JJjs OIpesene-
HUsI HaOopa 3HEpPruM B TUOZE, HEOOXOAUMO ONPEAEIUTh TOK B IHOJE
ITyTEM TIOJICTAHOBKH B Hee TpaHudHoro ycioBus Ha anoxe (- 24). Bos-
BOJISl TIOJTyYSHHOE BEIPAKEHUE B KBAJIpaT, NOJIydyaeM 3aBUCHMOCTH TOKa

OT HalIps’KCHHUA Ha aHOAC B PCKUME HACBIIICHUSA OUOAA:

1+ v

1,S gy
— 2(
" 8n(d — h)

)’ ( 28)
(v’ =1

[oacranoBka 3Toro BeIpaskeHUst B popMymy ( 27) c yuetom ( 15) u
.17) mpuBOMT K HESIBHOW 3aBUCHMOCTH MOTEHIHAJa OT KOOPIUHATHI:
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-1

x=h+ T dy T dy d—-h). (29

1 1
ERCa VA R Can OR

PaccmoTpuM cHayanma mpeneibHBI Cly4ail HepeJsiTHBHCTKOTO
mmona, xorma y — 1<<1. B atom cyuae y* — 1 = (y + I)(y — 1) = 2(y - 1),
1 BeIpaxeHue ( 28) MOXKET OBITh 3allMCaHO B CIEAYIOIIEM MPUOIMKEH-

HOM BHE:
2

1+eU
m02 z }
S I N Ve VNG
Sd - 3 i) 9 Vm@-h
'Y_

[Monydennast GopMmysa BhIpakaeT XOPOIIO M3BECTHBIM B (hU3HUEC-
ckoll anekTpoHuke 3akoH Yainma—borycnaBckoro—Jlenrmiopa (3akoH
«3/2»). IlapameTp P Ha3biBaeTCs MEpBeaHcoM jauonaa. Tok, ompeserse-
Mbrii popmyoit (- 30), npuHATO HaszbBaTh ToOKOM Yaitmma—borycnas-
ckoro—Jlenrmiopa (Iygy).

AHAJIOTHYHO MOYHO MOJXYYUTh U3 (opMymsl ( 29) SIBHYIO 3aBHCH-

MOCTb NOTCHIIMAJIa OT KOOPAWHATHI:
4

(sz(x_hj3. ¢ 31)

Paccmotpum  gpyroit mpenenbHbI  MEpeXon, COOTBETCTBYIOIIMN
YJIBTPapeJSTUBUCTCKOMY IUOAY, Koraa y >> 1. B atoMm cinydae dpopmy-

na (7.28) MOXeT OBITh 3aITCaHa B CIICAYIONIEM IIPHUOITMKCHHOM BHIC:
2

1+ v

=S | Ay
2d-hy| 1 3
,Y2
2
1,8 U\"? &,0S
=S (HezJ RIE. 2 ( 32)
(d-h) mc (d—-h)

[TorydeHHas CBSI3b MEXIy TOKOM U HalpspKeHHEM umeet Gopmy 3a-
xoHa OmMma.
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4. CBolicTBa KaTOAHOH IJIA3MBI

®opmyna (7.30) MO3BOIAET OLEHUBATH IUIOTHOCTH AJIEKTPOHHOTO
TOKa C IMHCCHOHHOTO IIEHTpa Ha CTaJuu OOpa30BaHUS M HarpeBa Ka-
TOAHOU IIa3Mbl, €CJIM M3BECTHA KOHLEHTpALUs vV MUKPOBBICTYIOB Ha
MIOBEPXHOCTH Karozaa. IIpyu 3TOM coriacHo 3aKOHY COXpaHEHUs 3apsiia
JIOJDKHA BBITIOMHATHCS MPUOJIMKEHHAS CBSI3b MEXKIY CPEIHHM TOKOM C
OTAEIBHOIO 3MUCCHOHHOrO ueHTpa [, m tokoM Yainna—borycinas-

CKOFO—.HCHFMIOpaZ
3

4z %i(]f
m d*
Ha cragum ¢gopmupoBanus MIa3MEHHOTO KaToJa MOXKHO CUUTATh
IPOOJIBHBII pa3Mep IUIa3MEHHOTO0 00pa30BaHus /i CON3MEPUMBIM C BbI-
COTOMU BEHICTYIIA /, T.€. MAJIBIM TI0 cpaBHEHUIO C d. [loaTtomy B dopmyie
st Toka Yalnpa—borycnasckoro—JIeHrMopa 3TUM apaMeTrpoM MOX-
HO npeHeOpedb. Mcrnons3oBanne HEPEIITUBUCTCKOM (GOpMyIIBI 1711 TOKA
B JIMOJIE OIPaBJAHO €€ HaIAJHOCTBIO M TEM OOCTOSATENBCTBOM, YTO
pedb UAET TOIBKO 00 OIEHKE MOPSIKAa BEIMYNHBI IMHUCCHOHHOTO TOKA,
Ha KOTOPYIO pensTUBHCTCKUE dPQEKThl B 00JACTH SHEPTHN XapakTep-
HBIX ISl DJIEKTPOHHBIX JHOAOB (MOpsiiKa HecKonbkux M»aB) cymecr-
BEHHOTO BIIUSTHHS OKa3aTh HE MOTYT.
W3 3anmncaHHOrO COOTHOIIEHUS BBITEKAET MCKOMasl OIEHKa IMJIOTHO-
CTH TOKa C SMHCCHOHHOI'O LICHTpA!

by [0 UT aY’
Jo )—* on \/7 EN ]3(“)(r)a ( 33)

r=at j v[o(r) |de ( 34)

— TeKyIIUH paanyc PPOHTA PACHIMPSIOUICHCS M71a3Mbl

vSI(a)~lus=——

rae

1
Ke -

0)~ ,[—02 35

v(0) VA ( 35

— XapakTepHasi CKOPOCTh IMEepeMEIeHUs TIa3MEHHOTo (poHTa BOIM3U
MOBEPXHOCTH B30PBABILIEHCS MUKPOHEOAHOPOJHOCTH; M — Macca mpo-
TOHA; A — aTOMHas Macca Marepuala kaToaa; K — KOHCTaHTa, il KOTO-
POl B cilydae 0JHOATOMHOW MOJIEKYJIbI CIIpaBEUIMBa OlleHKa K = 75.
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JlJ1g OlleHKH TeMIiepaTyphl I1a3Mbl Ha KOHEUHOU cTajunu ee popmu-
pOBaHHUS C TIOMOINBIO yYpaBHEHHA ( 4) MOJICTABUM B HETO BBIPAKEHUS
JUTSL CKOPOCTH pa3JieTa I1a3Mbl, €€ YJIeIbHOM TeII0eMKOCTH

_S kp
2 MA
W TIPOBOIMMOCTH, TpeHeOperas TerIonpoBOAHOCTHIO. [Ipu aTOoM st
3aJaHusl 3aBHCHMOCTH TPOBOAMMOCTH TUIa3MBbl OT TEMIIEPaTypPhl MOXKHO
ucnons3oBath Gopmyiy Crutuepa [8], KOTOpas B HallleM cllydyac HMEeT
CIEeIYFOIINH TPUOTUKEHHBIA BUT;
o(0) = 2-10° ¥~ (37)
B nannom cny4ae B ypaBHeHuu ( 4) ynoOHO mepeiTH K HOBOW HE3aBH-
cuMoit mepemeHHoM 7 o dopmyde (7.34). Ilpu aTom ypaBHeHue (, 4) ¢
yaetoM popmyi (7.33), (7.34) u (7.35) nmpuHUMAET BUA:

3. .02 4
@0 g0 [AM L@@ s ( 38)
r e p

( 36)

ITpy MHTErpUpOBaHUM TOrO YPaBHEHHS B KaueCTBE HAYaJIbLHOI'O yCJO-
BHSI MOXKHO TTOJIOXHTE: 0(a) = 0y,

BBuay cunpHOrO criaga npaBoit yactu ypaBHeHus (7.38) ¢ yBennye-
HUEM paJuyca B KaduecTBE BTOPOTO Ipeneia WHTETPHUPOBAHHS MOXKHO
B3ATh OECKOHEYHOCTh. OKOHYATEILHO MOTyYaeM CIEAYIONIYI0 POpMYITy
JUISL OLICHKH TEMIIEPATyPHI IIa3MBbl:

(39

Pacuersl 1o 3T0#1 (hopMylie MOKA3bIBAIOT, YTO IS BOJIb(PPAMOBBIX
KaTOIOB M HAaINpsXKEHUH Mopsiaka HeckoJdpkux MB Temmepartypa ka-
TOAHOU TUTa3Mbl MOXKET COCTaBJATH BenmuuHy ~ 100 3B. OTta dopmyna
MO3BOJISIET TAKXKE OCYHIECTBIATH C ydeToM ( 34) u OLEHKY CKOPOCTH
paslieTa IIa3Msl, KOTOpas MOKET JOCTHTaTh 3HaueHuit ~10° m/c.

5. Biausinue MAarHUTHBIX NTOJIeH
Ha padoTy 3JIEKTPOHHOIO I10/Aa

Jna popmupoBaHHA TIOCKUX WM TPyOYaThIX 3JEKTPOHHBIX ITOTO-
KOB B INOJI€ UCTIOIB3YETCS METO MarHUTHOM H30JISIIHN.
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IlycTh BEKTOP MHAYKIMM MATHUTHOTO IOJISl HAMTPABJICH BJOJb OCH Z.
Torma MOXHO 3amucaTh CICAYIONIYK) CUCTEMY YPaBHCHHU TUHAMHKH
anexTpoHa [8]:

dyv, e do
= =0V,
dt my dx Y
dyv
"y - @V,
ar_,
de v
dy
oy
e 7
B KOTOPOU IIapaMmeTp
0="L ( 41)
myy

0003Ha4YaeT LUKJIOTPOHHYIO 4acTOTYy IEKTpoHAa. B kauecrBe Haualb-
HBIX YCJIOBUH BBIOUpPAEM CIICIYIONINE 3HAUCHHS:

27,

x(0) =0, y(0) =0, v(0) = ,[—, v,(0) =0. ( 42)

[epeiinem B cucreme (- 40) ¢ MOMOIIBIO €€ TPETHETO ypaBHEHUS OT
muddepeHIIUpoBaHus M0 BpeMeHH K TudepeHnnpoBanuio mo x. B pe-
3yJIbTaTe IOCJE JJIEMEHTAPHBIX NPeoOpa3oBaHUi MPUXOIUM K HOBOM
cucTeMe BUa:

dv. e do
el () 0
der mdx
dv,
— =0, . ( 43)
dx
dy
Ta
N3 BTOpOro ypaBHEHHs 3TOH CHUCTEMBI IOJIy4aeTcs, 4YTO V, = @X.

y
IToxcraBiigst 3TO BbIpaXK€HUE B NEPBOEC YPABHEHHUE CUCTEMbI, HHTETPH-
pys ero ¢ yaetoM ( 37) 1 U3BJIIeKasi KBAIPATHBIN KOPEHb, UMEEM:
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2Ty N Zep(x) o’x?

v (x)= ; ( 44

m 2
W3 aTOrO ypaBHEHUS IIETKO MONYYHTh YCIOBHE MarHUTHOW W30IIs-
LUK YCKOPSAIOIIETO 3a30Pa, KOT/Ia 3JIEKTPOHBI HE OJIETAIOT IO MOBEPX-
HOCTH TUIa3Mbl. [[J1st 3TOro HeoO6X0aMMO, YTOORI TOYKA MTOBOPOTA DJICK-
TpoOHa, B KOTOpo# v, = (), jexaia rmpaBee MiIa3MeHHOM rpaHulbl. Torjaa,
coriacHO (7.39) MOMKHO BEIIONHATHCS yCIOBHE:

elly +U
m

MoxHo moka3ath ¢ yueroM (7.41), 4To 3TO ycioBUE OyAET BBINOJ-
HEHO NIPH 3HAYCHUSX MHIYKIHH

od >2

2T, + U
e

B> ——. .45
7 (. 45)

IToncranoBka Gopmyisl (- 44) B TpeThe ypaBHEHUE CUCTEMEBI ( 43)
MPUBOINT K MU GEPESHIIUATEHOMY YPaBHEHHIO TPACKTOPHH JIIEKTPOHA
B JIMOJI€ C MAarHUTHOM MU30JISIIIUCH:

dy ox
dx 2¢[T) +o(x)] o’x?
m 2

Kpome BHemHux moseii, Ha paboTy JHOJa MOXKET OKa3bIBATh BIIHS-
HUE COOCTBEHHOE MAarHUTHOE TOJIE CO3/[aBacMOEC AJICKTPOHHBIM ITOTO-
koM. Jlisl ompeneneHHOCTH PacCMOTPUM a3UMYTadbHO CHMMETPUIHBIN
AJIEKTPOHHBIA TOTOK B JTMOJIE C AUCKOOOPa3HBIMHU DIIEKTPOAAMH PATUY-
ca R. Co3naBaeMoe UM MarHUTHOE MOJI€ Ha NEpUPEPUHHON UITHMHIPHU-
YECKOW MOBEPXHOCTH MOXKHO OTPEENUTH TI0 3aKOHY MOJTHOTO TOKA!

§ B(r)dl 2nRB=ol,

(- 46)

TJe |y — MarHuTHas MPOHHUIIAEMOCTh BakyyMa. Otcioma cieayeTr (op-
MyJa:

1
2nR
JlapMopoBCKHll paawyCc KpHUBH3HBI TPACKTOPHH Tepru(epruitHOTO dIIeK-
TpOHA BOJU3W aHOJa MOYKHO OIEHUTH CIIETYIOIINM 00pa3oM:

B=po ( 47)
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Ru= —v(d)B(d) = x/v(d)
o w/Y(d) RS @ -1 (49

2“08 0¢
IIpupaBHuBas 3Ty BEJWYMHY K 3HAYEHUIO LIMPHUHBI JHOIAHOIO 3a30pa,
MOJTyJaeM YCIIOBHE, NPH KOTOPOM 3JIEKTPOH MOXKET HE IIONacTh Ha
aHOJ, U HAPYILIUTCS JJAMHUHAPHOCTH 3JIEKTPOHHOTO MOTOKA. JTO SIBIIEHUE
WHOTJIa HAa3bIBAIOT CAMOM3OJISIUEH 3JIEKTPOHHOTO MOTOKA B COOCTBEH-
HOM MarHUTHOM IIOJIE.

Crenyer 3aMETUTh, YTO HaJW4YKHE B AMOJAE CHIIBHBIX MarHUTHBIX TO-
JIeH CYIIECTBEHHO HApyIIaeT YCJIOBHUSA, MPH KOTOPBIX OBUIM TOIYYCHBI
Bce (popMyIIBI B paszmene 3, Ui ONMCAHMS MPOLEcca YCKOPEHNUS dIIeK-
TPOHOB M MPOXOKACHUS SIEKTPOHHOTO MOTOKA.

[onmpoOHO 3TH BOIIPOCH! pacCMOTPEHBI B paboTax [3, 9].

ONMCAHUE MATEMATHYECKOMW MOJEJH

Marematrndeckas MOJICb UCIIOIb3YEeT MHCTPYMEHTApUH U BCTPOCH-
HbIe QYHKITMHU crucTeMbl Mathcad M COCTOMT M3 TpeX OCHOBHBIX YacTEH.

1. briok u3u4eckux KOHCTAHT:

3apsiz anexkTpoHa, K e= 1,610"
Macca MOKOS 3JIEKTPOHA, KT m=9,1-10>"
Macca IOKOs IIPOTOHA, KT M=1,67-10%
MarHuTHas IPOHHUIIAEMOCTh Bakyyma, [ H/M 1o = 4m-107
TIADJICKTpUYECKast MPOHUIIAEMOCTh Bakyyma, O/m g0 =8,85-10"
rocrostHHas bonbimana, Jx/K k=13810%
CKOpPOCTh CBETa, M/C c=3-10°

2. bnok HavalbHBIX JaHHBIX:
Juanazonvl uzmeHeHus:

YCKOPSIOIIETo HanpsbkeHus, B U=3-10°+3-10°
UIMPUHBI YCKOPSIOILIETO 3a30pa, M d=107+5.10"
ILIOIIA/H KATOLXHOTO YIEKTPOA, M” S=10"+10"
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o 7. 105
CpelHeN BBICOTHl MUKPOHEOJHOPOAHOCTH, M I=10"+10

CpEIHEro paanyca CKpyTrieHus

MHUKPOHEOTHOPOTHOCTH, M a=10"°+10"°
MOBEPXHOCTHOH IJIOTHOCTU

MUKPOHEOHOPOIHOCTEH, M v=10"%+10"
paauyc 3JeKTpoia MIOCKOro AU01a, M R=10"+10"
Knaanlz zjawsmp bl Mamepuanos Bosb(h)paM | MONMHOACH | TaHTaI
paboTa BbIxosa snekrpona @, »B 4,53 4,43 4,12
ATOMHBIN HOMep 4 184 96 181
IUIOTHOCTB P, KI/M’ 19350 10220 16654
zgifigiﬂ HPOBOMIMOCTE G0, 1,82:10" | 1,8510" | 0,80-107
y/eNbHas TEIUIOEMKOCTb X,
T/ (1K) 148 294 152
TeMITepaTypHBII KOB-(bCI)I/ILII/IeHT 5.1-10° 47-10° 3.810°
npoBoguMocTy o, K
cpeaHuit KO3 PHUIMNEHT TeTI0- 120 110 60
npoBogHOCTH A, BT/(M-K)
TeMIiepaTypa miaBieHus 1, K 3693 2893 3270

3. brnok, conepkariuii GOpMYJIbI M PE3YJIbTaThl PACUETOB.

NNOPAJOK BBIIIOJIHEHUS PABOTBI

1.  OTKpBITH IpOTpaMMHBIH (aiin ED.

2. TlomyuuTs y mpenojaBatelisi 3HaUCHHS MCIONb3yeMbIX (prznyde-
CKHX TTapaMeTpoB.

3. Haiitu BeNWYMHBI MIIOTHOCTEH TOKA TEPMOAJIEKTPOHHOH (  2) U
ABTO3JIEKTPOHHOM ( 3 ) SMUCCHH NpHU TeMIepaType, paBHOW CpeaHeMY
TeOMETPUIECKOMY M3 KOMHATHON TeMIepaTyphl U TeMIIEpaTyphl IUIaB-
JICHUSL.

4. OueHuTh BpeMs Hayaja pa3pylIeHUs MUKPOOCTPHUN Ha TOBEPX-
HOCTH KaToJa, UCIOJIB3Yys opmyJsl ( 9)—( " 10).
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5. TlocTpouTh 3aBHCHUMOCTH TOKa 3JIEKTPOHOB, YCKOPEHHBIX B
JIUOZE OT HaNpsDKEHHsI JUTsl OOIIEro ciydvas, a TakyKe IS HepensITUBUCT-
CKOTO M YJIBTPApPENATUBHUCTCKOTO TPEACIBHBIX IMEPeX0oa0B ((OopMyIIbI
(28),( 30),( 32)).

6. Haiitu 3aBHCHMOCTb NMOTEHIMANa OT KOOPAMHATHI B JAHOJHOM
3a30pe It 00IIero U HepeIsITUBUCTCKOro cirydaeB (- 29), ( 31).

7. 3apmaBasich mapameTpaMu MHUKPOHEOIHOpOAHOCTEH (V U a), oue-
HUTH 110 Gopmyiie ( 33) TUIOTHOCTH ANEKTPOHHOTO TOKA Yepe3 KaTo.l-
HYIO IU1a3My Ha HadaJIbHOM CTaJMHM €€ pasjeTa.

8. Haiitn pemenne muddepennuansaoro ypasHenus ( .38) Ha-
rpesa 1iasMel (3akoH Jxoyns—JleHna) v MOMy4YUTh OLIGHKW Ui Ha-
YaJbHOM TeMIepaTypbl M CKOPOCTH pa3lieTa IuiazMbl Mo (QopMyliam
( 35,(C 39).

9. CnenaTh OLIEHKY BPEMEHH MPOJIETa IJIa3Mbl Yepe3 YCKOPSIOUIUI
3a30p U CPaBHUTH €r0 C IPOJIETHBIM BPEMEHEM DJJIEKTPOHA, XapaKTep-
HBIM BPEMEHEM pPa3pyIIEHUS MHKPOOCTPHSA M XapaKTEPHBIM BPEMEHEM
00pa3oBaHMUs TIIA3MBI.

10. TTocTpOHUTh TPACKTOPHIO IBMIKEHUS JIEKTPOHA B THOJTHOM 3a-
30pe MpU HaJUYMHM BHELIHETO MarHUTHOTO MO, pewmas nuddepeHuu-
anpHoe ypaBHeHue ( 46). Haiitn ycnoBue mojaHON MarHUTHOW H30JIs-
WY THOJA.

11. OueHuts TOK IM0Ja, MPU KOTOPOM HapyIIaeTCsl JaMHUHAPHOCTh
JIBUKCHUS JICKTPOHOB, 110 opmyie (. 48).

OPOPMJIEHUE OTUHETA

1.3amoMHUTE Ta0NHITy HCXOTHBIX TAHHBIX.

2. 3amomHUTh TAaOJIHIYy PacUETHBIX 3HAYEHHH IUIOTHOCTEH TOKa Tep-
MOSMUCCHHU JUIS Pa3IMYHBIX TEMIIEPATyp W MaTepHaioB KaToja M aBTO-
OMHCCUM TIPH PA3IMYHBIX 3HAUCHHUAX HAIPSDKEHUS, IUPUHBI YCKOPSIO-
IEro 3a30pa, MaTepraia Karo/a u napaMmeTpoB MUKPOHEOHOPOIHOCTEH.

3. 3amoTHUTHh TAOJHUIY XapaKTEPHBIX BPEMEH pa3pyIICHHs MUKPO-
HEOJTHOPOTHOCTEH /ISl pa3MYHBIX MaTepUaOB KaTo/a, 3HAYCHUH IIH-
PHUHBI YCKOPSIOIIETO 3a30pa, HANPSIKEHHUS M MapaMeTpPOB MHUKPOHEO]I-
HOPOJIHOCTEH.
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4. IlocTpouTh 3aBUCHUMOCTH TOKa YCKOPEHHBIX JICKTPOHOB OT Ha-
MPSDKEHUS TIPU Pa3iIMUYHBIX 3HAYEHUSX IIMPHUHBI YCKOPSIOLIETO 3a30pa
JUIs 00I1IeTr0, HEPEISATUBUCTCKOTO U YJIBTPAPEIITUBHCTCKOTO CIIy4Yaes.

5. Hoctpouts (hyHKUMHU pacnpeiesieHus MOTEHIIMaNa B AUOIHOM 3a-
30pe A OOILIEero W HepeNTUBHCTCKOTO CIIydaeB MPH Pa3iIM4YHBIX 3HA-
YEHUAX YCKOPSAIOIIETO HANPSHKEHUS.

6.3an0MHUTG TaONMUIy 3HAYEHWH IUIOTHOCTU JJIEKTPOHHOTO TOKa
yepe3 KaTOAHYIO IUIa3My, JUISl pa3iMuYHBIX 3HAYEHUH T€OMETPHUUECKUX
MapaMeTpoB MUKPOHEOTHOPOTHOCTEHN U UX MOBEPXHOCTHON TUIOTHOCTH.

7. J1ns mapaMeTpoB 11. 6 3alOTHHUTH TaONHIly 3HAYSHHH TeMIiepary-
PBI TIA3MBI, CKOPOCTH €€ pa3JieTa U BPEMEHH 3aloJIHEHUs MIa3Mou yc-
KOPSIIOLIETo 3a30pa.

8. ns pasnuyHbIX 3HAaYCHWH MHAYKIWH MarHUTHOTO MOJISl, IIHPH-
HBl YCKOPSIOLIET0 3a30pa U HaNpsKEHUs MOCTPOUTH TPAEKTOPUH DIIEK-
TpoHOB B auoze. Ilo pe3ynpraTaMm aHain3a TPaeKTOPUHA OLICHUTh MHHU-
MaJIbHYIO BEJIMYMHY H30JIMPYIOLIETO0 MarHUTHOTO IOJISI M CPAaBHUTH IO-
Jy4EeHHBIN pe3yJIbTaT C PACCUNTAHHBIM 10 Gopmyiie (- 45).

9. 3anonHuTh TAONUIYy 3HAUCHUI TOKA 3JIEKTPOHOB B AUOAE, IIPH KO-
TOPOM HapylIaeTcs JaMHHAPHOCTH 3JIEKTPOHHOTO IOTOKA ISl pa3jivy-
HBIX BEJIMYHMH YCKOPSIOLIETO HANPSHKEHUS U IIHUPUHBI TUOHOTO 3a30pa.

KOHTPOJIBHBIE BOITPOCHI

l.HepelmanTe HU3BECTHBIC BaM THUIIbI KAaTOJO0B U UX OTIIMYHUTCIBHBIC (1)1/[-
3MYECKHEe 0COOCHHOCTH.

2.Kakomy 3HaueHuio temieparypsl mo mkaie KenbpBHHa COOTBETCTBYET
Temnepatypa | 3B 1o sHepreTuyeckoit mkane?

3.TloscHUTE HAa Ka4eCTBEHHOM YPOBHE MEXaHH3M OOpa30BaHMS KaTOXHOU
TUTa3MBI B B3PBIBHOM SYMICCHH JICKTPOHOB.

4. O1eHuTe MPOJETHOE BpEMs IJIEKTPOHA B JTUOJHOM 3a30pe JJIsi Hepess-
TUBUCTCKOTO CITydasi.

5.TlosicHuTe HAa KAYECTBEHHOM YPOBHE (PM3WYECKUN CMBICT PaBEHCTBA HY-
JIF0 TIPOWM3BOJHON TMOTCHIMANIA TI0 MPOIOJIEHOW KOOPAWHATE BOJIM3U KaTOTHOU
MTOBEPXHOCTH.

6.TlosicHuTe HAa KAYECTBEHHOM YPOBHE TOSBJICHUE AIIEKTPOHHOTO TOKA I1a-
PaIENbHOTO KaTOJAHOM MOBEPXHOCTH B IMOJI€ C MATHUTHOM HU30JISIIUEH.
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7.1Ipn KakOM MaKCHMaJIbHOM HAIPSHKEHHH BO3MO>KHA TOJIHAsE MarHUTHAsS
M30JIIUST YCKOPSIIOLIETO 3a30pa MIMPHUHONH 1 MM MarHMTHBIM ITOJIEM C MHIYK-
e 1 Tn?

8.TlosicHuTe Ha KAa4eCTBEHHOM YPOBHE MEXaHHM3M pa3orpeBa KaTOIHON
TUTA3MBI.

9.1Ipy KakOM MHUHHMAJILHOM pPajJiyce 3JEKTPOJOB B JIMOZE C DIIEKTPOH-
HBIM ToKOM 30 KA mpu HanpsokeHnn 2 MB mns yckopsiromiero 3asopa 5 MM
HapymIaeTcs JJAMAHApHOCTD 3JIEKTPOHHOTO TIOTOKA?

10. Tepeuncnure BO3MOXHBIE 00JIACTH TIPUMEHEHUSI AJIEKTPOHHBIX [THOJIOB.
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Pa6oTta 2
MOHHbIN anon

Henv: 3axpennenue meopemuieckux 0CHO8 YUSUKU UOHHO20 OU00d,
BKIIOUAIOWUX NPUHYUNBL (POPMUPOBAHUS UOHHO20 NOMOKA, INEKMPO-
CMamu4ecko2o NOJisi 8 YCKOpSweM 3a3ope U NIA3MEeHHOU 2paHuybl,
BAUAHUSL DNIEKMPOHHO20 MOKA U KPUBU3HLL AHOOHOU U KAMOOHOU NO-
8EPXHOCMEN HA NPOYECCHL YCKOPEHUSL UOHOS.

OBIIUE IMOJIOKEHUSA
1. OCHOBHBIE IOHATHSA

HonHbIii 100X — 3TO MajIorabapUTHBIA ABYX3JICKTPOIAHBIN CHUIIBHO-
TOYHBIA YCKOPUTENb MPSIMOTO ICHCTBUS, B KOTOPOM OCYILECTBISETCS
YCKOPEHHE MOHOB, U3BJIEKAEMbIX M3 MUCTOYHUKA IUIA3MBbl, IOJ JIEUCTBU-
€M CTaTUYECKOTO 3JIEKTPUYECKOro IOJs, CO3AaBa€MOro € MHOMOILbIO
BBICOKOBOJIFTHOT'O UCTOYHHUKA MOCTOSIHHOT'O HAMPSIKEHUSI.

Kunerndeckass »Heprusi YCKOPEHHBIX HOHOB IPOIMOPIIMOHATBHA
pa3HoCTH oTeHManoB U MeX/ly aHOJAHBIM M KaTOAHBIM 3JIEKTPOIAMMU:

T=eZU, (D
rI€ e — 3JIEMEHTapHbIM JJIEKTPUUECKUNA 3apsll, Z — 3apsAHOCTb MOHA
(OTHOIIIEHHUE ANMEKTPHUESCKOTO 3apsiia MOHA K dJIEMEHTapHOMY ). MakcH-
MaJIbHO JIOCTHUKHMasl SHEPTUs PU 3TOM OIPEAEISAETCA dIEKTPUUECKON
MPOYHOCTHIO TUOJHOM CHUCTEMBI U, KaK MPaBUIIO, HE MPEBBIIIAECT BEIU-
yuny ~ 1 MaB.

Takue ycTpoicTBa HaxoAsAT NMPUMEHEHUE B CHCTEMAax WHIKEKIUU
YCKOpUTEIIEH 3apsXKEHHBIX YaCTHI] HA CPEAHUE U BHICOKHE SHEPIUU s
MpeBAPUTEIHHOTO (DOPMUPOBAaHUS HMOHHOTO TOTOKA, B YCTPOMCTBaX
MMIUTAHTAI[MM MOHOB B TBEPAOE TEJIO HA 33JaHHYIO0 TIIyOMHY, a TakKe
JUISL TEHEpaIlui HEUTPOHOB B SIZIEPHBIX PEAKIMIX U30TOMOB BOJOPOA C
pa3IMYHBIMA MUIIEHSAMH.

Jliis mpocToThl OyieM paccMaTpUBaTh HOHHBIC TUOJIbI, PA0OTAIOIIHE
B KBAa3WCTAIIMOHAPHOM PEKHMME, KOT/la MPOJETHOE BPEMS MOHA B YCKO-
PAIOLIEM 3a30p€ U XapaKTEPHbIE BPEMEHA M3MEHEHHUs HANPSHKEHUS Ha
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YCKOPSIOIIEM 3a30p€, U COCTOSTHUS TUIa3Mbl CYIECTBEHHO MEHbBILE JUIH-
TEIBbHOCTH TOKA YCKOPSIEMBIX HOHOB.

s HenmpephIBHOUM IeHepaluy IUIa3Mbl B TAKMX HOHHBIX JTHOMAX,
KaK MPaBHJIO, UCTIONB3YIOTCA IUIa3MEHHBIE UCTOYHHUKH, B KOTOPBIX OCY-
HIECTBIISIETCS] OCLUIUIALIAS 3JIEKTPOHOB B Paspsiie MO JACUCTBUEM IIO-
CTOSIHHBIX CKPELIEHHBbIX MM BBICOKOYACTOTHBIX 3JEKTPOMArHUTHBIX
noniedl. IIpm 3TOM HCTOYHHMK MOXKET T€HEPUPOBATh MOHBI Pa3IUYHOIO
copTa, 0003Ha4YaeMOro MHIAEKCOM i, U OTIMYAIOIINECS aTOMHBIMH HJIH
MOJIEKYJIAPHBIMU MaccaMu A;, 3apsIAHOCTAMHU Z; ¥ KOHLEHTPALIUSIMH 71;.

B OonpmuHCTBE IIA3MEHHBIX HCTOYHMKOB MEXAaHU3M HHKEKIIMU
HMOHOB YCKOpPSIOIIUK 3a30p — TepMuyeckuid. IIpu 3TOM mapruanbHbIi
TEPMOTOK [UI Ka)JI0r0 MOHHOTO KOMIIOHEHTA OIpPENENSIETCs CIEAYIO-
UM BeIpaxkeHuem [ 1, 2]:

I =eZnS<v,» = eviZnsScv,», (2

Trac ny= Z}’li — CyMMapHas KOHOCHTpaluud MOHOB B IJIa3ME, CBA3aHHAad

1

C SHGKTPOHHOﬁ KOHH@HTpaHHGﬁ COOTHOIICHUCM

o
* ZH,Z,-’

n; .

W=—-— OTHOCHUTEJIbHAs KOHIICHTPAIlUs HMOHOB i-TO COpTa B ILIa3Me,
ny

<V,» — yCpeIHEeHHas 0 pacipeieeHni0 MakcBeIa MpoeKus Ha Hop-

MaJjb K IUIa3MEHHOM TNOBCPXHOCTHU TEIUIOBOM CKOpPOCTHU MOHA I-TO copTta:

M4, 7 MAy* KT <v>
<y, > = Ivdvexp(— )= = ,
2mkT ) 2T 2aMd, 4

rae M — macca poToHa; k — noctosiHHas bonbimana; T — TemmepaTtypa

TUIA3MBIL; <V;> — CPEIHssI CKOPOCTh HOHA i-TO COPTa B IJIa3Me.
B nanpHeiimem yqo0HO MepedTH K SHEPreTHYECKOU IIKaje TeMIie-
paTyp, LIMPOKO UCIOIB3yEMOH B MJIa3MEHHBIX pacueTax:

0= 15B]
e
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Torna BeIpakeHUe UL < V; > IEPEHUILETCs CIEAYIOIUM 00pa3oM:
eb
2nMA,
I[I/IOI[ CUHUTACTCA KBA3UIIJIOCKHUM, €CJIM BBIIIOJHACTCA YCIIOBUC!
S>>d2, rae S — IIomaas MOBEPXHOCTH AIEKTPOJOB Auoja (aHoma — A u

(3

V)=

karoga — K).
Jli1s IpOCTOTHI MOTPEOyEeM TAaKKE BBITTOJHEHHSI YCIOBUS
U>>0, (4
KOTOPOE CIPaBEUIMBO JIJIsi OOJBITUHCTBA CTAI[MOHAPHBIX UOHHBIX JHO-
JIOB.

Ha puc. 1 mpejcraBieH cCXeMaTHUECKHI pa3pe3 AU0Ja, Y KOTOPOTo
IIa3MEHHAS TPAHUIIA HE SBISICTCSA MPUHYIUTEIBHO 3a(pUKCHUPOBAHHOM C
MOMOIIBIO KaKUX-THOO CPEACTB (IHOA C MIaBaOIICH aHOMHOW MOBEpPX-
HOCTBIO).

¢=0 ¢~-U
A TUrasmMa K
0 h d x

Puc. 1. MouHbli AM0A ¢ Tu1aBarouiel mia3sMeHHoM rpanuneit

be3 orpannueHus OOIIHOCTH MOYHO CUMTaTh aHOJ 3a3€MJICHHBIM,
UMEIOIIM TIOTeHIHAN (Pp = 0, a KaTOA — HaXOJSAIIUMCSI TIOJ] TIOTeHIIA-
goM @x =—U, co3aBaeMbIM HMCTOYHHKOM YCKOPSIOIIET0 HaIpsKEHUS.
[Tpu 3TOM 3apsITHOCTH BCEX MOHOB OY/IEM IOJIaraTh IMOJIOKUTEITBHBIMU.

B mpoctpancTBe mepea aHOAOM HENPEPHIBHO OCYIIECTBISETCS Te-
Hepanus mia3mbl. He BaaBasch B mogpoOHOCTH BO3MOXKHBIX MEXaHM3-
MOB ee 00pa3oBaHus, OyJeM mojarath IJis IPOCTOTHI, YTO ITOT MPOLECC
OPOMCXOANUT TaKUM 00pa3oM, YTO KOHLIEHTPALMM HOHHBIX KOMIIOHEHT
HE 3aBHUCSIT OT IPOJOJBHOTO pa3Mepa /i ydyacTKa, 3allOJHEHHOIO ILIa3-
MO, KOTOPYIO Oy/IeM CUUTaTh OECKOHEUHOIPOBOASIIEH.
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W3 Teopuu H3BECTHO, YTO BHEIIHEE HIIEKTPUYECKOE IOJIE MOXKET
NPOHMKATH B TUIa3My Ha paccTosiHue nopsiaka mmHel ebas [2, 3], ko-
TOpasi OnpeAessieT XapakTep MOJIAPU3ALUH IUIa3Mbl B 3JIEKTPUYECKOM
TM0JI€ Y €€ TPAHULIBI C BAKYYMOM:

0

o = .
Y e Y MZA(Z,+ )

st GONBIMIMHCTBA TIa3MEHHBIX HCTOYHUKOB, UCIIOJIB3yEMBIX B CTa-
[IMOHAPHBIX WOHHBIX JHOJaX BBIMOJHSAETCS ycioBue Ap << d. W3 Hero
CeIyeT, YTO AJICKTPUUECKOE MOJIe MPAKTUUYECKH HE MPOHUKAET B IJIA3-
MY ¥ Ha €€ MMOBEPXHOCTH BBITIOTHIIOTCS yCIOBHUS:

do(n) _ _
dx _09 (P(h)_O’ ( 5)

rze ¢(x) — HoTEeHIHAI 3JEKTPUIECKOTO TOJIS.

dusznyecku 3TO 03HA4YaeT, YTO Ha riIyOuHe mopsiaka IuHBL [leGast
IU1a3Ma HOJISIPU3YETCsl U 110JIe ABOMHOIO CII0S IOJHOCThIO KOMIICHCUPY-
T AJIEKTPUIECKOe MOJIe, CO3JaBaeMOE BHEITHUMHU HCTOYHHKAMH.

3TO MO3BOJNISET TaK)Ke Mojarath (B MPeanoIoKeHUH MaloCTH Haje-
HUSl HaNpsDKEHUS Ha y4YacTKe 3aHMMAaeMOM IIIa3MOW O CPaBHEHUIO C
U), 4To BHeIIHS TUIa3MEHHAas TPaHUIa IPUHUMAET Ha ce0sl posib aHo-
HOH MOBEPXHOCTH.

CrnenyeTr OTMETUTh, YTO B pe3yJbTaTe HOHHO-3JIEKTPOHHOW WM aB-
TO3JIEKTPOHHOIN 3MHUCCHU KaTOA MOXKET MCIYyCKaTh 3JeKTpoHbl. [loaTo-
My B JIMOJIe Hapsay ¢ MOHAMH MOTYT YCKOPSATBHCS U 3JEKTPOHBI. DTOT
IpoLecC OKa3bIBACT BIUSIHUE HA (JOPMHUPOBAHUE IEKTPHUUECKOTO MOJIS
B IMOJTHOM NPOMEXKYTKE.

2. YckopeHHne HOHOB B 1uoje U (popMupoBanue
IUIA3MEHHOH I'PaHUIBI

[ToTeHnManm 3MEKTPUIECKOTO OIS B pPacCMaTpUBaeMOM KBa3WILIO-
CKOM CTallMOHAPHOM WMOHHOM JIMOJIE oTpejenseTrcs ypaBHeHueM llyac-
cona [1, 4]:

2
d
7=-2 ¢ 6)
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C TPaHUYHBIMH YCIOBUSIMH ( .5), TA€ p — MIOTHOCTh JICKTPUUECKOTO
3apsifia B YCKOPSIONIEM 3a30pe, € — JUAICKTPUYECKas MPOHUIIAEMOCTh
BaKyyMa.

IInmoTHOCTE 3apsiia MOKHO BBIPa3UTh 4Yepe3 MapUualbHbIE MOHHBIE
TOKH [; ¥ 3JIEKTPOHHBIN TOK /, C TOMOIIBIO (POPMYJIBL:

p:eZzini—ene:Z‘]—'[—Q:S_I(ZL_I_EJ’ ( 7)
i i Vi Ve 1

rac¢ v;, — HOHHBIC M J3JICKTPOHHBIC CKOPOCTH COOTBCTCTBCHHO, CBI-

3aHHBIC, TIPU BBITIOTHCHUU ycIoBus ( 4), C MOTCHIMAIOM Yepe3 3aKOH
COXpaHEHUS SHEPTUU:
2 2
My my,
O=—A7 —+eZop, eU=—F—-e0,

2 2

TIe m — Macca dJICKTPOHA.
Otu GopMyITBl MTO3BOJSAIOT BBIPA3UTh HOHHBIE U 3JIEKTPOHHYIO CKO-

pPOCTH Yepe3 MOTSHIIMA CISAYIONIMM 00pa3oM:

v = —2eZi(p, v, = /2e(U+(p). (9
MA4; m

[Moxacrasmsist Beipakenue (- 7) ¢ yuerom ( * 8) B ypaBHenue I[lyacco-
Ha U Tiepexo/isl K 0e3pa3MepHBIM NepEMEHHBIM

) |
w=--—", ©.9
U 9
x—h
= , 10
T 7 ( 10)
MPUXOANM K auddepeHIHATEHOMY ypaBHeHmo
d’w_(d- h) 3 -2
0’ =0 (w2 —g(l-w) 2) ( 1D
¢ 6e3pa3MepHBIM MapamMeTpoM
0=¢,"|Xp ( 12)
2e

1 K03 GHUIHEHTOM 3IEKTPOHHOTO TOKa

m 1
= [— —¢ . 13
& \ M IHp ( )

Beanuuny

26


Free Hand

Free Hand

Free Hand

Free Hand

Free Hand

Free Hand


A[
Inpzzliqj ( 14)

GYZIGM Ha3bIBAaTh MPUBCACHHBIM MOHHBIM TOKOM, a IapaMeTp
3

P=1,U > (. 15)

— UOHHBIM MIEPBEAHCOM JTUOJIA.
[Mapamerp w umeeT HU3HYECKUI CMBICT OTHOCUTEIILHOW KUHETHYC-
ckoii sHeprum (B emuHUIaxX el/), HabupaeMoil MOHOM Ha EAVHHITY €T0
ANEKTPUIECKOTO 3apsiia.
Huddepennmansaoe ypaBHeHHe BTOoporo mopsaka ( 11) ymo6HO
3aMEHHUTh SKBHUBAJCHTHON cHUCTeMOW IubepeHINANTbHBIX ypaBHEHUH

TMEPBOTO MopdaKa:
1

du  (d-h? 5 = /
dg_Q S (w2 —-g(l-w) 2), ( 16)
dw
?é_u ( 17)
C HA4YaJIbHBIMHU yCJ'IOBI/ISIMI/II
w(0)=0, u(0)=0. (- 18)

Oco6enHocTy B ypaBHeHusX (- 11) m( 16) mpu w =0 u w = 1 cBs3aHBI
C NMPEeHEOPEKCHUEM HavyaJbHBIM PACHPEAEICHUEM HOHOB U 3JIEKTPOHOB
no ckopoctsiM. [losToMy mpu YHMCIEHHOM aHajIM3€ STHX YpaBHEHHMH
MOKHO BBECTH IIOIIPAaBKY Ha paclpelesieHHNe MOHOB M 3JICKTPOHOB IO
HaYaIbHBIM KHHETUYECKUM SHEPTHUSM.

Uckimouas u3 ypaBHenuit ( 16), (' 17) nmepemennyro & myTtem Je-
JICHWsI OJTHOTO YpaBHEHMs Ha Apyroe, NpuxoiuMm K auddepeHunais-
HOMY YPaBHEHHUIO MEPBOTO MOPSAKA C Pa3IeISIFOIIUMUCS TTePEMECHHBI-
MU U U W:

2 1 1
A T | ¢ 19)
dw S
WnTerpupys aTo ypaBHeHHe, ¢ yueToM (8.18) umeem:
2 _g0d=h 2
u” =40-———[w? +g(l1-w)* -g]. ( 20)

27


Free Hand

Free Hand

Free Hand

Free Hand


W3Briekas n3 mpaBod W JIEBOM 4yacTH 3ToW (HhOpMyIbI KBaJpaTHBII
KOpEHb W MOJICTABIISs B MOJyYEHHOE BHIpaKCHHE cooTHomieHue ( 7),
IPUXOAUM K audepeHInanbHOMYy YPaBHEHHUIO, ONPEACIIIOIEMY TEMIT

Habopa SHCpFI/II/I HOHA B ,unoae'
1 1 1
— d h —
dct, =202 [w2 +g(1-w)? — g]?.
S2
[locnexyroliee MHTETPUPOBAHNE STOTO BBIPAKEHHUS C YYETOM Ha-
ganpHOTO ycimoBus ( 17) u o6o3HadeHUH ( 5) MPUBOANT K CIICTYIOIIC-
MY BBIPaKEHUIO, YCTAHABIMBAIOLIEMY CBSI3b MEXK]y 3HAUCHUEM OTHOCHU-
TEJIbHOW KHHETUYECKOM SHEPrUH, TEKYIIEH KOOPAUHATOM, KOOPAUHATOM
IJIa3MEHHON MOBEPXHOCTH U MapameTpoM Q-

w 1 1 1
2,/%@—};):] [w? +g(1-w)2 —g] 2dw. (" 21)
0

B crnyuae, korga 3IEKTPOHHAS MPOBOJMMOCTH JMOJA IOJABICHA
(g=0), ypaBuenue ( 21) ynpomaeTc;I u HpHo6peTaeT CIICTYIOIIUHN BUT:

90 3 ,
w= (4Sj (x— h) (" 22)
Yrobsr Gopmyinel ( .21) u ( 22) MOTAHM CIYXKUTh almapaTtoM s
omnpeencHUs Habopa PHEPTUU B IHOME, HEOOXOAMMO 3adUKCHPOBATH
IUIaBAIOIIME MapamMeTpbl /# — KOOPAUHATY IJIa3MEHHON MOBEPXHOCTH M
Q yTeM 3a/laHus TPAHUYHOTO YCIIOBHS Ha KaTOJIe:
o(d)=-U. (23
C yueroMm obo3nauenuii (8.9), (8.10) popmyna (* 23) mepenuiercs
ciemyromuM 00pazom:
w(l)=1. (24
[Moxacrasmsist aTo ycnoBue B hopmyay (¢ 21) 1 BO3BOAS MONTYYSHHOE
BBIpOKEHHE B KBAJIPAT, MOJTy4yaeM COOTHOILIICHHE

(d-h)?* _
e

KOTOPO€ YCTaHABJIMBACT OJHO3HAYHYIO CBSI3b MEXKIY KOOPJIHUHATOM
IJIa3MEHHOM TpaHuIls! /i U mapameTpoM Q.

2

1
4Q de{wl/2+g(1—w)l/2—g]'l/2 , ( 25)
0
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VYuer aroit cBsa3u B Gopmynax (i 21), (¢ 22) menmaer ux omHO3HAU-
HBIMH TIPH OTIpenesieHnHn Habopa sHepruu B auoje. Ilpu atom mocien-
Hss iproOpeTaeT MpoCToil BUI:

4
w()=¢&>. (20)

PaccMmoTpum cuTyanuro, Korjaa B IPUKaTOAHOW 00IacTH 3NeKTpUYe-
CKOE T0JIC BHEIIHUX MCTOYHUKOB IMOJHOCTHIO KOMIICHCUPYETCS TOJIEM
00BEeMHOT0 3apsifia. ITO 03HAYAET, YTO HIEKTPUUECKOE TI0JIC Ha KaToJe
oOpariaeTcst B HOJb U MIMEET MECTO COOTHOIIICHHE

u(l)=0,
KOTOPOE 03HAYaeT HACBIIICHHUE JMOJA MO JIEKTPOHHOMY TOKY, NP KO-
TOPOM 3JICKTPOHHBIN TOK JOCTUTAET CBOECTO MAaKCUMAaTbHO BO3MOMXHOTO
MPENIEeIBHOTO 3HAYCHUSI.

Taxum oOpa3zoM, MOACTaBIAS 3TO ycioBue B dhopmyny ( 20) ¢ yue-
ToM ( 24), umeem g = 1. D10 ycnosue coriacHo ( 13), yctaHaBmuBaeT
OJIHO3HAYHYIO CBSI3b MEXKJY 3JCKTPOHHBIM TOKOM HACHIIICHUS IHOJA
(penenbHBIM 3JICKTPOHHBIM TOKOM B JMOZIC) M MPUBEICHHBIM HOHHBIM
TOKOM:

1,=1, % .

OTO COOTHOILIEHHE 03HAYAET, UTO MPHU YCTAHOBUBIIEMCS OJIOKEHUU
IUIa3MEHHOM TPaHUIIbI B yCIOBUSX HACHIIIEHUS 110 3JICKTPOHHOMY TOKY,
MaKCHMaJIbHO BO3MOXHBIH TOK 3JIEKTPOHOB, YCKOPSIEMBIX B JHOJE,
IPUMEPHO B COPOK pa3 OyJeT NpeBbINIaTh MPUBEACHHBI TOK YCKOpPEH-
HBIX HOHOB, €CJIM HE MPEAyCMOTPEHBI MEPHI 110 NOJABICHUIO 3JIEKTPOH-
HOHW POBOANMOCTH JHO/A.

®opmyna ( 25) nmo3BossieT ¢ yuetoM obo3Hadyenus (- 12) ycraHo-
BUTH 3aBUCHMOC [b YCTAaHOBHUBILEHCSI KOOPAWHATHI IJIa3MEHHOH IOBEpPX-
HOCTH OT NIepBeaHca HOHHOTO MTOTOKa:

_g_2,4]2%e |& :
h=d 3%/;\/:/’(@, ¢ 27)

1

1 1 1 1
£(@)== [ani? +g(1-w)? ~g]° ( 28)
0

rIe
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— (QakTop KOMIIEHCAIMM OOBEMHOTO 3apsiia MOHOB DIIEKTPOHHBIM TO-
koM. [Ipn oTcyTcTBHHM 37€KTpOHHOTO TOKa B nuoxe (g = 0) 3ToT mapa-
METp CTaHOBHUTCS PaBHBIM 1.

Wonneiii mepseanc ¢ yderom ¢opmyn (- 2), ( 3), ( 14) u (' .15)
OyZieT ONpeaeaThCs BBIPAKECHUM:

P e3 Snezz \/— (29)

3. MoHHBI 1HO0A ¢ PUKCHPOBAHHBIM AHOAOM. 3aKOH «3/2»

Brenennas Beime cBs3b (.15) Mexmy NpHUBEIEHHBIM TOKOM, Ha-
MIpsDKEHUEM | TiepBeancoM, ¢ yaerom (1 12), (* 25) u (' 28) mpuBoauT K

COOTHOILICHUSM:
480 5 _
,/ “ et —" @ h)

3
= 5.445-10" f(g)* Uz[ ]. (t 30)
(d- h)

B paccmarpeHHOM BEIIIE clydae AHOJA C MJIaBAIONINM TTa3MEHHBIM
aHOJIOM STH (OPMYIBI OTPAXKAIOT TOINBKO (POPMAIBHYIO CBSI3b MEXKIY
napamerpamu 4, U ¥ I,, HO HUKaK HE 3aBHCUMOCTb IIPHBEJCHHOIO TOKa
OT HaNpsKEHHS, KOTOpOo# cornmacHo (opmynam ( .2), ( .3) u (".15) on-
penensieTcs TOIBKO MapaMeTpaMu IUIa3Mbl (TeMIepaTypoi, CyMMapHOi
WOHHOH KOHIIEHTpAIMel U COCTaBOM HOHOB).

CI/ITyaIH/Iﬂ CYIIECTBECHHO MCHACTCA, KOrjga rpaHuvdHas IOBEPXHOCTH
m1a3Mbl 3auKcupoBana u i = const. 9TO MOXKET OBITH CHIETAHO C TI0-
MOIIBI0 TIPO3PAYHOTO CeTYATOro AMekTpoaa C, pacroI0oKEHHOTO B TOU-
ke x = h. CXeMaTU4ecKuil paspe3 Takoro auojaa ¢ (pUKCHPOBAHHBIM
aHOJIOM TIPE/ICTaBJIEH Ha puc. 2.

B Takom muosie BO3MOXKHA peanu3alyisl IByX PEeXHUMOB: KOTJa dJIeK-
TPUYCCKOC IMOJIC BHCITHUX WCTOYHMKOB Ha MOBCPXHOCTU CETKU IOJHO-
CTHI0 KOMIIEHCHPYETCS TIOJIEM OOBEMHOTO 3apsijia YCKOPSEMBIX YaCTHI]
W KOTJ]a 3Ta KOMIICHCAIIUS HE SBJISICTCS IMOJIHOW M3-32 MaJOCTH TpUBE-
JEHHOTO TEPMOTOKA, H3BICKAEMOTO U3 TUIA3MBI.

%)

30


Free Hand

Free Hand

Free Hand

Free Hand

Free Hand


B nepBom ciydae BOJIM3H aHOMHOM MOBEPXHOCTU OYyT BBHITIOTHSATH-
cs ycnoBus (8.18), a Ha kaTone — ycnoBue (8.24). Takum oOpazom, st
JJMIEKTPUYECKOTO IOJII B JHMOJAE OKa3bIBAIOTCS CIPABEIJIUBBIMU BCE
(hopMyITBI, TIOMYYSHHBIE B MPEABLAYIIEM pa3jiene, a Uil MPUBEISHHOTO
TOKAa MOHOB, YCKOPSIEMBIX B IU0Jie OyneT crpaBeanuBa Gpopmyna (8.30),

<0A=0 <0C=0 qDK:—
0 I d X

Puc. 2. VonHbli auox ¢ GUKCHpOBaHHOMW IIa3MEHHOI IpaHuULeit

KOTOpasi MepecTaeT B CUIIy MOCTOSHCTBA /1 OBITH ()OPMaJbHBIM COOTHO-
IIEHUEM MeXIy Tpems napamerpamu i, U u I, a mpuobperaeT Xxapak-
T€p OAHO3HAYHOM 3aBUCHMOCTH MEKIY IPHUBEACHHBIM TOKOM HOHOB,
YCKOPSIEMBIX B JUOJIE, U HANPSIKEHUEM Ha JUOJHOM 3a30Dpe.

IlepBeaHc B 3TOM cUTyallUM CTAaHOBUTCS MapaMeTPOM, OINpeiesse-
MBIM TOJIBKO T€OMETPUUECKUMU XapaKTEPUCTUKAMU JUOA!

p= 480\Ff( P2 =5.445.10% f(g) % % . (30
) (@=hy| 2

a dopmyna (8.30) Oyzer BeIpaxkaThb 3aKOoH borycmaBckoro—Yaitmma—
Jlenrmropa wim 3akoH «3/2». Belpakenue B npaBoit gactu (8.30) mpu-
HATO Ha3bIBaTh TOKOM borycnaBckoro—Yainna—Jlenrmiopa.

Bo BTOpOM citydae mprBEIeHHBIN TEPMOTOK U3 IJIa3MBI MEHBIIIE TO-
ka borycmasckoro—Yainna—Jlenrmiopa. IlosTomy, kak U B paccMoT-
PEHHOM B TIpenbIIyIIeM pa3jelie JUOJAe C IUIaBarollied IIa3MEHHON
TPaHUIIEH, TOK B INOJIC HE 3aBHCUT OT mapameTpoB auoxaa d, U, a onpe-
JIeNAeTcsl TONBKO MapaMeTpaMy IUIa3Mbl M IUIOIMIAABI0 MOBEPXHOCTH
AJIEKTPOJIOB.

s IpocTOTHl pacCMOTpeHUs: OyIeM CUYUTaTh, YTO SJICKTPOHHBIN
TOK B INOJIE TIOJTHOCTRIO TIOaBlieH. Torma Habop sHeprur B quozAe Oyaer
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OIMUCHIBaThCs cucTeMolt ypaBHenuit ( 16), (' 17) ¢ HadanbpHBIM YCJIOBHU-
eM

_o(d—h)
- b

€

w(0)=0, u(0) (32
rJie 6 — MOBEPXHOCTHASI TUIOTHOCTH 3apsijia, HABEJCHHAS Ha CETKE.

dopmansHOE permenne cucteMsl £ .16), (- 17) momydaercs mo aHa-
noruu ¢ pasgenom 2. Ilpu 3ToM mapamerp g CleayeT MOJOXKHUTh PaB-
HBIMU HYJIO, TaK KakK AJIEKTPOHHBIA TOK B AMOJE OTCYTCTBYeT. Torna
JUTS TeMIla Habopa OTHOCUTEIBHON SHEPTHH B JAHOJAC OyJET UMETh Me-
cTo cienymoiee nupdepeHnruaibHOe ypaBHEHHUE:

2

2 1 .
QK=4Q@Zh)Mﬂ+ o(d —h)

dg S eU
WuTerpupys 3To ypaBHEHUE, MOTyYacM HESIBHYIO 3aBUCUMOCTh W(E):

L
2

, ( 33)

w 1 2
d—hy’ 5 [(o(d-h

&= [dw PP CAmLARE R . Chntl)

0 S eU
B KOTOPOM IUIABAIOIINWM TapaMeTp G MOYKHO ONPEAEIUThH U3 TPAHUYHOTO
ycraous ( *.24).

IMoncranoBka ( .24) B (- 33) NpUBOIUT K CJCIYIOIIUM, OJTHO3HAYHO

OTIPEAETISIONINM MTOBEPXHOCTHYIO IUIOTHOCTH 3apsA/ia Ha CETKe:

0 1 1
2(d—h)\/;=‘[dw[ w?2+c] ?,
0

=26, <
S

¢ 24)

4. OTpHIIaTeJ'[LHOC BJIMSIHUE 3JICKTPOHHOI'0 TOKA HaA MpoLecc
YCKOpEHUS UOHOB B THOAEC U CUCTEMA €r0 MoAaBJICHUA

JIto00¥ KacKaJHBINM WIU 3JIEKTPOCTATHYECKUN TeHepaTop o0iamacT
KOHEYHBIM BHYTPEHHUM compotuBieHueM R. Tak, I BBICOKOBOJIBT-
HBIX UCTOYHHKOB, MCIOJIB3YEMBIX B MaOTa0APUTHBIX HEUTPOHHBIX Te-
HEepaTopax, OHO MOXET COCTaBIATh BenuuuHy ~ 100 MOwm. Takum 006-
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pazoM, B COOTBETCTBUHM € 3aKOHOM OMa Ui MOJIHOM LieNK HanpsbKEHUE
Ha YCKOPSIOIIEM 3a30pe OyAeT 3HAYMTEIbHO MEHBIIIC HAINPSDKEHUS XO-
JIOCTOT'O X0Ja BRICOKOBOJITHOTO MCTOUYHHKA.

PaccmoTpum 3TOT 3ddekT Ha mpuMmepe Tuofa cO CBOOOMHOW TuIa3-
MEeHHOU rpanuriei. B aToM ciydae 3akoH Oma I MOJIHOM LIenu C yde-
ToM opmyi (- 2), ( 3), (. .13) MoxkeT OBbITh 3arcaH B BUJIE BEIPAKCHUSL:

M
U=U,-R > L+gl,|—]|. ( 35)
i m

AHaJOTHIHO MOXKET OBITH PACCMOTPEH CIIydail muoma ¢ (UKCHpPOBAH-
HbIM aHoA0M. CONpOTHUBICHHEM IUIa3Mbl, MOABOJSIIMX MPOBOAOB U
KOHCTPYKTHBHBIX 3JICMEHTOB JHOJa B JaHHOM CJydae MOXKHO NPEeHEO-
peub.

B cmyuae, xorya Auox okasbIBaeTCsl OJMM30K K PEKUMY HACHIIICHUS
0 3JIEKTPOHHOMY TOKY, MPU MCHOJb30BAHUHM BHICOKOOMHOI'O MaJIOMOIII-
HOT'O UCTOYHMKA YCKOPSIFOIIETO HAIPSIKEHUS MTOCIETHUN MOMXKET OKa3aTh-
cs B peXUMe BKIIIOUSHHS, OJM3KOM K PEXHMY KOPOTKOTO 3aMBIKAHUSI.
[MosTomy mist moseienns: KI1/1 yckopeHust HOHOB B 1M0Jie HEOOXOIMMO
OCYILIECTBIISATH MEPOIIPHUATHS IO MOJABICHUIO JIEKTPOHHOTO TOKA.

Ha puc. = 3 npuBoautcst mpocTeiias 3IeKTpoCTaTHUeCKasi CUCTEMA
MOJIABJICHUS 3JIEKTPOHHOTO TOKA IYTEM CO3JaHUs B MPUKATOIHOW 00-
JIACTH TIOTCHIIMAILHOTO Oaphepa, MPEMITCTBYIONIETO MO aHu0 JIeK-
TPOHOB B YCKOPSIOIIMHI 3a30p HOHHOI'O IHOJA.

£,=0 0.~ ¢~ ~U+IR

[

3-!
ISR
k]

0]
Puc. .3. DmekTpocTaTndeckas CHCTEMa II0IaBICHHS JIEKTPOHHOTO
TOKa B MOHHOM JHOJe

Omna npexacTasnsieT coO0H MPO3padYHbIA CEeTYATHINA 3JEKTPOJ, COEAU-
HEHHBIN HaNpsSMYIO C BBICOKOBOJIBTHBIM MCTOYHUKOM, a TaKXe C Karo-
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JIOM 4Yepe3 CompoTHuBiIeHHUE cMmelleHus R.. Katon mpu sTom ocraercs
MO/ TUIABAIOIIUM TOTEHLIAAIIOM.

B »TOoM ciydae 3a cueT mpOTEKaHHMs MOHHOTO TOoKa I depe3 compo-
TUBJICHHE CMEIEHUsI TIepe]] KaToJ0M BO3HUKAET MOTeHINATIBHBIN Oapb-
€p BBICOTOM

AW = IR.. ( 36)

JI1s TOTHOTO TIOJIAaBJICHHUS DIIEKTPOHHOTO TOKa C KaToJla HEOOXO0 -
MO, YTO OBI BBITIOJHSIIOCH YCIIOBUE:

AW>T,. (37

[TooOHBII TTpreM He TMTO3BOJISIET OCYIIECTBIISITH MOHOE MOIaBJICHHE
3JIEKTPOHHOTO TOKA B YCKOPSAIOLIEM 3a30p€, TaK KaK CETKa CaMa MOKET
CTaTh MCTOYHUKOM 3JICKTPOHOB, (DAKTUYCCKH TMpEBpaIasich B KaTOI.
Bonee apexTHBHBIM CpeCTBOM TOIABIEHUS JIEKTPOHHOTO TOKA SB-
JIAETCSl CO3JAaHUE B IUOJHOM 3a30p€ MArHUTHOTO IOJIA C BEKTOPOM HH-
IOYKIMH, Tapajule]IbHBIM KAaTOMHOM TOBEPXHOCTH (MarHWTHAs HW30JI-
1ust). OTOT METOJ TpeOyeT NeTambHOro U3ydeHus u He OyaeT paccmar-
pUBaThCS B JaHHOM paboTe.

5. Baiusinue KPUBHU3HBI IOBEPXHOCTH 3JIEKTPOAOB
HAa (pOpMUPOBAHME 3TEKTPUYECKOIO0 110JI1 B HOHHOM JH0/e

BrusiHrEe KpUBHU3HBI MMOBEPXHOCTH AJIEKTPONOB Ha (hopMHpoBaHUE
JIEKTPUUECKOTO TOJIA B YCKOPSIOIIEM 3a30p€ pacCMOTPHUM Ha IpHUMeEpe
IO/a C IMIHHIPUIECKOW TeOMETPHUEH 3JIEKTPOIOB U (PUKCUPOBAHHOM
aHOJTHOW TTOBEPXHOCTEIO (pHC. 8.4).

27, TmasMa 2’}&

Puc. 4. HonHbI auol ¢ HUINHAPUYECKON reoMeTpren
YCKOPSIIOLIEH CUCTEMBI
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PaccmarpuBaemas mMoaenb COOTBETCTBYET peajbHOMY HUOAY, B KO-
TOPOM OCYUIECTBIISIIIOCH YCKOPEHUE SIACP AEUTEpHS IS MOIYUYEHHS Ha
BHYTPEHHEH TMOBEPXHOCTH KaToJa OBICTPHIX HEUTPOHOB B PE3yJIbTATE
SIIEPHON peakLUy CUHTE3a JEUTEpUs U TPUTHSL.

YpaBHenue IlyaccoHa naig Takoil T€OMETPUM UMEET CIEAYIOLINN
BUJI;

do 1dp_ p

dr?  rdr €

TAcC r — paauyc B HHHHHHpH‘ICCKOﬁ CHUCTCMC KOOpJAUHAT. Ilo ananoruu c

b

paszmenoM .2 BBEIAEM OTHOCHTENBHYIO SHEPIUI0 W U 0e3pa3MepHYIo
KOOpAMHATY
r—r

T

T ¥ — paamyc aHoja, d= ry —r,; P — paguyc Karona.

B

BBOZ[)I B paCCMOTPCHHUEC MapaMETP KPUBU3HBI

4

N
MPUXOINM K AuGhepeHITHATEHOMY YPaBHEHHIO:
1

dPw A dw_ Ow 2d°

dé? +1+xg dé  S(1+A8)?°

rae S=mra’.
Orto nuddepeHnnaibHOE ypaBHEHHE BTOPOTO MOPSAIKA MO0 aHATIOTHH
¢ pasnienioM 8.2 SKBHBAJICHTHO CHCTEME YPaBHEHUI TIEPBOTO TMOPSIIKA:

1
du od> 5 A
— = w2 - u
2 2
dg  S(+A8) 1+ A&
dw
dg
[pu yrcIeHHOM aHalU3e ATOM CUCTEMbI TU(PPEPECHINATEHBIX YPaB-
HEHHH TaKXe HEOOXOJMMO BBOJHUTH MOMPABKY HA HAYATbHYI) KHHETH-
YEeCKYI0 SHEPIHsi HOHa 1o aHanoruu ¢ popmydoi (© 19).

YUuceHHBIH pacyeT MmoKa3all, 9To (GUKCaIys aHOIHOH MOBEPXHOCTH
Ha OJMHAKOBOM PACCTOSHUU OT KaTOJla MPOUCXOAUT MPU Pa3IUUHBIX

( 45)

u.
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3HaueHHIX MOTeHIMAa a Ha KaToje. [Ipuyem 3HaYeHHE STOTO MOTEHIIHA-
Jla YMEHBIIIAETCS ¢ POCTOM TapaMeTpa KPUBU3HBL. JTO TOBOPUT O TOM,
YTO HAJIMYHUE TOJIOKUTEILHOW KPUBHU3HBI YMCHBIIACT BIMSHUE O0BEM-
HOTO 3apsjia Ha TPOIeCcC MPOXOXKIESHUS NOHHOTO TOKa udepe3 auoj. B
Cllydae OTPHLATENIbHON KPUBU3HBI, KOTAA > 71y , BIUSHUE O0BEMHOTO

3apsiia yCUITUBAETCS.

OIMMCAHUE MATEMATHUYECKON MOJEJINA

MaremaTHdeckasi MOJICNb UCTIONb3YeT HHCTPYMEHTAPHH U BCTPOCH-
Hble QyHKIMH crcTeMbl Mathcad U cOCTOHT M3 TpeX OCHOBHBIX YacTel

1. briok u3u4ecKkux KOHCTAHT:
3apsi anekTpoHa, Ki
Macca TTOKOS 3JISKTPOHa, KT
Macca ITOKosI POTOHA, KT
MarHuTHas IPOHHUIIAEMOCTh Bakyyma, [ H/M
MUDIIEKTPHYECKasl IPOHUIIAEMOCTh Bakyyma, O/M
nocrosinHas bonbimana, Jx/K
CKOpPOCTh CBETa, M/C

2. biiok HayaNbHBIX TaHHBIX:
TeMIneparypa mniaa3msl, 3B
3JIEKTPOHHAS KOHICHTPALMS [1a3MbI, M
HaIpsKEHUE Ha yCKOPSIOLIEM 3a3ope, B
MEXAIEKTPOAHOE PACCTOSIHUE, M
rapaMeTp KpUBU3HBI
IJIOLIAb DJIEKTPOAOB, s
KO3 GUITMEHT DJICKTPOHHOTO TOKA
MaKCHUMaJlbHasi HayajlbHas SHEePrus 3JEKTPOHOB, K3B
paauyc aHoaa, M
paauyc Kkaroaa, M
MacCUB OTHOCHUTEBHBIX KOHUEHTPALUA HOHOB
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e=1,610"
m=9,1-10"
M=1,67-107
to = 4m-107
€= 8,85-10"
k=1,3810"
c=3-10°
6=0,1+-100
n=10"%+10%
U= (2+10)-10°
d=(5+20) 107
A =-0,3+0,3
S=10"+102
g=(0+1)
T,,= 10°+10°
ra=107
rg=2-107
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u=1{0,6+0,3; 0,1+0,3; 0,1+0,4; 0,1+0.2; 0,1+0,2}
MacCCHB aTOMHBIX WJIH MOJICKYJISIPHBIX
Macc UOHOB A;={1;2; 16; 16; 32}
MacCHB 3apsTHOCTEH HOHOB Z = {1;1;1;2;1}

3. biiok, conepskamuii GOPMYITBI U Pe3yJIbTAThl PACUETOB.

MHOPAAOK BBIITIOJIHEHUSA PABOTBI

1. OTKpBITE IpOrpaMMHBIX ¢aiin ID.

2. [MonyuuTs y mpemnonaBaTessl 3HaYEHUS] MCHOJIb3YeMbIX (U3UUe-
CKHX TTapaMeTpOB.

3. TlocTpouTh 3aBUCHMOCTH (pakTopa SJIEKTPOHHOM KOMIIEHCALIUH
00BeMHOTO 3apsiaa oT kKodhpHuImenTa IeKTPOHHOTO TOKa.

4. VccnenoBaTh BIMSHUE Ha IMOJIOKEHHE TUTA3MEHHOHW T'PAaHUIBI B
Jozie co CBOOOTHBIM aHOZOM TEMIIEPaTyphl, TUIOTHOCTH TUIA3MBbI, Ha-
MpsDKEHUS ¥ KO3 (UIINEHTa JIEKTPOHHOTO TOKA.

5. WccnenoBaTh BIHSIHHE HOHHOTO COCTaBa IIa3Mbl Ha TIOJIOKEHHE
TUTa3MEHHOM TPaHWIBI B IHOME CO CBOOOIHBIM aHOAOM IIpH (UKCHUPO-
BaHHBIX 3HaueHusx 0, n, g u U.

6. MccnenoBaTh BIHMSIHHE JJIEKTPOHHOTO TOKa B IHOJE CO CBOOO-
HBIM aHOJIOM Ha BBIXOJHYIO SHEPTUI0 HOHOB IIPH HUCIONb30BaHUU BHICO-
KOBOJIbTHOI'O HMCTOYHHUKA HANPSXKCHHUA C KOHCYHBIM BHYTPCHHHM CO-
MIPOTUBIICHUEM.

7. VccnenoBath 3aBUCHMOCTD ITOBEPXHOCTHOM IIJIOTHOCTH 3apsifa Ha
CETYATOM DIIEKTPOJIE M MPHUBEICHHOTO MOHHOTO TOKAa OT HAINPSDKEHUS B
nuoze ¢ (GUKCUPOBAHHBIM TUIa3MEHHBIM aHOJOM IIPH Pa3InYHbIX 3Haue-
HUSX TEMIEePaTyphl U INIOTHOCTH TUTa3MBI.

8. UccnenoBarh ycnoBHs 3JIEKTPOCTATUYECKOTO MOJABICHHUS 3JICK-
TPOHHOTO TOKa B HOHHOM AHOAE C (PUKCHPOBAHHBIM aHOOM, HACHIIIEH-
HBIM 10 IOHHOMY TOKY.

9. I/ICCHCZ[OBaTI) BJIMAHNUEC KPUBHU3HBI ITIOBEPXHOCTHU IJICKTPOJ0B B KO-
aKCHAIBHOM IHIUHAPUYECKOM HOHHOM JHOJE Ha HAa0Op SHEPTHUU HO-
HOM.
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OPOPMUIEHHUE OTYETA

1. 3anomHUTH TAaOIUITy UCXOIHBIX JTAHHBIX.

2. 3amosHUTh TaOIWIly MapUHATBHBIX HOHHBIX TEPMOTOKOB IS
JIBYX pacIpe/ieIeHnii OTHOCUTENBHBIX HOHHBIX KOHIIEHTPAIUH.

3. [TocTpouTh ceMeicTBO 3aBUCUMOCTEN JUTHHEI Jlebast oT Temmepa-
TYPBL.

4. 3amoHUTh TaOIUITy 3HAYCHUU TIPUBEICHHOTO MOHHOTO TOKA IS
JIByX pacrtpesielleHuii OTHOCUTEIbHBIX MOHHBIX KOHIIGHTPAlUd U JABYX
MacCHBOB aTOMHBIX Macc.

5. TlocTpouts 3aBUCHMOCTH (pakTOpa 3SIEKTPOHHON KOMIIEHCAIUU
00BEMHOTO 3apsi/ia OT mapaMeTpa g.

6. [TocTponTh 3aBUCHMOCTH OTHOCHTEIHHON KOOPIUHATHI IJIa3MEH-
HOW TPaHUIIBI B TUOJIC C TUIABAIONINM IUIa3MEHHBIM aHOJIOM OT Harpsi-
YKEHUSI, TEMIIePaTyphl, INIOTHOCTH TUTa3MBbI U ITapamMeTpa g.

7. TTocTpouTh 3aBUCUMOCTH MOBEPXHOCTHOM IJIOTHOCTH 3apsija Ha
aHoJIe OT HAIPSDKEHUS B IUOJE C PUKCHUPOBAHHOH IUTa3MEHHOW TpaHU-
LEH.

8. [TocTpouTh 3aBUCHMOCTH HOHHOTO TOKA OT HAMPSKEHUS B THOC
¢ (DUKCHPOBAaHHBIM aHOJOM JUISI OJJHOKOMITIOHEHTHOW KHCIIOPOJIHOW U
PTYTHOI TUTa3MBl, COEPIKaIe TOFKO OTHO3APSAIHBIE HOHBI.

9. [locTpouTh 3aBUCHMOCTH SHEPTHH MOHA Ha KaToje AWoia OT Ma-
pamerpa g Juisl JBYX 3HAUCHUM HANpPSOKEHUS B JAMOJAX C IUIABAIOIIUM
aHOJIOM.

10. ITocTpouTh 3aBHCHMOCTH MHHHMAJIBHOTO 3HAYEHHUS COMPOTHB-
JICHWsI CMEIICHUS B INOJIe ¢ ((PUKCHUPOBAHHBIM aHOJIOM OT HAIpPsHKEHUS U
napaMerpa g, HeOXOJMMBIX ISl TOJIHOTO IIOJABJICHHS AJICKTPOHHOTO
TOKa.

11. TTocTpouTh 3aBUCHMOCTH Oe3pa3MEpHBIX KHHETHYECKOU JHEep-
THH ¥ HANPSHKEHHOCTH AJIEKTPUYECKOTO TIONSI B KOAKCHAIBHOM JIHOJIE C
(UKCUPOBAaHHBIM aHOJOM OT TOTMEPEUHON Oe3pa3MEepHON KOOPAMHATHI
JUISL IBYX 3HAYCHUH mapaMeTpa KpUBU3HEI.

KOHTPOJIBHBIE BOITIPOCHI

1. Hepelmcdee N3BCCTHBIC BaM INJIA3MCHHBIC MCTOYHHMKHW Ha OCHOBE pas-
pPAAOB € OCHUUTMPYOHNIUMMHU 3JICKTPOHAMMU.
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2. KakoMy 3Ha4YeHHIO TemIepaTypbl IO mKajie KelbBHHAa COOTBETCTBYET
Temnepatypa 1 3B mno sHepreTuyeckoii mkane?

3. Onenure umHy J[lebas ais jAedTepreBOM IUIa3Mbl C KOHLEHTpAEH
10" M u Temmepatypoii 0,1 5B.

4. B ycnoBHSX IpEnbIAyIIEro BOIPOCA OIEHHWTE IUIOTHOCTH TEPMOTOKA C
MOBEPXHOCTH IIJIa3MBI.

5. HaliiuTe aHaIMTUYECKYIO 3aBUCUMOCTD NPUBEAEHHOIO HOHHOI'O TOKA OT
TEMITepaTyphl TUIA3MBI U ANO0a CO CBOOOIHOH MITa3MEHHOW TpaHUIIEH.

6. B uem npuHIMNHAIFHOE OTIIMYKE MOHHBIX HO/0B C (PMKCHPOBAHHON U
cBOOOTHOM TTA3MEHHBIMH TPaHUIIAMU?

7. OneHuTte NpoJeTHOE BpeMsl MPOTOHA B JHOAE C (PMKCHPOBAHHBIM aHO-
JIOM, HaXOJSIIEMCS B PEKUME HACBIIIEHUS 10 HOHHOMY TOKY.

8. OreHuTe BeNWYMHY CONPOTHUBIICHHUSA CMEIIECHHUS B AJIEKTPOCTATHUECKOM
CHCTEME TIOJIaBJICHNSI JIEKTPOHHOTO KOMITOHEHTA IHONa C (PUKCHPOBAHHBIM
aHOJIOM, €CJIH IUIOI[A[b MEKTPONOB paBHa 20 cM’, PAaCCTOSHHE OT CETKH JO
KaToAa — 5 MM, MakcuMalibHasi Ha4daJbHasl SHEprus 3JeKTpoHOoB — 1 k3B, Ha-
HOpspKeHHe Ha quofHoM 3azope — 200 kB, mupuna auoaHoro 3aszopa — 2 cM.
PaccMoTpeTh pexxuM HaCHIIIEHHUS.

9. IocTpoiiTe 1 OOBACHUTE KAaUYCCTBEHHYIO 3aBHCHMOCTH TOKa OT Harps-
JKEHUSI B MOHHOM JIH0/ie ¢ (PMKCHPOBAHHBIM aHOOM.
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IMPUJIIO)KEHHUE

METOAUYECKHUE YKA3AHMUSA 11O I1OJIb30OBAHHUIO
MATEMATHYECKHUM ITAKETOM MATHCAD

Martematndeckuii naker Mathsoft © Mathcad siBisercss ymnoOHOi
MaTeMaTU4YeCKOW 000IOYKOM, MPeTHA3HAYCHHOW ISl pelieHus huznye-
CKMX WM MHBIX 3azad. OT MOJOOHBIX MAKETOB, TakuxX, kak Mathlab,
Wolfram Research Mathematica, Mathcad oTnnuaercss mMakcHUMAaIbHO
MPOCTHIM W yAOOHBIM JiJIsl TIONIb30BaTelNss nHTepdericom. Bmecre ¢ Tem
MaKeT TO3BOJBIET PEIIaTh ITOCTATOYHO CIIOXKHBIC 3amadd, HaIlpHuMep:
YHCIIEHHOE HWHTETPUPOBAHUE, PEIICHHE CUCTeM HEIMHEHHBIX ypaBHe-
HUH, pellleHue KpaeBbIX 3amad U T.J. Kpome Toro, mporpamma uMeeT
KaueCTBEHHBIC W YAOOHBIC IS WCITOJIb30BAaHMS BCTPOCHHBIC Tpadrde-
ckre Moxyn. HemocraTkoM MaTeMaTH4ecKOro IMakeTa SBIseTcs 0OJb-
110€ 110 CPABHEHUIO C IPYTHMMHU [TAaKETaMH BpEMs CueTa.

