
KOJIJIEKTMBHOE CIIOHTAHHOE MMYYEHME 

ABYX ATOMOB 

B PE30HATOPE C IIOTEPHMM 

' Kyk6~1ueec~wk ~ O C ~ A ~ ~ C T B ~ H H M ~  YHUBepCUTeT 

M O C K O B C K U ~  ~ O C ~ A ~ ~ C T B ~ H H H ~  YHUBepCMTeT 

UM. M . B . ~ O M O H O C O B ~  



O n H O f i  113 B a n a - I e f i U I H ~  n p o 6 n e ~  C O B ~ ~ M ~ H H O ~ ~  K B ~ H T O B O ~ ~  OnTHKU 

HBnHeTCH H C U I e n o B a H H e  H3JIYYeHHFI a T O M O B  R pe30~a~0pe11'21. M H T e p W  

K 3~0fi  n p o 6 n e ~ e  HHHUHHpOBaH pa6o~ofi A x e k c a  H I C ~ M M U H ~ C ~ ' ~ ~ ,  B KO- 

~opofi  o n H c a H o  1 1 3 n y y e ~ ~ e  O T A ~ ~ H O ~ O  a T o M a  B k i n e a n b H o M  pe3o~a~ope.  
B H e n a B H H X  pa6o~ax Arapsana H nypH14- paCCMaTpHl3WIaCb AkiHaMHKa 

W y x y p o B H e B o r o  a T o M a ,  ~3an~one i i c~~y1owero  c OAHOMOAOB~IM n o n e M  

u 3 n y s e ~ n ~  B H ~ U A ~ ~ J I ~ H O M  p e 3 0 H a T O p e .  n p H  3TOM 6bu10 n O K a 3 a H 0 ,  YTO H e -  

W e W I b H O C T b  p e 3 0 H a T O p a  M O X e T  3 a M e T H O  BJ'IHHTb H a  n p U e C C b I  H3J'IYYeH?M 

H n O r n O ~ ~ H H  T a ~ O f i  CHCTeMbl. B M ~ C T ~  C T e M  B U e n O M  P H A e  pa6o.r nOJIy -  

YeHbI TOqHble  PeUIeHHH H n H  M O n W H  D Y X  ABYXYPOBHeB b M  aTOMOB C OHHO- 

(POTOHH~IMI.I /'- 31 H M H O ~ O @ ~ T O H H M M H  I lePeXOHaMH B HneWIbHOM 

p e 3 o ~ a ~ o p e ,  Bbmo n o ~ a s a ~ o ,  YTO B T a K u x  c u c T e M a x  B O ~ M O X ~ H  p ~ n  m T e -  

PeCHbIX KB@HTOBbIX ~ @ @ ~ K T o B ,  TBKHX, K a K  O r p a H W l e H H O e  CBepXH3JIyYCHHe 

u c y 6 ~ 3 n y r r e ~ n e ,  n n e H e H u e  ~ s n y s e ~ u ~ ,  H ~ M ~ H ~ H H ~  CraTucTHrCM @OTOHOB 

H A P .  n p e n ~ T a B J l H e T ~ J 3  H H T e P W H b I M  HCCJIeHOBaTb KOJ'IJIeKTUBHOe C n O H T W -  

H o e  H3JIyYeHHe ABYX W Y X Y P O B H e B b I X  aTOMOB C O A H O @ ~ T O H H ~ ~ M U  n e p e X 0 -  

A a M q  B p e 3 Q H a T O p e  C nOTepHMH.  

