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Abstract

Two 1− levels at 5.35(10) and 6.85(5) MeV were observed for the first time in20O. The strong direct excitation and
subsequentγ -ray decay of these states in virtual photon scattering at 100 MeV/nucleon, along withB(Eλ) predictions for
20O states 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, respectively, are significantly larger than shell model calculations predict.
Such large dipole strengths are not observed for low-lying 1− states in18O, indicating a shift of dipole strength towards lower
energies as one approaches the neutron drip-line. 2002 Elsevier Science B.V. All rights reserved.
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The changes associated with increasing proton–
neutron asymmetry give rise to changes in the underly-
ing shell structure for neutron-rich nuclei. For exam-
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ple, a significant amount of Giant Dipole Resonance
(GDR) strength is predicted to shift to lower-lying di-
pole (E1) excitations due to the existence of a valence-
neutron skin. The low-energy (particle-bound) part of
the E1 strength distribution can then be explained as
a collective vibration of the skin versus the residual
nuclear core. This Pygmy resonance [1] has been ob-
served in several heavier nuclei [2]. Similarly, in very
light nuclei the existence of neutron halos [3] should
lead to low lying E1 strength sometimes called thesoft
dipole resonance. Pronounced low-energy E1 transi-
tion strength has been found in several neutron-rich
light nuclei [3].
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Being closed-shell nuclei, the oxygen isotopes
are of particular interest. For example, a relativis-
tic Coulomb excitation experiment was performed re-
cently at GSI to study the E1 strength function of the
20,22,24O isotopes above the neutron binding threshold
[4]. Low-lying discrete states in20O have been probed
mainly via transfer reactions with stable beams [5].
More recently, fragmentation and radioactive-beam
studies have investigated the structure of20O and22O
by exciting the 2+1 and 3−1 states [6–8]. However, no
bound 1− states, to date, have been identified in20O.

In this Letter we report on an intermediate-energy
Coulomb excitation experiment to investigate the dis-
crete 1− level structure of neutron-rich20O and deter-
mine the transition strengths of observed states. The
motivation for such a study was to examine whether
20O exhibits the predicted behavior of shifted E1
strength favoring lower-lying excitations [9,10]. In or-
der to establish the viability of our set-up, we first per-
formed a measurement of virtual photon scattering on
stable18O.

The experiments were carried out at the National
Superconducting Cyclotron Laboratory (NSCL) at
Michigan State University. For the first study,18O,
having been accelerated in the K1200 superconducting
cyclotron to an energy of 100 MeV/nucleon, was
delivered directly to the target. For the radioactive
beam experiment, primary22Ne was accelerated in
the K1200 to an energy of 120 MeV/nucleon. This
beam impinged on a thick9Be production target.
Fragments produced via projectile fragmentation were
then analyzed with the A1200 fragment separator [11].
Using its combination of two magnetic bends along
with a wedge energy degrader and momentum slits,
this device was adjusted to select 100 MeV/nucleon
20O with a momentum spread (
p/p) of 0.5% and a
purity of ∼ 85%.

The 18,20O projectiles impinged on a 30 mg/cm2

enriched 208Pb target. Resulting reaction products
were analyzed using the S800 spectrograph which was
placed at 0◦ with respect to the beam axis. The avail-
able intensity of the18O beam (∼ 2.5 × 109 part./s)
was experimentally constrained given the capabilities
of the S800 focal plane detectors [12], which can count
up to∼ 104 reaction products per second. The20O in-
tensity was limited by the secondary-beam production
process to∼ 5 × 105 part./s. The S800 focal plane

detection arrangement allowed for unambiguous frag-
ment identification (in bothZ andA). The kinetic en-
ergies of identified18,20O fragments were calculated
from position and trajectory information at the focus
using the ion optics code COSY INFINITY [13]. S800
energy resolution of approximately 1 part in 7000
(1σ ) for both experiments was achieved carrying these
COSY reconstruction calculations to second order.

Gamma rays in coincidence with reaction frag-
ments were detected using the large ORNL-TAMU-
MSU BaF2 array (144 individual elements in this con-
figuration) which was positioned 45 cm downstream
from the target and tightly packed around the beam
pipe in a concentric arrangement. Theseγ -ray events
were identified using both flight time and pulse-shape
information [14,15]. Overall, the settings of the BaF2
array for both experiments were identical with the ex-
ception of an adjustment made to the BaF2 energy
thresholds—the thresholds were lowered for the case
of 20O because the background counting rate was re-
duced given the significantly lower secondary-beam
intensity.

