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A H H o T a u H g 

HacbrlUeHHeM "3anpeweHHhrx" 3+ 
nepeXO.llOB HOHOB (e B MOHOKpHCTanne 

( Ce, La) 2 Mg 3 ( N03 }lf:l • 24H ,O B none 0 
3700 apcTe.a H npH TeMnepaType 1, 6 K nonyqeHo 

170-KpBTHOe ysenHqeHHe nonHpH38UHH npOTOHOB no CpBBHeHHID C IIOnHpH38UHe~ IIpH 

TennOBOM pBBHOBeCHH, i-13MepeHa 38BHCHMOCTb BpeMeHH npOTOHHO~ CnHH-peweTO'!HO~ 

pemtKCBUHH OT TeMnepaTypb! ( B HHTepsane 1,5°- 1, 7° K ) H OT KOHUeHTpBUHH uepHH 

(s HHTepsane 0,2 - 1%), 



H8CTOH!l..IBH cTa TbSI H3JI8raeT pe3yJibT8Tbi sKc n e pH:M e HTOB no AHHBMH'!ecKoli n o nSipH 3 8UHH 

npOTOHOB B MOHOKpHC T8JIJi e Jl8HT8H-M8rHI1 eBoro ABOiiH OrO H11Tp8T8 La Mg 
3

( NO.) · 24 H 2 0 
2 J 11 

c np11M eCbJO uepHS! Ce 1 B03HHK8JO!l..l e li npH H 8Cbrll.leH HH s n e KTpOHHoro n8p8MarHHTH o r o pe30H8H

C8 (3nP) "38npemeHHbrx" n e pexoaoa H OHOB Ce 3+. M eTOA AHH8MH'!e cKoii nonSJpH38UHH SJA e p 

Ill 
(Dn.H) 1 npeano:»<eHHbrli 3p60M 1 M oT'!8He 1 l06epccpen bAOM 11 1 He3aBHCHMo, A6p8r8MOM 11 

/2/ . 
npoKTOpOM I 1103BOJIS!eT B T eo peTI1'!eCKOM 11pe aene yaeJIH:'!I1Tb 110JIS!pH:38UI110 S!Aep B y I" .- pa3 

3 'll 

110 C p8BH eHI110 C 11 0JIH pH 38U 11 ei\ npH: T e nJIOBOM pa B HOB eC H:H: (3AeC b: y 'l 1 y .II - rHpOMar-

HI1THOe OTHOLUeH11 e 118p8M8rHI1THOro 110!-18 11 S!Apa , COOTBeTc·taeHHO), 8 '!8CTHOCTH: 1 AJISI 11:0!-18 

3+ 
Ce 11 npoTOH8 y

3 
/yp = 605 . 

B nacTOSJ!l..lee apeMil B p83 JI I1'!Hbrx JI860p8TOpH11X MH:p8 11HTeHCI1BHO B e ):( eTCSI p860T8 11 0 

C03ABHHIO MI1WeHei\ c BbiCOKOii C Terre HbJO nonSipH38UHH rrpoTOH OB, B '!8CTHOCTH, B C8KJie ( ¢p8H

/3/ 
UHil) Sop:»< IiHH AHH8MW'IeCKHM M e T OAOM rr o n y '!HJI nonSipH38UHIO npo TOH OB 19%. OaHaKo co3aa-

HH:e MI1WeHI1 1 np11rO):(HOi\ ):11151 HAepHb!X H:CCJi eAOBBHI1ii 1 llBJIIle TCil eme Hepe WeHH O.Ii 38):18'!e t\ 1 

II03TOMy Ol1H:C8H11e K8:»<):10 t\ aeliCTBYJOUle t\ yCTBHOBKH: 11 KOHKpeTHb!X pe3 yJibT8TOB 1 ll OJiy'!eH Hb!X 

