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1~ and 2% discrete states in *°Zr populated via the (1’0, Q’y) reaction
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2+ and 1~ states in *°Zr were populated via the (70,!70’y) reaction at 340 MeV. The y decay was measured
with high resolution using the AGATA (advanced y tracking array demonstrator array). Differential cross sections
were obtained at few different angles for the scattered particle. The results of the elastic scattering and inelastic
excitation of 27, 37, and 1~ states are compared with distorted-wave Born approximation (DWBA) calculations,
using both the standard collective form factor and a form factor obtained by folding microscopically calculated
transition densities. This allowed to extract the isoscalar component of the 1~ state at 6.424 MeV. The comparison
of the present (170, 70’y ) data with existing (y,y’) and (p, p’) data in the corresponding region of the y continuum
(6-11 MeV), characterized by a large E1 component, shows completely different behaviors of the cross section
as a function of the nuclear excitation energy. The comparison of the data with DWBA calculations suggests a
decrease of the isoscalar strength in the cross section with increasing excitation energy.

DOI: 10.1103/PhysRevC.91.024323 PACS number(s): 24.30.Cz, 24.10.Eq, 25.70.Bc, 27.60.4j

I. INTRODUCTION

Particular attention has been given in the past few years to
detailed investigations of the properties of the dipole strength
around the particle emission threshold. This E1 strength is
denoted as pygmy dipole resonance (PDR) and is found to be
particularly sizable in neutron-rich nuclei [1-4]. The properties
of the PDR strength are connected to the properties of the
neutron skin which are used to constrain the equation of state of
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pattern as compared with that of the (y,y’) reaction. More
recently, experiments performed for the nuclei 2%®Pb [14],
12481 [15], and '*°Ce [16] to study the E 1 and E2 transitions in
the region 4-9 MeV have shown that the (70,"70'y) reaction
is a good tool to investigate the isospin properties of these
states. Indeed, this reaction enhances the excitation of the
isoscalar component of states populated with it. The isospin
properties of 1~ and 2+ states in 2*Pb and '?*Sn were deduced
from the comparison with (y,y’) data. To obtain a more
general understanding of the 2% and 1~ states in moderately
neutron-rich nuclei, the investigation of the nucleus *°Zr is very
relevant. For this nucleus, characterized by neutron shell and
proton subshell closures, (y,y’) data are available [17] and a
measurement with (p, p’) with polarized protons was recently
made at 0° to excite nuclear states predominantly by Coulomb
excitation [18]. Furthermore, the rather high value of the neu-
tron separation energy (11.97 MeV) in °Zr makes it possible
to investigate a large region of excitation energy via y decay.

In this paper we report on results of an experiment made
to study the properties of 2* and 1~ states in *°Zr using the
(170,"70'y) reaction. For the discussion of the results it is
very important to make model predictions using B(E1) and
B(E?2) data obtained with the (y,y’) [17] and (p,p’) [18]
reactions. We anticipate here that, although the present E'1
data have limited statistics above 6.5 MeV (and thus are
integrated in 0.5-MeV bins), the corresponding findings are
interesting also in view of possible future investigations with
high statistics and using different probes. For the very intense
ground-state E'1 transition at 6.424 MeV, it was possible to
extract by a theoretical analysis the isoscalar component of
this excited state. For the 2% states new y decays were found
and comparisons of their measured excitation cross sections
with predictions indicate that surface properties could vary
from state to state.

II. THE EXPERIMENT

The inelastic scattering of 7O ions at bombarding energy
of 20 MeV/u was measured recently to study pygmy states
in the 2%Pb [14] and '2*Sn [15] nuclei. Previously, the
same reaction was used at 22 MeV/u to study the y decay
of the isoscalar giant quadrupole resonance (ISGQR) of
208Pb [19] and at 84 MeV /u [20,21] to study giant resonances,
in particular the giant dipole resonance (GDR), in 2%8Pb,
1206 907r and Ni. The choice of 70, instead of the
most abundant '°0, is related to the fact that one can reduce
considerably the background from the decay of excited states
of the projectile by using "0. Indeed, 'O has a rather
small neutron separation energy (S, = 4.1 MeV) and thus
the identification in the experiment of '7O ions as scattered
particles assures excitation of the target nucleus when the
transferred excitation energy is larger than 4 MeV.

