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1. Boson model

Introduction of new degrees of freedom in the interacting boson
model (IBM), other tham the monopole s and guadrupole 4 ones, has
been tried already in the first papers on IBM. However in the last
years it was realised that these degreeg of freedom can be chosen so
that the U(3) subgroup and thus the rotational limit remain there.
This has been achieved e.g. in the spdf boson model /1'2/, and in a
unified IBM /5/, both developed algebraically only in the rotational
limit.

In 1986 two of us suggested an extension of the IBM called
interacting multi boson model (IMBM) /4'5/, showing that a definite
almple cholice of the boson space preserves not only the vibrational
and rotational limits, but other intermediate 1limits as well., Thus it
has been demonsntrated that IMBM consmerves the banic feature of IBM to
glve a Bimple and clear description of transitlonal nuclei as well.

It has been shown that such an advantapgeous boson choice can ba
achleved by ineluding bosons bJ of npace parlty (—)J ,» one of
each multipolarity J = O(1), 2(%), .... n-2 nand/or
J = 1(02 5(’)y <e.. n=1 . In the firat case we oblaln an Initial
UO(”"’l *)',,,n_p (n(n—l)/?) group; in the nocond, a
U](“)'j(")""n'] ((ml)n/?.) group; and in both the canen, a

s l,...n-2,n-] (nn)

(1)
g1y, (3), . oon-2 (n(n=1)/2) x g0 Ay, - ((ml)n/.")

group, In particolar, atb n - 4 wa obtailn Lthe apdf boson model
inttiat gronp uM ety 0 u™ 6y x 1 ?(10) , inoluding the

)i

usunl nad U (h) and Ltha pf Ul'ﬁ(l()) model frnupn. The group

aLructure of ll()"'(h) in wall known, and of nl (10) 1t hna bean

1
darlved in refornsnce y tha boron hamtitoninan and Leanattblon opera-
Loras hoave heen alno Introduced Lhore.

It han heen uvhown furthar Lhnti a nimple  pr modal hamt Lbontan,

with Lwo parametors 1eaft in ench cane, can roughly raproduce the
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positive and negative parity yrast bands of actinide isotones in the
vibrational, intermediate (transitional) and rotational cases

In what follows we are going to apply the following simplified
hamiltoniang in the vibrational limit, either:

h

£(a}+ 282 . 382)/3 + B,003 @)

or:

=g
il

E(ﬁ% + 21111% + 3?1-37)/3 + _[33211%'3- )

Both are corresponding to the group chains presented by the first
lines of formulae (3) and (4) in reference 4 . The first term has
been chosen to provide & smooth yrast line and to ensure a maximal
degeneracy, and also in this way a maximal mixing of the pdf de-
grees of freedom, in order to look if it is allowed by experiment.
Hamiltonlian (2) gives the same yrast level energy for the same

nl + 2n2 . A amall additional term in (2), e.g. j?séﬁz y can make
lower n2 values advantageous. In the following, with (2) only, we
shall substitute such a term by the condition: 2n2 £ N-n" -
which 1s stronger than: n2.5 N - n1 —nj following from the total
boson number rule (see the end of this section). Hamiltonian (3)
glves moreover the same yrast level energy for the same linear com-
bination n1 2 3 of the P boson number nl , d Dboson

+ 20" + 3n
5

number n~ and £ boson number n” ., For corrections in the inter-
mediate 1limit we are going to use:

1,

2,3
5' -

A
h < {35w (#)
This is corresponding to the group chains presented LY any of the
firat two lines of formulae (3) and any of the three lines before the

1nat one of formulne (4) Ln reference /“/.
A ~
In our formlaa ﬁ; = nt and ;;L are Lhe firat and msecond

order Casimir operators of UL(r) . A;ﬁ is the second order Casl-

mlr operator of Ut(r) . Tha smbhsdding of Lhe subgroupa in sach
chain of formutne (4) in reference // to find the level quantum

numbers, and the Casimir operator eigenvalues nt - ntj (numbers of
t  bomons), )f; ’ u); in terms of Lhese quantum numbars to find

the level energles, have teen dimcussed before a5 .
One additlional important point for the application of IMBM 1a re-
Inted to the well known ad horo rule accepted {in [PM: the total boson

mupber N is equal to the valence nucleon (or hole) pair number ¥.
It has been noticed /5/ that if such total boson number is accepted
for the spdf model in actinides, one would miss the highest collec-
tive level spins observed. Deviations from that rule have been

used /2,5 . But this can be understood if one remembers the shell
model reasons in favour of that rule. In fact, to build nucleon pairs
related to negative parity e.g. pf Dbosons, to the valence subshell

