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113MEPEHI1E MACChi 3llEKTPOHA 
C OOMOI.l{hiO Y3KO:A KOMOOHEHThl 
lli1KA AHHI1r11ll.HQI10HHOrO 113flYqEHI1.H 

A.l1.11aaHoa 1 , Q.Bhmoa, B.M.ropmKaHKHH, H.A.ne6e.nea, 
B.H.llo KpoacKHH:, H.A.llpocTaKoa 2 , H.<D.YtieaaTKHH 1 

C noMOIU&IO Ge(Li)-,nereKropa npH <PaJOBOM nepexo.ne Bona -
nen Hap;e)f(HO B&IneneHa YJKlUI KOMIIOHeHTa aHHHfHnJII.r;HOHHOfO HJ· 
n}"'eHH.II, COOTBeTCTBYIO!UlUI aHHHfHJI.IIUHH repMOnHJOBaHHOfO rrapa
II03Hlp0HH.II. B ornH'IHe or rro.nxona, o6merrpHH.IIroro B HccnenoBaHH· 
.IIX nonnepOBCKOfO yiiiHpeHH.II aHHHfHJI.III.r;HOHHOH nHHHH, HCTO'IHHK 
2 ~ a 6&m pacmopeH B 061>eMe aHHHfHJI.IITOpa, a IIHK yJKOH KOMIIO· 
HeHTbl IIOn}"'anC.II KaK pa3HOCTb aHHHfHJI.III.r;HOHHbiX CIIeKipOB n&na H 
BOp;&I. B WKane 3HepreTH'IeCKHX HOpManeH faMMa·KBaHTOB 
~41 1.8( 198

Hg) = 411,8044(11) K3B HJMepeHa 3HeprH.II YJKOH 
KOMIIOHeHThl H OIIpeneneHO JHa'leHHe MaCChi IIOKO.II :meKrpOHa m

0
c2= 

= 511,003 ± 0,005 KJB. ITorpeWHocr& rron}"'eHHoro JHa'leHH.II, B oc
HOBHOM, o6ycnoBneHa CHCTeMaTH'IeCKOH OIIIH6KOH, CB.IIJaHHOH C He
TO'IHOCTbiO HCIIOn&JyeMbiX penepOB. l.fJMepeHHe BpeMeHH )f(HJHH IIO· 
3HlpOHOB B 'IHCTOM n&ny H BO n&ny C paCTBOpeHHbiM HCTO'IHHKOM 
06Hap~HJIO B IIOCne,nHeM Cn}"'ae JaMeTHOe HapaCTaHHe HHTeHCHBHOC· 
TH "KOpOTKOH" H "nnHHHOH" KOMIIOHeHT COOTBeTCTBeHHO C 20% no 
26% H c 1 ,5% no 9%. 

Pa6ora B&monHeHa B Jla6oparopHH .~~nepHbiX rrpo6neM 011.HI1. 

Measurement of Electron Mass by Means of Narrow Compo
nent of Annihilation Radiation Peak 

A.Livanov et al. 

Under "ice-water" phase transition the narrow component of anni
hilation radiation has been reliably separated with Ge(Li)-detector. 
This component corresponds to the thermolized para-positronium anni
hil ation. In contrast to common approach used in investigations of Dop
pler extension of annihilation line , the 22Na source was dissolved in 
annihilation volume. A narrow component peak was obtained as a dif
fe rence of an ice and water annihilation spectra. The energy of narrow 

1B - A -CeC0 /03HblU HOYIIHO·UCC/leu08QTe/lbCKUU UHCTUTYT MeT[JOI!OZUU 

UM. ,[(.H MeHoe~~eeea, JleHuHzpao 
2 MocKo ecKuu uHJICeHepHo-ljju3ulleCKuu UHCTuryr 
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component peak has been measured within the energy of gamma-stan
darts which have primary scale Ey 41 L8< 198Hg) = 411.8044 ± 
± 0.005 keV. Electron rest mass has been determined as rn 0 c 2 = 

= 511 .003 ± 0 .005 keV. The error of obtained value mainly corresponds 
to uncertainties of the used reference marks. The positron lifetime mea
surement in clear ice and in ice with dissolved source has shown that 
the intensities of "short" and "long" components increase in the last 
case from 20 % up to 26 % and from 1.5% up to 9% , respectively . 

The investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. ' 

1. BBE.UEHI1E 

KaK H3BecTHO, 3Hepnm KBaHTOB, HcnycKaeMbiX npH aHHHrHnR

QHH llOKORI.QerOCR napan03HTpOHHR, QeJIHKOM onpe,ll;enReTCR cPYH,ll;a

MeHTanbHbiMH KOHCTaHTaMH H COCTaBJI.R:eT 

(1) 

TIOCKOJibKY nonpaBO'IHbiH tJJieH KpaifHe Man, MO:>KliQ C ,ll;OCTaTOtHIOH 

CTeneHblO TO'IHOCTH 3allHCaTb 

E + = y- (2) 

11.cnOJib30BaTb COOTHOllleHHR ( 1) HJIH ( 2) , B006I.Qe rOBOp.R:, B 0 3MO:>K· 

HO B ABYX HanpaBJieHHRX: JIH60 ,ll;JI.R: YCTaHOBJieHH.R: ecTeCTBeHHOH HOp

ManH 3HeprHH Y -KBaHTOB, ecnH CtJHTaTb cPYHAaMeHTanbHbie K OHCTaH

Tbl H3BecTHbiMH, JIH60 :>Ke )l;JI.R: Onpe,ll;eJieHH.R: MaCChi 3JieKTpOHa ffi eC 
2 

nyTeM H3MepeHH.R: llOJIO:>KeHHR aHHHrHJIRQHOHHOrO llHKa B HeKOT9POH, 

XOpOlliO ycTaHOBJieHHOH 3HepreTHtieCKOH lliKane (CM., HanpHMep / 1' 2 1) 
0)l;HaKO npH o6bitJHbiX yCJIOBHRX B CHJIY CJIO:>KHOCTH MeXaHH3Ma 

B3aHMOAeiicTBHR no3HTpOHOB c semecTBOM nHK aHHHrHJIRQHH Y lliHpR

eTc.R: H npHo6peTaeT CJIO:>KHYJO ¢lop My, COCTORI.QyJO H3 HecKOJibKHX 

KOMnoHeHT. HaH6onee HarnR)l;HbiH nyTh npeo,ll;oneHHR 3THX 3aTP YAHe

HHH COCTOHT, llO·BH,ll;HMOMy, B Bbl)l;eJieHHH TaK Ha3biBaeMOH Y.3KOH 

KOMnoHeHTbi aHHHrHJIRQHOHHOro nHKa B cHcTeMe BO,ll;a - ne)l; I 3 • 4 ·~ 
KaK noKa3anH ,ll;eTaJihHhie Hccne,ll;oBaHHR I 51 yrnoBbiX Koppen.R:QHH 

B 3TOH cHCTeMe npH pa3JIHtJHhiX TeMnepaTypax, B o6meM cnyqa e yrno

soe pacnpe,ll;eJieHH:e COCTOHT H3 Tpex KOMllOHeHT. 

a) lliHpOKa.R: (3HepreTHtJecKa.R: lliHpHHa Ha llOJIOBHHe BbiCOTbl )l;O· 

CTHraeT 2,5 K3B) KOMllOHeHTa npHCyTCTByeT KaK B BO)l;e, Ta H BO 

JlbAY C HHTeHCHBHOCTblO - 90%, cna6o 3aBHCRI.QeH OT TeMnepa Typbi. 

6) TipoMe:>KyTOtJHaR: KOMllOHeHTa C lliHpHHOH OKOJIO 0,9 K 3 B TaK

:>Ke BH,ll;Ha B BO,ll;e H BO Jlb)l;Y, HO ee HHTeHCHBHOCTb y6hiBaeT C yMeHbllle

HHeM TeMnepaTyphi nocne nepexo,ll;a BOAhi B ne)l; . 
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B ) Y3KaH KOMnoHeHTa c npeHe6pe)f(HMO MIUIOH co6cTBeHHoli lllH

pHHOH DO.flBJI.fleTC.fl 3a ClleT y6biBaHH.fl DpOMe:>K)'TOliHOH KOMDOHeHTbi, 

a ee X apaKTepHCTHKH DpH TeMnepaType HH)I(e -25° C OTBellaiOT aHHHrH

JI.flQHH TepMOJIH30BaHHOro no3HTpOHHR; npH -117° C, HanpHMep, cpe.u.

H.fl.fl 3H eprHR 003HTpOHHH COCTaBJI.fleT 0,021 3B. 

3 aMeTHM, liTO pe3yJihTaTbl Q>HTHpOBaHH.fl DOJIHOro aHHJ.Y:~I.flQHOH· 

Horo n HKa B CHCTeMe ao.n:a- ne.n;, nonylleHHbie B pa6oTe i 6 , MoryT 

paCCMaTpHBaTbC.fl KaK HenpOTHBOpellamHe 3TOMY ODHCaHHIO. 

T B.lCHM o6pa30M, pa3HOCTb aHHHrHJI.flQHOHHbiX cneKTpoa Jib.D:a H 

BO,Zl;bl ,Zl;OJI)I(Ha o6Hapy)I(HTb Y3KYIO KOMDOHeHTY Ha He60JiblllOM OTpH

QaTeJibHOM Q>oHe, o6yCJIOBJieHHOM H3MeHeHHeM HHTeHCHBHOCTH npo

Me)l(yTOliHOH KOMDOHeHTbl, DpHlleM ee lllHpHHa pasHa C06crneHHOMY 

pa3pellleHHIO cneKTpOMeTpa, a 3HeprHR 3a,Zl;aeTC.fl COOTHOllleHHeM (1). 
Ilo yKa3aHHOH cxeMe 6hiJI DOCTaBJieH O,ll;HH 3KCnepHMeHTI 7 / . 

¢aKTHlleCKH B HeM DpH DOMOfnH 6eTa-cneKTpOMeTpa HaxO,ll;HJiaCb Ma

JlaH p a3HOCTb 3HeprHH Q>oT03JieKTpOHOB, BbipBaHHbiX y3KOH KOMDO

HeHTOH H3 K-o6onoliKH ypaHa, H H3JiylleHHeM Y 411,8 19Bffg H3 L 3-

DO,Zl;06 0JIOliKH ypaHa. IlpH COBpeMeHHbiX 3HalleHHRX 3HeprHH CB.fl3H 

3JieKTPOHOB B aTOMe ypaHa, a TaK)I(e B npHH.RTOH Hhme lllKaJie 3Hep

rHH, B KOTOpOH l si 
198 

E(y 4 11,8 Hg) 411,8044( 11) KaB, (3) 

pe3yJih TaT 17 I MO)I(HO Bbipa3HTb cne.n;yiOinHM o6pa~oM: 3HeprHR y3-

KOH K OMDOHeHTbl 

Ey ± = 511, 01{) ( 7) K3B, 

B TO B p eM.fl KaK O)I(H,Zl;aeMOe 3HalleHHe COCTaBJI.fleT 

E + = 511,0000( 14) K38. y-

(4) 

(5) 

3 a HCTeKlUHe 20 JleT He DO.flBJ1.flJ10Cb coo6meHHH 0 HaMIO,Zl;eHHH 

Y3KOH KOMDOHeHTbl B "pa3HOCTHOH" DOCTaHOBKe ODbiTa, liTO, KaK 

ot~eBH.n;HO, CBH.n;eTeJibCTBYeT o TPY.D:HOCTH 3a.n;aliH. B 3TOH CBR3H Mhi 

DODbiTaJIHCb ocymeCTBHTb DO,Zl;06HbiH 3KCDepHMeHT H H3MepHTb 3Hep

rHIO Y 3KOH KOMDOHeHTbl aHHHrHJI.flQHOHHOrO DHKa B lllKaJie (3) C 00-

MOinbiO cneKTpOMeTpa C DOJIYDpOBO,Zl;HHKOBbiM .n;eTeKTOpOM. 

