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1. B B e a e H H e 

npouecC TOpMO*BHHH H 38XB8T8 rr - MeaoHoB B Bonopone rrpoTeKaeT 

B HBCKOllbKO CT8UHi1:, OCHOBHb!MH CpeUH KOTOpb!X HBlJHIOTCH: 

1) TOpMO)KBHHe TT -MB30HOB H rrepeXOU HX 113 Herrpepb!BHOrO crreKTpa 

B UHCKpeTHhll (o6p830B8HI1e BhlCOKOB036Y*UeHHOrO Me308TOM8 11lJH Me30-

MOlleKyllbl) 0 

2 ) rrepeXOU Me30HOB H8 HH3KHe op611Thl H 

3 ) HUBpHhlA 38XB8T rr- - Me30HOB B S - COCTOHHI1H 

( 1) 

( 2) 

ilnH H30ll11pOB8HHOrO p rr- - Me308TOM8 BpeMH 38XB8T8 r c onpenenH-

eTCH cpaBHHTel!bHO MBUllBHHhlMI1 p8U118UHOHHhlMH nepexOU8MH C BhlCOKHX Op -

611T MB308TOM8 B OCHOBHOe COCTOHHHe H COCT8BllHBT }Q-9ceK. B pe -

8llbHOM Cllyqae rrpH OCT8HOBKe 

KOM Bonopone o6paayJO!llHBCH p rr 

If - Me30HOB B raaoo6pa3HOM 11lll1 *HU-

MB308TOMhl Y*B Hellb3H cqMT8Tb H30lll1-

pOB8HHbiMH, T 8K K8K cpenHee BpBMH UO coynapeHI1H 11X C npyr11MI1 8 T OM8MH 

3H8 qJ1TBllbHO MB HblllB 'c 
M8llb!MI1 p83Mep8MI1 , Me308TOMbl BOUOpOU8 3tPtPeK T HBHO B38HMOUeACTBYJOT C 

npyrHMH 8TOM8MH , T8K K8K OHH CB060UHO npO HHK810T B BllBKTpOHHhlB o60lJOqKH 
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JlpyrHX 8 TO M O B H MOryT 6nH3KO ITOllOHTH K HX Rllp8M, npoTeK8IDWHe rrpH T8 -

KHX CT01!KHOBe HHRX rrpoue CC b! neB036 Y *lleHHR p ,- -Me308TOMOB H 38XB8T8 

rr -MeaoHoB ( O*e-a<!>cjleKT H a a neKTpoHax cocenHero aToMa l 1 I H RJlepHbi H 

aaxBaT H3 BbiCOKHX n s - cocTORHHA - MexaHH3M ilaR, CHoy, H Caqepa1 2 1 ) 

3H8'1HTenbHO 6onee HHTeHCHBHhlo '!eM p8llH8UHOHHhle rrepeXOJlhl B H301!HpO B 8 H

HOM p ,- - Me308TOMe l 11, H HrpaiDT orrpeaenRIDWYID p01!b B o6mel% K 8pTHHe 

38XB8T8 ,- -Me30HOB B BOJlOpOJle, 

B Cnyqae OCT8HOBKH fT- -Me30HOB B CMeCH BOJlOp0Jl8 C 6onee TR*ellb!MH 

8TOM8MH Z BoaMo*eH ewe onHH npouecc - rrepexBaT rr- -MeaoHa oT Me-

308TOM8 BOJl0pOU8 K SlllPY Z rrpH CT01!KHOBeHHSIX!xl 

p ,- + Z -+ Z rr- + p • (3) 

3TOT rrpoueCC Heo6paTHM (T8K K8K Z rr- -Me308TOM aneKTpH'!eCKH 38pR*eH) 

H rrpHBOllHT K 38XB8 T Y IT- -Me30H8 SlllpOM Z XXI, 

nepeXB8T Me3 0HOB OT Me308TOMOB BOllOpOll8 K 6onee TSI*ellb!M S!Jlp8M 

H861!IDll811CSI T OllbKO ll 11SI ,.- -MeaoHos l 12-181 , TaK KaK BpeMSI *H3HH ,.--Me -

30H8 B pp.- -Meaoa ToMe 3H8'1HTe 1!bHO rrp e BbJm ae·r nnHTenbHOCTb B c ex Kac -

K8llHhlX rrepeXOllOB 1 TO rrpH M 8 1!hlX K OHueHTp8 UHSIX ITpHMeCH Z ,. - Meao H 

ycnesaeT aocTH'Ib K -op 6HTbl H JlllHTenbHO rrpe 6b!B8SI H8 HeH ( p. - - M e-

30H cna6o B3 8 H MOlleHC TBy eT C ITpOT OHOM ), a<!><l>eKTH B HO rrepeXB8 T b !B8e T C SI ITpH 

CT01!KHOBeHHSlX p p. -Me308TOM 8 C S!Jlp8MH Jl8*e rrpH O'leHb M81lb! X 

KoHueHTpauHHX SlJlep Z ( ~ 10 -3). C K o p o cTb a T o ro nepexBaTa w z rrpo -

rropuHoH a nbH8 IT1!0T HOC TH ( 'IHC ny 8 T OMOB B 1 C M 3) p z r a aa Z: 

,\ z 
wz=--;o 

H 

PH 

x/ 
E cnu cHcreMa H 2 + Z npeacrs.anReT co6off He cMecb, a XHMHl.fBCKoe 

coe .aHHeHHe, TO ,aetiCTByBT .apyr of1, 3HBI.JHTBnbHO 6onee HHTeHCHB H biJ1 MeXBHH3M 

nepepacnpeaeneHHfl tr- - Me3oHon / 3-7 / . 

