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J].o nocne.nHei'O BpeMeHH HayqeHHe XHMH'I:eCKHX s<!J<!JeKTOB 1 COllpOBQ)K

.Ll810lllHX SI.nepHbie npeBpaweHHSI B TBep.LiblX Tenax 1 npOBO.LlHnOCb rnaBHblM 

Ill 
o6paaoM MeTo.naMH pa.nHoxHMH'I:ecKoro aHanHaa • O.nHaKo 9TH MeTO.Llbi 

He MOI'YT C'iHT8TbCSI .LlOCT8TO'iHO y .LlOBneTBOpHTenbHbiMH .LinSI BbiSICHeHHSI l:lep

Bll'I:HOI'O COCTOStHHSI "ropSI'iHX" 8TOMOB B o6nyqeHHOM BeLUeCTBe 1 ' ToKo npH 

HHTepnpeTaUHH peaynbTaTOII Ilcer.na cne.nyeT y'iHTbiB.aTb IlnHSIHHe scp<!JeKTOB 1 

KOTOpbie II03HHK8IDT npH o6SI3aTenbHOM B 9THX cnyqagx paCTIIOpeHHH BewecT

II8o Eonee .LlOCTOIIepHoe npe.ncTaBireHHe 0 llOIIe.neHHH SI.nep OT.Ll8'iH MO)KHO 

nony'iHTb, np!I IICllOnb30B8HHII ~eKOTOpblX <lJH3H'ieCKHX' MeTO.LlOB 1 He Tpe6yiO

lllHX XIIMii'l:ecKoA o6pa6oTKII o6nyqeHHoro coe.niiHeimSI. B nocne.nHee Bp·e~SI :·~ ,~ 

.nnSI II3Y'I:eHIISI XIIMII'I:eCKOI'O llOIIe.neHIISI SI.nep OT.Ll8'iH CT8nH npHBneKaTbCSI 
IV . · · 

MeTO.Llbl H3MepeHIISI yrnOBbiX KOppenSIUHA 1 cneKTpOCK'OIIHH ~cc6ays-
l31 . 141 

pa . 
1 

sneKTpOHHbiA napaMai'HIITHbifi peaoHaHc 

T 6 
121 6 . ·. ' . . . 

8K
1 

II pa OTe bin8 c.nenaHa llOllbiTK8 IlbiSICHHTb XHMH'I:eCKOe no-

Be.neHHe "rOpSI'iHX" 8TOMOB peHHSI II o6ny'qeHHblX HefiTpOH8MH COe.LIHHeHHSIX 

peHIISI
1 

IICKniO'iiiB' Bn!ISIH!Ie BTOp!I'I:HbiX s<!J<!JeKTOII H IICll01lb3YSI .nnSI 9TOI'O 

H3MepeHHSI B03MyllleHHbiX yrnOBblX KOppenSIUIIfio 

15 61 ·' 
B_JJa6oTax 1 . Mbi · .noiiOnbHO .neTanr;,Ho HayqanH XIIMH'I:ecKHe <!JopMbi 

CT86Hn!I38UHH SI.Llep OT.Ll8'i!I peH!ISI 1 o6paayiOlUHXCSI llpH o6nyq;eHHII pSI.Ll8 ~ 

. HeopraHH'I:eCKHX coe.nHHeHHfi peHIISI ItpOTOH8Mll C SHepriieit 660 N\3I1 1 HCllOnb:;_ 
.. 151 .. . 

aySI pa.niioxiiMII'I:ecKHfi aHaniia. Ebrno noKaaaHo , 'iTO XHMII'I:ecKoe noBe-. . . 
paanH'I:HbiX SI.nepHbiX peaKUHSix: Re. n 1 y ) Re * II Re p

1 
pxn ) Re* 

3 



I1sy'lm3 yrn-oshre KoppemiUHH npn pacna.z:te _ peHHSI s coe.z:tnHeHHSix, o6ny'leH-
- \ . 

ltbrx HefiTpoHaMn, MO)KH.o nonaraTb, 'ITO no.z:to6Hhle pesynbTaTbi 6y.z:tyT 

Ha6nto.z:taTbCSI ll II pH o6ny'leHHH TeX )Ke · coe.z:tHHeHHfi peHHSI BbiCOKOSHeprn'l-. 

HbiMH npoToHaMn. B nocne.z:tHeM cny'lae Henb3SI nposo.z:tHTb nsMepeHHH He

!IOcpe.z:tcTaeHHO nocne o6ny'leHHSI Hs-sa · cno)KHOCTH o6wero pa.z:tnoaKTHBHoro 

cocTasa o6ny'leHHbiX KpHcTan.nos. 

HacTo"Hwee coo6weHHe irocsHweHo H3y'leHnro yrnoshrx Koppen.HuHil: rrpH 

pacrra.z:te pa.z:tHOaKTHBHOrO peHHSI B o6ny'leHHbiX TeiinOBbiMH Heil:TpOHaMH 

coe.z:tHHeHHSIX peHHSI B 3aBHCHMOCTH OT pg.z:ta ¢aKTOpos: XHMH'leCKOil: ¢opMbi 

o6ny'laeMoro coe.z:tnHeHHH, senH'lHHbi noToKa Heil:TpoHos, rrocne.z:tyrowefi 

o6pa6oTKH KpHCTannos. nony'leHHbte pesynbTaTbi cny)KaT OCHOBOfi .z:tnH 

IIOHHMaHHH IIOBe.z:teHHSI SI,llep OT.z:ta'lll B o6ny'leHHbiX TBep.z:tbiX Tenax. 