HB Heii, npeAC T 8BJIHe T HeCOMHe HH b!li 11HTepeC, 

Haw8 pa6oTa HBJISJeTCH npoa on:»<eHH:eM 11ccneaoaaHH:Ii no A11H8MI1'!eC KOii nonSipH 3 BUHH rrpo

/5/ 
TOHOB, B~llOJIHeHH~X p aHee HB 06Jiy '!e HHOM nOJII19TI1JleHe 11 n epeKI1CI1 TpeTI1'!HOrO 6yTH:Jl8 , B 

C pa3 JIH'!HO.Ii K OHUeHTpa-

U11ei\ BTOMOB uep11S! 1 1130MOp cp H O 38Mell.(810il.II1X A118M8rHI1THblt\ Jl8HT8H, KpHCT8JIJl ABOt\H OrO Hl1-

6 
/314,1 0/ 06 

Tp8T8 HCCJie):(OB8JICSI paHee B pa OT8X • p83Ubl B b!p8ll.IHB8Jli1Cb 113 H8Cbl ll.(eHH Or O p8CTB O""' 

pa La
2

Mg
3

(N0
3

) 
11 

c cooTBe TCTB YJO!l..l e i\ ao6aBKOii Ce 1 Mg:(N0 3 ) 11 n p11 TeMnepaTy-

pe 4°C . Dn11 Bbrpawr1B8HHSJ Kp11cTannoa 6brna B3SJTa COJib naHTaHa, O'!l1ll.leHHaSJ OT npHM e celi 

apyrHx p eaKo3 eMeJibH biX sneMeHTOB ao 99 199% . Bxo:»<a e HI1e uep11S! B p e weTKY Kpi1 C T a nna He 

o npeaeJIS! JlOC b , 11 K OH U e HTp8UI1SI uepHS! B Kp11CT8JIJi e Op11eHT11pOBO '!HO 11pH:HHM8eTCS! p aB H Oii KOH-

ueHTpBU1111 uepHSl B 11CXOAHOM paCTBOpe . 6b!Jll1 B b ip8ll.leH bl Kp11CT8JlJlbl C KOHUeHTp8UI1 eli u ep11 S! 

A =0,2 -1 % . 0 6b!'!IIbi/-t p 83Mep K p11CT8JIJI8 15x1 0X2 15 MM, B ee 700 Mr. Y1ccJi e AOB8JlHCb T8K:»< e 

KpHCT 8 JlJl bl BeCOM 70 - 100 Mr 1 OAH8KO p83Mepb! Kp11CT8JIJIOB cyweCTBeHHbiM o6pa30M H8 p e3yJib-

T8T8X H e OTpa:»< 8Jli1C b , 

/5/ 
3Kc n e p11 M8 HTb l 6b!JIH BblllOJIH e H bl H8 yCT8HOBKe 1 OllHC8HHOt\ B pa60Te Y1 ccneay e Mb!t\ 

o6 pa3e u pacnon a rancSJ B p e3oHaTope TaK, '!T06br ocb CHMMeTp!in KpHcTanna z' 6brna aceraa 

n e pn e HAHKynSipH a BHewHeMy MarHI1 TH OMY non10 H 0 ( p11c. 1). B STOM cnyqae g -cpaKTOp 

HOHa Ce 3 + p aaeH = 1 183 . B p e3oHaTope B036y:»<A8JIH:Cb Kone68HHSJ TH:n8 H 
102 

C '!8CTOTC.Ii 

v
3 

= 9440 Mru. 4 acToTa 

HOJ;\ '!8C TOTbl pe30H8TOpa , 

KJIH:CTpOHHOrO reHepa T Op8 CT86HJIH:3H:pOB8Jl8Cb OTHOCH:TeJibHO C06CTB e H-

Y aen11'!e H11e nonSip1138!llil1 npoToHoB a Kpa c Tan ne np11 Hacbrll..le!-11111 3nP onpe aenSJn OCb no 

ycHn e HH IO CHrHana naepHoro MarHHTHoro pe3oHaHca npoTOHOB ( .H MP). DeTeKTOpO M cnrH a na 

