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BBe)-leHHe 

HCCJie)-lOBaHHe peaKUHH C JierKHMH HJlpaMH (p, d. t, He, Li, Be) B 

o6JiaCTH CBepXHH3KHX 3HeprHH (3B+K3B) npeJlCTaB.nHeT 60JibWOH HHTepec. 

3TO o6ycJIOBJieHO TeM, qTo TaKoro THna peaKUHH npoTeKaDT B 3Be3)-laX H 

raJiaKTHKe, H IlO3TOMY 

6e3ycJIOBHO, IlOMOieT 

acTpO!flH3HKe/ 1 /_ 

3HaHHe 

pa3peWHTb 

xapaKTepHCTHK 

PHll npo6JieM, 

3THX npoueccoa, 

cymecTBYDillHX B 

.llpyrHM BaillllM HanpaBJieHHeM 

npoaepK~ <flYHllaMeHTaJibHHX CHMMeTpHH 

3THX HCCJieJIOBaHHH HBJIHeTCH 

B CHJibHOM B3aHMO)-leHCTBHH npH 

CBepXHH3KHX 3HeprHHX, TaKHX 

T.Jl. Hau60JibWHH HHTepec 

KaK 3apHJIOBaH CHMMeTpHH, qeTHOCTb H 

HeKOTOplilX npe)-lCTaBJIHeT 

llHHaMHqecKHX 3ara)-loK, HanpuMep, cymecTBOBaHHe CJia60CBH3aHHHX 

COCTOHHHH HJIH pe3oHaHCOB B MaJioa)-lpOHHHX CHCTeMax. 

O)-lHaKO H3MepeHHe ceqeHHH 3THX peaKUHH B npHMHX CTOJIKHOBeHHHX 

B yKa3aHHOH o6JiaCTH 3HeprHH B HaCTOHmee BpeMH H3-3a TeXHHqecKHX 

CJIOIHOCTeH npaKTHqeCKH HeocymecTBHMO. B CBH3H C 3THM npeJIJiaraeMHH 

npoeKT CTaBHT CBOeH ueJibD noJiyqeHHe HH!flOpMaUHH O xapaKTepHCTHKax 

.naHHllX 
3'4Hedµ, 

peaKUHH, 

3.
4Hetµ, 

npoTeKaDillHX 

6,7Lipµ, 

B MD-MOJieKyJIHpHHX 
6'7Lidµ, 

6
'
7
Litµ, 

KOMnJieKcax Tuna 

o6pa3YDillHXCH B 

npouecce nepexaaTa OTpHUaTeJibHHX MIDOHOB OT MD-aTOMOB H3OTOilOB 

BO.IIOPOJia K HJipaM He, Li. 

KpoMe 3Toro CJie.nyeT JI06aBHTb, qTo HCCJieJIOBaHHe H)-lepHHX 

peaKUHH, npoTeKaIDillHX B TaKHX 3apHJIOBO-HecmrneTpHqffl,IX MDOHHHX 

MOJieKyJiax, npeJlCTaBJIHeT H caMOCTOHTeJibHHH HHTepec. 3TO CBH3aHO co 

CJie.llYDillHMH o6cTOHTeJibCTBaMH: 

1) 3HaHHe xapaKTepHCTHK npouecca o6pa3oBaHHH MID-MOJieKyJIHPHHX 

KOMil.lleKCOB 
3
,4Hedµ, 3'4Hetµ, CKOpOCTeH )-leB036yIJieHHH H H)-lepHoro 

CHHTeJa B HHX IlO3BOJIHT KoppeKTHO aHaJIH3HpOBaTb JiaHHHe, noJiyqeHHHe 

B 3KCnepuMeHTax no HCCJie)-lOBaHHD MD-aTOMHHX H MD-MOJieKyJIHpHHX 

npoueccoB B CMeCHX H3OTOilOB BOJlOpOJia; 

2) m1eeTCH BO3MOIHOCTb noJiyqHTb HH!flOpMaUHD O xapaKTepHCTHKaX 

HJiepHHX peaKUHH B o6JiaCTH 3HeprHH CTOJIKHOBeHHH, 6JIH3KHX K HYJID; 

I,· lli-..CJ:,t:(Ui-iioi11 llH:TITJT 1 
11~,-IWl ltq.,t.1011ud 

6-1;5 ltt,tCTE'.H .'\ --· 
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3) .11aHHble 3KCrrepHMeHTbl llBJilllOTCll xopOlliHM TeCTOM llJlll rrpoBepKH 

·aJiropHTMa TeopeTHqecKHX BblqHCJieHHH CKopocTeH H.nepHblX peaKUHH B 

MIO-MOJieKyJIHpHblX KOMITJieKcax Jie1KHX 3JieMeHTOB; 

4) IlOllBJilleTCll 3KCrrepHMeHTaJibHall B03MOJKHOCTb orrpe.11eJieHHll 

BpeMeHH JKH3HH MIO-MOJieKyJIHpHoro KOMITJieKCa OTHOCHTeJibHO pa3JIHqHl,IX 

KaHaJIOB ero pacrra.na. 

OCOPblH HHTepec npe.11cTaBJilleT H3yqeHHe peaKUHH 

7
Bedµ -

8
Beµ + p 

~ 2a + µ. 

