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Introduction

Recent exper1menta1 and theoretical investigations as a rule

,’gshow that the spin-dependent part of the residual interaction in
odd-mass nucle1 leads to polanzatlon ‘effects, which influénce con-
'/'.*'51derab1y the magnitude of magnetic moments and probab111t1es of

: ;fallowed "~ B ~decays. Because of these effects the values of the

g, -factors.of the nucleons in a nucleus differ notlceably from the

- corresponding values for free nucleons. In fact, this is equivalent

to renormahzatlon of the single-particle matrix elements of the odd
nucleon. Such effects are also obseryed for the matrix elements

. "'of B. -decay.

The effect of the sp1n—sp1n force in atomic nuclei have been

i

! ',the theory of f1n1te F‘erm1-systems 2 S1m11ar calculatlons have been

"studled by varlous authors by means of perturbatxon theo and

.“done by us/3/ in the framework of TDApproxxmatlon. Starhng from

“a s1mp1e model, we assumed that in even—even deformed nuc1e1'

"there exist osc111at10ns of the magnetlc dlpole morment, These oS-

‘ 'c111atlons generate 1* states, Then the spin polarlzatlon effects



are consxdered to be a result of the scattermg of the odd partlcle
to the 1* excitations of the core, _

‘ The purpose of this work is to mvestngate the structure of
these 1’ states in even-even nuclei, their decay propertles and' the -

" energy  region in which they may be observed,
. ' e / :

1, Hé.miltonién

As was shown in more detail in ref, 31 the Hanﬁitonian’ des~
cnbmg the smgle-partlcle motlon, palrmg and magnetic dxpole mte-

[

raction in the quasx-partlcle representatlon s

l,i =H sqp+Hooll +Hlnt v ’ (1)
where
H =v§':<csb(r)Bss(f)’ . i (’1a).;

=-l-2 K . 0(#)'1_4 '[C+ '(T)+C ‘,(T)]X .
» 4 r,7” T Yy ”‘ . ”’ o as . )
(1b) .

x 2P L [cT )4C ()]

Here €, ) are smgle-partlcle energles, ;Ev.{ll.,p} . The ope-
rators B,,rand C__- are expres_sed,m the terms of the qua;si-‘i)ar—

ticle operators

+ : : '
Bss‘;iasp(r )a.s’p(r) ) S ’ (2)
Cu,=—1—2a L(1) a (r). )

b paisp 8, .
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" The state |'s, —=p> is the time-reversed of |s,p> « The con-

‘stants of the magnetic "dipole interaction are chosen in the form

TT N | | (3)

qK .

X
il

The magnitudes Lae’;’i‘s“’s" - {15' v, are expressed in terms of

the parameters of ‘the Bogolubov canonical transfor'mation. F‘inally,‘
in (1b) the quantities o, N 2 are the smgle—par'hcle matmx elements of
the operator o, +(_1)/‘ o_ (/1==0 +1) , in which 0,1 are the Pauli

“‘spin’ matrices, In this way, in, (1) the operator H describes the

sqp
quas1-part1cle excﬂahons, and H . .y descmbes tbe collective 1+ -
"states ‘with the projection of angular momentum K=0 or i ( ;=0
Sor 1, respectively). Hiue  describes the interaction between the
X quasiparticles = with these states and so far has not been .related to
;our' problem. | '
_ We remark, that because of the internal symmetry of the states
with K=0 ) 1t is possible to bmld up a rotatlonal band with spins
I= 1 3 5 yeetc, dlffermg from the B -vibrational band,
- As. the two quasi-particle states, from which ‘one. builds 1* éx—-
c1taﬁons are usually hlgher than 2 MeV and are situated: very close
to . one another, it seems reasonable to apply the T.D.Approximation,

The excited. collective states are defined as one phonon states

¥ 19> =0, 1¥>=— 3 ¥, (et (e, >, (4)

| . . ,;2 ss T

“ where ]‘P > is the phonon vacuum, i.e, the ground state of the even-
“even nucleus, and ¥__(r) are the amphtudes of the two—~-quasi-par- .

