
I 06bEDJ1HEHiiblt1 VfHCTMTYT RLlEPHbiX MCC.nE)l0BAHVf ~1 
Jla6oparopHR reopent4 eCKOH <f>H3HKH 



n.JJ.. ConoBbeB, 4sHb UyH Mo 

0 ct>EHOMEHOnOf'YI4ECKOM Y4ETE 
nYIOH-nYIOHHOf'O B3AYIMOJJ.EVICTBYI.H . 

JJ.-774 

HanpaBneHo B )K8Tct> 



Xopowo 113BeCTHo, 'ITO MeTo.n .nllcrrepci!OHHhix cooiuoweHIIfi CTf.IHOBIITCSI Hlm6on'?e 

scpcjJeKTIIBHbiM, ecn11 .D.IICTiepci!OHHb!8 IIHTerpanbi COLJ.8p)K8T p830H8HCHbl8 8Mllni!TJ .D.bl
0 

B .aTOM cnyqae, rrpeuc6peraSI uepesouaHCHbiMII aMrrmfTy.naMII 11 3HaSI rrapaMeTpbi peso

uaucoa, Mbl nerKO MO)KeM Bblp831!Tb 'Iepes STII rrap8M8Tpb! 8Milni!TJ.D.bl· MHOf'IIX cp11311-

'leCKIIX rrpoueccoa. 

B aaHuofi pa6oTe Mbi 6y.neM rrpe.nHonaraTb cywecTBOBaHlfe .nayxrrl!oHuoro pesouali

ca a P-cocTOSillllll c 1130TOIII!'IecKI!M CIIIIHOM 1 11 Tpexrr11ouuoro pesouaHca a P-cocToH

HIIII C 1130TOIIH'I8CKIIM CIIHHOM 0. 

0 cywecTBOB8HIIH .D.BJXIIHOHHOf'O p830H8HC8 HM8!0TCSI IIpHMbl8 9KCII8piiM8HT8Jlbl!h!8 

II I 121 
.naHHhie CywccTBoaauHe TpexrrHOHHoro pesouauca rrpe.ncTaBnHeTcH aecbMa 

rrpo6neMaTH'IHbiM. B ero rronbsy roaopSIT mrwb .naimhre o6 1130TOI1H'IecKII~cKanSipHbiX 
/3 4/ 

cpopM-cp8KTOp8X HyKnOHOB 0 0 cpopM-cp8KTOpe 11° -Me30H8 · 0 If TO C006p8)1{8HI!e,'ITO 

OH MOf' 6b! HBifTbCH IIpHMbiM Cne.nCTBifeM .D.BJXIllfOHHOf'O pe30H8HC8
0 

noaTOMy C.D.8JI8HHbl8 B .D.8nbH8Hlli8M OU8HKif .D.nSl IIpOU8CCOB
1 

CBSI38HHb!X C Tpex-

IIIIOHHb!M 06M8HOM 0 M8Hee H8LJ.8)KHbl 0 '18M L!.JlSl IIpO]l9CCOB
0 

r.ne Tp8XIllf0HHb!H 06MeH 

sanpeweu. 

Bee .nanbuefiwee HGJIO)KeHHe MO)KHO ·6hiJIO 6hi rrpoaecTH ua Sl3biKe .nHcnepcHoH

HbiX COOTHOllieHHfi. Mbll O.D.H8K01 BOCIIOnb3J8MCSI H3biKOM .D.HarpaMM ¢efiHM8H8e LlJI51 

Bn (x) STOf'O Ll.OCT8TO'IHO BB8CTif B p8CCM0Tp8Hif8 none 0 '18CT.I!Ub!" C IIpOCTp8HCTBeH-
a 

Hb!M If lf30TOI11f'18CKHM CIIHHOM } II "Maccofi" m8 (Mbl 6y.neM H83b!B8Tb STy 0 '18CTHUy" 
n 

61111HOHOM) If none T ( x) "qacTHUbi" c npocTpaucTneHHLIM CIIHHOM 1, H30TOIIH'IecKHM 

CIIHHOM 0 If "Maccofi" mT (KoTopyiO 6y.neM H83b!B8Tb TpHillfOH~M).· (06e 0 '18CT11Ub!" 

MOryT lfM_ei'b nll!ll b cp0pM8JlbH~Ifi CMh!Cn) • npH 9TOM .D.JISl J'18T8 BKJI8.D.8 1T1T -a381fMO

.neikTBif51 B p83Jllf'1Hb!8 IIpOU8CCbl IIplf Hlf3KifX 9H8pf'HSlX HJ)KHO paCCMOTp8Tb IIpOCTeJt

lliHe .D.Harp8MMb! 0 COOTBeTCTBJ!OWHe 06MeHy BHpTyaJibHblM 6HIIIfOHOM IIJIH TpHIIIfOHOM
0 

x) 
CooTBeTCTBYIOWHe "narpaH)Kif8Hbi" HMeiOT BH.n : 

x) 
E.nHHIIUhi pauHoHaJibHLre h"' c"' ·(Macca nHoua) = 1 
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5HllHOH TpHnHOH 

--------------~--~--------------------------~ ---------
<I>OTOH t\ 1 : A n (x) R; (x) : 71

1 
: An (x) T" (x) : 

nHou-nwou 
C" aq, (x) n 

A 2 49 a a y :¢ (x) ____':'_'11l__ D (x): ,... a --crx-n y 0 

cpOTOH-JiHOH A_,& fmu • a t[. (x) a ~:<x.t ¢ (x) : 
·-iTx-- x. a 

m 

, ~ 
3 fmn• 

: ~hl _aJ:'t~<P (x): 
ax ax j 

m • 

E : ~(x) y r if.1 (x) ll" (x) : + n a a E : ;j,' (x) y 1/1 (x) T" (x) : + 
l n 

HYKIIOH-HYKIIOH 

+ \f : '$ (x) i ( Yl' y ] r t/1 (x) -~ D':z(x) : 
T L n a axe + '' : ;;;'(x) i [yn·; y ]1/l(x)~ 

z T " " axe 

3aMOTHM 1 'ITO OCIIH 15HnHOHy Jt TpHnHOHy npHLl8B8Tb CMbiCII 'l8CTHU1 TO BCO 

BXOLlSUUHO CIOLl8 KOHCTBHTbl LlOIIX<Hbl HMOTb cf>H3H'IOCKHlt CMblCII H ObiTb BOIUOCTBOHHbi

MH, Momuo npHHSJTb H apyry10 TO'IKY apenHH: oHnnou H TpHnHOH - ue 'lBCTHUhii uanH

caHHbie Bblp8>KOIIHSI HyX<Hbl IIHIUb Ll1ISI KOUCTpyHpOB8HHSI B38HMOLl8ltCTBHll: peanbHblX 

qacTHUi s STOM cny'lae semecTseuHhiMH aonmuhr ohiTb npoHaaeaeuuSJ STHx KOHCTanT. 