TaK KaK B peaKUHH Ha JieTy d +7
Be -

8
Be + p BbllleJIHeTCll 3HeprHll Ha 

HeCKOJlbKO .11ecl1TKOB K3B POJ!bllie 3HeprHH B036yxneHHOro COCTOHHHH Hllpa 
8

Be, TO MOJKHO OlKHllaTb, HCXOllH H3 IlOJIIOCHOH .nHarpaMMbl, qTo CKOpOCTb 

naHHOH peaKUHH B MIO-MOJieKyJie 
7
Bedµ 6y.11eT llOCTaToqHo POJlblliOH. 9TO 

o6ycJIOBJieHO TeM, qTo KYJIOHOBCKHH 6apbep He rrperrHTCTByeT 

pacrrpocTpaHeHHIO HeHTpOHa, H rrepe.11aqa HeHTpOHa OT .11e8TpOHa K H.npy 
7
Be rrpOHCXOllHT C BbllleJieHHeM 3HeprHH ~E = 40 K3B. EOJiblliaH CKOpOCTb 

peaKUHH CHHTe3a B MIO-MOJieKyJIHpHOM KOMITJieKce·
7
Bedµ COOTBeTCTByeT 

BilOJIHe 3aMeTHOMY BblXOllY a-qaCTHU, qTo, B CBOIO oqepellb, Il03BOJIHT C 

llOCTaToqHo xopomeii TOqHOCTblO H3MepHTb xapaKTepHCTHKH .11aHHOH 

llllepHOH peaKUHH. 

K HaCTOHmeMy BpeMeHH 3KCrrepHMeHTaJibHO llOKa3aHo, qTo nepexBaT 

MIOOHOB OT MIO-aTOMOB BOllOpona, HaXOllHmHXCll 

HllpaM He, Li o6ycJIOBJieH MOJieKyJIHpHblM 

Me30BOllOPOlla12-s/ H npOHCXOllHT B llBa 

B OCHOBHOM COCTOllHHH, K 

MexaHH3MOM' nepe3apH.11KH 

3Tana: c o6pa3oBaHHeM 

npoMeJKyToqnoro MIO-MOJieKyJIHpHoro KOMnJieKca H C IlOCJie11y10mHM 

nepeXOllOM MIOOHa OT Me30B0.110po11a K llllpaM He H Li. 

llo HaCTOHmero BpeMeHH B JIHTepaType OTCYTCTBYIOT 3KCnepHMeHTa

JlbHble naHHble O CKOpOCTllX peaKUHH HllepHoro CHHTe3a B 3apllllOBO

HeCHMMeTpHqHblX MIOOHHblX MOJieKyJiax. HMelOTCH TOJibKO llBe TeopeTHqecKHe 

pa60Tbl/
6

'
71 , IlOCBHmeHHble 3TOMY Bonpocy, pe3yJibTaTbl KOTOpblX 

OTJIHqalOTCH rrpHMepHO Ha 10 nopHllKOB. 

2 

[ 

~ Iii 

II 

llaHHblH qiaKT eme pa3 ·cBHlleTe.'lbCTByeT - 0 Heo6XOllH!•IOCTH 

npoBenemrn TaKHX 3KcrrepHMeHTaJibHblX HCCJie.noBaHIIH C ueJiblO noJiyqeHHll 

HH<lJOpMaUHH O CKOpOCTllX HllepHblX peaKIJHH CHHTe3a B MIO-MOJieKyJIHpHl,tX 

KOMITJieKcax. 
yqHTblBall TO, qTo corJiacno TeopeTHqecKHM oueHKaM/

6
/ CKOpOCTb 

ll)lepHoro CHHTe3a B M10-M0,1eKy.1HpHb1X XOMOJieKcax cymecTBeHHO MeHbllie 

CKOpOCTH ero neB036yx.neHHll 3a C4eT OJKe- H panHaUHOHHblX nepexo.110B, 

BllOJJHe oqeBHllHO, 4TO ll,"lll noJiyqeHHH KO,'IHqecTBeHHOH HH<lJOpMaUHH 0 

xapaKTepHCTHKaX H.nepHblX peaKUHH Heo6xo.nHMO npoBelleHHe naHHblX 

HCCJie.noBaHHH Ha ycKOpHTeJIHX C HHTeHCHBHblMH MIOOHHblMH nyqxaMH - Ha 

Me30HHblX qia6pHKax. 

B npoeKTe paccMOTpeHbl llBe 

HCCJiellOBaHHIO peaKUHH lll!epHoro 

MeTO.llHKH 

CHHTe3a 

nocTaHOBKH onblTOB no 

B MIO-MOJ1eKy,1HpHblX 

KOMITJieKcax, a T~KJKe npHBe.aeHbl Bepxm1e rpaHHqHble oueHKH CKOpocTeil 

3THX peaKUHH, KOTOpble MOJKHO H3BJieqb H3 aHaJIH3a 3KCnepHMeHTaJibHblX 

naHHblX. llJill peaJIH3aUHH npennaraeMoH 

Tpe6y10TCll HHTeHCHBHble MIOOHHble nyqxH, 

PSI/a/. 

nporpaMMbl HCc,1e.110BaHHH 

ananorwume 11Me10lllHMCH B 

KHHeTHKa MIO-aTOMHblX H MIO-MOJiexynHpHHX npoueccoB 

Ha pHC. 1, 2, 3 npHBelleHbl cxeMU MD-aTOMHblX H MIO-MOJieKyJillpHblX 

npoueccoB, npOHCXOllllmHx nocne OCTaHOBKH OTpHUaTeJibHblX MIOOIIOB B 

11efi.Tep11.ne JIHTHH H B cMeCHX D + 
3
He, T + 

3
He. 2 2 

OTpHUaTeJibllble MIOOHbl, nonanall B .nefi.TepHll ( TpHTH.11 l ,"IHTHll JIHPO B 

CMeCb .11ei'iTepHll HJIH TPHTHSI C renHeM. 11cnunrna10T noTepH 3HeprHH 3a 

C4eT HOHH3aUHH MOJieKyJI cpe;rn. 3aMell.llSIIJTCII H 3axBaTb1BalOTCll aTOMaMH 

JIHTHll, neiiTepHSI, TPHTHll, reJIHll, 06pa3yn JIID-aTOMbl Liµ, dµ, tµ·, Heµ. 

