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DAMPING OF COLLECTIVE MODES 
AS OP'£N QUANTUM SYSTEMS 

A. S.3indu 1 escu, H. Scuta ru 

In the framework of the Lindblad theory f or open 
quantum systems the following results are obt ained: 
a generalization of the fundamental constraints on 
quantum mechanical diffusion coefficients whi ch ap
pear in the corresponding master equations, a genera
lization of the Hasse pure state condition and ' 
a generalized Schrodinger type nonlinear equ~tion 
for an open system. Also, the Schrodinger, He isenberg 
and Weyl-Wigner-Moyal representations of the Lind
blad equation are given explicitly. Based on these 
representations, one shows that various maste r equa
tions for the damped quantum oscillator used in the 
literature for the description of the damped col
lective modes in DIC are particular cases of the 
Lindblad equation and that the majority of thes~ 
equations are not satisfying the constraints on quan
tum mechanical diffusion coefficients. 

The investigation has been performed at t he La
boratory of Nuclear Reactions, JINR. 

3aTyXaHY1e KOJlJleKTYIBHbiX MOA 

KaK 3<!XI>eKT OTKpbiTbiX KBaHTOBbiX CYICTeM 

A.C3Hp;ynecKy, X.CKyTapy 

B paMKax TeOpHH J1HH,IJ;6nap;a p;n.R OTKpbJTb!X KBa HTOBbiX 
CHCTeM 6bmH nonyqeHbi cnep;yJO~He pe3ynbTaTbi! o6o6~eHHe 

COOTHOWeHH.R p;n.R orpaH~eHH.R K03~H~HeHTOB ,ll;H~~Y3HH, 

o6o6~eHHOe yCnOBHe p;n.R C~eCTBOBaHH.R qHCTbiX COCTO.R
HHif H o6o6~eHHOe ypaBHeHHe THna lllpep;HHrepa p;n .R OTKpbi
TblX CHCTeM, DbinH nonyqeHbl TaKJKe B .RBHOM BH,IJ;e npep;CTaB
neHH.R lllpep;HHrepa' reH3eH6epra H Baiina-BHrHepa- Motiana 
ypaBHeHH.R J1HHp;6nap;a. Ha OCHOBe 3THX npep;cTaBneHHH 
6bmO noKa3aHo, qTo MHOrHe ypasHeHHH p;n.R rapMo H~ecKo

ro OC~Hnn.RTOpa C ,ll;HCCHna~HeH 3HeprHH, HCnOnb30BaHHbJe 
B nHTepaType p;n.R OfiHCaHH.R 3aTyXaHH.R KOnneKTHB HblX MO,IJ;, 
npep;c TaBn.RIOT co6oH qacTHbie cnyqaH ypasHeHH.R Jhmp;-
6nap;a H 60nbWHHCTBO 3THX ypasHeHHH He BbillOnH.Re T Co
OTHOWeHHH p;n.R OrpaH~eHH.R K03~H~HeHTOB ,ll;H~Y 3 HH, 

BhJTeKaiO~HX H3 npHH~Hna Heonpep;eneHHOCTH, 
Pa6oTa BbmonHeHa a Jla6opaTOPHH .Rp;epHbiX peaK~HH 

OIDIH. 
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The only systems for which we can study experimental
ly the dynamics of nuclear matter are the deep inelastic 
collision s (DIC). In the last years a large body o~ ~x
perimenta l data has been accumulated in this field 

1 

which al l ows a vivid discussion between the two extreme 
theoreti cal approaches; the transport theories which view 
this process as being due to independent particle propa
gation t hus stressing the stochastic, random walk nature 
of the r e laxation phenomenon 121 and the quantum mechani~ 
cal collective theories which view this process as being 
due to l arge scale collective modes thus stressing the 
coherent nature of the relaxation phenomenon 131

. 
It is now widely admitted that the description of the 

friction in quantum mechanics is far from trivial. Perhaps, 
the great est difficulty arises from the fact that in clas
sical mechanics the dissipation of the energy is direct
ly related to the presence of a nonzero momentum (the 
friction force is proportional to the velocity). On the 
other hand it is known that such systems with forces pro
portional to the velocities cannot be described by the 
standard Hamiltonian mechanics and that the Liouville 
theorem is not valid. Such forces, which cause a decrease 
in the phase space volume, are more suitable described 
in the f r ame of ~he theory of stochastic processes. 

In ord er to prevent the fall in time of any finite 
volume i n phase space into a volume smaller than ~/2)" 
a diffusion process (stochastic process) which increases 
the vdlume in phase space is needed. An equilibrium state 
is a state in which these two opposite tendencies balance. 
It follows that in order to obtain a quantum theory for 
systems with friction forces it is necessary to under
stand how such quantum diffusion processes arise which 
balance the friction forces and prevent the violation of 
the uncertainty relations. 

In the literature there are an enormous number of pa
?ers whic h try to solve this problem by introduction, in 
addition to the friction forces, of some diffusion coef
ficients, using quite different and contradictory argu
ments. 

I h d 
. 141 n t e present paper, we exten our prev1ous work 

on the dynamics of charge equilibration in damped heavy 
ion collisions as a large scale collective mode by desc
ribing the corresponding collective mode as an open quan
tum system. We adopt the Lindblad axiomatic way of in
troducing dissipation in quantum mechanics / 5

·
61 based on 

completely positive dynamical semigroups with bounded ge
nerator s . 
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We succeeded to obtain: a generalization of t he funda
mental constraints on quantum mechanical diffusion coef
ficients which appear in the corresponding mast er equa
tion, a generalization of the Hasse pure stat e conditi
on and a generalized Schrodinger type nonlinear and non
hermitic equation for an open system. Based on t he Schro
dinger, Heisenberg and Weyl-Wigner-Moyal repres entations 
of the Lindblad master equations we show that various 
master equations for the damped quantum oscillat or used 
in the literature for the description of the damped col
lective modes in DIC are particular cases of the Lind
blad equation and that the majority of these equations 
are not satisfying the constraints on quantum mechanical 
diffusion coefficients. 

The Lindblad . master equations are of the f o llowing 
form: 

d . N 
~ = L( p(t)) = - ..!_ [H. p (t) l t- -

1- ~ ([ V p (t). V* I • I V . p(t) V *l ) . 
dt -1\ 2-f\ j = 1 J J J J (I ) 

where p~) is the density matrix and Vi the corresponding 
bounded operators. 

Also Lindblad proposed a model for the damped quantum 
harmonic oscillator with unbound vj of the form vj = 
= l)P+bjq, j = 1,2, where aj, hi are complex numbers; 
and q and p. the usual operators with the commut a tion re
lation fq. p] ~ HI. For this model eq. (I) becomes 

~ L(,,(t)). 
dt (2) 

where 

i i ( A - 1d i .\ 
L<p J -- - ~! H 0. pI -- --2H- I p. M , qp I - ·1\- I q . p p . p p I -

D (3) 
- _PP l I ~ (D t D ) q . q . pI I - I P. I P . p II .. -.:J>q 

2 
qp I p. I q . pI J 

-n2 1'12 -ii' 

1 2 and H = -- p 
0 2m 

m," 2 
2 -- q 

2 

He:e.we denoted by DPP' Dqq ,_DP4,and Dqp the iffusion 
coeff1c1ents and by A the fr1ct1on constant, al l the pa
rameters being real and related to the complex numbers aj 
and bj by the relations 

-1! 2 2 
D

99 
= -

2 
l :a. 1 

j = 1 J . 
D pp 

-1! 2 2 
-2 l [b .! 

i= 1 J 
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if 2 -
D = D =- - Re I a . b . ; 

pq q p 2 j= 1 J J 

2 
A = - Im I aj bj , 

J=l 
(4) 

where a j means the complex conjugate of aj . 
Thus, the following constraints for the quantum mecha

nical d iffusion coefficients result: 

2 A
2
fl

2 

Dqq DPP - Dpq ~ .-4- , Dqq 2. 0; DPP ~ 0 ; (5) 

the last inequality being a consequence of the Schwartz 
inequali t y 

2 _ 2 2 2 2 2 2 2 
(Re Ia. bj) +(Im Iajbj) .::;I j a. j I j b . j . (5') 

j=lJ J"' l j=l J j=l J 

In the Heisenberg representation the master eq. (I) is: 

dA(t) : L (A(t)) = ti~ [H. A(t)] + - 1- · I (V:"[A(t), V.l+ [V *, A(t)]V .). 
dt 2if j J J J J 

(6) 
If the time evolution of the operator M =I V.*V. is 

j J J 
considered we obtain from the 2-positivity of the dynami
cal semigroup generated by (6) that 

M(t) .::: I vj (t)* vi (t). 
J 

From t his rela·tion an inequality for mean values of 
M , Vt, and Vj follows immediately if we observe that 
the map A _, Tr pA is also 2-posi tive. 

TrpM(t) ~ I Tr(pVj (t)*) Tr(pV/t)). 
J 

By the duality Tr p (A (t)) = Tr p (t)A rel. (8) becomes: 

Tr(p(t)I V * V. ) > I Tr(p (t)V*)Tr(p(t)V . ) . 
j J J - j J J 

(7) 

(8) 

(9) 

This inequal~ty is a generalization of the inequality 
(II) from ref. ~ 1 to all Markovian master equations. 

For t he damped quantum harmonic oscillator, the above 
inequali t y becomes: 

-t\2 
D a (t) ~ D a (t) - 20 a (t) > A- , 

qq pp pp qq pq pq - 2 

where we have used the notations 

8 
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CJ = Tr ( p (t)q .) ; (J = Tr ( p (t) p) ; 
q p 

2 2 
(Jqq = Tr(p(t)q . )- (J (t) 

2 2 
CJ = Tr(p(t)p ) - (J (t) ; 

PP p 

+ (II) 
(J (t) = Tr(p(t)( pq .2 qp ))-(J (t) CJ (t). 

pq p • q 

The equality in rel.(9) is a 
condition for p(t) to be a pure 
Indeed, the condition p2(t) = p(t) 
sufficient condition for p(t) to 
ves Tr p(t) 2"' 1 for all t > 0. This 

necessary and suf f icient 
state for all time t > 0. 
which is a neces s arv and 
b 

17 - 9! . e a pure state g1-
implies: 

dtd Tr ( p(t)
2

) = Tr p(t) L (p(t)) = 0 t > 0, ( 12) 

or by using the explicit form of L(p(t)) given by e q. (I) 

Tr(p(t)L(p( t )) = - 1
- l (Tr(p(t)V. p(t)V*)- Tr(p(t)

2
V*V. ) (13) 

2-11 j J J J J 

d h d
. . 2 

an t e con 1t10ns p (t) = p(t) and p(t)Ap(t)=Tr(p(t)A)p(t) 
we have 

Tr (p(t) l VJ*VJ. ) = l Tr ( p(t) V. ) Tr ( p(t)V.*). 
j j J J 

(14) 

This equalitY. is a generalization of the Hasse pure 
state condition77

-
91 to all Markovian master equat i ons. 

The condition /Ct) = p(t) implies firstly that p (t)¢ = 
= (tjl(t),cf>) t/J(t) for any wave function cf> and secondly that its 
derivative 

d (t) d p (t) 
2 

_P_ = = L(p(t))p(t) + p(t)L(p(t)) 
dt dt (15) 

is equivalent with the following Schrodinger type nonli
near and nonhermitic equation: 

!1!_ =- .!_ (H + il (t/J(t), V.*tjl(t))V . -
dt .n j J J 

- _i_ (t/J(t), l V*VtjJ(t))- ~ l V* V. )t/J(t). 
(16) 

2 jlJ 2jll 

This result is a generalization to all Markovian master 
equations of the results obtained for particular master 
equations in refs. 1 101 and ! 7,8/. 

For the damped quantum harmonic oscillator the new 
"Hamiltonian" is 
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H + ,\ (a (t )q . - a (t) p) + 
p q 

Dqq 2 Dpp 2 
+ ilA-H-- ((p-a (t)) + a (t)) - - ((q .-a (t)) +a (t)) + (17) 

-it p pp fi q qq 

D 
+ ~((p - a (t))(q .-a (t)) + (q .-a (t))(p-a (t))+2a (t))l. i\ p q q p pq 

It is interesting to remark that the mean value of this 
new "Hamiltonian" is equal to the mean value of the origi
nal Hamiltonian H if the equality is valid in the inequ
ality (1 0). In this last case the new "Hamiltonian" is 
equal to 

i 2 2 
H + A(a (t )q- a (t)p)--lD (p-a(t)) + D (q .-a(t)) + 

p q -i1 qq p pp q 

-n 2 A (18) 
+ Dpq((p - a (t))(q-a (t)) + (q . - a (t))(p-a (t))--

2
-1. 

p q q p 

This r esult, from the physical point of view, is quite 
natural s ince the average value of the new "Hamiltonian" 
of the nonlinear and .nonhermitic Schrodinger equation 
describing the open system must give the energy of the 
open system. 

Another possible representation of the Lindblad mas
ter equation is the Weyl-Wigner-Moyal representation. 
This is a phase-space representation of the quantum me
·chanics. Roughly speaking such a representation is a map
ping from the Hilbert space operators to the functions on 
the clas s ical phase space in such a way that if A is 
mapped i nto fA(x, y) and pis mapped onto f~x , y), then 

Tr(pA) ~ f ( fp(x , y)fA(x, y) dxdy . ( 19) 
- oo - :JO 

This representation can be easily obtained by using 
Wigner ma pping of the density operators p(t) from the Hil
bert space onto the functions r 01fx . y) on the classi~al 
phase space 

1 oo oo - t(XTJ-Y~) 
f(x,y,t) ~ f (x,y)~--- ( (e Tr(p(t)W(" 1J))dtdTJ p(t) 2 ' <,' . ' 

(2 "h) -oo '"""' (20) 

where W(~ TJ) is the Weyl operator. 
Indeed, taking the time derivative of the Wigner 

function (20), using the master equation in the Heisen
berg representation (6) and the explicit action of the 
dynamical semigroup on the Heyl operators we obtain: 

10 



ar(x,y, t) L ar(x,y,t) 2 af(x,y,t) (' )axr(x,y,t) 
--"-"'-"-'---'- = ·- + mw x + "-p. + at m ax ay ax 

2 2 

( ' ) ayf(x,y,t) D 
+ 1\ + p. ------ + 

a f(x,y, t) + D a f(x,y,t) + 2D 
2 a f(x,y. f) 

ay qq ax2 PP ay2 P axay 
(21) 

This equation looks very classical, like an equation of 
the Fokker-Planck type, but we must be very carefu l with 
the initial function f(x. y, 0) on the phase space wh~ch 
must be a Wigner transform of a density operator i n or
der to keep the quantum mechanical properties of t he sys
tem. 

Because the most frequently choice for f(x , y , 0) is 
a Gaussian function and because eq. (21) preserves t his 
Gaussian type, i.e., f(x,y, t) is also a Gaussian f unction, 
the differences between the quantum mechanics and c lassi
cal mechanics are completely lost in this represent ation 
of the master equation. This is a possible explanat ion 
for the frequently occurred ambiguities on this su ject 
in the literature. 

In the following we show that various master eq ations 
for the damped quantum oscillator used in the liter ature 
for the description of the damped collect~ve modes in DIC 
are particular cases of the Lindblad equation and t hat 
the majority of these equations are not satisfying the 
constraints on quantum mechanical diffusion coeffic ients. 

Indeed, in the form (3) a direct comparison wit h eq. (I) 
from refs. 17 · 10- 121 is possible. It follows that thi s mas
ter equation supplemented with the fundamental con s traints 
(5) is a particular case of eq. (3), when 11 = A. 

Also a particular case of eq. (3) is the master equa
tion (12) considered in ref. 1131 for A'"Y (<o) / 2m = p.; Dqq =0; 
DPP = y(c.,)T*(w) ; and Dpq = 0. Evidently the constraint s (5) 
are not satisfied. 

Analogously, the master equation (A.36) considered in 
ref. 191 is a particular case of eq.9) for A= 11 = y/ 2 ;D = 
= D; Dqq= 0; Dpq = Dqp =-d/2and Ho = P / 2m+ lh m(w 2 -i2)q 2.PP 
Again the constraints (5) are not satisfied. 

In the form f2J) a direct comparison with two kinds of 
quantum master equations, written for the Wigner transform 
of the density matrix, obtained recently in ref. 114/ is 
possible. 

1 
The first master equation (see eq. (5. I) of ref. 

14
) 

is a particular case of eq. (21) for A= p. = r / 2 DP =D/2; 

Dqq = 0; Dpq =Dqp = B/ 2 and H = H0 - A~q 2 +f(t)q .. Evident

ly the constraints (5) are not satisfied. 
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The second master equation (see eq. 
is also a particular case of eq. (21) 

II lll lll 

(5. 6) of ref _1141) 
for 11 = 0; r.II = p 

0 and H = Ho-AII-rr-q .~ = rR = ,.\ ; Dpp ="2DP ; Dqq = "2DR ; Dpq 

- All p
2 

+ f(t)q .. This equation satisfies the fundamental 
2mw 

constra ints (5). 

Fina lly we should like to stress that the collective 
fluctua tions have not been revealed with clarity by expe
riment . Now it is clear that, due to the similarity of 
the equations and solutions in both extreme theoretical 
approaches: transport theories and quantum collective theo
ries, t he effects are similar. We consider that it is pre
mature to conclude, like the majority of the recent pa
pers111, that the present data suggest that the dynamical 
evolut i on of the dinuclear system may be seen as an inde
pendent particle exchange process constrained by the under
lying potential energy surface (PES). 
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INFRARED ASYMPTOTIC$ AND DAYSON-SCHWINGER EQUATI ONS 
FOR THE GAUGE-INVARIANT SPINOR GREEN FUNCTION 
IN QUANTUM ELECTRODYNAMICS 

* N.B.Skachkov, I .L.Solovtsov, O.Yu.Shevchenko 

The Dayson-Schwinger equations for the gauge-in
variant (G.I.) spinor Green function are der i ved for 
an Abelian case. On the basis of these equat i ons as 
well as the functional integration method the beha
viour of the G.I. spinor propagator is studied in 
the infrared region. It is shown that the G. I . pro
pagator has a singula~ity of a simple pole i this 
region. 

The investigation has been performed at t e Labo
ratory of Theoretical Physics, JINR. 

~H~paKpacHa~ acHMnToTHKa 11 ypaeHeHH~ AaAcoHa - llieHHrepa 
An~ KanH6pOB04HO-HHBapHaHTHOA cnHHORHOA ~YHK ~H~ rpMHa 
8 KBaHTOBOA 3neKTPOAHHaMHKe 

_H.B.CKatJKOB, H.JI.ConoB~oB, O.IO.llieBtJeHKO 

IloJJytieHbl ypaBHeHlUl .[laHCOHa-lllnHHrepa ,!l;JIH KaJIH6po
BOtiHO-HHBapHaHTHOH CnHHOpHOH ~YHKUHH fpHHa B a6ene
BOM cnytJae. Ha , ocHoBe 3THX ypaBHeHHH, a TaKJKe c no
MO~ID ~YHK~HOHaJibHh~ MeTO,!l;OB H3yqaeTCH noBe,o;eHHe Ka
JIH6pODOtJHO-HHBapHaHTHOro CUHHOpHoro nponaraTOpa 
B HH~paKpaCHOH 06JiaCTH. IloKa3aHO, tJTO BBe,o;eHHbiH Tai<HM 
o6pa30M nponaraTOp HMeeT B 3TOH 06JiaCTH oco6eHHOCTb 
B BH,o;e npocToro noJIIDca. 

PaooTa BbiilOJIHeHa B lla6opaTOPHH TeopeTHtJecKoH ~H-
3HKH OIDIH. 

During the last few years there appeared a lo t of pa
pers where the behaviour of the Green functions i n the 
infrared region was studied (see for instance11 ·21 and 
references therein). The interest in this problem stems 
from a widely discussed possibility of the relat i on of 
the infrared asymptotics of the QCD Green functi ons with 
the problem of quark confinement. 

In this article we shall study the infrared behaviour 
on the basis of the gauge-invariant (G.I.) variables 

* Gomel Polytechnical Institute 
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which have been introduced in our previous papers 131. We 
shall start with the definition of the G.I. Green func
tion 

y ll -
G(x,y)= i < O I TI/J(x)Pexp[igfd~ A (011/J(y)IO> . 

X !l 
(I) 

Our fir s t aim is to find what form would take an analog 
of the Dayson-Schwinger equation for (1). 

Previously the propagator (I) was considered in pa-
141 f h f . . d f. . . pers or t e purpose o a ~auge-~nvar~ant e ~n~t~on 

of quark mass and studied in 1 1 in the framework of exact
ly solvable Schwinger and Bloch-Nordsick models. This 
function was also considered in161 and calculated to the 
second order of perturbation theory in the massless case171 

As f or the integration contour in the p-ordered ex
ponent in (I) we choose a piece of the straight line that 
connect s the points x andy (see 14- 71 ). By applying the 
well-known method of derivation of the Schwinger equation 
in terms of functional derivatives for the gauge-depen
dent spinor propagator 12~ we find that the G.I. equa
tion for the propagator (I) in the presence of the vector 

* source J
11 

has the form 

. a o a Y "o . 11 
(Iy (-- g---- g{- ( dt' ::-:v-)-Igu (x)-

ll rix /1 oJ/1 (x) rlXIL X • oJ <O 

a Y v (2) 
- ig r -;r- J d ~ u 1/ (.(:) l ) - m] G( X • y I J ) = - 0 (X - y). 

x/1 x 

The second equation has the standard form 

0 I ' . 1/ 
u (x) = JdzD (x,z)[J (z) + JgSp(y G(z,z / J))I. /1 fLV 

(3) 

where 
It 

Green 

0 • • 
D

11
,, ~s the vector f~eld propagator. 

can be shown that the Dayson equation 
function (I) has the form 

for the G.I. 

fia - m +gB(x l y)G(x, y l u)- fdy 'M(x,y' ju)G(y ', y j u) = -o(x-y), 
X 

(4) 

where f(x IY) is the G. I. vector field defined by the for
mula 

a Y v 
B (xly) = U (X)+--- fdt U (~) (5) 

!l /1 axil X • 1/ 

and M~. y l u) is the G.I. mass operator defined as follows 

*au · · 'd · h h' f / 21 r notat~ons co~nc~ es w~t t ~s o . 
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f.L y' v 
M(x,y\u) =igy fdy'<O\TI/J(x)exp[ig fd~ A11 (.;}1 x 

X 

- -1 (6) 
x lj!(y ' )Bf.L (x \Y')\0> G (y', y I u). 

In order to find the asymptotics of the Green f unction 
(I) in the infrared region we shall make use of Eq . (2) and 
apply the method suggested in 18t. With our choice of the 
integration contour we pass to the functional var i able up. 
and putting Y = 0 find from (2) the equation 

f.L a ~ a v 1 ~ 
I i y [- + g ( ¢ (x) - - x f ds ¢ (sx)) -

axfl f.L axfl 0 v 

a v 1 (7) 
-ig(u (x) -(- x (dsu (sx)))] -miG(x \u) = -o(x), 

f.L axfl 0 v 

where ¢ (x) = fdyD (x - y) __ a_ 
f.L f.LV 8uv(y) 

Now we shall pass to the momentum representation and 
consider the expression 

¢l (p\u)=Jdxeipx £¢ (x)-4,.x11 fds¢ (sx)l G(x'\u) . (8) 
f.L f.L axr v 

Expression (8) can be rewritten in another form (we 
shall denote the Fourier transform of ¢

11 
(x) as ¢11- (lt)) 

1 dk ~ a¢ (k) 
¢l (p \u)= (dsf--

4 
[¢ (k)G(p-k\u)+k ' ' G(p-sk !u)l. (9) 

11 o (277) fl 11 ak,, 

In accordance with 181 one can neglect the dependence 
of G(p -kiu) and G(p -sk iu) in (9) on the value of k . In 
this case the integrand in (9) becomes a 4-divergence of 
k ¢ (k) and therefore we find in the infrared limi t that 
/)~ i u) = 0. 

In the analogous way it can be shown that in t he in
frared limit 

. a 1 
fdxe'PX[u (x)--- x' ' fdsu (sx)l G(x iu) - 0. 

p. axfl 0 II ' 
(I 0) 

Thus the G. I. Green function G(p) in the region p 2= m2 

obeys the equation (p-m) O(p) = -1 and therefore in infrared 
limit it has a singularity of a simple pole 

G(p) = _1 ~ 
m- P 

as 
2 2 

p = m . (II) 
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Supposing that the counterterms for the renormaliza
tion of the G.I. Green function have the same structure 
as in t he case of the renormalization of the S -matrix, 
we find that the renormalized function G'W) in the infra
red limi t has a simple pole G'(p):::z2 1:! (m-p) as well. 

Let u s study the infrared asymptotics of &1) on the ba
sis of t he method of functional integration 1 1

· After the 
integrat ion over the fermion fields we shall represent the 
vector f ields AP. 

