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Low-lying E1 strength in 20O
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Intermediate energy Coulomb excitation at 100 MeV/nucleon was used to probe the low-lying level structure
of both 18O and 20O in the region between 1 and 8 MeV. Discrete 12 states with energies of 5.35~10! and
6.85~5! MeV were observed in20O. The strong direct excitation and subsequentg-ray decay of these states,
along with B(El) predictions for18,20O levels in this energy region, established their dipole character. The
extractedB(E1)↑ values of 0.062(16)e2 fm2 and 0.035(9)e2 fm2 for the 5.35- and 6.85-MeV states, respec-
tively, are significantly larger than shell model calculations, though modification of the single-particle energies,
in particular, thep-sd shell gap, improves the agreement. The summedB(E1)↑ value for these levels~in
Weisskopf units! is consistent with that for other nuclei that have been discussed recently in the literature as
potential Pygmy dipole resonance hosts.
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I. INTRODUCTION

Collective modes are nuclear excitations that can be
scribed within the context of cooperative motion of the in
vidual nucleons. They are important probes of nuclear str
ture. The isovector giant dipole resonance~IVGDR! is
arguably the most accessible of the collective modes,
therefore has been studied rather extensively in the st
nuclei. In heavy, spherical nuclei, the average excitation
ergy of this single-peaked resonance,EGDR, varies rather
smoothly with the number of nucleons~asA21/3). In lighter
nuclei,A<50, the IVGDR energies are seen to deviate fro
this simple relation, favoring lower values. Additionally, th
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IVGDR excitation~or strength! function for lighter systems
tends to display multiple peaks, which is the signature of
individual nucleon~or single-particle! structure. Such effects
are indicative of the breakdown of the simple macrosco
description of the giant resonance.

The recent availability of radioactive beams has offer
the possibility to explore exotic nuclei that are proto
neutron asymmetric. Indeed, the different shell structure
these nuclei affects the dynamics of collective excitatio
For example, moving towards neutron instability the exci
tion function for the IVGDR mode is expected to fragme
substantially, giving rise to a strength increase at lower ex
tation energies~e.g., Refs.@1,2#!.

Over the last decade, significant experimental and theo
ical effort has been dedicated to the question of the natur
low-lying E1 strength in neutron-rich nuclei: in particula
whether or not these dipole excitations can be attributed
collectivity. In the lightest of neutron-rich nuclei, the so
called halo systems such as6,8He, 11Li, and 11Be, enhance-
ments in the dipole strength functions have been obser
~e.g., see Refs.@3–6#!. For example, in11Be the summed
B(E1) strength between 0 and 4.5 MeV of excitation ene
is 4.0~9! W.u. @6#. Indeed, comparison of this value with th
for typical discrete states in stable nuclei of 1023 W.u. re-
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veals this enhancement to be quite extraordinary. The sh
of the observedE1 excitation functions in these hal
nuclei—specifically the systematic appearance of a br
peak at an excitation energy of approximately 1 MeV~near
the breakup threshold!—seemed to suggest a collective so
dipole resonance, wherein the halo neutrons oscillate ou
phase with the residual nuclear core, might be the mec
nism.

The analogous collective scenario in heavier neutron-
nuclei—the Pygmy dipole resonance~PDR!—is proposed as
an oscillation of the neutrons comprising the neutron s
~valence neutrons! against the remaining, tightly-bound cor
Because this resonance relies on the existence of the ne
skin, its evolution with neutron excess for a given isotop
chain is expected to be rather smooth. Low-lying dipo
strength observed near or below the neutron separa
threshold in stable nuclei such as48Ca, 116,124Sn, 138,140Ba,
140Ce, and 204,206,208Pb has been discussed in this conte
@7–11#.

Given the wealth of theoretical models, ranging fro
macroscopic~e.g., the three fluid model of nuclei@12#! to
microscopic ~e.g., the quasiparticle-phonon model—QP
@8,13#, the density functional theory—DFT@14#, or the ran-
dom phase approximation—RPA@15#!, that have been use
for comparison with the experimental results, in some ca
conflicting interpretations have been offered as to the un
lying mechanism for this low-lying dipole strength. For e
ample, the magnitude of low-lyingE1 strength observed in
48Ca following a 40,48Ca nuclear resonance fluorescen
study at the S-DALINAC facility@7# is in good agreemen
with phonon damping model~PDM! calculations; within this
framework the associated states are derived from nonco
tive p-h excitations that gain strength from the GDR~see,
e.g., Ref.@16#!. Yet, The PDM overpredicts the strength o
served in40Ca. A collective skin resonance predicted with
the DFT for 48Ca @14# agrees well with experiment as far a
the energy of the resonance is concerned, but overpre
the observed strength for the concentration of dipole sta

Also noteworthy for this discussion are the results fro
an S-DALINAC study of the 204,206,208Pb isotopes@11#,
which revealed two clusters ofE1 strength at;5 and
;6 MeV in each isotope. QPM calculations do reprodu
well, for example, the trend regarding increasing fragmen
tion of dipole strength going from208Pb to 204Pb ~which is
attributable to the opening of the neutron shell!. However,
the centroids of the observed clusters are systematic
overpredicted. The strength for these clusters of low-ly
states in the QPM is dominated by constructive interfere
of the one- and two-phonon configurations~as a similar com-
parison for116,124Sn, 138Ba, and140Ce reveals@8–10#!. This
effect cannot be ascribed to collectivity in any obvious w
For the case of208Pb, a set of RPA calculations that predi
two coherentp-h resonances near 9 MeV@15# are perhaps
contrary to the QPM results.

It is rather apparent that there exists a significant need
experimental data, especially for more complete evolution
studies along isotopic chains. Such systematic informa
will better constrain theoretical models, perhaps revea
06430
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those that are better suited for application to this import
question.

A. Motivation

The heavier oxygen isotopes, pictured as a doubly ma
16O core surrounded by a valence neutron skin, are id
candidates for such an evolutionary PDR study. Indeed,
dications of a trend for increasing low-energy dipole stren
with mass can be observed in the dipole excitation functi
~above threshold! for the stable oxygen isotopes@17,18#. One
would like to extend this comparison towards the neutr
drip line, focusing on the more interesting short-lived is
topes. The LAND~Large Area Neutron Detector! Collabora-
tion at GSI was able to elucidate the GDR strength functio
of the oxygen isotopes17222O by measuring the photo
neutron cross sections. Their results were generally con
tent with the theoretical prediction regarding the shifting
dipole strength to lower energies@19#. However, the extent to
which collectivity plays a role at low energies remains to
demonstrated.

Measurement ofE1 strength in radioactive nuclei gene
ally relies on Coulomb excitation of a short-lived projectil
The excitation of bound states can then be studied via
subsequentg decays. Above the particle threshold, the b
technique involves detection of the evaporated particles. T
method, utilized by the LAND Collaboration, is also referre
to as virtual photon absorption. In principle, it is also po
sible to detect theg-ray decay above the particle threshold
though theg-ray emission probability is significantly re
duced compared to the neutron evaporation. Hence,
GDR-region studies such an approach demands comp
tively higher radioactive beam intensities and/or energ
Nevertheless, this virtual photon scattering method has b
applied successfully in a measurement of the11Be E1
strength function between 9 and 25 MeV~aboveS2n) @20#.

