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l 
I r. 

l1ccneJ:toBaHIIe npoueccos Heynpyr'oro pacceHHIHI sneKTpoHoB npoTcHia,-
. . 

MII II 1 B. 'lBC~HOCTII 1 npouecca .. sneKTpOp0)KJl9HII51 .lll!OHOB1. npoBOJlllMoe s· no-. 
. . . . ./1 2 3/ 

cneJ:tHee .BpeMH PHJlOM sKcnepnMeHTanhHhiX rpynn ' ' , no3Bomrno nony- . 

. '!liTh IIH!jJOpMBUll!O · 06 sneKTpOMBI'HIITHhiX ljJopM!jJaKTOpax HeCTa61InhHbiX tiac.:. 

T~U - nllOHa II niiOH-HyKnOHHhlX pe30H8HCOB B npocTpBHCTB9HHOn0~06Hofi 

o6naCTII IIMnynhCOB BllpTyanhHOI'O 'ljJoToHa ... 
l13y'leHne npoueccoa o6pa3oBaHIIH sneKTpoH-IT03I!TpOHHhrx ( MIDOH-aHTII:..:. · 

.MIOOHHbiX) nap B aJ:tpoHHhiX cTonKHoBeHnHx no3aonnT onpeJ:tenl!Tb' STI!'·<flopM-: 

ljJaKTopbi B o6nacTn k·
2 

·> 0 · O.t:iHaKo J:to cnx. nop · npu ·nccneJ:toBamm 
• 2 2 

TaKIIX npoueccoB ljJal<:TII'lecKII orpaHII'liiBanl!Ch o6nacTh!O . k "' m v = · · 
-2 ( 0 =15- 25 F V =p , w ,¢ ), I'Jle pe3oHaHCHhifi MexaHl!3M pO)[>Jl~I{IISI nap 

cymecTBeHHo yaenii'liiBaeT cel.{eHne npouecca, J:tenaH 'ero ;JlOCTyrrnhrM J:tnH · 
- /4,5/ 

. II3MepeHII51 , 

HecoMHeHHbiH IIHTepec npeJ:tcTaBnHeT TBK)[<e II3Mepe~ue aapoHHhiX . 

k 
2 

ljJopM!jJaKTOpOB Ilpii 6nii3KllX K Hymo BpeM9Hlli1DJl06HbiX rrepeJlB'lBX ·, 

llOCKOnhKY OHO 
2 

ycoB .-:: r+ > = 
·. · dF 

· .. 6 fim --
2

, 
k 2 ... -o dk 

. e p -pacceHHHIO, 

rrony'liiTb 3HB'l9HII51 Cp9JlH9KBBJlpBTH'lHhlX paJll!~ 

II CpBBHHTb HX C Beni!'lliHaMII < r 2> = ·. 
. .- ' ' 

uaaneKaeMbiMII II3 J:taHHbiX no ynpyroMy II ueynpyroMy 

3 

·. ., : 
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Ilpouecc 77~p -+ n e+ e:- _paCCMaTpHBaeTCH. HH*e HMeHHO C TQq-

KH 3peHHH.HCllOnb30BaHHH ero nng nonyqeHHH HH~OpMaUHH o· CpeaHeKBanpa-

TH'IHbiX pannycax < r 2 >·. . 77 - MeaoHa n npoToHa. + . 

§ 1. KnHeMaTHKa 

' 4- HMnynbCbi 17 -Me30Ha,. llpOTOHa, HefiTpoHa;, sneKTpOHa H ll03HTpo­

!Ja, a_ TaK*e nonHbiH 4-HMnynbC · CHCTeMbl H CYMMapHbiii: 4-HMnynbC sneKTpOH:-

noanTpoaHoii: napbr o6oaHa'IHM qepea q , p 
. - . . . ' p . 1p 

w~ = ·p1p + q_f.l =p2p+k ,L ' k(.l = k1p + k21-' 

k1p ' k2p p2p ' 

COOTBeTCTBeHHO. 

. CooTBeTcTByromne KBanpaTbi Mace 6yneM o6oaHa'IaTb: ., ... 

2 . 2 
q. =p 

P, 

2 2 
w =w····• 

1-" 

2, 2 . 2 
p. '"' p = m 

11-'_ 21-' 

k 2, k2 
p 

k 
2 

·= k 
2 

· '= m 2 ·"' 0, ·: 
. 11-'. , . 2_1-' e 

LlanbHeii:rnee paccMoTpeHne . npoBonHTCH B cncTeMe ueHTpa Mace. 

~~oRa H . npoToHa w 1-' = .( w., (j) ~- B KaqecTBe imT~ HeaaBHCHMbiX ·KHHe-

. MaTnqecl{nx napaMe'l'pOB pacciVIaTpHBaeMoro;. npouecca- Bbi6epeM :c::nenyromn~:. 
·Macey ClfCTeMbi w, . . • K2 1 .. KBanpaT MaCCbi--sneKTpOH-ll03HTpOHHOII, rrapbl 

u' yrnbi a 
1 a2 '' y 

-+ -. -+ -+ ...... 
q k · = ! q. It k I cosa · ' l,2 '' ', ' ·1,2,. 1,2 

1 Ollp_enenHeMbie COOTHOllieHHHMH 

...... ...... ...... ..... . 
k 1, k 2 = I k ; II k 2 I cos 2 r . 

B ruinbHeii:rneM ncnonbayroTcH TaK*e BenH'IHHbi 

k =k +k =(w 2 -m 2 +k 2)12w 
"0 10 . 20 

··:. ..... 
.I k I 2 '2 

{~0 -k 
~ 

)~ 

4 

. '. ·. ~. ~-

' ( 1). 