G( x ' y) = f DA det ( i a + gA - m ] 

det[ia~- m) , 

x G(x, y iA)exp[ig /d.;II-A (~)]j 
X p. 

expliS
0

[A] I x 

(12) 

where S0[A] .is a free action of the vector field and G(x,y!A) 
is the Green function of the fermion in an external field 
A . The function G(x,y)A) can be written in the form of 
ftnctional integral 19 

G(x, YIA) = i[iax + ~(x) + m] J""ds exp[-is(m
2

- iO)] x 
0 

s s 2 
x fDB 8(x - y- 2 fd ~B(~)) exp 1-i fd~[ B (~)-

0 0 
~ s 

-g(2BP. ( ~)+ap.v(~)iax(~))AP.(x-2~d.,B('T/))]I, 
5 

(13) 

with the normali.zation of the measure DB: fdB expHJd~B2 (~1 = 
= 1. 0 

Negl ecting the effects of the vacuum polarization in 
the infr ared limit and the term a in (13) we find for 
G(x, y) p.v 

"" s 
G(x, y) = i f ds exp[- is(m 

2 
- iO)] f DB exp[ -i f d ~B 2 

( ~)] >< 

0 0 
~ 2 s 

x [ia + m + g K(x,y!B)8(x-y-2fd"'B('T/)) x 
X 

x exp[ 2_ g 2
<1> (x, y I B)], 

2 

where 

0 

( 1'•) 

y v p. s s 
K(x,y!B) = fd~ y D (x- ~)+2fd6~'-D [2fd"'B('T/)] Bv(0 , 

x p.v 0 p.v ~ 

s s ~2 v 
<l>(x,yiB) = 4fd~1 fd~ 2B (~1)D [2 fd"'B('T/)]B (~ 2) + 

0 0 p. p.v ~ 
1 
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By passing to the momentum representation and perfor
ming a shift of the functional argument B ( 71) = P + w (v), 
7!=SVwefindfrom(l4)that fl fl 11 

G(p) = i jd s exp ( is(p 
2 

- m 
2 

+ iO)] r D w exp (-is / dv w 
2 

(v)] X 

0 0 

- 2- . 
x[p + m + g K(pjw)]exp(2... g2<I>(pjw)]. 

2 

(15) 

In the infrared limit it is possible to neglect t e func
tional argument win K(pjw) and <l>(pjw). The functio s K(pjO) 
and <I>(pjO) are equal to zero as it is easy to see. Then 
from (I 6) we find that G(p) ::(I)+ m)j (m 2-p2) that comp~etely 
agrees with (II). 
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KOPPEnRUHH B YrflOBOM PACnPEAEnEHHH rAMMA-KBAHTOB 
nPH 3AXBATE HE~TPOHOB B OonACTH p-PE30HAHCA 117sn 

B.n.An$~MeHKOB, C.6.6op3aKoe, ~.A.Mapeee, 
n.o.n~KenbHep, A.C.Xp~K~H, 3.H.Wapanoe 

MccneJJ;oBaHbi yrnoBoe pacrrpeJJ;eneHHe H rronHpH3 a u;HoH
HaH rrpaBo-neBaH acHMMeTpHH JJ;nH rrpHMoro rrepexoJJ;a I Ey = 
= 9,3 M3B/ B peaKIJ;HH 117 Sn(n, y) B6nH3H p-BonHoBoro 
pe3oHaHca c Ep = I , 33 3B, HapymaiO~nero 'lleTHOCTb , 
C u;enbiO IIOnY'l! e HHH rrapu;HanbHb!X HeHTpOHHb!X IUHpHH I ,nj 

C pa3nH'llHblMH 3Ha'lleHHHMH IIOnHoro MOMeHTa Hel!TpOI!a j' 
= 1/2 HnH j = 3/2. M3MepeHHH rrpoBOAHnHCb MeTOAOM 
BpeMeHH rrponeTa Ha peaKTOpe MBP-30 c Hcrronb30B a HHeM 
JJ;eTeKTopa Nai(Tl). lloKa3aHo, 'liTO rronY'lleHHbJe pe3yJlbTaTbl 
Henb3H OIIHCaTb e)J;HHblM o6pa30M B paMKaX CYJneCTB YIOJnHX 
TeopHH. 

Pa6oTa BbmonHeHa B .na6opaTOPHH HeH:TpOHHoii ¢ H311KH 
mum. 

Correlations in Gamma-Quanta Angular 01strlbut on 
at Neutron Capture in 117Sn P-Resonance Region 

V.P.Alfimenkov et al. 

An angular distribution and the experimenta l ana
lysing power were investigated for the direct t ransi
tion (Ey= 9.3 MeV) in the 117Sn(n. y) reaction near the 
parity violating p-wave 1.33 eV resonance in order 
to obtain partial neutron widths with the tota l neut
ron momentum j = I /2 or j = 3/2. The experimen t s were 
performed hy the time-of-flight method at the I BR-30 
reactor with the Nal(Tl) spectrometer. The resu lts 
appeared to be inconsistent with any available at pre
sent theory. 

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

H3y4eHMe ceo~cTe p-eonHoe~x He~TpOHH~x pe3oHaHcoe 
e o6nacTM HM3KMX 3HeprM~ 3Ha4~TenbHO cno~Hee, 4eM s-eon
Hoe~x, 113-3a 4eHTpo6e~Horo 6apbepa, cy~ecTBeHHO CH M~a~~e
ro eepOflTHOCTb 3aXBaTa He~TPOHa C f -> 1. Me~AY TeM, p-eon
HOB~e pe3oHaHC~ 06naAa~T cne4M$~4eCKMM~ CBO~CTBaM~ , He 
np~CY~~M~ S-pe30HaHCaM. K 4MCny TaKMX CBO~CTB OTHOC~TCfl 
ABYXKOMnOHeHTHbl~ XapaKTep He~TpOHHbiX WMp~H r; np~ B036y~
AeH~~ KOMnayHA-cocTOflHH~ co cn~HaM~ J= I +1/2. B npeACTae-
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~ -;t ... 
11eH1111 no nHoro lo10MeHTa Hei1TpoHa j = r + s I j = 112 111111 3121 

n n n 
f'P ~ [' -t + [' ... a..: CooT8eTCT8eHHO, All.R npeACTa8JleHI1.R cn11Ha 

P P2 n n n 
KaHana = I+ s (S =I + 1 12) 11MeeM f'P = 1 1 + 1 1 . 

- p , ~+ 2 p,I- 2 
3Kcnepi1MeHTaJlbHble AaHHble 0 KOMnOHeHTaX l p 04eH~ 6eAHbl. 
An.R HeC KOJlbK11X pe3oHaHC08 .RAeP ~Topa 11 11TTpi1.R f'p onpe
AeneHbl 113 yrJl08biX pacnpeAeJleHI1H pacce.RHHbiX Hei1TpOH08 11 · 2~ 
a All.R xnopa 11 HI10611.R - 113 yrn08biX pacnpeAeneHI1i1 rKsaH
T08 np.RMbiX nepex~o8 8 paAI1a4110HHOM 3axeaTe pe3oHaHc
HbiX Hei1 TpOH08 13· 4 . 8 nOCJleAHI1e rOAbl B C8.R311 C 06Hapy
meHI1eM 3~eKT08 HeOOXpaHeHI1.R . npOCTPaHCT8eHHOH 4eT
HOCTI1 B P -80JlH08biX pe30HaHCaX I 51 nO.RBI1JlC.R AOnOJlHI1TeJlbHbiH 

- r n CTI1MYJ1 K 113Y4eHI1~ CTPYKTypbl •p• nOCKOJlbKY All.R TeopeTI14e-
CKOH 11H TepnpeTa41111 3TI1X 3~eKT08 Tpe6yeTC.R 3HaTb 8e1111411-
Hbl X= W 1 ·If' 0 ) 

112. CJleAyeT OTMeTI1Tb, 4TO 3KCnepi1MeHTbl 
p 2 p 

no onpeAeJleHI1~ BeJ111411H X All.R 3TI1X pe30HaHC08 npeACTaBJl.R-
~T 3Ha411 TeJlbHble TPYAHOCTI1 113-3a MaJlOCTI1 11X Hei1TpOHHbiX 

r. n -6 
w11p11H I P ~ 1 0 381, 4TO AenaeT npaKT114eCK11 He803MomHbiM 
Ha6n~AeH I1e pe3oHaHcHoro pacce.RHI1.R 11 ycnomH.ReT 113MepeHI1.R 
C y-K8a HTaMI1. 

H11me oni1Cb1Ba~Tc.R 11ccneA08aHI1.R yrno8oro pacnpeAeneH11.R 
Y-K8aHT~8 np.RMoro nepexoAa lEy = 9,3 M38l nocne 3aX8aTa 
.RAPOM 

11 
Sn Hei1TpoH08 c 3Hepri1.RMI1, 6Jli13KI1MI1 K 3Heprl111 

p-8o11H08oro pe3oHaHca 3Toro .RAPa c EP = 1 ,33 38. Hccne
AOBaH11.R np080A111111Cb KaK C Hen01l.RPI1308aHHbiM11, TaK 11 C no-
1l.Rpl1308 a HHbiMI1 HeHTPOHaM11 11 11MeJ111 4e11b~ noJly4eHI1e 11H$OpMa-
41111 o na paMeTpax yKa3aHHoro pe3oHaHca, 8 nepey~ o4epeAb, 
o eeJ1114 11 He x . 

Cn!'!AY.R 16 1
. A11<li<IJepeH411aJlbHble ce4eHI1e RbiXOAa y-K8aHTOB 

np.RMOrO nepeXOAa C Y4eTOM S- 11 p-3aX8aTa MOmHO 3ani1CaTb 
B CJleAY~~eM 811Ae: 

da(I'J , ¢ , E) _ (I'J ..~., E)= a +a cosi'J+a f sini'J.cos¢ + ------ =a , '+'• o 1 2 n 
dO 

2 1 
+ a 3 (cos e - 3 ) . 

111 

3AeCb !'0 - nOJl.Rpl13a411.R Hei1TpOHHOrO ny4Ka, I'J- yroJl MemAY 
Hanpa8Jle H11.RM11 11MnyJlbC08 Hei1TpOHa (n ) 11 y -K8aHTa (n y), 
¢ - yron MemAY HanpaeneHI1eM Hei1TpoJHoi1 no11.Rp113a41111 11 Ha-

~ .... l npaeneH I1 eM 8eKTopa [ n . n Y . K03~11411eHTbl a . 3aBI1C.RT OT 
• n 1 

3Heprl111 Hei1TpoHa E 11 oT napaMeTpoe s- 11 p -pe3oHaHC08, 
8 4aCTHOCTI1, a 0 - [a/E) ~ ap(E)] /477, rAe as(p)(E)- npoi1HTer-
pl1p08aH HOe no TeneCHOMY yrny Ce4eH11e PaAI1a4110HHOro sw) -3a
xeaTa All.R 11CCJleAyeMoro nap411a11bHoro nepexoAa. 

8 Ha CTO.R~ei1 pa6oTe 6bl1111 npoAonmeHbl 11CCJleA08aH11.R npaeo-
- - I 111 I Jle8011 nOJl.Rpl13a4110HHOI1 aCI1MMeTpl111 CM. , 
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KpoMe 3Toro, Ha Henon~p~3oBaHHOM ny4Ke ( f 0 =0) 
nacb ac~MMeTp~~ "enepe,Q-Ha3a.Q" , 

fB.H. (E, 8 ) = a{8, E) - a{180 - 8, E) 

a(8, E)+ a(180 - 8, E) 

/2/ 

/3/ 

a TaKme yrnoea~ ac~MMeTp~~ .Qn~ p-eonHoeo~ 4aCT~ ce4eH~~ 

/1/, 

a 2[a(90°, Ep) - a
8

(E ) ·1477] ap(90 °, ~) ( (8) = ________________ .P _______ = ----- . . /4/ 

a(e, EP) + a(180- 8, EP) - a 8 (EJ1277 ap(8, EP) 
117 17 -p-pe30HaHC B Sn ~MeeT J = 1 , a OCHOBHOe COCTO~H~e 

~.Qpa 118sn ~MeeT J 17 
= 0 +, T. e. ocy~ecTen~eTc~ E1 y -nepe

XOA17~3 p~30HaHCa B OCHOBHOe COCTO~H~e, a np~ S-3a XBaTe 
c J = 1 - M1-nepexoA. C y4eTOM 3Toro, ~cnonb3Y~ pe3ynb
TaTbl pa6oTbl 16 ~ 3Kcnep~MeHTanbHO ~3Mep~eMble ac~MMe T p~~ /2/
/4/ MOmHO CB~3aTb C napaMeTpaM~ p-pe30HaHCOB ~ Ce4eH~eM 
s-3axeaTa. An~ KOHKpeTH~x ycnoe~~ Haw~x ~3MepeH~~ /An~ 
onpeAeneHHOrO 3Ha4eH~~ yrna 8 ~ 3Hepr~~ He~TpOHOB, 6n~3K~X 
K 3Hepr~~ p-pe30HaHCa/ TaKy~ CB~3b MOmHO C ,QOCTaT04HOH 
T04HOCTb~ npe,QcTaB~Tb B B~Ae 

n.n. 
( (E) ~ + 

X + y:/2/2 ----
2 112 

(1 +4 + +) 
y2 

- x + y / 12 (B. H.(E 450) = ____ . _V_· __ 
' XV y 2 1/2 

(1 - ..=t.. - --) 

2y2 8 

a 
0 

1 + xy I y2 + y ~/4 
( (45 ) = --------

X 2 
l-2L- -L 

2/2 8 

3Kcnep~MeHTa. 

171 

nerKO noKa3aTb, 4TO B B~pameH~~X An~ ~ccneAyeMbX aC~M
MeTp~H /2/-/4/ Ce4eH~~ MOmHO 3aMeH~Tb CKOPOCT~M~ C4eTa, 
nony4eHH~M~ ~3 COOTBeTCTBY~~~X epeM~nponeTH~X cneKTpOB. 
np~ 3TOM BO BCeX cneKTpaX HymHO B~4eCTb $OH, BHeCT~ no
npaBK~ Ha 3axeaT He~TPOHOB nocne ~x pacce~H~~ a o6pa3~e, 
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a B B~pameHHH AnR aCHMMeTpHH /2/ He06XOAHMO y4eCTb peanb
HY~ nonR pH3a~H~ fn. 

CooTHo weHHR /5/-/7/ npH H3RecTH~x 3Ha4eHHRX f H napa
MeTpos pe 30HnHCa Aa~T ypaBHeHHR, n03BOnR~~He HaHTH BenH-
4HHbl X H y, 

H3Mepe HHR scex acHMMeTpHH npoBOAHnHcb MeTOAOM speMeHH 
nponeTa Ha HMnynbCHOM peaKTope H6P-30 181 . AnHTenbHOCTb 
BCn~WKH HeHTPOHOB COCTaBnRna ]0 MKC, a AnHHa nponeTHOH 6a• 
3~ B pa3H~X CepHRX - 35 HnH 58 M. Y -KBaHTbl npRMOrO nepe
XOAa B 118 Sn perHCTPHPOBanHCb KPHCTannoM Nal(Tl) AHaMeTpOM 
200 MM H Ton~HHOH 200 MM. H3MepRnHCb cneKTp~ no BpeMeHH 
nponeTa HeHTpOHOB npH nopore perHCTpa~HH y-KBaHTOB 
8,5 M3B H OAHOBpeMeHHO - aMnnHTYAH~e cneKTPbl B 8 BpeMeH
H~X OKHaX. ¢DH onpeAenRnCR npH nepeKp~BaHHH ny4Ka HeHTpo
HOB 6opHbiM ¢HnbTpOM - 11 4epHbiM 11 AnR HeHTPOHOB C 3HeprHRMH 
s6nH3H Hc cneAyeMoro pe3oHaHca, a TaKme npH ycTaHOBKe B ny-
40K 3KBHBaneHTHoro pacceHBaTenR. B Ka4eCTBe o6pa3~os Hc
nonb3DBa nocb MeTannH4ecKoe onoso c o6ora~eHHeM -90% no 
H30TOny l l7sn. Bee o6pa3~0B COCTaBnRn OT 80 AD 400 r, 
a nno~aA b - 20-60 CM 2 . npH H3MepeHHH npaeo-neBOM aCHMMeT
PHH /2/ pe30HaHCH~e HeHTpOH~ nonRpH30BanHCb nyTeM nponyc
KaHHR 4e pe3 nOnRPH30BaHHy~ npOTOHHy~ MHWeHb ;g~ 6~cTp~Ape
Bepc nonR pH3a~HH OCy~eCTBnRnCR COOTBeTCTBY~~HM H3MeHeHHeM 
KOH¢Hrypa ~HH BeAy~ero MarHHTHOrO nonA. npH H3MepeHHH yrno
BOrO pacn peAeneHHR B~XOAa y-KBaHTOB C HenonRpH30BaHH~MH 
HeHTPOHaMH yron 0 COCTaBnRn 45 ° , 90° H 135 ° . 6~na TaKme 
nony4eHa 3HepreTH4eCKaR 3aBMCHMOCTb BenH4HH~ nponyCKaHHR 
HeATpOHOB o6pa3~0M 117 Sn. CoeMeCTHaR o6pa6oTKa no3eonMna 
YT04HHTb npHBeAeHH~e e 1 1DinapaMeTp~ pe30HaHca c 3HeprHeA 
1,33 3B: gl~n = /1 ,66+0,21/.10-7 3B; l'P = 0, 180~0,018 3B; 
a 

0 
= 1 , 8+ 0, 2 o, 
Ha PHC.1 B OTHOCHTenbH~X eAHHH~ax npeACTaeneH~ 3Hepre

TH4eCKHe 3aBHCHMOCTH AH¢¢epeH~ManbHbiX Ce4eHHH a(90 " , E) 
H [a(45°, E) + a(135° , E)l / 2, nony4eHHble H3 3KcnepHMeHTanbHbiX 
cneKTPOB AnR HenonAPH3oeaHH~X HeATpoHoe. Ha ocHoBaHMH 3THX 
AaHH~X 6~nH HaHAeH~ eenH4HHa fa /45 °/ = 1 ,63~0,14 H 3Ha-
4eHHR tio = 3,0+0,3; t ~ 5 = 1 ,83::;:0, 18. 

3KcnepHMeHTanbH~e AaHH~e AnA acHMMeTpHH f~H. npHBeAe
H~ Ha pHc .2, a Ha pHc.3 noKa3aH~ pe3ynbTaT~ M3MepeHHH fn.n. 
C nonApH30BaHHbiMH HeHTpOHaMH, BKn~4a~He pe3ynbTaTbl HaWHX 
npeABapHTenbHbiX HCCneAOBaHHH /7 ! H HOBbiX H3MepeHHH B HaCTOA
~eH pa6oTe. CnnowH~e KPHBble Ha pHc.2 H 3 nony4eH~ npM noA
rOHKe no MeTOAY HaHMeHbWHX KBaApaTOB Bblpall(eHMH /6/ H /5/ 
npH He3a BHCHMOM BapbHPOBaHHH 3Ha4eHHH X AnA Kali(AOrO 3$¢eK
Ta. npH 3 TOM HCnOnb30BanHCb npHBeAeHH~e B~We 3Ha4eHHA na
paMeTpOB pe30HaHca H t ~· 0AHaKO HaHAeHHble npH 3TOM 3Ha4e
HHA X OKa 3anHCb HeCOBMeCTHM~MH 8 npeAenax T04HOCTM 3KCne
PHMeHTOB . OcTaHOBHMCR nDAP06Hee Ha 3TOM pe3ynbTaTe. XapaK-
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PHc. 2 . 3KcnepHMeHTanb bie 

3Ha~eHHH /· ·": KpHBaH - pac

~e; no ~opMyne /6/ c onroH

KOH no MHK. 

PHc.4. 3aBHCHMOCTb y(x ) H3 

ypaBHeHHH /5/-/7 I /KpHBbiC' 

I-3 COOTBeTCTBeHHO/. n onc

HeHHH B TeKCTe, 

Tep ypaBHeH~~ /5/-/7/ TaKOB, 4TO Kam)J,Oe ~3 H~X /C y 4eTOM 
Heonpe)J,eneHHOCT~ 3HaKa to I )J,aeT 4eT~pe Ha6opa peweH~~ 
(x,y). YpasHeH~R /6/ ~ 17/, on~c~sa~~~e ~3MepeH~R c He
nonRp~sosaHH~MH He~TpOHaMH, 3KBHBaneHTH~, O)J,HaKO ~X ~ene

C006pa3HO HCnOnb30BaTb He3aB~C~MO, nOCKOnbKY Ben~4 HH~ fa 
H fB.H,~3BneKa~TCR H3 pa3nH4H~X 3KCnep~MeHTanbH~X pes ynbTa-
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TOB, 4TO n03BOnReT H36emaTb B03MOmH~X CHCTeMaTH4eCKHX OWH-
6oK.Ha p Hc.4 npe,QcTaeneH~ KPHB~eY~). nony4eHH~e H3 ypae 
HeHHI1 / 5 /-/7/, H OKpymHOCTb x 2 +y 2 = 1, HnniOCTPHPYIO~He COB
MeCTHOe peweHHe ypaeHeHHI1 /5/-/7 I npH te > 0. AnR DTPHl.la
TenbHbiX te KpHBble 1 H 2 nony4aiOTCR nOBOpOTOM OTHOCHTenb
HO T04K H 0 Ha 180 ° . Heonpe,QeneHHOCTb B 3HaKe ~ CBR3aHa 
C TeM, 4 TO napl.IHanbHOe Ce4eHHe pa,QHal.IHOHHOrO 3aXBaTa Hei1T
pOHOB n ponDPl.IHOHanbHO npOH3Be,QeHHIO Hei1TpOHHOi1 H napl.IHanb
HOi1 pa,Q Hal.IHOHHOI:\ WHpHH. KopeHb H3 3THX illi-IP~1H, B CBOIO 04e
pe,Qb, n ponOPl.IHOHaneH COOTBeTCTByiO~HM aMnnHTy,QaM, 3HaKH 
KOTOP~X HeH3BeCTH~, HO ,QOnmH~ 6~Tb O,QHHaKOB~MH B B~pame
HHRX /5 / H /6/. M3 pHc.4 H pac4eToe no MHK BH.QHD, 4TO 
HeT T04 KH, nema~ei1 Ha OKpymHOCTH, B KOTOpol:\ neoeceKanHCb 
6~ BCe TpH KPHB~e. 0CHOBHOe npOTHBOpe4He OTpameHO B KpH
B~X 1 H 2, TOr,Qa KaK Kam,QaR H3 HHX ,QaeT COBMeCTHMOe B npe
,Qenax OWH6KH 3KCnepHMeHTa nepece4eHHe C KPHBOI1 ~ Hn OKpym
HOCTH.A pyrol:\ HnniOCTpal.IHel:\ TaKol:\ HeCOBMeCTHMOCTH RBnRIOTCR 
nyHKTHpHble KPHB~e Ha pHC. 3, OnHCbiBa~He ln . n. npl-1 3Ha4eHH~ 
RX x, Ha.::i,QeHHbiX npH no.QrOHKe l B. ·H./pHc.2/. KpHBaR 1, co

OTBeTCTBYIO~aR Ha6opy X= 0,84, Y = 0,54, nemHT 3Ha4H
TenbHO B~We 3KCnepHMeHTanbH~X T04eK, a KPHBaR 2 /X 
= -0,24; Y = -0,97/ nO,QXO,QHT ,QnR KOnH4eCTBeHHOro OnHCaHHR 
ln·. ·n., HO ,QaeT ,Qpyroi1 3HaK 3$$eKTa. nony4eHHble npOTHBOpe-

4HB~e pe 3 ynbTaT~ 3acTaeHnH npoeecTH T~aTenbHYIO npoeepKy 
3KCnepHMeHTanbH~X ,QaHH~X. 6~nH C,QenaH~ ,QOnOnHHTenbH~e H3-
MepeHHR C nonRpH30BaHHbiMH H HenonRPH30BaHHbiMH Hei:\TpOHaMH 
B H3MeHeH H~X reOMeTpH4eCKHX ycnOBHRX, TeM He MeHee CHTya
l.IHR He n ooRCHHnacb. TeopeTH4eCKHe e~pameHHR .QnR onHcaHHR 
.QH<!><!>epeH l.I HanbHbiX 'ce4eHHI1, npHBe,QeHHble e pa6oTe 16 1, corna

cyiOTCR c pe3ynbTaTaMH PR.Qa APYrHX pa6oT, HanpHMep/
1

1.
121

, 

r,Qe paccMoTpeH~ aHanorH4H~e ReneHHR. TaKHM o6pa3DM, Mano
eepoRTHO , 4TO npH4HHOi1 Ha6niO,QaeMOrO npOTHBOpe4HR RBnReTCR 

OWH6Ka n pH BbiBO,Qe ,QOBOnbHO rpOM03,QKHX COOTHOWeHHI:\. 3aMe
THM, 4TO 1-13MeHeHHe 06~ero 3HaKa O,QHOrO H3 B~pameHHi1 /5/ 
HnH /6/ n pHBO,QHT K COrnacyiO~HMCR C 3KCnepHMeHTOM pe3ynb
TaTaM. 3 TO BH,QHO H3 pHc.4, r,Qe nyHKTHpHaR KPHBaR 2 COOT
BeTCTI;iye T ·BblpameHHIO /6/, HO c H3MeHeHHbiM 3HaKOM. B 3TOM 
cny4ae n o ny4aeTcR y,QoeneTBDPHTenbHOe nepece4eHHe ecex 
KPHB~X Ha OKpymHOCTH B T04Ke C X : 0,2. 