B pe3yJibTaTe npHMOH noca11KH MKlOHOB na aTOMbl H30TOil0B BOllOpona 

o6pa3ylOTCH dµ(tµ)-aTOMbl C Ha'-!aJibl!OH 3HeprHeH "' 1 3B, uaxOJISIIllHeell B 

B036yxneuHOM COCTOllHHH C n "' 14 ( n - r JiaBHOe KBaHTOBOe •H!C;10 i . B 

llUJlbllei:"JllieM 3a C'-leT OJKe- H pa11HaUHOHIIHX nepeX0,'10B npoHCXO,'lHT 

.11e11036yxne11He MIO-UTOMOB H30T0!10B lrn;topona H HX TepMa.1H3aUHSI. KaK !I 

npouecce 11eB036y:u1eHHH, TUI< H H3 OCIIOBHOro COCTOSIHHH dµ(tµ)-aTOMOB 

9031\!0JKeH nepexBaT MIOOHOB K ll,llpaM Li H He c o6pa30Ba11HeM 

;) 



npoMexyToqHJ1X MJO-MoneKynHpH11X KOMITAeKCOB Lidµ, Litµ, Hedµ, Hetµ. 

Pacna.11 TaKHX KOMnneKCOB MOXeT npoHCXO.lIHTb no pa3nHqHJ1M KaHanaM: 

al Ja cqeT oxe- H pa.1rnaUHOHH11x nepexo.11os HJ soJ6yx.11eHHoro 

COCTOHHHH (3du- B cnyqae CHCTeMJ1 Lidµ, Litµ H 2pu - Hedµ, Hetµ/ 9/) 

B OCHOBHOe COCTOHHHe lsu (OTTanKHBaTenbHJ1H TepM); 

6) B pe3ynhTaTe npoTeKaHHH H.1IepH11X peaKUHH B HHX. 

µ w L I i\ 
~ 

~ ~

e+v+v 

( n) e µ f3 

LI i\ LI 

JI cap 

J i\ q, T ddµ Cd 

(dµ)o 

i\ d q,C 
LI LI 

[(
6 Lidµ)*3 

i\o 

d 
(i\L I) r q,CL I 

[ (
6 Lidµ}* d 

i\o 

dctµ 
i\dd 

f l-(3 

A Lid 

r 

[(
6 Lidµ)3e]+,+ 

+181.6 k3B 

i\ LI d 
f 

[(
6 Lidµ)2e] +e 

[(
6 Lidµ)d4e]+l'+ 

+181.6 k3B 

i\ LI d 
f 

I I i\ 
l[( 6 Lidµ)d3eJte-l 0 

1-w 
~--d-

3 He+n+µ -
(3,27 M3B) 

w 
..._ __ d_3 Heµ+n 

1-w' 
d 

w' 
d 

i\ 1 

t+p+µ
(4,03 M3B) 

tµ+p 

f 3 5 -
- He+ He+µ 

(0,9 M3B) 
i\ z 

f t+ 5 Li+µ
(0,59 M3B) 

i\ 3 
f 3 -

- n+ He+µ 
(1,8 M3B) 

i\ 4 
f 7 -

- n+ Be+µ 
!a=>li\5 (3,4 M3B) 

f 2a+µ
(22,4 M3B) 

i\ 6 
f 8 -

- Be+)'+µ 
(22,3 M3B) 

i\ 7 
f a+p+t+µ

(2,6 M3B) 
i\ 8 

f 7 . -· p+ Li+µ 
(5,03 M3B) 

(la) 

(lb) 

(le) 

(ld) 

(2) 

( 3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

PHC. 1. cxeMa MJOOHHJ1X npoueccOB, npoTeKaJOlllHX B .11e8TepH.11e RHTHH 
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l 
:1 I 
! 

! 
11 

l1 

l 
,•j 

', 

;~ 

H3MepHH B11XO.ll npo.11yKTOB H.llepHOH peaKUHH no KaKoMy-nH6o KaHany 

H npHBneKaH pacqeTHJ1e 3HaqeHHH CKOpOcTefi .11eBOJ6yx.11eHHH 

MJO-MoneKynHpHoro KOMnneKca, a TaKxe COOTHOllleHHe Mex.11y 

sepOHTHOCTHMH pa3nHqHJ1X KaHanoB peaKUHH, 

rpaHHqHyJO oueHKY cyMMapHOH CKOpOCTH 

µ-KOMnneKce. 

MOXHO nonyqHTh sepXHJOJO 

µ 

i\o i\o i\ 
0 

ddµ E> * r. ~ ~ i ( d~) ~ I i\ ~ d µ q,C d ) I I 
W IWd (,q,C 
He'I'~~:) He 

i\d ipC 
He He 

i\o 

3 I He I Heµ~ i\cap • 

i\ de X i\o 

[ ( 3Hedµ) * e]+ +e -

i\ 'l 
dex 

i\ He d 
f 

3 + -11 3 ( Hedµ) +e ( Hedµ)+l'+6,85 k3B 

', 3Heµ+d ~ 3Heµ+d 

H.11epttoro CHHTe3a 

1-w 
d 3 -· He+n+µ 

(3,27 M3B) 

3Heµ+n 

t+p+µ 
(4,03 M3B) 

tµ+p 

i\l -f . a+p+µ 
(18,35 M3B) 

5 -Li+)'+µ 
(16,39 M3B) 

PHC. 2. cxeMa MJO-aTOMHJ1X H MJO-MOneKynHpH11X npoueccoB, 

npoTeKaJOlllHX B CMeCH D + 
3
He 

2 

B 

(la) 

(lb) 

(le) 

(ld) 

(10) 

(11) 

B cnyqae npose.11eHHH on11Ta co cMeChJO D + 
4
He cxeMa npoueccos 

2 

aHanorHqHa npHBe.11eHHOH 3a 0.lIHHM nHlllh HCKnJOqeHHeM: 06pa3yeTCH 

MJO-KOMilfleKC 4 Hedµ, B KOTOpOM B03MOXHO npoTeKaHHe H.11epHOH peaKUHH 

i\Hed 
f 

d + 4 He - 6 Li + l' + 1,48 M3B. 

