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1. BBE.UEHHE 

B pafioTe /l 
1 

OIIHCbiBaeTCH HOBhiif MeTO.U H.3MepeHHH K03$$HUHeHTa 

norepL YXH npn HX oTpiDKeHHH or rroaepxHOCTH aemecTaa H npnae.ueHbi 

3KCOepHMeHTaJlhHble pe3yJILTaThl H3MepeHHii, BbinOJIHeHHbiX Ha Me.UH, OKHCH 

Meun H r(la<t>me. 
Mero.u ocHOBa.H Ha .r::Ui$$y3HH YXH a noporuKax H JaKJnoqaeTCH a 

TOM, liTO 0 K03Q:>$HUHeHTe fiOTepb iJ. CY)lRT ITO K03Q:>¢1HUHeHTY OTpa:>KeHHfl 

YXH or cnoH nopowKa. Mero.n o6na.n.aer BhiCOKoH qyecTBHTeJI&HOCThfO 

H noJaonHeT npoao,uHT& H3MepeHHH KoJQJ<I:n·tUHeHTa noTepb YXH a .ru-tana
:JoHe Io-•.;. 10- 3 • 

flonylfeHHhie HOBbiM MeTO.UOM ,ll;aHHble .LlllR K03Q:>cflHUHeHTa fiOTepb Ha 

ueo6eJra)KeHHoM nopornKe Me,uu cosna.naiOT c pe3ynhTaTaMH, nonylleHHhi

MH MeTO.UHKOH xpaHeHHH YXH a 3aMKHYThlx rroaywKax 11 1• Ha o6eJriD:KeH

HhiX nopOUlKax Me.mt: H OKHCH Me,ll;H BUepBhle HU6JUOAaJIOCh CornaCHe 3KC

uepHMeHTaJILHbiX AaHHhiX no Ko3¢>¢>HUHeHry norepb YXH npH KOMHarHoH 

reMrrepatype C TCOpentlleCKHMH 3Hai.ICHHRMH, paCCQHTaHHhiMH no H3BeCT
HhiM cel.leHHRM Jaxsara H Heynpyroro pacceRHHR HeHrpoHos a Jmx ae

mecrsax. 

HecKon&Ko HeO)f(HAaHH&IMH B&IrJIRART pe3ynhtat&I H3MepeHHH p. Ha cna-

6onornomruomeM MaTepHane - rpa!f>Hre. B ornHliHe or Me.UH H CuO nocne 

or)IQ{ra nopomKa MHHHMaJJ&Hoe JHalleHHe K03<PQm.uHeHTa norep&, cornacy

Iomeecn c pacqeroM, 6&mo nonytteHo npH reMneparypax: o6p33ua Bhiille 

'l00 K, B TO speMH KaK npH OOHH)I(eHHH TeMneparypbi AO 293 K Ha6nro,n;a

JtoCb B03paCTaHHC BeJIHliHHhi Jl, npHMepHO B 7 pa3 npeBbiWafOlUCe pactteT
HOe 3HatteHHe. 

B csRJH c 3THM npe.ucraannercR m-ITepecHhiM nposecnt: H3MepeHHR 

reMneparypaoH JaBHCHMOCTH K03¢>¢>HUHeHra norep& YXH Ha .upyroM cna· 

6ononiolUarolUeM MatepHane. B Kaqecrae o6beKra Hccne.uoBaHHH 6&m Bbi

fipan 6epnnm<ii. 
8 HaCTORlUeif p~6ore KpaTKO H3JiarafOTCR OCHOBbl MeTo.Ua H3MCpeHHH 

Ko3¢>¢mu;neara norep& YXH a paccMaTpHsruorcn ero oco6eHHocm JlJIH 

cnyllaH, Kor.ua csoHcraa nopomKa RBJIRlOTCR HCOJJ.Hopo.n;H&IMH. 0IIHCbiBaeT

cH YCTaHOBKa, ycoBepweHCTBOBaHHaR JJ;JIR HJMepeHHH K03If>clJHQHeHTOB 

orp(l)KeHHR YXH, H coo6lUaJOTCH JKcnepHMeHTaJihH&re JJ.aHH&Ie no Ko34JclJH
U:HeHTaM norepb YXH a 6epHJIJIHH. 
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2. METO.ll OIJPE,llEnEHI1H 
K03ct>ct>11U11EHT A IJOTEPb 

O,IUiopo.n;HLIH cnoM nopOlllKa 

PaccMoTpHM oTpaJKeHHe na,uruoi.IJ;HX H3 aaKyyMa MOH03HepreTHlfecKHX 

HeiiTpoHOB CO CKOpOCTbfO V OT CJIOR ITOpOWKa TOJIIllHHOft Q.Iiy.n;eM CliHTaTh, 

liTO aepoHTHOCTh noTepb YXH Ha e.n;HHHu;e nyTH a nopolllKe 3HaliHTeJihHO 

MeHLme sepoHTHocTH pacceRHIDI. Torna npou,ecc pacnpocTpaHeHHH YXH 
B CJIOe ITOpGlllKa MO:IKHO OITHCaTb ypaBHCHHCM .n;H!l>$y3HH 

d2 n(z) 

dz2 

n(z) 
=--

L2 
(1) 

f)J,C n(z) - llnOTHOCTh HeftTpOHOB, Z - KOOp.n;HHaTa ITO HaiTpaBJJCHHlO HOp

M8nH K llOBepXHOCTH pa3.JJ:eJia BaKyyM - ITOpDWOK, OTCliHThiBaCMaJI OT 

3TOH noaepxaocm a my6& crroa, L - AJIHHa AHcPcPY3HH YXH H nopolllKe. 

B pe3yJI&TaTe pellleHHH ( 1) norryqHM AIT" K03cPcPHIIHeHTOB oTpiDKeHMH 

r H nponycKaHHH t YXH cnoeM rropolllKa (a cnyqae, Kor.n;a cKopocTL HeH:rpo

HOB MCHblllC rpaHHtffiOii CKOpGCTH MRTCpHana) CJle.n;yiDIIl,HC BblpaJKCHHH 13 1 
: 

f = p (1- e2
) (1- p 2 e2 r I, 

t = e(1 - p 2 ) (1 -p 
2 

E 
2 

) -
1

, 

(2) 

.r-.., 1-c V 1 
rAep= (1-w)/(1+w),w=2v!l/<>,e=exp(-Q/L),L=4---.