0 TMeTHM, npe)I(,Zl;e BCero, liTO DO.n;06HbiH CDeKTpOMeTp HOCKOJibKO 

ycTyna eT no pa3pellleHHIO npH6opyl 7 I , HO .n;onycKaeT MHoroKaHaJih

HYIO p erHCTpaQHIO, a 3TO 06CTO.flTeJihCTBO MO)I(eT OKa3aTbC.fl cymecTBeH

HbiM npH H3YtJeHHH 3Q>Q>eKTOB, B KOTOpbiX onpe.n;eJIHIOinYIO pOJib HrpaeT 

Q>opMa JIHHHH • .[l;anee, B o6JiaCTH 3HeprHH OKOJIO 500 K3B C DOMOinbiO 

COBpe MeHHOH cneKTpOCKODHtieCKOH TeXHHKH B03M0)1(H0 ,Zl;OCTHllb TO'I

HOCTH H3MepeHHH 3HeprHH KBaHTOB, CODOCTaBHMOH C DOrpelllHOCT.flMH 

3HepreTHtiOCKHX HOpMaJieH,T.e. nop.R.n;Ka HOCKOJihKHX 3B. 
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2. IIOCTAHOBKA 3KCIIEPI1MEHTA 

KaK roaopHnoch Bhiille, Mhi H36panH "pa3HOCTHYIO" cxeMy nocTa-

HOBKH OllbiTa. B Ka'leCTBe aHHHrHJl.fiTOpa HCllOJlh30BaJiaCh ,ll;Ba)K.nbl ,ll;HC

THJIJIHpOBaHHa.fl BO,ll;a C y,ll;eJlbHOH 3JleKTponpOBO,ll;HOCThiO -1 0" EbM' tM, 1 

llOMeiUeHHa.R B UHJIHH,ll;pH'IeCKHH KOHTeHHep H3 Hep:>KaBeiOIUeH CTaJIH 

,ll;HaMeTpOM 20 MM H BhiCOTOH 30 MM. ,lJ;JI.R 6biCTpOrO 3aMopa:>KHBaHH.fl 

K KOHTe8Hepy no,ll;BO,ll;HJICH :>KH,ll;KHH a30T. TeMnepaTypa aHHHrHJI.RTopa 

MOrna MeH.RThC.fl OT +20° C ,ll;O -160° C H KOHTpOJIHpOBaJiaCh T epMOna· 

poH. 

McTO'IHHKOM no3HTpOHOB HBJIHJICH HYKJIH.ll: 
2 2 

Na a <f>opMe 

Na ce . c aKTHBHOCThiO OKOJIO 0,2 MKKH. nepaoHa'laJihHO Mbl HCll0Jlb-

30BaJIH KBa3HTO'Ie'IHblH HCTO'IHHK, llOJiy'leHHbiH BhlllapHBaHHeM H ·Ha

XO,ll;HBillHHC.fl Me:>K,ll;y .ll:BYM.fl TOHKHMH Te<f>JIOHOBblMH nJieHKaMH. TaKOH 

HCTO'IHHK llOMeiUaJIC.fl B UeHTpe KOHTeHHepa, KaK 6bi Me)K.ny .ll:BYM.fl 

llOJIYUHJIHH,ll;paMH BO,ll;hl HJIH Jlb,ll;a. llpH TaKOM o6menpHH.RTOM llO,ll;XO· 

,ll;e HaM He Y.ll:aJIOCh Ha,ll;e:>KHo Bhl,ll;eJIHTh Y3KYIO KOMnoHeHTY aHHHrHJIH· 

UHOHHOrO H3JIYQeHHH B pa3HOCTHOM cneKTpe HH3KOTeMnepaTypHOrO 

Jlb,ll;a H BO,ll;bl. ropa3,ll;O 6onee 3<f><f>eKTHBHhlM OKa3aJIOCh np.RM Oe pac

TBOpeHHe 2 2 Na B BO,ll;e aHHHrHJI.RTOpa. 

CneKTphi Y -KBaHTOB H3y'lanHch c noMOIUhiO Ge(Li)-,ll;eTeKTOpa 

06'heMOM 200 MM 2 x5 MM, 3HepreTH'IecKOe pa3pellleHHe K OTOpOrO 

B 06JiaCTH 511 K3B ( 
10 6 Ru ) COCTaBJI.fiJIO 0,95 K3B. ,lJ;JI.R 6 o nee ,ll;e

TaJihHOro aHaJIH3a <f>opMbl aHHHrHJI.fiUHOHHOH JIHHHH HCCJie,ll;yeMbiH 

,ll;Hana30H 3HeprHH 4 76·570 K3B 6hiJI paCTHHYT Ha 1200 KaHaJIOB . 3Hep

reTH'IeCKa.R rpa,ll;yHpOBKa cneKTpoMeTpa (napa6ona) npoao ,ll;HJiach 

c noMOIUhiO HYKJIH.ll:OB. 

7 
Be, 

106R u, 

Ey= 477,6064( 26) 

Ey = 511,8605( 31) 

/ 9/ 
KaB 

/lo / 
KSB 

207 / 11 / 
Bi , E y = 56 7, 7 0 3 ( 3 ) K a B 

Bo H36e:>KauHe cHcTeMaTH'IecKHX OlllH6oK H3-3a pa3JIH'IHhiX Ten ecHhiX 

yrJIOB, o6ycJIOBJieHHhiX KOHe'IHhiMH pa3MepaMH aHHHrHJl.fiTOpa, KaJIH6-

pOBO'IHbie HCTO'IHHKH paBHOMepHO pacnpe,ll;eJI.RJIHCh Ha ero 6 0 KOBOH 

noaepxHOCTH. Xopolllee Ka'lecTao ,ll;eTeKTopa no3BOJI.RJIO anonH e Y.ll:OB· 

JieTBOpHTeJibHO OllHCbiBaTb <f>opMy JIHHHH B BH,ll;e O,ll;HHO'IHOr<traycCHa

Ha. Bo3MO:>KHaH npH 3TOM CHCTeMaTH'IecKa.R norpelllHOCTh KaJIH6 pOBKH 

HeaeJIHKa H npaKTH'IeCKH nocTOHHHa a paccMaTpHaaeMoM Y3KOM ,ll;Ha

na3oHe 3HeprHH. 

AHHHrHJI.fiUHOHHhiH cneKTp BO,ll;hl npH 20° C BMeCTe C "60 KOBhl

MH" penepaMH 7 Be H 20 7Bi CHHMaJIC.fl B Te'leHHe 10 '1, TaK 'ITO 

B aHHHrHJIHUHOHHOM llHKe HaKallJIHBaJIOCh OKOJIO 3' 106 HMllYJlhCOB 

(CM. pHC. 1a). 3aTeM npOBO,ll;HJIOCh 6hiCTpOe 3aMOpa:>KHBaH He ,ll;O 
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-160 C, H BHOBb CHHMa.JJC.fl cneKTp B TetJeHHe TOrO )l(e )I(HBOrO BpeMeHH. 

LJ:anee n pOBO,ll.HJIOCb OTTaHBaHHe aHHHrHJI.fiTOpa H l.UiKJI UOBTOp.FIJIC.fl . 

.Uo nrospeMeuua.FI uecTa6HJibHOCTh annaparypbi npnsonnna K TO

MY, 'ITO UOJIO)I(eHHe UHKOB B UOCJie,ll.OBaTeJibHO CH.fiTbiX cneKTpax BO· 

na - n en uecKOJibKO cMern;a.JJocb. OnuaKo 3TO cMern;euue ue npeBbiilla

no 1 K auana H, 'ITO oco6euuo Ba)I(Ho, paccTo.Fiuue Me)l(,l].y penepaMH 

(QeHa K aHa.JJa) COXpaH.fiJIOCb HeH3MeHHbiM. il03TOMy ,ll.JI.fl UOCTpOeHH.FI 

pa3HOCTHOrO CneKTpa Jie,l]. - BO,ll.a 6biJIO ,ll.OCTaTO'IHO C,ll.BHHYTh ( ecTecT

BeHHO, C y'leTOM HeJIHHeHHOCTH) cneKTp BO,ll.bi. llono6HbiH C,ll.BHr ocy

rn;eCTBJI.fiJIC.fl no 3KCnepnMeHTaJibHbiM TO'IKaM, 6e3 KaKHX 6bi TO HH 

6biJIO n p e,ll.UOJIO)I(eHHH 0 cpopMe JIHHHH, C UOMOlll;biO 5-TO'Ie'IHOH HHTep

UOJI.fll.UiOHHOH cpopMyJibi Jiarpau)l(a. O.u.HH H3 nonytJeHHbiX naMH pa3-
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HOCTHbiX cneKTpOB H306pa)l(eH Ha pHC. 16. 0TtieTJIHBO BH,I:Uia Y3Ka.H 

KOMnOHeHTa aHHHI'HJIRUHOHHOrO nHKa Ha OTpHQaTeJibHOM CHMMe TpHti

HOM <f>oHe. 3aMeTHM, \ITO Heyt~eT HeJIHHeHHOCTH npH COBMeiUeHHH 

cneKTpOB npHBO,ll;HT K 3aMeTHOMY HCKa)l(eHHIO CHMMeTpHH OTpHQa

TeJibHOH tiaCTH. 0TMeTHM TaK)l(e, \ITO npH npaBHJibHO BbiDOJIHeHHOH npo

ue.n;ype C,ll;BHra nonyt~eHHble pa3HOCTH B 06JiaCTH penepHbiX JIHHHH He 

HOCHT CHCTeMaTH\IecKOrO xapaKTepa. 

3. PE3YJibTATbl l1 OECY)I{,UEHHE 

.[{nn o6pa6oTKH nonyt~eHHoro pa3HOCTHoro cneKTpa Y3Ka.H KOM

noHeHTa npe.n;cTaBJIHJiach B an.ne rayccnaHa, a oTpnuaTeJihHaH q CTh .

B BH,ll;e napa60Jibl. 3HepreTH\IecKaH IIIHpHHa rayCCHaHa Ha nOJIYBbiCOTe 

COCTaBHJia- 0,9 K3B, \ITO COBna,n;aeT C C06CTBeHHbiM pa3peweHHeM 

cneKTpOMeTpa. IllHpHHa )l(e napa60JIH\IeCKOH KOMnOHeHTbl Ha n OJIY'PLI

COTe COCTaBHJia 1,3 K3B, a no OCHOBaHHIO- OKOJIO 2,6 K3B. Ilo,n;0 6Hble 

xapaKTepHCTHKH, C yt~eTOM C06CTBeHHOrO pa3peweHHH cneKTpOM eTpa, 

He npOTHBOpetiaT npe,n;nOJIO)l(eHHIO 0 TOM, \ITO 3TH KOMnOHeHTbl o6yc

JIOBJieHbl aHHHrHJIHUHeH TepMOJIH30BaHHOrO n03HTpOHHH H n03 HTpO-

HHH CO cpe,n;HeH 3HeprHeH 1,3 3B COOTBeTCTBeHHO. • . 

3HeprHH Y3KOH KOMnOHeHTbl onpe,n;·eJIHJiaCh C nOMOIUblO r p a,n;yH

pOBKH, 3a,ll;aBaBllleHCH nOJIO)l(eHHHMH "60KOBbiX" penepOB, KOTOpbie 

CHHMaJIHCb O,ll;HOBpeMeHHO C aHHHrHJIHUHOHHbiM cneKTpOM Jlh,ll;a. Ilo

npaBKa Ha HeJIHHeHHOCTb, HaH,n;eHHaH no H3MepeHHHM C TpeMH p enepa

MH, BBO,n;HJiacb nocne o6'be,n;HHeHHH oueHOK 3Heprnu; 3Ta npou e.nypa 

6biJia 6JIH3Ka K OnHCaHHOH paHee / 12 / . 

CyMMapHbiH pe3yJihTaT aocbMH H3MepeHHii y3KOH KOMnoHeHTbi 

MO)l(eT 6biTb npe,n;cTaBJieH B BH,n;e 

Ey± = 510,999( 5) K3B. (6) 

TOtiHOCTb 3TOrO pe3yJihTaTa Onpe,n;eJIHeTCH B OCHOBHOM CHCTeMaTH

\IeCKOH OlllH6KOH, o6ycJIOBJieHHOH norpelllHOCTHMH B H3Mep eHHHX 

3Hepruu penepoa. 

