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J~:t' 3a nocneAH~e rOA~ npOBeAeH PRA 3Kcnep~MeHTOB no onpeAeneH~ID 

I~.,i. 

KOH~eHTpa~~~ BOAopbAa Ha nOBepxHOCT~ ~ B rny6~He pa3n~4H~i Ma
Tep~anOB c ~cnonb30BaH~eM RAepHO-$~3~4eCK~X MeTOAOB aHan~3a. 
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Peureaue 3TOt::í npoõne-aa ~MeeT õonsuroe np~KnaAHoe 3Ha4eH~e, no~.. .1 

'l/:iJ ' ~ '~}l• I CKonbKY np~CYTCTB~e BOAopOAa OKa3~BaeT 60nbwoe Bn~RH~e Ha 3neK
Tp~4eCK~e ~ $~3~KO-X~M~4eCK~e CBot::ícTBa MHor~x MaTep~anOB. B Ka

I J 4eCTBe np~Mepa MO~HO yKà3aTb Ha Bn~RH~e BOAopOAa Ha 3neKTp~4ec
1',1: 

$'1 JJ.* 
,·i
;.; K~e CBot::ícTBa aMop$Horo KpeMH~R ~n~ H~Tp~Aa KpeMH~R, Bn~RH~e BO

'1 

l!r Ifi'!j, AopOAa Ha KOpp03~ID ~ xpynKocTb CTan~ ~ H~06~R/l/. OnpeAeneH~e!,.•~ 
I 

-:
 
KOH~eHTpa~~~ ~30TonOB BOAopOAa B nOBepXHOCTHblX ~ np~nOBep~HOCT


cnORX pRAa C03
H~X MaTep~anOB ~MeeT cy~ecTBeHHoe 3Ha4eH~e np~ 
{,' 

AaH~~ TepMORAepHblX pearcropoe , no ckonsxy ~MeeTCR B03MO~HOc;Tb no
1'. 

nY4eH~R ~H$opMa4~~ 06 ~3MeHeH~RX B CTpYKType nepBot::í CTeHK~ peaK
~.. 

Topa ~3-3a ~HTeHC~B~oro B~AeneH~R BOAopOAa ~ 06MeHa ~30TonOB BO
. AopOAa ~3 CTeHOK B nna3My. Ba~HYID ~H$opMa~~ID MO~HO nony4~Tb ~ 

1: ~t".. "/" AnR M~Tep~anOB, ~cnonb3yeM~x B pe~KTopax AeneH~R, nOCKonbKY np~

CYTCTB~e BOAopOAa np~BOA~T K YXYAweH~ID Ka4eCTBa MaTep~ana 12~ 
MomHO YKa3aTb e~e Ha B03MO~HOCTb peweH~R pRAa HaY4H~x np06neM,--- ..- ......--- 

~ TaK~x, KaK ~3Y4eH~e Bn~RH~R BOAopOAa, HaxOAR~erOCR Ha nOBepXHO

!;t,'~ 1:
 

CT~, Ha xpaHeH~e ynbTpaxonOAH~x Het::íTpoHoB, AaT~pOBaH~e no KOH

~eHTpa~~~ BOAopoAa B03p~CTa CTeKnRHH~X ~3Aen~t::í, Hat::íAeHH~x np~ 

{ apxeonor~4eCK~x paCKonKax, ~ PRA APyr~x. B HacToR~~t::í MOMeHT cy
.~- (t'~ :,', :l. 

~ecTByeT 8 OC~OBH~X MeTOAoB onpeAeneH~R KOH~eHTpa~~OHHoro npo
( 

:,~ ,~ 
$~nR BOAopOAa c ~cnonb30BaH~eM ny4KoB YCKopeHH~X ~OHOB/S~ nepe~, "'~ 
4~cn~M HeKOTop~e ~3 H~X:~. "1
 1. MeToA~, OCHOBaHH~e Ha ~cnonb30BaH~~ RAepH~X peaK~~G c 
AeTe'KT~pOBaHY1eM y -KBaHTOB: peaK~~~ l H( 15N,a y) 12 C np~ 3Hepr~~I .~\
 6,4 M3B,l H ( 19 F,a y) 16 0 np~ 3Hepr~~ 19F 6,4 ~ 16,5 M3B. 

2. RAepH~e peaK4~~ c AeTeKT~poBaH~eM 3apR~eHH~X 4aCT~4: 
~{ I lH ( 11 B, a) 8 Be • 

r' 
I ,i .~,t... ,:~:~. I 
f, '& r 3. MeToA, OCHOBaHH~~ Ha ~3MepeH~~ 06paTHoro pacceRH~R./ 

i,
1" '\~ 
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fi.,. r,~1' L~)©OOO"eA~eHHbIA IfIICTH'tyT RACpHhlX" Hccne.nOBaHHH i.uY6H8, 1986. .1, 4.~ 

l~~ 

4. 113MepeH~e npOTOHOB OTAa4~ np~ 60M6apA~pOBKe ~ccneAyeMblx 

M~weHe~ nY4KOM ~OHOB 60nee TR~en~x Macc .. 
K YKa3aHHOM~ nepe4H~ MO~HO OTHeCT~ ~eTOA~,OCHOBaHH~e Ha ~cnonb
30BaH~~ BTOp~4HO~ ~OHHO~ Macc-cneKTpOMeTp~~ /MeToA SIMS/, ~ PRA 
APyr~x IS/. Ka~A~~ ~3 YKa3~HH~X MeTOAoB ~MeeT CBO~ AOCTO~HCTBa 
~ HeAOCTaTK~, ~ ~x np~MeHeH~e CBR3aHO C B03MO~HOCTb~ ~ 4eneco06
pa3HOCTb~ ~x pean~3a~~~ B ycnoB~RX TO~ ~n~ ~HOt::í na60paTop~~. 

ti 1í ---~ 
Ob~er.~\t1-2'tUíh49 gi:~" 
~\U~i,f:liJX ~~h.C.'jcno~~a~UIÜ 1 
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B HaCTOR~e~ pa60Te np~BOA~TCR On~CaHHe OC06eHHOCTe~ MeTOAa 
onpeAeneH~R KOH~eHTpa~~OHHOrO npO~HnR BOAOpOAa c Hcnànb30BaH~eM 
OAHOrO H3 nepe4HCneHH~X paHee MeTOAoB, a HMeHHO: MeTOAa, OCHO
BaHHoro Ha H3MepeHHH 3HepreTH4eCKoro cneKTpa npOTOHOB, B~6KBae
M~X H3 HccneAyeMOro 06pa3~a np~ 60M6aPAHpOBKe ero nY4KOM HOHOB 
4He, YCKopReM~X Ha 3neKTpOCTaTH4eCKOM YCKOpHTene BaH-Ae-rpaa~a 
fla50paTopHH He~TpOHHOA $H3HKH OH~H. OCHOBH~M AOCTOHHCTBOM 3Toro 
MeTOAa RBnReTCR B03MO~HOCTb HccneAoBaH~R KOH4eHTpa~HH BOAopoAa 
Ha nOBepXHOCTH H no rny6HHe B MaCCI-1BHblX oõoaauax H ero 3Kcnpecc
HOCTb. Hcnonb30BaHHe ero He npHBOAI-1T K pa3PYWeHI-1~ HccneAyeMOro 
06pa 34a, H ero pean~3a~HR AnR npl-1KnaAH~X ~ccneAOBaHH~ He Tpe6y

eT npHMeHeHHR YCKOpI-1Tene~ TR~en~x 1-10HOB BWCOKHX 3Heprl-1~. 3Ta
 
oco6eHHOCTb aenee r ero AocTynHblM AnR MHorHx na60paTOPH~, rAe
 
I-1MeeTcR YCKOpHTenb BaH-Ae-rpaa~a c 3HeprHe~ 2~3 M3B.
 

2. $H3H4ECKHE OCHOB~ METO~A 

npl-1H4Hn MeTOAa nerKo npocneAHT~, paCCMaTpl-1BaR pHC. 1. KaK 
BHAHO H3 PHcYHKa, nY40K YCKopeHHblx HOHOB, npO~AR K0J1m1MaToPbl 11I , 
HanpaBnReTcR Ha.MHweHb IMI, HaKnoHeHHY~ K nY4Ky nOA yrnOM a. 
~BHraRcb B MHweHH, nY40K HOHOB c 3HeprHe~ E TepReT CBO~ 3HeprH~ o 
Vi Ha rny6~lHe x i B3aHMOAe~cTByeT c BOAOPOAOM MHweHH. B peayns r a
Te B3aHMOAe~CTBHR. B MHweHH 06pa3Y~TCR npOTOHW OTAa4H, KOTop~e 
B HanpaBneHHH K AeTeKTOPY I~I HMe~T 3HeprHlo E 2 CI k E l' rne 

x! sina 
E ::= E

l o	 f 8 l ( E ) d t.
 
o
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( 

/ 
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PHC. 1. npHH~HrrHanbHaH cxeMa MeTo~a H3MepeHHH rrpOTOHOB OT
Aa~H. 