5 

(12) 



1---w 

~ 
t t 

i\ <J,c i\ , 
i\ot tt/ 

i\ 
(tµ~f--tf--+~f--t (tµ)o 

G'.: a+2n+µ- · (13) 
l (11,33 M3B) 

wt 
aµ+2n (14) 

0 
i\l 

"- (!~., i\ t <J,C r 4 He+p+n+µ- (15) 

He He He 

3 
Heµ i\He 
~ cap 

i\o 

He He 

i\ 
0 

[( 
3 Hetµ) * e]+ +e 

i\e 
dex 

i\ He t 
f 

(
3 Hetµ)++e.... k3B 

i\ 2 
(12,1 M3B) 

r 5 Li+n+µ .... (16) 

i\ 3 
(10,13 M3B) 

r 6Li+,+µ .... (17) 

i\ 4 
(15,8 M3B) 

f .... 
· a+d+µ (18) 

i\ 5 
(14,32 M3B) 

3
Heµ+t 3

Heµ+t r · 5 He+p+µ- (19) 
(11,2 M3B) 

' 3 
PHC. 3.' CxeMa rrpouecCOB B CMeCH T2 + He 

B OilUTe co CMeCb!O T + 
4
He B03MOXHO Ha6JJJOJieHHe peaKUHH 

2 

i\ He t 

t + 
4
He ~ 7Li + a + 2,47 M3B. 

HaMH BBeJieHu CJleJiyJOmHe 0603Ha4eHHH: 
6 -1 

i\o = 0, 455x10 C - CKOpOCTb pacna11a CB060JIHoro MJOOHa; 

(20) 

\dµ, \tµ - CKOpOCTH o6pa30BaHHH ddµ- H ttµ-MoJieKy Jl. 
22 -3 npHBeJieHHUe K IlJIOTHOCTH XHJIKOro BOJIOpona (no= 4,25x10 CM J; 

wd, WHe' Wu - BepOHTH'ocTH •.npHMOH rrocanKH MIOOHOB Ha aTOMU 

nell.TepHH, reJJHH H JlHTHH COOTBeTCTBeHHO; 

i\~ 1 i\LI - CKOpOCTH 3aXBaTa MIOOHOB HJipaMH reJJHH H JIHTHH; cap cap 

<p - aTOMapHaH IlJIOTHOCTb CMeCH D2 + He HJlH T2 + He, nell.TepHJia 

JIHTHH (LiDJ OTHOCHTeJibHO IlJIOTHOCTH XHJIKOro BOJIOpona; 

6 

I" 

ti, 

r I I: 
1 r 

J; 
'i! 

/. 
'~ 

II 
:1 

,., ~ ,i ,. l 

) 

~ 
(: 
· 1 

I: 
' 

Cd, CHe, cli- aTOMapH!,re KOHUeHTpamrn 11eiiTepm1, reJJHH H JlHTHH; 

i\ ( ni, i\ (n) , i\ d , i\ t , i\ d I i\ t - CKOpOCTH rrepexaa Ta MJOOHOB OT 
He Li He He Li Li 

dµ- H tµ-aTOMOB, HaXOJIHfilHXCH B B036y•11eHHOM H OCHOBHOM COCTOHHHHX, 

K HJipaM He H Li; 

(i\d) - CKOpOCTb 
Li r 

pe30HaHCHOro o6pa3oBaHHH 

* * 
M!O-MOJleKyJIHpHoro 

KOMnJleKca (Lidµ): dµ + LiD - [(Lidµ) d4e] ; 

/3 OTHOCHTeJlbHaH BepoHTHOCTb peaKUHH dd-CHHTe3a B 

ddµ-MoJleKyne C o6pa30Bal!HeM HeiiTpOHa; 

W I W - BepOHTHOCTH npHJJHilaHHH M!OOHOB K HJipaM 
3
He H 

4
He, 

d t 

o6pa3yJOfilHMSJ 0 B pe3yJlbTaTe peaKUHii CHHTe3a B ddµ- H ttµ-MOJleKynax, 

i\
0 

, i\0 - CKOpOCTH 11eao36y•11e11HH MJO-MOJleKy.'!HpH!,!X KOMITJleKCOB 
dex dex 

THila Hedµ, Hetµ, Lidµ, Litµ 38 C4eT oze- H paJIHaUHOHHYX nepeXOJIOB; 
i\ Hed i\ llet i\ Lid i\ L I t 

f t f I f ,- f - CKOpOCTH suepHoro CHHTe3a B 

MJO-MOJleKynHpHUX KOMnJJeKcax; 

i\~ - napuHaJlbHBH CKOpOCTb 

KoMnneKce no i-My KaHany (i\r 

HJiepHoro CHHTe3a B MJO-MOJleKyJIHpHOM 

t" i\i) . 
i =1 f ' 

m 4HCJ10 B03MOKHUX KaHaJJOB npoTeKaHHH HJiepHoii peaKUHH 

CHHTe3a B MJO-KOMnJJeKce. 

nocTaHOBKa onuTa 

a) 3KcrrepHMeHTU C HCnOJlb30BaHHeM MHllieHefi H3 LiH (H H,D,T) 

BHa4aJJe pacCMOTpHM nocTaHOBKY 3KcnepHMenTa no HCCJleJIOBaHHIO 

HJiepnux peaKUHH, npoTeKa!OfilHX B MJO-MOJleKyJIHpHOM KOMITJleKce 
6
Lidµ. 