PaccMaTpHaaeMast MOLl81Ib coaepmHT oonbmoe 'IHCno napaMeTpos, oanaKo oua 

noanonSJeT nerKo CBSJ38Tb oonbmoe qucno <}1H3H'IOCKHX npoueccon. HanpuMep, Mbl Mo

x<eM CBSJ38Tb cneayJoiuHe npouecchJ: 

1) B3811MOLlOJl:CTBUO HYKIIOHOB C 91IOKTpOM8I'IIHTHblM llOIIOM (cpopM-cp8KTOpbl HyK-

110H08) (pnc,'l); 

2) nHon-nyKnouuoe pacceSJnHe (nKnaa oT nHou-nHonuoro B38HMOLleltcTaHSJ a P

cocTOSJHHH) (pHC, 2); 

3) paCCOSIHHO DHOHOB H8 llHOH8X (pHCo 3); 

4) B38HMOLlOJl:CTBHO llHOHOB C 9JlOKTpOMQI'HIITHblM IIOIIOM (cpopM-cp8KTOpb1 38pSJ

>KOHHbiX DHOHOB) 1 ( PHC, 4 1 I'LlO cpOTOH, MO>KOT Ob!Tb BHpTy81IbUbiM) i 



5) pacnan TT
0 

-M030118 118 nsa qJOTOIJU II 118 cpOTOH 0 9JlOKTp011 II II03l!TpOH 

(ctlOpM-cfJUKTOp 17° -Me30118) 0 (pile, 5, rn<~ onau li3 lfJOTOHOB !Wli o6a MOryT 6biTb 

BllpTy8JILHbiMII ) ; 

6) · cfloTopomnemw nnouos 1111 naonax (puc. 4); 

7) qJOTOpO)KnOHifO IIIfOIIOB !HI HYKJIOH8X (nKnan OT IIHOH-IIHOHHO!"O B38lfMOnefi

CTBIIH), (puc, 7); 

8) nyKnon-nyKnonnoe pacceHune (on no-, nnyx- n TpexmroHHblil o6Men) 1 ( pnc. 8); 

9) pomnenue IIIfOHOB nplf IIIfOH-HYKJlOHIIOM p8CCGHHifH ( 17 \' - B381fMOnefiCTDI!G 

B KOHG'IHOM COCTOHHI;UI) 
1 

(puc. 9) i 

10) pomnenne p)fOJJOB npH uyKnon-nyKJIOHHOM pacceHHI!H ( nsyxnHOHHblH o5Men) , 

(puc. 10). 

KpoMe TO!"O) MO;>KJIQ 8H8JIO!"H'IIlblM o6p830M paCCMOTpeTb KOMIITOH-scpcfleKT H8 IIIIO-

118X H HyKJIOJI8X 0 8HOM8Jlbllb!H M8l"l!HTHbiH MOMOHT nefiTpOH8 0 pO)I<nellllfG IIUOHOB IIpH 

9JlGKTpOH-9JIGKTpOHHOM paCCGSIJIHH H T.n. 

PaCCM8TpHB8GM8H anecb Monenb B TOH lfJlH lfHOH CTOIIGH!f UCI10Jlb30B8JI8Cb B pa
/5/ 

6oTax pHna asTopos • Hn)Ke MLI paccMoTpuM IIeKOTOpbie 1!3 rrepe•mcnenubiX DbiWe 

rrpoueccon. 

2. ¢opM-cfl8KTOpbl HyKnOH8 

Toquoe sKcrrepuMeHT8JibHoe onpenenenue cflopM-cflaKTopos nyKnoaa rro3sonnno 

6b! nposepllTb paCCM8TpHB8GMy!O MOneJib ('ITO OC06GHJIO 88;>KHO nnH TpHIIHOHa) H 

orrpenennTb 6onhwoe qncno napaMeTpos, KOTopLw, KBK rroKaaauo s nanhneilweM, orrpe-

nenmoT uenLiil pHn npyrnx npoueccos. 

rne 

Q'opM-cfl8KTOpbl HyKJlOJ18 
Fs,v 

1,2 
onpenenHIOTCH pasencTBaMu: 

A- A 
<r li"(O)!r >=ii(p )IF y"+F;, ~ar<r2 -rz),y"Jlu(rz), 2' 1 2 e r 

j n (x) = ___ o s s+ 
o A)x) 

( 1 ) 

(2) 
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- om~paTop 3lleKTpOM8I'HHTHoro TOK8 1 P1 11 P2 - 4 - nMnyllbCbi HyKnoaa LIO n 

nocne pacceSJHIISJ,-

1Ls~_EJ?2+_j!_'! "- 1),1)6 

,\ s v 
Fe = +- ( F1 + r 3 F1 ) . 
\ s v 
~t =Its FJ +rJ PyF2 

e 
-2 ,,1- IL ~-~ J!:_p~ ILn_"" l,fl3 --~- _ 

2 2rn 

( 3) 

(4) 

(5) 

EnnuounaSJ LinarpaMMa LIBeT BKllaLI llHWb a Fv, TpunHOHHaSJ - a ~ 5, • Y•m-
1,2 ' 

TbiBaSJ 3TH LIHarpaMMbi ( pHc. I), annpoKCHMHpySJ BKll8Llbi OT Lipyrnx LinarpaMM 

2 
KOHCT8HT8MH H onpeLiellSJSJ 3TH KOHCT8HTbl li3 yCJlOBHit HOpMHpOBim 

1 
ITOJlyqaeM ( k 

-: q10TOHH8SJ '"Macca" ): 

v 
F (k')=l+ 
1,2 

ai,J<' 
m"-k2 

R 

$ k' al 2 F s ( k ') = 1 + --r',.:rT 
1,2 mT 

av~- 2,\1~· av~- \1\1 
I e ·n~ J :1 IL rn2 , 

i;j v 3 
as=- 2ru1':1 · 

I e rn2 ' 
T 

(6) 

