
MOAEJIMPOBAHHE flPOBErOB 3JIEKTPOHOB 

B 3nEKTPOHHO-WOHHMX JIABHHAX , 
BY3UBAEMYX FAY MA-KBAHTANH 

I )  C ~ H E P ~ H E #  E T = 100-3000 MsB 



I. BBEJJEHME 

n p U  3KCnepHMeHTanbHOM HCCneAOBaHHH nPOCTpaHCTBeHHOr0 P a C n p e A e -  

JIeHUR U O H U 3 ~ U O H H b I X  n O T e p b  3 H e p r H U  3neKTpOHaMH U n 0 3 U T p o H a M U  ( ~ a -  
nee - ~ J I ~ K T ~ ~ H ~ M u )  B ~ ~ ~ K T P O H H O - @ O T O H H ~ K  JIHBHRX (3@n), Bb13bIBae- 

MbIX TaMMa-KBtMTaMH ( r K )  BbICOKHX 3 ~ e p r U f i  (E 2 100 M3B) B X U n K O M  

KCeHOHe, eCTWTBeHHbIM 06pa30~ B03HUKaeT BOnpOC 0 COOTHOUleHHH M e W Y  

npoe~qnefi AJlHHbI npo6era JIHBHeBbIX 3JIeKTPOHOB H a  nnOCKOCTb W~0rpa- 
@kipoBaHWi (nnns) U COOTBeTCTBYIOLUHMU nOTepRMU 3 H e p r U U  H a  UOHU3a- 

UUH) aTOMOB CpeAbI ( Mn) ' ' ! B BbInOJIHeHHbIX HaMU A 0  CUX n O p  3KCnepU-  

MeHTanbHbIX pa6o~ax, K a C W W X C R  ~ ~ o c T ~ ~ H c T ~ ~ H H o ~ ~  CTpYKTYPbl 30n, 
n p e n n o n a r a n o c b ,  YTO Hnn3 n p o n o p s u o H a n b H a  Mn. T a ~ o e  n p e n n o n o x e H u e  

OcHOBbIBWIOCb r n a B H b I M  06pa30~ H a  p e 3 y n b ~ a ~ a x  MOXWlUpOBaHWi T p a e K -  

T O P H ~  3JIeKTpOHOB C 3 H e p r U e f i  E , = 1000 M3B B XGiAKOM KCeHOHe, a T a K X e  

H a  OUeHO'IHOM MOAeJIWPOBILHUH nnna B a m ,  UHUUUHpoBaHHblX r K  C 3 H e p -  

ruefi E = 500+3000 M3B ' ' '. O A H ~ K O  &J'IR Af3aJlbHOrO t M U U 3 a  3 K C n e p H -  

M e H T U b H O r O  MaTepHWIa  H ~ O ~ X O ~ M O  6onee n o ~ p o 6 ~ o  H3yqUTb 3aBUCU- 

M O C T ~  M e m y  llrLJI3 H Mn n p H  6onee HHBKHX 3 ~ e p r m x  r K ,  r A e  u M e m c R :  

OnpeAeJIeHHbIe  MeTOAHYeCKUe TPYAHOCTH '* 3', a T a m e  B Pa3J'IHWblX MeCTaX 

n p o m p a H c T B a ,  3 a ~ u ~ a e ~ o r o  nHBHeM: BAOnb OCH n m ~ ~  ( O n ) ,  B H a n p a s n e -  

HUH, n e p n e H m K y n n p H o M  K On,  ~ 6 n m n  n B a a n u  OT TOYKH K o H B e p c u u  nep- 
suworo r K .  M M ~ H H O  T a K a R  saaasa n o c T a s n e H a  B ~ac~ouwef i  p a h ~ e ,  B KO- 

T 0 p o f i  C 3~0fi U m b I O  PaCCMaTPHBaIOTCR ABB YnPOUleHHbIX B a p U a H T a  MOAeJIH 