Low-lying discrete states in20O have been probed mainl
via transfer reactions with stable beams@21#. More recently,
radioactive-beam studies have investigated the structur
20O by exciting the 21,2

1 and 31
2 states@22,23# and 22O by

exciting the 21
1 state @24#. However, no bound 12 states

have been identified in20O. The present study used Cou
lomb excitation of a radioactive beam to search forE1
strength in20O. To facilitate a straightforward comparison o
our result with a known case, we also performed a meas
ment with stable18O. In the remainder of this paper we wi
discuss, in detail, the analysis leading to the results extra
from our measurements. We would like to note that a su
mary of this work can also be found in Ref.@25#.

B. Review of Coulomb excitation

Coulomb excitation is a well-understood process that
curs as a result of electromagnetic interactions of a projec
(ZA) with a target (ZB). One of the participating nuclei is
excited as it passes through the electromagnetic field of
other. The process can be described as the absorption
virtual photon by either the target or the projectile. Becau
in pure Coulomb excitation the participating nuclei stay o
side the range of the nuclear strong force, the excitation c
9-2
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LOW-LYING E1 STRENGTH IN 20O PHYSICAL REVIEW C67, 064309 ~2003!
section can be expressed in terms of the same multipole
trix elements that characterize excited-stateg-ray decay, or
the reduced transition probabilities,B(pl;I i→I f). Hence,
Coulomb excitation amplitudes are strongly coupled w
valuable nuclear structure information.

This fact becomes evident upon closer examination of
pressions for the differential Coulomb cross section fo
projectile nucleus that has been taken from stateu i & to state
u f & following the absorption of a virtual photon~e.g., Ref.
@26#!:

dsEl

dV
5S ZBe

\v D 2

a22l12B~El;I i→I f !
d fEl~q,j!

dV
,

dsMl

dV
5S ZBe

\c D 2

a22l12B~Ml;I i→I f !
d fMl~q,j!

dV
, ~1!

where a is half the distance of closest approach,j is the
adiabaticity parameter,v is the incoming velocity of the pro
jectile, andq is the scattering angle of the projectile in th
center of mass.d fpl /dV are the differential cross sectio
functions that are defined in Refs.@26,27#. The reduced tran-
sition probability itself is proportional to the multipole ma
trix element. Specifically,

B~pl;I i→I f !5
1

2I i11
u^I f iM~pl!i I i&u2. ~2!

This matrix element depends directly on the overlap of
wave functions of the involved states,uI i& and uI f&, and,
therefore can be thought of as a gauge for collectivity in
nuclear transition, i.e, Coulomb excitation tends to probe c
lective features in nuclei such as rotation, vibration, or
formation.

TABLE I. Relevant low-lying level structure of18O with known
B(pl) information@28–30#. For all of these states theg-ray decay
branching ratios are known@31#. The values in square bracke
indicate powers of 10.

(e,e8) scattering on18O
Ex ~MeV! Jn

p B(pl)↑ (e2 fm2l)

1.98 21
1 4.48~13! @101# a

3.92 22
1 2.22~10! @101# a

4.46 11
2 ,4 @-06# b

5.10 31
2 1.301~39! @103# b

5.26 23
1 2.83~15! @101# a

5.53 21
2 ,1.9 @-03# c

6.20 12
2 2.19~36! @-03# b

6.35 22
2 ,2.0 @-03# c

6.40 32
2 4.0~9! @101# b

7.62 13
2 6.1~13! @-04# b

7.77 23
2 9.0~32! @-02# c

aReference@28#.
bReference@29#.
cReference@30#.
06430
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It should be noted that the derivation of Eq.~1! involves a
semiclassical approach. Herein, the trajectory of the pro
tile is treated classically, assuming a Rutherford scatter
distribution, while the interaction that causes the nucl
transition in the projectile or target is found using first-ord
perturbation theory, i.e.,

ds

dV
5S ds

dV D
Ruth

Pi→ f , ~3!

where the probabilityPi→ f is given by the square of ampli
tude of the nuclear excitation process,ai→ f :

ai→ f5
1

i\E2`

`

^ f uV@r ~ t !#u i &ei (Ef2Ei )/\dt. ~4!

The explicit form of the potentialV@r (t)#, of course, de-
pends on whether the excitations are electric or magneti

C. Low-lying level structure of 18O and 20O

Table I shows the pertinent level structure of18O, incor-
porating all states below the neutron separation energySn
58.044 MeV) which are accessible by Coulomb excitatio
Given this level scheme the18O analysis consideredE1,
E2, E3, andM2 virtual excitations. Substitution of the dif
ferential cross section functions into the expressions p
sented above@Eq. ~1!# leads to

dsE1~q,j!

dV
5

p

18S ZBa

b D 2B~E1;I i→I f !

sin4S q

2 D
3@ I 121

2 ~q,j!1I 11
2 ~q,j!#,

dsE2~q,j!

dV
5

p

25S ZBa

b D 2B~E2;I i→I f !

a2sin4S q

2 D
3F S 3

8D $I 222
2 ~q,j!1I 22

2 ~q,j!%

1S 1

4D I 20
2 ~q,j!G ,

dsE3~q,j!

dV
5

p

49S ZBa

b D 2B~E3;I i→I f !

a4sin4S q

2 D
3F S 5

16D $I 323
2 ~q,j!1I 33

2 ~q,j!%

1S 3

16D $I 321
2 ~q,j!1I 31

2 ~q,j!%G ,

9-3
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dsM2~q,j!

dV
5

p

25
~ZBa!2

B~M2;I i→I f !cot2S q

2 D
a2sin4S q

2 D
3F S 3

32D $I 321
2 ~q,j!1I 31

2 ~q,j!%G , ~5!

where b is the incoming velocity of the projectile anda
5e2/\c. It is thus assumed that the reduced transition pr
ability is expressed in units ofe2 fm2l. The I lm(q,j) func-
tions in Eq.~5! are defined in Refs.@26,27# as the Coulomb
excitation functions, where they can be found in complica
integral form. The fact that the projectiles detected in t
study were limited to small forward angles, however, ensu
that an approximate expression for theI lm(q,j) functions,

I lm~q,j!.
~21!(l2m)/2

« S j

2« D (l21)/2

GS 2l1m11

2 D
3e2pj/2W2m/22l/2~2j«!, ~6!

is adequate. TheW2m/22l/2(2j«) quantities in Eq.~6! are
Whittaker functions, which are related to confluent hyp
geometric functions,U(a,c;z) @32#. Specifically,

Wlm~x!5e2x/2xm11/2U~m2 l 11/2,2m11;x!. ~7!

Making use of the above formalism, preliminary cros
section calculations were performed to gain perspective
garding the relative importance of the possible excitat
channels for18O. The results of these calculations, presen
in Table II, clearly reveal that quadrupole strength will dom
nate the18O discrete-region excitation function. The analys
and interpretation of the results for these studies must
incorporate the possibility for target excitation. Table II al
states the results of calculations for the first-excited 21 and
32 levels in the target which haveB(El)↑ strengths of
2.9(3)3103e2 fm4 and 6.11(9)3105e2 fm6, respectively
@33,34#. @To convert the expressions of Eq.~5! to relations
that are valid for target excitation, one needs only to
changeZB for ZA .] The calculations suggest that excitatio
of its 21

1 configuration, for example, will account for ap
proximately 20% of the total 18O1 208Pb quadrupole
strength, which is significant.