(7) 

1\$=-~ 
2 jL '11 2 

S T 
(8) 

/6/ B neLiaannx 9KcnepuMeHTax XocpwTaLITepa 11 coTpy LIHHKOB LlllSJ cpopM-cpaKTo-

poa rro.TJyqeua KaK paa aaaucHMOCTb BHLia ( 6), ( 7) c rrapaMeTp8MH: 

v 
a1,f 1,2 a:=0,56; a 5 = -3 

2 m2
11 = 10 ; m; = 4,69 ( 9) 

Heo6xoLIHMO OTMeTHTb, "'TO 3TH Ll8HHhie - npeLiaapHTellbHbie, B nux B03MO)IOibi 

6onbil1He own6Ku,· oco6enno B F s • Ecmr1 nanpuMep, LionyCTHTb, "'TO B anaqennSJx 
2 

cpopM-cpaKTOpOB npOTOHll II HeliTpona B03MO>KH8 JQ% OWU6Ka
1 

.TO m2 MO)I<eT MeHSJTb
B 

CSJ C 3 LlO 18 H m2
-- c 2 LlO 10. 

T 
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3Ha'I9Hlle m~ • 4,69 MOl' nO 6bi 03Ha'laTb n1160 cyweCTBOBaHHe CBH3aHHOI'O CO-

CTOSIHHH, n1160 TO 06CTOHTenbCTB0 1 'ITO (npll OTCYTCTBIIII CBH3aHHhlX COCTOHHHH H pe-

) F s 
30HaHCOB B TpexnHOHHOlt CHCT9M9 .llHCnepCHOHHhllt HHT9I'pan .llnH I XOpOWO an-

rrpOKCH~mpyeTcst o.aaonomocHhiM qneHoM. TaKHH o6pa30M, yTO'IHeH!Ie .aaHHhiX o 

B9CbMa B8)KH0 .llnH npOBepKH TpHnHOHHOit MO.llenH. 

B .aanbHeltweM .ans npe.anapHTenhHbiX oueaox, a TaiCme B MeTO.llH'IeCKHX uensx 

Mbl BOCnOnb3y9MCH cne.llyiOWIIMII 3H8'19HIIHMII napaMeTpOB: 

aV .. 1 2 ) 
I,:Z ' 

( 10) 

171 .,Ill 
'ITO COI'nacyeTCH C &KCU9pHM9HT8nbHbiMII .aaHHblMII no ynpyi'OMy II HeynpyroMy 

UHOH-HyKnOHHOMy p8CC9HHHIOo 4T06bl o6ecne'IHTb npH6nH3HTenhH09 paB9HCTBO HyniO 

aneKTpH'Iecxoro pa.aHyca aeltTpoHa, .aonmao 6hiTh 

aV/m:Z 
I B 

aS/m2 
I T 

( 11) 

TaxHM o6pa30M 1 napaMeTpbi 
s a, II 

s a, 

:z 
mr CBH38Hhi ycnoBHHMH ( 10), ( 11 ). Pac-

CMOTpHM .llB9 B03MO)KHOCTH: a) .llnH Bbi6epeM- 3Ha'I9HHe(9) 1 np11 9TOM H3 ( }0) 1 

(11) nonyqaeM 3Ha'leHHe 

s a, • 0156, 

'ITO COOTB9TCTByeT TpexnHOHHOMy pe30HaHCYi 

TOI'.lla .onpe.aenseTcsr a: : 
m~=4,691 a: =0125. 

(12a) 

6) 113 ( 9) Bbr6epeM 3Ha'leHHe .ans m2 
TJ 

(126) 

8TH napaMeTpbl COOTB9TCTBOB8nll 6bl TpeXUIIOHHOMy CBH3aHHOMY COCTOHHIIIOo 

HaxoHeu, B cooTneTcTBHH c ( 9) nono:mHM 

s 
a,=- 3 • (13) 

8 HaCTOHWee Bp9MH MO)KHO nHWb CK83aTb1 'ITO 9TH 3Ha'I9HIIH napaMeTpOB He npOTHBO

pe'18T 9KCU9pliM9HTtlnbHblM .aaHHblM no HyKnOHHbiM qJOpM-cpaKTOp8M 0 0.llH8KO yTO'IH9HH9 

9THX .ll8HHbiX MO)K9T npHDeCTII K H3M9H9HHSIM Bhi6paHHblX 3H8'19HIIH napaMeTpoB; B nep•· 

BYIO O'lepe.llh 9TO OTHOCIITCH K napaMeTpaM (12), (13). 

B COOTB9TCTBIIH c (8), (10)-(13) 
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. . 2 
A1E=-1,2m;c/2; A

1
\f=-1,2m

8
evi m;=22,4 (14) 

7J E "'- 0,55 '11; e/2; 7J \1 "' 3 m2u ; Ill~"' 10,5 
1 1 .• 1 1 T'S • 

( 15a) 

IInH 

7J E =- 0 25 m2 e/2 ; 7J \1 "' 3 ni2 p. ; m2 "' 4 69 • 
11 , 2' 11 r TS 2' , (156) 

3. nnoH-HyKnOHHOe pacceS'!HHe 

Ynpyroe nnoH-HyKnoHHOe pacceHHne c yqeTOM ~ByxnnoHHoro pe3oHaHca pac-
. /7/ 

CMOTpeHO B pa6oTe EayKOKa, KoTTIIHraMa " nypbe Ha H3bJKe ~ncnepCHOHHbiX cooT-

HOWeHnlt. Mbi noKa)KeM, qTo TOT )Ke pe3ynbTaT nonyqaeTCH n B paccMaTpHBaeMofi 

. . " 6 /7/ M 3~ecb MO~enn K CBH)KeM napaMeTphi aTon Mo~enK c napaMeTpaMn pa OThi • · aT-
. • 17,8/ 

puqHbllt aneMeHT 7TN · pacceHHHH HMeeT BH~ 

4 -~ 
<p,q a!S-ljp,qa>=i(27T) 8(p +q -p -q)(4<P.qo)ii(p)Tu(p) 

2 , 2 1 '1 1 2. 2 1 1 21 2 1 

T==oa aT(+~~ [ra ,ra )T(-> 
2 1 2 1 

(±) 
Tr.!:J.,.A(±)+·~y(q+q)TJ • 

/ 1 2 

(16) 

. /7/ 
.lluarpaMMa c 6nnHOHOM (puc. 2) ~aeT cne~yrowult BKna~ ( B o6o3HaqeHHHX ) : 

t-J.. A,,, < s -s > 
rr{J -t 

B 

1(-~- 2A2C E + 2m '1) 
--2 

m - t 
B 

( 17) 
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, HeTpy .. :u.JO y5e.aHThCSI, 171 
'ITO B pa5oTe llOJlyqeHbi Te :tKe Bbip8i!<8HIH!