Heo6XO,QHMO OTMeTHTb, 4TO B ,QaHHOI:\ pa6oTe Bnepe~e Ha~ 
6niO,QanHCb ,QnR O.QHoro H Toro me p-pe3oHaHca pa3nH4H~e 
4eTH~e KOppenRl.IHH npH HCnycKaHI-11-1 y-KBaHTOB pa,QHal.IHOHHOrO 
3aXBaTa Hei:\TpOHOB, KOTOp~e n03BOnHnH npocne,QHTb 3a COBMe
CTHMOCTbiO pe3ynbTaTOB. 06HapymeHHOe npOTHBOpe4He Mem,Qy 
npe,QCKa3a HHeM TeOpH"' 1-1 3KCnepHMeHTanbH~MH pe3ynbTaTaMH 
Tpe6yeT T~aTenbHOrO aHanH3a npHMeHHMOCTH ,QaHHOrO OnHca
HHR RBneH HR H ,QanbHel:\wero 3KCnepHMeHTanbHOrO HCCne,QOBaHHR 
aHanorH4H~X 3$$eKTOB ,QnR ,QpyrHX R,Qep 1-1 pe30HaHCOB. 
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aCCMOTpeHa MO,D;eJ!b THTia MOp;eJIH. ,L\HKKe C KBap;paTHti
HbJM no onepaTOpaM nona B3aHMop;eHCTBHeM. cliH3HtleCKOH 
peanH3a~HeH TaKOH CHCTeMbl MOTYT CJ1)')KHTb p;HnOJ1bH0-
3anpe~eHHbie nepexop;bl, Hcnonb3yeMble B npo~eccax HenH
Heiiuoro npeo6pa3oBaHHa MK-w3:nytieHHR B BHAHMbiH p;Hana-
3ou , J1H60 CHCTeMa, OnHCbiBaiO~aa B3aHMop;eHCTBHe MaTe
pHH C 3J1eKTPOMarHHTHbiM 110J1eM H cPoHOHaMH. Jlna HCCne
,D;OB a HJUI nop;cHcTeMbi nonn Hcnonb30BaH MeTOJJ. rnay6epoe
CKHX KOrepeHTHhiX COCTOaHHH. MeTOJJ.OM npOeKTOpOB Ha 
COCTOHHH.R C KOHetiHbiM 'IHCJ10M $OTOHOB Bbi'IHCJ1eHa CTa
THC THtleCKaa CYMMa. llOCTpOeH annpOKCl!MHPYIOI.IlHH raMHnb
TOHHaH. lloKa3aHO OTCyTCTBHe paBHOBeCHOrO ¢la30BOrO ne
pexop;a B CBepXH3J1ytlaTeJ1bHOe COCTO.RHHe, npH 3TOM Ha
Cf' JI€HHOCTb HHJKHero ypoBHa ecerp;a 6onbwe, t~eM sepxHero. 

Pa6oTa BbmonHeHa B J1a6opaTOPI<UI TeopeTHtleCKOH $H3H
KH mum. 

Non ! inear Tvm-Mode Dicke Model 

E. I.Aliskenderov, A.A.Moldoyarov, A. S. Shumovsky 

A Dicke type model with the quadratic in field ope
rators interaction is considered. A physical reali
zation of such a system is dipole-forbidden transi
tion s, used in the processes of nonlinear transforma
tion of infrared radiation into a visible range, or 
the system, describing the interaction of a mat
ter with electromagnetic field and the phonons.The 
method of Glauber coherent states is applied to stu
dy t he field subsystem. The partit i.m function is cal
culated by the method of projectors onto the states 
with finite number of photons.The approximatinr, Hamil
tonia n is constructed.It is shown there is no equilib
rium phase transition into a superradiance state, 
the population of the lower level being always larger 
than of the upper one. 

The investigation has be en performed at the La
bora t ory of Theoretical Physics, JINR. 

MHCTHTYT MaTeMaTHKH AH KHprCCP 



PaccMOTP11M ASYX<I>OTOHHble npo~eccbl 8 CI1CTeMe N A8yx

ypo8He8biX aTOM08. <l>113114eCKOH peanl13a~l1eH TaKOH CHCTeMbl 

MOryT cnY>KI1Tb ,QHnonbH0-3anpel!leHHble nepexo,Qbl, 11Cnon b3ye

Mble, Hanpi1Mep, 8 npo~eccax npeo6pa3o8aHI1R H-K-113ny4eHI1R 

8 811A11MbiH ,QI1ana30H / l ~ raMI1nbTOHI1aH CI1CTeMbl 11MeeT 811A 

111 

# 
3AeCb ai - onepaTOPbl 3neKTPOMilrHI1THOro nonR, YAOBneT-

BOpR~I1e nepecTaHOB04HbiM COOTHOWeHI1~M 

+ 
[ ai • a j ] = 8 ij r a i • a j ] = () ; i • j = 1 • 2 . 

OnepaTopbl MaTepr-111 a z , a ± aA.QI1TI1BHO BbiPalKaiOTCR 4epe 3 MaT

P"~~bl nayn11, OTHeCeHHble K y3ny f ; 

z 1 N z 
a = - ~ a f ; 

2 N C= 1 

N 
~ ( a x ± . Y) 

2NC= 1 r I a f . 

1 
a 

0TMeTI1M, 4TO OAHO 113 noneH B 111 MOlKHO 11HTepnpeTI1POBaTb 

KaK <!>OHOHHoe none 121 . CneAyeT ynoMRHYTb, 4TO p·aeHoee CHble 

CBOHCTBa CXOAHOrO 0606111eHH.FI MO,Qen11 l\11KKe, OTnl14aiOI!Ie rOCR 

Hanl1411eM e111e 11 ni1HeHHOrO no 6030HaM B3ai1MO,Qe~CTBI1R , pac

CMaTpi1Bani1Cb ,QlK1111MOPOM / S~ np11 3TOM 6bl110 noKa3aHO, 4 TO npl-1 

,QOCTaT04HO 60J1bWI-1X 3Ha4eHI-1RX KOHCTaHTbl CBR31-1 B CHC TeMe 

eCTb <!>a30Bbl~ nepeXO,Q B CBepXH311Y4aTeJ1bHOe COCTORHI1e . 

l\11R HCCJle,QOBaHHR TepMOAHHaM"'KH CHCTeMbl C raMHJ1b TOHI1a

HOM 111 YA06HbiM npeACTaBnReTCR MeTOA rnay6epOBCKI-1X KOre-
v/4;5 / H 

peHTHbiX COCTORH"'H . a nepBOM 3Tane nony4HM CXO,QRI!IHe-

CR B Te pMOAHHaMH4eCKOM npe,QeJle aepXHIOIO 11 Hl-1lKHIOIO rpa H11l.\bl 

AllR CTaTI-1CTH4eCKO~ CYMMbl no raMHnbTOHHaHy 111, C 310~ 
1.\ellbiO eBeAeM e nonHoM npocTpaHcTee cocTORHH~ H = ~1 ~ ~2® 

® }{ I ~ . - npocTpaHcTeo, Ha KOTOPOM onpe,t~eneHbl o n epaTo-s # I 
Pbl a . , H }{ s - npOCTpaHCTBO COCTORHI-1~ onepaTOpOB Cn HHa 

. I N 
aJ i 2 ( j = x . y , z ) pa3MepHOCTI-1 2 I npoeKTOPbl P

1 
(n ) 1-1 P

2
(m) 

Ha COCTORHI-1R C He MeHee 4eM n $OTOHaMI1 1-1 He MeHee 4 eM m 

<!>oHOHaMH. Ha 3Toro onpeAeneHI-1R cneAyeT, 4TO Pi~)~ l i 
B CHJlbHOM CMbiCJle lr11aea 8 KH11r1-1 16 1 I. KpoMe TOro, Y4 TeM, 

4TO AllR raMH11bTOHI-1aHa 11 I BbiOOJlHRIOTCR cneAYIOIIIHe ycn oaHR: 
1 I D(H ) nJlOTHO B }{ ; 21 H = H.,. , D(H) = D(H +) ; 31 "i/ 1/J ~ D(H), 
3 a : (r/J, H w) > a llr/Jij 2 

; 41 aess= d, T.e . cneKTP AHCKpeT e H ; 

51 H npHHaAJlelKHT Tr -Knaccy. lloKa3aTenbCTBO 3THX c eo~CTB 
n pOBOA 1-1 TCR B paMKaX TeXH11KI-1, 1-13110lKeHHO~, Hanp HMep , 8 / S / . 

n oJ10lKI-1 M Aa nee 

H( n , m) = P1 ( n ) P2 (m) HP 2 ( m ) P
1

(n) 
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11 paCCMOTPI1M 

Z(n, m) = Tr P
1
(n) P

2
(m)exp(-f3H(n, m)). 

IJ<I 
121 

04eB11AHO, 4TO B /2/ 6epeTCR CJleA onepaTOpa B KOHe4HO

MepHOM npOCTpaHCTBe. 3aMeT11M TaKme, 4TO o6~eH o6naCTb~ 

onpeAeneHI1R AllR onepaTopa H e /1 I 11 on~paTopoe H (n , m) 

RBnReTcR o6nacTb J{ = U P
1 

(n) p
2 

(m) J{ , 11 AllR n~6oro co-
ln,ml 

CTORH I1R 1/J ~ J{
0 

MOmHO YAOBJ1eTBOPI1Tb paBeHCTBY 
.. 

P
1 

(n) P
2

(m)HP
2

(m) P
1

(n)l/J = Hl/1, 

Bbl6pae AOCTaT04HO 6onbwl1e 3Ha4eHI1R n 11 m. B c11ny :noro 

paeeHCTBa 11 CBOHCTB 1 I 11 2/ 11MeeM H (n, m) .... H B CMblcne 

CI1JlbHOH pe30J1bBeHTHOH CXOAI1MOCTI1 /rnaBa 7 KHHr11 161 /. H3 

nocneAHero CJleAyeT, 4TO AllR npoeKTOPH03Ha4H~X Mep 11MeeT 

MeCTO n peAeJl S - lim P(a,b)(n, m) = P(a,bj (a, b) ti a(H) 
n,m~OQ 

/nocKOJlbKY B c11ny cneKTpanbHOH TeopeM~ PA=-
2

1
. f+RILdll, 

rrl G(A ) 
-1 + 

rAe Rll = (H -1-L J ) , a G(A ) - 113BeCTH~H cTaHAaPTHbiH KOH-

Typ/. oo 

nycTb {1/Jk, {i;k Jk=l- CI1CTeM~ C06CTBeHHbiX BeKTOPOB 11 co6cT

BeHH~X 3Ha4eHI1H AllR raM1111bTOH11aHa H. ,llnR H (n, m) C£-lOTBeTcT

BYIOUIY~ CI1CTeMy 0603Ha411M 11/Je (n, m ), {i;f (n, m) Je~~. 2 
• Mbl MO

meM 11C J10Jlb30B~Tb 1/Je~,m) B Ka4eCTBe npo6H~X $YHK~I1H AllR 

H .11 MeTOAOM ~3neR - PI1T~a /rnaea 13 KH11r11
171 I nony411Tb 

{i;f (n, m ) > {1; f AllR 1 !> . f :s;n •.m •. 2 ~ . nocneAHee BMeCTe 

C CI1Jlb HOH CXOAI1MOCTb~ npoeKTOpH03Ha4H~X Mep AOCTaT04HO 

AJ1R CytlleCTBOBaHI1R npeAeJlOB 1/J f(n, m)-> 1/Je , {i;f (n, m)-> {1; f 
J10T04e4 HO no 11HAeKCY f B CI111Y cneKTpaJlbHOH TeopeMbl /rna

sa 8 KHI1rl1 
16 1/.. ' H3 $OPMYn P3neR - P11T~a cneAyeT TaKme, 

4TO exp (-f3{i;j (n, m)) < exp(-f3{i;j) AllR j: 1 ~j ;; n·m·2~ 
H3 TeopeM~ 0 MamOPI1POBaHHOH CXOA11MOCTI1 nony4aeM 

liin Z( n , m) = Z. /3/ 
n,m--.oo 

B Ka mAOM 113 npocTpaHCTB ~i BBeAeM yce4eHH~e rnay6epoe

CKI1e COCTORHI1R 

I ~' n > = pi (n) I ai > ' ai I ai > = ai I ai >. /4/ 

lorn a CnpaBeAJ111B~ COOTHOWeHI1R 

< q , n I f3t , n > = K i ( ai, f3t, n) = 
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1 2 2 n n' 
= exp[- -(Ia I + 1,8.1 )] x l: (a~,B.) /n'!, 

2 n':1 I I 
/51 

T r P. (n) I a. > <,B. I P. (n) = Tr I a . , n > <,B. , n I = K. (a . , ,B. , n ) , 
111 I I I 1 11 I I I I I I 

I I 

!6! 

1 
Tr ~ (n)APi (n) =-fda <a., niAJa., n > , 15. j TT I I I 

I 

171 

rAe A - npoH3BOilbHbl~ onepaTop a :fi , 

<a
1
., nla.la., n > = a.K.(a., a., n -1), . !8! 

I I I I I I 

<a, nla+a In, a>= la.1
2 K.(a_, a., n - 1), 

I I I I I I I I 
/9/ 

1 
P. (n) = - r da. I a.' n > <n' a .I' 

I 17 . I I I 
/10/ 

+ 1 "2 
Pi (n) ai '\Pi (n) =-I dai(jail 

TT 
-1) I a . , n > <n, a . I , 

I I 
/11/ 

npeAeilbHbiM nepeXOAOM n ... oo MO>KHO nOilY4HTb <!>OPMYilbl Ailfl 
o6bi4HbiX rnay6epOBCKHX COCTOfiHHI:i. nocKOilbl<Y Ml:)! Y>Ke AOKa-
3ailH, 4TO Z (n, m)-+ Z, TO Ailfl nony4eHHfl HH>KHei1 rpa HHl.lbl Ol.leH

KI-1 CTaTHCTH4eCKol:i CYMMbl eocnoilb3yeMcfl <!>OPMYI10i1 / 7 I, noA
cTaenflfl A = exp(- ,BH). l-13 HepaeeHCTBa 6oroillo6osa - nai1epnca 

<1/JjeAj i/J > ;:: . <1/111/J> expf < I/JIAII/J > I <1/111/J>] 

1 
Z(n, m) > Tr- fda da K (a, a, n) K (a, a, m) x 

1}{
8 
I rr 1 2 1 1 1 2 2 2 

2 K
1
(a

1
, a

1
, n- 1) 2 K

2
(a;! a

2
, m- 1) 

x exp[ -,8 l w I a I -------- + w I a I ---- -- + 
1 1 K1(a1, a1, n) 2 2 ~(a2, a 2, m) 

+ Kt<a 1,a 1,n-1) 
/13/· 

A. N -
+-· l: (a a*a* 

2N f= 1 r 1 2 
+ a a a ) · ------------ . x r 1 2 K 

la2, a2, m) 
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BaRe cneA e npocTpaHcTee K H nepexoAR K npeAeny 
- s 

n , m ... "" , HMeeM Z > Z , rAe 

- 1 2 
Z = - 2 ( da da exp[- f3 (w I a I · + 

7T 1 2 1 1 

2 N 2 >,.2 
2 2 1/2 

+ w Ia I )1 ·2 · [ch({3(f + ~ la
1

1 la
2

1 ) )L 
2 2 N 

/14/ 

0TMeTHM, 4TO o~eHKa /14/ cnpaBeAflHBa B CHflY TeopeM~ 
0 MamOpHpOBaHHOH CXOAHMOCTH. 

~nR nony4eHHR o~eHKH ceepxy eeeAeM cneAy~ee e~pame-
HHe 

Z (n , m) = TrP(n)P(m)(1-f3 H(n,m))k 
k 1 2 k /15/ 

I 

H, CfleAYR JlH6y 191, BOCnOflb3yeMCR OAHHM H3 HepaeeHCTB ron
AeHa 1101 

2m 2 2 m 2m 2m I Tr (AB) I s Tr (A B ) s Tr A B , /16/ 

C~OPMYflHPOBaHH~M, npaBAa, AflR orpaHH4eHH~X onepaTopoe. 
4To6~ 060HTH BOnpoc 0 CXOAHMOCTH B /15/, BBeAeM Be3Ae,rAe 

eCTb onepa TOPbl nonR ar i ?_?pe3aiOUIHH ~aKTOP e-Yiail
2 

, y > 0, 
KaK 3TO 6~no CAenaHO B ll AflR CTaHAaPTHOH MOAeflH aHKKe. 
nony4eHH~.:1 TaKHM o6paaoM raMH!lbTOHHaH o6oaHa4HM H ~(n , m), 
a e~pa~eHHe e /15i- KaK Z~(n, m). nPHMeHRR /16/, HMeeM 

y da da 
Z k(n, m) < J --1 

--
2 K (a , a , n) K (a , a , m) x 

7T 7T 112 222 

y 
x Tr (1 _ f3 H ( n, m) ) k 

IKSI k . 

/17/ 

CHOBa nOflb3YRCb TeopeMOH 0 MamopHpOBaHHOH CXOAHMOCTH, 
B~4HCflRR cneA e K

8 
H HHTerpan e npaeoH 4aCTH /4TO nerKo 

e CHny ero rayccoeocTH/, a TaKme nonaraR y = 0 /4TO eoa
MomHo B CHflY paBHOMepHOCTH O~eHKH /17/ no y/, nony4aeM 

Z < Z < Z exp(f3(w ' + w )), 
- 1 2 

/18/ 

rAe Z AaeTCR B~pameHHeM /14/. 04eBHAHO, 4TO B TepMOAHHa-
4eCKOM npeAene BepXHRR H HHmHRR rpaHH~~ B /18/ CXOARTCR. 
Ceo60AHaR 3HeprHR paccMaTpHeaeMOH CHCTeMbt, TaKHM o6pa-
30M, pasHa • . 

f 1 = - 1' ln z o Im -
30 p N ... oo N . 

/19/ 



I ai 1
2 

JlerKO B11AeTb, 4TO 3aMeHC!!'111 Xi = r:r-
BaTb CTaTI1CTI14eCKYIO CYMMY Z B CJleAYIOI!Iee 

MOmHo npeo6 pa3o

BblpameHI1e: 

00 00 

- 2 
Z=N fdxtfdx

2
exp[NI-f3(w

1
x

1
+w

2
x

2
) + 

0 0 

+ ln(2ch({3fj1 + ~ x 1x2 ))ll. 
f 

HHTerpaJl /20/ Bb1411CJ1HeTCH CTaHAaPTHO MeTOAOM Jlan11aca . 

YpaeHeHI1e AllH TOYeK 3KcTpeMyMa ~YHK~1111 

~(x, x) =- f3(w x + w x) + ln(2ch({3f~,_l_+_..A..:-22_x_x )) 
12 11 22 ( 12 

Bblr J1HA11T CJleAYIOI!I11M o6pi!30M: 

/20/ 

j >..2 2£w / . >..2 2fw;: >..
2 

th ({3f 1 +-X X ) = -----1 y1 +-X X = --2 1 +-X X . 
f 2 1 2 >..2 X 2 1 2 >.. 2 l 2 1 2 

2 f X 1 /21 I 

06naCTH 3KCTpeMyMOB ~YHK
~HH ~(·) : 
I - o6nacTb cyU~eCTBOBaHHH 

" (1 <lJ (>.. I, X~ 
pemeHHH y paBHeHHH --rlX___ 0, 

I 
II - To JKe )J,nR ypasue HHH 
d <lJ (X 

1
, X 2 ) • 

--------- - 0, a I - Kp BaH 
ri x

2 
f 2 

xl = A2 1 A 
2 2 

2 
-- (( ---- ) X - 1 ) 
X 2 2 ru It 2 

2 
~~ 1 - npHMaH x ~-46) 1 x 

2 A 2 I 

b - npHMaH wX =w X . 
I 1 2 2 

a -2 

0H11 nonpocTy HecoeMeCTHbl np11 A .s 2vr;,J~u:;; /eM. pH c yHoK/, 

nOCKOJlbKY 06JlaCTI1, rAe OHH 11MeiOT pemeHHH, He nepece KaiOT

CA. B cnyYae A > 2v·"Zi"'1w 2 
npHMbiM Bb1411CJleHI1eM y6emAaeM CH, 

4TO KBaApaTI14HaH ~OpMa 113 BTOpbiX npOI13BOAHbiX OT ~(X 
1
, x

2
) 

Ha Kpi1T114eCKOi:1 npHMOi1 uJ 1 X 
1 

= W 
2 

x
2 

nOJ10mi1TeJlbHO onpeA eJleHa, 
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CneAOBaTenbHO, MaKc~MYM AOCT~raeTcH Ha rpaH~~e o6nacT~ ~H
Terp~poeaH~H. PaCCMOTpeH~e noKa3~BaeT, 4TO T04KOH MaKc~
MyMa HBnHeTCH x1 =x 2 = ~ H3 1191 nony4aeM nnoTHOCTb ceo6oA
HOH 3He pr~~ 

f =- ..L ln (2ch(~£)). 
~ 

1221 

MaKpocKon~4eCKoro 3anonHeH~H 6o30HH~x MOA HeT, TaK KaK 
00 00 

a+ a . .fdx 1(dx2xi exp(Ncl>(x 1, x2 )] lim < - 1 - 1 > = lim ..Q __ ,O_______ = 0. I 2 3 I 
N oo oo 

N->oo N"""""' (dx 1 { dx 2exp(Ncl>(x
1

, x
2
)] 

n 0 1 - ~ c 
OCTPO~M annpOKC~M~py~~~~ raM~nbTOH~aH. npaBeAn~ea cne-

AY~~aH 

TeopeMa. AnH raM~nbTOH~aHa 

N 

eTCH raM~nbTOH~aH H = ~ I. a; 
111 annpOKC~M~py~~M HBnH-

a 2 f= 1 
B TOM CMt>ICne, 4TO 

lim(f[H] · · f[H ] ) = 0. a 
N->oo 

AoKa3a TenbCTBO. 06o3Ha4~M 4epe3 H0) onepaTOPi nony4eH
HbiH cneAY~~eH 3aMeHOH e I 1 I: 

1 N ± # 
- I. af ... 1J. 
2N f= 1 

nycTb . 
. - 1 N 

H~ = H - II (7J) = A [ (- I. a -
2N f=1 

+ 1 ; a+- "!*) a 1 a2]' 
7J)a:a2 + ( 2N f= 1 1241 

CornacHo TeopeMe 6oron~6oea 18 ~ ~MeeT MecTo HepaeeHcTeo 

1 - 1 
- - < H,. > _ .5 f[Hl- f(H(7J)] .$-- <H~> . 

N u H(7J) N H 

Pa36~ea H H0) Ha ABa cnaraeM~x, 

+ 
H(7J) = H + H F = H + w a a a a 1 1 1 

+ A(7J*a a + 7Ja +a+ ). 
1 2 1 2 

+ 
+ w a a + 

2 2 2 

AnH cpeAHe ro e neeo~ 4aCT~ 1251 nony4aeM 

1 N - + + 
<H~> - = A < - I, a-"!> · <a

1
a

2
>_ + K.c.= 

H(7J) 2N f = 1 f Ha HF 

+ + 
A 1J <a 

1 
a 

2 
> _ + K. c. 

HF 
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# nepeHAeM OT onepaTOPOB a: K HOB~M 6030HH~ onepaTO~aM 
Ai cneAY~HM KaHOHH4eCKHM npeo6pa3oBaHHeM: 

+ -i¢ + -i¢ 
A 1 =a1chp+a 2shp·e ; A 2 =a1 shp-e +a 2.chp, /27/ 

a ¢ = Arg 71· 
raMHnbTOHHaH HF AHaroHanH3yeTCR: 

+ + 
HF = E 0 +E 1A1A1 tE2 A2 A 2 , /28/ 

~ 2 2 2 (w +w) -4A\7JI, 
1 2 

1 I 2 2 2 
E 1 = 2 ( w 1 - w 2 + V ( w 1 + w 2) - 4 A !Til ) ' 

E2 = ~ (w2- w1 + Jcw1 + w2)2- 4A2!7112) . 

