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Ecm1 He C411TaTb cnel.l114l114ecKoro / 11 BblpOmAeHHoro11
/ cny4aR 

Aei1TpoH-RAePHbiX peaKl.li1H, TO B3ai1MOAeHCTBI1e a -4aCTI1l.lbl C 
aTOMHbiM RAPOM npeACTaBJlReT co6ol:i npOCTeHWI1H np11Mep, Ha KOTO
pOM MO)I(HO onp060BaTb pa3Jl114Hble MOAeJ111, Oni1Cb1Ba~l1e Heynpy
rl1e CTOJlKHOBeHI1R RAep. 3TOMY cnoco6CTByeT 3Ha411TeJlbHaR 3K
cnepi1MeHTaJlbHaR 11H4JopMal.li1R, HaKonneHHaR B nocneAH11e rOAbl 
AJlR a -4aCTI1l.l C 3Hepr11eH HeCKOJlbKO r3B/HyKJlOH 11 WI1POKOrO 
Al1ana3oHa RAep-MI1WeHel:i 1 1-101• 1-iHTepec K a -RAePHbiM a3ai1MO
Ael:icTBI1RM CTI1MYJ111pyeTCR TaKme He06XOA11MOCTb~ paA11al.l110HHOH 
3a~I1Tbl OT KOCMI14eCKOrO 113Jly4eHI1R 11 B03AeHCTBI1eM 3TOrO 
113Jly4eHI1R Ha 6110JlOrl14eCKI1e 061>eKTbl *. 

B pa6oTaX / ll- 131 6b1Jl0 noKa3aHO, 4TO OCHOBHy~ 4aCT b aMnJ111-
TYAbl ynpyroro a -RAePHOro B3ai1MOAeHCTBI1R MO)I(HO npeACTaBI1Tb 
B B11Ae cynepn0311l.ll111 aMnJ111TYA, Oni1Cb1Ba~~I1X B3ai1MOAeHCTBI1e 
a -4aCT11l.lbl KaK l.leJlOrO C OTAeJlbHbiMI1 HYKJlOHaMI1 RApa-MI1WeH11. 
Cy~ecTBeHHO ynpo~aR pac4eTbl, TaKol:i nOAXOA noaaonReT pocTa
T04HO XOPOWO Oni1CaTb He TOJlbKO 11HTerpaJlbHble, HO 11 AI14J<tJepeH
l.ll1aJlbHble 3Kcnep11MeHTaJlbHble ce4eHI1R. B npi1MeHeHI111 K HeynpyrHM 
a -RAePHbiM B3ai1MOAeHCTBI1RM 3TOT nOAXOA paccMaTp11BaJ1CR B pa-
6oTe 1141,rAe YAallOCb n011Y411Tb 11Y4Wee cornac11e c 3Kcnepi1MeH-
1"0M, 4eM a 6onee rpy6blx MOAellRX 115 · 161 , paccMaTpl1 aaaw11x Ha
neTa~I1H 110H re1111R KaK COBOKynHOCTb HeCBR3aHHbiX MemAY C060H 
4eTblpex HYKJlOHOB 11, 4TO oco6eHHO aamHo, He Y411TbiBaBWI1X 
yMeHbWeHI1R nJlOTHOCTI1 RApa-M11WeHI1 B pe3yJlbTaTe Bbi611BaHI1R Kac
KaAHbiMI1 4aCTI1l.laMI1 ee HYKJlOHOB. 

0AHaKo paccMOTpeHHble s pa6oTe 1141 aonpocbl 6b1Jll1 orpaHI14eHbl 
o6nacTb~ 3Hepr11H T::S0-7200 M3B/HyKJlOH, rAe a TO apeMR 6biJ111 
113BeCTHbl YCKOPI1TeJlbHble 11 KOCM114eCK11e 3KCnepi1MeHTaJlbHble AaH
Hble. Pac4eTbl AJlR 60JlbW11X 3Hepr11H a paMKax np1161111meH11~, 11c
noJlb30BaHHbiX B 3TOH pa6oTe, 11Me~T J111Wb Opl1eHT11pOB04HbiH xa
paKTep 11 o6Hapym11aa~T 3Ha411TeJlbHble KOJ1114eCTBeHHble pacxomAe
HI1R C 3KCnepi1MeHTOM. npi1411Ha 3TOrO COCT011T, B 4aCTHOCTI1, 
B TOM, 4TO 113-3a HepOCTaTKa 3Kcnepi1MeHTaJlbHbiX CBeAeH11H 06 
a -HyKJlOHHbiX B3a11MOAeHCTBI1RX He 6b1Jll1 Y4TeHbl HeKOTOpble KaHaJlbl 
a-N - peaKl.ll111 c nl1oHoo6paaosaHI1eM, npeHe6peranocb KaHanaMI1 
C AeHTPOHHOH <tJparMeHTal.ll1eH a-4aCTI1l.lbl, BCJleACTBI1e HeAOCTa-

*Mbl 6naroAapHb1 A.H.B11xpoay, ~.r.rp11ropbeay 11 B.E.AYAK11HY 
aa o6cymAeHI1R 3TI1X aonpocoa. 



T04HO T04H~X K~HeMaT~4eCK~X annpOKC~Ma~~~ B KaHanax C o6-
pa30BaH~eM ~parMeHTOB t ~ 1He~HOrAa nony4anacb OTp~~aTenb-
HOH 3Hepr~~ eo36ymAeH~~ ~Apa-ocTaTKa ~ T.A. · 

Hawe~ ~enb~ ~en~eTc~ pacnpocTpaH~Tb MOAenb Ha o6nacTb 
3Hepr~~ Ta-HeCKOnbK~X r3B/HyKnOH ~ npoaHan~3~poeaTb np~Me
H~MOCTb MeXaH~3Ma BHYTP~~AePH~X KacKaAOB K a -~AePHbiM 
B3a~MOAe~CTB~~M B 3TO~ o6naCT~ 3Hepr~~ * . ~APO-M~WeHb M~ 

