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We analyze recent data on a long series of high-spin states in 2°Pb with a self-consistent phonon-coupling
model for nuclear excitations based on the Skyrme functionals. The model is the renormalized time-blocking
approximation which takes the coherent one-particle—one-hole states of the random-phase approximation (RPA)
as starting point to develop more complex configurations beyond RPA. To the best of our knowledge, this is

the first investigation of high spin states in 2®Pb using self-consistent nuclear models. The interesting point
here is that complex configurations are compulsory to describe the upper end of the long spin series at all. The
data thus provide an ideal testing ground for phonon-coupling models as they give direct access to complex
configurations. We find that standard Skyrme functionals which perform well in ground state properties and

giant resonance excitations deliver at once an agreeable description of these high spin states.
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I. INTRODUCTION

High-spin states in nuclei show a rich variety of phenom-
ena as, e.g., deformation alignment, back-bending, pairing
breakdown, Coriolis antipairing, having thus attracted much
attention in the past, for reviews see [1-3]. High-spin states in
the doubly magic 2°Pb are special in that the large proton
and neutron shell gaps inhibit deformation and pairing. A
description in terms of an expansion into one-particle—one-
hole (1plh) states in a space including the complete neutron
and proton shells 17w above and below the Fermi surface
is limited approximately to angular momentum / < 14 be-
cause the angular momenta in these shells cannot supply
more. The only way to couple to higher angular momenta
are complex configurations. This renders high-spin states in
208pb to be a unique laboratory to study complex configu-
rations without 1plh background. The topic was taken up
in a recent paper [4] which presents new experimental data
up to spin I = 30 together with a theoretical analysis within
large-scale shell model calculations which are particularly
suited to deal with complex configurations. These shell model
calculations consider one proton and one neutron shell below
and another proton and neutron shell above the Fermi sur-
face as valence space, tune the single-particle (s.p.) energies
to the experimental spectra of the neighboring odd nuclei,
and use a microscopic two-body interaction. It describes the
experimental findings over the whole range of spins and it
allows to get insight into the structure of the states: states up,
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approximately, to / = 13 are described by 1plh configurations
while spins up to I = 26 are dominated by 2p2h configura-
tions and higher by 3p3h configurations.

The aim of this paper is to see to what extent self-consistent
models can describe the measured series of high-spin states in
208pp, Self-consistent mean-field models on the basis of effec-
tive energy-density functionals (EDF) manage to describe a
wide range of nuclear-structure properties and excitations, for
reviews see [5—7]. Excited states are usually described by the
random-phase approximation (RPA) employing consistently
the same EDF as was used to prepare the ground state. The
RPA states are coherent superpositions of 1plh configura-
tions. One way to include more complex configurations is
either to consider 2p2h configurations explicitly [8] or to use
phonon coupling models where the 1plh bases is coupled to
nuclear “phonons” which are themselves the more collective
from the RPA states [9—11]. One of the major successes is that
phonon-coupling models provide a pertinent description of the
spreading widths and consequently deliver realistic strength
distributions for nuclear giant resonances, see, e.g., [12]. Still,
the gross features of the resonances particularly their average
position are determined by RPA in connection with proper
choice of the EDF [13].

However, there are also states beyond reach of mere RPA.
An example is the low-lying two-phonon states [14-17].
Studies of such states beyond RPA within a self-consistent
description are so far scarce, although they provide an impor-
tant further testing ground for nuclear EDFs. As argued above,
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high-spin states in 2*Pb are another welcome test case where
we need to look beyond RPA. We will do this using the re-
cently developed renormalized time-blocking approximation
(RenTBA) [18] which is a phonon-coupling model based on
1plh ® phonon configurations where the phonons are self-
consistently optimized (renormalized) within the RenTBA
loop. RenTBA is a further developed version of the time-
blocking approximation (TBA) [19,20] taking into account the
single-particle continuum as described in Refs. [21-23]. The
upper end of the spin series of [4], namely I > 27, goes even
beyond the 1plh ® phonon space. For these states we take
into account 2p2h ® phonon configurations in an approximate
RenTBA, denoted RenTBA,,.