In the present experiment a beam of 'O ions at a bombard-
ing energy of 340 MeV was provided by the Tandem-ALPI
accelerator complex of the Legnaro National Laboratories
of INFN at Legnaro (Italy). A self-supporting target of
907r was used with a thickness of 2mg/cm?. The scattered
ions were detected, as coincidences and scaled-down singles,
using two segmented silicon telescopes (pixel type) placed at
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approximately 9° and symmetrically with respect to the beam
direction. These telescopes are prototypes built for the TRACE
project [22]. Each used Si detector had an horizontal size of
20 mm and a vertical size of 50 mm and included 60 pixels
each with an area of 4 x 4 mm. For these Si detectors ad hoc
electronic adapter boards were built which selected the 32
pixels closest to the beam direction. The front face surfaces
of the electronically connected pixels formed approximately a
disk in the plane perpendicular to the beam at distance of 8 cm
from the target center. The two A E-E silicon telescopes each
consisted of a thin “A E” detector placed in front of a thick “E™
detector. The A E detectors were 200 pm thick, producing an
energy loss of about 70 MeV for 70 ions at 340 MeV. The E
detectors were 1 mm thick and this thickness was sufficient to
stop the 70 ions completely. The thresholds of the Si detectors
were such that a large fraction of events corresponding to
protons and « particles were rejected. The overall energy
resolution was typically around 0.3% at 340 MeV.

The detection of y rays, emitted in coincidence with
events measured in the Si telescopes, was performed with the
advanced y tracking array (AGATA) demonstrator. AGATA
is a high-purity germanium (HPGe) detector array of new
generation making it possible to use the techniques of pulse-
shape analysis and of y-ray tracking [23,24]. At the time of
this experiment the AGATA demonstrator consisted of three
triple clusters of HPGe detectors and was placed 13.5 cm
from the target covering an angular range in 6 from 100° to
150° (relative to the beam direction). The segmentation of the
HPGe detectors made it possible to define the direction of the
y-ray emission with a precision of 1°. The AGATA detection
efficiency was deduced from measurements with radioactive
y sources and by simulations performed with the computer
code GEANT4 [25,26] including the geometrical configuration
of this particular experiment.

The collected data that were analyzed in this work were
coincidences of at least one hit of the Si telescopes with
at least one y ray in AGATA. With the used Si telescopes,
it was possible using the E-AFE correlation to identify the
inelastically scattered ions in the presence of several other
reaction channels. Moreover, the pixels inside the telescopes
were used to measure the correlation between the direction of
the y ray with the beam and with the velocity of the recoiling
nuclei, the latter deduced from two-body kinematics. The
correlation with the beam direction was particularly useful
to check with rather good precision the angular position of
each pixel. For this purpose the Doppler shift of the 6.13-MeV
y-ray transition of the '°O nucleus was examined for each
pixel. The '°0 ions were well identified from '’O ions in the
E-AE correlation of the collected events. The 6.13-MeV y
rays coming from a source moving with the beam velocity,
corresponding to a B of 0.2, resulted in being the most
sensitive, among the available transitions, to the Doppler shift
correction. Because of the nonspherical geometry of the Si
detector array, each pixel in a given vertical row has a specific
value of the polar angle 6 depending on its distance from
the horizontal line passing through the beam center. This
resulted in up to eight different angular points, from 7.9° to
12.5° in the laboratory (9.4°-14.9° in the center of mass), for
elastic scattering where the highest statistics was available. The
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FIG. 1. (Color online) (Top) y-ray energy spectrum in the 100—
1250-keV interval, measured with the AGATA array and corre-
sponding to the 7O scattering channel with the additional gating
condition for selecting the kinetic energy loss of the scattered ions
corresponding to Ex > 1 MeV. (Middle) y-ray energy spectrum
in the 730-950-keV interval, measured with the AGATA array,
corresponding to the 7O scattering channel with a gate at E, =
4.7 MeV (£0.5 MeV). (Bottom) Same as above; in this case the gate
isat E, = 3.5 MeV (£0.5 MeV).

average beam current was around 0.5 pnA, a value that was
imposed by the limit of counting rate for the y-ray detectors.