KaK BH.n;HO, nonyt~eHHoe 3HatieHHe E y ±, aoo6me roaop H, He 

npOTHBOpet~amee 3HatieHHIO ( 4) , 6JIH)l(e K O:>KH,n;aeMOMy 3HatieHHIO ( 5) . 
J1HbiMH CJIOBaMH, Ha OCHOBaHHH (6) MO)l(eM 3anHCaTb 

2 
mec = 511,003(5) KaB, (7) 

B TO apeMH KaK npHHHToe B I 2 / 3Hat~eHne cocTaaJIHeT 

mec 2 = 511,0034( 14) K38. (8) 
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llOIIbiTKa OIIHCaTb Becb a.HHHrHJIHQHOHHhiH nHK O,Il;HHM rayccua

HOM npHBO,Il;HT K TaKHM OI~eHKaM 3HeprHH 3TOrO nHKa: 

E(y±BOAS) = 510,982(5) KSB, 

E(y±neA, -160°C) = 510,985(5) KaB, 

KOTOpbie 3Ha'IHMO OTJIH'IaiDTCH OT 3HeprHH y3KOH KOMnOHeHTbl (6). 

llo,o;o6 HbiM nO,IJ;XO,IJ;OM HeQenecoo6pa3HO nOJib30BaTbCH B MeTpOJIO· 

rH'IecK Hx uenHX, nocKOJibKY nonyt~aeMbie npu 3TOM ouenKn MoryT 

3aMeTH O 3aBHCeTb OT yCJIOBHH aHHHrHJIHQHH n03HTpOHOB. 

4 . llOTIOJIHHTEJihHhiE 3AMEqAHlliJ 

,[(onOJIHHTeJibHbiM HCTO'IHHKOM HH$OpMaQHH, B npHHQHne,Mory

~eH n p OJIHTb CBeT Ha MeXa.HH3M B3aHMO,IJ;eHCTBHH, HBJIHIOTCH H3Mepe

HHH s p eMenu )f(H3HH no3HTpouos B se~ecTBe. Xopomee cornacue 

C H3MepeHHbiMH cneKTpaMH ,IJ;OCTHraeTCH 06bi'IHO ( CM., HanpHMep/ 13 1 
0 

ux p a3JIO)f(euneM ua TpH KOMnoneHTbi. TaK, ,IJ;JIH so.o;bi npu +20 C 

6bmH HaH,!J;eHbl KOMnOHeHTbl C BpeMeHeM )f(H3HH 0,22 (2); 0,46 (2); 

1,86 ( 2 ) HC H HHTeHCHBHOCTHMH OKOJIO 25, 48 H 27% COOTBeTCTBeHHO, 

TOr,IJ;a KaK ,Il;JIH Jlb,IJ;a npH -160° C BpeMeHa )f(H3HH COCTaBJIHJIH OKOJIO 

0,12; 0,6 H 1 HC, HHTeHCHBHOCTL npOMe~TO'IHOH KOMnOHeHTbl B03· 

poena npnMepuo .o;o 78%, a ,IJ;JIHHHOH- ynana .o;o 1,5%. Ka3anocb 6bi, 

3aMa.H'IHBO CBH3aTb 3TH KOMnOHeHTbl C a.HHHrHJIHQHeH napan03HTp0-

HH11, CB060,IJ;HblX n03HTpOHOB H OpTOn03HTpOHHH, O,IJ;HaKO TaKaH 

npocTaH HHTepnpeTaQHH naTaJIKHBaeTCH ua pH,o; Tpy.o;uocTeH, CBH3a.H· 

HhiX CO 3Ha'leHHeM BpeMeH )f(H3HH H HX OTHOCHTeJibHbiX HHTeHCHBHOC· 

TeH ( n o.o;po6uee eM. 713 / ) • 

H a ycTa.HOBKe ,IJ;JIH speMeHHbiX H3Mepeuu8 c pa3pemeuneM 

0,260 HC H QeHOH KaHana 0,0256 HC Mbl H3Y'IHJIH cneKTpbi n03HTpO

HOB B BO,IJ;e (npH .20°C) H BO Jlb,IJ;Y (npH -160°C) C paCTBOpeHHbiM 

HCTO'IHHKOM. q,HTHpOBa.HHe C TpeMH KOMnOHeHTaMH npH nOMO~ 

nporpaMMbi POSITRONFIT I 14/ .o;ano cne.u;y10~ue pe3yJ1bTaTbi. 

.nitR B O,Il;bl: T1 = 0,30(1) HC, l 1 = 54(4)%; T2 =0,66(8) HC,l2 = 

=24(3 )%; r 3 = 2,11(9) HC, 13 =22(1,4)%,TOr,IJ;aKaK,IJ;JIHJib,IJ;a 

· r 1 = 0 ,18(1) uc, 1 1 =26(2)%; r 2 =0,55(2) nc,I2 =65(2)%; 

r 3 = 1 ,12 (14) uc, I 3 = 9 ( 4) %. 0TMeTHM, 'ITO 3Hat~enue x 2 B o6o

ux CJIY'IaHX COCTaBJIHJIO OKOJIO 460 npH 422 CTeneHHX CB060,IJ;bl. 

C pasueuue nonyt~eHHbiX pe3yJ1bTaTOB Me)f(,Il;y co6o8 u c JIHTepa

TypHbi MH ,Il;a.HHbiMH He n03BOJIHeT, K CO)f(aJieHHIO, C,IJ;eJiaTb O,Il;H03Ha'l· 

HhiX B biBO,IJ;OB 0 MeXa.HH3MaX nOHBJieHHH y3KOH KOMnOHeHTbl BO Jlb,!J;Y 

HJIH y n yqmeHHH YCJIOBHH ee na6JIIO,IJ;eHHH npH paCTBOpeHHH HCTO'IHHKa. 

H au6onee cy~ecTBeHHbiM H3MeneuneM npu nepexo.o;e oT 'IHCToro 

Jlb,IJ;a K O Jlb,IJ;Y C npHMeCHMH HBJIHeTCH yseJIH'IeHHe HHTeHCHBHOCTeH 
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",n:nHHHOH" H "KopOTKOH" KOMnoHeHT: I 3 - c 1,5% .n:o 9% H I 1 - c 
20%,n:o 26%. 

YaenHtJeuue I 3 OTMetianocb TaK)I(e a pa6oTe I 14/ , r,n:e ouo 6bi
no npunucauo 3axBaTy opTono3HTpOHHR B noaylllKH, o6pa30BaHHbie 
npHMecRMH. 3aMeTHM, tiTO, cornaCHO pe3yflbTaTaM pa60Tbl / 15< 
HaJIHtiHe MHKponpHMeCeH BO flb.Il:Y npHBO.D:HT K He3HatiHTenbHOMy 
ylllnpeuuro Y3KOH KOMnoueHTbi, o,n:HaKo aBTOpbi OTMetiaroT, tiTo HM 
He y,n:aJIOCb nonytiHTb RCHbiX .D:OKa3aTeflbCTB H3MeHeHHR tiHcna o6pa-
3YIOI..UHXCR napan03HTpOHHeB no,n: ,n:eHCTBHeM MHKponpHMeCeH. 

Yaennt~euue I 1 MO)I(eT 6biTb CBR3auo c ynyt~IlleHHeM ycnoBHH 
TepMOflH3aUHH napan03HTpOHIDJ B paCTBOpeHHOM HCTOtiHHKe, tiTO 
.D:Ofl)I(HO npHBecTH K yaenHtieHHIO HHTeHCHBHOCTH Y3KOH KOMDOHeHTbl. 
BnpotieM, 6onee .D:eTanbHOe paccMOTpeuue 3THx aonpocoa BbiXO~HT 
,n:aneKO 3a paMKH HaCTOR~eH pa60Thl. 

B 3aKnroqeuue aBTOpbi Bbipa)l(alOT 6naro,n:apuocTb npo<lJ. K . .H.rpo
Moay 3a nOCTORHHbiH HHTepec K pa6oTe. 
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KpaTicue coo6U4eHWI OHJIH JY"6(26]-87 J/NR Rapid Communications No.6[26]-87 
Y,LlK 681.321.0 

llPl1MEHEHHE IIIHHhl VME .H llEPCOHAJibHOrO 
KOMllbiOTEPA llPABEU:-16 B llO,IJ;C.HCTEME YllPABJIEH.H.H 
U:.HKJIOM CBEPXllPOBO,lJ;.Hll{ErO C.HHXPOTPOHA 

H.ll.Ba3bmesa, C.H.Ba3hmes, JI.r.E¢>HMOB, .H.<l>.KonnaKoB, 
A.C.HHKH¢>opos, A.E.CeHHep, B.M.CnenHes, B.A.CMHpHoB 
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.llaeTC.Il KpaTKOe OnHCaHHe nepsoro B OHJHf OllbiTa HCnOJibJOBa
HH.Il I.I.IHHbi VME (cnH.o;apT M3K.821), .RBJI.Il!Ollleiic.R enHHcmeHH&IM 
Me)I()J;yHapO)J;HblM CTaHnapTHblM cpe)J;CTBOM opraHH3aUHH. MHOronpo
u;eCCOpHblX CHCTeM BblCOKOH npOH3BO)J;HTeJibHOCTH C 32-pa3p.ll)J;HblM 
KaHanoM nepena•m )J;aHHbiX. BHenpeHHe I.I.IHHbi VME B asToMaTH3H· 
posaHHyiO noncHCTeMy ynpasneHH.R UHKJIOM csepxnposon.Rmero 
CHHXpoipoHa CIIH:H, paHee pa6oTasllleH B OnHonpou;eccopHoM sapH
aHTe Ha ocHose MHKpo-3BM MERA-60, coJnano B03MO)I(f{OCTb opra
HH3au;HH pacnpeneneHHOH Bbl'IHCJIHTeJibHOH MOlllHOCTH C J<t><t>eKTHB
HblM pa3neneHHeM Jana'l noncHcTeMbr. Ha nepsoM JTane peanH3aUHH 
MHoronpou;eccopHoro sapHaHTa noncHCTeMbi B ee cocns 6&ma BKJIIO· 
'leHa nepcoHan&Ha.R 3BM Ilpaseu;-16. CB.Il3b MHKpo-3BM MERA-60 H 
Il3BM BbiUOJIHeHa '1epe3 pa3pa60TaHHble B JIB3 HHTep<t>eHCHble MO· 
nynH H 6y<PepHoe JanoMHHa!Olllee ycTpoiicTso B CTaHnapTe VME. 
B TaKOH KOH<t>HrypaUHH MHKpo-3BM MERA-60 ocso6o)I()J;aeTC.Il OT 
<i> YJIKUHH )J;HaJIOfOBOfO JanaHH.Il napaMeTpOB UHKJla CHHXpOipOHa H 
paC'IeTa Ta6JIHU UH<t>poBblX KO)J;OB ynpaBJieHH.Il HCTO'IHHKaMH UHTaHH.Il 
MarHHTHblX JJieMeHTOB CHHXpOipOHa, KOTOpble 6epeT Ha ce6.11 IJ3BM 

. IJpaseu;-16. 3ro J103BOJ1HJIO pe3KO COKpaTHTb (npHMepHO B 300 pa3) 
s peM.R, JaTpa'IHBaeMoe Ha H3MeHeHHe pelKHMa pa6oTbi noncHCTeMbr . 
IIonyqeHH&Iii OllbiT npHMeHeHH.Il lllHHbi VME 6yneT Hcnon&JOBaH nn.11 
nan&Heiilllero paci.I.IHpeHH.R Ha MHoronpou;eccopHOH ocHose Kpyra 
Jana'l, pelllaeMbiX B CHCTeMe asmMaTH3aUHH cHHxpoipOHa CIIH:H. 

Pa6oTa BbmonHeHa B Jla6opampHH BbiCOKHX JHeprHH OH:RH:. 

·Application of VME Bus and a "Pravetz-16" PC in a Sub
system of the Superconducting Synchrotron Cycle Control 

Basyleva N.P. eta!. 

