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BBEAEHHE 

npo~ec c~ y npy r o r o paCCe AHHA M~OHH~ X H 3n e KTpOHH~ X / a HTH/ 
He~TpHH O Ha 3n eK TpOHaX npoAOn*a~T OCTaBaTb CA 06DeK TOM HHTeHCHB
HOrO H3Y4eHH A Ha 3 KC nepHMeHTe ICM., HanpHMep, / l l I. DYAY4H OAHHM 
H3 He MHOr HX 4HCTO nenTOHH~X npO~eCCOB, AocTynH~x 3KCnepHMeH
TanbHOMY ,qeTeKTHp OBaHH~, OHH Aa~T HaH60nee npAMY~ HH$apMa~H~ 

o CTPYKType c na60ro nenTOHHOrO TOKa , 0 6 yrne BaHH6epra H ° TOH
KH X 3$¢e KTa x, HH,qY~HpOBaHH~X B~CWHMH no n pa BKaMH Te o pHH 3n eKTpo
cnafiux B 3aHMo,qe~ c TBH~ 121. 

npeAno: ~e H H e Hc cneAOBa HH A 3T HX p eaK~H ~ Ha y CKopHTenA X I nocJ1e,q
HHe npe An omeHHA 3 Kc ne pHMeHTOB C BblCOKOH CTa THCTHKOH CM. B / 3 ,41 / 

HHH~H H p OBanH Gonbwo e Kon H4e CTBO pa60T, nocBA~eHH blx Bbl4HcneHH~ 

0AHOne TJ1eBblX 3neKTpOCJ1a6 ~ x nonpaBOK K nOJ1HblM H AH$$epe H ~HaJ1bHblM 

ce4 e HHAM 3T I-IX npouecco a 16 ,81 I no ,qp06 Ha A 6 H6n HOrpa$I-IA COAe pmHT
/ 61 1. CA B Bo Bc e x paC4e Ta x HCn0 J1 b30 Ba n OCb YJ1bTpapenATHBI-ICTCKoe 

n pH6J1HmeHl-le, ,qOCTaT04 Hoe AnA aHanH3a 3KcnepHMeHTanbHblX ,qaHH~ X 

n pH B ~ CO K H X 3HeprHAX n a,q a ~HX Heihpl-IHO Ell » m e ' 
npo ~ecc yn py ro ro vee-pa cce AHHA Ao cTyneH AnA HCCJ1eAOBaHHA 

H Ha ny4Ke aHTHHe~ T pHHO OT pea KTo p a. npOBe,qeHHble AO CHX nop 
3 KcnepHMe HTbl/ 71 HMe n H H e6onbWY ~ CTaTHcTHKy H 60J1bWOH y po Be Hb 
$aHa . AnA HX aH aJ1H3a e~c He Tpe60BanCA Y4eT paAHa~HOHHblX nonpa
BOI<. B nocn e AHHe rO Abl 3Ha 4HTenbHO ynY4WHJ1HCb xapaKTepHCTHKH 
ne r ex'ro poe AnA He~ TpH HH ~X peexropsux 3KcnepHMeHToB H ce~4ac 

HMe~TCA B03MO~HOC TH AJ1A Hc c n eA OBa HI-IA y n pyroro ve e - pa c c e AHHA 
Ha BblCO KOH CTaT HCTI-I Ke npH ynY4we HHOM COOTHoweHHI-I 3$$eKT/ $aH/ 8 

Ta KHM 06pa30M, CTa HOBATCA aK Ty a n bHblMH Bbl4I-1CJ1eHHA 0A HOneTJ1e 
B~X 3J1eKTp0CJ1a6bl X nonpaBOK H AnA peaKTopHblX 3KcnepHMeHTOB, T.e. 
Bbl4Hc neHHA 6e3 HCn0 J1b30BaHHA YJ1bTpapenATHBHCTCKo r o npH 6nl-l~eHHA, 

cnpaBeAnHBble B 06J1aCTH xapaKTepHblx 3HeprH~ npo~ecca 0,1 _. IOM3 B. 
3TO Ka K paa ne pexoAHaA o6nacTb 3 He p rH H, B KOTOPOM 3neKTpoH OT
,qa4 1-1 Mo~ e T 6blTb Ka K pcnATHBHcTCKHM, TaK H He pe J1RTHBHCTCKHM . 
n03TOMY paC4e T AOJ1~C H Be CTHCb Ge a npeHe6pe ~e H HR Ma c c o H 3J1e KTpO
Ha no cpaBHeHH~ C xa paKTepHo H 3HeprHeH npo4e c c a . TaK He pac 4eTbl 
AO CHX nop He 6blnH BblnOJ1HeHbl H HX p e a nH 3a~HR RBJ1R e TCA OC HOB HO~ 

4eJ1b~ HaCTOA~eH pa60T~ . 

M~ 6YAe M Ha3blBaT b npe,qC TaBJ1eHH ~ e 3Ae Cb B~4HCJ1e H HR 0AHOne TJ1e
B~X nonpaBo K IT0 4H~MH" , HMeR B BHAY OTKa3 OT HCn0J1b30 BaHHA 
ynbTpapenATHBHCTcKo r o npH6nH~eHHR. KOHe4HO, B~4Hcn eHHA HCnOJ1b
aY~T APyrHe npH6J1H~eHHR. KaK H B pa c4eTax B ynbTpapeJ1ATHBHCTCKOM 
npH6J1H~eHHH, aAe cb TaK~e He Y4HTblBa~TCR 3$$eKT~ cna60 ~ CTpy KTy
p~ I n pe He 6 pe r a e Tc R KBaApaTOM nepeA aHHoro HMnYJ1b Ca Q 2 no cpaBHe

