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KmoIIeBoH IIHq>opMaunett ,I:VIH nporHo3a panIIaunoHHOH o6crauOBKH H 3a

J.UIIThI OT npoHHKaIOIQHX li3JiyIIeHHH HBJIHIOTCH CBeneHHH 0 nBOHHbIX Attcpcpe

peHQHaJibHblX CetJeHHHX o6pa3oBaHHH HeHTpOHOB ( a 2a / dE an) n II npoT0-

H0B ( a 2 a/ a E d O) p npII HnepHblX B3aHMonettCTBIIHX C 3HeprIIeH CHapJIA0B 

no HeCK0JibKIIX r3B/HYKJIOH, npn K0T0pbIX BKJianoM Me30HHoro K0MII0HeH

Ta M0:>KH0 npeHe6pe'lh: Eme MeHee cymecrBeHHbIM HBJIHeTCH BKJiaA B no3y 

pa.U:IIaQIIII OT T0pM03Horo li3Jiy'leHIIH II raMMa-KBaHT0B, HBJIHIOIQHXCH npo

.U:YKTaMH H,u;epHbIX peaKQIIH. 

3a nBa necHTIIJieTIIH, B TeIIeHne K0T0pbIX BenyTCH liHTeHCHBHbie 3KCnepII

MeHTbl C YCK0peHHbIMII TH:>KeJibIMli II0HaMH II HnpaMII, HaK0IIliJI0Ch nocTaT0'l

H0 IIHq>OpMaQIIII ,!J;JIH BblHBJieHIIH 0CH0BHbIX 3aKOHOMepHOCTeH cpopMIIpoBa

HIIH a 2a / dE an II HX aHaJIIITHIJecKoro npencTaBJieHHH B npII6JIII:>KeHIIII, 

npIIeMJieM0M nnH perneHIIH B0IIp0C0B q>II3IIKH PaAHaQIIOHHOH 3aIQHTbI. 

U:enb HaCT0HIQeH pa60Tbl - Ha 0CH0Be KpaTK0ro o63opa nucpopMaQliII 

0 a 2a / a Ea O ' IIOJiyIIeHHOM B 3KCnepIIMeHTax, BhlHBHTb 3aK0H0MepH0CTli 

cpopMIIpOBaHHH a 2a / aE an II naTb HX aHaJIIITII'leCK0e onncanIIe c ueJiblO 

nporuo3a pannaunoHHOM o6cTaHOBKli II 3aIQIITbl Ha ycK0plITeJIHX II0H0B 

li Hnep C 3HeprIIett no necHTKa r3B/HYKJIOH. 

1. PE3YJihTAThI 3KCITEPI1MEHTOB 

Ta6n11ua 1 cyMMIIpyer 0CH0BHYIO IIHq>OpMaQIIIO 06 liHKJII03IIBHhIX ceIIe

HIIHX o6pa30BaHIIH aAP0H0B B Hnpo-HnepHbIX B3aIIMonettCTBHHX; 0Ha ~XBa

TbIBaeT nnana30H 3Hepr1111 Hnep-cnapJIA0B E O oT 10 M3B/nyKJioH 

i(o 2,1 r3B/nyKJIOH, Hnpa-cnapHnh1 (3necb n nanee o6o3HaIIeHhl B pea1cunn 

nepBblM CIIMBOJIOM) npencTaBJieHhI OT yrnepona ,ll;0 30JI0Ta, a a:npa-MHllleHH 

- OT yrnepona no ypaua. B Ta6nnue no 0TneJibHblM II031IQHHM yKa3aHbl IIli

Me30HhI, IIHq>OpMaQIIH II0 K0T0pbIM Mo:>KeT 6bITb TaK:>Ke II0Jie3Ha. 

B UIITIIpyeMOM JIIITepaType ,ll;BOHHbie n11cpcpepeHQHaJibHbie ceIIeHHH rrpe.n;

CTaBJieHbI B Tpex cpopMax: 

- nopeHQIIHBapnaHTHOM (W / p 2). a ~ / ap an, 
- nMnyJibCHOM a 2u / aP an, 
-3HeprerIIIIeCKOM a2 a / aE an. 
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Ta6mm;a 1. OcHOBHaH nmpopMaQIUI O ABOttHhIX AmpcpepeHQIIaJJbHbIX 
ceqeHIIHX o6pa3oBaHIIH aApOHOB B .smpo-HAepHbJX coyAapemrnx 

------------------------
PeaKQIIH 

1 
1:?c + C = n + x 
12c + C = p + x 

12C + C ={p: x 
7T + X 

12 
C+C=p+x 

12.... 
· l.i+C=n+x 
12... 
li+Al=p+x 

12c +Cu= p + x 12 
C +Ag= p + X 

12 
C +Au= p + x 

12C +Pb= {p ~ x 
1T + X 

14 
N +Ag= n + x 

1 + 
I\)+ Al = p + x 

16c) c } 
1
~ +Au · 

2 Ne+ C = n + c 

20 {p + X 
Ne+ NaF = + 

TT-+ X 
20 20 

Ne+ NaF = p + x 
2
°Ne + NaF = n + x 

20
Ne +Cu= n + x 

20Ne + Cu = f P ~ x 

l" + X 
2
°Ne + Au = p + x 

2~e + Pb = J p: x l1r- + X 
20 

Ne+ Pb= p + x 
20 

Ne + Pb = n + x 
2
~e + U = n + x 

8HeprIUI CHapHAa, YrJihI aa6nroAeHirn, llnTepaTypa 
M3B/HyKJioH rpaAYCbI 
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30,45,60,90 10 

10-;-145 15 
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10-;-145 15 

50,70,90,110 16 

10-,-145 15 
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Ta6JIIIQa 1 (npOAOJilKeHIIe) 