3KCIIepHMeHTanbHaH 'laCTb 

Coe.llHHeHHH. B Ka'leCTse MHWeHeil: .z:tnSI o6ny'leHHH ucrronbi:wsanncb coe.llH-

He~HSI NH 4 ReO 4 , NaReO 4 
K

2 
ReCl 6. C ecTeCTBeHHbiM COCTaBOM 

H30TOIIOB peHHH. Conn 6htnH CHHTesnposaHbi HaMn H .z:torronHnTenbHO rrepe-

/5/ 
KpHCTannH30BaHbi 

06ny'leHHSI • .N\HweHH o6ny'lanHCb TeiinOBbiMH HefiTpOHaMH B peaKTOpe 

YfHCTHTyTa aTOMHOll. ¢H3HKH (EyxapecT). 0CHOBHaSI 'laCTb 9KCIIepHMeHTOB 

6btna IIpose.z:teHa IIpH HHTeHCHBHOCTH IIOTOKa HefiTpOHOB 10
13 

n /cM
2

.ceK 

ll BpeMeHH o6ny'leHHH 1 'laC. 

nocne.llyrowaSI o6pa6oTKa MHWeHeil:. 06ny'leHHbte conH cny)KHnH HCTO'lHH

KaMH .z:tnH HsMepeHHH yr~osofi raMMa-raMMa-Koppenmiim rrpn pacrra.z:te 

peHHSI KaK cpasy rrocne o6ny'leHHSI, TaK H rrocne o6pa6oTKH o6ny'leHHhlX 

KpHCTarinos: paCTBopeHHSI, rrepeKpHCTannH3aUHH, TepMH'leCKOrO OT)!{Hra. 

I1sMepeHn-si yrnosbrx raMMa-raMMa-KoppenSIUHfi. npH: o6ny'leHHH coe.llHHeHHfi 
. . . . 186 . 

peHnSI Terrnosi>IMH Heil:TpoHaMH rrony'lanHcb H30TOIIbi Re ( T }2 "' 90 'lac) 

H 
188 

Re · ( · · T ~ "'·16,7 'lac). 

4 

!~ 

1 
I 

i 

Ecnn o6ny'leHHe nposo.z:tnnocb s Te'leHHe cpasHnTenbHO Kopo· 
188 

TO B OCHOBHOM B03HHKan ll30TOII Re • J].nSI HsMepeHHH yr 
. 188 

unfi raMMa-ny'lefi, sosHnKarownx npH {3- -pacrra.z:te Re (rl 
188 . . 

rrponcxo.z:tHT B Os ) , 6btn Bht6paH KacKa.z:t 931-155 KSB, rro 

CHBHOC-Tb 9THX raMMa-ny'lefi .llOCTaTO'lHO seniiKa, KacKa.z:t liM 
. + \ + + . . 

Me!K.z:tY yposHSIMH 0 ( E2) 2 ( E2) 0 n aHH30TporrnSI .z:tOn)KH~ 

rrepno.z:t rronypacrra.z:ta npoMe)KyTO'lHoro yposHSI Man T }2 "'( 0, 

HO see )Ke .llOCTaTo'leH .z:tnSI B03MyWeHHH yrnOBbiX KOppenSII 

HsMepeHHH rrpoHssoilnnncb c · rroMOWbiO asToMaTH'lecKc 

KOTOpOfi perHCTpHpOsanHCb COBIIa.z:teHHH CUHHTHnnSIUHOHHbiMH 
0 . 

NaJ(Tl) (76 x 76 MM) rrpn yrnax 90;135 u 180 • cpoTo 

pexo.z:tos 155 H 932 KSB xopowo paspewanHCb s crreKTpe cy 

rra.z:teHHfi (puc. 1). Cny'lafiHbre cosrra,lleHHH 6btnH nsMepeHbi ~ 

SKcrrepnMeHTanbHbie Kos¢¢HuneHTbi yrnosofi KoppenHUHH ( A 

6htnH cKoppeKTHposaHbi Ha KOHe'lHhifi TenecHhifi yron. · 

eM 

I1ssecTH0. 'ITO ¢yHKUHSI yrnosofi KOppenSIUHH orrpe.z:tenJ 

W(O)=l+A
2 

SKCII.P
2 

(cos0)+A 4 
P (cosO), 

4 

r.z:te P p 2 • 4 
-rronHHOMbr ne)KaH.z:tpa, 

0 -yron Me)K.llY HarrpasneHHSIMH BbtneTa raMMa-KsaHTOI 

3KcrrepnMeHTanbHbte sHa'leHHSI Kos¢qmuneHTOB yrnosoi 

A 
2 

· H .. A 
4 

csHsaHbi c Te~-peTH'leCKHMH 3H· 
9KCII. 9KCII. 

A4 cooTHoweHHSIMH: A 2 "' G2 A2H A,_ "' G4J 
. 9KCII. "'KCII. 

G4 -TaK Ha3biBaeMbie K09cPcPllUHeHTbi saTyxaHHSI yrnosofi 

TeopeTH'leCKHe sHa'leHHSI ~ 2 n . A _4 .- TO'lHO HssecTHhi, 'I 

SIBnSIIOTCH 'lllCTbiMH "E2-rrepexo.z:taMH,· 'ITO II03BOnHnO HaM Bl:: 

G4 

5 



coe~HHeHHHX, o6nyqeH

pesynbT8Tbl 6y,OyT 

peHHSI BbiCO~OaHeprH'l

)DO~HTb H3MepeHHSI He-

06LUero pa~HOaKTHBHOro 

yrnoBbiX _KoppenguHa npu 

IOBbiMH HeaTpOHaMH 

poB: XHMHqecKoa cPCipMbl 

>HOB, nocne~yiOLUea 

IyMaT OCHOBoa ~ng 

TBep~biX Tenax, 

ucnonbsoaanHcb coe~H-. 

:TBeHHbiM COCT8BOM 

r ~ononHHTenhHO nepe-

>HBMH B peaKTOpe 

'18CTb SKCOepHMeHTOB 

H~>B 10 13 
n I cM2 ,ceK 

IHUHH npH pacna~e . 

pa6oTKli o6nyqeHH.btx 

IMH'leCKOrO OTMHra, 

IH 'o6nyqeHliH coe~liH~HHil: 
tsa Re ( T .. Y2 = 90 qac) 

EcnH o6nyqeHHe npoao~Hnoch B TeqeHHe cpaBHHTenbHO KopOTKoro apeMeHH, 

TO B OCHOBHOM B03HHKan H30TOO 
188 Re , ,Ung H3MepeHliH yrnOBbiX KOppeng-

(3 - 1s8 R 
UHA raMMa-nyqeft, B03HHKBIOlUHX npH -pacna~e e ( raMMa-nepexo~hi 

188 . 
npoHcxo~HT B Os ), 6btn Bbt6paH KacKa~ 931-155 KSB, llOCKOnhKY HHTeH-

CHBHOC·Th 8THX· raMMa-nyqeft ~OCTaTO'IHO aenHKa, KacKa~ liMeeT MeCTO 
+ + + . 