1 
__ , 

c s v 3!1 

c = p 1 IP2 ; p 1 - HacbmHa.H rmoTHOCTh nopomKa, P2 - nnoTHOCTh MaTepM

ana, V - o6'beM 3epHa nopomKa, S - rmoma,n;h noaepxHOCTH 3epHa. 

ilpH HaJIHqHH UO/];JIOlKKH C K03cPcPHIIMeHTOM OTpaJKeHHH q K03cPcPH· 

UJiJeHT oTpiDKeHHH R cnoH MO)f(HO npe.ncTaBHTh $opMynoif 

R =r 
t2 q 

+,-.....:!.-
1-rq 

(3) 

KaK crre11yeT H3 (2) H ( 3), AJIH onpeAeJieHHH HHTepecyiOlllero HaC K03cPcPH

LU:'IeHTa llOTeph p. nocTaToqHo 3HaTb K03Q>tf>Hu;HeHT OTpiDKeHHH OT CJIOH 6ec

KOHeqMOH TOJill\HHhi R~ = R(Q + ~) : 

3 
11 =-

4 

2 

1-R~ 
2 

( 1 + R ) 
w 

(4) 



Heo.u.Hopo,nHLIH cnoH nopol.llKa 

PaccMOTpHM Tenepb cnyqa>i AHcjJcjJy3HH YXH s nopolllJ<e, csoiicTsa 
KOTOpOrO MCHJIIOTCJI ITO TOJIIl.UIHe CJIOJI B HanpasneHHH OCH Z. KOHKpeTHO 
3TO HMeeT MeCTO, HaUpHMep, UpH cyiUeCTBOBaHHH rpa,D.HeHTa TeMnepaTypbi 
s.uonh z. Tor.ua, M3-33. 3aBMCHMOcTH cet~eHHH Heynpyroro pacceHHHR YXH OT 
TeMrrepaTypbi, K03<flc:fmUHeHT ITOTepb J1 TaKJKe 0 Ka3biB8eTCR 38BHCHMhiM 
OT Z. 

B 3TOM cnyqae K03<P<fm:u;neHT oTpaJKeHHH YXH OT nopowKa MOJKHO 
onpe.uenHTh cne.uyroiUHM o6p83oM. Pa3o6LeM aecb cnoii nopowKa TOJIIUHHOii 
£ H8 T8KOe K8K MHHHMYM KOJIHQeCTBO n ITO,llCJlOCB nopOWK8 TOJIIUHHOI1: 
4. ~ = £ /n, QTOfihi C HeofiXO.UHMOif TOtiHOCThiO BhiQHCJieHHR K03<fl<flHQHeHT8 
OTpa)f(eHHJI MO)f(HO fihiDO fihl CQHT8Th K03cfJ¢muHeHTbl ITOTepb /1 j (j = 1 , ... n) 
B npe.uenax T~JIIUHHbl ITO.U.CJIOeB ITOCTOHHHbiMH . .llJIH K03cfJ<J;JHUHeHTOB OTp8· 
)l(eHHR rj H nponycKaHHR tj YXH j·no)l,cnoeM HMeiOT MecTo BhipiDKeHHR, 
aHaJIOrH'lHbie ( 2) , 

ri = pi ( 1 - e; ) ( 1 - p j e j ) - 1 
, 

ti =ei (1-pj) (1-Pjej) -'. 
(5) 

Ko3¢¢Hu;HeHThi oTpa)f(eHHR R. H nponycKaHHH T. en oR TOnt.l(HHoH Q. = j.6. £, 
J . J 6 J npe)l,CT8BJIRIOll..(ero COBOKYrutOCTb H3 ]·ITO)l,CJIOeB, MOfYT biTb onpe,neneHbl 

C ITOMOll..(hiO peKyppeHTHhiX COOTHOWeHHii 
14 1 

Ri = Ri-1 + Tj_1 ri (1- Rp rir' 

Ti =Ti_1ti (1-Ri_lri f', 

r,llej -= 2, ... , n. 

(6) 

HaKoHeu, c ytteToM no,WIO>KKH c K03¢¢>Hu;HeHTOM oTpiDKeHHR q ,[VIR 
K03<l><l>Hu;HeHTa oTpiDKeHHR R acero cnoR nopolllKa HMeeM 

)lanee, 6yAeM C'lHTaTb, 'ITO I<03cjJcjJHQHeHT UOTepb OnpeAeJilleTCll J<al< lt(Z) = 
= ~t 0 f(z), rAe f(z)- H3BecTHaa cjJyHKQHll. TorAa AJill onpeAeJieHHR 1<0 , J<aK 
H B CJiyqae O,D.HOpO,llHOfO ITOpDWK8, ,/J;OCTRTOqHO 3H8Tb K03<f>¢>HIJ;HeHT OTpa
>KeHHR R00 = Rn . 

3. METO!ll1KA 3KCIIEP11MEHTA 

3 KcnepnMeHTaJihHLie Hcc.ne.n;ommnR npose.n;eHhi Ha KaHane YXH peaK
Tapa MEP-2. K BhiXO.lly KaHana, no KOTopoMY nocrynruoT HeH:TpOHhi a HH· 
TepaaJie cKopocTeH 0 + 5,67 M • c -I , qepro S-o6pa3Hoe KoneHo 1 no.n.coe.n;H
HeHa YCTaHOBK8 .llJIJI H3MepeHHR HHTerparrbHOfO ITO yrny K03<l>$HI.UieHT8 
oTpa>KeHHll YXH (puc. 1). S-o6pa3Hoe KOJieHO Mo>KeT Bpa!llaThCR BOKpyr 
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YXH ,_...., .... 

