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nng KOJIHqeCTBeHHOro 8H8JIH38 nH~pSKUHH HeftTpOHOB HJIH peHTreHOB

CKHX nyqeft HS KpMCTannHqecKoft pemeTKe Heo6xonMMO 3H8Tb ~aKTOp neoag

Bannepa 

sin e 
f = exp [-2M (T) (-A- ) 2 

], (I) 

rne (1 - opsrrOBCKMft yron, A - nnHHa BOJIHhi HanyqeHHR, M(T)- Be-

JIHqHHa, 38BMCRW8R OT TeMrrepaTyphl H BHyTpeHHHX CBOftCTB KpMCTanna. nng 

aHanHaa HeKOTOphiX 9KcrrepMMeHTSJibHbiX peaynbTaToB omMoKa B M(T) He 

Ill 
nomKHa rrpeBhimaTb 2..S% • 3KcrrepMMeHTanhHhie MeTonhi orrpeneneHHR 

~aKTOpa neoaR-Bannepa He naiOT TSKOft ToqHQCTM. MeTOllOM, ynoBneTBopg

IOIUHM rrocTaBneaaoMy ycnoBHIO, RBnReTCR pacq~T M ( T ) rro naHHhiM o Terr-

/2/ 
noeMKOCTM sneMeHTa. B paooTe EappoHa M np. rronyqeHhi cjlopMynhi nng 

M(T) IlpH HH3KHX H BhiCOKHX TeMrrepaTypax. nng pacq~Ta TpeoyiOTCR He-

KOTOphle MOMeHThl qacTOTHOrO pacrrpeaeneHMR 

-n- 1 
Ct.l =-

1 

00 

J g ( Ct.l) Ct.ln d Ct.l ( 2) 

3 
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00 

g ( cu ) - ¢oHOliHbiA cneKTp KpHCTanna, I= f g ( cu ) d cu ) 1 KOTOpb!S MO-
o 

ryT 6biTb nony'leHbi H3 Jl8lilibiX o TennoeMKOCTH. Bonee YHHBepcanbHbiM H 
/3/ 

HaJle»<HbiM siBmleTcSI MeToJl KasapHoBcKoro , noasonRIOmHA: pacc'IHT8Tb 

M ( T ) JlnSI n106oA: TeMnepaTypbi, ecnu TennoeMKOCTb pemeTKH HaBeCTHa B 

JlOCT8TO'lHO lliHpOKOM HHTepsane TeMnepaTyp. 

1. B rapMoHH'leCKOM npu6nH»<eHHH TeopHH Kone6aHHA: 

M(T} = M(T) =811
2 

u
2

, (3) 

rJle U - OTKnoHeHHe 8TOM8 OT nono»<eHHSI p8BHOBeCHSI0 nnSI 0JlH08TOM-

HbiX Ky6H'leCKHX pemeTOK BpaBe U 2 MO»<HO 38nHC8Tb B BHJle HHTerpana 

no cneKTpy qacToT KpHcTanna. TorJla 

g(cu) ltcu 
-"(-)dcu] 
lieu kT 

.. 41T2ii2 oo g(cu} oo 

M( T) = [ f d cu + 2 f (4) 
ml 0 hcu 0 

rJle a ( x ) = ( e" -1 ) m - Macca aToMa KpHcTanna. 

TennoeMKOCTb pemeTKH npH nocTOSIHHOM o6oeMe TaK»<e CBSISaHa c 

TennOBbiMH KOne6aliHSIMH: 

00 t 
f g(cu}ltcua(~)dcu 

o kT 

"' 3 d 
Cv(T)= -~- dT ( 5) 