MeM~Y ypoBHHMH 0 ( E2) 2 ( E2) 0 H aHH30TponHSI ~onMHa 6biTh 6onblllOA, 

nepHo~ nonypacna~a npoMeMyTO'IHoro ypoBHH Man 
-9·171 

T}l =(0,71 t_0,03).10 ceK, 

HO BCe Me ~OCTaTO'leH ~nH B03MyllleHHSI yrnOBbiX KOppenSIUlift 
/8/ . . 

'I1sMepeHHSI npOH3BO~HnliCb C llOMOlilbiO aBTOMaT!I'leCKOft yCT8HOBKH 0 Ha 

KOTOpOil: perHCTpHpOBanHCb coana~eHHSI CUHHTlinnHUHOHHbiMH ~E:).TeKTOpaMH 
0 . . . . 

NaJ(Tl) (76 x 76 MM) npH yrnax 90,135 n 180 • cpoTonHKli raMMa-ne-

pexo~oa 155 H 932 KaB xopoLUo paspeLUanHcb B cneKTpe cyMMapHbiX coa

na~eHHil: (puc. 1). CnyqaftHbte coana~eHHH 6htnH HsMepeHbi H Bhi'ITeHbi, a 

aKcnepuMeHTanbHbie Koa¢¢HuHeHThi yrnoaoa KoppenSIUHH '( A 2 H A 4 ) 

6btnH cKoppeKTHpoaaHbi Ha KoifeqHhiA TenecHbiA yron. 

VJsaeCTHO, 'ITO cPYHKUHH yrnoBOil: KOppenHUHH onpe~enSieTCH DbtpaMeHH-

eM 

-nonHHOMbi fleMaH~pa, 

P (cosO), 
4 

0 -yron MeM~y HanpasneHHSIJ\m Bbtne.Ta raMMa-KDaHTOD K_BCKa~a. 

3KcnepHMeHTanbHbie 3HaqeHHSI K08cPcPliU!IeHTOB. yrnoBOil: KOppenSIUHli 

A 
2 aKcn. H A 4 

COOTHOlUeHHSIMH: 

cagsaHbi c TeopeTH'leCKHMli sHa'leHHHMli A2 H 
8KCO, 
A

2 
= G2 A

2
H A..._ = G

4
A

4 
, rtie G2 . aKcn. '· "'Ken. 

-TaK Ha3biBaeMbie K08cPcPHUHeHTbl 3aTyxaHHSI yrnoaoa KOppenHUHH, 

li 

TeopeTH'leCKHe sHa'leHHH ~ 2 H . A .4 TO'IHO H3BeCTHbl 0 T,K, o6a nepexo~a . ~ 

SIBnSIIOTCH 'IHCTbiJI.ili 'E2-nepexo~aMn, 'ITO nosaonuno HaM Bhi'lliCnHTh G 2 · H 

G4 



xtdl 
155 

! 
10+ t 

a) 
'118 l' 

~ 
633 

~ x10 i\ I. 

r::: 5 fl ··.·,··:.... / \ f\ 932 
~ ••• • • I \ 

\. .. ;j I . . '. .. ·· \ I 
C:.. • ; • ..... ········r·· .. c:::; ' . . .. ~ ~ ' ·~ 
~ - ~~ 
:)-I 

'100 G) 
''I 

. I • 

II i \ • l I ' I •·•• ••• ; \ .. - ····-················ ·· ...... ·· .··· .•....•.... -...:· · ....... , 

200 

50 100 
Ns. KaHal1a 

' 188 
Pnc. 1. CneKTp raMMa-nyqelt, B03HHK8JOlllHX npn pacna.ue Re : 

a) O.UHHO"'Hhilt cneKTp, 6) cneKTp raMMa-raMMa-cosna.ueimlt 

C CyMM8pHbiM llliKOM 1087 K9B, 

6 

'} 
f lL 

'~ 
1 

..\ 

.'i 
\I .. 
~· 
l· 

jl 

ii 
!j 

! 

PesynbT8Tbi aKcnepHMeHTa 

. BnHSIHHe XliMH,'IecKoro cocTasa o6nyqaeMbiX coe.un 

B Ta6nHue 1 npnse.ueHbi pesynbT8Tbi nsMepeHHSI yrnoE 
1~8 ' 

npn pacna.ue . Re a KpHcTannax NaRe0 4 , NH 4Re0 4 E 

Ta6nnua 1 

3KcnepHM9HT8nbHbie K03tPtPHUH9HTbi yrnOBbiX KOppenSIUHlt li 

38TYX8HHSI K8CK8.U~ 933-::-\55 K9B B 
188 0s B KpHCTann~• 

HeHHSIX peHHSI ( ¢ = 10 3 n I CM2ceK, speMSI o6nyqeHJJSI · 1 

CoeJlHHeHHe 
G2 A 2. G• A• G2 .G2 

NaReO • 0,246 ±. 0,036 ·~ 0,716 ±. 0,033 0,689 ±. 0,101 0,624 ±. 0,029 
.. 

NH.Re04 
0,367 ±. 0,019 0,648 ±. 0,028 1,028 ±. 0,053 0,567 ±. 0,027 

K2ReCI 6 0,277 ±. 0,038 ·0,827 ±. 0,043 0, 776 ±. 0,106 0, 721 ±. 0,037 

TeopHH A 2 = 0,357 A• • 1;147 

Bn.uHo, 'ITO sHaqeHHSI G2 li G4 OTnH"'810TCSI 

KaJK.uoro coe.unHeHHSI OHH pasnH"'Hbi. 

B Ta6nnue npnse.ueHbi TaKJKe sHaqeHHSI R -co.uepJ 

peHHSI B saneHTHOlt <flopM9 1 COOTB9TCTBYIOII19lt saneHTHOCTH J 
. • . /W 

eMOM C09.UHH9HHH li H83biB89MOrO y.uep2KHB8HH9M . , 3Ta 
' /5/ 

.uenSin8Cb p8.UHOXHMH"19CKHM M9TO.UOM 
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a) 

··········. ····· 

cf) 

.•.... I • 

100 
N!. KilHa/la 

m. pacrrane 
188 Re : 

>l:a-raMMa-coBrraneHn:il: 