XX/ 3 a x B8T IT- -Me30H8 HilPOM Z npHBOilHT 

n epe3apHaKe ( 1), KoTopaH noaannena ao ypoBHH 
Haep, 3 B HCKn iO'leHHeM H H 3He /8-11 / , 

4 

K P83BBny Haps , B He K 

< 10- 3 "* 10 - 4 anH Bcex 

( 4 ) 

(rae p 0 = 4,2 1022 8TOMOBfCM3 - rrnOTHOCTb *HJlKOrO BOJlO] 

H 
neHH8R KOHCT8HT8 rrepexBaTa >. oz. rrponopuHoH a nbHa/ 14, 17 I: 

9 
>.z .. 8.10 Z ceK 

-1 

MHaR KapTHH8 RMeeT MeCTO npH nepexBaTe rr -MeaoHo 

poCTb R)lepHOrO 38XB8T8 ( 1) 1 ( 2) H3 HH3lliHX COCTOSIHHH p 

BeCbM8 Be1!HK8
1 

TO H rrepeXB8T lr- -Me30H8 H8 S!Jlp8 Z ( 3) 

KO C Bb!COKHX ypoBHeH p lr- -Me308TOM8 H HHTeHCHBHO M< 

z. Mo*Ho o*:F. 
rrpH 601lblliHX KOHueHTp8UHSIX Sl)lep rrpRMeCH 

SITHOCTb T8KOrO rre p eXB8T8 1 K8K H B Cny '!ae 
,. -Me30HOE 

JHPJeHRe M Z . 
DpoBe)leHHbJe paHee HCCne)lOB8 HHSI 38XB8 T 8 rr- -M e 30HOI 

POJl8 C Jlpy r R MH a n e MeHT8MH He ll03B011H11 H cnenaTb Bb!BOJl 

,- - M e30HOB / 15,19,20/, lienb iD H 8 CTOS!We H p a60Tbl Sl 

If- -Me 30HOB OT BOJlOpO 
XB8T8 

MeHTa nbHOe Ha6n iDJle HH e rre pexsaTa 

n hiM raa aM 
( Z > 1) H HCC1!e)lOB8 HH8 X 8p8KTe p RCTHK 3 T OrO IT!= 

2. npou eay pa H3MepeHHH 

3KcrrepHMeHTbl 6bl11H Bb!ll01!He Hbl H8 CHHXpOUHK1!0 T pO He 

H b iX rr p o 6 n eM O M H M npH rroMOWH M e T OllHKH, onH c aHHOH pa 

IT- - Me30Hbl c Ha '!a n bHOH aHeprHel% 80 M a s TopM03HnHC 

$ H1lb T p H pS!ll CU H HTH111! SIU HOHHblX C 'l e T'IH K OB , H OCT8H 8 B11H 

MHUieHb rr p e ncTaBnSlna c o 6• 
M HUieHH B b!C OKOrO ll8Bn e HHS!o 

C T 811b HOH COCYll o6beMOM 900 CM3, H 8 IT0 11H SI B UIHHC Sl CMeCbF 

Z n o n nasneHH eM ao 150 a T M . 3 a xsa T 
rHMH raa aMH 

,- - M e30HOB BOJlOPOJlOM HJleHTH $ HUHpOB81!CSI ITO peaKU HK 

D aphl y - KB8HTOB
1 

o6paayiDW HeC Sl B pe8KUHH ( 1), per H 

rroMOWH q epeHKOBCKHX crreKTpoMeTpOB nonRoro rrornome 

MHUI8Hb H8IT011HSI1!8Cb BOllOPOllOM 1 K KOTOpOMY 38Te~ 
z , 

ll8B1!eHHeM U068B11SI110Cb pa31!H'IHOe K011H'18CTBO raaa 

C raaa Z rrpH $HKCHp< 
OT HOCHTe1!bH8Sl KOHUeHTp8UHSl 

Bonopona . KonH'IeCTBO raaa B MHUieHH onpenenRnoch B3E 

peHHR 6hl11ll BhliT01!H8Hhl ll11SI pS!ll8 3H8'1eHHH IT110 T HOC T H I 

p H • fi n S! K8*llOH CMeCH raaoB 6bl118 Hai1neHa 38BH CHMO 

nap y -KB8HT OB N yy OT TOlllUH H bl T OpM03SIW8rO $Hni 

Thl OllHOH H3 cepHA T8KHX H3MepeHHH npHBeneHhl H8 pHC . 
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(rae p 0 
H 

= 4,2 1022 8TOMOBfcM3 - rrnOTHOCTb ~HllKOrO BOllOPOllB), a ITpHBe-

neHHaSI KOHCTaHTa rrepexBaTa A oz. npohopuHoHanbHa/ 14, 17 I: 

9 -1 
Az .. 8.10 Z ceK (5) 

HHaSI KapTHHa HMeeT MeCTO rrpH nepexaaTe "- -Me30HOB, TaK KaK cKo-

pocTb S!JlepHoro 38XB8T8 ( 1) 0 ( 2) H3 HH3UIHX COCTOSIHHI! p "- - Me308TOM8 

B8CbM8 BenHK8 0 TO H rrepeXB8T ,- -M830H8 Ha S!Jlpa Z 

KO C Bb!COKHX ypOBHel! p tr -Me308TOM8 H HHTeHCHBHO MO~eT HllTH nHUib 

rrpH 6onbUIHX KOHU8HTp8UHSIX Slllep rrpHMeCH Z . Mo~HO O~Hll8Tb 0 qTo Bepo

SITHOCTb T8KOrO rrepeXB8T8 0 KBK H B cnyqae ~ -Me30HOB 0 paCTeT C yBe-

Inf'feHHeM Z . 

npoBell8HHbl8 paHee HCCnellOBBHHSI 38XB8T8 tr -M830HOB B CMeCSIX BOllO

POll8 C apyrHMH sneMeHT8MH He IT03BOnHnH caenaTb BblBOll 0 HanHqHH rrepe

XB8T8 rr -Me3oHoa/ 15,19,20/. UenbJO HacToSime~ pa6oTbi HBnHnocb sKcrrepH-

MeHTanhHoe Ha6nJOneHHe rrepexBaTa ,- -Me3oHoB oT Bonopona K 6onee TSI~e-

nbiM ra3aM ( Z > 1) H HccnenoBaHHe xapaKTepHCTHK sToro rrpouecca, 

2. I1poueayp8 H3MepeHHil 

3KCIT8PHM8HThl 6 hlnH BhliTOnH8Hhl H8 CHHXpOUHKnOTpOH8 na6opaTOpHH Slll8p

Hb!X rrpo6neM OYIHYI npu noM0IUH MeTonHKH, orrHcaHHO~ paHee/4,5 , 21,22/. 