HH~ C KBaApaTaMH Mac c npOMe~YT04H~X aexropaax 6 0 30 HOB W H Z, M~/ , 
nOCKonbKY Aa~e n pH 3HeprHH HeHTpHHO Ev = 1 T3B 

Q2 
S; lr3 Bl: «M2 · ". ...·A _· IIIv 
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B npH 6mllKeHHH /1/ AHa rpaMMbl C 06MeHoM W H Z 3fWleKTHBHo peAYUH
PY~TCR K 4-~epMH oHHblM KOHTaKTHblM AHJrpaMMaM, ~03TOMY ero MO*HO 
Ha 3 Ba T b npH6nH*eHHe M nOKaflb HOrO cna60ro B3aHMoA eHcTBHR. nepeHOp
MHpyeMocTb npH 3TOM, 04eBHAHO, coxpaHReTCR, nOCKonbKY TaKoe 
npH6nH*eHHe RBnReTCR HH3K03HepreTH4eCKHM npeAenOM B 4aCTH AHa
rpaMM cTaHAapTHoH TeopHH. 

npH6nHmeHHe nOKanbHoro cna60ro B3 a HMo Ae Hc TBHR npHBOAHT K 3Ha
4HTenbHOMY y n p o~e H H O BblKnaAOK. OAHaKo Aa*e B 3TOM npH6nH*eHHH 
T04Hble no Macce 3neKTpOHa paC4eTbl BeCbMa TPYAoeMKH H BpRA nH 
MornH 6bl 6blTb CAenaHbl 6e3 Hcnonb30BaHHR CHCTeM aHanHTH4eCKHX 
Bbl4HcneHHH leA61 Ha 36M. HeAaBHo Mbl ABnH npHMeo BeCbMa YAa4Horo 
Hcnonb30BaHHR CHCTeMbl SCHOONSCHIP f9/A IlA T04HblX paC4eTOB OAHO
nerneeux paAHaUHOHHblX K3,Q-nonpaBoK K npoueccy e+e- .. f +f-/l~1 AHa

norH4Hble npHeMbl Hcnonb3~TCR 101 nOnY4a~T Aanb HeHwee pa3BHTHe 
101 B HacToR~eH pa60Te. 

TaKHM o6pa30M, nOM HMO a KTya n bHo H npHKnaAHOH 3aAa4H, BnepBble 
peweHHOH B 3TOH pa60Te, Mbl AeMOHcTpHpyeM 3AeCb BblCOKY~ 3fWleK
THBHOCTb CAa SCHOONSCHIP AnR T04HblX B~4HclleHHH 0AHoneTlleBblX 
paAHaUHOHHblX nonpa BOK H B 60nee CIlO~HOM AIlR paC4eTOB Kllac

ce snexrpocnatiax npoueccoa , 11bl npl1BOAI1M B pa60Te onacaaae HaweH 
nporpaMMbl aHalll1TI14eCKI1X npeo6pa30BaHI1H /nAn/. npH c o x pa He HHH 
npH6IlH*eHHR n OKallbHOCTH cIla6oro B3aHMoAeHcTBHR OTKa3 OT yllb Tpa
pellRTHBHCTCKoro npH6IlH*eHHR npHBoAH T K He06xoAHMOCTH HOBo r o Bbl
4HCIleHHR IlHWb BKnaAOB Al1arpaMM C H31lY4eHHeM peallbHblX H BHpTyallb
HblX ~TOHOB 1013 BHeWHHX IlHHHH /T .e. TOllbKO K3,Q-4aCTH ce4eHHR 
no onpeAeneHH~ pa60Tbl / 51/ . BKnaA *e OCTallbHblX /He K3,Q/ OAHoneT
lleBblX AHarpaMM MO*eT 6blTb B3RT HenocpeACTBeHHO H3 npeAblA~HX 

pa60T / 5 ,61 . KaK XopOWO H3BeCTHO, noclleAHHe AHarpaMMbl npHBOART 
K AByM HHAYUHpOBaHHblM Ko~aKTopaM P H K(Q2), Bblpa*eHHR AIlR KOTO
PblX OCTa~TCR CnpaBeAllHBblMH 101 npH CHRTHH YllbTpapellRTHBHCTCKoro 
npH6IlH~eHHR. 

Pa60Ta opraHH30 BaHa ClleAY~HM o6pa30M. 6 pa3A.l Mbl BblnHCblBaeM 
YT04HeHHoe 60PHoBcKoe ce4eHHe npoUecca ynpyroro pacceRHHR,a TaK*e 
MaTpH4Hble 31leMeHTbl AHarp a MM , Aa~HX BKnaA B K3,Q - 4aCTb c e4~HHR 

B oAHoneTlleBoM npH 6IlH~eHHH , - Bblpa~eHHR, 3aAaHHble Ha BxoAe nAn. 
6 pa3A.2 onHCblBaeM CTpy KTy py nAn , KOTopaR opraHH3yeT Bc e aHa

IlHTH4eCKHe npe06pa30BaHHR OT ypOBHR MaTpl14HblX 31leMeHTOB AO I1C
KOMblX AI1~epeH4l1allb Horo 101 nOIlHo r o Ce4eHI1H npouecca . B pa3A.3 
npHBOAI1M I1TorOBbl e BblpallleHHR AIlR dulY IdEol·m. 11 ulf , rne Eyel·ms · 

VB Y 8 ve 
cyMMa nOIlHblX 3Heprl1H KOHe4Horo 31leKTpOHa 11 ~TOHa . B pa3A.4 
npHBOAHM pe3YllbTaTbl 4HCIle HHblX Bbl4HCIleHI1H n o ~pMYllaM pa3A.3 
11 3aKll~4I1Tell b HY~ AHCKyCCH~ . 