.HMP cny:»<HJI8 MOAHqJHUH p OB8HH851 8BTOAHHH8SI CX8M8 113MeHSIIO!l..l e licS1 '!8CT0Tbl C 8BTOM8TH '!eCKOt\ 

3 
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Pac. 1. Pacnono:>KeHae o6pa3ua c KOHTypoM B pe3oHaTope. 

fiOACTpOltKOl! ypOBHH r eHep8Ull:ll:, npa 8Mflni'ITyA e reHepaUll:ll: 0,025 BOnbT8 ll: yrne a 

Me :>KAY BHeWHll:M MarHll:THbiM non eM H 
0 

a H.o.epHbiM BbiCOKO'I8CTOTHbiM non eM H 
1 

l1 B npe.o.enax 

25°- 60° H8Cb!W8 Hll:8 HA8pHOrO p830H8HC8 He Ha6mo.o.anOCb, ll: CX8M8 C XOpowelt TO'IHOCTbiO 

6 bina naH e ltHolt. CHrHan 5l MP npa MOAynHUHH BHewHero MarHll:THoro nonH c qacToTolt 280 ru 

H8 rny6HHY 0,8 9 38fiHCbiB8nCH fiOCne Cll:HXpOHHOrO A8T8 KTll:pOB8HHH H8 C8MOfiHC8U, 

0 0 
B o6nacTH TeMnepaTyp 1,5 - 1, 7 K H8Mll: Ha6nJO.o.anocb 3H8'1IiTenbHOe yaenH'I8HHe npo-

TOHHOlt nonHpH38Ull:ll: a 6hlnH a3y'!eHhl : I ) 38BHCHMOCTb K09¢¢auHeHTa ycaneHHH npoTOHHOl! nonH-

pll:38UHll: OT BenH'!ll:Hhl BH8WHero M8rHll:THOrO ITOnH H npa ¢HKcapoaaHHol! qacToTe 3n P .o.nH 

pa3nH'IHb!X KOHU8HTp8UHlt A , 2) 38Bll:CHMOCTb Kos¢¢HUH9HT8 ycHneHHH OT MOWHOCTH p C 

H8CbiWaJOwel! 3n P, npa ¢HKCH p OB8HHOM 3Ha"!eHaa H .o.r.s-1 pa3nH'!HbiX ,\ , 3) TeMnepaTyp-

HaH H KOHUeHTp auHOHH8H 38BHCHMOC T H a p eMeHH rrpoTOHHol cnHH-peweTO'IHOlt pen aKcauH H T 
I ll 

YaenH'IeHHe nonHpH38UHH npoTOHOB xa p aKTepH3yeTCH Kos¢¢HuHeHTOM AHH~MH'IecKoro ycH-

3 + 
neHHH T) , p8BHOrO OTHOW8HHIO CHrHana 5lMP npH H8nH'IHH H8Cb!W8HHH 3nP HOHOB Ce K 

C!irHany 5lMP B OTCyCTBHe MHKpOBOnHOBOI MOWHOCTH, H8Cb!W810Wel 3nP. 3KcnepHM9HT8nbH851 

38BHCHMOCTb K09¢¢HUH8HT8 ycHnBHHH T) OT nonH H npH ¢HKCHpOB8HHOl! '!8CTOT8 KmiCTpOH8 

npeACT8BnHeT co6ol THf!H'IHYIO K8pTHHY, Ha6nJOA88MYJO npH AHH8MH'I8CKOl! fiOnHpH38UHll:: yCHne-

HHB HMB8T M8KC!iM8nbH08 OTpHU8T8nbHOe 3H8'1BHH8 

nepeXOAy C '!8CTOTOl! V + Vll ) , p8BHO HynJO npH 
3 

v 3 ) 

4 

rrp11 H = H - AH ( cooTBeTCTByeT 
- 0 2 

( pa3peweHHbiA nepexo.o. c '!8CTOTOJ1 

T)_ 

H = fl 0 



H HM99T MaKCHManbH09 nonO)KHT9nbH09 3HaqeHH9 T/ + 

cTsyeT rrepexo~y c qacTOTO~ v - v 
3 .II 

). 