~ J ~ ~ K T P O H H O - @ ~ T O H H O T O  KBCKWHOTO ITpoUeCCa, B b I 3 b B a e M O r O  B XUAKOM 

K c e H o H e  I'K c wepr~efi E = 100, 200, 500, 1000, 2000 u 3000 MsB. Cne- 
A y e T  n p U  3TOM nOA9ePKHYTb, YTO 113-38 c J I o X H O ~ ~  ~ ~ ~ c T ~ ~ H c T B ~ H H o ~ ~  KOH- 

@UrypaUUU T P ~ ~ K T O ~ ~  JlHBHeBbIX 3neKTpOHOB B AOCTaTOYHO IIJIOTHOM ' 
nOrJ ' IOTUTme PeUlUTb Ha3BaHHyIO 3 a a a q y  3KCnepHMeHTaJlbHbIM r IyTeM n p a K -  

TUqeCKH HeB03MOXHO. Heqmecoo6pa3~0 T a K X e ,  U3 n p a K T m e c m x  coo6pa- 
X e ~ U f i ,  W a l l T U p o B a T b  AJlR 3~0fi  UWlU UMeI?LUHeCR n p o r p a M M b 1  MOXeJIUpoBa- 

1 HUR 30n ( H a l l p U ~ e p ,  EGS Code System ) . 



ki aTOMHbIMki  H A p a M W  C p e A b I ,  B K O T O ~ ~ ~  OH pa3BkfBaeTCH. B H a C T O W e e  B p e -  

MH C y U e C T B Y e T  PFIA n O A X O A O B  K ~ H U l e H H O M y  M O A ~ A p O B a H W H )  3@n no M e -  

T o m  M O H T ~ - K a p J I 0 ,  K O T O P b I e  C p a 3 ~ 0 f i  C T e n e H b K l  TOrMOCTIi  YWiTbIBaIOT 

pa3nmb1e C O C T ~ B H ~ I ~  npoqeccb~ nasa~br ( ~ a n p m e p ,  ' ) . C O O T B ~ ~ B Y I O -  

ll@ie n p O r p a M M b 1  H a  3BM AOCTaTOYHO ~ O X H b I  k i  ~ p e 6 y 1 o ~  MHOrO B p e M e H U  

H a  6 0 n b u x  BbFIWUIHTeJIbHbIX M B U I H H U .  C T O g K k i  3 p e H H H  ~ o c T ~ B J I ~ H H o ~ ~  

B H~cToJII.K@ p a 6 O ~ e  3 a a w ,  M O X H O  O r ~ U r M T b C H ,  K a K  P a H W  / I / ,  H e K O T O -  

P b I M U  YnPOUJeHHbIMU B a p k i a H T a M U  M O A e n k i  I I p o U e C C a  Pa3BUTUH 3@n, KO-  

T O p b I e  T e M  H e  M e H e e  n O C T a T O q H 0  p C ? ~ C T E n e C K k i  0 T p m a H ) T  OCHOBHbIe W p T b I  

U 3 y s a e M O r O  HBJIeHHH. W T ~ K ,  B P a M K a X  H a l l l e r O  lTOAXOlW ~ J I ~ K T P O M ~ H U T H ~ I ~ ~  

K ~ c K ~ I A H ~ ~ ~  llpOUE!CC COCTOUT U 3  C n e A y I o U k i X  OCHOBHbIX 3J IeMeHTapHbIX  

~ 3 ~ ~ 0 n e f i ~ T B U f i :  o 6 p a 3 o s a ~ k i e  3JIeKTpOHHO-~O3HTpoHHbIX nap @OTOHBMU 

6 s ~ e p r u e f i  E L E,  y ,  T O ~ M O ~ H O ~  usnyse~ae, U O H U ~ ~ ~ U O H H ~ I ~  n o T e p s  u M x o r o -  

K p a T H O e  K y n O H O B C K O e  paCCf3XHkie n U B H e B b I X  3J IeKTPOHOB.  n e p ~ b 1 e  T p U  

m n e H m  06ycno~nssaro~ npoUE!CC p a 3 M H O x e H m  ki  3 a T Y X W U R  B JIHBHe,  

n o c n e n H e e  x e  c y u e c T s e H H o  AJIH n p a s s n b H o r o  onpenenam c o o m o m e H m  

M e m y  3 K C n e P H M e H T U I b H O  ~ 3 ~ e p H e ~ o f i  BeJ ' IWIUHofi  - nn.n3 U UOHW3aIlJiOH- 

Hh lMU n 0 T e p H M U  3 H e p r U k i  JIHBHeBbIX 3 J I e K T p O H O B .  B COOTBeTCTEUU C 3 ~ 0 f i  

~omenwieii w c n e H H o e  M o n e n a p o s a H u e  nllll3 B ~ A K O M  K c w o H e  6bm0 
OCHOBaHO H a  C J I e A y I o U U X  U I r O p k i T M U  ( n U I e e :  M O n e J I b  1 ) .  