C n e n y ~  p a 6 o ~ a ~  1 4 - 8 1 ,  s a m m e ~  master equation JIJM m~pmbr mor- 
HOCTM CHCTeMbl, C O C T O H ~ ~ ~ ~  H 3  ABYX ABYXYPOBHeBbIX BTOMOB, B ~ ~ J ~ M o A ~ ~ ~ c T -  

B Y I O ~ H X  P ~ ~ O H ~ H C H ~ I M  06pa30~  c OAHOMOAOB~IM n O n e M  H ~ ~ ~ Y ~ H H H  B H e -  

n n e a n b H o M  p a o H a T o p e ,  B c n e n y m w e M  B m e :  

rne 

r a b ~ r m b ~ o i u r m  H o n r i c b m a e r  c w c r e M y  " ~ e a  a T o M a  + M o n a  nom" B A k i n o n b -  

HOM ~ ~ M ~ ; I ~ X ~ H M H  nprr6nr-rxe~uu s p a r r t a t o u e i i c f l  BOnHbI.  3 n e c b  a+(a) - 
oneparop pOXUeHIIR  ( Y H P I ~ T O X ~ H H R )  @ ~ T O H B ;  R , R: - O n e p a T O p b I  HH- 

sepcwr-r ~ a c e n e ~ ~ o c ~ e i i  y p o ~ ~ e i r  rr nepexojoe f - a ~ o > r a ;  mo - r i a c T o r a  a T o M -  
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1 - 7 / 3 k t  -- 8 -11/6 k t  + --e cos(2y6 gt ) - --e cos ( \,'sgt ) . ( 1 0 )  

18 9 
me IIlin < RZ( t ) > I lpeACTaBnReT co6ofi MFHHMaJlbHOe 3HaqeHHe c p e A H &  

HHBepCHM nBYX aTOMOB < R '> = < R f >  + < R 2 > ( ~ J I R  CHCTeM C 3aTYXiLHUeM 

n O n  IIlh < RZ ( t  ) > 6 y n e ~  IIOHHMaTb 3Ha ' lMHtJ  < R Z  > B JlOKaJlbHbM MH- 

HIIMYMU) . B b l p t 3 K e ~ M e  (12) n n R  K O ~ @ @ H ~ H ~ H T ~  IUleHWW3 npHMeHIlM0 

H &llR CHCTeM C nOTepRMkI H n03TOMY RBJIReTCR 6onee 0 6 ~ ~  B CpaBHWMM 

c o n p e n e n e a u e l v l  sepe3 o T H o m e H u e  M a K c H M a n b H b l x  q n c e n  @TOHOB, npase- 
neHHbIM B pa6o~e /IQ/ . 

McIIoJIb3yR o n p e n e n e H H e  (12) H @ 0 p ~ y n y  (9) , n w K o  BblsHCJIHTb 

K O ~ $ @ M ~ & ¶ ~ H T  lUIeH€?HMR kI3JlYqeHHR. &IR HHeaJIbHOrO p e 3 0 H a T O p a  8 = 119, 
rlTO C O ~ J l a C y e T c R  C p e 3 y n b T a T a M H  p t i 6 0 ~ b 1 " ~  . ~ O C K O ~ ~ K Y  R > 0, H 3 n y U -  

eTCH H e  BCR 3 a m C e H H m  C H C T ~ M O ~  B ~ a r l m b ~ b d i  MOMeHT BpeMeHM 3l$eprMR, 

 TO 0 3 ~ a q a e ~  n p o R B n e H n e  s@@ema n n e H e t r n R  H ~ ~ Y Y ~ H H R .  &In c n c T e w  c 38- 

TYXaHMeM K O ~ @ @ H ~ H ~ H T  nneHeHkIR &leHRWCR C TelleHMeM BpeMeHM. YkiCJleH- 

HbIe  paCq(?T'bl n O K a 3 b l B W T ,  9TO AnSI CHCTe'M C MaJlbIV 3 a T y X m H e M  (k/g < 
< 0,25) K O ~ @ @ H ~ ~ H ~ H T  M e H e H W 3  Ha ~ a r l a J I b ~ 0 f i  CTaAHM n p 0 U e C C a  H e  ~6b1-  
B a e l ,  I IpHqeM, q e M  MeHbIUe k/g , TeM :)TOT HHTepBaJl BpeMeHH nJjHHHee. 