Several y-ray energy spectra of AGATA were constructed
from the data under different conditions for the detected
scattered '’O ions. Figure 1 shows three particular y-ray
energy spectra. The spectrum in the top panel refers to
transition energy in the interval 0.1-1.25 MeV and was
obtained with a condition on the energy of the scattered 'O
particles corresponding to excitation energies of *°Zr larger
than 1 MeV. The most intense peaks indicated with arrows in
the spectrum correspond to well-known transitions, which are
the 420-keV transition (decay from the 4~ state at 2.739 MeV
to the 5~ state at 2.319 MeV), the 425-keV transition (decay
from the 2 state at 2.186 MeV to the 0T state at 1.76 MeV), the
562-keV transition (decay from the 3~ state at 2.747 MeV to
the 27 state at 2.186 MeV), the 890-keV transition (decay from
the 47 state at 3.0769 MeV to the 27 state at 2.1869 MeV),
and the 1129-keV transition (decay from the 6T state at
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FIG. 2. (Top) y-ray energy spectrum in the 2—7-MeV interval,
measured with the AGATA array and corresponding to the 7O
scattering channel. (Middle) y-ray energy spectrum in the same
interval, corresponding to the '7O scattering channel with the
additional condition of selecting the deexciting transitions to the
ground state. (Bottom) y-ray energy spectrum in the 5-12-MeV
interval, measured with the AGATA array, corresponding to the
170 scattering channel, selecting the deexciting transitions to the
ground state and with the additional condition on the angle between
the emitted y ray and the recoil direction which enhances the E1
component. The peak corresponding to the single escape (s.e.) from
pair production for the 6424-keV transition is indicated with an arrow.

3.448 MeV to the 5~ state at 2.319 MeV). One important
point in connection with the discussion of 2% states is the
identification of their y-decay branches to excited states. In
most cases only few counts are expected for y-ray transitions
with E, < 1 MeV from 27 states to low-lying excited states.
These are difficult to identify because they are in the region
where the Compton background is rather high. Therefore, we
have examined y-ray spectra with conditions on the kinetic
energy of the scattered ions (corresponding to conditions on
the nuclear excitation energy) and found that the spectrum
obtained with a gate at E, = 4.7 MeV (£0.5 MeV) contains a
transition of interest for the decay of the 2 state at 4.681 MeV.
This spectrum is shown in the middle panel of Fig. 1 with an
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expanded scale (0.73-0.95 MeV). There a peak at 839 keV
is clearly visible. In contrast, in the spectrum obtained with
a condition on the kinetic energy loss of the scattered ions
corresponding to Ex = 3.5 MeV (£0.5 MeV), shown with
the same expanded scale in the bottom panel of Fig. 1, such
839-keV transition cannot be seen. The 839-keV transition is
then tentatively assigned as deexcitation from the 4.681-MeV
state to the 3.842-MeV state (see Fig. 4).

The y -ray energy spectrum in the energy interval 2—7 MeV
obtained without any condition on the excitation energy of
the ®°Zr nucleus is shown in the top panel of Fig. 2. Several
peaks are present in this spectrum that are associated with
transitions of different multipolarity. In particular, one sees the
transitions to the ground state from three 27 states at energy of
2.186, 3.309, and 3.842 MeV and the ground-state transition
from the 3~ state at 2.748 MeV. These transitions and others
are seen much better in the middle-panel spectrum that was
obtained requiring the y -ray energy be equal, within the energy
resolution of the charged-particle telescopes, to the excitation
energy of the nucleus. This condition makes it possible to
select direct decays to the ground state. In this spectrum the
ground-state transitions from the 2% at 4.681 MeV and from
the 1~ at 6.424 MeV are also visible. The y-ray spectrum
associated with the angles in which the dipole emission is
maximized as compared with the quadrupole emission is
shown in the bottom panel of Fig. 2. There one can note that
for the many transitions of E1 type known from the (y,y’)
experiment [17], one can see well only the one at 6.424 MeV,
while the other transitions at £, > 6.5 MeV have only a few
counts. Therefore, the identification of each specific transition
being very difficult, the data at £, > 6.5 MeV were integrated
over wide bins as discussed in the following section.

