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)lOllOJIHHTEJILHLIE YCJIOBIDI HA C06CTBEHHLIE BEKTOPLI 
llPH PEIIIEHHH 06PATHOH 3A)lAqH ,I:UIR )lBYMEPHOrO 
YP ABHEHIDI IIIPE)lHHrEPA 

C.H.CepOIOKOBa, M.llaBJJ.YUl * 

no aHarJOrHH c OllHOMepHbiM CJiyqaeM [I] pa3pa6oTaH anropHTM 'IHCJieHHOfO pe­

weHHll 06paTHOH 3aLia'IH LlJlll LlB)'MepHOro ypaBHeHHll lllpellHHrepa. 3aLia'la CBOLIHTCll K 

nocTpOeHHJO CHMMeTpH'IHOH nliTHLIHafOHar!bHOH MaTpHUbl M*N no 3aLiaHHOMY cneKTpy H 

nepBbtM N KOMnoHeHTaM LlJlll KaJKLloro 6a3HCHoro co6crseHHoro seKTopa. B OTJIH'IHe OT 

OllHOMepHoro CJI}"laJI Bee N KOMnOHeHT He MOryT 6b1Tb npOH3BOJlbflbiMH. YcraHOBJieHO, 

'ITO OHH LIOnJKHbt yLioBJieTBOpliTb (N- 1)2(M- 1) LIOnOJIHHTeJibHbtM yCJioBHJIM. B 3TOH 

pa6oTe 06CYJKLlaeTCll TaKJKe B03MOJKHOCTb onpelleJieHHJI HellOCTaJOWHX KOMnOHeHT H3 pe­

weHHll CHCTeMbl LlOnOJIHHTeJibHbiX YCJIOBHH COBMeCTHO C ycJIOBHliMH OPTOHOpMar!bHOCTH. 

Pa6oTa BbinOJIHeHa B Jla6opaTopHH Bbt'IHCJIHTeJibHOH TexHHKH H aBToMaTH3aUHH 

0115111. 

Additional Conditions on Eigenvectors in Solving 
Inverse Problem for Two-Dimensional ShrOdinger Equation 

S.l.Serdyukova, M.Pavlush 

By analogy with one-dimensional case [I] an algorithm of numerical solution of the 

inverse problem for two-dimensional Shrodinger equation is worked out. The problem 

reduces to reconstruction of symmetric five-diagonal M*N matri x with given spectrum 

and given first N components for each of basic eigenvectors. But in difference with 

one-dimensional case all N components can ' t be chosen arbitrary . It is stated that they 

must satisfy (N - 1?(M - 1) additional conditions. In this work we discuss as well 

the possibility of determining lacking components by solving the system of additional 

conditions coupled with the orthonormality conditions. 

The investigation has been performed at the Laboratory of Computing Techniques 

and Automation, JINR. 

JlBH)I(CHHe BOJJH Ha peweTKaX OnHCbiBaeTC.ll B .llHCKpeTHOH KBaHTOBOH MCXaHHKe pa3HOCT­

Hb1M ypasHeHHeM Wpe.llHHrepa 

'1/Ji-l ,j - 2 'l/J i,j + 'l/Ji+l,j 

h2 
'l/Ji,j-1 - 2'l/J; ,j + 'l/Ji,J+l U .t. E 

h2 + ij'!'ij = >.'l/Ji ,j, 
X y 

*TeXHH'leCKuii ymroepcHTeT, KowHue, CnoBaKHll 
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PaccMaTpHsaeTC.II Ja,naqa B np.IIMoyromHJue 1 :::; i :::; M, 1 :::; j :::; N, c HyneBbiMH 

rpaHH"'HblMH YCJJOBH.IIMH 

1/Jo,j(>.) = 1/JM+I,j(>.) = 1/J;,o(>.) = 1/Ji ,N+l (>.) = 0. 

B cnyqae Hynesoro noTeHUHana (U;,j = 0) co6cTBeHHbte JHa"'eHH.II 11 6aJI1CHbte seKTOpbt 

onpe)leJJ.IIIOTC.II <l><>pMyJJaMH 

4. 2 1rm 4. 2 1rn 
Am,n == hi sm 2(M + 1) + h~ sm 2(N + 1)' 

. . ~ . 1rmi . 1rnj 
Vm ,n = llvm,n(z,J)II = 2y hxhvll sm M + 1 sm N + 1 11, 

1 :::; i , m :::; M, 1 :::; j, n :::; N, l = M x N. 

Ynop.IIAO"'HM co6cTBeHHbte JHa"'eHH.II B nop.IIAKe B03pacTaHI1.11 

>., :::; >.2 :::; >.3·· · :::; >.t . 

BBOAHM B pacCMOTPeHHe BeKTOpbt E~ = [e, (~), ... , et(~)] = 

= [vmn(1, 1), ... , Vmn(1, N), .. . , Vmn(M, 1), ... , Vmn(M , N)]. 

OnpeAeJJeHHbte (AJJ.11 Hynesoro noTeHul1ana 11 hx = hy = 1 ) >.~, E~ .IIBJJ.IIIOTC.II perneHI1eM 

cneKTpaJJbHOH Ja,na"'H )lJI.II CHMMeTpH"'HOH n.IITI1)ll1afOHaJJbHOH MaTpHUbl 

[ 

A, 

M~ :~ 
D, 
A2 

0 

0 
D2 

D M -l 

0 
0 

DM-l 

A,vl 

] ; 'Ae A; ~ [ ~I 
-1 
4 

0 

0 
-1 

- 1 ~I 1 
.IIBJI.IIIOTC.II CHMMeTpH"1HblMI1 Tp eX)]HafOHaJJbHblMH MaTpHUaMH. A aH 60KOBbiX .U11arOHaJJ.IIX CTO.IIT 

6noKH D; = -I , r.ue I- e.uHHI1"1Hbte MaTp11Ubt nop.s~.uKa N. 
CTaBHTC.II Ja,naqa soccTaHoBJJeHH.II noTeHuHana no Ja.uaHHOMY cneKTPY 11 Ja.uaHHbiM nep­

BbiM KOMnOHeHTaM 6aJHCHbiX BeKTOpOB. 4TO 3KBHBaJJeHTHO Ja.uaqe OOCTpOeHH.II O.IITI1)ll1aro­

HaJJbHOH MaTpHUbt M c BOJMyrneHHbiMH 6noKaMH: B 6noKax D; Ha 6oKOBbtX .u11aroHan.11x 

D;(j, j) = -1 + Vki+j, j = 1, .. . N, ki = (i - 1)N, 

a Ha rnaBHOH )lHarOHaJJH 

[ 

4 + Bki+ I 

-1 + Uki+l A;= 

0 

-1 + Uki+l 

4 + Bki+2 

- 1 + Uki+N-1 

I I 

-l+u~HN- • ] · 
4 + Bki+N 

3aMeniM, "'TO -1 + Uj = 2:: >.; ej(i)ej+l(i) , 4 + Bj = I: >.;ej(i)2. 
i= l i=l 
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B [ 1] npeWJo:lKeH a<P<fleKTHBHbJH anropHTM BbJ'IHcneHID! Tpe x,nwaroHaJJbHbJX MaTPHU H 

6aJHCHbJX BeKTopos no J3,llaHHOMY cneKTpy H nepBbJM KOMnoHeHTaM e 1 ( i). TaKoii :lKe anro­

pHTM npHro,lleH WIH nOCTPOeHID! nHTH,llHaroHaJJbHblX MaTPHU. P aJHHUa COCTOHT 8 TOM, 'ITO 

WIH BbJ'IHcneHHH nHTH,llwaroHaJJbHOH MaTpHUbJ Tpe6yJOTCH N nepBbJX KOMnoHeHT ej(i), j = 
1, ... , N, i = 1, ... , l. 3-rw KOMnoHeHTbJ HapH.llY c N(N + 1)/2 ycn oBIDIMH opTOHOpMaJJbHOCTH 

.uon:lKHbJ y.uoBlleTsopHTb ( N - 1) 2 ( M - 1) .uononHHTenbHbiM y cnoBHHM, o6ecnetJHBaJOIUHM 

OpTOfOHaJJbHOCTb Bbi'IHCJlHeMbiX npH llOCTpOeHHH MaTPHUbl CJle,llYJOIUHX KOMnOHeHT 6aJHCHbiX 

co6cTBeHHbJX BeKTopos: (e1 , ej) = 0, ... , (ej-1> ej) = 0, 
j = N + 1, ... , l . 3aMeTHM, 'ITO npw N 2: M 2: 2 cnpaBeWJHB HepaseHCTBO 

(N- l)(N + 2)/2 + (N- 1)2(M- 1) < (N - l)N M. 

TaK 'ITO KOMnOHeHTbl e 1 (j) MOryT 6bJTb npOHJBOJlbHblMH, TOJlbK O II e Ill = 1. nepsoe cna­

raeMoe B neBOH 'IaCTH nOCJle,llHero HepaBeHCTBa OJHatJaeT 'IHCJ10 y cnOBHH OpTOHOpMaJJbHOCTH 

WIH BeKTOpOB e2, ... , eN. 8 npaBOH tJaCTH CTOHT 'IHCJ10 KOMnOHe HT 3TH X BeKTOpOB. 

Hw:lKe npwse.ueHa cwcTeMa 18 .uononHHTellbHbJX ycnoswii WIH N = 4, M = 3. Hcnonb-
1 

JYJOTCH o6oJHa'!eHHH - 1 + u; = uui , 4 + B; = tei, ej(i) = e;, 2:: = 2:: . 
i=l 

CHcTeMa .uononHHTellbHbJX ycnoswii: 

L A;e1e~ = 0, 5 ..l 3; L A;eie~ = 0, 5 ..l 4; 

L A;e~e~ = 0, 6 ..l 4; L A;e1e~ = uul(tel + te2), 6 ..l 5, 

L A;eie; = uul * uu2, 7 ..l 5; L A;e~e~ = uu2(te2 + te3), 7 ..l 6; 

""2 . ""2ii L Aiel e~ = 0, 8 ..l 5; L A; e2e4 = uu2 * uu3, 8 ..l 6; 

L A;e~e~ = uu3(te3 + te4), 8 ..l 7; 

L A~e1e~ = uul * uu2(tel + te2 + te3), 9 ..l 7; 

L A~e~e~ = uul * uu2 * uu3, 9 ..l 8; 

L A~e~e~ = uu2 * uu3(te2 + te3 + te4), 10 ..l 8; 

L A;e~e~ = uu5(te5 + te6), 10 ..l 9; 

L A;e~e~ = uu5 * uu6, 11 ..l 9; 

L AJe1 e~ = uul * uu2 * uu3 * (tel+ te2 + te3 + te4), 12 ..l 9; 

L A;e6e~ = uu6(te6 + te7), 11 ..l 10; 

L A;e6e8 = uu6 * uu7, 12 ..l 10; 

L A;e~e8 = uu7(te7 + te8), 12 ..l 11. 
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Ha'Iani.Hoe JHa~JeHHe ·>.1 = 0.96775... 6Lmo soJM)'llleHo, s pac~JeTax >.1 = 0.96. CTasH­

nacL uenb nposepHTb He06XO.LlHMOCTb BbinOnHeHIDI .nononHHTenbHbiX ycnOBHH H B03MO)I(HOCTb 

Cinpe.neneHIDI He.nocTaJOIUHX KoMnoHeHT ei(i),j = 2, ... ,N, i = l, ... ,l, '1epe3 peweHHe 

CHCTeMbl .nononHHTenbHblX ycnOBHH COBMeCTHO C ycnOBH.liMH OpTOHOpMailbHOCTH. 

Pac~JeTbl nposo.nHnHCb Ha SPP c HcnonbJosaHHeM cHcTeMbJ REDUCE [2]. B Ka'leCTBe 

e 1(i) 6LmH BJ.l!TbJ nepBbJe KOMnoHeHTbJ 6aJHCHbiX seKTopos HeBOJMymeHHoii Ja.na'IH. BeKTop 

e2 HaXO.LlWrC.ll H3 .perneHIDI CHCTeMbl (e1,e2) = O,jje2ll = 1,6 .l5. nonbJTKH pelllHTb OCTaB­

WYJOC.ll cncTeMy 24 ypasHeHHH c 24 nepeMeHHbJMH s no6 c npHMeHeHHeM naKeTa NUMERIC 

He .nann peJynLTaTa: Y.nanocb pewHTb cncTeMy 21 ypasHeHIDI. OcTanHcb Hey.nosneTsopeHHbJMH 

3 ycnOBH.ll, o6ecne'IHBaJOIUHe OpTOfOHaJlbHOCTb BeKTOpOB e10, eu, el2· npe.nsapHTenbHO 

ycnOBIDI 10 .l 9 H 11 .l 9 6binH npeo6pa30BaHbl K BH.Lly: 

!I = c1c3(c4- uu22)- c2[cs(c4- uu22) + CJC6- CJuu22te3] = 0, 

l 

h = (c4- uu22)[d1 uu2- ss5]- c2[d2uu2 + uu23 - te2 L >.~e2(i)e3(i)+ 
i=1 

l l 

+ L >.te2(i)e3(i)- uu2 L >.~e3 (i) 2 ] = 0. 
i=1 i=1 

.Ila.LtHM He06XO.LlHMbJe onpe.neneHH.ll. nonmKHM 

YI(i) =(tel- .A;)e1(i ) + uul * e2(i), Y2(i) = uul * e1(i) + (te2- .A;)e2(i), 

c1 = L,:>.~y1(t )y2(i), c2 = L,:>.;y1(i)y2(i), c3 = LY1(i)2, 

c4 = L Y2(i) 2, cs = L,:>.;y1(i)2, c5 = L,:>.;y2(i)2, 

ss5 =;= L,:>.ty1(i)e3(i), 

d1 = L,: >.~y1(i)e2(i), d2 = L,:>.;y2(i)e2(i) -uu12. 

3aMeTHM, 'ITO Yl, y2, c;, d; He JaBHC.liT OT e3(i), e4(i). HanoMHHM, 4TO 

uul = L .A;e1(i)e2(i), uu2 = L .A;e2(i)e3(i). 

nocne Toro KaK e 1(i), e2 (i) onpe.neneHbJ, /I, h .l!Bn.l!JOTC.ll cpyHKUH.liMH e3 (i) . 
nocne.nosaTenbHO KoppeKTHposanHCb e3 , e4. KoppeKUH.ll e3 (i), i = 1, ... , 9, cso.nHTC.ll 

K pellleHHIO CHCTeMbl 3 nOJJ HHOMHaJlbHbiX ypaBHeHHH OTHOCHTenbHO nepeMeHHbiX Xs = 
e3(8), Xg = e3(9), u = uu2. KoMnoHeHTbJ e3(lO), e3(ll) , e3(12) ocTasneHbJ HesoJ­

MyweHHbJMH. KoMnoHeHTbJ e3 (i), i = 1, ... , 7, onpe.nen.l!JOTC.ll KaK cpyHKUHH x 8 , x 9 , u, v 113 

perneHH.ll CHCTeMbl JJHHeHHbiX ypasHeHHH 

(e3, el) = 0, (e3, e2) = 0, L .A;e2(i)e3(i) = u , L >.re2(i)e3(i) = v, 

5 J.. 3, 7 .l 5 H 9 .l 7, B KOTOpOM UU2 * (te2 + te3) JaMeHeHO Ha V. nocne no.nCTaHOBKH 

UU2 * te3 = V - UU2 * te2 B ypaBHeHHe jl = 0 nony4aeM JIHHeHHOe COOTHOllleHHe 
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OTHOCHTeJlhHO V, H3 KOTOporo HaXOJlHM V = v(u). B pe3yJlhTaTe onpe)leneHbl nepBLie 7 
KOMnOHeHT e3(i), i = 1, ... , 7, KaK cpyHKUHH Xg, Xg, U. fJOCJle)lHHe HaXO.!VITC.II H3 peweHH.II 

cHcTeMhi TPex nonHHOMHanhHhix ypasueHHH 

(e3 , e3 ) = 1, /2 = 0, v = u * (te2 + te3), 

B KOTOpbie CJienaHhi cooTBeTCTBYJOIUHe noJICTaHOBKH. l1cnonh3yeTC.II naKeT NUMERIC [2]: 

<rw :=num_solve(sys,{u=-1,x8=eg(3,8),x9=eg(3,9)},acc racy=23);>. 

3)leCb eg(3 , 8) , eg(3, 9) - COOTBeTCTBeHHO BOCbMa.ll H )leB.IITa.ll KOMnOHeHTbl TPeTbero 6a-

3HCHOro seKTopa HesoJMymeHHOH Ja)la'IH. B pe3ynhTaTe Bhi6HpaeTC.II nOJIXO.!VIIUee peweHHe. 

ITocne Toro KaK e2, e3 HaHileHhi, KoppeKUH.II e4(i), i = 1, ... , 12 npoH3BOJlHTC.II qepe3 

perneHHe OCTaBWHXC.II 12 ypaBHeHHH. AHa!lOrH'IHO npeJlhiJlYIUeMy 3a)la'!a CBOJlHTC.II K perneHHJO 

2 nOJlHHOMHaJlhHbiX ypaBHeHHH OTHOCHTeJlbHO nepeMeHHbiX yll = e 4 (11), W = UU3. 3-fo 

ypasHeHH.II (e4, e4) = 1 H E .>.re3(i)e4(i) = w * (te3 + te4), B KOTOpLie noJICTaBJleHhl 

e 4 ( i) , i = 1, ... , 10, 12, KaK cpyHKUHH y 11 , W , HaH)leHHbJe H3 perneHH.II 11 JlHHeHHhiX 

ypasHeHHH . B 'IHCno nocneJIHHX BXOJlHT cooTHorneHHe w = E .>.i e3(i)e4(i) . 
ITo JaaaHHhiM .>.i, e1(i), i = 1, ... , 12, H HaH)leHHhiM e2(i) , e3(i), e4(i) 6LmH Bhi­

'IHCneHbi MaTpHua M H HeJIOCTaJOrnHe KOMnoHeHThi "6a3HCHhix" BeKTopos. C Hcnonh-

30BaHHeM CHCTeMbi REDUCE peanHJOBaH anropHTM, aHanOrH'IHhiH anropHTMY Bhi'IHCJleHH.II 

TpeXJIHaroHaJlbHbiX MaTpHU no 3a)laHHOMy cneKTpy H 3a)laHHbiM nep BbiM KOMnOHeHTaM 6a3HC­

HbiX BeKTOpOB ( 1]. B nporpaMMe, CJleJlyJOIUeH HH:lKe, HCKOMOH n.IITH)lHaroHaJlbHOH MaTPHUeH 

.IIBJl.lleTc.ll mt(12, 12) . A 6a3HCHbie seKTopbi .IIBJl.IIJOTC.II cTon6uaMH MaTpHUhi eg(12, 12). 

for i:=1:4 do<< st:=O; su : =O; 
for j:=l:l do<< st:=st+g(j,l)*eg(i,j)~2; 
if i<4 then su:=su+g(j,l)•eg(i,j)*eg(i+l,j)>>; 
mt(i,i):=st; mt(i+l,i):=su; mt(i,i+l):=su>>; 
for i :=1:4 do<<sv:=O; st:=mt(i,i); 
for j:=l:l do<<ss:=(st-g(j,l))*eg(i,j); 
if i<4 then <<su :=mt(i,i+l); ss:=ss+su•eg(i+l,j)>>; 
if i>l then <<sf:=mt(i,i-1); ss:=ss+sf•eg(i-l,j)>>; 
sv : =sv+ss~2; eg(i+4,j):=ss>>; 
sv:=-sqrt(sv); mt(i,i+4):=sv; mt(i+4,i):=sv; 
for j:=l:l do<<eg(i+4,j):=-eg(i+4,j)/sv>>>>; 
for i:=1:4 do<< st:=O; su:=O; 
for j:=l:l do<< st:=st+g(j,l)•eg(i+4,j)~2; 
if i<4 then su:=su+g(j,l)•eg(i+4,j)•eg(i+5,j)>>; 
mt(i+4,i+4):=st; mt(i+5,i+4):=su; mt(i+4,i+5):=su>>; 
for i:=1 :4 do<<sv:=O; st :=mt(i+4,i+4); 
for j:=l : l do<<ss:=(st-g(j,l))*eg(i+4,j); 
if i<4 then <<su:=mt(i+4,i+5); ss:=ss+su•eg(i+5,j)>> ; 
if i>l then <<sf:=mt(i+4,i+3); ss:=ss+sf•eg(i+3,j)>> ; 
ss:=ss+mt(i+4,i)•eg(i,j); sv:=sv+ss~2; eg(i+S,j):=ss>>; 
sv:=-sqrt(sv); mt(i+4,i+8):=sv; mt(i+8,i+4):=sv; 
for j:=l:l do<<eg(i+8,j):=-eg(i+8,j)/sv>>>>; 
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for 1:=1:4 do<< .st:=O; su:=O; 
for j:=1:l do<< st:=st+g(j,1)•eg(i+8,j)-2; 
if i<4 then su:=su+g(j , 1)•eg(i+8,j)•eg(i+9,j)>>; 
mt(i+8,i+8):=st ; if i<4 then<<mt(i+9,i+8) :=su; 
mt(i+8,i+9):=su>>>>; 

EbiJl .Bbi'UicileH TaK:lKe (c n pHMeHemieM naKeTa ROOTS [3]) cneKTp non}"'eHHOH MaTpHUbt 

M : 

{0.9859537736356722366983456, 
2 ~ 31765'548093159302794011, 
3.38757942996627047645461, 
4.263451589715127586438277, 

·4.8532598855406128840557, 
6 . 096674382523600678084031, 

11cxo,nHbiH cneKTp: 

{0.96, 
2~ 381966011250105151795413, 

3 : 381966011250105151795413, 
: 4 . 203820426376799799402898, 

4 ;796179573623200200597102, 
6.032247551122989897006276, 

1.907376030520981883978945, 
3.146733378063040376153958, 
3 . 722642774592947458205838, 
4 . 616615226779369730324073, 
5.669428385059097038396862, 
7.003158151728631308073902} . 

1.967752448877010102993724, 
3.203820426376799799402898, 
3.796179573623200200597102, 
4.618033988749894848204587, 
5.618033988749894848204587, 
7.032247551122989897006276} . 

ITposep5~nacb opToHopManbHOCTb HaH.lleHHbtx e1 · , j = 5, ... , 12. B cKo6Kax c HOMepoM i 
CT05~T senwJHHbi ((er, ei), ... , (ei, ei), 0, ... , 0) . 

er : = mat((1,0 , 0,0,0, 0 ,0,0,0,0,0,0),(0,1,0,0,0,0,0,0,0,0,0,0), 
(1.14858 ... e-27,- ! . 454028 . .. e-26,1.0 ,0,0,0,0,0,0,0,0,0), 

2.80001 ... e-25,- 2.86981 ... e-25,6.62121 ... e-24,0.0040849 ... ,1,0), 

(3.56691 . .. e-26, 9.10282 . .. e-26, -5.17745 . .. e-26, - 5 . 09288 ... e-27, 
7.93404 ... e-26 , 3.66296 ... e-25, -1.32528 ... e-25, 3 . 10243 . .. e-26, 
-6.33366 . .. e-25, 0.30514 ... , 0.01033 ... , 1)). 

KaK H O:lKH.Uanocb, ycnoBH5~ opToroHanbHOCTH seKTopos e10 , eu , e12 He BbtnonHliiOTCll, 

TaK KaK He y,nosneTBOpeHbl COOTBeTCTBYIOLUHe 3 nocne,nHHX ,nononHHTenMibiX ycn08Hll , 8 

TO 8peMJI KaK OCTanbHble y cn08Hll OpTOHOpManbHOCTH 8btnOnHJIIOTCJI C 8biCOKOH TO'IHOCTbiO. 

