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• 	 nporpecc B 06naCTH C0 3AaHHR M~H~X KBaHTOB~X reHepaTOpoa / 11 

n03BonReT nOC TaBH Tb Bonpoe 06 3Kc nep~MeHTanbHOM o npeAeneHHH Ae ­
TaneH CTPYKTYPbI YPoBHeH 3HepnH1 3K30TH4 eC KJ.1X aTOMoe - MIOOHHbIX , 

nHOHH~X, KaOHH~X HAP. EAHHCTBeHHblM nO Ka n p HMepoM B 3TOM Hanpae­
n e HHI.1 H C CJ1eAOBaHH~ OCTaeTCA J.13M.epeHl-1e 121 pa3HocTH 28 J /2- 2P 3/ 2 

B CHCTeMe (4 Hell) , B pe3Y1lbTaTe KOToporo YAanOCb npOBepHTb BKIlaA 

B 3Ty p a 3 HOCT b 3HeprHH , 06yclloB lleHH~H nOllApH3a4HeH aaKYYMa, C 
OTHOC HT ellb HOH T04HOCTb~ _ 10-3 . 

ApyraA Ba~HaR $H3H4eC KaR eenH4HHa. KOTOpy~ Kpa~He HH TepecHo 
6 M1l0 6b1 H3MepHTb nocpeAcT BoM pe30HaHcHoro MeToAa c nOM~blO HH­
~paKpacHoro na3epa, - ce e pXTOHKoe pac~enneHHe B MIOOHHOM BOAopOAe 
/ aTOMbi Pil. ~. til) . B 3THX aTOMax 60POBCKH~ paAIo1Yc B mill m e = 
200 pa3 MeHbwe , 4eM B 06~4HOM BOAopOAe, n03TOMY CBepXTOHKoe pac ­
~enneHHe (&E bss) ropa3AO 6 0 n ee 4yeCTBHTenbHO K HCKa*eHHO Kyno­
HO BCKoro n o n A AApa , o6ycnoBn eHHOMY nonRpH3a UHe~ BaKYYMa, K pa3Me ­
paM RApa Hero nOnAP H3 yeMOC TH / 3/ . Ta K KaK B3aHMOAeHC TBHe c n HHOB 
MOOHa H n p OTO Ha HOCHT T04e4HbI~ x apa KTe p, Be llH4 HHa 4YBCT ­&E h ts 
BHTen bHa K Ae TallRM n pOTOHHO~ CTPYKTyp~, KOTop~e 06b14HO Mor YT 
Ha6110AaT bCA llHW b npH B3 aHMOAe~CTBHH npOTOHOB C 3 n eKTpOHa MH BblCO­
K~X 3HeprH~ . COOTs e TCTBeHHO ~3MepeH~ e eell~4 ~H bI &Ehfs AllA aTOMoe 
dp. H tp. n peACTa BnRe T HHTepec C T0 4KH 3peHHA onpeAelle HHR Xapa KTe ­
p~CTHK Ae~T pOHa H TpHTOHa. K co*aneHH~ , KaK 6 YAeT nOKa3aHO Aa ­
nee, npH COBpeMe HH OM YPOBHe TeXH~ KH n por H03 Hccn eAoeaHHR CBepx ­
TOHKO~ CTDYK TYPbl MOOHHoro BOAo pOAa c nOMOW bO lla 3 epOB c 0 e epWeH HQ 
H~( lronpHRTe H. OAHaKO, Io1MeR B S HAY 60J1 bWOe Teopent4eCKOe 3Ha­
4 el- .a np06neMbl. KpaTKO paCCMOTp~M B03MO)l(Hbie ne pc n e KT Io1BbI . 

~opMyna AllR c Bepx TOH Ko r o pac~enlleHHR B OCHOB HOM COCTORHH~ 
MIOOHHo ro BOAopOAHoro a TOMa HMee T 8HA 13.41 : 

~E hIs ~E 0 (1+ ~l-3(l + Ii 1 + Ii 2 + Ii 3 l, / 1/ 
mN 

rAe BeIlH411Ha &EO on peAeIlReTc R ~OPMYIlO~ ~epMH: 

8{3I1N
~Eo ~ g N(2! + 1) . 

3aS 
I' 

B Bblpa~e HHR x /1/ H /21 Hc nQIlb 30Ba HbI 
H f3 N - MOOHHbli:1 H RAepHbH1 MarH eTOHbI; 
OTHOWe Hl-1e H RAepHblH cnHH; mil H m N ­

/2/ 

CIleAYO~He o 603 Ha4 e HH R : ~J.L 

g N H I - n1APoMar HHTHoe 
MaCCbI MIOO Ha H RApa i 
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Ta6IDu~aa ll::h 2/mJ.te2 - 60POBCKVli1 paAVlYc ll-aTOMa; 01, 0e, - non pa DKVI,8 S 
Y4~T~Ba~He penRT~BHCTCKHe 3~eKT~ H 3¢$eKT~ K3~ (8 1 ), pa c n pe­ Pe3ynbTaTbi BbI4HCneHH}I/ 4. / caepxTol-IKoro paC~enJle HiH( 
AelleHHe 3a p RAa RApa (8 2 ) H e ro n onRpHayeMocTb (45 3 ), B MJOOHHblX BOAOPOAHhlX aTOMax 

KaK BHAHO Ha ct>OPMYll~ /2/ I .6.Ebrs - m~ . B MIOOHH~X aTOHax 3Ta 
BenH4HHa Ha ~eT~pe nopRAKa 6011bwe, 4eM B 06~4HOM BOAOPOAC , H 
COC Ta a .JlReT .6.E brs = 0, 1 3B . BKlla A n onpaBoK 45 1 - 45 2 -mJ.t. n 03TOMY ATOM p~ <I,. 'I' 
BnHRHHe 3~ct>eKTa pacnpeAeneHHR 3apRAa RApa B H~OHH~X a TOMax CO­ •CTaBllReT nopRAKa OAHoro n pOLte HTa 14 / , a nonpaBKa Ha nOllRpH3ye­
MOCTb AomKHa 6~T b Os =10-3/3.4 / . OTCIOAa 04eBHAHO, 4TO H3Mepe ­