~ticle states, saﬁsfying normalization ‘condition

5 - ,



sa’r

sy’ ,(r)=11 oy )

and the symmetry condlhon ‘I’ .s’ ==V ,

s’ s .
The dispersion equation for the excitation energy © is  ob~ '

v

tained by the variational method in the form

- (1+«F, )(lfxET,)—‘quzFrFr,so, o (e)
where
2 2 Lo : . : . .
o ‘., (r) L® .(7) : : .
Poay e DerD e
r , .
. 5e e (1) - o ‘
Cooss i
/
It is clear that F; has poles at o, =¢ “»(T). ‘Because the -

constant « is assumed to be positive, the"soluti‘or‘ls are expected
between the two—quasi—partf:le energies, the lowest being above the
energy gap. ' ‘ . ‘

For the two—quasr.—par’ucle amphtudes using the normalization

condition, we obtain the.following expression

ass'(T)Lss'(T) . 1 | . ‘1

i
L , T) = .
st : ' « F — - - (8)
€ ’(r)—wl r Y y )
. sa . B ‘T + r?’ (iz
i KZFTZ) (1+K‘FT, )?
\Ijsu’ (T’): ‘055'(7')[.43!' (T') . 1 e 1
Ess'gf‘)— wl o (1+ KFT') Y Y : '
; . Id T’ 2 .
LN

+
R e ¢ E..)
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asz,(r)[Jza,(r) )
ol Ar)=w, 17 NG

2 The Probab111t1es of M1 ’I‘ransmons to the Collective
1t States .

. ’I‘he charactemstlc quantlty for the spm—wbratlonal 1 levele o
w111 be the probablllty for M1 transitions. Having in, mind the expres—
i sion (8) for the amplitudes of the states, we can calculate the mat-

. rix elements of M1 transition from the ground 0% state to excited
17K tstates, ‘

As is well known, the operator for M1 transition has the form .

L3

U, Dp b : (10)

~dm 2 Me

k "‘where the components of the wvector D# are defined as

. [ : [
D =g lo,+QT0 )2y (0,40 e D (1)

. and g, ‘are f'espectively the spin and orbital —fac—-
tors of the nucleons. This part of the operator (10), whose matmx
" elements between the ground and excited states d1ffer' from zero,

~ine the phonon} representation has the form

s



. b :
M, (M1) YA of 5 4% (0x
. ‘ " 167 2Me °°T | ‘
: : (22
i X + . '

x ¥ (r) »1Q, +Q, 1,

(3 : ' ’ R ‘
where d,,» are matrix elements of the operator (12), Therefore, -

for the matrix element of the transition- 0%t - 1+i« one obtains
the expression ‘

M, =<V QM (ML) ¥ o> =
/3. t

e W, 1
eV ()L ., ().
AT "E,Td“(r) LAY ()

The reduced probability for the M1 transition is defined as
follows

: 2 <M -MDIT,> 2Mc 2
B(ML L K, » 1Ky ) =< 1, 1K, u| I,K; >+ d LY (). (14)
21 l+1 e'h

For (14), taking into account (12) énd" (13) we obtain

BMI,0M0 -1 K)eern| S, d¥UnL,, (0¥, (0] . - (15)
. 167 ss T ss

(13) . .



3, The Sum Rule

It is well known that the magnitude of the matrix elements cor-

responding to the radiative transition s ‘restricted by certain re-

.

lations, called sum rule,’ '
" In the case of Mi-transition the sum rule . is wrltten as fol-

/4, .

! lows

<¥ L D, HD 11|¥, >

/

- (16)

: Where B, M1) ,afe defined by expressioh' (15).. Let us calculate the
~double commutator. entering (16), As D, c_om;nutes with Heon , we
have to find only the commutator [H,..D,1 ., After some mani--
pulations we find ~ ; - ‘

v s.ls @) ’ -
<\P0l[D#[H'D# ]]l‘PO >'=?s [d ( )] L I(T)E s’( )", (17) )
‘One must point out, the equality (16) reducevs; to an identity when

k=0, Therefore the difference betwe'e:n‘ the ‘left~ and right—hénd

. sides of (16) is a:measure of the contribution .from the interaction

"‘whlch we -are treatmg m the sum rule, By this dxfference one’ can
estimate to some extent the degree of collectiveness or correlatiors
‘jpf the two-particle interaction in the states under cons1derat1on/' /.
’i‘he value of B(M1) for each partici,dar‘excitati()n will,' as,a rule .,
tell us something about the degree of collectiveness' of this staté.
!,By means of the sum rule one can draw vonly qualitative conclusi-
ons about the dégree of collecﬁveness of all the genefated sta-

