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1. Xopowo 143BeCTHO, 4TO esai4MOAel1cn114e <!>OTOHOB c HecTa61411b

HbiMI4 aAPOI;iaM14 MO>KHO 143y4aTb B pacCe.f!H1414 · Y11bTpape11fiT14B14CTCK14X 

aApOHOB Ha fiApaxll/ , TaK KaK KyllOHOBCKafl 4aCTb a~n1114TYAbl pac

CefiH14fl 14MeeT ni4K np14 M~11wx nepeAa4ax. B 4aCTHOCTI4, e npo~ecce 
TOpM03HOrO 14311y4eHI4fl MO>KHO 143y4aTb KOMnTOH-3¢<!>eKT Ha ni40He. 14 

ero CTPYKTYPHYIO xapaKTep14CT14KY - n011fiP143yeMOCTb 
121 • ,ll11f1 Bbi

Ae11eH14fl 414CTO 311eKTpoMarHI4THoro paccefiHI4fl 14 Allfl cpaeHeH14fl ero 

C BKilaAOM. C1411bHbiX B3a14MOAeHCTB14H He06XOA14MO 3HaTb noBeAeH14e 

COOTBeTCT.BYIOlll14X Ce4eHI4H npl4 nepeAa4aX He 0011bWe HeKOH <!>14KC14-

poeaHHOH /AOCTaT04HO MallOH/. 

· B HacTOflllleH pa6oTe f1011y4eHbl YA06Hble Allfl aHa11143a 3Kcnepi4-

MeHTa11bHbiX AaHHbiX aHa1114TI44eCKI4e Bblpa>KeHI4fl Allfl Ce4eH14fl TOpM03-

HOrO 14311y4eHI4fl ni40HOB B KY110HOBCKOM no11e fiAPa C y4eTOM n011fl

pl43yeMOCTI4 ni40HOB. AMn1114TYAa 3Toro npo~ecca e 6opHOBCKOM npi4-

61114>KeHI414 fiBilfleTcfl cyMMOH 4eTbrpex. A14arpaMM I eM p14c. I; 'noc11eAHfiR 

l
K'z 

Pz. 

P1 ~ -~~ ~1J+ ±± 
A14arpaMMa COOTBeTCTByeT BKilaAy n011fi.P143yeMOCT14 n140Ha. no11fiP14-

3YeMOCTb BBOA14TCfl IS/ <!>eHOMeH0110rl44eCKI4 Ka'i< K03<!><!>14~14eHT B 

H143K03HepreT144eCKOH nonpaeKe K aMn1114TYAe KOMnTOH-3<!><!>eKTa Ha 

T04e4HOM ni40He, KOTOpafl B 6opHOBCKOM npi4011141KeHI414 ·Ha MaCCOBOH 

noeepXHOCTI4 npi4HI4MaeT.B14A: 

fl v P. fl' . ·. 

'I(p2,k2 \p1,k1)= 2i(4rra )cfl (k 1 hv (k 2)[g flV_ P1P2 +~ ~ {3(gflvk1 k 2 -~k~)], 
,P2k2 P1k2 . 

/1.1/ 
fl ( -+ . fl -+ 

rAe ·kf= wl' k 1 ),. k 2 =(w2 , k2 ) - 14Mn~11bCbl <!>OTOHOB;-+ 

cfl (k 1 ) . , · £ v(k2 ) - 14X n011fiP143a~l414; p~ = (£ 1 , p 1 ) , p~ =(c
2

, P·
2

) -

14Mny11bCbl ni40HOB; f3 = a11 • m 71 / a , a 11 ~ n011fiP143yeMOCTb ni40Ha • ' 

npi4MeH14MOCTb HI43K03HepreTI44eCKOH xapaKTepi4CTI4KI4 B npo~ecce 

TOpM03HOrO 14311y4eHI4fl Y11bTpape11fiTI4BI4CTCKI4X ni40HOB Ha fiApe 

CBfl3aHa C TeM, 4TO, KaK fiyAeT B14AHO HI1>Ke, xapaKTepHblk 14HBapl4-

aHTbl. KOMnToH- 3<!><!>eKTa P2 k2. , p1 k 2 . 14 k 1 k2 oKa3bl~aiOTCfl no

PfiAKa m ~ • MaKCI4ManbHYIO nepeAa4y t = k I orpaH~414~ yc110BI4eM: 