-4
HHR BellH4HHbI .6.E bra Ha YPo BHe OTHocHTellbHOH T04HOCTH 1 0 npeA­
CTaBllR~ T 6011bWOH HHTepec . 

nOClleAOBaTellbH~X paC 4 eTOB BellH4HHbI .dEhr• AnR MIOOHHblX aTOMOB 
AO CHX nop He CAellaHO. B pa60Te / 41 aBTOp o rpaH Vl 4Hllcn T04HOCTblO 

-3
10 3B, AocTaTo4HoH AnR paCCMOTpeHHR KHHeTHKH M~OHHoro KaTallH­
3a. ~aHH~e 3 THX Bbl4HcneHHH npHBeAeH bI B Ta6n .1 . 

n pH 06pa a oeaHHH MIOOHHb!X aTOMOB COCTORHHR ceepxToHKOH CTPYK TY­
pbl /eTC/ c o cnHHOM F 1 = I + 1/2 H F 2 = I - 1/ 2 I I - cnHH RApal 
aacenRIOTCR CTaTHcT~4eCKH , OAHaKO B AanbHeHweM H3-3a cnHH-06MeH­
HbiX cOYAapeH HH 1 &.81 

131p~ (l f ) + p ' ( I ). P '~ q d + P( 1 ). 

~<1,.(11) + d l!). d~ (1' ) + d( 1 ). I I 

/51t~ ( If) + t (I)· t ~ (I') + t( 1) 

•nepeXOART B HH~Hee COC TORHHe eTC , AnR TepMallH30BaHHblx ll-aToMoB 
npH T - 3 0 0 K YKa3aHHble nepeXOAbi He06paTHMbI . 3Ha4eHHR CKOpOC 
TeH 18 1 peaK Lt HH /3/-/5/ npHBOAR TC R B Ta6n .2. KaK MO*HO BHAeTb 1013 
AaHHblX Ta6IlHUbI, CKOPOC Tb nepeXOAa F1 .. Fe B cnHH-06MeHHblx COY­
AapeHHRX eellHKa no cpaBHe HHIO c o CKOPOCTblO pacnaAa MIOOHa .\ 0 _ 
~ 4, 5 .10 6 c-1 . 3TO 03Ha4aeT , 4TO npH YMepeHHblx nnOTHOCTJtX BOAO­
pOAa /Aaen e HHe P ~ 10 aTM . / npaKTH4ecKH Bce ll-aTOMbi nepexoAJtT 
B HH*Hee COCTORH He CTC . 

EC/u.~ HHAYUHpoBaHHble C nOMQUlblO lla3epa nepexoAbi F 1 .. F2 n pHae­
AYT K 3aMe THOMY H3MeHeH~~ 3 acelleHHOCTH COCTO~HHH CTC, 3TO MO*HO 
Hcnon b30s aTb AIlR HAeHTH~HKaLtHH YKa3aHHblX ne peXOAOB. 

no aHa norHH C HaMepeH~~MH .6.E bra B MIOOH~H 171 MO*HO 6b1no 6 b1 
80cnonb30Ea T bC ~ 3aSHCHMOC Tb lO OCTaT04HoH nOll~p~3a~HH MIOOHoa OT 
aacelleHHOCTH COCTORHHH CTC ll -aTOMa . OAHaKO H3-3a 60llbWOH CKOPOCTH 
lIecT eCTseHHOH Ii AenonRpH3a~H~ 3a c~eT cnHH-06MeHHblx cOYAapeHHH 
3TOT nYTb CBRaaH C 60n bw HMH T PYAHOCT~M~ . 

.. B 0603Ha~ eHHRx-pe-aKLtH~/31-/5/ 60llbwa~ cTpellKa cooTBeTcTsyeT 
cnHHY RApa, a ManaR - cnHHY MOOHa . 
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.6.E brs • 3B 0, 1817 0,0491 0,2402 

Ta(5nH,4a 2 

Cm1HOBbie COCTORHHR J1 - a1'OMOB BOAop oAa" 

ATOM P~ d~ t" 

Ifa'-laIIbHaR 3aceneHHOCTb F =1 F =0 F =3/2 F2= 1/2 F =1 F
2

=0 
COCTOHHHii eTC I 2 I I 

3/4 1/4 2/3 1/3 3/4 1/4 

CKOPOCTb nepeXOAa 
F 1 = I + 1/2 • 

o 10 -1 0 7-1F 2 = \-1 /2 B cnHII- 1. =1,3.10 c A d ~5.IO c 1.0, =10 9 c- I 
0 

o!5MeHHbIX cOYAapeHH';x 18 1 

"3HalleHHR CKOPOCTIf nepexOAa F 1 -P F2 Aal-lbl Jl,JU1 nnO'l'HOCTH }KHAKO­

ro BOAopoAa Po 0::::4,2. 10 22 RAep/cM 3 H MoryT 5blTb nepeC4H'I';JHbl Anfl 
ra30o(5pa3Horo BOAopoAa C nnOTIlOCTblO p corn3CllO Ap = I.; ¢> • 
I. d ~ Ad ¢>. I., - I. ~ ¢>. rAe ¢> - p/ P O ' 

~pyro~ npo4ecc, BepoRTHoCT b KOTopo r o B 3Ha4HTcnbiioH CTeneH~ 
aaaHCHT OT OTHoc HTenbHOH op~eHT aUHH cnHHOB MIOOHa 101 npoToHa 
/AeHTpoHa, TpHToHa/ , - RAepHblH ~-3axeaT 18 / . Mbi 6YAeM paccMaTpHBaTb 

nHWb peaK~H~ 1l-3axBaTa npoToHoM: 

+ p .... n +lI 161~ 
~ 

H3MepeHHoe 3Ha~eHHe 191 CKOPOCTH peaK4~H /6/ 1013 COCTORHHR c F =0 
COCTaBIlReT /e cornaCHH c T eopHe~ 181 I A/!}'axH. (F - 0) - 660+~8 c-1• 
~A CKOPOCTH J1 - aaXBaTa H3 TpHnneTHo ro COCTORHHR pJ.t-aTOMa nony­

1
4e Ha nHWb Teop e TH4e CKaR o~eHKa Aj~raxB.(F=l) = 15 c- . 