CooT8eTCT8eHHO Bbi'IHcneHHble " 6aJHCHble" 8eKTOpbl y.nosneTBopl!IOT ypa8HeHHIO M E1 = 
>.jEj c He8biCOKOH TO'IHOCTbiO. 

PeanHJOBaHHbiH 'IHcneHHblH anropHTM HeycTOH'IH8. AHanOrH'IHbiH pac 'leT c .npymM 803-

MyLUeHHeM cneKTpa, >. 1 = 0.97 He .nan peJynbTaTa. 11TepauHH MeTo.na HbiOTOHa Xi+ l = 
Xi - (F'( xi )) - 1 F (xi ) [3] npH KoppeKUHH e4 8 3TOM cny'lae He cxo.llliTCll . B cjmrypHblX 

CK06KaX npH80,llliTC51 HOMep , norpeLUHOCTb eri = lyll(i + 1) - yll( i) l + lw(i + 1)- w(i )l 
H onpe.nenHTenb dti = det (F'(yll(i), w(i ))) . 
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{i, eri, dti} 
lw4 := {{21,0.08116 ... ,-0.11121 ... }, {20,0.12335 ... ,0.03415 ... }, 

{19,0.10430 ... ,-0.07188 ... }, {18,0.29378 ... , -0.30576 ... }, 
{17,0.75748 ... ,- 1.46348 ... }, 

{5,0.08072 ... ,0.08429 ... }, {4,0.10641 ... , -0.041142 ... }, 
{3,0.08728 ... ,0.06165 ... }, {2,0.09639 ... ,0.17750 ... }, 
{1,0.17147 ...• -0.02365 ... }}. 

B TO speM.II KaK npH .>. 1 = 0.96 HanHuo npeKpacHa.s~ cxo,nHMOCTL: 

lw4 := {{8,0, - 0.29073 ... }, 
{6,0.0000000000125 ... ,-0.290 ... }, 
{4,0.000531 ... ,-0.292 ... }, 
{2,0.0385 .. . ,-0.397 ... }, 

{7,8.058 ... e-22,- 0.29073 ... }, 
{5,0.00000161 ... ,-0.290 ... }, 
{3,0.0119 ... ,-0.317 ... }, 
{1,0.212 ...• -0.086 ... }}. 

11 

PeJynLTaTbi pac"'eTos no,nTBep,nHllH rnnoTeJy o Heo6~o,nHMOCTH y.noB1leTBopnb cHcTeMe .no­
nonmnellbHbiX ycnosHii. O,nHaKo peweHHe TaKHx cHcTeM conp.ll:lKeHo c 6onbWHMH Tpy,nHo­
CT.IIMH. 
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ON AN ABSOLUTE CALIBRATION OF DEUTERON BEAM 
POLARIZATION AT LHE 

V.P.Ladygin * 

The method of an absolute calibration of both vector and tensor polarizations of a 
deuteron beam at the Laboratory of High Energies is proposed. It is shown that such a 
method can be applied using a reasonable beam time. 

The investigation has been performed at the Laboratory of High Energies, JINR. 

06 a6COJIIOTHOH KaJIH6pOBKe DOJIJ1pH33QHH 

ny'-IK3 .n:empOHOB B JIB3 

B.ll.JlaiJbtZUH 

npelUIOlKeH MeTon a6COJIIOTHOH KaJIH6pOBKH BeKTOpHOH H TeH30pHOH nOllllpH3a­
UHH neHTpOHHOro n}"'Ka B Jla6opaTOpHH BbiCOKHX 3HCpfHH. noKa3aHO, 'ITO npHMeHeHHC 
naHHOfO MeTona B03MOlK HO npH HCnOllb30BaHHH pa3YMHOfO n}"'KOBOfO BpeMeHH. 

Pa6oTa BbmonHeHa s Jla6opaTOpHH BbiCOKHX 3HeprHi1 OH51H. 

1. INTRODUCTION 

A wide experimental programme on the study of spin effects has been performed at 
the Laboratory of High Energies, JINR [2]- [ 13] beginning from putting into operation the 
ion source of polarized deuterons POLARIS [ 1] . All the above experiments required the 
knowledge of beam polarization with a good precision . 

In order to measure the beam polarization behind the linac, the polarimeters based on 
4He(d,d) 4 He [14] and 3 He(d,p) 4 He [15] reactions have been developed. Such reactions have 
large vector [ 16] and tensor [ 17] analyzing powers known to a good precision. However, these 
polarimeters are not in operation now because of a low counting rate during the measurements 
of the polarization . 

To measure the polarization of a slow extracted beam, the 2-arm polarimeter ALPHA [ 18] 
was installed in the experimental hall. This polarimeter is based on dp-elastic scattering at 
3 GeY/c and 7.5° . The analyzing powers Ay and Ayy of this reaction are quite large 
[19-21]. Note that most of the LHE experiments [2]- [13] used the values of polarizations 

• E-mail address : ladygin@ sunhe.jinr.ru 



Ladygin V.P. On an Absolute Calibration of Deuteron Beam 13 

obtained from the polarimeter ALPHA [18] . However, the values of Ay and Ayy obtained 
at SATURNE-2 might be"' 6- 9% and"' 14% lower than the published ones [19,21] due 
to sizeable dead-time corrections [22] of the results of polarization measurements by the low 
energy polarimeter [23]. 

A new on-line beam polarimeter used to measure the vector admixture of deuteron 
polarization has recently been installed at focus F4 of the beam line VP1 [24]. The main 
principle of the polarimeter is based on the measurement of the left-right asymmetry of 
pp-quasi-elastic scattering by detecting scattered and recoil particles in coincidence. The 
polarimeter consists of 2 arms installed at the angles corresponding to pp-elastic scattering 
kinematics. Since a polyethylene target (CH2 ) is used instead of a hydrogen one, this 
polarimeter needs to be calibrated. The vector polarization of the deuteron obtained from the 
measurement by this polarimeter [24] (after a correction for the carbon content in the CH2 

target) is approximately 10% higher than the value obtained using the ALPHA polarimeter 
[ 18]. Apart from this, the data on the analyzing power of pp-elastic scattering at high energies 
are scarce, and therefore the systematic error is large. For instance, the systematic error of 
such a method is found to be as "' 6% and "' 9% at deu~eron moment!! of 6 and 9 GeV/c [25], 
respectively. 

The tensor polarization of a beam can be measured using deuteron inclusive breakup 
on nuclear targets at a zero proton emission angle, d + A ~ p(0°) + X as an analyzing 
reaction [26]. This reaction has a large tensor analyzing power T20 [2, 27] which is only 
weakly dependent on the atomic number of target. The IT20 1 has a maximum value of about 
0.8 at proton momentum P11 :::::: ~ pd independently of an initial momentum of the deuteron 
beam between 2.5 and 9.0 GeV/c [2,27] . The systematic error of the method is estimated to be 
"' 5% [26]. However, the T20 data obtained at SATURNE [27] seem to have a normalization 
problem due to a dead-time correction for the low energy polarimeter [22]. In principle, the 
Dubna data should be also corrected because of different values of Ay and Ayy in dp-elastic 
scattering used for polarimetry at LHE till 1993 and published i [21], as well as possible 
distortions of T20 due to a large dead-time of the set-up [28]. 

Therefore, the problem of absolute calibration of the deuteron polarization exists, apart 
from the problem of relative normalization of different high-energy polarimeters at LHE 
[ 18, 24, 26] . One of the possible ways is to restore low-energy polarimeters [ 14, 15] with 
well-known ("' 1 - 2%) analyzing powers [ 16, 17] and to recalibrate in future the high-energy 
polarimeters available to LHE. In principle, one can use another reaction to determine the 
degrees of deuteron polarization . For example, it can be dp-elastic scattering at an initial 
energy of 270 MeV and a scattering angle between 60° and 140° in the centre of mass, where 
the analyzing powers Ay, Ayy. Axx and Axz are measured with good statistics and systematics 
[29] . But in any case, such a method gives a systematic error in determining polarization 
values no better than a few per cent because it is based on the results of measurements from 
other experiments with their own statistical and systematic errors. 

The aim of this paper is to describe the possibility of absolute calibration of vector and 
tensor polarizations of relativistic deuterons at the Laboratory of High Energies, JINR. 

2. CALIBRATION OF A VECTOR POLARIZED BEAM 

The idea of absolute calibration of a vector polarized deuteron beam is based on the 
consequences of T-invariance for elastic scattering processes. If T-invariance holds, the 
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polarization of secondary particle P is equal to the analyzing power A of the elastic reaction: 

A:=P. (l) 

Therefore, the measurements of the analyzing power A and the polarization of secondary 
particle P of elastic scatter ing reactions (for instance, pp ~ pp or dp ~ dp) with good 
statistics and using of relation (1) can provide the determination of the polarization degree in 
different states. 

Since the typical intensity of the polarized deuteron beam is "' 1 -;- 2 · 109 per spill, in 
principle, one can use either a pp- or dp- elastic scattering reaction for the absolute calibration 
of vector polarization. 

The main difficulty of such a method is to provide a small statistical error in measuring 
secondary particle polarization P . For this purpose, it is necessary to use such a focal 
plane vector polarimeter as POMME [30-33] based on the measurements of the azimuthal 
asymmetry of the semi-inclusive reactions: 

p + C ~one charged+ X , 

d + C ~ one charged+ X . 

(2) 
(3) 

The performance of a polarimeter is expressed in terms of the figure of merit, :F. The :F is 
the function of efficiency E and analyzing power A. It is defined as 

:F2 = J E(B)A2 (B)dB , (4) 

where {) is the polar angle and integration is over the angular domain of the polarimeter. The 
figure of merit allows one to evaluate the counting rate Nine necessary to obtain the desired 
precision of polarization !:l.P : 

. J2 
f:l.P :::::; :F J N ine 

(5) 

The figures of merit of such a polarimeter at a proton and deuteron momentum of"' 3 GeV/c 
are"' 4% [31] and"' 4.5% [33], respectively . An error"' 0.015 in measuring polarization P 
can be obtained for a 1-day beam time using the SPHERE set-up [ 12, 13] with an averaged 
dead-time of "' 50%. Such a fraction of dead-time allows one to extract correctly the 
«true» value of asymmetry [28] . Such a precision in measuring the polarization only 
provides a relative error of "' 5 - 6% in its determination . 

However, the measurements at lower proton momenta, for instance, at "' 1.5 GeV/c, 
where the figure of merit is "' 0.1 [31], provide an error of"' 0.01 in measuring polarization 
P for lO hours of the beam time. This accounts for "' 2% of the relative error in determining 
the beam polarization. 

The scenario of the measurements is the following . 
l . First of all , it is nece-;sary to calibrate the polarimeter using a primary polarized proton 

beam. Protons with a momentum of"' 1.5 GeV/c are obtained from the breakup of 3 GeV/c 
vector polarized deuterons on a hydrogen or nuclear target. The polarization of the proton 
is the same as that of the deuteron [3, 4 ]. The polarimeter consists of a system of incident 
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particles identification, a carbon (or polyethylene) target and a system for measuring the 
scattered particle angle (see Fig. I.). The standard equipment oft e SPHERE set-up [12, 13] 
is used for incident particle identification. The polarimeter is placed behind the SPHERE 
set-up. The polar, B, and azimuthal, ¢, angles of the secondary particle are measured using 
scintillation counter hodoscopes. To reduce the counting rate from unscattered events with 
a zero analyzing power, an additional veto counter is needed behind the hodoscopic system. 
Such a polarimeter with a standard SPHERE set-up data acquisition system is quite fast. It 
allows one to store "' 600 events per burst with a "' 50% dead-time. 

------- - --~:;:: ________ j-j-f-----1-l---..;;.---1-~ - ------ -
s,_3 

-+ 
A 

Fig. I . A schematic view of the set-up used to measure the proton pola "zation. 81-3 - scintillation 
counters, H 1-7 - hodoscopes of the scintillation counters , A - vet counter and T - carbon or 
polyethylene target 

The angular distribution of scattered events in different polarization states can be written 
as 

N ±(B , </> )=No( B) · (1 + E;(B) · cos</>)= No(B) · (1 + p; · Ac(B) ·cos</>), (6) 

where p; are the polarization values in different polarization states, EZ (B) are the asymmetries 
at given polar angle (} and Ac(B) is the analyzing power of pC- (or pCH2 ) semi-inclusive 
reaction (2) . The calibration of the polarimeter requires about 12 hours of the beam time. 

2. We measure the analyzing power of the pp-quasi-elastic scattering reaction at 
1.6 GeV/c/nucleon and a scattering angle of "' 14°. Note that the initial momentum of 
the deuteron in this measurement is slightly higher than during the calibration of the po­
larimeter to provide the same momentum of the proton from pp-quasi-elastic scattering. This 
part of the measurements requires to detect both protons. The proton scattered at an angle 
of"' 14° is detected by the SPHERE set-up; the second proton emitted at "' 70° is detected 
by the scintillation counter telescope (see Fig.2.). The number of events stored in different 
polarization states is written as 

n ± = n 0 · (1 + E±) = n 0 · (1 + p; · A) , (7) 

where E± are asymmetries in different polarization states, A is the analyzing power of the 
pp-quasi-elastic reaction. This measurement requires about 2 hours to provide errors of 0.005 
in the determination of E± . 

At the same time, the polarimeter placed at F4 [24] can be cal ibrated. The comparison of 
the results on the asymmetry measurements for the polarimeter at F4 [24] and the SPHERE 
set-up will allow one to obtain the empirical coefficient taking into account the carbon content 
of the C H 2 target. 
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beam Fs 

------------~- - -------1------~ 
VPI 

IC 

p 

M 

Fig. 2. A scheme of event selection from pp-quasi-elastic scattering. LH2 -liquid hydrogen target, T 
-telescope of the scintillation counters, IC- ionization chamber, M- magnet and F5 - focus of 
the beam line V Pl 

3. The polarization of the proton P in pp-quasi-elastic scattering at ,....., 14° is measured 
using the calibrated polarimeter. The second proton is detected using the scintillation counter 
telescope. The unpolarized deuteron beam with a momentum of,....., 1.6 GeV/c/nucleon is used 
for such measurements. The angular distribution of scattered events is written as 

m(B, ¢) = mo(B) · (1 + Eo(B) ·cos¢) = mo(B) · (1 + P · Ac(B) ·cos¢), (8) 

where f.o(B) is the asymmetry at given B. Such measurements require ,....., 10- 12 hours of the 
beam time. 

The use of the fitting procedure of N± ( B, ¢) and m( B, ¢) over cos ( ¢) allows one to 
obtain f.±(B) and Eo(B) at each given B, respectively. In principle, the ratios f.±(B)/Eo(B) are 
independent of polar angle B and are equal to 

Rz(B) = f.z(B)/Eo(B) = i? 1 P. (9) 

Using the results on the m easurementS' of analyzing power (7), one can obtain: 

R±(B) = Rc(B) ·f.±= (p;-) 2 · ;. (10) 

The weighted average of R± (B) gives the squared polarization of beam p; by using relation 
(1). The error in determining the beam polarization using this method is about 2%. 

3. CALIBRATION OF A TENSOR POLARIZED BEAM 

The application of the above-discussed method for the absolute calibration of tensor beam 
polarization is more difficult because the corresponding figures of merit (F20 , F21 , and F22 ) 

of existing polarimeters are much smaller than the figure of merit of vector polarimeters. 
For instance, the figure of merit F22 of the POMME polarimeter at ,....., 600 MeV is equal to 
,....., 0.03 [30]. Therefore, the beam time necessary to carry out such measurements is about 
10 days. 

One of the opportunities to calibrate the tensor polarization of the deuteron beam is 
to exploit the reaction with a maximum tensor analyzing power due to a particular spin 
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structure. For example, the reaction 4He(d, d)He4 at 35.7 MeV and a deuteron scattering 
angle of ()~m = 150° is proposed as a polarization standard because the tensor analyzing power 
Ayy = 1 in this kinematics [34] . Such measurements can be made using a tensor polarized 
beam accelerated by the Nuclotron up to 35.7 MeV and the low energy polarimeter [14] 
placed in the storage ring. At lower energies (below 12 MeV), the absolute calibration can 
be performed using particular angle/energy combinations [35]. For example, the maximum 
values of tensor analyzing power Ayy = 1 are expected at 4.3, 4.57 and 11.88 MeV. 

The reaction 

d + d -+ 4 He + 11 (11) 

can be used as a polarization standard at relativistic energies. At threshold and in collinear 
geometry, this reaction is described by the only amplitude :F [36]: 

1 . - ::1 • 
M = (

2
7r) 3 )4ma md(z:F · ~d X ~d · kd) , (12) 

where {<J and ~~ are the deuteron polarization vectors; Pd is the operator of deuteron mo­
mentum in the center of mass. Using expression (12), one can obtain the value of tensor 
analyzing power T2o as 1/-/2 independently of initial energy. Therefore, the polarized cross 
sections a ± can be written as 

± ± 
a ± = ao(1 - Pzz · T2o) = ao(l - Pzz ) 

2-/2 4 ' 
(13) 

where a0 is the unpolarized cross section. The beam polarizations in different states can be 
obtained as 

± - ao- a± 
Pz z -4·---

0'o 
(14) 

The cross section of reaction (II) is measured near threshold between ry-meson momenta 
of 10 and 90 MeV in the center of mass p~ at SATURNE [37, 38] . Since o: particles at 
threshold go in the forward direction within a narrow cone, all the products from this reaction 
(II) can be measured using a usual spectrometer having a solid angle of,...., 10-3 sr. The 
number of events from reaction (II) is equal to "" 20 per burst with a typical beam intensity 
"" 2 · 109 and a liquid deuterium target 10 em in length. Therefore, an error of 2 - 3% in 
measuring tensor polarization P:z (14) can be provided for 16 hours. 

Using the known values of (14) , one can obtain value of Ayy i dp-elastic scattering [18] 
to have the renormalization constant for the previous experiments. Then, one can measure 
T20 in deuteron inclusive breakup to have a tensor polarimetry sta dard at LHE. 

4. CONCLUSIONS 

The results of the present work can be summarized as follows . 

• The methods of deuteron beam vector and tensor polarizations measurements [18,24,26] 
used at LHE can have a sizeable systematic error. Therefore, it is very desirable to 
perform the absolute calibration of deuteron beam polarizations . 
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• The absolute calibration of vector polarization can be done by measuring the analyzing 
· power and polarization of the proton from quasi-elastic pp scattering. The use of a 
high efficiency proton focal plane polarimeter can provide an error of "' 2% in the 
determining beam polarization. 

• The absolute calibratiOn of a tensor beam can be done using the d + d -t 4 He + 11 
reaction near threshold. Since this reaction is described by the only amplitude, the 
tensor analyzing power T20 has a fixed value of = 1/v"i. It is shown that one can 
obtain an error of "' 2% in determining tensor polarization for 16 hours of the beam 
time. 
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OIIPEL(EJIEHIIE BEKTOPHOH KOMIIOHEHThl IIOJI.HPII3AUHH 
IlyqKA L(EHTPOHOB CliHXPOCllA30TPOHA OIIHII 

Jl.C.AJKzupeu, B.H.)/(M. btpo6, B.ll.Jlai>btZUH, F./(.Cmollemo6 

0poaHaJH13HpOBaHbl pe3yJJbTaTbl MOHHTOpHpOBaHHll .H H3MepeHHll BeKTOpHOH nOJJll­

pH3aUHH nyqKa neHTpOHOB CHHXpocpa30TpOHa 0115111 B Te'leHHe HeCKOJibKHX ceaHCOB 

pa60Tbl ycKOpHTeJJll C nOMO!llbiO nyqKOBOro no.rillpHMeTpa, H3MepliiOWi:ro ·aCHMMeTpHIO 

KBaJHynpyroro npoTOH-npoTOHHoro pacceliHHll Ha TOHKOH sonoponoconepJKawei1 . MH­

weHH (CH2). Ha OCHOBaHHH peJyJJbTaTOB aHaJJH3a OUeHeHa a6COJIIOTHall BeJJH'lHHa BeK­

TOpHOH KOMnOHeHTbl TeH30pHO-nOllllpH30BaHHOf0 JleHTpOHHOfO nyqKa B 3KCnepHMeHTaX 

no HJMepeHHIO TeH30pHoi1 aHaJJH3HpYJO!llei1 cnoco6HocTH Ayy peaKUHH cj:JparMeHTaUHH 

nei1TpOHOB C HMnyllbCOM 9 f38/c. 0pHBeneHbl 3Ha'leHHli 3cpcpeKTHBHOH. aHaJJH3HpYJO!UeH 

cnoco6HOCTH A(CH2) nonllpHMeTpa llllll HeCKOJJbKHX 3Heprwi1 nyqKa neiiTpoHoB. 

Pa6oTa BhinOJJHeHa B Jia6opaTopHH BbiCOKHX 3Heprwii 0115111. 

Determination of the Vector Component 
of the Polarization of the JINR Synchrophasotron . 
Deuteron Beam 

L.S.Azhgirey et al. 

The results of monitoring and measuring of the vector polarization of the JINR 
Synchrophasotron deuteron beam in few runs of the accelerator obtained by the beam 

polarimeter based on the measurements of the asymmetry of quasi-elastic proton-proton 

scattering on thin polyethylene target (CH2) are analysed. Based on the analysis, an 

absolute value of the vector component of the tensor polarized deuteron beam .in ,exper­

iments on the measurement of the tensor analyzing po~e·r Ayy of the reaction of tli'e 

fragmentation of deuterons with momentum of 9 GeV/c is determined. The values -of 

the effective analyzing power for several deuteron beam energies are given. 

The investigation has been performed at the Laboratory of High Energies, JINR . 

1. BBE)J;EHME 

3KcnepHMeHTaJJbHbJe HCCJJe)lOBaHHll, npOBOJlHMbJe Ha ny'lKe llOJlllpH30BaHHbiX nei-iTpO­

HOB cwHxpocpa3oTpoHa Ol15I l1, Tpe6yiOr nocTOliHHOro Ha6niOneHHll Ja nonllpH3auweii ny'!Ka 

s xo)le 3KcnepwMeHTa [I]- [3]. ,llnll 3Toro 6biJJ C03JlaH ny'lKOBbJH nonllpHMeTp seKTOpHo­

rronllpH30BaHHbJX )leHTpOHOB IlpOMe)J(yrO'-IHblX 3Heprwii, H3Mepli10WHH aCHMMeTpHIO KBa3H­

yrrpyroro pacceliHHll IlpOTOHOB )leHTpOHa Ha npOTOHaX BOJlOpOJlOCOJlep)J(aWeii MHWeHH (CH2) 
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(4]. Uenb HaCTOliiUero coo6rueHHll cocTOHT B TOM, l.JT06bi npHs ecTH pe3ynbTaTbi aHanH3a 

pa60Tbl nyqKOBOrO nOJJllpHMeTpa B Tel.JeHHe HeCKOJibKHX ceaHCOB p a60Tbl CHHXpocpa30TpOHa 

H Onpe)leJIHTb no BeJIHl.JHHe Ha6JJJO)laeMOH aCHMMeTpHH a6COJIJOTHYJO BeJIHl.JHHY BeKTOpHOH 

KOMnOHeHTbl TeH30pHO-nOJJllpH30BaHHOro nyqKa )leHTpOHOB npH H3MepeHHH TeH30pHOH aHa­

JIH3HpyJOIUeH cnoco6HOCTH Ayy peaKUHH cpparMeHTaUHH )lei-iTpoHo B c HMnynbCOM 9 f3B/c, a 

TaK)I(e OUeHHTb B03MO)I(Hble CHCTeMaTH'IeCKHe OlliH6KH B H3MepeHHH BeJIH'IHHbl nOJJllpH3aUHH. 

2. nyqKOBbiH UOJUIPHMETP 

OyqKOBbiH nonllpHMeTp ycTaHaBJJHBancll B cpoKyce F4 HOHonpo so)la Bn 1 B JIB3 011.5111. 

