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Investigation of low-lying electric dipole strength in the semimagic nucleus #Ca
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The dipole-strength distribution in the semimagic nucleus “*Ca has been measured up to 10 MeV excitation
energy in photon-scattering experiments using bremsstrahlung and monoenergetic 100% linearly polarized photon
beams. The combination of both measurements allows a clear determination of spin and parity quantum numbers
of the excited states as well as absolute cross sections and transition probabilities. The results show that the
majority of the dipole strength in “*Ca below 10 MeV is due to E1 transitions while M1 strength plays only a
minor role. The experimental results are compared to the strength in the neighboring doubly magic nuclei *>*8Ca
and to microscopic calculations within the extended theory of finite Fermi systems in order to investigate the
evolution of the low-lying E'1 strength in this isotopic chain. Both, experiment and calculations, show a nontrivial
dependence of the total E1 strength as a function of the neutron number.
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I. INTRODUCTION

The major part of the electric-dipole (E1) excitation
strength of atomic nuclei is located in the well-known isovector
electric giant dipole resonance (IVGDR). The IVGDR was the
first giant resonance discovered in atomic nuclei and has been
studied extensively [1].

In the past decade the observation of additional low-
lying strength superimposed on the low-energy tail of the
IVGDR [2-7] has initiated the investigation of the E'1 strength
distributions in atomic nuclei in the energy region well below
the IVGDR. In most medium- and heavy-mass nuclei, a
concentration of E1 strength below or in the vicinity of
the particle separation energies has been observed, which is
usually denoted as pygmy dipole resonance (PDR). The inter-
pretation of this new widespread excitation mode of atomic
nuclei is a matter of ongoing discussion. Most microscopic
models favor the picture of an oscillating neutron skin against
a proton-neutron core (see Ref. [8] for a recent discussion).
In that case, a dependence of the total strength of the PDR on
the neutron excess should be expected and, thus, systematic
investigation especially in isotopic and isotonic chains is a
major tool in order to experimentally verify such a behavior.
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Most of the available data on E'1 strength in stable isotopes
below the neutron-separation energy has been obtained using
the experimental method of nuclear resonance fluorescence
(NRF) [9]. Due to the low-momentum transfer of the photons
nearly exclusively, dipole transitions are induced, i.e., in
even-even nuclei selectively, J* = 1¥ states are populated.
Systematic surveys of (y,y’) experiments have been performed
in different mass regions [4,10-17]. The results show that
the PDR exhausts up to about 1% of the energy weighted
sum rule (EWSR) in the region below the neutron-separation
energy. Generally, the strength of the PDR increases for
heavier and more neutron rich nuclei. In unstable nuclei, E1
strength below the IVGDR has been studied using Coulomb
excitation in inverse kinematics in the region of '32Sn [7,18]
and in ®Ni [19]. In all cases a concentration of E1 strength
above the neutron-separation energy carrying a few percent
of the EWSR is reported. However, the sensitivity of the
two experimental approaches (scattering real photons off
stable nuclei and projectile-Coulomb excitation on exotic
nuclei from radioactive ion beams) were restricted to partly
different excitation energy regions, either to the energy range
below the neutron-separation energy or, due to experimental
details in most of the previous relativistic Coulomb excitation
experiments, to energies above the separation energy. This
fact prohibits at this point a meaningful global compari-
son of the observations from both techniques. At least in
the few cases where the same excitation energy range in
neighboring isotopes was covered, the data obtained with
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both methods indicate a corresponding enhancement of E1
strength [18].

In the medium-mass region, the Ca isotopic chain is very
well suited to study the influence of the proton to neutron ratio
on the low-lying E1 strength, since one finds stable nuclei with
N/Z ranging from 1.0 (*°Ca) to 1.4 (*3Ca). NRF experiments
on the two doubly magic nuclei *>*3Ca showed a huge
difference of about one order of magnitude in the integrated E'1
strength up to S, [20,21]. To investigate the evolution within
the isotopic chain we have performed an NRF experiment
on **Ca using bremsstrahlung at the Darmstadt High-Intensity
Photon Setup (DHIPS) at the S-DALINAC [22]. First results of
the experiment have been published in a previous Letter [12],
together with calculations within the extended theory of finite
Fermi systems (ETFFS). A nontrivial dependence of the total
strength located below 10 MeV has been observed for both
experiment and theory. Since in experiments with unpolarized
bremsstrahlung parity determinations in the PDR region are
difficult (see [23,24]) we have performed an additional NRF
experiment using polarized photons at the High-Intensity
y-ray Source (HIyS) facility [25] in order to verify the E1
character of the observed dipole strength and identify M1
contributions.