··•·· 
( 2) 

(3) 

----1 . . 
'. < 

. 

~ • .. 

... 
I 

'· 

. ·I 

·-<~! 

I k. k I· · .;.. 1 < 2 2 2 k k 2 · 2 · - = SIR y. W - m - W O + O SIR y 10 20' 

...... ...... ...... ...... . . 

~ 
) ' 

cos·fl= < k ij > 1 I k II q I = < k cos a ' ' ..... 
+ k cos a > I I k J • . 10 20 2 ,, 

CBH3b nn~~epeHunanbHoro ceqeHHH npouecca c K 

ro sneMeHTa naeTcH Bbrpa*eHHeM 

du· 
------- (4 )-5 . -4 [ 2 d n d n d k 2 . - 17 . SIR Y 16. w I Cj I ! k - k I l -1 

1 2 10 20 X 

X k
2

(L~IM11~L~IM2(1.· 
2 2· 

rne d n 1,2 - sneMeHTbi TenecHbiX yrnoa .B · HanpaBne 

poHa H ll03HTpOHa; 3HaK L~ 
2 oaHaqaeT ycpenHeHue J 

CllHHa ·npOTOHa H CYMMIIpOBaHHe ITO HanpaBneHIIHM CllHHO 

'IaCTHUo 

I1HneKCbi 1,2 y aenH'IHHbi M B Bbipa*eHHH ( 6) 06 

MO*HOCTR. 

1) k >k 
20 ' k -k =lk -k I· 10 10 20 10 20 • 

. 2) k <k 20 ' k -k =-lk -k I· 10 10 20 10 20 

Jlpn SHeprHSIX w B paii:oHe 33-peaofiaHca c TO'IH• 

KHX npoUeHTOB HMeeT MeCTO COOTHOllieHHe 

( 2 2 2 . '2 112 
. w + w cos y +m s1n Y> li 

lk -k lsiny=[ - ] 
10 20 2w 

2 ' ' 
(k (y)-k 

5 



•.\ 

:::.SI. HH;>Ke HMeHHO .. c TO't­

MaUHH cf cpeilHeKBaJlpa-

aneKTpoHa n noanTpo­

Hhifi 4-nMnym.c aneKTpoH-

JOTBeTCTBeHHO. 

o,-.-. 

TeMe ueHTpa .Mace. 

:n J;Ie3ailHCHMbiX KHHe­

:a Bbi6epeM -e,:neJlyiOmne: 

mTpoHHofi. nap hi K 
2 

.. 

THOIIIeHHHMH 

os2y •. . : .; ( 1) 

... 

... 
( 2) 

. ., 
,_,_.. (3) 

.. 

,. i 
I 

,! 

.. 

._ ..... f 

--1 ·. I . -1 c . 2 2 k k 2 • 2 ·> %,2 . · k - k . == SIR y W - m -2 W O + O SIR y 
. 10 20' 

' (4) 

... ..... _,. .... 
cos -e = < k ii > 1 I k II q ·I == < k cos 0 

' 10 

-- . ...... 
+ k cos 0 > I I k I . 

20 2 '' :. ' . 

'•. ( 5). 

· CnH3b lln.P.PepeHunanhHoro ce'teHnH nponecca c KBaJlpa-:r_oM MaTpH'IHo- _ 

ro aneMeHTa JlaeTcH Bhipax<eHneM 

( 6) 

. . ·~ 
I'Jle d {} 1;2 - aneMeHTbl TeneCHbiX Yt:'nOB .B HanpanneHHHX BbineTa an~f!_K!-

, l 
poHa n noanTpoHa; aHaK 2 I oaHaqaeT ycpeJlHeHne no HanpanneHHHM 

cnnHa ·npoToHa u cyMMnponamre no HanpanneHHHM cnnHoa o6paayromnxcH 

qacTnu. 

11HJieKChi 1, 2 y nenn'IHH~I M B Bbipa;>KeHnn ( 6) o6oaHa'taiOT Jll3e Boa·-

MO;>KHOCTH 

1) k >k 
10 20 

k -k ==I k. -k I: 
10 20 10 20 

. 2) k < k ' 10 20 k -k =-1 k -k 1-
10 20 10 20 

npn 3HeprHHX w B pafioHe 33~pe30H8HCa C TO'tHOCTbiO JlO HeCKOnb-

KHX npoueHTOB HMeeT MeCTO COOTHOIIIeHHe 
. ( 2 2 2 • 2 tl2 

. w + w cos y +m SIR. Y> ] !-2 
lk -k I siny =[----

to 20 2w ( 7) 

5 



\'• 

~ : 
f 

.-

. ·. ~ . 

' . 

r.ne 
' 2 - -2 ·_ '- 2- 2 2 - 2- >,.J-'2 

- w +2 w sin y [ w- ( w cos. y + ni sin y) ] 
-2 ' ' .2' 

k (y)= D:l ' :' ( 8)' ' 

npe.llCTaBnReT COfiOH MaKCHManbHO B03MO~Hoe npn ~HKCHpOBBHHOM yrne 
• • "I ' • • " • • " •; 

~ ~ . . . 
· paaneTa naphi aaaqeane KBa.npaTa ee MaCChi, 

.Ecnn Ha BpeMR ripeae6peqb 38BHCHMO~Tb~ OT 
'k2 

BenH'l:HHhi 

1.. k
2 ~I M 12 

2 ' ' f 

(KaK cne.nyeT H3 peaynbTSTOB §3,;aTa BenH'l:HHa RBnReTCR . ~. . ' . . 