H3-3a 60nbWOH CKOPOCTH ne p eXOAa F1 :::: 1 ..... F 2'" 0 B )KJ.1AKOM H ra­
aoo6pa3HOM BOAopOAe /P 2: 0,1 aTM. / J1 - aa x eaT peallHayeTcR J,13 CO­

CTORHHfl C F = O. 11HAY~HpoBaHHoe H3Me HeHI-1e aaceneHHOCTH COCTOfl HJ,1H 

3 



eTe np~BeAeT, o4eB~AHO, K YHeHbweH~~ eepoRTHOCT~ ~ - 3aXBaTa . 

B HaCbI~eHHH, KorAa CKOPOCTb HHAY4HpoeaHHblx nepexOAOB n > A 0 <b , 
BepORTHOCTb ~-3aXBaTa YHeHb WHTCR npHMepHO B ABa pa3a . 

- p 

~HTepeCHaR e03HO*HOCTb perHC Tpa4HH ne pexOAOB He*AY COC TORHHR­
HH eTe arOHoa ~ H ~ B03HHKaeT a caR3H C pe30HaHCHbiM XapaKTe­
pOH 06pa30saHHR l e,lo- 121 MOIleKYIl dd~ H d~. ~HAYt&H poBaHHblH ne­
peXOA Me*AY YPOBHRMH CTe ~ - aTOMa npHseAeT K H3MeHe HHO nono*eHHR 
pe30HaHca B ce4 eHHH 06pa30aa HH R MOOHHO~ MoneKynbl , 4TO npORBHTCR 
B H3MeHeHHH BblXOAa cooTBeTcTay~e~ RAepHoH peaK 4HH H~OHHoro 
KaTanH3a. 

nepe~AeH Tenepb K 04eHKe M~HOCTH n aaepa, He06xOAHMOH AnR 
oc~eCTBneH~R a aHeTHoro H3HeHeHHR aaceneHHOC TH COCTORHH H CTe 
~ -aTOHoe BOAopOAa . ~nR OTAeIlbHoro MOOHHoro aTOMa 3 Ta 3aAa4a 
paCCMarpHsaIlaC b B pa60Te 1 13 / . B HeH He 6b1no Y4TeHO BblpO*AeHHe 
Tp~nneTHoro COCTORHHR, 4TO Ho*eT H3He HHTb coor BeTcTByo~He MaT­
pH4Hble 3IleHeHTbI nepeXOAoe Ha 100-1 50%. 3TO , OAHaKO, Hanocy~ecT­
seHHO AnR peanbHoH cHTya4HH T04HO TaK me, KaK '" Y4eT penaKca ­
4HOHHblX np04eCCOB B CTC , nOCKonb KY, KaK ceH4ac 6YAeT nOKaaa Ho , 
OCHOBHblM $aKTopoH, Mewa~HH ocy~ecTBHTb H3MeHeHHe 3aceneHHOCTH 
YPosHeH e TC C nOH~bo n a3epa, OKaablBaeTCR AonneposcKoe YWHpe HHe 
nHH HH. ~MeR S SHAY 3 TO 06cToRTen bc Tso, Mbi He 6YAeM pewaTb pe­
naKcat&HOHH blX y pasHeHHH AnR cnHHOSOH MaTpH4b1 nnOTHOCTH, a Bbl4 HC­
IlHH HaTpH4Hble 3neMeHTbI nepexOAOB C nOM~b~ 3IleMeHTapHOH TeopHH 
B03My~eHHH 1 14/ . 

PaCCHOTpHM B3aHHOAeHCTSHe nOKOR~erOCR aTOMa C UHPKYIlR PHO­
nonRpH 30BaH HblM Ha nY4eHHeM: Bx'" B coswt, By'" B s1nwt (w - 4 aCTOT a 
na3epHoro H3nY 4eHHRI . r aMHnb ToHHaH 3aAa4H, KaK H3 s ec THo, HMee T 

a"A 

V B Ii + 'S + ) e -Iw' B ( s - 'S- 'w,-2(i3~g/ ~-i3pgp p +2i3~ g~ ~ - i3pgp p). /7/ 

COOTseTCTseHHO HMeeM 

, 1 ' 
V j OO>~ -=.V (l+ - > - j - +» 

';2 

Be -itat Be iw t 
.::.c..-=,-(i3~g~ + i3 pg p) j ++> - (-i3~g~ -i3pg~j--> ,

2'; 2 2 ';2 

'+ 
OnepaTopbI S- H COCTORHHR eTC onpeAeneHbI 06~en pHHRTbiM 06pa30M. 
B coc r ORHHRX BHAa 1+- > BTOPOH HHAeKe OT HOCIo1TCR K MIOOHY . 

4 

BeeAeM 4aCTOTY 

1 B 4 r ~n~(i3~g~+i3pgp)- 3,96.10 B / re /paA/e, /8/
2';2 

TorAa 

< l1jV j OO > e 
- Iwt he. 