1. K a m b r f i  ~ O T O H  C 3 ~ e p r U e f i  E 2 E 0 6 p m y e ~  3JIeKTPqHHO-n03k iTpOH-  

H ~ H )  napy nocne n p o x o m e H s R :  n y ~ w  A J I ~ O ~ ~  x ,  K O T O P ~ R  I ) a 3 b r p b m a e T c R :  

U 3  3KCnOHeHUAaJIbHOrO PaCnpeAeJIeHkfU 

~ ~ ~ A ~ O J I W ~ ~ T C H  T a m e ,  q T O  0 6 p a 3 0 ~ a H ~ b 1 e  3 n e K T p O H  U n 0 3 U T p O H  y"OCHT 

no nonosme 3 ~ e p r m  r K :  E e f =  12. B K a s e C m e  n o p o r o ~ o f i  3 ~ e p r m  
E oy  p a C C M a T p k i B U I U C b  W a  3HarIeHZIFI: 3 11 10 M3B. 

2. KaxmG 3 n e K T p o H  C 3 ~ e p r U e f i  E ,> E ,  UClTyCKaeT  T O P M O ~ H O ~ ~  r K  
H a  nnme npo6era AR = 0,05 pa.rt.m., n p u s e M  p a m a w i o ~ ~ o f i  A J I ~ ~ I  

X U A K O r O  K C W O H I  IIpUHIITO 3 H a q e H k i e  4 C M ,  B COOTBeTCTBWki C 3 K C n e p k i M e H -  

TaJIbHbIMU A a H H b I M A  / l1 /. 3 ~ e p r U H  3 T O r 0  r K  OrIpenWIHeTCH 113 COOTHOUle- 
H m  / 10 /: 

H o r o  pacrrpeneneam B m T e p s a n e  [ O,11 ( ~ a ~ o f i  sm n o p o r o ~ o f i  3~epruu 
E , JIKEHeBbIX 3 n e K T P H O B  6nnxe B C e r O  O T p W a e T  3 K C n e p H M e H T a J I b H b I e  

ycnoam / 1 1 )  . 
3. B b ~ p m e ~ U e  AJIH CpeAHkiX  U O H U 3 ~ O H H b I X  l l O T e p b  3 H e p r H U  JIHBHe- 

BbIX  3 n e K T P O H O B  C 3 ~ e p r k i e f i  E e B -KOM K C e H O H e  U M e e T  B U A  / lo  /: 

h E  0*55: { l n ( 5 . 1 0  ~ I - D ~  -- 
(-I,,... = - ) . E e  + D~ - l n 2 . ( 2 D - D 2 ) I .  

AR I - D  D 2  
( 4 )  

me D =0,51l /E . B ~ e p r m  E , B b I p m e H a  B M3B, npo6er R - B ~ ~ A . A J I .  

+ 4. M H O ~ O K ~ ~ T H O ~  KyJIOHOBCKOe paCCeHHkie  3 n e K T p O H O B  C 3 ~ e p r U e f i  
, E ,  o m c b I s a e T c R :  npu n o M o w  w y x  yrnoa: yrna p a c c w H w I  8 u a 3 n ~ y ~ m -  

H o r o  yrna I ) .  Yron paccemwn p a 3 b I r p b m a e T c R :  113 H o p M m H o r o  pacnpenene- 
HUH : 

I -_ 
P ( 8  1 E , ,  A Z )  = N ( O ,  6 2 / 2 ) ,  ( 5 )  

3 n ~ b  Z = 54,  A =  131 - a ~ 0 ~ b 1 f i  H O M e p  n ~ T O M H ~ I ~ ~  B e C  H A p a  KCeHOHa,  

B = ( E e  + 0,511) 2 ,  C = E , ( E ,  + 1,022),  yroq 0 B b I p W e H  B P w a H a X .  