1 11pl!'i8M 

m2 "'t 
B ' 

A E = 6 TT c ' A ,, "' 6 TT c 
2 1 2 21 

17/ - napaMeTpbi pa5oTbi • 

17/ Yb Cp8BH81!HSI C 3KCll8pi!M8HTOM B H8H.Lieuo, 'iTO 

t, =22,4 

C1 =-I,O 

c2 =-0,212. 

( 18) 

( 19) 

171 v 
Opu STOM aaTopbi pa50Tbi ucnonh3oaanu T8K:tKe .LIBHHbie .anSI cpopM-cp8KTopoa F

1

,

2 
v 

c a 
1

,
2 = 1,2. KpoMe napaMeTpoa (I 9) ouu oueuunu wuprmy .aayxnnouuoro pe3ouauca 

(27) 

y =0,376, 
(20) 

3TUMU 3H8'18HIISIMU Mbl BOCI10Jlh3Y8MCSI B .Ll8JlbH8tiWeM. 

4. nuou-nuouuoe pacceg~-

PaccMaTpuaaeMag Mo.aenh Hcxo.anT H3 npe.anonox<euusr o 
rrrr -pe3ouauce a P-cocTosruuu. OpnMeusrg ee K 

TTTT -paCC8SJHII101 Mbl MO:tK8M CBSJ38Th KOl!CT8HTbl MO-

.aenrr c napaMeTpaMu pe3onauca, a TBK:tKe a paMKax SToii Mo.aem1 oueHHTh S -aonHbi. 

19/ MaTpll'iHb!ll' sneMeHT nrron-nuonuoro paccesrnusr paaeu 

<q' p' ,q' p' !S-I!q p ,qp >=-i(2rr) 4 8(q' +q' -q -q) x 
2 2 11 22 11 2 1 2 I 

.y, 
·X(16qoqoqloqzo) [8 8 A(s,i,t)+8, 8 3(s,i,t) 

1 2 I 2 q ~ ~~ ~~ . q ~ ~· ~ 

+8 8 c ( s, s, t ) ] p• P p P' 
I :J I 2 

s =(q +q )2 =4(I+q2) 
1 2 . s = ( q - q' )

2 
=- 2 q2 ( 1 - cos 0) 

I I 

t = ( q - q• P =- 2q 2 ( I + cos ()) • 
I 2 

( 21) 

(22) 
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Y'IHTbiBSH 6HnHOHHbie .oHarpaMMbi ( p11c, 3) H annpoKCHMIIpys BKna.o .opyr11x .oHarpaMM 

KOHCTBHT8MH 1 nonyqaeM 

A=A
1 

[ s - t + s -s]+A 
l ml-s m2 - t 

B B 

(23) 

2 - ] + A T1=A [ s-t + s- s 
2 m2- s rrfJ - t 

B B 

c = xr t - 8 + t-s ]+A 
2 m2 -s m2- s 

B B 

( KOHCT8HTbl paBHbl 113 KpOCCHHI'-CHMMCTpHH) 1 Hnll .onH 8MnnHTY .ll nepexO.llOB C onpe-

.oeneHHbiM H30TOUH'I9CKHM CUHHOM 

A0 = 3A + B + C = 2 A
1

[ s - t + 
l m2-s 

B 

~]+5A 
m1 - t 

B 

A1 = B-C=N[2~ + ...!!.....=_S + s - t 
m1 - t m2- s l in 1 - s 

B B B 

l .l 
A=B+C=A[ 

l 
~+ t- s ]+2A. 
ml- t m1 - s 

B B 

HaKoH~u. 113 ycnoBHH yHIITapHOCTH Bb!TeKaeT cne.oyrowas CBH3h STHX aMnnHTY.ll 

c ¢aaaMII pacceHHHH 

1 1 qo • 1 
~ J dcos 0 A ( q :z, cos 0 ) ~ ( cos 0) "' - 16 rr __ e 1 8e 

-t q 

1 
sin Be • 

nony'ICHHb!C Bblp8)KCH>lH H8 H3blK9 . .llHCnepCHOHHbiX COOTHOWCHllll: COOTBCTCTBy!OT 
. ' /10/ 

pe30H8HCHOMY np116nii)K9HHIO B npe.OCT8Bn9HHH 4HHH-¢y6HHH • 

(24) 

(25) 

napaMeTp A1 cas3aH c w11plfaoit pe3oHaaca. B caMOM .oene, 113 (24), (25) 
l 

cne.oyeT1 'ITO a6nH3H pe3oHaHca 
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• .,1 !i.2 1 
1u 5.,1;.3 e 1 lnu

1 
q -=-~- __ _ 

::111m m2-s 
B B 

CpamuraaSI STO Bb!pa)!{eune c cilopMynofi 171 
EayKOKa. KoTTHHraMa K nypbe 

rronyqaeM 

(26) 

(27) 

(28) 

Mbi BH.llHM 1 'ITO ecnH paCCM8TpHB8Tb 6HIJHOII KBK peanhl!YIO 'I8CTHUy
1 

H C'IHT8Tb 

A 2 aemecTael!HbiM 1 To HeB03MO)!{HO rrony'IHTh pe3ouauc a P-coCTOSIHim, a KOTopoM 

0 
¢a3a rrpoxo.anT qepe3 + 90 • 

17/ 
npH rrapaMeTpax pa60Tbl 

11.
2 

= -16,8 • 
2 

npu STOM .llnHllhl paCCBSIHKH 

aO =5.\-11.
2 

/1Tm
2 (.\=- A/167T) 

0 2 B 

paBHb! 

a0 =5.\+ 0,24, 
0 

a1 =-~ 
1 1 '211 

3 "1
4 

- 16 
'11 4 r m2 - 4"1"" 

B n 

a2=2 ,\ - 0,12, 
0 

at 
1 

0,072. 