Buemnwmii Bun o6onoukn Mathad nmokazan ma puc. I1.1. Kpome Tpa-
TUITMOHHBIX TaHelNell MHCTpyMeHTOoB Windows, TIO3BOJISIONIMX OCYIIIe-
CTBIISITH CTaHAAPTHBIA HAOOp omepaluil (co3naHue, OTKPBITHE WIH CO-
xXpaHeHus (aiyioB, meyaTh MOKyMeHTa, (popMaTHpOBaHUE, OMEpAIH C
TEKCTOM W T.J.), MPOTPaMMa MMEET eIlle M TMaHellb MaTeMaTHYeCKUX
oneparuii. JlaHHas MaHENb COJCPXKHUT BOCEMb IIOJPA3]EOB, MO3BO-
JISTIOMIAX COBEPINIaTh MaTeMaTHYECKHe OTEpalnd M MPOrpaMMHPOBATE:
«KAIBKYJATOP», «rpadukay, «BBIYHCICHHS», «CIOXKHBIE pacUeThD)
(CyMMBI, MHTETpaJIbl U TPECIIbl), «IOIMYSCKUE OIEpaIUiy, «MaTpUY-
HBIC OTIEPAIIIIY, «TPeuecKie OYKBBD», CHMBOJIBHBIC OTICPAITAI.

Kpatko paccMOTpyM OCHOBHBIE OCOOCHHOCTH HWCHOJIb30BAHHS
Mathcad.

Ctpykrypa nokymeHTta. AjdaBut u Jekcuka. B Mathcad ot-
JISNBHBIC YaCTH MPOrpaMMbl (OMEpaTophl, MEpPeMEHHbIC, KOHCTAHTHI,
MOJITPOrpaMMbl, KOMMEHTApHUH) MOTYT OBbITh PAaCIIOJIOKEHBI Ha JINCTE B
MIPOU3BOJIEHOM TIopsiAKe. [Ipr 3TOM HEOOXOIUMO TTOMHHUTH, YTO BBIUHC-
JICHHSI TIPOM3BOMIATCS CBEPXY BHU3 M ciieBa HarpaBo. Mathcad mo3Bous-
€T WCIOJIb30BaTh JJisi 0003HAYCHUS KOHCTAHT M TNEPEMEHHBIX JIATHH-
CKHe, PyCcCKHe W Tpedeckue OyKBBL. Benmmumubl, 0003HAYCHHBIC TPO-
MUCHBIMU ¥ CTPOYHBIMH OyKBaMH, MporpaMma IMOHMMAaeT KakK pa3HbIe,
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T.€. JIB€ TIEpEMEHHBIE MOTYT OBITh 0003HAYEHBI, HATpUMep, OykBamu R
u r. [lepeMeHHbIC U KOHCTAHTHI MOTYT HMETh Ha3BaHHE, COCTOSIIICE M3~
HCECKOJIBKHUX 6yKB, IMpui4eM B OJHOM Ha3BaHWUH MOXHO HCIIOJIb30BaThb
BMECTE JIATHHCKHE, PYCCKUE U TPEeYECKHe OYKBBI.

OTMeTHM, YTO 3HAYCHHS YHCEN e U T yke u3BecTHbl Mathcad. [{ns
0003HAYCHUS JISCATUIHON TOYKU MOXKET UCIIOJIB30BATHCSA KaK « . », TaK
H«, .

OcHOBHBIE MaTeMaTHYeCKHe onepanun. /[ oneparyu nprucBau-
BaHnsg Mathcad ncmonmb3yer CUMBON «:=» (OBICTpas KJIaBHUIIA « :@ »).
CHMBOI « = » UCHOJIB3YETCs I 0TOOpaxeHus pesyibrara (puc. [1.2).
Kpome Ttoro, mns omepartopa mpuCBamBaHHS HMEIOTCS CIIEIHUATbHEIE
KHOTIKM Ha TIAHETISX «KaJbKYISATOP» U «BBIYUCIECHUS Y. [l IpoBeeHus
OCHOBHBIX MAaT€MaTHYCCKHUX onepaunﬁ — CJIOKCHHA, BBIYUTAHUA, YM-
HOXKEHUS W JIEJICHUS] — UCTIONB3YITCS CTaHJapTHBIE CUMBOJIBI U COOT-
BETCTBYIOIIMC UM KHOIIKM Ha KJIaBHUATYyPE.

Bce atu onepanun UMeErOTCS Takke W Ha ma- A= sin (nj

HEJN «KAIBKYJIATOpY». s pacuera mpocTermmx
MaTreMaTHIecKuX (QYHKIMH (KOpHEH, jorapud-
MOB, CTENEHHBIX (YHKIUH, TPUTOHOMETpUYEC- A=0.707
ckuX (PyHKIHI) TakKe UMEIOTCS KHOIKM Ha Ta-
HeJH «KAIBKYJISTOP». DTH K€ Olepaluyd MOTYT
GI)ITI) BBIIIOJTHEHBI C HCIIOJIb30BAaHUEM 6I)ICprIX
KJIABUIII, KOTOPBIe puBeAeHbl B Ta0u. 11.1.
Opranmsanua uuxiaa B Mathcad. IIporpamma no3BosisieT mpocTo
OpraHU30BHIBATH OE3YCIIOBHBIE ITUKIEL. JIJIs1 3TOTO JOCTATOYHO HA3HAYUTH
LUKIJIOBYIO TIEPEMEHHYIO, MPUCBOUTH €H IUana3oH U3MEHEHUS M, €CIH
3TO HEeoOXoaMMo, 1ar. HauaiapHOe ¥ KOHEUHOE 3HaYeHHe Arana3oHa pas-
JIENATCST MHOTOTO4MEM (OBICTpast KiaBuIa « ; »). [lo ymorganuto Hyme-
panus sreMeHToB MaccuBoB B Mathcad HaunHaeTcs ¢ HyJIs, HO TIpH XKe-
JIAHWW HAdaJIbHOE 3HAYEHUE MHIEKCa MOXKET OBITh M3MEHEHO IOJIb30Ba-
teneM. [IpumMepsl 3amanus uHACKca IUKIOB B Mathcad mpuBeneHsl Ha
puc. I1.3. [lna oroOpakeHrs 3HAYEHHsI OJHOTO W3 DIIEMEHTOB BEKTOpa
WJIA MaTPHIIEI HEOOXOIMMO HaOpaTh MMs BEKTOPA WA MATPUIIBI C UH]IEK-
camu, 0003HAYAFOIMI HOMEp dJIeMEHTa (IIpuMep cM. Ha puc. 11.4).

Puc. I1.2. Onepanus
MpUCBaNBaHUS

42


Free Hand


i=0.10 §=02.10 k=109.0 n:=5-1.-20

i= j= k=
0 0 10
1 2 9
2 4 8
3 6 7
4 8 B
5 10 5
6 4
7 3
8 2
9 1
10 0

Puc. I1.3. IIpumepsr 3amanns mukiaoB B Mathcad

Hcnonn3osanue pynkumii. Iloab3oBarennb-
ckue (pyHxkuuu. BeTpoeHHble nmpoueaypnl U
¢pynxknuu Mathcad. CuHTakcwmueckoe omwmca-
HHUE MOJb30BaTeNbCKUX (yHKuuid B Mathcad u
o6pa1ueHHe K HHUM BBIINOJIHAKOTCA AOCTATOYHO
mpocto. s BeBoBa (YHKIHHA HEOOXOIUMO
yKa3aTb UMsI (YHKIHM M B KPYIJIBIX CKOOKax
COOTBETCTBYIOIIHE MTapaMeTPBHI.

L
210
fi :=sin(x;)

Puc. I1.4. Onepauuun

C BKTOpaMH

[Ipumepsr ncnonb3oBaHust QyHKIWH Toka3aHel Ha puc. [1.2, I1.4—

I1.8.

Jlna 3amaHus monb3oBarenbekor ¢yHkiuu B Mathcad HeoOxoaumo
yKa3aTh UMs PYHKIIMH U B CKOOKaX MEPEUNCIIUTh MEPEMEHHBIC (CM. PHC.
I1.6). B mpagoii yactu onucanus (GyHKIHMH MOCIIE 3HAKA MPUCBAVBAHHUS
JIOJDKHA COJIEPIKAThCSl 3aBUCHMOCTH OOBSIBIICHHOH IT0JIb30BATENbCKOM
(GYHKIUHM OT yKa3aHHBIX MePEeMEHHbBIX. 3/1eCh HEOOXOIUMO CenaTh J1Ba
3aMe4aHus. 3aBUCUMOCTh B IPABOW YaCTH MOXKET BKJIFOYATh B ceOsl Tie-
PEMEHHBIC, OTCYTCTBYIOIIUC B JIeBOH 4JaCTH, HO P 3TOM OHH HOJIKHBI
OBITH OMpeE/IeTICHbI B JOKYMEHTE BbIlIE, YyeM 3anaHa (yHkimsa. Kpome
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TOTO, omucaHue (HYYHKIUM B JICBOM YacTH MOXET COJEpKaTh OOJbIlee
YHUCIIO IEPEMEHHBIX, YEM 3aBUCUMOCTD B MPABOM 4acTU. DTU JBa CIydas
MpOWUTIOCTpUpOBaHkl Ha puc. I1.7. [Tonp3oBaTenbckue GYHKITUH MOTYT
Tak)Ke CoepkaTh OOpalleHus: K APYyruM (QYHKIHSM, P 3TOM B Kade-
CTBE MEPEMEHHBIX B JIEBOM YaCTH YKa3bIBalOTCS BCE NEPEMEHHBIE, ONU-
CBIBAIOIIME KaK (YHKIUIO BEPXHETO YPOBHS, TaK U BIOXKECHHYIO (YHK-

muto (em. puc. I11.7).

¢os(0.5) = 0.878

asin(l) = 1.571

Puc. I1.5. Mcrionp3oBanue (yHKIHHA
B Mathcad

f(x,y,z):= 5-x2+3-y3-z

a:=f(1,2.4)

a=101

f(2,4,1) =212

Puc. I1.6. 3aganue moab30BaTEIbLCKUX
¢ynkuuit B Mathcad n nx
HCIIOJIb30BaHKE

A:=3
fx,t) ;== A-sin(x)
f(1,0) =2.524

£(1,100) = 2.524

Puc. I1.7. Ocobennoctu
UCIIOJIb30BaHMs (PyHKIIUI

Mathcad conmepxutr orpomHoe
KOJIMYECTBO BCTPOCHHBIX (DyHKIIHIA:
MaTeMaTHYECKHUX, JIOTHYECKHX, CHM-
BOJIBHBIX U T.A. B umcino maremaru-
4eCcKHX (PYyHKUIMI BXOIAT Kak Ipo-
credime (GYHKUUH (TPUTOHOMETPH-
Yyeckue, anredpandeckue, runep0o-
JAnYecKue, JorapuMuueckue, mart-
pUYHBIE W T.1.), TAK U (QYHKITHUH, I10-
3BOJIAIOLINE C IPUMEHEHUEM YHCIICH-
HBIX METO/IOB pelllaTh CIOXKHBIE (H-
3WYECKHe 3a7a4H: TOUCK KOpHEil cuc-
TEM YpaBHEHHMH, UYWCIICHHOE HHTET-
pHUpOBaHUe, pelIeHHe KPaeBbIX 3a1ad,
npeoOpazoBanus Oypbe u ap.

[TprMeps! UCTIONB30BaHUS BCTPO-
€HHBIX (YHKUWI TpUBENEHBI Ha PUC.
I1.2, I1.4, I1.5, IL.8.

Jns noGaBneHuss B HpOrpamMMy
BCTpoeHHOH ¢yHkuun Mathcad mo-
I'yT OBITh HMCIOJIB30BaHBI J[Ba CIIOCO-
0a: MOXHO BBECTH «BPYYHYIO» HMS
GyHKIMU ¥ ee mapaMeTpsl, a MOKHO
BOCTIOJIb30BATHCS] KHOMTKOH «BCTAaBUTh

Rl

(I)yHKI_[I/I}O » Ha IMaHCJIIn HWHCT-

PYMEHTOB.
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[Ipu sTOM TmOSABUTCS OKHO (pHC.
I1.9), conepkariee mepeyeHb BCTPOECH-
HeIX (pyHKmmi Mathcad, pa3meneHHBIX
Ha HeckojJbko rpymmn. Kpome toro, B
HIDKHEW 4YacTH OKHAa s KakIou
(hyHKIIMH TIPUBEIEHO KpaTKOE ee OIlH-
canne. Hekoropsie BcTpoeHHbIE (DyHK-
uu Mathcad, xotopeie OymyT HCITOIB-
30BaThcsl B J1a0OpaTOpPHBIX padoTax,
ommcansl B Tabm. 11.2.

I'pagpuku B Mathcad. Kak yxe ro-
BOpmwJIOCh BhIIMe, Mathcad BKIFOYaeT
BCTPOCHHBIN MaTeMaTHYeCKHN TMaKerT,
MMEIOIIMN JTOCTATOYHO IIUPOKUE BO3-
MOXKHOCTU. J[ns1 moOaBneHHs IBymep-
HOTO rpaduKa B JIEKApTOBOW CHCTEMeE
KOOpAMHAT MOXHO HCIIOJIb30BaTh CO-
OTBETCTBYIOIIME OBICTPBIC KJIABUIIN
(cm. Tabm. I1.1), mamens «I'padukar
WIH UCHOJb30BaTh MeHI0 «['paduka»
u3 3aknagku «BceraButh». [Ipu 3TOM Ha
JKpaHe TMOSBUTCS OKHO, H300paKeHHOE
Ha puc. [1.10. OxHO uMeeT YeThIpe mo-
ns. Tlog rpadukoM B cepennHe UMeeT-
csl ToJIe, B KOTOPOM YyKa3bIBaeTCs ap-
TYMEHT (YHKLHWH, B MOJIAX IO KPasM —
JMana3oH MOCTPOeHUs rpaduka.

B mone cneBa ot rpadumka ykaspiBaeTcs (yHKIHS, KOTopas OyneT
nmoctpoeHa (mpumep cM. Ha puc. [1.11). Bmecto aprymenra u dhyHKIHH
MOTYT OBITh YKa3aHbl HIMEHA JIBYX MAcCHBOB. DTOT Clly4yail MOKa3aH Ha
puc. I1.12. Eciu 9ncio 3J1eMeHTOB 000MX BEKTOPOB OJMHAKOBO, TO HH-
JIEKC y UMEH MacCHBOB MOXET OBITh OImyIieH. Jlmama3oH W3MEHEHUs
(YHKIMU TakKe NpPU HEOOXOTUMOCTH MOXKET OBITh yKa3zaH clieBa OT
rpaduka. AHAJIOTHYHBIM 00pa30oM MOKET OBITh IMOCTPOSH M Tpaduk B

MOJIAPHBIX KOOpAHWHATAaXxX.
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dyHKUMK Beccens
In(0,0) =1

HeRcTBUTENbHAA YacTb
KOMMIEKCHOro YAcna

Re(l+2) =1

YTeHne B Maccue U2 chainna
file := READPEN("data.txt")
FMnepBonnYecknin KOCUHYC
cosh(1) = 1.543

Norapuchm

log(64.,2) = 6

Yucno ¢TonbLoe MaTpULbI

122
M:=| 3435

7806
cols(M) =3

Puc. I1.8. IIpumepsl
HCTIOIb30BAaHMS BCTPOCHHBIX
¢yukuumit Mathcad



Free Hand


Inzert Function

Function Categaory Function M ame
Al -

Complex Humbers

Curve Fitting

Differential Equation Solving
Ewsprezzion Type

File Accezs

Finarnce - I
Cririmre Trmumsbmres

IIn[m, %]

R eturnz the mth order modified Bezsel function of the first kind. = must be :I
real. m must be between 0 and 100 incluzsive.

I
gl ] I Ihzert Cancel |

Puc. I1.9. Jlo6aBnenue BcTpoeHHbIX GyHKImiA Mathcad

Puc. I1.10. OxHo nByMepHOTO Tpaduka
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0.5

siniz=) o
-0.5
Lo

1:=0..100
27
7 T
f;:= sinI:Xi:I
1
0.5
f; ]
-0.5

/

\

st

Puc. I1.12. IToctpoenue rpaduka panee pacCAUTaHHON (YHKITUH
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Mathcad umMeet psin yIO0OHBIX BCTpOSHHBIX (PyHKIWH 11 0OpaboT-
k1 rpadukoB. Tak, QyHKIHS «Z0OMm» MO3BOJAET YBETUUUTH 4acTh Ipa-
¢uka s mydmero paccMorpeHus. OyHKIus «trace» MO3BONSET CUH-
THIBaTh apryMeHT W 3HadeHHe (QyHKUIUH mpsMo ¢ rpaduka. Mcnonb3o-
BaHME 3TUX QYHKIMH TPOMILTIOCTpHpOBaHo Ha puc. I1.13.

A alue |3- 2044 Copy # |
A alus I-U. 0E2791 Copy ¥ |

¥ Track Data Paoints Cloze |

B I XY Zoon x|
= ¥
05 Min: 0 [0.0g81538
M |4. 57143 |1 00962
T Lo-1 v Ear | Unzoom | Full Vigw |
0K | LCancel |

Puc. I1.13. ®ynkuuu «zoom» u «trace»

Mathcad Taxke mo3BonisieT CTPOUTh TpexmepHbie rpaduku. [Tpu g0-
0aBIeHNN TPEXMEPHOTO rpaduKa Ha SKpaHe MOSIBUTCS OKHO, B KOTOPOM
UMeeTcs TIoJie JUIS 3alMCH UIMEHU JIBYMEPHON MaTpHIIbl, KOTOpas OyaeT
noctpoena. [Ipumep mocTpoeHusi TpexMepHOro rpaduka MokKa3aH Ha
puc. [1.14. Mathcad Tax:xe I03BOJISIET CTPOUTD I'padUKH JIUHHN YPOBHH,
BEKTOPHBIE OIS, CTONOYATHIE TuarpaMmbl. [locTpoeHre 3THX rpaduKoB
MPOU3BOJUTCS aHATIOTUYHO.

Hcnoab3oBanue moamporpamm. Mathcad mo3BossieT co3naBaTh
CJIOXKHBIC TTOJIH30BATENbCKIE (DYHKIIMH, KOTOPHIE YI0OHO OQOpMIISITEH B
BUAe MmoAmporpamM. B neBoll wacTu moamporpaMma COAEPKUT HMS
(YHKIMM ¥ TapameTpbl, OT KOTOPHIX OHa OYyJeT pacCUMThIBaThCs. B
MPaBOi YacTH COJCPIKUTCS OMKCaHKNe MoAnporpaMmel. OmHcaHue cieBa
OrpaHUYMBaeTCsl BEpTUKAIbHOW 4epToil. [lpu ommcaHnu MaTemaTHye-
CKUX OIEepaTopoB B MOJNPOrpaMMax HCHONb3yeTcs naneib «lIporpam-
MUPOBaHHUEY.
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f

Puc. [1.14. Tpexmepuslii rpadguk B Mathcad

Wmax — Wmin

spectra(N , W , Wmin , Wmax ,K) := e

step <«
for iie0..K
X< 0
for jeO..N
for iel.K+1
ae X

100 o
n<—a+—ﬁ—~ if Wi < Wmin+i-

step A Wj > Wmin + (i — 1) - step

Xi-1 € a
X
i:=0..1000 j:==0..20 15 T
10-n s
o0 ¢ firmsin(x) 10
fmax := max(f)  fmin := min(f) spectr

spectr := spectra(1000,f , fmin , fmax ,20)

fo fmax — fmin 0

1
 + fmin e 05
3 20 77

Puc. I1.15. Ilpumep ucnons3zoBanus noxnporpammsl B Mathcad
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Ha puc. I1.15 noka3zan npumep NOAIPOrpaMMbl, KOTOpask MO3BOJISET
paccuUMTBIBaTh CIIEKTPalIbHOE pacipeneneHue GyHKuun. 3nech W — Bek-
TOp, COACpXKAIIMK 3HAYCHUS HCCIeAyeMOl (YHKIWU B y3JaX CETKH,
Winax 1 Wiin — MakCUManbHOE M MUHHUMAJBHOE 3HAYCHUS (PYHKITMM Ha
y4acTKe uccienoBaHus, N — y3JI0B CETKH, K — YUCIIO 3JIEMEHTOB B BEK-
TOpe, 0TOOpaXaoLeM CIEKTPaIbHOE paclpeiesieHHE.

[MpuBenennast Beile MHGOPMAIHMA O MPOrPAMMHUPOBAHHUU B Cpelie
Mathcad siBnsieTcst JOCTaTOYHOM ISl BHITTOTHEHUSI 1a00paTOPHBIX paborT.

Ta6mmuma I1.1
BoicTpeie knapumm Mathcad
Omneparust Knasumu [Ipumep
IpucBoenue : ar=2.5
ToXaeCTBEHHO PaBHO ~ a=b
He paBHo Ctrl +3 a#b
MeHblie Ui paBHO Ctrl +9 a<b
Bonpme nmm paBHO Ctrl + 10 a>b
BeckoneuHOCTh Ctrl + Shift +Z o0
Kopenn \ Ja
KopeHs nopsizika n Ctrl +\ 2fa
CrenenHas GyHKIUSA Shift + 6 10> 4
Mopnyiib, OTIpeaeIuTeNh MaTPHIIBI | | x|
daxTopuan Shift + 1 n!
Cymma psina Shift + 4 Z a
n
OnpeneneHHblil HHTETpal Shift + 7 b
J. xdx
Juddepenmman Shift +/ d
dx
Juddepenunan nopsaxa n Ctrl + Shift +/ 42
&x
Hpe/:[en Shift+L litn fl:X)
X—pi
Jlo6aBuTh MaTpUILY Ctrl + M
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Iponomxkenne Tadm. I1.1

Onepanust Knasumu [Tpumep

Huxuuil nHIeKC MaTpULIBI WK BEKTOpa [ A,
CymMa 2J1IeMEHTOB BEKTOpa Ctrl +4
TpaHCIOHMPOBAaHUE MATPHUILBI Ctrl + 1 mT
Jlvana3oH U3MEHEHHS B IIHKJIE ; A = 0.100
Jo6aButh rpaduk B JBYMEPHBIX JieKap- Shift + 2
TOBBIX KOOPJIMHATAX
Jo6aButh rpaduk B TpEeXMEPHBIX Jie- Ctrl +2
KapTOBBIX KOOPJIUHATAX
Jo6aButh rpaduk B JByMEPHBIX KPYyro- Ctrl +7
BBIX KOOPJMHATAX
Jo6aButh rpaduk JIMHUN ypOBHS Ctrl +5
Jl06aBUTb JIMHUIO ISl [TOIPOrPaMMBI ]
OmnpenenuTs MepeMeHHyIO B ITOIIPO- { oM. pic.
rpamMMe

= . I1.15
Ycnosusiil onepatop if }
Huxk for Ctrl +“

Ta6muna I1.2
Bcerpoennbie pynkuuu Mathcad
OyHKIIA | Ob6parmeHne | Omnncanne
Tpuconomempuueckue pynxyuu

Cunyc sin(x)
Kocuyc cos(x) X — apryMeHT (B pajua-
Tanrenc tan(x) Hax)
Koranrenc cot(x)
Apkcunyc asin(x) X — apryMeHT
ApKKOCHHyC acos(x) (—1 <x< 1)
ApKTaHTeHC atan(x) X — apryMeHT

Tunepboauueckue QyHkyuu

Cunyc runepOoIm4ecKui sinh(x)
Kocunyc runepbonnueckuii cosh(x) X — apryMeHT (B pajiMaHax)
Tanrenc runep6onuueckuii tanh(x)
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IIponomxkenne Tadm. I1.2

DyHKIUA

| O6pamenmue |

Onucanue

Dyuxyuu beccens

Oyuxuus beccens:
- HyJIEBOTO MOpsAKA
- IEPBOTO MOPsIKa

- IPOU3BOJIBHOTO MOPSIIKA

Jo(x)

J1(x)

Jn(n,x)

X — apryMeHT

X — apryMEHT, 1 — IOPSAI0K

MoaudunmpoBanHast GyHKIHs
Bbeccens:
- HyJIEBOT'O MOPsIIKA

- IIEPBOT'O MOPAAKaA

- IIPOU3BOJIBHOTO ITOPAAKa

IO(x)
Il(x)

In(n, x)

X — apryMeHT

X — apTyMEHT, 1 — HOPAIOK

Jlozapugmuueckue u nomenyuanvrvle GyHKyuu

Harypanbhblii torapugm

ln(x)

X — apryMeHT

X — apryMeHT, g — MI0Ka3a-
TeNb, ecinu a=0, TO BBIYKC-

Jlorapupm log(x, [a ]) >
JS-eTCsl IeCSTUYHBIN JIoTa-
pudm

DKCTIOHEHTa exp(x) X — apryMeHT

Dyuxyuu oxpyneHus
X — apTYMEHT, 11 — IOPAI0K
okpyriieHus; eciu n=0, To

Oxpyrstenue roun. d(x,n) OKpPYTJICHHE 10 LIeTI0i Beu-
4yuHbI; ecin #<0, TO OKpyT-
JICHHE TIPOBOIUTCS 10 Je-
CSIT-KOB, COTEH, ThICAY U T.JI.

OkpyrieHHe 10 LeJIoro trunc(x, n) X — apryMEHT

chpoenubte YUCTICHHbLE MEMOO0bL

Pewenue cucmem oupgepenyuanvuvix ypasrenuil

Meron Pynre —
KyTra 4-ro no-
psizKa ¢ mocTo-
SIHHBIM I1IaTOM

rkfixed(y,x1,x2,N,D)

y — BEKTOp HAYaJIBHBIX JJaH-
HBIX, [x/, x2] — nuamna3oH vH-
TerpupoBanus, N — 4ucio
TOYEK CeTKH, D — cucrema
g GepeHIaTbHBIX ypaBHE-
HUH (WK OJTHO YpaBHEHHE)
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Oxonuanwue Taou. I1.2

DyHKIUA O6paruenne Onucanue
y — BEKTOp Ha4YaJIbHBIX J[aH-
HbIX, [x1, x2] — Auamna3oH UH-
Merton Pynre — g 1-x
TerpupoBanusi, N — 4ucio
Kyrra 4-ro CTOJIOLIOB B MaTpuIie, 0ToOpa
TOPSIZIKA C Te- Rkadapt(y,x1,x2,N,D) . PHHE, P
JKAIOLIEeH pe3yIbTaT HHTETPH-
PEMEHHBIM
posanus, D — cucrema nudde-
I1arom .
PEHIMAIBHBIX ypaBHEHHUH (MK
OJTHO ypaBHCHHE)
Y — BEKTOp Ha4aIbHBIX JaH-
HBIX, [x], x2] — Aana3oH UH-
TerpupoBanus, N — 4UCIIo
Meron CTOIJD'I6p OB B Ma’T Hiie, 0Toopa
Bymupxa — Bulstoer(y,x1,x2,N,D) 1ol pHe, P
JKarolel pe3ysbTaT HHTETpH-
[Iroepa
poBanus, D — cuctema mudde-
PCHLIMATIBHBIX YpaBHEHUH (MM
OJIHO YpaBHEHHE)
[Ipeobpazosanus Oypee
Tpsimoe fft(v) V — BEKTOP, COJIEpKalUil 27
3JIEMEHTOB, 11 — LIENI0e
V — BEKTOP, CO/IepKaliui
O6paTHOe cftt(v) e ’
277" +1 snemeHTOB, 1 — 1ETI0€
Pemenue ypaBHeHUi (cHCTEM ypaBHEHUI)
Cucrtemsl 1u- Bossparmaer pereHue x cuc-
HEWHBIX ypaB- lsolve(M , v) TEMbI ypaBHEHHI BHA
HEeHUi M- -x=v
f (x) — (OYHKIMs, KOPHH KO-
. TOpOii OyAyT HAlIEHBI, X —
Mowex DU | roou( () fo.b) | nepovinan, [a5] -
ypaBHEHHii R K nepeMeHHas, |d,b| — nuamna-
30H, B KOTOPOM OyZAET IMpou3-
BOJIUTHCSI PEILICHHE
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PABOTA Ne3

OBuxeHune 3dpPAXEHHbIX YacTuu B
OOHOPOAHBIX ANEKTPUYECKUX N MAarHUTHBIX NONAX

OcCHOBHbIC MOHATHUSA

dusnyeckas 3JIEKTPOHHMKA BKIIIOYAET B ce0sl ClenyloIue pas-
ACIbI: BAKyyMHas1, MOJIYIIPOBOJHHUKOBAA U IJIa3MCHHAA 3JICKTPOHUKA
(puc.1.1). Ha ¢usudeckom ¢axynprere [ITHUY pazaen “Tlomynpo-
BOJHHUKOBAS SJICKTPOHUKA™ U3Yy4aeTCs KaK OTACNbHAS JUCIHUILIMHA U
B HACTOSILIEM Kypce MOJAPOOHO HE paccMaTpuBaeTcsl.

duznyeckas DJICKTPOHHKA

'

T~

BaKyyMHas

TMOJIYTIPOBOAHHUKOBAS

Ij1asMCHHas

'

v

BaKyyM ||3apsbkeHHbIe||pu3nueckue| | mnasma ||3apsbkeHHbIe|| pu3nueckue
YaCTHULBI pUOOPEI YaCTULBI pUOOPEI

| OJIEKTPOHBI | | IIPOTOHBL | HOHBI |

JIEKTPOHBI |

| HOHBI |

AW

| TIOJIOXKHUTCIIbHBIC

|0TpI/II_[aTCJ'H>HI>IC| |HOJ'IO)KI/ITCJ'H>HI>IC

|0TpI/ILIaTeJ'H)HI)Ie|

Puc.1.1. Ctpykrypa kypca “@usudeckas 3IeKTpOHUKa”

AToM — MenpYaiiIas 4acTHIla BEIIECTBA, HA KOTOPBIE OHO MO-
KeT OBITh Pa3IoKEHO XUMHYECKHMHU METOJaMH. ATOM COCTOUT M3
sapa, HAXOJSIIErocs B IEHTPE aTOMa, W JJIEKTPOHHOH OO0O0IOYKH.
CocTaBHBIMH YacTSIMH S/pa SIBISIOTCS MPOTOHBI M HEUTPOHBL. DJIEK-
TPOH, IPOTOH M HEUTPOH — 3JIEMEHTapHBIE YAaCTHIIBI, 3aps/] U Macca
KOTOPBIX MPUBEAEHBI B Ta0m 1.

Tabn. 1. 3apsg u Macca dIeMeHTapHBIX YaCTHI

OneMeHTapHas  4a- | 3apsn Macca

cTULla

DIeKTPOH —1.6022:10""° Kn 9.1096:10" kr
T[Iporon 1.6022:10 " Kn 1.6726:10 " kr
Heiitpon 0 1.6749-10 7 kr
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FreeText
Движение заряженных частиц в однородных электрических и магнитных полях

FreeText
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5

DnemenTapHbiii 3apsz 0, = 1.6022:107"° Ki — 910 HauMeHbIee
KOJTMYECTBO DJIEKTPHUECTBA, KOTOPHIM MOXKET 00JaiaTh 3JeMeHTap-
Has 4yactuua. JIro0oi AIeKTpUUeCKUi 3apsa] SBISETCS LEI0YHCICH-
HBIM KPAaTHBIM 3TOI'0 3apsajaa.

DneKkTpuyeckd 3apshKeHHBIE MOHBI 00pa3yroTcsl MPH OTPHIBE
WM TIPUCOSIUHEHUH 3JICKTPOHA K HEHTpaJIbHOMY aTOMy, MOJIEKYJe
WIH YacThile, 00pa30BaHHOW HECKONBKUMH MOJEKyaamH (Kiacrtep-
HBII MOH). OTpHUIIATENHHO 3apsHKEHHbIE HOHBI OOBIYHO MMEIOT OJINH
)IOHOHHHTeHbelﬁ QJICKTPOH, a B IMMOJIOXKUTEIIbHO 3apsS’KCHHBIX MOHAX
HET OJHOT0 W HECKOIBKUX 3JIEKTPOHOB (MHOT03apsIIHbII HOH).

BakyymMoM Ha3zbIBaeTcs COCTOSIHUE Ta3a MPH JIABICHUSX, CyIIe-
CTBEHHO HWXe atMocdepHoro. /lapieHne 4acTo U3MepseTcsl BO BHe-
CUCTEMHBIX €IWHHUIaX — MUJIJIMMETpax PTYTHOI'O CTO.H6a, B 3THUX
eIMHUIIAX HOpMallbHOE aTMOoc(epHOe NaBieHUe, WU3MEPEHHOEe Ha
ypoBHEe Cpeam3eMHOro Mopsi, COCTaBisieT P, =~ 760 MM pT. cT. B
cucteme CU emmHuMIEl M3MepeHUs MaBJICHUS SBIsETCS | mackalb,
ripu 3ToM 1 Mm pt. cT. = 133.322 Ila.

Bakyym xapakTtepu3yercsi COOTHOIIEHHMEM CpEIHEH JIMHBI
cBobomHOro mpobera A Mojekyn rasa u pasmepa d, xapakTepHOro
JUIL Ka)KIOro KOHKPETHOro Iporecca uin npubdopa. Takum pasme-
POM MOTYT OBITH PacCTOSHUE MEXKIY CTEHKAaMH BaKyyMHOH KaMephl,
JUaMeTp BaKyyMHOI'O TpyOOIIpOBOZa, PACCTOSIHUE MEXIY 3JIEKTpO-
JIaM# 3IIEKTpoBaKyyMHOro mpubopa u T.4. CpenHss qmHa cBOOO-
HOrO TIpobera MOJEKybl ra3a A=17/Z, rae U — CpeiHss CKOPOCTh
MOJIeKYJ, Z — YMCII0 CTOJIKHOBEHUM MOJIEKYIIbI 38 €MHHILY BPEMEHH.
CpenHiol0 UIMHY CBOOOTHOrO IMpoOera MOXKHO BBIPA3UTh depes
AWaMeTp MOJEKYJIbI Oy M 9UCI0 MOJIEKYJ N B eIMHHIE 00beMa:

A =1/ (V2rd2n).

B Ta6n.1.2 nmpuBeneHsl XapaKTEpPUCTHKH PA3IUIHBIX CTEIEHEH
BaKyyMa B 3aBHCHMOCTH OT BEJIMYHHBI COOTHOIIeHUS A/d s
d ~ 10 cmM, 371ech e yKa3aH Juana3oH jJaBjieHuil B [1a ¥ MM pT. CT. 1
YHUCIO MOJIEKYa N B 1 M. B HH3KOM BaKyyMe MpeodNagatoT CTOJNK-
HOBEHHSI MOJIEKYJ APYT C APYrOM, B BBICOKOM — CO CTEHKaMH Kame-
pul. B nopax u kaHanax quamMeTpoMm ~1 MKM BBICOKOMY BakyyMmy CO-
OTBETCTBYET JaBJICHHE HAUMHAs C IECATKOB U COTEH MM PT. CT. (T.€.
O0nm3Koe K aTMoc(epHOMY), a B KaMepax Ul MMUTalud KOCMHUYe-
CKOI'0 IIPOCTPAHCTBA OOBEMOM B AECATKH KyOMYECKHMX METPOB Ipa-
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HUI]a MEXAY CPEJHHM M BBICOKHM BAaKyyMOM COCTaBIISIeT TOPAIKa
10~ MM pr. cT.

Tabn.1.2. XapakTepuCTHUKHU pa3INYHbIX CTENCHEH BaKyyMa

Enu- Bakyym

HUIA HU3KAHI cpenHui BBICOKHI CBEPXBBICO-
u3Me- KA
peHust

vd <<1 ~1 >>1 >>1
P,Ta | 10°+133 | 133+1.33-10" | 1.33-10 +1.33-10° | <<1.3310°°
P, MM | 750+1 1107 10°+1077 <<10°®
pT. CT.

n, amc- | 10°+10% | 10%+10" 10"=10% <10®

JI0

MOJIC-

Kyl B

1w

ITonsitne cBepXBHICOKOTO (TIyOOKOTro) BakyyMa CBSI3BIBACTCS
CO BpEMEHEM T, HEOOXOJUMBIM JIJIsl 00pa30BaHHS MOHOMOICKYIISIP-
HOT'O CJIOSI MOJIEKYJI Ta3a, aJIcCOPOMPOBAHHOTO HA MOBEPXHOCTH TBEP-
JIOTO Tella B BaKyyMe (CTEHKH COCY/Ia, JIEKTPOJIbI), KOTOPOE OICHU-
Baercs o gopmyiie T = 1-10 /P, rae 1 — kodbdHIHEHT 3axBaTa Ya-
CTHIIBI MOBEPXHOCTHI0. CBEPXBHICOKMM BaKyyMOM Ha3bIBaeTcs 00-
nactb gaBnenuit P < 107 MM pr. cr., Koraa T GOIbIIE HECKOIBKHX
MUHYT.

1.2. YpaBHeHue JABMKEHUSl 3apPSKEHHbIX YACTHI[ B JJIeK-
TPUYECKHX M MATHUTHBIX MOJISIX

IIpu nBHUXeHUU 3apsHKEHHBIX YACTULl B ANEKTPUUYECKUX U Mar-
HUTHBIX TOJMSIX B BaKyyM€ PaBUTALMOHHON CHJIOH, AEUCTBYIOILIEH
Ha 3apshKCHHBIC YaCTHUIIBI, MOXKHO NpeHeOpedb, T.K. OHa HAa MHOTO
MOPSIIKOB MEHbBILE 3JEKTPUUECKUX U MarHUTHBIX cuil. Takum oOpa-
30M, Ha YaCTHIy Maccoi M M 3apsaoM ( B IJIEKTPUUYECKOM M Mar-
HUTHOM MOJISIX ACHCTBYET cuiia

F = qB + q[5 x B].

JB>keHne 3apsHKEHHOM YacTHUIIBI OMMCHIBACTCS KJIACCHYECKUM

3akoHOM HploToHA!
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d(mv . ~

UD) _ £ ol
COITACHO KOTOPOMY H3MEHEHHME HMMITYJIhCa 3a CIUHUIY BpPEMEHU
paBHO cuie. B Takoil (hopMyIHpOBKE 3aKOH JABM)KCHUS CIPABEIJIUB
U JUIsI PEISTUBUCTCKUX CKOPOCTEH, Korma V—C, TAe ¢ — CKOPOCTh
CcBeTa U M — pensTUBHUCTCKas Macca. [Ipu MalmbIX CKOpOCTSX, KOraa
M MOXKET OBITh OTOXKICCTBJICHA C MacCOW TOKOs My, MOXKHO 3allu-
caTh

mdv

WZQE‘FQ[UXB]. (11)

BeKTOpbl HANPSHKEHHOCTH JIEKTPUUECKOrO MO M WHIAYKIMHA Mar-
HHUTHOT'O OJISt B OOLIEM CITydae SBJISIOTCA (YHKIUSAMHU KOOPIMHAT U
Bpemenn B = B(#t). UHTerpupoBatue ypaBHEHHS IBIKEHHS BO3-
MOXHO TOIBKO TOI/Ia, KOI/a II0Ms B M3BeCTHbI. 3ajaua ynpowaercs,
€CIIM HAMPSHKEHHOCTh 3JIEKTPUYECKOTO T10JIsS M MH/IYKIIUS MATHUTHO-
IO MOJISi HE 3aBUCAT OT BPEMEHHM M MX W3MEHEHWE B MPOCTPAHCTBE
BBIP@KAETCS MPOCTHIM 3aKOHOM. B JajbHelilieM Mbl CHavana pac-
CMOTPHM JIBHKEHHE B TIPOCTBIX MOJSIX, & 3aTEM MMOCTENEHHO Mepeii-
J1eM K Gosiee CIOKHBIM MOJISIM.

B NpUBOIMMBIX PAaCCyKICHHAX HE YYUTHIBAIOTCS MOMPABKH,
CBS3aHHBIE C OJICKTPOMATHUTHBIM HW3JIy4EHHEM, BO3HUKAIOIIUM
BCJIEJICTBUE YCKOPEHHOTO [IBUKEHUSI 3aPSKCHHOM YaCTHIIBL.

1.3. DHepreTrnyeckue COOTHOIIEHHSI B CTATHYECKHX MOJISIX

Omrcanue Tporecca ABHKCHHS YaCTHIBI Ha OCHOBAHHUH ypaB-
HEHUS IBIDKCHUSI MOJKET OBITh OYEHB CJIOKHBIM M TOT/I, KOT/a Bpe-
MEHHOE U3MEHEHHE MOJIeH He YUHTHIBACTCS, T.€. KOT/[a HAIPSIKEHH O-
CTH TOJIEH ABISIOTCA TONBKO (PYHKIMAMU KoopauHatr 7. HecmoTps
Ha 9TO, MOXHO, HE CTPOS CIICHHAIBHBIX MPEIIONI0KEHUH OTHOCH-
TENBHO CTPYKTYPBI MOISI © HE paccMaTpHBasi MOIPOOHO camMo JBH-
’KEHHE, BBIBECTH COOTHOLICHUS [JIsl SHEPTHHU JIBIIKYIICIHCS YaCTHUIIBL.
[IpeAnonoxuM, 4TO YacTUIA B TCUCHUE UHTEPBAIa BPEMEHH OT t; 10
t, mBmkercs Mexay Toukamd P; u P, 110 BBIOpaHHOW TpaekTopuu
(puc.1.2). TIpounTerpupyem o6e dactu ypasHenust (1.1) Baoms yka-
3aHHOTO OTpe3Ka:
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Puc.1.2. JIBmkeHne 3apspkeHHOW YacTHUIIBI B CTATUYECKUX 3JICK-
TPUYECKOM Y MarHUTHOM IOJIAX

P, _dv P2 Pa[> _ 3] 42
fplzmadr = quledr+qu12[v X B| d?.

JIeByI0 YacTh 3TOr0 ypaBHEHUsI MOYKHO IEpeEnucarh B hopme
Py

Py V1
[lepBrIit WieH mMpaBoOil YacTH BBIPAXKAETCS CIETYIOIUM 00pa-

30M:

P, Py

q f EdF=—q f gradU d7 = (U, — U,)q.

Py Py
Bropoii 4jieH B IpaBoii YacTH paBeH HYJII: BEKTOPHI U M dT mapai-
JIENBHBI, TAK YTO 3HAYEHHE CMEIIAHHOIO BEKTOPHOIO IPOU3BENEHUS
PaBHO HYJIIO:

[ x B]d7# = 0.

B pesynbrare nomyunm
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mv:  mv?

5 5 = (U; —Uz)q -

3aKOH COXpaHeHHs dHepruu. JleBas 4acTh ypaBHEHHUS PEICTABISACT
co00¥ M3MeHEHHe KHHETHYECKOM, MmpaBas 4acTh — W3MEHEHHE I10-
TEHIMAaJIbHOM 3HEPTHH YacTUIBI B Toukax P; u P,. MaruutHoe mose
HE BOIIIIO B 3TO dHEPTeTHUECKOE CooTHOMIeHne. DopMa TpaeKTOpHH,
KOHEYHO, 3aBUCUT M OT MAarHUTHOI'O I10JI1, HO OHO MOYKET U3MEHHUTH
TOJIBKO HAIpaBjE€HHE, a HE CKOPOCTh YACTHIIBI, T.K. CHIIa, 00YCIIOB-
JICHHAS BO3JEHCTBHEM MAarHUTHOTO MOJIs, B JFOOOW TOYKE TPaeKTO-
PHH TIEPIICHANKYIISIPHA HAIIPABJIEHHIO BEKTOPA CKOPOCTH YACTHIIBL.
OOBIYHO 3aKOH COXPAHEHHS SHEPTUH 3AMMKMCHIBAIOT B BUIE

mv2 mv3

Ecnn n3BecTeH mMOTEHIMAN AIEKTPHYECKOTO MO, TO COOTHO-
menne (1.2) MOXXHO MCTONB30BATh ISl ONPENENEeHUsT CKOPOCTH da-
CTHIIBI B JIFOO0H TOUKE MPOCTPAHCTBA!

2q(U; — Uy) 2

vy, = T +v7. (1.3)

Ecnu npuHATH, 9TO pa3HOCTH MOTEHIIMAIOB MEXIY IBYMS TOU-
kamu U; — U, = U u HavampHas CKOpOCTh B Touke P; paBHa HyIIO,
TO

2qU
v, = |—. (1.4)
m

CKopocTh B JIFOOOM CTATHYECKOM DJICKTPUICCKOM M MarHHT-
HOM TIOJIe MOXKeT ObITh paccuutana 1o ¢opmyie (1.3) wam ecnu
HavalbHas CKOPOCTh paBHA HYIII0, TO 10 hopmyie (1.4).

Ecnu m3BecTHO, 4TO WacTHIa OONamaeT ONpeneiIeHHBIM 3apsi-
JIOM, TO YCKOPSIOIee HaNpsOKEHHE OJHO3HAYHO XapaKTepHu3yeT U3-
MEHEeHHE YHEePTUU YaCTULBI. DTO JIENaeT 1eeco00pa3HbIM BBEICHIE
HOBOHM emuHUIB SHepruu. CaMoil ynoTpeOWUTEeNbHOW eANHULEH U3-
MepeHHusi pabOThl U DHEPTHMH B JJIEKTPOHUKE SBISIETCS DIIEKTPOH-
BOJBT. 1 3B — 3TO 3HEprus, KOTOPYIO MONTyYaeT 4acThlla, 00Iaaato-
mias 3apsgoM = 1.6:10"° Kot npu npoXojIeHnH pasHOCTH MOTEH-
uuanoB B 1 B. Orcioma cnenyer: 1 »B = 1.6-10°" JIk, wm
1 Jx = 1/1.6:10 " 5B = 6.24-10"® 5B.
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ABMKEHUE 3APAKEHHbBIX YACTHUIl B
OJHOPOJHBIX DJIEKTPUYECKUX U MAT'HUTHBIX
HOJIAX

2.1. I[BI/DKCH]/IE 3apAKCHHBIX YaCTUIl B OAHOPOAHOM CTaTH-
YECKOM JJICKTPUIECKOM I10J1€

2.1.1. 3aparxcennas uacmuya 08UIHCEMCs ¢ RPOU3BOTIbHOT
HAYaAIbHOU CKOPOCHBIO

OIHOpPOJHOE CTATHYECKOE IMOJIe BO3HMKAET MEXKIY IUIaCTHHA-
MH 3apsSHKEHHOrO IUIOCKOIO KOHJEHCATopa, NMPH JTOM JIHHEHHBIE
pa3Mepsl TIACTHH KOHeHcaTopa — aiauHa | u mmpuaa h — qomKHEI
ObITH MHOI'O OOJIBIIE PACCTOSIHUS MEKIY TUIacCTUHaMH O, Kak rmoka-
3aHO Ha puc.2.1. HanpsokenrocTs amekrprueckoro mons E = U/d.

Puc.2.1. ITnockuit KoHAEHCATOP

Ha puc.2.2 cxemaTH4yeck MOKa3aHO IBIKCHUE YaCTHUIBI C 3a-
psioM +Q 1 Maccoil M MEXy IJIACTHHAMH IIJIOCKOTO KOHJEHCAaTopa
(Bun cOoKy), UMeOIUMH pa3HocTh noreHuuanoB U. Ha 3apsoken-
HYIO0 YaCTHIly NEHCTBYET CHJIa CO CTOPOHBI JJIEKTPHYECKOrO IO

F = qE. YpaBHeHHE OBUKECHUSA 3apsSHDKEHHON 9aCTHIBI UMEET BUJ
mdv g
ac 1
Yactrna ABMKETCS C YCKOPEHHEM, IOCTOSHHBIM IO BEIUYMHE U
HaIPaBJICHUIO!
dv
—_— ==
dt 1

3| =
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1
< 1
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F = qE

Puc.2.2. JIprkenue 3apspkeHHON YacTHUIIBI B TIOJIE TIOCKOT0 KOHJEHCaTopa

Takum o0pa3zom, st JIF000r0o MOMEHTa BpeMeHH t CKOpOCTh

YaCTHUIIBI
t -

L E E ,
V=1 + fqmdt—qm(t to) + Vo,
to
€CJIM B MOMEHT BpeMeHH t = t; yacTuma uMena CKOpoCTh, PaBHYIO Vo.
Panmyc-BekTop 4acTHIBI B CUCTEME KOOPAMHAT, CBA3aHHOW C HEIO-
JBIKHBIM KOH/ICHCATOPOM, BBIpaskaeTcs B opme
t

dt

to to
OTCIO,Ha B KOHCYHOM HUTOrec HOJ'IyT-H/IM

t N t
> o dF - E e
=7y = —dt=fvdt=qaf(t—to)dt+v0fdt.
to tO

. 1 E . .
7(t) = Eq%(t —tg)? + Vot — to) + 7
IIPH YCIIOBUH, YTO B MOMEHT BpeMeHHU [ = {y pannyc-BEKTOp 4aCTHLIBI

Obul Ty. B mociemnem ypaBHeHunu BenuduHa Ug(t —t;) COOTBET-
CTBYET JBW)KGHHIO C TOCTOSHHOH CKOPOCTBIO Uy, a MEPBBIN WIEH
XapaKTepu3yeT PaBHOYCKOPEHHOE IBIDKCHHE B HAIPABICHHH IIOJIS.
TpaekTopus IBMKEHHS YaCTHUIIBI IPEICTAaBIEHa Ha puc.2.3,d.

Bribepem cuctemy KOOpAWHAT TakuM o0Opa3oM, 4TOOBI OCh Y
OblIa MmapaienbHa U MPOTUBOIOIOKHO HAIIPABIICHA M0 OTHOIICHUIO
K Bektopy E (puc.2.3,6). Ilycts dactuiia B MOMEHT BpeMeHu to = 0
HAYMHAET JIBUTATHCS U3 UCXOMHOM TOUKU Ty = 0 ¢ HAYaIbHOU CKO-
pocThio V. Torna ypaBHEHHUs IBUKEHUS 3AMMIIYTCS B BUJIE
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T

v

Vox X
a o

Puc.2.3. [IBmxenne 3apspKeHHOM YacTUIBI B OJTHOPOJHOM dJIEKTpHUe-
CKOM II0JIC: @ — B TIOJIAPHOH, 6 — B MPSIMOYTOJIBHOM CUCTEME KOOPIMHAT

QU

I
Q
3 | =

<
Il
)
o~
+
<[
&

t? + Vot

=
Il
N| —
L)
S| o3| o

U MOT'yT OBITh pa3I0XeHbI Ha KOMIIOHEHTEI
a, =0,
E
ay = —q a,

x

Ux = Dox,

vy, = —q—t+ vy,
'y %, 0y

X= VOX t!
L t% + vgyt
=—=-q— Voyt.
y 29 oy
N3 3TuX ypaBHEHUH MOXHO PacCUUTATh BCE MHTEPECYIOLLUE

HAC BEJIMYMHBI, HAIpUMEpP TPAEKTOPHIO YacTUllbl. Ecnu nepeMeHHyo

t = X/Vox MCKITIOUUTD M3 MOCIIEIHEr0 YPaBHEHHSI, TO TOIYYHM
E Vg
y
y=—59—5x*+—x.
2 0x VOX
Orcrona BUJHO, YTO TPAEGKTOPHS JBM)KCHHS 3apsHKEHHOW da-

CTHULIBI B OTHOPOJAHOM JJICKTPUUICCKOM ITOJIC UMECT BUL Hapa6OJ'IBI.
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2.1.2. 3aparcennan yacmuya 0BUICEMCa C HY1€60U HAYANbHOIL
CKOpOCHbIo

PaccMoTpuM BaKHBIM B IPAaKTUKE Cily4al, KOIZa 3apspKEHHAs
YacTUla HAYMHAET JBMUIaThCsd W3 Hayajla CUCTEMBI KOOPIAUHAT C
HayaJbHOW CKOPOCTBIO, PaBHOM Hymwo. Torna ypaBHEHHUE BUKEHUS
HMMEET BUJL

a, =0,
E
ay = —q;,
vy =0,
E
v, = —q—t,
X =0,
1 E
y=-3q_-t

OTH ypaBHEHHS ONMMCHIBAIOT CBOOOTHOE MBIKEHUE YACTHIIHI B
CTAI[MOHAPHOM DJICKTpUYecKoM Tosie. Eciu paccrosiHue Mexy ria-
CTMHAMM KOHjeHcaropa paBHO d, TO MoaHAs TPOAOIKUTEILHOCTD
rmojieTa BeIpasuTcs GopMysIon

ty= |2d—
a= =y
qE

JIOCTUTHYB HHKHETO JJIEKTPOJIa, YCKOPEHHAS YacTUIIA CTATKHBACTCS
C HUM, TIepe/iaBasi eMy CBOIO KHHETHUECKYIO SHEPTHUIO, YTO MPHUBOIUT
K HAarpeBaHMIO 3JIeKTposaa. ECM B HUKHEM 3JIEKTPOJIC BHIPE3aHO OT-
BepcTHe (puc.2.4), TO 4acTuIla, MPOJIETEB CKBO3b OTBEPCTHE, OyaeT
MPOJIOJKATH JANbHEHINee TBUKEHNE CO CKOPOCTHIO

| y¢}{+U

+q, M, 0,=0

A
A 4

T
Il

<
Ty

S
X

1

y

)

Puc.2.4. YCKOPCHI/IC BapH)KGHHOﬁ YaCTHUIIBI B ITOJIC TNIOCKOI'0 KOHAEHCATOpa
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2qU 21
Uy = |—. .
Y m 2D
[Ipousomnwio npespaineHue noreHuanpaon sueprun W, = qU B xu-

HETHUYECKYIO
1
W= Emvz.

2.1.3. Bpemanponemmusiii macc-cnekmpomemp

Kak BumHo u3 dopmyinsl (2.1), CKOpOCTh YCKOpEHHOM 3apsi-
YKEHHOM YaCTHIIBI 3aBHCHUT OT €€ Macchl, I03TOMY KOHEYHBIE CKOpO-
CTH YacCTHIl C OJMHAKOBBIM 3apsjIOM, HO Pa3HBIMU Maccamu OyayT
pasnuunbl. Ha aTomM mpuHImne paboTaeT MMITYJIbCHBIA BpEMSIIPO-
JIETHBII Macc-CIIeKTPOMETp, CXeMa KOTOPOro IMpHBeeHa Ha puc.2.5.

Hccnenyemass cMech HEUTpalibHBIX Ta30B Majoro JaBJIEHUS,
HampuMep BOIOpPOJa M JIEUTEpHs, MMOCTyHaeT B HOHM3AIIMOHHYIO Ka-
Mepy. KopoTrkuit uMImynec t,o, ~ 1 MKC aHomHoro HampspkeHus U,
CO3/1a€T TIOTOK D3JEKTPOHOB, OAHOKPATHO HOHM3HPYIOMIUX YacTh
HEUTpaJbHBIX ATOMOB I'a30BOM cMecH, IIpeBpaliasi X B IPOTOHBI U

BBITAJIKUBAIOIINIA aHQI  £MeCh IPOTOHOB Dpaszoenennvie npo-
anektpon U,,,=10kB )/~ MOoHbL U w0
’ s+ " e
l /7 -,
4 -
I
I 6ecnonesoe .‘
""""""" %‘ '.'.'I
npoOCMpPanHcmeo 4

@ 7
g i ot
L JIETEKTOp ~ OcIiLIorpad

\
+U, )
g /
|
,' Upor l OTKa4Ka HEUTPAIIbHBIX Ta30B

Karong 1
7S HOHU3AUMA  (OKyCHpPYIOIIas JTHH3A
N
AY
CMECh  HM30TOIOB u
HEUTpaJIbHBIN a3 U =10 kB
U,=+100 B
—> > g
Tuon  Taan t

Puc.2.5. BpeMAmponeTHbIi Macc-CIeKTPOMETP
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neiTponsl. [locne OKOHYaHUS UMITYJIBCA Tyoq AHOJHOTO HAMIPSIKCHUS
U, ¢ HEOONBIIONH BPEMEHHOW 3aJICPIKKON Ts,; HA BBITAIKHBAIOIIUAN
ANEKTPOJl MoJaeTcsi OOJbIIOe MONOXKHUTENbHOEe HampspkeHne Uy,
KaK MOKa3aHO Ha BPEMEHHOM auarpamme BHU3Y puc.2.5. Jnurens-
HOCTh MUMIIYJIBCA Ty TOJOMPACTCS TaK, YTOOBI BCE MOHBI BBIIUIH U3
MOHM3AIIMOHHON Kamepbl. [lJis yBenuueHHs pa3pelaromieii crnocoo-
HOCTHU IIpUMEHsAETCsS MOHHAas JInH3a. CTyCTOK IPOTOHOB M IEHTPOHOB
BIeTaer B OecrioiieBoe MPOCTPaHCTBO, TJIE OH JICIUTCS Ha OTIeIbHbBIE
rpynmel. OTH TPYHIBl MOHOB, MOManas Ha JETEKTOp, CO3Jar0T JIBa
UMIyJbca TOKAa, PErucTpupyemble ociuniorpadgom. Heumonusupo-
BaHHBIN ra3 OTKaYMBAETCS U3 YCTAHOBKH C ITOMOIIIBIO HAacoca.

Jns oneHKu HaiijieM CKOpOCTh U BpeMsl MPOJIETa HOHOB U30TO-
[I0B BOAOPO/Zia — IIPOTOHA C MACCOM My = 1.67-10" xr u neiitpona ¢
Mg =~ 2M,, TOTYYEHHbIE UMH NIPH YCKOPEHUH PA3HOCTBHIO ITOTEHINA-
soB U = 10 xB. 3apsast H0oHOB 0p = (g =1.6:10"" K.

_ [rusitotiaer o o
Y = 167-10-27 ¢
139°10° o oo
vy =—F—-—=098" —.
\2 c

Paccrostare | = 3.5 M IpOTOHBI U IEHTPOHBI IPOXOIAT 3a Bpe-
mst tp = l/v, = 3.5/1.39 - 106 = 2.5 mke u ty = l/vog = 3.5/0.98 - 106 =
= 3.6 mMkc. TakuM 00pa3oM MpH JUTUTETLHOCTH HOHU3UPYIOIIErO UM-
MyJBCA Tyoy = | MKC ITYYKH MPOTOHOB W JIEUTPOHOB, JOMIEIINE IO
JETeKTOpa, OKa3bIBAIOTCA MPOCTPAHCTBEHHO pa3/eNeHHBIMH W Ha
perucTpupyromneM ociuuiorpade Hadarogaercs 18a uMirynbea. [Ipu
BCEl NPUHUMIHUAIBHON MPOCTOTE AAKE HAUIPOCTEHIIAasi KOHCTPYK-
U BPEMSMIPOJIETHOTO MacC-CIIEKTPOMETPa OKa3hIBAETCS OONBIION
o pa3mepam. B HacTosmiee BpeMsi KOMIIaKTHBIE, HO 0OJiee CIIOKHBIE
CXEMBI BPEMSIPONIETHBIX MAacC-CIEKTPOMETPOB ITUPOKO HCIIONIB3Y-
IOTCSL B PA3NTUYHBIX IIEISIX — OT HKCIPecc-aHaIn3a Ta30BOr0 COCTaBa
aTtMocdepbl 10 KOHTPOJIS COCTOSHES KOCMHYECKOTO IPOCTPAaHCTBA
MIPM YCTaHOBKE Ha OOPTY KOCMHYECKUX aIllapaToB.

2.1.4. Dnexmpocmamuyueckas OmMKIOHAOWAA CUCEMA

3ap$I)KeHHa$I JacCTula BJICTACT B IOJIC INIOCKOI'O KOHACHCATOPA
C HaYaJIbHOU CKOPOCTBIO Doy, HepHeHI[HKy.TIHpHOﬁ CHJIOBBIM JIMHUAM
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anekTpudeckoro noius (puc.2.6). HanpasiieHne mons B 3TOM cirydae
COBIIAJaeT C HAMPABIEHUEM OCH ). YpaBHEHHS IBW)KEHUS HMEIOT
BHJ

7]
1
7\

4| o
/
1

v,

1 x
#
>
U 7
yCK z
Puc.2.6. DnekrpocTaTiueckas OTKJIOHSIONIAs CUCTEMA
X= DOXti
lqg
= -—Et?,
d 2m
OTCIOZIa CIIEAYET YPABHEHUE TPACKTOPUU
lq E ,
=-———Xx".
Y=2m Vg,

Paccuntaem, HaCKOJIBKO BETMKO BBI3BAHHOE TOJEM OTKJIOHeE-
HUE TIy4YKa, U3MEPEHHOE Ha dKpaHe, PACHOI0KEHHOM Ha PACCTOSHUN
L or cepemuusl koHAeHcaTopa. [locime BrIXoma W3 MO YaCTHIIA
JIBIDKETCS JJajiblle MPSAMOJIUHEHHO ¢ MOCTOSIHHOW CKOpocThio. Eciu
WCIOJIb30BaTh 0003HAYCHUS pUC.2.6, TO IS yIiia, XapakTepu3yrolle-
rO HalpaBJIeHWE TPACKTOPUU B MOMEHT BBIXOJa YACTHUIIBI U3 IIOJIA,
CHPaBENTNBO COOTHOIIICHHE

dy qE qEl
tan X = — = X = >
dxly=y muvg, |,_, MUy
OTKJIOHEHHE
qElL
D=Ltgx = >
muvg,

Taxum 00pa3oM, OTKIOHEHHWE OOPaTHO MPONOPLUOHAIBHO KH-
HETUYECKOW PHEPruH 3apsLUKEHHON 4acTHLbL. 3apsyKeHHBIE YaCTHIIBI
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HOJIy4aloT HayaJbHYI0 CKOPOCTb 32 CUET YCKOPSIOIIEro HalpsKeHNs
Uy, TOTIA
2qUyex

m
HanpsikeHHOCTB 3JIEKTpUYECKOro 1ol £ MEXAY OTKIIOHSIO-

IIMMHU TUTACTHHAME ONpenesieTcs mo ¢popMylie sl TIOCKOTO KOH-
JeHcaTopa.

2 _
Vox =

E = Uono/d.
rae Ug, — OTKIIOHSOLIeE HanpshkeHne, d — paccTosHue MEKTy Tuia-
CTUHaAMU.

[Tomyuum oKOHYATENBHYIO (OPMYJTY ISl OTKIIOHCHUS |
D _ l_L UOTKJI
2d UYCK'

Takum 00pa3oMm, OTKIOHEHHE TeM OoJble, YeM OOJbIIe OT-
KIIOHAIOIUICEC HAITPAXKCHUE, YEM MCHBIIC YCKOPAIOMIECC HAIIPAKECHNUE U
4yeM OoITbIlle paccTOSIHUE JI0 dKpaHa. XapaKTepPUCTHKH YaCTHIIBI, 3a-
paa q u Macca m, B YpaBHEHUEC HE BXOIAT, IIO3TOMY C IOMOIIBIO
YCTpOMCTBA, MPEACTABICHHOTO Ha pHC.2.6, HE MOT'YT OBITH OmIpere-
JICHBI.

OCHOBHOW XapaKTCPUCTHKOW OTKJIOHSIOIEH CHUCTEMBI SIBIISICT-
Csl ee YyBCTBHUTENBHOCTh — OTKJIIOHEHHE 3apsDKEHHOM YacTHIBl Ha
€IMHUILY OTKJIOHSIOIIET O HATPSKEHHUS .

D IL 1
UOT](J'[ Zd UyCK-

[Ipu mapamerpax orkimomsromeii cucrembl d = 0.5:107 M,
I =1.25107m, L =2-10" M, Upps = 30 B, Uy = 1 XB oTKnIOHEHNME
D =0.75-10% m, a BenMuuHa qyBCTBUTENBHOCTH D/U e, = 2.5 10
M/B.

2.1.5. Dnexmpouno-nyuesas mpyoxa

OpmHOI M3 OCHOBHBIX YacTedl ocmmuiorpada SBISETCS JJIEK-
TPOHHO-JIy4eBas TPyOKa. Y CTPOHCTBO 3JIEKTPOHHO-IIYYEBOH TPyOKH
CXEeMaTH4YecKH IOKa3aHO Ha puc.2.7. Bce ee OCHOBHBIE 371EMEHTHI
pa3MelleHbl B CTEKISIHHOM OaJuloHe, BHYTPH KOTOPOIO CO3JaH BBI-
COKHUH BaKyyM.
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DNEeKTPOHHBIN MpoxkekTop OTKIOHSIOMmAs cucteMa  JIIOMHUHECIICHT-

N

HBII DKpaH

e

\K_H

1 anoo (anexmponnas aunza)

naacmunsbl 6epmuKalbHO20

OMKIOHEHUA
2 /aHO() T y / T X
-

Kam?()

Hakan

MOOYIAMOp
L

L \

njaacmuHbsl
2OPU3OHMAIbBHO20

3 anoo
(nocneycropsaiowuir)

+4000 B

OMKJIOHEHUA

Puc.2.7. YCcTpoHCTBO 37IEKTPOHHO-TY4eBOH TpYOKH

HcTOYHUKOM 3TIEKTPOHOB CIYXUT KaTOJ — HUKEJEBBIA CTaKaH-
YUK AuaMeTpoM 2+3 MM. BHyTpHM KaToma MMeeTCs IOJOrpeBaTelb.
JJi TIOBBITIIEHUS! MTHTEHCUBHOCTH TEPMOAJIEKTPOHHOW SMHUCCHH TO-
pel Karoma MOKPHIT OKCHIHBIM cioeM. Kartom pasmermieH BHYTpH
MOJYJISITOpPa, BBITIOJTHEHHOTO B BHJE CTaKaHUYMWKa C OTBEPCTHEM B
TopIiie. MOAYIATOpP BBITIONHSET T€ e (DYHKIIHH, YTO U CETKa DJIeK-
TPOHHOU Jammbl. M3MeHeHrneM ero moTeHIHaia peryiaupyercsa (Mo-
IyTHPYETCsl) MHTEHCHBHOCTh IOTOKA 3JIEKTPOHOB, BBIXOISIINX He-
pe3 ero OTBepCTHE, M COOTBETCTBEHHO SIPKOCTH IISITHA Ha DKpaHe.
[lomaBas Ha MomymaTop oTpuHaTenbHBIA moTteHman (o —10 B ot-
HOCHTEIBHO KaTo0/1a), MO)KHO YMEHBIIIATh JIEKTPOHHBIN TIOTOK MpaK-
TAYECKH JI0 HYJIS.

Brrmeqmmii u3 MOIyIsATOpa MOTOK DIIEKTPOHOB SIBJISIETCS pac-
xomsmuMmcst. s ero (OKyCHpPOBKH HCIIONB3YETCSl AJIEKTPOHHAS
nuH3a — nepBbiit anox (cM. 3.1.2). TToTOK 3J7eKTPOHOB, CHOKYCHPO-
BaHHBIA B TOHKWHU Iy4OK (IIIEKTPOHHBIA JIy4), YCKOPSETCS B JIIEK-
TPUYECKOM TIOJIe BTOPOTO aHONA W TOINAaJaeT B OTKIOHSIONIYIO CH-
cremy. CucreMmy 3I€KTpOJIOB, (HhOPMUPYIOUIMX AIEKTPOHHBIA ITyd,
Ha3bIBAIOT AJIEKTPOHHBIM IPOKEKTOPOM. DJIEKTPOHHBIN JIyd OTKIIO-
HSETCS B HY)XHOM HAaIIPaBJICHUH, TPOXOJsi TOPU3OHTAILHBIC U BEP-
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THUKaJbHbIC OTKJIOHSIONINE MIACTUHBI. Perynmupys BenmuunHy Hampsi-
KEHUSI MKy IJIaCTUHAMHU, MOYXHO HalpaBUTh JIyd B JTOOYIO TOUKY
sKpaHa. J{omomHUTENbHOE YCKOpEHHE, HE0OX0JUMOE ISl TTOTyYeHHUS
BBICOKOH SIPKOCTH CBEUEHHS JIIOMUHO(pOpa Ha 3KpaHe, MPOUCXOAUT
MO/ IEHCTBUEM BBICOKOTO (EIMHUIIBI KUJIOBOJBT) HAMPSIKEHUS Tpe-
Thero (MOCJIEYyCKOPSAIOUIET0) aHO/a, KOTOPBIH MpeAcTaBiser coOoi
cioil rpaduTa, HAHECEHHOI'0 W3HYTPH Ha OOKOBYIO IOBEPXHOCTD
TpyOku BONM3M 3KpaHa. B coBpeMeHHBIX ocumiuiorpadax Ymucio
AQHO/IOB MOKET JOXOJAUTH JIO JIECSATH, YTO MO3BOJSET OCYIIECTBHTH
TOYHYIO (POKYCHPOBKY Jyda B JIFOOOH TOUKE IKpaHa.

K TOPU3OHTAJIBHO OTKJIOHAIOIINM IIACTUHAM IOABOAUTCA JIU-
HEWHO M3MeHsoIIeecss co BpemeneM Hamnpspkenue U, (1), BbI3bIBato-
niee TepeMelieHne yda ¢ MOCTOSHHOW CKOPOCTBIO OT JIEBOTO Kpast
9KpaHa K rpaBomy. Ecin HanpspkeHre nMeer muioodpasHyto hopmy
(32 TMHEWHBIM BO3pacTaHUEM CIEAyeT OBICTpBIN cmaj M CHOBa JIH-
HEHOE BO3pacTaHue), TO JABMXKEHHE Jyda Oy/leT MepruoJiuecKH Mo-
BTOpsTHCS (prc.2.8). Jlyd BblepUMBaeT Ha dKpaHe MPSAMYIO JIMHUIO,
JIMHEHHBIN MacmTad KOTOPOW COOTBETCTBYET ONpPENCIICHHOMY IIpO-
MEXYTKY BpeMeHU. VHbIMU cITOBaMH, NMPOMEXYTOK BPEMEHH ‘‘pas-
BEpTHIBaeTCca B OTPE30K OCH X. Takoil mpoiecc Has3bIBaeTcs pas-
BepTkoil. HanpsxeHue, BeIpaXkaroliee BpeMsa B ONpPENeIEHHOM Mac-
mrale, Ha3bIBAeTCS Pa3BEPTHIBAIONINM HampsbkeHueMm. Ero mepuon
Ha3bIBaeTCA MEPHOJIOM Pa3BEPTKH, a 9aCTOTa — YACTOTON Pa3BEPTKH.
Hcrounuk pa3BepTHIBAIONIETO (MIJIO00PA3HOT0) HANIPSDKEHUS Ha3bI-
BaeTCs TeHEPaTOPOM Pa3BEPTKH.

Hccnenyemoe Hampsbkenne Uy(t) momaercst Ha BepTHKAIBHO
oTKIIoHstomM e ToracTuHbl DJIT. 3a Bpems omgHOTro Tepuoma muiIo00-
Pa3HOTO HaIpPSDKEHUS JIyd BBIYEPUYUBACT KPUBYIO HW3MEHEHHS BO
BpEMEHHU HcclieayemMoro curHana. Habnmromaemoe Ha skpaHe m300pa-
’KEHHEe Ha3bIBAIOT OCIHILUTOrpaMMoit (puc.2.8).

NzobpakeHne mpencTaBisieTcs HaOM0IATEN0 HEMOIBUKHBIM,
€CITK JIyd TIPH KaXKIOM XOJIe Pa3BEpTKH NpOUYepUYMBaeT Ha IKpaHe
OJTHY W Ty K€ KPUBYI. DTO JIOCTUTAETCS TOT/a, KOTJa TMepHo pas-
BEPTHIBAIOLIEr0 HANpPsKeHHs 1, B TOYHOCTH PaBEH WM KpaTeH Iie-
puony uccnenyemoro curnana 7. T, = nT,, wm gacrora f, = nf, (n —
nenoe yucio). Takum oOpa3oM, HanpsoKEHNE Pa3BEPTKHA U UCCIETy-
€MO€ HaIpsKEHUE JIOIDKHBI OBITh CHHXPOHHBIMH (OIXHOBPEMEHHBI-
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AN (AL
VV,VV

Lo IBpemennas zmarpaMMa UCCIIENYEMOTO
CHrHaIa Kapruna Ha sKkpaHe SIek-

TPOHHO-ITy4eBOH  TpYOKH
(ocummnorpamma).  IlyHk-
THPHAs JIWHUSL — OOpaTHBIH
XOJl Nyda pa3BepTkd. B 310
BpeMsI Ha MOIYJISTOp MOja-
HO OTpHIIATENbHOE Hampsi-
KEHHE W Ha DKpaHEe OCIIHJI-
qorpada CBETAIIEHCS JU-
HHMY He HaOIromaercs

t

BpemenHas quarpamMma HaIpsDKEHHS pas-
BEPTKH

Puc.2.8. [punHuun aeicTBus pa3BepTKH ocLuiuiorpada

MH). OTO ITOCTHUTACTCS CHHXPOHU3AIMEH TeHepaTtopa HaIpsDKEHUS
Pa3BEPTKU MCCIICAYEMbIM CUTHAIIOM.

2.2. IBM:KeHUe 3apsi>KeHHO YacTHIbl B OJJHOPOJIHOM Mar-
HUTHOM T0JIe

Cuna, feficTByrOIIas Ha 3aPSUKCHHYIO 9AaCTHIY B OJHOPOIHOM
MarHMTHOM II0JIE
PR dv

= q|v x B] =m_

BCET/la HallpaBlicHa NEPIECHIUKYIAPHO CKOPOCTH. DTO 03HAYAET, YTO
MarHMTHOE IIOJI€ BIIMSACT JIMIIb HA HANPABICHHE IBIKCHHUS 3apsi-
’KEHHOH 4YaCTHULBI, HO HE H3MEHSET BEIUYMHEI €€ CKOPOCTH. DTO
MOKHO IIPOBEPHTB. YMHOXKHB HAIHCAHHOE BBIIIC YpaBHEHHE HA U,
HOIYYHM

59% _ 4[5 x B] = 0
mv— = qv|v X B| =0,
a1
oTcroz1a
e 0; ¥4 = const; |v| = const.
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2.2.1. /lsusicenue 3apasjceHHoll 4acmuybl 6 00HOPOOHOM MAZHUM-
HOM noJie 6 cyuae, K020a HAYaIbHAA CKOPOCHb NEPREHOUKYIAPHA
6EKMOPY MAZHUMHOU UHOYKWUU

PaccMOTpUM 4acTHIly, HadajdbHas CKOPOCTh KOTOPOH Vg IIep-
-

MEH/IMKYJIApHA BEKTOPY MarHUTHOW MHAYKUIMH B, Kak Mmoka3zaHo Ha
puc.2.9. B aToM ciydae BEKTOp CKOPOCTH, TaK K€ Kak U BEKTOp CH-
JIBl, JIGKUT B IUIOCKOCTH, TEpIEH-

-

JUKYJISIPHOM K B, Tak 4TO JBUXKeE-
HUE SBISIETCS TUIOCKUM, IIPHYEM
JeMCTBYIOIIAasi CHJIa BCE BpeMs
HarpaBJieHa TIEPIIEHAUKYIISIPHO
CKOPOCTH, a abCONIOTHOE 3HAYCHUE
CKOPOCTH IIOCTOSIHHO |U| = |¥y]. B
9TOM Ciy4ae JIBWKEHHE SBIISIETCS
PaBHOMEPHBIM  JIBIDKEHHEM  TIO0
OKPYXHOCTH. Y CKOpEHHE Tena,

JIBUOKYIIETOCSL IO  OKPYKHOCTH, Puc.2.9 J/Ismwkenue 3apspKeHHOM
2 yacTuupl B OAHOPOJHOM Mar-

o 4
BBIpakaerca (Qopmynod a =—. L3
P bopmy, T HUTHOM Iojie B ciydae UV L B
Torna ypaBHeHue ABWkeHUs Hbro-

TOHA 3aITUIICTCA B BUJIC
2

mv
= quB.
Tenepb MOXXHO MOTY4YUTh
mv
r=—
qB

Ortcrona ciemyer, 4To paanyc TPAeKTOPUH I PONOPIIMOHATICH
UMITYJIbCY YaCTHIIBI.
Bpewms ogaoro obopora Beipaxkaercss GopMynoi

_2mr  2mm
v gB’
Yacrora obparmeHus
1 gqB
f= T 2mm
st yriioBoil CKOpOCTH MONYYUM
_2m_qB
W=-"m=_
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Heo0xoauMo oTMETHTh, 4TO YIioOBask CKOPOCTh YAaCTHULBI HE
3aBHCHT OT €€ CKOPOCTH, a 3aBHUCHUT JIMIIb OT MarHUTHOIO NOJS U
YIENBbHOI0 3apsiJia YaCTHUIIBI.

Yactuna, ABWXKyIIascs MO OKPY)KHOCTH paauyca I, UMEeT

IHEPTHIO
2p2,2

muv? qBr)2 q

w m(
T2 2\m m
Ecin gacTrma nproGpena CKOpocTh v, IPOJeTast YCKOPSIOIIee

Hanpspkenue U, To

Tornma

2m\/_
q B

r =

CrienoBaTensHO, PaJRyC 3aBUCUT OT YACIBHOTO 3apsiaa %, T. €.

OT TWIa YacTHIBL. ECIu pa3Hbie YacTHUIIBI YCKOPAIOTCS OJHUM U TEM
ke HANPSHKEHUEM, TO PaIUYChl OKAXKYTCS Pa3UYHBIMU. TakuM 00-
pa3oM, MOXHO OOECIICUHTh pa3jielicHue YaCTHI[ C Pa3IHIHBIMU
VAETbHBIMH  3apAgaMi. OTOT TNPUHIUN  ACHCTBHA  Macc-
CIIEKTPOMETPA MOXKET OBITh OCYIIIECTBIICH Ha MPaKTHKE.

