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Low-lying E1 strength in 2°0

E. Tryggestad, T. Baumann, P. Heckman, and M. Thoennessen
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
and Michigan State University, Department of Physics and Astronomy, East Lansing, Michigan 48824, USA

T. Aumann! D. Bazin, and Y. Blumenfeld
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA

J. R. Beene, T. A. Lewis, D. C. Radford, D. Shapira, and R. L. Varner
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

M. ChartieP
National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824, USA
and Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

M. L. Halbert
University of Tennessee, Department of Physics and Astronomy, Knoxville, Tennessee 37996, USA

J. F. Liang
Oak Ridge Associated Universities, Oak Ridge, Tennessee 37831, USA
(Received 27 February 2003; published 23 June 2003

Intermediate energy Coulomb excitation at 100 MeV/nucleon was used to probe the low-lying level structure
of both *¥0 and ?°0 in the region between 1 and 8 MeV. Discrete 4tates with energies of 5.G8) and
6.855) MeV were observed if’°0. The strong direct excitation and subsequemay decay of these states,
along with B(EX) predictions for'®2®0 levels in this energy region, established their dipole character. The
extractedB(E1)7 values of 0.062(16Y fm? and 0.035(9¢2 fm? 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 summél1)] value for these levelgin
Weisskopf unitgis consistent with that for other nuclei that have been discussed recently in the literature as
potential Pygmy dipole resonance hosts.
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[. INTRODUCTION IVGDR excitation(or strength function for lighter systems
tends to display multiple peaks, which is the signature of the
Collective modes are nuclear excitations that can be deindividual nucleon(or single-particlg structure. Such effects
scribed within the context of cooperative motion of the indi- are indicative of the breakdown of the simple macroscopic
vidual nucleons. They are important probes of nuclear strucdescription of the giant resonance.
ture. The isovector giant dipole resonand®GDR) is The recent availability of radioactive beams has offered
arguably the most accessible of the collective modes, anthe possibility to explore exotic nuclei that are proton-
therefore has been studied rather extensively in the stableeutron asymmetric. Indeed, the different shell structure in
nuclei. In heavy, spherical nuclei, the average excitation enthese nuclei affects the dynamics of collective excitations.
ergy of this single-peaked resonandée;pr, varies rather For example, moving towards neutron instability the excita-
smoothly with the number of nucleortas A~ ). In lighter  tion function for the IVGDR mode is expected to fragment
nuclei,A<50, the IVGDR energies are seen to deviate fromsubstantially, giving rise to a strength increase at lower exci-
this simple relation, favoring lower values. Additionally, the tation energiege.g., Refs[1,2]).
Over the last decade, significant experimental and theoret-
ical effort has been dedicated to the question of the nature of
*Present address: Institut de Physique Naicke IN,P;-CNRS,  low-lying E1 strength in neutron-rich nuclei: in particular,
91406 Orsay Cedex, France. Email address: tryggest@ipno.in2p3¥hether or not these dipole excitations can be attributed to
TPresent address: Gesellschaft 8chwerionenforschung, Planck- collectivity. In the lightest of neutron-rich nuclei, the so-

strasse 1, 64291 Darmstadt, Germany called halo systems such &8He, Li, and *'Be, enhance-
tpresent address: Institut de Physique Naicke IN,P;-CNRS,  ments in the dipole strength functions have been observed
91406 Orsay Cedex, France. (e.g., see Refd.3—6]). For example, in''Be the summed

Spresent address: University of Liverpool, Department of PhysicsB(E1) strength between 0 and 4.5 MeV of excitation energy
Oliver Lodge Laboratory, Oxford Street, Liverpool L69 7ZE, is 4.009) W.u.[6]. Indeed, comparison of this value with that
United Kingdom. for typical discrete states in stable nuclei of £0WV.u. re-
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veals this enhancement to be quite extraordinary. The shapghose that are better suited for application to this important
of the observedE1l excitation functions in these halo question.

nuclei—specifically the systematic appearance of a broad

peak at an excitation energy of approximately 1 M@\ar A. Motivation

the breakup threshold-seemed to suggest a collective soft  The heavier oxygen isotopes, pictured as a doubly magic
dipole resonance, wherein the halo neutrons oscillate out 0f6y ¢ore surrounded by a valence neutron skin, are ideal
phase with the residual nuclear core, might be the mechaandidates for such an evolutionary PDR study. Indeed, in-
nism. dications of a trend for increasing low-energy dipole strength

The analogous collective scenario in heavier neutron-riclwith mass can be observed in the dipole excitation functions
nuclei—the Pygmy dipole resonan@DR)—is proposed as (above thresholdfor the stable oxygen isotopgs7,1§. One
an oscillation of the neutrons comprising the neutron skinwould like to extend this comparison towards the neutron
(valence neutronsagainst the remaining, tightly-bound core. drip line, focusing on the more interesting short-lived iso-
Because this resonance relies on the existence of the neutrt®pes. The LAND(Large Area Neutron Detecto€ollabora-
skin, its evolution with neutron excess for a given isotopiction at GSI was able to elucidate the GDR strength functions
chain is expected to be rather smooth. Low-lying dipoleof the oxygen isotopes’~?°0 by measuring the photo-
strength observed near or below the neutron separatiofeutron cross sections. Their results were generally consis-
threshold in stable nuclei such 4%Ca, 116125 1381434  tent with the theoretical prediction regarding the shifting of
140Ce  and 204206.20ph has been discussed in this contextdipole strength to lower energi€s9]. However, the extent to
[7-11]. which collectivity plays a role at low energies remains to be

demonstrated.

Measurement oE1 strength in radioactive nuclei gener-
ally relies on Coulomb excitation of a short-lived projectile.
The excitation of bound states can then be studied via the
subsequent decays. Above the particle threshold, the best

f . th th al its. | technique involves detection of the evaporated particles. This
or comparison wi € experimental results, In SOMe Cas€x, o qq, utilized by the LAND Collaboration, is also referred

cqnﬂicting int(_arpretatior_ls have _been_offered as to the undeky 4< virtual photon absorption. In principle, it is also pos-
lying mechanism for this low-lying dipole strength. For ex- gjpje to detect they-ray decay above the particle thresholds,
%nple, the r_nag”'ti'gf%’f low-lying1 strength observed in  {hoygh the y-ray emission probability is significantly re-
Ca following a "™*Ca nuclear resonance fluorescencey,ceq compared to the neutron evaporation. Hence, for
study at the S-DALINAC facility[7] is in good agreement  GpR.region studies such an approach demands compara-
with phonon damping modéPDM) calculations; within this ey higher radioactive beam intensities and/or energies.
framework the associated states are derived from noncollegyeyertheless, this virtual photon scattering method has been
tive p-h excitations that gain strength _from the GOBee, applied successfully in a measurement of thBe E1
e.g., Ref[16]). Yet, The PDM overpredicts the strength ob- strength function between 9 and 25 MéaboveS,,) [20].
served in“°Ca. A collective skin resonance predicted within Low-lying discrete states iR%0 have been probed mainly
the DFT for “Ca[14] agrees well with experiment as far as yiq transfer reactions with stable beaf@4]. More recently,
the energy of the resonance is concerned, but overpredictgginactive-beam studies have investigated the structure of
the observed strength for the concentration of dipole states2on by exciting the 2, and 3 states[22,23 and 20 by
Also noteworthy for this discussion are the results fromexCiting the 2 state ['%4] However. no ,bound 1 states
an S-DALINAC study of the *420%2%b isotopes[11], have been identified ir?ob. The présent study used Cou-

which revealed two clusters ol strength at~5 and lomb excitation of a radioactive beam to search ot

