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1. BBE,aEHlo1E 

~3Y4eHHe CBO~CTB RAep, 06pa3Y~HxcR B ~eaK~HRX rny60Koro 
pac~enneHHR, npeACTaBnReT HHTepec AnR npOBepKH H COBepWeHCTBO
BaHHR TeOpeik4eCKHX MOAeneH, a TaK*e AnR pRAa npaKTH4eCKHX 
npHMeHeHHH ~~3HKH B~COKHX 3HeprH~ IHanpHMep, AnR paAHOXHMH
4eCKoro pa3AeneHHR 3neMeHTOB/. B~AeneHHe TaKHX RAep, xapaKTe
PH3Y~HXCR He60nbWHM B~XOAOM, 4aCTO OCHOB~BaeTCR Ha MeTOAe 
IIMHweHb - aKTHBHpyeM~~ nornOTHTenb" c TonCTblMH IMHoro 60nbwe 
AnHHbl npo6era HccneAyeMoro RApal MHweHRMH ~ TonCTocnOHHblMH 
nornOTHTenRMH. KpOMe Toro, npHxOAHTCR orpaHH4HBaTbCR ycpeAHeH
HblM H3Y4eHHeM RAep, BblneTa~HX B WHpOKHe'yrnoBble HHTepBan~ 

4epe3 nepeAHHH H 3aAHHH TOp~bl MHweHH I no OTHoweHH~ K HappaB
neHHO nY4Ka nepBH4HWX npOTOHOB/. AnR 3Toro H3MepReTCR OTHowe
HHe paAHoaKTHBHOCTe~ AaHHoro THna RAep B nepeAHeM H 3aA HeM 
nornOTHTen1tX, NABS(0-'1T/2) , NABfi.O;Jlnr/2) H HX paAHoaKTHB
HOCTH B MHWeHH N T,AO: 

1T 

FF = N,ABS (O ~) I N TRO' FB = ~ABS(O ~2)/ N TRO 

HnH, 4TO 60nee YA06HO, He 3aBHCR~He OT Ton~HHbl MHweHH W' npo
-';'3BeAeHHR F F W H F B W I CM .• HanpHMep, pa60T~ 11, 21 I. tlpoõer , 
3HeprHR H APyrHe xapaKTepHCTHKH H3Y4aeMblX RAep B~4HcnR~TCR 

H3 H3MepeHHblX BenH4HH nYTeM HX aaanasa Ha OCHOBe npennonoxe
HHR o TOM, 4TO nepBH4H~~ npOTOH HHH~HHpyeT BHYTpHRAepHbl~ Kac
KaA, nocne KOToporo OCTaeTCR CHnbHO B036Y>MAeHHOe "nocneKac
KaAHoe 11 RAPO, TepR~U4ee cace B036y>t<AeHHe HcnapeHHeM HYKnOHOB 
H ner xax AAep. OAHaKO npRMO~ pacuer BblXOAa RAep FFW H F B W 
c nOMo~b~ KacKaAHo-HcnapHTenbHoH MOAenH B HeKoTopblX cnY4aRX 
AaeT 3H8~eHHR, B HeCKonbKO pa3 pacxoAR~HecR c onblTOM ICM., 
HanpHMep, /21 I. Kpo~e Toro, npH 06pa60TKe H3MepeHHblx BenH4HH 
Hcnonb3y~TcR COOTHoweHHR AnR CKopOCTeH H yrnoB BblneTa nocne
KaCKaAHblX '" OCTaT04HblX IlnocneHcnapHTe.nbHblX"1 RAep, Tpe6YlOUlHe 
õonee TmaT811bHOro 060CHOBaHHR. Hanpuxep , B paõore 121 Hcnonb
3y~TCA BblpameHHR AnR 3MHCCHH RAep H3 MHweHH, cnpaBeAnHBble 
nHWb npH YCll0D~H, ~TO CKOpOCTb V, npH06peTeHH8R RAPOM B npo
uecce HcnapeMHA, npODOCxOAHT CKOpOCTb Vc , nonY~8HHYO HM D 
KaCK8AHO~ CT8AHH npouecce (TJ· v" / V < 1). OAH8t<O ymo npOCTWo 
o~eHKH, Y4HT~08~HQ H30Tpon~' ~~ A D03~YmAOH· 
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H~X AAep, nOKa3~Ba~T, 4TO B nOAaBnA~~eM 4HCne CnY4~eB COOTHO
WeHlI1e CKOpOCTeH TI > 1 • 

Uenb~ HaWe~ pa60T~ RBnReTCR OUeHKa IhYTeM MOHTe-KapnOBCKO
ro MOAenHpOBaHII1R peaKUHH rny60Koro paC~enneHHA Ha OCHOBe 60
nee T04HO~ KaCKaAHO-lI1cnapHTenbHOH MOAenHI 3aKOHHOCTH npH6nH
~eHH~X COOTHoweHHH, Hcnonb3yeM~x npH 06pa60TKe 3KcnepHMeHTOB 
C TonCTblMH MHWeHHMlI1, H CpaBHeHHe pe ayns r aroa paC4eTOB C On~TOM. 

