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3aA.nellb K. R .np. P3 - 11741 

H3oMepHb!A c.naHr seArpoHHbiX pe3osascoa. 2. Y'leT Kone6aHHA 
B KpRCTannH'I9CKOA peweTKe 

Mo.nellb 3AswreAHa, pacnpocrpasessasr sa .naa BHlla aroMoa, npHMeHesa 
.QnH OnHCSHHSI cpopMbl HeATpOHHOrO pe30H8HC8 Slllpa, BXO.QSIWero B pa3nH'IHble 
XHMH'I9CKR9 C09llliHeHHSI, PeaynbT8Tbl pacqera .nng pe30H8HC8 238U 6,67 35' 

Cp8BHHB810TCSI C 3KCnepHM9HT8nbHbiMH ll8HHbiMH, Oony'leHO YllOBneTBOpHTellb­
H09 cornac&e pacqera c aKcnepHMeHTOM. 

Pa6oTa BblnOnHeHa 8 Jla6opaTOpRR HeATpOHHOA cpi1311KR 011~111. 

Coo6meHHe 061>eJIHHeHHOrO HHCTHTyTa SlllepHblX HCCneJI088HHll • .lly6Ha 1978 

Seidel K. et al. P3 - 11741 

The Iaomer Shift of Neutron Resonances, 
2. Correcting for Crystal ~ttice Vibration Effects 

The Einstein model, generalized to comprise two types of 
a toms, is employee!- to describe the shape of neutron resonance 
lines of nuclei in different chemical compounds, The results of 
calculations for the 6.67 eV resonance of 238 U are compared with 
experimental data yielding a satisfactory agreement, 

The investigation has been performed at the Laboratory 
of Neutron Physics, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1978 
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1. BBE,l{EHHE 

KaK H3BeCTHO, Kone6aHHR KpHcTannaqecKoH peweTKH 
BnHRIDT Ha XO~ ceqeHHR a6nH3H HeHTpOHHOrO pe30HaHCa, 
qTo npHBO~HT K OTJJHqHro OT $opMbl, ODHCbiBaeMOH $opMy­
noH lipe8Ta- Baruepa. Ilpa auana3e napaMeTpoa ue8Tpou­
HbiX pe30HaHCOB 3TO yqHTbiBaeTCR nyTeM BBe~eHHR ~on­
nepOBCKOrO ywapeHHR. O~HaKo npa H3yqeHHH Manblx 3$­
$eKTOB, TaKHX KaK H3oMepHbiH c~aar ypoaHR Ill, ueo6xo­
~HM 6onee ToqabiH yqeT 3Toro RBneHHR. CTporoe onacauae 
$opMbi pe3ouauca MO)f(HO npoaecTH, ecna H3BecTeH qac­
TOTHbiH cneKTP Kone6aua8 peweTKH. B ~auuo8 pa6oTe 
paCCMaTpHBaeTCR 3aXBaT HeHTpOHOB R~paMH 238 U, BXO­
~R~HMH B COCTaB pa3nHqHbiX XHMHqecKHX COe~HHeHHH 

BH~a UX p, ll03TOMY He06XO~HMO 3HaTb B3BeWeHHbiH /no 
KBa~paTaM BeKTOpa nonRpH3aUHH KOne6aHHH aTOMOB ypa­
Ha/ qacTOTHbiH cneKTp, T. e. TY qaCTb pacnpe~eneHHR 

HOpManbHbiX MO~ KOne6aHHH, KOTOpbie CBR3aHbi C aTOMaMH 
ypaua /2/. TaKae MaKpocKonaqecKae aenaqaabi, KaK Tenno­
eMKOCTb, K03$$HUHeHT pacwapeHHR H T .n., o6ycnoBneHbi 
nonHbiM cneKTpOM qacTOT. ,lJ;o CHX flOp B3BeWeHHbiH qac­
TOTHbiH cneKTp 6bln H3BeCTeH TOnbKO ~nR O~HOrO H31HCCn

1
e­

~OBaHHbiX HaMH COe~HHeHHH, a HMeHHO ~nR UO 2 
1 2• 31 

• 

qT06bi o6ecneqaTb ~ocTaToquo aKKypaTuoe onacauae $op­
Mbi pe30HaHCa, He06XO~HMO 6binO OTpa3HTb OCHOBHbie 
qepTbi cneKTpa qacToT ~nR acex coe~HHeHHH, orpauaqa­
BaRcb npH 3TOM MHHHManbHbiM qacnoM CB060~HbiX napa­
MeTpOB. HaMH 6bln B3RT 3a ocuoay no~xo~ ,l1;)1(3Kcoua a 
Jlauua /4/, KOTOpbie ~ocTarna xopowero onacaHHR $opMbi 
pe 30HaHCOB B U 3 0 S H MeTannaqecKOM ypaHe B WHPOKOM 
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~Hana3oHe TeMnepaTyp 147297 Kl. HMH HcnonL3oaanacL 

MO~enL HepHCTa·JlHH~eHMaHHa, KOTOpas npe~~TaBnJieT 
C060H MO~enL 3HHWTeHHa, pacnpOCTpaHeHHYIO Ha ~Ba BH~a 
aTOMOB. 

HIDKe 060CHOBhiBaeTCJI Bhi60p napaMeTpOB MO~enH H 

npOBO~HTCJI cpaBHeHHe npe~CKa3aHHhiX Ha OCHOBaHHH 3TOH 

MO~enH C~BHrOB ypOBHeH C 3KCnepHMeHTaHLHO nonyqeH­

HhiMH npH o6pa60TKe no MeTO~y, H3HO)I(eHHOMY B /1/. 

