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Systematical behavior of even-A polonium isotopes

W. Younes and J. A. Cizewski
Department of Physics and Astronomy, Rutgers University, New Brunswick, New Jersey 08903

~Received 17 July 1996!

The energy systematics of even-A, neutron-deficient polonium isotopes have been previously observed down
to A5194. The low-lying states display a gradual approach to the equal spacings of a harmonic vibrator,
exceeding this limit for the first time in194Po. We have successfully modeled these energy systematics using
the particle-core model and have applied the quasiparticle random phase approximation to extract microscopic
wave functions for the collective 21

1 states and predictB(E2;21
1→01

1) values. We are able to explain the Po
trends in terms of the overlaps of the wave functions of valence particles, overlaps which are enhanced when
particles occupy the high-j proton 1h9/2 and neutron 1i 13/2 orbitals. We find little evidence for particle-hole
excitations across theZ582 shell gap.@S0556-2813~97!00803-0#

PACS number~s!: 21.60.Cs, 21.60.Ev, 21.60.Jz, 27.80.1w
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I. INTRODUCTION

The proton-neutron interaction plays a fundamental r
in the onset of collectivity in nuclei. This feature of th
nuclear residual interaction has long been known@1# and can
be understood simply in terms of the overlap of sing
particle orbitals@2#. In light nuclei, where protons and neu
trons fill the same shell, the Pauli exclusion principle allo
many more configurations of pairs of unlike particles (p-n)
in equivalent orbitals (j 15 j 2) than like (p-p or n-n) par-
ticles. The larger number of interaction matrix elements
the p-n configurations leads to greater mixing of the wa
functions and, therefore, often produces very collect
states. In medium and heavy nuclei, valence protons
neutrons do not occupy the same orbitals. However, as
number of valence particles changes across the shells,
protons and neutrons can occupy high-j orbitals. A simple
semiclassical argument can then be used@2# to show that,
when j p' j n@1, the angular overlap between coupled pa
of protons and neutrons is large. Furthermore, when
number of nodesnp5nn and the orbital angular moment
l p'l n , the radial overlap between proton and neutr
wave functions is maximized as well@1#. Therefore, the
proton-neutron interaction should be strongly enhan
when valence particles occupy thep1g7/2 andn1h11/2 orbit-
als in the Sn region, or thep1h9/2 andn1i 13/2 orbitals in the
Pb region.

This simple mechanism emphasizes the importance
particular proton and neutron orbitals which drive the a
proach to collective motion. As the middle of the~neutron!
shell is approached in many nuclei, the residualp-n interac-
tion is often strong enough to reduce the~proton! shell gap
and allow particles to be excited from the shell below, lea
ing active holes behind. These particle-hole (p-h) excita-
tions can precipitate the onset of collectivity by promoti
particles into deformation-driving configurations of overla
ping orbitals. These configurations then give rise to coll
tive bands, which can coexist and mix with normally d
formed states. The experimental evidence for such struct
comes mainly@3# from electric monopole (E0) transition
strengths, which are enhanced when deformedp-h excita-
550556-2813/97/55~3!/1218~9!/$10.00
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tions and normal spherical states are mixed;B(E2)
strengths, which follow selection rules for different shap
and provide an indirect measure of deformation; and sing
particle occupation probabilities determined from transfer
actions. An extensive study of both theoretical and exp
mental aspects of this excitation mechanism can be foun
@3#.

In the cadmium (Z548) and mercury (Z580) nuclei,
4h-2p proton configurations have been clearly identified
low excitation energies. In contrast, the existence of lo
lying 4p-2h excitations in the tellurium isotopes is not a
well established@4,5#. The case against 4p-2h intruder con-
figurations has also been made elsewhere for196,198Po @6#
and 194Po @7#; these arguments will not be repeated he
Instead we present a complete and consistent theoretica
scription of the low-lying structure of even-A 1942210Po iso-
topes, which does not require the introduction of deform
4p-2h excitations.

