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Y'le6Hoe noco6ue HanucaHo nporfleccopoM 6a3oeoii Kar/Jedpbl MHP3A 
«3JleKmpoHuKa r/Ju3u'lecKux ycmaHoeoK» npu YHa OHJIH 

H. H. MezaK06blM (OHJIH) 
u peKoMeHdoeaHo K u3daHuiO 3KcnepmHou KoMuccueu YHa OHJIH 

u pedaKlfUOHHO-U3dameJlbCKUM coeemoM MHP3A. 

MemKoB II. H. • 
MSS lhny<Iemre pemiTIIBIICTCKIIX 3ap5DKeHHbiX <IacTM~: Y<Ie6. noco6Me. -

,[(y6Ha: OIDHI, 2008.- 136 c. 
Yqe6Hoe noco6He co.nep)!(l:IT onHcaHHe <lJI:13l:l'leCKl:IX npl:IHUHnos l:l MeTo.nos re

HepaUHl:l 3neKTPOMarHl:ITHOro l:l3nyqeHl:ISI 3apSI)!(eHHbiMl:l qacTl:IUaMl:l, .!J.Bl:I)!(YJUl:IMl:I
CSI B 3neKTpOMarHl:ITHOM none l:lnl:l cpe.ne. PaCCMOTPeHbl OCHOBHble Bl:l.ll.bl 
l:l3nyqeHl:ISI: peHTreHOBCKOe TOpM03HOe, Cl:IHXPOTPOHHOe (BKJIIO'laSIH3nyqeHl:le B Bl:l
rnepax l:l oH.nynSITopax), qepeHKOBCKoe, nepexo.niioe, napaMeTPH'lecKoe; npHHUHn 
.neikTBl:ISI na3epoB Ha CB060.!J.HbiX 3neKTPOHax. 

Tioco6l:le npe.ll.Ha3Ha'leHO .nnSI cry.neHTOB l:l acnHpaHTOB l:IH)!(eHepHbiX l:l lPl:l3l:l- , 
'leCKl:IX cneuHanbHOCTeii. 

Meshkov I. N. 
The Radiation of the Relativistic Charged Particles: Textbook. - Dubna: 

JINR, 2008. - 136 p. 
The textbook contains a description of physical principles and methods of the 

electromagnetic radiation generation by charged particles, moving in an electromag
netic field or in matter. Main kinds of the radiation are considered: Roentgen radia
tion, synchrotron radiation (including one in wigglers and undulators), Cherenkov, 

\•. transition and parametric radiation and the principle of free electron laser operation. 
The book is addressed to the students and Ph.D students of physical and engineer-

ing specializations. 
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flpeJJ,UCJIOBUe 

,ZJ;ruiHOe noco6He HallliCaHO Ha OCHOBe Kypca neKIJ.liH, npoqnTaHHOrO aBTOpOM B 

2007 r. czyJJ.eHTaM 6rooBo:il: Ka<!Je,npbi 3neKTPOHliKll <!Jn3nqecKnx yCTaHOBOK 

MocKoBcKoro rocy.napcTBeHHoro HHCTnTYTa pa.nnoTeXHliKH, 3neKTPOHliKll n 

aBTOMarnKn (MHP3A), opraHll30BaHHO:il: B r. ,D;y6He npn Yqe6m)-HayqHoM ueHTPe 

06'be,nnHeHHoro HHCTliTYTa H,nepHbiX nccne.nosaHn:il:, n npe.nnroHaqeHo .nmr czy,neHTOB 

oqHo:il: <!JopMbi o6yqeHHH, cneunanbHOCTh 200600 "3neKTPOHHKa <!Jn3nqecKHX 

ycTaHOBOK
11

• 

Tioco6ne nMeeT uenbiO ,naTb npe.ncmBneHne o npnpo.ne ll3nyqeHHH 

peAATHBliCTCKliX 3ap.K:>KeHHbiX qaCTllll. li COBpeMeHHbiX .D:OCTll)KeHliHX B pa3BHTllll 

MeTO.D:OB reHepaiJ.llll 3neKTPOMarHliTHOrO ll3llyqeHliH Ha nyqKax TaKliX qaCTliiJ.. 

ll3nO)KeHlle MaTepnana nOCTPOeHO TaKliM o6pa30M, ~06bi •qnTaTenb MOr noHHTb 

<lJll3HKY .KBneHliH, He yrny6MHCb B MaTeMaTnqecKne pacqeTbl (3HaqnTenbHM qaCTb 

KOTOpbiX, Bbi,neneHHM MenKliM mpn<lJTOM n/llllll BbiHeCeHHM B 3a,naqn, npe,nHa3HaqeHa 

.nAA yrny6neHHOH npopa6oTKn). B noco6nn ncnonbJyeTCH, KaK npaBnno, rayccoBa 

cncTeMa e,nn:Hllll., a,neKBaTHM 3neKTPO.D:HHaMHKe. KpoMe Hee ncnonb3YJOTCH cn:cTeMbi 

CH n: aTOMHbiX e,nn:HHIJ.. B Ja,naqax co.nep)KaTCH npn:Mepbi BbJqncneHn::il: c npn:Be.neHneM 

aHallllTHqeCKllX Bbipa)KeHHH K Bll.D:y, co,nep)KameMy MllpOBbie KOHCTaHTbl (HanpHMep, 

3HeprnH noKOH 3neKTPOHa) n:nn: no3BOAAIOlll.eMy nerKO nepeBeCTll senn:qn:Hbi H3 o,n:Ho:il: 

cn:cTeMbi e.nn:Hllll. B .npyryxo (Hanpn:Mep, n:3 CH B rayccoBy). 

Tioco6n:e npe,nHroHaqeHo · cTy.neHTaM, acnn:paHTaM n: HH)KeHepaM-<!Jll3HKaM, 

cneiJ.Hanll3llpYJOlll.llMCH B 3KCITepn:MeHTanbHOH <lJH3llKe. 

ABTOP nonb3YeTCH 

KonneraM no OlUIH 

B03MO)KHOCTblO Bblpa3liTb rny60KYJO 6naro,napHOCTb 

A. C. Bo.nonbHHOBY n: A. ,n;. KoBaneHKO, nxo6e3HO 

npe.nocTaBHBlliHM Heo6xo.nnMbie MaTepnanbi no pronn:qHbiM BonpocaM, Bome.nmn:M B 

noco6n:e, E. C. Can.nn:Hy n: M. 10. lOpKOBY 3a none3Hbie coBeTbi· n: npe.nociaBneHHYJO 

B03MO)KHOCTb '"noKpYTliTb pyqKll" nroepa Ha CB060,nHbiX 3neKTPOHax B na6opaTOpHll 
r ~ 

DESY, a TaK)Ke H. A. Bn:HoKypoBy, r. H. Kynn:naHOBy, A. H. Jie6e,neBy 3a 

MHOrOneTHee Ha~oe COTPY.D:HllqeCTBO li IJ.eHHbie o6cY*.D:eHHH, B TOM qHCne no 

npo6neMaM, Hame.nmnM OTPa)KeHne B noco6nn. ABTOp 6naro.napn:T T. A. CTenaHoBy 

3a HeOIJ.eHllMYJO nOMOlll.b-B o6pa6oTKe pyKOnllCll ll no,nrOTOBKe ee K ny6nn:KaiJ.HH. 

'/ 

BBE)J;EHIIE. li3JiyqEHIIE HEPEJIHTIIBIICTCKUX 3APH,l(OB II 

IIPEOBPA30BAHIDI JIOPEHU:A )J;JIH 3JIEKTPOMArHIITHOrO llOJIH 

fipn: .D:BH)KeHllH 3ap.K)KeHHbiX qacTHll. B 3neKTPOMarHHTHOM none, C03,naBaeMOM 

BHeillHllMll llCTOqHllKaMll - 3neKTPn:qeCKllMll 3apH,naMll ll TOKaMH . (B TOM qn:cne, 

aTOMaMll cpe,nbi), B03HllKaeT 3neKTPOMarHllTHOe ll3nyqeHHe. fipn:po,na 3TOrO 

H3nyqeHHH 3aBHCllT OT xapaKTepHCTHK 3neKTPOMarHllTHOrO nOM, 
11
BblHY)K.D:aJOlll.ero" 

3apH)KeHHbie qacrniJ.bi n:JnyqaTb. Onn:caHne 3THX <lJll3nqecKn:x HBneHn::il: B 6onbmHHCTBe 

cnyqaeB MO)KeT 6biTb ,naHo Ha H3biKe KnaccnqecKo:il: 3neKTPO.D:HHaMHKII. Tipn 3TOM 

3aqacT)'IO y,no6HO ITOnb30BaTbCH npeo6pa30BaHll.KMll JlopeHIJ.a MH KOMnOHeHT 

3neKTPoMarHHTHoro noAA. B CBH3ll c 3THM n: c uenbiO o6nerqeHHH ~eHnH ,naHHoro 

noco6HH BO BBe,neHllll .D:aHbl OCHOBHbie xapaKTepHCTllKll Knaccn:qeCKOrO ll3nyqeHHH, 

COOTHOilleHll.K .D:M npeo6pa30BaHll.K KOMnOHeHT ITOnH npH nepexo,ne H3 O.D:HOH 

HHepiJ.HanbHOH CllCTeMbl B ,npyryiO 1l llOTepb 3Heprllll qaCTllll.bl npH ee .D:Bll)KeHHll B 

3neKTP0MarHHTHOM none . 

§ 1. )J;unoJibHOe HlJIYqeuue 

fioTeHIJ.llan CllCTeMbl 3apH,n:OB, .D:BH*Ylll.llXCH C HepenHTllBllCTCKllMH CKOpOCTHMH, 

OllHCbiBaeTCH ll3BeCTHb1Mll Bbipa)KeHll.KMll (pn:c. 1 ): 

3.necb p n: j = pr 

1 =.!. J](r, t.)av (;: t)= Jp(r, t.)av 

1
- -~ ' <p P' ~- -~ ' c v rP- r v rP- r 

jr -rj 
t=t.+-p-, R=rp-r. 

c 

(1) 

nnOTHOCTll 3apH,na ll TOKa; fe ll t - MOMeHTbl 
11
H3nyqeHliH

11 
ll 

Ha6mo,neHll.K COOTBeTCTBeHHO; r - pa,nnyc-BeKTOp nonO)KeHHH 3neMeHTa 06'beMa dV. 

Puc. 1. CuCTeMa I(BHJKYmnxcll 3apliJlOB. 
0 - Haqarro KoopnnHaT; P - roqKa Ha6moneHHll; 

dV- 3neMeHT o6DeMa; ii = rP / rP 



IJpH rp >> r IIOTeHQIIaJlbl Ha "fiOllbillHX paCCT0j{HHSIX
11 

Bhl'IHCniDOTCj{ npoll(e. 

r 
)J:eil:CTBHTenhHO, npoBeAH pa3llO)KeHHe no MaJibiM napaMeTpaM -

ii,F -
H --, HIDI.D:eM 

. · rP c 

( 

2 (- -)l - 2 2 _ _ r rP, r . __ 
!R!=~rP +r -2~P,r):::::rP 1+-2 --2- :::::rP-(n,r), 

2rP rP (2) 
r (ii r) t:::::te +J!_ __ , -. 
c c 

IIepBhlii H3 MaJibiX napaMeTpOB O'leBH.D:eH - reOMeTpH'leCKHii. BTopoii MeHee 

o'leBn.n:eH. Ero Ha.n:o cpaBHHBaTb c xapaKTepHbiMH BpeMeHaMH H3MeHeHHR cncTeMhi 

3apMOB (TOKOB): 

At - T = 27t - A. 
(J) =-;;' (3) 

r.n:e A - MHHa BOllHbl, COOTBeTCTBYJOII(aR 'laCTOTe (J). IloKa Mbl ell(e He 3HaeM, 'ITO 3TO 

TaKOe. TeM He MeHee, IIORBHllCR napaMeTP, HMeiOII(Hll pa3MepHOCTb MHHbl. IJpH 

At» (ii,r) 
c 

3aiTa3.D:bffiaHHeM H3MeHeHHR nonR rro o6'beMy c 3apMaMH MO)KHO rrpeHe6pe'Ib. A 3TO 

3Ha'IHT, 'ITO rrpeHefipe'Ib 3aiTa3.D:biBaHHeM MO)KHO IIpH 

A.» r ~ (ii,r). 

TaKHM_o6pa3oM, IIORBHnHcb .n:Be o6nacm, .n:nR KOTOpbiX 3$$eKT 3aiTa3.D:biBaHHR rronR 

Bbi'IHCnReTCR 3aMeTHO rrpome: 

r - rp - KBa3HCTaTWieCKHll CllY'Jall, 6JIUJICHMI 30Ha; 

r <<A<< rp - BOJIHOBOJI 30Ha. 

Bo BTOpOM CllY'Jae OCHOBHbiM IIpH pa3llO)KeHHH IIOTeHUHaJIOB (1) RBnReTCR rrapaMeTp 

3alla3.D:biBaHHR 

(ii,r)- ~ « 1 
"\ C·llf A . ' p· 

(4) 

a reOMeTpH'leCKHM napaMeTPOM rfrp MO)KHO rrpeHe6pe'lb. 

CooTBeTCTBeHHO, B BOnHoBoii 30He rroTeHUHaJibi (1) rrpHHHMaiOT, rrpn6nH)KeHHo, 

BH.D: 

6 

-{- ) 1 J-:(- rP) dV 1 fa] (ii, r)dV AI! ,t :::::- 1 r,t-- · +- --- + ... , 
p crp c crp at c 

(- ) 1 f (- rP) dV 1 fap (ii, r)dV 1 Ja2 p (ii, r'f dV cpr ,t :::::- p r,t-- · +- --- +- --- + ... 
p r c r at c 2r at2 c2 p p p 

(5) 

Cpa3y )Ke "rr03a6omMcR" o rrepBoM cnaraeMoM B Bbipa)KeHHH .n:nR A(rP, t ): B .n:aHHOM 

cnY'Jae 

fJ(r)·dV*O, (6) 
v 

T. K. CHCTeMa HecmalfUOHapHOJl (!). IJepBOe CJiaraeMOe B Bbipa)KeHHH .D:llR cp eCTb 

cp0 ~P' t )= _!_ fp(- rP) Q(t- rP) r r,t-- ·dV- c 
p v c - rP 

(7) 

- KynOHOBCKHll IIOTeHUHaJI CHCTeMbl 3apMOB, T.e. "HyneBOe IIpHfillH)KeHne". BTopoe 

crraraeMoe .n:rrR cp ecTb 

(- ) 1 fap (ii, r)dv 1 J( d. -:) (- -)dv cp1 rP,t =- --- =- - 1v1 · n,r . 
rp vat c crp v 

IIocTaBHB cro.n:a divj = L aj H 6~pR Ka)K.ll:hiii H3 TPeX HHTerpanoB rro '!aCTRM (no 
a Oxa 

COOTBeTCTByiDII(eMy apryMeHTY Xa), Hali.n:eM 

cpl~p,t)=-1 {:2::: ff(ii,r)jadsa- f(n,])dv}=-
1 

J(n,])dv. 
crP a sa. crP 

(8) 

IIepBoe crraraeMoe B $nrypHbiX cKo6Kax o6pamaeM B HYJib, Bhi6paB rroBepxHOCTb Sa 3a 

rrpe.n:enaMH o6'beMa c TOKaMH. O'IeBH.D:HO, 'ITO BeKTop-rroTeHUHaJI 

1(- )- 1 J-:(- rP) "O rP,t =- 1 r ,t-- ·dV 
cr P c p 

(9) 

CBR3aH CO CKanRpHbiM IIOTeHUHaJIOM cp1 COOTHOilleHHeM 

cpl = (n, lo), llol- cp1· (10) 

,D:anee, 

f]dV = fpvdV = L:envn = ~ L:enrn = d, 
V V N dtn 

7 



r,ne en - 3apH,D:bl CJICTeMhl, d - ee 3lleKTPJiqeCKJill ,D:HIIOllhHhlll MOMeHT. TaKHM 

o6pa30M, 

- d Ao=-, 
crP 

- (n,d) =(n,Ao). 
<pi- crP 

3TO IIOTeHUHallhl CHCTeMhl 3ap.H,D:OB B OUnOJlbllOM npu6JIU:J/CeHUU. TipH 3TOM 

d(te)=d(t- r;} 
a IIOTeHUHallhl OIIHCh!BaiOT none CHCTeMhl B 60Jlll060U 30/le. 

Teneph Ha:ii:,neM nolle cucmeMbl 3apaoo6 6 ounollbHOM npu6Jlu:JJCeHuu: 

- - - 1aAo 
B=rotAo, E=----V<p1• 

c at 

(11) 

(12) 

(13) 

TipH 3TOM H)')KHO He 3a6bmaTh, qTO ,D:HIIOllhHhlll MOMeiiT 3aBJICHT OT rp qepe3 

3aiia3,D:hiBaiOIUee BpeM.II (12), a ourjJrjJepeHlJUp06GHUe 6 (13) npOU3600UmCR no 

KOOpOUHamaM mO'lKU Ha6mooeHUf! rp. TI03TOMY 

Bd =[vp,Ao]=[vp, d ]=-1 [vp,d]+.!.[vp[!),d]. 
crP crP c rP 

(14) 

ex ey ez 

[v dJ=I ~ ~ P' ax ay 
a 
az 

(d)x (d)y (d)z 

rp=~x2 +y2 +z2 =~±x;. 
r~I 

Ho 

a ( .:.) a ( .:.) at' =-= a [ 1 fff2l =-= xa - d =- d -=d13 - t-- ~::Xr =-d13-. 
iJxa f3 8te f3 iJxa iJxa C y~l Crp 

CTano 6biTh, .nmp<jlepeHUHpoBaHHe noXa CBO.D:HTC.II K 3aMeHe 

(d) ~--1 (:i) 
f3 crP f3 

a 
Ji -~Xa. 

ax a 

8 

TI03TOMY 

[ 
. J 

1 

1 

ex e e [ .. ] 
vp,d =-- xp ~ zz =--1 ·[- :.;]- n,d 

crP ( :J) ( :J) (f) crP rP,d - --c , 

X y z 

r.ne n = rpjrp (pHC. 1). Bo BTOpOM cnaraeMOM B (14) aHanomqHo: 

TaKHM o6pa3oM, 

v (J_)=-'p -o[J_J· 
P r r 3 r 2 

p p p 

Bd=_nxd 
c2 rP 

)lanee oqepe,nh 3neKTPJiqecKoro non.sr: 

[ 

.:.( r )] .. d t-1 

Ed=-.!_ aAo -v(n,Ao)=- ~ _.!.v rp, c = 
c at ; c rp c rp rp 

J 1 ( [ r ).:.]1 [ r =-=] ( r ) =---- v .J!... ,d -- .J!...,d ·Y' _...!!... = 
c2r c r 2 c r2 c p p p 

.. [ "] J 1 _ a x
13
J 1 _ =-= _ 

=--2---:Lea- :L-2 +-2-(n,d)n, 
c rp c a axa f3 rp c rp 

T. K. \i'rp = n, H, KpOMe TOrO, BTOpoe cnaraeMOe paBHO 

_.!_{:Le ( d)a _ "'- 2xa"' .:. } 1 { d 2rP(rP, d)} 
c a a r2 L-ea 4 L-xf3df3 = -- - ---'...----.!... 

p a rp f3 c r2 4 • P rP 

3TO qneH IIOp.!I,D:Ka 1/ r;. 0KOHqaTellbHO 

- 1 ( =-= .. [n,[d n]J 
Ed "" -

2 
- d + n(J n)) = ' [s- -1 cr ' 2 = xn} 

P c rP 

9 

(15) 

(16) 



JI,Ba c!leiJcmBuil. 

- 1) E=lihnj u lExBj=nB2
, 

2) 1£1 = I.BI oc ~-
rp 

(17) 

C)'MMHpyH CKa:3aHHOe Bhiiiie, IIpHBe,D;eM «lJopMyllhi, OIIHChiBaiOill;He nolle 

cucmeMbl 3apJLiJo6 6 iJunollbHOM npu6Jiu:J/CeHuu; 

](t.), 

1 -
Ao~)=- fJdV =_!!_ 

crP cr , p 

(n,d) 
<pi(t)= --- -, 

crP 

- 1 [. [J -] 
Bit)=- lo.n]=~ c 2 , c r 

EAt)= [n -] p d•n. 

IIo.n;'IepKHeM, 'ITO B IIpaBhiX '!aCTHX paBeHCTB- CTOHT 

d(te ), d(te) H n(te ), 
r 

t. = t _ _!!_ IInoTHOCTh rroToKa 
c 

(18) 

3Ha'!eHHH 

:meprHH 

(UHmeHCU61IOCmb) ,ll;HIIOllhHOfO H3llYlJeHHH*) paBHa (CM. pHC. 2) 

L~ 

Sd=: [E:d,nJ=__:__[.B ,n].B ]=-__:__B2 - ii ([d,n])
2 

ldl
2

sin
2e 

7t 4n d , d n d - -. - ii 4n 4n c3r2 - ~4'----3-2-. (19) 
P nc rP 

p 

Pn:c. 2. Cn:cTeMa 3apli.!IOB, 

IDJI}"'aJO~IIX a Hanpasnen:n:n: ii(9) 

Pn:c. 3. K BLPmcneHmo noToKa 

a :meMeHT dQ. dcr = rJ dQ 

•> CTPoro rosopll, cne.zzyeT H33LIB3TL :ny senwmn:y "nnornoCTL noToKa :mepmn: cn:cTeMLI a .llllllOJILHOM 
np116JIHlKeHI!H". KpoMe TOro, MLI e~e He 06'Ll!CHIIJIII, noqeMy :nOT llOTOK - "H3JI}"'eHn:e". 06 3TOM 
HlllKe. 

10 

IIoToK :meprnH B e.n;HHHQY TenecHoro yrna mrll:.n;eM, 3arrncas (pnc. 3) rroTOK '!epe3 

rrnom;a.n;Ky dcr = r; dO. : 

( ")2 d sin2 e 
dJ = (n, § }ia = (n, § ). r;do. = . dO.. 

4nc 

0Tcro.n;a 

dJ _ ( dy sin
2 e 

dO.- 4nc3 (20) 

TaKHM o6pa30M, IIOTOK :meprHH B e.l¥fHHQY TenecHoro yrna He 3aBHCHT OT paCCTOHHHH. 

TaK )Ke IIOCTOHHeH H IIOnHhiR IIOTOK 

J= J~O.=~idi2 
adO. 37' (21) 

3a,naqa I. BLJqn:cnHTL nonHLifi noToK ,lln:nonLHoro 1!3Jiyqen:l!ll CI!CTeMLI 3apl!.!IOB (21). 

( ")2 ( ")2 d 2x 2• 2 d 
J=-- Jda· Jsin 2 9·sin9d9=---. 

4nc3 
0 0 3 c3 

3a,llaqa 2. HafiTn: pacnpe,lle!leHI!e I!HTeHCIIBHOCTII 113Jiyqem!ll 33pl!.lla, spa~mo~erocl! no oKpylKHOCTil 

PMI!YCa r0, 11 cpe,11Hee no speMeHI! 3Haqen:l!e noToKa 113!1yqeHI!ll. 

}J;n:nOJILHbiH MOMeHT Bpaii(aJO~erOCl! 33pl!,!13 d = ei,(t, ), f,lle r. -PMH)'C-BeKTop, npoBe,lleHHLiil 

H3 l{eHTP3 OKpYlKHOCTII B Toqxy, r,11e H3XO,lii!TCll 33pll,ll. CoomeTCTBeHHO, d = -ro2er0 (t.). 

Pacnpe,lle!leHn:e HHTeHCHBHOCTH Oniii,:LIB3eTCl! COOTHOUieHn:eM 

d.J 242 
e ro ro . 2 9( ) -=---sm t 

dQ 4nc3 
• ' 

r.11e 9(1,) - yron MelK.zzy seKTOpaM!! ii n: r0 (t.) . 

}l;!ll! HaxOlK.lleHn:ll cpe,liHero no speMeHn: noToKa IDnyqeHn:l! y.11o6n:o nepeiim OT yrna 9(1.) ~ 

yrnaM 90 H <p(t,) l{HJIHH.!IPn:qecKOH CHCTeMLI KOOp,!111H3T, OCL Z KOTOpoii COBll3,!13eT C OCLID spa~eHID 

3apll.lia. H~y.!IHO Haiim, qm (pn:c. 4) sin2 9(t.)= 1-sin2 90 cos2 cp(t.), a cpe.liHe~_no speMen:n: 3Haqen:m 

(sin2 9(t.)) = 1-sin2 90 /2. Tor,11a 

( d.!)= e
2

ro
4

~l {t+cos2 9o); 
dQ 8nc 

(J)=~ ezro•rl 
3 c3 • 

11 



l£x sJ== iiB
2

, 
(17) 

!lJopMYJibl, OTIHCbiBaiOIUHe nOJte 

p 
(18) 

Ao.n] = [ d,ii J 
c2r , . 

,nJ p 

qacr~X paBeHCTB CTO~T 3Haqeun~ 

ITnoTHOCTb noToKa :meprmi 

paBHa ( CM. pnc. 2) 

_ c 2 ii--([d,nJY Jdi\in2 e 
n-Bd =-· =n'---'-~-

4n 4n c3r; 4nc3r~ 

PRe. 3. K BLiqRcnemno noToKa 

B :lJieMeHT dn. da = T; dQ 

(19) 

"IUIOTHOCT!. nOTOKa 3HeprRR CRCTeMLI B .1\RnOJI!.HOM 

noqeMy 3TOT nOTOK - "R3JlyqeHRe". 06 3TOM 

·1' 

IToTOK :meprnn B e.nnunu:y Tenecuoro yrna uaii.neM, 3anncaB (pnc. 3) IIOTOK qepe3 

IIJIOIUMKY dcr = r~dQ: 

( 
.. )2 d sin2 e 

dJ = (n, s}tcr == (n, §). r~dQ == . dQ. 
4nc 

Orcro.na 

( 
.. )2 

dJ _ d sin
2 e 

dQ 4nc3 
(20) 

TaKHM o6pa30M, IIOTOK :meprHH B e.ll;HHHU:Y TeJieCHOro yrna He 3aBHCHT OT paCCTO~HJI~· 

TaK )J(e TIOCTO~HeH H TIOJIHbiH TIOTOK 

J= I~ _21dl2 
d 

O--
n n 37. (21) 

3a.~~aqa 1. 8Liqf!CJIRT!. nOJIHblll nOTOK J(RnOJihHOrO IOJiyqeHIIJI CRCTeMhl 3apll.I\OB (21 ). 

( .. )z ('')2 d 2• 2• 2 d 
J=-- Jda· Jsin

2
8·sin8d9=---. 

41tc3 
0 0 3 c

3 

3at~a'la 2. Hail:TR pacnpe.11emlHRe RHTeHCRBHOCTR RmyqeHRll 3aplllla, spamaiOmerocll no oKpyJKHocm 

pa.l\f!Yca To, R cpe.11Hee no speMeHR 3HaqeHRe noTOKa R3nyqeHRll. 

J);RnOJihHhlll MOMeHT BpaiiJaiOIIJerOCJI 3apll.l(a d = er0 (t.), r11e Fa - pa.l(f!YC·BeKTop, npoBe)leHHblll 

R3 IJ;eHTpa OKpYJKHOCTR B TOqKy, r.l(e HaxO)IRTCJI 3apll.l\. CooTBeTCTBeHHO, d = -ro
2
erc(t.). 

Pacnpet~eJieHRe RHTeHCRBHOCTR OnRCI.IBaeTCll COOTHOllleHReM 

dJ 2 4 2 
e Ol T0 • 2 e( ) -=---sm t 

dQ 47tc3 
• ' 

r)le S(t.)- yron MeJKey BeKTopaMR n R r.(t.}. 
J];nll HaxolKJ(eHIIJI cpet~Hero no speMeHR noToKa R3nyqeHRll y.11o6Ho nepefim oT yrna 8{1,) K 

yrnaM 8
0 

R qJ{t,) IJ;f!JIRHJ\Pf!qeCKOH CRCTeMLI KOOp/IRHaT, OC!. Z KOTOpOH COBna.l(aeT C OCh!O BpameHIIJI 

3apJIIIa. HeTpy.I\HO Haiim, qTO (pRe. 4) sin2 e(t.)= 1- sin2 80 cos
2 ~p(t.), a cpe.11Hee no speMeHR 3HaqeHRe 

(sin
2 

S(t.)) = 1- sin
2 

8 0 /2. Tor11a 

J.d.!)= e2ro4Tl (1+cos2eo); 
\dn 81tc3 

11 

(J)
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MaKCiiM)'M mnyqemrn {90 = 0) HanpaaneH BAOnb ocH z. qacToTa HJnyqeHIIJI pasHa qacToTe apameHHi! 

3api!Aa, a noni!pmaUIIJI JaBHCiiT OT HanpaaneHIIJI. TaK, HJnyqeHHe BAOllb ocH z noni!pii30BaHo 

I.lliPK)'ni!pHO - aeKTOpbi E li if spamaroTcl! c qacToToli ro, mnyqeHHe not~ yrnoM K ocH noni!pii30BaHo 

31111JillnJqeCKii, a B,IIOllh nliOCKOCTii Op611TbJ - llliHeHHO. 

z 
ii 

v 

PHc.4. K pacqery HJnyqeHIIJI Japi!t~a, apamaiDmerocl! no OKpylKHocm 

Pacnpe~eneHHe IIOTOKa :mepmH (20) IIO yrrry 8 HMeeT xaprucrepHbiH B~ (pHC. 5) -

OHO aKCHaJibHO-CHMMe1JJHqHo OTHOCHTenbHO BeK10pa d H H3MeHJieTCj{ 

IIpOIIOpi~HOHaJibHO sin28 B IInOCKOCTH (rp, d). flpHHj{TO IIpe~CTaBnj{Tb II0~06Hbie 

pacnpe~eneH~ B BH~e BeKmopnou oua2paMMb!, Ha KOTopoii MHHa p~Hyca-BeK1opa 

IIpOIIOpQHOHaJibHa BenHqiiHe H306pa)l(aeMOH <jlyHKQHH Ha ~aHHOM HaiipasneHHH 

(pHC. 5). 

a) 6) 

-o.s -o.s 

-JL---~--------~ 
-J -o.s 0 0.5 0 0.5 

(\ 
Puc. S.BeKTopHai! t~HarpaMMa pacnpet~eneHIIJI nnoTHocm noToKa HJnyqeHIIJI B nnocKocm 

BeKTopa d (a)iiBnliOCKOCTii,OpTOroHanbHOH d (6): f(9,cp)=----'!j)- --" :: dl(e )/(df) 
dQ dQ max 

TiocKOnbKY noToK :meprHH B e~HHHQY TenecHoro yrrra dJ I dO. H nonHbiH noToK 

He H3MeiUUOTCj{ C paCCTO.IDIHeM OT CHCTeMhl ~0 TO~H Ha6mo~eHHj{, a CaM IIOTOK HMeeT 

snoJIHe onpe~eneHHYJO HanpasneHHOCTb (eM. (19)), TO 
11
HaJIHQ0

11 
BCe IIpH3HaKH 

U3lly'leHW!: :meKTpOMarHHTHOe none noKII,l{aeT CHCTeMy 3apMOB, OTPbffiaeTCj{ OT Hee. 

TaKoe none, pacc~TaHHOe B MIIOnbHOM npH6nH)l(eHHH (18), H Ha3biBaiOT ounOllbHbiM 

U3lly'leHueM. 

TioAApH3aQ~ MnOnbHOro H3rryqeH~ cne~eT H3 <jlopMYn (18): 

Aa II d, Bd II [ d,ii]; Ed nepneH~HKynj{peH nnocKOCTH seK1opoB Bd H ii (pHc. 6). 

ii 

q(t.) 

Piic. 6. noni!pli3al.{lii! ,lllinOnLHOro mnyqeHIIJI. 
q(t,) - nonolKeHiie CIICTeMLJ 3api!AOB II !IX 

sen~HHa B MOMeHT t, = t- rP I c; t, P -

MOMeHT 1i TQqKa Ha6nJOAeHiii!; JJJJOCKOCTb Q 
opToroHanbHaseKTopy ii 

B qeM )l(e <j:JH3HKa MnonbHoro H3nyqeHHj{? 3apM, ~BH)l(ymHiiCj{ ycKopeHHO, 

"cTP~HBaeT" c ce6j{ 3neKTpoMarHHTHoe none. To )l(e npoHcxo~HT npH Kone6aHH~ 

3apMa, ycKopeHHOM BpaiQeHHH, H T.n. Ba)l(Ho, ~o6bi d "- 0. 

(({~ 

"CpLIB" :meKrpOMarHIITHOrO nOlli! npii B03BpaTHO-BpamarenLHOM ,IIBiilKeHiili CliCTeMLI 3api!,IIOB 
aHano~eH TOMy, KaK co6aKa nocne K)'naHiii! CTJlliXIIBaeT c ce6ll so,~~y - B03BpaTHo-nocrynarenLHLie H 
B03BpaTHO-BpamaTe1!LHLie ,IIBiilKeHliJI BLI3LIBaiOT OTpbiB BO,liLI 0T wepCTH, li BO,lla ClleTaeT B Bli,lle KanenL 

("mnyqeHHe"). 



§ 2. MyJihTHDOJihHOC ):\BH)KCHHC 

Ecrru ):\IITIOllbHbiH 3apS11\ CIICTCMbi, a TOqHee BTOpaSI npOII3BO~HaSI MOMCHTa TIO 

BpCMCHII, paBHSieTCSI HYJIIO, TO 3TO erne HC 03HaqaeT, qTO TaKaS!: eiiCTCMa He MOJKCT 

IIJrryqaTh B006rue. ,Aeil:CTBIITCJibHO, o6pamaiOTeSI B HYJib TIOJISI II3JiyqCHIISI, Hail:~eHHbiC 

B ):\IITIOJibHOM npii6JIIIJKCHIIII, II B 3TOM crryqae HyacHO yqeCTb eJICI\YJOlliiiC qJICHbi 

pa3JIOJKCHHSI B BbipaJKeHIISIX noTeHIIIIaJIOB. CooTBeTCTBCHHO norryqiiM TaK Ha3biBaeMoe 

K6GOpynORbHOe II3rryqCHIIe, BbOBaHHOC II3MCHCHIICM KBal\pynOJibHOrO MOMCHTa 

(piiC. 7), MG2HUmOOUnORbHOe II3JiyqCHIIC, Bbi3BaHHOe II3MCHCHIICM MarHIITHOrO 

~IITIOJibHOrO MOMCHTa eiiCTCMbi, II T.):\. 

a) 6) 

f. 

~ 
FA 
~ 

d=O, D'i'O 

6) 

Pllc. 7. Tp11 npHMepa CIICTeM 3apli.IIOB: a) "raHTem," C 3apl!.l\aMH ±q Ha KOHllaX, d- qf; 
6) KBanpaT c 3apl!naMu ±q no yrnaM, KBanpynonhHhili MOMeHT D- q£2

; 6) 3aplln q 
paBHOMepHo pacnpeneneH no o6oeMy rnapa PMifYCa a, spama10merocll c yrnosoli 

- qaz
CKOpOCTbiO ro, MafHIITHbiH MOMeHT rnapa m = --0) 

3c 

HHTeHeiiBHOeTb MarHIITO~IITIOJibHOrO II KBaAPYTIOJibHOrO II3JiyqeHIIH - O~HOrO 

TIOpMKa. 3To IIMCeT erre~yiOruee npoeTOe 06'hSieHCHIIC. C O~HOH CTOpOHbi, TIOBbllliCHIIC 

MYJibTIITIOJibHOeTII 3apMOB Ha C):\IIHIIIIY npHBO~HT K TIOSIBJICHIIIO 1\0TIOJIHIITCJibHOro 

MHOJKHTCJISI (vjc y B HHTCHeiiBHOeTII H3JiyqCHHSI (eM. pa3Jio:>KCHHC (5)). C Apyroil: 

CTOpOHbi, BCJIHqHHa MarHHTHOrO MCHblliC 3JICKTpHqeeKOrO MYJibTHTIOJISI TOrO JKe 

HOMepa B (vjc) pa3, noeKOJibKY nepBbiH e03~aeTeSI TOKaMH l = pv. Il03TOMY B 

HHTCHeHBHOeTH TIOSIBJISICTeSI MaJibiH ~OTIOJIHHTCJibHbiH MHOJKHTCJib ·(vjcf. 0TeiO~a 

MRJKHO AaTh o6mym Olleney HHTeHeHBHOCTH HJrryqeHHSI 3JICKTpHqecKHX H MarHHTHhiX 

MyJibTHTIOJICH 

( )

2(l-1) 

J Marn J3n V J 
l ~ l-1 ~ - I• 

c 

r,1:1e J1 - HHTCHCHBHOeTb ):\HTIOJibHOrO II3JiyqCHIISI (21 ). 
/ , 

14 

HarrHqlfe y CHCTCMbi MarHHTHbiX HIHJIH 3neKTpHqecKHX MYJihTHnoneii 3aBIICHT OT 

ee CTPyKTYPhl. TaK, MarHHTOAHTIOJibHOe HJnyqeHHe (Kax H 3JICKTpHqecKoe) 

OTeYTCTBYCT y 3aMKHYTOH CHeTCMbi, eOCTOSilliCll H3 qaeTIIIJ C 01\HHaKOBbiMH 

3HaqeHHSIMH ejm (eM. (2], 3a):\aqa 2 B § 124). ,Aeil:CTBHTCJibHO, MarHHTHbill mp H 

MeXaHIIqecKIIii M P MOMeHThi qaeTIIIIhi easrJaHbi MeJKAy co6oil: qepe3 rHpoMarHHTHoe 

OTHOlliCHHC g: mp = gM P. IlpH OAlfHaKOBbiX ejm 3HaqeHHC g y Beex qaeTHIJ TaKJKe 

01\HHaKOBO, TI03TOMY TIOJIHbill MarHHTHbill MOMCHT eHCTCMbi nponOpiiHOHaJICH ee 

TIOJIHOMY MCXaHHqeeKOMY MOMCHTy, KOTOpbiH y 3aMKHYTOH eHeTCMbi noeTOHHeH: 

mp = gM p = wnst, OTeiO):\a M = 0, H·H3nyqeHHe OTeYTeTByeT. 

,AM cnpaBoK npHBe~eM cpopMyny HHTeHeHBHocrii H3rryqeHHSI e yqeToM BKJia,L~a 

MarimTO):\HTIOJibHOH (m) II KBa,L~pynoJibHOH (Dup) eoeTaBJISIIOlliHX (eM. (2], § 125): 

2 1,:;12 2 I :;I I ... 2 J=-3 d +-3m +--5 Dap· 
3c 3c 180c 

§ 3. llpeo6pa30BaHHH JlopCHIIa 1\JIH 3JICK'I])OMarHHTHOrO TIOJIH 

IlpiiBCI\CM (6e3 BbiBO,l:la) II3BCeTHbie eOOTHOIIICHHSI 1\JISI npeo6pa30BaHHSI 

KOMTIOHCHT 3JICKTpOMarHHTHOrO TIOJISI (£, B) npH nepexo~e H3 O,l:IHOH HHCpiJHMbHOH 

eHeTCMbi B .LipyryiO (eM. (1], (2]). Oeb X, KaK 3TO npHHSITO B CTICIJHaJibHOH TeOpHH 

OTHOeHTCJibHOeTH, HanpaBJICHa B,l:IOJib BCKTOpa V - eKopoeTH ):\BIIJKCHIISI CHeTCMbi (x', 

y', z') OTHOeiiTCJibHO eHeTCMbi (X, y, z) (piie. 8). 

y' 
y 

___.v 
X 

z' 
z 

x' 

Puc. 8. BM6op oceli KoopnuHaT .1\Byx HHepuuanbHhiX 
CIICTeM, .1\BIDK)'IllllXCll 0.1\Ha OTHOCllTeRbHO .1\pyroli CO 

CKOpOCTbiO V 
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flpn: TaKOM Bbi6ope oceif KOOp,!UIHaT KOMnOHeHTbl nollil CB.Sl3aHhl .1\pyr C .1\pyroM 

COOTHOilleHIU!Mll 

Ex = E~. Ey = rlE~ + 13B: ), Ez = y(E: -13B: ), 
Bx =B~. By = y(B~ -13£: ), Bz = y(B: + I3E~ ), 

r.lle mTPllXOM 0603Ha'-!eHbl KOMIIOHeHTbi nollil B CllCTeMe (x', y', z'), 

13 = ~. 'Y = (1-132 \-1/2 c J • 

flapaMeTp 'Y npHH.SITO Ha3biBaTh llOpeHIJ-pGKmOpOM. 

(22) 

(23) 

J.h (22) cne.l\YeT, 'ITO npll rrepeXO.I\e ll3 0.1\HOH CllCTeMbl B .1\PYryiO rrpO.I\OnhHbie 

(HarrpaBneHHbie B.I\Onh BeKTOpa CKOpOCTll V) KOMIIOHeHTbl nom! COXpaHJIIOTCSI, a 

norrepe'-!Hbie K BeKTopy v KOMIIOHeHThi rrpeo6pa3YJOTCSI .1\pyr '-!epe3 .1\Pyra. 

Tipe.I\CTaBHM BeKTOpbi E H B B BH.I\e CJMMhi rrpO.I\OnhHOii H rrorrepe'-!Hoii KOMIIOHeHT: 

E=E
11
+E.L, B=~1 +B.L, 

~~ = exEx, £.L = eYEY + e2 E2 , ~~ = exBx, ii.L = eYBY + e2 B2 , 

r.lle ea (a= X, y, z)- opTbl. Tor.lla (22) MO)!(HO 3anHcaTb B BeKTOpHOH <jlopMe: 

~~ =~j. £.L =r(£~ -~xii'D, 
~1 = ~j. ii.L = y(B~ + ~x £'D. 

3.1\eCb Y'-!TeHo, 'ITO ~ x £.LJ= ~ x E j H ~ x B .LJ= ~ x B j. 

(24) 

(25) 

3:ma'la 3. TIOKa33Th, 'ITO 113 COOTHO!lleHIIll (25) cneAyiDT paBeHCTBa (22) !Ipll COOTBeTCTByiDII!eM 

Bhifiope oceii KOOpAIIHaT. 

HanpaBIIB OCb X BAOnh BeKTopa V II IICnOnh3Yll npaBy!O CIICTeMy KOOpAIIHaT (x, y, z), nOACTIIBIIM 

(24) B (25) II, nprrpaBHJIB cnaraeMble C OAIIHaKOBbiMII eu B neBOH II npaBOll 'laCTJIX paBeHCTB, np11AeM K 

COOTHOilleHIIJIM (22). 

E 
3at~a'la 4. TIOKa3aTb, 'ITO nepBbie ABa COOTHO!lleHIIll Jlnll noM (25) B Hepenl!Tl!BIICTCKOM rrpet~ene Aa!OT 

cuny JlopeHu.a, AeHCTBYJOII!YIO Ha eAJIHII'IHblll 3apliA, ITOKOJIII!IIllCJI B CIICTeMe ( )'. 

Tip11l3 << I, y"' I ll3 (25) HaxOAIIM 

16 

~ 
N) 
ti.;. 

~ 
"' 

E=E'-l~xii•j. 

06paTHOe rrpeo6pa3oBaHIIe noneii no1I)"'IIM 3aMeHoli v Ha -v : 
E'=E+l~xiij. 

Ha 3apliA, nOKOJIII!IIllCJI B CIICTeMe ( )', AeiiCTByeT B "3TOll CIICTeMe CIIJia eE', a B na6opaTOpHOll, rAe OH 

JIBIDI<eTCJI CO CKOpOCTb!O +V , CIIJia JlopeHU.a 

F = e(E +l~x iiJ)= F', 

'ITO II TpefioBanOCb AOKa3aTb. 

3at~a'la 5. TIOKa3aTh, 'ITO ecnl! B OAHOll 113 CIICTeM MarHIITHOe none paBHO eyn10, TO B Apyroii 

(ABIIlKYII!elicll OTHOCI!TenhHO nepBoii) 3neKTp!l'lecKoe 11 Mam11rnoe nonll He paBHbi eynro 11 CBJI3aHbi 

MelKJI)' COfiOH paBeHCTBOM 

B=l~xEj. (26) 

Tionarall. B (25) B' = 0 , 3an11uleM 3Ha'leHIIJI E 11 B B na6opaTopHoii CIICTeMe: 

F:ll =Eli· E:J. = yE~. 
B

11 
=0, B~ =y(~xEJ= [~xF:J . 

TIOCKOnbKY l~ X E
11
j:: 0, TO ABa nocneAHIIX paBeHCTBa Aa!OT COOTHO!lleHIIe (26). 

OTMCTIIM, 'ITO 3TOT pe3ynbTaT cnpaBet~niiB, B qacTHOCTII, Anll nonll 3neKTp!l'lecKoro 3apl!Aa, 

JIBIIlK}'II!erOCJI B AaHHOH CIICTeMe. 

§ 4. IloTCpu 3Hepruu 'laCTHU:hl B 3JieKTpoMarnHTHOM noJie 

3Hrui 3aKOHbl .1\llnOJibHOrO ll3JIY'leHlljJ: ll rrpeo6pa30BaHlljJ: 3neKTpOMarHHTHOrO 

nollil, MO)!(HO HallTII 06IIUie COOTHOilleHlljJ: .l\Jlj{ noTepb, 3Heprllli '-!aCTJIQbl Ha ll3n;Y'IeHHe 

npH ee .1\BH)!(eHHJI BO BHemHeM :meKTpOMarHJITHOM none (£0 , B0 ). ,[(eiicTBHTenhHO, B 

MrHOBeHHO COIIJTCTBYIOIQeii CllCTeMe (MCC), r.lle '-!aCTHQa MrHOBeHHO IIOKOllTCjJ:, Ha 

Hee .lleiicTBYCT TOnhKO 3neKTpH'leCKoe none E', H rronHM rroTepjJ: :meprHH '-!aCTJIQhi Ha 

ll3JIY'leHHe 3a BpeMjJ: df paBHO (CM. (21)) 

de' =..2_ 
3 

06'1e,[\IIH(~Hli.biii RHCTHTY'l' 

SI)J.epH.bixl. 7uccrre,D.oBaHH.Il 

I .. El1BDHOTEKA I L___: _________ _ 

(27) 



11cnonb3YH ll3BeCTHbie COOTHOTIIeHllH ,!(illi npeo6pa30BaHllH 3Heprnn ll BpeMeHll 

de=yde', dt=ydt' 

n <jlopMynbi npeo6pa30BaHllj{ TIOJlj{ (25) ll3 MCC B na6opaTOpHYJO cncTeMy, c yqeTOM 

paBeHCTBa (E''f = (Ej;J +(E~'f 3aTIHTIIeM: 

2e4 
{ 2 2 (- f;- -])2} 2er7 2{ 2 2 2 (- f;- -]) IT.- -])2} de=-

3 
-

2 
f1

1 
+y E1- +@,B dt =-c y E -p Ej1 +2 E1_, @. B +\JI3, B dt, 

3e m 3 

e2 
r.n;e rc1 = --

2 
- KJiaccnqecKnil: pa,nnyc qacTHU:bi. ,ZJ:anee yqTeM, qTo 

me 

PEi1 =~,E), (~1 .~,B])=o, 
ll nOJiy<IllM 

2 -
2er 1 2{(- [- - ])2 l- - )2} de=--:j-Y E0 + p,B0 -\_P,E0 dt. 

3.n;ecb llH.D;eKCOM "0" 0603HaqeHbl KOMnOHeHTbl BHeiiiHero nonH, B KOTOpOM .D;Bn:lKeTCH 

qaCTHIJ;a, .n;afibi OTnnqaTb ero OT nonH ll3ny<IeHllH qaCTllU:bl. 11HTerpnpyH B.D;Onb 

TpaeKTopnn qacTnn;bi, oKonqaTenbHO nail:.n;eM 3Haqenne nomepb 311ep2uu 'laemulJbl 11a 

ounOJlbHOe U3Jly'leHue BO BHeTIIHeM none (Eo, Bo) Ha OTpe3Ke TpaeKTopnn~ ~= 
2& 

2r 1 J 2{(- [- - ])2 {;:; - )2}ds l'!.e = _c y Eo + p, Bo - \P• Eo -. 
3 0 p 

(28) 

OTMeTnM, ~o Bee Bennqnnbi no.n; llHTerpanaMn - y, E, B, ~ - HBJlj{IOTCH, B006In;e 

fOBOpH, <jlyHKU:llHMll KOOp.D;HHaTbl S, OTCqllTbiBaeMOll B.D;Onb TpaeKTOpllll qaCTlliJ;bl. 113 

<jlopMynbi (28) cne.n;yeT, B qacTHOCTn, qTO noTepn 3Heprnn B e.n;nnnn:y BpeMeHn 

(MOU{Hoemb nomepb) .n;nH qacTHU:bi B 3neKTpnqecKOM none E0 , · napannenbHOM 

CKOpOCTll ~' He 3aBllCHT OT 3Heprnn qaCTlliJ;bi: 

- =-ere/Eo, E0 II p, (
de) 2 2 2 - -

dt Eu 3 
(29) 

a B none E0 ..L ~ paCTYT c 3Heprneil: nponopn;noHaJibHO KBa,npaTy ee nopenn;-<jlaKTopa: 

(de) =~erch1E~, 
dt £J_ 3 
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Eo ..L~. (30) 

B MarnnnioM none B ..L ~ MOin;HOCTh noTepb TaK)I(e 6blcTpo pacTeT c 3Heprneil:: 

- =-erc/13 Y B0 , B0 ..Lp. (31) (
de) 2 2 2 2 2 -
dt B.1 3 

113 <jlopMYn (28), (29) cne.n;yeT O.D;HO Ba)I(Hoe 3aKJIIOqenne: MOin;HOCTh noTepb 

Cyin;eCTBeHHO 3aBllCllT OT MaCChi qacTlliJ;bl (KOTOpM co.n;ep)l(llTCH B napaMeTpe rc1). Ilpn· 

3a,naHHOll 3Heprnn qaCTlliJ;bl CQ llJ (29)-(31) HaxO.D;llM 

(
de) oc-1 (de) oc-1 (de) oc~(~+2) 
dt Eu m2

' dt £.1 m4' dt B.1 m
3 

me
1 

t:»mc2 2e0 

m4e1. (32) 

Ilo3TOMY B npnpo.n;e (n 3KCnepnMeHTe) .3HaqnTenbHO llHTeHCIIBHee ll3ny<IaiOT nerKne 

qacTHU:bi. TaK, npn paBHoil: 3Heprnn 3HaqennH MOin;HOCTn 113.ilyqeHIIH 

ynbTpapeJij[TllBIICTCKIIX 3neKTpOHOB II npOTOHOB B MarHIITHOM none OTHOCHTCH KaK 

(~ J,., 1,13 ·10
13

• 

Ilo.n;xo.n;, ncnonb30BaHHblil: npn BbiBO.n;e <jlopMynbi (28), npe.n;nonaraeT 11cnycKaH11e 

qacTIIn;eil:, noKOHin;eil:cH (!) B MCC, 3neKTpoMarHHTHoro H3nyqeHIIH. CnpaTIIHBaeTCH, 

KaK BbTIIOnHHeTCH B 3TOM cnyqae 3aK011 eoxpa11e11UJl 311ep2UU-UMnyJZbea np11 OIIIICaHllll 

3TOf0 HBneHIIH Ha H3biKe KBaHTOBOll £jlii311KII? 11 OTKy.n;a nOKOJ!U{a.ReJ! 'laemUlfG fiepeT 

3HeprniO na llcnycKaHIIe KBaHTa 113nyqeHHH (<jloTona)? QqeBII.D;HO, qTo B MCC 3HeprnH 

qaCTIIIJ;bl paBHa me1 )1;0 IICnycKaHIIH <jlOTOHa ll 6onbTIIe me1 n~cne IICnyCKaHllH, T. K. 

qacTHn;a noJiy<IaeT 1111MIIynbC OT.n;aqn", KaK cne.n;yeT 113 3aKOHa COXpaHeHIIH llMIIynbca. 