2. OIIHCAHHE fPOPMhl PE30HAHCOB 

2.1. B3eeweHHbiU 'lacmomHbiU cneKmp 

bOHLWaJI pa3HHUa Me~y MaCCaMH 060HX BH~OB aTO· 

MOB coe~HHeHHH U Xf (M u » M x) BBnBeTCB onpe~enBIOUUIM 
YCHOBHeM ~nJI cllopMhl qacTOTHOrO cneKTpa. ,il;nB HHHeHHOH 

uenH rapMOHHqecKHX, O~HOpO~HO CBB3aHHhiX OCUHHHJITO­

pOB 151 B KOTOpOH qaCTHUhl Mace M H m cne~yiOT ~pyr 
3a ~py~OM, qacTOThl OnTHqecKHX H aKyCTHqeCKHX KOne6a­

HHH CBB3aHhl COOTHOWeHHeM 

(hv) opt I (hv) ac = (Mim) J./ 2 
, 

ecnH M>> m. MaxcHMYM qacTOT aKyCTHqecKoii BeTBH qac­

TOTHOrO cneKTpa CBB3aH C KOne6aHHBMH TOHLKO qacTHU 

Macchi M, aMnnHTy~a ~pyrHx qacTHU paBHBeTCB Hynro. 

,il;Ba MaKCHMyMa OnTHqecKOH BeTBH OTBeqaJOT cnyqaJIM 

·uM= 0 IT.e. Kone6nroTcB TonLKo qacTHUhl Macchi m I HnH 
u mlu M = Mlm. EcnH Kone6aHHB Bhi3BaHhl qacTHUaMH Mac­

Chi M, TO B036y~aiOTCB npe)I(,ZJ,e BCero · HH3KHe qaCTOThl 

(hv)ac, cna6o CBJI3aHHhle c qacToTaMH (hv) opt. TaKoe 

npe~nono)l(eHHe no~TBep~aeTcB pe3ynLTaTaMH ,il;)I(3I<CoHa 

H JlHHHa I 41 ~nB u 0 . Tio~roHI<a Bhlpa)l(eHHB B3BeweHHoro 
3 8 

qaCTOTHOrO cnei<Tpa BH~a 

p U (hv) = a 1 • o (hv - hv 
1

) + a 
2 

• o (hv - hv 
2

) 

K H3MepeHHhiM cllopMaM pe30HaHCOB B ~Hana30He TeMne­

paTyphl oT 4 ~o 297 K ~aeT napaMeTphl a 
1 

= 0,90±0,05; 

hv 1 = 10,013±0,0031 3B; hv2 = 10,052±0,0081 3B. 
0Ka3hiBaeTCJI, qTo OTHOWeHHe hv 1 lhv2 ~eHCTBHTenL-

4 

HO paBHJieTCJI (M
0 

IM U) 'h , a 900/o KOne6aHHH B036y)l(~aeT­
CJI npH HH3KOH qaCTOTe hv 1 . 

B pa6oTe BoproHOBH H ~p. 121 aHanH3Hpoaancs cneKTP 

KOne6aHHH peweTKH U02 H 6hlnO noKa3aHO, qTo KOne6aHHJI, 

CBJI3aHHhle C aTOMaMH ypaHa, ne)l(aT B Y3KOM HHTepaane 

HH3KHX qacTOT lhv ""- 10-20 M3BI, TOr~a KaK BhiCOI<oqac­

TOTHaJI qacTL cneKTpa 130-80 M3BI o6ycnoaneHa Kone-

6aHHBMH aTOMOB KHcnopo~a. KaqecTBeHHO no~o6HaB xap­

THHa nonyqanacL H ~nB Kap6H~a ypaHa UC. Bee 3To no-

3BOHBHO O)I(H~aTL, qTo B3BeWeHHhiH qacTOTHhiH cnei<Tp 

BH~a I 11 MO)I(eT 6hiTL HcnonL30BaH ~nB onHcaHHJI cllopMhl 

pe3oHaHcHoii KPHBOH ypaHa B pa3nHqHhiX coe~HHeHHBX. 
EcnH npHHJITL OTHOWeHHe 

hv lhv "" (M IM )'h 
1 2 X U 

121 

H yqeCTL, qTo a 1 +a 2 = 1 , TO B3BeWeHHhiH qacTOTHhiH 

cnexTp 111 6y~eT co~ep)l(aTL ~sa cao6o~HhiX napaMeTpa. 

PaccMoTpHM TenepL, KaK HcnonL3yeTCB B3BeweHHhiH 

cneKTP 111 ~ns pacqeTa 3HepreTHqecKoro xo~a ceqeHHB 

B6HH3H pe30HaHCa, a n03~Hee OCTaHOBHMCB Ha BOnpoce 

onpe~eneHHB napaMeTpoa hv 
1 

H a 
1 

~nB Ka)l(~oro He­

cne~OBaHHOrO HaMH COe~HHeHHB ypaHa. 

2.2. Bbi'IUCAeHue xooa ce'leHU.R 
e o6Aacmu pe3oHaHca 

CeqeHHe c yqeTOM Kone6aHHH peweTKH MO)I(HO 3anH­

caTL B BH~e 

a (E ) = f dE'· S(E ') · B(E - E ') , 
n n 131 

r~e B(E) onHchlaaeTCB cllopMyno:H BpeiiTa- BHrHepa H 3aBH­

CHT TOHLKO OT CBOHCTB B~pa, a S(E) - cllyHKUHJI nepe~aqH 
3HeprHH KOne6nJOIUHMCB aTOMaM peweTKH. llyCTL HOpMHpo­

BaHHe TaKOBO, qTO S(E) = o(E) , ecnH JI~po Heno~BH)I(HO. 
,il;onyCTHM ~anLWe, qTo KpHCTann H30TponeH, T.e. CKO· 

pOCTL pacnpOCTpaHeHHB BOHHhl He 3aBHCHT OT ee Hanpaa­

neHHB. flpe~nOHO)I(eHHB 3TH n03BOHBIOT, KaK noKa3aHO B 
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pa6oTe I 41, BLipa:>Ka Tb S(E) c noMOll.(biO B3Beweuuoro qac­

TOTHoro cneKTpa. 