Puc. 1. CxeMa 3KCnepuMeHT(lllbHOU ycTtZHOBKU. 1 - S-o6pa3HOe KOJJeHo; 2- pa3eem!leH

Hblii HeiirpoHoeoO; 3 - HeiirpmweoO Ha o6pa3el{; 4 - o6pa3eq,; 5 - nazpeearenb o6-

pa3qa; 6 - oxn(}:JI(()aror.quii eo0RHOU KOHryp; 7 - neUrponoeoO na OereKrop; 8 - dereK

rap; 9 u 10- noeopoTHble wropKu; 11- iJuarjjpaZMbl. 

OCH TpaHCllOpTHOrO HeiJTpOHOBO.n;a H ll03BOJlR:eT paaMei.I.J,aTb 3KCnepHMeHTWlb

HyiO ycTaHOBKY Ha.II. ocLro Ha BhiCoTe H
1

• Hcnonh30BaHHe 3aMeJmeHHH YXH 

B rp8.BHT8.UHOHHOM none rroaaonneT H3MeHHTh cneKTP YXH a ycTaHOBKe 

nyTeM H3MeHeHHH BbiCOTbl ee llO,D;'heMa. 

OcHOBHhiM 3JieMeHTOM ycra.HoBKH RBnHeTCH paaaeTBJieHHhiH Hefi:Tpo

Hoao.n; 2. B aepTHKaJihHO pacnono)KeHHOM yqacTKe Hefnpoaoaona 3 .D.JIHHOH 

H2 p9.3MemeH HccneAyeMbiH o6p9.3eu 4 nnOIIl9.AbiO 6
0

• B 6onbillHHcTBe 

3KCnepHMeHTOB ITOpOWOK TOJillJ;HHOfl 1 7 20 MM 3aChlllaJICH B 0TKphiTYJO 

CO CTOpGHhl 061:aeMa yCTaHOBKH JlHJIHH)l.pHqeclcyiO KaCCeTy C OTpruKa.IOI.IJ;eii: 

YXH nO)l.JlO)KKOH (Me)l.h HJIH Hepmaaerow;aR CTaJib). B oTnenhHhiX CJiyqa.Hx 

cnoH nopolllKa noMei.IJ;aJICR Ha nornoTHTene - YXH-noJIH3THJieHe. MaKCH

MaJihHa.H IUIOI.I..J;a,nh 06p831.(8 COCTaBJIHJIB ......., 300 CM2 . HarpeBaTeJih 5 06ecne

<rnBaeT Harpea o6p9.3ua a aaKyyMe yCTB.HOBKH 110 TeMnepaTypbi 800 K. 

,llJIR HCKJIJOqeHHJI Harpesa 3JieMeHTOB YCTaHOBKH OCyi.IJ;eCTBJIHJIOCh QXJI8)K

)l.eHHe HeHTpoHosona 3 npoTOlffioH so.noH 6. B seprnKaJihHOM yqacTKe Heifr

poHoao.na 7 ycTa.HOBJieH nereKTop YXH 8 - nponopu;HoHaJihHhiH ClleTqHK 

Ha ocHoae 
3 He. ,IVIH perHCTpauHH scero cneKTpa YXH Hcnonh3yeTcH Hx 

ycKopeHHe s rpasHTauHoHHOM none, MH qero neTeKTop pacnonaraeTCH HHme 

u;eHTpa paaseTsneHHoro HeHTpoHosona Ha paccToHHHH H 3 
R:: 70 eM. Anna

paTypHoe Bhi.IleJieHHe YXH H HCKJIJOqeHHe snHRHHH H3MeHeHHH <t><>Ha o6ec

neliHBWIHCh HCllOJih30B8HHeM TpB,lJ;Ioii.J;HOHHOH MeTo)1;HKH "ll1TOpot1HOH pa3-

HOCTH" /2 I - )JJIH 3TOij: u;eJIH nepe,u )l.eTeKTOpOM YCTBHOBJleHa llOBOpOTHa.H 

MeAHB.H mTopKa 9. AHanom'IHB.H mTopKa 10 p9.3MemeHa nepeA o6pa3UOM 
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B ropH30HTaJ1hHOft llaCTH Heif:TpOHOBO,lla 3. lllTopi<:a 10 ("CTaH)l.apTHhift o6-
pa3eU") npe.n;HaaHat~eHa .U.JIR yqeTa B03MO)KHOro .n:peHcf>a annapaTyphi. 
3To o6ecneqHaaeTc.FI npose.n:eaneM norrepeMeHHhiX H3MepeHHH ct~eTa YXH 
C HCilOJ!h3yeMhiM o6pa3!lOM H IIITOpKOH 10. L(Ha<jlparMhl 11 o6ecneqHB310T 
pe)KHM qacTHtJHoro aaRonneHHH YXH a aeti:Tpoaoso)le 3, trTO rrpuso.z:un 
K yaenHlleHIUO qyscTBHTen&HOCTH H3MepeHHH nornoi.IJ;eHHH YXH B cnoe 

nopOWKa 11, B KOHetiHOM ClleTe, K COKpaJ.IJ;eHHlO BpeMeHH H3MepeHHti. B ycTa
HOBKe CHCTeMoti 6e3MaCJ1HHOif OTKaliKH llO,[V:~ep:>K.HsaeTCH BaKyyM 
-10- 6 Topp. L(na ynprumeHHa ycTaHOBKoii, c6opa H npenBapHTeJihHOii 
o6pa60TKH HHipopManHH HcnoJih30Banca MOilYITb Ha 6a3e 3BM MERA-60. 