~6 MeV in each isotope. QPM calculations do relorOducestrength in?%0. To facilitate a straightforward comparison of
well, for example, the trend regarding increasing fragmenta:

tion of dipole strength going from®Pb to 29Pb (which is our result with a known case, we also performed a measure-

. 8 . . .
attributable to the opening of the neutron shelowever, ”?e”t W'th stabk_el 0. In the rgmamder of this paper we will
. __discuss, in detail, the analysis leading to the results extracted

. 2% om our measurements. We would like to note that a sum-
overpredicted. The strength for these clusters of Iow—Iylngmary of this work can also be found in R&R5]

states in the QPM is dominated by constructive interference
of the one- and two-phonon configuratig@as a similar com- . o
parison forll6.125n 13885 and4Ce reveal$8—10). This B. Review of Coulomb excitation
effect cannot be ascribed to collectivity in any obvious way. Coulomb excitation is a well-understood process that oc-
For the case of%Pb, a set of RPA calculations that predict curs as a result of electromagnetic interactions of a projectile
two coherentp-h resonances near 9 MeM5] are perhaps (Z,) with a target Zg). One of the participating nuclei is
contrary to the QPM results. excited as it passes through the electromagnetic field of the
It is rather apparent that there exists a significant need foother. The process can be described as the absorption of a
experimental data, especially for more complete evolutionaryirtual photon by either the target or the projectile. Because
studies along isotopic chains. Such systematic informatioim pure Coulomb excitation the participating nuclei stay out-
will better constrain theoretical models, perhaps revealingide the range of the nuclear strong force, the excitation cross

Given the wealth of theoretical models, ranging from
macroscopic(e.g., the three fluid model of nuclg¢i2]) to
microscopic (e.g., the quasiparticle-phonon model—QPM
[8,13], the density functional theory—DF4], or the ran-
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TABLE I. Relevant low-lying level structure o0 with known
B(w\) information[28—30. For all of these states theray decay
branching ratios are knowfB1]. The values in square brackets
indicate powers of 10.

(e,e’) scattering on*®0

E, (MeV) Jr B(m\)1 (&2 fm?\)

1.98 2+ 4.4813) [+01] 2
3.92 25 2.2210)[+01] 2
4.46 1; <41[-06]°
5.10 3; 1.30139) [+03]°
5.26 24 2.8315) [+01] 2
5.53 27 <1.9[-03]¢
6.20 1, 2.1936) [-03] P
6.35 2, <2.0[-03] ¢
6.40 3, 4.009) [+01]°
7.62 1 6.1(13) [-04] °
7.77 25 9.0(32) [-02] ©

3Referencd 28].

bReferencd 29].

‘Referencd 30].
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It should be noted that the derivation of Edj) involves a
semiclassical approach. Herein, the trajectory of the projec-
tile is treated classically, assuming a Rutherford scattering
distribution, while the interaction that causes the nuclear
transition in the projectile or target is found using first-order
perturbation theory, i.e.,

do

dO’_(
d0 " laa 3

i—fy

) Ruth

where the probabilityP;_,; is given by the square of ampli-
tude of the nuclear excitation process,.:

ac= | (viroIeEr e @

The explicit form of the potentiaV[r(t)], of course, de-
pends on whether the excitations are electric or magnetic.

C. Low-lying level structure of 0 and 2°0

section can be expressed in terms of the same multipole ma- Table | shows the pertinent level structure 80, incor-

trix elements that characterize excited-stateay decay, or
the reduced transition probabilitieB(7\;l;—1¢). Hence,

porating all states below the neutron separation enefy (
=8.044 MeV) which are accessible by Coulomb excitation.

Coulomb excitation amplitudes are strongly coupled withGiven this level scheme thé®O analysis considere&1,

valuable nuclear structure information.

E2, E3, andM2 virtual excitations. Substitution of the dif-

This fact becomes evident upon closer examination of exferential cross section functions into the expressions pre-
pressions for the differential Coulomb cross section for asented abovgEq. (1)] leads to

projectile nucleus that has been taken from sfBtdo state
|f) following the absorption of a virtual photote.g., Ref.
[26)):

do—E}\ ZBe 2 ~ON+2 . de}\(ﬁvg)
o _(ﬁv a T UBENMI=I)— 4
do Zge\? dfun(9,€)
10 =\ 5| @2 TBMNL =) g (@

where a is half the distance of closest approachjs the
adiabaticity parametey, is the incoming velocity of the pro-
jectile, and® is the scattering angle of the projectile in the
center of massdf_, /dQ are the differential cross section
functions that are defined in Ref26,27]. The reduced tran-
sition probability itself is proportional to the multipole ma-
trix element. Specifically,

B(w\;li—1f)= MmO ). 2

L
2|i+1|<

doea(9.6) _1<Zsa)zB(E1;|i_>|f)
e wLe sin“(g)

X[12_1(9,6)+13(9,6)]1,

dogy(9,6) = (ZBa)ZB(EZ;li—ﬂf)
dQo 25| B a)
2

{13_5(0,6)+13(9,6)}

a’sin’

X

3
8

=

+

i |§o(13‘,§)},

does(9,6) _ (Zsa>zB(E3;|H|f)

This matrix element depends directly on the overlap of the
wave functions of the involved statel;) and |I;), and,
therefore can be thought of as a gauge for collectivity in the
nuclear transition, i.e, Coulomb excitation tends to probe col-
lective features in nuclei such as rotation, vibration, or de-
formation.
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9 TABLE II. The result of total Coulomb excitation cross section
B(M2;Ii—>lf)cotz<—) calculations for excitations to low-lying1, 2*, 37, and 2~ states
dowa(9,€) =2 (Zga)? 2 in %0 and 2°%Pb assuming an energy of 100 MeV/nucleon for
dQ 2578 o gl ¥ incident *¥0 projectiles and a center-of-mass angular acceptance of
a’sirf 2 20 mrad for scattered projectiles. The projecBler\) information

was taken from electron-scattering studj@8—30, while that for

2 2 the target was taken from Ref83,35. The values in square brack-
{I3-1(9,6) +153:(9, 8}, (5 ets indicate powers of 10.

“1132
where 8 is the incoming velocity of the projectile and Projectile (%O)
=e?/fic. Itis thus assumed g;zat thz(i reduced transition probJ; Ex (MeV) B(m\)1(e?fm?") o (ub)
ability is expressed in units @& fm<*. Thel, ,(3,¢) func- -
tions in Eq.(5) are defined in Refg26,27 as the Coulomb % g'gg ;‘1"9['%2] 4<3 ['011
excitation functions, where they can be found in complicated 2 ' 19-03] B0[+01]
integral form. The fact that the projectiles detected in this13+ /.62 6.1[-04] 5.2[+00]
study were limited to small forward angles, however, ensurest 1.98 4.48[+01] 2.27[+03]
that an approximate expression for the,(9,£) functions, 22+ 3.92 2.22(+01] 7.66[+02]
23 5.26 2.83[+01] 6.41[+02]
(D)0 e \O=D2 N4 41 37 5.10 1.301+03] 1.145[+01]
hu(08)=—"""|5; M= 3, 6.40 4.0[+01] 3.0[-01]
2] 5.53 <1.9[-03] <3.2[-03]
Xe WLy 2Ee), © 2 6.35 <2.0[-03] <2.3[-03]
is adequate. Th&V_ ,,, \,(2&¢e) quantities in Eq.(6) are 23 R T tg(ég;%z] 5:5[-02]
Whittaker functions, which are related to confluent hyper-_. arge )
geometric functionslJ(a,c;z) [32]. Specifically, 21_ 4.09 2.9[+03] 9.1[+02]
3 2.61 6.11[+05] 5.30(+01]