Hcnonb3YJI ypasueu8e I 11 .D.JIJI Pu (hv ), MO:>KHO pa3no-

:>KHTb 8HTerpaJI BLipa:>KeH8Jl 131: 

a{En) =D(Ezl ~71!S 1~S 371 . B(En-flhv 1 -71hv2 )+ 

+ S 
4 

· B(E -tLhv
1 

+ 77hv )) + 
11 n 2 

+ S 21L[S 371 ·B(En+flhv 1-77hv2 ) + 

+ S 471 · B(E n + flhv 1 + 77hv 2 )] I. /41 

qJieHLI S ifl 8 S j7l JIBJIJIIOTCJI BeCOBblM8 CTa T8CT8'ieCK8-

M8 MHO:>K8TeJIJIM8 )l.JIJI B036y:>K)l.eH8Jl 8 norJIOll.(eH8Jl fl $OHO­

HOB hv l 8 71 lPOHOHOB hv 2 : 

(b +)w ·(b-) w-p 00 (b-) w. (b -t) w-p 

s }:. 1 1 . s = }:. 
1 1 

= . --------
lp w=p w! ('N-p)! 

2p w=p w!(w-p)! 

00 (b~) w .(b ;) w-p 00 (b~) w ·(b;) w-p 

s = }:. . s = }:. --------
3p w=p w!(w-p)! p4 w=p 'N! (w -p)! 

151 

3HaJI 3Hepr8ro OTJJ.a'i8 En I (A+ 1), KOTopyro JIJJ.PO 8Cnb1TaeT 

np8 3aXBa Te HeHTpOHa, 3Hepr810 lPOHOHOB hv 1 8 hv 2 8 

cpe)l.HIOIO BepOJITHOCTb 3aCeJieHHOCT8, no CTa T8CT8Ke D03e-

3HHWTeHHa, HaXO)l.8M BeJIH'I8HLI b r 8 b l: 

6 

+ 
b' = 

1 

En a1 

(A +1) hv 1 [ 1- exp(-hv 
1 

'kT)] 

En 
b =----

1 (A+ 1) hv 
1 

a 1 

[ exp (hv 1 /kT) -1] 

+ 
Ilo.D.o6HblM :>Ke o6pa3oM nonyqaroTcJI b 

2 
8 

noJib30BaTb a 2 8 hv 2 83 111. BeJI8'18Ha 

JIBJIJieTcJI !lJaKTopoM )J;e6aJI- Bannepa: 

161 

b;. ecn8 uc­

D(E n) B 141 

E a 1 hv 1 a 2 hv2 
D(E ) = exp I - -- ~-. [ --- coth( ---) + -- coth(--)] 1.17 I 

n A+ 1 hv 1 2kT hv 2 2kT 

cl>opMyny lipeiha- B8ruepa c y'ieTOM 8HTep4JepeHU88 pe-

30HaHCHoro 8 noTeHu;8aJibHOro pacceJIH8JI MO:>KHO npe.IJ.-

CTaB8Tb B B8)l.e: 

B(E) "" 

-~ 1 E-'h [ 1 E -'h + 1 E -'h + 4h -l(2m ) 'h R(E-EJ] 
2m n 0 y n 0 n 2 ____ n __ __ _ _____________________________ . - + 4rr R , 

(E - E 
0

) 2 + 1 2: 4 
181 

r)l.e E 0 - pe30HaHCHaJI 3Hepr8JI, r n - HeHTpOHHaJI W8-

PHHa npH 3HeprHH E 0 ' r y - pa)l.HaU80HHaJl W8p8Ha 

(1 n+ r y = r) ' R - pa.IJ.HYC noTeHu;8aJibHOrO pacceJIH8Jl, 

m n- Macca HeiiTpoHa. )J;nJI pe3oHauca 238 U E 0 = 6,67 3B, 
1 n = 1,48 M3B 8 iy= 23,0 M3B. 

Ha puc. 1 noKa3aHLI pacc'i8TaHHble !lJopMbi pe3ouau­

cos np8 KOMHaTHOH TeMnepaType. CJieBa BBepxy 8306pa­

:>KeH pe3oHaHc 6,67 3B MeTaJIJI8'iecKoro 
238 U. IlapaMeT­

PLI .D.JIJI p u (hv) cooTBeTCTBYIOT )l.aHHLIM pa6oTbl I 41 
I a1 = 1 8 hv 1 = 11 M3BI. B8JJ.HO, KaK o6ILJ;ee ceqeu8e 

CKJia)l.LIBaeTCJl 83 COCTaBJIJIIOILJ;eH 6e3 OT)l.a'i8 l6onee TOJI­

CTaJI Jl8HHJII 8 83 COCTaBJIJIIOILJ;8X l6onee TOHK8e Jl8H88I, 

CBJI3aHHLIX c so36Y:>KJJ.eH8eM IHanpasol 8 nornoll.(eH8eM 

IHaJiesol lPOHOHOB. 