... lwt
<l-! jVjOO > =-B hr, 

B6nH3Y1 pe30HaHca cy~ecTBeHeH TonbKO 3neMeHT < 11 1 VI 00 > 
KaK H3BeCTHO 1141, nepexoAbi npoHcxoART C 4aCTQTOH 

) 2 21112n = [(6.1 - Wo + 41 • /9/ 

rAe 6.1 - 4aCToTa csepXTOHKoro pac~enneHIi1R .
0 

EClU-i npH t = 0 ll""aTOM HaXOAHnCR S H/o1lKHeM cnHHOBOH COCTORHHi-1 , 
TO B MOMeHT epeMeHH t 3aceneHHOCTb aepXHer o ITpHnneTHor ol co­
CTORHHR eCTb 

2 1 2 2-1ja(!, I) j ~-[I +(w-wo ) / 4f I (I- cosnt) 11012 ' 

HHHHHanbHoe 3Ha4eHHe 4aCTOTbi nepexoAos onpeAenReTCR, 0 4 eB HA ­
HO . 1-13 ycnosHR 

n > .Q +lO¢ ) , /11/o p 

~3 B~pa*eHH~ 18/, 191 H 111/ cneAyeT, 4TO npH A~~ ~ Ao IManbie 
AasneHHRI aMnnHTYAa MarHHTHoH HanpRlKe HHocTH nonR AOfllKHa 6b1Tb 

Bo ~ 50 rc, 4 10 COOTBeTcTByeT HMnynbcHoH M~HOCTH 

Wo > 10e 6T/eM2 , /121 

npH A~¢ >AO IAaBneH J.1R P> 0,1 a TM.I Tpe6yeMoe 3Ha4eHJ.1e Mot1J.HO CTH 
B03pacTaeT KBaApa TH4 HQ C AaBn eHHeM . 

TennoBoe ABHlK e HHe ~-aToMoB n pHBoAHT K TOMY, 4TO pe30HaHcHbie 
4aCTOTbi norn~eHHR 3aBHCRT OT HX CKOpOCTH. Pac npeAeneHHe peao­
HaHCHbiX 4a CTQTwB aHcaM6ne onpeAenReTcR H3secTHoH ¢!opMynoH / 16,18 / : 

1 [(w-w 0)2

I(w) exp - J 


y2r. /';w 2 2t. ",2 ' 
o 0 
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rAe wo "" 2.8 .10 14 paA/c - pe 30Ha HCHaR 4aCTOTa AJ1R nOKofuqe rocFl 
IJ. -aTOMa 101 

- - -16.w ." < v; >1/ 2w c-1 Jk'T/ m "'o~o o 

Ka K Mo mHO BHAeTb 1013 Sblpa)l(eHHR /10/, 3aMeTHYlO 3aceneHHOCTb 
Tplo1nneTHo ro COCTORHIo1R S aHcaM6ne M~OHHblX aTOMOS MO*HO c03Aa Tb, 
TonbKO ecnlo1 BbinonHeHO 014eBIo1AHOe ycnoBlo1e 6.w -S 2r . n pH KOMHaTHo~o 
TeMnepaType IT = 300 KI !!.WD = 5 .1 0- 6 wo' a np" TeMnepaType 
T "" 30 K /IKIo1AKHH SOAOPOA/ 6. w D,.co 1 , 5.10-6 wo, TO eCTb 
6.wn _10 9 paA/c, 4TO Ha Asa - TpH nopRAKa 60Ilbwe "ec T ecT s eHHo~ 11 

WIo1PIo1HbI 6.wo:: 2"AO "" 2,5 .10 6 paA/c. OT c lOAa cIleAyeT, 4TO He06xo ­
AIo1Mble 3Ha4eHHR HanpA*e HHOCTH AOIlIKHbI 6b1Tb nopRAKa /10 2 ­
-10 3/S 0 _ 10 4 

r c. CooTBe TcTse HHo HMnynbcHaFl MO~HOCTb 
W _ 1011 BT/CM2 Ha nATb no pAAKOB npe sblwaeT MHHHMaIlbHYIO 04eHKY 
1 12/ . 

Yc no BHR p e rHcTpa41011o1 np0 4ccca ~-3a xBaT a TaKOBbI, 4TO Tpe6ye TcFI 
3anyCKa Tb na3ep noc ne Ka lKAoH OCTaHOBKIo1 MIOOHa B BOAopOAe , a 4a c ­
TOT a 3anYCKOS AIl A 06ec ne4 e HHR AocTaT04Ho H CKOpOCTH Ha60pa CTa ­
TIo1 CTHKH Ao mkHa 6tHb He MeHee nil = 1,0 c-1 • ,llnHTeIlbHocTb HMnynbca 
onpe AenReTcR BpeMeHe M IKH3HH M~OHa, TO e CTb AOIlIKHa COCTaBIlR Tb 
6t_ 1 MKC . OTc~Aa c p e AHRR Henpe pblBHaR M~HOCT b n a3epa n onY4a eT­
CR no pRAKa Vi ~ nl!.tW _10 c - 1 x 10-6 C x 10 11 BT/cM2 _ MBT/cM 2, 
4TO n e lKH T 3a npe AenaMIo1 cy~ecLBY~HX B03Mo1KHocTe~ /pean bHo MOIK ­
HO pa CC4101TblsaTb Ha M~HOCTb W - K6T/cH2 / . 

CHTya UHR MomeT OKa 3 a TbCR 60nee npHBneKaTen bHoH. eCIlH 
y4e c Tb, 4TO H3 - 3a ynpyrHx cOYAapeHHH lJ. - a TOMOB npH HX Tenn OSOM 
ABHlKeHHH Wlo1pHHa Aonnepo Bc Ko H nHHIo1 H yMeHbwaeTCR . CornacHo / 161 
AonnepOBCKaR WHpHHa YMe Hbwa e TCR B OTHoweHHH 

a = 2. // ,., 1 13/ 

rAe A - AJ1HHa BonHbI H3nY4eHHR; , ... 1/ pa - cpeAHRR AnHHa np06e ­
ra MelKAY cOYAapeHH~MH; p - nnOT HOCTb BOAopOAa, U - ce4eHHe 
ynpyrHx cOYAapeHHH . nnHHa eOJ1HbI nepeXOAa Me*AY COCTORHHRMH CTC 

IJ. - aTOMoe 8 0AopOAa )..:: 10 MKM, a c e 4eHHe cOYAape HHv. a - 10-19 CM 2, 
OTKYAa Q -l i t/> / ¢ - OTHOCH Te flbHaR nnOT HOCT b /, TO eCT b YMeHbwe ­
HH e Aon n epOSCKoro YWHpeHIo1R He3Ha4HTenbHO Aa*e npH nnOTHOCTH 
*HAKorO BOAOpOAa . 