6yAeM paccMaTp~BaTb KaK ~epM~-ra3 HYKnOHOB, nnOTHOCTb KOTO
poro p(r) An~ 04eHb nerK~X ~Aep, n~T~fl ~ yrnepoAa, on~Cbl
eaeTc~ pacnpeAeneH~eM oc~~nn~TOPHO~ MOAen~, a An~ 6onee 
T~men~x ~AeP - pacnpeAeneH~eM ByAca-CaKcoHa c napaMeTpaM~, 

Ha~AeHH~M~ B on~TaX C pacce~H~eM 6~CTP~X 3neKTpOHOB. npH 
pac4eTe KamAoro a -RAepHoro CTOnKHOBeHH~ KOOPAHHaT~ ecex 
BHYTP~~AePH~X HYKnOHOB pa3~rp~ea~TC~ MeTOAOM MOHTe-Kapno 
~ 3aHOC~TC~ B 6noK naM~TH 36M 1191. 

nepBH4Ha~ a-4aCTH~a MOmeT HCn~TaTb ynpyroe ~nH Heynpyroe 
CTOnKHOBeHHe C OAHHM H3 HyKnOHOB ~Apa-MHWeHH BHYTPH ~HJIHHA

pa C OCb~ BAOnb HanpaeneHH~ ee ABHmeHH~ H paAHYCOM r eff = 
= r0 +r1 +A, rAe r0 :: 1,3·10-13 cM- 3~~eKTHBHbl~ paA~YC cHnb
HOro B3aHMOAe~CTB~~, r1 - napaMeTp , Y4~TbiBaiOIIIH~ paA~YC a -
4aCTH~~ • .\ - AJI~Ha ee Ae6po~neecKo~ eonHbl. 

An~ onpeAeneHH~ ynpyroro ~ Heynpyroro ce4eH~~ a-N -e3a~Mo-
Ae~CTB~~ ael' ~ a in ~cnonb3yeM annpoKc~Ma~~OHHble Kp~eble / 20 / 
Qa6oTbl .Bepo~THOCT~ KaHanoe ~parMeHTa~~~ a+ N-+ a+ .•• , 
3 He + .... , t + ... . , d + ... ,p +.... onpeAen~M Ha OCHOBe 3KCnepHMeHTanb-

/ 5 21 22/ 
HbiX AaHHbiX, np~BeAeHH~x e pa6oTax ' ' /pHc. 1/. TaK 
me, KaK H e npeA~AY~e~ pa6oTe 1141,6yAeM npeAnonaraTb, 4TO He
ynpyroe a-N -e3aHMOAe~CTBHe OCy~eCTBn~eTC~ nyTeM OAHOKpaTHO
ro N-N -cTonKHOBeH~~. npo~cXOA~~ero BHYTPH a -4aCTH~bl. 
B KamAOM TaKOM cTonKHOBeH~~ AOnmeti Y4~T~BaTbc~ KaK ~epM~ee
~KH~ ~MnynbC HYKnOHa ~Apa-M~WeH~ PT, TaK ~ HMnynbC HYKnOHa 
Pa , BXOA~~ero B COCTae a -4aCTH~bl. MOAYnbPT pa3~rpbiea
eTC~ no H3BeCTHOMy $epMHeBCKOMy pacnpeAeneHH~ C rpaH~4H~M 
~MnynbCOM 

1/3 
P F (r) = c p (r) , 

* H3y4eH~e n~OH H HYKnOH-~AePHbiX B3a~MOAe~CTB~~ np~BOA~T 
K BbiBOAY , 41 0 B o6naCT~ 3Hepr~~. 6onbW~X 20-30 r3B, a B T~
menbiX ~Apax yme npH T ~ 10 r3B, He06XOA~MO AanbHe~wee yco
eepweHCTBOBaH~e MOAen~ , 4T06bl MOmHO 6blnO 6onee T04HO Y4~T~
BaTb BpeMeHHY~ KOOPAHH aTy B npo~ecce pa3B~T~~ KacKaAa ~ 
BKnaA MHOr04aCT~4H~X B3aHMOAe~CTB~~ , KOrAa C OAHHM BHyTp~
~AepH~M HYKnOHOM OAHOBPeMeHHO B3a~MOAe~CTBY~T cpa3y HeCKOnb
KO KaCKaAH~X 4aCT~~ 1 17•181. 
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/ 
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PHc. 1. Ce4eHH~ ~HKn~3HBHbiX a-N-peaK~H~ 
e CHCTeMe noKO~ a - 4aCT~~bl. KpH e~e a , b, 
C , d , f OTHOC~TC~ COOTBeTCTBeHHO K KaHa

naM a+N -+ a+ ... , 3He + ... ,t + .. . ,d + ... ,4N + .... 

rAe r - T04Ka pacnonomeH~~ HyKnoHa, c - HOPMHpOB04Ha~ no
CTO~HHa~ 123~ MOAYnb pa pa3~rpbleaeTC~ COOTBeTCTBeHHO pacnpe
AeneH~IO 

W(P) - P 2exp (-P 2/P~) , 

rAeP0 = 140 M3B/c- nocTo~HHa~, o~peAeneHHa~ H3 ycnoe~~ HaH
ny4wero cornacH~ c 3Kcnep~MeHTanbH~MH AaHH~M~ pa6oT~ 1 5 1 r 
Pacc4~TaHHoe TaKHM o6pa30M ~MnyiibCHOe pacnpeAeiieH~e HyKIIo
HOB, BXOA~~~X B COCTaB a-4aCTH~bl, noKa3aHO Ha p~C. 2. Yr
IIOBOe pacnpeAeiieHHe 3T~X HYKIIOHOB ~BII~eTC~ ~30TpOnHbiM. 

