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B HacroHmee apeMH anH 8neMeHTHoro XHMHqecKoro 

aHanH3a TOHKHX nneHOK H ITOBepXHOCTeH pa3nHqHbiX 

MaTepHanOB HCnOnb3y~TCH nyqKH HOHOB H 3neKTpOHOB 1 

nonyqeHHhie Ha ycKopHrenHx pa3nHqHbiX THITOB. KaK no

Ka3anH HCCneaoaaHHH nocneaHHX neT, HaH6onee nepcneK

THBHWMH MBTOJlaMH HCITOnb30BaHHH 8THX nyqKQB HBnH~T

CH MBT0Jlhl
1 

OCHOB8HHWB Ha! a) paCCBHHHH 3nBKTpOHHOPO 

nyqKa C 3HeprReH 1-20 K88i 6) pacCeHHHH HH3K08,ep

reTHqeCKHXITyqKOB HOHOB C 8HeprHeH 1-50 K38/l~ ; 

B) paCCBHHHH Bb!COK03HepreTHqeCKHX nyqKOB HOHOB C 

8HeprHei1 0,5-20 M3B. nocneaHHe aaa Meroaa OCHOBaHbl 

H8 HCITOnb30BaHHH nyqKQB HOHOB BOJlOpOJla 
1

Hc 1 

4 
lJc 1 

a HHOPJl8 H 6onee TH~enWX HOHOB (aprOH 1 HBOH)/B/. 

DpH Hcnonb30BaHHH 8neKTpoHHoro nyqKa o6bJqHo npH

MBHHeTCH O~e-cneKTpOCKOITHH nH60 HllBHTH¢HKaUHH peHT

reHOBCKOPO H3nyqeHHH 19 - 111. DpH Hcnonb30BaHHH HOH

Horo nyqKa H8H60nee nepcneKTHBHWMH HBnR~TCH MBTOJlhl, 

OCHOB8HHhlB H8 H3MepeHHH ynpyroro paCCBHHHH ITOJl 
6onbl!lHMH yrnaMH /14-19/ H8 H3MepeHHH BbiXOJl8 38pH~BHHbiX 
qaCTHU B RJlepHblX peaKU,HRX/20-21 / HnH llBTBKTHpOB8HHH 

xapaKTepHCTHqBCKOPO peHTPBHOBCKOPO CITBKTpa, B03HHK8~

mero npH 6oM6apJlHpOBKB o6pa3UOB 3THM nyqKOM /24-
26

/. 

nocneaHHH Meroa rpe6yer npHMeHeHHH aereKTHpy~mei1 
annaparyphi c oqeHb Bb!COKHM pa3pellleHHBM (- 200 38). 

B pHae pa6oTI27 - 30/ ucnonb3y~TCH KOM6HH8UHH yKa3aH

HbiX MBTOJlOB, qTO IT03BOnHeT nonyqaTb 6onee nonHbie, 

B38HMHO aononHR~illHe Jl8HHbiB XHMHqeCKOPO aHanH3ao 

Ka~Jlbll H3 ynOMStHYTbiX MeTOJlOB HMBBT CBOH Jl0CTO

HHCTB8 H HBJlOCT8TKH. CpaBHBHHB HX MO~HO npOBBCTH, 

o6pamaHCb K T a 6 n. 1,2 H 3. 
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Ta6nnua 1 

H eKOTOpbie xapaKrepHeTHKH MeTOtlHKif, nerronbayJOrue11" 8JieK TpOHHbl t\ 
rryqoK ( 1-20 K8B) 

MeroJJnl<a ¢W1it'leCKHi1 XapaKTep 

/\.1WJIII3Hpye ~1Ll Sl IIJIOIU8tlb 

/\.lf!)JIH3Hpyei\1E10 TOJIIUHHa 

AHannanpyeT sneMeHThl 

3neMeHTHOe paaperueHHe 
Y yBe TS H TeJib IIOC Tb 

Tn'!'JlOCTb 

CnocoGcrnver paapyrueHHJO 

2-100 MKM 2 

l-5 MOHOenoes 

see KpoMe H 

L'lz = 1 
0,1 ar.o/o 

±_5 - I Oo/o 

HeT 

Ta6nnua 2 

3neKTPOHHhlti MI1Kp030Htl 

1 MKM 2 

0 

100 A - 3 MKM 

see 

L'lz = 1 
10-2 aT. o/o 

:t_5o/o 

HeT 

HeKoTopbie xapaK'I'epae'I'HKH MeTotlHKH, !1erronh3yJOrueli HH3K08HepreraqeeKne 

HOHbl ~ 1-50 K98) 