rr- -Me30Hhi c HaqanbHo~ sHeprHefi 80 M sa TopM03HnHch, npox OLJ.SI qepe3 

~HnbTp H pSin CUHHTHnnSIUHOHHbiX cqeTqHKOB 1 H OCT8H8BnHB8nHCb B ra30BOfi 

MHIUeHH BbiCOKoro nasneHHSI, MHweHb npencTaBnSJna co6oll: wapoo6pa3Hbill: 

CTanbHOfi Cocyn 06b8 MOM 900 CM3, H8ITOnHSIBWHfiCSI CM8Cbl0 Bonopona C npy-

rHMH ra3 8 MH Z non naBn8HH8M no 150 8TM, 3aXB8T OCT8HOBHBUIHXCH 

,- -M830HOB BOnoponOM uneHTH~HUHpOBBnCSI no peaKUHH nepe3apHnKH ( 1), 

napbl )' -KB8HTOB 0 o6pa3yJOIUH8CH B pe a KUHH ( 1) 0 perHCT[IHpOB8nHCb rrpH 

ITOMOIUH q e p e HKOBCKHX cneKTpO M 8TpO B ITOnHOrO nornOIU8HHH, 

MHW8 Hb Hano nHHnaC b BOJlOponoM 0 K KOTOpOMy 38T8M ITOJl H36b!TO'!Hb!M 

ll8 BneHH8M no6aBnSinOC b pa3nH'IH08 KOnH'! 8 CTBO ra38 Z , T,e, H3M8HHn8Cb 

OTHOCHT8ITbH8H KOHU 8 HTp8UHSI C r a3a Z npH ~HKCHpOB8HHOll: nnoTHOCTH 

sonopoJla , KonH'!eC TBO r a3a B MHWe HH orrpeJlenHnocb B3BeWHB8HHeM, YI3Me

peHHH 6 hlnH B hliTOnH 8 H hl JlnSI pnn a 3H8 '!8HH~ DITOTHOCTH B0Jl0p0Jl8 B MHW8HH 

pH" ilnSI K8~JlO fi C M8CH r a30B 6hln8 HaAaeHa 38BHCHMOCTb CKOpOCTH C'!eTa 

na p y -KBaHTOB N yy oT T o m u HHbi TOpM 0 3HIUero cjmnbTpa R • Pe3ynbTa-

T bJ OJlHO A H3 Ce p }!H T8KHX H3Me p e HUA npUB8Jl8 Hbl H8 pH C, 1, 
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lg flj 16 18 20 22 

R,l/ctt' C 
t'l 

Pnc, 1. Pe3ynhTB T bt o n Horo n ·3 H3MepeHHI! 3B BH C HMOCTH N yy ( R) n mr 

cMecn H 2 +N 2 ( TeMHbte TO'iKH), CrmouJHbte KpHBbte - :~asncn-

MOCTH N ( R ) , Bbi'iHCJleHHbte no ( 7 ) npn p a 3Jli i 'illbiX 3 HB'ieHHSIX 

OTHOCHT~hi:'not"J KOHUeHTpB UI!H 830T 8 C , YK83 8 HHhlX un¢pa~lll y KpH -

B b! X , Cse T Jl bte T CrtKH 11 nynKTH pHaSl KpHBaSl - fiKnaa ;repe3ap >HlKH 

twneTy N),y( R ) · fl nc•TH OCTb sonopo na P H = B7. J0-3 o~ 
( Jlf-) 11 liOpMBJlbllblX Y CJlOBl!SlX JlJlOTI!OCTb f' ll3000ptt3HO f'O B 0110i)0118 

p ann a 1,3 .w-3r> ?, ). 

HapHLlY c npoueccoM ( 1) B KpHBYIO N yy ( R) He6onhlli 

T8K)I{e peaKUHSI nepe3apstL1KH IT- -Me30HOB HaneTy B BeiUeCTI 

llieHH ( Bb!XOLl y -KBaHTOB OT nepe3apS!LlKH IT- -Me30HOB I 

3anonHS!BllieM MHllieHb, H8 L1B8 nopS!LlKa BenH'IHHbl MeHbiiJe), BKI 

KH ,- -Me30HOB HaneTy 6bm Hat:\LleH Ha OCHOBaHHH H3Me! 

MOCTH CKOpOCTH C'I~Ta nap y -KBaHTOB 

llieHH (eM. pHc. 1). CKopocTh C'I~Ta nap 

N;y OT R ll.J 

)' -KBaHTOB OT 

N• (R) ,.., onpenenHnach KaK pa3HOCTh 
N ( R )-N' (R). 

YY YY 

8. Pe3ynbT8Tbi H3MepeHHit 

3aBHCHMOCTb 'IHCna OCTaHOBOK 1T 
-Me30HOB B ra30B 

OT TOniUHHbi <jlHnbTpa R CBSI38Ha C pacnpeneneHHeM IT- -Ml 

6eraM F ( R) COOTHOIIJeHHeM 

R+t.\ 
N (R) .. f F(R ' )dR' 

IT 
R 

3necb /"1 = 6. 
0 

( 1 + g C ) - TOpM03H8SI TOniUHH8 ra30BO~ 

C = p zl PH 
- OTHOIIJeHHe nnOTHOCTet:\ ra3 8 Z H BOAOpOJJ 

- OTHOWeHHe TOpM03HblX cnoco6HOCTet:\ ra30B, r:pHBeLl e HH b iX I 

( g .. Z ) • n e pBOH8'18nbH8SI nOC8ll.Ka 1T- -Me30HOB Ha a ~ 

n ponopuHoHa nbHa g H H g z /23/. 0TCIOL18 cneayeT, 'ITO 

H e T nepexsaTa 1T -Me30HOB, 

Beonst eepoHTHOCTb Q 

K aTOMaM Z H 

N
11

(R) 