The first application at JINR of the standard means for the const
ruction of modern multiprocessor high-productive systems (VME bus) 
is considered. The embedding of the VME bus in a basic automation 
subsystem of the SPIN superconducting synchrotron allowed one to 
organize the common work of a MERA-60 microcomputer, which con
trols the accelerator cycle, and a "Pravetz-16" PC, which provides a dia
logue with the operator and controlling data calculation. Necessary set 
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of VME modules as well as the corresponding microcomputer and PC 
software are designed. The achieved effect is to decrease the dead time 
required for changing the cycle parameters approximately by a factor 
of 300 in comparison with a uniprocessor version of the subsystem. The 
obtained experience of application and the VME possibilities will be 
used in the future for extending on the multiprocessor basis the range 
of superconducting synchrotron automation tasks to be solved in the 
SPIN synchrotron automation system. 

The investigation has been performed at the Laboratory of High 
Energies, JINR. 

1. BBEllEHI1E 

B HaCro.Fnuee apeMH e.rumcraeHHhiM MeJK,ll,yHapO.IJ:HhiM craH
naprHhiM cpe.IJ:CTBOM opraHH3aU:HH MYJibTHMHKpo npou:eccopHhix cHc
reM C 32-pa3pH.IJ:HhiM KaHaJIOM nepe.IJ:atm .IJ:aHHhiX H BhiCOKOH npOH3-
BOAHTeJibHOCTblO, .IJ:OCTHraiOIIJ;eH npOH3BO.IJ:HTeJibHOCTH cynepKOMllblO
repOB, HBJIHeTcH lliHHa VME (craH.IJ:apr M3K.821 , IEEE P1014) .liiH
Ha VME lliHpOKO HCllOJib3yercH a ae.IJ:ymHx ¢H3HtJeCKHX na6oparopH
HX MHpa KaK annaparypHaH OCHOBa AJIH C03.IJ:aHHH CHCTeM c6opa H 
o6pa60TKH 3KCnepHMeHTaJibHhiX .IJ:aHHbiX COBpeMeHHhiX cneKTpOMeT
pOB 3JieMeHrapHhix qacTHU: (THna UAl a UEPHe l l/ ) , a raK:>Ke cHc
reM ynpaBJieHHH HOBhiMH H C03.IJ:aBaeMbiMH YCK OpHTeJIHMH (HanpH
Mep, LEP /SPS i 2 1 ). 

B pa6ore .IJ:aercH onHcaHHe nepaoro a OH.RH onhrra npHMeHeHHH 
annaparyphi B CTaH.IJ:apre VME AJIH pa3BHTHH cHcr eMhi aaroMaTH3aU:HH 
MO.D:eJibHoro caepxnpoao.IJ:Hmero ycKopHrenH. 

2. llOCTAHOBKA 3AMql1 

B retJeHHe pHAa ner B KOMnneKce cpe.IJ:CTB as roMaTH3aUHH csepx
npoBOAHmero CHHxporpoHa CTIHH Hcnonh3yercH no.IJ:CHCTeMa ynpas
neHHH U:HKJIOM ycKopHrenH Ha ocHose MHKpo-3 BM MERA-60 1 3 1 

• 

OcHOBHhiMH 3a.IJ:atJaMH no.IJ:cHcreMhi HBJIHIOTCH y npasneHHe HCTOtiHH
KaMH llHTaHHH MarHHTOB H JIHH3 KOJibU:a CHHXpOTpOHa, KOHTpOJib pa-
60TOCllOC06HOCTH HCTO'IHHKOB llHTaHHH BCeX MarHHTHhlX 3JieMeHTOB 
YCKOpHTeJIH no pe3yJibTaTaM H3MepeHHH CHrHaJIOB C HX .IJ:aTtJHKOB, a 
raK)f(e CHHXpoHH3aU:HH y3JIOB ycKopHTeJIH. 

BhiJIH c03.IJ:aHbi 2 sepcHH annaparHo-nporpaMMHhiX cpe.IJ:CTB no.IJ:
CHCTeMhi, o6ecnetJHBiliHe npoBe.IJ:eHHe HCCJie.IJ:OBaHHH Ha CHHXpOTpOHe, 
COOTBeTCTBeHHO B TellJIOM 

1 4 I H KpHoreHHOM p e:>KHMaX ero 3KCnJiya

TaU:HH. 
HecMorpH Ha ycnelliHYIO pa6ory yKa3aHHhix cpe.IJ:CTB s npose

,D;eHHhiX ceaHcax 3anycKa ycKopHrenH CTIHH s n pHMeHHBilleMcH OA-
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HOnpou eccopHOM BapHaHTe no,nCHCTeMbl OTCYTCTBOBaJia B03MO:>KHOCTb 
onepaTHBHbiX H3MeHeHHH napaMeTpOB UHKJia B pearibHOM apeMeHH. 
3TO np HBO,nHJIO K npHOCTaHOBKe reuepaUHH UHKJIOB YCKOpHTeJIH Ha 
apeMH ,nHanora c onepaTopoM H nocne.nyromero pact~eTa Ta6JIHU UH<I>
pOBbiX KO,nOB ynpaaJieHHR HCTO'IHHKaMH llHTaHHR, npH'IeM ,nJIHTeJih
HOCTb TaKoro "Mepmoro apeMenH" no.ncHcTeMbi T M 3aaHcena OT 
CKOpOCTH pa60Tbl onepaTOpa H 3Ha'leHHH 3a,naaaeMbiX HM napaMeTpOB. 
,IJ;auuy ro npo6neMy ue pewano HCnOJib30BaHHe a MHKpo-3BM MERA-60 
,nayx3a,naquoro MOHHTOpa onepaUHOHHOH CHCTeMbl pearibHOrO BpeMe
HH PA<l>OC (RTll-FB), T.K. npH 3TOM ue o6ecne'IHBaJIOCb Tpe6yeMoe 
6LICTpOAeHCTBHe no,nCHCTeMbl BBH,ny OTHOCHTeJibHOH CJIO:>KHOCTH pac
'leTa Ta6JIHU KO,nOB H ue,nOCTaTO'IHOH npOH3BO,nHTeJibHOCTH npoueccopa. 

3 <1><1>eKTHBHOe COBMeiUeHHe BO apeMeHH acex <I>YHKUHH no,nCHC
TeMbl MOrJIO 6biTb ,nOCTHrHyTO TOJibKO Ha MHOrOnpoueccopHOH OCHO
Be C p a3,neJieHHeM 3a,naq, C 3TOH UeJiblO HaMH 6bma HCllOJib30BaHa IllH
Ha V M E. 

3 CTPYKTYPHMI CXEMA 11 IIPOfPAMMHOE OEECllEqEHI1E 

CTpyKTypuaR cxeMa Mo.nepHH3Hpoaauuoro npoueccopuoro y3na 
no.ncHcTeMbi ynpaaneHHH UHKJIOM CllMH npHae.neua ua pHcyuKe. 
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MHKpo-3BM MERA-60 ocso6o:>K,IJ;aeTCH OT cpyHKQHH .n;Hanorosoro 
3a,llaHHH napaMeTpOB H paC1JeTa Ta6JIHI.J;, KOTOpble B03JiaraiOTCH Ha nep
COHaJibHhiH KOMnbiOTep llPABEU-16, ycTaHaBJIHBaeMbiH Ha nynhTe 
no,n;cHcTeMhi. CBH3h ,n;syx MHKpo-3BM ocyr.u;ecTBJIHeTCH 11epe3 6ycpep
HYIO naMHTh VME. B :ny naMHTh H3 nepcoHaJihHoro KOMnhJOTepa ne
pe,n;aiOTCH pac1JeTHhie ,n;aHHhie . B nay3e Me:>K,IJ;y UHKJiaMH y cKopHTeJIH 
,n;aHHhie C1JHThiBaiOTCH H3 6ycpepa VME no IIIHHe ynpaBJIHJOr.u;eH: MHK
po-3BM MERA-60 B cooTBeTCTBYIOIUYIO o6nacTb ee onepaTHBHOH na
MHTH, 1JeM o6ecne1JHBaeTCH B0306HOBJieHHe I.J;HKJia y)l(e C HOBhiMH 
aMnJIHTY,IJ;HO-BpeMeHHhiMH napaMeTpaMH pa60Thi HCT01JHHKOB nHTa
HHH MarHHTHhiX ::meMeHTOB CHHXpOTpOHa. 

B no,n;cHcTeMe HcnoJib3YIOTCH cne,n;y10r.u;He Mo,n;ynH VME, pa3pa-
6oTaHHhie B J1B3: 

C.01 - scnoMoraTeJibHhiH MOAYJih c TepMHHaTopoM, ap6HTpaTopoM 
H reHepaTOpOM CHHXpOCHrHaJIOB IliHHhi; 

l1.02 -a,n;anTep IIIHHhi Q-bus (CHCTeMHOrO KaHana MHKpo-3BM 
"3JieKTpOHHKa-60") ; 

ll.01 - npou;eccopHbiH MO,IJ;YJib Ha OCHOBe MHKponpou;eccopa 
INTEL-8085 c naMHThiO ,n;HHaMH1JecKor_o 03Y eM~OCThiO 

32K 6aHT H llll3Y eMKOCTbiO 16K 6aHT, OCHar.u;eHHhiH 1JeTbipb
MH KaHaJiaMH nOCJie,IJ;OBaTeJibHOrO BBO,IJ;a-BbffiO,IJ;a ,Il;aHHhiX 
no npoToKony RS232C (V.24); 

3.01- ,IJ;ByXnOpTOBaR naMHTb ,Il;HHaMH1JecKOrO 03Y eMKOCTbiO 
512K 6aHT, C I.J;HKJIOM 500 HC H ,Il;OCTynOM B naMHTb C IliHHhi 
H C pa3'heMa Ha JIHI.J;eBOH naHeJIH. 

llporpaMMHOe o6ecneqenHe nepconaJibHoro KOMnhJOTepa Bhmon
Heno B BH.n;e ,n;syx no,n;nporpaMM ,n;Hanora H pac'leTa Ta6nHu;, pa6oTaiO
mHx no paHee OTJia)f(eHHhiM s MHKpo-3BM MERA-60 anropHTMaM. 
llporpaMMa HanHcaHa Ha <l>OPTP AHe, pa6oTaeT no,n; ynpasneHHeM 
MOHHTOpa ,Il;HCKOBOH onepau;HOHHOH CHCTeMbi llOC-16 H 3aHHMaeT 
64K 6aHT B onepaTHBHOH naMHTH. 

llporpaMMHoe o6ecne1JeHHe MHKpo-3BM MERA-60 nsnneTcR 
He3Ha1JHTeJibHhiM paCIIIHpeHHeM nporpaMMHOrO o6ecneqe HR O,Il;HO
npou;eccopHhiX BapHaHTOB nO,IJ;CHCTeMbi H ,n;aeT B03MO)I(HOCTb pa60Thi 
KaK B O,Il;HOnpou;eccopHOM, TaK H B paCCMOTpeHHOM pe)I(HMaX. 

0CHOBHhiM 3cpcpeKTOM OnHCaHHOH MO,n;epHH3ai.J;HH npb eccOpHO
ro y3na no.n;cHcTeMhi HBJIHeTCH pe3Koe coKpar.u;enHe semt1JHHhi TM. 
TaK, eCJIH paHbiiie BBO,IJ; HOBbiX napaMeTpOB H pacqeT Ta6JIHI.J; Bhi3hffiaJI 
OCTaHOBKY pa60Thi YCKOpHTeJIH H nponycK I.J;HKJIOB, TO ceH1JaC nepe
CTpOHKa pe)I(HMa pa6oThi no,n;cHcTeMhi Bhi3hiBaeT JIHIIIh ,n;ony cKaeMoe 
y,n;nHHeHHe nay3hi Me:>K,IJ;y UHKJiaMH. BeJIH'IHHa T M coKpar.u;aeTcH 
s cpe,n;HeM s 300 pa3 . 