'2 

l.	 a <tJopMYJ1e 111 8 l(E) - TopM03Ha$'l cnoco6HOCTb HOHOB 4He B MHweHH, 
k - KHHeMaTH4eCKH~ <tJaKTOp OTAa,4111: 

4M 
1M 2 

k	 cos 2 8 , 
. . 2	 121 , (M 1 + M 2 ) 

~. ,.	 -, • -I .. 

r,qe M 1 VI M 2 - MaCCbl 60M6apAHPY~LJ.tero HOHa .H aTOMa BOAopOAa, 
COOTBeTCTBeHH0. 

3HeprHR npOTOHOB OTAa4H Ha BblXOAe H3 MHweHH onpeAeJlReTCR KàK 

xl sin f3
 
E; '" E'2 J 8 2 (E )dt,
 

o	 /31 

rne 8 2 (E) - TopMo3HaR cnocoõuocr b nporouos B MHweHH, f3 = e - a;., 
e - yro~ AeTeKTHpOBaHHR npOTOHOB OTAa4V1. 

KaK B~AHO ~3 pVlc.l , MemAY MHweHb~ .H AeTeKT9poM YCTaHoBJleHAr
<tJHJlbTP AJlR nornoure-u-a HOHOB 4He, ynpyro oacceuaaeaux B HanpaBJle
HHH AeTeKTHpoBaHHR. TOnutHHa <tJHJlbTpa Bw6HpaeTcR MHHVlMaJlbHO AOCTa
TO~HO~ An~ nOJlHOrO nOrJlOuteH~R 3THX HOHOB. 3HeprHR npoToHoB OTAa~ 

4H, nona~a~~Hx B AeTeKTop nOCJle ~poxomAeHHR Ar ~<tJHJlbTpa, onpeAe
JlReTCR ypdBHeHHeM BHAa 

m 

E A eT E; -
o 
r 8 3 ( E ) d t ,	 

I~/ 

rA~	 8 -TopM03HaR cnó coõuocr s npor ouo a B Ar -<tJHnbTpe TOJlutHHO~ m.
3(E)

OnpeAeneHHe KOH4eHTpa4HH BOAopOAa Ha nOBepXHOCTH ~ rny6HHe 
npOBOAHTCR no H3MepeHH~ nJlOutaA~ 3HepreT~4eCKoro cneKTpa npOTOHOB 
OTAa4H; 3aperHCTpVlpOB8HHoro nOA yrJlOM O ~ AJlR npOBeAeHHR paC4e
TOB KOH4eHTpà4H~ Heo6xOAi-1MO 3HaT b 3Hepn11O naAa!0U4V1X HOHOB 4He, 
4Hcno 4aCTVl4, n anaouuax Ha MHweHb, reOMeTpI-14eCKH~ <tJaKTOp AeT~KTH'

pOBaH~R~ ce4eHHe BWXOAa npOTOHOB OTAa4H nOA yrJlOM AeTeKT~pOBaHHR 

O . npH paC4eT8X CJleAyeT Ta~me Y4HTwBaTb: 
li 3HepreTH4ecKoe pa3peweHHe AeTeKTopa; 
21 pa36poc no 3Hepr~H l"cTpa'rrJlHHr"/ npOTOHOB OTAa4H npH npo

xomAeH~H HX B MHweH~ H B <tJHJlbTpi B HanpaBJleHHH yrna O; 
31 MHorOKpaTHoe pacceRH~e HOHOB B MHlDeHH; 
41 reoMeipH4ecKoe pa3peweHHe AeteKTopa, B03HHKa~utee H3-3a 

paCXOAVlMOCTH ny4Ka H KOHe4Horo yrnaAeTeKTopa. 
npVl npeHe5pemeHHH 3THM~ nonpaBKaMH KOH4eHtpa4HP BOAOpOAa Ha rJlY
6HHe Xl MomeT 6WTb onpeA€neHa <tJopMYJloA BHAa 

H i ", a(O)Qc(x i )UÔX i ,	 151 

rne Q - 4Hcno 4aCTVl4, naAalOLJ.tHX lia MHweHb, H i - aMnJlHTYAa cnexr « 

pa B i -KaHane, a(O) - AH<tJ<tJepeH4HanbHoe ce4eH~e BwxoAa npoToHoB 
oTAa4H, H3MepeHHoe nOA yrnoM ~ , c(Xi) - KOH4eHTpa4HR BOAopoAa 
HCI rIly6HHe x i, a - reOMeTpH4eCK~~<t>aKTOp: 
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1 E2 2 n = no (l R2 cos (3) (E «R), /6/4 

S 
3gecb no = R2' s - nl10111aAb A!I1 alPparMbl ne r exropa , R - paCCTO

~H~e MemAY T04KO~ nepece4eH~~ OC~ nY4Ka c M~weHb~ ~ A~alPparMO~ 

AeTeKTopa, E - ~311Y4a~llla~ Al1~Ha nOBepXHOCT~ M~weH~. B YC110B~~X 
Hawero 3Kcnep~MeHTa, KorAa yrol1 HaKl10Ha nl1OCKOCT~ M~weH~ K oc~ 
nY4Ka COCTaBl1~eT OT 2,5° AO 15°, Bel1~4~Ha E ~3MeH~eTC~ OT 7 AO 
2,5 MM. 

El1eAyeT YKa3aTb Ha onpeAel1eHH~e 3aTPYAHeHK~ B B~60pe Bel1~4~H~ 
aW). OH~ CB~3aH~ c TeM, 4TO 3TK ce4eH~~ He ~Bl1~~TC~ pe3eplPOp
AOBCK~M~ ~ ~X 3Ha4eH~~ MorYT 6blTb B3~Tbl ~3 pana ony611W"';:OBaHHbIX 
~a60T/2,5-7/~11~ ~3MepeH~ He3aB~C~MO UT H~X. TaK~e ~3MepeH~~, no~ 
B~AKMOMY, He06xOA~M~, nOCKOl1~KY ony6n~KoBaHH~e AaHH~e An~ a no
JlY4eHbl npa He60nbwOM Ha60pe yrnos e , 4TO orpaH~4~BaeT axcnepu
MeHTanbH~e B03MomHOCT~ no B~60py onT~ManbH~X 3Ha4eH~~ 3T~X yrnoB 
np~ nI1aH~pOBaH~~ axcnepaxeur a . Hewanoaexuoe 3Ha4eH!1e ~MeeT ~ TOT 
lPaKT, 4TO n~TepaTypH~e AaHH~e ce4eH~~ B ~HTepeCY~llleM Hac ~HTep
Bane 3Hepr~~ HaneTa~lll~x ~OHOB 4He Ha 20 730% paarni-raor ca MemAY 

I i i , ,
dO"" ~ i 

d.Q, ,
 
t-tó
 

8Q
 E =3M,s100..... 
~ a2(j1(j I. , • [6J
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PHC. 2. 3HepreTH~eCKaH 3aBHCHMOCTb AH~~epeH~HanbHoro CeqeHHH 

BbIXO,lJ.a rrpOTOHoB OTAaqH, H3MepeHHoro pa3nHqHbIMH aBTop a MI1,' 
CrrnOIIIHbIe H nyax-rrrpnsre KpHBbIe - CeqeHHH pe3ep~Op,lJ.OBCKOrO 

paCCeHHHoH, paCCqHTaHHbIe nrra 23° H 40° COOTBeTCTBeHHO. 

4 

c060~, ~ TPYAHO B CB~3~ C 3T~M ~TAaTb npeAnOYTeH~e TOMy ~n~ 

~HOMY ~x 3Ha4eH~~. C Y4eTOM 3Toro B HaCTO~llle~ pa6aTe ~cnonb30Ba
Hbl ycpeAHeHHble 3Ha4eH~~ ce4eH~~, aaarue ~3 pa60T B~enYHC1<~ ~ 
AP./6/, HaraTa ~ AP./2/. B~60p 3T~X AaHH~X CB~3aH c TeM, ~TO ce
4eH~~, B3~T~e ~3 3T~X pa60T, Ha~60nee 6I1~3K~ APyr APyry, a AaH
Hble B~el1YHcK~1t1 AP. 16/ nonyveuu B peayner áre nepecvera AOCTaT04
HO HaAemHblX AaHHblX no ce4eH~1O ynpy roro p accesuuia peaK4~~ 4He (p,p)'1fe 
B peaK4~1O lH(4He 4He) IH. Ha puc , 2 npencr aaneuu akcnepaaeurans> 
H~e 3Ha4eH~~ 3HepreT~4eCKKX 3aB~c~MocTe~ A~lPlPepeH4~al1bH~x ce4e
H~~ B~xOAa npOTOHOB OTAa4~, ~3MepeHH~e pa311~4R~MK aBTopaM~. ~3 

pKCYHKa B~AHO pacxomAeH~e ~x 3Ha4eH~~ MemAY c060~ ~ ~x 6011bwoe 
pacxomAeH~e c pe3eplPoPAoBCK~M /cnl1owH~e Kp~B~e Ha p~c. 2/. napa
MeTpbl, KOTOpbIM~ MomHO aap supos ar b Al1~ n0l1Y4eHK~ ()nT~Mal1bHbIX YC
110B~~ 3KcnepKMeHTa, ~Bl1~IOTC~ 

1/ 3Hepr~~ ~ Macca YCKopeHH~X HOHOS, 
2/ yron naAeH~~ nY4Ka Ha M~weHb, a , 

3/ yron AeTeKT~poBaH~~ np9TOHOB OTAaL!~, e , 
·4/ AllfaMeTp ~ paCXOA~MOCTb nY4Ka YCKopeHHblX ~OHOB 4He , 
5/ r enecuuã yron AeTeKTKpOBaHI-1~. , 
AHal1~3 aI1~~H~~ 3T~X napaae'r po a .R'a nony-reune KOH4eHTpa4~OHHorro 

npOlP~l1~ no nOBepXHOCT~ ~ rl1y6~He c MaKc~Mal1bHO B03MomH~M pa3pe
weH~eM norl1y6~He 06cymAaeTc~ B, pRAe 3KcnepllfMeHTal1bH~X ~CCl1eAO

B~H~~/2.4.5.7/ . B HacTo~~e~ pa60Te B~60p 3T~X napaMeTpOB B CY
~ectBeHHo~ Mepe 6a3~poBal1c~ Ha pe3Yl1bTaTax 3TKX CTaTe~. 