2. 3KCnEPl-1MEHTAJlbHbIE AAHHblE 

06cY~AaeM~e HH~e pe3ynbTaT~ H3MepeHHH OTHOCATCA K MeTannH
4eCKII1M MII1WeHRM, 06nY4aBwHMCR npOTOHaMII1 C 3HeprHeH T ; 150 7 
7660 M3B, KorAa AOCTaT04HO xopowo BblnonHA~TCR ycnoBHA npHMe
HII1MOCTII1 KaCKaAHO-II1CnapIl1TenbHO~ MOAenH . .aaHH~e AnA 3HeprHH T = 
= 660 M3B nonY4eHbl HaMH Ha 4>a30TpoHe Ol-1ftl-1. ,QnA aroro aocexs 
naKeTOB no nRTb nOnIl13THneHOB~X nneHOK Ton~HHoH 60 Mr/cM~ pa3
AeneHHblX cexsn TaHTanOBblMH ~onbraMH Ton~HHoH 51 ,9 Mr/cM 2 , 06
nY4anll1Cb nY4KOM npOTOHOB nepneHAHKynRpHo HX nOBepXHOCTH. Cnyc
TR 24'N 4ac IN = 1, 2, 3, 401 paAHoaKTHBHOCTb TaHTanOBblX H 
nonH3THneHOBblX nneaox l-1CCneAOBanaCb C nOMO~b~ GeLi"'AeTeKTopa. 
l-13 conOCTaBneHl-1R paAII10aKTl-1BHOCTH TaHTana l-1 nonH3THneHa Bbl4HC
neH~ 3Ha4eHl-1A FFW l-1 F B W, I1Pl-1BeAeHH~e B r aõn . 1. 

Ta6nH~a 

Bb~OA OCTaTOqHb~ HAep npH oõnyqeHHH TaHTanOBoA MHmeHH 
npOTOHaMH c 3HeprHeA T=660 M3B. B cKo6Kax y~a3aHbJ CTa
THCTHqeCKHe norpemHOCTH H3MepeHHA 

5IAPO FFW (Mr/cM2) FBW (Mr/cM2) 

onblT TeopHR OnbJT TeopHR 

173 Hf 0,076(6) 0,075 0,0082(16) 0,0076 
171Lu 0,092(4) 0,10 O,'{)11
 
170 Hf
 0,11(4) 0,12 0,0083(4) 0,012
 
169 Lu
 0,11(1) 0,14 0,020(2) 0,014

169Yb 0,11(1) 0,14 0,014

167 

Tm 0,13(3) 0,17 0,017
 
166 Yb / Tm 0,17(3) 0,19 0,043(29) 0,019
165 

Tm 0,18(2) 0,21 0,012(1)" 0,021
 
160 Er/Ho 0,24(5) 0,30
 
167 Dy
 0,31(4) 0,37 0,020(1) 0,038
168Tb 0,35(1) 0,49 0,050,
161 Tb 0;49(27) 0,56 0,057 
149 Gd 0,45(1) 0,62 0,063
147 Gd 0,47(8) 0,70 0',071

tU,-:.:" .....:11 I~ I 
~n"':Jt:' ~;i í'{r'.1,";\Jll.1lma 

t:'.l/,It"'- ris I. --:.,-." .. 
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.naHHble AJlR 3Heprl1~ T.s 600 M3B B3RTbl 113 pa60T /2-10 ~ Cnenyer 

3aMeTI1Tb, 4TO BblXO,lJ,bl RAep, nOJlY4eHHble B OAHO~ cepua 113MepeHI1~, 

Ka>t<Abl~ pas XOPOWO annpOKCI1MI1PYIOTCRBblpa>t<eHl1eM 

FW	 = a /j.A,
b 111 

rAe /j.A - pa3HOCTb MaCCOBblX 411CeJl RApa-MI1WeHI1 11 113Y4aeMOro 

HYKJlI1Aa. 3TO BI1AHO 113 pl1c. 1 IAJlR HarJlR,lJ,HOCTI1 TaM I1CnOJlb30BaH 

ABOHHOH JlOrapl1$MI14eCKI1~ MacwTa61 11 113 Ta6Jl. 2, rAe np~B~,lJ,eHa 

KOMnl1llR~I1R 3Ha4eHI1H a 11 b AJlR Bcex 113BeCTHblX HaM 3KCnep11MeH

TaJlbHblX AaHHblX. XOTR 411CJlO 3KCnepl1MeHTaJlbHblX T04eK B pa6oTax, 

~ PHC. J. BbIXOA HYKnHAOB B ne
~ 

o 600 ,HeV / peAHIDID H 3ap;HIDID rrorrycrpe psrCl o. 300 MeV A..t'fl9e 0,5. B 3aBHCHMOCTH OT pa3HOCTHc 150 HeV 3. fi"- o.}t0A~ 
.~ MaCCOB'blX tIHCen HYKnHAa H 

...... 
HApa-MHllieHH. 3KCnepHMeHTanb

HbIe TOtIKH H3 paõo-rsr /2/ , 
FF'W0,2 

~ 

npasrsre - annpOKCHMaIJ;H'H - /1 / . /&:
Y .J'/0,1 

o o 

o o o KaK npaBI1JlO, HeBeJlI1KO 11 pa3
0,05 

F 'W o o o /~11 A 6poc BeJl114 I1Hbl K03$$l1l...\l1eHTOBB ~p IAA V 
a, b AOBOJlbHO 3Ha4l1TeneH, 

MO>t<HO C4I1TaTb, 4TO B CJlY4ae0,02 ;;;;<:J
 FFW K03$$l1l...\l1eHT b:::: O, 7-71 ,4 
0,01 11 n04TI1 He 3aBI1CI1T OT Be~e

CTBa MI1WeHI1; K03$$l1l...\l1eHT a 

YMeHbwaeTCR npl1 nepeXO,lJ,e:/
0,005 
345 7 ~ ~ ~ K 60llee TR>t<enblM MI1WeHRM COOT

<lA-_	 BeTCTBeHHO YMeHbweH1110 AJlI1HbI 

npo6era HYKJ1I1AOB. 4TO Kaca

eTCR BblXOAa HYKJlI1AOB FBW , TO OH paCTeT c YBeJll14eHI1eM 3Heprl111 

npOTOHOB. 