A 3 a T e M  K O ~ @ @ H ~ M ~ H T  lUleHeHW3 HaWiHBeT YMeHbUlaTbCR, n p a 6 n a m m c b  

K k$YJIH) ( ~ . e .  3 $ @ e K ~  IlJleHeHMR. M3JlY'leHHFI H ~ q e 3 a e T ) .  &IR CMCTeM C 6 0 n b -  

U M M  3aTYXiLHMeM ( k/g > 0,25) K O ~ @ @ M ~ . ~ W ~ H T  nJ leHet iWl  YMeHbLuaeTCR 

H a  BCeX 3TUlaX 3BOJIH)qMM CMCTeMbI. 

M H T ~ ~ ~ C H O  CpaBHHTb nOJIyqeHHbIf3 pe3yJIbTaTbI C CO0TBeTCTBYH)~llMM 

BbIp2VKl2HW3MH nJIR OnHOaTOMHOrO CJIyqa+l, K O r n a  l i H E e p C m ,  qMCn0 @OTOHOB 

M MHTeHCHBHOCTb H3JIYqeHHR MMeK)T BMP. 

Ha pMc.1 n p M B e n e H a  B p e M e H H m  3aBMCMMOCT6 BeJIMIIMH < R :* , < N > , I  ( t ) . 
HJIR k = 0 3TH BeJIHYMHbI OCUUJIJIHpYIoT C ABYMH qaCTOTaMM \/Bg H 2 f l g  . 

C y w e c ~ ~ o ~ a ~ n e  n B y x  T n n o B  c a M o -  

rleHMR. 

Tenepa Mbl I l C c n e n y e M  CTaTIiCTlIKy @OTOHOB B KO.lneKTMBHOM CnOH- 

Z 
<R > 

H H ~ Y ~ M P O B ~ H H ~ I X  0~r.wimmq~fi Pa6n 
nOKa3bIBaeT OAHy M3 O C O ~ ~ H H O C T ~ ~ ~  

KOJIJIeKTMBHOrO CnOH'TiLHHOTO M3JlY- 

qeHHR CIfCTeMbI H 3  ABYX BTOMOB. 

P u c . ~ .  Bpeme~nas  3a6UCuMOCTb UH6epCUU 

g t ~ a c e n e ~ ~ o c ~ e i i  a ~ o ~ o s  <RZ > , rucfla Go- 
TOHOB <N > U UHTeHCUBHOCTU U3flYYeHlUt 

' 1 d m  CUCTeMbl ~ B Y X  nep6OHOlW7bHO 6 0 3 -  

6 y x d e n n b r x  LITOM06 6 pe30HUTOptZX pU3- * . .  flurnou ~ O ~ ~ O T H O C T U :  k = 0 ( c m o w n b l e  

~ ~ U H U U ) ,  k = Oil g ( U I T ~ U X O B ~ ~ ~  ~ ~ U H U U )  

u k = 0,4g ( ~ o v e v n b l e  f l u n u u ) .  



O T p ~ U a ~ e J l b H b l ~  3 H a K  @YHKIIIIH V(1) COOTBeTCTBYeT C ~ ~ ~ ~ ~ C C O H O B C K O ~ ~  

CTaTMCTUKe ~ O T O H O B  ( ~ H T M ~ P Y ~ ~ W P O B K ~  @OTOHOB) , a ~ O J ~ O ) U H T C L I I ~ H ~ I ~ ~  - 
c y n e p n y a c c o ~ o ~ c ~ o t i  c T a T u c r r i K e  ( r p y n n u p o B K a  @OTOHOB). B p e ~ e ~ 1 ~ m  

3aBUCUMOCTb @YHKUIIM V ( t )  A n R  p a c c ~ a T p M B a e ~ 0 f i  CMCTeMbI n p e n C T W -  

n e H a  H a  puc.2. A n R  u n e a n b H o r o  p e s o H a T o p a  ( k  = 0 )  @YHKUUFI V ( t  ) OTPM- 

U a T e n b H a  n n H  B c e x  M o M e H T o R  B p e M e H u ,   TO c o r n a c y e T c R  c p e 3 y n b T a T a M n  

pa60~b~'14' . 3 ~ 0  3HilrlUT, rlTO B CMCTeMe ABYX a T O M O B  B p e 3 0 H a T O p e  6e3 
n O T e p b  k i3nyYeHHhIe  & 0 ~ 0 1 l h l  I1MeH)T C ~ ~ ~ ~ ~ C C O H O B C K ~ H )  CTaTWCTkiKY. 