1. 60PHOBCKOE CE4 EHHE. OCHOBH~E HCXO,QH~E $OPMY~ 

,QH~epeH 4Ha ll b Ho e H nOll Hoe CC4eHHe n p0 4ec c a 

V (k 1 ) +e- (Pl ) -+ ve CP2) + e-Ck 2) [ +y(p) ] / 2 o 

2 

B 60pHOBCKOM n p H6 IlH* e HHH 6 e 3 n peHe6pelll eHHR Ma c c o H 31le KTpOHa 

me HMe lOT BHA 
B 

d Uve [2 ( - 2 2 - ] /3/dy ~ 2uO g L l-y r) + gR - 2 g L gRr Yr ' 

B 21 2 2 la.: .. 2uo(1-R) (gL -3(l+R+R )+gR- g gR . /4/
vo L R 

B Bblp a~eHHRX /3/ H /4/ 

[ a(p.) )2m EF e v E v - 3HeprHR Ha4allbHoro V e uo - /5/
n B na6 . CHCTeMe; 

E~ [+Eyl E~ - nOIlHaR 3HeprHR 31leKTpOHa Y = Ev OTAa 4H, Ey - 3HeprHR /6/ 
~TOHa; 

me R a _ r _ . y = -y -2r /71r .. --, 
2Ev 1 + r r ' 

a y H3MeHReTCR B npeAellax 

Y ,. 2r.s: Y::;; Y
m1d 

= 2r+(1+r)-1. /8 / 
m1n 

KOHCTaHTbl 

J... 2 . 2 /9/SID 0g L = 2 + sin Ow H gR a W 

onpeAcneHbl 4epe3 
2 

2 M w /10/
sin Ow = 1 - -- .

M2 

O~) - KOHCTa~Ta ~epMH B j.l-pacnaAe , cBR3aHHaR co BpeMeHeM lllH3
HH MIOOHa Tj.l 06bl4HblM COoTHoweHHeM /CM.,HanpI1Mep, Bblpa~eHHe /6/ 
pa60Tbl /6 1 /. B YllbTpapeIlRTHBHCTCKOM npH6IlH*eHHH r ,. O. 

Ha BXOAe nAn 3aAaHbl MaTpH4Hble 31leMeHTbl AHarpaMM PHc .l.c 1013
nY4eHHeM peallbHblX H BHpTyaIlbHblx ~OTOHOB 1013 BHewHHX n HHHH. 
YnbTpa~HOIleTOBO-KOH e4Hble 4aCTH AHarpaMM 1-6 BMeCTe C COOTBe T
CTBY~HMH KOHTp41leHaMH, Aa~HC BKnaA B K3,Q-ce4eHHe, BblAellRIlHC b 

co r nacao pe ue rr r aa pa60T / 5•6,l1/ . 
nOClle BblnOIlHeHHR HHTerpHpOBaHHR 
no dnp H ~eHHMaHoBcKHM napaae t 

• c. t . 
paM BKna Abl AHarpaMM 1-6 pHc . l itxx

C I C 2 J n peA cTaBlleHbl B BHAe : 

~c • c. t.y w' \~ 0>:<4 
PHc.l. ,QHarpaMMbl npo~ecca ynpyro
r-o iie e -paCCeJlHHR, AalOllUie axnan 
B K3,Q-QaCTb CeQeHHH B O)l,HOne Tn e X X}m<r<
BOM npH6nHllteUHH.7 8 9 10 
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AHarpaMMbI 1- 3 

M(I -~ii(k2,me)l[(4 -2uLu)PIR - 4 + ( ~ u -m:) L u - uSv lrj.l (Ya - 4 s m20w ) 

20 
+ 4m~ (1-4 sin2 Ow) LaY j.l + im e(1-4 sin w )CPl + k 2 )j.l L ul u (PI ' me) x 

u (-k 1 ' 0) Yj.l Y6 u (-p 2 ' 0) . / 11/ 

3AeCb 
• 

Ya '" I + Y6
 

1 u,'>.:""" 2
u ~-==-In v o u A c u -4 m4 ,u = - 2 PI (k 2 + p) , L au 
..jAu u - ..j-r-II 

rn a 
P _ _1_ + .!-Y' In --  /12/IR - n --4 2 2yrrT/ 

nOJllOcHbli1 4I1eH. B03 HHKaIOUlHi1 npl1 pa3MepHoi1 perYI1RpH3a1.\HH l1H<l!pa
Kpa CHOH paCXOAHMOCTH. 

1 d ll'v(1(l.v\' 2 2-'):: 2";>:
SV'" f y In[ 1+~--[Li ( V u ) - Li ( u )] 

o u'y(1-y) +m 2 m2..J>::.u 2 'X"""+u ' 2 ''X"""_u' '/ 13/ e e V" u' V"u 

, 2 2 rne u = u - me' 

Ll (x) .. _ } In (1- xy ) dy = ~ .i'
 
2 0 Y n=1 n 2
 

- AHJlOr a pH<l!M 3i1I1epa /<l!YHKI.\HR CneHca/. 
Bblpa lKeHHe B (jl l1 r YPHblx c Ko6Kax lI>OPMYI1b1 / 11/ RBJlReTCfl YTo4 HeHHe M 

Bbl pa lKe HHfl AIlfl <lla KTopH 3YI~e rocR 3neKTPo~arHHTHoro BKn aAa C HH(jlpa
Kpac Hoi1 paCXOAHMOCTblO /4.28/ H3 paGoTbl I II npH CHRT HH YJlb Tpa pe 
I1RTH BHCTCKorO npH6J1HlKe HHR. 