TaKHM o6pa30M, HCKJIIOqiiB n3 paccMoTpeHHH IICTOqHIIK ycKopeHIIH qacTHU:bi, Mbi 

HeMe.D;JieHHO npiiXO.D;llM K Hap:yTIIeHIIIO 3aKOHa COXpaHeHllH 3Heprnn. 0TCIO.D;a 

HarrpaTIIHBaeTCH BbiBO.D;: "yqaCTlle" BHeTIIHero nOJlj{ (llCTQqHJIKa ycKopeHHH) 

npHHIJ;llnllaJibHO He06XO.D;IIMO B aKTe ll3Jiy<IeHIIH - nMeHHO 113 3TOfO llCTOqHJIKa 

"qepnaeTcH" B MCC 3Hepfllj{ H3Jiy<IeHIIH. A Tor.n;a 11 c 3aKOHOM coxpaneHllj{ 3HeprHII

HMnynbca Bee o6cTOHT 6narononyqno. 3To IIJIJIIOCTpHpyeT 3a,naqa 6. 

3aAa'la 6. 3neKTpOH pacceHBaeTCll s none TliJKenoro aTOMHOro Mpa n ncnycKaeT <!JoTOH noA yrnoM a K 

HanpasJieHHIO H3'1aJibHOJi CKOpOCTH :meKTpOH3. HaliTH :meprmo <!JoTOHa AJill CJiyqal!, KOfA3 BeKTOpbl 

3JieKTpOH3 AO COyAapeHHll ll BCeX TpeX '13CTllU llOCJie coyAapeHHll JieJKaT B OAHOJi nJIOCKOCTH, a HMnyJibC 
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liJ{jla nepneHAHK)'Jil!peH BeKTOpy HMnym.ca JneKTJlOHa AO coyAapeHIDI ( q> = 7t/2, puc. 9), cKopocTb liApa 

nocne coyAapeHHll vM <<c. 

.-/" 
e M //~/)a Puc. 9. KHHeMarnKa cronKHOBeHIDI JneKTJlOHa c liJIPOM 

0 ~·-:A~ \ q;--- (l 

M\ 

3anuweM 3aKOHbl coxpaHeHHll 3Hepnm n nMnynbca (puc. 9): 

e, +Mc2 =e., +ea +eM, 

p, = p., cosa+ p 9 cos9+ PM cosq>, 

0 = -p., sin a+ Pa sin9- PM sinq>, 

p;_ 
e.,-p.,c, YM"'I+T. 

(33) 

3J~eCb E., p., ~. Pa - 3Hepnrn n HMnynhc JneKTJlOHa AO n nocne coyAapeHIDI, M- Macca liJIPa, eM, PM -

ero JHepnrn n HMnynbc nocne coyAapeHnll; E.,= p.,c =lim- 3Heprnll <jloTOHa; p., - ero nMnynbc. 

lfCKniO'IHB ll3 BTOpOro If TpeTbero ypaBHeHHH yron 9, Allll Cny'lal! q> = 1t/2 nony'IHM 

p; = p; -2p.,p, cos a+ p; -2p.,pM sin a+ p;_. 

Aanee, 3anncan H3 nepnoro ypanHeHIDI 

rAe 

e; =(e, -e9 -w)' =(e. -W)'+p;c2 +m2c4 -2e9 (e. -W), 

2 

W =EM - Mc2 
"' PM << Mc2 

2M 

- KHHeTH'IeCKall 3Hepnrn ll,llpa nocne CTOllKHOBeHIDI, UO,l\CTaBifM CIO,lla p; ll3 npe,llbiJIYWero paBeHCTBa 

n Haii.AeM 

w(e. +Mc2
) e"' ~ ~~~ 

" e, + p,c ·cos a- .J2WMc2 sin a. 

pTCIOJia cneeyeT, B 'laCTHOCTH, 'ITO B oTCyn;rnne HMnyJibca OTAa'IH y l!JIPa (W = 0) JHepnrn <jloroHa 

paBHa HyJIIO. 
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r JIABA I. TOPM03HOE H3.JiyqEHHE 

§ 1.1. IlpoAOJibHOe ycKopeune 

Ha'lHeM co cnyqru~ 3apJ~~a e, ~BH)K)'lll;erocJ~ rrpJ~Monnueiiuo co cKopoCTbiO v n 

ycKopeHHeM ~~ . B CHCTeMe, r~e qacTHQa IIOKOHTCJI, ee H3llyqeHHe B ~HIIOJibHOM 

rrpn6nmKeHHH orrncbmaeTcJ~ 4JopMynaMH (18)-(21). Terrepb HY)l(HO HaiiTH 3Haqeullj{ 

IIOllJI H IlllOTHOCTH IIOTOKa :meprHH B na_?opaTOpHOH CHCTeMe (pnc. 1.1 ). 

y' P' 
a) 

y 
6) 

r; 
p 

ii'=O 
0' ai; x' ii X 

Puc. 1.1. MruoBeHHO-COnyTCTBYIOwal! (a) H na6opaTopHal! cncTeMbl (6), 'laCTnna 

UOKOHTCll B CHCTeMe a) 

Haii~eM BHaqane CBJI3b Me)K,l(y yrnaMH 9 B na6opaTOpHOH CHCTeMe H 9' B M2H08eHHO

conymcmByiOUJeU cucmeMe (MCC), r~e qacTnua rroKOHTCJI. Bocrronh3yeMCJI 

COOTHOilleHHJIMH Me)K,l(y HJITepBallaMH IIpOCTPaHCTBa-BpeMeHH, pa3~ellJIIOlUHMH ~Ba 

C06blTHJI, - HCIIYCKaHHeM H3llyqeHHJI B TOqKe 0 H ero Ha6niO~eHHeM B TOqKe P; 

Co6hrrne 

CncTeMa HcrrycKaune Ha6niO~eune 

H3ll}"IeHHJI H3llyqeHHJI 

MCC 0' ( 0, t' - r; ) P' (r;, t') 

Jia6opaTOpHIDI o( o,t-:) P{rP,t) 
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QqeBII,llHO, IIpii Bbi6ope KOOp,lliiHaT, IIOKa3aHHOM Ha piiC. 1.1 (OCb X HarrpaBneHa B,llOllb 

BeKTopa V, OCb y ne)KIJT B. IIllOCKOCTII (x,rp )), IIMeeM: 

llx' = y(llx- vM ), 

11y'=l1y, 
(1.1) 

r.ne llx' = r;cos8', 11y' = r; sinS', 11y = rPsin8, M = rpjc. IIo,ncTaBIIB 3TH BLipiDKe-

HilS! B paBeHCTBa (1.1) II ,nenSI BTOpoe Ha rrepBoe, Hail:,neM 

e
, sine 

tg =-- " 
y(cose-p 

OTciO.na Tpe6yeMoe HaM (eM. (18), (19)) 3HaqeHIIe sinS' paBHO 

. 
8

, sine 
sm = . 

y(1- pcose) 

(1.2) 

(1.3) 

33,1{3'13 1.1. qaCTU~a, ,ZUIHlK)'IUaJICJI CO CKOpOCTh!O V, HCnyCK3eT cpOTOH fiOA YrJIOM 8 K HanpaBJieHH!O 

CKOpOCTH. Hail.Tll COOTHOIIIeHUe MeJKAY yrnoM 8 B na6opaTOpHOH CHCTeMe H yrnoM 8' B MCC. 

YK03aHUe: BOCfiOJib30B3TbCJI cpOpMyJiaMH npeo6pa30B3HHJI AJill KOMfiOHeHT HMnyJibCa. 

JlOCKOJibKY AJill cpOTOHa & = tiro = pc, TO 

tiro ( e') tiro' p
11 
=-cos8=y p

1
; +v2 =y-(cos8' +13), 

c . c c 

tiro . 
8 

, tiro' 
8

, 
P1. =-sm = P1. =-cos . 

(1.4) 

c c 

IloAeJIUB nepBOe paBeHCTBO Ha BTOpoe, H3XOAHM 

8 
sinS' 

tg ( )' y cos8'+13 
(1.5) 

0rMeTHM, 'ITO 3H3K nepeA 13 B 3TOH cpOpMYJie HMeeT 3Ha'!eHHe, npOTIIBOfiOJIOJKHOe eMy B cpOpMYJie (1.3), 

'ITO BfiOJIHe O'leBHAHO - npliMOe U o6paTHOe npeo6pa30B3HIUI H3 CHCTeMbl B CHCTeMy OTJIH'I3!0TCJI 

3H3KOM CKOpOCTH. 

,33,1{3'13 1.2. B npeAbieyiUeil. 33A3'1e H3HTII COOTHOIIIeHUe MeJKey 3Ha'leHUliMU '13CTOTbl H3ny'leHUJI B 

d 
06eux CHCTeMaX AJIJI 33,1{3HHOro "YTJia H36JI!OAeHUJI" 8. 

Ilepnoe H3 paBeHCTB (1.4) AaeT 

rocos8 = yro'(cos8' + 13}. 

3anucan o6paTHoe npeo6pa30BaHue (cpaBHH (1.5) u (1.2)) 

H Bblpa3HB COSS' C nOMOIUb!O (1.3) 

Hail.){ eM 

- 3cpcpeKT ,[{onnepa. 

ro'cos8' = yro ·(cos8-13} 

cos8'= cos8-13 
l-j3cos8' 

• ro' 
ro = -,---,--------,-, 

y(l-j3cos8} 

(1.6) 

(1.7) 

.ll:nH HaXO)l()l;eHIIH ITOllSI II3nyqeHIISI B TOqKe p BOCIIOllb3yeMCH BHaqane 

cpopMyllaMII ,nnH ,llliiiOllbHOro II3nyqeHiiH (18), KOTOpbie B ,naHHOM cnyqae ,naiOT HaM 

3HaqeHIIH noAA B MCC (piic. 1.1, a): 

-, _ ea
1
j . , 

Bd =e.L-2-sme, c r; E~ = [ii~ X ii'], (1.8) 

e.L;: ez - e,niiHIIqHbiH BeKTOp, HarrpaBneHHbiH rreprreH,lliiKynHpHO IIllOCKOCTII (ii', ali), 

T. e. rrapannenLHO ocii z'. 3.necL Mbi yqnii 3HaqeHIIe d : 

d =ea1j. (1.9) 

Y CKOpeHIIe all HY)KHO Bblpa3IITb qepe3 ero 3HaqeHIIe B na6opaTOpHOH CIICTeMe 

(3a,naqa 1.3), a none B na6opaTOpHOH CIICTCMC HaHTII C IIOMOIUbiO cpopMyn 

rrpeo6pa30BaHIIH IIOllSI (25). 

3a.l{aqa 1.3. qaCTU~a ,ZUIUJKeTCJI c ycKopeHUeM a. Bb!pa3UTb a qepe3 ycKopeHue qacTHAbl B MCC. 

JlyCTh B MOMeHT BpeMeHU t CKOpOCTb '13CTHAbl B Jia6opaTOpHOH CHCTeMe paBH3 v(t). Bhi6paB 

HanpanneHHJI oceil. MCC TaK, 'ITO ocb x 6yAeT napaJIJieJihHa neKTopy v, a ocb z nepneHAHKYJIJipHa 

nJIOCKOCTH (a, v} (Bee HanpaBJieHUJI "MfHOBeHHbl"), 33fiUIIIeM npeo6pa30B3Hllll CKOpOCTII 113 

na6opaTOpHOH CHCTeMbl B MrHOBeHHO-COnyTCTBYIQJUY!O, npeAnOJI3ral!, 'ITO B fiOCJieAHeil. '13CTII~a HMeeT 

(noKa) CKOpOCTb v' (AaJibiiie Mbl ee fiOJIOJKIIM paBHOH nyn10): 

v=vx = v: +V 
I+ v:v, vY 

c2 

23 

, 
vY 

r(I+ v~;r 
(1.10) 



ti 

3,!\eCL V- CKOpOCTL MrHOBeHHO-COIT)'TCTBYIOIUel! CHCTeMLI, H V = V, v' = 0. Hal!,!(eM 

dv, I d [ v: + V ] 
a, = --;:Jl = y dt' 

1 
+ v:; 

C v~;() 

' !!.!_ 
3' y 

(1.11) 

dvY 1 d [ v~ ] _ a~ 
ay=--;:Jt=-:y'idt' l+v:; -y2. 

C ~~~=vj.=O 

(1.12) 

TelKe pe3yJJLTaTLI MOlKHO ITOJI)"'HTL H3 npeo6p330BaHHH KOMITOHeHT HMnyJJLCa H BpeMeHH: 

dp, 3 dv, ydp: dv: 
--=y m--=--=m--, 
dt dt ydt' dt 

qTO ,!(aeT (1.11), H 

dpy dvy ydp~ m dv~ 
-=ym-=--=--

dt dt dt' y dt ' 

qTO ,!(aeT (1.12). 

3HatieHHe ITOJISI B Jia6opaTOpHOfi CHCTeMe 3aiiHIIIeM, )"'TS!, 'ITO KOMIIOHeHTbl Bd H 

Ed, rrapannenhHhie v, paBHhi HYJIIO (eM. (18)): 

Bd = y(Bdl. +~xEd D= r(i3dl. + ~ x lnd x ii' ID= yBdl. (1 + pcose'). q.t3) 

flo~CTaBHB CIO~a 3HatieHHSI jjd (1.8) C yqeTOM (1.11), sinS' (1.3) H cos9' (1.6), Hafi~eM 

_ _ ea
11
y sine 

Bd =e1. c2r; (1-Pcosef 

0CTaJIOCb Bblpa3HTb r; qepe3 rp, ~SI qero BOCIIOJih3yeMCSI <l>opMyJiaMH (1.1 ): 

r; = ~(!lX'f + (~y'f = rp~y2(cose- PY +sin
2 

e = yrp(l- pcose). 

0KOH'IaTeJibHO npH a II v HMeeM 

_ _ ea
11 

sinS , 

Bd =e1. c2rP {1-pcoseY 
ltd= [nd x n]. (1.14) 

fiOCJie~Hee paBeHCTBO ern;e Tpe6yeT ~OKa3aTeJihCTBa H 3aiiHCaHO ITOTOMy, 'ITO 
11
HHaqe 

6biTb He MO)KeT
11

• 

3a,!(aqa 1.4. IlOKaJaTL, qTO KOMITOHeHTLI ITOJIJI H3JI)"'eHHll qacTHI(LI, ,!(BHJKYIUel!Cll llpliMOJJHHel!HO H 

ycKopeHHO, y,I\OBJJeTBOpliiOT BTOpOMY H3 paBeHCTB (1.14). 

YKa:Janue: JanncaTL <jlopMYJJLI npeo6p33oBaHHll KOMnoHeHT seKTopa E~ = (£~ }
1 
+ (£~ t H ncnoJJLJOBaTb 

sTopoe H3 paseHCTB (1.8), cnpase,!(JIHBOe B MCC. 

ComacHo paseHCTBaM (1.8) npn BLI6ope ocel! KOOp,I\HHaT B MCC, noKaJaHHOM Ha p11c. 1.1, 

seKTOp B~ HanpasneH napaJJJJeJJbHO OCliM z 11 z': 

B~ =ezB~, (1.15) 

a BeKTOp £; JJelKHT B ITJIOCKOCTII (x, y) II OpTO~OHaJJeH BeKTopy n (piiC. J.l, a): 

E-. ls-· -j -· B' d= J.xn =e.ll.. d' 

e~.L = -e, ·sin 8' + e; ·Cos8'. 
(1.16) 

OrciO,!(a 

E~ = -e, · B~ ·sinS'+ ey · B~ ·cos8'. (1.17) 

Tor,!(a, BOCITOJ!b30BaBIIIHCb <jlOpMYJJaMII npeo6p330BaHHll (24), (25), JanllllleM: 

Ed= -e, · B; ·sin 8' +y(ey · B~ · cos8' + ey -~B; ). 

Ilo,I\cTasHM CIO,!(a JHaqeHHll sinS' (1.3),, cos8' (1.6), BblpalKeHHLie qepe3 8, 11 JHaqeHIIe B~. KOTopoe 

Haii,!(eM, JaiTIICaB npeo6p330BaHIIe, o6paTHOe (1.13): B; = y(J- ~COS 8 )Bd. 8 pe3yJJLTaTe ITOJI)"'IIM 

Ed= nA-e, sine+ ey cos e)= el.L. Bd = liid xiij. 
TeM caMLIM BTopoe 113 paseHCTB (1.14) ,!(OKaJaHo. 

fiJIOTHOCTb IIOTOKa :meprHH TOpM03HOro H3JI)"'eHHSI B cnyqae a II v HaXO~HM, 
BOCIIOJib30BaBIIIHCb <PopMyJiaMH (1.14): 

2 2 • 2 9 dJ 
- c [- - ] _ e a11 sm 2 ~-~ sd =-. Ed X Bd = n 3 2 ( . )6 , - = rp . sd . 

47t 41tcrP 1-Pcose dO. 
(1.18) 

0TMeTHM, 'ITO B HepeAATHBHCTCKOM rrpe~eJie (p ~ 0) 3TH <l>opMyJihl COBII~aiOT C (19). 

BeKTOpHM ~HarpaMMa ~H IIJIOTHOCTH IIOTOKa 3HeprnH cymeCTBeHHO H3MeHHeT CBOll 

B~ C pOCTOM CKOpOCTH tiaCTHl{bl (pHC. 1.2), BbiTHfHBMCb B~OJib HarrpaBJieHHH 

CKOpOCTH. flpn 3TOM pacTeT, B006rn;e fOBOpH, 3HatieHHe IIJIOTHOCTH IIOTOKa. 



12 

I 16) 

_, 
-6 

-2 
-2 I 2 -12 

-4 14 

Puc. 1.2. BeKTopHall .nuarpaMMa pacnpe.neneHllll no ymy 9 nnoTHOCTU nOTOKa U3JIY'IeHllll 

qacTHUbi, .nsulK)'meiica npaMonuHeiiHo u ycKopeHHO: R(9)= sin2 9/(1- Pcos2 9 )•. 

a)- p = 0,01; 0,3; 6)- p = 0,01; 0,3; 0,6 
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3a.naqa 1.5. HaHTH 3HaqeHUe yrna 9, npu KOTOpOM nJIOTHOCTb nOTOKa :mepruu M3KCUMaJibH3, U 

3HaqeHue dJ / dQ Ha noM HanpasJieHuu npu P ~ I. 

]:{mjlcpepeHU.Upya cl>YHKU.UIO 

sin 2 9 
/(9)= (I- pcos9}" 

nO yrny 9, HaxO,llliM yCJIOBUe 3KCTpeMyMa: 

2Px2 +x-3P=O, x=cos9ex"· 

OTciO.na 

x--1±~ 
4P 

TIOHllTh 3HaqeHllll 3HaKOB ± noMoraeT KpaHHUH CJIY'IaH p = 0: 

~-->() {3p~o. 
X~ 

-00. 

.HCHO, qTo BTOpOH CJiyqaii He UMeeT ct>uJuqecKOrO CMbiCJia, TaK qTQ 

~1+24P2 -I ~ .... , eext, =arccos ~o. 
4P 

(1.19) 

lli1U P ~ 0 cpopMyJia (1.19) .naeT 3HaqeHUe 9ext• = 2:, qTQ COBna,llaeT C pe3yJibTaTOM § J (puc. 5). l!T06b! 
\i 2 

BblllCHliTb 3aKOH H3MeHeHI!ll 9extr B 3aBUCliMOCTU OT 3Hepmu qaCTUUbl, nO,liCTaBliM p = (1- y -
2

) V
2 

B 

(1.19) u Mll y » 1 uaH,l\eM 
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I 
cos9ext, "'I- !Oy2 • 

TIOCKOJibKY npu 9ext< << lHMeeM COS9"'" "'1-(9!.,/2), TO nonyqaeM 

e="'_I_ ./5y, y » 1. 

CooTBeTCTBeHHO, u3 ( 1.18) cne.nyeT 

( 
dJ) e2a2 92 ( 5)s e2a2y1o _ ,..... -11 extr ll 

dQ m"' - 4nc' ( 92 )
6 

"' 3 12nc1 
, 

1-P+.....!!!!.. 
2 

(1.20) 

y>> 1. (1.21) 

B nepexo.ne K nocne.nueMy BbipaJKeHliiO ucnonb30BaHo cooTuoweuue, none3uoe u B .nanbueliweM: 

1-P2 
• I 

1-P,.,--=-
2

, y»l. (1.22) 
2 2y 

Jh (1.21) cne.zzyeT, 'ITO IIpH <lJHKCHpOBaHHOM 3HatieHHH YCKOpeHml MaKCHMallbHOe 

3HatieHHe (dJjdQ)max pacTeT C :meprn:eii qacrn~bl KaK y10 (!) B pemiTHBHCTCKOH 

o6nacrn 3HatieHIIii :meprn:II (y >> 1 ). YrnoBall 3aBIICIIMOCTb <PYHK~IIII dJ / dQ B :noli 

)Ke. o6naCTII 3HatieHHH :mepriiii tiaCTII~bl IIMeeT IIpii6JIH)KeHHOe 3HatieHHe (CM. (1.21) H 

(1.18) IIpH 8 « 1) 

dJ e2a2 82 16e2a2 82 
_,., II "" II----;-

dQ 4nc3 ( 82 )6 . nc3 ( 1 2)6' 
1-~+- 2+8 

2 y 

lliHpHHa cl>YHKUHU 

92 

/(9)= ( )6 
_!_+ 92 
y2 

1 
8-- << L 

y 
(1.23) 

Ha nOJIYBbiCOTe 2~9 (npuHaTaa a cpli3uKe xapaKTepucmKa FWHM- Full Width on Half Maximum) 

cneeyeT li3 paaeucTaa 

(e .... ±~9)2 

i( 1 
9~"''2 ) •. 

yr+Bext, c1
2 +(9extr ±~ey J 

BBOM o603HaqeHue 

x=y2 (9ex" ±~ey (1.24) 
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II IJOACTaBJil!ll B rrpaB)'IO '-IaCTb 3Ha'leHIIe 8extr ( 1.20), I1p11XOAIIM K anre6pameCKOMY ypaBHeHIIJO 

(1 +x)' -10{~)" x= 0, 

KOTOpOe MOJKHO peiiii!Tb 'll!CJ!eHHO. lh IIIeCTII KOpHefi :noro ypaBHeHl!ll e}:(IIHCTBeHHbiH, I!MeiOmiifi 

ljlll3meCKIIH CMbiCJI, paBeH 

x' =0,6314; J7 =0,795. 

0rCIOAa II 113 ( 1.24) HaXOAIIM 

L\8 = ±(0,795 _ _!__) . .!. = ± 0,348 J5 y y . 
(1.25) 

Terrepb MO)KHO IIOJIHOCTbiO orrn:caTb KapTHHY rrpocTpaHCTBeHHoro 

pacrrpe.l(eJieHmi MOW:HOCTH H3JI)"'eHHR dJ / dQ. peJIRTHBHCTCKoil: qacTH~hi rrpn: 

IIpO.l(OJibHOM YCKOpeHHH. 3TO KOHn:qecKHH CJIOH (pn:c. 1.2), OCb KOTOpOrO HarrpaBJieHa 

B.l(OJib BeKTOpOB V, ~~, MaKCHMYM HHTeHCHBHOCTH (IIJIOTHOCTb IIOTOKa :meprn:n:), 

Jie)KHT rrpn: e = 8extr. a YrJIOBOH pa3Mep 
11
CJIOR

11 
paBeH ~e (1.25). Ha OCH KOHyca 

HHTeHCHBHOCTb H3JI)"'eHHR o6pam:aeTCR B HYJib. C pOCTOM :meprHH qaCTH~bl 3HaqeHHe 

MaKCHMYMa HHTeHCHBHOCTH yBeJin:qn:BaeTCR (eM. (1.21)), a 11TOJIW:HHa" CJIOR ~8 

YMeHbiiiaeTcR. 

fl0!1RpU3GlfUR U3!ly'leHUR IIpH IIpO.l(OJibHOM YCKOpeHHH qacTH~hl, KaK CJie_eyeT H3 

<iJopMyJI (1.14), 3aBn:cn:T OT HarrpaBJieHHR Ha TOqKy Ha6JIIO.l(eHn:R: BeKTOp Bd 

opTOfOHaJieH IIJIOCKOCTH BeKTOpOB n H iiu' a BeKTOp Ed opTOrOHaJieH IIJIOCKOCTH 

BeKTOpOB Bd H n (pn:c. 1.3). 

i;d 

ii 

:..,.......- .... iJd 

e. 

all v 

PIIc. 1.3. IloJillpi13aUl!ll II3JIY'IeHIIll rrpii rrpoAOJihHOM ycKopeHIIII 3apl!JKeHHofi 'laCTIIULI 

CmihHM 3aBHCHMOCTh oT :meprn:n: qacTH~hi 3HaqeHHR MaKCHMYMa 

HHTeHCHBHOCTH (1.21) HMeeT CBOe 06"hRCHeHHe, H cn:rya~HR 3.l(eCb He CTOJib 

".lJ:paMaTHqHa", KaK 6y.l(eT IIOKa3aHO HH)Ke (3Maqa 1.7 H TeKCT rrepe.l( Herr). 

CneKmp U3lly'leHUR qacTH~hi TaK)Ke 3aBHCHT oT rroJio)KeHHR TO'IKII_ Ha6JIIO.l(eHHR. 

Aeil:CTBHTeJihHO, eCJIH ycKopeHHe qacru~bl H3MeHReTCR BO BpeMeHH KaK au(t.), TO 

H3JI)"'eHHe rrpHXO.l(HT B TOqKy Ha6JIIO.l(eHHR p B MOMeHT (CpaBHH C <lJopMyJIOH (12)) 

r 
tp=t.+..E.. 

c 
(1.26) 

IJo.nqepKHeM, qTO o6a 3HaqeHHR MOMeHTOB BpeMeHH OIIpe.l(eJieHbl B Jia6opaTOpHOH 
. ' ~ 

CHCTeMe. I1HTepBaJibl BpeMeHH dtp H dte CBR3aHbl .ll:pyr C .ll:pyroM qepe3 CKOpOCTb 

qacTH~hi: 

a IIOCKOJibKY (pn:c. 1.4) 

TO 

d 
_ drP 

tp-dt.+-, 
c 

drP ""'-AC = -AB · cos8 = -v · dt. · cos8, 

dtP =(1-~·cose }dr •. 

p 

A v 
B 

(1.27) 

P11c. 1.4. CMemeHIIe 'laCTIIUbl 3a BpeMll dt, 11113MeHeHIIe paCCTOl!Hllll OT qaCTIIUbl AO TO'IKII Ha6JIIOAeHl!ll 

B pe3yJihTaTe, ecnn: qacTn:~a ycKopReTcR n: H3JI)"'aeT B TeqeHn:e BpeMeHn: ~~.. TO 

.l(JIIITeJibHOCTb HMIIYJibCa H3JI)"'eHHR B TO~e Ha6JIIO.l(eHHR COCTaBJIReT 

M = (1-~ ·cos8)· ~t., (1.28) 

a xapaKTepHM qacToTa pern:cTPn:pyeMoro H3JiyqeHHR 



7t 7t 
co--= 

M (1-P·cosS)·M. 
(1.29) 

0TMeTIIM, 'ITO 3aBIICIIMOCTb qaCTOTbl Il3ll)"leHIIH OT CKOpOCTII qacTIIIJbl II HaiipaBneHIIH 

Ha ToqKy Ha6mo):leHIIH (yron 8) eCTb He 'ITO IIHOe, KaK :JrjHjJeKm /(o1l!lepa. B o6meM 

cnyqae nepeMeHHOro BO BpeMeHII ycKopeHIIH au(te) cneKTp Il3nyqeHIIH, npiiXO.L~Hruero B 

ToqKy P, nonyqiiM, BbJqiicniiB <!Jypbe-o6pa3 tPYHKIJIIII au(t.), r.r~e t II te CBH3aHbi 

COOTHOIDeHIIeM (1.28). KaqecTBeHHO MO:lKHO CKa3aTb, 'ITO cneKTP Il3nyqeHIIH 

penHTIIBIICTCKOll qaCTIIIJbl Bfillii3II HanpaBneHIIH Ha MaKCIIMYM II3nyqeHIIH 

cyrueCTBeHHO C):IBIIraeTCH OTHOCIITellbHO cneKTPa qacTOT COe tPYHKIJIIII a11(te) B ofinaCTb 

6onee BbiCOKIIX qaCTOT (CM. (1.20)): 

co- co. 5y2 
1-P·cose --3 co. >>co extr ..,.e· 

(1.30) 

3aAa'la 1.6. Haiim nonii)'IO 3Heprmo, H3JI)"'aeMyiO 3JieKTpOHOM B nHTepsane '13CTOT (ro, ro + dro) npn 

nOCTOliHHOM ycKOpeHllll (au= const) B Te'leHne KOpOTKOrO HHTepsana 't. PaCCMOTpeTb 

ynbTpapenl!THBHCTCKnii n nepenliTHBHCTCKnii cnyqan. 

lfCKOM3ll BeJIH'IliH3 nponopUHOHBJlbH3 CneKTpy MOmHOCTll li3JI)"'eHlll! 3JieKTpOH3 ll MOlKeT 6b!Tb 

onpeAenena KaK 

d& =~r;nE(ro)l2dn, 
dro 47t 

(1.31) 

rAe E(ro)- <j>ypbe-o6p33 nonll lllnyqenllll na 33A3HHOM nanpaBJieHnn, a HHTerpan 6epeTCll no sceMy 

TeJieCHOMY yrny, rp - CM. pnc. 1.3 ll 1.4. Ilone H3JI)"'eHIIJI non yrnoM 6 K HanpasneHIDO CKOpOCTll 

3JieKTpOH3 HMeeT cneKTpBJlbii)'IO <j>yHKUIDO 

E(ro,e)= ~ JE(t,e)e'~'dt= ~ JE(t',e)e""~ ... ,(t)fc)(l-~cose)dt,. 
v27t -oo v21t 0 

HcnOJib3Yll COOTHOmeHllll (1.26), (1.27), H3XOAIIM MOJlYJib cneKTpBJlbHOii <j>yHKUllll B npn6nlllKeHllll 

MBJlbiX 't 

IE(ro,e)l= fi._51_. sine ._!_lsin {1-~cose)ro•i· 
~; ~~ 6-~coo0' ro 2 

f10ACT3BliB 3TOT pe3yJihT3T B (1.31 ), H3UAeM liCKOMYfO BeJIH'IHny. 8 YJihTpapeJil!TliBliCTCKOM CJI)"'3e 

30 

del ,64_e2~,f f e2 ··lsin(--;.+e2)ro'l·e~. 
dro ,,, 1t c -•( 1 2 ) y 4 ro 

-+6 
y2 

8 o6JI3CTll Hli3KliX '13CTOT (ro << Y
2 
/•) cneKTp MOmHOCTll 

de 64 e
2
a1f 4 2 ---·--y't 

dro ·7t c' 

He 33BliCliT OT '13CTOTbl, 3 B 06JI3CTll BhiCOKliX '13CTOT 

dE 64 e2a 2 8 ___ . __ n.L 
dro 1t c3 ro 2 

• 

8 HepeJil!TliBliCTCKOM CJiyqae liHTerpnpOB3Hlle ,ll3eT 

de 4e2a,f sm2 

6 

[ • Ol't ]2 
dro "' 37tc3 -ro-- · 

8 o6JI3CTll Hli3KliX '13CTOT (ro << 1/'t) HepeJil!TliBliCTCKllll cneKTp MOmHOCTll, K3K ll B peJiliTliBliCTCKOM 

CJI)"'3e, He 33BliCHT OT '13CTOThl. 3TOT pe3yJihT3T li3BeCTeH nOA H33B3HlleM "uHrjJpaKpaCHOU 

KamacmpOr/Jbl" - 'lliCJIO KB3HTOB Hli3KOH 3Heprnn, li3JIY<J3eMhlX '13CTHUeii, CTpeMHTCll K 6eCKOHe'IHOCTll 

npn ro ~ 0: 

dN I de 
-·-=-·-~00. 
dro flro dro 

0AH3KO nOJIH3ll li3JI)"'eHH3ll 3Heprllll OCT3eTCll KOHe'IHOll. 

Tenepb BepHeMCH K OTllO:lKeHHOMY BOnpocy 0 3aBIICIIMOCTII IIHTeHCIIBHOCTII 

(Momnocru) II3nyqeniiH oT ::mepriiii qacTIIIJbi II nail:.r~eM no;myTO MOUJHOCmb U3llytteHUR, 

npOIIHTerpiipOBaB dJjdQ (1.18) no nOllHOMY TeneCHOMY yrny. Ilpii 3TOM OnHTb-TaKII 

Heo6XO):IIIMO yqecTb pa3niiqiJe IIHT~pBanOB BpeMeHII II3nyqeHIIH Me II Ha6nJO):IeHRH !:lt 

((1.27), (1.28)). Jionee TOro, KaK cne):lyeT II3 paBeHCTBa (1.28), 3HaqeHIIe /:lt 3aBIICIIT OT 

HanpaBlleHIIH Ha TOqKy HafinJO):IeHIIH 8, II rOBOpiiTb 0 nonHOll (no BCeM HanpaBneHIIHM) 

3Heprnii II3nyqeHIIH 3a speMH !:lt npocTo 6eccMbicnenHo - MO:lKHO, CTPoro rosop», 

onpe.r~eniiTb TOllbKO 3HepriiJO II3nyqeniiH, IlcnymeHHOro qacTIIIJeil: B Teqeniie BpeMeHII 

M.,T.e. 

dJ dt . 2n 1t dJ 
!:le = J-·-dO.·M. = J d<p Jsin8d8·-(1-pcos8)·M •. 

0 d0. dt. 0 0 dO. 
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It 

KOOp,llHHaT 6y,neM, KaK ll rrpe)K)l;e, OTC'lliTbiBaTb IIOmipHbie yrnbl S', S OT OCefi X 1 ll X 

COOTBeTCTBeHHO, a a:mMYTMbHbie yrnhi <p' ll <p OT ocefi y' ll y. Tor,na BeKTOp llMeeT 

KOMIIOHeHThi 

ii = {cosS, sinS· cos<p, sinS· sin<p}, 

n, aHanorwrno, seKmp ii'. 3m rro3BOmieT Bbi'lHCnHTh BeKTopbi B~ B MCC (18): 

[ .. J ex 
dxii' _ _ e . 0 

- - 2 , 

ey 

a' .L B~ = c2r c rP cosS' p sin 9' cos <p' 

ea' _ . , . , _ , 
=+·(exsm9 sm<p -ezcosS ), c r; 

, ex ey 
0 E~ = [B~ x ii'] = e~ .L ·!sin 9' sin <p' 

c rP cosS' sin 9' cos <p' 

ez 
0 

sin 9' sin <p' 

ez 
-cos9' 

sinS' sin <p' 

= e~~ · ~xsin9'cos9' cos<p' -eAsin29'sin2 <p' +cos2 9')+ 
c rP 

+ezsin 2 S'sin<p'cos<p'}. 

(1.35) 

_(1.36) 

(1.37) 

,lJ;mi rrpeo6pa30BaHIDI KOMIIOHeHT IIOmi ll3nyqeHllM B na6opaTOpHYJO CIICTeMj' HaM 

HY)KHbi COOTHOIIIeHIIM Me)K)l;y yrnaMII 9' II 9, <p' ll <p II paCCTOMHIIMMII r; II rp. 3aiiiiCaB 

paseHCTBa, aHanomqHbie (1.1 ): 

!J.x' = r; cosS' = y(f:J.x- vM )= yrP(cosS- ~). 

ily' = r; sinS' cos<p' = ily = rP sinScos<p, 

!J.z' = r; sinS' sin <p' = !J.z = r p sins sin <p, 

Hall,lleM (cpaBHII (1.3), (1.6)) 

tg<p' = tg<p, <p' = <p, 

nA' sinS . S' sinS S' cosS- ~ 
f0 v = , Sln = , COS = , 

y(cosS- ~) y(1- ~cosS) 1- ~cosS 

r; =~(!J.x'f +(ily'f +(!J.z'f =yrP(1-~cosS). 

(1.38) 

(1.39) 

,lJ;AA Bbl'lliClleHIIM rroneil: II3RyqeHllM B na6opaTOpHOH CIICTeMe HaM IIOTPefiyeTCM ern;e 

Bblpa3IITb a.L qepe3 a.L (eM. (1.12)). B pe3ynbTaTe rronyqnM paBeHCTBO 

34 

a~ a.L y -=-·--
r; rP 1-~cosS 

(1.40) 

B o6meM cnyqae aHMI13 rroneil: Il3nyqeHIIM qacrnUhi rrpn rrorrepe'llioM 

ycKopeHHll TPe6yeT ,nosonhHO o6oeMHbiX Bbl'lllcneHnil:. HecKonbKO rrpome rro,nxo,n Ha 

OCHOBe TaK Ha3biBaeMbiX IIOTeHUllMOB nneHapa-BnxepTa (eM. [1, 2]), HO OH BbiXO,nllT 

3a paMKll ,llaHHOrO KypCa. ,lJ;nM IIOHllMaHllM_ <j>mllKll MBlleHIIM MO)KHO orpaHllqllTbCM 

,nByM}I KpallHIIMII CllyqMMII 

a)BeKTOpbi n', ii lle)KaT B IlllOCKO<!rn (a.L, v) Illlii (x, y); 
6) BeKTOpbl n', ii OpTorom;nbHbi IlllOCKOCTll (Ci.L, v). 

a) B 3TOM cnyqae <p' = <p = 0, ll <j>opMynhi (1.36), (1.37) rroKa3biBaiOT, qm s MCC 

OTllll'llibi OT HYAA TOllbKO TPll KOMIIOHeHTbl II OM ll3nyqeHHM: 

ea' · ea' 
Ed, =-.L-sin9'cos9' n E' =---.L-cos29'. 

c2r' dy c2r' 
p p 

, ea~ , 
Bdz = ---cos9 

c2r' ' p 

(1.41) 

Hcrronh3YM <j>opMynhi rrpeo6pa3oBaHHM rronM (22), rronyqnM, c yqeTOM (1.39), (1.40) 

B (B, A£' ) ea~;( 9, A 29,) ea.L ~-cos9 
dz = y dz + 1-' dy = -y--z;- cos +I-' cos = 2 ( \3, 

c rP c rP 1-~cos91 
Btix = Bdy = 0, 

E _ E' _ ea .L (~ - cos 9 )sin 9 
dx- dx-

c2rp (1-~cos9Y ' 

( , ) ea' ( 2 ) ea ~ - cos 9 · Edy = y E;ry + ~Bdz = -y~ cos 9' + ~cos9' = 2 .L cos9, 
c rP c rP (1-~cos9Y 

Edz = 0. 

(1.42) 

0TCIO,lla IlllOTHOCTb IIOTOKa :meprllll ll3nyqeHliM B na6opaTOpHOll CllCTeMe ,nllM CllY'JM 

"a" eCTb 

ex 

S =-=-jEtix 
a 41t 

0 

ey ez 

Edy o j =-=-(exEdy -eyEdx)·Bdz = 
41t 

0 Bdz (1.43) 

22- 9 -- 9 22{A e\2 _ e a.L excos +eysm fa ) _ e a.L 1-'-cos J _ 0 -- w-cos9 =n 6' <p- . 
47tc\; (1-~cos)6 47tc\; (1-~cos9) 
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t1 

' , 1t 6) AHarrorn'IHO npe,nhmymeMy cnyqaro H3 ( 1.3 6), ( 1.3 7) 3annmeM .nmr c:p = c:p = - : 
2 

, ea' . Bdx = _J._sm8' c2 , , 
rP 

Bd;, = 0, 
, ea' Bdz = __ J._cos8' 

c2r' ' p 
(1.44) 

ea~ E' = -2--;-, 
dy c rP 

Ed,= 0, E:U = 0. 

M TaK )J(e, KaK H B npe,nhmymeM cnyqae, H3 cpopMYJI npeo6pruoBaHHH Haii,neM 

B _ B' _ eal. sinS 
dx- dx

c2rp (1-f3cosef' 
Bdy = 0, 

) 
eal. cose 

Bdz =y(B:U +l3Bd;, = c2rP (1-f3cosef' (1.45) 

Edx = 0' Edy = y(Ed;, + f3E:U) = eal. ___ ~ 

c
2
rP (1-f3cos8 Y' Edz = 0. 

IlJIOTHOCTb llOTOKa :meprHH B cnyqae "6" pasHa 

ex ey ez 
- cl Edy 0 I= :1t (exBdz- ezBdx)· Edy = Sb=- 0 

41t B 
dx 0 Bdz (1.46) 

22- 8 -. 8 22 e al. excos +e.sm _ e al. 1 1t 
=n--- c:p=-

41tc3r; (1-f3cos)4 41tc3r; (1-f3cos8)4 ' 2. 

0TJIH'llie pacnpe.neneHHii (1.43), (1.46) OT nonyqeHHoro B npe,nbl,nymeM 

naparpacpe pacnpe,neneHHH (1.18) COCTOHT, npe)J(,ne BCero, B TOM, 'ITO llOTOK H3Jiy'leHHH 

Tenepb HMeeT MaKCHMllJibHOe 3Ha'leHHe Ha HanpasneHHH CKOpOCTH (pHC. 1.6). YrnOBOH 

pa3Mep llOTOKa H3JIY<JeHHH, KaK H B CJiyqae npo,nOJibHOro YCKOpeHHH, COCTaBJIHeT 

1 
~e~-. 

y 

3TO cne.nyeT H3 (1.43), (1.46): npn 13 ~ 0 3aMeHxeM 

82 1 
cos8,.1-- I-A,._ 

2' p 2y2 ' 
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(1.47) 

a 
12 

-tz_4 18 29 40 18 

PHC. 1 .6. BeKTOpH:lll tJ,HarpaMMa pacnpet~eneHHll nnOTHOCTii noTOKa H3JI)"'eHHll no yrny e 
qaCTiill.l>l, tJ,BHJKY~eiiCll C yCKOpeHHeM, Hanpal!_neHHLIM nepneHtJ,HKynllpHO BeKTopy CKOpOCTH: 

a) <p=O, R(8)=(13-cos8)2 /(1-~cos8}", 6) <p=rt/2, R(8)=1/(1-~cose)', ~=0,3;0,6 

H llpiiXO.zliiM K Bbipa)KeHIIHM 

(_!__ 82 )

2 

2 2 2 _ _ 4eal. Y 
6

, 

s" ~n ""''t, +9') 
(1.48) 

< 2 2 -_ _4e al. 4· 

s, ~n ""''i[:, +9' l 
Cne.nyeT oTMeTHTb, 'ITO ocrpax HanpasneHHOCTb .nunonhHoro II3nyqeHHH 

pemiTIIBIICTCKOH 'laCTIIQbl HBJIHeTCH KIIHeMaTII'leCKIIM peJIHTIIBIICTCKIIM 3cpcpeKTOM 

(3a,naqa 1.8). 

3Maqa 1.8. flcTOqHIIK cseTa, H3JI)"'aJO~Hii H30TpOnHo s MCC, JJ.BIDKeTCll co cKopocTLIO v- c. HaiiTH 

yrnosoii pa3Mep noTOKa H3nyqeHHll s na6opaTOpHoii CHCTeMe. 

YK03aHue: paCCMOTpeTL tJ,BHJKeHHe <j>OTOHa, BLineTeBIIIero not~ yrnOM 8, 8' K HanpasneHHIO CKOpOCTH, H 

HaiiTH HHTepsan 3HaqeH!Ii1 d8. 

KoMnOHeHTLI HMnynLCa <j>OTOHa p B na6opaTOpHOH H MfHOBeHHO COnyTCTBYfO~eii CHCTeMax 

CBll3aHLI MeJKcy co6oii npeo6pa3oBaHHl!MH Jlopem~a: 

( , vE') Pu=Y Pu+7, p~=p~, e=nro=pc. 
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11 

Orc10.n:a: 

p 11 ;, pcos6 = y{cos6' +~)· p', psin 6 = p'sin6'. 

Pa:menHB BTopoe pasencTBo na nepsoe, naH.n:eM 

.lVui 0 ~ 6' ~ rt/2 llOJI)"'liM 

I 
O~tg6~-. 

~y 

n TOT JKe pe3yJILTaT Mll rc/2 ~ 6' ~ 1t. TaKHM o6pa30M, JJ:Be nonyc!jlepLI rroToKa H3JI)"'eHlll! B MCC :. 

nepe.O:Hllllll 3a.l(Hllll- B Jia6opaTOpHOH CHCTeMe "CXJIOfiLIB310TCll" B KOHJC C yrnOM pacTBopa (1.47) npn 

~d. 

flpii IIOIIepeliHOM YCKOpeHIIII B :meKrpii'IeCKOM IIOJie IIOJIHM MOmHOCTb IIOTepb . 
:mepriiii 'IaCTII~hl Ha II3Jiy'IeHIIe cymeCTBeHHO 3aBIICIIT OT ee :.meprnii, KaK 3TO CJie~yeT 

II3 (28): 

A 2crJ t:.SJ 2E 2 ds E- .l -
LJ.e = -3- 0 y ""i3' V. (1.49) 

3a.n:aqa 1.9. YnLrpapenl!THBHCTcKall qacTnua paccensaeTcll na neno.n:BIIJKHOM KynonoscKoM ue,nrpe 

(3apll.ll Ze) na MaJILiil yron. OueHHTL noTepn Ha nJnyqenne Mll Ja.n:annoro npnuenLHoro napaMerpa p. 

C'JHT3ll rpaeKTOplliO '13CTHULI llpliMOJIHHeilHOH ll BBOJ(ll KOOp.O:IIH3TJ X BJ(OJIL rpaeKTOpllll (x = 0 

Ha MllHl!MaJILHOM paCCTOl!Hllll OT UeHTp3), 33flllllleM KOMllOHeHTLI IIOJill: 

X p 
£ 11 =Ze( W2 ; EJ. =Ze-(---,_._. 

x2 + p2 J x2 + ~2 

lloTepn 3Heprnn 'laCTifULI B e.n:nnnuy speMeHn paBHLI 

ds 2 -- 2 2{ 2 ( dt -Jrcicy EJ. +EI~ I-~2)}, 

H MOlKHO llOJII!hie fiOTepn npeJ(CTaBIITL B BHJ(e CJMMLI JlBYX 'JJieHOB (~ = I): 

HHTerpnpyli,Hail.n:eM 

2 00 

eJ. "']rc~Y2_[Efdx; 

rc z2 2 2 
eJ."'-·~2 4 p' y; 
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2 2 OOJ 2 
en"' 3rci_ooEn dx. 

en "'..::.. z2e2rc~ 
I2 p' 

TaKIIM o6pa30M, e J. = y2e11 /3 >> e11 , T. e. OCHOBI!hle fiOTepn Ha ll3JI)"'eHHe B J(3HHOM c.rryqae CBli33Hhl C 

norrepe'lllhiM yCKOpeHHeM '13CTllULI. 3TOT pe3yJILTaT liBJilleTCll J(OCT3TO'IHO o6mnM, K3K MLI YBHJJ:HM B 

cneJJ:YIOmHX rnasax. 

Ja.n:aqa 1.10. OueHHTL noTepn 3Hepnm na nJ.rryqenne 3JieKTPOHa c 3Heprneil IOO M3B npn paccel!HHH 

Ha l!.n:pe 238U92 C npnueJILHLIM napaMeTpOM I 0-8 
CM •• 

HcnoJIL3Yll peJynLTaTLI npe.n:LI.n:ymeilJa.n:aqn, nail.n:eM 

1t 922 ·4,8-Io-to ·300-(2.8-IO-"r ( IOO )
2 

tleJ. ,_. ( \l · - "'2,8738. 
4 J0-8 J 0,5 II 

flo!IJlpU3GlfUJl U3lly'le11UJ/. IIpii IIOIIepe'IHOM ycKopeHIIII TaK)Ke 3aBIICIIT OT HarrpaBJieHIIM 

Ha TO'IKY Ha6mo~eHIIM. }13 ljlopMyJI (1.42) II (1.45) HaxO~IIM: 

a) cp = 0 

iJ _ _ ea J. {13 - cos e) 
d- ez 2 ( \3' 

c rP 1-Pcose, 

E
- ( _ . . 8 _ e) ea J. p- cose _ B [n- -] 
d=-exsm +eycos · 2 ( \3=eJ.J." d= dxn, 

c. rP 1-Pcose, 

(1.50) 

1t 
6) cp =2 

1 - ea J. 1 _ ) eaJ. -e -·-- )' Bd =(exsin8-ezcose. c2rP. (1-pcoseY- J. c2rP (1-Pcose 

- _ ea J. 1 
Ed =-eY · c2rP · (1-PcoseY. 

(1.51) 

B CJIY'Iae "a" e~IIHII'IHhlll BeKTOp e J.J. Jie)KIIT B IIJIOCKOCTII (x, y) II opTOfOHaJieH BeKTopy 

ii (piiC. 1.7, a). B CJiy'Iae "6" e~IIHII'IHhlll BeKTOp eJ. Jie)KIIT B IIJIOCKOCTII Jie)KIIT B 

rrrrocKOCTII (x, z) II opTorouarreu BeKTopy ii (piic. 1.7, 6). B o6o1Ix CJIY'IMX U3lly'leHue 

JIUHeUHO no!IJlpU308GHO. 

39 



ti 

I 
! 

i' 
j 

~ a) n 

X 

6) 

~
X 

~ 

n 
y y 

z 

ii 
ii~ 

e x e • x 

z z ii 

Puc. 1.7. nonllpU3al.lllJI U3Jiy'leHUJI npu nonepe'IHOM ycKopeHuu B !,IJIOCKOCTJIX (x, y) (a) u (x, z) (6)

CJIY'IaU "a" (<p = 0) u "6" {<p = rt/2) 

CneKmp U3liY'LeHW! rrpu rrorrepelfHOM ycKopeuuu KalfeCTBeuuo uMeeT TOT JKe xapaKTep, 

'ITO u rrpu rrpo.l(OllbHOM ycKopemm: lfaCTOTa uJnylfeHIHI JasucuT OT uarrpasneuu51 ua 

TOlfKY Ha6niO.l(eHU51, a .l(n5l BbllfUClleHII51 CIIeKTpa He06XO.l(IIMO IIpOII3BeCTII C 

liJYHK~II51MII (1.48) orrepa~uii $ypne-rrpeo6pa30BaHIIii, aHanomlfHbie rrpo.l(enauuniM B 

3a.l(alfe 1.6 Bniiiie. 

§ 1.3. PeuTreuoBcKoe "TopM03Hoe" H3Jiy'leuue 

0TKpnrro B. K. PeuTreuoM (W. K. Roentgen) B 1895 r. 3To :meKTpOMaruurnoe 

U3llYlfeHIIe B o6naCTII KOpOTKIIX .l(nUH BOnH: 

A <10HM, 
(1.52) 

Ephoton > 100 3B. 

B aHrnuiicKoii JIIITepaType MOJKHO BCTpeTHTb .l(M 3TOro II3nYlJeHmi TepMIIH X-nYlJII, 

BBe.l(eHHbiH e~e PeuTreuoM, M51 KOToporo 3TO u3nYlJeHIIe 6nmo .l(eiiCTBIITennuo 

Heii3BecTHO ( OTCIO.l(a "X''). KnacciilfecKuii cnoco6 reuep~Hu - coy.l(apeuue 6niCTpbiX 

3neKTpOHOB c MmneubiO, TaK HaJbiBaeMoe mopM03HOe mfly'lenue (puc. 1.8) . .D;annme 

Mbl ysll.l(UM, 'ITO :meKTpOMarHIITHoe II3nYlJeHIIe peuueuoscKoro .l(uarraJoua (1.52) 
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BOlHIIKaeT II B .l(pyrux BII.l(aX reuepa~IIII II3nylfeHU51. <l>U3IIKa TOpM03HOro ll3llYlfeHII51 -

ycKopeuuoe .l(BIIJKeuue 3ap51JKeHHbiX lfacru~ B 3neKTpiilfeCKUX rroll51X aTo~ms 

(eM. 3a.l(alfll 1.9, 1.10). TaKIIM o6pa30M, 3TOT BII.l( ll3llYlfeHU51 rrpaBIInnuee HaJbmaTb 

3JieKmpomopM031lblM U3fly'lenueM:) B OTllUlfUe OT MarHUTOTOpM03HOrO, UnH 

CIIHXpOTpOHHOrO ( CM. cne.l(yiO~IIH rraparp~$ ). 