15 



4. 3AKJilOqmrn:E 

llpHMeHeHHe CTaH,Zl;apTHOH MHOronpoueccopHOH lllHHbl AJIR opra

HH3auHH COBMeCTHOH pa60Tbl MHKpo-3BM D03BOJIReT B ,Zl;aJibHeHllleM 

JierKO HapaiUHBaTb Bbi'IHCJIHTeJibHYIO MOIUHOCTb OO,Zl;CHCTeMbl BKJIIO

'IeHHeM B ee COCTaB ,Zl;ODOJIHHTeJibHbiX npoueccOpHbiX MO,ZJ;yJieH, Ha

npHMep , AJIR o6pa60TKH pe3yJibTaTOB npOH3BO,Zl;HMbiX B OO,Il;CHCTeMe 

H3MepeHHH. 

K p oMe Toro, naKonneHHbiH OnbiT 6y,ZJ;eT ueo6xo,ZJ;HM npH nocne

,ZJ;yiDmeM ~HcnoJib30BauHH lllHHbi VME AJIR oprauH3auHH pa6oTbi nep

couanbu oro KOMDbiOTepa ua ueuTpanbHOM nynbTe CHcTeMbi aBTOMa

TH3aUHH CBepxnpOBO,IJ;RIUero CHHXpOTpOHa C BKJIIO'IeHHeM pecypcoB 

3BM C M -4
5 

cneunpoueccopoa no,ZJ;roTOBKH H BbiBO,ZJ;a rpa<I;>H'IecKHx 

06'beKTOB I .' . 

JIHTEPATYP A 

1. Gittolin S. In.: Proc. 1986 CERN School of Computing. Geneva, 1987, p.124. 
2. Altaber J. et at. In.: Proc. I Conf on VME bus in Physics.Geneva,1986,p.216. 
3. EifJw.tosJI.r. uop. OHJIH, 1D-83-59il!y6Ha, 1983. 
4. EifJUM08 JI.r. u op. B KH.: TpyObl X Bceco/03HOZO C08eU4f1HW! no ycKopure

/IRM 3apRJICeHHblX ~Jacru14 , r.1, OHJIH, )Jy6Ha, 1987, c.96. 
5. Ea3bl/le8a H./I. u op. B KH. : TpyObl X Bcec0/03HOZO C08eiJ,4aHW! no YCKOpu

Te.ru!M 3apRJICeHHbiX ~JaCTUI4, r.1, OHJIH, )Jy6Ha, 1987, c.92. 

PyKonHcb nocTynHJia 3 ,ZJ;eKa6pn 1987 ro,ZJ;a. 
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\apTHOH MHOronpoueccopHOH WHHbl .D;nH opra
a60Tbl MHKpo-3BM ll03BOnHeT B .o;an&HeHWeM 
IHCnHTenLHYIO MOLUHOCTb llO.D;CHCTeMbi BKnlO
OllOnHHTenbHbiX npoueccopH&Ix Mo.o;ynei%, ua
:H proyn&TaTOB npOH3BO.D;HMbiX B llO.D;CHCTeMe 

mneHHbiH OnhiT 6y.o;eT Heo6xo.o;HM npH nocne
rn: wHHbi VME ,nnH opraHH3auHH pa6oTbi nep
pa Ha UeHTpanbHOM nyn&Te CHCTeMbl aBTOMa
[JUero CHHXpOTpOHa C BKnlOlleHHeM pecypcOB 
{!COpOB no,nrOTOBKH H BbiBO.D;a rpacpHllecKHX 

86 CERN School of Computing. Geneva, 1987. p.124. 
;. I Conf on VME bus in Physics. Geneva, 1986,p. 216. 
ff,1~83-592;J]y6na, 1983. 
~H.: Tpyo&l X Bcecmo3H020 coaeU41ZHWI no ycKopure
, T.1, OHJIH,J]y6na, 1987, c.96. 

KH. : Tpyo&l X Bceco/03H020 coaeutaHWI no ycKopu
t!4, T.1, OHJIH, J]y6na, 1987, c.92. 
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COHERENT-TRAPPING STATES OF THREE-LEVEL 
TWO-MODE SYSTEMS WITH MULTIPHOTON TRANSITIONS 

Fam Le Kien 

The coherent-trapping states of three-level two-mode systems with 
multiphoton transitions have been found. All three types of ato
mic transition configurations have been considered. 

The i vestigation has been performed at the Laboratory of Theore
tical Physics, JINR. 

CoCTOHHHH KorepeHTHoro nneueHHH uaceneHHocrei% ypoaHeH 
B MHOrOcpOTOHHbiX TpexypOBHeBbiX 
.nBYXMO.D;OBbiX CHCTeMax 

~Mne KHeH 

HaH,neHbl COCTO.IIHH.II KOrepeHTHOTO IUieHeHH.II HaCeJieHHOCTeH ypoB
HeH B MHOro<t>orOHHblX rpexypOBHeBblX ~yXMO,O:OBblX CHCTeMax. 
l1ccnenoaali&I ace THIIbi KoH<t>HrypauHH nepexonoa. 

Pa6ora BbiUOJIHeHa B na6oparopHH reopeTHlleCKOH <I>H3HKH 011Hl1. 

In recent years, the study of coherent population trapping has 
received a great deal of interest 1 1· 141 . This phenomenon consists in 
impossibility to excite an atom to a given level in spite of the existen
ce of both a radiation field and allowed transitions from other levels 
initially occupied. Coherent population trapping is explained to occur 
due to the destructive interference between two or more transition 
channels. A pure two-level system cannot exhibit trapping. Coherent 
population t rapping in a three-level atomic system has been noted 
under the two-photon resonance condition and has been well studied 
semiclassically for a lambda-type atomic system With one-photon tran
sitions / 1-7 / , It has been shown that one of the levels involved can 
even be a member of a continuum, and coherent trapping remains 
possible / 8-1 0 / . The conditions under which coherent population 
trapping in t wo-photon ionization occurs have been obtained / 11-121 . 
The possibility of coherent trapping with the quantized cavity field 
has been examined for all the possible types of single-photon-transi
tion three-level atoms / 18-14/ by using the dressed state formalism. 

In this paper we present a treatment of coherent population trap
ping with the quantized cavity field. We find the so-<:alled coherent 
trapping stat es of a multiphoton-transition three-level two-mode sys-
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tern using a procedure different from the Y oo-Eberly treatment for 
the single-photon-transition case / 14/ and the treatment for the mul
tiphoton lambda-configuration system 1151 . 

Our system in its most general form consists of a three-level 
atom and a quantized electromagnetic field of two excited cavity modes. 
We treat this system as closed, i.e., no coupling of the atom with the 
radiation field modes _of free space. The atom and the excited cavity 
modes couple to each other by an effective interaction with allowed 
multiphoton transitions of atomic levels 1-3 and 2-8 but not of 
1-2. The rotating wave approximation is used. 

There are three distinct atomic level configurat ions in which 
level 3 is intermediate, upper or lower. We call these configurations 
cascade-, lambda-; and V -types, respectively, and treat them formal
ly in the same manner. 

The system is described by the Hamiltonian 

H = HA + H F + HAF ' 

where the free atomic part H A and the free field part H F are 

3 
H A = I. 1iO. R .. 

j = 1 J JJ 

and 

2 ..1.: + 
H F = I. uw a a 

a= 1 a a a 

(1) 

(2) 

(3) 

The operator R JJ describes the population of atomic level j , a: and 
aa are the creation and annihilation operators of a photon in mode 
a, 0 . is the jth atomic level frequency, while Wa is the frequency 
of ciode a. The interaction part HAF of the Hamiltonian H is given, 
depending on the three possible types of the atomic level configura
tions, by 

m1 m2 
HAF =1ig1a1 R31 +1'ig2a2 R23 +h. c. (cascade t ype), (4.1) 

m1 m2 
HAF =1ig1al R31 +1ig2a2 R32+ h.c. (lambda type), (4.2) 

-"' rn 1 rn2 
HAF = ug1a1 R13 +-hg2a2 R23+h.c. (V-type), (4.3) 
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where h.c. is hermitian conjugate, g 1 and g 
m1 and m 2 are the photon multiples of thE 
R iJ describes the atomic transition from leve 
operators R iJ (1, j = 1, 2, 3) are defined by 

Rij =I i>A A<JI. 

They obey the relation 

R ij I k > A = B kj I i > A 

Here I i> A (i = 1,2,3) is the state vector of 1 

se the two-mode multiphoton resonance co 
(cascade type) or difference (lambda and V 
quency multiples is exactly on resonance wi 
difference between levels 1 and 2 

02-01 =m1w1 +m2w2 

02 -01 = m1w1 -m2w2 

0 2 - 0 1 = m2w 2 - m1 w 1 

Now we call a state of the system, I <P> , a < 
I <P> satisfies the following conditions /14/: 

i) I¢> = I¢ A> " I <P F > " I <P F >' 
1 2 

and 

I ¢(t) > = exp(-iHt /1i) I¢> = 
ii) 

= exp(-iHA t;1i) I <P A> S exp(-iliFt/1 
where I¢ A> is an atomic state made by a pr 
of levels 1 and 2, and I <P r> = I <P F • <P F > 
from the states consisting of only the nUml: 
n 1 < m1 or n2 < m2 . Taking into account the re 
bed by eqs. (7.1)-(7.3) we can easily show th 
condition (ii) is equivalent to 

H AFI ¢> =0. 

Because level 3 is not involved with I <P >we can ' 
A 



:e different from the Y oo-Eberly treatment for 
sition case 1141 and the treatment for the mul
guration system 1 151 

. 
its most general form consists of a three-level 

electromagnetic field of two excited cavity modes. 
iS closed, i.e., no coupling of the atom with the 
of free space. The atom and the excited cavity 

1. other by an effective interaction with allowed 
1s of atomic levels 1-3 and 2-3 but not of 
re approximation is used. 
l distinct atomic level configurations in which 
e, upper or lower. We call these configurations 
j V -types, respectively, and treat them formal-

scribed by the Hamiltonian 

(1) 

;>art H A and the free field part H F are 

(2) 

(3) 

+ 
:cribes the population of atomic level j , a a and 
1d annihilation operators of a photon in mode 
mic level frequency, while wa is the frequency 
:action part HAF of the Hamiltonian H is given, 
ee possible types of the atomic level configura-

m2 
~ g 2a 2 R 23 + h. c. (cascade type), (4.1) 

m2 
!lg2a 2 Rs2 + h.c. (lambda type), (4.2) 

m2 h g 
2 

a 2 R23 + h.c. (V-type), (4.3) 

where h.c. is hermitian conjugate, g 1 and g 2 are coupling constants, 
m1 and m 2 are the photon multiples of the atomic transitions, and 
R lJ describes the atomic transition from level j to level i (i ~ j ) . The 
operators R iJ (i, j = 1, 2, 3) are defined by 

(5) . 

They obey t e relation 

R ij I k > A = 8 kj I i > A (6) 

Here 1 i> ( i = 1,2,3) is the state vector of atomic level i. We impo
se the t.:O-mode multiphoton resonance condition, where the sum 
(cascade type) or difference (lambda and V-types) of two mode-fre
quency mult iples is exactly on resonance with the atomic frequency 
difference between levels 1 and 2 

(cascade type), (7.1) 

(lambda type), (7.2) 

(V-type) (7.3) 

Now we call a state of the system, I ¢ > , a coherent-trapping state ii 
I¢> satisfies the following conditions /14/ : 

(8) 

and 

I ¢(t) > = exp(-iHt /1i) I ¢> = 
ii) (9) 

= exp(-iH t,11) I¢ A> 0 exp(-iHFt/h) I¢F >, 
A • 

where I¢ A> is an atomic state made by a proper linear superposition 
of levels 1 and 2, and I¢ r> = I¢ F , ¢ F > is a field state different 
from the states consisting of only ihe nUmber states ln 1, n 2> with 
n 1 < m1 or n2 < m2 • Taking into account the resonance condition descri
bed by eqs. (7.1)-(7.3) we can easily show that the coherent-trapping 
condition (ii) is equivalent to 

H AFI ¢> =0 . (10) 

Because level 3 is not involved with l¢>we can write l¢>as 
A A 
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I¢ A > = u 1 ll > A - u2 1 2 >A , I u 1 1
2 + I u 2 I 

2 
= l. (11) 

Using eqs, (4.1)-(4.3), (8) and (11) we get from eq. (10) 

m1 +m2 
g 1 u 1 a 1 I ¢ F> = g 2 u 2 a 2 I ¢ F > (cascade type), (12.1) 

ml m2 
g 1 "1 a1 I ¢F > = g 2 "2 a2 I ¢ F > (lambda type), (12.2) 

+m~ +m2 
g 1 u 1 a 1 l ¢F > = g 2 u 2 a2 I¢ F > (V-type). (12.3) 

Equations (12.1)-(12.3) determine I¢F > = I¢F 1 , ¢F2 > , the values 
of u1 and u2 and thus I¢ A> for all the three types of atomic confi
gurations. It is easy to solve these equations. As a result we obtain 
for the lambda-type system the field coherent-trapping state 

I ¢F > = i z1 > coh ~ I z2 > coh (13) 

Here lz 1 > coh and lz 2> coh are Glauber coherent stat es of modes 
1 and 2, respectively. The amplitudes u 1 and u2 of the corresponding 
atomic coherent-trapping states should be 

m2 
g2z 2 

u - ------------------------, 
1- ~~ml l 2 +I g2z: ~-2 

m1 

glz1 - - ---- . (14) u - ------..::=-==-..::.::::..:.:.;-2-
2 - r;-g z m 112 -i- I g2 z 2 2 ! 