A ~ n ~ y ~ a n b ~ b I j i  Y r O n  I) pa3bU'pbIBaeTCH U 3  p: lBHOM$pHOrO p a C n p e n W I e H ~  

B W H T e P B U I e  [ 0 ,  2 ~ 1 .  B n y H K T a X  PaCCeRHMH 3 n e K T p o H a  U H C n Y C K a H U R  r K  
c o x p a ~ ~ e ~ c ~  nonsm 3~epru.u u u~nynbc .  

B ~ o p o f i  B a p U a H T  MOAeJIU 3@n ( A U I W :  MOnW' Ib  2 )  Y s U T b I B a e T  3 H e p r e -  

T W W C K H ~ ~  c n e K T p  T O P M O B H ~ I X  r K  B B m e  pacnpenenmm & ? ~ e - r a h J I e -  

pa 1 2 / ,  K O T O P O e  6bmo a ~ p O K C k i M U p O B a H 0  @ y ~ ~ u U e f i  B W a :  

A H U I O ~ W I H O  ~ K C ~ ~ ~ H M ~ H T Y ' ~ /  OCki J I i i B ~ e f i  n e X a T  B IUIOCKOCTIl n p o e K -  

UUU ( B  3 K C n e p H M e H T e  - rIJIOCKOCTb @ 0 ~ 0 r p a @ k i p 0 B a H U H ) .  %a rIJIOCKOCTb 

(nn) paz~~e-acb B B m e  n p ~ ~ ~ o y r o n b ~ o f i  C e T K U  pampa c w a r o M  At ~nonb 
I 



On n Ap - B  HanpasneHsa, nepneHnaKynHpHoM K On. I'~1y6ma t ~ ~ B I I T H F I  

nkiBHH OTCgIlTbIBaeTCR OT TOqKU KOHBepCUU rK,  06pmymmero 3@n. npa 
MO~eJIHpOBrlH~ 3@n BbIsUcnHnHCb 3HaseHm OTHOUeHm 

WH s~ep r s i i  nepsswbIx r K  E = 100,200,500,1000,2000 s 3000 M3B. 
n p ~  E = 100, 2000 H 3000 ~ 3 d  CpBeHNBBX)rCH pe3YnbTaTbI EQYX paCCMOT- 
peHHbIx ~onenei i  3@n (psc.2 s 3) .  Conoc~asnmse A ~ H ~ I X  npa w y x  ma- 
seHmx noporonoii 3Heprm rK,  Eoy = 2 a 10 M3B, npommcTpapoBmo 
Ha npsMepe nmseii, B ~ I S B ~ H H ~ I X  r K  c 3~epraeii Ey = 1000 M3B ( ~ o n e n b  1, 
psc.1). Ha pscyHKax 3 ,4  s 5 rrpmenmb1 manorswbIe pacnpenenesujx, HO 

OTHOCHU@ieCH K WITepBaJIaM 3Har1eHd p € Ap = 0,125 pW.PJI. (pllc.4) 
a 0,375 pW.nn. (pac.5), pacnonoxemmM no 06e c r o p o ~ b ~  On B IUIOCKO- 

CTll ( t  , p) : 

h c . 1 .  Pacnpedenenue 
eenuvunbi q(t )  , on- 3(! 
pedenennoi coomo- 
utenutw (9), no zny- 
6une t  p m e u m  nus- 
~ e f i ,  O T C V U T ~ ~ ~ ~ ~ M O ~ ~  