3. METOA~KA 3KcnEP~MEHTA 

HaMK pa3B~Ta MeTOA~Ka onpeAel1eHH~ K9H4eHTpa41110HHoro npO$~l1~ 

BOAopOAa, KorAa nOBepXHOCTb 06pa34a He npOXOA~T Aonol1H~Tel1bHO~ 

04~CTK~ ~ KorAa ~3MepeH~~ npOBOARTC~ B BaKYYMHo~ KaMepe c AaBl1e
H~eM 2.10-:6 Top. 

CxeM3 KaMepbl ~ccl1eAoBaH~~ npencr aaneua Ha PJilC. 3. KaK B~AHO 

~3 p~CYHKa, ,nY4?K YCKopeHH~X ~OHOB 4He , npoaHal1~3~poBaHH~~ no 
~Mnyl1bcaM MarH~iH~M aHal1~3aTopoM, npo~A~ BXOAHO~ ~ B~XOAHOA ~Ol1

11~MaT9P~ A~~MetpbM 0,5 MM, nonaAaeT ~a M~weHb, YCTaHOBl1eHHY~ B 
4eHTpe KaMep~. PaCCTORH~e MemAY A~alPparMaM~ 950 MM. M~weHb ~30

l1~pOBaHa OT Kbpnyca KaMep~ ~ np~coeA~H~eTCR K KHTerpaTOpy TOKa. 
KOHCTPYK4~~ M~WeH~ npeAYCMaT~~BaeT B03MO~~OCTb ~3MeHe~~~ ~rl1a 

HaK110Ha nOBepXHOCT~ M~weHK K O~~ ny4Ka /yrl1a a / B~HTepBal1e 

0-90° C norpeWHOCTblO .:t,0 ,2%. Al1~ I1CKl1~.4eHKH OW~6K~ B 1c13MepeHKK 
TQKa nY~Ka M~weHb oKpymeHa 4~n~HApOM, K KOTOPOMY nOABOA~TC~ OT
pK4aTel1bHoe 8anp~meH~e - 500 B. nOA yrl10M e no OTHoweHKIO K naAa
lO111eMY nY4KY Ha, nOAB~mHOM KpoHwTeAHe YCTaHOBneH KpeMH~eB~~ no
BepxHocTHo-6apbepH~~AeTeKTop,~3Mep~I0111~~ npOTOH~ OTAa4~, B~6K

BaeM~e naAalOlll~M ~Y4KOM ~oH6B 4He ~3 M~weH~. KpoHwTe~~ c AeTeK
TOpOM MO}KeT 6blTb' YCTaHOBl1eH nOA 11106blM yrnoa B ~HTepB~he yrl1o'é 
e = bo+~oo~ 3HepreT~4eCKoe pa3peweA~e, AeTeKTopa, ~3Mep~HHoe Ha 
a r 4a:CT~4ax' 238Pu, çOCTaB.n~eT '17 K3B. ~MnYl1bcbl OT AeTeKTopa 4e

.5 
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~ 4H: ., , ~4 I < I ---. 

I 

PHe. 3. CxeMa KaMepw HccneAoBaHH~: I - KonnHMaTOpw nyqKa 
AHaMeTpoM 0,5 MM, 2 - Kopnyc KaMepw, 3 - 3KpaHW AnH Bb~O
pa*HBaHHH napOB yrneBoAopOAOB, 4 - MHilleHb, 5 - 3KpaH AnH 
3aAep*KH BTOPHqHbIX 3neKTpO~OB H3 MHilleHH, 6 - Al-~HnbTp, 

7 - KonnHMaTOp AeTCKTopa pa3MepoM 1,2x4 MM, 8 - Si - Ae
TeKTOp, 9 - xnaAonpOBOA c AbIDapOM *HAKoro a30Ta. 

pe3 npeAyc~n~Tenb, yc~n~Tenb nOAaBan~Cb Ha 3BM MERA-60/30 An~ 
~x 3an~c~ ~ nocneAy~~e~ 06pa6oTK~ Ha 38M PDP-11/70. Ha 3TOM *e 
KP9HwTe~He Me*AY M~weHb~ ~ AeTeKTopoM YCTaHOBneHa Ar -$onbra, 
~ enaouraaca ltJ~n bTpOM, norno~alOUl~M ~OHbl 4He, ynpyro p accev BaeMble 
M~weHb~ B HanpaBneH~~ yr.na () . TOl1~~Ha 3TO~ ltJonbr~ p accua tueae t 

c~ B 3aB~c~MOCT~ OT 3Hepr~~ ~OHOB 4 He , pacce~BaeM~X M~weHb~. 
B r aõn , 1 npencr aaneua AaHHble pacver a Ton~~Hbl Ar -ltJ~nbTpa. 

'I'aõ.naua 

MaTepHBn ~anbTpa 'I'orruraxa /MKM/EO~ M3B 

2,4 AI 9,4
 
3,0 AI 10,4
 

Ha P~~. 4 npeACTaBneH T~n~4H~~ 3Hepre~~4ecKH~ cneKTp npOTOHOB 
oTAa~~ np~ 60M6apA~poBKe nY4KOM ~OHOB 4He M~weH~ ""3 Mailtnapa 
(C 10 H~ ° , ~3Me_peH~~ npOBOAHnHCb np~ yrnax a = 7°, () = °15 ~ 

4 ) 
a = 15 , () = 30°. AnA pacver a KOH~eHTpa4HOHHoro npO$HJl~ Ha -110

6 

PHC. 4. 3HepreTHqeCKHH crreKTp 
rrpoToHoB OTAaQH rrpH õOMõapAu

ri =7
G 

pOBKe nrreHOK Maftnapa /C 10Ha04 /a ;1S
G 

rrYQKOM HOHOB 4He c 3HeprHeü 
2,4 M3B. N 1 - xaaansr MHorOKa
HaITbHOrO aHaITH9aTOpa HMnynbca, 
N 2 - BbIXOA rrpOTOHOB oTAaQH. 

Nl 

BepXHOCT~ ~ rny6~He Heo6xOA""MO 
y4~T~BaTb COCTO~H~e nOBepxHOCT~ 

~ccneAyeMoro 06pa34a, ycnOB~~ 

700 

N2

N2 

200 

300 

400

300 

d.= 15° 
8;Jcf ero xpaHeH~A AO YCTaHoBK~ B Ka

Mepy ~ccneAoBaH~~ ~, rnaBHoe, 
BaKYYMH~e ycnoB~~ B KaMepe ~c
cneAOBaH~H. XopOWO ~3BecTHo, 4TO 
np~ BaKYYMe ~ 10-6 To p B KaMepe N1 
np""cYTcTBYIOT napu BOAbl ~ yrne

850 1000 
BOAOpoAOB, B~Aen~IO~~XC~ ~3 Ba

KYYMHblX ynnoTHeH~~ ~ CTeHOK BaKYYMHo~ C~CTeMbl, xoropue ocexnaor> 
C~ Ha nOBepXHOCT~ M~weH~, ~CKa*a~ Te~ caM~M nepBoHa4anbHY~ KOH
4eHTpa4~1O BOAopoAa Ha ee nOBepXHOCT~. H TonbKO ~3MeHeH~A KOH4eH
Tpa4~~, npOBOA~M~e B CBepXB~COKOM BaKYYMe /-10-9 Tóp/, ~ CBA3aH
H~~ c ero nonY4eH~eM npeABap~TenbHw~ nporpeB KaMepw ~3MepeH~~ AO 
r exneparypa - 250° C MorYT oõecnevar s nonyxe-me npaaans ao r-o peayris> 
TaTa. Ha p~c. 5 B Ka4eCTBe ~nnlOcTpa4~~ B03paCTaH~~ KOH4eHTpa4~~ 
BOAopOAa Ha nOBepXHOCT~ & BO BpeM~ ~3MepeH~~ np~BeAeH~ cneKTp~ 

npOTOHOB OTAa4~, ~3MepeHHble np~ BaKYYMe B' KaMepe 2.10-6 Top c 
~HTepBanaM~ Me*AY ~3MepeH~~M~ B 60 M~H np~ Henpep~BHOM o6nY4eH~~ 

