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In recent years the study of hexadecapole degrees of freedom in
deformed nuclei attracts a great deal of interest. A rich experimen-
tal information has been gained. The collective low-lying states with
K - 3+ and 4% have been reported (see, for instance /1'2/) which
indicates the existence of a hexadecapole interactijion with >7M = 43
and 44. A number of investigations of hexadecapole degrees of freedom
has been performed within the quasiparticle-phonon nuclear model/3’4/.
Nesterenko et al. 5/ have succeeded in describing satisfactorily the
energies, collectivity and mrincipeal two-quasiparticle components of
low-lying }<4r= 3+ and 4+ states in the rare-earth nuclei at fixed
values of the constants of the hexadecapole interaction §/A = 43
and 44. Barlier, the giant hexadecapole resonances have been investi-
gated .

The recent experimental data ir}dicateAa necesgity of introducing
a strong hexadecapole interaction AmM = 42, Ichihara et al. have
shown’ 778/ that in the ( P>P’ ) reaction with E, = 65 MeV the expe-
rimental analysing powers and excitation cross sections for the level
Iﬁl(: 4 +2 of the  p~- band in the rare-earth nuclei can be repro-

79,10/ only if the hexadeca-

duced by the coupled-channel calculations
pole component B corresponding to a direct excitation of the 4+ZJ/
level isg included in the optical potential expansion. An analogous re-
sult was obtained for nuclei’“’“’fy in the (o(,oi') reaction at Ed_ =
36 MeV/11/ and earlier at f?u ={50 MeV/12/. It is most interesting
that isoscalar transition rates B(4T54)g&.'—>4*2()exp have unex-
pectedly large values amounting to 3-8 s.p.u./7’8’11/( B(IS4)€;P for
'GRE}~ in/11 is twice as large as that in 7,8 , most probably this is
due to the fact that the coefficient 1/2 has been omitted in/ '/ in
the expression for the B(ISAly for interband transitions). To rep-
roduce 8(1844/(;’»4'23/)%5 the interaction AM = 42 has to be a0
strong that a d/ -vibrational state turns out to be hexadecapole

one though traditionally only quadrupole forces )»AA = 22 were uged

to describe this state. Moreover, B(£2,4%~ 2*2)' o814 B(z§ 2,
Qﬁf’2+ZJJ£XD cannot be described in this case . Matsuo/ 3 has ex-
plained the dependence of BKJKQQ{, on the mass number but did not

succeed in descriding SZ[/S'4)-, B([S57)- end 3(52) - values simulta-
neously. '
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The present paper is aimed at elucidating extremely large values
of B(IS%}”P, providing a simultaneous description of the available
experimental data and obtaining an estimate for the strength constant
of the interaction Am = 42. For this purpose the BUIS2) and B(ISY)
values  have been calculated in the le)‘/l? with a common system of
equations for Xm = 22 end 42. For £+ with the maximal 3{154)2”3
value the analysing powers and cross sections for the (,D,P') ':reaction
have been calculated. The calculations were performed, as in’ '’
by the coupled-channel code ECIS_79/1O/ but with the use of microsco-
pic real inelastic form factors calculated within the folding-model.
It is to be noted that experiments with polarised particles such ag/"¥
provide more information and impose rigorous constraints on the cal-
culations since the same set of parameters is used to describe not
only the cross section but other characteristics as well such as the
analysing power in our case.

We proceed with the deascription of the method of calculations.
The model Hamiltonian includes an average field as the Saxon-Woods
potential, & monopole pairing interaction and the isosealar amd iso-
vector forces with Am = 22 and 42. The parameters of the Saxon-
Woods potentiel for the meutron and proton systema were taken from/1§/
the single-particle spectrum was taken from the bottom of the poten-
tial well up to +5 MeV. The pairing interaction constants were chosen
from the pairing energies. The constant 39:42 was considered as a

free parameter with an upper estimate X,MJ)S 0.015 fmZ/MeV/S/. For

each value of zf“z) the constant Jt’,(“j was chosen so as to reproduce
the experimental energy of the 2+2{ level. The isovector interac-
tion constents were obtained from the relation 3‘.’,‘ /A’=—7»2'3‘-",{ /()/'5/.
The Hamiltonien including the multipole forces A = 22 and 42 is

written through the phonon operators as
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Here /4(¢¢’) N“q, o(¢,, B(¢¢}~d9d¢ R 0(? -~ is the creation opera-