N* (R) .. 
yy 

nepexsaTa 

1 + g c 

,- -Me30HOB OT a T O 

y = I N* (R) d R ' 
y)' yy 
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1-tapHJlY c npoueccoM ( 1) B KpHBYIO N yy ( R) ae6onhiUOA: BKnaJl JlaeT 

T8K*e peaKUHH nepe3apHJlKH " -Me30HOB HaneTy B BeiUeCTBe CTeHOK MH

weHH ( BbiXOJl y -KBaHTOB OT nepe3apHJlKH " - -Me30HOB HaneTy B ra3e, 

3anonHHsweM MHWeHh, aa JlBa nopHJlKa senH'IHHbi MeHbwe). BKnaJl nepe3apHJl

KH ft- -Me30HOB HaneTy 6bm HaA:JleH Ha OCHOBaHHH H3MepeHHA 3aBHCH-

MOCTH CKOpOCTH C'I~Ta nap y -KBaHTOB N;y OT R JlnH nyCTOA MH-

weHH ( CM. pH C. 1) • CKOpOCTb C'I~Ta nap y -KBaHTOB OT peaKUHH ( 1) 

N;,(R) onpeJXenHnach KaK pa3HOCTh Nyy<R)- N~y (R). 

8. Pe3ynbT8Tbi H3MepeHHii 

3aBHCHMOCTb 'IHCna OCTaHOBOK ft -Me30HOB s ra3osoA MHIUeHH N" 

OT TOniUHHbl tPHnbTpa R CBH38Ha C pacnpeJleneHHeM rr -Me30HOB no npo-

6eraM F ( R) COOTHOWeHHeM 

R+z\ 
N (R) .. f F (R ') d R' · 

" ( 6) 
R 

3aecb /1 = /1 
0 

( 1 + g C ) - TopM03HaH ToniUHHa ra3osoA cMecH H2 + Z, 

C = p z/ pH - OTHOWeHHe nnoTHOCTeA ra3a Z H BOJlOpOJla, g = lz/ gH

- OTHOWeHHe TOpM03HbiX CTIOC06HOCTeA ra30B, r:pHBeaeHHbiX K OJlHOMy 8TOMY , 
( g .. Z ) . nepBOHa'l8nbH8R TIOCaJlKB ft -Me30HOB Ha BTOMbl H H Z 

nponopuHoHanbHa g H H g z /23/. 0TC10Jl8 cneJlyeT, 'ITO B cny'lae, KOrJla 

aeT nepexsaTa fT -Me30HOB 1 

BBOJlH sepoHTHOCTb Q 

K 8TOM8M Z H 

N* (R) .. 
yy 1 + g c 

(7) 

nepexsaTa ft -Me30HOB OT 8 TOMOB BOJl0pOJl8 

y 
yy 

f N* (R) d R , yy 

7 
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nonyqaeM 1 'ITO B Haweft nOCTSHOBKe 3KCnepH MeHT8 ( p = OOIISt T,e, /),. •OO!Ist) 
H 0 

Q= 1-

y yy(pH, C) 

y (p ,0) 
YY H 

( 9) 

Pacnpe.neneHHe rr- -Me30HOB no npooeraM F ( R) obmo onpe.neneHo 

Ha ocHosaHHH H3MepeHHA 3aBHCHMOCTH N),y ( R) C MHWeHb~, HanonHeHHOA 

so.nopo.noM. B ::~ToM cnyqae N ;'Y ( R) npaKTH'IeCKH cosna.naeT no ~opMe 

c F ( R) , T,K, wHpHHa pacnpe.neneHHSI F ( R) Ha .nsa nopH.r:tKa aenH'IHHbi 

npeBbiWaeT TOpM03HY~ TOniiiHHy BO.r:tOpO.r:tHOft MHWeHH /),. 
0

• BepOSITHOCTH 

nepexsaTa Q ObinH Haft.r:teHbl MeTO.r:tOM HSHMeHbWHX KB8.r:tp8TOB nyTeM Cpaa-

HeHHSI H3MepeHHbiX H B bl 'IHCneHHblX 38BHCHMOCTeft ( 7) -( 9), 

llnSI npoaepKH TO'IHOCTH OnHC8HHOI'O MeTo.r:ta onpe.neneHHSI y yy H Q 

ObinH npose.neHbl KOHTpOnbHble 3 KCnepHMeHTb! C BO.r:tOpO.r:tHOft MHWeHb~ 

H MHWeHSIMH H3 I'H.r:tpHAS nHTHSI Li H, B KOTOpblX TOpM03H8SI TOniiiHHS MH -

weHeA aapbHpoaanacb a wHpOKHx npe.nenax. l13MepeHHbie a 3THX onbiTax ae

nH'IHHbi Y yy COBnanH C B bl 'IHCneHHblMH B npe.nenax HeCKOnbKHX npoueHTOB, 

nnSI onpe.neiieHHSI Q Obin Hcnonb30B8H T8K)f(e H .npyroA cnocoo/23/. 

UpH ManbiX TOpM03Hbi X TO~IIIHHax MHWeHH N;y ( R) .. ( 1- Q) I!. 
0 

N rr ( R + {), 

KaK cne.nyeT H3 (6) H (7). Ooo3Ha'IHB qepe3 N• 
Y'Y max 

MSKCHManbHOe 3Ha-

qeHHe N;y (R), nonyqaeM 

Q-=1 

N • ( C) yy PH' maz ... ( 10) 

N:v(pH' O)maz 

c TO'IHOCTb~ .no H e oonbwoft nonpaBKH l+g (1!. 0 )(1 + g C), K O TOp8 S1 

y'IHTbiBaeT KOHe'IHY~ BenH'IHHY OTHOW eHHSI TOp M03HOft I'830 BO H MHW8HH K p a 3-

opocy npo6eroB rr- -Me 30HOB, OnHCSHHbiA MeTO.r:t onpe.neneHH SI Q .na n 

Te )f(e pe3ynbT8 Tbi 1 'ITO H ( 9), 

nony 'leHHble .r:tnSI ucc n e .no aaH H b! X CMe ceA I'830B He, N2 ' Ne u Ar 

C BOA OpOA O M BenH'IHHbl Q n pHBe.r:teHbl Ha p HC, 2, K a K B H AHO H 3 8TOI'O pH -