II. THEORETICAL FRAMEWORK

The calculations were made first in RenTBA [18] where
the coupling between two 1plh ® phonon configurations
was realized through the RPA propagator entering the
Bethe-Salpeter equation for the response function taking
into account the single-particle continuum (see [18,21-23]).
RenTBA optimizes the phonons self-consistently within its
own TBA scheme (not taking simply phonons from RPA
calculations). This allows to achieve high quality with fewer
basis phonon states which reduces computations expense and
the danger of double counting.

For the high-spin states in 2%Pb with 13 <1 < 27, the
Iplh ® phonon configurations lie energetically in the nucleon
continuum. Thus the coupling between them is mediated by
the continuum part of the RPA response function, for details
see Appendix 1. The continuum states couple only weakly
to higher configurations. As a result, the uncoupled 1plh ®
phonon basis states are already a good approximation to the
final result.

Thus we introduce an approximate RenTBA( where the
coupling is neglected. This becomes particularly simple for
the energies which then read

Ephv =8[,_8h+a)v» (1)

where the ¢, are the s.p. energies from the ground state EDF
calculations and w, the eigenenergies of the RenTBA phonons
(which can be determined independently from the high-spin
states). The renormalization of the effective interaction is me-
diated here exclusively through the phonon energy w,.

We have calculated the energies of the 2°Pb states with
13 < I < 27 both in the framework of the full-scale RenTBA
(calculating the strength functions of electric and magnetic
excitations) and in the RenTBA,. The results of both the
versions for the most of these states (excluding only mixed
Iplh + 1plh ® phonon states: see the penultimate paragraph
in Sec. III) have appeared surprisingly close. The energies
obtained by the methods differ by about 0.01 MeV, which
makes it possible to combine these methods for identification
of the structure of states.

The RenTBA| then allows us to proceed to the upper end
of the high-spin series with [ > 27. This requires 2p2h ®
phonon configuration which cannot be treated in RenTBA
without substantial extension of the scheme. An obvious gen-
eralization of RenTBA is to consider an uncoupled 2p2h ®

phonon whose energy is then simply
Epp/hh/u :€p+8p’ _Bh—Sh/—Fa)v . (2)

As RenTBA worked so well for I < 27, we expect reliable
predictions also for the higher spins. Thus we show in the
following results for RenTBA up to I = 26 and for RenTBA,
for larger 1.

The technical details of the calculations were as follows.
Wave functions and fields were represented on a spherical
grid in coordinate space. The s.p. basis was discretized by
imposing a box boundary condition with a box radius equal
to 18 fm. To check that the results do not depend on the
box size, some calculations were also performed with the box
radius = 27 fm. The particle’s energies ¢, were limited by
the maximum value e2* = 100 MeV. The details of solving
the nonlinear RenTBA equations are described in Ref. [24].
To find the energies of the states, the strength functions S(E)
were calculated with very small smearing parameters (A =
1 keV, some times 0.1 keV or even less) and the energies were
read off from the maxima in the S(FE).

The calculations employed Skyrme EDF with three pa-
rameter sets. The set SV-bas is chosen because it provides a
good description of properties of many nuclei (see [25]). The
choice of the spin-spin part of the EDF leaves several options
open [26]. But spin-spin interactions may be important for the
excitations with unnatural parity which we also consider here.
We choose the most extensive option to include all spin terms
and fix them by the assumption as if the EDF is derived from
the expectation value of the same zero-range momentum-
dependent two-body Skyrme force as the SV-bas [26], thus
without any new parameters. This straightforward extension,
although successful for describing odd nuclei [26], is found
to be somewhat insufficient for low lying magnetic modes, a
problem which was solved by slightly modifying spin terms
and spin-orbit force of the EDF [24,27]. We consider here
two of these modified functionals used in our calculations,
namely SV-bas_g 44 and SKXm_g 49. The first is a variant of
SV-bas from [25] and the second of SKXm from [28]. The
modification was designed to describe the nuclear ground-
state properties with approximately the same accuracy as the
original SKXm and SV-bas and to reproduce at the same time
the basic experimental characteristics of the M1 excitations
in 2%®Pb within the RenTBA. We have yet to see how the
performance of unnatural parity states with higher spin comes
out.