IlpHHHMaH BO BHHMaHHe TO, 'ITO peaKUHH CHHTe3a HJiep JlHTHH H 11eiiT'epHll 
/10/ 

MOXeT npoTeKaTb no pa3JJH4HUM KaHaJJaM , naMH JlJlll ee HCCJleJIOBaHHll 

rrpennaraeTCll MeTOJIHKa perHCTpaUHH JIBYX KaHanos: 

1) C o6pa30Ba11HeM a-4aCTHU ( 
6
Lidµ - 2a + µ +. 22, 4 M3B); 

2) c o6pa30Ba1rneM 7-KBBHTa (
6
Lidµ -

8
Be + µ + a + 22,3 M3B). 

cxeMa 3KcrrepHMeHT8JlbHOH yCTaHOBKl1 np11BeAeHa Ha pHC. 4. 

.llJJH BUJieJJeHHll aKTa OCTBHOBKH MJOOIIOB B o6beMe MHlliBIIH 

HCnOJlb3YJOTCH 

CUHHTHJlJlHTOp). 

CUHHTHJJJlllUHOHHUe 11eTeKTopu 

.neTeKTOp 2 H3rOTOBJiell B 

1,2 (nnacTH4eCKHH 

BHJie nonoro CT8Ka11a 

npHMoyroJlbHOro ce4eHHll, BHYTPH KOToporo pacnonaraeTCll MHlliBHb. 

7 
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PHC.4. CxeMa 3KCnepHMeHTanbHOH ycTaHOBKH 

MHilleHb 3 npe..ucTaBn.sieT co6o8 11 C3H..UBH'-1 11
, COCTO.HIUHH H3 

TBep..UOTenbHliX TpeKOBliX ..neTeKTOpOB (CR-39, CN-85)/n/ TORIUHHOH 

0,5 MM, npe..uHa3Ha'-leHHliX ..Un.H perHCTpaUHH o6pa3yIDIUHXC.H B peaK~HH 

(6) a-'-!aCTHU, c pacnonoJKeHHliMH Mex..uy HHMH cno.HMH H3 ..ue8TepH..na 

nHTH.H (LiD) TORIUHHOH ~70 MKM. Pa3Mepli TpeKOBliX ..neTeKTOpOB H HX 

KORH'-!eCTBO onpe..uen.HIDTC.H xapaKTepHCTHKaMH MIDOHHoro ny'-!Ka (npo¢HneM 

ny'-!Ka no ropH30HTanH H BepTHKanH), ; TaKJKe IlORHliM npo6eroM MIDOHOB 

c ..naHHliM HMnynbCOM B BeIUeCTBe MHilleHH (npo6er M~OHOB c HMnynbCOM 

~ 60 M3B/c B LiD c y'-!eTOM HMnynbCHOro pa36poca ny'-!Ka MIDOHOB ~pip~ 
0,1 paBeH ~ 25 MM). 

Hcxo..n.H'H3 3Toro Bli6paHH cne..uyIDIUHe pa3Mepli ..neTeKTopa: 40 x 0,5 

x 25 MM. KonH'-!eC~B6 ..ueTeKTOpOB B 11 C3H..UBH'-le'' ~OCTaBn.HeT 70. 

CHrHan OCTaHOBKH MIDOHa (12) 3anycKaeT BOpOTa ..nnHTenbHOCTbID 

5 MKC, B Te'-!eHHe KOTOpliX npOH3B0..UHTC.H perHCTpaUH.H 7-KBaHTOB C 

3HeprHeH 22,3 M3B H3 peaKUHH (7) H 3neKTpOHOB OT pacna..ua MIDOHOB. 

~ 

ii 

I 
I 
.l 

I 

PerHCTpauH.H 7-KBaHTOB ocymeCTBn.HeTC.H c IlOMOIUbID ..UBYX ..neTeKTOpOB 4 

(KpHCTannli NaJ(Tl) - 0 100 MM, h = 100 MM), a 3neKTpOHOB 

..neTeKTOpOM 2. PerHCTpaUH.H 3ReKTpOHOB OT pacna..ua MIDOHOB He06XO..UHMa 

..un.11 onpe..ueneHH.H '-IHCna OCTaHOBOK MIDOHOB B ..ne8TepH..ne nHTH.H, 3HaHHe 

KOTOporo Il03BORHT nony'-IHTb HOpMHpoBaHHOe 3Ha'-!eHHe BliXO..Ua npo..nyKTOB 

Hccne..uyeMOH peaKUHH .11..uepHoro CHHTe3a. 

