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OBPATHMME JIOFHYECKHE 3JIEMEHTbI HA OAI4HOPHMX 
3JIEKTPOHAX AnH KBAHTOBO-MEXAHHYECKOrO K0MIIbH)TEPA 

(llocrym~lo B P e m m m  21 n e d p a  1992 r.) 

3ne~rpon, npone~alo~qwk BAOnb nH3neKTpkiseCKOro W H O B O m  6 e 3  O~OJIO'IKU, M O X e T  6 b l ~ b  HCllOJIb30B8H 
ma KOHTpoJI5I 3a r & ~ o n a ~ n  B nonnonme. IIpejqmoxe~o B ~ M O X H O C T H :  n 3 ~ e n e n n e  nonspn3aqnn 
t$omna w nepenmysenne mona  m onnoro B o n H o w n a  B ~ p y r o k  Ecnw mocwrenbnan paannua M e w  
c K o p o c r a M w  3 n e K T p o n a  n sonnu B B a J l n o n m e  M a n a ,  TO w p o n T n o c r b  nepenmyqenws r & ~ o ~ a  w t  o~noi3 
MOAbl B ApYI'ylo M O x e T  6 b l ~ b  BWlHKa. TaKOe y c ~ p o k C T B 0  M o X e T  6am H c n o J I b 3 0 B a H o  KaK 0 6 p a r n ~ ~ f i  
~ O M ~ ~ C K U ~  3 n e M e H T  B & ~ H M ~ H O B C K O M  KBaHTOBO-MeXBHW'leCKOM KOMllbKITepe. 

B 0 6 ~ n a n x  3 B M  n a M a H a n y n a q w w  c O ~ H U M  ~ U T O M  a ~ @ O p ~ a m a  anccanapyeTca 8' meprnn nopmra lo1 kT. B npapoae npa K o n a p o s a H a n  ua@op~aqaa H a  HHK 
3aTpaYUBaeTCa  OKOAO 100 kT H a  1 ~ W T .  Ta~we OrPOMHHe UOTepU CBS3aHbI C MaK- 

pOCKOnHrleCKUMU p a 3 M e p a M U  3TUX CUCTeM. Ecnn Xe npenCTaBUTb ce6e B KaneCTBe 

J l 0 l U Y e ~ K 0 f i  S Y ~ ~ ~ K H  KBaHToBO-MeXaHUrleCKyIO CUCTeMy, TO B H e 0 6 p a ~ k i M b I X  I I p U e C C a X  

( n a n p u ~ e p ,  npn B H n o n a e a w a  onepaqaw aonxna a w c c a n w p o B a T b c a  3~epma 
ln2-kT ( n o ~ o ~ y ,  n ~ o  H a  B H x o a e  n o a s n a e T c a  oaao a3 a ~ y x  BO~MOXHHX 3~arle~uii;  
3TO COOTBeTCTBYeT IIPUpaZqeHWIO 3HTPOnWW bSZln2  U B m e n e H U I O  3 H e p m H  ( n p ~  
T e M l I e p a T y p e  T )  kT). K p o ~ e  T o m ,  COBCeM H e  06113aTtXbH0 C T p U T b  KOMULIOTeP H 3  

H ~ ~ ~ ~ ~ T u M H x  SrleeK.  Mssecr~o HeCKOJIbKO yMO3pUTCJIbHHX ~0ae.JIefi O ~ ~ ~ T H M H X  

B H Y H C J I ~ H U ~ ~  ( H a  BHXOae n O J I y ~ a e T C 5 I  pe3yJIbTaT U KOnHX U C X O ~ ~ H O ~  k iH@OpMaq~ki ) ,  

B KOTOPHX 3~epma H e  ~ W C C U ~ W ~ ~ ~ T C ~  ( ~ a n p a ~ e p ,  6annamec~wfi  K o M n b m e p  

B e H I i e T a  U ~ ~ ~ ~ E I O B C K U ~ ~  KOMnbIOTep - noapo6~ee CM. B [I]). 

B 1984 r. P. a e i i n ~ a n  [2] npamen K sneoay, sn, K s a H T o s a a  M e x a H a K a  H e  

a B K n a c c a K e ,  xqeanbnaa arleii~a ma H e m e a n m a s ,  HO c BpeMeHeM B h l s a c n e a n a ,  

CTpeMSqUMCS K ~ ~ C K O H ~ ~ H O C T I I ,  3Hepl'UIO H e  ~ U C C E l ~ U P Y e T .  

