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B npouecce H3rOTOBJieHlHI llJieHOK ll!HpOKO. HCll0Jlb3YIOTCH 

pa3JIHqHUe ~H3HqeCKHe H XHMH~eCKHe MeTO~U HX TeXHOJIOrHqeCKOrO 

KOHTpOJIH ( CM., HallpHMep, [ 1-4]). B CBH3H C 3THM HBJIHeTCH 

aKTyaJibHUM pa3BHTHe .no~o6HUX . MeTO~OB, B TOM qHcJie C UeJibiO 

onpe~eJieHHH TOJIIUHHU HCCJI_e~yeMoro CJIOH. 

B HacToHmeii pa6oTe, B . pa3BHTHe peJiTreHocneK'i"paJibHoro 

aeJIH3a npe~JiaraeTCH MeTO~HKa . H3MepeHHH TOJIIUHHU llJieHoqHUX 

MaTepHaJIOB. nyTeM B036y)l(~eHHH cneKTpa X~paKTepHCTHqeCKOrO 

peHTreHOBCKOrO H3JiyqeHHH. (XPM). nyqKOM ycKopeHHUX HOHOB. B 

OCHOBe MeTO~a Jie)I(HT H3BeCTHaH 3aBHCHMOCTb. BUXO~a Y XPM aTOMOB 

KaKoro~nH6o 3JieMeHTa B cocTaBe Hccne~yeMoii o~Hopo~Hoii nneHKH 

OT ee TOJIIUHHU h .. MCllOJlb3YH '3KCllOHeHUI:IallbHY!O annpOKCI1MaUH!O 

3aBHCHMOCTH ceqeHHH HOHH3aUHH ~ OT rny6HHU npoHHKHOBeHHH 

HOHOB X [5], 3allHllieM: 

~(x)·= ~ xexp-:;:~~-,- (1) 
. · . o ·. s1.n rp . . 

r:~e ~ O -3Haqem"fe . 'ceq.eHHll ~JIH . HaqaJibHOH 3HeprHH HOHOB Ha 

nosepxHoc.TH . ·· . o6pa3ua, 

v-napaMeTp, yqHTUBaiOinHH TOpMO)I(eHHe HOHO.B B MHllieHH, 
·''' 

rp-yro~.Bi~~~ HOHOB B MHllieHb. 

3aBHCHMOCTb Y(li) 'cso~HTCH ·s TaKoM cnfqae K supa)l(eHHIO: 
kC -(3h. · .·. ' ··- . 

Y= -- x(1- exp -7---) (2) 
(3 · . s1.n rp ' 

r~e C-KoHuewr.pai.iHH aToMoR coo1-seT'cTsy!Omero 3JieMeHTa; 

sin en 
(3= p. -7--'.z::·+v 

Sl.n 1/J ' 
p.- K03~~HUHeHT nor JIOineHHH perHCTp~pyeMoro XPM B Ma TepHaJie 

o6pa3ua, 

1/J-yron suxo~a perHcTpHpyeMoro H3JiyqeHHH H3 o6pa3ua, 

nponopUHOHaJibHOCTH~ k-K03qxtlHUHeHT. 

3~~eKTHBHOCTbiO. perHCTpaUHH XPM, 

onpe~enHeMuii 

KOJIHqeCTBOM 

B036y)l(~aiOinHX HOHOB, reoMeTpHeii 
3KCnepHMeHTa H ceqeHHeM 

B036y)l(~eHHH COOTBeTCTB.YIOineH peHTreHOBCKOH JIHHHH. 

M3 q,~pMynu· (2> cne~yeT'; qTo ~JIH He oqeHb • TOJICTUX 

("HeHacumeHHUX") o6pa3UOB . 
• . · sin· m · · · Y(3 _;1 (3) 

;'...'. 

llpHMOe 

TOJIIUHHU h 

_. h= --13-.z:: ln( 1- kC) ' 
HCll0Jlb30BaHHe COOTHOllieHHH - (3) ~JIH HaXO)I(~eHHH· 

H3JiyV.aJ6mei_'O .CJIOH .· llO~JieqeT • 60JiblliHe ll~~pelliH~CTH, 
cBH3aHHUe. c HeToqJiocTbiO HCXOilHUX napaMeTpOB ,.. onpe~eJIHIOmHx · 

:·~· ,·;·:~.;r ·~;;~~~-t:~~:~~~ ~ 
f.-:~;·s;i~ :o,rsri;\· t 

.... _ .. .._.. ~~~--· 
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K03ltJ!lllfUH8HT k .. B CBH3H C 3THM 6oJiee UeJiecoo6pa3HO. npH'6erHyTh 

K o~HOCHT8JihHUM ~-~MepeHHHM BUxo:Ua -XPH. 3)leCh B03MOJKHU )lBa 

BapHaHTa. 