TaKHM 05pa30M , 60nbwafl CKOPOCTb CaMOnp01013 BOnb HblX n epeXOAOB 
F 1 ~ F2 B cnHH-06MeHHblx cOYAapeHHRX H, r n aSHbiM 06pa30M, AOnne ­
p08C KOe YWHpeHHe nHHHH RBnR~T CR $aKTOpaMH, npenRTCTBYIOmHMH H3Me­
peHH~ CBe p XTOHKOr o paC~enneH HR B MIOOHHOM BOAOPOAHOM a TOMe . 

OKa3b1BaeT CR, 4TO oGa 3T H ~aK T Opa CT aHOBRTCR Hecy~e c T BeHHblMH 

npl1 nepe XOAe OT ll -aT OMOB K M~OHHblM MOIleKynaM . t1b1 6 YAeM pa CCMaT­
plo1Ba Tb IlHW b MOIleKynbl /n pa BHIlb Hee HX Ha3b1Ba Tb Il-Mon eKynRpHblMH 
101 0HaMH/ pp~ 101 pdlJ., TaK KaK, B OTIl H4101e OT APyr Hx nOAo6HblX CHCTeM 
(d&'. dt~ H ttll), Io1X speMFI *H 3 HH AOC TaT04 HO BeIlH KO / _ MKC / 15.61 . 
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M~OHHble HOfleKYfl~ 06pa 3Y~TCR n p H CTonKHOBe HHFlX ~-aTOMOB C 
Mone KynaMH SOA OPOAa B p eaK4101flX THna 1 ~.6 1 

p~ + H 2 ~ [(P~p)+ Hl + e . 

Ba*Hoe OTflH4He M~OHHblX MoneKyn OT ll - a TOMOB BOAOpOAa 3a Kn~4 ae T­

CR B TOM, 4TO 3TH MoneKy n bl - 3apR*eHHble CHCTeMbi . n03TOMY OHIo1 
6~CTPO / - 10-18 C/ lI06pacTalOT II 3neKTpOHaM\.1 H MOJ1 eKynaMH BOAO ­
pOAa, 06pa 3YSl MoneKynSlpHble KOMnneKCbI (PPP. e) , (PP~, H 2) 1 171 3TH

1 KOMnn eKCbI xapaKTepH3Y~TCR 06b14 Hbl MH aTOMHblMH pa3MepaMH, H c e4e ­
Hlo1e HX y n pyrlo1x cOYAape HHH C MoneKynaMH BOAopOAa COCT aBIlReT 
nopRA Ka 10 - 16 CM2 . KaK cneAyeT 1013 ~opMynbl / 13/ , nplo1 TaKOM 6 0 nb­
WOM ce4eHIo1H pa36poc 4aCTOT H3IlY4eHHR YMeHbwaeTCR AO ypOBHR 
eCT e CTseHHOH WIo1PHHbI, eCIlH HcnOIlb30aaTb BOAOPOA C OTHOCIo1TenbHOH 
nIlOT HOCTb~ rP::: 0,1 . 

.QpyraR Bd*HaR ocooeHHoc Tb M~OHHblX MoneKyn pplJ. H PdIJ. 3a1<IlI0­
4 aeTCR B TOM , 4TO HX cnH HOBbie COCTO~HHA MOIKHO B xopoweM n pH6nH ­
lKe H\.1H paCCMaTpHBaTb Ka K 113aMopOlKeHHble", Ta K KaK Me)kAY 3 THMH 
COCTOAH HRMH OTCYTCTSYM)T caMonpOH3BOnb HbJe nepexoAbi 16.8 / . 3 TO 
o 3Ha4aeT, 4TO MHHIo1ManbHaR CKOpOCT b HHAY~HpoBaHHblx nepex OAOB, He­
06xoAHMaR AnR H3MeHeHHR 3aceIleHHOCTev. cnHHOBbiX COCTORHHH 3THX 

10 6 1MoneKyn, AOfllKHa COCTaBnATb n - c- , 4TO Ha 2-3 n o pRAKa MeHb­
we, 4 eM AnR p-aTOMOB. 

PaC 4 eTbi YPOBHev. CT C MIOOHHblX MoneKYIl 6b1IlH BbinOIlHe HbI B / 11 ,18/ , 

Io1X T04HOCTb COCTa a nR e T _ 10-3 36 . Ka K c IleAyeT 1013 3THX pa60T. 
npe 4H 3 1010 HH Oe 1013Me pe HHe pa 3 HOCTH YPOBHe v. CTC 11 -MoneKyn npeA­
CTaBnReT 60nbWOH HHTe pec C T04KIo1 3peHIo1R onpeAeneHHR BKnaAa Tpex ­
4a CTlo14HblX penRTHBHCTCKHX CHIl H 3~$eK T Oe K3~. 

MoneKyna PPIl 06pa 3yeTcR 8 COCTORHHH C o p6101TanbHblM MOMeHTOM 
L = 1 101 cyMMapHblM cnHHOM AByX npOTOHoe S p "" 1 co CKOpOCTb~ 
AOpplJ. :::: 2,5 . 10 6 c - 1 / 6 .6 / . CKOPOC Tb opTo- napa-nepexoAoB B PPIl 

Mana n o cpaBHeHH~ c o CKOPOCTblO pacn a Aa MIOOHa 118.1 91 . YpOBeHb 

L ~ 1 , Sp. 1 H3- 3a TOHKoro H CBe p XTOHKor o B3aHMoAeHc TB HH pac ­

~ennAeTCA Ha nRTb nOAYPo BHeH, 3HeprHH H 3acen eHHOC TH KOTOPblX 

npH BeAeH~ Ha pHc . l . 