MeTOtlHKa 
4> Ha.xapaKTep 

AHaJIH3HpyeMaH rrnoruatlh 

AHanH3HpyeMaH ronruHHa 

AHaJIH3HpyeT 9JieMeH'I'hl 

3neMeHTHOe paaperueHHe 

qyBCTBHTeJibHOeTb 

ToqHoeTb 

Cnoco6crsyeT paapyrueHHJO 

06parHoe paeeeHHHe 
(ISS) 

1 MKM
2 

1-2 MOHOCJI05! 

z::?. 4 

/}.z = 2 

0,1 ar.o/o 

±_20% 

o.a 

3 MHeelHI paeiibiJieHHbiX 

HOHOB <SIMS) 

MM 2 

1-5 MOHOCJIOeS 

see ( KpoMe He• Ne ) 

!).A = 1 

10-4 - 0 1 0/ 
1 BT.;o 

±_1 Oo/o 

a a 
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HaCTOHill8Sl CT8TbSI nOCBHlli8H8 pa3pa60TKe MeTOnHKH 
MHKpOXHMHqeCKOI'O 8HanH38 nneHOK, nonyqeHHhlX H npM
MBHHeMhlX B pa3nHqHhlX TOHKOITneHOqHhlX ycTpOHCTB8X 
OHMY-Ol1.Hl1, KoTopaH ocHOBbiBaeTCH Ha Hcnonb30B8HHH 
nyqKa aapmKeHHbiX HOHOB 3 He c 3Hepraeii 1-4,3 M3B. 
OnpeneneaHe 3neMeHTHOro cocraBa nneHOK H rroBepxHo
creA npOBOnHTCH no H3MepeHHID ynpyroro paCCBHHHSI 
aTHX HOHOB aa 6onhmHe yrnhi. 3roT Meron, Hapgny 
C qeTKHM onpeneneHHeM nHKOB pacCeHHHH H8 COOTB8T
CTBYIDlliHX aTOMHhlX M8CC8X B lliHpOKOM HX HHT8pBane 
(oT nHTHH no 30nOTa), He npHBOnHT K pa3pymeHHID HC
cnenyeMblX nneHOK H n09TOMY lliHpOKO pa3pa6aTb!BaeTCH 
H npHM8HHeTCH B TOHKOnneaoqHOH H nonynpOBOnHHKOBOH 

rexaonorHH 131 - 40 /. 

METOill1KA 3KCDEPHMEHTA 

OyqoK HOHOB or aneKrpocraraqecKoro reaeparopa 
rana BaH-ne-fpaa¢a, rrpoaHanH3apoBaHHhlA no HMnynbcaM 
M8I'HHTHhlM 8HanH38TOpOM, rrpoAnH HOHOITpOBOn H CHCTeMy 
KonnHMHpyromHX naa~parM, nonanaer Ha MHllleHh, ycraaoa
neHHyro B K8Mepe pacceHHHH naaMeTpOM 350 MM, 
B uearpe KaMepbi pacrronoJKeH MHOrorro3HUHOHHbiH nep
JKarenh MHllleHeii-o6paauoa. B 3aBHCHMOCTH oT Bbi6o
pa KonnaMaropa aHanH3HpyeMaH nnomanh o6pa3UOB 
COCTaBnHeT OT 0,8 no 2,0 MM z • l..JHCnO qaCTHU, nona
naiDlliHX Ha MHllleHb, onpenengeTCH no H3MepeHHID TOK8 
nyqKa. ilnH o6ecne4eHHH 9THX H3MepeHHH MHlll8Hb H30-
nHpOBanaCb OT KOpnyca KaMephl H ITpHCOenHHHn8Cb K HH
TerpaTopy TOKa. KoHcTpyKUHH npenycMaTpHBaer B03MOJK
HOCTb rronaaneH;IH BTOpH4HOH 9MHCCHH aneKTpOHOB, 
B03HHK8IDill8H npH 6oM6apnHpOBK8 o6pa3UOB nyqKOM, qTO 
aeo6xonHMO nnH npaaanbHoro W3MepeHHH TOKa nyqKa. 
DpH HCCnenOB8HHH TOHKHX o6pa3UOB~ KOPna nyqoK npo
xonHT HX TOnlliHHy, TOK nyqKa H3MepgeTCH UHnHHnpoM 
~apaneSI,ycTaHoBneHHbiM aa nep)KaTeneM o6pa3uoa~ 
UHnHHnp ~apaneH H nep*aTe.Jlb aneKTpHqeCKH coenaaeHhi 
Me*nY co6oii. CneKTP pacceHHHbiX qacTHU perHcTpHpo-