'· 

PesynbT8Thi aKcrrepn:MeHTa 

BnHRHHe XHMH'IeCKOrO COCT8B8 o6nyqaeMb!X coenn:HeHHi\ 

B Ta6nn:ue 1 rrpn:BeneHbi pesynbT8Thi n:sMepeHHR yrnoBhiX Koppengun:n 

ISS Re B KpHcTannax NaRe04 NH 4Re0 4 H K ReCI 6 2 . rrpn: pacrrane 

Ta6nn:ua 

8KcrrepHMeHT81IbHbie KOScpcpHUHeH'rhi yrliOBblX KOppeliRUHi\ n: Koacpcpn:un:eHThi 
KSB B 188 0s B KpHCT8111IH'IeCKHX coenn:- · saTyxaHHR KacKana 933-\55 

HeHHRX peHHR ( ¢' = 10 3 n I CM2ceK, B peMR o6nyqeHijR · 1 qac) 

CoeJlHHeHne 
G2 A 2. G4 A4 G2 G2 

R % /5./ 

o,y p,p l<D 

., 
NaReO 4 0,246 :!:. 0,036 :0,716 :!:. 0,033 0,689 :!:. 0,101 0,624 :!:. 0,029 100 96,4 

NH 4Re04 0,367 :!:. 0,019 0,648 :!:. 0,028 1,028 :!:. 0,053 0,567 :!:. 0,027 66,6 __ 

K2ReCI 6 0,277 :!:. 0,038 0,827 :!:. 0,043 0,776 :!:. 0,106 0,721 :!:. 0,037 60-70 68,7 

TeopnR A 2 a 0 1357 A4 - 1;147 1 

OT1IH'I8IDTCR OT 1 H AliR 

Kamnoro coenn:HeHHR oHn: pasnn:'IHhr. 

B Ta6nn:ue rrpn:BeneHbi TBK:>Ke sHaqeHHR R -conepmaHn:S:i pann:o-

peHHR B BaneHTHOi\ cpopMe, COOTBeTCTByrorueil: BaneHTHOCTH peHHR B o6nyqa-
' . ' 

/9/ "" . 
eMoM coenn:HeHn:H n:· HBShiBaeMoro ynepmn:BaHn:eM • vTa Benn:qn:Ha orrRe-

/5/ 
nengnacb pann:oxn:Mn:qecKHM MeTonoM 
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Bmumn:e BenH'IHHhr noToKa HeltTpOHOB 

Bnn:smn:e .noahr, nonyq_eHHolt .KPHCTan~aMH K2 ReCI 6 
npH o6nyqeHHH, 

Ha BenH'IHHY yrnoBoll KoppenHUHH npe.ncTaBneHo Ha pH c. 2 n:aMeHeHHeM G 4 • 

Cne.nyeT aaMeTHTb, 'ITO G 4 onpeaenHeTcSI 6onee TO'IHO qeM G 2 . BcneacT-

BHe 6onhworo aHaqeHHSI A 4 • noaToMy G 4 SIBnsteTcSI 6onee y.no6HhiM 

napaMeTpOM AnSI Cp8BHeHHH peaynbT8TOBo 

Ha pHc.2(a) BH.UHO, 'ITO G 4 , yBenH'IHB8HCb c pocTOM noToKa 

HeltTpoHOB, .nocTHraeT. npn: ¢ = 3,5.1016 n' I cM2 aHa'IeHHSI, Ka"Topoe 

OCTaeTCSI 38TeM npaKTH'IeCKH llOCTOSIHHbiM B HCCne.nyeMOM .UH8ll830He cp 

AHanorH'IHhiH xo.n KpHBOH 6brn nonyqeH H .nnH R (pHc.26), KOTOpOe 

CTpeMHTCSI K 100% C yBenn:qeHHeM llOTOK8 npOTOHOBo 

BnHSIHHe nocne.nyrowea o6paooTKH KpHcTannoB 

PacTBOpeHHe, nepeKpHcTann~raauHH 

PeaynbT8Tbi, nonyqeHHhre npn: n:aMepeHHH yrnoBhiX KoppenHUHH .nnH 

·. pacTBOpOB o6nyqeHHhiX conelt H .nnH BHOBb BhiKpHcTannH30B8HHbiX cone it 

npHBe.neHbi B Ta6n~rue 2. 
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1,. 

T a6n11ua 2 

3KcnepHM9HTfAisbHbi9 K09cpqJHUH9HTbi H K09cpcpliUH9HTbi 3aTyxaHHSI yrnOBbiX 

KoppenSIUHit Re B saaHCHMOCTH OT o6pa6oTKH o6ny'leHHbiX KpHcTannoa 

( ¢' = to13 n /cM2,ceK, apeMSI o6nyqeHHSI 1 qac) 

Coe.oHHeHHe o~~ggg~lb. .(\A 2 'G4 A, 'G2 G, 

0,367 !.. 0,019 0,648 !.. 0,028 1,028 !.. 0,053 . 0,567 !.. 0,027 

NH,ReO, pacTBopeHHe 
1,014 :!:. 0,308 B HCI + HN0 3 0,362 !.. 0,110 1,130 !.,0,092 0,985 !.. 0,080 

nepeKpHcTan-
nH38nHll 0,327 !.. 0,063 0, 792 !.. 0,066 0,916 !.. 0,176 0,693 :!:. 0,058 

0,277 !.. 0,038 0,827 !.. 0,043 0, 776 !.. 0,106 0,721 !.. 0,037 

paCTBOpeHHe 
B 4 MHCI 0,380 !.. 0,040 0,854 !.. O,Q64 1,064 !.,0,112 0,745 !.. 0,056 

nepeKpHcTan-
0, 702 !.. 0,023 nH38UHll H3 0,351 !.. 0,012 0,983 ·=. 0,034 0,612 !.. 0,020 

K
2
ReCI

6 

4 MHCI 

J.1s Ta6nHUhi BH.aHo, 'ITO .anSI NH 4 Re04 nocne.ayroruee_pacTBopeHHe 

o6nyqeHHbiX KpHCTannOB .llOBOnbHO 3aMeTHO BnHSI9T Ha B03MyiUeHH9 yrnOBc;>it 

KOppenSIUHH
1 

llO'ITH BOCCTaHaBJIHB8SI ee .llO H9B03MyiUeHHOit 1 a nocne.ayroll.USI 

nepeKpHCTannH3aUHSI BHOBb yaenH'IH:Ba9T B03My1U9HH9, 

llnSI K JleCl
6 

G 
4 

MeHSI9TCSI sHa<I¥TenbHO cna6ee B saaHCHMOCTH OT 

nocnenyroruett o6pa6oTKH. 
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TepMH'IeCKHit OT:>KHr 

Ha pH c. 3,4,5 npe.acTa~neHo HsMeHeHHe G 4 npH TepMH 

o6ny<I_eHHhiX KpHcTannoa NaReO 4 
NH 4 Re04 

H K
2
ReCl 6 

aeHHo, H TaK:>Ke noKasaHo HsMeHeHHe R npH OT:>KHre :aTHX 
. . \ - - /6/ . 