V I 1 1 

For the cascade- and V-type systems we find no coherent-trapping 
state. 

Thus, in this paper we have investigated the coherent trapping 
effect in the multiphoton three-level two-mode systems. All three 
types of atomic transitions have been considered. It has been shown 
that coherent-trapping states exist only for the lambda-type system. Our 
results have been straight-forwardly obtained from the interaction Hamil
tonian without using the dressed state formalism. 
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CllOHTAHHOEH3flYqEHHE 

.[(BYX .[(BYXYPOBHEBhiX ATOMOB 

C MHOrO<l>OTOHHhiMH llEPEXO.[(AMH 

E.K.BawKHpoa 1 , <l>aM Jle KHeH 2 , A.C.IIIyMoBcKHH 

IlonyqeHO TO'IliOe peweHHe AJ]H CHCTeMbi ABYX AByxypoBHeBblX 
aTOMOB C MHOfO<l>OTOHHblMH nepeXOAaMH B HAeaJibHOM pe30HaTOpe 
B CJI}"'ae OAHOaTOMHOfO Ha'laJibHOfO B036y)K)leHHH. 11ccneAOBaHa HH
TeHCHBHOCTb H3JI}"'eHHH H CTaTHCTHKa <l>OTOHOB. 

Pa6ora BhinOJIHeHa B Jla6oparopHH reopeTHtleCKOH <l>H3HKH 011lfl1. . 
Spontaneous Radiation of Two Two-Level Atom s with 

Multiphoton Transitions 

E.K.Bashkirov, Fam Le Kien, A.S.Shumovsky 

An exact solution for a system of two atoms with multiphoton 
transitions in an ideal cavity is obtained. The intensity of emission 
and photon statistics is examined . 

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

B nocnenHee apeMH noHBHJICH pH.D. 3KcnepHMeHTaJibHhiX pa6oT 

no Ha6JIIO,ll,eHH10 CllOHTaHHOrO H3JiyqeHHR pH,ll,6eprOBCKHX aTOMOB B 

pe30HaTope / 1-4/ , 'ITO ll03BOJIReT npoaepHTb npe,li,CKa3aHHH npOCThlX 

TO'IHO pewaeMbiX MO,ll,eJieH, BKJIIO'IaiO~HX B3aHMO,ll,eHCTBH e O,li,HOH MO

,ll,bl nonH H3Jiy'leHHR c HecKOJibKHMH aTOMaMH. To'IHhre p eweHHH .D.JIH 

KOJIJieKTHBHOro cnoHTaHHoro H3Jiy'leHHR aHCaM6JIH N -aTOMOB, no

Me~eHHhiX BHyTpH H,ll,eaJibHOrO pe30HaTOpa H B036y)l(,ll,aeMbiX B C?
CTOHHHe, B KOTOpOM TOJibKO O,li,HH aTOM B036y)f(,ll,eH, non yqeHa B / 5 . 

B pa6oTax / 6- 127 HCCJie,li,OBaHhi CBOHCTBa TO'IHO pewaeM biX MO,ll,eJieH 

.ll.BYX ,li,ByxypOBHeBhiX aTOMOB C O,li,HO¢lOTOHHhiMH nepeX O,ll,aMH B pe-

30HaTope 6e3 noTepb. To'IHoe peweHHe .D.JIH MO.D.eJIH nay x nayxypoa

HeBhiX aTOMOB C MHOrO¢lOTOHHhiMH nepeXO,ll,aMH B H,ll,eaJibHOM pe30-

HaTope llOJiy'leHO a/12/ . lloKa3aHO, 'ITO B yKa3aHHOH MO,ll,eJIHB03M0)K· 

Hbl TaKHe HHTepecHbie HBJieHHR, KaK CaMOHH.D.YUHpOBaHH bie OCUHJIJIR

UHH Pa6H, nneHeHHe H3Jiy'leHHR, orpaHH'IeHHoe caepxH3n yqeHHe, cy6-

H3Jiy'leHHe H aHTHrpynnHpoaKa ¢loTOHOB. B pa6oTe / 12 / paccMaTpH-

1 
Kyu6btWeBCKuu zocyiJapcrseHHblU yHusepcurer 

2 MocKOBCKuu zocyiJapcreeHHblU yHusepcurer 
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BaJICH CJIY'IaH, KOr,ll,a B Ha'laJibHbiH MOMeHT 

,li,HJIHCb B B036y)l(,ll,eHHOM COCTOHHHH. llpe,ll,C1 

H HCCJie,li,OBaTb TO'IHbie peUieHHR ,li,JIR MO,ll,e. 

aTOMOB C MHOrO<IJOTOHHbiMH nepeXO,ll,aMH B J: 
aTOMHOrO Ha'laJibHOrO B036y)K,ll,eHHR . 

raMHJibTOHHaH CHCTeMbl .D.BYX ,li,Byxypc 

,ll,eHCTBYIO~HX C O,ll,HOMO,li,OBhiM llOJieM H3JI~ 
HaTope, nocpencTBOM m -<PoTOHHhiX nepexo 

~aiO~eHCH BOJIHhl HMeeT BH,ll, 

H = HA + HF + HAF, 

2 ~ z j- + 
H = ~ fl!U R! , HF = n(Ua a, 

A t = 1 o 
2 

~ + m - + m 
HAF= ~ ng(R!a + R!a ) , 

!=1 

+ 
rne Rrz H R~ - onepaTophr HHaepcHH Hac 

( -aTOMa, Cil0 - 'laCTOTa O,li,HOaTOMHOrO nepE 

phi pO)I(,ll,eHHH (yHH'ITO)KeHHR) <IJOTOHa C qac1 

CBH3H. llpe,ll,nOJiaraeTCH HaJIH'IHe TO'IHOrO pe:: 

llyCTb B Ha'laJibHhiH MOMeHT BpeMeHl 

B O,li,HOaTOMHO-B036y)l(,ll,eHHOM COCTOHHHH 

!11'(0)>= a
1
(0)J+,-; 0> + a

2
(0) I-,+; 0 

Torna BOJIHOBaR ¢lYHKUHR CHCTeMbl B npe,D 
BHR HMeeT BH,ll, 

!ll'(t)> =a1(t) 1+,-;0> + a
2
(t) 1-,+;0 > +1 

rne 

2 ---- 2 a 1 ( t ) = a 1 ( 0) cos ( y' m I I 2 gt ) - a 2 ( 0) Sin C 

2 --:--r?;' 2 
a2 (t) =a2 (0)cos (y'mtn:gt) -a1(0)sin ( 

$(t) =- i (a 1 (0) + a2 (0))sin(y'2m! gt) 
y'2 

0TCIO,ll,a HaxO,li,HM ,li,JIH Cpe,ll,Hero 'IHCJia ¢loTOH• 

<N(t)>= ~ !a 1(0)+a
2

(0)J 2 sin 2 (y'2m! 



BaJICJI CJiyqaH, KOr,D;a B naqaJibHhiH MOMeHT BpeMeHH o6a aTOM a HaxO

,D;HJIHCb B B036y)I(,D;eHHOM COCTOJIHHH. llpe,D;CTaBJIJieT HHTepec llOJiyqHTb 

H HCCJie,D;OBaTb TOqHbie pellleHHJI AJIJI MO,D;eJIH ABYX AByxypoBHeBhiX 

aTOMOB C MHOrO<t>OTOHHhiMH nepeXO,D;aMH B pe30HaTOpe B CJiyqae O,D;HO

aTOMHOrO naqaJihuoro so36y)I(,D;eHHJI. 

raMHJibTOHHaH CHCTeMbl ABYX AByxypOBHeHbiX aTOMOB, B3aHMO

,D;eHCTBYIOLUHX C O,D;HOMO,D;OBhiM llOJieM H3JiyqeHHJI B H,D;eaJibHOM pe30-

HaTOpe, nocpe,D;CTBOM rn -<t>OTOHHhiX nepeXO,D;OB, B npH6JIH)I(eH HH Bpa

l.UaiOI.QeHCJI BOJIHhl HMeeT BHA 

(1) 

+ 
rAe Rrz H R~ - onepaTOphi HnsepcHH uaceneuuocTe:H H nep exo,D;OB 

f -aToMa, w
0 

- qacTOTa OAHOaTOMnoro nepexo,D;a, a+( a)- o nepaTo

phi pO)I(,ll;eHHJI (yHH~O)I(eHHJI) <t>oTOHa C qaCTOTOH W , g - K OHCTaHTa 

CBJI3H. llpe,D;nonaraeTcJI HaJIHqHe Toquoro pe3onanca W 0 = mw . 

llyCTb B HaqaJibHhiH MOMeHT BpeMeHH CHCTeMa npHrOTOBJieHa 

B O,D;HOaTOMHO-B036y)l(,ll;eHHOM COCTOJIHHH 

Tor,D;a BOJIHOBaJI <l>YHKQHJI CHCTeMbl B npe,D;CTaBJieHHH B3aHM O,D;eHCT

BHJI HMeeT BH,D; 

\'l'(t) > =a
1
(t) 1+, -;0 > + a

2
(t) l -,+;0 >+ /3(t) !-,-; m >, (2) 

2 ---- 2 ---
a 1 ( t ) = a 1 ( 0) cos ( y m I I 2 gt ) - a 2 ( 0) sin ( y m ! I 2 gt ) , 

2 - 2 ---
a2(t) =a2 (0)cos (ymT72gt) -a1(0)sin (ym!12gt), 

,S(t) =- i (a 1(0) + a 2 (0))sin(y2m! gt). 
y2 

0TCIO,D;a HaxO,D;HM ,D;JIJI Cpe,D;Hero qHcJia <t>oTOHOB Bhlpa)l(eHHe 

< N(t) > =~-I a
1
(0) + a

2
(0)i 2 sin 2 (y 2m! gt). (3) 
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Hcnom3 yR: (3), Hax:OAHM MaKCHMaJibHoe 3HatJeHHe 

<N > 
max 

m 2 
= 2-ia

1
(0) + a2 (0) j , 

KOTOpoe AOCTHraeTCR: B MOMeHTbl BpeMeHH 

t , 
m 

- TT --=--m' m, 2y2mtg ' =0,1,2, ... 