8 

t 

a 
0 

0,6 

0,8 

• - /5 
• -22 . _, 
• • 82 

Q 

1,0 -- .L-- --'----'-

0 o,e Ql 0 a4 

0 

O.lf 

0,6 

0,8 ~ 

I 

0,8 1,2 1,6 

H;•Ne 

• - 26 
• - $8 
• - 5t 
T - 6; 

2,0 

Hz +AJ 

1.0 '----'-----'------' 
o o.2 a'>' 0.6 O.JJ J,v 

c 
0 q2 0,• 

PHc . 2. B epoHT HOCTb nepexsaTa Q npH pa3.'1H'IH bi X oTHocw 

Tpaul!HX C n n H cMecel! sonopona c He, N 2 , No 
3Ha'leHH5! TiflOTHOCTI! B0llO;:>Oll8 B enHHHU8X )Q - 3 p~ 
pa:-.m . K pnnbre - 38Bl!CHMOCTII ( 9), Bbi'IHCnC HHbre r 

A, npHDP;:IeHHt>IX B Ta6nHu e , 11 " = 0. 
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Q 

0 

0,6 

0,8 

1,0 
0 0.4 

0 

0,6 

0,8 ~ 

I 

H2 •HtJ 

• - 15 
• -~q . _, 
• · 82 

---'---

0,8 1,2 

I/2•Ne 

/,6 

• - 26 
• - -'8 
.& -51 
• - 62 

a 

HI ·N, 

2,0 0 o,e 0.'1 

H,•Ar 

0,6 

• - 16 
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c 
0 0,'1 0,6 0,8 

c 
P11 c . 2. B epoHTHOCTh nepexaaTa Q np11 pa3.,11'1H biX OTHOCIITenbHbiX KOHUeH -

Tpa u HHX C AnH cMecell BOAopoaa c He, N 2 , Ne 11 Ar _ 
3HB 'I e HIISI nnOTHOCTII BO AO pOAB B eAIIHIIU8 X !Q-3 p~ y K 83G H b l uw¢ 

pa:-.m, K p n Bbie - 3BBII CIIMOCT II ( 9 ), Bhi'tn cne HHbi e npn 3BlJ'IeHIHTX 

.1\ , npHllP:leHHbiX B Ta6mme, H OC = Q, 

9 

1,0 

1,0 
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CpaaHe HHe aenw!HH (l- Q}/ ( 1~ rrpH paa;m'lHbiX 3 H8'leHHSIX p H 
( B eaHHHU8X J0 - 3 p ~ ) H 4lHKCHpOB8 JIHOi\ O T HOC H're rr b HOi\ 

ueHTpauH H C a a oTa a c M e cH H 2 + N 2 • (i - c peaHSISI 

IIH'lHH8 Q IIpll !l8 H HO M C • 

10 

KOH 

ae -

CY HK8, BO BCeX H3y'IeHHblX CMeCHX H a 6moaaeTCSI rrepexBaT 

OT BOJJOpoJJa K 6onee TSI)f(enbi M 8TOM8M, 

4. 06cy)J{nenHe 

113MepeHHSI 38BHCHM OCTetl: Q OT C 6binH BbiiiOnHI 

H b iX IInOTHOCTSIX BOJJOpo·aa p H • KaK BHJJHO H3 pHC, 3, B.e 

~HKCHpOB8HHOM 3H8'IeHHH C B IIpeaenax IIOrpelliHOCTetl: H3M 

CSIT OT pH i HHTeHCHBHOCTb IIepeXB8T8 OIIpeJJenHeTCSI T0111 

Hot!: KOHueHTpauueA TH)f(enbiX aToMOB C • DpyroA xapaKTepH 

Ha6n~aaernerocH rrpouecca rrepexsaTa HBnHeTcH poeT HHTeE 

X B8T8 C yeenH'IeHHeM 38pSIJJ8 HJJpa TSI)f(enoro 8TOM8 Z 

PaccMoTpHM rrony'IeHHbie aKcnepHMeHTanbHbie pe3yn1: 

cneay~meA yrrpomeHHoA cxeMbi, 

1) rr- -MeaOHbl TOpM03SITCSI B CMeCH raaoB H 
2 

+ ·Z 

B8~TCSI Ha BbiCOKHe ypoBHH Me30MOneKyn H Me3Q8TOMOB 

C BepOSITHOCTb~, IIpOIIOpUHOHanbHOtl: 3apHJJ8M HJJep (TO'IHE 

H8nbHOtl: TOpM03HblM CIIOC06HOCTSIM 2 g H H g z ); IT 

qeHHbiA Ha MeaoMoneKynHpHbie ypoBHH eo.oopo.oa, orrycKae· 

H30nHpOB8HHoro 

3 <n~ 713,71. 

Prr -Me308TOM8 C rnaBHblM KB8HT0Bb 

2) B pe3ynbTaTe cTonKHoBeHH A B036y)f(.oeHHoro p 111 

C 8TOM8MH BO.OOpo.oa H IIpHMeC" Z tr- -Me30H 38X88Tb!B 

HnH rrepexeaTbiBaeTCH Ha aToM Z (eM. Bee.oeHHe). 