Win(x)=e ™ 2y(m—1+1/2,2m+1;x).  (7)

Making use of the above formalism, preliminary cross-that ~ combines  results  from s0d-USD  and
section calculations were performed to gain perspective redsOp—1s0d—1p0f-WBP shell model calculations for
garding the relative importance of the possible excitatiolowest-lying positive- {=2) and negative-parity J=1,3)
channels for'®0. The results of these calculations, presentedevels, respectively36—-38. Comparing theB(E2)] predic-
in Table II, clearly reveal that quadrupole strength will domi- tions for 2%0 with measured(E2)1 strengths for the low-
nate thel®O discrete-region excitation function. The analysislying 2" states in*®O (see Table), we expecta priori a
and interpretation of the results for these studies must also
incorporate the possibility for target excitation. Table Il also  TABLE lIl. Left panel: The current*°0 experimental level
states the results of calculations for the first-excitédahd ~ scheme forJ<4 states below the neutron binding enerd, (
3~ levels in the target which havB(E\)1 strengths of =7.608 MeV). They-ray decay branching is known only for the
2.9(3)x10%2fm* and 6.11(9X 10°%e2fm®, respectively 27 state at 4.07 MeV21]. Right panel: The pertinerf®O theoret-
[33,34]. [To convert the expressions of E) to relations ical level structure as calculated_by Bro\s6). Th_e positi\_/e parity
that are valid for target excitation, one needs only to eX_sta.tes have been.calculatled using tls@d-USD interaction[37],
changeZg for Z,.] The calculations suggest that excitation W€ the negative parity results have ‘made use of the

. n . . ; 0sOp—1s0d—1p0f-WBP interaction[38]. The values in square
of its 2; configuration, for example, will account for ap- b L

. 18~ 20 rackets indicate powers of 10.
proximately 20% of the total %0+ 2%%Pb quadrupole
strength, which is significant. _ 290 known level scheme 290 theory(USD/WBP)
_ Based1 on _the_Coqumb excitation cross section calcuIaEx Mev)  J7 B(EN)T2®  E,(MeV) J7 B(EA)] 2
tions for 180, it is indeed reasonable to assume that an analy-

sis that includes only electric virtual excitations, namely,  1.67 2" 2.82) [+01] 2.0 27 2.9[+01]
E2, andE3, will be adequate for thé0O study. The left 4.07 2" 4.2 27 7.8[+00]
panel of Table Il summarizes the pertinent status?%D 5.00 5.0 37 1.6[+03]
spectroscopy?1]. Aside from our knowledge of thB(E2)  5.23 2 5.1 1, 2.4[-03
for the 2" at 1.67 MeV and the branching from thé€ 2t 530 2 5.3 25 7.0[-04]
4.07 MeV, only the energiegand in most cases the spin 561 (3) 55 3, 7.0[+02]
parity) of observed?’0 levels have been established. Noticeg 55 ) 6.2 1, 1.7[-03]
that apart from the tentative 3assignment of the 5.61-MeV 72 1; 1.4[-03]
state, no experimental information regarding tH® nega- 77 1, 4.1[-07]
tive parity, discrete structure exists. 8.0 27  6.6[-01]

A theoretical analysis of the low-lying0 structure is
presented in the right panel of Table Ill. This is a summaryIB(E\)]=e? fm?*.
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TABLE IV. The structure of the calculated’0 1~ states in TABLE V. Coulomb excitation cross section calculations for the
Table III. The partition is given for those configurations that give a 2’0+ 2%Pb system assuming an energy of 100 MeV/nucleon for
contribution of at least 8% to the total wave function. incident 2°0 projectiles and a center-of-mass angular acceptance of

20 mrad for scattered projectiles. The theoretBBEN) are taken
Wave function from Table Ill. The values in square brackets indicate powers of 10.

E, (MeV) Configuration contribution (%)
-, B 1 Projectile £°0)
>1 (Op12) ~(0ds) (151, 27.48 R} EM (Mev)  B(EN™(e2fm?) o™ (ub)
(0py) ~1(0ds)y)® 10.71
(0p1yp) ~1(0ds)p) 3(0d30) (1519t 8.80 17 5.1 2.4[-03] 1.7[+02]
(0p1/2) ~1(0dsp)?(1s1,9)° 8.47 15 6.2 1.7[-03] 6.3[+01]
6.2 (Op1) 1(0ds)* (1510t 56.92 13 7.2 1.4[-03] 3.0[+01]
(0p3p) ~1(0ds) (1510t 10.46 1, 7.7 4.1[-02] 6.5[+02]
7.2 (0p1p) ~1(0ds) *(1s1)* 41.59 27 2.0 2.9[+01] 1.9[+03]
(0p12) ~1(0ds))3(18,/0)° 12.39 25 4.2 7.8[+00] 3.7[+02]
7.7 (Op1) " 1(0dg) (1510t 24.09 25 5.3 7.0[-04] 2.5[-02]
(0p1;) ~*(0ds)® 16.57 25 8.0 6.6[-01] 1.0[+01]
(0p3») ~*(0ds))® 8.45 3] 5.0 1.6[+03] 2.4[+01]
3; 5.5 7.0[+02] 1.0[+01]
Target £%%Pb)
27 4.09 2.9[+03] 1.3[+03]
marked relative suppression &2 strength in the radioactive 3, 261 6.11[+05] 8.49[+01]

beam study. This is a manifestation of the fact that the two
particle (2) (1s0d)? configurations in *¥0 are mixed

strongly with intruder 4-2h (0p) ~?(1s0d)* configuratggns The 182%0 projectiles impinged on a 30 mg/éranriched
(e.g., Ref.[39]), whereas ‘Ehe low-lying 2 states in*°0  (99.09% 2°%Pb target. Resulting reaction products were ana-
comprise mostly # (1s0d)” excitations(since the intruder |yzed using the S800 spectrographg., Ref.[41]) which
configurations are thought to exist at higher excitation energgg placed at 0° with respect to the beam axis. The available
gies [36]. Contrasting this is the trend that unfolds from aintensity of the %0 beam (approximately 2.5
comparison of the?®0 B(E1)| predictions with the mea- % 10? particles/s) was experimentally limited by the capa-
sured*®0 values for the lowest 1 states. A relative increase pjjities of the S800 focal plane detectof42], which can

in low-lying dipole strength in the neutron-riché?O is ex-  count up to(approximately 10* reaction products per sec-
pected. The structure of the calculated states in*®0 is  ond. The0 intensity from the secondary-beam process was
provided in Table IV, where the partitioning is shown for 55 1(° particles/s. The S800 focal plane detection arrange-
those conflguratlons that give a contribution of at least 8% tqnpent [42] allowed for unambiguous fragment identification
the total wave functiohi36]. (in both Z and A). The kinetic energies of identifietf20O

Table V' shows the results for the Coulomb excitationfragments were calculated from position and trajectory infor-
cross section calculations for tHéO+?*Pb system, based mation at the focus using the ion optics caziBsY INFINITY.

strates the predicged strong population of dtates in con-  for poth experiments was achieved carrying thessy re-
trast to the stablé®0 system(see Table I\ construction calculations to second order.