OT TOVKU KOHBt?pCUU 

ZaMMU-KeUHTU C 3Hep- 72 
ZU& E ebl3bleUKlWe- 

Y '  
20 naeuny. 'lucno pa- 

'*' 3blZpUHHblX no Mode- 8 
I nu I nuenei paeno - . E ~ =  1 0 0 ~  E~ 2w 

20 d m  K ~ Y ~ O Z O  PW- 
Q npedenenm. EOy - 

nopozoem snepzm 4 

Puc.2. To x e ,  VTO na / 0 E ~ X K U M ~ V  m e t  2 
puc.1, no d m  ~ ~ Y Z U X  4 A EF30GOMV, model 1 
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MY CneKTPY JlHBHeBbIX +OTOHOB U 3JleKTPOHOB, YeM MOn-b 1, a, CnenOBa-  
B c e r o  B q e ~ ~ p a n b ~ o i i  06nac~n nHBHR., conepmaueii, B C p e m e M ,  H e  ~ e H e e  

T m b H O ,  6JIkiXe K P ~ ~ ~ c T B H T ~ J I ~ H o c T w ,  H a  HeCKOnbKO nPOqeHTOB BbIlIIe COOT- 
90% weprm JIaBkMbI. 

B e T C T B w U X  3 H a Y e H d  1 (t, p ( E y), BbmACJIeHHbIx no MOneJIH 1. B H ~  IJeHT- 
2. npesbrlue~ue s e n m m b 1  ~ ( t  , p  ( E ) (8) HW C p e w n M  3 ~ a q e m e ~  

p a n b ~ o i i  o6nac~u nmm 3 ~ a  pa3~a1.m p a c ~ e ~  c Ey  H n o c ~ n r a e ~  10-15% npa Y, 
(Ta6nnqa), 06ycnosne~~oe  3 H e p r e r n q e c K o u  ~ ~ B H C H M O C T ~ ~  kIII ~ ~ ~ K T P O H O B  Ey > 2000 M3B. k h ~ e p e C H 0  T a K X e  OTMeTHTb, YTO B M O n m k i  2 BenWYIMa 
c s~eprneii E ,  - Ey,  Ha6nmnaeTcR.  n n r u b  ~6neski TOYKH K o H B e p c n a  nepem- 

(t, p  / E ) n p e T e p n e s a e T  M e H b r u n e  H ~ M ~ H ~ H H R .  c POCTOM t , YeM B M O ~ ~ J I H  1, Y 
O C O ~ ~ H H O  npa &nee sbrcomx s ~ a v e ~ m x  3 ~ e p r w  E (pac.2) . H o r o  r K ,  T.e. npn t 5 1 pa-. a p 5 0 , l  paa.m. 

3. Benalw~a 1 (t , P I E y) YMeHbUaeTCR H a  5 10-15% B H e  U ~ H T P ~ ~ ~ H O ~  
BO BCeX paCCMOTpeHHbIX CJIyYaRX H e  ~ a 6 n m n a e ~ c ~  3aBHCHMOCTIi 

o6nac~n ~ U B H R ,  npewe B c e r o  B n o n b  nnmbr t p a 3 ~ m m  30n, ~ I T O  0 6 y c . o ~ -  q(t. P 1 E ) OT n o n e p e w b I x  p a 3 M e p o B  (p) n m ~ e i i ,  K p o M e ,  K a K  yxe YnOMH- Y n e H o  weprmnsec~oii s a ~ n c n ~ o c ~ b m  kin n n B H e s b n r  ~ ~ ~ K T P O H O B  6onee 
~ a n o c b ,  H a q a n a  ~ H B H R .  

C ~ ~ ~ K T H Y ~ C K O ~  TOYKH 3peHHH BaXHO, YTO BO BCeM U3YYeHHOM HHTep- HH3KHX 3 H e p I ' ~ f i .  

4. g n c n e ~ ~ o e  3 ~ a ~ e ~ u e  B e n n r I m b I  q(E y ) r  YCpWlHeHHOe no ~ c e i i  mot- sane E y  = 1003000  M3B p a c n p e n e n e H s e  q(t, p )  Ey ) B ~ O C K O C ~  (t  , p) 
KOCTH H ~ ~ J ' I I ~ ~ ~ H W R  (t , P )  (~a6nnqa),  Y a O B n e T B O p m W b H O  ~ 0 r n a C y e T C R .  H N y u l e C T s e H H O  3t3ELiCHT OT E y  ( ~ 0 n e J ' I b  2 ) ,  K P M e  H a y m a  JIaEliHbI. Apyrn- 
C aHmOrkiYHbIMH pe3yJIbTaTaMH n p y r H X  pa6o~,  n 0 C B H u e H H b I x  M O n W H p B a -  