Juia ciydast HepensITUBUCTCKAX CKOPOCTEH YUCIIOBBIE COOTHO-
IIEHUS UMEIOT CIIeAYIOMNN BUT;
JUTS DJIEKTPOHA

_ .10-6YU
r =337-107°, @ @
IUISL IIPOTOHA X XX 4 X

5 =144-107*
X X X
@‘ DIT X X X X X X

JUTsL IEUTpOHa

e X X X X X X
XXX XX XX
Ilpu POXOKACHMH ONHO-  pyc ) 10, Paspenenue 3aPSIKCHHBIX

POAHOrO MAarHMTHOIO MO 94~ yacryi OfHOPOJHBIM MATHUTHBIM
CTHULIBI Pa3leNAoTCA, KaK MOKA-  pomem

3aHO Ha puc.2.10.

rg =2.03-10"*

“EREE
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2.2.2. Maznumnas omgnoHa0OWas cucmema

OTKJIOHEHHE 3apsHKCHHBIX YAaCTHI[ B OJHOPOJAHOM MarHHUTHOM
T10JIE MO’KHO HUCIIOJIB30BAaTh I CO3JaHUsI MATHUTHOW OTKJIOHSIIOIIEH
cuctembl (puc.2.11). IIpu HEOONMBIIMX Yriax OTKIOHEHHS CIpaBel-
JIMBO PaBEHCTBO

v

Puc.2.11. MaruuTtHasi OTKJIOHSIOIIAs CHCTEMA

D = —Ltan ¢.
C npyroii CTOPOHBI,
l*
t = — =
an @ "

l
)
T
OTCroga

Ll LlgB LlgB | m q
D=~ ——=— = — = —LIB [——,
T mv m |2qU 2mU

€CIIM CKOpPOCTh V MOJTy4eHa 3a CUET YCKOpEeHuUs HanpsbkeHneM U.

Tax MOXXKHO CO37aTh 3NEKTPOHHO-TYUEBYIO TPYOKY C MarHuT-
HBIM OTKJIOHEHHEM. B 3TOM ciydae OTKJIOHEHHE 00paTHO MpOMHop-
LHUOHAIBHO UMITYJIbCY YaCTHUIIBI,  HE SHEPTHHU, KaK 3TO UMEJIO MECTO
B CIIy4ae 3JIEKTPOCTATHYECKOro MO DJIEeKTPOHHO-Iy4€eBbIe TPYOKH
C MarHUTHBIM OTKJIOHEHHEM HMCIOJB3YIOTCS (TOYHEe, HCIIONb30Ba-
JIUCH 10 HEJABHEr0 BPEMEHH) B TEIEBU3MOHHBIX MPUEMHHMKAX U HO-
CSIT Ha3BaHHE KUHECKOII.
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2.2.3. Jleusicenue 3apasxcenHHoil Yacmuybl 6 00HOPOOHOM MAZHU M-
HOM noJie 6 ciyuae, K020a Ha4albHAA CKOPOCHb He NEPREHOUKY-
JIAPHA 8EKMOPY MAZHUMHOU UHOYKYUU

Paccmorpum oOmmii cimyvaid, mpu KOTOpOM HauaibHasl CKO-
POCTh U 4YacTUIBI 0Opa3yeT MPOU3BOJILHBIA Yo ¢ BEKTOPOM Mar-
HUTHOW WHAYKIIUH, KaK MIOKa3aHo Ha puc.2.12.

~ - mvl

qB
Puc.2.12. JIpwxeHne 3apsHKEHHONW YacTUIBI B OTHOPOIHOM
MATHUTHOM II0JIE B CIIy4ae, Koraa U He TeprenmKyispaa B

—

PasznokuM U Ha KOMIIOHEHTBI: ), HapauleibHyi0 B, n U,
HePIEHIMKYIAPHYI0 B, Kak mokasano Ha puc.2.12. KomnonenTa v

muv,
cOo3JaeT OBM)KEHHE 110 OKPYXHOCTH paauyca 1 = q;x

Ta ) 00eCcreYnBaeT NPsMOJIUHEHHOE PABHOMEPHOE JABHKCHUE BIIONb
ocu Z. O6e CKOpoCcTH BMECTE JAalOT JBIKEHHE 10 BHHTOBOH JIMHUU.

—

[Ipoekuus 4acTHLBl Ha TUIOCKOCTh, MEPIEHINKYIISPHYIO B, IBHXKET-
Csl IO KPYT'OBOM TPAEKTOPHUU C YIIIOBOM 4acTOTOU

, @ KOMIIOHEH-

B B
1@l = lal—.
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2.2.4. @oxkycupyrouwee oelicmeue 00HOPOOHO20 MAZHUMHO20 NOJIA

OnHOpOAHOE MarHUTHOE TIOJIE MOYKET OBITh UCTIONB30BAHO AJIS
(hOKYCHUPOBKH TOTOKA 3apsDKCHHBIX YACTHIL JJICKTPOHBI, BBIXOJS-
e U3 KaToJa U YCKOPACMBIC aHOAHBIM HAITPS’)KCHUEM U, BBIXOAT
W3 OTBEPCTHS aHOla B BHJIE CIa0O0 PacXOMAsUIerocsl IMydKa, BCIe.-
CTBHE Yero Ha SKpaHe BMECTO OXKHAAEeMOH CBeTAIIelcs TOUKH o0pa-
3yercs kpyrioe msatHo (puc.2.13,a). Jlig ucrnpaBieHHus 3TOr0 Hemo-

—-q,mv=0 ”
A
A
:: ' D — nquamerp nsiTHa
17
¥l v
A
W
W
4
mv,
= pre
FLE IR
’/I X /,Ki\\\\\ X
A Y
v z N T
-63B JTL ,’ > XX X/
J_.L\’ L=d X T-x-TX Yy
+Uy, p B
chOKyCHpOBaHHAS TOYKA

Puc.2.13. a — pacxoxeHue 3JIEKTPOHHOrO Iy4ka, 6 — (OKycHpyolIee
JeficTBHE OHOPOHOI'0 MarHUTHOT'O TIOJIS

cTaTKa Co31alT oceBoe MarHutHoe mnone (puc.2.13,0). Tlox neii-
CTBHEM TAKOT'O IOJISl DJICKTPOHBI BHIHYXKJICHBI IBUTATHCS 110 BUHTO-
BOW TPAEGKTOPUH, PATUYC KOTOPOH BhIpaxaeTcs HopMyIioi

mv,

qB’
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a BpeMs oOpalieHus
T 2nr  2mm
v, qB '
Ortcioa cienyer, 4To miar BAHTOBOW CIIUpaN
J=T 2mm
=Ty =——vj.
I q B [
VYuuTeiBas, uTO v = U COS, a a = 0, MOXKHO ITOIY4UTh
2mm

=~ —7.

qB

Ecnu 3HayeHMe V OIMHAKOBO I BCEX JIEKTPOHOB, TO 3HaYe-
Hust d u T Taroke OyIyT IPUMEPHO OJIMHAKOBBI. JJIEKTPOHBI JABHKYT-
Cs 110 BUHTOBBIM JIMHUAM, IMMPOCKIIMU KOTOPBIX ABJIAKOTCA OKPYIKHO-
CTSIMHU C PA3JIMYHBIMU pajnycaMu. B TOUkax OCH, OTCTAOIUX IPYyr
OT Apyra Ha paccrosiuue 0, 3JIeKTPOHBI BCTPEYAlOTCsS BHOBb. Omu-
CaHHOE YCTPOMCTBO (POKYCHUPYET PACXOJSAIIMKUCS IJIEKTPOHHBIA Y-
YOK B OJIHOW TOYKE, €CIM PAacCTOSIHUE OT Ieiu 110 9KkpaHa L = nd,
rae N =1, 2, 3, ... MarauTHOe moye BexeT ceds Kak coOuparoias
JINH3A.

2.3. JIBuKeHMe 3apsiKeHHBIX YaCTHIl B OJJHOBPEMEHHO Jieii-
CTBYIOIINX JIEKTPUYECKOM U MATHUTHOM IOJISIX

IIpu onHOBpEMEHHOM HAJOXXEHUM 3JIEKTPUYECKOTO U MarHuT-
HOTO Toel 00a mosst NeHCTBYIOT He3aBHCHMO OJJHO OT JAPYTOro, Tak
YTO MOXKHO ITOJTyYUTh CaMbl€ pa3HbIE PE3yIbTHPYIOLINE JBIKEHUS U
B COOTBETCTBMM C 3THUM CaMble Pa3HOOOPA3HbIC BO3MOXKHOCTH NPU-
MEHEHHUSL.

2.3.1. Cenexkyusa wacmuy, c 3a0aHHOI CKOPOCHbIO

B mpocreiimem ciaydae CHIIBI, JEHCTBYIOIIME CO CTOPOHBI
3JIEKTPUYECKOr0 ¥ MAarHUTHOTO IMOJIeH, B3aMMHO KOMIIEHCHPYIOTCSI.
Tak momy4aroT mpudOp, CO3MAIOIINIA OXHOPOTHBIA MO CKOPOCTH TTY-
qok wactun (puc.2.14). IlycTs OAHOPOAHOE MATHHUTHOE TONE B, Co-
31aBaeMO€ B MPOCTPAHCTBE MEXIY IIACTUHAMHU IUIOCKOTO KOHJCH-
caropa, NepHeHINKYISIPHO CHJIOBBIM JIMHHUAM 3JIEKTPHUYECKOTO OIS
E. Ecnu B 510 MPOCTPAHCTBO IOMAJAeT MMyYOK, COCTOSIINI U3 3apsi-
KEHHBIX YaCTHL, CKOPOCTH KOTOPBIX Pa3IMYHbL, TO HA KaXIylO 4a-
CTHIY ICHCTBYET cCHUila
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A
qE g

Puc.2.14. YcTpolcTBO CeNeKIMH 4YacTull
C 3aJIaHHON CKOPOCTBIO

E

a1 T

F = (qE — quB).

27

Ecnu ckopocTh 9acTHIIEI yIOBIETBOPSAET YCIOBHIO

UO ZE,

TO B JItOOOH MOMEHT BPEMEHHU CHUJIa PAaBHO HYJIIO, TaK YTO YaCTHIIA,
HE OTKJIOHSSCH, MPOXOAUT Yepe3 OTBepcTHe dKpaHa. Ecim ke cko-
POCTh YacTHUIIBl OOINBIIE WK MEHBIIE, YeM 0y, TO TAKYH YACTHILY
cuna F OTKiIOHseT BBepX WM BHHU3, TaK 4TO OHAa yjapsiercs 00
9KpaH. B pe3ynbpTare 3TOrO0 cripaBa ot dKpaHa OyJAeT MoNXydaThCs My-

YOK YaCTHII, OMHOPOIHBIN ITO CKOPOCTH.

OnucanHOe YCTPOWCTBO MOXET OBITH HCIOJB30BAHO JUISA W3-

MepeHusi cKkopocth dactuil. [lpm sToM
HaMpPsDKEHHOCTh  AJIEKTPUYECKOTO  ITOJIS

U
IJIOCKOT0 KOHAeHcaTopa E = - e U-

HampsbkeHue, d— paccTOsIHUE MEXIy
IUIaCTHHaMU KoHpaeHcatopa. Ilpm B =
const crpouTcs KamuOPOBOYHEIHN Tpaduk

U
3aBUCUMOCTH U = E I[J'IS[ HU3MEPCHUA

CKOpOCTH H€06XOI[I/IMO HU3MCHATH
HaIIpAKCHUEC U A0 MonajgaHus 3apsKCeH-

u
Puc.2.15. KanubpoBou-
HeIif Tpaduk v = f(U)

HBIX YaCTHI] Ha PErHCTPUPYIOIINIA KpaH, a 3aTeM OIPENETHTh CKO-
POCTh 3apsKEHHBIX YaCTHIL  C TOMOIIIBI0 Tpaduka (puc.2.15).
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2.3.2. llapabonuueckuii macc-cnekmpozpag Tomcona

Ecnmu  amekTpuyeckoe W MAarHMTHOE TOJS — TapauIeiIbHBI
(puc.2.16), TO OTKIIOHEHUS, BBI3BAHHBIC YTUMH TOJNSIMH, MEPIICHIM-
KYJISIpHBI IpyT apyry. OTKIOHEHHUE 3apsHKCHHOW YaCTHIIBI AJICKTPH-
YECKUM IOJIEM

qmv B E S / A s =2 <
/ y V3>V, >Ur
3
-
-
m
X 2
/ m
+ > X
Puc.2.16. [Tapabonuueckuit Macc- Puc.2.17. KpuBsle, mony-
crnexrporpad Tomcona YEHHBIE METOAOM Mapabon
x=IL——F =A-" >
muvgy mv
MarHUTHBIM MOJIEM
q q
mv mv

B YpaBHCHUU JJIsI MArHUTHOT'O I10JIA

v=c-L
my
TOrza
Am

X=r3 .

Yacruiisl, 001a1ar0NMe OJMHAKOBBIM YACIBHBIM 3apsiioM g/m,
MOMAaJalT B 3aBUCUMOCTH OT MX CKOPOCTH B Pa3JIHYHBIC TOYKU. DTH
TOYKH 00pa3yroT mapadoiry.

KaxaoMy oOmpeeieHHOMY THITYy 3apsDKCHHBIX YacCTHI[ COOT-
BETCTBYeET CBOsl mapabosna (puc.2.17). ITo koopanHaTam Ji000i TOY-
KU 11apaboiibl MOJKHO OJHO3HAYHO OMPECIUTh YISIbHBIN 3apsil ya-
CTHIIBL

2
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PABOTA Ne4 "

ABUW/KEHUE 3APAKEHHbBIX YACTHUL B
HEOJHOPOJHBbIX IJIEKTPUYECKUX n
MATI'HUTHBIX ITOJISAX

3.1. AHAJIOTH ONTHYECKOr0 3aKOHA NMpeJIOMJICHUA B JJIEK-
TPUYECCKOM U MAIrHUTHOM ITOJISIX

3.1.1. Memoo onmuueckux anano2uil 6 J1eKmpocmamuyecKom
none

B CIOXHBIX TTOJISIX JABWIKCHUEC 3apsKCHHBIX YaCTUI] YCIOXKHA-
ercs, OJHAaKO, HECMOTPS Ha MaTeMaTHYeCKHe CIOKHOCTH, ITyTeM HH-
TErpupoOBaHUusl YpaBHCHUA ABUIXCHHUA MOXHO pacCHUTATb TPACKTO-
pHIO JABIIKEHHUS YacTUIlbl. EcTh U apyroit 6onee mpocToi myTh — Hc-
MTOJTE30BAaHUE METO/Ia ONTHYECKUX aHamoruil. CoriacHO METoay Ofi-
TUYECKUX aHaJIOTui TPaCKTOPUs ABUKCHUA 3apsmceHH0171 YaCTUIlbl B
MIPOM3BOIBHOM 3JIEKTPOCTATUYECKOM TI0JIE COBIAAAET C TPaeKTOprei
JBUKEHUS JIyda CBETa, PACIIPOCTPAHSIONIETOCS B Cpele, TTOKa3aTeNb
MIPENIOMIICHHS] KOTOPOH U3MEHSIETCS 10 33/IaHHOMY 3aKOHY.

X0/ CBETOBBIX JIy4€M OMUCHIBAETCS] TEOMETPUUECKON ONTHUKOM.
CBer B OJHOPOJHON M H30TPOMHON CpeAe paclpoCTpaHsercs mpsi-
MOJIMHEWHO, a Ha TPAaHUIE ABYX Cpel MPETOMIISIETCS COTTIACHO 3aK0-
Hy Jlekapra—CHemmyca.

sino; n,
sinoc, ny

UToObI MOTYYUTh aHAJIOTHYHOE SIBJICHHUE JUTS SJIEKTPOHA, TBH-
JKYILIErocss B JIEKTPOCTATHYECKOM IIOJIE, PACCMOTPHUM, Kakoe “mpe-
JIOMJICHHE”” UCIBITHIBAET TPAEKTOPHS DIIEKTPOHA, €CITH OH TEPEXOIUT
13 obracTu mpocTpaHCcTBa ¢ moTeHnuaioM U; B obmacts mpocTpaH-
crBa ¢ noternuanom U, (puc.3.1).

[lorennman BHYTpH KaKIOH OTAENbHOW 00JacTh IMPOCTpaH-
CTBa SIBIISIETCA TIOCTOSHHBIM, U HAMPsDKEHHOCTH AJIEKTPUIECKOTO TI0-

T B OTHX OOJIACTSX paBHA HYNIO. DIEeKTpudeckoe moie E, mepreH-
TUKYJISIPHOE TPAHUYHON TTOBEPXHOCTH, UMEETCS TOIBKO B OECKOHEU-
HO TOHKOM IPOMEXYTOYHOM ciioe. IIpu mpoxoxaeHun 3apsKeHHOU
YaCTHULbI Yepe3 3TOT CJIOM TaHreHIMalIbHasi KOMIIOHEHTa €€ CKOpo-
CTH He u3Mensercs, T.K. E;=0:

D1t = V2t
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Free Hand

FreeText
РАБОТА №4


OnTuka DJIEKTPOHHAs ONTHKA

D1t

Cpena 1 Cpena 1
ny U, ! D1n
OECKOHEUHO OECKOHEUHO

TOHKUH CIIOH TOHKHH CIION

............... TR

Vot

Cpena 2
U, >U;

[ Uon
sino; n, sinot; v,

sin o, 14 sin <, v
a o

Puc.3.1. Tpaexkropus cBETOBOr'O Jiyda CBETa B ONTHKE — d, HJIEKTPOHA B
AJIEKTPOHHOM ONTHUKE — O

TaHreHHI/IaHBHaH KOMIIOHEHTa CKOPOCTH JJICKTpOHA
V1t = 01 Sin(X]_,
Vot = U2 Sin(lz,

OTCIOZIa
01 SiNa; = vy SiNay,
W
sino; v,
sinx, v

Ecnn moncraButh croga 3HaYeHUE CKOPOCTH, MONYYEHHOE U3
ypaBHEHUS

2
T qU =W,
TO

sino;  /2/m W, —qU,
sin o2 2/m’'\[Wo — qUs
rac Wo — HCU3MCHSAIOIIAACA 1OJIHAA S9HCPrUus YaCTHULIbI.
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sino;  \/2/m Wy + eU,

sino; \[2/m W, +eU;

CpaBHeHMeE MOJIy4eHHOI0 YpaBHEHMsI C 3aKOHOM TIPEIOMIIEHHUS
Hexapra—CHennnyca moka3bIBaeT, YTO pojib ONTHYECKOro MoKa3aTe-
JIsL IPEIOMIICHUSI N B 3JICKTPOHHOM ONTHKE UTPAET BHIPAKEHUE

ne =~/2/m Wy + eU = v,
B caydae ecnu ucnonb3yercs OTHOIIEHUE IOKa3aTened mpe-

JIOMJIEHHSI, TO MHOYKHTEIb +/ 2/ MOXET OBITh OIYIIEH U POJIb K-
TPOHHOTO MTOKA3aTeNs MPEIOMIICHUS
HATPAET CKOPOCTh 3apsKEHHOM 4acTULBI Ne = 0.

Ha pwuc.3.2 cxemaTHYHO MOKa3aHbl ONTHYECKAsI U JIEKTPOHHAS
JIMH3BI. Cnez[yeT OTMCTHUTH, YTO B }IeﬁCTBHTeHBHOCTH IIOTCHIIHAJI
anekTpudeckoro moms U
HU3MCHACTCA HCIIPEPBIBHO,
a HE CKaYKooOpa3HO, CO-
OTBETCTBEHHO TPaEKTOPHS
JIEKTPOHHOIO JIyya Ipel-
CTaBJIsSIET cOOOW HE JoMa-
HYIO, a HENpepbIBHO HC-
KPHUBJISIOUIYIOCS ~ JIMHUIO.

onmu4ecKast IuH3a  J1eKmpOHHAA TUH3A

Jyis  BBINOJHEHUS IIPH-
ONMKEHHBIX pacdeToB \
3JIEKTPUYECKOE II0JIe  C N

HENpephIBHBIM  paciperne-
JICHWEM MOTeHLHala pas-
JETSIFOT Ha TOHKHE CIIOH
CO CKadkooOpa3HO H3Me-
HSIOIIUMCST [TOTEHLIUAIOM
(puc.3.3).

Meron onTHYECKUX aHAJIOTMH UMEET OrPOMHOE MPAKTHUYECKOE
3Ha4yeHHe, T.K. II03BOJSIET MEPEHECTH XOpOIIOo pa3paboTaHHYIO TEO-
PHIO M HarJsIIHBIE METOJbl T€OMETPUYECKOH ONTHUKU IpPU pacyuere
ONTHYECKUX NMPHOOPOB HA ONMCAHUE ABHKEHUS 3JIEKTPOHOB B AJIEK-
TPOHHOW ammapaType. AHAJIOTHS IO3BOJSIET PACCUMTHIBATH 3JICK-
TPOHHBIE JIMH3Bl U HUCIONB30BATH ONTHYECKHE METOIBI MOCTPOCHUS
u3obpakenuii (puc.3.4).

Puc.3.2. JIun3sel: a — onTuyeckas,
6 — PTeKTpOHHAS
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Puc.3.3. IlpubnmxeHHast TpackTOpuUs IBUXKEHHS DIIEKTPOHA

Puc.3.4. Iloctpoenue n3o0pakeHUs B JINH3E

dopmyna sl TOCTPOSHHUS H300paKEeHH C HMCIIOIB30BaHUEM
TOHKHX JIMH3 B DJIEKTPOHHOHN ONTHKE!

fa fo
a+b_1'

3nech f, u fy — hokycHbBIE paccTosiHUS, a — pacCTOsIHHE OT 00BEKTa 10
[JIABHOW TIJIOCKOCTH TOHKOH JIMH3bI, D — paccrosiHue OT TJIaBHOM

IJIOCKOCTH 10 N300paskeHusI.
B ciyuae paBenctBa (okycHbix paccrosauii f, = fp= f (cum-
MeTpUYHas THH3a) (popMyIa yrpormaercs:
1 1 1

—+B=7.

a
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3.1.2. Dnekmpocmamuueckue JTUH3bL

K BaxnelmmM 3aauaM 3J€KTPOHHON ONTUKU OTHOCSTCS: TO-
Jy4eHue ocTpo c(HOKYCHPOBAHHBIX 3JIEKTPOHHBIX ITYYKOB JIMOO Ma-
JIOW CWJIBI TOKA, HANpHMEpP B DJIEKTPOHHO-YYEBBIX TPyOKax, MO0
JOCTaTOYHO CHUIIBHOTOYHBIX, HAlPUMEP B MHKPOBOJIHOBBIX T'eHEpa-
Topax. 7Sl M3roTOBIIEHHSI 3JIEKTPOAOB AJIEKTPOHHBIX JMH3 OOBIYHO
WCTONB3YIOT TyCTOTenble TpyOkn wimu auadparmel. Ha puc.3.5
M300paKeHbl YacTO HCIONBb3yEMbIE CXEMBl JJIEKTPOCTATUYECKUX
JMH3 M COOTBETCTBYIOIIME MM PACHpENENCHUs] MOTEHIUAJIOB. JTO
IPOCThIE JIeKTpocTaTHdeckue JuH3bI (puc.3.5,a u 6) ¢ cummerpuy-
HBIM paclpe/eleHneM MOTeHIMana BIoiIb ocu X U JHH3bI (puc.3.5,6

U,
U U AU
U,

v

Puc.3.5. DnexTpocTaTudecKre JINH3bL:

a — CHMMETPHYHAsl C IWIMHIPHYECKH-
MU JIEKTPOJaMH, 6 — CHMMETPHYHAS C
IraparMeHHBIMH  SJIEKTPOJAMH; HM-
MEpPCHOHHAs €  IMIMHIPUYECKUMHU
IEKTPOJAMHU: 8 — OIMHAKOBOI'O IHa-
MeTpa, ¢ — pa3Horo Juamerpa
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M 2) C HeCHMMETPHYHBIM pacrpeeieHneM noreHiuana. CyiecTBy-
FOT DJICKTPOCTATHYECKUE JIMH3BI U 00JIEe CIIOKHOM KOH(UTypallvH.

3.1.3. Memoo onmuueckux ananozuil 6 MAQZHUMHOM ROJIE

IIpyn nepecedeHUM 3JIEKTPOHHBIM ITY4KOM TOHKOI'O CTaTH4Ye-
CKOT'0 MarHUTHOT'O MOJIS AJIEKTPOHHBIN JIyd Takxke oTkJIoHseTcs. On-
HAKO B 3TOM CJIydae [10Ka3aTeNlb [IPETOMIICHHS 3aBUCUT HE TOIBKO OT
CKOPOCTH, HO M OT yIUla MaJieHus 31eKTpoHoB. Ilpenomistomas cpe-
Ja B CjIyda€ MAarHuMTHOI'O IIOJIA SABJIACTCA HeOI[HOpOIlHOﬁ 1 aHu3o-
TpornHOoi. B obmieM cirydae mokaszartelb IpenoMIICHHs 3arChIBaeTCs
B BUJIC

e —>—>
ne~V ——AS,
me
R
rae S — eAMHUYHBINA BEKTOP B HAIIPABJIEHUH KacaTeJIbHOW K TPAeKTO-

N

puu, A — BEKTOP-TIOTEHIMAJ] MAarHUTHOTO TIOJIA, T.€. BEKTOpHAas
(hyHKIHS, pOTOp KOTOPOii paBeH B:
-

B = ugH = rotA.
[lompoOHEIiT pacyeT TOHKWX MAarHUTHBIX JIMH3 TPHUBEICH B
yaeOnuke: Illumonu K. Pduzmde-

MAarHUTONPOBOJ BUTKK KATYIIKK  CKas DJJEKTpOHWKA. M.: DHeprus,

MarHiTHOE Qe 1977. C. 62-64.
K Buemmnuii BuUA TOHKOH Mar-
b

HUTHOM JIMH3BI II0Ka3aH Ha puc.3.6.
@000y dokycupyromee MarHUTHOE MOJe
©@@@[{ CO31aeTcs B IPOCTPAHCTBE MEKIY
€099 3a0CTPCHHBIMU YacTsIMU OpOHEBO-
ro cepJeYHUKa MAarHHTOIPOBOA
OpU  TPOMYCKAHUW TIOCTOSIHHOTO
TOKa IO KaTYIIIKE.

Puc.3.6. Tonkas MarHurHas
JIMH3a

3.2. DIeKTPOHHBbI MHUKPOCKOI

[Ipenen paspemieHuss MHKPOCKOIA OTPaHUYCH SBICHHEM JIH-
(bpakuy m3mydeHus Ha o0bekTe. B pesynbrate mudpakmun n3o0-
pa’keHHE TOYKH BBITJISIUT KaK CHCTEMa YePeAyIOIIMXCS CBETIBIX H
TEMHBIX KOHIIEHTPHUUYECKUX Kouel. JndppakimoHHbIe KapTUHBI IBYX
OJIM3KO PACIIONOKEHHBIX TOUEK HAKJIaIbIBAIOTCS Ipyr Ha Apyra. O6e
KapTUHBI MOXXHO XOpOLIO pa3M4uTh, KOTJa MaKCUMyM OJHOTO

84


Free Hand


U300pakeHUs] COBMAmaeT ¢
MHHUMYMOM APYroro
(puc.3.7). Ha ocHoBaHuH
3TOoro A6Oe MmoIy4yus1 cooT-
HOIIICHHE TSI HAUMEHBIIIETO
pacCTOsHUS, TIPH KOTOPOM
elie BO3MOXHO pa3perieHune

Ad = 0.61—2

nsina’

rJie A — JJIMHA BOJIHBI CBETA;
N — IoKa3aTelib MperIoMIIe-
HUS; 0. — HAUOOJIBIIMIA yroJ,
KOTOpBI  oOpasyer  Jiyd,
UOymuid OoT OOBEKTHBA K
JIMH3€, C TJIAaBHOM OIITHYE-
CKOM OCBIO. 3HaMEHATENb
MPEACTABIIIET COOOH YMCIIEHHOE 3HAYCHHE alepTyphl MHUKPOCKOIIA.
MaxkcumanbHOe MPAKTUYCCKNU JOCTHXKMMOEC 3HA4YCHUC alcpTyphl
cocrapisier 1+2. [loaToMy MaKCHMaJIBHO OCTHIKHAMAS pa3periaro-
mast CocoOHOCTh

>
Puc.3.7. Ilpenen paspematoieii cro-
COOHOCTH MHUKPOCKOITA

Ad A
~ 3

JJig ONTHYEeCKUX MUKPOCKOIIOB TPH HCIIONB30BAHUM JIMH3 W3
KBapIIEBOTO CTEKJAa W (POTOIUICHKH IJISi PErHCTPaluy N300pakeHus
MHHHMAJIbHASI JJTHHA BONHBI A = 240 HM, TIpH 3TOM TIpeAcIbHas pa3-
pemmarormas crrocobnocts Ad = 80 HM.

[IpumeHenue >IEKTPOHHOTO MHKPOCKOIA ITO3BOJISIET CyIIe-
CTBEHHO TOBBICHTH Pa3pealonIyl0 CIOCOOHOCTh. DTO CBA3AHO C
TEM, YTO COTJIACHO MPHHIIUITY KOPITyCKYJISIPHO-BOTHOBOTO Ayajin3Ma
ANEKTPOHY C UMIYIBCOM p = My COOTBETCTBYET [UITMHA BOIHBI
ne bpoiins

h
A=-,
p
roe h = 6.626 1073 JIx-c — mocrossHHas Ilmanka.

ILTISI QJICKTPOHHOI'O MUKPOCKOIIa C YCKOPAIOIIUM HAIIPSHKCHUEM
U=40xB
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Ad = A _h b h _ h _
"3 3p 3my B B
p 3m 2qU 3\/2qu
m
6,626 - 10734

3\/2 +1,9-1071°-9.1-10731 -4 - 10%
~2-10712M=2-10"3 nm.

Teopernyeckas TpaHUIlAa pa3pellaoNIe CIIOCOOHOCTU 3JICK-
TPOHHOIO MHKPOCKOIA B COPOK THICSY pa3 MPEBBIIIACT pa3peliaro-
Y0 CIIOCOOHOCTH, JTOCTHXKUMYIO B ONTHKE. BcerencrBue HecoBep-
IICHCTBA JICKTPUYECKMX U MarHUTHBIX JIMH3 TEOpETHUUECKas TpaHu-
11a pa3periarieii CiocOOHOCTH 3IEKTPOHHOTO MUKPOCKOIIA TOKa HE
nocturayta. [lonydeHHas paspeliaromniasi CriocOOHOCTh COCTaBJISET
nopsaka 0.1 HM, 9TO Ha TPW TOPSIIKA Jy4IIe, YeM B ONTHKE.

Cxema 3JIEKTPOHHOI0 MHUKPOCKOIa Ioka3aHa Ha puc.3.8. Uc-
TOYHHUKOM 3JICKTPOHOB SIBJSICTCSA KAaTOJ, KOCBEHHOrO IOI0TPeBa.
DJICKTPOHBI PA3rOHSAIOTCS JJIEKTPUUYESCKUM IOJIeM aHoia U (HOKyCH-
pyloTcs B CIa0OpacXOSIIUHCA  Jyd Tpemsl  yCKOpsIOIie-
(hoxycupytrommmu ekTpogamu. Mccnemxyemsrit 00beKT pa3MeriaeT-
Csl Ha TPeIMETHOM CTekie. J[Be 3IeKTPOHHBIE JIMH3BI YBETUYNBAIOT
ero M300paxkeHue, KOTopoe Mpoerupyercst Ha (iroopeciupyroneM
JKpaHe.

Crnemyer OTMETHTD, 9TO paboTa ¢ 3IMEKTPOHHBIM MUKPOCKOIIOM
JIOCTAaTOYHO CIOKHA. HeoOXoamMo HCIoib30BaTh BBICOKOCTAOMITB-
HbIe ICTOYHHUKH BBICOKOTO HANPSIKEHUS U TOAIEPKUBATH TITyOOKUN
BakyyM. Mcciemyemprit 00BEKT JOIDKEH OBITH IOCTATOYHO TOHKUM U
HE pa3pyIaThCs AIEKTPOHHBIM IydkoM. llpu pabore ¢ Omomornde-
CKUMHU OOBEKTaMH BO3ZHUKAIOT MPOOJIIEMBI MX BBDKUBAHUS B TIy0O-
KOM BaKyyMe.

CyIecTByIOT U JpPYTHe CXEMBI 3JEKTPOHHBIX MHKPOCKOIIOB,
HarmpuMep padoTarolIre Ha OTpakeHHe, KOTOPhIE MO3BOJISIOT UCCIIe-
JIOBaTh MOBEPXHOCTH JJOCTATOYHO TOJICTHIX OOBHEKTOB.
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Puc.3.8. D1eKTpOoHHBII MUKPOCKOII
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PABOTA Ne5

- YCKOPUTEJIMI 3APAKEHHBIX YACTHULL
4.1. Knaccupukanus yckopuresei 3apsi7keHHbIX YaCTHIY

YcekopUTenssMH  3apsDKEHHBIX YacTHL[ Ha3bIBalOT YCTPOHMCTBA
JUIS YCKOPEHUS 3apsHKEHHBIX YacTHUI JI0 BBICOKMX 3HEepTui. B Hacro-
SIel TiaBe OyaIyT paCCMOTPEHBI YCKOPHUTENHU 3apsKEHHBIX YaCTHIL —
3JIEKTPOHOB, IIPOTOHOB U UOHOB.

[To mpuHIMITY AeCTBHSA YCKOPUTENH 3apSKEHHBIX YacTHUIL Je-
JIATCSL Ha BBICOKOBOJITHBIE (YCKOPEHHE B TOCTOSHHOM 3JIEKTpHUe-
CKOM TI0JI€), MHAYKIIMOHHBIE (YCKOpPEHHE B BUXPEBBIX JJIEKTpUUE-
CKHUX MOJISIX, BOSHUKAIOUINX MPU U3MEHEHUH MAarHUTHON HHJTYKIIHH)
1 PE30HAHCHBIC, B KOTOPBIX ISl YCKOPEHUS UCIIOIb3YIOTCS BBICOKO-
YaCTOTHBIC AJIEKTPOMAarHuTHbIe o (puc.4.1).

Yckoputenu 3apsKeHHbIX YaCTHLL
10 IPUHLMITY AECHCTBUS

'

BBICOKOBOJIbTHBIC HHAYKIIUOHHBIC PE30HAaHCHBIC

Puc.4.1. Knaccudukauusi yckopurenei 3apspKEHHBIX YaCTHIL
0 IPUHIMIY J1eHCTBUS

Yckopurenu 3apspKeHHBIX 4acTHL] AENATCS Ha ABa OOJbIINX
KJacca: JIMHEHHbIe W [UKInYecKue yckoputenn (puc.4.2). B nuneii-
HBIX YCKOPHUTENAX TPAEKTOPUU YCKOPSEMBIX YaCTHLl OMU3KU K IMpsi-
MBIM JIUHUAM. 1o BCell InHMHE TaKuX YCKOPUTENIEW PacmoiararoTcs
ycKopsitoriie craHiui. HanOompmuii w3 paboTarommx JIMHEHHBIX
yckopuTenei (3MeKTpoHHbIH yckoputens B CT3H(OpIE) UMEeT Ju-

Yckopurenu 3apsKeHHBIX
YaCTHI] TI0 KOHCTPYKIIUU

N

JIMHCHHBIC IMUKJINYCCKHUE

Puc.4.2. Knaccupukanus ycKOpHUTENIeH 3apsHKEHHBIX YaCTHIT
10 KOHCTPYKIIHH
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РАБОТА №5


Hy 3.05 kM. JIuHelHble YCKOpUTENU MO3BOJSAIOT MOIY4YaTh MOIIHBIE
MOTOKH YaCTHLI, HO MPH OOJBIIUX SHEPTHSIX OKA3BIBAIOTCS CIHMIIKOM
JOpOrMMH. B IUKIMUECKUX YCKOpPHUTENAX ‘‘BeAylee” MarHUTHOE
nojie M3rudaer TPaeKTOPUU YCKOPSEMBIX YacTHll, CBEPTHIBAS UX B
OKPY)KHOCTHU (KOJIBLIEBBIE YCKOPUTEIH UM CUHXPOTPOHBI) WM CIU-
panu (LIMKIOTPOHBI, (ha30TPOHBI, OETATPOHBI ¥ MUKPOTPOHEI). Takue
YCKOpPUTEIH COAepKaT OJHO WJIM HECKOJBKO  YCKOPSIOIIMX
YCTPONCTB, K KOTOPBIM YaCTHUI[BI MHOTOKPATHO BO3BpAIIAOTCS B Te-
YeHHE YCKOPHUTEIHHOIO IIUKJIA.

Ha BbIxone yckopuTens 3apsHKeHHBIX 4aCTHIl MOXKET OBITh He-
TIPEPBIBHBIN WJTU MYJIbCUPYIOIMIMKA TMOTOK 3apsyKEHHBIX YacTHIl. 3a
MOJHBIM IMKIT YCKOPEHHS MOXKET YCKOpSThCS OO OAWH CryCTOK
3apsSKEHHBIX YacTHI], JTMOO OJHOBPEMEHHO HECKOJIBKO CTyCTKOB,
COOTBETCTBEHHO BBIXOJHOM MOTOK OyIEeT OJHO- WM MHOTOMMITYIIb-
cHbM (puc.4.3).

yCKOpI/ITeJ'II/I C ITIOTOKOM 3apsPKEHHBIX YaCTHI]

N

HENPEPBIBHBIN MOTOK MYJbCUPYIOLUI IIOTOK
OTHOMMITYJIbCHBIN MHOTOMMITYJIbCHBIN

Puc.4.3. Knaccudukanms yckoputeneil 3apsyKeHHBIX YaCTHI]
TI0 TTOTOKY 3apsDKEHHBIX YaCTHUIT

VY CcKOpeHHBIE 3apsDKeHHBIC YAaCTHIBI Ha BBIXOJE YCKOPHTENS
OOBIYHO B3aWMOJICHCTBYIOT C MHUIIECHBIO, KOTOpasi MOXKET OBITh He-
MOBHXKHON 00 MBrKyIeics (puc.4.4). YckopuTenu 3apsyKeHHbIX

YcKopUTEn ¢ MULLEHBIO

— S,

HEMOABIKHON JIBIKYLIEHCS

Puc.4.4. Knaccudukanust yckoputenei 3apspkeHHBIX YaCTHIL
0 IBIKEHHUIO MUILICHU
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YacTull, B KOTOPHIX JBa Iy4Ka 3apsDKEHHBIX YacTUI] ABWXKYTCS
HABCTpeuy ApYyr APYrY, Ha3bIBAIOT YCKOPUTENSIMH Ha BCTPEUHBIX
My4Kax, WM KoJUIaiIepamH.

B 0OBIYHBIX yCKOPUTENSAX B3aUMOACHCTBHE YACTHIl W3ydaeTcs
B J1Ja0OpaTOPHON CHCTEMe OTCUETA MPH CTOJKHOBEHUSIX Iy4Ka YCKO-
PEHHBIX JO BBICOKOW 3HEPTrMU YacCTHIl C YaCTUIAMU HENOABUIKHOM
MmuleHd. [Ipu 3TOM BclelcTBHE 3aKOHA COXPAHEHHUsS TOJHOTO MM-
MyJbca COyIapsIONINXCs YaCTHIl OOJbIIAsT YacTh YHEPTUU HaJIETalo-
e YacTHUIBI TIPEe00pa3yeTcsi B KUHETUUCCKYIO SHEPTHIO YACTHIl —
MIPOAYKTOB PEAKIHU (JIOMKHO COXPAHATHCSA ABM)KEHUE IIEHTPa Macc
CH.CTEMBI YaCTHII), ¥ JINIIb HeOOoNIbIast €€ 4acTh ONpeAeisieT “moses-
Hy10”, Wik 3Q(EKTUBHYIO, SHEPTHIO CTOJKHOBEHHMSI, T. €. SHEPTHUIO
B3aHMO}IeI71CTBPI)I 4aCTHUIl B CUCTEME MX LEHTpa MHCPUHH, KOTOpasd
MOXKET WATH, HaIlpUMeEp, Ha POXKAECHHE HOBBIX yacTull. M3 pacuéra
CJ€AYEeT, YTO MPHU CTOJKHOBEHUHM JIBYX YACTUI] OJMHAKOBOM MaccChl
Mo, OTHA M3 KOTOPBIX TIOKOUTCS B 1aOOpAaTOPHON crucTeMe OTCuéTa, a
JIpyrasi ABUXKETCS C PESITUBUCTCKOM CKOPOCTBIO, SJHEPTUS B CUCTEME
uenrpa unepumu Ey, = /2EGE, tne Eo = MoC? — SHEprus MoKos 4a-
CTHUITBI, @ £ — DHEprus HaJeTaoImeld JacTUIlB B 1ab0paTOpHOM CH-
creme orcuéra. Takum oOpa3om, yem OojbIle £, TeM MEHbIIe e€ 110-
JISl OTIpeAeNsieT YHEPTUIO B3aNMOACHCTBUS YacThil. Ecim ske cranku-
BalOTCA YAaCTUIBI C PAaBHBIMH TIO BEIMYMHE U TPOTHUBOMOIOKHO
HaIpaBIEHHBIMU UMITYJICAMH, T. €. X CYMMapHBIA HMITYJIbC paBEH
HYJIO, TO JIabopaTopHasi CHCTeMa OTCYETa COBMAZAET C CHCTEMOM
[EHTpa WHEPIUU 4YacThl U d(QPEeKTHBHAS DHEPTUS CTOIKHOBEHUS
paBHA CyMMe SHEPTH CTAJIKUBAOIINXCS YaCTHIL; TSI YaCTHI] C OH-
HAKOBEIMM Maccamu (4 sHeprueir E) E,, = 2E, T. e. kuHeTHYeCKas
SHEPTHS YACTHII ITOJTHOCTHIO OMPENENseT UX B3aUMOJICHCTBHE.

YckopuTenu Ha BCTPEYHBIX MTydKax UMEIOT BaKHEHIIIee 3Hade-
HUE U1 M3YYeHUS YIPYTUX W HEYNPYTHX MPOIECCOB B3aMMOICH-
CTBHS CTaOMIIBHBIX YACTHI] — IIPOTOHOB U AJIEKTPOHOB (M UX aHTHUYa-
CTHII); B 00JIACTH CBEPXBBICOKMX HSHEPTHH C HUMH HE MOT'YT KOHKY-
pUPOBATH OOBIYHBIE YCKOPUTENH C HEMOBUKHON MUIIEHBIO.

HepnocTtatok yckopuTeneil Ha BCTPEYHBIX ITydKax — Malas
IJIOTHOCTh TYYKOB YACTHI[ 110 CPABHEHHWIO C TUIOTHOCTHIO HEIO-
IBYOKHON MumieHu. /s yBennmdeHus TUIOTHOCTH YacTHIl 10 TPOIlec-
ca coyaapeHwus MPON3BOIUTCS HAKAIJIMBAHWE 3aPSKEHHBIX YaCTHII B
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CHEeUAIbHBIX HAKOMUTEIbHBIX KOJBIAX TaK, YTOOBI TOKU LUPKYIH-
PYIOIIMX YacTUI COCTABISUIM HE MEHee AecsATKOB amiiep. OQHAKO U
[P TaKUX TOKAX UHTEHCUBHOCTH MYYKOB BTOPUYHBIX YAaCTHI] BHICO-
KUX dHeprui (P- u K-Me30HOB, HEUTPUHO U Jp.), 00pa3yomuxcs npu
COyJapeHHsIX, Ha HECKOJIBKO TOPSIIKOB MEHbIIE, YeM HHTEHCHBHOCTD
MyYKOB TEX K€ YACTHII, MOJNYYaeMbIX Ha OOBIYHBIX YCKOPHTEISX.
[MosTOMY yCKOpHTENIN Ha BCTPEUYHBIX IyYKaX HE MOTYT 3aMEHUTDH
TPaJIUIMOHHBIC YCKOPUTENH, & JIUIIb JTOMOIHSIIOT UX.

4.2. JIuHeliHbIe YCKOPUTEJH 3apPAKEHHbIX YaCTHI

Knaccuukanus TMHEHHBIX YCKOpUTENEH 3apsyKEHHBIX YaCTHIT
npeacrasieHa Ha puc.4.5. B anexkTpocTaTHUecKHMX YCKOPHUTENSIX

JIuneliHbIE YCKOPUTEIH

N

QJICKTPOCTATUYCCKUEC HMHAYKIIUOHHBIC PE30HAHCHEBIC
KaCKaIHbIH Ban-pne I'paacda || rpancdopmaropusbiii WUMITYJIbCHBIN

Puc.4.5. Kiaccudukanus TMHEHHBIX YCKOPUTENIEH 3apsKeHHBIX YaCTHI]

MPUMEHSIETCSI TTOCTOSIHHOE HampspkeHue (KacKaJHBId TeHepaTop H
reaeparop Bam-ge-I'paacda), mepeMeHHOEe HaAIpsOKCHHE, W3MEHSIO-
meecss MO0 TAPMOHHYECKOMY 3aKOHY (TpaHC(hOPMATOPHEIN yCKOpH-
TeNb), WK UMITYJIbCHOE (MMITYJIBCHBIN YCKOPUTENS). B HHIyKITMOH-
HBIX YCKOPHUTENSX YCKOPEHHE MPOUCXONUT B BUXPEBBIX DJICKTPUYC-
CKHUX TOJISIX, BO3HUKAIOIIUX MPHU OBICTPOM H3MEHEHHH MArHUTHOTO
noJsi. B pe30HaHCHBIX — B BRICOKOYACTOTHBIX DJIEKTPHUUCCKUX MOJIAX
MEKAY CEKIMSIMU O0BhEMHBIX Pe30HATOPOB. JIMHEHHbIC YCKOpHUTEN
KOHCTPYHMPYIOTCS JUTS YCKOPEHHUS SJICKTPOHOB, MPOTOHOB MJIH HOHOB.

4.2.1. Kackaouuwtii zenepamop

OCHOBOI1 KacKaJIHOIO T'eHepaTopa SIBISETCS CXeMa yJIBOUTENS
HanpspkeHust (puc.4.6). Cxema paboraer crexyrommmM obpasom. B
OTPUILATEIBHBIN TOIYHEPHO]T TIEPEMEHHOT0 HANIPSHKEHHS Yepe3 IO/
VD; Teuer Tok (KpacHbIii MyHKTUP) U KoHAeHcaTop C; 3apsbkaercs
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Puc.4.6. Cxema yaBOUTENS HAIIPSDKEHUS

JI0 MAKCHUMAJILHOT'O HAIPSDKCHUS Ha BTOPUYHONW 0OMOTKE TpaHchop-
matopa U. B monoxurenbHOM MONyneprone HampspkeHHe Ha BTO-
pUYHOW OOMOTKE HMMEEeT OOpaTHBIN 3HAK (3€leHas CTpenka). ITo
HanpspkeHne U cymmupyetcs ¢ HanpspkeHweM KoHjeHcaTtopa U, u
cymmapHoe (yaBoenHoe) HanpspkeHue 2U depes nuop VD, nocryna-
€T Ha COINpOTHBIIEHNE Harpy3ku R. B cnemyrommii momynepuos KoH-
nerncatop C; cHOBa 3apspKaeTcss M 3aTeM YABOSHHOE HalpsDKEHHE
MOJBOJUTCS K Harpyske. il yMEHbIIEHUs IyIbCalliil HalpsKEHUs
mmapauienbHo R Brmrodaercs kouaercatop Co.

B MHorocrymneHuatoM YCTpOMCTBE BMECTO COIPOTHUBIICHUS
Harpy3KM YCTaHABJIMBAE€TCs CICAYIOLIMN KacKajl YABOMTEINS HaIps-
xeHus. Eciu 4nciio kackazoB N, TO HalpsDKEHUE Ha BBIXOJE, COOT-
BETCTBYIOIIEE XOIOCTOMY X0y, Uy, = 2nU.

C moMoUIpI0 YEeTHIPEXKACKAJHOTO YABOMTENS HAIPSKEHUS]
MokHO TonyduTh Uy, ~ 0.8 MB. Ilpn nanpsokenmsx soime 1 MB
HacTymaer mpo0oii Bo3ayxa. s moBbIIeHnsT pabounx HampsKeHUH
10 4 MB seKkTprdeckyio cxeMy MOMEIIA0T B COCY/, 3aIIOTHEHHBIN
ra3oM Iy HOBBILICHHOM JABJICHUH. YTIPOIIEHHASI CXeMa JIMHEHHOTo
YCKOpHUTENS TIoKa3aHa Ha puc.4.7.

JluneitHble pa3Mepbl YCKOPUTENEH OMPEAEISIOTCS HaPsKEHU-
€M BBICOKOBOJIETHOI'O T'€HEPaTOpa U HJIEKTPUYECKOH MPOYHOCTHIO
€ro U30JILHMM U YCKOpsitolled cucteMbl. BBuAy Manoil snekTpuye-
CKOH MPOYHOCTH BO3yXa MPH aTMOC(HEPHOM AABIECHUU COOPYKEHNE
OTKPBITOTO THIIA C 3Hepruei cBbime 1 MdB o0bdHO Herenecoot-
pa3Ho. YCKOpUTENH Ha OOJIBIIYIO 3HEPTHIO pa3MeEIIaloTcs B repMe-
THYHBIX COCYyJlaX, 3allOJIHEHHBIX Ta30M IpHU JAaBieHHH, B 5—15 pa3
MPEBBIIIAIONIEM aTMOC(hepHOe. DTO 3HAYUTEIBHO YMEHBIIAET pas-
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Puc.4.7. Cxema TUHEWHOr0 YCKOPUTENS

Mepbl YCKOpHUTENEeH W CHIDKAeT CTOMMOCTh MX coopyxkeHus. Oco-
6enHo 3 dexTrBHO MpuMeHeHne GpeoHa U MeCTUPTOPUCTOMN Cephl,
a TaKXke UX CMECe C a30TOM W yriekucioroi. IMnynbcHbIE YCKO-
PHUTENH ¢ TOH K€ TeTbI0 Pa3MEIIAlOT BHYTPU COCYJIOB C YKHJKUM JIH-
3JIEKTPUKOM (TpaHC(HOPMATOPHBIM MACIOM).

B ocHOBHOM JNHHEHHBIE YCKOPHTENH NPUMEHSIOTCA KaK WH-
KEKTOPBI ISl UKINYECKUX ycKopuTened. OHU TakyKe MCIOIB3YIOT-
Cs1 17151 IETUPOBAaHUS KPUCTAIUIOB MOIYIPOBOTHUKOB.

4.2.2. I'enepamop Ban-oe I'paaga

Cxema reneparopa Ban-ge-I'paada npusenena Ha puc.4.8. 'e-
HepaTop paboTaer CIEeTyIIUM 00pa3oM. DIEKTPUUECKUE 3apsbl
HAHOCSITCS Ha TIOBEPXHOCTh JIUAJICKTPUICSCKON JICHTHI JIBUXKYILIErOCS
TpaHCHOpTEPA 3apsTHBIM YCTPOHCTBOM, COCTOSIIMM W3 Psijia UTI U
TJIOCKOTO BJIEKTPOJIa, MEXAY KOTOPHIMU CO3Ma&TCs KOPOHHBIA pas-
psan. Jlenta, mpuBoaMMAas B JBH)KCHHE MOTOPOM, MEPEHOCUT 3TOT
3apsii K BBICOKOBOJNIBTHOMY 3JICKTPOJY, TJE€ MPH MOMOIIM JPYroro
3apsTHOTO YCTPOMCTBA OHM CHUMAIOTCS, & BMECTO HUX Ha TIOBEPX-
HOCTh TPAHCIOPTEPA HAHOCSITCS 3apsi/ibl TPOTUBOIMOJIOKHOTO 3HAKA,
CHUMaeMble TEepBBIM yCTpOicTBOM. OTpHUIaTeNbHBIA 3apsj HaKal-
nUBaeTcs Ha cdepuueckoM KOHJEHCATOpE, YCTAHOBJICHHOM Ha
OIIOPHOM H30JISITOpE. Y CKOpSIIOIIasi TpyOKka CHaOKeHa PSIOM YCKO-
pstoie-GOKyCUPYIOIUX DIIEKTPOIOB U TOAKIIOYECHA KATOJAOM K HC-
TOYHHKY BBICOKOBOJIBTHOT'O HATPSKCHHS, aHOJIOM K 3eMIIC.
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Puc.4.8. I'eneparop Ban-zne I'paada n yckopurens: a — Ook-cxema,
0 — yCTaHOBKa JUT PabOThI HA OTKPBITOM BO3/1yX€, 6 — BHEIITHUI BH]
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Cuia Toka i, MEPEeHOCHMOr0 JAUIJIEKTPUIECKOM JICHTOH, 3aBH-
CHT OT CKOPOCTH V, HIUPUHBI D ¥ TTOBEPXHOCTHOM MIOTHOCTH 3apsijia
o Ha JieHTe: | = vbo.

[ToBepXHOCTHAS TJIOTHOCTh 3apsijia OrpaHUYCHA JJICKTPHYE-
CKOHM IIPOYHOCTBIO BO3/1yXa

Omax = EoEmax = 8.8:107%:3-10°~ 2.6:107° A-c/M?,
e Emax = 3-10° B/M — ai1eKTprdeckast MPOYHOCT BO3AyXa.

PeanbHo nonmycTMMa NpPUMEPHO MOJOBMHA 3TOTO 3HAYEHUS.
OpHaKo 3a CUeT Mepe3apsiIKu CHUMAEMBbIH 3apsi]i yIBAUBACTCS, U ITPH
v = 20 M/c u b = 05M MOKHO MOJIYYUTH CHIY TOKa
i =200+300 MKA.

Hampspkenue Ha CcQepuueckoM KOHJIEHCATOPE OrpaHUYEHO
HaIpsDKEHUEM TIPO00sT BO3TyXa

Unax = Emaxr’ = 3-10°r,
rae I — paguyc chepsl. [Ipu r = 0.5 M Unax = 1.5 MB. U3 coobpaxe-
HUI 0€30MaCHOCTH MPUMEHSIOT 3JIEKTPO bl OOJIBIIErO paauyca.

Tox YTE€YKU Ha BEPXHEM OJICKTPOAC YBCIUYUBACTCA C IMOBBI-
IICHUEM HAIPSDKEHHS, [TOITOMY HAIpPSDKEHHE Ha YCTAHOBKE JIOCTH-
raeT 3Ha4YCHHs, MPU KOTOPOM MEKY MOJBOJIMMBIM U CTEKAFOIHMH
TOKaMHU YCTaHABIIMBAETCS PABHOBECHE. Y CIIOBUE PABHOBECHUS

ch = iycn( + iHOTCpL(U)a
TJ€ Iy — TOK B YCKOPSIFOIIEH TPYOKE, @ Inoreps(U) — TOK yTEUKH, 3aBH-
cAIUi OT HanpsbkeHus. Hanpsbkenue Ha ceprudeckoM KOHIEHCATO-
pe MOXHO M3MEHSTh, BAPBUPYS PACCTOSHUE OT BEPXHUX WIJ A0 JH-
ANEKTPUYECKOM JIeHThl. Tak MPOHCXOAUT TOHKAs pPEryJIupoBKa
HaTPSHKCHUS] Ha BEPXHEM DJIEKTPOJIC.

Haubonbiiee HanpspkeHue, MOMYYEHHOE ¢ TTIOMOIIBIO DJIEKTPO-
CTaTUYECKMX TEHEPATOPOB 3aKPHITOTO THIA, COCTABISET OKOJIO
20 MB; npoekTupytoTcss ycTaHOBKM Ha HampspkeHue 1o 30 MB.

MakcuManbHO TOCTHXKHUMAs SHEPTUsl B JIMHEHHBIX YCKOPHUTE-
JSIX

Winax = qU.

IMpuMeHEeHUEe MHOTOKPATHO 3apsHKEHHBIX HOHOB IO3BOJISIET
1oBBICUTh W 10 100 M3B u naxe no 200 M»B.

IIpeumyIecTBO IMHEHHBIX YCKOPUTEIeH HaJl IMKIMUYECKUMHU —
OTCYTCTBHE T'POMO3JIKONW MArHMTHOM CHCTEMbI, MPOCTOTA BBOAA U
BBIBOJIa YaCTHI], OOJBIINE TUIOTHOCTH TOKa. OIHAKO CIOXXHOCTH U
BBICOKasi CTOUMOCTh BBICOKOBOJIBTHOW CHCTEMBI JTMHEWHBIX YCKOPH-
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Tenel M TpyIHOCTH (OKYCHPOBKU OrPaHHYMBAIOT BO3ZMOXXHOCTH JIHU-
HEIHBIX YCKOpUTENEH.

4.2.3. /luneitnvlit pe30HaHCHbLIL YCKOPUMmeEnb

CxeMa JHHEHHOTO PE30HAHCHOTO YCKOPHTEINS IMpHBEICHA Ha
puc.4.9. Yckopsiromiee 3eKTpuieckoe mojie £ cocperoTodeHo B 3a-

0521 052 0.521 0.5

[ [ c Cc

—o

)« 9 )< \o—>
E E E v

Puc.4.9. Cxema TUHEHHOT0 PE30HAHCHOIO YCKOPUTEIS

30pax Mexay TpyOkamu npeiida, COCIUHEHHBIMH Yepe3 OIHY C
CBU-renepaTopoM. 3apsikeHHas 4acTHIIA MPOJIETAeT IEPBYIO TPyO-
Ky CO CKOPOCTBIO Vg U YCKOPSIETCS B MPOMEXYTKE DIEKTPUIECKUM
TIoJIEM 70 CKOpOCTH Vi. JIMHA BTOpOM TPyOKH BBIOMpAETCS TaKUM

obpasom (I, = 0.5 vc—ll), YTO BpeMs Mpojera t; = % PaBHO MEPUOIY
2

CBY-konebannii Tcpy M 3apspDKEHHAs YaCTHIIA BO BTOPOM 3a30pe€
BHOBb OKAa3bIBACTCS B YCKOPSIOIIEM IOJie. AHAJIOTMYHO BBIOpaHBI
pasMepbl Bcex MocHenyrmux Tpyook mpeida. I[IpemmymiectBom
JMUHEHHBIX YCKOPUTEINCH SBJISIETCS OTCYTCTBHE IOTEpPh Ha H3Iyde-
HHE.

4.3. Hukanuyeckue yCKOPUTEIH

Ha pwuc.4.10 mpuBenena xiaccupUKAIUS ITUKIAYECKAX YCKO-
puteneid. OHU JenaTcd Ha [IBa Kiacca — PE30HAHCHBIE M HEPE30-
HaHcHbIe. K pe30HaHCHBIM OTHOCSITCA: LIUKJIOTPOH, CHHXPOTPOH, (a-
30TPOH, CUHXPO(A30TPOH, MUKPOTPOH, a TAK)KE UX PA3HOBHIHOCTH.
EnuHCTBEHHBIM MNpeacTaBUTENIEM HEPE30HAHCHBIX —IMKIMYECKHX
yCKOpHUTeNel sBisercs: OeTaTpoH.

96


Free Hand


Huknuyeckue yCKOpUTEIH

i AW

UKJIOTPOH [ pe3oHaHCHBbIE [P MHKPOTPOH HEPE30HAHCHBIE
/ \ \ ‘L
CHHXPOIHUKIOTPOH CHHXPOTPOH cuHxpodasoTpoH |  |GeTaTpoH

Puc.4.10. Knaccudukarys MUKITHYSCKHX YCKOPUTEICH

4.3.1. l{uknompon

LUKIOTpOH — NUKIMYECKUI pE30HAHCHBIA YCKOPUTENb MPOTO-
HOB (WJIM IOHOB), B KOTOPOM M MarHUTHOE TI0JI€, M YacTOTa YCKOpsi-
IOIIEro dSJIEKTPUYECKOr0 MOJS TOCTOSHHBI. L{MKIOTpOoH sBisercs
YCKOpHUTENIEM HelpephiBHOTO jAcicTBHa. CXeMma IMKIOTPOHA H300-
paxkena Ha puc.4.11,a, a BHEIIHUI BUJ CO CHATHIMA MarHUTaMH — Ha
puc.4.11,6. JIpa nosbix Merainueckux D-o0pasHbIX JyaHTa, HOJI0-
CTH KOTOPBIX IOBEPHYTHI APYT K APYTY, IOMEIIAKOTCS B OJHOPOIHOE
MarauTHOE none B. OT BBICOKOYACTOTHOTO reHeparopa K JyaHTam
[IO/IaETCs HANPSDKEHUE, KOTOPOE CO3/1Aa€T B 3a30p€ MEXIy HUMH Iie-

pEMEHHOE JIICKTPUIECKOE TTOJIE E.

YacTuIrel, BRIXOIAIINE U3 UCTOYHUKA HOHOB, PACIIONOXKEHHOTO
MEXKIy JJIEKTPOJIaMH, YCKOPSIOTCS 3JIEKTPUYECKHM IOJIEeM W TIoma-
JAlOT BHYTPHh OAHOTO M3 JYaHTOB, T/I€ DIIEKTPHYECKOTO TIONS HET.
Tam pmeficTByeT MarHUTHOE I0JI€, 3aCTABJISIONIEE YACTHUIIBI ABUTATh-

o mv
Cs 10 KPYTOBOI TPAeKTOPHHU pajuyca 1 = - . [Moce mpoxoxaeHus

MOJTYKPYTa 4acTUIbl BBIXOASAT B 3a30p MEXKIy HyaHTaMmu, II€ JJIEK-
TPUYECKOE MOJI€ YBEIMYUBACT UX IHEPruro Ha Benuuuny AW = qU.
Takum 00pa3om, 4aCTHIIBI C BO3POCIIEH CKOPOCTHIO BXOJAT B IPYTOi
nOyaHT. TaMm OHM OHMCBHIBAIOT MOIYKPYT OOJBILIEr0 paanyca, COOTBET-
CTBYIOIIIMM OCTUTHYTOM UMHU CKOPOCTH. BBINHIS B 3a30p, YaCTUIIBI
CHOBA IOJYYalOT SHEPTUIO OT IMEKTPUUYECKOro MOJs, HalpaBlieHHE
KOTOPOT0 YK€ U3MEHMUIIOCh, TaK YTO OHO CHOBA CTaJI0 YCKOPSIOLINM,
U, JIBUTasCh ele ObIcTpee, MPOXOIT MOMYKPYr eme OoJbIIero pa-
muyca. Hakonen, korga dYacTuipbl, oOnajarolie MaKCHMaJbHON
9HEPruer, ABUXKYTCS IO TPACKTOPUH HAMOOJBILEro pajuyca, orpe-
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BO3/IyXa . ; HCTOYHUK HOHOB
= ” TTyaHTbI
B E ‘ BAKyyMHasi
Kamepa
7S

MHUIICHb

OTKJIOHSTFOIIIUM
3JIEKTPOT

anpaBlicHHE
JIEKTPHYECKOrO
nons £ B Mo-
MEHTHI BJIETa
HOHa B YCKOpS-
IOUMH  [poMe-
KYTOK

MCTOYHHUK
HOHOB
JTyaHTHI
BaKyyMHast
Kamepa

BBICOKOYACTOTHBIN
reHepaTop

Puc.4.11. HuknotpoH: §
a — cxeMa, 6 — BHEIl-
HUIl BUx Oe3 MarHu-
TOB
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JEIIEMOro pa3MepaMy JyaHTOB, OHH BBIXOJST U3 JICBOTO JIyaHTa IO
KacaTelbHOW M C MOMOIIBIO OTKJIOHSIONIETO 3JICKTPO/a HaIpaBiisi-
I0TCS Ha MHIIICHb.

3a cYer MHOTOKPATHOI'O MPOXOXKICHUS YCKOPSIOIIUX 33a30pOB
yIaercss MOJYYUTh OYCHb OOJBIIME YHEPTUH YCKOPSEMBIX YaCTHI
IIPU CPaBHUTEIBHO HU3KUX YCKOPSIOIIMX HalpsLKeHUsAX. JleHcTBUIO
IUKIOTPOHA CIIOCOOCTBYET TOT (hakT, YTO Mepuoj] oOpaieHus 3apsi-
JKEHHOMU YaCTHUIBI B OJHOPOJHOM MAardvuTHOM I10JIC€ HE 3aBUCUT HU OT
€€ SHEpPIuH, HA OT CKOPOCTH:

2mm

qB
Jlyis ipaBHIIbHOM Pa0OThI IIUKJIOTPOHA JOKHO BBITOIHATHCS
ycinoBue (ha3oBOro CHHXPOHHM3MA, HPH 3TOM 3apshKEHHAs 4acTHIA
BCerJia JOIDKHA MPOXOIUTH 3a30p MEXIy JAyaHTaMu B ¢a3e yCKops-
OOICro HAIPsXKCHUA. t0 YCJIOBUE BBINIOJIHACTCA, €CIIN JJICKTpUUC-
CKOE II0JIe, IPUIAraeMoe€ MEXIYy 3JIEKTPOJaMU, HMMEET YacToTy

1
fren = 7~ M 3apAKEHHas YaCTHIA CTapTyeT B (haze yCKOpSIOMIETO

qacT

HanpsbkeHus. TakuM o0pa3oM, 4acToTa BBICOKOYACTOTHOTO T'eHepa-

TOpa JAOJDKHA PABHATHCS:
f 1 qB
TeH = = "
Tiacr 2mm
MakcuManbHas SHEprusi, MmoifydyaeMasi ¢ IOMOIIbI0 ITUKIOTPO-
Ha, ONpeAeNsIeTcss HanOOBIIEH CKOPOCTHIO 3apsHKEHHOM YaCTHITHI

_ qBTmax

Umax - m ’

T/€ Typgy — HAMOONBIINN BO3MOXKHBIM pamuyc, ONM3KUN K pagmycy
nyanTa. KoneuHast sHEprus 9acTUIBI BEIpA3UTCA (HhopMyIon
_ mvﬁlax _ rnzlaxquz
2 2m

LukmoTpoH HacTpaWBarT HA YCKOPEHHE 3apsDKEHHBIX YaCTHI]
C OINpeJIENeHHON BEMMYMHOM yaeapHoro 3apsaa q/m. Jus yckope-
HUSI YaCTHI[ C HHBIM YCIbHBIM 3apsI0M HEOOXOAUMO M3MEHUTh ey
v B ans BeimonmHeHus ycioBust ¢a3oBoro CHHXpoHu3Ma. M3meHe-
HUE fre; MPAKTHYECKH CIIOKHO BCIEICTBUE TOTO, YTO BBICOKOYACTOT-
HbIE TeHEepPaTOPbI OOINBIIION MOITHOCTH IMPOSKTHPYIOTCS HA 3aJaHHYIO

4JacCToTy. Hpome HU3MCHUTb MHAYKIIUIO B 3a cuer Pa3aABUIKCHUA 110-
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JIIOCOB IIOCTOSAHHOI'O MarHurta WM U3MCHCHHA HaMarHM4WMBaroumicro
TOKa B 3JICKTPOMArHuTe.

Ecmu f IIOCTOsIHHA, TO 3HAYCHHEC B BBIPAXXacTCd B BUIC

2mm
B = Tfreﬁ-

Toraa g MaKCUMaJIbHOW 3HEPTUHU MOTYYUM
2 2p2 2 2 A2 2
_ Tmaxq B _ Tmaxq 4m°m

2 2.2 2
= 2m“r, m.
2m zqu freH maxﬁ“eH

Takum 00pa3oM, MaKCMMAJIbHO JOCTHIKUMAs SHEPTUs 3aBUCUT
OT pa3MepOB MAarHUTHBIX MOJIOCOB M YIIETHHOTO 3apsa YCKOPSIEMOit
qacTUIBl. ECIM HCmomb30BaTh AJIEKTPUUYECKOE TIOJIE C YaCTOTOU
frew = 15 MI', mis momydeHust my4yka JEHTpOHOB c dHepruer 20
MbB pannyc myanToB gomkeH ObITh 0.46 M, a nuaMmerp — moutu 1 M.
OTOT K€ IUKIOTPOH MOXET IaTh Iy4OK IMPOTOHOB C DJHEprueci
10 M»3B u a-yacrtuii ¢ sueprueit 40 MaB.

4.3.2. Cunxpouyuxiompou

IIpu yckopeHuu 3apsiKEHHBIX YacCTHIL 10 PEIATUBUCTCKUX CKO-
mo

2
v
-z

YBEITUYMBACTCS, W, KaK CIICJACTBHE, HAPYIIACTCS YCIOBHE (Ha3oBOro
cunxponnsma (prc.4.12). Tlpu sToM, mporeras MeXIy JTyaHTaMH,

pocTelt Macca 4acTHIbIl m = BO3pacCTaeT, Mepruo]] 00paleHus

A
E
my <M, < Mg

U<, < Uy
YCKOPSIOIIEE
IoJIe

v

E TOPMO3SIIIee t

q; o}% 1 none
JIyaHTBI /.I ® r\ E
-

ms3 - 1_7)3

Puc.4.12. Hapynienue ycnoBusi (pa3oBOro CHHXpOHH3MA TIPH pens-
TUBUCTCKOM BO3PaCTaHUU MACChl YaCTHIIbI
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3apsDKCHHAs YacTUlla IONafacT B TOPMO3SIIEe IOJIe, €€ DHEPrusl U
Macca yMEHBIIAIOTCA, M YacTULA BHOBb IIONAJACT B YCKOPSIOLIEEe
none. [locne HeckonmbKUX KoJMeOAaHWH YCTAaHOBUTCSA CTAllMOHAPHBIN
pEeXUM, IIPU KOTOPOM YacTHIA MPOXOJHUT IMPOMEKYTOK MEKAY NY-
aHTaMU IIpU OTCYTCTBHUHU IJICKTPHUICCKOI'O IMOJIA.

Jnst nanpHEWIero yCKOpeHHs 4acTHLbI HeoOXO0AUMO BOCCTa-

HOBHTH YCIIOBHE (Da30BOro CHHXpOHHM3MA!
1 qB
fren = =

Toacr 2mM
Crhenath 5TO MOXXHO HENPEPBHIBHO YMEHBIIIAas 4acTOTy TeHepaTropa

1
MIPH YBEJTMUEHUH MACCHI YACTHIIBI TAK, YTO frop~ s IIpu aTOM mepu-

on T xonebaHwii HampsDKEHHS TeHepaTopa BO3pacTacT W 4YacTHIA
MPOXOJUT 3a30p IPH YCKOPSIOLIEM IEKTPHUYECKOM I10JIe, KaK IMOKa-
3aHO Ha puc.4.13. Tak paboTaer CHHXPOIHKIOTPOH ((Ha30TPoH).

YCKOPSIOIIIEee MoJie

E4 > my <M, <ms
I<7,<T;s
fi>0.>f

T, T,
1
- t
e
L
JyaHTBI E

/ ®— v
15 TOPMO3SILEE M10JIE

v

ms

Puc.4.13. [lpuHINI JeWCTBUS CHHXPOIUKIOTPOHA
CHUHXpOIHKIOTPOH 3P PEKTUBEH MPH yCKOPEHUH MPOTOHOB U
Oosiee TSKEIBIX 3apsHKEHHBIX YaCTHI[ TPU HEOONBIINX, IMOpsIKa

CAWHUL] — JACCATH MPOLCHTOB, U3MCHCHHAX MACCHI. He,[[OCTaTKOM
CHUHXPOLUKIIOTPOHA SBJACTCA U3MCHCHUC paJinyCa TPACKTOPUHU 3a-
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PSDKEHHOM 4acTUIBI MPaKTHUECKU OT HYJNS A0 3HAUCHHS, OMpPEaes-
€MOro KOHEYHOH dHepruerd, yTo TpedyeT MCIHONb30BaHMS MOIIOCOB
3JIEKTpOMarHuTa Oompuioro pasmepa. Ilostromy anst yckopeHus 4a-
crull ¢ 3Hepruerd 6onee 1 5B ucnonb3yloT cCMHXPOQa30TPOHBI (CM.
4.3.4), XOTs1 MHTEHCUBHOCTh YCKOPEHHOTO Iy4YKa y HUX CYIIECTBECH-
HO HUXKE.

CHHXPOLMKIIOTPOH SIBJISIETCSI YCKOPUTENEM UMITYJILCHOTO JeHi-
CTBHS, ¥ HOBasl MOPIIHS 3aPSHKEHHBIX YaCTHUI] BBOAUTCS B YCKOPUTENb
MOCIIe HYMUCCHUU TIpebLIyIieil. To CBA3aHO ¢ HEOOXOJUMOCTBIO U3-
MEHEHHUSI YacTOThl T€HEpaTopa K HMCXOJAHOMY COCTOSHHUIO TIOCIIe
OKOHYAHUSI Ka)X/IOTO IIMKJIA YCKOPEHUSI.

4.3.3. Cunxpompon

B cuHXpOTpOHE yCIOBHME CHHXPOHHU3MA IIPHU PEISATHBUCTCKOM
BO3PACTaHUU MAacCChl YCKOPSIEMOM YaCTHUIBI JOCTHTacTCsA 3a CYET
[IJJABHOTO BO3pAacTaHUsl MHAYKLIHMMU IPONOPLHUOHAIBHO YBEINYEHUIO

B
MacChl, A ITOM OTHOWIGHHE — = CONSt, Tepuon oOparieHus ya-

CTHIIBI Tyucr OCTAETCS MOCTOSIHHBIM M 9AaCTOTY 'EHEpaTopa MEHSThH HE
Hazo (puc.4.14).

YCKOPSIFOIIEE T10JIC my < <mg
E4
B, <, <Bs
B_n_5
my ms

v

E t

A EEN

nyautsl ~ g
m,B: 7~ 12 R
. @ v TOpMO3sIIee Mone
E
- N
ms, B3

Puc.4.14. TlpuHumn neldcTBrs CHHXPOTPOHA
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CHHXpPOTPOH TMPHUTOMAEH JUIS YCKOPEHUS JIFOOBIX 3apsyKEHHBIX
YACTHUIl, B TOM YHUCJIE U 3IEKTPOHOB. ECIM yCKOPSIOTCS 37EKTPOHBI,
TO MX Macca CHJILHO MeHseTcs B coorHomeHnu 1:100 wam gaxe
1:1000. M3MeHUTHh B COOTBETCTBYIOIIEM MAacIITa0e YacTOTy TEXHH-
YECKHU O4YEHb CIOXKHO. [103TOMY B IaHHOM cliydae U3MEHSIOT Mar-
HHUTHOE I10JI€C.

[Ipu penaTUBUCTCKUX CKOPOCTSIX U = C M DJIEKTPOH JBUKETCS

mv
10 OpOMTE MOYTH MMOCTOSHHOTO pajnuyca 1 = Pry (uro mocturaercs 3a

CYET IJIAaBHOTO BO3PACTaHMs MHIYKIHMH MPOMOPIHOHAIBHO YBETH-
B
YEHWIO MACChl, MPH TOM OTHOLICHUE — = const), MO3TOMY HET

HEOOXOJIMMOCTH CO3JIaBaTh MarHUTHOE T0JIe BCIO/Y, HAUYUHAS OT Ce-
PEAVHBI TIONOCA 10 PACCTOSHUSA Imax, @ JOCTATOYHO CO3AATh €Tr0 B
npezenax HeOONbIIONH KONbIe0Opa3HOW IUIOMIAJIKH BOKPYT OKPYX-
HOCTH pannyca lnax.

Cxema CHHXpOTpOHa TpHBeneHa Ha puc.4.15. 3apsokeHHBIC

©

A-A

Puc.4.15. Cxema cuHXpOTpOHA. BHH3Y — TomepedHOe CEeYeHHE YCKOPSIo-
mieil cucteMbl. 1 — HHXKEKTOp ¢ OZHMM WIHM JIBYMs KacKaJaMHu TpeaBapH-
TENLHOI0 YCKOpPEHHUsI; 2 — KOJbIIeBas BaKyyMHast kamepa; 3 — 90°-ii Maruur;
4 — my4ok vacTHil, 5 — paBHOBeCHast OpOUTa; 6 — MPSIMOIMHEHHBIN YIaCTOK;
7 — yckopsromas cuctema; 8 — QGeppHuToBEIH cepaeyHuK; 9 — oOMOTKa C
ycKopsifommM HanpspkeaneM; 10 — mumeHs
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YACTHUIbl TPEIBAPUTEILHO YCKOPSIOTCS B OJHOM WM HECKOJIBKHUX
KacKaJax MpeABAPUTEILHOTO YCKOpEHUss | M HMHXKEKTHPYIOTCS B
KOJIBIIEBYIO BaKYYMHYIO KaMepy 2 CO CKOPOCTSIMH, OJIU3KMMH K CKO-
poctu cBeta. Yerbipe “90 rpamycHbIX” MarHuTa 3 OTKJIOHSIIOT ITyYOK
3apsIKCHHBIX YacTUIl 4 M HAMPABIISAIOT WX MO OPOUTE PaBHOBECHOTO
paauyca 5. Ha onHOM MM HECKOJBKUX JTMHEWHBIX yyacTKax 6 pas-
MEIIEHBl YCKOPSIOIIKUE CUCTEMBI 7. Y CKOpPSIOIAsl CUCTEMA COCTOUT
u3 eppruTOBOrO cep/ieuHrKa 8 ¢ 0OOMOTKOM 9, Ha KOTOPYIO MOAAETCs
IepeMeHHoe HampspkeHue. [lepemMeHHOe MarHUTHOE IOJIE WHITYIIU-
pyeT mepeMeHHOe dJIEeKTpUIecKoe moyie. B menTpe oTBepcTus cep-
JIEYHNKA 8 BEKTOP HAIPSDKEHHOCTH JJIEKTPUYECKOTO TOJS Hapas-
JIEH TI0 KacaTeJIbHOW K TPAeKTOPUHU 4acTul. Pa3orHaHHBIN 10 BBICO-
KUX 2HEPTUil MydoK 3apsHKCHHBIX YaCTHI MomajaeT Ha MumieHb 10
WA BBIBOJUTCA M3 KOJblA CIEUHATBHBIM YCTPOUCTBOM. BHemHuii
BUJI CHHXPOTPOHA — YCKOPHUTENS AJICKTPOHOB M MTO3UTPOHOB — TTOKA-
3aH Ha puc.4.16.
MakcumanbHasg — 3HeEp-
s 3apsOKCHHBIX — YacTHL,
YCKOPEHHBIX € IOMOUIBIO
CHUHXPOTpPOHA, COCTaBJISIET
nopsnka 1 B, CuaxpoTpon
SIBISIETCS.  YCKOPUTEIEM HM-
Y MyJIbCHOTO ACUCTBUS, U HO-
‘A Bas 1mopuus 3apsDKEHHBIX
o\ VRS JaCTHIl BBOAUTCS B YCKOPH-
Puc.4.16. BHemnuit BUI CHHXPOTPOHA TeNb rocJie SMUCCHH

MpEabIAYIIEH.