XapaKTep~CTHK~ BTOP~4HbiX 4acT~~ e N-N -cTOIIKHOBeH~H BHyT
PH AB~my~e~c~ a -4acTH~bl 6yAeM pacc4HTbiBaT b c y4eTOM 3aKo
HOB coxpaHeH~~ 3ap~Aa, 3Hepr~~ ~ ~Mnyiibca TeM me cnoco6oM, 
4TO ~ Ail~ B3a~MOAe~CTBH~ KaCKaAHbiX 4aCT~~ BHYTP~ ~Apa-M~

WeHH /nOAp06Hee CM. 06 3TOM B KH~re 1 20 1 /. HMnyiibC~ ~parMeH
TOB H xapaKTepHCT~KH He HCnbiTaBWHX CTOIIKHOBeHH~ HYKIIOHOB 
e KaHaiiax c noiiH~M pac~eniieH~eM a -4acTH~~ onpeAeiiHM c y4e
TOM 3aKOHOB coxpaHeHH~ Ail~ C~CTeMbl a+ N. npeACTaBIIeH~e 0 co
OTHOWeHHH eepo~THOCTe~ KaHaiiOB ~ cTeneHH coriiaCH~ noiiy4eH
H~X yKa3aHHbiM e~we cnoco6oM AaHHblx c 3KcnepHMeHTOM AaeT 
Ta6II. 1, rAe B Ka4eCTBe npHMepa paCCMaTpHBa~TC~ AaHH~e 
All~ Ta= 1,34 r3B/HyKIIOH **. 

* B pa6oTe 1 51 H3MepeH cneKTp ~Apa 3He e peaK~~~ a + p -+ 
-+ 3He+p+n. B ~MnyiibCHOM np~6IIHmeH~~ /cneKTaTOpHa~ MOAeiib/ 3TOT 
cneKTP coenaAaeT C HMnyiibCHbiM pacnpeAeiieHHeM HYKIIOHa BHYTP~ 

a -4aCTH~~ /e CHCTeMe ee noKo~/. 

** 3AeCb ~ Aaiiee ee3Ae T a- 3HeprH~ a -4aCTH~bl e Ila6opa
TOPHO~ C~CTeMe KOOPA~HaT. 
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Ta6n~~a 1 
Ce4eH~R KaHanoe a + p -peaK~~~ np~ T a= 1 '34 r3B/HyKnOH 

KaHan cr /M6/* 

ol-+-P~ HeT r11" 0 -:n-o % '.1f'O 

oLp 35 - -
.1He. J (36 :!: 3) (I. CX:i ± 0. IS) 0 

0,7 0 0 
0 

1 He pn. 7,5 4,3 0,6 
(II,O:!: 0,5) 

3 He. 2p:r- 4,2 0,3 
3 He 2n.-n• 2,3 0,4 0 

3 tie pn1T+jl'- 0,8 0,2 0 

t .2.p 12,2 2,6 0,25 
(II,5 :!: 0,5) 

tpnJr-+- II,4 I,I 0 

t 2pn•,.- 0,6 0 0 

t 2n 21r• 0,3 0 0 

~.2p ~ I0,7 3,5 0,4 

c;( ~p,.- 3,0 0,2 0 

cA pln1Jr" .. 6,4 0,8 0 

ol.2r n!J1'+.11· I,O 0 0 

3p2.n I0,6 4,3 0,4 

4p l'\.11'- 3,0 0,3 0 

zr3n.!IT+ 6,I 0,8 0 

3p 2.n 'ii+JJ. 0,9 0 0 

* B CK06Kax yKaaaH~ 3Kcnep~MeHTanbH~e AaHHble pa6oT~ / 5/ 

AHanor~4H~M o6paaoM pacc4~T~Ba~TCR eaa~MOAeHCTB~R e RAPe
M~WeH~ ¢lparMeHTOB d, t ~ 3He. nocTORHHaR r1 B Bblpa~eH~~ AIJR 
PaA~yca ~~n~HApa B3a~MOAeHCTB~R onpeAenReTCR np~ 3TOM 3KCne-

4 

p~MeHTanbH~M~ paA~ycaM~ RAPa d , t ~ 3He. C4~TaeTCR, 4TO Ka~
AOe Heynpyroe B3a~MOAeHCTB~e 3T~X RAep C HYKilOHOM RApa
M~WeH~ np~BOA~T K ~X nonHOMy pac~enneH~~. 

OcTanbH~e AeTan~ pac4eTOB /e 4aCTHOCT~, cnoco6 poa~rp~wa 
KaCKaAH~X rr-N ~ N-N -eaa~MOAeHCTB~H/ TaK~e ~e, KaK B pa6o-
TaX / 19,20 / . 

AIJR CpaBHeH~R C peaynbTaTaM~ KaCKaAH~X pac4eTOB M~ fiy
AeM ~cnonbaoeaTb 3Kcnep~MeHTanbH~e AaHH~e np~ Ha~6onbweH 
AOCT~rHyTOH e HacTOR~ee epeMR 3Hepr~~ a -4acT~~ T a = 
= 3,64 r3B/HyKilOH. 3T~ AaHH~e nony4eH~ C noMO~b~ CTp~MepHOH 
KaMep~ B MarH~THOM none / l).g / ~ B pa3HOCTH~X on~TaX CO 
CTaHAaPTHOH ~ o6ora~eHHOH nerK~M~ RAPaM~ ¢QT03MynbC~eH / l-S/ 

~15 

a: 
3 

JO 

5 

0 0.2. 0.4 0.6 

P~c. 2. PacnpeAeneH~e ~Mnynbca 
HYKilOHa BHYTP~ a - 4aCT~~bl. 
r~CTOrpaMMa - pac4eTH~e, T04-
K~ - 3Kcnep~MeHTanbH~e AaH
H~e 151 • p [r3B/c] 

rAe 6~na B~AeneHa ~H¢lOpMa~~R AnR rpynn RAep (C,N,O) ~ (Ag, Br) 
co CPeAH~M~ MaCCOB~M~ 4~CnaM~ AL = 14 ~ AH = 102 *. np~ pac4e
TaX fiyAeM Y4~T~BaTb COOTBeTCTBY~~e Kp~Tep~~ OTfiopa co6~
T~H, ~cnonbaoeaew~ecR e 3Kcnep~MeHTanbH~x pa6oTax. 

