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KparKue co061J4eHUJI OHJIH N° 20-86 
Y,UK 539. 126 

JINR Rapid CommunicationsNo.2D-86 

0 PACnA,liAX r-+31-1 1-1 T -+3~-L 2 V 

* A. A .M~aBHR , r.B.MH~enbMaxep 

YKa3aHO Ha B03MOJKHOCTh llOHCKa pacna,u;a T -+ 3/-L B 
3KCllepHMeHTaX THna "beam-dump" Ha YCKOpHTeJI.RX BbJCO
KHX 3HeprHH C ~HKCHpoBaHHOH MHmeHhiD Ha ypOBHe OTHO
CHTeJihHhlX BepO.RTHOCTeH JQ-7-JQ-9, PaCCqHTaHa Bepo
.IITHOCTh ~OHOBOro npo~ecca T-+ 3!l2V, 

Pa5oTa BblllOJIHeHa B na5opaTOPHH HAepHbJX npo6neM 
mum. 

On the Decays r ... 31-1 and r -+ 31-12v 

D.A.Mzhavia, G.V.Micelmacher 

Search for the decay r -+ 31-1 in beam-dump experi
ments at high-energy accelerators with a fixed tar
get is shown to be possible at the I0-7-Io-9 rela
tive probability level. The probability of the 
background process r -+ 31-12v is calculated. 

The investigation has been performed at the La
boratory of Nuclear Problems, J1NR. 

K HaCTOR~eMy apeMeHH noHCKH B03MO~Horo HecoxpaHeHHR r
nenTbHHoro 4Hcria B pacnaAax THna r -+ 1-1 y, r ... I-LILI-I , r -+ ey H 
T,n. B~nOnHeH~ Ha YPOBHe OTHOCHTenbH~X BePORTHOCTeH r-pac
naAoB, nHWb HeMHoro M~HbWeM, 4eM 10-S/l/, 3TH orpaHH4eHHR 
ycTaHoeneH~ B aKcnepHMeHTax Ha BCTpe4H~x e+e--ny4Kax. Ta
Koe or paHH4eHHe BepORTHOCTeH pacnaAOB He RBnReTCR 3Ha4HM~M 

npH npoaepKe coxpaHeHHR nenToHH~x aapRAOB. 0Ho AonycKaeT 
Aa~e Ma KCHManbHoe HecoxpaHeHHe r -nenTOHHoro 4HCna, T. K. 
aepoRTHOCTH pacnaAOB • 10- 4 MoryT 6~Tb o6~RCHeH~ ~aKTO
paMH THna nOCTORHHOH a , <J)a30BbiM o6~eMOM H T, n, , aHanorH4-
HO TOMY, KaK B CBoe BpeMR C4HTanOCb 11 eCTeCTBeHH~M11 noAaB
neHHe 1-1 -+ ey AO YPOBHR 10 - 4 121 6e3 3aKOHa COXpaHeHHR HO
aoro nenToHHoro 4HCna. AanbHeHwee cy~ecTBeHHoe npoABH*e
HHe B nOA06H~X 3KCnepHMeHTaX orpaHH4eHO CBeTHMOCTb~ YCKO
pHTene H Ha BCTpe4H~X ny4KaX. He B~3~BaeT COMHeHHR, 4TO 
noHCKH HecoxpaHR~~HX r-nenTOHHoe 4HCno npo~eccoa npeACTaB
nR~T <llYHAaMeHTanbHY~ Ba~HOCTb H AOn*H~ npOBOAHTbCR Ha MaK-

* HHCTHTYT ~H3HKH BbJCOKHX 3HeprHA T5HJIHCCKoro rocyAap-
CTBeHHoro YHHBepCHTeTa, 
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CHManbHO AOCTynHOM COBpeMeHHO~ TeXHHKe 3KCnepHMeHTa ypoe
He, KaK 3TO AenaeTC.R, HanpHMep, npH nOHCKe pacnaAOB /l -+ ey 
(AOCTHrHYTbl~ ypoBeHb W/1-oey/Wil-+ e;;v < 4,9·10-11/3/ 
H Wll-+3efWil ... evv < 2,4·10-12 / 41). 3aMeTHM, 4TO B npHH
LIHne, HecoxpaHeHHe nenToHHoro aap.RAa e r ... 11 npo1.1ecca x MO
meT 6b1Tb 3Ha4HTenbHO 6onbWHM, 4eM e 11 -+ e nepexoAe I anpH
Mep, Ha-aa pa3HHL1bl e Maccax nenToHoe/. 

Mbl XOTHM o6paTHTb BHHMaHHe Ha B03MOmHOCTb 3KCnepHMeH
TanbHOrO HccneAoBaHH.R HecoxpaH.R~ero nenTOHHbl~ aaP.RA pac
naAa T -+ /lllll Ha ny4KaX yCKOpHTenei1 C <!>HKCHPOBaHHO~ MHWe
Hb~ /YHK, TeeaTpOH/*, Ha ypoBHe OTHOCHTenbHO~ eepO.RTHOCTH 
1o-7-1o-9. 3KcnepHMeHT MomeT 6b1Tb nocTaeneH Ha ny4Kax aA
poHoe nH6o raMMa-KBaHTOB BbiCOKO~ 3HeprHH /200 r3B - l T3B/ 
C HCnonb30BaHHeM TOnCToro, ;<:; 30 .RAePHbiX AnHH, 3aAei>mHBa!Q
~ero BTOPH4Hble aApOHbl H raMMa-KBaHTbl nornOTHTen.R H3 MaTe
PHana c He6onbWHM aToMHbiM HoMepoM /yrnepoA, 6epHnnH~/ , c 
nocneAy~e~ perHCTpaLIHei1 HMnynbCOB M~OHOB OT pacnaAa T -+ 

3 2 - ** -+ /l V H BOCCTaHOBneHHeM 3<l><!>eKTHBHOH MaCCbl Tpex M~OHOB . 
8Ha4ane Mbl Ol.leHHM HHTeHCHBHOCTb o6pa30BaHH.R r-nenTOHOB, 

a aaTeM o6CYAHM B03MomHbl~ <l>oHOBbl~ npo1.1ecc r-+ 31l2v . Ol.leH
Ka HHTeHCHBHOCTH o6pa30BaHHR r-nenTOHOB B ny4Kax pa3nH4-
HbiX 4aCTHLI BbiCOKHX 3HeprH~ /-500 r3B/ AaeT cneAY~He pe-
3YnbTaTbl: 

a/ aAPOHHbl~ ny40K HHTeHCHBHOCTH /B CpeAHeM/ - 1 0 8 aAPO
HOB/C. nonara.R, 4TO OCHOBHbiM HCT04HHKOM r-nenTOHOB RBn .R
~TC.R pacnaAbl F -MeaoHoe /naPLIHanbHa.R eepo.RTHOCTb pacna Aa 
- 3 · 1 0 - 3, ce4eHHe o6paaoaaHHR F-Me3oHoe "'1 0 MK6 161 I, no-
11Y4HM fir= 5·10 8 3a 100 4aCOB pa6oTbl YCKOpHTen.R; 

6/ <!>OTOHHbl~ ny40K, B3aHMOAe~CTBY~Hi1 C nerKO~ /Ae~TepH
eeo~/ MHWeHb~. npH HHTeHCHBHOCTH ny4Ka -l0 8y/cH aApOH HOM 
MexaHH3Me o6paaoaaHHR r· nenToHOB n r = 1 0 7 a a 1 00 4acoa. <l>o
TOHHbl~ ny40K B CHny MeHbWero nonHoro Ge4eHHR B3aHMOAei1 CT
BHR <!>OTOHOB AaeT 04eBHAHOe npeHMy~eCTBO C T04KH apeHHR 
B03MOmHorO noAaBneHHR <I>OHOB; 

B/ <!>OTOHHbiH /HnH 3neKTPOHHbli1/ "beam-dump" Ha TRmeno~, 
HanpHMep CBHHLIOBOH, MHWeHH, C o6paaoBaHHeM r·nenTOHOB 3a 
C4eT 3neKTpOMarHHTHOrO pomAeHHR nap T + r- Ha .RApaX Y + Z -+ 
... r+r-+ Z. 4Hcno r+r- nap Ha y-KeaHT Nr+r- paaHo 111 

* 3TO npeAno~eHHe 6MnO BhlCKa3aHO OAHHM H3 aBTOpOB 
/r.B.M./ Ha I cose~aHHH no 3KCnepHMeHTanbHb~ HccneAoBaHH
HM Ha BCTpeqH&m nyqKax YHK /TipoTBHHo, 1981 r./.BosMo~HOCTb 
llOHCKa paCnaAa r -.3 11 Ha yCKOpHTenHX C <!>HKCHpOBaHHOH MHme
Hb~ ynOMHHYTa H B. pa6oTe/&/, AOno~eHHOH Ha TOM ~e COBe~a
HHH. 
** TIOA06Hy~ nocTaHoBKY 3KCnepHMeHTa c nonH&~ nornomeHHeM 
nyqKa B6nH3H MHmeHH 06~HO Ha3&JBa~T 3KCnepHMeHTOM THna 
"beam-dump". 
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Nr+r- = 
[84ln(2w/Mr) 

2 
218] me 

[84ln (2w/me)- 218]m; 

rAe w - 3Hepr!A;; y-KaaHTa, me - Macca 3JleKTPOHa, M r - Mac-
ca r - n enTOHa. 