~ ..... ~,"'--~ .. ~<~'Gl:,.~~ 
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-t. <<-t <<m2, 
m1n max rr 

11 .21 

rAe -tmin ={m!w212c1c2 )
2 COOT8eTCT8yeT nopory peaKL!HH 

npH AaHHOH 3HeprHH Hany4aeMoro <!loToHa w 2 • EcnH c2 - w2 H 
c1 >> m 17 , TO -tmin <<< m ~ . OrpaHH4eHHe c8epxy 8 I 1 • 21 
o6ycno8neHo TeM, 4TO npH nepeAa4ax -t ::; 10-2 m; KynoH08CKa.R 
aMnnHTYAa AOMHHHpyeT HaA aMnnHTYAOH CHnbHbiX 83aHMOAeHCT8HH 12< 
BBHAY ManocTH nepeAa4H MOmHo. HcnonbaoeaT·b aMnnHTYAY I 1 • 1 I Ha 
MaCCOBOH no8epXHOCTH H npeHe6pe4b OTAa4eH .RApa. 

B paaAene 2 Bb14Hcn.RKlTC.R AH<!l<flepeHL!HanbHble no w 2 , t , a 
TaKme no w 2 ce4eHH.R HHTepecyiOIJ.Iero Hac npo1..1ecca. KoMnToH-3$
<!leKT HaH6onee ecTeCT8eHHO aHanH3HpOBaTb B CHCTeMe nOKO.R nH
Me30Ha, B· paaAene 3 8b14Hcne~H.R npOBOA.RTC.R MeTOAOM 3KBH8aneHT
HbiX <flOTOHOB, 4TO, KaK XOpOWO H3BeCTHO, n03BOn.ReT C8.R3aTb 
Ce4eHHe KOMnTOH-3<!J<fleKTa Ha nH-Me30He 8 CHCTeMe nOKO.R nHOHa C 
ce4eHHeM npo1..1ecca paAHal.IHOHHoro pacce.RHH.R. 

2. AH<!l<!JepeHL!HanbHOe ce4eHHe 8 na6opaTopHOH CHCTeMe HMeeT 
BHA: 

du= 
4 (4) • 2 .... .... .... 

{2rr) 8 {p1 +k 1 -p2 -k2) (M.3.) dp2 dk1 dk
2 

4c1 {2rr)9 ·8c2 w2 
12.1/ 

rAe MaTpH4HbiH 3neMeHT 

v v 
- 4Z·(4rra)3/2lgov- c1p2 + c2p1 -f3(govk1k2-krw2)1cvlk2), 

M,3,- k2 k p . k p 

1 2 2 2 1 /2.21 

z - aap.RA .RApa. 
PaccMOTpHM yrnoeble nepeMeHHble 8 12.11: 

dO .... dO .. k = 2rrsin81 dO 1 sin82d02 d¢, 
P2 2 

rAe 8 1 H 
HO, a ¢ 
B8eAeM14/ 

.... .... 
82 - yrnbl MemAY k2 H p 1 

- yron MemAY nnoCKOCT.RMH 
YA06Hble nepeMeHHble: 

01=£1 8/mrr' 0 2=£2821 mrr. 

.... 

.... .... 

'k2 H P2 .... .... 
(k2,p1) H 

12.31 

COOT8eTCTBeH-
-> .... 

(k 2 ' p2) • 

12.41 

nocne pa3Aene~H.R nepeAa4H k 1 Ha npOAOnbHyiO H. nonepe4HYIO no 
OTHOWeHHIO K k 2 : 

2' 

.... k2=k2 + ku..2 .• 
1 1 II 

HHTerpan no d¢ MOmHo aaMeHHTb HHTerpanoM no 
2 2 

dk2 
1.L 

2dk1.Lim rr 
d¢=--------~~~~------------~---

[(8 +0 ,2_k2 lm2]';1 [k 2 lm 2 -(o -o )2]';1 
12' urr u..rr 21 

HaKOHel.l, <flopMyna 12.61 nOACKa3bleaeT cneAYIOUIYIO aaMeHy: 

a 1 +O 2 = e; 8 2 -a 1 = t>.. • 

12.51 

/2.61 

12.71 

nepeMeHHbie e H 6. H3MeH.RIOTC.R B o6naCT.RX e> k lm , 16.1 <k lm - 1,.L TT - 1.L TT ' 
Y4HTbiBa.R, 4TO CYUieCTBeHHa.R o6naCTb no e-1 >>It>.. I, nepenH-
weM ycpeAHeHHoe no non.RpH3al.IHH ce4eHHe /2.11 Ia npeHe6pemeHHH 
K8aApaTOM non.RpH3yeMOCTHI B BHAe: 