P8CYHOK noJICHJieT TaK:>Ke, no'ieMy np8rOJJ.Ha annpoK­

C8Mau;8JI )l.eJibTa-4JyHKU8eH KOJie6aH8H, pacnpe)l.eJieHHblX B 

W8pOKOM )l.8ana30He 'laC TOT. 3TO CBJI3aHO C W8p8HOH lPYHK­

U8H lipeHTa- B8rHepa, KOTOpaJI "pa3Ma3LIBaeT" BKJia)l. OT­

)l.eJibHblX cTeneueil so36y:>KJJ.eH8JI peweTK8 no o6nacT8, 

3Ha'I8TeJibHO 6onee w8poKoil, 'ieM JJ.8ana30H cneKTpa qac­

TOT BOKpyr h v1• 
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Puc. 1. Xoo ce'4eHu.R pe3oHaHca 6,67 3B 238u npu 300 K. 
C11eea eeepxy: UMet , Pu(hv) = 1,0 · o (hv -0,011 3B). 
Cnpaea eeepxy: U3 0 8 , Pu(hv)=0,9 • o(hv -0,0133B)+ 
+0,1 · 8 (hv -0,052 3B). BHu3y: pa3HOCJib o6oux ce'4eHuu. 
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Cnpaaa aaepxy ua puc. 1 H3o6pa)l(eHbl paccquTaHHble 

ceqeHHS ,Il;ml COe,Il;HHeHHS UX ~. Bbi.n;eJieHbl BKJia.n;, COOT­

BeTCTBYIOII.{HB qaCTH 6e3 OT.n;aqu, CYMMa BKJia,Il;OB, ,Il;JIS KO­

TOphlX npOHCXO,Il;ST B036y)I(,Il;eHHS H flOrJIOII.(eHHS clJoHOHOB 

hv l, B036y:>K.n;eHHS H norJIOII.(eHHS clJoHOHOB hv 2 , a TaK:>Ke 

COBMeCTHOe .n;eBCTBHe 060HX BH,Il;OB KOJie6aHHB hv 1 H hv 2 • 

Pa3HOCTL Me)l(.n:y ceqeHHBMH MeTannuqeci<oro ypaua 

H UX ~ , SBJIBIOII.{ascs oco6euuo HHTepecuoii: .n:ns u.eneii: ua­

CTOSII.{eB pa60Tbl, H306pa:>KeHa B HH)I(HeB qaCTH pUC. 1. 
Tai<oii: :>Ke xo.n: ua6nro.n:aeTcs H .n:ns pa3HOCTeii: Me)l(.n:y ceqe­

HHSMH pa3JIHqHbJX COe,Il;HHeHHB UX £ , Tal< KaK flOJIO:>KeHHe 

flHKOB H npoBaJIOB onpe.n:enseTCS WHPHHOB r B clJopMyJie 

lipeii:Ta- Buruepa. 3uaqeuus yi<a3aHHbiX pa3HOCTeii: npu KoM­

HaTHOB TeMnepaType ,Il;OCTHraiOT HeCKOJILKHX npou.eHTOB OT 

MaKCHMaJILHOrO ceqeHHS H pa3JIHqHbJ ,Il;JIS pa3HbiX coe.n:u­

HeHHB. fiOCKOJILKY pa3HOCTH HeCHMMeTpHqHbJ OTHOCHTeJIL· 

HO MaKCHMyMa ceqeHHS, OHH HHTepnpeTHpyiOTCS KaK C,Il;BHr 

npH cpaBHeHHH flOJIO)I(eHHS pe30HaHCOB .Il:BYX pa3JIHqHbJX 

coe.n:uueuuii:. Ha puc. 2 noi<aJauo, KaK 3TOT 3cllclJeKT nposa­

nseTcs B YCJIOBHSX HCflOJIL30BaHHOrO HaMH MeTo.n;a H3-

Mepeuus H o6pa6oTKH. TeopeTuqeci<ue cnei<Tpbl nponyci<a­

HHB ,Il;JIS .Il:BYX o6pa3U.OB paccqHTbiBaJIHCL Ha OCHOBaHHH 

ceqeuuii: /4/ npu yqeTe 3KcnepuMeHTaJILHbiX ycnoauii:: clJyuK­

U.HH pa3perneHHS, OTHOWeHHS 3cllclJei<Ta I< clJoHy, TOJIII.{HHbl o6-

pa3U.OB. O.n:uu H3 cnei<Tpoa noi<aJaH Ha pucyHKe. Pa3HOCTL 

Me:>K.n;y .Il:BYMB KpHBbiMH flOI<a3aHa B yBeJiuqeHHOM MaCWTa· 

6e B HH)I(HeB qaCTH pHCYHI<a. 3aTeM O,Il;HH cnei<Tp llO,Il;rOHSJI· 

cs I< .n:pyroMy no Tai<oii: :>Ke nporpaMMe, KoTopas ynoTpe6-

JISeTCS npH o6pa60TI<e 3I<CnepHMeHTaJILHbiX cnei<TpOB npo-

nyci<aHHB I 11. llocne no.n:roHKH nonyqaeTcs H3MeHeHHas 

KpHBaS pa3HOCTH /nyHKTHp/, y KOTOpOB 3HaqeHHe X 2 

MHHHMaJILHO BCJie,Il;CTBHe nepeMell.{eHHS O,Il;HOrO cnei<Tpa 

nponyCI<aHHS OTHOCHTeJILHO .n;pyroro. 3TOT C,Il;BHr B .n;aH­

HOM CJiyqae COCTaBJISeT 0,026 KaHaJia, T .e. OKOJIO 

400 MK3B. H3MepeHHble cnei<Tpbl nponyci<aHus.n:aiOT no.n:o6-

HYIO KapTHHY, KOTOpyiO MO:>KHO COflOCTaBJIJITL C paccqHTaH­

HOB. 