B Ta6n. 2 np~BeAeH~ ce4eH~R eaa~MOAeHCTB~R a-4acT~4 

c paan~4H~M~ RAPaM~. B npeAenax cTaT~CT~4ecK~x o~~6oK pe
aynbTaT~ KacKaAH~x pac4eTOB AOCTaT04HO xopqwo cornacy~TCR 

*CpeAHee Maccoeoe 4~cno n RAeP c Maccoe~M~ 4~cnaM~ A1 
~ Heynpyr~M~ ce4eH~RM~ a . . 

10,1 
n n 

A=~ 0iniAi/~a!ni' 
i=l ' i=l ' 
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Ta6m11..1a 2 
Ce4eH~A Heynpyr~x a-RAePH~X 83a~MOAe~CT8~~ 

I G;:k /M6/ ! 
.fiAPO I 

KacKaA rnay6ep On~T 

L1 . 301±15 320 315±20 [71 

c 455±17 472 410±25 l21 
450±30 [7] 

0 540±20 568 500±30 l2] 

At 746+20 793 720±25 l7] 

CLL 1200±50 1390 II50±60 [7J 

Br 1350±50 1505 1570±60 l2] 

Ag 1560±50 1835 1910±?0 (2} 

Pb 2200±100 2600 2400±1?0l?] 

I 

C 3KCnepHMeHTOM. AnA cpa8HeHHA 8 Tafin~l..le yKa3aH~ Ce4eH~A, 

pacc4~TaHH~e c noMO~b~ MOAen~ rnay6epa 1 12~ 3T~ ce4eH~A TaK
~e 6n~3K~ K 3Kcnep~MeHTanbH~M AaHH~M, OAHaKo c~cTeMaTH4ecK~ 
aa8~WeH~ no cpa8HeH~~ c KacKaAH~M pac4eToM: npH6n~3~TenbHO 

Ha 5% 8 cny4ae AAeP Li-'- Al ~ Ha 15-20% 8 cny4ae TA~enbiX 
AAep. 

B pa6oTax / 2,9/ ~3 nonHoro ce4eH~A Heynpyroro a-AAepHo-
ro 83aHMOAe~CT8~R 6bln~ 8blAeneH~ Ce4eH~A (jlparMeHTai..IHH a -4ac
T~I..Ibl. 3T~ Ce4eHHR C pac4eTHblM~ AaHH~M~ npH8eAeH~ Ha p~C. 3 
H 8 Ta6n. 3. 3KcnepHMeHT ~ TeopHA xopowo cornacy~TCA Me~AY 
co6o~. Ha pHc. 3 np~8eAeHo TaK~e ce4eH~e Heynpyr~x KaHano8 
a+ A .. a + ... , KOTOpble 8 pa6oTe 191 6~n~ noAa8neH~ c~cTeMo~ 
TpHrrepa. 0Ho 3Ha4~TenbHO MeHbWe ce4eH~~ APYr~x (jlparMeHTa
~~OHH~x KaHano8, oco6eHHO 8 cny4ae TRmen~x AAep, ~ npaKT~-

4eCKH He 3a8~CHT OT MaCC080ro 4HCna M~WeH~ A. 

B Ta6n. 4 H 5 cpa8HH8a~TCR pac4eTHaA H 3Kcnep~MeHTanbHaR 
cpeAHAR MHO~eCT8eHHOCTb 8TOP~4H~X 4aCTH4 pa3n~4H~X T~no8 * , 

* npH ~HTepnpeTa4HH $0T03MynbC~OHH~X AaHH~X M~ 6yAeM ~c
nonb308aTb CTaHAapTHy~ KnaCC~(jl~Kall~~ 4aCT~4, np~MeHReMy~ 

8 (j>OT03Myn bC~OHH~X 3KCnepHMeHTaX /nOAP06Hee CM., Hanp. ,120 1 /. 

s ' -4aCT~4~- 3TO Ta 4aCTb S-4aCTH4, KOTOpaA OCTaeTCR 
nocne OTAeneH~R OAH03apRAH~x (jlparMeHT08 a-4aCT~4~. 

0 

p~MeHTanbH~M~ paA~ycaM~ AAPa d , t ~ 3He.C4~TaeTCA, 4TO Ka~
AOe Heynpyroe 83a~MOAe~CT8~e 3T~X AAep C HYKnOHOM RApa
~WeH~ np~80A~T K ~X nonHOMy pac~enneH~~. 

OcTanbHble AeTan~ pac4eT08 /8 4aCTHOCT~, cnoco6 poa~rp~wa 
KacKaAH~x 17-N ~ N-N -83a~MOAe~cT8~~/ TaK~e ~e, KaK 8 pa6o-
Tax / 19 ,20 / . 

AnR cpa8HeH~A C peaynbTaTaM~ KaCKaAH~X pac4eT08 M~ 6y
AeM ~cnonb308aTb 3Kcnep~MeHTanbH~e AaHH~e np~ Ha~6onbweH 
AOCT~rHYTO~ 8 HaCTOR~ee 8peMA 3Hepr~~ a -4acT~L1 T a = 
= 3,64 r3B/HYKnOH . 3T~ AaHH~e nony4eH~ C noMO~b~ CTp~MepHO~ 
KaMep~ 8 ~arH~THOM none 15·9/ ~ 8 pa3HOCTH~X on~TaX CO 
cTaHAaPTHO~ ~ o6ora~eHHO~ nerK~M~ RAPaM~ $0T03Mynbc~e~ / l - S/ 

~15 

a: 
3 

JO 

5 

0 

.. 
0.2. 0.~ 0.6 

P~c. 2. PacnpeAeneH~e HMnynbca 
HYKnOHa 8HYTP~ a -4aCTHI..Ibl. 
r~cTorpaMMa - paC4eTH~e, T04-
K~ - 3KcnepHMeHTanbH~e AaH
H~e 151 • P [r3B/c] 

f"Ae 6~na 8~AeneHa ~H(j>OpMai..I~R AnA rpynn AAep (C, N, 0) ~ (Ag, Br) 
co cpeAH~M~ MaCC08~M~ 4~CnaM~ AL = 14 ~ AH = 102 * . npH pac4e
TaX 6yAeM Y4~T~8aTb COOT8eTCT8Y~~e KPHTepH~ OT6opa co6~
T~~, Hcnonb308a8w~ecR 8 3KcnepHMeHTanbH~x pa6oTax. 