/3/ 
KaK noKasan KasapHoBCKHA: , Me»<JlY M( T ) H C v ( T) cymecTByeT OJlH03-

Ha'lH8SI CBSI3bo neA:CTBHTenbHOt ecnH rlepsoe H BTopoe CnaraeMbie B ( 4) 060-

3H8'lHTb qepes G
0 

H G
1
(T) cooTBeTcTBeHHO, TO nerKo nposepHTb 1 'ITO 

G 
0 

21 00 T/n 
- l: f 
3k 2 n=l 0 

G I (T) = 

~ 

I oo = 
22 f c (t)~ 

IT k 0 V , t2 

dt 1 n 
-(---) 

t 2 t T 

4 

00 

l: 
m= 1 

t/m 
llm f 

0 

( 6) 

.. 
c (t')dt' 

v ' 
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rJle /l m - H3BeCTHbie Kos¢¢HuHeHTbl pasno»<eliHSI I 

o6paTHoA Jl3eTa-¢yHKUHH PHMaHa. /l =1, /l I =(-
1 mjC I 

H3BeJleHHe e pasnH'lHblX npOCTb!X 'lHCen, ll m =0 

cnyqagx. 

TaKHM o6pasoM, pacnonarag Jl8HHbiMH o C v< T : 

poKoM HHTepsane TeMnepaTyp, MO»<Ho paCC'liiTaTb M( 

Mbi HcrronbaosanH ¢opMynbi KasapHOBCKoro JlnSI 

ne6aSI-Bannepa JlnSI BOnb¢paMa B CBSI3H C He06XOJlHMOCT 
Ill 

nnHTYJlbl Heti:TpOH-SneKTpOHHOrO B38HMO)leti:CTBHSI • 

TennoeMKOCTb sonb¢paMa npH nocTOSIHHOM JlaBn 
0 0 

nepaTyp OT 10 JlO 273 K H3MepeHa KnysHycoM H 4>p 

MH BBOJlHTCSI nonpaBKa Ha C p- C y H Y'lHTb!BaeTCSI BK 
0 0 

eMKocTH. HH»<e 10 K H Bbillle 273 K Mbi sKcTpanonHp 

MynaM: 

.. 
Cv=aT 3 T < 10° K, 

,. 2 
C v= const -b/T , T > 273° K. 

BenH'IHHa M ( T ) , paCC'lHTaHHasr no ¢opMynaM 

CnC-1804A, OK83anacb paBHoA 

"' 0 
M =0,1620 A 2 npH T = 293° K 

8TO COOTBeTCTByeT 3H8'leHHIO JlH¢paKUHOHHOA Jle6aeBC 
0 

(J M =343 K. 

2. KpoMe pac'll;\Ta no ¢opMynaM KasapHOBCKoro 

neHO H3 ¢oHOHHOro cneKTp8 BOnb¢paMa 1 a TaK»<e H3M 

HOo 

5 

'' 



00 

cpoHOHHbl~ CII9KTp KpHCTanna, 1= f g ( W ) d W ) t KOTOpb!e MO-
O 

ny'leHbi H3 .oaHHbiX o TerrnoeMKOCTH. Eonee yHHBepcanbHbiM H 
/3/ 

anseTcH MeTo.ll KaaapHoacKoro , rroaaons~wHA pacc'IHT8Tb 

~60~ TeMrrepaTypb11 ecnH TerrnoeMKOCTb peweTKH H3BeCTHa B 

WHpOKOM HHTepsane T9MIIepaTyp. 

apMOHH'IeCKOM 1IpH5IIH*eHHH TeOpHH KOne5aHH~ 

M( T) = M( T) = 8 "
2 

u 
2 

, (3) 

OTKIIOHeHHe 8TOM8 OT IIOIIO*eHHH paBHOBeCHHo nns 0.1lH08TOM-

CKHX peweTOK Epaae U 2 MO*HO 381IHC8Tb B BH,lle HHTerpana 

'laCTOT KpHcTanna. Tor.oa 

.l-2 oo g(w) Joo 
477

2
h dw+2 ---[f hw 

g(w) ilw 
-a(-)dw] 
'fiw kT 

(4) 
ml 0 0 

(ex -1) m - MaCCa aTOMS KpHCT81III8o 

eMKOCTb peweTKH 1IpH IIOCTOHHHOM o6~eMe T8K*e CBH38H8 C 

Kone6aHHHMH: 