1 2 3 4 
20

Ne + U = n + x 337 30,45,60,90 10 
20 250,400,2100 30 -;-150 18 . Ne+ U = p + x 
32

s +Al"} 
32 p + X 21,2 10,30,50,70,110,144 

S +Sn= 
40 

1800 5; 12; 14,7 Ar+ Be= p + x 17 

40 {p + X 
800 10-;-145 15 Ar+ KCJ = + 

rr- + X 

40 
1800 5; 12; 14,7 17 Ar+ Cu= p + x 

40 
Ar+ Au= p + x 60 22,7; 30; 37,3; 70; 110 12 

40 {p+x 800 10-;-145 15 Ar+ Pb= + 
7T - + X 

93Nb + Nb= n + x 800 0 4 
0,4,8,15,30 8 

139L a+ La= n + x 800 20,40,80 1 

139
La + La • t ~ x 800 20-;-89 14 

7T + X 

197Au + 197 Au= n + x 8_00 0 4 

CBH3b MelKAY 3THMII cpopMaMII CJieAyromaH: 

d
2
u W d

2
a W d

2
u --=----=----P 

dE d n p dP d n p2 dP d n 
(1) 

rAe W = E + m oc
2 

- IlOJIHaH :meprIIH HyKJIOHa c Maccoii IlOKOH mo, a E -
ero KHHeTIIqecKaH 3HeprIIH; p - IIMilYJibC HYKJIOHa. 

Ha pnc.1 npeACTaBJieHbI cneKTpbI HyKJioHoB d 2u / dE dO B HanpaBne-
HIIII ABIIlKeHirn .flAep-CHapRAOB C' 3Heprneii 800 M3B/HyKJioH; pHCYHOK llJI

JilOCTpnpyeT 3aBIICIIMOCTb cneKTpOB OT MaCCOBblX queen CTaJJKIIBalOIQHXC.fl 
Mep. 8HepreTHqecKIIii cneKTp npoTOHOB B peaKQIIII Ne+ Pb= p + x nony
qea nyTeM nepecqeTa IIMnyJihCHoro cne1crpa npoTOHOB (d 2u / dE dfl) , II3-
MepeHHoro B IIHTepBane O-;- 5 ° (3cpcpeKTHBHblH yron 3°) 121 ' B 3fi1areTII
qeCKHH cneKTp (cpopMyJia (1)); OCTaJibHbie cneKTpbl II3MepeHbl 3• 

41 

JIOA HyJieM rpaAYCOB. Pnc.2 npeACTaBJI.fleT 11 • 31 3aBIICIIMOCTb cpopMbl cneK-
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PHc.1. CneKTpbl HYKJI0H0B B Hp;po-H,a;epHblX coy,a;apeHHHX B HanpasneHHH H,a;ep-cHa

pH,a;0B c :meprtteft 800 M3B/HyKnoH. 
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Ne+NaF'=-n+x 
Ee= 390 M3B/H 

Ne+ NaF':n+x 
Ee=- 790 M3B/H 

C+C:n+x 
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3HEPr11R HE11TPOHOO, MaB 

Pttc.2. CneKTpbl HeHTpOHOB B H.a;po-H,a;epHblX B3aHM0,!leHCTBHHX npH fi = 0. 

TpoB HeifrpoHOB non yrnoM fJ = 0 K HanpaBJ1emuo .a;BmKemrn H,a;ep-cHapH

noB OT HX 3Heprm:1 B M3B Ha HYKJIOH (M3B/H.). CneKTP Hei1:TpoHoB s C+C

peaKu;HH 3aHMCTBOBaH H3 pa60Tbl / 1/' B KOTOPOM He yKa3aHO' nony'!eH 'JIH 

OH 3KCnepHMeHTaJihHO HJIH pac'!eTHbIM nyTeM. 3BOJIIOQHH cn~p6To· 

HOB B 3aBHCHMOCTH OT yrna 0 B peaKQHH Ar + Pb = p + X npH imeprHH 

cHapHna ( Ar ) 800 M3B/H. npencTaBJieHa 
151 

Ha pttc.3. Pe3yJihTaTbI H3Mepe

HHM, H3o6pa)KeHHbie Ha pttc.1-3 B COBOKynHOCTH C npyrHMH )];aHHblMH, ony6-
/ 1- 18/ 

JIHKOBaHHblMH B pa6oTaX ' )];aJOT BO3MO)KHOCTb BbIHBHTb HeKOTOpbie 

3aKOHOMepHOCTH cpopMHpOBaHHH cneKTPOB HYKJIOHOB. 
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2. 3AKOHOMEPHOCT11 <l>OPMl1POBAHl1JI .l1:BO11:HhlX 

.l1:11<l><l>EPEHQl1AJibHhlX IlOilEPEqHhlX CEqEHl111: 

OEPA3OBAHl1JI HYKJIOHOB 11 AJirOPl1TM 

l1X OIll1CAHl1JI 

2.1. IlpH MaJibIX yn1ax Ha6mo,z:i;ettmI ( 0 < 10°) II0 0TH0llleHmo K HaIIpaB

Jiemno H,D;ep-CHapH,n;0B B cneKTpax Ha6mo,z:i;aroTCH ,!J;0B0JibH0 0CTpbre IIHKH, 

MaKCHMYM K0T0pbIX noqTH C0BIIa,z:i;aeT co 3HaqeHHeM 3HeprHH CHapH,z:i;a 

Ha 0,!J;HH HyKJI0H. O6parn;ae: BHHMaHHe CHMMeTpHqffQCTh IIHK0B B 3HaqHTeJib

HOll HX qacTH, HaII0MHHaIOlll;HX rayccHaH, qTo II0CJiy)KHJI0 0CH0BaHHeM BBeCTH 

3TH q>yHKUHH ,!J;JIH 0IIHCaHHH cneKTpoB
14 • 191 . .l1:ttcnepCHH pacnpe,z:i;eneHJUI 