0H COCTOHT H3 BOCbMH CUHHTHJIJiliUHOHHbiX CI.JeTI.JHKOB, o6pa3yJOIUHX )lBa He3aBHCHMbiX nJJei.Ja, 

Ka)I(Jloe H3 KOTOpblX perHCTpHpyeT Ha COBna)leHHe pacceliHHble I.JaCTHUbl H I.JaCTHUbl OT)lal.JH OT 

B3aHMO)leHCTBHll nyqKa C MHWeHbJO B COOTBeTCTBHH C KHHeMaTHKOH ynpyroro pp-paCCel!HHll. 

00Jlp06HO nOJJllpHMeTp OnHCaH B (4). 
HopMHposaHHble Ha OJlHH oTC'leT MOHHTopa tJHcna co6biTHH N , cooTBeTCTBYJOIUHX pac­

celiHHJO HaJJeBO (L) HJIH HanpaBO (R) npH pa3HbiX COCTCiliHHliX nOJJllpl.iJaUHH nyqKa ( +,-, 0), 
CBll3aHbl C BeJIHI.JHHOH nOJJllpH3aUHH p H aHaJJH3HpyJOIUeH cnoco6HOCTbJO peaKUHH A COOTHO­

rneHHliMH 

Nf (1 + p± ·A), 

N~ (1- p± ·A). 

(1) 

(2) 

0TCIO)la, C ytJeTOM B03MO)I(HOH JIO)I(HOH aCHMMeTpHH, KOTOpal! OUeHHBaeTCll Ha OCHOBaHHH 

H3MepeHHH C HenonllpH30BaHHbiM nyqKOM, JJeBo-npaBbie aCHMMeTpHH €, COOTBeTCTBYIOIUHe 

pa3HblM COCTOliHHliM nOJJllpH3aUHH, MO)I(HO npe)lCTaBHTb B BH)le 

10
± = Nf /Nfi- N2/N~ = p±. A. 

Nf /Nfi + N2/N~ 
(3) 

B npeJlnOJJO)I(eHHH, 'ITO npH H3MeHeHHH HanpasneHHll seKTop a nonllpH3aUHH MeHl!eTCll 

TOJibKO ee 3HaK, HO He BeJJHI.JHHa, MO)I(HO onpe)leJIHTb TaK)I(e TaK Ha3biBaeMyJO aCHMMeTpH!O 

BBepX-BHH3, T.e . aCHMMeTpH!O I.JHCJJa OTCI.JeTOB )lJill OT)leJibHbiX n JJei.J nOJJllpHMeTpa npH H3-

MeHeHHH HanpaBJJeHHll BeKTOpa nOJJllpH3aUHH (BBepx HJIH BHH3) OTHOCHTeJibHO nJJOCKOCTH 

aHanH3HpyiOruero paccel!HHll: 

€£(R) = 
Nt(R) - NL(R) p A 

+ _ = L(R). · 
N L(R) + N L(R) 

(4) 

TaKHM o6pa30M, JlJill onpeLteneHHll nonllpH3aUHH nytJKa Heo6XOJlHMO JJHWb 3HaTb aHanH-

3HPYJOIUYJO cnoco6HOCTb npouecca paccel!HHll. 

00JJllpHMeTp HCnOJJb30BaJJCll B 3KCnepHMeHTaX no H3MepeHHIO pa3HOCTH nOJJHbiX Cei.Je­

HHH !:l.CJL np-pacceliHHll npH pa3JJH4HbiX opHeHTaUHliX cnHHOB n pOLlOJibHO nonllpH30BaHHbiX 

Hei-iTpOHa H npOTOHa B 1995 ( J) H 1997 (5) rr. Jlnll 3THX OnbiTOB HCnOJJb30BaJJCll BeKTOpHO­

nonllpH30BaHHblH nytJOK )leHTpOHOB, nonyqeHHblH C nOMOIUbJO HCTOI.JHHKa "OonllpHc" (6). 
B 3KcnepHMeHTax no H3MepeHHJO TeH30pHoi-i aHanH3HpyJOruei-i cno co6HOCTH Ayy B peaKUHH 

cpparMeHTaUHH )leHTpOHOB C HMnyJibCOM 9 f3B/c 8 1997 (2, 3) H 1998 rr. nOJJllpHMeTp CJI}')[(HJI 

JlJill KOHTpOJJll BeKTOpHOH KOMnOHeHTbl TeH30pHO-nOJillpH30BaHHOro )leHTpOHHOrO nyqKa. 
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3. PE3YJihTAThl H3MEPEHH» UOJI»PH3AI.J.HH 

A6coJIIOTHYIO senwumy seKTOpHoii non~p113aUHH MO)I(HO noJI)"'HTh no pa3HOCTI1 pe3yJlb­

TaToB H3MepeHI1i1 Ha MHWeH~x CH2 H C, socnoJih30BaBWHCh H3BeCTHoi1 aHaJIH311pyiOwei1 

cnoco6HoCThiO ynpyroro pp-pacce~H~. TaKHe H3MepeHH~ 6biJIH npose.ueHhi B 1997 r. [5] 
Ha BeKTopHo-non~pH30BaHIIOM n)"!Ke .ueiiTpOHOB c 11MnyJihCOM Pd = 2, 96 f38/c (cooTseT­

CTBYIOill~ KHHeTwieCK~ 3Hepm~ npoTOHOB cocTaBJI~eT Tp = 0, 81 f38). Yron pacce~HH~ B 

nOJI~p11MeTpe 6biJI Bbi6paH p aBHhiM 14 °, npH 3TOM aHaJIH3HpyiOill~ cnoco6HOCTh ynpyroro pp­
pacce~H~ cocTaBJI~eT A(pp) = 0, 4697 [7]. flOJI)"'eHH~ .llJl~ pa3HOCTI1 CH2 -C acHMMeTp11~, 
ycpe.uHeHH~ no MO.llaM nOJI~p113aU1111 n)"!Ka, COCTaBHJia E(pp) = 0, 2661 ±0, 0073, 'ITO npHBO­

Jli1T K cpe.uHeii a6coJIIOTHoi1 BeJII1'111He non~p113au1111 n)"!Ka B 3TOM ceaHce Pz = 0, 567 ± 0, 016. 
ACI1MMeTpH~ .llJl~ nOJIH3TI1JleHOBOH MHWeHH COCTaBI1Jia €(CH2 ) = 0, 2572 ± 0, 0045, 'ITO no-

3BOJI~eT onpe.ueni1Th 3cpcpeKTHBHYIO aHaJIH3HPYIOillYIO cnoco6HoCTh .llJl~ pacce~HI1~ Ha C H2, 

paBHYIO A(CH2) = 0, 454. nonar~. 'ITO npH nepexo.ue K Tp = 0, 83 BeJIH'IHHa A(CH2) 
H3MeH~eTc~ no.uo6Ho 113MeHeHHIO A(pp), cocTaBJI~IOweMy, no .uaHHhiM [7], 1, 6%, nO!l)"'aeM 

.llJl~ Tp = 0, 83 A(CH2) = 0, 447 ± 0, 008 . 
0TMeTHM, 'ITO npH xop oweii HacTpoiiKe n)"!Ka 3Ha'leHI1~ A(pp) 11 A(CH2) He CH!lhHO 

pa3Jll1'1aiOTC~ BBH.llY MaJIOfO TeJieCHOro yrna nOJI~p11MeTpa. THnH'IH~ CKOpOCTh C'leTa OT yrne­

pO.llHOH MHilleHH TOJIWHHOH 3 MM COCTaBJI~Jia OKOJIO 10% OT CKOpOCTI1 C'leTa OT nOJIH3TI1Jie­

HOBOH MHilleHH TOJlillHHOH 5 MM, np11 3TOM CKOpOCTb C'leTa 6e3 MHWeHI1 He npeBblillaJia 2%, 
TOf.lla KaK np11 nJIOXO HaCTpOeHHOM n)"!Ke CKOpOCTb C'leTa 6e3 MHilleHH MOrna .llOXO.llHTb .llO 

20% OT CKOpOCTH C'leTa OT nOJIH3THJieHOBOH M11illeHH. 

I13MepeHH~ pa3HOCTH n oJIHhiX cet.JeHHii 6.aL np-pacce~HI1~ B 1995 r. [I] npoBO.llHilHCb 

npH 3Hat.JeHH~X 11MnyJihCOB .ueiiTpOHOB 3,00; 3,84; 6,64 H 9,00 f38/c, H B 1997 r. [5) - npH 

2,96; 4,72; 5,14 H 6,00 f38 /c . 

3Hat.JeHH~ aCHMMeTp11H B ceaHCe 1997 r. [5) BMeCTe C pe3yJlbTaTaMH, nO!l)"'eHHbiMH B 

1995 r. [4], npe.ucTaBJieHhi B Ta6n. I. OcHOBbiB~Cb Ha 3THX .uaHHbiX 11 113BeCTHbiX 3Ha'leHI1n 

noJI~p113aUHH n)"!Ka, Tenepb MO)I(HO onpe.UeJIHTb 3cpcpeKTHBHYIO aHaJII13HpyiOWyiO cnoco6HOCTb 

.llJl~ pacce~HH~ Ha CH2 ; p e 3yJibTaTbi upHse.ueHbi Ha pHc. I H B Ta6n. I. 

Ta6JJuua 1. AcHMMerpuu ~ u 3clJclJeKTHBHbJe auaJJHJHPYJOIIlHe cnoco6uocrH A(CH2), HJMepeHHbJe 
Dy'IKOBbiM DOJIJipHMeTpOM 

Pd, I Tp, elab E A(CH2) Pa6oTa 
2,96 0,81 14 0, 2572 ± 0, 0045 0, 454 ± 0, 008 [5] 
3,00 Q,83 14 0, 1140 ± 0, 0050 0, 447 ± 0, 008 [2,3) 
3,00 0,83 14 0, 2460 ± 0, 0160 0, 447 ± 0, 008 [1,4] 
3,84 1,20 14 0, 2214 ± 0, 0015 0,402 ± 0,026 [1,4] 
4,72 1,60 14 0, 1905 ± 0, 0024 0, 336 ± 0, 010 [5] 
5,14 1,80 14 0, 1606 ± 0, 0016 0, 283 ± 0, 009 [5] 
6,00 2,20 14 0, 0935 ± 0, 0008 0, 165 ± 0, 005 [5) 
6,64 2,51 8 0, 1434 ± 0, 0015 0, 261 ± 0, 018 [1,4) 
9,00 3,66 8 0, 0807 ± 0, 0020 0, 147 ± 0, 011 [1,4) 
9,00 3,66 8 0, 0339 ± 0, 0020 0, 133 ± 0, 010 [2,3) 



A>Ki!Upeu JI. c. u op. OnpeOeJieHue 8eKmOpHOU KOMnOHeHmbl noJIRpU3Q£1UU ny~tKa oeumpoH08 23 

0,4 
CQ) ···············. ¢ 

··... 0 

··· .. 0 . 

0,2 
···························a 

OL-----~------~------~------~------~~ 
0,8 1,2 1,6 2 2,4 

0,3r----------------------------------------. 

0,2 

0,1 

oL-----~------~------~--------~--~ 
2,4 2,8 3,2 3 ,6 

PHc. I. 3aBHCHMOCTH 3qxpeKTHBHOH aHanH3Hp)'IOIUeli cnoco6HOCTH A(CH2) OT .TP Mll pa3HbiX ymos 

pacCeliHHll npOTOHOB neliTpOHa Ha MHWeHH: BepXHHH H HHlKHHH pHCYHKH - llJill ymoB 14° H 8°, 
COOTBeTCTBeHHO 

B onhiTax no HJMepeHHIO napaMeTpa Ayy peaKUHH <IJparMeHTaUHH .ueihpoHOB c Hcnyc­

KaHHeM npOTOHOB C 60llbWHMH nonepe"!HbiMH HMnyllbCaMH (2, 3] nyYKOBbiH nOll.slpHMeTp 

HCnOllb30BaJIC.sl .llll.sl MOHHTOpHpOBaHH.sl BeKTOpHOH KOMnOHeHTbl Te H30pHO-nOllllpH30BaHHbiX 

UeHTpOHOB C HMnyllhCOM 9 f38/c. 

3aBHCHMOCTb JleBo-npaBOH aCHMMeTpHH 8 pacce.sJHHH npOTOHOB .UeHTpOHa C HMnyllhCOM 

3 f38/c Ha yroll 14° OT HOMepa H3MepeHH.sl, nOJiyYeHHa.sJ 8 3THX OnbJTaX npH npose.ueHHH 

H3MepeHHH nOllllpH3aUHH nyYKa, noKa3aHa Ha pHC. 2. 3.uech TeM Hhle H CBeTllhle CHMBOJibl 

COOTBeTCTBYIOT H3MepeHH.siM .nQll.slpH3aUHH H KOHTpOlliO ee CTa6HJibHOCTH; OHH XOpOWO CO­

macyJOTC.sl MelK.lly co6oii. Ycpe.uHeHHble no seeM HJMepeHH.sJM JHa eHH.sJ acHMMeTpHH cocTa­

BllliiOT 0, 111 ± 0, 007 H 0, 117 ± 0, 007 .llJI.sl COCTOliHHH nOll.s!pH3aUHH "+" H "-", COOTBeT­

CTBeHHO. C yYeTOM onpe.ueneHHOH BhJWe .llllll 3THX ycnoBHH aHanH3HpyJOweii cnoco6HOCTH 

A(CH2 ) = 0,447±0,008 nonyyaeM JHa"!eHH.sJ nonllpH3aUHH ny"!Kapi = 0,248±0,016 H 

p-; = 0, 262 ± 0, 016. 

PHC. 3 .UeMOHCTpHpyeT CTa6HllbHOCTb BeKTOpHOH KOMnOHeHTbl n Oll.slpH3aUHH nyYKa 8 XO.Ue 

HJMepeHHH caMoro napaMeTpa Ayy· 3.uecb npHse.ueHa JaBHCHMOCTh OT HOMepa cpaiina neso­

npasoii aCHMMeTpHH B pacce.sJHHH npOTOHOB .UeHTpOHa C HMnyllhCOM 9 f38/c Ha yroJI 8° . 
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PHc. 2. 3aBHCHMOCTH neso-n pasoil acHMMeTpHH B pacceJIHHH npoTOHOB Liei1TpoHa c HMnyJJbCOM 3 f3B/c 

Ha yTOJI 14° OT HOMepa H3MepeHHJI , nOJJ)"'eHHble BO BpeMJI KaJJH6pOB01.JHbiX H3MepeHHH B OnbiTaX no 

H3MepeHHIO napaMeTpa Ayy [2,3) ; TeMHbie H CBeTJJbie CHMBOJJbl COOTBeTCTBYIOT H3MepeHHJIM nOJJJipH33UHH 

H KOHTpOJJIO ee CTa6HJJbHOCTH 

CHOBa TeMHbJe H CBeTJJbie TOlJKH nOJI}'lJeHbl, COOTBeTCTBeHHO, B npouecce KOHTpOIIbHbiX H3-

MepeHHH nOII.sipH3aUHH n }'lJKa H B XO)le OCHOBHbiX H3MepeHHH. COCTO.siHH.sJM nOII.sipH3aUHH 

"+" H "-" COOTBeTCTBYIOT ycpe)lHeHHbie 3HalJeHH.sJ aCHMMeTpHH LlJI.sJ KOHTpOIIbHbiX H3Mepe­

HHH - 0, 033 ± 0, 004 H 0, 035 ± 0, 004 - 11 LlJill OCHOBHbiX H3Mepe~II1H - 0, 033 ± 0, 004 H 

0, 034±0, 004. 06a Ha6o pa xopouw comacyiOTCll Me)f()ly co6oi1 . 8 npeJlnOJIO)((eHHH Hei13MeH­

HOCTH nOII.sip113aUI111 B Te lJeHI1e ceaHCa, 'ITO nO)lTBep)f()laeTCll 3aBI1CI1MOCTliMI1, noKa3aHHbiMI1 

Ha p11c. 2 11 3, onpeJleJilleM aHaJJI1311pyiOwyiO cnoco6HOCTb A( C H2 ) pacceliHI1ll npoTOHOB 

)leHTpOHa C 11MnyiibCOM 9 f38/c Ha yroii 8°. 0Ha COCTaBJilleT 0, 133, 'ITO comacyeTCll CO 3Ha­

lJeHI1eM, nOII}'lJeHHbiM no )laHHbiM 1995 r. [I, 4]; ycpeJlHeHHOe 3HalJeHI1e pasHo 0, 140 ± 0, 007. 

3Kcnep11MeHTbi no 11 3MepeHI1IO TeH30pHoi1 aHaJJI1311pyiOwei1 cnoco6HoCTI1 Ayy Q>parMeH­

TaUHI1 )leHTpOHOB C 11MnyiibCOM 9 f38/c C 11CnycKaHI1eM npOTOHOB C 60nbilli1M11 nonepe4-

HbiMI1 11MnyJibCaMI1 6bJJII1 npOJlOJI)((eHbl B 1998 r. 3aB11CI1MOCTI1 OT HOMepa Q>aiiJia JieBO-npaBOH 

aCI1MMeTp1111 B pacce.sJHI111 npOTOHOB )leHTpOHa C 11MnyiibCOM 9 f38/c Ha yrOJI 8°, noJJy­

lJeHHbie s 3TI1X onbiTax, noKa3aHbi Ha p11c. 4. YcpeJlHeHHbie no seeM Q>aiinaM 3Ha'leHI1ll 

aCI1MMeTp11H COCTaBJI.sJIOT 0, 0338 ± 0, 0009 11 0, 0353 ± 0, 0009 LlJill COCTOliHI1H nOII.sip113aU1111 

)leHTpOHa "+" 11 ''- " , COOTBeTCTBeHHO. l1cnOJib3Y.sJ onpe)leJieHHYIO BbiUJe aHaJ111311pyiOUJYIO cno-
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PHC. 3. 3aBHCHMOCTb OT HOMepa H3MCpCHHll JICBO-npaBOH aCHMMCTpHH B p aCCCliHHH npOTOHOB':JICHTpOHa 

C HMnyllbCOM 9 f38/c Ha yTOJI 8°; TCMHbiC H CBCTllbiC TO'IKH flOJIY'fCHbl, COOTBCTCTBCHHO, B npoUCCCC 

KOHTpOllbHbiX H3MepeHHH nOllllpH3aUHH fl)"!Ka H B XOliC OCHOBHblX H3MepeHHH B ceaHCC 1997 r. 

Ta6nuua 2. BeKropHall noJIJipH33UHR ueifrpoHoa, HJMepeHHllfl JlY'IKOBJ.JM nOJIJipHMeT.poM a pa3JUI'I· 

HJ.IX ceaHC3X pa60TJ.I CHHXpocllaJOTpOH3 . 

Pd,/ Tp, elab Pi Pz < IPzl > ron Pa6oTa 

2,96 0,81 14 0, 590 ± 0, 022 -0, 543 ± 0, 022 0, 567 ± 0, 016 1997 [5] 
3,00 0,83 14 0, 248 ± 0, 016 0, 262 ± 0, 016 0, 255 ± 0, 012 1997 [2,3] 
9,00 3,66 8 0, 241 ± 0, 014 0, 252 ± 0, 014 0, 247 ± 0, 010 1998 Hacr. pa6. 

co6HoCTb A(CH2 ) = 0, 140 ± 0, 007 wu1 3THX ycnoBHH, non)"'a M JHalfeHHjl nonjlpH3aUHH 

flYlJKa p~ = 0, 241 ± 0, 014 H p-; = 0, 252 ± 0, 014. 0TMeTHM, 'ITO TaK3jl )l(e OQJijipH3a­

UHji nylfKa, s npe.aenax oum6oK, 6bma H s ceaHce 1997 r. [5] .· CTaTHCTHlfeCKHe own6KH 

Onpe.aeneHHji DOllllpH3aUHH HeBeliHKH, a B03MQ)I(Hble CHCTeMaTHlfeCKHe OWH6KH COCTaBJljiJOT., 

"' 9% H3-3a Heonpe.aeneHHOCTH npoue.aypbl annpOKCHMaUHH .aaHHblX no aHanH3Hpy10WeH cno-. 

co6HOCTH pp-pacceliHHll H "' 5% H3-3a Heonpe.aeneHHOCTH Bbi.Uene HHjl BKna.ua paccej!HHjl Ha 

so.aopo.ae B MHWeHH CH2 . 

3HalfeHHll nonllpH3aUHH nYlJKa B pa3HbiX ceaHcax pa6oTbl y c KopHTenjl, queHeHHble Ha 

ocHose HaH.aeHHbiX 3HalfeHHH A(CH2 ), cse.aeHbl B Ta6n. i. 0-fMeTHM, 'ITO OHH cnerKa BbiWe, 
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PHC. 4. 3aBHCHMOCTH OT HOMCpa H3MCpCHHJI JICBO-npaBOH 8CHMMCTpHH B paCCCJIHHH npOTOHOB llCHTpOHa 

c HMnyJJbCOM 9 fJB/c Ha yron 8°, nonyqeHHbJe B onblrax no HJMepeHHIO napaMerpa A 1111 B ceaHce 

1998 r. 

'!eM 3Ha'leHIDI, nonyqaJOWHeCJI c non.s~pHMerpoM "AJibcpa" [8), KOTOpbiH onHpaercJI Ha H3-

MepeHHJI aCHMMeTpHH ynpyroro dp-pacCeJIHHJI. 803MO)I(H0, 3TO o6ycnOBJieHO He)lOCTaTO'IHO 

XOpOlllHM 3HaHHeM aHanH3HpyiOlllHX cnoco6HOCTeH ynpymx dp- H pp-pacceliHHH. 

4. 3AKJIIOqEHHE 

PeJynbTaTbi coo6weHHJI CBO.llJITCJI K cne.nyJOWeMy. 

npoaHaJJH3HpOBaHa p a6oTa n}"'KOBOro nOJJJipHMeTpa (4) B Te'leHHe HeCKOJibKHX JJeT. 

noKa3aHO, 'ITO nonyqeHHbie 3Ha'!eHHJI 3cpcpeKTHBHOH aHanH3HpyiOllleH cnoco6HOCTH 

A(CH2) non.s~pHMerpa noJBOJJJIIOT oueHHTb senH'IHHbi BeKTOpHoii KOMnoHeHTbi non.s~pH30BaH­

HOro nyqKa )leHTpOHOB B o6naCTH 3Hepmj.j .!10 3,66 f38/HYKJJOH C .!IOCTaTO'IHOH TO'IHOCTbiO. 

Asropbi 6naronapHbi A .A.)i(,[laHosy H H.M.nHcKyHosy Ja noMOlllb B nonroTOBKe non.s~pH­

Merpa K ceaHcy 1997 f., JJ.B .oy.UKHHY 3a nOMOlllb npH npoBe.!leHHH H3MepeHHH nOn.llpH3aUHH, 

a TaK)I(e n.C.3onHHy, ct> .n erapy, A .H .npoKOcpbeBy " B.H.Waposy 3a none3Hble o6c~eHHll . 
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BEHRJIET -AHAJIII3: KPIITEPIIH L(OCTOBEPHOCTII 
Bhi,UEJIEHIDI CIIm AJIA 

M. C.XBacmynoB 

npen.IIOJKeH KpHTepHH JIOCTOBepHOCTH BbUle.JleHJ.ill CJ.irHana B YCIIOBJ.iliX 60JJblliOH cpo­

HOBOH 3arp)'3KH. 

Pa6oTa BbinOJJHeHa B Jia6opaTopHH BbiCOKHX 3Hepmi1 0115111. 

Wavelet-Analysis: Criterion of Reliable Signal Selection 

M.S.Khvastunov 

Criterion is presented to select the Gaussian signal in a wide interval of the ef­

fect/background ratio. 