To improve the photo-peak detection efficiency for
individual γ rays, the raw BaF2 data was processed
using a shower reconstruction routine which analyzed
the hit patterns and energy distributions for events with
multiplicity N > 1. The segmentation of the array
allowed for a determination of theγ -ray emission
angle with respect to the scattered projectile, which
facilitated a Doppler correction for individualγ -ray
energies. The average energy resolution (FWHM) of
the BaF2 detectors was∼ 8.2% at 4.44 MeV [15]
during the20O run.

Final event selection involved the application of si-
multaneous energy constraints on S800 and BaF2 in-
formation. Specifically, it was required that the pro-
jectile energy-loss be well-correlated with the total,
reconstructedγ -ray energy in the laboratory frame,
as shown in Fig. 1. The enhancement of events ap-
pearing along the diagonal (dashed line) results from
a concentration of events for which the detectedγ -
ray energy is equal to the projectile energy-loss. This
final energy constraint included events where the de-
excitation process proceeded through an intermedi-
ate state and one (or more) of the emittedγ rays
was not detected. The resultingγ -ray spectra for18O
and 20O are shown in Fig. 2. Pronounced peaks ob-
served at∼ 2 and∼ 1.7 MeV for 18O and20O, re-



54 E. Tryggestad et al. / Physics Letters B 541 (2002) 52–58

Fig. 1. 18O (a) and20O (b) energy-loss as measured at the S800
focus as a function of coincidentγ -ray energy. The indicated gate
selectsγ -ray decays back to the ground-state.

spectively, correspond to the known 2+
1 energies (1.98

and 1.67 MeV [5,16]), providing experimental veri-
fication of correct fragment identification and of the
Doppler correction process. The figure also shows the
featureless background spectra which results from ran-
dom coincidence between the scattered projectiles and
γ rays (or low-energy neutrons, which cannot be sup-
pressed by pulse-shape discrimination).

In order to analyze the data and extract quantita-
tive information about the population and decay of
the observed states, a Monte Carlo simulation was
developed. The simulation included the intermediate-
energy Coulomb excitation formalism of Alder and
Winther [17] for inelastic excitations in the projec-
tile as well as in the target. The simulations were lim-
ited to electric virtual excitations having multipolar-
ities λ = 1,2,3. Higher-multipole electric and mag-
netic excitations are significantly weaker and there-
fore were not considered. The angular acceptance for
scattered projectiles (∼ 1◦ in the lab-frame) was small

Fig. 2. 18O (a) and20O (b) promptγ -ray and background spectra
extracted via time-of-flight (T.O.F.) gating.

so that nuclear processes were negligible. Theγ -ray
analysis was performed by the detector simulation
code GEANT [18]. The energies of the simulatedγ
rays were folded with the experimental BaF2 resolu-
tion. Similarly, the known S800 resolution for measur-
ing the energies and trajectories of scattered projec-
tiles was incorporated. Hence, acceptance cuts similar
to those that were used to constrain the experimental
data could be placed on these simulated events.

Fig. 3 shows the final experimental18O γ -ray spec-
trum (diamonds) along with the results of the simula-
tion (solid line) on a logarithmic scale. The spectrum
is dominated at low energies by the excitation and de-
cay of the18O first-excited 2+ state at 1.98 MeV. The
broad peak at∼ 3 MeV is a convolution of primar-
ily two components, namely the decay remnant for
de-excitations of the 2+3 state which have proceeded
through the 2+1 level, and de-excitations from the 2+

1
configuration in208Pb at 4.09 MeV (the latter contri-



E. Tryggestad et al. / Physics Letters B 541 (2002) 52–58 55

Fig. 3. Final18O experimentalγ -ray spectrum (diamonds) shown
with the simulated equivalent (solid line). The normalization is
arbitrary. The error bars included with the experimental data are
purely statistical. The individual components which contribute to
the simulated strength function, namely projectile E1, E2, E3 and
target background, are also shown.

bution has been shifted to∼ 2.7 MeV following the
Doppler correction).

These assignments were deduced from the simula-
tion which is based on the known level schemes of
the projectile (18O) and target (208Pb) and which in-
cluded the energy, transition probability and theγ -ray
branching ratios for these states [16,19–22]. Overall,
the result from the simulation describes the experi-
mental data well, with the exception of the region be-
tween∼ 3 and 4.5 MeV, where it fails to account for
the full intensity in the measured spectrum. The in-
dividual contributions from target excitations and the
different multipolarities of the projectile excitations
are also shown in Fig. 3. The spectrum is clearly dom-
inated by projectile E2 excitations, while target contri-
butions cannot be neglected.