CneKmp 3!1eKmpomopM03Hozo U3liY'leHW! uerrpepbiBHbiH (puc. 1.9): 

0 
< < ~ _ 2ncn _ 1,24 
-em - ee, /\.min - ----( \. HM , (1.53) 

ee Ee I[10B] 

r.l(e ee - :meprii51 3neKTpoHa, coy.l(ap51IO!Ueroc51 c MUmeHbiO. MaKCUMyM crreKTpa 

uaXO.l(UTC51 IIpii 

e; "" 0, 7 ee (A. "" 1,5A.min). (1.54) 

,lJ;uarpaMMa HarrpasneHHOCTII 3TOrO BU.l(a ll3llYlfeHII51 KalfeCTBeHHO IIOBTOp51eT piiC. 1.6, 

lfTO 5ICHO 113 $II3UKII reuepa~IIU .l(aHHOrO U3llYlfeHU51 - OCHOBHOH BKJia.l( B IlllOTHOCTh 

MO~HOCTb .l(aeT U3llYlfeHIIe IIpii IIOIIepelfHOM ycKOpeHIIII (CM. (29), (30) II (1.49)). 

;< j ~::~::~::::~~ " 
~ KaTo~ 

Puc. 1.8. CxeMa reHepa1.1uu 

peHTreHOBCKOro U3Jiy'leHUJI 

(peHTreHoBcKall TPY6Ka) 

HHTb HaKana 
KaTO~a 

te 
IW 
0§ 
~ 
fiW 
!s 
~w 
~ 

·~ ~ w 
5 

A 
!I \ 

w 
\ 
\ 
\ 

" 

0 qz a4 as • a8 
j!,?uHa aonHbl, A 

i 

1,0 

AHo~ ("aHTUKaTo~") 

Puc. 1.9. HenpepbiBHbiii peHITeHoBcKuii cneKTP: 
:meprllll :meKTPOHOB 37 KJB, aHO~- BOJib<jlpaM 

•J B <jlH3ll'!ecKoii nnrepaTYPe '!aCTO ncnoJib3YeTCll TepMIIH Bremsstrahlung - TOpM03HOe li3JIY'IeHHe, 

HeM. 
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JlO!lflpU3GlJU5l :mel<TpOTOpM03HOrO peHTieHOBCKOro ll3llj"'eHHS! cymeCTBeHHO 

3aBHCHT OT :meprrrrr :mel<TpOHOB. ~nSI HepenSITHBHCTCKHX 3llel<TpOHOB, &<< 0,5 M3B, 

H3llj"'eHHe HOCHT KnaCCH'IeCKHii ,gHIIOllhHhiii xapaKTep. B TOHKHX MHIIIeHSIX, r_ge 

3Jiel<TpOHhl HH3KOil: 3HeprHH HCIIhiThiBaiOT MaJIO coy_gapeHHii, OHM TOpM03S!TCS! 

rrpeHMyiUeCTBeHHO B,gOllh HarrpasrreHHS! CKOpOCTH. fi03TOMY B H3llj"'eHHH H3 TOHKHX 

MHIIIeHeii rrpeo6na,gaeT rronSipH3aUHSI BeKTopa Ed B,gonh BeKTopa cKopocTH (prrc. 6), a 

CTerreHh IIOnSipH3auHH MO/KeT 6biTh 6nH3Ka K 100 %. C ysenH'IeHHeM TOlliUHHhl 

MHIIIeHH pacTeT '!Hcno coy,gapeHHii 3llel<TpOHa c ee aTOMaMH, TPaeKToprrrr 3neKTPiJHOB 

3Ha'IHTellhHO OTKJIOHIDOTCS! OT Ha'laJihHOrO HarrpaBneHHS! H CTerreHh IIOnSipH3auHH 

H3llj"'eHHS! rra,gaeT. fio Mepe pOCTa 3HeprHH 3lleKTPOHOB xapaKTepHCTHKH H3llj"'eHHS! 

BCe 6onhiiie H 60llhiiie CTaHOBS!TCS! "penSITHBHCTCKHMH11
, H IIpH 3HeprHH 3llel<TpOHOB 

&> 0,5 M3B IIOnSipH3aUHSI H3llj"'eHHS! IIpHHHMaeT BH,g, CBOiiCTBeHHhlii H3llj"'eHHIO, 

paCCMOTPeHHOMY B §§ 1.1, 1.2 {prrc. 1.3, 1.7). 

fipH coy,gapeHHH 6biCTPhiX 3llel<TpOHOB C MHIIIeHhiO KpOMe :meKTpOTOpM03HOrO 

H3llj"'eHHS! B03HHKaeT TaK Ha3hiBaeMOe xapaKmepucmutteCKOe. 3TO H3Jiy'leHHe aTOMOB 

MHIIIeHH, B036~eHHhiX 6hiCTphiMH 3llel<TpOHaMH. KaK H3BeCTHO, 3HeprrrSI <iJoToHa, 

rrcrrycKaeMoro aTOMOM rrprr rrepexo,ge o,gHoro H3 3neKTPOHOB c ypoBHSI n1 Ha ypoBeHh 

nz, pasHa 

z
2
e

2 
( 1 1 ) ll.~:l2=---· 2-2, 

2RBohr n2 nl 
nl >nz, 

rrnrr (1.55) 

A12 = 2nc-n- = Z}R · (~- ~2 
ll.~:l2 y n2 I )

-I 

3,gech Z- 3apSI,g SI,gpa, Rsohr- 6opoBCKHii pa,grryc, Ry = 10973731,534(13) M-1 

IIOCTOS!HHaSI Prr,g6epra. fipH B036yJK,geHHH xapaKTepHCTH'IeCKOrO H3llj"'eHHS! B 

CIIJIOIIIHOM peHTieHOBCKOM CIIeKTPe 3lleKTPOTOpM03HOro H3llj"'eHHS! IIOS!BniDOTCS! 

Y3KHe nrrnrrrr, ecrrrr 3HeprHSI 3nel<TpOHOB ,gocTaTO'IHO BenrrKa, B cooTBeTCTBHH c 

i1 <iJopMynoil: (1.55). 3TO HarnSI,gHO HllniOCTPHpyeT pHC. 1.10: IIpH 3HeprnH 3llel<TpOHOB 

35 K3B xapaKTepHCTH'IeCKOe H3llj"'eHHe B036yJK,gaeTCS! B MOnrr6,geHe (Z = 42), HO He 

B036~aeTcSI B sonn<lJpaMe (Z = 74). B 3TOM ,grrarraJOHe MHH Bonn (6onee 

,gllHHHOBOllHOBble llliHHH xapaKTepHCTH'IeCKOrO ll3llj"'eHHS! BOnb<lJpaMa HaxO,gSITCSI BHe 
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,grrarraJona, yKa3aHHoro na pnc. 1.1 0. CooTBeTCTBenHo, ,grrrrna BonHhl nrrnnrr 

xapaKTepHCTH'IeCKOro H3nj"'eHHS! YMeHbiiiaeTCS! o6paTHO - nporropunoHaJihHO Z2 
c 

poCTOM aTOMHOro HOMepa (Ta6n. 1.1). B MHOr03lleKTPOHHhiX aTOMax 3Ha'leHHe 

3HeprnH ypOBHeii OTKJIOHSieTCS! OT 3aKOHa (1.55) H IIO,g'IHHS!eTCS! 3KCIIepHMeHTaJihHO 

uaii,geHHOMY 3aKOHY M03nrr (H Moseley, 1913 r.): 

. ( )-1 1 1 1 
A= ( \2 2 -2 , (1.56) 

Z -a1 Ry n2 n1 

r_ge a - IIOCTOS!HHaSI 3KpaHHpOBaHHSI, j"'HTbiBaiOIUaSI 3KpaHHpOBaHne IIOJIS! S!~pa 

3nel<TpOHaMH BHYTPeHHnx o6ono'leK. HarrprrMep, rrprr nepec'!eTe A OT Li K Fe <iJopMyna 

(1.55) ~aeT AFe = 0,304HM nprr 3Kcrrepn~eHTaJihHOM 3Ha'!enrrn 0,194 (Ta6n. 1.1). 

,,_ T -1--< 

'I---f 
I W I 

10 

9 n--' / \ i ., 
~8 
~ 
':7 
" 

7 \ 
t-- If\. s 

! 1\ ,___ ~6 

I Mo f\ '-
i:- I""\ " ~ 
lr- iT \ t\ 

-L!l.-+---r-, 

~ = -+--- __ l_ _ _:: --~~ --
.3 

1 _t;:: 
I I I . J n . . 
0,3 IJ4 o.s llli" q7 IJ8 tl9 

/J.JlUIIQ OOJ!Ht>l, A 

PHC. 1.10. CneKTp BOllb<jlpaMa II MOllii6JieHa Dpll 

:mepnm 3lleKTpOHOB 35 K3B 

Ta6nrrua 1.1. XapaKTeprrcTn'!ecKoe H3nj"'eHrre HeKOTOphiX 3neMeHTOB (nepexo,g 

2P-1S). 

3neMeHT Li Ti Fe Mo w 
~rrnna sonHhi 22,8 0,275 0,194 0,0714 0,0214 

H3llj"'eHHSI, HM 

lllrrpnna nrrnrrrr _. - 1,9 3,0 6,18 37,4 

H3Jiy'lennSI (FWHM) 

~ 3 22 26 42 74 
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t1 

r JIABA II. CllHXPOTPOHHOE ll3.JIYqEHIIE 

§ 2.1. MaruuToTopMoJuoe HlJIY'Ieune peJIHTHBHCTCKoii qaCTH~bl 

Ha 1apsrm:euuyro qacTH~y, .l(BH)K)'IUyiOCSI B rrocTOSIHHOM MarHHTHOM none, 

.l(eHCTBYCT CHna JlopeH~a 

- e [ - ] F=- vxB0 , 
c 

(2.1) 

BCer,l(a (!) rreprreH.l(HKynMpHaS! HarrpasneHHIO CKOpOCTH. II03TOMY CKOpOCTb qacTH~bl B 

IIOCTOSIHHOM MarHHTHOM none He H3MeHSICTCSI IIO BenHqHHe, a nHillb MeHSJ:eT CBOe 

HarrpaBneHHe. *) CoOTBeTCTBeHHO, TpaeKTOpliS! qaCTII~bl B IIOCTOSIHHOM none B -

crrHpanh, pa.l(Hyc KOTopoil: uarrpasneu B.l(Onh BeKTopa cHnhi F, coJ.l(aiOmeil: 

~eHTpOCTpeMnTenbHoe ycKopeuHe 

fr 
aj_ = ym" (2.2) 

KoMrroHeHTa cKopocTn v, rrapannenhHaSJ: rron10 B, rrocTOSJ:HHa so speMeHH. EcnH 

MarHIITHOe none li3MeHSJ:eTCSI B IIpOCTpaHCTBe, TpaeKTOpHS! CTaHOBIITCSJ:6onee cnmKHOH 

- rrpeBpamaeTCSI B IIpOCTpaHCTBeHHYJO KpliByiO, 3neMeHThl KOTOpOH rrpe.l(CTaBnSIIOT 

co6oil: "KycoqKH" .l(yr OKPYiKHOCTeil:. 11x MrHoBeHHhiil: pa.l(Hyc ('IaCTO Ha3hiBaeMhiil: 

!lapMOpOBCKUM) Hax:O.l(IIM 113 paBeHCTBa 

'ITO .l(aeT 

ymv2 

--=F, 
PL 

(-) pc 
PL r =-(_). 

eB0 r 
(2.3) 

,ll;BlliKeHne 'IaCTII~bl C YCKOpeHHeM COIIpOBO)K.l(aeTCSI, KaK Mbl yiKe 3HaeM, 

ncrrycKauneM 3neKTpoMarHnTHoro Hlny'IeHM. BrrepBbie ua B03MOiKHOCTh TaKOro 

n3nyqeHnSJ: YKa3an HeMe~Knil: $n3HK A. illorr (A. Schott, 1907 r.). Ho TOnhKO B 1944 r. 

COBCTCKlle $H3HKII J1Ba.HeHKO II IIoMepaH'JYK C03.l(anll TeOpliiO li3nyqeHIISI 3neKTpOHa B 

'> 3aMeTHM, 'ITO B nepeMeHHOM so speMeHH MarHHTHOM none nol!BJUieTCl! eme BHXpesoe 3neK1JlH'I"ecKoe 
none, HJMemnomee H senll'IHH)' CKopoCTH 'IaCTHUb!. 
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MarHIITHOM none. 3KCIIepHMeHTanbHO OHO 6hill0 06HapyiKeHO aMepnKaHCKIIM 

!lJnlHKOM EmonToM (1946 r.), 3aperncTpnposasmnM csepTbmauHe Kpyrosoil: op6nThi 

3
neKTpOHOB, n ero yqeHHKOM Xa6epoM (1947 r.), KOTOpbiil: rrepBbiM Bn3yanhHO 

ua6mo.l(an CBeT OT 3neKTpOHOB, YCKOpS!eMniX B CHHXpOTpOHe. 0TCIO.l(a H Ha3BaHHe - . 

CUHXpompoHHOe U3lly'leHUe (CJ1). C pa3BliTHeM TeXHIIKII BCTpe'IHbiX IIY'JKOB aKTHBHbiM 

"yqaCTHIIKOM 11 $H3li'IeCKHX 3KCIIepnMeHTOB CTan II03liTpOH (auTII3neKTpOH) - BTOpOH 

IICTO'IHIIK CHHXpOTpOHHOfO li3nyqeHIISI. IIepBbie ,l(eTanbHbie HCCne.l(OBaHIISI 

xapaKTepHCTIIK Cl1 6bmn BhiiiOnHeHbi B KOH~e 50-x - Ha'Iane 60-x ro.l(OB rrpomnoro 

CToneTHSI rpyrrrroil: so rnase c 0. II. KyniiKOBhiM ua 3neKTpOHHOM cnuxpoTpoHe 

<l>HlH'IecKoro nucrnwa liM. II. H. Jle6e.l(eBa AH CCCP (MocKBa), a rrepBbie 

nccne.l(OBaHIISI CTpJKTYPhi MaTepnn (B T. 'I. 6nonorn'IeCKIIX o6oeKToB) c 

HCIIOnb30BaHHeM CliHXpOTpOHHOfO li3nyqeHIISI Ha'IaTbl B KOH~e 60-X fO.l(OB IIO 

liHH~llaTIIBe A. H. CKpliHCKOrO II r. H. KynHIIaHOBa Ha 3neKTpOH-II031ITpOHHOM 

HaKOIIHTene B3IIII-3 B 11HCTIITYTe SJ:.l(epHOH !lJII3liKH liM. r. 11. Iiy.l(Kepa 

(Hosocn6npcK) rpyrrrraMn 3KcrrepHMeHTaTopoB - 4Jn3HKOB, 6nonoroB, H .l(p. 

<l>H3liKa CliHXpOTpOHHOfO li3nyqeHIISI BIIOnHe IIOHSITHa - 3TO Ma2HUmO

mopM03HOe U3lly'leHUe 'IaCTH~bl, .l(BlliKymeil:cSJ: c ycKopeuneM a j_ (2.2). IIo3TOMY 3.l(eCb 

MOiKHO liCIIOnb30BaTb pe3ynhTaTbl § 12. 

PaccMOTpliM n3nyqeune 'Iacrn~hl, .l(BH)K)'IUeil:cSJ: B O.l(HOpO.l(HOM MarHnTHOM 

none B
0

, n Bbi6epeM ~HnliH.l(pH'IeCKyiO cncTeMy Koop.l(nHaT, ocb KOTopoil: 

rrapannenbHa seKTopy B0 n rrpoxo.l(HT 'Iepe3 ~eHTp OKPYiKHOCTH - TpaeKTopnn 

qacTH~bl, a a3liMyYanbHyiO KOOp.l(HHazy - yron <p - OTC'IliTbiBaeM B.l(Onb HarrpasneHHSI 

.l(BlliKeHIISI 'IaCTII~bl {pnc. 2.1 ). C'IliTaeM, 'ITO KOMIIOHeHTbl CKOpOCTH 'IaCTII~bl B.l(Onb 

liOnS! Vz = 0. 

HarrpasneHIISI liOnS! II CKOpOCTII 'IaCTH~bl Ha pnc. 2.1 IIOKa3aHbl .l(llSI 3neKTpOHa 

(3apSI.l( -e). B .l(anhHeil:meM 6y.l(eM C'IHTaTh 3apSI.l( e anre6pan'IeCKoii senn'InHoil: (T. e. 

3HaK BKniO'IeH B anre6pan'IeCKyiO senn'InHy). IJ;eHTpOCTpeMnTenhHoe ycKopeune 

'Iacrn~bl uarrpasneuo no pa.l(nycy K ~eHTpY oKpyiKHocrn n, KaK cne.l(ycr 113 (2.1)-{2.3), 

paBHO 
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t1 

z 

ts 

v 

r.ne 

Pnc. 2.1. TpaeKTOpHll :me!ITpOHa s o.n;nopoJUIOM MarnHTHOM 

none (v, = 0) 

ii J. = -e ro2 P _ - eB0v rBL--e --
r ' 

eBo 
roB= ymc 

ymc 

·' 

(2.4) 

(2.5) 

- YrJIOBrui CKOpOCTb ('IaCTOTa BpameHUJI) 'laCTUIJ;bl B MarHUTHOM IIOJie • .JJ:Ba Bbipa)!(eHUJI 

.D:JIJI ycKOpeHHJI OJ. B (2.4) IIpHBe.n;eHbl .D:JIJI y.n;o6CTBa HCIIOJib30BaHHJI B .D:aJibHeil:IUeM (B 

3aBHCHMOCTH OT TOrO, KaKUe napaMeTPbi H3BeCTHbi). Tenepb MO)!(HO BOCIIOJib30BaTbCJI 

pe3yJibTaTaMU § 1.2, IIO.D:CTaBHB ~B COOTBeTCTBYIOinHe Bbipa)!(eHIIJI 3Ha'leHHe OJ. (2.4). 

KaK H npe)!(.ll:e, BH.D:HM, 'ITO .D:JIJI CHHXpOTpOHHOro H3JIYl:JeHHJI peJIJITHBHCTCKOll, 'laCUIUbi 

xapaKTepHa OCTPM HarrpaBJieHHOCTb - yrJIOBOll pa3Mep IIOTOKa H3ITYl:JeHHJI IIOpJI.n;Ka 

ljy (1.47). 11 :na oco6eHHOCTb CI1 BO MHoroM onpe.nenJieT ero xapaKTepncTHKH. 

IJO.n;'IepKHeM, 'ITO B 3TOM naparpa<l>e Mbl paCCMaTPHBaeM H3JIYl:JeHHe OOUHO'IHOU 

'IOCmU!Jbl • .JJ:arrbiUe Mbl o6cy.n;HM xapaKTepHCTHKH H3JIYl:JeHHJI aHCaM6JIJI (cryCTKa) 

'JaCTHIJ;. 

j(JIUHO popMUpOBOHUJl U31ly'leHUJl - O.D:Ha H3 HaH6orree Ba)!(HbiX xapaKTepUCTHK 

JII06oro H3Jiy'leHUJI, IIOCKOJibKY OHa B rrepByro O'Iepe.n;b orrpe.n;eJIJieT K02epeHmHOCmb 

U31lytteHUR. .JJ:rrJI CHHXPOTPOHHoro H3ITYl:JeHHJI 3Ha'leHne .D:JIHHbi ero <l>opMHpOBaHHJI 

JierKO IIOJ!Y'IHTb, paCCMOTPeB IIOTOK H3ITYl:JeHHJI B IIJIOCKOCTH op6HTbi. HeTPY.D:HO 

BH.D:eTb (pnc. 2.2), 'ITO H3ITYl:JeHHe B TO'IKY Ha6nro.n;eHHJI rrpHXO.D:HT H3 TO'leK op6HTbi, 

paCIIOJIO)!(eHHbiX B HHTepBarre yrJIOB 

1 
~<p--. 

y 
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(2.6) 

p 

Pnc. 2.2. CxeMa <jlopMHposaHHJI CH s IIJIOCKOCTH 
op6HThi: IIOTOK H3JiyqeHHJI naqnnaeT rroczyrraTb s 

TOqKY P (c 3aiia3.Ab!BaHHeM!), KOr.n;a qaCTHUa npHXOJIHT 
B TOqKY 1, H rrpeKpamaeTCJI, KOfJ];a qaCTHUa .AOCTHraeT 

roqKH2 

CooTBeTCTBeHHO, OllUHO popMupoBOHUJl CI1 pasHa .n;rrnHe y'laCTKa op6HTbi 

fronn::;; PL-1<p- PL 
y 

(2.7) 

J1HbiMH CJIOBaMH, H3J!Y'leHHe IIOCrynaeT B TO'IKY Ha6nro.n;eHHJI C Yl:JaCTKa op6HTbl 

IIpOTJI)!(eHHOCTbiO fronn· 0TCIO.n;a CJie.n;yeT .D:JIHTeJibHOCTb BpeMeHU U31ly'leHUJl 

~frad- £L. 
yv 

(2.8) 

I1cnycKaeMoe 'lacTnu;ell: CI1 npnxo.n;nT B TO'JKY Ha6rrro.n;eHHJI B Bn.n;e o.n;uHO'IHoro 

BCIIJieCKa, .D:JIUTeJibHOCTb KOTOporo cymeCTBeHHO MeHbiiie ~frad· IJpU'IHHa 3TOrO Ta )!(e, 

' 
c KOTopoll: Mbi BCTPeTunucb Bbrrue, - 3ppe~<.m J(o111lepo (§ 1.1, <l>opMyrra (1.27)). B 

.D:aHHOM CJIYl:Jae KapTUHa C)!(aTHJI UHTepBarra BpeMeHU erne liCHee: OT TO'IKU J .D:O 

TO'IKU 2 'JacTuu;a .D:BH)I(eTCJI Bcne.n U3ITYl:JeHuro, rrpo.n;oJI)!(M U3JIYl:JaTb (puc. 2.3). B 

MOMeHT t2, KOr.n;a 'JaCTHIJ;a IIpHXO.D:UT B TO'IKY 2, "rOJIOBa" U3JIY'leHHJI HaxO.D:UTCJI B 

TO'IKe 4, npoll:M IIYTb 

~14 = C • .1trad· 

~.4· a. . \ a. 

Pnc. 2.3. CxeMa c>KaTHJI HMnyJII>Ca CH 

1 2 

IlocKOJibKY a. - ~<p < < 1, npoTJI)!(eHHOCTh BcnrrecKa ( HMrrynbca) CI1, npuxo.D:Jimero B 

TOl:JKY p (puc. 2.2), eCTb 
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'I 
(l 

1-13 
!!.p = !!,.14- !!.13 ""!!,.14- !!.12 = C • L!.!rad -/!form= --PL· 

13Y 
~JUI y >>I OTCIO,ll;a IIOJI)"'aeM .wnrrenbHOCTb IIMIIynbca CH B TO'lKe .Ha6niO,ll;eHml: P, 

OTCTmrmeil: Ha paccTmmiie !!.p OT yqacTKa IIJJI)"'eHm~:: 

!!.t = !!.p ,....££..._ 
P c 2y3c 

TioneJHO JaiiiiCaTb JHaqeHIIe !!.tp qepeJ qacTOTy o6pameHII.II qacTIIQbi ro8 : 

I 
MP- y3ron 

(2.9) 

·' 
(2.10) 

- II BBeCTII IIOH.IITII.II xapaKTepHOH qacTOTbl II xapaKTepHOM ,ll;niiHbl BOllHbi CH, KOTOpbie 

Mbl IICIIOllbJyeM HII)Ke: 

3 roo =y ron, 2nc Pr 
A. --=2n-3. 

o - roo 13y (2.11) 

33113'13 2.1. OQeHHTb .l{.JIHTenhHOCTb HMnynhC3 CH JneKlpOHa c JHeprneli 1 fJB a MarHHTHOM none 

1Tn. 

flpH JHeprnH JneKlpOHa 1 fJB HalitleM 

e·l04 fc-300 
Y"'2·10

3
, ro 8 = 3 6 ·3·108 cM/c=0,9·108 c-1, 

2·10 ·0,5·10 JB 

tJ.t - 1 -10-18 c 
p (2·1031 ·108 - • 

B JneKlpOHHhiX CHHXpOlpOHax .l{.JIHTenhHOCTb HMnynLca CH onpet~enlleTCll npOTliJKeHHOcTbiO crycTKa 

JneKlpOHOB (CM. HHJKe). 

ilpii IIepiiO,ll;IIqecKOM ,ll;BII)KeHIIII ::meKTPOHa B MarHIITHOM IIOne IIJll)"':eHIIe B 

TO'lKe Ha6niO,ll;eHIIJI IIMeeT BII,ll; KOpOTKIIX BCIIneCKOB ,ll;lliiTellbHOCTbiO IIOp.ll,ll;Ka !!.tp 

(2.1 0), cne.ll;YIOmiix c qacToToil: o6pameHm~: 3neKTPOHa ron II nepiiO.ll;OM o6pameHIIJI 

2n 
Tn=-. 

roB 
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(2.12) 

3aBIICIIMOCTb llllOTHOCTII IIOTOKa 3Hepr1III B TQqKe Ha6niO,ll;eHIIJI p OT BpeMeHII B 3TOH 

To'lKe tp MO)KHO IIonyqiiTb, rro,ll;cTaBIIB B (1.43), (1.46) JHaqeHIIe tiJYHKQIIII S(tp). 

KOTOpOe HaH,ll;eM IIJ (1.27), (1.28), )"':IITbiBaJI, qTQ {piiC. 2.2) 

d8=dcp=ro8 ·dte. {2.13) 

B peJynbTaTe nonyqiiM rpaHcQeH,ll;eHTHoe ypasHeHIIe MJI S(tp): 

de· (1- 13cos8)= ro 8 dtP, 

IInii 

e- 13 s.in e = ro sf p' (2.14) 

r,ll;e yron 8 II BpeMJI fp OTCqiiTbiBaiOTCJI OT MOMeHTa, KOr,ll;a KaCaTellbHaJI K rpaeKTOpiiii 

qaCTIIQbl B TQqKe MeCTOHaXO)K,ll;eHIIJI qacTIIQbl (ToqKa 0 Ha piiC. 2.2) IIpOXO,ll;IIT qepe3 

ToqKy Ha6niO,ll;eHIIJI P. AHaniiTIIqecKoe pernemre 3Toii Ja.ll;aqii rpe6yeT IIpiiBneqeHIIJI 

mrrapam crreQIIanbHbiX tPYHKQIIH II .ll;OBOnbHO cno)KHO (eM. [2], § 74). Mbi 

orpaniiqiiMCJI qiicneHHbiM rrpnMepoM MJI cnyqaJI y = 100 (&e"" 51 M3B) u 

BOCIIOllbJyeMCJI tlJopMynaMII MJI IIJIOTHOCTU IIOTOKa 3Hepruu (1.43), (1.46). ilpll 3TOM 

y.ll;o6Ho B KaqecTBe rrapaMerpa, rrpoqopQHoHanhnoro speMeHH fp, Bbi6paTb 

s = ro0tP = l(e- J3sine). (2.15) 

B 3TOM cnyqae peJynhTaT (pRe. 2.4) JaBHCHT TOnbKO oT 3HepmH qacTHQbi &,, HnH y. 

KaK Mbi BII.ll;HM, tPYHKQHH Sa(S) H Sb(S) rrpH Is I::;:; 0,3 xoporno arrrrpoKCHMIIPYIOTCJI 

rayCCOBOH tiJYHKQIIeH. 3TO o6CTOJITellbCTBO IIOJBOllJieT C,ll;enaTb orrpe,ll;eneHHbie 

BbiBO,ll;bi o crreKTPe HJnyqeJIHJI, rrpHXOMmero B ToqKy P. Ho rrpe)K,ll;e qeM 

ananmiipoBaTb 3TOT crreKrp, peiiiH¥ ,ll;Be Hll)Kecne,ll;YIQmiie Ja,ll;aqii, 

33113'13 2.2. Halim cneKlp nepHOIIH'IecKoli nocnet~osaTenLHOCTH N HMnynLcos JneKlpoMarHHTHoro 

H3ny'leHHl!, HMeiOlliHX raycCOBY 33BHCHMOCTb BpeMeHH: 

A.(t) = Aoe-,;/2
'
1

, t. =t-nT, 0 s; n s; N; (2.17) 

T- nepH0/1 cneJ(oBaHHll HMnynLcos (pHc. 2.6, a); A- OJ\Ha H3 KOMnoHeHT seKTopos £, B. 
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-~ 
(l 

S(E,)IS(O) 
0,15 

0,5 

- o,1s - a,s - o,2s 0,25 0,5 0,75 

E, 

Puc. 2.4. <f>yHKu;uu Sa(E,)ISa(O) u Sb(E,)!Sb(O), anrrpoKcHMrrposaHHLie 

-a'<<Y2,' 
rayCCOBLIMU «iJyHKIJ;IDIMU (ToqeqHI,Ie KpHBhie) f..h(E,)= Sa,b(O)·e •.>, 

s () (13-cose(c,)Y 
.s 16y8 (1-13cose(c,))6

' 

I 

Sh(E,)= .• ,,_ _J ·'··"'' 

s.(o) 2 ( \< = sb(o), '· = o,0046, -tb = o,0067. 16y 1-13 

0,51 t>.fa(E,) 

0,4 

o,J 

0,2 

o,J 

0_2 -J,s ., -o,s 0 0,5 I 1,5 

E, 

Puc. 2.5. <I>yHKu;uJI t..f.(E,) = f.(c,) -s.(E,)fs.(o). <I>yHKu;uu 

Sa(S) U fa(S) Onpe,!leJieHbi B IIO,!IIIUCU K pUC. 2.4 

CneKTP «iJYHKIJ;IIII (2.17) Hall,!leM, 3anucas UHTerpan <I>yp1.e: 

I 00 A 00 N 

A,(ro)=- JA(t)·e'"'dt = _"o_'t Je·r'/2 
• e'""dx:· l:e"""T, 

21t -QO 21t _00 no::O 
(2.18) 

t-nT 
r,!le X = ---. )J;OIIOJIHJIJI IIOKa3aTeJih 3KCIIOHeHThl ,!10 IIOJIHOrO KBa,!lpaTa II yqHThiBaJI 3HaqeHUe 

't 

IIHTerpana 

fe·Y'/20-' = .J2;, (2.19) 

nonyqHM, nocne CYMMli)JOBaHIDI reoMeTpnqecKoll rrporpeccl!II e'""'', 

50 

Am(ro)= A,< -m' '/ 'sin NroT .J2;·e '2. _ 2 
· roT •· sm _ 

3ro BhipiDKeHue Y.!I06Ho rrpe,!ICTaBUTh B Bll,!le 

2 

. Nrtro sm--
A,(ro)= A,(O)·e·•N/2 -~~~. 

• 1[(1) 
sm

ror 

A (0)= N Ao< _ 2rt 
m .J2;' (l)r-r· 

CneKTPaJihHaJI «iJYHKIJ;IDI A,( ro) npe,!ICTaBJIJieT co6oll (piic. 2.6, 6) Ha6op rnaBHhiX MaKcuMyMoB 

Amax -N.'A ( )-N2 Ao< • -ro)t
2 /2 -k k-0 1 2 ro - rorok- ~·e ' rok- ·ror, -,, , ... 

v2rt 

(2.20) 

(2.21) 

n BTOpOCTeiieHHhiX (COOTBeTCTBYJOII(IIX MaKCIIMYMY "6LICTpOro" CIIeyca B qiiCJIIITeJie ,!1p06II B (2.20)): 

( ) A, (0) ( I) roo 
A,,=-~--~, ro, = f+.- ·-, f=l,2,3, ... 

. rtro, 2 N 
sm-

roo 

CneKTPaJihHaJI «<JYHKIJ;IDI rrpoMO,!IyJirrposaHa orn6ruomell 

f(ro)= e"'','/2, 

(2.22) 

(2.23) 

KOTOpall IIpUBO,!IUT K ee 6biCTpoMy YMeHhWeHHIO C pOCTOM ro. illupney rJiaBHhiX MaKCIIMYMOB HaXO,!IIIM 

ll3 yCJIOBUll C,!IBIIra «<Ja3b! 6hiCTpOrO CIIHYCa Ha rt: 

a WHpiiHa cneKTPa nopli.!IKa 

A.(t )/ Ao --n,- n --., 

(I)T 

oromox "'Jj• 

2 
i\ro spectrum - ~ 

a) ., A~(ro)/ ~ax 

(2.24) 

(2.25) 

6) 

tiT 
\ \ \ \ I . IIIYYVVYYI IYVVYYYVI VYvvvvvvi ro/roo 

. 3 
n (n +. I) (n +. 2) 0 I 2 

Pile. 2.6. Tiepiio,!lnqecKaJI rrocne,!loBaTeJihHOCTh rayccosLix HMnyJihCOB (a) 
II ee cneKTp (6): «<JopMYJILI (2.17), (2.20), A0 =I, 1: = 10, N = 10 
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3a):la'la 2.3. HauTH cneKTp HenpephiBHOii (N ~co) nocJie):IOBaTeJihHOCTil HMnyJihCOB 

:JJieKTpoMamllTHOro ll3JI)"'eHilJI, HMeiOmHx rayccosy clJopMY (2.I7), np11 ycJIOBilll T>> T. 

Tip11 N ~ co HHTerpan «llyphe (2. I 8) nepexo):lllT B PM «llyphe: 

~ . 27t I T/2 . 
A(t)= LAne"".,l, ron =nroT =n-, An=- fA(t)·e-.. .,ldt. 

n- T T~ 

TIOJ:ICTaBilB B noJ:IhiHTerpanhHoe BhlpaJKeHHe 3Ha'leHHe A(t) (2. I 8), HaXOJ:IIlM np11 T >> T 

7/2 

An=~ J e-t~/2,'-iw.,Jdto. ~'t je-y'{2cry·e-..~''/2 = A,'t.J2; e_,.~,'/2. 
~ - T 

(2.27) 

TaKHM o6pa:JoM, cneKTpaJihHaJI clJyHKUHJI HenpephiBHoii nocne):loBaTeJihHOCTil "rayccOBhiX" HMnyJihCOB 

ll3JI)"'eHilJI npe.l(CTaBJIJieT C060ii Ha6op rapMOHilK 'IBCTOThl ro0, BMnJIIlyY.l(B KOTOphiX y6hiBBeT C HOMepOM 

rapMOHilKil KBK e-n'ro~'2/2 (cpaBHil (2.20), (2.23)). 

CrreKTP H3JiyqeHHH oT o,n:HoKpaTHoro rrpoxo)K.IJ:eHHH 'lacru~bi i{epe3 TO'IKY 0 B 

o6nacTu qacToT m, cooTBeTCTBYIOmux l~s I ::;; 0,2, unu M P ::;; 0,2/ m0 , cosrra.n:aer co 

crreKTPOM o,n:nHo'IHoro rayccosa HMIIYJII>ca (.popMyna (2.20) rrpu N = 1): 

A(l)(m) = Ao-r e-ro2,2/2 't = {-r 't } 
'-'co .J2it • a• b • 

3TO 06JiaCTb BbiCOKUX 'laCTOT (puc. 2.6) 

1 
m>--5m0 • 

~tp 

(2.28) 

0TJiu'IHe «i>YHK~uil: S(s) oT rayccoBbiX rrpu 6oni>rnnx tp ("HerayccoBI>I xsocThi") 

IIpUBO.D;HT K OTKJIOHeHUIO CIIeKTPaJibHOH «i>YHK~UU OT rayccOBOH B 06Jiacrn HU3KHX 

'laCTOT m::;; 3m0 (puc. 2.7). CrreKTPaJibHaH «i>YHK~U.ll BbiXO.IJ:UT Ha KOHCTaHTY Aco(O) ':t; 0, 

KaK u cne.n:yer o:>Ku,n:aTb .D:JIH o,n:uHO'IHOro uMrryni>ca Sa(tp) > 0. Ha puc. 2.7 IIOKa3aHbl 

CIIei..-rpaJibHble «i>YH~UU, paCC'IUTaHHble 'IHCJieHHO .D:JIH rrpuse,n:eHHOrO Bbiiiie IIpUMepa 

(puc. 2.4) no .popMyJiaM 

s2Hm)= Jsa(s(x))·cosms(x)· df, ·ch, 
-5 dx 

sfo~(m)= Jsa(s(x))·sinms(x)· df, ·dx, 
-5 . dx 

sroa(m)= ~[s22(ro)f + [si~(m)f' 
x=y8, df, =y2(1-pcos8). 

dx 

(2.29). 

KapniHa HeCKOJibKO MeHHeTCH rrpu rrepuo,n:u'leCKOM spamemm 'lacrn~bi B 

MarnnTHOM none. KaK cne.n:yeT H3 pe3y~I>TaTOB 3a,n:a'lu 2.3, crreKTPaJibHaH «i>YHK~HH 

rrpespamaeTcH B Ha6op JIHHuil:, 6ecKoHe'IHO Y3KUX B rrpe.n:en:e "n.n:eani.Ho

HeB03MymeHHoro" spameHHH (eM. (2.27)). Oco6eHHOCTb CI1 peJIHTHBHCTCKoil: 'laCTH~bl 

B TOM, 'ITO 'laCTOTa U3Jiy'leHHH MHOrO 60Jibiiie 'laCTOTbl BpameHUH: 

mo = y3ms >> ms. 

S.,(ro) 

m/mo 

P11c. 2. 7. CneKTpaJihHhie clJyHKI.IIlll nJIOTHOCTil noToKa :JHepmH 11 

llX clJilTilpOBBH!le rayCCOBh!Mil clJyHKI.IIlJIMil (TO'Ie'!Hhle KpllBhle) 

(2.30) 

Il03TOMy HOMepa rapMOHUK O'leHb BeJIUKU .D:JI.ll TUIIU'IHbiX 3Ha'leHUH 3Heprnu 'laCTU~bl: 

TaK :>Ke senuKa rnupuHa cneKTPa 

n- mo = 'Y3 >> 1. 
(J)B 

. 1 
~n--->>1. 

ms't 
(2.31) 



"HerayccoBa" <lJopMa IIMnynhca BCllnecKa II3JI)"leHIIJI {piiC. 2.4) llpiiBOJ(IIT K TOMy, 'ITO 

ClleKTPaJihHaJI <lJYHI<UIIJI B ofinaCTII HII3KHX qaCTOT (XOTJI II BCe e~e BhiCOKIIX rapMOHIIK 

qacTOThi o6p~eHIIJI ron) yfihiBaeT c yMeHhmeHIIeM qacTOThi KaK rol/
3

• TaKIIM o6pa3oM," 

B ClleKTPe II3nyqeHIIJI llOJIBJIJIIOTCJI ,nse ofinaCTII qaCTOT: 

J( :Jl/

3

, ro «ro0 , 

s.(ro)ocl~., ...... ro»ro,. 

MaKciiMyM cneKTPaJihHoil: <lJyHKUIIII ne:amT npii (eM. [2], § 74) 

romax = 0,29 · (%roo)~ 0,43ro0 • 

(2.32) 

(2.33) 

CneKTp II3nyqeHIIJI e,niiHII'IHOil: qacTIIUhi HerrpephiBHhiii He TOnhKO II3-3a 

6onhmoro 3Ha'IeHIIJI n. lhnyqaJI, qacTIIUa TepJieT :meprmo, II 3TII noTepii B 

ycKOpiiTeJIJIX 3neKTPOHOB II II03IITpOHOB - aKTIIBHO II3nyqaro~IIX qacTIIU 

BOCnOnHJIIOTCJI yCKOpliiO~eii CIICTeMOll. 0Ha npe,nCTaBJIJieT C060ii BhiCOKO'IaCTOTHhlli 

pe30HaTOp, B KOTOpOM CIIeUIIaJihHhiM reHepaTOpOM B036}')K,naeTCJI 3neKTPOMarHIITHOe 

none Ha OJ(HOll II3 rapMOHIIK 'IaCTOThl o6pa~eHIIJI 'IaCTIIUhi {n8q ~ 1-100 B 

3aBIICIIMOCTII OT napaMeTPOB ycKopiiTenJI). Ho TaKoe "no.nycKopeHIIe" 

conpOBO)KJ(aeTCJI tPa30BhiMII KOne6aHIIJIMII qaCTIIUhl ( OTHOCIITenhHO tPa3hl BlJ), B 

pe3ynhTaTe qero qacToTa o6p~eHIIJI ocuiinniipyeT BO BpeMeHII (napaMeTP y B 

3HaMeHaTene tlJopMynhi (2.5)). KpoMe Taro, II3nyqeHIIe HOCIIT cnyqaiiHhiii xapaKTep: Ha 

tPOHe cpe,nHIIX 3a ofiopOT noTepb 3Hepriiii qacTIIUhl {CM. HII)l(e) IIMeiOT MeCTO 

K6aHmOebze tjJRyKmyaljUU U3lly'lemm (3a,naqa 2.4 HII)l(e). 06a 3TH 3tlJtlJeKTa 

"pa3Ma3hiBaiOT11 J(IICKpeTHhlll xapaKTep II3nyqeHIIJI, ,nenaJI ero HenpephiBHhiM. 

llomepu 3Hepzuu 'lacmuljbl 3a o6opom fl.& JIBnJIIOTCJI Ba)l(HOii xapaKTepiiCTIIKOii. 

Bocnonh30BaBIDIICh 4JopMynoii (31) BBe,neHIIJI, 3aiiiimeM 

2 222 2r ll.E:r = -crc/13 y . Bo. n• 
3 

II no,ncTaBIIB c10,na 3Ha'IeHIIe Tn (2.12) II ron (2.5), Haii,neM 

A 47t n.2 3 2B2 mc2 uer =-... y rei 0--. 
3 e 

(2.34) 

54 

!{aCTO y,no6HO IICnOnh30BaTh Bhipa)l(eHIIe, B KOTOpOM MarHIITHOe none IICKJIIO'IeHO C 

noMOJUhiO tlJopMynhi (2.3), HO 3a,naH pa,niiyc op6IIThi pL: 

ll.E:r = 47t 133y4mc2 rei . 
3 PL 

(2.35) 

):{mr 3neKTPOHa {ll03IITPOHa) 3TO Bbipa)l(eHIIe MO)l(eT fihiTh npe,ncTaBneHO B BIIJ(e 

(ll.t:~) ~3B] ~ 6,04.·10-9 (pJ33( . 
LI[M] 

(2.36) 

TaK, 3JieKTPOH c 3Hepriieii 50 M3B (y ~ 100) Ha TPaeKTOpim pa,niiyca 1 M TepJieT 3a 

o6opoT npiiMepHO 6 K3B. 

3Ma'la 2.4. O~eHI!Tb p336poc qacTOThl o6pa!lleHIIJI H xapaKTepHoli qacTOTbi HJnyqemlll 3JJeK1pOHa c 

3Hepmeli 50 M3B B MarHIITHOM none HJ-Ja KB3HTOBbiX cp.rryKTya~li. Pa,11eyc TPaeKTOpHH PL = I M. 

q3CTOT3 ofipa!lleHIIJI 3JJeKTPOH3 B ,!13HHOM CJJyqae COCT3BJJlleT 

ron= 13c =3·108 c-'. 
PL 

XapaKTepH3ll '13CTOT3 HJJJyqeHIIJI H COOTBeTCTBYIO!ll3ll eli 3Hepri!JI KB3HT3 HJJJyqeHIIJI TOr,lla paBHhl 

ro 0 =y3oi8 =3·1014 c-1
, 

ew = hro0 = 0,2 3B. 

3a O,!IHH ofiopOT 3JieK1pOH HCnyCK3eT N,. KB3HTOB (CM. 'IHCJJeHHbiH npHMep BbiWe) 

A (<). 

N -~-3-104 
w , 

ew 

a HX CTaTHCTH'IeCKHe cp.rryKrya~HH 

/1Nw- IN: -170. 

COOTBeTCTBeHHO, p336poc 3HeprHH 3JieK1pOH3 o,T ofiopOTa K ofiopory COCT3BJJlleT 

oe-11Nw ·ew -303B, 

'ITO,ll3eT 

oron- oy -~-6-10-7 , oro
8 

-200c-'. 
ron y y·mc2 

TaKoli, K333JIOCb fihl, HeJH3'1HTeJJhHbili p336poc qacTOTbi o6paweHIIJI npHBO,!IHT K cy!lleCTBeHHOMY 

p336pocy '13CTOT HJnyqeHIIJI B TO'!Ke HafiJJIO,lleHIIJI: 

• oy 8 _, 
uro0 =3·ro0 ·--5·10 c >>oro8 • 

y 

3roT 3cpcpeKT H npHBO,!IHT K "p33M33biB3HHIO" JIHHeli'laToro CUeiiTpa, npeBp3Ill3ll ero B CUJIOWHOH. 
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IlolUlpU3a1JWl CH IIMeeT ry JKe np1Ipo;zy, 'ITO II npii nonepe'IHOM ycKopeHIIII 

qacTIIUhi, HO Teneph eme KapTIIHa ycnoJKHHeTCH )J;BIIJI<eHIIeM qacTJIUhi no Kpyrosoii: 

TPaeKTopiiii (p1Ic.2.8). IbnyqeHIIe JIIIHeii:Ho nOJIHPII30BaHo, ecJIII TO'U<a Ha6niO)J;eHJIH 

neJKHT B nnOCKOCTII op61ITbl, II 3JIJIIIllTJI'leCKII noJIHp1I30BaHO npii )J;pyriiX nonoJI<eHII.l!X 

TO'IKII Ha6niO)J;eHIIH. HanpaBneHIIe BpaJUeHJIH BeKTOpOB nOJIH II3nyqeHIIH COBna)J;aeT C 

HanpasneHIIeM BpaiUeHIIH 3neKTPOHa, BII)J;IIMbiM II3 TO'IKII HafiniO)J;eHIIH. IJ03TOMY no 

pa3Hble CTOpOHbl OT nnOCKOCTII opfiiiTbl mnyqeHIIe IIMeeT pa3HyiO 3nniinTJI'leCKyiO 

noJIHp1I3aUIIIO- neByiO IInii npaByiO. 

z 

PMc. 2.8. TioJIJI))M3aUllil CH. Pt -
TO'!Ka Ha6JII0)1eHllil JieJKMT B 

ilJIOCKOCTM op6MTLI, P2 - na.n 

nJIOCKOCTbiO opfiMThi, BeKTOpbl 

EJ, Bd, ii B3aMMHO opToroHaJibHbi 

M o6pa3YJOT "npaB)'IO TpOHK)'" 

Kozepenmnocmb CH - saJI<HeiirnaH xapaKTepiiCTJIKa II3ny'leHIIH. 0 Heii ' 

norosopiiM B cne)J;yiOIUeM naparpa«iJe. 

§ 2.2. CuuxpoTpouuoe HlJIY'Ienue crycn.:a qacrun 

3neKTPOHbl II nOJIITPOHbl B COBpeMeHHl>IX CIIHXPOTPOHax II HaKOniiTenbHbiX 

Konnuax IIMeiOT TaKIIe napaM~hi TPaeKTopiiii II 3Ha'leHIIH 3Hepr1III, 'ITO 3aMeTJiaH 

)J;OJIH IIX 3Heprn1I pacxo;zyeTCH Ha CHHXPOTPOHHoe II3nyqeHue (eM. (2.34)-(2.36)). 3ru 

f, noTepii 3Heprn1I BOCnOJIHHIOTCH, KaK YJI<e CKa3aHO, yCKOpHIOIUeH CHCTeMOH -

BbiCOKO'laCTOTHbiMII pe30HaTOpaM1I, B KOTOpbiX B036YJI<)J;aeTCH 3neKTPOMarHHTHOe 

none Ha 'laCTOTe, KpaTHOH 'laCTOTe o6pameHIIH 'laCTIIU. lJaCTIIUhl aBTOMaTII'leCKII 

C1IHXpOHII3yiOTCH B 3TOM cnyqae C 'laCTOTOll noJIH (3HaMeHIIThlli "npiiHUIIn 
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asTo«lJa3npoBKII" BeKcnepa-MaK-MIInnaHa), co61IpaHCh B crycTKII onpe)J;eneHHoii 

npoTHJI<eHHOCTII. TaKIIe crycTKII HBnHIOTCH HpKIIMH IICTO'IHIIKaMII CI1. 

IIapaMeTPhl II3nyqeHHH crycTKa cymecTBeHHO 3aBIICHT oT ero pa3Mepa. TaK, B 

npe)J;eJibHOM cnyqae ny'!Ka qacTIIU, pasHoMepHo pacnpe)J;eneHHhiX no op61ITe, none 

- 2N nyqKa npaKTII'leCKII He CO)J;epJKIIT BOnHOBOII !<OMnOHeHTbl - 3TO II3nyqeHIIH -nOm!, 

r)J;e N- 'IIICno qacTIIU (eM. Bse)J;eHIIe, MynnTIInoni>Hoe mnyqeHIIe). Eme npome 3TO 

o6'hHCHIITb Ha H3biKe IIHTep«iJepeHUIIII II3nyqeHIIH: npii 6onbiiiOM N Ha Ka)K)J;OH )J;nHHe 

BOnHbl II3nyqeHIIH )J;nH )J;aHHOH 'laCTIIUhi HaH)J;eTCH "napa" - 'laCTIIUa, OTCTOHIUaH Ha 

A./2, n CYMMapHoe n3ny'leHIIe 3TOii napbi qacTIIU OTCYTCTByeT. B peanhHOM ny'!Ke 

npiiCYTCTByiOT «iJnyKTyaUIIH nnOTJIOCTJI: 

11Ni-jii;, 

r)J;e N1 - 'IIICno 'laCTIIU B HeKOTopoM, )J;OCTaTO'IHO MaJIOM, o6'beMe nyqKa. 3TOT o6'beM 

BbiTAA)J;IIT, Ha «lJoHe nyqKa CO cpe)J;Heii II paBHOMepHOll nnOTHOCTbiO, KaK crycTOK 

11N1 qacTIIU. TaKIIe crycTKII u3nytJaiOT KaK TO'le'IHhiii 3apH)J;, a nocKonnKY 

IIHTeHCIIBHOCTb II3nyqeHIIH nponopUIIOHaJibHa KBa)J;paTy 3apH)J;a (CM. (1.43), (1.46)), TO 

IIHTeHCIIBHOCTh II3nyqeHHH TaKoii «iJnyKTyaUIIH nponopUIIOHaJihHa (11NJ1 
= N1• 

QqeBII)J;HO, nOJIH 3TIIX "crycTKOB"-«iJnYKTYaUHll CKna)J;hiBaiOTCH B cnyqafiHhiX «lJa3ax, 

TaK 'ITO nonHaH IIHTeHCIIBHOCTh nponopunoHanbHa "i.N; = N- nonHOMY tJIIcny 

qacTIIU B nyqKe. 3TO runH'IHhiii cnyqaii HeKozepeHmHozo U3llY'IeHWl (coherent -

cornacoBaHHhlii, aHrn.). Ecnii JI<e qacTHUhi co6paHbi B crycTOK otJeHh MaJihiX pa3Mepos, 

T. e. crycToK N qacTIIU II3nyqaeT KaK "TO'IKa", HHTeHCHBHOCTh II3nyqeHHH 

nponopUIIOHaJihHa N 2 
- II3nyqeHIIe iwzepeHmHo. I1MeHHO 3Ta xapaKTepiiCTIIKa 

II3JiyqeHIIH crycTKa - ero KorepeHTHOCTh - npe)J;CTaBnHeT co6oii IIHTepec )J;ml 

6onnrnoro qncna npnnoJI<eHnii. 