III. RESULTS AND DISCUSSION

The results for the ?°Pb high-spin states are presented in
Figs. 1 and 2, where I and m denote spin and parity of a
state, E are experimental and theoretical energies (in MeV).
The experimental values were taken from [4,29] and the shell
model values from [4]. In some cases the spin and parity
assignments of levels do not coincide between Refs. [4] and
[29], namely the 7.974, 8.027, and 9.061 MeV levels. In
these cases, we preferred the identification [4], since it is
the later one. Our calculations confirm the correctness of this
choice. The RenTBA energies calculated using the SV-bas,
SV-bas_q44, and SKXm_g49 parameter sets are shown in
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FIG. 1. Energies E; of 2®Pb yrast states plotted versus /(I + 1)
for the spins 13 < 7 < 30 computed with RenTBA for three different
Skyrme parametrizations as indicated and compared with available
experimental data as well as with shell model calculations (indicated
by “SM”) [4]. The lower panel shows results for natural parity states
and the upper panel for unnatural parity states. On the lower panel,
the lines are interrupted between I = 26 and I = 27 to indicate that
the high 7 states have a different structure (2p2h®phonon). On the
upper panel, the change appears between / = 27 and I = 28.

the figures by red, green, and blue dots connected by lines
of the same colors. The experimental energies are shown
in filled black squares and the shell model results in open
black squares. The experimental data are surprisingly well de-
scribed by all mean-field based models. In particular, the trend
with spin [ is well reproduced. One can see, however, that
within the three mean-field parametrizations the SV-bas has a
slight preference in spite of the fact that the SV-bas_g 44 and
SKXm_g 49 produce the improved spin residual interaction.
The reason is that the low-lying 11 phonons and the respective
Iplh energies in the °Pb which were used in the fit of the
parameters of the SV-bas_g44 and SKXm_g49 sets do not
enter the configurations relevant for the high-spin states, see
Appendix 2. The shell model (open black squares) performs
usually a bit better than SV-bas. But there are also cases where
SV-bas wins. Taken over all, both models are competitive.
Finally, we remark that the general trend looks very much
like a rotational band, though the experimental trend in de-
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FIG. 2. Asin Fig. 1, but for the energy difference E, — E, for the
first two excited states in each angular momentum / channel.

tail does not always follow exactly a straight line (E is
approximately constant in the ranges / = 17-18 and 26-28).
Nevertheless, taken over all, both experimental and theoretical
trends are similar to a rotational band. However, this band
does not rely on a collective rotation in the sense of cranking
[30]. This is hindered by the spherical shape and the large
shell gap of 2%Pb. It is not excluded to find a representation in
terms of a rotating exotic deformation coupled to 1plh states
as was proposed, e.g., in [31] for the high-spin states in the 6
MeV region. Our analysis of the microscopic structure shows
that the high-spin states are of predominantly s.p. structure,
composed from combinations of s.p. states and phonons with
high spin. The rotational trend stems from a change in the
angular momentum of one single nucleon at a time where the
rotational part of the s.p. kinetic energy gives a large contribu-
tion to the s.p. energy, for quantitative details see Appendix 2.
In practice, our calculations show that the 13;" and 147 states
have still mixed 1plh + 1plh ® phonon structure while the
states with spins 13 < I < 26 (including 135 and 14; but
except 26, ) are predominantly 1plh®phonon configurations
and the even larger / need 2p2h ® phonon configurations.
The 26, state is at the transition point. The energy of its
Iplh ® phonon configuration is 15.16 MeV which is higher
than the 13.51 MeV of the 2p2h ® phonon state (values for
SV-bas). The latter is then the relevant configuration.
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The data in [4] allow also to deduce a few values for the
second excited state. Drawing them together with the RenTBA
results looks very much like Fig. 1 for the first excited state, a
near linear trend with (/4 1) and acceptable agreement with
theory. We do not show that here to avoid doubling. Rather
we take an amplifying glass and look in Fig. 2 at the energy
difference between second and first excited states. All three
Skyrme parametrizations yield the same trend, however with
occasional visible quantitative differences. The few experi-
mental data basically agree with the theoretical values, except
for 1=18. Unfortunately the data are still too sparse to be
conclusive.