To deduce the dominant multipolarity of the y transitions
in the region 6.5-10 MeV we have integrated their yields
in two angular intervals, 100°-125° and 125°-150° (angles

N
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FIG. 3. (Color online) The yield ratio Yz = Y(125°-150°)/
Y (100°-125°) is shown for the known 1~ state at 6.424 MeV and
for the known 27" states at 2.186, 3.309, and 3.842 MeV together
with that of continuous transitions in the energy interval 6.5-10 MeV.
The error bars are statistical uncertainties. The two colored bands
are one for the E1 transitions (the blue one) and the other for E2
transitions (the red one). They give the average Y values for E£'1 and
E?2 transitions and the average uncertainty.
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relative to the beam direction). We deduced the yield ratio
Yr = Y(125°-150°)/ Y (100°-125°) in that transition energy
interval and we compared it with the values measured for the
known 1~ state at 6.424 MeV and for the known 27 states
at 2.186, 3.309, and 3.842 MeV. These Y values are shown
in Fig. 3 together with two colored bands, one for the E1
transitions (the blue one) and one for E?2 transitions (the red
one), giving the average value and average uncertainty. For
transitions at £, > 6.5 MeV two Yy points are shown one
for the 6.5-8-MeV interval and the other for the 6.5-10-MeV
interval. One can note that the Yy values for transitions in
the 6.5-10-MeV interval are very similar to the Yy (6.424)
point. In addition, the Yy values for E?2 transitions are different
than those for E1 transitions. From this discussion one can
infer a dominant E1 character to transitions in the 6.5-10-
MeV interval, although the presence of M1 and E2 transitions
cannot be fully excluded.

III. THE POPULATED LEVELS

In Fig. 4 the part of level scheme of the *°Zr nucleus with
the y transitions observed in the present experiment is shown.
The y transitions populated with this experiment are well
known with the exception of the transitions at 839 keV and
4.681 MeV originating from the 27" state at 4.681 MeV. While
this 4.681-MeV state was seen before and identified as 21,
its y decay was not previously known. Based on excitation
cross-section arguments (see below) we concluded for the
4.681 MeV level that, in addition to these two identified decay

1 6424 keV
2* —4681 keV
839 keV
2! 4223 keV
2" ¥ 3842.2 keV
6 3448.2 keV
+ 562 keV
2 3308.8 keV
1122 keV
4 3076.9 keV
3 ST 2747.9 keV
& i 2739.3 keV
5 2319.0 keV
2" 2186.3 keV
562 keV
0* 1760.7 keV
0
90
4ozr50

FIG. 4. (Color online) The level scheme of *°Zr relevant to this
measurement, showing the y transitions observed in the present work.
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branches, other sizable branches might exist. These could feed,
for example, other 2 states at lower energies. Moreover, these
transitions are expected to have energies mainly below 2 MeV
and a number of counts smaller than the Compton background
present in the y-ray spectrum at £, < 2 MeV. Therefore, we
could not identify them and consequently the population cross
section of the 4.681-MeV state could not be inferred from the
present data.

The following analysis of the cross section for the popula-
tion of various excited states is therefore restricted to the states
for which the y-decay branching ratios are summing to 100%
of the intensity (as known from previous works). The results
and discussions concerning elastic scattering and excitation
cross section for the 21, 17, and 3~ states in *°Zr seen in this
experiment are given in the following sections.