Decayy rays in coincidence with reaction fragments were
detected using the large ORNL-TAMU-MSU BaFarray
[43,44) (144 individual elements in the present configura-

The experiments were carried out at the National Supertion), which was positioned 45-cm downstream from the tar-
conducting Cyclotron LaboratofNSCL) at Michigan State get and tightly packed around the beam pipe in a concentric
University. For the first study!®O was accelerated in the arrangement. A depiction of the front face of the Baffray
K1200 superconducting cyclotron to an energy of 100 MeV/is shown in Fig. 1. They-ray events were identified using
nucleon and delivered directly to the target. For the radioachoth time of flight(TOF) and pulse-height constraints to sup-
tive beam experiment, a primary beam &iNe was first press the background consisting mostly of neutrons that were
accelerated in the K1200 to an energy of 120 MeV/nucleondetected in coincidence with an uncorrelated fragment. Ex-
This beam impinged on a thickBe production target. Frag- amples of this process are shown in Fig. 2 for a sample of
ments produced via projectile fragmentation were then anal®0-BaF, coincidence events. In Fig(&, a gate is placed
lyzed with the A1200 fragment separatptO]. Using its on a two-dimensiona(2D) histogram which displays cali-
combination of two magnetic bends along with a wedge-brated Bak energy for individual detector hits against the
shaped energy degrader and momentum slits, this device wéme of flight parameter. Specifically, this TOF parameter is a
adjusted to select 100 MeV/nucledfO with a momentum measure of the time between the cyclotron rf logic signal and
spread QAp/p) of £0.5% and a purity of approximately the logic pulse from an individual BaFletector. In this fig-
85%. ure the prompty rays appear as a pronounced vertical band.

II. EXPERIMENT AND DATA ANALYSIS

064309-5



E. TRYGGESTADet al.

87 cm
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85 cm
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w1
o

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

Projectile Energy-Loss (80 keV/ch.)

These events are superimposed with a periodic structure that
is a distinctive feature of the uncorrelated or random back-
ground. (The periodicity of this random background, of
course, mirrors that of the cyclotron)rf.

Figure 2b) demonstrates the pulse shape discrimination
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capability of Bak detectord45,46. Neutrons can be sepa-
rated fromvy rays for individual detector events &f8 MeV.
The settings of the BaFarray for both the'®0 and the

g |
wf & | ToF

uy
o
o
e

®
o

(o))
o

Slow Energy (160 keV/ch.)
S
o

N
o

400 500 600
T.0.F.(rr-arrayy (0.4 ns/ch.)

300 700

b) 180

= =
[e)) [ee] o N
o o o o

0

Fast QDC Channel
N
o

e P i b bl

100 150

50 200
Slow Energy (160 keV/ch)

FIG. 2. (a) BaF, energy vs TOF for'®0 coincidence events

150 200

0 50
Reconstructed Lab. y Energy (80 keV/ch.)

100

FIG. 3. Final event selection for tHdO (a) and 2°0 (b) studies.
An energy-correlation gate is placed on a 2D histogram of projectile
energy loss vs reconstructed, laboratory frameay energy.

200 study were identical with the exception of an adjustment
made to the Baj-energy thresholds—the thresholds were
lowered for the case i’ because the background counting
rate was reduced, given the significantly lower secondary-
beam intensity. More discussion pertaining to the threshold
settings will follow in Sec. Il A.

To improve the Bak photopeak detection efficiency for
individual photons,y-ray hits in individual Bak detectors,
having been identified by the prescribed method, were pro-
cessed event by event using a shower reconstruction routine
that analyzed the hit patterns and energy distributions for
multiplicity >1 events. The energy deposited simultaneously
into neighboring detectors was summed. The segmentation
of the array allowed for an approximate determination of the
y-ray emission angle with respect to the recoiled projectile,
which facilitated Doppler correction for individuakray en-
ergies. This correction was necessary given that the velocity
of the excited fragments was 0el8 the laboratory frame.

Final event selection for these experiments involved the
application of simultaneous energy constraints on S800 and
BaF, information. Specifically, it was required that projectile
energy loss be well correlated with total reconstructed, labo-
ratory frame,y-ray energy. Figure 3 shows data from both
reactions. Notice the enhancement of events appearing along
the diagonal(dashed ling which represents events where
projectile energy loss is completely recoveredyagy en-

showing the promp#-ray gate used to select the individual detector €rgy. This final energy constraint was inclusive of events
hits of interest(b) A fast vs slow 2D histogram generated from hits falling above and left of the diagonal, which resulted, for

in a particular detector with®O coincidence data. Above 8 MeV,
neutrons appear below rays.

example, from cascade decays whereby the projectile’s deex-
citation process proceeded through an intermediate state and
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1000 : ' ' ' ' ' Coulomb excitation formalism of Reff26], described in Sec.
a

Prompt T.O.F. I B, to incorporate the inelastic excitation processes which
occurred in both the projectile and the target. This treatment
was sufficient since inelastic nuclear processes were negli-
gible, given the small angular acceptance for these experi-
ments (-1° in the laboratory frame

Event by event, the inelastic excitation channel for the
projectile (or targej was chosen based on the total integrated
Coulomb excitation cross sectiar), for each of the possible
n stategwheren is inclusive of target excited stajeFhe o,
were calculated during the initialization sequence of the code
after specifying the maximum laboratory-frame angular cone
Prompt T.0.F. into which the projectiles could scatter. This cone was cho-
sen to be much larger than the experimental acceptdnyca
factor of >2). Having specified the excitation channel, the
center-of-mass scattering angle for the projedciile/as cho-
sen using the so-called Monte Carlo rejection method. This
required knowledge of the Coulomb excitation angular dis-
1 tributionsdo,,/d9 which were calculated from expressions
for the associated differential Coulomb excitation cross sec-
tion expressionslo,/dQ) [equivalent to those presented in

[
o
o

Counts/20 keV

Counts/20 keV

T Eq. (5)]
8 10 12 d d
Reconstructed, D.C. y Ener MeV [oa . o
! gy ) EZZWSInﬁd—Q. (8)
FIG. 4. Projection of both prompt and random TOF-gated events

included within the S800-BgFenergy-correlation gategshown in L . .
Fig. 3 onto the Doppler-corrected axis f6fO (a) and 2°0 (b). A The rejection method is as follows: two random numbers
subtraction yields the finay-ray spectra. are generated. The first represents the abscisga, which

falls somewhere in the domain,in=<X;an=Xmax, OVer
which the probability function being generatd{(x) [in this
case, the differential cross section given above in(Bd, is
defined. The second random numbgy, takes on values
between 0 and,ax, Whereyax is the maximum value of
the probability function over its limits. A simple comparison
of y,an @gainstP(x,,,) follows; the event, characterized by
the physical observablg,,,, is generated if and only if

one (or more of the resultingy-rays was not detected. The
experimental energy resolution did not allow for the separa
tion of these components. The resulting Babtal-energy,
y-ray spectra for'®0 and 2°0 are given in Figs. @) and
4(b), respectivelythick black curves Pronounced peaks ob-
served at 2 MeV for®0, and 1.7 MeV for?°O, correspond
well with known 2] energies(1.98 and 1.67 MeY, provid-
ing experimental verification of correct fragment identifica—yfa“$P(Xra”)'
. ; . Computational efficiency was improved by simplifying
tion and of the Doppler correction process. Figure 4 alsq : o