B 3aBHCHMOCTH OT KOHUeHTpauaa uepHil A rrpase~eHbi B Ta6naue 1. HarroMHHM, qTo y~soeH-
3+ 

Hall s enaqaH a csepxTOHKoro pacwerrneHHil 3nP HOHOB Ce 38 cqeT B3aHMO~eltcTBHil c 

npoTOH8MH B none H 0 = 3690 3 p asHa 2 g 
51 

f3 
51 

H
0 

I g cP "' 12 3 . 

A % 0,2 

1,57 

~H a 3 12,7:!:.,1 ,0 

.,_ 
100 :!:.,10 

Ta6naua 
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(5} 
Pac . 2 . YcaneHH e carHana Sl.MP rrpH 1,6°K H A =0,5% C e 

3 ~ 

1,65 

22:!:.,2 

70:!:.,5 

78:!:.,6 

a) - CHT'Han 5J.MP rrpH TennOBOM paBHOB8CHii, OTHOCHTenbH bllt K09CpqHIUH 9HT ycaneHHil 

H3MepHTenbHoro TpaKTa K=100. 

6) - carHan Sl.MP nocne HaCbiWe HHil rrepexo.ua 

n ::>nllpH3al!HM pamro p I p 0 "' 170 • 

5 

v -l. ' 
3 .II 

, K = 1 . .Ll»HaMfl'tecKoe yc»neHae 



KpHCTann c 
0 

A = 0,5% npH T = 1,6 K B none 3 700 a nan H8H6onbwee ycHneHHe , paB-

Hoe 7) = p I p = 170 
0 

(pH C. 2) , 'ITO COOTBeTCTByeT non51pH38UHH npOTOHOB p = 4% nn51 KpHCTan-

na BeCOM OKOnO 700 ML rlonyqeHHbiH K08cpcpnuneHT ycnneHH51 B 3,5 p838 M<?HbWe TeopeTH'IeCKH 

B03MO.>KHoro 3Ha'!eHH51 I 7) r eap = y I y = 605 , 'ITO o6bSICH51eTC51 HenonHbiM pa3pewemreM 
Ce P 

"3anpeweHHbiX" nepexonos. ill11p1111a ll11HI111 3r1P npY!MepHo paBHa paccT051HHJO Me.>Kny nByM51 

"3anpeweHHbiMI1" nepexonaMY! (T . e . 2 g JI f3a H
0
lg (3) . 8 8THX ycnOBI15IX , cornacHo

141
, cnenyeT 

n Ce 
0 

O.>KirnaTb 7) = 0,22 7) Teop"' 130. rlp11 noHn.>K cHY!n Te MnepaTypbi no 1,5 K Ha6nJOnaeTc51 He-

6onbwoe yMeHbWeHY!e T/ (np116ni1311T8nbHO H8 15-20%). AHanorY!'IHOe CHY!)KeHY!e 6bJnO OTMe-
/3/ MaKe 

'! e Ho Eop.>KliHY! • CpaBHeHY!e H8WY!x pe:3ynbT8TOB c paHee ony6n!1KOB8HHbiMu naHHblMY! cneJiaHo 

B Ta6m!lle 2. Ha pHc. 3 npencTaBneHbl 38BI1CHMOCTI1 7) oT Pc nn51 A =0,5 H 0 ,8% np11 cp11K-

CHpoBaHHOM 3Ha'!eHHI1 H·= H + ( no6poTHOCTb pe3oHaTo pa Q = 5000). CpaBHeHY!e 3Kcnep!1MeH-

TanbHOl! 38~>~CHMOCTI1 7) OT P nn51 A =0,5% c npocTol! cpeHoMeHonorY!'IeCKOil: Teop11el! Jlr151 

!4.l 
C yqeTOM CIIY!HOBOi! nHcj:lcpy31111 , rrpenCK83 biB810Weii 38BI!CI1MOCTb 

7) = T/ ___!_o_ 
MaKe 2 + 50 

( 1 + s 12 ) z/ 4 

--~------
k + (1 + s 0 /2JII4 

rne s 
0 

2 
( y H ) T T - P - rrapaMeTp H8C bTlllE: HH51, k - napaMeTp, xapaKTepH3yiowni! 