TaÕnHIJ;a 2 
3HatIeHHH: K03<p<pHIJ;HeHTOB B armpOKCHMaIJ;HH /1/ AnH onbITOB 

c MefannHtIeCKHMH MHllieHHMH 

FW MHmeHb 

Z A 
M T(f3B) 

a 
( / 2)Mr CM 

b nHT

pa 

2 3 4 5 6 7 8 

FFW 21-29 45-65 2-22 0,15-0,6 65 0,78 2 
~ 22-29 48-65 14-40 29 7,4 1,40 3 

39-47 89-109 5-26 0,6 29 0,92 4 

4
 

;.. 

TaÕnHIJ;a 2 /npop;o~eHHe/ 

2 3 4 5 6 7 8 

FFW 47 108 2-27 0,48 - 0,9 5 
47 108 2-35 0,40 - 0,7 5 
47,5 108,1 3-15 0,20 , 15 1 ,15 6 
47,5 108,1 3-15 o.so 13 1 ,15 6 
73 181 9-42 0,58 11 1,02 7 ' 
73 181 9-34 19 6,5 0,98 7 
83 209 3-11 0,45 5,6 1,22 8-10 
73 181 8-34 0,66 4, 1 1,35 HagT. 

pa • 

- 
FBW 21.,..29 45-65 2-10 0,15 3 0,86 2 

21-29 45-65 13-22 0,15 - 3,3 2 
21-29 45-65 2-22 0,30 7 0,75 2 
21-29 45-65 2-22 0,60 14 0,64 2 
22-29 48-65 14-L.O 29 2,7 1,35 3 
47 108 2-27 0,48 - 0,6 5 
47 108 2-35 0,4 - 0,8 5 
73 181 9-34 19 2,2 0,97 7 
73 181 9-36 0,58 1,5 0,'9 7 
73 181 8-24 0,66 1',3 0,95 Ha~T. 

pa o 

83 209 3-11 0,45 5,4 0,9 8,9 

3.	 TEOPET~4ECK~A AHAnH3 CBOACTB nocnEKACKAAH~X 

~ OCTAT04H~X ~AEP 

MOAeJll1pOBaHl1e BHYTpl1RAepHoro KaCKaAa MbI 8b1nOJlHI1J1I1 MeTOAOM 

MOHTe-KapJlo B npeAn0J10>KeHI1I1, 4TO pacnpeAeJleHl1e ~e~eCTBa B RA

pe c AI1~Y3HOH rpaHI1~eH Onl1CblBaeTCR BYAc-caKcoHoBCKOH ~YHK~H

e~ c napaMe~paMH, onpeAeJ1eHHblMH 113 onblTOB c pacceRHHeM 3J1eKT

pOHOB. BMeCTO 06b14HQ npHMeHReMoro IB ~eJlRX ynpo~eHHR pac4eToBI 
pa36HeHHR RApa Ha KOH~eHTpH4eCKHe 30HbI nOCTORHHOH nJ10THOCTH 

MbI OCHOBblBaJlI1Cb Ha õonee T04HOM "HenpepblBHOM npH6llH>t<eHHH" '. 

COOTBeTcTBy~eM npeAellbHOMY CllY4a~ 60JlbWOrO 411Clla 04eHb TOH

KHX 30H/ 11- 13/ . Y411TblBallOCb pO>KAeHl1e rr-Me30HOB H I1X B3aHMO

AeHCTBHR c BHYTpl1RAepHblMI1 HYKJlOHaMI1, 4TO AaeT 3aMeTHblH BKJ1aA 

B 06JlaCTb T> 500 M3B. _, 

PaC4eT HcnapeHHR B036Y>KAeHHOro RApa, oCTa~~erOCR nOClle BbI

lleTa JlaBHHbI KaCKaAHblX 4aCTI1~, BblnOllHRJlCR TaK>t<e MeTOAoM MOHTe

KapJlo c Y4eTOM BbIJ1eTa npOTOHOB, He~TpOHOB H llerKHX RAep 2He , 
~; 3He, 4He /]10APo6HOCTH pacue'ra 3TOH CTaAHH CM. B /13//. 
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PHC. 2. CpeAHHH HMnynbc nocne
KaCKaAHb~ /x/ H OCTaTOtIHb~ 

/0/ HAep, 06pa3YID~XCH npH 
06nytIeHHH MHrneHeH H3 30nOTa H 
Tep6HH npOTOHaMH C 3HeprHeH 
660 M3B. 
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CpaBHeH~e c On~TOM pa3n~4H~X paC4eTH~X Ben~4~H nOKa3anO, 
4TO B oõnacr« 3Hepr~ti T·$ 1 r3B MOAenb XopOWO onacuaaer axcne
p~MeHTanbHble AaHHble; paCXO>K,QeH~e, KaK npaaano , He BblXOA~T sa 
npeAen~ 3Kcnep~MeHTanbH~X ·norpewHocTeti/ll.1V. 3TO AaeT YBepeH
HOCTb, 4TO MOAenb np~MeH~Ma'~ AnR paC4eTa 06cY~AaeMwx H~~e xa
paKTep~CT~K nocneKaCKaAH~X ~ OCTaT04HWX RAep. 

.j':. l1 

~ ~ ~~ 

-ILL 
1 2 

" 

3 4 5 7 lO 
6A

! 