Based on the Coulomb excitation cross section calc
tions for 18O, it is indeed reasonable to assume that an an
sis that includes only electric virtual excitations, namely,E1,
E2, andE3, will be adequate for the20O study. The left
panel of Table III summarizes the pertinent status of20O
spectroscopy@21#. Aside from our knowledge of theB(E2)
for the 21 at 1.67 MeV and the branching from the 21 at
4.07 MeV, only the energies~and in most cases the sp
parity! of observed20O levels have been established. Noti
that apart from the tentative 32 assignment of the 5.61-MeV
state, no experimental information regarding the20O nega-
tive parity, discrete structure exists.

A theoretical analysis of the low-lying20O structure is
presented in the right panel of Table III. This is a summa
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that combines results from 1s0d-USD and
0s0p–1s0d–1p0 f -WBP shell model calculations fo
lowest-lying positive- (J52) and negative-parity (J51,3)
levels, respectively@36–38#. Comparing theB(E2)↑ predic-
tions for 20O with measuredB(E2)↑ strengths for the low-
lying 21 states in18O ~see Table I!, we expecta priori a

TABLE II. The result of total Coulomb excitation cross sectio
calculations for excitations to low-lying 12, 21, 32, and 22 states
in 18O and 208Pb assuming an energy of 100 MeV/nucleon f
incident 18O projectiles and a center-of-mass angular acceptanc
20 mrad for scattered projectiles. The projectileB(pl) information
was taken from electron-scattering studies@28–30#, while that for
the target was taken from Refs.@33,35#. The values in square brack
ets indicate powers of 10.

Projectile (18O)
Jn

p Ex ~MeV! B(pl)↑(e2 fm2l) s (mb)

11
2 4.46 ,4 @-06# ,3 @-01#

12
2 6.20 2.19@-03# 4.80 @101#

13
2 7.62 6.1@-04# 5.2 @100#

21
1 1.98 4.48@101# 2.27 @103#

22
1 3.92 2.22@101# 7.66 @102#

23
1 5.26 2.83@101# 6.41 @102#

31
2 5.10 1.301@103# 1.145@101#

31
2 6.40 4.0@101# 3.0 @-01#

21
2 5.53 ,1.9 @-03# ,3.2 @-03#

22
2 6.35 ,2.0 @-03# ,2.3 @-03#

23
2 7.77 9.0@-02# 5.5 @-02#

Target (208Pb)
21

1 4.09 2.9@103# 9.1 @102#

31
2 2.61 6.11@105# 5.30 @101#

TABLE III. Left panel: The current20O experimental level
scheme forJ,4 states below the neutron binding energy (Sn

57.608 MeV). Theg-ray decay branching is known only for th
21 state at 4.07 MeV@21#. Right panel: The pertinent20O theoret-
ical level structure as calculated by Brown@36#. The positive parity
states have been calculated using the 1s0d-USD interaction@37#,
while the negative parity results have made use of
0s0p–1s0d–1p0 f -WBP interaction@38#. The values in square
brackets indicate powers of 10.

20O known level scheme 20O theory~USD/WBP!

Ex ~MeV! Jp B(El)↑ a Ex ~MeV! Jn
p B(El)↑ a

1.67 21 2.8~2! @101# 2.0 21
1 2.9 @101#

4.07 21 4.2 22
1 7.8 @100#

5.00 5.0 31
2 1.6 @103#

5.23 21 5.1 11
2 2.4 @-03#

5.30 21 5.3 23
1 7.0 @-04#

5.61 (32) 5.5 32
2 7.0 @102#

6.55 ~2! 6.2 12
2 1.7 @-03#

7.2 13
2 1.4 @-03#

7.7 14
2 4.1 @-02#

8.0 24
1 6.6 @-01#

a@B(El)#5e2 fm2l.
9-4
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marked relative suppression ofE2 strength in the radioactive
beam study. This is a manifestation of the fact that the tw
particle (2p) (1s0d)2 configurations in 18O are mixed
strongly with intruder 4p-2h (0p)22(1s0d)4 configurations
~e.g., Ref. @39#!, whereas the low-lying 21 states in 20O
comprise mostly 4p (1s0d)4 excitations~since the intruder
configurations are thought to exist at higher excitation en
gies! @36#. Contrasting this is the trend that unfolds from
comparison of the20O B(E1)↑ predictions with the mea
sured18O values for the lowest 12 states. A relative increas
in low-lying dipole strength in the neutron-richer20O is ex-
pected. The structure of the calculated 12 states in20O is
provided in Table IV, where the partitioning is shown f
those configurations that give a contribution of at least 8%
the total wave function@36#.

Table V shows the results for the Coulomb excitati
cross section calculations for the20O1 208Pb system, based
on the theoretical spectrum listed in Table III. It demo
strates the predicted strong population of 12 states in con-
trast to the stable18O system~see Table II!.

II. EXPERIMENT AND DATA ANALYSIS

The experiments were carried out at the National Sup
conducting Cyclotron Laboratory~NSCL! at Michigan State
University. For the first study,18O was accelerated in th
K1200 superconducting cyclotron to an energy of 100 Me
nucleon and delivered directly to the target. For the radio
tive beam experiment, a primary beam of22Ne was first
accelerated in the K1200 to an energy of 120 MeV/nucle
This beam impinged on a thick9Be production target. Frag
ments produced via projectile fragmentation were then a
lyzed with the A1200 fragment separator@40#. Using its
combination of two magnetic bends along with a wedg
shaped energy degrader and momentum slits, this device
adjusted to select 100 MeV/nucleon20O with a momentum
spread (Dp/p) of 60.5% and a purity of approximatel
85%.

TABLE IV. The structure of the calculated20O 12 states in
Table III. The partition is given for those configurations that give
contribution of at least 8% to the total wave function.

Ex ~MeV! Configuration
Wave function

contribution~%!

5.1 (0p1/2)
21(0d5/2)

4(1s1/2)
1 27.48

(0p1/2)
21(0d5/2)

5 10.71
(0p1/2)

21(0d5/2)
3(0d3/2)

1(1s1/2)
1 8.80

(0p1/2)
21(0d5/2)

2(1s1/2)
3 8.47

6.2 (0p1/2)
21(0d5/2)

4(1s1/2)
1 56.92

(0p3/2)
21(0d5/2)

4(1s1/2)
1 10.46

7.2 (0p1/2)
21(0d5/2)

4(1s1/2)
1 41.59

(0p1/2)
21(0d5/2)

3(1s1/2)
2 12.39

7.7 (0p1/2)
21(0d5/2)

4(1s1/2)
1 24.09

(0p1/2)
21(0d5/2)

5 16.57
(0p3/2)

21(0d5/2)
5 8.45
06430
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The 18,20O projectiles impinged on a 30 mg/cm2 enriched
~99.09%! 208Pb target. Resulting reaction products were a
lyzed using the S800 spectrograph~e.g., Ref.@41#! which
was placed at 0° with respect to the beam axis. The availa
intensity of the 18O beam ~approximately 2.5
3109 particles/s) was experimentally limited by the cap
bilities of the S800 focal plane detectors@42#, which can
count up to~approximately! 104 reaction products per sec
ond. The20O intensity from the secondary-beam process w
53105 particles/s. The S800 focal plane detection arran
ment @42# allowed for unambiguous fragment identificatio
~in both Z and A). The kinetic energies of identified18,20O
fragments were calculated from position and trajectory inf
mation at the focus using the ion optics codeCOSY INFINITY.
An energy resolution of approximately 1 part in 7000 (1s)
for both experiments was achieved carrying theseCOSY re-
construction calculations to second order.