. of a single parity 7Z+ with M+ state pairs and N+ nucleon (or

hole) pairs, one has to add a near subshell of opposite parity

Ji_ =<7, with M_ state pairs and N_ nucleon (or hole) pairs.
N+ and N_ are accepted to be of the same nucleon or hole type,
the type being chosen so that N+ + ¥_ = M+ + M - N+ - N_ . This
would result in a modified IMBM total spdf bdboson

no + n1 + n2 + n3 =z N number rule: N = N+ + N_ . The usual IBM _
total boson number rule, in our notation for compariaogl is: N =N,
where N =N, +§_ and N, = Min (N_ , M, -N ) . N is the
valence nucleon (or hole) = pair ~ - ~ number, usually
determined by the nucleon (or hole) pairas above (or below) the
nearest proton and neutron megic numbers. A restriction on the pf
boson number: nl! + < M, where M =4 Min ( M, M_ ), has to
be imposed in csses M < N |, and on the A boson number:

n? < N if A bosons are assumed to follow the usual IBM behaviour.

2. Experiment

The ?égR3150 level scheme has been experimentally atudied in
several publications /6-8/
made /24 /. Now, four of us have reinveatignted the excited smtates
of ?%gﬂa via the ﬁg?Pb ( 130 . #n ) reaction in an experiment at
the tandem accelerator of fitrasboury, uslng the 47 arrsy multi-
datector called "ChAteau de Orimtal”™ ( qu?tal Cuptle ) /q/. The

new annentinlly extendod level mcheme of

, with which already comparisons have been

i 1n shown 1in the left
hand Aaide of figure | .

Kxtenied experimental details will be given in n forlhcoming pa-
per. Here wa mention that spin assipgnmantn were eatablished from the
manpured gamma ray anisotroplea. Intenalty balance was uned to
Aifforontiate balween Ml nand K1 tLransitlons. The previoualy

known pomlitive and negntlve parity bhands were confirmed and extended

up to I B o.s0Y ana 17 _ 317 . A Atffarent vernlon of bhe necond
negntlve parity band 1a proposed in the preaont work, This band is
obnarved up to I . (04-) and connaotad hy Ml transitions Lo

the firat negative parity band. At hlgh arxcllation energy 1t im



connected by kKl transitions to a possible second positive parity
band.

o the main features of the new experimental results can be
summarised as follows. 1) The level scheme is extended to much
higher spins, and one can see that it preserves its collective
vibrational type. The ground positive and negative parity sr yrast
bands are hybridised into one for all spins I > 4 . One might say
that this is the first pure case of hybridisation without signs of
static deformations. 2) The most important feature of the new
experiment is the discovery of peculiar side yrare bands with the
same positive and negative apace parities % as those of the ground
yrast bands, but with spins I decreased by one spin unit. This
means that thelr levels have opposite spin parity (-)I +» These
levels have almost the same energies E , They are also hybridised
into one band.

3. Interpretation

Let us now apply the spdf boson model for the interpretation of
the experiment with all these features, without aiming at a detalled
fit. The modification of the total boson number rule discussed at
the end of the first section will be used. For our nucleus
3 +2 =5 , Indeed, its proton part for magic number 82 is

+ (88 - 82)/2 =3 . Its neutron part for megio number 126 is
N* (130 - 126)/2 = 72 . Shell model reasons are consistent with the
choice N_=M_ <2 + 4 =6 , In fact, for protons the lower valence
subshell has parity 7 = - andis 22 7/2 + 3 p3/2 + .... , and
the upper full subshell of opposite parity /i _ = + can be assumed
to be 2 4 3/7 with the proton part of N_ = M_ = 2 . For neutrons the
lowar valence pubshell has parity ﬁ.+ = + and in
PE9/ + 345/ + 481/ 4+ .... , snd the upper full subshell of
opposite parity )1« - - can be assumed to he 3 p 1/2 + 2 £ 5/0
with the neutron part of N_ = M_ = 4 . Then the total boson number
will ha N - N _+ N_ =~ 11 _inntead of the usually accepted valence
nucleon pair number