B Ta6n. 2 npH8eAeH~ ce4eH~A 83a~MOAe~CT8~A a -4aCTH4 
c paan~4H~MH AAPaM~. B npeAenax cTaT~CT~4eCK~x o~H60K pe
aynbTaT~ KacKaAH~X pac4eT08 AOCTaT04HO xopowo cornacy~TCA 

* CpeAHee Macco8oe 4Hcno n RAeP c Macco8~MH 4HcnaM~ A1 
H Heynpyr~M~ ce4eHHAM~ a . . tn,t 

n n 
A = l ainiAi / lalni' 

i= 1 ' i=l ' 
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Ta6m1~a 2 
Ce4eH~~ Heynpyr~x a-~AePH~x s3a~MOAeHcTB~H 

I C"; .. /M6/ : 
51 APO I 

KacKaA r11ay6ep On~T 

L' . 30I:t15 320 315j:20 (?] 

c 455:t1? 4?2 410:t25 l2] 
450:t30 [?] 

0 540:t20 568 500:t30 [2] 

At ?46:t20 ?93 ?20:t25 l?] 

Cu. 1200:t50 1390 II50:t60 [?J 
Br 1350:t50 1505 15?0:t60 [2] 

Ag 1560:t50 1835 1910:t?O (2J 
Pb 2200±100 2600 2400:t1?0l?] 

I 

C 3KCnepHMeHTOM, An~ cpasHeH~~ B Ta611~~e yKa3aH~ Ce4eH~~. 
paCC4~TaHH~e C nOMO~b~ MOAe11~ r11ay6epa / l2~ 3T~ Ce4eH~~ TaK
me 611~3K~ K 3KCnep~MeHTa11bH~M AaHH~M, OAHaKO C~CTeMaT~4eCK~ 
3as~weH~ no cpasHeH~~ c KacKaAH~M pac4eTOM: np~611~3~Te11bHo 

Ha 5% s c11y4ae ~AeP Li -:- Al ~ Ha 15-20% s c11y4ae T~me11~x 
~Aep. 

B pa6oTax / 2,9/ ~3 no11Horo ce4eH~~ Heynpyroro a-~AepHo
ro s3a~MOAeHCTB~~ 6bl11~ Bb1Ae11eH~ ce4eH~~ ¢parMeHTa~~~ a -4ac
T~~bl. 3T~ Ce4eH~~ C pac4eTH~M~ AaHH~M~ np~BeAeH~ Ha p~c. 3 
~ s Ta611. 3. 3Kcnep~MeHT ~ Teop~~ xopowo cor11acy~Tc~ MemAY 
co6oH. Ha p~c. 3 np~BeAeHo TaKme ce4eH~e Heynpyr~x KaHa11os 
a+ A-. a+ .. , , KOTOp~e B pa6oTe 191 6~11~ noAaB11eH~ C~CTeMOH 
Tp~rrepa. 0Ho 3Ha4~Te11bHO MeHbwe ce4eH~H APYr~x ¢parMeHTa
~~OHH~x KaHa11os, oco6eHHO s c11y4ae T~me11~x ~Aep, ~ npaKT~-
4eCK~ He 3aB~C~T OT MaCCOBOrO 4~C11a M~WeH~ A. 

B Ta611. 4 ~ 5 cpasH~sa~Tc~ pac4eTHa~ ~ 3Kcnep~MeHTa11bHa~ 
cpeAH~~ MHOmeCTBeHHOCTb BTOP~4H~X 4aCT~~ pa311~4H~X T~nos * , 

* np~ ~HTepnpeTa~~~ ¢oT03MY11bC~OHH~x AaHH~x M~ 6yAeM ~c- • 
no11b30BaTb CTaHAapTHy~ K11acc~¢~Ka~~~ 4aCT~~. np~MeH~eMy~ 

B ¢OT03MynbC~OHH~X 3KCnep~MeHTaX /nOAP06Hee CM., Hanp.,120I /. 
S' -4aCT~~~ - 3TO Ta 4aCTb s-4aCT~~. KOTOpa~ OCTaeTC~ 
nOC11e 0TAe11eH~~ OAH03ap~AH~X ¢parMeHTOB a-4aCT~~~. 

0 

Ta611~~a 3 

Ce4eH~~ o6pa3osaH~~ OAH03ap~AH~X (p, d, t) ~ ABYX3ap~AH~x 

( 3He,a) ¢parMeHTOB B ¢QT03MY11bC~~ nOA AeHCTB~eM a-4aCT~~ 
C 3Hepr~eH 3,64 r3B/HyK110H /B Mfi/. 0T06paH~ pe11~T~B~CTCK~e 
¢parMeHT~, B~11eTa~~~e noA yr11aM~ 0 JJa6. ~ 3 °. 

51 A PO- z = 1 
M~WeHb 

Teop~~ On~T 121 

c,o 263~25 203~52 

Ag, Br 705~45 570~160 

P~c. 3. Ce4eHr~ ¢parMeHTa~~~ 

\0 

~000 

IIIlO 
a -4aCT~~~. Q, + , Y - 3K
cnep~MeHTa11bH~e ce4eH~~ co
OTBeTCTBeHHO All~ ¢parMeHTOB l: 61)0 

0 ~uu d , t , 3He. o - 3Kcnep~MeH
Ta11bH~e AaHH~e All~ n011HOrO 
~HKJ1~3~BHOrO Ce4eH~~ B~XOAa 

npOTOHOB B peaK~~~X ¢parMeH
Ta~~~, t - no11H~e 3Kcnep~MeH
Ta11bH~e ce4eH~~ ¢parMeHTa~~~ arr. 