Ha puc.2a n o ~ a 3 a ~ o  KOPOTKO- 
I 

V 1 2 3 L E 5  B p e M e H H o e  n o e e n e H u e  @YHKUHM 

-- -- V(t ) , H a  p~ic.26 - n J l H H H 0 B p e M e H -  

3 t Hafi 3BOJllOUIIR @YHKUUU V( t ), 
a J l K  pa3JlHrlHbIX 3 H a q e ~ ~ ~  k/g B 

6 o n b r u e ~  M ~ C L U T ~ ~ ~  ( n o  V  ) .  
kIau6onee ~ ~ ~ e p e c ~ o t i  n p e n c T a e n R -  

eTCH CJleAylOUaR O C O ~ ~ H H O C T ~  no- 
BeneHMR @YHKUUM: H a  H a r l m b H O M  

x a n e  3BOnK)UMI.I C n c T e M b I  V < 0 
a 

W H  n m 6 b 1 x  k (cy6nyacco~oe- 

v l C K a R  CTaTUCTMKa @OTOHOB) , 3 a T e M  

htc.2. B p e ~ e n n m  3UeUCuMOCTb KOppe- 
J L S ~ U O H H O P  @YHK[(UU V  d m  CUCTeMbl 
~ B Y X  nePBOH(IYIUlbH0 8036yxdennb~x 
aToMoe 6 pe30MUTop~LX ~ ~ ~ J I u V H O P  d06- 

g t  pornoc~u.  a )  Koporrtoepmen~oe nose- 
denue. C n l o l u ~ m  nurturl: k = 0, ucrpu- 
X08aR AWluR.' k = O,l g , TOVeVHaR nu- 
HUR: k = 0,4g. 6)  & ~ U H M O ~ ~ P M ~ ' H H O ~  

noedenue. C m o r u ~ m  AUHIUI: k = 0,2 g 
i u ~ u x o e m  JTUHM.' k = 0.3 g. 

CHCTeMa n e p e X O n M T  B P e K M M ,  K O r A a  V  M e H R e T  3 H a K ,  T e M  CaMbIM MeHReTCR 

T u n  CTaTUCTUKU ~ O T O H O B .  H ~ ~ H H ~ R  C H e K O T O P O r O  M O M e H T a  B p e M e H I l  K O p p e -  

JIRUkiOHHaR @YHKUMR V CTZWOBUTCR ~ ~ o J I o x I ~ T C L I I ~ H O ~ ~  ( C ~ ~ ~ ~ ~ ~ ~ C C O H O B C K ~ R  

C T a T u c T u K a  @OTOHOB ) . n p u q e ~  c y B e n u s e H u e M  k u a M e H e H n e  T u n a  c T a r n c T w -  

KI1 ~ O T O H O B  HaYMHaeTCR B 6onee p a t l H H e  MOMeHTbI  B p e M e H M .  T ~ K H M  o6pa- 
3 0 M ,  HWlZiqZle 3 a T y X a H W 3  npkiBOnMT K H3MeHeHHlO 3 H a K a  V (I1 COOTBeTCTBeH- 

HO T u n a  CTaTUCTUKI1 @OTOHOB C C Y ~ ~ Y ~ C C O H O R C K O G  H a  C y n e p n y a C C O H O B -  

C K ~ ~ O )  B n p O U e C C e  K O n n e K T k i B H O r O  CnOHTaHHOrO M3nYqeHMR. 