I1cTO'IHIIKII CI1 npHHHTO xapaKTep1I30BaTb nx RpKocmblo, KOTOpyiO onpe)J;eJIHIOT 

KaK nOTOK «lJOTOHOB CI1 Ha 3a)J;aHHOll )J;JIHHe BOnHhl A B HHTepsane f:..A. C e)J;HHHUbi 

llOBepXHOCTII HCTO'IHIIKa B e)J;IIHHUY TeJieCHOrO yrna B e)J;HHHUY BpeMeHH: 

B,_ = dz N(A.). f:..A. , 

dt·dA. s .Q 
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(2.37) 



r.l{e S - TIJIOIIJ;Mb IICTO'IHIIKa, Q - TeJieCHbiH yrorr TIOTOKa II3ITy'!eHIIH. IlpiiHHTO 

Bb16IIpaTh /).')... = I0-3 'J..., II, COOTBeTCTBeHHO, cmGIIOapmHOU eOUHUlfeU RpKOCmU 

HBJIHeTCH 

I cpoTOH·c-1 ·(0,I%'A.) ·CM-
2

·cp-
1

• " 

B HaKOTIHTerri:.HI:.IX Korri:.u;ax-ciiHxporpoHax '!aCTIIUI:.I coBepiiiaiOT nonepe'IHI:.Ie 

("6erarpoHHI:.Ie") KOJie6aHIIH, 'ITO TipiiBO.l{HT K yrrroBOMY pa36pocy TIYlJKa 2 · f19bet• 

ITpOI:!3Be.l{eHIIe nonepe'!Horo norrypaJMepa IIYlJKa a Ha yrrroBoii pa36poc rro KIDK.l{OMY 

II3 IIOIIepe'IHbiX HarrpasrreHIIH Ha3biBaiOT 3MHTTaHCOM IIYlJKa: 

Ex,y =ax,y ·f19x,y· (2.38) 

HarroMHIIM, 'ITO e.l{IIHIIUI:.I H3MepeHHH 3MIITTaHca- In·MM·MPM· l.JacTo HCIIOJII:.3YJOT 

e.l{HHHUY IHM (I HaHOMerp =10-9
M), orrycKaH 

11
MbiCJieHH0

11 
1t II PMIIaH: 

I n·HM·PM = w-7 
n·cM·PM = w-3 

n·M:M·MPM· 

HarriilJIIe yrrroBoro pa36poca IIYlJKa - pa36poca MrHOBeHHI:.IX HarrpasrreHIIii BeKTopa v 
'!aCTIIU cryCTKa - Bbl3b1BaeT, KaK Herpy.l{HO coo6pa3IITb, yrJIOBOH pa36poc TIOTOKa 

H3ITYlJeHIIH. B '!aCTHOCTII, rrpii 1!19bet >> Ijy yrrroBoii pa3Mep rroToKa H3ITYlJeHIIH paseH 

II TOf.l{a 

flQ- flex ·f19y, 

B'A. = d2N(A.). l!l'A. • 

dt·d'J... ExEy 

' 
(2.39) 

EcTeCTBeHHO 3MaTI:. Borrpoc: KaK Be.l{er ce6x xpKOCTI:. rrpii Ex, Ey ~ 0? 0Ka3oiBaeTCH, 

'ITO HpKOCTb crpeMIITCH K orrpe.l{eJieHHOMY rrpe.l{erry, IIMeiOm;eMy BIIOJIHe HCHblH 

cpii3II'!eCKIIii CMI:.ICJI. KaK Mbl 3HaeM II3 3JieKrpO.l{IIHaMIIKII, yrrrosoii pacTBop 

II3JlYl!eHIIH, IICIIYCKaeMOfO IICTO'IHIIKOM, IIMeiOIUIIM pa3Mep D, He MO)KeT 6oiTb MeHoiiie 

'!eM 

'A. e >~, D-2D 

\ ,r.l{e 'J... - .l{JIIIHa BOJIHbl II3JlYl!eHHH. 3TO II3BeCTHOe cpii3II'!eCKOe HBJieHIIe - .l{HcppaKUIIH 

II3ITYlJeHIIH Ha arreprype D (piic. 2.9). 

58 

EE 
a) 6) 

Pnc. 2.9. Am!JpaKUllil napaJJJieJibHOro 
ny'IKa CBeTa (3JieKipOMarHHTHOro 
li3JI)"'eHIDI) Ha ll.{eJIIi IDHp!iHbl D (a) H 
MliHHMaJibHbiH yrJIOBOH pacTBOp 
cse-rosoro noToKa, ncnycKaeMoro 
CBeTllll.{eHCll llOJIOCOH TOro JKe 
pa:JMepa ( 6) 

ITo3TOMY c YMeHoiiieHHeM pa3Mepa IICTO'IHIIKa D ero "3MIITTaHc" He MO)KeT 6I:.ITI:. 

MeHoiiie 

D 'A. 'A. 
E~ED =2· D =4. 

CoBepiiieHHO aHarrorii'!HO MH crycTKa '!aCTIIU MIIHIIMaJibHble 3Ha'!eHHH 3MIITTaHCOB 

OIIpe.l{eJIHIOTCH OUrjJpaKlfUOHHblM npeOe!IOM 

'A. 'A. 
-a . --=-, E -Ey~Ev- x,y 2a 4 

X ~y 
(2.40) 

B < d
2
N(A.) .1M'A. 

'),- dt·d'A. A.2 • 

Terrepb Bb!HCHIIM, KaKIIMII .l{OJI)l(Hbi 6oiTb pa3Mepi:.I crycTKa, '!T06I:.I OH II3ITYlJarr 

KOrepeHTHO. I1orpe6yeM, '!T06bl pa3HOCTb XO.l{a rry'!ell .l{O TO'IKII Ha6JIIO.l{eHIIH OT 

KpallHIIX TO'!eK cryCTKa, cpopMy KOTOpOro MO)KHO ClJHTaTb 3JIJIIIIICOII.l{aJibHOll C 

pa3MepaMH ax· ay · as (pHc. 2.1 0}, He rrpeBoiiiiarra A./2. KaK crre.l{yeT H3 pl:ICYHKa, 

pa3HOCTh XO.l{a ITYlJell COCTaBJIHeT .l{JIH TO'!eK IICIIYCKaHI:IH H3JIY'!eHHH 

I, 3 ::::> 1!113 = 1!1(11') = 2a. cos a"' £11 , 

2, 4 ::::> 1!124 = 1!1(44'} = 2ay sin a"' 2apy• 
(2.4I) 

II, aHarrorii'IHO, .l{JIH pa3Mepa ax ~ 2ax · ax, r.l{e ax, y :S: 1!19 x, y yrrrosoll: pa3Mep 

1:13ITYlJeHIIH, paBHoill:, no rropH.l{KY Benl:I'IIIHhi, yrnoBoMy pa36pocy IIYlJKa. Tor.l{a, 

YlJI:!ThiBM paseHcTBa (2.38), npiiXO.l{l:IM K yc!I06WlM K02epeHmHocmu U3!1Y'leHW! 

czycmKa 'Jacmulf 6 HaKonume!le: 

'A. 
fu-Ex-Ey<4, 
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(2.42) 



r.n:e £
11 
= 2a

3 
- npo,n:onhHbtil: pa3Mep crycTKa; Ex, Ey- ero 3MHTTaHCbi. TaKHM o6pa30M, 

3MHTiaHc rr)"ll<a onpe,n:e.rureT He TOnhKO xpKOCTh crycTKa KaK HCTO'IHHKa CH, HO H 

KOrepeHTHOCTh H3n)"leHHX cryCTI<a. 

4 4' 

Pnc. 2.10. CxeMa ll3JI)"'eHirn cryc;Ka 

HmKe, B § 2.4, B Ta6n. 2.I IlpHBe,n:eHbl rrapaMeTPbl COBpeMeHHbiX HCTO'IHHKOB 

CH . .[{mr HCTO'IHHKOB 3-ro noKoneHH1! xapaKTepHbi O'leHb Manbie 3Ha'leHH1! 3MHTTaH

ca - e,li;HHHI.\bl HaHOMeTPOB. IJ03TOMY TaKHe HCTO'IHHKH B COCTOXHHH reHepHpOBaTh 

XpKOe KOrepeHTHOe H3n)"leHHe B IIIHpOKOM ,li;Haiia30He BIInOTb ,li;O MHrKOrO 

peHTreHOBCKOro: 

A.x.ray- IO HM = IOO A, Ex.ray- IOO 3B. 

0TMeTHM, 'ITO IIOTepH 3HeprHH 'laCTHI.\ Ha CHHXPOTPOHHOe H3n)"leHHe XBnHIOTCH 

OCHOBHbiM OrpaHH'IeHHeM MaKCHManbHOH 3HeprnH 3neKTPOHOB B CHHXPOTPOHax. IJo

BH,li;HMOMy, "nocne,n:HHM H3 MOrHKaH" 3neKTPOHHbiX CHHXPOTPOHOB CBepXBbiCOKOH 

3HeprnH 6bm 3neKTPOH-TI03HTPOHHbiil: Konnail:,n:ep LEP (Large Electron-Positron 

Collider) B QEPH, B KOTOpOM 3neKTPOHbl ll II03HTPOHbl ycKopxnHCb .D:O 3HeprnH 

IIO f3B. IJepHMeTP KOnnail:,n:epa COCTaBJUrn 26,658883 KM, a pa,n:Hyc KpHBH3Hbl 

TPaeKTopHH PL = 3,0962 KM ('ITO B I, 37 pa3 MeHbrue cpe,n:Hero pa,n:Hyca H3-3a HanH'IHH 

npxMonHHeil:HbiX npoMe)I(JTKOB). IToTepH 3neKTPOHa 3a o6opoT (2.36) cocTaamrnH 

!lEr:::;, 4,2 f3B (!). 

3,n:ecb YMeCTHO npHBeCTH none3HYI0 ljlopMyny MOII.\HOCTH IIOTepb 3HepmH II)"'Ka 

N3neKTPOHOB B CHHXPOTPOHe (eM. (2.35)) 
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p = !lEr N = 47t (33y4 ei ' 
T 3 PL 

(2.43) 

r.n:e T- nepHO.D: o6pameHHH 3neKTPOHOB, I- cpe,n:HHil: TOK n)"ll<a. B rrpe.n:ene y >> 1 

3n)il: ljlopMyne MO)I(HO rrpn,n:aTb BH,ll;, y,n:ofiHbiH ,n:.rur 01.\eHOK: 

A = 
90 

E~3B]" I[AMnep] 
•tKBT] (p \. 

L.IJ.Mj 
(2.44) 

ITo.D:'IepKHeM, 'ITO 3Ta ljlopMYna cnpaBe,n:nHBa ,n:nx 3neKTPOHOB (no3HTPOHOB). TaK, B 

rrpHBe,n:eHHOM Bbiiiie npHMepe Konnail:,n:epa LEP npH THTIH'IHOM TOKe TI)"'Ka 3neKTPOHOB 

(rro3HTPOHOB) 3 MA nOTepn Ha CH 6Lmn Ha ypoBHe I MBT Ha TI)"'OK, 'ITO H 6bmo 

O,li;HHM H3 rnaBHbiX OrpaHH'IeHHH 3HeprHH 'laCTHI.\. ):{nx cpaBHeHHH B 3neKTPOH

II03HTP0HHOM Konnail:,n:epe B3ITI1-4M*) l1HCTHTYTa x,n:epHOH ljlH3HKH HM. r.H. Ey,n:Kepa 

(r. HoBocn6npcK) npn 3Heprnn 'laCTHI.\ 5 f3B n TOKe B Ka)l(,li;OM H3 ,n:syx TI)"'KOB 30 MA 

noTepn Ha CH (PL = 45,5 M) cocTaBMIOT npHMepHo 37 KBT. Ha cMeHy Konnail:,n:epy 

LEP npHmen npoTOH-npoTOHHbtil: Konnail:,n:ep LHC (Large Hadron Collider), 3aHHBIIIHil: 

TOT )l(e 27-KHnoMeTPOBbiil: TYHHenh. B HeM 3Hepmx rrpoTOHOB ,n:ocTHraeT 7 T3B 

(1012 3B), a cpe,n:HHil: TOK Ka)l(,li;Oro H3'II)"'KOB I= 0,58 A. ,[{nx npoTOHOB B ljlopMyne 

(2.43) IIOXBnHeTCH MHO)I(HTenb (m.jmpr:::;, 8,8 ·I0-
14

• HeCMOTPX Ha ocna6neHHe 

MOII.\HOCTH CH Ha 13 rropx,n:KOB .n:nx npOTOHOB, ysenH'IeHHe 3Hepnm 'laCTHI.\ ii ToKa 

,n:enaroT noTepn Ha CH omYTHMhiMHH B LHC: 

!lEr :::;, 6,6 K3B, P :::;, 3,6 KBT. 

§ 2.3. Jh.ayqeuHe 3JICKTpoua B npOCTpaHCTBCHHO-DepHO,li;HqecKOM MarHHTHOJ\1 

IIOJIC. 0HJzyJIHTOpb1 H BHrJiepbi 

.[{nx ycHneHHH HHTeHCHBHOCTH CH H ynpaaneHHX ero cneKTPOM B HaKoTIHTenH 

3neKTPOHOB BBOMT ycTPoil:cTBa c norrepe'IHbiM K TPaeKTopnH 3neKTPOHOB H 

nepHO.D:H'IeCKH H3MeHXIOII.\HMCX B.D:Onb Hee MarHHTHbiM noneM. TaKHe YCTPOil:cTBa B 

OTe'leCTBeHHOH nHTeparype IIOn)"'HnH Ha3BaHHe 113Meil:KH11
, a B 3apy6e)I(HOH, B 

*) B3TITI- BCTpeqlli,Je :meKTpOH-U03HTpOHHbie nyqKR 

6I 



3a.BHCHMOCTII OT xapaKTepa H3n)"'eHifH li3 HHX, - BHrrnepbl (wiggle - li3BlfBaTbCH, 

aHrn.) H OH,!J;YMTophr (undulate - sonHoo6pa3Hhrll:, aHrn.). 11x o6mee Ha3BaHHe 

"Insertion devices" ("scrpoeHHhie npH6ophr" - aHrn.), HnH, npaBHnhHee, ecmpoeHHbze 

U3llY'-IGmeJIU. 0H,!l;ynHTOp 6hm npe,!l;nO)KeH B. JI. rliH36yprOM B 1947 r. KaK ycrpoil:CTBO 

reHepaUHH KOrepeHTHOrO H3n)"'eHHH, HO nocrpoeH Ha HaKOnHTene-CHHXpOTIJOHe 

TOnbKO B Haqane 70-X rr. 3MellKII ,!l;enaiOT KaK Ha OCHOBe nOCTOHHHbiX MarHIITOB 

(pRe. 2.11), TaK H :meKrpoMarHIITHbie. HaqiiHaH c 90-x r. npoiiinoro BeKa, non)"'llnll 

pacnpocrpaHeHIIe csepxnpoBO,!l;HIIIIIe 3neKrpOM.arHIITbi c noneM ,!1;<2_ 10 Tn (eM. HII)Ke). : 

a) 

'.mmmmffVs 

P11c. 2.11. CxeMa 3Mei1KII Ha nocTOliHHhiX MarHIITax: I - nJiaCTIIHKH nocTOliHHhiX MarHHTOB 

NdFeB (HeOAHM-<jlepp)'M-6op); 2- nomoca 113 MllrKoi1 cnum; 3- JJ;ononHIITerthHhie nomoca 

113 CTanll )J;nll KOppeKIUIII MarHIITHOrO nOJill, CTPeJIKII nOKa3biBaiOT HanpasneHIIll 

3HaKonepeMeHHOH HaMarHII'IeHHOCTII B MarHIITe II CliDOBbie iliiHIIIi noAA B MelKnOniOCHOM , 

3a30pe; a- 06IIl.IIH Bll){, 6- ceqeHIIe B BepTIIKMbHOH nJIOCKOCTII 

MamiiTHoe none B 3Meil:Ke (pRe. 2.12) B nepBOM npR6nR)KeHIIII MO)KHO 

annpOKCIIMIIpOBaTh <i>YHKUIIell 

By(s)=B0 sinkds, kd = 
2

7t, 
d 

(2.45) 

r,!l;e Bo - a.MnnHry,!l;a noM, d - nepiiO,!l; CTIJyKTYPh1 3Meil:KII, paBHhill y,!J;BOeHHOMY 

paccTOHHIIIO Me)K,!l;y cepe,!l;IIHaMii coce,!l;HIIX nomocos. B TaKOM none qacrnua 

COBepiiiaeT CIIHYCOII,!l;anbHbie KOne6aHIIH B nnOCKOCTII (X, S), qrQ cne,!l;yeT II3 ypaBHeHIIll 

1 
, ee ,!l;BII)KeHIIH no X li s: 

.. e "B () ymx=-·s z s, 
c (2.46) 

s ~canst= pc, 13 = v0 fc. 
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P11c. 2.12. CxeMa 3Mei1KII Ha :meKTPoMarHIITaX (a), pacnpeJJ.eneHIIe nonll B cpeAHei1 nJIOCKOCTII 

3Mei1Kn Bz(s) 11 TPaeKTopna qacTII~I x(s) (6). N, S- "cesepHhii1" 11 "IOlKHbii1" cTanhHbie non10ca 

JneKTPOMarHHTa; Q Q - HanpasneHIIe TOKa B 06MOTKaX; fe - CTMbHOe llpMO JneKTPOMarHIITa. 

TiyHKTHp- cMemeHIIe TPaeKTopllll, nponopulloHanbHOe s (cnaraeMoe .6.(s) B <jlopMyne x(s) (2.49)) 

0TCIO,!l;a 

d
2

x =-
1
-sinkds, 

ds2 PL 

2 pymc . 
PL = eB

0 

(2.47) 

3,!1;eCb, KUK Herpy,!l;HO BII,!l;eTh, II3MeHeHHe CKOpOCTII qaCTIIUbi B,!J;Onb OCII S, CBH3aHHOe C 

KOne6aHIIHMII no X li paBHOe *) 

AS= v0 -~v~ -(x)2 ~ (xY « v0 , 
2v0 

(2.48) 

a TUK)Ke :X cqiiTaiOTCH npene6pe)KHMq ManhiMII. 11HTerpnpyH ypaBHCHHe (2.47) 

,!l;Ba)K,!l;bl, non)"'IIM 

1 , d 
x'(s)=x'(0)+-(1-coskds), () =-, 

kdPL ds 

x(s) = x(O)+ ~(s )-+sinkds, ~(s) = (x'(O )+ +) · s. 
· kdPL kdPL 

(2.49) 

*) HanOMHHM, qTO np11 )J;BHlKeHIIII qaCTII~I B nOCTOliHHOM MarHiiTHOM none ee nOJIHal! 3Heprlill II, 

COOTBeTCTBeHHO, nonHal! CKOpOCTb (v0) He 113MeHliiOTCll: y = Const, Vo = const. 
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{ 

3,neeb x'( 0):: ( dx) ~ il8 X - yroJI MeX<,ny npoeKI:Uieii BCKTOpa eKOpOCTH qaeTH~bl Ha 
ds s=ll 

nnoeKOeTh (x, s) u: oebiO s npu: sxo.ne B 3MeiiKy. Ih 3THX BbipiDKeJcmii BH.nHO, ~o 

xapaKTep TPaeKTopnii qaeTH~bi B 3MeiiKe eymeeTBeHHO 3asnenT oT sennquHbi, KOTOPIDI 

nMeeT eMbien aMimnry,nhi Kone6aHnii yrna TPaeKTopnn qaem~bi e oebiO 3Meil:KH: 

("y211o6aR aMlVIumyoa"): 

1 d 
ao=--=--. 

kdPL 2npL 
(2.50) 

Jlu:Heil:Hoe e Koop,nnHaToil: eMerneHu:e il(s) TpaeKTopu:n qaeTH~bi B 3MeiiKe He 

eKa3biBaeTe.ll Ha napaMeTPax H3nyqeHH.ll (3TO enaraeMoe He .naeT BKJia,na B yeKopeHne 

qaeTH~bl, X{s) = 0) .no Tex nop, noKa OHO He BbiBe,neT qaeTH~bi 3a npe.nenbi pa6oqeil: 

o6naeTH MarHHTHOro llOJI.ll 3MeHKH. Ho eTOJib 60Jibllllle' CMerneHll.ll He,nonycTHMbi npn 

HopMaJibHoii pa6oTe HaKonHTeJI.ll - ncToqHnKa CH. ITepno.n H3MeHeHn.ll noJI.ll d u: 

MHHbi 3MeiiKH L no.n6u:paiOTC.ll TaK, qTo6bl Ha Bbixo.ne 3Meil:Kn nonepeqHIDI eKopoCTb 

qacTn~bi (yron x'(L)) u: CMerneHne ll(s) BHYTPH 3MeiiKH paBH.l!JIHeb HyniO. ITepsoe 

.nocmraeTC.ll Bbi6opoM d n L H3 ycnoBH.ll (eM. (2.49)) 

L=nd, n=1,2, ... , (2.51) 

a .l(JI.ll "3aHyJieHH.ll11 CMerneHH.ll ll(L) BBO,n.l!TC.ll .l(OllOJIHHTeJibHbie MarHIITbi -

KOppeKTOpbi op6HTbi (CM. (2.52) H 3a,naqy 2.5 HHJKe), KOTOpbie, HanpnMep, 3a.l(aiOT 

seeM qacTH~aM Ha sxo.ne B 3Meil:Ky yron (eM. (2.49)) 

x'(O) =-ao. (2.52) 

Yron x'(L) = -ao Ha BbiXO,l(e 3MeiiKH B 3TOM cnyqae KOMlleHCHpyiOT .l(OllOJIHHTeJibHbiM 

KoppeKTopoM (eM. TaKJKe ycnosne (2.70) n TeKCT HHJKe). 

BHYTPH 3Meil:Kn qacTn~a-"npoJKeKTop", .nsu:rMCb B.l(OJib TPaeKTopnu: (2.49), 

n3nyqaeT B KoHyce c yrnoM pacTBopa lfy, a ocb KoHyca coseprnaeT nepu:o,nu:qecKH:e 

KOJie6aHH.ll B npOCTPaHCTBe C ymoBOH aMllJIHTy,noii UQ. 0THOllleHH:e 3THX ,nsyx 

ymoBbiX pa3MepoB Ha3biBaiOT napaMempoM onoyJIJlmopnocmu 

eB0d 
K=a0y=--

2
, pool. 

2nmc 
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(2.53) 

K '" {Bo~Tn]' d[cM]· 

H3JI)"leHne n3 3Meil:KH npu:xo,nu:T B TOqKY Ha6JIIO,neHn.ll, paenonoJKeHH)'IO no.n yrnoM 8 

K OCR s {pu:c. 2.12) B BH)J;e nepHO)J;HqecKHX BCnJieCKOB )J;JIHTeJibHOCTll (CM. (2.9)) 

M ~PL(s), (2.54) 
P 2y3c 

r)J;e Tenepb PL(s) - MrHOBeHHoe 3HaqeHne pa.nu:yca KpHBH3Hbi TPaeKTopnn qacTJI~bi B 

TOqKe JI3JiyqeHJI.ll. 3TH BCllJieCKJI ene,nyiOT C nepHO)J;OM T, KOTOpbiH, B OTJIJiqne OT 

qacTH~bi B cnHXPOTPOHe, 3HaqnTeJibHO Kopoqe nepno,ll;a l<one6aHnil: qacTH~bi B none 

3MeHKll 

{;/ 

rs""ur· (2.55) 

~0 eB.ll3aHO Bee e TeM . JKe 3<lJ<lJeKTOM 11ll0rDHH 11 qaeTH~bi 3a eBOJIM ll3JiyqeHJieM 

(3rjHjJeKm /(o1V!epa). KaK n npn BbiBOAe <lJopMyn (2.9), 3annrneM )J;JI.ll paceTO.l!HH.ll 

MeX<,ny ABYM.ll eoee,nHHMH BCTIJieeKaMll Ha HanpaBJieHHll 8 (pne. 2.13) 

llP = ll14 -ll13 = c · T8 - dcose. 

X 

Puc. 2.13. Y'laCTOK TpaeKTopuu 3neKTpoHa s OHAYJIJITope H H3nyqeHue H3 AByx 
CHHtPa3HblX ee TO'IeK: I - TO'IKa H3nyqeHIDI B MOMell1' t0; 2, 3 - rronoJKeHHe t!JpoHTa 

H3nyqeHIDI H3 TO'IKH 2 B MOMeHT to+ T8 ; 4-5- Mll t!JpoHTa HJny'leHIDI H3 TO'IKH I 

(2.56) 

Y~eM TaKJKe, qm B BbipaJKeHnn AJI.ll Ts (2.55) eTOHT epe,ll;Hee no BpeMeHn 3HaqeHne s

- KOMllOHeHTbi CKOpOCTll qaCTJI~bl (eM. (2.48)) 

rt{ =(~v~ -(xf)T ""Vo --
1-(x)2r. 

2v0 
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--T 
3Ha<J:eHHe (i y C xoporneil: TOlJHOCThiO (XOUI H He BIIOJIHe CTPOfO) HaH.D:eM, 

BOCIIOJih30BaBlliHCh <lJopMyJIOH .D:JUI x'(s) B (2.49) 

KOppeKU:HH (2.52). Tor.n:a 

H CtJHTM BhiiiOJIHeHHhiM ycJIOBHe 

x'(s)= -a0 coskds, 

--T ---d 2 2 (·y _ 2( '( ))2 _ a 0v0 X -V0 XS ---
2 ' vr ~vo(1- ~~} 

T::'.T flO.D:CTaBHB IIOJIYtieHHOe 3HatJeHHe \3" J B (2.55), HMeeM 

TB ~- 1+-0 . d( a
2

) 
v0 4 

(2.57) 

flo.n;cTaBHB 3TO 3HatJeHHe B (2.56), Hail:.n;eM IIepHO.D: CJie.D:OBaHH.SI BCIIJieCKOB H3JIY<J:eHJij{ 

(~ ~ 1) 

r(9)=___E_~r8 -- 1-- ='- 1+-0 -~· 1-- ~- -+-0 +- , Ll d( 9
2

) d( a
2 

( 9
2
)) d( 1 a

2 
9

2
) 

c c 2 v0 4 2 v0 2y2 4 2 

HJIH, OKOHtJaTeJihHO (vo ~c), 

( ) d ( K
2 

2 2
) T9 ~-2 1+-. +r 9 . 

2y c 2 

Y 3MeeK pa3JIHlJaiOT .D:Ba pe:>I<HMa- OH.D:YJijiTOpHhiH II BHrJiepHhiH. 

1) 0HOYllflmopHblU pe:JICUM: 

Mp -r(9). 

(2.58) 

(2.59) 

51CHO, lJTO B 3TOM CJiyqae B TOtJKY Ha6JIIO.n;eHJiji IIO.D: YrJIOM 9 IIpHXOMT 2n BCIIJieCKOB 

H3JIY<J:eHJij{, r.n;e n - lJHCJIO nepiiO.D:OB 3MeHKH, II OHH CJie.n;yiDT .n;pyr 3a .n;pyroM, IIOlJTH 

HaKJia.D:hiBMCh o.n:nH Ha .n:pyroii (TOtJHee, "conpHKacrurcb"). TaKHM o6pa3oM, H3JiyqeHHe 

li3 3MeHKH B OH.D:YAATOpHOM pe)KJIMe IIpii6JIHJKaeTCj{ IIO <lJopMe K rapMOHHtJeCKOH 

IPYHKU:HH A· (1- cos 2nt /T( 9 )). Y CJIOBHe (2.59) BhiiiOJIHj{eTCj{, ecJIII K « 1, 

9 -1/y « 1; H IIO.D:CTaHOBKa Llfp (2.54) H T(9) ~ dj2y2c B ycJIOBHe (2.59) .n;aeT 

~ PL- yd. (2.60) !! 

IlpH 3TOM napaMeTP OH.n:yJij{TOpHOCTH HMeeT 3HatJeHIIe 

1 
K--. 

27t 

B oH.n;y)lj{TopHoM pe)KJIMe nepHo.n: cne.n:onaHHH IIMIIYJihCOB II3JIY<J:eHHH B TOtJKe P H 

onpe,n:eAAeT .D:JIHHY BOJIHhl II3JIY<J:eHIIH 

Aundulator =cT(9)~_!_ 
2y2" 

(2.61) 

KaK BII.D:IIM, .D:JIIIHa BOJIHhi B 2? pro Kopotie. nepiio.n:a 3MeiiKII-OH.D:YAATopa. TaK, npii 

3Heprnii 3JieKTPOHOB 500 M3B, nepHo.n:e 3MeiiKH d = 4 eM H aMIIJIHry.n:e MarniiTHoro 

IIOAA 0,5 TJI .D:JIHHa BOJIHhl H3JIY<J:eHHH IIO.D: yrJIOM 8 = 10 Mpa.n; paBHa 2,06 MKM. 

MoHoxpoMamU'mocmb OHOY!lflmopHozo m!ly'leHZm onpe.n:eJIHeTCH 'IHCJIOM 

nepHo.n;oB MarHHTHoii CTPYKTYPhi oH.n:yAATopa:. 

L 
Nundulator = d 

KaK cne.n:yeT II3 perneHHH 3a.n;atJII 2.2, rnnpHHa rJiaBHhiX MaKCIIMYMOB Oromax (2.24) 

O.D:HHaKOBa, a OTHOCIITeJihHM lliHpiiHa COOTBeTCTBYIDin:IIX HM CIIeKTPaJihHhiX JIIIHHH 

panHa 

oA. - oromax > 
T - roT - N undulator 

TIIIIHtJHhiH proMep on.n;yJIHTopa L - 5 M, tJTo npH d = 4 eM .n:aeT 

oA. = 8 ·10-3. 
A. 

(2.62) 

llfupUHa cneKmpa (tiiiCJIO CIIeKTPaJihHhiX JIHHIIH, IIJIH zapMOHUK) OH.D:YJIHTOpHOfO 

H3JiyqeHIIH TaKJKe MOJKHO HaHTH, BOCIIOJih30BaBlliHCh peiiieHIIeM 3a.D:atJH 2.2. 

AMnnnry.n:a rapMOHIIK (pHc. 2.6, 6) cna.n;aeT c pocToM HOMepa rapMOHHK KaK 

(eM. (2.21)) 

Ak = A;-.' . e -ro2t2 /2' ro = kroo. 

B CJiyqae OH.n:yAAmpa CO CJia6biM IIOJieM (K << 1 ), Kor.n;a 

3TO.n;aeT 

't=MP -T(O)= 2n, 
roo 

Ak ~ A;;ax . e-2n2k2 
' 

(2.63) 



t1 

lf y:>Ke BTOpaH rapMOHRKa (k = 2) RMeeT aMIIJIRTY.LlY crreKTPaJihHOH JIRHRR, KOTOpall 

RC'!e3mome Marra (- 1 o-24) IIO cpaBHeHRlO c aMIIJIJITY.LlOH rrepBOH rapMOHRKR. KapTRHa 

cymecTBeHHO R3MeHJieTCJI c pocToM rroJIJI, KOr,[la D.tp rra,LlaeT, a K pacTeT, TaK 'ITO 

ocymecTBJIJieTCJI pe:>KRM 

D.tp«T(O). 

B 3TOM crryqae aMIIJIRTY.Lla emopoii zapMOHUKU CTaHOBRTCJI cpaBHRMoii c aMIIJIRTY.LlOH 

nepBOH, 'ITO IT03BOJIJieT 3<lJ<lJeKTRBHO RCITOJih30BaTh R3JiyqeHRe OH,[lyJIJITOpa Ha B,[lBOe 

MeHhiiieH ,[lJIRHe BOJIHhl. 

3aAa'la 2.5. ITOJIY'Il!Th ycnosHe reHeparum 2-i\ rapMOHHKll OHAYmiTOpHoro mny'leHl!Jl. 

Ih ycnosl!Jl (eM. (2.63)) 

e-(j)'t'/2 ';!0,5, Hnll mT~l, 

llO)lCTaBliB CIO)la t = !'J.t P (2.54) ll Ol = kro0 = k · :(~), Hai\)leM )1JlJl K ';! I ll BTOpoi\ rapMOHl!Kll (k = 2) 

80 
';! 47t. mc

2 
"'2,14 Tn. 

d e d[,.] 
(2.64) 

/(ufjJpaKIJUOHHbzii npeiJe!l yz;weoii pacxoiJUMocmu OH,LlymrropHoro R3JiyqeHRJI 

MO:>KHO OI~eHRTh, paCCMOTPeB ,LlR<iJpaK~lflO R3JIY'!eHRJI Ha BhiXO,[lHOH anepTYPe 

OH.LlYJIJITopa (pnc. 2.14). B oTrrR'!IIe oT cxeMhi .Llii<iJpaK~IIII, npe,LlcTaBneHHOii Ha 

piiC. 2.8, Tenepb 3TO - ,Llii<iJpaK~IIJI <l>peHeJIJI lf3JIY'JeHIIJI HIITeBII,[lHOro RCTO'IHIIKa 

,[lJIIIHhi L Ha "MhicrreHHoii" anepType, B Ka'!eCTBe KOTopoii ecTeCTBeHHO npiiHJITh 

pa3Mep 1-il: 30Hhl <l>peHeJIJI Ha BhiXO,[le OH):lyJIJITOpa ,[lJIJI II3rryqeHRJI TO'!e'!HOrO 

IICTO'IHRKa, paCITOJIO:>KeHHOro Ha ero BXO,[le {piiC. 2.14): 

Rl -..n::f. 

68 

y 

~ -
L 

Pllc. 2.14. CxeMa )lllljlpaKil.liOHHoro pacxoJK)leHHll noroKa HwyqeHHll H3 OHilYnliTOpa 

OTCID,[la yrnoBoii pacTBop R3nyqeHRJI, onpe,LlerrJieMhiii .Llii<iJpaK~IIeii, eCTh 

8v- RI- ~ 
L VL' 

a nonepe'!Hhlll pa3Mep IICTO'IHIIKa R3JIY'!eHIIJI OH.LlYJIJITOpa paBeH 

D.yv- L ·8v = R1 - .fiT. 

(2.65) 

(2.66) 

Ilo.nCTaBJIJIJI B (2.37) S = 2!J.yD · 2!J.xD -;' 4L/... II Q- 28~) · 28~)- ~, llpiiXO.L\IIM K 

Bhipa:>KeHIIlO .[\JIJI .z:III<lJpaK~IIOHHOrO npe.nerra JipKOCTII OH.L\YJIJITOpa, COBITa,[laiOmeMy C 

(2.40). 

2) Bu2!1epHbzii peJJCUM: 

D.tp «T(8). (2.67) 

Terrepb .[\JIIITeJibHOCTh BCITJieCKOB lf3JIY'JeHIIJI MHOrO MeHbiiie nepiiO,[la IIX CJie,[lOBaHIIJI. 

TaKoii pe:>KIIM, KaK BII.L\HO R3 cpasHeHRJI (2.54) II (2.58), ocymecTBJIJieTCJI npii 

d( K2 

) PL « r2 1+2+y282 , 

IIJIII (CM. (2.53) II (2.50)) 3TO YCJIOBIIe BhiiTOJIHJieTCJI ITpii 

K»1 (K~2). (2.68) 

B BIIrnepHOM pe:>KIIMe BCITJieCKII lf3JIY'JeHIIJI B TO'!Ke Ha6JIIO,[leHIIJI He3aBIICIIMhl (He 

KopperriipYIQT), TO'IHO TaK )l{e, KaK II IIMnynhChi CH qacTR~hi B HaKonnTene. 3TOT 
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pe:lKHM HCIIOJih3YeTC.H, KOr.n;a He TPe6yeTC.H BbiCOKa.H MOHOXpOMaTH'IHOCTh H3JIY'JeHH.H, 

HO HY:lKHa ero BhiCOKa.H HHTeHCHBHOCTb. 

Bnrrrepbi 6biBaiOT .n:syx nmos. Mno2onoJ110CHbZe eu211epbz, 6orrhrnoH: .n:rrnHhi, 

aHaJIOrii'IHhi IIO CBOeH KOHCTPYKU:HH OH.[(YAATOpaM, HO IIMeiOT, COrJiaCHO (2.68) H 

(2.53), ropa3.n;o 6orrhrnee 3Ha'leune Mamnrnoro noAA (cpasun (2.64)), 

Bo > 21tmc
2 

= 1,07 Trr • 

ed d[cM] 
(2.69) 

O.n;uonorriOCHhie snrrrepbi, nrrn wupmepbz (shift- c.n:snr, aurrr., nMeeTc.H B sn.n:y c.n:~nr 
CIIeKTPa H3ITY'JeHmi), IIpOIIJ;e IIO KOHCTPyKUHH, HO TPe6YIQT .[(JI.H .[(OCTH:lKeHH.H TOll :lKe 

MOIIJ;HOCTH H3ITY'JeHH.H (npn 3a,[(aHHOH 3Heprnn) 6orree BhiCOKHX 3Ha'leHHH MarHHTHOrO 

IIOJI.H H3-3a JIX MeHbiiieH ,[(JIJIHhl (CM. QJOpMyrry (2.74) HJI:lKe). flo CYIIJ:eCTBy, 3TO IIpOCTO 

CUJihHOIIOJieBOH MarHUT. ,.Qrr.H KOMIIeHCaiJ;JIH ero BJIJij!HJI.H Ha ,[(BJI:lKeHJie 'laCTJIU: B 

HaKOIIJITerre IIIHQJTep CHa6:lKaiOT .[(BYM.H .QOIIOJIHHTeJibHhiMJI ITOJIIOCaMJI C MeHbiiiHM 

IIOJieM, HO 60JibiiieH IIpOT.H:lKeHHOCTJI B,[(OJih op6IITbl (pliC. 2.15), Bbl61Ipa.H 3Ha'leHJI.H 

IIOJI.H TaK, 'IT06bi JIHTerparr OT ITOAA B.[(OJih TPaeKTOpnn paBH.HJICH HYJIIO: 

00 

JBy(s)ds = Bg'axL0 +2B::P ·Lcomp =0. (2.70) 
-00 

3.n;eCb Bmax - MaKCHMaJihHOe 3Ha'leHne IIOAA Ha u;eHTPaJibHOM (Eo) H KOMIIeHCHpYIQIUHX 

(Bcomp) yqacTK~X rnmjnepa; Lo, Lcomp- 3QJQJeKTHBHbie .[(JIJIHhi yqacTKOB noAA: 

1 00 

L=- JB(s)ds. 
Bmax -oo 

a) 
X 

2 
1 ,.- -"'"':.l. 3 

-
___ ..,... ..... __ 

I e 
® 0 

Lo 
® I s 

Lcomp . Lcomp ~ 

6) r \ 
" ./ / s 

Puc. 2.15. CxeMa mmfJTepa H TpaeKTopHJI noJHTpOHa (e > 0!) B HeM (a), pacnpe,ll.eneHne MarHHTHoro 
noJlll (6). 2 - rnaBHDiii nomoc (none B0); 1, 3 - KOMneHcnpyromne ,ll.HnonLHhle MarHHTLI 
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YcnosJie (2.70) .HBAAeTC.H ueo6xo.n;JIMhiM, no ue .n:ocTaTO'IHbiM .n;nH rrorrnoH: 

KoMneucau;IIJI B03MymeHJIH TPaeKTopnii 'laCTJIU: norreM rnn«jJTepa. Ono "3auynHeT" 

TOJlhKO U3MeHeHJie IIOITepe'IHOH KOMIIOHeHTbi JIMIIYJibCa 'laCTHU:hi IIpH IIpOXO:lK,[(eHHH 

qepe3 IIIJIQJTep. Ho, aHarrOrJI'IHO TOMy, KaK 3TO IIpOIICXO,[(HT B OH.[(yAATOpe H 

".[(JIJIHHOM" snrnepe, 'laCTJIU:a, soo6me rosopH, cMemaeTCH B nonepe'IHOM 

uanpasnennii (eM. (2.49)) . ..QeH:cTBJITeJibHO, JI3 YPasneunH: (2.46) uaxo.n;IIM 

dx = dx(O) +-e- JB (s)·Sdt = dx(O) +-e- 'JB (s)dS, (2.71) 
dt dt ymc 

0 
Y dt ymc 0 Y 

r.n:e s - nepeMeHHM JIHTerpiipOBaHJIH. 0TCIO,[(a, IIOTPe6oBaB x(s ~ 00) = 0' npnxo.n;JIM 

K ycnosniO (2.70). CMemenne 'laCTJIU:bi B rnii«jJTepe, oqesii.n;no, pasuo 

t s(t) s 11 

x(s)= x(O)L+-e- fdt fBy(l;)dS ""x(O)L+-e- fdll fBy(s)dS, 
ymc o o ~ymc -oo -oo 

(2.72) 

11- TaK:lKe nepeMeHHM IIHTerpiiposanJIH (3.n;ecb yqTeHo, 'ITO B(±oo) = 0). TaKIIM 

o6pa30M, IIOHBJIJIOCh TPe6oBaHJie paBeHCTBa HYJIIO emop020 UHme2pa!la OT ITOJIH B,[(OJib 

TPaeKTopiiii B IIIJIQJTepe. 3TO TPe6osauJie aBTOMaTII'IeCKJI BbiiiOJIHHeTCH B .n:syx 

CJIY'JaHX: 

a) B(s) = B(- s) - CJIMMeTPJIH nonH IIIJIQJTepa OTHOCJITeJibHO cepe.n;JIHbi 

ITOJIIOCa 2 (TO'IKa S = 0, piiC. 2.15, a), 

0 "' 

6) JB(s }is= JB(s )ds = 0. 
0 

33,1].3'13 2.6. TIOKaJaTL, 'ITO npH BLinOnHeHHH O,ll.HOfO H3 ,ll.Byx ycnOBHH "a" HnH "6", KOOp,ll.HHaTLI 

'laCTHULI Ha BLIXO,ll.e lilHIIJTepa (s = ±oo) pasHa ee KOOp,ll.HHaTe Ha BXO,ll.e (s = -oo ). 

Koop,ll.HHaTa 'laCTOThl Ha BLIXO,ll.e mmiHep~ eCTL X (s = oo). Pa306LeM HHTerpan B (2.72) Ha ,l].Be 

'laCTH: 

a) 'l 0 ll co 11 

Int= Jthl Jny(l;}is= Jthl Jny(s)is+ JthlJB(I;}is. 
0 0 

B nepBOM cnaraeMoM npose,ll.eM JaMeny l1 ~ -T] n "nepesepHeM" npe,ll.enLJ. TionyqnM 

Int= fthl{fs(~;)ds+ Jn(s)as)= fthlfn(~;)is. 
0 '1 0 0 0 

Orcro.ll.a BII.ZJ.Ho, 'ITO Int = 0 npn ycnosnn "6". Ecnn JKe BLmonHeHo ycnosne "a" n, KpOMe Toro, paseH 

HYniO nepBLIH liHTerpan llOJlll, TO ycnOBHe "6" BLIUOllHJieTClJ aBTOMaTll'leCKll. )J;eiiCTBHTenhHO, 
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' H 

«> 0 aJ 0 00 «> • 0 

0= Js(s)d!-= Js(s)cir+ Js(s)d!-=-JB(-s)d!-+ Js(s)ds=2JB(s)d!-=2 Js(s)d!-. 
0 ~ 0 0 

TaKllM o6pa30M, ycnosne "a" npimO,liHT K ycnosmo "6" II, cooTBeTCTBeHHO, K paseHCTBY Int = 0. 

B cospeMeHHJ>IX BIIrnepax Ha csepxnposo;::vnn;IIx MarHIITax none .l{OCTIIraer 

Bo = I 0 Tn. 0.l{IIH II3 sapiiaHTOB BIIrnepHhiX II3JI}"'aTeneil: - KopoTKIIe .l{IITIOnDHJ>Ie 

MarHIITbl C IIOJieM TaKOro ypOBH11, KOTOpDie BCTpaJIBaiOTC11 B cpOKYCIIpYJOmyiO CIICTeMy 

HaKOTIIITeJia:, a pOJih KOMIIeHCIIpYJOIUIIX "cna60TIOJieBhlX
11 

MarHIITOB 1IrpaiOT OCTan:6Hble 

:meMeHThi :noil: crpyKryphr. Tio.l{o6HJ>Iil: sapHaHT HaKOITHTena: c 'leTDiphMa: 

( CllMMeTpii'IHO paCITOJIO)J(eHHhiMII ITO op6HTe) CIIJihHOITOJieBhiMII .l{lliTOJia:MII 61>m 

ITpe.l{JIO)J(eH ll ocymecTBJieH He.l{aBHO B HHCTUryTe a:.l{epHOH cpll3HKII HM. r.H. Ey.l{Kepa 

(HosocH6HpcK) .l{AA HaKOITHTerra: BESSY-II B EepnHHe (eM. § 2.4). 

IJOII5lpU3alJUR II3Jiy'leHII11 'laCTHUbl B ITepHO.l{H'leCJ$0M ITOJie TaK)J(e cymecTBeHHO 

3aBIICHT oT pe)J(UMa pa6oTDI scrpoeHHoro II3JI}"'aTerra:. B OHOY!lRmopax l'l!lOCKozo muna, 

paccMOTpeHHJ>IX BDIIIIe (piic. 2.11), ITomrp1I3an;Ha: !lUHeiiHaJI, II BeKTop Ed ITapanrrerreH 

seKTopy ycKopeHHa:, T. e. ne)J(JIT B ITrrocKocm (x, s) II ITepiTeH.l{nKyrra:peH BeKTopy By 

(cpaBHH pHc. 1.7). CymecTBYJOT cnupaJtbHbte oHoy!lflmopbz (pHc. 2.16), B KOTOphrx 

MarHHTHOe ITOJie II3MeHa:eT CBOe HaiTpasrreHHe C KOOp.l{IIHaTOH S ITO 3aKOHY 

Bx(s)=B0 cos2n~, By(s)=B0 sin2n~, IBI=B0 =const. , (2.73) 

Herpy.l{HO noHa:TJ>, 'ITO H3JI}"'eHHe H3 TaKIIX OH.l{yrra:Topos 6y.l{eT lJUPK}'!!RpHo 

no!!RpU3o6aHo. 

y 6) 
~ 
-~ 

I +tx I' I _..s 

X 
I 

--® 
"-----/ I "'---

0 

Pnc. 2.16. CxeMa npoCTeiirnero cnnpanLnoro OH):IyJ!liTOpa: qentpe nposo,liHIIKa, 
ljlopMIIpyiDIUIIX ,llllllOJILHOe TIOJie II CBepnynie B cnnpanL C rnarOM d B,liOJIL OCII S. 

a- nonepe'!HOe Ce'!eHne cnnpaJILHOro OH,llyJ!liTOpa nJIOCKOCTLIO S = 0, TIOKa3aHLI CIIJIOBLie 

JIHHIIH nonll; 6 -ll3Menenne seKTopa B c KOOp.llnHaToii s, paccroliHIIll (01), (23), (34), ... 

paBHLI 'leTBepm rnara (nepno.11a) cnnpann 
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IJomepu 3Hepzuu 3JieKrpoHa B 3Meil:Ke He 3asHca:T oT pe)J(HMa ee pa6oThr II 

oiTpe.l{eJUIIOTC11 see TOM )J(e cpopMyJIOH (28), KOTOpM .l{Jia: YJIJ>Tpaperra:THBIICTCKOH 

'!aCTHUhl (j3 "' 1) B npocrpaHCTBeHHO-nepHO.l{H'leCKOM MarHIITHOM IIOJie MO)J(eT 6J>fTh 

npe.nCTasrreHa B BH.l{e 

2 Lo 2 2 2 
D.es =-rrc~ JB2 (s)ds=· Y rc1 (B2 (s))·L0 , 

3 0 3 

r.ne rc1- KJiaccH'lecKnil: pa.nnyc 3JieKTpoHa; Lo - .l{JIIIHa 3Meil:KII; ( B
2 (s )) - cpe.l{Hee no 

.l{JIHHe MarHHTHOe ITOJie, KOTOpOe B CJI}"'ae IIJIOCKOrO OH.l{yl!a:TOpa (cpopMyrra (2.45)) 

pasHO 

B s =~ D.e _ Y rc1B0 L0 
( 

2( )~ B
2 

2 2 2 
undulator 2 ' ( B )undulator - • 

(2.74) 

3a,lla'la 2.7. O~eHIITh 3Ha'leHne noTepL 3Heprnn 3JieKTpOHa c 3Heprneii 8 [3B npn npoxmK,lleHim 

IIIIIlj>Tepa c MaKCllMaJILHLIM non eM 10 Tn 11 .liJIIIHaMII MarHIITOB Lo = 1 M, Lcomp = 2,5 M (pile. 2.14 ). 

lh yCJIOBIIll (2. 70) HaXO,llllM 

B;;"" ·~=-2Tn. 
B:;:,:P = - -2- Lcomp 

Toma 

2 2 2( L~ J ( max \2 l!.e8 ""-Y rc1 L0 +-- · B0 J ""10M3B. 
3 2Lcomp 

3):1eCL IICIIOJIL30BaHLI paseHCTBa 

rc~B2 = e2 ( eB
2 

)
2 

= e·4,8·10-10 ·300·(
300

. B[r~])
2 

= 4,983 ·10-
6 

• BfrnpB/cM. 
me 0,51·10 

3all.a'!a 2.8. O~eHHTL 3Heprmo ljloToHa, II3JIY'IaeMoro 3JieKTpOHOM s snmepe 3a,lla'III 2. 7. 

BocnoJILJOBaBIIIIICL ljlopMynoii (2.30), naii,lleM 

· 2 eB -16 ( 4 ] 10
5 

·300·3·10
10 

eht -hro0 =1iy -=6,6·10 ·1566·10 · , ""290K3B. 
P 0 on me ' 0,5 ·10 
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§ 2.4. CunxpoTponLI- HCTO'IHHKII CII. llpnMeneune CII 

K 2007 r. B Mnpe ,neikTBOBaJIO 6onee 100 cnuxpoTPOHOB- HCTO'IHHKOB CI1 n 

ern;e HCCKOllbKO ,I(CCHTKOB CTPOHllOCb. TaKHC HCTO'IHHKH HMCIOT BCC pa3BHTbiC CTPa

Hbl - CiliA, KaHa,na, repMaHHH, BennKo6pHTaHHH, !l>paHIIHH, I1TaJIHH, IIIseiiuapHH, 

JlrronHH, KopeH, TaiiBaHb - n neKOTOpbie TaK HaJbrnaeMbie "pa3BHBaJOrn;necH" - KnTaii, 

I1H,nHH, Cnurarryp, EpaJnnnH. B Poccnn ecTb TOllbKO ,nsa nccne,nosaTenbcKnx IIClfTPa, 

r,ne pa6omJOT cospeMeHHbie HCTO'IHHKH CI1 - I1HCTHTYf H,nepuoii rpH3HKH 

HM. r. 11. oy,nKepa Cn6npcKoro OT,neneHHH PAH B Hosocn6npcKe H PHQ 

"Kyp'laToBCKHii HHCTHTYf" B MocKBe. CTPOHTCH eme o,nnH cnnxpOTPOH B 3eneuorpa,ne 

rro.n MocKBOii. B Ta6nnue 2.1 uan6onee 3Ha'IHTenhHbie H3 unx rrpe,ncmsneubl B 

rropH,nKe y6hiBaHHH :mepmn 3RCKTPOHOB. Ha'IHHaH c 1960-x rr. HCTO'IHHKH CM 

rronyqruoT see 6onbiiiee pacrrpocTPaneune, u pacTeT ux HpKOCTb. TipnnHTo pa3nn'laTb 

'ICTblpC IIOKORCHHH 3THX HCTO'IHHKOB (puc. 2.17). KCDI<,L~;OC CllC,I(YJOIII;CC IIOKOnCHHC 

IIpHBO,I(HllO K IIOBbiiiiCHHIO HpKOCTH H3llY'fCHHH KaK MHHIIMYM Ha IIOpH,nOK. 3To 

,nocrnraeTCH uecKOnbKHMH crroco6aMu: 

- IIOBbiiiiCHHC 3Hepmu 3RCKTPOHOB (eM. (2.34), (2.35), (2.74); 

- rroBbiiiienue qucna qacrnu (ToKa rryqKa) (eM.§ 2.2); 

- YMCHbiiienue 3MHTiaHca rryqKa (eM. (2.39)); 

- YBCllH'ICHHC MarHHTHOrO 110M H IIpOTH)I(CHHOCTH 3MCCK (CM. (2.74)). 

Bee yKaJaHHbie rrapaMCTPbi B cuuxpoTPOHax B3aHMOCBH3aHbi, u ,nocTH)I(CHne 

MaKCHMaJibHOH HpKOCTH - ,neno rrporpCCCHOHaJibHOrO HCKYCCTBa rpH3HKOB H 

HH)I(euepoB, CTPOHrn;nx uaKorrnTenb - HCTO'IHHK CM. 