8 
np iA IAHTeHC!AaHOCTIA Y- KaaHTOa 1 0 y/c Or /aa 1 00 4aCOa/ 

-2·10 6• npiA TaKOH nocTaHOaKe on~Ta 4HCJ10 Or -JlenTOHOa cy
~eCTaeHHO MeHbWe, OAHaKO CHJlbHO nOAaaneH~ $OH~, CaR3aHH~e 
C o6pa aoaaHHe~1 MIOOHOa B pacnaAaX aAPOHOa. 

B npiAH~Hne, ao3MO*HO o6paaoaaHHe r-nenTOHH~X nap ~-Me-
30HaMIA , Ho ce4eHHe TaKoro npo~ecca ar+r- = 6·1o-36 cM 2181. 
TaKHM o6paaoM, O*HAaeMaR cTaTHCTHKa o4eHb Mana I- 5 ·1 0 5 

aa 100 4acoa/. 
npHaeAeHH~e O~eHKH noKaa~aaiOT, 4TO Ha nY4KaX yCKOPHTe

JleH a~COKHX 3HeprHH C $HKCHPOBaHHOH MHWeHbiO a 3KCnepHMeH
TaX THna "beam-dump" AOCTYnHa TaKaR CTaTHCTHKa r -nenTOHH~X 

C06~TH H, 4TO, a npHH~Hne, a03MO*H~ nOHCKIA pacnaAa r-. ~~~ 
Ha ypoaHe aepORTHOCTeH 10-7-10-9, 3aMeTHM, 4TO o6CY*Aae
M~H ypoaeHb HHTeHCHaHOCTH ny4KOa (- 10 8y/c) · He RaJlReTCR 
npeAeJlbH~M H a~6paH H3 Tex coo6pa*eHHH, 4T06~ He 6~110 cepb
eaH~~ npo6neM C per!ACTpa~HeH MIOOHOa, TPHrrepoM H CJ1Y4aHH~
MH COanaAeHHRMH. 

Ko He4Ho, peaJlbHO AOCTH*HM~H ypoaeHb 6yAer onpeAeJlRTbCR 
He TOJlbKO CTaTHCTHKOH, HO H ypOaHeM $OHOa~x npo~eccoa, 
cpeAIA KOTOp~X He ace nOAAaiOTCR paC4eTy, M~ OCTaHOaHMCR Ha 
paC4e Te aepORTHOCTH $OHoaorO npo~ecca r-. 3~2 v , C KOTOp~M 
HaAO C4HTaTbCR npH J11060H nocTaHOaKe on~Ta. • 

Pa cnaA r-. 3~2v paHee He o6CY*Aa11CR, XOTR a 3KCnepHMeH
Tax THna "beam-dump" C perHCTpa~HeH MIOOHOa AOCTyneH H3y4e
HHIO. M~ a~4HCJ1HJ1H AH$$epeH~H3JlbHYIO aepORTHOCTb pacnaAa r-. 
-. 3~ 2v , Y41AT~aaR ace AHarpaMM~ HH3Wero nOPRAKa TeOpHH 
aoaMy~eHHH. Pac4eT npoaoAHJlCR c noMO~biO nporpaMM~ 

SCHOONSHIP 19 1 • npo~ecc r .. 3f.t 2v aHaJ10rH4eH npo~eccy ~ .. 
-+3e 2v, paCC4HTaHHOMY a pa6oTax110, 11 / , 

MaTPH4H~H 3JleMeHT, COOTaeTcTayiO~HH AHarpaMMaM /PHC. 1/, 
HMeeT aHA: 

3 ~ 
2 0 m mr ) e ( ..:.:.J!:._ __ _ 

M- -
- (2")

5
y'2 P10 Pro Pso qo 

1 

k2 

- - 1 
lu(q2 )yf:3(1 + y5 ) x u(-p

1
)u(-q)ya x -~ ~ --- X 

-q + k - im~ 

x Yf:3 (1 + y 5 )u(-q 1) + u(-q)yf:3(1 + y
5

), 

6 



1 
u (-q 1)ii(q 2)y,a(l + y5 ) x Ya u(-p

1
) I x 

-p1 - k - i m
11 

x ii(ps) Ya u(-p 2 ) 84 (Pl + P2+ Pa + ql + q 2 - q ) - lpl- P2 I; 

~+ 
+ 
--"''lii:----'t---E~~-v t 

p1 p! 

Pz 
Pz 

CJ-t 

q2 ~ f 

PHC, I. ,ll;HarpaMMbi pacna~a r ... 

8 3TOM B~pameH~~ C603Ha4eH~R ~MnynbCOB COOTBeTCTBy~T np~
e2 
~ - nOCTORHHaR TOHKO~ CTpyK-eeAeHH~M Ha A~arpaMMax, a = 

w-5 
Typ~, G = liiT - KOHCTaHTa_ cna6oro B3a~MoAe~cTB~R, mil , 

m, - Mace~ ~~oHa ~ r -nenToHa. HHTerpanbH~e ~ nonH~e se
PORTHOCT~ npol.leCCa fib!n~ paCC4~TaHbl MeTOAOM MOHTe-Ka pno, 
nonHaR eepORTHOCTb pacnaAa T ... 3/121/ cocTaBnReT W(r ... 31l2v)/ 
fW, ... 11 vv = 1,07·10-6 *. 

Ha p~c. 2 np~BeAeHo 3Ha4eH~e eepoRTHOCT~ pacnaAa r ... 
... 311 2v np~ pa3n~4H~x o6pe3aH~Rx no ~Heap~aHTHO~ Macce Tpex 
M~OHOB /~HBap~aHTHaR Macca Tpex M~OHOB OT pacnaAa T + 3/l 

* Mb1 HOpMHpyeM Ha pacnaA T -+ /ll' I ' , TI8Pl.IH8JlbHaH BepOHTHOCTb 

KOTOpOrO COCTaB JIHeT (17,5~0,6)% OT JIOJIHOH BepOHTHOC T H r - pac

n aAa /12/. 
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W(M3y..} _,.---. 
10 

-9 
10 

-f2 
10 

-IS 
10 

0 982 

l' 

1182 1382 1582 1782 M9B 

M3f 
Puc. 2 . 3Ha"<IeHHe sepo.RTHOCTH pacna~a r -+ 3/l 2v npH 

pa3JIH'IHbiX o6pe3aHHJIX HHBapHaHTHOA MaCChi TpeX MIOOHOB M~, 

M ~ d W r-+ 3/l 2v 
W(Ma"' ) /WT-+I!VV = ( r )/WT-+!lVIJ· 

3m dmSj.t 
IL 

oTse4aeT npasoH rpaHH~e rpa~HKa/. H3 rpa~HKa BHAHo, 4To 
npH onpeAeneHHH HHBapHaHTHOH Mace~ C T04HOCTb~ <300 M3B, 
4ro AOCTH*HMO B o6CY*AaeM~X 3KCnepHMeHTax, npo~eCCOM r -+ 
-+ 3/l2v, Ka K ~H3H4eCKHM ~OHOM K pacnaAy T-+ 31!, MO*HO npe
He6pe4b npH nOHCKe r -+ 3/l Ha YPOBHe aepoi!THOCTeH 10-9 , 

ABTOP~ 6naroAaPH~ ~.M.AHTHnosy, c.n.AeHHCOBy, C.M.Ko
peH4eHKO H 6.M.noHTeKopso 3a none3H~e o6cy*AeHHII H 6.~.Ko
CTHHy 3a 6onbwy~ noM~b ~ pac4eTax. 
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LOW ENERGY THEOREMS OF BROKEN SCALE 
INVARIANCE FOR LIGHT SCALAR MESONS 

J.L~nik 

Low energy theorems of broken scale invariance 
are discussed from the point of view of 1/Nc expan
sion. A simple effective Lagrangian model realizing 
these theorems and predicting scalar gluonium as 
well as quarkonium masses is presented. 

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

HH3K03HepreTH4eCKHe TeopeM~ HapyweHHOH 
MacwTa6HOH HHBapHaHTHOCTH AnH nerKHX 
CKanHpH~X Me30HOB 

A.naHHK 

C TO~KH speHHH 1/N pasno~eHHH o6c~a~TCH HH3-
C 

K03HepreTH~eCKHe TeopeMbl HapymeHHOH MaCmTa6HOH HH-
sapHaHTHOCTH. ITpeAITaraeTcn npocTaH Mogenb s~eKTHB
Horo narpaH~HaHa, BbmonHHIOIIIero 3TH TeopeMbJ, H npeg
cKa3bJBa~TCH MaCCbl CKMHpHbJX rnDOHHH H KBapKOHHH. 

Pa6oTa BblllOnHeHa B na6opaTOpHH TeopeTH~eCKOll 
¢H3HKH ():1151:11. 