tor of the one-quasiparticle state ¢ with energy é‘,; , ¢ is the
one-phonon state number, f)m, is the gingle-particle matrix ele-
ment of the operator R(r) (Y5, +(-1/"Y, ) with the radial de-
pendence R)=oVir)/d» where VIr) is the spherical Sexon-Woods
potential, Ugg' =%, Yy + U, Uy where 11’,,% are the Bogolubov
transformation coefficients, T ig the summation over the neu-
tron (€T =h ) or proton (T =p ) states. Using the veriational
principle we get the secular equation for the phonon energies Wi
(here index M is omitted for simplicity)
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where Ake is the cofactor of the k€ -th element of the
determinant (6), A/ - is the normalization factor obtained from the
condition (4). It is seen from (7) that both the amplitudes V/;;', -
and y?,,;‘,‘ contain the quadrupole and hexadecapole terms. The tran-
sition rate of the isoscalar transition between the ground state oto
and ( -th state I K has the form

> T%) = > 2—1- Ap .
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where PM, s 15 the single-particle matrix element of the operator
rA():\/‘ +[.1}ﬂ A-/')'

Unlike/7’8/, the excitation cross sections #07/%/() eand analys-
ing powers A(8) for the 2*2y and 4%24 1evels in the (,5—,,0/)
were celculated by using the microscopic real form fectors for inter-
band transitions. All the remaining channels were treated in the same
way as in/7’8 within the phenomenological model of an asymmetric ro-
tator with the same parameters. The imeginary, spin-orbital and Cou-
lomb parts of the optical potential were calculated for all the chan-
nels including interband transitions as it has been done in/7’8/.

(8)

The folding potentiall15’16/ for the proton-nuclear interaction
is obtained by B\;eraging the effective nucleon-nucleon interaction
over the microscopic transition density ﬁ(;) calculated within the
quasiparticle-phonon model:
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The transition dengity in the RPA is written as
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where /9;;‘, (¢r) is the single-matrix element of the operator
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As an effective interaction U(*) one usually uses the isoto-

pically independent N3Y interaction/16'17/ >
(-4F) exp (-25v)
V(H=7ff?f%r—- -2134,.25 2. - (14)

An exchange term responsible for antisymmetrization between an inci-
dent nucleon and target-nucleons is taken in the form of the zero-
range pseudopotential

’U’EX(E,_)= —-276(1- 0_005-513) 5-(//72). (15)

The results of our calculations are shown in figs. 1-3. It is
seen from fig.1 that for a group of rare-earth nuclei the transition
rates R{IS2) decrease and B(I54) incresse with increasing cons-

R . (42
tant of the isoscalar hexadecapole interaction %2, . However, even

at 2P .

\ , . 0.012 tm?/MeV
7 37 N when the calcu-
3 g a6 L lations provide
35t §~5 somewhat under-
.‘;‘ g ' 13' . . . egtimated valu-
2 N PN . es for BUS2)
g = ;_;,:l‘\‘\\;;-_: (according to

0 lt;D ;70 1{.50 Y ]'50 ,’70 lég our calculations,

A A an analogous

behaviour takes
F i g. 1. Igoscalar transition rates B(/5Z,s*.—>
2%24) (left) and BS4, px>4%2, ) (right). Tri-
angles are the experimental values. The results of
calculations with 2/4*) = Q are connected by the so=
1id lines, the seme with x#%% = 0.006 fm2/MeV - by
the dashed lines, the same with x %% = 0.012 fm*/MeV
- by the dashed-dotted lines.

place for



8(52;73-"’ 2+‘2c/')) , the B(154) -values are several times as less
as the experimental ones. The calculations show that B(IS%)  _valu-
es are close to the experimental data only when the gquadrupole for-
ces are completely switched off (/7= 0.019 tm2/MeV, ¥, ’= 0),
i.e. when the 2+Zd/ state is generated only by hexadecapole forces.
However, in this case the Bis2) _ and /3{-754 ~-values are under-
estimated by 3-6 times as compared to the experimental data and the
2+2J’ gtate becomes the pure hexadecapole one in comtradiction with
the generally acce?"l'éjed /-vib;etion&l nature of this state (for
comparison, at %, = 0,012 fm“/MeV the hexadecapole parts of the
two-quasiparticle amplitudes of the 2+23’ state amount to 40%, whe-
reas at x,( 2 . 0.006 fmz/MeV they are not more than 20%). Note also
that the value of 33:’“: 0.019 fm2/MeV exceeds the upper estimate
X, '< 0,015 fm2/MeV given in/S/. So, a strong hexadecapole interac-
tion necessary to reproduce 8{1'5'4}3,/, seems to be in contradiction
with other available data. Such a discrepancy is due to the fact that
expressgions (2) in/8’9/ and (4.7) in/11/ uged to calculate the tran-
gition rates B{I,S’?\)em contain the contributions from both direct
and indirect channels of excitation of 2"'20»/ and 4%2 S states. We
have repeated calculations of B(ZSZ,ga,»Z*ZJ)eXP and B(IS4,