AHa r pa MMbI 4-6 
(4-a) 3 5' - u . S ] + t M = Yj.l Y 0 Y Y [ (4-2u L~ ) PIR- 3 ~' (2 u + nre ) L u va p a 

+ im ( Y/,l a 0 PIYj.lY a+Yj.lk.zY7e Yj.lye)L u+e 

~ ~ 1 /1 4/ + i m (Y " P1Y + e Ye) -;,(uL u -2) + e 7 e k2Ya 

~ A A 2 22+ (k " P1 Y - m 0 Y )~(l- meLII ).2ya a e Y7 a u 

.. 

3AeC b Y7 " l-yr. H 

u (- 1t 1 , O) f'l u (PI ,m ) ,u(k2 ,me) ['e U(-P2'O) => f'1· f'e • /15/e 

Al1arpaMMbl 7-10 

(7-10) 1 - A e 1 
M -rU(lte,me)[(2k211+YIIP)Yj.l(Y6 -4 s1n (Jw)"Z 

2 1A 

-Yj.l(Y6 -4s1Ji (Jw)(2P111 -PylI)y-]u(Pl,me)x 

- 1- x u(-"t .O)yj.l Y u(-I\! ,0) + 2U("';'~ ,0) Yj.l Yau(p l,me ) u(k ,me) xa e 

~ 1 
x (2k2y + YII p) z Y/l Ye u(-P2 , 0) 

1 - ~ 1 - 'F U(-It1 , 0) Yj.l Y (2P111- PY ) V- U (P1 ,me)U (k2 ,me ) xa v 

x Y/l YeU(-Pe'O) , /16/ 

rne z = -2k e · P, v = -2 P1 p • 
Hcnonb3YR npl1eMbl pa6oTbl/l~ H3 KBaApaTa MOAYI1R MaTpl14HOrO 

3I1eMeHTa /16/ MOlKHO BblAeI1HTb BKIlaA, COAeplKa~HH HH<llpaKpaCHY~ 

paCXOAHMOCTb (IR) 

I M~~-10 ) 12 = 1M B 12 ~ ssort (u). /17/ 

3AeCb M B - MaTpl-l4HblH 3I1eMeHT npouecca B 60PHOBCKOM np116I1HlKeHHH 
B-2 

M Q U(ke ,me ) Yj.l (Ye - 4 Sin 0W)uCP1,ma)U(-kl,O)Yjl.Yau(-Pe ,0)+ 

+2ii(-k l,O) Y y u (Pl ,m )u(\ ,me) Yj.l Y u(-P ,0),
p e e a e /18/ 

"sort 6 /121
a u 6epeM HenocpeAcTBCHHO 1-l3 ~pMynbl /5 / pa60TbI /4I1eH, 
nponOP41-l0HanhHblH r2 / 

ssort (u) =( IlL -2) (P +In 26;)+ 1+ 21 uL + u.S u 1R II R, /1 9/ mo 

rA e 

2-' -
SR "....1- [ Li ( vA u ) -Ll ( 2..jAu ) ] . /20/ 

2~ . 2 vA;: - U 2 VA;: + U 

I) 



B BbipallleHHH 1191 r;;.... HH~H HHT e3I1M al1bHO Ma11aJl 3HepntJl TOp M03Horo 

lllOTOHa B R -CI1CTeMe ICM. C11eAYIOIIII1H paanen/' , 

2.	 OD~ CTPYKTYPA nAn 

$oPMYI1b1 npeAblAY~erO pa3Ae11a BXOAJlT B I1CXOAHble Z -Bbi p allleHHJl 

nAn, opraHI13y~e~ Bce Heo6xoAHMble aHa11HTH4eCKHe npeo6pa30BaHHJl 

Ha 3BM 11 HanHcaHHOH C I1cn011b30BaHHeM CAB SCROONSCHIP. 3Aecb 

MbI KpaTKO Onl1WeM OCHOBHble 3Tanbl 3THX npeo6pa30Ba HHH. 
npH Aal1bHeHweM Bbl411C11eHI111 BKl1aAa B Ce4eHI1Jl AHarpaMM 1-6pl1c.l 

H IR-4aCTI1 1171 nAn OpraHI13yeT COOTBeTCTBY~l1e nepeMHOllleHHJl 
MaTpl14HblX 311eMeHToB, wnYPHpOBaHl1e, a11re6py CKal1JlpHblX n pOH3Be

AeHHH co BCeMI1 conYTcTBY~~I1MH BblK11aAKaMH . B pe3Yl1bTaTe nOl1y

4 aeTCR BKl1aA 3TI1X Cl1araeMbiX B cneKTp noY(u). Ha n~Cl1eAHeM 
ware 3TOH 4aCTH nporpaMMbI cneKTp I1HTerpl1pyeTcR no y B npeAe

l1ax 181 C I1cn011b30BaHI1eM Ta61111~b1 I1HTerpa110B, Bbl411Cl1eHHblX 

BPY4HY~ . 

Pe3Yl1bTl1py~~ee BbipallleHHe I1MeeT n p l1Me p HO TaKOH lIle " YPoBeH b 

rpoMo3A KOCTI1" KaK H HaWH OKOH4aTe11bHble ¢oPMYl1b1 Cl1eAYlOIIIerO pa3

Ael1 a, n03TOMY Mbi He npl1BOAI1M I1X 3AeCb~ 

DOl1 bwaR 4aCTb nAn pea11113yeT Bbl4HC11eHI1e BK11aAa B ce4eHHe 

Al1arpaMM TopM03Horo H311Y4eHI1R 17-101 pHc.1. AnJl 3Toro Heo6xo

AI1MO BblnOl1HHTb 3/H1111 ~/-KpaTHoe aHa11I1TI14eCKOe HHTerpHpOBaHl1 e 

B ~a30BOM o6DeMe peaK~I1H, KOTOPblH MbI napaMeTpH30 Ba11H Cl1eAY~~I1 M 

o6pa30 M: 