2. P~CCMOTPMM T e n e p b  apyrofi U H ~ e p e c H b l f i  c n y r l d  - O ~ O a T O M H O e  

HaWUlbHOe ~ 0 3 6 y w e ~ n e  CI1CTeMbI A B y X  aTOMOB.  B 3TOM c n y q a e  CHCTeMa 

B ~ a ' i m b ~ b l h  M O M e H T  B p e M e H k i  H S O n H T C R  B COCTORHHM 

a l  1 +, -: 0 ,  + a2(-, + ; 0 >, 

rne n u a - ~ o s @ @ u u u e ~ ~ b r ,  y n o s n e m o p R m q u e  ycnoeuw HOPMU- 

p O B K I 1  a t +  = 1.  
" O ~ e ~ b l e "  COCTORHHR, H ~ O ~ X O A M M ~ I ~  A n n  O I I P i C L U I ~  p a C C M a T p M B a e M O r 0  

C n y q a R ,  H M e l o T  BUD 



kl3 C O O T H O ~ ~ ~ ~ H H ~ ~  (18) Br?,Ll,HO, qTO K O p p e n R ~ 1 1 O H H a R  @ ~ H K ~ W  V B C e r n a  

OTpWl&3TeJlbHa, T.e. CTaTl1CTUKa 113JlYqaeMblX @OTOHOB RBnReTCR cy6rryacco- 
HOBCKOB H n R  BCeX MOMeHTOB B p e M e H U .  

P~CCMOTPHM p a 3 n M q H b I e  B03MOXHOCTU B b 1 6 0 p a  3HaqeHUf i  ~ 0 3 @ @ r ? ~ U -  
" 

I 
e H T 0 B  0 1 U U 2 : 

a) = 1, a 2 =  0.  TO CkfTYalIMR, K O r n a  B ~ a s a J I b H b l f i  MOMeHT B p e M e -  

HU B 0 3 6 y X q e H  TOnbKO OakiH aTOM,  a B T O P O ~ ~  HaXOnATCR B OCHOBHOM COCTOR- 

HUH. &s a n e a n b H o r o  p e 3 o ~ a ~ o p a  B p a c c M a T p u s a e M o M  c n y r l a e  H M e e M  

I / I  = 1 < 1, R = I 2 .  r.e s cucrene s n l r m r  M e c r o  n e n e H i r n  n y e H e H m  

U 3 n y q e H U R  U ~ ~ 6 ~ 3 J l ~ q e ~ k l f l .  YYeT 3aTYXaHkUI H e  n p n B o n n T  K U3MeHeHWH) 

K O ~ @ @ U ~ U ~ H T ~  nneHeH11R H 3 n y q e H U R  R = 112, T.e. HeCMOTPR H a  B03MOHC- 

H O C T ~  n o T e p b  u 3 n y s e ~ m  ( ~ O T O H O B )  ~3 p e z ~ o ~ a ~ o p a ,  A o n R  3 ~ e p r ~ ~ ,  H c n y c K a -  

e M 0 f i  C U C T ~ M O ~ ~  A B y X  aTOMOB, H e  6 0 n b m e  112 n e P B O H a q W l b H 0  3anacf3IHoG 

3HePrH11. 

6) = ~ 2  = /fl.  TO C U T Y a W R ,  K O r A a  C11CTeMa n e p B O H a Y m b H 0  

n p U r O r O B n e H a  B CHMMeTPUlrHOM O A H O ~ T O M H O - B O ~ ~ Y ~ ~ H H O M  COCTOFIH11Pi. 

11neWlbHOrO p e 3 o H a T o p a  B  TOM c n y q a e  I,,, , / I  c,), = LE > 1 r? R = 0, 
T.e .  B CUcTeMe 11MeeT ~ M e c T o  R B n e H U e  o r p m u q e H H o r o  c s e p x m n y s e H u s ,  a me- 
HeHHe H 3 n y q e H w I  OTCYTCTBYeT. ,@Is p e 3 0 H a T O p a  C nOTepRMU K O ~ @ @ I ? ~ W ~ H T  

m e H e H U R  OCTaeTCR PaBHbIM HYnH). - 
B )  a l  =- a 2  =- I/,,&. B  TOM c n y q a e  c u c ~ e ~ a  n e p B o H a s a n b H o  H a x o -  

AMTCR B aHTPiC11MMeTpHYHOM O ~ H O ~ T O M H O - B O ~ ~ Y X C ~ ~ H H O M  COCTORHUM. B 3~0f i  
c m y q a u  nntx n m 6 b 1 x  k 

 TO y ~ a 3 b r s a e ~  H a  a 6 c o n m ~ ~ o e  nneaeaee u 3 n y q e ~ u ~ .  