IV. ELASTIC SCATTERING AND THE 3~ STATE

The first step of the analysis of the measured cross sections
concentrated on the elastic scattering channel, which was also
measured in this experiment. A calculation for the elastic
scattering differential cross section (70,'70) was performed
within the optical model approach using the FRESCO [27,28]
code. This code was used for all the DWBA calculations
given in this paper. A good reproduction of the data was
obtained with the following optical model parameters for
Woods-Saxon potentials: V = 40.0 MeV, W = 26 MeV (with
V and W the depth of the real and imaginary potentials,
respectively), r, = ry = 1.15 fm, ay = ay = 0.671 fm (the
radii and diffuseness of the real and imaginary parts), and
rc = 1.20 fm (the Coulomb radius parameter). The overall
experimental normalization was obtained by normalizing the
measured elastic scattering yield at & = 9.4° in the center-of-
mass frame of reference to the calculated cross section at the
same angle. The normalization value at 8 = 9.4° accounts
for the combined effect of the integrated current, target
thickness, and effective solid angles. The comparison of the
experimental elastic scattering data with the corresponding
optical model predictions is shown in the top panel of Fig. 5.
The experimental points are well reproduced by calculations
over the entire angular interval.

The analysis of cross sections for excited states uses the op-
tical model parameters deduced from elastic scattering and as
anormalization factor the same overall normalization deduced
from the elastic scattering multiplied with the y-ray detection
efficiency (e.g., at 2.186 MeV is 2.9%). Indeed for the com-
parisons of excited-state data with the corresponding DWBA
predictions no further normalization was made. In the bottom
panel of Fig. 5 the data for the excitation cross section of the
3~ state at 2.748 MeV are shown in comparison witha DWBA
calculation. For the experimental data it has to be specified that
the 37 state decays either directly to the ground state or to the
first 27 at 2.186 MeV. Therefore, the total intensity is the
sum of the two contributions from the transitions at 2.748 and
0.562 MeV. For the DWBA calculation the known value of the
B(E3)t = 27000 ¢? fm® was used together with the collective
form factor describing surface vibrational states. The ratio of
the neutron and proton transition matrix elements was assumed

PHYSICAL REVIEW C 91, 024323 (2015)
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FIG. 5. (Color online) (Top) *°Zr('’0,'70)*Zr elastic-scattering
differential cross section in the center-of-mass frame measured
at Epe,m = 340 MeV is shown in the inset of the figure. Data
and calculations divided by the Rutherford cross section are dis-
played in the panel. (Bottom) Measured differential cross section
07r(170,"70'y)*Zr* at the same bombarding energy for the 3~ state
at 2.748 MeV. The error bars shown with the data points represent the
statistical error. The solid line curves are the predictions, described in
the text, obtained within the optical model and the DWBA approach.

tobe M, /M, = N/Z. This calculation reproduces rather well
the data for all the measured angles.

V. THE 2+ STATES

In the present experiment, five 2% excited states were
populated, at 2.186, 3.309, 3.842, 4.223, and 4.681 MeV,
respectively. However, the DWBA analysis for their excitation
cross section was performed only for the first three of these 27
states. For the last two 2 states not all the y-decay branches
were measured or were known and thus we did not have 100%
of the y strength as required for the DWBA analysis.

The differential cross-section data for the excitation of the
first collective 2" state at 2.186 MeV are shown in panel (a)
of Fig. 6. The corresponding DWBA calculation includes the
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FIG. 6. (Color online) Inelastic ~ scattering cross  section

07r(170,70'y)*Zr* at 340 MeV for the 27 states 2.186 MeV (a),
3.309 MeV (b), 3.842 MeV (c) (black solid squares). The error
bars are the statistical errors. The lines show DWBA calculations.
The blue solid curves are the calculations with the standard
phenomenological form factor [displayed in panel (d), blue line].
The red solid lines include the nuclear contribution calculated
with the microscopic form factor shown in panel (d) (red line; see
text) and derived with the transition density shown in the bottom
panel of Fig. 7. For the case of the 3.842-MeV state [panel (c)]
DWBA calculations performed with the standard phenomenological
form factor but considering M,/M, = 0.1 x N/Z (green line) are
displayed. The gray curve represents the calculation performed
considering only the Coulomb excitation.