TaK *e, KaK H B P~ -aToMe, CKOPOC Tb RAe pHoro 3aXBaTa MIOOHa 
B CHCTeMe PPIl c~eCTBeHHO 3aBHCHT OT 3a c eneHHOCTH ee c n HHOBbiX 
COCTORHHa:1 . 1013-3a 60n bwo H CKOPOCTH n epeXOAa FPI1 :: 1 ... F plJ. ... 0 
B cOYAapeHHRX plJ. + P Mon e Kyna ppp. 06pa3yeT c R npaKTH4ecKH flHWb 
B COCTORH~RX CTC C no nHblM cn HHOM Spp~ :::: 1/2 . 6 3 THX ABYX CO­
CTORHHRX CKOPOC Tb Rf.e~~or o p.-3aXBaTa COCTa s flReT A3axa.(Sppp. ~ 
"' 1/2) =0. sao C - 1 / 1 .1 , B TO epeMA KaK B Tpex COC TORH HRX e T C 

co cnHHOM SPPIl =- 3/2 CKOpOCTb 1l - 3aXBaTa 6nH3Ka K HynlO : 
~ 38X8.(Spp~ - 3/2l - 1 5 c - 1118~ ~HAy~"po. aHHble nepeXOAbi Spp~c1 
"" 1/2 ..... Sppp. = 3/2 npHse AyT K yMeHbweHHIO aepOFlTHOCT H 1J.- 3a XBa Ta, 
4 1"0 MO)t(HO Hcnonb30BaTb AIlA o npeAeneHHA BenH4101 HbI 6E hfs B CIo1­
CT e Me PPll. 
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PHC. I . Cxc/'1a YPoBlleH CsepxToHKOH CTPYKTYPbl 
MIOOHIIOI1: Mo.neKynbl ppp. B COCTORHHH C L "" 1 , 

v""O / 18' , 

O~eHKY ~HTeHCHBHOCTH naaepHoro H3nY4eHHR, Heo6xOAH~OH AnA 
aaMeTHoro 1113MeHeHHR 3aceneHHOCTeH COCTORHHH eTC B PPI-'-, npoaeAeM 
aHanorH4HO TOMy. KaK 3TO 6~no CAenaHQ HaMill AnR pp. -aTOMOB. 

raMlllflbTOHHaH B3dHMOAeHCTBHA C QoneM H3nY4eHHR BHOBb HMee T 

BHA 17/ . rAe Tenepb .~oAH~KO . QOA ~p cneAyeT nOHHMaTb cYMMapH~H 
Cmo1H ASyx npoToHoe: S ""S + S 2 ' HaT pH4H ble 3neMeHTbI onepaTO­

'+' p pI '" poa Sp ~ S~ C nOM~b~ TeopeMbi tiHrHepa-3 KKapTa MoryT 6~Tb npeA-
CTaBJleH~ B BHAe 

' + + 
< ajm l Sp- " l.By '",' , ~ C J: ,, ' ,(a ll :S- II.B) . /14/.,.. 1._1.J.m p./J. 

J,m 
3Aec....b+ C P. ml; J 2, m2 K03~Hll"'eHTbI Kne6wa- r OPAOHa. a aen"'4"'Hbi 
(a II S -p ..II f3) He 3aS"'ClH OT K9aHTOBbiX 4",cell m '" m~ . .,.. ""+ 

B Ta6n . 3 npVlBeAeHbI Bbl4"'cneHHble 3Ha4eHHR... Ben",4HH (a II S p. IJ. II (3) 
/KaK 06b14Ho .... MaTp"'4Hble ~neMeHTbI onepaTopa g- onpeAellRIOTCR "'3 
yCIlOBHA ,aI S- l b> - «bIS+ l....a» -) . 1013 Ta6nHllbi BHAHO. 4TO MaT ­
pH4Hble 3lleMeHTbI onepaTopa V AnR MOlleKynbi pPJ.I. HMelOT TOT *e nOpRAOK 
BeIlH4HHbi. 4TO H AnA aTOMa P/J.. 3TO o3 Ha4ae T, c Y4eToM OTCYTCTBVlR 
caMonpOH3BOllbHblX nepexoAoB Me*AY COCTORHVlRMH eTC MoneKYIlbi ppJ.I. 
~ CY)I(eHHR AOnllepOBCKO~ nHHH'" AO eCTeCTBeHHO~ WHPHHbI, 4TO He ­
npepblBHaA cpeAHRA M~HOCTb na3epa AOIl)l(Ha COCTaBnATb _KBT/cM 2 , 
a 3TO AocTynHo Y)Ke B HaCTOAUlee epeMR . 

OTCYTCTBVle caMonpOH3BonbHbiX nepeXOAoB MeH<AY ypOBHRMH eTC 8 

Pp/J. n03BOllReT OCYUleCTBHTb TaKYIO norHKY H3MepeHHH, B KOTOPOH CHa ­
4alla OCYl1leCTBnAeTCR ne p eBOA COC TOAHHR C S ppp.::: 1/2 B COCTORHHe 

Ta6nH~a 3 
3HalleHHH eenH\lHJlbI (aIIS

'+ 
p ,p.IIf3) Ann MaTpH4HbIX 

3neMeHTOB / 14/ 

(5 11 8; 11 3) _ -../2/ 3 (5118;113 ) ~--../2/3 

(4 I1 S~ 113) ~-../8127 (4 11 5;113 ) ~- -../8/27 

(41 I S~ II 1) ~--../1O/Z7 (411 S; II I) ~ -../ 10/27 

(2 1I St I1 3) ~ -../ 2127 (2 11 S; II 3) ~ - -../2/27 

(2 1IS~III) ~ --../ 16/27 (211 s; III) ~ -../16/27 

C S PPJ.l. "" 3/2, a 3aTe,,, perHcTpHPyeTcR HeH TpoH OT 1'-3aXBaTB . KaK 
BHAHO 1013 pHc. l, HBH60llee 4ellecoofipa3HO ~cnOIlb30BaTb nepexOA~ 