The investigation has been performed at the Laboratory of High Energies, JINR. 

1. BBE.IJ.EHHE 

BeHsneT-aHaJJH3 liBJilleTcll cpaBHHTeJlbHO HOBbiM MaTeMaTH4eCKHM annapaTOM [I]. OH 

npenHa3Ha4eH Jlllll aHaJJH3a HHQJOpMa~HH, COJ!eplKalUeH CHrHaJibl B BHJle J10KaJIH30BaHbiX nH­

KOB. qaCTO HMeHHO TaKOfO pona naHHbie nOJ1)'4aiOT B 3KCnepHMeHTaX no QJH3HKe BbiCOKHX 

3HeprnH. 

UenbiO naHHOH pa6oTbi liBJlllnacb pa3pa6oTKa KpHTepHll nocTosepHOCTH BhineneHHll cHr­

Hana npH BeHBJieT-aHaJJH3e B yCJJOBHliX 60JlblllOH QJOHOBOH 3arpy3KH. 

B naHHOH pa6oTe HCn OJlb3YIOTCll rayccOBbl BeHBJleTbl (npOH3BOJ!Hbie cpyHKUHH raycca) . 

AHaJJH3HpyeMbie CJ.ifHaJibl JanaBaJIHCb B raycCOBOH cpopMe. nocTasneHHa.SI 3aJta4a pelllaJJaCb 

nYTeM MonenHposaHHll 3KcnepHMeHTaJJbHOH CHTyauHH MeTonoM MoHTe-Kapno. 

2. BEMBJIET-06PA3 AHAJIH3HPYEMOfO CHrHAJIA 

B npenhinyweH pa6oTe asTopa [2] 6biJla o6HapYlKeHa BbiCOKa.SI cTa6HnbHOCTb nnowanH 

BeHBJieT-06pa3a CHrHaJia B lUHpOKOM HHTepBaJJe OTHOllleHHll 3cpcpeKT - QJOH. non nllOlllaJlbiO 

3J!eCb nOHHMaeTCll HHTerpaJJ no MOJ!YJliO OT BeHBJleT-o6pa3a CHfHaJJa. CTa6HJlbHOCTb nJlOlllaJ!H 

BeHBJieT-06pa3a CHfHaJJa - CJleJ!CTBHe QJHllbTpaUHOHHOfO CBOHCTBa BeHBJieT-npeo6pa30BaHHll . 

BenH4HHa nnowanH S W9 .p 1 seHsneT-o6pa3a 1-ro nopllnKa cHrHaJJa a npHCYTCTBHH cpoHa 

HaH6onee OTJ1H4aeTcll oT nn owanH SW.p1 sej,fsneT-o6pa3a 1-ro nopllnKa cpoHosoro cHrHaJJa a 
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cpaBHeHI-nt C nnOIUa,ns!MH BeHBneT-o6pa30B 6onee BbiCOKHX nOpji.UKOB [2] . D03TOMY B .UaHHOH 
pa6oTe HcnonbJOBaJIHCb sei:isneT-o6pa3bi 1-ro nopjl.uKa. 

,Unji •mcneHHOH xapaKTepHCTHKH OTHOilleHJiji 3cpcpeKT/cpoH BBO.UJinCji napaMeTp 

k = w · N9 j(wN9 + N9 <J> ) , (I) 

r.ue N9 4> - •mcno cpoHOBbiX co6biTHH B Tex jll.Jei:iKax mcTorpaMMbi, s KOTOpbiX npHCYTCTBYJOT 
wN9 co6biTHH aHanHJHpyeMoro cHmana; w- .uonjl oT N9 co6biTH - rayccosa cHmana, nona­
.uaiOillHX B aHaJIHJHpyeMbiH Yl.JaCTOK mcTOrpaMMbi v. HanpHMep, npH )lJlHHe aifanHJHpyeMoro 
Yl.JaCTKa mcTorpaMMbi v = 4, 4617(±2, 23a) BenHl.JHHa w, onpe.uenjleM~ no Ta6nHue HHTe­
rpana sepoj!THOCTeH, pasHa 0,9743 . CooTBeTCTBYIOillHH senHl.JHHe v HHTepsan mcTorpaMMbi 
sei:isneT-o6paJa cHrHana onpe.uenjleTCjl Bbipa:lKeHHeM 

vwfa = 2)(v/2a)2 - 2 · ln(1 - w) : (2) 

Mo.uenHpOBaHHe rayccosa CHfHaJia npOHJBO.UHnOCb Ha KOMnbiOTepe C nOMOlUbiO reHepa­
TOpa CnYl.JaHHbiX l.JHCen, pacnpe.ueneHHbiX B COOTBeTCTBHH c cpyHKUH~H raycca. UeHTp MO­
.uemHoro rayccosa cHmana noMemancjl s cpe.UHIOIO jll.JeHKY mcTorpaMMbi. napaMeTpy k 
npH.llaBaJIHCb JHal.JeHHjl : k; = I ,0; 0,9; 0,85; 0,8; 0,7; 0,6; 0,5; 0,4; 0,3; 0,2. DpH Ka)l(.llOM 
JHal.JeHHH k; l.JHCnaM N 9 npH.UaBaJIHCb JHal.JeHHjl N 9 j =20, 30, 40, .. .110, 120. DpH 3TOM l.JHCna 
cpoHOBbiX (paBHOMepHo pacnpe.ueneHHbiX) co6biTHH N9 4> onpe.uenjlnHCb Bbipa:lKeHHeM 

N9 <J> (i , j) = av · w · (1 / k; - 1) · N9 j , (3) 

r.ue av = Vmaxfv, V m ax - MaKCHMaJibHOe l.JHCno jll.JeeK B rHcTorpaMMe aHaJIH3HpyeMoro CHr­
HaJia. YHcna N 9 <J> ( i, j ) nonYl.JanHCb c noMOillbiO reHepaTopa paBHOMepHO pacnpe.ueneHHbiX 
cnYl.JaHHbiX l.JHCen . YIHcpopMaUHjl o Mo.uenbHbiX cHrHanax (rayccosoM H cpoHoBoM) CYMMHpo­
sanacb B O.UHOH rHCTOrpaMMe. ,Unji Ka)l(.llOH napbl l.JHCen (N9j, k;) binOnHjinOCb no 100 CTa­
THCTHl.JeCKH He3aBHCHMbiX l.JHCneHHbiX 3KCnepHMeHTOB Ha KOMnbiOTepe. llanee Bbll.JHCnjinHCb 
nnollla.uH SW9 4> 1 ( i) sei1sneT-o6paJOB Mo.uenbHbiX rayccoBbiX CHrHanos, B TOH HnH HHOH Mepe 
(onpe.uenjleMoH napaMeTpoM k ;) "no.unop4eHHbix" paBHOMepHbiM cpoHoM. ,Unjl Ka)l(.lloro JHal.Je­
HHjl k.i no I 00 JHal.JeHHj!M nnollla.uH SW9 4> 1 ( i) Bbil.JHCnjinHCb cpe.UHHe JHal.JeHJijl 3TOH nnowa.uH 
H Cpe.uHeKBa.upaTHl.JeCK~ OlllH6Ka OT.UenbHOfO HJMepeHHji 3TOH nnOWa.llH. 3aBHCHMOCTb 3THX 
senHl.JHH (cpe.uHeii nnoma.uH SW94> 1 H OlllH6KH t:.SW gt/> 1 ) OT N 9 .unj! Ka)l(.lloro JHal.JeHHjl k; 
xopolllo annpoKCHMHpyeTCjl nonHHOMaMH. B Ta6n . I npHse.ueHbi JHal.JeHJijl Ko3cpcpHuHeHTOB 
3THX nonHHOMOB. 

nnoma.ub SWg t/> 1 Bei1sneT-o6pa3a nHHeHHO JaBHCHT OT Ng [2] : 

(4) 

r.ue K03cpcpHUHeTbl s1 H S z - H3 Ta6n. I, a Ng = 20, 30, 40, ... ,I 10, 120. napaMeTp HaKnOHa 
Sz cna6o JaBHCHT OT npHMeCH cpoHa B CHrHane (oT napaMeTpa k;). llnjl HHTepsana ki OT 
0,3 .uo I ,0 cpe.uHee JHal.JeHHe 3Toro napaMeTpa pasHo < S2 > = 0, 4078 ± 0; 0035 " cpe.uHee 

3fla'!eHHe napaMeTpa < S1 >= 1, 1502 ± 0, 6193 (3.UeCb npHBe.UeHbl Cpe.uHeKBa.llpaTH'IeCKHe 
OWH6KH OT.UenbHOfO HJMepeHJiji) . 

Cpe.uHee JHa'!eHHe napaMeTpa HaKnoHa S2 HecKonbKO HH:lKe npHse.ueHHOro B pa6oTe [2], 
nOCKOnbKY 3.UeCb HCnOfl bJOBaHO MeHblllee 3Hal.JeHHe BepOjiTHOCTH W . 
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Ta6mtua 1. Ko~HQHeHTJ.I 8~t82 H Ph P2· P3 DOJIHHOMOB 8Wgci>i = 8i + 82 . Ng H L).8Wgcl>i = 
Pi + P2 · N 9 + P3 · Ni 

k; 

1,00 

0,90 

0,85 

0,80 

. 0,70 

0,60 

0,50 

0,40 

0,30 

0,20 

8i 82 Pi P2 P3 
0,56609 0,40984 0,61556 1, 9755 . 10-2 - 3, 7935 . 10- 5 

0,61265 0,41174 0,47773 3, 6085 . 10- 2 -1 , 4665 · 10-4 

0,80228 0,40646 0,85261 2, 0815 . 10-2 -1 , 3189 . 10- 5 

0,66546 0,41029 0,95480 2, 7895 . 10-2 -5, 4807 . 10- 5 

1,0344 0,40624 0,90228 3, 7558 . 10-2 -8, 5336 . 10-5 

0,82157 0,40871 1,1955 4, 1112. 10-2 -6, 9662 . 10-5 

1,5670 0,40446 1,1870 5, 5469 . 10-2 -1 , 8017 · 10- 4 

2,0940 0,40104 0,96759 1, 2269 . 10- 2 - 2, 078o . 10-4 

2,1185 0,41120 0,9420 1,0040 · 10-i -4, 0188 . 10- 4 

4,1138 0,39629 1,4338 1, 1533 . 10-i -3, 8713 . 10- 4 

50 

40 

30 

10 

0 
20 30 40 50 60 70 80 90 1 00 ' 1 0 120 

N, 

PHc. 1. 3aBHCHMOCTb oT N 9 - lfHCJJa co6bJTHH B rayccosoM cHrHaJJC- ruJOUlallH 8W9 4> 1 sciiWieT-o6pa3a 

CHnlaJia H OWH6KH L).8Wgcl> i :noii fUIOWallH npH k; = 0, 5 

Owu6Ka nnowa.uu seifsneT-o6pa3a cumana Bbi'IHCJJliJJacb no cpopMyne 

ASW9.p1 = P1 + P2 · N9 + PJ · N; , 

r.ae K03cpcpHUHCHTbl 6epYTCll H3 Ta6JJ. 1. 

(5) 
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Ha pHc.l npHse.ueHbt s KatJecTBe npHMepa JaBHCHMOCTH (oT tJHcn a N9 co6biTHii B raycco­

BOM cHrnaTie) nnoma.uH SW9 .p1 seiisneT-o6pa3a cHrnaTia H owH6KH l:l.SW 9 .p1 3TOH nnoma.uH 

npH k; = 0, 5. 

3. BEHBJIET -OliPA3 «<»OHOBOrO CHI'HAJIA 

Mo.uenHposaHHe cpoHosoro cHrnaTia npoHJBO.UHnOCb Ha KOMnhtoTepe c noMOIUbiO re­

HepaTopa paBHOMepHo pacnpe.ueneHHbiX cnyqaiiHhiX tJHcen. qHcna N.p cpoHOBbiX co6biTHH 

Bbt6HpaTIHCb B COOTBeTCTBJ.IJ.f C ycnOBJ.feM: B npe,aenax ±v /2 fJ.ICTOrpaMMbl CJ.frHaTia 'IJ.ICJia 

N.pv = w · N9 + N9 .p (eM. BbtpiDKeHHe (1)), a B npe.uenax ±Vmax/2: 

(6) 

AHaTIOrHtJHO HJnO)J(eHHOMY s npe,uht,uyweM paJ,uene ,amt Ka)J(,[lOU n apbt tJHcen (N9i , k,) Bhi­

nOJIHjJJIOCb no I 00 cTaTHCTHtJeCKH HeJaBHCHMhiX tJHcneHH,biX 3KcnepHMC:HTOB Ha KOMnhtoTepe. 

BbttJHCJijJJIHCb nnowa.uH SW.p1 ( i) seiisneT-o6pa3oB cpoHOBbiX cHrnaTios. ,llnB Ka)J(,[loro JHatJe­

HJ.fjJ k; no I 00 3Ha4eHJ.fjJM nnowa,uH SW.p1 ( i) BhttJHCnjJnJ.fcb cpe,uHHe JHatJeHHB 3TOH nnoma.uu 

H cpe.uHeKsa.upaTHtieCK~ owH6Ka l:l.SW .p1 ( i) oT,uenhHoro HJMepeHHjJ nnoma.uH SW.p1 ( i). 3a­

BHCHMOCTb 3TH X senH'IHH (SW.p1 ( i) H SW.p1 ( i)) OT N 9 .LlJljJ Ka)J(,[loro JHatJeHHB k, annpoKcH­

MHposaTiacb nOJIHHOM3MJ.f. B Ta6n . 2 npHBe,UeHbl COOTBeTCTBYIOWJ.fe JHatieHJ.f.st K03clJ<tlHUHeHTOB 

3THX nOJIHHOMOB. 

Ta6nuua 2. Ko3ciJciJuuueHTbJ Q~oQ2,Q3 H r~o r2, r3 DOJIHHOMOB SWq,1 = Q1 + q2 · N 9 + q3 · Ni H 
t.S W q, 1 = T 1 + T2. N g + T3. Ni 

k i Q1 Q2 Q3 T1 T 2 T3 

1,00 2,1495 o, 93716 . 10- 1 -2,2369 . 10-4 0,58959 3, 2021 . 10-2 -7,4229 · 10-5 

0,90 2,3669 o, 95507 . 10- 1 -2, 3332 . 10-4 0,86912 2, 5605 . 10-2 -3, 0490 · 10-5 

0,85 2,5340 o, 97644 . 10- 1 -2,3609 . 10- 4 0,87950 3, 1298 . 10-2 -8, 5636 . 10-5 

0,80 1,9970 0,12701 -4, 5922 . 10-4 0,59002 4, 4591 . 10-2 -1,7541 . 10-4 

0,70 2,2048 0,13552 -4, 9518 . 10-4 0,72375 4, 5018 . 10- 2 -1,8756 · 10-4 

0,60 2,6949 0,13063 -3,9413 . 10-4 0,62504 5,025 . 10-2 -1,8583 ·10-4 

0,50 3,0336 0,13256 -3, 5148 . 10-4 0,90117 4, 6703 . 10-2 -1,5120. 10-4 

0,40 3,3558 0,15964 - 4,9178 . 10-4 0,90276 5,137 . 10-2 -1,2819. 10-4 

0,30 3,2883 0,19582 -6, 3315 . 10-4 0,99721 6,882 . 10-2 -2,6190 . 10-4 

0,20 5,1338 0,20196 -4,6287 . 10-4 1,9489 6, 2345 . 10- 2 -1,7505 . 10-4 

nnoWa,!lb BeHBneT- 06pa3a cpOHOBOfO CJ.frHaTia Bbi'IJ.ICJIBeTCjt no cpOpMyne 

(7) 
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PHt. 2. 3aBHCHMOCTh OT N 9 - qlfCJla co6hlTHH B rayccoaoM cHrna.ne- nnomanH SWq, 1 aei1BJJeT-o6pa3a 

cpOHOBOfO ClfrHa.Jia If OWH6KH t!.SW.p 1 :3TOH IIDO!UaJlH npH k; = 0, 5 

H OUIH6Ka 3TOH niiOlll3,llH -

6.SWq,1 = r1 + r2 · N9 + r3 · N;, (8) 

f)le K03QJQJHUHeHTbl Qi, r i , i = 1, 2, 3 6epyrc}J H3 Ta6JI. 2. 

Ha pHc.2 npHBe)leHbi B KaqecTBe npHMepa KpHBbie SWq,1 ( i) H 6-SW q, 1 ( i), paccqHTaHHbJe 

no cpopMynaM (7) H (8) JlJI}! k; = 0,5: 

4. KPHTEPHH )lOCTOBEPHOCTH Bhl)lEJIEHH» CHrHAJIA 

Tenepb y HaC JlOCTaTOlJHO HHQJOpMaUHH )lJI}J KOHCTpyHpOBaHH}J napaMeTpa, xapaKTe­

pH3yJOlllero BepO}JTHOCTb HMHTaUHH rayccoBa CHrHaJia QJOHOM. Jln}J 3TOH UeJIH HCnOJib3yeM 

pa3HOCTb d = SW9¢ 1 - SWq,1 11 cpeJlHeKBa,upaTH'IecKyJO owH6Ky 3TOH pa3HOCTH ad = 
J(6.SW9q,1) 2 + (6.SWq, I) 2 . Ha pHc.3 npeJlCTaBneHbi KpHBbJe 3aBHCHMOCTei1 OTHoweHH}J 

d/ad oT N 9 )lJI}J k; OT 0,2 JlO 1,0. 

0THomeHH}J d/ad o n peJleJI}!JOT BepO}JTHOCTb HMHTaUHH rayccoBa CHrHana cpoHOM. Ha­

npHMep, npH d/ad = 3, 0 3Ta Bepo}JTHOCTb paBHa 0,0027. HanoMHHM,qTo BeJIHqHHaM 

SW9 q,1 H SWq,1 COOTBeTCTBYIOT OJlHHaKOBbJe lJHCJia co6bJTHi1: N9q,(±vmax/2) co6bJTHH (rayc­

coBa CHrHana BMecTe c cpoHOBbJM CHrHaJIOM) npH BbllJHCJieHHH SW9 q, 1 H Nq,(±vmax/2) = 
Ng¢(±Vmax/2) QJOHOBbiX co6bJTHH npH BbllJHCJieHHH SW¢1· 

B Ta6n. 3 npHBe)leHbi )lJI}J pa3HbiX cpoHOBbiX ycnoBHH (pa3JIHlJHbiX 3HalJeHHH k;) H JlJI}! 

pa3IIHlJHbiX OTHoweHHH d/ad MHHHMaJibHbJe lJHCJia N9 co6LITHH B rayccoBOM cHrnane. TaK, 
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PHc. 3. 3aBHCHMOCTb d/ad or N9 - 'IHCJJa co6biTHH B rayccosoM cHrnane .IIJill paliiH'IHbiX 3Ha'leHHH ki 
(O)'HKTHpHble KpHBbie: CHH3Y BBepx - COOTBeTCTBYJOT k; =0,2; 0,3; 0,4; 0,5; 0,6; 0,7; 0,8; 0,85; 0,9; 
BepXHllll COJIOWH8ll KpHB8ll - k; = 1, 0) 

Ta6JJuua 3. qHCJJa N 9 co6&rruii B rayccosoM cumaJJe npu palHioJX cpouon iX yCJJOBHJIX (palJIIf'IHJ.Je 
3Ha'leHHJJ k;) H palHhiX BeJJH'IHH3X djad 

k; 
d/ad 1,0 0,9 0,85 0,8 0,7 0,6 0,5 0,4 0,3 0,2 
2,0 25 30 40 58 98 
3,0 24 26 32 36 42 54 75 104 
4,0 34 38 45 54 64 84 116 
5,0 30 45 53 64 76 90 114 
6,0 44 60 70 86 100 116 

Jl.Jill d/r7d = 3, 0 : Ng ~ 104(k; = 0, 3); Ng ~ 42(k; = 0, 6); Ng ~ 26(k; = 0, 85) H .ll1lll 

d/r7d = 5, 0 : Ng ~ 114(ki = 0, 5); Ng ~ 53(k; = 0, 85) H T. )l. 

YHcno N9 co6biTHii B rayccosoM cHruane OilH03Ha'IHO onpe)lenlleTcll nnOlUaJlbiO SW9 4-1 

seiisneT-o6pa3a 3Toro cHruana (eM. <tJopMyny (4)): 

(9) 

OapaMeTp S2 (KaK }')Ke OTMe'laJlOCb Bblllle) npaKTH'-IeCKH nOCTOliHeH B lllHpOKOM HHTep­

BaJle 3Ha'leHHH k;. no3TOMY OlllH6Ky B Ng MO:lKHO npe)lCTaBHTb B BH)le 

(10) 
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Taonuua 4. llapaMeTpbl b.N9 /N9 a JaancHMocTH or d/ad u k; 

d/ad 
k; 3,0 4,0 5,0 6,0 

0,30 0,1571104 

0,40 0,162175 0,1351116 

0,50 0,156/54 0,129/84 0,1081114 

0,60 0,157/42 0,132/64 0,116/90 0,106/116 

0,70 0,137/36 0,122/54 0,102176 0,091/100 

0,80 0,130/32 0,110/45 0,094/64 0/082/86 

0,85 0,122/26 0,100/38 0,086/53 0,077170 

0,90 0,120/24 0,105/34 0,094/45 0,070/60 

B Ta6n. 4 npHBe)leHhi 3TH oum6KH H cooTBeTCTBYJOWHe JHa'leHH~ N9 B JaBHCHMOCTH oT 

d/ad H k;. HanpHMep, npH d/ad=5,0 H k;= 0,5 tl.N9 /N9 ~ 0, 108 H N9 =104. 

5. llP,HME'nEHHE KPHTEPIDI .IJ:OCTOBEPHOCTH Bbi.IJ:EJIEHH.SI CHrHAJIA 
B PEAJibHOM 3KCUEPHMEHTE 

B peanbHOM 3Kcnepu MeHTe Mhi JHaeM JIHWh nJIOWaJlh SW9 4> 1 (e) sei1sneT-o6pa3a JaperH­

cTpHposaHHOro CHfHaJia. EcTeCTBeHHO 803HHKaeT BOnpoc - KaKOBa BepO~THOCTb HMHTaUHH 

3Toro CHmana QlJIYKTyauu~MH paBHOMepHoro Q>oHa? KaK HaM npeJlCTaBJI~eTc~. Ha 3TOT sonpoc 

MO:lKHO OTBeTHTb, HCnOJi h3Y~ H3JIO:lKeHHOe B npeJlbiJlYWHX pa3)leJiaX )laHHOH pa60Tbl. 