4.3.4. Cunxpodghazompon

Cunxpoda30TpoH SBISIETCS MUKINIECKUM YCKOPHUTENEM C IO0-
o mv
CTOAHHBIM PA/MyCOM DPABHOBECHOW OPOHTBI Thapy = Pl const.

UToObI YacTHIIBI B MPOIECCE YCKOPEHHSI OCTABAIMCh Ha TOH K€ Op-

OuTe, yBEIMYMBAECTCS KaK BeJAyllee MarHUTHOE moje B~mv, tak u
1 gqB
Toaer  27M "
Crenyer OTMETHTB, YTO MHAYKIUS B Bo3pacraer ObicTpee, YeM ya-

cToTa frey.

JaCTOTa YCKOPAKIICTO JJICKTPUYCCKOro IOJIAg f;eﬂ =
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OHeprus HbIHE NEHCTBYIOIIUX YCKOPUTENEH TOCTUraeT JecsT-
KOB M COTE€H I'MIa’IeKTpOHBOJIBT. OJIMH U3 CaMbIX KPYITHBIX B MUPE —
MPOTOHHBIM cuHXpodazoTpon Y-70 HMHcTUTyTa (QU3MKH BBICOKHX
sHeprui B I. IIporBuHO moxy MOCKBOH, BCTYNMBIIMH B CTpOH B
1967 r. JluameTp YCKOPUTEIBHOI'O KOJIbIA COCTABIISIET MOJTOPA KH-
JioMeTpa, obras Macca 120 MarHuTHBIX ceknmii gocturaer 20 000 T.
Kaxxple 1Be ceKyHIbI YCKOPUTENb BBICTPEIUBAET 110 MUILIEHAM 3aJl-
oM u3 10" mpotoroB ¢ sueprueit 76 I'3B (deTBepTHIi MoKa3aTeNb B
mupe). UToObl JOCTUTHYTh TaKOW HEPrHH, YaCTHIIBI JIOJDKHBI CO-
Bepmuth 400 000 oGopotos, npeoponeB paccrosaue B 60 000 kwm.
3/1eCh e COOPY)KEH MO3EMHBIN KOJIBIIEBOH TOHHENb JJIUHONU 21 KM
JUTS HOBOTO YCKOPUTEISL.

WnTepecHo, uto mycku yckoputened B [lyone nim [IporBrHO B
COBETCKHE BpEMeHa MPOBOAMIMCH TOJBKO MO HOYaM, MOCKOIBKY Ha
HUX TI0JaBaiach 4yTh JIU HE BCA DIIEKTPOIHEPTHS HE TOIbKO Moc-
KOBCKOM, HO U COCEIHUX oOnacTeii!

B 1973 1. amepuxanckue Gpu3UKY MpHUBEIHN B AelicTBUE B T. ba-
TaBUH YCKOPHUTENh, B KOTOPOM YacTHIIAM YIAJIOCh COOOIIUTH dHEp-
ruto B 400 I'sB, a morom gosectu ee 10 500 I'sB. Cerogus cambiit
MomIHBIH yckoputens Haxomutcss B CILIA. O HasweBaercs “ToBa-
TPOH”, MOCKOJIBKY B €r0 KOJbIE JJHHOHW Ooyiee 6 KM C ITOMOIIBIO
CBEPXIPOBOJSIINX MAarHUTOB ITPOTOHBI IPUOOPETAIOT IHEPTUIO OKO-
o 1 THB.

4.3.5. Mukpompon

MHuUKpoTpoH (37EKTPOHHBIN MUKIOTPOH) — MUKIMICSCKHH pe30-
HAHCHBIM YCKOPHTENb, B KOTOPOM, KaK M B IUKIOTPOHE, © MarHUT-
HOE TI0JIe, M YacTOTa YCKOPSIOIIEro IOJISi MOCTOSHHBI BO BPEMEHH,
HO PE30HAHCHOE YCIIOBHE B MPOIECCe YCKOPEHHS COXpaHseTcs 3a
cuéT M3MEHEHHs KpaTHOCTH ycKopeHus N. [y mpaBuiibHOM paOoThI
MUKpPOTpOHa yCKOpsieMasi JacTHia (3JEKTPOH) IOIDKHA OBITh Tpen-
BapUTEIFHO YCKOPEHA JI0 PEISITUBHUCTCKHX CKOPOCTEH VXC M 3HEp-
THs, TOJyJaeMasi YacTHIICH NpU OJHOKPATHOM MPOXOXKJICHUH YCKO-
PSIFOLIEro NMPOMEXKYTKa, JOJDKHA OBITH TAaKOH, YTO Macca YacCTHIIBI
BO3pacTaeT Ha MOCTOSHHYIO BennuuHy. Yactuia oOparaercst B MUK-
POTpPOHE B OJHOPOJHOM MarHUTHOM moje (puc.4.17), MHOrOKpaTHO
MPOXO0JIs yCKOpsitoruii pesonatop. [leprox obpamienus
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OTKJIOHSFOIITH
3JIEKTPOJL

YCKOPSIFOIIMM
pe3oHaTop
Puc.4.17. Cxema MUKPOTpOHa

2rm  2mmc?  2nW
gB =~ qBc?  qBc?

B pesonatope oHa momyuaer Takoi mpupoct sHeprun AW, 4To
e€ meproj 00paIeHrs N3MEHIETCsl Ha BETHYNHY, PAaBHYIO HWJIH KpaT-
HYIO TIEPHOY YCKOPSIOMIETO HATIPSKEHUS
2nAW

qBc?%’

Ecnu gactuia ¢ camoro Hayana obpamiainach B pe30HaHCE C YCKOpSI-
FOIIIIM TIOJIEM, 3TOT PE30HAHC COXPAHSETCS, HECMOTPS Ha H3MEHEHHUE
neproga oOpamenns. Hanprumep, mepBeiii 000pOT YacTUIa MPOXO-
T 32 OJUH TIepHoJ] ycKopsrolero momus. [lpu mmHe BONHBI TeHe-
paTtopa

AT“laCT = nTI‘eH =

qBc
2nAW
YacTULa PU CIEAYIOIEM NPOXOKICHUN YCKOPSIOIIEro pe3oHaTopa
MOMAAaeT B OJIHY U Ty ke a3y yCKOPSIOLIEro Mos.

)lFeH = CTI‘eH =
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B MukpoTpoHe AeliCTByeT MEXaHU3M aBTO(Pa3uPOBKH — TIEPUOT
BpAILICHUS] YCKOPSEMBIX YaCTHUIl YCTAHABIUBAETCS KPATHBIM MIEPUOLY
YCKOPSAIOMIETO MOoJist. MUKPOTPOH — YCKOPUTENb HENPEPLIBHOTO JCH-
CTBUSL M crocoOeH naBaTh TOkM mopsjaka 100 MA, MakcuManbHas
JOCTUTHYTast 3Heprus cocrasisger nopsaka 30 MasB (CCCP, Benu-
koOpuTanwus). Peanu3zarus OOJNBIINX 3HEPTUH 3aTPyIHUTEIbHA U3-3a
MOBBIIICHHBIX TPEOOBAaHUN K TOYHOCTH MAarHUTHOTO IOJISA, a CYyIIIe-
CTBEHHOE TOBBINICHNE TOKA OTPAHUYEHO DJICKTPOMArHUTHBIM U3IY-
YEHUEM YCKOPSEMBIX JJIEKTPOHOB.

4.3.6. Bemampon

beratpon — €IMHCTBEHHBIM LUKIMYECKUN YCKOPHUTEND JJICK-
TPOHOB HEpe30HaHCHOro THra. Maes paboThl GeTaTpoHa COCTOUT B
CIIEIYIONIEM: OJHOPOIHOE, N3MEHSIOIIEeecs BO BpEMEHH MarHWTHOE
0JIe CO3/1ae€T BUXPEBOE AIIEKTPHUUECKOE TIOJIE€ C 3aMKHYTHIMHU CHIIO-
BBIMH JIMHUSIMH. DJIEKTPOH BBOJIUTCS B 3TO TOJIE, W TIPH OJHOM 000-
pote coBepmiaercss pabora, YBENUYMBAIONIAS €r0 KUHETHYECKYIO
sHepruro Ha BenmuumHy W = qU, toe U = 2nrE, HanpsbkeHue Ha
BHUTOK panuyca Ip. Eciiu ckopocTh 31eKTpoHa BO3pacTaeT MpOoIopIiy-
OHAJILHO CKOPOCTH YBETWYEHHS HAIPSHKEHHOCTH MAarHUTHOTO IO,
TO 3JICKTPOH JIBWIKETCS 1O OPOUTE HEM3MEHHOTO pamnuyca. 3a BpeMs
BO3pacTaHWsA MarHWTHOTO TOJS YacTHIA MOXKET CHIeNaTh HECKOJIBKO
MUJUTHOHOB 00OPOTOB, ¥ COOTBETCTBEHHO YBEIIWUUTCS €€ SHEPTHSI.

Orta uaes peann3oBaHa B OeTaTpoHE C HEOTHOPOMHBIM OCE-
CHMMETPUYHBIM MarHUTHBIM mosieM (puc.4.18). Ha ocHoBanum 3a-
KOHa MHIYKIINH HAIPsDKEHHE Ha BUTOK BhIpaXkaercst opMyIon

do
dt’

rae @ — MarHUTHBIM MOTOK, OXBaThIBAEMBIA OKPYXHOCTBIO paauyca
lo.

HampspkeHHOCTh 3IIEKTPHYECKOTO TOJST HA OKPYKHOCTH PajIu-

yca Iy OyeT MeTh 3HaUeHHE
U 1 do

21Ty 2nry dt”
V3MeHeHHEe UMITyIIbCa YaCTHUII BBI3BAHO JEHCTBHEM DIEKTPH-
YECKOrO MOJIsL, TO3TOMY yPaBHEHHUE JBMKEHHS HMEET BU]|
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CEpACYHUK M3 JIUCTOBOI'O KEJIC3a BaKyyMHas KaMcpa

AU

4—

OTKa4Ka BO3dyXa

Puc.4.18. Cxema GeraTpona

d(mv):qE:_ q

ao

dt 2mrg dt’
JlaHHOE COOTHOIIEHHE CIIPABELIMBO M I PENATHBUCTCKHX CKOpO-
cTeii. IHTerpupoBaHye 9TOr0 ypaBHEHHs IPHUBOIUT K PABEHCTBY

mv = (4.1)

27T,
31ech yuTeHO, 4TO B MOMEHT BpeMeHH { = O BBINOJHSIMCH YCIIOBHS
v=0wu @ = 0. 35aK MUHYC ONYLIEH B CBSI3H C TEM, YTO 3apsil JJIEK-
TPOHA OTPULIATENbHBIM.
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Ecnu snekTpoH uMeer cKopocTh v, TO MOJI€ ¢ UHAYKIHEH By B
TOUYKaxX OKPY)KHOCTH pajinyca Iy 3aCTaBJIseT €ro JBUraThCsl IO OpOu-
T€ C paluyCcoM
mv q @ 1 O
qB, 2mroqB, 2mry B,

DNEeKTPOH MOXKET OCTaThCAd Ha OKPYKHOCTH IIPH YCIOBUU
r=rp.

BBoas cpenHee 3HaueHME HMHAYKIUU Bp MEXAy NOJHOCAMHA
3JIeKTpOMarHuTa (BHyTpH OpOHUTHI)

r =

® = rénB,,
NOJIYyYUM
1 rénBy,
Ty = —_
0 2nry By
OTKy/1a
Bm
By = —.
°7 2

Takum oOpa3om, eciy 3HaYeHUE WHIYKIUH B TOYKAaX OPOUTHI
pPaBHO TOJOBUHE CpEIHEH WHIYKIHUA MEXIy MOJICAMU 3JIEKTPO-
MarHuTa, TO AJIEKTPOH MO JeUCTBHEM MAarHUTHOIO Mot By OKa3bl-
BaeTCsl BBIHYXKJICHHBIM JIBUTAThCS 110 KPYroBOH OpOUTE HEM3MEHHO-
ro pamuyca 1. DTO 3HAYWT, YTO MPH YBEIWMYCHHH I BemuuMHA B
JIOJDKHA YMEHBIIIAThCS, Kak Moka3aHo Ha puc.4.19. [lis 3Toro Koib-

|

1 »

0 | g
< > r

lo
Puc.4.19. PagnansHoe pacmpeneieHie MarHUTHOTO OIS B OeTaTpoHe

LeBas BaKyyMHas KaMmepa pacroyaraercs BONHM3M Kpas IOJIOCOB
3JIEKTPOMAarHuTa.

ONeKTpOH JOBMKETCS 10 OpOUTE pajguyca Ty C UMITYJIBCOM, KO-
TOpBIN cornacHO (4.1) Bo3pacTaeT MPONOPLUHUOHATIBHO YBEITHUYEHUIO
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@. OOBIYHO HMEeT MECTO CHHYCOMAajbHAas 3aBUCHMOCTh @ OT
Bpemenu (puc.4.20). Takum 00pa3oM, BpeMsi, HCIOJb3YeMOE JUIs
YCKOpEHWUsI, paBHO npuMepHo 77/4.

VCKOPAIOWas 4acme nepuood
o 4 F (371eKTpOH Ha opbure Ip)

v

< [
< »

MOPMO3sYAsL 4aACHb Nepuood
Puc.4.20. Yckopenue 31ekTpoHa B OeTaTpoHe

OHeprusi JIeKTpOHA YBEIMYUBACICA OO0 3HAYEHMs], COOTBET-
CTBYIOILEIO Pajilycy Ty M HauOOIbLIEMY 3a aHHbIH MHTEpBal Bpe-
MeHM 3HaueHuto By. Ilocie atoro noxa aedcTBUEM MPOTHUBOIOIOKHO
HAIPaBJIEHHOTO 3JIEKTPHUYECKOTO TOJIS DJIEKTPOH OyIeT 3aMeUIiTh-
Csl, II0O3TOMY B MOMEHT JOCTHKEHMS MaKCHUMAaJIbHOM 3HEpPruu Io
BCIIOMOTaTENbHON KaTYIIKE MPOINYCKAIOT HUMILYJIbC TOKa OOJbILON
CHJIBI, KOTOPBIA CMEIIAET 3JIEKTPOH C OPOUTHI PABHOBECHOI'O paany-
ca Y HanpapJsieT Ha MUILECHb.

berarpon — ycKOpUTENnb HMITYJIBCHOIO IEHCTBUS U MOXKET
CIyXUTb HMCTOYHUKOM JJIEKTPOHOB 1O DHEPIUM  IOpAIKa
100+300 M»aB. Opnako mis sHepruii Beime 100+200 M»sB Gonee
yI00€H CHHXPOTPOH, HE HMMEIOUIMH TI'POMO3IKOrO IEHTPAIbHOTO
cepaeuHnka. OcoOEHHO pacmpoCTpaHEHbl OETaTPOHBI HA CPEAHUE
sHepruu — 20+50 M5B, ucnonpszyemsble a5 pa3aIuyHbIX LI U Bbl-
MyCKAaeMble CEPUHHO. BeTaTpoHHBIM PEXUMOM YCKOPEHHUS YacTo
MOJIB3YIOTCSl B CUHXPOTPOHAX MJsl MPEABAPUTEIBHOTO YCKOPEHHS.
OTO YCKOpEHHE NMPOU3BOAUTCSA 10 HEOONBIIOH HHEPTUH, MOITOMY
CEp/ICYHNK MAarHuTa HEBEJHMK M CYIIECTBEHHO HE YCIIOXKHSAET KOH-
CTPYKLUHU CUHXPOTPOHA.
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PABOTA Ne6

 OMUCCHUA DJIEKTPOHOB U3 METAJIJIOB
5.1. Buasi amuccuii

Ecnu ocymiecTBUTh BHEIIHee BO3/ACHCTBHE HA TBEPIOE TENO:
KUHETUYECKOEe, TEIIOBOE, 3JIEKTpocTaTniyeckoe, GOTOHHOE WK XU-
MHYECKOEC, TO IPpHU ONPCACICHHBIX YCIOBUAX BO3HUKAIOT SMUCCUH!:
QJICKTpOHHAA, NOHHAA , aTOMHAA, MOJICKYJIIpHAasA U (1)OTOHH21$I, KakK
MoKa3aHo Ha puc.5.1.

BHemnee  Bo3geii- SOMUCCUH
cTBHE
KHHETUYCCKOE ~—P Trepnoe Teno p OJICKTPOHHAsS
TEIJI0OBOE ~———— P
—> HOHHas

9JIEKTPOCTATHYCCKOE—P| ___» aToMHas

N
¢dotoHHOE L » MoeKyIsIpHas
XHUMHYECKOE —————P — (oroHHas

Puc.5.1. Buapl BHEIIHNX BO3AEHCTBHUN U BBI3BIBAEMBIE UMH DMUCCHH

B TBepmoM Tene MMEIOTCS aTOMBI, PACIIOIOKEHHBIE B Y3/Iax
KPHUCTAJJIMYECKON PEIIETKH, a TAaKXKe IEKTPOHbI, HAXOIAIINECS Ha
Pa3IUYHBIX YPOBHSIX SHEPrMM B 30HE IPOBOJUMOCTH, BaJICHTHOH
30HE M HWKEISKAIIUX Pa3pelIeHHbIX 30HaX. VX BbIXOmy U3 TBEpIO-
'O Tela NPEnsTCTBYET HaJu4yhe MOTeHIHAILHOro Oaphepa.

[Iporie Bcero oCyIIecTBUTD 3JEKTPOHHYIO SMHUCCHIO U3 MeTall-
70B. B HuX nmeercs 00npIIoe KOTUYECTBO 3JIEKTPOHOB B 30HE MPO-
BOIMMOCTH, HE CBA3aHHBIX C OTAEIBbHBIMU aTOMaMH, OHH CBOOOIHO
MepeMeNIarTci MO0 BCeMy O0beMy M O0O0pa3ylOT TaK Ha3bIBAEMBIH
3JIEKTPOHHBINA Ta3. KoHIeHTpaus 3JeKTPOHOB B 30HE MPOBOAMMO-
cti coctasiser 10°+10% 57eKTPOHOB B OHOM KyOHYECKOM CaHTH-
MeTpe, TaKUM 00pa3oM, METAJLIBI SBISIOTCA HanOoJee MOIX OASIIM
MaTepHajoM Uil CO3IaHHUsS BBHICOKO3((EKTUBHBIX HMUTTEPOB 3JICK-
TPOHOB.
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FreeText
РАБОТА  №6


5.2. TepM03/1eKTPOHHAS IMHUCCHSA
5.2.1. ITnomnocms moxka mepmoIneKmpoHHOU IMUCCUU

B Meranne y nHa 30HBI IPOBOJMMOCTH IJIOTHOCTh KBAHTOBBIX
COCTOSIHUM (KOTMYECTBO OSHEPreTHUECKUX YpOBHEH Ha eIuHHILY
81
3h3
snextpona; h = 6.63:107* ¢ — mocrostnnast IInaHka, M3MEHSETCS

mo mapabomuueckoMy 3akoHy (puc.5.2,a). BeposSTHOCTb HaX 0K IEHMsI

3
sueprun) g(W) = (2m*W)z, 3mecr M* — >ddexTuBHas Macca

W A W A W A
YPOBEHb SHEPTUU CBAOOIHOTO HJIEKTPOHA
Wy A A
™0 . T>0 W,
Wsg
W [~ 77777771 [
> > AN
0 gWw) 0 1/2 1 FW)0 p(W)

a 0 8

Puc.5.2. ®ynKIms pacnpeaeneHus Mo SHEPrusiM: @ — IUIOTHOCTH KBaH-
TOBBIX COCTOSIHUH; 6 — BEPOATHOCTH HAXO)KACHHS 3JIEKTPOHA Ha DHEpre-
THYECKOM YpoBHE ¢ 3Heprueit W; ¢ — IIIOTHOCTH pacIipeielIeHUsI JJIeK-
TPOHOB

JJIEKTPOHA Ha JAHHOM OJHEPreTHYeCKOM YPOBHE OIpenesnsieTcs

y 1
dynxumeit pacnpenenenus Depmu F(W) = — =, tae W -
1+exp WT

sHeprus aekTpoHa, a Wg — sHeprust ypoBHs Depmu. BeposTHOCT
HaXOXJICHUs 3JeKkTpoHa Ha ypoBHe Pepmu F(WE) = 1/2. OyHkimu
pacnpenenenust @epmu s Meraia npu Temrepatype T > 0 K npu-
BereHa Ha puc.5.2,6. IIpu T = 0 K ypoerr ®epmu Wgy cooTBeT-
CTBYET HauOOJbIIEH YHEPTUH, KOTOPYIO MOT'YT UMETh 3MEKTpoHbl. C
TIOBBIIIICHWEM TeMIlepaTypsl ypoBeHb @depmu ci1abo Bo3pacTaer.
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[Tpunsarto nonaratk, uro W = Wgy BIJIOTH A0 TeMIepaTypsl IIaBlie-
Husi Metaivia. [IpousBeneHne ABYX 3TUX (YHKIHHA C JOCTATOYHON
TOYHOCTBIO ONpeZeNseT MIOTHOCTh pacrlpelneNieHus JIEKTPOHOB MO
ypoBasim 3ueprun: p(W) = g(W)-F(W) — cm. puc.5.2,6.

Takum 00pazoM, 3JIEKTPOHBI B MeTajie PacIoNOKEHbl B II0-
TEHITMAIBHOM siMe TiIyOrHONH Wp, MpakTHYECKU BCE AJIEKTPOHBI pac-
MOJIOKEHBI Ha ypOBHSIX HMke ypoBHs @epmu. Hebombiioe xommye-
CTBO JJIGKTPOHOB, mopsiika 2%, TpH KOMHATHBIX TeMIlepaTypax
HAXOIUTCS Ha OoJiee BHICOKUX dHEPreTHIecKuX ypoBHAX. J[iis BbIXo-
Jla DJIEKTPOHA U3 MeTaula HeoOXOAWMO, YTOOBI ero dHeprusi Oblia
OoJIbIIIE PHEPTUU MTOTCHIIMAILHOTO Oapbepa. OHAKO 3TOr0 HelocTa-
TouHO. Hy)kKHO Takke, 4yTOOBI 3JICKTPOH C TOW SHEPruei JBHrajcs
MEPIIESHIUKYIIIPHO TOBEPXHOCTH METAJlJIa B HAIPABIICHHH K TIOBEPX-
HOCTH.

Jnst pacyera TUIOTHOCTH TOKa TEPMOAJIEKTPOHHOW 3MUCCHH
obpatuMcs K puc.5.3, Ha KOTOPOM MOKa3aH y4acTok Meramia. Och x
CHCTEMBI KOOPJMHAT PACIOIOKUM NEPIEHUKYISIPHO K TOBEPXHO-
CTH MeTallla, TPH ITOM YCIIOBHE BBIXO/A AJIEKTPOHA M3 MeTaylia
MOJKHO 3aIHcaTh B BUJIE

muv2 W
2 0

OTCIOJ]a MHHHMAJbHAS CKOPOCTH JJIEKTPOHA, KOTOPBIH MOXET CO-

Y4acCTOK TIOBEPXHOCTH MeTajuia
x A €IMHUYHOM TI0Ia N

/

Y

€IMHUYHBIN 00BEM

Ipru3Ma JUIMHOU Uy
v /
.
4
4
4
.
7z
4
.

1

Ux 4—/ Puc.5.3. Vuacrok meranna
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BCPLIUTH BbIXO U3 MCTaJlJIa,

VUxp =
x m

W3 Bcex AJIEKTPOHOB MeTasuia, 00JaJarolMX KOMIIOHEHTOH CKOpO-
CTU V,, 3a C€OUHHUIY BPEMCHU IIOBCPXHOCTH METayla JOCTUIHYT
TOJIBKO T€ 3JIEKTPOHBI, KOTOPbIE HAXOAATCS BHYTPU IIPU3MBI JUIMHON
Vy.

Uucno 37eKTPOHOB B €IUHUIIE 00heMa, UMEIOIMNX CKOPOCTH,
3AKIIOYEHHBIE B HMHTEPBANE MEXKIY Uy MUy + dvy, Uy Uy +
dvy, v, uv, + dv,, cocraBnser

2m3 1
dNy=1 = 3 W—We dv,dvydv,.
exp—pr T 1
B npusme nnuHoM v, HAXOAUTCS
2m3 Vy
dn, = 3 dv,dvydv,

W —
exp TF +1
TaKUX DJIEKTPOHOB. VIMEHHO 3TO YHCIIO BIIEKTPOHOB JIOCTHTAET €U~
HUIIBI TOBEPXHOCTH MeTajia B 1 c.

He Bce 3y1ekTpoHbI, TOCTHUTIINE MTOBEPXHOCTH MeTala, TOKH-
JIAFOT METAJII, a TOJIKO T€ M3 HUX, KOTOPBhIE UMEIOT B HAMIPABICHUH X
KOMITOHEHTY CKOpPOCTH V, OOJIbIe, YeM V,p, HE3aBHCUMO OT BEIIH-
YUHBI Uy, U V,. Takum 06pa3oM o01Iee YUCII0 3JIEKTPOHOB, SMUTHPY-
eMBIX uepes e,Z[I/IHI/II_Iy TIOBEPXHOCTH B lc, cocraBmser

Ux
N = h3 f f f W=, dv,dvydv,.
Vy=Vyp Vy=—00 v,=—00 EXP T +1
[lomydennyto ¢GopMyay MOXHO YHOPOCTHTH, IIPEAIONIOKHB
W-Wg
We= Wg u exp(
JIOB MIPW KOMHATHBIX M OoJiee BRICOKHX TemIiieparypax. B atom ciy-
qae

-w
N = h3 f f f Uy exp T )exp( T )dvxdvydvz,

Vx=VUxp Vy=—00 Uz=—00

HJIY, €CJIN BBIPA3UTh SHCPTUIO w UCpe3 KOMIIOHCHTBI CKOPOCTH,

) >> 1, 9ro CIIpaBEIUINBO IJIS BCEX MeTal-
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N_Zm (WFO) f muv2 p
=5 exp (= veexp | = | dvy

Ux=VxB

r mvj r mu?
f exp ~oRT dvy, f exp ToRT dv,.

y=—00 Vz=—

TTepBBIii MHTErPaT PaBeH —ex ( mv’%)—k—Tex ( WXB) a
P pai p m SXP 2kr) ~ m XP 2kT )’

o 2mkT
KaXXJIbI U3 JABYX MOCJIECIHUX /T CrenoBaTenbHO, YMCIO JJIEK-
TPOHOB, ITOKUJAIOIINX €IUHHUILY IOBEPXHOCTH B CEKYHAY,

Amk®*m Wy — W,
I 2 exp (_ B_Fo)

h3 kT
OTCI0/Ia IIOTHOCTh TOKA TEPMOAJIEKTPOHHOM IMUCCHH
N 47Tk2mq Wi - WFO)
] t — q - h3 eXp kT -

O6osnauum  4mk?mq/h® = A u, BBema paboTy BBIXOJA
Wy = Wy — Wgq (M. puc.5.2,6), monyunm dopmyny Puugapiacona —
JpimMaHa 715 II0THOCTU TOKA TEPMO3JIEKTPOHHON SMHUCCUU

Jo = AT? W
t = exp
kT
Benuuunnel, crosinye B mokaszarene creneHu Wyyu kT, TOIKHBI

OBITh N3MEPCHBI B OAMHAKOBBIX €AMHHUIAX: B JXKOYJIAX, B DJIECKTPOH-
BOJIbTaX HUJIM B TEMIICPATYPHOM OKBUBAJICHTE. Ilocnexuuii BBOOUTCS
C IOMOLIBIO YpaBHCHUA

_ K
Wi WwloBl 16107 [§—B]

0 = =
k C10-23 [AXK
1.38-10 [ 2 ]
Wy HEOOX0IMMO MOACTABIATH B (JOPMYITY B DJIEKTPOHBOJIbTAX. To-
rna

= 11600 - W,, [K],

by
=AT? (— —)
Je=AT?exp (-
5.2.2. Bausanue 3a0epicusarouiezo nois

BeJ'II/I‘II/IHy TOKa TepMOSJ'ICKTpOHHOfI OMHUCCHUHU MOKHO HCCIICIO-
BaThb C IIOMOIIBIO CXEMBEI, Hpe,[[CTaBJ'IeHHOﬁ Ha pI/IC54
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Eciu aHomHoe Hamps-
xenune U, = U, orpunarens-
HOE, TO MKy aHOJIOM H Ka-
TOAOM BO3HHKACT JOIIOJIHHU-
TENBHBIA Oapbep sl DIIEK-
tpoHoB (puc.5.5). Ilpenmona-
raercsi, YT0 Ha PUCYHKE B3SIT
BapUAaHT, KOrJa KaToI U aHO[
HU3TO0TOBJICHBI N3 OJMHAKOBBIX

METaJIJIOB.
Puc.5.4. Cxema a1 u3MepeHus IMHC- JIIst  DNEKTPOHOB, J0-
b

CHUOHHOI'O TOKa

CTUTAIONIMX aHoAa, oOIas

W a

\ 4 A 4 »

>

0 K A X
Puc.5.5. ToBbilieHre MOTEHIMATIBHOTO Oapbepa MpH Mojadye OTpH-
LIATEIbHOT O HAMPsDKEHUS Ha aHOJ

BBICOTa TOTEHIHAIBGHOTO Oapbepa yBENWYMBACTCS Ha BEIHMYHHY
W, = qU; u coctaBiser Wy = Wg+ W.,.

Takum obpazom, hopmyna Puuapmacona — JlpmMana mpuHAMAa-
eT BU]

Wp + W, — WFO) ( Wr)
— 2 _ = T
Ji = AT“exp ( T J: exp )

OTa 3aBUCHMOCTb CIIPABEIIINBA JI0 TEX MOpP, TTOKA HANPsOHKEHHE
Ha aHOJIe OTpHIATeNbHO. Eciiu HanpshKeHne Ha aHOJIE TTOJIOKUTENb-
HO, TO CIIEyeT OKUIATh, YTO AHOJ MPUTATHUBAET K cede Bce 0e3 mc-
KITFOUSHHSI JIEKTPOHBI, BBIXOJAININE C KaTojaa. AHOMHBIN TOK |, ipu
U, > 0 nomwkeH ocraBaThcs MOCTOSTHHBIM. Ha puc.5.6 mpuBenena 3a-
BHCHUMOCTH JIOTapu(Ma ILUIOTHOCTH TOKAa TEPMOIIEKTPOHHON 3MHC-
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CHM OT aHOJHOTO HaIpsKEHUS
(cunsts numust). Ha sToM ke InJ, 4
rpaduKe KpacHOH JTMHHUEH HaHe-
CEHa JKCIEPUMEHTAIBHO IOJY-

.
YyeHHAas 3aBUCUMOCTb. Je Je
OTH 3aBUCHUMOCTA HMEIOT
CIICIYIONIHIE Pa3TUIHS: 4 ! >
. 4 /7, j
1. Tlepern6 peanbHOU 0 U U
—p' a

KpUBOM CIBUHYT BIIPAaBO II0 OCU
AQHOJIHBIX HANPSHKCHUN Ha BEJH-
yuHy U,. DTOT caur o0ycioB-
JICH HaJIMYMEM KOHTAKTHOH pas-
HOCTH TIOTEHITUATIOB MEXY KaTOJOM U aHOIOM.

2. Ilpu HanpspKEeHUSX Ha aHoje, OombmmXx Uy, TOK IPOIOHKAET
MEJIEHHO BO3pacTaTh. Y BEJIMUYEHHE TOKA TEPMOAJIEKTPOHHONW IMHC-
CUH, TIPOUCXOJISIIEE IO/ BIUSIHUEM BHEIIHETO TIOJs, CBSI3aHO ¢ A(-
tdexrom [oTTKH.

3. Ilpu OonpmIMX HANMPSKEHUSX AHOMHBIA TOK 3HAYUTEIHHO
BO3pacTaeT. ITO BRI3BAHO aBTOAJICKTPOHHOM YMHUCCHEH.

4. DxcriepuMeHTaIbHAsT KPUBas HE UMEET PE3KOro Ieperuoa.
CkpyriieHHe KpHBOW OOYCIIOBICHO OOpa3oBaHHEM IIPOCTPAHCTBCH-
HOTO 3apsia BOJIM3HM MOBEPXHOCTH KaTOAA.

Puc.5.6. 3asucumocts InJ,=f(U,):
uneanbHas — CHUHSS JTHHUSL, pealib-
Has — KpacHas

5.2.3.Konmaxkmnas paznocmos noOmMeHyuan108

Juia momydenust 00bIIeii TUIOTHOCTH TOKA TEPMOAJIEKTPOHHON
SMHCCUH Ul U3TOTOBJICHUS KaToAa HEOOXOANMO HCIOIb30BaTh Me-
Tal ¢ Majoi paboToM BhIXOMa. AHOZ M3rOTAaBIMBAIOT U3 MaTepHala
¢ OombIIOi PaboTOH BHIXOMA, YTOOBI YMEHBIIUTH SBIICHHE BTOPHY-
HOM 3JIEKTPOHHON 3MHUCCUH U IPENOTBPATUTL 00pa30oBaHue 0OJIbIIO-
ro 00BEeMHOT0 3apsiia BTOPUYHBIX 3JIEKTPOHOB BOJIM3HM aHOA.

[Ipu KoHTaKTe MEXIy METaIaMH C pa3iMJHONW pabOTON BEI-
X071a BO3HMKAET KOHTAKTHAsI pa3HOCTh MOTEHLIHAJIOB, KaK MTOKAa3aHO
Ha 30HHOH auarpamme puc.5.7. B neBoil wacTu pucyHKa mpuBeeHa
30HHAs JuarpaMma KOHTaKTa aHOJ — KaToJ B COCTOSSHUM TE€PMOIH-
HaMH4ecKoro paBHoBecus. CeayeT OTMETHUTh, B cXeMe puc.5.4 aHox
W KaToJ COEANHEHBI MPOBOAHUKAMH, OJHAKO B COCTOSHUU TEPMOAU-
HAaMHMYECKOro paBHOBecUs! 3Heprusi ypoBHs depMu onmHAKOBa BO
BCEX KOHTAKTHPYIOLIUX MaTepHasax, 03TOMY Ha PUCYHKE 30HHBIE
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W A
MeTaJulypruyecKkas : " W,
rpaHuIla AW=qU,
Wo vy Wi
W
Weo | oo N __ We Weg, Yo ___.
\ 4 >
A K A X

Puc.5.7. 3oHHas TuarpamMmMa KOHTaKTa aHOJ — KaTOJl 1 BOSHUKHOBEHHUE

KOHTaKTHOI Pa3HOCTHU NOTCHIIMAJIOB
JarpaMMbl COSTUHUTEIBHBIX MPOBOJOB HE H300pakeHbl. Mexay
AHOJIOM M KaTOJIOM, Pa3MEIICHHBIMH B CTEKIITHHOM KOJI0€, HaXOAuT-
cs1 BakyyMm. CripaBa Ha PUCYHKE BTOPUYHO M300pa)keHa 30HHAs JT1a-
rpamma aHoma. Kak BHIHO M3 pHUCYHKA, MEXIY KaTOJOM U aHOIOM
BO3HHUK JIOMOJHUTEIbHBIA YHEPreTUYECKUN Oapbep, paBHBIM Pa3HO-
CTH pabOThl BBIXO/A JICKTPOHA U3 aHOJIa U KaToAa,

AW = Wwa_ waz qUKa
W TIPOMOPITMOHANIFHASI BEIMYMHE 3TOr0 Oaphepa KOHTAKTHAsl pas-
HOCTb moTeHnanos U,.
Takum o0Opa3om, I ydera KOHTAKTHOW Pa3HOCTH IMOTEHITHA-

moB B Qopmyny Pumuapacona — [[pmimMana BBOAWTCS €I OIWH

COMHOXUTCIIb
. W, AW
gt = eese (=7 ) exe (7).

5.2.4. O¢ppexm ILllommxu

Ha snextpon B HemocpeACTBEHHOW ONHM30CTH OT Karona JeH-
CTBYET CHJIAa 3€pPKaJbHOTO OTOOpaskeHUsI Fs 1 CO CTOPOHBI AIIEKTPH-
yeckoro nomst cuna Fg (puc.5.8). Cuma 3epkamsHOro 0TOOpaskeHus
paccuuThIBaeTCs MO 3aKOHAM 3JICKTPOCTATUKU:

F L @
ST 4mey (2x)%
CootBercTBYIOIIAA € MOTEHINATIbHAS 3HEPTUs
1 1 ¢°

$ 2 4mey 2x
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Cuna, pelicTByromas Ha

DJICKTPOH CO CTOPOHBI
SJICKTPHUYCCKOI'O I10JIA,
Fe = QE

Pacnipenenenvie noreHMaIbHON

SHEPIHHU JICKTPUUECKOT0 MOJIs B

MEX3JICKTPOTHOM MTPOMEKYTKE
We = _QEX.

Ha puc.59,¢ u 6 mpen-
CTaBIICHO paclpesieiieHue CHII |
IIOTEHIMAJIOB B IIPOMEXYTKE
MEX]y KaTOIOM M aHOJIOM.

U3 puc.5.9,6 Bugno, uTO
MaKCUMyM IIOTCHIIMAaJIBHOI'O

Puc.5.8. Cuinpl, geiicTByrome Ha
9JICKTPOH BOJIM3H TMOBEPXHOCTH
KaToja

Oapbepa HaXOIUTCS B TOUKE Xy, B KOTOPOH paBHOACHCTBYIOIIAS CHITBI

F 4 FE:qE
1
0 I
Xa X
| B 41rey (2x)2
:
1
1 a
1
1
l W 1 1 ¢2
1 [ —_
W 45 1x $ 2 4megy 2x
1 I
Ar A ] "
ANy < We=—0EX Xa X
|
1
1
1
Weg : W =W+ Wg
v .
1 7]
Puc.5.9. Pacnpenenenme cwmil, ACHCTBYIOIMIMX Ha JIIEKTPOH, — 4,

TIOTECHIIMAJIOB B IPOMEKYTKE MEXKAY KaTOAOM U aHOJAOM — 9]

1
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3epPKaJIbHOTO OTOOpPaKEHUSI M CHJIBI DJIEKTPUYECKOro TOJsl PaBHA
HYJIIO:

E L ¢ =0
1 16meg x2
Orcrona cnemyer
q 1 1

Xg= [————==c—
16mey \E VE

[Ipu TakOM 3HAYEHUU X, MOTCHIMAT 3ePKAJBLHOIO OTOOpaXke-
HHUA 1 IOTCHUHAJ SJICKTPUYCCKOI'O I1OJIA paBHI)I:

1 1 g2

B 3TOM ciiydae moTeHIIMaIbHBIA Oaphep CHUYKACTCSA Ha BIBOE
OO0NBIITYIO0 BETUYHHY:

1
AWy = —2qEx, = —2qEc— == —2qcVE.
VE
B pesynbrare ymeHbllIeHHE MOTEHIMAIBLHOrO Oapbhepa Mpo-
nopumonansio VE. COOTBETCTBYIOIIECE YBETHUCHHE TOKA TEPMO-
AJIEKTPOHHOW SMHUCCHH I0J] BO3ICHCTBHEM BHEIITHETO TIONS BhIpaa-
ercs hopmymoit [loTTku:

2qcVE

0,44E
kT '

= Jeexp (=

Ji =Jeexp

5.2.5. Aémoanexmponnasn smuccus

IIpu GonpmMX HANPSHKEHHOCTSX JIEKTPUYECKOTO IOJSI HAYu-
HAeTCsl aBTORJIEKTPOHHAsI dmuccus. OHa cBA3aHA C TYHHEIMPOBAHHMU-
€M 3JICKTPOHOB Yepe3 MOTEHIMAJIbHbINA 0apbep KOHEUHON MIMPUHBI U
BBICOTBI.

[InoTHOCTE TOKA ABTORJIEKTPOHHOW SMHUCCHUHU BBIYUCIISIETCS 110
¢dbopmyne, aHaJOrHYHON (GopMyse I MIOTHOCTH TOKA TEPMODJICK-
TPOHHOW 3MHCCHH, B KOTOPOHl BMECTO TEMIIEpaTyphl INOJCTABIIECHA
HaNPSKEHHOCTD JIEKTPUUECKOro MO

K,
= K, E? (— —)
JE 1 L7€ExXp ET
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5.2.6. Bausanue 00vemuoz20 3apsaoa

OOGacTh U3MEHEHHUS TApaMETPOB JICKTPOHHOM JIaMIIbl, B TIpe-
JIeNiaX KOTOPOM 00BEMHBIH 3apsii pelaroMM 00pa3oM BIIMSET Ha e¢
paboTy, Ha3bBIBAIOT 00MAacThI0O 00BEMHOrO 3apsjaa. B aroii obmactu
KaTOJl SMUTHUPYET JOCTaTOYHO OOJBIIOE KOJIUYECTBO AIICKTPOHOB,
00pa3yronmx 00bEeMHBIN 3apsi.

Ha puc.5.10 cxemaTnyHo Moka3aHo BIHSHUE OOBEMHOTO 3apsi-

K A K A K A K A
0 -

| e ™Y W " T " " |

s

Puc.5.10. BriusiHrEe TIpOCTPaHCTBEHHOT'O 3apsiia Ha pacrpeselieHue
MOTEHIMAa B MEXIIEKTPOTHOM MPOCTPAHCTBE: ¢ — XOJIOHBII Ka-
TOA, 6 — HArpeThlii KaTom (Masblii OOBEeMHBIH 3apsm), 6 — Cylle-
CTBEHHBI 00BEMHBIH 3apsill, 8 — OONBIION OOBEMHBIHN 3aps

Jla Ha pacrpereieHne JIMHIUH HaNpsHKeHHOCTH W MOTCHIMANA JJIeK-
TPUYECKOTO IO B MEXKIJIEKTPOIHOM IpocTpancTBe. Ha puc.5.10,a
n300pakeH He Harperhli (XomomHelid) katod. Ilpm atom smuccun

av

SIIEKTPOHOB HET M HANPSHKEHHOCTh MOy Ha Katome |E| = =
av,

tga = —* paBHa HANPSHKEHHOCTH MOJS B MEKIIEKTPOIAHOM IPO-

dx,
CTpaHCTBC. HpI/I IMOBBINICHHUHU TEMIICPATYPhI KATOAa HAYUHACTCA TCP-
MOJ3JICKTPOHHAA 3MHUCCHUA, YaCTh JIMHAN HaIMps’KECHHOCTU JJICKTPpUY C-
CKOI'O ITOJISI 3aKaHYMBACTCA Ha JJICKTPOHAX, W HAPSIKCHHOCTDb ITOJIA
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Ha Katoze ymenbaercs (puc.5.10,0). Ilpu nanbHelinemM MoBbILIe-
HUHM TEMIIEpaTypbl B MEKDICKTPOJHOM IMPOCTPAHCTBE oOpasyercs
JI0CTATOYHO OOMNBIIONH 0OBEMHBIN 3apsijl, KOTOPBIA IKPAaHUPYET JICK-
TPUYECKOE MOJI€ U HAMIPSHKEHHOCTh IMOJISI Ha KaTO/Ie YMEHBIIIACTCS J10
Hyns (puc.5.10,6). 3aTeM HacTymaeT peXuM, IMPH KOTOPOM OOBEM-
HBIA 3apsil co3/aeT BOJM3M KaTola 3JICKTPUYECKOE IoJie, MpersiT-
CTBYIOIIEE IalbHEHIIEMy POCTY 3MHCCHU 3JEKTPOHOB C KaToja
(puc.5.10,2).

JI7ist HAaXOXKIGHHUS paCIIPEICNICHHs TIOTEHIIMala B IIPOCTPAHCTBE
MEXIly aHOJOM M KaTOJOM HCIIOJb3YIOT OJIHOMEpHOE (3aBHCsAIICEe
TOJIBKO OT X) ypaBHeHue Jlammaca — [Iyaccona

p d*U_ p(x)
AU=-=, —=-——""
g dx &
Ero moxHo PEIIUTh IIPU CICAYIOIUX I'PaHUYHBIX YCJIOBUAX: HAa Ka-

Toxe x = 0 moreHIuan
U
|x=0 =0,

Uu() =o,
dx
YTO COOTBETCTBYET PEKHMY CYIIECTBEHHOIO OOBEMHOr0 3apsijia
(puc.5.10,6). IToTeHIMAaI HA AHOIE X = X,
U(xy) = U,.
. dj
B craumonapueix ycnousx div] = i 0 wu, crenoBaTeILHO,
J = const.
Ecnm 0003HaYHUTH YUCIIO 3JIEKTPOHOB B e€AWHMIIC 00BeMa N, TO
IJIOTHOCTH 3apsi/ia ¥ ITIOTHOCTH TOKA COCTaBAT COOTBETCTBEHHO
p=-nq, J]=nqv,

__1
p=-

CKOpOCTh 3JICKTPOHOB 3aBUCHT OT YCKOPSIOIIETO HAMPSKCHUS
2qU
—t

CJICOOBATCIIBHO,

v =

OTtcroga

_]ml
=" l2qvT

VYpaBuenue Jlannaca — [lyaccoHa npuHuMaeT BUJ
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d2u ] |m 1

dx2 g [2qU
IIpounTerpupyemM 3TO ypaBHEHHE METOAOM IIPSMOM IOACTAHOBKH.
DOyHKIMSA

wN

9 m
U= 21 —x? | =cx
4y |2q

Wl

VYnoBierBopsieT Kak qudQepeHuaIbHOMY YpaBHEHHIO, TaK U Tpa-

HUYHBIM YCJIOBUSM. OKOHYATEIBEHO IoJIy4Ynum
3

2

| e 29U

= 2.

9 (mx;
Oro ypaBHenme Yaitnma — JleHrmropa, crpaBemIMBOE IS
IUIOCKMX 3JIEKTPOJI0B. BUIHO, 4TO INIOTHOCTH TOKa J U BMECTE C HEIO

3
cmia Toka | yBemmumBaroTcsi mpomopiuonansHo Uz. [loatomy 3TO

ypaBHEHHWE HAa3bIBAIOT “3aKOH TPEX-BTOPHIX W 3alHCHIBAIOT B BHJIE
3

] =aUZ

On chnpaBemmB a1 JO00H dJeK- 3

TPOHHOH nammbl, paboraroueii B J 4 J=aU;.

peXHUMe, KOraa CYIIECTBEHHO BIIHS-
Hue o6beMHuoro 3apsga (puc.5.11).

Eciau moacTaBUTh YUCICHHBIC

3HAYEHMSI B KOHCTAHTBHI, TO ITOTy4YUM
3
UZ
] =234-10"° —;
xa
Pacnpenenenue nmoreHuunana B

>
MEKIIIEKTPOIHOM MPOCTPAHCTBE U
IUIOCKOT'O JINO/IA 3aBHCHT TAKXKE U OT
HanpsbkeHust Ha anome (puc.5.12).
[Ipy WM30IMPOBAHHOM AHOJIE JIICK-
TPOHBI, SMHUTHPOBAHHBIE C KaTOJa,
JIOCTUTAIOT aHO/Ia M 3apSHKAIOT €ro OTPUIATENBHO [0 HAMPSDKCHHUSI
Ui, mpe KOTOPOM HU OIHMH 3JIEKTPOH HE MOXET OOJIbIIe TOCTHUYD

a

Puc.5.11. YpaBHeHUe
UHaitnga — Jlenrmropa
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Us

Us

X

U,

U,

Puc.5.12. Pacnpenenenue moTeHIH-
ana B MEXKOIEKTPOAHOM INPOCTPaH- p.. 5 3.
CTBC IIpU PA3JIMYHBIX HAIPSAXKECHUAX
Ha aHOAC

aHona. Katox 3apshxaercs oJ0KUTENBHO, U AIEKTPOHBI, BBIIIEIINE
W3 HETO, MPOHAsS HEeOOIBIIONW OTPE30K IyTH, BO3BPAIIAIOTCS Hazasl.
Bomu3u katoma oOpasyercs 00jbIoN 00beMHBIN 3apsaa. Eciu mo-
IaTh Ha aHox HebosbiIoe oTpHuIarensaoe Hanpsukenne |U,|<|Uy|, To
AJIEKTPOHBI, 00JIAJAIONINEe HAWOONBIIMMU CKOPOCTSIMH, JOCTUTAIOT
aHoma. Jlpyrue sneKTpoHBI 00pa3yroT OOBEMHBIN 3apsil, HauOOIIb-
masi TUIOTHOCTh KOTOPOTO 00aaeT OONBIINM OTPHUIIATEIHHBIM I10-
TEHITNAJIOM, YeM aHoA. Takum obpa3zoM, B IPOCTPaHCTBE 00pa3yercs
MHUHHUMYM TIOTEHITNAA, TaK Ha3bIBAEMBIH BUPTYAIBbHBINA KaTO/I.

Ecmn k aHOmy TpWIOKHUTH HEOONBIIOE IONOKHATEIBHOE
HarnpspkeHre Us, TO MAHMMYM TOTEHIIMajla OCTAHETCS, HO YMEHb-
MAUTCA U MPUOIM3UTCA K KaToAy. MUHIMYM MOTEHIIHAa COCTABIISIET
o0braHO TIopsiaka 1 B.

Ecmn anomunoe wHampspkenne U, HACTONBKO BEIHKO, YTO
HaIpspKEHHOCTH TOJISI Ha KaToZle paBHA HYIIO, TO TOK YMUCCHH KaTo-
Jla paBeH TOKY HACHIIEHHS W 3aJICPXKUBAIOIINI MTOTEHIIUAT OTCYT-
ctByer. llpu nanmpHeiiiem moBbIeHUH aHOAHOTO HampsokeHwst Us
TOK MOXXET HE3HAUYHUTEIBHO YBEIUYUTHCS 3a cueT 3dpdexra LllorTkw,
00BEMHBIH 3aps]l YMEHBIIUTCS, U paclpeiereHne oTeHIaa Ipy-
ONMU3UTCS K CIIy4alo, XapakTepHOMY Ui OTCYTCTBHsI OOBEMHOIO 3a-
psna (cm. puc.5.10,a).

OOpa3oBaHHE BHPTY-
alIbHOr0 KaToJa B IIIOCKOM JMOJe
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PeanbHbie OB O0BIYHO PabOTAIOT B PEXUME, COOTBETCTBY-
tomeM HampspkeHuto Us (puc.5.12). B sTtoM cinydyae B ypaBHEHHE
Yaiinna — Jlenrmiopa He0OXOIMMO BHECTH MOIPABKY, 3aMEHUB X, Ha
Xa— Xm ¥ Uy Ha Uy — Uy (cm. puc.5.13). 3akoH Tpex-BTOPBIX 3aIiu-
LIETCSI B BUJC

3
6 (Ua - Um)z

(xa - xm)z
B st0 YpaBHCHUEC Um HYXHO IIOACTABJIATh C YUCTOM 3HAKaA.

J=234-10"

5.3. [loaeBas YMuccus

VYpaBHeHre 111 TNIOTHOCTH TOKa TOJIEBOM (aBTORJIEKTPOHHOMN)
SMHCCUH BBelleHO B 5.2.5. OcOOEHHOCTHIO TIOJIEBON IMUCCHH SIBIISI-
ercsi HeoOXOAMMOCTh CO3/IaHHUsI OOJNBINON HAIPSKEHHOCTH AJIEKTPH-
geckoro monst £ ~ 10° B/m. Bricokas HAaIIPsDKEHHOCTD JJIEKTpUYe-
CKOTO TIOJNISi BO3HHMKAeT BOJM3M MOBEPXHOCTH C MAJBIM PagiyCcoM
KpuBH3HBL. [lo3TOMY SMHTTEpaM NPUIAOT (OPMY UIN WU JE3BHI
(puc.5.14,a u 6) ¢ pagmycom octpus nopsiaka I ~ 10°° m. Ipu Takux
pa3mepax KO3(QGUIHMEHT YCHIICHHS DJIEKTPHUIECKOTO TOJIsT BOIU3H
HEOIHOPOIHOCTH JOCTUIaeT HEeCKOnbKux coreH u mpu U, ~ 10* B
paccTosiHie MEeXAY aHOJIOM M KaTOJIOM MMEET MOPSAOK MUJUIMET-
poB. IIpenMyIiecTBOM HToOIBYaTOrO KaToja SBISETCS MEHBIINN pa-
JIYC KPUBU3HBI H, CII€OBATENbHO, OONBIIas HAMPSHKEHHOCTD JJIEK-
Tpudeckoro moist. OMHAKO B MPOIlecce pacHbUICHUs MaTepHaa Ka-
TOA PaJlyC CYIIECTBEHHO YBEIMYWBAETCS M HAIPSHKEHHOCTDH IO
pe3KO TajaeT 3a cueT yMEHbIIeHus Kodduimenta ycwmieHus B u
JOTIOTHUTENTFHOTO YIaJleH!s] OT aHonma Ha paccrosaue Ax. Karonm,
W3TOTOBIIEHHBIA B (QOpME JIe3BHS, TIPHU PACHBUICHUH COXpaHsIET pa-
JNYC KPUBU3HBI, H HAMIPSHKEHHOCTH DIIEKTPUYECKOTO OISl yMEHbIIIa-
eTcs CyIIECTBEHHO calee.

OCOOEHHOCTSIMH TTONIEBOM SMUCCHUH SIBIISTFOTCS:

1. Be3pIHEpUOHHOCTb.

2. BeICOKHE MIIOTHOCTH TOKA B UMITYJIbCE J10 107+10° Alem®.
3. Mauble pa3Mephl KaTofa.

4. Huzkuit pa3dpoc IeKTPOHOB 110 SHEPTHUSIM.

5. Bricokas kpyTH3HA BOJIBT-aMIIEPHON XapaKTEPUCTHKH.
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Puc.5.14. IloneBbie 3MHUT-
TEPBI: a — UTOJHYATHIMH,
6 — ne3Bue

Puc.5.15. a — BombT-
aMIlepHBIE XapaKTEePUCTH-
KA Uil TIOJIEBBIX SMHTTE-
POB; 6 — IUIL YMHUTTEPOB C
paszmu4aHOi paboToil  BEHI-
xona

10}

108
10 -10
10°
10

107!
1073
107

107

10°

105 2 345678107 2 34 E, B/em
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Ha puc.5.15,a npuBeneHsl BONbT-aMIEpHbIE XapaKTEPUCTHKH
(BAX) nnst moneBbIX 3MHUTTEpOB, M3rOTOBJICHHBIX M3 Oapus (Ba),
marnus (Mg), xpoma (Cr), tanrana (Ta), Bonsdpama (W) u mmaTuHb
(Pt). Ha puc.5.15,6 npencraBnenst BAX mis SMUTTEpOB ¢ pa3ind-
HOI paboTOoi BRIXO/A.

K HemocraTkaM MOXXHO OTHECTH HECTaOMJILHOCTH IJIOTHOCTU
TOKa, BBI3BAHHYIO a/IcOPOIMEl OCTaTOYHBIX T'a30B M PacHblICHUEM
KaToJla; OTHOCHTEIEHO MAJbIi CPOK CIIY)KOBI KaTOJOB U HEOOXOJH-
MOCTb CO3/1aHHS TTTyOOKOr0 BaKyyMa.

J7ist M3rOTOBJIEHUS TTOJIEBBIX SMUTTEPOB OOBIYHO HUCHONB3YIOT
TYrOIUTABKHE METAILIBL: BONb(pam, peHuid, IiaTiHa U T.I1.

5.4. B3pbiBHast IMHUCCHS

U
[Tonerast sMUCCHS TIEPEXOAUT BO B3pbIBHYIO, ecnu E = f ’ =

> Ep~101° [CEM], rae B = 30300 — ko> PULMEHT yCUIIEHHUS DJIeK-

TPUYECKOTO TOJIsl Ha JIOKAJIbHOH HEOJHOpOMHOCTH, d — paccrosiHue
MexKay atektpoaamu, U — Hanpsbkenue Ha aHoze. [Ipu aToM mpowuc-
XOJIUT pa3pyllleHHe OCTPUS KaToJIa 3a CUET TEIJIOBOr0 MUKPOB3PHIBA,
BBI3BAHHOTO MPOTEKAaHHEM OOJBIIOr0 YMHCCHOHHOTO TOKa. B mpo-
CTPaHCTBE MEXIY KaTOIOM W aHOJOM BO3HUKAET IIa3MEHHBIN Cry-
cTok (puc.5.16), mpoBOIUMOCTEH BO3pACTAET, U IUIOTHOCTH TOKA yBe-
nuauBaercs Ha 2+3 mopsuka (puc.5.17).

A

Igls
(227777777773 96 4 .
- e ==N A nojieesa !
S NN
\

y d amucc ll}Z‘
— |

63Pbl6HAA
amuccus

t

[
»

[
1 t‘sa;lcp‘/x tUKUHq
>
1

T

Puc.5.17. JlmHaMWKa  B3pBIBHOU

Puc.5.16. B3preiBHAs saMucCHS SMECCHH
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JuHamuka B3pHIBHOW IMHCCHHU TOKa3zaHa Ha puc.5.17. B3peis-
Hasl YMUCCHSL BCErJa UMeEeT BPeMsl 3aJEPKKHU tiepx, HEOOXomumoe

d
JUIA pa3orpeBa ocTpHsl KaToja. 3aTeM B T€UEHHE BPEMEHU T = > e

0 — CKOPOCTb pasJieTa I1a3Mbl, TeUeT TOK B3PHIBHON 3MHUCCHH, KOTO-
PpBIN 3aKaHYMBaETCA MOCIe pa3pylleHns KaToa.

Jl1st B3pBIBHOM SMUCCHUH XapaKTEPHA BBICOKAs INIOTHOCTh TOKA
Jp, KOTOpast MOXKET JAOCTHTaTh BEJIHMYMHBI 10"+10° A/cm®. Cuna Toka
C OJIHOTO OCTPHsI MOXKET cocTaBimaTh ~10° A, a Bpems HpoTekaHus
TOKa B3pPBIBHOM AMHCCHU T UMEET MOPAIOK JECATHIX JOJNEeH MHUKPO-
CEKYH/IBI.

[Noce MuUKpOB3pBIBa 00pPa3yIOTCSl HOBBIE OCTPHSI HA COCEIHUX
y4acTKax MOBEPXHOCTH U B3PbIB-
Hasl YMHUCCHUS TIPOIOTHKAETCSI.

Jns monydeHuss MOCTOSAH-
HBIX TOKOB B3PBIBHOM SMHUCCHH
WCTOJB3YIOT  JKHIKOMETaJInde-
ckue karomel (pmc.5.18). 3mech
A pacmpuIIeTCsT € TYTOIUIABKOIO
TYTOIIABKUM BOJIL()PAMOBOTO OCTPHS SKHMIKHUH
IpU KOMHATHBIX TeMIIEpaTypax
METalul raumidl. PacnbuieHHBIHN
METaJJl BOCHOJHSETCS IPUTOKOM
JKUJIKOTO Tajulns, ABHXKYILETOCS K
Puc.5.18. B3pbiBHas sMuccus KOHYHKY OCTpHS 3a CUET CHII IIO-

BEPXHOCTHOI' O HATSKCHMUSL.

A
SIS SIS IS,

njaasmd

5.5. ®0T03/1eKTPOHHAN IMHUCCHS

IIpu ocBemeHnn Meramga ¢ €ro IMOBEPXHOCTH BBIPHIBAIOTCS
JJIEKTPOHBI, 3TO SBJIEHHWE HA3BIBAIOT BHEMHUM (HOTOd(hEeKTOoM.
Cxema ycraHOBKM aisi m3ydeHust (orordexra mpeacraBieHa Ha
puc.5.19. @orokatox U aHOA pa3MENIeHBl B KaMepe C TIIyOOKHM Ba-
KyymoM. Yepe3 KBapLEeBOE OKOIIEYKO KBAaHTHI CBETA C JHEpPrueu
W = /v momanmator Ha QOTOKATON M BHEIOWBAIOT 3JIEKTPOHBI. MHTEH-
CHBHOCTh MOHOXPOMAaTHUeCKOro mnoroka csera @; [[Ix/c]. K anomy
MOJKIIIOYEH MCTOYHMK muTanus U, cuina Toka ¢ororoka B Henu lg
H3Mepsiercs aMIepMETPOM.
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BaKyyMHas kamepa \V/

) il

+
i

Puc.5.19. Cxema ycranoBku i usydenust poroddpdexra

Ha puc.5.20 u 5.21 npencrasieHsl pe3ynbTatel n3mMepenuii. Uz
prc.5.20 BUIHO, YTO TIPH IMOCTOSHHOM YacTOTE IMAAIONIEro CBETa
(v=const) cymectByer orpuiiaTeapHoe Hampspkenne U, mpH KOTO-
POM 3aJIepKUBAIOTCSl caMble OBICTPBIC U3 YHCIIA BHUICTAIONINX JJICK-
TPOHBI. MaKcUMaJIbHAasI 3HEPTHS SMUTHPOBAaHHBIX DIIEKTPOHOB HE
3aBHCHUT OT WHTCHCHBHOCTH CBETOBOT'O MOTOKA. [IpW MONOXKHUTENb-
HBIX HaNPsSKCHUSIX HA aHo/e cuia (OTOIIEKTPOHHOro ToKa lg mpo-

Iq) A D4
D3>Dy >D,
@, v=const
D,
0
Ur

Puc.5.20. 3aBucumocTth (pOTOTOKA OT HANPSIKEHUS HA aHOAE TPH
Pa3IMYHBIX MHTEHCUBHOCTSIX MOHOXPOMAaTHYECKOTO CBETa
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V3

V3 >V >V
Vo d=const

Vi
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Uss U Un
Puc.5.21. 3aBucumocth (pOTOTOKA OT HANPSHKEHHS HA aHOAE NP pas3iiny-
HBIX 4aCTOTaX MaJIaloIero CBeTa U OIMHAKOBOI WHTEHCHBHOCTH

ImopuroHaJIbHa MHTCHCHUBHOCTHU CBETOBOI'O ITOTOKA (Dx 1 HC 3aBUCHUT
or U. Ilpum 1OCTOSHHOW WHTEHCHBHOCTH CBETOBOTO IIOTOKA
(@ =const) u pasmuuHoii uyacrote kBaHTOB cBera |U| ~ v (cm.
puc.5.21). ITpu U > 0 cuna doroTtoka lg He 3aBUCHT OT YaCTOTHI U OT
MIPIJIOKEHHOTO HANPSDKEHHS. Y CTAHOBJIEHO, YTO TOJT BO3ACHCTBHUEM
OCBEIIEHHSI AJIEKTPOHBI AMHUTHPYIOTCS HEMEIUIEHHO, 3allepXkKKa CO-
crasiser Menee 3-107° c.

OUHIITEHH OOBSICHUI TONYyYCHHBIE PE3yNbTaThl C MOMOIIIO
kBaHTOBOM Teopuu Ilmanka. MOTOH MOrJOIIAETCsS ATOMOM MeTasljia.
DJIEKTPOH, MOTYYHB MOPIHUIO SHEPTUH Ny, TPATHUT YacTh MOTYUIECHHON
SHEPTHH Ha COBEpPIICHHWE BHEITHEH paldOoThl BBIXOJA, OCTaBIIAsICA
4acTh PHEPTHH MPeoO0pa3yeTcsl B KHHETUYECKYIO YHEPTHIO SMHTHPO-
BaHHOTO DJIEKTPOHA!

m
hv = > + W,,.

OTO ypaBHEHHE HOCUT Ha3BaHUE YPaBHEHUS DUHIITEHHA.

Ipu V2 = 0 MOXHO ONpEIETHTh MUHUMATBHOE 3HAUCHHE Ua-
CTOTBI CBETa, IPU KOTOPOH 3JICKTPOHBI €Ill¢ BHIOWBAIOTCS U3 METaJl-
na:

rAc vo — rpaHuvdHas 4acTtoTa. COOTBCTCTByIOH_IaH e JJIMHA BOJIHBI
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ompezersieT KpacHyto rpaHuiy Gorodddexra.
Crenyer OTMETHUTD, YTO, CTPOrO FOBOPS, 00 HCTHHHOM MOpPOre
dhoTroapekTa MOXKHO CYIUTh TOJIBKO W
IOpu TeMIepaType aOCONIOTHOrO HYIs, W 4
KOTZIa 3JICKTPOHBI BBIOMBAIOTCSl C YPOB- 0
Hs1 oHeprun Weg (puc.5.22). Ilpu T > 0 K hv =W,
ypoBenb 3Heprun ®depmu W He3HaUH-

TEJIBHO MOBBIIIACTCSA; KPOME TOro, ¢o- R
TOHBI MOFyT IIOoTJIOIAThCA 3HeKTpOHa-

MH, HaXOIAIIUMUCS Ha 0Ooyiee BBICOKHX W,

YPOBHSAX HHEPIHH (TaKUX 3JIEKTPOHOB T=0K

HEMHOT0, CM. puc.5.2,6), 4TO IPUBOIUT
K HE3HAYHTENBHOMY “pasMbITHiO” 3aBu- [WC.-5.22. 30HHas quarpam-
CUMOCTeH, M300paXkeHHBIX Ha puc.5.20 M@ MCTalia MpH TeMmnepa-
u 5.21, Boym3u Hanpspkenuid U, Type T=0K

IIpu GONBIIOH TIOTHOCTH CBETO-

[ Bt
BOTO NOTOKa (OCBemeHHoCTH (oTokarona) E = ?’1 > 1012 [CM_Z]’ 4T0

XapakTepHO JUIS JIa3ePHBIX H3ITyYeHUH, BO3HUKaeT 3¢ ekt MHOro-
(hOTOHHOTO TIOTJIOIECHUS:

nhy = +W,,

2
r1e N — 9KCIIO MOTJIOMIEHHBIX KBaHTOB. B aTOM CJiy4a€ HE CYHICCTBY-

€T KpacHOH Tpanuibl hoTodddhekra.

@DOTOITEKTPOHHAS] SMUCCHUS XapaKTEPU3YeTCs KBAHTOBBIM BBI-

XO0ZI0M

N,

Nq,'
rae Ne — 4ucio BBIOUTBIX 3JIEKTPOHOB, Ny — YHCIO MOIJIOIIEHHBIX
¢doronoB. Koadumment Y Moxxer ObITh MEHBIIIE, PABEH WK OOJIbIIE
envHUNBL. Tak, mpu IOCTAaTOYHO OONBIIOW HSHEPTHH IaJAFOIIEro
KBaHTa MOXKET OBITH BEIOUTO J1Ba 1 OOJIEe IEKTPOHA.

CriekrpalibHass 4YyBCTBUTEIFHOCTH (CBETOUYBCTBUTEIHLHOCTH)
¢dorokaToma omnpenensercs cooTHomeHueM S; = Ip/®P;. Chek-
TpalibHasl YyBCTBUTEIBHOCTH ()OTOKATO/A, KAK U KBAHTOBBIN BBIXO,
3aBUCHT OT Marepuaia (oTokaTofa (THIIAa KPHUCTalia) U YacTOTHI

Y =
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Ma/IAloNIero M3Iy4YeHHs. 3aBUCUMOCTH (OTOTOKA |, TyBCTBUTEIB-

HOCTH (JOTOKATOJAa M €ro KBAaHTOBOTO BBIXOJA OT JJIMHBI BOJIHBI I1a-

JAIOIIEr0 M3IYYCHHs WM YacCTOThl ITOTO M3JIYYCHHUS HAa3bIBAIOTCS

CIICKTPaJIbHBIMU XapaKTePUCTUKAaMH (DOTOKATO/A, KOTOphIE OMpere-
JSIIOTCSL MaTepraioM GpoTokaToa.

Ha ocnoBe doroaddexra paboraroT (OTOIIEKTPOHHBIC YMH O-

xurtenu (puc.5.23). B kauecTBe MaTepuana st K3TOTOBIEHUs (HOTO-
AIIEKTPO/IBI

1 3 5  KoJIeKTop
BBIXOJ[

(dhorokaron

LT
P

Puc.5.23. Cxema OTOIIEKTPOHHOTO YMHOKHUTEIIS

KaTo/Ia UCIIONB3YIOT IIEIOYHBIE METAIUIBI HITH UX CIUIABBI C APYTHMH
XAMHYECKAMH 3JIEMEHTAMH, 00JaJaoline Maioi paboToil BBIXO/a
(cm. Tab6m.5.1).

Tab6n.5.1. XapaKkTepuCTUKA MaTEpUAIOB, HCIOIB3YEMBIX IS HU3TO-
TOBJICHUS (DOTOKATOIOB

BemectBo Pabora Kpacnas | [Inmua Bomsbl, co- | Crek-
BBIXOIA rpaHMiia | OTBETCTBYIOIIAS TpajbHas
Wu, 5B Ao, MKM MaKCHUMaJIbHOH qyBCTBH-
YYBCTBUTEIBHOCTH | TEIBHOCTh
Amax, MKM Sy, A/nm
Cs 1.87+1.96 | 660 539
Sh-Cs 700 460 30100
Bi-O-Ag-Cs 760 470 10+-60
Cs-CsO-Ag | 1.23 1000 894.3
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5.6. DK303/IeKTPOHHASI YMUCCHUSI

[osiBneHnEe SK3037EKTPOHHOW 3MHCCHH MOXET BBI3BIBATHCS
paZnalMOHHBIMU, MEXaHUYECKUMHU HIIH (PU3UKO-XUMHUYECKHMH TIPO-
1eccaMy Ha MOBEPXHOCTH TBEPAOro Tena (aacopOuus, OKHUCIICHHE,
KOppO3usi, XUMHUYECKHE peakiuu, ¢a3oBeie mpeBpaileHus). Ilocie
MPEKpAaIeHNs] BHEIIHETO BO3JCHCTBUSI SK303JICKTPOHHAS IMHUCCHS
3aTyxaeT ¥ BO3HUKAET ITOCIEIMHUCCHSI.

[TnoTHOCTM TOKa SK303JEKTPOHHOH 3MUCCHHM O4YEHb Mallbl:

-15. 1019 A .
J,~105+107"° CM_Z] ITo aToii mpuumMHE €e 0OBIYHO HE YJAETCS BBI-

JeUTh Ha (OHE APYTHX BUJOB dMHUCCHHU. [103TOMY pErucTpupyoT
MOCIIEIMHUCCHIO, KOTOpas MPOAOIDKAETCsT OT 1 MKC JI0 HECKOJIbKHX
CYTOK. DHEpPTrHusl 3K303JIEKTPOHOB, TOKWHYBIINX AMHUTTEP, HEBEIHKA
u cocrasiser ot 0.01 mo 1 3B.

OK303JIeKTPOHHAS] IMUCCHSI HAOIIIOJaeTCs IPH MPOOOSX Ta30B.
Hannure B ra30BOM MPOMEXYTKE IK303JIEKTPOHOB YMEHBIIIACT Bpe-
Ms1 32KHTaHHS Ta30BOrO pa3psia B MpUOOpax ¢ XOJOIHBIM KaTOJIOM.
DK3039JIEKTPOHHAST YMUCCHSI MOXKET HCIIOIb30BAThCS KaK MHIUKATOP
CTEMEHHN OYMCTKH METAIUTMYECKHUX JIEKTPOIOB.

VHTeHCHBHAs HSK30JIEKTPOHHAS SMHUCCHS HaOmomaercss npu
¢a30BBIX Tepexoax B KPUCTAIIIAX, YTO IO3BOJISET TOYHO OIpere-
JUTH TEMITEPaTypy KPUCTAIIM3AIMN METAJUIOB U CILUIABOB.
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PABOTA Ne7

’ : . ®OPMHUPOBAHHUE JJIEKTPOHHbIX
YUK OB BOJIBIIOA INIOTHOCTH

6.1. PacxoqumMoCTh 3J1IEKTPOHHOI0 Iy4YKa

PacxoauMocTh AJIEKTPOHHOTO My4yKa OIpe/elseTcs OagaHCcoM
CUJI, NEUCTBYIOIIMX HA 3JEKTPOHBI CO CTOPOHBI 3JEKTPUUECKUX H
MarHuTHBIX noneu. JJig yuera BIUsIHUS CUII, IEHCTBYIOIIMX Ha JIEK-
TPOH, HAaXOJSAUIMHCA Ha TMOBEPXHOCTH BJIEKTPOHHOIO ITydKa, pac-
CcMOTpUM pHC.6.1. DIEKTPOHHBIN MyYOK MPEACTABICH B BUIC IIUJIMH-

.

ﬁo Fe

Fn

k\ »
P K J p =—(QeNn J z

Puc.6.1. Cunbl, geficTByIOIIME Ha 3JEKTPOH, HAXOJSAIIMNACS Ha IOBEPXHO-
CTH DIIEKTPOHHOIO My4Ka

Ipa C pagiycoM I, paBHOMEPHO PacIpe/elIeHHOH TIIOTHOCTBIO 3apsi-
na p = —QeN, Ta€ Qe — 3JIEMEHTAPHBIN 3aps], N — KOHIIEHTPaLUs JIeK-
TPOHOB B efnHHIE 00beMa. Hac mHTepecyer n3MeHeHne TpaeKTopuu
3JIEKTPOHA B PAJANAILHOM HAIPaBJICHUH, BHI3BAHHOE BIUSHAEM 00B-
eMHOT0 3apsiia IEKTPOHHOTO ITyJKa.
Cuna ToKa B ITy4Ke
I = —plvglnr?,
oTCI0a
I
A
PagnanpHass HampsDKEHHOCTH DJIEKTPUYECKOTO IO Ha IMO-
BEPXHOCTH IMJIMHIPA, BHYTPH KOTOPOTO HAXOMUTCS 3apsii C MOCTO-
SIHHOH TUTOTHOCTBIO, BBIpasKaeTcs CISTYIOIUM 00pa3oM:
qg 1 pnr? 1 p I

- = ===
2mey, T 2mEy T 2&, 2meyr| Vgl
I 1

21e, /%Ua
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FreeText
РАБОТА №7


HampspkeHHOCTh MATHUTHOTO TTOJIS 3a1aeTcst (hopMyIioi

C2mr
PagnanbHble cuiibl, JEMCTBYIOMIME HA JJIEKTPOH
Hol
F=F —-E,=q,E,—q,vuoH = — Vo =
e m qeLy qeVlp qe anorvo qe 271 0
2
_ Qel Vo
- T2
2meyT Vg Co

Ortcrona ciefyer, 9To B cly4dae HEPEIITUBHUCTCKUX CKOPOCTEH
¢dokycupytoliee JAeiicTBUE MAarHUTHOTO TOJNS MPAKTHYECKH OTCYT-
CTBYET, a DJIEKTPUYECKUE CUJIbI, PACIIMPSIOIINE SJIEKTPOHHBIN ITy-
YOK, BO3PACTAOT C yBEIMUYEHUEM CUIIbI TOKA. IIpu BBICOKHX CKOpO-
CTSIX v—C PACIIMPEHME ITyYKa IIOYTH OTCYTCTBYET.

6.2. @oxycHupoBKa JIEKTPOHHBIX IYYKOB

JIsisl yMEHBIIICHUS] PACXOAUMOCTH TUIOTHBIX JJIEKTPOHHBIX Ty~
KOB MOXKHO HCIIOJIb30BaTh MyIiky Ilupca (puc.6.2). B atom ycrtpoii-
CTBE MPUMEHSIOT KaTO U aHOJ CIOKHOW (hOPMBI, KOTOPBIE CO3AAI0T
pauanbHOE JIEKTPHYECKOE MOJIe, KOMIICHCHPYIOIIEEe PacXOXKICHHE
AIIEKTPOHHOI'O MyYKa.

/

KouTyp Puc.6.2. Cxema mymxkw [upca:
1 —katon, 2 — aHOI,
2 3 — poKyCHPYIOLIMI DIEKTPOLT

Puc. 6.3. Ilepuonndaeckas mar-
HUTHas (OKYCHPOBKA
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Hnst GOKyCHpOBKM 3JIEKTPOHHBIX IYYKOB MajoOil TMJIOTHOCTH
WCIONB3YIOT TOHKHE JJIEKTPOCTATUUECKUE WJIM MarHUTHBIE JIMH3BI,
onucanneie B 3.1.1 n 3.1.2 rn.3. [lpu yBenn4eHU MIOTHOCTH TOKA
MOYKHO BOCIOJIb30BaThCsl MEPUOAMYCSCKON (POKYCHUPOBKOM 3JIEKTPO-
CTaTUYECKHMH WJIM MarHUTHBIME (puc.6.3) nuH3amu. B aTom ciaydae
cOKyCHPOBaHHBII, a 3aTeM PACXOAIIUICS TON BIUSHHEM TNPO-
CTPAaHCTBEHHOTO 3apsA/]a My4YOK B CpeJHEM HMEeT HEeKOTOpoe 3a/aH-
Hoe 3HaueHue. [10JJ0OHbIE cUCTEMBI MPUMEHSIOTCS B YCKOPUTENSIX
3apsSKEHHBIX YaCTHII.

Jnst pOKyCHPOBKH 3JEKTPOHHOTO My4YKa B OJHOW IUIOCKOCTH
WCTIOJIB3YIOT KBJIPYMOJNBHBIE CHIILHO(DOKYCHUPYIOIINE 3JIEKTPOCTa-
TUYECKHE M MAarHUTHBIE JIMH3bI, CEYEHHs] KOTOPBIX B IUIOCKOCTH,
MIEPIICHANKYIISIPHON HATPaBICHHUIO ABMKEHUS 3apsHKEHHBIX YaCTHII,
npejcTaBieHbl Ha puc.6.4. B 3THX JMH3aX HEOJHOPOIHOE JJICKTPU-
YecKoe MM MarHuTHoe 1molie (POKyCHUpyeT 3apshKCHHbIE YaCTHIIBI B
OJIHOHM TUTOCKOCTH W Jieokycupyer B npyrou. s (poxycupoBKu
MMy4YKa B IBYX IIOCKOCTSIX MPUMEHSIOT TyOJeT U3 ABYX KBaJIpyIOIb-
HBIX MArHUTHBIX WM JJIEKTPOCTATUYECKUX JIMH3, OIS KOTOPBIX I10-
BEPHYTBI BOKDYT ONTHYECKOM OCH CHCTEMBI OJHO OTHOCHUTEIBHO
napyroro Ha yroa 90°, kak mokasaHo Ha puc.6.5.

