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SUPLEMENTO REVISTA MEXICANA DE HSICA 55 (2) 66-70 DICIEMBRE 2009

Global calculations with the interacting Boson model

P. Van Isacker
Grand Aceélerateur National d’lons Lourds,
CEA/DSM-CNRS/IN2P3, BP 55027, F-14076 Caen Cedex 5, France.

Recibido el 3 de febrero de 2009; aceptado el 6 de marzo de 2009

The use of the interacting boson model is proposed for systematic calculations of nuclear properties for large regions of the nuclear chart,
including exotic nuclei. In the simplest approach a constant hamiltonian is adopted for all nuclei and nuclear shape transitions are governed
solely by total boson number or, equivalently, by total valence particle number. More sophisticated methods require a dependence of
hamiltonian parameters on the fractional filling of the valence shell. It is also shown how to include in this framework the nuclear binding
energy. The method is illustrated with the example of even—even nuclei in the rare-earth region with neutron8gusnliér< 126 and

proton numbeb0 < Z < 82.

Keywords:Nuclear masses; collective levels; interacting boson model.

Se propone el uso del modelo de bosones interactuantes patawdbisteratico de propiedades nucleares en un rango amplio de la mapa
de los riicleos. En el procedimientoas simple se propone un Hamiltoniano constante para tdddeas y las transiciones de forma de los
nicleos es gobernada solo por @hmero total de bosones o, equivalentemente, poaelaro total de paitulas. Metodos nas sofisticados
requieren un llenamiento fractional de la capa de valencia. Eawd@ muestra como incluir en este marco la éaaig amarre nuclear. El
método se ilumina con un ejemplo déaateos par-par en la rewi de las tierras raras con dimero de neutrones &2 < N < 126 y el
nimero de protones d#) < Z < 82.

Descriptores:Masas nucleares; niveles colectivos; modelo de bosones interactuantes.

PACS: 21.10.Dr; 21.10.Re; 21.60.Ev

1. Introduction even nuclei in a single major shell. It is based on a global for-
mula for the macroscopic part of the nuclear binding energy

Over the years many different approaches have been develhile the remaining (shell + deformation) part is calculated
oped to calculate masses of atomic nuclei [1]. In particulanyith the IBM.

global approaches have been attempted in which a single for-
mula or algorithm is used to reproduce as closely as poss'éJ Theii ina b del
ble all known nuclear masses. There exist now three standard e interacting boson mode

global procedures which are complementary since each staftSt us beain with a brief inder of fth i
from a differentansatz either the liquid-drop model [2], the LS begin With & briet Feminder of Some Ot te properies

. of the IBM. A full account of the model can be found in the

mean-field approach [3.] or the shell model [4]. T'he malnmonograph by lachello and Arima [6]. The building blocks
goal of these attempts is to make mass extrapolations to r if the IBM ares andd bosons with angular momenta= 0

gions away from stability, once parameters have been fixe nd¢ = 2. A nucleus is characterized by a constant total

from known nuclei. number of bosonsgV,, which equals half the number of va-

These mass formula are limited to nuclear ground-stat?ence nucleons (particles or holes, whichever is smaller). No

properties and have little to say about excited nuclear stateSistinction is made here between neutron and proton bosons,
The latter is the realm of the interacting boson model (IBM)an approximation which is known as IBM-1

proposed by Arima and lachello in 1975 [5]. Over the years - gjnqq the hamiltonian of IBM-1 conserves the total num-
many systematic calculations of nuclear spectral propertieger of bosons, it can be written in terms of the 36 operators
have been performed with this model [6]. Again, one of the, 1 by Wherebl (b creates (annihilates) a boson with
purposes of these studies was the prediction of properties %fr%ulgr momenf&nrﬁ ar;ndz projectionm. This set of 36 op-
nuclei away from stability based on parameter systemaliCg 51,15 generates the Lie algebra U(6). A hamiltonian that

established in stable ones. Surprisingly little, however, ha%onserves the total number of bosons is of the generic form
been done with the IBM concerning binding energies. In one