1. H3MepeHHe c · noMOUlhJO 3TaJioHHor·o o6pa3ua 

npH-HaJIHqHH naJIOHHoro o6pa3ua'c' H3BeCTHOH TOJIUlHHoii'h H 
. ' ' . :· : . . 3_ 

TeM JKe COCTaBOM 1 , qTo H HCCJie)lyeMUH o6pa3eU (C3=C) 1 no 

aHaJIOrHH C tpopMyJIOH (2) MOJKH0_3anHCaTh 
- kC --~3h3 ' 

( 

Y = --~ (1-exp ~7-~--). 
. . 3 ~3 s1.n rp

3
. 

, . . . . .. . _., • : ". I .. 
ECJIH o6ecneqlfTh B 3KCnepHMeHTe paBeHCTBO yrJIOB 

TO H3 cooTHOIIJeimii ( 2) .H ( 4) no.i:Iyq.HM -

. ( 4) ' 

q>=q>3 n t/J=I/13 I 

y ' ' . ': ...:~h . ,; / -~h3 ~ ' 
-=(1-exp -7---)/(1-exp -7-~-) Y3 ·sJ.n q> sJ.n q> 1 

·. 
(5) 

OTKy)la•cJie)lyeT 
sin m Y -~h3 -1 

h= ----Lxln[t~ - x(t-exp -7---)] · (6) 
~ Y3 · . s1.n q>. • 

YI:3M8p5151 3HaqeHHH BUXO_ )lOB .Y -If, Y . H. 3HaH BemfqHHU ·yrJIOB_ q> If t/J 1 / . 3. .. . . . . : ' 

H3 (6) MOJKHO onpe)leJIHTh HCKOMYIO T<?JIDlHHY h UCCJie)lyeMoro 

o6pa3ua. 

2.Be33TaJIOHHUH cnoco6 onpe)leJieHHH TOJIUlHHU llJI8HKH 

!JpH .·· _OTCYTCTBHH 3TaJIOHHoro· --~ o6pa3Ua H3MepeHHH :. CJie)lyeT 

npOBO)lHTh )lJIH ~BYX pa3JI1fqHUX reOM~TpHH 3KCnepHMeHfa (rp
1

Jrp
2

, 

t/11 1 1/12 ). B noM cJiyqae I cor JI~CHO tpop~y.IT~ ( 3), MOJKHO'.· 3anHcaTb 
. _.-' ~' 

sin rp1 · Y1 ~1 _ 1 sin rp2 '· _Y;}~ ':_:i 
h = ------xln(1- ----) =:------xln(1- ---~)·I 

~ 1 -- kC (3
2 

kC · (7) 

sin·rp
1 . . --- + VI r)le ~1= uxii~ 1/Ji ; 

.. sin_ rp2 
~ = ux-7---- + v 2 sJ.n.t/1 • 

'.· · .. 2. . .. ' 
B. HaCTOHUl8H pa6oTe H3MepeHHH npOBO)lHJIHCh. B KaMepe

1 

o6ecneqHBaJOmei1 paBeHCTBO y,rJIOB , ~ H _ t/J._ B 3TC?M . -~Jiyqae 
sinrp/sini/J=:l H ~1 =~2=~. B pe3yJihTaTe H3 'tpopMynu ( 7) · nonyqHM 

y ~ ·y p.. I . 
1- _!_ = (t-~-~-)sl.nrp2 s1.nrp1 • 

kC kC ' ·· 

,-

. ( 8) 

B·qacTHOM cnyqae,npH sinrp
2

/sinq>i=2 COOTHOlii8HHe (8) CBO)lHTCH. K 

'2 

I. 
1 

1-
1 

I 

BUpaJKeHHIO 

~ 2Y2-Y1 -- = ------. (9) 
kC y2 

2 
no)lCTaBJIHH nocJie)lHee paBeHCTBO B tpopMyJiy (3)1 3anHCaHHYIO )lJIH 

BTopoii· reoMeTpHHI nonyqHM OKOHqaTeJihHOe BUpaJKeHHe )lJIH . 

onpe)leJieHHH TOJIUlHHU HCCJie)lyeMOrO CJIOH. nyT~M )lByKpaTHOro 

H3MepeHHH BUXO)la XPH: 
sin q>2 Y1 -1 

h = --~-~- ln(y- - 1) . 
2· 

(10) 