20 
t! l 

40 1 2 3 5 7 lO 

6A

20 40 

PHC. 3. OTHOCHTenbHaH pa3HOCTb 
aõcorno-rnsrx 3HatIeHHH HMnynbcoB 
nocneKaCKaAHoro H OCTaTOtIHOrO 
HAep, 06paSOBaBmHXCH npH Bsall

,MOAeHCTBHH npOTOHOB C 3HeprH
eH 660 M3B C HApaMH Tep6HH, 
TaHTana H sonOTa. 403020 

6A
10 

-40
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Ta 

.197 

Au 

• 20 ' o . .'., ••••••• , • .0' .0 • 
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Ha p~c. 2 Ha np~Mepe RAep Tep6~R ~ 30nOTa np~ T=660 M3B 
AeMOHcTp~PyeTcR KoppenR~~R cpeAH~X ~MnynbcoB nocneKaCKaAHoro 
~ OCTaT04HblX RAep, <P c> ~ <PRE?, B pa3n~4HblX ~HTepBanax !!lA 
/3Aecb 11 Be3Ae H~~e!!l A = A-ARE'S paaaocr s MaCCOBblX 4~cen ~CXO,Q

Horo RApa M~weH~ ~ OCTaT04Horo RApa, 06pa30BaBwerOCR nocne 
oKOH4aH~R npo~ecca ~cnapeH~R; T  3Hepr~R 60M6aPA~Py~ero 

npOTOHa/. KaK B~AHO, ~MrtynbCbl.'<Pc> ~'<PRES>paCTYT npa ysena
4eH~~ 4~cna nOTepRHHblX HYKnOHOB !!,. A, HO ~x aõcorncruue 3Ha4e
H~R OCTalOTCR BeCbMa 6n~3K~M~ no Ben~4~He. nOcneAHee XopOWO 
B~AHO TaK~e ~3 p~c. 3, rAe np~BeAeHa OTHoC~TenbHaR pa3HOCTb 
3T~X ~MnynbcoB AnR HeCKonbK~X RAep-Mlo1weHeti. B 06naCT~ !!lA-.:s:20 
pa3n~4lo1e Io1MnynbcoB He npeBocxOA~T 10%, ~ n~Wb np~ 6onbw~x !!lA 
AOCTl-1raeT npl-16nl-13l-1.TenbHO 20%*. npl-1BeAeHHbte AaHHble noxa suaaor 

* \CneAyeT 3aMeTHTb, tITO HMnynbc nocneKacKaAHoro 
r'ne Ac - MaCCOBoe tIHCnO a-r-or-o anpa , 3aMeHa A c ua 
naor-na nerrae'rca npa 06pa60TKe 3KCnepHMeHTanbHhIX 
B tIaCTHOCTH;/21/ - AOBonbHO rpy60e npH6n~eHHe. 

HApa Pc=AcV c, 
A, KaK 3TO 
AaHHhIX / CM. , 

"I 

6 

;,. 

TaK~e He4YBCTB~TenbHOCTb 3Ha4eH~ti <Pc> ~ ,<PRES> npl-1 $~KC~pO
BaHHoti pa3HocT~ !!lA K T~ny RApa-M~weH~. 

KoppenR~~1O ~MnynbcoB, ycpeAHeHHwx no aceM !!lA, np~6n~~eHHo 

MO~HO annpOKCl-1M~pOBaTb n~HetiHoti $YHK~~eti: 

= 1,17 <Pc> - 34 M38/c. /2/<P RES> 

3aMeTHble oTKnoHeH~R Ha6nlOAalOTcR n~Wb np~ 60nbw~x ~Mnynbcax, 

COOTBeTCTBYIO~l-1X 6onbwoti nOTepe HYKnOHOB /CM. p~c. 4/. 

1,6 PHC. 4. KoppenH~HH cpeAHHX HM
a /

L 181 Ta nynbcoB nocneKaCKaAHoro H OC
a I 

> OI TaTOtIHOrO HAep npH paSnHtIHOMt! AA
1,' ~ I 

o 1 - 19 tIHcne nOTepHHHh~ HyKnOHOB.~ /
1,2 .. 20 -30 /

~ B3aHMOAeHCTBHe npOTOHOB C TaHv a > 30 r 
/ TarrOBOH MHIIIeHblO npH T=660 M3B.a .. /

1,0 lo IlpHMaH - .<P RES > = .<P c>,A. 
1./°'1 nYHKTHp - ~YHK~HH /2/.

0,8 ~ o 

/ 
Dn~30cTb CpeAH~X 3Ha4eH~ti

0,6 /
 
,A-
 Pc COOTBeTcTByeT OTHOP RES ~ 

1)0 
C~TenbHO He60nbwoti A06aB04Hoti 
CKOpOCT~ V, np~06peTeHHoti RA

0,4 /) 
h 

pOM B npo~ecce ~CnapeH~R*. 
KaK 6wno nOKa3aHO BbtWe, 3TO 

0,2 

'í' 
0,0 V{ I , , I ! " 

npOT~BOpe4~T ~CnOnb30BaHHOMY 
0,2 0,4 0,6 0,8 lp 1,2 

B pa60Te / 21 npeAnOnO~eHl-11O
<Pr; >, GeV' c·i 

TI = V Cl V .< 1. \{pOMe Toro, AnR 
HeKOTOpbtX peaK~~ti /HaMp~Mep, 

npa 06nY4eH~~ CKaHA~eBoti M~WeHv./ B 3TO~ caõore nonyueuu noa«
Tl-14eCK~ OAl-1HaKOBbte 3Ha4eH~R V ~ YMeHbwalO~~eCR 3Ha4eHl-1R TI AnR 
T = 150, 300 l-1 600 M3B, 4TO np~BOA~T K CTpaHHOMY BbtBOAY 06 
YMeHbweH~~ CKOpOCTl-1 nocneKaCKaAHoro RApa c pOCTOM 3Heprl-1~ 

60M6apA~Py~ero npOTOHa. 
B Haw~x paõorex 113, 14( y~e oTMe4anOCb, 4TO cpenuae ~Mnynb-