adopted [29] B(E2)1 = 653 €2 fm* value, uses the vibrational
collective form factor, and assumes that the ratio of the neutron
and proton transition matrix elementsis M,,/M, = N/Z (i.e.,
pure isoscalar). It is clear from the comparison of the data
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with the calculation [the black line in panel (a) of Fig. 6]
that the deformed potential model is able to reproduce well
the experimental data. Also in case of the higher lying state
at 3.309 MeV a good agreement is found between data and
predictions, corresponding to a calculation performed using
the adopted B(E2)1 = 78.4 ¢2 fm* value and M,/M,=N/Z
(i.e., pure isoscalar). These calculated cross sections are shown
with the black line in panel (b) of Fig. 6.

In contrast with the case of the first two 2T states, for
the 3.842-MeV state it is not possible to reproduce the
data with calculations using the standard deformed potential
model approach. A calculation for this state was made using
the adopted B(E2)} = 224 ¢ fm* value and the condition
M,/M, = N/Z. Indeed, the slope of the data and of the
DWBA calculation as a function of angle of the scattered
particles are different.

Additional calculations were performed for which the
adopted radial form factor is of microscopic type. The radial
form factor employed in the calculations was built up with the
double folding procedure by using the microscopic random-
phase approximation (RPA) transition densities as described
in Ref. [30]. This microscopic nuclear form factor is shown
with a red line in the bottom panel of Fig. 6 in comparison
with the nuclear part of the collective form factor used
for surface vibrational states (blue line). Also in this case
the DWBA calculation [for which the B(E2)1 = 224 ¢* fm*
value was also used] does not reproduce the cross-section
data. Note that for this comparison of the data with DWBA
predictions no further normalization was made. The almost
identical DWBA predictions found when using either the
macroscopic or the microscopic nuclear form factor reflect
the fact that the reaction (!70,!70Q’y) is probing mainly the
nuclear surface where the two nuclear form factors are very
similar. For the sake of completeness, calculations adopting
microscopic form factors [very similar to that of Fig. 6(d)]
and scaled according to the adopted B(E2) values were
also made for the 2.186- and 3.309-MeV 2% states. As one
can see from the first two panels of Fig. 6, where these
calculations are shown with the red lines, a reasonable account
of the experimental data is obtained. To investigate further the
discrepancy found between data and calculations in the case of
the 3.842-MeV state, a DWBA calculation was also performed
with the standard phenomenological form factor and assuming
M,/M, =0.1% N/Z. This prediction is shown in panel (c)
of Fig. 6 with the green line. One sees clearly that by lowering
the nuclear contribution the associated calculations get closer
to the experimental points. We also show in panel (c) of Fig. 6
a gray curve which corresponds to a calculation performed
considering only the Coulomb excitation contribution. This
calculation is the one that better reproduces the data and the
reason for this can be related to the particular nature of this
state. As stated in Ref. [29], this state was described as having
a strong four-quasiparticle component and therefore cannot
be populated by a one-step process as that assumed within
the DWBA approach. However, a calculation that uses of the
measured B(E?2) value ensures the correct direct excitation
via the Coulomb potential while the nuclear potential does not
play a significant role in the direct excitation process of such
a complex excitation mode.
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VI. THE 1~ STATES

The present reaction populates very well the 1~ state at
6.424 MeV, for which the y transition to the ground state is
well identified in the y-ray spectrum measured with AGATA.
For this state the angular distribution was obtained, as shown
in the top panel of Fig. 7. The DWBA calculation for this state,
based on the adopted B(E1)1 = 0.018 ¢? fm? value and with
the standard form factor used for isovector dipole states (as,
for example, the GDR), is shown as a black solid line in Fig. 7.
As one can see, this calculation accounts only for a rather
small fraction of the measured yield. In this calculation the
Coulomb part is the dominant one and it is fixed by the known
B(E1)1 value deduced from the (y,y’) data of Ref. [17].
It is clear that the nuclear part is not well described by the
standard distorted potential approach in the case of this 1~
state. Similarly to what was done in recent analyses of 1~ states
in298Pb [14] and '2*Sn [15], also for the 1~ state at 6.424 MeV
in ®°Zr a calculation was performed using a microscopically
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FIG. 7. (Color online) (Top) Inelastic scattering cross section
N7r(170,70'y)*Zr* at 340 MeV for the 1~ state 6.424 MeV.
The error bars are the statistical errors. The lines show DWBA
calculations. The black solid curve represents the calculations with the
standard phenomenological form factor. The red solid line includes
the nuclear contribution calculated with the microscopic form factor
shown in the bottom panel (see text) and derived with the transition
density shown in the Fig. 8.
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FIG. 8. (Color online) Transition densities for protons (red line)
and neutrons (blue line) used to derive the form factors for the