II. PHENOMENOLOGICAL ANALYSIS
OF THE POLONIUM SYSTEMATICS

The excitation energy of the 21
1 state often provides the

simplest gauge of the nuclear shape. The 21
1 energies for the

Cd and Te isotopes are plotted in Fig. 1~a! as a function of
neutron number. These trends can be related qualitative
the underlying microscopic structure by examining the oc
pation probabilities of the orbitals in theN550–82 neutron
shell. In Fig. 1~b! we display the BCS emptiness parame
(u2), which was calculated for the neutron states in Sn us
a realistic @8# pairing strengthGn520/A MeV and fixed
single-particle energies extracted from131Sn @9,10#. The ini-
tial rapid decrease of the 21

1 energies with decreasing neu
tron number coincides with the opening of the neutron
truder orbital 1h11/2, which lies near the top of the 50–8
shell. The valence protons in Cd and Te most likely occu
the 1g9/2 and 1g7/2 orbitals, respectively. Therefore, th
overlap of the wave functions of these high-j , np5nn and
l p'l n orbitals drives the 21

1 states toward a more collec
tive shape.

A similar analysis of the Po systematics reveals a fun
1218 © 1997 The American Physical Society
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55 1219SYSTEMATICAL BEHAVIOR OF EVEN-A POLONIUM ISOTOPES
mental difference between the 50–82 and 82–126 neu
shells. The single-particle orbitals near208Pb are displayed in
Fig. 2. Because the high-j 1i 13/2 intruder orbital lies deepe
in the shell, the overlap argument predicts that the onse
collectivity should be delayed in the Po isotopes. This
indeed borne out by the systematics of the 21

1 energies, plot-
ted in Fig. 3~a!. Apart from the initial drop in energy from
210Po to 208Po, corresponding to the opening of the neutr
shell, the 21

1 energies are surprisingly constant down
200Po. In Fig. 3~b! we display the BCS neutron emptine
calculations withGn523/A MeV and fixed single-particle
energies deduced from207Pb @9,10#. The rapid drop in ener-
gies of the 21

1 states forA,200 once again occurs when th
intruder orbital, 1i 13/2, is near the Fermi surface. When v
lence neutrons occupy this orbital there should be a g
overlap with the wave function for the 1h9/2 orbital, which is
the most likely proton orbital, and the nuclear motion sho
be more collective.

The systematics of known low-lying states in Po are pl
ted in Fig. 4. The even-parity states up to the 61

1 all show the
same rapid increase in collectivity forA,200 as the 21

1

states. The energies of the 81
1 states continue to increas

steadily as the number of neutrons decreases until194Po. The
relative spacings of energy levels within each isotope p
vide further insight into the evolution of collectivity in thi
isotopic chain. The trends of the low-lying levels in polo
ium isotopes smoothly evolve from the textbook@2# shell-
model structure of two protons in the (1h9/2)

2 configuration
coupled by a surface delta interaction~SDI! @12#, to the

FIG. 1. ~a! Energies of the 21
1 states in Cd~open symbols! and

Te ~closed symbols! isotopes@9#. ~b! Neutron BCS emptiness pa
rametersu2 calculated for Sn isotopes withGn520/A MeV. The
Fermi level is plotted for reference.
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evenly spaced levels of an almost perfect harmonic oscilla
in 196Po @6#, and beyond, to the prerotational@7# structure of
194Po.
The empirical arguments presented here emphasize

importance of the proton 1h9/2 orbital as well as the role o
vibrational degrees of freedom in the polonium isotop
Furthermore, because the progression is relatively smoot
is amenable to a description in terms of a single theoret
framework across the systematics. We present such des
tions in terms of the particle-core model~PCM! @13# and the
quasiparticle random phase approximation~QRPA! @14#.
When the results of these calculations are combined, we
tain a complete picture of the onset of collectivity in th
even-A polonium isotopes and can understand better the
portance of the high-j orbitals.