+ + Tenepb BHAHO, 4TO <a 1ai>iiF He 3aBHCHT OT N. H, Aa>Ke He 
B~4HCnRR 3TO cpeAHee, nony4aeM, 4TO neeaR 4aCTb B /25/ 
HC4e3aeT npH N-+ oo, KOrAa \11\ orpaHH4eHO: 

ITI! < K, /29/ 

rAe K - HeKoTopoe nono>KHTenbHOe 4Hcno. 
npaBYIO 4aCTb B /25/ Ol..leHHM cneAYIOU\HM 04eBHAHbiM o6pa-

30M! 

nepeoe cnaraeMoe e 3TOM cpeAHeM orpaHH4eHo e c Hny /29/ 
1 N + H orpaHH4eHHOCTH onepaTopoe -- ~ a-. CpeAHee OT onepaTo-

2N r=1 r 
poe nonR npeAcTaBHM e BHAe cneAYIOU\ero HHTerpana, ocnonb-
30BaBWHCb MeTOAOM rnay6epOBCKHX KOrepeHTH~X COCTORHHH, 

1 + + -
N 

< a 1a 1 a 2 a 2 > = Nfdx 1 (dx x x expfN!l>(x . x )]/Z . /31/ 
H O O 212 12 

nocKOnbKY MaKCHMYM <!>YHKI..IHH lf>(x 1 , X 2) AOCTHraeTCR, KOrAa 
Xl =X 2 = 0, T.e. Ha rpaHHI..Ie o6naCTH HHTerpHpOBaHHR, TO 
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npH o4eHKe HHTerpana MeTOAOM nannaca rnasH~A 4neH acHMnTo
THKH nponopL{HOHa.fleH *X 1x 2! 4TO npH N-> oo AaeT Hynb 
B npasoA 4aCTH /25/. _ 

TaKHM o6pa3oM, HMeeM lim lf[H]- f[H(l'/)1 I = 0. 
N->oo 

Ao CHX nop 111 I npeAnonarancR npocTo orpaHH4eHHbiM. HH4-
TO He MewaeT nonolKHTb ero pa8HbJM Hymo. TorAa 
- + + 
H ( 1/ = 0) = w a a + w a a + H 

111 222 a: 

CneA08aTenbHO, lim lf[H] -ffHal I= 0, 
AOKa3aTb . N->oo 

4TO H Tpe6o8anocb 

HaMH 6~no CTpOrO noKa3aHO, 4TO CHCTeMa A8YXYP08He8b1X 
H3ny4aTeneA, 83aHMOAeHCT8YJO~HX C 3neKTPOMarHHTHbJM noneM 
~ KOrepeHTHOH ~OHOHHOH MOAOH, cornaCHO /1/ He MOlKeT npe
Tepne8aT b pasH08eCHbiA l)>a308biH nepexoA 8 C8epx~3ny4aTenb
Hoe COCTORHHe. 3aceneHHOCTb 8ePXHHX YP08HeH 8 CHCTeMe 
8CerAa MeHbWe, 4eM 3aceneHHOCTb HHlKHHX, H CTaH08HTCR pas
HOH eA TOnbKO npH 6eCKOHe4HOH TeMnepaType /nOAPa3yMe8aeT
CR, 4TO f > 0/, TaK KaK 

N -~ = Tr I - 1- I a: exp (- {j H) l / Z 
2N f= 1 

.!_ th (,Be) , = - 2 

H, cneAOBaTenbHO, 0 2. ~ ~ -1/2. EcnH t < O,To KapnrHa o6-
paTHaR. 

HaAO Ta Klf<e 3aMeTHTb, 4TO, ecnH paccMaTpH8aeTCR npo4ecc 
THna KOM6HHaL{HOHHOrO pacceRHHR B AaHHOH CHCTeMe, T.e. KOr
Aa 83a~MOAeHCT8He,HMeeT 8HA 

A N + + - + 
H M F = - I (ar a a + a a a ) , 

- 2 N r= 1 1 2 r 1 2 

TO BCe pe3ynbTaTbl AaHHOH pa60Tbl OCTaJOTCR cnpa8eAnHBbiMH. 
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KpamKue co061JieHUJI OH.HH Nl0-85 JINR Rapid Cormnmicationa NQ.l0-85 

YliK 530: 182 

"cn£:<TP" 4ACTHbiX PEWEHY1A 
AflS MAtCWBHO~ MOAEflW ~OMnflEKCHOrO nons 
TWnA 60PHA - WH~EflbAA 

B.E.rp~w~H, B.K.~eARH~H 

B MOAeJIH nma BopHa - HH$eJibAa c U(l) -a6eneeoii rno-
6aJibHOH KaJIH6poeoqHQH rpynnoii, HCIIOJ1b3YH PHA IIOACTa
HOBOK, II03BOJIHBWHX HaHTH HHTerpHpyro~HH MHO*HTeJib, IIpH
XOAHM K SaAaqe IIOH£Ka qaCTHb~ pemeHHH Ha aJire6pa~e
CKOH noeepXHOCTH G2 -P4(¢,w 2JE)=0 pOAa g =I /Tono
JIOrHH TOpa/. "CneKTP11 3THX pemeHHH, IIOJiyqeHHbiH MeTo
AOM $a30BOll IIJIOCKOCTH /MIJ>ll/, aHaJIH3HpyeTCH B 3aBHCH
MOC TH OT napaMeTpoe D(w 2, E) HCXOAHoro HHTerpana. 

Pa6oTa BblnOJIHeHa B na6opaTOPHH TeopeT~eCKOI1 $H3H
KH OIDIM. 

"Spectrum" of Special Solutions 
for a Field Massive Model 
of Born-lnfeld Type Complex 

V.E. Grishin, V.K.Fedyanin 

Special solutions U(l)of the Born-Infeld model with 
Abelian gauge global group have been found using some 
subs t itutions and integrating factor. The problem is 
reduced to finding its special solutions on the algeb-

. • 2 2 raic surface G - P (¢, w JE) = 0 of the type g"" I (to-
pology of torus). the dependence of these solutions on 
D(w 2, E)parameters of the initial integral is analysed 
by t he method of phase plane (MPP). 

The investigation has been performed at the Labo
rator y of Theoretical Physics, JINR. 

Beeo e Hue 

B cy~ecTey~~~x nonee~x Teop~Rx noReneH~e pacxoA~MOCTeH 
TeCHO CB fl 3aHO C noBeAeH~eM HeKOTOpbiX T~nOB peweH~H COOT
BeTCTBY~~ero ypaeHeH~R, KOTOp~e ~CXOART ~3 OC060H npocT
paHCTBeHHO-epeMeHHO~ T04K~, noA06HO ~yHK~~RM lUB~Hrepa.TaK, 
B 4aCTHOC T~, B noneB~X ypaeHeH~RX Teop~~ C~nbH~X B3a~MO
AeHCTB~H ~MeeTCR Han~4~e C~HrynRpHOCTeH Ha CBeTOBOM KOHy
ce. AaHH biM c~HrynRpHOCTRM AOnmHa OTBe4aTb enonHe onpeAe
neHHaR cne~~~~Ka peweH~H e6n~3~ ceeToeoro KOHyca. E~e Ha 
3ape noR eneH~R Teop~~ 3neMeHTapHwx 4aCT~~ 6opH ~ WH~enbA 

npeAnom~n~ Hen~HeHHY~ MOA~~~Ka~~~ ypaeHeH~H MaKceenna. 
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8 nocneAHHe rOA~ HHTepec K HenHHeHH~M AH$$epeH~HanbH~M 
ypaBHeHHRM pe3KO B03poc. K OnHCaHH~ CBOHCTB 4aCT H~ B Teo
PHH KOHAeHCHPOBaHHOro COCTORHHR KnaCCH4eCKOH H KBaHTOBOH 
TeOpHH nonR npHBneKa~TCR peWeHHR KaK nonHOCTb~ H TerpHpye
MbiX ypaaHeHHH Is i ne- Gordon, HYUJ, KAB H AP. I, TaK H APYrHx 
HenHHeHH~X ypaBHeHHH /HanpHMep, ¢ 4/, 0TMeTHM, 4TO HenH
HeHHble ypaBHeHHR o6naAa~T, KaK npaaHno, 6oraT~M cneKTPOM 
peweHHH, KOTOpble MOlKHO C nonHbiM OCHOBaHHeM n PHBne KaTb AnR 
OnHCaHHR $H3H4eCKHX CBOHCTB 4aCTH~enOA06H~X o6~e KTOB 
/B ypaaHeHHH sine-Gordon - 3TO 11$0HOH~ 11 , KYIHKH H aHTHKHH
KH, 6HoH~/. HaM npeAcTaanReTcR, 4TO aKTyanbH~M RBnReTcR 
pa3BI-1THe 06U1J.1X MeTOAOB HCCneAOBaHHR 11cne .. pa 11 peweHHH He
nHHeHH~X ypaBHeHJ.1H. 

8 AaHHOH pa6oTe 6YAYT H3no>KeHbl OCHOBH~e pe3ynb TaTbl 
YICCneAOBaHHR cneKTpa peweHYIH MOAJ.1$J.1~HPOBaHHOH MOAenH Knac
ca 6opHa - ~H$enbAa AnR KOMnneKcHoro CKanRpHoro nonR, 
o6naAa~U1eH U(1rrno6anbHOH KanH6pOB04HOH rpynnoii. narpaH-
>KHaH 3TOH CHCTeMbl J.1MeeT BYIA 

r:-::2 2 2 
L(H,G] = y1 + H - m · G, /1/ 

2 2 
rAe H (¢11 ) = g11 ,_,.¢fJ. ·¢~, G (¢) = ¢·¢*- CKanRpbl. MeTpJ.14e CKJ.1H 
TeH30p gp.v 3AeCb OnpeAeneH B npOI13BOnbHOM n + 1-MepHOM 

1 0 
nceBAOeBKni1AOBOM npocTpaHCTBe: gp.v = (o-I) ,Spgp.v = - (n - 1) , 
p. , v = 0, 1 , 2 ... n . np11 Hanl141111 Maccbl m 2 I 0 HMeeM An R non
Hoi:! AHBepreH~HH COOTHOWeHHe 

2 . 
m . J' 

= ___ ¢:. _ ___ . 
,----,--

y' 1 + H 2 - m2G 2 

121 

YpaaHeHHe ABH>KeHHR /2/ npeACTaBnReTCR a pa3aepHyToM BHAe: 

2 2 2 2 2 2 
2 · ¢ · .(1 + H - m G ) - ¢ · V · f + m ( ¢ * · ¢ + ¢ I ¢ I ) + 

p.p. p. p. p. p. 

+ 2m 
2 

· ¢ · (1 + H 2 - m 2. G 2 ) = 0 . 
/3/ 

B /3/ BBeAeHbl o603Ha4eHHR v g = a fJ. ' all¢= ¢p.' f -~ ¢a· gaa ·¢8 -
CKanRp. npH ¢ = ¢*/p. ,v = 0,1/ Mbl npi1XOAHM K ypaaHe HJ-410 65p
Ha - ~H$enbAa AnR AeHCTBHTenbHOro CKanRpHOrO nonR 

2 2 2 2 2 2 
¢t_ t (1 - ¢X - m . ¢ ) - ¢XX (1 + ¢ t - m ¢ ) + 

+ 2 . ¢xt. ¢x. ¢t +2m2¢·(¢~-¢;)+ m2. ¢(1-m2. ¢2) = o_l4/ 
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Cny4ai1 m 
2 

= n - 6e3Maccoeoe ypaeHeHHH 6opHa ~ ~H!I>ellbAa' 
/ 3 - 8/ / 4 6/ 

6blll nOAP0 6HO HCCJleAOBaH B pa6oTaX . B ' 6bllla AOKa3a-

Ha nonHafl HHTerpHpyeMOCTb 6e3Maccoeoro eapHaHTa ypaeHeHHfl 

/4/. KpOMe TOro, OKa3~BaeTCfl, 4TO ypaBHeHHe /4/ MOmeT Me

Hf!Tb CBO~ THO /HapyweHHe rHnep60J1H4HOCTH/ B HeKOTOPOH 

npocTpaHc TeeHHo-epeMeHHO.::i T04Ke. B 3TOM c11y4ae B03MOmHa 

np.RMafl CBfl3b nORBJleHHfl Ha xapaKTepHCTHKaX YAaPHbiX BOilH 

B T04KaX , rAe ypaeHeHHe nepeXOAHT B ypaBHeHHe 3JlJ1Hn-
TH4eCKOr O THna . 

B pa6o Te
161 

6brna ycTaHoeneHa HAeHTH4HOCTb 6e3Maccoao.:1 

eepCHH / 4/ H ypaeHeHH1'1 3KCTpeMallbH~X noeepXHOCTeH Z = cp(X , t ) 
/M~JlbHble nlleHKH/(;' B OCeBAOeBKilHAOBOM npOCTpaHCTBe C MeTpH

KOH 

2 2 2 2 
dS =g dx . dx = dt - dx -dz. 

11"' 11 v 

KpoMe 3To ro, e 17 ·81 6~11a AOKa3aHa 3KBHBaneHTHOCTb ypaeHe

HHH 3.::\HWT e.::iHa (Sa = 0) HellHHeHHblM ypaeHeHHfiM 3JleKTPOAHHaMH

K11 6opHa - liiH$ellhAa· OTMeTHM a 3aKI1104eHr-~e 3Toro pa3Aena, 

4TO MOAellb THna DOpHa - liiH¢leJ1bAa C m 
2 # 0 6~11a MallO H3y4e

Ha BBHAY OTCYTCTBHfl AOCTaT04HO 3¢l¢leKTHBHbiX MeTOAOB HCCJle

AOBaHHR Allfl OOA06HblX Cy~eCTBeHHO-HeJlHHeHHblX CHCTeM. 

1 . Alta.llU3 ypaeHeHu.R O.ll.R .Maccu&Hoi'i .MOOe.ll 'i 
E o p11a - J1Hr{! e.llt~oa c U(1 ) - cu..M:Mempueii 

B ~aHHo.::i 3aMe1Ke, H31larafl pe3yllbTaT HccneAOBaHHR 
11 cneKTpa" 4aCTHbiX peweHf.1H /3,4/, Mbl, KaK H B 

19 •10 ' BOCOOJlb-

3yeMCR Me TOAOM $a30BOflr OJlOCKOCTH, Iii B AaHHOM CJ1y4ae eecb

Ma YA06Ha HHBapr-~aHTHaR OOACTaHOBKa: cp (O . •/J ) = cp ( (J) .e i ,J; . 

rAe 

(} = k
11 

· xp , 1/J = pl1 . X 11 

- o6o6~eHHaR KOOPAHHaTa H $a3a OJlOCKOH 6ery~eH BOJlHbl 

B n + ·1-Me pHOM npoc:TpaHCTBe. 

/5/ 

6yAeM npeAnOilaraTb , 4TO BeKTOPbl k l1 , pl1 HaXOARTCR Ha 

B3aHMHO · opTOrOHallb~X rHnep60J10HAaX C YCilOBHeM HOPMHPOB

KH k
11
2

= - a 2 < 0, p
11
2 = {3 2 > 0, k

11
.p

11
= 0.ECJ1H HCOOJlb30BaTb 

OOACTaHOBKY /5/, TO ypaBHeHHe ABHmeHHfl /3/ npHHHMaeT BHA 

2 2 2 2 2 2 2 ¢00 . (1 - w . ¢ ) + 2 . w . ¢ (}. ¢ - w . ¢ (1 - w ¢ ) = 0. !61 
,--;, 

/3AeCb Mbl nepeWJlH K nepeMeHH011 fJ' = O i \ ' -k~ ; WTPHX Aane e 

ony~eH/. noACTaHOBKO~ -~= Y ( cp) , ~! = Y · ...<!l_ ypaeHeHHe /6/ 
dO d(} d ¢ 

MOmHO npHBeCTH K AH¢¢epeH~HallbHOH ¢OpMe n¢a¢$a: 
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0 = p (y. ¢). dy + Q (y. ¢) . d ¢ = 0 . 171 

JlnR Toro 4T06bl ¢lopMa 0 RBn.Rnacb nonHbtM A11¢l¢lepeHl.lHanoM, 
He06XOA11MO 11CnOJ1b30BaTb I1HTerp11py10~11i1 MHOlKI1TeJ1b: 

p. ( ¢) = exp f I ( aQ - a P ) I P I d ¢ = 
ay a¢ 

2 cf>·d¢ -3ln(t-w
2
·¢

2 > 
= exp ( 6 · w · f ) = e 

1-w2-¢2 
1 

p.(¢) = -----
(1 _ w2 . ¢2) 3 

!81 

B HTore ypaeHeHHe /7/ e nonHbiX AH¢l¢lepeHl.l11anax npeAcTae
Jl.ReTcfl B CJleAYIO~eM BI1Ae: 

a.n an 
dO=- . dy +- . d¢ = 0, 

ay a¢ 

rAe an = P(y, cp)·p.(¢~ fJO =Q(y, cp) · p.(¢). 11cnOJ1b3YR /8/, 
ay a¢ 

y2 
n (y • ¢) = P. < ¢) . (P . d y + z < ¢) = -------- • z < ¢ ) , 

2(1 - (J) 2 ¢ 2 ) 2 

an 2·w
2

·Y 2 ·¢ 
- = --------

2 2 2 
(1- "' 0 ¢ ) 

az 
'" - ~ Q·p.(¢}. 

rlcp 

rl z 2 
0 A.. 

113 nOCJleAHero COOTHOWeHHR CJleAyeT: - =- ---6
-' ~-.B OKOH-

ifcp {1-c,,2.¢2)2 
4aTeJ1bHOi1 ¢lopMe ¢lyHKl.lL111 Z(¢), O(y.cp) npeACTaBJlRIOTCR 
B BHAe 

Z(¢) =- w 2 ( __ d¢'---

{l-w2·¢2)2 

O(y,¢) = 
y2 

1 1 
----- + c 

2 2 2 ' (1- (,j ¢ ) 

2 2 
2 . (1 - w ¢ ) 

T c . 

0TCIOAa ClleAyeT, 4TO d {l - nollHbtii A11¢l¢lepeHl.lL1aJ1 1 TO ecTb 

y 2 1 
d [ --------- - ---------- + c 1 = 0 . 

2 . (1 - (J) 
2 

0 ¢ 
2 

) 
2 

2 . (1 - w 2 
0 ¢

2 
) 

C y4eTOM Toro, 4TO Y = ~-~ . A11¢l¢lepeHl.ll1allbHOe ypae HeHHe /6/ 
d8 

npi1HI1MaeT OKOH4aTeJlbHbli1 B11A: 
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< M ) 
2 

= (1 - w 2 . ¢ 2 ) . ( 1 + c (1 - w 2 . ¢ 2 ) l. 
d8 

191 

KeaApaTypa 191 AaeTCH 3nnHnTH4eCKHM HHTerpanoM 1-ro POAa: 

d¢ 2 2 
8(¢) = J , G

4
= E-U(¢,Eiw ), 

04 (¢) 
1101 

2 2 2 4 4 u ( ¢ ' E I w ) = w (2 E - 1) . ¢ - w (E - 1 ) . .¢ ' E = c + 1. 

Cpaay me OTMeTHM HHTepecHy~ oco6eHHOCTb 3Toro peaynbTaTa: 
3$$eKTHBHbt.:1 noTeHI..IHan U(¢, E lw2) 3aBHCHT OT 11 3HeprHH11 E . 
3TO ycnomHHeT HCCneAOBaHHe cneKTpa 4aCTH~X peweHHA BHAa 
151 lyCTaHoeneHHe CBH3H ¢ = ¢(8) npH o6paiJ.IeHHH HHTerpana 
a 11011 , Ho AenaeT ero 6onee "6oraTbiM11 lcM. HHmel. 3nnHn
TH4ecKoro THna a6enee HHTerpan a 1101 aHanHTH4eH BC~AY 3a 
HCKnl04eHHeM T04eK eeTeneHHH I a 

1
, a 2 , a 

3
, a 41. T04KH eeTe

neHHH AnH 1101 HBnHIOTCH KOpHHMH anre6paH4eCKOrO ypaBHeHHH 
0

2
4(¢, E I wl= o.l13eecTHO, 4TO KPHBaH 
2 

0 4 - [E - U(¢)] = 0, 1111 

POAa g = 1 (g = n; 2=1, ll = 4), AOnycKaeT YHH$OPMH3al\HIO Ha Knac

ce 3nnHnTH4eCKHX $YHK1..1HA BHAa 

dz i 
¢ = zi r 8 l , G = dP 1121 

rAe zi [8] - HeKoTopaH 3nnHnTH4eCKaH <I>YHKI..IHH. Cor nacHo 1101, 
1121, 3nnHnTH4eCKHe $YHK1..1HH 6YAYT YAOBneTBOpHTb HCXOAHOMY 
AH$$epeH 1..1 HanbHOMY ypaeHeHHIO 191. 3nnHnTH4eCKHe <I>YHKI..IHH 
zi[8] 6YAYT pe3ynbTaTOM o6paiJ.IeHHH a6eneea HHTerpana 1101. 
KoHKpeTH~ .:1 BHA 3nnHnTH4eCK0.:1 <I>YHKLIHH ¢ = zi [8] 6yAeT cyiJ.IeCT
eeHHO aa e HceTb OT THna KOpHe.:1 I a 1 , a 2 , a 3 , a 4 I ypaeHeHHH 
G!(cp) = 0. KnacCH$HKa1..1HH KOpHeA Ha KOMnneKCH0.:1 nnOCKOCTH 
npeACTaBneHa Ha PHC. 1. Hcnonb3YH CTaHAaPTHOe o6paiJ.IeHHe 3n-

19/ nHnTH4eCKoro HHTerpana 1-ro POAa, H3nomeHHoe a · , MOmHo 
AnH HHTer pana /101 nony4HTb cneKTP peweHH.:1 a TepMHHax 3n
nHnTH4eCK HX <I>YHKI..IHA HK06H. npeACTaBnHeTCH ecTe~TBeHH~M 
pa 3AenHT b cny4a H: I I . w 2 > 0 H II . w 2 < 0 l '<I E • (- oo< E <"" ) . 

I. w
2 

> 0. OnHweM 3AeCb KpaTKO peaynbTaTbl aHaflH3a IYA06-
HO eeecTH nepeMeHHble Y = w ·¢, X=w · 8 I: 

1 I npH E < 0 Mbl nony4aeM HenHHeAHble eonHbl KOHe4HOA aMnnH
TYAbl 

y = dn[ y'I E-11 -x, kl, 
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I ' J..v oh, 
\ 

' \ 

' ' ' ' f?e'f 

.... - -

/ 
I , 

I /' 
I I 
I I 

\ \ 

' ' 
' 

a/ 5/ B/ 

PHc.J. a/- BCe KOPHH AeACTBHTenbHhlei 5/- K OpHH 

AeACTBHTen&Hbie H KOMnneKCHbiei B/ - BCe KOpHH 

KOMnneKCHbie. 

2/ Allfl 1 > E > 0 nony1..1aeM 11 KOH011Aallb Hble
11 

BOilHbl 

2 
y = en r x , k 1] , k 1 ~ •I E - 11 ; 

2 2 3/ np11 k = k 1 ~ 1 (E = 0) nony1..1aeM BblpO>KAeHHble c n y1..1a11 

/13/, /14/ B B11Ae COJ111TOHa 

y = dn(x, 1) ~ cn(x, 1) ~ sechx ; 

/14/ 

/15/ 

4/ np11 E > 1 /10/ npi1BOA11T K nep110A114eCK11M He1111Hei1HbiM 

"sn" -BOJlHaM: 

a/ y ~ sn[ / E · x , k] /16/ 

Allfl I Y I < 1 , Y = (i) • ¢ , x ~ (i) • (} , k 
2 = 1 - i , (i) 

2 = m 2 - f3 2 
> 0 ; 

6/ a TaK>Ke K CI1HrYilflpHbiM peweHI1f!M Allfl r11nep6011114 e CKI1X op• 

611T Ha ~a30BOi1 nllOCKOCTI1 

Y ~ dc( y E ·X, k] /17/ 

npl1 oo > Y > Yl ' Y 3 (1 + _1_ ) , k2 = 1 1 
1 E -1 E 

np~ k 2 -+ 0 (E-+ 1) 113 /16/ nolly4aiOTCfl Mallble 1111Hei1 Hble KOJ1e-

6aHI1fl y = sinx. PeweH11e /17 I B npeAellbHOM cny1..1ae k 2 = (1 - 1/E)-. 

-.(E -+oo ) nepeXOA11T B peweHI1e T11na AOMeHHOi1 CTeHK11 : 

v v ... 1 j 
C WI1PI1HOI1 nepeXOAHOI1 30Hbl u-- - 0 

- E ~oo ' 

11MeeT BI1A 11CTyneHbKI1 11 
( _r ) ~E 

Y- th(x- y E )I E -+oo 
T.e, npaKTI14eCKI1 

2 
II. (i) < 0

2 
((i)= i (i) 

1
). KaK noKa3biBaeT aHa11113 Hepas eHCTBa 

E-U
4

(¢ , E !cu
1

)> 0, rAe 
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2 2 2 2 4 
U 4 (¢ , Ei w 1)=-cu

1
(2E-1)·¢ -cu

1
·(E-1)·¢, 

peweHI-Ifl CYI!IeCTBYIOT B ABYX o6.naCTRX 1-13MeHeHI-1R nepeMeHHOH: 
1 I 1 > E > 0' 2/ E > 1 . np~o~ 1 > E > (} HMeeM peweH~o~e B BI-1Ae 
KOHOI-1Aa.nb HbiX BO.nH: 

(1 - IE - 1 I ) . en [ x , k 1 , 
Y=-IE-11 

2 2 2 
w

1 
= {3 - m > 0. 

2 
k =1 -I E-11, 

2/ A.nR E > 1 no.ny4aeM c~o~Hry.nRpHble peweH~o~R: 

: E-1 -1 ,- 2 1 
Y =v-- tn h / E · x,kl, k = -. 

E E 

/18/ 

/19/ 

A.nfl /18/ s npeAe.ne k 
2

-.. 1 (E • l)no.ny4aeM CHHry.nRPHbli:i co.n~o~-
TOH: 

1 - 1 
Y = ( - 1) I · ch ( x ) , 

E - 1 + • E = 1, , -.. 0 
Y = w A X =w ·0 1 ¥' ' 1 ' 

/20/ 
2 2 2 

<u = {3 - m > 0 1 . 