BLiwe oTMeqanocL, qTo .n:ns npoae.n:eHHB pacqeTa Kpu­

BLIX nponyci<aHHS pa3HLIX o6pa3U.OB He06XO,Il;HMO 3HaHHe 

napaMeTpoa hv 1 H a 1 B3BeweHHoro qacTOTHoro cnei<Tpa 
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Puc. 2. Beepxy: cneKmp nponycKaHWI no epe.MeHu npoAema. 
3Kcnepu.MeHmaA&H&Ie ycAoeu.ll: npoAemHa.ll 6a3a - 63,6 .M; 
wupuHa epe.MeHHOZO KaHaAa - 2,0 .MKC; moAIJIUHa o6pa3-
140B- 0,552-J0 21.~~oep/c.M 2; T =300K; rjJoH-2,8·10

5
om­

c~emoe. BHu3y: pa3Hocm& cneKmpoe U Met u U 3 0 8 no 
oaHHbi.M puc. 1. 
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/1/ nnB Ka*noro o6pa3ua. ~nB ax onpeneneHHB MO*HO 
HCnOnb30BaTb pa3HOCTH Me*AY 3KCnepHMeHTanbHbiMH KPH" 
BbiMH pa3nHqHbiX coenaHeHHii I puc. 3 H 4/. KaK noKa3anH 
pacqeTbl, BbiDOnHeHHble AnB WHpOKOrO Ha6opa HCKOMbiX 
napaMeTpoa, pa3HOCTH Me*AY KPHBbiMH nnJI pa3HbiX coe­
AHHeHHii npaKTHqeCKH He MeHJIIOTCJI C H3MeHeHHeM hv 1 H 
a

1
, ecnu coxpaHBeTcJI cpenHBB 3HeprHB Ha OAHY cTe-

neHb CB060Abl Kone6aHHH aTOMa ypaHa <f U >. llpH H3 • 
MeHeHHH <f > U 3aMeTHO MeHJleTCB aMnnHTYAa pa3HOCTeii, 
HO He nepHOA 3TOH CTPYKTypbl, KaK 3TO BHAHO H3 puc. 3 H 4. 

B npu6nH*eHHH rapMoHaqecKHX ocuannBTopoa, nonqa­
HBIOIUHXCJI CTaTHCTHKe D03e • JHHWTeiiHa, cpeAHIOIO 3Hep­
rHIO <f> U MO*HO Bblpa3HTb qepe3 B3BeWeHHbiH cneKTp 

Kone6aHHH ypaHa Pu(hv) B BHAe 

1 00 

<f> =- J hvp (hv) coth(hv/2kT) d(hv). /9/ 
u 2 0 u 

liJ Bblpa*eHHJI /9/ MO*eT 6b1Tb HaiineH OAHH H3 napaMeT· 
poa hv 

1 
ana a 

1
, ecnH 3anaH npyroii napaMeTp H <f> u . 

TaK KaK abl6op nepaoro napaMeTpa He JIBnBeTCB cTporHM, 
AnB acex coenaHeHHii Haxonunacb 3HaqeHHB hv 1 H3 H3" 
BeCTHbiX 3HaqeHHH ynenbHOH TennoeMKOCTH C v . ~nJI coe • 

AHHeHHH BHAa UX e 

c = _<!__[ 3(e + 1) L <o uxr], 
v dT 

/10/ 

rne L - qacno Aaoranpo, <E> uxr - cpeAHBB 3HeprHJI 
Ha OAHY cTeneHb cao6onbl aToMa, ycpenHeHHaJI no aceii 
peweTKe UXe. 0Ha onHcblaaeTCB TeM *e BbiPa*eHHeM /9/, 
HO BMeCTO B3BeWeHHOrO cneKTpa Pu ( hv) AnJI ypaHa He" 
o6XOAHMO llOACTaBHTb nonHbiH cneKTp HOpManbHbiX KOne-
6aHHH aceii peweTKH p (hv). llpH Mu »M x KpHcTann MO*HO 
npencTaBHTb KaK nae KBa3HHe3aBHCHMble peweTKH, Kone-
6aHHB KOTOpbiX HMeiOT qaCTOTbl hv l H hv 2 , npH Man oM 
BnHBHHH CBJI3H Me*AY HHMH Ha ynenbHYIO TennoeMKOCTb. 

Torna a nepaoM npu6nu*eHHH 

1 e p(hv)=--·o(hv-hv )+--·o(hv-hv ), 
e+1 1 e+l 2 
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Puc. 3. Beepxy: pa3Hocmu 3KcnepuMeHmaAbHt.rx cneKmpoe 
/mo'IKU/ nap o6pa3J106 UMet 7 U03 , U Met 7U02(N0s):t6H.z0. 
CnAOWHaJI KpueaJI - pac.,em npu <E> u /kT = 1,080, nyHK­
mupHaJI - npu <f>u/kT = 1,038. BHu3y: 3KcnepuMeHmaAr.­
HaA pa3Hocmr. cneKmpoe UO 3 u UO 2 (NOs) 2 • 6H 20. mupu­
Ha epeMeHHOZO KaHa/la - 2,5 MKC /OK0/10 20 M3B/. To.II­
U#UHa o6pa3JI06 n = 1,19·1021Aoep/cM2, meMnepamypa -
KOMHamHaJI. 
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Puc. 4. Pa3Hocmr. cneKmpoe nponycKaHUJI napr.r o6pa3-
r~oe UO 2 +UF 4 • To'IKU - 3KcnepuMeHm. CnAowHaJI KpueaJI -
paC'-1€111 npu <E> ll /kT = 1, 034; nyHK111UpHaJI - <£> U /kT 
= 1,007 0.11.11 U¥4 • ,[(11.11 UO 2 e o6oux c.lll<'-~aAx <l> u /kT 
= 1 ,023. TOIIU#UHa o6pa3J106 - 5,52-10 0 JIOep/cM 2, T 
= 370 K . 