M~weH~ / cnexr pa HOpM~poBaHblHa OA~H ~ TOT *e a apan , nepeHoc~Mbl~ 
Ha M~weH~/. H3 cneKTpOB B~AHO, 4TO B~XOA npOTOHOB OTAa4~, HOpM~

pOBaHHbl~ aa OAHO "" TO *e 4~cno naAalO~~x ~OHOB 4He Ha M~weHb, pac
TeT c Te4eH~eM BpeMeH~. 3TO 06cTo~TenbcTBo Henb3~ He Y4~T~Ba~b 

np~ nnaH~poBaH~~ 3Kcnep~MeHTa. BMecre c TeM Henb3~ He np~H~MaTb 

BO BH~MaH~e ~ TOT $aKT, 4TO onpeAeneH~e KOH4eHTpa4~~ BOAopOAa 
B ycnoauax CBepX~,bICOKoro BaKYYMa - aanava AOCTaT04HO TpYAoeMKa~ 

np~ npOBeAeH~"" MaCCOB~X aHan~30B. 

C Y4eTOM 3Toro HaM~ nOAP06HO ~ccneAo~aH 0A~H ~3 Bap~aHTOB 

npOBeAeH~~ ~3MepeH~~, KOTOPbl~ noasonan nonyuar s AOCTaT04HO HaAe*
HY~ ~H$opMa4~1O O KOH4eHTpa4~OHHOM npo$~ne BOAopOAa B ycnoB~~X 

TpaA~4HOHHO cY~eCTBYIO~ero BaKyy~a B KaMepe ~ ~OHonpOBOAe YCKOP~

Ten~ /-2+3 : 10-6 Top/. 3TOT MeToA OCHOBWBaeTC~ Ha nOKanbHOM BW
Mopa*~BaH~~ napoB yrneBoAopoAOB B He60nbwoM 06beMe, oKpy*alO~eM 

M~weHb. An~ 3TO~ 4en~ ~ccneAyeMa~ M~weHb oKPy*anacb ABYM~ 3aMKHY
T~M~ MeTann~4eCK~M~ 3KpaHaM~ c oTBepcT~~M~ An~ BxoAa ~ BwxoAa 
~OHOB, ~30n~poBaHHwM~ APyr OT APyra ~ OT Kopnyca KaMep~. OA~H ~3 

3KpaHoB /A~aMeTpoM 80 MM/, 6n~*a~w~~ K M~weH~, ~3rOTOBneHH~~ ~3 
Cu, oxnaxnanca AO re-meperypu -140° C. Oxna*AeH~e ar orio axpaua 
ocy~ecTBnAnOCb c nOMO~blO xnaAonpOBOAa ~3 MeAHoro r~5Koro npOBOAa 
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PHC. 5. 3HepreTHQeCKHe crreKTpw rrpOTOHoB oTgaQH OT rrOBepXHOC

TH Si , H3MepeHHbIe c HHTepBaJIaMH B 60 MHH npn nertpepsranosr
 
06nyqeHHH rrOBepxHoCTH MHilleHH rryqKOM HOHOB 

4He. MHweHb HâXO
gHTCH B xaxepe npn naanenan 2· 10-6 Top. N 1 - KaHaJIbI MHorOKa

HaJIbHOro aHaJIH3aTOpa HMrrynbca, N2 - Bb~Og rrpOTOHoB oTgaQH.
 
KpHBaH I - cnexrp , H3MepeHHbI:H: qepe3 60 MHH nocne nonyxenaa
 
B xaxepe rtaartenaa - 2 . 10-6 Top, KpHBbIe 2,3,4 - H3MepeHHe
 
crreKTpOB rrpOBegeHO c HHTepBanaMH 60 MHH rrpH HerrpepWBHOM 06

nyQeHHH MHweHH.
 

/ce4eHHeM 2 CM2 / , BBeAeHHoro 4epe3 TennoH30nHpoBaHH~~ BBOA B Ba
KYYMHY~ KaMepy. Y4acToK xnaAonpOB0Aa BHe KaMepbl oxnamAanc~ mHA
KHM a30TOM. BTOPO~, T~aTenbHó nonHpoBaHH~~ 3KpaH H3 AE /AHaMeT
pOM 120 MM/, YMeHbwan TennOBoé BnHRHHe CTeHOK KaMepQ Ha CTeneHb 
oxnamAeHH~ OCHOBHoro 3KpaHa. KaK nOKa3anH HccneAOBaH~~, TaKaR 
CHCTeMa AOCTaT04HO XopOWO "BblMOpamHBaeT BOAOPoAOCOAepmaLl.\He coenu
HeH~R B o6beMe, orpaHH4HBaeMOM 3THMH 3KpaHaMH, 3Ha4HTenbHO CHH
ma~ npH 3TOM HX ocamAeHHe Ha MHweHb. 3TO nOATBepmAaeTC~ rpa$HKoM 
Ha pHC. 6, rAe npHBeAeH~ AaHH~e B~xOAa npOTOHOB OTAa4H, H3MepeH
Hble Ha Si - MHweHH npu TOM me pemHMe 06nY4eHHfl, KOTOpbl~ õun npo
BeAeH 6e3 oxnamAeHH~ YKa3aHHblX 3KpaHOB. KaK BHAHO H3 pHCYHKa, 
I:iOpMHPOB'aHHbl~ BblXOA npOTOHOB OTAa4H, H3MepeHHbl~ B pa3nH4Hoe Bpe
M~, 4epe3 60 MHH nocne Ha4ana oxnamAeHHR OCTaeTCR B npeAenax 
oWH6oK nOC~O~HH~M c TeHAeH4He~ K ero YMeHbweHH~ c Te4eHHeM Bpe
MeHH, 

8 

8õo 900 

N2 

y" 

30+ 200 

100 

20t O' 

10 

32 

750 

... 

N1 
00 

PHC. 6. 3HepreTHQeCKHe cneKTpw rrpoToHoB OTAaQH OT rroBepxHoc~
 

TH Si , H3MepeHHbIe c HHTepBanaMH B 60 MHH npa nenpepsrsnox 06

nYQeHHH MHweHH B ycnoBHHX noKanbHoro Bbwop~BaHHH rrapOB yr

neBoAopoAoB B 06~eMe, HerrocpeAcTBeHHo rrpHnera~eM K MHmeHH.
 
)J;aBneHHe B xaxep e' I +2· 10-6 Top. N1 H N2 aaanor-axasr pHC. 5.
 
KpHBaH I - crreKTp, H3MepeHHbrn Qepe3 60 MHH nocne rrbnyqeHHH
 
B xaxepe AaBneHHH - 2 . 10-6 'I'op , KpHBbIe 2,3,4 - H3MepeHHe
 
crreKTpOB rrp~BeAeHo c HHTepBanaMH 60 MHH rrpH HenpepWBHOM 06

nYQeHHH MHweHH.
 

CxeMa pa3Me~eHH~ 3KpaHoB npeAcTaBneHa Ha pHC. 3. npH 3aMeHe 
MHweHe~ 3KpaH, oXna>KAeHHblH AO HH3KHX TeMnepaTY-p, Heo6xOAHMO Ha
rpeTb AO KOMHaTHoH TeMnepaTypbl. 3TO npoH3BoAHTCR HarpeBaTeneM. 
np04ecc HarpeBaHHR npoH3BoAHTCR oAHoBpeMeHHo c oTKa4KoH ra3a B 
Te4eHHe 30-40 MHH. OXna>KAeHHe 3KpaHa AO TeMnepaTYP~ -150°C 
3aHHMaeT 45-50 MHH H KOHTponHPyeTcR TepMonapOH, BBeAeHHOH 4epe3 
ynnoTHeHHe B KaMepy HccneAOBaHHH. 

npH onpeAeneHHH KOH4eHTpa4HOHHoro npO$Hnfl BOAopOAa B 3neKTpo
H30n~4HOHHbIX MaTepHanax /onTH4eCKoe c r exno , H30n~Topbl/ ..Qn~ C03
AaHHR npOBOAHMOCTH nOBepXHOCTH H HCKn~4eHH~ B 3TOH CBR3H oWH6KH 
B onpeAeneHHH 4Hcna 4aCTH4, naAa~~HX Ha MHweHb, nOBepXHOCTb 3TOH 
MHweHH nOKp~BanaCb TOHKHM cnoeM AE~ CnOH AE' Ton~HHo~ -100 Ã ~a
HOCHJlC~ B peayns r are pacrtune-u-a A e B BaKYYMe AO YCTaHoBKH MHwe
HHB KaMepy HccneAOBaHH~. Ton~HHa Han~neHHoro cno~, ~Ha4eHHe KO