microscopic calculations for the 1~ pygmy states (top panel) and
2+ states (bottom panel).

calculated form factor. The form factor was calculated by
a double folding procedure with a M3Y nucleon-nucleon
interaction. The ground-state density and the transition density
were obtained with Hartree-Fock plus RPA calculations with
a SGII (Sagawa-Giai 11, see Ref. [30]) interaction. The proton
and neutron transition densities for a 1~ state are shown in
Fig. 8 (in the top panel). In the bottom panel of Fig. 8 the
proton and neutron transition densities for a 2* state are also
displayed. These transition densities show the typical behavior
of pure isoscalar states. For the 27 state, proton and neutron
transition densities oscillate in phase. Instead, for the 1~ state
proton and neutron transition densities are characterized by an
oscillation in phase inside the nucleus and by a concentration of
only neutron strength at the surface. This is the typical behavior
of a pygmy state characterized by a concentration of neutron
strength at the surface. The corresponding form factors are
shown in the bottom panels of Figs. 6 and 7, from which one
can appreciate the different structure of the two form factors.
In particular, the one corresponding to the low-lying dipole
(PDR) state shows a positive interference, between Coulomb
and nuclear components, inside the nucleus and a negative one
at the surface. This is attributable to the presence of a node
in the isoscalar transition density of the PDR state. One can
note that for the 1~ state the form factor from the microscopic
description is very different at the nuclear surface as compared
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with that based on the distorted potential. The microscopic
calculation corresponds to a fraction of 2.4% of the isoscalar
energy-weighted sum rule (EWSR) strength. By fitting the
6.424-MeV data with calculations a value of 2.17% of EWSR
strength for the isoscalar dipole was found.

The °Zr('70,70'y)*°Zr* data at Ey > 6.5 MeV are
expected to have a dominant E1 character. This is based
on three different considerations. The first is that the (y,y’)
data from Ref. [17] show the presence of many dipole states
with a large fraction having electric character as also deduced
from (p, p’) data from Ref. [18]. The second consideration is
that the (!70,'70’y) reaction similarly to the (o’ ) reaction
populates predominantly natural parity states such as 1~ and
2%, The third is that the intensity ratio Yz in two angular
intervals 125°-150° and 100°-125° (see Fig. 3) is consistent
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FIG. 9. (Color online) (Top) The quantity Or =
o(E;)/o(7TMeV) in 0.5-MeV bins as a function of excitation
energy, for the reactions ('70,'70’y) (black solid circles), and
deduced from (y,y’) data (red triangles) [17] and from (p,p’) E1l
data (blue solid squares) from Ref. [18]. The lines are to guide the
eyes and the error bars the statistical uncertainties. (Middle) The
measured differential cross section at the average angle 10.5° for y
transitions in 0.5-MeV bins is displayed with blue bars. The red bars
give calculated DWBA cross-section predictions assuming E1 and
using the B(E1)% values from (y,y’) [17] and standard form factors
(see text). (Bottom) Electromagnetic reduced E1 transition strength
deduced from the (y,y’) data of Ref. [17], assuming E1 transitions.