MOHOTOHHO B03pacTa~meH ~yHKUHeH k2 CO 3Ha'l:eHHRMH Ha KOHUBX HH~ 

TepBana 0 ~ k 2 -.:5 k 2 _(.y ) , paamt'l:a~mnMncg He 6onee · qeM B 

.nBa pas a npn paccMaTpnBaeMhiX aaeprnRx), To ns ( 6) n ( 7) nerKo nony-

'l:liTh,. 'iTO npnMepHO nonOBHHa BCeX. co6hiTHH npM- ~HKCHpoBaHHOM. ·Y xapaK-

TepnayeTCR 3H8'l:eHHRMH KB8JlpaTa MaCChi naphi1 3aKn~'l:eHHhiMH: B 'HHTepBa-

3 2 '2 2 
ne -;r k · (y) .< k .< k ( y). 

TaKHM o6pasoM1 caMa KHHeMaTnKa npouecca cnoco6cTByeT MaKcn-

ManbHOMY _npORBneHH~ 3~~eKTOB sneKTpOMarHHTHOH CTpyKTyphi qaCTHU 1 

yqacTBy~mnx B np~uecce. 

'• L 

§ 2.- C~pyKTypa amb<bepeaunanhaoi-o ce'l:eHHR 

B OllHOdJOTOHHOM npnfinn~eHHH 

B o.nlio~oTo.HHOM npn6nn~eHHH MaTpH'l:-HhiH_ aneMeHT npouecca .•._ 

+ -
IT p .... n e e nponopunoaaneH nponaBeaean~ .llBYX TOKOB: 

·-1:. · _ ·I( ke-
M= pJ,tj 1-' .. -1? < . ._

1
2 - 8 1e- >JI i · e• (9) . 
0 

l-l;v':'O,l,2,3, .i, f~_l,2,3., 
!:: ' 

r.ne 

j = e ;; ( k 1 · ) y u (- k 2 '>-
I! ' - - I! -

-·c io}' 

j.· 

i 

l 

J 
•/," i .-

' \1 

'•"!. 

;. 

' 

i 

. I •; 

I. 

~.-, 
• t'" - ~ 

j 

•. 

aneK~p~MarHHTHhiH TO~ .Ilaphi1 t:i •j /! . npe.n<:_!tiB._nReT_Ma:XJ 

BHpTyanhaoro ~oToriornoiue~n~ n~oiios ' ( T~e.; nbouecca IT.:. 

RBHOe Bhipa~eHHe .llnR KOTOpOrO !'10~eT fihiTb !jJHKCHpOBBHO 
'J ··4. :, 

KOHKpeTHOH MO.llenn:. 

BpeMeHHhie KOMllOHeHTh~ TOKOB HCKn~'l:eHhi liS npaBoi 

HHR·. ( 9) C noM~m~IO ypaBHeHHH :He~pepb!BliOCTH:' ' , - ' " . 

' k J ~ k ' J - k J = k j = k. j - k j = 0. - . p. : /! 0 . 0 .I _ I /! /! 0 , 0 I· I - _ 

.:l: 
-Ilpe.ncTaB.HM · Belin'l:H~y- .L: k 

2 ':£'.1 M. 12 

' . 2 B· BH.lle CBep 

'MepHhiX TeH30pOB: 

~ k 
2 ~ 1M ·'

2 

,.. s l e t .I r • -2 - . 

r.ne aee.neHhi o6oaJiaqeHn:R 

l 
9 tf-=~~( 

ktkm 
---r­

ko 

.. kekn . 
- 8 _)( - - 8 ) ~ j j * 

lm k 2 • fn<· • m n · 
0 

,_ 

.·· .... 
. l'~J'J* t" = -..,;,. " 

·· fL · 2 l. L 

:. 

..,·: 

B Bhipa~eHHn: ( 12) cyMMnpoBaHne nponsBo.nn:TcR no 

cnHHOB sneKTpoHa n iioaHTpoHa, a B ( 13) - no aanpaBnea 

no HOBo 

BenH'IHHy 8 .1f· nerKo Bhi'IHCnHTb, ncnonhsyR RBHO• 

.nns )I! • Bso.nR napaMeTp nonRpH~aunn · BHpTyanbHoro <flo:x 

•1·-: 



' ( 8). '' 

BenJI"UiHbi 

!HHSIMJI Ha KOHUBX liH-:­

riCSI He 6onee tteM B · 

( 6) H ( 7) nerKo nony-

rKCHpOBBHIIOM. ·Y · xapaK­

liiO'IeHHbiMH:. B HHTepBa-

cnoco6CTByeT MBKCH­

CTpyKTypbi '18CT1IU 1 

reHT npouecca. • .•. 

... 
"·· 

'(g)' 

·< 1o) · 

1 

I 
J 
' I 
i 

I ' ' 

'' 

i.' 
I 
I 

'' I 
' I , ' 

! •. 

t ' ' 

j 

' 

. l' 

!'' 
L:~ 

-t .·' ' ) 
} 

I 

:. ' 

aneK;p~MBI'HHTHbiH TOK .~apbi, a : J p. . I_IPellC7a~nSieT. Ma:-r:p?'IHbiH,, ;')_lleM!'JHT •.. · · 

BHpTyanhHoro <jloTonornoiue~m. ~ m~oiio:S · ( T.e~ nbouecca rr.:. p • .... ~Y " · · ) , 
· . . . BHpT. 

SIBHOe BbipameHHe llliSI KOTOpOI'O ... MomeT 6b!Tb <jlHKCHpOB8HO liHlllb B p8MK8X 

KOHKpeTHOil: MOJlenHe 
.. " •• ~. ' 0 ~ l ., ... _ ; ;. .. . ': • ' ' ~ • • . 