While at the classical level QCD possesses invariance 
when quark masses are neglected, this symmetry is broken 
by quantum effectsll/ expressed in the anomalous trace 
((J.p.P. >an of the energy-momentum tensor (Jp.u generating non
conser vation of the dilatation current ~P.' i.e., 

a 5)P. = ((J p.) = _ _!!_ ~Qa QP.V , (I) 
p. p. an 8 rr p.v a 

where a;yare the gluonic field strength tensors, b ~ 
= (11/3) Nc - (2!3)N F with N c and NF being the numbers of 
colour s and flavours, respectively. As a consequence, one 
can derive the following low energy theorem 121 

b F(O) =- 0 0 2 . 0 

(2) 

for t he two-po1nt funct1on 

F(q 2 ) = i r d4x e iqx <OIT(H(x) H(O)) I 0> 

of the scalar gluonic 
=<0i(a 1/rr)O:va~v IO> 
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current H = - ((J P. ) , G 0 p. an 
is the gluon condensate. 

(3) 



In gluodynamics with N0 = 3 and NF = 0 eq. (2) combi
ned with the assumption that (3) is dominated by a single 
scalar gluonium u gives a clear prediction concerni ng the 
gluonium mass ~ . as follows: 

2 2 11 (4) ru mu = 2 a 0 , · 

where fu is an analogue of the pion decay constant f": 

<OIH lu> = m2 r . (5) 
(1 (1 

Unfortunately we do not know tu reliably to predic t mu from 
(4). Instead one can use (4) to determine the impor tant 
parameter fu as a function IS/ of 00 and mu with IDu esti
mated, e.g., by lattice calculations and/or by experim·ents. 
However, when massless quarks are included, i.e. N F -F 0, 
then also quarkonium states are created and one can ask 
whether (and in what sense) eqs.(2) and/or (4) coul d still 
be reliably used to predict masses (or other parameters) 
of the scalar particles (including quarkonia). He shall 
answer this quastion affirmatively within the framework 
of the I /N e expansion /4/. 

To do this, let us remember that from tre point o~ view 
of the I/N

0 
expansion/4/ eq.(3) can be decomposed a s fol

lows 

F(q2)=Fo(q2) +Fl(q2), (6) 

where F0 (q2 ) is a sum of all planar diagrams witho t quark 
loops while F1 (q2) is the sum of all such diagrams with 
quark loop included. Thus, F0(q2) is of the leading order 
O(N~) in I/N0 while F1 (q2) 1s O(N

0
) since each quark loop 

is suppressed by a factor I/N 0 • F 0 (q2) knows nothi ng 
about quarks and the only singularities of F0(q2) are one
gluonium poles, so it contains dominant informatio on 
glue states. Comparing the lowest order in I/N 0 terms on 
both sides of eq.(2) for a large-N 0 limit we get 

11N0 F
0 

(O) = --- G 
6 0 

(7) 

This is the exact result of the Nc ... "" limit and f r the 
real world with N0 = 3 eq.(7) must be taken only a s a pre
diction of large N

0 
dynamics. He shall see later t at 

this prediction, in fact, leads to the pure gluodynamics 
result (4) as expected on general grounds of I/N 0 expan
sion / 4/, Having this in mind we can combine predic t ion (7) 
with (2) and (6) and obtain 

(8) 
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Since on the planar diagram lev~l F1 (q 2 ) includes quark 
loop contr i butions, then on a phenomenological level eq.(8) 
should be understood as a prediction concerning p~operties 
of scalar quarkonia (their masses, mixings with gluonia, 
etc.) while (7) concerns only gluonia. 

We shal l illustrate all this more explicitly within 
a simple ef fective Lagrangian model 151 containing a scalar 
gluonium fi eld u(x), pion fields tr 1(x) (i = 1 ,2,3) and 
a flavour (u, d) singlet scalar quarkonium field S(~:), i.e., 
NF = 2. The quark matter fields S and "I are assumed to form 
the genuine linear sigma model for chiral SU(2)xSU(2) sym
metry whil e the flavourless gluonium field u is invariant 
under the chiral SU(2)xSU(2) transformations. The Lagran
gian is of the form /5/ 

1 . 1 . . 
f.= 2(ap. u )2 +2[(ap. 8)2 + (ap."l )2]- V(u,S, "1), (9) 

where the potential V is chiral invariant and obeys the 
trace anoma ly equation 

p. u )4 (8 ) a - H ( --
p. an 0 f 

u 
= 4V - u2Y- - s 2Y- -" aL au iJS I arr I , 

( 10) 

where H0 =(b/8)0 0• Eq. (10) guarantees 131 that the Ward iden
tity (2) i s realized in the present model. We neglect the 
quark mass term and assume that SU(2)xSU(2) symmetry is 
spontaneous ly broken. So, we shall use the following repara
metrization of the fields u and S /6/ : 

u(x) 
u(x) = fcrexp(--) ,. 

tu -
S(lt) = t I + S(lt) ' 

( 1 I) 

where f 0 =<OiulO>, f
8 

= < OISIO> and ;;,8 and rr 1 are the 
correct fi e lds with the VEV's equal to zeros. The potential 
V is assumed not to contain derivatives of fields and it can 
only be a function of the two SU(2)xSU(2) invariants u and 
(s2 + "2 > 112 • 

SolJing eq.(IO) we find 

u 4 u v'S 2+rrf 
V(u, S, " 1 ) = H

0 
(-} ln- + u 4 t( ) , 

t 0 C a 
(12) 

where C is an arbitrary constant of the mass dimension and 
f is an arbitrary dimensionless function of the argument 
(S2 + tr2) 1/ 2 /u. Since the gluonium field u is an SU(2)xSU(2) 
singlet, it. does not .change the form of the SU(2) axial cur
rent A~ = Sa 11 rr 1 - rr 1alls, so we can use <OIA~ ltrJ > =if"pP.~IJ 
to deduce that 16/ 

12 



(13) · 

where the pion decay cgnstant f 17 = 93 MeV. Eliminat i ng 
terms linear in a and s from potential (12) by requ i ring 

<OI av 1 o> = <OI ~I o > ., o we find the following mass 
a-u as 

relations from ( 12) and ( 13) /5,6 / : 
2 

m17 . = 0, 

fu m~8 = 2f 17 m~ 8 , 

r2m2 -f 2 m 2 =.!Lo, 
u uu rr 88 2 0 

(14) 

where the ~~J are entries in the squared mass matrix for 
the a and S fields. For the two- point function (3) we get 
(in tree approximation): 

(IS) 
(m2 -q2)(m2 -q2) _l.m4 

(](] 88 4 US 

We see from (14) and (IS) that the present model realizes 
the Ward identity (2). Havin.g in mind that 141 m~ and _ 
m: 8 are O(N0°), m~8 - 0(1/yN

0
), fa- O(N 0 ) and f 17 -0(yN0 ) 

we easily extract the leading order in 1/N
0 

term F0 -0(N~) 
from (IS) as follows 

f 2m 4 
F (q2) = u uu (16) 

o m2 - q 2 
(](] 

The term F (q2)- O(N ) is then given simply as a di f feren
ce of eqs.tls) and (lg) (see (6)). Thus, for N0 = 3 and 
Nr = 2 eqs.(6)-(8) and (14) - (16) give the following f or
mulae 

r2 m2 
= l!..o 

(J (](] 2 0 
(1 7) 

and 
2 2 2 f m =1rG 0 • 
rr 88 " 

( 18) 

We see that prediction (17) coincides with (4) found in 
gluodynamics as one expects on general grounds''*'· On the 
other hand, it is amusing to use (18) with o

0 
= 

= 0.012 GeV4171 to predict m 
11 

= 960 MeV. Th1s can be com
pared with the mass ma= 980 MeV of a possible isovec t or 
scalar quarkonium 8(980) and we notice good agreement . 

13 



It i s worth to mention here that although a decomposi
tion l i ke (6) takes place 181 also for analogous two=point 
function of the pseudo scalar gluonic current a 80:

11 
G :11 

, 

one cannot go further in the analogy since unlikely to 0+ 
channel the inclusion of massless quarks in o- channel re
quires /8/ the (mass) 2 - 0(1/N

0
) for the pseudoscalar fla

vour s i nglet quarkonium ~, in order to have cancellation 
of the contributions from F0 and F1 - like pieces. Such 
a behav iour of the pseudoscalar channel is needed 181 to 
remove the vacuum angle 9 - dependence of the theory in 
the chiral limit. However, in o+ channel no such a beha
viour of F(O) is demanded because the r.h.s. of eq.(2) is 
not zero for any value of N0 , large or small, and so sca
lar particle masses have expected 141 behaviour O(N~). 