,!Vrn ucmo'IHUTW8 CH mpembe2o noKo!leHWl rrpnHHTbi KpnTepuu: 3MHTiaHC 

IIY'IKa ~ 10 HM H HpKOCTb ~ 3·1 016 CTan,napTHbiX C,I(HHHII. KpoMe TOro, HCTO'IHHKH 3-ro 

IIOKOllCHHH OCHaiiJ;CHbl BCTPOCHHbiMH mnyqaTCllHMH - BHrnepaMH H OH,IlyMTOpaMH. 

KaK y)l(e CKaJano, Bnrnepbi rro3BOMJOT reuepuposaTb )I(CCTKoe penTrenoscKoe 

H3nyqeHHC (6naro,napH BbiCOKOMY ypOBHIO MarHHTHOro IIOAA), ou,nyMTOpbi -

KorepenTnoe, no cpasunTenhno MHrKOe u3nyqeuue B peHTrenoBCKOM u Y!l>

,nuarraJouax. 

Hcmo'IHUKU 8mopo2o noKo!leHWl nMeJOT Menee )l(eCTKYJO rpoKycnpYJOmyiO 

CHCTeMy, He II03BOMIOIII;YJO C)l(aTb 3ReKTPOHHbiH IIY'JOK ,I(O TPe6yeMbiX M¥b~ 
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pa3MepOB H, COOTBeTCTBeHHO, IIOllY'JHTb BbiCOKYJO HpKOCTb H3nyqaTeM, KOTOpbiM 

HBMeTCH cryCTOK 3neKTPOHOB. 

10" ' • 

1021 

~ c a 1011 

<F. 

€~ lO"j . ~·~'""' or:. :.: ::;; 
c." I noKOJieuue 0:: ::;; 

~ 1012 

~ 
I= .. 
-a- 10' 

10' 

1940 1960 1980 2000 2020 
roA 

Pnc. 2.17. PoeT HpKOCTII IICTO'IHIIKOB CIIHXPOTJli:muoro 113JJY'leHIIJI no Mepe IIX coseprneucTBOBaHIIJI 

CTPororo (rrpnHHTOro) orrpe,nenennH ucmo'IHUK08 'lem8epmo2o noKo!leHWl neT. 

IJarn;e BCero K HUM OTHOCHT lla3Cpb1 Ha CB060,I(HbiX 3ReKTPOHax. I1uor,na K HCTO'IHIIKaM 

CM 'leTBepTOro rroKonennH rrpuqucnHJOT CaMbie MOIIJ;Hbie KOMrrneKCbi CM - SPRingS n 

ESRF, PETRA III, SOLEIL, DIAMOND (eM. Ta6n. 2.1 HH)I(e). 

Co BTopoii rronoBHHbi 60-x rr. rrpoiiinoro cToneTnH, Kor,na 6bma oco3nana . . 
B03MO)I(HOCTb HCIIOllb30BaHHH 3ReKTPOHHbiX CHHXPOTPOHOB B Ka'ICCTBe HpKHX 

HCTO'IHHKOB HHTeHCHBHOrO H HarrpaBneHHOrO 3ReKTPOMarHHTHOrO H3nyqeHHH, 

naqanocb aKTHBHoe rrpnMeneuue Cl1 B 3KcrrepnMeHTaJibHbiX nccne,noBaHHHX. BcKope 

6biiiH IIOHHTbl H ,I(OCTOHHCTBa Cl1 B TeXHOnOrH'IeCKHX IIpHllO)I(eHHHX, 'ITO, B CBOJO 

. O'lepe,nb, CTHMynnpOBaJIO pa3BHTHe CaMHX HCTO'IHHKOB (0 'leM CKa3aHO BbiiiiC -

puc~ 2.17, H Ta6n. 2.1). Cero,nHH CM CTaJIO o,nnuM m rnaBHbiX TexuonomqecKnx 

"HHCTpYMeHTOB11 B TaK Ha3biBaeMbiX HaHOTeXHOnOrHHX- HarrpasneHHH, IIOHBHBIIIeMCH 

C Ha'IaJIOM 3TOro CTOneTHH. CBOHM Ha3BaHHeM 3TH TCXHOllOrHH 06H3aHbl C,I(HHHIIC 
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Ta6nuua 2.1. Hau6onee coBpeMeHHbie ncToqHHKH cnnxpoTponnoro mnyqeHHH 

HcToqHl!K ron 3Hepnrn Ilepll- BcTPoeHHhle ql!CJIO 3M liT· MaKe. BpeMll ..RpKOCTbCH, 
(KOMnneKc) CH BBOna :meKT- MeTP, l!JJI)"'aTeJil! KaHaJIOB TaHc 3JI. TOK lKli3Hll cTaHJI. en. 

B pOHOB, M CH nyqKa, nyqKa, nyqKa, 
neficT- f3B HM MA q 

Bl!e rop./sepT. 
1 2 3 4 5 6 7 8 9 10 11 

HcToqHl!Kll 3-ro noKoJieHHH 
1 SPRing-S rum 1997 8 1436 26 KaHaJIOB CH Ha 20 3 100 100 1018-1020 

Nishi Harima OlfJIYJiliTOpHOM 
(Koyro, ..RnoHllll) l!3JI)"'eHl!ll; 

10 Tn sl!rnep 
2 APS - Advanced 2000 7 1104 17 OlfJIYJiliTOpOB, 68 82 100 7,5 > 1·1013 

Photon Source Bllrnep 
(AprOHHCKal! 
na6., CiliA) 

3 Photon Factory 1982 6,5 187 6 OHJIYllliTOpOB, 21 36 770 20 3·1013_3·1017 
KEK (lzyKY6a, 2,5 1 Bl!rnep 
..RnOHllll) 

4 ESRF (fpeHo6Jib, 1990 6 300 67 OHnyJiliTOpOB, 47 (42) 4/0,03 200 4·10 19 -3,8·1020 

<I>pamum)_ 6 Bl!rnepos 
5 NSLS- National 

Synch. Light 1·1014_2·1018 

Source 
(I>pyKxei1:BeH. 
na6., CiliA) 

X-Ray Ring 1982 2,8 2 OHJIYJiliTOpa, 71 20 500 -
VUVRing 1990 0,8 2 Bl!rnepa 850 5 

6 PLS-Pohang 1995 2,5 280,5 B11rnep, 12 12 400 15 2·10 12-~,5·10 17 

Light Source OHnyJiliTOpbl 
(IloxaHr, 
IO. Kopel!) 

~------------------------------~--------------------·~-~------------st·'···---1 
I 2 3 4 5 6 7 8 9 10 11 I 

7 ELETTRA 1999 2,4 259,2 10 OHJIYJiliTOpOB, 25 (21) 8,3 140 28 8·1012-1·1015 

(Tpl!ecT, HTaJillll~ 2,0 3 Bllfnepa 320 8,5 
8 SLS-Swiss 2001 2001 252 OHJIYJiliTOpbi 11 1 400 4 3·1015-1,5·1020 

Light Source 
(Brmnurefl, 
lliBefiuapl!ll) 

9 ALS -Advanced -1995 1,9 196,8 7 OHJIYJiliTOpOB, 17 6 400 5 1·1013 -1·1018 
Light Source BllfJiep 240 13 
(I>epKJill, CiliA) 

10 BESSY II 1997 1,9 240 14 OlfJIYJiliTOpOB 78 6 300 8 2·1014-3·1018 

(I>epnl!H, 
fepMaHI!ll). 

11 DIAMOND 2007 3,0 561,6 ,lJ;O 22 OHJIYllliTOpOB 30 2,7 300 10 
(Bapl!HITOH, 
BeJil!Ko6pl!TaHl!ll) 

12 SOLEIL (L'Orme 2006 2,75 354,1 OlfJIYJiliTOpbi 24 3,74 500 24 S·l01s_2·102o 
des Merisiers, 
<I>paHUllll) 

HcroqHl!KU 2-ro noKOJieUl!H 
1 DORIS III -1988 4,45 289,2 3 OH,ZzyllHTOpa, 47 (42) 404 120 3·1013 (15) 

(DESY, 2 BHrmepa 1-1015 (20) 
raM6ypr, 1-1016 (3) 
repMaHHH) 

2 SPEAR3 -1986 3 234,14 6 OH,Zzylll!TOpOB 3 17 500 18 (7,48) 
(SLAC, 
Cnmpop.11, 
CiliA) 

3 B3llii-4M -1986 3 450 - 3 200 100 -8 ? 
(HOBOCH6HpcK, 
PoccHH) 
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,wiiiHbl HaHoMemp (1 HM = 10-9
M), a npn:CTaBKa HaHO npOHCXO)liiT OT rpeq. nanos 

(KapnuK). Ha:maHn:e 03HaqaeT, no TaKue TexHonorun nMeiOT .ueno c o6neKTaMn, 

xapaKTepHDie pa3Mepni KOTOpbiX nopMKa 1-10 HM. HanoMHHM, qTo pa3Mep aToMa 

paBeH npuMepHO O,OS·A 113 
HM, r.ue A - aTOMHhiH sec. TaK qTo o6neKTbl B 

HaHOTeXHOJIOrmiX IlMeiOT pa3Mepbl BCero JIIllllb ~eCRTKa- COTHH aTOMOB. 

ITepeqeHh npuMeHeHufi CH oqeHb o6mupeH. BocTPe6osaH .uuanaJoH MHH sonH 

CH oT uHippaKpacHoro .uo peHTreHoBcKoro. HaJoBeM nHIIIh 6orree pacnpocTPaHeHirble 

cero.umr o6nacTH npuMeneHHR CH u xapaKTepucTHKH ucrronb3yeMoro B HHX 

H3nyqeHIIR (Ta6n. 2.2). 

HanoMHHM npuHRTbie B cneKTPOCKonuu coKpaureHHR: 

HK- umppaKpacnoe lf3JiyqeHue, 

Y<I>- ynnTpacpuoneToBoe u3nyqeHue, 

BY <I>- "saKYYMHbiH ynnTPacpuorreT" (norrromaeTcR B B03Ayxe). 

Ta6nmra 2.2. IlpuMepbi npnMeHeHHR CH 

0oJiaCTh DpHMCHCHHH 

1. 51.zrepHM cpH3IIKa 

2. ATOMHM cpu3HKa 

XapaKTepucTnKu CH 

)l(ecTKHH peHTreH lf3 BHrrrepoB, 

f:photon;::: 300 K3B 

HK + MRrKHfi peHTreu 

3. <I>H3HKa KOH)leucupoBaHHhiX cpeA I PenTreH 

3.1. <I>u3HKa nosepxHocTu 

3.2. KpucTarrrrorpacpuR 

4. XHMHR 

5. Euocpu3uKa 

6. MeAHIIuna 

7. TexHorrornu MaTepuarroB 

8:MHKp03JieKrpOHHKa 

9.MlfKpOMeXaHHKa 

BY <I> 

HK + peHTreH 

" 

PeHTreH 

PeHTreH 

Y<I>, peHTreH 

" 
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r JIABA III. HJJiyqEHHE 3AP5DKEHHbiX liACTHIJ; B CPE,ll,E 

,[{o CHX IIOp 6oJJIH paCCMO'rpeHbl ,nBa Kpail:HHX CJI)"'rui: 

1) 'laCTIII~a ll3JiyqaeT, HaTOJIKHJBIIIHCb Ha rrpeii.SITCTBHe - peHTreHOBCKOe 

TOpM03HOe II xapaKTepHCTH'leCKOe ll3JiyqeHHe, 

2) qaCTHL(a ,nBH)l(eTC.Sl B BaKyJMe II H3JiyqaeT IIO,n ,neil:CTBHeM BHeiiiHero 

MarHHTHOfO IIOJI.Sl. 

B :noli rrraBe Mbi o6cy,nnM !}ln3HKY HJrryqeHH.SI qacmu;OI, ,nBn~eil:c.SI B .nocTaTO'Illo ' 

"rrpo3pa'1Hoil:" ,nrr.SI Hee cpe.ne, TaK 'ITO qacTnu;a He ucqeJaeT, a MO)l(eT rrpoxo.nnn 

CKB03b cpe,ny. 

§ 3.1. lhny'lenue Baunnosa-qepenKoBa 

3!}l!}leKT BaBnrroBa-qepeHKOBa rrpe,ncTaBJI.SieT co6oil: uJrryqeHne Jap.SI)l(eHiioil 

qaCTHL(bi, ,nBH)l(yiL(eHC.Sl B cpe,ne C IIOCTO.S!HHOH CKOpOCTbiO. l1CTOpH.S! OTKpbiTH.Sl 

3!}l!}leKTa .SIBJI.SieTC.SI rrpeKpacHbiM u rroyqnTeJibHbiM rrpnMepoM TIL(aTeJioHoro rro.nxo.na K 

3KcrrepnMeHTaJibHOMY uccrre,noBaHHIO (eM. [3]). B Haqarre 30-x rr. C. l1. BaBnrroB ~ ero 

acrrupaHT II. A. qepeHKOB rrpoBo,nurru 3KcrrepnMeHTbl no nJyqeHHIO !}lmoopecu;eH!-liUi 

)l(ll,nKOCTeH IIO,n ,neil:CTBHeM faMMa-H3JiyqeHH.Sl pa,nH.SI. qepeHKOB ofipaTHJI BHHMaHHe Ha 

He06bl'lHOCTb ll3JiyqeHH.Sl, CBOHCTBa KOTOporo cyiL(eCTBeHHO OTJIH'laJIHCb OT 

!}lmoopecu;eHu;nu. BaBnrroB c.nerrarr rrpe.nrrorro)l(eHne (1934 r.), 'ITO Ha6rriO,naeMoe 

BH,nHMOe ll3JIY'leHHe .S!BJI.SieTC.Sl TOpM03HbiM ll3JI)"'eHHeM 3JieK'rpOHOB, BblfiHBaeMbiX 

raMMa-rryqaMn H3 aTOMOB. l1 TOJibKO -rpu ro):(a crrycT.SI TaMM u <llpaHK ):(aJIH 

o6b.SICHeHne MexaHH3Ma uJrryqeHH.SI, o6Hapy)l(eHHoro B 3KcrrepnMeHTe. l13rryqarrli 

):(eHCTBHTeJibHO 3JieK-rpOHbi, BbifiHTbie faMMa-rry'laMH, HO MeXaHH3M ll3JIY'leHH.Sl 6oiJI 

"' \l COBCeM llHbiM. 

CxeMa 3KcrrepliMeHTa BaBnrroBa-qepeHKOBa rrpe,ncTaBJieHa Ha puc. 3.1. 

Pa.nneBbiH rrperrapaT rroMeiL(arrC.SI B O):(HO H3 ):(Byx rroJIO)l(eHnil: Rt. R2 ):(JI.Sl nJyqeHH.Sl 

3aBHCHMOCTH CBe'leHH.Sl OT HarrpaBJieHH.Sl IIOTOKa faMMa-rryqeil:. CTeHKH cocy_na 'li 
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rrO):(CTaBKa IIOfJIOIL(aJill aJio!}Ja-qacTHL(bl ll 3JieK-rpOHbl ll3 HCTO'IHHKa, TaK 'ITO B cocy_n 

npOHHKaJIO TOJibKO faMMa-H3JiyqeHHe. 

D C 

PA---0--~-A~ d:H--- --1 !!,)_L.::.::::J 
1 1 Lz L3 
: : K 
I I 

lc:;lLt 
I I 

.. o. 
),.. Pnc. 3.1. CxeMa JKCnepliMeJITa BaBIIJJOBa-1IepeH

KOBa. A - ruJaTHHOBbiil: cocy.ll c nccneeyeMoil: 
lKll.llKOCThJO; B- ,llepe8liHHal! no,llCTaBKa; Rt. R2 -
naJhi Mll pa:!Mell(eHHll panneBbiX ncTOqHnKos; Lt. 
L2, L3 - JIHH3hi; P - npn3Ma; D - .lllla!jlpama -
JJieMeHThi omnqecKoil: cncTeMbi Ha6JIJOAeHlll!; K -
omnqeCKllll KJiliH AJill li3MepeHlll! OTHOCHTeJibHOll 
llpKOCTH nmyqeHlll!; C - cseTo!jJIIJJhTp; G -
"npli3Ma rnaHa" AJill li3MepeHlll! ll0Jil!pll3aUHll 
~eHlll! 

qepeHKOBCKOe ll3JI)"'eHHe, KaK ero Terrepb IIpHH.S!TO Ha3biBaTb, B03HHKaeT, 

KOr):(a CKOpOCTb 'laCTHL(bl rrpeBOCXO):(HT CKOpOC1b CBeTa B cpe):(e, CKB03b KOTOpYIQ OHa 

):(BH)l(eTc.SI. 0TCIO):(a crre):(yeT, 'ITO B BaKYYMe 3!}l!}leKT BauurroBa-qepeHKOBa He 

HafiJIIO):(aeTC.Sl. Y CJIOBHe B03HHKHOBeHH.Sl qepeHKOBCKOfO H3rryqeHH.Sl He'fPY):(HO 

rrorryquTo H3 rrpocTOii "nHTep!}lepeHu;noHHoii" cxeMOI (puc. 3.2). IIpe):(rrono)l(HM, 'ITO 

qacmu;a, ):(BH)l(yiL(ruiC.SI co CKopocTbiO v = const, ucrrycKaeT (no KaKoil:-To rrpuqune) 

ll3JiyqeHHe B Ka)l():(Oll TO'lKe CBOeil: -rpaeKTOpHH ITO):( yrrrOM 8 K BeKTopy V. l13Jiy'leHHe 

~ }V < <= ~ V 1 ~ s 
4 

Pnc. 3.2, CxeMa !jlopMnpOBaHllll !jlpoHTa 
qepeHKOBCKOro ll3nyqeHllll 

113 Ka)l():(OH TO'lKII ):(OCTHraeT IIJIOCKOCTH, OpTOrOHaJibHOH JlY'!Y 11' (pnc. 3.2), 

O,nHOBpeMeHHO, eCJIII O'rpe3KII (11'), (22'), (33') II T. ):(. y):(OBJieTBOp.S!IOT paBeHCTBaM 

(ii'}= (i4}·cos8, i = 1, 2, 3, 4, ••• (3.1) 
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Bblpa3IIM 3HaqeHIIH O'rpe3KOB qepe3 3HaqeHIIH CKOpOCTII CBeTa B cpe,D;e Cn II qacTIIU:bi: 

(ii')=cn·M;, (i4)=v·M;, (3.2) 

r,D;e M;- BpeMH npOXO)K):IeHIIH CBeTOM B Cpe,D;e II qacmu;eil: COOTBeTCTBYJOIUIIX O'rpe3KOB 

(ii') II (i4); en = c/ n - cKopocTb CBeTa B cpe,D;e; n. =.[Eli. - nOKa3aTerrb nperroMrreHIIH 

cpe,D;bi; E II !.1 - ,ll;II3JieK'rpiiqecKaH II MarHIITHaH npOHIIIJ;aeMOCTII cpe,D;bl. IJO,D;CTaBIIB 

3HaqeHIIH (ii') II (i4) B (3.1), Hail:,D;eM yc;weue popMupoeamm <~epeHK06CKf!Zo 

U3llY'Iemm: 

e• 1 v 
cos =-:$;1, P=-, 

Pn. c 
(3.3) 

r,D;e 8* - yrorr, llO,ll; KOTOpbiM B03HIIKaeT II3rryqeHIIe. 0TCIO,D;a CJie,D;yeT, 'ITO 3TO 

II3JiyqeHIIe B03HIIKaeT TOJibKO npii ,ll;OCTaTOqHo 60JibiiiOH CKOpOCTII qacTIIU:bi B 

,ll;OCTaToqHo llJIOTHOH cpe,D;e: 

p ~_!_ (3.4) 
n. 

,[{rrsr y,D;arreHnoro Ha6rriO,D;aTeJIH qepenKOBCKOe II3rryqeniie npe,D;cTaBrrHeTCH B BII,D;e 

KOJibU:a PMYiKHOH OKpaCKII, u;eHTP KOToporo JieiKIIT Ha llpHMOH, COBIIa,ll;aiOIIJ;eil: C 

BeKTopoM v. PMYiKHaH oKpacKa B03HIIKaeT II3-3a ,D;IIcrrepciiii ITOKa3aTeJIH 

rrpeJIOMJieHIIH: 3aBIICIIMOCTb n(A_) npiiBO,ll;IIT K TOMy, qTO yroJI 8 TaKiKe CTaHOBIITCH 

«!JynKu;IIeil: ,li;JIIIHbi BOJIHbi A.. 3m iKe 3aBIICIIMOCTb orrpe,D;eJIHeT TOJIIUIIHY KoHyca 

qepeHKOBCKOfO II3JiyqeHIIH, IIJIII, TOqHee, Y211060U pacmeop KOHIIqecKoro CJIOH, B 

KOTopoM neiKIIT mrryqeHIIe. Ero Hail:,D;eM II3 ycrroBIIH (3.3): 

~O= 1 dn -~A.. 
pn; sine· d)... 

(3.5) 

,[{JIIIHa «!JopMIIpOBaHIIH qepeHKOBCKOfO II3JiyqeHIIH, KaK II CIIHXpO'fPOHHOro, 3aBIICIIT OT 

reoMeTpiiii cxeMbi Ha6JIIO,D;eHIIH - oT ,D;JIIIHbi O'fPe3Ka TPaeKTOpiiii, c KOToporo 

II3JiyqeHIIe npiiXO,ll;IIT B TOqKy Ha6JIIO,D;eHIIH. IJpaB,D;a, Terrepb 3Ta ,ll;JIIIHa 3aBIICIIT OT 

i't BerrnqnHbl ClleK'rpaJibHOfO IIHTepBarra ~A, B KOTOpOM Ha6JIIO,D;aeTCH II3JiyqeHIIe. IJpn 

~8 « 8* II ~-~ « (~ + ~)/2:: L, li3 reoMe'rpiiii puc. 3.3 HaxO,ll;IIM 

lrorm = ~ cos81 - ~ cos82 ""Lsine• • ~8, 
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Puc. 3.3. Yrnoaoil paCTBop L\9 
'lepeHKOBCKOro H3JI}"'eHIDI ll JU!l!Ha 

lj>opMHpOBamrn l'rorm 

1 r , .... ,_31 .£.r , V2 3 s 

l'rorm 

IIJIII, C yqeTOM (3.5), 

L diz ·~"-. 
f form = pn; d)... (3.6) 

j(JlumellbiiOCmb 6CnbllUKU qepeHKOBCKOfO II3JiyqeHIIH HBJIHeTCH BaiKHOH 

xapaKTepiiCTIIKoil:. BocnoJih30BaBWIICb puc. 3.3, HeTf>Y,D;HO norryqiiTb ee 3HaqeHIIe: 

MP = ~ -(frorm + Lz), c& ::.!:.... 
c. v c. n. 

Ilo,D;CTaBIIB CIO,D;a L1, 2 = L ± M, M << L n lrorm (3.6), IIMeeM 

MP =2M n~ _ Lsine• ~e. 
c v 

3HaqeHIIe M Hail:,D;eM II3 'rpeyrorrbHIIKa 1P2: · 

~ sin82 M • 
-=--, OTKY,D;a 2-.,.ctgO -~e. 
~ sin81 L 

(3.7) 

T. K. 82 = el + ~e = e· +~e. ~e << e·. IIo.ncTaBIIB 3HaqeHIIH 2M II ~e (3.5) B (3.7) II 

yqiiTbiBaH 3HaqeHIIe cosO* (3.3), IIpiiXO,li;IIM K BbipaiKeHIIIO . . 
L 1 dn 

M - ~ r-·~A. P - c J32n; J32n; -1 d/.. · 
(3.8) 

3:1,lla'!a 3.1. OneHIITL 3Ha'!eHIUI a·, yrnoaoro paCTBopa, JUIHH lj>opMHpOBaHIDI H JUIHTeJihHOCTH BCilhiWKH 

'lepeHKOBCKOro IOJiy'leHIUI YJihTpapeiDITHBHCTCKOH 'laCTHUhl B BOJ(e npH Ha6JIJOJ(eHHH IOJiy'leHIUI B 

BHJIHMOM CBCTe C pacCTOl!HIDI L = 10 M. 

AM BOJII>I noKaJaTeJih npeJioMJieHIDI HMeeT cneJIY!OmHe 3Ha'leHIUI a BIIJIHMOH o6nacTII cneKTpa: 

At= 0,4358 MKM, n.(A.,) = 1,3402, 

A2 = 0,6563 MKM, n8{) .. 2) = 1,3310. 
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}:V!ll3a.D.aHHbiX 3Ha'!emfli n.(A.), L 11 npiiHIIMaJ!fl = 1,_113 (3.3), (3.5), (3.6) mixOJliiM 

e· = 41°3 7' (0,725 pa,ll), .1.9 = 26, 7' (7 ,8 Mpa.ll), fronn = 5, I CM, .1-t ,., 0,22 HC. 

Tenepb BbiHCHIIM, KaK :>Ke B03HIIKaer YJ:epeHKOBCKoe II3JIY"'eHne. ~mr :noro 

uail:~eM IIHTeHCHBHOCTb :noro H3JI)"''eHmi II CHJJY TOpMO:>KeHml YJ:aCTIIUbl B cpe~e no~ 

~eiicTBIIeM II3JI)"''eHIHI. Bocnorrb3yeMcx no~xo~oM, npe~rro:>KeHHbiM JI. ~- Jiau~ay [3], 

KOTOpbiii OTJIHYJ:aeTcx oT IIcnorrb30BaHHoro B opiirnHarrbuoii pa6oTe 11. E. TaMMa n 

11. M. t:l>paHKa [3), II ~~liM HeCKOJibKO ynporueHHbill BbiBO~ Ha OCHOBe ::noro no~o~a. 

3anHIUeM ypaBHeHH5I ~AA noTeHUHaJIOB nOJI5I 3ap5r:>KeHHOll YJ:aCTHUbl, 

~BH)KYJ:Ueiicx B Cpe~e C nOCTOXHHOll CKOpOCTbiO V : 
2- . ' 

A -:; l':f.l. a A 4n -..,(- _ ) 
LU1--·-_.-=--. _-, J.l.evu r -vt, 

c2 dt2 c 

A l':f.l. a2<p -4 e "'(- - ) u<p--·--= 1t-u r-vt, 
c2 dt2 e 

(3.9) 

r~e o(.R) - TPeXMepHa51 ~eJibTa-<!JyHKUHX; r- p~nyc-BeKTop TO"'KH npOCTPaHCTBa, B 

KOTOpoil: 
11
H3Mep5IIOTC51

11 
noTeHUHaJibi: Kffi<,. Mbl BH~eJIH, ~IICnepCH5I~ nOKa3aTeJI5I 

npeJIOMJieHII5I ne = n,( (I)) IIrpaeT cyrueCTBeHHyro pOJib B "'epeHKOBCKOM II3JI)"''eHIIII. 

fi03TOMY eCTeCTBeHHO npOII3BeCTII <!Jypbe-npeo6pa30BaHIIe, T. e. npe~CTaBIITb 

noTeHUIIaJibl B BII~e cynepn03IIUHII nJIOCKHX BOJIH (k, 'ro) •) 

A= {2~Y/2 JA(f)~e;(kr-rot)d3k, 

<p = {2nY/2 J<r(f). e;(k"r-rot)d3k. 

AuarrornYJHO, TPeXMepua5r ~eJibTa-<!JynKUIIX MO)KeT 6biTb npe~cTaBrreua B BII~e 

'l J.11eci. Mb111Cnoni.3yeM "ciiMMeTJlli.'III)'IO" cpopMy 3aniiCIIIIHTerpanos cllyp1.e 11 cpypi.e-o6pa3os: 

J(x)= ~ jJ(k}e;"dk,' J(k)= ~ jJ(x}e-'"dx. 
v2 -~ v2 -~ 

TaKaJI cpopMa B JlaHHOM cnyqae y.11o6nee o6menp11HliTOii 

J(x)= jJ(k};"dk, J(k)=_!_ jJ(x}-;"dx. 
-co - 21t -a) 
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(3.10) 

·l 

~ 
) ., 
·'I 

I• 

L. '? ·~ 
i' 

't 
i. .~. ~ 

i• 
~~ ;. 

,f 
~

~ ~. 

J ·.: ! . ( 

1 \ 
1. I 
~f". ~ ' 

k. . 
,t_.' 

l 

) 

o(.R)= (2~yfz Jo(k)·e;k"iid3k, (3.11 

r~e 

o(f)= (2~Y'2 fo(.R}.e-ikiidv = (2~Y'2. 

IIo~CTaBmiH B npaByro YJ:aCTb nepBoro H3 COOTHOIUeHIIll (3.11) R = r- vt, IIOJI)"''ae! 

nOKa3aTeJib 3KCnOHeHTbl B BII~e (kr- kvt) II, CpaBHIIBa51 3TO Bbipa:>KeHIIe 

nOKa3aTemiMII 3KCnOHeHT B (3.1 0), HaxO~HM (I)= (k, V )= kvcos8*. C )"''eTOM 3HaYJ:eHH 

yrrra e• (3.3) IIMeeM 

kv 
ro=-. 

~n, 

IIo~cTaHOBKoii <!Jypbe-prorro:>Kennii (3.10), (3.11) B ypaBneunx (3.9) uaxo~M 

A(k)= fi. CJ.I.ev <pfk)= fi.~c2e-'----=/c.--=-f:;; c2e -n2ro2 ' ~ v; c2k2 -n2ro2 • 
£ £ 

fiO~CTaBIIB noTeHUIIaJibl (3.10) B Bblpa:>KeHIIe MX 3JieKTPII"'eCKOro nOAA 

Hall~eM, HCnOJib30BaB (3.13), 

E=-1 a] -;;.at- V<p, 

- 2 _ kc 
rov-7 

£(f)= i: A(f)-ik<p(k)= iJ!J.I.e c2k2 -niro" · 

(3.12 

(3.13 

(3.14 

(3.15 

t:l>ypbe-KOMIIOHeHTa CHJibl TOpMO)KeHHX, ~eiicTByrorueil: Ha "'aCTHUy, onpe~eAAeTCj 

TOJibKO 3JieKTPH"'eCKHM norreM: F.-ad(k )= eE(k ), OTKy~a (r = vt) 

_ kc2 

rov---
- iJ.1.e2 n2 
f".ad=--2Jd 3

k22 ; •• 
2n c k -n,ro 

(3.16: 

IIpe~CTaBHM Tenepb BeKTop k B B~e k = k, + ij, k2 = k; + q2 , r~e ocb s uanpasrrem 

no V. 113 C006pa:>KeHH5I CHMMeTpHH 5ICHO, "'TO CHJia F.-ad HaiipaBJieHa B~OJib OCH S 
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npopeccopoM 6a30BOU Kapeopbl MHP3A 

pu3u11ecKUX ycmaHoBoK» npu YHa OHJIH 

If. H. MeUJKOBblM (OHJ!Jf) 
u3oaHuro 3KcnepmHou KoMuccueu YHa OHJIH 

'nuun-u3oame.JlbCKUM coBemoM MHP3A. 

.. _ .. ~~~mzv 3ap5DKeHHbiX qaCTHU: Yqe6. noco6He.-

--~-"mT OITHCaHHe <l>H3HqeCKHX 11pHHUHI10B H MeTO,L\OB re
H3JiyqeHHji 3apji)KeHHb!MH qaCTHUaMH, ,L\BH)KYJUHMH

ITOJie HJIH cpe,n;e. PaccMOTPeHbl OCHOBHbie BH,L\hl ' 
TOpM03HOe, CHHXPOTPOHHOe (BKJIJOqaji H3JiyqeHHe B BH

qepeHKOBCKOe, rrepexo.n;Hoe,rrapaMeTPHqecKoe; rrpHHUHIT 
t601!Hb!X 3JieKTPOHax. 

,L\Jlji cry,n;eHTOB H aCITHpaHTOB HH)KeHepHbiX H <l>H3H-

Relativistic Charged Particles: Textbook. - Dubna: 

a description of physical principles and methods of the 
generation by charged particles, moving in an electromag

kinds of the radiation are considered: Roentgen radia
(including one in wigglers and undulators), Cherenkov, 

trddiation and the principle of free electron laser operation. 
to thfostudents and PhD students of physical and engineer-

© 05Le}:IHHeHHLIH HHCTHlyr ll.llepHLIX 

HCCJie}:IOBaHHH, 2008 

(-) 1 I (-) ikR 3 0 R = (21tY/2 ok ·e d k, (3.11) 

r.ne 

?lk)=-1- Jo(R}.e-;iR.dV = ( 1\3/2. 
~ (21t Y'2 21t' 

ITo,n;CTaBJIAA B rrpasyro qaCTb rrepsoro H3 COOTHOIDeHHH (3 .11) R "== r - v t' rronyqaeM 

110Ka3aTeJih 3KCI10HeHThl B BH,L\e (kr - kvt) H, CpaBHHBM 3TO Bb!pa)KeHHe C 

110Ka3aTeiDIMH 3KCI1pHeHT B (3.10), HaxO,L\HM (I)= (f, V )= kvcos9*. C yqeTOM 3HaqeHHa 

yma e• (3.3) HMeeM 

kv 
ro=-. 

Pn • 
ITo.n;cTaHOBKOH <!>ypbe-paJJIO)KeHHH (3.10), (3.11) B ypasHeHHa (3.9) Haxo.n;HM 

-(-) /2 q.tev (-) {2 c
2
e/& 

A k = 'J;. c2e -n2ro2, <p k = 'J; ·-c2=-k-=2-_-'-n-=2-ro~2. 
£ £ 

ITo,n;cTaBHB rroTeHUHaJihi (3.10) s Bbipa)KeHHe .LIJljl :JJieKTPuqecKoro noM 

Haii.n;eM, IicrroJII>Josas (3.13), 
I 

E=-1 a1 ~-at- V<p, 

_ kc2 

rov-7 
.E{f)= iro 1(f)-ik<p(k)= it~e c2k2 _ nffm~ · 

c 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

<l>ypbe-KOMllOHeHTa CHJibl TOpMO)KeHHji, ,n;eHCTBYJOIUeH Ha ,qacTHUy, orrpe,n;eMeTCa 

TOJihKO 3JieKTPHqecKHM ITOJieM: F.-ad (f)= eE(k ), OTKy,n;a (r =VI) 

_ kc2 

rov---
- i~2 3 n2 
F.ad=--2 Jd k 2 2 ; 2" 

27t c k -n.ro 
(3.16) 

11pel{CTaBHM Terrepb BeKTOp k B BH.D:e k = k
3 
+ q, k2 = k; + q2, r,n:e OCb S HarrpasJieHa 

110 V. J-b C006pa)KeHHa CHMMeTPHH j!CHO, qro CHJia F.-ad HarrpaBJieHa B.D:OJih OCH S. 
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Ilo.ncnunm B (3.16) 3HaqeHIIe d 3k = 2rrqdqdro/v II nepexoJUI B (3.16) K 

IIHTerp1IpOBaHIIIO IIO q II Ol, Haii,neM 

i!J.e
2 oo ( 1 )oo d F.-ad=-- Jrodro 1-22 J q2 q = 

1t -oo n.~ oc2q2_!E_fn2n2_ 1) ~2 \P & (3.17) 

· 2 oo ( 1 ) [ 2 ~q;oo 
= IIJ.e 2 Jrodro 1-22 ln c2q2 - m2 ~

2n; -1) . 
27tc _

00 
n.~ n p q;O 

IlOCKOJibKY <jm31IqeCKIIe IIOIDI, IIOTeHIJ;IIaJibl II, COOTBeTCTBeHHO, CIIJia TOpMO)I(eHIIH -

,neii:CTBIITeJibHble BeJIIIqJIHbl, TO IIX cpypbe-KOMIIOHeHTbl (KOMIIJieKCHbie cpyHKUIIII) 

y,nOBJieTBOpHIOT COOTHOIIIeHIIHM 1(-f)= A'(k), <p(- f)= <p'(f). Ilo3TOMY (3.17) 

MO)I(HO IIHTerp1IpOBaTb IIO Ol B npe,neJiax (0, 00) II B3HTb y,nBOeHHJIO ,neii:CTBIITeJibHJIO 

qacTb IIOrryqeHHOrO Bblpa)I(eHIIH. 0TCIO,na CJie,nyeT, ~0 Bima,n B CIIJIY TOpMO)I(eHIIH 

,naeT TOJibKO MHIIMaH qaCTb IIHTerparra, eCJIII apryMeHT rrorap1IcpMa OTPIIIJ;aTeJieH, ~0 

llMeeT MeCTO Ha HII)I(HeM IIpe,neJie q = 0 IIpii YCJIOBIIII ~no :2: I, T. e. IIpii ycrrOBIIII 

qepeHKOBCKOro II3JiyqeHnH (3.4). Tor,na MO)I(HO BOCIIOJib30BaTbCH II3BeCTHbiMII 

COOTHOIIIeHIIHMII ,niDI KOMIIJieKCHbiX BeJIIIqiiH Z:') 

Im(ln(- Z)) = Im(lnZ)± 1t. (3.18) 

B pe3yJILTaTe norryqaeM 

2 roo ( I ) 
F.-ad=±ll; Jrodro 1 ~2n;(ro)' 

0 . 

(3.19) 

r.ne rpaHIIqJiaH qacTOTa ro0 onpe.nerrsreTCH II3 ycrroBIIH qepeHKOBCKoro II3rryqeHIIH 

~no( roo)= 1. 3HaK MIIHYC. COOTBeTCTBYeT TOpMO)I(eHIIIO qaCTIIIJ;bl II II3JiyqeHIIIO eiO 

:meKTPOMarHIITHblX BOJIH, a 3HaK IIJIIOC - o6paTHOMY npou;eccy, T. e. IIOrJIOIIJ;eHIIIO 

qacTIIIJ;efi IIa,naiOIIJ;efi Ha Hee BOJIHbl II ttepeHK06CKOMY YCKOpeHUIO. 

CooTHOIIIeHIIe (3.19) yKmLmaeT Ha peiiiaiOIUYIO porrb ,niicrrepciiii, KOTopasr 

OrpaHIIqJIBaeT ,niiaiia30H II3JiyqaeMbiX qacTOT. B OTCyTCTBIIe ,niiCIIepCIIII ffio = 00 II CIIJia 

TOpMO)I(eHJIH OKa3aJiaCb 61>1 6eCKOHeqHOll. 

'> 3TO paBeHCTBO nenm nonyq!ITL, npeACTIIBIIB KOMnneKCHYJO nenwnmy Z B Bll.!le Z = IZI· e'f. TorAa 

- Z = IZI· e'(f±•), qm n npimOAIIT, nocne norapmpMHpOBaHIDI, K paseHCTBY (3.18)., 
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"" 

ITo nopH,IU<y BeJIIIqiiHbl, KaK BH.ZUIO II3 (3.I9), CIIJia TOpMO)I(eHIIH pasHa (ll"" I) 

r.ne 

e2 ro~ . 2 • e2 . 2 • 
F ---·-Slll e =--sm e rad c2 2 A~ • 

Ao=~: 
mo 

(3.20) 

Cl>II31IqeCKJill CMbiCJI 3TOll OIJ;eHKII oqeHb IIpOCTOfi: TOpMO)I(eHIIe qaCTIIIJ;bl 

Bbl3biBaeTC51 HaTH)I(eHIIeM CIIJIOBblX JIIIHIIll IIOJIH, 
11

0TCTaiOIIJ;ero" OT qaCTIIIJ;bl Ha 

paccTOHHHHX r :2: i\.o. B6JIII31I qacTIIUbi (r ::::; i\.o). ycrroBIIe qepeHKOBCKoro II3rryqeHIIH 

HapilliaeTC51 II3-3a ,niiCIIepCIIII II KOHllmrypaiJ;IIH IIOJIH HMeeT OfibJqHblll BII,n (eM. (2), 

§ 122), IIpii KOTOpOM TOpMO)I(eHIIe OTCyTCTByeT. 

Ilpo,neJiaHHble BbJqiiCJieHHH CIIJibl TOpMO)I(eHIIH CIIpaBe,nJIIIBbl IIpii YCJIOBIIII, qTQ 

rpaHIIqHaH ,nJIIIHa BOJIHbl Ao MHOrO fiOJibiiie cpe,nHero paCCTOHHIIH Me)I(_ny MOJieKyJiaMII 

Cpe,nbl. TOJibKO B 3TOM CJiyqae IIOJie B cpe,ne MO)I(HO OIIHCbiBaTb MaKpOCKOIIIIqeCKII, T. e. 

BBO~IITh E II Jl· IlOCKOJibKY Ao - IIOpH,nKa ,nJIHHbl BOJIHbl COfiCTBeHHOrO II3JiyqeHIIH 

aTOMa Cpe,nbl, T. e. Ao - I 0-5 
CM, TO ,na)I(e. B rme :no yCJIOBIIe BblllOJIHHeTCH ,nJIH 

6 - I015 -3 ( IlJIOTHOCTH MHOro OJibiiieii CM IIpii HOpMarrbHblX YCJIOBIIHX IIJIOTHOCTb 

rma- 2,7·1019 
cM-

3
). 

CneKmp 'lepeHK06CK020 U3!ly'leHWI Haii:.neM, 3aMeTIIB, qTo MOIUHOCTb II3JiyqeHHH 

pasHa :mepriiii, KOTOPYIO TepsreT qacTIIUa B e.nuHIIUY BpeMeHII: 

P.ad =-F.-ad· V · (3.21) 

Tor.na 

dP.ad - Jle2~0l (1 I ) 
dm - c ~2n;(m) · 

(3.22) 

3TO II3JiyqeHIIe pacrrpOCTPaHHeTCH, KaK Mbl y)I(e BII,neJIII, B IIHTepBarre YrJIOB 88 (3.5). 

0TMeTIIM . o.nHy Ba)I(HYIO oco6eHHOCTb qepeHKOBCKoro II3JiyqeHnH: ero 

IIHTeHCIIBHOCTh He 3aBIICIIT OT MaCCbl qaCTJIIJ;, 1103TOMY qepeHKOBCKOe II3JiyqeHIIe 

HafiJIIO,naeTCH II y TH)I(eJiblX qaCTIIIJ;. HarrpiiMep, IIpOTOH B BO,ne HaqJIHaeT II3JiyqaTb 

Bll,niiMbiii: CBeT rrpii ~min= 0,746 (KIIHeTIIqecKaH 3Hepmsr 470 M3B). He3aBIICIIMOCTb OT 

MaCChi OfinHCIIHeTC~ TeM, qTQ li3JiyqaTerreM B ,naHHOM crryqae HBJIHeTCH He CaMa 
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qacmua, a aToMHble 3JieKTJ'OHhi, B036yx<.!J;eHHble ee noneM. Tio_nqepKHeM TaiOKe, 'ITO 

cpopMyJihi (3.16), (3.17), (3.19) co.nep)KaT KBa.npaT 3apH.na qacmubl.*> TionoMy 

II3JiyqeHIIe peJIHTIIBIICTCKoro IIOHa c 3ap11.noM Ze, r.ne e - 3apM 3JieKTJ'OHa, 

IIpOIIOpl(IIOHaJibHO Z
2
e

2 
• .ll:AA Ol(eHOK IIOJie3HO npiiBeCTJI cpOpMyJiy .l(Jl1! 'liiCJia cpOTOHOB 

qepeHKOBCKOrO II3JiyqeHII1!, IICIIYCKaeMbiX 'laCTIII(ell Ha e.l(IIHIIUY IIYTII B cpe_ne B 

IIHTepBaJie .l(JIIIH BOJIH o .. ~. A2): 

dN 1 ro 2 dP 1 e2 ro2 • 
2 

• 
-=-· J-·-·dro""- JJ..t(ro)·sm 9 (ro)·dro. 
ds f3c Ol[ dro (nro) nc2 

Ol[ 

B IIp03pa'lHbiX cpe_nax, KOTOpbie IICITOJib3YJOTCH .l(Jl1! periiCTJ'al(IIII 

II3JiyqeHIIH, KaK ITpaBIIJio, J..t(ro)"" 1. Tio3TOMY MO)KHO ITpiiHHTb 

dN e2 

-d =" 2(. 2n•) ·(ro2 -rol). 
S nC run o • 

(3.23) 

qepeHKOBCKOrO 

(3.24) 

3.necb (sin
2

9')-cpe.nHee 3Ha'leHIIe <fJYHKUIIII sin2 9'(ro) ITO IIHTepBany (ro 1,ro2). 

3aMeHIIB (j) = 2ncjA, ITOJiyqiiM OKOH'laTeJibHO 

-. -=2nZ a sm o · ---, dN 2 ( • 2 "') 11 I I 
ds "-1 "-2 

{
I, 3JieKTJ'OHbi, ITpOTOHbi, 

Z= 
~I, HOHbi, 

e2 I 
a = - ""-· - IIOCTOHHHM TOHKOll CTJ'YKTYPbi. nc 137 

(3.25) 

3a.lla'la 3.2. Halim 'll!CJIO <jJOTOHOB Bll.tlHMoro CBeTa, ncnycKaeMhiX npOTOHOM :meprneli 500 M3B 11a 

C):{lllllll\Y nym B BO):{e. 

YKa:JaHue: ncnOJih30BaTh ):{aHHhie 33):{a'!n3.l. 

llpl! ):{ai!HOU 3Heprn11 HpOTOI!a (J3 = 0,758) Hali):{eM (sin 2 8')"' 0,024, ll liJIOCThle Bhi'IIICJICHIUI 110 

i1 <jJopMyJie (3 .25) ):{aiOT 

dN 
d;"' 8,55 <jJOTOHafCM. 

') llpOnOpl.IIIOHaJihHOCTh MOIIIHOCTII li3JIY'!CHIUI KBa):lpaTy 3apll):{a 'laCTlll.lhl XapaKTepHa ):{Jill DCCX BII):{OB 

H3JIY'!CHIDI 3aplllf(CHHhiX '13CTIII.I, B 'ICM MOJI(l!O y6e):{l!ThCll, npO'IIITaB :ny Kl!IIJI(Ky. 
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JloJIJlpU3GlJUH tJepeHK06CK020 U3fly'leHUH CJie.nyeT II3 cpopMyJibi (3.15) _nJl1! 

3JieKTJ'II'leCKOrO ITOJI1! BOJIHbl 

( 
. fc2

) £a:.± v---2 · 
ron, 

(3.26) 

C .npyroii cTopoHbi, cpa30BM cKopocTh ecTb cKopoCTh .nBII)KeHHH cppoHTa II3JiyqeHIIH -

B .l(aHHOM CJiyqae cppOHTa qepeHKOBCKOrO II3JiyqeHIIH (piiC. 3.2): 

(j) • 

v<l> =-,;=vcos8. 

llo3TOMY H3 (3.26) H yCJIOBIIH (3.3) HaxO.l(IIM (puc. 3.4) 

- (- f s·) -Ea:.± v-kvcos =v,, (3.27) 

r_ne v, - KOMITOHeHTa BeKTOpa V , KaCaTeJibHM ITJIOCKOCTII cppoHTa II3JiyqeHII1!. BeKTop 

k ITepneH.niiKYJ11!PeH cppOHTY II3yqeHII1!. TaKIIM o6pa30M, BeKTop E ITOJIH BOJIHhi 

HaiTpaBJieH, "KaK II .l(OJI)KHO 6biTh11
, ITepiTeH.l(IIKYJIHpHO BeKTOpy k II K OCII KOHyca 

mnyqeHIIH. BeKTop fi Mamiimoro ITOAA BOJIHbi ITepiTeH.niieyAApeH BeKTopaM E II k , 
T. e. HaiTpaBJieH ITO 11a3IIMYTY11 KOHyca qepeHKOBCKOro II3JiyqeHIIH. Ka'leCTBeHHO 3TOT 

pe3yJibTaT BII.l(eH }')Ke II3 TOro cpaKTa, 'ITO 'laCTIII(a, .l(BII~MCH CO CKOpOCTbiO V , eCTh 

113JieMeHT TOKa", HarrpaBJieHHOrO B.l(OJib CKOpOCTII. ll03TOMY H BeKTOp-IIOTeHI(IIaJI 

HarrpaBJieH TaK )Ke, a BeKTOp E .non)KeH, KaK }')Ke CKaJaHO, TopM03IITh qacTIIUY· 

E: 

v= r ~v 

,Pnc. 3.4. ,l\Bl!JI(eHne '!aCTlll.lhlll <jlpol!Ta BOJIHhi qepeHKOBCKoro H3JiyqeHnll. BeKTOphi E, ii, k 
o6pa3yiOT npaoyiO tpOliKY, ll BeKTOp H OpTOfOHaJICH IIJIOCKOCTII pncyHKa 

89 



t1 

3cpcpeKT Basunosa-qepeHKOBa HMeer BaJKHoe npuMeHeHue B cpH3HKe 

::meMeHTapHbiX qaCTH[( - Ha HeM OCHOBaH cnoco6 H3MepeHIUI CKOpOCTII 3apH)l(eHHOH 

peAATIIBHCTCKoii qacmn;hi (no yrny 8*(3.3)). Ha puc. 3.5, a, 6 cxeMamqecKH 

II306pa)l(eHbl pa3Hble TIInhi qepeHKOBCKIIX cqerquKOB. TiepBblll cqerquK - TaK 

Ha3hiBaeMhiH noporoBhiii (puc. 3.5, a), pemcrpupymmuii qacTHO:hi, cKopocTh KoTOpbiX 

A I/ .• .. npeBhnnaer 1-'min = ne , r.n:e ne - 3HaqeHue noKaJaTeAA npenoMnemm B .n:uanaJoHe 

):{niiH BOJIH !:!.').., onpe.n:eAAeMOM OfiJiaCTbiO qyBCTBHTeJibHOCTII ):{eTeKTopa CBeTOBOrO 

H3nyqeHHH (cpoTOYMHO)l(HTenH). TaKue cqerquKu npuMeHHIOTCH B pa3nuqHhiX 

):{eTeKTOpax 3apH)l(eHHbiX qacTH[( ):{AA OT):{eneHHH fihiCTpblX qaCTII[( OT Me):{JieHHbiX. 