9 



TOPO~ He06xoA~MO 3HaTb An~ paC4eTa KOH~eHTpa~~~, onpeAen~naCb 

B KaMepe ~CCneAoBaH~1:1 MeTOAOM 06paTHOrO pacceaaua ~OHOB 4He . An~ rne E o - aaepr aa nY4Ka ~OHOB 4He., ÍlaAa~~~x Ha M~weHb, W - w~p~Ha 

3T0l:1 ~en~ ICM.' p~C. 31 nOA yrnoM 135° B nCK B KaMepe YCTaHOBneH OKOWKa ne'rex'ropa B.nnocxoc.ru yrna (), D - paCCTO~H~e oT M~weH~ 

KpeMH~eBNI:1 nOBepxHocTHo-6apbepH~1:1 AeTeKTOp. HMnynbc~ oT AéTeKTo Ao AeTeKTopa, d - A~aMeTp nY4Ka ~OHOB 4He. np~ ManOM d BTOp~M 

pa 4epe3 COOTBeTCTBY~~y~ cneKTpOMeTp~4eCKY~ annapaTYPY HanpaBn~ 4neHOM ~O*HO npeHe6pe4b, ~ Ben~4~Ha BE.Q onpeAen~eTc~ OTHoweH~eM 

W/D •.Ben~4~HY W xenarens ao Bbl6~paTb no B03MO*HOCT~ Manol:1n~Cb Ha 3BM MERA 60/30 An~ 3an~c~ ~ nocneAy~~el:1 06pa60TK~. 3TOT
 
*e AeTeKTOp Mor 6~Tb ~cnonb30BaH An~ ~ccneAoBaH~1:1 KbH~eHTpa~~OH I - 1-;-1 "S. MMI AJ;l~ TOr.O , 4TOPbl CBeCT~ K M~H~MYMY Em~~H~e 3Tol:1 Be

Horo npoóuna pa3n~4HblX 3neMeHTOB, BXOA~~~X B COCTaB ~ccneAyeMol:1 n~4~Hbl H,él o6~~1:1 3HepreT~4eCKI-1I:1 paaõpoc ~3-3a /j.() • 

M~weH~, MeTOAoM 06paTHoro pacce~H~~ OAHOBpeMeHHO c ~3MepeH~eM ,3. 3HepreT~4ecJ(oro' CTparrn~Hra BE s , 903H~Ka~~ero B M~weH~ 

~ B AE ,- $~nbTpe, CTo~~eM nepeA AeTeKTopOM. CTparrn~Hr onpe
l
 

B Hel:1 KOH~eHTpa~~OHHoro n?o<t>~n~ BOAopoAa. I' Aen~eTc~ <t>oPMynol:1 B~Aa/41 
" 

' '4 2 Y2
BE s = ( 321n217 e Zl Z2 t) ,	 /10/ 

4. onPEAEnEHHE PA3PEWfHH~ no rnY6HHE	 Z 1.- Z 2 - aapan HaneTa~~ero 110 Ha ~ 3ap~A ~Apa cooTBeTCTBeHHO, 
r t - An~Ha ,nYTJII " np~4eM
 

nonHoe pa3peweH~e nQ rny6~He Bx B~pa*aeTc~ 4epe3 nonHoe 3Hep

x 

reT~4eCKoe paapeureaae BE.QeT KaK Al1~ naAa~~ero Ha M~weHb ~OHa 4He, 
sina 

BE det

Bx t = --.:---- An~Bbl.{1eTa~~ero nporoua oTAa4~.
171

Ris I	 sin «() - a) 

4. MHoroKpaTHoro pacce~H~~, KOTopoe np~BOA~T K 3HepreT~4ec
KOMY oaaõpocy BE mS corn,a"CHO <t>opMynaM, YKa3aHHblM B paõor é /4/ .rAe ls I - napaMeTp 3~epreT~4eCK~X nOTepb: 

nOnHOe 3HepreT~4eCKOe pa3peweH~e AeTeKT~pOBaH~~ npOTOHOB OT
Aa4~ 9npeAen~eTC~ KaK , ,kS 1 S2Is I -~.~-.'~ + ---  181

sín a sín (3	 2 2 2 3 2 3 2 
(BE ) == (BE') + (BE ).' + L (BE m S ' ) + L (BE S ' )

det LI i 1 1 i = 1 1 /11/ 

3AeCb (3 = () - a ~,S 1 ,S2 - TOPM03Hble cnoc06HOCT~ An~ naAa~~~x ~ 
rAe ~HAeKC~ 1, 2 ~ 3 03Ha4a~T: nYTb ~OHa 4He B M~weH~, nYTbpaCCe~HH~x aTOMOS COOTBeTCTBeHHO, k - K~HeMaT~4ecK~1:1 <t>aKTOp: 
npOTOHoB OTAa4~ B M~weH~ ~ A E - <t>~nb Tpe COOTBeTC TBeHHO. Hario OT
MeT~Tb, 4TO Ha Ben~4~HY BE det BJ;lIll~eT r aiose Heo;QHopOAHocrb 

k 4Ml~~COS 2() , Ton~~Hbl AE - <t>onbr~~ Y4~TbIBa~, 4TO BKnaA Ka*,Qoro ~3 nepeuacnea--- 2 
(M 1 + M ) HblX oaxropoa B 06~y~ Ben~4~HY 3HepreT"~4ecKoro paapeuieuua He 

2 
nOA4~H~eTc~ 3aKOHY raycca, YKa3aHHY~ <t>opMyny cneAyeT C4~TaTb 
np~6nl1*eHHo~. , ~M i ~ M 2 - Macc~ naAa~~~X"~OHOB ~ aTOMOB M~weH~, R - oruoureuue :
 

H~ ~!'1c., ..]. noxa aaa B3~Tbll:1 ~3.pa60Tbl /4/ rpa<t>~ K ~3MeHeH~~ 3He'pre
TOpM03H~X cnoc06HocT~1:1 pacce~HH~X ~OHO~ B <t>~nbTpe C 3Hepr~~M~ 
T~4eCKOrO pa3peweH~~ B 3aB~C~MOCT~ OT yrna a np~ He~3MeHHOM yrneAd~ nocne <t>onbr~ COOTBeTCTBeHHO. 
e An~ napaMeTpOB, YKa3aHHW~ B~we 11I paCC4~TaHH~X An~ rny6~Hw x =nonHoe 3HepreT~4ecKoe pa3peweH~e"3aB~C~T OT: 

1.	 3HepreT~4ecKoro oaspeure aan ne r ex ropa BE' . = 1000 Â.XaK B~AHO ~3' p~cYHKa, npu ~3~1eHeH~~ yrnoa OT 4° Ao 27° 
OCHOBHOI:1 BKl1aA a nonHoe 3HepreT~4eCKoe pa3peweH~e BHOC~T pa3pe2~ re~MeTP~4~CKoro p~~peweH~~ BE.Q ~3-3a paCXOA~MOCT~ nY4Ka 

~ TeneCHorn yrna AeTeKTopa. B COOTBeTCTB~~ C papoTol:1/ 5/ Ben~4~ T weHlIle AeTeKTopa ~ CTparrn~Hr An~ npoTOHOB oTAa4~ B M~weH~ ~ <t>lIlnbT
pe, YCTaHoBneHHOM nepeA AeTeKTopOM. Bn~~HlIle 3T~X Ben~4~H ~ Y4I1lT~Ha 3Toro pa3peweH~~ onpeAen~eTc~ KaK 
BaeTc~ nplll pac4eT~x, np~BoA~M~X B HacTo~mel:1 pa60Te. 3Kcnep~MeH

JI TafibHoe onpeAeneH~e pa3peweH~~ no rny611lHe npOBoA~nOCb Ha MHoro~ 
2k E tg () _~ ( W'2 + _~__sin 2 (3 lá 
,	 2 

Blt D I I -_._--~ )	 cnol:1H~x MlIlweH~X. OAHa ~3 HIIlX COCTo~na 11I3 MaTp~~~ Kpe~H~~, Ha KO
A o	 191 

sin 2 a	 TOPOI:1 oca*Aanc~ cnol:1 yrneBoAopoAOB C ~ocneAY~mHM Han~neH~eM Ha 
3TY nOBepXHOCTb cno~ AE Ton~~Hol:1 540 Â. nocne onpeAeneH~~ Ton

10 11 
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PHC. 7. rpa~K 3aBHCHMOCTH OTgeITb
~x napaMeTpOB pa3pemeHHH, BXOAH
~x B nornroe 3Hepre.THq:eCKoe p aape-: 
meaae ypaBHeHHH, .QT vrrra a rrpa ae-
H3MeHHOM yrJIe e. Ha OCH a6c~Hcc 
yrOJI HaKJIOHa a rryxxa K fiJIOCKOCTH 
MHmeHH. Ha OCH opAHHaT - 3HepreTH
qeCKOe pa3pemeHHe B K3B. KpHBaH 
1 - MHorqKpaTHoe pacceHHHe, 2 
CTparrJIHHr npoToHoB, 3 - reOMeT
pHH geTeKTHpoBaHHH, 4 - AeTeKTOp, 
5 - Af -I}>HJIbTP, 6 - nOJIHOe aaep-: 
reTHq:eCKoe pa3pemeHHe COrJIaCHO 
ypaBHeHHIO /1 1 /. 