B IIHKaX npaKTHqecKH He 3aBHCHT OT MaCC0BbIX qHcen CTaJIKHBaIOlll;HXCH H,D;ep 

(pHc.1)' a B CHCTeMe H,D;pa-CHapH,z:i;a 0Ka3aJIHCb He 3aBHCHlll;HMH OT 3HeprHH 

H,z:i;pa-cHapH,n;a 
1131 ,, IIPH 3T0M 3HaqeHHH ,ll;HCIIepCHH pacnpe,z:i;eneHHll II0 npo

,!J;0JihH0MY H nonepeqff0MY HMIIYJibcaM, 0IIHCbIBaeMbIX raycCHaH0M, HBJIHIOT

CH npaKTHqecKH 0,D;HHaK0BbIMH H paBHbIMH npH6JIH3HTeJibHO (54 M3B/c) 
2

• 

OTMeqeHHbie q>aKTbI II03B0JIHIOT C,D;eJiaTh npe,D;II0JI0:JKeHHe 0 TOM, qT0 3Hepre

THqeCKHe (HJIH HMIIYJihCHbie) pacnpe,z:i;eJieHHH B o6JiaCTH IIHK0B q>OpMHpyIOT

CH B 0CH0BH0M TeMH HYKJI0HaMH H,z:i;ep-cHapH,ll;0B' K0T0pbre He npeTepne

BaIOT CTOJIKHOBeHHll (Ha6JIIO,D;aTeJIH), C HyKJI0HaMH H,D;ep-MHllleHell IIPH B3aH

MO,z:i;ettCTBHH H,D;ep. TaKHM o6pa30M, pacnpe,z:i;eJieHHe B IIHKe ,!J;0JI:JKH0 onpe,z:i;e

JIHThCH BHYTPHH,ll;epHbIM (cHap~,z:i;) pacnpe,z:i;eJieHHeM HyKJI0H0B II0 HMIIyJib

,caM H nepeHOCHOll CK0p0CTblO H,D;pa-cHapH,z:i;a. 3Ta 3aK0H0MepH0CTb ,z:i;aeT B03-

M0:lKH0CTb 0IIHCaTh (B pa3,z:i;ene 3) cneKTp HYKJI0H0B B era IIHKOBOH qaCTH 

cpaBHHTeJihH0 np0CTbIMH q>opMyJiaMH. MeXaHH3M o6pa30BaHHH TaKHX HyK

JI0H0B Mo:JKeT 6bITb onttcaH ABYMH nyTHMH. Ha nepBoM IIyTH HenpoB3aHM0-

,z:i;encTB0BUiaH qaCTh H,D;pa-CHapH,z:i;a B pe3yJibTaTe CT0JIKH0BeHHH C H,D;p0M-MH

UieHH pa3BaJIHBaeTCH Ha 0T,D;eJihHbie HYKJI0HbI H q>parMeHTbI, K0T0pbie noqTH 

6e3 H3MeHeHHH coxpaHHIOT CB0e HMIIYJibCHoe pacnpe,z:i;eJieHHe. Ha BT0p0M 

IIyTH H3 HenpOB3aHMO,D;eUCTBOBaBUiell qaCTH H,D;pa-CHapH,D;a, ABIDl<Ylll;eUCH 

co CK0p0CThlO I qyTb MeHblllell CK0p0CTH H,D;pa-CHapJI,z:i;a, HCIIapHIOTCH 0T,D;eJih

Hbie ffYKJI0HbI H q>parMeHTbI 6naro,z:i;apH HeKOTopon 3HeprHH B036y,K,neHHH, 

: IIOJiyqeHHOll B H,n;po-H,z:i;epH0M coy,z:i;apeHHH • ..... 
' BbICOK03HepreTttqeCKaH qaCTh cneKTP0B nyqllle annpoKCHMHPYeTCH 

3KCIIOHeHTOll • .l1:JIH Hee xapaKTepHbl Te :JKe 3aK0H0MepH0CTH, qTQ H ,!J;JIH IIH-

KOBOH, KpoMe O,!J;H0H - npo,D;0JihH0e pacnpe,z:i;eJieHHe He C0Bna,z:i;aeT C none

peqttbIM pacnpe,z:i;eJieHHeM II0 HMIIYJihCaM, ecJIH HX rrpe,D;CTaBHTb B CHCTeMe 

CHapH,z:i;a 
1131• 3TO CBH,D;eTeJihCTBYeT 0 HaJittqHH B 3TOH qaCTH HYKJI0H0B, 

o6pa30BaHl{bIX B CT0JIJCH0BeHHHX HyKJI0H0B H q>parMeHTOB H,D;ep-CHapH,D;0B 

C HY:KJI0HaMH R,IJ;ep-MHWeHett. 

2.2. IlpH yrnax 0 2: 10° HPKO Bblpa:JKeHHbIX MaKCHMyM0B B crreKTpax 

He Ha6JIIO,ll;aeTCH, qTQ CBH,D;eTeJibCTBYeT 0 He3HaqifTeJILH0M BKJia,z:i;e HYKJI0H0B-
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Ha6mo,naTeneH B d 
2 

a I dE d O. B 3TOH 06nacn1: HMeeT MeCTo MOHOTOHHoe 

yaenWieHHe HaKJIOHa cneKTpoB, qTo xapaKTepHO ,IJ;JIH HYKJIOHOB, o6pa3yIO

W:HXCH B pe3yJibTaTe BHYTPHH,D;epHoro KaCKa,IJ;a. Hannqne B cneKTpe HYKJIO
HOB C 3Heprtte:H,B 2-2,5 pa3a npeBbilllaIOrn:eii E , CBH,IJ;eTeJlbCTByeT O TOM, 
qTo HCToqHHK, ncnycKaIOW:HH TaKHe HYKJIOHbl (cpaiiep6oJI) / 15-

1
' ,IJ;BHJKeTCH 

C ,IJ;OCTaToqHo BbICOKOH CKOpOCTbIO, a 3HeprHH B036y,K,IJ;emrn cpaiiep6ona 
MOJKeT 6hITb cpaBHHTeJibHO 60JiblllOH. 