BpeMeHHbie KOMITOHeHTbi TOKOB HCKli10'19Hbl H3 npaaofi .'18CTH Bbi~a)!{~-
HliSI·. ( 9) c ITOMOlll~to ypaaHe~nil: :He~pep~I~HOCTII: .• ' .• . . , ' ' ·' 

k J i! k ' J - k J = k ' j ~ k j - k j = 0. · · p. : fl 0 . 0 .I I fl. p. 0 0 I' I · 

· :'rrpea~TaaiiM . aerili'~ir~y .. ~ : k 2 'I :j M .1 2 

'MepHbiX TeH30poa: 

I k 2 II M .! 2
·- s ' l ' ' 

2 · If .If'· 

· · t I . I· J · J .* 
. 1e = 2 · 1.· e 

... "',,'.' .. ' ,' 

'( 12) . ' 

,, ... 

( 13) 

B BbipameHHH ( 12) cyMMHpoaaane npinia.BOilHTcSI no· HanpaaneanSI·M 

' · CITIIHOB aneKTpOHa II IT03HTpOH81 a B ( 13) - no HanpaBneHHSIM CITHHOB HYK:-, .. 
liOHOBe 

BenH'IHHy S If' nerKo Bbi'IIIC1IIITb1 HCIT011b3YSI SIBHOe Bbipameane' ( JQ) 
161 unSI .J p. BaouSI napaMeTp nonHpH~aunH BHpTyanbHoro <floToaa· ( CM. · ) 
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.. •',". 

.. 

''. 



i 
f 
I 

·-

2 '2 .... 2 
k ctg y / k ... k 2 .ctg 2y 

£ = = •,. ·. 
2 2 .... 2 2 2 ( . . . ) 2 2_- k c!g y:/ k • k ::ig .y ·+ 2 k 

10 
·-.k 20 

H OpTOHOpMI1pOB8HHYIO napy BeKTOpOB .... .... 
IC,V 

...... --... . ... . . -+ ; ...... ..:, ..... 
K=k/lkl-~ V=·sign(k -k )(Kx(k X k ]1/_l[k xk 11 

10 20 . . 1. 2 • 1 . 2 . 

: 

( 14) 
.;,-',,"'-

._;·~ .. - .. (15) 

B nnOCKOC~H 00p830B8HHR sneKTpOH-n03I1TpOHHOil: napbl1 npeaCT8BHM 's le 

B Ein:ae 

-1 

s I e= 41Ta (1 H ) I (1 H )( 5 le -xI /(e)- 2 t VI 1.1 e' -· 

. '-~". ~ 

( 16) 

k 2 . k 2 1/2 

·_-2t ":'"2k /( 1 K e + £ 2 c O- c l ~ 1 (K v + K v > 1 • 
o o 1 e e 1 

. flerKo. BIIaeTb Il3 ( 14) 1 qTo HeonpeaeneHHOCTb B BhiOOpe HanpasneHHR 
.... 

BeKTopa v , B03HHKaromag B cnyqae paBHhiX aHeprnil: sneKTpoHa .n no-~. 

3llTpOH8 ( CM, ( 15)) 1 He npllBOaHT K HeonpeaeneHHOCTll B Bbipa)KeHn'n ( 16) .• 

. PaccMoTpnM Teneph. TeHaop t 1e . Ha oomnx coC?6pa>K~ii~il:. cnenyeT, 

qTo npH COXpaHeHllll p -qeTHOCTH OH llMeeT cneayromyro CTpyKTypy: 

' 1e ~.A.: 5 1.e +, ~,-.q 1 q e + c < k.l. q e. + k e q 1 > .+ 
i 

) .{·17) !, 

+ n k 1 k e + i E < k1 q e - k e q 1 ) . 
~. '-.t... ··• ~ ... 

,_,-; r~ ·· .. ,. 

rae A •. B • c • D • E - BemecTBeHHhie ( sTo cneayeT na onpe-

aeneHIHI ( 13)) tPYHKlliiii nepeMeHHhl?' 
2 . 

w . , k ,cos8 (eM, (5) ). 

8 

, 

. 

' I . ,. 
I' 
l 

I 
I 

"! 

I 
. • 

i 

I. 
J.· 
f'' 

J ·.·· .. · 
1'-

't' ~.;: . . .. 
·, ... 

! 
I, 

I'· 
t' 

·.' 

.. • 

BeniiqiiHa E onpeaemieT nomipH3aitiiii oopaayromiix 

II noaiiTpoHa II· He aaeT BKnaaa B Bhipa)KeHIIe ami ceqeHII: 

HOrO llO Hanp~BneHIIRM CniiHOB STIIX qaCTIIll, 

BBeaeM niiHeil:Hhie KoMonHaiiHII BeniiqiiH A 

2 . 2 .... ·-1 .... 
u u < w: k ·,cos e > = <a~ "\\' lq I) . 1 kJ x. 

' ~ .... ' . . 

( .... 2 • 2 ) 
X 2A + B q ,SIR 8 . 

-~ ., " 

u < w , k 2 • cos e > =¢32 " w ~:I -q 1 ) ~! I· k 1·; x 
L 

. . 
-+ 2 , .. -+ ..... -~2 

x 1 2 ~ :~: 2 .B q 2 cos e .+A c k · q + 2 n k 
.k .2 

. 2 
.k 

0 

'-~,. ..... 

' B 

.... 