The results (17) and (18) can be nicely presented in 
terms of a special form V8 of potential (12) if one makes 
a choice 

Js2 + 1Tf 1 Gn C Js2+ ITr 1 On Js2+ rrr 4 
t( ~=---"-In-- +-. ----"-( -). 

u 6 f4 t u 24 t4 u 
U IT IT (19) 

This t ranslates (12) into 
Js2 +IT 2 Go u 4 

V 8(u, S, ITI ) = --(-) 
24 ru 

1 Go 
+ - - (S 2 + IT 2 ) 2 

24 f4 · I 
IT 

u I ] [11N In--- 41n---- + 
C C (IT 

(20) 

where N 0 = 3. We have, however, written here the general 
dependence on N0 explicitly in order to do evident that 
(20) i s a sum of terms of increasing order in I/N 0 • The 
logar i thmic term in (19) is required in order to extract 
the pure gluodynamics potential from the rest of eq.(l2). 
This potential is the first (leading order in I/N 0 ) term 
in (20)_and gives (17) if 4ln(fu/C) = -1 to eliminate the 
linear u - depen<tence of V 

8
• On the other hand, to elimi

nate t he linear S -dependence from V 8 , the second term 
in (1 9) is demanded unambiguously. Thus, potential (20) 
is a minimal one dictated by the lar~e-N0 limit of QCD 
giving (17) and (18) (see also ref. 91). If we neglect 
fluctuations of the gluonium field, i.e., we put u=fu 
in (20), we obtain just a potential VLSM for the linear 
sigma model in the chiral limit as follows 

Go .JS 2u~ 1 Go 2 2 2 v (S, IT ) = - - ln ----- + -- - (S + IT ) ' ( 2 I ) LSM I 6 f 24 t 4 1 
IT IT 

14 



where we neglet unimportant constant term. The po t ential 
(21) together wi th corresponding mass relation (1 8) have 
recently been derived by Andrianov et al. 1101 directly 
f rom QCD in their procedure of bosonization. 

We conclude that the bosonization of ref. 1101 does not 
yet include gluonia, and the only remnant of gluo ic deg
rees of freedom that remains in the approach of / 10/ is the 
appearance of gluonic condensate G0 giving a non- zero mass 
to an isosinglet scalar (u, d) quarkonium S. Inclus ion of 
gluonia should lead to more general potential (20) (or 
even (12)) realizing the total QCD Ward identity (2) while 
(21) realizes only a piece of (2), namely (8). Thus, it / 10 / seems to us that the result of ref. could encourage 
efforts to derive an effective Lagr angi an realizing (2) 
by including gluonia as well as quarkonia directly from 
QCD by integrating over the quark and gluon field s /1 11. 

We are grateful to Dr.D.Ebert for discussions and to 
Prof.V.A.Meshcheryakov for interest and support i this 
work. 
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TOROID POLARIZABILITY OF HYDROGEN-LIKE ATOMS 

* A.Costescu , E. E.Radescu 

A closed formula is obtained for the frequency
depeqdent toroid dipole polarizability y(w) of a 
(nonrelativistic, spinless, ground-state) hydrogen
like atom. The static result reads y(w = 0) = (23/60) x 
x a 2Z·4ag (a - fine structure constant, Z - nucleus 
char ge number, a 0 -Bohr radius). This is the toro
id analog of the well-known static electric dipole 
pola rizability a(w = O) = (9/2)Z-4a!. 

The investigation has been performed at the La
bora tory of Theoretical Physics, JINR. 

TopOHAHa~ non~pH3yeMOCTb BOAOPOAOnOA06H~x aTOMOB 

A.KocTecKy, E.E.PaAeCKy 

flonyt~eHa 3aMKHyTMI cPOpMyna AnH AHHaMH4eCKOH TO
pOHAHOH AHnonbHOH nonHpH3yeMOCTH y(w) /HepenHTHBH
CTCKoro, 6ecCnHHOBOro/ BOAOPOAOnOA06Horo aTOMa B 
OCHOBHOM COCTOHHHH. CTaTH4eCKUH pegynbTaT HMeeT 
BHf\ y(w = 0) = (23/60)a 2 z-4 ag fa - KOHCTaHTa TOH-
KOH CTpyKTyphl, Z - gapHAOBOe 4HCno HApa, a 0 - 6o
pOBCKHH. paA~yc/ H HBnHeTCH aHanOrOM H3BeCTHOH CTa
TH4eCKOH 3neKTpH4e CKOH AHnOnbHOH nonHpH3yeMOCTH 
a (w = 0) = (9/ 2) z- 4ag. 

Pa6oTa BhlnOnHeHa B fla6opaTOpHH TeopeTH4eCKOH 
cPH:lHKH OJ.UJH. 

As is shown in refs.!, an external magnetic field Hext 
(time-dependent, in general) of nonvanishingV x fiext ~i.e., 
an external conduction (Jext) or displacement ((411)1 do ext; 
/dt) current) induces in a system a toroid dipole moment 
of Fourier components T/nd(w)= IjYij (w)·[V x Hext(w)]j , 
(i,j = 1,2 , 3), where, in the quantum case, the dynam1c 
(i.e., frequency (w) dependent) toroid (dipole) polariza
bility Yij (w) is given by the following formula: 

yij (w) = I [ ~L!Jl~~~~J_T~I~~ + <01 Tj In > <nl Ti I 0 >-]. ( 
1

) 

n En - E 0 - ii1u - I f En - E
0 

+ 'fiw + it 

* 
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E 0, En denote the energies of the ground and excited sta
tes of the unperturbed Hamiltonian, the sum extends over 
all excited states (in the discrete and continuous spect
rum), while Ti (i = 1,2,3) stands for the operator of the 
toroid dipole moment. The toroid dipole moment of a cur
rent distribution j(x , t ) is defined ai2 1 

(2 ) 

Yij(w) characteri zes the response of the system t o t he 
I ,.; ... ... 

per~urbation 2·~ HT.n.(t ) =-T(t).[V x H extl-;;=o, t = -T (t) ~ (41T / 
/e)Jext + (lle)dDextfdt]t=o,t• which appears in t he 
multipole decomposition of the Hamiltonian. 

In connection with the current interest in toroid mo
ments11-5 1 we present here the main technical points of 
a method which enabled us to calculate analytically YiJ (w) 
for a (nonrelativistic, spinless) hydrogen-like atom 1n 
its ground state. 

Denoting n 1 = E 0 + tw + iE, n 2= E0 -'fiw, one may write 

Yij(w) j"ij(nl) + '5"ji({l2), 0) 

where 
... ... 

•j" ( d X l d~ * _. _. _. -+ -+ -+ iJ.n)=lf u (x 1)T . (x 1)u (x 1)u * (x 2)T . (x 2)u (x 2 ). (4) 
n · En-n o 1 n n J o 

un(x) are the wave functions of the H-like atom, 
_, 1 A 312 ·"Arl t ... e 2 1 

U0 (X) = -:::-(f"") e r=lx i ,A = aZm e ,a ~ v--fo ne 137 •••• 

and the one particle toroid dipole operator, by Eq.(2 ) , i;v 

... e -+2 t a Ti(X) =--lk(-2x 8ikpk +XixkPk), pk = -i --' 
lOme axk 

(S) 

(e and mare the charge and mass of the electron, Zl el is 
the nucleus charge). The sum in Eq.(4) extends over t he 
whole spectrum (the ground-state does not contribute) . 
Using relations like 

3/ 2 ... ... t (6) 
-+ • X. _, _, ("A;1i) . 2 a a -{Ar- iK x)l 

Pl. u0(x) = I"A(...:.l) u (x), x. ru (x) = -- 1h - - e 
r 0 I 0 v'-- ())\ a_, _. 

IT Kj K = O 

one may bring 1ij (0) to the form 

5" . . <n> = __ 1_<~>2 ~i[_a_ a 
IJ 100 me IT a"A" a"A' 

(7) 
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xi. 
n 

un (x 1) u ~ ( x2) 

En- 0 IIA"=A'=A 
(7) 

--> -+ 
K2 =K1 =0 

The curl bracket in Eq.(7), by Fourier transforming, may 
be· written as 

I I ...... ...... ...... , ...... .... ,, ... ...... ...... 
... = Jd p! dp2<ll(p 1' A ,K1) <ll(-p2. A ,K2) G(p2. p1; 0) • (8) 

with 

21i2 a 
<II(Ji,A, : ) =-- - -+ -o 2 2 

y'2;;li a A (P - K > + A 

1 
(9) 

and --> --> --> 
u (i.\ u*(i) 1 i(p2x2-p1x1)/t 

n v n 2 _ -+ -+ -+ --> . riO) 
I. = t 3 Jdp1dp2G(p2,p1,0)e ·' 
n En - 0 (2rr ) 
Using now the integral representation of the nonrelativi
stic Coulomb Green's function in the form found by Schwin
ger161 

X
3 . iiTr (o+) 

-+-+ m 1e -T 
dpp X G(p,p ';0) = - 2- ----f 

2rr 2 sin rr r 1 (II) 

2 
d {.!=-e... x-

dp p 

1 

[X2(p -p')2+(P2+X2)(p'~X2) (1 _ e>2 12 
• 2 • 4p 

(where X =- 2m0, ReX > 0, r = A/X and the integration con-
tour s t arts at I, encircles the origin in the counterclock
wise s ense and returns to 1), Eq.(7) becomes 

,cr mX3 ieirrr . a2 a2 a2 
J .. ({l) = C- [ --

IJ 2rr 2 2 sin 1T T a A, 2 a A, 2 a-+ a-+ 
K 1i K 2j 

I(Jo+)d ·r d r 1-o2J( , , -+ --> 2)] II 
X pp ----.,_--~;.._ A,A ,K1,K2;X A"=A'=A 