CJie)lyeT OTM8THTh, qTo tpopMyJia ··(tO) He pa6oTaeT )lJIH 
~ ,, - ' \ ' 

)lOC!a~oqHo MaJIUX ~OJIUlHH 1 KOr)la Y(h) nponopUHOHaJibHO,h,H )lJIH 

O)lHHX H Tex JKe yr JIOB rp
1 

H rp2 , HO pa3JIHqHux 

OTHOllleHHe Y1 /Y2 _n~pecTa~T 3aBHC8Th OT h*. 

nocKOJihKY )lHaMeTp nyqKa 3ap51JK8HHUX qacTHU, 

I 

3HaqeHHH h 1 

C nOMOUlhlO 

KOTOporo H3M8p518TCH TOJIUlHHa npHnOBepXHOCTHOrO 'ch051 1 MOJKeT 

6u~h iocTaToqHo MaJIUM n6 cpa~He~HIO c pa3MepaMH ~ccJie)lyeMoro 
o6pa3Ua~ TO cymecTB~eT B03MOJKHOCTh H3MepeHHH paBHOMepHOCTH 

HaHeceHHH 'HCCJie)lyeMoro CJIOH, T;e. B03MOJKHOCTh H3MepeHHH 

OTHOCHT __ eJihHOro pacnpe)leJieHHH no noBepXHOCTH. YI:3MepHH BUXon~Y. · . ... . . . . - ]. 

XPYI: B pa3JIHqHUX TOqKaX, MOJKHO noJiyqlfTh HOpMHpOBaH~Oe Ha 

TOJIUlHHY . B · H8KOTOpOH 3a)laHHOH TOqKe h 0 pacnpe)leJieHHe no 

nnoma)lH o6pa3ua. B 3TOM cnyqae pacq~T-ripoBO)lHTCH no tpopMyn~: 
-· ' . ' ', ." _, ' . 

hi .ln(Y1i/Y2ct) _ 

ii~ = -I~(¥~~7¥;~=1) ' 
PaCC.MOTpeHHUe BUllle M8TO)lHKH 

( 11) 

peHTreHocneKTpa~hHoro 

H3MepeHHH TOJIUlHHU nneHoqHUX MaTepHaJIOB. · 6UJIIf peaJIH30BaHU )lJIH 

I c~yqaH nneHO~ ZnOI . HaHeC~HHUX Ha CT8KJIHHHYIO H canqJHpOBYIO 

no)lJIOJKKH. 3KcnepHMeHTU 6um1 sunonHeHu Ha 3JieKTpricfa n{qecKoM 

reHepaTope 3r-s na6opa~opHH Hei1TpoHHoi1 tp~3HKH OHHH. 

iPerHCTpHpOBaJICH BUXO)l K -JIHHim aTOMOB Zn 1 B036yJK;laeMUX nyqKQM . ex . - . -

-*'- BapuaHT pe~TreHocneKTpanhHoro cnoco6a onpe)leJieHHH TOJIUlHHU 

oqeHh TOHKHX llJI~HOK nyTeM li3MeHeHHH. reoMeTpHH 3KCnepHM8HTa 

OnHCaH B pa6oTe· /6/.: 

3 



npOTOHOB"C 3HeprHe~ 2,0 M3B, D~na~WHX Ha DOBepXHOCT~ O~~a3U; 
non yrJIOM 45°. .lleTeKTOp xapaKTepHCTH'IeCKOrO peHTreHOBCKOrp 

. . 0 
H3JiyqeHHH TaKme pacnoJiaraJICH ·non yrJIOM 45 K. noBepXHOCTH 

o6pa3Ua H TeM CaMUM o6ecne.'IHBaJIOCb paB_e~CTBO yrJIOB q> H .1/J.· 
-~1 

DapaMe~p ~ HMeJI 3Hat{eHHe 934: CM • .liJI~ naHHUX 

3KCDepHMeHTaJibHUX .yCJIOBH~ !pOpMyJiy '(2) · MOmHO nepeDHCaTb B 

BH.ne: 

Y - 1-exp( -1·: 3~1b~h). ~ · 
. ..J 

3aBHCHMOCTb'. (12). DOKa3aHa Ha. pHc.1. 

. 
1::[ 
Q) 0.80 

E-t 
~ 
C) o·o.so 
~ 
E-t 
0 

.;;: 0.40 

0.20 

PHC. 1 ~. COOTHOW8HHe· Mem,ny . TOJI.lllHHO~ nJieHKH .. · ZnO .H 

. 'HHT8HCHBHOCTb~ K -JllfHHH UHHKa,. B036ym,naeMO~ 
: a:. . ' ' ;. . 