I1\I'lHbl Af -CIlOR Ha nOBepxHOCTb Af 
BHOBb ocamAaIlCR BOAOPOA. OcamAe
Hl1e B9AopOAa npoBOAI1IlOCb B KaMepe 
~ccneAOBaHI1~ npl1 06nY4eHI'll'l MI1WeHI1 
nY\..lKOM 110HOB ~e Al1aMeTpOM 6 MM C 
3Heprl1e~ 1 ,5 M3B 6e3 B~MOpamI1Ba
HI1R napoB yrIleBoAopoAOB B KaMepe. 
OnpeAeneHl1e TOIlI1\I1H~ Han~neHHoro 

cnos Af npOBoAI1IlOCb Ha orrruvec
KOM I1HTep<t>epoMeTpe, a B HeKoTopblX 
cIlY4aRx - no 1'l3MepeHI'l~ ynpyroro 
p~CCeAHI'lR I'lOHOB 4He nOA yrnoM 
135° Ha MI'lWeHI1, Han~IlAeMO~ OAHO
BpeMeHHO c I1ccneAyeMo&:1 MI1WeHblO 
Si . 

Ha PI'lC, 8 npeACTaBneH OAI'lH 113 
Tl'lnI14H~X ~HepreT1'l4eCKI1X cneKTpOB 
npOTOH0B OTAa41'l, 1'l3MepeHH~X Ha 
MHorocIlo~Ho&:1 MI'lWeHI'l nOA yrnaMI'l 
a = 4,5°, e = 15°, a = 7°, e= 
= 15°, a = 15° I'l e = 30°. nl'lK, 
pacnoIlomeHH~~ B pa&:1oHe 800-ro Ka
HaIla aHaIll'l3aTOpa I1MnynbcoB, COOT
BeTcTByeT TOHKOMY CIlO~ BOAopOAa, 

PHC. 8: 3HepreTHq:eCKHe cneKTpw 
npoTOHoB OTAaq:H, H3MepeHHhIe Ha 
MHOrOCJIOHHOH MHmeHH Si : H: Af: H 
npn pa3JIHq:HbIX vnnax a H e . 3AeCb 
H B AaITbHeHmeM: N 1 - qHCJIO KaHa
JIOB MHorOKaHaJIbHorO aHanH3aTOpa 
lIMrrynbcoB, N 2 - BbIXOA npoTOHOB 
oTAaq:H. 
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OCa>KAeHHOMY Ha nOBepXHOCT.b Ae • BTÓPO~ nl-1K, paCnOIlO>KeHHbH1 B pa~o
He 700-ro KaHaIla, COOTBeTcTByeT BOAOPOAY, HaXOAR~eMYCR Ha nOBepX
HOCTI-1 Si. KaK BI-1AHO 1-13 pI-1CYHKa, C YBeIll-14eHI-1eM yrnos a 1-1 () 3Hep
reTI-14eCKOe pa3peWeHI-1e YXYAWaeTCR H npl-1 a = 15° ~ () = 30° OHO' 
YXYAwaeTCR HaCTOIlbKO, 4TO 3TI-1 nl-1KI-1 CIlI-1BalOTCR e OAI-1H. l13 cneKTpOB, 
J.13MepeHHblX nOA yrIlaMI-1 a = 4,5 ° 1-1 () = 15 0, MO>KHO onpenerurr s MH
HI-1MaIlbHOe 3HepreTI-14eCKOe pa3peweHHe AIl~ AaHHo~ cepHH H3MepeHH~. 

OHO onpeAeIlReTCR $OPMYIlO~ BHAa 

f 
8x /12/{S} R 

rrie f - 3KCnep1-1MeHTaIlbHa~ Wl-1pHHa nuka Ha nOIlOBHHe BblCOTbl OT cnos 
BOAopoAa, 6IlH>Ka~Wero K nOBepXHOCTH Si . 3Ha4eHH~ BeIlH4HH, BXOA~

~J.1X B YKa3aHHYIO $OPMYIlY, onpeneneua paHee. Y4HTbIBa~, 4TO axcne
pJ.1MeHTaIlbHble 3Ha4eHH~ rJOIly'WI-1PHHbl naxa onpeAeIlRIOTC~ B eAHHHl.-'aX 
4HCIla KaHaIlOB AIl~ pac4eTa no ~opMYIle J6/, Heo6xoAHMO 3HaTb, K 
KaKoMY 3HepreTH4ecKoMY HHTepBaIlY OTHOC~TC~ 3TH 3Ha4eHH~. 3TOT 
nepeXOA ocy~ecTBIl~IlC~ no KPI-1BO~ 3HeprH~ - KaHaIl aHaIlH3aTopa, 
nOIlY4eHHO~ no 1-13MepeHHIO BblXOAa a -4aCTHI.-' C 3HeprHelll 5,49 M3B 1-13 
I-1CT04HHKa 238 Pu, ~ H3MepeHI-11O 3HepreTI-14écKorO cneKTpa ynpyro 
paCCe~HHblX 1-10HOe 4He nOA yrIloM 135° nPH 6oM6apAHpoBKe TOHKOIII 
MJ.1WeHH Ti B HHTepBaIle 3Heprl-1111 OT 1 ,2 AO 3 M3B. nn~ 3HepreTH
4eCKoro cneKTpa, YKa3aHHoro Ha pHC. 8, pa3peweHHe no rIly6HHe 
CoCTaBIl~eT 26 HM /CM. Ta6Il. 2/. . 

5.	 METOAl1KA PAC4ETA KOHUEHTPAUl10HHOrO npQ~~n~ BOAOPOAA 
no ~3MEPEHl1~ 3HEPrET~4ECKoro cnEKTPA npOTOHOB OTAA4~ 

MeTOA pacver a KOHl.-'eHTpa~HH OCHOBbIBaeTç~ Ha MOAeIlHpOBaHHH r eo
peTH4eCKoro cneKTpa npOTOHOB OTAa4H H cpaBHeHHH ero C 3KcnepHMeH
TaIlbHblM cneKTpOM. npH npOBeAeHI-1~ MOAeIlHpOBaHH~ Y4HTblBaIlOCb BIlH~

HHe Ha ~OPMY cneKTpa 3HepreTH4eCKoro C7parrIlHHra HOHOB 4He H npo
TOHOB oTAa4H, a TaK>Ke BIlH~HHe pa3peweHHR cne.<TpOMeTpH4eCKoro 
rp axra, BXOAHblMH napaMeTpaMH npH npOBeAeHHH oacuer a f18Il~!oTC~: 

3Hepr~~ H 4HCIlO HOHOB 4He, naAalO~HX Ha MHweHb, TeIleCHbI~ yroIl ge
TeKTopa, 3HepreTH4eCKa~ Wl-1pHHa KaHaJ1a aHaIlH3aTopa, yroIl HaKIlOHa 
MHWeHI-1 K nY4KY a H yroIl AeTeKTHpOBaHH~ 0, Ta6IlH4Hble AaHHble 
d E'I dx AIl~ ~OHOB 4He H1H H AaHHble, OTHOC~lllHeC~ K MOAeIlH HccIleAye

MOrO 06pa34a. 
MOAeIlHPOBaHHe TeopeTH4eCKoro cneKTpa OCHOBbIBaeTC~ Ha pa36He

HHH rIly6HHbI 30HAHpOBaHH~ 06pa34a Ha TOHKHe CIlOH. BblXOA npOTOHOB 
oTAa4H H i H3 Ka>KAOro i-ro cnon TOIl~HHbl ÔXi Ha r:Ily6HHe x , 
onpeneriae r ca YKa3aHHblM pauee ypaBHeHHeM /5/. Buõop TOIl~HHbl npo
BOAHTC~ TaKHM o6pa30M, 4T06bl pa3HOCTb B 3HeprH~X npOTOHOB oTAa
4H~cooTBeTcTBy!o~a~ nepeAHelll H 3aAHe~ nOBepXHoCT~M i -ro cIlo~,6~na 
paBHa 3HepreTH4ecKoIII wHpHHe KaHaIla B MHorOKaHaIlbHOM aHaIlH3aTope 
HMnYIlbcoB. TorAa B~xoA npoToHoB oTAa4H H3 Ka~Aoro i -ro CIlO~ 

_14. 