Decayg rays in coincidence with reaction fragments we
detected using the large ORNL-TAMU-MSU BaF2 array
@43,44# ~144 individual elements in the present configur
tion!, which was positioned 45-cm downstream from the t
get and tightly packed around the beam pipe in a concen
arrangement. A depiction of the front face of the BaF2 array
is shown in Fig. 1. Theg-ray events were identified usin
both time of flight~TOF! and pulse-height constraints to su
press the background consisting mostly of neutrons that w
detected in coincidence with an uncorrelated fragment.
amples of this process are shown in Fig. 2 for a sample
18O-BaF2 coincidence events. In Fig. 2~a!, a gate is placed
on a two-dimensional~2D! histogram which displays cali
brated BaF2 energy for individual detector hits against th
time of flight parameter. Specifically, this TOF parameter i
measure of the time between the cyclotron rf logic signal a
the logic pulse from an individual BaF2 detector. In this fig-
ure the promptg rays appear as a pronounced vertical ba

TABLE V. Coulomb excitation cross section calculations for t
20O1208Pb system assuming an energy of 100 MeV/nucleon
incident 20O projectiles and a center-of-mass angular acceptanc
20 mrad for scattered projectiles. The theoreticalB(El) are taken
from Table III. The values in square brackets indicate powers of

Projectile (20O)
Jn

p Ex
th ~MeV! B(El) th↑(e2 fm2l) s th (mb)

11
2 5.1 2.4@-03# 1.7 @102#

12
2 6.2 1.7@-03# 6.3 @101#

13
2 7.2 1.4@-03# 3.0 @101#

14
2 7.7 4.1@-02# 6.5 @102#

21
1 2.0 2.9@101# 1.9 @103#

22
1 4.2 7.8@100# 3.7 @102#

23
1 5.3 7.0@-04# 2.5 @-02#

24
1 8.0 6.6@-01# 1.0 @101#

31
2 5.0 1.6@103# 2.4 @101#

31
2 5.5 7.0@102# 1.0 @101#

Target (208Pb)
21

1 4.09 2.9@103# 1.3 @103#

31
2 2.61 6.11@105# 8.49 @101#
9-5
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E. TRYGGESTADet al. PHYSICAL REVIEW C 67, 064309 ~2003!
These events are superimposed with a periodic structure
is a distinctive feature of the uncorrelated or random ba
ground. ~The periodicity of this random background, o
course, mirrors that of the cyclotron rf.!

Figure 2~b! demonstrates the pulse shape discriminat
capability of BaF2 detectors@45,46#. Neutrons can be sepa
rated fromg rays for individual detector events of*8 MeV.

The settings of the BaF2 array for both the18O and the

FIG. 1. The front face of the BaF2 array which consisted of 144
individual hexagonal crystals. The center of the array coincid
with the beam axis.

FIG. 2. ~a! BaF2 energy vs TOF for18O coincidence events
showing the promptg-ray gate used to select the individual detec
hits of interest.~b! A fast vs slow 2D histogram generated from h
in a particular detector with18O coincidence data. Above;8 MeV,
neutrons appear belowg rays.
06430
at
-

n

20O study were identical with the exception of an adjustm
made to the BaF2 energy thresholds—the thresholds we
lowered for the case of20O because the background countin
rate was reduced, given the significantly lower seconda
beam intensity. More discussion pertaining to the thresh
settings will follow in Sec. III A.

To improve the BaF2 photopeak detection efficiency fo
individual photons,g-ray hits in individual BaF2 detectors,
having been identified by the prescribed method, were p
cessed event by event using a shower reconstruction rou
that analyzed the hit patterns and energy distributions
multiplicity .1 events. The energy deposited simultaneou
into neighboring detectors was summed. The segmenta
of the array allowed for an approximate determination of
g-ray emission angle with respect to the recoiled project
which facilitated Doppler correction for individualg-ray en-
ergies. This correction was necessary given that the velo
of the excited fragments was 0.43c in the laboratory frame.

Final event selection for these experiments involved
application of simultaneous energy constraints on S800
BaF2 information. Specifically, it was required that projecti
energy loss be well correlated with total reconstructed, la
ratory frame,g-ray energy. Figure 3 shows data from bo
reactions. Notice the enhancement of events appearing a
the diagonal~dashed line!, which represents events whe
projectile energy loss is completely recovered asg-ray en-
ergy. This final energy constraint was inclusive of eve
falling above and left of the diagonal, which resulted, f
example, from cascade decays whereby the projectile’s d
citation process proceeded through an intermediate state

d

r

FIG. 3. Final event selection for the18O ~a! and 20O ~b! studies.
An energy-correlation gate is placed on a 2D histogram of projec
energy loss vs reconstructed, laboratory frame,g-ray energy.
9-6
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LOW-LYING E1 STRENGTH IN 20O PHYSICAL REVIEW C67, 064309 ~2003!
one ~or more! of the resultingg-rays was not detected. Th
experimental energy resolution did not allow for the sepa
tion of these components. The resulting BaF2 total-energy,
g-ray spectra for18O and 20O are given in Figs. 4~a! and
4~b!, respectively~thick black curves!. Pronounced peaks ob
served at 2 MeV for18O, and 1.7 MeV for20O, correspond
well with known 21

1 energies~1.98 and 1.67 MeV!, provid-
ing experimental verification of correct fragment identific
tion and of the Doppler correction process. Figure 4 a
shows the background contributions~thin gray lines! for
eachg-ray energy spectrum. They were generated by sim
shifting g-ray TOF gates@e.g., Fig. 2~a!# by an rf period,
thereby sampling the random contributions that were su
imposed with the promptg-ray events. The same show
reconstruction analysis was performed on these rand
events; likewise the same S800-BaF2 energy-correlation re-
quirement was used as a final constraint. The final exp
mentalg-ray spectra were derived following a subtraction
these respective background distributions from the prompg
gated energy spectra.

III. EXPERIMENTAL RESULTS

A. The Monte Carlo simulation

To facilitate the correct interpretation of the experimen
results and ultimately extract quantitative information,
Monte Carlo simulation was developed. Simulatedg-ray
spectra were compared directly with those from experime
The simulation made use of the intermediate ene

a)

b)

FIG. 4. Projection of both prompt and random TOF-gated eve
included within the S800-BaF2 energy-correlation gates~shown in
Fig. 3! onto the Doppler-corrected axis for18O ~a! and 20O ~b!. A
subtraction yields the finalg-ray spectra.
06430
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Coulomb excitation formalism of Ref.@26#, described in Sec
I B, to incorporate the inelastic excitation processes wh
occurred in both the projectile and the target. This treatm
was sufficient since inelastic nuclear processes were ne
gible, given the small angular acceptance for these exp
ments (;1° in the laboratory frame!.