.q 
'p 

( k2. . "">. c··. 21 ..... 1·>-1 l.k .... l B .... 2 
W , , ·COS \!; . =. 32 7T.W . q · . · · . q 

. 2., . '· 2 .· ...... ·-1 .... ' .. 

q I '7' ( w • k . • cos ~ ) = (32 1T w' I q I ) ' I k L X : . . . . . . -

. . 2·" . .' . -i. • 

k ... . . . ....... 
X v2- k 2 ( -2 Bq 2 _cos e ':" c J q I I k I') . 

0 

Torna, yqnT~IBaH '(II), (H3), (17), IIonyqiiM . ,. . ... 
• ·2 .· 

. 2 ..... 

(32 "w I~ I > 
k 2. . . . ... _;...1 
- }>:I M I = 4 '11a [ (1 +C ) I k I ] x 2 . .· . . . . 

x I u u + c u Psin 
2 

8 cos 2 cp + c ~ L + 

~-
+ [ t. ( 1- c ) 1 

2
- • u sin '3 cos cp l , 

... . . . . ·I . 

9 
~ . ,. 



( 14) 

·~·- ' 

( 15) . ,, . 

a phi, .npencTaBHM 's 
1
e 

( 16} 

,J6ope HanpaaneHHst. 

eprHil: sneKTpoHa .H ito-'. 

CTH B· Bbipa>t<eHHH ( 16) .• 

· c?o6pameimii:. cnenyeT1 

OIIIYJO CTPYKTypy: 

-'> .. (:17) 

sTo cnenyeT Ha onpe­

~os® (eM, (B)). 
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H IIpe.QcTaBnHeT. yron Me:li<:.Qy IInOCKOCTbiO.pO)I(.QeHFlSI rrapbl (rrnmiKOCTb, 
-+ 

o6pa30B8HH8H BeKTOpaMH k t 
-+ 

-k 2 ) - H IInOCKOCTbiO peaKUHH -11 p -+ n'y 
-+· -+ 
k ' q - '(rrnOCKOCTb1 'o6p830B8HHaH BeKTOpaMH ). : 

Bennqn:Hbl u HMeiOT pa3MepHOCTb CeqeHHH H CMbiCn ce-
.U,P,L,I 

HeHHH o6pa30B8HHH -BllpTyanbHbiX <floTOHOB B p83riHqHblX' IIOnHpll38UHOHHblX 

COCTOHHHSIXo Tak, 

<floTOHOB1 rrpn:qeM 

uu 

u u 

H ut OTBeqaiOT 3a o6paaoBf.lHn:e IIOIIepeqHbiX 

ecTb ceqean:e, IIpOCyMMHpOB8HHOe IIO -COCTOH-

HHHM IIOnS1pH3aUHH 8THX tfloTOHOB1 'a. up­

HOM IIOnRpH3aUHHHo 

orrpeaenHeT cTeiieHb nx nn:aeM:-

. 2 (' . 2 ) ( 2 ""') B rrpeaene k -+. 0 Bennqn:Hbi u w 'k ' cos e 'up w ,k. ' cos..:~ 
u -

du 
rrepexo.QHT B an:¢¢epeaun:anbHhte ceqean:H - aerronHpn:aoBaHaoe 

d cos e 
n rronRpn:aoBaHaoe - rrpouecca ,peanbHoro (k2 .. o) _ cpoTorrornorneHn:H. 
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L . - . . . - --

eCTb HHTep<flepeHUHOHHb!H ';PD.QOnbHO-IIOIIep~qHhiH qneH 

an¢¢epeaun:anbHoro ceqean:H. ITpn k 2 -+ 0 a -+ 0. 

11ayqag 
_ _L,I 

aaBiicn:MoCTb an:¢¢epeaunanbHoro ceqean:Si rrpouecca 

·+ 
11· p -+ n e e OT yrna ifJ n: rrapaMeTpa ( MOlKHO 8KCIIepn:MeH-

TanbHO orrpeaenHTb BCe qeTbipe Benn:qn:Hhi a u, P, L, 
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pbiX rroaBonn:T rronyqaTb HOBYIO ¢nanqecKyiO n:a¢opMaun:~, 

n:a<flopMaURIO o6 aneKTpOMarHHTHOH CTpyKType a.QpOHOB. 
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§3. OueaKa BnHHHHH sneKTpoMarHHTHofi cTpy: 

- + qacTnu · aa ceqean:e rrpouecca 11 P-+ n e · 

B6nn:an:· 33-peaoaaaca 

Ec:recTBeaao rronaraTb, qTo a¢¢eKThi aneKTpoMaraHTH 

.QOn)I(Hbl 6o.nbllle BCero IIpOHBnHTbCH .QnH C06biTHH C KB8.Qpa1 

phi, 6nnaKn:Mn: K MaKcn:ManbHQ B03MO)I(HhiM. Han:6onbrnee 3Hl 

Hhi k 2 
, paBHoe ( w- m ) 

2 , aocTn:raeTcH B cnyqae, ec 

H 1103HTpOH ·paaneTaiOTCH B CTpOrO IIpOTHBOIIOnOlKHbiX ·Haiipl 

2.y, 11 t 8 + E) "' 11 ) 1 HMeH: O.QHHaKOBbie 9Heprn:n: k ~ 
t 2 - _ to . 