TaKHM o 6'pa3oM, AnHTeJibHOCTb H3nytJeHHH HMeeT BHA 

TT 

tR =;y 2m!;-· 

CooTBeTCTBeHHO, AnR CKOpOCTH H3nytJeHHH H3 (3) nonyt~aeM 

(4) 

I(t) = ~N(t) = gmym!72 j a
1
(0)+a

2
(0) j

2
sin(2y2mTgt), (5) 

dt 

OTKyAa A nR: MaKCHMaJibHOrO 3HatJeHHH CKOpOCTH H3nytJeHHH lmax H 

BpeMeHH 3a,z:J;ep:>KKH tO HMeeM 

r- 2 
Imax = mgym!;2 i a 1 (0) + a 2 (0) j , (6) 

1 
to= - ---

4 / 2rnt g 

tR 

2 
(7) 

.[(nR: cpaBHeHHH npHBe,l:(eM COOTBeTCTBYIOIUHe pe3yJibTaTbl AnR 

BOnHOBOH ~YHKQHH, tJHCna ~OTOHOB, HHTeHCHBHOCTH,XapaKTepHOrO 

BpeMeHH H3nytJeHHR: H BpeMeHH 3a,u;ep:>KKH B O,l:(HOaTOMHOM cnyqae: 

1 'I' (t) ; 
1

) = cos (y-ffi! gt) I+ ; 0 > - i sin ( v m!-gt) i - ; m > , 

<N(t) ~ 1 ) = m sin2 ( y~tgt), 

I(
1
)(t ) = my m! gsin(2ym! gt), 

rr 
(1) - - --· ---- ' 

t R - 2v'iii! g 

(1) --"~-
to = 4ymtg 

BaeAeM TaK:>Ke CTeneHb nneHeHHR: H3nyqeHHH 

<N> max 
R = 1 -
24 

---------. 
m 

(8) 

(9) 



<.:CHMaJlbHOe 3Ha'leHHe 

HTbl BpeMeHH 

0, 1, 2, ... 

(4) 

rH H3Jiy'leHH.II H3 ( 3) IIOJiy'laeM 

2 ---
l a1(0)+a2(0) i sin(2y'2ml gt), (5) 

3Ha'leHH.R CKOpOCTH H3Jiy'leHH.R lmax H 

~M 

(6) 

(7) 

ieM COOTBeTCTBYJOI.QHe pe3yJibTaTbl AJI.II 

pOTOHOB, HHTeHCHBHOCTH, xapaKTepHOrO 

eHH 3a,ll;ep)I(KH B O,ll;HOaTOMHOM CJiyqae: 

> - i sin ( v' m!-gt) i -; m > , 

~ ) . ( 8) 

nlgt). 

~HH.II H3Jiy'leHH.II 

(9) 

CpaBHHBa.R ( 8) C COOTHOWeHH.RMH ( 4) H ( 7) , IIOJiyqaeM 

(1) (1) 1 
tR/tR = t 0 / t0 = --=- < 1, 

v'2 
'ITO CBHAeTeJibCTByeT 0 KOJIJieKTHBHOM XapaKTepe H3JiyqeHH.R paCCMa

TpHBaeMOH CHCTeMbl ABYX aTOMOB. 

J1CIIOJlb3YH (2), nerKO Bbl'IHCJIHTh <lJyHKQHJO KOrepeHTHOCTHBTO· 

poro rropH,n:Ka 

(2) 

g (t) 

2 
<N ( t )>-<N(t)> 

2 
<N ( t) > 

2 ( 1 - 1/ m) 
----------------2 2 r:-:-
ia1(0)+a2(0)I sin (y2tn! gt) 

PaccMOTpHM ilo,n:po6Hee pa3JIH'IHbie B03MO)I(HOCTH Bbi6opa Ha

'laJibHoro COCTO.IIHH.II aTOMHOH CHCTeMbl. 

1. a 1 (0) = 1, a 2 (0) = 0. 
3TO - CHTyaQHR, KOr,n:a IIepBOHa'laJibHO OAHH aTOM HaxOAHTC.II 

B B036y)l(,ll;eHHOM, a BTOpOH - B ,n:eB036y)I(AeHHOM COCTO.IIHHH. ,ll,JI.R 
TaKOrO CJiyqa.R C HCIIOJlb30BaHHeM <lJopMyJI (6) · (9) IIOJiy'laeM 

1 
R = ·---, 

2 
. I (1) - v' 2 . 1max 1max - 2 • 

Mbl BHAHM, 'ITO B CHCTeMe HMeJOT MecTO .IIBJieHHR IIJieHeHH.R H3Jiyqe

HH.II ( CHCTeMa aTOMOB He H3Jiy'laeT BCJO 3aiiaCeHHYJO 3HeprHJO H, 

COOTBeTCTBeHHO, R > 0) H cy6H3JIY'IeHH.II (lma/I~ix <1). 06a 3TH 

3<lJ<PeKTa HBJIHJOTCH pe3yJlbTaTaMH HHTep<lJepeHQHH H o6MeHa <PoTOHa

MH Me)I(Ay aTOMaMH. 0TMeTHM, 'ITO AJI.II CJiy'la.R, KOr,n:a o6a aTOMa 

B Ha'laJibHbiH M OMeHT BpeMeHH B036y)I(AeHbi, KOJIJieKTHBHOe H3Jiy'le

HHe MO)I(eT H OCHTb KaK xapaKTep OrpaHH'IeHHOrO CBepXH3JiytJeH~ 

(a cnyqae m = 1), TaK H cy6n3JIY'IeHHH (a cnyqae m <::. 2) 1121 . 
B paccMaTp~aeMoM cnyqae AJIH <PYHKQHH KorepeHTHOCTH BTO

poro rrop.RAKa g< ) ( t ) HMeeM 

g(
2

) ( t ) = 0 AJIH m = 1, 
• 

g( 
2

) ( t ) <::. 1 17 
m ~ 2, t # ----k (k = 0 ,1, ... ). 

y'Trii!g 
AJIH 

3TO 3Ha'IHT, 'ITO CIIOHTaHHOe H3Jiy'leHHe HMeeT cy6rryacCOHOBCKyJO 

CTaTHCTHKY '{aHTHrpyiiiiHpOBKa <lJOTOHOB) B CJiy'lae O,ll;HO<lJOTOHHOrO 

rrepexo,n:a, a B ,n:pyrux MHoro<PoTOHHbiX cny'la.RX - cyrreprryaccoHoac

KYJO CTaTHCTHK y ( rpyrriiHpOBKa <lJOTOHOB) AJI.II IIO'ITH BCeX BpeMeH KpO• 

Me MOMeHTOB BpeMeHH, KOr,n:a IIOJie HaXOAHTC.II B COCTO.IIHHH BaKyyMa. 

2. at(O) = a 2 (0)= 11/2. 
3TO - CHTYaQHR, KOr,n:a CHCTeMa rrepBOHa'laJibHO IIpHrOTOBJieHa 

B CHMMeTpH'IH OM OAHOaTOMHO•B036y)I(AeHHOM COCTO.IIHHH. B 3TOM 

25 



cnyt~ae R = 0, T .e. B cucTeMe oTcyTcTsyeT nneueuue H3Jiyt~emm, a 
( 1) --Ima.x /I max = y 2. TaKHM o6pa30M, B CHCTeMe HMeeT MeCTO orpauu-

qeuuoe c sepxu3nyqeuue (1 < I max / I ~ix < 2). 
3aM eTHM, 'ITO ,ll;JIH BpeMeH gt « 1 HMeeM 

I(t)/I( l) (t) ::: 2, 

'ITO yKa3hiBaeT ua csepxH3JIY'IaTeJibHoe nose,n;euue nponecca ua KO

pOTKHX BpeMeHaX. <l>yHKL{HR KOrepeHTHOCTH BTOpOrO DOpH,n;Ka B pac

CMaTpHBdeMOM CJiyqae HMeeT BHA 

(2) 1 - 1/m 
g ( t ) = ---------

Sin (~ gt) 

TaKHM o6pa30M, CTaTHCTHKa cPOTOHOB HBJIHeTCH cy6nyaccouoscKOH 

Ha OUpe,n;eJieHHbiX HHTepsanax BpeMeHH, npH KOTOpbiX 

2 ~ 
sin (y 2 m! gt) > l- lim. 

r-
3 . a 1 (0) =-a 2(0) = 1/ y 2. 
3TO - CHTyal{HH, KOr,n;a CHCTeMa DpHrOTOBJieHa B aHTHCHMMeT

pH'IHOM O,ll;HOaTOMHO-B036y:>K,n;eHHOM COCTOHHHH. B 3TOM CJiy'lae HMeeM 

<N(t) > =O, I(t) = 0 , R = 1, 

'ITO Y.Ka3hiBaeT ua.a6comoTuoe nneueuue H3Jiyt~eHHH. · 
B H aCTOHIUeH pa6oTe Mbl AaJIH CTporoe paCCMOTpeuue KOJIJieK

THBHOrO CUOHTaHHOrO H3Jiy'leHHH ABYX AByxypOBHeBhiX aTOMOB C MHO

rOcPOTOHHbiMH nepexo,n;aMH B H,ll;eaJibHOM pe30HaTOpe AJIH CJIY'IaH 0,!1;

HOaTOMH OrO Ha'laJibHOrO B036y:>KAeHHR CHCTeMbl. J1CCJie,ll;OBaHa AHHa

MHKa H CTaTHCTHKa cPOTOHOB CUOHTaHHOrO H3Jiy'leHHR. TIOKa3aHO, 'ITO 

KOOUepa THBHOCTb aTOMOB DpHBOAHT K YKOpO'IeHHIO xapaKTepHbiX Bpe

MeH H3Jiy'leHHH.J1CCJieAOBaHa B03MO:>KHOCTb TaKHX HHTepeCHbiX 3cPcPeK

TOB, KaK cy6u3nyqeuue, orpaumeuuoe csepxH3Jiy'leHHe, reuepanHR 

cy6nyaCC OHOBCKOH CTaTHCTHKH H DJieHeHHe H3Jiy'leHHH. 11HTepecHOH 

npe,ll;CTaBJIHeTCH B03MO:>KHOCTh a6cOJIIOTHOrO DJieHeHHH H3Jiy'leHHH B 

CJiy'lae aHTHCHMMeTpH'IHOrO Ha'laJibHOrO O,!J;HOaTOMHOrO B036y:>KAeHHR . 
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KparKue coo6114eHwr OHJIH N"6[ 26) -87 JINR Rapid Communications No.6[26)-87 
Y,llK 530.1 + 535.371 

Kl1HETI1KA CBEPXI13JIYqEHI1H 
B TPEX YPOBHEB03 Cl1CTEME 
C yqET OM ,llBYX<l>OTOHHhiX llEPEXO,llOB 

E.K.BarnKHpoa*, A.C.IllyMOBCKHH 

11ccne.o;oBaH npouecc CIIOHTaHHOrO KOJmeKTHBHOro H3IIy'leHJUl B 
r pexypoBHeBOH MaKp<>CKOITH'IeCKOH CHCTeMe C 06ll.UIM BepXHHM 
ypoBHeM, B3aHMOJJ;eHCTBYIOI.QeH C KBaHTOBbiM JIIeKTpoMarHHTHbiM 
noneM. PaccMorpeHHe rrpoBe.o;eHo c yqeroM rrpoueccoB .o;Byx<t>oroHHO
ro o6MeHa Me)I(JJ;y rpeMH aroMaMH B CHCTeMe. 

'a6ora BbiDOIIHeHa B na6oparopHH reoperH'IeCKOH <l>H3HKH OH.HH. 

K inetics of the Superradhition in the Three-Level System 
Allowing for the Two-Photon Transitions 

E.K.Bashkirov, A.S.Shumovsky 

The process of spontaneous collective radiation in the tree-level 
macroscopic system with the common upper level interacting with 
the quantum electromagnetic field is examined . The consideration 
is carried out allowing for the two-photon exchange processes between 
the three atoms in the system. 

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

He.o;aaHHe 3KcnepHMeHTa.JihHbie pa6orhi no reHepai..(HH caepx
H3JiylleHHH B rpexypOBHeBhiX CHCTeMaX / l,2 / C 06II..(HM BepXHHM 
ypOBHeM llOKa3arrH pH.D; OC06eHHOCTeH KOrepeHTHOro H3IIyl!eHHH no 
CpaBHeHHIO C JJ;ByxypOBHeBhiM CJiyqaeM, B llaCTHOCTH, B03MO)I(HOCTb 
KOHKypeHQHH HMllYJibCOB pa3HhiX 'laCTOT. ,llJI.II reopeTHl!eCKOrO OllHCa
HHH TaKHX npOQeCCOB 6hiJIH HCllOJlb30BaHhl KaK nonycpeHOMeHOJIO
rHl!eCKHe /3,4 1 

, TaK U KBaHTOBOMeXaHHl!eCKHe ypaaHeHHH, nonyqae
Mhie Mer o,n;oM 6o3oHHhiX nepeMeHHhiX 15• 6 1 . O.n;HaKo so acex Hcnonh-
30BaHHhiX no.o;xo,n;ax K npo6neMe onHCaHHR caepxH3JIY'IeHHH B rpex
ypoaHeBhiX CHCTeMax He Yl!HThiBa.JICH BKJla,ll; JJ;ByxcpOTOHHhiX npouec
COB. llpe,n;CTaBJIHeT HHTepec llOCTpOHTb KBaHTOBOMeXaHHl!eCKYIO 
TeOpHIO CBepXH3Jiyl!eHHH B rpexypOBHeBhiX CHCTeMaX C 06IQHM Bepx
HHM y poaHeM c yqeroM npoueccoa .o;ayxcporoHHoro o6MeHa Me)f(,U.y 
rpeMH aTOMaMH. 