06'._1Y'IeHHbiX BbiCOK09HeprH'IHbiMH npOTOHaMH . • llnSI BCeX C 

Ha6nro.aaeTCSI H3MeHeHH:e G
4

_ B 38BHCHMOCTH OT BpeMeHH OT 

llpOHCXO.llHT
1 

B OCHOBHOM 1 B TeqeHH:e nepBbiX '!8COB 1 8 SaTe~ 

HHeM apeMeHH oT:>KHra G 
4 

-npHHHMaeT 6onee HnH MeHee D• 

qeHHe. 

J.1HTepecHO OTMeTHTb 8HanorHID1 Ha6nro_.aaeMyiD B H3Me 

R .anSI KpHcTannoa Na ReO 4 _ -Ha o6eHx KpHBhiX HMeeTCSI 

KacaeTCSI li3MeHeHHSI 'G 
4 

11 R .anSI cone it NH 4 Re 0 4 

TO HMeeTCSI HeKOTOpoe- OTnH'IHe. B XO.ll9 COOTBeTCTBYIDlUHX K 

.anSI NH Re 0 'G He. onpe.aenSinocb npH _apeMeHH OT:>KHra 
4 4 4. . . - . 

MHHYT a oTnH<IHe oT R • llnSI }\ ReCI
6 

G 
4 
npH OT:>KHre r-

'IHTenbHO no cpaaHeHHID c HeOTO:>K:>KeHHbiM o6pasuoM, a R 

CHnbHO y:>Ke. npH KOpOTKOM BpeMeHH OT:>KHra, OCT8BaSICb sa1 

HHeM apeMeHH OT:>Klir8"Dp8KTH'I9CKII llOCTOSIHHbiM, 

Ha pHc. 6 (a) noKasaH~ HsMeHeHHe 'G 
4 

.anSI KpHcTannc 

B 38BHCHMOCTH OT TeMnepaTypbi npH O.llHOM H TOM :>Ke ape~ 

0 
C yaenH'IeHHeM TeMnepaTypbi .llO 200 C 'G 4 CTpeMHTCSI I< 

' . . o' ' 
c pocTOM TeMnepaTyphi .ao 300 C ocTaeTcSI nocTOSIHHbiM. E 

HMeeT T8KYID ~e saBHCHMObTb ( p!iC, 66) • 

06cy:>K.aeHHe pesynbT8TOB 

PaccMaTpHaaSI nony'IeHHbie pesynbT8Thi, Mo:>KHO c.aem 
. - ~ 

0 TOM
1 

KaKoe BnHSIHHe OK83biB8IDT Ha H3MeHeHHe aenH'IHHhi 

·saTyXaHHSI yrnOBOit KOppenSIUHH XHMH'IeCKHit COCT8B o6nyqao 

ycnoaHSI o6nyqeHHSI H nocne.ayroruett o6pa6oTKH KpHcTannoa. 
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ETbi 3aTyxaHHSI yrnOBbiX 

E o6nyqeHHbiX KpHcTannoa 

. qac) · 

ocne.ay~ruee . pacTaop~Hll~ 

: Ha aoaMyrueHHe yrnoaoft 

y-rueHHoft, a nocne.ayror.u:tSI 

Elte, 

5ee B 38BIICHMOCTH OT 

TepMlPrecKHft OT:>KHI" 

Ha pHc, 3,4,5 npe.acTaaneHo HaMeHeHHe ·G 4 npH TepMH'i9CKOM OT:>KHre 

o6nyqeHHbiX KpHcTannoa NaReO 4 1COOTB9TCT"" 

B9HH01 H TaK:>K9 llOKaaaHO H3M9H9HH9 R llpH OT:>KHI"9 STHX KpHCTannOB 1 

. /6/ . 
o6nyqeHHbiX BbiCOKOSH9pi"H'iHbiMH llpOTOHaMH . • . .[lnSI BC9X coneft peHHSI 