CKopoc Tb aaxeaTa rr- -Me3oHa rrpoToHoM e p rr - · 

rrp orropuHoHa nbHa rrnoTHOCTHM PH H Pz BOJJOpOJl8 H r a 

W H = a pH + b p Z + a . 

x / Y p OBHH 1130nHpOB8HHO r o p rr - - Me3 0 8 T OM8 1 H8 K O T Opble .3BX B G 

eTCH fT - M e3011 D BO.QOpoae, COOTBe T C TByJOT 3 H 8 '1 e Hl!JO rnBBHOrO K £. 

nor o •m e n a n < 8 / 3 , 7/ 

l 1 



cyHKa, ao acex H3y'IeHHbiX CMeCHX Ha6moaaeTCH nepexaaT 

OT BO.QOpo.Qa K 6onee THlKenbiM 8TOM8M, 
" -Me30HOB 

4. 06cy)I(JleHHe 

HaMepeHHH aaBHCHMOCTeA Q OT C 

Hb!X nnOTHOCTSIX BO.QOpo·aa PH KaK BH.QHO H3 pHc. 3, B.enH'IHHbi Q npH 

~HKCHpOB8HHOM 3H8'IeHHH C B npeaenax norpeWHOCTeil: H3MepeHHil: He 38BH-

CSIT OT pH; HHTeHCHBHOCTb nepexBaTa onpeaenHeTCSI TOnbKO OTHOCHTenb-

HOI!: KOHUeHTpauHeil: TSilKenbiX aTOMOB C . llpyroA xapaKTepHoA oco6eHHOCTbiO 

Ha6niOaaawerocH npouecca nepexsaTa HBnHeTcH poeT HHTeHCHBHOCTH nepe-

x aaTa c yaenH'IeHHeM aapHaa Hapa Tstll<enoro aToMa Z (pHC, 2), 

PaccMoTpHM nony'IeHHbie aKcnepHMeHTanbHbie peaynbTaTbi B paMKax 

cneayiOmeA ynpomeHHOA cxeMbi. 

} ) 11 -Me30Hbl TOpM03SITCSI B CMeCH ra30B H 2 + ·Z H 38XB8Tbl-

B810TCst Ha BbJCOKHe ypOBHH Me30MOneKyn H Me308TOMOB BO.QOpoaaX/ H Z 

C BepOSITHOCTbl01 nponopUHOHanbHOil: 3apst.QaM H.Qep (To'l:Hee, nponopuHo-

HanbHOil: TOpM03HbJM CTIOC06HOCTSIM 2 I H H I z ); rr - Meaoa, aaxaa-

'l:eHHbiA Ha Me30MOneKynHpHbie ypOBHH BO.QOpo.Qa 1 onycKaeTCst Ha ypOBeHb 

H30nHpOB8HHOrO 

3 <n~ 713,71. 

Pll' -Me3 08TOMa C rnaBHbiM KB8HTOBbiM 'IHCfiOM 

2) B peaynbTaTe cTonKHoBeHHA aoa6ylKaeHHoro p rr- - MeaoaToMa 

C 8TOM8 MH BO.QOpO.Qa H npHMeC" Z 

H n H nepeXB8Tb!B8eTCSI Ha a TOM Z 

II'- -Mea oH aaxeaTbiBaeTcH npoTOHOM 

(eM, BaeaeHHe). 

CKopoc Tb aaxaaTa II' -Me30Ha npOTOHOM B p ,.- · -MeaoaToMe WH 

nponop uHoaa nbHa nnoTHOCTHM aoaopoaa H raaa Z : 

( 11) 

x / Y poaiJH n aonnpoaaunoro p tr- -Me.308 T O M 8 1 H/3 K O TOp b ie 38XB8 T bJB8 -

eTCH rr - Me30H B BO.QOpoae, C O O T BeT CTBYIOT 3 H 8'l e Hlf10 rnB BHOrO KBBHTO -

noro 'fJJcna 11 < 8 / 3,7/ 

l 1 



3aeCb a -CKOpOCTb aaxBaTa ,- -Me30Ha B H30IIHpOBaHHOM p ,- -MeaoaTO-

Me, 3Ta BerrH~HHa, He 3aBHCRillaR OT IIIIOTHOCTH ra30B, Marra (eM, BBeaeHHe) 

H MO)I(eT 6hiTh onymeHa B cp-ne ( 11), CKopocTb nepexsaTa fT -Me30HOB 

OT p ,- -Me3oaTOMa K RLlpaM Z , aHaiiOI'H~HaR ( 4), I1pOI10pUHOHaiibHa p z : 

rae 

A z 
W =---;;- Pz · 

z PH 

B n pHHR T biX o6oaHa~eHHRX BepoRTHOCTb nepexBa Ta p a BHax/ 

AC 
0 

l+(A+K)c' 

A= Az/ap~. K=b/a, c=pziPH · 

( 12) 

( 13) 

P a c c M o Tpe HHB R cpeHoMeHonorH~ecKaR Moaerrh npeacKa3biBaeT, ~To Be

poRTHO CTb n e peXBaTa ,- -Me30HOB (13) LlOII)I(Ha 38BHCeTb He OT IIIIOTHO

CTH OTLleiibHblX ra30B C MeCH, a TOIIbKO OT OTHOCHTeiibHO~ KOHUeHTp8UHH C, 

3TO C Orrr a cyeTCR C 8 KCrre pHMeHTa iibHblMH Ll8HHbl MH ( C M, pH Co 2,3), npH 

M8IIb lX C , cornacHo ( 13), Q IIHHe~HO p a cTeT C yBerrHqeHHeM c. 

( 14 ) 
Q .. A C , ( A + I( ) C <<. 1 . 

B o 6rraC'l'H 60IIbillHX OTHO C H TerrbH b lX K OH UeHTpau Hll: c n eayeT Q )I(HJl8Tb 

H8Cblillt!H!HI rrepexnaTa C pOC T OM C ; 

x / -CxopocTb p8cnaaa IT -lvte30H8 3H8'-IHTen b HO Me H bWe CKopoCTH 38XBB -

T8 B p c9CCA18TpHB8eMbiX CMeCHX 1 11 eJO 1\fOJKHO npeH e6pe'lb. 