L . . he calculations of the center-of-mass Coulomb excitation
shows the background contributiorfthin gray lineg for o

. angular distributiondEq. (8)]. They were evaluated upon

eachy-ray energy spectrum. They were generated by S|mpl¥ A . .

o . . nitialization only for discrete values off, in steps of 0.1
shifting y-ray TOF gatese.g., Fig. 2a)] by an rf period, rad. Specifically, for any given stepwise anglethe Cou-
thereby sampling the random contributions that were supe|m - Specinically, y given step e
. . lomb excitation angular distribution was calculated by
imposed with the prompty-ray events. The same shower
reconstruction analysis was performed on these random
events; likewise the same S800-Baghergy-correlation re-
quirement was used as a final constraint. The final experi- dd;
mentaly-ray spectra were derived following a subtraction of
these respective background distributions from the projpt where the quantities, defined as
gated energy spectra.

do—’)T}\,n

=C(m\,n)B(7\,g.5—n)F[J;,&(n),7\], (9)

F[9;,&(n),m\]=sin ﬁiw

, (10
lll. EXPERIMENTAL RESULTS dQ;

A. The Monte Carlo simulation had been tabulated beforehand for each excitation channel

To facilitate the correct interpretation of the experimentalusingMATHEMATICA [47] and included into the simulation as
results and ultimately extract quantitative information, ainput files. Explicit forms for the differential cross section
Monte Carlo simulation was developed. Simulatgday  functionsdf ) /d{) appearing in Eq(10), can be found, for
spectra were compared directly with those from experimentexample, in Refs[26,27]. A direct comparison with Eq.1)
The simulation made use of the intermediate energyrovides the definition for the constants:

064309-7



E. TRYGGESTADet al.

PHYSICAL REVIEW C 67, 064309 (2003

ZBa 2 Con42 3.5x0* T T T T T T T
C(E)\,n)—27r(7 a(n ’ Ja®vs [ sim.; Th = 100 keV
3.040" Sim.; Thr = 650 keV |
C(MA,n)=2m(Zga)?a(n) > *2, CEU —
@

For target excitationZg has to be replaced witl, in the = g
above expressions. Because the rejection method requirea
knowledge of the Coulex angular distributions for any ran- *E 1,540
domly chosen value off on an event-by-event basis, a cubic 3
spline interpolation(e.g., Ref[48]) was utilized to approxi- O 1.040°
mately convert the Coulomb excitation angular distributions
to continuous functions. 0.5:10*

Following excitation, onlyy-ray decay was considered
for projectile or target deexcitation since no excitations %6 08 10 12 14 16 18 20 22
above the particle thresholds were included. The deexcitation Energy (MeV)
paths were chosen based on the relevariranching. The
process of projectiley-ray emission necessarily remained 3.0<10%
consistent with full momentum conservation for the excited-
projectilefy-ray system.(The inclusion of projectile recoll 2510°
was critical for a good reproduction of the experimental
S800 information). For targety decay, the target nucleus was ~, 2,040
assumed stationary. L

The y-ray analysis relied on the radiation detection codeX P
GEANT (version 3.21[49]. The total energy deposition infor- & 15410
mation provided byGEANT was folded with the experimental S ,
BaF, energy resolution, characterized by the full width atS 1010
half maximum(FWHM) Agwum for each simulated detector,
event by event. The width was approximated by the func- 0540 Sim.: The = 650 keV
tional dependence: + Data

O 1 1 1
B 3.5 40 45
Arwum(Ey)=E,| A+ \/? - (12 Energy (MeV)
Y

FIG. 5. Comparison of simulatediines) and experimental

E, is the photopeak centroid energy of the detecterhy, (pointy BaF, calibration data for®y (a) and PuBe(b). A linear
while A and B are constants that were determined from abPackground has been included in the simulated spectra. Good over-
three-point fit of the experimental widths for calibration data @l qgreement is established using the simulated data with threshold
Energies of 898, 1836, and 4438 keV from two differentSetlings of 650 keMsee text
radioactive sources, namel§®Y and PuBe, were used for
this calibration. The simulated Bafhformation was filtered 'uns was operated in a mode wherebf)® was equal to
through the same analysis code that was used for the expefi;"®; therefore the comparison of these data against these
mental Bak data. simulated curves could be used to determine the average low
Another consideration for the simulation with regard tothreshold setting /=650 keV) for later 320 simula-
y-ray response was the application of energy threshold cortions.
straints to these simulated BaBignals. During the experi- The GEANT simulation could be used to calculate the pho-
ment, only those events where at least one detector recordéopeak detection efficiency shown in Fig. 6. Shower recon-
a fast-light signal larger thaff,, (the high thresholdwere  struction was enabled and events recording energies within
accepted by the computer acquisition. Additionally, for any+2¢ of the emittedy-ray energy were counted. The high
given detector within a valid event, charge integration onlythresholds were lowered tﬂiﬁ"ezT,A"ez 500 keV to mini-
occurred for fast signals larger than, the low threshold. mize their bias on the shape at lowray energies.
The threshold effects were included into the simulation by In general, a simplified approach was followed to account
setting a unique set of threshold values for each detectdor the S800 response within the simulation. Experimentally,
during the initialization sequence, such that the average ahe energy and angular spreading of the observed projectiles
these threshold values over all detectors were free paranwas due to intrinsic dispersion in the beam, energy, and an-
eters, T{¥® and T}"®, which were adjusted upon comparison gular straggling in the?®®Pb target and the finite resolving
with experimental data. power of the S800 focal plane detectors. For the simulation,
Figure 5 shows the good agreement of the simulated calit was adequate to assume that the incoming projectiles were
bration datasolid lineg with the experimental equivalent for monoenergetic and then account for these energy-smearing
both &Y and PuBe. The data acquisition for these calibrationeffects by modifying the outgoingafter targex projectile
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0.070 r r r ; ; ; 10° T T . T .
18 * Norm. Exp.
ThzT ‘=500 keV % 0] S!m. Total

= 0.065 |- | ~ - S!m. Target
5 o 10t} Sim. E1
% s o Y[ oSy N/ O wm | Sim. E2
= I Y A T T W im. E3
&o 0.060 | e =

3 c
5 3
@ 1000 .
Q. 0055 s e g
o ]
T 0050} LA ¢ . g 100 fH
[ob) _
> 2
S 0.045 |- i ;
3 10 :
< 1 2 3 4 5 6 7 8 9

0.040 ! ! ! ! L L Reconstructed, D.C. y Energy (MeV)
0 2 4 6 8 10 12 14
Emitted y-Ray Energy (MeV) FIG. 7. Final 80 experimentaly-ray spectrum(diamonds

shown with the result from the simulatigsolid line). The absolute
FIG. 6. Bah, photopeak efficiency £ 207, with shower recon-  normalization is arbitrary. The error bars included with the experi-
struction for y rays emitted isotropically from a stationary source mental data are purely statistical. The individual components that
at the target position as computed by theanT simulation. The  contribute to the simulated strength function, namely, projeEtile

error bars included are purely statistical. The high thresholds wergp E3, and target background, are also showRrojectile M2

the shape at lowy-ray energies.

dominated at low energies by the excitation and decay of the
energies accordingly. The intrinsic beam angular dispersiofirst-excited 2 state at 1.98 MeV. The broad peak near 3
and angular straggling in the target was folded into the ineV is primarily a convolution of two components, namely,
coming projectile trajectories. Simulated events were the'@iecays of the 2 state, which have proceeded through the 2
constrained beyond the target by placing a free-form 2D CUfevel. and deexcitations from the 2level in 2%8Pb at 4.09
in (6,¢) (dispersive and nondispersive scattering angles viev (the later contributions have been shifted to 2.7 MeV

which was similar to the shape of the analogous 2D eXPerifg|iowing the Doppler correction The peak near 5 MeV
mental scattering distribution. Additional angular spreading,

- ! ; sults from ground-state decays of the Rvel.
due to the f_|n|te S800 de_tecfcor resolution was th?” _mtro_ducede These assignments were deduced from the simulation, the
for those simulated projectiles that scattered within this 2Dr

! esults of which are shown as the solid line in Fig(The
acceptance window.