dSp d3k dS	 2 U max T max R 
_ _2 __2 _ P 0 (p +k _p -k _ p) = _fT_ ( du( dT~( dflr = r 
2 P20 2k20 2 Po 1 1 2 2 4(B-rrt h m2 T 't17T 4fT v-

e e min 

/2 1 

2 OR3 Ae Cb s .. 2meEv + me' d y - anexear Tel1eCHoro yrna B CHCTe Me 

nOKOJl ey - KoMn aYHA-4aC T H ~b1 !R-c HcTeMe/, B KOTOPO H 11 311Y4 e HHe 

¢oTOHOB H30Tpon HO, a T -z+m; - HHBapl1aHTHaJl Macc a 3TOH KOMna

YHA-4aCT I1~b1 . 0611aCTb 113Me He HI1Jl nepeMe HHblX (U ,T) 11306pallleHa 

Ha p Hc .2 . 
na paMeTPl13 a~I1Jl 12 11 Hc n 0l1b30Bal1aCb Al1Jl Bbl4H C11e HHJl cneKTpa 

n o y ,doJf I dy, KOTOPblH AaeTCfl pa3 HblMI1 aH a 11HTH4eCKHMH Bbipallle 
v e 

HI1JlMI1 Ha OTpe3 Kax I 11 I I pl1c.2 BCl1eACTBHe pa311H4Horo BI1Aa
 

T I (u) . n p l1 Bbl4HCl1eHI1 11 nOl1Ho r o Ce4eHI1R, 04eBI1AHO , 6011ee YAo6

m n 

HO	 113Me HHTb nOCl1eAOBa Tel1 bHOCTb I1HTe r p HpOB aHI1R B nepeMe HHblX 

* TeKCT nAil C neqa TRMH Bcex npOMe~TOqHbX Bblp aEe HHA HMe e T CH 

Y aBTOpO B . 

6 

5,T PH c .2 . KHlleMaTHtleCJ<: aJl 0 6na CTb 

H3MeliellHR n e p eMeKHbIX (u, T) • 

p~t ~< -', U 
I .. I _ ,",I , 

Umn...5·~ 

U ,T • nAn opraHI13yeT Bce 3TH HHTer pHpOBaHl1fl, I1cn0l1b3YR nOCl1eAO

Ba Te l1b HO Ta611H~b1 COOTBeTCTB~~HX I1HTerpa110B, Bbl4HC11eHHblX 

BPY4HY~. 

3.	 ~TorOB~E B~PA!EHHfl AnR AH~~EPEHUHAnbHoro
 

H nonHoro CE4EHHA npOUEcCA
 

AH~~epeH~l1al1bHble n o YCe4 e HI1R B 0AHoneTl1eBOM npl1611l1l1leHI1I1
 

Ha orpeaxax I 11 II I1Me~T cl1eAYIOll\HH BI1A:
 

da.!f. 1 
v e 

dy 

_'''' _ , da~ED,l(v; e) _ ve _ 2g(v:e}(q2) gR (q-JrYrl -t- dy
L	 122/ 

do It," 40' QED. " 
P. v. 

4i 4 - 231 

rAe 
"":gQ	 F~ a ( r.Y) ]. /24/ 

Y 
(v,e) 2	 / 6/

~YHKqHH I L R (q) Aa~T CA l3lOpMYl1a MM /20/ pa60TbI . An ~Y H K-

qM" F~ ,R,LR pe3Y11bTMPYDIlHe Bl>lpallleHHA Ta KOBbl: 

-s	 
1 Yr r;l .;..1 - - 2 I YF	 (r ,Y)- ( l-y ) F - - (1 - - i:.)0 -1 - - -r)

L r 6rs t+lO 2(y 

+Y [_ .!..+(-L +.!!.. +.!..)y _(_1_+ -ll.....-) '12 + -L..l-
s ] 

r r 6r 2 24r 4 12 r 2 120 r 60r 
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+[7 + .E.!.r+29r2~.!..+1!.+61r)Y_(..L+ 1 _ 4 )y2+( 2 + -L)y3_ F I '" Y [.L Lie ( 2 .i~ )_.!... Li2( 2 v'~ )+ Li (2 v'A_ ) _ Lie ( 2 v'A_ )+
3" 12 10 2 r 3 12 4 r e ~ T 3;2 2r . .JA 2 v'A + y 2 .,fr-Y 2 ,p::. Yr ...;r+ yr 

1 -4 1 I I 5 - [.ll. 5 11 2 l 
- - y L + - r + y - -r - - r 6r 2 1 2 r 12 6 10 I + Li (v'A- YF) -Li (v'A+ Yr i- Li (.;>:+ y, )_Li (,fA- Yr ~ 1+ <YLI2 -2)10.!L·2 ~- 2rr - 2.~_ 2.TT""- r ' 

V" - Y V"+ Y V" - Y V" + Y 
/29/4 31 - 11 1 11 - 2 I 1 - 3 1 -4] I I+("A":""" + 1+ ";;7;""r)y +(-- - ~ - -)y -(- + -)y + -.y , L 2 ' 

o1r 3u 24r 2 ,)r 30 4r 2 10 r 15r2' /25/ F II (r,y) =0 y2 F II +.l.. _ .!..r+ ~ _ y-r + (_1 7__ 109 _ 13 -_ 
L 1 4 2 2CY-r) 4r 1 10r8 20r2 &Or 30 )Yl 

I - I yS 3 - 3 - 2 I Yr r 1F (r,y) =F --(1- 2 y + - y ) D - 1- + 
R _6 r 3 5 2(y--r) 