Cbt nocneKaCKaAHoro ~ OCTaT04Horo RAep B 3aal-1CI-1MOCTl-1 OT 4~cna 

nOTepRHHblX HYKIlOHOB XopOWO annpOKC~M~P~IOTCR CTeneHHot:1 4JYHK~l-1eti 

*Ecna PRES/P c - AclAREs-' 1 H yr-nsr sune r a HAep 0RES~'O c ,TO 

P. . AP· A 112 
V IV - V I= V {( RES c_i) + 2 RES c [1- cos( O -O ) J} . 

RES c c Pc' ARES Pc' ARES RES c 

3HatIHTeJIbHO MeHbme.vc • 
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<P> = a . /).AbP .'
P • /3/ 

3TO ~OACKag~BaeT, 4TO CpeAHHe KHHeTH4eCKHe 3HeprH~ TaKHX R~ep 
AOJl>KHbl OnHCblBaTbCR COOTHOWeHHeM 

b
<E> = (a/A) . /).A , /4/ 

r~e A - HX MaCCOB~e 4HCJla. 

Pacveru nOKaSbIBaIOT, 4TO K03<!l<!lHl\HeHTbl B COOTHouieHHRX /3/, 
/4/ npaKTH4eCKH He saBHCRT OT THna R~pa-MHWeHH H 04eHb cna60 
4YBCTBHTeJlbHbl K 3HeprHH nepBH4HblX npOTOHOB. ,llnR OCTaT04HblX H 
nOCJleKaCKaAH~X R~ep B COOTHoweHHH /4/ 

. a R E S == a c == 6, 5 M3B; b R E S :::: 1,4; b c::: 1 ,3 

/sHa4eHHR <E> B M3B/. 

AnR nOCJle~YIO~ero Ba>KHO TaK>Ke oTMeTHTb, 4TO XOTR B CHc~eMe 
l\eHTpa Macc nOCJleKaCKa~Horo RApa HcnapHTeJlbH~e 4aCTHl\~, a 
CJleAOBaTeJlbHO, HMnYJlbC OTAa4H HcnapRIO~erOCR H~pa, pacnpeAeJlR
IOTCR no yrJlaM HSOTponHO, B Jla60paTopHO~ CHCTeMe KOOPAHHaT 
60JlbWHHCTBO OCTaTo4HblX R~ep aune reer B nepe~HIOIO nonycóepy () < 

. <"/2. HanpHMep, B CJlY4ae BsaHMoAe~cTBHR npOTOHOB c 3HeprHe~ 
660 M3B c TaHTaJlOM pacnpeAeJleHHe OCTaT04H~X R~ep MO>KHO annpOK
CHMHpOBaTb <!lYHKl\He~ 

dNRES«()/dcos() = No' exp(a . cos s j , /5/ 

rne a ::: 1,73, a onpe~eJlReMbI~ YCJlOBHeM HOpMHPOBKH JN d n
 
K03<!l<!lHl\HeHT
 

No = a ! 2"( e a _ e-a) . 
/6/ 

npH 3TOM B saAH1010 nOJlyc<!lepy /CM. pHC. 5/ BblJleTaeT Bcero JlHWb 
OKOJlO 10% nocrtexacxanuux H npH6JlHSHTeJlbHO B norrropa paaa 60Jlb
we OCTaT04HblX snep /KCTaTH, 3TO' TO>Ke CJleACTBHe Mano~ BeJlH4HHbl 
CKOPOCTH V : TI = vc/V> 1/ . 

. B 06Jl~CTH yrnoa () '<'"/2, KYAa sune'rae r 60JlbWHHCTBO OCTaT04
HblX RAep, yrJlOBaR saBHCHMOCTb K03<!l$Hl\HeHToB B /3/ BeCbMa CJla

PHC. 5. YrnOBMe pacrrpeAeneHHH 
rrocneKaCKaAHb~ H OCTaTOqHb~ 

anep 1COOTBeTCTBeHHO cnnomaue 
H rrYHKTHpHbIe rHCTorpaMMbl/. HH

;;:. 

50 

159Tb 

meHH - Tep6HH, TaHTan, 30nOTO; 
al 3HeprHH rrpOTOHOB - 660 M3B. 
~ 25 

~ ~ z 

Or=-: I
 

-1,o-O,6-Q2 Q2 Q6 \O
 
cose
 

Ta6nHua 3 
YrnOBaH 3aBHCHMOCTb K03$$HUHeHToB B COOTHomeHHH 131 
IYKa3aHw CTaTHCTHqeCKHe omH6KH pacqeTal 

co s () 1 -:- cos()2 Ô,A a p b p 

-1 1-:-40 102+5 0,68+0,02 
0,6 1-:-40 110+5 0,68+0,02 

1 0,6 1-:-20 110+8 0,68+0,03 
0)2-:--0,2 1-:-37 100+10 0,60+0,07 
0,2-:--0,2 1-:-20 115+14 0,52+0,06 

-0,6-:--1 1-:-24 80 0-;5 

4: 8bIXO,Q OCTAT04HblX fI,QEP H3 TOnCTblX MHUJEHEA 

COOTHoweHHe /4/ n03BOJlReT paCC4HTaTb cpeAHHe 3HeprHH o6pa
SY~HXCR BHYTPH MHweHH OCTaT04HblX RAep, 4TO B CBOIO 04epeAb 
AaeT BOSMO>KHOCTb Ol\eHHTb AJlHHY HX npo6eroB R B Be~eCTBe MHwe
HH, a OTClQAa - HaBeAeHHYIO paAHoaKTHBHOCTb FW B nOrJlOTHTeJle. 
,llnR 3Toro Bbl4HCJlReTCR BeJlH4HHa napaMeTpa 