Q -+ Q mClll: 
A 

A+K 

KOTOpOe LlOCTHraeTCH rrpH 

c -+ 00 

. 1 
c » ---

A+ I( 

BenH~HHbi A H I( 6binH OIIpeaerreHbl IIO LlaHHblM pH 

HMeHbWHX KBaapaTOB ( CM, Ta6rr,) 

Ta6nHua 

f a a Z z A I( Q 

He 2 1,8±_0,3 <. 0,2 ·>( 
N2 7 5,2±_0,5 <0,4 >( 

Ne 10 5, 2±_1,0 <. 0,5 ·>0 
Ar 18 12±.2 <0,8 >0 

Ha~aeHH bie ana~eHHR A 

( CM, pHC, 4): 

MOryT 6hlTb OIIHC8Hhl IIHHe~HOA 

A (0, 7:!:_0,2) z . 

npHBeaeHH8R KOHCT8HT8 rrepexBaTa Az, aHanorHqHaSI Be; 

ll -Me30HOB ( 5) 1 paBHa: 

11 
A z• 3,10 Z -1 

CeK 



A 
Q -+ Q max 

A+K 

KOTOpoe AOCTHraeTCR rrpH 

1 
c >> ---

A+ K 

( 15) 

( 16) 

BenH'I:HHhl A H K 6binH orrpeneneHhl rro naHHhiM pHc, 2 MeToAoM Ha-

HMeHblllHX KB8Ap8TOB ( CM, Ta6n,) 

Ta6nHua 

ras z z A K Q maz 

He 2 1,8±_0,3 <0,2 -~0,90 

N2 7 5,2±_0,5 <. 0,4 >0,93 

Ne 10 5, 2±_1,0 <0,5 ->0,91 

Ar 18 12±_2 <0,8 ;> 0,94 

HaAneHHhie sHa'l:eHHSI A 

(eM, pHC, 4): 

MOryT 6hlTb ODHC8Hhl nHHeAHOA 38BHCHMOCTbiD 

A (0, 7:t_0,2) z ( 17) 

TipHBeneHHaSI KOHCT8HT8 nepexaaTa Az, aHanorH"'HBSI aenH"'HHe ). z unH 

jl -Me30HOB ( 5) 1 p8BH8: 

A z"' 3.10
11 

Z 

13 

-1 
ceK ( 18) 
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a 
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c::: 

ecnH rrp HHRTb, cornacHo1241 apo 
H 

= (4~1) toll ceK 

3 a 1.10-9 
CM I aToM,ceK, 

KOHCT8HT8 rrepexBaTa " -Me3oHoB A z Ha LIBa n 

rrpeBbllli8eT KOHC T8HTy rrepeXB8T8 IJ. -Me30HOB ( 4), (, 

B OITb!T8X ITpH M8nbiX ITnOTHOCTRX ITpHMeCH 

'ITO rrepexBaT ll -Me30HOB rrpH M8nbiX 

Pz· 

p z 

3To o 

6HTbl Me308TOM8 0 B TO BpeMR K8K 17 -Me30Hbi ITpH 

rrpoll 

c., 
IOTCR C 6onee Bb!COKHX op6HT ( D > 1) · EcnH ITpHHRTb, 'IT( 

XB8T8 rrporrOpUHOH8nbH8 KB8LipaTy p8LIHyca Me308TOM8 (~1 

..\ z .. 8.10
9 Zn 4 CeK-1 111 

To H3 cpasHeHHR ( 5) H ( 18) cneuyeT n ~ 3, "'TO corna 

Koii13, 7 I. 

llnR Ko3¢¢HUHeHT8 K 6binH rrony'IeHbl 3H8'IeHHR, B n 

HOCTeif COBIT8Ll810lliHe C HyneM, 3TO CBHLieTenbCTByeT 06 OT 

HOI"'O BnHRHHR CTOnKHOBeHHH p 17_, -Me3oaToMoB c RLipaMH 

38XB8T8 7T -Me3oHa rrpoToHoM, B Ta6nHue rrpHBeaeHbi BeJ 

OUeHKH BenH'IHH K. Ha YPOBHe 90%-oii: LlOCTOBepHOCTH. nJ 
B8HHbiX B H8CTORUieH pa6oTe CMecei!: 1"'8308 

K «A. 

8 o6naCTH Bb!COKHX OTHOCHTenbHbiX KOHUeHTp8UHi!: C ( 16) 

pexBaTa 6nH3Ka K eaHHHue. 

5. 3 a K n 10 r.:r e H H e 

}, XapaKTepHOii oco6eHHOCTb!O HCCneLIOB8HHOI"'O B H8< 

rrepexsaTa rr 

CMeCH H 2 +Z 

-Me30HOB OT BOLl0pOLl8 K 6onee TH*enbiM 8T< 

HBnHeTCH 38BHCHMOCTb BepOHTHOCTH rrepexsa 

HOB TOnbKO OT OTHOCHTenbHOH KOHUeHTp8UHH ITpHMeCH Z . 

"'TO 38XB8T TT -Me30HOB rrpOTOH8MH OITpeaenHeTCR CTOnJ 

Ptr -Me308 TOMOB C MOneKyna Mli BOLlOpOLia, T,e, WH"' 



ecnH n p HHHTh, c ornacHo/24/ a p 0 = ( 4;:t_l) 10 1 1 ceK-1, 
H 

T.e. 

a 1.10-
9 

cM
3

/aToM.CeK. 

KoHc T a HTa nepexaaTa rr -Me30HOB A z Ha naa nopHnKa BeliH'IHHhi 

npeBbiWBeT KOHCT8HTY nepexaaTa -MeaoHoB ( 4), ( 5), onpeneneHHYJO 

B Ollb!T8X npH M8nb!X nnOTHOCTHX npHMeCH p z . 

p z 

3To oobHCHHeTcH TeM, 

npoHCXOAHT c K -op-'ITO nepexaaT -Me30HOB llpH M8nhlX 

6HTbl Me308TOM8 0 B TO BpeMH K8K rr -Me30Hbl npH c "'1 nepexaaTbiBa-

!OTCH C 6onee BbiCOKHX OpOHT ( D > 1 ) • EcnH npHHHTh, 'iTO CKOpOCTb nepe

XB8T8 nponopUHOH8nhH8 KB8Ap8TY p8AHYC8 Me308TOM8 ( .. n
4

) 
1 

T.e. 

9 
X z .. 8.10 

-1 17/ 
ceK 

TO · H3 cpaaHeHHH (5) H ( 18) cnenyeT n .. 3, 'ITO cornacyeTCH c oueH

Kot~:/3, 7 I. 