III. THE PARTICLE-CORE MODEL

A. Theoretical background

Complete derivations of the particle core model~PCM!
can be found elsewhere@13,15,16#. We only reproduce the
essential results here for easy reference and consistenc
notation. In the PCM, a few nucleons~in this case two pro-
tons! are coupled to a vibrating core. We assume that
extra-core nucleons move in a vibrating field whose equi
tential surfaces adiabatically follow the liquid-drop vibratio
of the core. Then the dynamical part of the PCM Ham
tonian can be written:

FIG. 2. Single-particle proton and neutron levels, extracted fr

83
209Bi126 and 82

207Pb125 @10#.
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1220 55W. YOUNES AND J. A. CIZEWSKI
H5Hcore1H int1Hres, ~1!

whereHcore is the harmonic oscillator Hamiltonian for th
core,H int is the interaction Hamiltonian between the co
and extra-core nucleons andHres is the residual interaction
between extra-core particles. These various contributions
be written in second quantized form using the phonon c
ation ~annihilation! operatorsb† (b):

Hcore5\vcS (
m522

m52

bm
†bm1

5

2D , ~2!

where \vc is the quadrupole phonon energy of the co
Similarly, the interaction Hamiltonian is written:

H int52Ap

5
j\vc(

i
(
m

@bm1~21!mbm
† #Y2m~ r̂ i !, ~3!

where j is the dimensionless particle-core interacti
strength andr̂ i is a unit vector in the direction of thei th
extra-core particle. The residual interactionHres is taken to
be the surface delta interaction, and can be written in co
dinate form as

Hres}(
i, j

d3~rW i2rW j !d~r i2R0! ~4!

with R0[r 0A
1/3. The summation runs over all extra-co

particle pairs.
In our PCM calculations, we consider two protons in

fixed (1h9/2)
2 configuration coupled to a vibrational core

up to N54 quadrupole phonons. The corresponding ba
states are writtenuNphJphnph,J;I & with Nph,Jph,nph the pho-
non number, total angular momentum, and seniority, resp
an
-

.

r-

is

c-

tively; J is the angular momentum of the two particles in the
(1h9/2)

2 configuration, andI is the total angular momentum
of the particle1core system. The core and residual interac
tion matrix elements are diagonal in this basis:

FIG. 3. ~a! Energies of the 21
1 states in Po isotopes@7,9#. ~b!

Neutron BCS emptiness parametersu2 calculated with
Gn523/A MeV. The Fermi level is plotted for reference.
f
FIG. 4. Energy systematics o
low-lying, positive-parity states in
even-A Po isotopes. Data taken
from @6,7,9,11#.



x

55 1221SYSTEMATICAL BEHAVIOR OF EVEN-A POLONIUM ISOTOPES
^Nph8 Jph8 nph8 ,J8;I uHcoreuNphJphnph,J;I &5\vcSN1
5

2D dN
ph8 Nph

dJ
ph8 Jph

dn
ph8 nph

dJ8J , ~5!

^Nph8 Jph8 nph8 ,J8;I uHresuNphJphnph,J;I &52G\vc

16

3

j ~ j11!

2 j11 S j j J

1/2 21/2 0D
2

dN
ph8 Nph

dJ
ph8 Jph

dn
ph8 nph

dJ8J ~6!

with j59/2 in our case. The dimensionless SDI strengthG is chosen such thatG\vc is the difference between matri
elements withJ50 andJ52 in Eq. ~6!. The interaction matrix elements can also be calculated:

^Nph8 Jph8 nph8 ,J8;I uH intuNphJphnph,J;I &52j\vc~2 j11!A~2J11!~2J811!~21! I1 j11/2H I J8 Jph8

2 Jph J J H j j 2

J J8 j J
3S j 2 j

21/2 0 1/2D @~21!Jpĥ Nph8 Jph8 nph8 ib†iNphJphnph&

1~21!Jph8 ^NphJphnphib†iNph8 Jph8 nph8 &#. ~7!
n
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The reduced matrix elements^•••ib†i•••& of the phonon
operators are tabulated in@15–17#. For each particular choice
of the model parameters,\vc , G\vc , andj\vc , the PCM
Hamiltonian in Eq.~1! can be diagonalized numerically.1

B. Application of the PCM to the polonium isotopes

In the heavier polonium isotopes, the two protons beyo
the closedZ582 shell likely occupy the 1h9/2 orbital. This
assertion is supported by single-particle proton levels
duced@10# from states in209Bi @9#. The unperturbed size o
the Z582 shell gap is' 4 MeV, while the next orbital
beyond the 1h9/2, the 2f 7/2 orbital, lies' 1 MeV higher. As
the number of valence neutrons is increased, these gaps
be reduced by the residualp-n interaction. In the PCM cal-
culations, we assume that the (1h9/2)

2 configuration domi-
nates the proton contribution. This assumption will be tes
by the success of the model in fitting the Po systematics
by the QRPA calculations discussed below, which includ
residual quadrupolep-n interaction.