In this paper we report on the experimental results. The data
will be compared to recent calculations in the ETFFS [26]. In
the next section the experimental setups at DHIPS and HIy S
are introduced briefly. In Sec. 111, the data analysis is described,
and Sec. IV presents the results and a discussion.

II. EXPERIMENTAL SETUPS

At DHIPS [22] photons are produced via bremsstrahlung
by stopping completely the intense electron beam delivered by
the injector of the electron accelerator S-DALINAC in a thick
copper radiator. The continuous photon beam is collimated
to a size of about 2.5 cm diameter at the target position
by a copper collimator system. Large volume high-purity
germanium (HPGe) detectors are used to detect the scattered
photons at different angles (90° and 130°) with respect to
the beam axis. The detectors are heavily shielded against
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TABLE I. Parameters of the experiments at DHIPS.

End-point energy MeV) 9.9 6.3
Measuring time (h) 69.5 20.5
Electron beam current (nA) 35.5
Element mass ““Ca (2) 1.052
Element mass ''B (g) 1.293

background stemming from the radiator and are additionally
equipped with Bismuth germanate (BGO) active Compton-
surpression shields. The “*Ca target consisted of 1.083 g of
CaOs enriched to 97.1% in the isotope of interest. For energy
and photon-flux calibrations 1.293 g of ''B were added to
the target. Measurements at two different end-point energies
of Ey = 6.3 MeV and Ey = 9.9 MeV have been performed
in order to identify transitions to excited states and feeding
contributions. Table I summarizes the experimental parameters
for the measurements at DHIPS.

Figure 1 shows a sample spectrum in the energy region
4-9 MeV for the measurement at a bremsstrahlung end-point
energy of Ey = 9.9 MeV. An accumulation of large peaks
stemming from the decay of excited states of “*Ca is visible in
the region 5-8 MeV. Peaks originating from !'B are marked
with an asterisk.

The second NRF experiment was performed at the HIy S
at Duke University [25]. The photon beam is produced via
intercavity laser Compton backscattering (LCB) of a free-
electron laser (FEL) beam with relativistic electrons in a
storage ring. The FEL is powered by the same electron beam
which is used for the scattering process. In comparison to
other LCB facilities with external lasers a high photon flux
is achieved, which is sufficient to perform NRF experiments
with reasonable statistics within a few hours of beam time.

Due to the polarization conservation of the Compton
scattering the produced photon beam is linearly polarized to
nearly 100% in the horizontal direction. A lead collimator
system in front of the NRF setup about 60 m downstream of the
collision point is used to define the size of the beam spot at the
NREF target position. Since the energy of the scattered photons
strongly depends on the scattering angle, the collimator also
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FIG. 1. The y-ray spectrum of **Ca measured at E; = 9.9 MeV at DHIPS. Peaks resulting from transitions in ''B and their escape lines
are marked with an asterisk. The shaded area highlights the energy region shown in Fig. 2.
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FIG. 2. Spectra measured at HIyS parallel (upper panel) and
perpendicular (lower panel) to the polarization plane at a photon
beam energy of 6050 keV. Single-escape (SE) and double-escape
(DE) lines are marked. The incident photon intensity profile is shown
by a dashed curve. Besides the decays to the ground state at 6080 and
6136 keV, peaks are also observed at 4923 and 4979 keV, respectively,
corresponding to transitions to the first excited state.

defines the degree of monochromacy of the photon beam. For
the present experiment a collimator with a diameter of 1 in.
was used which yielded a photon beam with about a 3% energy
spread (full width at half maximum).

