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1. BBE,[\EHHE 

npo4eCCbl C 6onbWOA nepeAa4eA HMnynbca BTOPH4HblM npOAYKTaM 
rny60KOHeynpyrHX penRTHBHCTCKHX aAPOH-RAePHblX B3aHMOAeACTBHA 
scerAa Bb13blBanH 3Ha4HTenbHblA HHTepec. 8 nocneAHHe rOAbl B CBR-
3H C HHTeHCHBHblM 3KCnepHMeHTanbHblM HccneAOBaHHeM RAePHblX peaK-
4HA npH BblCOKHX 3HeprHRX noRBHflCR PRA HOBblX TeopeTH4eCKHX 
npeACTasneHHA o MexaHH3Me peaK4HA c 6onbwoA nefeAa4eA HMnynb
ca 111. TaK, o6pa3oBaHHe KYMYflRTHBHblX 4aCTH4 12 ·3 CBR3btBaeTCR 
C npORBneHHeM KBapKOBOA ¢a3bl RAepHoro Be~eCTBa. 8 3TOM cny4ae 
AaHHble peaK4HH MornH 6bl cny~HTb xopOWHM cnoco6oM H3y4eHHR MHo
roKsapKOBblX KOH¢Hrypa4HA B aTOMHblX RApax. AnbTepHaTHBHble ¢H-
3H4eCKHe npeACTasneHHR, npHBneKaeMble AflR HHTepnpeTa4HH pe-
3YflbTaTOB 3KCnepHMeHTOB no o6pa30BaHH~ 4aCTH4 B o6nacTH, 3an
pe~eHHOA KHHeMaTHKOA CTOflKHOBeHHR CB060AHblX HYKflOHOB, CBR-
3b1Ba~TCR c noBeAeHHeM BOflHOBOA ¢YHK4HH RApa-MHWeHH npH HM
nynbcax HYKflOHOB 6onbwe 0,2 r3B/c 141. ,[\pyrHe nOAXOAbl nocTynH
PY~T BO3MO~HOCTb o6pa3oBaHHR TR~enblX BHYTPHRAepHblX ¢aAep6o
nos / n / . CTpeMneHHe CO3AaTb HenpOTHBOpe4HBY~ KapTHHY yKa3aHHblX 
RBneHHA Tpe6yeT nony4eHHR Ka4eCTBeHHO HOBO~ HH¢OpMa4HH, AeTa
flH3a4HH y~e cy~eCTBY~~HX AaHHblX. 

B 3TOA pa6oTe npeACTasneHbl 3KcnepHMeHTanbHble AaHHble no o6-
pa3oBaHH~ H3OTOnOB He H Li C 6onbWHMH nonepe4HblMH HMnynbcaMH 
(p~ ) , BO3HHKa~~HX npH B3aHMOAeACTBHH npoTOHOB C 3HeprHeA 
6,6 r3B c RAPaMH Be, C, Cu, 112 ·124 Sn H Au. HHKn~3HBHoe ce4e
HHe ¢parMeHTa4HH MeAH cpaBHHBaeTCR C pe3ynbTaTaMH aHanorH4HblX 
onblTOB npH cy~eCTBeHHO 6onbWHX 3HeprHRx 161. AHanH3HpyeTCR 3a
BHCHMOCTb H3MepeHHblX ce4eHHA OT MaCCOBblX 4HCen RApa-MHWeHH 
(A) H pernCTpHpyeMoro ¢parMeHTa (Ar). 