T ~ K H M  06pa30~;  B ~ a c ~ o s u e f i  pa6o~e  rronpo6so 1 1 c c n e n o B a H a  npo6ne- 
M a  C n O H T X H O r O  KOnJTeKTUBHOrO U3nyqeH11R A R y X  aTOMOB C OAHO@OTOHH~I-  

MU n e p e x o n a M a  B p a o H a T o p e  c n o T e p R M a .  

P ~ C C M O T ~ ~ H ~ I  CnyYaU n B y X a T O M H O r 0  11 OnHOaTOMHOrO HaYWlbHOIO 

B O ~ ~ Y X A ~ H H R  CUCTeMbl. k l ~ ~ J T e n 0 B W a  BpeMeHHaR: 3BOnIoqUH YHCna @OTOHOB, 

MHTeHCHBHOCTU U WHBepCUH H ~ c ~ J I ~ H H o c T ~ ~ ~  aTOMHbIX Y P O B H ~ ~ ~ .  n 0 K a 3 W 0 ,  

qTO HeHAeanbHOCTb p e 3 0 H a T O p a  ( K O H ~ ~ H O C T ~  AO~POTHOCTW p e 3 0 H a T o p a )  

n p U B O n U T  K O C ~ ~ ~ ~ ~ I - I H H ,  IIpORBJTeHHfl KOJTJT€!KTr?BHbIX ~ @ @ ~ K T o B ,  np11 3TOM 

B03MOHCeH n e p e X O A  CUCTeMbI U3  p e X U M a  OT'PEIH11qeHHOTO CBePXU3JTYYeHkUI 

B P e X U M  CY 6u3n ~ H H H .  n p U  nOCTaTOYH0 6 0 n b m o ~  K O ~ @ @ M ~ ~ H T ~  n O T e p b  

HCYe3alOT C a M O U H n y ~ 1 1 p O B a H H b I e  OCqHnJIflUUU Pa611  U CUCTeMa I IepeXOnUT 

B O A H O M M ~ ~ ~ C H ~ ~ ~ ~  P e X k i M  kl3JlYqeHHfl. B C n y Y a e  Ha l ranbHOrO AByXaTOMHOrO 

~ 0 3 6 y X C n e H k U 3  3 @ @ e K ~  r I J I e H e H W  U3JlYYeHUfl B OTJTkiYPie OT CUTYWHW C 11neZUIb- 

H ~ I M  p e z ~ o ~ a ~ o p a ~  npn n o c T a T o s H o  6ommax B p e M e H a x  k i c s e 3 a e T .  B TO xe  
B p e M R ,  K a K  U B C n y l l a e  O w O a T O M H O r O  B O ~ ~ Y W ~ H ~ ,  HeUAeaJIbHOCTb peso- 
H a T O p a  H e  n p U B O n U T  K U3MeHeHUH) B03MOXHOCT11 npORBlIeHr?H 3 T O r 0  3@@eK- 

T a  ( a 6 c o n m ~ ~ o e  WIeHeHUe U3nYYeHHfl B C J I y q a e  W T U C U M M e T p m H O r O  HaYNIb- 

HOrO B O ~ ~ Y ~ ~ H U R ,  OTCYTCTBMe n n e H e H m  B C n y Y a e  CUMMeTPkiYHOrO HaYaJIb- 

HOrO ~ 0 3 6 y ~ e ~ ~ ~  M 1 1 2 - n n e ~ e ~ a e  B cnysae ~ 0 3 6 y m e ~ u s  oworo onpene- 
JTeHHOrO  TOM^). K p o ~ e  TOrO,  n O K a 3 W a  B03MOXCHOCTb H3MeHeHIIFI T H n a  CTa- 

TUCTHKU @OTOHOB B C n y l l a e  n B y X a T O M H O r 0  HaqWIbHOrO ~ 0 3 6 ~ X q e H k i R  B OT- 

nr?rMe OT CnYllaR HAeaJIbHOrO p e 3 0 H a T O p a ,  K O r n a  CTaT11CTHKa @TOHOB I IpU 
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