2.3. lliicpopMaUHH O HH3K03HepreTWieCKOH qaCTH cneKTpa HYKJIOHOB, 
06pa3y10rn:nxcH B H,nepHbIX peaKUHHX npH npoMeJKYTOqHbIX H BbICOKHX 3Hep

rHHX, OTCYTCTBYeT, HaCKOJibKO HaM H3BeCTHO, T.K. He npe,ncTaBJIHeT, BH,IJ;HMO, 
HHTepeca C TOqKH 3peHHH n3yqeHHH HOBbIX COCTOHHHH H,nepHoro aern:eCTBa. 

B 3TOH CBH3H cae,neHHH o HeiiTpoHax c 3Hepr0eii HHJKe ,necHTKOB M3B (npo
TOHhI HH3KHX 3HeprHH He onpe,nenHioT pa,nnauHOHHYIO o6CTallOBKY 3a 3arn:n
TOH) Mbl BhIHy,K,IJ;eHbl qepnaTb B H,D;po-H,nepHbIX peaKQHHX npH HH3KHX 3Hep

rHHX H onttpaHCb Ha o6rn:ee npe,ncTaBJieHtte O MeXaHH3Me B3aHMO,IJ;eHCTBHH 
H,D;ep 120 - 221. OcHOBhIBaHCb Ha 3THX npe,ncTaBJieHHHX, 'Mo)KHO npe.n;nOJIO)KllTb, 

qTO HeiiTpOHbl cpaBHHTeJibHO HH3KHX 3Heprnii ncnapHIOTCH H3 OCTaTKOB H,IJ;
pa-MHllleHH H 3aMe,IJ;JIHBlllerocH cpa:Hep6ona. Be3 OTBeTa OCTaeTCH noKa BOn

poc, C KaKHMH CKOpOCTHMH ,IJ;BHJKYTCH 3TH HCTQqHHKH B CTa,IJ;HH HCnyCKaHHH 
HH3K03HepreTnqecKHX HeHTpOHOB. 

2.4. BaJKHOH n Heo6xo,11;0Moii ttHcpopMauneii · ,nJIH co3.IJ;aHHH anropHTMa 

onHCaHHH d 2a/ dE dO HBJIHIOTCH cae,neHHH 06 OTHOllleHHH ( d ~ / dE dO )n 
,nmI HeiiTpOHOB K (d 2a / dE dO) P .IJ;JIH npOTOHOB. HacKOJibKO HaM H3-
aecTHO, HeT HH O,IJ;Horo 3KCnepttMeHTa, B KOTOpOM 6bI yCTaHOBHJIH TaKoe 
OTHOllleHHe· npll 0,11;HHX H Tex JKe ycJIOBHHX. lfa ,n;ocrynHOH HaM HH<pOpMaUHH 

cne,nyeT: 
- .Il:JIH .nuana30Ha yrJIOB 30-90° OTHOllleHtte n/p npH BbICOKHX 3Hep

rHHX He 3aBHCHT OT H,npa-MHllleHH H CHHJKaeTCH OT 3,5 (A =30°, En=20 M3B) 

,no ~ 0,5 ( En= 500 M3B, 0 = 30° HJIH En= 200 M3B 0 = 90°) I lO( 

-Ilpn 0:::0° nlp=0,5-=-2 B 3aBHCHMOCTH OT En n cnoco6a 3KCTpano

JIHUHH .IJ;aHHhIX (d 2a / dE 0) P B peaKUHH Ne+ Pb= p + x npn 0 = 3° 
K 0 = 0 (pnc.1) ; nepecqeT c noMOJUbIO anropttTMa pa6oTbI 121 .naeT ( n/ p ) = 
,a! 2, a 3KCTpanoJIHUlfH no pa6oTe 1261 .n;a:eT ( n/p ) =1 npn En= 800 M3B. 

- PacqeTbl / 271 c nOMOW:bIO peJIHTHBHCTCKOH KaCKa,IJ;HOH M0,1l;eJIH noKa-

3aJIH, qTo OTHOllleHtte n/p npH HH3KHX 3HeprHHX nptt6Jitt)KaeTCH K OTHO
llleHHIO n/p B H,D;pe-MHllleHH, a npH BbICOKHX 3HeprHHX - K n/p B H,n;pe

CHapH,D;e. 

3. AHAnl1Tl1qECKl1E IlPE.IJ:CTABnEHl1.fl 
.UBOllHbIX .Il:11<1><1>EPEHU11AnbHblX CEqEH11il 

113 HeCKOJibKHX Mo,neneii (CM., HanpuMep, /23 - 251, onHCbIBaIOW:HX 
d 2a / dE dO, OCTaHOBHMCH JIHlllb Ha ,nayx Hatt6onee npOCTbIX ,IJ;JIH ,IJ;OCTHJKe-
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HHH nocTaaneHHoii a pa6oTe uenn. IlepaaH Mo,n;enb onnpaeTCH Ha cpeHoMeHo
nornqecKHii no.nxo,n; K on0caH010 d 2a / dE d O 119 • 25·' c TOH JKe uenbIO, qTo 

n B HacTm1rn:eii pa6oTe; BTOpaH Mo,n;enb pacnpocTpaHeHa cpe,11;0 3Kcnep0MeH- · 
TaTopoa AJIH onttCaHHH pe3yJibTaTOB H3MepeHttii _ d 2a / dE dO 1 27 ', n TaKJKe 
MOJKeT CJiyJKHTb ,IJ;JIH pellleHHH Bonpocoa pa,n0auttOHHOH 3aW:HTbI: 

Ilepea.R. Mooe/lb o6ocHoBaHa 0 onncaHa a pa6oTax / 19 , 25 , 26, 28, 29/; 