In order to fit the 1942208Po energy systematics consi
tently, the parameters are given explicit dependencies on
mass numberA. The SDI strengthG\vc is expected@15# to
follow a 1/A dependence. Likewise, the phonon ener
\vc is predicted@18# by hydrodynamic principles to follow
a slowA1/A2const/A2 dependence, although substantial d
viations from this estimate are found throughout the nucl
chart. In a first calculation~fit I !, \vc is assumed to be
constant across the systematics, to reduce the number o
parameters in the model. By contrast, there are no sim
estimates of the particle-core coupling strengthj\vc . The
phenomenological analysis discussed above suggests
this parameter should depend on the microscopic structur
the neutron configuration, which does not follow a simp
mass dependence. In light of that analysis,j\vc is kept con-
stant forA52002208 and allowed to vary freely in eac

1We have written a code to diagonalize the PCM Hamiltonian a
applied it to the Po isotopes.
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isotope withA,200. Thus, there are altogether six free p
rameters in this implementation of the PCM.

Positive-parity levels to be included in the fit are chos
according to two criteria:~1! they must be known experi
mentally for most nuclei to be fit and~2! only states with
I<8 are included because of the truncation of the pro
basis to the (1h9/2)

2 configuration and phonon basis t
Nph<4. With these restrictions, the 21

1 , 22
1 , 41

1 ,
42

1 , 61
1 , and 81

1 states in 9 isotopes are included in the fi
yielding 46 levels altogether.

The energy levels were fit by iterativex2 minimization.
The experimental uncertainties in measured excitation e
gies could not be used in thex2 method, because inheren
limitations in the model preclude a fit within measured p
cision. Instead, a fixed uncertaintysE was used for each
level energy. Thex2 then scales as 1/sE

2 and the uncertain-
ties on individual parameters scale assE . The best fit~fit I !
yieldsx2/n57.5731023/sE

2 , and the corresponding param
eters are given in Table I. The fits to yrast and non-yr
energy levels are plotted in Figs. 5~a! and 5b, respectively. In
general, the fit is quite good, especially forA,200. The
most serious deviation occurs for the 81

1 states, whose ener
gies are not reproduced belowA5200. This isolated failure
of the model might be attributable to the truncations of t
configuration spaces for both the proton and phonon com
nents. It is a remarkable result that, since the phonon en
is held constant and the residual proton interaction stren

d

TABLE I. PCM parameters for fit I described in text. To sho
the quality of thex2 minimum, we have assumed an overall ener
uncertaintysE 5 0.050 MeV. In this case,x2/n53.0.

Parameter Value~MeV!

\vc 0.6236 0.035
G\vc3A 274.46 12.4
j\vc(A5194) 2.3566 0.701
j\vc(A5196) 1.6386 0.520
j\vc(A5198) 0.8196 0.595
j\vc(A>200) 0.0006 0.954
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1222 55W. YOUNES AND J. A. CIZEWSKI
varies slowly, the remaining trends forA,200 are accu-
rately reproduced by a sharp rise of the proton-core inte
tion parameter alone. The robustness of this conclusion
tested@16# by allowing both\vc andj\vc to vary freely in
each1942208Po isotope~fit II !. It was found that, apart from a
sudden increase at200Po, the phonon energy remains fair
constant with an average value of 0.624~21! MeV. The
proton-core strengthj\vc was also much larger in200Po
than in the present calculations; the fit to the non-yrast2

1

and 42
1 states was improved, but the smooth trends in

global parameters were lost. There was no visible impro
ment in fit II to the 81

1 states belowA5200.
The PCM wave functions can also be calculated for fit I

illustrate the evolution of collectivity in Po isotopes as
function of neutron number and angular momentum. In g
eral, the eigenfunctions of the PCM Hamiltonian can be w
ten

uc&5(
a

cauNph
a Jph

a nph
a ,Ja;I &. ~8!