1 13 11 - 2 1 1 -8 1 - 4 1 2 9 - 5 -2 II - (- - - + -) Y -(---,.+ :7T)y - --Yl-(-r +-fYl- -y )L1+ 
5r 3 20r 2 60r 1 120r" Bur 1 60rs 16 4 3 1 130/- [ 1 1 17 7 - 1 1 :-;2 1 -3]+ y ' +---I -r+(-+-+-)y-(-+-U..)y +--y 

r r 6r 2 Sr 3 4 r 2 10r 10r2 

1 - 3 1 -2 II 1 13 1 1 
+[~+.!1..r+Mr2_(_I_+2+2r)Y-(..£ +l+3)y2 + (-L + ~)y3_ ·t - y i (1- --y ) L 2 + [- - - - 1 - (- - - + 1) Y 

12r 10rf 1 20r 3 12r Br3 2r 13 4 15 2 r 4 r 2 2 r 2 r 2 6r 

5 -4 I I 5 - [11 I 23 2 4 5 71 - -y 1L + -r+ y - - ~r- -r + (~+ - + -r) y + 
4 r2 1 2 r 12 K; 30 '3 r 2 30 + (_1_ _ 1 + 1 -2 II /30/

12r8 8 r 2 2r) y 1 ] L 3 ' 

( 11 1 77 )-2 (1 23 )-3 21 -"]ILI /26/+ - ---- y --+- Y +-y , 224r2 2r 60 r 2 30 r 40 r2 2 II - II 1 rr l r 1 1 11 11
F (r y ) '"' F - - r +-- - -- +(- - 'ii'ii:l+ -=- - -) y + 

R ' 4 2(Y -r) 4(y-r ) BOrS 60r oOr 60 1
l 

I -) - F I Y - 1-2 I yrr1 - j- F (r,y '" - 2 r y - - (I - y + _y ) D + _ -y (1+4r - y)+
LR r r u y -r r ( 1 13 In9 -2 1 '7. -8 1 -4 5 Q 1 2 II+ - +- +~)y +(- - -'--)Yl- --y +(-+..1(.r--r )L + /31 ' 

120rS 20r2 60r 1 5r 3 2Or2 10r31 3 4 15 1 I 

4 2 - -2) I I - [ S 2 2+ [ -2-4r- -r + (4+ 6 r ) y - 4y L + r+y -r--r 3 1 r 3 [ 1 - r 1 -2 1 13 -3 I -4 , -6] II .+ -(-+I)y -(~+-+I)y -(----)y +-y _....J.--y L +'i. 
2r 1 Sr 2 2r 1 12 r 3 12r t Sr 3 1 20r 3 1 2 · 

1 - 5 -2)1 I
-(I-6"r)Y+aY L 2" /27/. +-!...(1 II 

12 r lOr 2 - 1) L 3 ' /31/ 

(
 
B C!lOpMYl1ax /25/-/27/ BBeAe HbI o603Ha4e HHfl: r 1~ 1 +f, l 

II - - II rr I 1 13 - 1 - 2 Q 2 _ III Y-r , I Y+v'A -2 2 F (r ,y)--2ry F - ---A-+r+(...-:. _ _ )y - - y -(~r +2r y )L +
L t '" In -- , L 2 ": 11 In _ ' r ne 'A c y -4 r , LR r y -r 'Sr 3 1 3r 1 3 r t
 

r V" y - v'A
 

- - I - 8 II 1 · - II-
I I + Cily - 6'r"" Yt ) L 2 +(ir - y ) L 3 " 2/ 

D' - Yr L - L /28/-"'"2 2 1 
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B ¢lQpMYl1ax /30 /-/321 BBeAe HbI 0603Ha4eHHR: Y = 1-1 ,	 rAe 
1 r	 2L~ = 2) -Li ) . II t;;

L = In V -r)r II y-r II 	
Li 2(I-R- 2(I-R

L 2 -210 -_-- ,	 L =21n y-r V - 11 s r /33/ L a Li -Li +R ) ,	 /41/CY-r y- r 1	 2 2(1+R) 2(I
1)r 1 1 

LS - Bblpa~eHHe. CBOAR ~eeCR K Tp H110rapH~MaM 
H 

II - T - -- - - --	 1 d ..., 0 
F =..L [Li (y -I- Y2) -ta (yA- Y2) + Li (yA- Y2 ) -Li ( vA +Y2)-I- Lis(x) .. r ..Q.Y.. Li 2 (xy ) " I. ~ 

- 2 - 2.,- 2-- 2-",- o Y 0=0 0 /42/
yA VA + Y y 1\ - Y VA .f- Y V A - Y /34/ 

+ Li c'A-Yr )-Li (vA+Yr ) +Li (JK+Yr ) -Li (VX"-Yr )]+{YLI-2)In yrr , H 

2 - - 2	 - 2'/\ - 2 - 2 v>"- y ..;>:"+ Y V>" - Y yA + Y Yr r 1 - 1 1 1	 "" X 0 !I.-1 1ln 2el - xy) dy I. -2; - .rne Y2 =Y -2.	 S (x) .. - r 
r	 1.2 2 0 y n=2 n 2 1'001 r /43/

BbipameHHe A11R nonHoro ce4eHHR npo~ecca 6blnO nony4eHo HHTer
pHpOBaHHeM no r cnexrpa do QED / dr, KOTOPbll1 Mbi He npHBOAHM 3AeCb 
H3-3a HeAOCTaTKa MeCTa. K3n - 4aCTb nonHoro ce4eHHR HMeeT BHA: 1 s V -1 2 