"1 d p p --> --> ; 
K2=K 1 =o 

) X 

(12) 

C = (A51i 4/50rr 2)(e/mc) 2 and J(A', A",-;_ 1,:2 ; X 2 ) de-
notes the "basic integral" 

dp 1 dp2 

I[(-> --> )2 ,,2.[X 2(--> --> )2 (--> 2 X2)(-> 2 X2)(1:::p)2)[(-+ --> )2 \ ,2] 
P1-K1 +" J ' P1-P2 + P1+ P2+ p2-K2 +" 

4p 

introduced and calculated in refs.7. There it has been 
found that 

18 
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( 14) 
16rr 4 ( 1 - s p + p p 2)- 1 

x2 [(X+,\')2+;f][(X+,\")2+ ;~) 

wher~ 

(,\"2-X~(,\'2-X2)+4X2;( ~ (X -,\")2(X- ,\') 2 
s=2 1 2 p- • (IS) 

(X+,\")2(X+,\')2 ' - (X+,\")2(X+ ,\')2 

Taking then the derivatives with respect to i: 11 , i:2J , ·,\" 
and using formulas for the Gauss hypergeometric fu ctions 
of the type 

- irr a (o+) 
F(a,b,a+1;z)=-ia( 8 

)[ pa- 1(1-zp)-bdp, 
2 sin rr a 1 

(16) 

one arrives at 

'1. (0) = 8 nL[ Q( ,\') ) ; D =c. 1280mrr 
2

X 
3 

lJ iJ a,\' 2 (,\' + X) 4 ,\ '= ,\ ( ,\ + X) 6 

Q(,\
') = F(2- r,6, 3- r; '(,\')) _ 2' 1(,\') F(3- r,6, 4- r; '(,\ ' )) 

+(17} 
2-r 3-r 

'~(,\') F(4- r,6,5- r; '(,\')) 
+--~---------------------4- T 

Next, the machinery of hypergeometric functions is put at 
work to take economically the last two derivatives with 
respect to ,\'. The f inal result is Yij (w) = y(w)8 1J with 

~ 6 2 1 1 
y(w)=..!!_ ~ I Ti 

2Q Z4 i= 1,2 (rj + 1)4 2- Tj 3- Tj 

F(a,b, c; z) is the Gauss hypergeometric function wi th the 
series expansion 

ab z 
F (a, b, c; z) = 1 + - - + 

c· 1! 

and 

a( a + 1) b(b + 1) 

c(c + 1) 
+ ••• 

r1=(1-w
0

)-li , r2 = (1+w
0
)-li, '= (~)2 , (i=1,2), (19) 

1 T j + 1 
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1iw 2kw 2 a0 w 
(.() =-::z =--·-- · -

o IE o I a 2 Z 2mc 2 aZ z c (19) 

a0 = l = 0. 53x 10-8 em; e2 1 
a = 'tic - 137 •• : a me 

y(w) i s an even analytic function of w in the complex 
w- plane with simple poles at w =(En-Eo )Iii, n = 2,3,4, ••• 
(En= E 0 / n2 is the discrete spectrum of the H-like atom), 
and a branch cut along the real w -axis for w > IE 0 I , 
i.e., aboV'e the ionization thresholdiEol • The static re
sult (whi ch is the toroid analog of the static electric 
dipole polarizabili ty a ( w = 0) = (9/2) ag z- 4 found in 
1926 by Epstein and by Waller/8/ ) looks very simple 

5 
y(w = 0) = _E_a 2 ~ = z-4x 0.86 X 10-4e cm 5 , (20) 

60 z 4 

Some applications/9/ as well as a more detailed pre
sentation of this research will be published elsewhere. 

The authors are indebted to V.M.Dubovik, S.B.Gerasimov 
and B.N. Valuev for discussions. 
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STATISTICAL PROPERTIES OF PHOTONS 
IN COLLECTIVE RESONANT RAMAN SCATTERING 

N.N.Bogolubov,Jr., A.S.Shumovsky, Tran Quang 

Statistical properties of the photons in collec
tive resonant Raman scattering are investigated. 
The anticorrelation between Stokes and Raylei gh 
lines is observed. 

The investigation has been performed at the La~ 
boratory of Theoretical Physics, JINR. 

CTaTHCTH4eCKHe ceoHcTea ~oToHoe 
e KonneKTHBHOM peaoHaHCHOM pacceRHHH PaMaHa 

H.H.Boromo6oe /Mn./, A.C.lllyMoBCKHA, tian KyaHr 

Hccne~OBaHH CTaTHCTHqecKHe CBOACTBa ~OTOHO 
B KonneKTHBHOM pe3oHaHCHOM pacceRHHH PaMaHa. a6nn
~eHa aHTHKOppenR~HR Me~y CTOKCOBOfl H'p3neeBCKOH 
DHHHRMH. 

Pa6oTa BhlDOnHeHa B na6opaTOpHH TeopeTHqecKOH 
~H3HKH OHHH. 

The photon statistics of various nonlinear optical pro
cesses has been a subject of increasing interest in recent 
years 12- 111 . In particular, the photon statistics for sti
mulated Raman scattering has been .analysed in work s 18•131 

In the present paper we consider the photon stati s tics 
for collective resonant Raman scattering (Fig.!). It will 
be shown that under a suitable condition the anticorrela
tion bitween Stokes and Rayleigh lines is observed. 

We consider a small system (the Dicke model, 1954) of N 
three-level atoms interacting with a resonant driving fi-
---~-.... r---r-----12> eld of the frequency w and 

~ ~ with a field of radia t ion 

w 

< (Fig . 1). Let us label the 
ground state by I I >; t he 
real excited state by I 3 > 

~ 
_...._l_-r---13> 

r 
__ -L-_ _._ ___ .....1,. __ 11> 

Fig . l . ThPee- level sys tem 
of atoms int ePacting with 
the monochPomatic appl ied 
field. 
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and the resonant intermediate state by I 2 > with energies 
w 1 ,w 3 and w2,respectively (the system of h = 1). The real 
excited state I 3> may be a low-lying vibrational or rota
tional excitation from the ground state. To keep the dis
cussion general, we will not specify these ~tates besides 
saying that the intermediate state I 2 > can be connected 
via the electromagnetic inte-raction Hamiltonian with both 
states 11> and I 3> (in the dipole approximation) but the 
states I 3> and I I> are not connected by the dipole Hamil
tonian because of parity consideration. The transition 
I 3 > -+ I I> is caused by an atomic reservoir and assumed 
to be nonradiative 11B(For simplicity the external driv~ng 
field is assumed to be in resonance with the level sepa
ration w 2 - w 1 = w 21 = w. 

In t r eadng the external field classically and using the 
Born and Markov approximation, one can obtain a master 
equation for the reduced density matrix p for the system 
alone i n the · form 11,8/, 

_ig_ 
at i[H cob' p] 

- Y21 (J21 J12P- J12PJ21 + H, C.) 
(I) 

- y 23 ( J 23 J 32 p - J 32 p J 23 + H. C,) 

- y 31 (J 31 J 13 p - J 13 pJ 31 + H. c.) = L p' 

where 2y 21 a_nd 2y 23 are radiative spontaneous transition 
probabilities per unit time for a single atom to change 
from the level I 2 > to I I > and from I 2> to 13 >, respective
ly. 2v31 is nonradiative rate for transition 13 > to II >. 
The coherence part of Hamiltonian Hcoh in the interaction 
picture has the form 

Hcoh= U 3J33 + U(J21 + J12 ), 

(U 

where U 3 = 2L - w 23 ; w is the Radi frequency for the 
2 

atomic transition f rom the level I 2> to II > . And J ij = 
N 

= I I i > < j I (i, j = 1, 2, 3) are the collective angu-
k = 1 k k 

lar momenta of the a toms. They satisfy the connnutation re·
la:tion 

[ J ij • J i , i,] ' = J ij' 0 i i, - J i , i 0 i i, . 
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As in Refs./6,19/, we shall use the Schwinger representation 
for the angular momentum 

+ 
J ij = c i c j ( i. j = 1. 2, 3). 

where CJ obey the boson commutation relation 

[Ci, ctl = BiJ. 