YcTaHosKa pa6oTaeT s :QHKJIHqecKOM pe)KHMe. O.r:u1H u;HKJI 3a.HHMaeT 
HeCKOJJhKO MHHYT H co,n;ep)I(HT H3MepeHHH B lleTblpex COCTOHHHRX YCTB.HOB

KH, KOTOpbie peaJIH3YlOTCH .UBYMH lllTOpKaMH. 9 11 10. Ka')f()l;aH H3 lllTOpOK 
Mo>KeT He3a.BMCMMO OT .n;pyroH 3aHHMaTh .n;aa nono>KeHHH. B o.n;HoM nono~ 
>KeHHH ruiOCKOCTb lllTOpKM HallpaBJieHa B,lJ;OJib OCH H€tfTpOHOBO,lJ;a ( COCTOR:~ 
HHe 1), " YXH CBo6omw nepeTeKruoT B HeiiTpoHoBone. B npyroM norroJKe
HMH (COCTOJIHMe 2) lllTOpi<:a nepeKpbiBa€T C€li€HH€ HetfTpOHOBO,D;a M He 
rrponycJ<:aeT YXH. Yl3-3a xoporneft oTpaJKaTeJILHOft cnoco6aocTH nopoUIKa 

(-95 + 99%) noTOKH YXH Ha neTeKTOpe, cooTBeTCTBY!OI.I.\He nBYM noJiolKe
HHJIM lllTOpKH 10, OTJIHllaJOTCJI H€3HalJ:J.:IT€JihHO. fi03TOMY BpeMJI peaJIM3a

UHH nepaoro H BTOpOrO COCTORHHtf lllTOpKH 9 Bbi6HpaJIOCh npOI10PIUIOHaJlh

HbiM I<:oparo KBa.,n;pamoMy 113 OTHorneHHR noToKa YXH K ¢oay. ilpH 3TOM 

cJ<:oPocTL cqeTa YXH .n;eTeKTopoM rmoi.I..J;a.n;hro 32,5 cM
2 

np11 .rum¢parMax 
C ,n;HaMeTpOM OTB€pCTHH 5 CM COCTa.BJIJIJia 0,1 C- 1 , B TO apeMR KaK tfJOH-

0,015 c- 1 • Ha ace H3MepeHHJI, BKTIIOlla.H KaJIH6poaotJ:Hhie, 6bmo 3aTpaqeHo 

40 cyTOK. 
MeTO,ll;HKa H3MepeHHJI HHTerpanLHoro K03<fJ<fJHJ.lH€HTa OTpiDKeHHJI 

ra3a YXH R oT HCCJie,ll;yeMoro o6pa3ua cao.n;HTCJI K cne.n;yrow;eMy 
15 1

• CKo

poCTh Clf€Ta ,II;€T€KTOpa B pa3BeTBJI€HHOM HetfTpOHOBO,ll;€ 3a.BHCHT OT Bepo
HTHOCTH noTep• YXH B o6pa3ne M = 1 - R. qT06hi orrpenerrHTh noTepH 
YXH a Hccne,D;yeMoM o6paan;e, Heo6xo,uHMo npe.n;aapHTe.JihHO H3MepHTh 
KanH6poaotJ:Hyro KpHayro c o6pa3UaMH, HM€JOLUMMH H3aecTaoe nornome

ane. Kann6poaKa ycTaHOBKH ocyw;ecTBnRnacL nyTeM npoae.n;eHHR H3Me

peaaH C IlOJIH3THJieHOBbiMH nornonneJIRMH pa3JIHliHOtf IlJIOIIJ;a.u.H, yCTa.HaB
JIHBaeMbiMH aa MecTe o6paaua. BepoHTHoCTh noTepL YXH a Kann6poaoti

HOM o6pa3ne nJIOI.I.\a)lhlO SK pasHa MK = SK/SH, rne SH- nnoiiian• none
petmoro cetieHHJI cnon nopol.llKa. Ha pHc. 2 ,QTIH npHMepa npHae.n;eaa KanH6-

poBo~aa 3aBHCHMOCTh 1 (M ) = JjJ YCTaHOBKH B H3MepeHHHX C 6epHJIITH-• K K 
€BbiM IlOpOWKOM, r,n;e JK H J - "IIITOpOtiHbi€ pa3HOCTH" CKopocTeft CtJeTa 
,D;eTe:KTopa npH HaJIHtJHH noJIH3THJieHa rurow;a,n;LIO SK H OT "cTa.Hp;apTHoro 
o6paan;a" COOTBeTCTBeHHO. qyBCTBHT€JihHOCTh ycnUIOBKH xapaKTepH3yeT
C.R: T€M, liTO H3MeH€HHe K03$<fJHUH€HTa oTpa)KeHHR Ha 1% npHBO,lJ;HT K H3-

MeHeHHIO ctieTa .a;eTeKTOpa aa 3,5%. IIpH H3MepeaiDIX c Hccne.n;yeMhiM o6-
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1,75 

1 

1,25 

0,03 0,05 0,07 M 

Puc. 2. Ka.nu6poBO'IHf1Jl Kpuea.R ycTallOBKU npu 

npoaeOenuu 3KCnepUMeHTOB c 6epwl!lueeblM no

potuKOM. 

paauoM sepoHTHOCTL noTepL YXH B rroporn

Ke Mx nonaraJiaCL paaaoH MK, ecnH Bhi

nonHHJIOCL COOTHOllleHHe 

(8) 

ot>opMHpoB!iHHe noToKa YXH Ha o6-

paau;e B HHTepsane CKOpoCTeif /j. V = V2 ....;-. 