3KCIIepHMeHTanbHO 06btqao perHCTpn:pyeTCH COBOKYIIHC 

C KBa.QpaT8MH Mace, 3aKniOqeHHbiMH B HeKOTOpOM HHTepBan 

pOBaHHOM IIOnOlKeHH~ .QeTeKTOpOB <fJHKCHpOB8Hbi E)
1
· e~ 

PaccMoTpHM aKcrrepnMeHTanbHO naMepnMyiO Bemrqnay 
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k Cy> 

I= f dk2 
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Cy>/4 

anH · cnyqasi 2 y = 11 

dd 
dn
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dil

2 
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B~nnqnaa HHTepBa~a- HHTerpn:poBaHn~ B ( 24) cooTBeTc 

IIpHMepHO IIOnOBHH~I ~06b!THH, ( CM, § 1) CO 3HaqeHHHMH M8C 

KHMH K MaKCHManbHOMy. 

B paccMaTpn:BaeMoM cnyqae ( 2 Y"'11 ) t = 0 H Be 

ae aaiOT BKnaaa B aH¢¢epeauHanbH~e c~qeane. KpoMe Toro 

_ aarrpasneHHe HMrrynbca BHpTyanbHoro :floToHa N>BIIa.QaeT _m 

neaHeM HMIIyn~ca aneKTpOHa ( ecnH kto'> k 20 1 If B 9'1 

cos e = cose 1 , nH.6o c aarrpaBneaneM ·nMrrynbca rroanTpc 

( k ) k ) H IIpH 9TOM cose = cos 8 =- cosl31 •. TaKHM of 
20 10 ' 2 

BaH (6\, (22), (24), HMeeM 
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rrapbl ( nnoCKOCTb, 

:>CTbiO pea_KUHH TT p -> n'y 

ceqeanti: n CMhrcn ce­

Hhrx· ITOnSip1138UHOHHblX 

5pa3oBaHne rrorrepe'IRhiX 

:pOB8HHOe ITO COC.TOSI­

lSieT cTerreRb nx nnaeti:- · 

~os 8), u p(w ,k.2 
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'IeRnSI rrpouecca 

1 _MO)I{HO .SKCrrepHMeH-

I . 1 aH8!JI13 KOTO-

IUH101 B 'I8CTHOCTH1 

OB. 
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§3. OueHKa BnHSIHHSI sneKTpoMarliHTRoti: cTpyKTyphl 

TT-p->ne+·e­'IaCTHU aa ceqeaHe rrpouecca 

B6nH3H' 33-pe30HaRCa 

EcTeCTBeaao rronaraTb, 'ITO s¢¢eKThr sneKTpoMarHHTRoti: cTpyKTyphr 

llOn>KHhr6o.nbW!3 Bcero rrposiBnSITbCSI llnSI co6biTHti: c KBallpaTaMH Mace rra­

phr, 6nn3KHMH K MaKCHMaJibHQ B03MO)I{HbiM. HaH6onbwee 3RaqeaHe_ Benn'IH-
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, llOCTHraeTcSI B cnyqae, ecnn sneKTpoR 

H IT03IITpOfl pa3neTaiOTCSI l3 CTporo rrpOTHBOITOnO)I{HblX ·aarrpaBneHHSIX 
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KHMH K MaKCHManbHOMy, 

n Benn'IHHhl u P L 
. • ,I 
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- . . .- . . . 
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KOHKpeTHyro· MOll~llho· OrpaHHiJHMC£1 8Hepi'llSIMll 1T p -C.llCTeMbi B5mi3H 33- ' 

pe3oHaH~~.: ITo .aHanbrun· co ·cny"'aeM ITpoueccoB q;oTo- ·~~ 9neKTpopo2KlleHn·si . 
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5oTaX Bbipa:H<eHHH llhSI M·aTpll"'HOI'O aneMeHTa irpouecca aiJeKTpOpOmlleliHSI 

ITHOHOB Ha cny"'all: ITpouecca rr"": p-+ n 'e + e- He ITpellcTaBnSieT TPYllHO-
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IloCKOllbKY B .{ 24') liHTerpnpoBaHJie · ITpOI1;3BOLiliTCSI ITO llHTepBany 3Ha-

k
. 2 .. . ( . )2 . . . . . 

"'eHHH. . 0 .• 5nll3KIIX · K W -m , SICHO, 'ITO BKll8Ll · MarHH'fO-LIIIITOllbH~ll 

aMITllHTYLihi. B Bb!pa)l(eHHe ( 24) LIOll)l(eH · 5b!Tb CllllbHO. IIO}laBneH.· Ilq8T\)-

My, ITpeHe5peraSI ~M, rrpiiBeJleM Bhlpa)l(eH~e llnSI 

'HOBCKOM· ITpll5llll)l(eHIIll! 
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1'12(k .:..1'13)] Re -- ( __ P_+ --) + 

·1'12 1'1 2 1'11 
2 

->z 2 · ·p. +1'13 2. 
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~OnyqeHHbiX B 9THX '·pa-· 

uecca aneKTpopomaeimg 

IE~ npencTaBn5leT TpynHo-
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lnsl ~)l.ecb He ripn8ongTc51 >. 
:ofi aMnnMTYJlhi B Benn:.Om-

BKnanoM 6opHOBCKHX 

l200 M 9B •-:: ~ .<1300 M.aB, 

:;, . 'ITO . ca~a. aMnnnTyna 
' .. · ~ ;..· ' "' ' 

-2 i ~l<xq] nponopunoHanb-. 

L, ca BKnan ee B BenM'IHHY 

nenHeti. DTHocilTenbHo aa..:. · 
' . ' '· 2 ., 2 ' '''.,, ·, .• 
w-m) -:-k·l.",· . 