Ha6mo.aaeTCSI HaMeHeHHe G
4 

a aaaHCHMOCTH OT apeMeHH OT:>KHra. 0Ho 

npOHCXO,llHT, B OCHOBHOM, B .T9'i9HH9 nepBbiX qacoa, a 3aT9M C yaenHqe-

HHeM apeMeHH OT:>KHra G 4 
npHHHMaeT 6onee HnH M9Hee llOCTOSIHH09 3Ha-

VlHTepecHo OTMeTHTb aHanorHro, Ha6nro.aaeMyro a HaMeHeHHH G 4 H 

R .anSI KpHcTannoa Na ReO 4 -Ha o6eHx KpHBhiX HMeeTCSI MHHHMyM, t{ TO 

KacaeTCSI HaMeHeHHSI 'G ~ H R .anSI coneft NH 4 Re0 4 H K2 ReCI 0 , 

TO HM99TCSI HeKOTOpoe OTnH'iH9 B XO.ll9 COOTB9TCTBYIOIUHX KpHBbiX, 0.aHaKO 

.anSI NH 
4 
Re 0 

4 
'G 

4 
He onpe.aenSinocb npli: ,apeMeHH OT:>Kiira M9Hbwe 30 

MHHyT a OTnH'!He OT R • .[lnSI K ReCI G npH OT:>KHre MeHSieTCSI HeaHa-
"'"2 6 4 

'iHTenbHo no cpaaHeHHIO c HeOTO:>K:>KeHHbiM o6paauo¥., a R MeHSI9TCSI 

CHnbHO y:>Ke_ llpH KOpOTKOM apeM9HH OT:>KHI"a, OCTaaaSICb aaTeM C yaenHqe-

HH9M Bp9M9HH OT:>KHI"a· npaKTH'i9CKH llOCTOSIHHbiM, 

Ha pH c. 6 (a) noKaaaHo HaMeHeHHe G 
4 

.anSI KpllcTannoa K2 ReCI 0 

B aaBHCHMOCTH OT T9MnepaTypbi llpH O,llHOM H TOM :>K9 Bp9M9HH OT:>KHI"8, 

C yaenH'i9liH9M T9MllepaTypbi .llO 200°C 'G 
4 

CT.peMHTCSI K 1! fl aaTeM 
. o· 

c pocToM TeMnepaTyphx .ao 300 C ocTaeTCSI nocTOSIHHhiM, BenH'iHHa R 

HM99T TBKYIO ~e aaBHCHMObTb ( pHC, 66), 

06cy:>K.ll9HH9 peaynbTaTOB 

PaccMaTpHaaSI nony'ieHHbie peaynbTBThi, Mo~Ho c.aenaTb aaKnroqeH,He 

0 TOM, K8K09 BnHRHH9 OKa3biBaiOT H8 H3M9H9HH9 aenH'iHHbi KOacpcpHUll9HTOB 

·aaTyxaHHSI yrnoaoft KoppenSIUHH xHMH'ieCKHft cocTaB o6nyqaeMoft conu, 

ycnOBHSI o6nyqeHHSI H nocne.ayrorueft o6pa60TKH KpHCTBnnOB, 
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'· 

Bo3MymeHne yrnoso:ii KoppenSIUHH orrpe.ir.emm·r.c£ ¢aKTopaMn 'G2 II G4 ' 

aasncSIWHMH OT saanMo.aeitCTBHSI pa.anoaKTHBHoro SI.apa c ~~HeSI.aepHbiMH 

aneKTpH'ieCKHMH HnH M8I'HHTHbiMH IIOnSIMH H OTnH'i810lllHMHCSI OT 

'G 4 = 1 .anSI HesoaMyllleHHoi\ yrnosoa KoppenSIUHH. 

G 2 = 

B rrpnHunne soaMyweHIIe Mo:»<:eT Bbi3biB8TbCSI aneKTpnqecKHM KBa.apy-, 
rronh~biM nnn MarHHTHbiM .annonbHbiM saanMo.aeitcTBHSIMH 1 n 9TH 5aanMo

.aeitcTBHSI MOI'yT 6biTb K8K CT8UHOHBpHbiMH 1 T8K H 38BHCSilllHMH OT BpeMeHHo 

Ka:»<:.llbli\. THII B03MyllleHHSI xapaKTepnayeTCSI THIIH'iHOft 3aBHCHMOCTbiO r.2 
; 

OT G 4 (pnc. 7). nonyqeHHbie HaMH Jl8HHbie T8K :»<:e, K8K H peaynhT8Tbi 

.apyrnx asTopos, SIBHO yKa3biB810T Ha MarHHTHYIO rrpnpo.ay soaMyw:eHnH. K 

co:»<:aneHHI0 1 KaK BH.llHO Ha pHCo 7, CT8UHOHapHOe B3aHMO.llei\CTBHe Mano 

oTnnqaeTcSI oT HecTaunoHapHoro. C .apyron cTopoHbi, nayqaeMbie coe.anHe-

HHSI peHHSI He SIBnSI.IOTCSI M8I'HHTOyiiOpSI.llO'ieHHbiMH1 H 1 cne.llOBaTenbH01 Mbl 

HMeeM .aeno C Mai'HHTHbiM 1 aaBHCSilllHM OT BpeMeHH 1 B03MyW:eHneM. 

188 
KaK 61>xno yKaaaHo Bbxw:e, raMMa-nepexo.llbi rrponcxo.aHT B Os; 

MO:>KHO C'iHTaTb1 'iTO aa BpeMSI1 paBHOe IIO'iTH 1 HCeK, aneKTpOHHbie o6onoq

KH(OCMHSI y:»<:e paBHOBeCHbi. Yf3 B03MO:>KHbiX BaneHTHbiX COCTOSIHHft OCMHSI 
·----..:.'-8+ 4+ 6 + - 8 + 

( Os , Os , Os , Os pxepBbie Tpn nMeiOT aHa'ieHHSI aneKTpOHHoro cnn-

Ha, OTnH'iHbie OT HynSI, OHH paBHbl 5/2, .2 H 11 COOTBeTCTBeHHOo n o-BH.llHMO-. 

MY 1 cne.ayeT C'iHTaTb1 'iTO B03MyllleH:11e yrnOBOi\ KOpperrSIUHH Bbi3biBaeTCSI 

penaKcauneit aneKTpOHHoro cnnHa. Hannqne .ae¢eKTOB B KpHcTannnqecKoft 

pew:eTKe npHBO.llHT K IIOHH:>KeHHIO CHMMeTpHH aneKTpOHHblX BOnHOBbiX cPYHK

UHft1 'iTO MO:»<:eT Bbi3B8Tb ycnneHHe B03MyllleHHSlo 

KaK BH.llHO na Ta6n. l, .anSI scex conen peHHSI ( NaRe04 , NH 4Req, 

K
2
HeCl 6 

) B paanH'iHOft CTeiieHH Ha6niO.aaeTCSI B03MyllleHHe yrnOBOi\ 

KOppenSIUHH. 3TO I'OBOpHT 0 TOM, 'iTO B03HHKa!OlllHe IIpH o6nyqeHHH Hapyw:e

HHSI KpHCTannnqecKOft pew:eTKH HMeiOT paanH'iHbli\ xapaKTep, aaBHCBlllHit OT 

XHMH'ieCKOI'O COCT8Ba COnH1 onpe.aenSIIOlllero, B CBOIO oqepe.llb, pa3Hblit 

xapaKTep sHeSI.aepHbiX nonea. KaK BH.llHO, Han6onbw:ee OTKnoHeHne G 4 OT_ 

1 Ha6niO.aaeTCSI .anSI NH
4
Re0 

4 
• Yfa nccne.aosaHHbiX H·aMn coe.anHeHHi!: 
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\ 

9.KTopaMH G2 . H G 4 , 

~.npa c aHeSI.nepHbiMif 

l!OWHMHCSI OT G 2 = 
m. 

aneKTpHtieCKHM KB8,llpy-

BHSIMH 1 H 9TH B38HMO-

38BHCSIWHMII OT apeMeHIIo 

l!Ol!: 38BHCHMOCTbiO ~ 2 

<e, K8K H pe3ynbT8Tbl 

pnpo.ny B03MymeHHSI. K 

hi, lf3ytiaeMbie coe.nnHe-

II , cne.noaaTenbHo, Mbi 

[{ 1 B03MyWeHHeM. 