For the detection of the scattered photons, four HPGe clover
detectors were positioned at different angles perpendicular to
the incoming beam. This is sufficient to determine the parity
of the excited states (see Sec. III). The target consisted of
1.693 g of CaOs enriched to 95.8% in **Ca. Because of the
small energy spread of the photon beam, measurements at
eight energy configurations between 6 and 10 MeV have been
taken to investigate as many excited states in as wide of an
energy range as possible.

In Fig. 2, two sample spectra in the energy region from 4.8
to 6.4 MeV for the measurement at the centroid beam energy
of 6050 keV are shown. The upper spectrum was measured
parallel to, and the lower one perpendicular to the polarization
plane, respectively. In addition to the ground-state transitions
of the excited states, peaks corresponding to transitions to
the first excited state in **Ca are also visible. Figure 2 shows
also the intensity profile of the incident photon beam (dashed
curve). Due to the narrow photon spectrum only levels in a
limited energy region are excited and transitions to the ground
state can easily be distinguished from decays to excited states.

III. DATA ANALYSIS

One of the advantages of the NRF method is the fact that
intrinsic properties of the excited states such as spins, parities,
and absolute transition probabilities can be determined in
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a model-independent way. These quantities are analytically
linked to direct observables such as the cross sections, the
angular distribution, or the polarization asymmetries (see, for
example, Refs. [9,27] for a detailed description of the method).

The determined peak area A; in a spectrum (as shown in
Fig. 1) corresponding to the decay of a photoexcited state is
proportional to the integrated scattering cross section I; g, the
angular distribution W;(0, ¢), photon flux »,, and detection
efficiency e,

Aj o LioWi (0, 9)N, (Ei)e(E;). 6]

Another advantage of NRF experiments using (continuous-
energy) bremsstrahlung over those with a strongly varying
intensity profile is the possibility to measure integrated cross
sections relative to a calibration standard. In our case we used
the ''B(y,y’) reaction to determine N, e for the energies of
the excited states in ''B with well-known excitation cross
sections [28]. The **Ca target is sandwiched between two
!B targets, so both reactions are measured simultaneously.
Therefore, the relevant normalization factors are the same
for both reactions. The smooth energy dependence of the
bremsstrahlung spectrum allows an easy interpolation of N, &
between the calibration points at the energies of the excited
states of !'B. This yields in an absolute normalization of N, &
and thus allows the determination of absolute cross sections
with low systematic errors.

In scattering experiments with real photons the relation
between the integrated elastic scattering cross section /; o and
the ground-state decay width Iy is given by [29]

hic\? T2
lio= 7T2<E> g?o 2

with I being the total width and E; the energy of the
excited state [9]. The spin factor g = (2J; + 1)/(2Jp + 1) is
determined by the spins of the ground state Jj and of the excited
state J;. As mentioned above, I; o can be determined relative to
well-known excitation cross sections in !'B. In order to extract
the ground-state decay width, which is needed to calculate the
excitation strength [see Egs. (6) and (7) below], the spin J; and
the branching ratio I'y/ I need to be known.

The spin of an excited state can be determined in NRF
experiments by measuring the angular distribution of the
elastically scattered photons. The expectation value for the
ratio of W(6,) at the two detector angles realized at DHIPS
is W(90°)/W(130°) = 0.7 and W(90°)/ W (130°) = 2.2 for
the spin sequence 0 - 1 — 0 and 0 - 2 — 0 in even-
even nuclei, respectively. The large difference for the two
spin sequences usually allows spin assignments for weakly
excited states as well. Figure 3 shows the measured ratios
W(90°)/ W (130°) for all observed ground-state transitions in
4(Ca. The results show that above 3.5 MeV for all states J = 1
could be assigned unambiguously.