Bhi'lHCJieHHe nnowa)leH sei1sneT-o6pa30B 3KcnepHMeHTaJihHhiX CHrHaJIOB JlOJJJKHO npoHJ­

BOJlHThC~ TaK JKe, KaK MOJleJihHbiX (npH TeX :lKe 3Ha1.JeHH~X napaMeTpOB: dmj a - OTHOWeHH~ 
WHpHHbl ~'leHKH fHC~OrpaMMbl CHfl;laJia K a- H npH TeX JKe 3Ha1.JeHH~X V, W, Vw, H Vmax· 

OpH 3TOM MO:lKHO socnoJibJOBaTbc~ Q>opMynoii (4) JlJI~ Bhi'lHCJieHH~ 'lHCJia N 9e co6hiTHH B 

3KCnepHMeHTaJibHOM CH f HaJie: 

N 9 e = (SW9 4>1(e)- S1)/S2, (II) 

f)le S1 H S2 - CpeJlHHe 3Ha1.JeHH~ napaMeTpOB, npHBe)leHHhie B pa3)leJie 2. 0yCTh nOJIHOe 

'lHCJIO co6biTHH B mcTorpaMMe 3KcnepHMeHTaJihHoro cHrHana B npeJleJiax ±v/2 paBHO Nse· 
CpeJlH 3Toro 'lHCJia co6biTHH COJlep:lKHTC~ N9e co6biTHH BOJMOJKHoro rayccosa CHrHana. 3Kc­

nepHMeHTaJihHOe JH<l<leHHe napaMeTpa ke onpeJleJI~eTc~ OTHOWeHHeM ke = N9e/Nse· CpeJlH 

Ha6opa MopemHhiX napaMe-rpos k; (1,0; 0,9; 0,85; 0,8; 0,7; 0,6; 0,5; 0,4; 0,3; 0,2) Bhi6HpaeM 

TO 3Ha'leHHe ke;. KOTopoe HaH6onee 6JIH3KO K napaMeTpy ke. OoJibJY~Ch 3THM JHa'leHHeM kei• 
Bbi6HpaeM H3 Ta6JI. I H 2 COOTBeTCTByJOWHe K03Q>Q>HUHeHThl nOJIHHOMOB: p;, Q;, T;, i = 1, 2, 3. 
00Jih3Y~Cb 3THMH K03Q>Q>HUHeHTaMH, no Q>opMyJiaM (5,7 ,8) Bhl'lHCJI~eM 3Ha'leHH~ f:l.SWg¢ 1 (e), 
SW¢1 (e) H tl.SW¢1 (e) . llanee Bhi'lHCJI~eM JHa'leHH~ napaMeTpos: 

de= SW9 4>1 (e)- SW4>1(e) , ade = ~(tl.SW94>1(e)) 2 + (tl.SW¢1(e))2 (12) 

H HaXO)lHM HX OTHOWeHHe de/ade· 
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HanoMHHM,'ITO BeJJH'IHHLI SWq,1(e) H .:lSWq,1(e) BLI'IHCJJeHLI B npeJUJono:xceHHH, 'ITO 
Nse co6LJTHH 3KcnepHMeHTaJJLHoro CHrnana npe.ucTaBJUIJOT co6ou paBHOMepHLIH ~OH. BesJH­
'IHHa de/ a de onpe.uem1eT sepOjJTHOCTL HMHTaUHH 3KcnepHMeHTaJJLHoro nHKa «lmYKTYaUHjJMH 
paBHOMepuoro ~oua. 

6. 3AKJIIOqEHHE 

<l>HJJLTpaUHOHHOe CBOHCTBO BeHBJJeT-npeo6pa30BaHHjJ .uaeT B03MO:XCHOCTL BL1pa60TKH KpH­
TepHjJ .llOCTOBepHOCTJ.t BLJ,IleJJeHHjJ rayccosa CHrHaJJa B yCJJOBHjJX 60JJLWOH ~HOBOH 3arp}'3KH. 

ABTop 6naro.uapeH B.B.fnaronesy Ja o6cy:xc.ueHHjJ, CTHMYJJHposaswHe pa3pa6oTKY .uau­
uoro KpHTepHjJ. 
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OE ACHMDTOTHKE DPH HHKJII03HBHOM PO.IK,UEHHH 
AHTIDIL(~P H RL(EPHhiX «<>PArMEHTOB 

O.C.Koc.Mafle6 1 

nonyqeHbl H aHaJJH3Hp)'IOTCJI aHaJJHTH'IeCtcHe BbipaJKeHHJI Ce'leHHH MJI HHKn103HB­

HOro polKJleHHJI aHTHJillep H JlllepHbiX cpparMeHTOB. 

Pa6oTa-BblnonHeHa B Jla6opaTopH-H BbiCOKHX ::mepmii 0115111 

On Asymptotics in Inclusive Production of Antinuclei 
and Nuclear Fragments 

O.S.Kosmachev 

Analytical expressions for the inclusive production cross sections of antinuclei and 

nuclear fragments are obtained and analysed. 

The investigatio n has been performed at the Laboratory of High Energies, JINR. 

1. BBE.llEHHE 

PemiTHBHCTCKrui JIAep Hrui QJH3Htca B HbiHeuiHeM ee nOHHMaHHH [ 1] HaXOL1HTCJI Ha Tate OM 

:nane CBOero pa3BHTHJI, KOrL{a CTpOHTenbCTBO H BBOL1 B 3KCnnyaTaUHIO HOBbiX yctcOpHTeneH 

nopo)I(JlaeT mtcHAaHHe HOBOH QJH3HKH. EcTecTBeHHOH amTepHaTHBOH pacTymeH L10poroBH3He 

yCKOpHTenbHOH HHL1YCTpHH JIBflJieTCJI 60nblllru! npOAYMaHHOCTb H ysenH'IeHHe TO'IHOCTH 31CC­

nepHMeHTa L10 TatcOH CTeneHH, tcOrL{a MOJKHO 6yL1eT Ha OCHOBe OnbiTa L{enaTb Bbi60p Me)I(Jly 

pa3nH'IHbiMH MOL{enJIMH, npHHHMaTb HflH OTBepraTb rHDOTe3bl, neJKalUHe B HX OCHOBe. 

JlpyroH B03MOJK:HOCTbiO HHTeHCHQJHKaUHH (H B KOHe'IHOM HTOre L10CTH)f(eHHJI 31COHOMH­

'IeCKOH onpaBL{aHHOCTH H uenecoo6pa3HOCTH) HCCneL{OBaHHH no penJITHBHCTCKOH JIL1epHOH 

QJH3HKe JIBnJieTCJI npeL1CKa3aTenbHru! CnOC06HOCTb MOL{eneH H BbiJIBneHHe Ha 3TOH OCHOBe npH­

OpHTeTOB B DOCTaHOBtce yctcOpHTeflbHbiX 3tcCnepHMeHTOB. 

JlaHHru! pa6oTa DOCBJi lUeHa L{anbHeHllleMy HCCneL{OBaHHIO xapatcTepHCTHIC H B03MOJKHOCTeH 

MOL{enH, npeJlnO)f(eHHOH paHee ( 1], (2) H ODHCbiBaiOlUeH HHBapHaHTHOe Ce'!eHHe B3aHMOL1eH­

CTBHJI penJITHBHCTCKHX JIL1ep Ha 3HepreTH'IeCKOM HHTepsane lllHpHHOH L10 8 nopJIL1KOB. 

1 E-mail : kos@thsun l.jinr.ru 
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2. HCXO.IJ:HhiE YPABHEHIDI 

B peJynbTaTe 6onblllOro UHKlla pa6oT, CBliJaHHbiX c npoueccaMH a.upouoo6paJoBaHHll, 

6bJnO ycTaHOBneHO, 'ITO Ce'leHHe HHKJliOJHBHbiX peaKUHH BH,lla 

I+Il--+1+2+ ... 

npH CTOnKHOBeHHH pemiTHBHCTCKHX ll.!lep I H I I )lllll paJnH'lHbiX THnos )leTeKTHpyeMbiX 'la­

CTHU 1 onHcbtsaeTcll <tJopMynoi:i [I] 

d
2
a _ 2 C Al/3+Nr /3Al/3+Nu /3 [ II/C ] 

d d
-7ri 1 II exp- 2· 

mr mr Y 
(1) 

3)leCb Cl, c2 - HJBeCTHbie KOHCTaHTbt; NI H Nil - 3tPtPeKTHBHbte 'lHCna HYKJlOHOB, 

}"'aCTBYIOlllHX B ll)lepHOM CTORKHOBeHHH. 

06o6llleHHbiH napaMeTp no)lo6Hll II uaxo)lHTCll HJ Tpe?osaHHll MHHH_MYMa 3TOH BeJJH'lHHbi 

npH ycnOBHH BbtnOnHeHHll JaKOHa COXpaHeHHll 3Hepnm 

II= min[1/2 · ..}(uiNI + UIJNII) 2 ], 

r)le ui, UIJ- 4-cKopocTH li.Uep I H II. 3-ro 3KBHBaneHTHO )lBYM paseucTBaM. 

nepsoe - JaKOH COXpaHeHHll 3Hepnm 

r.ue 

q> I = (mdmo)(uiui) + (!::l./mo) . 

[(uiUII)- 1] 1 

'l>II _ (mdmo)(uiiud + (!::l./mo). 

- [(UIUIJ)- 1] ' 

'l>o _ (!::l./mo)
2 

- (mi/mo)
2

. 

- [(UJU[[)- 1] 1 

(2) 

(3) 

D. = 0 )lllll 7r-MeJOHOB H cTpyii; (uiuu) = Cosh2Y; (u1ui) = (mrfmi)Cosh(Y + y); 
(uuul) = (mr/ml)Cosh(Y- y); mr = Jmf + p}; mo-Macca HYKJlOHa. 

Tpe6osaHHe ycnosuoro 3KCTpeMYMa OJHa'laeT paseHCTBO uyn10 'laCTHbiX npoHJBO)lHbiX no 

NI H NI I )lllll tPYHKUHH 

M(NI , NII) = II+ >.<p, (4) 

r.ue ).. - T.H. MHO:lKHTenb JlarpaH:lKa, H 

3TO .uaeT BTOpOe paBeHCTBO 

(5) 
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CosMeCTHoe perneHHe (3) H (5) )la!OT senH'IHHbi N1 H Nn, JlOCTasmt!OlUHe 3KCTpeMYM 

senH'IHHbi II. B o6rneM cnyqae 2 ypasHeHH}I BToporo nop}I.UKa 3KBHBaneHTHbt JlB}'M ypasHe­

HH}IM lJeTsepToro nop}{JlK a JlJl}l paJ)leneHHbiX nepeMeHHbiX. Ilo3TOMY YJl06Ho, cneJly}l [3] (eM . 

TaK:lKe [2), [ 4 ]), BBeCTH HOBbie nepeMeHHble 

NI 
FI = (-) -1, 

if? II 

Tor)la ypasHeHHe (3) npHHHMaeT BHJl 

NII) _ 1. Fn = ( <p
1 

ip8 
F1 Fn = 1 + (if? 1 if? II) = a (6) 

Tpe6osaHHe ycnosHo ro 3KCTpeM}'Ma ( 4) npH yqeTe JaKoHa coxpaHeHH}I 3HepmH npHBOJlHT 

K ypaBHeHHIO 

4 (uiun) 3 a 1 a2 

FI + [1 + ]Fl- (-)[(UJUIJ) + (-)]FI- 2 = 0, 
z z z z 

(7) 

r)le z = ~, H )lanee 

Ffi + [1 + (uiun)z]F(1 - (az)[(uiun) + z]Fn- a2z2 = 0. (8) 

113 Bbtpa:lKeHHH (3) H (5) olJeBHJlHO, 'ITO B cnyqae po)I(JleHH}I aHTH}{Jlep, K-- MeJOHOB 

(D.= m) H }l)lepHbiX cpp arMeHTOB (D.= -m), KOr)la if?,5 = 0, CHCTeMa (3)- (4) CTaHOBHTC}I 

OJlHOpOJlHOH. Ilo3TOMY o Ha HMeeT TpHBHan&Hoe peweHHe N1 = Nn = 0, 'ITO pasHOCHJlbHO 

F1 = Fn = -1. IloJleJlHB (7) H (8) cooTBeTCTBeHHO Ha (FI + 1) H (Fn + 1) nonyqaeM 

ypaBHeHH}I TpeTbeH CTen eHH 

3 1 2 1 1 
FI + (UJUIJ)-FJ - (UJUIJ)-FI- 2 = 0 

z z z 
(9) 

H 
3 • 2 2 

Fn + ( UJUIJ )zFn - ( UJUIJ )zFn - z = 0. (10) 

3aKOH COXpaHeHH}I 3HepmH B )laHHOM CJlyqae npHHHMaeT BH)l 

FIFII = 1 (II) 

Ko3cpcpHuHeHTbt ypaBHeHHH (9) H (10) }18Jl}IIOTC}I )leHCTBHTeJlbHbiMH senH'IHHaMH H He 

MeH}IIOT JHaKH B cpH3H'Ie CKH )lOnycTHMbiX o6naCT}IX HX HJMeHeHHH. Ha OCHOBe CTaH)lapTHOrO 

anrOpHTMa BbllJHCJleHH}I JlHCKpHMHHaHTa anre6paHlJeCKOfO ypaBHeHH}I [5) MOJKHO y6e)lHTbC}I, 

lJTO o6a ypaBHeHHli HMe iOT TpH peanbHbiX KOpH}I. IlpH 3TOM KaK B (9), TaK H B (10) npo­

MCXO)lHT O)lHa CMeHa JHaKa B nOCJle)lOBaTeJlbHOCTH K03cpcpHUHeHTOB ypaBHeHH}I . Ilo npaBHJlY 

,lleKapTa [5) 3TO OJHalJaeT, 'ITO Ka)I(JlOe ypaBHeHHe HMeeT, KaK MHHHM}'M, no O)lHOMY no­

JlOJKHTeJlbHOMY KOpHIO. II pH JaMeHe F1 , II ~ - F1 ,II JHaKH B TOH JKe nocne)lOBaTeJlbHOCTH 

K03cpcpHUHeHTOB MeH}I IOTC}I )lBa)I(Jlbl, 'ITO OJHalJaeT HaJlHlJHe JlBYX OTpHUaTeJlbHbiX KOpHeH. 

B CB}IJH C 3THM CJle)lyeT OTMeTHTb, 'ITO JaKOHY COXpaHeHH}I 3HeprHH He npOTHBOpe'laT KaK 

nOJlO:lKHTeJlbHbte, TaK H OTpHUaTeJlbHbte peweHH}I, eCJlH Bbt6HpaTb O)lHOBpeMeHHO TOJlbKO no­

JlO:lKHTeJlbHbte HJlH TOJl bKO OTpHUaTeJlbHbte . IlpH'IeM HMeeTC}I TpH napbl TaKHX peweHHH. 3-fo 

06CT0}1TeJlbCTBO )lenaeT He06XO)lHMbiM aHaJ1H3 )lOCTaTOlJHbiX YCJlOBHH, T.e. JleTanHJaUHIO TOro, 

'ITO OJHalJaeT 3KCTpeM}'M . 
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3 . .IJ:OCTATOliHhiE YCJIOBIDI 

BaJKHbiM ucxo,uHbiM nonoJKeHHeM Mo.uenu .liBJI.lleTc.ll Tpe6osaHHe ycnosHoro MHHHMYMa 

cpyHKUHH II. BbmonHeHHa.ll Bbtllie npoue.uypa MHHHMHJaUHH rapaHTHpyeT BbmonHeHHe 3KC­

TpeManbHOCTH, T.e . .liBJI.lleTc.ll Heo6xo.uHMbiM ycnosHeM. KaK HJBeCTHO [6], .uocTaTO'IHbiM ycno­

BHeM YCJIOBHOrO MHHHMYMa .liBJI.lleTC.ll nOJIOJKHTeJibHa.ll onpe,ueneHHOCTb cpopMbl J > 0 8 TO'IKe 

(N{i) N (k ) ) . k 2 3 MHHHMYMa I , II ,z , = 1, , : 

r.ue h}i) = NI - Nj i)' hw = Nu- Nj~) .UOCTaTO'IHO ManbJe BenH'IHHbl . 

TaKoro copTa aHanHJ ,un.11 ueHTpanbHOH o6nacTH 6biCTpoT BbmonHeH B [7], OTKy.ua 

CTaHOBHTC.ll .liCHO, 'ITO BCe Bbi'IHCJieHH.ll JHa'IHTeJibHO ynpOIUaiOTC.ll , eCJIH C CaM0£'0 Ha'lana 

yqecTb KOHKpeTHKY paccMaTpusaeMOH Ja)la'IH: <I>~ = 0, FI Fu = 1 lleifcTBHTenbHO, B .uaH­

HOM cnyqae II cTaHOBHTC.ll .liBHOH cpyHKUHeH n116o FI, Jm6o FI I . Y4HTbiBa.ll (2) H TO, 'ITO 

NI = (FI + 1)<I>u , 
Nn = (Fn + l)<PI , nonyqaeM 

(13) 

AHanorH'IHO 

, . ([Fu + 1]<PI / ) II= II (Fn) = mm 2Fu \ FJI + 2(uiuu)zFu + z2 . (14) 

Tor.ua Tpe6osa Hue 3KCTpeMYMa nepecTaeT 6btTb ycnoBHbiM, " HJ o 6 bt'IHbiX ycnOBHH 3KCTpe­

MYMa 

dii"(F ) _ ___;__//....:... = 0 
dFII 

(15) 

non y'laeM ypaBHeHH.ll (9) " (10) . nocTaTO'IHbie ycnOBH.ll MHHHMYMa npH 3TOM JHa'IHTeJibHO 

ynpOlUaiOTC.ll H CBO,ll.liTC.ll K nOJIOJKHTeJibHOH Onpe.ueneHHOCTH BTOpbiX npOHJBO)lHbiX 8 TO'IKaX 

3KCTpeMvua p (i) p ( k ) 
J ''' l ' II 

C y'leToM (1 5) nony'laeM cn e.uyiOllJHe BbtpaJKeHH.ll, cnpase.unHBbte s TO'IKe 3KCTpeMYMa: 

<I>u 
2 

[3FJ + 2((uiuu)/z)F!- ((uiun)/z)] 

FJJFJ + 2((uiun)/z)FI + (1/z2 ) ' 

[3FJI + 2(uiuu)zFn - (uiun)z] 

FJ1 J FJI + 2( UIUII )zFu + z2 · 

(16) 

(17) 

(18) 
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)],JUI oueHKH JHaKa, HanpHMep, 8bipa)l(eHH.II (18) }'MHO)I(HM H paJ.uenHM ero Ha Fu " 
80CnOJihJyeMc.H pa8eHCT80 M (10). B peJyJibTaTe nony<~aeM, 'ITO 'IHCJIHTeJib co.uep)I(HT peweHH.H 

C nOJIO)I(HTeJibHbiMH K03cpcpHUHeHTaMH TOJibKO 

AHaJIOrH'IHO 

d2Il" (FI I) 

dFJI 

d2 II'(FI) 
dFJ 

<Pu 
2 

<f?I 

2 

[2Ffi + (uiuu)zFfi + z2
] 

FJI JFJ;+-'i(U[u_I_I)ZFI I + z2 

[2Ff + ((uiuu)/z)FJ + (1/z2
)] 

FJJFJ + 2((uiuu)/z)FI + (1/z2
) 

(19) 

(20) 

113 8blpa)l(eHHH (19), (20) O'le8H,llHO, 'ITO OHH nOJIO)I(HTeJibHbl npH nOJIO)I(HTeJibHbiX pellleHH.IIX . 

3To OJHa'!aeT, 'ITO 8 cn y<~ae, Kor.ua o6a peweHH.II FI, FI I > 0, Mbi 6y.ueM HMeTb MHHHMYM 

cp)'HKUHH II. B cny<~ae o TpHuaTenhHbiX peweHHH He HMeeTc.H TaKoii )l(e 6eJycno8HOH onpe.ue­

neHHOCTH, KaK 8 CJiy<~ae nOJIO)I(HTeJibHbiX. 3.uecb e,ll8a JIH MO)I(HO 060HTHCb 6eJ KOHKpeTHbiX 

peweHHH ypa8HeHH.II 3KCTpeM}'Ma. 

4. AHAJIH3 PEIIIEHHH 

PeweHH.II ypa8HeHHH (9) H (10), JanHcaHHbie 8 cpopMe Kap.uaHo HJIH 8 TpHroHoMeTpH'Ie­

CKOH cpopMe rpOMOJ,llKH H Hey.uo6Hbl ,llJI.II nOCJie.UyiOlllHX paCCMOTpeHHH. C .Upyroj;j CTOpOHbl, 

aHaJIHJ MHOrHX 3KCnepHMeHTaJibHbiX ,llaHHbiX H HCCJie,ll08aHHe aCHMnTOTH'IeCKHX C80HCT8 JlO­

nycKaiOT ynpOllleHH.II, C8.113aHHbie C 8biJleJieHHblMH KHHeMaTH4eCKHMH 30HaMH, 8 4aCTHOCTH, 

C8.113aHHbie C MaJibiMH 3Ha'!eHHMH 8eJIH4HHbl Z. 8 TaKOM CJiy<~ae (z2 << 1) 8 ypa8HeHHH (10) 
MO)I(HO npeHe6pe'lb C806 0JIHbiM 'IJieHOM, H OHO npHHHMaeT 8HJl 

Fu[FJI + (uiuu)zFu- (uiuu)z] = 0. (21) 

B peJynhTaTe nony<~aeM cne.uyiOlllHe peweHH.H: 

(1) ( 1 FII = (uiun)z -2 + 1 1 ) - + > 0 
4 (UIUIJ )z ' 

(22) 

Fjp = (uiuu)z( -~- 1 1 ) - + < 0 
4 (UJUIJ)Z . 

(23) 

TpeThe peweHHe Fn) - o4e8H.llHO ecTb Mana.~~ 8eJIH4HHa, ManocTb KOTopoii C8.11JaHa c Ma­

nocThiO z. ,Un.11 6onee o n peneneHHoro 8bi6opa ee, 8KJII04a.H JHaK, 8ocnonhJyeMc.ll HJ8eCTHbiMH 

COOTHOllleHH.IIMH (5] Me)I(Jly K03cpcpHUHeHTaMH ypa8HeHH.II H ero KOpH.IIMH. 8 4aCTHOCTH, ,llJI.II 

Ky6H'IHOrO ypa8HeHH.II HMeeM 

OTKyJia, y<IHTbl8a.H (22) , (23) 

F(l)F(2) F(3) _ 2 
II II II -Z, 

(3)-- z < 0. 
FII - (uiuii) (24) 
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C Henonb30BaHHeM JaKoHa eoxpaHeHH.sr 3HeprnH (11) ypasHeHHe (21) npeo6pa3yeTe.sr K 

BH;D.Y 

Ero peweHH.sr · 

1 1 
F (2)- ~­

I -
2 - + (" ) < 0. 4 UIUII Z 

nosTop.srll see eKa3aHiioe o6 F};l, nonyqaeM 

F?) =- (uiUII) < 0. 
z 

EeTeeTBeHHO, YTO npH 3TOM paseHeTsa 

F (2)p(2) -1 
I II - > 

.. 
F (3)p(3)- 1 

I II -

(25) 

(26) 

(27) 

(28) 

BblnOJlHliiOTell TOYHO. no3TOMY TOYHO BblnOJlHliiOTe.sr eooTHOWeHH.sl TI' (F?)) = TI"(Fj~l). TeM 

eaMbiM yeTaHOBm!HO eOOTBeTeTBHe Me)f(.[ly peweHH.siMH ypaBHeHH.sl 3 eTpeMYMa, eomaeytoiUH­
MHell e JaKOHOM eoxpaHeHH.sl 3HeprHH. 