a CJie~OBaTeJILHO, MO)I(}{O onpe~eJIHTL hv l' HMeJI B BH~Y 

COOTHOWeHHJI /2/, /9/ H /10/ . 
TaK KaK pa3HOCTL ~Byx KPHBWX nponycKaHHJI onpe~e­

JIJieTcJI napaMeTpaMH ~BYX COOTBeTCTBYIOUUIX peweTOK, 

He06XO~HMO 3HaHHe cpe~Heii: ::meprHH O~HOH H3 HHX, 'IT06W 

nony'IHTL 3Ha'leHHe <£> u ~JIJI ~pyroii:. B CBJI3H c 3THM 

B 3KCDepHMeHTe npOBO~HJIOCL COBMeCTHOe H3MepeHHe TaKHX 

nap, B KOTOpWX O~HO COe~HHeHHe HMeJIO H3BeCTHWe napa­

MeTpW. B Ka'leCTBe H3BeCTHwx o6pa3UOB npHMeHJIJICJI 

MeTaJIJIH'IeCKHH ypaH H U02 • )J;JIJI DOCJie~ero HCKOMOe 

3Ha'leHHe <E> U DOJiy'leHO H3 ~aHHWX pa60T /2,3/ H paBHO 

<E> ul kT = 1,035 npH T = 300 KH 1,023- npH T = 
= 370 K. OcTaJILHwe npHMeHeHHwe HaMH o6pa3UW - 3TO 

UO 8 , UF 
4 

H ypaHHJIHHTpaT UO 2(N03 ) 2 · 6H20. 
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MeTannH'IeCKHH ypaH, .n.n11 KoToporo hv 1 = 11 M3B/ 41, 
'ITO COOTDeTCTDyeT <f>u/kT = 1,015npH300K,H3-

MepsnC11 coDMeCTHO c U03 H ypaHHnHHTpaTOM. Ha puc. 3 
noKa3aHbl pe3ynbTaTbl H3MepeHHH - pa3HOCTH Me:>K.D.Y yKa-

3aHHblMH cneKTpaMH, a TaK:lKe TeopeTH'IeCKHe pa3HOCTH, 

paCC'IHTaHHble npH 3Ha'leHH11X <( > u/kT )l.illl UO 3 , paDHblX 

1,0138 H 1,080. l13DeCTHO, 'ITO KpHCTannH'I~~'all pellieT­

Ka ypaHHnHHTpaTa 6nH3Ka K CTPYKType UO 3 . Y o6oux 

OCHODY COCTaDnliiDT uenO'IKH 'lepe)l.yiD~HXCll aTOMOD ypa­

Ha H KHCnopo.n.a, a D nnOCKOCTH, nepneH)l.HKynllpHOH ue­

nO'IKe, DOKpyr ypaHa ne:>KaT llieCTb aTOMOD KHCnopo)l.a 

D cnyqae U03 , H3 KOTOpbiX 'leTblpe 3aMeHeHbl a30THOKHC­

ilblM pa)l.HKanOM D ypaHHilHHTpaTe. IloDe)l.eHHe 3KCnepH­

MeHTailbHblX TO'IeK Ha pUC. 3 yKa3biDaeT Ha TO, 'ITO 

DilHliHHe KpHCTannH'IeCKOH CTpyKTypbl Ha $opMy pe 30HaHC­

HOB KPHDOH npaKTH'IeCKH O)l.HHaKODO )l.illl uo3 H U02(N03)2·6H20. 
a pac'leTHall KPHDas xopomo cornacyeTCll c 3KcnepHMeH­

TanLHblMH TO'IKaMH. 

Ha puc. 4 conocTaDneHbl paJHOCTH 3KcnepHMeHTanL-

HblX H pac'leTHblX KPHDblX .n.ns napbl UO 
2

-:- UF 
4

.)l.ns pac-

'leTa npHHliTbl 3Ha'leHH11 <(>v I kT = 1,023 )l.illl uo2 H 

1,034 - .n.ns UF 4 npu 370 K. Bu.n.Ho, 'ITO D npe.n.enax 

TO'IHOCTH 3KCnepHMeHTa cornacHe DnonHe Y.D.ODneTDOpH­

TenbHO. BTopas KPHDall /nyHKTHp/ .n.aeT JaMeTHO MeHL­

myro DenH'IHHY pa3HOCTH. 

B ma6AU!Ie 1 .n.ns De ex uccne.n.oDaHHblx HaMH coe.n.HHe­

HHH npuDe)l.eHbl napaMeTpbl D3DemeHHblX qacTOTHbiX cneKT­

pOD, XOpOlliO OnHCblDaiD~He 3KCnepHMeHTanbHble pa3HOCTH. 