"' 3 d 
Cy(T)== -~- dT 

00 t 
f g(w)ltwa<~)dw 

0 
kT 

( 5) 

/3/ n KaaapHoBCKHA , Me*.llY M(T) H Cv(T) cymecTayeT o.oHoa-

ab. neAcTBHTenbHo, ecnH rrepaoe H BTopoe cnaraeMbie a ( 4) o6o

pea G
0 

H G
1 
(T) cooTaeTCTBeHHO, TO nerKo rrpoaepHTb, 'ITO 

G 
0 

T)= 
21 00 T/n 
- I. f 
3k2 n=l 0 

,.~ 

I oo "' 

22 f c (t)~ 
71' k 0 v ' t2 

dt 1 n 
-(---) 

t 2 t T 

4 

00 

I. 
m == l 

t/m 
ILm f 

0 

( 6) 

.. 
c (t')dt' 

v ' 
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r.oe IL m - H3BeCTHbie KoacpcpHuHeHTbl paano*eHHH B PH.ll nHpHxne tPYHKUHH, 

o6paTHo~ .oaeTa-¢yHKUHH PHMaHa. p. == 1, p. J ==( -l)e , ecnH m -rrpo-
1 mp I 

H3B9,1leHHe e p83liH'IHbiX IIpOCTb!X 'IHCeii, p. m ==0 BO BCeX OCT8libHb!X 

cny'lasx. 

TaKHM o6paaoM, pacrronaras .oaHHbiMH o C v< T ) B .oocTaTO'IHO wH-

poKoM HHTepsane TeMrrepaTyp, MO*HO pacc'IH'raTb M( T) • 

Mbi HcnonbaoaanH cpopMyiibi KaaapHOBCKoro .ons orrpe.oeneHHH cpaKTopa 

ne6as-Bannepa ,llliH BOIIbcppaMa B CBH3H C He06XO,llHMOCTb~ OUeHKH BeiiH'IHHbl aM
/1/ 

IIIIHTY.llbl HeATpOH-91IeKTpOHHOI'O B38HMO,lle~CTBHH • 

TerrnoeMKOCTb BOlibcppaMa IIpH IIOCTOHHHOM .1l8BII9HHH B HHTepBane TeM-
0 o ~I 

rrepaTyp OT 10 .oo 273 K HaMepeHa KnyaHycoM H cl>paHueaHHH • AaTopa-

MH BBO.llHTCH IIOIIpaBKa Ha C p- C y H Y'IHTb!BaeTCH BKII8.1l 91IeKTpOHHO~ Terrno-

0 0 
eMKOCTH. HH*e 10 K H BbiWe 273 K Mbi 9KCTparronHposanH Cv no cpop-

MynaM: 

"' 
Cv=aT 3 T < 10° K, 

( 7) 
"' 2 C v== const -b/T , T > 273° K. 

BenH'IHHa M ( T ) , paCC'IHTaHHaH rro cpopMynaM ( 4) H ( 6) Ha 3BM 

cnc-1604A I OKaaanacb paBHOA 

"' 0 
M =0,1620 A 2 rrpH T = 293° K. ( 8) 

3TO COOTBeTCTByeT 3H8'1eHH~ ,llHcppaKUHOHHOft .oe6aeBCKOft T9MIIepaTyphl 

0 
(J M ==343 K. .. 

2. KpoMe pac'I~Ta rro cpopMynaM KaaapHoBcKoro, M ( T ) 6b!liO orrpe.oe-

neHo H3 cpOHOBHOI'O CIIeKTpa BOIIbcppaMa 1 a TaK*e H3MepeHO 9KCIIepHMeHTllllb-

HOo 
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/5/ 
McnonhayH peaynbTaTbi pa6oTbi 1 B KOTopoA TeopeTHqecKH paccqH-

o TaH tPOHOHHbiA cneKTp sonhiflpaMa 1 Mbi nonyqHnH anH T .. 298 K 

"' 0 
M =0,167 A2 (OM= 337°K ). 