KaK 6billO Hai-i.ueHo Bbtwe, s enyqae nonmKHTemHbiX peweHHH (FP), Fjp > 0) .<PYHKUH.sr 

II npi-IHHMa·ei MHHHMaiibHoe JHaYeHHe. 113 liBHoro· BHila peweHHH (22), (26) H Bbiplt)l(eHHH 

(13) , (14) ene.uyeT, 'ITO JaBH:eHMbeTb OT HaiJanbHOH 3HeprHH onpe.uen.sr eTC.sl MHO~HTell.s!MH THna 

cp I HllH cp I I. Tor.ua KaK Bee OeTaJlbHbie MHO)I(HTellH JaBHe.siT <!JaKTHYeeKH OT nonepeYHOfO 

HMnyllbeapT. 3TO 0'-leBH.!lHO H3 ypaBHeHHH (21) , (25) H TOfO, 'ITO (U I UII )z = 1±mi/mT .!lll.sl 
enyqa.sr y = Y . AeHMnTOTHYeeKoe nose.ueHHe senHYHH, onpe.uenlltoiUHX nose.ueHHe eeYeHH.sr 

(1), TaKHX, KaK Nr , NII,fl BOeHOBHOM nOBTOp.sreT TO, KOTOpOe OTMeYaeTe.sr B pa6oTe [2), 
XOTll H noliBlllleTe.sr HeKOTopoe paJnHYHe. TaK, HanpHMep, s o6naeTH <!JparMeHTauHH . .sr.upa I I 
np1-1 CoshY ~ oo nonyqaeM 

N(I) = (;,(!) + 1)<P ~ [3/2 + /1/4 + i/(3]· (mi/mo)[m T/mi ± 1] -+ 0 
I I II V [Cosh2Y - 1] ' 

r.ue (3 = (UIUIJ)Z ~ (1 ± mJ/mT)- 3.ueeb 3HaK (+) eOOTBeTCTByeT pO)f(.[leHHIO aHTH.si.Uep H 
3HaK ( - ) - li.UepHbiX <!JparMeHTOB. 

np1-1 3TOM, B OTJlHYHe OT ell}"Jal! y = 0 (eM. [2]), NI I CTpeMHTell K KOHeYHOMY npe.ueny, 
JaBHell!lleMy OT ffiT : 

N};l = (Fjp + 1)<PI ~ [(3(-1/2 + J1/4 + 1/(3) + 1](mT/mo) -

Ha oeHose (14) , (23) nonyqaeM ene.uytomee aeHMnTOTHYeeKoe Bbtpa)l(eHHe .!lll.sl o6o6meH­

Horo napaMeTpa no.uo6Hll 

TI = [/3( - 1/2 + J1/4 +1 / (3 + 1](mT/mo) . V (3[(3( _ -112 + J 1/ 4 + 1; (3) + 1]. 
2(3(-1/2 + J1/4 + 1/(3) 
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TaKHM o6pa3oM, KaK 11 B pa6oTe [2], acHMilTOTH'IeCKoe JHalJeHHe II j!BJJjleTCjl orpaHHlJeH­

Hoii IlOflO)I(HTenbHOH BenHlJHHOH, JaBHCj!WeH OT IlOnepelJHOrO HMilYflbCa. 003TOMY OCH08Hble 

KalJeCT8eHHble peJynhTaTbl cosna.ua10T KaK )l.Jljl 6biCTpoT y ,...., 0, TaK 11 )l.Jljl y,...., Y . 
no.ucTaHOBKa OTpHUaTeflbHbiX peweHHH (FP) , Fj;> < 0) B 8blpa)l(eHHjl (13) , (14) HnH 

8 (17) , (18) I1pH80.UHT K TO My, 'ITO IlO.UKOpeHHble Bblpa)l(eHHji CTaH08jiTCji 6eJycn08HO OTpH­

UaTenbHbiMH, a CaMa cpyHKUHjl II KOMnneKCHOH. no3TOMY 3TH peweHHjl He 6y.UYT npHHH­

MaTbCjl so BHHMaHHe. TaKoe )l(e nono)l(eHHe coJ.naeTCjl 8 cnyYae peweHHH (FF ), Fj;l < 0) 

11 D. = +m1. EcnH )l(e D. = -m1, TO npH .noCTaTO'IHO MaJibiX PT cywecT8yeT yJK~ 3Hep­

reTH'IeCK~ o6nacTb, r.ne d2II" jdFj1 > 0. Ho cne.nyeT noMHHTb, 'ITO :no MO)I(eT oKaJaTbCjl 

peJynbTaToM c.nenaHHoro npH6nH)I(eHHjl, Kor.ua z2 6bJno onyweHo B Ky6HlJHOM ypa8HeHHH. B 

TaKOM CnyYae I10Tpe6yiOTCji 6onee TOlJHble BbllJHCfleHHji . 

B JaKniO'IeHHe asTopy npHj!THO 8b!pa3HTb npH3HaTeflbHOCTb aKa.ueMHKY A .M. Ean.UHHY 

3a B8e.UeHHe B npo6neMaTHKY pen»THBHCTCKOH ji.nepHOH cpH3HKH H IlOCTaHOBKy KOHKpeTHbiX 
Ja,ualJ . 
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HCTIOJih30BAHHE HEUTPOHHOrO AKTHBAU:HOHHOrO 
AHAJIH3A HA PEAKTOPE HEP-2 
,L(JUI PEIDEHHR 3A~Aq ATMOCcllEPHOrO MOHHTOPHHrA 

B.lfJ.IlepeceooB, T.M.OcmpoBHa.JI, JI.Il.CmpellKOBa, B.II. quuaeBa, 
C.lfJ.ryuoopuua 

UenbJO pa6oThi JIRTIJIIIOCh BhiJICHeHHe B03MOJKHocreii HeiiTpOHH ro aKTHBaUHOHHoro 

aHaJIH3a (HAA) Ha HEP-2 LlJIJI H3}"leHHJI 3JleMeHTHoro cocrasa aTMoccpepHoro a3p030IIJI. 

Ha npHMepe Tpex CH6HpCKHX perHOHOB nOK333HO, qn) MeTOllHKH 3HWH33 ll03BOIIJIIOT 

OUeHHTb cpellHHH ypOBeHh npHrOpOllHOro cpoHa, M3CUITa6 ero perHOHaJibHbiX, Ce30HHbiX 

H fOllHqHblX H3MeHeHHH. AHaJIH3 cpaKTOpOB o6oraUieHHJI 003BOIIHII y6ellHTbCJI B HaJIHqHH 

OOBbiUieHHOro coneplKaHHJI plf'lla TJIJKeJlbiX MeTaJIIIOB B 3TMOCcpepHOM B03llyXe cpoHOBbiX 

paiiOHOB, qTo JIRTilleTCll CIIellCTBHeM pocTa rii06aJihHOH TeXHOreHHOH Harpy3KH. 

Pa6oTa BhinOIIHeHa s Jla6opaTopHH HeHTpOHHOH cpH3HKH HM. H .M.<I>paHKa OIUIH. 

Use of Neutron Activation Analysis at the IBR-2 Reactor 
for Atmospheric Monitoring 

V.F.Peresedov et al. 

The object of this work was the study of the possibilities of neutron activation 

analysis (NAA) for determination of elemental content of atmospheric aerosol. On 

examples of three Siberian regions it was shown that methodics of analysis allow to 

estimate the average level of suburban background (ALSB), scale of its regional, season 

and annual changes. Analysis of enrichment factors allows one to convince in presence 

of increased content of a row of heavy metals in atmospheric air of background regions 

what is the consequence of global growing of technogenic impact. 

The investigation has been performed at the Frank Laboratory of Neutron Physics, 

JINR. 

KaK H3BeeTHO, TCXHOfCHHaJI MHrpaUHJI :!lnCMCHTOB B noeJJeLtHJole LICeJITHJJCTHJI eTaHOBHTeJI 

Bee 6onee 3HaqHMbiM HeraTHBHbiM cpaKTOpOM 6woecpepbl 3eMJJH, qTo eBJI3aHO B 3HaqHTCJlbHOH 

Mepe e poeTOM ClKCfOLIHOH 3MHeeHH B aTMOecpepy HHLtyeTpHallbHOrO a3p030JJJI. Oo OUeHKaM 

( Jj , B HaeTOJitUee BpeMJI 3MHeeHJI a3p030IIJI eoeTaBJJJieT ( J-3)E + 8 TOHH 8 fOLI, T.e . ·HceKOJlbKO 

npoueHT08 oT npHpOLIHOH. PoeT 3MHeeHH a3po30JJJI npowexOLtHT Ha cpoHe y8enwqw8aiOwel'ieJI 

eJKeroLtHOH MHpo8oH Lto6wm MHHepanbHoro eblpbll, ·eoeTaBJJJIIOtUel'i OKOJJO IOOE + 9 TOHH. Ha­

KonneHHe B TaKHX MaeUITa6ax, KaK 8 HaeTOJitUCC 8peMJI, HaH60JJCe TeXHOcpHllbHbiX 3JJeMeHT08 

H HX eOCLIHHCHHH, JI8JJJIIOtUHXeJI HepcLtKO TOKeHqHbiMH H KaHUCpOreHHbiMH, He Ha6JJIOLiaJJOeb 
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s npHpOJle paHee. flpH yJlsoeHHH npOMbi!llJJeHHoro nOH3SO)leTsa Ja Ka)[(Jlbie I 0- I 5 neT ponb 

YKa3aHHbiX HeraTJ.iSHblX cpaKTOpOS MO)[(eT ey!lleeTBeHHO S03paCTJ.1 ~e S He)laJJeKOM 6yJlyllleM. 

8 esSI3J.1 e 3TJ.1M aTMOecpepHbiH MOHJ.iTOpHHf eTaHOSHTeSI see 6onee aKTYaJJbHOH 3a)laqeii, 

nOeKOJlbKY SJlJ.iSIHJ.ie TeXHOreHHOfO aTMOecpepHOfO a3p030JJSI Ha KaqeeTSO OKp~aiO!lleH epe)lbl 

H 3Jloposbe HaeeneHHSI HepeJlKO oKa3bisaeTeSI onpeJleJJSIIOlllHM . HanpHMep, s peJyJJbTaTe p.RJla 

HeeJJe)lOSaHHH S HaCTOSIIUee speMSI Ha)le)[(HO yeTaHOSJJeHO, '"ITO 3a6onesaeMOeTb HaeeJJeHHSI 

S 3KOJIOfJ.14eeKJ.1 He6naron pHSITHblX paHOHaX 3aSJ.1eJ.1T OT TOKeJ.i'"IHOCTJ.i SeiUeeTSa J.1 ero 3Ke­

n03J.1UJ.10HHOH )l03bl. 0)lHaKO, SSJ.iJlY eJJO)[(HOeTJ.i 3TJ.1X npo6JJeM, Tpe6yiOlllJ.1X KOMnJJeKeHOfO 

nO)lXO)la, 3HaHJ.iSI 0 noTeHUJ.iaJJbHO onaeHbiX 3cpcpeKTaX S03)leHCTSJ.1Sl aTMOecpepHbiX 3arpS13He­

HJ.1H Ha 1.JeJJoseqeeKHH opr aHH3M J.1 see )[(J.iSOe nOKa eme OCTaiOTeSI )laJJeKO He nOJJHblMJ.i . 

B pa3SHTbiX eTpaHax ::JTHM npo6neMaM yJleJJSleTeSI eepbeJHoe SHHMaHHe, cpHHaHeHpyiOTe.R 

HaUJ.iOHaJJbHbie J.1 Me)[(JlyHapO)lHbie nporpaMMbl pa3SJ.1TJ.1Sl MOHJ.iTOpHHfOSblX CeTeii J.1 J.iX J.iH­

cpopMaUHOHHM eTPYKTypa . Cosep!lleHeTSYIOTC.R ::JMHeeHOHHbie CTaHJlapTbi )l]]Sl rnasHbiX HeTO'"l­

HHKOs 3TMOecpepHblX nOJIJJIOTaHTOS C yqeTOM J.iX TOKeH'"IHOCTJ.i J.1 nOTeHUJ.iaJJbHOfO pHeKa, a 

T3K)[(e J.1H)lJ.1K3TOpbl J.1 KpHTepHH Ka'!eeTSa MOHJ.iTOpHHfOSblX )l3HHblX . 

<f>opMHpOS3HHe 6aHK 3 )l3HHblX nO rJJ06aJJbHbiM, perHOHaJJbHblM J.1 JlOKaJJbHblM HeTO'"IHJ.i­

KaM noCTynJJeHHSI noTeHUHaJJbHO onaeHbiX 33rpS13HHTeJJeii S OKp~aiOIUYIO epeJly, 0 nYT.RX HX 

MHrpaUHH, a TaK)[(e 0 Mae!llTa6ax J.iX H3KOnJJeHJ.1Sl S pa3JJJ.14HblX 06"beKT3X OKp~aiOIUeH cpe)lbl 

(OC) Heo6xo)lHMO JlJlSI p e !lleHHSI MHomx 3KOJJOfH'"leeKHX npo6neM . HapSIJlY e ::JT HM HJyqeHHe 

rn06aJJbHOfO cpoHa a3p030 Jl.ll, ero eeTeeTSeHHOH H TeXHOfeHHOH KOMnOHeHT, HX pemOHaJJb­

HblX J.1 JlOKaJJbHbiX OTJJH'"I HH SISJJSleTeSI T3K)[(e 3KTYaJJbHOH 3a)l34eii, nOCKOJlbKY 3TH napaMeTpbl 

S3)[(Hbl )l]]Sl OUeHKH H3CTOSIIUefO J.1 6yJlyiUero eOCTOllHHSI OKp~aiOIUeH epe)lbl. 

Pa6oTbi no ::JKOJJOrJ.iq eeKoii TeMaTHKe, s qacTHOeTH, aHaJJHTH'"leeKoe o6ecne'"leHHe JlJlll 

aTMOecpepHOfO MOHHTOpHHra pa3JJJ.11.JHblX pemOHOS CJ.i6HpH, npOSO)lHJlJ.iCb S eeKTOpe HeH­

TpOHHOfO 3KTHS3UHOHHOf O 3HaJJJ.133 JIH<f> 011.5111 S Te'"leHHe HeCKOJlbKHX JJeT. JlaHHM pa60Ta 

6biJJa SbinOJJHeHa S paMK3 X 3TOH TeMaTHKH H CSll33H3 e Onpe)leJJeHHeM 3JleMeHTHOfO eOCTaSa 

aTMoccpepHoro a:opo30JJll ( AA) s cpoH08hiX paiioHax HeCKOJJbKHx perHOH08 CH6HpH. 

3KCI1EPUMEHTAJibHAjl qACTb 

06pa3Ubi aTMoccpepHbiX a:opo3onei-i 6hiJJH co6paHbi 8 TIOMeHeKoi-i, Ho80eH6HpeKoi-i o6na­

eTSIX H KpacHoS~peKOM Kp ae e HenoJJb308aHHeM aenHpaUHH npHJeMHoro aTMoccpepHoro 803-

Jlyxa Ha MenKonopHCTbie cpHJJbTpbi, noJ80JJSIIOIUHe e npaKTH'"leCKH I 00% :ocpcpeKTH8HOeTbiO 

a)leop6Hpo8aTb AA 8 lllHpOKOM HHTep8ane HX pa3Mepo8- OT 1, OE - 4 JlO coTeH MHKpoH . 

HeeKOJJbKO eoTeH o6pa3U08 a:opo30JJll 6biJJH npoaHaJJH3Hp083Hbl Ha peaKTope 11EP- 2 JIH<I> 

Ol1.5111 . 

AHanHJ :oneMeHTHOro eoeTa8a aTMoecpepHbiX a:opoJoneii )l]]ll He60JJblllHX o6oeM08 acnH­

pauHH ll8JllleTell He pS1Jl080H 3a)l31.JeH )l]]Sl JJI06oro J.13 3HaJJJ.1TJ.14eCKJ.1X MeTOJl08, nOeKOJlbKY KO­

JlH'IeCT80 Oea)[(JleHHOfO Ha cpHJJbTpe 33p030Jlll, K3K npa8J.1Jl0, O'"leHb MaJJO, H 3HaJJJ.1THKy 43CTO 

npHXOJlHTell pa6oTaTb Ha npe)lene 803MO)[(HOeTei-i MeTo)la. B npaKTHKe no)lo6HhiX Heene)lo8a­

HHii o6bi'IHO HCnOJlb3YIOT ICP, NAA, AAS, AES, RFA-SI H JlpyrHe MeTOJlbi, o6eene'"IH8aiOIUHe 

npHeMJJeMbie 'IY8CT8J.1TeJJb HOCT b, penpe3eHT3TJ.18HOeTb J.1 npOH380)lHTeJJbHOCTb 3HaJJJ.133. 

11enoJJb308a8lllHiiell 8 ::JToii pa6oTe HAA ll8JJSleTell 8nonHe a)leK8aTHbiM noCTa8JJeHHoii Ja­

)laqe MeTOJlOM e xapaKTep HOH )l]]ll Hero '"IHeTOH H Ha)le)[(HOH TeXHOJJOfJ.ieH aHaJJHJa, 6naro)lapll 

1.JeMy Ha Tpe6yeMOM yp08He J.iCKJliO'"laJJOeb 33rpll3HeHHe o6pa3U08 noeTOpOHHJ.iMH 8eiUeCT83MH, 
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'ITO Jai.JaCTYIO CJIO)f(Hee o6ecne'IHTb npH aHaJJHJe C nOMOIUbiO .llpyntX MeTO.Il08. no penpe3eHTa­

TH8HOCTH HAA HeHaMuoro ycTynaeT TOJJbKO uecKOJJbKHM caMbiM co8epweHHbiM co8peMeHHbiM 

MeTo.naM (ueKOTOpbiM pa3H08H.IlHOCT5IM ICP). B ocuo8HOM 3TO OTHOCiiTC51 K p5I.IlY nerKHX 3JJe­

MeHT08. ,lln51 cpe.nHHX )f(e 11 T5J)f(eJJbiX 3JJeMeHT08- Na, Mg, AI, Ti, V, Mn, Sc, Fe, Cr, Co, 

Zn, Ni, Se, As, Rb, Br, Sr, Zr, Mo, Ag, Sn, In, Cd, Ba, Cs, La, Ce, Nd, Sm, Eu, Gd, Tb, 

Yb, Lu, Hf, Ta, Re, W, Au, lr, Th, U, KaK npa8HJJO, ua116onee HHTepecHbiX 8 Hccne.no8a­

HH5IX no 3KOJIOfHH, - ero 'IY8CT8HTeJibHOCTb 8biCOKa, H OH ycneWHO KOHKypHpyeT C JJI06biMH 

MeTO,IlaMH aHaJJHJa (2-6] . 

np11 HaH6onee 6naronpH5ITHbiX yCJJ08H5IX (y.no6HOH MaTpHUe XOJIOCTOro cpHI1bTpa H OnTH­

MaJJbHbiX .llJI51 aHaJJHJa KOJIHI.JeCT8eHHbiX COOTHOWeHH5IX OCa)f(,lleHHbiX Ha cpHI1bTpe 3IleMeHT08) 

c noMOWbiO HAA y.naeTC51 aHaJJH3Hp08aTb .no 55-65 3JieMeHT08. npH MaJJbiX KOJIHI.JeCTBax 

auanHTa 8 npo6e HX 'IHCJJO o6bi'IHO CHH)f(aeTc51 .no 45-30. Ho H TaKa51 penpeJeHTaTH8HOCTb 

liBJilleTCll .llOCTaTO'IHO 8biCOKOH H 800JIHe npHeMJJeMOH .llJill aTMOCcpep HOfO MOHHTOpHHra. ,lln5I 

nOIIYI.JeHH51 Ha}le)f(HbiX JlaHHbiX no 3JJeMeHTHOMY COCTa8Y aTMOCcpepHbiX a3p030JieH Tpe6yeTC51 

oco6a51 aKKypaTHOCTb 8binOJJHeHH51 pa6oT no 8Ceif Texuonom'leCKOH ueno'IKe HAA. 11cnonb­

J08aHHe OnTHMH3Hp08aHHbiX pe)f(HM08 o6JJYI.JeHH51 H HH~KOcpOH080H ~aMMa-cneKTpOMeTpHH 

o6pa3U08, XOpOWO 8bi8epeHHOfO 6aHKa 5I.IlepHbiX ,llaHHbiX, KOppeKTHbiX anropHTM08 H,lleHTH­

cpHKaUHH H30TOn08 H paci.JeTa a6COJIIOTHbiX KOHUeHTpaUHH 3JieMeHT08, a TaK)f(e Ha.!le)f(HOH 

npoue.nypbl 8bi'IHTaHHll cpOH08biX CO.Ilep)f(aHHH 3JieMeHT08 8 XOJIOCTbiX (blank) cpHI1bTpax no-

380JI5IeT pewaTb Jana'IH aTMoccpepuoro MOHHTOpHHra . 

.[laHHa51 pa6oTa npeJlCTaBJiliJJaCb HaM HHTepeCHOH He TOilbKO KaK HCCJJe,ll08aHHe no 3KOJIO­

fH'IeCKOH TeMaTHKe, HO H C TO'IKH 3peHH51 HHTerpanbHOH anpo6aUHH HCOOJibJYeMbiX MeTO.IlHK 

11 8blliCHeHHll peanbHbiX 80JMO)f(HOCTeif HAA ua HEP-2 .llii51 aHanHJa TaKoro ".nenHKaTuoro" 

o6oeKTa oKpy)f(aJOweif cpe.llbl , KaK aTMoccpepHbie a3po30JJH. B peJyJJbTaTe auanHJa .naHHbiX 

6biJJH nonYI.JeHbi: oueHKH cpe.nuero ypo8H51 np11ropo.nuoro cpoua (CYn<l>), ero perHOHaJJbHbiX, 

ceJOHHbiX 11 ro.nH'IHbiX HJMeHeHHH, a TaK)f(e paccMoTpeHbl cpaKTOpbl o6orameHH51 CYn<t>. 

COCTAB ATMOC«DEPHOrO B03}lYXA (CYllcll) 
B cllOHOBhiX PErHOHAX 

OueHKa CYn<t> 6blna nonYI.JeHa ycpe.nueHHeM .naHHbiX aHanHJa 100 npo6 AA, oTo6pau­

HbiX 8 cpoH08biX paiiouax TJOMeHCKOH, Ho8ocH6HpCKOH o6nacTeif 11 KpacHo5IpcKoro Kpa51 . 

8 Ta6n . I, 8 KOJJOHKax 1-2 npH8e,lleHbl MaKCHMaJJbHO npa8.nono.no6Hble oueHKH .llii51 KOH­

ueuTpauHI'i 45 3JieMeHT08 8 aTMOCcpepHOM 803Jlyxe 3THX perHOH08 H OTHOCHTeJJbHble cpe.nHe­

K8a!lpaTH'IHble OTKJJOHeHH51 .llii51 noruopManbHoro pacnpe.neneHH51 . K aK oKaJanocb, CYn<t> 8 

3THX paHOHaX XapaKTepHJyeTCll, 8 o6weM-TO, THnH'IHbiMH .llJill aTMOCcpepbl cpOH08biX paifo­

HOB CO.Ilep)f(aHHliMH HeOCHOBHbiX 3JieMeHTOB H OTHOCHTeJibHOH CTa6 JlbHOCTbiO HeCMOTp51 Ha 

Me)f(perHOHaJJbHble pa3IIH'II1ll reorpacpH'IeCKHX, KJIHMaTH'IeCKHX H np O'IHX YCJJOBHH, a TaK)f(e 

6oJibwyJO - .no 1500 KM - ynaneuuocTb perHOHOB .npyr OT .npyra. Cpa8HeHHe nonYI.JeHHOH 

s 3Toi1 pa6oTe oueHKH CYn<t> c mo6anbHbiM CYn<t> 11 c CYn<t> .llii51 C11611pH [7] (Ta6n.l, 

KOJJ .3-4) C8H.IleTeJibCT8YeT o npHeMneMOM comaCHH no 6oJJbWHHCT8Y 3JJeMeHT08. OueuKa 

CYn<t> [7] 6biJJa nonYI.JeHa oKono 20 neT HaJan 8 peJyJJbTaTe o6o6m eHH51 .naHHbiX no MHHH­

MaJJbHbiM KouueuTpaUHliM 3JJeMeHTOB 8 aTMoccpepe p5I.na ropo.no8 E sponbl, AJHH, AMepHKH 

(6eJJbfl111, repMaHHH , AHfiiHH, PocCHH, 51nOHI111, CoenHHeHHbiX illl aT08, bOJIH811H, Cy.naha 

11 T . .n.) . Oua 6a3HpyeTc51 ua .nocTaTO'IHO o6wHpHOM 3KcnepHMeHTaJJbHOM MaTepHane 11 no-
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3TOMY npe.ucTasmteTc.s~ sn onHe peamtCTWIHOM. Comac11e nonyqeHHOM HaMI1 oueHKI1 CYn<t> c 

CYIT<t> [7] He npoTI1Bope'111T .U11CKYT11PYIOIUeMyc.s~ npe.unoJJO)I(eHI110 o mo6anbHOM xapaKTepe 

<floHOBOfO aTMOC<flepHOfO a3p030JJ.ll 11 CB11.UeTeJJbCTByeT TaK)I(e 0 00311TI1BHOM <flaKTe, 'ITO .llJI.ll 

MOHI1TOp11posaBllli1XC.ll p aiioHOB CYO<t> He 113MeHI1JJC.ll K xy.uweMy Ja npowe.uw11e 20 neT. 