MU C ~ O B ~ M H ,  pacnpeaene~wr ~ ( t ,  P / EV) n p ~  P ~ ~ H ~ I X  E n 0 n 0 6 ~ b 1 .  B MO- 
\ HUH) 30n no M e T o n y  M O H T ~ - K ~ ~ ~ O / ~ / .  nenn 1 mo CBO~~CTBO BennYnHbI  q(t, P I E y c T m a B n a s a e T c f i  npa E ~ >  , 3 200 M3B (pnc.1). ~ O ~ Y ~ H H ~ I ~  HaMH p e 3 y n b T a T b I  n W T  BO3MOXHOCTb npOBeCTH @ U ~ H -  

Y ~ C K H ~ ~  a H a n H 3  H, B YaCTHOCTH, C K O p p e K T q O B a T b  H M e H ) w K R .  3KCnepHMeH- 06e M o n e n a  n p a B o m T  K y s e n m e H H b m ,  no cpt3EHeHam c 3 K c n e p a M e H -  
T a n b a b I e  n a ~ ~ b ~ e ,  K a c a m u n e c H  n p o c ~ p m c ~ e e ~ ~ o r o  pacnpenmesa~ aoswsa- 

TOM, nonepewbm p a 3 M e p a M  n m ~ e i i ,  a n o n o x e H n e  M a K c m y M o B  t, ,, cma- 
qliOI+HbIX IIOTepb :UIeKTpOHOB B ~ ~ ~ K T ~ O H H O - @ O T O H H ~ I X  J I N ~ H H ~ x .  OHH M O ~ V  HYTO B CTOpOHy MeHblIIHX 3 H a Y e H k i ~  t . 3 ~ 0  06ycnorrne~0, B OCHOBHOM, 

n p e n n o n o x c e H n e M  (5) o ~ ~ o c u ~ e n b ~ o  H O P M ~ ~ ~ H O C ~  y r n o B o r o  pacnpene- 6 b 1 ~ b  T a K X e  nOJIe3HbI n p H  naJIbHefiIUeM COBeplIIeHCTsOBWHH M e T O W K H  

o n p e a e n e H u R  3~eprm.i rIC no nnme npo6e1-a c o 3 n a ~ a e ~ b r x  HMU n m H e s b n r  neHl iR MHOrOKPaTHO PaCCewBaeMblX JlHBHeEbIX -meKTpOHOB. B B ~ A ~ H H ~  
c o o ~ ~ e ~ c ~ e y m r u e r o  orpmme~wr, ~ a n p n ~ e p  e < <O 2> L/' , n m a e ~  06e MO- 

W I ~ K T ~ O H O B .  

nena &nee p e a n a c T u u e c K a M n .  T ~ M  H e  M e H e e  6e3 orpmme~afi T a K o r o  

pons M O W 0  n p o c n e n a T b  P a c n p e n W e H m  1 (t , P  ( Ey ) H a  ~ @ @ ~ K ~ B H o  6 o n b -  
U U X  paCCTOHHHJ3X OT On ki OT TOYKH KOHBepCHM IIepBIirMbIX r K .  H ~ o  n . A m P A  

n p H  3TOM OTMeTKTb, qTO PaCCMOTpeHHbIe MOjJWH llpHBO,4fIT K 3aBHCHMOCTZI 

M e X n y  E H CYMMapHblM rrp06er0~ JIllBHeBbIX 3neKTpOHOB ( ~ a 6 n m a )  , 
y a o s n e T e o p a T e n b H o  c o r n a c y m u r e i i c ~ .  c p e z ~ y n b ~ a ~ a ~ a  npyrnx n p o r p a M M  

M o n e n a p o s m m  30n no M e T o n y  MOHT~-Kapno. T a K ,  H a n p a M e p ,  B ' 6 1  OTHO- 

U e H U e  r = Ey Re= 13,4 M 3 B / p ~ . m .  H npaKTHYeCKw nOCTOHHH0 B HHTep- 
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