4z 2a3 c2dw2. dk~J.{de M 
~= X 

rr c w k4(k 2 lm2-t>..2)'n 
1 2 1 1..J. TT 

k2 /m2 
xi_!.L~ 

e2t>..2 f3m2w2 k2 1m2 
~[ 1.L TT 

~2t>,.2 12.81 

2(1 + e 21 4) 2 ll . <~+e 74>
2 (1 +e l1"4> 4 £1(2 1 +e214 

nocne HHTerpHpo8aHH.R no 6. e npeAenax oT 0 AO k 1.J../ m rr nony-
4HM: 

du = z2a 3 
m2 

rr· c1w2 

2d2 t:2 
k 1!.: k1,.\._d~o X 

[k2 +k2 . <~+~214>2 1 2< 1 +e 214>2 
1..1. 1 mm 

. /2.9/ 

xl1--
(1+e74)2 

2 
f3m#w.:L 1 • 

£1£2 

Ha /2.9/ cneAyeT, 4TO HHTerpan no ~ ecTeCTBeHHO o6peaaeTc.R 
npH ~> 2 , 4TO C y4eTOM 12.41 H /2.71 03Ha4aeT ManoCTb HH
sapHaHT08 KoMnToH-3<!l<)leKTa k 2p2 , k 2p 1 , k 1 k 2 • HanpHMep: 

2· ll 2 
mrr v2 w2 2 

k p =w c (-- +---)< -·m /2.10/ 
2 2: 2 2 2£2 2 - £2 

2 

3' 



06nacTb ~HTerp~po8aH~~ no k 1 ~ ~ ~ ~MeeT cneAY~~~0 8~A: 
~2 > k 21m2 aaMeH~eM Ha ~2>0 88~AY ManocT~' ki /m 2 , 
k2~ +uk2

17 (1~214)2..5 k2 - • nonara~ 1+~2f4=y .J... 
17~ 

~ATerp~p~iJ\1nno y OT y;1~a~1 AO Ymax =[(k~maxki~lkimin)l 1 , 
HaXOA~M A~¢l¢lepeH~~anbHOe no w2 ~ k;-1- ce4eH~e: 

2 
(2 k 1.1 1 d 2(1 4z2a3 

2 
dw2 dk1..l. m2 

IT 

. 1- --·- -~ .. :-'-Y--::--
c w k 4 . x 2y 2x 2(x+y 2) 1 2 1 mm 

·- 3 y 1 1 2 y2 
--arctg---+- + + --ln--

2x5/2 x112 x2y2 x2(x+y2) x:s X+y2 

2 · 4 · · y · 5 y· Ymax 
-:-.---+--+ 3 +--arctg--1 

3x~y 3 x 3y x(x+y 2) x712 x112 Ymin 

/2.11/ 

4z 2a 3'{3w k 2 
2 1.J.. I 1 

·-c2"'"k-4.,--- - x2y -
1 1min 

y 

2x~(X+y2) 
3 2x 5/2 arctg y I Ymax 

X 1/2 Ymin 

r,cie x = k ~/k; min -~ /2. 11/ MO>KHO paccMaTp~8aTb KaK A~¢l$e
peH~~anbHOe no nonHo~ nepeAa4e t ce4eH~e, TaK KaK t =- k 2 , 
aa ~cKnl04eH~eM o6nacT~ t _ tmin. 1-L 

HaKoHe~, ~HTerp~py~ 12.91 no k ~.J..' a aaTeM no ~ , nony4~M: 

da 

dw2 

. 2 3 t t 
4z a c 2 I 2 1 max 19 4 . 1 min I 
~- -n--·--·+ v-
m 11 c 1 w 2 . 3 t min 9 . t ~ax 

4z2a 3{3w2 I 
ln 

(2 
tmax 

tmin 

t . 
-3+4y-m~J. 

tmax .. 1 

12. 12/ 

ctlopMyna 12.121 ~MeeT OTHOC~TenbHy~ ow~5Ky nop~AKa t . It <<1. 
mm max 

r; 

