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Signatures for shape-phase transitions in the rare-earth nuclei, in the evolution
of single-particle spectra and two-particle transfer-intensities
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The rare-earth Nd, Sm, Gd and Dy nuclei are well known to undergo a shape-phase transitiomareudaifrom vibrational to rotational

behaviour - or, correspondingly - from a spherical nuclear shape to an axial-symmetric deformed shape. This can experimentally be verified
by, for example, the evolution of thB, ,» = E(4])/E(2]) ratio, or the evolution of the quadrupole mome®t. Recently, the study of

nuclear phase-shape transitions has gained considerable interest, since the introduction of exact algebraic solutions for the critical points of
many of the different phase-shape transitions that are possible in the atomic nucleus. In this contribution, in the first part, we investigate
the microscopic underlying mechanism that drives the rare-earth isotopes towards deformation, studying the evolution of their proton and
neutron single-particle spectra within the Relativistic Hartree-Bogoliubov model. In the second part, within the Interacting Boson Model and
the framework with boson coherent states, and in the light of renewed interest in experiments on two-particle transfer-reactions, we study the
evolution of the transfer spectroscopic intensities as a possible signature of shape-phase transitions.

Keywords:Nuclear structure models and methods; quantum phase transitions.

Los nicleos de las tierras raras Nd, Sm, Gd, y Dy son bien conocidos por poseer unadnadsitase cerca d& =~ 90 de un com-
portamiento vibracional a otro rotacional, o correspondientemente, de una foérniasesfaquella de forma deformada axialmente. Esto
puede ser verificado experimentalmente por la evotude la radn R, > = E(4])/E(2]), o la evolucon del mometo cuadrupolap..
Recientemente, el estudio de las transiciones de fase han ganado considerd@selégde la introdudmi de soluciones algebraicas para
los puntos dticos de las diferentes transiciones de fase entre las formas posibléstel.rEn la primera parte de esta contrilucinves-
tigamos el mecanismo micraggico subyacente que conduce a ldgdpos de las tierras raras hacia la deforiiacéstudiando la evoluimn

de los espectros de panla independiente de protones y neutrones @#rael modelo Hartree-Bogoliubov relativista. En la segunda parte,
utilizando el modelo de bosones interactuantes en el marco de los estados coherémiesdygsconsiderando el renovado ig®en los
experimentos sobre reacciones de tranferencia de ddsipast estudiamos la evolaci de la tranferencia de intensidades espedbfmsas
como una posible $&l de transiciones de fase en la forma detleo.

Descriptores:Modelos y nétodos de la estructura nuclear; transiciones de fa&etica.

PACS: 21.60.-n;73.43.Nq

1. Introduction can be seen experimentallg,g. by the evolution of the
Ry/y = E(47)/E(27) ratio (see Fig. 3 of Ref. 1), or the

One of the most important notions in physics is the concepgvolution of the quadrupole momen;.

of “benchmark”. In nuclear physics in particular, models  Phase-shape transitions have gained much interest lately,
have been conceived (and rewarded with the Nobel prizellpecause of the recent introduction of some new benchmarks:
that give analytical solutions for the structure and the exfor the critical points of some of the most common phase-
citation spectrum of some ideal nuclear cases: the perfe@hape transitions that are possible in the atomic nucleus, giv-
vibrator and the perfect rotator (for collective nuclei), anding analytical solutions for the excitation spectrum of the
the perfect independent-particle nucleus (for magic and neagritical-point nucleus [2]. TheV ~ 90 isotones of the Nd,
magic nuclei). Real nuclei, of course, can deviate in imporSm, Gd and Dy nuclei have been proposed as good candi-
tant ways from these ideal cases. Nuclei that always havéates of the new X(5) benchmark [2].