Puc.6.4. Cevennst KBaIpyIONBHBIX JIMH3 B IUIOCKOCTH, ITEPIICHANKYIISIPHON
HAaIPaBJICHUIO JIBW)KEHUS 3apPSHKEHHBIX YACTHIL: @ — JJIEKTPOCTATHYECKOM,
6 — MarHATHOM; | — AIEKTPOBL, 2 — CHIIOBBIC JINHUH TTOJICH
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Puc.6.5. ®okycupoBKa 3JEKTPOHHOIO ITy4Ka Jy0IeToM CHIIbHO(POKYCHDY-
IOUIMX JIMH3: d — 3JIEKTPOCTATUIECKIMH, 6 — MArHUTHBIMHU

dororpadust  cHIBHOPOKYCH-
pylOIIed MAarHUTHOM JIMH3bl Mpea-
cTaBJieHa Ha puc.6.6.

B psine ycTpoiicTB npuMeHeHue
(OKYCHPYIONIMX JIMH3 HEXKeIaTellb-
HO, TOTJIa UCTIONB3YIOT (POKYCHPOBKY
3JIEKTPOHHBIX ITYYKOB IIPOAOIBHBIM
MarHuTHBIM II0JI€M, OIMCAaHHYIO B [ 3 -
2.2.3m. 2. o

Puc.6.6. BrHemnuii BUI Mar"urt-
HOW KBaJPYyINOJIBHOM JINH3bI

6.3. IIpocTpancTBeHHAasi TPYNNUPOBKA 3JIEKTPOHHBIX IMyY-
KOB

B psane Bakyymubix npubopoB CBU-mmamna3zoHa HCIONB3YIOT
NPUHIOUI JUHAMHYECKOTO YIIPABICHUS JJIEKTPOHHBIM ITyYKOM, KO-
TOPBIH TTO3BOJISIET TTOMYYaTh CTYCTKH AJIEKTPOHOB OOJBIION TUIOTHO-
CcTH.

6.3.1. I pynnupoexa 3neKmponoe é nPoiemHoM KIucCmpone

Cxema NpOJIETHOTO ABYXPE30HATOPHOI'O KIMCTPOHA IOKa3aHa
Ha puc.6.7,a. DIEKTPOHHBII MOTOK OT KaTola K aHOAY NPOXOAUT
4yepe3 JBe Napbl CETOK, MPEICTABISIOMUX COO0H 4acTH CTEHOK 00b-
eMHBIX pe30HaTopoB P; u P,. Pesonatop Pi clyXUT BXOAHBIM KOH-
TypoM. K HeMy ¢ mOMOIIbI0 KOAKCHAJIILHOW JIMHUM M BHUTKA CBSI3H
MOJIBOJSATCS yCHMBaeMble konebanus ¢ yactoroit f. Ero cerku 1 u 2
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Puc.6.7. Cxema IByXpe30HATOPHOI'O MPOJIETHOTO KIMCTPOHA — @; IPYIITH-
POBKa 3JICKTPOHOB — O

00pa3yroT MOJYJIATOpP, B KOTOPOM MPOUCXOJAUT MOIYJISIINS CKOPOCTH
3NIEKTPOHOB. Pe3oHaTtop P, CIyXHUT BBIXOJHBIM KOHTYpoM. B HeMm
MOY4al0OTCsl YCHUIICHHBIE KOJNeOaHus, SHEPTUsl KOTOPBIX OTOMpaeTcs
C MOMOIIIBIO BUTKA CBS3H U KoakcuanbHo JinHun. Cetku 3 U 4 o0pa-
3yloT ynoButens. Ha o0a pe3oHaropa M Ha aHOHA MOJAHO TOJNOXKH-
TenbHOE HanpsbkeHue U, cosparomiee Mexay ceTkoil 1 m kaTomom
yCKOpsItoIee Mmolie, MO BIUSHIUEM KOTOPOT'O AIIEKTPOHBI BIETAIOT B
MOJYJISITOP CO 3HAYUTEIHHON CKOPOCTHIO Do.

Ecnu B pesonaTope P; mpoucxomar KonebaHus, TO MEXIy CeT-
kamMu 1 1 2 co3maercs MepeMEeHHOE DIEKTPHUYECKOE IMOJie, KOTOpOoe
JEHCTBYET Ha DJIEKTPOHHBIA ITOTOK M M3MEHSeT (MOTYITHUpPYET) €ro
CKOpocTb. B TOT momymepuox, Korja Ha ceTKe 2 MOJOKUTEeTbHBIN
TepeMeHHBIA TOTEHIMAN, a Ha cerke 1 — OoTpHUIaTenbHEIH, mone
MEXKIy CeTKaMU OyIeT YCKOPSIOIUM W JIIEKTPOHBI, MPOJIETAIOIINE
yepe3 MOAYISTOp, MONydaT J00aBOYHYIO CKOpocTh Av. Bo Bpems
CIIEIYIOMIETO MONYIepruoia Ha CeTKe 2 TOTEHINANl OTPHUIIATEIbHBIH,
a Ha ceTke 1 — OJTOXKUTENbHBIN, T. €. TI0JIE CTAHOBUTCS TOPMO3SIIIUM
JUI 3JIEKTPOHOB, KOTOPBIE YMEHBINAIOT CBOK CKOPOCTh Ha Av.
TonpKko Te 3NEKTPOHBI, KOTOPHIE MPOJIETAIOT Yepe3 MOIYIATOpP B MO-
MEHT, KOT/Ia HaNpsDKEHUE PaBHO HYJIO, TPOIOIKAIOT JBIKEHHE CO
CKOPOCTBIO 0.
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Taxum 00pa3om, B MPOCTPAHCTBO MEKAY CETKaMu 3 U 2, Ha3bl-
BaEMO€ IPOCTPAHCTBOM TPYNIUPOBAHUS, IOMAJAIOT 3JIEKTPOHBI,
HMMEIOIIME pa3Hyl0 CKOPOCTh. B 3TOM mpocTpaHCTBE HET 3MeKTpuye-
CKOT0 TIOJIsI, TAK KaK MEXJy CeTKaMu 3 U 2 HET Pa3HOCTH MOTEHITHA-
JIOB, X 3JICKTPOHBI JICTAT MO MHEPUHUU C HCU3MCHHBIMU CKOPOCTSAMMU.
DNeKTPOHBI, UMEIOIINE OOJIBIIYI0 CKOPOCTb, JOTOHSIOT SJIEKTPOHEI,
JBIKYIIHECS C MEHBIIEH CKOPOCTBIO. B pesynbTraTe 3JIEKTpOHHBIN
MOTOK pa30MBaeTCs Ha OTJeNbHBIE OoJiee MIOTHBIE TPYIIIBI ANEKTPO-
HOB — DIJIEKTPOHHBIE CTYCTKH. MOXKHO CKa3aTh, 4TO OJarogaps Moay-
JISLUY SIEKTPOHHOrO TIOTOKA MO0 CKOPOCTH B MPOCTPAHCTBE TPYIIIH-
poOBaHUA MPOUCXOAUT MOAYJIALUA 3TOIO IOTOKA 110 IJIOTHOCTH.

O6pa3zoBaHue JIEKTPOHHOTO CI'yCTKa MOKHO MOKa3aTh rpadu-
yecku. Ha puc.6.7,6 npuBenen rpaguik 3aBUCHMOCTH ITyTH S OT Bpe-
MeHH t 7151 SIIEKTPOHOB, MPOJIETAIONINX Yepe3 MOIYJSATOP B pa3ind-
HbIE MOMEHTHI BpEMEHH, U TrpadUK IMepEeMEHHOro HanpsHKEHHs B pe-
3oHatope P;. PaccrostHMEe S OTCUMTHIBAE€TCS OT MOOYJISATOpa. DJEK-
TPOHBI IBMKYTCS B IIPOCTPAHCTBE TPYIIIMPOBAHUS PAaBHOMEPHO, U
rpajukamMu uX IBIDKEHHs] OyAyT TpSMbIE JIMHUW, HAKJIOH KOTOPBIX
MTOKa3bIBAET CKOPOCTh JBMYKECHUSI.

PaccMoTpuM nBMKeHHE TpeX 3JIEKTPOHOB, MPOJIETAIONINX He-
pe3 MoaynsiTOp B MOMEHTHI BpeMeHH t;, 1, u t3. IlycTh 31€KTpOHBI
BJIETAIOT B MOJYJISATOP C OJHOM M TOW K€ CKOPOCTHIO M BPEMS MX
MpoJieTa depe3 MOIyISTOp MHOT'O MEHbIIe Tieproaa konebanmii. To-
T/1a DJIEKTPOH, MPOJIETAIOIINI Yepe3 MOAYIATOp B MOMEHT 1y, Oyzder
JIETeTh Jlajiee C MPEeKHEH CKOPOCTHIO 0o U TpauK ero JABWKEHUS —
mpsiMasi TUHHS ¢ HEKOTOPBIM CPEIHUM HakiIoHOM. ['paduk mBmke-
HUS DJIEKTPOHA, MTPOJIETAIONMIET0 Yepe3 MOAYISITOP B MOMEHT {;, ume-
€T MEHBIINH HAKJIOH, TaK KaK ATOT AJIEKTPOH TOPMO3UTCS B Pe30HA-
TOpPE U €r0 CKOPOCTh MEHBIIE. A 3IMEeKTPOH, COOTBETCTBYIOIIUN MO-
MEHTY l3, TONYYHUT B pEe30HATOPE JOMOIHUTEIBHYIO CKOPOCTh, U €r0
rpaduk Oyzmer kpyde. Bce Tpu mpsMbie mepecekaroTcsl B OJHON TOY-
Ke. JTO 3HAYUT, YTO BCE TPHU AIIEKTPOHA B ITOH TOYKE CBOETrO MyTH
TPYNIHUPYOTCs. J[pyrue 37meKTpOHBI, MPOJIETAIONINE Yepe3 MOMYIIs-
TOp B MPOMEXKYTOYHBIE MOMEHTHI BPEMEHH, MPHUIYT B 3Ty TOUYKY
MIPUMEPHO B TOT K€ MOMEHT. UTO e Kacaercsi 3JIEKTPOHOB, MPOJie-
TAIOMIVMX Yepe3 MOAYIISITOP paHbIle MOMEHTa {; Wi M03)Ke MOMEHTa
t3, TO, KaK MOKa3bIBAIOT TPAPHKHU, OHU HE TPYITUPYIOTCSL.
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Takum 00pa3oM, TPYMIIUPYIOTCS B CTYCTOK JIMIIE AJICKTPOHHI,
MPOJICTAIONIHE YePe3 MOIYIISATOP BO BPEMs OJHOM MOJIOBHUHEI TIEPHU O-
na. Xopoiee “crylieHHe” BO3MOXHO TOJIBKO B TOM CIy4yae, €Cid
IyOuHA MOAYJISALUUA CKOPOCTH 3JICKTPOHOB HEBEIUKA, T. €. U3MEHE-
HUE CKOPOCTH DJICKTPOHOB IO BIMSHHEM MOIYJUPYIOIICTO IMepe-
MEHHOT'0 TI0JIsl HE3HAYUTEIBHO IO CPABHEHUIO CO CKOPOCTHIO, KOTO-
PYHO OHM TOJIYYUIX OT MOCTOAHHOI'O YCKOPAIOMICIO HAIPSKCHUA.
[TosToMy TmepeMeHHOE HANPSKCHUE MEXKAY CETKaMH pe30HaTopa
JOJIXKHO GI)ITB SHAYUTCIIbHO MEHBIIC, YEM ITOCTOAHHOC HAIPAKCHHUEC
U,. I'pynnupoBaHue 3JIEKTPOHOB B CI'YCTOK IIOBTOPSIETCSI B T€UEHUE
OJIHOW MOJIOBMHBI KaXXI0T0 MEpUo/a.

6.3.2. I'pynnupoexa 31eKmponoe 6 OmpaxcamenbHoM KiucCmpone

CxeMa BKIIOUYCHHUSI OTPAXKATENHLHOrO KIMCTPOHA NOKa3aHa Ha
puc.6.8,a. B HeM oaMH 00BEMHBIN PE30HATOP CIIY)KUT OJHOBPEMEH-
HO MOIYJSITOPOM M YJlOBUTeleM. Ha pe3oHaTop MmoJaHo BBICOKOE
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Puc.6.8. Cxema oTpaxaTelbHOr0 KIUCTPOHA — d, TPYIITUPOBKA DJICK-
TPOHOB — O
HOCTOSIHHOE HampsbkeHHe Up U yCKOpPEHUs 3JEKTPOHOB. 3a pe3o-
HAaTOPOM HAaXOIMTCSl OTpa)kKaTelb — JJIEKTPOX, UMEIOIIMI OTpHLA-
TenbHOE HanpsbkeHue Uy oTHocuTenbHO Katoaa. s myument ¢oky-
CHPOBKH 3JIEKTPOHHOI'O IOTOKA KAaTOZ M3rOTABIUBAIOT 110 MPUHLIUITY
nyuku [Tupca (puc.6.3). DHeprus or pe3oHaTopa 0TOHpaercs ¢ Imo-
MOLIBIO BUTKA CBSI3U U KOAKCHAILHOM JINHUU.

IToTOK 371€KTPOHOB MOJ AEHCTBUEM YCKOPSIOLIETO OISl BJIETa-
€T B PE30HATOP M BO30YXAaeT B HEM MMITYJIbC HABEJCHHOro TOKa. B
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pe30HaTOpe BOHUKAIOT KOJIEOaHHs, CO3AIOIIIE MEKIY €r0 CeTKaMH
MEepEeMEHHOE BJIEKTPHUECKOe Mojie. DTO Mojie MOLYJTUPYET SJIeK-
TPOHHBIM MOTOK IO CKOPOCTU. TakuM 00pa3oM, 3JIEKTPOHBI BbLIETA-
10T C pa3IMYHON CKOPOCTBIO M3 PE30HATOPa B MPOCTPAHCTBO JApetida
(Mexay pe3oHaTOpOM M OTpa)kaTelieM), B KOTOpOM JeHCTBYeT IMo-
CTOSIHHOE TOPMO3SIIee MmoJie. DIEKTPOHBI B 3TOM I0JIe TOPMO3STCS,
OCTaHABIIMBAIOTCS M YCKOPEHHO BO3BpALIAlOTCS B pe3oHaTop. Yem
OoJITbIIIe CKOPOCTH DJIEKTPOHA, TEM JIANbIIE YIITyOJsieTcsl OH B TOPMO-
3s11ee moiie U OoJbllle BpeMEHH HAaXOMUTCS B OTOM Iojie. B pe3ynb-
TaTe 3JEKTPOHBI, MIPOJIETEBIINE Yepe3 PE30HATOP BO BPEMsI MOJIOKHU-
TENFHOrO TOYIEPHOa U MOMYYHBIIHE OT IEPEMEHHOTO JIeKTPHY e-
CKOT'0 TIOJIsI T00aBOYHYIO CKOPOCTh, MOT'YT BEpPHYTHCSl 0OpaTHO B TOT
K€ MOMEHT, KOTJia BO3BPATSATCS AJIEKTPOHBI, MPOJIETEBIINE Yepe3
pe30HATOp IMO3/IHEE, BO BpEMsi OTPHUIIATEILHOTO MOTYNEpHoa, U 1Mo-
JYYHBIIE TOPMOXKEHHE OT IIEPEMEHHOTO ITOJISI.

Xors MOOyJIAOUA CKOPOCTH B OTPAXATCIBHOM KIIMCTPOHE
IPOUCXOAUT TaK K€, KaK U B IPOJIETHOM, HO IPOILECC IPYIIIUPOBa-
Hust nHOH. Ha puc.6.8,0 noka3ansl rpaduKu JBIKEHHS SJICKTPOHOB B
OTpa)kaTeIbHOM KJIMCTPOHE, IMOACHSIOIIME NPUHIMII I'PYHIHPOBa-
Hus. ['paguxu 3T npencTaBiasioT co0oi HE NpsSMBbIE, a KPUBbIE JIH-
HUM (TTapabolibl), TaKk Kak ABMKEHHE Ka)KIOro HJIEKTPOHA HEpPaBHO-
MepHO. CHavaja 3JeKTPOH ABMXKETCSl 3aMEIUIEHHO (0 TOYKH OCTa-
HOBKH), a 3aTeM YCKOPEHHO BO3Bpamiaercs oOpaTHO. DIIEKTPOHBI,
BBUIETEBIINE B MOMEHTHBI BpeMeHH {3, t; u t3, BO3Bpamarorcs B OIMH 1
TOT K€ MOMEHT, T. €. TPYIIHUPYIOTCS B OIUH IUIOTHBINA CI'yCTOK. DTO
K€ OTHOCHUTCS U K 3JEKTPOHAM, IPOJIECTAIOIUM Yepe3 PE30HATOp B
MIPOMEXYTOYHBIE MOMEHTHI BpEMEHH OT {3 110 L.

ONEKTPOHHBIA CTYCTOK MOXET BEPHYTHCSI B PE30HATOP B pas-
JIMYHBIE MOMEHTHI BPEMEHH B 3aBUCHMOCTU OT IOCTOSHHBIX Hampsi-
xenuit Uy u Uo. Ilpu Bo3BpaTe B pe30HATOp 3IEKTPOHHBIE CTYCTKH
OTAAIOT €My SHEPIHUIO TOJIBKO TOTJa, KOra OHU IONAJaioT B TOPMO-
3s11ee ToJie, T. €. Korjaa Ha ceTke 1 HaxoauTcsl OTpULATENbHBIN 1MO-
TEHLMAJ, & Ha CeTKE 2 — MOJIOKUTENbHBIH (Takoe moje sl MPSMOro
MOTOKA 3JIEKTPOHOB OyneT yckopsioumm). bonbiie Bcero sneprun
3JIEKTPOHBI OTAAIOT B TOM CIIydyae, €CIM OHM BO3BPAILAIOTCS B MO-
MEHT, KOT/1a HallPsDKEHHOCTh TOPMO3SIILETO TOJISl B PE30HATOPE MaK-
cuMaibHa. Korna ke 31eKTpOHHBIE CT'YCTKH BO3BPALIAIOTCS B PE30-
HATOp B JIpyrue MOMEHTHI BPEMEHH, OHM OTJAI0T MEHbILIE SHEPTUU U
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MOIIHOCTh KOJNeOaHuil cHukaercs. Eciu oriaBaeMasi 3iieKTpOHaMU
SHEPrus CIUIIKOM Malla, TO KojeOaHUs BOOOIe He OynyT moamep-
KHMBaTbCS M HACTYNHT 3aryxaHue. [Ipu Bo3Bpare 3JIEKTPOHHOrO
CTYCTKa B PE30HATOP BO BPEMs OTPHUIIATEIBHOIO MOIYIIEPHO/Ia KOJIe-
OaHMii, KOT/Ia MOJIe B PE30HATOPE YCKOPSIOIIee, 3JIEKTPOHbI 0TOMpa-
0T SHEPTHIO OT PE30HATOPa M KOJICOaHUs 3aTyXaloT elie ObIcTpee.

Bpemst nponera 31eKTpOHOB B IpoCTpaHCTBe apeiida ty,, T.e.
MPOMEKYTOK BPEMEHH OT MOMEHTa BbLIETA JJIEKTPOHOB M3 PE30HA-
TOpa B IIPAMOM HallpaBJICHUU 10 MOMEHTA UX BO3BpaTa B p€30HATOP,
NPUHATO YKa3bIBAaTh JUIS CPEIHEro AJIEKTPOHA (BBUICTEBIIEIO B MO-
MEHT tp), BOKpYr KOTOpPOI'O IPYIIIHPYIOTCS OCTANbHBIC AJICKTPOHBI.
Ha puc.6.8,6 510 Bpemst paHo (1+°/,)7. VBenmuuB 1o aGCOMOTHOMY
3HAYCHUIO OTPHIIATEIIBHOE HAMPSHKEHHE Ha OTpa)kaTesie, MOXKHO 3a-
CTaBUTh 3JIEKTPOHHBIA CI'YCTOK BO3BpaliaThbCsd B PEIOHATOP B MO-
MEHT 14, T. €. 4epe3 MPOMEKyTOK BpeMmeHH, paBubiii (*/,)7. VI HaoGo-
POT, €CITH YMEHBIIUTD 10 a0COTIOTHOMY 3HAYCHHIO HAIPSHKECHUE OT-
pakatesnsi, TO JJIEKTPOHBI MPOHIYT Hajibllie B TOPMO3sIIEe ONe U
BEPHYTCS B PE30HATOP IMO3HEE, HAIIPUMEDP Yepe3 MPOMEKYTOK Bpe-
menn (2+°/,)T. Bo Beex 5THX CITydasx SJEeKTPOHHBIE CIYCTKH OTHAI0T
pe30HATOPy HAMOONBIIYIO YHEPTHIO, TaK KakK MONagaroT B Hamboiee
CHIILHOE TOpMo3siilee moye. Takum o0pa3om, sl IOTydeHHs B K-
CTPOHE HE3aTyXallMX KojcOaHWH HauOOJBIIEH MOIIHOCTH HEOO-
XOJIMMO BBITIOTHUTH YCIIOBHE

tp = (n + 3/4) T,mmat, = (n+ 3/4)/f,
TJIe 71 — JII00O0E IeNoe YHCII0, BKITIOYAs HYJIb.

PaznmgaroT HecKombKO 30H (MM 00JacTeil) TeHepanuyd Kiv-
crpoHa. Ecm n = 0 u t,, = 3,T, 10 30HA reHepauuu Hynepas. [Ipu
n=1wuty, =(1+%,)T xiucTpon paboTaer B MepBOil 30HE IeHEPAIHH.
Bropoii 30He cOOTBETCTBYET 71 = 2 1 ty, = (2+7/4)T 1 1. 1. Ha puc.6.9
MOKa3aHbl rpadUKd JBWKCHUS TPYIIHUPYIONIUXCS JCKTPOHOB IS
MEPBBIX TPEX 30H TeHEpaIlny.

Ha Bpems mpornera 3JeKTPOHOB BIHSIOT CICAYIONINE BEIUYU-
Hel. YeMm Oosblire paccrosaue d MEXIy pe30HATOPOM M OTpaskaTe-
JIeM, TEM MEHBIIIC HAMPSHDKEHHOCTh TOPMO3SIIIErO MOJIsk P OJHOW U
Toil *e pasHocTu norenuuanos U, — Ug. Ho nipu Gonee cnabom nomne
JJIEKTPOHBI ciabee TOPMO3ATCS, MPOUIYT JaNblie B TIIyOb MONS U
BepHyTcss mosaHee. CreqoBaTenbHO, NpH OoJbllieM 3HaYeHHH d
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U7~1008 [ Uy=~608 UF-208

Puc.6.9. JIBrkeHHE 3JIEKTPOHOB MPH pabOTe OTPAKATEIHLHOTO KJIMCTPOHA!
a — B HYJIEBOH, 6 — B IEPBOM U 6 — BO BTOPOIi 30HaX T'eHepalnu

paboTa MOXKET MPOUCXOJHUTH B 30HE I'eHepaluu ¢ 00Jiee BHICOKUM
HOMEPOM.

CuiibHOE BIMSIHHE HA BpEMs ITPOJICTa OKA3bIBACT HAIIPSXKCHUC
oTpakaTelis, YTO Takxke rmokaszano Ha puc.6.9. C yeenuuenuem Ug o
abCOMIOTHOMY 3HA4YeHWIO pacTeT HampspkeHHocTh £ = (Up—Ug)/d
TOPMOBSIIIETO TOJS ¥ KIIMCTPOH Oy/IeT pa0doTaTh B 30HE T'eHEpPAIUH C
0osee HU3KUM HOMEPOM.

M3meHenne MOITHOCTH KOJIeOaHuii B pe30HATOPE B 3aBUCHUMO-
ct oT 3HaueHus Up mokasano Ha puc.6.10. MomiHocTs KoaeOaHui
OOBIYHO OBIBAET HAMOONBIIEH I KaKOH-TO OJHOW 30HBI, TIIE TPYyT-
MUPOBAHUE DIICKTPOHOB OKAa3bIBACTCS HAWIYUIINUM (TUIOTHBIM). st
30H TEHEpaly C MEHBIIMMH U OOJBIIMMH HOMEPaMH MOIIHOCTh
MEHBIIIE BCIICACTBUE SIBICHHUH, YXYAIIAIONMX rpymnmupoBanue. K

HUM OTHOCSTCSI: B3aUMHOE OTTaJl-

P KUBaHUE »3JIEKTPOHOB, HEOIMHA-
KOBOCTb HX HA4YaJIbHBIX CKOPO-

CTel, HEOOHOPOAHOCTh MOJII B

/\ MPOCTPAHCTBE Jpeliha U OKOIIO

> CEeTOK, a TaKXe psA APYrux NpH-

0n=4 n=3 n=2 -Ug YUH.
Puc.6.10. 3aBHCHMOCTH MOIIHO- IMocTosiHHOE  HaTpsIKEHHUE
ctr Konebanuii P or HanpsokeHUS g pesonarope U, ropasio crnabee
orpaxarens Up BIIMAET Ha Bpems mnponera. Ero
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M3MEHEHHNE OKa3bIBAET /IBA IPOTHUBOMNOIOKHBIX 1EHCTBHS, KOTOPHIE B
M3BECTHOW CTENEHM KOMIEHCHPYIOT Apyr apyra. Ecnm, Hampumep,
yBeIU4UTh HampsbkeHue Up, TO CKOpOCTb 3JIEKTPOHOB BO3pAcTET U
OHU JIOJDKHBI TITy0’Ke POHHUKATh B MPOCTPAHCTBO JApelida, T. €. Bpe-
M TpoJieTa JOJDKHO YBeNMWYUThcA. Ho Mpu yBenTWdeHUM Hampsbke-
Hust Up Bo3pacTaeT HaNpspKEHHOCTh TOPMO3SIIETo M0 B IIPOCTPaH-
CTBe Apeiida, 37eKTPOHBI CHIIbHEE TOPMO3ATCS U AOJIKHBI ObICTpee
BEPHYTHCSI, T. €. BPEMsI IIPOJIeTa JOKHO YMEHBIIUTHCH.

[lepexon k 30He reHepalu ¢ 0ojee BBICOKUM HOMEPOM ITyTeM
YMEHBILIEHNUS 10 aOCONIOTHOMY 3HAYEHHWIO OTPUIIATENIBHOTO Harpsi-
YKEHMSI Ha OTpaKaTelle B KOHIE KOHIIOB MPUBOJHUT K TOMY, YTO dJIEK-
TPOHBI MOMA/Ial0T Ha OTPaKaTeNb U HE BO3BPAIIIAIOTCSA B PE30HATOP.

6.3.3. I pynnupoexa 31eKmponoe 6 macHempoHe

MarserpoHsl PEACTABIIIOT COO0M BaKHEUIITHE JICKTPOHHBIC
npuOOpbl st reHepanuu Konebanumii CBY OonbInoil MONIHOCTH.
OHM IPUMEHSIOTCS B MepeAaTINKaX PaJHoNIOKAIIMOHHBIX CTAHIINN, B
YCKOPHTENAX 3apPSUKEHHBIX YACTHLL, JJI1 BBICOKOYACTOTHOI'O Harpesa
U B JPYTHX cloy4asx. B pe3ynprare COBMECTHOIO ACUCTBUS DIIEKTPU-
YECKOr0 U MarHUTHOI'O IOJIEW HA MOTOKU 3JIEKTPOHOB B MarHeTpo-
Hax BO3HHUKACT T'eHepalusl KojueOaHuii BRICOKOW 9acTOThL. B HacTos-
mee BpeMs IIUPOKOE PACHPOCTPAHEHUE IMONYYWIM MHOIOpPE30Ha-
TOPHBIE MATHETPOHBI.
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YcrpolicTBo MarHeTpoHa u ero ¢otorpadus B pa3pese mokasa-
Hbl Ha puc.6.11,a, 6 u 6. OH npexacTaBisser coOOM AUON C aHOIOM
0c000# KOHCTPYKIMH. B OONbIIMHCTBE clydaeB MPUMEHSIETCS OKCH-
JTHBIN MTOIOTPEBHBIN KaTOJ ¢ OONBIION TUIOMAAbI0 ToBepXHOCTH. Ha
TOoplax KaToja pacHoJOkKeHb! AUCKH, MPEMSITCTBYIOMNE ABMKEHUIO
3JIEKTPOHOB BJAOJIb OCH. AHOJ CZeNaH B BUJIE MAaCCUBHOTO METHOIO
6noka. BakyymMHOE pOCTpaHCTBO MEXKIY KAaTOJAOM W aHOAOM Ha3bl-
BaeTCs MPOCTPAHCTBOM B3amMMOeWcTBUA. B Tomme aHona pasmenia-
eTcs YeTHOE YMCIIO PEe30HATOPOB, HAIIPUMEP BOCEMb, MPEJICTABIISIO-
mHUX COOOM HMIMHJIPHYECKUE OTBEPCTHS, COCJUHCHHBIC LIENBIO C
MPOCTPAHCTBOM B3aumoercTBus. Llens BeIMONHSET PYHKIUIO KOH-
neHcaropa. Ha ee moBepxHOCTAX 00pa3yroTCsl MEepeMeHHBIE JJIeK-
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MeTisi  BBIBOJA
CBY-3neprun

pe3oHaTop

aHoJ
KaToJ|
:._
npoBoJia KaTrojga M
6 NoiorpeBaTens

Puc.6.11. Maruerpon: a — cxema B
MOMEepPeYHOM pa3pe3e, 0 — KOH-
cTpykuus, ¢ — Qororpadus B pas-
pese

TPUUYECKUE 3apsibl, a B CaMOM LIEIM BO3HUKAET 3JIEKTPUYECKOE IO-

ne. MHIyKTHBHOCTBIO pE30HATOpA CIY)KUT LWJIMHAPUYECKAas I10-

BEPXHOCTb OTBEPCTHUS, KOTOpas SKBHUBAJICHTHA OJHOMY BHTKY.

Bonpiuas miomans mOBEpXHOCTH BUTKA IPUBOMUT K YMEHBILICHUIO

AKTUBHOTO COIPOTUBJICHUS M HHIYKTUBHOCTH. Takol pe3oHaTop

MpeCTaBIseT CO00 HEYTO cpeiHee Mexay KojebaTenbHOH cHcTe-

MOH C COCPENOTOYEHHBIMHU IapaMeTpaMHu U YETBEPTHBOJHOBOW pe-

30HAaHCHOM JINHUENW. B HEKOTOPBIX THUIIaX MarHETPOHOB PE30HATOPHI

JeNalT B BUAE LIEIHM [IIyOMHOW R uer-

BEpTh BOJHBI (prc.6.12). Puc.6.12. Pe3oHatopsl M
BUIE UYCTBEPTHBOJIHOBBIX
MKHYTBIX JIMHUN
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Bce pesonaropel MarHe-
TPOHA CHJIBHO CBS3aHBI JIPYT C
JIPYTrOM BCIEICTBUE TOrO, UTO
IIEPEMEHHBIII MAarHUTHBIA ITOTOK
OJTHOTO PE30HATOPA 3aMBIKACTCS
gepe3  COCEIHHE  PE30HATOPHI
(puc.6.13). Kpome Toro, pe3oHna-
TOPBI COENUHSIIOT APYT C IPYTrOM
MOCPEZCTBOM TIPOBOJIOB, Ha3bIBa-
Puc.6.13. MaruuTHast cBsi3b MEXIY €MbIX CBsi3kamu (puc.6.11,a).
COCEJTHUMU PE30HATOPAMH Hapyxnast dacte aHoma

OOBIYHO JIENaeTcsi B BUJE peOpu-
CTOr0 pajuarTopa Jyis JIy4IIero oxjaxiaeHus. MHorna ero o0ayBaroT
B0o37yxoM. C OOKOBBIX CTOPOH K aHOIY IPHUITasHbl MEIHbIC JUCKH,
oOpasylolie BMeCTe C aHOJAOM OaJuToH, HEOOXOAMMBIN I CoXpa-
HEHUS BaKyyMa. BBIBOIBI OT mMOgorpeBaTeNsl MPOXOISAT B CTEKIISTH-
HBbIX TpyOKax, ClasHHbIX C aHOoaOM. KaTtom 0oObIYHO MOAKIIIOYEH K
OJTHOMY W3 BHIBOJIOB TIOZOTPEBATEIIS.

st oTOGopa sHeprum KonebaHwii B ONUH W3 PE30HATOPOB BBO-
JINTCS BUTOK CBSI3M, COCIMHECHHBIN ¢ KOaKCHaIbHON nuHUEH. Ee BEI-
BOJI TaKKe MPOXOINT Yepe3 CTEKISTHHYIO TPYOKy. bmaromapst cuiib-
HOM CBSI3W MEXIy pe30HATOPAMH JHEPTHUSI OTOMPAETCs OT BCEX pe3o-
HaTOpOB. BMecTO KOakCHaIbHOW JMHHWH U BHIBOAA SHEPTHH Ha
O4YeHb KOPOTKHX BOJIHAX HCIIONB3YeTCS BOTHOBOJ, COCIMHEHHBIN C
pe3oHaTopoM uepe3 menb. Horaa Takke IpUMEHSIOT KOaKCHaThHO-
BOJIHOBOJHBIN BBHIBOJI.

AHOJIl MarHETpOHA MMEET BBHICOKHUN TONOKUTEINBHBIN MTOTEHIIH-
a7 OTHOCHTENBHO KaTofa. Tak Kak aHOf CITy>KUT KOpPITyCOM MarHe-
TPOHA, TO €ro OOBIYHO 3a3eMIISIOT, & KaTO HAXOAUTCS O]l BEICOKUM
OTPHIIATENHHBIM MOTEHIIHAIOM. MeXTy aHOIOM M KaTOAOM CO3/aeT-
Csl YCKOpSIIOIIee T0JIe, CUIIOBBIE IMHUU KOTOPOTO PacoOXKEeHBI pa-
IUATBHO, KaK B JHOZE C IUIUHAPUYECKUMH JIIeKTpoaaMu. Bmois
OCH MarfeTrpoHa JeWCTBYeT CHUJIHbHOE MOCTOSIHHOE MarHUTHOE TOJIE,
CO3JIaHHOE€ MArHUTOM, MEXKIYy IOJ0CaMH KOTOPOTo pacrojiaraercs
MarHerpoH. OJIMH M3 BapHaHTOB MAarHUTHON CHCTEMBI MMOKa3aH Ha
puc.6.14. B Tak Ha3bpIBaEMBIX MAKETUPOBAHHBIX MAarHETPOHAX MOCTO-
STHHBIE MaTrHUTHI BXOJIAT B KOHCTPYKIIUIO CAMOT'O MarHeTPOHa.
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Puc.6.14. MarHeTpoH ¢
BHEITHEH  MarHUTHOH
cucrteMoii: 1 — BBIBOJ
CBUY; 2 — paauarop; 3 —
Maruut, 4 — BEIBOJ
MOJIOrpeBaTENS

PaccmoTpuM cHawana OBM)KEHWE JJIEKTPOHOB B MarHeTpoOHE,
mpeanonaras, 4To Konebanuii B pesoHaTopax Her. /g ymporneHns
n300pa3uM aHoj 0e3 menet (puc.6.15). Ilox BIusHUEM yCKOPSIOILIE-
T'0 AJIEKTPUIECKOTO TMOJIS AJIEKTPOHBI CTPEMSTCS JIETETH MO CHIIOBBIM
JUHUSAM, T. €. TI0 pajguycaM, K anoay. Ho kak Toapko OHM HaOMparoT
HEKOTOPYIO CKOPOCTbh, TIOCTOSSHHOE MarHUTHOE TI0Jie, IEHCTBYIOIIEe
MIEPIICHANKYIISIPHO DJIEKTPUUECKOMY IIOJF0, HAaYMHAET HCKPHUBIISTH
WX TpaekTopuu. Tak Kak CKOPOCTb 3JEKTPOHOB MOCTEIIEHHO Hapac-
TaeT, TO PajnyC 3TOTO HCKPHUBIIECHHUS MOCTENEHHO YBEINIMBAETCH.
[ToaToMy TpaekTOpHs JIEKTPOHOB OyIEeT CIOKHOW KpuBoil. Ha pu-
CYHKE TIOKa3aHBI TPAeKTOPHH 3JIEKTPOHA, BBEUIETEBIIIErO M3 KaToa C
HUYTOXKHO MaJIOil HadallbHOW CKOPOCTBIO, ISl Pa3HbIX 3HAYEHUH
MarHUTHOM HHIYKUUU B. AHOJHOE HalpsKEHUE NpU 3TOM OJHO U TO
xKe.

Awod

Puc.6.15. Bausane MarduTHOrO
MoJIsi Ha JBIKCHUE DIICKTPOHOB B
MarHeTpoHe
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Ecmu B = 0, To snekTpoH netuT no paauycy 1. Ilpu maraut-
HOU MHIYKIUU, MEHBIIEH HEKOTOPOI'0 KPUTHUECKOIO 3HAUEHUS By,
ANIEKTPOH TOMajgacT Ha aHOA IO KPWUBOJIMHEHHOH TpaeKTopuu 2.
Kpurtnueckas MarHuTHasi MHIYKIUS By, COOTBETCTBYeT Ooiee uc-
KpPHUBJICHHOW TpaekTopuu 3. B 3TOM ciydae aJeKTpOH IpoJeraer y
MOBEPXHOCTH aHO/A, MOYTH Kacasich €e, U BO3BpallaeTcs Ha KaTojl.
Haxonern, ecnu B > By, TO 3JEKTPOH €llle Kpyde T0OBOpauuBaeT 00-
paTHO TJe-TO B IPOMEKYTKE MEKIY aHOJOM U KaToZoM (KpuBas 4) u
BO3BpalaerTcs Ha KaTo/l.

MarserpoHsl pabOTarOT MPH MAarHUTHOM WHIYKIIUH, HECKOIb-
Ko Oosblielt KpuTHuecKoi. [103TOMy BJIEKTpOHBI TPU OTCYTCTBHH
KoNleOaHWi MpoieTaroT OJIM3KO K TMOBEPXHOCTH aHOAa, HO Ha pas-
JUYHBIX PACCTOSHUAX OT Hee, TaK KaK IPH BbUIETE M3 KaTOAa OHU
MMEIOT Pa3UYHyl0 HAYaJbHYIO CKOpOCTh. I[lOoCKONBKYy nBMXKeTCS
OYeHb OOIBIIOE YHCIIO IJIEKTPOHOB, TO MOXKHO CKa3aTh, YTO BOKPYT
KaToza BpaIaercs SIeKTPOHHBIN 00heMHBIN 3aps/l B BHJIE KOJNbIIA —
ANEKTPOHHOE “00nauko” (puc.6.16). KoneuHo, 31MeKTpOHBI HE HAXO-
JSITCSL B HEM IIOCTOSIHHO. PaHee BbIIeTEBIINE JIEKTPOHB! BO3Bpalla-
IOTCs Ha KaToll, @ HA UX MECTO U3 KAaToJla BBIJIETAIOT HOBBIE 3JICKTPO-
Hbl. CKOpOCTHh BpaIeHHS JJICKTPOHHOTO ‘‘0o0ladka” 3aBHUCHT OT
AQHOJHOIO HAIPSKEHUS, C YBEIWYEHUEM KOTOPOIO 3JIEKTPOHBI IPO-
JIETAIOT OKOJIO aHoja ¢ GombIrell CKopocThi0. UTOOBI JIEKTPOHEI HE
MOIaJaiy Ha aHOJ, HEOOXOAUMO yBEIMYUBATH IIPU 3TOM M MarHuT-
HYIO HHAYKLHIO.

Bpamatomuiicss 371eKTpOHHBIA OOBEMHBIN 3apsi, 00pa3oBaH-
HBIA COBMECTHBIM JI€MCTBHEM IOCTOSIHHBIX JIEKTPUYECKOI'0 U Mar-

Puc.6.16. Bpamiaroiieecs 3iek-
TpOHHOE ‘“‘007auko” B MarHe-
TpPOHE TPH OTCYTCTBUH Koieha-
HUH
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HUTHOTO TOJICH, B3aMMOCHCTBYET C NEPEMEHHBIMHU SJICKTPUYCCKH-
MU TIOJIIMH PE30HATOPOB U IMONJIEPKUBACT B HUX KoneOaHus. IIpo-
1ecc B3aMMOJICHCTBUS BEChbMa CIIOXKEH, IIO3TOMY OH OyJeT paccMoT-
PEH b TPUOINKEHHO.

[Ipexae Bcero BhISICHUM BOIIPOC O BO3HMKHOBEHUHU KOJICOaHMIA
B pe3oHaTopax. Tak Kak BCE PE30HATOPHI CHIIBHO CBS3aHBI JpYT C
JIpyroM, TO OHHM TPEACTABISIOT COOOW CIIOKHYIO KOJIeOaTENbHYIO
CHCTEMY, HMEIOIIYI0 HECKOJIBKO COOCTBEHHBIX 4acToT. Korga aiek-
TPOHHBIN MMOTOK BIEPBBIE HAUMHAET BPAIIAThCSA OKOJO INEIeH pe3o-
HaTOpOB (HampuMep, MpU BKIIOYEHUH aHOIHOTO HAIPSIKEHUS), TO B
pe3oHaTOpax MOABJIAIOTCA UMITYJIbChl HABEACHHOI'O TOKa U BO3HUKA-
10T 3aTyxarome konebanus. OHM MOTYT UMETh pPa3Hyl0 4acTOTy U
¢dazy. Hanpumep, ecnu cucreMa CUMMETPUYHA, TO B PE30HATOPAX
JIOJDKHBI BO3HUKHYThH KoseOaHwusl, coBnajaromme mno ¢aze. OmHako
TIOJTHON CHMMETPHUH OBITH He MOXKeT. [103TOMY BO3HHMKAIOT U IPyTHE
KonebaHus ¢ (ha30BBIM CABHTOM MEXIYy COOOH.

OCHOBHOM THI KOJICOAHWH, JAIOUTHH HAUOOJBIIYIO MOJIE3HYIO
MOIITHOCTh M HamOojee Bbicokuk KIIJI, — xomebaHusS B COCEIHHMX
pe3zoHaTopax ¢ (azoBeM caurom 180° (komebanmst m-Buma). Ha
puc.6.17 n3o0pakeHbl CUIOBBIC IMHUU MIEPEMEHHBIX 3JICKTPUICCKUX
moJieit Ui TaKuX KOJEeOaHW M 3HAKH ITepeMEHHBIX MOTEHITNAIOB Ha

N

Puc.6.17. Ilyte “Bpemuoro” (A) m “nomnesnoro” (b) 3mekTpoHOB B
MarHeTpoHe IpHU T-KOJeOaHUAX B PE30HATOpax
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CerMeHTaxX aHofa, a TAK)KE HaIlpaBJIEHUS TOKOB, MPOTEKAIOMIUX IO
MTOBEPXHOCTH PE30HATOPOB. TaK Kak pojb MOCTOSHHOTO 3JEKTpUYe-
CKOr'0 TOJsI, YCKOPSIOUIETO 3JE€KTPOHBI U JAIOLIETO MM KHHETHYe-
CKYIO 3HEPTHIO, U3BECTHA, TO JJIs1 YIIPOIIEHUS TO TOJIe He TIOKa3aHo.

Hnst mpornBoda3HbIX KonebaHW OodeHb CHIIbHA WHIAYKTHBHAS
CBSI3b MEXY PE30HATOPaMU 3a CYeT TOro, YTO MAarHUTHBIN MOTOK U3
OJTHOTO pe30HATOpa TIEPEXOJUT B COCEAHUE PE3OHATOPHI (CM.
puc.6.13). MaraerpoHsl, Kak MpaBujio, padOTAIOT C 3TUM THUIIOM KO-
neGaHuid, ¥ TPUHSTHI MEPBI U TOTO, YTOOBI TaKKke KoaeOaHMs BO3-
Oy>KIalich KaK MOXHO Jierde. J[is 3Toro mpuMeHsoT CBSI3KH, T. €.
COEIMHSIOT IPOBOJAMH Yepe3 OAMH CErMEHThI aHO/a, UMEIOIIUE T e-
peMeHHbIe TOTEHIIMANbl OJHOrO 3Haka. BosHuKaromme koneGaHus
JOPYTUX TATIOB OOBIYHO OBICTPO 3aTyXaloT.

B3anMopelicTBrE 3JIEKTPOHOB C IEPEMEHHBIM 3JIEKTPUUYECKUM
MIOJIEM TaKOBO, YTO MPH MPABIJIBHOM PEKHUME SJIEKTPOHHBIN MTOTOK
OT/Ia€T TOJTI0 OOJIBIIIE DHEPTUH, YEM OTOMPAET y HEro. JT0 UMEHHO U
HYXHO JIJISl TIpeBpalieHrs] BOSHUKIINX B PE30HATOpax KoieOaHWi B
Heszaryxatomue. [lepenaue 3Hepruu OT MEKTPOHHOIO IOTOKA B pe-
30HATOPHI CIIOCOOCTBYIOT CIIEAYIOLIHE SIBICHUSI.

IIpexxne Bcero, nepeMeHHOE AIIEKTPUUECKOE 10JIe Kak Obl cop-
THpPYET DJIEKTPOHBI Ha “‘NOJIe3HBIC” W “BpEHHBIC”, TpUUYEM ‘‘Bpel-
HBIC” HIIEKTPOHBI OBICTPO YIANSAIOTCS M3 NMPOCTPAHCTBA B3aHMMOICH-
CTBHMS, BO3BpAILAsACh Ha KaTof. PaccMoTpuM 3TOT mporecc moapob-
Hee.

[nst  SIeKTpOHOB, JABWXKYIIUXCS IO 4YAaCOBOM  CTpENKE
(puc.6.17), snekrpuueckue Moisl pe3oHaTopoB 1, 3, ...— ycKopsito-
Imue, a Mojst pe30HaTOpoB 2, 4, ... — TopMo3snme. Yepes nonmeprona
9TH TOJIS1 HOMEHSI0TCSl MecTaMu. Ha prucyHKe IoKa3aHbl TPaeKTOPUH
JIBYX DJIEKTPOHOB. DJEKTPOH A Monajaer B YCKOPSIOUIEE MOJIE U OT-
Oupaer PHEPTHI0 OT Pe30HATOpa, T. €. MPEACTaBIsIeT coO0i “Bpea-
HBII” 3JIEKTPOH, HO OH MPOJIETAET JAJEKO OT ILIENH PE30HATOpa U
BO3Bpallaercsd Ha katox. Ilpu HanMumM OmHOrO MOCTOSHHOIO OIS
3TOT JIEKTPOH JeTes Obl 10 TPAeKTOPHH, MOKA3aHHOM IITPUXAMH.
Ho none pe3onatopa 1 ycunuBaeT MCKpUBIICHHE IYTH 3JEKTPOHA U
YBEITMUMBACT €0 HEPTHIO: OH NPEOJ0IeBaET JeHCTBUE MOCTOSHHO-
IO IOJISl ¥ BO3BpAILAeTcs Ha KaTol.

bonee cnoxxHbIM OKa3bIBa€TCS MYTh “‘IOJIE3HOT0” 3JEKTPOHA b,
MOMABLIEro B TOPMO3sliee IepeMeHHoe 1oie pe3oHaropa 2. Takoit
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ANIEKTPOH OTAAET YacTh CBOCH SHEPTrUH PE30HATOPY U YK€ HE UMEET
SHEPruH, JOCTaTOYHOM IS TOrO, YTOOBI BepHYThca Ha katox. OH
TepsieT MOJHOCTBIO CBOIO SHEPTHIO0 B KAKOW-TO TOYKE MPOCTPAHCTBA
B3aUMOJICUCTBUS, HE JIOJETEB 70 KaTo/a, a 3aTeM CHOBAa YCKOPEHHO
JICTUT K aHOAY, U OAHOBPEMEHHO TPACKTOPHA €0 NUCKPUBJIACTCA I1OQ
I[Cf/iCTBI/IGM MAarguTHOI'O I10JIA.

Ecnu B MarHerpoHe MpaBHIJIBHO MOJ00paHbl aHOAHOE HATps-
KEHWe W MarHuTHas WHAYKIHUSA, TO BpeMs IMpojieTa “Iojie3HOro”
3JIEKTPOHA OT OJHOM IIEIU A0 APYroi cocrapiser noinepuoaa. Ta-
KOW DJIEKTPOH, MPUOIU3UBIIMCH K LI pe3oHaTopa 3, OMsTh OKa-
JKETCS B TOPMO3SIIIEM NTEpEMEHHOM IT0JIe, TaK KaK depe3 MOoJepruosia
y 3TOr'0 pe30HATOpa YCKOpSIOIIee Mojie U3MEHUTCS Ha TOPMO3sIIIIee.
CrnenoBaTenbHO, 3JIEKTPOH CHOBA OTJACT YaCTh YHEPTHH PE30HATOPY
1 IpOJENaeT €lle MEHbUIMHI IyTh IO HAIPABJICHUIO K Kartony. B
KOHII€ KOHIIOB, M3PAaCX0J0BaB 3HAYUTCIbHYIO 4YaCThb DHEPTHUU, DJICK-
TPOH TomajaeT Ha aHoj. PaccMoTpeHHas TpaekTopws ‘‘mojie3Horo”
JJIEKTPOHA, KOHEYHO, TOJIBKO MPHOIIMKEHHAS.

“ITome3HnIe” JIEKTPOHBI OTAAIOT pe30HATOpaM OOJbBIIE dHEP-
TUH, YeM OTHHMAIOT €€ OT PE30HATOPOB ‘‘BPEHHBIC” DJICKTPOHEIL.
JlefiCTBUTEIBHO, “BPEIHBIN AJICKTPOH OTHUMAET SHEPTHIO TOJIBKO Y
OHOTO pPE30HATOpa, MPUYEM 3TOT IJEKTPOH MPOJIETAET JOBOJIBHO
JAJIeKO OT IIENH, T. €. B ciadoM mepeMeHHOM monie. OH OTHHMAaeT
HEOONBITYI0 JHEPTHi0. A “NONIE3HBIA” AIIEKTPOH OTAAET IHEPTHUIO
JIBYM pE30HATOpaM M MpOJIeTaeT OMKe K MX MIEeNsIM, T. €. B Ooiee
CHIJIBHOM TIEPEMEHHOM IIOJIe.

[lepemave sHeprum OT 3JMEKTPOHOB K PE30HATOpPAM CIIOCO0-
CTBYET MOAYJIAINS 3JIEKTPOHHOTO MOTOKA, HATTOMHUHAIOIIAS MOTYIIS-
LHIO B ABYXPE30HATOPHOM KIHCTpoHE. Kaxkaplil mpeaplayiuii pe3o-
HaTOp B MAarHETPOHE CIYXKUT MOIYJISTOPOM JUIS BPAIIAOIIErocs
AJIEKTPOHHOTO O0JIaKa, a KKIBIH CIEAYIONIHA PEe30HATOP — yJIOBH-
teneM. OIHAKO MPOILECC MOAYISIUU 3/IECh CIOXKHEE, YeM B KITH-
CTpoHE. B ABYXpe30HATOPHOM KIHMCTPOHE 3JIEKTPOHHBIA MOTOK,
JIBYOKYIIMNACS TOCTYNAaTEIbHO, MOABEPraeTcsi CKOPOCTHONH MOIYIIs-
MW ¥ pa30uMBaeTcss Ha OTHeNbHBIE CTYCTKH (rpynmupyercs). Ilo-
CIIEIHUI TIPOIECC COBEPIIAETCS B MPOCTPAHCTBE T'PYHITHPOBAHHS,
T/Ie HEeT AJIEKTPUYECKOro M MarHUTHOTO TTOJIEH.

B wmarHerpoHe Bpamarommics 3JIEKTPOHHBIN TOTOK TaKXKe
nojBepraercs ASHCTBHIO MEPEMEHHOI0 3JIEKTPUYECKOT0 MOisl JaH-
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HOT'O PE30HATOpa M 3a CYET ITOr'0 OCYIIECTBIISICTCS MOIYJISLUS CKO-
poctu 31ekTpoHoB. Ho 3T0 moje He OMHOPOAHOE, KaK B KIMCTPOHE.
[TosToMy OHO MEHSET HE TOJIBKO CKOPOCTh, HO M TPACKTOPHIO JIBU-
JKEHHS DJICKTPOHOB. IIpoliecc yCIoXKHSIETCS TEM, UYTO MPOUCXOIUT B
paJraIbHOM MOCTOSHHOM DJICKTPHYECKOM II0JI€, KOTOPOE U3MEHSET
CKOPOCTB 3JICKTPOHOB M COBMECTHO C INOCTOAHHBIM MAarnvTHBIM I10-
JIEM BIIASIET HA UX TPAEKTOPHUIO.

B pe3ynbTaTe CKOPOCTHOM MOAYJSLIMM U U3MEHEHUS TPAeKTO-
puii JIEKTPOHOB BpallaroIIeecs JIEKTPOHHOE “00JIauK0” U3 KOJIbIIe-
BOro mpespainaercss B 3yddaroe (puc.6.18). Uucio 37eKTpOHHBIX

Puc.6.18. Bpamatomieecs
3JIEKTPOHHOE “0071a4K0” B
MarHeTpoHe  Opu  T-
KoJieOaHHUsX B PE30OHATO-
pax

“criiil” paBHO TIOJIOBHHE YHCIIa pe30HaTOopoB. KoHEUHO, pe3KuX Ie-
PEXOIOB OT ATHX “‘chUIl”’ K MPOMEXKYTKaM MEeXIy HUMHU HeT. “Cru-
11a” IpeACTaBIsieT COOO0H CryIIeHHE IEKTPOHHOTO MOTOKA B PE3YITh-
TaTe CKOPOCTHOW MOAYJISIMH M BCIECACTBUE PA3IUYHBIX TPACKTOPHUIL
“rone3HbIX” U “BpeAHBIX” 3JEKTPOHOB. MeXAy CryLICHHSIMHU HMe-
10TCs Ooliee pa3peXeHHbIE OOJACTH.

DnekTpoHHOE “001aYK0” TP MPABUIBHOM PEXUME MArHETPO-
Ha BpaIaeTCsl C TaKOM CKOPOCTBIO, YTO ““CIULBI MPOXOISAT MUMO
miesield B TOT MOMEHT, KOrJia TaM CYLIECTBYET TOPMO3sILee IOJIe.
[IpomexyTku Mexay “criuaMu’, Ha000pOT, IPOXOAAT Yepe3 YCKO-
pstomue noist. B urore mponcxoauT oTaava 3HEPTHU 3JIEKTPOHHBIM
“o0;auykoM” pe30HATOpaM M MOTepsl SHEPTUU Ha pa3orpeB aHola OT
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3NeKTpOHHOM OoMOapmupoBku. Bes 3Ta 3Heprus morpebisiercs ot
AQHOJTHOTO MCTOYHUKA.

CymiecTByeT ciaeayromas 3aBUCHUMOCTh MEKIY YHUCIOM Pe30-
HaTopoB N, MarHUTHOW WHAYKIHEH B M 4YacTOTOW T'eHepUpyeMBIX
konebanuii f:

NB = af,
rae a — kKod((GUIKUEHT, 3aBUCALINI OT KOHCTPYKIMH. A MarHUTHas
MHJYKIIMS CBsI3aHA C aHOAHBIM HaIpsbKeHUEM (HOpMYyJIoi
B = b/U,,
rje b — mocTosTHHAs BENYHHA.

W3 ¢dopmyn BuaHO, YTO Jyis 00JI€e BBICOKMX YacTOT HYXKHO
MMETh OOJbIlIe PE30HATOPOB WIIM YBEJIMUYMBATH MAarHUTHYH WUHIYK-
LU0 ¥ aHOAHOEe HampsbkeHwe. OObIYHO MAarHUTHAs WHAYKIUSA CO-
craenser ot 0.1 mo 0.5 Ta. [nsg uMiysibCHOM pabOThl B ICHUMETPO-
BOM JMaria30He MarHeTPOHBI CTPOSAT HA MOIIHOCTh B JIECATKH THICSY
KHJIOBATT, @ B CAaHTHMMETPOBOM — B TBICSYM KHUJIOBATT. B cambix
MOII[HBIX MarHeTpOHaX aHOIHBIA TOK B UMIIYJIbCE JOCTHTaeT COTCH
amriep. MarHeTpoHBI Ui HENPEPBHIBHOTO pPEXHUMa MOTYT HMETh
MOIITHOCTH B JIECATKU KWJIOBATT Ha JACIMMETPOBBIX BOJHAX U B €IH-
HUIBI KHJIOBATT — HA CAHTUMETPOBBIX. B MOIIHBIX MarseTpoHax
MIPUMEHSETCS IPUHYAUTEIHHOE, BO3YITHOE W BOJSHOE OXJaXKe-
uue; KIIJ[ Mourapix MarHeTpoHOB MOXKeT ObITh 70 % W maxke BbIIIe
mpu paboTe B JENMMETPOBOM TUAlNla30HE, B CAHTHMETPOBOM JHara-
3one 30 + 60%.
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PABOTA Ne8

OCHOBHBIE THUIIbI JJIEKTPOHHO-
BAKYYMHBIX JIAMII

DNeKTPOHHBIE JIAMIIBI — 3TO AJIEKTPOHHO-BAKyYMHBIE TIPUOOPHI
C TEPMOAJICKTPOHHBIM KaTOJOM H 3JIEKTPOCTATUUYECKHM YIIPaBIICHU-
€M JJIEKTPOHHBIM TTOTOKOM, KOTOPBIC CIIYKAT JAJIsl IeTEKTUPOBAHHMS,
reHepaluy U npeodpa3oBaHusl SJIEKTPUISCKUX CUTHAIIOB.

7.1. BakyyMHBbIii 110

BakyyMmHBIIl 1HOJ UMEET JIBA 3JIEKTPOJA, PACIOJIOKEHHBIX B
CTEKJISHHOM HWJIM METAJJIOKEPAMUYECKON KOJIOE C OTKA4YEHHBIM JI0
masnenns 10°+ 107 mMm pr. cr. Bosayxom (puc.7.1). OBBIUHO 3IIeK-
TPOABI MMEIOT HWIMHApHYECKYIo (opMmy, pexe mockyro. Kartox
CIY’)KUT JJISl CO3JIAaHUS DIEKTPOHHOTO
IIOTOKAa 3a CYET TEPMONIEKTPOHHOMI
smuccud. Ilo mpuHUuIy JIedcTBHS
TEPMOKATOABI GBIBaIOT psaMoro u
KOCBEHHOTr0 Hakaja (puc.7.2,a u 0).
B mepBoM ciydae TOK Hakaja Ipoxo-
AT HEMOCPEICTBEHHO Yepe3 IMHT-
Tep (KaTtoi), BO BTOPOM CIIy4ae TOK,
MPOXOSIINK  4Yepe3  HarpeBaTellb
(HUTH Hakama), HarpeBaeT JJICKTPH-
YecKH W30JIMPOBAaHHBIM OT HEro Ka-
ton. BenmeacrBre OombInoii TemioBon
WHEPUHY KOCBEHHBIH HaKajl MOXHO
OCYIIIECTBIIATH TIEPEMEHHBIM TOKOM. [[0BEpXHOCTh KaToJa TP ATOM
SIBJISIETCS DKBUIIOTEHIIMAIEHON W PaBHOMEPHO HArpeToi, 4To odec-
MeYMBAET PABHOMEPHYIO SMUCCHIO 110 BCEH IMOBEPXHOCTH.

Katompl 00BIYHO M3TOTABIHMBAIOT U3 TYTOILUIABKOT'O0 MaTeprana;

Puc.7.1. Koncrpykmms
BaKyyMHOT'O IH0JIa

+U, | aHog +U, | anox
Puc.7.2. CxeMaruueckoe
a o U300paKEeHHe BaKyyMHO-
ro AWoma: @ — OPSMOro
KaToJ 0 Hakama, 6 — KOCBEHHOT'O
0 +6.3B Hakan ~6.3B" garon Hakaa
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HUKeNs, Bob(dpama, MOIMOCHA U T. /1., KOTOPBIC IOKPBIBAIOT CIIOEM
OKHMCJIOB METAJIJIOB JJIsl YMEHBILICHUST Pa0OThI BHIXO/A, YTO MO3BOJISI-
€T CYUIECTBEHHO YBEIUYUTH IIOTHOCTh TOKAa TEPMODJICKTPOHHOU
IMHUCCHH.

Harpeatens 0O0BIYHO mpeacTaBiser CcO00H MPOBOJIOUHYIO
cnupalib (HATh HAKaJIMBaHUS) U3 CILIaBa BOJIb(paMa ¢ MOIUOICHOM,
W30JIMPOBAHHYIO OT KaTOAA CII0EM OKHCH OSpWILIHSI MITH aTIOMUHHUSL
Conpotusnenue 3Toro uzongropa npessimaer 10 MOwm, a Hanpske-
HUE TPO00sI COCTABJISIET MOPSAKA COTHU BOJIBT.

KaTOIH)I MIpsAMOro HaKaJla BBIIIOJIHAKOT B BUIC HaTHHyTOﬁ npo-
BOJIOYKU HJIN HpOBOHO‘-IHOP'I CIiupaini U3 TYTOIIJIaBKUX MaTCpHaIOB
(puc.7.3,a u 6). Takue KaTOIBI UCHOJNB3YIOT B YCTPOICTBAX, B KOTO-
PBIX €CTh OrpaHNYCHNA Ha MOIIHOCTh UCTOYHHWKA TOKA HaKaJa. Mac-
CHUBHBIC KaTOAbI IIPSAMOT'O HaKaJIla U3TrOTaBJIMBAIOT B BUAC JICHTOYHBIX
CHHpaHeﬁ U TUWJIMHAPOB, 4 TAKXKE MOHOJIUTHBIX WJIX ITYCTOTEIIBIX IH-

D
I

2 0

MCTAJITTHYCCKaA

OKCHIHOE ryOka,  TpoIH-
MOKPBITHC . TaHHasE aKTHUBHO-
METaJIINYECKUI SMUCCHOHHBIM
TUIUHAD BEIIECTBOM
HU30JIATOP METaJTHISCKHUI
HUTH HaKaja [MJTAHIP
BbIBO/JIbL H30JIITOP

HUTH HaKajia

e HC \BBIBOHBI

Puc.7.3. TepmokaTonsl mpsSMOro Hakajia: g — MPOBOJOYHBIC TETIIH;
6 — crimpany; @ — JICHTOYHBIE CITUPANIH; 2 — JICHTOYHbBIC IMINHIPEL; O —
OUIHHAPHL. TepMOKaToasl KOCBEHHOTO HAKalda C SMHCCHOHHOW IT0-
BEPXHOCTBIO: € — OOKOBOH; J/c — TOPLIEBOH
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auHApoB (puc.7.3,6, ¢ u 6). OCHOBHBIC O0JACTH WX MPUMCHCHUS:
PEHTICHOBCKHE TPYOKH, DJIEKTPOHHBIE MUKPOCKOIIBI, MarHETPOHBHI,
WUCTOYHUKM HOHOB U JIPyTrHe€ MOUIHBIE M BBICOKOBOJIBTHBIE YCTPOWi-
CTBa BaKyyMHOM JJIEKTPOHHUKH.

TepmokaToabl KOCBEHHOT'O HaKalla HAILIH HIMPOKOE MPUMEHE-
HUE B TpUOOpax BaKyyMHOW 3JIEKTpOHUKU. OCHOBHAsI KOHCTPYKIIUS
¢ OOKOBOW 3MHCCHOHHOW MOBEPXHOCTHIO M300paxkeHa Ha pwuc.7.3,e.
CyImiecTByIOT M Jpyrue KOHCTPYKIIMH TEPMOKATOIOB KOCBEHHOTO
Hakajia, HallpuMep NpuBeAeHHAs Ha puc.7.3,oc. B Hel mopucras
BoJIb(ppaMoBasi ryOKa, mpornuTaHa mponuTaHHeiii cMechio BazAl,Os,
pasmeleHa Ha TOpIie KaToJa.

B JJaMIiax, MmpeaHa3sSHAYCHHbIX JIA pa6OTLI C OYCHb BBICOKUM
AHOOHBIM HalPSAXKEHHUEM, NMPHUMCEHAIOT MCTANIMYECKUC KaTObl oe3
OKCHU/IHOT'O ITOKPBITHSA, ITOCKOJIbKY MHTCHCHUBHAA MOHHAasA 60M68p)II/I-
POBKa BBI3BIBAET Pa3pyIIeHHE OKCHHOTO CIIOSI.

AHOZIBI B MAJIOMOIIIHBIX JIaMIIaX OOBIYHO HM3rOTaBIMBAIOT W3
HUKeIs WK JKele3a, a B MOIIHBIX — M3 TaHTalla, MOJHOJEHa WITH
rpa¢uTa. MOLIHOCTE J1aMIIbl OrpaHUYEHAa MOLIHOCTBIO, paccerBae-
MOM Ha aHoJIe, T.€. MOIIHOCThIO, TP KOTOPOM TeMIlepaTypa aHoJa
OCTaeTcsi MEHbIIEeH NpenenbHO AOMYCTUMOW. IIpu odeHb BBICOKMX
TeMIlepaTypax aHOAa MOXKET IPOM3ONUTH HArpeB CTEKJIIHHOIO Oail-
JoHa Jiammbl A0 Temmeparypsl Beime 500+600 K. Ilockonpky mpu
00e3ra)kKMBaHWW JIaMITy OOXKHTAIOT TPU JTOM TeMmIepaType, TO ee
MIPEBBILICHNE BBI3BIBACT JAJIbHEHIIEE BBIIEIECHNE CBOOOAHBIX Ia30B
U JIaMIa BBIXOOUT U3 cTpos. IIpu Oonpmmx TeMiepaTypax B Jamiie
UCIOJIB3YIOT MeTaIOKepaMHu4yecKuil kopryc. s nmomydeHus myd-
niell Tenja00TAauu MOBEPXHOCTh aHOJa AETa0T MAaTOBOM M IIPOHU3BO-
IST YyepHeHHe. AHOJ, HaKaJIEHHBIH 10 TEMHO-KPacCHOTO KaJIeHWs, B
OONBIINHCTBE CIy4aeB HE BBIAEASET OMNACHOIO KOJNHMYECTBA TIa3a.
CaumKoM BBICOKOE HANPSKEHUE HE TOJIBKO MPUBOIUT K MEPErPEBY
aHoJa, HO M MOYKET BBI3BATH Mpo0o# muona. [losToMy aHOIHBIA BHI-
BOJl B BBICOKOBOJIETHBIX IHOAAX PACHONararoT Ha MPOTHBOIONOXK-
HOM KaTOAY KOHIIE JIaMIIBL.

B nporecce n3roroBneHus 1aMibl U3 CTEKISIHHON KOMOBI yna-
JA0T ra3 nytem nporpesa 10 500+600 K npu nocTosHHOM OTKauKe.
Merannnyeckre YacTy MPOKAIMBAIOT C IOMOIIBIO BBICOKOYaCTOTHO-
ro MporpeBa U akTUBHUPYIOT Karof. JOmoNHUTENbHOE 00e3raKuBa-
HUE MPOBOIAT IIYTEM paCHbUICHHUS TeTTepa — aKTUBHOI'O BEIIECTBA,
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HanpuMmep Oapus, KOTOPOe XUMHUECKH CBS3BIBAET ra3bl. B pesynbra-
T€ co37aeTcs IITyOOKUIl BaKyyM.

Baxkneliell XapaKTEpUCTUKOM BaKyyMHOI'O IUOAA SIBISETCS
ero BoOJbT-amIiepHas xapakrepuctuka (BAX) — 3aBHCHMOCTD CHIIBI
TOKa OT HaNpsbKeHUs: Mexy anektponamu: |, = f(U,), mpu mocTostu-
HOM HamnpspkeHnH Hakana U, = const. Tunuunass BAX BakyymHOI0
Iuona mpencrasieHa Ha puc./.4. OHa nmeer Tpu ydactka: | — o6-
JIACTh HAYaJIbHBIX TOKOB (PE&KHUM 3a/ep>KMBAIOIIEro MOTEHIIHaNa); B
MEepBOM MPHUOIMKEHUN B 3TOW 00JACTH 3aBUCHMOCTh IIJIOTHOCTH H,
COOTBETCTBEHHO, CHJIBI TOKa OT HAINpPSHKEHUS MMEET 3KCIIOHEHIIH-
anbHbIl BuI; || — obmacTs mpocTpaHCTBEHHOTO 3apsia, 3/1€Ch BbI-

3

nonusercs 3akod | = aUZ; Il — obnacts naceiuenus. Ilpu ysenu-
YeHWU TOKa HaKala BO3pacTaroT TeMIlepaTypa KaToja W TOK HacChl-
HICHMS.

OCHOBHBIMH TIapaMeTpamMu | A T>T,>T,
BaKyyMHOT'O JTHOJ1a SIBJISTIOTCS: !

KpYTU3Ha XapaKTEPUCTUKU
di
(na yuactke II) S = —%;
aUu, |
BHYTPEHHEE  COMpPOTHUBJIC-

[
»

0 U
Puc.7.4. BonpTaMmepHasi xapakxrte-
PHCTHKA BaKyyMHOI'O IOJa

&

1
HUE R; = 5

OO6paTHBIlf TOK BaKyyMHO-
ro IUOJIa OYEHb Majl, U BAKyyM-
HBIA JMOJI MMEET OJIHOCTOPOH-
HIOIO TIPOBOAMMOCTH. JTO HC-
MONTB3YETCA B YCTPOMCTBAX ISl BBIIPSMIIEHUSI TIEPEMEHHOTO TOKa,
JETEKTUPOBAHMSI DIIEKTPOMATHUTHBIX KOJIEOaHUU W MpeoOpa3zoBaHus
4acToT.

7.2. BakyyMHblIii TPHOJ +U, | aHoxn

Bakyy™mHBIll Tpuon mpencraB-
JsieT co00l TPEXAIIEKTPOIHYIO JJIEK-
TPOHHYIO JIAMITy, B KOTOPOH MEXIy
KaToIOM M AaHOAOM pa3MelleHa
ynpasnsitonas cerka (puc.7.5). Ha
Hakal OOBIYHO ITOJAETCS epeMeEH- Puc.7.5. CxemMaTn4ecKoe
Hoe HampsbkeHue 6.3 B ¢ mpombimr- — H300paskeHue BaKyyMHOT'O

YIIPABIISOLIAs
CeTKa -U,

0
nakan ~6.3B" garon
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109

neHHoll yacroroit 50 I'u. [loTeHnuman karoma CYMTAIOT paBHBIM HY-
JI10, @ Ha aHOJA MOJAIOT BBICOKOE MOJIOXKHUTENbHOE HanpsykeHue +U,.

B tpuoge cerka pacmnonoxeHa OJrKe K KaTOLy, YeM aHO, U Ha
MyTH KaTOJ — CeTKa Ha 3JIEKTPOHBI AEHCTBYET CyMMapHOE AJIEKTPH-
YyecKoe ToJjIe, CO3aBaeMoe MEXAY aHOJOM M KaTOAOM Ey U MEXITY
CEeTKOM U KatonoM E.. Bo BpeMsi paboThI JIaMIIbI JIMIIb YacTh JJIEK-
TPOHOB TIOMAIAET Ha CETKY, 00pa3ysl CeTOYHBIH TOK .

Ecnu moTeHnman cerku BhINIE MOTEHIMAa KaToa, TO cuia
AHOJHOTO TOKa pacTeT. Ecny moTeHnuan ceTku MeHblle MoTeHIHana
Karona, TO cujla aHOAHOTO TOKAa yMeHbIaercs. B cimydae Gompimx
(To abCoNMOTHOM BEIMYMHE) OTPUIATENBHBIX HAMPSDKEHUH HA CEeTKe
BCE 3JICKTPOHBI MOTYT OBITh BO3BpAILEHBI K KaTOIy, TOK aHOJa MpH
3TOM paBeH HYJIO (JlaMma 3aKphITa).

W3meHnsaa HampspkeHHe Ha CeTKe, MOXKHO YIPaBIATh aHOIAHBIM
TOKOM. B ciiyuae oTpunatenbHOro HampshKeHHs Ha CeTKE Ha Hee He
IOTIa/IaeT HU OJHOTO JJIEKTPOHA, TAKMM 00pa3oM, N3MEHEHHE aHO/I-
HOTO TOKa MOYXHO OCYIIECTBIIATH C MUHHUMAJIBHBIM PAacXOIOM BXOJI-
HOW MOIIHOCTH.

OOBIYHO TPHOABI KMEIOT KaTOl M aHOM ITHIUHAPUIECKON (Hop-
MBI, a CETKa BBINOJHEHA B BUJE IIPOBOJIOYHON CIMPAIH, PACIONO-
JKEHHO# BOJIM3HM KaToza, KaK Mmoka3aHo Ha puc.7.6,a. Ha cBepxBbico-

91eKMpOo0 aHooa

QO «— aHOI
U30JIATOP

| ceTka I ceTka
L xaro
L — karon /] HaTon
- m |_HaKas
I U30JISTOp

\ A A A\

L A A

HHTH HaKaJa

9 DJIEKTPOJBIL:
| _/fBaKyyMHaﬂ HAKATA
Kornba KaTona
9]
Puc.7.6. Kouctpykuus
\ BaKyyMHOI'O0 TpHoOJa C
JOUDJICKTPUICCKas JJIEKTPOJaMH: a — LH-
cerku Haxd aHaHCJ‘IL JIMHAPUYECKUMH,

6 — ITIOCKMMU
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KHMX 9acTOTax MCHOIb3YIOT TPHOABI C IUIOCKOM reoMeTpHelt 31eKTpo-
noB (puc.7.6, 6).

Ha puc.7.7 npencraBieHsl OCHOBHBIE KOHCTPYKIIMM METaJUIU-
YeCKMX CEeTOK: IUIOCKasl, IMIMHApUYecKas, IJIocKas IUIeTeHas C
KBaIpaTHBIMU siUeiikaMu, IJIacTUHYaTas ¢ KPYrJIbIMA OTBEPCTUAMU U
cnMpaibHas ¢ TpaBep3aMu (OMOPHBIMH IITHIPHKAMH ).

/aB%I)I

I e

a o 8 2 0
Puc.7.7. OcHOBHbIE KOHCTPYKIIMH CETOK: @ — SKBUIUCTAHTHAs IJIOCKas CeT-
Ka, 0 — DKBHAWCTAHTHAs LWIMHAPHYECKAs CETKa, ¢ — IUIOCKas IIeTeHas
CeTKa C KBaJPaTHbIMU SYEHKaMH, 2 — IIACTUHYATAasl CeTKa C KPYIJIBIMU OT-
BEPCTUAMH, O — CIIMPaJIbHAs CEeTKa C TpaBep3aMHu (OMOPHBIMHU IITHIPHKAMH)

OcHoBHble BAX Tpuonma mpuBeneHbl Ha puc.7/.8,a u 6 — 310
npoxonHas (aHOIHO-CETOYHAs) W BBEIXOAHAS (aHOIHAS) XapaKTepH-
CTHKH.

i .

[T 4 EEREESNERERANE

——— — 35 - LI =| '__-I " i I
I=f(Y) I (V) % 0“7 18,7_ 28 35’ L
X /r /r _45)1

1] % N1/ yaRyaRny.
|2, =2,58r > Vi Y. A W 1

| | t=2008411 75 |- e N JARDARD 4 58
%U- / / p pd | ! A

?IME " 10 /] ;‘nﬁ_d7 // B [ —5:8
B e /) LA LA [l | LA Ll
Uﬂ'=m8 1/ P P /_( A)g
| 15 E d PARV.AD AV e
Ul J//, A | LA |1 _!.4’ 4’;/::«"“; _,.-’? ""':E_‘
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a o

Puc.7.8. BonbT-aMIiepHbIe XapaKTEpPUCTHKA BAKyyMHOTO TPUOAA: d — IPO-
XOHas (aHOMHO-CETOYHAs), 6 — BRIXOAHAS (aHOTHAS)
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C MMOMOIIBIO BOJIBT-aMIICPHBIX XAPAKTCPUCTUK MOKHO BBIYHC-
JINTh OCHOBHBIC TapaMETpPbl TpHUOda:

1) KPYTH3HY POXOHOMN XapaKTePUCTHKU
(a1, _ .
S = (aug> npu U, = const;
auy
2) mpoHUIaeMocTh D = — (W) npu I, = const;
a
d
3) K03 GUIMEHT YCHUITEHUS |4 = % =— (BZ“) npu I, = const;
g

d
4) BHyTpEeHHEE CONpPOTUBIICHNE R; = ( U“) npu Uy = const.

al,
B Tpuone m3MeHeHHE aHOIAHOTO TOKAa MOXET OBITh BBI3BAHO
HW3MEHEHHEM aHOAHOr0 HANPKEHUS WM CETOYHOIO HAMPSHKEHUS |

dl —(ala)du (2 4y
¢ \ou,/ 7% " \ay,) ¢

Ecnu obmiee n3amMeHeHne aHOIHOTO TOKa MMPUPABHATH K HYIIO U
pa3ienuTh YpaBHEHUE HA BEJIMYMHY U3MEHEHHUS HANPSDKEHUS CETKH,

TO IOIY4YUM
Oz(ala)_ au, N al, ’
aU,/ \aU, au,

OTCrOoaa
0 L2 +S
~ R, D
1 OKOHYATEIbHO CBA3b MEXKIY TPEMA OCHOBHBIMU ITapaMETpaMu:
S R;-D =1.

7.3. BakyyMHbIil TETPOI

s yBemnuenust ko3 du-

+U, | aHon LIMEHTA YCUIIEHHS TPUOJa L HEeoO-

yIpasJis- ‘U XOIMMO yMEHBIIATh €ro IPOHMIIA-

fomast 62 emocts D. Ilponunaemocts Baky-
OKpaHH- o

cetka —Ugy P oy  YMHOH JIAMITbI MOKHO YMEHBIIHTD,

0 Eﬁ};?(;u MIOMECTUB MEKIy YIpaBisiouiei

Hakai ~6.3B KaToJ,

Puc.7.9. CxemaTuueckoe u300-
pakeHHe BaKyyMHOTO TETPO/ia

CETKOM M aHOJIOM SKPaHHPYIOIIYIO
cerky. IlomyyaeM dYeThIpeXdIeK-
TPOAHYK  JIaMIly  —  TETPOJ
(puc.7.9).
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Ora jamMma uMeeT JBe ceTkd. llepBas ceTka pacnonoxeHa
OMIKe K KaTony M sIBiseTcs ynpasisomeid. Ha ynpasnstomiyro ceT-
Ky TETpoJa, KaK U B TPUOJE, OJAI0T OTPULIATENbHOE HANPSKEHUE —
Ug. Ha BTOpyro 3KpaHUpYIOIIYIO CETKY HOAAIOT IMOJOKUTEIBbHOE
Hanpspkenue Ug. Mexty sKpaHUpYIOIIEeH CEeTKOH U KaTo0M BO3HHU-
KaeT YCKOpSIIOILEee 3JIEKTPUUECKOE Noe Eyp,, HE U3MEHSIOIeeCs [IPU
VM3MEHEHUH HaIlpsDKEHUS Ha aHoze. DTO MO3BOJISET CHU3UTH MPOHHU-
aeMocTh (YBEIUYUTh KOX(PPHUIIMEHT YCHUIICHUS L) IPU COXPaHEHUH
OOJBIION KPYTU3HBI MIPOXOJHON XapaKTEPUCTUKH JIAMITBI, YTO B KO-
HEYHOM HTOT€ YBEIMYUBAET KOA(POUIMEHT YCWIIEHHS TETpoaa Mo
CPaBHEHUIO C TPUOJIOM MPU OJUHAKOBBIX aHOIHBIX HANPSHKEHUAX.