* Kyu6blute6CKuu zocyoapcT6eHHblU y11u6epcurer. 
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PaccMoTpHM cHcTeMy TpexypoaHeBbiX H3JiyqaTene8, B3aHMo

,D;etl:crnyroi.QHX Me)l(}l;y co6o8 qepe3 ::meKTpoMarHHTHoe n one H3Jiy

qeHHa. OrpaHH~MCH paccMoTpeHHeM cnyqaa, Kor,D;a ,D;HnOJibHbie 

MOMeHTbl nepeXO,ll;OB Me)l(}l;y BepXHHM H ,D;BYMH HH)I(HHMH y poBHHMH 

OTJIHqHbl OT HYJIH, a nepeXO,ll; Me)l(}l;y HH)I(HHMH ypOBHHMH 3anpei.QeH 

( CHCTeMa C o6I.QHM BepXHHM ypOBHeM) . raMHJibTOHHaH TaKOH CH

CTeMbl HMeeT BH,ll; 

H = H M + HF + H MF , 

S N 
~ ~ 

a=1 !=1 

~ ~ l- (k) 1 iitx r <O -i~xr R <n + 
"" a~ 1 n gas e Rsa ak + e as a k I . 

r. k 

(1) 

--.,----.---- 3 3,D;ecb (a - ::mepma ypoBHH a (a= 1,3) 
(eM. pHc. 1); R(f) H R<~ - o n epaTopbi - . aa a 
HaCeJieHHOCTH H nepexo OB B f -aTOMe, 

_ _,_ __ 2 

Puc. 1. 

a~ (ak )- onepaTop po~eHHH (YHH.qTO)f(e

HHH) $OTOHa C qaCTOTOH UJk' HMDYJibCOM 

k H DOJIHpH3~HeH eA (A = 1,2), g(~~ -
KOHCTaHTa CBH3H ,ll;JIH nepexo,D;a a-3, 

g (k) = J 2rr~- UJ d ... 
aS 1i UJ as as e A ' 

k 

r,D;e p - nJIOTHOCTb H3JiyqaTeJieH, das H UJ aS - COOTBeTCTBeHHO ,ll;H

DOJibHbiH MOMeHT H qacTOTa ,D;JIH nepexo,D;a a -3 . 
Cne,D;ya pa6oTe 16 1, ,D;JIH npouecca cnoHTaHHoro H3JiyqeHHH Tpex

ypoaHeaotf CHCTeMbi . B npH6JIH)f(eHHH BopHa-MapKoaa n onyqaeM 

HepapXHlO KHHeTHqecKHX ypaaHeHHH BH,D;a 

d iC\ j. -1 
---<ut > +(ih) <[HM, (9t] > = 
dt 

2 
= I 

a = 1 
Cas <[ R(f) (t), 0 ] R(t ' ) (t) > + 

rr' sa t as 

+ l r
2
a 3 ~ ~ CaS < R(f) (t) [(9 R(!') (t)] > . 

a = 1 rr' ... !!' Sa t ' a3 
kas 

(2) 

3,D;eCb k s = (.<) 3 I c ' r s = 4/3 (.<) ss d 2s ; iic 
3 

- npe,D;CTaBJIHeT 
u a a a a a 

C060H BepOHTHOCTb CDOHTaHHOrO pacna,D;a H30JIHpOBaHHOrO aTOMa Ha 

nepexo,D;e a-3, 
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ca3 
ff' 

... i .... .... 
I.e ka3<xr-xr') 
.... 
ka3 

sin k aS I i r - i r' I 
.... .... 

ka3 1xr-xr' i 

- MaTpHI.~a B3aHMo.n;eH:cTBHH, onpe.n;en.HeMaH reoMeTpHeH: o6pa3ua ' 7 , a 
~- npoH3BOJibHbiH onepaTOp aTOMHOH llO,ll;CHCTeMLI; ycpe.n;HeHHe 
npoBo.n;HTCH no uaqanLHOMY pacnpe.n;eneumo. 

Bhi6Hp a.R B KaqecTBe t) KOJIJieKTHBHbiH onepaTop uaceneuuocTH 
HH)KHHX y poaueH: R aa = I. R ~2 , nonyqaeM H3 ( 2) ypaaueuHe BH.n;a 

r 

X a 

r.n;e 

_1_xs 
ras 

Xa = <Raa >, 

1 
+ --- 8 as 

7 a3 

8a3 = I. 
r = r' 

(3) 

C a3 < R (f ) R (f' l > 
rr' Sa aS ' 

- 1 
a T = r - BpeMH CllOHTaHHOrO pacna.n;a. )lJIH .n;ayxqacTHqHhiX 

a3 a3 
KOppeJIHTOpOB S a3 H3 HepapXHH (2) C yqeTOM pacuenJieHH.fi THna 

R
(f) R(r ' )R(r") R(f} R(f')R(r") 

< aa s{3 {33 > "' < aa > < 3{3 {33 > 

H llpH6JIH)KeHHOrO CYMMHpOBaHH.fi MaTpHQ B3aHMO,ll;eHCTBH.fi '8 ' 

I. ca3 c u3 . a3 
r' rr'· r'r" - J.la3 err" 

(4) 

(5) 

(r.n;e reoMeTpHqecKliH <t>aKTop 1La3.n;nH o6pa3ua Hrnoo6pa3HOH <t>opMhi 
B CJiyqae 6oJihillHX H MaJihiX qHceJI <DpeHeJIH HMeeT BH,ll; /7 : 

2 

>> 1' 
r A(L)a3 

F¢ j --NrrC 
-1 

=· IL a3 l -~(L)a3 
F¢ << l' 

NrrC 

F ¢ = A (L) a3 / 277L- ~cno <DpeuenH, A - nnoma.n;h nonepequoro ce
qeHHH o6pa3Qa H L - ero .n;JIHHa) nonyqaeM cne.n;yromee ypaaueuHe: 

sa3 = 
1 1 l 

--- -(X 3 - X )(S 3 +X ) - ---S - --~ a a 3 a3 ' 
T Ra 3 T {33 27 {33 

(a ;i {3 , a, (3 = 1, 2) . 
(6) 
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3,!1;eCb 

r Ra3 ~ r a3 I P. a3 ' 

L 
t,r',r" 

(!It' I!"~ c13 C 23 <R(!')R(O R (!") >I 
rr' r"r' 21 13 32 · 

3aMeTHM, 'ITO yprumeHHH (3), (4) 6e3 yqeTa ~-tUieHa nonyt~eHbi HaMH 

B pa6oTe 
16 1 . . 

Tpext~aCTH'IHhiH KoppenHTop ~ CBH3aH c npoueccoM ,ll;Byx ¢oToH

Horo OfiMeHa Me)f(,ll;y TpeMH pa3JIH'IHbiMH aTOMaMH B o6pa3Qe. 

,ll;JIR TpeX'IaCTH'IHOrO KOppeJIJITOpa C yqeTOM yKa3aHHbiX n pH6JIH

)I(eHHH (4), (5) nonyqaeM H3 (2) cne,ll;yromee ypaBHeHHe: 

(7) 
1 1 

+ ---S 1 s (S23 +X 1- X2 ) ) + ---- S 23 (S 13 + (N'- X 1 - X 2 ) ) • 
rR13 rR23 

TipH BbiBO,ll;e (7) Mbl YtUIH TaK)I(e O'leBH,ll;HOe COOTHOIIIeHHe 

x1 + x2 + x 3 ~ N. 

HenHHeHHhre ypaBHeHHH (3), (6), (7) o6pa3yroT 3aMK HyTyro 

CHCTeMy, n03BOJIHIOmyro OnHCaTb KHHeTHKY CBepXH3Jiy'leHH.H Tpex

ypOBHeBbiX H3Jiyt~aTeneii. PeiiieHHH 3THX ypaBHeHHH, B t~acTHOCTH, 

MOryT 6hiTb HCnOJib30BaHbi ,ll;JIH onpe,ll;eJieHHH HHTeHCHBHOCTeH KO· 

repeHTHbiX HMnyJibCOB, COOTBeTCTByromHX ,!J;BYM pa3peiiieHHbi M nepe

XO,ll;aM 

d 1 1 
1 2 ~ 1iw23--- L <a~ ak >~ --(N-X 1 -X2 ) + ---8 23 

dt k23 23 25 T 
23 

r23 

(8) 

BbiHCHHM BJIHHHHe ~ -tUieHa, CBH3aHHoro c ,ll;Byx¢oTOHHhiMH o 6MeHa

MH Tpex aTOMOB, Ha HHTeHCHBHOCTb CnOHTaHHOrO KOJIJieKTHBHOrO 

H3Jiy'leHHH. liHCJieHHbie pac'leTbi nOKa3biBaiOT, 'ITO pOJib ~-tUieHa OKa-

3hiBaeTCH cymeCTBeHHOH ,ll;JIH CHCTeM C MaJibiM 3HatleHHeM r eoMeTpH-
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qecKoro cpaKTopa !l . TaKWI 

CHTyaUYHI MO:>KeT 6biTb peanH-

30BaHa, H anpHMep, B cna6o

ycHnHBaiOI.UHX cpeAax ' 7 1 . Ha 

pHC. 2 llOKa3aHbi BpeMeHHbie 

3aBHCHMOCTH HHTeHCHBHOCTeR 

I 1 (t) H I 2 (t) , nonyqeHHbie 

nyTeM qHcneHHOrO HHTerpH

pOBaHHH y paBHeHHR (3), (6)
(8) AnH o6pa3ua c r = 1,1, 
~-'13 = 50 , 1-'23 = 48. JJ:nH 

I 

0,2 

0,1 

It 

"' CpaBHeHHH Ha TOM :>Ke pH

cyHKe llOKa3aHbi BpeMeHHbie 
2 4 6 8 t/'l R13 

3aBHCHMOCTH HHTeHCHBHOCTeR Puc. 2. 
! *

1 
(t) H I 2,. (t) , BbiqHcneHHbie 

t>e3 yqeTa :t -qneHa s ypasHe-

HHHX (3) , (6), (8). 3aMeTHM, ~0 yqeT AByxcpOTOHHbiX nepeXOAOB 

llpHBOAHT K 3aMe,ll;neHHIO npoueCCOB KOnneKTHBHOrO H3nyqeHHR H, 

COOTBeTCTBeHHO, K YliiHpeHHIO CBepXH3nyqaTenbHbiX HMnynbCOB. 

TaKH M o6pa30M, B HacToHmeii pa6oTe nonyqeHa HepapxHR Map

KOBCKHX KHHeTHqeCKHX ypasHeHHR AnH CHCTeMbi TpexypOBHeBbiX 

H3nyqaTen eft, B3aHMO,ll;eRCTBYIOI.UHX C KBaHTOBbiM 3neKTpOMarHHT

HbiM none M. Ha OCHOBe HepapXHH HCCneAOBaH npouecc CllOHTaHHOro 

KonneKTHBHoro H3nyqeHHH. lloKa3aHo, qTo B cnyqae cna6oycHnHBaiO

I.UHX CpeA cymecTBeHHbiM HBnHeTCH yqeT B KHHeTHqeCKHX ypasHe

HHHX TpexqaCTH~hiX KOppenHTOpOB, CBR3aHHhiX C npouecCaMH ABYX· 

cpOTOH~OrO o6MeHa.Me:>K,ll;y TpeMH aTOMaMH 8 o6pa3Qe. 
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