06bJqHo .n:eTeKTOpbi npe.n:cTaBJIHIOT co6oii CJIO)l(Hhie aHanu3upymmue ycrpoiicTBa, 

II3MepHIOI[(He napaMeTpbl qaCTII[(, pO)l():{aiOIHIIXCH B pa3JIHqHbiX peaK[(HHX, II 

qepeHKOBCKHe cqeTqliKII B 3TIIX npu6opax BbiTIOJIHHIOT cpYHKO:IIIO onpe.n:eneHHH O):{HOro 

II3 napaMeTpOB - CKOpOCTH . .ll:AA nOBhliiieHHH noporOBOH CKOpOCTII perHCTpa[(HII II ee 

y.n:o6,HOH . perynHpOBKII HCnOJib3YJOT raJOBhie. qepeHKOBCKIIe cqeTqliKII BbiCOKOrO 

.n:aBneHHH (.n:o HeCKOJihKHX .n:ecHTKOB aTMoccpep ). KpoMe Toro, TaKIIe cqerquKu cna6o 

TOpM03HT II noqru He norJIOI[(aiOT peAATIIBIICTCKIIe qacTII[(bl. 

a) 6) 

• o4~· .~ .~~ f 

"'2' ;-('~~ J 
\ • .., /2 

1 '>wL Mecmo 
'll!')ecm~'IU 

Pnc. 3.5. )J;se cxeMh! qepenKOBCKIIX cqe'fllliKOB. a- cxeMa noporosoro qepenKOBCKoro cqermKa 
(I - TpaeKTOpliJI qacTllllhi; 2 - cTeHKll Kopnyca cqe~nKa; 3 - ruiOCKoe JepKarro; 4 - napa6o
JIINecKoe 3epKarro; 5 - $oTOyMHOJKHTem.), 6 - cxeMa .nn<P<PepemuiarrLnoro qepenKOBCKoro 
cqe~HKa (I, 2 - TpaeKTopnn perHCTpllpyeMh!X qacTHU; 3 - .neTeKTop cseTOsoro liJJiyqenliJI; 

4- raJOBM cpe.na; 5- JepKarro; /fl. 2 - paJMepLI HJo6paJKennil: Konycos IDnyqenliJI) 

qepeHKOBCKHe cqeTqliKII BTOpOrO THna - ):{HcpcpepeH[(HanbHhie, n03BOAAIOI[(He 

II3MepHTh cKopoCTh qacTII[(hi. Hx Mo.n:ucpuKa[(HH, u:MeHyeMM RICH (Ring Image 
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CHerenkov detector), Hainna mupoKoe npuMeHeHne B 3KcnepuMeHTax Ha ycKopuTeJIHX 

CO BCTpeqHblMII nyqKaMII - TaK Ha3hiBaeMhiX "KOJIJiall):{epax" (oT collide -

• CTanKHBaThcH, aHrn.). B TaKIIX cqerquKax npocrpaHCTBeHHo-npOTH)l(eHHhiii .n:ereKTop 

CBeTOBOrO H3nyqeHIIH (puc. 3.5, 6), pemcrpupyer ):{IIaMeTp CBeTOBOro KOHyca, 

II3Jl)"'aeMoro qacTun;eii. Ha puc. 3.5, 6 qacTH~hi nerHT HaBcrpeqy .n:pyr .n:pyry s.n:onh 

npHMOH, opTOrOHanhHOH IIJIOCKOCTII pHCYHKa, II CTanKHBaiOTCH B "MeCTe BCrpequ"; 

pO):{IIBIIIHeCH qaCTH[(bl (1, 2 Ha puc. 3.5, 6), pa3neTaiOI[(HeCH B nonepeqHOM K nyqKaM 

HanpasneHHII, H3nyqaiOT B npOCTpaHCTBe 4, 3aiiOJIHeHHOM raJOM IIJIII cnen;uanbHOH 

nerKoii u npo3paqiiOH nnacTMaccoii, a cBeTosoe mnyqeHue perucrpupyeTcH 

npOBOJIOqiibiMII nponopn;HOHanbHbiMII KaMepaMH, II3MepHIOI[(IIMII KOOp):{HHaThl 

cpoTOHOB, nocryrrruomux B .n:ereKTop. Cumanhi KaMepbi aHanii3HpYJOTCH 3BM, u no 

.n:uaMerpy KOHyca II3MepHeTCH cKopoCTh qacTnn;. CxeMa TaKoro RICH-.n:eTeKTopa, 

npuMeHHeMoro B 3KCnepnMeHTe "LHC" Ha oOJibiiiOM a.n:poHHOM KOnnaii.n:epe (Large 

Hadron Collider- LHC) B QEPH, noKaJaHa Ha puc. 3.6: 

7 

..,.. • . . . . . . I ,._____::::iu 
1 ===tt ~ r "i ~4 -s§?f I :;;:::== Pnc. 3.6. CxeMa RICH-.neTeKTOpa: 

7 

· I - TOqKa BCTpeqn (cToJIKHOBenllli). 
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nyqKoB; 2 - TpaeKTOpliJI qaCTI!l{hl, 
po.nnsrneil:cll B coy.napennn .nsyx 
BCTpeqllhiX qacmu; 3 - KOHTeil:nep 
c aJporeneM, nepeceKM ero, 
BTOpiNnall qaCTlll{a ncnycKaeT 
qepeHKOBCKOe IDnyqel!lle, JIYqll 
KOToporo ( 4, . 5 - paJI!hle ,lU!llllhl 
BOJIII) nepeHOCliTCll C nOMOll{hiO 
c$epiNeCKOro (6) ll ruiOCKOro (7) 
JepKarr na <PoTO.QeTeKTopLI ( 8), 
o6paJyll na liX npneMnoil: 
nosepxnocTH KOJILl{eo6paJI!hie 
pa.QyJKI!hle IDo6paJKeHIIJI 



11nTepecno OTMeTHTh, 'ITO '!epeHKOBCKoe H3n)"'enne 6J>mo npe.l(cKa:mno 

TeOpeTH'IeCKH HeMeQKHM 4JH3HKOM 30MMep4Jenb.l(OM eru;e B 1904 r. ,wUI 

ceepxceemoeo2o oeu:J/CeHWl ttacmu!J e eaK_Y.YAte. 0.l(naKo nocne IIO.l!BneHHJ~ Teopnn 

OTHOCHTenhHOCTH pa6oTa :na 6nma npo'IHO 3a6J>rra. *l B nocne.l(HHe ro.l(bl 

30MMep4Jenh.l(OBCKOe H3n)"'eHHe Ofij!Tb 3aHHTepeCOBanO 4JH3HKOB B CBJI3H C nOHCKOM 

rHnOTeTH'feCKHX '!aCTHU: - TaxHOHOB, KOTOpbie, no npe.l(nOnO:lKeHHIO, BCer,l(a .l(BHJK)'TCJ! 

6nicrpee CBeTa. Cyru:ecTBOBanne TaKHX '!aCTHU: ne npoTHBope'IHT Teopnn 

OTHOCHTenhHOCTH. Taxnonhl, O.l(HaKo, napymaiOT npnnn:nn npH'IHHHOCTH. Bo BCHKOM 

Cn)"'ae, ecnH OHH H C)'ru:eCTB)'IOT, TO .l(On:lKHbi, no 30MMep4Jenn.l(y, HHTeHCHBHO 

H3n)"'aTb 3neKTpOMarHHTHhie BOnHhi. ITo TaKOH KOpOTKOH BCnhlillKe H3ll)"'eHHJI HX H 

Ha.l(eiOTCJ~ o6napy:lKHTh B 3KcnepnMeHTe. fli06onnrrno, 'ITO npn YMeHJ>mennn 3Hepmn . 
TaxHOH yCKOpHeTCH (v ~ oo). 

,[(JIH MeXaHH'feCKHX BOnH '!epeHKOBCKOe ll3ny'feHHe 6binO H3BeCTHO (nO):( .l(pymM 

Ha3BaHHeM!) C He3anaMHTHbiX BpeMeH. Mbi HMeeM B BH.l(Y TaK Ha3hiBaeMyiO HOCOBYIQ 

BOnny KOpa6nH, o6pa3)'IOIQYIO Ha · nOBepXHOCTH .l(OCTaTO'fHO MenKOH BO.l(bl 

XapaKTepH)'IO KapTHHy, IIOXO:lK)'IO Ha KnHH, yron paCTBOpa KOTOporo TeM MeHbille, '!eM 

6onhme CKOpOCTb KOpa6nH {pnc. 3.7). HoCOBaH BOnHa J!BlljieTCH OCHOBHbiM 

HCTO'IHHKOM conpoTHBnennH npn .l(BH:lKeHHH Kopa6nH. 0TCIO.l(a xapaKTepnM, noxo:lKM 

Ha rrnyr, 4JopMa HOCOBOH '!aCTJI 6biCTpOXO.l(HbiX KOpa6neii:, paCC'fJITaHHaH Ha 

"oTBanJIBaHJie" BOnHhi II YMeHJ>menJie ee BDICOThi. OTMeTHM, 'ITO }:(llji IIO.l(BO.l(HhiX 

nO.l(OK 'IepeHKOBCKOe JI3n)"'eHHe OTCYTCTByeT, TaK KaK HeT Me,l(neHHbiX 

IIOBepXHOCTHbiX BOnH, a 3BYKOBbie BOnHDI B BO,l(e - CnJiillKOM 6b1Crpbie. 3TO 3Ha'!HT, 

'ITO IIO.l(BO.l(Hble nO.l(KJI IIpli cpaBHJIMOH MOIQHOCTJI .l(BJiraTeneii: MOryr pa3BJIBaTb 

3Ha'!JITenhHO 6onhmiie cKopocTJI. CooTBeTcTBenno JI3MeHHeTCH II 4JopMa noca 

IIO.l(BO.l(HOH nO.l(KJI. ,[ij>yroii: IIpJIMep MeXaHJI'feCKOrO 'IepeHKOBCKOrO JI3n)"'eHHH -

o6pa30BaHJie TaK Ha3h1BaeMOH y.l(apHOH BOnHhl {pe3KJIH CKa'!OK IInOTHOCTH, .l(aBneHJIH J1: 

11 TeMrreparypDI B03.l(yXa) rrpii CBepx3BYKOBOM rroneTe caMonem. CorrpoTHBnenJie rrpii 

3TOM pe3Ko B03pacTaeT II rpe6yeT crren:JiannHbiX Mep, rnaBHhiM o6pa3oM rrpiiMeneHJiji 

xapaKTepnoro 3aocrpennoro noca caMoneTa. · 3ByKoBoe '!epeHKOBCKoe JI3n)"'enne 

'> Kor,lla H. E. TaMM 11 H. M. «l>paHK .llerrann s 1937 r. cso10 "Ho6enescK)'IO pa6ory", 01111 He 6LIJIII 

3HaKOMLI C pa60TOH30MMepcpeJJL,lla. 
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BocnpiiHJIMaeTcH na6niO.l(aTeneM KaK B3pbiB. llpii JI3n)"'eHJIJI MeXaHJI'feCKJIX Bonn 

B03MO:lKeH TaK:lKe aHOManhHhlli 34J4JeKT )J;onnepa, IIpHBO.l(j!IQJIH K B036Y:lK,l(eHJIIO 

·JICTO'fHJIKa. B aBJiaQJIJI 3TO J~BnenJie IDBeCTHO rro.l( Ha3BanneM 4Jnarrep (oT anrn.jlutter 

·- .l(pO:lKaTD ). 

PIIC. 3.7. lJepeHKOBCKOe H3JI)"'eHIIe Ha llOBepXHOCTII MeJIKOll BOALI; c0, V - CKOpOCTII 

KOpa6Jill ll BOJ!Hhl COOTBeTCTBeHHO 

§ 3.2. flepeXO.l(HOe HlJIY.IICHHe 

llepexo.l(noe JI3n)"'eHJie - eru:e o.l(JIH BH.l( JI3llY'feHJIJ~ 3apJ~:lKennoii: '!aCTJIU:DI, 

.l(BII:lKyru;eii:CJ~ C IIOCTOJIHHOH CKOpOCTbiO. B03HIIKaeT OHO rrpu .l(BII:lKeHIIJI '!aCTHU:bi B 

cpe.l(e C rrpocrpanCTBeHHO-HeO,l(HOpO.l(HbiMII CBOHCTBaMll, B '!aCTHOCTII IIpii 

rrepece'!eiiuu '!acTHn:eii: rpanun:J>I .l(Byx pa3HhiX o6nacTeii: cpe.l(hi. 

llepexo.l(Hoe II3ll)"'enue o6napY:lKeHo eru:e B 1919 r. neMeU:KIIM 4Ju3IIKOM 

flunuen4Jenh.l(OM IIpii 6oM6ap.l(IIpOBKe MeTannU'!eCKOH IIOBepXHOCTII 3neKTpOHaMII, 

O.l(HaKO rrpupo.l(a 3Toro II3n)"'eHJiji B TO BpeMJ~ rroHJ~Ta ne 6nma, a TeopuJ~ 6nma ):(ana 

TOnhKO B 1945 r. COBeTCKIIMII4Jll3IIKaMII B. n. fuH36yproM ul1. M. <l>paHKOM. 

Hu:lKe MDI npuBe.l(eM neKoTopDie rrpocn,Ie on:enKu nepexo.l(Horo IDll)"'eHIIJ~ 

ynnrpapellj!THBIJCTCKOH '!aCTIIU:bi. ~ 3TOrO HaM HY:lKHO BCIIOMHIITb 4JopMynhi .l(nJI 

IIOllji 3apJ~:lKeHHOH '!aCTHU:hi, .l(BJI:lKyiQeii:CJ~ B BaKYYMe C IIOCTOJIHHOH CKOpOCTbiO V = pc 
(eM. [3], T. 2, § 122): 

E= eR. 1 
R3 r2(1---!32-si-n2-er , B = ~ • .E]. (3.28) 
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11 

3~eeb R- pa,nHye-BeKTop, npoBe~eHHhiii B TOqKy Ha6mo~eHHH P (pHe. 3.8) H3 TOqKli e, 

r~e 3apH~ HIDW~TeH B MOMeHT Hafimo~eHliH. Ilo~qepKHeM, ~0 3~eeb Bee BeJiliqliHbl 

onpe~eneHhi B MOMeHT Ha6mo~eHliH, T. e. 3anm~hiBaHlie paenpoeTPaHeHliH nOJIH 

(eM. <fJopMyny (1)) ~eHo. 

L' Puc. 3.8. Tp3eKTOpiD133PJIII3 u TOqK3 H36JIIoAeHHJI P 

e v 

Ja11aq3 3.3. H3i!TH none p3BHOMepno IIBHlK)'merocJI 33PJIII3, nOJILJYJICb npeo6p330B3HIIJIMII JiopeHIUI 

IIJIJI KOOpi11IH3T- apeMeHl!ll nOJIJI. 

y 

Pile. 3.9. 8LI6op CHCTeMLI KOOPIIHH3T B 33113qe 3.3 

. 
e x 

Bee li3MepJieM B JI360p3TOpHOH CIICTeMe {pl!C. 3.9): 

t, R, = {x, y, z}, E = {E,, EY, EJ 

TOf/13 B CIICTeMe 33plli13 

(R'Y = (x'Y + (y•y + (z'Y = y2(x- vtY + y2 + z2; 

- e -
E'= (R'Y R'. 

BocnoJib30B3BIIIl!Cb npeo6p330B3HIIJIMH JiopeHU3 IIJIJI no!IJI (25), 33nHIIIeM 

E = yE~ + Elj = Y (;.y R~ + (;.y ~j (y2x2 + e2 - 2\1/2 . ~~ Y2 + z2ej_ + yx~J= 
e fi.R) (.R,)} eR, 1 

= y'(1-f32 sin2e1'2 R? Y! I j_ + I = y2R?. (1-f32sin2er, 

r11e sin0=~y2 +z2 jR, (pHc.3.8). T3Kl!M o6p33oM, Mbi npl!IIIJIH K nepaolt H3 <jlopM}'JI (3.28). BTopM · 

<jlopM)'JI3, IIJIJI B, CJieeyeT ll3 p3BeHCTB3 (26), noJIY'Ieaaoro B 33113qe 5 Baet~eniDI. 
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0eo6eHHOeTb noJIH (3 .28) NIH peJIHTliBliCTeKOll qaeTliUbi B TOM, ~0 OHO liMeeT 

6oJibilllie 3HaqeHiiH Ha HaiipaBJieHWIX, nepneMliKyJIHpHbiX V , li MliHliMaJibHO Ha 

HarrprumeHiili eKopoern (pile. 3.10): 

-~ - e E =±en 2R2' 6=0, lt 'Y 
e £1 =e1.r2· 6=x/2 R 

(3.29) 

el., ~~- e~Hli~bie BeKTOpbi, nepne~KJ.irnpHbrll li napaJIJieJibHbrll BeKTopy V, 

eOOTBeTeTBeHHO. TaKaH "enmomeHHOeTh11 nOJIH peJIHTliBlieTeKOll qaCTliUbi li n03BOJIHeT 

noHHTh npiipO~ nepexo~Horo li3nyqeHliH. 

... , .. , . . I . I 

0,5 1:" I 

' I 

' 
0 ~ 

I 
I 
I 

'• I . ' lil 
,-z . 

1 ... •, 
I 

-0,5 I . . \ I . . . . \ ··. 
-1 

-1 -0,5 0 0,5 

Puc. 3.10. BeKTopHLie ,nu3rp3MMbi npocYp3RCTBenaoro p3cnpet~eJieHHll 3JieKYpnqecKoro 

nOJIJI q3CTIII.lbl, IIBl!lK)'meHCJI C nOCTOJIHHOH CKOpOCTb!O. f3 = 0,1 (/); 0,7 (2); 0,99 (3) 

Ha~eM o6ey)I()J;eHlie e Hali6onee noKmaTeJihHoro npHMepa: peJIHrnBlieTeKaH 

qaeTliUa ~BliiKeTest B BaKY)'Me B~O.llb oeH UliJiliH~pHqeeKoii TPYfihi nepeMeHHoro 

eeqeHHH (pHe. 3.11). Ilone qaernuhr npH v,., c (y >> 1) HanpasneHo noqrn 

opToroHaJihHO eKopoern, TaK ~o OHO no eBoeii eTPYKTYPe 6JIH3KO K nomo nnoeKoii 

BOJIHhi. Kor~a qaeTHUa BJieTaeT B TPY6Y MeHbmero ~HaMeTPa, noene~HHH "epe3aeT" 

none qaeTliUhi, H OHO, OTPa3HBIDHeb OT TOpUeBOll eTeHKII Ha eTbiKe TPYfi, H3nyqaeTeH B 

HaiipaBJieHlill, ofipaTliOM ~BHiKeHHIO qaeTHUbi. IloTepH :meprHH qaeTHUbi Ha 

H3nyqeHHe MOiKHO OUeHHTb, npHHHB 1IX paBHbiMII :meprHH nOJIH qaeTHUhi, 

COCpe~OTOqeHHOH B UHJIHMpHqeeKOM CJIOe Me)I()J;y pa,nHyCaMII a II b, HMeiOIUeM 

npo~omHhrn pmMep 

lu-b·.M-~ 
'Y 
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(3.30) 



t1 

3~eCb ~8 - yrnoBOH paCTBOp BeKTOpHOH ~IIarpaMMbl IIOJHI peJHITIIBIICTCKOH lJaCTIIIIbl, 

3HalJCHIIC KOTOporo CJie~yeT II3 pa3JIO)!(CHIIH Bbipa)!(eHIIH B 3HaMeHaTeJie (B CK06Kru9 

cpopMyJibi (3.28): 

1- ~2 sin2 e = 1- ~2 sin2
(.::- ~e)"" - 1

- + (~e )
2 

~8 « 1. 
2 2y2 2 ' 

Tipii ~8 = 1/y 3HaMeHaTeJib B03pacTaeT B 2312 
pa3. 

TIJIOTHOCTb :mepriiii IIOJIH, KOTOpoe HCCeT Ha ce6e lJaCTIIIIa, MO)!(HO OIICHIITb B 

:noll. 06JiaCTII yrJIOB 8 KaK (eM. (3.28), ~"" 1) 

~+~ ~ e 
p= ,.~, r~e EJ.=E(8=rc/2)=y-2 • 

8rt 4rt R 
(3.31) 

KpoMe Toro, rrpii 8"" rc/2 pa~c-BeKTop R coBrr~aeT npaKTIIlJeCKII c p~IIycoM r . 
IIIIJIIIH~piitiCCKOH CIICTCMbl KOOp~IIHaT. C yqeTOM :noro 06CTOHTCJibCTBa II 3HalJCHIIH 

p(r) (3.31) 3arrmneM Bbipa)!(eHIIe ~JIH 3Hepmii cnoH, "o6pe3aHHoro" Tpy6oil. a: 

1 bf 2 ( )2 2 2( 1 1 ) M:~- EJ. r nrdr-£ 11 ,.e y --- -£ 11 . 
4rt a a2 b2 

(3.32) 

" z 
P11c. 3 .II. K oueHKe nepexo;IHoro HlnyqeHHll 
;33plllKeHHOH '13CTIII{bl B Tpy6e nepeMeHHOfO 
ceqeHJrn 

Tio~cTaBIIB cm~a £11 (3.30), oKoHtiaTeJibHO noJiyqiiM 

~8 ~ ye2 ( - b2 ) 

b 
1 - 2 • 

a 
(3.33) 

Tio~qepKHeM, liTO, KaK H B cnyqae qepeHKOBCKoro II3JIYtJCHIIH, 3HepriiH nepexo~oro 

II3JiyqCHIIH nponOpiiiiOHaJibHa KB~pary 3apMa lJaCTIIIIbl II He 3aBIICIIT (npii 3~aHHOll 

CKOpOCTII) OT MaCChi lJaCTllllbl. Tipii b <<a npiiXO~IIM K 3~aqe 06 U3JiyqCHIIII 

lJaCTIIIIbl, npOJICTaiOIIICll CKB03b Kpyrnoe OTBCpCTIIC B nJIOCKOM 3KpaHe. 
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QqeB~O, MIIHa cpopMHpOBaHIIH nepeXO~Oro II3JiyqeHHH B ~aHHOM CJiyqae 

eCTb f. II (3.30), a MIITCJibHOCTb BCnhlillKH H IIIHpiiHa cneKTPa H3JiyqCHIIH 

£11 b rc nyc b 
•~-~-; ro~~ro~----; J....--

c yc · • b y 
(3.34) 

· CrycTOK H3 N tJaCTIIII B ~aHHoil. ciiryaiiiiii 6y~eT H3JiyqaTb KorepeHTHO (T. e. 

noTepii 3Hep~II BbrpacryT B N 2 
pa3), ecJIII er~ pa3Mepbi !lz < £11 , M <<b. Ecnu )!(e 

Mbl HMCCM ~eJIO C MHHHbiM II(~ npOCTOTbl) TOHKHM nyqKOM lJaCTIIII (llz >> £11 ), TO 

H3JiyqeHIIe 6y~eT nponcxo~Th HeKorepeHTHO. TotiHee, 3~ecb H~o pemHTb 3~aqy o 

none ~II~erocH 3apH)!(eHHoro pemrriiBIICTCK,oro IIIIJIH~pa. AHanomtiHbie OIIeHKH 

no nopMKY BeJIHlJHHbi ~aiOT 

2eN 2e2N 2 a 
EJ. ---· £

11
-b· ~eN ---blu-

r£ ' ' £2 b' 
(3.35) 

r~e f.>> b- MIIHa crycTKa B Jia6opaTOpHOll CIICTeMe. lhnyqeHIIe 6y~eT npOIICXO~IITb 

Ha cppOHTe crycTKa, Ha MHHe llz- a, noKa He YCTaHOBIITCH CTaiiiiOHapHOe noJie. TaKaH 

)!(e 3HeprHH TepHeTCH Ha 3~HeM cppoHTe CryCTKa. 

TipHBe~eM lJIICJieHHbill npiiMep. 3JieKTPOH C 3Hepmeii 100 f'3B npii BJieTe B 

TPY6Y p~IIycoM b = 1 eM (b <<a) TepHeT HIIlJTO)!(HO MaJIYIO ~OJIIO cBoeii 3Hepmii 

~&-1,5 · 10~2 3B. CrycToK H3 N = 1012 
TaKHX 3JieKTPOHOB MHHoil. f.= 1 eM B Tex )!(e 

ycJIOBHHX TepHeT ~&- 3 · 1017 
3B, IIJIII 150 K3B Ha 3JICKTPOH. 

33113'13 3.4. OueHIITh :meprmo nepexot~Horo HlnyqeHifJI Ha3M np11 npoxolK.l(eHHH penliTHBIICTCKoil 

'13CTIII{bl 113 B3KYYM3 B .l(ll:meKTpHK. fpaHI!l{a pa3.l(ena IUIOCKall, CKOpOCTb '13CTIII{bl HanpasneHa no 

HOpManH K rpaHm~e. ~HcnepcHeii cpe,ll;bl npeHe6pe'lb. 

llpHMeHllll K "IUIOCKOMy" nomo penliTIIBIICTCKOH '13CTIII{bl cjJOpMYny OTp3lKeHifJI IUIOCKOH BOnHhl 

OT rpaHIIIU>I IIJDneKTpHKa 

Eaq> = EniJl (~-IV(~+ 1), 
aHMOfii'IHO (3.32) 3311111lleM 

{ c .\2 ~J rdr 
~-y2e•21t -. ·ln. liE- 41t ,..., r 

~ oueHKH ln yqreM, 'ITO "nnocKoe" none cocpeiiOTO'IeHo s6nii3H yrna 8 = 1t/2, TaK 'ITO, aHanOfii'IHO 
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ll 

(3 .30), JIMCCM £II = ( u(r)- r /y. HHTerpupyll, IIOiiY'JIIM 

tJ.E - (..Ji -I) 2 
ye2 /2r """ . 

(TOJILKO tenepL HaC RHTepecyeT :meprnll B npOXOJI.liiUCH "BOJ!He"). AHaJIOfWIHO (3.38) npOBCJ{CM OUCHKII 

(3.36) I 3Heprull li3JI)"'CHRJI 

8 KaqeCTBC r min CCTCCTBCHHO BLI6paTL BCJ!l{qi!HY, xapaKTeplll)'IOmyiD IIOilllpR33UIIOHHLIC CBOHCTBa 

cpeJJ:LI: 

rm;n - 'J...p = 21tcfmp; m; = 41tn,e2 /m; (3.37) 

ffip - llilaJMCHHaJI qacTOTa; n, - IIOJIHOC qncJIO 3JICKYpOHOB BCWCCTBa B CJ{RHRUC 06neMa. 0KonqaTeJILHO 

IIOJIY'Il!M 

(JJ -I)2 ye2mr 
t!.e- 4nc (3.38) 

Ih ljJopMyJihi (3.38) MO)I(HO c~erraTb onpe~erreHHbie JaKJIIO'IeHHH u o BJIUHHUJI 

~UCIIepcuu cpe~bl. ilOCKOJibKY C pOCTOM 'laCTOTbl ~U3JieKTpU'IeCKrul IIpOHU~aeMOCTb 

E(ro) y6biBaeT: ~:{ro )"" 1- (ropjro y, 3HepmH U3JI}"'eHUH..IIpU (J) >> ffip y6hmaeT KaK (J)-4, 

Tio3TOMY B CIIeKTpaJibHOM COCTaBe HJJiy'leHUH Ha3M 6y~YT IIpeo6JIMaTb HU3KUe 

'laCTOTbi ro :::; ffip. HMeHHO II03TOMY B U3JiyqeHUU Ha3M IIpUCYTCTBYeT CBeT ('ITO U 6biJIO 

o6Hapy)l(eHo JiurrueHijJerrb~OM). ,lVui rpaljlum, HanpuMep, rop"" 4,6. 1016 c-1, 

A.p- 400 A (MHrKUH peHTreH). 

4..Ji J~v, 
tJ.E- (..Ji +I )2 v 41t 

(3.39) 

me MHOlKRTCJ!h nepeJJ. RHTerpaJIOM J{aeT J{OJIIO npoXOJlJIWCH "BOJ!Hbl" OT IIOJIHOH 3HeprHH, naJ{ruomeit H3 

rpaHRUY paJJJ:eJia; E( m) - JJ:II3JieKYpnqecKaJI npoHHu;aeMOCTh B "HeqepeHKOBCKOH" o6JiaCTR ( E( m) ~ I). Hl 

rrpliBCJ{CHHOH OUeHKH BIIJI.HO, qyo B 06JiaCTR BbiCOKHX qaCTOT ( ffi > ffip) HCT pe3K0f0 naJ{CHIIJI 

miteHCliBHOCTII (cp. (3.38)). AHaJiornqHo JaJJ:aqe 3.4 noJiyqJIM 

ye2m 
M:---P. 

2nc 

3TOT pelyJihTaT OTJinqaeTCJI TOJ!hKO OTCytCTBRCl\1 MaJIOrO MHOJKIITCJIJI (..Je -I) 2• 

(3.40) 

CneKYp U3JIY'ICHHJI onpeJ{eJIJieTCJI MHHOH ero <j>opMifJlOB3Hllll R11 - rm;n/Y- 'J...Pjy, · OtKyJJ:a 

WlfJliiH3 CIIeK1p3 lllJIY'ICHRJI 

t!.ro-ro-ymP. (3.4I) 

Tiepexo~Hoe U3JiyqeHUe . UMeeT o6myro npupo~y c U3JiyqeHUeM 

BaBurrona-llepeHKona: B o6oux crryqaHX "uJrry'laTeJIHMu" HBJIHIOTCH aToMapHbie 

3JieKTpOHbi. Pa3JIH'IUe COCTOUT B TOM, 'ITO B 'lepeHKOBCKOM U3JI}"'eHUU KOJie6aHHH 

3JieKTpOHOB 111IpUBHJaHbl11 
K ljla3e BOJIHbl, U II03TOMY U3JiyqaiOT KOrepeHTHO. B 

ropa3~0 6orree KOpOTKOBOJIHOBOe U3JI}"'eHUe reHepupyeTCH Bnepe~ npu I nepexo~HOM iiJrryqeHUU TaKrur "npUBH3Ka" OTCYTCTByeT, u :meKTpOHbl cpe~bl 

npoxo~eHuu qacTU~bi U3 ~mmeKTpuKa B naKyyM. B 3TOM crryqae ~ucnepcHH cpe~I UJJiyqaiOT HeKorepeHTHO. TeM He MeHee,. B cpe~e. ecrru BbiiiOJIHHeTCH. ycrron.ue 

urpaeT onpe~eMIO~IO porrb. B o6rracTH n.(ro) > 1 norre 'laCTH~bl UMeeT qepeHKOBCKoro mrryqeHUH (3.4), a nponr)l(eHHOCTb o6rracTu uJrry'leHUH nerruKa .no 

"qepeHKOBCKUH
11 

xapaKTep, U 0 nepeXO~HOM U3JiyqeHUU BIIepe~ rOBOpUTb He cpaBHeHUIO c MUHOH ero ljJopMUpOBaHHH J!ll (3.35) II frorm (3.6), o6a BU~a U3Jiy'leHUH 

IIpHXO~TCH: 'laCTU~a IIpUXO~UT Ha rpaHu~y pa3~erra "pa3~eTOH 11 
- ee IIOJie THHeTCH 

C3MU (eM. puc. 3.2, 3.4), U, e~Ba Bhi6paBIIIUCb B BaKYYM, 'laCTU~a ~OJI)I(Ha "cpO'IH011 

ljJopMuponaTb cnoe norre. CTOJib Ja6anHrur cury~uH eme pa3 YKa3biBaeT Ha 

Heo6xo~MOCTb nocrre~oBaTeJibHoro yqeTa ~ucnepcuu cpe~bl. Mo)I(HO, o~HaKO, 

c~erraTb onpe~erreHHhie 3aKJIIO'IeHUH u 6e3 rpoMoJ~KHX BbiKJIMOK (3Ma'la 3.5). 

3aJJ:aqa 3.5. OueHRTL 3Heprmo nepexOJJ.HOro li3JI)"'CHllll npn npoxo)[(JleHIIR yJihTpapeJIJITRBIICTCKoit 

qaCTRIU>l ll3 J{II3JICKYpiiK3 B BaKYYM ITO HOpMaJIH K I"p3HliUC. 

B o6JiaCTn BhiCOKHX qaCTOT, r.11.e n. {m) ~ I, rroJie peJIJITRBIICTCKOH qaCTRUhi 6yJJ:eT l!MeTL TY JKe 

CTpYKyYpy, qyo li B BaKYYMe. ,[VIll 3THX qaCTOT MOlKHO BHOBh IICIIOJ!blOBath npliBeJ{eHHLIH BLIWC nplleM 
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IIpUH~UIIUaJibHO Hepa3JIU'IHMbl. TI0~06HbiH crryqaft MO)I(eT UMeTb MeCTO IIpU 

IIpOXO~eHUU 3apH)I(eHHbiX 'laCTH~ '1epe3 TOHKUe IIJieHKH ( CM. HU)I(e - ~eTeKTOpbl 

nepexo~oro uJrryqeHuH). 

Tiepexo~Hoe mrryqeHue HaxO~UT npm.IeHeHue B ~eTeKTopax 

yrrhTpapeiTHTunucTcKHX JapH)I(eHHbiX qacTu~: no 3Hepruu uJrryqeHHH U3MepHeTCH 

JIOpeH~-IjJaKTop y U, rJiaBHOe, 06oe~UHeHUe TaKOrO ~eTeKTOpa C TpeKOBbiM ~eTeKTOpOM 

peHITeHOBCKOrO U3JiyqeHUH {puc. 3.12) ll03BOMeT 3aperHCTpUpOBaTb TpaeKTOpUIO 

U3rryqruomeil: 'laCTU~bl. TaKue oemeKmOpbl nepexoOHOZO U311Y'le11UR - ,rolH (Transition 

Radiation Detectors - TRD, aHrrr.) HBMIDTCH cero~HH o6H3aTeJihHbiM :meMeHTOM 

60JibiiiHX MHOrOijJYHK~llOHaJibHbiX ~eTeKTOpOB B ljJH3HKe BbiCOKHX 3Hepmil:. )J.Tifi 
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i 

(t 

q~e BCero HCnOJib3YJOT .lVll! pernc-rpan;HH ::meicrpOHOB H n03H'fPOHOB, T. K. '3Hepl1Ul 

nepexo.n:Horo H3JiyqeHmr (qucno cpoTOHOB Ha o.n:nH "nepexo.n:") nponopn;HOHaJibHa 

nopeHn;-cpaKTopy (eM. (3.38), (3.40)), Komph:di npu Ja.n:aHuoii :mepruu .wur nerKHX 

qacTHI(, B OTHOliieHHe Mace (m1jm2 ) 60Jihliie, qeM y TSDKeJibiX (Me30HOB, npOTOHOB ll 

.n:p.). 

O.n:Hn H3 npHMepoB HcnoJib30Baumr ,[{III1 - .n:ereKTop 3KcnepHMeHTa ALICE ua 

§ 3.3. llapaMtrrpuqecKoe HJnyqeuue JapHaceuuoii qaCTHU:LI, .D:BIDKym;eiicJI CKBOJL 

KpHCTa.JIJI 

3TOT Tllii ll3JiyqeHmr 6biCTJlbiX 3ap.lDKeHHhiX qacTHI( ~BJUieTC~ CBOeo6pa3HOll 

KOM6Hnan;Heii HX nepexo.n:uoro H3nyqeHmr c .D:HcppaKn;Heii 3Toro H3nyqeHmr ua 

KpHCTamm:qecKoii CTPYKTYPe. B O.D:HHOquhJX "aKTax" B3aHMo.n:eiicTBH~ qacmn;hi c 

EonhmOM a.n:poHHOM KOJIJiaii.n:epe (Large Hadron Collider - LHC) B QEPH. B aTOMOM (HOHOM) KpHCTaJIJmqecKoii pemeTKH B03HHKaeT H3nyqenHe, a KOJIJieKTHBHb:di 

MHorocpyHKO:HOHaJihHOM .D:eTeKTope ALICE .n:eTeKTopbi nepexo.n:Horo H3nyqeuu~ : xapaKTep B3aHMo.n:eiicTBmr qacTHO:hi c Ha6opoM HOHOB npHBO.D:HT K HHTepcpepenn;HH 

(pHC. 3.12, a) HMeiOT pa.n:HaTOpbi, COCTO~Il(He H3 100 nOJIHnponHJieHOBbiX nJieHOK H3JiyqeH~ OT OT.D:eJibHbiX "aKTOB", B pe3yJihTaTe qero nO~BJI~eTC.ll KOrepeHTHOCTh 

TOJIII(llHOll 20 MKM C npoMe)I(YTKaMH Me)l(.ll:y HHMH B 400 MKM. Pa.n:HaTop II .n:peiicpOBM H3JiyqeHmr. 

KaMepa COe.D:HHeHbl B e.n:HHblll MO.D:YJib (pHC. 3.12, 6), H meCTb TaKHX MO.n:yJieii )J;eiiCTBHTeJibHO, pe~HBHCTCKM (.D:a)l(e "YMepeHHO peiDITHBHCTCKM") qacmn;a 

pacnonaraiOTC.ll no pa.n:uycy .n:eTeKTopa ALICE, ·ua ocu KOToporo CTaJIKHBaiOTC~ 

qaCTlll(bl BC-rpequbJX IlpOTOHHbiX nyqKOB. ):{IJI1 pernC-rpllpYJOT JierKHe "npO.D:YKTbl11 -

3JieK'rp0Hbl II: n03ll'fPOHbl. 

a) 

I 2 

1· • ••••-o.,JII ••t•••nnOooooo•o 

a b MOAVlll• 

,Z:Weii<jlosru~ Ka!l!epa 

P11c. 3.12. flpiiH~IIITIIaJibHhie cxeMbi AeTeKTopa nepexoJ{Horo IIJJI)"'eHIIJI (a) 11 OJ{Horo 113 ero 

Moeyneu ( 6). I - Ha6op ITJieHOK paAIIaTopa nepeXOAHoro 113JI)"'eHIIll, IIJroTosneHHbiX 113 Ma'rep11ana c 

MaJibiM cpeJ{HIIM aTOMHbiM HOMepoM (J{Jill }'MeHbllleHIIll paccel!HIIll periiCTPnpyeMbiX qacTII~); 2 -

J{eTeKTOp peHTreHOBCKIIX ljJOTOHOB nepeXOJ{HOfO 113JI)"'eHIIll (apefiljJOBru! ITpOBOJIOqHruf KaMepa). 

PeHTreHOBCKIIe ljloTOHhi JieTliT npaKTuqecKII no HanpasneHmo J{BIIlKeHIIll IIJJI)"'aiOIDefi qacTHu.i.r, 

npoxoJ{ll qepe3 6onbrnoe q11cno ITJieHoK paAIIampos (/) noqTII 6eJ norepb :mepm11. B Apeuljlosbrx 

KaMepax (2) ljJOTOHbl Bbi611Ba!OT 113 raJa (KCeHOH) KOMITTOHOBCKIIe 3JieKTPOHbl, KOTOpble 

periiCTPIIPYIQTCll, llpiiXOJ{ll Ha OJ{IIH 113 aHOJ{OB ( C YCII!IeHIIeM B JlaBIIHe raJOBOro pa3pliJ{a B6JIII311 

aHOJ{HOH npOBOJIOqKII, p11C. 3.12, 6). 

100 

IIpOXO.D:HT qepe3 .D:OCTaTOqHO TOHKII:ll KpHCTaJIJI no npaKTuqecKH np~OJIHHefiHOll 

-rpaeKTopHH, TaK ~o ee TOpM03Hoe H3JiyqeHne OTCYTCTByeT. Ho 3JieicrpnqecKoe none 

qaCTHI(bl ".n:epraeT" 3Jiel<TpOHbl HOHOB KpHCTaJIJia, ll OHH H3JI}"'aiOT. 0CHOBHble 

xapaKTepHCTHKH :noro ll3JI}"'eHH~ MO)I(HO nOJI}"'HTh Ha ypOBHe KaqeCTBeHHbiX Ol(eHOK 

B npn6JIH)I(eHHH KJiaccHqecKoii 3Jiel<TpO.D:HHaMHKH. IIone peiDITHBHCTCKoii qacTHO:hi 

MO)I(HO paCCMa'rpHBaTb KaK nJIOCKYJO BOJIHY (cpaBHH § 3.2), pacnpoc-rpaH~Il(YJOC.ll 

BMeCTe C qacTHI(eii B.D:OJib HanpaBJieHH.ll CKOpOCTH v0 qacTHI(bl. 3Jiel<TpOHbl HOHOB 

KpHCTaJIJia Kone6JIIOTC.ll B.D:OJib uanpauneHH~ BeKTopa E, H3JI}"'M B cooTBeTCTBHH c 

.n:HarpaMMoii .n:unoJihHoro H3nyqeHH.ll (pHc. 4 BBe.n:eHHH). CxeMa HHTepcpepeun;uu 

H3JiyqeHmr OT pa3JillqubJX HOHOB KpHCTaJIJia (pHC. 3.13) MO)I(eT 6biTb npe.D:CTaBJieHa B 

TOM )l(e BH.D:e, ~0 H .D:JI.ll .D:HcppaKI(llH peHTreHOBCKOro ll3JI}"'eHH.ll B KpHCTaJIJie (CM. (3], 

§ 139). BocnoJib30BaBliiHCh 3TOii cxeMoii, uaii.n:eM pa3HOCTb cpa3 nyqeii HJnyqeHH.ll, 

Ila.D:aiOII(ero (ro;, k;) Ha HOHbi A H B KpHCTaJIJia H pacce~uuoro (ro" k,) HMH. 

OrpauHquMc.ll npocTeiimHM cnyqaeM, Kor.n:a na.n:aiOII(Hii II pacce~HHble nyqu Jie)l(aT B 

nnocKocm KpHCTaJIJIHqecKoii pemeTKH (puc. 3.11). KpoMe TOro, yqTeM, ~o none 

.D:BH~eiic~ qaCTHI(hi "BocnpHHHMaeTc.ll" HOHOM KaK HMnynhc E(t), orpauHqeHHb:di 

no BpeMeHH (cpauuu (3.34)). Tio3TOMY cpyuKO:HIO E(t) MO)I(HO npe.n:cTaBHTh B BH.n:e 

HHTerpaJia <l>ypbe no MOHOXpOMaTHqeCKHM cpyuKI(ll.liM - IIJIOCKHM BOJIHaM - ll 

npoBO.D:HTh .D:aJihHeiimHii aHaJIH3 .zvur BOJIHhi Erodro · e;(fr -rot). IIocne pacceHHH.ll Ha 
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11 

HeiiO,nBmKHOM UOHe B KpUCTaJIJie, '!aCTOTa Ol U BOJIHOBOe 'IUCJIO k = ro/ C :noil: 

rapMoHuKii (KaK u BCHKoii .r~pyroii) He U3MeHHIOTCH. CooTBeTcTBeHHO, pa3HOCTb <Pm 

.r~syx "n)"'eii" :noii sonHhi 11' u 22' (puc. 3.13) pasHa 

11\lf = k(11; - 11r ), 

111 =CB = CD+DB = (AE -DE)sin81 +DB =(pa-qb ·tg81)·sin81 + qb
8 

= 
. c~ ; 

= pasin81 +qbcos81, 

11r = AC' =AD'- C'D' =AD'- (BF + FD')sin8r = __!!}!__- (pa + qb · tg8r )· sin8r = 
cos8r 

=-pasin8r +qbcos8r. 

3.l(eCb p, q - 'IUCJIO ropU30HTaJibHbiX (p) U BepTUKaJibHbiX (q) ITJIOCKOCTeil: 

KpUCTaJIJIH'!ecKoii pemeTKU, pa3,llenHIO~IIX uoHhi A ~ B; a, b - seprnKaJihHhiii u 

ropu30HTaJihHhiii pa3Mepbi H'IeiiKu pemeTKU. B pe3ynhTaTe 

11\lf pq = k[qa(sin81 +sin8r)+b(cos81 -cos8r)]. 

(2') 

. Pnc. 3.13. CxeMa HHTepcjlepeH!lHH n3Jiyqenllll, B03HHKaJOillero npn B03.D;eiicTBnn 

6hiCTpOU 3aplllKeHHOii qacTHUhl Ha HOHbl KpHCTaJlJJa 

(3.42) 

CYMMupyH ITO seeM uoHaM, HaxO.r~H~UMCH · B none 'IacTUU:hi, Haii.l(eM, 'ITO 

UHTeHCUBHOCTb (ITOTOK IIJIOTHOCTU :mepruu) pacceHHHOH BOJIHbl 

J oc; I f.ei6.w pq 12· 
p,q=l 

(3.43) 
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O'IeBll.l(HO, 'ITO J oc; N 2 , ecnu see 11\lfpq Kparnhi 2n, a 3TO ycnosue .r~ocTuraeTcH, ecnu B 

(3.42) 

1) 8r =81 u kasin81 =nn, uJIH 2asin81 =n'A, 

~ 0~ 
2) 8r=7t+81 u kbcos81 =n1t, unu 2bcos81 =n'A; 

n = 1, 2, • ; . - ITOpMOK ,llllcppaKUUOHHoro MaKCUMYMa. Ilepsblii CJI)"'ail: ecTb oTpiDKeHue 

BOJIHbl OT ropU30HTMbHbiX ITJIOCKOCTeii peiiieTKH (puc. 3.13 U 3.14, a), a BTOpOii- OT 

sepTHKaJihHbiX (puc. 3.14, 6), Kor.r~a yrnhi CKOJib)l(eHUH 8; u 8r HymHo 3aMeHUTh na 

n/2-8; u n/2- 8r' CJI)"'aii, Kor.r~a 8r = n.- 8; TPHBHaJieH - 3TO OTCYTCTBHe 

OTPIDKeHUH (pacceHHHH), BOJIHa IIpOXO,l(UT CKB03b KpHCTaJIJI, He H3MeHHH HaiTpaBneHHH. 

Ananoru'!Ho BbirnH.r~HT ycnoBHH o6pa30BaHUH MaKCHMyMa OTPa)l(eHHOii sonHhi ITO 

TPeTbeMy H3MepeHuiO (opToroHaJihHO ITnocKocrn puc. 3.13, 3.14). 

a) 6) 

Pnc. 3.14. 0TPalKeHHe :meKTPOMarHliTHOii BOJIHbl OT llJIOCKOCTeii KpHCTaJIJinqecKOii 

peWeTKH- ropH30liTa!IbHbiX (a) ll BepTHKaJibHbiX (6) 

PasencTBa (3.44) Ha3hiBaiOTCH ycJIOBURMU Byllbpa-Ep322a 11 Haii.r~eHhi .r~nH 

peHTreHOBCKIIX JI)"'eii PYCCKHM cpU3HKOM r.B. BynbcpOM (1912 r.) H, He3aBHCHMO, 

aHrJIHHCKHM cpH3HKOM Y.JI. Ep3rrOM (W.L. Bragg, 1913 r.). 

lh CKa3aHHoro HCHO, 'ITO BCe HOHbl KpHCTaJina, cpopMHpyiO~He OTPa)l(eHHYIO 

BOJIHy, H3JI)"'aiOT K02epeHmHO, a HHTeHCUBHOCTb OTPa)l(eHHOH BOJIHbl 

J oc; e2N2 (3.45) 

11,- KaK H B CJI)"'ae 'IepeHKOBCKOrO H rrepeXO,l(HOro U3JI)"'eHHH, He 3aBHCUT OT MaCChi 

'!aCTHU:bl, "reHepHpYIQ~eii" U3JI)"'eHH:e. Ilo.l('IepKHeM, 'ITO .l(nH HOHa B (3.45) CTOHT 

ITOnHhiii ero 3apH;:i (Zei. 
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t1 

B cooTBeTCTBHH c ycnonmiMH Byn~>cpa-Ep3rra KpHcTann "oT6Hpaer" 

(cpopMHpyer) Ha HarrpaBneHHH MaKCHMYMa H3ny<IeHHe C orrpe,n:eneHHOll MHHOll BOnHbi, 

T. e. HrpaeT pOnh 11MOHOXpOMaTOpa". ,lVrney cpOpMHpOBaHIUI H3ny<IeHIUI MO)K}{Q 

OIJ;eHHTh, aHanH3HpyH, KaK H rrpe:JK,n:e, KHHeMaTHKY .II:BHJKeHH.ll qaCTHIJ;bl H BOnHbi 

(pHc. 3.15). Ho Terrepb, KaK Mhi YBH.II:HM, ,n:nHHa cpopMHpoBaHHH orpaHHqeHa em;e 

ycnoBHHMH Byn~>cpa-Ep3rra. llycTb mny<IeHHe rrpHXO,n:HT B To~y Ha6mo,n:eHHH c 

HeKoToporo cnoH d KpHcTanna. Tor.n:a ,n:nHHa cpopMHpOBaHHH paBHa 

d 
R.ronn = AB=-.-, 

sme 

Puc. 3.15. <I>opMuposaHue rrapaMeTpWiecKoro H3JI)"'eHIDI rrpu rrpoxoJK.neHHH 3apl!JKeHHoll 

qaCTHUhl qepe3 TOHKHH KpllCTaJIJI. CC' ll BB' - rrepe.nHHH H 3a.l{HHH $pOHThl BOJIHbl H3JiyqeHIDI 

a ,n:nHTellbHOCTb BCIIneCKa H3lly<IeHH.ll eCTb 

B'C c!it-R.ronn cos2e 
't---= ' 

c c 

r.n:e 

AB d 
!11=-=--

Vo f3csine' 

Vo = Pc - CKOpOCTb qaCTHIJ;bl. 0TCIO,n:a 

d 1-Pcos2e 
't--· 

c sine ' 
(3.46) 

H ,n:nHHa BOllHbl H3ny<IeHIUI, COOTBeTCTBymiD;aH ,n:nHTellbHOCTH BCIInecKa 't, COCTaBn.lleT 

IIOpH,n:Ka 

A._ C't _d. 1-Pcos2e. 

sine 

J10,n:CTaBHB CIO,n:a 3HaqeHHe sin9 H3 rrepBOro ycnOBH.ll (3.44), HaxO,n:HM TOlliiJ;HHY ~llO.ll 

KpHCTanna, H3 KOTOpOii cpopMHpyeTC.ll KOrepeHTHOe H3ny<IeHHe: 

I04 

' 2 

A 2 · d--· 2 A 
2a 1-P+P 2a2 

llpH A.<< a (9 <<I) H y >>I HMeeM 

A.2l 
d--·. 

a 

(3.47) 

(3.48) 

0TCIO,n:a BH,n:HO, qro qlfCllO HOHOB KpHCTanna, y<IaCTBYIOIIJ;HX B cpopMHpOBaHHH 

KorepeHTHoro H3ny<IeHHH, paCTeT KaK KBa,n:paT 3HeprnH qacrnu;hi, a 3HeprnH 

4 c v KOrepeHTHOrO H3ny<IeHIUI, COOTBeTCTBeHHO, KaK y . TpOrHH pacqeT HHTeHCHBHOCTH 

H3ny<IeHmr rpe6yer rrpHnneqeHnH KBaHTOBO-MeXaHHqecKoro rro,n:xo,n:a. 

CymecTBOBaHHe rrapaMerpHqecKoro HJnyqeHHH 61>mo TeoperHqecKH 

rrpe,n:CKa3aHO B KOHIJ;e 60-x rr. rrpornnoro CTOneTIUI (M. fl. Tep-MHKa3ll.liH, 

r.~.rapH6HH). O,n:HaKO TOllbKO He,n:aBHO ero cymeCTBOBaHHe y6e,n:HTenbHO 

rrpo,n:eMOHCTpHpOBaHO 3KCIIepHMeHTanbHO Ha IIy<IKe IIpOTOHOB H HOHOB yrnepo,n:a 

HYKllOTpOHa OI151I1 (A. .[(. KoBaneHKO, A. M. TaparnH H ,n:p.). B 3THX 3KcrrepHMeHTax 

3Heprmr IIpOTOHOB COCTaBnHna 5 r3B, HOHOB C6
+ - 2,2 r3B/HYKllOH. I13ny<IeHHe C 

3Heprneii cpOTOHOB 9,5 K3B OT IIpOTOHOB H I0,8 K3B OT HOHOB Ha6nm,n:anOCb IIpH 

IIpOXO:JK,n:eHHH 'Iepe3 KpHCTann KpeMHH.ll {pHC. 3.I6). 

a) 6) 

3Hepfltt $ot~Hii; iOB •. 