MHweHH 5YAeT CooTBeTCTBoBaTb i-MY K2HaIlY 3HepreTH4eCKoro cneKT
pa, 4TO AaCT B03MO>KHOCTb nOKaHaIlbHo cpaBHHBaTb MOAeIlHpoBaHH~1II 

cne xrp C 3KcnepHMeHTaIlbHb1M. ~CXOA~ H3 3aAaHHoIII MOAeIlH oõp aaua 
nporpaMMa MOAeIlHpyeT TeopeTH4ecKHIII cneKTp, KOTOPbl~ BH3yaIlbHo Ha 
axpaue AHcnIle~ cpaBHHBaeTC~ C 3KcnepHMeHTaIlbHblM cnex rpoa . KO.J:lH
4ecTBeHHbl~ pe ayns r ar no KOH4eHTpa4HOHHOMY npooaruo aonopona nOIlY
4aeTC~ nYTeM nocIleAoBaTeIlbHoro npH6IlH>KeHH~ MOAeIlHpOBaHKoro cneKT
pa K 3KcnepHMeHTaIlbHoMY, npH4eM 3TO npH6IlH>KeHHe OCYllleCTBIl~eTC~ 

H3MeHeHHeM MOAeIlH o6pa34a. npH npoBeAeHHH 3Toro ~pH6nH>KeHH~ 

BapbHPyeM~MH napaMeTpaMH ~BIl~DTC~ 3IleMeHTH~~ COCTaB MaTpH4~ H 
npeAnOIlaraeMoepacnpeAeIleHHe KOH4eHTpa4HH BOAopOAa no rIly6HHe 
HccIleAyeMolII MaTpH4b1. 

nporpaMMa HanHcaHa Ha ~3~Ke $opTpaH-IV AIl~ onepal.-'HOHHOIII CHC
TeMbI RSX-llM-PLUS H 3BM PDP-ll/70 H pa60TaeT B AHaIlorOBOM pe>KH
Me. nOAPo6Hoe onHcaHHe nporpaMM~ npHBoAHTC~ B Hawe~ pa60Te /8~ 
Ha pHC. 9 npHBeAeH npHMep nOArOHKH MOAeIlHpOBaHHoro cneKTpa npo
TOHOB oTAa4H K 3KcnepHMeHTaIlbHOMY AIl~ MHoroCIlO~HO~ CTPYKTYP~, 

coc r oauteji H3 Si , Ha no sepxaoc r s xoroporo HaHeceHbl CIlOH BOAoPO
ga, aIl~MHHH~ H BOAopOAa. 

Ha pHC. 10 npHBoAHTC~ THnH4HbI~ npHMep nOArOHKH MOAeIlHpOBaHHO
ro cneKTpa K 3KcnepHMeHTaIlbHoMY AIl~ o6pa34a Si , B KOToP~1II HM
nIlaHTHpoBaH BoAopoA c 3HeprHelll HMnIlaHTa4HH 30 K3B H g030111 
8.10 14 aT/cM 2 • ~3MepeHH~ npoaeneuu npH yrnax : = 7°, () = 15° H(1 

a = 15°, () = JO°.
 
N2.
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PHC. 9. ITOgrOHKa MogeJIHpOBaHHoro cnexrpa K 3KcnepHMeHTélJIbHO-
MY 3HepreTHQe.cKOMY cnexrpy npOTOHOB ornaxa ,nJUI MHOrOCJIoi:%HoH 
CTpYKTYPbI, CocToH~eH H3 Si, Ha nOBepXHOCTb KOToporo EaHeceHbI 
cnOH Bo~opoga, anroMHHHH H BHOBb Bo,nopo,na. H3MepeHHe .npOBe,neHO 
npH a = 7°, () = 15°. 3HeprHH HOHOB 4He - 2,4 M3B.ToJI~Ha CJIDH 
Ae	 - lIDO A. 
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N,	 PHC. 10~ rrOgroHKa MOgenHpoBaH150 
HOrO CrreKTpa K 3KCnepHMeHTanb

125r	 ,I CJl,=7° HOMY M5I Si, B KOTOPbU':f HMrrnaH
13=15°
 

100
 THpOBaH BOgOpOg C 3H~prHell 

30 K3B. Ilo s a HMTlnaHTaI.J;HH
75 

8.1016 a T/cM 2 • BepxHHll rpa~HK 
50 nonyl!JeH rrpH a = 7 ° , () = 15 ° , 

HH~HHll	 - ~PH a = 15°~ () = 30°.25 

o~ "ç=" ...' , .:_' I i~~ I'",! ! I 
800 B 4en~x npOBepK~	 npaB~nbHQ

N, CTH nonY4aeM~X pesynbTaToB ~s
MepeH~~ ~ paC4eT~ npOBOA~n~Cb125 

n
 
Ól.=1.5°
 
8=30°
 Ha p~A'e M~WeHek1 Si ,,. .B KOTOpblX

100 
~MnnaHT~pOBanc~ EOAOPOA C 

75	 ~ 3Hepr~e~ 20 ~ 30 K3B YKasaHHO~ 

p
 AOS~. B Ta6n. 3 npeACTaBneH~
50 

.J	 A-aHHble ~MnnaHTa4~~ ~ 3Ha4eH~f1 
25 

rny6~H MeCTononomeH~~ aToMOB 
o~ "100M!?Çoc; '3bo ' '46d ' '560 "00' ' 7ixJ' "aln .aonopona B Si , s sarue An~ npu-I ! 

~ BeAeHH~x 3Hepr~~ ~MnnaHTa4~~ 

~3 Ta6n~4 npo6eroB B pa6oTe/ 9( 

B 3TO~ me Ta6n~4e np~BeA~H~ pac4eTH~e 3Ha4eH~~ KOH4eHTpaq~~, no
nY4eHH~e np~ MOAen~p6BaHM~ 3Kcnep~MeHTanbH~x cneKTpoB. KaK B~A

HO ~3 Ta6n~4M, ~ npeAenax 20t AaHH~e xopowo cornacY~Tc~ MemAY 
coõoü. OTMeT~M, 4TO 4.~cno ~MnnaHT~pOBaHHbIX aTOMOB B M~weH~X ~3

éeCTHO c norpe~HocTb~ 10%. 

'I'aõrrana 3 

Ilanaue pacve-r a xacna a r-oxo a aonoporra H r'rryõnnsr ero saner-aaas 
B MHIIJeHH npn pasnaxnux no aax HMrrnaHTaIJ;HH 

3HeprH5I 
HMnnaH-
TaIJ;HH, 
E IK3BI 

( 

AQsa HM
rtnarrr-a-
IJ;HH, 
aT/c~2 

., 

Pac-re r -imc
rIa aTOM0B 
(ar I CM 2) no 
Il:porpaMMe 
Ha 3BM 

rrpo6erH HM
rrnaHTHpOBaH-
HblX aToMOB 
Bogopoga 
/MKM/, BS5I- i 

TbI HS Ta6-· 
nHIJ; /9/ 

Pacuer 
rny6HHJ,1 
sqnera-
HHH BO
gopoga. 
Xi IMKMI 
rro rrpor
paMMe Ha 
3BM 

20 " 4 '10 15 4 5.10 15 
, " 

6,21 0,23 

3,0 

30 

8.10 14 

8.10 16 

8' 6· 10 14 , 
6 6.10.16 , 

,0,30 

0,30 

,0,34 

i 0,34 

CpeAHR~ KBaApaTM4Ha~ OWv.6Ka B onpeAeneH~~ KOH4eHTpa4~~ COCTaB
naer - 25%. OHa COCTO~T ~3: 

1/ norpeumoc ra !'1 H B onpenene-uu- auxona npOTOHO~ OTAaLJ~. 

06bl4HO 3Ta Ben~4~Ha npa 6oM6aPA~poBKe M~weH~ TOKOM nY4Ka 5+10 MA 
~ ~3MepeH~~ B Te,4eH~e 60 M~H He npeauurae r 3+5%; 

2/ norpeWHOCTM onpeAeneH~fl 4~cna 4acT~4,naAa~~~x Ha M~weHb,2%; 
3/ onpeAeneH~~ reOMeTp~4eCKoro.$aKTopa 3%; 
4/ norpeun-oc ru onpeneneuna ce4eH~~ - 20%. B3~TO ~3 paõoru /2/. 

5/ OW~6KH onpeneneuaa <5 X, i -15% (oopayna /5/). 
Ka~ 8~AHO ~3 np~8eAeHHO~ Ta6n~4w OW~60K, Ha~6onbW~~ 8KnaA 8 

nonHY~ K8aApaT~4HY~ OW~6KY onpeAeneH~~ KOH4eHTpa4~~ 8oAopoAa 8HO
C~T norpeWHOCTb 8 orpeAeneH~~ ce~eH~~. B 3TO~ C8R3~'AanbHe~w~e 

paõoru no yTo4HeH~~ 3TO~ Ben~4~H.bl npencr aanaor 60nbWO~ npaxrw
4eCK~~	 ~HTepec. 