The number of significant terms in these wave functions
be large, especially when state mixing and collectivity occ
A more compact representation of the wave functions is
tained by plotting the sum of the coefficients for a giv
number of phonons in the wave function:

FIG. 5. Best fit from the PCM calculations in1942208Po of ~a!
the yrast energy levels and~b! the nonyrast levels. The solid sym
bols connected by dotted lines are the experimental values.
solid lines are the PCM results. In~b! the open symbols are th
02

1 states, which were not used to determine the parameters.
are taken from@6,7,9,11#.
c-
as

e
-

-
-

n
r.
-

cI
2~Nph![ (

Jph
a nph

a ,Ja
ca
2 . ~9!

This emphasizes the phonon degrees of freedom. These
efficients are plotted for the 21

1 , 22
1 , and 61

1 states in Fig.
6. All of these calculated phonon wave functions display th
same general behavior: they are remarkably pure
A>200 and become rapidly and increasingly mixed fo
A,200. The 21

1 and 22
1 levels, shown in Fig. 6, are collec-

tive one- and two-phonon states, respectively, in2002208Po.
The gradual mixing observed inA,200 isotopes signals a
change in the intrinsic structure of the phonon core. For t
61

1 state, the change from a pure zero-phonon@i.e.,
(p1h9/2)

2# to a very mixed phonon configuration is more
sudden, but also marks a change in the structure fro
200Po to 198Po.
We have not attempted to predictB(E2) values between

states in the PCM. To calculate transitions would requi
effective charges for both the phonon and two-particle com
ponents, free parameters which cannot be fixed by the v
limited transition probability data available. Instead, becau
it provides a more complete semimicroscopic descriptio
the QRPA was used to estimateB(E2) values for the Po
nuclei.

The success of the PCM with a constant core phon
energy and rapidly increasing proton-core strength f
A,200 Po isotopes could mean either that the microsco
character of the phenomenological phonons changes
A,200 or that the interaction itself changes. However, th
rise of the particle-core coupling strength forA,200 Po iso-

he

ata

FIG. 6. Plot of the PCM strength coefficientscI
2(Nph) defined in

Eq. ~9! for ~a! the 21
1 states,~b! the 22

1 states, and~c! the 61
1 states

in the Po isotopes.
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55 1223SYSTEMATICAL BEHAVIOR OF EVEN-A POLONIUM ISOTOPES
topes occurs exactly when the occupation probability,u2, for
then1i 13/2 orbital increases as displayed in Fig. 3. This su
gests a microscopic interpretation in which specific orbit
occupied by the neutrons drive the onset of collective mot
in Po isotopes. These arguments, however, do not provi
clear and complete picture of the microscopic evolution
collectivity in polonium. The PCM assumes phenomenolo
cal phonons with no explicit microscopic structure, and
simple pairing picture ignores thep-n interaction altogether
In short, what is required is a model which treats both p
tons and neutrons on an equal footing and can build col
tive excitations from interacting configurations of both typ
of nucleons. The quasiparticle random phase approxima
~QRPA! implements this approach in a mathematically tra
table form.

IV. THE QUASIPARTICLE RANDOM PHASE
APPROXIMATION

A. Theoretical background

Detailed derivations of the QRPA can be found elsewh
@8,14,16#, and again, only the essential results are sum
rized here. In this approximation, a realistic residu
nucleon-nucleon interaction can be diagonalized in a la
single-particle configuration basis. In this paper we us
short-range pairing interaction between like particles an
long-range quadrupolep-n interaction, using the proton an
neutron single-particle states displayed in Fig. 2. Thep-p
and n-n interactions are diagonalized first, using stand
BCS theory@8#. Excitations in even-even nuclei can then
decomposed into excitations of quasiproton or quasineu
pairs given by the tensor product:

A
~ j 1 j 2!M

J
†

[@a j 1m1

†
^ a j 2m2

† #M
J

5 (
m1m2

^ j 1m1 j 2m2uJM&a j 1m1

† a j 2m2

† , ~10!

wherea jm
† creates a quasiparticle state (jm). Each quasipar-

ticle pair is created with energy:

E~ j 1 , j 2!5A~e j 12l!21D21A~e j 22l!21D2, ~11!

where thee j are single-particle energies,l is the Fermi sur-
face energy, andD the gap parameter. Collective phono
excitations in the QRPA can then be expanded in this qu
particle pair basis. The corresponding quadrupole pho
excitation operator is a tensor with components

Qm
†[

1

2(j j 8
@c j j 8A~ j j 8!

m
J52

†
2~21!mf j j 8A~ j j 8!

2m
J52#. ~12!

For a quasiproton~quasineutron! pair excitation the indices
j j 8 run over all proton~neutron! states in the configuration
space. The coefficientsc j j 8 andf j j 8 give the amplitude for
the creation and annihilation, respectively, of the coup
quasiparticle pair (j j 8)J52.

The residual, quadrupolep-n interaction can also be writ
ten in a quasiparticle basis, and diagonalized in the rand
-
s
n
a
f
i-
e

-
c-

n
-

e
a-
l
e
a
a

d

n

i-
n

d

m

phase approximation~RPA!. For a quadrupole interaction
Q•Q of given strengthxpn , this procedure yields a disper
sion equation which can be solved numerically2 for the 21

eigenvalues,\v:

12xpn
2 SpSn50, ~13!

where we have defined the sums

Sp[2(
j pj p8

@F~ j p , j p8!#2E~ j p , j p8!uj pj p8
2

@E~ j p , j p8!#22~\v!2
,

Sn[2(
j nj n8

@F~ j n , j n8!#2E~ j n , j n8!ujnj n8
2

@E~ j n , j n8!#22~\v!2
. ~14!

The reduced quadrupole moments,

F~ j 1 , j 2![
1

A5
^N2l 2 j 2i2Mv0r

2Y2iN1l 1 j 1&, ~15!

are defined in terms of harmonic oscillator wave functio
and are tabulated in@8#. In the case of an attractivep-n
interaction~i.e.,xpn.0), one eigenvalue\v, corresponding
to the collective eigenstate, will be lowered with respect
the others. To each eigenvalue\v corresponds an eigenvec
tor with proton and neutron components:

c j pj p8
p

5N
ASnF~ j p , j p8!uj pj p8

E~ j p , j p8!2\v
,

f j pj p8
p

5N
ASnF~ j p , j p8!uj pj p8

E~ j p , j p8!1\v
,

c j nj n8
n

5N
ASpF~ j n , j n8!ujnj n8

E~ j n , j n8!2\v
,

f j nj n8
n

5N
ASpF~ j n , j n8!ujnj n8

E~ j n , j n8!1\v
, ~16!

where we have defineduj j 8[ujv j 81uj 8v j , and the overall
normalization constantN is determined from

1

2 (
j p , j p8

@~c j pj p8
p

!22~f j pj p8
p

!2#1
1

2 (
j n , j n8

@~c j nj n8
n

!22~f j nj n8
n

!2#51.

~17!

The reducedE2 transition strength from the one-phono
state is given by@8#

2We have written a code to calculate the eigenvalues and ei
functions of the QRPA with a quadrupolep-n interaction, and ap-
plied it to the Po isotopes.
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1224 55W. YOUNES AND J. A. CIZEWSKI
B~E2;21
1→01

1!5
e2

2 F ~11dep!(
j pj p8

F2~ j p , j p8!gj pj p8uj pj p8

1den(
j nj n8

F2~ j n , j n8!gjnj n8ujnj n8G 2, ~18!

where

gj j 85A2

G3
F~ j , j 8!uj j 8E~ j , j 8!

E2~ j , j 8!2~\v!2
~19!

and

G5
F2~ j , j 8!uj j 8

2 \vE~ j , j 8!

@E2~ j , j 8!2~\v!2#2
. ~20!