L a co '2 La - L 31- Li 2(-R ) L 1 t fl ' L 1 ' 
(J QED,I+n = 20 .!L (g2f + g2 f + g g f ), /35/ /44/ 
ji e 0 rr L L R R L R LR 

rAe rAe
 
2 1 2 1 S 732 s 1 d
t = - 4 r (1+2r)Ls +(a+8r +2R+ 3R )L 2 - ifr L 1	 L s .. t-£-;-1 Lil!(YR )+ Lie(yR2) + Li 2(R1)+ Lt 2(R2 ) -LiJ (1-Y)R1~L	 1 i45/ 

- 2 R 1 R2	 - Li2 [(I-y) R2]l . 
17 ." 1	 2 8 S ~ 6 ..1.. 31 2 35 1 ~"I npH R1 - - R H 2 = - ,-(- +8r-AIoLR+-R -,.-R )[1 +(- - r+-r + - R - - tt"" ) L 1+	 1 
9 3 3 ':I 3 3 3 6 18 V 1 dy 1

La .. .L f -ln2[ 1+(R + R- :...2) y(l - y) ] .	 /46 

f	 
2 o Y 

43 73 132US+-- r +-R+-R- R	 HHTerpal1b1 /45/ H / 46/ MoryT 6b1Tb BbipameHbI 4epe3 ~YHK~HH /42/
72 36 12 8 ' /36/	 /43/ C nOMO~b~ npHBeAeHHblX HHme COOTHoweHHH /47/. B 4HCl1eHHblX 

paC4eTax YA06Hee. OAHaKO. Hcn0l1b30BaTb HHTerpal1bHble npeACTaBl1e
2 2fa .(1+R)L 2 +t r (I- r ) L I -R) f l + (~ - t r+r 2

+ tR)L 1 +	 HHR /45/-/46/.
1 

L~ .. Li s(R 1) + Lt 
S

(R 2) + i 8 1,2(R 1) + +8 1,2(R 2)·

18 I It
 

+ 14 - T r -li'"It. /371 
V	 -1 -1 

L ~4Lis(2)-2Lis(l +R)-2Lis(1+R	 ).)+281,2(2)-81,2(1+R)-51,2(ltR 
s a . --2 2 _1! 2	 /47/f - - 4r La -(2r-v--Il +R )L - r (2+ & ) L 1 LIJ,	 t 

TaKHM 06pa30M, A11R nOl1Horo ce4eHHR. KaK H Al1R cneKTpa no y, 

-(4r - +3at) l - (7r - 14r l - 7R) L 1- 5r +.!La + B...a2 MomeT 6b1Tb n0l1Y4eHO RBHoe Bbipa meHHe B ~YHK~HRX Li 2 ,Ll s H S l,e' 
1	 4 4 /38/ 

B Bwpa*eHHRX /36/ - / 38/ BBeAe HW CneAYQWHe 0603Ha 4e HHR :	 4. 06CYlKnEHHE PE3ynbTATOB 

t l - - lIl r . L 1 - -in a. /39/ no $OpMYl1aM npeAblA~ero pa3ACl1a 6~l1H Bbl4HCl1eHbI AH~epeH~H
ansuoe no y H nonaoe CC4CHHC npouccca ynpyroro ve C-pa c cea aaaLe - Bwpa*eHHe , CBOAR~eeC R K AHnOra pH~M
 
B WHpOKOM HHTcpBal1e 3HeprHH naAa~~cro aHTHHeHTpHHo
1 S v	 -1 

L2 "' 2' L - L2 + Ll t (- R } +2 f 1L 1 ,	 /40/ 
t	 48/ 1 K3B S Ev ~ 1 T3B. 

1	 11 



npe~e yeM n epe~TH K 06C~eHHO peaynbTaToB 4HcneHHoro 
C4eTa, 05cYAHM peaynbTaT~ paanH4H~X TeCTOB ~pMyn paaA.3, 
nOATBep~a~HX HX npaBHnbHOCTb . DYnO HaHAeHO, 4TO: 

11 AH~~epeH4HanbH~e H nonH~e ce4eHHR nonO*HTenbH~ npH Bcex 
y H E v ; 

21 1Il0pMyn~ paan , 3 B ynb TpapenRTHBHCTCKOM pelKHMe (E v »m e ) 
nepeXOART B COOTBeTCTBYIOlllHe B~palKeHHR H3 pa60T 15,8/: 

31 B npeaene HH3KHX 3HeprHH (Ev « me ) ,QnR nonaor o ce4eHHR 
nony4aoTcA OAHHaKOB~e B~palKeHHA KaK H3 135/, TaK H H3 122/. 
124/, ecnH nocneAHee npOHHTerpHpOBaTb B npeAenax 18/: 

1f 2E 2 2 a '1 -2 
°ve (Ev -+ 0) "' 2 uo (~) [BL(O) +~(O) -gL(O)~(O)- -; r-(gL -Sa) J. /49/ 

e 

1f If, n
BKJ1aA B uva ' npOHHTerpHpOBaHH~H no orpeaxy II pHc.2, 0_ 

ve
y5~ B aeT c Ev Gonee 6~CTPO : 

CT~f. neE -+ 0) ",2u (2Ev(~... [( sr,+gi _ -i.g g nn ~ _
 
v e V 0 m IT 3 9 L R' 2E
 e v 

6(2 2) L ]- 72 gL + gR - 18 gL gR : /50/ 

41 HaKOHe4. YHCneHH~H C4eT nOATBepAHn c B~COKOi1 TOYHOCTbO 
InY4we 10 -7I cnpaBeAnHBOCT b paBeHCTBa 

If 
Ymax dOj; e _ 1f 

( --dy ",u_
dy ve /51/

Ymln 

B KOTOpOM neBaR 4aCTb pacc4HT~Banacb no ~pMynaM 122/-/24/ , a 
npa BaR no ~OPMyn~ 135/-/46/, nonyYeHH~M He a a BHcHMp . npH 3TOM 
oxaaanoce , 4TO u~ .n COCTa BnRe T He 60nee 10-4 uJ H AOCTHv e ve 
r-aer Ma KcHMyMa npH E v -:.. 0,2 ml! ' 

Ha pHc.3 H 4 npHBeAeH~ 3n eKTpocna6~e nonpaBKH K nonHoMy 
H AHlIlllle pe H4Han bHOMY ce4eHHRM, onpeAeneH~e paBeHCTBaMH 

1f 
CT... 