Ha puc.7.10 npuBeneHa BeIxonHas (aHOIHAS) XapaKTEPUCTHUKA
TETPOAa, TONydeHHas! NMPU MOCTOSHHOM MOJOKUTETFHOM HampsKe-
HUY Ha 3KpaHupymouen cerke Ug.

IIpu HyneBoM aHOX-

mAI,

HOM HamnpsHKeHWH (aHOM T
Upz=const

COEIMHEH C KaTOJIOM) JKpa- 7 L
HMpYIOIIasi CeTKa coOmpaer 4
NPaKTUYECKH BECh MPOTE- 6 1
Karomuil Tok | (Tox ympaB- 5 P
JSAOIIEH CETKH HHUYTOXHO / /T’ ~2
Maj) U aHOTHBIA TOK paBeH 4 l / 4 3
Hymo. Ilpu noBwlIEHUH 3l / v :
HaNpsKEHNs Ha aHOJIE TIPo- N~ ﬁf[’ / -4 '
TeKaNU TOK Tepepac- “j 5

-

MIpeaeNnseTcss MeXIy TOKOM 1 # 5
SKPaHUPYIOIIEH CETKU U —T | Uz )
aHOIHBIM TOKOM: | = | + L. ¢ 50 100 150 200 250 300 350 8

Yeemnuenne U, Bener k po-
cry |, m ymenbmeHuo |lg.
OnexTpoHsl, OoMOapmupy-
IOIME aHOJI, BEIOMBAIOT BTO-
PHYHBIC SJIEKTPOHBI. BTOPHYHBIE 3JIEKTPOHBI O0NAMAI0T MAJIOW KH-
HETUYECKOW dHEprhel 1 00pa3yroT 00beMHBIN 3apsa BOJU3U aHOJA.
Ecnu moreHnman sKpaHUpyrolield CeTKH OOoMbIle MOTEHIMANA aHO/a
(Ugp > U,), TO BO3HHKAET 3IICKTPHYECKOE II0JIE, HANPABICHHOE OT
SKpaHUPYIOLIE CETKH K aHOIYy E,gp, KOTOPOE NPUTATUBAET BTOPHY-
HBIE JJIEKTPOHBI K JKpaHHpYIIelH cerke. [loBbIIeHre aHOIHOTO

Puc.7.10. BeixonHas (aHOmHAsI) BOJBT-
aMIIepHasl XapaKTepPUCTHKA BaKyyMHO-
ro TEeTpoja
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HaNpsDKEHUS] TPUBOAUT K YBETMUEHHIO YHMCIa BTOPUYHBIX DIIEKTPO-
HOB, yBenuueHuto lg u ymensiienuro l,. B pesynsrate Ha BAX Ter-
poaa HaOmoAaeTcs MaJarollid y4acToK (AMHATPOHHBIN 3¢ddekT).
HpI/I z[aaneﬁmeM YBCIIMYCHUHN AaHOAHOI'O0 HAIMPsIKCHUA NOTCHIHAJ
aHoOJla CTAaHOBUTCS OOJIbIIIE TIOTEHIIMAIA SKpaHupyromei cetku (U, >
Ug), BTOPUYHBIC 3JIEKTPOHBI NMPUTATMBAIOTCS aHOIOM M aHOIHBIN
TOK BHa4daJI€ BO3PaCTacT, a 3aTCM BbIXOAUT B HACBIIICHUC.

7.4. BakyyMHbIil IEHTO]

st yeTpaHeHus BIUSHUS 00beMHOTO0 3apsiaa Ha BAX Terpoma
BOJIM3M aHOJA JOTONHUTENBHO Pa3MeNIaoT TPEThIO 3aIMUTHYIO CET-
Ky. CxeMaTHueckoe N300paKeHUe MOMYIHBIIEHCS TISITHAIEKTPOIHON
JIaMITbl — TIEHTOAa — mpeacTaBiaeHo Ha puc.7/.1l. Cerka, pacmono-
KeHHasi ONmKe K KaTomy,

3aIIUTHAS +U, | amon SIBJSIETCS  YIPABJISIIONICH, Ha
cetrka  Ug HEE MOTACTCS OTPHUIATEIIEHOE
yIIpaBsIowmast +Ug Hanpspkenue. [anee ciemyer
cetrka  —Ug 9KpaHHU- OKpanupyoomas CeTka, Ha
(Y] o pylomas ~ KOTOpPYIO TOJAHO MOJOXKH-

Hakan ~6.3B  ggqCCTKA TEJIbHOE HanpsiKeHUe,
MEHbIIIee 7805 paBHOE

Puc.7.11. Cxematudeckoe u300- HANPSOKCHUIO  HA  aHOJE.

pakeHHe BaKyyMHOr0 IIEHTOa DKpaHHpYIOL@si CeTKa Bbl-

HOJHSIET POJb YCKOPSIOLIETO
anekTpona. Ha aHom momaercst BBICOKOE ITOJIOKUTENBHOE HAIPsDKE-
Hue. Ha TpeTbro 3alIMTHYIO CETKy MOAIOT OTPULATENIbHOE (IO OT-
HOLICHUIO K aHOIY) HampspKeHHe. JJIst 3TOro 3aluTHYI0 CETKY MOX-
HO COCAMHUTH C KaTogoM. Mexay aHOJOM U 3alIUTHOU CETKOU BO3-
HHUKAET JJIEKTPHUYECKOe MoNe E,g3, KOTOPOE BO3BPAILAET BTOPUYHBIE
AMEKTPOHBI 00paTHO Ha aHox. [leHTOn MMeer Oombmiol Kod(dUIIH-
€HT YCWJIEHHS IO MOIIHOCTH IO CPaBHEHHUIO C TPHOAOM, Y HETO HET
MpoBaJia Ha aHOAHOW XapaKTEPUCTHUKE, XapaKTEPHOro i TETPona, U
710 U300pereHus: OUIOJIIPHOTO TPAH3UCTOPA OH MIMPOKO MPUMEHSIICS
JUISl YCUJIGHHS U TeHEPaLluy 3JIEKTPHUECKUX CUTHAJIOB.

BAX BakyymHOro meHTOAa NpuBeAeHH Ha puc.7/.12,a u 6.
CIUIOIIHBIMY JIMHUSIMU TTOKa3aHbl MPOXOAHas (aHOIHO-CETOYHast) U
BBIXOJHAs (aHOOHAs) XapaKTEPUCTUKHU; IYHKTHPHBIMU JIMHUSMHU —
3aBUCUMOCTb TOKAa JKpaHHUpYIOIleH ceTku lgp OoT HampsbkeHus Ha
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ynpassomei cerke Ug 1 3aBucumocts g ot U,. IIpencraBnenHbie
3aBUCHMOCTH TOJYYCHBI NPU PABEHCTBE YCKOPSIOIIUX HaMPsKCHUN
Ha aHoze M dkpanupytomeit cetke (U, = Uy = 170 B) u HyneBom
HalpsDKeHUH Ha 3auTHON cetke: Ugs = 0. U3 puc.7.12,6 BuaHO, uTO
BAX mneHTONa HE MMEIOT MpOBaJia aHOJHOTO TOKA, XapaKTEPHOI'O
JUIS TETPOJIa.

I 2 "
1 L I,
IlzargZ:f(UgT) MA Io:;Ig2=7c(ULz) —__Igz
Up=lUpp=7708 [ S Jp—
| & _9’ \\‘ - Ugﬁﬂ
({93_0 / L .
25 G
W Uyr=0 .
I \/ NI / \Pgmam
¢ 20 A ~18 4
/ § I W
/ N N
75 { \ Y
\ \ \\
10 ‘W(ZB\'[ > 28
¥ A S S~ \-.\
FET~/ 35 \\\
. —~ 5 e ——— —-38
/ - S i p—— 48
4_‘——"’ (gt Su S S—
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a o

Puc.7.12. BAX BakyyMHOI'0 IIEHTO/A: @ — MPOXO/HAs, 6 — BBIXOIHAS
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PABOTA Ne9

JABMWKEHUE 3APAKEHHbBIX YACTHUL B
I'A3AX

8.1. BBenenue

T'a30BBIil pa3psl — COBOKYIHOCTh MHPOLIECCOB, BO3HMKAIOIIUX
MIpH TPOTEKAHUU JIEKTPUYECKOr'0 TOKA Yepe3 BEIecTBO, HaXoaslle-
ecs B razoo0pa3HoM cocTostHud. OOBIYHO Ta30BBIA paspsisi CTaHO-
BUTCS BO3MOXHBIM TOJBKO TMOCJTE JTOCTATOYHOW HMOHHM3AIMH Taza U
o0pazoBaHus TuIa3Mbl. MOHU3aMs IPOUCXOMUT 3a CUET CTOJIKHOBE-
HHUM 3JIEKTPOHOB, YCKOPEHHBIX 3JIEKTPOMATHUTHBIM IIOJIEM, C aTOMa-
Mu raza. [Ipu sToM B mpoliecce MOHH3AIUM O00pPa3ylOTCs HOBBIE
OJICKTPOHBI, KOTOPBIC TOXKE IIOCJIC YCKOPCHUA HAYMHAIOT Y4aCTBO-
BaTh B COYAapC€HUAX C aTOMaMH, BbI3bIBasd UX MOHH3AIUIO. 21.]'[51 BO3-
HUKHOBEHHMsI U TOJJIEPIKAHUS Ta30BOr0 paspsijia Tpedyercs Haluuue
3IEKTPUYECKOT0 MO, TaK KaK ra3opa3psiiHas rmia3Ma MOXeT CyIe-
CTBOBaTbh, €CIIH DJIEKTPOHBI MPUOOPETAIOT BO BHEIIHEM IOJIE JHEP-
THIO, JOCTATOYHYIO JUIS MOHU3AIUK aTOMOB, W KOJIHYECTBO 00pa3o-
BaHHBIX HOHOB HE MEHBIIIE YHCIIa PEKOMOMHUPOBABIIINX HOHOB.

T'a3oBbIi pa3psan sBIAETCA METOAOM IOJYYEHUs Ta3opa3psii-
HO# mra3mel. Takas mia3Ma o0agaer psSaoM YHHKAIBHBIX CBOWCTB,
41O ompenenser e¢ 3p(GEeKTUBHOES HCIOIb30BaHUE B (DU3UYCCKOM
IKCIIEPUMEHTE, B Ta30pa3psAHBIX AJIEKTPOHHBIX MPUOOpaxX, BayKHEH-
VMY THITAMH KOTOPBIX SIBIIIOTCS Ta30pa3psAHbIE HCTOYHUKA CBETa
Y Ta30pa3psIHbIC JTa3ephl, a TAKXKE B MOHHOW TEXHOJOTHUHU JJISI MHK-
POAJIEKTPOHHUKH: HOHHOM PAaCHbUICHUH MaTepuajoB IS TONTYYeHUS
TOHKHUX IJICHOK, HOHHOM TPaBIICHWH ISl TIONYYEHUSI aTOMAapHO YH-
CTBIX ITOBEPXHOCTEU U JIp.

B kuHeTHYEeCKOH TeopuH ra3oB OOBSICHEHHE Ta30BhIX 3aKOHOB
CTPOUTCS B MPUOIMKEHUH, YTO MOJEKYJBI Ta3a MPENCTABISIIOT CO-
00l He WMeEIoIIUe CTPYKTYpHI YIPYrHe IIapUKH, B3aNMOICHCTBUE
MEXKIy KOTOPBIMHA OTCYTCTBYET, 32 HCKIFOUEHHEM T€X MOMEHTOB,
KOTJ]a OHU MPUOIMKAIOTCS IPYT K JPYTy HAa OYeHb Mallble PacCTos-
HUs. DTO TO3BOJISIET OMUCATHh JBMKEHUE MOJIEKYI rasa, MCIIONb3Ys
KJIACCHYECKHEe 3aKOHBI MEXaHUKH JIJIs ynpyroro yaapa. OgHako ass
OO0BSICHEHNsI MHOTOOOPa3HBIX IMPOIECCOB, MPOTEKAIOMINX TPU Ta30-
BBIX pa3psiax, He0OOXOAUMO yYeCTh UX BHYTPEHHIOK CTPYKTypy. B
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РАБОТА №9


npubimkeHnn Teopud bopa ymaercs maTh KayecTBEHHOE OOBSCHeE-
HUE OONBIIMHCTBY HAOMIONAEMBIX SBICHHWH, a HEKOTOpPBIE M3 HHX
OIKCaTh M KOMUYECTBEHHO. Mcrmonb3oBaHHE BOITHOBOW MEXaHUKHU
MO3BOJISIET KOJIMYECTBEHHO OIHKCATh IPOLECCH], MPOUCXOAAIINE B
ra3oBOM pa3psje, OJHAKO 3TO AOCTaTOYHO CIIOXKHAas Ipouenypa u
BBIXO/IUT 332 PAMKH HACTOSIIIEH TEMBI.

8.2. 3.11eMeHTapH1)1e Mpoueccnl B ra30paspmm0171 ImnJjiasme

CroxxHbIE MPOIIECCHI, MPOUCXOJISINNE B TA30BOM paspsiie, CBO-
JITCS K HEOOJBIIIOMY YHCITY 3JIEMEHTAPHBIX MPOIECCOB, B KOTOPHIX
MPUHUMAIOT YIacCTHE HECKOIBKO YaCTHIl, OOBIYHO 23, WU YaCTHUIIA
u ¢doroH (puc.8.1).

(DIIeMEHTapHBIN Mpolecc

« AW

0e3 U3MEHEeHus 3apsaa C U3MEHEHHNEM 3apsia
CTOJIKHO- [oryomeHre | [monmsamus | [pekoMbuHa- | |mepenons-
BEHNE (boToHa st pu3ars

VAR Y N\

yIIpyroe HEYIIpYroe + HOH |[- HOH

N

|oz[H0KpaTHLH71| |MH0r01<paTHbH”4 |

Puc.8.1. Kiraccugukanust 2eMeHTapHbIX IIPOIIECCOB B TAa30BOM pa3psijie

[lepenaua sHeprum B ra30BOM pas3psane OOBIMHO MPOUCXOJUT B
pe3ynbrarte:

1) cronKHOBEHUWs] HEHTPalbHBIX HWIIM 3apSHKCHHBIX YaCTHIL
MEKAY COO0M MM € 3JEKTPOAAMH U CTEHKAMH COCY1a;

2) NOTJIOIIEHHUS KBAHTOB U3JTy4YEHHS.

3apspKeHHbIE YaCTUIBI MOTYT U3MEHHUTH CBOIO SHEPTHIO 33 CUET
YCKOPEHHSI MJIM TOPMOXEHHSI B JIEKTpUUEcKuX moisix. Hecrammo-
HapHbIE MarHUTHBIC IOJISI TaKK€ MOIYT U3MEHHWTH SHEPTHIO 3apsi-
XKeHHbIX vacTull. CyIecTBYIOT W JApYrHe MEXaHU3MBbl Iepenaqu
SHEPruM, HApUMeEp, B PE3yJIbTaTe XUMHUUYECKUX PEaKLUH WM sSAep-
HBIX NIPEBPAILECHUH.
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8.2.1. Duepzemuueckuii 6ananc npu ynpyzom u Heynpyzom yoapax

AOCONIOTHO yNpyruii ymap — coyJapeHue OBYX Tel, Bciel-
CTBHE KOTOPOTO B 000OMX TeNax He OCTaeTcsi HUKaKuX Jedopmaruid,
a BCA KMHETHUYeCKasi JHEprus TN 0 CTOIKHOBEHHUS MpEBpaIaercs B
KMHETHYECKYI0 SHEPTHIO TeJl Iociie CTOJKHOBEHHs. B pesynbrare
CTOJIKHOBEHWH MPOMCXOAUT 3aMe/JICHHE JBHKEHHUSI OUCHb OBICTPBIX
YacTUIl U YCKOPEHHE OU€Hb MEIUIEHHBIX. JTO MPUBOAUT IMPHU OTCYT-
CTBUH BHEIIHUX BO3JIEHCTBUN K YCTAHOBJIEHUIO TEPMOIUHAMUYIECK O-
r'O paBHOBecHs B Taze. MakcuMaibHas repefada dHepriuu Habro1a-
ercsi MpH UEHTPaJbHOM coynapeHun (MpsSMoi yaap wiu j1000BOe
CTOJTKHOBEHHE) YaCTWIl, MUHUMAaJbHas (MIPAKTUYECKU HYyJEBas) —
MIpY TaHTEHIIMAIBFHOM YAape, NMPU CTOJKHOBEHHH IIOJ] TPOH3BOJIb-
HBIM YTJIOM (KOCOW ynap) MPOMCXOMWT YacTHYHAs Tepeaada dHep-
THH.

[Ipu ynpyrom cTOITKHOBEHHH BBITOIHSIOTCS 3aKOHBI COXpaHe-
HUS UMITYJIbCa U YHEPTUU:

ml_v_l) + mz_v—z) = ‘ml_v—f + mz_’lz, (81)
2 2 12 12
mqv m-ov mqv m-ov
1¥1 + 2V2 — 1Y1 + 2V2 ) (82)
2 2 2 2

rJie My 01, v — Macca U CKOPOCTH TIEPBOI YACTHIIBI IO U TIOCIIE yia-
pa, a My, vy, v;' — COOTBETCTBYIOIIME BEIUMYUHBI JUISI BTOPOM YacTH-
IBL.

Ha pwuc.8.2,a paccMoTpeH dYacTHBIA Ciy4ail MpsSMOro ymapa
pu v = 0. Ilocne ymapa ckopocTu mepBoi U BTOpOH dactuil Oyaer

paBHBL:
m; —mp
= (), o
my +m,
, 2my 8.4)
vy =——v, )
2T my+m, Y
—@Q —Q
my Uy my, v
vy omy  my, Uy m; +m, v
a 6

Puc.8.2. Ipsimoit yaap: a — abCoMOTHO yrpyTHii, 6 — aOCONMIOTHO HEYNIPYTHH
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OTHOIIICHN e SHEPTHH TIEPBO YACTHIIBI JI0 M TIOCITE COYIapCHUS .
wy m; —mq)2
w, <m2 + ml) ’
Ecau my >> my, 10 01’ = —01, a 0’ = 0, JIErKas YacTHUIA OTIIETAET
/

Wi
Hazand, a TsKCIasd OCTaCTCA MPAaKTUYCCKU Ha MECTC, Wl =1mu IoTeps
1

(8.5)

9HEPI'HH MEPBOM YaCTHUIICH OYCHb MaJa.

ITpy CTOJKHOBEHHMM YACTHI[ C OJMHAKOBOM Maccoi (Mp = m,)
CKOPOCTH YaCTHII IIOCJI€ CTOTKHOBEHMsI TTproOpeTaroT Bua vy = 0, a
02 = 01 M TPOUCXOJMT TOJHAS Neperada KHHETHYECKOW DHEPIUu:
WlI =0mu WzI = Wl.

VYiap Ha3bplBaeTCs HEYNPYrHM €CIIM KUHEYH4ecKas dHErpus
CTAJIKUBABIOIINXCSA YACTHIL MTOTHOCTHIO MIIM YaCTHYHO MEPEXOIUT B
IOpYTHe BUIBI DHEPTMH (BHYTPEHHIOK JHETPHIO CTAIKHBAIOIIAXCS
vactun), (puc.8.2,6). B 3T0oM ciiydae 3aKOHBI COXpaHEHHS HMITYJIbCa
W DHEPTHH TIPUHUMATOT BUT

m1U1 + mzvz = (‘m1 + mz)vé; (86)
myv? muvi  (my+m,y)vi?
121 122=(122)2+W, 8.7)

rae W — u3MeHeHne BHYTpEeHHEH dHepruu cuctemsl. M3 ypaBHEeHUH
(8.6) u (8.7) MOXKHO HaliTH BETUUNHY
_ mym, (v — v,)?
o 2(my +my)
Ecmu BTOpas wactuma mokoutes (v, = 0), To mpu M, >> my
MPAKTHYECKH BCS KMHETHYECKAsh SHEPTUsl HAJICTAIOIICH JIErKoi da-
CTHUIIBI TIpeoOpa3yercsi B JPyrue BUbI YHEPTHH, a MPU PABCHCTBE
macc (My=m,) mpeobpasyercs TOIBKO TOJOBUHA KHHETHYECKOU
SHEPrUy HaJeTarolIed YaCTULBL.

w (8.8)

8.2.2. Dppexmuenoe ceuenue pacceanusn

OddexkTrBHOE ceueHrEe paccessHUS — 3TO (PU3NYECKasT BEITHIH-
Ha, XapaKTepHU3YIoNas BEPOATHOCTh IEPEX0/ia CUCTEMBI JIBYyX B3aH-
MOZICHCTBYIOIIMX YacCTUI] B ONpPEAEIEHHOE KOHEYHOE COCTOSIHUE.
D¢ ¢exTuBHOE ceueHNe OnpeAessiercss KaKk OTHOIIECHHE YHCiIa B3au-
mozeiictuit AN ¢ 3alaHHBIMH TTapaMeTpaMH B €IHHHUILY BPEMEHH K
IUIOTHOCTH MOTOKA YACTHII |, aJAIOIINX HA MUIIICHB:
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do =—. (8.9)
J
D¢ dexTHBHOE CEUeHNE G UMEET Pa3MEPHOCTH TLIOIA TH.

[Nonsitrie 3 ¢deKTUBHOrO ceueHus ynoOHO HCIONB30BaTh IS
XapaKTCPUCTHUKU DJICMCHTAPHBIX IIPOLECCCOB B3aHMOILCﬁCTBHH qa-
CTHII B Ta3ax. B aTom cinydyae OomOapaupyroliasi 4acTHIla paccMaT-
puBaercs Kak TodeyHas, a OoMOapaupyeMas 3aMeHseTCsl OOJbIIeh
YaCTHIICH C TUIOMIA/BI0 MOIEPEYHOr0 CEUCHUsI G, KaK MOKa3aHO Ha

8.3. K -
puc QXKJIOMY dJIEMEH

TapHOMY TIPOIECCY B3aUMO-

JIEUCTBUS COOTBETCTBYET .

CBOsI BemU4MHA 3 (EKTHBHO-

TO CCHCHWS, HAlIPUMEP: G1 —  puc g3 JdeKTHBHOE CceueHHE

a3 ekTUBHOE cedeHue Tpsi-
Moro ynapa, 6, — 3pdexrus-
HOE CEYCHHME KOCOro yjiapa, o3 — 3Q(PEeKTHBHOE CeUeHHUE TaHTCHI[U-
aJIbHOIO yaapa, 64 — 3 (HEKTUBHOE CEUCHHME HEYIPYroro yaapa 1 T..I.
CymMa oT/ienbHBIX 3()(EKTUBHBIX CEUCHHH Ha3bIBACTCS I1OJI-

HBIM 2 (HEKTUBHBIM CCUCHUEM PACCESHUS:
o=oc1+o,+o3+os+... (8.10)

paccesiHusI

8.2.3. Dnexmponno-amomuvle CmoIKHOBEHUA

Heymipyrue »1eKTpOHHO-aTOMHBIE CTOJKHOBEHHS MOTYT TIPH-
BECTH K BO30Y)KIEHUIO WM WOHHM3AIMK HEUTpalpHOro atoma. llpm
3TOM artoMy HeoOxommmo coodmmth sHepruto W > qU,, nm
W >qU;, rme Ue 1 Ui — COOTBETCTBEHHO MOTEHITHATIBI BO3OYKICHUS
M MOHHU3AIHH.

MOoyKHO paccunTaTh, KaKOM dHEpruel JODKHA 00NaaaTh Haje-
TaIas Ha aToOM YacTHIIA, YTOOBI MMPOM3OIIIA Imepenada HeoOXou-
MO 3HEepruu atomy. VicxomHast 3HepTHs MOYTH TTOTHOCTHIO UIET Ha
BO30YX/IEHHE MM MOHU3AIMIO aTOMa TPU HEYIIPYTrOM yAape B CIy-
yae, Korjga Macca HajeTarolleld YacTHI[bI MHOI'O MEHBIIIE MAcChl aTo-
Ma. DTO COOTBETCTBYET CIIy4al0 3JEKTPOHHO-ATOMHOI'0 HEYIPYToro
CTOJIKHOBEHHUS, KOTJa aTOM IPaKTHYECKH HEIOJIBIDKEH B Jiabopa-
TOPHOH CHCTEMEe KOOPIUHAT.

Ha pwuc.8.4 npuBeneH kauecTBEHHBIH BUJ CEYSHUN BO30YXKIle-
HUS (Opos5.0n) U MOHH3AIHH (Gyyon.55) JUTS CTOJIKHOBEHHUS DJICKTPOHOB C

169


http://ru.wikipedia.org/wiki/%D0%A0%D0%B0%D0%B7%D0%BC%D0%B5%D1%80%D0%BD%D0%BE%D1%81%D1%82%D1%8C_%D1%84%D0%B8%D0%B7%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%BE%D0%B9_%D0%B2%D0%B5%D0%BB%D0%B8%D1%87%D0%B8%D0%BD%D1%8B
http://ru.wikipedia.org/wiki/%D0%9F%D0%BB%D0%BE%D1%89%D0%B0%D0%B4%D1%8C
Free Hand


c A

qUnm().. 2qU3036.. qum.. 2qUIAOH. W

Puc.8.4. 3aBucumocTu cedeHuit BO30OYKICHNS U HOHU3AIMU OT SHEp-
T GOMOAPUPYIOIIEH YACTHIIBI TS SJIEKTPOHA: | — Gposg.n = F(W),
2 — Ouonon. = f(W), AJIsT MOHA! 3 — Opo36.10m.— f(W), 4 — Ouon.non. — f(W)

atoMaMu. U3 pucyHKa BHUIHO, Y9TO TOKa SHEPTHUS AJIEKTPOHA HE J10-
CTHTJIa DHEPTUH, COOTBETCTBYIOIIEH MEPBOMY PE30HAHCHOMY YpPOB-
HIO TIOTJIOIICHWSI SHEPTHH, BO3MOXKHO JIUIIb YIPYroe COoyAapeHHe.
[locne Toro kak SHEpPrusl HAJIETAIOMIETO 3JEKTPOHA MPEBBICUT IIO-
TeHIan Bo3OYXKIeHUS (U,o6, BEPOSTHOCTH BO30OYKICHUS PE3KO
Bo3pacTaeT (yBEIMYMBACTCS CEUCHHE pPACCETHHAS BO30YXKICHUS
Opos6on), @ 3aTEM IPU JalbHEHIIEM YBEIMYCHHUH SHEPIHU CHOBA
cHIkaercs (kpuBast 1). T0 0OBACHSAETCS TEM, YTO P yBETUICHUN
KHHETUYECKOH 2HEPTHH BO3PACTAE€T CKOPOCTH JJIEKTPOHA, a BPeMs
B3aMMOJICHCTBUS COKpaIIaeTcs. AHAIOTUYHO OOBSICHSIETCS XOI KpH-
BOM 2, COOTBETCTBYIOLLECH M3MEHEHUIO CEUEHUS PACCESIHHS] MOHMU3A-
AN DIIEKTPOHOM Gyiopr. o1

8.2.4. CmonkHnogeHUA UOHOG C HEHMPATIbHBIMU AMOMAMU

OOBIYHO WOHBI M HEHTpaNbHBIE aTOMBI OONAJAIOT TPUMEPHO
paBHBIMHU MaccaMu (M; =~ M,). [TosTOMy B Clly4ae HEyNnpyroro CTOJK-
HOBEHHsI He 0oyiee MOJOBUHBI DHEPTUH MOHA MOXKET TMONTH Ha BO3-
OyXKJCHUE WM HOHM3ANUI0 HEeHUTpaibHOro atoma. IIpu 3TOM HOH
JNOJDKEH 00NamaTh KHHETHYECKOW »JHepruell Juis BO30YKICHUS
2qU;06 1 normzarmu 29U, aTOMa, IPUMEPHO B JiBa pa3a OOIbIIeH,
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MO0 CPaBHEHHUIO C DSHEPIUsAMHU BO3OYKACHUS W HOHHU3AIUM aToMa
OBICTPBIM 3JICKTPOHOM. 3aBUCHMOCTH CEUCHHUS PacCesHUsl BO30YXK-
JCHUS (Opos6.u0n.) U HOHUBAIMH (Oyon non,) TIPU CTOIKHOBEHUH MOHOB C
aToOMaMU MpUBEIEHBI Ha puc.8.4 KpuBble 3 U 4 COOTBETCBEHHO.

Crnenyer OTMETUTh, YTO CKOPOCTH TSDKENBIX YACTHIl M, COOT-
BETCTBEHHO, KHHETHUYECKHE YHEPTUH B raze oObIYHO Heenuku. [lo-
3TOMY MPOILIECC MOHU3ALMU MPHU CTOJIKHOBEHUHU TSKENBIX YacCTHI[ B
ra30BOM pa3psijie He UTPAET CYLECTBEHHOH POJIH.

8.2.5. Cmonknosenusn HempanvHblx wacmuy

Honunzanus, BO3HUKArOUIAs INPU COYJIAPEHMSIX HEHUTPAJIbHBIX
YacTHUIl B razax, CTAaHOBUTCSI 3aMETHOM IIPY OYEHb BBICOKMX TEMIIE-

parypax.
8.2.6. Honusupyrowee oeiicmeue ghomonos

UToOBI KBaHT CBETa MOT MOHU3UPOBATH HEUTPAIBHBIN aTOM,

€ro PHEeprus JoKHA OBITh
hv > qU;. (8.11)
I'panmunas momHA BONHBI (KpacHas rpaHuma ¢orodddekra)

OIIPENEIAETCS U3 YCIOBHS
c ch 1235

Ao vo qU;i U;
rae U; — moTeHIMan HOHU3alUKA B BOJIbTaX.
A IIpu ocBelenun raza cpe-
TOM C Pa3INYHBIMA JUTHHAMH
BonH (prc.8.5) MakcHMaabHas
BEPOSATHOCTH  (POTOMOHU3AITHN
HaOMIOJaeTcss Ha UIMHE BOJIHBI
Ao, 3IeCh HMEET MECTO pe3o-
N\ > HaHCHOE Torjomenne. Peso-
A3 A2 AB1 Mo A HAaHCHBIE MAaKCUMYMBI Ha KpH-
BOM MpU A > Xy COBMAIAIOT C
MOTEHI[MATaMH  BO30YXIEHHBIX
COCTOSIHMI aTOMOB M OIpeJie-
JISTFOTCS YpaBHEHUEM
hv > qUsg, (8.13)
rae Ug — moteHman Bo30yXIeH!s aToMa.

[HM], (8.12)

Puc.8.5. 3aBucuMOCTH CeYeHHUN
BO30YX/IEHHST ¥ HWOHH3AIUH OT
JUTUHBI BOJHBI (DOTOHA
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8.2.7. Oébpazosanue ompuyamenbHbIX UOHOB

Ecnu amekTpoH BeTpeyaercs ¢ HEHTpaldbHBIM aTOMOM, TO CY-
IIECTBYET 3aBUCAIINAS OT SHEPTHM 3JICKTPOHA U CBOWCTB ras3a Bepo-
SITHOCTh TOTO, YTO 3JIEKTPOH “‘mpuiumnaer” K aroMy. Cxema B3auMo-
JICHCTBHS 3aIMCHIBACTCS B BUIC

Atom + anextpon + W,, = orpunartensubiit non + Wy, +W,;, (8.14)
3nech W,,; — KuHeTH4eckas sHeprus 3ekrpona, Wy, — paboTta BbIXO-
na snektpona u3 aroma. DHeprus Wy + W, BeifensieTcss B BUe us-
Jy9deHUsI.

OO0pa3oBaHue OTPHUIIATEILHBIX HOHOB HE MPUBOIUT K M3MEHE-
HUIO YHCIIa HOCUTENe! 3apsiia, OJJHAKO CYIIECTBEHHO MEHSET Xapak-
Tep B3aUMOJICHCTBUS 3apsKCHHOM YaCTHUIIBI BCJCICTBUE CYIIECTBEH-
HOTO M3MEHEHHUS €€ MOJBUIKHOCTH (YMEHBIIECHHS OT BBICOKOH II0-
JBUKHOCTH JIETKOTO 3JICKTPOHA JI0 HU3KOH MOJBMIKHOCTH TSDKEIOI0
OTPHIIATENHHO 3aPSHKEHHOTO MOHA).

B razoBom paspsiae BeposSTHOCTh 00pa30BaHUS OTPUIIATEILHBIX
noHOB HeBenmrka. OOpa3oBaHUE OTPUIIATEIBHBIX MOHOB MOXKET TP O-
SIBIIATHCS TIPU BBICOKOM JIaBJICHWU Ta30B. 3aXBaT 3JIEKTPOHOB aTo-
MaMH MeIIaeT CYIIeCTBEHHOMY (IO SHEPTH MOHM3AIINN) YCKOpe-
HUIO DJIEKTPOHOB, YTO TOBBIIIAET SJIEKTPUIECKYIO TPOTHOCTH ra30B.

8.3. DJIeKTPOHHO-MOHHAS PEKOMOMHAIIUS

Hawnbomnee mpocTsiM BHIOM PEKOMOWHAIINU SIBISIETCS B3aUMO-
JECTBHE DIIEKTPOHA W ITOJIOKUTENHHO 3apsHKEHHOTO HWOHA, B pe-
3yJbTaTe KOTOPOro 00pa3yeTcsl HeUTPaTbHBIA aTOM WJIH MOJIEKYIIa, a
KHHETUYECKass dHEPTHsl W SHEPTrHsl NOHHW3AINH BBIZCISETCS B BHIE
SHEPTHH CBETOBHIX KBAHTOB!

m
hv = > +qU;. (8.15)

BosMokHa Takxke cTyrmeHdarass peKOMOMHAIVS, TPH KOTOpoi oOpa-
30BaBIIHIiCS BO30YKICHHBIN HEUTPAbHBIA aTOM CHadalla M3Iydaer
KBaHT SHEPTUU

mv
hv = > +q(U; —U,) (8.16)

1 OKa3bIBACTCA B BO36y)K,I[€HHOM COCTOAHHUHU, a 3aTCM IICPCXOAUT B
OCHOBHO€ COCTOAHHUE, OTAaBas I/I36I:ITOLIHYIO OHCPIHUIO B BU/JC q)OTO-
Ha
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hv = qU,. (8.17)

OHeprusi peKOMOWHAIIMU MOXKET OBITh 3aTpadyeHa Ha JUCCOIIH-
alrro MOHeKy.HLI HNJIN BBI3BATH XI/IMI/I‘-ICCKYIO pCaKHI/IIO.

BeposiTHOCTH OnMcaHHON 3IEKTPOHHO-MOHHON pEeKOMOHHAINH
HCBCJIIMKA, T.K. BpCMSI B3aI/IMOI[CI>'ICTBH$I MaJIO BCJIICACTBHUEC BI)ICOKOI‘/'I
CKOPOCTH DJIEKTpoHa. J[Js MEIJIEHHBIX SJEKTPOHOB BEPOSTHOCTH
PEKOMOMHAIH BO3PACTAET.

[Tpu GoNbIIMX KOHIICHTPALMIX YaCTHUI] B Ta3¢ MOXKET IMPOUCXO-
JUTh TPEX4YaCTUYHOE B3aumojeicTBue. [Ipu 3ToM BO3MOXHa Oe3u3-
JiydaTelibHas PEKOMOWHAIIUS, @ BBIICISIOMIASACS SHEPTUs MEPEXOTUT
B KHHETHYECKYIO SHEPTUIO YaCTHII.

8.4. PexoMOuHaUs1 HA IOBEPXHOCTH

[Ipu HeOonpIIMX 00beMax M HEOONBIIMX JABJICHUSAX PEIIai0-
LIYIO POJIb B HEUTpaM3alUK 3apSyKEHHBIX YaCTULl UTPAIOT 3JIEKTPO-
OBl ¥ CTEHKH COCyJa. DJIEKTPOHBI, OOMOapAMpyIONIHEe MeTajuTide-
CKHUI aHOJI, MONAaJIal0T B MOTEHIMAJIbHYIO sIMy aHoja. BepoaTHOCTH
PEKOMOMHAIM MOHOB ¥ DJIEKTPOHOB BO3PACTAET OKOJO CTEHOK, K-
Jla OHU TIPUXOJST B pe3ynbrate auddy3un. [TonoxutensHbId HOH,
JOCTHTas TIOBEPXHOCTH KaTO/a, CO3JIAeT OKOJIO HEro CBOE pacrpese-
JIEHUE TIOTEHIINAJIa, KaK ITOKa3aHo Ha puc.8.6.

W 40 VpoBHH  3HEprHU
W, A B JJIEKTPOHOB B MeTaie
1 MOTYT COBIIAJIaTh C pPas-

I wy — PEIIEHHBIMHU, HO HE 3aH-

é — THIMU 3JIEKTPOHAMU
B YPOBHSAMH YHEPTHU HOHA.
AW IIpu >TOM >JIEKTPOH Me-
o-N ____v slo| w. Tamma MOXeET 3a cYer
TYHHENTBHOTO ~ Tepexona

3aHATh CBOOOIHBIN ypoO-
: BEHb B HOHE. B pe3yinb-
\v TaTe 3TOrO WOH TOKUHET

We

MOBEPXHOCTb ~ MeTajula
KaTon HOH y>K€ B BHJI€ HEHUTpalbHO-
ro aromMa, BO3MOXHO,

Puc.8.6.30HHas muarpamma mporecca

N BO30Y>KIEHHOTO. [pu
HEUTpAJIM3alu HOHA

nepexoac B OCHOBHOC
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COCTOSIHME aTOM M3llydaeT (OTOH, Wi (DOHOH (€Cau OH HAXOIUTCS
Ha TIOBEPXHOCTU METaJlIa), SJHEPTUU KOTOPBIX MOXET OKa3aThCs JIO-
CTaTOYHO ISl BRIOMBAHMsI BTOPUYHOT'O 3JICKTPOHA U3 METaJljIa.

8.5. /IBu:keHMe 3aPSIKEHHBIX YaCTHI

Bo3HNKHOBEHHE MMOTOKA 3apsDKEHHBIX YacTHI] B TazaX MPOUC-
XO/IUT 3a CUET ABYX MEXaHM3MOB: Jpeiida moj AeHCTBUEM 3JIEKTPH-
YeCcKOro noist U JudQy3uu 3a cueT TpajineHTa KOHIICHTPAIUH 3apsi-
JKEHHBIX 4acTull. B pe3ynbTaTe IIOTHOCTH 3JIEKTPOHHOTO H HOHHOT'O
TOKOB OyIyT CKJIQ/IBIBATHCA U3 JIBYX HJICHOB!

] = qneyeE + gqD.gradn,, (8.18)

] = qnlulE qD;gradn;, (8.19)
rae Ne ¥ Nj — KOHIIEHTPAIHH, [l U L — TOABWKHOCTH, D, 1 Dj — K0-
3¢ dunHeHTH TUPPY3UH FITEKTPOHOB ¥ HOHOB.

B cBsi3u ¢ GONBIIMM pa3innyreM Macc 3JIEKTPOHOB M MOHOB MX
MOJBMKHOCTH M KO3QQUIIMEHTHI TUPPY3UU CHIBHO Pa3INYaIOTCS.
[ToaBM>KHOCTD 3JIEKTPOHOB YOBIBACT C YBEIMYEHHUEM HAIPSIKEHHO-
CTH DJIEKTPUIECKOTO 110y E!

1
~—, 8.20
lle \/E ( )
a IIOABHU>KHOCTh HOHOB BOSpaCTaeT:
pi~E. (8.21)

Baxnyro pomp B Ta30BOM paspsae Wrpaer aMOWIIONsIpHAas
mudy3us — coBMecTHBIH UMD Y3NOHHBIA TTEPEHOC IEKTPOHOB U
VMOHOB B HAIlpaBIICHUH YMEHBIIEHNUA WX KOHIIEHTPAIWHU, TPH KOTO-
POM B Ka)KIOW TOYKE 00BheMa IIa3Mbl DJICKTPOHHBIM W MOHHBIN ITO-
TOKH paBHEI. [Ipenmnonokum, 9To B Ta30BOM IPOMEKYTKE ITOCTOSHHO
BO3HUKAIOT JJIEKTPOHBI W WOHBL OHH IUPPYHAMPYIOT K CTEHKAM
cocypa, TJie MPOUCXOANT WX pekoMOmHanws. Ho mockonsky B Hadane
paspsiga SIEKTPOHBI UMEIOT OONBIIYI CKOpocTh muddysnu, oHU
MIEPBBIMU JOCTUTAIOT CTEHOK COCYZa, KOTOPhIE CYUTAIOTCS HEMPOBO-
nsamyMy. CTalmoHApHOE COCTOSHUE YCTAHABIMBAETCS TOT/A, KOTIa
TOK 3JIEKTPOHOB, TEKyIIWH B 0Opa30BaBIIEMCS] TOPMO3SIIEM IIOJIE,
CTaHET PaBHBIM TOKYy MOHOB, YCKOPSIEMBIX ITHM e moineM. Torma
CyMMapHasl CHJia Toka paBHa Hymo. [Ipenmonaraem, 4To KOHIIEHTpa-
MY DJIEKTPOHOB M MOHOB PABHBI: Ne = Nj = N, XOTS MPAKTHYECKU OHH
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HEMHOTO pa3iIuyaroTcs (MHaYe He BOSHUKIIO OBl JIEKTPUYECKOTO TOo-
ns1). [Ipu aTom

- -

L=l (8.22)
Je = qnu.E + qDgradn, (8.23)
Ji = qnu;E — qD;gradn. (8.24)
Ortcrona cnenyer
> 5 ; Do + ueD;
Je=—Ji= q%gradn = qD,gradn, (8.25)
ite

BenmmunHy D, HazpBatoT kodddunmentom amobunonspHoit nuddy-
3UH.

8.6. OcHoBHBIE YpaBHEeHMSA Ia30BOro paspsaia

["a30BBIi pa3paa MOXKET OBITh MOJTHOCTHIO OIKMCAH B TOM CITY-
Yae, ecii BCE BEJIMUMHBI, €0 XapaKTepu3yIollue, 3a1IaHbl Kak QyHK-
MW KOOPJAWHAT W BpEMEHW. OTUMH BenWYMHamu sBisrorces U,
- > -
E,n.,n;, /.1 J;. Oau MoryT OBITH paccCUMTaHBI HA OCHOBaHWH ypaB-
HEHU:

E= —gradU, (8.26)
divE = si(ni —N,). (8.27)
0

3areM cliiemyeT BOCIOJIB30BAThCS YPABHEHUSMH VISl TUIOTHO-
CTeil 3IIEKTPOHHOro 1 HOHHOro ToKoB (8.18) u (8.19):

]f = qneue_)f + qD.gradn,, (8.28)
Ji = qryE — qD;gradn;. (8.29)
VYpaBHEHHE COXpaHEHHS 3apsiaa UMEET BH
. dp
div] + —=0. 8.30
iv] + = (8:30)

[InoTHOCTE 3apsama p B 3aJaHHON 00JacTH MPOCTPAHCTBA MO-
KeT U3MEHATHCS, €CIIM TOK BTEKAeT MM BBITEKAeT U3 ITOM 00JACTH.
Ecnu a51eKTpoHBI 1 HOHBI paccMaTpUBATh 110 OTAEIBHOCTH, TO U3Me-
HEHHE BO BPEMEHHM UX KOHLEHTPAaIMi MOXKET OBbITh CIEACTBUEM HIIU
MPOTEKAHUSI TOKA, WJIM MPOLECCOB T'eHEpPAalud — PEKOMOMHALWHU
JJIEKTPOHHO-MOHHBIX Tap. Ecnu orpaHm4mThCcs paccMOTpEeHHEM
nporecca OJHOKPaTHOW MOHM3ALUH, TO, BBEIS N* — YHCIIO 3JIEKTPO-
HOB ¥ MOHOB, JJONIOJHUTEIBHO BO3HUKAIOIINX B €IMHUILY BPEMEHH B
enuHHIe 00beMa, MOTYIuM
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an, =
qﬁ = div/, + gn~, (8.31)

anl -4
qE = —div/; + gqn”. (8.32)

[lycTh 3a enuHUIYY BpeMEHH 4yepe3 eAUHMILY CEUeHHUs ra3opas-
R 7,
PAAHOTO MPOMEKYTKA MPOXOASAT %‘" 3JIEKTPOHOB U ;‘ uoHoB. Ecin a —

YHUCIIO TIap JICKTPOH-HOH, CO3JaBacMbIX 3JICKTPOHOM, a 3 — YHCIIO
rnap 3J€KTPOH-UOH, CO3/]aBa€MbIX MOHOM Ha €IUHUIE NMYTH, TO U3-
OBITOYHOE YHUCIIO AJICKTPOHOB, MOSBIISIFOIIUXCS B €IUHHIIC 00beMa,
paBHO & %e +p %. [Ipu pekoMOMHAIIMK B €IMHUIIE 00bEeMa 33 SIUHHU-

Iy BPEMEHH HcYe3aeT INg N YHCIO0 3IEKTPOH-MOHHBIX Map, rae I —
ko3 duruent pekomouHanuu. Toraa
gn* = aJe + BJ; — rgnen;. (8.33)
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"“A30BBbBIE PA3PA/IbI

9.1. Buasl pa3psiioB B rase

I"az0BbIE pa3psabl NOAPA3ACISIOTCS HA CAMOCTOATENbHBIE, IS
BO3HHKHOBEHHUSI U TONJEPKAHUS KOTOPHIX HEOOXOIUMO HAIH4He
TOJIBKO 3JIEKTPUYECKOrO IOJIs, U HECAMOCTOSITENbHBIE, I KOTOPBIX
HEOOXOJMMO HaJIM4ue KaK AJIEKTPUUECKOro IMoJisi, TaK U BCIIOMOT a-
TEIBHOIO MCTOYHUKA 3aPSKEHHBIX YaCTHUL B PA3PSAHOM IPOMEKYT-
Ke€.

I"azoBbIe pa3psizibl OBIBAIOT CTAIIMOHAPHBIMUA M UMITYJILCHBIMH.
OcHOBHBIE BU/IBI Ta30BBIX Pa3psIoB IIpUBENEHB! Ha puc.9.1.

| I"azoBbIit pazpsin |

e ~a

|HecaMOCTOHTeanblﬁ | |caM00Tos[Tean1)n?1 |

,/A/v N

TJ'ICI'OU_II/II/I ||HCKpOBOPI }IyTOBOI/I KOpOHHI)II/I BI)ICOKO‘{aCTOTHI)II/I |

HOpMaHLHHiH ’jaHOMaHLHHH / \/IHI{}/KTI/IBHBH/I| |CMKOCTHOI/I|

|ozLHoq)aKenLHLm |MH0roc1)aKenLHLm|

Puc.9.1. OcHOBHBIE BUIBI Ta30BBIX Pa3psIoB

CxeMa yCTaHOBKH JTsl H3yYEHUS Ta30BBIX Pa3psIoB MPHBEICHA
Ha puc.9.2,a, obobmennas BAX razoBoro pa3psina — Ha puc.9.3.

E ghv
Ol e

ra3oHaroJHeHHas TpyoKa B | | | |+]

Puc.9.2. Cxema ycTaHOBKH JJIsl H3YYEHUSI Ta30BOr0 pa3psiaa
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& HOPMAJIBHBIH TIICIOIIMH paspsan 2
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5 ~ |
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3akoH OMa HagblleHne o6p BaHNE JTaBUH X
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N 12 j ------ REEE

| I
' 1
0 ! (‘ ! :
cna6oe none Ucomenns CHBHOE 11071 Upin Unposos Usnramns U

v

Puc.9.3. O6o6mmennas BAX razoBoro paspsiia: A — HECaMOCTOSITENb-
Helld; b — camocTrosTenpHBIN: | — mepexomHas 30Ha, 2 — TIIEOmuil, 3 —
JlyTOBOW pa3psabl
B HOpManbHOM COCTOSHHUM Ta3bl COCTOSIT M3 JJIEKTPUYECKU
HEUTpaAIbHBIX MOJEKYJ U aTOMOB M, CJIENOBAaTENbHO, HE MOTYT IIPO-
BOAUTH 3JEKTpUUeCKU TOK. I103TOMy rasbl SIBIAIOTCS XOPOIIMMHU
ANEKTPUYECKUMH Hu3oisTopamMu. OIHAKO Tasbl, HAPUMEP BO3IYX,
BCE-TaKM OONIAJaIOT MAaJIOW 3IEKTPUYECKOW MPOBOIMMOCTHIO. JTa
MPOBOAUMOCTb BbI3BaHA MOHU3ALMEH HEUTPaJbHBIX MOJEKYJ H3IY-
YEHUEM pPaJUOaKTHBHBIX BEILIECTB, MMCEIOIIMXCS Ha ITOBEPXHOCTH
3eMJIM, a TaKXK€ KOCMUYECKUMH JydamH. PaBHOBECHAsl KOHILICHTpa-
IUsT CBOOOJMHBIX AJIEKTPOHOB M MOHOB HE IMPEBBINIAET HECKOIBKHX
JIECATKOB Tap B KyOHMYeCcKOM caHTUMerpe. J[is Toro 4roObl BO3IyX
CTajl 3aMETHO MPOBOJAUTH SJEKTPUUECKUI TOK, €ro HaJao MOABEPT-
HYTb BO3I€UCTBUIO HHTEHCUBHBIX HOHU3aTOPOB.

178


Free Hand


B razax nmpoucxondr Ba mpoliecca T€Hepauuy nap: 3JEKTPOH
— TIOJIOKUTENbHBI MOH W OOpaTHBIA IMPOIECC MX PEKOMOWHAIUH.
[Ipu OCTOSIHHOWM MHTEHCHMBHOCTH BHEIIHETO MOHHM3AaTOpa B 00BEME
rasa yCTaHaBJIMBA€TCSl paBHOBECHOE COCTOSIHUE, TP KOTOPOM YHCIIO
rap MOHOB, BO3HUKAIOLIUX MOJ IEWCTBUEM MOHU3ATOpA 33 OAHY CE-
KyHIy B eIUHHUIlE 00bEéMa, paBHO YUCIYy Nap PEKOMOWHUPOBABIIMX
HMOHOB. [Ipu 3TOM CKOpOCTh MOHM3AIMM PaBHA CKOPOCTH PEKOMOU-
HaIUH.
Vien = Vpex- 9.2)
HonunzoBaHHbIN a3 CIIOCOOCH MPOBOIUTE DICKTPUUECKHIA TOK.
Tok B razax BO3HUKAET 3a CYET BCTPEUYHOI'O ABUKEHUSI HOHOB U CBO-
OOJIHBIX 3JICKTPOHOB IO JCHCTBUEM 3JICKTPHUCCKOTO IMOJS HIIN
HaJM4yusl TpajdeHTa KOHIEHTPAIMU CBOOOMHBIX JJIEKTPOHOB U
HUOHOB. SIBIIEHHE MPOXOXKJIEHUS HJIEKTPUUECKOrO TOKa 4Yepe3 ras
Ha3bIBA€TCA Ta30BbIM pa3psoM. ['a30Bble paspsiibl MOXKHO paszjie-
JIUTH Ha JIBA BUJIA: HECAMOCTOSTELHBIA U CAMOCTOSITEIbHBIN.

9.2. HecamoCTOSITe/IbHBIN Ira30BbIil pa3psj

HecamoctosaTenbHbIM Ta30BbIM Pa3psA/loM Ha3bIBA€TCS TaKoOU
paspsiA, KOTOPBIA BO3MOXKEH TONBKO TIOZ ACWCTBHEM BHEIIHETO
MOHM3ATOPa U TIPU HAIWYHH SJIEKTPHUECKOTO TOJIS.

Paccmotpum ¢u3nueckre mporecchl, TPOUCXOMAIINe IPH He-
CaMOCTOSITCIIHHOM Ta30BOM paspsae. BeemeM psia o6o3naueHmit: No —
YICII0O MOJIEKYJI Ta3a B HCCIeqyeMoM oobeme V, KOHIEHTpaIus Mo-
nekyn No = No/V. Yactp mMonekys nonnzupoBana. O003HAYMM YHCIIO
HOHOB oxHoro 3Haka depe3 N; mx xonmentparms h = N/V. Ianee,
0003HauMM uepe3 AN — YHCIIO Tap 3JIEKTPOH-FOH, BOZHUKAFOIIIX
MoJl JeWCTBMEM HOHM3ATOpa 3a OAHY CEKYHIy B eIWHHUIlE 00bema
rasa.

Hapsimy ¢ mporieccoM HOHHM3aIUu B raze MPOUCXOAUT PEKOM-
OWHanWsg MOHOB. BeposATHOCTh BCTpEUH IBYX MOHOB Pa3HBIX 3HAKOB
MIPOMOPIIMOHATbHA KOHIIEHTPAIINN 3apsKeHHBIX yacTull N. CremoBa-
TENbHO, YUCIIO TIap YacTHUIl, PEKOMOMHUPYIOIINX 32 CEKYHIY B €IH-
HUIEe 00beMa, MPOITOPIIMOHATIFHO N

An, = rm?, (9.2)
rae I — KoapHUIMEHT PeKOMOMHAIIVH.

B cocrosHNM paBHOBECHS YHCIO BO3HUKAIONIMX WOHOB B €JH-
HUIle 00beMa PaBHO YUCITY PEKOMOUHUPYIOIINX
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AN; = An, = . (9.3)
Otcroma Ui paBHOBECHOW KOHIIGHTpALMM MOHOB (YUCiIa Tap
3apsDKEHHBIX YacTHIl B €JUHHLE 00beMa) MolydaeTcs ciedyrolee

BBIPpAKCHHEC!
Ay
n= /—r . 9.4)

I[Ipu mnomade HeOonbmioro HampsbkeHus U Ha aHom (oM.
puc.9.2) B mpoMeKyTKe MEXTy aHOJOM M KaTOJIOM BO3HUKAET AJIEK-
Tpuueckoe none E. Ilox nedicTBUeM TOJA MOJOXUTEIbHBIE HOHBI
IperyroT K KaTooy, a 3JCKTPOHbI U OTPHUIATEIBHO 3apsKCHHBIC
HWOHBI K aHOJIy ¥ BO BHEIIIHEW 11€MM BO3HUKAET JJIEKTPUUYECKUM TOK.
ITycTts U3 equHUIBEI 00BEMA YXOOUT €XECEKYHIHO AN;j rap 3apsxKeH-
HBIX YaCTHII, TOTJa YCIOBHE PABHOBECHS MOXKHO MPEACTABUTH B BU-
ne

An; = An, + An;. (9.5)

B ciryuae cmaGoro mostst 3Heprusi, KOTOPYIO IMOJTy4YaeT 3JIEKTPOH
Ha CpefHeH JTnHe cBOOOMHOro mpobera A, HEMOCTATOYHA JIJIST HOHU-
3l HeHTpabHONH MOJIEKyNbl Taza EA < Wi, aJIeKTpoHBI UMEIOT
MaJjble CKOPOCTH, BpeMs MX B3aWMOJEHCTBHS C HEUTPATbHBIMUA MO-
JIEKyJIaMHU BEITUKO, YTO TOBBIIIAET BEPOSTHOCTh UX 3aXBaTa M 00pa-
30BaHUSl OTPHUIATENHHBIX MOHOB. MOXKHO TPEANONIOKHUTh, YTO TPHU
MaJbIX MOJIAX TOKH H TPOIECCH peKOMOMHAINH Oy TyT MPOUCXOANTD
B OCHOBHOM C YYaCTHEM TOJOXHUTEIHHO U OTPHUIATEIHHO 3apsiKeH-
HBIX MOHOB, OOJaAaroNuX MPHMEPHO PaBHOM Maccol W, Kak ciei-
CTBHE, IPUMEPHO PaBHOU MOIBMKHOCTBIO [+ ~ [ . B cmabpIx mossix
KOHIIEHTPAIlMK HOHOB, CO3/IAIONINX TOK BO BHEIIHEH IIeNH, MHOTO
MEHbIIE KOHIEHTPAllMU PEKOMOMHHMPYIOIMX HOHOB: AN << An,. B
nenu Oyzmer mporekats ciadbrii Tok |. [lmorHOCTE TOKA J MO BenH-
YIHE TPONOPIHOHAIEHA KOHIIEHTPAIMHN HOCUTENeH N, 3apsmy (, me-
PEHOCUMOMY Ka)KIBIM HOCHTENEM, M CKOPOCTH HAIIPAaBICHHOTO JBH-
JKEHUS TIOJI0KUTENBHBIX M OTPUIIATENBHBIX HOHOB U, ¥ U_!

J=aqn(B, + ) = qn(usE + p_E) = qn(uy + p_)E. (9.6

C yderoM paBHOBECHOH KOHIIEHTPAIUd MOHOB B CIIA0OM ITOJIE

(9.4) nonygaem

N

Ani -
J=q |+ n-)E. (9.7)
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B Manbix monmsx MOJABMIKHOCTH HMOHOB HE 3aBHUCAT OT HAmps-
JKEHHOCTH DJIEKTPUYECKOro Mo U ypaBHeHue (9.7) mpeacraBisier
co0Ooii 3akoH Oma B mudepeHuanpaoin Gopme:

- -

J =0oE, (9.8)

A .
rae o =q /%(m + 1_) — ypmenbHas SIEKTPOIPOBOAHOCTL rasa.

[Tosromy BAX ra3oBoro paspsiga B CJIa0bIX 3JIEKTPUYESCKUX TOJSIX
HMMEET JIMHEWHBIN y4acToK (cM. puc.9.3).

B cunbHOM 371€KTpUYECKOM TI0JI€, TTOKa BHITIOIHSIETCS YCIOBUE
gEA < Wi u ynapHOW HMOHHW3aIlMM €lle HET, BpeMs IpoJieTa HOHAMHU
ra3opaspsiHOr0 MPOMEKYTKa CTAHOBUTCS MEHBIIIEC BPEMEHH JKU3HU
noHoB. [loaToMy Bce MOHBI, MPOU3BOJUMBIE HOHM3ATOPOM, ydacT-
BYIOT B CO3/IaHWHU TOKA M MO AEHCTBHEM DIEKTPUIECKOrO MO yXO-
JT Ha JJIEKTPOJbl. A TaK KaK YHCIIO T'€HEPUPYEMbIX HOHHU3aTOPOM
HMOHOB B €IMHHUILY BpeMeHH AN; HE 3aBUCHUT OT HAIIPSHKEHHOCTH TIO0JI,
TO TUIOTHOCTH TOKa OyJIET OMPENEISITHCS TOIBKO BETUINHON AN 1 HE
Oyner 3aBUCETh OT E. [lpyrumu clioBaMu, ¢ IadbHEHIIAM YBEIHIe-
HUEM TIPIIOKEHHOTO HANPSDKEHHS TOK MEepPecTaeT PacTH M OCTAaeTCs
MOCTOSTHHBIM. MaKkcHMaJIbHOE 3HaYeHUE TOKa, MPH KOTOPOM Bce 00-
pasyromuecss MOHBI YXOIAT K JJIEKTPOJaM, HOCHT Ha3BaHHE TOKa
HACBIIICHMUS.

JlasbHeiilnee yBelIuYeHne HATPSHKEHHOCTH TI0JIS BEIEeT K o0pa-
30BaHMIO JIABUHEI 3JICKTPOHOB (pHc.9.4), KOr/ia BOSHHUKIIHE MO ACii-
CTBHEM MOHHM3ATOPAa 3JIEKTPOHBI MPUOOPETAIOT Ha JTHE CBOOOIHOTO
mpobera SHEPTHIO, TOCTATOYHYIO ISl yIAPHOH HMOHHU3AIMH MOJIEKYIT

raza EA > W,;,. Bozaukmme

1 IIPH 3TOM BTOPHUYHBIE 3JIEKTPO-

L s A HBI, pa30rHABINKMCh, B CBOIO

o VW 2\ O odepeb TMPOM3BOAAT HOHH3A-

-K] 6‘1(8\_;6\} ¥ 'o-14"  muio u T. 1. — IPOUCXOIUT Ta-
S /N o - o~ o BUHOOOpPa3HOE  Pa3MHOXEHUE

’ ! (o} \9'@ NIEPBUYHBIX HOHOB M DJIEKTPO-

=6 ,’é\ o HOB, CO3J@HHBIX  BHEIIHUM

AN VOHU3aTOPOM, U YCUIIEHHE Pa3-

PSIHOTO TOKa.
[lycts  amekTpoH Ha
€IMHUIIE JUIMHBI IYTH CO3AaeT

Puc. 9.4. O6pa3oBaHue JTaBUHBI JJICK-
TPOHOB U HOHOB

181


Free Hand


0. BBIOUTBIX 3JIEKTPOHOB, TOT/Ia N 3JIEKTPOHOB, HAXOAAIINXCS HA pac-
CTOSIHMHM X OT KaToJa, CO3JayT Ha yyacTke myTH dX

dn = andx 9.9
HOBBIX AJIEKTPOHOB. KO3 hUIMEHT o, BEPOSTHOCTH 0OOpa3oBaHHS
HOBBIX 3JICKTPOHOB, MPOIOPLUOHANICH YHUCIy COyAapeHH, KOTOpOe
IPSIMO TPOMOPIIMOHATBEHO JABJICHUIO P; KPOME TOTrO, OH 3aBHCHUT OT
SHEPrUM JJIEKTPOHA, COYJAPAIOLIETOCSd C HEUTPAJIbHOM YacTULEH,
KoTopas nmponopiuoHanskHa EX. Cpennss nHa cBoOOHOTO mpode-
ra 00paTHO MPOMOPIIMOHABHA ABJICHHIO, TIO3TOMY

a =pf (g) (9.10)

Ecnu ot xaToma yxoIuT Ny 3J1€KTPOHOB, TO YHCIIO HOBBIX 3JICK-

TPOHOB B TOUYKE X OyaeT paBHO

n = no exp(ox), (9.11)
T.€. YHCJIO DJIEKTPOHOB JKCIOHEHIIMaJbHO Bo3pactaeT. Jlo aHona,
HaxoJsuIerocs Ha paccrosiuuu d oT Karoja, ToiaeT

Na = Ng exp(ad) (9.12)
JJIEKTPOHOB.

Ecnu xaaplil 37E€KTPOH, MOSBUBLIMKACS MO/ I€MCTBUEM BHEIII-
HEro MOHM3aTOpa, BO3HUKAET Ha MOBEPXHOCTH KaTOa, KaK 3TO TpPo-
WCXOIUT MPH OCBEIIeHUH (HOTOKATOJIA, TO TOK BO BHEIITHEH IEMH

1, = 1o exp(ad). (9.13)
3neck exp(ad) HaszpiBaeTCsI BHYTPEHHUM KO PHUITUCHTOM YCH-
JICHWSI ¥ €r0 BETMYMHA B Ta30HAINIOTHEHHBIX (JOTORIEMEHTaX MOXKET
nocturath 10. ([laBneHne raza B Ta30HAMOIHEHHBIX (OTOAIEMEHTAX
HAaCTOJIBKO MaJjio, 94TO JJIMHA CBOOOIHOTO Mpobdera dIeKTpoHa OJIM3Ka
K PacCTOSHHUIO MEXIY aHOIOM M KatomoM. lIpm sToM 31ekTpoH Ha
IyTA K aHOIy MOXKET COBEPIIUTH TOJHKO HECKOJIHKO aKTOB MOHH3A-
IIUN.)

[TomydenHble pe3ynbTaThl MOXKHO H300pa3uTh Tpadudeckd B
BHJIE BOJIbT-aMIEPHON XapaKTEPUCTHKH HECAMOCTOSATEIEHOTO Tra3o-
Boro paspsaa (cm. puc. 9.3, uateppai A).

Takum o0pa3oMm: 1T HECAMOCTOATENBHOIO pas3psaa NMpH Ma-
JIBIX TUTOTHOCTSIX TOKA, T.€. KOTJIa OCHOBHYIO POIIb B MCUE3HOBEHUU
3aps0B M3 Ta30pa3psaHOTO MPOMEXYTKa UTPaeT MPoIecc PeKoMOu-

- -
HaluM, UMeeT Mecto 3akoH Oma | = ¢F; mpu OONbmUX TOJSIX
E>FEuc (U > Usscumenns) 3aK0H OMa He BBITIOIHSETCST — HACTYMAET
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SIBICHUE HACBIIICHHS, a MPH TONAX, TPEBBIIAIONIMX E apyy (U > Uy,
o)y BOSHUKAET JIABHMHA 3apsiioB, O0OYCIABIMBAIOIIAS 3HAYUTEILHOEC
YBEIMYEHUE TIJIOTHOCTH TOKA.

9.3. CamocTOATeIbHBII ra30BbIi pa3psaa

PaccmotpenHBIi BbINIE MPOIECC BOZHUKHOBEHHST M 00pa3oBa-
HUS JIaBUH 32 CUET yJApPHOW MOHU3ALMU HE YTPAuYMBAET XapakTepa
HECaMOCTOSATENIFHOTO pa3psiia, T.K. B Clydae MpeKpamieHus ei-
CTBHS BHEIITHETO HOHU3ATOpa paspsis OBICTPO Hcye3aeT.

OnHako BO3HMKHOBEHHE M 0Opa3oBaHUE JaBHHBI 3apsJioB HE
OrpaHMYMBAETCSA IIPOLIECCOM yAapHOW WoHu3auu. [Ipum nanbHEl-
meM, CpaBHUTCIBHO HEOONBIIOM YBCIIMYCHUN AQHOIHOI'O HaITPAKE-
HUS, TIOJIOKHUTEIbHBIE HOHBI Ha CPEAHEN UIMHE CBOOOIHOTO mpobera
WOHA A, KOTOpas MEHbIIE cpemHed AIMHBI CBOOOIHOro mpobdera
3MEKTPOHOB A, IpuoOpeTatoT sHepruio qEA, > Wy, rne Wy — pabota
BBIXOJIa AJIEKTPOHA M3 MaTepuaja KaTojia, W, YAapssch O KaToj, BbI-
OMBAOT U3 HEro BTOPHYHBIC 3JIEKTPOHBI, YTO JEJaeT paspsj] camo-
nonaepkuBaromumMes. Eciu QEA. > 2Wi, To mpu CTOIKHOBEHUHU C
HEHTpaIbHBIMH YAaCTHUIIAMH Ta3a MOXET MPOHCXOIUTh WX MOHHU3a-
st B ypaBHeHHe moncTaBieHa yaBoeHHas sueprus (2W,), T.x. npu
HEYTIPYTOM CTOJIKHOBEHUH YaCTHI] C OJMHAKOBON Maccoil He Ooree
TIOJIOBMHBI KWHETHYECKOW SHEPrHH HaJIeTAaroIIeil YacTUIBI MOXKET
OBITH PE0OPa30BaHO B Apyrue BUIbI dHEpruu (cM. 8.2.1).

O603HaYMM Yepe3 Y BEPOATHOCTD BHIOMBAHMS MOHOM BTOpPHU-
HOTO 3JIeKTpoHa u3 Karoma. OHa 3aBUCUT OT DHEPTHH, MOTydaeMOi
MOHOM Ha CpemHed uImHe cBOoOOmHOro mpobera, KOTopas, B CBOIO
odepens, 0OpaTHO MPOMOPLHHUOHANBHA MaBIeHHIO A+ ~ 1/p. Takum
o0pazom,

E
y = (;). (9.14)
Beixonsmuii u3 katona 31eKTPOH MPUBOIUT K MOSBICHUIO
exp(ad) — 1 (9.15)
HOHOB.
OTH HOHBI, OCTUTAs KATO/AA, BBIOMBAIOT U3 HErO
v [exp(ad) — 1] (9.16)
31eKTpoHOB. Ecnu
v [exp(ad) — 1] > 1, (9.17)
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TO pa3psill OKa3bIBaeTCsl CaMOCTOSTENbHBIM, a ypaBHenue (9.17) —
ypaBHEHHMEM 3a’KUTaHUs Ia30BOro paspsaa. B ciydae 3naka > cuima
TOKa HEMPEephIBHO BO3pPACTaeT, B ClIydyae 3HaKa = IIPOLECC MPOTEKaeT
CTallMOHAPHO.

Ha ocHOBaHMHM ypaBHEHHS 3a)KHTaHUsI CAMOCTOSTEILHOTO pa3-
psna (9.17), a Taxoke ycnosuit (9.10) u (9.14) MmoxxHO 3amucatb

E E
P ( ;a’“) {exp p [f (%)] d— 1} > 1. (9.18)
Hcnonb3ysi mpuOIMKeHHe MIOCKOr0 KOHICHCATOPA Fapy = Usudd,

MOIYYUM

P (U“’“) {exp [f (@)] pd — 1} > 1. (9.19)
pd pd

[MocnenHee ypaBHEHHE MMOKa3bIBAET 3aBUCUMOCTh HANPSDKEHUS
3a)KUTaHMs Ta30Boro paspsaa U, oT nmpousBenenus pd. Dto 3akoH
[NamieHa, coriacHO KOTOPOMY JiBa Pa3psIHBIX HMPOMEKYTKA, 3aroJ-
HCHHBIC OMHHMM M TEM XK€ ra3oOM C OAMHAKOBBIMHU IJICKTPOJaMH U
HMMEIOIINME OJTHO U TO € IMPOU3BEICHUE JaBJICHUS P Ha PaCCTOSHHE
MeXIy dJekTponamu 0, IMEIOT OIHO M TO JK€ HANpSDKCHUE 3a)KHra-
Husa U,y 3akon Ilamena mepecraer BBIMTOMHATHCS KakK Uil OYE€Hb
OOJBIINX, TaK W JUIi OYCHb MAaJIbIX 3HAYCHHUH mpousBeneHus Pd.
[Ipoboit raza mpu O4YeHb BHICOKOM JAaBJICHWU HIJIM OYE€HB OONBIIOM
PACCTOSTHUH MEXIY 3JIEKTPOIaMH, a TakKe B CIydae BBICOKOT'O Ba-
KyyMa MPOUCXOIUT HHBIM ITyTEM.

Ha pwnc.9.5 moka3zaHbl OCHOBHBIE TPOIECCHI, IPOMCXOMSIINE
MIPH CaMOCTOATETHFHOM Ta30BOM paspsize:

1. VYnpapHas wuoHU3aIus

HEUTpPAIBHBIX YacCTUL YCKO- K~ 2 4;"ea A"
_ e O“‘bg /

PEHHBIMH 3JIEKTPOHAMU (DIIEK Pl ; jf

TPOHHBIE JTABUHBI ). ® A

2. BropuuHas HMOHHO- >

QJICKTpOHHAsA SMHCCHUA H3 Ka-

e e——»Q:
(=]
TOIA. ® / 9\0),
3. VYnmapHoe BO30yXe- 6 <« @ ! 3

HHE HEHTPaIbHBIX  YaCTULl Ppc.9.5. OCHOBHBIE MPOLECCH 0Opa-
HOHAMM C MOCIEAYIOUMM HC- 30BaHMA 3apSOKEHHBIX YaCTHIl IIPU
IMycKaHueM (DOTOHOB TPU CHSI- CaMOCTOSTEIBHOM Ia30BOM paspsiie
TUU BO3OYKICHHSL.
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4. ®oTonoHN3aMS HEUTPAJIBHBIX YACTHII.

5. Bropuunast OTOHHO-3JIEKTPOHHAS 3MUCCHUS U3 KaTofa.

6. YnapHas MOHHM3aLUs HEUTpPalIbHBIX YACTHUI] YCKOPEHHBIMU
MOHAaMHU (MOHHBIE JIABUHBI).

9.4. Tinerommii pa3psa

9.4.1. Qu3uueckue npoyeccol 6 muerouiem papsaoe

Trnerommii paspsis — OQUH U3 BUJOB CTALMOHAPHOIO CAMOCTOSI-
TENFHOTO AJEKTPUYECKOro paspsizia B razax. Gopmupyercs, Kak npa-
BHWJIO, ITPU HU3KOM AABJICHUU I'ada U MaJiOM TOKC. HpI/I YBECIIMUYCHUHN
MIPOXOJISIIEro TOKa MPEBPAINAETCS B IyTOBOW pa3psijl.

B omnnume oT HecTanMOHApHBIX (MMITYJIBCHBIX) AJIEKTpHYe-
CKHX Pa3psjiOB B ra3aX, OCHOBHBIC XapaKTEPUCTHKH TIEIONIETO pas-
psAda OCTaloTCAd OTHOCHTENHHO CTaOMIIBHBIMH BO BpeMeHHW. Tummd-
HBIM TIPUMEPOM TIICIOIIETO pa3psja SIBISETCS CBEUCHHE HEOHOBOU
JIAMTIIBI, PEKIIAMHBIX TPYOOK, PTYTHBIX JIaMII “JTHEBHOTO CBeTa .

Ha puc.9.6 npencrabiieH BHENIHUI BUJI ra30pa3psiHON TpyOKH
C TJICIOIMNM pa3psAIoM M pacipeneneHne noreHnuana U, HanpsokeH-
HOCTH 3JIEKTPUYECKOT0 TOoJIsl £, MPOCTPaHCTBEHHOTO 3apsaa p, dJeK-
TpoHHOH |, 1 MOHHOI |j, cocTaBISIFOIIX CHITBI TOKA | BIOMTB TPYyOKH.

B razoBoM paspsize CymecTBYIOT 00JIaCTH HH3KOH W BBICOKOU
npoBoguMocTH. (O0JIacTh HU3KOW MPOBOAMMOCTH COCPEAOTOUYCHA
BONIM3M KaTona, U Ha Hel HaOJromaeTcst OOIBIIOe MaIeHUe HaIIPSIK e-
Huda. llpn M3MEHEeHWH pPAcCTOSHUS MEXKIY JIJIEKTPOIaMU pPa3Mephl
o0JlacT KaTOOHOTO MAJCeHUs HAMpPSDKEHUS HEe M3MEHSIOTCS 10 TeX
Top, TIOKa ee JUTHHA MEHbIIE PACCTOSTHHAS MEXIY KaTOJJOM W aHOJ[OM.
O0J1acTb BBICOKOW MPOBOAMMOCTH (TUTa3MEHHBIA CTOJIO) pacronara-
ercsa OmmKe K aHOMy, W €€ pa3Mephl NP COIMKEHUH JIIEKTPOIOB
yMeHbIatoTcsa. B 3Toit obmactn Habmromaercss cmaboe M3MeEHEHHeE
MOTEHI[MAa U HAMPSHKEHHOCTH AJIEKTPUYECKOTO OIS HEBEITHKA.

OO6nacTh KaTOAHOTO TMAaJIEHUS HANPSHKEHUS COCTOUT U3 Yepe-
IOYIOINXCS TEMHOM W CBeTiiol obnacteir. B TemHOM AcCTOHOBOM
MIPOCTPAHCTBE HMMeEETCs W30BITOYHBIA OTPULATENBHBI OOBEMHBIN
3apsi, 00pa30BaHHBIN MEIJICHHBIMH SJIEKTPOHAMH, BBIOUTHIMH C Ka-
TOJIa B pe3y/IbTaTe HOHHO-IJIEKTPOHHOW 3MHccHU. OJTHAKO MX KUHe-
TUYecKasi SHEPTHUs ellle HeAOCTaTOYHA IS BO3OYXICHUS HEHTpalb-
HBIX aTOMOB HMJIM MOJIEKYJN rasa. JlanpHeliee yCKOpeHHe DIIEKTPOo-
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HOB B CHJIBHOM YCKOpSIOIIEM IOJE€ M HEYNPYIHe CTOJIKHOBEHHS
MPHUBOJAT K BO3OYKACHUIO HEHTpaTbHBIX MOJIEKyJ rasza. Bo3oyxne-
HUE CHUMAETCS B pe3yibTaTe W3NY4YCHHUS KBaHTa cBera. Tak BO3HU-
KaeT 00JIacTh KaTOAHOTO cBeueHUs. B 001acTi KaToAHOTO CBEYCHUS
W CIlenyrolei 3a Heil 00IacTh TEMHOr'0 KaTOJHOTO MpPOCTPAaHCTBA
MMeeTCs M30BITOUHBIN MOJIOKUTENbHBIN HOHHBIN 3apsi. [locnenyro-
iee yCKOpeHHe IEKTPOHOB MPOUCXOANUT B YOBIBAIOIIEM DJIEKTPUY e-
CKOM TIOJIE TEMHOT'0 KaTOJHOTO MPOCTPAHCTBA, HA BBIXOJIE M3 KOTO-
POro 3JEKTPOHBI YCKOPSIIOTCS JI0 SHEPTUi, HEOOXOUMBIX ISl HOHH-
3allii HEWTpaJbHBIX MOJIEKYN raza. B pesynpTare MOHH3alUU BO3-
HUKaeT BBICOKOMPOBOAAIIASI CBETAIIAsICS IUIa3Ma, KOTOpas MOMXKET
pa3aenaThCs Ha Yepeayroluecsl yUacTKu — cTpaThl. BHauane pacmo-
JIOKEH Y4acCTOK C MpeobiagaHneM MEeUIEHHBIX dJIeKTPOHOB, 00pa3o-
BaBIIUXCA B PE3YJIbTAaTC MOHU3AIUU HeﬁTpa.HBHBIX MOJICKYJ Tra3da u
TOPMOXKEHUST OOMOApIUPYIOIKMX 3J1eKTPOHOB. Hammuwe Gombiioro
qyuciia MEAJICHHBIX 3JICKTPOHOB YBCIIUYMBACT BEPOATHOCTH BO36y>K-
JeHUST HEUTpaIbHBIX MoKy, CHATHE BO30YKISHUS COMPOBOXIA-
eTcs M3MydeHueM (OTOHOB, YTO IPHUBOIUT K 00pa30BaHUIO OTpPHIIA-
TEJIBHOI'O CBETSILIErocs cTojida. 3aTOpMOXKEHHBIE 3JIEKTPOHBI Mell-
JICHHO HAOWpAIOT PHEPTUIO U MPU HEYNPYI'HX CTOIKHOBEHUSX BO3-
OyXIaloT ¥ MOHM3UPYIOT HEHTpaJbHBIE YAaCTHUIBI B OOJIACTH IIONIO-
XKUTEJIBHOI'O CBETSLIErocs MIa3MeHHOro croinba. Mexay obnacTsMu
OTPULATEIBHOTO U IOJOKUTEIBHOIO CBETSINErocs CTonda MOXET
HabmomaThCcsl 06yacTs TeMHOro dapameeBa MPOCTpaHCTBA. 3a CUET
rpaHUYHBIX 3()()EKTOB B KOHIE IOIOKUTEIBHOIO CBETSLIEr0Cs
cTon0a MOXKET CO34aBaThCsl 00JACTh C MOBBIIIEHHOH MHTEHCHUBHO-
CTBIO CBEUEHHs — 00JIACTh aHOJHOTO CBEeYEHHs. 3a Hel ciemyer 00-
JacTh AHOAHOI'O0 TEMHOrO MPOCTPAHCTBA, MPOBOIMMOCTH KOTOPOH
HEeBENMKa. OTO MPHUBOMUT K MOSBJICHUIO NaJCHHUS HANPSDKCHUS U
BO3HMKHOBEHUIO YCKOPSIIOIIETO 3JIEKTPUUECKOr0 MOJIsl. Y CKOPEHHBIE
3TUM IIOJIEM 3JIEKTPOHBI MPUOOPETAIOT JOMOIHUTEIBHYIO SHEPIHIO,
YTO  CHOCOOCTBYeT  BO3HMKHOBEHHIO  BTOPHYHOH  3JIEKTPOH-
3JIEKTPOHHOM SMHUCCUU C aHOJa. MeaieHHbIe BTOPUYHBIE 3JE€KTPOHBI
00pa3yloT HEOONBIION OTPUIATENHHBIH OOBEMHBIA 3apsja BOIM3H
aHoza.
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KaTQIHOC CBCUCHUC OTpI/IIIa-TGHI)HHﬁ CBGTHHII/IfICH cToJIO
”
HOHO)}(HTGH};HﬁIﬁ CBCTSIHI:I\/'ICH crond
td

K -

|
v * A
- ‘

Ka"l;O)ZlHOG TeMHoe MpOCTPaHCTBO CDapaﬂeeBO TeMlj,Oe IpOCTPaHCTBO
AéTOHOBO TEMHOEC NPOCTPAHCTBO aHO)IH(‘fe TEMHOC IMTPOCTPAHCTBO

Uu : E 4—/:'
—
¥

a
< v

| 'd X
Purc.9.6. BremHuii BUI ra3opa3psqHOi TpyOKH U pacipeiesieHIe TOTeHIU-
ana U, HampsHKEHHOCTH DIIEKTPUYECKOro Mmoiisi F, MPOCTPAHCTBEHHOro 3a-
psna p, nekTpoHHOH |, M woHHOI |j, cocTaBmsOMMX CHIBI TOKa | BHOIB
TPyOKHU

DJNEKTPUYECKHIA TOK B Ta30pa3psTHOM MPOMEKYTKE 00pa3oBaH
HaIpaBIICHHBIM JIBUKEHHEM 3JIEKTPOHOB U MOHOB, O0Pa3yIOIIUX €ro
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AMEKTPUssr, v M MOHHYIO KOMITOHEHTBI. DJICKTPOHHAsI KOMITOHEHTA
TOKa mpeoOmagaeT B 00JacTH MIa3MEHHOrO CTON0a, a MOHHAs — B
00JIaCTU KaTOJHOTO MaICHUS HAPSHKCHUSL.

dororpadust TieOLIEro Ta30BOr0 pas3psia NpHUBEACHA Ha
puc.9.7.