Event by event, the inelastic excitation channel for t
projectile~or target! was chosen based on the total integra
Coulomb excitation cross sectionsn for each of the possible
n states~wheren is inclusive of target excited states!. Thesn
were calculated during the initialization sequence of the c
after specifying the maximum laboratory-frame angular co
into which the projectiles could scatter. This cone was c
sen to be much larger than the experimental acceptance~by a
factor of .2). Having specified the excitation channel, t
center-of-mass scattering angle for the projectileq was cho-
sen using the so-called Monte Carlo rejection method. T
required knowledge of then Coulomb excitation angular dis
tributions dsn /dq which were calculated from expression
for the associated differential Coulomb excitation cross s
tion expressionsdsn /dV @equivalent to those presented
Eq. ~5!#:

ds

dq
52psinq

ds

dV
. ~8!

The rejection method is as follows: two random numb
are generated. The first represents the abscissa,xran , which
falls somewhere in the domain,xmin<xran<xmax, over
which the probability function being generated,P(x) @in this
case, the differential cross section given above in Eq.~8!#, is
defined. The second random numberyran takes on values
between 0 andymax, whereymax is the maximum value of
the probability function over its limits. A simple compariso
of yran againstP(xran) follows; the event, characterized b
the physical observablexran , is generated if and only if
yran<P(xran).

Computational efficiency was improved by simplifyin
the calculations of the center-of-mass Coulomb excitat
angular distributions@Eq. ~8!#. They were evaluated upo
initialization only for discrete values ofq, in steps of 0.1
mrad. Specifically, for any given stepwise angleq i the Cou-
lomb excitation angular distribution was calculated by

dspl,n

dq i
5C~pl,n!B~pl,g.s.→n!F@q i ,j~n!,pl#, ~9!

where the quantitiesF, defined as

F@q i ,j~n!,pl#5sinq i

d fpl@q i ,j~n!#

dV i
, ~10!

had been tabulated beforehand for each excitation cha
usingMATHEMATICA @47# and included into the simulation a
input files. Explicit forms for the differential cross sectio
functionsd fpl /dV appearing in Eq.~10!, can be found, for
example, in Refs.@26,27#. A direct comparison with Eq.~1!
provides the definition for the constants:

ts
9-7
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C~El,n!52pS ZBa

b D 2

a~n!22l12,

C~Ml,n!52p~ZBa!2a~n!22l12. ~11!

For target excitationsZB has to be replaced withZA in the
above expressions. Because the rejection method requ
knowledge of the Coulex angular distributions for any ra
domly chosen value ofq on an event-by-event basis, a cub
spline interpolation~e.g., Ref.@48#! was utilized to approxi-
mately convert the Coulomb excitation angular distributio
to continuous functions.

Following excitation, onlyg-ray decay was considere
for projectile or target deexcitation since no excitatio
above the particle thresholds were included. The deexcita
paths were chosen based on the relevantg branching. The
process of projectileg-ray emission necessarily remaine
consistent with full momentum conservation for the excite
projectile/g-ray system.~The inclusion of projectile recoi
was critical for a good reproduction of the experimen
S800 information.! For targetg decay, the target nucleus wa
assumed stationary.

The g-ray analysis relied on the radiation detection co
GEANT ~version 3.21! @49#. The total energy deposition infor
mation provided byGEANT was folded with the experimenta
BaF2 energy resolution, characterized by the full width
half maximum~FWHM! DFWHM for each simulated detecto
event by event. The width was approximated by the fu
tional dependence:

DFWHM~Eg!.EgS A1
B

AEg
D . ~12!

Eg is the photopeak centroid energy of the detectedg ray,
while A and B are constants that were determined from
three-point fit of the experimental widths for calibration da
Energies of 898, 1836, and 4438 keV from two differe
radioactive sources, namely,88Y and PuBe, were used fo
this calibration. The simulated BaF2 information was filtered
through the same analysis code that was used for the ex
mental BaF2 data.

Another consideration for the simulation with regard
g-ray response was the application of energy threshold c
straints to these simulated BaF2 signals. During the experi
ment, only those events where at least one detector reco
a fast-light signal larger thanTh ~the high threshold! were
accepted by the computer acquisition. Additionally, for a
given detector within a valid event, charge integration o
occurred for fast signals larger thanTl , the low threshold.
The threshold effects were included into the simulation
setting a unique set of threshold values for each dete
during the initialization sequence, such that the average
these threshold values over all detectors were free par
eters,Tl

Ave andTh
Ave , which were adjusted upon compariso

with experimental data.
Figure 5 shows the good agreement of the simulated c

bration data~solid lines! with the experimental equivalent fo
both 88Y and PuBe. The data acquisition for these calibrat
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runs was operated in a mode wherebyTh
Ave was equal to

Tl
Ave ; therefore the comparison of these data against the

simulated curves could be used to determine the average l
threshold setting (Tl

Ave5650 keV) for later 18,20O simula-
tions.

TheGEANT simulation could be used to calculate the pho
topeak detection efficiency shown in Fig. 6. Shower recon
struction was enabled and events recording energies with
62s of the emittedg-ray energy were counted. The high
thresholds were lowered toTh

Ave5Tl
Ave5500 keV to mini-

mize their bias on the shape at lowg-ray energies.
In general, a simplified approach was followed to accoun

for the S800 response within the simulation. Experimentally
the energy and angular spreading of the observed projecti
was due to intrinsic dispersion in the beam, energy, and a
gular straggling in the208Pb target and the finite resolving
power of the S800 focal plane detectors. For the simulatio
it was adequate to assume that the incoming projectiles we
monoenergetic and then account for these energy-smear
effects by modifying the outgoing~after target! projectile
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FIG. 5. Comparison of simulated~lines! and experimental
~points! BaF2 calibration data for88Y ~a! and PuBe~b!. A linear
background has been included in the simulated spectra. Good ov
all agreement is established using the simulated data with thresh
settings of 650 keV~see text!.
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LOW-LYING E1 STRENGTH IN 20O PHYSICAL REVIEW C67, 064309 ~2003!
energies accordingly. The intrinsic beam angular dispers
and angular straggling in the target was folded into the
coming projectile trajectories. Simulated events were th
constrained beyond the target by placing a free-form 2D
in (u,f) ~dispersive and nondispersive scattering angle!,
which was similar to the shape of the analogous 2D exp
mental scattering distribution. Additional angular spread
due to the finite S800 detector resolution was then introdu
for those simulated projectiles that scattered within this
acceptance window.

An additional consideration for the simulation was t
presence of a beam blocker that was placed just upstrea
the S800 focus to prevent an elastically scattered beam f
overwhelming the particles that scattered inelastically. T
incorporation of the blocker into the simulation was vital,
the low-energy portion of the inelastic distribution was u
avoidably affected by its presence. Indeed, the blocker’s
fluence on S800 angular acceptance was, effectively, in
porated into the simulation following the treatment describ
immediately above, rather by design. To include its effe
with regard to projectile kinetic energy, only those projecti
having an energy-lossDEp greater thanEBlkr were accepted
for further analysis, i.e.,

DEp5Ep,lab2Ep,lab8 >EBlkr , ~13!

whereEp,lab and Ep,lab8 refer to the projectile’s kinetic en
ergy in the laboratory frame before and after the interact
with the target.EBlkr was treated as a quasifree parameter
18,20O simulations, as its value could not be determined
perimentally with high precision (;500 keV).