The experimental results are normalized arbitrarily
to the simulated data between 2.3 and 2.9 MeV. Due to
several experimental factors it was not possible to ex-
tract an absolute normalization. First, a beam-blocker
was used to stop elastically-scattered beam projectiles
before reaching the S800 focus. This blocker strongly
influenced the acceptance of the low-energy excita-
tions as a function of the projectile scattering angle
in a complicated way. Also affecting the sensitivity to
lower-energy excitations were the BaF2 threshold set-
tings. Variations in the fast-light output [23] of individ-

Fig. 4. Same as Fig. 3 for20O.

ual BaF2 detectors (the component used for logic trig-
gering) resulted in different threshold settings which
further influenced the relative sensitivity for lower-
energyγ -rays [15].

The final 20O γ -ray spectrum is shown in Fig. 4
on a logarithmic scale (diamonds). Again, a dominant
feature is the excitation and decay of the 2+

1 state
in the projectile at 1.67 MeV. No levels are strongly
populated in the region between 2 and 5 MeV. Notice,
at higher energies, approaching the neutron binding
energy (7.608 MeV), two peaks are clearly visible at
approximately 5.2 and 6.6 MeV. These are the same
structures which appear as the two highest-energy
enhancements along the diagonal in Fig. 1(b), which
indicates that these excited20O configurations have
strong direct ground-state decay branches.

Aside from the energies and limited spin-parity
information, the only known experimental quantities
are theB(E2) value of the first-excited state and the
branching ratio of the second-excited 2+ level [5]. For
the other quantities necessary to fit theγ -ray spec-
trum, the simulation relied on theoretical predictions.
Table 1 summarizes the results of shell model cal-
culations with different interactions. The lowest-lying
positive (J = 2) and negative-parity (J = 1,3) levels
were calculated using the 1s0d-USD [24] and the 0s–
0p–1s0d–1p0f -WBP [25] interaction, respectively.
With regard to low-lying 1− states, calculations which
employ the 0s–0p–1s0d–1p0f -WBT residual inter-
action [25] yield a similar result.

Fig. 4 shows the result from the20O simulation
(solid line) with the normalized experimental data.
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Table 1
Left panel: The pertinent20O theoretical level structure as described in the text. Right panel: The20O level scheme extracted from the fit to the
experimental results presented in Fig. 4

20O theory (USD/WBP) Used for20O simulation
Ex (MeV) Jπ

n B(Eλ)↑a Ex (MeV) Jπ B(Eλ)↑a

2.0 2+1 2.9E+01 1.67b 2+ 3.0E+01c

4.2 2+2 7.8E+00 4.07b 2+ 3.0E+01

5.0 3−1 1.6E+03 5.00d 3− 1.6E+03

5.3 2+3 7.0E–04 5.23b 2+ 7.0E–04

5.1 1−1 2.4E–03 5.35(10) 1− 6.2(16)E–02

5.5 3−2 7.0E+02

6.2 1−2 1.7E–03

7.2 1−3 1.4E–03 6.85(5) 1− 3.5(9)E–02

7.7 1−4 4.1E–02

8.0 2+4 6.6E–01

a [B(Eλ)] = e2 fm2λ.
b Known energy and spin-parity from Ref. [5].
c Known transition probability is 28(2)e2 fm4 [21].
d Known energy from Ref. [5], assumed to be a 3− state.

For the reasons mentioned earlier for the18O data
an absolute normalization was not possible and the
data were normalized in the region between 4.5 and
8.0 MeV. The detailed composition of theγ -ray
spectrum in terms of different multipolarities as well
as the contribution from the target is also shown in
Fig. 4.

All of the excitation parameters for this fit are listed
in the right panel of Table 1. Most significant is the
fact that E1 excitations dominate the strength func-
tion. This is especially true above 3 MeV. The two
aforementioned peaks at∼ 5.2 MeV and∼ 6.6 MeV
are identified as resulting from theγ -decay of two
previously unobserved 1− levels having energies of
5.35(10) and 6.85(5) MeV. In order to produce the ob-
served agreement in the region between approximately
2 and 3 MeV, where the well-known target contribu-
tions are important, it was necessary to increase the
B(E1) strengths for these two 1− levels significantly
above shell model predictions for the low-lying 1−
configurations.

In addition to the excitation it is necessary to
determine the branching ratios for the decay of the
populated states. As previously indicated, only the
branching ratios for the decay of the 2+

2 state are
known [5]. The branching probabilities used for the
3−

1 and 2+3 states were taken from the complimentary

levels in 18O. Given the fact that these states do not
play an important role in the strength distribution, it
is not possible to extract any quantitative information
for these states. The known 0+

2 level at 4.46 MeV
[5] which is fed by the decay of the 5.35 1− state,
was assumed to decay to the ground state with 100%
probability. Theγ -decay branching ratios of the newly
observed high-lying 1− states which were extracted
from the fit to the data presented in Fig. 4 are given
in Table 2. Because of the large number of free
parameters in this analysis, the estimated uncertainty
of the branching ratios for the 1− states is∼ 20%.