been the hardest to understand, are the so-called “transi- In Ref. 3, we have studied the evolution of the nu-
tional nuclei”, on the way from one benchmark to another.clear shape through the Nd, Sm, Gd and Dy isotope se-
The rare-earth Nd, Sm, Gd and Dy isotope series are exies, constructing Potential Energy Surfaces (PES), based on
amples of transitional nuclei: nedy ~ 90 abruptly go- B2—constrained calculations within the Relativistic Hartree-
ing from a spherical or near-spherical nuclear shape to 8ogoliubov model (RHB). In Sec. 2, we present the evolu-
axial-symmetric deformed one (an effect which is coinedtion of the quadrupole moment through these series of iso-
“shape transition”) - or, correspondingly - from vibrational topes, based on the calculations of Ref. 3. We reproduce
behaviour to rotational behaviour (coined “phase transition”the results for the PES surfaces of Ref. 3 for the Dy series,
in analogy with the more familiar phase transitions of macro-for comparison with the evolution of the proton and neutron
scopic systems). This sudden change in nuclear structumgngle-particle spectra of the same isotope series, in which
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we look for the microscopical driving mechanism behind the " Dy

nuclear shape/phase transition in this region [5]. 81
In Sec. 3, we study the evolution of the two-particle 61

transfer intensity through the series of the Nd, Sm, Gd and

Dy isotopes, within the Interacting Boson Model (IBM) and £

the framework with boson coherent states, to find experimen- g
tal fingerprints for the nuclear phase/shape transition around’ “|

N ~ 90 (see also Ref. 11). S
In Sec. 4, the conclusions of this contribution are pre- |
sented.
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2. Evolution of the proton and neutron single- P

particle spectra through the rare-earth iso- FIGURE 2. Evolution of the PES of the Dy isotope series. The
critical point nucleus'®®Dy is highlighted. Taken from RHB

tope series [2—constrained calculations of [3].
R. Casten, in his Nature Review on nuclear phase/shape tran-
sitions, suggested the Nd, Sm, Gd and Dy isotope series protons neutrons
as a good example of a first-order transition, going from 0 ==

a spherical nuclear shape towards an axial-symmetric de-<
formed nuclear shape. He presented the evolution of the%
Ry = E(47)/E(2f) ratio to identify the N~90 iso- 10
tones as the critical point in all 4 series. In Fig. 1, we

show the evolution of the quadrupole mome@t; (a di- 0
rect measure of the nuclear deformation), based on ourg 5
RHB calculations of Ref. 3, for the same series. A steady w
increase in the nuclear deformation can indeed be ob-
served from the neutron closed shell At=82 towards
higher masses. The predicted nuclear deformation is al-
ways larger than the experimental data (where available),2 -5
but is in accordance with other theoretical results within *
relativistic mean-field models (see,g Refs. 6 and 7) and
non-relativistic mean field (see,g Ref. 8). In Fig. 2, we 0
reproduce the PES surfaces for the Dy isotope series froms
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E -1 FIGURE 3. Evolution of the proton (left-hand panels) and neu-
o -2/ tron (right-hand panels) single-particle spectra with mass number
3] for the Dy isotope series, from; —constrained calculations in the
148-156 RHB model in correspondence with the PES surfaces shown in
-4 MGd Fig. 2. As the Dy isotopes of interest have spherical or prolate
-5 %4 8 53 90 90 94 52 86 % %0 & = ground states, only results fgi, > 0 are shown. The ground-