5 ~ 1 + "3 , TaK KaK npH 3TOM AOCTHraeTCA ~3MeHeHHe CKOPOCTH C4e­

Ta HeHTpoHoB B 3 pa3a IHa4allbHaR 3acelleHHOCTb COCTO~HH~ 5 c o ­
CTaSIlRe T 67%1. C T04KH 3peHHA cy~eCTBYOUlHX a03MO~HOCTeH B 06­
naCTH MOUlH~X nepeCTpaHBaeM~X Ila3epOB nOAxoA AUlHM OKa3~BaeTCR 

nepeXOA 5 ~ 3 IAllHHa BOllHbI 9,2 MKM/ . 
B n p l-tH llHne, MO*HO IHcnollb 3YR ABa naae pal oc y~ecTBHTb ABa 

nepexoAa: 5 ~ 3 19,2 MKM/ H 4 ~ 3 19,3 MKM/, j.1 n ony4HT b TaKHM 
06pa30M n04 TIo1 4HCToe COCTOBHHe CVlCTeM~ ~p C nonH~M cnHHOM 
F~p= 1. PeanH3a~HA TaKoH B0 3MO*HOCTH n 0 3BOll HT c03AaTb HCKn~4H­
Ten bHO 6llaronpHRTH~e yCllOBH R AllR Vl3MepeHHR CKOPOCTVI ~-3axBa T a 

npOTOHOM B TpHnneTHoM c nHHOBOM COCTORH Vl H I '\~~XB./ F = 111, npH4eM 
n1l0THOCT b Vl c noIlb3yeMoro BOAopOAa MO)l(eT 6b1T b 60llbWOH I¢> _ 1I. 
3aMeTHM, 4T8p npH IlcTaHAapTHoM" 16e3 Ilaaepal MeToAe H3MepeHHR 
BeIlH~ Io1HbI '\3axs./F .., 1I B03HHKaeT He06xoAHMOCTb Vl c nOIl b30saHHR-.BOAopOAa C 04eHb MalloH nnOTHOCTb~ I~ - 10 I, H npH 3TOM Bce r Aa 

npHCYTCTsyeT BKIlaA 1 1/4/-cocToRHHH c FplL = O. 
np~ HCClleAOBaHH~ pe30HaHCHbiM MeTOAOM COC TORHHH eTC APyroH 

M~OHHO~ MOlleKYIlbi - pd~ H Me~TCR Te *e npeHMy~ecTBa , 4 TO VI AllR 

pp~, a HMeHHO: OTCYTCTBHe AonIlepOBCKoro YWVlpeHHR 101 " 3aMopo*eH­
HOCTb l1 cnHHOBblX COCTORHHH. CHc TeMa Pt4t o6pa3ye TcR npH 3aMeAlle ­

HHVI MIOOHOB B CMeCH H2 + D 2 CO CKOPOCTblO ,\ pd~ = 6 .10 6 c - 1 161 

B COCT ORHHH C L /6)' VI 3aTeM 6b1CTPO 110-11 ci n epexoAHT B co­
CTORHl-"Ie c L = 0 . eXeMa YPoBHeH eTC AnR 3Toro COCTORHHR npH­
BeAeHa HB pHc . 2, Ta M )l(e YKa3aHbI 3aceneHHOC TH YPOBHeH lit OTHOCVI­
Ten bH bie 3Ha~eHlitA CKOpOCTH KaTaIlH3HpyeMoH MIQOHOM peaKUlitH CHHTe3a 

p + d ~ 3 He + y + 5,5 M3B. /15/ 

AnR COCTOAHIIIA C nOJlHblM MOMeHT OM J = 0 CKOPOC T b peaK~HH 1151 co­
CTaBJ1R e T APt = 0,3·10 e c-1 161 , 4TO 6m13Ko K CKOPOCTH pacnaAa 
MIOOHa. nOCKonbKY c nlo1H 06pa3YOUlerocR B peaKUIII~ 1151 RApa 3He paseH 
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Fd =311 

0.032636 

df1 -~016336 
3Htpn4" CKOPOClb 3acellt'ttHOCTb

Cn"HOBble VpOBH". PE'all:r~ CTaT CMeCb
Fd~"Y' 

4IVHl(lJM~ H3B p.d- Ht·t Fd,.:Y2 rdJl'~"Fdr~ 
1:';'-222>B n 	 )"2 ~yr 35.9 l~ , c<).. 0 0.42 

"' ~,-	 17.3 J,.~ =o.1L>'~' 0.38 0.25
.o'.. 
I~ ,".., 4.6 A;':3 (1$(.- 1 0.25 0,08 
n 0­

pel!, 	 L"O. VoQ 
,~ 

,~ II 

1_''''« 	 -78.7 ).~d :O.B6).~d 0.37 0.25 

PHC. 2 . CxeMa YPoBHeii cBepxTOHKOn CTpYKTypbl MoneKynbl 

p~ B COCTORHHH C L 0:: v = O / lS / . 

1/2, TO CKOPOCTb peaK4101H 1013 COCTOAHHH , OTBeya~HX napannenbHO~ 
opHeHTa 4HH cnHHa npOTOHa H AeHTpOHa, Aon*Ha 6~Tb nOAasneHa Ha 
HeCKonbKO nop~AKOB no cpaBHeHH~ co CKOPOCTbO 3TO~ peaK4HH 1013 
COCTOJ=lHHH c nOJ1HblM Cm1HOM Spd '" 1/2 / 6 1 Kat< BIo1AHO 1013 plo1C. 2, pa3­
Il"',",HblM YPOBH~M CTC MoneKYJ1b1 pdtt COOTBeTcTByKlT pa3Hble BKJ1aAbI 
COCTO~H"'io1 C Spd = 1/2 H Spd = 3/2, n03TOMY 3QXl)eKTHsHa fl CKOPOCTb 
peaK4HH /15/ B p~ AonmHa saBHceTb OT 3aceneHHOCTH ee cnHHOSbiX 
COCTOAHHH 16/ . EcnH c nOM~bo J1a3epa H3MeHHTb 3aceneHHOC Tb ypoe­
HeH CTC , TO 3TO npHseAeT K H3MeHeHHKl BblXOAa y -KsaHTOB 1013 peaKUHH 
/15/. nOA XOAAUJ.HM OKaSbisaeTCfl nepeXOA 3 ... 1 /.\ 1 0, B MKM/, J.1HAY ­:02 