KaK noKa3b!BaiOT <b<>PMY.nbl /18/ 1-1/19/, np~o~ «'J
2 = m 2 -{3 2< 0 H.nH 

w; = {3 2_ m 2 
" 0, rAe w = i w 1, AaHHble peweH~o~fl MO>KHO Bbrpa3HTb 

B TepMHHaX 3.n.n~o~nTI-14eCKH"X <f>YHK~I-1.::1 .slK061-1, Aa>Ke B 6e3Macco
BOi:1 TeOpi-IH 60pHa - ~H¢>e.nbAa ffi = 0 /Cyl!leCTBeHHbiM MOMeHTOM 
RB.nReTCfl Tpe6osaH~o~e, 4T06bl CKa.nRpHOe no.ne 6bl.nO KOMn.neKc
HbiM/. TaK, HanpHMep, A.nR /19/ c y4eTOM /5/ "no.nHoe" pe
weH~o~e npH m 2 = 0 ~o~MeeT BHA 

1 fE"".:T -1 ;:..--2 it/1 
¢(0, t/1) = 2-172 v -E- tn ( v E · {3 · 8, k) · e . 

({3 ) 

no.ny4eHHbl~ 11cneKTP11 4aCTHbiX peweHHi:i A.nR napaMeTpOB (E I w 
2

) 

npeAcTas.ne H Ha p~o~c.2. 

Bblpa>KaeM npH3HaTe.nbHOCTb 6.M,6ap6awosy "' 6.A.Ay6posH
HY 3a o6cy>KAeH~o~e pe3y.nbTaToB 1-1 ~eHHble 3aMe4aH~o~R. 
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.. 
tn 

-I. 

/I Sh~ t· 

~ot;-to,~:S" ~ ··® l' 

~---_-__ ------------~~----~'-------~-~'~ 

® en .. 

© clh'' 
. II 

PHc. 2. A - CHHrynHPHbie pemeHHH " tn- 1" ; B - KOH H-

.D;anbHbie eonHbi ' en" ; C - " dn" -eonHbi; D - o m ry-

nHpHbie " de " -eonHbi;_ E - " sn ' .:..eonHbi; F - KHIIKH 

B npe,D;ene E -+ oo ; "S " - CHHrynHpllbiH COn HTOH; 

' '1:) " - 06bi'JHLIH COnHTOH; " sin " - rapHOHH4eCKHe 

KOne6aHHH. 
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KpamKue C006!J4eHUJI OHflH #10-85 JINR Rapid Corrmunicationa No.l0-85 

YLtK 537.611.2 

DYNAMICAL SYMMETRY AND SPIN WAVES 
OF ISOTROPIC ANTIFERROMAGNET 

V.G.Makhankov, O.K.Pashaev, S.A.Sergeenkov * 

Noncompact group U ® (SU(l,l)] _. is shown t o be the 
k k 

dynamical symmetry group of a linearized iso t ropic 
Heisenberg antiferromagnet. Eigenvalues and e igen
states corresponding to the spin waves are construc
ted. A group theoretical interpretation of t he Bogo
lubov transformation as a hyperbolic rotation in the 
algebra space of the dynamical group is established. 
In the framework of the coherent states technique it 

-is shown that the corresponding classical dynamics 
of the model is described by the harmonic oscilla
tions on the Lobachevsky plane. 

The investigation has been performed at t he Labo
ratory of Computing Techniques and Aqtomation , JINR. 

,ll111HaMH4eCKa.R CIIIMMeTpH.R 111 Cnii1H0Bble BOilHbl 

B 11130TpOnHOM aHTII1~eppOMarHeTII1Ke 

B.r.MaxaHbKOB, O.K.IIawaee, C.A.CepreeHKOB 

IlOKa3aHO, qTo AHHaMwqeCKO~ rpynnoH CHMMeT pHH IlH
HeapH30BaHHOI'O H30TpOTIHOrO aHTH~eppOMarHeTHKa .RBil.R
eTC.R HeKOMTiaKTHa.R rpynna n ® SU(l,l)k. IIocTpoeHbl AHCK-

" 6 k peTHbiH CTieKTp H CO CTBeHHbJe COCTO.RHH.R, COOTBeTCTBYJO-
~He CTIHHOBblM BOilHaM. YcTaHOBileH TeopeTHKo-rpynnOBOH 
CMhiCil npeo6pa3oeaHH.R Boromo6oea KaK rHnepoonHqecKoro 
Bpa~eHH.R B TIPOCTpaHCTBe anre6pbl AHHaM~eCKOH l"PYTITibl. 
MeTOAOM KO!'epeHTHb~ COCTO.RHHH TIOKa3aHo, qTO COOTBeT
CTBYJOI.[(ee KilaCC~eCKOe ADIDKeHHe CHCTeMbl OTIHCbma eTC.R 
rapMOHifqeCKHMH KOJle6aHH.RMH B TIIlOCKOCTH flo6aqeBCKOI'O. 

Pa6oTa DbJTIOilHeHa B na6opaTOPHH BbNHCilHTeilbHOH 
TeXHHKH H aBTOMaTH3a~HH OJ:UUJ:. 

I. As is well-known111, the dynamical symmetry group 
has appeared in the particle physics when various multi
plets of particles were tried to be joined in a o e irre
ducible representation of some noncompact group.Af ter that 

*onepropetrovsk State University 
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they found applications in a number of one-particle prob
lems(hydrogen atom,etc.)and many particle problems(super
fluidity, etc.j 12-4~ In the case of the ordinary symmetry 
groups t he Hamiltonian of the system commutes with all 
their generators. It means that energy degenerated states 
are trans formed via the group symmatry representations. 
This is not the case for the dynamical symmetry group when 
the Hamiltonian of the system belongs simply to the group 
algebra. It is therefore named the spectrum generating 
algebra. 

In some many-particle problems when linearized the Ha
miltonian of the system may be written through the gene
rators of some dynamical symmetry group. Then, solution 
of the qua ntum mechanical eigenvalue problem comes to the 
solution of the proper group theoretical . problem, i.e., 
to looking for the irreducible representations of the dy
namical gr oup. In addition to the complete information 
about the spectra of the problem, the dynamical group 
makes it possible i) to construct the natural coherent 
states fo r the initial quantum system, ii) to represent 
the Green functions via the path integral over this sta
tes and i i i) to describe classical behaviour of the sys
tem 17,11 / 

The theory of magnetism is especially interesting in 
this respect since there is a quantum microscopic theory 
based on t he Heisenberg model on the one hand and the 
macroscop i c theory of magnetism governed by the Landau
Lifshitz equations 151 on the other. Sometimes one can 
establish such a correspondence, for example, for isotro-

. f 161 b f . . f p1c erromagnet ut not yet or the ant1 erromagnet 
and some models of anisotropic ferromagnet. As a first 
step in t h is direction one can construct the dynamical 
group and the coherent states of the proper spin models. 

In the present communication the dynamical symmetry 
group of a linearized two sublattices Heisenberg anti
ferromagne t will be found as well as (using its irredu
cible uni t ary representations) the spectrum and eigen
states of the spin waves. Then the coherent states and 
Green func tion will be introduced. In conclusion we show 
that the classical dynamics of the linearized antiferro
magnet as well as a nearly ideal superfluid Bose gas is 
described by the harmonic oscillators on the Lobachevsky 
plane. 

2. Supposing the interaction is between the nearest 
neighbours only then for the Hamiltonian of two sublat-

, . f /8/ t1ces ant1 erromagnet we have : 
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1 + + z z 
J{ = I [ 2 (S1 sj + h.c.) - s

1 
sj 1. ( 1) 

iEA , jEB 

Here, up-spins form sublattice A and down-spins form sub
lattice B. In the ground state every up-spin is i n closed 
neighbourhood with every down-spin and vice ver a. 

In a linear approximation it follows from (I) that: 

1 + + 2 + + 
J{l' =-I I(s(a.a . +h.c.)-s + S(a . a . + aJ. aJ.)} (2) 

In 2 j j( i) I J I I 

or in the momentum representation 181: 

z 2 + s -+ ... + ... 
J< 11.n =--Ns +Szia,.a.,. +-I cosk8(a-.a ... +a ... a -. ), (3) 

2 -+ K k 2 -+ -+ k -k k - k . 
k k,8 

... 
where z is the number of the near neighbours, 8 is the 
lattice vector,ai~k) is the Bose operator of the crea
tion (annihilation) of a magnon with momentum k and 

+ 
[a_.., a .... , ] = 8 .... .... , , 

k k k k 

+ + [a_., a ... , }= [a ... , a ... 1 = 0. 
k k k k ' 

Let us following 131 introduce the op~rators: 
-+ 

(k) 1 + + 
J 1 = - - (a-. a ... + a ... a ... ) , 

2 k -k k -k 

... 
J(k) = .i ( a~ a : 

2 2 k -k 

( k) 1 + 
J = -(a ... a ... 

3 2 k k 
+ + a_.a ... 

-k -k 
+ 1) 

(4) 

generating the algebra of the r su (I, 1) ] ... group: 

l J ik> J<k > I = _ i J <k> fJ<kl 
... ... k 

--t -t -

1 • 2 3 ' 2 
• J<k> I = iJ<k> 

3 1 . 
(J (k) J ( k)] ~ iJ ( k ) 

3 ' I 2 . 
(5) 

In terms of this operators the Hamiltonian (3) a ssumes 
the form: ... ... 
J{ 

lin 

z 2 ( k) (k ) ... ... z 
= - - N s + s I f z J 3 - J 1 l cos k 8 - - ] . 

2 k ~ 2 
(6) 

The quantum mechanical problem is to solve the f ollowing 
eigenvalue problem: 

To construct the discrete spectrum of this 
let us perform tie hyperbolic rotation by the 
over the axis J~ l : 

J{ ... J{ = -1 
lin lin R J{ lin R ' 

pr oblem 
angle (} ... 

k 

(7) 

(8) 
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-> 

where R = ll 
-> 

R (0-. ), R(O-.) = expl-i.J2(k)O-.l. It is important 
k k k . 

k 
to emphas ize 
cal analogue 
tion 110: As a 

that transformation (8) is a group theoreti
of the well-known Bogolubov u-v transforma
result we have 

-> 
- 2 2 -> ... 2 (k) 
}{lin = - ~ N S + s ~ ( v' z - {~cos k o) J 3 - ~ ) , (9) 

1 -> -> 
where th 0-. = - ~ cos k 8. 

The ca!imi~ ~perato..t: of the fSU(I, 1)]... group is: 
~ ~ ~ k 

(k) 2 (k) 2 (k) 2 1 2 c-. = CJ 3 ) - (J ) - CJ ) = -(fl-. ..: 1) (IO) 
k 1 2 4 k ' 

+ + 
where !l k = ak ak - l!.k l!.~. 

T~e only possible 1rreducible 
Q0 D(Jk) of the !!®[SU(I,I)]k 

unitary representation 
group corresponding to 

k k 
bound be l ow spectrum is as follows: 

{k) 
J 

3 
I n_.. > = (n-. + a-. ) 1 n _.> , 

k k k k 
(II) 

where I n1 , n2 , ... , n-., ••• > =llJ n ... > , n-. = 0,1,2, ... ;a-. = 
1 k k k k 

=- (1 ... I ll -.1) =- i-.. For energy and eigenstates 
2 k k 

k 
of the Hamil-

tonian (9) from (7), (8) and (9) it follows that: 
. 1 I ll"k I · z 

E = ~ (n-. + - + -- ) E-. - - N s ( s + 1) nl , ··· • nk ···· k k 2 2 k 2 ' (12) 

2-- -+-> 2 
where E ... = sy'z - (~cosk8) is an antiferromagnon excita-

k 8 
tion spec t rum 

jk 
I 'P (n 1 •...• n_. , ... )> = n ® ~ S (Kk) l m-. > , 

k -+ m -. n-. k 
k mk k k 

(13) 

where · 

(

a -+ 

gk = _k 

{3k 

~k)E- [SU(1,1)]k, 

ak 
()-> ()-+ j-+ 

a ... = ch-
2
k , {3 ... = sh-

2
k, S mk n (g ... ) are the finite matrix ele-

k k k k k 
ments of t he unitary irreducible representations corres
pondi,lg t o the group element g ... E- [SU(I, I)] k' 1 3 /_rn parti
cular, fo r the ground state ( n ~ = 0, fl ... = 0, j ... =-I /2) 

k k k one gets: 

48 



s 2 -+ ::;""2 z 
E = - l: y z - ( l: cos k 8) - - N s ( s + 1) 0,· ... ' o,... 2 ... ... 2 ' 

k 8 

8:; (}k + + 
IIJI(O, ... , 0, ... )> = n sech- expl-l: th-a ... a ... II 0 > 

... 2 ... 2 k -k ' 

where 

a... ' 0 > kl 

k k 

2 -+ ... 2 
fk z - y z - (l: cos k 8 ) 

0, th 2.. .= ___ p . 
2 l:cos k 8 

8 

( 14) 

(15) 

This result, as it might be expected coincides~ with the 
. . h 1 b f . ! Bt one getting VIa t e Bogo u ov trans ormation , . 

For the linear spin chain ( z = 2) we have the follow
ing spectrum of an antiferromagnon excitation 

&(k)=2s lsinkal, (16) 

which is well-known from the Anderson solution of an iso
tropic antiferromagnet model 112~The eigen~ector of the 
ground state of the system is 

(}k (} + + 
I IJI(O, .. . , 0, ... )> = llsech-expl-l:th~aka ·kilO> (17) 

k 2 k 2 - ' 

where th ~=~I sin k~l. 
2 cos ka 

Dynamical symmetry group allows one to construct the 
coherent states of the system and to represent i t s pro
pagator via the path integral over these states 111( In our 
case the propagator of the system can be presented in the 
form: 

( 18) 

where 

. iha ... ..: 
Kill I u;~. ' ... ; T) = fdp. ( ( ... )expl2.- f dt---lL:/( ' k k k lll ... l k h 1 - l ( ... 1 k k 

k 2 k 
- · . ~--... - ... ~2 1 + 1(-+1 

- ( ... (_.) + s [ y z - (l: cos k 8) a_. k - _!_ z 11. 
k k 8 k 1 - I ( ... I 2 2 

k 

Here the fSU(I,I)] ... coherent states have been used 1 7 • 11 ~ 
k ... 

ak ( k) 
1( ... , a _,>= (1-1( ... 1 ) expi(_,J+ lla ... , 0 > , ( 19) 

k k k k k 
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where 

(k) {k ) . (k) 
J+ =J1 +IJ ' 

... 2 dllJt. ... J<t::"k) = 
- k <CIJ<k>l t; ... > 

k 3 k 
1 + t::":.- '-+ k k 

= u ... 
< t;; It; ... > k 1 - [ :t;-+ 

k k k k 

2 
2o:k,_.-l d t::"-+ 
-- k 

TT (1 - I '- 12 ) 2 , 
k 

(20) 

The equivalent classical problem determined through 
a path i ntegral (18) is dealing with a curved phase space 
namely Lobachevsky plane. It follows from the classical 
action i n eq. (18) that the corresponding classical motion 
for the quantum linearized antiferromagnet will look os
cillator- like on the Lobachevsky plane with frequencies: 

w - s ' 2 k- h v z c ~cos k 8) 2 
... . 
0 

d
. . 2s 

In one space 1mens1on ruk = hJsinkaJ 
quasiclas sical result: 

so we have the 

hwk = 2s Jsinka J. (2 I) 

As is well-known for spin s = J/2 the Anderson#s ex-
. . IU!I . 'd . h h . h CltatlOn srectrum COlnCl es Wlt t e exact one ln t e 

XY model 18 and differs from the exact result for "hole"
like exc i tation spectrum in the isotropic antiferromag
net 19 · 131 up to the coefficient 2/ TT, It follows from mo
del (2!) that the. frequency of classical motion on Loba
chevsky plane doesn#t depend on the choice of the cohe
rent sta t e related to the representation space of the 
dynamical symmetry group. This means that described by 
the linearized antiferromagnet equations the harmonic 
motion cannot reproduce the configurations related to 
the exac t result for the quantum integrable system 1131 

and it i s necessary to study more complex soliton-like 
configura tions of the nonlinear classical equations cor
responding to the isotropic antiferromagnet. One of the 
possibil i ties is considered in paper 1 1 4~where the coef
ficient in excitation spectrum (21) is determined by the 
density of the magnon condensate. 

It is important to emphasize once more that a coinci
dence of t he dynamical symmetry groups for a linearized 
antiferromagnet and a nearly ideal Bose gas of super
fluid type makes it possible to conclude that a classi
cal motion in both cases is determined by the harmonic 
oscillator s on the Lobachevsky plane. As is shown in pa-

1141 • '1 h f . . . b 1 per . a s 1m1 ar c aracter o mot1on 1s g1ven y a c as-
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sical integrable model of Heisenberg magnet with the mag
netization vector lying on the hyperboloid SU(1,1)/U(1). 
This- model is gauge e~uivalent to the repulsive nonlinear 
Schrodinger equation 1 51 that describes a nearly ideal Bose 
gas on the classical level. It should be noted t hat if 
the ordinary coherent states are used in our problem, 
one immediately encounters the difficulties of t he mixing 
of modes with +k and -k momenta. This difficultie s are 
overcome with the introduction of the SU(1,1) coherent 
states. 

Thus one can say that the ground state of an antiferro-
• 1 10/ magnet as well as of a superflu1d Bose gas may be rela-

ted to the magnon condensation in momentum space . 
In conclusion we remarked that the above cons i deration 

may be applied to a number of problems of the magnetism 
theory. Among them there is a spin-wave theory pr oviding 
an adequate description of the low-energy magnet i c excita
tions in materials that can be described by a He i senberg 
exchange Hamiltonian. When the boson Holstein-Pr imakoff 
representations are used,the corresponding dynamical sym
metry groups are noncompact II ® f SU ( 1, 1) 1-. . Rel a ted to 

k . k 
the spin-wave classical motion following from the path 
integral in SU(1,1) coherent states representation is the 
harmonic motion on the Lobachevsky plane. There ar e , for 
example, the spin waves in the anisotropical XXZ antifer 
romagnet, those in the ferromagnet with dipole i n terac
tion, in ferrimagnets and in the . easy-plane aniso tropical 
ferromagnet. It is important to note that for the spin 
s = 1/2 in one dimension there exist an exact Jo r dan
Wigner transformation from the Pauli to the Ferm i opera
tors. Related dynamical group is now compact LI '/ ISUC2)] ~ . 

k k 
and the classical motion is the harmonic oscilla t ions on 

2 the sphereS. There are for example the XY ferromagnet 
as well as xx;~ ferromagnet with spin s = I /2. The se re
sults with some other lattice models will be pub l ished 
elsewhere. 

The authors are indebted to I.Gochev, V.B.Pri ezzhev, 
D.Pushkarov and to others participants of the Fedyanin's 
seminar for critical and fruitful discussions. 
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KpamKue coo6UjeHU.R OH.HH Nl0-85 JINR Rapid Communications No.l0-85 

YJU< 539.121.8 

CAt10COrilACOBAHHAJ! 3IlEKTPO,[IJ.1HAHJ.1KA 
IlAHI-1HAPHWX nOTOKOB nPOCTPAHCTBEHHOrO 3AP~nA 

IO.I-1.AneKcaxi1H 

,UaHa 001!\eKOBapHaHTHa.R <PopMyJUipOBKa 11 CaMOCOf'Jiaco
BaHHOH 3JieKTPO~HHaMHKH11 ,UHpaKa - ByHeMaHa,orrHChmaffi~eH 

peJIHTHBHCTCKHe JiaMHHapHble ITOTOKH 3ap.RJI(eHHOH JI(~KOCTH . 
. Bbme~eHO ypaBHeHHe ~JIH CKaJIHpHOH ITJIOTHOCTH gapH~a, 

OOOO~affi~ee H3BeCTHOe ypaBHeHHe Of'HOaffi~eH na paKCHaJib
HOf'O JiaMHHapHOf'O nyqKa. HaH~eHO TO~HOe aHaJIHT~eCKOe 
pemeHHe 3a~a~H 0 paBHOBeCHH ITJIOCKOf'O 3aMaf'H H~eHHOf'O 

ITOTOKa. 
Pa6oTa BbillOJIHeHa B OT~ene HOBb~ MeTo~oB ycKopeHHH 

mum. 

Self-Consistent Electrodynamics 
of Space-Charge Laminar Flow 

Yu. I. Alexahin 

A generally relativistic formulation is g iven of 
the Dirac-Buneman "self-consistent electrod ynamics", 
which describes the relativistic laminar fl ow of 
charged fluid. An equation for the charge scalar den
sity is derived, generalizing the well-known paraxial 
laminar beam envelope equation. An exact analytic 
solution is found to the problem of planar i mmersed 
flow equilibrium. 

The investigation has been performed at the De
partment of New Acceleration Methods, JINR. 

npe~BOCXI1~aR COBpeMeHH~e T~H~eH~1111 B TeOpl111 3JleMeHTap
HbiX 4aCTI1~, n.,[\11paK B pa6oTe / 1/ npe~Jl0>KI111 paCCMaTpi1BaTb 
3JleKTpl14eCKI1M 3apR~ KaK pe3Y1lbTaT HapyweHI1R Ka Jl l16pOB04-
HOH 11Hsap11aHTHOCTI1 3JleKTPOMarH11THOro nonR. HMe HHO, ~o6ae

ne.HI1e e narpaHJI(I1aH nonR 41leHa s11~a * A'(q 2A iA 
1 
-1) ' 2c, r~e 

A I 4 - " I 2 - -noTeH~11aJl, ,\ - HeKOTOpbll1 CKaJlR p, q = e me - KOH-
CTaHTa, np11s0~11T K ypaeHeHI1RM MaKcsenna c 4-TO KOM j i 

= -q21\i, 4TO n03BOJ1ReT OTOm~eCTBI1Tb -qAi C 4-CKOpOCTbiO no
TOKa 4aCTI1~ - 11CT04H11KOB 31leKTpOMarH11THOrO nOJlR, a q .A/ c -

C 11X CKaJlRPHOH nllOTHOCTbiO 3apR~a (A = w / q) · 

* Hcnonb3yeTCH MeTpHKa c cHrHaTypoH -2. 
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KaK OTMe4an AHpaK, TaKoi1 noAXOA AaeT nonyTHO 3KOHOMH~i1 
cnoco6 On HCaHHR naMHHapH~X /CKOPOCTb - OAH03Ha4HaR ~YHK~HR 
KOOPAHHaT / nOTOKOB npOCTpaHCTBeHHOrO 3aPRAa - ypaeHeHHR 
MaKceenna HHTepnpeTHPY~TCR KaK ypaeHeHHR AnR 4-cKopocTH 
nOTOKa ui, CKanRpHaR nnOTHOCTb 3aAaeTCR HeRBHO COOTHOWeHH
eM 

u . u i 
I 1. /1/ 

TO eCTb 3a Aa4a CBOAHTCR K peweHH~ CHCTeMbl H3 nRTH ypaBHe
HHH AnR n RTH HeHaeecTH~x. PacnpocTpa HRR ceoi1 MeTOA Ha aa
BHxpeHHble noTOKH, AHpaK seen ABe AOnonHHTenbH~e cKanRpH~e 
~YHK~HH / 2/, KOTOp~e, KaK nOKa3an 0. 6yHeMaH lSI, RBnR~TCR 
o6o6l!leHHeM nepeMeHH~x Kne6wa, H3BeCTHbiX e rHAPOAHHaMHKe 
HAeanbHOH mHAKOCTH. 

3~eKTHBHOCTb nPHMeHeHHR AaHHoro MeTOAa, Ha3BaHHoro 
11 CaMOCOr n a coeaHHOH 3neKTPOAHHaMHKOH11 1 4~ B TeOpHH ny4KOB 
3apRmeHH~X 4aCTH~ npOAeMOHCTPHPOBaHa B pa6oTe 15( B KOTOpOH 
Ha OCHOBe ypaeHeHHH AnR CTa~HOHapHoro 6e3BHXpeeoro nOTOKa 
6~no HCCneAOBaHO nHH4eBaHHe 3neKTPOHHOrO ny4Ka B penRTH
BHCTCKOM nnOCKOM AHOAe. 