study Daviset al. [9_] cpnstructed a mass formula based on Hpvu=FEo+H +Hy+Hs+---, (1)

the concept off’ spin in the IBM. In most cases only two-

nucleon separation energies have been considered, such asihere the index refers to the order of the interaction in the

the more recent studies of GameRamost al. [7] and Fos-  generators of U(6). The first terf, is a constant which rep-

sionet al.[8]. resents the binding energy of the core. The second term is the
In this contribution a method is proposed to calculate si-one-body part

multaneously the absolute energies of the ground states and . — FooR) X

the excitation energies of the collective levels of all even— Hy=¢,[s" x 3] teaV5ld" x d|'V = e, teana,  (2)
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where x refers to coupling in angular momentum (shown appearsy which together with, x, x’, " and\ constitutes

as an upperscript in round brackets),, = (=)™bg, ., the full set of six parameters needed to determine the spec-
and the coefficients, ande; are the energies of theandd  trum of a single nucleus with a hamiltonian with up to two-
bosons. The third term in the hamiltonian (1) represents thbody interactions. The dependence of excitation spectra on

two-body interaction the parametey is very weak however and in the following
A is fixed to its SU(3) valuey = —/7/2.
Hy= > 0} pupllb] x )" Although reasonable results are obtained with a constant
£1<0s,0, <0}, L hamiltonian, they are considerably improved if parameters
- = (L)(0) are allowed to vary with the number of nucleons in the va-
X [bfé X b "0 ©) lence shell, as suggested by the shell-model interpretation of

IBM-1. Two possible types of dependence are proposed here:
where the coefficients are related to the interaction matrix P yp P brop

elements between normalized two-boson states, - Z i (F,) (Fy) (7)
A 1]
(C162; LIH |01 653 L)

- \/<1+6e1z2><1+5mf2>%

— L
oL + 1 Voo, ey, = Veyeat) 0y 4)

or

T = Zmi(P)i, (8)

where z is a parameter of the hamiltoniane(, 2 should

Since the bosons are necessarily symmetrically coupledye identified withe, x,...) and the expansion is taken up
allowed two-boson states asg (L = 0), sd (L = 2) and to a given order. In Eq. (7) appear the ‘fractional fillings’
d? (L = 0,2,4). Since forn states with a given angular mo- F, = N,/Q,, with N, the number of valence neutron
mentum one has(n + 1)/2 interactions, seven independent (p = v) or proton p = ) bosons and?, the size of the
two-body interactions are found: three fof, = 0, three for  corresponding valence shell. In Eqg. (8) occurs the so-called
L = 2 and one forL. = 4. This analysis can be extended to ‘promiscuity factor’ [11] defined a® = N, N /(N, + N ).
higher-order interactions. One may consider, for exampleThe original parametet is thus replaced by setof param-
the three-body interaction§/,(ols; LM |Hs|¢)¢404; LM).  eters{z;;} or {x;} which will be adjusted to the available
The allowed three-boson states atgL = 0), s2d (L = 2), data.

sd®> (L = 0,2,4) andd® (L = 0,2,3,4,6), leading to The parametrizations (7) and (8), in conjunction with the
6+ 6+ 1+ 3+ 1= 17 independent three-body interactions hamiltonian (5), constitute a possible strategy for describing
for L =0,2,3,4,6, respectively. excitation spectra of nuclei in an entire major shell. It should

At each order the interaction can be of two types dependbe noted, however, that Eq. (5) does not represent the full
ing on whether it contributes an equal amount to all states of 88M-1 hamiltonian since the terms that give a constant con-
single nucleus (a ‘constant’ type | interaction) or not (a ‘vari- tribution in energy to all states of a given nucleus are lacking.
able’ type Il interaction). It can be shown [10] that for fits One therefore cannot expect this hamiltonian to give a proper
of an excitation spectrum of a single nucleus there is a sindescription of binding energies. How this can be achieved in
gle one-boson energy of relevance, as well as five two-bodthe context of the IBM is explained in the next section.
and ten three-body interactions. If also binding energies are
mcluded_ in the analysis, an additional one-boson energy ca)  Mass calculations with IBM
be considered as well as two two-body and seven three-body

interactions. We begin by recalling that the binding enery N, Z) of a
nucleus withN neutrons and protons is defined through