The strength-selective method of NRF preferentially pop-
ulates dipole excitations with a large decay width to the
ground state. Consequently, the nuclear states observed in NRF
experiments usually decay predominantly to the ground state.
In several cases decay branches to lower-lying excited states
have been observed. Even though the high peak density in
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FIG. 3. (Color online) The ratio W(90°)/ W(130°) for all mea-
sured transitions. All previously unknown states can clearly be
assigned to J = 1. The circles mark corresponding data for the
calibration standard "B which shows a nearly isotropic NRF

3

distribution due to the nonzero J§ = 5  ground-state spin.

experiments with continuous photon sources makes it difficult,
measurements at different end-point energies have been
performed at DHIPS to identify transitions stemming from
inelastic reactions. The experiments using the monoenergetic
photon beam at HIy S have a higher sensitivity to transitions
to excited states, because they do not suffer from the high
background usually present at low energies in experiments
using bremsstrahlung. Hence, transitions to excited states can
most clearly be identified from the HIy S data as shown for one
example in Fig. 2. For the determination of the decay branching
ratios the relative efficiencies at the transition energies are
needed, which were simulated using the Monte Carlo code
Geant4 [30]. It has been shown that the simulation of relative
efficiencies can be done within Geant4 with accuracies of less
than 2% [31], which is more than sufficient for our needs.
In all cases where in both experiments no transition to an
excited state is observed, I'g/ " = 1 is assumed in order to
calculate I'y from the integrated cross section. Since small
decay branches stay unobserved, this assumption could lead
to a slight underestimation of the ground-state decay width. On
the other hand, in that case also the feeding of the lower-lying
states could not be correctly accounted for, which would lead
to an overestimation of their cross sections. However, the
comparison of the results for the measurement at DHIPS with
the lower end-point energy shows no significant differences
to the results obtained with a higher end point and neglecting
feeding. This observation indicates that systematical errors due
to incorrect treatment of the decay intensity between highly
excited states can be neglected within the accuracy achieved
in our experiments.

A great advantage of NRF experiments using polarized
photons at HIyS is the possibility to determine parity
quantum numbers of excited J =1 states with excellent
accuracy [32-34]. In the case of elastic resonant photon

scattering the angular distribution for the spin sequence 0" %

17 2> 0T in even-even nuclei is given by [35]

W, @) =3 + 2(1 — cos® ¥)( cos 29 — 1). 3)
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The angle ¢ is defined as the angle between the reaction plane
(defined by the momentum vectors of the incident and scattered
photons) and the polarization plane (defined by the electric
field and momentum vectors of the incoming photon) while
¥ is the polar scattering angle. The parameter 7w depends
on the parity quantum number of the excited states and is
—1 for negative parity and 41 for positive parity. Since the
angular distribution for E'1 and M1 transitions shows minima
and maxima at perpendicular directions with respect to the
polarization plane it is sufficient to measure the intensity of
the scattered photons at ¢ = 0° and ¢ = 90°. The maximum
analyzing power X is achieved for ¢ = 90°:

_ W(90°,0°) — W(90°, 90°)
T W(90°, 0°) + W(90°, 90°)

__ _|+1 for ym =17
—”—{—1 for J*=1"" @

Hence, the HPGe clover detectors are surrounding the “Ca
target at the polar scattering angle ¢ = 90° and are positioned
parallel to the polarization plane (azimuthal scattering an-
gles ¢ = 0° and ¢ = 180°, respectively) and perpendicular
to it (azimuthal scattering angles ¢ = 90° and ¢ = 270°,
respectively). For the determination of the parities of excited
states the asymmetry € is defined by means of the efficiency-
corrected peak areas parallel (V) and perpendicular (N ) to
the polarization plane in the measured spectra:

€ =

= = Q0%.
Ny + N2 Q ®)

The experimentally observed asymmetry is somewhat smaller
than 1.0 due to the finite size of the target and the finite
solid angles of the detectors. This effect is described by the
experimental sensitivity Q in Eq. (5) which has been extracted
by fitting on the experimental data. Its value is Q = 0.9 in
the present setup. The determined asymmetries are shown in
Fig. 4.

Due to the high polarization sensitivity of our setup, the
y-ray count rates in the disfavored direction of observation can
be small. Statistical fluctuations of the background can then
lead in a simple background subtraction applied here to quoted
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FIG. 4. (Color online) Asymmetries observed in *“Ca. The
average values for the measured asymmetries are € = —0.9 for E1
transitions and € = 40.9 for M1 transitions.
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absolute asymmetry values |e| > 1. The clean assignment
of parity quantum numbers from our data is not, however,
affected by this and a substantially more involved treatment of
uncertainties is unnecessary.