3. IIPOBEPKA OIIHCAHH.Jl Cj(BHFA PE30HAHCOB 

To'IHOCTL onucaHHll c.n.Dura peJoHaHca, CDHJaHHoro 

C KpHCTannH'IeCKOH CTPYKTYPOH o6pa3UOD, MO:>KHO npoDe­

pHTb, cpaDHHDall HeKOTOpble JaDHCHMOCTH, npe)l.CKa3aH­

Hble MO)l.enbiD, C 3KCnepHMeHTanbHblMH )l.aHHblMH. C uenbiD 

TaKOH npODepKH 6blnH paCC'IHTaHbl cneKTpbl D o6naCTH pe-

30HaHCa )l.illl HeCKOilbKHX nap COe)l.HHeHHH, a JaTeM )l,nll 

HHX Dbl'IHcnsncs C.D.DHr no TOR :>Ke nporpaMMe no.n.roHKH, 

KaK H )l.nll COOTDeTCTDYIDIUHX 3KCnepHMeHTanbHblX cneKT-

14 

Ta6AU11a 1 

IlapaMeTpbl D3DellieHHOrO 'laCTOTHOrO cneKTpa 

p (hv) = a . 8 (hv - hv ) + a · o (hv - hv ) u 1 1 2 2 

Coe)Ufile mm a.., A>?. (aB) a.z Av,_ (aB) 

UMt"t: /4/ I,O O,OII - -
U02 121 0,93 0,012 0,07 0,046 

UF"~ 0,53 ± 0,06 o, oos±o. oor 0,47±o,06 0,028±o,003 

uo3 0,82 ± 0,04 o,or4±o,oor O,Is±o,04 0,054±o,004 

UOp.'D,)£bH:~.C 0,82 ± 0,04 O,OI4±o,OOI O,Is±o,04 0,054!0,004 

I -----'----

poD. Hccne.n.oDanacb JaDHCHMOCTb C.D.DHra oT mHpHHbl .n.ua­

naJoHa no)l.rOHKH, TOn~HHbl o6pa3UOD H pa3HOCTH 

TeMnepaTyp o6pa3UOD. 

3.1. 3aeucuMocmb coeuza om ouana3oHa noozoHKU 
U mO/lUIUHbl o6pa3ij08 

KaK DH.D.HO H3 puc. 2, pa3HOCTL peJoHaHCHblX KPHDblX 

HMeeT CilO:>KHblH xapaKTep H HeCHMMeTpH'IHa OTHOCHTeilbHO 

UeHTpa. 0TCID)l.a MO:>KHO O:>KH)l.aTb, 'ITO DKniD'IeHHe D o6pa-

6oTKY 6onLmeB: HnH MeHLmeB: qacTH peJoHaHCHOH KPHDOH 

npHDe.n.eT K paJnH'IHblM JHa'leHHliM c.n.Dura. To :>Ke caMoe 

MO:>KHO CKa3aTb 0 DilHliHHH TOnll(HHbl o6pa3Ua. )l.n11 TOHKOrO 

o6pa3Ua CHilbHO DilHHeT Ha DenH'IHHY C)l.DHra y'laCTOK 

cneKTpa D6nH3H MHHHMyMa. )l.ns ToncToro o6paJua cy­

~eCTDeHHbl yqacTKH, 6onee .n.aneKHe oT ueHTpa pe3oHaH­

ca. 

3aDHCHMOCTb C)l.DHra pe30HaHCa ~EO OT )l.HanaJOHa no.n.­

rOHKH t
2
-t

1
,T.e. 'IHCna KaHanOD cneKTpa, DKniD'IeHHblX 

D o6pa6oTKy, unnwcTpupyeTcH puc. 5. BH.D.HO, 'ITO yMeHL­

meHHe )l.HanaJOHa no)l.rOHKH fMeHblliaeT DenH'IHHY C)l.DHra 
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Puc. 5. 3aeucuMoc111& pezuc111pupyeMozo coeuza 0111 'IUCAa 
KaHaAOB t 2 - t l , BKAIO'IeHHbiX B o6pa60111Ky. TO'IKU -~ 3KCne­
pUMeH111, cnAOUlH&Ie KPUBble - pac01e111, Y'IU111&1BaiO~quu 1IIOA&Ko 
BAUJIHUe KOAe6aHUU peUle111KU. IlyHK111UpOM yKa3aHbl Otle-
HeHH&Ie npeoeAbl nozpewHoc111u pac01e111a. • - napa 
1IIOAUIUHa o6pa3f.IOB - 1,19-102lj,c)ep/cM 2; ~ - napa 
UMet+U02 (N0 3) 2 ·6H20, 1110AiqUHa - 1,19·102lj,c)ep/cM2, 

o- napa UMet +U0 3,1110AUIUHa - 0,552 .Jo2l.Roep/cM 2 • JHu­

puHa BpeMeHHOZO KaHaAa - 2 MKC. 

H ,na:>Ke MO:>KeT npHBeCTH K H3MeHeHHIO 3HaKa 34MtleKTa. 
TaKoe noae.neuue npoRBnReTCR KaK .nnR 3KcnepHMeHTanb­
HbiX cneKTpOB /TO'IKH/, TaK H ,nnR pacqeTHbiX /cnnOWHble 
KpHBble/. Ha TOM :>Ke pHCYHKe BH,nHO BnHRHHe TOnii.(HHbl 
o6pa3na. C,naur 3Ha'IHTenbHO 6onLwe y ToncToro o6pa3-
na, npaqeM onRTb ua6mo.naeTcR auanora'IHblii pe3ynLTaT 
,nnR 3KCnepHMeHTanbHbiX H pacqeTHbiX cneKTpOB. ~aHHble 
puc. 5 OTHOCRTCR K nape MeTannH'IeCKHH ypaH - UQ 3 , 
o.nnaKo H ,nnR ,npyrux nap HMeeT MecTo TaKoe :>Ke noae.ne­
HHe. 