IV. CONCLUSIONS

In this paper, the energies of the high-spin yrast and
near-yrast states in 2*®Pb have been calculated within a
fully self-consistent approach beyond RPA taking into ac-
count Iplh and 1plh®phonon configurations. The approach
is based on the Skyrme energy-density functional (EDF)
and on the recently developed renormalized version of the
time-blocking approximation (RenTBA) [18]. The results are
compared to the recent experimental data and shell model
results [4]. The main conclusions of our calculations are as
follows:

(1) The self-consistent approach based on the Skyrme
EDF and the RenTBA gives reasonable agreement
with the experimental energies of the high-spin yrast
states in 2%Pb without refitting the parameters of the
Skyrme EDF previously determined from the large-
scale calculations of many nuclear properties.

(2) The yrast states with the total angular momenta 15 <
I < 26 in 2%®Pb can be interpreted with high accuracy
as the pure 1plh®phonon configurations in our model,
those with even higher spins as 2p2h®phonon con-
figurations which allows here to use the approximate
treatment by RenTBA,.

(3) The energies of the phonons used in these
1plh®phonon configurations should be determined in
the framework of the full-scale RenTBA that implies
the solution of the system of nonlinear equations of
this model.
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APPENDIX: DETAILS ON THE HIGH-SPIN STATES

1. High spins and 1p1h or RPA states

All excited states in 2*®Pb with spins I > 15 lie above the
neutron and proton separation energies which are, e.g., S, =
7.58 and S, = 7.94 MeV for the SV-bas. Therefore, discrete
RPA (DRPA) becomes inappropriate because the artificial

TABLE I. DRPA results for the energies (in MeV) of the high-
spin yrast states of 2®Pb in comparison with the experimental data
[4]. Here, r, denotes the box radius (in fm) used in the DRPA
calculations.

DRPA
EXp. rp = 18 Vb=27
E(157) 8.027 21.5 14.7
E17H) 9.061 23.6 15.6
E207) 10.342 30.7 18.7
EQ201) 10.196 333 19.9

quantization of continuum states by DRPA falsifies energies
and strengths.

One signature of that is a strong dependence of these states
on box size as illustrated in Table I for two values of the
box radius r,. The continuum RPA (CRPA) correctly takes
into account the single-particle continuum for every /™. How-
ever, the CRPA strength functions for the high-spin electric
or magnetic excitations in 2°Pb have one dominant and very
broad peak whose centroid is in the region above 20 MeV with
a width of 15-25 MeV depending on the excitation. These
centroid energies stay way above the experimental energies of
the high-spin yrast states in 2**Pb that shows that mere RPA is
unable to describe these data.

The continuum structure of 1plh (or RPA) states has
consequences for their coupling to 1plh®phonon states and
for the coupling between the lplh®phonon states. The
1plh®phonon configurations considered in our study and
the matrix elements of the interaction between them and the
1p1h configurations are formed predominantly by the discrete
and quasidiscrete s.p. states which are orthogonal or approxi-
mately orthogonal to the continuum states. For this reason the
couplings mentioned above are weak. Nonetheless, the cou-
pling between the 1plh and 1plh®phonon states is necessary
to provide the latter with some direct multipole strength. The
resulting multipole strength function has very narrow peaks
with the small integral strength in the vicinity of the energies
of 1plh®phonon states and must be calculated there with high
energy resolution.

2. Structure of phonons and complex states

Table II indicates the structure of the phonons in per-
centage lplh components whereby only sufficiently large
components are shown. With few exceptions, states with high
spins come close to pure 1plh states while low-spin states are
typically a superposition of many different 1plh components.
The latter can be called collective phonons while the high-spin
states are noncollective phonons.