Bee 3T~ AaHH~e B3RT~ ~3 pa-
6oTbl ; g ; ;~-$OT03MY11bC~OHH~e ce-

r l't!.l 
4eH~R a fr • np~BeAeHbl paC4eT-

200 

IUD 
&l 

60 

z =2 

Teop~~ On~T 121 

51~8 37+12 

98~25 130+54 

H~e KP~Bble, nyHKT~POM yKa3aH~ 

AaHHble All~ 3He. H~mH~~ Kp~-
-- . l 

40t I ·- I - - I , J '" ,,..,. _.. 

saR - ce4eH~e Heynpyr~x KaHa- L• AI Cu 
1108 a+A ... a+ ... 

Ha p~c. 4 ~ 5 noKa3aHbl COOTBeTCTBY~~e pacnpeAe11eH~~ MHO
meCTBeHHOCT~~ B ~e110M ~MeeT MeCTO xopowee cor11ac~e, HeKoTo
pble pacxomAeH~~ Ha611~Aa~Tc~ 11~wb AJ1R T~me11~x RAep. 

np~ B3a~MOAeHCTB~~ a-4aCTH~ C T~me11biMH ~ApaMH ¢QT03My11b
C~~ pac4eTHaR MHOmeCTBeHHOCTb s'-4aCTH~, ·COCTOR~~X B OC
HOBHOM H3 rr±-Me30HOB, npH611H3~Te11bHO Ha 10% B~We 3KCnep~
MeHTa11bHOH. 8 C11y4ae B3aHMOAeHCTBHH CO CBHH~OM npeB~WeH~e 
pac4eTHOH MHOmeCTBeHHOCTH COCTaB11ReT yme OK0110 25%. AHa110-
r~4HOe paCXOmAeH~e TeopeTH4eCKHX H 3KCnep~MeHTaJlbH~X 3Ha-

7 



OD 

~ 
,N,O 

Br 
I 

• 

Ta6m11..1a 4 

CpeAH~~ MHo~ecTeeHHOCTb 4aCTHI..I, po~Aa~~Hxc~ 
B3aHMOAei1CTBHH a -4aCTHI..I C rpynnoi1 JlerKHX H 

~Aep $OT03MyJlbCHH 

npH HeynpyroM 
rpynnoi1 T~~eJlbiX 

< rts> < n.s•> <. na . < "''> < "".; 
TeOJ:IIUI OmiT TeOJ:IIUI OmiT TeOJ:IIUI OIIHT TeOJ:IIUI OIIIiT rreop:wr 

~,3±o,I 2,9s±0,08 [31 2,3:!:0,2 2,33:!:0,08 I,s:!:0,2 I,4I±o,06 I,s±0,2 I,4s:!:0,06(3j 3,4±0,2 
3,59±o,I2 [2) (3) [3) 

~.o±o,r 4,49±o,08 {3) 4,5!0,2 4,I2±o,08 4,2±0,2 6,82±0,!8 7,2±0,2 6,8of"-O,I6(3} I,s:!:0,2 
4,8!:!:0,08 [21 [3) [3] 

j -

CpeAHee 4HCJ10 "--Me30HOB, po~Aa~Hxc~ e HeynpyroM a -~AePHOM 
CTOJlKHOBeHHH 

Li 

o, n.::o ,o4 

0,80:!:,0,44 

c 

0,97:!:,0,03 

1 '00:!:,0 '05 

Al 

1,30:!:,0,03 

1,30!0,06 

Cu 

1 ,66.::0, 02 

1,60:!:,0,06 

Pb 

2,4o.::o,o4 

1,90!0,07 

0II1iT 

2,8s±0,09[3 J 
J 2,9?±0,!3[2 

!3,7±0,!3[3 
I,66:!:0,I6(2 

) 
] 



t5 

4eHHH < n 8> HMeeT MeCTO AnR nHOH H HYKnOH-RAePH~X CTOnKHOBe
HHH np11 T > 10 r3B 1 171*. AnR ero ycTpaHeHHR Heo6xoAHMO nepeH
TH K KaCKaAHOH MOAenH, 6onee T04HO y411T~Ba~~eH epeMeHHy~ AH
HaMHKy npo1.1ecca / 18/ . 

Pac4eTHaR MHO>KeCTBeHHOCTb g-4aeTHl.l, COCTOR~HX B OCHOB
HOM H3 KacKaAH~X HYKnOHOB OTAa4H, BO B3aHMOAeHCTBHRX C TR>Ke
n~MH RAPaMH, Hao6opoT, OKa3~BaeTCR 3aMeTHcr MeHbWe 3Kcnepi1-
MeHTanbHOH. CpaeHeHHe c peaynbTaTaMH pac4eToe HYKnOH-RAep
Horo KacKaAa noKaaano, 4TO 3TO pacxO>KAeHHe TaK>Ke CBR3aHo 
C KOHKpeTH~M eapHaHTOM KacKaAHOH MOAenH. B 6onee T04HOH MO
AellH 1181 MHO>KeCTBeHHOCTb g -4aCTHLl AnR TR>Kell~X RAeP HeCKOilbKO 
60ilbWe 3KCnepHMeHTallbHOH *~ 

Ha pHc. 6 npHBeAeH~ AaHH~e no nHoHoo6paaoeaHH~, conpoeo>K
Aa~llleMy pO>KAeHHe <)>parMeHTOB. B~XOA rr --Me30HOB npaKTI14eCKH 
He 3aBHCHT OT MHWeHH, nOCKOilbKy <)>parMeHTal.IHR a-4aCTI1l.l npo-

...., 
~1.0 

t5 

l.D 

y ~ 
051---+---+--....... -+-->-+-

0.5 
+ ~ t # 
I i t 
Lt c AI c .. 