E1)
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with y transitions of dominant E1 character at £, > 6.5 MeV.
The states at E, > 6.5 MeV in *°Zr are weakly populated
by the ('’0,!70’y) reaction and because of low statistics the
cross-section data for £, > 6.5 MeV were binned at 0.5 MeV.
These cross sections are shown in the middle panel of Fig. 9
with blue bars together with DWBA calculations using the
standard deformed potential form factors (red bars). These
DWBA calculations were made using for the quantity B(E1)
the experimental values deduced from the (y,y’) experiment
of Ref. [17] and which are given in the bottom panel of Fig. 9.
Note that in all these calculations (with the standard deformed
potential form factors) the Coulomb component is dominant. It
is clear that only at around 10-11 MeV are the data somewhat
reasonably reproduced by the calculations. In this 10-11-MeV
region the calculated transition densities reported in Ref. [17]
suggest that the E£'1 mode is of GDR type, namely with protons
and neutrons out of phase and covering the same spatial
extension. Altogether, this comparison between the measured
and calculated cross sections shows the presence of an isoscalar
component in the cross section decreasing in strength as the
excitation energy of the nucleus increases.

It is interesting to compare for this nucleus the relative
behavior of the cross sections measured at E, > 6.5 MeV
with the (170,"70'y), the (y,y’), and the (p,p’) reactions.
For this purpose, the quantity og = o (E,)/o (7 MeV), where
o(E,) is the cross section at excitation energy E., has been
evaluated for these three reactions. This quantity (equal to 1
at 7 MeV and in all cases given in bins 0.5 MeV wide) is
shown in the top panel of Fig. 9 for the three reactions. The
error bars in the cases of the (y,y’) and (p, p’) data are smaller
than the symbols and for ('’0,'70’y) data reflect the statistical
uncertainties. A strong increase of these relative cross sections
in the excitation energy interval 6.5 to 11 MeV is observed for
the (y,y’) and (p, p’) data, while a strong decrease is evident in
the (170,'70’y) data. More data with higher statistics, smaller
energy binning and obtained with other types of reactions are
needed to get a better insight into the nature of 1~ states,
particularly in the energy region where a transition between
pygmy states and GDR type states occurs.

VII. SUMMARY

The present experiment has studied the (}70,'7Q’y) in-
elastic scattering reaction at 340 MeV on the *°Zr nucleus.
The measured cross section for the elastic scattering, for the
first two 27 states and for the 3~ state are well reproduced
by the DWBA approach using the deformed collective form
factor and for the ratio of the neutron and proton transition
matrix elements the expression M,/M, = N/Z (i.e., pure
isoscalar). For the 27 state at 3.842 MeV some evidence is
found for a different shape of the transition density at the
nuclear surface as compared with the other two 27 states. For
the 27 state at 4.681 MeV the y transition to the ground state
and the one populating the state at 3.842 MeV are seen for
the first time. The strong E'1 transition from the 6.424-MeV
1~ state was analyzed using the standard collective model
form factor and a microscopic form factor, only the latter
reproducing the data. From this analysis it was found that the
1~ state at 6.424 MeV has a dominant isoscalar component
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and has a character typical of pygmy states. In addition, it
exhausts 2.17% of the isoscalar dipole EWSR strength. At
E, > 6.5 MeV the present ('’0,'70’y) data appear to have a
dominant E1 component and because of the limited statistics
the cross sections were deduced for bins 0.5 MeV wide. The
quantity og = o(E,)/o(7 MeV) was evaluated for the present
data and for the (y,y’) and (p, p’) data (Refs. [17] and [18]).
Thetrendofog = o(E,)/o (7 MeV) as a function of excitation
energy is very similar for the (y,y’) and (p, p’) reactions, while
it is different for the (!70,'70’y) reaction. Altogether this
experiment suggests the presence of an isoscalar component
at £, > 6.5 MeV, which decreases with increasing excitation
energy. Further work on the *°Zr nucleus should be made,
keeping in mind that this nucleus offers the possibility to
investigate y decay from discrete dipole states in a wide
region of excitation energy up to approximately 12 MeV. New
experiments providing more statistics at excitation energies

PHYSICAL REVIEW C 91, 024323 (2015)

larger than 6.5 MeV are necessary to shed more light on
the problem of the nature of pygmy states in this nucleus.
In addition, it will be important to use other probes such as the
scattering of « particles.
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