@efiHMaH BbIIIUCan raMIUrbTOHUaH K B ~ H T O B O - M e ~ a k I ~ r l e ~ K ~ f i  CWCTeMbI, KOTOpaS 

MOXeT LJ lyXHTb B KaYeCTBe 06paTklM0fi 3 B M ,  HO OH H e  UHTepeCOBaJICs K O H K P ~ T H O ~ ~  

@ U ~ U Y ~ C K O ~ ~  p e a J I E i 3 a q a e f i  CUCTeMhi C TaKHM raMEUIbTOHElaHOM. 

~ O C K O J I ~ K Y  BCIIKOe 06paTkiMoe  BblsUCJIeHUe 0 6 a 3 a T e n b H 0  nOJIXH0 BKJIIOYaTb B 

ce6a KBaHTOBOe HeBQ3MyZqaIOqee U3MepeHUe (KHH) [3' 4] ,  TO IIOCTpoUTb 06paTEiMyIO 

3 B M  BO3MOXHO TOJIbKO H a  OCHOBe CXeM TaKWX ~ 3 M e p e H a f i .  A ~ H H ~ S  p a 6 0 T a  ['I 
noceswena peanasaqwa 06pa~w~oii  3 B M  H a  ocnoee c x e M H  KHR 3~eprnn npa 
KBaApaTkIsHOM PaCCeSHElH 3JIeKTpOHa H a  @OTOH~ B BOJIHOBOjJe. 



H3noxenae nocTpoeIsD menymqau 06pa30u: cnasana npaeeaenbr neo6xo~aune 
csenenaa 06 06pa~aubrx 3 B M ,  noToM onacana ynouanyTaa cxeua K H H  3nepma, 
s a ~ e ~  npemoxeno co$cr~enno nocrpoenae nowsecKux aseeK 06pa~n~o f i  3BM a,  
HaKoneq, paccuoTpenbr BO~MOXHOCTU ~ e x ~ u r ~ e c ~ o f i  pea~~n~aqau. 

&I% CO3naHkiX 06paTSiM0fi 3 B M  MOXHO UCnOAb3OB2lTb HeCKOJIbKO na6opo~ 
nepBnsnHx nomsecsax aseeK. Onan a3 caMHx npocrbrx (onacannnii B BHnreyno- 
uany~ofi  cTaTbe aefinuana) COCTOUT Bcero a3 neyx 3neuen~o~: 3neuen~a u H e ~  a 
~IIepeKnmsa~enau, ebrnonnamqero cnenymqym onepaqam (pac. 1 )  : ecna snasenae 
ynpasnamwero 3neuen~a A (on0 He uenae~ca B npoqecce e~sacnenan) pamo 0, 
TO 3nasenae B nepenaercs B B', a ecna A = 1, TO B C' .  B 06pa~nou nopmKe 3 ~ a  
asef i~a pa6o~ae~ TaK:  emu A = 0,  anasenae B' nepenaeTca B B, ecnu A = 1 ,  snaae~ae 
C' nepenaeTcn B B. 

m a  &ax ~ ~ ~ M ~ H T O B  B npoqecc BnsaCnenas BXOAUT a3~epenae: o~pnqaeuoii 
~ e n w s a ~ ~  m a  ynpasnamqero napaueTpa, KoTopoe nonxno 6mb  H ~ B o ~ M ~ ~ ~ H ) ~ w M ,  
u~06h1 06ecnevu~b 06pa~aumb onepaqaa. 

3. C x e ~ a  KHH a~epraw cpoTo~a npn KsaApaTnwoM pacceaHnn ane~~pona  
Ha @ T o H ~  B BOJIHOBOne [6 ]  (PHC. 2 )  

B Y A ~ M  IIOHUMaTb nOn @OTOHOM B BOAHOBOae MOHO&TOHHO~ C0CIY)SIHEle C ~eKOT0pofi 
cpenneii a~epmeii Eph = Amph, A J I E I T ~ J I ~ H O C T ~ ~  tht a HmnpeAenennocrbm 3neprnu 
filth,. @OTOH XapaKTepU3yeTCX TaKXe BOJIHOBHM BeKTOwM U l$a30~0fi Vph U 

rpynno~ofi v, C K O ~ O C T ~ M U .  3ne~~pouawa~noe  none M o n a  neonnoponno a e- 
@ ~ K T U B H O  CnaAaeT H a  PaCCTOXHUU D OT BOJIHOBOAa. 