5. ¢opM-cP8KTOpb! 38pSI)K9HHb!X IJHOHOB 

l/1crronb3yH IJOny'IeHHbie BbiWe 3H8'I9HHH rrapaMeTpOB
1 

Mbl MO)K9M Bbi'IHCnHTb 

SneKTpOMBrHHTIIbJe cPOpM-cP8KTOpb! IJHOHOB. 

3neKTpOMBrHHTHb!H cPOpM-cPBKTOp IJHOHa orrpe.aenSieTCH paBeHCTBOM 

(31) 
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n + n 2 
<q li"(0)\q >= q1 '12 F((q -q) ), 

2 1 -; 2 1 
\ 4q0 qO 

1 2 

r.ae ( - onepaTop aneKTpoMarHHTHoro TOKa (2), q H q - 4-nMrrynbChi nnoua 
- 1 2 -

nocne pacceSJHHSI, .lluarpaMMa c 6unuoHOM ( qepT,4) .aaeT cne.ayiOIUiflt BKna.a B 

.anSI n± ,-Me30Ha: 

A A 
- 1 2 
+ m2 - k2 

B 

' k2 npe.anonaraSI 1 'ITO .apyrue .auarpaMMbl .ll810T BKn8.1lhl 1 cna6o 38BifCSJlUHO OT 

(32) 

.ll 0 If 

F(k2) 

(33) 

2 
npu ManhiX lc, 

1 
annpoKCIIMHPYSJ HX KOHCT8HTOlt If onpe.aenSISJ 9TY KOHCT8HTY H3 ycno-

BlfSJ F(O) =-+_ e 
1 

nony•IaeM cne.llyiOIUee Bbipa)Keime .anSJ cpopM-cpaKrnpa 38pSJJKeu-

uoro nuoua 

F(k:l}=+e( 1- Az!\.2 
e m2 

B 

k2 
m2-k2 )I 

B 

B qacTHOC'rH 1 Kua.apaT cpe.alic-Kl3a.apaTH'IHOf'O j)a.auyca nnoua panen 

< r(2J 2 > =- 6 1\.1 A 2 
e '114 

B 

(34) 

(35) 

Ecnu aocnonb3oBaTbCSI BhiWerrpuae.aeHHhiMH 3Ha'!eHHSIMH KOHCTaHT (29), ( 14) 1 ( 18) 1 

( 19) 1 TO Mbl nony'IHM 

A A = 11.2 AzE 
1 2 2 A F. 

2 " 

= -12 e. 
(36) 

)lng pa.auyca nuoua aTo .aaeT 

< r (2
) >= o,3!3 ( 0,53 f ) • 

(37) 

6. Pacrran ueltTpanbuoro rruoua 

CTpyKTypa rr.O -Me3oHa npoSIBnSJeTCSJ B ero pacna.ae, MaTpH'IHhill aneMeHT 

pacna.aa 17° -M930H8 C 4-uMnynbCOM q H8 2 cpOTOHa C 4-uMnynbC8Mif k 1 
1 

B9KTOp8Mif riOnSJpH38Uiflf f 1 f HM99T Blf.ll 
1 2 

k If 
2 
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<k,k
2
!SI'q>= i(21Tfo(q-k,-k,) 

v BqOkO kO 
1 2 

BpeMSI )KH3HH noKoSiwerocg 7! 0 -MeaoHa paaHo 

r = · --r-:::6::..:4;.:.:",..,..,..-
1 F(O) 12 

Yepea F anecb o6oaHa'leH ¢opM-cP8KTop pacnana 

(39) 

B o6weM cny'lae onpenengeT nponecc pacnana "
0 

MeaoHa Ha ¢oToH H aneKTpoH-

ll03HTpOHHyro napy: 

(40) 

Y'lHTbiB8Sl 5HllHOHHOe H TpHnHOHHOe npoMe)KyTQ'lHbLB. COCTOSIHHSI ( 'l9pT. 5) 1 nonyqaeM 

cnenyrowee Ebipa)KeHHe nng clJopM-clJaKTopa 

OTKy.lla 

F(O)"' 2At\' + 
m.2 

B 

2q,7},· 
m.2 

T 

k.2 
F (k_.:l) = F(O) [ 1 + -----..=..--

F{O) 

F ( k 2) = F (0) ( 1 + a k 2) 

(41) 

(42) 

(43) 

• BenH'lHHbi F(O) H a 
/3/ 

9KCnepHM9~TanbHO H3M9pHMbl 1 ll09TOMy1 ecnH H3B9CTHbl "MaCCbi" 6HnHOHa H TpH-

lllfOH8 1 TO MO)KHO onpenenHTb KOHCT8HTbl 
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1\. 11\.;r 
4 ( II 2) ( rn 8 /2 - a mT F 0) 

Ill 
B 

TJ/13= 
fll

4 
( ~-~ - a fll 2 ) F (0) T · B 

fll2 _ m2 
T B 

·8 H8CTOSIIUee BpeMSI napaMeTp a 

nHWb C 6onbWHMH- OWH6K8MH! 

H npeMSI )Klf3HH rr
0 

-MesoHa 

r = (2,3 :!:..0,8) • ~~-16ceK/11/ x) a =,-0,24 :!:_0,16 /3~ 

(44) 

H3BeCTHbl 

EcnH nono)KHTb 
-16 

r =.2•10 ceK, a=-0,2, TO H3 (14) 1 (15), (39) II (44) nonyqaeM: 

1\.11\.3 = 0,24 TJ,TJ 3=- 0,10 (45a) 

HnH 

1\.11\.3= 0,088; .,,., 3=-0,013 (456) 

(c TO'iHOCTbiO LlO o6ruero ¢asosoro MHO)KHTensJ) • npH 9TOH OU9HK9 Mhl Y'iHThiB8nH 

nHWb 6nnuoHHYIO H TpunnoHHYIO LlHarpaMMbi. EcnH yqecTb BKna!l OT !lpyrnx LlHarpaMM 

(s Blf!l9 KOHCT8HTbd, ,TO Mbl nony'iHnH 6bi ¢opMyny (43) H O!lHO COOTHOW9HH9 anSI 

llBYX KOHCT811T 

-~-~-H ~ =a F (0). 
'118 'llT . 