METO,[\HKA 3KCnEPHMEHTA 

3KcnepHMeHT BblnOnHeH Ha BHyTpeHHeM ny4Ke npOTOHOB C 3Hep
rHeA 6,6 r3B CHHxpo¢a3oTpoHa flB3 OHflH. B Ka4eCTBe MHWeHeA 
B HeM HCnOnb 3Y~TCR TOHKHe nneHKH / 1-13 MKM/ Be ' C ' Cu ' 
112 · 124 Sn H Au, pacnono~eHHble BHYTPH OAHOro H3 npRMOflHHeMHblX 
y4aCTKOB KaMepbl YCKOPHTenR. BTOPH4Hble RAPa perHCTPHPY~TCR 
TenecKonoM H3 KpeMHHeBblX ~E-E AeTeKTOpoe, HaXOAR~HMCR Ha 
paccTORHHH 1 ,5 MOT MHWeHH noA yrnoM 90° K HanpaeneHH~ ny4Ka. 
TeneCKOn co6paH H3 nRTH Si(P)-AeTeKTOPOB. Ero cyMMapHaA Ton-
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~11Ha, onpeAeneHHa.R no aepxHeA rpaH111.1e 3HepreT114ecKoro cneKTpa 
.RAep 3 He, OCTaHOBl1BW11XC.R B TenecKone, COCTaan.ReT 3 CM. 3TO 
onpeAen.ReT aepxHIOIO rpaH111.1y per11cTpa1.11111 a -4acT111.1 p =1,2 f38/c. 

'7 , .l 
noAp06Hoe on11caH11e ycTaHOBKl1 AaHo a pa6oTe 

A6conlOTHOe MOHl1TOp11poaaH11e noTOKa npoTOHOB, npoweAW11X 4e
pe3 Ml1WeHb, AOCT11raeTC.R OAHOBpeMeHHOH per11cTpa1.111eA npOAYKTOB 
<t>parMeHTal.11111 .RAep-M11weHeA 11 aKTOB ynpyroro pd -pacce.RHl1.R B AO
nonHl1TenbHOH M11weH11 113 AeATep11poaaHHoro non113T11neHa. An.A 3TOH 
1.1en11 11cnonb3YIOTC.R ABYXCnOHHble Ml1WeH11, COCTO.R~11e 113 TOHKOH 
/1-3 MKM/ nneHKl1 AeATep11poaaHHoro non113T11neHa 11 nneHKl1 11ccne
AYeMoro Be~eCTBa. Ow116Ka B 3Ha4eHl1.RX nony4eHHblX TaKl1M o6pa-
3OM te4eH11A He n~eaocxOA11T 10% An.A· ~AeP yrnepoAa, 15% a onw
Tax C MeAblO 11 aonoTOM 11 AOCT11raeT 20% np11 pa6oTe C pa3AeneH-
HblMl1 113OTonaMl1 onoaa /8 /. . 

A6conlOTHa.R HOPMl1pOBKa Ce4eHl1.R o6paaoaaHl1H 113OTonoa He B 
peaKl.11111 p/6,6 f3B/ + Be awnon~eHa no 113BeCTHOMY 3Ha4eHl1IO ce-
4eHl1fl C 66pa30BaHl1R a -4acrn1.1 B peaKl.11111 p /0 '66 f38/ + Bl

91 
• 

B Hacf6~~~M 3Kcnep11MeHTe 11cnonb3oaanacb TOnbKo OAHOcnoAHa.R 

6ep11nnl-1eBa.R Ml1~eH~~ 

3. P.E3YJlbTATbl 1-1 HX 06CYlKAEHHE 

nposeAeHHble J.13Mepet-i11.R noi3aon11n11 nony411Tb A11<1><1>epeH1.111anbHoe 
Ce4eH11e· o6pa30BclHl1.R' J.13OTonoa 3•4•6 He 11 6• 7 Li B Al1ana3OHe 
11Mnym'ci:is p =0 ,2-1:t2 f38/c np11 B3a"1MOAeH~TBl111 npoTOHOB 6 ,6f38 
c .RAPaMi-1 · C, Cu, 11 •124 Sn 11 Au, a TaK>Ke ce4eH11e o6paaoaaHl1.R 
3,4He ~fa· Be. 8 Ka4eCTBe np11Mepa paCCMOTPl1M

0 

,qaHHble 11ccne,qoaaHl1.R 
peaKl.11111 p + Cu=f+ •••• Ha p11c. 1 J,1 2 np11BeAeHa <l>YHKl.111.R 

* - ' , . 