3. Spectra calculations with IBM M(N, Z)® = Nmaé® + Zmyc® — B(N, Z),  (9)
’ - n P ) )
Energy spectra of many even—even nuclei have been CalCWhere M
lated with the IBM-1. A commonly used parametrization of
the hamiltonian in such calculations is limited to two-body

interactions and is of the form

(N, Z) is the mass of the nucleus and, (m,) the
mass of the neutron (proton). A simple, yet surprisingly ac-
curate formula for this binding energy is

Z(Z 1)
A~ ~ ~ A A ~ ~ 2/3
Hiyo=¢ig + £Q - Q+r'L-L+r"Py - P_+ 03, (5) Biom(N, Z) = ayA — a, A*? — G175

whereng, P, L and(Q are thed-boson number, boson pair- — Sv AT(T +1) +ap AN, Z),
- - L+y A3 A AL/3
ing, angular momentum and quadrupole operators, as defined ‘
in Ref. 6. In the quadrupole operator where A = N + Z is the total number of nucleons,
S st ) f ) T=|N — Z|/2 andA(N, Z) = +2, +1 and0 for even-even,
Qu=[d' x5+ xd,” + x[d" x d];”, (6)  odd-mass and odd-odd nuclei, respectively. Equation (10) is

(10)
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known as the liquid-drop mass (LDM) formula [12, 13], con- data set which comprises 1280 excited levels in 123 nuclei,
taining the usual volume, surface, Coulomb, symmetry andogether with their ground-state binding energies.
pairing terms. Two different approaches are discussed in this section

A visual inspection of the differences between mea-which differ in the choice of the hamiltonian. In the first,
sured binding energies and those obtained with the LDMhe hamiltonian is taken to be constant while in the second its
formula (10) suggests the addition of the two-parameteinteraction parameters are varied according to Egs. (7) or (8).
term [14]

5.1. A constant hamiltonian

Bsnenl(N, Z) = a1(N, + Ni) + az(N,, + Nx)?, (1)

The approach summarized in this subsection consists of tak-
where N, is half the number of valence neutrom € v) or  ing a constant IBM-1 hamiltonian for the 123 nuclei consid-
proton (p = =) nucleons (particles or holes, whichever is ered in the fit. This might seem a hopeless undertaking un-
smaller). Although of a very simple and naive nature, the adess one is aware of what is implied with the ‘constancy’ of
dition of the linear and quadratic terms/), + N, leadstoa the most general IBM-1 hamiltonian, taken up to a certain or-
remarkable decrease in the root-mean-square (rms) deviatigter in the interaction. This feature can be illustrated with the
of the mass formula, from 2.5 to 1.4 MeV [14]. These ‘shell’ example hamiltonian
corrections are reminiscent of some of the elementary terms .
in the successful mass formula of Duflo and Zuker [4], which Hex = €ofa + €1f1a(fs + Na), (13)
is also based on a counting of valence nucleons. Several mod- . . ,
ifications of Eq. (11) can be considered such as, for exampléVNich is part of a general one- plus two-body IBM-1 hamil-

a correction for the average valueBfy.i (N, Z) [15]. tonlaq, that is, it corresponds tq a partlpular choice of boson
Since the sumV, + N, can be identified with the to- E€N€r91€s arld of tzoson—boson interactiops, ,, ,, that ap-

tal number of bosonaV,, the two terms (11) are part of the pear in theH; + H, part of the hamiltonian (1). Since the

IBM-1 hamiltonian. This suggests the possibility of using total number of bosons is conserved for the calculation of a

this model in a simultaneous calculation of nuclear massesingle nucleus, the hamiltonian (13) can be rewritten as

and spectra. The method proposed here consists of subtract- . .