~ A ~ K T ~ W H  JIeTUT BAOnb BOJIHOBOAa B HaIIpaBJIeHkiA nBHXeHUX CO CKOPOCTbEO 
VIJ, 6na3~oii K @a30~0fi CKOpOCTH @ O T O H ~  TaK, 9TO BWW9HHa a p h =  1-vO/vph << 1. 

Cosepmaa ~one6anna B nepeuennou neonnoponnou ~ ~ ~ K T ~ ~ M ~ I I I I I T H O M  none, 
3 n e ~ ~ p o n  paccewsaeTca (cma Mwurepa ['. *I) ,  nanysaa nonepesnbrii E I M I I ~ J I M :  p,, 



r - K O ~ @ @ U ~ U ~ H T  p a A U a u U O H H O l V  T p e H k i R  3 n e K T p o H a ,  a 2: ap,Vph.  

%?M 6naxe C K O p O C T b  3 n e K T p o H a  K ( t ) a 3 0 ~ 0 f i  CKOpOCTU @OTOHB, T e M  6onbme C B a 3 b  
3 n e ~ ~ p o ~ a  c eon~oii a T e M  6onbme a M n n n T y A a  ~ o n e 6 a ~ a f i .  Ho T e M  6onbme a 
paAaaqaonnoe T p e H a e ,  a nmyseane 3 n e ~ ~ p o n a  o6pa~no B ~ o n y .    TOT  KT ~ ~ E I T H -  

B a e T C R  M H O X U T t X e M  k B @ O p M y J I e  (1) .  M 3  @ O p M y J I H  ( 2 )  C n e A y e T ,  s T 0  C y I 4 e C T B y e T  

O n T k i M a J l b H a a  B e n U s H H a  a p h ,  n p U  K O T O W ~ ~  B ~ ~ H M O A ~ ~ ~ C T B H ~  3 n e K T p o H a  C @OTOHOM 
H a k i 6 o n e e  @ ~ K T E I B H O  C T O Y K H  3 p e H U S I  k i 3 M e P e H U S I  3 H e P F U H  @ O T O H ~ .  H ~ M ~ P ~ I P  HMnJ'nbC 

3 n e ~ ~ p o ~ a ,  M H  M o x e M  nonysam 3 ~ a s e ~ a e  mepwa @o~oaa co c K o n b  y m ~ ~ o  6onamoii 
T O ~ H O C T ~ I O .  P a s y ~ e e ~ c a ,  @aoa B ~ P O M  cnysae s o s ~ y ~ ~ a e ~ c s r  H e K o H T p o n w p y e M m  

I 0 6 p a 3 0 M .  

m 5 I  H a m a x  H a M  H ~ ~ ~ X O A U M O  P a C C M O T p e T b ,  s T 0  I l p o k i C X O A H T  C 3 n e K T W -  

M ~ R I U T H O ~ ~  B O ~ H O ~ ~  B p e 3 y n b T a T e  B ~ ~ I I M O A ~ ~ C T B U I I  C 3 n e K T w H O M .  JII06aSl BOJIHa 

M O X e T  6 ~ ~ b  p a 3 n O X e H a  no ~ ~ ~ U C H H M  M O A a M  B 3 a A M H O  O P T O ~ O H ~ J I ~ H O ~ ~  n O n 9 p U 3 a 4 U k i  

XI ti X2 [ 9 ]  (PHC.  3 ) .  O K ~ ~ H B ~ ~ T C X ,  s T O  C ~ a m 0 f i  U 3  3 T A X  M O A  3 J I e K T p o H  B 3 a U M O -  

~ e h B y e T  H e 3 a B H C U M O  O T  ~ p y m f i  k i  H e  OCyI l (eCTBn5IeT  C B a 3 H  M e m y  HWMW.  P e 3 y n b T a T o M  

B ~ ~ U M O A ~ ~ ~ C T B U ~ ~  6 y n e ~  3 a A e p X K a  4 a 3 b I ,  H e O A H H a K O B a X  Ann XI k i  X2. H3-3a 3 T O l V  