An additional ideration for the simulati th experimental results have been normalized arbitrarily to the
n additional consideration for the simuiation was he g, jateq data in the region between 2.3 and 2.9 M&kle

. s
presence of a beam blocker that was placed just upstream g}mulation was generated following the incorporation of the
the S800 focus to prevent an elastically scattered beam fro% own 80 and 2°%b level schemes and the associated
overwhelming the particles that scattered inelastically. TheB(m\) information(see Table ) as well as the knowny-ray
incorporation of the blocker into the simulation was vital, asdecay-branching ratios, given in Table VI. The two free pa-
the low-energy portion of the inelastic distribution was Un- L ameters for the simula,tion namely, the a;/erage high thresh-
avoidably affected by its presence. Indeed, the blocker’s inbld settingTﬁ"e and the bloc,ke(energ’;y position Enyg, Were

fluence on S800 angular acceptance was, effectively, incor- . "
porated into the simulation following the treatment describe djusted to 3.1 and 3.'3 MeV, resp_ectlvely, to produce the best
verall agreement with the experimental results.

immediately above, rather by design. To include its effects Figure 7 also includes the individual componefimjec-
with regard to projectile kinetic energy, only those prOJectlles,[ile E1E2E3, and target backgrounavhich contribute fo

having an energy-losa &, greater tharkg, were accepted the total simulated strength function. Not surprisingly, pro-

for further analysis, i.e., jectile M2 excitations are strongly suppressed relative to the
AE,=Epjap— Eé,labz Egic s (13) other excnat_lon channels; they appear b_elow the _dls_platyed
scale. The figure demonstrates that projedfi® excitations
(dot-spaced curyedominate the overalt?O y-ray spectrum.

!

whereE, jap and E, |, refer to the projectile’s kinetic en-

ergy in the laboratory frame before and after the interactior-SSentially, E1 excitations(dashed curve contribute only

with the targetEg,, was treated as a quasifree parameter fOIabove_ approximately 5.7 MeV. T_he shoulder appearing in the
18,205 simulations. as its value could not be determined ex&XPerimental curve near 6 MeV is the result of excitations to

perimentally with high precision-¢500 keV). the '12_ at 6.20 MeV. It is glso evident that target excitations
are important. In the region between approximately 2.2 and
2.9 MeV, target excitationgdot-dashed curyeare, in fact,
the dominant contribution.

Figure 7 shows the final experiment&0 strength distri- Overall, the result from the simulation describes the ex-
bution (diamond$ on a logarithmic scale. The spectrum is perimental data well, with the exception of the region be-

B. 180 results
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TABLE VI. Known branching ratio§31] used to generate the
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180 simulated results presented in Fig. 7. THea@nd 3 levels in 2 2) X 0|~ Sorm, Exb.
the target that decay directly to the ground state with 100% prob- = " -
ability are not included. ® s
> 10
fhé}
Ei (MeV) J7; E; (MeV) J7¢ E, (MeV) Branching ratio(%) §
198 2{ 000 0f  1.98 100 S
355 4, 198 27 157 100 ® o l
363 0, 198 2] 1.65 99.7 ©
000 0 363 00.3 E
392 25 198 2] 1.94 87.6 2
0.00 0 3.92 12.4
446 1; 392 2; 054 02.5 1000 ,
1 2 108 [ b) 20 Sim. Total
3.63 05 0.83 70.4 Of-- Target
1.98 2] 2.48 27.1 10° o f,;gg: e
510 37 392 27 118 17.6 - NG [ Proj. E3
355 4] 1.55 06.3 L gt LF - ’
1.98 21+ 3.12 76.1 8 L7 adke,
526 27 446 1;  0.80 03.0 < 1000 : _
392 2; 134 08.7 = i
363 05 163 01.0 3 100 | : 1
355 4, 171 01.1 © :
198 27 3.8 55.9 10 ; .
0.00 0; 526 30.3 i
534 05 446 1, 088 42.0 L . T E e |8
1.98 27 3.36 58.0
553 2 446 1 1.07 270 Reconstructed, D.C. y Energy (MeV)
392 2, 161 24.0 FIG. 8. (a) Results from a preliminanf’0O simulation (solid
198 2y 355 49.0 line) shown with the experimental strength distributi@pen dia-
620 1, 534 0, 086 01.1 mond3. The strength observed between approximately 2 and 3
526 23 094 03.6 MeV is not reproduced, which indicates the need for a boosting of
446 1, 174 04.1 the inputB(E1) transition probabilitiessee text (b) The indi-
3.63 0, 2.57 025 vidual componentsE1, E2, E3, and targetthat contribute to the
0.00 0; 620 88.7 overall simulated strength function. The projectié- strength
635 2, 446 1 1.89 13.0 dominates the spectrum. Specifically, the structures above 3 MeV
392 2, 2.43 55.0 are mainly the result of excitations to two Istates that are found
198 2y 437 32.0 to exist at 5.35 and 6.85 MeV.
6.40 3, 5.26 2;’ 1.14 05.6
451:4112 % 1:32 83:: the 0 comparison that the simulation has successfully re-
3.92 2, 248 06.3 produced the important features of the obseryety spec-
355 47 285 07.4 trum, and hence, its extension to the less-known casdof
1.98 27 442 68.1 is credible.
762 1; 620 1, 142 01.0
5.34 0, 2.28 06.0 C. 2% results
i'gg ;i 2'22 22'8 The final 2°0 y-ray spectrum is displayed logarithmically
000 o0F 762 230 _by the open qllamonds in Fig(8. Agam., a qlommant feature
777 25 510 3, 267 36.0 is the excitation and decay of the projectil¢ E_tate_at 1_.67
446 1 331 11.0 MeV. The lowest-energy peak at 1.35 MeV is primarily an
1.98 2 5.79 53.0 escape peak for the 1.67-MeV photope€@khis structure is

@Adjusted within reported uncertainty.

visible for 2°0 and not for *¥0 because the high energy
thresholds were significantly reduced in tR&O case. As
before, target contributions play a role near 2.7 MeV. The

tween 3 and 4.5 MeV, where it fails to account for the full small but noticeable peak at slightly lower excitation energy
intensity in the measured spectrum. The cause for the digapproximately 2.4 MeVis likely a convolution where con-
crepancy is not fully understood.