. .1 d 3a p =--E --(p ), 
anA . f dp3 .l 

in .l 
I a pA ·-· nonHoe Heynpyroe 'ce4eH11e pA -peaK1.1111,1, Er .- nonHa.R 3Hep
rnAn<t>parMeH·Ta/. 8b16op B Ka4eCTBe apryMeHTa p.l' a He Kl1Hen,14ec
KOH 3Hepr1111 <t>parMeHTa 06ycnoan11aaeTC.R TeM, 4TO TOnbKO B-3TOM 
npeACTaaneH1111 CTPYKTypHa.R <!>YHKLIH.R npHH11MaeT Ha116onee npocToA 
3KCnoHeH1.111anbHWH 811A B 6onbWOM HHTepaane 113MeHeHl1.R p.l.Ha p11-
CYHKaX noKa3aHbl aHanorH4Hble ,qaHHbJe pa6oT 161, BbJnOnHeHHblX np11 
3Hepr1111 npOTOHOB 400 f38. Ha p11cyHKaX OTMe4eH~ TOnbKO CTa~ 
Tl1CTl14eCKl1e ow116K11. C11cTeMaTl14eCKa.R ow116Ka 113MepeH11A 161 - 20%. 

npe,qti-aaneHHWe AaH~ble ,YKa3bJBalOT _Ha, nocrn.RHCTBO CTPYKTYPHOH 
<l>YHKl.11111 B 11HTepaane K"1HeT"14eCKOH 3Hepr1111 nepal-14HblX flPOTOHOB 
E O =6 ,6 -: 400 f38 •. Tat<oe noae,qeH1,1e. CTpyKTYPHOH .<l>YH~Lll,111 COOT-
BeTCTB'y'ei i11nornae R,qepHoro CKe".'Jl"1Hra 1111 • . 

np"1Me4aTen~Ha.R oco6eH~OCTb.~p61.1ecca-_1,1cnycKaHl1.R,BWCOK03Hep
rern4eCK"1X ner1<1,1'x_ 'diparMeHTOB ,.a _penRTHB"1CTCKl1X. pA-peaKl.111.RX• -
Heo6b14..~s~E6 c'1,1nb1:i'~it 3c3811C"1MOCTb ce4eHl1~ l-1X o6pa3oBaH"1.R OT Mac-. 
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Pnc. I • CTpyKTYpHaJI cpyHK~HJI p = _E__ d 
3 

a (p .l ) peaK~HH 
allA dp3 

p + Cu= f + ••• II pH o.rnu. =90 ° p;nJI W3oTOIIOB BOp;opop;a' 
• -E0 =6, 6 f3B / ttacTOHll\aH paooTa/, o-E 0=400 f3B 161 • · 

COBWX 411Cen .RApa-M11weH"1 11 <t>parMeHTa. P11c. 3 noKaawaaeT 3TY 
aaa11C"1MO~Tb An.A 1130TOnoa 3•4•6 He, 6•7Li 11 1Be no AaHHblM Haw11x 

3Kcnep11MeHTOB 11 pa6oT 190131• 3Ha4eHl1.R ce4eHl1H ~ nony4eHbl ctn 
411cneHHWM l1HTerp11poaaH11eM Hel1HBap11aHTHWX ce4eHl1H B 11HTepaane 
3Hepr1,1A <1>parMeHTOB AEr =10 M38. np11BeAeHHWe AaHHWe OTBe4alOr 

- p .l 
np11MepHO OAHHaKOBOMY cpeAHeMy nonepe4HOMY "1MnynbCY P.l=·--,np11-

A 
XOA.R~eMyc.R Ha OA11H HyKnoH per1,1cTp~pyeMoro·<1>parMeHia. 3HaleH1,1e 
p = 140 M3B/ C npeBbJWaeT. xapaKTepHWH cpeAH"1H <t>epM1,1.:.1,1Mnynbc p . . . . . . .l 
An.A HYKnOHOB .RApa-M11weHl-1. 3Kcnep11MeHTanbHble AaHHbJe AOnycKalOT 

npocTylO annpOKC"1Ma1.11110 ~ - AN(p .l). PeaynbTaTbt TaKOH annpOKc11-

Ma1.1111,1 AeMOHCTp1,1py10TC.R Ha p11c; 4, . rAe np1,1ae,qeH'a. <f>yHKl.111.R N(p .l) 
An'.R · "13OTonoa n11Tl1.R, ren"1.R 11 BOAOPOAa·; 8 nocne'AHeM cny4ae . 
1,1cnonb3YIOTC.R AaHHble pa6oTbl 161 •.. · ' 

MOlKHO'c,qenaTb cneAYI0~"1e BWBOAW! 
1. Ha6n10AaeTc.R c11nbHa.R N..-.aaa1-1c1,1MoCTb"•ce~eH1,1A 06paaoaaH11.R 

nerKl1X .RAeP B '06nacn1 p .l > p F; N >1 'tin.A' ace·x·· paccMaTp11aaeMblX : 
<t>par~E!HTOB c Ar = 1-. 7. . 