MO)I(HO TaK)I(e KOHCTaT11posaTb, 'ITO CYO<t> noKa ellle ocTaeTc.ll 3Ha'II1TeJJbHO MeHbwe co­

.uep)l(aHI1.ll 3JJeMeHTOB B B03.uyxe KpynHbiX npOMbilllJJeHHbiX ueHTpos (Ta6n . l , KOJJ.5-6). B 
MeTO.U11'1ecKoM nnaHe c o mac11e Me)l(.lly Haweii oueHKOM 11 CYO<t> [7] CBH.lleTeJJbCTsyeT TaK)I(e 

0 KOppeKTHOCTI1 B UeJJOM 11CnOJJb30BaBllJI1XC.ll MeTO.U11K aHaJJI13a a3p030JJeM. 

PErHOHAJihHhiE OTJIUqiDJ: CYll«ll 

B o6meM nnaHe 113}"1eHI1e pemoHaJJbHbiX oco6eHHOCTeii CYn<t> aKTYaJJbHO .llJI.ll Bbi.liBJJe­

HI1.ll flYTeM M11rpaUI111 TeXHOreHHbiX aTMOC<flepHbiX 3arp.s!3HeHI1M, a TaK)I(e .llJI.ll OUeHKI1 Ka'!eCTBa 

aTMOC<flepbl 11 TeH.UeHU11H 113MeHeHI1.ll ee COCTaBa B perHOHaJJbHOM MaCllJTa6e. C 3TOM UeJJbiO 

oueHK11 CYn<t> 6biJJI1 n onyqeHbi .llJI.ll <floHOBbtX paiioHOB Ka)l(.lloro 113 Tpex pemoHos 11 ne­

pe.uaHbl cneu11an11cTaM n o aTMoc<f>epHoii 3KOJJOrHI1 . Ha116onee cymecTBeHHbJM )l(e .llJI.ll Hac c 

TO'IKI1 3peHI1.ll aHaJJI1TI1'1eCKOrO o6ecne'leHI1.ll .UaHHOrO 11CCJJe.UOBaHI1.ll 6biJJO Bbl.liCHeHI1e peanb­

HblX B03MO)I(HOCTeii H A A .llJI.ll 113y'leHI1.ll pemoHaJJbHbiX OTJJI1'111M CYn<t> . Lln.s~ 3Toro 6hiJJ O 

Ba)I(HO KaK MO)I(HO 6oJJee H<Ule)I(HO OUeHI1Tb 11X MaCllJTa6 11 COOTHeCTI1 ero C npe.UeJJbHbiMI1 

B03MO)I(HOCT.!IMI1 HAA .llJI.ll aHaJJI13a cocTasa aTMoc<f>epHbiX a3po3oneii . KaK npas11no, Bbi.liBI1Tb 

pa3I111'111.!1 Me)l(.lly <flOHOBbiMI1 CO.Uep)l(aHI1.liMI1 CJJO)I(Hee, '!eM Me)l(.lly CO.Uep)l(aHI1eM 3JJeMeHTOB B 

6onee 3arp.li3HeHHOM rop o.ucKOM B03.uyxe. Li.JJ.s~ 3Toro Tpe6yeTC.ll 6oJJbilli1M o6oeM pa60T: 6on ee 

npO.UOJJ)I(I1TeJJbHble 06JJy 'leHI1.ll npo6, 11X HI13KO<flOHOBa.ll 11 .llJII1TeJJbHa.ll raMMa-cneKTpOMeTpH.s! , 

a TaK)I(e CKpynyne3HbiM aHaJJI13 .UaHHbiX. 
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Pwc. I. OrHollleHHe Rl llJill TIOMeHcKoii 1-1 Ho- Pwc. 2. R2 - n.nll KpacHollpcKoro Kpall 1-1 Hoso-

socH6HpCKOii 06JiaCTeii CH6HpCKOH o6llaCTH 

OueHKI1 MacwTa6a pemoHaJJbHbiX pa3JJH'IHH CYn<t> 6biJIH nony'leHhi nYTeM cpasHeHI1.ll , 

pe3ymTaTbl KOTOpOrO n p e.UCTaBJJCHbl Ha pHC.J-2 B BH.lle OTHOllJCHI1H cpe.UHHX KOHUCHTpaU11H 

.llJI.ll 45 3JieMeHTOB. Oap aMeTpbl JII1HCMHbiX <f>HTOB .llJI.ll HI1X npHBe.UeHbl B Ta6n.2 . 0THOllJCHI1e 

Rl 3JJeMeHTHbiX cocTaso s aTMoc<f>epHoro B03.Uyxa .llJI.ll TIOMCHCKOM (.s~Hsapb-96) 11 Hosoci16Hp­

CKOH (.UeKa6pb-95) o6nacTeM .UCMOHCTp11pyeT CJIO)I(HOe 11 Heperyn.s~pHOe flOBC.UeHI1C. 8 UCJJOM 
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Ta6JJuua 1. KoHueHTpaUHH 3JieMeHToB B aTMoccllepHoM BOl.llyxe tJioHOBJ.IX paiioHOB CH6npH, B ToM­
eKe, TamKeHTe, mo6aJIJ.HJ.Iii H cu6npcKHii CYllcl» 

<l>OHOB. paiio- CHrMa CYTI<l> rno6., CYTI<t>, CH6Hpb, MaKe., ToMeK, Taw"eHT, fU(K, 

Hbl, Hr/M3 HffM3 (7) Hf/M3 [7) Hf/M3 [8) Hf/M3 [9) Hf/M3 

Kon.l Kon.2 Kon.3 Kon.4 Kon .5 Kon .6 Kon.7 
Na 308 2,43 300 100 1200 9900 
Mg 554 1,29 400 400 2600 11000 
AI 701 1,57 600 300 "28000 
Cl 467 0,83 700 800 18000 
K 1937 0,34 400 300 3000 40000 

Ca 2692 1,88 600 400 7200 28000 
Ti 542 7,58 80 100 76 140 
v 1,3 2,31 7 2 2 1 2000 1500 

Mn 27,6 1,59 30 30 190 760 10000 
Cu 10,4 16,1 30 70 62 1200 2000 
In 3,7E-2 1,32 0,06 0,02 20 
I 1,00 1,45 6 I 140 

Sc 0,14 1,14 0,2 0,4 2,9 6,6 
Cr 6,62 7,88 5 5 24 300 500 
Fe 341 0,91 500 700 14800 24000 40000 
Co 0,61 0,38 0,5 I 38 1000 
Ni 3,5 4,83 10 23 320 1000 
Zn 24,1 I ,41 80 60 2200 80000 
Se 0,34 1,38 2 0,8 22 3000 
As 1,82 2,17 4 2 4,4 110 3000 
Br 2,50 1,52 30 4 4,1 1500 
Rb 1,03 1,20 2 5 14 10 
Sr 11,0 1,05 4 5 50 
Zr 13,7 1,27 2 

Mo 0,37 1,89 1,4 2 10 
Ag 0, 17 1,35 0,4 0,8 2,2 53 
Cd 0,29 1,35 2 3 0,44 140 3000 
Sn 3,04 1,20 1,1 
Sb 0,58 1,33 2 0,5 400 
Cs 8,3E-2 1,17 0,2 0.3 120 
Ba 11 ,7 1,18 9 20 100 
La 0,29 5,34 0,6 0,6 12 13 
Ce 0,89 3,56 1,0 I 30 28 
Nd 6,07 5,65 I, 
Sm 5,8E-2 1,59 0,08 0,1 2,8 
Eu 4,8E-2 2,19 O,Q3 0,04 19 
Tb 0,012 1,00 
Yb 0, 17 0,77 O,Q3 0,05 0,5 0,1 
Hf 8,2E-2 1,18 0,04 0.1 5,1 
Ta 1,8E-2 0,83 0,04 0,08 0,1 
w 0,38 4,32 0,07 0.7 23 
lr 5,8E-3 1,12 

Au 2,1E-3 3,24 0,02 0,01 0,034 1,3 
Th 8,2E-2 I ,41 0,1 0,2 3,2 4,5 300 
u 3.8E-2 I, II 0,1 0,2 2,9 0, 12 1500 
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Ta6mtua 2. TiapaMeTpbi JiuueifHLIX clJmoa WIJI clJyuKunu lgR; = A+ B *X, r.ne A- umepceiiT, 

B - uaKJiou; X - nopll.llKOBbiH HOMep 3JieMema ua rpaclJe (X = 1 - 45, T.e. Na, Mg, ... , U, 
Th); R - Ko3clJclJuunembl KoppeJilluuu; P - aepoliTHOCTb Toro, 'ITO R paauo nyJIIo, N - 'IHCJIO 

clJumpoaaawuxCll TO'IeK (Nmax = 45) u SD- CTaH,llapmoe OTKJIOHenue .llJill clJma 

A B R p N SD 
Rl -0,096+-0,138 0,0 I 28+-0,0053 0,364 0,020 40 0,44 
R2 -0,257+-0,107 0,0046+-0,004 I 0,176 0,266 43 0,34 
R3 -0,493+-0,083 0,0069+-0,003 I 0,324 0,032 44 0,27 
R4 0, 34+-0,068 0,0030+-0,0025 0,175 0,251 45 0,23 
R5 0,064+-0, I 87 0,0096+-0,007 I 0,207 0,184 43 0,60 

OHO xapaKTep~ByeTCll c p aBHI1TeJJbHO He60JJbWI1M .llJI.SI aTMOCcpepHOfO BOJ.llyXa pa36pOCOM 3Ha­

'ieHI1H Rli, 'iTO CBI1.lleTenbcTByeT o 6mBOCTH CYn<t> B 3THX pemoHax (cTaHnapTHoe OTKJJO­

HeHHe .llJI.SI cpHTa - S D = 0, 44). CpenHee JHa'ieHHe nHHeHHoro cpHTa .llJI.SI Rl cocTaBn.SieT 

1,5-2. <l>HT neMOHCTp11p yeT He CHJJbHO Bblpa:>KeHHyJO, HO JaMeTHYJO TeHneHUHJO pocn Rl .llJI.SI 

6onee T.SI)I(eJJbiX 3JJeMeHTOB (pOCT nO cpHTY COCTaBJJ.SieT 0,8-3 Ha BCeM HHTepaane 3JJeMeHTOB, 

'iTO CB.SIJaHo c nOBblllleHHbiMH, Ja npenenaMH 3 * SD, JHa'ieHH.SIMI1 Rli .llJI.SI V, In, Ni, Zn, As, 

Mo, Cd, Sb, La, Ce, N d H W. B Hx 'ii1Cne - noTeHU11aJJbHO onacHbJe Ni, As, Cd, Sb, 'iTO 

.SIBJJ.SieTC.SI B onpeneneHIIOH Mepe HeraTHBHbiM CHMnTOMOM, T.K. HX KOHUeHTpaUHH B BOJ.llyXe 

roponoa MOryT 6b1Tb cymecTBeHHO Bblllle. 0TMeTI1M, 'iTO, Hanp11Mep, no naHHbiM AreHTCTBa 

no JalUHTe OKpY:>KaJOlUeH cpe.llbl (CiliA), OKOJJO 60% nOTeHUHaJJbHO onaCHbiX aTMOCcpep­

HbiX nOJJJJJOTaHTOB B HaCTO.SilUee BpeM.SI KJJaCcHcpHUHpyiOTC.SI KaK KapUHHOreHbl. Ha6JJJO.llaeMa.SI 

TeH.lleHUH.SI o6orameHHll aTMoccpepHbiX a3p03onel'i TJOMeHcKol'i o6naCTI1 p.SI.llOM Tli:>KeJJbiX ::me­

MeHTOB MO)I(eT 6b1Tb o6 ycnOBJJeHa, KaK npOMblllJJJeHHOCTbiO CaMOH o6naCTI1, TaK 11 6nH30CTbiO 

CpenHero 11 lO:>KHOro Y pana - pemoHoB cocpenoTO'ieHI1.SI qepHOH 11 uaeTHOH MeTannypr1111, 

a TaK:>Ke XHMH'ieCKOH npOMblllJJJeHHOCTH. 
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AHanHJ OTHOllleHHSI R2 (pHc.2) :meMeHTHbiX cocTaBoB aTMoc¢ep Horo BOJ.Uyxa .WUI Kpac­

Hos.pcKoro Kpas. (.lleKa6pb-95) H HosocH6HpCKOH o6nacnt (.lleKa6pb-95) noKaJLIBaeT, 4TO B 

3TOM cnyqae R2 cocTaBJis.eT B cpe.uHeM 0,6-0,8 . <l>HT BLUIBJISieT 6 nee cna6yro TeH)leHUHIO 

pocTa R2 no cpasHeHHIO c Rl (poeT no ¢HTY - 0,55-0,90). B 3TOM cnyqae, nO-BH.llHMoMy, 

MO)f(HO rosopHTb o 6onbllleH 6nHJOCTH CYll<l> B 3THX pernoHax, pacnono)f(eHHbiX JHalJHTeJILHO 

6JIH)f(e .upyr K .upyry. 

TaKHM o6pa30M, pernoHaJibHbie pa3JIH4HSI CYll<l> BLISIBJISIIOTCSI c noMOWbiO HcnonLJosas­

lliHXCSI MeTO.llHK HAA. 11x Ka4eCTBeHHLie H KOJIH4eCTBeHHLie OTJIH4HSI BbirJISI.llSIT, B o6weM-TO, 

peanHCTH4HO. Cpe.UHHe pa3JIH4HSI no sceMy cneKTPY 3JieMeHTOB- HeBeJIHKH H He npeBbilllaiOT 

¢aKTOpa 2-3 . J1H)lHBH.llYaJlbHbie pa3JIH4HSI no 3JieMeHTaM 60Jibllle H )l]]SI 60JiblliHHCTBa H3 HHX 

BbiSIBJISIIOTCSI Ha)le)f(HO, 0 lJeM MO)f(HO CY.llHTb no noKaJaHHbiM Ha pHCy KaX norpelliHOCTSIM aHa­

JIHJa. )lns. Ka)f()lOfO H3 3JieMeHTOB pa3JIH4He BbiSIBJISieTCSI TeM Ha)le)f(Hee, 4eM npH MeHbllleH 0' 

¢aKTop Ri 6onbllle OTJIH4aeTcs. OT 1. TeM He MeHee, H~Ho HMeTb B BH.lly, 4TO pernoHaJILHLie 

OTJIHlJHSI .llJISI 3JieMeHTOB c Ri < 2 - 3 H a > 30% BbiSIBJieHbi MeHee Ha)le)f(HO, nocKonLKY HX 

KOHUeHTpauHH B soJ.uyxe oKaJanHcL 6nHJKHMH K npe.ueny 4YBCTBHTeJILHOCTH no HHM HAA. 

)lns. 6onee Ha)le)f(HOro BbiSIBJieHHSI perHOHaJibHbiX pa3JIH4J;IH CYll<l> n o. 3neMeHTaM c R < 3 

MO)f(HO peKOMeH)lOBaTb yseJIHlJeHHe 06oeMOB aCnHpaUHH BOJ.llyXa npHMepHO Ha nOpS!.llOK. 

ConocTasneHHe H aHanHJ nonyqeHHbiX .uaHHbiX noJBOJIHJIH HaM y6e.UHTbC51, 4TO CTaTH­

CTHlJeCKOH Bbi60pKH B 20-30 e)f(eCyT04HO OT6HpaeMbiX npo6 OTHOCHTeJibHO lJHCTOfO BOJ)lyxa 

¢oHOBbiX paHOHOB (MeCSIU Ha6JIIO)leHHH) npH npoKalJKe 20-25 M3 4 epe3 Ka)f()lb!H ¢HJILTp B 

npHHUHne .uocTaT04HO .llJISI nonyqeHHSI npHeMneMOH no Ka4eCTBY c eJOHHOH oueHKH CYll<l> 

.llJISI o.uHoii reorpa¢H4eCKOH TOlJKH, a TaK)f(e .llJISI cpasHeHHSI oueHoK CYll<l> no per:HoHaM. C 

.UpyroH CTOpOHbl, no.uo6HbiH aHaJIH3 JIHlliHHH pa3 y6e)f()laeT B UeJieCO 6pa3HOCTH nOCTaHOBKH 

npO.UOJI)f(HTeJibHOfO, CHCTeMaTHlJeCKOfO H reorpa¢H4eCKH 6onee MaClliTa6HOfO MOHHTOpHHra, 

nOCKOJibKY TOJibKO Ha ero OCHOBe MO)f(HO nonyqaTb no-HaCTOSIWeMy 3Ha4HMYIO HH¢0pMaUHIO 

06 3JieMeHTHOM COCTaBe aTMOC¢epb1. 

CE30HHhiE OTJIH"'IDI CYllfl> 
B cbOHOBOM PAHOHE 

l1H¢opMaUHSI 0 CeJOHHOH .UHHaMHKe COCTaBa npH3eMHOH aTMoc¢ epbl HCnOJibJyeTCSI KaK 

B aTMOC¢epHOH 3KOJIOrHH, TaK H cneUHaJIHCTaMH, HJyqaiOWHMH pa3JIH4Hble 06oeKTbl npH­

pO.UHbJX JlaH,llllla¢TOB. 3nt CBe.UeHHSI OC06eHHO Ba)f(Hbl )l]]SI perHOHOB, nO.UBep)f(eHHbiX nOBbl­

llleHHbiM TeXHOreHHbiM Harpy3KaM, nOCKOJibKY 3HMOH CTeneHb 3KOJiOfH4eCKOfO pHCKa, KaK 

060CHOBaHHO ClJHTaeTCSI, MO)f(eT B03paCTaTb. 11MeiOWHeC51 3KCnepHMeHTaJlbHLJe )laHHble no 

3TOH TeMaTHKe ¢parMeHTapHbJ H n03TOMy, K CO)f(aJieHHIO, Hepe.uKo TPY.llHO conoCTaBHMbJ. 

llpe.UCKaJaHHe ,lleTaJieH CeJOHHOH .UHHaMHKH )l]]SI lliHpOKOfO cneKTpa 3JieMeHTOB H MaClliTa6a 

pa3JIH4HH HX CO.Uep)f(aHHSI B BOJ.Uyxe no CeJOHaM ro.ua Ha OCHOBe TOJibKO MO,lleJibHbiX pacqe­

TOB, KaK npaBHJIO, He OlJeHb Ha)le)f(HO. 8 CBSI3H C 3THM HaM npe.UCTaBJISIJIOCb UeJieC006pa3HbiM 

nony4HTb oueHKY MaClliTa6a ceJOHHbJX HJMeHeHHH CYn<l>. C 3TOH uen biO .llJISI ¢oHosoro paii­

oHa - nocenKa KniOlJH HosocH6HpcKoi-i o6nacTH - CYll<l> cpaBHH Bancs. .llJISI neTa H JHMbi 

1995 r. KaK BH.llHO HJ pHc .3 cpe.uHee JHalJeHHe OTHOllleHHSI R3 (neTohHMa) cocTaBJISieT 0,4-

0,5, T.e. co.uep)f(aHHe aTMoc¢epHbiX a3p03oneii B JHMHeii aTMoc¢epe 3Toro paiioHa B cpe.uHeM 

B 2-2,5 pa3a Bblllle, lJeM JleTOM. XOTSI )l]]SI )laHHOrO ¢oHOBOfO paHOHa 3TH pa3JIHlJH51 H HeBe­

JIHKH, TeM He MeHee, OHH TaK)f(e BbJSIBJISIIOTCSI c noMOWbiO HAA. YseJI HlJeHHe Jarp513HeHHOCTH 
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BOJLJ.yxa 3HMOH o6hi'IHO CBll3hiBaJOT c 3HMHHM YMeHbllleHHeM BhiCOThi norpaHH'IHOro enol! aT­

Mocq,epbi, BCJJeLJ.CTBHe 'lero KOHUeHTpaUHll a3p030JJeH B HeM yseJJHlJHBaeTCll. MO)J(HO O)J(HLJ.aTb, 

'ITO LlJill KpynHOro npOMblllJJJeHHOro UeHTpa Ce30HHall LJ.HHaMHKa Bblpa)J(eHa CHJJbHeH H 6yLJ.eT 

BbiliBJJl!ThCll eme Ha,ne)J(Hee. 

rO.!I.IfliHhiE H3MEHEHWI CYll«<» B «<»OHOBOM PAUOHE 

l-hYlJeHHe LJ.OJJrOBpeMeHHbiX TeHLJ.eHUHH H3MeHeHHll COCTaBa aTMOC<!>epbl HaH60JJee nOJJHO­

UeHHO MO)J(eT BeCTHCb C HCnOJJb30BaHHeM LJ.OporOCTOlllUero CHCTeMaTHlJeCKOrO MOHHTOpHHra, 

MeHee nOJJHOUeHHO, q,pa rMeHTapHO - Ha OCHOBe 6onee LtellJeBOrO 3nH30LJ.HlJeCKOrO H peKO­

rHOCUHpOBOlJHOro MOHHTOpHHra. 3Ta TeMaTHKa aKTYaJJbHa, nOCKOJJbKY 060CHOBaHHbiH nporH03 

Ha 6ynymee MO)J(eT CTpOHTbCll TOJJbKO Ha H3,/le)J(HbiX LtaHHbiX LlJIHTeJJbHbiX Ha6JJJOLJ.eHHH. 
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H ynaneHHoro npHropona H osocH6HpcKa 

fFfMBhl!j 
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PHc. 6. Cl>aKTOpbl o6orallleHHJI JlJlll non)"'eHHOH 

oueHKH CYTlct> H elKeronHoi1 MHposoi1 no6hl'lH 

3JleMeHTOB 

8 HallJeM CIIYlJae, Ha HalJaJJbHOH CTa./lHH MOHHTOpHHra 3THX perHOHOB, LlJill OUeHKH MaC­

llJTa6a rOLJ.H'IHbiX H3MeHe HHH CYn<t> cpaBHHBaJJCll Mll onHoii 11 Toii )J(e <t>oHosoii reorpaq,H'Ie­

cKoii TO'IKH, nocenKa K.nro'IH, ynaneHHoro npHropona HosocH6HpcKa. 0THOllleHHll 3JJeMeHT­

HbiX cocTasos R4 .D)Jll H JOHll 1996 11 1995 rr. noKa3aHbJ Ha pHc.4 . 0Ka3anocb, 'ITO s cpenHeM 

conep)J(aHHe 3JJeMeHTOB s 1996 r . npHMepHo B I ,5 pa3a BbJllle, '!eM s 95 r . TaKHM o6pa-

30M, MaCllJTa6 H3MeHeHHH B npeLJ.eJJaX LI.BYX JJeT HeBeJJHK, 'ITO BblrJJliLJ.HT BnOJJHe ecTeCTBeHHO, 

nOCKOJJhKY B OTCYTCTBHe rJJ06aJJbHblX KaTaKJJH3MOB BJJHliHHe nocTeneHHO HapacTaJOIUHX HJIH 

<!>JJYKTYHPYJOlUHX TeXHOr eHHbiX <t>aKTOpOB B <!>OHOBblX paHOHaX npOliBJJlleTCll OT'IeTJJHBee JIHlllb 

3a 6onee nponoJJ)J(HTeJJ bHbJe npoMe)J(yrKH speMeHH. KpoMe Toro, He6oJJbWHe Ha6JJJOLJ.aeMbJe 

pa3I1HlJHll COCTaBa MOryr 6b1Tb CBl!3aHbl C MHOro<t>aKTOpHOCTbJO H CTaTHCTH'IeCKHM xapaKTepOM 

npoueccos q,opMHposaHHll nonew KOHUeHTpauHH aTMocq,epHbJX a3po3onei1, 'ITO MO)J(eT npH­

BOLJ.HTh K <PnYKTyauHaM CYn<t>. TaKHM o6pa3oM, Ha ocHose Ha6nroneHHH 3a 2 roJ.ta, TPYJ.IHO 

nenaTb OLJ.H03HalJHhiii Bhi BOLJ. o6 H3MeHeHHH CYn<t> s J.taHHOM pai1oHe. 
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OueHKa BJIIHIHH.SI npOMbiWJleHHoro ueHTpa Ha CYTI<l> yp6aHH3HpooaHHoro npwropo.na 

npe.ncTaBJI.SieT HHTepec no TOH npH'IHHe, 'ITO HeMana.SI ttacTb Hacen eHH.SI KpynHbiX ropo.noo 

npmKH8aeT npHMepHo 8 TaKHX )f(e ycno8H.SIX. Cpa8HeHHe CYTI«<> 8 yp6aHH3HpooaHHOM H 

y.naneHHOM npwropo.nax Ho8ocw6wpcKa (R5-0THOWeHH.SI, pwc.5, Ta6n .2) noKaJb!BaeT, 'ITO '.llJl.SI 

60JlbWHHCT8a 3JleMeHT08 Ha6JliO.llaeTC.SI xapaKTepHbiH H cpa8HHTeJlbHO Jie60JlbWOH pa36pOC 

R5i OTHOCHTeJlbHO 1. Ho .llJlll In, Cd (R5 = 5 - 40) H Ag, Mo ( R5 = 180 - 400) R5i 
60JlbWe H 3Ha<JHTeJlbHO 60JlbWe e.UHHHUbl . 3-fo 03Ha\faeT, 'ITO Ha p aCCTO.SIHH.SIX B HeCKOJlbKO 

KM BJIH.SIHHe npOMbiWJleHHbiX npe.nnpH.SITHH ropo.na npO.SIBJI.SieTC.SI .llOCTaTO'IHO CHJlbHO H Ha­

.ne)f(HO MOHHTOpHpyeTC.SI. XOT.SI n08biWeHHOe co.nep)f(aHHe 3THX 3JleMeHTOB H He npeBbiWaeT 

npe.neJlbHO .llOnycTHMbiX KOHUeHTpaUHH 8 803.llyXe, TeM He MeHee, 8 Henocpe.llCTBeHHOH 6JlH-

30CTH OT npOMbiWJleHHbiX npe.nnpH.SITHH, r.ne TaK)f(e pa6oTaeT H npO)f(H8aeT \faCTb HaCeneHH.SI, 

3arp.S13HeHHOCTb 803.LlyXa MO)f(eT 6b1Tb 60JlbWeH. 