( 9) 

BenHqnua ( 9) HBmreTCH ropaano MeHee To quo A, qeM ( 8). TaK1 TonhKO 

nHWb H3-38 HeonpeneneHHOCTH B HH3Koq·aCTOTHOA qaCTH cneKTpa nonpaBKa 

Mo~eT COCTaBnHTb .. 4%. 

3KcnepHMeHT no onpeneneHHIO M ( T ) 6bm nposeneu ua peaK Tope tPH-

nHana ~H3HKO-XHMHqecKoro HHCTHTyTa HM, KapnoBa Ha MOHOKpHCTannHqe -

CKOM cneKTpoMeTpe ueATpouos (>. = 1,27 R ) • MeTOllHKa axcnepHMeHTa aaxniO

'Ianacb B 8H8nH3e yrnoBOA 38BHCHMOCTH HHTerpanbHOA HHTeHCHBHOCTH llHtPpaK

UHOHHbiX fiHKOB1 B03HHK8IOWHX npH pacceSIHHH HeATpOHOB Ha cnpeCCOB8HHOM no

pOWKe ecTeCTBeHHOrO BOnhiflpaMa (Bee "' 5 r), MaMepHnHCb fiRTh OTpa~eHHA OT 

{ I 10) Jlo { 4 I 1). 06pa6oTKa peaynhTaToB senacb no o6bi'IHoA MeTOJlHKe (eM,, 

/~ ( OK) aanpHMep ). PeaynbT8Tbi nByx ueaasHCHMbiX H3MepeHHA T = 293 ecTb: 
~ 

0 

M = ( 0,20 ::': 0,04 ) A 2 

0 
M = ( 0,13 _: 0,03 ) A 2 

( 10) 

3xcnepHMeHTanhHbie ToqxH H npHMbie • npoBeneHHbie no Me Tony HaHMeHbWHX 

KBanpaToB, npencTasneHbi aa pHcyuxe, 

f1pHseneHHbie senuqnHbi ( 8) 1 ( 9) H ( 10) xopowo cornacyiOTCH npyr c 

npyroM, BonhWHe owH6KH axcnepHMeHTanhHbiX peaynhTaToB, K co~aneHHIO, 

He naiOT B03MO~HOCTH npoBepHTh pacq~Tbi, Bonee ToqHbie peaynhTaTbi 

MO~HO nonyqHTh, HCCnenyH TeMnepaTypHyiO 38BHCHMOCTb HHTerpanbHblX HH-

TeHCHBHOCTeA, 0llH8KO H B 9TOM MeTone TOqJIOCTb nyqwe 8 .. 10% HellOCTH~HM8 1 
T,K, HeH3BeCTH8 HCTHHH8H TeMnepaTypH8H 38BHCHMOCTb M(T) /7/ 
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8. KaK OTMe'lanocb BbiWe, iflopMyll:hi ( 8), ( 4), ( 5) 

H nony'leHHbiA peaynhTaT ( 8) cnpaBennHBbi1 ecnH MO~H' 

MOHH3MOM Kone6aHHA aTOMOB peweTKH, He 3HaH noTeHUJ 

BHSI 8TOMOB 0 y'leCTb aHrapMOHH3M HeB03MO~HO, f109TOM; 

HeKoTOpbie oueHKH, Ha peaynhTaTe ( 8) aurapMOHH3M CK< 

Bo-nepBbiX1 noToMy, qTo npu onpeneneHHH Cv(T) H3 ax em 

'leHHA C (T) aurapMoHH3M Y'IHTbiBancH uenonHoCThiO; B 
p 

'ITO M (T) B ( 1) conep~HT nononHHTenbHbie cnaraeMbie, 

PaccMoTpHM aToT sonpoc nonpo6uee. 

a) Cv( T) 

/8/ 
Cornacuo 

npHq~M C 

MaMeHeHHe 

aur 

conep~HT aurapMOHHqecxyiO no6aBKY .. 
Cv(T)= Cv(T) + Caur.(T). 