Nevertheless, the conclusion that projecil2 excitations

tributions include 2 —2; decays. At higher excitation en-
ergies, approaching the neutron binding endigg08 Me\j,

dominate the observefO y-ray spectrum is clearly justi- two peaks are clearly visible at approximately 5.2 and 6.6
fied. Target excitations, especially contributions from tje 2 MeV. These peaks could already be seen in the 2D plot of
state, play an important role. In short, one can conclude fronfrig. 3b) as the two highest-energy enhancements on the
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TABLE VII. 2°0 and ?°%Pb level schemes utilized in the pro- ' ' ' '

duction of the simulated results presented in Figs. 8 and 9. In order 10° gi%?fft);?'
to fit the observedy-ray spectra, two previously unobserved 1 g o g:m Erget
levels have been included. The state included at 5.00 MeVdoesnot o ¢/, /W o e |- Sim. E2
have confirmed spin and parity, rather it has been simply assigned % 10757 N\ %™ N ot | Sim. E3
as 3 for demonstrative purposes since theoretical calculafidéls t
predict a 3 level at 5 MeV(see Table lll. The values in square 3 "
brackets indicate power of 10. g 10 . ! i
0] -7 !
Incorporated level schemes Fig. 8 Fig. 9 %1000 L '\'.I"‘- { g
E, (MeV) J” B(EA)T (e?fm?) E ‘ f
[o} .
%0 1.67 2" 2.80[+01] 3.00[+01]* = . i B . {
4.07 28 9.00[+00]  3.00[+01] 00,3 4 s & 7 8
5.00 3 1.60[+03] 1.60[+03] Reconstructed, D.C. y Energy (MeV)
523 Zi 7.00[-04] 7.00[-04] FIG. 9. Resullts of the final’O simulation(solid line) presented
535 17 1.35[-02] 6.20[-02] against the experimentatray spectrun{diamond$. The error bars
20 6.85 1 1.10[-02] 3.50[-02] included with the experimental data are purely statistical. The
Pb 2.61 3 6.11[+05]  6.11[+05] agreement between 2 and 3 MeV has improved significantly. The
4.09 2" 2.60[+03]" 2.60[+03]" individual componentsE1, E2, E3, and targetthat contribute to

— - the total simulatedy-ray spectrum are also included.
4ncreased within the known uncertairity3]. d-ray sp

PReduced within the known uncertainfg4]. o . . . )
The preliminary simulation overproducesray intensity be-

diagonal, which is an indication that these excifé® con-  tween 2 and 3 MeV. As demonstrated by the different con-
figurations have strong direct ground-state decay branchestributions presented in Fig.(8), this is the region where

The above interpretations have been, in part, deduced bsays from the first-excited 2 state in the target and the 2
comparison with simulation. A preliminary comparison of — 2" decays in the projectile are the dominant contributions.
the final 2°0 experimentaly-ray spectrum with a simulated The only way to improve the agreement between 2 and 3
equivalent(solid line) is presented in Fig. (8). For these MeV is to simultaneously increase tB€E1) values for the
simulated resultsTﬁ"e and Egy, Were set to 1.45 and 2.52 1~ projectile levels while decreasing theij Zlecay branch-
MeV, respectively. The experimental result has been normaling, effectively reducing the relative intensity of the discrep-
ized, again arbitrarily, to the simulated data in the regionancy (by boosting they-ray intensities below and above
between 4.5 and 8 MeV. Above the region of 3 MeV the
simulated and experimental line shapes are in good agree- TABLE viil. 2°0 branching scheme used for the simulated re-

ment. To facilitate this, two previously unobserved excitedsyits presented in Fig. 9. Only the branching from tHeszate has
1~ states were incorporated at 5.35 and 6.85 MeV. been previously establishéal].

The arguments for assigning these states asather than
2* are twofold. First, strong direct ground-state branches; (MeV) Jn
were observed for these states, which is more consistent with

Ef (MeV) J7; E, (MeV) Branching ratio(%)

a dipole character. Second, as was discussed in Sec. 1 & 21: 0.00 01: el -
shell-model calculations for%0 predict that theB(E2)  357° 47 167 27 190 100
+ +
strengths for the 2, , states will be reducetespecially for 407 2, Ller 2, 240 74
the highest Z statg as compared td®0, whereas the oppo- . 0.00 O1+ 4.07 26
site is true for the predicted 1states. Following the inclu- 46° 0 167 2, 2.79 100
sion of these two I levels,E1 strength is shown to be the °-00 3, 407 2; 093 18
dominant contribution to the overajl-ray spectrum, as evi- 357 47 143 6
denced by the individual components in FigbB 167 27 333 76
Table VII lists all the excitation parameters for the pre-5.23 2; 407 2, 116 10
liminary 2°0 simulation presented in Fig. 8. TB¢E1) tran- 167 2 356 60
sition strengths for the 5.35 and 6.85 MeV states were ad- 0.00 o0F 5.23 30
justed to 0.013& fm? and 0.0116°fm?, respectively. As 5.35 1, 446 05  0.89 19
can be verified with a comparison with Table llI, these 407 25 1.28 5
strengths are significantly higher than the WBP shell-model 1.67 25 3.68 46
calculations predict for 1 levels in this region. For example, 0.00 of 5.35 30
the p_reliminaryB(El) for the lower energy state at 5.35 .85 1, 407 2} 278 10
MeV is factors of 6 and 8 larger than that for predicted 1 167 27 518 39
levels at 5.1 and 6.2 MeV, respectively. 000 0F 6.85 51

Target excitations provide crucial evidence that the
B(E1) strengths for these1levels are in fact larger still. ®nown energy and spin-parity from Rd21].
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TABLE IX. Summary of the extractedO results compared with three sets of shell-model calculations. The values in square brackets
indicate powers of 10.

Expt. results WBF WB10" WB10 (p-sd gap reduction®
™ E,MeV) B(ELNY I E.(Mev) B(EL)] J7 E,(MeV) B(EL)] JT  E,(MeV)  B(EL)|
1; 4.10 3.7[-04]
1= 53510 6.216[-02] 1] 5.05 2.4[-03] 1] 5.34 2.3[-03] 1, 5.47 2.5[-03]
1, 616 1703 1, 655  177-03 1, 6.06 8.9[-03]
1~ 6855  359[-02] 1, 7.24 1.4[-03] 1, 7.20 7.6[-03] 1, 6.75 1.4[-02]
1, 774 4102 1,  7.89  18[-02] 1 7.45 2.4[-02]
EWSExpt]: 0.5711) © EWS1; —1;]: 0.033 EW$1; —1;]: 0.078 EWS$1; —1;]: 0.16
aReference$38,36. d[B(E1)]=em?.
PReference$38,50. e[EWS] = e*fm? MeV.

‘Reference$1,38,50.