B. 18O results

Figure 7 shows the final experimental18O strength distri-
bution ~diamonds! on a logarithmic scale. The spectrum
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FIG. 6. BaF2 photopeak efficiency (62s; with shower recon-
struction! for g rays emitted isotropically from a stationary sour
at the target position as computed by theGEANT simulation. The
error bars included are purely statistical. The high thresholds w
lowered toTh

Ave5Tl
Ave5500 keV, so as to minimize their bias o

the shape at lowg-ray energies.
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dominated at low energies by the excitation and decay of
first-excited 21 state at 1.98 MeV. The broad peak near
MeV is primarily a convolution of two components, name
decays of the 23

1 state, which have proceeded through the1
1

level, and deexcitations from the 21
1 level in 208Pb at 4.09

MeV ~the later contributions have been shifted to 2.7 M
following the Doppler correction!. The peak near 5 MeV
results from ground-state decays of the 23

1 level.
These assignments were deduced from the simulation

results of which are shown as the solid line in Fig. 7.~The
experimental results have been normalized arbitrarily to
simulated data in the region between 2.3 and 2.9 MeV.! The
simulation was generated following the incorporation of t
known 18O and 208Pb level schemes and the associa
B(pl) information~see Table II! as well as the knowng-ray
decay-branching ratios, given in Table VI. The two free p
rameters for the simulation, namely, the average high thre
old settingTh

Ave and the blocker~energy! positionEBlkr. were
adjusted to 3.1 and 3.3 MeV, respectively, to produce the b
overall agreement with the experimental results.

Figure 7 also includes the individual components~projec-
tile E1,E2,E3, and target background! which contribute to
the total simulated strength function. Not surprisingly, pr
jectile M2 excitations are strongly suppressed relative to
other excitation channels; they appear below the displayey
scale. The figure demonstrates that projectileE2 excitations
~dot-spaced curve! dominate the overall18O g-ray spectrum.
Essentially,E1 excitations~dashed curve! contribute only
above approximately 5.7 MeV. The shoulder appearing in
experimental curve near 6 MeV is the result of excitations
the 12

2 at 6.20 MeV. It is also evident that target excitatio
are important. In the region between approximately 2.2 a
2.9 MeV, target excitations~dot-dashed curve! are, in fact,
the dominant contribution.

Overall, the result from the simulation describes the e
perimental data well, with the exception of the region b

re

FIG. 7. Final 18O experimentalg-ray spectrum~diamonds!
shown with the result from the simulation~solid line!. The absolute
normalization is arbitrary. The error bars included with the expe
mental data are purely statistical. The individual components
contribute to the simulated strength function, namely, projectileE1,
E2, E3, and target background, are also shown.~Projectile M2
contributions are off-scale, as displayed.!
9-9
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tween 3 and 4.5 MeV, where it fails to account for the f
intensity in the measured spectrum. The cause for the
crepancy is not fully understood.

Nevertheless, the conclusion that projectileE2 excitations
dominate the observed18O g-ray spectrum is clearly justi
fied. Target excitations, especially contributions from the1

1

state, play an important role. In short, one can conclude fr

TABLE VI. Known branching ratios@31# used to generate th
18O simulated results presented in Fig. 7. The 21

1 and 31
2 levels in

the target that decay directly to the ground state with 100% pr
ability are not included.

Ei ~MeV! Jn,i
p Ef ~MeV! Jn, f

p Eg ~MeV! Branching ratio~%!

1.98 21
1 0.00 01

1 1.98 100
3.55 41

1 1.98 21
1 1.57 100

3.63 02
1 1.98 21

1 1.65 99.7
0.00 01

1 3.63 00.3
3.92 22

1 1.98 21
1 1.94 87.6

0.00 01
1 3.92 12.4

4.46 11
2 3.92 22

1 0.54 02.5
3.63 02

1 0.83 70.4
1.98 21

1 2.48 27.1
5.10 31

2 3.92 22
1 1.18 17.6

3.55 41
1 1.55 06.3

1.98 21
1 3.12 76.1

5.26 23
1 4.46 11

2 0.80 03.0
3.92 22

1 1.34 08.7
3.63 02

1 1.63 01.0
3.55 41

1 1.71 01.1
1.98 21

1 3.28 55.9
0.00 01

1 5.26 30.3
5.34 03

1 4.46 11
2 0.88 42.0

1.98 21
1 3.36 58.0

5.53 21
2 4.46 11

2 1.07 27.0
3.92 22

1 1.61 24.0
1.98 21

1 3.55 49.0
6.20 12

2 5.34 03
1 0.86 01.1

5.26 23
1 0.94 03.6

4.46 11
2 1.74 04.1

3.63 02
1 2.57 02.5

0.00 01
1 6.20 88.7

6.35 22
2 4.46 11

2 1.89 13.0a

3.92 22
1 2.43 55.0

1.98 21
1 4.37 32.0

6.40 32
2 5.26 23

1 1.14 05.6
5.10 31

2 1.30 09.8
4.46 11

2 1.94 02.8
3.92 22

1 2.48 06.3
3.55 41

1 2.85 07.4
1.98 21

1 4.42 68.1
7.62 13

2 6.20 12
2 1.42 01.0

5.34 03
1 2.28 06.0

4.46 11
2 3.16 08.0

1.98 21
1 5.64 62.0

0.00 01
1 7.62 23.0

7.77 23
2 5.10 31

2 2.67 36.0
4.46 11

2 3.31 11.0
1.98 21

1 5.79 53.0

aAdjusted within reported uncertainty.
06430
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the 18O comparison that the simulation has successfully
produced the important features of the observedg-ray spec-
trum, and hence, its extension to the less-known case of20O
is credible.

C. 20O results

The final 20O g-ray spectrum is displayed logarithmicall
by the open diamonds in Fig. 8~a!. Again, a dominant feature
is the excitation and decay of the projectile 21

1 state at 1.67
MeV. The lowest-energy peak at 1.35 MeV is primarily a
escape peak for the 1.67-MeV photopeak.~This structure is
visible for 20O and not for 18O because the high energ
thresholds were significantly reduced in the20O case.! As
before, target contributions play a role near 2.7 MeV. T
small but noticeable peak at slightly lower excitation ener
~approximately 2.4 MeV! is likely a convolution where con-
tributions include 22

1→21
1 decays. At higher excitation en

ergies, approaching the neutron binding energy~7.608 MeV!,
two peaks are clearly visible at approximately 5.2 and
MeV. These peaks could already be seen in the 2D plo
Fig. 3~b! as the two highest-energy enhancements on

-

FIG. 8. ~a! Results from a preliminary20O simulation ~solid
line! shown with the experimental strength distribution~open dia-
monds!. The strength observed between approximately 2 an
MeV is not reproduced, which indicates the need for a boosting
the input B(E1) transition probabilities~see text!. ~b! The indi-
vidual components (E1, E2, E3, and target! that contribute to the
overall simulated strength function. The projectile-E1 strength
dominates the spectrum. Specifically, the structures above 3 M
are mainly the result of excitations to two 12 states that are found
to exist at 5.35 and 6.85 MeV.
9-10
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LOW-LYING E1 STRENGTH IN 20O PHYSICAL REVIEW C67, 064309 ~2003!
diagonal, which is an indication that these excited20O con-
figurations have strong direct ground-state decay branch

The above interpretations have been, in part, deduce
comparison with simulation. A preliminary comparison
the final 20O experimentalg-ray spectrum with a simulate
equivalent~solid line! is presented in Fig. 8~a!. For these
simulated results,Th

Ave and EBlkr were set to 1.45 and 2.5
MeV, respectively. The experimental result has been norm
ized, again arbitrarily, to the simulated data in the reg
between 4.5 and 8 MeV. Above the region of 3 MeV t
simulated and experimental line shapes are in good ag
ment. To facilitate this, two previously unobserved excit
12 states were incorporated at 5.35 and 6.85 MeV.