As already mentioned above, another advantage of the
HIy S facility is the sensitivity for the observation and identi-
fication of transitions to lower-lying excited states. Due to the
narrow intensity distribution of the y-ray beam, only states in
a small energy range are excited. Thus, peaks in the region
below the beam energy are stemming either from the detector
response, background, or inelastic scattering processes, as
shown in Fig. 2. The two lower peaks marked by the vertical
dashed lines result from the transitions of the two J = 1 states
at 6080.1 and 6136.4 keV to the 2] state with an energy of
Ey+ = 1157.0 keV. In addition to the decays to the ZT state,

transitions to the 05 state at Ey; = 1883.5 keV have been
observed in a few cases. Using the spectra measured at HIy S
the branching ratios to these states can be determined with
good accuracy. In the experiment using continuous-energy
bremsstrahlung a wide energy region up to the end-point
energy is covered. Hence, the peak density in the obtained
spectra is relatively high and consequently, the identification
of transitions to excited states is often complicated.

Combining the results obtained at DHIPS using
bremsstrahlung and HIyS using LCB photons thus allows
a determination of cross sections, spin and parity quantum
numbers, and branching ratios of the excited states. With
these observables it is possible to calculate the ground-state
decay widths Iy and herewith the B(E 1) and B(M 1) transition
strengths, given by

B(E1) 1 . Do <[MeV]>3
Y =9.554 x 10 Simevil £, ) (6)
3
_B(le)T —8.641 x 1021 <—[Mev]>. %
[H“N] [meV]\ E;

In the following section the results are presented and
discussed in comparison to theoretical calculations in the
ETFFS model.

IV. RESULTS AND DISCUSSION

In total, 52 excited J = 1 states have been observed. The
J =1 state at 3661.5(2) keV was already known, while
the spin for three further known low-lying states have been
determined to be J = 1. Moreover, the spin quantum number
for the state at 4196.3(3) keV previously assigned to be
J* = 2% (see [36]) has been corrected to J = 1.

Unfortunately not all energy regions could be covered in the
experiments at HIy'S due to lack of beam time. Out of all the
states investigated at HIy S, 20 negative and 3 positive-parity
quantum numbers have been assigned. The positive-parity
states show rather small transition strengths to the ground
state compared to the other excitations, which proves that the
majority of the observed dipole strength is due to E'1.

Because of the modest energy resolution for the scattered
photons of about 12 keV at the HIy S setup, the J = 1 states at
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FIG. 5. (Color online) The E1 and M1 strength distributions are
shown in (a) and (c), respectively. The transitions where no character
has been assigned are plotted in B(E1)% units in (b). For a better
comparability between the E1 and M1 strengths the three plots
have the same scale. The observed M1 strength is almost negligible
compared to the total dipole strength.

7572.0(5) and 7578.9(3) keV, which were observed at DHIPS,
could not be identified, separately. The transition width I'; for
the higher-lying state is approximately five times bigger than
the lower-lying one as determined at DHIPS. The experimental
asymmetry for the combined peak at 7578.9(3) keV has been

20 - 40Ca i
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FIG. 6. (Color online) B(E1) strength distribution in the Ca
isotopes “0#448Ca. All experiments have been performed up to
9.9 MeV.
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TABLE II. Determined properties of observed excited states in “*Ca (g.s. denotes ground state). For details see the text.