Further, we investigate only the case of an intense exter
nal field so that 

(2) 

After performing the canonical transformation 

1 1 
-=Ql+--=-Q2 
..;2 ..;2 

1 1 
-- Ql + -=-Q2 
J2 ..;2 

(3) 

one can find that the Liouville operator L·appearing ·in 
equation (I) splits into two components L0 and L 1. The com
ponent L 0 is slowly varying in time whereas L 1 cont ains 
rapidly oscillating terms at frequencies 2 0 and 40 . For 
the case, when relation (2) is fulfilled, one can make the 
secular -approximation, i.e., retain only a slowly varying 
part 111~~ Correction to the results obtained in t his 
fashion will be of an order of ( y 21 N/0) 2 ; (y 23 N/0) 2 or 
(val N/0)2 • 

Making the secular approximation one can find t he sta
tionary solution of the master equation 

- + -1 N R R 
. p = up u = z ~ X ~ I R, N 1 > < N 1 • R I • ( 4) 

R = 0 N1 =- 0 

where U is a unitary operator representing the canonical 
transformation (3); X= va 1 /y 2a 

(N + 1 ) X N + 2 - (N + 2) X N + 1 + 1 
Z=-----

(X- 1) 2 

IR, N 1 > is an eigenstate of the operator R = R 22 + R 11 , 
~ + 

R11and N = R11+R22+Raa.Here Rij =QiQj (i,j=1 , 2,3). 
Tite operators Qi satisfy the boson commutation rela tion 

[Qi,Qr]=aij 

so that 

(S) 
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From solution (4) it is easy to see that the stationary 
characteristics of the system depend only on the number 
of atoms N and the relation of spontaneous transition 
probability Y23 and nonradiative rate v 31 • 

By us i ng solution (4) one can define the characteris
tic func t ion liD! 

X R ( ~) = < e i~ R > s 
z- 1 (N + 1 ) y N + 2 - (N + 2) y N + 1 + 1 

(Y - 1 ) 2 

where Y = xei~ • Here <A >8 denotes the expectation value 
of an operator A in the steady state (4). 

Once t he characteristic function is known, it is easy 
to calcul ate the statistical moments 

< Rn > 
8 

an 
a (ion xR<.;> I i.; = o. (6) 

Now, we discuss the influence of collective effects 
v 

and relat ion X = .2!_ on the photon statistics of the 
Y23 

Stokes l i ne and the cross-correlation between Stokes and 
Rayleigh line'S . 

By us i ng the canonical transformation (3), stationary 
solution (4) and commutation relation (5) one can find 
the steady-state normalized intensity correlation func
tion of Stokes line ~< 2 > and the cross-correlation func
tion between Stokes a~:l Rayleigh lines C~2~ in the form 

(2) 2 • 
gs,s = < J 23 J23 J32 J32 >s I < J23 J32 >s 

4 

3 

(7) 

<R4 > -2(N+2) <R3 > +(N 2+5N + 5) <R~ 7 (N+1)(N+2)<R > s s 8 s 

( < R2 >8 -(N+1)<R >s )2 

<2> .._ I <2> cs,R= <J 2a J21 J12 Ja2 s < J2a Ja2 >s<J21 J12 >s= C R,s 

(8) 
- < R 4 > + N < R 3 > + (N + 3) < R 2 > - 2 (N + 1 ) < R > s s 8 8 ----

< R 2 + 2R >5 • < (N + 1) R - R 2 >8 

The stat i stical moments <Rn >
8 

in relations (7,8) can be 
found in equation (6). 

The dependence of the normalized intensity correlat i on 
function g<2> and cross-correlation function c

8
<2R> on the 

s. 8 • 
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gl2l 
s,s 3.0 

0.5 

o.oi-________ ....:..:,N_·,~ 

Fig.2. No~alized inten
sity correlation func t ion 
g~7~ graphed against t he 
parameter X. 

parameter X is plotted in 
Figs.2 and 3, respect i ve
ly. From these Figures 
one can see that: 

i) For the one-atom 
case gC 2 > = 0 and cC 2> = 0, s,s S, R 
thus the Stokes line has 
subpoissonian statist i cs 
and the anticorrelation 
between Stokes and Ray

leigh lines comes into 
rameters X. 

existence for all values of the pa-

ii) The collective effects reduce the antibunching of 
Stokes line. For the case of several atoms, the Stokes 
line has subpoissonian statistics (gC 2 > < 1) o.nly for a sui-• s,.s . 
table reg1oh of the parameter X and ror the case of N ~ 5 
Stokes line has superpoissonian statistics (g(~~ > 1) for 
all values of the parameter X. 

iii) For a suitable region of the parameter X.(Fig . 3) 
the anticorrelation between Stokes and Rayleigh lines 
(dfk < 1) comes into existence for the various number of 
atoms N. For the collective limit N ~ ~ the anticorre l a
tion between Stokes and Rayleigh lines is presented only 
for the case of X = I{C~~~ • 0.8). 

2.0 10 

Fig.3. Cross-correlati on 
functi on C~2J graphed 
against the' pa1'<1171eter X. 
The dotted curve indicates 

o.o.__ _________ N~'":..'L....--- the case of N ~ ... 
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Y,llK 539. 18 

JINR Rapid Communications No.20-86 

nonY4EH~E, ~~EHT~~~KAU~R ~ CnEKTPOCKOn~R 
PEHTrEHOBCKOrO ~3nY4EH~R ~OHOB Kr35+ ~ Kr36+ 
HA nOBEPXHOCT~ TBEP~OrO TEnA 

E.~.~oHe~, C.B.KapTawoe, B.n.Oec~HH~Koe 

llpH nOMO~ 3neKTpOHHo-nyqeBoro MeTOAa HOHH3~HH 
BnepBhle B ycnOBH~X ~3H~eCKOH na6opaTOpHH nonyqeHhl 
MeAneHHble BOAOPOAOOOA06Hble HOHbl KPHOTOHa (Kr 35+) 
H ~Apa KPHOTOHa, nonHOCTbiO nHWeHHbJe 3neKTpOHHOH 
060nO'IKH (Kr 36 +), ~eHTHcPHKa~H~ sap~AHOCTH HOHOB 
npOH3BeAeHa no XapaKTepHCTH~eCKOMY peHTreHOBCKOMY 
H3nyt~eHHJO, B03HHKa~eMY npH HX peKOM6HHa~HH Ha no
BepXHOCTH TBepAOrO Tena. llonyqeHbl npeABapHTenbHbJe 
3KCnepHMeHTanbHble AaHHble 06 3HeprH~X H Bepo~THOCT~X 
nepexoAoB B K-cepHH peHTreHoBcKoro Hanyt~eHH~ An~ 
yKaaaHHhlX cny~aeB. 

Pa6oTa BbinOnHeHa B na6opaTOPHH BhlCOKHX 3HeprHH 
OIDIH. 

Production, Identification and !on-at-Surface 
x-Ray Spectroscopy of Kr3s+ and Kr36+ 

E.D.Donets, S.V.Kartashov, V.P.Ovsyannikov 

Slow hydrogenlike krypton ions and bare krypton 
nuclei have been produced for the first time under 
physical laboratory conditions by the electron-beam 
ionization method. The ion charge states have been 
identified using characteristic x·-ray emission 
arising from their recombination on a solid state 
surface. Preliminary data on the transition energy 
and transition probability in the K-band x- ray emis
sion have been obtained for these cases. 

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

BeeeoeHue 

Paapa6oTKa MeTOAOB nony4eH~~ ~ ~ccneAoBaH~e ~~3~K~ Bhl
coKoaap~AHhlX ~OHOB B nocneAH~e rOAhl CTan~ BeCbMa aKTyanb
HhlM~ 3aAa4aM~ 3KCnep~MeHTanbHOH ~~3~K~. 3TO CB~3 aHO B nep
By~ 04epeAb C pa3B~T~eM TeXH~K~ yCKOpeH~~ MHOroa ap~AHhlX 

~OHOB , nony4eH~eM ~ ~ccneAOBaH~eM BhlCOKOTeMnepaTypHOH 
nna3Mhl,a TaK~e C TeM,4TO pa3B~T~e MeTOAOB nony4eH~~ BhlCO-
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K03aPAAH~X HOHOB AOCTHrno TaKoro ypOBHA 1 KOrAa CTana B03-
MO>KHO~ nO CTaHOBKa 3KCnepHMeHTanbHbiX HCCneAOBaHH~ B o6naCTH 
KBaHTOBO~ 3neKTPOAHHaMHKH CHnbH~X none~. 

H3 cy~eCTBy~~HX HCT04HHKOB HOHOB B~COKO~ 3apAAHOCTH Ha
HaHB~CWY~ CTeneHb HOHH3a~HH B HaCTOA~ee BpeMA o6ecne4HBa
~T KpHoreHH~e 3neKTpOHHo-ny4eB~e HOHH3aTOp~ 1 B 4aCTHOCTH, 
"KPHOH-2'' / I I, c noMo~b~ KOToporo paHee 6~nH nony4eH~ ny4-
KH AAep a p roHa /Ar18+/ H renHenOA06H~X HOHOB KpHnTOHa 
H KCeHOHa / 2/. 

HH>Ke np HBeAeHbl onHcaHHe H pe3ynbTaT~ 3KcnepHMeHTOB no 
nony4eHH~ BOAOPOAOnOA06H~X HOHOB H AAep KpHnTOHa Ha HOHH-
3aTOpe "KPHQH-2 11 H npeABapHTenbHOMy HCCneAOBaHH~ cneKT
pOB >KeCTKOrO peHTreHOBCKOrO H3ny4eHHA 1 . B03HHKa~~ero npH 
nonaAaHHH MeAneHHbiX HOHOB Kr 35+ H Kr 3G+ Ha noeepxHOCTb 
TeepAoro Tena. 