2. XoT.R B 1.1enoM N BO3pacTaeT C yaen114eHHeM Ar, 04eBl1AeH 
Heperyn.RpHblH pOCT N no Mepe yaen114eHl1.R 6ap110HHOrO 411Cna '¢par_; 
MeHTa: N(3He)<N(3H), N(6 He)>N( 6 Li). 
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PHc,2. CTpyKTYpHaH 

p + Cu = f + ••• rrpn 

THH' 0 - E O =6' 6 

., 
' 

1,2 1.ll o,a 1,0 1.2 1.1.J 1,6 
. P.L r3B/c 

3 
qiyHKUHH p = L ~ (p ) peaKUHH 

aPA dp 3 .L 
lil 

8~a5 =90° AnH H30TOIIOB renHH H nH-

fsB: o - Eo =400 rsB 161 • 

1,8 

3. 3aBlt1Clt1MOCTb Ce4eHlt1H o6pa30BaHHR (j)parMeHTOB OT Maccoooro 

41t1C11a RApa-M1t1WeH1t1 yc11111111saeTCR no Mepe 003pacTaHHR P.1• 
4. Cyll\eCTByeT 11 TOHKaR11 CTPYKTypa A -3as1t1Clt1MOCTlt1, BbIpamaI0-

~aRCR B yMeHbWeHlt11t1 ce4eHHR o6pa30BaHlt1R nerKHX RAep/3a lt1CKill04e

Hlt1eM 1t130Tona 6He / np111 nepexo,qe OT 112 Sn K 124 Sn / 111t13oTonHblH 

3(!>(j)eKT11
/, 

Tpa,q111q1t10HHaR 111 WHPOKO 111cno11b3yeMaR B R,qepHOH qllt131t1Ke lt1HTep

npeTaq111R MexaHlt13Ma o6pa30BaHlt1R 6blCTPblX ~erKHX (j)parMeHTOB B 

penRTlt1Blt1CTCKlt1X pA -peaKQHRX CBO,(llt1TCR K YTBepm,qeHHIO O c11111naH1t11t1 

OT,qenbHblX KacKa,(IHblX HYKilOHOB, lt1Mel011\lt1X Manble OTHOC1t1TeI1bHble 

1t1Mny11bCbl, B none R,qpa-M1t1WeH1t1 1141• np111Hq1t1n111a11bHO Ba>KHblH pe3y11b

TaT 3TOH pa6oTbl - npe,qcTaB11eH111e ,q1,1(j)(j)epeHq111a11bHoro ce4eH1t1R 

o6pa30BaHlt1R ,qeHTPOHOB KaK KBa,qpaTa O,[IHOHYKilOHHOro /npoTOH-

Horo/ 1t1HKI11031t1BHoro ce4eHHR E d
3
a. Ero 060611\eH111e Ha cny4aH 

P dp3 
06pa3oaaH1t1R 6onee cnomHoro R,qpa c Ar AaeT 
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Pnc. 3. 3aBHCHMOCTh ce11eHHH peaKIJ;HH p + A= 3 •
4

•
6 He, 

6, 7 Li • 7Be+ ••• _ IIPH o~a6. =90° OT MaCCOBOro •mcna 

HApa-MHIIJeHH. p .L = p .L /Ar - HMIIynhC' IIpHXOAH~llCH 

Ha OAHH HyKnOH qiparMeHTa. Q - HaCTOH~aH pa6oTa, 

O - IIO AaHHblM pa6oT /l0-13/. 

d3 Ar E d 3 a Ar 
E _a_(p)- (-1-) [ P (-P-)] 

r dp3 p 2 dp 3 A r 

r,qe p - 1t1Mny11bc (j)parMeHTa. 