Elevel EV Eﬁnal € JT Iy l—‘i B(EI)T B(MI)T
(keV) (keV) (keV) () (%) V) (10-3¢? fm?] (%)
3661.5(2) 3661.3(2) g.s. 1* 100.0(19)® 0.054(13) 3.16(76) 0.29(7)
2504.39(6) 1157.0 10.7(9)° 0.0058(15)
1777.973(20) 1883.5 34.8(8)° 0.0188(46)
1005.0(9) 2657.0 0.48° 0.00026(7)
353.67(25) 3307.87 0.3(2)° 0.0002(1)
3691.7(4) 3691.5(4) g.s. 1* 100 0.010(4) 0.57(21) 0.05(2)
4196.3(3)* 4196.1(3) g.s £ 100 0.015(3) 0.58(12) 0.05(1)
4649.5(1) 4649.2(1) g.s. 1* 100 0.062(11) 1.77(32) 0.16(3)
4848.4(2) 4848.1(2) g.s. 1* 100 0.027(6) 0.68(15) 0.06(1)
4866.0(4)* 4865.7(4) g.s. 1* 100(27) 0.059(16) 1.47(41) 0.13(4)
2982.3(3) 1883.5 79(27) 0.047(21)
5161.0(3)* 5160.7(3) g.s. 1* 100 0.178(19) 3.71(41) 0.34(4)
5611.6(3) 5611.2(3) g.s. 1* 47(21) 0.103(20) 1.67(32) 0.15(3)
4454.1(8) 1157.0 100(21) 0.22(11)
5800.6(2)* 5800.2(2) g.s. 1#d 100 0.040(12) 0.59(17) 0.05(2)
5806.3(1) 5805.9(1) g.s. 1% 100 0.198(25) 2.90(36) 0.26(3)
5875.8(2) 5875.4(2) g.s. 1% 100 0.110(15) 1.55(21) 0.65(9)
5911.1(2) 5910.7(2) g.s. 1* 100 0.241(59) 3.35(82) 0.30(7)
6080.6(14) 6080.1(14) g.s. 0.88(7) 1+ 100(7) 0.109(29) 0.13(5)
4925.3(8) 1157.0 0.06(17) 41(7) 0.045(15)
4199.5(5) 1883.5 1.16(30) 62(12) 0.068(22)
6136.9(3) 6136.4(3) g.s. —0.83(3) 1~ 100(5) 0.245(39) 3.03(65)
4978.5(5) 1157.0 —0.05(8) 46(7) 0.113(29)
6245.5(3) 6245.03) g.s. 1* 100 0.053(12) 0.62(14) 0.06(1)
6422.1(1) 6421.6(1) g.s. —0.89(1) 1~ 100(1) 1.99(21) 21.6(32)
5263.8(7) 1157.0 —0.14(7) 5.5(7) 0.110(18)
4539.9(7) 1883.5 —1.24(25) 5.2(7) 0.104(18)
6446.8(8) 6446.3(8) g.s. 0.75(22) 1+ 100(10) 0.052(14) 0.05(2)
5288.0(17) 1157.0 0.08(37) 50(14) 0.026(10)
6507.1(5) 6506.6(5) g.s. 1* 100 0.137(30) 1.43(31) 0.13(3)
6675.4(2) 6674.9(2) g.s. 1% 100 0.102(17) 0.98(17) 0.09(2)
6960.7(6) 6960.1(6) g.s. 1* 100 0.082(16) 0.70(13) 0.06(1)
6972.1(2) 6971.5(2) g.s. 1* 52(15) 0.332(56) 2.81(47) 1.17(20)
5815.0(5) 1157.0 100(15) 0.64(21)
7065.9(9) 7065.3(9) g.s. 1* 100 0.170(29) 1.38(24) 0.13(2)
7226.0(3) 7225.4(3) g.s. 1* 100 0.161(27) 1.22(21) 0.11(2)
7275.1(9) 7274.509) g.s. 1% 100 0.245(40) 1.82(30) 0.17(3)
7403.0(8) 7402.3(8) g.s. 1% 100 0.123(23) 0.87(16) 0.08(2)
7572.0(5) 7571.3(5) g.s. 1* 100 0.173(39) 0.10(2)
7578.9(3) 7578.2(3) g.s. —0.65(2) 1~ 100 0.90(11) 5.90(75)
7662.1(6) 7661.4(6) g.s. —0.85(10) 1- 100 0.098(30) 0.62(19)
7783.3(10) 7782.6(10) g.s. —-0.74(14) 1~ 100 0.108(33) 0.66(20)
7808.9(16) 7808.2(16) g.s. —1.00(13) 1~ 100 0.057(18) 0.34(11)
7828.8(12) 7828.1(12) g.s. 1% 100 0.074(24) 0.44(15) 0.04(1)
7834.8(8) 7834.0(8) g.s. —1.11(7) 1~ 100 0.150(35) 0.89(21)
7953.4(5) 7952.6(5) g.s. 1% 50(23) 0.136(45) 0.78(26) 0.07(2)
5293.8(14) 2657.0 50(23) 0.136(65)
8070.2(7) 8069.4(7) g.s. 1* 100 0.210(39) 1.15(21) 0.10(2)
8086.0(7) 8085.2(7) g.s. 1% 100 0.215(39) 1.17(21) 0.11(2)
8321.5(16) 8320.7(16) g.s. 1% 100 0.048(21) 0.24(11) 0.02(1)
8395.3(4) 8394.4(4) g.s. 1* 100 0.278(65) 1.35(32) 0.12(3)
8405.4(17) 8404.5(17) g.s. 1% 100 1.09(16) 5.26(77) 0.48(7)
8556.7(8) 8555.8(8) g.s. —0.97(4) 1- 100 0.193(79) 0.88(36)
8615.2(12) 8614.3(12) g.s. —0.87(6) 1~ 100 0.197(60) 0.88(27)
8801.9(29) 8800.9(29) g.s. —1.34(81) 1~ 100 0.041(22) 0.17(9)
8827.6(14) 8826.6(14) g.s —1.40(18) 1- 89(23) 0.27(11) 1.13(62)
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TABLE II. (Continued.)