Puc.9.7. ®otorpadus Tiieromero ra3oBoro paspsiua

KaTOJHOE CBEUEHUE OTp/I/ILIaTeJ'ILHLIﬁ CBETALIUNICS CTOIO
nononsmenbﬂblii BETALUNUCS CTOIO

\
KaTO/§0e TeMHOE TpocTpaHcTBo DapaneeBo TeMHOE IPOCTPAHCTBO
AcTOHOBO TEMHOE IPOCTPAHCTBO

Puc.9.8. YBenuuennsiii hparmeHT GoTtorpaduu TIHOIIero ra30Boro paspsi-
na
Ee yBenmueHHblit (parMeHT C yKa3aHHEM YepeqyHOIINXCS
TEMHBIX M CBETAIIUXCS o0JlacTell cM. Ha puc.9.8.

9.4.2. OcHoeHble 6u0bl mieouezo papaoa

Bonpr-ammepHasi xapakTepuUCTHKa TICIONIETO pas3psaa B JH-
HeifHoM MacmTabe mpeacraBieHa Ha puc.9.9,a. Ha Helt BIgenstor
nBe obmactu: HopMmanbsHOro (b-B) m anomansHOro (B-I') Tieromiero
paspsiia. Ha pucynke Taxoke nokasana nepexonsas oomacts (A-b).

BAX HopmaneHOro Tiermero paspsaa B koopaunatax |(U)
crporo BepTukanbHa (ydacTok b-B), Ha 3TOM OCHOBAaH MPUHIIKII
JefCTBUS cTaOMIIMTPOHA TietoIero paspsaa (puc.9.9,0).
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Puc.9.9. BAX Tnetomiero paspsaa B JUHEHHOM Maciitadbe — a; cxema
BKJTIOYCHUS ra30pa3psiIHOrO CTAOMIUTPOHA — O

KaTOIIHOC CBCUYCHUEC ITOKPBIBACT TOJIBKO YaCTh ITOBEPXHOCTH
karoja. [Ipu 3TOM IUIOIAab KaTo/ia, MOKPHITAsl CBEUCHHEM S, MPO-
[OPLIMOHAJIBHA TOKY, T.€.

Ses ~ 11y, (9.22)
rzae Jy — HopMasbHas IJIOTHOCTh TOKAa Ha KaTOZE OCTAETCsl IOCTOSH-
HOM.

AHOMaTBHBIA TJICIOMNN pa3psia COOTBETCTBYET BO3pacTaloIle-
My y4dactky B-I" Ha puc.9.10,a. OH BO3HHKAET, KOTJa KaTOHOE CBe-
YEHUE IOJHOCTHIO IOKPHIBAET MOBEPXHOCTh KAaTOAA W IUIOTHOCTH
TOKa Ha KaToJe IPEBHIIIAET HOPMAIbHYIO J,y > J,. AHOMaJbHBIN
TIICIOLIMN Pa3psii UCIONb3YETCsl B ra30pas3psaHbIX YCTPOHCTBAX HH-
JIUKaLUK.

Trneromuii ra30BbIA pa3psii BBI3BIBAECT U3IyYEHUE BHUIUMOIO
CBETa, CIEKTP KOTOPOrO 3aBHCUT OT HCIOJIB30BAHHOTO rasa (CM.
1ab1. 9.1).

Ta6:1.9.1. CriekTp M3JIydeHHs Ia30BbIX Pa3psaoB

l'az |Lger IIpumevanus

beno-opankeBblil; mnpu  HeKoTOpbIX |Mcmonb3yeTcss  XyIOOKHU-
I'enuii|ycnoBusiIX MOXKET UMETh CEpbIM, 3€le-|KaMu Ui CHELHAIBHOTO
HOBATO-TOXYOOH MV TOIXYOOi OTTEHOK |OCBEICHHS
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[Iponomxenue Tabmn.9.1

T'a3

et

IIpumevanus

Heon

KpacHo-opanxeBbiii

ﬂpKOG cBeueHune. YacTo HCIonb-
3y€TCs1 B HCOHOBLIX PCKIAMHBIX
3HaKaxX 1 HCOHOBBIX JIaMIIaX

Aprox

®HONEeTOBO-TOTYO0H

YacTo mpUMeHseTcs COBMECTHO C
napamu pTyTH

Kpunron

CepoBaTblii, TYCKIIBIH, Ips3-
HO-0O€enbIii. MoXeT OBITH 3€-
JICHOBaThIM. B paspsmax BbI-
COKOTO HAMpPSDKEHHS SPKUMA
CHUHEBATO-0eNbIH

I/ICHOHLSyeTCH XYA0)KHUKaMUn
JJI1 CTICUMAJIbHOI'O OCBCIICHM A

Kcenon

CepoBaTblii WM CHUHEBATO-
cepblii TYCKIbI Oenblif, B
pa3psaax BBICOKOTO Harpsi-
JKEHUsI B BBICOKHMX IHKOBBIX
[IOTOKaX, OYECHb SAPKUN CUHE-
BaTO-3€NEHBIN

Hcnonp3yercss BO KCEHOHOBBIX
q)OTOBCl'II)II_HKaX, JJaMImnax  I1oJ-
CBETKH HHIUKATOPOB, KCEHOHO-
BBIX OYI'OBBIX JIaMIIaX, a TaKXe
XYAOXHUKaMHU IJis ClI€HUaJIbHO-
T'O OCBEILEHUS

Panon

CuHui BET

He MoeT ObITh UCIIOJIB30BAH U3-
3a OTCYTCTBUSA CTaOMIIBHBIX H30-
TOIIOB

Asor

AHAJIOTUYHO aproHy, TYCK-
Jiee, ¢ OTTEHKOM po30Boro. B
pa3psgax BBICOKOTO Hampsi-
JKEHUS, SPKUNA CHHE-OeIblid,
Oemnee aproxa

Kucnopon

Braenupiit ¢uoneroso-
JIMJIOBBIM, TyCKJIEE aproHa

Bonopon

bienno-nunoBsIi B paspsaax
HHU3KOTO HAIPSHKEHUS, PO30-
BaTO-KPACHBII IpU pa3psaaax
6onee 10 Mmumamnep

BonsiHoit
map

AmHanorugHo Bomopomy. Me-
HEe SPKOe CBEUCHUE

Junokcun
asora

CnaOblii cuHeBaTO-OCIbIN, B
pa3psiiax HU3KOro HarpshKe-
HUSI SIpUe KCCHOHA
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Oxonuyanue 1a01.9.1

I'as Iser IIpumevanus

. B couerannu c moMuHOdpOpamMH HC-
Csetno-rony0oif, HHTEH-
[apser MOJIB3YETCsl  JUIA  TONYdYeHHsl CBeTa
CUBHOE YynbTpaduonero-
pryru pa3HbIX 1BeTOB. IlIupoko ucnons3yer-
BOE U3JIyYCHUE
Csl B PTYTHBIX Ta30pa3psAHBIX JIaMIIax

[Mapsr o [upoxo ucnone3yercs B HATPUEBBIX
Spxo-kénTeiit
HaTpus ra3opas3psaIHbIX JaMIax

Buemnwuii BUI ra3opa3paaHbIX TPYOOK C pa3IUYHBIM IIBETOM
cBeueHus npexacrasiied Ha puc.9.10.

I'enuit Heon Apron Kpunron Kcenon
Puc.9.10. Buemnuii Buj| ra3opaspsiiHbIx TpyOOK

9.5. lyrosoii pa3psija

[Ipu manmpHelIeM yBETHYEHUH CHIIBI TOKa aHOMAJIBHOTO TIIe-
IOIIEro pa3psiia MPONCXOIUT Pe3KOe MajieHne HapsHKeHUS Ha raso-
Pa3psSAHOM TIPOMEXKYTKE, COMPOBOXKAAIOIIEECS CYIIECTBEHHBIM (Ha
TIOPSAIKHN) YBETMYEHNEM CHIIBI TOKa. AHOMAJIBHBIN TICIONINI pa3psin
nepexoaut B nyroBoi. IIpu 3ToM KaueCTBEHHO M3MEHSIETCS Xapak-
Tep TPOIECCOB IMUCCHH 3JIEKTPOHOB C KaToAa. BTopudHas MOHHO-
AIEKTPOHHASI AMHCCHUS TO-TIPEKHEMY MMEET MECTO, HO ee BKJIaJa B
AIIEKTPOHHYIO MHCCHIO HEBEIWK 10 CPABHEHHUIO C JAPYTHMMH BO3HU-
KaloOUMMU BUIAMHU DSJICKTPOHHBIX SMuccuil. Tak, 3a cuer cymie-
CTBEHHOTO pa3orpeBa Mareprala KaToAa MOBBIIIAETCS YHEPTUS CBO-
OOIHBIX JIEKTPOHOB B MarepHalie KaTo/aa, BOZHHUKAET TEPMODIICK-
TPOHHAsI SMUCCHSI ¥ TIOBBIIIAETCS BEPOSATHOCTh BOSHUKHOBEHHS aB-
TORJIEKTPOHHON 3MHCCHUU Ha JIOKABHBIX HEOJHOPOJHOCTSAX KaToJa.
Bonbmmie mioTHOCTH TOKa aBTORJIEKTPOHHOW DMHCCHHU TPUBOIAT K
OBICTPOMY JIOKQJIHHOMY IIOBBIIICHUIO TEMIIEPAaTyphl HA YYacTKe
BOJIM3M OCTpUS MHUKPOHEOJHOPOMHOCTH W BO3HUKHOBEHHIO B3pHIB-
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HOW 3MMCCHH, COIPOBOXAAIOLIEHCS pa3pylIeHUEM MHUKPOHEOHO-
POAHOCTU C OJHOBPEMEHHBIM CO3JaHUEM HOBBIX. Jlamee mpormecc
MIOBTOPSETCS.

OnucaHHBI MeXxaHU3M 00pa30BaHMs AYrOBOrO paspsaa MoA-
TBEp)KJIaeTcsd XaOTHUYHBIM XapaKTepoM JABM)KEHHUS CBETSIErocsl Ka-
toaHoro nsaTHa (puc.9.11), 4To XapaKTepHO Ul B3PHIBHOH SMHCCHH.
TeMriepaTypa CBETSIIErocs MsATHA OObIYHO mMeeT mopsgok 10° K.
TemrepaTypa IIa3MeHHOI ayru Moxer gocturats 10%-10°K. Tpu
TaKWX TeMIlepaTypax 3a CueT KOHBEKIMW rasza jyra mporudaercs
BBepx (puc.9.12).

Puc9.11. Xaoruunoe Puc.9.12. Jlyrosoii pa3psn
JBIDKEHUE IIATHA IO
MIOBEPXHOCTH KaToza

Ha anoxe taxke HaOmromaercst XaoTWYHO IepeMellaromeecs
10 TIOBEPXHOCTH CBETSALIEECs IIATHO, HO €ro pa3Mepbl Oosble, a ya-
CTOTa IEpPEMEIIECHII MEHbIIIE, YTO CBA3aHO C MEHBIINM Pa30IPeBOM
aHoza.

Bonbr-amnepHas xapak- U
TEpUCTHKA AYroBOTO pa3psaa
npuBeneHa Ha puc.9.13. Ona
HUMEET TPU OCHOBHBIX y4acTKa:

1 — majmarommro HampspKEHUS,

2 — TIOCTOSIHHOI'O HAaIIPsDKEHMS

u 3 — BO3pACTAOLIEro Hampsi-

skeHus. IlepBbIil y4acTok cOOT-

BETCBYIOT HEYCTOHYMBOMY, a I

BTOPOIl M TPETHH Y4YacTKH —  Puc.9.13. BonbT-ammepHas Xapakre-
PHCTHKA JTYrOBOTO pa3psiia

A

[
»
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YCTOMUNBOMY PEXHMY TOPEHHS JYyTOBOT0 pasisija.

[pocreiimmii cnocod 3a’kuraHusi AyroBOro paspsiia — COMpH-
KOCHOBEHHE JIEKTPOJIOB aHOAA U KaToAa. B Touke nmokanbHOro Ka-
CaHHA MPOTEKAIOT OOJNbINNE TNIOTHOCTH TOKA TUOO BO3HUKAET UCKPA,
KOTOpbIE (MPU JOCTATOYHON MOIITHOCTH UCTOYHHMKA MUTAHUS) U UHU-
LUUPYIOT 3aKUTaHHE JYTOBOrO paspsja. 3aTeM 3JIEKTPOJbl MOXKHO
pa3BecTH, T.K. BBICOKasi IPOBOJAMMOCTD IIJIa3MEHHOT'0 CTONI0A co3/aeT
YCJI0BHA MJIA NPOTEKAHUA TOKOB, OOJBIINX KaK IO BCIIMYHUHE, TaK U
o miotHocTH. Ilpu cuie Toka Oonplie HECKOJIBKUX COTEH amIiep
oHO(aKETbHBIA JTYrOoBOM pa3psij IpeBpaliaeTcss B MHOrodakeib-
HBI.

Ecnyu W3MEHATh pacCTOAHHA MEXKIY O3JIEeKTPOAaMH HeXena-
TENBHO, TO JJISl TIPOOOST Ta30BOr0 MPOMEKYTKA UCIIONB3YIOT JIOMOJI-
HUTEIBHBIM pa3psi, HanpUMeEpP MCKPOBOM BBICOKOBOJIBTHBIA HM-
IYJIBCHBIN pa3psia.

OOBIYHO IS M3TOTOBJICHUS KAaTOAOB JIYTOBOTO pa3psaa HC-
TIOJIB3YIOT MaTepHalIbl, O0JIANAIOMKe MaJiol paboTol BBIXOMA U
OONBIION TIIOTHOCTHIO TOKA AMHUCCHH. [ TOBBIMIEHUS HANpsKeH-
HOCTH D3JIEKTPUYECKOTO TOJII M CO3/aHUS JIYYIINX YCIOBHM aBTO-
SJIEKTPOHHOM 3MHUCCHUM BJIEKTPOABI JIE€NaloT 3a0CTpeHHbIMU. Ha
puc.9.12 npuBeneH BHEIIHUN BUJ OAHO(AKEILHOIO IyroBOI0 pas-
pana.

JyroBoii pa3psin ToputT B OOJMBIIMHCTBE TA30B M Ta30BBIX CMe-
cell, HaXOAIIUXCS O] JaBJICHWEM MEHBINE, MOPSAIKa WK OObIe
atMocdepHoro. OH MOXET MPOTEKaTh HE TOIBKO MPHU MTOCTOSHHOM,
HO W TIPY TIEPEMEHHOM HaIpsHKEHUH MEXIy diekTpoaaMu. OgHaKko
TIONTYTIEPHO]] TIEPEMEHHOTO HAIPSKEHUST OOBITHO HAMHOTO OOJIBIIe
BPEMEHHU YCTaHOBJICHUS AYTOBOTO pas3psa, YTO MO3BOJSET paccMart-
pUBaTh KXl 3JEKTPOJl B TEUEHHUE OJHOTO IONyIepruoaa Kak Ka-
TOJ, a B CIEIyIOIIeM Moayrepuoae — Kak aHo[. OTINYHTENbHBIMI
0coOeHHOCTSIMU BcexX (popM IyroBoro paspsaa (TECHO CBS3aHHBIMH C
XapaKTepoM 3MHCCUU JJIEKTPOHOB M3 KaTOAa B STOM THIIE pas3psia)
SIBJITFOTCSL MaJiasi BETMYMHA KaTOMHOTO MAJCHUS HAIPSDKEHUS M BBI-
COKasl TUIOTHOCTh TOKa Ha Katoze. KaTtomHoe majeHne HamnpsKeHUS
OOBIYHO TIOpSAIKAa WOHHU3AIMOHHOTO MOTEHIHaNa pabodero rasa Win
emé Hwke (1+10 B); mI0oTHOCTE TOKA Ha KaTOJE COCTABJISCT 10%+10°
A/em?®. TIpu cTonb GONBIION IIOTHOCTH TOKA €ro CHJIa B JyrOBOM
paspsiie 00bIYHO TakKe Benrka — nopsiaka 1+10 A u Beiie, a B MHO-
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roakebHBIX AYTOBBIX Pa3psiax JOCTUTAeT MHOTHX COTEH U ThICAY
amnep. OHaKO CYIIECTBYIOT M JIYTOBBIE Pa3psAlbl ¢ Majol cuiol
TOKa (Hampumep, OYroBOH paspsia ¢ PTYTHBIM KaTOJAOM MOXKET To-
pers ipu Tokax 0.1 A u Hike).

OcHoBHBIC 00/1aCTU MPUMEHEHHUS TyTOBOTO paspsiia: IEKTPo-
CBapKa, IUIABJICHUE METAJIJIOB B 3JIEKTPUYECKUX I1€YaX, MOIIHBIE UC-
TOYHMKH CBETA, HAIIPUMED B MIPOKEKTOPAX, A TAKKE UCCIIEI0BATEN b-
CKHEC LICIIH, CHeKTpaHBHBIﬁ aHaJIM3 U T./.

9.6. MckpoBsoii pa3psa

HckpoBoii paspsiz npeacTaBisier coOOH MydoK SIPKUX, OBICTPO
WCYE3AIOMMX MM CMEHSIOIUX JpYyr JApyra HHUTEBHIHBIX, YacTO
CHJIbHOPA3BETBIICHHBIX TOJIOCOK — HCKPOBBIX KaHaoB (puc.9.14).
OTH KaHAIBI 3aMIOJHEHBI T1a3MON, B COCTaB KOTOPOH B MOITHOM HC-
KpPOBOM pa3psizie BXOIAT HE TOIBKO
WMOHBI UCXOJIHOTO Ta3a, HO U WOHBI
BEIIeCTBA AJIEKTPOJOB, MHTEHCHUB-
HO HCHApAIOLIErocs MO JCHCTBH-  Puc. 9.14. MckpoBoii pa3psn
eM paspsia. Mexanusm (opmupo-

BaHUs MCKPOBBIX KaHaJIOB (U, Clle-

JIOBAaTEIbHO, BO3HUKHOBEHHUS HCKPOBOIO paspsia) OOBACHIETCA
CTPUMEPHOH Teopuel 3JIeKTpudeckoro npodos raso. CormacHo
9TON TEOPUHU M3 HIEKTPOHHBIX JIaBUH, BO3HUKAIOIIHMX B JJIEKTpUYE-
CKOM ITOJIE€ pa3psAaHOrO MPOMEXKYTKA, IIPH ONPENEIECHHBIX YCIOBHIX
00pa3yroTcsi CTpUMEpPBI — TYCKJIO CBETSIIMECS TOHKHUE Pa3BeTBIICH-
HbIE KaHaJIbl, KOTOPBIE COAEPKAT MOHW3UPOBAHHBIE aTOMBI raza M
OTILEIUIEHHBIE OT HUX CBOOOIHBIE 3JEKTPOHBL. Cpenu HUX MOXKHO
BBIICTUTH T. H. TUAEP — CIAa00 CBETAIMIACS paspsii, “TPOKIaabIBa-
OIUKA” MyTh UIE OCHOBHOrO paszpsaa. OH, ABUrasch OT OJHOIO
9NEKTpoJa K IPyromMy, MEpEeKpbIBaeT pa3psAHbIA MPOMEKYTOK U CO-
€IMHAET DIIEKTPOIBI HEMPEPHIBHBIM MPOBOISAIINM KAHAIOM. 3aTeM
10 MIPOJIOKEHHOMY ITyTH ITPOXOAWT TJIaBHBIN pa3psifi, COMPOBOXK/ae-
MBI pe3KHM BO3pacTaHHEM CHJIBI TOKA M KOJIMYECTBA BBIIEIAIONIEH-
cst sHepruu. Kaxnplii xaHan ObICTPO paciuiupsiercsi, B pe3yJjbTare
4Yero Ha €ro rpaHuliax BO3HHKaeT ynapHas BoiHa. COBOKYIMHOCTh
YAapHBIX BOJH OT PacCIIMPSIOMINXCS HCKPOBBIX KaHAJIOB MOPOXKAAET
3BYK, BOCIPHHHUMAEMBIH KakK “‘TpecK”’ HCKpbI, B CIIy4ae MOJIHHUU
(puc.9.15,a) — rpom.
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Puc.9.15. UckpoBoii pa3psin: @ — MOJIHUS, O — B TA30BOM Pa3psAHUKE

MakcumainbHasi Cuila TOKa B MOIITHOM HCKPOBOM paspsige Mo-
’KeT JOCTUTATh 3HAYCHHI MOPSAKA HECKOJIBKUX COTEH THICSY aMmIiep.
OcHOBHbIE 00IaCTH NPHUMEHEHHS] HCKPOBOTO Ta30BOT0 paspsiia:
MHUIUAINS B3PHIBOB (CBEYM 3a)KUTaHHS B aBTOMOOWIISX), 3alIdTa
JIMHUH JIEKTpoIepenay OT MepeHANPsHKEHUI, HapUMep [P yaape
monuun (puc.9.15,6).

9.7. KopoHHbIii pa3ps

KopoHnHbIil pa3psn sBisieTcss pa3sHOBUAHOCTBIO TIECIOLIErO U
BO3HMKAET IPHU PE3KO BBIPAKEHHON HEOIHOPOAHOCTH 3JIEKTPHUUECKO-
ro mois BOJMM3M OfHOTO Wi 00omX 3yeKkTponoB. [lomoOHbIe moms
(hopMUPYIOTCS ¥ DIEKTPONIOB C OYEHb OONBIION KPUBU3IHOW TOBEPX-
HOCTH (OCTpHs, TOHKKE IpoBoja). IIpu KOpoHHOM paspsie 3TH IIeK-
TPOABI OKPYKEHBI XapaKTEPHBIM CBEUEHHUEM, ITOTYyIHBIINM Ha3BaHUE
KOPOHBI, WM KopoHupytomero ciost (puc.9.16). IpumMeikaromas
KopoHe HecBeTsmascs (“TéMHas”) 00acTe MEKIIEKTPOIHOTO TPO-
CTPAaHCTBA Ha3bIBAa€TCs BHEWIHEN 30H0M. KopoHa uHOraa nosaisercs
Ha BBICOKMX OCTPOKOHEYHBIX IpeAaMerax (“OrHu cBATOro OibpMa’ —
puc.9.17), Bokpyr npoBOJOB JIMHUH 3J€KTporepesay 1 T. A.

KopoHHbI#l pa3psan MOXKET UMETh MECTO IPHU PA3IUYHBIX JaB-
JICHUSIX Ta3a B Pa3psAAHOM MPOMEXYTKE, HO Hanbosiee OTUYETIMBO OH
MPOSIBJISICTCS [IPH IABJIEHUIX HE HUXe aTMocdepHoro. Paspsn Hauun-
Haercs, Korjaa HaIlpspKeHHOCTH IOJIsi BOJIHM3HM ITOBEPXHOCTH OIHOTO
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Puc.9.16. Kopounsiii pa3psa

Puc.9.17. Kopounslii paspsan — “or-
HM CBSITOro OjbMa” Ha KOHIAX
MayT MapycHOTo Cy/IHA

W3 JJIEKTPOAOB JOCTUTAET KPUTHUECKON BEIMYWUHBI, YTO OOBITHO
MPOUCXOJUT IPHU HANPSIKCHHUAX MCEKAY JJICKTPpOJAaMU IOpAdKa ThbI-
CAY — JECSATKOB ThICSY BOJIbT. TOK KOPOHHOI'O pa3psija MpornopLuuo-
HaJieH pa3HOCTH MoTeHnnanoB U W MOABMKHOCTH 00pa3yrommxcs B
paspsizie MOHOB Ta3a, OH OOBIYHO HEBENHWK M COCTABIIAET JONHA MUII-
nuamnep Ha 1 cM JUIMHBI KOPOHHPYIOUIETO 3ieKkTpoaa. [Ipu moBsI-
mennn U SpKoCTh 1 TONIIMHA KOPOHUPYIOMIKX ciioeB pactyT. Korma
U mocturaer pa3HOCTH IMOTEHITHAJIOB “HCKPOBOTO MEPEKPHITHS, KO-
POHHBIN pa3psl MepeXoUT B UCKPOBOIA.

Ecnu kopoHmpyeT TOIBKO aHOMA, KOPOHA HA3BIBAETCS ITOJIOKH-
TeNbHOH. B 3TOM citydae mepBUYHBIE 3JIEKTPOHBI BHICBOOOXKIAIOTCS
Ha BHEIIHEH TpaHWIle KOPOHHPYIOUIEro cIos B pe3ynbrare ¢o-
TOMOHHM3AIMK Ta3a (OTOHAMH, HCITYCKAGMBIMH BHYTPH KOPOHHBI.
YcKkopssCh B TIOJIE aHOJIA, OTH AIIEKTPOHBI yAPHO BO30YKIIAIOT aTo-
MBI ¥ MOHBI Ta3a M B aKTaX yAapHON MOHU3AIUU TOPOXKIAIOT AIICK-
TPOHHBIEC JTaBUHBI. BO BHeNIHEeH 30HE HOCHUTENSMH TOKa SIBIISIOTCS
MTOJIOKUTENFHBIE MOHBI, 00pa3yeMblii WMH TIOJOXHUTENbHBINH TIPO-
CTPaHCTBEHHBIH 3apsiJl OTPaHUYNBAET TOK KOPOHHOTO pa3pssa.

B otpunarensHOi KOpOHE TONOXHUTEIHHBIE MOHBI, YCKOPEH-
HbIE CHJIBHBIM TI0JIEM BOJU3M KOPOHHUPYIOIIETO KaTojAa, BHIOWBAIOT
W3 HEro SJEKTPOHBI (MOHHO-RIIEKTPOHHAsT SMHUCCHs). BrpuieTreB u3
KaTo/a, DJIEKTPOHBI yIAPHO HOHU3YIOT Ta3, MOpPOXKAas JIABUHBI U
o0ecrieunBasi BOCIIPOM3BOJICTBO TOJOXKHUTEIBHBIX HOHOB. B 4MCTHIX
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3JIEKTPOIIOJIOKUTENBHBIX Ta3aX TOK BO BHEIIHEN 30HE NMEPEHOCUTCS
9JIEKTPOHAMHU, a B TPHUCYTCTBUU 3JIEKTPOOTPULATENBHBIX Ta30B —
OTPULIATEIbHBIMA MOHAMHM, BO3HUKAIOIMIMMU TpU ““CIUMAHUM HJICK-
TPOHOB M HEUTPaAIBbHBIX MOJEKYN ra3a. OTH 3JIEKTPOHBI WM HMOHBI
00pa3yroT BO BHCIIHEH 30HE OTPUIATENbHBIM MPOCTPAHCTBEHHBIN
3aps], OrpaHUYNBAIOIINNA TOK KOPOHHOTO pa3psa.

B nBynossipHoii KOpoHe KOpOHUPYIOT 00a 3ekTpoaa. [Iporec-
CBhl B KOPOHUPYIOIIUX CIIOSIX aHAJIOTWYHBI OMMCAHHBIM; BO BHEIIHEH
30HE€ TOK IEPEHOCUTCS BCTPEYHBIMH ITOTOKAMH TOJIOKUTETBHBIX
HMOHOB U 3JIEKTPOHOB (MM OTPULIATELHBIX HOHOB).

[Ipn nepuoanyeckoM H3MEHEHHUH TOJSPHOCTH JIIEKTPOIOB
(KOpOHHBIN pa3psii MEPEMEHHOTO TOKA) MAaJIOMOJBUYKHBIE TSKENbIE
VOHBI BO BHEITHEW 30HE HE YCIIEBAIOT JIOCTUYh DJIEKTPOIOB 33 BPEMS
OJTHOTO TIOTYTEPHOAa U BO3HUKAIOT KOJeOaHUS MPOCTPAHCTBEHHOTO
3apsima. Koponnsiid paspsn Ha gactorax nopsiaka 100 xI'1p u Beime
Ha3bIBAE€TCA BHICOKOUYACTOTHOM KOPOHOM.

B xopoHHOM paspsze dieKTpudecKasi IJHeprus mnpeodpaszyercs
TJIAaBHBIM 00pa3oM B TEIUIOBYID — B COYJAPEHUSX HOHBI OTIAIOT
SHEPTHI0 CBOETO ABM)KEHUS HEUTPaJbHBIM MOJEKyJIaM raza. JTOT
MEXaHM3M BBI3BIBA€T 3HAYHMTENBHBIE MOTEPH JHEPTHH HA BBICOKO-
BOJIBTHBIX JIMHUSAX Tiepenad. [lome3noe nmpuMeHeHne KOpOHHBIA pas-
psAa Hamén B Mpolleccax OYMCTKH BO3AyXa OT MBUIM B DJIEKTpHYE-
CKUX (UIBTPaxX, HIEKTPHIECKON OKPACKH (B YaCTHOCTH, I HAHECe-
HUS TIOPOIIKOBEIX TMOKPBITHH), a TaKKe MPH PETUCTPAIH MOHU3H-
pyromero u3nydeHus (cuerunku I efirepa).

9.8. BoicokouacToTHblii 1 CBU-pa3psaabl

BricokowacToTHbIH pa3psa (muana3oH 9acTot oT equHu MI'g
no equanil ['T1r) ObIBaeT ABYX THUIIOB: MHAYKITHOHHBIA U EMKOCTHBIMH.
Be3anexTpomHbIil BEICOKOYACTOTHRIA HHIYKIIMOHHBIA pa3ps OoObId-
HO 3@KUTAIOT BHYTPH AUAJIEKTPUUECKON TPyOKH, BCTABICHHOH B Ka-
TYIWKY (MHIYKTOpP), IO BUTKaM KOTOPOH HPOITyCKAaeTCsl BBICOKOYA-
crotHbIi ToK (prc.9.18). B aToM cityuae mepeMeHHOE MOJIe HHITYI[H-
PYET B ra3opaspsiiHON IU1a3Me KOJIbLIEBbIE BUXPEBBIE MIEKTPUUECKOE
0JI€ U TOKH.
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Puc.9.18. Cxema ycrpoiicTBa Ui BO30Y>KAEHUS BBICOKOYACTOTHOTO HH-
QyKIuoHHoro paspsaa: 1 — BU-renepatop, 2 — BU-paspsn, 3 — mia3ma, 4
— KaTyllKa HHAYKTOpa

BricokouacTOTHBIN EMKOCTHOM paspsii IpU HUZKUX U CPEAHUX
nasieHmsix (p ~ 107+10? Top) 0GBIMHO 3a)KHTAIOT, [IOABAsT BBICOKO-
YaCTOTHOE HAINPSDKEHHE HA TUIOCKHE DIIEKTPOJBI. IINEKTPOIBI MOTYT
OBITh “BHYTPEHHUMH oroneHHbIMH (puc.9.19,a) mud0 H30IMpOBaH-
HBIMH OT IIJIa3Mbl AM3JICKTPUKOM (prc.9.19,6), B T.4. U CTEHKOH KiO-
BETHI (BO BTOPOM CIIydae paspsil CUHTAeTcs ‘‘0e3’JIeKTPOIHBIM” C
HAPY>KHBIMH DJIEKTPOJIAMH).

B masmenHo# 00macTH ra3opaspsaHOTO MPOMEXKYTKa HaXo-
JSITCS. MaJIONOJIBM)KHBIC aTOMBI U WOHKI Ta3a. Ha ux doHe nerkue
MOJIBMKHBIC 3JICKTPOHBI COBEPIIAIOT ApeiidoBbie konebanus. Korna
AJIEKTPOHBI KACAIOTCS METAIUTMYECKUX JJICKTPOJIOB (B CXeME C BHYT-

a3 a3

o Lo

a 0
Puc.9.19. Cxema yCTAaHOBKM JUIsi HCCIICAOBAHUS BBICOKOYACTOTHOIO
€MKOCTHOT'O Ta30BOr0 pa3psjia C JNIEKTPOAAMHU: @ — BHEIIHUMH, O —
BHYTPCHHUMH
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PCHHUMU BHGKTpOI[aMI/I) 4aCTb M3 HUX YXOAUT BO BHCUIHIOIO IICIIb,
IIpr 3TOM HOHBI Yy IPOTHBOIIOJIOXKHOI'O 3JICKTPOJa OKA3bIBAKOTCA I1C-
PUOANYCCKN HECKOMIICHCUPOBAHHBIMU, KAaK ITOKa3aHO Ha pI/IC920 B

+ . S>+ | 1 © + O + Q1+

u « l e

+U, * E i i E

0 i 5 i

-U, |o 0.25T 057 075 T T t

Puc.9.20. Cxema konebaHuii 00bEMHOr0 3apsia B IIa3Me BBICOKO-
94aCTOTHOTO EMKOCTHOT'O paspsijia

00JIaCTH TOJIOKHUTEINBHOTO OOBEMHOTO 3apsijia BO3HUKAET IMaJieHUe
HampsDKEHUS. U DJIEKTPUYECKOE T0JIe, HaNpaBIEHHOE K JIIEKTPOMY.
TaxkuM oOpa3oM, B paspsiHONM TpyOKe B IepBbIl monymnepuon BY
HaIpsDKEHUST CO3aeTcs TICIOMUN pasps ¢ KaTOAOM CJeBa W aHO-
JIOM CITpaBa, a B APYrOi MOIYMEPHO KaTOX W aHOI MEHSIOTCS Me-
cTaMd. DTO TPUBOAUT K OOpa30BaHHUIO JIBYX OOIACTEH TEMHOTO
KaTOJHOTrO IpocTpancTia (puc.9.21).

CBETAILAsICS TUIa3MEHHAs 00J1aCTh

KaTOOAHOE€ TEMHOE ITPOCTPAHCTBO

Puc.9.21 ®otorpadust BHICOKOYACTOTHOIO EMKOCTHOTO T'a30BOr0 pa3-
psiza B cxeMe ¢ BHYTPEHHUMH IEKTPOJaMHU
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AHAIOTHYHYIO CTPYKTYPY MMEET BBICOKOYACTOTHBIH EMKOCT-
HOU paspsia B CXEMe C BHEIIHAM pPacloJOKEHHEM 3JICKTPOIOB
(pnc.9.22). OCOOCHHOCTBIO TAKOTO pa3psiia SBJISICTCS HAKOIUICHUE
00BEMHOT'0 3apsija B MOJJICKTPOJHON 00JacTH, KOTOPBIH HE MOXKET
YATH BO BHENIHIOK I[€Mb. JTO WCIOAB3YETCS TMPH CO3JaHHUU
IJIa3MEHHBIX TTaHENEH.

Puc.9.22. ®dororpadusi BEICOKOYACTOTHOIO EMKOCTHOTO Ta30BOr0 paspsi-
Jla B CXeMe€ C BHEITHUMH DJIEKTPOAAMHU

CBY-pazpsiapl 3aKUTalOT B Pe30HATOpAxX, IMPH dTOM Ta3 HaXo-
IUTCS B IUDJIEKTPHUYECKOW TpyOKe, IepeceKarolief pe3oHaTop.
Buernwmit Bun naaykiuonoro CBU-paspsiga mokaszan Ha puc.9.23.

Puc.9.23. ®ororpadusi BHICOKOYACTOTHOI'O HWHIYKTHBHOI'O Ta30BOr0
paspsnma
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9.9. Il1a3MeHHbIE MaHeJIu

OCHOBO# TJIa3MEHHBIX TMAHENCH SBISIOTCS Ta30HAIIONHCHHBIC
staeiiki. OOBIYHO OHM HATIOJNHEHBl MHEPTHBIMU Ta3aMH, Harpumep
KCEHOHOM WJIM JPYTMMHU Ta3aMH, U3Ty4arolUMMU TPH TICIOIIEM pa3-
psiae B ynpTpaduoneroBoM quanasone. [lnazmennas nanens oopasy-
€TCsl COTHSIMU THICSIY MAJICHBKHX STYCEK, CXKATBIX MEKIY JTBYMS CTCK-
JSIHHBIMH TaHemsiMu (puc.9.24). Mexay naHensiMu o 00euM cTopo-

CNON AWINEKTPUES

Puc.9.24. Konctpykius mia3MeHHON MaHeIn

HaM s[4eeK PacHoIOKEHbl TAaKXKe UIMHHBIE 3JeKTpoabl. Hempospau-
HbIE “‘aipecHbIe’ SJEKTPOAbI HAXOAATCS 3a SYEHKaMHU, BIONb 3aJHel
CTEKIJITHHOW ITaHEeIN.

IIpo3paunble 37MeKTPOAB! OUCIIICS HMOKPBITH TUIJIEKTPUKOM U
3alMTHON miieHKoi okcuaa MmarHus (MgO). Onum pacnonararorcs
HaJ sYeiKaMu, BIOJIb NepeaHEl CTEKISIHHOW MaHEeH.

O06e “ceTkn” 3IEKTPOAOB NEPEKPHIBAIOT BECH TUCIIICH. DJeK-
TPOABI AUCILIES BBICTPOCHBI B TOPU30OHTAJIBHBIC PSIBI BAOJIbL IKPaHa,
a aJpecHbIE JEKTPObl PACIIONOKEHBI BEPTUKAIBHBIMU KOJIOHKAMH.
Kak BuzmHO Ha puc.9.24, BepTuKaabHbIE U TOPU3OHTAIBHBIE 3JIEKTPO-
Ib1 GOPMUPYIOT Oa30BYIO CETKY.

[lnkcenn B MIa3MEHHOM NAHEMW COCTOAT M3 TPEX sA4YEeK-
cybnukceneit (puc.9.25), kaxxaast U3 KOTOPBIX UMEET CBOE IOKPhITHE
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MIPO3PAavYHOC IMOKPHTHUE  OINTUHYECKOC U3JTYHCHUC

JUDJICKTPUK Ipo3payvHbIC
00IaCTh raso-\ SIEKTPOJIBL:
BOTO paspsna % < .
QJ
JoMUHO(OP ? ' ﬁg;;plzi)ll:;)ﬂemsoe
%

0

Puc.9.25. Koncrpykius cyonukcens

— W3 KpacHOro, 3elICHOro Win cuHero JoMuHogopa. CyOnukcenb
SABIISICTCA yCTpOﬁCTBOM C IMHaMHWYECKHUM YyIpPaBJICHUEM UMITYJIbCaMU
HampspkeHUsl. B HeM wncmomnb3yercs cxema BBICOKOYACTOTHOTO €M-
KOCTHOI'O pa3zpsja ¢ TpE€EMA BHCIIHUMU JJICKTPOJaMH CKaHUPOBaHUAA,
TIOICBETKH | ajpecaruu. OHa paboTaer CiaemyomuM o0pa3oM: BHA-
yaJie MPOUCXOANUT nHUIManm3anud. [Ipu 3ToM Ha anexTpoxe axpeca-
LMY HalpsDKEHHE OTCYTCTBYET, a Ha 3JIEKTPOJA CKaHUPOBAHMS OTHO-
CHUTEIJIBHO 3JIEKTPO/A MOCBETKH MOAAETCA CTYIEHUYAaTOHAPACTAOLIMH
AMITYJTbC HampspkeHus. [IponcxomuT mpoOoi razopaspsaHoro Mmpo-
MEXyTKa BOJIM3H JUAJIEKTPUKA U MO IEKTPOAAMHU CKaHUPOBAHUS U
MIOJICBETKU HAKaJIUBAIOTCS OOBEMHbIE IOIOKUTENbHBI U OTpHUIla-
TENbHBIN 3apsAbl U BO3HUKAIOT BHYTPEHHHE 3JIEKTPUUECKHE IO
(mompobHo ommcano B 9.8). Ha cnexymem sTame — axpecanuu mpo-
HCXOIOUT MOATrOTOBKAa CyONuUKcens K noicseunBanuoo. Ha muny an-
pecalnyy NoJaeTcsl MOJOKUTEIbHBIN UMIyIbC +75 B, Ha mMHY cKa-
HHUPOBAHUS — OTPULATENbHBIA —75 B, Ha 1IMHE NOJACBETKU yCTaHAB-
nuBaercs HampspkeHue +150 B, uTo MeHbIe HampspKeHHs! POOOS
raza. HanmpspkeHue Ha afpecHOM 3JIeKTPOJE UCKHUBIISIET CUIIOBBIC JIH-
HUH 3JIEKTPUYECKOT0 IOJs BHU3, TEM CaMbIM cMelasi obiaacTe oOpa-
30BaHMS MJIa3Mbl BIIIyOb CyOmmKcens. 3aTeM NPOUCXOAUT HOACBET-
Ka, IPU 3TOM Ha IIMHY CKAaHUPOBAHUS MOJNACTCS MOJIOXKHUTEIbHBIN, a
Ha IIMHY [OJACBETKU OTPULATEIbHBIA HUMITYJIbC HANPSOKEHUS! BEJH-
yuHoil 190 B. HanpskeHHOCTH BHELIHEr0 U BHYTPEHHETO 3JIEKTPU-
YECKUX TOJIeH CKIaAbIBAIOTCS, W IPOMCXOAWUT BBICOKOYACTOTHBIN
€MKOCTHOH Npo0oil razop3pagHoro npoMexyrka. CMeHa MOIsSpHO-
CTH UMIIYJICOB Ha 3JEKTPOAAX CKAaHWPOBAHMS U MOJCBETKH NMPUBO-
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JUT K TIOBTOPHOMY Ipo0o10. YbTadroneToBoe H3TydyeHrne ra3oBoro
paspsiga oOJy4aeT MOBEPXHOCTh CYONHKCENs, BO30YXKIash aTOMBI
moMuHO(Opa. DIEKTPOHBI B aToMax JIIOMHHO(pOpa MEepexoisT Ha
Oonee BBICOKHE DHEPreTUYECKUE YPOBHH, a 3aTeM INpPH OOpPaTHBIX
Mepexojax UCMyCKarTCs (POTOHBI BUAMMOIO CBeTa. BUIUMBINA CBET
BBIXOJUT HAPYXKy 4epe3 MPO3pavyHble MOKPBITHS C MajbIM ociiabie-
HUEM.

st Toro 4ToObl HOHU3UPOBATH Ta3 B OTJICILHON SYelKe, KOM-
MBIOTEP TUIa3MEHHOTO JTUCIIEs TOJaeT HANpPsDKEHUS Ha T dJIEKTPo-
IIbI, KOTOpBIEe Ha Hel mepecekatorcss. YcTora oOpalieHus K Kakaou
siyelike CyONMKCeNss MOXKET JIOCTUTaTh HECKOJNBKUX THICSY pa3 B ce-
kyHay. IlomHorBerHOe MOMyTOHOBOE H300pakeHHE cO3JaeTcs 3a
CYET M3MEHEHHS YacCTOTHI Ta30BbIX Pa3pAI0B B KAXKJOM CyOIIHKCETe.

l'oToBBIE TUTa3MEHHBIE MAaHENW MOJXY4YaroTcss TOHKHUMH. OT-
JeNbHBIC TTAHEN MOXKHO OOBETUHATH B OOJbINHE dKpaHbl. M300pa-
JKEHHME Ha TUTa3MEHHOW TMaHeIH BBIXOAWT SIPKUM M c1a00 3aBHCUT OT
yTiia IpocMoTpa.
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B3AUMOJIEMCTBHUE DJJEKTPOHOB C
TBEPABIMU TEJIAMHA

10.1. PaccesiHue 3J1eKTPOHOB B TBEP/IOM Telle

B3anMopelicTBre IIOTOKA 3JIEKTPOHOB C TBEPIABIMH TEJIaMMU
MPOUCXOAUT B PE3YyNbTaTe UX YINPYTUX W HEYNPYTUX CTOJKHOBEHHIH
c aToMaMu Kpuctajuimueckoi pemrerku. Ha puc.10.1 mpencrasiena
CXéMa, WJUIIOCTPUPYIOLIAs

ocialbieHre AJIEKTPOHHOIO o =TT v
Iy4Ka ¢ UHTEHCHUBHOCTHIO lg @------- <10 ®

IpU  TIPOXOXKAEHUU 4epe3 CTTTTTIiTel o >
TBepyoe Teno TonmuHOH dX. o @ - ___] 1 |
Kak u panpiie (1. 8), amek- e------- I et 2
TPOHBI CUMTAIOTCS TOYCU- oIl it N >
HBIMH YaCTUIIAMH, @ PaCcCeH- P x°]10 ~‘- .. A
BAIONIME YACTHI[Bl HMEIOT PV

A
\ 4

MHUKPOCKOITYECKOE CEUCHHE
paccesauss ©. YmenbpmeHue Puc.10.1. OcnalGnenue >1eKTpOHHOrO
[IEPBOHAYAJILHOM MHTEHCHB-  IyIKa IPH IMPOXOKACHUN 1Yepe3 TBEp-
HOCTH  TIPOIOpPLHOHATBHO A0€ TEIO TONmHOM dX
KOHIIGHTPAIlH PacCEeUBaro-
X gactuil N u tommue cinos dx:

—dI = oINdx. (10.1)

[IpranHoi BRIXOAA DIEKTPOHA M3 My4YKa MOTYT OBITH pazind-

HbIE TIPOIECCHl YIPYTOro M HEYMPYTrOro PAcCEeSTHHUS WM IOTJIOIIe-
HUsA. B o0miem cirydae cripaBeIiinBO COOTHOIIEHHE

c=01+t0+ ..., (10.2)
I/ie G1, G2 U T.JI. — CEUEHHS PACCESHUS OTIENBHBIX 3JIEMEHTAPHBIX
mporeccoB. Beenem Benmmunny X = 6N — makpockonmyaeckoe dhdex-
THBHOE ceueHune paccesHus. Torna

—dI = 12dx. (10.3)
Wnrerpupys ypaBaenue (10.3) 1o TonmuHE CI0s X, TOTYIAM

IdI X

—=-X f dx
1o ! 0
Inl—Inly = -2,

In—= —Xx,

n I X
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I = loexp(—ZX). (10.4)

MaKpOCKOHI/I‘IeCKOG Bq)q)eKTI/IBHOC CCUCHHUC pacCCiHHnd CBA3a-

HO CO CpGI[HGfI I[J'II/IHOI71 CBO6OILHOFO np06era SJICKTpOHa COOTHOIIC-
HHUEM

1
T=-. 10.5
- (105)
Ortcrona
x
I = Iyexp (—)—L) . (10.6)
KaxaomMy 3j1eMEeHTapHOMYy MpOIecCy COOTBETCTBYET CBOS
PR RN JUIMHA CBOOOJIHOro mpobera Ai, Ay u
~- T.J., TaK 4TO
& --------- B \lh \\* 1 1 1 (10 7)
- —=—F—+ . :
& -] J ‘\* A A A4
lo o B tBepapix Temax OOmbLION TOII-
S R p IIMHBI X > A MMEET MECTO CYIIEeCTBEH-
SO Rads HOE W3MEHEHHE HalpaBJICHUS JIBUKE-
x> HUS DJICKTPOHOB B pe3yJbTaTe MHOTO-
< > kpatHoro paccesaus (puc.10.2).

Puc.10.2. MuorokpaTtHOe
paccesuue amektporos B 10.2. Ilorepu 3Heprum 3/1eKTpO-

TBEPIOM TeIIC HaMu

[Ipu B3amMOAEHCTBUM C TBEPABIMH TeIaMu OOMOApANPYIOIIHE
AJIEKTPOHBI OOBIYHO TEPSIIOT YaCTh CBOCH SHEPTHH, XOTS B HEKOTO-
PBIX CITydask UX SHEPTHSI MOXKET YBEITHYHBATHCS.

Crenindrika B3aMMOJEHUCTBHSI 3JICKTPOHOB C YaCTUI[AMH TBEp-
JIOTO Tea CBS3aHA C MaJlod Maccol AJIEKTPOHA COMOCTABUTEIBHO C
Maccoil aToMa. JTO MPHUBOJUT K OTHOCHTENBHO OOJBIIOMY M3MEHE-
HUIO UMITYJIbCA DIICKTPOHA MPU KAXKJOM €ro CTOIKHOBEHUH C YaCTH-
IaMH CPe/bl U BBI3BIBACT 3aMETHOC M3MCHCHUE HAIMPABICHUS JIBU-
JKEHUS DJICKTPOHA W MOSIBICHUIO 3JIEKTPOMATHUTHOTO PaJUAIMOHH O-
ro m3nmydeHus. [loTepu SHEPrHU SIEKTPOHAMH SBISIFOTCS CyMMOWN
MOTEPh HEPTHH MPU YIPYTHUX U HEYNPYTUX yAapax, KOTOpbIe B OC-
HOBHOM OIPECISAIOTCS TOTEPSAMH Ha BO30YXX/JCHUE, NOHU3AIUIO U
paaranmoHHBIMH TIoTepssiMU. CYIECTBYIOT W JPYTrUe BUJIBI MOTEPb,
HaTpUMep Ha JUCCOIMAITUIO MOJICKYII.
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CooTHOILIGHHE TOTEeph ONpefeNnsieTcs MHOTUMH (DaKTOpaMu:
9HEPruel 3MEeKTPOHOB, YIJIOM HaJeHHs, CTPYKTYPOi TBEpAOro Tena.
Ha pnc.10.3 cxemMaTH4HO yKa3aHbI IMPOLECCHI, BO3HUKAIOLINE MpU

A
W \ \ \ N } SICPHBIC PCAKIUU
TOPMO3HOE M3ITy4eHHE
Woenssn pacIbLIeHNe
>Heynpyroe
paccesiHre
Wiiomms HMOHU3AIHS
Waoss BO36YKICHHE
yIpyroe
paccesiHue
0

Puc.10.3. B3anmoneiicTBrE 3JIEKTPOHOB C TBEPABIMU TEIAMHU

B3aUMOJICHCTBHUHU DJICKTPOHOB C TBEPABIMHU TEIaMH 110 MEpEe YBEIHU-
4eHHs ero sHepruu. [Ipm s>HEpPrusx IeKTPOHOB MEHbBIIEC YHEPTHU
BO30YKJICHUS MMEET MECTO YIPYroe paccesHHue dIIeKTPOHA M 3aXBaT
3JIEKTPOHOB HA JIOBYIIKAX MM PEKOMOMHAIHS C JBIPKAMH.

B ob6mactn mm3kux sHepruii (W < 1 MbB) ocHOBHOM BKIaI B
MIOTEPH PHEPTUU BHOCAT ITOTEPH SHEPTUH Ha Pa3orpeB, BO30YKACHHE
(mepexom 3MEKTPOHOB B 30HE IMPOBOAMMOCTA Ha 0oJiee BBICOKHE
YPOBHU DHEPTrMH) ¥ HOHU3AIWio (oOpa3oBaHHE BJIEKTPOHHO-
JBIPOYHBIX Tap, B TOM YHCIE C ITyOOKOpacCIIOIOKEHHBIX YpPOBHEH
sHeprun). Takke HMeeT MECTO JIEKTPOHHO-UOHHAST SMUCCHS (IJIeK-
TPOHHOE pacIbUICHHE MaTepraia MUIICHN ), CBSI3aHHAsI C BEIOMBAaHH-
€M TIPHMECHBIX U COOCTBEHHBIX aTOMOB. B 00macTé BBICOKHX DHEp-
ruii (W > 100 M»3B) npeobiafaroT paadanuonHbie oTepud. B mpo-
MEXYTOYHOH 001aCTH HEOOXOAMMO y4eCTh BKJIaJl BCEX IPOLIECCOB.

Oco0eHHOCTBIO B3aMMOJECHCTBUS 3JIEKTPOHOB BBICOKHX JHEP-
THI C TBEPJIBIMH TEIaMU SIBIISETCS 00pa30BaHHE KaCKaIHBIX JIMBHEH
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B pe3yJbTaTe ABYXCTYIEHUATOro Mmpoiecca: 00pa3oBaHusl y-KBAaHTOB
C TMOCIENYIOUMM 00pa3oBaHUEM JJIEKTPOH-TIO3UTPOHHOW Maphl
(puc.10.4). TIpu 5TOM YKCIIO 3JEKTPOHOB B JIMBHE BHadaje OBICTPO

ﬂ:l'

Puc.10.4. KackaaHblii JIUBEHb, BBHI3BAHHBINH BBICOKOIHEPTHYHBIM 3JICKTPO-
HOM

pacrer, a 3aTeM 10 Mepe Pa3BUTHUS KacKaJia dHEPTHs, PUXOASIIAsICS
Ha OJIMH DJIEKTPOH, YMeHbIaercs. COOTBETCTBEHHO YMEHBIIAETCS U
9Heprusi POTOHA, MOCIEC TOrO KaK OHA YMEHBIIMTCS HACTONBKO, YTO
(OTOHBI HE CMOTYT POXKJIATh AIICKTPOH-TIO3UTPOHHBIEC TIAPhI, IUBEHb
npekpamaercs. YUCIo 4acTWI] B JIMBHE JJISI BBICOKOIHEPTUYHBIX
3JIEKTPOHOB MOXeT gocturats 10°.

10.3. BropuuHas 3J1eKTPOHHAs IMUCCHS

IIpu GomOapaupoBKEe TBEPLOro Teda AJIEKTPOHHBIM ITyYKOM
HaOmoaercss BTOPUYHAS SMHCCHUSI 3JIEKTPOHOB. OMHUTHPOBAHHBIE
3JIEKTPOHBI COCTOSIT M3 YHPYro- U HEYNPYrOOTPa)KCHHBIX IEPBHUY-
HBIX 3JEKTPOHOB M BHOBb OOPa30BABLIMXCS WCTHHHO BTOPHYHBIX
JJIEKTPOHOB.

BBonutcsa ko3 punnenT BropuyHON SMUCCHH:

NBT ynp + NHeynp + NI/ICT BTOD

r] = =
Nna,q Nna,a

(10.8)
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1€ Nyay — UUCIO IEPBUYHBIX 3JEKTPOHOB, @ Ny — UMCIIO BTOPUUHBIX
3JIEKTPOHOB, KOTOpbIE, B CBOIO ouepenb, cocTOAT U3 Nynp, Nyeynp U
Nicr srop IEKTPOHOB.

N
Ecmn BBecTH K03(OUIMEHTH ynpyroro Ryn, = Ny"p, HEYIpY-
naz,
NHeyﬂp (v (v
TOr0 Ryeynp = .~ OTPakeHHH M MCTMHHO BTOPHYHOI dMHCCHH
naj

A= M“AC]TT:”, TO CTAaHOBHTCS OYEBHIHBIM, 9TO Ryyp + Rueynp < 1, 2 A
MOXET OBITh MEHbIIE MOpsIKAa WM OOJNbIle eIUHHILL. BhICTphIi
TIEPBUYHBINA 3JIEKTpOH ¢ 3Heprueil W, MHOro Gonbuiel paboThl BbI-
X0fa 3JIeKTpoHa u3 TBepaoro tena Wy, MOXeT B pe3ybTaTe MHOTO-
KpPaTHBIX COyJAapeHUN BBIOUTH HECKOJBKO MEIJIEHHBIX BTOPHUYHBIX
9MeKTpoHOB. [Ipm OIaronmpuATHBIX YCIOBHSX KacKaJl BTOPHUYHBIX
COy/IapeHHiT MOKET TOPOIUTH BHYTpH cpessi 10 10°+10°% Broprumbix
3JIEKTPOHOB (HO HE BCE M3 HUX MOKWHYT MumieHb). Ha puc.10.5 npu-
BeZIeHa KadeCTBEHHAs
sapucumocth A = f(W). A 4
Ecnn nepenannas W,
SHepruss OONbBIE  FUIH

paBHa paboTe BBIXOIA

Ww, TO 3JIEKTPOH MOXKET

BBINTH K3 Meraia. [Ipu

pocTe DHEpPTHM KaXKJbIi
MEPBUYHBIN 3JIEKTPOH I >
MOXeT BoIOHTE Heckomb- 0 W 300+400 W, 5B
KO BTOPMYHBIX W HHCIO  Pyc.10.5. 3aBucumoctb Kod(duumeHTa
BBIXOIAIINX  3JICKTPOHOB HUCTUHHO BTOPHYHOW AJIEKTPOHHOM 3MHC-
YBEIIMYUBAETCH. IIpu CUM OT YHEPIHH NIEPBUYHBIX JIEKTPOHOB
JajbHEMIIeM  yBelauue-

HUU SHEPTUH OBICTPBIC IEPBUYHBIC IEKTPOHBI IPOHUKAIOT IIIyOOKO
B MHILEHb U NEPEAr0T TaM YacTh CBOCH SHEPIUU BTOPUYHBIM 3JICK-
TPOHAM, KOTOpBIE€ IO IIyTH K IHOBEPXHOCTH HCIIBITHIBAIOT MHOIO-
KpaTHbIE COyJapeHUs] U PacTpadMBalOT 4acTh YHEPIHH, YTO MPUBO-
IUT K YMEHBIIECHHIO BTOPUYHON 3JEKTPOHHON sMHCCHH. MakcuMym
A Habmogaercs, kak npaBuio, B paiione 300+400 3B. Takum oOpa-
30M, KOO()(UIMEHT BTOPUYHOM SMHCCHH 1) MOXKET H3MEHSThCA B
LIMPOKUX MPEAeIax B 3aBUCUMOCTH OT YCIIOBHI SKCIIEPUMEHTA.
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10.4. DHepreTu4ecKuii ClieKTP BTOPUYHBIX 3J1eKTPOHOB

Ha puc.10.6 npencraBieHa TUIIMYHAS KapTUHA SHEPT€TUYECKO-
T'O CIEKTpa BTOPUYHBIX JIEKTPOHOB. Ha HEM MOXKHO YCIIOBHO BB e-
muTh Tpu obnactu: | — 00JacTe MeNIEHHBIX WCTHHHO BTOPHYHBIX
ANEKTPOHOB, || — 06MacTh HEYNPYrooTpaskeHHbIX 1eKTPOHOB U 11 —
00J1acTb yIpyro- U KBa3uylnpyrooTpakeHHBIX JIEKTPOHOB.

dn , N Il 1
dw %
1
]
]
|
1
1
1
1
1
|
|
]
:
! »
0 »
Wheps W
Puc.10.6. DHepreTHyeckuil CIeKTp BTOPUYHBIX JIEKTPOHOB. OONacTh:
| - ucTuHHO BTOpMYHBIE AMEKTPoHBI, || — HEeynpyro- u |1l — ynpyroot-

pa’KeHHbIE TIePBUYHbIE AIEKTPOHBI. TOHKas CTPYKTypa: a — paccesiHue
Ha JeeKTax KPUCTAUIMIECKOH PELIeTKH, O — OXKe-TIUKH, 6 — HOHU3aLH-
OHHBIE ITUKH, & — TMKU XapaKTEePUCTUYECKUX TIOTEPh

VlcTHHHO BTOpPUYHBIE JIEKTPOHBI IMUTUPYIOT B pE3yJbTaTe
TPEXITAIHOTO MPOLEcca: TeHepalys EPBUYHBIMH 3JICKTPOHAMH T1ap
AMEKTPOH-ABIpKa, U dy3us Bo30OYKISHHBIX IEKTPOHOB K TIOBEPX-
HOCTH M BBIXOZ 3a IPeAenbl TBepAoro rena. CTONKHOBUTENBHBIE HO-
TEpU SHEPTUU IPU JBHKEHUU IEKTPOHOB K IIOBEPXHOCTH IPUBOIST
K TOMY, YTO 3MUTHPOBAaHHBIE HCTUHHO BTOPUYHBIC 3JICKTPOHBI UM e-
10T HeOonpimme dHepruu: 0+50 »3B. Ux cnekTp mMeeT MakCHMyM B
patiore 1+10 3B B 3aBucuMocTH OT coctaBa muieHu. B obmactu |
Ha0JIoAaeTcsl TOHKasi CTPYKTYpa, CBsI3aHHAsl C PE30HAHCHBIM pacce-
STHUEM MENJICHHBIX 3JIEKTPOHOB Ha Ae(eKTax KpHCTAIIIMYECKOH pe-
LIETKH.

B obnactu meynpyroro paccesaus |l takxe HabmogaeTcs TOH-
Kasg CTPYKTypa, oOpa3oBaHHas OXe-IMKaMM M HOHW3ALOHHBIMH
MTUKaAMH.
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Bo3HNKHOBEHHE 0’KE-3JIEKTPOHOB CXEMaTHUYECKH MOKa3aHO Ha
puc.10.7. TlepBuunsbiii amektpoH (1), oOmamaromumii sHepruei

W,5B “(i) ®3) @) (&) @
A YPOBEHb A aKyyma
W AT
Vol 1 :
A Ll 1
We [ 1 !
We0 [
WV (MU R
l‘: SN BaKaHCHH
_13 :IIII-' -'I:' N sl
[ o v ! Vil
1 1 IBBIOUTBII Vo \ii [TIEpBUYHBIN
[}
‘n: 12JIEKTPOH (3) || ! a71eKkTpoH (1)
L2'3:799 ‘l :
(L
, BakaHcus o
i Ve BBIOUTBHIH 1EKTPOH (2)
L1=—149 : o
1! i [EPBUYHBIH
{omektpoH (1) ' { onextpoH (1)
PeHTreHoBCKUil KBaHT
K=-1839

BBIOUTBIN IEKTPOH (2)

a o 8
Puc.10.7. Cxema: a — oxe-amuccunt (KLiL,3), 6 — peHTreHOBCKO# (roo-
pecuennuu, ¢ — oxe- amuccunt (L, 3VV)

2+10 3B, BbIOMBacT 351eKTPOH (2) ¢ rIyOOKOro YpOBHSI, MOCTE YEero
00a anekrpoHa nmokuaawT atoM (puc.10.7,a) [Ipu atom Ha K-ypoBHE
BO3HUKAET O3JICKTPOHHAs BAaKAHCHS. OTa BaKaHCHS 3aIONHSICTCS
AIEKTPOHOM ¢ Ooree BBICOKOTO L;-ypoBHs. MOHM3NPOBaHHEIA aTOM
OKa3bIBACTCSl B CHIIEHO BO30Y)KIEHHOM COCTOSHHU M OBICTPO pernak-
cupyer B Oolilee HU3KOE JHEPreTHUECKOe COCTOSHHE B PE3yJbTaTe
OIHOTO M3 JBYX BO3MOXHBIX ITPOIIECCOB: & — OXK€-IMHCCHHU (Oe3bI3-
Jy4aTeNFHOTO Tepexo/ia) ¢ UCIyCKaHueM 3nekTpoHa (3), 6 — peHT-
TEHOBCKOHM (hiyopecueHInu (M3IIy4aTeIbHOrO Mepexoa), MoKa3aH-
Hbix Ha puc.10.7,a u 6 coorBercTBeHHO. PeHTrenoBckas duryopec-
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LEHITUS U 0XKE-IMHUCCUS SIBJISFOTCS KOHKYPUPYIOUMMH TIPOIIECCaMHU.
Hns au3kosneprernyeckux nepexoao (W<500 3B) u, B ocobeHHo-
CTH, JIJISl JICTKUX DJICMEHTOB PEHTTCHOBCKasl (DIFOOPECIICHIUS He3Ha-
YUTEIbHA, U O0XKE-IMHUCCHS mpeodianaet. ToabKO MpH SHEPTHUSIX TO-
psaaka 2000 3B BBIXOA PEHTICHOBCKON (hIyOPECLEHIIUN CTaHOBUTCS
CPaBHHMBIM C HHTCHCUBHOCTBIO 0’KE-3MHCCHH.

B xome oxe-mpolitecca aToM HaXOJUTCS B BO30YXKICHHOM
MOHHM3UPOBAHHOM COCTOSHHM: B HaYaJIbHOM COCTOSIHUU aTOM COJIEp-
JKUT OJIHY SJICKTPOHHYIO BAaKaHCHIO, a B (PUHAJIHLHOM — JIBE DJICK-
TPOHHBIC BaKaHCUU. B cymMMe B mporiecce y4acTBYIOT TPH 3JIEKTPO-
Ha, YTO O3HAYaeT, YTO OKE-TIEPEX0Jl MOXKET UMETh MECTO BO BCEX
dJIeMEHTaxX TepuoandecKkor Tabmmipl, 3a uckimoueHuneM H u He, y
KOTOPBIX MEHBIIC YEM TPH IJICKTPOHA HA aTOM.

HomeHnknaTypa JjIsl 3allMCH OXE-TIEPEXO0JI0B HCIONb3YyeT 3a-
[IHCh, NPHUHATYI0 B PEHTTEHOBCKOM CIIEKTPOCKOIHMH, U YKa3bIBAET
YPOBHM, BOBJICUEHHBIE B ITpolecc. HarpuMmep, nepexol, noka3aHHbII
Ha puc.10.7,a, obo3nauaercs kak KLiL,3. Ecnu oxe-mporiecc mpo-
WCXOAWT B TBEPAOM Telle U B HEM YYacCTBYIOT BaJEHTHBIE JJIEKTPO-
HbI, TO 00O3HAYCHMS YPOBHEH B aTOME 3aMCHSIOTCS CHMBOJIOM V
(BamenTHas 30Ha). B kauecTBe mpumepa Ha puc.10.7,6 mokasax
L,3VV oxe-miepexo.

Oske-Tiepexo]] XapaKTepru3yercsi B OCHOBHOM JHEPTE€TUYECKUM
MTOJIOKEHNEM HCXOMHOW DJIEKTPOHHOW BAaKaHCHH M TIOJOXKEHHEM
IBYX BaKaHCWH B (DMHABHOM COCTOSHWHU. BeriencTBue 3Toro KuHe-
Trdeckast 3Heprus Wy 112 3 HCITYIIEHHOTO JIEKTPOHA B IPUMeEpE, 110~
kazaHHoM Ha puc.10.7,a, MoXeT ObITh OllEHEHA M3 DHEPruu CBSI3U
YpOBHEH, BOBJICUEHHBIX B ITPOIECC, B BHJIE

Wii123= Wk — Wi —Wio3 — AWE, (10.9)
rae AWE =Wy — Wi — TepmonmHaMudeckast paboTa BBIXO[a MaTepHa-
na.

Crnemyer OTMETHTD, YTO BBIpAJKEHHUE AaeT IPyOyI0 OIEHKY, TaK
KaK B HEM HE YUYHUTHIBAETCA TO, YTO HCIYCKaHHE DJIEKTPOHA TPOUC-
XOIWT W3 MOHA, a HEe W3 HeHTpaiapHOro aroma. MoHM3amus aToMOB
MPUBOJUT K CMEIICHUIO 3JIEKTPOHHBIX YpOBHEW BHH3, UYTO, €CTe-
CTBEHHO, BIIUSICT Ha YHEPTHIO HCITYCKAEMBIX 0’KE-3JIEKTPOHOB.

Bricokasi MOBepXHOCTHAas UYyBCTBHTEIHHOCTh, BO3MOXKHOCTH
MTONTy4YeHHs] KOJIMYECTBEHHON MH(OPMAIUU U MPOCTOTa UCIIONB30Ba-
HUS TIPUBEIT K TOMY, YTO METOJ[ OXKE-CIHEKTPOCKOIHUH IIUPOKO HC-
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MOJIB3YETCS B MCCIIEAOBATENbCKUX JIA0OPATOPUsX, 8 TAKKE B XUMU-
YECKOM MPOMBIIIIIEHHOCTH, METAJTYPTHH U MHKPOAJIEKTPOHHKE.

O’ke-TIMKW ¥ MOHU3AIIMOHHBIE MMKH COOTBETCTBYIOT MOTEPSM
SHEPTUU TIEPBUYHBIX JJIEKTPOHOB Ha AHMCKPETHBIE BO30YXKIEHUSI.
[Ipu u3MeHeHNN SHEPTUN TIEPBUYHBIX DJIEKTPOHOB MX CHEKTP HE U3-
MEHSETCSI, YTO TMO3BOJISICT aHAIM3UPOBATH XUMHUYECKHHA COCTaB Be-
LIECTBA, HAXO/SIIErocs Ha MOBEPXHOCTH MUIIICHH W BOJIH3H Hee.

B o6nactu Il umeercs MakcumMyMm, COBNAAAIONIHMNA C SHEPrHEH
MEPBUYHBIX 3JEKTPOHOB, KOTOPBI 00pa30BaH YIPyrooTpakeHHBIMU
anekTpoHaMu. Ero BenmumHa MokeT cocTaBisaTh mopsiaka 10% o6-
IIEr0 YMCIIa JJIEKTPOHOB B criekTpe. Hebombimas 4acTh 3JEKTPOHOB
HWMEET DHEPTHUIO, MTPEBHIMIAIOINLYI0 SHEPTHIO TIEPBUUYHBIX JJIEKTPOHOB,
4TO0 O0BSICHSIETCS Tepeiadeii P CTOIKHOBEHUH YacTH SHEPTUHU KO-
ne0aHuil KPUCTAJUTMUECKON pemeTky 0oMOapaAnpyIOMeMy 3JIeKTp O-
Hy. Ha cnekrpe KBa3MynpyrooTpakeHHBIX OJJIEKTPOHOB TaKXKe
HaAOIIO/IaeTCsl TOHKAs CTPYKTypa — MHKH XapaKTePUCTHUYECKUX I10-
Teps oHeprun (2) Ha puc.10.6. OHa COOTBETCTBYET SHEPTHUAM KBa3H-
YIPYTOOTPAKEHHBIX SJIEKTPOHOB, MOTPATHBIINX YacTh SHEPTHH HA
JMCKpETHbIC BO30YXJeHHS. [IpM M3MEHEHWH SHEPTUU IEPBUYHBIX
3JIEKTPOHOB TTHKHU XapaKTEPUCTUIECKUX TTOTEPb CMEIIAIOTCA.

OHepreTuyecKkue CIeKTPhl U YTIIOBBIE paclpeeeHus] BTOpHY-
HBIX 3JIEKTPOHOB COJIEPXKAT MOPOOHYI0 HH(OpMAIIHIO 00 OCHOBHBIX
MHUKPOCKOIMUYECKUX XapaKTePUCTUKAX MOBEPXHOCTH MUIIEHH — CO-
CTaBe, CTPYKTYPE U JIEKTPOHHOM CTPOSHHH.

10.5. DJ1eKTPOHHO-HOHHAS IMHCCHSI

DIIeKTPOHHO-NOHHASL SMUCCHUS OOBIYHO MPOUCXOIHUT C TOBEPX-
HOCTH OOoMOapaupyeMoil >1eKTpoHaMu MuIneHu. Ecinu mumeHs Me-
TaJUINYECKas, TO €€ TEeIJIONPOBOJHOCTh BHICOKAs W IepeaaBaeMast
NPU CTOJIKHOBEHHH YHEPIHs HEPBUYHBIX JJIEKTPOHOB OBICTPO pac-
npenensiercss o 00beMy MeTaia 3JeKTPOHAMH ITPOBOANMOCTH, YTO
MIPUBOJIUT K €ro paszorpeBy. Ecin GomOapaupyromuil my4oK 3JeK-
TPOHOB JIOCTATOYHO WHTEHCHBHBIH, TO METAJUT MOXET pa3orperbes
70 TEeMIIepaTyphl MJIABJICHUS M Aa)ke HCIapeHHs. ODTO SBJICHUE HC-
MOJIB3YETCS P JIEKTPOHHOM TUIaBKE U CBapKe METaJIIOB.

TermonpoBOIHOCT MOTYIPOBOIHUKOB M IUAJIEKTPHKOB OTHO-
CHUTEIIBHO HEBEJIHKa, B 3TOM Ciydae HaONIOaercss BTOpUYHAS DIIeK-
TPOHHO-UOHHAs1 3MHUCCHA. [IpuMecHbIE aTOMBI, pacloloKEHHbBIE Ha
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MOBEPXHOCTH MOTYMPOBOAHUKOB M TUAJICKTPHKOB, UMEIOT SHEPTHUIO
cBs13U Wy npuv MEHBIITYIO, UEM BHEPIUs CBA3U COOCTBEHHBIX aTOMOB,
PACTIONOXKEHHBIX B y3/1aX KPHCTALIMYECKOW permeTKH Wy apon 1IpH
WHTCHCUBHOM 3JICKTPOHHOK OOMOapIUpOBKE IPOMCXOJUT Pa30rpeB
MOBEPXHOCTH W HCIapeHUe aTOMOB NpuUMecH. Tak MpOW3BOIUTCS
3JIEKTPOHHAsl OYUCTKA IIOBEPXHOCTHU OT npuMeceil. [Ipu nossiennuun
SHEPTUH MaJAIONINX 3JIEKTPOHOB U IJIOTHOCTHU JIEKTPOHHOTO MOTOKA
MOXET IPOUCXO/IUThH PACTIbUICHHE COOCTBEHHBIX aTOMOB.
OnekTpoHHas OOMOapIMpPOBKAa MOXET BBI3BATH XUMHUECKOE
pa3ioKeHHe MM M3MEHEHHE CTPYKTYpPhI BellecTBa, HAaIpUMeEp Io-
muMepoB. [IponykTel pasznokeHuss MOryT MponudyHAHPOBATH K
MOBEPXHOCTH U TIOKUHYTH BEIIECTBO B PE3yJIbTAaTE TEPMOJIECOPOIIHH.

10.6. DyiekTpoHHO-POTOHHAS IMUCCHSA

[Ipu TopMOkeHUM OBICTPBHIX 3JIEKTPOHOB c dHeprueilt W Ha
MOHAX KPUCTAJUTMYECKON PEIIeTKH MPOUCXOJHUT UCITyCKaHue (IMUcC-
cust) portoHoB. [Ipu 3TOM PopMHUpyeTCs HENPEPBIBHBINA CIEKTp W3-
mydenust ¢ sueprueii hyv or 0 mo W. Ha HenpepbIBHEIH CIIEKTp HaKIIa-
NBIBACTCSl JTMHEeWYaTass CTPYKTypa, COOTBETCTBYOMmas (GoTopexkom-
OMHAIIMU DJIEKTPOHOB C
IBIPKaMH BO BHYTPEHHUX
00oouKax aTOMOB
(puc.10.8). Tonkas
CTPYKTYypa CIIEKTpa JHep-
rud (POTOHOB XapaKTepH-
3yeT BHYTpPEHHHE 3IIeK-
TPOHHBIE OOOJIOYKH aTo-

| 4

0 »  MOB; OHA MHIWBHIyalbHa

W ISl PasIUYHBIX XUMHYC-

Puc.10.8. Crekrp pentreHoBckoro u3- ~ CKMX - OJICMCHTOB,  HTO

TyqeHus IO3BOJISICT MPOBOAUTH HX
aHaIu3.

10.7. KaTomo/rioMuHeCHIeHITUSA

.HIOMI/IHCCLICHLII/IGI\/’I Ha3bIBACTCA HUCITyCKaHUC  BCHICCTBOM
HCPABHOBCCHOI'O OITUYCCKOIO0 H3JIYyUYCHHA, HU30BITOYHOTO Haa paB-
HOBCCHBIM TCIIJIOBBIM U3JIYYCHUCM. .HIOMHHeCLIHpOBaTB MOI'yT MHO-
Tue BCIICCTBA, €CIIN KaKHM-JTH00 06pa30M B036y,Z[I/ITB HX 3JICKTPOHBIL
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B COCTOsIHMSI ¢ OoJiee BRICOKOM 3Hepruel. [1pu oOpatHOM mepexoje B
HUCXOJHOE COCTOSIHHE DJIEKTPOH MOXKET OTAATh M30BITOUHYIO DHEp-
THIO B BUJE KBaHTa CBeTa. Takue BEIECTBa HA3BIBAIOTCS JIOMHHO-
¢dopamu. B 3aBHCHMOCTH OT MCTOYHUKA BO30YKIEHUS JFOMUHEC-
LIEHITMIO HAa3bIBAIOT (DOTOIFOMHUHECIICHIIMEH (MCTOYHUK BO30YKICHUS
— KOPOTKOBOJHOBOE ONTHUYECKOE M3ITyYeHHUE), SJCKTPOITIOMUHECICH-
nued (MCTOYHMK BO3OYKAEGHUS — TOCTOSHHOE WIIH IEPEMEHHOE
ANEKTPUIECKOE T0JIe), XEMUIIOMUHECIEHIINEH (MCTOYHHUK BO30YXK-
JEHUS] — XUMAYECKHE Peakinu), TPUOOITIOMIHECIIEHITHEN (MCTOYHHK
BO30YXICHUS — MEXaHHUYECKOE JICHCTBUU MPHU TPEHUM), KaTOMOJIFO-
MUHECIICHIIUEH (MCTOYHUK BO30YXKICHUS — DHEPTMUYHBIA JICKTPOH-
HBIH MTy40K).