gr. > 4'2,)”,, using the formula (4.7) fron’ 1"/ and it turned out that
the contribution of indirect channels to 8/1"52,.;‘-"2+2J)¢,,P is
about 10% and to 8(1‘,5'4,,7.-»4’2/)6”3 is 60%. Thus, extremely lar-
ge values of B(IS'UW, are mostly due to the contribution of indirect
excitation channels. The results of the RPA calculations of tran-
sition rates, which take into account only direct excitations of the
2*2 y and 4’2 4 1levels, (see (8)), should be compared with the va-
lues of B(I.SZ)(”-Q? and B, 24 (3.9 s.p.u and 3.3 s.p.u. are
for ,‘BE,- , respectively). In this case, at aef“’ = 0,006-0.012
fmz/MeV one obtains a quite satisfactory description of B(ISZ))—
B(£2)- and B{S4)-values.

One should be convinced that the structure of the & -vibrati-
onal state used in the calculations of the B(LSVA) -values will also
give the good description of the experimental data for the cross sec-
tions and analysing pOWers/7’8/. Let us consider the nucleus ‘SEr.
In this nucleus the & -vibrational state has the following struc-
ture: pp 4111 411¢ - 39%, nn 523} 5214 - 18%, nn 5211 5214 - 11%,
PP 4134 411§ - 8%. These contributions of the basic two-quasipartic-
le components to the state normalization depend rather weakly on the
value of aef“j .
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Pig. 2. Transition densities _pax(*) and inelastics form factors

—l{h(r) for transitions of mg.ltipolarities )\,«+ a 22
and 42 from the ground state to the levels 2°24 (left) and 472,
(right). The calculations have been made with »,“?” = 0 (solid cur-
ves), )y /%) = 0,006 fm?/MeV (dashed curves) and %% = 0.012 fm?*/MeV
(dashed-dotted curves).

Figure 2 shows the transition’densities f}ﬂ{r) and inelastic
form factors -U,,(r) for transitions from the ground state to the
states 2*2, with @ = 0.821 MeV and 4%2, with « = 0.995 MeV.
They were calculated by formulae (13) and (10) for different values
of xﬁ"“ . It is seen from fig.2 that the form factors for both the
transitions have a surface-peaked nature though _/,,(*) has a large
peak inside the nucleus. With increasing 3?,”” the values of/oaﬂ')
and -~ U,(r) decrease whereas the values of /342(") and “042 (#) increa-
se.

The cross sections o#g/4() and analysing powers A/&)in the
(/J,P/) reaction for the 2+2J, and 4%2 )  levels calculated with dif-

. 42)
ferent values of X, are shown in fig.3. It is seen that the agre-
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ement with the experimental data is better at xfwz) = 0,012 fmz/mev

and the excitation cross sections are quite well described in this
case. Some discrepancy of the cross séections at large angles probab-
1y may be removed by taking the spin-orbital interaction 19/ and the
antisymmetrization effects between incident nucleon and target-nucle-
onslzo/ into account more exactly. As cen be seen from fig.3 the des-
cription of the analysing powers A(e) is inferior to that of the
cross sections. However, theoretical curves reproduce on the whole
the behaviour of the experimental dependences of A (e), in parti-
cular, the position of mexime and minima. For the 2+2&” level with
increasing gg""the calculations give almost the same results for
Ae) . It is well seen that A for the 4*2&’ level in the re-
gion 6<60° is better described at 2% = 0.012 tul/Mev.