B ~ a ~ u e j i  c n c T e M e  B O ~ H U K ~ ~ T  W ~ K T  A B O ~ ~ H O ~  nysenpenomeaaa. Ecna nonapasaqna 
u c x o ~ ~ o i i  BOJIHH H e  cosnaAaeT c n o n a p a 3 a u a e f i  HU O A H O ~ ~  a3 MOA XI a X2 ( ~ a n p a ~ e p ,  

3 T 0  l T O n 5 l p U 3 a q U 5 l  B H a  PUC.  3 ) ,  T O  B ~ ~ M M O A ~ ~ C T B U ~  C 3 n e K T w H O M  k i 3 M e H k i T  ee K a K  

n p o x o x q e H a e  A B y n y s e n p e n o M n a m w e r o  K p a m m a ,  o n T a r e c K a a  ocb ~ o ~ o p o r o  cosna- 
AaeT c H a n p a s n e H a e M  nonapaoaunn on~oii a3 ~ ~ ~ H C H H X  MOA XI H X2. A n M e H H o  
m n H a  a3 n a ~ e k o  nonapn30sa~~oii ( B )  c T a H e T  ~ U I I T U ~ ~ C K U  n o n a p a 3 0 ~ a ~ ~ o f i ,  T. e. 
nacrb 3~eprna nepea3nysa~ca B ~ o n y ,  o p ~ o m ~ a n b ~ y n ~  U C X O A H O ~ ~  ( B  C ) .  JI .pyrn~a 
U I O B a M U ,  3 J I e K T W H  O C y q e C T B J I a e T  C B P 3 b  M e m y ,  M O A a M k i  B U C k i  C o I I ~ ~ A ~ J I ~ H H o ~ ~  

B e p o a T r i o c r b r o  nepewanysae~ @OTOH 113 O A H O ~ ~  MOAM B A P Y I ~ I O .  
TOVHO T a K  X e  3 n e K T p o H  OCyI l (ecTBn5TeT  C B X 3 b  Me)[CqY M O A a M U  A B Y X  p a 3 H M X  

B o n H o B o A o B  ( p n c .  4 ) .  E ~ ~ W C H M ~  MOAH XI a X2 A a n Y T c a  B  TOM cnysae W p ~ y n a ~ n  

B n e p B o M  cnysae nepenonapa3aqu~ ~ o x # m i q ~ l e ~ ~  n e p e K a s K I i  no ~ H ~ P ~ H H  a M e e T  

B U A  



FAe rl U r2 - K O ~ I ~ ~ H ~ H T H  pi3@ia4HOHHOlV TpeHUa'3neKTpHa LyIP MOA Xl n X2. 
B cnysae nepew3nyseHna B ~pymii BonHoBoA ~ s a n ~ o ~ e j i c c ~ n e  c p a 3 ~ m ~ o f i  M O A O ~  
o~cy~creyec n @p~yna  ynpomama no 

P a c c ~ m p n ~  BO~MOXHOCT~ pearrnsaunn npemoxie~n~x cxeM B ananaso~e 6 n n x ~ e -  
m nH@pa~pac~om CBma Wo 4. loi4 C-l Aria WHOBHO~ MOAH HEll AH3AeKTPWPeCKEIX 
BonHoBoAoB ~pyrnom ceseana. Ilpe ncnanb3o~a~nn MaTepnana BOAHOBOAOB c 
60nbmn~ noKaaTeneM npenoMneHna n = 2.5-2.8 ( x a n b ~ o r e ~ m ~ ~ e  mema) noTpe- 
6 y m  OTHoCWIWbHO HeBHCOKOe yCK0pgK)lIlee HanpXXeHUe AJUI 3AeKTpOHOB - 30-50 KB. 
npw pannyce BonAoBoAa to = 2.4 MKM, n = 2.65 n paccroaHnn 3 n e ~ ~ p o ~ a  m qempa 
BonHoBoAa R = 4.8 MKM pacsec Ha 3BM AJIR cxeMH nepenonapnsauwn Aam 
M ~ K C U M ~ J I ~ H H ~  K O ~ W Q U ~ H T  IIepeKasKn g 16 npn a&a, 0.9. 10-15. B CXeMe 
nepe~snyne~na ~ T O H ~  B ~pymii  BOJIHOBOA ~ o m n u n e ~ ~  nepeeasm npw r = 1.6 
MKM, n - 2.65, R 2 MKM U JK3CCTOIIHnn Memy BOJIHOBOAaMn 2R PaBeH 400 npn 
aihap, = lo-''. 