13 13 2 3 c 
51nepHyiO penaKC8UHOIEI YJO "yTe'!Ky" , Bbl3 b!B8eMyJO IIQCTOpOHHHMH rrapaMarHY!THbiMH IIp11MeC51M11 , 

He yqaCTFlyJOllli1MI1 B Jlr151 , naeT xopowee cornac11e np11 k =0,33+0,03 , 7) = 184 " 
- MaKe 

s = 20P IMBT! heMrrepaTypa 1,6°K) . 
0 c 

Ta6n1-1ua 2 

Bee 

o6pa3ua , 

Mr 

20 

700 

200 

KoHueHTp a-

U1151 uep1151 

A 

0 ,5 

0 ,5 

1 

5 

TeMrre p a-

Tyga 
T K 

1,5 

1 ,6 

1, 7 

I ,6 

Harrp51.>KeH- Ko3cpcpH -

HOCTb BHew- UHeHT nH-
Hero M8rHHT- HBMY!'IeCKO-

Horo non 51, ro yc11ne-

H ' Ka 
Hl-151, 

7) 

13,5 200 

3,7 170 

3,6 ! 50 

3,6 60 

rlon51pH38UH51 

npOTOHOB, 

p % 

19 

4 

3 ,2 

1,4 

Ccbin KH Ha 

nY!TepaTy

py 

/3/ 

HacTOSilll85! 

pa6oTa 

141 

1101 

M bl T8Kx-.:<? H3Y'I8nl1 nepexonHble 51BneHH51, HM810LU11e MeCTO npH BH838IIHOM BKl!JO'IeHHY! 11 

BbiKl!JO'IeHY!li MOlllHOCTH, H8Cbllll8JOlllei!: 3[l P. npn BKl!IO'IeH!111 MHKpOBOl!HOBOH MOlllHOCTii pOCT 

rrpOTOHHOi! ITOliHpK38JlHI1 11neT no 8KCnOHeHTe C nOCTOS!HHOi! BpeMeHH Y!IIH BpeMeHeM llOIIS!pH38U11H 

T , KOTopoe 38BHCHT OT TeMrrepaTypbl T , KOH'leHTp8UI!I1 A H MOlllHOCTH p . np11 Bb!Kl!J0-
0 Jl c 

'!eHY!H CB Y MOLUHOCTH pa3pymeH11e nonSip11381111H c xopoweii TO'IHOCTbJO npo11cxon11 T no 8KCllOHeH-

Te CO BpeMeHeM CnRH - peweTO'I HOi! npOTOHHOfi penaKC8U1111 

/4/ 
TOM CIIY!HOBOH nucpcpy3HI1 n p enCK83bll:l8eT , 'ITO 

6 

r 
OJ! 

T . rlpocTaSI TeopY!SI Dn51 c yqe-
1 JI 

11 T CB5!38Hbl COO THOWeHY!eM 
1 JI 



eoo~--------r---------.---------.---------.---------, 

To: .1,6 °A" 

~ ~ = 9, 't'tliMrv_ 

j 50 

~ 

0~~~---.--------~--------.--------,--------~ 
4002 2,0 20 200 

PHC, 3. 38BHCHMOCTb aHH8MH'I8CKOI'O ycHneHHSI OT MOUlHOCTH p C , H8Cbilll810Ulelt 3nP, rrpH 

1,6°K H Q "' 5000. 