.npoTOHaMH C 3HeprHe~ 2,0 M3B •. 

I•. 

(12) 

·-

.~~ 

MaKCHMaJihHaH . TOJIWHHa nJieHKH, KoTopaH MomeT_ 6uib H3MepeHa . c . - . \ ' . . ' ~ ' 

TO'IHOCTh~ H~CKOJihKo npoiteHTOB, oqesHitHo, He npeBuwaeT ·25 :M:i<r.i •·· 
DpH 3TOM 6y.neT 3aperHCTpHpOBaHO He MeHee 9S% HHTerpaJibHcir({ ' . . 
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Buxo.na peHTreHoBcKoro H3_JiyqeHHH, co Bcefi , · ,nJIHHU ripo_6era 

npOTOHa. 

~eTO.UHKa 3KcnepHMeHTa _n03BOJIHJia- HapH,ny CO CDeKTpaMH 

XapainepiiCTH'IeCKO~O . ~eHTreHOBCKOrO H3JiyqeHJiH O.UHOBpeMeHH~ 
p~rHCTpHpOBaTb CDeKTpU ~npyroro pacceHHHH DpOTOHOB non yrJIOM 

0 - . . - . ·' . . . - . . .. 
135 · K nyqKy. H3 cneKTpoB o6paTHoro,pacceHHHH npoTOHOB (OPD). 

. ... - -- ,...-

nyTeM · Mci:UeJIHpoBaHHH.- /71 TaKme H3BJieKaJiocb 3Ha'leHHe TOJilllliHu 

nJieHKH. 3TH .naH~ue 6y.nyT. npHBo.riHThCH HHme B conoc.YaBJieHHH c 

- peHTre~ocneKTpan~HUMH. 

c HCnOJib30.BaHHeM 3TaJIOHHUX .liJIH npoBepKH M8TO.UHKH 
. ·- · . · ,.f I i 

o6pa3UOB nJieHOK ZnO TOJIWHHa nocJie,nHHX onpe,neJIHJiaC_h .· OnTH'IeCKHM 

MeTO.UOM; MO,neJIHpOBaHHeM cneKTpOB OPll H "6e33TaJIOHHUM"· 

peHTreHOCneK.TpaJibHUM MeTO.UOM (no !piJpMyJie ( 10)) . B nocJie,nHeM 
·. . •. :. .. . . . ... . . . ' > 0 . 0 

CJiy_qae cneKTpU,XPH·H3MepHJIHCh no.n yrJiaMH 1{>1 ::16 H 1{>2==_33,5 , 

.nmi. · ~c>Topux sinq>2/s~n~1=2. Pe3yJihTaTu H3MepeHH~ ·.nJIH > .nByx 

3Ta.JIOHHUX o6pa~UOB npHBe,neHU B Ta6JIHUe '·1. MaKCHMaJibHU~. 
pa36p6c 3Ha'leHJ1~ TOJIWHHU He 'npesuwaeT 7% •. 

Ta6JIHUa·1 
'J, 

y1 y h,-MKM. 
' 2 

~- o6pa3U?-·Ino.nnomKa I · ··. ·. 
OTH. e.n. I. onTH'I. 1 peHTr ·I OPD . . . OTH~e,n. 

3 I ~TeKJI-~ 11, 90 , 11,00 11,_70 ·I ~::~ I ~::: ,. 7 
~canqJHp 1, 39 : 0,78 :4,00 

. l 

H3MepeHHUe TaKHM o6pa30M 3TaJIOHHI:le o6pa3UU 6UJIH 

HCnOJih30BaHU .UJIH npo~'ep_KH: peHT~e-HocheKTpaJibHO~ MeTO.UHKH C 

npm.feH~H~eM; 3T~JIOHOB ~ ·Pe3YJI,hTaTJ DpHBe.neHU B Ta6JI~Ue ·:2. · DpH ? 

H3MepeHHH TOJIWHHU. _. o6pa3UOB ~4..;.6 . - B _Ka'leCTBe 3TaJIOHHoro · · 

.. ~cno.rib3~BaJicH ~6pa3~U- ~3; a . nim H3MepeHH~ o6pa3ua ~8 - ·. 3TanoH .. - { ' . . ' . . ·'" . . . . 