C (T)"' T 3 

aur 
npH T ~ 0 

c (T) .. T 
aur 

npH T>e .. 
< Cp-Cv 

a B (7) Ha 10% H BKnana Cp -Cv 

BellOMO nepeKpb!BaeT B03MO~HbiA BKnan 8HrapMOHH3Ma) 

Ha 0,2% H 0,7% COOTBeTCTBeHHO, CnenosaTenhHO, 3H8'1e 

6b!Tb 38BbiWeHO , ( T,K, C > 0 ) Ha BenHqHHY "' 1%: 
aur 

M aur. "'0,01 • 
M 

/9/ 
6) KaK noK8'38HO B • npH T < 2 e 

M aur. C -C 
p v 

---+q---2 
C aur. 

M Cv Cv 

rne q - MHO~HTenh nopHnxa enHHHilbi, 3Ta oueuxa : 
17,10/ 

C 9KCnepHME!HT8nbHbiMH ll8HHbiMH , 

7 



/5/ 
syH pe3YJ1bT8Tbl pa60Tbl t B KOTOpOit TeopeTH'l:eCKH paCC'l:H-

it cneKTP BOnblj>paMa, Mbi nony'l:HJIH llJIH T •298°K 

"' 0 
M =0,167 A2 (eM= 337°K). ( 9) 

) SIBJI!ileTCSI rop831l0 Meaee TO'l:HOit1 'I: eM ( 8) • TaK 1 TOJlbKO 

aeonpeaeneHHOCTH B HH3KO'l:8CTOTHOit '18CTH cneKTpa nonpaBKa 

BJl!i!Tb "'4%. 

HMeHT no onpeaeneHHIO M(T) 6bm npoBeaea aa peaKTope lj>u-

0-XHMH'l:eCKOI'O HHCTHTyTa HMo KapnoBa H8 MOHOKpHCT8J1JlH'l:e -

MeTpe aeltTpOHOB (>. = 1,27 J.. ) • MeTOilHKa sxcnepHMeaTa saxniO

use yrnoBOit 3aBHCHMOCTH HHTerpanbHOit HHTeHCHBHOCTH llHij>paK

B1 B03HHK8IOmHX npH pacceSIHHH HeitTpOHOB Ha cnpeCCOBaHHOM no

BeHHOI'O BOJlblj>paMa (Bee "' 5 I') • 113MepsmHCb nSITb OTpa>KeHHit OT 

) , 06pa60TKa pesynbTaTOB Benacb no 06bi'l:HOit MeTOilHKe ( CM,1 

• PesynhTaTbiilBYX aesaBHCHMbiX H3Mepeault (T = 293°K) ecTh: 

0 

M = ( 0,20 :!: 0,04 ) A 
2 

( 10) 
0 

M = ( 0,13 ,!- 0,03 ) A 2 

anbHbie TO'l:KH H npSIMbie 1 npoBelleHHbie no MeTOilY HaHMeHblliHX 

peacTaeneHbi aa pucyaxe. 

eHHbie eemr'l:liHbi (8), (9) H ( 10) xopo11Io cornacyiOTdr apyr c 

blliHe OIIIH6KH SKCnepHMeHTaJlhHb!X pesynhTaTOB1 K CO>KaneHHI01 

MO>KHOCTH npoeepHTh pac'l:eTbi. Bonee TO'l:Hbie pesynhT8Tbi 

HTb, HCCJlellySI TeMnepaTypHyiO 38BHCHMOCTh HHTerpanhHbiX HH-

• 0aHaKo H B STOM MeTOile TO'l:IIOCTh ny'l:IIIe 8-t10% HellOCTH>KHMa, 
171 

THa HCTHHHaH TeMnepaTypaaH saBHCHMOCTh M( T) 
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8. Kax OTMe'l:anocb Bbiwe, lj>opMyll~I ( 8), ( 4), ( 5), a cneaosaTenhHo, 