I 
~ 

T
0

ll T
1

ll =(k +l) l [k + (l+s
0
12)] r..::te k - yKa 38HHhilt Bhiwe napaMeTp. Vfcn o nb3 YSI 3Ha-

'1 8 HH 8 k "'0,33!_0,03 H3 3 8BHCHMOCTH OT P , HaltaeM, 'ITO anSI ,\ = 0,5% r I T = 
C fl! 1H 

0,32!_0,02 rrpH s "' 0 
440 ( T8K08 3H8'1 8 HH8 rrapaMeTpa H8Cbilll8HHSI COOTB8TCTByeT p =20 MBT) . 

c 
3 KcnepHM e HT aaeT 3HaqeHHe T

0 
ll I T

1 
ll = 0,35 !_0 ,03. 

T lll B KpHCTannax C pa3mi:'IHOit KOHU8HTp8UHelt uepHSI ,\ B o6naCTH TeMne-

paTyp 1,5-1,7°K rrOK838nli, 'ITO: a) rrpH rrOCTOSIHHOit T8MrrepaType KOHU8HTp8UiiOHH851 38BiiCiiMOC T b 

T ·l - ' 1 • 1 _+o,, ' OT 0,2% ao 1% Ce 3 + " " l ll 1\ B ali8fl830H8 1\ CornacyeTCSI C T 80pli8n CfiH HOBOn 

/4 6/ 
aHcpcpy31if! ' , npeaCK83biB810Ulelt 

T8MrrepaTypH8SI 38BiiCiiMOCTb 8CTb 

( 1,70!_0,15) • 103 T- l 4 !..0 •51 
ceK. 

; 6) anSI BC8X li3Y'I8HHhlX KOHU8HTp8 Uii8lt uepH51 

T 4 ± t B '18CTHOCT1i, anSI 

/4 6/ 
.[lnSI Cp8BH8HiiSI 9 THX 9KCrrepliM8HT8nbHbiX aaHHbiX C TeOplieJt ' , He06XOaHMO 3H8Tb 

TeMnepaTypHyJO 38BiiCiiMOCTb apeMeHH sneKTpOHHOlt crrliH-pe weTO'IHOA penaKC8Uiili T 13 • EcnH 

17-9/ 
liCrronb30B8Tb 3Ha'IeHii51 T 

13 
, onpeaeneHHbie a pa6oTax , TeMnepaTypHa51 38BiiCHMOCTb T 

13 

B o6naCTii 1,7°-1,5°K MO.>KeT 6b!Tb npeacTaaneHa B Blia e T" 1 -T 3 • B 9 TOM cnyqae cneay e T 
13 

O>Kiia8Tb anSI apeMeHH npOTOHHOA p e naKC8UiiH 38BH C liMOCTb T ·l - r-~ - T ~ • 'ITO He 
Ul 13 

7 



1:3/ -1 2 0 
c o rnacy e TcH c 1! 8W HMH naHH bi MH. 0TM e TH M , 'lTO Eop >KII HII n ony 'ln n T - T oT 1, 5 

1}1 
0 /4/ -1 7 0 -no 2,1 K, a Dm etjJCppHC 11 n~u'1cj:lcoll T - T [) o6n aC TH Te Mne pnTy p 1,6-2,4 K. llpH'lHHa 

Ill 

T8 KOr O p8C XO >KJJ. GHI1 51 OC Tae TC51 !H? 5ICH OH, 

AB TOp bl Bbrpamaio T 6IraronapH OC Tb JJ. OKTopy cj:J H3 11Ko -MaTeM aTH'l eC KH X HayK ¢.fl. W a n11po 

3a BHIIM8 HH e H HHTe pec K pa6oTe , KaHJJ.HJJ.aTy cj:J H3 HKo- M aTe MaTH'le CKHX HayK A. A . M a He HKOBy, 

oKa3 anweMy cywec TBe HHy lO n oM OU\ b B y cnewHoM Hpoaene HJIH 3Kcnepn Me HTOB , B.st. XaHMOBy
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