188 0 
apOHCXO.llSIT B S j 

:eK, sneKTpoHHbte o6onoti

THbiX COCTOSIHIIil: OCMIISI 

3H8'leHifSI 9neKTpOHHOrO CITif

>TBeTCTBeHHOo n o-BH,llHMo- · 

oppe1ISIUHH Bbl3biB8eTCSI 

TOB B KpiiCTannHtieCKOil: 

rpOHHbiX BOnHOBbiX cPYHK-

ao3MymeHIIe yrnoaoll: 

~ npn o6nytieHHH uapywe

~eapaKTep, 38BHCSirUII~ OT 

010 oqepe.nb, pa3Hbiil: 

.wee OTKnoHeHIIe G 4 OT 

~e !J·aMH coe.nnHeHIIil: 

1 
.. 
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> + 
peHHH conb NH 

4
Re 04 , KBK co.Llep>KamaH HOH NH 4 , IIO.LlBepraeTcli· HaH-

• > •' '> > /10/ 
6onbWeMy pa,LlHOnHTH'IeCKOMy B03.Llel!'CTBHIO o6nyqeHHSI >, 1 IIpHBO.LlSIUleMy 

K o6pa30B8HHIO pa3HOOOp83HbiX cpparMeHTOB pB.LlHOpeHHSI H TeM C8MbiM - K 

6onee cHnbHOMY HaMeHeHHIO BHeSI.LlepHbiX none A no cpasHeHHIO c NaReO 4 

PaanH'IHe Ha6nro.Llanocb H .LlnSI R 
,' /11/ > > 

MHoro'IHcneHHbiMH Hccne.LlOBBHHSIMH 6bmo rroKaaaHo, KBKoe 6onb-

woe. BriHSIHHe ·H8 IIOBe,LleHHe SI.Llep OT.LlB'IH B TBep.LlbiX Tenax OK83biB8eT 

rrocne.LlyromaH nocne o6nyqeHHSI o6pa6oTKa. 
; 

TaK, pacTsopeHHe o6nyqeHHbiX KpHcTannos HaMeHSieT He TonbKO arpe

raTHOe COCTOSIHHe BeiUeCTB81 HO H IIpHBO.LlHT K XHMH'IeCKOMY B38HMO.Llell'CT"' 

BHIO 'pa.LlliOBKTHBHbiX 8TOMOB H cpparMeHTOB C MoneKynaMH paCTBOpHTenSI. 

PacTsopeHIIe o6nyqeHHbiX KpiicTannos o6bi'IHO Bbi3biB8eT 'IBCTH'IHoe ocna6ne

HIIe B03MyiUeHIISI yrnOBOA KOppenSIUHII BCne.LlCTBIIe MBnOI"O 3H8'1SHHSI speMeHII 

KoppenSIUIIII B >KH.LlKOCTH. TaKoA acpcpeKT Ha6nro.LlancSI, HarrpiiMep, .LlnSI 

NH 4 Re0 4 
( Ta6n. 2) 

1 
II OH MO>KeT ObiTb Bbi3BBH li3MeHeHIIeM, XHMH'IeCKOI'O 

COCT8B8 pa,LlHOBKTIIBHbiX cpparMeHTOB B IIpouecce paCTBOpeHIISio 

B'onbwoit IIHTepec rrpe.LlCTBBnHIOT o6hi'IHO Hccne.LlOBBHHSI TepMII'IecKoro 

OT>KHI'8 o6nyqeHHbiX KpHCTBnnOB 1 IIOCKOnbKY 'rrpH HarpeBBHIIH yMeHbW8eTCSI 

'IIICnO ',LlecpeKTOB
1 

B03HHK8IOIUIIX IIpii o6nyqeHIIII 1 H IIpii .3TOM peweTK8 IIpH

o6peT8eT 6onee cTa6IInbHyro II CHMMeTpH'IHyro cTpyKTypy, .'ITO !IPHBO.LlliT K 

ocna6neHHIO soaMyiUeHHSI. PeaynbTBThi, rronyqeHHbie HaM II .LlnSI G 4 H R 

IIpH OT>KHI'e o6nyqeHHbiX KpiiCTannOB 1 xap8KTepH3YIOT li3MeHeHHSI 1 IIpOIICXO

.LlSilUHe' c' ,LlecpeKT8MH B TBep.LlOM Tene. 

YiaoTepMbi OT>KHra NaReO 
4 

rroKB3biB8IOT KOHKyp1IpyromHe rrpouecchi 

' /6/ 
BOCCTBHOBneHIISI - OKHCneHIISI II Mbl Bb!CK838nii IIpe.LliiOnO>KeHIIe 1 'ITO 

3TH peaKUIIli MOI'YT .. IIpOIICXO.LlHTb K8K B TBep.LlOM Tene, T8K H IIpH paCTBO

peHHII. O.LlHBKO rrpocne.LliiB aa IIaMeHeHHeM G .1 rrpH OT>KIIre KpHcTannos, 

MO>KHO C'IIIT8Tb
1 

'ITO pe8KUHH IIpOTeKBIOT B TBep.LlOM Tene IIpii B38HMO.Llel!'CT

BIIII BTOMOB OT.Ll8'lli C ,LlecpeKT8MII II IIpii rrepepacrrpC.LleneHIIII IIOnO>KIITenb--

HbiX H OTp1IU8TenbHbiX B8K8HCIIA B OT>Klii'BeMbrX KpiiCTannax. 

18 
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'l 

np~ _o1'>KIII'e Kp~CTannoB NH 4 ReO 4 .H K2 ~eCI ~ 3H8'1 

CTpeMHTCSI. K 1, · rrpii'IeM .LlnSI. K ReCl aTo ysenHqeHHe O'IE 
' ' ·,· > > > 2 6 

_He I'OBOpg 0 TOM 1 _'ITO COCTOSIHIIe ,LlecpeKTOB B TBep.LlO¥ Te: 

CTBOHnH3HpOB8HO. YiaMeHeHIIe >Ke .R Mo>KeT .orrpe.LlenSI, 

IIpOIICXO.LlSilUHMH IIpH pBCTBOpeHHH OTO>K>KeHHbiX KpHCTannOE 

npyrqe OO'bSIC?HeHH:e TOMy, 'ITO -II3MeHeHIIe .H 6onee 

H3MeHeHHe_ G 4 , MO>KHO .LlBT~, IICXO.Ll_SI II3 .Toro, 'ITO rrpH c 

• HeitTpOH8MH IIpOIICXO.LlHT O.LlHO_BpeMeHHbil!' p8.Llli8UliOHHbi.A OT: 

38 C'leT raMMa-nyqeA, IIMeiOIUHXCSI B peaKTOpe, ,T8K _'ITO Ill 

, MII'leCKHA _,OT>KIII'. y>Ke He Bbl3biB8e'f 3HB'IIITenbHbiX li3MeHei 

Tene. 