/1/ 

ABTOpb/ 41 C ycnexoM 111cnoI1b30Ba11111 3aBlt1Clt1MOCTb T1t1na / 1 / AilR 

06bRCHeH1t1R (j)opMbl 3HepreTlt14eCKlt1X cneKTPOB RAeP AeHTepHR 1,1 Tp111-

T'1R, o6pa3yl011\lt1XCR B HanpaB11eH1t11t1 Ha3aA np1,1. B3alt1MOAeHCTBlt11t1 pe-

11RTlt1B1t1CTCKlt1X npOTOHOB C R,qpaMH CBlt1Hqa. Atta111,13 Haw111x AaHHblX 

no A1t1<1><1>epeHq111a11bHblM ce4eHHRM 06paaoaatt1t1R 111a0Tonoa 3 •4 He 
COBMeCTHO C ,qaHHblMH 161 yKa3b1BaeT Ha OTCYTCTBHe (j)aKTOpa (p2 )-AF 

B ¢opMyne / 1 /. HanpOTlt1B, 3TH AaHHble. ycnewHO on1t1CbJBalOTCR 

¢eHOMeH011or1t14eCKOH MO,qenblO c11111naH1t1R 115, 16, 17 / 

d3 1 n nr 411pt Ar-1 
E _a_(p) =-~-(-) ( A ) 

r dp 3 A2 n , z ' z 3a P m f r. f . in 

Ar <ln , 121 
Ar 

rAe llr,Z f - 4J.1C110 HeHTPOHOB 111 npOTOHOB, COCTaBJ1RIOll\lt1X ¢1parMeHT, 

A f =ll f +nr n,z - 41t1C110 HeHTPOHOB t-1 npOTOHOB B R,qpe-M1t1WeH1t1, ID -
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7L1 

6L1 

6 He 

4H e • • • + + • • 

3He 
t,or= I • I • • 1 
2,0 ·' I . I =1 

♦ • 
• • 

3H 
1,0 
2,0 ❖ H zH 
t ,0 f----'---'----'------'------'-----'----l 
2,0 • • • ••• IH 

Pttc.4. 3aBHCHMOCTb rro-

Ka3aTenH CTerreHH 
d N(p ) 

N(~ - A .L )OT rrorre-
dQ 

pe•rnoro ttMrrynbca p .L , ippar
MeHTa • - HaCTOHmaH pa-
6oTa, 0 _ 
pa6oT/6I. 

rro p;aHHbIM 

Macca HYKJlOHa' Po - cso-
60AHblH napaMeTp MOAem1. 
Ha pMc. 1 M ! Henpepws
HWMM JlMHMRMM noKa3aHa 
Q)YHKl,IMR /2/ npM p Q "" 

190 M38/c AJlR scex pac
cMaTpMsaeMwx cpparMeHTOB. 
MoAeJlb YAOBJleTBOPMTeJlbHO 
onMcwsaeT Ha611roAaeMoe 
pacnpeAeJleHMe p npM AOc
TaT04HO 6011bwMx p .L. 

3Ha4eHMe Po=190M38/c 
L--'-------'----'-------'----'-----,,:-!-,,-----:: . AJlR CJly4aR pA-ssaMMOAeii-

0,4 0,6 0,8 1,0 i.2 1,4 P.L r38/c CTBHR /HaCTOR~aR pa6oTa/ 
611M3KO K 3Ha4eHMro Po=200 M:38/c, KOTOpoe HaHAeHO s 1171 AJlR cny-
4aR AA -ssaMMOAeHCTBMR. 3To MHTepeCHOe, Ha611roAeHMe yKa3blBaeT 
Ha CXOACTBO MexaHM3MOB cpparMeHTal,IMM B peaKl,IMRX pA M AA. 0AHaKo 
3TOT sonpoc Tpe6yeT AaJlbHeiiwero 3KcnepMMeHTaJlbHoro M TeopeTM-
4eCKoro MCCJleAOBaHMR. 

AsTopw 611aroAaPHW npocpeccopaM A.M.6aJ1AMHY, r.A.TieKCMHY, 
H.A.nepQ)MJlOBy 3a AMCKYCCMM, B 3Ha4MTeJlbHOH Mepe CTMMYJlMpyro~Me 
3TM MCCJleAOBaHMR. 
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