v,gs

state deformation for protons (or neutronsj,;?* (or 85?°), cor-
N N responding to the absolute minima in the PES surfaces of Fig. 2,
FIGURE 1. The evolution of the quadrupole momep in units eb is indicated by the thick vertical line. The proton (neutron) fermi
for the Nd, Sm, Gd and Dy isotope series. Proton, neutron and totalevel, \™ (\"), is indicated by the thick horizontal line. Results
quadrupole moments are shown, derived freyr-constrained cal-  for the proton major shellZ = 50 — 82, and the neutron major
culations in the RHB framework from Ref. 3. Experimental results shell, N = 82 — 126 are shown. The critical-point nucled& Dy
come from [4]. is highlighted.
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Ref. 3.1°°Dy is spherical, whereas the isotopes with 152  The intersection of both lines gives the position of the high-
have two minima in their PES, an oblate and a prolate oneest occupied single-particle orbital (for protons or neutrons)
The ground states in all cases fdi>152 have a prolate de- inthe nuclear ground state. The results for the Nd, Gd and Sm
formation. The critical-point nucleus®Dy is highlighted in  isotope series will be given elsewhere [5], but are very similar
Fig. 2. to the results for the Dy series. The proton single-particle or-
R. Casten contributes the increase in nuclear deformaditals that play a role in the Dy isotopes mentioned (left-hand
tion to the obliteration of theZ=64 subshell gap, that sepa- panels in Fig. 3) are thelg/,, n2d;, and«lh;, , or-
rates the protom1h , , intruder single-particle orbital from bitals. For the neutrons (right-hand panels), upta90, the
the rest of the proton space, for neutron numh¥rs90,  v1hg . v2f;, andv2f;,, single-particle levels come into
making available a much larger proton single-particle spac@lay subsequently. They interact, according to the Federman-
that drives the nuclear deformation. Starting fra¥a=90,  Pittel mechanism, with especially the former two of the pro-
the neutrons would be starting to fill up the neutrarh, ton single-particle levels. Starting from = 90, correspond-
single-particle orbital, that overlaps well with the proton ing to the critical-point lsotOpé5°Dy (highlighted in Fig. 3),
mlhy, , orbital, allowing the latter to come down in the neutrons start to occupy the/, , intruder single-particle or-
single-particle spectrum (Federman-Pittel mechanism). bital. The interplay of this neutron single-particle orbital with
The above arguments are however based on the sphefhe protonr1hy, ,, orbital gives the deformation a boost. As
cal nuclear shell-model, and lose their strict validity for de-we get very similar results also for the Nd, Sm and Gd iso-
formed nuclei. More in part|cu|ar, the Specmc proton andtopes SerleS it would seem that it is the interaction between
neutron single-particle levels that play a role, and the order ifthis specific proton and neutron single-particle orbitals that is
which they come into play, will change when deformation be-responsible for the phase/shape transition in this region of the
comes increasingly more important. In Fig. 3, the variationnuclear chart.
in energy of the proton and neutron single-particle orbitals
with the quadrupole deformatiofi, is given for the whole . . . .
Dy isotope series. The thick vertical lines labeled with”* 3. Evolution of the intensity of tyvo-parﬂcle
(8%°) indicate the ground-state deformation for the protons  transfer through the rare-earth isotope se-
(neutrons) for each isotope, corresponding to the minima in ~ ries
the PES surfaces of Fig. 2. The thick horizontal lines are the
fermi surface for the protons (or neutronsy, (\"). In the light of renewed interest in experiments on two-particle
transfer-reactions, especially with radioactive beams [9], we
want to study the evolution of the transfer spectroscopic in-
Ground state to ground state tensities as a possible signature of shape/phase transitions

3. P in atomic nuclei. The two-particle transfer process can be
; described by pair creation and annihilation operatores that
have a straightforward expression within the Interacting Bo-
257 son Model (IBM). More in particular, up to first order, the
i transfer of a nucleon pair with = 0 can be described as the
20l transfer of an s-boson. Transfer intensities from ground state

to ground state and from the ground state to excited states can
i O | be calculated analytically for three special cases or “limits”
150 e A D - of the IBM model: U(5) (vibrational), SU(3) (rotational) and
r - 1 0O(6) (y—unstable) [10]. In between the limits, for the tran-
sitional nuclei we are interested in, calculations should be
done numerically. The transfer of a nucleon pair with= 2
in good approximation can be described as the transfer of a
d-boson, but in this case transfer intensities can be calculated
analytically only in a very limited number of cases [10].
It is well known that - in a macroscopic picture - in
L the transfer process of two nucleons with= 0, it is pre-
R0 ] . o oo s s e e dominantly the ground state that is populated. Consider-
00 05 10 1353 20 25 30 able strength only goes to excited states in the case of a
FIGURE 4. Contour plot of the dependence of the intensity change in the shape of the nuclear ground state (see the first