ing a global liquid-drop contributionaithoutshell or defor- Hex = eana, €a = €0 + Nper. (14)

mgtlon effects).from the nuclear bmdmg energy and mOd'This shows that theonstantone- plus two-body hamilto-

elling the remainder with the IBM-1 hamiltonian. The total . . S

binding energy of the nucleus then becomes nian (13) gffecnvel_y corresponds to a one-bo_dy hamllFonlan

eqng Of which the single-boson energy varies linearly with

B(N,Z) =B N, Z) — (0F | Hipn|0T), 12y the total boson numbevy,.
( ) om( ) = (07 | HieaelOF) (12) This mechanism of separating the hamiltonian into parts

where Higy; is thefull IBM-1 hamiltonian up to a certain that are genuinely constant and those that vary with boson
order in the interactions are{ is the lowest-energy eigen- Number can be generalized to all orders. Formalkytzdy
state of that hamiltonian. Note the minus sign in front ofinteraction can be divided into+ 1 parts,

(07 |Hiswm|07) which is needed to convert from negative en- X Ak (he1) g (h—2) - (0)

ergies to positive binding energies. It should be emphasized v = "+ Hy  + H7 T+ H Y (15)
again that a hamiltonian as used in standard IBM-1 calcula- h he fi i ® #-body i .
tions [as, for example, in Eq. (5)] is not appropriate for theWhere the first ter po1sa constant:-body |n.teract|on
mass formula (12) because it is essential fiiaty; contains while each of the remaining terms can be considered as a
interactions of the two types discussed in Sec. 2 k’-body interactionk’ < k) according to the decomposition

H*) = (N )E=* g0, (16)

5. Applications

that is, its strength depends on the boson number as
The hamiltonians (1) or (5) can be applied to a set of nucle{ Ny, )",
belonging to a single major shell which, by way of example, A first calculation of this type has been carried out us-
is chosen here to be all even—even nuclei Withc N < 126 ing all ten parameters of the IBM-1 hamiltonian up to second
and50 < Z < 82. Semi-magic nuclei should be excluded order in the interactions. Since a simultaneous fit of many
because they are known to exhibit a seniority spectrum whiclnuclei is attempted with spectra that vary from vibrational to
does not allow an interpretation in terms of IBM. Whetherrotational, there exists no obvioasisatzfor the correct pa-
more nuclei in the neighbourhood of shell closures should beameter set and an efficient fitting procedure is needed. The
omitted from the fit is less clear. In this first application of a method followed here is based on the diagonalization of the
global IBM-1 calculation also telluriumA = 52) and mer-  error matrix which establishes a hierarchy of the most rele-
cury (Z = 80) isotopes as well a& = 84 and N = 124  vant parameter combinations. The approach is identical to
isotones are excluded from the fit. This still leaves a largehat of the determination of shell-model matrix elements in
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TABLE |. Parameters in the IBM-1 hamiltonian (1) and rms deviatiori; keV) for even—even rare-earth nuclei with < N < 124 and

54 < Z < T8.
Eo €s €d Ugddd vgddd Uéddd U?idds Ugdss ’Ugsds Ugsss Omasses Ospectra
—6101.2 277.5 610.9 —233.0 —121.1 —60.5 28.7 —161.7 —11.1 —-5.0 896 259

TABLE Il. Parameters in the IBM-1 hamiltonian (5) and rms deviatigiin keV) for even—even rare-earth nuclei wih < N < 124 and

54 < Z < T78.
€00 €10 €01 Ko K1 K2 Ko K1 K Ko kY Ky Aoo A1o Aot Ospectra
675.2 — — 6.5 — — 8.1 — — 5.8 — — =249 — — 232