1.6 

3.2. 3aBUCUMOC111b COBUZa 0111 pa3HOC111U 
111eMnepa111yp o6pa3f.IOB 

H3Meueuue TeMnepaTypbl o6pa3na npaao,nHT K H3Meue­
HHIO cpe,nueii 3Hepruu Kone6auuii. llo3TOMY npe,ncTaBnRno 
HHTepec cpaaueuue 3KcnepaMeHTanbuoro c.naura, nonyqeu­
uoro npu pa3HbiX TeMnepaTypax o6pa3noa, c paccquTau­
HblM Ha OCHOBe OnHCaHHOH BbiWe MO,nenH. H3MepeHHR npo­
BO,nHnHCb c napoii o6pa3noa UO 2 + UF 

4 
TOnii.(HHOii 

0,552 ·10 21 JIOep/cM ~TeMnepaTypa UO 2 6blna nOCTORHHOH 
H paBHRnacb 370 K, a TeMnepaTypa UF 4 ycTauaanuaanacb 
paauoii 366, 370, 373 H 376 K. TaKoe H3Meueuue TeMne­
paTypbl /ua 3-4 K/ cooTBeTCTByeT H3MeHeHHIO cpe,nueii 
3Hepruu <£> u npHMepuo ua o.nuu nponeuT. Pa3nH'IHe B 
<£> u ,nnR pa3HblX peweToK npHMepuo TaKoe :>Ke. Ha puc. 6 
npHBe,neHbl C,nBHrH ~EO ,nnR TeopeTH'IeCKH paCC'IHTaHHbiX 

~Eo uo1 + ur,. 
TtUOt)-.370 K 

+100 

0 -------
- iDD 

-·- --· --200 

-300 

-400 
____L______j__··--

-10 -s 0 +5 +'10 
T CUOz>-T<UF.,HK J 

Puc. 6. 3aeucuMoc111& coeuza pe3oHaHca 0111 pa3HOC111U 
111eMnepa111yp o6pa3f.IOB UF 4 u UO npu pa3H&Ix ouana3o­
Hax nOOZOHKU. TO'IKU - 3KCnepufceH111, AUHUU - pac'le111. 
X - 41 KaHaA, ~ - 12 KaHaAOB, o· 8 KaHaAOB. 
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cneKTpOB /nHHHH/ H 3KCnepHMeHTanLHMX cneKTpOB /Toq· 

KH/, o6pa6oTaHHMX O,D;HHaKOBhlM CllOC060M, B 3aBHCHMO • 

CTH OT pa3HOCTH TeMnepaTyp o6pa3UOB H npH pa3nH'IHhlX 

,D;Hana3oHax no,D;roHKH. BH,D;Ho, 'ITO TeopeTH'leCKHe H JK· 

cnepHMeHTanLHMe 3Ha'leHHJI Haxo,D;JITCJI B y,D;oBneTBOPHTenL­

HOM COrnaCHH, XOTJI C,D;BHr e,D;Ba nH MO)f(HO C'IHTaTL 06Ha· 

py)f(eHHhlM. 

4. 3AKJIIOlfEHHE 

ConocTaBneHHe 3KcnepHMeHTanLHMX H pacqeTHMX ,D;aH­

HhlX, npoBe,D;eHHOe BhlWe, llOKa3MBaeT, 'ITO HCllOnLJOBaH • 

HaJI MO,D;enL KpHCTannH'leCKOH peweTKH ll03BOnJieT YAOBneT· 

BOpHTenLHO OllHCaTL ~OpMy HeHTpOHHOro pe30HaHca JI,D;ep, 

BXO,D;JI~HX B KpHCTannH'leCKOe COe,D;HHeHHe. llpHrO,D;HOCTL 

TaKOH npOCTOH MO,D;enH B 3Ha'IHTenLHOH CTeneHH o6ycnoB· 

neHa TeM, 'ITO C06CTBeHHaJI WHpHHa pe30HaHCa f' 3Ha'IH" 

TenLHO 6onLwe 3HeprHH ~oHoHa hv
1

, no3TOMY npoucxo­

,D;HT Crna)f(HBaHHe BKna,D;OB B Ce'leHHe, CBJI3aHHLIX C nor no· 

~eHHeM HnH B036y)f(,D;eHHeM ~OHOHOB. 3TO npHBO,D;HT K no­

,D;aBneHHlO BnHJIHHJI CTPYKTYPM qacTOTHoro cneKTpa Ha 

XO,D; Ce'leHHJI. AHanorH'IHYIO ponL HrpaeT npeBMWeHHe 3Hep· 

rHH oT,D;a'IH JI,D;pa Ha,D; 3Hepruea ~oHoHa, 'ITO ,D;enaeT npo­

uecc MHOrO~OHOHHhlM. 

C,D;BHr pe3oHaHca, o6ycnoBneHHLIH KpHcTannuqecKoa 

cTpyKTypoa o6pa3ua, JaBHCHT oT ,D;HanaJoHa no,D;roHKH u 

TOn~HHhl MHWeHH H OllHChlBaeTCJI TeopeTH'leCKOH MO,D;enLIO 

,D;OBOnLHO XOpOWO. 3TO ll03BOnJieT OT,D;enHTL HCKOMhlH HJO· 

MepHhlH C,D;BHr, KOTOphlH He 3aBHCHT OT yKaJaHHLIX na­

paMeTpOB, OT MaCKHpyiO~ero 3$4JeKTa KpHCTannH'leCKOH 

peweTKH. 

B 3aKnJO'leHHe C'IHTaeM CBOHM npHJITHhlM ,D;OnroM no-

6naro,D;apHTL B.K.I1rHaTOBH'la, IO.M.OcTaHeBH'la, JI.qepa 

Ja none3Hhle ,D;HCKyCCHH H 3.3KWTeHHa • Ja llOMO~L B npo· 

Be,D;eHHH pac'leTOB. 
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