OcTaenRR e cTopoHe eonpoc~ HenpoTHeope4HBoro nocTpoe
HHR KnaCCH4eCKOH 3neKTPOAHHaMHKH / ll , npHMeM B Ka4eCTBe HC
XOAHOH CHCTeMy ypaeHeHHH MaKceenna - JlopeH~a; npeAnonmKe
HHe naMHHa pHOCTH n03BOnReT C nOMOl!lb~ 3aMeH~ d/ ds -+ U 1 a i , 

rAe a 1 ; iJ/ iJX i , nony4HTb H3 ypaeHeHHR ABHmeHHR OTAenbHOH 
4aCTH~bl 16 1 ypaeHeHHe AnR rHAPOAHHaMH4eCKOH 4-cKopocTH: 

k 
u ( u i ;k .-q F ik) = 0~ /2/ 

rAe F ik = A k ; ip-A 1 ;k - TeHaop 3neKTPOMarHHTHor~ ~onR, 
u i ; k = ak u i - rik u f - KOBapHaHTHaR npOH3BOAHaR 6 BBeAeM 
o6o6l!leHHY~ 4-cKopoc Tb U 1 = u 1 + q A 1 1-1 Bblpa3HM F ik 4epe3 
ee KOBapHa HTH~H POTOp 

0 ik = u k ; i - u i ;k /3/ 

/BHXpeBOH TeH30p/ H MeXaHH4eCKY~ 4-cKOPOCTb, 

q F ik = u i ;k - u k ;i + 0 ik · /4/ 

i 
Y4HT~BaR pa eeHcTeo u u i ·k = 0, nony4aeMoe AH~epeH~HpoeaHHeM 
/1/, H3 /2,4/ HaHAeM yp~eHeHHe 

k 
u 0 ik = 0, !51 

nOKa3~Ba~ee , 4TO 4-CKOPOCTb OpToroHanbHa BHXpeBOMY TeH-
30py, H YMeH bWa~l!lee 4HCnO ero He3aBHCHMbiX KOMnOHeHT AO 
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Tpex. 113 nepeoi1 rpynnbl ypaeHeHYii1 MaKceenna 161 cne.QyiOT 

ellle 4eTblpe COOTHOWeHYifl .Qilfl KOMnOHeHT BY!Xpeeoro TeH30pa: 

ikfm n 
e .. ik : f=O, /6/ 

ikfm 
r.Qe e - CYIMBOil JleeY~-4YIBY!Ta • HeTpy.QHO y6e.QYITb Cfl, 4TO 

ypaeHeHY!fl /5,6/ 8 ,Qei1CTBY!TeilbHOCTYI He.Qoonpe,QeilfliOT fl ik -

3TO CJle.QyeT 1-13 YIHBapY!aHTHOCTYI /6/ OTHOCYITeJlbHO 3aMeHbl 

n ik ... n ik + 1/J . i X . k - 1/J •k X . i • r.Qe "' ' X - npOYI3BOilb Hble 
CKaJlflPbl . 3Ta' HeO.QH03Ha4HOCTb YIMeeT Ty >Ke npYipO.QY, 4TO 

Y1 rpa.QY!eHTHafl YIHBapYiaHTHOCTb 3IleKTPOMarHYITHOrO nOilfl, 

Yl <I>Y13YI4eCKYI H.eCyUleCTBeHHa. 

113 COOTHOLUeHYii1 /3,5,6/ nerKO nOilY4YITb 06061!.\eHYie T~Ope
Mbl KenbBI-1Ha o nocTOflHCTBe UI-1PKYilflUI-1YI Ha cny4ai1 pe flTI-1-

BI-1CTCKoi1 3apf!>KeHHOi1 >KI-1AKOCTI-1 /,QJlfl nceB,QOeBKili-1.QOBOr O 

npocTpaHcTea - epeMeHI-1 npoee.QeHHOe e 1 3 ~. PaccMoT pi-1M 

.QBa 3aMKHYTbiX KOHTypa C 1 1-1 C2, KOTOPble nony4aiOTCfl APYr 1-13 

.Qpyra .Qe$OpMaUI-1ei1 BAOilb MI-1POBbiX Ili-1HHi1, o6pa3YIOI!li-1X 11 Tpy6-

KY11. 0603Ha41-1M 4epe3 l:.o noeepXHOCTb Tpy6Ki-1, 3aKil104 eHHYIO 

Me>KAY KOHTypaMI-1, 1-1 4epe3 l:.1. 2 - Ha-TRHYTble Ha Hi-1X n oeepx

HOCTI-1. 11HTerpan OT BI-1Xpeeoro TeHaopa no noeepxHOC T I-1 · 

l:. = l:. oU l:. 1 U l:. 2 MO>KeT 6b1Tb np_eo6pa30BaH B HHTerpan n o ox

BaTb1BaeMOi1 en TpexMepHoi1 rY~nepnoeepxHoCTM ' 6 '· 

1 ,.. ikYm , n df '* 2 l:. e 1k fm 

1 rm 
rAe d f tk = 2 e ik J' m df - OTHOC11TeilbHbli1 TeH30p, AY a ilbHbli1 

dt. i k d i d • k d k d ' i 3neMeHTY noeepxHOCTI-1 = x x - x x B CI-1IlY /5/ 
BKilaA B 1-1CXOAHbli1 MHTerpan OT noeepXHOCTI-1 L O paeeH HYiliO , 

TaK 4TO MHTerpaJlbl OT BHXpeeoro TeH30pa no OA1-1HaKOBO COpl-1-

eHH1POBaHHbiM noeepxHOCTRM l 1 1-1 l 2 paeHbt APYr .Qpy r y, 

a CTailO 6b1Tb, paBHbl 1-1 KOHTYPHble 1-1HTerpaJlbl 

1 ik 

2 J fl ik df = const . 

11. 2 

171 

TaKI-1M o6paaoM , BbiBOA o nocTORHCTBe U1-1PKYI1RUI-1 1-1 o6o61.l\eHHOi1 

4 - cKOpOCTI-1 13! cnpaBeAill-18 1-1 8 06UleM CI1Y4ae npOCTpaHCTBa 

C HeHyneeoi1 KPI-1Bi-13HOi1. 3TOT pe3yilbTaT 1-1MeeT Ba>KHOe CJle.QCT

BI-1e - ecn~-1 Ha HeKoropoi1 HexapaKTepi-1CTI-14ecKoi1 rY~ne pnoeepx 

HOCTI-1 l.IYIPKYilRUYIR OTCYTCTByeT, TO 0 ik = 0 BCIOAY B nOTOKe, 

npe.QCTaBilRR 4-TOK B BI-1Ae j i ,;, q X u i = c AU I I 4nq , YI 3 BTO

poi1 rpynnbl ypaeHeHYIA HaKceenna 16 1 nony4YIM ypaeHeH I-1 e AilR 
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4-CKOPOCT~ noTOKa: 

k f k kf 
g ui ; k ;f -u ;i;k + g {}ik;f = - AUi • !81 

r,Qe g ik - MeTp~4eCKI-1i1 TeH3op. YpaeHeH~fl /1 ,5,6,8/ 1-1 co

cTaenR~T cHcTeMy ypaeHeH~i1 caMocornacoeaHHO~ 3neKTPO.QHHa

M~K~, On HCbiBaiOl!IY~ ,QBH}!(eH~e naMI1HapHbiX nOTOKOB 3apR>KeHHOH 

lK11.QKOCT I1 . Cyl!lecTe.eHHbiM He,QocTaTKOM 3Toi1 CI1CTeMbl RBnReTCR 

OTCYTCT BI1e ypaBHeH~R, flBHO Onpe,Qenfl~l!lero CKanRpHy~ nnOT• 
HOCTb ,\ . 

nepeXO,Qfl K BbiBO.QY COOTBeTCTBYIOl!lero ypasHeHI1flj 3aMeTI1M, 

4TO 113 y pasHeHI1fl HenpepbiBHOCTI1 j ~k = 0 cne,QyeT l! ~k = 
k • I' 

= -U a kl n ,\ , a 113 paseHCTB /1,5/- COOTHOWeHI-1fl Ui U;k ; f 

= -ui ;P U\ 11 u
1
0ik ; f = -0iku 1;f . MeH.Rfl Tenepb BO BTOPOM 

cnaraeMOM s /8/ nopfl.QOK .QI1¢¢epeH~I1poeaHI1fl no npas~ny 
k k k R 161 

u ;i ;k = u .k ;i + u R ik• r,Qe ik- TeH30p P1144~ . 11 csopa-
4~Bafl / 8/ c u 1 , nony4~M 11CKOMoe ypasHeHI1e 

( i a )2. < ) i :k i k u i 1ln ,\ + A = ui ;k +Oik u + u u Rik, 191 

o6pa3YIOl!lee BMecTe c /5,6,8/ nonHyJO Cl-1CTeMy .Q11¢¢epeH~I1anb
HbiX ypa s HeH11i1; paseHcTsd /1/ HanaraeT CBR3b Ha Ha4anbHble 
3Ha4eH11fl KOMnOHeHT 4-cKOpOCTI1 11 MO}!(eT paCCMaTpi1BaTbCfl KaK 

~HTerpan 3TO~ CI1CTeMbl. 

COOTHOWeHHe /5/ nOKa3biBaeT, 

CTaBI1M B <!>OpMe 

--- E m n i k = .J- g ,\ e ikf m u f.L • 

4TO Bl-1Xpesoi1 TeH30p npe,Q-

/1t)/ 

r,Qe f.L i - HeKOTOpbiH 4-eeKTOp, g =det gik . ·113 /6/ 11 ypasHeHI1fl 
Henpepbi BHOCTH ( ,\u i ) .i = 0 cne,QyeT ypasHeHI1e ,Qnfl seKTopa f.L i : 

k i i k J 
u f.L ;k - u u j u f.L •k 

k i 
f.L u ;k • 

nerKO B ~,QeTb, 4TO 3TO ypasHeH~e onpe,QenReT TOnbKO COCTaB• 

nR~liiY~ BeKTopa wi ~ Ukf.Lik , HOpManbHY~ 4-CKOPOCT~, npo

,QOnbHY~ }!(e COCTaBnfl~l!IY~ 6e3 orpaHI14eH~fl Ofil!IHOCTI1 MO>KHO no

nO>K~Tb p asHoi1 Hyn~ - o611111i1 cny4ai1 u i w i =a, r,Qe a - npoH3-

sonbHbli1 CKanflp CBO,Q11TCfl K paCCMaTpi1BaeMOMY (u i W i = 0) 3a
MeHOH 

f.L i .. f.L i . + < ui, /11/ 

r,Qe uk ak<=a . He 3aTpar~saJOlllei1 TeH3op /10/. TaK~M o6pa3oM, 

,Qnfl BeKTOpa f.L i ~MeeM 0KOH4aTenbHO 

k i k i k i k i 
u f.L ;k - f.L u ;k = u ak f.L - f.L a ku = 0 ' /12/ 
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TO eCTb KOMMyTaTop fll-1 171 BeKTOpOB U i 11 pi paBeH HYiliO. 
0TMeTI-1M, 4TO ypasHeHI-Ie /12/ onpeAenHeT pi no-npe mHeMy 
C T04HOCTbiO AO npeo6pa30BaHI-1H /11/, OAHaKO Tenep b CKailHP 
1:. AOilmeH 6b1Tb nOCTOHHeH BAOilb MI-IPOBbiX Ili-IHI-1171: U ka k( = 0. 

PaccMOTPI-IM nocTaHOBKY 3aAa41-1 Kow~-1 AilH CI-!CTeMbl ypasHe
HI-1~ /8-10,12/ B npeAnOilOmeHI-11-1 CTaiji-!OHapHOCTI-1 MeTpi-IKI-1 
0~ik= ~ 1-1 paBeHCTBa HYiliO CKOpOCTI-1 CTapTa 4aCTI-1ij C He
KOTOpo171 npOCTpaHCTBeHH0171 nosepXHOCTI-1 /3MI-1TTepa/ , Bb16pae 
ee B Ka4eC TBe KOOPAI-1HaTH0171 nosepXHOCTI-1 X 1= 0: 

C41-1TaH 3aAaHH0171 /1-1 KOHe4HOA/ nilOTHOCTb TOKa 3MI1C CI1~ j 3 = 
= C .\u 1/ 47TQ,Ha171AeM CB.A3b MemAY KOMnOHeHTaMI-1 BeKTO pa J.1 i 
11 3IleKTPOMarHI-1THbiM noneM Ha 3MHTTepe. TpexMepHble seKTOpbl 
3IleKTPH4ecKoro nonH Ea 11 MarH~-tTH0171 HHAYKQHI-1 Ba BBOA.ATC.A 
COOTHOWeHHHMI-1 /6/ 

a 1 a{3y 
B = -

2 
y y e F {3y , 

rAe Yaf3=-ga{3 +gag L npocTpaHCTBeHHbH1 MeTp!-14eC KHH TeH30p, 

ga=gn/ho, ho=vgoo· y=detYa{3=-g/goo · 

BB~-tAY 1-tHBap~-taHTHOCTH ypaBHeH~-t171 OTHOC~-tTeilbHO peo6paao
BaHH.A /11/, Ha KOMnOHeHTbl J.li MO-HO HailOmHTb OAHO AOnOilH~-t
TeilbHOe ycnoe~-te, a 4aCTHOCTH, noTpe6osaTb .\p ~ o ~ 0. Tor
Aa Ail.A OCTailbHbiX KOMnOHeHT np~-t X 1= 0 HMeiOT MeCTO COOTHOWe
HHH 

/13/ 

rAe J3 =M4nQj3/ C=y:g.\u 
1

\ . TaK~-tM o6pa3oM, B OTCyTCTBHe 
rpae~-tTaQHOHHoro non.A (h 0 = clbnst. g = 0) aas~-txpeHHOCTb noTo
Ka CBH3aHa C OTilH4HeM ' OT HYilH TaHreHq~-tailbHOrO 3 IleKTPH4e
CKOrO nOilH ~-t/Hill-1 HOpMailbHOH KOMnOHeHTbl MarHHTHO.:i HHAYKQHH 
Ha 3MHTTepe. B Ha~-t6onee eamHOM AilH npaKTHKH cny4ae cTa4Ho
HapHoro nOTOKa, CTapTyiO~ero C 3KB~-tnOTeHqHailbHOrO 3MHTTepa, 
3aMarH~-t4eHHbcTb on~-tcbleaeTCH OAHOH ~YHKql-leR p~ n o cTOHHHOH 
BAOilb TpaeKTOpl-1171. 

AHailH3 BblpameHI-1171 Ail.A OCTailbHbiX KOMnOHeHT 3Ile KTPOMarH~-tT

HOrO noil.A n03BOI1HeT BbiHCHHTb noBeAeHHe U i H .\ p~-t X l_. 0 • 

EcnH p. 2\o=J.Islo=0, TO np01-13BOAHble alu2, alu3 KOHe 4Hbl np~-t 
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x1 ~ 0 ~ onpeAen~~TC~ TaHreH4~anbH~M~ KOMnOHeHTaM~ MarH~T
HO~ ~HAYK4~~* B3·2 i0 ; np~ E 110fO u 1 N y' E 1xl,a a pe>K~Me or
paH~4eH~~ npOCTpaHCTBeHHbiM 3aP~AOM (E 1 10 = 0) cnpaBeAn~B 
3aKOH 4a~nAa - neHrM~pa u 1 N (x 1 )21 ~ Ecn~ XOT~ 6~ OAHa 
~3 KOMnOHeHT 11 2•3 1 O OTn~4Ha OT Hyn~, TO ~3 j 3 /0 C He06XO
A~MOCTb~ cneAyeT · E 1 I 0 =I 0, a 3Ha4eH~~ cooTeeTCTBYIOIIIe~ 
KOMnoHeH Tbl B 2, 310 BbrnaAa~T ~3 Ha4anbH~x ycnoe~~. Bo3MO>K
Hoe ~3MeHeH~e 4~Cna He3aB~C~MbiX <!>YHK4~~, 3aAa~l!.l~X pewe
H~e, cB~ 3aHo c HapyweH~eM ycnoe~~ TeopeM~ f(ow~ - Koeanee
CKO~ BCneACTB~e HeaHan~T~YHOCT~ XapaKTep~CT~K nOTOKa Ha 
nosepXHOCT~ X 1 = 0. 

AnbTe pHaT~BHbn1 cnoco6 on~caH~~ 3ae~xpeHHbiX noTOKOB MO>K
HO nony4 VTb, BBOA~ nepeMeHHble Kne6wa - A~paKa /2-4/. 113 
KOMMYTaT ~BHOCT~ BeKTOpHbiX none~ U i , ll i cneAyeT, 4TO ~X 
~HTerpanb H~e Kp~e~e o6pa3y~T c~cTeMy ABYMepH~x noeepxHo
cTe~ /71, OPTOrOHanbHbiX, B C~ny paeeHCTBa /1 0/, TeH30py fl ik · 
3To no3eon~eT eeecT~ cKan~pHble non~ 1/J , x , An~ KOTOPbiX 
yKa3aHH~e noeepxHocT~ ~en~~Tc~ noeepxHocTnM~ ypoeH~ ~. 

noTpe6oea B HeKOiln~HeapHOCT~ ~X rpaAHeHTOB, npeACTaB~Tb 
e~xpeeo~ TeH30P e B~Ae 

nik = 1/J : i X;k -c/J;kX;i = (.pakx) :i -(c/Jriix) :k · /14/ 

YpaeHeH~R /6/ np~ 3TOM YAOBneTeopeH~ TO>KAeCTBeHHo, a ypae-
HeH~R /5/ - B C~IlY nOCTO~HCTBa c/J , X BAOilb M~pOB~X Il~H~~: 

u kak c/1 k u r\ X = 0. /15/ 

<!>~3~4eCK~~ CM~Cn HOB~X nepeMeHH~X B~~CH~eTC~ np~ paCCMOT-. . . 
peH~~ KOH TypHoro ~HTerpan~ 

~ U i dx i = ~ c/J rii X dxi = ~ c/J d X ~ f dl/; d X . 
c c c ~ 

TO eC:Tb n p0~3BeAeH~e d c/J d XAaeT 4~CI10 B~xpeBbiX 11 IleHT 11 ·no
ll~ 06061.11e HHO~ 4-cKOpOCT~, npOH~3biBa~I.II~X COOTBeTCTBYIOl!l~~1 
3neMeHT noeepXHOCT~ I 1 3~ npeACTaeneH~e /14/ yMeHbWaeT 
4~cno nepeMeHH~x AO ceM~, OAHaKo Ha npaKT~Ke 6onee YA06-
H~M 4aCTO OKa3~BaeTC~ npeACTaBileH~e /10/. 

PaccMOT P~M a KaYecTee np~Mepa 3aAaYy o CTa4~0HapHOM 
nnOCKOM nOTOKe, Bee xapaKTep~CT~K~ KOTOporo 3aB~CRT TOilb
KO OT OAHO~ AeKapTOBO~ KOOPA~HaTbl y := X 2, BAOilb KOTOPO~ 
AB~lKeH~e OTCYTCTByeT (U 2 = 0). C~cTeMa ypaBHeH~~ /1 ,8-10/ 
e 3TOM cny 4ae 3Ha4~TenbHO ynpo111aeTcR: 

* lloCKOJlbKY TaHreHu;HanbHbJe npoH3BO)lHbie KOMnoHeHT B 2 · 
3 

CB.!I3aHbl C aoE 1 H j 3 COOTBeTCTBYJOli~HM ypaBHeHHeM MaKCBeJlJia, 

BbJ60p 3THX BeJlHtJHH He HBJlHeTCfl BllOJlHe riPOH3BOJ1bHbiM, 
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y " = ,\ y ' 

/16/ 

rAe v = ..\p. 0 , y = u 0 ; wTpHx o3Ha4aeT AHil><!>epeHLIHPOBaHHe no Y 

EcnH v = ·Const, TO peweHHe /16/ MO>KHO Hai1TH aHanHTH4eCKH. 
HeTPYAHO npoeepHTb 1 4TO B 3TOM cny4ae CHCTeMa /16/ HMeeT 
ABa nepe~x HHTerpana 

2 [ us ' v] ( y -1) (arctg -) + -;or = B 
u 1 i::: 

/17/ 

COOTHOWeHHR /16.1/ H /17.2/ n03BOnR~T B~pa3HTb u 1,S 4e
pe3 penRTHBHCTCKHH ~aKTOp y : 

,---
u 1 = v' y 2- 1 cos ¢ ' us =J y2-1 sin¢, 

y 

¢ = ¢ o + f ( J_ - v2 )dy , ' 
0 y 2.-. 1 

/18/ 

AnR KOToporo H3 /16.2/ H /17.1/ cneAyeT ypaeHeHHe 

2 
, A v 3 0 y - y+ 2 y = . /19/ 

HMe~~ee nepe~A HHTerpan 

B HaH6onee ea>KHOM cny4ae, KOrAa aneKTPH4eCKoe none Ha 
OAHOA H3 rpaHHI.I ny4Ka OTCyTCTByeT /B~6epeM ee B Ka 4eCTBe 
noeepxHOCTH y = 0, TaK 4TO y '! y=O = Of, petueHHe ypaeHe HHR /19/ 
HMeeT BHA 

Yo 
y = /20/ 

I 
rAe k = \ ' 1- y 2 / y2 , y 5 1 =2 [A + y A 2-v 2(A+B 2-v 2; 4)]/v ~ 
B npeAene v~ 8 ~dpMyn~ i18,20/ Aa~T H3BecTHOe pewe HHe AnR 
6e3BHXpeeoro noTOKa 1 41: 
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y = y
0 

chyT y. 

u 1 = J r;-1 cos¢0 ch yAy + sin¢ 0 sh.J'A y. 

u 3 =}r';- 1 sin ¢
0
chjAy -cos ¢

0
shj>..y. 

0TMeTI-1M , YTO All.R 3a81o1XpeHHoro noToKa (v =I 0) Tpe6o8aHI-1e >.. ~ 0 
orpaHI-14 1-l BaeT 803MO~H~e 3HaYeHI-1.R peJl.RTio181o1CTCKOrO $aKTOpa 
( y ~ y2A / v) 1-1, COOT8eTCT8eHHO, T0Jlllii-1HY nyYKa. 

All.R o ceci-1MMeTplo1YHoro 3aMarHI-1YeHHOro noToKa nocTpOI-1Tb 
T04Hble a HaJllo1Tio14eCKio1e pe.oJJeHio1.R HaMHOrO CJlOlf<Hee, n03TOMY 
80CnOJlb 3 yeMC.R pa3JlOlf<eHio1eM xapaKTeplo1CTio1K nOTOKa B PRA no 
cTeneH.RM nonepeYHoi1 KOOPAI-1HaT~ x2 • OrpaHio141-1MC.R cJlyYaeM 
CnJlOWHOrO CTa41-10HapHOrO nyyKa 8 e8KJ11o1A080M npOCTpaHCTBe, 

B~6pa8 OPTOrOHaJlbHYIO (gaf3 =-h:8 af3) CeTKY TaK, 4T06~ OCb 
nyYKa ( :X 2.:0) C08naAaJla C J<OOPAio1HaTHOJ':1 Jllo1Hio1eJ':1 X 1, nplo14eM 

h 1 1 x:?co= 1, a KOOPAI-1HaTa x 3 .RBJl.RJlacb a31-1MYTOM (a a= 0). 06o3-
HaYI-1M 11= u 1 1 x2 =O • Am=t nonepeYHbiX cocTaBJl.RIOllllo1X 4•cKopocTio1 
1-13 /8,10/ Ha OCI-1 nyYKa nOJlY41o1M 

1 2 
a2u 2 = ~ a1 (71>..h2). 

3 1 \ 2 u = -Q B -/l 0 "71 /21/ 

~3 /9,21 / CJleAyeT ypaeHeHio1e AJl.R CKaJl.RpHOJ':1 nJlOTHOCTI-1 npl-1 
X 2 = 0: 

- 2 3+712 2 2 471 2v >..·a 1 (-l...)-2>.."+~ {a 171 ) + (qB 1)2-(110>.. 71 ) =0. 
y >.. 1+71 2 /22/ 

OpeHe6pe r aR B~CWI-1Mio1 YJleHaMI-1 pa3JlOlf<eHio11':1 no x 2• MOlKHO noJlo
lKI-1Tb 

>.. = 4q i 
c 71 R2 • /23/ 

rAe I ~ TOK e nyYKe, R - ero paAI-1YC. noACTaH08Ka /23/ 
8 /22/ n p lo1BOAI-1T K lo138eCTHOMY ypa8HeHio110 Orlo16aJOUieJ':1 napaK
Cio1aJlbHOro nyYKa IS ~ TaK 4TO ypa8HeHio1e /9/ MOlKHO paCCMaTpi-1-
BaTb KaK o6o6111eH1o1e nocJleAHero Ha cJlyYai1 HenapaKcl-1aJlbHbiX 
nyYKOB. 0 TMeTI-1M, 4TO ypaBHeHI-1e /22/ .RBJl.ReTCW TOYH~M, B TO 
epeMR Ka K nplo1MeHio1MOCTb ypaeHeHio1R or1-16aJOllle1':1 orpaHI-1YeHa npi-1-
6Jllo1lf<eHH~M XapaKTepOM COOTHOWeHI-1.A /23/. 
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KpamKue coo6!14eHUJI OH.HH /Jl0-85 JINR Rapid Communications No.l0-85 

YnK 537.534. 2:681.384.6 

KOJUlEKTH BHOE YCKOPEHHE BCTPE4HI:-IX ~10HHbiX nY4KOB 

H.B.KyaHe~oe, 3.A.nepenbwTe~H, B.n.CapaH~ee, 

r.,l\.IUY!pKOB 

YKasaH npRH~HnHanbHO HOBb~ cnoco6 KonneKTHBHoro 
yCKOpeHHH BCTpe~Hb~ HOHHb~ ny~KOB B C~HMaiDmHXCH sneKT
pOHHb~ KOnb~ax.llpoBeAeHHb~ aHanH3 OCHOBHb~ ~H3~eCKHX 
npo~eccoB H non~eHHbie orpaH~eHHH Ha napaMeTpbi ycKo
pneMb~ HOHOB n03BOnRIDT HaAeRTbCR Ha AOCT~HMOCTb CBe
THMOCTH BCTpe~Hb~ HOHHblX n~KOB- I 0 30 I /cM 2c B oona
CTH 3HeprHH CTOnKHOBeHHH AO 200 K3B/HyKn. MeTOA MO~eT 
HaRTH npHMeHeHHe B ~H3HKe aTOMHb~ CTOnKHOBeHHH 
H cneKTPOCKOnHH. llpHBeAeHhl npHMepbl HCnOnb30BaHHH pac
CMaTpHBaeMbiX BCTpe~Hb~ HOHHbiX n~KOB AnR ~H3~eCKHX 
3KCnepHMeHTOB. 

PaooTa BbmOnHeHa B 0TAene HOBb~ MeTOAOB yCKOpe
HHR OIDIM. 