P~CCMOTPHM cxeMy nepeKnmsamaem yccpiicrsa pnc. 5. 3 n e ~ ~ p o ~ ,  nponmaa 
~6nn3n BonHoBona A, ocywcmnneT ~eeos~ymam~qee n 3 ~ e p e ~ n e  mepwn ynpasnam- 
men, @ o ~ o ~ a  a B s a ~ n c w ~ ~ n  OT p e s y m ~ a ~ a  mom a s ~ e p e ~ n a  paccenBaeTcg m a  
He paccensaecca, ocymeccanaa nnn He ocymecr~naa ~ 3 a n ~ o ~ e l m ~ n e  Memy MoaaMn 
BOJIHOBOAOB B n C. B cnysae B = 1, C = 0 B' 6ynm oTpwqaHneM A, a B cnysae 
npons~onb~om B a C = 0 MH nonysnM dlepe~nmsa~enbu. AHaJIoI'nsHbIe asef i~n 
MOXHO ~ O J I ~ Y H T L  H B cxeMe c nepenonapasaq~ek. 



Tex~wsec~ax peanasaqna npemoxeaaoii c x e w  c T a n K w s a e T c s  c AByMa npo6ne- 
MaMU. B o - ~ ~ P B H X ,  o6e CXeMH O W H b  syBCTBUTtYIbHbl K TO'IHOCTU @OKYCW~OBKU 

3JIeKTpOHa, KOTOpaH IIpU m U H e  B ~ ~ U M O A ~ ~ C T B U S  L 10 CM (an% KBaHTOB mUT€!JIbHOCTH 

2'  lopi3 C) H e  MOXeT 6 b I ~ b  J Iys IUe ,  s e M  0.3 MKM. ~ P E I  T ~ K O ~  omw6~e OTHOCHTeJIbHOe 

y M e r i b r n e H a e  K O ~ W ~ U ~ H T ~  n e p e K a q K n  B cxeue nepenonapa3asww cocrasm o~ono  
7%, a B c x e M e  nepewmyseriwa @oxa B apyroii BOAHOBOA n e p e K a s K n  ~oo6rqe H e  
6yge~. 3 ~ a  npo6newa B npwaqwne M O X ~ T  6 b 1 ~ b  p e m e H a  nepexoaou B o 6 n a c ~ b  &nee 
W H H H b I X  BOJIH. Bo-BTOPHX, BO3HUKaIoT TPYfiHOCTW U3-3a AWCIIePCUki BOJIH B BOJlHOBOAe. 
OHW M O I ~ T  6 H T b  npeononeau B sa~ennx~orqnx c w c T e M a x  T u n a  ~ p a p o s a ~ ~ o m  
B o n H o B o n a  ['I. ~ T U  c n m e M b I  nuem paboqym s a c r o T y ,  H a  ~ o ~ o p o i i  aucnepcna 
OTCYTCTBYeT. ~ O T ~ P U  3Hept'kiU npki B b l ~ U C A e H U s X  ( H a  ki3JIyqeHUe B ~ ~ O C T ~ ~ H C T B O )  
osem M ~ U I H .  % i c n e n ~ h ~ e  o q e s K a  n o ~ a 3 ~ s a m ,  s ~ o  o H n  M H O ~  M e n b m e  kT ( T  - 300 
K) n meprnn @TOHI. k13 &sopa mwx npobneu w @aawsec~oii c w T y a q u a  B cxeue 
BWHO,  TO npemoxennaa mes nocrpoenwa O ~ ~ ~ T U M O ~ O  K B ~ H T O B O - ~ e x a ~ n ~ e c ~ o m  
K O M n b I O T e ~ ,  I IpaKTUseCKU H e  n U C H n U p y I o ~ e K l  3Hept'kiIO n p U  BHYHCAeHUaX, M O X e T  
6 h 1 ~ b  T e x H n s e c K n  peanaao~aaa no ~paiineii M e p e  B M O A ~ ~ ~ H O M  s K c n e p H u e n T e .  
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