PasznuuaroT nBa BHJIA JIOMHHECICHIIMU — (IIFOOPECICHIIHIO U
dochopectieniuio. [Ipu QiroopeciieHIIMKM BBICBEUMBAHHE IPOHCXO-
mut He Goree deMm depes 10 °+10° mocie BO3GYKICHHS JIEKTPOHA,
T. €. MPaKTUYecKd MrHOBeHHO. [Ipu dochopeciieHIn BhICBEUNBA-
HHE IPOUCXOAUT C BPEMEHHOU 3aJePXKKOH, TOCTUTAIOIEH B HEKOTO-
PBIX CITydasix AecsTKoB MHUHYT. CaMbIM W3BECTHBIM IPECTABUTEIIEM
dochopectupyronx BEmIECTB sBIsseTcs Oenblii Gocdop, crnocos-
HBIN 1ocTie 00NTyYeHUs YIbTPadruoIeTOBBIM U3ITyUYECHHEM JUTUTEEHO
CBETUTHCS 3€JICHOBATBHIM CBETOM. BemiectBa, obnaparoriye moao0-
HBIM CBOHCTBOM, IOJy4YHid HazBaHue ¢ochopor. Ilo duzmueckoit
MPHUPOJIC OHU OTHOCATCS K MHPOKO30HHBIM TOIYIIPOBOHUKAM.

dmroopecieHnus BO3HHKACT CIEAYIOIIAM obpazom
(puc.10.9,a): IepBUYHBINA 3JIEKTPOH BHIOMBAET DJICKTPOH W3 BAJICHT-
HOW 30HBI B 30HY MPOBOIUMOCTH (1), B pe3ylibTaTe BOZHUKAIOT JbIP-
Ka ¥ BO30YXJICHHBIM DIJIEKTPOH. DIEKTPOH B 30HE MPOBOJUMOCTHU
TEpsICT DHEPTUI0 B pPe3yJbTaTe COYJAPCHHI M OIMycKaeTcs Ha ypo-
BEHb JHA 30HBI poBoaUMOCTH (4). Oka3zaBmIMCh BONM3H aToMma ak-
HENTOPHON MpUMECH (3JIEKTPOHHOM JIOBYIIKH), SJICKTPOH MajaeT Ha
€€ YPOBEHb, TIPH 3TOM HCITYCKAETCSl KBAHT CBeTa ¢ sHepruei hv = W,
— W,. Hpipka muddynaupyer (2) mo oObeMy MOTYNIPOBOJHHKA H,
OKAa3aBIIUCh BOJM3H JIOBYIIKH C 3aXBAYCHHBIM 3JICKTPOHOM, 3aIlo-
HSETCS DIIEKTPOHOM (3), B pe3ynbTaTe JOBYIIKA 0cBOOMKaaercs. Ta-
KUM 00pa3oM, (IFOOPECICHIIUS MPOUCXOAUT C MAJION 3aJepKKON
MopsIIKa cpenHero BpeMenn nudGy3un 3JIeKTpoHa B 30HE MPOBOIU-
MOCTH JI0 MECTa PACTIOJIOKEHHUS IPUMECHOTO aTOMA.
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BO30YK/ICHHBIN BO30YKICHHBIN

SIIEKTPOH DIIEKTPOH
A 4 A £ 2
| f ]

W, ! , : (7 U (5)
nepBI/Il{HanLl /) TePBUYHBIA | i 6) & Wy
SIEKTPOH | (1) ,/(5) MeKTpOH ! (@)) 5/1(8)

: ! : /! ’,\N\/V
| : | p)
: // x hv : / ! hv

W, — e

Wv * — -ié (3) *g_ — ) 4 (4)

(2) (3)
JbIpKa AbIpKa
a o

Puc.10.9. Cxema: a — duroopectieHIiny, 6 — GpocopecieHIInHT

IIpu dochopectennmu (prc.10.9,6) npoucxoauT BpeMEHHBIH
3aXBaT AJEKTPOHA IIPOBOAMMOCTH JIOBYIIKOH (5). JIoByIKa HEKOTO-
poe BpeMs yAep)KHBAaeT 3aXBAaUE€HHBIM JJIEKTPOH, 3aTeM TEIUIOBOE
IBIDKCHUE CHOBA BBIOPACHIBAET €r0 B 30HY TMPOBOAMMOCTH (6).
OnexTpod aupPyHAUpYET B 30HE MPOBOAUMOCTH (7), OKa3bIBaeTCS
BOJNM3M aToMa akKIENTOPHOM MPUMECH W TajaeT Ha €ro CBOOOIHBIH
YpOBEHb C WCITyCKaHHeM KBaHTa cBeTa (8). BpemeHHas 3amepikka
(docdopeciieHIINE B OCHOBHOM  OIPEACNSACTCS UIHTEILHOCTHIO
yAep)KaHUA JJIEKTPOHA Ha yPOBHE JIOBYIIKH, KOTOpAs ONPENensIeTcs
sHeprued CBs3U  (TIyOMHON TOTEHIIMAIBHOW SIMBI, JIOBYIIKH
W, =W, —Wy) u teruoBoit sueprueii KT. JIoByImkamMu MOTYT BbI-
CTynaThb TPHUMECHBIE aTOMBI IJMOO MepEeKThl KPHUCTATHIECKOI
CTPYKTYPBI.

Hawnbonee w3ydeHBI W IMUPOKO MPUMEHSIOTCS CIEIYIOIINE
dochopsr: coemmuenns A" BY' (ZnS, ZnSe, CdS, CdSe, ZnTe, CdTe)
u ux 1BEpabie pactBopbl; CaWO,; Busmiemur Zn,SiOy; OKCHIBI peji-
KO3eMeNbHBIX 371eMeHTOB Y,03, LU,03, EU,03 1 ux TBEpaBIE pacTBO-

PHI
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10.8. Dp ekt kanaTupoBaHUSs

KananmupoBanue 3apsykeHHBIX YacTHIl B KPUCTaJUIaX — JBHIKE-
HUE YaCTHII BIOJb “KaHAJIOB”, 00pa30BaHHBIX MapasuieNbHBIMHU APYT
Ipyry psaaMu aToMoB. [Ipy 5TOM YacTHIIBI UCTIBITHIBAIOT CKOJIB3SI-
[IMe CTOJIKHOBEHHsI (MMITYJbC MOYTH HE MEHSETCS) C psAAaMu aTo-
MOB, YIIepKUBAIOIIMX UX B 3THX “‘KaHamax” (puc.10.10).

3a cyer addeKra KaHATMPOBAHMS JEKTPOHBI MOT'YT MPOHU-
KaTh B TBEPJIOE TENO Ha IIIyOMHY, CYIIECTBEHHO MPEBBIIIAIOIIYIO
CpeaHee pacCTosiHuEe CBOOOAHOrO mmpodera.

Prc.10.10. Cxema xaHAJIMPOBAHUS HIIEKTPOHOB
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B3AUMOJIEHCTBUE HMOHOB C
TBEPJBIMU TEJAMHA

OCOOCHHOCTH B3aMMOJICHCTBUS MOHOB C TBEPABIMU TEIAMH
ONpENeNAI0TC CYIECTBEHHO OOolblleif, Ha HACKONBKO IOPSIKOB,
MacCOil MOHOB 110 CPaBHEHUIO ¢ Maccou 3J1eKTpoHOB. [Ipu ynpyrux
yaapax KHHETHYecKas SHEepPrusi MOHa TpelaeTcs aToMaM TBEPIOro
Tena. B pesynbraTe mpoUCXOIAT CMEILICHUS aTOMOB M3 Y3JI0B KpH-
CTaJUIMYECKON pelIeTKH ¢ oOpa3oBaHHEeM Je(EeKTOB, pacHbUICHHE
(3MmECCHs ¢ TTOBEPXHOCTH TBEPJIOTO TEJla aTOMOB U MIOHOB) M TeHepa-
st GoHOHOB. [Ipy HEynpyrux CTONKHOBEHUSX HaOIOJaercs BO3-
Oy)KJeHUE DIIEKTPOHOB IyTEM MEK30HHBIX M BHYTPH3OHHBIX IIEpe-
X0OO0B, HOHHO-JJICKTPOHHAsA OSMUCCUA, paddallMOHHAd MIPOBOAN-
MOCTb, MOHHO-QOTOHHAsI dMHUccHsl. [Ipy oueHb OONBIIUX JHEPTHUSIX
BO3MOXHBI ACPHBIC PCAKIIUU.

11.1. AKkkomoganus

[Ipn ManmpIX SHEPrUsX NEPBHYHBIX HOHOB (MEHBIINX, YeM
SHEPIrHs CBA3M aTOMOB B KpPUCTALTMUECKOH pemmerke, Wiep, << W)
MPOUCXOJUT B3aMMOJIEMCTBHE MaJalolIero MOHA C PENIeTKON, BO3-
MOXHBI YIIPYroe U HEYNPYroe paccesHue, Gpu3ndeckas ajacopOonus ¢
MaJIbIMH DHEPTHSMH CBSI3M, 00pa30BaHHUE MPOYHON XEeMOCOPOIIHOH-
HOU CBsI3M U T.J. [[pOHWKHOBEHWE NOHOB BIIIyOb PEIIETKHA BO3MOXKHO
JIUIIG 3a cYeT mporeccoB nuddysun.

Ha puc.11.1 cxemaTn9HO MpEnCTaBIEHBI MPOIECCHl YIPYTOTro
Y HEYNIPYT'Oro OTPa)KEHHS MEIICHHBIX HOHOB OT MTOBEPXHOCTH TBEP-
JIOTO Tena. YTON OTPaKEHHUS YIPYrOOTPaKEHHBIX MOHOB MPUOIU3H-
TENBHO paBeH Iy Maje-

Hus. [Ipu Heympyrom ot- HEYIPYTroOTPaXKCHHbIC
PaXCHHH MAJaOIHe HO- YIPYyrooTpa-
HBl “‘3aMIAI0T’ HA IO- JKEHHBIE HOHBI
BEPXHOCTU TBEPJOrO Tela v

Ha HEKOTOpOEe BpeMs, a =

3ateM wucnapstorcs. Ho- I 1333
HbI, a/ICOPOMPOBAHHBIC HA *4 94
MOBEPXHOCTH  TBEPAOrO e *ete

TCia, HUMCIOT MaJlyro
OHCPruro CBsA3HU

Puc.11.1. Paccesnne MeIEHHBIX HOHOB
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W s anaromos, MEHBIITYIO MJIH TIOpSKA TEIUIOBOM dHepruu K7, u Moryt
ucnapuTbesi (IecopOupoBaTbesi) B BUAE MOHOB WM HEUTPabHBIX
aToMoB. J[narpamMma HampaBIEHHOCTH MCIAPUBIIUXCS YACTHIl UMEET
BHJI JICTIECTKA, KaK IoKa3aHo Ha puc.11.1. B o0mem ciyyae Makcu-
MyM oTpakeHus (Yros ) He COBIaJaeT ¢ HANpaBICHUEM YIPYroro
oTpaxxeHus (yroxa o). 910 oObsICHsETCS TeM, uTo OoMOapaupyromye
YacTHUIIBl YaCTHYHO MEPEAaloT MO0 MOJTYYaloT SHEPTHIO MPH B3au-
MOJEHCTBUH C KPUCTALINYECKON PEIIETKOM.

AnaToMbl (aToMBbI, afcopOUPOBaHHBIE HA TIOBEPXHOCTH TBEP-
JI0TO Tena), c1abo CB3aHHBIE ¢ KPUCTAIIMYECKOH PEelIeTKOM, MOTYT
MeIeHHo nepemenathes (auddynaupoBars) no noBepxHoctu. Ha
JIOKaJbHBIX, IMHEHHBIX WM 00bEMHBIX HEOJHOPOJHOCTSIX (MUKPOB-
najnHaX, MHKPOBBICTYIAX, CTYIEHbKaX, YrOJKOBBIX M BHHTOBBIX
JCIIOKAIMSIX U T.JI.) OHU MOTYT 3aKPENHUThCS B TIOTEHITMATIBHON sIMe
¢ obpaszoBanmeM Oojee MPOYHON CBSI3U. DTO M €CTh SBIICHUE aKKO-
Momanuu (prucrnocoOIeHns) aJaTOMOB Ha TMOBEPXHOCTH TBEPAOTO
tena. ClieyeT OTMETHUTh, YTO MO JedeKTaM KPUCTALUTMYECKOH pe-
HIeTKU (IpaHMLaM 3€peH Ul MOJIMKPUCTAIIOB, TPEIUHAM, AUCIIO-
KalUsM U MEKAOY3IHsIM B MOHOKpPHUCTAJUIaX) alaToOMbl MOTYT Iu-
(GbyHaupoBaTh B INTyOMHY TBEpPAOIO Te€jla, CTAHOBSACH aTOMaMH BHE[-
penusi. OTAenbHBIE alaTOMBbl Ha TIOBEPXHOCTH KpHUCTajla MOTYT CO-
OupaTbcs B ATHA WIK J1aXKe TIOKPHIBATh BCIO IOBEPXHOCTb.

ITo xapakTepy B3auMOIEHCTBHSI aAaTOMOB C IOBEPXHOCTBIO
TBEPJIOTO Tela Pa3INdaroT (PU3NUECKYI0 U XUMHUYECKYIO afCOpOITHIO.
Ousnyeckass  ancopOmms  MPOWCXOAWT 3a  c4yer  Bar-mep-
BaanbcoBckoro B3anMonencTBusl (aacopOLusi MHEPTHBIX Ia30B Ha
MeTajlax, KUCIOpOoa U a30Ta Ha aKTUBUPOBAHHOM YIJE U T.X.), IpU
9TOM HPOUCXOAUT HONAPHU3ALMs aJaTOMOB M 00pa30BaHHUE AWIIONb-
mUnonbHON cBsi3u (puc.11.2,a). DHeprus cBsi3u (usmyueckoi anu-
copOLMM HEBENIMKA 110 CPABHEHMIO C SHEPTHEl CBS3HM aTOMOB B KpH-
CTaJNIMYECKOM pelIeTKE.

XuMmudeckas aacopOuus (XeMocopOuns) MPOUCXOAUT ¢ oOpa-
30BaHMEM XHMMHUYECKHX CBs3€d. BBIIEISIOT TOMONONSPHYIO (KOBa-
JICHTHYIO) CBsI3b, KOTJa aJaTOM OCTaercs KBa3HMHEHTpaJbHBIM,
HarpuMmep Boaopoa Ha Hukene (puc.11.2,6), u rerepononspHyro
(noHHYI0) ¢ MOHM3auKeH anaToma. [Ipu reTeponoIsipHOI CBSA3U BO3-
MOXHO 00pa3oBaHHE AaKLENTOPHOM WJIM JIOHOPHOH  CBS3M
(puc.11.2,8).
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Ban-nep-BaanbcoBckoe  B3aumonei- AOHOPHBIN  AKTICTITOPHBIN
CTBHE (JUIOIb-ANUTIONbHAS CBSI3b) ajaroM . anaToMg

3epKaJIbHBbIN 3apsi
CBS3b 32 CUET CHJI 3PKATBHOIO 0TOOpasKECHHS

Puc.11.2. Ancopbuus: a — puznyeckas; XUMUUECKasi: 6 — TOMOIIOJISIPHAS,
6 — TeTepPOIOJIAPHAs

11.2. IloTeHUMAIBbHAS HOHHO-3JIEKTPOHHAS IMUCCHS

IIpu B3amMoneicTBUU IIOTOKA MEIUIEHHBIX MOHOB (MJIM BO3-
Oy’KIEHHBIX aTOMOB) C IIOBEPXHOCTHbIO TBEPIOI'0 TEla BO3MOXKHA
JJIEKTPOHHAsL (MOHHO-2JIEKTPOHHAs) SMHUCCHUS, IIPU TOM HCIIOJb3Y-
ercsl oTeHIMallbHast SHeprus noHa. KosdduureHt noreHnuanibHOR
HOHHO-3JIEKTPOHHOW 3MUCCHUU

¥ = Ne/N;, (11.1)
rae N — 4nciio majgarommx MOHOB, @ Ne — YHMCIIO BTOPUYHBIX 3JICK-
TPOHOB.

IlepBblii MexaHU3M TOTEHIIMAJIBLHON 3MHCCHUU CBSA3aH C OXe-
HeHTpaiu3alueid — TyHHETHPOBaHHEM 3JIeKTpoHa metauia (1) depes
MOTEHIIMANBHEI Oaphep Ha HU3KOpacronoxeHHbIH W; cBOOOTHBIN
ypoBeHb wuoHa (puc.11.3,a). Ecnm BbICBOOOAMBIIASCS SHEPTHS
Oonpmie pabots! Beixona anekrpona AW = We — W; > Wy, To onur
U3 3JIEKTPOHOB Metaiuia (2) sMUTHPYETCsS B CBOOOIHOE IMPOCTPaH-
CTBO ¢ kuHernueckoi sHeprued W, = AW — Wy, a non mpeparia-
€TCsl B HEUTPAJIbHBII aToM.

Bropoii MexaHuW3M — OXe-[e3aKTHBAaLUs BO30YKIEHHOTO
HEUTPaJIbHOrO aroMa MpPU €ro B3aUMOACHCTBHM C IOBEPXHOCTHIO
meraiuia (puc.11.3,6). B aToM ciiydae NpOUCXOIUT TyHHETHMPOBAHHE
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BEIOUTHIH 37EKTPOH (2)

W,5B W,3B

BBIOUTBIN A1EKTPOH (2)

A A 2|
WO! [ Wf) ! [
4 ” N ) >
VW | W(2)
WFI WF v
sl e
@1 @ | @ N
| \ I
| 1
| ]
| : AW
AW | |
: a : 6
Wi A 4 *} Wj *l A\ 4
® ®

Puc.11.3. Duepreruyeckasi auarpamma IOTCHIHAIbHOW HOHHO-2JIEKTPOHHOU
9MHUCCHH B PE3YJIbTaTe: a — OXKe-HeHTpanu3aluu, 6 — 0)Ke-Je3aKTHBAUH

aJIeKTpoHa MeTauia (1) Ha HU3KOPACITONIOKEHHBI CBOOOTHBIN ypo-
BEHb SHepruu Bo30yxxaeHHoro aroma W;. Beinenusiiascs npu 3ToM
sneprua AW = Wg — W= Wy + W, pactpenensiercss mexay pabo-
Toi BbIxo#a Wy M KHHETHYECKOM 3HEPruel 3JeKTpoHa BBIOMTOrO €
BO30yX/eHOro ypoBHs (2). B pe3ympraTe M3 atomMa SMUTHpPYETCS
OJIVH JIEKTPOH U CHUMAETCS BO30Y)KICHUE.

11.3. IecopOuusi HOHOB U aTOMOB

HecopOuusi MOHOB M aTOMOB C IOBEPXHOCTH TBEPIOTO Tena
MPOMCXOAUT HPU COOOIIEHHMH UM JIOMOJHHUTEIBHOW SHEpPIuu, mpe-
BBITIIAfOIIEH uX »Hepruro cBsizu W ,. OTO BO3MOXKHO NPH HarpeBe
TBEPABIX TEJ, B CUIBHOM 3JIEKTPUUECKOM II0JIE, a TaKXKe B clydae
JJIEKTPOHHOW WJIM MOHHOW OOMOapAMpOBKU. DHEPrusi CBSI3U IPU-
MECHBIX aTOMOB C KPUCTAJUIMYECKOW DEIIETKOW MEHBIIE 3HEPruH
CBSI3U COOCTBEHHBIX ATOMOB, II03TOMY OHH 3MUTHPYIOTCS IIEPBBIMH,
YTO UCHONB3YETCs AJISl OUMCTKH MTOBEPXHOCTH.
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[Ipu necopOiuu afgaToMa OH MOXKET OKHHYTh ITOBEPXHOCTh B
BHJIE HSUTPAILHOTO aTOMa JTUOO B BUJIE MOJIOKHUTEIBHO WA OTPUILA-
TEIBHO 3apsHKeHHOro MoHA. COOTHOIICHWE WOHU3WPOBAHHBIX U
HEHTpaIbHBIX YACTHI[ 3aBUCHUT OT MHOTHMX (DAKTOPOB: pa3Huus
SHEPIMM MOHM3AIMU aTOMOB TBEPOro Teja M ajaToMa, pabOoThl BbI-
X0Zla aToMa C MOBEPXHOCTH, TEMIIEPATyphl, HAJHYUS BHEIIHETO
AIIEKTPUYECKOT'0 MMOJIS, CTPYKTYPHI TOBEPXHOCTH.

JIJis KOJIMYECTBEHHOW OIICHKHM CTEIICHH MOHM3AIMKM SMUTHPYE-
MBIX YaCTHUI] HCHIONB3YIOT K03 puilneHT noHn3anum

B'=m/n=ni/(n.+m), (11.2)
IJIe TIOJTHOE YHCI0 YMUTHPOBAHHBIX YaCTUIl N PaBHO CYMME SMHUTH-
POBaHHBIX HEUTPAIBbHBIX Ny U MOHU3UPOBAHHBIX N YACTHIL.

VY psga aTOMOB M MOJIEKYJl YCTOHYHMBO COCTOSIHHE C JIMIIHUM
3JIEKTPOHOM — OTPHUIATEIbHBIA MOH. [Tpy SMHUCCHU TaKUX aJaMOMOB
CYIIECTBYET BEPOSITHOCTH 3allOJIHEHHS 3TOI'0 YPOBHSI 3JICKTPOHOM
TBEpAOro Tena. Torja SMUTHPYEMBIM TMOTOK YacTHIl COCTOUT W3
HEHTpaIbHBIX U OTPHULIATEIILHO 3aPSYKSHHBIX HOHOB.

Hcnapenne COOCTBEHHBIX aTOMOB IIPOMCXOIUT aHAIOTHYHO
HCIAPEHUIO MPUMECHBIX aTOMOB, HO TpeOyeT 3aTpatr OOJBIIHNX dHEP-
it (Wieps > W), rie W, SHEPTHS CBS3M aTOMOB KPUCTATNYCCKOH
PEIIETKH, CYIIECTBEHHO OOJbIIE SHEPTUHU CBA3U IIPUMECHBIX aTOMOB.

11.4. DMuccnu npu B3aUMOAEHCTBUM OBICTPBIX HOHOB C
NOBEPXHOCTHIO

Pacmipiienre TBEPIBIX TE — 3TO pa3pylIeHUe TBEPIBIX TEN MO
nefcTBUeM OOMOApIMPOBKM HX IOBEPXHOCTH 3apsDKCHHBIMH U
HEHTpaJIbHBIMU YaCTHIIAMU (aTOMaMH, HOHAMHU, HEHTPOHAMH, SIIEK-
TPOHAMHU H JIp.) ¥ (DOTOHAMH.

[Tpu 6ombOaparpOBKE TBEPAOTO TEIA TTOTOKOM OBICTPHIX MOHOB
SMHUTHPYIOT BTOPUYHBIC MOHBI U aTOMBI, IPUYEM KaK BBIOMTHIC U3
penreTky (pachbUICHHBIE), TAaK U OTPAKEHHBIE B PE3yNbTaTe yIpyro-
T'O ¥ HEYNPYT'Oro paccesHusl, a TAKKe IEKTPOHBI.

SIBneHue pacmbUICHUS BIIEPBBIe HAOIIOANIN Ha KaTO/AaX raso-
pas3psAHBIX TPYOOK, MOITOMY €ro MHOT/Ia HA3bIBAIOT KaTOJHBIM pac-
MbIJICHHEM. DMHUCCHSA aTOMHBIX YacTHIl XapakTepusyercs Kodddu-
IIUEHTaMH PACCESHHS 1) U PACIIBUICHUS V'

n=~Ni/N, y=N/N, (11.3)
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3nech Ni, N u N, — uncino maparonmx, OTpaKeHHBIX U BBIOUTHIX U3
MUIIICHN YaCTHII COOTBETCTBEHHO. [Ji XapaKTepHCTUKH MOHU3AIHU-
OHHOT'O COCTaBa BTOPUYHBIX YacTull N, HCIONIB3YIOT KO3 QUITUESHTHI
BTOPUYHOM 3MHUCCHH:

Kt=N+/N, K=Ni/N, K=MN/N; (11.4)
3mecs N¥i, N7, NO, — YHCJIO0 BTOPUYHO BBIOUTHIX IMOJIOKUTEIBHBIX,
OTPUIIATEIBHBIX U HEUTPAIbHBIX YaCTHII,

Crnenyer OTMETHTh, YTO OCHOBHAsl 4acTh DHEPruu Oombapu-
PYIOIIMX MOHOB TPATUTCS HA CO3/IaHUE TOYCYHBIX Je(EKTOB U JIUIIb
Majasi 4yacTb — Ha SMHUCCHIO YACTHII, COIPOBOXK/IAIOIIMX 3TOT MPO-
1ecc.

11.5. MexaHu3mbl pacnblIeHUs

CymiecTByeT TpM OCHOBHBIX MEXaHHM3Ma PACHBIICHHS: CTOJK-
HOBHTENTbHOE ((PU3NYECKOEe WM MOHHOE), DIIEKTPOHHOE U XUMHUe-
ckoe. CTOIKHOBHUTENIBHOE PACIIBUIEHUE CBSI3aHO C Tepeaadei 9acTu
KMHETHYECKOH 3HEepPruu OT Iajalollield YacTHIBI aToMaM TBEPAOro
TeNla BCJIEACTBUE YNPYIMX CTOJKHOBEHHUM. DJIEKTPOHHOE paclbuie-
HHE TIPOMCXOAUT B PE3yiabTaTe HEYNPYTUX CTONKHOBEHHH (Oombap-
JUPYIOIMIMX YacTHIl: aTOMOB, MOHOB, JIEKTPOHOB WIH (DOTOHOB) C
aTOMaMM MUILIEHH, B PE3yJbTaTe KOTOPBIX U3MEHSAETCA TeMIlepaTypa
Tella U MPOMCXOAUT BO3OYKIEHHE M MOHHM3ALUs aTOMOB, YTO B KO-
HEYHOM HTOre NMPHUBOAMT K PACHBUICHUIO MaTepuaia MHIIEHH. XU-
MHUYECKOE paclbUIeHHe O0YCIOBJIECHO XMMUYECKOW peakuuel mana-
IOlIel 4acTHIBI C aTOMaMH TBEPIOrO Tejla ¢ 00pa3oBaHMEM Ha IIO-
BEPXHOCTH JIETYYNX coefuHeHUu. CyIecTBYIOT U COBMECTHBIE BUIbI
pachibUICHUM.

11.5.1. Cmonkunosumenwvroe pacnvliieHue

Ha puc.11.4 cxemMaTH9HO TIPENCTaBICHBI OCHOBHBIE TIPOIIECCHI,
MIPOUCXOASAIINE TP CTOIKHOBUTEIILHOM PACIIBUICHUH

1) Pexxum mpsiMOro pacmhbUIeHHS BO3HHKAaeT mpu OomOapmau-
POBKE MUILECHEH JIeTKUMHU HoHaMH ¢ 3Heprueil Wi, mopsika sHep-
THU CBSI3M aTOMOB KpHCTaiun4eckoil pemerkn W, U CKONB3SIIero
MaJIeHNs] MOHOB Ha MHIIEHb. [IpOTSHKEHHOCTh KacKaJloB coyaapeHuit
HEBENMKA, W 3HAYUTEIbHBIA BKJIAJI B PACIBUICHUE BHOCST TIEPBUYHO
BBIOMTBIE ATOMBI C TIOBEPXHOCTH MUILICHH.
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IIpsimoe Kananuposanue JluneiHblit kackan Hennnelinbiii kacka
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MEXK/0Y3CIbHBI aTOM  BakaHcusi  oOOralieHHas — oOeiHeHHas
aToM BHEAPEHUS obnacTb obnactb
Puc.11.4. TIporeccrl pactbpiieHUS

2) PexxuM NUHEHHBIX KacKaJIOB XapaKTepeH I BCEX HOHOB,
KpOMe caMbIX TsKeNbIX ¢ S9HEPrHeH Wieps >> W, U 1711 HEHTPOHOB.
[InoTHOCTE pacmpenereHnss aTOMOB, BEIOWTHIX M3 MECT B peEIIeTKe,
HEBENHKA, TaK YTO MPeo0IalaloT CTOIKHOBEHUS IBUKYIINXCS U He-
MTOJIBMKHBIX aTOMOB MUIIICHHU.

3) PexxuM HeTMHEHHBIX KackaIoB (TEMJIOBOM MHK) BO3HUKAET
mpu OoMOapAUPOBKE MHIIEHHU TSHKEITBIMH MOHAMHU WM MOJEKYISp-
HbIMH MoHaMH. KOHIIeHTpanus aToOMOB OTAadd HAaCTOJIHKO BBICOKA,
YTO OONBIIMHCTBO aTOMOB BHYTpH 00OBEMa TEIJIOBOTO NMHKAa HaXO-
JTCS B IBUKEHUW M MOJKET HCIIAPUTHCS.

B pesynbTate CTOMKHOBHUTEIHHOTO PACIBUICHUS B MHIICHH
00pa3yloTcsi TIOBEPXHOCTHBIE W OOBeMHBIE Ne(eKTH: BaKaHCHH,
MEXKJIOy3elIbHbBIC aTOMBI, 00JacTH, OOOTaIleHHbIe W OOEIHEHHBIE
aTOMaMU, ¥ aTOMBI BHEJ[PEHUSI.
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Crnenyer OTMETUTh, YTO YacTh OOMOAPAMPYIONIUX HOHOB MPO-
HUKaeT rIyO0OKO B MHIICHH 0 KaHanaM, 00pa30BaHHBIM Mapajuieiib-
HBIMHU APYT APYTY pAAaMu aTOMOB. [Ipy 5TOM YacCTHIIBI UCTIBITHIBAIOT
CKOJIB3SIIIME CTOJIKHOBEHUS C PsiIaMU aTOMOB, YIEPKUBAIOIINX HX B
3THX KaHaiax. JTO NPUBOJUT K 00pa30BaHMIO aTOMOB BHEIPCHHS B
rITyOrHE MHIICHU U Ha3biBaeTcs 3P PEKTOM KaHAIUPOBaHHS.

Paccrosnue, mpoxoarMoe HOHOM B KaHale, MOKET B HECKONb-
KO pa3 MpeBBIIIATh CPEJHIOI JUIMHY Mpo0Oera MoHa B MUIIEHHU, YTO
MO3BOJISIET UMIUTAHTHPOBATH MPUMECH Ha OONBIIYIO TIyOUHY.

Ha puc.11.5 npuBenena 3aBucuMocTb K03((UIMEHTA PaCIIbI-
JIEHUs Y OT SHEPTUU TIEPBUYHBIX HOHOB. [Ipy puMepHOM paBeHCTBE
Macc 6oMOapAUPYIONIUX HOHOB M ATOMOB KPUCTAJUIMYECKON peleT-
KA WOH TPH yliape MOXKEeT
nepenath atromy He 6omee Y 4
MOJOBUHBI CBOEW KHUHETH-
4yeckod dHepru Wiep,. Ec-
M Wieps > 2W,,, HaumHa-
ercs paclbUIEHHE aTOMOB
KPUCTAJUIMYECKON pellleT-
ku. C pocTOM DHEPruu Ia-
JIaroIIero NoHa 4Yuciio BTO- 0 I
PUYHBIX BBIOUTBHIX aTOMOB 2W,, W
BHaJaye pacreT, MPOXOJUT
yepe3 MaKCHMyM, a 3aTeM
cnagaer. OTO MOXHO 00B-
SICHATH CIIEAYIONIIM 00pa3oM: OBICTpBIE HOHBI MTPOHUKAIOT TITyOOKO
B MUIIIEHb ¥ BHIOMBAIOT TaM aTOMBI, KOTOPBIE TI0 TMYTH K ITOBEPXHO-
CTH TEPSIIOT JHEPTHIO B PE3YyIbTaT€ MHOTOKPATHBIX COyJapeHWUd
OCTAIOTCS B MEXIOY3IIUAX, 00pa3yst MeeKThl KPUCTATUIMYECKON pe-
IIETKH.

Benmuanaa ko3 dunrenTa pacuplIeHUs Y 3aBUCHT OT YCIOBUH
AKCIIEPUMEHTA: XUMHYECKOT'O COCTaBa M CTPYKTYPHI MUIIIEHU, XUMHU-
YEeCKOT'0 COCTaBa, PHEPTUH, yrila MaJeHus 00MOapaupyomel YacTu-
bl U JOpyrux (akTopoB, HApUMEp OT TEMIIepaTyphl, €CId OHa
ONM3Ka K TeMIiepaType IUIaBIeHUS BEIIeCTBA MUIIICHH.

DHepreTuyecKuil CIEeKTp BTOPHUYHBIX HOHOB TNPUBEIEH Ha
puc.11.6. DHeprernueckoe paclpelelleHue pacHbUIEHHBIX YaCTHI]
N’ = f(W) mmpokoe. Cpenu pacnbUIEHHBIX YAaCTUI] UMEIOTCS 4aCTH-

v

Puc.11.5. 3aBucumocts Ko3()(punmeHTa
pacnbuIeHHs Y OT DHEPTUU IEPBUYHBIX
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bl Kak ¢ TermwioBbiMU dHeprusmu W ~ KT , Tak W ¢ dHEprusMu
W ~ Wieps. 151 TUHENHBIX KacKal0B HAOIIOJaeTCs OAMH MUK C MaK-
cumyMmoM B paiione Wnax ~ 1+10 3B (puc.11.6,a). Jnsa nenuneiinoro
KackajJa MMEeT MECTO JIBa MUKa, TEPBBI — COOTBETCTBYET PEKUMY

ucrapeHus, BTOpOﬁ — CTOJIKHOBUTCIIbHOMY pacnubUICHHUIO
(puc.11.6,0).
N ’i A N ’i A

ucrapeHue
CTOJIKHOBEHHE

v

1+10>B W 0 W

a 0
Puc.11.6. DHepreTH4yeckuil CeKTp BTOPUYHBIX MOHOB: @ — JIMHEHHBIH
Kackall, 0 — HeJTMHENHBIA KacKal

11.5.2. Dnexmponnoe pacnvlienue

IIpu 6omMOapapOBKE TBEPAOTO Tela OBICTPHIMH MOHAMH B pe-
3yJIbpTaTe HEYHNpPYroro yzaapa MOXET IPOMCXOIUTh BO30Y)KICHUE
aTOMOB KpHCTaJlla ¢ 00pa3oBaHUEM SKCUTOHOB. Ilo 3KCHTOHOM I10-
HUMAIOT BO3LYKACHHE B KpHUCTajule OOYCJIOBICHHOE IOSIBICHHEM
CBSI3aHHOM Iapbl JIEKTPOH-ABIPKA. DKCUTOH, OyIydH 3JIEKTPUUIECKU
HEUTpaJbHBIM, MOXKET IEepEeMEIaThCsl 0 KPHUCTAIYy, HE COo3JaBast
TOKa. J[BM)KeHHE SKCUTOHOB BBI3BIBAET IIEPEHOC SHEPIUH B KPUCTAII-
JUINYECKON perieTke. JoCTUTHYB MOBEPXHOCTH KPUCTaJUIa, 3KCUTOH
MOXET Pa3pyLIUTHCS, MPU 3TOM BBICBOOOJMBILASICS SHEPTUS PACXo-
IyeTcs Ha pa3pblB KOBAJIECHTHBIX CBsI3el MOBEPXHOCTHOIO aToMma ¢
KpHucTamioM. IIpy 3ToM MOXKET MPOUCXOAUTH IMUCCHS aTOMOB M MO-
nekyn. Habmomaercs i TU3IEKTPUKOB (LIETOYHO-TAJIOMIHBIE CO-
€IMHEHUS, OpPraHUYeCKUE COCAWHEHMS, OTBEpAEBIIME Tra3bl, JEN,
Oonpiine OMOMOJNIEKYJIBI), @ TAKKE IS psAAa MOTYNPOBOJHUKOBBIX
coequaennii. Koaddumumentsr K Moryr mocturath 3HAYEHUH
~10°+10" ar./moH. DHeprernueckas 3aBHCHMOCTh K HMeeT MaKCH-
MyM B OOJIACTH MakCHMMyMa HEYNPYTUX MOTEPh SHEPTHH (SIEKTPOH-
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HOe TopMOkeHue). Habmogaercs mmbo npsiMasi mporopiiuoHabHas,
00 Ooliee CuIIbHAsS, BIUIOTH 10 KBAJAPATUYHOW, 3aBUCUMOCTh K OT
MOTEPH SHEPTUU HA SAUHUILY ITyTH TOPMOKCHUS.

Bennuuna K He 3aBUCHT OT 7 BIUIOTH JIO OMPECICHHON MOPOrOBOM
TEeMIIEpaTyphl, TOCIE Yero Habmoaaercs poct K npu nNpuOImKeHUN
K TeMIIepaType, IIPH KOTOPOM MPOUCXOIUT JINOO0 cyOmuMmarus (mepe-
XOJI U3 TBEPJOr0 COCTOSIHUS B Ta3000pa3HOE, MUHYS KHUIKYIO (a3y)
MHUIIECHH, JIM0O pa3pblB MOJICKYJIPHBIX CBsI3€i. DHEpreTHdecKue
pacnpezeicHusl PacibUIEHHBIX YaCTHIl 3HAYMTEIBHO OoOJiee Yy3KHe,
MaKCUMyM HaOJFOaeTCs MPU DHEPTUsX, CYIIECTBEHHO 0ojiee HU3-
KHX, YeM B CJTy4ae CTOJKHOBHUTEIHHOI'O PACIIBUICHUS.

11.5.3. Xumuueckoe pacnvlienue

XuMmuueckoe pacrblieHne (pajualiOHHO-CTUMYJIMPOBAHHOE
TpaBJIeHNE) MPOUCXOANT MPH OJHOBPEMEHHOM BO3IEHCTBHUU HA IO-
BEPXHOCTH MHUIICHU ITOTOKA MOHOB U TCIJIOBBIX MOJIEKYJI XUMHWYCCKHU
AKTUBHOI'0 BEHICCTBA, JAIOUICTO IIPHU p€aKuU € aTOMaMUu TBEPIAOTO
Tena JieTydue coequHeHus. IIpy oqHOBpEMEHHOM AEUCTBUM O0OHMX
(hakTOpOB BO3MOXKEH CHHEPreTHUecKHi A(PPEeKT — MHOTOKpaTHOE
YCKOpEHHE YHOCA MACChl [10 CPABHEHUIO ¢ CYMMOI CKOPOCTENH XUMHU-
YECKOro TPaBJICHUS U CTOJIKHOBUTEIILHOT'O PACIIBIIIEHUS.

OTambl XUMHYECKOTO TPaBICHUS: azicopOums, oOpa3oBaHHE
MIPOLYKTOB PEAKIMU U UX AecopOnus. Bo3MOXHEI 1 Opyrue mpome-
XKYTO4HbIE nporecchl: nudpy3us NPOMEKYTOUHBIX COEAWHEHUH U
peareHToB IO MOBEPXHOCTH U IPUIIOBEPXHOCTHOMY cioro. IloTok
HMOHOB YCKOpSIET MPOBEIEHUE OJHOr0 U3 3TUX 3TanoB. Hanbonee Be-
pOsITHAsI IPUYMHA CHHEpreTndeckoro 3dexra — ycuiaeHue TpasJe-
HUSl M3-32 MOSBJICHUS HAa IOBEPXHOCTH PAAMALMOHHBIX Ie(EeKTOB
(paspeiB cBsi3eid, 00pa3oBaHHWE BaKaHCUH, NePEKTOB BHEAPEHUS H
T.10.).

WNuorna wonHas OomOapaupoBKa MPUBOIUT K 3aMEICHUIO
TPaBJICHUS, BO3MOXKHO, BCIEACTBUE Pa3pyILIECHUs CIOXKHBIX JIETyYHX
COeIMHEHUH ¢ 00pa30BaHUEM HENETYYHX KOMIIOHEHTOB.

Pacnbutenne ncnonb3yercs Ui MOMYYEHUST ATOMHO-YHCTBIX
MOBEPXHOCTEH, TOHKUX IUIEHOK, aHAJIM3a MOBEPXHOCTEH, P HOHHO-
Jy4eBOW ¥ MOHHO-TIJIa3MEHHON 00paboTke moBepxHOCTed. Pacmbuie-
HUE JISKUT B OCHOBE MOHHO-IIJIA3MEHHBIX CIIOCOOOB TpaBJIEHHUS Ma-
TEpUAJIOB JUIA Lieell MHUKPOIJIEKTPOHHUKH, UTPaeT BaXKHYIO POJIb B

226


Free Hand


KOCMUYECKOM MaTEpUaIOBEICHUH, aKyCTUKE, B SACPHBIX peakTopax
(pacmiputeHMe  TOJ  JCHCTBHEM  HEWTPOHOB),  TEPMOSICPHBIX
YCTPOWCTB U JIp.

11.6. Kunernueckast HOHHO-3JIEKTPOHHAHA IMUCCUA

Kunernueckass HOHHO-3JIEKTPOHHAs 3MUCCHS CBS3aHA C yAap-
HOHM MOHHU3aLMEed aTOMOB MUILIEHU. [Ipyu 3TOM MOTyT SMUTHUPOBATHCS
BTOPHYHBIE JICKTPOHBI KaK M3 TBEPAOro TeNa, Tak u U3 Oombapau-
pyronmx ero gactuil. Hekoropoe KOIM4ecTBO BTOPUYHBIX JIEKTPO-
HOB cO3J1aeTcsi OBICTPBIME aTOMaMH OTJauu. KonnyecTBEHHO HOHHO-
JJIEKTPOHHASI IMUCCHS XapaKTepU3yeTcsi KO3 HUIIMEHTOM
Ye:]ve/]vi, (115)
rae N. — 91ciio SMUTHPOBAHHBIX 3JIEKTPOHOB, a Nj,— umcno nmaaaro-
IIUX HOHOB.
Jns kaxxaoi nmapbl HOH—MUILIEHD CYIIIECTBYET MOPOroBOE 3Ha-
gyenne W, HHXKE KOTOPO-
Ve T0O  WOHHO-3JIEKTPOHHAs
3MHUCCUSL  TPaKTHYECKU
OTCYTCTBYET, 3aTeM Y
pacrer, IpPOXOOUT uepe3
MaKCHUMYyM, a 3aTeM Iaja-
er (puc.11.7). TIpu suep-
rud  OOMOapAMPYFOIINX
0 | » dactun Menbme W, He-
Wi, W OonpITas  DJIEKTPOHHAS
IMHCCHUS] BO3MOXKHA B pe-
3yJIbTaT€ MHOTOCTYIIEH-
4aToOW IMepefavn YHEpruu
OT HECKOJNBbKUX OomOap-

Puc.11.7. 3aBucumocts Ko3(Puimenrta
BTOPUYHOW MOHHO-3JIEKTPOHHON 3MHCCHUU
Y OT 3HEPTUH NEPBUYHBIX HOHOB

JUPYIOIINX YacTHULL.

Pacnpenenenne SMUTHPOBAHHBIX 3JEKTPOHOB IO SHEPIHUAM
HMEET MAaKCUMyM M HPOTSHKEHHBINA CIaj, Ha KOTOPOM BBIIEISIOTCS
MUKW U CTYIIEHbKH, CBSI3aHHBIE C OKE-TIEPEX0AaMHU B COyIapSIOIINX-
csl yacTHLax M ApyruMu npoueccamu (puc.11.8). Ha anammse stux
0COOCHHOCTEH CHEKTPOB OCHOBAaHA MOHHAS 0XKE-CIIEKTPOCKOIHUS I10-
BEPXHOCTH TBEPAOTO Tena.
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WoH-351eKTpOHHAsT IMHUC-
CHS WrpacT CYIIECTBEHHYIO
poib B paboTe psaa >JIeKTPOH-
HBIX Ta30pa3paIHbIX TPHOOPOB,
B KOTOPBLIX HMCTOYHUKOM OBJICK-
TPOHOB SIBJISIETCS KaToJ, OOM-

N(W), otH. ex.

5
Oske-IMKH B

4 YBENYEHHOM
Mactirade
3 | = 500

Oapaupyemblii moHamu. B He- 2

KOTOpBIX ~ CIIy4asx Ipolecc

HOHHO-3JIEKTPOHHOM 3MHUCCUU

CO3J]a€T OCHOBHOE KOJIMYECTBO g Ly

3JIGKTPOHOB B 00BeMe MpuOO- 0 20 40 60 80 102 \5B

pa. Puc.11.8. Duepretnueckuii CriekTp
BTOPUYHOH  HOHHO-DJIEKTPOHHOMU
SMHCCHH

——

11.8. PaagnanuoHHblie Ae(eKThbI

Panuanmonnsie neekTbl — 3TO Je(eKThl KPUCTATUTMYECKON
CTPYKTYpBI, 0Opasyronmecss Ipyu UX OOJy4eHUH MOTOKAMH YaCTHI
WJIH KBaHTOB AJICKTPOMATHUTHOTO H3ITyYeHUsI. JHEPTHs, TiepeJaHHas
MUIIICHH, MOXET TPUBECTH K Pa3pbhIBy MEKATOMHBIX CBSI3eH U CMe-
MICHUIO aTOMOB C O0pa3oBaHWEM IEPBUYHOTO PAJUAIIMOHHOTO Je-
(hexra (mapel OpeHKENT) — BAKAHCHH U MEXY3EITbHOTO aToMa.

DONEeKTpOMarHWTHOE W3NIydeHue (onTudyeckne (OTOHBI, Y-
KBaHTbI, PEHTICHOBCKHME KBAaHTHI) HENOCPEACTBEHHO BO30YXKIaeT
JJIEKTPOHHYIO CUCTEMY KpPHUCTaJla, W JIHIIb HA CIEAYIOIIEM 3Tare
BKITIOYAIOTCS PA3JINYHbIC MEXaHU3MbI CMEIICHUSI AaTOMOB. DTO B3au-
MOJICICTBHE ATOMOB C 3JEKTPOHAMM, SHEPIHsI KOTOPHIX JOCTATOYHA
JUISL CMEILCHHS aTOMa; CMEIEHUE WOHU3UPOBAHHOTO 3JIEKTPOHHBIM
yIapoOM aToMa M3-3a 3JEKTPUYECKOr0 OTTATKUBAHHS OT OJTHOUMEHHO
3apsHKEHHOTO OJIM3KO PACIONIOKEHHOTO TPUMECHOT'0 HOHA; CMelle-
HUE COCEIHUX OJHOBPEMECHHO WOHH3WPOBOBAHHBIX ATOMOB H JIp.
Bo3MOXXHO Takke CMelIeHne aTOMOB M3-3a OTJa4d Mpu (GoTosaep-
HBIX PEAKIIUSX.

ITpu HEHATPOHHOM OOJTYYCHUU HAJIETAIOIIAs YACTHUIIA CMeIaeT
aTOM B TOM ClIydae, €Clii MepefaéT eMy B YIPYTHX COyIapeHHUsX
(6e3 BO3OY)IEHHS AIIEKTPOHHOW cucTeMbl) sHepruto W, mpeBsbimia-
IONIYyI0 HekoTopyro moporoByto W,. Tunuunsle 3Hauenuss W, co-
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ctaBisror 10+80 3B. Beuter u3 a1pa npoaykToB SEpHBIX PEaKLUH,
WHULIMUPYEMBIX HEUTPOHAMH, TaKKe MOXET BBHI3BaTh CMELICHUE
aTOMOB B pe3ynbTare otaaun. O0myueHue 3apsHKeHHBIME YacTHIAMU
(3nexTpoHaMH, TO3UTPOHAMH, MPOTOHAMHU, HOHAMH) COMPOBOXKIACT-
csl Kak Heymnpyroi (mepemada SHEPTUW SJIEKTPOHA), TAK U YIPYTOH
nepenavueil sHepruu atomam MulieHH. COOTBETCTBEHHO 00pa3oBa-
HUE paJMAllMOHHBIX Ae(EKTOB MPH TAKUX BO3ACHCTBHAX MPOTEKAET
M0 MEXaHM3MaM, XapaKTEePHBIM JUIsi OOJIydeHHs KaK HEHTpOHaMH,
TaK U 3JICKTPOMAarHUTHBIMU KBAaHTAMH.

OO0pa3oBanue pajHMallMOHHBIX Je()EKTOB MpHU Iepeaaue dHep-
THH DJIEKTPOHAM BO3MOXKHO TJIABHBIM 00pa3oM B JMAJIEKTPUKAX H
TIOJTyTIPOBOAHMKAX. B meramnax sHeprus, ‘“pacTpayeHHas’ paaualu-
el Ha BO30YXJEHHWE aTOMAapHBIX JJIEKTPOHOB, MPEUMYIIECTBEHHO
MpeBpaIaeTcs B TEMJI0, He co3/aBast 1e(hEeKTOB CTPYKTYPHI.

Ecnm sHeprus, xotopod 00nagaeT MEPBUYHBINA CMEIIEHHBIN B
MEXKJI0y3J1e aToM, 3HauMTenbHO mpeBocxomuT W, Takoi atom B
CBOIO 0Yepeib MOXKET TPH JIBUKECHUH TeHEpUPOBATh Napbl OpeHkens
BONM3M CBOEH TPaeKTOPWU | T. 1. Pe3ynbpraToM Kackaja coymapeHuit
SIBJISIETCS 00pa3oBaHue ASPEKTHBIX Pa3yIoOpsI0UYCHHBIX oOylacTei —
paAMalMOHHBIX KJIACTEPOB C XapaKTEPHBIM JHUHEHHBIM pPa3zMepoM
~10°+10"° cm. Ilpu MOHHOI WMILTAHTAIMHK (SHEPrHs HOHOB ~107
K3B) nokanuzanus KIacTepoB B TOHKUX CIIOSIX, OMPEAENsIeMbIX Mpo-
GeroM HoHOB (~10™ cM), BendT Kk 0OPA30BaHMIO CIOCB C GOIBIICH
KOHITEHTpaIen nedeKToB.

Bo mMHOrmx ciydasx obpazoBanue nap OpeHKens U KIacTepoB
SIBJIICTCSI JIMIIb TTEPBOU cTaguei (hOpMUPOBAHUS YCTONIHMBBIX pajiH-
aroHHBIX JedextoB. [locme BOSHUKHOBEHHS BAaKAaHCHH M MEXIO-
y3eNbHbIE aTOMBI YaCTHYHO PEKOMOMHHPYIOT, YaCTUYHO HAUMHAIOT
IBIKEHUE TI0 MUIIIEHU, BCTYIMAasi B TaK Ha3bIBa€Mble KBa3UXHMHYE-
CKHE peaKIWH JIPYT C IPYroM U C APYTUMHU Ae]eKTamMu CTPYKTYpPbI
MUIIEHN (IPUMECHBIMH aTOMaMH, JUCIOKAIMSIMUA WM TPaHUIAMHU
pasnena ¢as).

Tumbsl 1 KOHIIEHTPANXS YCTOMYMBBIX paAHaAllMOHHBIX IeQEKTOB
OIIPENENSIOTCS KaK YCIOBUSAMHU OOJIYdEHUs, TaK U CBOMCTBAMH CaMHUX
TBEPBIX Tel. [lpu 3TOM 1uist NETKKUX YacTHI] ¥ POTOHOB HE CIUIIKOM
BBICOKHX DHEPruil Hambolee XapakTepHO 00pa30BaHHUE yCTONYMBHIX
TOYEUHBIX Je(EeKTOB (M30JMPOBAHHBIE BAKAHCUU WM MEXIO0Y3Ellb-
HBIE aTOMBbI, JUBAKAHCUH, KOMILJIEKCHI KOMIIOHEHTOB mapbl dpeHke-
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7Sl C IPUMECHBIMH aTOMaMH U T. 1L.). [Ipu oOnyuennn HeHTpoHaMu
YCTOWYMBEIM KllacTep MpEeACTaBIIseT COOOH NMBAKaHCHOHHOE SIPO,
OKpPYXEHHOE TpUMeCHO-Ae)EeKTHBIMU KoMIUlekcamu. [Ipu noHHON
OoMOapapoBKe TIIOTHOCTh TOYEYHBIX AC(PEKTOB B Kiacrepe OOib-
e, 4eM Npu HEWTPOHHOW, M OHAa TEM BBINIE, YeM OolblIe Macca
noHa. [Ipr 3TOM BakHYIO pojib B (QOPMHUPOBAHUN YCTOHMYUBBIX Kila-
CTEpOB UIPAET MPOLIECC MPOCTPAHCTBEHHOT0 pa3eieHNs BaKaHCHH U
MCXKIO0Y3CIbHBIX aTOMOB, HpeI[HIeCTBYIOIHI/Iﬁ cTaaun KBasuXuMHYC-
CKHX peakuHid. B crily 3TOro ycTOH4YMBBIE KIACTEPhI, BOSHUKAIOLINE
MpH MOHHOIM OOoMOapaupoBKe, UMEIOT Ooliee CIOKHYIO CTPYKTYPY H
COCTOAT M3 BAKAHCHMOHHBLIX KOMILJICKCOB C PAa3/IMYHBIM YHUCJIOM Ba-
KaHCHUH, TPUMECHO-/Ie()EeKTHBIX KOMIUIEKCOB, a TAaKXKEe aTOMOB BHE/I-
péunoii mpumecu. [Ipu oOITydIeHHN KPUCTAUIOB TSHKENBIMA HOHAMU
YCTONYMBBIE KIACTePHI MPEACTABISAIOT COO0M JTOKaIbHBIE aMOp(HbIE
obmacTu.

PanunanuionHbie nedekThl SBIAIOTCS METacTaOMJIBLHBIMH 00pa-
30BaHUAMHU, UX KOHICHTpAIWUIO U IMPUPOAY MOKHO U3MCHUTH Harpe-
BOM (TepMUYeCKUil oTkur aedexkToB). Takas TepMooOpabOTKa MHO-
IZla MOXKET COIPOBOXJIAThCS IOJHBIM BOCCTAHOBJICHHUEM HCXOJIHOMN
CTPYKTYpbl. B TO ke BpeMs B 3aBHCUMOCTH OT YCJIOBUH OTXHra
(Temmepatypa, CKOPOCTb €€ W3MEHEHHUs, BpeMs, ra3oBasl cpena, xa-
pakTep BO30YXKIEHHUS DJICKTPOHHOM CHCTEMBI aTOMOB M J1e()EKTOB)
KBAa3UXMMHYECKUE PEAKIUH MOIYT COINPOBOXKIATHCS IIOSBICHHEM
HOBBIX THUINOB JedexkroB. Hampumep, TUNWYHBIA A1 TEXHOJIOTHH
MHKPOIJICKTPOHUKH OTXKHUT O€3IMCIOKAITMOHHOTO Si, UMIIAHTHPO-
BaHHOT'O OOJBITUMU JT03aMH HOHOB (ocdopa, COMpoOBOKIAETCA 00-
pa3oBaHMEM IUCIOKALWH, IUIOTHOCTh KOTOPBIX OCOOEHHO BBICOKA,
€CITH HarpeB OCYIIECTBIIETCS B OKUCIUTENbHOW atMmocdepe. [Ipu
TEPMHUUYECKOM OTKUT'€ PaAuallOHHbIE AeEKThl IPHOOPETAIOT SHEP-
THI0, JOCTATOYHYIO Ul Pa3pbiBa CBSI3U MEXIY HHMH, MHIPALUU
0CBOOOJMBILHNXCS YACTHL M IPOTEKAHMSI PEaKLUH C UX YIaCTHEM.

B kauecTBe MCTOYHMKA SHEPTUHU MPU OTKHUIE MHOTAA CIYKUT
obnmyuyenre (paavaoOHHBIM OTKUT). IIpy 3TOM MexaHU3MBI panua-
LUOHHOTO OTKMI'a MOIYT OBITb OOYCIOBJIEHBI KaK ITOBBILIEHHEM
TeMIIEpaTypbl MULIEHH (PaJallMOHHBINA pa3orpeB), TaK U PeaKUsIMH
B3aMMOJCHUCTBHSI POXKIAIOLIMXCSI KOMIIOHEHTOB nap dpeHkens ¢ pa-
Hee 00pa3oBaBLIMMUCS paavaluoHHbIMUA Jedexkramu. [Ipumepom
PaAMallMOHHOIO OT)KWTa SIBIIAETCS CTUMYIUPOBAaHHAs MOHAMHU KpH-
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cTayumM3alys, oaromaps KOTopod aMopdHbIN cIoH, 00pa3yromuics
B KPHUCTaUIMYECKUX TMOIYIMPOBOJAHUKAX B PE3yJIbTaTe HOHHOH OOM-
0apJMPOBKU, BHOBb KPUCTAJUTM3YETCS TPU TPOMODKCHHUU O0JTyde-
HUA.

11.8. D¢ dexTnl G0aBIIMX 103

[lpu nnutenbHOW WMOHHOW OOMOapAMpPOBKE HA TIOBEPXHOCTH
KpHCTaJlla B pe3y/ibTaTe PaclblICHUS] 00pa3yeTcsi CIOXKHBIA penbed
B BUJIC SIMOK TPABIICHUS ¥ MUPAMUJIOK, 3aBUCSIIAN OT THIIA U OpPUECH-
Tanuu kpucramtorpadguueckux oceit (puc.11.9). [Ipuuunoii o6paszo-
o oY grgag  BaHWS Takoro penbeda sBisercs 3a-
: v BUCUMOCTh KO3((UIMEHTa pPaCIbl-
JIGHUsl Y OT yIJia MajeHus ImydYka OT-
HOCHUTEIBHO KpHUCTaILIO-
rpadudeckux ocedd. B pesymbrare
Hanbojiee YCTOWYMBBIMU K pacriblie-
HUIO SIBJIIIOTCSI ONpeJelieHHbIe Tpa-
5/1 L Sl ) & HH. J[pyrodl BO3MOXKHBIA MEXaHU3M

Puc.11.9. Penbed mosepxuoctn OOPa3OBaHHS penbeda cBsizaH ¢ pas-
T10CJIe JUTATEITbHOU HMOHHOM JIMYHBIMM 3HAYCHHUAMM Y IJIA MaTe-

60oMOapAMPOBKH puaga Telna W IOBEPXHOCTHBIX

BKJIIOUeHUU. Eciam yacTth moBepxHO-
CTH KpHCTaJUIa 3aKPhITa MPUMECHIO (MACKOW) C MEHBIIINM Y, TO IIPO-
HCXOAUT 00pa3oBaHHE KOHYCa C OKPY)KAromed ero KaHaBKOW, Kak
moka3ano Ha puc.11.10.

#2090 gooe
e g

®0

a o 8 2
Puc.11.10. ®opmupoBaHue KOHyCa i KAHABKH: @ — HAHECEHHE MPUMECH;
0, 8, 2 — 6oMOapaIpoBKa HOHAMH Ar+ C YBETMUHUBAIOIICHCS 10301
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Ecnu B Xone pacnbuieHHs] MEHSETCS YroJl TaJIcHUs, HalpuMep
MpU BpAICHUW HAKJIOHHOW MUIIICHH, TO penbed He oOpasyercs, a
HA000pOT, CIIIAKUBAIOTCS MUMEIOLINECS HEOJHOPOIHOCTH 32 CYET
MepenbUICHUST BEIIECTBA CO CTEHOK SIM Ha JIHO M MHUTPAIlUH aTOMOB
I10 TIOBEPXHOCTH.

B ciyuae HHM3KOPHEPreTHYECKUX HOHOB, KOTZAa B Pe3yJbTaTe
COyJIapeHHI TOBEPXHOCTHBIM aTOMaM IIEPENaeTCs SHEPrHs, HeIo-
CTaTOYHas JJisi BHIOMBAHMs aTOMOB U3 KPHCTa/UIMYECKOM PEIIeTKH,
HO TMPEBBIIIAIOIIAS SHECPTHUIO CBSI3M aTOMOB IMOBEPXHOCTHBIX ae(eK-
TOB (CTyHeHeK, afaTOMOB U T.II.), IPOUCXOAUT TOIHPOBKA MOBEPX-
HOCTH KpHUCTaJljla Ha aTOMapHOM yPOBHE.

[Mpu 6oMOapaAMpOBKE MOBEPXHOCTH MOHAMH TYTOIUIABKUX Be-
IIECTB C MaJioi sHeprue, nopsaka 50 3B, koadduuueHT pacnbiie-
HUs Y << 1, ¥ IpH HEBBICOKUX TEMIIEPATypax IMOUIONKKH MPOUCXO-
JIUT POCT IUJIEHKHM C BBICOKOM ajare3uei, riajkoil Ha aToOMapHOM
YPOBHE MOBEPXHOCTHIO U HPABWILHOHW CTPYKTYpOH. DTO CBSI3aHO C
TeM, 4To s 1eeKTo00pa30BaHus B KPHCTAJLIC SHEPTHH HE XBaTa-
eT, a JIUIsl UHUIUMPOBAHUS JIBIKCHUS JIe(EKTOB K MOBEPXHOCTH €e
JOCTaTOYHO.

[Ipu Bo3meiicTBIM Ha MeTallT OBICTPBHIX MOHOB HHEPTHBIX Ta30B
npH MaJIOM KO3 QHIMEHTe pacbUICHHUsS] MOTYT OBITh JIOCTHUTHYTHI
BBICOKHE KOHIICHTPALIMH mpuMeceii mopsiaka 10 oM °, mpu KoTopbIx
00pa3yroTcs My3BIPBKU Ta3a, pa3pblB KOTOPHIX MPUBOIUT K MIETyIIIe-
HUIO MOBEPXHOCTH Merajua (6iucrepunr, puc.11.11).

CTONKHOBUTENFHOE W OCOOCHHO XMMUYECKOE paCHbIICHHE 3a-
BHCHUT OT COCTaBa MHUIIIEHH, 3TO IMO3BOJIET IIPH UCITOIB30BAHUHN Mac-

Ar* Ar* Ar* Ar’

a

Puc.11.11. Cragnu pacmyxaHusi MAIIICHN: g —MOHHAs UMIUIAaHTanus Al i
00pa3oBaHKe My3bIPHKOB, § — YBEIMYEHHE KOHIICHTPALUH IY3bIPHKOB,
6 — 00pa30BaHUE Iy3EIPsI, 2 —OTPBIB ITy3BIPS
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Puc.11.13.

Mumenr €
HAHECCHHOW Ha Hee IIICH-
KOW TIpM HOHHOM 00paboTKe
MaTepHaIOB

KA TONYyYUTb MHKpPOpeEIbedbl
MHUKPOHHBIX W CYOMHKPOHHBIX
pa3smepos (puc.11.13).

WmnnanTtanys HOHOB B TO-
JYHOPOBOAHWUKH  CO3JAaeT  CIIOH
HYXXHOTO penbeda B TiIyOuMHY C
3aJaHHOM TOBEPXHOCTHOW KOH-
¢urypammeii. [edektsl cTpykTy-
pbl, oOpasyroluecss B OOJBIIOM
KOJIMYECTBE IIPU  BO3JEHCTBUU
WOHHBIX  IIOTOKOB,  BBI3BIBAIOT
pacnyxanue mumieHu (puc.11.12)
C TIOCIEAYIOMM OTpPbIBOM (OT-
[IeTyITHBaHIEM ). Huddyszus
MEXI0Y3€IbHBIX aTOMOB 110 MHK-
poriopaM Ha IMOBEPXHOCTh MPHBO-
JIT K N30y TOHKHX TUICHOK.

11.10. YcrpoiicTBa pacnbljieHust
11.10.1. /luoonoe pacnolienue

JnonHasi ycTaHOBKa ISl HAIIBIJIEHUS! COCTOUT U3 IBYX IJIOCKHX
3JIEKTPOJIOB, PACHOIOKEHHBIX MapajUIeIbHO U OTCTOSIIUX APYr OT
npyra Ha paccTosHUH 5-15 cm (puc.11.14). Katon u3roraBinBamT u3
HaIbUIAEMOT 0 MaTepyaja 1 HOAKIYAIOT K OTPULATEIbHOMY I1OJIIO-
CY BBICOKOBOJBTHOTO OJIOKAa MUTAHUSA. AHOJ OOBIYHO 3a3EMIIIETCS.
Ha nem pacmonaraercs MuiieHb (HarmpuMmep, OfHA WM HECKOJIBKO
MOJUIO’KEK MHTErPaJIbHBIX MHKPOCXEM), Ha KOTOPYIO MPOU3BOIUTCS
HanbuleHHe. M3 kaMmepbl OTKAauMBaeTCs BO3AYX, M B HEE MOCTYINAET
WHEPTHBIH Ta3, 00BIYHO aproH, AaBIEHHE KOTOPOro KOHTPOJIUPYETCS
MaHOMETPOM P U COCTaBIIET MOPSAIKA 107 ITa. Ha xarox momaercs
BBICOKOE HampsbkeHue —3-+5 kB, U BO3HUKAaeT TIECKOIIUN pa3psn B
aprose. llonoxuTenbHbIE HOHBI aproOHa, YCKOPEHHBIE B NPUKATOM-
HOU obnacTu, 6OMOApIUPYIOT M PaCHbUIAIOT TOBEPXHOCTh KaToda —
HanbuIIeMoro mMarepuana. [1oTok pacnblieHHBIX HEHTpPaIbHBIX aTo-
MOB OCaJIaeTCsl Ha MUIICHH B BU/I€ TOHKOM IJICHKU.
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Puc.11.14. Cxema qUOTHOTO PacHBIICHUS

Pa3mep TeMHOro KaTOAHOI'O MPOCTPAHCTBA OMPEACISICT MHUHH-
MajbHOE PACCTOSHHE MEXKIY KaTOAOM M aHOJOM, KOTOPOE OOBIYHO
coctaBisier 3+5 cM. YBenWdeHHWe 3TOr0 paccTOsHUS Oojee dYeM
15 cm HemenecooOpa3HO, T.K. IPH 3TOM BO3pACTacT HaNpsIKCHUE
mpobost.

[IpenmytiecTBaMu yCTAaHOBKH AMOAHOTO PACIIBUIEHUS SBISIOT-
csi: OoMbIas TUIONMAAb PACHBUIIEMOr0 KaToJa, YTO MO3BOJSET oca-
KJIaTh PaBHOMEPHBIC IO TOJIIMHE IUICHKA Ha MOJUTOKKAX OOJIBIIIX
pa3MepoB M OJHOBPEMEHHO H3TOTABIMBATH OOJNBIIOE KOIUIECTBO
n3nenuii. bonpinas TonmmHa pacopUIsIeMOro MaTepralia KaTo/a J1aet
BO3MOXKHOCTH [UIMTEIBHOTO HANBUICHWS O€3 3aMEHBl KaToda, 4TO
o0JierdaeT aBTOMATH3AIMIO TEXHOJIOTHYECKOro mporecca. JnomHoe
pacnbiieHre 00ecleunBaeT BBICOKYIO aAre3ri0 0CaAXKTaeMON TUIEHKA
K TTOJIJIOXKKE.

Henocrarkamu merona sSBISIOTCS: HEBO3MOKHOCTh HAITBLICHUS
TVDIIEKTPUIECKIX MATEePHANIOB; HE3HAYUTEIbHBIE CKOPOCTH OCaXKIe-
Hus, nopsaaka 0.01 MKM/MHH, 9TO CBSI3aHO C HHU3KOW IIJIOTHOCTHIO
WOHHOTO TOKa Ha KAaTO[e; HEBHICOKUH BaKyyM; WHTEHCHBHAS DIICK-
TpoHHas OoMOapIMpPOBKa aHOAa W Pa3MEIIECHHBIX Ha HEM ITOIOKEK
BBI3BIBAET WX TMIEPErpeB U paaualioHHbIe AeeKTHl B cTpyKType. OT-
HOCUTEIBHO BBICOKOE JaBIICHUE aprOHa, HEOOXOAUMOE JUIA MOIIEp-
YKaHUS TIEIONIET0 pa3psia, MPUBOANUT K 3arPS3HEHUI0 OCAKIAEMbIX
IJICHOK WHOPOJHBIMH Ta30BBIMU MPUMECSIMU U M3MEHSET HalpaBie-
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HHUE JBWXCHHS OCaXJaeMbIX aTOMOB B PE3yJbTaTe COyIapeHUil c
MOJIEKYJIaMU OCTaTOYHOI'0 HEMOHU3WPOBAHHOIO Ta3a. Bce 3To orpa-
HUYMBAET MPUMEHEHHE MeToja. MeTon AUOTHOrO pPacHbUICHUS B
OCHOBHOM HCIIOJB3YETCS IJIsl HATBUICHUS! TOHKUX IJIEHOK CI0XKHOTO
COCTaBa B HCCIEMOBATEIbCKUX IEIIX U JJII MEJIKOCEPUUHOTO TMPo-
HM3BOJICTBA.

11.10.2. Tpuoonoe pacnvinenue

B Meronme TpmOMHOTO pacmbUICHUS HCHOIL3YETCS OMOTHU-
TEJbHbIA BHEIIHUM MOHU3ATOp ra3a — HUTh HAKAJIMBAHUS U BTOPOMH
aHon, Haxomsammicsa moj HampspkeHuem +100 B (puc.11.15). D10
T103BOJISIET CyIiecTBeHHO, 10 10 ' Tla, CHU3UTH JaBlIeHHE ra3a U yBe-
JIMYUTH MOHHBIN TOK IO HECKONBKHX amriep. CKOPOCTh pacHbLICHUS
CYIIIECTBEHHO TOBBIMAETCS. CKOPOCTh OCAKICHUS TTOKPBHITUH MOYKET
nocturath 2 MrM/MuH. J[JIs TIpemoTBpaIlleHusT Teperpesa aHoia u
KaToJ[a MCIOIB3YIOT CUCTEMY BOSTHOTO OXJIAXKICHUSI.

—-10+20 kB anon 2

nojava rasa

E - +100B
[E T P
KaToq ——mnw___ | % j
6.3B [6:10x
s é MATaHUA
mia3sma
TIOJJIOKKA___——
a"onx 1

OTKAYKa rasa——~_,

Puc.11.15. Cxema TpHOAHOTO PaCIIBUICHUS

11.10.3. Maznemponnoe pacnolienue

Cxema yCTaHOBKH MarHeTpOHHOT'O paclbUIEHUs MPEACTaBICHA
Ha puc.11.16. OHa COCTOMT U3 KOpITyca C HHTErPUPOBAHHBIM MarHu-
TOIIPOBOJOM M KaHAJIAMH LUPKYJSLUH OXJIaXAAOIed BOIbI, CMEH-
HOT'O PaclbUIsIeMOro KaToAa, BaKyyMHOW KaMephbl ¢ CUCTeMOH Hojaa-
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Puc.11.16. Cxema MarHeTpOHHOT'O PACIBIICHUS

YU U OTKAYKH ra30B, B KOTOPOM pasMellaeTcss aHo/ ¢ MOJJIOKKOM, Ha
KOTOPYIO Oca)kJlaeTcd TOHKas riieHka. Kopryc U konmak BakyyMHOM
KaMephl TUIOTHO COEAWHSAIOTCS Yepe3 YIJIOTHUTEIbHYIO H30IHUPYIO-
nryto npoknanky. OrpumarensHoe Hamnpspkenne —300+700 B mona-
ercs ¢ OJIoKa MUTAaHUS Ha KaToJ, aHOZ OOBIYHO 3a3E€MIIEH.

B BakyyMHOI Kamepe HaXOIWTCS WHEPTHHIN ra3, OOBIYHO ap-
roH, nox Hu3kuM nasieHreM P = 0.01+1 Ila. DaekTpoHbI, SMUTHPO-
BaHHBIE C KaTOJa B PE3yNIbTaTe TEPMODIIEKTPOHHONW WJIM BTOPUYHON
MOHHO-3JIEKTPOHHONH 3MHCCHH, B CKPEHICHHBIX JJIEKTPUIECKOM M
MarHUTHOM TOJISX ABMKYTCS MO IUKJIONAAM, 00pa3ys Bpallatomiye-
Csl DJIGKTPOHHOE 00JIAaKO ¢ MAaKCHMAaJbHOW TUIOTHOCTBIO 00BEMHOTO
3apsaa BOMW3M KaTtona. DIEKTPOHBI 001a1al0T JOCTATOYHON YHEPTH-
e ISl HOHU3AI[UH aTOMOB aproHa, MO3TOMY HaJl IIOBEPXHOCTHIO Ka-
Tozma oOpasyercs KONbI[eoOpa3HbIid coi miua3Mel. llomoxxurensHbie
WOHBI, 00pa3yIoIIHecs B pa3ps/le, YCKOPSIOTCS B HAIPaBIEHUH KaTo-
na, 0oMOapAUPYIOT €ro MOBEPXHOCTh, BRIOMBAS U3 HEE YaCTHIIBI Ma-
tepruana. [lokngaromye MOBEpXHOCTh KAaTOAa YaCTHIIBI OCAXKIAIOTCS
B BUJIE TUIEHKN HA TIOJUIOXKKE WIIH OCAXKIAFOTCS Ha CTEHKaxX paboueid
BaKyyMHOUH KaMephbl.
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Mal"HeTpOHHOG pacnbUICHUEC, B OTJIUYUEC OT OOBIYHOTO JHUOJHO-
T'o pacChbUICHUA, ITO3BOJIACT IMMOJY4YaTh BBICOKYIO IIJIOTHOCTH HOHHOI'O
TOKa U BBICOKUC CKOPOCTH PACHbLICHHUA, 10 3.6 MKM/MI/IH, IIpru OTHO-
CUTCIIPHO HHU3KHX JaBJICHUAX. MaFHeTpOHHI)IC PaclbUIUTCIN MOT'YT
ocaxJaThb TOHKHEC ITIJICHKH Ha OILHOI\/'I MW HECKOJIBKUX ITOJAJIOXKKaX.

HpI/I HCIIO0JIb30BAHHNKU BBICOKOYACTOTHOI'O MAaro€TpoOHHOro pac-
NBUICHHA MOXXHO HAIIbJIATh HA MUIICHU JUIJICKTPUYCCKUEC IIJICHKU.

11.11. MoHHO-(OTOHHASA IMHUCCUA

HonHo-poToHHAs dMHCCHS — HCITycKaHUe (OTOHOB MPH HOH-
Hol 6ombaparpoBke TBEPOTO Tena. [Iporncxoaut B pe3ynbraTe CHs-
THUA 3JICKTPOHHOT'O BO36y)K,Z[eHI/IH B aTOMax M MOJICKYJIaX, BOSHUKIIC-
ro Mpu TOPMOKEHUHM MOHOB WIM MX HeUTpann3auuu. M3mydars mo-
T'YT KaK 4acTHIBI B 00bEME TBEPIOTO Tena (MOHOITIOMUHECLIEHITH),
TaK U NOKUJAIOUINE ITOBEPXHOCTH B036Y)Kl];éHHBIe aTOMBbI, MOJICKYJIbI
W WOHBI MUIIIEHN (MOHHO-QOTOHHAs aMuccHs). B mocnennem cinydae
HU3IYUYCHHUE NMPONUCXOAUT HA Pa3JIMYHBIX PaCCTOAHHUAX OT ITOBEPXHO-
CTH, ONpeeNsieMbIX CKOPOCTBIO YACTHULl U BPEMEHEM XHU3HU B OIIpe-
JIEJICHHOM BO30YXIEHHOM COCTOSTHMH. Hai moBepXHOCTBIO 00pa3y-
eTcsl CBETSILUIICS Opeol, YTO IO3BOJIAET JIETKO OTAEIUTh 3TO CBEUe-
HUE OT MOHOJIOMMHECIIEHIIMU. B criekrpax nOHHO-(OTOHHOH 3Muc-
CUM HaONIOJaoTCs JIMHUM aTOMOB, HOHOB M MOJIEKYJIIPHBIC II0IOCHI
(puc.11.17), a B OTAENBHBIX CIyYasX W KBa3HHENPEPHIBHOE H3ITyde-
Hue. Hanbonee NHTEHCHMBHBIMU B CIIEKTPaX SIBJISIOTCS, KaK MPaBUiIo,
JIMHWAU PACTbUIEHHBIX aTOMOB.

KonniecTBeHHO MOHHO-(QOTOHHAsI YMHCCHUSI XapaKTepH3yeTcs
ko3 purenTom smuccun mwin BeIxogoM h = Ng/N; , te N; — ancio
najarommux HoHoB, Ng — uuciao obOpasoBaBmmxcs (GoroHos. [l
Haubolee MHTCHCHBHBIX CIEKTPATbHBIX TepexogoB h ~ 10°+107
(hOTOHOB/MOH AJISi YUCTHIX METAJUIOB M MOXET OBITh 3HAYMTEIHHO
BBIILIE JJI51 OKUCIIOB METAJUIOB MJIM TU3JIEKTPUKOB.

SIBneHre NOHHO-(POTOHHOM IMEICCHUU JISKUT B OCHOBE METOA
HNOHHO-(POTOHHOM CIIEKTPOCKOIUHU JAJsl TUArHOCTUKH MOBEPXHOCTH.
AHanu3 CHEKTPOB H3IJIyYEHHs IO3BOJSIET ONPENEIUTh HE TOJIBKO
3JIEMEHTHBIN COCTAB MOBEPXHOCTH, HO U €€ DIIEKTPOHHYIO CTPYKTYPY
U XapakTep B3aUMOAECHCTBHSI IOBEPXHOCTHBIX aTOMOB, a TAaKXe JaéT
YHHUKaJIbHBIE CBEACHUS O IMHAMHUKE 3JIEKTPOHHBIX IIEPEXO/0B B
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MPUITOBEPXHOCTHOW 00JIaCTH MaTepHala B YCIOBUAX OOIydeHHUS €ro
HOHHBIM TTYYKOM (B TPOIECCe PaAUAIlIOHHBIX TTOBPEKICHHUI).
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