As mentioned above, the transition strength of
the E1 states had to be increased significantly com-
pared to the shell model calculations. The 5.35 MeV
state is found to have aB(E1)↑ strength of
� 0.062(16) e2 fm2, which is a factor of 26 and 36
larger than the predicted WBP states at 5.1 and
6.2 MeV, respectively. Likewise, theB(E1)↑ strength
of the second new state is� 0.035(9) e2 fm2, which
is 20 and 25 times larger than the transition strengths
for the closest predicted WBP states at 6.2 MeV
and 7.2 MeV, respectively. Note, however, that the
B(E1)↑ for this higher-energy 1− level agrees with the
strength of the predicted state at 7.7 MeV (B(E1)↑ =
0.041e2 fm2). The uncertainties were estimated from
aχ2 analysis by scaling the inputB(E1) values for the
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Table 2
Extracted decay branching of the two new20O 1− states from the simulation presented in Fig. 4. The uncertainty in each decay branch is
∼ 20%

Ei (MeV) Jπ
n,i

Ef (MeV) Jπ
n,f

Eγ (MeV) Br (%)

5.35 1−1 4.46a 0+
2 0.89 19

4.07 2+2 1.28 5

1.67 2+1 3.68 46

0.00 0+1 5.35 30

6.85 1−2 4.07 2+2 2.78 10

1.67 2+1 5.18 39

0.00 0+1 6.85 51

a Known energy and spin-parity from Ref. [5].

Fig. 5. A comparison of theB(E2) (a) andB(E1) (b) transition
strength for18O and20O.

5.35 and 6.85 MeV states together while keeping the
input branching ratios fixed.

The magnitude of the discrepancy between the-
ory and the current results can be decreased if the
p–sd shell-gap used in the calculations is reduced,
which potentially reveals a manifestation of weaker
neutron binding. Indeed, 0s–0p–1s0d–1p0f -WBT
shell model calculations [9] which have incorporated
a 1.31 MeV reduction in the magnitude ofp–sd shell-
gap yield, for example,B(E1)↑ probabilities of 0.014
and 0.024e2 fm2 for predicted 1− states at 6.8 and
7.5 MeV [26].

It is interesting to compare the shapes of the20O
and the18O spectrum. The E2 transition strength is
similar for both nuclei as demonstrated in Fig. 5,
which compares theB(E2) (a) andB(E1) (b) strengths
extracted from the18O and20O simulations. The main
difference is the high lying E1 states in20O, which are
not present in18O. These states dominate not only the
region above 5 MeV but the whole spectrum because
of the decay branching to lower lying states.

The present data are complementary to the recent
GDR measurements above the particle threshold [4].
In addition to the GDR these total photoneutron cross
section results show a narrow peak near 7.8 MeV. It
can be speculated that this state corresponds to the
calculated 1− state at 7.7 MeV, while the two 1− states
observed in the present experiment correspond to the
6.2 and 7.2 MeV states (given in Table 1).

It is also interesting to note that the in-beamγ -
spectrum of20O following the fragmentation of36S
shows similar features as the present Coulomb excita-
tion experiment. The BaF2 γ -ray spectrum reported in
Ref. [8] reveals a structure near 5 MeV which agrees
well with our identified 1− state at 5.35 MeV. How-
ever, since the fragmentation reaction is not strongly
selective with respect to the multipolarity of the states
this bump may also result from excitation of the known
2+

3 at 5.23 MeV. In addition, the low-energy portion
of the broad peak observed at∼ 3.7 MeV is likely
the remnant for decays from this aforementioned state
above 5 MeV through the first-excited state. The high-
energy portion of this broad (3.7 MeV) peak and the
shoulder at∼ 2.4 MeV could be due to contributions
resulting from the decay of the 2+

2 at 4.07 MeV.
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In conclusion, we populated excited states in20O
by intermediate energy Coulomb excitation. Two new
1− states were observed at 5.35(10) and 6.85(5) MeV.
The observation of decays from these strongly-popula-
ted 1− excitations between 5 and 7 MeV, which is
not an important feature of the18O excitation func-
tion, is evidence for a significant shift of dipole
strength towards lower excitation energies. The ex-
tracted transition strengths ofB(E1)↑(5.35 MeV) �
0.062(16) e2 fm2 and B(E1)↑(6.85 MeV) �
0.035(9) e2 fm2 are significantly larger than the shell
model calculations predict. However, better agreement
with theory is obtained if the energy gap between the
p and sd shells is reduced. This fact may reveal the
physical mechanism for the emergence of low-lying
dipole strength with increasing neutron excess.
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