BbiBO.Llbl 

1. .J\fteTO.LlOM li3MepeHHSI B03MyiUeHHbiX yrnc)BbiX KOppenRUH~ 

188 Re 
H3Y'I8nOCb·IIOBe,LleHHe SI.Llep, OT.Ll8'lli peHHSI B oon; 

HBMII HeopraHH'leCKHX coe~IIHeHIISIX peHn~. 

2 •. noK838H01 'ITO BenH'IHH8 3KCIIepiiMeHT8nbHbiX K03cpcpiiUII• 

KOppenSIUIIit H KOacpcpHUIIeHTOB 38TYXBHIISI 38BliCliT.OT XII 

_oonyqaeMOI'O COe,LlHHeHIISI 1 liHTeHCHBHOCTH IIOTOK8 Heil:Tp 

rrocne.Llyromeil: o6pa6oTKH o6nyqeHHbiX KpHcTannos. 
' . 

3. CpasHeHIIe peaynbTBTOB IIaMepeHIISI soaMymeHHbiX yrnos 

• ( G 
2 

II G 
4 

} ~ senH'IHHbi y .Llep>KIIBBHHSI ( R } rroaB• 

MeX8HH3M IIOBe,LleHHSI SI.Llep OT.Ll8'lli 

TBnnii'leCKHX COe,LliiHeHIISIX peHIISI. 

Re B HeKOTOpbiX ! 

n H T e p a T y p a 

1. A.H.'MypnH, P.B.Eor.LlaHos, C.M. ToMHniiH. Ycrrexii XII! 
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, no~aepraeTcR' Han

/10/ 
HHR, t npHBO~RLUeMy 

leHHR H· TeM caMbiM - K 

cpaaHeHHIO c NaReO 4 

10 flOKa3aH0 1 KaKoe 6onb-

biX Tenax OKa3b!BaeT 

.MeHReT He TOnbKO arpe-

• mqeCKOMy B38HMO~eftCT"

·KynaMH paCTBOpHTenR • 

. [aaeT 'laCTH'lHOe ocna6ne-

MSnoro 3Ha'leHHR BpeMeHH 

tcR, aanpnMep, ~nR 

[3MeHeHHeM XHMH'leCKOrO 

laCTBOpeHHR. 

ne~oBaHHR TepMH'leCKOrO 

arpe.saHHH yMeHbLUaeTCR 

npn a.TOM pemeTKa npn

rKTYPY i .'ITO ~pHBO~HT K 

e aaMu ~nR G4 n R 

IOT H3MeHeHHR, · nponcxo-

tKypupyiOLUHe npouecchl 

. /6/ 
~~nonomeane , 'ITO 

rene; TaK n npn pacTBo

pu' OT:lKHre KpiicTannoa, 

OM Tene npH B3aHMO~eftcT-

:po~eneaun nonomnTenb-

)HCTannax. 

'l 

np~ .O!:lKHre ~p~cTan~OB NH4Re04 H K~ReCI d 3H8'leHH~ G~. nnaBHO 
• . I 

cTpeMHTCR K 1, · npn'leM ~nR K ReCI a.To yaennqeane . oqeHb He3Ha'lHTenbHo, 
. . . . 2 6 

, He rOBOpR ~ TOM, .'ITO C,:OCTORHHe ~ecpeKTOB B TBep~OM . Tene. yme 1_{8K"":T0 

CTa6HnH3HpOBaHo. Yf3M9H9HHe. :lKe .R , MO:lKeT onpe~enRTbCR peaKUHRMH 1 

npOHCXO~RlllHMH npH paCTBOf!9HHH OTO:lK:lK9HHbiX KpHCTannoB. 

,Upyr()e 06oRC?He~He TOMY 1 'ITO H3MeHeHHe .H 6onee CHnbH0 1 . '19M 

H3MeHeHne. G 4 , MO:lKHo ~aTb, Hcxo~H H3 .Toro, 'ITO npn o6nyqeHHH K
2

ReCJ
6 

, • 

Hei!TpOH8MH ·. npOHCJ(?~.I{T O~HOBpeMe~Hhlft . pa~H aUHOHHhl.ft · OT:lKHr • KpH.CTannoB · .. 

3a C'l9T raMMa-nyqeft, HM910UlHXCR B peaKTOpe, .TaK 'ITO nocne,riyiOUlHft Tep-

. MH'l9CKHft 9T~Hr, yme He Bbl3biBaer ~Ha'lHTenbHbiX H3M9H9HHft B . TB9J:>~OM . 

'\ 

BbiBO~bl 

1. .MeTO~OM H3MepeHHR B03MyLUeHHbiX yrnOBbiX KOppenRUHft npH pacna~e. 

IBBRe 

HaMH aeopraHH'l9CKHX coeaHH9HHRX peHHR. 
., 

2 •. noKasaHo, 'ITO aenH'lHHa 9.KcnepHM9HTanbHhiX K09.cpcpuuueHTOB yr~OBb;?C 

KOppenRUHft· H KOa.cpcpHUH9HTOB 3aTyxaHHR 3aBHCHT, OT XHMH'leCKoi!' cpopMbi . . 
o6nyqaeMoro C09~HH9HHR 1 HHT9HCHBHOCTH. flOTOKa Jlei!TpOHOB 1 ycnOBHft 

nocne~yiOmelt o6pa6oTKH o6ny'leHHhiX KpHcTannoa. 
~ ' ' .. ~ . 

3. CpaaHeHne pe3ynbT8TOB H3MepeHHR B03MymeHHhiX yrnoBhiX• KoppenRUHlt 

· ( G 2 n G 
4 

) H · aenH'lHHhi y ~epmnaaHHR ( R · ) no3BonReT o6cy)i{.o.aTb 

Re B HeKOTOphiX ·oi5ny'leHHi.r.ic. · Kpnc-: 

TannH'leCKHX C09~HH9HHRX peHHR. 

. ·' 
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