3,1l;ecb 6y.n;eT npe,n;CTaBJieHa ee 3aBeplllaIOIJ.laH sepcttH; OHa COOTBeTCTBYeT nep
BOMy nyTH o6pa30BaHHH HYKJIOHOB, H3JIOJKeHHOMy B pa3,n;ene 2 . .Il:BOHHbie 
,n;ncpcpepeHUHaJibHbie nonepeqHbie ceqeHUH o6pa30BaHUH HYKJIOHOB 

d
2

a I dE dO B H.n;po-H,n;epHOM coy,napeHHH onttllleM qeThipbMH KOMnoHeH~ 
TaMH 

d 2a 

dEdO 
d 

2
a d 

2
a d 2a d 2a 

(-) +(----) +(---) +(-) 
dE d O H dE d O 1 dE dO k dE d O 11 

(2) 

Ilepsoe cnaraeMoe onttcb1saeT .n:mpcpepeHUHaJibHoe pacnpe,neneHne HYKJIO
HOB no HX 3Heprnn E H yrny BhmeTa 0 B COOTBeTCTBHH C anropHTMOM, ll3-
JIOJKeHHbIM B pa3,n;ene 2.1, 

02 
v ~ exp(---) 

2 
2 H rn 201

2 
(E-E) _ IE-EI 

(~)=--------{exp[- c l +bexp(- c )1.(3) 
dEdO H 2,. - 1 2r2 €1 

2 rr01 tr v' 2rr + -£ ] 1 
1 2 1 

3,necb a in - ceqeHtte Heynpyroro H,npo-H,nepHoro B3attMo.n;eiicTBHH, Ko
Topoe B aHaJIHTHqecKOH cpopMe MOJKHO 3aHMCTBOBaTb B O.IJ:HOH H3 pa-
6oT /

26
• 

3
0/ c yqeTOM 3aBHCHMOCTH nonepeqHoro ceqeHHH OT 3Heprnn H.IJ;pa

CHapH.n;a Ee a .nnana3oHe OT 1 M3B/HyKnoH .no 2 r3B/HyKJioH; vH - cpe,n

Hee qncno HYKJIOHOB-Ha6n10.n;aTeneii Ha O.D:HH aKT Heynpyroro H.npo-H,n;epHoro 
B3aHMo,neiicTaHH; 01 - napaMeTp yrnoaoro pacnpe,neneHHH: 

~ e :::_ --
1 y2Pc 

~ -✓r--2 -----,,2-' 
v2 E c+ 2Ecm 0c 

(4) 

r,n;e ~ = 54 M3B/c - aeJilflIHHa nonepeqHoro HMnynbca HYKJI0Ha-Ha6n10.na-
TeJIH, npH KOTOpOM 0 2 / 2 012 = 1 / 13 / , P - HMnyJibC HYKJIOHa B H,npe-

2 C 2 CHapH,n;e, COOTBeTCTBYIOW:HH E c , mo C - 3HeprHH nOKOH HYKJIOHa, T t 
.n:ncnepcHH 3HepreTnqecKoro pacnpe,n;eneHHH 

- /25 1 

r 1 = 28+0,064Ec ,M3B . ; (5) 

9 



€ 1 - napaMeTp 3KcnoHeHI.~HanhHOH qacTH 3HepreTttqecKoro pacnpe.n.ene-

HHH 

-A -3 
( 1 =l76+172(1-exp(-c)l+0,706A lx(O,l+l,1,10 E ). 

11 C C 

IlapaMeTp b onHchIBaeTcH cne.n.yrome11 cpopMyno11: 

b = 1 
Ac-8 

0,075Ec ( 1 - exp(- 48 )l 

(6) 

(7) 

Cpe.n.nee qttcno HefupoHoB-Ha6nro.n.aTene11 vH H npoT0HoB-Ha6nro.n.aTe-

ne11 v~ Ha OCHOBaHHlI pe3yJibTaTOB pa6oT 131 -'34 .1 MO)KeT 6b!Tb npe,D,CTaB

JieHO CJie,D,yIOIUIIMlI cpopMyJiaMn: 

H 
v = 0,05[ 1 + 0,3(A - 2Zc)] x (1,25 + 0,063 Zc) , 

H 

4 __ _ 

vp = 0,07(1- 0,1, ,J Ac - 2Z c) x (1,25 + 0,083Zc), 
H 

( 8) 

(9) 

r.n.e AC H z C - MaCCOBoe l!HCJIO H aTOMHbIH HOMep H,D,pa-cHapH,D,a COOT-

BeTCTBeHHO, a AM - MaCCOBOe l!HCJIO H,D,pa-MHllleHH. 

BTopoe cnaraeMoe B cpopMyJie (2) OilHChIBaeT HYKJIOHhl, o6pa3yIOIUHeCH 

B O,D,HHOl!HblX CTOJIKHOBemmx HYKJIOHOB H,D,pa-cHapH,D,a C HYKJIOHaMH H,D,pa

MHllleHH: 

2 

(~) 
dE dil 1 

2 
Nain 0 (E - Eo) 

= C--- {exp(--) exp(----] + 
0 2r 2 

T y2rr 
2 3 2 

0 IE-E I 
+ 0 ,52 exp ( - - ) exp ( - 0 ) I • 

04 (2 

(10) 

-1 -1 
3.n.ech C=l cp ,D,JIH HettTpOHOB H C=2,5 cp .D.JIH npoToHOB, N -qHc-

no 3KBHBaJieHTHbIX npOTOHOB 1191 

1/4 
N=A 

C 

0,6 
+ (Ac -1) 0,078( lnA M-1,85), 

r2 = r
1 

[ 0,28 + l,14exp(- - 8-) l, 
1,05 

10 

(11) 

(12) 

i 
J' 

·ls ·1 

t 

i 

-E 0 
f = ( 61 + 0,108E - 0,65exp(_JL)) ( 0,28 + 1,14(- --) , 
2 C 140 1,05 

03 = 0,113 pa.n., 0
4 

= 0,36 pa.n., 

02 
E 0 = Ecexp(- 2 ), 

00 
00 =0,58+~ 

E .A 
C C 

(13) 

(14) 