4HpOBaHHe KOToporo npHSOAIo1T K HSMeHeHJ.1Kl BblXOAa y-KBaHTOB 1013 /15/ 
npHMepHO B 2 pasa. 3aMeTHM, 4TO cpaBHeHHe xapaKTepHCTHK peaKUHH 
/15/ npH HyneBbix 3HeprJ.1AX, , B ~aCTHOCTH ee cnHHOSOH 3aSHCHMOC ­
TH, C AaHHblMi-1 HccneAosaHHR o6paTHoH peaK14HH y + 8 He ... p + d npeA ­
CTasn~eT 60nbWOH HHTepec C TO~KH 3peHHfl npoGneM~ npOBepKH HHBa­
pHaHTHOCTH OTHOCHT enbHO 06pa~eHHR BPeMeHH / 20/ . 

ASTOPbl 6naroAapH~ n.n.6aKanoBY , n.~ . EpM0J10SY, n . ~ .nOHoMapeBY 

101 A,T.PaxHMoBY 3a none3Hble 06cY*AeHHR . B~pa*aeM rny60KYKl npH3Ha ­
TenbHOCTb A.n_MHK33nflHY 3a nOM~b 9 BbI~HCneHJ.1H M3TPH~H~X 3neMeH­
TOB. 
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SP,OOK. 

3aKa3~ H3 	 yn OMAHYT~e KHHrH MorYT O~Tb H a npaBne H~ no aApeCy : 
10 1000 MocKBa, rna Bno~TaMT. n/ ~ 79 c 

H3,uaTenbcKHH OT,uen OO'be.a.HHe HHoro HHCTHTYTa SI,nepIIHX Hccn enoB3 HHH 

CHHn r a B_TI _, ~bqeHKOB B_B_ 	 P2- 83-42 
3KcnepHMeHTanbH~e B 03MO~OCTH npe~HSHoHH~ HSMepeHHH 3HeprHH 
CBepx ToHK o ro pac~enne HHR B ~HHhlX aTOMax Ii MoneKynax 

Pa CCMoTpeHbl npo~eCCbJ liH~~poBaHHbIX nasepoM I CO 2 ' .\ .::­
10 MKMI nepexoAoB Me~y YPO BH RMH cBepx ToHKOH CTPYKTYP~ ICTCI 
~OHH~ aTOMOB H Mo n e Kyn, rrOKaSaHO ~ ~TO AnR ~OHHb~ MoneKyn 
AonnepO BcK3R WHpHHa n MHHH 9HaQHTenbHO YMeHbmaeTCR B ynpyrHx 
cOYAapeHHRx ~H 3 TO 0 5 cToRTenbcTBo npHBoAHT K c~eHH~ MO~­
HOCTH nasepa, HeOOXOAHMOA AnR oc~eCTBneHHR yxaSaHKWX nepexo ­
AOS. flpOBeAeHHbJe oueHKH cBHAeTenbCTBY»T 0 TOM, qTO BnOJIHe 
peanbHO 3~KTHBHO H3MeHRTb 3aceneHHoCTb YPoBHeA e TC Monexyn 
ppjl H pdp B 3K c nepHMeHTax C BOAOPOAHoA H.H.mellbto Ha MJOOHHOM ny-q:­
Ke. Oc~eCTBneHHe 3TOA B03MO~OCTH n 0 3BonneT: II HSyqHTb cnu­
HOBYlO 33.BHCHMOCTb peaKJ..tKii jl- + p ..... n + v 11 Ii P + d ..... ~e + y .; 
21 H3MepHTb C TOqHOCTb~ _ 10-6 38 cBepxToHxoe pacmenneHHe B MO­

n e xynax pp~ H pdft H OnpeAeJIHTb BKJIaA , 06YCJIOBneHHblH 3~eKT3MH 
K3~ H 3-4acT~H~ p eJIRTHB HCTCKHMH CHnaMH. 

' Pa60Ta B~onHeHa B n a 6opaTo p HH RAep~ npo6neM OHAH. 
npenpHHT 06~AHHeHHoro HHc THTYTa ~~epHWX Hccne£O.aHHH . Qy6H a 1983 

Sm'Iga V _ P~ilchenkov V.V_ P2- 83- 42 
Experimental Possibi l it i es of Prec i s i on Measuremen t s of Hyper­
f i ne Splitting Energy in Muoni c Atoms and Mo l ecules 

The processes of i nduced by t he CO 2 l a s e r (,I, =10 mkm ) 
trans i t ions between t he hyperfine s t ructur e (HFS ) l eve l s of 
muonic atoms and mo l ecules are studied. I t is shown that t he 
Doppl e r broadening of t he transition l i ne is practical l y neg­
l igib l e for muoDic molecules that sharp l y decreases the de­
mands to the l aser power. It follows from our consideration 
t hat the effective change in the HFS population of pP~ and 
p~ molecul es is poss ible now in exper iments with hydrogen tar 
ge t of h i gh dens i ty on t he muon beam. Realizat i on of t h i s pos ­
s i bility al l ows one: 1) t o study sp in dependence of t he 
jl - + P -to n + v a nd p + d -to SHe + y r eact ions; 2) t o measur e 

wi t h the -d) - & eV accur acy the energy of hyperfine spli t ting 
in t he PPIl a nd P<4t systems and to determi ne the contrlbution ' 
of three-body relat ivistic f orce s and QED effects. 
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