7 

~ -



BBnCH ITOBepXHOCTHo-6apbepHbiMH KpeMHH8Bb!MH nereKTO

pBMH, pacnonmKeHHbiMH non yrnaMH 135° H 90°. npeny

CMOTpeHa B03MO)f(HOCTb H3MeHeHH51 9THX yrnoB 6e3 HapyWeHH51 

BBKYYMB B KaMepe. I1MnynbCbl OT nereKTOpOB '-Iepe3 npen

ycrrnrrTenb H ycHnHrenb nonaiDTCH Ha MHoroKaHanbHhlA 

aHamf3arop HMnynbCOB THITa DIDAC ( B03MO)f(Ha perHcrpa

UHH CITeKTpOB Ha 1000, 2000 H 4000 KBHanax). 3Hepre-

TH'-IeCKoe pa3peweHHe cneKrpoMerprrqecKoro KaHana cocraB

nHer 30 K98. EnoK-cxeMa BceA ycraHoBKH npencraBneHa 
Ha pH c. I. 

3HepreTH'-IeCKHH CITeKrp paCCe51HHbiX '-IBCTHU HneHTH¢H

UHpyeTC51 B COOTBeTCTBHH C H3BeCTHOH ¢opMynort BHna: 

2 ') . l!? " m 1cos0+ (m2 - m] smO)'- -
= E ! ----------1 0 

m l + m 2 

E
1 

= E
0
K 

sc (I) 

rne E 1 - 9HeprrrH pacceHHHoA '-IaCTHUbi c Maccort m 1 Ha 

Hnpe c Maccort m 2 , Ksc- KHHeMaTHlfeCKHti ¢aKrop pacceH

HHH, 51Bn51IDWHHC51 ¢yHKUHeH BTOMHbiX MBCC 9neMeHTOB 

ITneHKH-MHWeHH m2' BTOMHOH MBCCbl '-IBCTHUbl HCITOnb3yeMOI'O 

ITY'-IKB ID l H yrna pacCe51HH51 0 B na6oparopHOH CHCTeMe 

KoopnHHar, Eo - Ha'-IanbHaH 9HeprHH qacrHu rry'-IKa B M98. 

B pa6oref
17 I npH:BonHrc 5I HoMorpaMMa nnH Bbi6opa ycnoBH:A 

SKCITepHMeHTa B 38BHCHMOCTH OT BTOMHOA MBCChl '-IBCTHU 

rryqKa, HX 9HeprHH, yrna pacceHHHH, 9HepreTH'-IecKoro 

pa3peweHH51 nereKTOpa H pa3HOCTH SHeprHH B CIT2KTpe 

Me*nY nByMH aHanH3HpyeMbiMH :::JneMeHraMH. EcnH 9Hep

reTH'-IeCKHA CITeKTp COCTOHT 113 ornenbHhlX ITHKOB, 

ro rrnoruanb Ka)f(noro ITHKa A ( B orcqerax), rrporropuHo

HanhHaH rroBepxHocrHoA KOHUeHrpaUHH N s (aroMoBICM 2 ) 

COOTBercrByiDruero :::JneMeHra B rrneHKe, onpenenHercH H3 
COOTHOWeHH51 

A= Q·D·a·N 5 =Q·D·a·N·d, (2) 

rne Q - o6ruee '-IHcno rronanaiDruH:x Ha MHWeHb-nneHKY 
3H n " " '-IBCTHU e ; >& - reneCHhlH yron BKTHBHOH ITOBepXHOCTH 

nereKropa; N - KOnH'-IeCTBO BTOMOB BeiUeCTBa B enH:HHUe 

o6'beMa; d - ronruHHa MHweHH-nneHKH; a - nH:<iJ1jlepeH
UHanbHoe ce'-IeHHe ynpyroro pacce51HH51. 
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BemPIHHB a onpeaenAeTCA H3 ~opMynhl Pe3ep~opaa 