TpeTbe cnaraeMoe B (2) RBJIReTCR npOH3Be,D,eHHeM ,ll,BOHHOro ,D,IicpcpepeH

QllaJibHOro pacnpe.n.eneHHR KaCKa,D,HblX HYKJIOHOB B npOTOH-H,D,epHOM coy.n.a

peHHH (cM.,HanpHMep, 135/) Ha N HHa a. : 
Ill 

2 2 
(d a/dEdO)k =Na. (d v.k/dEdil) 

lil p-R 

qeTBepTOe cnaraeMoe OilIIChIBaeT ucnapIITeJibHbie HyKJIOHbI; C yqeTOM ue

JIH, nocTaBJieHHOH B HaCTOHI.UeH pa6oTe, orpaHIItJHMC.fI JIII!llb HettTpOHaMII, 

T.K. HCnapIITMbHbie npOTOHhI, UMeH cpaBHIITeJihHO HH3h.'-yl0 3Hepruro, He BHO

CHT CKOJibKO-HH6y.n.h cymeCTBeHHblH BKJia,D, B pa.n.IIaQIIOHHYIO o6cTaHOBKY. 

)lmI OilHCaHHR (d2a / dE dil) . 3a OCHOBY npHMeM MaKCBeJIJIOBCKOe pac

npe.n.eneuHe no 3HeprHH HeHTPOHa E, O,D,IIHaKOBOe B nepBOM npn6JIII)KeHHH 

)].JI.fl BCex yrJIOB () II COCTOfIIUee H3 aHII30TponHOH II H3OTpOnHOH qacTe11: 

2 

(~) 
dEd!1 H 

a v E A A 
in a- a ( c r ( 0 ) + M ) exp ( - E/T ) • 

T2 Ac+ AM 4rr.(Ac + AJ 
(15) 

IlepBoe CJiaraeMoe npe,D,CTaBJIHeT ue:iiTPOHhI, HCnapmom;IIeCH H3 ,ll,BII~IUHXCH 

cpparMeHTOB H,D,ep CHapH,D,a II MHilleHH, a BTOpoe - IlOKOHIIJ;IIXCH. B cpopMyJie 

(15) CHMBOJlbI VR-R' T' {(0) o6o3HatJaIOT CJie;a;yromHe BeJIH'lHHbI: 

V R - R - cpe.n.Hee l!HCJIO HcnapIITeJibHbIX HeHTpOHOB Ha O;a;HO H;a;po-H;a;epHoe 

Heynpyroe B3aIIMo;a;euCTBHe, KoTopoe MO)KeT 6bITh onpe;a;eneHo tiepe3 cpe.n.

Hee l!HCJIO HCnapIITMbHhIX HeHTPOHOB Ha O;a;HO npoTOH-H;a;epHoe Heynpyroe 

B3aHMO,D,eHCTBHe vp-R (CM., HanpHMep, 1361 ) IlYTeM 

v = Nv , 
R-R p-R (16) 

T - TeMneparypa HCnapeHIIH He:HTPOHOB, KOTopyro MO)KHO Ha OCHoBe ,D,aH-

HhIX137 / npe;a;CTaBIITb 3MnHpHtiecKOH cpopMyJIOH 

v AM 11s 
T=l,4{5,45(---) -llx[l-exp(-EcA /40)1, 

A A C 
C + M 

(17) 

11 



!(0) - cpyHKI.J;IUI yrnoaoro pacnpeAenemrn, onpeAeneHHaH TaK, 'ITO 

( f(0)dQ = 1, 
41T 

2 
S +1 

f(0) =------ exp(-S0), 
2ir[exp(-trS) + 1] . 

(18) 

Ac 
S=O,5--- v'E' 1:1-exp(-v'E /E')], 

A A C 
C + M 

(19) 

rAe E'.:a! 7 r3B/HyKJIOH, ecJIM EC MMeeT Ty )Ke pa3MepHOCTb. <l>opMyJihI (18) 

M (19) COCTaBJieHhI Ha OCHOBe 3KCnepHMeHTaJihHhIX AaHHhIX 138~ noJiy'leHHhIX 

npM HM3KMX 3HeprMHX, M 3KCTpanOJIHpoBaHbI Ha BhICOKMe 3HeprMM. 

BropaR MOOe/lb OnHpaeTCH Ha 3aKOHhI TepMOAMHaMMKM M OilMChIBaeT 

cneKTp d 
2 a/ dP d Q , COCTOHmMH M3 ABYX KOMilOHeHTOB 121 . 

IlepBbIH KOMilOHeHT npeACTaBJIHeT HYKJIOHhI M3 OCTaTKa HApa-cHapHAa, 

KOTOpbIH HenocpeACTBeHHO He CTaJIKMBaeTCH C HAPOM-MmueHhlO (B TepMMHO

JIOrMM nepBOH MOAeJIM 3TO HYKJIOHhI-Ha6JIIOAaTeJIH) ' M OilMChIBaeTCH pacnpe

AeJieHMeM <l>epMM: 

2 
( ~) = C 

dPdQ H H p 

2 

1 ~. Y (W-{3 Pcos0) x 
W H H 

·Y (W - f3 P cos 0) - µ 
H H 

x{exp[ -------- + 1 }-.t 
(20) 

TH 

3AeCb p - MMnyJihC HYKJIOHa, w - era IlOJIHaH 3HeprMH, e - yroJI BbIJie

Ta HYKJIOHa, f3H - CKOpOCTh OCTaTKa CHapHAa IlOCJie CTOJIKHOBeHMH OTHO

CMTeJihHO CKOpOCTM CBeTa, YH - COOTBeTCTBYIOmHH {3H cpaKTop JiopeHu;a, 

TH - TeMnepaTypa OCTaTKa HApa-cHapHAa, µ - COOTBeTCTBYIOIUMH (TeMne

parype TH) XMMM'l!eCKMH IlOTeHI.J;MaJI npM HAepHOH IlJIOTHOCTM p : 