....;.... V 1 OCYI.UeCTBJIJIJIOCL nyTeM H3MeHeHHH 

BhiCOT IIOJl.'beMa 3KcnepHMeHTRIJLHOH ycTaHOBKH H1 H o6paau;a H2 Ha.D. ypoB

HeM TpaHCIIOpTHOfO HeKfpOHOBOJl.R (V2 H V 1 - MRKCHM8JILH8H H MHHHMaJib

HaH cKopocTH YXH Ha o6pa3ue) _ llpH o6pa6oTKe pe3yn&TaToB H3MepeH

Hoe aHalleHHe Mx OTOJK.neCTBnHnocL co aHalleHHeM MR npH cpe,ZJ.HeH: no cneKT

py cKopoCTH v YXH. lf3-3a MaJJbiX oTKJJOHeHHH K03<jJ<jJHUHeHTa oTpiDKemm 

R oT eAHHHUbl <jJopMa cneKTpa YXH cqmanac& HeH3MeHHoii .um< acex o6pa3-

u;os H npennonaranacL MaKcsennoscKoH. KaK IIOK8.3LIB810T paclleT.hi, Ha-aa 

.uoaon&Ho Y3Koro HHTepaana cKopocreii YXH npH H3MepeHHHX (.lv = 1,2-c 

+ 2,8 M • C- 1 ) 3HRlleHHe Cpe,ll,HeH: CKOpOCTH V cna6o 38BHCHT OT BH.na CIICKT

pa. K TDMY >Ke omH6Ka onpe.ueneHHH Ko3<jJ<jJHuHeHTa noTepb, o6ycnoaneH

H8JI HeTolllloCT&ro 3H8.HHR cpenaefl cKopocTH YXH, Mana no cpaaHeHHJO co 

CTBTHCTHtlecKoA OUJH6KOA H3MepeHHH. TaK, ,llaJKe B TBKOM KpaifHe rHfiOTe· 

THtleCKOM cnyqae, KOr.llB cneKTp HeATpoHOB HMeeT BHA 6 -4JyHKUHH npH 

v, HnH v,, omH6Ka onpe.ueneHHH Ko3<j)<jJHUHeHTa noTepb He npea&ImaeT 50%. 

06&tqHo npH pacqere K03<jJ<jJHUHeHTa noTepb nonanuoT, qro noTeHuHan 

B3aHMo,ueilcTBHH YXH c aellleCTBOM a nepaoM npH6nH>KeHHH HBJJHeTcH npH

Moyron&HbiM 12 1
• Bo3MO>KHOe HartH\IHe npHMeCHblX BTOMOB Ha noaepXHOCTH, 

H3MeHeHHe DnOTHOCTH H T.,n. HCKIDKBeT tlJopMY noTeHUlfQJIB B3BHMO.lleAcmHR. 

0WtaKO H B 3TOM cnyqae npH H3BJJeqeHHH K03<jJ<jJHUHeHTa noTepb npHHHMa

JlOCh, \ITO fiOTEUtUHart B3BHMO,neii:CTBHfl HMeeT npJJMOyronbHYIO 4JopMY. 

4. PE3YnhTATbi3KCllEPI1MEHTA 

11 OBCYJK.UEH11E 

)lnH H30TpoiiHoro noToKa HeilTpoHOB ycpeWteHHLiii no yrnaM na.ueHHH 

Ko3<jJ<jJHWteHT noTepb YXH 1-1 onpe,uenHeTCH H3BecTH&IM Bblpa>KeHHeM" 1 

2~ ~ 
1-1 =- [arcsin y- y (1- y') ] (9) 

y' 
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r,ne y = V/Vrp' Vrp - rpa.HHliHaH CKOpOCTb HeiJTpOHOB WIH Aa.HHOrO Be~eCT~ 

b. K(a +a 
sa, 1J = -L = -'--''--JL--

b0 4rr b0 
- npHBeAeHHbiH K03cjJcjJHQHeHT noTepb YXH; 

bi H b 
0 

- MHHMaH H peanbHbie qaCTH aMnnHTYAhi pacceRHH.fl; a a H a 
8 

-
ceqeHHH 3aXBaTa H Heynpyroro pacceRHHR Heii:TpoHa C BOJIHOBhiM BeKTO~ 
pOMK. 

TeopeTHqecKaH BeJIHliHHa 1J B 6epHJinHH npH KOMHamoH TeMnepaType 
pasHa 5 · 10- 6121

. PaHee 16 1 npH xpaaeHHH YXH a cocy.nax c HanhmeHHhiMH 
6epiDinHeBhiMH cTeHKaMH, o6e3riDKeHHhiMH nporpeaoM, nonyqemthie 3Ha~ 
qeHHH 11 npH T = 300 K cocTaaHJIH (1,75 ± 0,25) . 10- 4. 

H3MepeHHH c 6epWIJIHeBbiM nopoUIKOM co cpeAHHM pa3MepoM 3epaa 
36 MKM npoaeAeHbi c YXH a HHTepaane cKopocTeft 2,8 + 5,6 M . c-•. CoAep
)f(aHHe 6epHJIIIHH a· nopolllKe cocTaanRno 98,7%. OcaoeHhiM npHMeCHhiM 
3ileMeHTOM B o6pa31.1e HBnHnCH KHCilOpOI\- 1 ,2%. 

Pe3ynLTaThi H3MepeaHH co CJioeM nopomKa TOJI~HHoH 18 MM, pacno
JIO)f(eHHoro Ha Me,naoH noLVIO)f(Ke, npHae,neHhi a Ta6nHu;e. 

Ta6nuua 

Y CJIOBHH npHrOTOBJieHHH TeMnepa- BepoHTHocTL llpHBel1eHHbiH 
o6pa3l.IB Typao6- noTepL YXH a K03<P<!>H1.1HeHT 

pa31.1a, K o6pa3ue, M noTepL a 6epHJI-
(T,,T,) ilHH 11 (300 K) 

HeoTo)f()KeHhrii nopollloK 
nocne npe6hiBaHHR Ha 
B03Ayxe 293 0,0155± 0,004 (4,2±2,0) -1o-• 
fiepeoHallaJibHbiH: aarpee 
nopowKa e TelfeHHe 
40 qacoa npH 
383 K-523 K 383-523 0,0315± 0,010 
0r)f(Hr nopomKa e TelfeHHe 
100 qacoa npH 

(5,4~\~!!6 ) .w. 453 K-633 K 453-633 0,009 ± 0,008 
0T)f(Hr nopolllKa B TeqeHHe 
100 qacoa npH 

(1 8o+6•6 ) ·10- • 453 K-633 K 383-523 0,004± 0,005 ' - 1,8 
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Puc. 3. PacnpeiJeJJeHue reMneparypbl no TOJltqu

He CJlOJI. zpaifjura ( KpUBQJl. 1, TOJlltlUHa nopow

Ka Q1 =14 MM) U 6epW1JlUR (KpUBble 2 U 3; 

TOJlltlUHanopOWKaQ 2, J =18MM). 