The arguments for assigning these states as 12 rather than
21 are twofold. First, strong direct ground-state branch
were observed for these states, which is more consistent
a dipole character. Second, as was discussed in Sec.
shell-model calculations for20O predict that theB(E2)
strengths for the 22,3,4

1 states will be reduced~especially for
the highest 24

1 state! as compared to18O, whereas the oppo
site is true for the predicted 12 states. Following the inclu-
sion of these two 12 levels,E1 strength is shown to be th
dominant contribution to the overallg-ray spectrum, as evi
denced by the individual components in Fig. 8~b!.

Table VII lists all the excitation parameters for the pr
liminary 20O simulation presented in Fig. 8. TheB(E1) tran-
sition strengths for the 5.35 and 6.85 MeV states were
justed to 0.0135e2 fm2 and 0.0110e2 fm2, respectively. As
can be verified with a comparison with Table III, the
strengths are significantly higher than the WBP shell-mo
calculations predict for 12 levels in this region. For example
the preliminaryB(E1) for the lower energy state at 5.3
MeV is factors of 6 and 8 larger than that for predicted 12

levels at 5.1 and 6.2 MeV, respectively.
Target excitations provide crucial evidence that t

B(E1) strengths for these 12 levels are in fact larger still.

TABLE VII. 20O and 208Pb level schemes utilized in the pro
duction of the simulated results presented in Figs. 8 and 9. In o
to fit the observedg-ray spectra, two previously unobserved 12

levels have been included. The state included at 5.00 MeV does
have confirmed spin and parity, rather it has been simply assig
as 32 for demonstrative purposes since theoretical calculations@36#
predict a 32 level at 5 MeV~see Table III!. The values in square
brackets indicate power of 10.

Incorporated level schemes Fig. 8 Fig. 9
Ex ~MeV! Jp B(El)↑ (e2 fm2l)

20O 1.67 21 2.80 @101# 3.00@101# a

4.07 21 9.00 @100# 3.00 @101#

5.00 32 1.60 @103# 1.60 @103#

5.23 21 7.00 @-04# 7.00 @-04#

5.35 12 1.35 @-02# 6.20 @-02#

6.85 12 1.10 @-02# 3.50 @-02#
208Pb 2.61 32 6.11 @105# 6.11 @105#

4.09 21 2.60@103# b 2.60@103# b

aIncreased within the known uncertainty@33#.
bReduced within the known uncertainty@34#.
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The preliminary simulation overproducesg-ray intensity be-
tween 2 and 3 MeV. As demonstrated by the different co
tributions presented in Fig. 8~b!, this is the region whereg
rays from the first-excited 21 state in the target and the 22

1

→21
1 decays in the projectile are the dominant contributio

The only way to improve the agreement between 2 an
MeV is to simultaneously increase theB(E1) values for the
12 projectile levels while decreasing their 22

1 decay branch-
ing, effectively reducing the relative intensity of the discre
ancy ~by boosting theg-ray intensities below and above!.

er

ot
ed

FIG. 9. Results of the final20O simulation~solid line! presented
against the experimentalg-ray spectrum~diamonds!. The error bars
included with the experimental data are purely statistical. T
agreement between 2 and 3 MeV has improved significantly.
individual components (E1, E2, E3, and target! that contribute to
the total simulatedg-ray spectrum are also included.

TABLE VIII. 20O branching scheme used for the simulated
sults presented in Fig. 9. Only the branching from the 22

1 state has
been previously established@21#.

Ei ~MeV! Jn,i
p Ef ~MeV! Jn, f

p Eg ~MeV! Branching ratio~%!

1.67 21
1 0.00 01

1 1.67 100
3.57a 41

1 1.67 21
1 1.90 100

4.07 22
1 1.67 21

1 2.40 74
0.00 01

1 4.07 26
4.46a 02

1 1.67 21
1 2.79 100

5.00 31
2 4.07 22

1 0.93 18
3.57 41

1 1.43 6
1.67 21

1 3.33 76
5.23 23

1 4.07 22
1 1.16 10

1.67 21
1 3.56 60

0.00 01
1 5.23 30

5.35 11
2 4.46 02

1 0.89 19
4.07 22

1 1.28 5
1.67 21

1 3.68 46
0.00 01

1 5.35 30
6.85 12

2 4.07 22
1 2.78 10

1.67 21
1 5.18 39

0.00 01
1 6.85 51

aKnown energy and spin-parity from Ref.@21#.
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TABLE IX. Summary of the extracted20O results compared with three sets of shell-model calculations. The values in square br
indicate powers of 10.

Expt. results WBPa WB10 b WB10 (p-sd gap reduction! c

Jp Ex ~MeV! B(E1)↑ d Jn
p Ex ~MeV! B(E1)↑ Jn

p Ex ~MeV! B(E1)↑ Jn
p Ex ~MeV! B(E1)↑

11
2 4.10 3.7@-04#

12 5.35~10! 6.2~16! @-02# 11
2 5.05 2.4@-03# 11

2 5.34 2.3@-03# 12
2 5.47 2.5@-03#

12
2 6.16 1.7@-03# 12

2 6.55 1.7@-03# 13
2 6.06 8.9@-03#

12 6.85~5! 3.5~9! @-02# 13
2 7.24 1.4@-03# 13

2 7.20 7.6@-03# 14
2 6.75 1.4@-02#

14
2 7.74 4.1@-02# 14

2 7.89 1.8@-02# 15
2 7.45 2.4@-02#

EWS@Expt.#: 0.57~11! e EWS@11
2→13

2#: 0.033 EWS@11
2→13

2#: 0.078 EWS@12
2→14

2#: 0.16

aReferences@38,36#. d @B(E1)#5e2fm2.
bReferences@38,50#. e @EWS#5e2fm2 MeV.
cReferences@1,38,50#.
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Figure 9 presents the final fit to the experimental resu
The parametersTh

Ave andEBlkr were adjusted to 1.0 and 1.
MeV, respectively.~Again, the normalization region is 4.5 t
8 MeV.! The excitation parameters for this final comparis
are also included in Table VII. TheB(E1) strengths for the
12 states have been increased substantially. For example
5.35 MeV state is found to have aB(E1)↑ strength of
.0.062e2 fm2, which is a factor of 26 and 36 larger than th
predicted WBP states at 5.1 and 6.2 MeV, respectively~com-
pare with Table III!. Meanwhile, theB(E1)↑ strength of the
higher energy 12 state is.0.035e2 fm2, which is 20 and 25
times larger than the transition strengths for the closest
dicted WBP levels at 6.2 and 7.2 MeV, respectively.