µ. 
2 6 2 2/3 ~ 2 

m
0 

c + ( -"- ) (-n- ) . 2/3 
g 2m

0 
P (21) 

rAe g - BhipO)KAeHHhIH cpaKTop (AJIH HYKJIOHOB g = 4) , h - nocToHHHaH 

IlnaHKa; CH - napaMeTp, onpeAe.,,HeMhIH B HaCToHmeu pa6oTe l!epe3 cel!e

mie o6pa30BaHIUI HenpOB3aMMOAeHCTBOBlllMX HYKJIOHOB a, V H HOpMn-
rn H 

pOBO'l!HhIH K03q:>q:>Mu;HeHT, KOTOpbIH BhI'l!HCJilleTCH H3 ycJIOBHH HaHJiy'l!lllero 

12 

corJiaCHll paccl!HTaHHhIX C noMOIUhlO cpopMyJI (20)' (21) H AaHHhIX 3KCnepH

MeHTa O ( d 2a / d p dQ) H . B l!aCTHOCTH, oIDipaHCh Ha AaHHbie pa6oThl /
2

/ 

o ( d 2a/ d P ctn) H B MaKCHMyMe pacnpeAeJieHHll no HMnyJihCY npn () =3" 
B peaKu;nu Ne + Pb= p + x npn E = 800 M3B/HYKJIOH, a TaK)Ke npu-

HHMaH BO BHHMaHHe BeJIHllHHY p° = 10-2 HYKJIOH. rm-3 H3 pa60Thl / 2
' 

u cpopMyJiy (9) AJIH VP, noJiy'IHM AJIH npoTOHOB 

CH 

p 

H 

-7 p 
5,5 • 10 CT, V , 

In H 

M6 

3 ' ( MaB/ C) cp 

(22) 

rAe ain Bbipa)KeHO B M6. 
CpaBHeHne paCC'l!HTaHHOH corJiaCHO (20)' (21) n H3MepeHHOH BeJIH'IHH 

( d 2a Id Pd n) H B cnyl!ae peaKu;nu Ne + Ne = p + x noKa3hffiaeT xopolllee 

cornacne u npneMneMoCTh npe,ri:cTaBJieHnH CH nocpe,ri:cTBOM (22). 

BTopou KOMnoHeHT npe,ri:cTaBnHeT HYKJIOHhl H3 cpauep6ona C AOCTaTO'IHO 

BhlCOKOH TeMnepaTypou T qi H CKOpOCThlO f3 qi' KOTOpbie onHChIBaIOTCll 

pacnpeAeJieHtteM Eonhu;MaHa 

d 2a P 2 2 -3'2 (--) = c - y (W - f3 P cos 0) ( m
0 

c T ) x 
dP d Q ¢ cp W cp ¢ ¢ 

2 m 
0
c - y (W - f3 P cos 0) 

x exp ¢ cp 

Teti 

(23) 

3AeCb 3Ha'leHHll CHMBOJIOB aHaJiorH'l!Hhl (20)' KpOMe napaMeTpa ccp, KO

TOpbIH nponopu;noHaneH l!HCJIY HYKJIOHOB-yllaCTHHKOB. '2 / 
3Ha'l!eHHH napaMeTpoB {3H, 8¢, TH ,TcponpeneneHhI B pa6oTe · H3 ycno-

BHH HaHJIY'l!lllero cornacHH paCC'IHTaHHblX c noMOIUhlO cpopMyJI (20), (23) 

II 3KCnepuMeHTaJihHhIX AaHHhlX B CJiyl!ae B3aHMo,ri:eHCTBHH HeoHa C NaF 
H Pb np,H 3HeprHHX 400 H 800 M3B/uyKJIOH, B KOTOpbIX Ha6nIOAaJIHCh npo

TOHhI non yrnoM 0 OKOJIO 3°; 3Ha'l!eHHH 3THX napaMeTpOB npHBeAeHbl 

B Ta6n.2. Bh1pa)KeHne AnH Ccp B HBHOH cpopMe MO'.lKHO HaHTn, ecnu ncnonh30-

BaTh cpopMyJiy .D:Jill l!HCJia HYKJIOHOB-yl!aCTHHKOB, HanpHMep, H3 pa6oThI 
121 

/, 

a AJIH HOpMHpOBKH (23) ucnOJih30BaTh 3KCnepuMeHTaJihHhie AaHHbie 
121

: 

2/3 2 1 3 
Z A + Z A 

C M M C 
.D:JIH npOTOHOB Cqi = 24,6 ------

(A ~/3 + A ~3 )2 

MQ)KHQ npennoJIO'.lKHTh, l!TO AJIH HeHTPOHOB 

(Ac - Zc) A~
3 

+ (AM - ZM) l/ 
C cp = 24,6 -----------

(AU3 +Al/3 )2 
C M 

13 

M6 
(24) 

Cp(MaB/ c) 3/2 

M6 
(25) 

cp(MaB/c) 312 



Ta6mu~a 2. 3ttaqemrn rra paMeTpoB /3 H , /3 qi, TH , T qi 

TH /3 H Tqi /3qi 

Ne+ Pb= p + x 4,7± 0,2 0,694± 0,001 17 ±2 0,483 ±0,003 
Ee= 400 M3B/tty1m. 
Ne+ NaF = p + x 4,4± 0,1 0,699± 0,001 15 ±1 0,521 ±0,030 
Ee= 400 M3B/ttyim. 
Ne+ Pb= p + x 7,7±0,2 0,820± 0,001 89 ±15 0,482 ±0,034 
Ee= 800 M3B/ttyKJI. 
Ne+ NaF = p + x 7,5 ±0,2 0,820 ± 0,001 55 ±17 0,624 ±0,009 
Ee= 800 M3B/ttyKJI. 

I1crroJih30Bamrn BTOpOtt MOAeJin: 6e3 AOilOJIHHTeJihHhIX rrpeAITOJIOJKeHn:tt, 
KaK 3TO CAeJiattO, Harrpn:Mep, AJIH (25) IlOKa orpattn:qHBaeTCH Ha6opoM AM, 
A H E , yKa3aHHbIX B Ta6nm~e 2; KpoMe Toro, Hn:qero HeJih3H CKa3aTb 

C C 
0 Hl13K03HepreTn:qecKOll qaCTl1 crreKTpa B paMKax 3TOH MOAeJI11. 