B nepBhiX .n.syx KonoHKax Ta6nHULJ 

yKa3aHbi yCJIOBHH rrpHroToaneHHR o6pa3-

na 11 ero TeMnepaTypa (T 1, T,) so spe

MR H3MepeHH:fi. TipH npOBe,D.eHHH ODKH-

ra nopornKa KaK Henocpe.n.cTBeHHO a 

3KCIIepHMeHTaJihHO:fi yCTaHOBKe B BaKyy~ 

Me 5-10- 6 Topp, TaK 11 a xo.n.e 3KcnepH

MeHTOB C HarpeTbiMH o6pa3U,aMH 6biJIO 

ycnUJosneHo HaJUiliHe rpa,nueHra TeMne-
paryphi no TOJIIUHHe cnoH no pow Ka. 

B ra6nm . .(e npuae.D.eHbi 3HatJeHHH .usyx reMneparyp T 1 11 T 2 , r,JJ;e T 1 - TeMne

parypa JIOBCpXHOCTHOI'O CJlOH nopOlllKa, o6pai.IJ;eHHOfO K JIMaJOIUeMy JIOTO

KY YXH; T 2 - reMnepm·ypa nosepXHoCTHoro cno.R, conpHKaCaJOIUerocH 

c no,II.Jio)KKoH. Eonee ,lJ,enUILHo pacnpe)leneHHH TeMneparyphi no TOJI11U1He 

CJIOH rpa<j>HTa (KpHBaH 1) 11 6epHJirrHH (KpHBbie 2 H 3) naHhi Ha p11c. 3. 

3TH KpHBhle I!CilOJih30BaJIHCh ilpH pacqeTax 3HaqeHHll ~ ilO <j>opMyJiaM ( 5)

(7). B rperLeH KonoHKe npnae.ueHbi 3KCrrepHMeHTaJILHbie ,IJ,aHHLie no aepo
HTHOCTH noTepb YXH M B o6paJne. TeMnepaTypHM JaBHCHMOCTh KOJ<j><j>H

u;neara JIOTepb 1J (T) B 6epHmUUi onpe)J.CJlHeTCH TeMneparypHOft 3aBHCHMO

CThiO CelleHHH Heynpyroro pacceHHHH Heif:TpoHOB a
8 

(T). 3aBHCHMOCTh 

0
8 

(T) paCCliHTbiBaJiaCh B HeKorepeHTHOM OpHfiJllDKeHHH 00 .rr.e6aeBCKOi1: 

MO)leJIH 17 1 C TeMnepaTypofi .I(e6aH nJUI 6epHJIJmH 0 A= 1440 K 18 1
, npH 3TOM 

HMe:EOUlHeCH 8 o6naCTH HH3KHX 3Heprm1: 3KCnepHMeHTa.JibHhie ,D.aHHhie no 

nonHhiM ceqeHHRM B3a.HMo.n.eHCTBHR HeH:TpOHOB c 6epiDinHeM np11 T = 300 K 

H T = 440 K 19 1 HCII011h30BanHCb KaK 3TaJIOHHhie. B qeTaepToH KonoHKe 

JlaHhi npHseneHHhie K TeMrrepaType 300 K 3HaqeHHH ~ (300 K) nrrH 6epHrr

JlHH, OllHChiBaiOlllHe 3KCnepHMeHTaJlbHhle ,lJ.aHHbie IIO aepoRTHOCTH ITOTepb 

YXH B o6paJne M.-
KaK BH.D.HO 113 Ta6nHU.hi, .n.na aeoTO)KeHHoro rropornKa 6epHJinHR nocne 

npe6hiBaHHR Ha B03)lyxe I(JIR sepoRTHOCTH noTepb M npH T = 293 K no

nyqeao 3HaqeHHe 0,0155 ± 0,0040, qTQ COOTBeTCTByeT ,lJ.OBOJibHO MaJIOMY 

3HaqeHHIO ~ = (4,2 ± 2,0) · 10- 5 , 

nepBOHaqarrbHhlll Harpes nopoll!Ka )lO TeMnepaTyphl ( 383 K, 523 K) 
rrpHBO.D.HT K pocTy aepoHTHOCTH rroTepb: rrocne 40 qacoa nporpeaa npH 

3TOH TeMnepaType M = 0,0315 ± 0,010. 3To so3pacTaHHe M, nO-BHJlHMoMy, 

ca.R3aHO c pocTOM ceqeHIDI Heyrrpyroro paccerunrn (Harpeaa) YXH Ha ao.D,o~ 
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po,n;co,n;ep)I(BllJ;I-t:x npHMecHx He o6eariDKeaaoro npH 3TOH TeMnepaType no
powKa. 

fiOCJie yBeJIHlleHHH TeMnepaTypbi Harpesa ITOpoll1K8 ,ll;O BeJIHliHHbl 
( 453 K, 633 K) c TeqeimeM speMeHH npoHCXOAHJIO yMeH&UieHHe sepoJIT

HOCTH noTepD YXH, H nocne -100 11acoa nporpeaa 6b1Jlo nonyqeao aaat~eHHe 
M = 0,009 ± 0,008. YsenHqeHHe npoAOJllKHTen&HOCTH Harpesa nopOUIKa 
,n;o 200 qacoa a aTHX TeMnepaTypHbiX ycnoBHHx ae npHBeno K H3Meaeamo 
aeJIHliHHhi M. 

qTo6Lr y6e,ll;HTDCH B TOM, uo nopowoK o6esra)KeH, nocne ero nporpe
Ba npH TeMnepaType ( 453 K, 633 K) 6&mo npose~<eHo nosTopHoe H3MepeHHe 
npH TeMnepaType (383 K, 523 K). ITpH 3TOM AJlH M nonyqeHo 3HaqeHHe 
0,004 ± 0,005. 

CooTaeTcTayromee o6eariDKeHHOMy nopornKy cyMMapaoe aaat~eHHe 
11 (300 K) = (2,3 "':Y•9 ) · 10- 6 B npeAenax ornH6KH H3MepeHHH cornacyeT
CH c TeopeTHllecKo.H BenHt~HHoH KoaQ>Q>HQHeHTa noTepD 11 a 6epiDIJIHH npH 
3TOH TeMnepaType. 