(46) 

Oa11aKo, ueTpy LtHo y6e!lHTbCSI, 'iTO LliiarpaMMbi c 6nnnoHoM ( usoTorrnqecKni!: 

CIJKH T=1) H TpHUHOHOM (T=O) OXB8TbiB810T.BCe LlHarpaMMbl C aByMSI II Tp9MSI 

IJHOH8MH B UpOM9)KyTO'iHOM COCTOSIHHH ( B C8MOM aene, ¢oTOH-Tp9XIJHOHHhlll ysen 

LlOn)KeU. 6biTb ··H30TOIJH'i9CKHM CKanSipOM) • noaTOMy H9Y'iT9HHbl9 aHarpaMMbl coaep

)K8T 4 HnH 6onbW9 ,npOM9)KyTO'iHbiX IJHOHOB 1 H pasyMHO LlOIIYCTHTb0 'iTO HX BKn8!lOM 

MO)Kl!O rrpe!ie6pe'ib. 

3aMeTHM 1 'iTO ecnH y'ieCTb nnw b asyXIIHOHHYIO llHarpaMMy 1 TO anSI a H9B03MO)K• 
. 131 

HO nony'iHTb Ua6nJO.haeM09 Ha OIJb!Te OTpHU8T9nbHOe 3H8'i9HH9e 

x) 
npe!lB8pHTenbHbl9 Ll8HHbl9e 

l 
j 
f 
f, 
l lj 

I 
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7. ¢oTopo:~K.aeHHe nHOHOB ila mi:oHax 

Bocnonb30BaBIIIHCh pe3ynhTaTaMH n.B MO:lKHO oueHHTb napaMeTp, onpe.aenHIOlllHA 

cPOTOpO:lK!leHHe nHOHOB H8 nJIOH8Xo 

MaTpH'IHhiit aneMeHT cPOTopo:lK.aeHHH nHOHOB Ha nHoHax, cooTaeTcTBYIOlllHA 

LlH8rpaMMe p!IC, 6, paBeH (TpHnHOHH8SI Llii8I'p8MM8 He .aaeT BKna.aa); 

<q P q P. Is I u q P > ==· 
3 3 ' :z :z ' 1 1 

4 
( 2rr) o ( k + q1 - q 2 - q 3 ) 

2'1) kOqOq OqO 
1 :z '~ 

m 2- ( k 
B 

(47) 

EcnH aocno.nh30B8ThCH 3Ha'leHHHMH napaMeTpOB (45a), (456), (18), (19) H (14) 1 

TO C TO'IHOCTb!O LlO cP830BOrO MHO:lKHTeng 

1315 e • (48) 

8. Heynpyroe pacceHHHe nHOHOB Ha HyKnoHax 

Bee nony'leHHbie Bb!We cPOPMY.llbi 0 XOTH II H8nHC8Hbl B TepMIIH8X MO!le.llH 0 no 

cymeCTBY SIB.llSIIOTCH C.lle!lCTBHeM pe30H8HCHOI'O npn6.1lH:lKeHHSI B LlHCnepCHOHHbiX COOT

HOWeHHHX. 0.aHaK0 1 paCCM8TpiiB8eMyiO MO!le.llb MO:lKHO nonbiT8TbCH npHMeHHTb II K 6one€1 

cno:lKHbiM npoueccaM. 

PaccMoTpHM, HanpHMep, Heynpyroe pacceHHHe nHOHOB Ha HyKnoHax 

11+N-+11+11+N, 

noK838H0 1 'ITO O!lHOnHOHH8SI LlH8I'p8MM8 ( pHC, 9) .aaeT 3H8'1HTe.llbHbiH II xapa.K

/12/ 
TepHbiit BKna.a B ce'leHHe aToro npouecca • 8Ta Bhi.aeneHHaH ponb o.aHonHOHHoil 

LlH8I'p8MMbl 06'bHCHHeTCSI 6nH30CTb!O K nO.lliOCy no nepe.aaHHOMy HyK.llOHHOMy HMny.llhCy 
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ll pe30H811CHblM xapaKTepOM riUOH-mfOHHOro Ce'!eHUSlo 0LlH8K0
1 

SlCII0
1 

'ITO 0LlHOI1110HH8Sl 

/1/ 
LlHar'paMMa HBnHeTCH nHWb caMbiM rrepBbiM rrpu6nu*eHneM • 0Ha He y'iHTb!BaeT 

p930H8HCIIOrO riiiOH-HyKnOHHOrO B38iiMOLl9fiCTBIISl h KOHe'lHOM COCTOSlHIIIIo 

npocTeiiwefi LlllllrpaMMOfi, Y'iHTbiB810Wefi TaKoe B3811MOLleiicTBIIe, HBnHeTCSl LlHar

paMMa, B KOTOpOil 1111011 ,a HyKnOH 06MeHIIB810TCSl LlBYMSl riiiOHllMII ( qepT.9) • Jlng Toro 
1 

'IT06b! ITIIOH. II HyKnOH B KOHS'iHOM COCTOSliU!II IIMSnH lf30TOilll'i9CKIIH Clll!H 3/2
1 

9TH 

lliiOllbl LlOn)!(Hbl HMeTb ;I{SOTOITH'leCKHii CITHH 1 Hnll 2. nocKOnhKY COCTOSlHHe C 1130TOITH

'i9CKHM CllHHOM 1 - pe301!8HCHOe, .TO MQ)!(HO LlOITyCTIITb1 'iTO LlOCTllTO'iHO y'iSCTb nHWb 

ero. 3To nerKo CLlenaTb B 6nnnoHHOM npH6nH*eHHH. B caMoM Llene, no TpaHccpopMa

UHOHHbiM CBOHCTBllM II "B38HMOLl9fiCTBUIO" C ITIIOHOM II HyKnOHOM 6Hlli!OH He OTnU'i89TCSl 

OT cpOTOHll ( TO'!Hee, OT ero "U30TOITII'I9CKU-BeKTOpHOfi 'illCTH" ). no9TOMy Hlf)!(Hiffi 6noK 

6HIIIIOHHOH LlHarpBMMbl pnc, 9 COBIT8Ll89T C llMITnHTY LlOH BHpTyanbHOrO cpOTOp0)!(Ll9HHSl
1 

ecnu B rrocneLlHefi CLlenaTb 3aMeHy: 

e 2 r3 ._. E r a ' IL r ... \1 r • v 3 a (49) 

MaTpll'iHblH 9neMeHT Heynpyroro 11\f -pacceSlHHSl1 COOTBSTCTBYIOlUHfi 6HITIIOHHOH 