Collective Acceleration of Colliding lon Beams 

I.V.Kuznetsov et al. 

A new in principle method of collective accele
ration of colliding beams is suggested. The main phy
sical processes and available accelerated ion parame
ters are analysed. The luminosity of colliding ion 
beams is estimated as -I030 in the colliding energy 
region up to 200 keV/nucl. It overcomes the lumino
sity achievable in a collective accelerator without 
ordered azimuthal ion motion by a factor of 10 and 
energy by a factor of 20. The method may be used in 
the i nvestigations of atomic physics processes and 
spectroscopy. Examples of using such colliding ion 
beams in the physical experiments are discussed. 

The investigation has been performed at the De
partment of New Acceleration Methods, JINR. 

B nocneAHee epeMR YICCneAOBaHYIR CTPYKTyp~ c"'nbHO"'OH"'30-
BaHH~X aTOMOB, MeXaH"'3Ma "'X CTOnKHOBeH"'R C He~TpanbH~M"' 
aTOMH~MI-1 C"'CTeMaM"' BeAYTCR B W"'POKOH o6nacT"' 3aPRAHOCTe~ 
"' 3Heprl-1~ 60M6aPA"'PYID~"'X YIOHOe11 · 21. HHTepec K ~3Y4eH"'ID 
~OH-aTOMH~X CTOnKHOBeH"'H CT"'MYn"'pyeTCR ~YHAaMeHTanbH~M"' 
H npHKnaAH~MH "'ccneAOBaH~RM"' B pa3n"'4H~X o6naCTRX ~H3"'K"' 
/KBaHTOBaR 3neKTPOAHHaMHKa, ynpaenReM~~ TePMORAepH~~ C"'H
Te3, acTp~H3HKa ~ AP·/· AanbHeHwee pa3BHTHe HccneAoea-
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H~H B3a~MOAeHCTB~~ MHOr03aP~AH~X ~OHOB C aTOMaM~ ~ Me~AY 

C060H onpeAen~eTC~, B OCHOBHOM, B03MO~HOCT~M~ nony4eH~~ 

~HTeHC~BH~X ny4KOB ~OHOB Tpe6yeMOH 3aP~AHOCT~ ~ 3 Hepr~~. 

B HacTO~lllee epeM~ 3Ta 3aAa4a peLuaeTc~ ABYM~ pa3n~4H~M~ 
MeToAaM~. OA~H ~3 H~x cocTo~T B reHepa~~~ ~OHOB n~6~x 3a
P~AOB~X COCTO~H~H, BnnOTb AO ~Aep, nonHOCTb~ n~WeHH~X 

3neKTPOHHOH o6on04K~, HenocpeACTBeHHO B ~OHHOM ~CT04H~Ke 
~ ycKopeH~~ ~x B o6~4HOM T~~eno~OHHOM ycKop~Tene. ApyroH 
nyTb/S/ 3aK~4aeTC~ B yCKOpeH~~ ~OHOB cpaBH~Tenb HO H~3KOH 
3aP~AHOCT~ AO B~COK~x 3Hepr~H, o6A~PKe ~x Ha TOHKOH M~we
H~ ~ nocneAYIOUieM 3aMeAneH~~ y~e B~COK03ap~~eHHbiX ~OHOB. 

Ha~6onee TPYAHOAOCTynH~M~ An~ ~ccneAOBaH~~ ~Bn~~Tc~ 

npo~ecc~ B3a~H~X CTOnKHOBeH~H MHOr03aP~AH~X ~OHOB . ~c

nOnb30BaH~e MeTOAa nepeceKa~lii~XC~ ~OH-~OHH~X ny4KOB An~ 
3TOH ~en~ 6yAeT B 3Ha4~TenbHOH Mepe orpaH~4eHO er o H~3KOH 

4YBCTB~TenbHOCTb~ ~ cnO~HOCTb~ npaKT~4eCKOH pean~3a~~~. 

CeeT~MOCTb nepeceKa~~~~~xc~ HOHH~x ny4KOB np11 - 10
6 ~-toH/cM 3, 

CKOPOCT~ ~OHOB- 10 9 CM/C ~ nonepe4HOM Ce4eH~~ ny4 Ka 
-0,1 CM 2 COCTaB~T -3·10 19 1/cM 2c. B CB~311 C 3T~M C TaHOB~T
C~ 04eB~AHOH He06XOA~MOCTb no~cKa 6onee 3~eKT~BH~X Me
TOAOB peweH~~ ~HTepeCHOH 11 npaKTI14eCK~ He~3y4eHHOH npo6ne
M~- ~ccneAOBaH~~ ~OH-~OHH~X CTOnKHOBeHHH. ' ~HTepeCH~M~ 

C 3TOH T04K~ 3peHI1~ ~Bn~~TC~ Cl1nbHOT04H~e 3neKTPOHH~e ny4-
K~, TaK KaK OH~ n03BOn~~T B npHH~~ne reHep~pOBaTb MHOro-
3ap~AH~e ~oH~, YAeP~~BaTb HX An~TenbHOe epeM~ B He KoTopoM 
06DeMe{ C03AaBa~ ~OHH~e cryCTKI1 B~COKO~ nnOTHOCT~ BnnOTb 
AO -10 2 ~oH/cM 3• B pa6oTe 141 coAeP~HTC~ npeAno~eH~e An~ 
OpraH~3a~~~ ~OH-~OHH~X CTOnKHOBeHHH np~ B~COK~X 3Hepri1~X 
~cnOnb30BaTb npOCTpaHCTBeHH~H 3ap~A 3neKTPOHHOrO o6naKa. 
Ha B03MO~HOCTb np~MeHeH~-t~ 3neKTPOHHo-ny4eeoro MeTOAa ~-to

H~3a~~~ An~ ~3MepeH~~ 3~eKT~BHNX Ce4eH~H B3afEMHOH nepe-
3ap~AK~ MHOr03aP~AH~X ~OHOB yKa3aHO B pa6oTe 

51
. 3 n eKTpoH

H~e KOnb~a KOnneKTHBHOrO YCKOPHTen~ T~~en~X ~OHOB/6/ TaK
~e MOryT 6~Tb OCHOBOH MeTOAHK~ HCcneAOBaH~~ ~OH-~OHH~X 
B3a~MOAeHCTB11H. nnoTHOCT~ ~OHH~X cryCTKOB B 3TOM c ny4ae 
MOryT AOCHtraTb - 10 ll HOH/CM 3 . 0AHaKO 3Hepnt~ 110HOB/3Hep
r~R KOne6aH~R ~OHOB B 3neKTpOHHOM KOnb~e/ He npeB~aeT 
HeCKOnbK~X K3B/HyKn. B TO ~e BpeMR B ~HTeHC~BH~X 3neKT
POHH~X KOnb~ax MO~HO C~PM~POBaTb 11 YCKOPI1Tb BCTpe4H~e 

HOHH~e ny4K~. CyTb MeTOAa yrnoeoro ycKopeH~~ ~OHOB np~ 
C~aT~~ KOnb~a/?/ COCTOHT B cneAYIOUieM. 

B 3neKTPOHHoe KOnb~O ~H~eKT~PY~T HaecTpe4y APYr APYrY 
HeHTpanbH~e aTOM~ C onpeAeneHHOH Ha4anbHOH CKOPOCTb~. 
B pe3ynbTaTe 11x HOH~-t3a~~~ 3neKTPOHH~M YAapoM o6pa3y~Tc~ 
~OH~, KOTOp~e 3aXBaT~Ba~TC~ C06CTBeHH~M 3neKTpl14eCKI1M no
neM 3neKTPOHOB Ha KOnb~eBy~ op6~TY 11 C03Aa~T BCTpe4H~e 
~OHH~e ny4K~. YAep~aH~-te BPalllaiOUI~xc~ ~OHOB B KOnb ~e ocy
llleCTBn~eTc~ 3neKTPOHaM~. np~ C~aT~I1 3neKTpOHHO-~OHHOrO 
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KOnb4a B a3~t~MyTanbHO-OAHOPOAHOM MarHit!THOM none, HapacTaiO
UieM BO epeMeH~tt, AnR epaUiaiOIIIIt!XCfl lt!OHOB BblnOnHfleTCfl 3aKOH 
COXpaHe Hitlfl o6o6UieHHOrO MOMeHTa KOn~tt4eCTBa AB~ttmeH~ttfl: 

ez i 
M z = A M v 8 r + -c- r A8 • 

rAe A - Maccoeoe 4~ttcno ~ttoHa, M - Macca HyKnoHa, v8 -
CKOPOCTb lt!OHa, r - paA~t~YC KOnb4a, e - 3aPflA 3neKTPOHa, 

/1/ 

C - CKOPOCTb CBeTa, Zi - 3aPflAHOCTb lt!OHa, A{j- a31-1MYTanb
Hafl KOMnoHeHTa eeKTopHoro noTeH41-1ana MarH~t~THoro nonfl. 

MarH ~t~ THOe none ~opM~ttpyeTCfl TaK, 4TO e npo4ecce cmaT~ttfl 

MexaH~tt4e CKI-1i1 MOMeHT lt!OHa HaMHOrO npeBbiWaeT BKnaA B o6o6-
UieHHbiH MOMeHT OT MarHit!THOrO nonfl. TaKOe ycnoe~tte, B 4acT
HOCTI-1, pean~tt3yeTCfl B aAre3aTope KOnneKTit!BHOrO YCKOp~t~Tenfl 

Tfl>KenbiX ~ttoHoe 161. TorAa 1-13 /1 I cneAyeT np~tt6n~tt>KeHHbiH 3aKOH 
coxpaHeH ~ttfl MexaH~tt4eCKoro MOMeHTa, T.e. np~tt cmaT~tt~tt 3neKT
poHHO-~t~OHHoro KOnb4a CKOPOCTb BPaUiaiOUIIt!XCfl lt!OHOB HapacTaeT 
o6paTHO nponOP41-10HanbHO paA~t~YCY KOnb4a. 

npeAe nbHYIO CKOPOCTb lt!OHOB MOmHO HaHTI-1 1-13 ycnOBitlfl pa
BeHCTBa 4eHTpo6e>KHOH Itt YAepm~t~BaiOUieA C~ttn, T.e. 

2 
AMv8 

r 
2 X 

== 2Z . v m c -
2 

(1 - f), 
I a 121 

rAe m- Macca 3neKTPOHa, f - napaMeTp HeATpan~tt3a4"""" 3a
PRAa KOn b4a, x - paA~ttanbHafl nonflp~tt3a4~ttfl 3neKTPOHHO-~t~OHHo

ro KOnb 4a /paA~tt~nbHOe pacxomAeH~tte 3neKTPOHHoro 1-1 ~t~OHHoro 
Kone4/, v - napaMeTp 6YAKepa v = 2,8 ·10- 13/2rrr , Ne-
4~t~CnO 3neKTPOHOB B KOnb4e, a - paA~t~YC Manoro nonepe4HOrO 
ce4eH~ttfl KOnb4a. 

BblpameH~tte /2/ n03BOnfleT onpeAen~t~Tb npeAenbHYIO CKOPOCTb 
lt!OHOB n pl-1 lt!HmeK41-11-1 He~Tpanoe B KOnb40 Ha 6onbWOM paA~t~YCe 
Itt AOCT~ttm~t~MyiO B KOH4e cmaT~ttfl. 

B KonneKTit!BHOM YCKOp~t~Tene 3neKTPOHHble KOnb4a ~OpMit!PYIOT

Cfl 1-13 n ~t~ HeHHOro 3neKTpOHHOro nY4Ka B aAre3aTope, COCTOfl
UieM 1-13 BaKYYMHOH KaMepbl Itt Clt!CTeMbl TOKOBbiX KaTyWeK, cneAyiO
UIIt!M o6pa 30M. CHa4ana 3neKTPOHHbiA ny40K ~t~HmeKT~ttpyeTCfl 

e cna6~0KYC~t~PYIOUiee MarH~t~THoe none "" ceopa4~tteaeTCfl e KOnb-
40. 3aTe M B pe3ynbTaTe n004epeAHOrO BKnl04eHitlfl TOKOBbiX Ka
TyWeK Ma rH~t~THOe none HapaCTaeT BO BpeMeH~tt Itt C>Kit!MaeT 3neKT
POHHOe KOnb40. 

H~ttme np~t~BeAeHbl T ~ttn~tt4Hble napaMeTpbl. 3neKTPOHHoro KOnb4a 
e Ha4ane 1-1 e KOH~e cmaT~ttfl. 
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Ha4a11o C)f(aTI-1R KoHe~ C)f(aTI-1R 

41-lCilO 3IleKTpOHOB B KOilb~e 1 0 13 1 0 13 

3Hepri-1R 3IleKTPOHOB 1 ,572 M3B 1 , 5 720 M3B 

PaAI-1YC KOilb~a 35 CM 3, 5 CM 

PaAI-1YC Ma11oro 
nonepe4Horo ce4eHI-1R 172 CM 0, 17 0,2 CM 

HHAYK~I-1R MarHI-1THoro 
-2 

1 , 71 ,7 T11 nOilR 2· 10 T11 

CKOPOCTb He~TpailbH~X aTOMOB npl-1 1-lH)f(eK~I-11-1 B 3 eKTPOHHOe 
KOilb~O AOil)f(Ha 6~Tb -107 CM/C. n110THOCTb nOTOKa He~TpailOB 
MO)f(HO Ha~TI-1 1-13 B~pa)f(eH!-lR 

/3/ 

rAe Ni - 41-lCilO 1-lOHOB, 3aXBa4eHH~X B KOilb~O; n 0 - nilOTHOCTb 
nOTOKa He~TpailOB; V- 06DeM nepeCe4eHI-1R nOTOKa He~TpailbH~X 

aTOMOB 1-1 3IleKTPOHoe; a - ce4eHI-1e I-10HI-13a~l-11-1; t - AI11-1Teilb
HOCTb CTPYI-1 He~Tpalloe. Ec111-1 npi-1HRTb t = 5 · 10-4 c , V 
= 10 cM 3, n 6 = 5·10 93IleKTPOH./cM 3 , a= 2·10- 18 c M2 1-1 Ni = 

5·10 10,To 1-13/3/ HaXOAI-1M, 4TO n0 = 3·10 10 aT./CM 3• 

3IleKTPOHHO-I-10HHble KOilb~a BO epeMR C>K'aTI-1R noll PIII30BaH~ 

e paA!-lailbHOM HanpaeileHI-11-1. Ec111-1 e Ha4alle C)f(aT!-lR a3Mep~ ce-
4eHI-1~ 1-lOHH~X ny4KOB MHOrO MeHbWe 3IleKTPOHHOrO pa 3Mepa, TO 
AOnYCTI-1Ma npeAeilbHaR OTHOCI-1TeilbHaR nOilRPI-13a~I-1R .h,6Ili-13KaR 
K 1. npl-1 paeH~X pa3Mepax Ce4eHI-1~ npeAeilbHaR noll Pl-13a~l-1fl 

-o ,25 161 

H3 /2/ cileAyeT, 4TO Ha1-16011ee TPYAH~e ycilOBI-1R AilR YAep
)f(aHI-1R 1-lOHOB B Ha4alle C)f(aTI-1R, T.K. nilOTHOCTb 3Ile TPOHOB 
3AeCb Ha!-1MeHbWaR 1-1 3aPRAHOCTb 1-lOHOB I-13MeHReTCR MeAileHHO. 
XapaKTepHoe epeMR I-10HI-13a~l-11-1 ri = (n

6
ac )- 1 cocTaBilReT e 3TOT 

MOMeHT eAI-lHI-1~~ Ml-111111-lceKyHA. C4!-1TaR, 4TO yee111-14e 1-1e 3aPRAa 
I-1H)f(eKTI-1poeaHH~x 1-lOHOB npoi-1CXOAI-1T 3a ri 1-1 3Ha4eH I-1 e npeAeilb
HO~ OTHOC!-lTeilbHO~ nOilRPI-13a~l-11-1 -1, nOily4aeM orpa l-14eH!-1e Ha 
Ha4ailbHY~ CKOPOCTb C)f(aTI-1R 

v 
r 

T 
i 

/4/ 

YMeHbWeHHe paAI-lyCa KOilb~a BABOe npi-1BOAI-1T K yeei1~ 4eHI-1~ 
nilOTHOCTH 3IleKTPOHOB npi-1MepHO Ha nOPRAOK, 1-1 C 3 TOrO MO
MeHTa nPI-1MeHI-1Ma cy~eCTBY~aR Ha KOI1IleKTI-1BHOM YC OPI-lTeJle/6 / 

MarHI-1THaR CI-1CTeMa, KOTOpaR n03BOI1ReT B KOH~e C)f(a TI-1R no

IlY41-1Tb 1-lOH~ e~coKo~ 3aPRAHOCTI-1 ZJ A~ 0,1 . 
HcnOilb3YR e~pa)f(eH!-le /2/ 1-1 napaMeTp~ 3IleKTPOHHoro KOilb

~a B Ha4alle 1-1 B KOH~e C)f(aTI-1R, MO)f(HO O~eHI-1Tb MaKCI-1MailbH~e 

CKOpOCTI-1 1-lOHOB, npl-1 KOTOp~X OHI-1 e~e 6YAYT YAep)f( !-l BaTbCR 
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B 31leKT pQHHOM KOilb~e Ha paA~yce 35 ~ 3,5 CM, 8 Ta6n~~e 
np~BeAeH~ 3Ha4eH~R 3T~X CKOPOCTeH, nony4eHH~e np~ cneAy~

ut~X 3Ha4 eH~RX napaMeTpOB 3J1eKTPOHHO-~OHHbtX KOile~: Ha pa
A~yce r = 35 CM f = 0,05; X:/a = 0,5; a = 1,5 eM; Ha pa
A~yce r = 3,5 CM f = 0,2; a= 0,15 eM; X:/a = 0,5. AnR 
np~Mepa paCCMOTpeHO YCKOpeH~e ~OHOB a30Ta, aproHa, Kp~n-

TOHa, KCe HOHa, CB~H~a. 

Taomu~a 

A zi :lA ·vrr I o 7 eM/ c E( K3B/HyKn.)ZJA Ve· I 08cM/C E(K3B/HYKJI.) 

35 CM r = 3,5 CM 

I4 7 . 10- 2 9,8 5, I 0,36 6,5 218 

40 2,5 10-2 5,9 I ,8 0, I8 4,6 I 09 

84 
-2 

I,2 10 4,1 0,9 O,I5 4,2 9I 

I36 
-3 

7,4 10 3,2 0,5 o. I 4 4,0 85 

208 4,8 10-3 2,6 . 0,34 o.12 3,7 73 

Ta6n~~a noKa3biBaeT, 4TO OTHOI!JeH~e npeAenbHO AOnycT~M~X 
CKOpOCTeH ~OHOB B KOH~e cmaT~R ~ B Ha4ane npeB~waeT 10,no 
KpaHHeH Mepe AI1R HOHOB c A 2 84, T.e. OH~ 6YAYT YCKOPRTb
CR np~ CHaT~~ ~ YAePl!<~BaTbCR B KOilb~e Aame np~ MaKC~Mailb
HO B03MOMHbiX 3Ha4eH~RX CKOpOCTeH. 

4~CI10 ~OHOB, ~~PKYil~PY~ut~X BO BCTpe4H~X ny4Kax, MOmHO 
onpeAen~T b, 3aAaB <!>aKTOP Hei1Tpan~3a~~~ f = (}; ZiNi )/N e ~ HC
nonb3YR sen~4HHY cpeAHero 3aPRAa ~OHOB. HanpHMep, AilR 
Kp~nTOHa B cmaTOM KOilb~e MOmeT 6b1Tb 1 ,5·10 11 ~OHOB C 3a-

- 13 
PRAOM Zi = 13, ecna-1 Ne = 10 1-1 r = 0,2. 

np~H~MaR BeJ1~4~Hy OTHOC~TeJlbHOH CKOPOCTH CTailKHBa~\HX
CR ~OHOB B KOH~e cmaTHR VOTH = 8 · 1 0 8 CM/C ~ nilOTHOCT~ 
BCTpe4H~X ny4KOB 5 ·1 0 10 ~OH/CM 3, HaXOA~M, 4TO 4HCI10 HOH
~OHH~X B 3a~MOAeHCTBHH B eAHH~~y epeMeHH COCTaBilReT ~= 

4 30 
·10 a CTOilKH./C. B~AHO, 4TO CBeT~MOCTb BCTpe4HbiX ny4-

KOB 4 · 10 30 1/cM2 C npee~waeT Ha MHOrO nOPRAKOB CBeT~MOCTb 
nepeceKa~ut~XCR ny4KOB. CpaeHeH~e 3Hepr~~ ~ 4aCTOTbl CTOilK
HOBeH~H ~OHOB, COBepwa~~X XaOT~4eCK~e KOJle6aH~R B 3IleKT
POHHOM KOilb~e, H ~OHOB, B3a~MOAeHCTBY~HX 80 BCTpe4Ht:-IX 
ny4KaX, n p~ YCilOB~H ~X OA~HaKOBOH nilOTHOCT~ B KOilb~e no
Ka3~BaeT , 4TO ecTpe4H~e ny4K~ o6ecne4~Ba~T e~~rpblw no 
3Hepr~~ B 20-30 pa3 ~ no 4~Cny CTOilKHOBeH~H B eA~HH~Y epe
MeH~ 6one e 4eM s 10 pa3. 

8biCOK~e CKOPOCT~ ~OHOB ~ ~HTeHC~BHOCT~ BCTpe4HbiX ny4-
KOB n03B OilRT npoeeCT~ ~3MepeH~R Ce4eH~H ~OH~3a~~H B ~OH-
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~OHH~X CTOnKHOBeH~~X, B3a~MHOH nepe3aP~AK~ MHOr03aP~AH~X 

~OHOB, o6pa30BaH~~ BaKaHC~H Ha BHyTpeHH~X aTOMHMX o6ono4-
KaX ~ ~ccneAOBaTb MeXaH~3M o6pa3oeaH~~ ~ pacnaAa ea3~Mo

neKyn np~ CTOnKHOBeH~~ B~COK03ap~meHHbiX ~OHOB ~ T.A. 
HaH6onee npocT~M~ e pean~3a~~~ npeACTaen~~Tc~ 3Kcnep~

MeHT~ no ~3MepeH~~ Ce4eH~H ~OH~3a~~~ ~ B3a~MHOA ne pe3a
P~AK~ cTanK~ea~~~xc~ e~coKo3ap~meHHMX ~oHoe. B 3TOM cny-
4ae AOCTaT04HO ~3Mep~Tb cneKTP 3aP~AHOCTe~ ~OHOB B 3ae~
C~MOCT~ OT epeMeH~ ~x YAepmaH~~ e 3neKTpOHHOM KOn b ~e . An~ 