tes, as was mentionzed above,



It is interesting to consider the~behaviot,‘1r of the.r.h,s, of (16)
as a function of the number of the states ihvolve’d in the sum,i,e, to

consider the ‘fuhction

n

| g . .
=— 3 B.('Ml,0-1
X 3 i=1 @ l( - ? ) ‘ - : (18)
The behavipur'of this function allows us to e,stimé.te the /con-'
tribution of the v'arious, states in the sum rule and to determine the

region of "saturation" where x - ‘will. be equal to the Lh,s, in (26). . -

4, Reisi,thltsv of .th-e Caléuiaﬁoﬁ and Discus',s:i‘on

We have done .calculations. for several rare earth nuclei: .
156 ’ 1soDy '168 Er | {7O-Yb , 176 e and 182 ¥ . The scheme of
- single-particle levels with 40 neutron and 40 proton" states was
.. used in the cé.lculafions/s/. The parameters of the pairing interac-

tions were taken from the same work,

The humber of the calculated two-quasi-particle 1+ ‘states ;turn'Sf :

out to be equal to 80 for the states with K=0 and 212 for the
states with K=1 ., | | '

The calculation have shown that all 1% states with Ka=0 up
to energies of the order of 6-7 MeV are. characterized by small
values of the prc;babilities for Ml-transitions from the ground state,

As a rule, for these states B(Ml,Oal)/B(Mi—);pé 0,2 %/

x/

B(M1)_ =179[( ch

2Me

2
)]

i
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'Among.the_low-lying states with K=1 - there can exist states .

5 “having the value of B(ML, 01 )  of the order of the singie—particle_»_ :

i ‘value, As a rule, they are weakly collectivized but the large  value

‘, qu thel'n;atrix element of Mil-~transition is due to the strong contri-
" bution from the states of one of the subshells (at 8 '=0), In table 1
Twe show as an example the spectroscopically observed low—lymg

1" states in: Yb /el and their. mterpretatlon. All the md1cated sta-~

. tes-in the energyK internal 2-3,5 MeV- are weakly collectivized, The -

8 ‘ ~ structure of their ‘vyavwei functions is in good ,agreemeht with the ex~

perimentally observed sfrong retardation for ‘-,B-daca'ys' of the type

cotsat x[' 1t is also characteristic that in the region of spectro-
scopic 1t states (at energies up to 4 Me\/) there is usually a-

; ‘smail number of states with K" = +. Therefore one can expect that
the mixing of the states with K=0 and 1 due to the Coriolis interac~
‘tion would be: wealk, as levels with suitable configuration are very

) seldom clbse—lying. Consequently, one can make use of Alaga rules
- for the intensities of the transitions in order‘to‘ find the quantum

“ number K of the 17 states, ‘ A

; It ié interesting to -establish the energy.region in which strong-
= ly collectivized 1* states‘ with large values ‘of B(ML) might. appear, ‘

In ‘sperical nuclei the occurence of collective 1% states is

connected with tran51txons between levels belongmg to the spm—or—-

Izl

- bital partners . In the nucleus "¢ such a state was observed

at the energy 15,1 MeV by means of inelastic backward, electron

: Vscja_tt_ering/ 8/ .. Strong Mi-transitions are also found in several light

x/ The parent nucleus e Lu- has the ground state configuration
- 0*{nl633]1-p[404]¢} ', For all B -transition flogft has the

- characteristic magnitude = 8, which is' approximately 3 units larger
. than the usual value for allowed transitions,

11 . g



nucle1 in expemments on large-angle inelastic electron scattermg
(cf., for  example, the review arhcle/ /) In heavy sphemcal nuclei-
it is expected that collective spm— vibrational 1, states occur at.
'lower energies (e.g. m2 Pb a 1" state with a large value of B(Ml)
k is expected at an energy of the order of 7.5 Mevlo)

In deformed nuclei thé picture is more complicated because
of the mixing of states with different i The selection' rules fpfﬂ
and j - may be ‘strongly violated. Strong M1l-transitions can ocd.ir‘,in
the casé when AK=0 : ‘ '