<I>AKTOPhl 0.60rAIUEHIDI ,!I,JUI CYDCI» B fi»OHOBhiX PAiiOHAX 

<l>aKTOpbi o6oraweHHSI FE SIBJISIIOTCSI 8a)f(HbiMH HH.LlHKaTopaMH .llJlll KOHTpon.SI Ka\feCT8eH­

HbiX H KOJlH<JeCT8eHHbiX OTJlH<JHH ::lJleMeHTHOfO COCTa8a Jll06oro 06'beKTa OKp~aiOWeH cpe.llbl 

OT COCTa8a 3eMHOH KOpbl. C HX nOMOWbiO, 8 \faCTHOCTH, 0\feHb y.ao6HO BblllBJI.SITb BKJla.ll TeX­

HOreHHbiX KOMnoHeHT 8 CYTI<l> . <l>aKTOpbi o6oraweHH.SI 880.Ll.SITCSI KaK .ll80HHbie OTHoweHH.SI 

- FE = (Ci/Cn)/(Pi/Pn), r.ne Ci, Pi H Cn, Pn - KOHUeHTpauww i-ro H HOpManHJYIOWero -

n-ro aneMeHTa (aniOMHHHH) .llJlll CYTI<l> (C) H 3eMHOH KOpbi (P). B .naHHOM cnyqae <t>aKTopbl 

o6oraweHHll paccttHTbi8anHcb Ha ocHo8e nonyqeHHOH HaMH oueHKH C YTI<l> (pwc.6, HH)f(HHH 

rpacl>HK). 

KaK H38eCTHO, nOCTynneHHe 3JleMeHT08 8 aTMOC<t>epy npOHCXO.llHT B OCH08HOM Ja C'leT 

npHpOJIHOH H TeXHOreHHOH 3MHCCHH ( (2-J2)E + 9 H (l-3)E + 8 TOHH a3p030Jlll 8 fO.ll CO­

OT8eTCT8eHHO). TioCTynneHHe TeXHOreHHOfO a3p030Jlll 3a8HCHT OT MaCWTa6o8 .ll06bi'IH H ne­

pepa60TKH MHHepail bHOfO Cblpbll H C8ll3aHO C npOMblWJleHHOH ,LleSITeJlbHOCTbiO BCeH nnaHeTbl. 

no3TOMY yMeCTHO conoCTa8HTb <t>aKTopbl o6oraweHHll .llJlll oueHKH C YTI<l> H .llJlll e)f(ero.nHoH 

MHpOBOH .Ll06bi<JH 3JleMeHT08 [ JOJ, <JTO n0380JlHT 8blll8HTb (pHC.6, 8epXHHH rpacl>HK) 803-

MO)f(Hble KOppenSIUHH 8 no8e.aeHHH HeKOTOpblX aneMeHT08. !leiicT8HTeJlbHO, .llJlll Zn-Se-As-Br, 

Sr-Zr-Mo-Ag-Cd-Sn- Sb H W-Ir-Au Ha6niO.aaeTcSI onpe.aeneHHOe cxo,acT80 B no8e.lleHHH cl>aK­

Topo8 o6oraweHH.SI . 

XapaKTepHbiM SI8JlSieTcSI TaK)f(e TO, 'ITO npwMepHo nono8HHa HJ 3THX aneMeHT08 - ner­
KoneTyqHe H TOKCHttH,ble MeTaJlJlbl. 06bi'IHO OHH CO,aep)f(aTCll 8 HaH6onee MeJlKHX (Cy6MH­

KpOHHblX) ¢paKUHSIX a3p030Jlll - npo,ayKTaX 8biCOKOTeMnepaTypHOr O C)f(HraHHll TOnJlHBa H 

B a3p030JlbHbiX 8bl6pocax MeTannyprH'IeCKHX npOH380,[1CT8. TioCKOJlbKY KJlapKH CO,aep)f(aHH.SI 

3THX 3JleMeHT08 8 3eMHOH KOpe, KaK npa8HJ10, MaJlbl, TO HX npHCYTCT8He 8 aTMoc¢epe o6y­

CJJ08JleHO 8 OCH08HOM HMeHHO TeXHOreHHOH 3MHCCHeH. TI03TOMY KOp pell.SIUHH HX <t>aKTOpOB 

o6oraweHHll OKa3biBaiOTCll 8 MeHbWeH CTeneHH HCKa)f(eHHbiMH 8KJla.llOM npHpO.UHOH 3MHCCHH 

a3p030JJeH . Yl Ha060pOT, .llJlll TaK Ha3bl8aeMblX KOpHblX 3JleMeHT08, xap aKTepH3YIOWHXCSI cpaB­

HHTeJJbHO 60JlbWHMH KJlapKaMH CO,aep)f(aHHll , npeHMyWeCT8eHHO Jl0KaJlH308aHHbiX Ha 6onee 
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KpynHbiX 4aCTHUaX a3p030JI.SI H HMeJOIUHX 3Ha4HTeJibHO MeHblllee BpeM.II JKH3HH B aTMOC!lJepe, 
.IIBHbiX KOppeJI.IIUHH, B 06IUeM-TO, He Ha6JIJO.UaeTC.II. 

TaKHM o6pa30M, Ha ocHose .uaHHbiX .usyxneTHero MOHHTOpHHra CYO<l> B HeCKOJibKHx 
pai-loHax CH6HpH Mbl y6e.uHnHCb B HanH4HH o6orameHH.II aTMoc!lJepbl TexHoreHHbiMH 3JieMeH­
TaMH - B OCHOBHOM p.II.UOM T.IIJKeJibiX TeXHO!lJHJibHbiX MeTanJIOB. 3TO H3BeCTHbiH, Ha.lleJKHO 
ycTaHOBJieHHbiH B pe3yJibTaTe p.!!.Ua 3apy6eJKHbiX H OTe4eCTBeHHblX HCCJie.UOBaHHH, HO, K COJKa­
neHHIO, HeraTHBHbiH !lJaKT. EypHbiH poeT npOMbilliJieHHOro npoHJBO.UCTBa B XX BeKe npHBen K 
TOMy, 4TO 3alUHTHble MeXaHH3Mbl npHpO.llbl He CnpaBn.IIIOTC.II B nOJIHOH Mepe C B03paCTai01UHMH 
TeXHOreHHbiMH Harpy3KaMH, H B 6Hoc!lJepe npOHCXO.ll.IIT HeraTHBHble npOUeCCbl, COnpOBOlK.lla­
IOIUHeC.II HapyllleHHeM npHpO.UHOfO paBHOBeCH.II H YXY.UllleHHeM Ka4eCTBa OKpYJKaiOlUeH cpe.Ubl. 

3AKJIIOqEHUE 

nonYlJeHHble oueHKH CYn<l> B pa3HbiX perHoHax .un.11 JHMbl H neTa nOJsonHnH oueHHTb 
MaCU1Ta6 perHOHanbHbiX H Ce30HHbiX pa3nH4HH, 4TO BaJKHO .!In.ll nnaHHpOBaHH.II HCCJie.UOBaHHH 
no aTMoc!lJepHoMy MOHHTOpHHry B 3THX H .upymx pemoHax CH6HpH. Mbl y6e.uHnHCb B TOM, 
4TO HAA B co'!eTaHHH c acnHpauHoHHOH MeTO.UHKOH OT6opa a3p030JibHbiX npo6 noJBOn.lleT 
pelllaTb 3a.lla4H aTMOC!lJepHOfO MOHHTOpHHra. 0.UHaKO .!ln.ll CHCTeMaTH4eCKOfO MOHHTOpHHra 
.UaJKe B MaKCHManbHO 3KOHOMHOM BapHaHTe Tpe6yeTC.II 04eHb 60JiblliOH 06beM pa6oT: OT60p 
H aHanH3, KaK MHHHMYM, HeCKOJibKHX TbiC.II4 npo6 B fO.ll, 4TO B03MOJKHO TOJibKO B paMKaX 
KpynHbiX H XOpOlliO !lJHHaHCHpyeMbiX npoeKTOB. 

ABTOpbi 6naro.uapHbl C.C.Oasnosy - coTpy.UHHKY J1a6opaTOpHH Hei-ITpOHHOH !lJH3HKH Ja 
nOMOIUb B pa6oTe H npo!lJ. K .fl .KyueHOfOMY 113 l1HCTHTYTa XHMH4eCKOH KHHeTHKH H ropeHH.II 
CO PAH Ja npe.uocTasneHHble o6pa3Ubl aTMoc!lJepHbiX a3p03onei-l H noMepJKKY B pa6oTe. 
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IMPULSE METHOD FOR TEMPERATURE MEASUREMENT 

OF SILICON DETECTORS 

V. V.Kushpi/1
'
2
, S.A.Kushpi/1

'
2
, V.Petracek1 

A new impulse method of temperature measurement based on switching characteristic of 
the P-N junction is described. Temperature of silicon detector can be determined, due to the 
strong temperature dependence of minority carrier lifetime, from the charge registered dur­
ing the switching-off process. The method has been tested in temperature range of 25 + 
+ 60 °C. Advantages, drawbacks and precission of this method are discussed. 

The investigation has been performed at the Laboratory of High Energies, JINR. 

HMnyJihCHhiH M eTO.U HJMepenHH TeMnepaTyphi 

KpeMHHeBbiX ,UeT eKTOpOB 

B.B.KytunURb, C.A.KytunURb, B.llempa'leK 

B pa6oTe OllHCaH MeTO,ll H3MepeHHJI TeMneparypbl, OCHOBaHHbiH Ha nepeXO,llHOH xapaK­
TepHCTHKe P-N -nepexo,lla. TeMneparypHaJIJaBHCHMOCTb speMeHH lKHJHH HeocHOBHbiX Ho­
CHTeneil nOJBOnJieT HcnonbJOBaTb MeTO.ll MJI onpe,lleneHHJI TeMneparypbi KpeMHHeBbiX ,lle­
TeKTopos. IJpe,llCTaBneHbl pe3ynbTaTbl H3MepeHHH B ,llHanaJOHe TeMneparyp OT + 20 °C .llO 
+60 °C. 06cylK,llaiOTCJI TaKlKe npeHMYilleCTBa MeTO,lla Hero TO'IHOCTb. 

Pa6oTa BbmonHeHa B Jla6opaTopHH BbiCOKHX JHepmil OYI.5111. 

1. INTRODUCTION 

Silicon detectors are widely used in nuclear physics for detection of ionizing particles. Their 

characteristics dramatically depend on temperature. For precise measurement either the tempera­

ture stabilization or continuous temperature measurement are required. For temperature measure­

ment thermo-resistors or thermo-couples are commonly used. This solution requires a good ther­

mal contact of the sensor and detector device, and implementation of the readout electronics. This 

presents an additional amount of material which can be critical in complicated multidetector 

tracking systems where the amount of material has to be minimized. In the ideal case the ter­

mo-sensor can be integrated directly on the detector. In this case the time response of sensor is 

very fast and it follows precisely thermal conditions of the detector wafer. 

'Nuclear Physics Institute of ASCR, Rei, Czech Republic 
2Joint Institute for Nuclear Research, 141980 Dubna, Russia 
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Method described in this paper uses switching characteristics of P-N junction, which is an es­
sential part of majority of silicon detectors. 

2. TEMPERATURE DEPENDENCE 
OF MINORITY CARRIER LIFETIME 

According to the the theory of generation-recombination proces es [ 1] the minority carrier 
lifetime is determined by energy E, of shallow localized states in the gap of the semiconductor 

(traps) with respect to the Fermi level (F;) 
(see Fig.!). Position of the Fermi level de­
pends on the tern erature and thus also the 

L--+--+--------n)~r-------+------.~n 

liT 

lot 

c) '!--------+--- liT 

Fig. I . Temperature dependences in P-N junction: a) 
the minority carrier concentration; b) the Fermi level; 
c) the minority carrier lifetime 

population of trap is proportional to the tem­
perature. To explam this behaviour let's con­
sider N-type semiconductor, where holes are 
minority carriers. We assume that semicon­
ductor is not degenerated in the whole range 
of measured temperatures. When the temper­
ature is increased, F; moves down, towards 
the valence band. This decreases population 
of electrons in the traps for the case F; < E,. 

Estimation has shown that for silicon in the 
temperature range of 100-400 K, when 
F; > E 1 , the minority carrier lifetime de­
pends on the temperature. 

3. TRANSITION PROCESS IN P-N JUNCTION 

Let 's assume P-N junction fabricated on N-type Silicon. Let the current is flowing for certain 

time in forward direction (see Fig.2a,b) [2). 

In this phase the diffusion capacitance of the junction is charged by accumulated minority 

carriers. When the junction is polarized in reverse direction, the diffusion capacitance discharges 
within a certain time interval. Considering the switching characteristics on Fig.2c we observe that 

starting from switching time the reverse current steeply increases up to I rmx . Then it remains con­
stant for the storage time t 0 and then decreases during the recovery time t; . The reverse current re­

mains constant during discharging of the diffusion capacitance due to the constant gradient of mi­

nority carrier concentration on the P-N junction boundary. This happens only in the ideal case. In 

reality it is difficult to determine precisely the storage time, transition to the recovery region is for 

some detectors smooth. Also for some case the resulting current decreases all the time and the 

constant part is absent. Aplicability of methods used for temperature measurement of the storage 

time is therefore limited. 
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Fig. 2. a) Circuit for voltage switching; b) and c) voltage 
and current waveforms 

If the load resistor is increased, I rmx desreases, 
while the storage time increases. For the case of 
P-N junction with the long base, the storage time 
can be calculated from Eq.( I) [3] .:. 

VOOT 

----, 

0 · - ·~------ -·---- --- · ···----------- -- -- --- ---·-··· · ··----------- --~ --- · ··· · ·· 
I 

erf~tolrp = I-B' (I) bJ 
Eo 

where -r P is the minority carrier lifetime, 
I 

t : 
c) . 1o : 1 i .J~·.'.'.'.':"' 
0 ................. . . l.. ............... t-::.:::.:.:.:.:c:.:.:.::::::;::..: ... ' 

B = rmx , I fmx is maximum of the forward cur-
/ fmx 

I '""' rent. During the recovery phase, the excessive 
charge is being removed dominantly by recombi­
nation. The recovery time for different values of 
the parameter B is given by Eq.(2). 

·· ······ , .····· .............................. i .... . 
I i ! 

a) B ~I 
t 1 ln(IO) 
-=--
"l"d 7r2 

b) B ~I t 1 I ( I I ) 
Tj = ;z (1 + O.lB)2 - (1 + B)2 ' 

(2) 

L 
where -r d = -r P __E__, and Ld is thickness of diode base, LP is a diffusion length. The recovery 

LP 

and storage lifetime and charge store diffusion capacitance depend on the minority carriers 
lifetime and this way also on temperature. Charge accumulated in diffusion capacitance is a 
good temperature probe because it can be integrated over the whole storage and recovery 
phase. As integral it is also less sensitive to the influence of the noise and to changes in posi­
tion of the end of integration interval, where the current is low and contribution to the integral 
is small. 

Due to differences in fabrication technology and in properties of the bulk material, it is neces­
sary to calibrate each junct10n which has to be used as a temperture sensor. Also the radiation 
damage changes the concentration of traps, so that the calibration of the thermo-sensor changes 
with increasing fluence of particles through the detector. Level of the error due to this fact is cur­
rently studied and it will be reported in the next paper. 
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4. EXPERIMENTAL SET -UP 

To test the metod the measuring circuit for 
switching of P-N junction shown in Fig.3 was 
used. Calibrated detector has been placed in the 
passive thermostat consisting of heating element 
and thermocouple. During the heat-up, the tem­
perature has been measured by KEITHLEY 6517 
electrometer connected to the thermo-couple. 
Heating element controlled by external voltage 

supply rised the temperature from 20 oc to 60 °C. 
Detector response to pulses from the pulse gener­
ator MS-9150 has been recorded by digital oscil­
loscope HP 54520 and the charge released from 
diffusion capacitance has been determined. 

In our test, two dozimetric P-1-N type detec­
tors have been investigated. First fabricated on 
3.3 kQ Si with area 0.1 cm2, second on I.4 kQ Si 
with area I cm2. For both detectors parameters of 
the input pulse were identical ( +0.6 V; -1.8 V: 
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Thermocouple 
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Rload = I kQ). Shape of output signals is shown Fig. 3. Pulse temperature measurement set-up 

on Fig.4a,b. 
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Fig. 4. Shape of output signal of I cm2 detector( a) and 0.1 cm2 detector (b) 

5.RESULTS 

Temperature dependence of the released charge for the small detector is plotted on the top of 
Fig.5. This dependence corresponds well to the simulation. 



58 

soo-- -

450~-- 1·•,-o:zooov 
400 • - 2·.6E:oQ22DeV 

3--61!=02-iC»V 

0 350 - ~Ea0260eV 

~ 5-d.E=028Q.V 
- 300 -- l=E-E 

fJ I!' c I 

~ 250 --

~ 200 --~ ------- ---. 

150 

100 

Detector M1 . S :-= 0 .1 cmZ 

Kushpil V V et al. Impulse Method for Temperature Measurement 

6500,---~====~==~==~~--r-~,----r---,--~ 

--- _j Oo1oc1~· AtO S= 1 ··~· L-.-- ~ m --;>--:-~ -- ~--6000 

5500 

0 

·~ 5000 

~ ~500 .. 
-"' u4000 

3500 

3000 

: ·::::::: :::: ·::::::: :::::: : :.~.~ . .~~··-·- - - -- -- . . . . . . 

.. 
----- .. -- --.. ------ --. --~-··~·-.- - .-.-- .- -- .-. -----

··"" ------- - --. ·· · ·-·;.-~- - ----- - -- - · · · · · 

----- ·-.;il'~-:-.~· - .. . - -- ... ·-- . -. -- --·- --- --- -----_.,. .. 
50+-;---~~~~--r---~~;---~---T~ 

25 30 35 ..., 45 50 55 60 w ~ 30 ~ ..., ~ 50 ~ 60 ~ 

Temperature. <>C Temperature. <>C 

Fig. 5. Charge versus temperature for I cm2 and 0.1 cm2 detectors 

' ' ' 
1.0 

g 
0.8 

g_ 
~ 

0.6 

~ 
0 

0.4 

iia~- - -:---.;---:- • DetectorAt1,S=0 .1 cm2 :---~---:---~--
• fi»IID I I I 

• ; aaga : ; a Detector AtO, 8=1 .0 cm2 , 

-J~;~h:~QE~~~i-~~:-- ~-- --- -~-- -:--- ~-- j_- -~ -- ------·-
: •aoo ~ Doaa~o . ; : : 

____ _ J_ -~_r:~t~~l- _J_.:1~~.+;cL; -j~ -~~-~-~~-L __ :_ ~--· 
I "VO I I I oCJaDa I · I 

: 'o' : ' ' . OQaaaoO ' 

--_;_ -_ --~- ~ -!--- ~· -- ;~~1~:1-~~~§~~.~~.i-- -\-- : ~·~~i- -- --
' . oaoooo-..._ : ' 

: ........... • .... ....... •........... : . . ... : . .. ~ . ~~.~: . 
- ' -

' 
0 .2;-~--+--?--r-~--r-~~r-~~--~~--~-r--r-~ 

25 30 35 40 45 50 55 60 85 

Temperature, oc 

Fig. 6. Calibration curves indicate temperature dependence of normalized 
charge 

Using the obtained dynamic calibration curve it is possible to determine temperature of the 

detector with precision better than 0.25 °C. For the test, the precision detector has been placed to 
the thermostatic chamber, where the callibration was performed again but in thermal equilibrium 
at each measured temperature . This way the more precise static calibration curve has been ob­
tained (see Fig.6). For the large detector (down Fig .5) the released charge is larger, but at the low­
er edge of the investigated temperature interval we observed significant deviation from the ex­
pected shape of the calibration. We can conclude, that general sensitivity of the method is in­
creasing while increasing resistivity of bulk material. Comparing the data with simulation it is 
even possible to estimate average energy of traps (see parameters on Fig 5). 
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6. CONCLUSIONS 

We have investigated a new method of temperature measurement of silicon detectors based 
on integration of the charge released from the diffusion capacitance of the P-N junction during the 
closing of the junction. This method is more general compared to methods used as signallegth of 
storage and/or recovery time of the junction. It can be used even for P-N junction, where the stor­
age phase is not well defined. Integral of the charge is less sensitive to the noise and to variation of 
the end of integration window. Time response of this method is very fast,. thermo-sensor is inte­
grated on the particle detector. With proper calibration, this method ives temperature of the de­

tector with precission near to 0.1 °C. Changes in calibration due to the radiation damage will be 
further studied. In the next phase, we'll apply this method to temperature measurement of the Sili­

con Drift Detectors. 
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