The effective charge increments,dep andden , for the proton
and neutron, respectively, are free parameters.

B. Application of the QRPA to the polonium isotopes

The PCM calculations have already provided a succes
description of the energy systematics of even-A 1942208Po
isotopes. The wave functions of all states fit in the mo
were seen to maintain a predominantly pure, single-pho
configuration for A>200 and become fragmented fo
A,200, which was interpreted as a signature of the onse
collectivity in those states. The QRPA calculations presen
here are not intended to provide a second parametric fit to
data. Rather, they will be used to extract a semimicrosco
wave function for the 21

1 states, and thereby provide
clearer microscopic understanding of the phenomenolog
phonons in the PCM framework.

The pairing strengthsGp andGn for polonium were ex-
tracted first, by fitting BCS predictions@8# of pairing ener-
gies to their experimental values. The proton and neut
pairing energiesPp(Z,N) andPn(Z,N) are defined as

Pp~Z,N![
1

2
@2BE~Z21,N!2BE~Z,N!2BE~Z22,N!#,

Pn~Z,N![
1

2
@2BE~Z,N21!2BE~Z,N!2BE~Z,N22!#,

~21!

and the experimental binding energiesBE(Z,N) are taken
from @19#. The single-particle basis states are those displa
in Fig. 2. The best fit was found@16# for Gp524.320.2

10.2/A
MeV and Gn519.720.1

10.2/A MeV. Next, the proton-neutron
strengthxpn was extracted in each isotope by solving t
QRPA dispersion equation, Eq.~13!, with \v[Ex(21

1).
Then, the wave function components in Eq.~16! could be
evaluated for each nucleus. The proton and neutron com
nent strengths, defined as

Cj pj p8
p

[
1

2
@~c j pj p8

p
!22~f j pj p8

p
!2#,

Cj nj n8
n

[
1

2
@~c j nj n8

n
!22~f j nj n8

n
!2#, ~22!
ul

l
n

of
d
he
ic

al

n

d

o-

are plotted for the first few leading strengths in Figs. 7~a! and
7~b!, respectively.

The proton wave function is clearly dominated by t
(1h9/2)

2 quasiparticle pair configuration, with weak contrib
tions from excitations across the shell gap involving t
1h11/2 orbital. The neutron wave function consists of a mi
ture of low-j quasineutron pairs forA.200, with a rising
contribution from the quasiparticle pair (1i 13/2)

2, which be-
comes dominant forA,200. The reduced transition
strengths were calculated using the effective charge in
mentsdep 5 den 5 0.39, which correctly reproduce th
known @9# B(E2;21

1→01
1) value in 210Po. The

B(E2;21
1→01

1) values listed in Table II are consistent wit
weakly collective motion.

The value of the quadrupole-quadrupole interact
strength,xpn , extracted from Eq.~13! was found to be es-

FIG. 7. Plot of the first few leading QRPA component streng
defined in Eq.~22! for ~a! the protons and~b! the neutrons, in the Po
isotopes.

TABLE II. QRPA predictions for 1942208Po B(E2;21
1→01

1)
values in single-particle units~spu! calculated with effective
chargesdep 5 den 5 0.39.

A B(E2;21
1→01

1) ~spu!

194 16.4
196 9.8
198 6.5
200 4.8
202 3.7
204 2.9
206 2.3
208 1.7
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sentially constant across the1942208Po systematics. The con
stancy of this parameter further suggests that it is the spe
active orbitals involved, rather than an increased prot
neutron strength, which are directly responsible for the
havior of the 21

1 states. Direct comparison between the PC
and QRPA wave functions of the 21

1 states shows that th
pure one-phonon configurations which hold forA.200 in
the PCM correspond to a mixture of low-j quasineutron pairs
in the QRPA. Conversely, the fragmentation of the PC
wave functions parallels the rise of the quasineut
(1i 13/2)

2 contribution to the 21
1 state wave functions.