4.CPABHEHI1EPE3YflbTATOBPACqETOB 
I1 3KCIIEPI1MEHTOB 

Ha pn:c.4 cpaBHl1BaIOTCH 113MepeHHbltt 11 paccq11TaHHbie crreKTpbI HettTpo
HOB ITOA yrJIOM 0 = 0 K HarrpaBJieHl1IO AB11JKeHHH HAep-cHapHAOB C 3Hepr11efi: 
800 M3B/ttyKJioH B peaKu1111 Au + Au = n + x. PacqeT BhIITOJIHHJICH c rroMOI.UhIO 
rrepBOll (pacqeT l) H BTOpOtt (pacqeT 2) MOAeJiett, OITHCaHHbIX B pa3AeJie 3. 
Ilp11 pacqeTe no BTOpofi: MOAemi: IlOTpe60BaJIHCh AOilOJIHHTeJihHbie rrpeAITOJIO
)KeHlrn B qacT11 /3H, /3 qi, TH 11 T qi· B cnyqaHX, KorAa HApa-cttapHAhI TOJK
AeCTBeHHhI HApaM-MHllleHHM (AM= Ac) , MOJKHO rrpeAilOJIO)KHTh, qTo rra
paMeTpbI, H3MepeHHbie rrpn: OAHHX 3HaqeHl1HX AM= Ac, paBHbI rrapaMeTpaM 
/3H, /3 qi 11 TH AJIH ApyrHX 3Haqettn:fi: A' qi= A~. B qacTHOM CJiyqae rronara

Jil1 crrpaBeAJIHBbIMl1 CJieAyrom11e paBeHCTBa: 

/3H(Au+Au=n+x) = J3H(Ne+Ne=p+x), 

f3 lAu + Au = n + x) {3qi(Ne +Ne= p + x) , (26) 

TH (Au + Au = n + x) TH(Ne+Ne=p+x). 
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Pn:c.4. CneKTP HeiiTpoHoB B peaKUn:n: Au+ Au = n+x, Ee= 800 M3B/HYKJIOH, 

0 = 0: ----:JKcnepn:MeHT; --- -pac11eT 1; - •- ·- -paC'leT 2. 

TeMnepazypy q>aiiep6ona T ¢1 nonarann: rrporropUHOHaJibHOtt qn:cny HYK· 

JI0H0B-ylUlCTHHKOB Y 

B 
Tcp=T0 Y, 
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r.ne To H O - napaMeTpbI, onpe.neneHHbie C noMOJ.UblO 3I<CnepHMeHTaJib

HbIX )];aHHblX Ta6JI.2, OI<a3aJIHCb paBHbl To= 20 M3B, 0 = 0,438. 
Pe3yJihTaThI, npe.n;cTaBJieHHbie Ha pttc.4, noI<a3hIBaIOT' '-ITO o6e Mo,neJIH 

y,noBJieTBOpHTeJibHO OilHCbIBaIOT '-IaCTb cneI<Tpa, oXBaThIBaeMyIO IlHI<OM; Bbl

COI<03HepreTH'-IeCI<YIO '-IaCTb cneI<Tpa 2-H Mo.neJib OilHChIBaeT Hey.noBJieTBO

pHTeJibHO H B 3TOH CBH3H Tpe6yeT .nopa6oTI<H. 
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eo 
l'Hc.5. Yrnoaoe pacnpeAenemrn npoToHoB c HMnynLCOM PB peaKQHH Ar+ KCl, 

Ec=800 M3B/H: --- -3KcnepHMeHT; --- -pac•rnT 1; -·-·- - pac

tieT 2. 
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YrJIOBbie pacnpeneneHHfl npoTOHOB C HMnyJibCaMH 1463 M3B/C 

H 2000 l\hB/c B pea1<11nn Ar + KCl npn 3Heprttn CHapHna 800 M3B/HyI<JioH 
npencTaBJieHbl Ha pnc.5. 3necb o6e MoneJIH pac'-IeTa neMOHCTpHpyIOT ynoBJieT
BOPHTeJibHOe cornacne C 3I<CnepHMeHTOM B OTHOilleHHH 3aBHCHMOCTH 

2 
d a/ dE an OT yrna 0. 

B 3aI<JIIO'-IeHHe cnenyeT OTMeTHTb, '-ITO q:ieHOMeHOJIOrH'-IeCI<aH Monenb 
npoBepeHa Ha 60JiblllOM 3I<CnepnMeHTaJibHOM MaTepnane B pa6o
TaX ,' 19 , 25 , 26 , 28 • 29 , H Il03BOJIHeT paCC'-IHThIBaTb nBoHHbie nnq:iq:iepeHIIHaJib

Hbie ce'-IeHHH c 11eJibIO HX ncnoJib30BaHHH nnH nporHo3a panttaIIHOHHOH o6cTa
HOBI<H B nnana3oHe 3HeprHH CHapHnoB OT necHTI<a M::rn/HYI<JIOH no necHTI<a 

r3B/HYI<JIOH C MaCCOBblMH 1mcJiaMH Hnep-CHapHnoB H Hnep-MHilleHeii OT re
JIHH no ypaHa. 

J,IcnoJib30BaHHe BTopoii MoneJIH no1<a orpaHH'-IHBaeTCH TeM Ha6opoM 

3Heprnii CHapHnoB H MaCCOBblX '-IHCeJI AM H Ac, I<OTOpbie yI<a3aHbl B Ta6JI.2 
H, B JIY'-IllleM CJIY'-Iae, c no6aBJieHHeM A n A , npHBeneHHblX Ha pnc.4 H 5. 

. M C 

ABTop 6naronapeH JI.r .Eec1<pOBHoii 3a none3Hhie 3aMe'-IaHHH npn non
roToBI<e py1<onncn 3TOH pa6oThI. 
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