3 •• 3Aecb Mbl 8bl4~cri~eM_ A~¢>¢lepeH~~anbHble , ~e~H~H~~ d 2a/ d!V 
2 

d_t , 
da I dw 2 MeTOAOM 3K8~8aneHTHbiX $OTOH08 I eM. Hanp~Mep, I 41/. 
~n~ 3TOrO HaHAeM CHa4ana Ce4eH~e KOMnTOH-3¢¢leKTa Ha n~OHe C 
y4eToM non~p~ayeMocT~ n~oHa. A~¢l¢lepeH~~anbHOe ce4eH~e 3TOro 
npo~ecca ~MeeT cneAy~~~H 8~A 8 c~cTeMe noKOR Ha4anbHOro n~oHa 
/8 3TOH C~CTeMe ~cnonb3YIOTC~ WTplo1X08aHHble HMnynbCbll: 

'4-

~l 

tJ 
-~ 
l't 
' I . I 
I 

da K- ~ 
a<4>(p'+k' p' k')ITI 2 d ... p'dk' 1 1-2-2 2 2 

(217)
2 

16w; m
17

w; c; /3.1/ 

~ 
YcpeAHeH~e 1-1 cyMM~po8aH~~ ITI no non~p~aa~~~M ¢oTOH08 AaiOT: 

~ . 

IT 12,;;32172a211+cos 20 -2{3 w' w '(1 -cos 8) 21 , 
1 2 ' 

/3.2/ 

rAe 0 - yron pacce~H~~ $OTOHa; OH C8~3aH C ~3MeHeH~eM 3Hep-
r~lo1 $OTOHa 1/w2-1/wl = (1-cosO)/m\l' • nocne YCTpaHeH~~ 
8 /3.1/ 8 - ¢lYHK~Io1~ 1-1 Tp~8HanbHO~ 3a8~C~MOCT~ OT a3~MyTa 

ITa 2 dw~ m" m " 
da (w' ,w' ) =-- -- [2+(-- ---) 

K- 3 1 2 m w' 2 w' w ,. 
IT 1 2 1 

m" m" m" m" 2 
-2{---)-2Rw'w' (--·-)]. , , ~-'. 1 2 , , 

w2 w 1 w2 w1 

/3.3/ 

A~$¢lepeH~~anbHOe no 3Hepr~~ ¢oToHa ~ nonepe4HOH nepeAa4e 
ce4eH~e npo~ecca TOpM03Horo ~any4eH~~ 8 na6opaTOPHOH CHCTeMe 
C8~3aHO C Ce4eH~eM KOMnTOH-3¢¢leKTa co'OTHOWeH~eM 

daH3JI,(w 2 ,k 1.J..) =fdw;ncw;,k 1.J dk~.LdaK-:l (wJ.,w'
2

), /3.4/ 

rAe n(w, k~) =z 2akl/1Tw(kl+w2m;lc
1
2 )2 

3K81o18aneHT~~X $OTOH08. 
- nnOTHOCTb 4~Cna 

B noA~HTerpanbHOM 8~pa>KeH~H 

w; =w;c 2/c 1 , dw;=w~dw21c 1 /3.51 

npeAenbl ~HT·erp~po8aH~~ no w; , onpeAen~IOTC~ ypa8HeHHeM 

t _ k2 ,9 __ 2j 2 · , ( )112 c 1 m"w 2 • - - 1 , +w 1-m17 c 1 , , OTKYAa w1 1 = -t . -- = --- , ..... m n mtn m 17 2 c 2 - (-t k 2 ) 1/21 , w1 max -£1 max - 1~ m17 • Bbl4~cn~~ ~HTerpan w 1, 
nony4~M 12.11/, a ~HTerp~py~ 3aTeM no k 1~ , nony4HM /2.12/. 

3Kcnep~MeHTanbHble AaHHble no npo~eccy paA~a~~OHHoro pacce~
HI-1~ MO>KHO aHanlo131o1p08aTb KaK no $OpMynaM 12.11/,/2 .• 12/, TaK 1o1 
no $QpMyne /3'. 3/ AnR ce~eHI-1~ .KOMrlTOH~3crl¢leKTci 8 CHCTeMe nOKO~ 

,.... _, i ,' .. j ~ ~ ,.~ •• • ~ • 

n~oHa • 

'5 
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