The detailed20O g-decay branching ratios which wer
incorporated into the final20O simulation are given in Table
VIII. As previously indicated, only the branching ratios fo
the 22

1 state are known@21#. The branching probabilities
used for the incorporated 02

1 , 31
2 , and 23

1 states were taken
from 18,20O systematics. These levels do not play an imp
tant role in the strength distribution, so that it is not possi
to extract any quantitative information for these states. T
estimated uncertainty in the branching ratios for the2

states is620. This estimate was taken from comparisons
the 12 branching used for the final fit and for the prelimina
20O simulations.

A reasonable estimate for the extracted transit
strengths for the new 12 levels at 5.35 and 6.85 MeV coul
be deduced. Ax2 analysis was performed that involved sca
ing the inputB(E1) values for these states together wh
keeping their decay branching ratios fixed. Similar agr
ment between the20O simulation and the experimental resu
was obtained up to a transition probability scaling of625%.
Hence, we extract transition strengths of 0.062(16)e2 fm2

and 0.035(9)e2 fm2 for the states at 5.35 and 6.85 Me
respectively.

IV. DISCUSSION

Table IX summarizes the present results for compari
with three sets of shell-model calculations for discrete2

states in20O. The WBP calculations included are identic
with those presented in Table III, while the two remaini
sets of calculations are the result of employing the comp
06430
s.

the

e-

-
e
e

f

n

-

n

l

-

mentary 0s0p-1s0d-1p0 f -WB10 ~or WBT! residual inter-
action @38#. As indicated, the second set of WB10 calcu
tions has incorporated a 1.31-MeVp-sd shell-gap reduction
@1,50#.

While the 5.35~10! MeV state can likely be associate
with a specific calculated state, it is not possible to uniqu
assign the 6.85~5! MeV state with one calculated level. How
ever, the estimated energy uncertainty of the calculation
approximately 500 keV and all sets of theoretical calcu
tions agree with the data within this uncertainty. Hence,
comparison of the extracted transition strengths with theo
an energy-weighted sum~EWS! has been computed for th
three levels that are within 500 keV of the 5.35 and 6.
MeV experimental states.

As mentioned in Sec. III C, the transition strengths of t
observed 12 states were necessarily increased above
WBP calculated values which provided the initial guidanc
The sensitivity of the discrete 12 levels to the parametriza
tion of the residual interaction used in the shell-model cal
lations is demonstrated by the EWS increase comparing
WBP result versus that for the unmodified set of WB10 c
culations. The incorporation of ap-sd shell-gap reduction
into the WB10 calculations results in a gain in EWS streng
The fact that these calculations agree better with experim
likely reveals weaker valence-neutron binding as the mec
nism for low-lying dipole strength.

The main difference between the18O and20O g-ray spec-
tra is the marked onset ofE1 strength in20O. A comparison
of the transition strengths in Table I with those incorpora
into the 20O simulation ~Table VII! reveals that whileE2
strength is slightly suppressed in20O relative to 18O, the
newly observed 12 states dominate not only the regio
above 5 MeV but nearly the entire20O spectrum. It is also
interesting to compare the present Coulomb excitation d
with the in-beamg spectrum of20O following the fragmen-
tation of 36S at GANIL @23#. Figure 10 shows the BaF2
g-ray spectrum superimposed with the present data.
though the resolution is not as good in the in-beam ca
similarities between the two datasets are apparent. A st
ture near 5 MeV agrees well with our identified 12 state at
5.35 MeV. However, since the fragmentation reaction is
highly selective with respect to the spin parity of the pop
9-12
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lated levels, this enhancement may also result from exc
tion of the known 21 states at 5.23 and 5.3 MeV@21#. In
addition, the low-energy portion of the broad peak they o
served near 3.7 MeV is likely due to the decay of the
aforementioned states through the first-excited state.

The shell-model calculations in Table IX provide also
bridge between the current results and those following
virtual photon absorption experiment at GSI@19#. The sharp
feature observed in their measured20O strength function just
above the neutron removal threshold likely can be associ
with the calculated 12 state that appears in all cases betwe
7.5 and 7.9 MeV.

Finally, we shall close the discussion with a comparis
of the present results, in terms of summed transition stren
~in Weisskopf units, W.u.! with some of the nuclei discusse
in Sec. I as PDR candidates~see Table X!. While the energy
region included in these sums is not necessarily consiste
is apparent that all PDR-candidate nuclei have a to
discrete-regionB(E1) strength of the order of 1021 W.u.
20O exhibits a similarly large summedB(E1) strength~via
the two new states at 5.35 and 6.85 MeV!, while this sum for
18O discrete dipole states is significantly lower.

While shell-model calculations give us some insight in
the configuration of the wave functions for these20O 12

levels ~see Table IV!, the underlying cause for this streng
remains unclear. Specifically, whether it can be attributed
a collective excitation of the skin, or rather, results fro
incoherent single-particle excitations is still an open qu
tion. Future experiments extending these studies further

FIG. 10. Comparison of the present20O results with a BaF2
g-ray spectrum reported following a recent in-beamg-ray spectros-
copy study@23#. Although similar structures are observed in t
in-beam experiment, they may instead result from the populatio
the known 21 states at 5.23 and 5.30 MeV.
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wards the neutron drip line are clearly necessary.

V. CONCLUDING REMARKS

In conclusion, we populated excited states in18O and 20O
by intermediate energy Coulomb excitation. Two new 12

states in20O were observed at 5.35~10! and 6.85~5! MeV in
excitation energy. Their dipole character was established
shell-model predictions for states in this region and by
observation of strong direct ground-state decay branc
among transitions from these levels.B(E1) information has
been extracted from comparison of the experimental res
with those generated using a Monte Carlo simulation. T
extracted transition strengths ofB(E1)↑(5.35 MeV)
.0.062(16)e2fm2 and B(E1)↑(6.85 MeV).0.035(9)e2

fm2 are significantly larger than predicted by the shell-mo
calculations, though their summed value is consistent w
that for other nuclei that may exhibit the Pygmy dipole res
nance. The agreement between the shell-model calculat
and experiment can be improved by reducing the energy
between thep and sd shells. This fact may demonstrate
simple mechanism for low-lying dipole strength in exot
nuclei. Still, within the context of collectivity, the underlyin
structure of the observed 12 states needs to be clarified.
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TABLE X. SummedB(E1) strength for18O, 20O, and heavier
nuclei which are candidates for the presence of the PDR. The va
in square brackets indicate powers of 10.

Nuclide SB(E1)↑ ~W.u.!
Energy region
for sum ~MeV! Ref.

18O 6.35~86! @-3# 6.0–8.0 Present work,@29#
20O 2.0~5! @-1# 5.0–7.0 Present work
48Ca 6.54~48! @-2# 5.0–10.0 @7#
116Sn 1.33~16! @-1# a 5.0–8.0 @8#
124Sn 2.15~27! @-1# a 5.0–8.0 @8#
138Ba 1.55@-1# a,b 4.0–6.5 @10#
208Pb 4.17~34! @-1# 4.5–7.0 @11#

aSum assumes unconfirmed parity of some levels is negative.
bExplicit sum not provided in reference.
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