PHYSICAL REVIEW C 83, 034304 (2011)

Elevel EV Eﬁnal € JT Iy ri B(EI)T B(M I)T
(keV) (keV) (keV) ) (%) eV) (1073¢? fm?] (13)
6944.6(18) 1883.5 —1.24(20) 100(14) 0.31(14)
8851.7(7) 8850.7(7) g.s. —0.98(4) 1- 100(6) 0.55(12) 2.27(66)
7692.9(18) 1157.0 —0.79(29) 19(8) 0.105(49)
8908.8(7) 8907.8(7) g.s. —-0.934) 1- 100 1.37(23) 5.57(93)
9024.1(20) 9023.1(20) g.s. —1.05(22) 1- 100
9148.4(24) 9147.4(24) g.s. —-0.91(22) 1- 100
9273.6(8) 9272.5(8) g.s. —0.95(4) 1- 100 0.433(96) 3.62(81)
9317.2(10) 9316.1(10) g.s. —0.96(5) 1- 100
9664.8(7) 9663.7(7) g.s. —-0.993) 1- 100(6)
8508.5(33) 1157.0 0.13(23) 17(8)
9814.1(11) 9812.9(11) g.s. —0.89(6) 1- 100
9898.2(10) 9897.0(10) g.s. —0.88(6) 1- 100

2Excited state already known in [36].
PRelative strength in [36].

°Assigned spin in [36]: J = 2%,
dSpin unknown in [36].

determined to be € = —0.65(2) (which significantly deviates
from the expectation value of |€] =0.90(2) for a single
transition). Assuming the parity of the weaker state to be
positive while the other state has negative parity, the combined
expected asymmetry for the sum of both states is estimated
to be €gym = —0.61(6). This is in good agreement with the
experimental value, thus, the assignments J* = 17 to the level
at 7572.0(5) keV, and J™ = 1~ to the level at 7578.9(3) keV
are justified.

The experimental asymmetries €, relative strengths 1,
decay widths I';, and the corresponding transition strengths
B(E1) and B(M1), respectively, are summarized in Table II.
For all transitions where no electromagnetic character has been
determined, both possible excitation strengths are given.

The strength distribution in the region of 3—-10 MeV in **Ca
is shown in Fig. 5 separately for E'1, M1, and undetermined
multipolarity. The contribution of M1 in the regions covered at
HIy S to the total dipole strength is less than 3%. Therefore, an
assumption of predominant E 1 character for the undetermined
dipole strength seems to be well justified.