2/ 3 2/ 3 li 2 - 1 
(=32.52' A· E(ZRES' Z(ZRES+ Z ) . (ARES+A», /7/ 

J
rAe ZRES H Z - aapanoeue 4HCJla paccaarpaaaeaoro OCTaT04Horo 
RApa H RApa-MHweHH, E/K38/ - KHHeTH4eCKaR 3HeprHR OCTaT04Horo 
RApa. ECJlH ( ~ 0,2, TO npOeKl\H~ cpeAHero npo6era OCTaT04Horo 
RApa Ha HanpaBJleHHe ero nepBOHa4aJlbHOrO ABH>KeHHR R MO>KHO 
onpeAeJlHTb H3 Ta6JlHl\/15/ • ,QnR Bbl4HCJleHHR R npH MeHbWHX 3Ha4e

6aR /CM. Ta6Jl. 3/. OHa 60Jlee saMeTHa AJlR RAep, BblJleTalO~HX HHRX ( BOCnOJlbsyeMcR TeopHe~ nHHAeHxepAa H AP./16-~1 
B o6paTHYlO nOJlyc<!lepy. AHaJlOrH4HO BeAYT ce6R K03$$Hl\HeHTbI B 2/3 2/3 
pnnpOKCHMal\HH /4/~ R = t . P(ZRES+ Z ) (A RES+ A) /166,5· ARES f' /7a/ 
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/8/ 
t li (1 + O, 33AI ARES) 

2/31, 53 . €. , €. .< O,O8 
/9/ 

p = { 3, O6 . €., O, O8 < €. .< 0,2. 

OTHOC~TenbHaR	 paA~oaKT~BHoCTb nornOT~TenR onp~AenReTcR ti/1'
4~cnOM RAep, BblI1eTeBW~x, cooTBeTcTBeHHo, c nepeAHero ~n~ 3aA- 1 

He~o TOP40B M~weH~: t 
dNRES(x,e)W . COSerAX d N REsCe) 

/10/N = f dx . N (x) d( - cose)
p	 d cosé 

o cosOM1N 

3AeCb 

/11/N/X) = Rp ' exp( - xlRp) .. 

_ BepORTHOCTb Heynpyroro B3a~MOAe~CTB~R npOTOHa 8 T04~e x 
iR - ero cpeAH~~ npo6er B aeurec'r ae M~weH~/, dNRES(O) IdcosO 

p
BepORTHOCTb 06pa30BaH~R B npOTOH-RAepHO~ peaK4~~ oCTaT04Horo 
RApa, B~neTa~uterO nOA yrnoM O, 

/12/
dNRES(X, e)/doose = exp( - SI R) 

_ BepORTHOCTb	 RAPY co cpeAH~M npo6eroM R B~neTeTb ~3 M~weH~ 

uepea nepeAH~~ (S = (W - x)/coSO) ~n~ 3aAHJ4~ (S = x/cosé ) ropuu , 
B o6meM cnY4ae~HTerp~poBaH~e B /10/ MomeT 6~Tb B~nonHeHO
 

4~cneHHO. Ecn~, OAHaKO, Y4eCTb, 4TO npo6er npOTOHa 3Ha4~Tenb


HO õonsuie Tonm~HbI M~weH~, ~cnonb30BaTb AnR dN RES(xe )/d cose
 
annpOKC~Ma4~~ B B~Ae /5/ H np~6n~meHHO C4~TaTb, 4TO B M~weH~
 

nornouaor ca .ace RApa c npoõer-axa R(E) 4S, TO ~3 BblpameH~R /10/
 
cneAyeT
 

W 1
 
FFW == FF(a) W:= ?1TN f dx J exp(a cose)dcose =
 o 

W- R (W-x)/R	 /13/ 
= R [ 1 - e a( 1 - a) ] / a (& - e-a 

); 

/14/ .JF B W == F B(a) w::: F F(-a) W. 

B 4aCTHOM cnY4ae o6nY4eH~R TaHTanoBo~ M~weH~ npoToHaM~ 
,I
\ 

C 3Hepr~e~ 660 M3B 

F FW == O, 54 R , FBW:= O. O55 R, /15/ 

TO ecr s F IF F= O, 1 /3TO o ruoureuae 3aB~C~T n~Wb OT napaMeTpa a / • 
B 
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KaK B~AH9 ~3 r aõn . 1, nonyueuaere TaK~M o6pa30M Ben~4J-1Hbl 6n~3

KJ-1 3KCnepJ-1MeHTanbH~M 3Ha4eH~RM, OAHaKO~HeCKonbKO 3aB~weH~,
 

occõe-n-o B oõna CTJ-1 11 A > 2 O•
 
nOCKonbKY yrnoBaR 3aBJ-1C~MOCTb BblXOAa RAep, Aa~ut~X OCHOBHO~ 

BKnaA B FFW , AOBonbHO cna6aR J-1 MeAneHHO J-13MeHReTCR np~ Bapb~

pOBaH~J-1 3Hepr~J-1 npOTOHOB, ~cnonb30BaHHoe 3Ha4eH~e napaMeTpa 
MomHO npJ-1r-leHR"fb ~ npa APyr~x 3Ha4eHJ-1RX T B6n~3J-1 660 M3B. 

AnR onpeneneuas BenJ-14J-1Hbi ZRES MomHO eocnonsaoearsca 3aB~


Ck1MOCTb~ CpeAHJ-1X 3Ha4eH~~ .<11 Z> =d(I1A) /3Aecb I1Z =Z-ZRES/'
 
nonY4eHHY~ np~ T = 660 M3B:
 

O , 111 A, 11 A ·5 is 
< t>ZRES > ::: { /16/
 

O • 411 A - 5, 11 A > 15
 

/CM. pJ-1C. 6/. KaK J-1 60nbWJ-1HCTBO APyrJ-1X I'CpeAHJ-1X KoppenR4~~II,
 

OHa cna60 3aB~CJ-1T OT A ~ T.
 