Puc. 3.16. CrreKTpLI ll3JI)"'eHIDI llpll llpOXOJK.l{eHHll rryqKOB llpOTOHOB (a) II HOHOB eli+ (6) qepe3 

liJieHKy KpHCTaJIJia KpeMHIDI. 3Hepnrn rrporoHos - 5 f3B, lioHoB - ·2,2 f3B/II)'KIIoH; a, ~ - IlllKH 

XapaKTepi!CTIJqeCKOfO H3JI)"'eHIDI liOAJIOJKKH; £, - 11,4 ll 10,6 K3B - llllKH rrapaMeTpll'!eCKOfO 
II3JI)"'eHIDI H3 KpeMHllil 
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rJIABA IV. JIA3EPbl HA CBOiiO,!UibiX 3JIEKTPOHAX 

§ 4.1. 06m:ne xapaKTepnCTHKH JIC3 

Jla3epbl Ha CB060,l:\HbiX 3JieKTpOHax (JIC3)*) - HCTOlJHHKll KOrepeHTHOfO 

H3JIY'IeHHH, B KOTOpbiX "aKTHBHOH Cpe,noii" HBnHeTCH nYlJOK pen»:THBHCTCKIIX 

3JieKTpOHOB. flpOXO)UI l!epe3 YlJaCTOK MarHHTHOro non»: (HanpHMep, OH.z:cynHTOp), 

3JieKTpOHbl COBepmaiOT KOnefiaHHH, HCnyCKaiOT 3JieKTpOMarHHTHOe HJJI)'lJeHHe H, 

B3aHMO,neiiCTBYH C BOJIHOH H3JIYlJeHHH, OT,l:\aiOT ·eii CBOIO 3Hepru10, ycHJIHBaH 

HHTeHCHBHOCTb HJny'IeHHH. B 06~eM Cny'Iae ycnOBHe YCHJieHHH H3JIYlJeHHH MO)f{HO 

c<PopMynHpOBaTh B BH,l:\e 

BJ(v)>O, 
av (4.1) 

r,ne j{v) - <l>YHKUHH pacnpe,neneHIIJI 3JieKTpOHOB no CKOpOCTHM V (TOlJHee, no 

npo,nom>Hoii KoMnOHCHTe cKopocTH s ). B 3TOM Cnyllae lJHcno 6MCTPhiX 3neKTPOHOB, 

oT,naro~Hx 3HepruiO sonHe, o6roH»:»: ee, npeBMmaeT '!Reno 6onee Me,nneHHI>IX 

3neKTpOHOB, oT6HpaiOIUHX y BOJIHbl ee 3Heprmo. H Tor.na sonHa ycrnmsaeTc»:. Ha 3TOM 

npHHUHne COJ,naH o6mHpHbiH Kna~C H3JIYlJaTeneii, KOTOpble n03BOIDllOT; B pa3HbiX 

KOHCTPYKUHHX, nony'IaTb H3nylleHHe B illllpOKOM ,nllana30He oT csq-
pa,niiOII3nylleHIIH .no · peHTreHa. Bcex IIX o6ne,niiHHeT HanlllJHe .nsyx xapaKTepHI>IX 

3JieMeHTOB: 

1) IIHTeHCIIBHbill (MO~HbiH) nYlJOK 3JieKTpOHOB; 

2) nepiiO.z:\lllJeCKaH CTPYKTYPa, BJaiiMO,neiicTBYH c KOTopoii 3JieKTpOHbl 

113nyllaiOT. 

flpiiHUIInllanbHO Ba)f{HO, 'ITO 6naro,nap»: 3ppeKmy J(onJlepa ,nJIIIHa BOJIHbl 11311YlJeHIISI 

JHalJIITeni>HO MeHI>me nep11o.Iia CTPYKTYPI>I 111111 MIIHbl <l>opM11posaHHSI 11311YlJeHHSI. C 

3THM SIBJieHIIeM MI>I )')Ke BCTPelJaniiCb. paHI>me, B rnase II, np11 o6c)')K.neHHII 

CIIHXPOTPOHHoro 113nylleHHSI lJaCTIIU. B KalJeCTBe TaKoii CTPYKTYPM IICnOJibJYIOT 
ti ' . 

MarHIITOCTarnlJecKHe oH.zzynHTopi>I (§ 2.3), npo,noJibHoe MarHHTHOe none (cn11pan1> 

UIIKnOTPOHHoro sp~eHIIH 11rpaeT po11b "oii.zzynHTopa", § 4.5), cpe.ny IIJIH o6onol!Ky 

'J AHrJIIIHCKIIii repMIIH "Free Electron Laser" (FEL). 
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KaHana TPaHcnoprnpoBKII 3JieKTpOHHoro nYlJKa, IIMeiO~YIO npoCTPaHCTBeHHO

nepiiO.z:\II'IeCKYIO CTPYKTYPY, KOTOpM IIHIIUIIIIPYeT 'IepeHKOBCKOe 11n11/11 nepexo.nHoe 

11311YlJeHHe (§ 4.5). B nocne,nHIIe fO,l:\bl B CBH311 C nOHBJieHIIeM JIC3 OnTIIlJeCKOfO II 

peHTreHOBCKOfO ,l:\Hana30HOB 3TO Ha3BaHIIe lJ~e BCero IICnOJib3YIQT ,nnH Jia3epOB C 

MarHHTOCTaTIIlJeCKIJMII OH.zzynHTOpaMII II nYlJKaMH YJII>TPapenHTIIBIICTCKIIX 3JieKTpOHOB 

(§§ 4.3, 4.4). CTPoro rosop»:, 3TO "flecnpase,nnllso" no OTHomeHIIIO K JIC3 CBq

,nllanaJoHa (§ 4.5). 

ITYlJOK 3JieKTpOHOB B nepllo,nH'IecKoii CTPYKTYPe SIBnHeTCH aKmueHoii cpeooii, 

cnoco6HOH YCIIJIIIBaTb BHemHee 113JIYlJeHIIe. B 3TOM OTHOilleHIIII JIC3 npiiHUIInllanbHO 

He OTJIIIlJaiOTCH OT Jia3epOB II Ma3epOB; B KOTOpbiX aKTIIBHOH cpe,noif SIBJISieTCH Ha6op 

aTOMOB H MOJieKyJI. flp11 BBe,neHIIII o6paTHOH CBH311 TaKOH YCIIJIIITeJib CTaHOBIITCSI 

reHepaTopoM, a ycnos11e reHepaUIIII HH'IeM He OTJIIIlJaeTCH OT xopomo IIJBeCTHoro 113 

pa,niiOTeXHIIKH. 

)J;eiiCTBIITeJibHO, eCJIII '!aCTb MOIIUIOCTII 113JI)"'eHI!ll C BblXO,Qa yCl!JII!TeJill UO,QaeTCll CIICTeMOH 

o6paTHOH CBli3II Ha ero BXOA (piiC. 4.1), TO ypaBHeHIIe 6anaHca MOillHOCTll, O'!eBIIAHO, l!MeeT BIIA 

~=K(P,+ifJ, 

f,Qe K II ~ - K03if>4mlll!eHTbl ycl!JieHl!ll II o6paTHOH CBli3II COOTBeTCTBeHHO. 0rCIO,Qa 

K I 
P2 =--·P, ~ oo np11 ~=-. 

J-~K K 

P.:.,t--.--1 
Pz 

Pile. 4.1. CxeMa reHepampa: K- ycl!JinreJIL, ~- CIICTeMa o6paTHoii CBliJII 

TaKl!M o6pa3oM, ycnoaiie reHepalll!II (l!JIII aamreHepalll!II, KaK IIHOma rosopl!T) l!MeeT BI!A 

~K=J 

(4.2) 

(4.3) 

3m YCJIOBIIe liBJ!lleTCll o6ml!M AJ!ll JII06b!X yCl!JII!TeJ!bHblX CIICTeM (He TOJibKO B TeXHIIKe, HO II B 

npnpo,Qe!), II BIIA 3TOfO YCJIOBI!ll He 3aBIICIIT OT KOHKpeTHOTO ycTpOHCTBa YCl!JII!TeJ!ll-reHepaTOpa. 
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B TeXHl!Ke npl!IDITO H3Mepl!TL K031jujml.UieHT ycHneHHl! s norapmjJMH'IeCKHX e.l{HHHUax "6enax 

(o- pyccKoe COKpameHHe, B - aHm.), B 'ICCTL aMepHKaHua IIIOTllaH.l{CKOro npOHCXOlK,lleHHJI A. f. oenna 

(A. G. Bell) - H3o6peTinellll renelj>oHa (1876 r.). Ha npaKTHKe ucnonL3yeTcll e,liHHHUa, s .liCCliTL pa3 

MCHblllal!, - Oe7Ju6en (.!IIi, dB - aHm.). B ljJIDHKe Tpa.liHUHOHHO HCTI011L3YJOT .3TH C,liHHHUbl Mll• 

lOMCpCHHJI BCliH'IHHLI YCHlleHHJI HliH OClla6neHJUI ypOBHll CJITHana (311CKTpH'IeCKOro, 3BYKOBOro,. T. e. 

MeXaHH'!CCKOro ,llaBliCHHll, H HCKOTOpb!X .llpyrHX). TipH 3TOM npHIDITO OTipC.liCliCHHe 

Az Az 
K[Ali] =20·1g-, HliH K(6] =2·fg-. 

A1 A1 

(4.4) 

lfHhiMH CliOBaMH, npH YCHliCHHH 20 .l{o (H1IH 2 o) OTHOIIIeHHe ypOBHCH CHrHana Ha BXO.l{C H BbiXO,liC 

paBHO A2 / A1 = 10. KpoMe TOro, HHOr,lla TIOllh3YJOTCll TaKJKC e,liHHHUeH oe7JU6en MOUfiiOCmu (M.llli, mdB-

aHm.), KOTOpOH H3Mepli!OT OTHOIIICHHe KBa,llpaTOB ypOBHCH CHrHana (MO!UHOCTL): 

Kl"""l = IO·Ig Pz 
P.' 

I 

p2 
-lg-. HliH 1<[•61 - J'; (4.5) 

r,lle P = A2
- MO!UHOCTL CHrHana. CpaBHHBal! (4.4) H (4.5), BH.l{HM, 'ITO K[....U] = K [idi]• a pa31IH'IHC HMCeT 

MCCTO Ha ypOBHC H3MCpCHHH: CliC.liYeT pa311H'IaTL, 'ITO H3MCplleT npH60p - CHrHan HliH ero MO!UHOCTL. 

§ 4.2. 3JieKTpOHHhiH nyqoK B UOJIHX OimyJIHTOpa H HJ.JtyqeHHH 

PaccMOTJlllM · MexaHmM ycurreHllH llJJI)"'eHllH npu B3aRMo.nencTBllii 

3JieicrpOMarHIITHOH BOJIHbl C 3JieKTJJOHHbiM ny'IKOM, npOXO.L{HIIIllM CKB03b • nJIOCKIIH 

OH.LtYJIHTOp (piiC. 2.11), nonepetiHOe noJie KOTOporo II3MepHeTCH no 3aKOHY (2.45)_*) 

IJpeHe6peraH ll3MeHeHlleM CKOpOCTII 3JieKTJJOHa Vo 3a O.L{llH npOXO.L{ OH.L{YJIHTOpa 

(C'IllTaeM: S ~ Vo = COllSt), II3 (2.49) 3aiiiiiiieM 3Ha'IeHIIe X-KOMnOHeHTbl CKOpOCTII 

3JieicrpOHa, npllHHB X
1 

( 0) = 0 : 

vx = v0 • x'(s) = a 0v0{1- coskds ), (4.6) 

r.ne ao - ymoBaH aMnJIIITy.na (2.50). 3JieKTpOMarHIITHYJO BOJIHy ll3JIYtJ:eHIIH B 

OH.L(yJIHTOpe B 06IIIeM CJIYtJ:ae MO:lKHO npe.z:tCTaBllTh B Bll.L{e cyrrepn03IIQllii .L{Byx BOJIH, 

pacnpOCTJlaHHIOIIIllXCH no nYtJ:Ky II npOTIIB Hero: 

Ew(s, t) = Ewl · sin(ks- rot+ <p1)+ Ew2 • sin(ks +rot+ <p2 ), 

0
) B 3TOM naparpalj>e HCTI011L3YeTCll TIO,liXO,ll, 3aHMCTBOBaHHbiH H3 MOHOrpaljJHH ( 4 ], C. 4-11. 

108 

(4.7) 

r.ne Ewl, w2, <jlJ, 2 - aMUJIIITY.L{bl ll <J:>a3bl BOJIH; k II ro - BOJIHOBOe 'IIICJIO II '!aCTOTa. 

(MH.LteKC W 3.L{eCb II HIIJKe OT aHriT. wave- BOJIHa). BOJIHbl (4.7), O'!eBII.L{HO, JillHeHHO 

- - -
noJIHpllJOBaHbi. ITpii Ew1 = Ew2 = E0 IIMeeM CJIYtJ:an CTOH'Ieli BOJIHhi 

E(s, t) = 2E0 sin( ks + <Jli ~ <p2
} co{ rot+ <p2 ~ <Jli). (4,8) 

B norre 3TIIX BOJIH 3HeprliH 3JieicrpoHa II3MeHHeTC11, ') 'ITO cJie.z:tyeT II3 ypaBHeHll11 

.z:tBIIJKeHJijl (2.46), Ky.na Tenepb crre.nyeT .no6aBllTb 3JieicrplltJ:ecKoe norre BOJIHbi: 

djJ = ![v, .B(s )]+ eE. 
dt c 

YMHOJKaH 3TO ypaBHeHIIe CKarrHpHo Ha BeKTop v ll YtJ:llTbiBaH paBeHCTBa 

UOJIY'IIIM 

d&e = (P, dP) = (v, dP), (v, [v, .B D= o, 
dt & dt dt 

d&e =e(.E,v)=e(Exvx+Eyvy}. 
dt 

(4.9) 

(4.10) 

Ho B OH.L{YJIHTOpe 3JieicrpOH COBepmaeT BbiHy)J{.L{eHHbie KOJie6aHII11 no HanpaBJieHlliO X, 

U03TOMY Vx >> Vy, II OCHOBHOH BKJla.L{ B ll3MeHeHIIe :meprnll .z:taeT X-COCTaBJI1110IIIaH noJIH 

BOJIH (4.7). IJ03TOMy, KaK Mbl YBII.L{IIM ll .L{aJibllie, B nJIOCKOM OH.LtYJIHTOpe II3JIYtJ:eHlle 

JIC3 noJIHpii30BaHo JIIIHeliHo, ll BeKTOp E HarrpaBrreH napaJirrerrhHO ocu x. 

ITo.z:tCTaBllB B (4.10) 3HatJ:eHll11 Ex (4.7) II Vx (4.6), npOii3Be.z:teM npocTOe 

TJlllroHoMeTJJII'!ecKoe npeo6pa3oBaHIIe: 

d&e E E -=e xvx =ea0v0 1 x 
dt 

x {sin{ks- rot+ <p1)-.!..[sin((k + kd )s- rot+ <p1)+ sin((k- kd )s- rot+ <p1)]L + 
2 f (4.11) 

+ea0v0E2 x 

x {sin(ks +rot+ <p2 )-~[sin({k + kd )s +rot+ <p2)+ sin((k- kd )s +rot+ <p2 )]}. 

'l He nyTaTL c norepliMH 3HeprnH Ha H3ny'ICHHe: 3.lleCL E - 311CKTpH'ICCKOe none BHemHeif 

311CKTpOMarHHTHOH BOliHLI, a He BOliHLI, HCnyCKaeMOH 'laCTHUeH. BnpO'IeM, KaK 6y.lleT BH,liHO ,llallbiiiC 

(§ 4.4), B onpe,lleneHHLIX YCliOBHJIX 3TH BOliHLI pa3,lle11HTL HeB03MOlKHO. 
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,[(anee )"'TeM, 'ITO KOOp.l(HHaTbl qacTH~bl S eCTb S = Vot, a qaCTOTa ll BOllHOBOe qiicno 

IIJnyqemrn CBH3aHbi pasencTBoM ro = ck. Tenepb npeo6pa3yeM apryMeHTbi ciinycos B 

(4.11), B TOM IIOpH.l(Ke, KaK OHll IIpe.l(CTaBlleHbi B 3TOM BbipalKeHIIII, II OIIYCTIIM Ha 

BpeMH flla3bi CJ>J. q>2 (eM. npiiMeqanne nocne fllopMynbi(4.19) HHJKe). TionyqiiM: 

ks -rot= ro(vo -1)""' _!!!!_, 
c . 2y

2 

(k+kd)s-rot""'- ro~ +kdv0t, 
2y 

(k- kd )s- rot""'- ro~ - kdv0t, 
2y 

ks+rot=ro(~ +1}""'2rot, 

(k + kd )s +rot""' 2rot + kdv0t, 

(k- kd )s +rot""' 2rot- kdv0t. * 

TiepBbie ,l(Ba BbipalKeHIIH CO,l(eplKaT Me,l(neHHbie qaCTOTbl 

ro ro 
-- II ---kdv0 , 
2y2 2y2 

a OCTaJibHbie qeTbipe - fibiCTPble qacTOTbl, IIOpH.l(Ka 2rot. 

(4.12) 

(4.13) 

Ocnosno:il: BKna.l( B II3MeHeHIIe 3Heprnii 3neKTPOHa Ja nponeT OH.l(ynxTopa .l(aiOT 

IIMeHHO Me,l(neHHbie qacTOTbi, qTo BII,l(HO XOTH fibi II3 ofi~ero BbipalKeHIIH 

t 

f(t)= fsinrot·dt= 1-COSro't <~ 
0 ro -ro 

(3.l(eCb ro- npoiiJBOnbHaH qacTOTa). TaKIIM o6pa30M, II3Meneniie 3Heprnii o6paTHo 

nponop~IIOHaJibHO qacTOTe. Tio3TOMy cnaraeMbie, co.l(eplK~IIe 6hiCTPbie qacTOTbi, 

MOlKHO IIOIIpOCTy OTfipOCIITb. *) KpoMe TOro, II3 .l(Byx Me,l(neHHbiX qacTOT BTOpaH 6onee 

Me.l(nennax, snnoTb .l(O Toro, 'ITO ee MOlKHO o6paTIITb B nonb, BbiiiOnHIIB yCJweue 

pe3onanca 

d 1t 
ro = 2y~skdPresc, IInii ')... (4.14) 2 2 ' 

Pres Y reskd 2Pres Y res 

r.l(e Pres= (v0 )cesfc. 3TOT peJynhTaT IIMeeT .l(OBOllbHO HCHbi:il: fl!IIJIIqecKII:il: CMDicn: B 

To~e s = v0t caMaH Me,l(nennax 4Ja3a B ( 4.11) nocTOHHHa, ecnii Bhmonneno ycnoBIIe 

') 3Ta OnepalUIJI COOTBeTCTBJeT MaTCMaT!f'!eCKOMJ nplleMy ycpe,nHeHIIJI no fihiCipbiM KOJiefiaHIIJIM. 
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pe3onanca. Tio3TOMY II B3aiiMO,l(e:il:cTBIIe 3neKTPOHa c sonno:il: B pe3oliance 

MaKCIIMaJibHO. 06paTIIM BHIIMaHIIe, 'ITO B 3TIIX BbipalKeHIIHX qaCTOTa ro II ,l(lliiHa 

BOllHbi ')... BOnHbl II3nyqeHIIH cqiiTaiOTCH 3a.l(aHHbiMII, a qepe3 HIIX onpe,l(eneHa 

pe30HaHC11aJl 3Hep2UR 3lleKTPOHa 

eres = Y res . mc
2 
· 

11MeHHO TaKO:il: Bbi6op fl!IIKCIIpOBaHHbiX (ro, /...) IIII3MeHHIO~XCH (&res, Yres) napaMeTPOB 

noJsonxeT narr6onee xcno oniicaTb KapTHHY yciineniiH II renepa~IIIIIIJnyqeniiH B JIC3. 

CpaBHIIBaH nocne.n:nee Bbipa)l(eHIIe c (2.61), BII.D:IIM, 'ITO B OH.l(YnHTopnoM 

pe)I(IIMe (K << 1) BOnHa, pacnpOCTPaHHIO~aH:H B,l(Ollb OCII nyqKa (8 = 0), MaKCIIMaJibHO 

B03MO)I(HO II3MeHHeT 3HepriiiO 3neKTPona, ecnrr ee .n;niina sonnhi cosna.n;aeT c MIIHO:il: 

sonHbi on.n:ynHTopnoro IIJnyqeniiH: 

')... = Aundulator · (4.15) 

3To II ecTh neo6xoow.we yclloeue MaKCIIMaJibHoro yciineniiH IIJnyqeniiH npn npoxo.n:e 

nyqKa CKB03b on.l(ynHTop . .z:t:ocTaTOqnoe ycnosiie cocTOIIT B npasiinbHOM Bbi6ope !lJa3bi 

BOllllbi OTHOCIITellbHO flla3bl CKOpOCTli Vx 3lleKTPOHa - flla3a ,l(OlllKHa 6biTb TaKO:il:, qTofibl 

3lleKTPOH OT,l(aBaJI 3Heprmo BOnHe, T. e. 'lTOfibi B cpe.n;HeM IIO BCeM 3lleKTPOHaM nyqKa 

(crycTKa 3neKTPOHOB) seniiqnna II3MeneHIIH 3Heprnrr 6bma OTPII~aTenbno:il:: 

(~; )<0. (4.16) 

lJTOfibl BbiHCHIITb, 'ITO ,l(nH 3TOfO HJ)I(HO, IIOCMOTPIIM, KaK II3MeHHeTCH 3HepriiH 

3lleKTPOHa CO BpeMeHeM npii IIpOXO)I(,l(eHHII OH,l(ynHTOpa. Tenepb, KaK Mbl TOllbKO qTo 

BbiHCHIIllii, ,l(OCTaTOqiiO paCCMOTPeTb BKna.l( pe30HaHCHOfO cnaraeMOfO B ( 4.11 ): 

dee a 0v0eEw . G) _, Sill"' t 
dt . 2 .'Y ' 

'JI(t)= ( 2~2 -kdvo }t-cp1, 'JI(O)= -cp1 = 'l'o· 

(4.17) 

3.n:ecb Ew = Et = const - aMnnnry.l(a conYTCTByiO~e:il: sonHbi. 3neprnx 3neKTPOHa 

II3MeiiHeTCH B COOTBeTCTBIIII C ypasHeHIIeM (4.17), OTKnOHHHCb OT CBOero 3HaqeHIIH Ha 

Bxo.n;e B OH.n:ynHTOp Ee(O) Ha Beniiqnny t:e(t)-c:eCO). Tipii 3TOM 3HepriiH 3neKTPOHa 

OTJIHqaeTCH oT pe3onancnoro 3HaqeniiH na sennqnny 

8t:e(t)=t:e{t)-(t:e)ces «{t:e)res· 
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MS 

tl 

3Ha'leHIIe O&e(t) Ha BXO,ne B OH,nymnop, T. e. O&e(O), HU3hiBaJOT omcmpOUKOU no 

:omepzuu. 

IlpOII3Be)UI prono)l(eHIIe y = Yres + Oy, II3 ( 4.17) IIOny'IIIM 

w(t ) ... [ 2~2 ( 1-2 oy;t )) - kdvo J · t + w0 • 
oe 

Oy=-·-<<1, 
mc1 

'ITO IIpii YCITOBIIII BbiiiOnHeHIIH pe30HaHCa (4.14) ,naeT 

dw co oee{t) _, __ 3 ____ 2_" 

dt Yres me 
\jl(t)"' -~Oy(t )· t + \j/0 , IIITII 

Yres 

3.nech npiiHHTo 

l _d(oy)I«Or, 
t dt 

(4.18) 

'ITO XOpOIIIO BbiiiOITHHeTCH ,nnH Me,nneHHbiX KOITe6~HIIll Oy (CM. 3a,na1JY 4.1 HII)l(e). 

)J;mp<l>epeHQIIpyH ( 4.18) IIO BpeMeHII II IIO.l{CTaBITHH B IIOITY1JeHHOe BblpU)l(eHIIe 

3Ha'leHIIe dee/dt II3 (4.17), IIpiiXO,niiM KypaeHeHUIO pa306blX KOJle6aHUU 

d1 
_y + Q 2 sin'" = 0 dP 't' ' 

f"'\2 _ . ( ) eEw _ 2~resr.BEw 
""" - ao Vo resco-3--2 - 2 · 

y,.,mc Yresm 

(4.19) 

BTOpoe II3 BblpU)l(eiiiill .l{ITH Q2 
B ( 4.19) IIOny'leHO IIO.l{CTaHOBKOll 3Ha'leHIIH a 0' (2.50) c· 

y'leTOM 3Ha'leHiiil: PL (2.47) II dii3 (4.14): 

yeB/.. 
a 0 =--2 • (4.20) 

rrmc 

3TO ypaBHeHIIe IIOITHOCTbiO COBIIa,naeT IIO <t>opMe C ypaBHeHIIeM <i>aJOBbiX KOITe6aHIIll B 

Teopiiii pe3oHaHCHhiX (QIIKITII'leCKIIX II niiHeil:HbiX) ycKopiiTeneil:. IIapaMeTp Q ecTh 

'laCTOTa (ManbiX) <t>rooBhiX KOne6aHIIll, IIOCKOITbKY IIpii \j1 << 1 ypaBHeHIIe ( 4.19) 

IIpiiHIIMaeT BII.l{ ypaBHeHIIH ITIIHellHbiX (ManbiX) KOne6aHIIll lji + Q 2\jl = 0 :> PerneHIIe 

:noro ypaBHeHIIH, KaK II3BeCTHO, IIMeeT BII.l{ 

') 8eJIII'IHH3 Q2 
AOnlKH3 fihiTh IIOJIOlKHTeJihHOil: MJI ycroifqHBoro lfla:JOBOrO ABHJKeHHJI. 0TCIOA3 cnenyeT, 

qTo MJI :meKlJloHa (3apJIA e < 0) :no ycnOBHe BhmonHJieTCJI B o6nacTH lfla:J BOJIHhl (/lh q>2, rne Ew(t) < 0. 
· Aanhlne cqHTaeM, qTo 3TOT "Bhi6op" lfla:J BhiUOJIHJieTCJI aaroMaTII'IeCKH, a npyroil: cnyqail: -

HeycrolfqHBhiX cpa30Bh!X KOnefiaHHil:- HHTepeca AJIJI lfJH3HKH JIC3 He npeACTaBJIJieT. 
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w(t) = Wo • cosru + Wo . sinru 
Q . ' 

(4.21) 

r.ne \jlo = w(O), \j/0 = d\jl' . )J;ITH peaniiCTII'leCKIIX napaMeTpOB JIC3 senii'IIIHa Q 
dt 1=0 . 

.l{OBOITbHO Mana, TaK 'ITO II3MeHeHIIe <t>robl MMbiX KOne6aHIIll 3a IIpOITeT OH.l{yiTHTOpa 

MHoro MeHhiiie e,niiHIIQhi (3a,na'la 4.1). C ysenii'leHIIeM aMIIITIITY.nhi nepiio,n <ProoBhiX 

Kone6aHIIil: ysenii'IIIBaeTcH, T. e. 'laCTOTa eme 6onhrne YMeHhiiiaeTCH. 

3aJJ.aqa 4.1. 0IIeHHTh qacrory MaJihiX lfla:JOBhiX KOnefiaHHil: 3JieK1JlOH3 B OHJJ.YJIJITOpe C IIOJieM B 

MaKCIIMYMe B0 = 0,5 TJI, ecJIH IIJIOTHOCTh no!oKa 3HeprHH HJnyqeHHJI cocTaBJIJieT Sw =I MBT/ cM
2

• 

0IIeHHTh Hafier lfla:Jhl KOnefiaHHil: H3 MHHe I M. 3HeprHJI 3neK1JlOHOB - 450 M3B. 

JlapMOpOBCKHil: p3AHYC 3JieK1JlOH3 C A3HHOil: 3Hepmeil: B IIOJie 0,5 Tn COCTaBJIJieT 3,0 M. 

AMIIJIHTYA3 ITOJIJI BOJ!Hhl 

~ 
Ew =-y~·<>w "'60fc. 

J!J (4.19) H3il:AeM Q"' 6,5 ·105 C-I {f"' 40 Kfii), H Hafier lfla:Jhl MMhiX KOnefiaHHil: COCT3BHT 

Q.~ 
dw,.,---2·IO-' panHaMHHe Ha I M. 

l3c. 

(4.20) 

0TMeTIIM, 'ITO 3aBIICIIMOCTb 'laCTOTbi Q OT IIITOTHOCTII IIOTOKa II3ITY1JeHIIH .l{OBOITbHO 

cna6aH - KaK KopeHh tieTBepTOil: cTeneHII. Ilo3TOMY Ha6er <Probl Ha MIIHe oH,nymnopa 

(L = 10-100 M, CM. Ta6n. 4.1 HII)l(e) OCTaeTCH ManhiM .l{U)l(e npii cymecTBeHHO 60ITblliiiX 

IIOTOKax 3Heprnii II3ITY1JeHIIH. Pe3ynhTaTbi 3a,na'III 4.1 IIO.l{TBep)K.l{aiOT npe,niiOITO)l(eHIIe, 

C.l{eiTaHHOe IIpii BbffiO.l{e ypaBHeHIIH (4.19). 3TO 06CTOHTeiThCTBO II03BOITHeT HallTII 

,nanee IIpii6ITII)l(eHHOe perneHIIe 3a,na'lll 0 IIOTepHX 3Hepriiii 3ITeKTpOHOM B OH.l{YITHTOpe 

II B none BOnHhi. B o6meM BII,ne perneHIIe 3TOil: 3a,na'III B aHaniirn'leCKIIX <l>YHKQIIHX 

HallTII He y,naeTCH. 

flOCKOJihKY H3MeHeHHe cpa:lhl B eAHHHIIY BpeMeHH MHOfO MeHhille e)lHHHIIhl, B npHfinHJKeHHH 

!lt << 1 MOlKHO npHHliTh 

w,(t)= w. + w. ·t. 
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3TO, B qaCTHOCTll, cnpaBe.llllliBO .llllll MaJJbiX KOJiefiaHJill (4.21). llOJJ:CTaBHB :no 3JJaqeJJHe 1j11(t) B 

ypauHeHHe cjlaJOBLIX KonefiaHHil (4.19), Hai!J(eM (cqJITilll JJJ:eCL O(t)"' const, eM.§ 4.4) 

dljl "'-02 Jsin{ljl0 +1j10t)·dt=-~
2 

cos{ljl0 +1j10t)+C1, dt \j10 

a 113 HaqarrLHLIX YCJIOBHll (4.21) nonyqHM 3HaqeHHe KOHCTBHTLI 

. n2 
Cl =lji0 +-;-COSijl0 • 

ljlo 

HHTerpupyll e11.1e pa3, HMeeM B cneJJ:YIO!lleM npHfiJIHJKeHHH 

113 ycJIOBllll 1j12C0) "' 1j1o HaxOJ(liM 

ljl2{t)=- ~: sin{ljl0 +lj1 0t)+q +C2. 
ljlo 

n2 . 
C2 =1j1 0 +~Sillljl0 • 

ljlo 

B pe3yJibTaTe rrpo.n;ena.HHbiX Bbi'IHCJieHHH \jl(t) MO)KHO rrpe.n;cTaBH:Tb B BH.n;e 

\jl(t) = \j1 0 + ljJ 0t + o\jl(t ), 

I! () 0
2

COS\jlo 0
2
(. ( . ) • ) u\jl t = . t-~ Sill \llo +\j10t -Sill\j/0 . 

\llo \llo 

CKa3a.HHOe Bbiiiie TaK)Ke II03BomreT YTBep)K.ll:aTh, 'ITO 

O\jl « \llo + Wo · t, 

H IIpOH3BeCTH pa3JIO)KeHHJI IIO 0\jl B IIOCJie.D:}'IOII(HX BbJqH:CJieHHJIX. 

(4.22) 

Ilomepu 311ep2uu 3JleKmpoHa 3a rrpoxo.n: OH.D:YJIJITopa B none :meKTpOMarHHTHOH 

BOJIHbl HaH,ll;eM, IIO,ll;CTaBHB ( 4.22) B ( 4.17): ') 

a v0eE 'J . ( )_j L !!.e. "' 0 
w sill \11 t ,_.t, • = -, 

2 o vo 

r.n:e L- ,ll;llHHa OH.D:YllllTOpa. Ilpe,ll;CTaBHB IIO.D:bffiTerpanbHOe Bblpa)KeHH:e B BH.D:e 

sin \jl(t)"' sin(\j/0 + ljl0t )+ cos(\j/0 + ljl0t )· o\jl(t ), 

HaH.D:eM 

(4.23) 

'l Q6paTHM BHl!MaHne Ha pa3Jlnqne !:J.&, n o&,(t). llepaal! uennqnHa ecTL cyMMapHal! norepll 3Heprnn 
3JieKTpoHa Ja npoxo.zt OHJIYJiliTOpa. 
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( ·) · "J . ( )d cos\j/0 - cos(\j/0 + Wo't") f \llo "" sm \j1 t t = . + 
. o \llo 

Q 2 COS\j/0 (cos(\jlo + Wo't")- COS\jlo) 0
2
't"COS\jlo sin(\jlo + \jlo't") (4 24) 

+ ·3 + ·2 + . 
\j1 0 \j1 0 

Q 2 [-sin
2(u• +•it •)+sin

2
111 • • • • ] +-· -..o -..o -..o +stn"' sm(•" +'" •)-stn2 •~• • 3 2 . '1"0 '1"0 '1"0 '1"0 • 

\llo 

Terrepb MO)KHO rrpHCTYIIHTh K Bbi'IHCneHHIO ycHneHIIJI :meprHH 3JieKTpoMarHIITHOH 

BOJIHbl B OH,ll;yllllTOpe, qepe3 KOTOpbiH IIpOXO,ll;IIT ny'IOK MOH03HepreTIIqeCKHX 

3!leKmpoH06. CqiiTaeM, trro 3JieKTpOHbi rryqKa HMeroT O.ll:HHaKOBYJO 3HeprHro H OHII 

paBHOMepHo pacrrpe.n:eneHbi rro <Proe sneTa: 

dN. N. O 2 --=-, :o;\llo :o; n, 
d\j1 0 21t (4.25) 

N = I.• 
e ' e 

r.n:e N. - qiiCJIO 3neKTpOHOB rryqKa c TOKOM I., KOTopoe "yMemaercJI" B omiynJITope 

,ll;JIH:Hbl L = Vo't". 3neKTpOH, B3aHMO.D:eHCTBYJI C BOJIHOH B OH.D:YJIJITOpe, OT,ll;aeT eii HJIII 

3a6IIpaeT H3 Hee 3HepriiiO - B 3aBIICIIMOCTH OT tPa3bl BJieTa B OH.ll:YliJITOp \110· 
B cpe.D:HeM rro rryqKy (T. e. rro tl>roe sneTa) IIJMeHeHne 3Hepmn 3JieKTpOHa Ja 

IIpOXO.D: OH,ll;yJillTOpa COCTaBIIT 

1 21t 

(!!.e.)=- f!!.e(\llo)d\llo 
21t 0 

IlO,ll;CTaBHB CIO.n;af{\jlo) (4.24), Bbi'IHCJIHM 

211 

a 0v0eEw fJ(\IIo)d\llo· 
41t 0 

1 
2

" Q
2 

( • \jJ 't"Sin \jJ 't") (f)==- fi(\110):i\110 = ---:-)"" 1-cos\j10't" 
0 0 

• 
2n 0 \llo 2 

Oicro.n:a sll,l{Ho, trro (f) co.n:ep)KHT tPYHKU:HIO apryMeHTa x = o/0• (pHc.4.2): 

F(x) = :3 ( 1-cos X- xs~n x). (f) = 02•3 F(x). 

B nnrepaType MOJKHO BCTpeTHTL JtPYI)'lO cjlopMY Janncn cjlyHK!lHH F(x), TOJKJtecTBeHeyro (4.27): 

F(x)= -2~(sin2 x/2) dx x2 . 
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(4.26) 

(4.27) 



il 

ApryMeHT x nponopn:n:oHaJieH OTCTpofiKe no 3Heprn:n: 3JieKTPOHOB n}"'Ka (eM. (4.18)): 

=. =-on oe(o) (428) 
X Wo' 3 2 · · 

'Yres me 

·1J.ITF(X) 

-2o 

-o,I 

PHc. 4.2. <I>yHKUifll F(x) 

Ilo.n:cmsn:B B (4.27) 3Ha'IeHIIe Q2 
II3 (4.19) II }"'MTbiBIDI 3Ha'IeHn:e napaM~a a 0 (2.50), 

JaniimeM senii'IIIHY ( tu:.) B sn:.n:e 

(
A ) = (a0voeE .. Y 3F( ) uee 3 2 ro-r X . 

2Yresmc 
(4.29) 

0TMeTIIM, 'ITO 3TOT pe3ynhTaT He 3aBIICIIT oT 3HaKa 'IaCTIIU:, F(x) - aciiMMeoqJII'IHIDI 

cpYffKn:mr aprYMeHTa x, OTPIIU:aTenbHIDI npii X < 0 (oe(O) > 0). Cne.n:osaTenhHO, npii 

oe(O) > 0 3JieKTPOHbi n}"'Ka Tep.sriOT (s cpe.n:HeM) 3Heprn:IO, oT.n:asrui ee sonHe. B 

TO'IIIOM pe30HaHCe (X = 0) nepe.n:a'III 3Hepriiii OT 3JieKTpOHa IIJIII K 3JieKTPOHY HeT. 

MaKcMMYM cpyHKU:II.sr jF(x)j.n:ocTIIraeT npii X=± 2,6: jF(x)lmax = 0,0675. 3~rui 

BeJIII'IIIHy (!!e), HIDW.D:IIM K03cpcpn:n;IIeHT ycn:neHII.si 3Hepriiii II3JI}"'eHII.si 3a O.ll:IIH 

npoxo.n: oH.n:yn.srTopa: 

ew(O)-(!!e.)Ne 
K 

ew(o) 
1+ -(!!e.)N. 

ew(o) 

3HaK (-) OTPIDKaeT HarrpasneHIIe nepe.n:a'III 3Hepmii- OT 3JieKTPOHa BOnHe. 3Heprn:.sr 

BOJIHbl B o6neMe Vw pasHa 
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£2 
ew =____!!CVw. 

47t 

IIo.n:CTasiiB 3TO 3Ha'IeHIIe n (!!e) (4.29) B (4.30), noll}"'IIM 

4 2 2p_2 3 3 
= 1 1t aoP r.c 't . F( )N 

K + 3 X e• 
'Y resVwA. 

(4.30) 

(4.31) 

OTMeTHM, 'ITO 3TOT pe3yJihTaT cnpase.n:niiB II .n:n.sr crpyrrniipOBaHHoro nYlJ:Ka, ecnii 

MIIHa crycTKa fb (nH.D:eKc b J.n:ecb II HII)I(e OT aHrn. bunch - crycToK) MHoro 6onbme 

MllHbl BOJIHbl ll3JI}"'eHII.si, a paCCTO.siHlle Me)I(.ZI:y cryCTKaMII 6onbme MIIHbl 

oH.n:yn.srTopa (crycTKII n:3JIYlJ:aiOT He3asiiCIIMO, TaK 'ITO B3aiiMHoe snn:.srHIIe crycTKOB 
~ 

IICKniO'IeHO ). Tor.n:a B (4.31) II ( 4.25) Ne = Nbunch - 'IIICJIO 3JieKTPOHOB B crycTKe, Ie -

IIJIKOBblll TOK n}"'Ka 

eN bunch 
/peak= -,-b 

fb 
'tb =-. 

vo 
(4.32) 

HaKoHen;, ern:e o.n:Ha oco6eHHOCTb noll}"'eHHbiX 3Ha'IeHIIfi (!!e.,) (4.29) II K (4.31). 

H~y.n:Ho npocne.D:IITh, 'ITO npii BbiBo.n:e 3TIIX BbipiDKeHIIll (cpopMynhi (4.23)-(4.31)) 

3Ha'IeHIIe Harrp.sr)l(eHHOCTII non.sr II3ll}"'eHII.sr Ew MOJI'IaJIIIBO npe.n:nonaraJIOCb 

nOCTO.siHHbiM BO BpeMeHII. 3TO 03HaqaeT, 'ITO nepe.n:aqa 3JieKTPOHOB B II3ll}"'eHIIe 3a 

npOXO.Il: OH.D:YnHTOpa npiiH.siTa 3.D:eCb npeHe6pe)I(IIMO MaJIOll no cpaBHeHIIIO C 3Hepriiefi 

II3ll}"'eHn:.si, COnpoBO)I(.ZI:aiOID;ero nyqoK. l1HbiMII CJIOBaMII, Bbipa)l(eHIIe .n:n.sr 

K03cpcpiin;IIeHTa yciineHn.sr K ( 4.31) cnpase.n:rriiBO B pexUMe M(JJI020 ycW!emm. TaKofi 

pe)l(llM xapaKTepeH .D:ll.si JIC3 C o6parnofi CB.si3biO, K o6cy)I(.ZI:eHIIIO KOTOpbiX II 

nepexo.D:IIM. 

§ 4.3. JIC3 C OOpaTHOH CBHJLIO 

CxeMa JIC3 C o6parnofi CB.si3biO npaKTIIqecKII Ta )l(e, 'ITO II y OnTIIqeCKIIX 

naJepoB (piic. 4.3), II, no.n:o6Ho "naJepaM Ha KpaciiTen.srx", pa6oqee Teno (aKTIIBHIDI 

cpe.n:a) npoTeKaeT CKB03h onrnqecKIIfi pe3oHaTOp. 

Y cnoBIIe reHepan;IIII ( 4.3) npHMeHn:Mo J.n:ech nonHOCThiO. Ko3cpcpiin;IIeHT 

06parnofi CB.si3II /;, MO)I(HO nOll}"'llTb, 3aiillCaB 6aJiaHC nOTOKOB 3Heprn:II II3ll}"'eHII.si, 

aHaJIOrii'IIIblll ( 4.1 ), HO HeCKOJibKO OTJIII'IHbrll no cpopMe' 3aiiiiCII. Il03TOMY HalJ:HeM 3TOT 

117 



BbffiO.l( CHalJ~a. CTOH'laJI BOJIHa H3JI)"'eHHH, o6pa3YJOII.(3.liCH B pe30HaTope, eCTh 

cyrrepii03HQHH .l(Byx BCTPe'IHhiX BOJIH, 6erymHX HaBCTPe'ly .l(pyr .l(pyry. IJycTh IIOTOK 

PHc. 4.3. TipHHUHIIHa.JJbHall cxeMa JIC3 c 

OnTif'!eCKHM pe3oHaTOpoM: I, 2 - 3epKa.rra 

pe3oHampa; 3 - noaopOTHbie MafHIIThi 

V/55<;'14::::r=:;:Jo BBO.lla-Bb!BO.lla 3lleKTpOHHOro II)"!Ka; 4 -
OH,ZzyllliTOp; 5 - nOTOK H3JIY'IeHHll H3 

pe3oHaTopa 

:mepnm BOJIHbl, 6eryii.(eH CJieBa HarrpaBO, paBeH J1 Ha IIOBepXHOCTH 3epKarra 1. B 

Jia3epe 3TOT IIOTOK COIIpOBO)K,[(aeTCH II)"'KOM 3JieKTpOHOB ll YCHJIIIBaeTCH B K pa3: 

h = KJ1 eCTb IIOTOK, Ila.l(aiOII.(HH Ha 3epKaJIO 2. 3.l(eCb 3TOT IIOTOK lJaCTH~mo BbiXO.l(HT 

l!epe3 OTBepcTHe B 3epKarre 2 - "rrorre3Hoe" H3JI)"'eHHe Jo = J..toh, r.l(e J..lo < 1 -
11
K031j:JqJHQHeHT IIOJie3HOrO .l(ellCTBHH

11 
JIC3. qaCTb IIOTOKa J2 TepHeTCH - IIOrJIOII.(aeTCH 

3epKaJIOM H yxo.l(HT l!epe3 ero KpM (H3Becmnre ouppaKIJUOHHbze nomepu rra3epa). 

0Tpa3HBIIIHHCH IIOTOK paerrpoeTpaHHeTeH HaBeTpe'ly II)"'KY H II03TOMY He 

yeHJIHBaeTeH • .[{oeTHrHyB 3epKarra 1, 3TOT IIOTOK lJaeTHlJHO TepHeTCH, KaK H IIOTOK J2, 

HO rrpeuMyii.(eeTBeHHO OTpiDKaeTCH, .l(06aBJIRHeb B IIOTOK J 1• B Ha'larre reHepaQHH 

H3JI)"'eHHH IIpOQeCe H.l(eT e HapaCTaHHeM 3HeprnH H3JI)"'eHHH, IIOKa He .l(OCTHraeTCH 

Hac~>rmeHHe HJIH ycmaHOBUButuucR peJICUM HerrpepbiBHoil: reHepauuu H3Jiy'leHHH. B 

yeTaHOBHBIIIeMeH pe:amMe 6arraHe IIOTOKOB 3HeprHH, OlJeBH.l(HO, HMeeT BH.l( 

Jz = KJ1, Jo = J..loJz, 

Jl = (1- J..l1){J2- J..lz)z- Jo). 
(4.33) 

r,l(e J..ll ""J..lz = J..l - K031j:JqJHQHeHT IIOTepb 3HeprnH Ha 3epKarrax 1, 2. IJo,l(eTaBHB Jo B 

11 TpeTbe paBeHCTBO H IIOJI)"'eHHOe 3HalJeHHe J 1 B rrepBOe, IIpHXO.l(HM K YCJIOBHIO 

eymeCTBoBaHHH ycTaHOBHBIIIerocx pe)KlfMa reHepauuu: 

K(l- J..t)(1- J..t- J..lo)= 1. (4.34) 
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Ko3!J?Ij:JuuueHri.r J..l, J..lo << 1 (HHalJe JIC3 He Hal!HeT reHepuponaTh B TaKoM pe)KlfMe -

cpaBHH § 4.4). IJo3TOMY yeJIOBHIO (4.34) MO)l(HO IIpH.l(aTh Bll.l( 

K""1+2J.!+J..lo =1+Q-1, 

1 ~~ 
Q= ' 

2J.!+J..lo. 

r.l(e Q - .l(06poTHOCTb JIC3, paBHaJI OTHOIIIeHHIO IIOTOKa 3HeprnH, 3aiiaeeHHOll B 

pe3oHaTope, K rroToKy 3Hepruu rroTepb. CpanHHBM IIOJI)"'eHHOe ycrronue AJIH K c 

BF.rpiDKeHHeM ( 4.31 ), IIOJIY'IHM 3HalJeHHe nopOZOBOZO mOKG reHepaQHH H3JI)"'eHHH B 

JIC3: 

eN lA.crw I I __ e Ac > 2 3 O• 
e - L 1-' - 2nQaoL Fmax 

mc3 

I0 =-,.,17KA; 
e 

vw 
cr .. =L, 

(4.36) 

~"" 1. 

3.l(eeb crw - cpe.l(Hee, rro MHHe rroToKa H3JI)"'eHHH, 3HalJeHHe rrrroma.l(H rrorrepel!Horo 

eelJeHHH IIOTOKa, rrapaM~ Fmax = 0,0675 (eM. (4.27) H TeKeT TaM )l(e). IIpueyTCTBHe 

3Toro rrapaM~a B 3HaMeHaTerre rroporonoro TOKa HMeeT Ba)l(Hhiil: lj:Jfi3H'leeKHil: eMhleJI: 

IIpH yneJIHlJeHHH TOKa 3JieKTpOHOB OT HyJieBOrO 3HalJeHHH reHepaQHH HalJHHaeTeH Ha 

MO.l(e OIITHlJeeKOrO pe30HaTOpa, .l(JIH KOTOpOll omcmpOUKG 3Hepzuu 3JieKTpOHOB 

(eM. (4.28)) eOOTBeTeTByeT 3HalJeHHIO X"" 2,6. 3anHeHMOeTb IIOpOroBoro TOKa OT 

3Heprnu 3JieKTpOHOB olJeHb eHJihHM: Ie oc l, T. K. rrapaMeTp ao oc y-1 
(eM. (2.50)). 

0.l(HaKO IIpaBHJibHee elJHTaTb 3a.l(aHHOll .l(JIHHY BOJIHbi, KOTOpOll OIIpe.l(eJIHIOTeH 

pe30HaHeH3.ll 3HeprHH :meKTpOHOB HJI~, IIpH 3a.l(aHHOll 3HeprHH, rrepHO.l( OH.l(yJIHTOpa 

(eM. (4.14)). 

06paTHM eme pa3 BHHMaHHe Ha TOT lj:JaKT, 'ITO JIC3 e o6paTHOll eBH3biO pa60TaeT 

B pe)KlfMe Marroro yeurreHHH, KOr.l(a 3HeprHH, 3arraeeHmiH B eTOHlJeil: BOJIHe B 

pe3oHaTope, 3Hal!HTeJihHO 6oJibiiie 3Heprnu, KOTOpM rrepe.l(aeTeH B H3JI)"'eHHe 

eryeTKOM :meKTpOHOB 3a O.ll.lfH IIpOXO)l OH.l(yJIHTOpa H, eOOTBeTeTBeHHO, IIOKH,naeT 

- Jla3ep (.lJ.HHaMHlJeeKOe paBHOBeeHe (4.33)). 
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I 

33.1{3'13 4.2. Ou.eHIITh noporoBhiH TOK reHep3ll.llll llC3 Ha .!J)IIIHe BOJIHhl. A= 10 MKM, eCJIII nep110.!{ 

OH)JyllJITOpa COCT3BlllleT 9 CM, ero .!J)IHH3 80 M, .l{06pOTHOCTh pe30H3TOp3 Q = 103 II M3KCIIMYM OOllll B 

OH.l{yllllrope 8 0 = 0,5 Tn. 

lh (4.14) H3XO,!J;IIM Yres = 67,08 (6e = 34,28 M3B), 'ITO COOTBeTCTByeT PL = 22,8 CM II Uo = 0,063. 

llO,!J;CT3HOBK3 B (4.36) ,!1;3eT 

1,> 9,2A. 

JIC3 C o6paTHOH CBR3hl0 ~eJiaiOT Ha OCHOBe ~Byx BH~OB yCKOpHTeJieii_ 

3JieKTPOHOB - JIHHeiiHhiX H UHKJIII'IecKHx (cHHXpOTpOHOB-HaKOllHTeneii). B o6oHX 

CJI)"'MX 3JieKTpOHHhie ll)"'KH crpynnHpOBaHhl, a npo6JieMa BhiCOKOH cpe~Heii 

MOII.lHOCTH ll)"!Ka, Heo6xo~HMOH ~ reuepauHH MOII.lliOrO H3JI)"leHH}I, pemaeTCR B 

KIDI<.l(OM cnyqae no-paJHOMy. 

B HaKOllHTeJI}IX-CHHxpoTpoHax nyqoK UHPKYJIHPYeT uenpepi>IBHO H noTepH 

3HeprnH 3JieKTPOHOB BocnoJIH}IIQTCR ycKOp}IIQII.leii BlJ-cHcTeMoii CHHxpoTpoHa. B 

MarHHTH)'lO CHCTeMy JIC3 BBOMTCR ~OllOJIHHTeJihHhie OTKJIOH}IIQII.lHe 3JieMeHThl, 

ll03BOJI}IIOII.lHe C:>KaTb cryCTOK ~OllOJIHHTeJihHO nepe~ BXO~OM B OH~yJinop - 3a cqeT 

HaqaJihHOrO pa36poca llO 3HepruH H pa3JIHqu}l ~JIHH. TpaeKTOpHH 3JieKTPOHOB C pa3HOH 

3Heprueii BHYTPH noBopoTHoro MarHHTa. TaKaR cxeMa llOJI)"'HJia HaJBaHHe 

"omuqecKHH KJIHCTpOH" (H. A. BHHOKypOB, A. H. CKpHHCKHii, 1977 r.). 

B JIC3 Ha OCHOBe JIHHeHHhiX ycKOpHTeJieii ("JIHHaKOB") HCllOJih3YIQT 

O~HOllpOJieTHhill ll)"'OK, 3HeprHR 3JieKTpOHOB KOTOporo llOfJIOII.laeTCR B KOJIJieKTOpe 

(npHeMHHKe) ua BhiXO~e reuepaTOpa. Eonee nepcneKrnBHhiMH RBJI}IIQTCR JIC3 ua 

OCHOBe JIHHaKOB-peeynepaTOpOB, B KOTOphiX 110Tpa60TaHHhie" 3JieKTPOHhl 

3aMe~TCR, cHoBa npoxoM ycKop}IIQII.lYIO CTpYKTYPY B JaMe~IOII.leii lf>roe. TaKoii 

JIC3-peKynepaTOp (pHC. 4.4) C03~aH B I1HCTHryTe ~epuoii $H3HKH HM. r. 11. Ey~Kepa 

t1 (HOBOCHfiHpCK) H B nepcneKTHBe CTaHeT MOII.lHhiM reHepaTOpOM I1K-~aiia30Ha Ha 

MHHY BOJIHhi OT 10 ~o 2 MKM- npoeKT MARS (Multipass Accelerator-Recuperator 

Source). K 2007 r. BBe~eHa nepBaR cryneHh MARS'a, reuepHpYIQII.laR mnyqeHHe c 

MHHOH BOJIHhi OKOJIO 10 MKM npH HenpepbiBHOH MOII.lHOCTH HeCKOJihKO KBT. 

l13JI)"'eHHe 3TOrO JIC3 HCllOJih3YeTCR B 3KCnepUMeHTaJihHhiX HCCJie~OBaHH}IX B XHMIIH. 
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JIC3 C ofipaTHOH CBR3hl0*) pafiOTaiOT BO MHOrHX JiafiopaTOpH}IX MHpa: B _Hno

HHH - 9, CIIIA - 6, fepMaHHH - 3, foJIJiaH~HH - 3, <l>paHUHH - 2, I1TaJIHH - 2 H no 

o~oMy B PoccHH, llipaune, Kume H 10. Kopee. Bee BMeCTe OHH nepeKphiBaiOT 

~aiiaJOH MIDI BOJIH H3JI)"'eHH}I OT e~HH.HI.l_ MM (CBlJ-pa,nHO~Haiia30H) ~0 200 HM 

("BaKYYMHhill11 yJihTpalf>HOJieT). 