Hcnonb30BaHHe npe..unoJKeHHOH KOHCTPYKUHH MHilleHH-..neTeKTOpa 

o6ecne'-!HT Ha..UeJKHYID H..UeHTH¢HKaUHID .11..uepHOH peaKUHH (6) nyTeM 

perHCTpauHH TBep..noTenbHliMH TpeKOBliMH ..neTeKTopaMH (Mex..uy KOTOpliMH 

HaXO..UHTC.H cno8 LiD) ..UBYX a-'-!aCTHU, BlineTaIDIUHX no..u yrnoM 

180° (3HeprH.H KaJK..UOH a-'-!aCTHUli paBHa 11,2 M3B). 

oueHKH rpaHH'-IHliX 3Ha'-!eHHH CKOpOCTeH .11..uepHliX peaKUHH (6) H 

(7) MOlKHO nony'-IHTb H3 aHanH3a 3KcnepHMeHTanbHliX ..naHHliX. 
5 ~ 

ITpH HHTeHCHBHOCTH na..naIDmero ny'-!Ka MIDOHOB Nµ= 2x10 c nonHoe 

'-IHCno OCTaHOBOK MIDOHOB B 70 cno.HX LiD B e..nHHHUY BpeMeHH COCTaBHT 

d 
NLID = N LID = 

µstop µ~ det 

70 -l = 2xl0
5 

- 50Q C 2,8x104 c-1
, (21) 

r ..ue dLID' ddet - TORIUHHli cno.H LiD H TpeKOBoro ..ueTeKTOpa 

COOTBeTCTBeHHO (dLID= 70 MKM, ddet= 500 MKM) . 

KOnH'-!eCTBO MID-MoneKyn.HpHliX KOMnneKCOB Lidµ, 06pa3yicJIUHXC.H B 

pe3ynbTaTe CTORKHOBeHH.H dµ~aTOMOB C MoneKynaMH LiD, paBHO 

r..ue Kd= 

..ue8TepH.H. 

NLldµ = N LID K ------ d , 
µ stop d A + A q,C (lw + A q,C 

o ddµ d d_ LI LI 

Ad q,C 
LI LI 

SxlO-Z/lz/ - aepo.HTHOCTb Ilp.HM00: noca..nKH MIDOHOB Ha 

TaK KaK Adq>C »A, A q,C (Ad= 3,8.108 c-1 
/

13
/, A = 

(22) 

aTOMli 

LI Li o ddµ d LI ddµ 
2, 7x106 c-1 

/
14

, 
15 

/), TO BlipaJKeHHe ( 22) MOJKHO npe..ncTaBHTb B BH..Ue 

9 



NLidµ 
NLld K 

µ stop d 

4 -2 -1 
2,8xl0 x5xl0 C 

3 -1 
1,4x10 C 

Buxonu 3aperHCTpHp0BaHHUX nponyKT0B peaKUHH (6) H (7) B pacqeTe Ha 

onHH o6pa3oBaBWHHCH MD-MoneKynHpHUH K0MnneKC Lidµ M0~H0 onpenenHTb 

KaK 

Y2a 

y'1 

A2a 
f 

c2a ;\Ud + Adex 
f 

C 

A'1 
f 

'1 ALld + 
f 

A dex 

(23) 

(24) 

rne A:a. A~ - CK0p0CTH HnepHoro CHHTe3a B Lidµ-MoneKyne C 

o6pa30BaHHeM nByx a-qaCTHU H -r-KBaHTa ' C00TBeTCTBeHH0; Adex 

CK0p0CTb neB036yJK.11eHHH MD-MoneKy nHpHoro K0MnneKca [ ( Lidµ) 3e] 

( A = 1012 c-1/16 / A » ALid/6
'
7 
/). C C - 3cpqieKTHBH0CTH 

dex ' dex f ' 2£X' 'l 
perHCTpaUHH nByx a-qaCTHU H -r-KBaHTa 3KcnepHMeHTanbH0H ycTaH0BK0H 

(cornacHo pacqeTaM c 2a= 0,5, c-r= 0,1). 

llpH Ha6ope CTaTHCTHKH B TeqeHHe BpeMeHH t rpaHH 11HUe oueHKH 

CK0pocTeH peaKUHH (6) H (7) Ha 907.-M ypoBHe nocT0BepH0CTH 

onpenenHDTCH KaK 

A2a < 
f -

A'1 < 
f -

A 
dex 

N c t ' Lidµ 2CI. 

A 
dex 

NL1dµC'1t 

(25) 

(26) 

10 

llpH t = 300 q· nonyqeHu cnenyDmHe oueHKH BenHqHH A!a H ;\.~: 

A2a " 103 c-1 
f 

;\.'1 " 5x103 c- 1 

f 

llpHBneKaH pacqeTHUe 3HaqeHHH napuHanbHUX BepoHTH0CTeH KaHanoB (6) 

H (7) peaKUHH CHHTe3a Hnep ne8TepHH H nHTHH, M0~H0 o~penenHTb 

rpaHHqHyD oueHKY cyMMapH0H CK0p0CTH HnepHoro CHHTe3a B 

Lidµ-MoneKyne: 

Lid 
Af 

Aza 

" f -,r;-; A Lid 
f 

A'1 

"+ 2 

(27) 

rne /31, /32 - napuHanbHUe Bep0HTH0CTH npoTeKaHHH HnepH0H peaKUHH B 

Lidµ-MoneKyne no KaHanaM (6) H (7) C00TBeTCTBeHH0. 

Hcnonb30BaHHe npenno~eHH0H MeTonHKH Il03B0nHeT TaK~e npoBonHTb 

HccnenoBaHHH cnenyDWHX HnepHUX peaKUH81101 : 

6
Lipµ - a+ 

3
He + µ + 4,02 M3B, ( 28) 

6
Lipµ -

7
Be + '1 + µ + 5,6 M3B, (29) 

6
Litµ - 2a + n + µ + 16,02 M3B, ( 30) 

7
Lidµ - a+ 

5
He + µ + 14,23 M3B, ( 31) 

7
Lidµ -

9
Be + '1 + µ + 16,7 M3B, (32) 

ll 



7 Litµ-----+ 10Be + 0 + µ + 17,25 M3B, 

7Lipµ-----+ 8 Be + 0 + µ + 17,25 M3B, 

7 Litµ-----+ 9 Be + n + µ + 10,44 M3B. 

KpoMe 

cymecTBeHHO 

3Toro, .uo6aeneHHe KaHana 

pacnrnpHT <JlYHKUHOHaJlbHhle 

perHcTpamrn 

B03MOJKHOCTH 

TIOllBHTCll B03MOJKHOCTb oueHHTb CKOpOCTH peaKUHH 

MID-MOJieKyJIHpHhIX KOMTIJleKcax C o6pa30BaHHeM HeHTpOHOB. 