Wl. A6COJI~THI:le~ 3Ha'I8HI1H BUXO,na XPH .UJI_H pa3JII1'1HUX TOJIWHH 
~~ . ' . ' 

DJieHOK '-HaXO,ZJ;HnHCb B. npe,nemix. OT . 15000 ,no 80000 1-lMDYJihCOB'. 
. r ~.' . -, • 

BpeMH-Ha6opa o,n~oro CDeKTpa ~OCTaBJIHJIO 5-lO MHHyT. 

MeTo.ilHKa ~3~epeHHW OTHOCHTeJihHOrb" · li3MeHeHHH TOJilllHHU · 

5 
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nJieHKH B.D:OJih. HOBepXHOCTH npoBepsiJiaCh. Ha . o6pa.3Ue. ~6 ( Ta6JI; 2) • 

Ta6JIHUa 2 

·. h, MKM 

Y, OTH.e.n. Y
3

,ofH.e.n. 
peHTr. 1- OPn 

4 CTeKJIO 298 159 3,50 3,58 

5 CTeKJIO 82,1 -159 0,84 0,86 

6 CTeKJIO 9,8 ..J 159 0, 09. 0,12 

8 canqmp . 160' 
.. 

331 1,60 1,89 

3TOT o6pa3eU npH Hanh!Jieimw cJioH ZnO pacnonarancH >no.n 

HeKOTOphiM yrJIOM .K Hanp8BJieHH~ Ha· HCnapHTeJih. ~H3MepeH~H 

. ITpOBO.D:HJIHCh no.n yrJIOM q>;,45° nyTeM CKaHHpOBaHHH no~ npHMOW 

m1HHH c maroM 2 ·MM (.nliaMeTp · ny"'Ka 1, 5 MM). · 3TaJIOHOM cJiylKHJI 

o6pa3eU ~3 C TOJIIUHHO!i CJIOH ZnO . h =1, 7 'MKM. . noJiy"'eHHhle'· 
3 . 

pe3yJihTaThl OTpalKeHhl B Ta6JIHUe 3;-

Ta6JIHUa 3 · 

nonml<eHHe ueHTpa ny"'Ka 

OTHOCHTeJihHO KpaH 

o6pa3ua, MM 

. 1 

3 

5-

7 

9 

11 

y -

Yo 

I 
,0, 045 

0,046 

-o, 059 

0,064 

Oi103 

I 0,'111 

6 

, __ ,_ 

h,MKM 

peHTr; I OPn 

. 0,070 v,v, .... 

-0,071 0,089 

0,091 ·0, 12 

0,093 0,11. 

0,16. 

I 
0,20 

/ '0, 17 o·, 21 

I 
I 

,r/, 

/' 

KaK eJie,nyeT H3_ npHBe,neHHhiX - B ni6n. 3 pe3yJihTaTOB 

.H3MepeHHii,. · Td~IqHHa CJIOH, " . noJiy"'eHHaH _peHTreHocneKTpaJihHhiM 

.MeTO.D:OM,HMeeT CHCTeMaTH"'eCKOe .OTKJIOHeHHe OT pe3yJihTaTOB,. 
'- . :-

~oJiy"'eH~hlr Me~O.D:OM POP~ HO ~THOCHTe~hHhiW XO.D: 3aBHCHMOCTH B 

TOM. H ,npyroM CJiy"'ae O.D:HHa~OB, 'ITO H .naeT _HaM npaBO c,neJiaTh 

~hiB~.n 06 ycnelliHOM HCllh!TaHHH peHTreHOC~eKTpaJihHOW MeTO.D:HK.H .D:JIH 

. H3MepeHHH TOJIIUHHhl llJieHOK. npH"'HHOW JKe CHCTeMaTH"'eCKOrO 
' . 

paCXOlK,neHHH o6cyJK,naeMhiX 3aBHCHMOCTeli, llO-BH.D:HMOMy, HBJIHeTCH 
- -> •• 

HeKOTOpO~ OTKJIOHeHHe .neliCTBHTeRhHOro 3Ha"'eHHH llJIOTHOCTH 

llJieHKH ZnO OT ero Ta6JIH"'HOro 3Ha"'eHHH, KOTOpoe .HCllOJih30BaJIOCh 

B pac"'eTax. 

B 3aKJI~"'eHHe aBTOphl BhlpalKa~~- · npH3HaTeJihHOCTh 

'coTpy.nHHKaM HnO , BHHI1CHPH 3.A.MaroMe.noBy H A.n.llinH~hKHH~ 3a 

H3rOTOBJieHHe o6pa3UOB.H o6cyJK,neHI1e HOJiy"'eHHhiX pe3yJihTaTOB . . . . . . ~. . . . . . --
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