V. CONCLUSION

We have presented a consistent picture of the onse
collectivity in polonium isotopes using complementary d
scriptions in the particle-core model and the quasipart
random phase approximation. In the polonium systema
the first important change in structure occurs between
semimagic 210Po and 208Po, as evidenced by the drop
21

1 energies from 1.181 to 0.687 MeV. The 21
1 energies then

remain remarkably constant, until200Po, where a second
more gradual decrease begins. The PCM provides a
good fit to low-lying, positive-parity states in1942208Po. The
observed change in structure forA,200 is accurately repro
duced by a rapid increase in the particle-core interac
strength. This model successfully reproduces trends ac
isotopes, as well as energy spacings within each nucl
However, its fundamental assumption of a macrosco
liquid-drop, vibrating core precludes any insight into the m
croscopic nature of the vibration. To circumvent this limit
tion, the QRPA was used to extract semimicroscopic w
functions for the 21

1 states, which should be the analogs
the phonons in the PCM calculations. The QRPA predict
relatively constant quasiproton (1h9/2)

2 configuration, with
weak contributions from excitations across the shell g
Conversely, the quasineutron configuration changes fro
mixture of low-j pairs for A.200, where the PCM wave
function consists of a pure one-phonon component, to a c
figuration increasingly dominated by the (1i 13/2)

2

quasineutron pair. Although the phonon energy remains c
stant throughout the systematics in the PCM, the QRPA
veals a dramatic change in the microscopic structure of
collective excitations. Indeed, the drive toward the alm
ideal vibrational structure of196Po @6# and the increased col
lectivity in 194Po @7# occurs only when then1i 13/2 orbital
becomes the dominant component in the wave function.

These results emphasize the critical role of thep1h9/2 and
n1i 13/2 orbitals in the onset of collectivity in polonium. Re
markably however, the PCM and QRPA can account for
fitted systematics with little or no need for the added coll
an
fic
-
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n

of
-
e
s,
e

ry

n
ss
s.
c,
-

e
f
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.
a

n-

n-
e-
e
t

e
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tivity of particle-hole intruder structures. This conclusion
also supported@6# by the paucity of evidence for strongl
collective bands or the enhanced selection rules expected
tween states with 4p-2h mixtures.

Nevertheless, the limitations of both the PCM and QRP
must be recognized, and the ensuing conclusions weig
accordingly. The particle-core model, in particular, fails
reproduce the 02

1 state systematics, which have now be
measured@11# in 1962202Po. ForA<200, the experimenta
02

1 state appears more collective than the PCM predictio
and particle-hole intruder excitations may well play an im
portant role for this level. However, there is no compelli
evidence for excitations built upon this proposed 4p-2h con-
figuration; the nonyrast 22

1 and 42
1 states can be satisfacto

rily described as predominantly multi-phonon excitation
The QRPA calculations also carry inherent limitations. F
example, the residual interaction was simplified by assum
the quadrupole interaction acts between unlike particles o
Traditionally @8,14#, pairing1quadrupole QRPA calculation
have included a residual quadrupole interaction between
tons ~with strengthxp) and neutrons~with strengthxn) as
well. Our assumption, which is equivalent to settin
xp5xn50, reduces the number of parameters, while emp
sizing the role of thep-n interaction in driving the collective
motion. Finally, for simplicity, the model was truncated
two-quasiparticle excitations. If intruder configurations we
to play a significant role, four-quasiparticle excitatio
would have to be included as well.

The question of the nature of the mechanisms which dr
the collectivity in polonium isotopes is best answered
experimental observables. Unfortunately, the experime
quantities which would provide the most stringent restr
tions on theoretical models, e.g., absoluteB(E2) values,
g-factors,E0 transitions strengths, etc., are difficult, if n
impossible, to measure in neutron-deficient polonium i
topes. The difficulties are twofold. First these nuclei can o
be formed in heavy-ion reactions with low fusion cross s
tions which are dominated by fission. Second, there ar
plethora of isomers in these nuclei@9#, including the long-
lived ~several hundred ns! yrast 112 isomers, through which
a large fraction of the population of low-lying states pr
ceeds. Such isomers preclude the measurements of lifet
by traditional Doppler techniques. Given these restrictio
fits to energy systematics remain the dominant probe of
onset of collective motion in polonium isotopes.
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