BMecTe c TeM 3a.MeTHM, uo oXJia)fQleHHe nopolllKa 6epiDIJIHR noc.rre 
ero OT)I(Hra )lO KOMH8THOtf TeMnepaTypbi B BaKyyMe 3KCnepHMeHTaJIDHOtf 
ycTaHOBKH caoaa npHBO.llHJIO K yaenntJ.eanro M .n;o aaaqeJrn:H:, c TOliHOCTDIO 
...., 30% coana.u:aromHx c .n;aHHbiMH .llJIR aeoTo)Keaaoro nopolllKa. Aaa.rrorHliHbift 
3<jl<jleKT pasee Ha6nroAanCH H npH H3MepeHHHX c ApyrHM cna6onornoruaro
IllHM o6pa3QOM - rpaQ>HTOM 11 1

• flo-BH.D;HMOMY, 3TO CB113aHO C TeM, liTO no
polllOK Henocpe,n;CTBeHHO CB113aH C 450-JIHTpOBbiM B8KYYMHbiM o6oeMOM 
Kaaa.rra YXH. Bo apeMR OT»<:Hra o6pasQa aarpeaaeTCH npaKTHlleCKH TOJIDKO 
IIOpOlllOK, a TeMnepaTypa OCTaJIDHbiX Y3JIOB YCTaHOBKH OCT8eTC11 HeH3MeH
HOH. B peaynDTaTe npH OXJIIDK.UeHHH o6eara)Keaaoro o6paaQa npoHCXO.llHT 
a.n;cop6QHH aa noaepXHoCTH aepea nopolllKa aonopo,n;conep)KamHx aemecTB, 
nocTynaroruHx H3 o61>eMa KaHana YXH. 

liHTepecHo 6&mo onpeAenHT& cpeAHHH pa3Mep 3epeH nopornKa 6epiDI
JIHH H3 peaynDTaToB H3MepeaHH aepoHTHOCTH noTepD YXH 11 1 H cpaaHHTD 
nonyt~eHHLIH peaynDTaT c nacnopTHLIM aaat~eHHeM 36 MKM . .nnn 3Toro 6Lm 
npHrOTOBJieH o6pa3eQ B BH,Ue CJIOH ITOpDlllK8 TOJIIllHHOft 1 MM, ITOMeii.J;eHHO
ro aa no.z:mO)KKY H3 nonHanmeaa. HaMepeHHH .n;an:H nnn aepoHTHOCTH noTepD 
BenH~HY M = 0,0365 ± 0,0065, qTo cooTBeTcTsyeT cpeAHeMy AHaMeTpy 
aepeH 37,5 ± 7,5 MKM. 3TO 3H8lleHHe, K8K BH.D:HO, XOpOlllO COI'JI8CyeT~R C 
nacno pTHhiMH LJ:aHHbiMH. 

KaK yKa3a.HO Bbillle, OCHOBHbiM rrpHMeCHbiM 3JieMeHTOM B ITOpOWKe 
6epHJinHH HBJIHJICJI KHcnopop; - 1,2%. Cornacao JIHTepaTypHbiM .llaHHbiM 18 1 

paCTBOpHMOCTb KHCJIOpOLJ:8 B 6epHJIJIHH Mana, H, K8K npaBHJIO, KHCJIOpO,ll 
H8XO,lUITCH B BH,ll;e OKHCH 6epHJIJIHH Be0, oco6eHHO KOI'.D:a 6epHJIJIHi! HCITOJib-
3yeTC11 a aH.n;e nopornKa. EcnH npennoJio)KHTD, lffO a aarneM o6paaQe aecL 
KHCJ10pO.D: H8XO.D;HTCH B BH.D;e OKHCH 6epHJIJIHH Ha ITOBepXHOCTH 3epeH, TO 
MH TOJII.IU1Hhi nneHKH BeO rronyt~aeM aaat~eHHe - 690 A. Henocpe.n:craea-
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HOe onpe,D;eJieHHe TOJIIUHHbl OKHCHOft IUlCHKH 6blliO npoBe,D;CHO B H3MepeHH~ 

HX, 8 KOTOpbiX nyTeM OTJKHra ITOpOUJKa ITpH TCMneparype 520 K npOH3BO~ 
.IJ:HJIOCb ,D;OITOJIHHTCJibHOe H3pa.tl.lHB3.HHC OKHCHOH: IDlCHKH. BeJIHlllffi3 H3MC

HeHHR TOJIIl.J.HHbl OKHCHOH: ITJICHKH OITpe,D;eJIIDiaCb B3BellJHBaHHeM. C HCITOJib~ 

30BaHHeM ,D;B.HHbiX ITO CKOpOCTH OKHGnCHHR 6epHJIJIHH /S 1 6hlliO YCT8HOBJ1e

HO, liTO B HCXO,D;HOM M3TCpHaJIC TOJIII.J.HH3 IUlCHKH COCnlBJIRCT 7 40 A. ,[{anon~ 

HHTCJlbHOC OKHCJICHHe nopOlllKa~ B03MO)I(HO, npOHCXO.IJ:HJIO H npH ero ODKH· 

re B TCt{CHH(; HCCKOJibKHX cyTOK B 3KCITepHMeHTaJibHOH: YCTaHOBKC ITpH .UaB

JICHHH -5-10- 6 
Topp, nocKOJihKY cKopocTb OKHCJieHHH 6epHJIJIHR cna6o 3a~ 

811CHT OT ,ll;aBJieHHH !!'I 
1

• TaKHM o6pa.30M, C 60JiblllCH: ,D;OCTOBCpHOCTbiO CJie~ 

AYCT O)f(H,ll;aTb, liTO Ha nosepxHocTH 3epeH nopoUJKa HaxOJlHTCR rmeHKa 6e

pWI11HR TOJIIUHHOJ1 HCCKOJlbKO COTCH aHrCTpeM. B OKHCH 6epH11JIHH rrpH T = 
= 300 K pacqeTHoe 3Ha4eHHe Ko3<jJ<f>MLIMeHTa noTepb 11 = 1,6 · 10- 6 (Heo6· 

xo.unMoe .D.JlR pacl.JeTa 71 cel.JeHHe Heynpyroro pacceHHHR a BeO B3RTo H3 pa-

6orbl 
11 0 1

). no3TOMY npH HaJlHliHH Ha flOBCpXHOCTH 3epeH 6epH11JIHH OKHC~ 

HOii nneHKH Ko3cf>¢muHeHT norepb YXH s MaTepnane nopowKa npH 300 K 

non>KeH 6biTb MCHbWe K03cf>cf>HUHCHT3 nOTCpb 8 tiHCTOM 6epHJIJIHH. 