0 10 

PHc. 6. AaHH~e e~XOAa rr--Meao
HOB B KaHallaX <)>parMeHTal.IHH 
a-4aCTHLl~• npHBeAeH~ pac4eT
H~e KpHB~e. 0 , A , V - 3KCne
pHMeHTallbH~e 3Ha4eHI1R < n_ > 
COOTBeTCTBeHHO AnR KaHallOB 
c o6paloeaHHeM <)>parMeHTOB d , 
t , He; 0 - CYMMapHaR 3KCne-
PHMeHTallbHaR MHO>KeCTBeHHOCTb 
<n > AnR HeynpyrHx KaHanoe 

100 A 6ea o6paaoeaHHR <)>parMeHTOB. 

* nocKOilbKY KacKaA, nopo>KAeHH~H a -4aCTHl.leH, rpy6o roeopR, 
npeACTaBnReT C060H cno>KeHHe 4eT~pex KaCKaAOB, HHH1.111HPOBaH
H~X HYKilOHaMH 1 14•151, 3HeprHR Ta= 3,64 r3B/HyKnOH COOTBeTCTBy
eT o6naCTH T > 10 r3B B Clly4ae HYKnOH-RAePH~X CTOilKHOBeHHH. 

Teop. 3KCO. 
** CneAyeT aaMeTHTb, 4TO e TO epeMR KaK <ng> I <ng > =0,6 

/Anfl Tfl>Kell~X flAep/, a pac4eTHOe OTHOWeHHe <nb > /<ng > B Ta6-
nHl.le 4 e 1,6 paaa 6onbwe 3KcnepHMeHTallbHoro, cyMMapH~e pac-
4eTH~e H 3KCnepHMeHTanbH~e MHO>KeCTBeHHOCTI1 HH3K03HepreTH-
4eCKHX 4aCTI1l.l Oh =n g +0 b He CHilbHO OTI1H4a~TCR OAHa OT 
APYrOH. 3To noKa3~eaeT, HaCKOilbKO ea>KHO pa3AellbHoe H3y4eHHe 
4aCTI1l.l C cep~MH H 4epH~MH TpeKaMH. 

10 

• 

HCXOAHT npH nepH<)>epH4eCKHX CTOnKHOBeHHRX B pe3yllbTaTe OAHO
ro, 04eHb peAKO ABYX B3aHMOAeHCTBHH. 3THM >Ke o6oflCHReTCfl 
06Hapy>KeHHaR B pa6oTe ; g; 04eHb cna6aR 3aBHCHMOCTb OT Mace~ 
RApa-MHWeHH Be11H411H~ cpeAHHX nonepe4HOrO H npOAOilbHOrO HM
nyllbCOB Me30HOB conpOBO>KAeHI1R /pi1C. 7/ . 

KaK y>Ke OTMe4anocb npH aHallH3e nHOH H HyKnoH-RAePHbiX 
B3aHMOAeHCTBHH /eM., HanpHMep, 1 17 • 181 /, <)>opMa cpeAHI1X yr
llOB~X pacnpeAelleHHH 6~cTp~X BTOpH4H~X 4aCTHLl B na6opaTOPHOH 
CHCTeMe KOOPAHHaT onpeAellReTCR B OCHOBHOM KHHeMaT H4eCKHMH 
<)>aKTOpaMH H cna6o aaeHCHT OT AeTanel:i MOAe1111. 3To npoRBilReT
CR H B a - RAepHbiX CT011KHOBeHI1RX. KaK BHAHO H3 pHC. 8, 3Kcne
pHMeHT H TeopHR xopowo cornacy~TcR; OAHaKo 3TO cornacHe 
MO>KHO nolly4HTb npH pa311H4H~X TeOpeTH4eCKHX npeAnOilO>KeHHRX 
0 MeXaHH3Me BHYTPHRAePH~X B3aHMOAeHCTBHH. JlnR Ol.leHKI1 3THX 
npeAnonmKeHHH Tpe6y~TCR 3KcnepHMeHTan bH~e yrnoeble pacnpeAe
neHHR e 6onee y3KHX 3HepreTH4eCKHX HHTepeanax. Cna6o 4ye-

o .~r < ?~ [r3Bic f --- --~ t.ol < :!.> I r3B/c l y 

o.1 -lo.s 9 ~ 

0.3-i + + t + Tl 'I t I 
~ + 0.1 

:{ • • • + L,I t ~ t t I 
-. + + ! ns~ ~ I 1 ~ J 
Lo c AI Cu. . ~ C , AI Cu. 

0.3 

0.1 

0 10 100 0 10 100 
6/ a/ 

P11c. 7. CpeAHHe nonepe4H~e H npoAOilbH~e HMnynbc~ rr--Meao
Hoe, conpoeO>KAa~HX o6paaoeaHHe <)>parMeHTOB. Bee o6oaHa4eHHR, 
KaK Ha PHC. 6. 

CTBHTellbH~ K AeTanRM KaCKaAHOrO MeXaHH3Ma 11 cpeAHHe HMnyllbC
H~e cneKTP~ BTOpH4H~X 4aCTHl.l. Ha pHC. 9 noKa3aH CYMMapH~H 
cneKTP <)>parMeHTOB a-4aCTHLl~· TeopeTH4ecKaR rHcTorpaMMa xo
powo cornacyeTCR c 3KcnepHMeHTanbH~MI1 T04KaMH, 4TO onpaBA~
eaeT HCnOilb30BaHHY~ npH B~411CileHHRX MOAellb a -N-&3ai1MOAeH
CTBHR. 

II 
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P1-1c. 8. YrnoBble pacnpeAeneHHfl s', g 1-1 b -4ac
THLI, o6pa3yiO~I-1XCfl np!-1 B3aHMOAeikTBI-11-1 a -4aCTI-11..1 
C nerKHMI-1 1-1 Tflmen~MI-1 fiAPaMI-1 ¢QT03MyflbCI-11-1, 
rHCTOrpaMM~ - pac4eTH~e, T04KI-1 - 3KCnepHMeH
TaflbH~e AaHH~e / S / 

.-...!? 
c::J6~ p 

3 
12 

8 

" l I 

~-~ 
2 .4 6 8 to 12 1.4 16 

P/Z [r3B] 