I(B, 8, N) for two-particle (s-boson) transfer between the ground of the papers cited in [9]?' It is thus instruc_tive to study
states of a nucleus wit and with N + 1 bosons (square of matrix ~tWo-particle transfer also in the framework with boson co-

1.0

0.5

element 1) on the quadrupole deformation of the initi| Kori- herent states, tha_t gives the geometrical inter_pretation of the
zontal axis) and final{’, vertical axis) nucleus. A line is drawn for IBM: U(5) (spherical), SU(3) (axial-symmetric deformed)
B = 3. Results are folv = 10. and O(6) {— unstable). In the case of s-boson transfer,
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FIGURE 5. Contour plot of the dependence of the intensity
I(8, 3, N) for two-particle (s-boson) transfer between the ground FIGURE 6. Two-particle transfer-intensities within the IBM (full
state of a nucleus withv and the beta-vibrational state witti + 1 lines) and the framework with boson coherent states (broken lines)
bosons (square of matrix element 2) on the quadrupole deformafor the !44~1*Nd (with N, = 5 proton bosons and/, = 1 — 6

tion of the initial (3, horizontal axis) and finald, vertical axis) neutron bosons} ¢ ~1°Ssm (V,, = 6 andN, = 1—8), 148-162Gd
nucleus. A line is drawn fo = 3’. Results are foiv = 10. (N = 7TandN, = 1 — 8), and*®*~1%py (N, = 8 and

N, = 1 —9) isotope chains, displayed versus the total number

we were able to derive simple algebraic expressions for thef bosonsN (with N = N, + N,). In the panels on the left-
matrix elements of two-particle transfer in function of the hand side (panels (al), (b1), (c1) and (d1)) results for the-gs
guadrupole deformation of the initial and final nucleus, gs transfer are shown, whereas in the panels on the right-hand side
(8,~) and (3, ~') (the transfer intensity is then given by the (panels (a2), (b2), (c2) and (d2)) results for the-gsbv transfer
square of the matrix element) [11]. For a transfer between th&'e shown. Results for the Nd, Sm, Gd and Dy series are compared
ground-state bands of a nucleus withbosons and a nucleus with predictions for the U(5) and SU(3) IBM-limits (dotted lines).

with N+ 1 bosons we get, expected: pair transfer between the ground states band of two

N+1: " ANV sTINV nuclei is only possible for similar ground-state deformations,
(N + Lg5(8"7)lls"1V: 95(8,7) B ~ 3 (see Fig. 4), whereas the transfer strengh will neces-
_ JNFI (14 B3 cos (v — )N ) sarily go to excited states when the ground-state shape of the

VA F N1+ ﬂz)w initial and final nucleus differ (see Fig. 5 for the case of trans-
fer between a ground-state band and a beta-vibrational band).

and for the transfer between the ground-state band of a nu- In Ref. 13, a systematic study of the spectroscopy of

cleus with/NV bosons and the beta-vibrational band of a nu-the Nd, Sm, Gd and Dy isotope series was performed in the

cleus with NV + 1 bosons, IBM. In Fig. 6, the same parameters are used to calculate the
intensity for two-particle transfer witlh = 0 to the ground
(N +L;bo(8',7)IsT|N; 9s(8,7)) state (left-hand panels) and to the band-head of the beta-
, Z\N-1 vibrational band (right-hand panels) for the isotope series of
_ (1+58 Zoile ) — (N(ﬁ cos(y—+") =13 interest, within the IBM model, and within the framework
V(L +57) (1+5%) with boson coherent-states, using the above algebraic formu-

lae (see Eqgs. (1) and (2) - for details see Ref. 11). Results for
the isotope series are compared with predictions for two of