0H)JyllliTOphl 

P11c. 4.4. CxeM3 llC3 MARS. 3neKTPOHHhili: nyqoK 113 IIIDKeKTOpa H36Hp3eT 3Heprmo B 

yCKOpli!Omeli: CIICTCMe, npOXO,!J;HT '!epe3 OH)I}'JiliTOp H H3JIY'I3er, YCKOplleTCll eme p33 II 

"nO,nHHMaeTCll" Ha BTOpYJO CTYneHh CO BTOphlM OH)I}'JiliTOpOM; H T. ,!I;., OOK3 3JieKTPOHhl He 

nonyqaroT MaKCHMMhHYJO :meprmo B nocne,nHeli: CTYneHH. Bpelllll nponern no.n6HpaeTCll T3K, 

'ITO, npoli:.nll noCJie,nmoiO CTYneHh, 3neKTPOH nona.naeT u 33Me.nmuomyro cjl33y nollll Bti

CHCTCMhi H H3'1HH3eT CK3ThiB3ThCll no 3HeprHH, noKa He ",no6epeTCll" ,!1;0 3HepmH HIDKeKHHII 

H, OTKJIOHHBiliHCh B nplleMHHK, nornom3eTCll B HeM. .l\nHH3 BOJIHhl 113JIY'IeHIIll 03,!1;3eT OT 

CTYneHH K CTYnea11 KaK e;2 (cM.(4.14)). 

JIC3 c o6parnoii CBR3hiO o6na,nawT p~oM npeHMYII.leCTB no cpasHeHHIO c 

KJiaccuqecKHMH nroepaMu: 

*l B 3apy6eJKaoll: nHTepaTYPe np11Hl!T repMIIH "FEL oscillator", 'ITO no.np33YMeBaeT IICnOJih30B3HIIe 
onrnqecKoro pe3oHaropa- "ocu.ruull!TOp3". 
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l' 
j 

j 
j 

t1 

1. flrraBHWI nepeCTpORKa (H3MeHeHJieM 3HeprnH 3neKrpOHOB) .lUIHHbl BOnHbl 

ll3JIY'IeHIHI. 

2. Bo3MOJKHOCTb reHepan:nn H3JIY'IeHIDI B ,lUianaJoue (.nnanaJouax) .nnuu Bonn, 

ue.nocrynuoM KnaccuqecKHM na3epaM. 

3. 0TcyrcTBIIe npo6neMbi neperpeBa aKTHBHoii: cpe,nbi ("pa6oqero Tena"), ~o 

3aMeTHO OrpaHII~BaeT npe,nenbHYJO MOII(HOCTb KnaCciiqeCKIIX TBep,nOTenbHbiX 

na3epoB. 

rnaBHbiM OrpaHHqeHIIeM MOII(HOCTH II3JIY'IeHHJl: nC3-"ocn;IInllll:TOpOB11 Jl:Bllll:lOTCJl: 

ux 3epKana. HarpeB II, KaK cne,nCTBIIe, .necpopMaU:IIJI 3epKan, "yBO.nJIII(WI" uaCTpORK)' 

pe30HaTOpa, orpaHH~BaeT MOII(HOCTb na3epa. 0TC)'TCTBIIe KaqecTBeHHbiX 3epKan B 

peHITeHOBCKOM ,niiaiia30He c,nep)KIIBaeT IIpO_nBll)KeHHe B KOpOTKOBOnHOBYJO o6naCTb 

.nnana30Ha. Ha 3TOM HanpaBneHIIII, npaB,na, HaMeTHncJI B nocne,nHIIe ro,nhl 

3Ha~TenbHhlil: nporpecc, B TOM ~cne B oTeqecTBeHHbiX na6opaTopHll:X 

(H. H. Canall(eHKO c cOTpy,nHHKaMH, 11HCTHTYT npHKna,nHoil: . cpH3HKII, PAH, 

H. HoBropo.n). TeM He MeHee, rnaBHble Ha,ne)K_nhl Ha C03,naHIIe nc3 peHTreHOBCKOro 

,nHana30Ha CBJl:3biBaiOT cero,nHJI C "na3epaMH 6e3 o6paTHOM CBJI3II11
, K paCCMOTPeHHIO 

KOTOpbiX Mbl II nepeXO,lUIM. 

§ 4.4. JIC3 B pe~uMe caMoycuJieHHH 

IIepBWI cpopMyniipoBKa npHHU:Hna .neil:CTBIIJI TaKHX na3epoB npHHaMe)KHT 

pOCCHMCKHM cpH3HKaM- A.M. KoH.npaTeHKO II E. n. Can,niiHy, KOTOpbie pa6oTanH B TO 

BpeMJI (1980 r.) B 11HCTHryTe JI,nepHoii cpii3HKH liM. r.l1. Ey,nKepa B HoBOCH6HpCKe. 

TeM He MeHee, B oTeqecTBeHiioil: nHTepawe HeT ycTOJIBmerocJI Ha3BaHIDI no.no6HhlX 

ycTPoiiCTB. B HHOCTpaHHoii nHTepawe npHHJIT TepMHH SASE FEL: Self

Amplification of Spontaneous Emission in FEL - "nC3 B peJKHMe caMoycHneHIDI 

CnOHTaHHOrO H3nyqeHIIll:11
• TaKOil: nC3, B OTnlJqlle OT OCI(Hnllll:Topa, He HMeeT 3epKan, 

H cryCTOK pellll:THBHCTCKHX 3neKrpOHOB npH Onpe,neneHHbiX napaMeTPax 11CaMO

YCHnHBaeT" uaqanLHYJO cpnyKTyauHIO cnoHmaHHOZO (caMonpoH3BOnbHoro) U3!1J"l~HWl. 
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MeXaHII3M ycuneHHJl: TOT )Ke, ~0 II paCCMaTPHBaeMbiM B § 4.2. 0Tml'me B TOM, qTo 

Tenepb H~eH 60nbillOM K03cpcpHI(HeHT ycHneHIDI, qTQ6bi 3a BpeMJI nponeTa CKB03b 

ou.nynJJ:Top 3HepriiJI H3nyqeHHJI Morna B03pacm .no ripe.nenbHoro ypoBHJI (pe~UM 

HOCblll/eHWl, CM. piiC. 4.5 C. 127). 0TCIO,na cne,nyeT, ~0 no,nxo,n, IICIIOllb30BaHHbiR IIpH 

BbffiO,ne Bbipa)KeHHH (4.29), (4.31), KOr,n~ 3HaqeHIIe Ew cqiiTallOCb nOCTOJl:HHbiM 3a 

BpeMll: 't (4.23), Tenepb HenpiiMeHHM - SASE FEL pa6oTaeT npHHU:HIIHanhHO B 

pe~e 6ollbUlOZO ycWleHWl. 

"3aTPaBOtffihlil:" ypoBeHb CnOHTaHHOrO H3nyqeHHJl: onpe,nenJJ:eTCJl: BenHqHHOR 

noTepb 3HeprnH 3neKrpoHa Ha oH.nynJITopuoe H3JIY'IeHIIe (2.74). 3TO H3nyqeHHe 

11H3BneKaeT" II3 CryCTKa 3neKTPOHOB 3Heprnl0, KOTOpWI nocrynaeT B H3JIY'IeHHe, 

yBeniiqlJBWI HaiipJI)KeHHOCTh nonJI Ew, qTo, B CBOIO oqepe,nh, Be,neT K pOCTY noTeph 

3HeprHH 3neKrpOHOB II T . .n.- none H3nyqeumi "naBHHoo6pa3Ho" HapacTaeT; 

,l(nJI BhiBo.na ypaBHeHHJI, onHChiBaiOII(ero poeT 3Hepmu H3nyqeHHJI B SASE FEL 

no Mepe npoxo_na crycTKa 3neKTPOHOB CKB03h OH_nyllll:TOp, npiiXO,nHTCJl: "uaqaTb BCe 

cuaqana", c ypaBHeunii: (4.17), r.ne Tenepb none Ew eCTb cpyuKU:HJI BpeMeHH Ew(t). 

Orpaun~MCJI ynpoll(eHHhiM aHanH30M, ncnonL3yJI, B qacTHOCTH, npH6nH)KeHuoe 

3HaqeHHe cpa3hi w(t) (4.18). 

IIpHpocT 3HepmH H3JIY'IeHHJI paBeH CYMMe noTepb 3Hepmu (c o6paTHbiM 

3HaKOM) 3neKrpOHOB cryCTKa 

Nb 

Of:w(t)=-l:(of:.(t))r (4.37) 
i=l 

Tor.na nepBoe II3 ypaBHeHIIil: ( 4 .17) MO)KHO nepenHcaTh .nnJI 3Hepmn H3nyqeHIIJI, 

npoCYMMIIpOBaB no 3neKrpOHaM cryciKa. IIpH 3TOM ·~eM cooTHomeHIIe (4.30) Me)K_ny 

3Hepmeil: H3nyqeHIDI f:w u HanpJI)KeHHOCThlO nonJI II3JIY'IeHHJI Ew. KpoMe Toro, npnMeM 

o6neM II3JIY'IeHIDI paBHhiM, no nopH,nKy BeniiqHHhi, o6neMy crycTKa 

Vw -rccr,.cryf.b, (4.38) 

r.ne cr,., cry -·nonepeqHhle pa3Mephl crycTKa-3JIJIIIncoH.na; f.b- ero .nrriiHa. B pe3yllhTaTe 

ypaBHeHIDI ( 4.17) MOJKHO npe,nCTaBHTb B BH,ne ( CM. 4.18) 
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t1 

dew(t),.. -ci:_~. sin 'l'(t ), 
dt i:l (4.39) 

'l'(t),.. 'I' o + O'JI(t ), 
r~e 

C =Pres YrescreAB (} (I) t 
n r::-:::t1 ' 0'~' t "" -~- · Joe (t). dt 
vcrxcry~b y3 mc2 e • res 0 

(4.40) 

KoHe'IHo, MO:>KHO OEe(t) B (4.40) BblpaJHTh qepe3 OEw(t) H 113aMKHYTI>11 CHCTeMy 

ypaBHeHHil:. Ho 3TO npHBe~eT K CHCTeMe HenHHeil:HI>IX ~H!fl!flepeHQHani>HI>IX 

ypaBHeHHH, aHanHTH'IeCKH HepropeiiiHMbiX. fi03TOMY nocTynHM HHatJe - npOH3Be~eM 

ycpe~HeHHe no HatJanbHOH tPaJe 'JIO ~0 HHTerpHpOBaHHH no BpeMeHH (B § 4.2 nop~OK 

~eil:CTBHH 61>m o6pami>Iil:). flpH CJMMHpOBaHHH no 3lleKTpOHaM cryCTKa B (4.39) 

BBe~eM lPYHKQHIO pacnpe~eneHHH 3lleKTpOHOB no HatJaJII>HbiM tPaJaM 'Jio: 

IlOCKOlli>KY 

dNe = Nd('l'o). 
d'Jio 

2"dN J-e ·d'Jio =Nb, 
o d'Jio 

TO TaK Bbi6paHHaH tPYHKQHH pacnpe~eneHHH./{'Jio) HOpMHpOBaHa Ha e~HHHQy: , 

2x 

fi('l'o)· d'Jio = 1. 
0 

Tenepi> MO)KHO npomBeCTH ycpe~eHHe B nepBOM H3 ypaBHeHHil: (4.39): 

d(ew(t)) CNb 
2J".j ( ) ( ) . ( ). 

,.. -- Ew t, 'l'o • f 'l'o • sm 'I' t, 'l'o • d'Jio. 
21t 0 

(4.41) 

(4.42) 

(4.43) 

EcnH tPYHKQHH Ew('l'o) H ./{'Jio) B no~I>IHTerpani>HOM BI>Ipa)KeHHH rn~He H 

CHMMeTpH'IHI>Ie OTHOCHTellbHO TO'IKH 'Jio = 1t (cepe~HHa crycTKa), TO HHTerpan B (4.43), 

otJeBMHO, paBeH Hynro.*> TeM CaMI>IM npHXO~M K BI>mo~, 'ITO crycTOK 3lleKTpoHoB, 

"paCTHHyn.Jil:" no BCeMy HHTepBany lP33 'JIO OT 0 ~0 21t, 11MrHOBeHH011 He H3nytJaeT. 

•) 3ro MOJKHO DOKa:JaTb ll.llPYrnM cnoco6oM: BbiHeCTH, liCDOJib3Yll TeopeMy 0 cpe,llHeM, F:: llf{IJ!o) J0-

2• 

DO,ll UHTerpana II yqeCTb, qro Jsin(IJ!o + o)· dljl 0 = 0. 
0 

CnoBO "MrHOBeHHO" 3~eCb BCTaBlleHO, tJT06bl no~qepKHYTb OTllH'IHe OT cnyqax Mallb!X 

noTepb, paccMoTPeHHoro B § 4.2. TaM 3neKTpOHbi Tepxnn 3Heprnro B none BHeiiiHeil: 

BOnHI>I noCTOHHHOH aMnllJiTY~bi, H BellHtJHHa noTepb 3a BpeMH "t, B cpe~HeM no 

HHTepBany !flaJ (0, 21t), 6bma OTllH'IHa OT HynH. lfHatJe 06CTOHT ~eno B pe:>KHMe 

caMoycHneHHH: O'IeBH~HO, 'ITO npaBaH tJaCTb ypaBHeHIIH (4.43) He paBHa eynro, ecnH 

czycmoK KOpomKUU, TaK 'ITO OH yMeiQaeTCH B HHTepBan !flaJ 

~'l'o < 7t. (4.44) 

BcnoMHHM Tenepb, 'ITO C06CTBeHHOe H3nytJeHHe crycTKa lleTHT CO CKOpOCTbiO CBeTa, 

conpoBOJK.naH 3neKTPOHbl. Ilo3TOMY ycnoBHe (4.44) BI>monHHeTCH, ecnH ~nHHa crycTKa 

B C06CTBeHHOH CHCTeMe ("CHCTeMa tJaCTHQ 11
) •KOpoqe nOllOBIIHbi ~HHbi BOllHbl B TOH )Ke 

CHCTeMe: 

')..' 
f'b <-, HllH 

2 
2"

fb <y 2 (4.45) 

Bmpoe HepaBeHCTBO cne~eT H3 nepBoro npH nepexo~e H3 cHcTeMbi qacTHQ B 

na6opaTOpHYJO (3Matia 4.3). 3TO YCllOBHe y~aeTCH BbiiiOllHHTh B flC3 6naro~ap11 

6onblnOMY 3HatJeHHIO y (eM. 3Maqy 4.4). 

3anaqa 4.3. llOJI)"'HTb BTOpOe HepaBeHCTBO B YCJIOBIIJIX (4.45): a) C DOMOmbiO npeo6p330BaHIIH 

Jlopenna; 6) paccMO'IpeHIIeM ,llBIIJKeHllll qacTIIUbi II BOJIHbi B na6oparopnoii CIICTeMe. 

a) 3anmneM npeo6pa:JoBaHllll Jlopenna .llJill IIHTepsana .llJIIIHbi lb II BOJIHOBoro qiicna (o6e BeJIIIqiiHbi 

"II3Mepl!eM" B .llBIIJKYmeiiCll CIICTeMe ): 

£~ =!..!.. y, 
A. 

k' =y(I-~)k, l!JIII A.'= y(I-~)" 

0rciO,lla yCJIOBIIe £~ < A.'/2 ,llaeT 

lb < A. 2 2(1- ~) "" Y A., ~ :::: 1. 

6) B 3TOM cnyqae nepsoe Il3 nepasencTB (4.45) HYJKHO 3aMeHl!Tb 'Ipe6osaHIIeM Toro, qro cjla:Ja BOJIHbi B 

roqKe naxolK,lleHllll .llBIIlK)'IIJ;eiicll qacTIIUbi 3a speMll T6 - £ 6 /v C,llBIIraeTCll He 6onee qeM na 1t. OrciO,lla 

A. 
C'tb ::;; V'tb +2, l!JIII 

qro Il,llaeT TO JKe HepaBeHCTBO, qTO II B cnyqae "a". 
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1·, 

t1 

TeM CaMbiM ll0Ka33HO, qTQ .li)Ill llpOUeCCOB B RC3 He BCer).J;3 06li33TenbHO npu6eraTb K CneuuanbHOli 

TeOpllll OTHOCIITenbHOCTII, KaK·cnpaae.li)IIIBO OTMCTHnll aBTOpbi [4] B npe.QHcnOBIIH CBOeli KHIIrH. 

3a.Qaqa 4.4. Halirn MaKCI!ManbHO .1.\0nyCTIIMble 3HaqeHI!ll .li)IIfHbl CI)'CTKa B nc3 FLASH If XFEL 

(rn6n. 4.1). 

no.QCTaBIIB B (4.45) JHaqeHifll y ll A .li)Ili K3lK.QOfO HJ RC3, H3XO.QUM 

{
0,9 CM, FLASH, 

lb < 
30CM, XFEL. 

TaKI!M o6pa30M, y o60HX nc3 ycnoBHe (4.45) BbmOnHlleTCll c 6onbllli!M JanacoM. 

IlOJIY'IIIB ycJIOBIIe (4.45) yciiJieHII.sr CaMOIIJJI)"'eHII.li, MO)KHO 3aMeTHO ynpocrnTh 

ypaBHeHIIe ( 4.4 3 ), IIpiiH.liB 

1t :S: 'l'o :S: 27t, O\!f :S: \!fo-. (4.46) 

Tor.n;a rrp1I6JIII)KeHHO MO)KHO 3aiiiiCaTb (4.43) B BII.n;e 

d(E~(t)) _ C:b ~(Ew(t)). (4.47) 

O.n;Hru<o 3To Bhlpa)KeHIIe .n;aeT JaHII)KeHHoe 3HatieHIIe (Ew(t)), T. K. rrpii ero BhiBo.n;e 

rrpiiH.liTO, 'ITO fb - yA.. Ha rrpru<TIIKe )Ke .n;JIIIHa crycTKa B SASE FEL MHoro MeHI>me 

(eM. Ja.n;atiy 4.41I m6JI. 4.1): 

tb «i'A.. 
B 3TOM CJIYtJae rrpii ycpe.n;HeHIIH no 'l'o B (4.43) HY)KHO rrpocTo rroJIO)KIITh sin'!'= -1 

(H3JIYtJeHIIe reHep1IpyeTc.sr B <iJaJe MaKCIIMaJibHoro yciiJieHII.sr). A TOr.n;a B (4.47) BMecTo 

K03<lJqm~IIeHTa 1t B 3HaMeHaTeJie IIO.liBJI.lleTC.li e.n;IIHII~a. 3TOT sapiiaHT II CJie.n;yeT 

rrpiiH.liTh ,1l;JI.li o~eHoK. Ilpo1IHTerp1Iposas IIcrrpasrreHHoe TaKIIM o6paJOM ypasHeHIIe 

( 4.4 7), IIOJIY'JIIM 

(Ew(t))- (cNbY .C. 
2 

Ilo.n;cTaBIIB cro.n;a 3HatieHIIe C ( 4.40), OKOH'IaTeJibHO 3aiiiimeM <iJopMyJIY Hapacmamm 

3Hepzuu U3!ly'leHu.sr co speMeHeM B SASE FEL: 

( Ew (t )) _ (13res Y resreA.BNb )
2 

. ( \2 
2 2 n Clj . 

7t cr xcr Y{; b 
(4.48) 
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Q6paTIIM BHIIMaHIIe, 'ITO 3Heprn.sr II3JI)"'eHII.li ( 4.48) rrporrop~HOHaJibHa KBa.n;pary 

tiiiCJia tiacrn~ crycTKa. A 3TO - xapaKTepHhlfi rrp1I3HaK KorepeHTIIOCTII B pe)KIIMe 

SASE: see 3JieKTPOHhi crycTKa II3JIYtJaiOT KaK o.n;Ha tiaCTII~a c 3apH.n;OM Nbe. KpoMe 

Toro, 3Ta 3Heprn.sr II3JIYtJeHH.ll rrporrop~IIOHaJibHa KBa.n;pary 3Heprn1I 3JieKTPOHOB (r~.) 
II KBa.n;pary aMIIJIIITY.z:t:hi B MarHIITIIOrO JlOJI.li OH.z:t:YJI.liTOpa, II o6paTHO 

rrporrop~IIOHaJibHa o6neMY crycTKa ( crx·cry·fb). 

PoeT HJJI)"'eHII.li B JiaJepe SASE (r.n;e HeT 3epKarr) rrpo.n;oJI)KaeTc.sr orrpe.n;erreHHOe 

speM.sr 'tw, KOTopoe orpaHIItieHo csepxy, no KpaiiHefi Mepe, .z:t:BYM.ll 3HatieHH.liMII -

speMeHeM IIpOJieTa crycTKa tiaCTII~ CKB03b OH.z:t:YJI.liTOp 't (4.23) II BpeMeHeM, 3a KOTOpOe 

II3JIYtJeHIIe "y6eraeT" OT crycTKa: 

'tsASE -~"" 2y
2
fb (4.49) 

C-Vo c 

OtieBH.n;HO, 

'tw :S: min{'t, 'tsASE}. (4.50) 

34J<lJeKT SASE - caMoyciirreHIIe IIJJiytieHn.sr 3JieKTPOHOB s OH.z:t:YJI.l!Tope -

srrepsbie 6hm rrpo.n;eMOHCTpiipOBaH (M. IOpKOB II .n;p.) Ha JIC3 "TESLA Test Facility" 

(TTF) B Jia6opaTOpH1I DESY (piic. 4.5): 

10-4 

~ 
w-s 

~- 10..;; 
0: 

Q 

s 
~ w-1 
~ g. 10-8 
:I: 

(T) 

1o-9t 
0 2 4 6 8 10 12 14 

L,M 
Puc. 4.5. HJMeHeHHe c .rr.rruHoii omzynl!Topa L 3HepruH uJnyqeHHll Ja HMnynLc ycKopHTenll; Ha MHHe 

L"' 14M 3Hep111Jl mnyqeHifll npHXO.l.\HT a HaCLimeHue; o- 3Kcnepi!MeHT,- - pacqCTHall Kpi!Ball 

B HacTO.srm;ee speM.si B DESY pa6oTaeT "sTOpa.sr 4Ja3a" TTF, rrorry'IIIBma.sr 

HaJBaHIIe FLASH ("scrrhiiiiKa") - Free electron LASer at Hamburg (piic. 4.6) II 
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t1 

pa3pa6aTbiBaeTcH rpaH.l(II03Hb:di npoeiiT EBponeiicKoro peHITeHOBCKoro JIC3 (XFEL, 

6yxBaX - OT "x-ray", peHITeH). B 3TOM npoeiiTe (m6rr. 4.I), KaK II B .l(Byx 

npe.l(bi,ZzyllUIX, reHepampoM 3JieicrpOHHoro II}"IKa CJIY)KIIT JIIIHeiiHh:di ycKopiiTeJib Ha 

CBepXllpOBOMID:IIX HII06IIeBbiX pe30HaTOpax, a HaYJaJibHbiM IICTO'IHIIKOM 3JieicrpOHOB - ' 

3JieicrpOHHM nyniKa C lf>oTOKaTO.l(OM, IICIIYCKaiOID:M llO.l( ,l(eHCTBIIeM IIMllYJibCOB 

Jia3epHOfO II3JIYYJeHIIH KOpOTKIIe CryCTKll 3JieicrpOHOB. 

'~ 
260M i 

~JJCKTpOHHaJI 
IjyiiiKa 

5 127 370 
3HepriDI 3JJeKTpoHos, M3B 

Pnc. 4.6. CxeMa JIC3 FLASH 

445 

Ta6rrm~a 4.1. OcHOBHhie napaMeTpbi JIC3 FLASH II XFEL 

FLASH 

3HepmH 3JieKTPOHOB, f3B 0,45 (0,73) 

,[{JIIIHa BOJIHbi, HM I2-30 

..HpKOCTb, lf>oTOH·C-I·MM-2·Mpa.l(-2·(0,I%~A./A,) -
llapaMeTpb! crycTKa 

3apH.l( B crycTKe, HKn I,O 

lliiKOBbiH TOK, KA 2,5 

,[{rriiHa, MKM I20 

qiicrro 3JieicrpOHOB B crycTKe, I 09 
6,25 

llapaMeTpbiOH.l(yJIHTopa 

,[{JIIIHa, M 30 

llepiiO.l(, CM 2,73 

AMnJIIITY.l(a MarHIITHoro noJIH, Trr 0,49 

IlornoTHTeJJ~ 
:meKTPOHHoto nyqKa 

XFEL (npoeiiT) 

20 
' 

0,2 (O,I) 

I 03o (5·1033) 

I,O 

5,0 

60 

6,25 

I 00 - llJIOCKIIH, 

I 50- CIIIIpaJibHb:di 

AHarroroM FLASH no npiiH~IIny .l(eiicTBIIH HBJIHeTCH JIC3 B pe)KIIMe SASE, 

.l(eiicTByiDID:IIii B ..HnoHcKoii rra6opampi1I1 Spring-S. 3ToT KpynHb:di !f>I13IIYJeCKIIii 

KOMIIJieKC, pa3Mem:eHHbiH B 800-MeTpOBOM TYffHeJie, reHepi1pyeT MHrKOe 

peHITeHOBCKOe ll3JIYYJeHIIe C .l(JIIIHOH BOJIHbt49 HM. 

B rra6opampi1I1 DESY HaYJaTO CTPOIITeJibCTBo eme 6orree MOID:Horo JIC3 

peHrreHoBcKoro .l(IIana3oHa XFEL (m6rr. 4."I). 3m - Me)K,lzyHapo.l(Hh:di npoeiiT, B 

KOTopoM YYJaCTBYeT II PocciiH. 

3:maqa 4.5. O~eHl!Th 3HepriiiO B HMnyJJbce HJJI)"leHIDI JIC3 FLASH H XFEL (Ta6JJ. 4.1 ). 

)VIll o6onx mnepos 3HaqeHHe l'w = T, qTo BJmHO H3 oueHoK, npHBeneHHhiX B Ta6JJ. 4.2. 

Ta6nnua 4.2. OueHKH 3HaqeHHH t H tsAsE Mll JJa3epos FLASH H XFEL 

FLASH XFEL 

tsASE> MKC 1,5 

t,MKC 0,1 
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3,3 (5) 

3HepriDI HMnyJJbCa H3JI)"leHIDI, HCnyiiieHHOfO CI)'CTKOM qacTH~ 33 BpeMll llpOXOJK.[IeHIDI OHJJ.YJJliTOpa, 

cocTaBJJlleT co macHo ( 4.48) 3 Ax< B JJa3epe FLASH H 440 Ax< - B JJa3epe XFEL. 

0.l(HIIM Il3 fJiaBHbiX .l(OCTOIIHCTB JIC3 HBJIHeTCH BbiCOKM lliiKOBM HpKOCTb. 

Oco6eHHO 3To xapaKTepHo .l(JIH Jia3epoB, B KOTOpbiX IICIIOJib3yiDTCH 3JieKTPOHHbie 

llYJIIKII C lf>OTOKaTO.l(OM. llpiiMeHHeMbiH B HIIX Jia3epHbiH 11ll0.l()I<llr" (IIHII~IIIIpOBaHIIe 

!f>oT03MIICCIIII 3JieKTPOHOB) ll03BOJIHeT llOJIYYJaTb, KaK y)Ke OTMeYJaJIOCb, KOpOTKlle II 

BbiCOKOIIHTeHCIIBHbie cryCTKII 3JieicrpOHOB C MaJibiM . 3MIITTaHCOM. 0.l(HOllpOJieTHb:di 

pe)KIIM JIC3, OTJIII'IaiOID:IIH liX OT HaKOlliiTeJieii - CIIHXPOTPOHOB, IICKJIIOYJaeT 

llpaiiTIIYJeCKII llOJIHOCTbiO poeT 3MIITTaHCa llYYJKa Il3-3a lf>JIYKTY~IIH CIIHXPOTPOHHOro 

II3JIYYJeHIIH. B pe3yJibTaTe xpKOCTb JIC3 B Yc:I> II peHrreHOBCKOM .l(IIana3oHe Ha MHoro 

llOpH.l(KOB npeBOCXO.l(IIT HpKOCTb HaKOUIITeJieif 3JieicrpOHOB {piiC. 4.7). llJiaTOll 3a 3TO 

HBJIHeTCH OTHOCIITeJibHO HeBb!COKM cpe.l(HHH MOID:HOCTh II3Jiy<IeHIIH JIC3 B pe)KIIMe 

SASE (I13-3a HII3Koii YJacTOTbi noBTopeHIIH IIMnynhCOB nO.l()KIIraromero na3epa). 
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3Hepnrn <iJOTOHa, 3B 

PHc. 4.7. IlHKOBaJI llpKocn. JIC3 s peJKHMe SASE (FLASH, European XFEL, LCLS (CnH!flop.D.)) H 
HaKorrHTeneil: CHHXpOTpOHOB 3-ro H 4-ro rroKoJieHHfi BESSY (EepnHH), ALS (HaiUIOHaJihHaJI 
na6opaTop!Ill JloypeHc-EepKJIH), APS (AproHCKaJI HaU.HOHaJihHaJI na6oparopHll), ESRF (fpeHo6nb), • 
Spring-S (.HrroHHll), PETRA (DESY) 

§ 4.5. JIC3 paJJ.HOJJ.Hamnoua 

JIC3-reHepaTOpbi pa,n;HOH3JI)"'eHmi B CBq-,D;Haiill30He IIOHBHJIHCh ropll3,!1;0 

paHbille CBOHX 6onee KOpOTKOBOJIHOBhiX "co6paTheB" (§§ 4.3, 4.4). IlepBhiMH, n 

Han6onee yciiemHo pll3BHThiMH K HacTo»:rn;eMy BP~?MeHn, HBJIHIOTCH zupomponbz, 

C03.1J.aHHhie B cepe,D;HHe 60-X rr. B 3HatniTeJihHOll Mep,e YCHJIHHM? HH)KeropO,ll;CKOll 

illKOJihi pa,n;nolj>H3HKOB aKa,zJ;eMHKa A. B. fanoHoBa. ITo caoeii. "nroepHoii. 

KJiaccmjmKaJ:~HH11 3TH reHepaTOpbi IIpH'illCJIHIOT K Ma3epaM Ha l/UI(JIOmpOHHOM 

pe3onance (OT aHrJI. MASER- Microwave Amplification by Stimulated Emission of 

!l Radiation). IlpHHQHII HX ,D;eHCTBHH TOT )Ke, IJTO H y JIC3 C o6paTHOll CBH3hl0 

OIITHYieCKOrO .lJ.Haiill30Ha (§§ 4.2, 4.3). PoJih OH.lJ.YnHTOpa nrpaeT IIPO.lJ.OJihHOe 

MarHHTHoe IIOJie B0 (pirc. 4.8), B KOTOpoM 3JieKTpOHhi .lJ.BH)I(}'TCH IIO ciinpanhHOH 

TPaeKTopnn, HCIIYCKaH Maznumope3onancnoe U3fly'lenue (§ 2.1). 0TJIHYIHe OT 
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CHHXPOTPOHHOro H3JI)"'eHHH COCTOIIT 3,D;eCb, IIpe)K.lJ.e BCero, B TOM, IJTO 3JieKTpOHhl B 

rnpOTPOHax HMeiOT 
11
)'MepeHHO peJIHTHBHCTCK)'I011 3HeprniO 

.s;,..., 300 K3B. 

6) 

~~-
~ 

PHc. 4.8. CxeMa rnpoTpoHa (a) H reoMeTpHJI 3JieKTpWiecKoro IIOJIJI a 3JieKTpoHHoil: nywKe (6). 
1 - 3JieKTpOHHaJI nywKa; 2 - KaTo.D.; 3 - crrHpaJibHhie TpaeKTOpiiH 3JieKTpoHos; 4 - oKiio )])Ill 
BhiXO.D.a H3JI}"'eHHJI; 5 - BaKyyMHaJI KaMepa-pe30Harop; 6- H3JiyqeHHe;, COJieHOH.lJ. MarHIITHOI"O 
rroJIJI B0 He IIOKa3aH 

0TCIO,ll;a HaiipaBJieHHOCTh H3JI)"'eHHH - IIpenMyiiJ;eCTBeHHO B,ll;OJih OCH CIIHpaJibHOH 

TPaeKTopnn, COBIIa,zJ;aiOrn;eH. c, BeKTOpOM B0 (eM. pnc. 4 Bae,D;eHn»:). Pe3onamop 

2Upompona HaCTPOeH , Ha YiaCTOTY H3JiyYieHHH ffi, KOTOpaH, KaK H B cnyqae 

CHHXPOTPOHHOrO H OH.lJ.YnHTOpHoro H3JI)"'eHHH, Bhlille YiaCTOThi Bparn;eHHH (KOJie6aHHH) 

YiaCTHQhi B MarnHTHOM IIone (cpaaHn BhiBO.lJ. lj>opMyn (2.10) n (2.58)). B .lJ.irnHOM 

CJiyqae, IIpHMeHHB lj>opM:yJihl peJIHTHBHCTCKHX IIpeo6pll30BaHHH YiaCTOThl H BOJIHOBOrO 

YIHCJia (3ppeKm /(ofl!lepa), MO)KHO 060HTHCh 6e3 paCCMOTPCHHH KHHeMaTHKH cryCTKa 

H3JiyqeHHH • .[(eii.CTBHTeJihHO, B Jia6opaTOpHOH CHCTeMe YiaCTOTa U3Jiy'!eHHH paBHa 

ro = y11 • (ro' + k''i1) = y
11
ro B (1 + P

11 
), 

, 
k'=!!!.., 

c 
' (4.45) 

r,D;e Pn n Yn BhiYIHCJIHIOTCH Yiepe3 IIPO.lJ.OJihH)'IO (B.lJ.OJih BeKTopa B0 ) KOMIIOHeHzy 

CKOpOCTH 3JieKTpOHa v 11, a YiaCTOTa QHKJIOTPOHHOrO Bparn;eHHH (2.5) 

eB0 (J)B=--
Y.Lmc 

(4.46) 

CO,D;ep)KHT JIOpeHQ-Ij>aKTop IIOIIepeYIHOH KOMIIOHeHThl CKOpOCTH 3JieKTpOHa B CHCTeMe, 

.lJ.BH~eHCH CO CKOpOCThlO v 11 • 3aMeTHM, IJTO U3 COOTHOilleHHll (4.45) CJie,D;yeT 

paBeHCTBO 

ro- kv
11 

=roB, (4.47) 
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KOTOpoe IIMeeT TOT :a<e KIIHeMaTIIqecKIIH BII,IJ;, qro II paHee - :meKTPOH, 
11

,IJ;OrOHIDOIIUlll
11 

CBOe II3ny<IeHIIe. 

Proniiqiie Me:>K.l()' VJ., vu II vo B rnporpoHax cymecTBeHHO, T. K. ~ noBbiiUeHIDI 

HHTeHCIIBHOCTII MarHIITOTOpM03HOrO II3ny<IeHIIH npiiXO,IJ;IITCH yBeJIIIqiiBaTb 3HaqeHIIe 

nonyc<l>epiiqecKoil: <PopMoil: KaTo.IJ;a II reoMerpneil: 
V J.· 3TO ,IJ;OCTIIraeTCH 

3JieKTPIIqecKoro noJIH B nymKe (piic. 4.4). 

PaBeHcTBa (4.45), (4.47) ecTb ycnoBIDI pe3oHaHca, npii BbiDOJIHeHIIII KOTOpbiX, 

KaK B llC3 onTIIqecKOrO ,IJ;IIalla30Ha, 3JieKTPOH MaKCIIMaJibHO B3aRMO,IJ;eil:cTByeT C 

BOJIHOH. 3TO npiiBO,IJ;IIT K CaMOrpynniipOBKe nyqKa :meKTPOHOB: TepiD! :meprnro Ha 

II3ny<IeHIIe B TOpM03Hmeil: 4>roe BOJIHbi, 3JieKTPOHbi 3aMe,IJ;JIIDOTCH, a npiiofipeTaH 

3HepriiiO B ycKop.snomeil: 4>roe, :meKTPOHbi yBeJIIIqiiBaiOT CBOIO CKOpOCTb. B pe3yJinTaTe 

nOHBJIHeTCH B03MO:a<HOCTb KOrepeHTHOrO II3ny<IeHIIH, II B cpe,IJ;HeM no ny<IKY fiaJiaRC . 
:mepriiii C,IJ;BIIraeTCH OT HYJIH K noJIO:a<IITeJibHOMY B "nOITb3Y

11 

II3ny<IeHIIH 3HaqeHIIIO. 

PeJynnTaThi pacqeTOB § 4.2 MOryT 6niTb nepeHeceHbi II Ha rnporpoH. PoJ1b 

"3arpaBOqfiOro" II3Jiy<IeHIDI B HeM, KaK II B onmqeCKIIX llC3 C ofipaTHOH CBH3bl0, 

IIrpaeT II3Jiy<IeHIIe <PnYKTYaUIIH nJIOTHOCTII 3JieKTPOHHOrO nyqKa. 

OcHOBHOe npiiMeHeHIIe rnporpoHOB cero.IJ;HH CBH3biBaiOT c HarpeBoM nrraJMbi B 

TepMoH,IJ;epHbiX peaKTOpax, r,IJ;e rpefiyeTCH H3ny<IeHHe C ,IJ;JIIIHOH BOJIHbl nopH,IJ;Ka 1 MM. 

,D;JIH 3Toro, cornacHo <PopMynaM (4.45), (4.46), rpe6yroTcH MamiiTHbie noJIH, 

Cru- 11. ~ 1) 

B 
_ 27t • mc

2 
= 1,07 Tn 

0 , 
')... e A[cM] 

T. e. Bo ~ 10 Tn npii ')... = 1 MM. TaKIIe noJIH nonyqaroT B cBepxnpoBo.IJ;HIDIIX 

coneHOII,IJ;ax. B coBpeMeHHbiX rnporpoHax ,IJ;ocmraroTcH MOmHOCTII nopH.IJ;Ka 100 KBT B 

. HenpepniBHOM pe:a<IIMe II B 1 0 pro Bbime B n:MnynncHoM npii K.n . .IJ; • .IJ;O 40 %. OcHOBHOe 

orpaniiqeHIIe - He06XO,IJ;IIMOCTb CHHMaTh MOmHOCTh CO CTeHOK BaKYYMHOH KaMepbi B 

TeX MeCTax, Ky,IJ;a npiiXO,IJ;llT 3JieKTPOHHblli ny<IOK B paCXO,IJ;HmeMCH MarHIITHOM none 

c?.rreHoii,IJ;a (puc. 4.8), a TaK)Ke noTepii :mepriiii II3ny<IeHIDI B BbiXO.IJ;HOM oKHe. 

3aMeTIIM, qro · npn MOmHocm II3ny<IeHIDI 100 KBT n K.n • .IJ;. 40 % napaMerpb1 

HenpepbiBHoro 3JieKTPOHHoro nyqKa ,IJ;OBOITbHO BHyiDHTerrbHbi: &e = 300 K3B, I. ~ 8 A, 

P-250KBT. 

Heo,IJ;HOKpaTHO o6cy)K,IJ;aJillCb npe,IJ;Jio:a<eHIIH nc3 Ha qepeHKOBCKOM II 

nepexo,IJ;HOM H3rryqeHHH, B KOTOpbiX BMecTo OH,IJ;yJIHTopa ncnoJib3yiOTCH CTPYKTYPM c 

nepiiO,IJ;RqeCKli li3MeHHIOffiliMIICH CBOHCTBaMli {pnc. 4.9) - TaK Ha3biBaeMbie 

rjJRUMampoHbl. Ho OHR He .IJ;OBe,IJ;eHb1 _erne .IJ;O napaMerpoB, npe,IJ;cTaBJIIDO:miiX 

npaKTnqecKIIii RHTepec. OcHOBHaH npRqHHa - HH3KaH MOmHocn. mnyqe~mH, qro 

BnOJIHe oqeBII,IJ;HO B cnyqae, nOKa3aRHOM Ha pRC. 4.9, 6. 

a) 6) 

nEE 
Pnc. 4.9. CxeMa JIC3 nma cjJJIIIMa-rpoH • 

J - CTpYJITYPa, Bbl3h!BaJOillaJI II3Jl)"'eHHe 3JieKTpOHOB: rocpp!!pOBaHHh!H BOJIHOBOA (a) II CTOTIKa TIJiaCTIIH 

c AB)'Mll pa3HbiMHH qepe.nyiOIIIIIMIICJI nepHOAI!'IeCKII 3Ha'leHII!IMII &. B cxeMe (a) 113JiyqeHIIe 3JieKTpOHOB 

B03HIIKaeT 113-3a 113MeHei!liJI pa3Mepa AIITIOJIJI "3JieKTpoH -113o6palKeHIIe" {KpYlKKII <D H G), B cxeMe (6) 
- ua nepexoAe 113 A113JieKTpiiKa &1 B AH3JieKTpiiK &2, 11 uao6opoT (eM. JaAa'ly 3.4) 

B o6onx crryqaHx nepno,IJ; n ,IJ;JIRHa BO~Hb1 II3rryqeHRH onpe,IJ;eJIHIOTCH <l>opMyrraMR 

,IJ;JIH oHcynaTopa (2.58), B KOTOpbiX d- nepno,IJ; CTPYKTYPLI. 

3AKJIIOqEHHE 

MeTO.IJ;bi reHepaunn 3JieKrpoMarnnTHoro mnyqeHnH, co speMeH OTKpbiTHH 

PeHTreHa II II306peTeHIIH pa,n;no, BCer,IJ;a fibillli li OCTaiOTCH O,IJ;HOH ll3 Hanfionee aKTllBHO 

prosnsaromiiXCH o6nacTeil: TexHRKH. 0cHoBaHHb1e Ha <l>II3nqecKnx npnHunnax, 3TH 

MeTO,IJ;bi rpefiyroT npRMeHeHRH COBpeMeHHbiX ,IJ;OCTH:a<eHRH B 06JiaCTH <l>H3liKll nyqKOB 

3apH:a<eHHbiX qacTIIU, HCnOJib30BaHliH CaMbiX nocJie,IJ;HIIX ,IJ;OCTH:a<eHRH TeXHllKll 

<t>opMRpOBaHIIH MarHIITHbiX noneii, MaTepliaJIOBe,IJ;eHHH (Hanpn:Mep, 3epKana llC3) ll 

T. ,II;. 3HaqiiTeJibHblli nporpecc, ,IJ;OCTlirHYTblli 3a 2-3 nOCJie,IJ;HIIX ,IJ;eCHTIIJieTRH B 

o6naCTll reHepaURli 3JieKTPOMarHHTHOrO II3Jiy<IeHHH, npOR3BeJI fiYKBaJibHO peBOJIIOUIIIO 

BO MHOriiX 06JiaCTHX HayKR II TeXHliKli, o6yCJIOBHB nporpeCC B llCCJie,IJ;OBaHIIHX li 

C03,IJ;amm HOBbiX TeXHOJIOrliH. 

133 



Jlunpa-rypa 

1. Ha11oay H. JI,., HU(jJUlUll E. M., Teopm1 noJUI. M.: HayKa, 1967. 

2. MeUlKOB H. H., T.JupuKOB E. B., 3neKTPoMarnarnoe none, T. 1. HoBoca6apcK: HayKa, 

Ca6. oT.n., 1987. 
3. MeUlKOB H. H., T.JupuKOB E. B., 3neKfPOMarHRTHOe none, T. 2. HoBoca6apcK: HayKa, 

Ca6. oT.n., 1987. 
4. Saldin E. L., Schneidmiller E. A., Yurkov M V., The Physics of Free Electron Lasers. 

Springer, 1999. 

134 

Hpei>MemHblU ytuname.nb 

aKmUIIHWl cpeoa, 107 · 

611u:JICHJ/JI 30Ha, 6 

6eKmopHaR ouQ2paMMa, 12 

6U211epHbZU pe:»CUM, 69 

60JIH06Wl 30HQ, 6, 8 

6peMR U31IJ!'Iemm, 47 

6cmpoeHHble U31IJ!'IOmeJiu, 62 

zupompOHbZ, 130 

oemeKmopbZ nepexooHozo U311J!'1ei11m, 99 

OUnOllbHOe npU6Jiu:»ceHUe, 8 

oUijJpaK1JUOHHble nomepu Jla3epa, 118 

ouljJpaK1JUOHHbZU npeOeJI, 59 

yvweoii pacxoomwcmu, 68 

OJIUHa ljJopMupoeaHWI 

U3JI)"leHWI, 46 

CH,47 

OJIUmeJibHOCmb ecnb!UlKU 'lepeHKOBCKozo 

U311)''1eHWI, 83 

30KOH coxpaHeHWI :mepzuu-UMnyllbCa, 19 

U3Jiy'leHue 

OUnOllbHOe, J3 

KeaopynollbHOe, 14 

JIUHeUHO-n011RpU308QHH0~39 

MQ2Humooun011bHoe, 14, 45, 

MQ2HUmOpe30HQHCHOe, ]30 

MQ2HumomopM03HOe, 45 

HeKozepeHmHoe, 57 

cnoHmaHHOe, 122 

mopM03HOe, 40 

xapaKmepucmu'leCKOe, 42 

311eKmpomopM03Hoe, 41, 42 

UHmeHCU8HOCmb OUnOllbHOZO U31IJ!'IeHWI, ]I 

uHI/JpaKpacHWl Kamacmpoljia, 31 



Teopro~noJUI. M.: Ha)'Ka, 1967. 

9neKTPoMarHHTHOe none, T. 1. HoBOCH6npcK: Ha)'Ka, 

9neKTPoMarHHTHOe none, T. 2. HoBocH6HpcK: Ha)'Ka, 

A., Yurkov M V., The Physics of Free Electron Lasers. 

!f" 

134 

llpeo ... temHbtii y«.a3ameJlb 

aKmuBHWl cpeoa, 107 

6JIIJ:J/CIIRJI 30HQ, 6 

BeKmOpHWl OUazpa.MMa, 12 

6U2llepHb1U pe:»CUM, 69 

60JIH06Wl 30HQ, 6, 8 

BpeMR U3.11)1'1eHUJI, 47 

acmpoeHHble U3liY<Jaml!llu, 62 

zupompoHbl, 130 

oemeKmopbl nepexooHozo U3.11)1'1eHUJI, 99 

OUnOllbHOe npu6JIII:I/CeHUe, 8 

., OutjJpaK!fUOHHble nomepu Jla3epa, 118 

out/JpOK!fUOHHbiU npeOeJI, 59 

y2!loaoii pacxoow.wcmu, 68 

OJIUHa tjJopMupoBaHUJI 

U3.TIJI'IeHUJI, 46 

Cll, 47 

OliUml!llbHOCmb acnbiUlKU 'lepeHKOBCKozo 

U3.TIJI'IeHUJI, 83 

3aKOH coxpaHeHUJI3Hepzuu-UMnyllbCa, 19 

U3liY<JeHue 

OUnOllbHOe, 13 

KBaiJpynOJibHO~ 14 

JIUHeUHo-noJIJ!pU306QHH0~39 

MazHumoounOJibHoe, 14, 45, 

Ma2HUmOpe:JOHQHCHOe, 130 

MazHumomopM03Hoe, 45 

HeKozepeHmHoe, 57 

cnoHmaHHoe, 122 

mopM03Hoe, 40 

xapaKmepucmu'lecKoe, 42 

3JieKmpomopM03Hoe, 41, 42 

UHmeHCU6HOCmb OUnOllbHOZO U3.11)1'1eHUJI, 10 

uHtjJpaKpacHWl KamacmpotjJa, 31 

135 

ucmo•muKu Cll 

amopozo noKolleHUJI, 74 

mpembezo noKolleHUJI, 74 

'lemaepmozo noKolleHUJI, 75 

KBaHmOBble t/Jli)'Kmya!fUU Cll, 54 

KOZepeHmHOCmb 

U3.TIJI'IeHUJI, 46 

Cll, 56 

llapMOpOBCKUU pai)uyc, 44 

llopeH!f-t/JaKmop, 16, 18, 

Ma3epb1 HQ lfUKliOmpOHHOM pe:JOHQHCe, 130 

MZHOBeHHo-conymcmByiOUJWl cucmeMa, 21 

MHOZOnOJIIOCHble 6U2llepb1, 70 

MOHOXpOMamU'IHOCmb OHOyJIJ!mOpHOZO 

U3Jiy'leHUJI, 67 

MOUJHOCmb nomepb, 18, 19 

Hecma!fUOHapHWl cucmeMa, 7 

oOUHO'IHWl 'lacmu!fa (Ullu U3Jiy'leHue oouHO'IHoii 

'IQCmU!fbl), 46 

OHOyJIJ!mOpHbiU pe:JICUM, 66, 67 

oHOyJIJ!mopbl 11llOCKOZO muna, 72 

omcmpoiiKa :JHepzuu, 119 

napOMemp OHOyJIJ!mopHocmu, 64 

noKORUJWlCR 'lacmu!fa, 19 

nolle cucmeMbl 3ap11ooo a ounollbHOM 

npu6liiJ:)f(:eHuu, 8, 10 

nOJIHWl MOUjHOCmb U3Jiy'leHUJI, 31 

noJIJ!pU3a!fUJI 

U3Jiy'leHUJI, 28, 39, 72 

JIUHeUHWl, 72 

Cll, 56 

'1epeHK06CKOZO U3liY<JeHUJI, 89 

3lleKmpomopM03HOZO U3Jiy'leHUJI, 42 

nopozoablii moK, 119 

nomepu 3Hepzuu, 73 

'lacmu!fbl 3a o6opom, 54 

'IQCmU!fbl HQ OUnOllbHOe u:iny'leHUe, 18 

'3JleKmpoHa, 114 



rry'IOK '-:JlleKmpoH06, JJ5 

pe:11CUM 
60Jib!UOZO ycWleHWl, J23 

MWIOZO yCWleHWl, JJ7 

HUCbiUJeHWl, J23 

pe3oHaHCHWI 3HepzUR, Ill 

pe30Hamop zupompoHa, 131 

c6epxcBemoBoe 06ID~CeHue 'lacmu!J 6 6UK)')'Me, 

92 

czycmOK 'IUCmUij, KOpOmKUU, 125 

cuHxpompoHHOe U3Jly'leHue (Clf), 45 

cucmeMa 'lacmu!J, 123 

cneKmp 

U3liJl'leHWl, 29, 40, 

'1epeHK06CKOZO U3Jly'leHWl, 87 

3JieKmpomOpM03HOZO U3Jly'leHWl, 4J, 42 

cnupWlbHble oHoyRRmopbl, 72 

cmaHoapmHWI eouHUIJa RpKocmu, 58 

y211oBaR aM1VIumyoa, 64 

y2!I060U pacmBop KOHU'IeCKOZO CJ/OR, 82 

ypaBHeHUe cjla306biX KO!Ie6aHUU, JJ2 

yCJioBue 

pe30HUHCU, JJO ' 

cjlopMUp06UH!JR '1epeHK06CKOZO 

U311Y'JeHWl, 82 

YC!I06Wl 

Bynbcjla-Ep3zza, 103, 104 

KozepeHmHocmu U3Jly'leHUR czycmKa 

'lacmu!J 6 HaKonumene, 59 

ycmaH06U61UUUCR pe:»CUM, JJ8 

cjlnw.tampoHbl, 133 

cjlnyKmyaiJUU Clf KBaHm06ble, 54 

IJUpK}'!IRpHO no!IRpU306UHHOe U3JI)l'leHue, 72 

'lepeHK06CKOe yCKOpeHUe, 86 

mupuHa cneKmpa oHOy!IRmopHozo U311Y'JeHWl, 67 

mucjlmepbl, 70, 71 

:mepzuu U3Jly'leHUR HapacmaHue 6 SASE FEL, 

126 

3cjlcjleKm/l,o1VIepa, 30, 47, 65, 106, 131 

RpKocmb ucmo'IHUKa Clf, 57 

136 

\ 

I 
t 

,> 