In summary, it has been shown that extremely large values of
B(Ig4,§4ge 4*2}}650 result from a considerable contribution to
them of indirect excitation channels. By extracting the contribution
of indirect chamnels from B(IS4)exp , one succeeds in simultaneo-
us description of B(IS2)-, B(E2)~ and B(IS%) - values within
the RPA .
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Fi ge 3. Cross sections 047A733.$1eft) and gnalysing powers

Ate) (right) for the 22, and 4 24 1levels. The
calculations have been made with #%¥ = O (solid curves), ¥£“¥ =
0.006 f£m*/MeV (dashed curves) end 2¢.%“?= 0,012 fm*/MeV (dashed-
dotted curves).
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On the whole the most satisfactory description of the transition ra-
tes as well as cross sections and analysing powers is obteined at

Za“zL 0.012 fm2/MeV. Nevertheless, the existence of the hexadeca-
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pole interaction A = 42 in deformed nuclei can be well establi-
shed only after the calculations for a larger number of nuclei excit-
ed in various reactions. So, the results of this paper should be
considered &8 an indication of a large probability for this
interaction to exist. The value &;“2) = 0,012 fm2/MeV is
merely an estimated strength for the Am = 42 Inte-

raction (for comparison, in rare-earth nuclei the constants of some
other interactions have mean values: xﬁ22)= 0.021-0.024 fmz/MeV,
2, = 0.022 rme/MeV end 2= 0.015 £m2/Mev/’). It should al-
8o be noted that for the first time the coupled-channel calculations
of the cross sections and analysing powers in deformed nuclei have

been performed in a microscopic way. ‘
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. B pamkax [X® c obweit cucteMoli ypaBHeHuit Ann = 22 u 42 cpenamm pacue-
Yad.Fiz., 1983, v. 38, p. 36, TH MB0CKaMAPHEIX APUBEAEHHHX BepoAaTHocTeit B(IS2, gr)f“ + 2%23) v B(IS4, gr.-
+ 4%2y), a Takwe dopMpakTopoe B npubanmmenun onguHr-noreHuuana. Mpu ucnonb3so-
BAaHWUM MUKPOCKOMMUECKNX GOPMDAKTOPOB AnA yposweil 2+2y u 4%2, B 68 Er B pamkax
1986. . METOAa CBA3AHHLIX KAHANOB CAENaHs pacueTsl aHanMaupyllux crnocoBHOCTeNn n ceue-

o Huit BoaBymwaeHuAa B peaxkuymn (p, p') ¢ Ey = 65 MaB. Moka3aHo, UTO IKCTpPeManbHo

) Gonbwve 3HaueHua B (IS4, gr. - L4*2y), nonyuenwne B peaxumax (p,p')u (a,a’),
06ycrnoBneHs B OCHOBHOM BKNAafoOM HEMPAMLIX KaHanoB BO3GYyWAEHUA, & HE CUMbHBIM
reKCapeKanonbHsiM B3anMogelicTemeM M =42 .Umenumecs axcnepumeHTanbHule AaHHbe
YRAEeTCA YAOBNETBOPUTENBHO ONMCATb NPU YMEPEHHOM 3HaUEHWM [EeKCaAeKanoflbHoro
B3auMOAeNCTBUA x(042)= 0,012 ¢M%/MaB.

PaGora ewrnonHeHa B lNaGopatopumn Teopetuueckon ¢uanxku OUAN.

Hpenpust O6BeIHHEHHOTQ HHCTHTYTA ANEPHBIX itccnenonatnh. [lybua 1987

Nesterenko V.0. et al. E4-87-492
R On the Role of Hexadecapole Forces in Describing y-Band
States in the Rare-Earth Region

Calculations are made for the isoscalar transition rates B(IS2, ar.-
- 2*2y) and B(IS4, gr. - 472y) in the RPA with a common system of equations
for Au= 22 and 42,and for the inelastic form factors in the folding-model.
FThe analysing powefs and cross sections in the (p, p') reaction with Ep =
= 65 MeV are calculated within the coupled-channel method by using the micro-
scopic form factors for the leyels 2*2y and 4%2y in 188 Er, |t is shown that
extremely large values of B(IS4, gr.- Ut2y) obtained in the (p,p') and
(a,a’) reactions are mostly due to the contribution of indirect excitation
channels but not to a strong hexadecapole interaction Au = 42, A moderate
value of the hexadecapole interaction constant X% = 0.012 fmZ/MeV provides

'E‘I, a satisfactory description of the availablte experimental data.
The investigation has been performed at the Laboratory of Theoretical
i Physics, JINR.
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