m 1 2 l/2 2 
I cosO+ [1-(- sinO) ] l 

Z I • z 2·e2 
2 

a = ( ) 
m2 

(3) 
2r sin 2 0 -o [ 1 - ( ~ sin 0 )2

] 
1 

/
2 

m2 

rae z 1 - aroMHbiH HOMep 'laCTHU ny'!Ka (z = 2 anA 
3 

He); 

z 
2 

- BTOMHb!H HOMep 3nBMeHTa; e - 38pAa 3nBKT-

poHa. 
Op!i npOXO~aeHiflf '!BpB3 BBWBCTBO 3BpA~BHHhlB 'IBC-

Tlillbl TepA!OT CBOIO 3HBprHJO B OCHOBHOM HB 1i0Hif3BU!i!O 

BTOMOB 3TOrO BBWeCTBa, 'ITO CKB3hlBaBTCA Ha ill!ipliHB 

OTaenbllhlX DHKOB B 8HBpreTH'lBCKOM CDeKTpe, 3Hepre

TH'leCKaA pa3HHUa so ~poHTax DHKa AE nponopuHoHanbHa 
TOnWHHB nneHOK d If HBXOaHTCA !i3 COOTHOWBHifA /4!, 42 / 

AE=[sJ.a. 

rae[~ - napaMeTp 8HepreTH'leCKHX norepb npH ynpy

roM pacceAHHH, OapaMeTp [sJ 3aBHCHT OT KHHeMaTH

qeCKOrO ~aKTOpa pacceAHHA K se If 3HepreTH'lBCKHX 

norepb HB eaHHHUY anHHhl B MaTepHane nneHKif dE/dx 
( TOpM03HaA CDOC06HOCTb): 

( 4) 

dE 1 dE 
[ s] = K -- \ , + ---- -- I , . 

sc dx Eo \cosO\ dx Ksc • r,o 
(5) 

BenH"'HHa dE/dx s 6onee o6weM BHae Bbipa~aeTCA 
qepe3 TOpM03HOB Ce'!eHHe COOTHOWeHHBM: 

1 dE m2 . dE 
( =- --

N dx N-:y-. dx' 
0 

rae N
0

- "'HCno Aaoraapo; y - nnoTHOCTb aewecraa. 

( 6) 

EcnH nposoaHTCA aHanH3 MHoroKOMDOHeHTHhiX nneHOK 1 

TOpM03HOe Ce'<J:BHHe HBXOaHTCA B COOTBBTCTB!ilf C 3aKOHOM 

Ep3rra npoCThiM cyMMHpoaaHHeM: 

f = f l+ ( 2 + ... + ( n (7) 

0 

ilnA 6onee roncThiX nneHOK (- 5000 A) o6pa3yJOTCSI 

DHKH C nnaT0 1 Bb!COT8 KOTOpbiX H (B OTC"'BTBX H8 KaHan) 
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COOTBBTCTBYBT paCCBAHHIO OT DOBepXHOCTH If ODpeaenABT

CA yaenH"'BHHBM DOBepXHOCTHOH nnOTHOCTH aTOMOB npli 

HapacraHHH ronruHHhl nneHKH Bx. 3ra ronwuHa CBA3aHa 

c 3HepreTH'lBCKOi1 wHpHHOH KaHana BE (a K38, 3aBHCHT 

OT HBCTpOHKH Dp!iMBHABMOH 3nBKTpOHHKH, BMDnuryaHoro 

aHanu3aropa) H paaHa 

BE = [ s] · Bx, 

roraa 

BE 
H = Q · f! ·a· N · Bx = Q · Q. a· N • -- , 

[ s] 

rae Q If f! onpeaeneHhl paHee. 

( 8) 

(9) 

B Kaqecrae npHMepa npuaeaeH Maroa pacqera XHMH

"'BCKoro COCTBBB aByXKOMDOHBHTHOH nneHKH. 0H MO~BT 

6hiTb onpeaeneH HenocpeacrseHHo H3 nony'leHHoro cneKT

pa 6e3 3HBHHA TO'!HblX 3Ha'!eHHH Q If f!, TBK KaK: 

]\ • iT N . o 
( 10) H 

X X 
II = _..I__r__ 

x = -[s~' y f s I y 
If 

AEX [ s]x 
-:---- = [-1 . 
i\Ey s y 

( 11 ) 