Figure 9 presents the final fit to the experimental resultsmentary G0p-1s0d-1p0f-WB10 (or WBT) residual inter-
The parameterd}’® and Egy,, were adjusted to 1.0 and 1.8 action[38]. As indicated, the second set of WB10 calcula-
MeV, respectively(Again, the normalization region is 4.5 t0 tions has incorporated a 1.31-Mg)/sd shell-gap reduction
8 MeV.) The excitation parameters for this final comparison[1,5o],
are also included in Table VII. ThB(E1) strengths for the While the 5.3%510) MeV state can likely be associated
1" states have been increased substantially. For example, th@th a specific calculated state, it is not possible to uniquely
5.35 Mez\/ sztate is found to have B(E1)] strength of  45sign the 6.85) MeV state with one calculated level. How-
=0.062"fm", which is a factor of 26 and 36 larger than the g\er " the estimated energy uncertainty of the calculations is
predlctgd WBP states at 5'1_ and 6.2 MeV, respectiveiyn- approximately 500 keV and all sets of theoretical calcula-
pare with Table Il). Meanwhile, theB(E1)7 strength of the tions agree with the data within this uncertainty. Hence, for

. . — 2 2 . .
tr;:?lggrlgrr;g?{hgnsiﬁftlrsaqui.t?ogrfestfrgn'g;ﬁ??grItshiocﬁ)nsisztSpreqomparison of the extracted transition strengths with theory,
dicted WBP levels at 6.2 and 7.2 MeV, respectively. an energy-weighted suEWS) has been computed for the

The detailed?°0 y-decay branching ratios which were three levels that are within 500 keV of the 5.35 and 6.85

incorporated into the finat’0 simulation are given in Table Mex expe:!men(;a}l s;atesl.” C. the transition strenaths of th
VIII. As previously indicated, only the branching ratios for S mentioned In Sec. » (N€ fransition strengths ot the

the 2/ state are knowr21]. The branching probabilities observed I states were necessarily increased above the
used 2for the incorporated;Q '3, and 2 states were taken WBP calculated values which provided the initial guidance.
1

from 8290 systematics. These levels do not play an impor—;l._he s]?tr;]3|t|V|ty dOf }hetdlsc;e teile\égls ttk? thﬁ pl)larargetlrlzall-
tant role in the strength distribution, so that it is not possible/0" ©' the€ residualinteraction used in the shell-model calcu-

to extract any quantitative information for these states. The2lions is demonstrated by the EWS increase comparing the
estimated uncertainty in the branching ratios for the 1 WBP result versus that for the unmodified set of WB10 cal-

states ist 20. This estimate was taken from comparisons ofculations. The incorporation of p-sd shell-gap reduction
the 1~ branching used for the final fit and for the preliminary into the WB10 calculations results in a gain in EWS strength.
200 simulations. The fact that these calculations agree better with experiment

A reasonable estimate for the extracted transitionK€ly reveals weaker valence-neutron binding as the mecha-

strengths for the new 1levels at 5.35 and 6.85 MeV could NiSM for low-lying dipole strengthﬁ% i
be deduced. A2 analysis was performed that involved scal- 1 he main difference between tfteO and <O y-ray spec-

. . 20 .
ing the inputB(E1) values for these states together while '@ iS the marked onset &1 strength in®O. A comparison

keeping their decay branching ratios fixed. Similar agree-Of the transition strengths in Table | with those incorporated

ment between th&%0 simulation and the experimental result N© the 2_00 simulation (Table V'% reveals that YggileEZ
was obtained up to a transition probability scaling'c®5%.  Strength is slightly suppressed MO relative to O, the

Hence, we extract transition strengths of 0.062626)n2 newly observed 1 states dominate not only the region
and 0.035(982fm? for the states at 5.35 and 6.85 MeV. above 5 MeV but nearly the entirfO spectrum. It is also
respectively. " interesting to compare the present Coulomb excitation data

with the in-beamy spectrum of?°O following the fragmen-
tation of %S at GANIL [23]. Figure 10 shows the BaF
y-ray spectrum superimposed with the present data. Al-
Table IX summarizes the present results for comparisoithough the resolution is not as good in the in-beam case,
with three sets of shell-model calculations for discrefe 1 similarities between the two datasets are apparent. A struc-
states in?°0. The WBP calculations included are identical ture near 5 MeV agrees well with our identified ktate at
with those presented in Table IlI, while the two remaining 5.35 MeV. However, since the fragmentation reaction is not
sets of calculations are the result of employing the complehighly selective with respect to the spin parity of the popu-

IV. DISCUSSION
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o ' ' ' T TABLE X. SummedB(E1) strength for'®0, 2°0, and heavier
0% 0 Present results | nuclei which are candidates for the presence of the PDR. The values
- Belleguic et al. in square brackets indicate powers of 10.
(]
é Energy region
2 Nuclide 3B(E1)7 (W.u) for sum(MeV) Ref.
5 ol 180 6.3986) [-3] 6.0-80  Present work9]
e 200 2.05) [-1] 5.0-7.0 Present work
2 “8Ca 6.5448) [-2] 5.0-10.0 [7]
& 1165 1.3316)[-1] 2 5.0-8.0 [8]
1245 2.1%27) [-1] 2 5.0-8.0 [8]
102 , , , 3% 1.55[-1] &b 4.0-6.5 [10]
0 1 2 3 4 5 6 208ppy 4.1734) [-1] 45-7.0 [11]

v Energy (MeV)

aSum assumes unconfirmed parity of some levels is negative.
FIG. 10. Comparison of the presefO results with a Baf bExplicit sum not provided in reference.

y-ray spectrum reported following a recent in-begmay spectros-
copy study[23]. Although similar structures are observed in the \y5rds the neutron drip line are clearly necessary.
in-beam experiment, they may instead result from the population of

the known 2 states at 5.23 and 5.30 MeV.
V. CONCLUDING REMARKS

lated levels, this enhancement may also result from excita- In conclusion, we populated excited statesi® and 2°0
tion of the known 2 states at 5.23 and 5.3 Me[21]. In by intermediate energy Coulomb excitation. Two new 1
addition, the low-energy portion of the broad peak they obstates in?°0O were observed at 5.88) and 6.8%5) MeV in
served near 3.7 MeV is likely due to the decay of theseexcitation energy. Their dipole character was established by
aforementioned states through the first-excited state. shell-model predictions for states in this region and by the
The shell-model calculations in Table IX provide also aobservation of strong direct ground-state decay branches
bridge between the current results and those following themong transitions from these leveB{E1) information has
virtual photon absorption experiment at G3B]. The sharp  been extracted from comparison of the experimental results
feature observed in their measurD strength function just with those generated using a Monte Carlo simulation. The
above the neutron removal threshold likely can be associategktracted transition strengths ofB(E1)1(5.35 MeV)
with the calculated 1 state that appears in all cases between=0.062(16g*fm? and B(E1)7(6.85 MeV)=0.035(9F?
7.5 and 7.9 MeV. fm? are significantly larger than predicted by the shell-model
Finally, we shall close the discussion with a comparisoncalculations, though their summed value is consistent with
of the present results, in terms of summed transition strengtthat for other nuclei that may exhibit the Pygmy dipole reso-
(in Weisskopf units, W.g.with some of the nuclei discussed nance. The agreement between the shell-model calculations
in Sec. | as PDR candidatésee Table X While the energy  and experiment can be improved by reducing the energy gap
region included in these sums is not necessarily consistent, lfetween they and sd shells. This fact may demonstrate a
is apparent that all PDR-candidate nuclei have a totalsimple mechanism for low-lying dipole strength in exotic
discrete-regionB(E1) strength of the order of I0 W.u.  nuclei. Still, within the context of collectivity, the underlying

290 exhibits a similarly large summeB(E1) strength(via  structure of the observed 1states needs to be clarified.
the two new states at 5.35 and 6.85 MeWwhile this sum for

180 discrete dipole states is significantly lower.

While shell-model calculations give us some insight into
the configuration of the wave functions for the$¥® 1~ This work was supported by the National Science Foun-
levels (see Table IV, the underlying cause for this strength dation Grant No. PHY95-28844 and the Department of En-
remains unclear. Specifically, whether it can be attributed t@rgy under Grant No. DE-FG03-97ER41020/A000. Oak
a collective excitation of the skin, or rather, results fromRidge National Laboratory is managed by UT-Battelle, LLC,
incoherent single-particle excitations is still an open quesfor the U.S. Department of Energy under Contract No. DE-
tion. Future experiments extending these studies further toAC05-000R22725.
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