(1) between states originated from.the sphemcal S sbin— o

orbital partners (e.g. h”/; ), In- the smgle—par'tlcle Nils-

son. scheme, the spacing betjvgen such levels is of the order of
8-10 MeV, ‘

(u) because of the j -mixing, in some cases strong, Ml—tr‘an—- -
sitions will also occur between states orlgmated from- subshells
w1th different- ¢ (e.g. of the type f,/,shy /v 5/ - h o/2

59/2 »1y3/s etc). Such transitions occur at lower energies and
can form a collective 170 -state with a magnitude of B(M1,0-1)s
~ 04B‘(Ml) o.p. (in the energy region of 7-8 MeV).,"

The charactenstlcs of several collective 1*0 states in m)Yb‘
are shown in ‘table. 2. The states 1*o having the largest. Values of
B(M1,0 1) occur for all rare earth nuclei in the remon of
10-11 MeV.

In the case of AK=1 ., &strong M1 transitions may be:

(i) between states origiﬁeted from one-spherical subshell (e.g
between states of the subshell h,,/, " or i13/2 )i~ “Those states '
with the lowest transition energy may form the spectroscopically.
observed 11 excitation with large values of BM1) ( cf. e.g. the -
state at energy 2,35 MeV in”-0 Yb in table 1). But such excitations,

as a rule, are weakly collectivized,

12
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(u) between states from the spm—orb1ta1 par'tners. The ‘energies
of such- tran51t1ons are higher than those of the correspondmg tran-
"‘smons " in the caseAK—_O ‘and usually are of the order of 12-13 MeV..
(iii) between states from subshells with different [ , These
transitions also can. form collective 1% 1 excitation at energies of
‘the order of 7-9 MeV, ' v
‘ In table 3 we show the contrlbutlons of the transitions "of
“various types in several 1* 1 states in 'Y , The calculation in-
g'dlcates that the 1%1 states with the largest values - of B(Ml 0-1)
'm rare earth nuclei occur in the region of 12-13 MeV,.
Fmally, we note that in low-lying 1* states (np) mixing, as
e rule, is weak, Strong mixing of the states occurs in the fegion“»
of the collective states. ‘
' In ‘order. to clarify the p051t10n of the magmtude dipole reso-
J.nance, we carried out calculations of. the magnetic dipole sum rule
,for some rare earth nuclei (ct. figs,.1-3), The solid curves show
.the 'saturation" function yx = i.e. the r.h.s. of the.sume rule (16).
It is clear that the maj'or.contribution to the sum rule comes from
the ‘states in the regions 10-11 MeV (K=0) and 12-13 MeV (K =1).
The contribution of the 1* states in the region of resonance captu-
re of neutrons is usually not greater than 10-15% of the total. mag-
;mtude of the sum rule, Therefore we doubt the possibility . of ob-
‘serving the maénetic dipole resohance in the (ﬁ,y) reactions, as
/11 '
appear in the energy region of the resonance capture of neutrons
(cf. eg. (12, 13),

Inelastic eleciron scattering at large angles and resonance

is suggested in ref [, théugh ‘some collective 1 * states can

phetoabsolufion or (y,n) reactions obviously, may be a convenient

.method of looking for Mil~-resonance,

13
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. Some results of thlS work have been presented at. the con-
‘ference in Montreal/ 4/ 4 and have  been: reported to a seminar in
‘the Internahonal School of Theoret1ca1 Nuclea)r Phys1cs in Predeal
(Romama, September, 1969),

In conclusmn, the authors express their  gratitude to the v
members of Nuclear ’I‘heory Department for useful discussions, One.
" of the authors ( S.G.) is grateful to Prof. G.Alaga for his .interest

in this work and for useful dlscussmn. , e
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Table I.