VI3MepHB BblCOTY nnaro li x H II y If 8HepreTH.'leCKYJO wHpHHY 
CDBKTpOB !\E If 1\E COOTBeTCTBY!OilllfX 8neMeHTOB, HaXoaHM 

X y 
H.X COOTHOWBHHB 

N 
X 

N 
y 

a 
y 

a 
X 

H ·AE 
X X 

H .,-\E 
y y 

PE3YflbTAT~ VI3MEPEHVIA 

( 12) 

B Ka"<J:ecrae unnrocrpauuH B03MO~HOCTH pa3pa6oTaHHOi1 

MBTOaHKH HB p If C. 2 If 3 npH.BeaeHhl 3HeprBTii'lBCKHe 
3 0 

cneKTphl ynpyro pacceAHHhlX qacruu He Ha yron 135 
or pa3HhiX nneHoK. Ha p "c. 2 npeacraaneHhi cneKTpbi 

nneHOK 30nOTB, THTBH8 If MOHOOKHC!i 6epHnnHA, H3rOTOB

neHHbiX Ha pa3nH"'HhiX noano~Kax ( Al 1 Be 1 Si ) • 
B 3onoroi1 nneHKB no ee cneKrpy MO~Ho onpeaenHTb 
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rrpucyrcreue He6onbrnoro Konuqecrea 3arpH3HeHHil. TaK, 
ManhiH ITllK, Ha6mo,llaeMblll B KaHane N9375, COOTBeTCTBy
eT Hll06llm, KOTOphlil norraaaer Ha nneHKY ll3 Huo6ueeoro 
repMoKaroaa ucrrapllTBnH, Pacqer, npoee.lleHHhiH no 
yKa3aHHbiM BbllliB ~OpMynaM, llOKa3b!BaBT 1 4TO CO,IlBp)KaHllB 
Hll06llH B nneHKe 30nOTa COCTaBnHeT 0,065 aTOMHbiX DpO
UBHTOB. llnH rrneHKll Nb'Ii (pllC. 3) cneKTp llMeeT 
6onee CnO)KHblll Bll.ll, TaK KaK KpOMB OCHOBHHX JlllKOB 
THTaHa, Hll06llH ll yrnepO.Ila (oT TOHKOH yrnepO,IlHOH DO.Il-
nO)KKH c DllKOM y KaHana N9 75 Ha6nmaamrcg 
,llBa ,llOITOnHUTenbHhlX llllKa ITpll HOMepax KaHanOB 260 ll 
510, COOTBeTCTBymillllB KHCnOpO.IlY ll KpeMHHm. flpOBB,IlBH
Hhle pacqeThl DOKa3biBamT, 4TO CO,IlBp)KaHllB KllCnopO,Ila 
B 8TOH nneHKB COCTaBnHeT 0,2 aTOMHhiX rrpOUBHTa, KpeM-
HllH - 0,11 ll mw6llH 0,01 aTOMHhiX ITpoueHTa. Pe3ynbra-
Thl ,llamr B03MO)KHOCTb C,llenaTb 3aKnmqeHllB ITO ,llanhHeft
lliBMY COBBpllieHCTBOBaHllm TBXHOnOrllll ITOnyqeHllH 8TllX 
nneHOK. HanpllMep, ecneacreue CHnbHhlX rerrepHhlX 
CBOHCTB TllTaHa ITO OTHOlliBHll~ K KllCnopO.Ily, He06XO.IlllMO 
6y,lleT B aanbHBlllliBM ynyqrnaTb BaKyyM BO BpeMH llCDa
peHllH (nneHKa NbTi 6hina nonyqeHa ITpll eaKyyMe 6.10-

6 
Top). 

BblBOllbl 

Co3.1laHa ll oceoeHa ycraHOBKa ang MHKpOXllMuqecKoro 
aHanH3a TOHKHX nneHOK MBTO,IlOM ynpyroro pacCeHHllH 3 }~ 
Ha 6onbrnHe yrnhr. 

ITony4eHhl aHepreruqeCKHe cneKTphl pa3nll4HhlX nneHOK, 
HaHeCeHHb!X Ha pa3Hhle DOllnO)KKH, 3TH CDBKTpbl D03BOnSI
mT CY.IlHTb o npucyrcTBHH pa3nH4HhlX 8neMeHTOB B ITneHKax 
UnH Ha llX llOBepXHOCTll 1 a TaK)KB KOnH4BCTBBHHO ODpene
nllTb COOTHOillBHlle BCBX KOMDOHBHTOB, 
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