( 33) 

( 34 l 

( 35) 

HeHTpOHOB 

ycTaHOBKH: 

CHHTe3a B 

6) 3KcnepHMeHThl C HCTIOJlb30BaHHeM ra30BhIX H KpHoreHHhIX MHllieHeH, 

3aTIOJIHeHHhIX CMeCHMH H +
3

'
4

He (H =H,D,T) 
2 

lIJill HCCJie.uoeaHHll 51,llepHhIX peaKUHH, npoTeKaIDUlHX B 

MID-MOJieKyJIHpHhIX KOMnJleKcax 3 .4Hedµ, 
03

'
4
Hetµ, npe.unaraeTcll 

HCTIOJlb30BaHHe MeTO.llHKH, OCHOBaHHOH Ha pe'rHcTpaUHH .-xBaHTOB C 

3HeprHllMH 1,5 -16,4 M3B, o6pa3yIDUlHXCll B peaKUHllX (11), (12), (17), 

(20)/10/. 3TO CBH3aHO, BO-nepBhIX, c HH3KHM ypoBHeM ;-(JlOHa B 

yxa3aHHOH o6nacTH 3HeprHfl H' B0-BTOphIX' C OTCYTCTBHeM 

KOHKypHpyIDlllHX rrpoueccoe, npHBO.llllIUHX K B03HHKHOBeHHID ;-H3JIY'leHHll 

.uaHHOfl 3HeprHH (B cnyqae perHCTpaUHH HeflTpOHOB KOHKYPHPYIDIUHMH 

npoueccaMH l!BJlllIDTCll o6pa3oBaHHe ddµ- H ttµ-Monexyn H nocne.uyIDIUee 

HCnycxaHHe HeflTpOHOB B pe3yJlbTaTe peaKUHH CHHTe3a H30TOTIOB 

eo.uopo.ua B HHX l . 
B Ka'leCTBe MHllieHefl MoryT 6b1Tb HCTIOJlb30BaHhl KpHoreHHhle H 

ra30Bhle MHllieHH, 3aTIOJIHlleMhle cMeCbID H30TOTIOB BO.llOpo.ua H reJIHll. 

PerHCTpHpyIDIUall annapa Typa H 3JleKTpOHHall norHKa 3KCTiepHMeHTa 

OTIHCaHhl B pa3.uene a). 

12 

{'~ 

HHJKe npHBe,lleHhl YCJIOBHSI npoBe)leHHll OIIhITOB H oueHKH OJ1m.uaeMh1X 

pe3yJlbTaToB. PaCCMOTPHM ITOCTaHoBKY OTiblTa C HCIIOJlb30BaHHeM MHllieHH, 

3aTIOJIHeHHofl JKHJlKHM JleflTepHeM C .uo6aBKOfl 
3
He, KOHUeHTpaUHll KOTOporo 

COCTaBJll!eT 4x10-
4 

(IIpH 3TOM .llaBJleHHe reJIHll B ra30BOfl (Jla3e 

COCTaBJISleT -3 aTM). MHllieHb HMeeT qiopMy UHJIHHJlpa ,llHaMeTpOM 40 MM H 

.llJIHHOfl 120 MM (JlJIHHa MHllieHH COOTBeTCTByeT cpe.uneMy rrpo6ery MIDOHOB 

C HMTIYJlbCOM " 60 M3B/c B JKH,llKOM .ueflTepHH C y'leTOM HMIIYJlbCHoro 

pa36poca MIDOHOB). Cne.uyeT OTMeTHTb, 'ITO B Taxofl IIOCTaHOBKe 

3KCIIepHMeHTa .ueTeKTOp 2 rrpe.ucTaBJllleT co6ofl IIOJ!hlfl UHJIHll.llP .llHaMeTpOM 

45 MM H JlJIHHOfl 125 MM, H3rOTOBJleHHhlfl H3 IIJlaCTH'!ecxoro 

CUHHTHJIJlllTOpa. 

lIJ!ll npHee.ueHHhIX YCJIOBHH OTihITOB co CMeCbID 
• 3 

o6pa3yIDIUHXCll MID-MOJleKynHpHhIX KOMTIJleKCOB Hedµ B 

6y.ueT paBHO 

NHedµ = 

Ad t/>C 
N He He xa 

µ A + A tf>[Jw + Ad ¢CH 
0 ddµ d He e 

4x10 4 -1 
C 

D + 
3
He 'IHCJIO 

2 

e,llHHHUY epeMeHH 

(36) 

r.ue Nµ- HHTeHCHBHOCTb 

2 17xl08 c- 1 / 13 /. A = 
MIDOHHoro IIY'!Ka (N = 2xl0 5 c- 1 ); Ad= 

6 -1/17/ µ He 
I I ddµ 0,047xl0 c ; a" 1 - OTHOCHTeJlbHall 

BepOHTHOCTb npl!MOfl noca)lKH MIDOHa Ha aTOM eo.uopo.ua B CMeCH D2 + He 

OTHOllieHHe TOpM03HhIX cnoco6nocTefl (a= 1/(l+AC ), A= 1,8/la/ -
He 

aTOMOB reJIHll H .ueflTepHS!). 