1. n o cmaH06Ka 3KCnepUMeHma 

CxeMa 3 KcnepHMeHTa H3o6pa>KeHa Ha pHc. 1. B~coKo3aPAAH~e 
HOH~ KpHnToHa, e 4aCTHOCTH Kr 35+ H Kr 36+, reHepHpoaanHCb 
B 3neKTpOHHOM ny4Ke HOH,H3aTopa "KPHQH-2 11

• nocKOnbKY 3Hep
rHA cBA3H 3neKTpOHOB e K-o6ono4Ke BOAOPOAOnOA06Horo KpHn
TOHa OKOnO 17 K3B, B HOHH3aTope HCnOnb30BanCA 3neKTpOHH~~ 
ny40K c 3 HeprHe~ ~ 35 K3B. ToK 3neKTPOHHoro ny4Ka AOCTH
ran 0,15 A , a nnoTHOCTb TOKa e HeM 600 A/cM2, HoHH3aTop 
pa6oTan B HMnynbCHOM pe>KHMe CO cneAY~~HMH napaMeTpaMH: 

1/ TOK 3neKTpOHHOro ny4Ka - Henpep~BH~~; 
2/ ~H>Ke K~HA HHaK03apAAH~X HOHOB KpHnTOHa B 3neKTpOHH~~ 

ny40K 8 Te 4eHHe ~ 3 Me; 
3/ YAep>KaHHe HOHOB B ny4Ke 8 Te4eHHe 1 C H 6onee AnA 

AOCTH~eHHA HMH 3apAAHOCTH +35 H +36 3a C4eT 3neKTpOHHOrO 
YAapa ny4KOB~x 3neKTpoHoe; 

4/ B~BOA HOHOB H3 3neKTpOHHOrO ny4Ka B npOAOnbHOM Ha
npaeneHHH H B~CaAKa HX Ha MHWeHb B Te4eHHe 0,1+3 MC, 
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HoH~ e~ca>KHBanHCb 

Ha MHWeHb H3 MeAH HnH 
TOHKOH an~MHHHeeo~ 

¢QnbrH. npH 3TOM 3Hep
rHA HOHOB MOrna H3Me
HATbCA B npeAellaX /0,11 
+20/·q K3B, rAe q - 3a
PAAHOCTb HOHa. B pe3ynb
TaTe AeHOHH3a~HH e~co-

PHc.I. CxeMa 3KcnepH
MeHTa. 



K03ap.RAHbiX HOHOB KpHnTOHa B03HHKano peHTreHOBCKOe H3ny 4e
HHe1 KOTOpoe nHWb B cny4ae nonaAaHH.R Ha MHWeHb HOHOB C 3a
P.RAHOCTb~ +35 HnH +36 MOrno COAepmaTb KOMnOHeHT~ B~COKOH 
3HeprHH /Ex~ 12,6 K3B/, .RBn.R~~HeC.R pe3ynbTaTOM 3anonHe
HH.R K-BaKaHCHH B 3neKTpOHHOH o6on04Ke HOHOB KpHnTOHa. K-ce
PH.R 3TOrO H3ny4eHH.R H3Mep.RnaCb C nOMO~b~ nonynpOBOAHH KOBO
ro cneKTpOMeTpa C AeTeKTOpOM Ha OCHOBe CBepX4HCTOrO r e pMa
HH.R /GeD/, pacnonomeHHoro noA yrnoM ~ 90° K HanpaeneHH~ 
HOHHOrO ny4Ka. npH perHCTpa~HH cneKTpa H3ny4eHH.R pa3p ewa
nacb 3anHCb TOnbKO TeX C06~THH 1 KOTOp~e npOHCXOAHnH B Te-
4eHHe epeMeHH B~BOAa HOHOB ' H3 3neKTPOHHOrO ny4Ka, 4TO cy
~eCTBeHHO yny4Wano OTHOWeHHe CHrHan/$OH. 

AHanorH4Ha.R MeTOAHKa npHMeH.Rnacb paHee npH H3y4eHHH 
npo~ecca AeHOHH3a~HH HOHOB Arl 7+/3/, nony4aeMbiX Ha HOHH-
3aTOpe "KPHOH-2". 

KanH6poeKa 3HepreTH4ecKOH wKanbl cneKTPOMeTpa e~nonH.R

nacb no nHHH.RM K-cepHH xapaKTepHCTH4ecKoro peHTreHOBcKoro 
H3ny4eHH.R Cu, Rb H Sr, B036ymAaeMoro 3neKTpoHaMH. 

mecTKOe peHTreHOBCKOe H3ny4eHHe c 3HeprHeH Ex~12,6 K3B 
Ha4HHano perHCTpHpoeaTbC.R AeTeKTopoM nHwb npH epeMeHH 
YAepmaHH.R HOHOB KpHnTOHa B 3neKTpOHHOM ny4Ke /Ti/ 6one e 
1 C1 4TO YAOBneTBOPHTenbHO COOTBeTCTByeT eenH4HHe 3$$e K
THBHOrO nonepe4HOrO Ce4eHH.R o6pa30BaHH.R HOHOB Kr35+ H3 
HOHOB Kr34+ nOA AeHCTBHeM 3neKTpOHHOrO YAapa, OKOno 

Nx N.r----------, 

lOO 

200 

100 

1600 1800 2000 NKAH. 

PHc. 2. CneKTpbi K-cepHH peHTI'eHoBcKoro H3nytieHH.R, 
nonyqeH~e npH BhlCaAKe Ha MHWeHb a/ HOHOB Kr35+ 
H 6/ c.MecH HOHOB Kr 35+ H Kr 36+. 
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1 -22 2 · 0 CM np~ 3Hepr~~ 3neKTp0~08- 35 K3B. np~ y8en~4eH~~ 
8peMeH~ YAeP*aH~R ~HTeHc~8HOCTb yKa3aHHoro ~any4eH~R Hapa
cTana ~ np.~ l'i "' 2 c AOCT~rana 106 1/141o1K11 8 nonHbll::\ Tenec
Hbll::\ yron. Ha p~c. 2a npeACTaane.H cneKTp 3Toro ~any4eHio1R, 
nony4eHHbli:1 np~ 'i = 1,8 c. np~ AallbHel::\weM y8ell~4eH~~ ape
MeH~ YAep*aH~R Ha4~Hanocb ~aMeHeH~e ~opMbl cneKTpa. B 4acT
HOCTH, Ha4~HallO nOR81lRTbCR ~31ly4eH~e C 3Hepr~el::\, np~MepHO 

Ha 0,5 K3B 8b1We 3Hepr~~ OCHOBHOro KOMnOHeHTa. Ha p~c.26 
npeACTa8neH cneKTP peHTreHoacKoro lo131ly4eH~R, nony4eHHbli:1 
np~ YAe p1KaH~~ ~oHoB a ny4Ke a Te4eH~e 4, 8 c. 

nony 4eHHble cneKTPbl ~any4eH~R paano*eHbl 8 nep8oM cny4ae 
Ha 3, a BO BTOpOM - Ha 4 KOMnOHeHTa, AllR KOTOPbiX onpeAene
Hbl cneAY~~~e Ha~6onee 8epORTHble 3Ha4eH~R 3Hepr~~= 

1 - (12934,7±3,1) 3B, 
2 - 15090 3B, 
3 - 15980 3B, 
4 - (13438,2±34,8) 3B. 
OnpeAeneHbl TaK*e A~cnepc~~ ~ OTHOC~TenbHble ~HTeHc~8Ho

CT~ KOMnOHeHTOB. 

3. Ha~ecmeeHHaR uHmepnpema~uR pesy~bmamoe 

Ha6n~AaeMy~ KapT~HY *eCTK~x cneKTpoa . ~any4eH~R ~OHOB 

Kr 35+, Kr 36 +, KaK ~ 8 cny4ae Ar17+/3 • 4 •5/, MO*Ho o6oRc
H~Tb, npeAnOnO*~B, 4TO nepeXOAbl 3/leKTpOHOB, 8bl3bl8a~~e 

~31lY4eHio1e,npo~CXOART np~ pa31llo14HbiX 3aCe/leHHOCTRX o60il04eK 
3/leKTPOHaM~, 3a~Ba4eHHbiM~ ~OHOM C noaepXHOCT~ TBepAOrO Te
na. HHbiM~ cnoaaM~, 3T~ nepexOAbl coaepwa~TCR Ha paan~4Hb1X 

3Tanax npe8pa~eH~R COOTBeTCT8y~ero BbiCOK03aPRAHOrO ~OHa 
B aTOM Kp~nTOHa. 