The studv of d-b ¢ foris | tion 1121, C the limits of the IBM, the U(5) limit (spherical vibrating nu-
€ Study 0T ¢-boson transieris in preparation [ _]' Or_]'cleus) and the SU(3) limit (axial-symmetric deformed rotor).
tour plots of the above expressions for the transfer intensit

in function of the quadrupole deformation of the initial and)(t can be seen that the Nd, Sm, Gd and Dy series perform a

final | 44 ivelv. i v what i transition from the U(5) to the SU(3) limit, showing a dis-
inal nucleus, and §" respectively, give exactly what is continuity around neutron numbéf ~ 90. We suggest the

= B(1+ BB cos (v = 7)) @)

Rev. Mex. is. S54 (3) (2008) 42-47



46 R. FOSSION

B =0 als il the authors of Ref. 14 support the coexistence interpretation,

whereas the authors of Ref. 15 suggest an explanation with
shape transition. We believe that studying the evolution of the
two-particle transfer intensity through the Pt isotope series
might point out the correct interpretation. More in particular,
in the case of a shape transition in the series of Pt isotopes,
probably a large fragmentation of the transfer strength near
the critical point would be observed (compare with the frag-
mentation of the transfer strength near the critical point for
the Nd, Sm, Gd and Dy series in Fig. 7). In the case of a co-
0 0(6) | o, 0, 0, SUGB)Y, existence of two distinct shapes in the low-energy spectrum
0, 0, 1, through_out the whole Pt isotope series, we would (_axpect a
i ‘(ﬂ)ﬁ‘ N Hqg% UL \9384 . l%ﬁl K population of only the ground state, except for those |§0topes
E,_(abunity B, (mbunit)  E,_(ubunty  E_ (wbunitsy where the ground-state shape and the low-energy excited sec-
FIGURE 7. The fragmentation of the 2-particle transfer intensity ond shape switch order, there \(ve would expect a popul.atlon
in IBM numerical calculations is shown for the U(5)-0(6) transi- Of the ground state and an excited state. We are planning to
tion (top row), the U(5)-SU(3) transition (the transition performed Study the two-particle transfer strength through the series of
by the Nd, Sm, Gd and Dy series of fig?) (middle row), and the Pt isotopes, within the IBM model and the framework with
U(5)-SU(3) cross-over (bottom row). Whereas near the dynami-boson coherent states, in a forthcoming article [16].
cal limits U(5), O(6) and SU(3) (for N=5:6 and 14-15) transfer
only occurs between ground states or the beta-vibrational excited
0, near the critical or cross-over point = 9, the transfer inten- 4. Conclusions
sity is fragmented over a large number of excitgdstates and it
is not obvious to identify the beta-vibrational or double-beta vibra- It is well known that the Nd, Sm, Gd and Dy isotope se-
tional state. ries of the rare-earth region perform a phase/shape transi-
tion from a spherical nuclear shape to an axial-symmetric
appreciable population of excited excitéd states in the deformed one, which can be seen in, e.g., the evolution of
L = 0 two-particle process, in correspondence with a losghe Ry = E(47)/E(2]) ratio (see Fig. 3 of Ref. 1),
of intensity in the transfer to the ground state, as a signaturghe evolution of the quadrupole moment and the evolution
of the occurence of a shape transition. of the minima in PES surfaces in mean-field calculations
Typical for the limits in the IBM is that in s-boson (see Figs. 1 and 2) of Sec. 2, or the evolution of the two-
(L = 0) transfer only the ground state can be populatedharticle transfer intensity (see Fig. 6 of Sec. 3). We believe
(in the U(5) limit), or the ground state and the first (or sec-that the underlying microscopical mechanism of the phase
ond) excited state (SU(3) and O(6) limit) [10]. In Ref. 11, we transition in this region is the interplay of the protomh, ,,

found a considerable fragmentation of the transfer strength tgingle-particle orbital with the neutron';% , single-particle

a large number of excited states near the critical point of theyita| (Federman-Pittel mechanism), the latter orbital com-
phase transition in the rare-earth region (see Fig. 7). ing into play starting fromV > 90. In fact, theN = 90