[; to t (E ) .. (~ -1)100% 
v B / 52/u

ii a 

H 

12 

1f 
do_ Idy

v e 
8 (Ev''Y ) '" ( -1) 100% . /53/do! / dy

e 

AHlIllIlc pe H4Hanb HaR n? Fnonpa BKa 153/ npHBeAe Ha nHWb Ha OTpeaKe 
I pHc . 2 , nOCKon bKY o ~~~ Oye Hb Ma no~ AnR YAo5cT Ba OHa nOKa 
3a~ a B npH BeA eH Ho~ no y WKane , KorAa Yml npHHRTO pa BH ~M 0,n 
a Ymld ... 1 . AH lIl~epe H 4H anb HaR ~on p a BK a npHBeAeHa npH 3 xapaKTep 
H~ X 3Hep rHRX : E = 0,1 , 1 H 10 M3B , non HaA - BO BceM 3HepreTHv 
4eCKOM HHTepBane / 48/. Ha pHc.3 nOKaaa Ha, KpOMe Toro, otot . 

B~4Hcn eH HaA no ~pMynaM B ynbTpapenRTHBHCTCKOM pClKHMe. 
Bce 4HcneHH~e pe3ynbTaT~ npHBeAeH~ npH 

M -M · 61MW =83 ,1 r3B, Mz =93 , 8 r3B, m =40 r 3B H H - z · /54/t 

B Ta5nH4e n pHBeAeH~ pe3ynbTaT~ B~4HcneHHA paAHa4HoHH~X no n~aBOK 

H 60PHoBcKoro ce4eHHR B pa3nH4H~x cneKTp ax vo OT peaKTopa 13-17 1 

YcpeAHeHHe B~nonHRnOCb no lIlopMyne 

ma l IJ( 1f)
E


- BOf) v Ymld 
dUpe
 

CT '" r dEvp(Ev) f dy
VII mln dy / 55/ 

E
v Yt hr 

rAe p(E ) '" 3HepreTH4ec KHH c ne KTp n a Aa~HX a HTHHeHTPHHo , v 

mal
 
Ev = 2"(Td + v' T d CT d + 2me» E v '" 12 M3B, /56/
min 1 

me + T dYt hr E 
157/ 

, y 0.5 
-6 -5 -4 -3 -2 -, 0 , 2 3 IgIEv;1GeVI 

-1.5L\ ' -, 
, f~E,,~MeV 

-2.0 

-2.5 
~E~=1MrlV 

-11 -4 ErQ-leV 
&'OlIE\lIY. 6IE4',% 

PHC. 3 . UJ~1I 0 Il C TncIHlH an ex'rpocrra P HC. 4 . OAHOnCTJICDhle :,m CKTpOCJla 
6un nonpmucn 8 lol (Ev), IJbI'l1Icnell  6blC nonpauxu 0 ( E v,Y) J<3J< tPyHJ< 
HaR 110 T O ' I l/ioIM ! C I UlOIII Jllln Kpll  lJ,HR nCpCMCIJIIOrl y nJlII 'l'pCX 3Ha 
BaR! II 110 VJlh 'I'\l1l p l ' JU I 'I' I III I l C 'I' C K1 1M lJC IlHRX a nc pr-nu nnn.uomer-o aIlTH
tPaPMYJI.JJo1 ! IIY II I\'I' II P IIIIII IqllIlHln/. lIeiiTpl1l1 o. 

13 



/581 

B ctlopMynax 1561 H 1571 Td =Eo( +E y) - noporoeoe 
pHpyeMoH 3HeprHH 3neKTpOHa IH ctloTOHa/. PaC 4 eT ~ 
rpex 3Ha4eHHH T d = 0 , 5; f H 1, 5 M3B . 

KaK BHAHO H3 T a6n H4~ , paAHa 4HOHHaR nonpaBKa 
'" -If_ B 
o = (0'_ 10'_ - 1) 100% 

110	 lie 

3Ha4eHHe pe racr 
n pOBeAeH~ AnR 

npaKTH4eCKH aaBHCHT nHWb OT nopora perHCTpa4HH Td,H npH Td=1 /13B 
Y4eT 3TOH nonpaBKH YMeHbwaeT 60pHOBCKoe ce4eHHe npHMepHO Ha 
2 ,7%. 60PHoBcKoe ~e ce4eHHe CHnbHO 3aBHCHT H OT nopora perHCTpa
4HH, H OT BHAa cneKTpa, n03TOMY npaBHnbH~H Y4eT COCTaBa aKTHB
HOH 30H~ peaKTopa , B6nH3H KOToporOBeAYTcn H3MepeHHA, npeA
CTaBnReTCR Ba~H~M /CM ., HanpHMe p , / 18/ / . 

ABTOP~ npH3H aTenbH~ C.A.ctlaRHCY 3a nOCTaHoBKy 3aAa4H H MHO
r 04HCneHH~e 06cy~ eHHA, a TaK~e A.A.AxYHAOBY H T.PHMaHY, 
B.~.XOBaHCKOMY aa none3H~e AHCKYCCHH. 
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l.oOp c l e c t r owe ak radiative corrections to t he to
and to the spectrum with re spec t to e lec t r c.
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