,llei::\ CTB~TellbHO, 8 TaKOM cny4ae nep8biH KOMnOHeHT C 3Hep
r~el::\ 12934 3B npeAcTaBnReT co6ol::\ Ka-~any4eH~e, B03H~Ka~
~ee np~ aaceneH~~ eA~HCTBeHHOI::\ ~Me~el::\cR K-8aKaHc~~ 3/leKT
pOHOM ~ 3 aanonHR~~eHCR L-o6ono4K~, T.e. AnR cny4aR Kr 35+. 
CpaaHeH~e c 3Hepr~RM~ A~arpaMMHbiX n~H~H Kp~nToHa K 1 
~ K~2 , paBHbiM~ cooTBeTCTBeHHO 12650,7 3B ~ 12599,0a3s/5/, 
noKa3b1 BaeT, 4TO B cpeAHeM 3Hepr~R Ka-~any4eH~R B HaweM 
Clly4ae CMe~eHa B CTOpoHy 60/lbW~X 3Ha4eH~H Ha 300 3B. C APY
rol::\ CTOPOHbl, cpaBHeH~e C 3Hepr~RM~ nep?X?AOB Me*AY COCTOR
H~RM~ 2P ~ 15 B ren~enOA06HOM Kp~nTOHe 6 noKa3b1BaeT, 4TO 
OHa CMe~eHa B CTOpOHy MeHbW~X 3Ha4eH~I::\ B CpeAHeM Ha Ben~-

41-'tHY ~ 150 3B. 
Paa H~14a 3Hepr1-11:1 Me*AY 1-131ly4eHI-'teM ren1-1enoA06Horo Kpl-'lnTo

Ha 1-1 AMarpaMMHbiMI-1 111-'tHMRMM, KOTOpaR COCTaBnReT - 450 3B, 
o6ycnosneHa 3$$eKTOM 3KpaHMpOBaHI-1R KynoHOBCKOrO nonA AApa, 
B OCHOBHOM 7 3neKTpoHaMM L-o6ono4KI-1 1-1 aanonHeHHOI::\ M-o6o
no4KOH . np~4eM MOmHO npegnO/lOmi-'ITb, 4TO 3$$eKT 3KpaHI-'tpOBa-
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HHR 3a C4eT BCeH M-o6ona4KH npHMepHO paeeH 3~eKTy OT OA
HOrO L-3neKTpoHa. B TaKoM cny4ae yKa3aHHoe cMe~eHHe 
B 150 38 MOmHO paCCMaTpHBaTb KaK CBHAeTenbCTBO Taro, 4TO 
e cny4ae AeHOHH3a~HH Kr 35+ e MOMeHT HcnycKaHHR Ka -H3ny4e
HHR cpeAHee 4Hcno L-3neKTpaHoe paeHo- 2,7, BKn~4aR 3neKT
poH, coeepwa~~HH nepexoA e K-o6ona4Ky, H npH 3TOM M- o6o
na4Ka B OCHOBHOM 3anonHeHa. 8 HaCTOR~ee BpeMR y HaC HeT 
OCHOBaHHH AnR noCTYflHpOBaHHR KaKOH - nH6o onpeAeneHHOH ~op
M~ ~YHK~HH pacnpeAeneHHR 4Hcna L-3neKTpoHoe npH cpeAHeM 
2, 7, RCHO flHWb, 4TO 3TO pacnpeAeneHHe He MOmeT 6~Tb 8- ~YHK
~HeH. B TaKoM cny4ae AHCnepCHR nepeoro KaMnoHeHTa K- H3ny-
4eHHR AOflmHa 6~Tb B~We, 4eM annapaTypHaR AHCnepCHR 6nHmaH
WeH no 3HeprHH KanH6poeo4HOH nHHHH Ka-H3ny4eHHR Rb, 4To 
H Ha6n~Aanocb e 3KcnepHMeHTe. 

EcTeCTBeHHO C4HTaTb, 4Ta 2- H H 3-H KOMnoHeHT~ npe ACTae
nR ~T co6oH K6-H 3ny 4eHHe , npH4eM 3a 2 - H KaMnaHeHT / pHc .2a/, 
B~AeneHH~H AOCTaT04HO onpeAene HHO, OT BeTCTBeHHO 3aceneHHe 
K-eaKaHCHH 3neKTpoHaMH H3 M- o6ono 4KH ,a 3a 3-H - H3 6onee 
e~coKonema~Hx o6ono4eK~3Ha4HTen b Hae cMe~eHHe nHHHH Ka - H3-
ny4eHHR B CTOpOHy B~COKHX 3H e prHH OTHOCHTenbHO AHarpaMMH~X 
CBHAeTenbCTByeT 0 ManaH 3acene HHOCTH o6ona4eK B MOMe HT HC
nycKaHHR K6-H3y4eHHR, a HX 6on bwaR AHcnepcH R - o wH poKoM 
Ha6ope pa3nH 4H~x 3acene HHOCTeH. 

4-H KOMnoHeHT C 3HeprHeH 13438 38 npeACTaBnReT c o60H 
Ka-H3ny4eHHe, B03HHKa~ee npH 3aceneHHH OAHOH H3 ABYX HMe~
~HXCR K-eaKaHCHH 3ne KTpOHOM H3 3anonHR~eHcR L-o6ona4KH, 
T. e. AJlR cny4aR Kr 36+. CpaeHeHHe c 3HeprHeH nHHHH K01_ eo
AOPOAOnOA06Horo KpHnToHa, paBHOH 13509 39/8/, . noKa3~saeT, 
4TO 3HeprHR 3TOrO KOMnOHeHTa CMe~eHa B o6naCTb M~HbWHX 
3Ha4eHHH Ha BenH4HHY (71±35) 38, T.e ., 3Ha4HTenbHO MeHbWe, 
4eM B cny4ae Kr 35+ no cpaBHeHH~ c 3HeprHeH H3ny4eHHR renHe
noAa6Horo KpHnTOHa, rAe 3TO CMe~eHHe COCTa BnRnO 150 38. 
3To 03Ha 4aeT, 4TO nepexoA, conpoeomAa~~HH Ka-H3ny4e HHe 
B cny4ae Kr 36+, coe epwaeTcR npH MeHbWeH e cpeAHeM 3aceneH
HOCTH L- H M-o6ono 4eK, 4TO nerKo o6oRCHReTCR HanH4~eM ABYX 
K-ea KaHCHH H, cneAOB aTenbHO, npHMepHo B 2 pa3a 6on bwe~ ee
poRTHOCTb~ yKa3aHHO r O nepeXOAa. 

Oco6eHHOCTb~ Ha6n~Aae~x cneKTpoe K-H3ny4eHHR B cpaeHe
HHH C AHarpaMMH~MH RBnReTCR TaKme cy~eCTBeHHO 6onbWee OT
HOWeHH e HHTeHCHBHOCTH Ka-H3ny4eHHR K HHTeHCHBHOCTH Ka-H3-
ny4eHHR, 4TO nOATBepmAaeT CAenaHHOe paHee npeAnonomeHHe/3/ 
0 TOM, 4TO npH AeH OHH3a~HH MeAneHH~X B~COK03apRAH~X HOHOB 
Ha noee pxHOCTH TBepAoro Tena 3anonHeHHe 3neKTPOHH~x o6ono-
4eK HAeT B OCHOBHOM CBepxy 4epe3 3axBaT 3neKTPOHOB Ha B~CO

KOnema~He 3neKTpOHH~e op6HT~ HOHOB. 
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~ccneA08aHHR npe8pa~eHHR 8 aTOM~ MeAneHH~X 8~COK03apRA
H~X HOH08 npH HX CO?~HKOCH08eHHH C noeepXHOCTb~ T8epAOrO 
Tena, Ha4aT~e paHee • 3/ H npoAOn>KeHH~e 8 AaHHoi1 pa6oTe, 
npeACTaBnR~TCR BeCbMa nepcneKTHBH~M HanpaeneHHeM B aTOM
HOH ~H3HKe . B TaKHX npo4eccax o6paay~TCR H pacnaAa~TCR 
HeHCCneAOBaHH~e paHee COCTORHHR aTOMOB, B nepey~ 04epeAb 
MHOrOKpaTH!? B036Y>KAeHHble, KOTOp~e Ha paHHHX CTaAHRX MO>K
HO, no YAa4HOMY onpeAeneHH~ aKaAeMHKa A.M.6anAHHa, oxa
paKTepH30BaTb KaK c8e pxsoa6y>t<AeHH~e . 

TaKHM o6paaoM, 8 co4eTaHHH c KnaCCH4eCKOH cneKTpocKo
nHeH aTOMO B npH HX 8036Y>KAeHHH aapR>KeHH~MH 4aCTH4aMH H ~o
TOHaMH H beam-foiJ - cne KTpOCKOnHeH cneKTpOCKOnHR HOHOB Ha 
nosepxHOCTH T8epAoro Tena /ion-at-surface spectroscopy/ 
MO>KeT o6ecne 4HTb cy~ecT8eHHO 6onee nonHoe onHcaHHe B03Mo>K
H~x 3Hepr eTH4eCKHX COCTOR HHH aTOMOB H HOHOB, a TaK>Ke cno
C060B H eepORTHOCTeH HX pacnaAa . 

B aaKn~4eHHe aeTopbl e~pa>t<a~T rny6oKy~ 6naroAaPHOCTb 
aKaAeMHKY A.M.6anAHHY aa ececTopoHH~~ nOAAeP>KKY AaHHoro 
HanpaeneHHR HCCneAOBaHHH. ABTOP~ TaK>Ke npH3HaTenbH~ 
B.B.CanbHHKOBy ~a y4aCTHe 8 noArOTOBKe 3KCnepHMeHTOB. 
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