)llMTC51 no MH~epaany 3Ha-

{nan MBI'HHTo-nunonbHoti: 

mbHo. rrojlaBneli.· ITqaTc;>­
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. ·~ 
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. ~ ~ ~ 1 ~ ~ 2p 2n 
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F F 12+ 211- 2n 

F F* F* 
+[ 2 p 

2 
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~ 1 . ~ 2 ~.I 
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2 
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~~~a·. TT 2n 
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2 a·· 
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+ 

I 2 .~I u2 
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4m~ ~~~ 2 
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• . 2 
I'll +l'l2+1'l3 = k' 

2 -1 -1 
a = e (4 7T } = (I37} 

'· 

g·.,. v 477· I4,4 KOHCTBHTa llHOH-HyKnOHHOro ~38HMOJiefiCTBHR1 
F· 

7T 1 .F_ln F· 
2n . Ftp F2p - aneKTpOMarHHTHbie <flopMcpaK-

TOpbi llHOHa, HefiTpOHa H npOTOHa (no. HH.UeKCaM. 1, 2 Y .. Hyi<nOHHbiX <flop~!flaK.;.. 

. TOI:JOB pa3nH'IaioT .llHpaKOBCKHe H ~ayn~eB~-K~e ~OpM¢a'KTOpbi) • 
ITocKonbKY·JlnH_paccMaTpHBaeMbiX aHeprHfi w_ -~ 1300 MaB .uo;.. 

2 F. -2 
nyCTHMbie .3HB'IeHHSI k .. He npeBbiWBIOT 3,5 ' 1 a nopor KOMnneK-

..,. ,. . . . \ - . 

cHocTH qiopM<flaKT~poB Om F '-/. 0 ) paseH 4 IL 2 ,;, 2 F - 2 , HcHo, 

'ITO s' ( 25) MO)KfiO npeHe6pe'Ib' MH~MbiMH 'IBCTH~m <flopM¢aKTopos •. o-i-H~c'H-' 
. - . . . ••. • ' '>l·" .• 

-TenbHo )Ke .ueilcTsnTenbHbrx qacTeu· <flopM(!JaKTo_pos .6y,ri~~ · npe . .uiiC~nara;~. \ 

'ITO Hx aHaqeHHR s paccMaTpHsaeMofi o6nacTH 0 ~ ·k 2 
· ;5. 3,5 F·-2 · . .. 

MOryT fibiTb nony'IeHbi C llOMOI!{biO nHHefiHOH aKCTpan~nRllHH H3 o6nacTH. 
. 2 
k <0 

G 
En 

. k 2 

:! . F . + ·-- F ,. 0, 
tn 4m2 2n 

'! 

k2 I 2· . 2 
G E = F 1 + --2 F2 "' I + -. < r E > k · 

P· P 4m P 6 · p-- • 
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2
·),' 
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. } ; 

~ Mp 1p 2p 6 -Mp . 

I . 2 . · 2 
F =I+ -<r > k 

7T 

r.ue 

2 

<rEp> 

6 7T 

fim 6 · 
'k 2 ~.:. 0 

2 . 
. d G (k } 

Ep 

dk
2 

/11011/· 
Ilpn aToM, . KaK cneJlyeT H3 · ' ' .. , 

2 2 . 2 .. ,2 2 
<r >.=<.r ·>·=-<r >·=<r.'>=r 

Ep · Mp Mn 7T 

· .... 

. 2 
= (0,8 F} 

· Ha · pncyHKe npeJlcTasneHbi aHa'IeHHR senH'IHHbi I ( ® ·} 

l! 

= '1300' Mas .unR cneayiOWHX' Ha6opoB. 3HB'IeHHH aneKTpoMar 
' . . . . -

'IBCTHll: 

: . . I . r 

·" 
r = 0,8 F 

Mn 
. - r ~rEp.- Mp 

·:II.·r =r ·=r· .=0,8F.,.r 
.7T Mp Mn Ep 

0 I 

''!' 

III. r = r =r = 0,8F, r =0, 
.Ep Mp Mn. 7T 

-~. 

.IV. r .. r .. r =r =0.' 
.. 7T Ep Mp Mn 
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0. ~38HMOJleiiC,TBHSI1 
~: 

'rpoMal"HHTHhie tjlopM<jJaK~ · 

I ,2 Y. HyrmoHHhiX. tjlop~c!JaK­

>M~a'KTOphr) • 

\V' ~ l300 M aa Jl0-
;..2 

1
. , ~ nopor KoMnneK-

.2 .;;2F -2 '. SICH01 

:, QJOpM¢aKTopos. 0THOC,H- .. 
, '~ ~ ,I ~ • 

6y.rieM · npenno.rlaraTb1 ·. · 

$ k 2 ·s. 3,5 F . ..:~· . 

pammSIUHH H3 o6nacTH 

.)· .. 

'1 
! ' • ·~· 

.· 

I · 2 
G =F '+F. =-1,91(1 +-<r ·M2 ·> k · } , 

Mn ln 2n . 6 • n 

F 
1T 

· rne 

2 . 
.<r > Ep 

6 

2 
'dG '(k) Ep 

dk
2 

11,10,111 
flpn aToM, . KaK cnenyeT 113 . , 

2 2 2 2 
<rEp>:= .<.rMp···> ...<r2Mn >. =<rri'> =r 

... 