LlHarpaMMe puc. 9, paaeu 

rLle 

< q2 a 2; qa; p2 lSI q1 ai p1 > = \1
2
( q

2 
a

2
; qa ) + \1

2
( qa; q 

2 
a 

2
) 

4 
\1

2
(q

2 
a

2
; qa) = ( 27T) o(p, +q- p- k) ~ 

· 
2 

v'sqoqoqo 
I .2 

k=- q - q , 
I 2 

n n 
ql + q, & 

m.2 -k' al a, y 
B 

(50) 

T(y)(qa), 
n 

(51; 

(52) 

T()'), ) . - . . 
ll n \qa - H::lOTOITH'I9CKU-B9KTOpH8Sl 'lllCTb 8MilnHTY Llbl BUpTyanbHOrO cpoTOpO)!(Lle-

. /13 14/ . 
uun 

1 
c saMeuofi ( 49). EcnH yqecTb B Hefi nnwh MarHHTHO-Lll!rrOnbllbifi rrepexoLl 

B pe30118HCH09( 33) COCTOSlHII9 1 TO B CIICTSMe KOOpLliiH8T 1 rLle 
... ... 
p + q = 0; 

.2 

... ()') ... ... ... ... ... ... .. ... 
T (qa)=(oay-l/3raryHi(crk)q -i(k q)cr -2[qk]l, 

(48) 

1 
j 
! 

1 

,j 

l 

\ 
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E 
41T (2\1 +-) 

2f 
m w e io33 Sin 8.1L 

q3 

3.aecb w "' r; + qo - nonHaSI 9HeprHH B paccMaTpHBaeMoii cncTeMe, m - Macca 

f - nCeBJJOBeKTOpH8SI KOHCT8HT8 CBSI311 f 
2
/ 41T "' 0,08 ) 0 3To BbJpa-

)KeHHe cnpaBCJJnHBO C TO'IHOCTb!O JlO 'lneHOB llOpS!.IlK8 

PaccMOTpHM .aanee peaKUHIO 

11- + p ... TT- + "+ + n • 

2 
w- m ) • 

m 

B 3TOM cnyqae B (50) BTopoe cnaraeMoe He .aaeT BKna.aa. EHnnoHHhJii MaTpH'IHbJii 

9neMeHT \1 2 ( q 2 "-· q "+ ) nonyqaeTCSI 113 ( 46), (48) GaMeHoii 

lj;a
1 

a 
2
y ( Oay -1/3 ra ry) ... - iy'2/3 (54) 

H .aaeT cne.ayiOumii BKna.a B ceqeHHe npouecca "- + p..,. TT- + TT+ + n 

a2 a "2 4 q 2q 2Sin28 l q3 
2 l ~ ~ X aw2 a(- k2) (21T)Sq 2 ( m2 - k 2) 2 9 w 

(55) 1L B 

xj 4" (2A
2 

\1 + A2 "S/m ) ..:!!__ Sin 8
33 I~ m qJ 

3.aech · q - HMnynbC ll8Jl8IOIUero llHOH8 B na6opaTOpHOH CHCTeMe KOOp.llHHaT, 
1L 

2 
k "' ( q1 - q2 )

2 
- Kaa.apaT 4 HMnynbca, nepe.aaHHoro "- -Me3o-

HOM; W2"' ( p +q)~ KB8Jlp8T fiOnHOH 3HeprHH 1T+-Me30H8 II HeiiTpOHa B CHCTeMe 
2 

IIX UeHTpa Mace; OCT8nbHbJe aenH'IHHbl OTHOCSITCSI K 9TOH CIICTeMe KOOp.llHHaT: q -
' + 

HMnynbc " -MeGona, <It H q2 - HMnynhCbJ " -MeGoHa .ao H nocne peaKUHH, 

812 - yron Me)KJJY HHMH; 
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rae W - nonHaH aHeprHH paccMaTpHaaeMoro rrpouecca a cHcTeMe ueHTpa Mace: 

2 ' W=(p +q). 
I 1 

Ha qepT, 11 rrocTpoeH BKnaa ·6HnHOHHOii auarpaMMhi a uonHoe ce'leHue 

' (W -1) y 
u (T) = f dw 2 

{
2 dy 

2 (ni+1)' Y. 
1 

a2u,_ 
aw 2 ay 

Y
2

, 1 = 2 (w1 w2 -1± .,j(w/·1) (w;-1) 

w = 
1 

WJ - m2+ 1 
2W 

w = w.z- w'+ 1 
2 2W 

(57) 

(58) 

T - na6opaTOpHaH Kl!HeTH'IeCK8H aHeprliH rraaaiOLUero llHOH8, npH aTOM anH KOHCTaHT 

A,'' I 
A2E HcrronbaoaaHBI aHa'leHHH (18), (19). TaM *e nocTpoeH aKnaa a non-

HOe Ce'leHHe f1 OT OaHOilHOHHOit aaarpaMMhl pHC, 9, rae Y'ITeHO B38HMoaeitCTBHe 
J /7/ 

rrHOHOB nHWb B peaoHaHCHOM P-cocTOHHHH (22) c rrapaMeTpaMH pa6oThi 

Mhi BHaliM 1 'ITO rrpu aHeprHHX T ~ tOO Mas aKnaa KaK P aonHhi TTTT a:;~aHMo-

aeiicTBHH OT oaHorrHOHHoii aHarpaMMhi pHc, 9, TaK H BKnaa peaoHaHcHoro ITN 

B38HMOaeiiCTBIHI B KOHe'IHOM COCTOSIHHH ( 6HilHOHH8H anarpaMM8 pHC, 9) - M8nhl 0 

.LlocTaTO'IHO CK838Tb, 'ITO llplf T a427 Mas aKcrrepHMeHTanbHOe Ce'leHKe paaHO 3,5 M6. 

noaTOMy llpH YK838HHhiX aHeprHHX OCHOBHOii BKnaa B C9'1eHHe aon)I(Hhl aaB8Tb 

S -cpa3hi • (3aMeTifM 1 'ITO TpHilHOHH8H aHarpaMM8 pHC, 9 He aaeT BKnaaa B pac

CM8TpHB89Mhlii rrpouecc). 