In some series of isotopes, there is some disagreemepigiones in this region have been suggested as good examples
about whether the evolution in the nuclear ground-state shaqﬁ the X(5) critical-point solution.

that is observed experimentally corresponds to a shape tran-

sition (the gradual or sudden change of the nuclear ground-

state shape through a series of isotopes), or a phenomendrcknowledgments

of shape coexistence (the coexistence of two or more dis-

tinct nuclear shapes in the low-energy spectrum through théhis work was supported in part by PAPIIT-UNAM grant
whole series of isotopes). What the Pt isotopes is concerneti113808.

Ues) % o)

03 0[
0

1 0 03 0
II':OM \IIO\G P

U(s) 0,  SUB)

=

—— O

I(N— N+1)
=T L]
I T T |
L= .

o
a0,

02 0 0 7
0 i
NI TNl T A

NN+
[= R =) =2 — L%
T T T [ T [ T
wO
o]
<

0 506
0. ¢ 0,00
o s

pr—
—
[ = N )

S
L ——
—

I(N->N+1)
2

=]

1. R. CastenNature Physic® (2006) 811. 6. Z.-Q. Sheng and J.-Y. Guod. Phys. Lett. £0(2005) 2711.
2. F. lachello,Phys. Rev. LetB5 (2000) 3580jbid. 87 052502. 7. J. Meng, W. Zhang, S.G. Zhou, H. Toki, and L.S. Shefaqr,
3. R. Fossion, D. Bonatsos and G.A. Lalazis§gys. Rev. 73 Phys. J. A25(2005) 23.
(2006) 044310. 8. R. Rodriguez-Guzman and P. Sarriguhys. Rev. Gin print).
4. Nuclear Data Sheets, as of Februari 2008. 9. D. Bucurescuet al, Phys. Rev. C73 (2006) 064309; D.A.
5. R. Fossion, S. Karatzikos, D. Bonatsos and G.A. Lalazissis, in  Meyeret al. Phys. Rev. @4 (2006) 044309; D.A. Meyeet al,,
preparation. Phys. Lett. B538(2006) 44.

Rev. Mex. is. S54 (3) (2008) 42-47



10.

11.

12.

13.

14.

SIGNATURES FOR SHAPE-PHASE TRANSITIONS IN THE RARE-EARTH. .. 47

F. lachello and A. ArimaThe Interacting Boson ModéCam- (1997); 1.0. Morales, A. Frank, C.E. Vargas, and P. Van Isacker
bridge University Press, Cambridge, 1987). (in preparation).

R. Fossion, C.E. Alonso, J.M. Arias, L. Fortunato, and A. Vit- 15. E.A. McCutchan, R.F. Casten, and N.V. ZamRhys. Rev. C
turi, Phys. Rev. @6 (2007) 014316. 71(2005) 061301.

R. Fossion, K. Heyde, G. Thiamova, and P. Van IsadrRays.
Rev. C67 (2003) 024306; V. Hellemans, R. Fossion, S. De
Baerdemacker, and K. Heydehys. Rev.(1 (2005) 034308;

J.-E. Garcia-Ramos, J.M. Arias, J. Barea, and A. Fraatiys. A. Frank, P. Van Isacker, and C.E. Vargd&hys. Rev.(59
Rev. C68(2003) 024307. (2004) 034323.

M.K. Harder, K.T. Tang, and P. Van Isack&hys. Lett. B405 17. R. Fossion, A. Frank, and R. Bijker (in preparation).

R. Fossion, C.E. Alonso, J.M. Arias, L. Fortunato, and A. Vit- 16.
turi (in preparation).

Rev. Mex. is. S54 (3) (2008) 42-47