-1
i

+
N

1

u

N = H’ +N = l’l+ « ' . The reastriotlon on the

pf bosmon number ia not necesmary lhere since for both nucleon btype

parta M g KN, and on the 4 boson number it is s N9 o,
We gonmider the vibrationa)l limlt with the simple hamiltonians (2)

or (3). let um ohoose both thelr perameters to fit the lowest and

highest mpin part of the yrast Ji = + band, obtalnimg for (2)

f w 9H5 kaV and /l7 - 4.4 koV, or for (3) I = 979 keV and

[;5 - 0.H90 keV, All the three remaining hands: yrast % « -~

E  Mev - E  MeV
7 T
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Figure 1. “guRa 1level scheme with 17* yrare levels from previous
level enﬂrg}eﬂ E , level epins and worky yrast % = + : ompty
parities I7'. (a) This :xporiment aquares I , yrast % - - : filled
axcept an iﬂolatod (1) 1ov01’ squires m , yrere 7i + + : empby
with the 1=, 5= leveln from circles © , yrare 7. - — : filled
(b) Thaory (*) In the vibrational ¢ctrclea @ . (h) Theory from fi-
. . ¢ .
11mit with correction (4) for T« & puro 1; yrant: aolid line ,
in the intermediate limit, two pa- yrara: daahed line — - — .
rometera:r glvon in the text.
yrare 7 - ¢+ and yrare 7 ~ aro obtained automatleally for [ - &4,
For the remuining levels 1 - & | and in fact for the 17 level anly,
wa have to anecept. a trannition to the Intermediate limit. This iy na-

tural alnce ovur nucleus, according to dsformation pystomatiosn, ashould

be tranattional In Lts ground atate 1| - O with quite a amall quadru -
pola daformat.ion. On the othar hand Lhe yrapt pntntem have npine

1 - nI 3 2!n" [l *n" which meang allgmmont, of all tLhe boson angular
momentia, This might destroy Lhe doeformelion at an ascordingly low

1t bosaon numbar o’ N o' Sooe apin 0 L

L mipght ba achtevad a.g. by adding (1) meltiplied by the atep



function & (1-n) to (2) or (3) after maltiplylng their first terms
by 1 - 6(1-n) , where n =8l + 8% +2° =% - a0 , B(x) =0 if
x<0, f(x)=1 if x 20 . In order to introduce no new parame-.
ter, we conserve the 2* 1evel position to get j35 = 97.5 keV with
(2) and j35 = 96.5 keV with (3). Thus we obtain the levels I <4 too.

The result for (2) with (4) is shown in the right hand side of
figure 1 to be compared with the experiment in its left hand side.
Another presentation of the comparison of theory with experiment,
showing directly the hybridised yrast and yrare lines, can be seen in
figure 2, Its normalised X value:

X
Y = [i:1 ( 1:1’ - B 2 /(x - 2)} 172 5)

providing a measure for the deviation of the individual theoretical
Et from experimental E® 1level energy, k being the number of
compared levels, is X = 80.67 (66.87) keV with all the levels in
figures 1,2 included and k = 45 (respectively with dashed-line
levels in figure 1 as well as the additional three levels in figure
2 excluded and k = 29 ). The result for (3) with (4) 1s not shown
since it is rather similar to the previous one. Its normalised X
value 18 X = 91l.44 (89.21) kev. So we can say that there 1s no
essential difference in accuracy between both results, the first one
being slightly better.

One can see that all the features of the experiment mentioned in
the previous section are described, amd the level scheme itnelf Lis
rvoproduced, The pecullaritias of the model nllowing to achleve the
dencription of the corresponding features of the experiment are as
follows. 1) The smooth vibrational hybridised ground yrast 1line
4 57, 6%, 77, .... 18 due to the first term of (2) or (3). The
same result will be obtained even without 4 bosons ( n2 = 0 ) due
to the ratio 3 of octupole ¢ to dipole &' /3 boson parameters.
The collectivity of the levels up to a apln higher than the doubled
apin sallowed by IBM ia understood by the modified IMBM totsl boson
numbar rule (the end of the first section). .') The existence of the
1Y, 17, 13, 187, .... elde yrars llne of levela with almoat the
name energins as thome of the 12%, 157, ', 157, .... ground yraat
1ine, Ln came () 1f n <0 or in case (3) ir .0 and
n’ . min , i due to the vector addition of p and £ hoson angular
momenta not, only Lo maximal valuesa as for the yraat line, but alao to
maximal valuews minum one for the yrare line. lat um notice that the