npH T > 600 Mas o6a p930H8HCHhiX BKnaaa B03p8CT8IOT. npu aTOM BKJiaa TTIT -

p930H8HC8 He llp9BOCXOaHT 3,3 M6 1 'ITO roBOpHT 0 B8)KHOCTH B38HMOaeiiCTBHii B apy

rHX cocTOSIHHx. ( 3KcrrepHM9HTBnbHoe ce'leHHe npH 1 Baa paBHO -10 M6 ) • BHnHoH

Hhili BKnaa B03p8CT89.T CHnbHee (rrpH 1 Baa OH COCT8BnH9T 3,9 M6 ) H llpH 6onbWHX 

aHeprHSIX CTpeM~TCSI K 6eCKOHe'IHOCTI! 1 '!li'O CBH38H01 p83j'M9eTCH1 C HCilOnb30B8HH9M 

MOaenH 1 B KOTOpOit HMeeTCSI BeKTOpH8H CBSI3b, nocKOnbKy H9B03MO)KH0 CTporo yKa-

38Tb1 ao K8KHX sHeprHit :tpHMeHHM8 p8CCM8TpHB89M8H Moaenb K ueyrrpyrHM llpOUeCC8M, 
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TO Mhl He M0)!{8M C.ll8n8Tb K8KI{X-nlf60 y6e.llKT8nbHhlX KOnlf'I8CTa8HHhiX abJaoaoa 0 ponlf 

61muouuon .nnarpaMMhi npH 6onhwux aueprlfSIX, Pa3yMeeTcSI, 3.llecb ocTaeTcSI ao3MO;>K

HOCTh aaeCTlf napaMeTp ,o6pe38HHSI If OOnhiT8TbCSI C ero nOMOWbiO y.noaneTBOpHTb 

3KCnepHM8HT8nbHhiM t:18HHhiM, 

EhinO nOK838H01 K8K C nOMOI.UbiO MO.ll8nK C 6lfnlfOHOM H TpHOHOHOM ( KOTOpag 

SKaHaaneHTH8 pe30H8HCHOMY npu6nlf)K8HHIO a t:llfCnepCifOHHbiX COOTHOWeHHSIX ) CaSI38Tb 

M8;>K.lly C060fi 60nhWYIO COaOKynHOCTb nlfOH-HyKnOHHhlX SKCnepHM8HTOa npH HH3KHX 

SHeprHSIX, 

Auanorlf'!HhiM o6pa30M MO;>KHO paccMoTpeTb cpoTopO;>K.ll8HHe 'nHOHOB ua uyKnouax 

puc, 7. EunuoHHhifi aKna.n (a H30TOnlfqecKH-cKanHpHyio qacTb aMnnuTy .llhi cpoTopo;>K.ne

HHH) npH STOM onpe.nenSieTCSI napaMeTp8Mlf 

A
3 

E = 

KOTOpb!8 MO;>KH9 .. OU8HlfTb- - no 

A1A 3A/!, 
·\ \1 A2 A3A2

\I 
J\2 

2 

( 18). 

A2--
2 

( 19). ( 29). (48) 

I A E I =" 22,4 e Hnlf 9,3 e. 
3 

,_ (59) 

(60) 

.llnH napaMeTpOB 1 onpe.nenSIIOI.UlfX TpHnlfOHHhlfi aKnaa (a H30TOUii'I8CKH-aeKTOp

HyiO '18CTb 8MnnHTy.llhx)1 MO)KHO onpe.nenKTb nlfWb OTHOW8Hlf8 

]J~1J = ~=- 5,35 ~ 
TJ F: TJ 8 e/2 

3 l 1 1 

(qHcneuuaSI ouenKa cne.nyeT H3 (15a), (156)). 

HnH -12~ 
e/2 

ERnHOHHhiii BKna.n a HyKnou-uyKnouuoe paccemme (pH c. 8) onpeaenSieTcSI 

napaMeTpaMH 

KOTOpble no (14), (18) 1 (19), (29) p8BHhl 

2 2 2 
\I = ( \2 \I ) I A I 

2 

( 61) 

(62) 
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,, = ( Jl )2 ,.., 2 

~en; '· 
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v 2 
Jl !;; E \I = ----eyr E 

2 
=- 21,2 • (63) 

Anano:rnquo .omr' napaMeTpon, onpe.oemiJOllllfX Tpnnnouubiil nxna.o ( pnc, 8), H3 

( 15) HMeeM 

s 2 f:" 2 ~ 2 ( 11 ) ... I \11 = en: Jls ,-.2 
E 1 \11= ---erz ·~I (59) 

,.,2 r., - cno6o.ouhiii napaMeTp, 

Heynpy:roe paccesmue HyxnoHon 11a Hyxnouax (puc, 10) MO)!{eT 6biTb paccMoTpe

uo conepme11no a11ano:rn quo TO My, xax 9To c.oenauo B n, 7 .onH nnou-uyxnouuo:ro paccew!

HHH, 6nnuoHHhiil nxna.o n a TOT npouecc onpe.oenHeTCH napaMeTpaMR ( 62) • ( 63). Tpunu

ouHhiM *e nxna.ooM MO~Ho npeue6peqb, Tax xax ou ue ne.oeT K ( 33) peaouaucy. Pac-

CMOTpeune onncaimoti Bhillle MO.oenll TeM 6onee noneauo, qeM Toquee axcnepRMeHTanb-

Hb!e .ll8Hilb!9, 8eCbM8 )!{enaTenbHO JTOquenHe 9KCnepHMeHT8nbHb!X .ll8HHb!X no lf30TOnn-

qecxn-cxannpuhiM cpopM-:-c}.laxTopaM uyxnouon, no uepe3ouaucHbiM IT~ -cpa3aM, no ue-

ynpy:roMy 

pacna.oy 

IT~ paCC9HHHIO H 

IT
0 -Meaoua, 

ITIT -n381fMO.lleil:cTBHJ0 0 8 TOK)!{e ITO cpOTOpO)!{,lleHJIIO If 

AnTOpb! !ICKpeuue 6na:ro.oapHbl n.n.HeMeuony II B.A.Memepnxoay 38 none3Hbie 

o6cy)K.lleHJHI n E.ct>.ct>eoKTHCTony 11 illeub 4yu Xya 3a npone.oen11e 'U!Cneuuhrx pacqe-

TOB, 
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r 
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Puc. I •. 

Puc. 2. 

Puc. 3. 
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Puc. 4. 
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PHc, 9, 

PHc. 10, 
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