2325 622.8 15189 -—-33.0 677 —-9.7 126 -18 0.3 4.9 -71 11 =254 87 —-94.2 178

2 8z 2. 82
u EEEEEEEEEERN |2 | EEEEEEEEEEEEERENC
| E N EEEEEEEEEERN os | N | EEEEEEEEEEERN M o=
EEEEEEEEEEEEEENEVW EEEEEEEEEEEEEEENV
EEEEEEEEENENENENN-:E EEEEEEEEENENENENN:
EEEEEEEEEEEND EEEEEEEEEEENY
EEEEEENENN-: EEEEEEENEBNCE
0. EEEEEENENN-D 1. E BN EEEENN-D
EEEEENENCG: EEEENENENG
HEENENN: HE NS NENEN:SD
EEEENNM | N | W nd
HE N NCcC HE ce
HE N NE | | Ba N
W xe HE N (2 )expt
AMEO3 - LDM Z)
-2 50 0.5 50 theo
a2 126 82 126
2 8z N 82
H EEEEEEEEEENEENEN: H EIEEEEEEEEEEENEEG
H EEEEEEEEEEENENENCO HEEl E IS EEEEEEEESNOS
EEEEEEEEEEEEEEECWw E SN EEEEEEEEENVY
EEEEEEEEEEEENBN: E N EEEEEEEENENENN: P
EEEEEEEEEEENY E N EEEEEEENENNTY
EEEEEENENNG: EEEEENENENN:
0. EEEEEENENNCD 1. EEEEEEENENTDY
EEEEENNCG: EEEENENENCG
EEEENEN:n L] HE NG
EEENENNM | | B xd
HEEECe L €
HE N NE | Ba (2+)
oW e HE N=z= expt
AMEO3 - LDM + {Hypy ) W
. o P . theo

83 126 82 126

FIGURE 1. The differences between the measured nuclear bindingFIGURE 2. The ratios of the experimental and calculated ener-
energies and those obtained with the LDM formula (10) (left) and gies of the first-excite@™" level in the approximation of constant
with the IBM-corrected LDM formula (12) (right) for even—even (left) and variable (right) hamiltonian parameters for even—even
rare-earth nuclei witB6 < N < 124 and54 < Z < 78. rare-earth nuclei witl86 < N < 124 and54 < Z < 78.

the sd shell [16] where the number of parameter combi- energies and boson-boson interactions defined in Egs. (2)
nations is gradually increased until no further significant im-and (3).

provement is found. In spite of this sophisticated fitting pro- ~ As an illustration of the results obtained in this way,
cedure, convergence towards the optimal parameter set is nibte differences between the measured nuclear binding ener-
guaranteed. In fact, the final parameters, obtained by gradyies [17] and those obtained with the LDM formula (10) and
ually increasingp starting fromp = 2, may depend on the with the IBM-corrected LDM formula (12), respectively, are
choice of the initial set. shown in Fig. 1.

After a preliminary exploration of the parameter space the A significantly lower rms deviation is obtained in the lat-
rms deviation for the full one- plus two-body IBM-1 hamil- ter calculation. This is not surprising since the IBM-1 hamil-
tonian @ = 10) is 0. = 896 keV for the masses and tonian includes the valence-nucleon terms (11) which proved
omms = 259 keV for the spectra. The corresponding final so successful as a shell correction to the LDM formula. In
boson parameters are shown in Table | in terms of the bosoprinciple, the IBM-1 hamiltonian contains additional corre-
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lations .9, deformation) but it remains to be seen whether  In Fig. 2 are shown the ratios of the experimental [18] and

these lead to a systematic improvement in the description afalculated energies of the first-excitgstl level in the 123 nu-

nuclear masses. cleiin the approximation of constant and variable parameters,
An improvement of these one- plus two-body results mayrespectively.

be attempted by increasing the order of the interactions in

the hamiltonian. The increase up to third-order interactions

introduces 17 new parameters, bringing its total to 27, still6. Conclusion

manageable given the large available data set. A first explo-

ration of this parameter space did not lead to a significanf0 summarize, a strategy has been outlined for merging

lowering of the rms deviation. Further studies are needed téhe calculations of ground- and excited-state energies in the

explore this idea in combination with the separation of theframework of the interacting boson model. Preliminary re-