H nony'leHHbiA pesynhTaT ( 8) cnpaeeanHBbi1 ecnu MO>KHO npeae6pe'l:h aarap

MOHH3MOM Kone6aHHit aTOMOB pellieTKH. He 3HaSI noTeHUHana B3aHMOileitcT

BHSI aTOMOB1 y'l:eCTh aarapMOHH3M HeB03MO>KHOo nosToMy Mbl cnenaeM JlHIIIh 

HeKOTOpbie oueaxu. Ha pesynhTaTe ( 8) aarapMoHH3M cxasbiBaeTCSI JlBOHKo, 

Bo-nepBbiX1 noTOMy1 'ITO npH onpe)leneHHH CV(T) H3 SKCnepHMeHT~JlbHb!X 3Ha

'leHHI C (T) 8HI'8pMOHH3M Y''IHTbiBanCSI HenonHOCThi0 0 BO-BTOpb!X1 noToMy 
p 

'ITO M (T) B ( 1) COJlep>KHT JlOnOnHHTeJlbHbie cnaraeMbie1 noMHMO S'i (T) 

PaccMoTpHM aToT sonpoc noJlpo6aee. 

a) Cv(T) COJlep>KHT aHrapMOHH'IeCKyiO Jl06aBKY 

/8/ 
Cornacao 

C(T)=C (T) v v 
C (T)=s T 3 

aar 
C (T) ... T 

aar 

rrpH'IeM C < Cp -Cv 
aHI' • 

+ C aar. ( T) • 

rrpu 

rrpu 

T .. 0 

T>e 
"' 

H 

11sMeaeaue a B (7) aa 10% H BKnaJla Cp -Cv aa 100% ('ITo sa-

BellOMO nepeKpbiBaeT B03MO>KHbiA exnaJl aarapMOHH3Ma) MeHSieT M B (8) 

aa 0,2% H 0, 7% cooTBeTCTBeHao. CneJloBaTenhHO, saaqeHHe M Morno 

6biTh 38BbiiiieHO, ( ToKo C > 0 ) Ha senH'IHHY "' 1%: 
aar 

Maar .... 0,01 . 
M 

( 10) 

/9/ 
6) KaK noKa3aHo B • rrpH T < 2 e 

Maar. C -C 
p v 
---+q ---

C aar. 
_,.. 2 ( 12) 

M cv cv 

I'Jle q - MHO>KHTenh rropS!JlKa eJlHHHilbi. 3Ta oueaxa xopowo cornacyeTCSI 
17,101 

C SKCnepHMeHTaJlhHb!MH JlaHHb!MH • 

7 
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nnR BOnb~p8M8 (12) naeT 

M aa:r. "' 0,015 · 
M ( 13) 

TaK KaK C > 0 H, cnenoBaTenha:o, M > 0 , TO onm6KH 
aa:r aa:r 

(11) H (13) MOryT nHillb KOMrrea:cHpOB8Tb npyr npyra, MT8K
1 

OillH6Ka Be-

nH'i:lfHbl ( 8) CKnanbiBaeTCR B OCHOBHOM H3 OillH6oK: 1) B H3MepeHHH C p 

(., 0 15%) 1 2) B 3Ha'ieHHRX KOHCTaHT 9KCTparronRUHH B (7) ( < 0,2%); 

3) B senH'iHHe BKnana aneKTpoa:a:otl: TerrnoeMKOCTH ( < 0, 7%), a TaK)Ke 

H3 a:ey'iT~a:aoro aa:rapMOHH3Ma ( < 1,5%). TaKHM o6paaoM, BepxHIOIO ouea

KY OillH6K.H BenH'iHHbl ( 8) MO)Kll:O C'iHTaTb paBH:Otl: 2of8%. 

AsTopbi Bbipa)KaiOT 6naronapaocTb <f>.n. lliarrHpo H M.B. KaaapaoscKo

My sa rroneaHbie o6cy)KJleHHR, 

flHTepaT y pa 
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