KaK nOKasana npaKT~Ka, 8 npo4ecce npo8eAeH~~ aHan~3a npeAcTa8
n~eT onpeAeneHHbl~ ~HTepec nonY4eH~e' 3KcnpeccHo~ Ka4ecT8eHHo~ ~H

$opMa4~~ o KOH4eHTpa4~oHHoM npo$~ne 8oAopoAa 8 ~ccneAyeMoM 06pa3
4e. 3Ta ~H$opMa4~~ MomeT 6bITb .nonY4eHa C nOMO~b~ rpa$~Ka 3a8~C~

MOCT~ MemAY HOMepOM KaHana MHoroKaHanbHoro aHan~3aTopa ~Mnynbco8 

~ rnY~~HO~ cno~ /8 MKM/, OTKYAa ~Mnynbcw npOTOHOB OTAa4~ nonaAa
~T B «aaan. OAHa ~3 YKa3aHHblX 3aBI-1C~MOCTe~ An~ ~3MepeH~~, npoae
AeHHblX nOA yrnaM~ a . = l5°, () = 30°, npenc r aaneua Ha pnc , 11. OHa 
nonY4eHa Ha OCH08aH~~ onpeAeneH~~ nonOmeH~~ 3HepreT~4eCKoro cneK
Tpa npOTOH08 OTAa4W nOA YKa3aHH~M~ yrnaM~ Ha p~Ae M~weHe~ & , 
8 KamAY~ ~3 KOTOPblX ~MnnaHTVlp08aH 80AOPOA C 3Hepr~e~ 20, 30, 40, 
50, 60 K3B C A030~ ~MnnaHTa4~~ 5·10 16a T/cM ~ npo6er~ npOTOH08 
3T~X 3Hepr~~ 8 & onpeAen~n~Cb no Ta6n~4aM, np~BeAeHH~M 8 pa6o
Te /9/ 

PHC. 11. 3aBHCHMoCTb r-rryõnnu
 
7001 saneraHHH sonopona B Si
 

600!	 OT HOMepa KaHana MHorOKaHanbHoro 
aHanHsaTopa. Ha OCH a6cIJ;HCC 
rny6HHa cnOH IB MKMI pacrrorro~e

HHH aTOMOB Bogopoga. Ha OCH op
gHHaT - HOMep KaHana MHOrOKaH3nb
Horo aHanHsaTopa HMrrynbCOB. 

N 

B 3aKn~4eH~e oTMeT~M, 4TO 
npo8eAeHHa~ pa60Ta nOAT8epA~na 
npaKT~4ecKY~ 4~HHOCTb ~cnonb~o

8aH~~ H~3Ko3HepreT~4ecK~x ~bHOB 
0.1 Q2 03 Q.4 as Q6 0.7 OB 

X,MKM	 4He An~ vnpeAeneH~~ KOH4eHTpa4~~ 
OHHoro npo$~n~ BOAopoAa no rny
6~He. npeAcTaBneHH~e B pa60Te 

3HepreT~4ecK~e cneKTp~ npoToHo8 oTAa4~ YKa3~8a~T Ha 803MomHocTb 
oTAeneH~~ 80AopOAa n08epxHocT~ OT era pacnpeAeneH~~ no rny6~He. 

npeAnomeHHa~ 8 pa60Te MeTOA~Ka nOKan~Horo 8bIMopam~BaH~~ napon 
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yr neBOAopoAOB B KaMep~ IIICCneAOBaHlllfl 11I nOI1Yl.leH\I.1f1 .aBTOpaMIII pa aper 

weHIIIA no r ny6111He 260 A noasonser npoBoAIIITb aHanlll3bl npu BaKY:YMe 
B KaMepe IIIccneAoBaHIII~ Ha yposue 2~3· i 0-6 Top . .Qm1cbIBaeMbl~ B paõo-. 
Te MeToA AOCTaT04HO 3KcnpecceH /1II3MepeHllle npoBOAIIITCA B Tel.leHllle 
4aca/ \1.1 He Tpe6yeT IIIcnonb30BaHlllfI YCKoplIITene~ Tflmenwx 1II0HOB. PH 
He Tpe6yeT TaKme C03AaHIIIR CBepXBWCOKoro BaKYYMa H MomeT 
6~Tb nplIIMeHeH B kaMepax, rAe npoBoARTCfI IIIccneAbBaH\I.1A AAepH~X 

pea1<l.\lII~ \I.1nlll onpeAeneHllle 3neMeHTHoro coCTaBa MeTOAoM 06paTHoro 
pacceRHIIIA.50nee TorO,COBMeCTHwe ~3MepeHIIIR AaHHWMIII MeToAaMIII AO
noriHA~T 3t\l.1 IIIccneAOBaHlllfI. K HeAoCTaTKaM MeToAa cneAyeT OTHeCTIII: 
aI HeB03MomHOCTb OTAeneHlllfI BoÁopoAa Ha nOBepXHOCTIII OT BOAopoAa, 
oceBwero Ha IIIccneAyeMY~ nOBepXHOCTb BO BpeMA xpaHe~IIIR MlllweHIII 1III1111 
BO BpeMfI HaxomAeHIIIA MlllweHIII B KaMepe IIIcCI1eAOBaHIII~; 61 MaI1Y~ l.lyacT
BIIITenbHOcTb MeToAa I - O, 1 aTOMHblX %/ )It o-ruocu'r.ens ao 60I1bWY~ no
rpeun-ocr s onoenene aua KOHl.\eHTpal.\lII111 / - 25%1, õoriee rura rene uere 11I3

MepeHIIIA a(E) MorYT YMeHbwlIITb Benllll.lIllHY 3TO~ norpewHOCTIII; aI nplll 
onpeAeI1eHIIIIII npo$lIIn~ na rny6l11H~ He AOCTlllraeTCfI Tex pa3peweHIII~, 

xoropue MorYT 6bITb AOCTlllrHYTbl' npu IIIcnonb30aaHIIIIII Anfl 3TIIIXI.\eneH 
AAepHblX pea'KI.\III~ / AnA peaKl.\lII111 lH(l~,ay )12C 3TO paapeuieuwe ~ 14 HM/. 
DAHaKo 3TOT HeAoctaToK, KaK y~e yka3wBanocb, KOMneHc~PyeTcfI npoc
TOTO~ 3KcneplllMeHTa 11I ManWMIII 3aTpaTaMIII epeMeHIII Ha ero ocy~ecTBne-
Hllle.
 

AáTQP~ aeCbMa 6naroAapHw rpynne 3KcnnyaTal.\lII~ YCKopIIITeI1A
 
BaH-Ae-rpaa$a nH$ O~RH 3a nOM~b B pa60Te.
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HnbxaMOB P.A. H AP· 
QnpeAeneHHe KOH~eHTpa~HOHHOrO npo¢HnR BOAOPOAa 
MeTOAOM H3MepeHHR npoTOHOB OTAa4H 

14-86-807 

0nHCaH MeTOA onpeAeneHHR npo$HnR KOH~eHTpa~HH BOAOPOAa, OCHOB~Ba~HHCR 
Ha H3MepeHHH npOTOHOB OTAa4H, B~6HBae~X ny4KOM HOHOB 4He, YCKOpRe~X Ha 
3neKTPOCTaTH4eCKOM YCKOpHTene BaH-Ae-rpaa~a nH~. HaMepeHHe KOH~eHTpa~HH 
BOAOPOAa 8 nosepXHOCTH~X H npHnOBepXHOCTH~X CnORX HCCneAYeM~X MaTepHanOB 
npoBOAHnOCb npH yrnax HaKnOHa ny4Ka K nnOCKOCTH MHWeHH a = 2,5 ° + 4,5 ° 
H yrne AeTeKTHposaHHR 0 = 10°. HaMepeHHe 6onee rny6oKHx npo~HneH KOH~eH
Tpa~HH npOHCXOAHOO npH yrnax a = 15° H 0 = 30°. Pac4eT npo$HnR KOH~eHTpa

~HH npOBOAHnCR Ha 38M no nporpaMMe, nocTpOeHHOH Ha OCHOBe MOAenHpOBaHHR 
TeopeTH4ecKoro cneKTpa H cpasHeHHR ero c 3KcnepHMeHTanbH~M. nporpaMMa y4H
T~saeT BnHRHHe 3HepreTH4eCKOrO CTparrnHHra B MHWeHH H an~MHHHeBOM ¢HnbTpe, 
a TaK*e BnHRHHe paapeweHHR H3MepHTenbHOrO TpaKTa Ha ~pMy 3HepreTH4eCKOrO 
cneKTpa npoTOHOB OTAa4H. 

Pa6oTa B~nonHeHa B na6opaTOPHH HeHTPOHHOH ~H3HKH OH~H. 

Coo6uleHHe 00J.e.QIIIIeHHoro IUICTIIT)'Ta QepHWX HCCJieAOIWIHii • .IlyfiHa 1986 

nepeBOA O.C.BHHOrpaAOBOH 

llkhamov R.A. et al. 
Hydrogen Concentration Profile Determination 
by Recoil Proton Energy Spectra 

14-86-807 

The method of hydrogen concentration profile determination by proton 
elastic recoil detection (ERD) using 4He ion beam from the Van de Graaf 
generator of JINR is described. For the shallow hydrogen profiles the tar
get tilt angle a= 2.5°- 4.5° and the detector angle 0 = 10° were used, 
while for the deeper profiles a= 15° and 0 = 30° were selected. The final 
hydrogen profiles were obtained by modelling experimental spectra. The ef
fects of energy straggling In the target and AI stopper, and energy resolu
tions were included in the computer code designed for these purposes. 

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