= (0,8 F) 
2 

· · Ha pncyHKe npencTaBneHhi auaqeHHSI semPIHHhi I ( El } 

.· 

( 27) 

,ii Tollo 

= '1300 Mas llnSI cneayroiimx·, ua5opoB 3H8'19HIIii aneKTpOM8l"HIITH.hl~ pallHYCOB 

'18CTHU: 

'I. r .. r · = r = r = 0,8 F 
.TT . Ep Mp Mn 

·II ~ · r = r · = r .. 0,8. F., . r . 0 , 
.rr Mp Mn . Ep 

III • r = r = r = 0,8 F r = 0, 
.Ep Mp Mn. rr 

. ··~ 

.IV. r =r .. r =r ,;. 0.· 
.rr · Ep Mp Mn 

•·;, 
~ : 

·, ,· 
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BIHlH0 1 'ITO HaH6onee HHTepeCHbiM siBmieTC.II H3~.epeHHe BenH'IHHbi 

I ( e ) II pH ManbiX e . IIOCKOnhKy B 3TOH o6naCTH 'ceqeaHe I ( e ) . 
()IIp~nen.HeTC.II B OCHOBHOM onHHM CB06onHbiM napaMeTpOM .-· aneKTpii'Iec­

KHM panHycoM npoToHa, 

lJyBCTBHTenhHOCTh Ce'leHH.II I( f)) I1PII ManbiX . f) K BenH'IHHe 

r noaonhHO 3Ha'IIITenhHa: II3Meaeaue r oT aynSI no O)lmnaeMoro Ep • Ep 

aaaqeHIISI 0,8 F . · MeHSieT aenii'III<Iy ceqeaHSI npiiMepao aa 80% rrpn w == 

1300 MaB, .: 

lJyBCTBIITenhH~CTh ceqeHHSI K aneKTpOMBI'HIITHOH CTpyKType 

3oaa, HaH6onhll!8.11 II pH f) "' 90° 1 Cyll!eCTBeHHO HII)I(e ( "".25%) 
1 

" -Me-

II nn.11 

II3Bne'leHIISI B8IIII'IIIHbl aneKTpOMBI'HIITHOI'O pannyca IIIIOHa II3 II3MepeHIISI 

He> 

II a· 
L 

Heo6xoniiMa 3H8'1IITenhHBSI 1 IIOpSinKa 5%, TO'IHOCTh 8KCIIepiiM8HTa, 

/12/ 
KaK noKa3aHo B pa6oTe , rne paccMoTpeHhl BenH'IIIHhl au 

·. 6onee 'IYBCTBIITenh-non HyneM ( 8 == 0° ), .3Ha'leHIJe. B8IIII'IIIHbl aL 
HO K CTpyKType " -Me3oHa, floaToMy B03MO)I(Ho, 'ITO II3Mepeiine nii<jlljle­

peHuiianhaoro·ceqeHnSI npouecca 
da. · 

B apyroii:, 6onee o6-· 
.. d0 1 dU 2 dk2 

II!8ii:1 '18M paCCMOTp8HH8SI Bblll!8 1 I'80M8Tpiiii II03BOIIIIT IIpii y)l(e llOCTII)I(II-

MbiX TO'IHOCT.IIX 8KCII8piiM8HTa "" 15-20% IIOliY'IBTb IIHtPOpMBUIIIO 06 8II8KT­

pOM8I'HIITHOH CTpyKType IIIIOHa, 

· ABTopbi HaneJOTCSI paccMoTpeTh aToT Bonpoc · HecKonhKo no3:>Ke. HaKo-

aeu, OTM8THM, 'ITO HBIIII'IIIe, MBI'HIITHOH CTpyKTypbi HyKIIOHOB ( r . , 
Mp 

r Mn ~ 0) npaKTII'IeCKII He BliiiSieT.aa Benii'IHHy ce'leHIISI npouecca 
~' '" 

IIpii paCCM8TpHB88MbiX ::mepriiSIX: "BbiKIIJO'I8HHe" STOll CTpyKTypbi II3M8HSieT 

I( e ) He 6onee '18M Ha 5% ( COOTB8TCTBYJOII!He' KpiiBhie Ha pucyHKe k e 

npuBeneHbi). 

ABTOpb! 6naron8pSIT fl.I1, flanunyc8 38 IIOCT8HOBKY. 38ll8'1U II none3-

Hh!8 o6cy)l{):l8HIISI II n.n. HeMeHOB8 38 IJHT~pec ~ pa69Te, OniiH Il3 8BTO­

poB (A.T,) 6n8ronapiiT M.IT. PeKano 38 o6cy)l{lleHIISI p.11n? Borrpocoa, 

38TpOHYTb!X B pa6oTe, , 

16. 
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:SI, lf3MepeHHe BenH'IIfHbl 

naCTlf "ceqeHHe I ( e ) ' 
paMeTpOM - sneKTpH'Iec-

:anhiX EJ K BenH'IHHe 

oT aynSI .uo omH.oaeMoro· 

IMepHO Ha 80%, II pH W = 

riTHOfi CTpyKType 1T _:Me­

HID~e ( "' .25%) 1 If .lln!i! 

:a'IIHOHa lf3 lf3MepeHHH 

TO'I_HOCTb 9KCIIepHM9HTa, 

'eHbl BenH'IHHbl u U 

uL 6onee 'IYBCTBHTenh­

o, ·. 'ITo H3MepeaHe ampcjJe..., 

B .opyroii, 6onee o6- . 

OnlfT IIplf yme .llOCTif)l{lf­

Th. HH¢opMauiiro o6 sneKT-

~·aecKonbKO II03~e. HaKo-

lbl HyKnOHOB ( r Mp ' ·, 

:uay· ceqeHHH rrpouecca 
, ' ' I 

}TQH CTpyi';Typbi If3MeHHeT . 

KpHBbie Ha piiCYHKe He 

aaonKy 3aaa:;J'u u no.rie3- · 

pa6oTe, O.oHa H3 anTo-

iHH pSI.Ua BOIIpOCOB1 

. · 
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