' Characteristics ofv'lbv-y-lying I* states in 170yv,
" Energy - 5@‘1"—0.5)‘  STRUCTURE Experimental/ %/
(e - BMI) g, . Energy . . K.
» , N - : _ (HeV)
2,35 Lt 1,2 96% ppi[sldh - [523 } ,039 1t
2,43 -1t 4,207 985 mn{[63dt - [ea2]t} ,
2,50 - ot 0,03 9% am{[sa3f - [t} - 2,533 o*
2,8 1t 0,13 97%  pp {[41_1 - [s1} 261 7
2,72 1 %0 - 100% pp {40y - [s02]t} 2,783 1*
2374 L1t 10~ 100% = mn {14} - [512]t}
ﬁ | ¢ .78 mn {fsaalt ;![521]}%
2,8 1t 0,03 i 13% . nn;[ﬂzl?-. [t 2,883 ?
‘ N 5% st~ le3s)t}
" s a{frelt- [salt}
2992 * 001 [1’7% nn {fo24 ]t - [633]1} 2496 r
. (&% an{feaslt— [e33]t} _
e ' o2 [13% oo flaoalt- | [ax3]¥ g o a2 1
. o (m% anffeae]t- f633]t} ' _
- 3,03 it 2,10"J { &% nnﬂ512]f- [pox]t f (3,148) (oH)
o ‘ ‘o8 - nn{slq{— 523 } g
G {l514]+_ [523]” _ 9
320 17 0,01 { 3% {624]T oot} '
333 Lt 107 71008 ma {2~ [s21]t g
3,35 1+ 0,6 99 pp{fso2lt~ [ana]t}] 3,302 ?
“3,50 1t 3.0 ee  maf{[s2a]t - 51014} :
3,52 .o 0,02 995  mi[s21lt~ [510]8}



Table 2,

. : f— : , ' ) '
. Structure of several I“K = I*0 states in 1704y,
in the regi'on of high a_ﬁergiés. The atgte‘s.with the

largest values of B(llI)' are giveﬁ.

Shell =~

) B(MI,0°I) genycrupz  Anplitudes
(MeV) BQMD) - . > transitions
. \PSSI . (8 =0) o
7.77 0.36 ' pp 5304 550t —-0.605 h9/2";’ nI*I/'z
- an 65I4— 631+  0.272 Lo oo A
9.10 0.35 | 11/2 13/2
PP 5231- 5144 =0.296  hypp— 27/,
an 550t- 521+ —0.496 hn/'?_._. P32
n 65I%- 6424 =0.163 - - ip5,,—» &gy
10.35 I.24 nn 532t- 523t  -0.220 hry/o— %772
an 523t~ 503t  -0.I34  hyy by,
pp 54It- 521t ~0.I73 hrr/a—=bg/p -
Pp 523t~ 5144  0.I30  hyps,—fy,
. on 54If- 521+  0.425 kb -
10.89 0.47 , S “II/2— " h9,/2
pp 54It- 521t - 0,531

hyy/o—= By/n

18



Table 3

Struoture of several I’ K= IT{ states in ~/ Yb
in the region of high energies. The states with the
“largest values of B(Ml) are given.

170

(327) B(Ml)/g(m)s.p‘.Structure. , Amplit:x:/es tiﬁiiti&ns (8’ -0}
. pp 411t - 4004 -0.183 g.,,é ~ a5/,
pp 541F - 5414 0,301 Myy.p = 745
: o pp 4134 - 4024 0,165 . - dg,, =4 5,5
5,26 0,64 opp 532t - 5324 0,493 By p = Iy
N ' PP 404t - 4044 0,178 8 g/2 -..' 81/2
_' pp 4204 - 411¢ 0,163 8 7/2 =~ 51/2
nn 4024 — 411+ -0,537 a3 -+ 51/'2
1,29 nn 532t - 5014 0,110 Biy/s =+ T5/2
pp 5144 - 503t ~0,359 hyysp =~ hg/s
m 550t + 530- 0,310 Bypsp = Bosp
el v )] 4;2?&- 4404 0,127 d5/~2 e &y/2
12493 1,02 pp 512t - 5414 =0,555 ‘Bg/p ~ byy/5.
X pp 514t - 503%. . 0,167 hi1/5 * DBgsp
nn 6421 - 6424 =0,136 1155 = Eg/p
nn 5234 - .5034 0,160 biy/o = I5/
‘mn :141'-:’ 514{ ; -9,166 By - 2272
\ nn 5051,- 5054 -0,153 Byy/s = Bgya
an 550 + 530t -0,121 byy/p * Bg/p
) pp 4224 - 4404 =0,117 a5,y =~ &gyp
13,07 . 6,02 pp 512t - 541% 0,320 B/ = by
pp 523t - 5234 0,137 biysa ~ T7/2
pp 514t = 503t 0h216 © myy e hgpp,
,pp 505¢ — 5054  -=05103 hy1s2 = bos2

¥

_ pp 440¢%

420t 0,236 . ‘B9sp ™ B7/2
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