PHC. 6. KoppenH~HH cpeAHero
<AZ> 181Ta ~Hcna rrpOTOHOB H rronHoro ~HC

15 na HYKnOHOB, TepHeMbIX HAPOM 
TaHTana rrpH HeyrrpyroM B3aHMO
~eHCTBHH c rrpOTOHaMH Ha 3Hep
rHIO 660 M3B • ....

10 

.... PaCC4J-1TaHHble 3Ha4eH~R F.F W 
AnR J-1HTepBana 3Hepr~~ T = 4007 .. 7600 M3B CpaBHJ-1Ba~TCR C onu.... TOM Ha pJ-1C. 7~: 3Kcnep~MeH.. 
TanbHble T04K~	 6n~3KJ-1 K r eope.... TJ-14eC KJ-1M Kp~BbIM.... 

CneAyeT 3aMeT~Tb, 4TO, CO
fIIIJ ..... 

rnaCYRCb C 3KCnepJ-1MeHTOM, Ha
........e••
 

10 20 30 40 ~ WJ-1 AaHH~e np~6n~3J-1TenbHO 

6'"	 BABoe MeHbwe paC4eTH~X 3Ha4e
HJ-1~ AnR T = 400 M3B, np~Be-
AeHHblX B paõore 121 • 

3Kcnep~MeHTanbH~e ~ TeOpeTJ-14eCKJ-1e AaHH~e MomHO on~caTb 

CTeneHHO~ 3aB~C~MOCTb~ /1/. 

* .,
3Toro nern.aa cnenars AJIH F BW , TaK KaK BbIXOP; snep B 3ap;HIOIO
 

rronyc~epy BeCbMa qYBCTBHTeJleH K 3HeprHH rrpOTOHOB, H AJIH pac

qeTOB Tpe6yeTcH 60Jlee ~eTaJlbHOe yrnoBoe pacnpe~eneHHe
 

dN RES(e)1 d cos e.	 . 
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PHC. 7. CpaBHeHHepac~eTHbIx H 
axcnepaaenransusrx 3HatIeHHH F F W. 

1.0 
KpHB~e - paCtIeT, 3Kcrrep~eHTanb
HbIe TOtIKH: O - MHmeHh Ta, T = 

~ 0.5 = 660 M3B / aanra namrsre /, ~ - MH
~ urens Ta, T = 580 M3B17/ , x - MH

meus Sc-Cu T = 600 M3B /21 , ,	 /41'0.2 MHilleHb Y-Ag, T = 600 M3B· , ~ -
MHilleHb Bi, T = 450 M3B 18-10 I • 

0.1 

K03<l><l>\I'l~\I'leHTbl HeCKOllb KO \I'l3Me
0.05 H~IDTC~ OT pa60T~ K pa60Te, HO 

BeCbMa clla60 3aB\I'lC~T OT 3Hepr\l'l\l'l .	 * T \I'l	 T\I'lna ~Apa-M\I'lWeH\I'l . PaC4eT 
0.02 np\l'l T = 660 M3B All~ TaHTallOBOH 

M\I'lWeH\I'l AaeT a = 4,1·10-3Mr/cM 2 
, 

0.01'1 " • , ' I I " I I I I ! 

2 5 10 20 40 b = 1 ,4. 
AA 3aBl1CJ.1MOCTb 3KCnep\l'lMeHTallb HblX 

, 3Ha4eHJ.1~ FBW OT ~A TaK>Ke Mb>KHO 
On\l'lCaTb CTeneHHOH <l>YHK~\I'le~ c K03<l><l>\I'l~J.1eHTOM b, clla60 3aB\I'lC~~\I'lM 
OT 3Hepr\l'l\l'l npOTOHOB J.1 T\I'lna M\I'lWeHJ.1. B TO >Ke BpeM~ K03<l><l>\I'l~\I'leHT 

a AOBonbHO 6~CTPO B03paCTaeT np\i'l ysell\l'l4eH\I'l\l'l 3Hepr\l'l\l'l /CM.p\l'lc.l/. 

5.	 3AKIl104EHHE 

H3 np\i'lBeAeHH~X B~we AaHH~X clleAyeT, 4TO B 06llaCTJ.1 3Hepr\l'lH
 
nop~AKa HeCKOllbK\i'lX COTeH M3B KaCKaAHO-\i'lCnap\l'lTellbHa~ MOAellb
 
~AepH~X peaK~\i'lH XopOWO corllacyeTc~ c J.13MepeH\I'l~M\I'l B~xoAa T~)I(e


ll~X npOAYKTOB peaK~\I'l~ pac~enlleH\I'l~ \I'l3 TOllCT~X M\I'lWeHe~. nOACKa

3aHH~e e~ npOCT~e 3aS\I'lC\i'lMOCT\I'l no3BOll~~T paCC4\1'lT~BaTb 3TOT B~


xOA B W\i'lpOKOM A\i'lana30He 3Hepr\i'l~ T \I'l pa3HocTe~ MaCCOB~X 4\i'lCell
 
M**.
 