Table IIT shows the energies and structures of the high-
spin excitations at the level of 2p2h, 1plh®phonon, and
two-phonon states calculated with SKXm_¢49. That makes
it obvious that the states with very high spin are composed
from s.p. states with high spin via phonons with high spins.
It becomes also apparent that the states acquire increasingly
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TABLE II. Composition of phonons up the highest spin which simple structures, the more so as the strength of the residual
can be represented by mere RPA states. Only 1plh components with interaction decreases with increasing spin.
sufficiently large contributions are given. Table III also elucidates the generally rotational trend E; o
I(I + 1). The trend is the same for all levels of approach such
that we can learn about the underlying structure already from
the simple NpNh configurations. The trend is driven by a
change in the angular momentum of one nucleon after the
other. The spins of the high-spin yrast states are composed of
single-particle states having large angular momentum. The ro-
tational part of a s.p. kinetic energy gives a large contribution
to the s.p. energy. Thus a change in the angular momentum
of one nucleon produces a significant change in the excitation
energy. This rotation is not collective but is a single-particle
rotation. At first glance, it resembles the rotational alignment
known from rotating deformed nuclei. However, the situa-
tion is different. Rotational alignment dissolves gradually the
collective cranking rotations which then are replaced by a
sequence of single-particle contributions. The doubly magic
208pb has a large spectral gap which inhibits cranking from the
onset. The generation of rotational spectra by single-particle
structures starts right away without a phase of collective rota-
tions coming before.

3]7 =V 2g9/2 3]73/2_1 22% + 1 1h9/2 2d3/2_| 20% + - - -
4;r = V2g9/2 11.13/271 55% + ”’lg/z ]h11/271 14%
51_ = U2g9/2 3p1/271 81%

6]7 =V 2g9/2 3]73/2_1 80% + v 2g9/2 2f5/2_1 20%

61+ =7 ]i13/2 351/271 42% + v 2g9/2 ll.13/271 25%
71_ = U2g9/2 2f5/271 98%

8]7 =V 1i1|/2 2_f5/2_] 99%

81+ = v2g9/2 11.13/271 83%

101_ =T 1i13/2 lh11/271 54% + v ljlj/z ll’13/271 45%
10;r = U2g9/2 1i|3/2_1 98%

1]]L = l)2g9/2 ]l'13/271 100%

121_ =V lj15/2 ll’13/271 62% + 7 1i13/2 1]’111/271 38%
12;r =V 1i11/2 1i13/2_1 100%

13; =V 1j15/2 ”13/271 100%

13?— =V 1j15/2 1]’111/271 88%

1417 =V 1j15/2 1i13/2_l 100%

TABLE III. Energies and structures of 2p2h, 1plh®phonon, and two-phonon energies for high spins calculated with SKXm_¢ 49. The
energies were calculated for the renormalized phonons.

2p2h 1plh®phonon phonon®phonon

Iy Exp. E Configuration E Configuration E Configuration
15; 8.027 9.10 V2g9/2 1i|3/271 ® V2g9/2 3[)1/271 8.41 V2g9/2 3[71/271 ® 10?r 7.89 10;r ®5f
15_11— a . 10.56 v lill/z 2.f5/z:11 ®v 2g9/2 2f5/2:: 9.68 v 2g9/2 1i13/3]71 ® 4?— 8.83 121_ ® 3£
161 8.562 9.10 U2g9/2 ll|3/2 ®l)2g9/2 3p1/2 8.58 U2g9/2 3p|/2 ® IIT 8.06 117r ®51
l6fr 10.70 V2g9/2 11'13/271 R 1i13/2 351/271 9.80 v 1j15/2 1i13/271 ®3f 8.87 13; ®3f
i;i ggé?gd 1?25 vv1259/2 11:13/2:1 ®v 2g9/2 3[73/2:: 9.36 v 2g.9/2 2f.5/271_](8 10_11— 8.92 11; ® 6£