IBM-1 hamiltonian according to Eq. (15). sults have been presented for even—even nuclei in the major
shell with82 < N < 126 and50 < Z < 82 with a hamil-
5.2. A variable hamiltonian tonian that includes up to two-body interactions. A further

. ) o ) ) possible improvement is to include three-body interactions
In this subsection the hamiltonian (5) is used to describe thgenyeen the bosons which would allow for boson-number-
spectra of the 123 nuclei included in the fit. As argued beforegependent two-body interactions.
thi; hamiltonian is inappropriate for a binding-energy calcu-  The overall purpose of the present approach is that once a
lation and masses are left out of the fitas a consequence. Theliable parameter set can be established from known nuclei,
dependence on fractional fillings is chosen as follows: it might be of use for th@redictionof spectral properties of

€ = ¢€oo+ €10F, + €01 Fr, nuclei far from the line of stability. Given that the IBM-1 is

a valence-nucleon model, such extrapolations will crucially

_ 2 N ) . :
ko= Ko+ RP 4 R P depend on the definition of neighbouring closed-shell config-
K = K)+ K| P+ rK,P? urations and on the assumption of the persistence of magic

numbers.

K" = Ky +K]P+ KYP?,

A= Ao+ Aokl + Aor b 47 Acknowledgments

With the parameters as given in Table Il an rms deviation of

o = 232 keV is obtained for constant parameters wheread would like to thank my collaborators Alejandro Frank, Lex
this deviation decreases to 178 keV if the fractional-filling Dieperink, Jorge Hirsch, JéBarea and Irving Morales with
dependence (17) is adopted. whom | developed the ideas related to nuclear masses.

—_

. D. Lunney, J.M. Pearson and C. Thibaudkev. Mod. Phys75 10. P. Van IsackerProc. Int. School of Physics “Enrico Fermi” on

(2003) 1021. Nuclear Structure Far From Stability: New Physics and New
2. P. Moller, J.R. Nix, W.D. Myers, and W.J. Swiateclit. Data Technology edited by A. Covello, F. lachello, R.A. Ricci and
Nucl. Data Table$9 (1995) 185. G. Maino (IOS Press, Amsterdam & SIF, Bologna, 2008) p.
347.

3. S. Goriely, M. Samyn, and J.M. Pearsdwicl. Phys. A773
(2006) 279. 11. R.F. CastenNucl. Phys. A43(1985) 1.

4. J. Duflo,Nucl. Phys. A76(1994) 29; J. Duflo and A.P. Zuker, 12. C.F.von Weizacker,Z. Phys96(1935) 431.
Phys. Rev. G2(1995) R23. 13. H.A. Bethe and R.F. BacheRev. Mod. Phys3 (1936) 82.

5. A Arimaand F. lachelloPhys. Rev. LetB5(1975) 1069, 14. AE.L. Dieperink and P. Van Isackeur. Phys. J. /82 (2007)
6. F. lachello and A. ArimaThe Interacting Boson ModéCam- 11.
bridge University Press, Cambridge, 1987).

) . 15. J. Mendoza—Temist al,, Nucl. Phys. A799(2008) 84.
7. J.E. Garca—Ramos, C. De Coster, R. Fossion, and K. Heyde,

Nucl. Phys. 4688(2001) 735. 16. B.A. Brown and W.A. RichterPhys. Rev. @4 (2006) 034315.

8. R. Fossion, C. De Coster, J.E. GaeRamos, T. Werner, and 17. G. Audi, A.H. Wapstra, and C. ThibaulNucl. Phys. A729
K. Heyde,Nucl. Phys. A697(2002) 703. (2003) 337.

9. E.D. Davis, A.F. Diallo, B.R. Barrett, and A.B. Balantekin, 18. Data are taken from the Brookhaven National Nuclear Data
Phys. Rev. @4 (1991) 1655. Center.

Rev. Mex. 5. 55 (2) (2009) 6670