AuaJIH3 ITpHBe,UeHHhiX BblllJC 3KCnepHMCHTaJibHbiX ,D;8.HHbiX no BCpDRT

HOCTH noTe ph YXH 8 o6pa3U,e M noKa3hiBaeT, qyo npe,D;nono:>KeHHe o HaJIH

llliH TOJICTOH rUieH KH BeQ .naeT Manoe H3MCHCHHC OpHBe,D;CHHbiX B Ta6JIHUe 

3HaqeaHH '11· TaK, cooTBeTcrsyromee o6e3ra>KeHHOMy nopolllKY BeO 3Hal.Je-

HHe 11(300 K) = (2,4~~·g) ·10- 6 
( KaK" e cnyqae 6epMJIJIMH,3aBHCHMocTL , 

0
8 

(T) ·paCCt{HThiBaJ13Cb B HCKOrepeHTHOM npHfiJIH>KeHHH no )l.e6aeBCKOH 

MOAeJIH c TeMnepaTypoi\ lle6aH IIJIH BeO, 011 = 1075 K 111 '). KaK BMJlHO 

H3 cpaaHeHHH nonyqeHHhiX AaHHhiX no 71 ,li,JUI Be H BeO, omH6Ka onpeAene~ 

HHH Tl ( 300 K) TaKoBa, liTO 3KCnepHMCHTaJlhHbiti pe3yJibT3T MO:>IOiO Ct{HTaTb 

COrJIRCYIOIUHMCH KaK C pacqeTRMH )l)IR 6epHJIJIHR, TRK H .ll}IH OKHCH 6epHJIJIHR. 

Ha pHc. 4 3KcnepHMeHTaJlhHhte pe3yJibTaTbi npe,D;craaneHhi TPR.UHUH· 

OHHOll 3aBMCMMOCThlO 11 (T), KOCAa npM onpeAeJieHHM 11 (T) npe)lnOJiaraJIOCh, 

liTO CJIOH nopOlllKa Harper paBHOMCpHO .ll.O 3c:Pc:PeKTHBHOi1 TeMnepaTyphi 

T,q,q,.· 3<!><!>eKTMBHaH TeMnepaTypa onpeJleJIHJiacb KaK cpeJlHHH TeMnepa· 

10·4·,--------------, 

510~~ t 

203 
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Typa, AeilCTBY!OlllaH Ha YXH, pacnpe· 

,neJieHHbie B COOTBeTCTBHH C K03cf>cf>H

QHCHTOM llOTCpb C ruJOTHOCTbiO n( Z) 

a nopolliKe , 

Puc. 4. TeMneparypHClJJ 3aeucUMoCTb npuee

Oermozo KOJrjiif>ul4UeHTa noTepb YXH 11 iJnR 6e

PlLitllWl. 1 - pactteT OM 6epUitllUR; 2 - pac'leT 



T ,q,q,. = J T(z)n(z)dz j Jn(z)dz, 

rue T (z) - pacrrpeueneHHe TeMrrepaTyphi B cnoe rropOlliKa. IlpH 3TOM H3Me
peHHIO (383 K, 523 K) cooTBeTCTBYeT T,q,q,. = 443 K, a H3MepeHHIO (453 K, 
633 K) - T ><I> <I>. = 523 K. Ha pHc. 4 rrpHBeueHhi TaKlKe pacqeTHhie KpHBhie 
1 H 2 Be.Jli·fl:IHHbl fl (T) ,UJIH 6epHJIJUUI H OKHCH 6epHJIJIHR COOTBeTCTBeHHO. 

Bb!BO.llbl 

I13MepeHHH Ha IIOpOIIJKe 6epHJJJIHR B IJ;eJJOM IIO.IlTBep,I:UiJIH proyJihTa
Tbl, rronyqeHHhie npw wccnenosaHHH ,npyroro cna6onornomaromero aern;ecT
aa - rpacfnna 11 1 • OTIKHr rropolllKa 6epHJIJIIDI a Tet~eHHe .uecRTKOB qacoa 
IIpH CpaBHHTeJihHO HH3KOH TeMrrepaType ""'600 K II03BOJIHeT CHH3HTb IIOTepH 
YXH. IlpH 3TOM H3MepeHHOe 3HaqeHHe Ko3<P<!JHUHeHTa rroTepb corrracyeT
cR C paClleTOM, OCHOBa.HHbiM Ha H3BeCTHhiX CelleHHHX Heynpyroro pacceRHHf.l 
H 3axsaTa YXH MaTepHanoM rropolliKa. C uocTOsepHOCTbiO 90% MOlKHO yT
sep)l(]laTh, liTO,. B03MO)f(HO, npHcyTcTayroru;He H36biTOliHhie noTepH YXH B Ma
TepHaJie o6rora)f(eHHoro nopowKa He npeahilllaroT 1,3 · 10- 5 . 

Pe3yn&TaThi npHae.ileHHhix Hccne,II;oBaHHH yKa3hiBaiOT, liTO ,r:v~H onpene
rreHHH K03<!J<PHuHeHTa rroTep& Ha yposHe 1 o- 6 MeTOUOM UH<P<PY3HH YXH 
B IIOpOWKax Tpe6yeTCH .IlaJihHetfwee IIOBbillleHHe CTaTHCTHqeCKOtf o6ecne
qeHHOCTH H3MepeHHtf. 

ABTopbi BbipiDKa.IOT HCKpeHHroro rrpH3HaTeJihHOCTh B.K.MrHaToaHqy 
3a rrone3Hbie o6cy»<,neHHH aorrpocoa, H3JIO)J(eHHbiX a pa6oTe. 
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