1 . . _]15/2 113/2 ®l)2g9/2 3p3/2 9.80 1)1]15/2 11]3/2 ®31 9.17 14] ®31
lgf 10.06 V2g9/2 ll.13/271 ® V2g9/2 2f5/271 9.54 V2g9/2 2f5/271 ® ll]L 9.22 11;r ®7f
IST 9.1030 10.70 v 2g9/z 11'13/271 Qm 1i13/2 351/271 9.92 v 2g9/2 3[)1/271 ® 131_ 9.35 10?— ® 8?—
1917 9.394 11.24 1% 1i1]/2 1i]3/2_| ®v 2g9/2 2f5/2_] 10.71 1% 1i1|/2 2‘]%/2_] ® IIT 10.30 IIT ® 817
19YL 9.394 10.73 v 2g9/2 ]l'13/271 ® v2g9/2 ]l.13/271 10.04 V2g9/2 ]l.13/271 ® 8T 9.35 10;r ® ]01+
201_ 10.3419 12.39 T 1i13/2 1]’111/271 ® V2g9/2 lilg/zil 11.44 U2g9/2 li13/271 ® 101_ 10.75 101_ ® 10?—
20;r 10.1959 10.73 U2g9/2 1i13/2_1 (2] V2g9/2 1i]3/2_] 10.04 V2g9/2 1i]3/2_| ® IOT 9.35 10]+ ® IOT
2]17 10.9343 12.39 b4 ]i13/2 lh11/271 ® V2g9/2 ]l.13/27l 11.44 V2g9/2 1l.13/271 ® 1017 10.83 ]217 ® ]01+
21?— 10.73 U2g9/2 11’13/271 ® U2g9/2 ll‘]g/zil 10.04 U2g9/2 li13/271 ® 10?— 9.52 11-1'— ® IOT
2217 12.39 V2g9/2 1i13/2_] ®m 1i13/2 lh]l/z_] 11.52 V2g9/2 1i13/2_| ® 1217 10.83 12]7 ® 10;r
221+ 11.91 V1i11/2]i13/271®V2g9/2]l.13/271 11.22 \1]l‘11/21l’13/271®10;L 10.78 ]];@ 111+
231_ 12.39 b/ 1i13/2 1]’111/271 ® V2g9/2 ll‘]g/zil 11.52 U2g9/2 ll’]g/zil ® 121_ 10.87 131_ ® IOT
23;r 11.3609 11.92 U2g9/2 1i13/2_1 ®v 1i1|/2 1i13/2_] 11.40 Vv 1i|1/2 1i13/2_1 ® 11;r 11.27 11;r ® 12;r
2417 12.48 V2g9/21i13/271 ®V1j15/2]i13/271 11.56 V2g9/2 ll’13/271 ® 1317 11.04 1]T® 1317
24?— 11.9582 14.14 v 1j15/2 1[‘13/271 Rm li]g/z 1h11/271 13.17 T 1i13/2 1]’!11/271 ® 121_ 12.30 121_ ® 121_
2517 12.48 v 1j15/2 1i13/2_1 ® V2g9/2 1i13/2_] 11.86 V2g9/2 1i13/2_1 ® 1417 11.34 1417 ® 11;r
25?L 12.9493 14.14 3 1l’13/2]h11/271 ®V1j15/2]i13/271 13.21 7T]i13/2 ]h11/271 ® 1317 12.34 ]2;@ 1317
261_ 13.5360 13.67 Vv 1j15/2 11’13/271 ®v 1i11/2 ll‘]g/zil 13.04 v 1i11/2 li13/271 ® 141_ 12.92 141_ ® 12?—
26;r 14.13 v 1j15/2 1i13/2_] R 1i13/2 lh]l/z_] 13.27 v 1j15/2 1i13/2_| ® 1217 12.38 1317 ® 1317
27;L 14.23 V1j15/21i13/271 ®V1j15/2]i13/271 13.31 U]j15/2 ll’13/271 ® 1317 12.68 1417® 1317

2The spin-parity assignment to the level 9.061 is (17*) in the NDS [29] and 17% in Ref. [4] but 15% in Ref. [31].
5The level 8.562 is taken from Ref. [29].
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