P1-1c. 9. HMnynbcH~H cneKTP $parMeHTOB 
6 

a - 4aCTHLI, o6pa3yiOUIHXCfl B peaKI..II-11-1 a+ Li 
np~-1 3HeprHH 3,64 r3B/HyKnOH. rHCTOrpaMMa -
pac4eTH~e, T04KH - 3KcnepHMeHTanbH~e AaH
H~e l 9 1 .npH B~41-1CneHHfiX fi~nl-1 BBeAeH~ TaKme 
nonpaBKI-1 Ha HeT04HOCTb I-13MepeHHfl HMnynb
COB B CTPHMepHOH KaMepe / 24, 25/ , 

• 

HCXOAHT npl-1 nepH$epH4eCKHX CTOflKHOBeHHfiX B pe3ynbTaTe OAHO
ro, o4eHb peAKO ABYX e3aHMOAeHCTBHH. 3THM me o6DfiCHfleTCfl 
o6HapymeHHaf! e pa6oTe 191 04eHb cna6a11 3aBHCHMOCTb oT Mace~ 
f!Apa-MHWeHH eenl-141-1~ cpeAHHX nonepe4Horo 1-1 npoAOnbHoro HM
nynbcoe Me3oHoe conpoeomAeHHfl /pHc. 7/. 

KaK yme OTMe4anocb np~-1 aHanH3e nHOH 1-1 HYKnOH-f!AepH~x 

B3aHMOAeHCTBI-1H /CM., HanpHMep, 117• lS / /, $OpMa cpeAHHX yr
noB~X pacnpeAeneHHH 6~CTP~X BT0pi-14H~X 4aCTI-11..1 B na6opaTOPHOH 
CHCTeMe KOOPAHHaT onpeAenfleTCfl B OCHOBHOM KHHeMaTH4eCKI-1MI-1 
$aKTOpaMH 1-1 cna6o 3aBHCHT OT AeTaneH MOAenl-1, 3TO npOf!BflfleT
Cfl 1-1 B a -f!AepH~X CTOflKHOBeHHf!X.KaK BHAHO 1-13 pHc.8, 3KCne
pi-1MeHT 1-1 TeOpHfl xopowo cornacyiOTCfl; OAHaKo 3TO cornac1-1e 
MOmHO nony4HTb np~-1 pa3nH4H~x TeopeTH4ecKHX npeAnonomeHHfiX 
0 MexaHH3Me BHYTPHfiAePH~X B3aHMOAeHCTBI-1H, Anfl Ol..leHKI-1 3TI-1X 
npeAnonomeHHH Tpe6yiOTCfl 3KcnepHMeHTanbH~e yrnoe~e p~cnpeAe
neHHfl e 6onee y3KHX 3HepreTH4eCKHX HHTepeanax. Cna6o 4yB-

0_3[ <P;? Cr3Bfc f -- · --~ 1.01 <:1.> [r3B/c l f 
~I ~ 1 05 9 ' 

0.31- t l T I I I ~ + ~ T 
~ * 0.1 

::l • · • + L,I . ~ i v I 
o .3 ~ l I l .... • • 0.5 ..... • + +-
Oif L• c AI C• : C , AI c., 

tO 100 0 10 100 
6/ 

0 
a/ 

P1-1c. 7. CpeAHHe nonepe4H~e 1-1 npoAOnbH~e HMnynbc~ rr--Me3o
HOB, conpoeomAaiOUIHX o6pa3oBaHHe $parMeHTOB. Bee o6o3Ha4eHHfl, 
KaK Ha PHC. 6. 

CTBHTenbH~ K AeTanf!M KacKaAHOrO MeXaHH3Ma 1-1 cpeAHHe HMnynbc
H~e cneKTP~ BTOpi-14H~X 4aCTI-11..1. Ha pHC, 9 noKa3aH CYMMapH~H 
cneKTP $parMeHTOB a-4aCTHLI~· TeopeTH4ecKaf! rHcTorpaMMa xo
powo cornacyeTcf! c 3KcnepHMeHTanbH~MH T04KaMH, 4TO onpaBA~
eaeT HCnOnb30BaHHYIO np~-1 B~4HCneHHfiX MOAenba~-&3aHMOAeH
CTBI-1fl. 
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P1-1c. 8. YrnoBble pacnpeAeneHI-1R s' , g 1-1 b -~.~ac
TI-11..1, o6pa3yi01111-1XCR npH B3aHMOAeHCT BHH a - 4aCTHI..I 
C nerKHMH H TRmeJl~MH RAPaMH ¢QT03MYJlbCHI-1. 
rHcforpaMM~ - pac4eTH~e, T04KH - 3KCnepHMeH
TaJlbH~e AaHH~e 131 

. ~ 
c::t6~ p 

): 

12 

8 

" 

2 4 6 8 10 12 14 16 
P/Z [r3B) 

PHc. 9. HMnynbcH~H cneKTP ¢parMeHTOB 
6 

a - 4aCTHLI, o6pa3y10111HXCR B pea KI..IHI-1 a+ Li 
npH 3HeprHH 3,64 r38/HyKJlOH. rHCTOrpaMMa
pac4eT~e, T04KH - 3KcnepHMeHTa!lbH~e AaH
H~e 1 9 1 .npH B~4HCJleHHRX 6~111-1 BBeAeH~ TaKme 
nonpaBKH Ha HeT04HOCTb H3MepeHHR I-1MnyJlb
COB B CTPHMepHOH KaMepe /24,25/. 

• 

MoAe!lb BHYTPI-1RAepH~X KacKaAOB 06bRCHReT BCe H3BeCTH~e 
B HaCTORillee BpeMR 3KCnepHMeHTaJlbH~e AaHH~e no B3aHMOAei1-
CT BHRM a-4aCTHI..I C RApaMH. HeKOTOp~e pacxomAeHHR, Tpe6y101111-1e 
Aa!lbHei1wero ycoeepweHcTeoeaHHR MOAenH, o6HapymHBaiOTCR JlHWb 
AJlR 04eHb TRmen~X RAep. 

M~ 6naroAapH~ M.r.MelllePRKOey, K.A.ToncToey H A.T.MaTIOwH
HY 3a CTHMYilHPYIOiliHe o6cymAeHHR. 
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