U\i'lT\i'lpOBaHH~e B~we paõoru /2. 4, 7/ OCHOBaH~ Ha AonYlI4eH\I'l\l'l H.Wy
repMaHa \I'l AP/l0/ o TOM, 4TO OTHOWeH\I'le cxopocreã V/V cnpaaen

*HHTepecHo oTMeTHTb, tITO CTeneHHaH 3aBHCHMOCTb /1/ coxpaHH
eTCH H npH 3HeprHHx T»1 r3B. CM., HarrpHMep, 3KCrrepHMeHTaJIb
HbIe ~aHHble/3.71 npa T = 19 H T = 29 r3B. 
**Cne~yeT HMeTb B BH~Y, tITO K03cWJHIJ;HeHTbI lbopMyn~ /15/ OTHOCHT
CH K IJ;HnHH~pHtIeCKOH MHmeHH. nnH ~pyroA reOMeTpHH /HanpHMep, 
AflH mapoo6pa3HWX tIaCTHIJ; cycrreH3HH, Hc~onb3yeMbIX HHor~a B p~HO

~HMHtIeCKHX pa6oTax/ OHH 6Y~YT HHbMH. 
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llJ.1BO All~ paCCMaTp\l'lBaBWeroc~ 3T\I'lM\I'l aBTOpaM\I'l CllY4a~ AelleHJ.1~, HO 
He BepHO A1l~ peaK~\I'l~ eucoxoaneor-era-recxor-o pacuienneaaa , To >Ke 
caMoe OTHOC\I'lTC~ K npeAnOllO>KeH\I'lID o TOM, 4TO np06er OCTaT04Horo 
HYKllJ.1Aa nponopuaoaaneu ero ,Ha4allbHO~ CKOpOCTJ.1. BClleACTBJ.1e 
3Toro 3Ha4eH\I'l~ 3Hepr\l'lJ.1 B036Y>KAeH\I'l~ J.1 APyr\l'lx <l>\I'l3J.14eCKJ.1X Bell\l'l
4J.1H, nony-reuaue B pa60Tax/ 2• 4.7/, Tpe6YIOT YT04HeH\I'l~. 

B Hawe~ pa60Te/ 19 / BblXOA npOAYKTOB peaKlI\I'l~ pacuienneuaa \I'lC
ClleAOBanc~ nYTeM 06llY4eHJ.1~ npOTOHaMJ.1 OK\i1CllOB Tep6J.1~, TaHTalla 
\I'l HeCKOnbK\I'lX APyrJ.1X Me~allllOB, cycneH3J.1pOBaHHblX B n\l'lBallO\l'lll
TpJ.1<l>Topa~eTOHe, J.1rpaBWeM pOllb nOrllOT\I'lTen~ \I'l OAHOBpeMeHHO KOM
nlleKco06pa30BaTell~ All~ 06pa30BaBWJ.1XC~ ~Aep. npJ.1 3TOM All~ KOH
CTaHTbl b B/ l 21 õuno nOllY4eHO 3Ha4eH\I'le, arpoe MeHbwee, 4eM B 
HaCTo~~e~ pa60Te. PaCXO>KAeHJ.1e, nO-BJ.1AJ.1MOMY, 06YCllOBlleHO BTO
pJ.14H~MJ.1 X\I'lM\I'l4eCKJ.1MJ.1 peaK~\I'l~MJ.1 ~Apa OTAa4\1'l c nOBepXHOCTblO OK\I'lC
nos B nOlle J.13llY4eH\I'l~. 

ABTOP~ J.1CKpeHHe 6llarOAapHbl B.~.K04K\I'lHY \I'l H.~.W\l'lP\l'lKOBO~ 3a 
aunoru-euae paC4eTOB Ha 38M. 
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PYKon~cb nocTyn~na B ~3AaTenbcK~H oTAen 
12 HOR6pR 1987 rOAa. 

XeppMaHH 3. H AP. 
3MHCCHH TH~enwX HYKnHAoB B peaK~HHx 

rny50Koro pac~enneHHH 

H3YQaeTCH 3MHCCHH rrpoAYKTOB peaK~HH 

Pl-87-809 

pac~errneHHH c Mac
COBb~H QHCnaMH A=1477173 H3 TaHTanoBoH MHmeHH, o5nyqeHHoH 
rrpoToHaMH c 3HeprHeM 660 M3B. Pe3ynbTaTw H3MepeH~H H 3KC-: 
rrepHMeHTaJIbHbIe naanue gJUI MeHbmHX 3HeprHH H pa3nHQHbIX MH
meHeA cpaBHHBalOTCH C xacxanao-arcnapar ensnoã MOAenblO arrep-: 
HbIX pealm;HA. PaCQeTbI cor-rracviorca C onsrroer , H3 aHaJIH3a Te
OpeTHQeCICHX H 3KcnapHMeHTaJIbHbIX AaHHbIX norryaeasr coo'rnome-' 
HHH, nOSBOJIRI~He onerranars BbIXOA HeHTpoHoAe<pH~HTHbIX HYK
nHAOB M9 TOJICTbIX MHmeHeA. 

Pae50Ta BbmOJ1HeHa B JIa50paTopHH flAepHbIX rrpo õrreer OHHH. 

Ilpenpmrr 06'benHHetlHOrO IDICTmyra lI.nepHblX accnenoaaaaã. lly6Ha 1987 

ITepeBog O.C.BHHorpaAoBoH 

Herrmann E. et aI. 
Emission of Heavy Nuclides 
of Doop Spallation 

Pl-87-809 
in Reactions 

Emission of products of spallation reactions· with mass 
numbors Aa147 7]73 from a tantalum target irradiated by 
660 MoV protons has been investigated. Measurement re
sulta and experimental data for small energies and vario
us targcts are compared to cascade-evaporation model of 
nuclear reactions. Calculations are in ~greement with 
experimento The relations allowing to estimate the yield 
of noutron-deficient nuclides from thick targets have 
been obtained. 

Tha ,investigation has been performed at the Laborato
ry of Nuclear Problems, JINR. , 

Proprint of the Joint Institute for Nuclear Research. Dubna 1987 
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