3TOrO, npemAe BCero, He06XOA~MO OCy~eCTB~Tb B~BOA ~OHOB 
~3 KOnb~a B Tpe6yeM~A MOMeHT epeMeH~. BMBOA ~OHOB MOmHO 
npo~3BeCT~, Hanp~Mep, nyTeM C03AaH~~ noKanbHOA KOMneHca
~~~ npOCTpaHCTBeHHOrO 3ap~Aa 3neKTpOHOB B KOnb~e. C 3ToA 
~enb~ noTpe6yeTc~ cTpy~ HeHTpanbHMx aTOMOB c nnoT HOCTb~ 

nOTOKa -2 · 10 17 aT./CM 2c, ecn~ CKOPOCTb HeATpanoe - 10 5cM/C 
~ ~3 nep~MeTpa KOnb~a -12 CM HeATpan~3yeTC~ y4aCTOK 
-0,6 CM. B MeCTe KOMneHca~~~ 3aP~Aa 3neKTpOHOB ~OHM 6YAYT 
nOK~AaTb KOnb~O no KaCaTenbHOH K HeMy. napMOpOBC K~A pa
A~YC ~OHOB -20 CM, HO MarH~THOe none cnaAaeT C yeen~4eH~
eM paA~yca, ~ n03TOMY B~BOA ny4Ka ~3 KaMepbl He COCTaB~T 

6onbw~x 3aTPYAHeH~A. CneKTP 3aP~AHOcTeA ~OHOB s BMBeAeH
HOM ny4Ke MOmHO 6yAeT ~3Mep~Tb, Hanp~Mep, C nOMO b~ 3neKT
pocTaT~4eCKOrO aHan~3aTopa. 

3Kcnep~MeHTM no ~3MepeH~~ Ce4eH~A o6pa30BaH~~ KBa3~MO
neKyn ~ BaKaHc~A Ha BHyTpeHH~X ~OHHMX 060n04KaX MO~HO 6y
AeT npoeecT~ Ha ocHoee per~cTpa~~~ 3neKTPOMarH~THoro /on
T~4ecKoe, peHTreHoecKoe/ ~3ny4eH~~. conpoeomAa~~ero cTonK
HOBeH~e ~OHOB. nepe~e 3KCnep~MeHTanbH~e pe3ynbTa T~ /S / no 
~3MepeH~~ xapaKTep~cT~4ecKoro peHTreHoecKoro ~3ny4eH~~ 
~OHOB KCeHOHa, HanonH~~~~X 3neKTPOHHOe KOnb~O, nOKa3an~ 

nepcneKT~BHOCTb np~MeHeH~~ cneKTPOCKon~4eCK~x MeTOAOB An~ 
~ccneAOBaH~~ napaMeTpOB 3neKTpOHHO-~OHHMX KOne~. 

Bo3MOmHOCT~ BbiBOAa ~HTeHc~BH~x ny4KOB c~nbHO~OH~3oeaH
HMX ~OHOB ~3 yCKOPMTen~, a AnR 3neMeHTOB ner4e KpMnTOHa -
Aame RAep, nonHoCTb~ nMWeHH~x 3neKTPOHHOA o6ono4 K ~, no-
3BOnRT 3~~eKTMBHO npOBOAMTb 3KCnep~MeHTbl M B TPaAM~MOHHOA 
o6naCTM MccneAOBaH~R B3aMMOAeAcTBMA MOHOB C HeATpanbH~MM 
aTOMaMM M Be~eCTBOM. 
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KpamKue coo6UjeHU.R OJ1.HJ1 #1 0-85 JINR Rapid Corrrnunicationa No-10-85 

Y,llK 539.12.13 

EO -nEPEXOAbl nPH PAcnA,QE 164 Tm. 
o+-COCTO~HH~ B 164Er 

l 2 H.AAaM, 3.roHc, K.~.rpoMo8, T.A.HcnaMo8, 
r.A.KoHOHeHKO, A.X.XonMaTo8 3 

C TIOMOIJT.b!O /'3-cneKTpOrpa4JOB C TIOCTOHHHbiM OAHOPOAHbiM 
MarHHTHbiM TIOJieM BbillOJIHeHbl npe~H3HOHHble HCCJieA?NfHHH 
cneKTpa KOHBepcHOHHb~ 3JieKTpoHOB npH pacnaAe Tm. 
06HapYJI(eHo I 0 nepeXOAOB THTia EO , cpeAH HHX eTbipe -
nepeXOAbl MeJKAy B036YJKAeHHbiMH o+ -coCTOHHHHMH. YcTaHoB
JieHO CYJII~CTBOBaHHe B 164 Er CeMH B036YJKAeHHb~ 0+ -ypOB
HeH. AHaJIH3HpyroTCH HX CBOHCTBa. 

Pa6oTa BbillOJIHeHa B na6opaTOPHH HAepHb~ po6JieM 
OIDHI. 

EO Transitions at 164 Tm Decay. 
0+-States in 164Er 

I. Adam et al. 

Precision investigations ot6the"convers i on elect
ron spectrum at the decay of ~m have been perfor
med using 1'3-spectrographs with the constant homoge
neous magnetic field. Ten transitions of t he EO type 
have been found, among them four transitio s between 
excited 0+ states. Seven excited 0 +levels have been 
found in 164Er. Their properties have been analysed. 

The investigation has been performed at the Labora
tory of Nuclear Problems, JINR. 

3neKTPH4eCKHe MOHOnOnbHble (EO)-nepeXOAbl npOHCXOA.RT npH 
H3MeHeHHH paAHanbHOrO pacnpeAeneHH.R 3neKTPH4eCKHX 3ap.R
A08 8 .RAPe 1-1 npeACTa8n.RIOT n03TOMY OC06bli1 HHTep C. 3Kcne
PHMeHTanbHbiX AaHHbiX o EO-nepexoAaX 8 aTOMHbiX .RApax cpa8-
HHTenbHO HeMHOro 11 ~ Hx o6HapymeHHe 3aTPYAHeHO TeM, 4TO 
An.R HAeHTH<)lHKa~HH EO-nepexoAa HymHo y8HAeTb o6br4HO cna-
6ble nHHI-11-1 ~neKTPOH08 8HyTpeHHei1 KOH8epCHH /3BK/ 1-1 noKa-
3aTb, 4TO 8 y-cneKTpe COOT8eTCT8YIO~a.R nHHH.R OTCYTCT8yeT. 

l HHCTHTYT HAepHb~ HCCJieAOBaHHH l.:ICAH, Ilpara 
2

HayqHO-HCCJieAOBaTeJibCKHH HHCTHTYT TIPHKJiaAHOH 4JH3HKH 
Tawry 

3 
TawKeHTCKHH rocyAapcTBeHHblli YHHBepcHTeT 
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Jlnfl 3TOH 1,4en1-1 Heo6XOA1o1Mbl npel,41o131o10HHbte lo1CC!leAOBaH~-tfl cneKT
poe 3BK . 

Mbt nPOAO!llKio1.m1 nolo1CKI-1 "' I-1CcneAOBaHio1fl EO-nepeXOAOB np1o1 

pacnaAe 164.-rm 
2 'O+ M~-tH,. 16"Er. i-130TOn 164 Tm 6b1!1 OTKPbiT 1-1 ~-t3y-

4a!1Cfl e Jla6opafop~-tlo1 fiAePHbtX npo6neM 011stl-1 1
2-41_ B / 2/ noKa3a

Ho, 4TO OCHOBHOe COCTOfiHio1e lS~ lo1MeeT Cnlo1H lo1 4eTHOCTb 
I"= 1 + . 3To C03AaeT 6naronplo1fiTHble B03MOlKHOCT~-t A!lfl eo3-
6YlKAeHio1fl "' I-1CcneAOBaHio1fl e 3TOM pacnaAe ypoeHei1 T~-tna I" = 

+ 164 = 0 e 4 e THo-4eTHOM RAPe Er "' EO-nepeXOAOB MelKAY 3Tio1-
M~-t ypOBH fiMI-1 . PaHee o6HapylKeHbl EO-nepeXOAbl "' o+ -cocTOfiHI-tfl 
164Er c 3 Heprl-1f1Mio1 1246 K3B, 1702 K3B, 1765 K3B lo1 
2172 K3B 13

• 
41

. Jlnfl nony4eHI-1fl 6onee nonHbiX AaHHbtX Heo6xOA1o1-
MO 6bl!10 BblnO!lHI-!Tb T~aTe!lbHble lo1C~JleAOBaHio1fl CJlOlKHOrO cneKT
pa 3BK n p 1o1 pacnaAe 164 Tm . 0Hio1 npOBOAI-1111-!Cb C noMO~b~ KOMn
neKca {t- cneKTporpa<J>os c nocTOfiHH-biM OAHOPOAHbtM MarH~-tTHbtM 

1 51 
noneM · , lo1Me~~~-~x pa3pewa~~yro cnoco6HOCTb ~Hp/Hp= 0,03+0,07%. 
CneKTPbl 3 BK Ha <S>oTonnacTio1HKax o6pa6a'fbtBa!llo1Cb Ha cnel,41o1anb
HO pa3pa6oTaHHOM / S/ aBTOMaTio14eCKOM Mlo1KPO<!>OTOMeTpe B Jllo1-
Hio1~ c 3BM EC - 1 010. CseAeHio1fl o PRAe cna6btX !11o1H~-ti1 3BK nony-
4eHbt npl-1 yCvl!leHio11o1 lo1306palKeH~-tH Ha <J>OTOn!laCTio1HKaX M€TOAOM 
asTopaAI-10 rpa<J>Io11o1 c npi-1MeHeHio1eM paA~-tOaKT~-tBHOH 3f>s 171

. CneKT
Pbt 3BK ~-t 3 y4a!11-1Cb TaK>Ke c noMO~b~ cneKTPOMeTpa c Si (Li ) -Ae
TeKTopoM . CneKTPbl y -ny4eA "' y-y -cosnaAeH~-tA lo1ccneAOBaHbl 
C rlOMOlf4b~ y -cneKTpOMeTpOB C Ge(Li)-AeTeKTOpaMI-1 . 

,l\nfl ~-t 3 y4eHio1R cnet<Tpoe 3BK, y - ny1.1eA "' y- y -coenaAeHI-111 
np1o1 pacnaAe 164 Tm Mbl lo1CnO!lb30Ba!llo1 B Ka4eCTBe I-ICT04Hio1Ka 
npenapaT 16

4yb /T 112 = 75 Mlo1H/ s paeHosec"'"' c A04epHI-1M 
16 "'rm /.T 112 = 2 MII1H/ . 164yb 6bt!1 nony4eH np~-1 o6ny4eHio11-1 TaH
TanosoA M~-tWeHM npOTOHaMI-1 C 3Heprlo1eH 660 lbB Ha Clo1HXP041-1K -· 
noTpoHe OHfll-1. HcT04Hio1Kio1 A!lR f-l-cnet<Tporpa<J>os roTos"'n"'Cb 
MeTOAOM 3JleKTPOOCa>KAeHio1ft. ,l\Jlft cneKTPOMeTpOB C nonynpOBOA
Hio1t<OBb1Mio1 AeTet<TopaMI-1 lo1Cnon&3osaHbl nony4eHHbte Ha 3net<Tpo
MarHio1THOM Macc-cenapaTope MOHOio1306apHble lo1CT04Hio1Kio1. 

npl-1 lo1CCJ1eAOBaHio11o1 cnet<TpOB 3BK 1-1 y -ny4ei1 16 "'fms Al-1ana-
30He OT 3 AO 3000 K3B 06Hapy>KeHO 6onee 140 nepeXOAOB, 1-13 
Hlo1X 50 - HOBbiX . OnpeAeneHbl MY!lbTio1nO!lbHOCTio1 75 r -nepexo
AOB, A!lfl 5 0 1-13 Hlo1X - BnepBble. Ha OCHOBe AaHHbiX 0 cnet<Tpax 
3BK "' y-n y4ei1 "' cnet<Tpax y - y -cosnaAeHI-111 nocTpoeHa cxe
Ma pacnaAa l64Tm, BKn~~.~a~~aR e ce6R 37 eo36Y>KAeHHblx co
cTORHI-111; BBeAeHbl 4eTbtpe HOBbiX ypOBHft, yT04HeHbl X a pa KTeplo1-
CTio1Kio1 e~e HeCKOJ1bKio1X ypOBHeH. 3Tio1 pe3y!lbTaTbl 6YAYT ony6-
Jllo1KOBaHbl n03AHee. 0CTaHOBio1MCR 3AeCb Ha nony4eHHbiX 3~Cne 
plo1MeHTaJ1b HbiX AaHHbiX o EO-nepexoAax np~-1 pacnaAe 164Tm . 

B cnet<Tpax 3BK 164 Tm /eM., Hanplo1Mep, plo1c.1/"'AeHTI-1<1>"'4"' 
poeaHo 10 nepeXOAOB Tlo1na EO,weCTb 1-13 HHX- HOB~X,I-1 11 ne
peXOAOB Tlo1na Ml + E2 + EO. B Ta6n . 1 npeAcTasneHbt pe3ynbTaTbl 
cpaBHeHio1fl 3KCneplo1MeHTa!lbHbiX Bem141o1H K03<1><!>1-141-teHTOB BHyTpeH -

70 



- - ..... - - _...., 
PHc. I • Y'llaCTOK cneKTpa 3BK, H3MepeHHbJH Ha f3-cneKT
porpa¢e. cn-3 I H = 580 rc/. 

-
Heii KOHeepca-ta-t la-tna-t npeAenoe a k I c pac4eTHbiMa-t AilA MYilbTa-t
nonbHOcTeR Ml 1-1 E20 CpaeHeHa-te co 3Ha4eHa-tAMa-t A11A 6onee e~
coKa-tx MYJlbTa-tnoneR He npOBOAI-1111-1, TaK KaK MaJlOBepOATHO, 
4T06bl npa-t pacnaAe 16 4.rmll 17 = 1 t/ B03Ha-tKana-t TaKa-te y-nepe
XOAbl. AnA ecex EO -nepexOAOB, KPOMe 407,0; 1416, 6 
"' 1841 ,6 K3B, a-t3MepeH~ pa3HOCTa-t 3Hepra-ti1 K- "' L-n a-tHa-tH 3BK 
1-1 OAH03Ha4HO nOKa3aHO, 4TO nepeXOA~ npOa-tCXOAAT B RAP€ 3p-
6a-tA. 

Bo36Y~Aa~a-tecA npa-t pachaAe 164 Tm cocTOAHa-tA c I "K =O TO 
1-1 a-tX poTa~a-tOHH~e ypOBHa.1 a.1306pa~eH~ Ha PI-1Co2o 4eT~pe YPOBHA 
Ta-tna 0 ' : 1246,1; 1702,2; 1765,8; 2172,8 K3B 1-1 a-tX BPaUia
T€JlbH~e COCTOAHI-1A yeepeHHO nOATB€P~Aa~TCA P€3YJlb TaTaMa-t 
a-t3y4eHa-tA cneKTpoe y - y-coenaAeHa-tH "'coenaAeHa-tAM a-t eena-t4a-tH 
cyMM 3Hepra-ti1 y-nepexoAOB, pa3pA~a~UI"'X 3Ta-t ypoeH a-t , 1

17
K 

3Ta-tx ypoeHeR OAH03Ha4HO ycTaHaena-tea~TCA EO -nepexoAaMa-t 
c Ha-tX e ocHOBHOe cocTOAHa-te, EO-nepexoAaMa-t Me~AY OT-ypoe
HAMI-1 "' MYilbTa-tnonbHOCTb~ APYra-tx nepexOAOB c 3Ta-tx y poeHeii. 

06Hapy~eHH~H Hoe~R EO-nepexoA c 3Hepra-teR 141 6 ,6 K3B 
n03BOJ1A€T C4a-tTaTb, 4TO ypOBH~ C TaKOH 3Hepra-tei1, B€A€HHO
MY e 18 ~ cneAyeT npa-tna-tcaTb cna-tH 0, a He 1, "'• TaKa-tM o6pa3oM, 
YPOB€Hb 1416, 6 K3B AOJl~eH a.1M€Tb 1

17
K = o+o. YpoeH ~ 1416,6 

"' 1483,6 K3B o6pa3y~T epaUiaTeJlbHY~ nonocy II" = o+ "' 2+1 
COCTOAHI-1A C K 

17 
= 0 0 

He nOATB€P~AaeTCA cy~eCTBOBaHa-te o +-ypOBHA c 3Hepra-tei1 ° 

2185 K38, BB€A€HHOrO B I I Ha OCHOBe Ha611~A€HI-1A EO -nepe
XOAa Toii ~e 3Hepra-ta-t, M~ o6Hapy~a-tna-t y-ny4a-t c 3He pra-tei1 
2186,5 K3B 1-1 noKa3ana-t, 4TO 3TOT nepeXOA a-tMeeT MYJlbTa-tnOJlb-
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TaGmu~a I 

K orrpegeneHHID MynbTHrronbHOCTH rrepexogoB THITa 
EO H EO + Ml + E2 rrpH pacrrage 164rm 

EyCM:y). T60J?.. Blmo.n 0 

MYJII>TmiOJibHOCTll K3B 

407,0(1 ) 
456,4(2 ) 
4?4,2(2 ) 
5I9,?6(2I) 
794,62( 52) 
926,6(4) 
963,96(3) 

II?0,4(4) 
I223,I?(6) 
I246,I(4) 
I392,30(II) 
I4I6,6(5) 
I696,85( II ) 
I?02,I(4) 
I?42,0?( II ) 
I?65,8(4) 
I8I9,?2( IO ) 
I84I,6(5) 
I862,50( II ) 
2172,5(4) 
2I86,52(4I ) 

a"Kcn. 
k 

>60 
>ISO 

83(30) 
>50 

47(18) 
>I30 

32(II) 
>20 

?(I) 
)'400 

II(3) 
8,4(15) 
3,8(8) 

>23 
4,4(13) 

>I30. 
3,0(7) 

>30 
2,4(8) 

>400 
20(7) 

a Ml 
)(. 

X 10
3 

53 
38 
35 
28 
9,4 
6,? 
6,0 
3,? 
3,3 
3,2 
2,4 
2,3 
I,? 
I,? 
1,6 
I,6 
I,4 
I,4 
I,4 
0,9 
0,9 

flpHMe'!aH He: H - HOBble gaHHbte. 

a E2 
:.k. 

23 
I? 
I5 
I2 
4,5 
3,4 
3,I 
2,I 
I,9 
I,8 
I,5 
I,4 
I,I 
I,I 
I,I 
I,I 
I,O 
I,O 
I,O 
0,8 
0, 75. 

EOH 
:Edl 
MI+E2+E0 
EOH 
LU+E2+EOH 
EOH 
MI+E2+E0 
!.U+E2+EOH 
MI+E2+E0 
EO 
MI+E2+EOH 
EOH 
;u+E2+EO 
EO 
MI+E2+E0 
EO 
MI+E2+E0 
EOH 
!til+E2+E0 
EO 
hil+E2+E0H 

HOCTb Ml + E2 -.- E0/CM. Ta6n.1/ VI pa3MelJlaeTC.A MelKAY ypOBH.A
MVI c I" = 2 ; 2278 K3B VI 91 K3B. 

YpoBH VI 1911,1 K3B VI 1953,9 K3B 
3aMeTHoA EO-npVIMecb~ e nepexoAax 

" + c I = 2 OTllV14a~Tc.A 

C HVIX Ha ypoeeHb I "K = 
= 2 +0 nOJlOC~ OCHOBHOrO COCTO.AHVI.A. npeAnOllOlKVIB, 4TO 3TV1 
ypOBHVI .AB Jl .A~TC.A epalJlaTellb HbiMVI HaA HOBbiMVI 0 -t -coc TO.AHVI.AMVI, 
M~ npeAnP~ H.AllVI nOVICKVI COOTBeTCTBY~lJlVIX VIM OCHOBH~X COCTO.A
HVIA. AHan~3 3KcnepV1MeHTallbH~x AaHH~X no3eon.AeT eeecTVI 
B CXeMy y pOBHeA 164Er 0 -,--ypOBHVI C 3HeprVI.AMVI 1841 ,6 K3B 
VI 1861,3 K3B. 
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OJ 6.1 
1,5 5.4 

0,6 5,9 
0.5 6,0 

-0. 1 -7.5 
- 0.1 - 7,5 
0,5 6.0 
0 .0 5,9 
1,5 5 ,6 

1,6 5 ,6 

~~ 0,3 6,5 

1416. 54 0.9 6,0 

1314 .48 .1,1 5,9 

1246. 05 1,6 5,8 

2ll0. 4 

li1 91 .311 24,4 5,2 

&t 0 511,4 4,0 

Eyp ... t.f"C%1 lgtl 

PHC. 2. COCTO.IIHH.II THna 0 + B 
164Er H CB.II3aHHbJe C HH-

MH pOTa~HOHHbJe ypOBHH, B03DYJK,D;aeMble TIPH pacnap;e 
164Tm. 

B Ta6n.2 npHBeAeH~ B~4HcneHH~e no 3KcnepHMeHTanbH~M 
AaHHbiM 3Ha4eHHR napaMeTpa PacMycceHa 191: 

loTt-toweHHe npHeeAeHHbiX eepoRTHOCTeii EO- H E2 -nepexoAOB 
c ypOBHR o+ I' rAe i H j - HOMepa Ha4anbHOro H KOHe4HOro 
o+ -cocTORHHii. BenH4HHbl X o6Hapy>KHBaiOT 3Ha4HTenbHbJi1 paa-
6poc OT x411 = 0' oj 121 AD Xsu = 4 '51 151' 4TO roeopHT 
0 pa3HOi1 nPHPOAe paCCMaTpHBaeM~X 0+-coCTORHHii. 3aMeTHM, 
4TO J}-eH6pa4HOHHblii ypoeeHb 191 AOn>KeH HMeTb X = 4,8~ = 
= 0,3-0,4, T.e. ,8-Kone6aTenbHOe COCTORHHe B 

164
Er HMeeT, 

no-BHAHMOMY, 3HeprHIO 1246 K38. 
6enReB H AP·/lO/ AnR PRAa RAep 3KcnepHMeHTanbHO H3Y4HnH 

3aBHCHMOCTb eenH4HH~ X OT 3HeprHH B036Y>KAeHHR o+-ypoeHeii 
H noKaaanH, 4TO X pe3KO yeenH4HBaeTCR npH npH6n H>KeHHH 
3HeprHH ypOBHR o+ K 3HeprHH ~enH. KaK BHAHO H3 pHc.3, Ta~ 
KOe ReneHHe Ha6n10AaeTcR He 164Er. noReneHHe e cneKTpe eoa-
6y>KAeHHi1 RAPa cocTORHHii c aHOManbHO 6onbWHM aHa eHHeM X 
o6oRCHReTCR MOAenbiO c caMocornacoeaHH~M cnapHea HeM MHTpo-
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x<n 
i jj 

yJ.O) 
-.:II 
~2) 

Yin ·-.ar 
x<o> 
3!1 

x<2) 
3Il 

x<o> 
4II 

x<2) 
4II 

x<o> 
422 

x<2) 
422 

x<o) 
5II 

x<2> 
5!1 

x<O) 
522 

x<o> 
GII 

y{2) 
'"till 
y{2) 
-III 

x<o> 
8II 

x<2) 
8II 

x<o> 
822 

y{2) 
<l22 

x~g~ 
1 <21 

833 

Ta6JIHI.\a 2 

0THOWeHHe npHBeAeHHb~ BepOHTHOCTeH /napaMeTp 
16 4.-. 

PacMycceHa/ X ~ B(EO)/B(E2) AJIH EO-nepex oAOB B -!!.if 

(E yp)i' 

KaB 

1246,05 

1314,48 

I469,8S 

1416,54 

1483 ,57 

1702,17 

1788,37 

1702,17 

1788,37 

1765,81 

1833,34 

1765,81 

1841,6 

I9II ,IO 

{953,91 

2172 ,76 

2278,09 

2172 ,76 

2278 ,09 

2172 ,76 

2278 ,09 

E yCEO), 
K3B 

1246,1 

1223,17 

II70,4 

1416,54 

1392,30 

1702,1 

1696,85 

456,4 

474,2 

1765,8 

1742,07 

519,76 

1841,6 

1819,72 

I862,50 

2172,5 

2186,52 

926,5 

963,96 

407,0 

794,62 

E y(E2), 
KaB 

1154,69 

1223,17 

II70,4 

1325,15 

1392,30 

1610,67 

1696,85 

(387,7) 

474,2 

1674,3 

1742,07 

(451,3) 

1750,23 

1819,72 

1862,50 

2081,27 

2186,52 

(858,3) 

963,96 

(339,4) 

794,62 

(I) -(i) (0) 
X ijj X ijj IX ijj 

· 0,26(7) · 1,00 

0,33(10) 0,36(14) 

1,0(5) 1,0(6) 

0,14(5) I,OO 

0,87(25) 1,8(8) 

0,069(23) 1,00 

0,64(19) 2,6(!2) 

>0,09 1,00 

O,II(3) 0,35 

0,51(15) I,OO 

0,9(3) . 0,50(24) 

>0,05 

2,3(7) I,OO 

0,65(21) 0,08(4) 

0,49(16) 

4,5(15) 1,00 

14(6) 0,9(5) 

>2,9 1,00 

0,7(3} <0,06 

>0,017 

0,47(22) 

nonbcKoro1 11 ~ B Ta6n.3 nony4eHH~e HaM~ AaHH~e o een~4~Hax 
X cpaeH~Ba~TcR c pac4eTOM no MOAen~ 1 11 ~KaK B~AHo,noKa 
MomHo roeop~Tb TOnbKO o Ka4eCTBeHHOM cornac~~. CneAyeT 
OTMeTHTb TaKme 3aMeTHOe yMeHbWeH~e Ben~4~Hbl X B Ha4ane 
rpa¢l~Ka PHC · 3 · I - ( ) 

B
1 

Ta6n . 2 npHBe~eH~ TaKme OTHOWeHHR een~4~H X ijj = 
= xi\/ < I i 00 01 I j 0> H X ijj . B aAHa6aTH4eCKOM np~6nHme-
HHH OHH pa BH~ eAHHH~e. XOTR pa36poc BenH4~H 3THX OTHOWe-
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(0) 
X[11 

10 

6 
4 

2 

0,4 

0,2 

0,1 

0,06 

1000 

PHc.3. 3aBHCHMOCTb Ben~HH x(O) OT 3HeprHH ypoB ill -
Hei-1 o+ B 164 Er . 

Ta6nH~a 3 

CBOHCTBa 0+-COCTOHHHH 164 Er B MO~enH C CaMOCorna
COBaHHbiM CIIapHBaHHeM· ll/ 

o+ 
EYP' K3B X = B(EO}/ B(E2 ) 

3KCII. Teop . /11/ 3KCII, Teop. 111 1 

1246 1246 0,26/7/ ,22 

1416 1664 o, 14/5/ 12 ,2 

1702 1960 0,07/2/ 0 ,33 

1765 1991 0,50/15/ 0 ,20 

1841 2117 2,3/7/ 0 ,05 

1861 

2172 4,5/15/ 
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HH~ senHK, MOmHO C4HTaTb 1 4TO OHH He npOTHBOpe4aT npHnH
caHH~ COOTBeTCTBY~~ero YPOBHR 00+) K spa~aTenbHO~ nonoce 
AaHHOro o+-COCTORHHR. 

M~ nonaraeM, 4TO 6onbwHe B03MomHOCTH AnR H3y4eHHR 
CTPYKTY P~ 0+ -COCTORHH~ RAeP AaeT HCCneAOBaHHe EO-nepexo
AOB MemAY so36ymAeHH~MH o+-cocTORHHRMH. K comaneHH~, AnR 
o6HapymeHH~X HaMH EO-nepeXOAOB MemAY B036ymAeHH~MH o+
COCTORH HRMH noKa onpeAeneH~ TOnbKO npeAen~ senH4HH X, 
H n03TOMY TPYAHO CAenaTb CTpOrHe B~BOA~ H3 3THX AaHH~X. 
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