O Experiment
A ETFFS

=
'S

E1-EWSR [%]
=
[\°)

5
=

40 44 48
A

FIG. 7. Comparison of the experimental results with ETFFS
(solid lines) calculations. The evolution of the energy weighted
electric-dipole strength in the energy region from 5 to 10 MeV is
shown for the Ca isotopes. Within the experimental errors the ETFFS
reproduces the experimental values.

As mentioned in the Introduction, NRF experiments have
previously been performed in the neighboring isotopes “°Ca
and *8Ca [20,21]. Figure 6 shows the B(E1) strength distri-
butions for all three Ca isotopes in the investigated energy
region up to 10 MeV. In *°Ca almost no E1 strength is
observed, as expected from an N = Z nucleus. In *Ca and
48Ca a fragmented pattern of E1 strength is observed, while
in **Ca the fragmentation is much stronger and the strength
is shifted to lower excitation energies. The integrated strength
for 40-4448Ca up to the experimental limit of 10 MeV is shown
in Fig. 7 as a fraction of the EWSR. The enhancement of
the low-lying strength going from *°Ca to **Ca is obvious,
however no further increase is observed in **Ca. Also shown
in Fig. 7 are the results for calculations within the ETFFS. As
described in [12,26] these microscopic calculations are able to
reproduce the complex pattern of the measured B(E'1) strength
distribution shown in Fig. 6 by including coupling to complex
configurations and the single-particle continuum as well as
pairing. In the summed B(E1) strength up to 10 MeV the new
ETFEFS calculations [26] are in good agreement with the exper-
imental values and show the same nontrivial dependence on
the neutron excess. However, this nontrivial dependence may
be due to the experimental limitations to E, < 10 MeV.
Actually, the ETFFS calculations for 48Ca show additional
strength located around 11 MeV which, when included in the
summed strength, leads to an enhancement of the PDR with
increasing neutron number.

V. CONCLUSIONS

In conclusion, the dipole-strength distribution in the
semimagic nucleus **Ca was measured below the particle
threshold in NRF experiments at DHIPS and in addition, parity
assignments for 23 J = 1 states have been obtained at HIyS.
The fraction of identified M 1 strength up to 10 MeV is less than
3% of the total dipole strength and thus can be neglected in the
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integrated dipole strength. The results on “*Ca have been com-
pared to experimental data from other NRF experiments on the
doubly magic nuclei “**3Ca [20,21]. In all cases the experi-
ments have been performed up to 9.9 MeV. No simple relation
of the exhaustion of the EWSR depending on the N/ Z ratio has
been observed. Current calculations by means of the ETFFS
[26] are in good agreement with the experimental results.

However, the theoretical calculation for *8Ca shows an
accumulation of electric-dipole strength in the region of
11 MeV where NRF measurements cannot be performed
due to the neutron separation threshold at 9.94 MeV. The
predicted additional E1 strength could lead to a dependence
of the low-lying E'1 strength on the neutron excess. Therefore,
additional experiments, e.g., through (y,n) reactions using
LCB or tagged photons [37], in the energy region above the
particle threshold are mandatory in order to finally conclude
on the dependence of the low-lying E 1 strength on the neutron
number in the Ca isotopic chain.

As in most other works on the PDR the total low-lying E'1
strength has been assigned to the PDR strength, even though
part of it may be due to the contributions of the low-energy
tail of the IVGDR. However, without additional experimental
observables it is not possible to distinguish between these two
contributions. Thus, in the comparison to the ETFFS also in
the calculation, the total E'1 strength has been used, although
differences in the shapes of the involved transition densities of
the excited states are observed [26].

In order to get a deeper insight into the underlying structure
of the E'1 strength (e.g., on the shape of neutron and proton

PHYSICAL REVIEW C 83, 034304 (2011)

transition densities), experiments using experimental probes
other than photons are of high importance. The method
of (a,a’y) coincidence experiment [38] has recently been
used to investigate particle bound E1 strength in different
mass regions in order to study the structure of the single
excitations [39-41].

The results show that different structures are involved.
Preliminary results from a “®Ca(a,a’y) experiment point to
a similar situation in **Ca [42]. These experiments will help
to study and pin down the nature of the E1 strength and are,
therefore, as equally important as the systematic investigation
presented in this paper.
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