ObinH nony'leHbi 3H8'ieHHH, B npenenax norpew-

HOCTen COBIT8A810WHe C HyneM. 3TO CBHAeTenhCTByeT 00 OTCyTCTBHH 38MeT-

HOrO BnHHHHH CTOnKHOBeHHn p rr- ' -Me3oaTOMOB c HApaMH Z H8 CKOpOCTb 

38XB8T8 rt -Meaona npoToHoM. B TaonHue npHaeneHbi aepxHHe rpaHH'iHbie 

OUeHKH BenH'lHH I( HB ypoBHe 90%-on AOCTOBepHOCTH. llnH BCeX HCCneAO-

B8HHhlX B H8CTOHwe~ paooTe CMecen r830B 

( 19) 
K«A. 

8 o6nacTH B biCOKHX OTHOCHTenbHbiX KOHUeHTp8UHt!: C ( 16) aepoHTHOCTb ne-

pexaaTa 6nH3Ka K eaHHHue. 

5. 3 B K n 10 'l e H H e 

1. XapaKTepHot!: oco6eHHOCTh!O HCCneAOB8HHOrO B H8CTOHIIIet!: paooTe 

nepexaaTa rr 

CMeCH H 2 +Z 

-Me30HOB OT aoaopoaa K 6onee TH>KenbiM aToMaM a raaoaoA 

HBnHeTCH 3ABHCHMOCTb BepOHTHOCTH nepeXB8T8 rr -Meao-

HOB TOnbKO OT OTHOCHTenbHOA KOHUeHTp8UHH npHMeCH Z • 3TO 03H8'i8eT, 

'iTO 38XB8 T TT -Me30 HOB npOTOH8MH onpenenHeTCH CTOnKHOBeHHHMH 

prr -Me aoa T O MOB c Mone Kyn a MH aonopona, T.e. 

15 



2, n epex B a T TT- - Me30 HOB HHTeHCHBHO npoTe K a eT TOITbKO npH 60ITblllHX 

KOHU e HTpaU H HX n p H M e C H ( C "' 1 ) 1 B T O BpeM H KBK /l - M e30Hbl 3¢4JeKTHBHO 

n epeXB8Thl B 8 IDTCH H 8 sra pa ITpH M eCH Y*e rrpH Q qeHb M 8 IThl X KOHUeHTp B UHHX, 

3TO CBH 3 8HO C 6 onbWHM pa3 n H qHeM B CKOpOCTHX 0 KOHK y pHpyiDIIIHX C rrepexBaTOM 

npoueccoe srnepHoro 3 a xeaTa TT H ll -Me30HOB, 

3, CTonKHoBeHHH prr -Me308TOM8 C 6onee TH )!(eiTbiMH 8TOM8MH He 

OK83biB8IDT 38MeTHOrO BITHJIHHH H8 CKOpOCTb 38XB8T8 TT - Me30H8 B p TT- - Me -

308TOMe, KOTOpaH orrpeaenHeTCH 0 B OCHOBHOM 1 CTOITKHOBeHHHMH C 8 TOM8MH 

BODOpoaa, npeaCTaBnHeT HHTepeC HCCneaoB 8HHe nepexBaTa TT - Me30HOB C 

CMeCHX C BhlCOKOI KOHUeHTpa uHel C, rne BITHHHHe CTOITKHOBeHHH prr--Me -

308 TOMOB C HJJpaMH ITpHMece l H 8 CKOpO CTb 3 8XB8T8 TT - M e30HOB ITpOTOHa -

MH MO)!(e T 6b!Tb 66 Hapy)!(eHO , n epe xBa T TT - Me30HO B npH C TOITK HOBeHHH 

PIT - M e 3 0 8 TO M8 C Hllp8MH rrpHMeC H Z 3 H8qHTeiTb H O 6onee BepOHTeH 

( oc o 6eHHO n p H 6 orrblllHX Z )1 qeM 38XB8T TT - M e 30 H 8 ITpOTO HOM B p e-

3YITbT8 T e C TOITKHOBe H H H p TT- - Me308 TOM8 C 8 TO M OM BODOpoaa . 

4 . H a6nmnaB !llH e csr oco6eH HOC T H nepexeaT a IT - M e 30HOB H S XOIJHT K8 -

qecT BeHHoe o6bHCHe HHe B paMKa x <PeHoMeHonorH q ecKol M o aen H . llnsr 6onee 

rronHoA npo e e p KH a To A M o nenH )!(ena T enbHO n p oeecTH HccnenoBaHHe rrpouecca 

nepexeaTa ansr pa3 n Hq Hhl X CMeceA B wHpo KoM HHTepean e rrnoTHOCTe A ra3oB. 

5. Oco6biA HHTepec npencTaensreT 113yq e a11 e rrepexeaTa TT - M e 3 0HOB 

B ra30 BOH CMeCH BOJJOpO!l 8 11 ne ATe plH l , TaK K8 K d IT- - Me308TOM aneKT p O -

a e iTpaneH, M O)!(HO O )!(HJJaTb, qTo B cMecH H 2 + D 2 6yneT HllT H nH T eHCHBHhii 

o6paTHhll nepexeaT IT - M e 30H OB o T a e i1T e pHH K eonopoay, T . e . A<< 1. 

A T8K K B K an e K TpOMa rHHTH bie C BOHC TBa 8TOM O B H H 0 6rrH3KH 1 IJQIT)!(HO 

6b!Tb a"' b, K "' 1 , 11 aepo HTHOCTb nepe x eaTa nnsr cM e c H H 2 + D 2 non)!(Ha 

o 6Hapy)!(HB8 T b CBOHCTB8 H8C'b!UJeHHH C [)OC T OM C y)j(e npH C ., 1 . H a KoHe u , 

nnsr a To R cMe c n K >> A , T . e . Q max << 1. noaT OMY n nsr 11ccnenoeaHHH nepe -

XB8T8 IT- - Me3 OHOB OT BOJJOpona K L(ei1TepHID He o 6 XOL(HM 8 ITOBb!WeHH8H 

TQqHOCTb H3MepeHHfi , 

B 38Krr~qeRHe TIOITb 3ye MCH cnyqaeM no6nar onapH T b c . c .rep!ll T eAHa H 

Jl.Y!. noHOMapeea 3 8 6orrblll Y ID TIOMO!ll b B pa6o T e . 
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