lant, valusa Ao nol appeaar wilh one type of bornona only. o the lack

O

Table 1
Numbers: n1 of p Dbosons, n2 of 4 Dbosons, and

of f bosons in the vibrational 2%333130 yrast (yt) and yrare (ye)
states (the latter as they appear for hamiltonian (2) with n“ = 0 )
of parity Y = 4+ or - and spin I . For each I’Z, above: hamilto-
nian (2) values, below: hamiltonian (3) values. Below n3 _changes
from min to max with step 1 and n~ + 2n~ changes simultaneously
from max to min with step =3 . PFor fixed n1 + 2n2 above and below

n2 changes with step 1 and nl changes simultaneously with step -2

in 1imits determined by nl ¢ 11 - n° and n < 5 .
I n1+2n2 n3 . 1 n1+2n2 n} I nl+2n2 n3
¥t ye It ye ¥t ye
o* 090 090 n- 1%12 095 22* 21 1531 567
1 1}1 080 r* 1t 1220 Ol4 23= 227 1122 4?7
2t %2 0% 137127 139 oL ant 23t 20 W7
37 520 0ol wh ot L8 . N
ut o oa 157w % 26* 25" 1% sk
5~ 522 ool ' 15 7 s 277267 2o 659
o 60 oo 177167 % % 28" 07 1ol 62
7 21 oo ozt 8 297 2T g% 52
At n?> ogp 197 187 1521 ﬂgn 30 620 é910
v 920 0ot ot 1YL ok 3707 L 8%
ot 1891 s S I 527 wt D2 10-10
357 00 11111

of lower atde band nplna, except faor exparimentnl difficultlies to po-

pulnte them, may be Aue to the facl Lhnt In Lhe nbove meniloned canen
thair utatea contaln  p  boson preadomlnnnt. conflpuratlons, whereass
combined  pf  bonon confipuratlons nppene at aplns higher than about
1/% of Lhe maximal one: nea Lthe nexl nection and table 1.

In Lthla experiment. there 1 an atditlonal (IU)' level, not
ahown 1n fimire 1, o 11LLLa LIL Wlpgher Lhan the yrasl 10t /Q/. It
vould he n double yraro laval to Lhe yrant 1Y with the angular



momentum decreased not by one, but by two spin units. Levels of that
type are also predicted in the model,

4, Dipole octupole correlations

In table 1 we present all spdf boson configurations allowed by
our fits. For the fit with hamiltonian (2) only fixed n”’ wvalues
(above 17) are allowed. For the £it with hamiltonian (3) all the
n° values between a minimal first one and a maximal second one
(below I” ) are allowed. Both for (2) and (3) all the n1 and n?
values, obeying the relation nl + En? = constant , for (3) limited
by nl £ 11 - and n° < 5 , are allowed. Everywhere v
nO =11 - nl - n? - . Thus the £ boson number n’ is fixed
for fit (2), but 1limited to an interval for fit (3) with maximal
width 5 bosons at intermediate spins. The competition between d
bosons with number n2 and p bosons with mumber nl is not
cleared up by the above mentioned, n? maximum extending from O to 5
bosons, n1 from O to 11 bosons, both at intermediate spins.

This means that the pdf boson hamiltonian can be constructed
in such ways that it fits the level energlies with almoat the same
accuracy, but predicts different pdf boson participation in the
states in the limits shown in table 1. Even without the table iL ism
clear that any one p or 4 or f boson type description is im-
posaible since it will mlas mnny observed levels. From the two boson
typesa, pd wlthout £ bouons should be rejected since Lt will mins
the levels wlth spins I = N + N : 16 . df in nearer to the claassl-
cal  sdf model with up to one £ boson at low spin and more f bo-
aonn at, high apin, bul without. p bonons it should be rejacted Aue

Lto; 1) Yack of the 17 low onorgy level, ) necossity of E bo-
sons in the votational llwit obrerved 1ln ndjacent actinlidesn /‘/;
moreovaer: 4) 1t glvea no nntural explanation of the allowed or not
allowad nlde yrarae leveln, 4) many leveln will disappear for hamll
tontan (). pf wlll explain all ground yrant band leveln and in n
natural way the allowod or not anllowadt ptde band levels dincusned ol
tho and of Lhe previoun sectlony but without a4 bosona nt all 1t
will mina rnoma of Lho obuorved R at low ppin and K] al high spln
Leanptitionn,