qHCJIO 7-KBaHTOB C 3HeprHefl 16,4 M3B, 3aperHCTpHpoBaHHhIX 3a 

epeMll t (c), MOJKHO onpe.uenHTb KaK 

N = 
'¥ 

A'1 
f xt 

NHedµC7 AHed+ A 
f dex 

(37) 

rJie A:- CKOpOCTb peaKUHH CHHTe3a B MOJieKyJie 
3
Hedµ C Hcnycxa11HeM 

7-KBaHTa; c'1 - 3(Jl<peKTHBHOCTb perHCTpaUHH 7-KBaHTa 3KCnepHMeHTaJlb-

}~ 



t-~ , .. 
·'· 

~-

\ 

HOH ycTaHOBKOH (£ = 0,1); 

'KOMilJieKCa 3Hedµ ( i\ ! i\ He d ) • 

i\ 
dex 

CKOpOCTb 11eao36yJK11ea11si MKJ-

~ ,· ,, dex f 
· :o. Ha OCHOBaHHII qiopMyJill ( 37) Ha 907.-M ypoBHe llOCTOBepHOCTII 

rpaHHqHaH' oueHKa CKOpOCTII peaKUIIII i\7 npH ycJIOBIIII aa6opa cTaTHCTIIKII 
f 

B TeqeHHe 300 q paBHa 

i\ 
dex 

i\' 
f N E t 

Hedi! 7 

2x10 2 c-1 (38) 

IlpHHHMaH BO BHHMaHHe JlaHHlle pa60Tll/lO/ 0 COOTHOllleHHII BeJrnqHH 

i\: H \ ( i\:/i\f "' 10-4 B o6JiaCTII 3Hepr11fl CTOJIKHOBeHHSI 11e8TpOHOB c 

SIJlpaMH reJIHSI -100 K3B), HeTpyJlHO noJiyq11Tb rpaH11qHyKJ oueHKY 

113MepsieMOH CKOpOCTH 

KOMnJieKce 3 Hedµ: 

si11epHoro CHHTe3a i\ 
f 

B MKJ-MOJieKyJIHpHOM 

i\Hed 
f 

2x106 c-1 

ECJIH JKe CKOpOCTb i\ 7 peaJibHO 60Jibllle. qeM 2x10
2 

C -I TO B 
f 

pe3yJI&TaTe aHaJIH3a 3KCnep11MeHTaJibHl1X 11aHHl1X MoryT 611Tb Ha811eu11 

3HaqeHHSI BeJIHqHH i\ T H i\ C yKa3aHHeM norpelllHOCTeH HX 113MepeHIIH. 
f f 

CJie11yeT OTMeTHTb, qTO OTHOllleH11e i\7 /i\, H3MepeHHOe B 3KcnepHMeHTBX 
f f 

Ha JieTy, B npHHUHne, MOJKeT OTJI11qaTbCSI OT OTHOllleHHSI COOTBeTCTBYKlWIIX 

BeJIHqHH B cJiyqae npoTeKaHIIH SIJlepHOH peaKUIIII B MKJ-MOJieKyJIHpHOM 

KOMnJieKce 3Hedµ. 
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6enHeB B.6. ~ AP; n15-92-323 
~ccneAOBaH~e peaK4~A HAepH~~o c~HTeaa 

. B 3apHAOBO-HeC~MMeTp~4HblX MIOOHHblX MOJ1eKynax 

npeAnaraeTcH ~ccneAoBaTb peaK4~~ c~HTeaa nerK~x RAep 
( H, He, Li , Be) .B . aapRp.oso-HeC~MMeTp~4HblX MtoOHHblX Mone
Kynax. HeHµ, LiHµ, 'BeHµ, rAe H = p, d, .t~ B npeAno~eHHOM 

'npoeKTe paccMbfpeHw MeTOA~Ka, ycrioB~R npoBeAeH~R onWTOB 
no ~ccneAoBaH~IO peaK4~A RAepHoro c~HTeaa B. MIOOHHblX Mone
Kynax 3 • 4 HeHµ, 6 • 7 LiHµ; a TaK~e np~BeAeHw rpaH~4HWe 
O4eHK~ CKOpOCTeA peaK4~A.RAepHoro C~HTeaa, KOTopwe MO~
HO nony4~Tb B peaynbTaTe npoBeAeH~R 3Kcnep~MeHTOB. nnR 
pean~aa4~~ n~eAnaraeMoA nporpaMMW ~ccneAobaH~A Tpe6y1aT
CR ~HTeHC~BHWe MIOOHHWe ny4K~. 

~Pa6oTa swnonHeHa,s fla6~paTop~~ RAepHwx npo6neM O~~~-

Coo6mem1e 06i.c;iu11emwro ~mcrnryTa 11;iep11btx 11cc.1e;iosa1rnf1. ,Uy611a ·1992 

nepeBOA aBTOpOB ' 

Belyaev. V.B. et al. . D15-92~323 
Inve~tigation 6f Nuclear Fusion Reactions 

. in .Charge-Nonsymmetric Muonic Molecules · 

· The project presents an experimental program~e on 
. the study of fusion of light nuclei (H, He, Li, Be) in 

charge-nonsymmetri'c.muonic molecules HeHµ, LiHµ,, BeHµ 
·(His p, d, t). The project desc~ibes techniques, con
.-ditions of experimehts on the study of n~clear fusion 
reactions in mt.ionic molecules 3 • 4 HeHµ, 6 • 7 LiHµ. There 
are also limiting estimations of ~uclear fu~i~n rates, 

. which can be obtai~ed in the expeiiments. For this ex-
perimental programme th~ i~tensive muon bea~s· afe 
· requaed .. ~ 

The investigation has been performed at 'the Labofa
tory of Nuilear Problems, JINR .. · 
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