Thus all three df  boson Lypes are neconsary. To oxplatn the
nllowed or nol allowed nide yrare baud lavels, Lhalr oconflpgurations
phould be near to Lhope with two pf  boaon Lypes. Thin means Lhat
Lha  pf  bonon parttcipstion s opopenbinl, and thnal the 4 bopan

participation might be conptderably lowar Lhan previously saoepled,

e.g. in mmerical calculations with eight parameters /2/. Then the
hypothesis n'sx max, max -2 , n°4 0, 1 , n° & hamiltonian (2)
fixed value (above I% in table 1) 1is the best one to account for
spin I intervals in which the side yrare band levels are allowed
or possibly not. At the same time it permits the observed transitions
to exist (see below). It will mean that the £ boson number n3
(octupole correlations) will be near to O at low spin I and
increase from O at epin I = N =11 up to N =11 at spin

I =2N=33%3, The 4 boson number n? {quadrupole correlations)
will remain oscillating at a low level, most probably 0 -1 . The
p boson nmumber nl (dipole correlations) will increase from O

at spin I =0 up to 9 -11 at spin I = H = 11 and decrease to
O at spin I = 3N = 33 .

Let us point out that our nl N n2 ’ n5 values in the cases of
table 1, including the best choice mentioned above, will permit the
observed E1 , M1 , X2 +transitions to exist with the slready
introduced lowest order !El Tll Tkz transition operators /“/.

’ \J
except for Ml IZ"T - 1 transitioms, first order TMl being
sufricient tor 7 (-)L = even , but possibly having to be
completed by & second order term for Jc{(-)" = 0dd :

1
™oL ml[bj+b3]l - [ba“bo*]:b}bl]z + [b3+b1+ 2b2bo] . (6)
PR 11,2,3
We should pay attention that the hamiltonians (2) or (3) with the
correction (#) are too simplified to account for all the details.
Surely, one should include a boson interaction able to explain:
1) a smooth transition from the wibrational to the intermediate
1imit at lowest spin, 2) small level ensrgy deviations from expe-
riment to theory shown in figure 1, 3) scarce date on El , Ml , B2
transition rates.
In conohwion, the point about essentisl participation of both the
p and t bosons ia in our opinion sufficient to be viewed as
evidence for the existence of combined dipole octupole correlations
tn nuolei. Tt mupports the main idea of IMAM to include a definite
combinstion of negative parity and ndd epin bosons, in thls case
p msnd f Dosona.
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AunoneHble OKTYNONLHLIE KOPPENALMM B BO30OHHOH MOACTM
M AEMOHCTPAUMA MX CyWEeCTBOBaHWA B AApPax

Mopene MHOrux B3aumopencteyiouymx Boaonos /MMBB/, assepewnHan panee, B ee
cnyyae spdf GO3OHOR, NPUMCHEHA K HOBOMY 3KCNEPUMEHTY 1O BMBpPAaLMOHHOMY AApPY
21:& Ra .o - MOKa3aHO, uTO OHa ONMCHBACT eCTECTBEHHHM 0GPa3oM, Npu CyWecTBeH~
HOoM yqacTuu pf Cu3onusB, Kak OCHOBHBE MpPdC! NONOCH NONOKMTENLEHOM KM OTpuya-—
TENLHOW HYEeTHOCTW, TaK W CBOcOOpPIIHLIE Mpape Nonocs OAMHAKOBOW MpPOCTPAHCTBEH-
HOK 7 W obpaTHOon cnuHosol (-)! uyetnocTu. Takum 06pa3oM 3TOT IKCNEPUMEHT
c ero GO30HHON WHTeprnpeTayqen MOKHO PACCMATPUBATL KAaK AEMOHCTPAuUMI0 CyuwecTBo-
BaHUA KOMOMHWPOBAHHBIX AMNONLHBIX OKTYMOMbHLIX KOPPENALMA B AApPax.
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Dlpote Octupole Correlations In a Boson Mode)
and [vildence for Their txlstence In Nuclel

the Interacting multl boson model /IMBM/ Intioduced ear)ler , dn s
spdf boson case, ITs applled 1o a new expet fment on the vibratlonal nuclbeus
"': Ra o - 1t 74 shown to descrlbe In a natural way, with the cssentlal
|mv‘1|( fpnl ton af pt bosons, both the ground yrast bands with positlive and
negat lve parlty, and the pecualfar slde yrare bands with the wame space o
and opposlte spln (! parity. So thls expey iment together with ITts boson
Intetpretatlon can be viewsd as evidenie {or the nxistence ol comblned
dlipale octupole cocrelattons I e tel.
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